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We use ultrafast laser pulse shaping to discriminate between different pathways to multiple con-
tinua in strong field molecular ionization. Shaping the laser pulse which ionizes the molecule allows
us to control the photoelectron spectrum, which we interpret using a newly developed model of
resonantly enhanced multiphoton ionization. Our measurements and calculations allow us to distin-
guish between a single intermediate resonance leading to multiple continua and multiple intermediate
resonances each leading to a separate continuum.

I. INTRODUCTION

Several experiments over the past few years have pro-
vided evidence for strong field ionization to multiple con-
tinua in small molecules with many equivalent electrons
(electrons in orbitals with similar binding energies) [1-5]
. Removing an electron from multiple molecular orbitals,
which generally corresponds to populating a superposi-
tion of cationic molecular states, launches an electron
hole wave packet, which is of great interest for under-
standing attosecond electron dynamics, non-Born Op-
penheimer dynamics, electron correlation and the process
of strong field ionization itself [1, 3, 6-8].

Strong field molecular ionization is typically charac-
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30 which

distinguishes between multiphoton ionization v >>1, and
tunnel ionization, v <1 [9, 10]. Here Ip is the ionization
potential and Up is the ponderomotive energy, or the av-
erage energy of an electron oscillating in the laser field.
Experiments that are carried out in the tunnel ionization
regime can be thought of as operating in the low fre-
quency limit, where the molecular response to the drive
field is almost instantaneous, and resonances do not play
an important role. In the multiphoton limit, resonances
can play an important role in the ionization, enhancing
the yield and determining the final state. In particu-
lar, in strong field multiphoton ionization, dynamically
driven Freeman resonances, which correspond to inter-
mediate neutral states Stark shifting into resonance [11],
can dominate the ionization dynamics.

terized by the Keldysh parameter, v =

In this paper we examine the role of Freeman reso-
nances in the strong field ionization of a small polyatomic
molecule with multiple low lying ionic states. Such a
system has comparable binding energies associated with
several occupied orbitals, resulting in ionization to mul-
tiple ionic states even for the lowest intensities at which
ionization occurs. The general question we are interested
in addressing is whether resonantly enhanced ionization
to multiple ionic states proceeds predominantly through

separate resonances for each ionic state or a single inter-
mediate resonance. This is closely related to the question
of correlation between initial and final states in strong
field ionization, and more generally, the issue of electron
correlation in strong field ionization [12]. Here we study
strong field ionization of CHyBrl and determine if a sin-
gle resonance is responsible for enhancing the ionization
to multiple ionic states, or whether multiple intermedi-
ate resonances are involved. Our approach is to study
the photoelectron spectrum as a function of laser pulse
shape.

Measurements of the photoelectron spectrum for
CH,BrI and similar molecules (e.g. CHzIz and CH2BrCl)
show multiple peaks in the photoelectron spectrum, even
at the lowest intensities where ionization occurs. These
are illustrated in figure 1. Each spectrum in 1 is gener-
ated by measuring a two dimensional velocity map image,
inverse Abel transforming the data and then plotting the
number of electrons measured as a function of their ki-
netic energy. The peaks can be interpreted in terms of
ionization to multiple ionic states of the molecule, leading
to photoelectron energies of €; = nhw—1I}—U,—FE}pgg [1],
where n is an integer, w is the laser radial frequency, and
Il and Ej,qg are the ionization potential and dynamic

Stark shift of the i*" ionic state. In the limit of negli-
gible Stark shifts for the ionic states, one can roughly
determine the ponderomotive shift at which each peak is
produced by measuring the photoelectron spectrum as a
function of laser intensity. Calculations of the Stark shifts
for the ionic states of CHyBrl at the peak pulse intensi-
ties we used for the measurements described here yield
shifts of less than 0.1 eV [13]. Ionization of molecules
to the same ionic state via different Freeman resonances
can result in separate peaks in the spectrum. However,
such peaks cannot be separated by an energy larger than
the difference of the ponderomotive shifts associated with
their appearance intensities. Furthermore, coincidence
measurements, in conjunction with ab initio calculations
of the energies of the first five ionic states (detailed in
a separate publication [14]), allow us to assign the two
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FIG. 1: Photoelectron spectra for ionization of CH2Brl with
unshaped pulses of different intensity. The intensities are
given in the legend.

rightmost peaks in figure 1 (at roughly 1.05 and 1.25
eV) to separate ionic states (electronic continua) of the
molecule. As the peaks do not shift in position with in-
tensity, we conclude that they correspond to Freeman
resonances, which do not shift ponderomotively since the
ionization is predominantly occurring at the specific in-
tensity for which an intermediate state is Stark shifted
into multiphoton resonance. By graphing the electron
yield as a function of laser intensity and fitting the data
to a straight line on a log-log plot (slope of ~ 5), we
are also able to estimate the multiphoton order for the
resonant enhancement to be 5.

Figure 2 shows a cartoon representation of two differ-
ent level schemes which describe 5+2 Freeman resonance
enhanced multiphoton ionization (REMPI) into two sep-
arate electronic continua. For the scenario in the top
portion of the figure, a single ground state |0) is coupled
to a single excited state |1) by five photons. From |1), the
system can be ionized to either continuum 1 or continuum
2 by a two photon transition. For the bottom scenario,
|0} is now coupled with five photons to two intermediate
states |1) and |2). |1) is only coupled to continuum 1, and
|2) is coupled only to continuum 2, each by 2 photons.

The figure also illustrates how for a particular Stark
shift of an intermediate state - and therefore for a partic-
ular intensity in the laser field - the ground state and in-
termediate state are brought into five-photon resonance.
The rate of ionization into any continua that are cou-
pled to this intermediate state is thus enhanced for this
particular value of the intensity.

A ww CONtinUUM 2
4 A " Continuum 1
N S i
Fy -~ |1>
=
o A A .
g Turn on Intermediate state
i 4+ ' strong field shifts into 5 photon
A A - resonance at
intensity |,
F 3 F 3
0) 0)
One ground state
One resonance
Two ionic states
Continuum1 Continuum 2
A 1
IIIIIAIIIII
12)
5 ) Tumnon ] ' Turn on Intermediate state
g Intermediate state { 540 field 4 4 strong field 4 shifts into 5 photon
i | shifts into 5 photon resonance at
resonance at — 1 - intensity |,
intensity |, 4 4
0) 0) 0)
One ground state

Two resonances
Two ionic states

FIG. 2: Top: Cartoon diagram of 5+2 ionization to two dif-
ferent ionic states. A single bound state Stark shifts into
five-photon resonance to enhance ionization into both con-
tinua. Bottom: 542 jonization to two different ionic states
through two independent five-photon resonances. Resonance,
in general, occurs at a different intensity for each intermediate
state.

II. THE MODEL

In order to calculate the dependence of the photoelec-
tron spectra on pulse shape for the two scenarios de-
picted in Figure 2, we integrated the time-dependent
Schrodinger equation (TDSE) for a model system which
we developed in order to describe the pulse shape depen-
dence of strong field ionization involving Freeman res-
onances [15]. Our model is therefore very simple and
ignores nuclear dynamics, molecular orientation and ex-
perimental issues such as focal volume averaging. It was
designed to capture the role of dynamic Stark shifts and
their interplay with pulse shaping in strong field ioniza-
tion. In particular we consider a single ground state,
one or two (intermediate) neutral excited states, which
can be Stark shifted into multiphoton resonance with
the ground state and two continua. The multiphoton
couplings between these states are determined by con-
sidering the Schrédinger equation including all states of
the system and then adiabatically eliminating all of non-
resonant states [16]. The continuum states are included
in our TDSE calculation by expanding the continuum
photoelectron wavefunction, ¥;,, (F,t) in terms of Leg-
endre polynomials of the kinetic energy as in [15, 17, 18].

For all of our calculations, we started with a Gaussian
laser pulse with a FWMH of 40 fs, a central frequency
of 384 THz, and a peak intensity of 1.3 x 103 W /cm?.



We shaped the pulse by applying a 7 phase flip in the
frequency domain. Specifically, the spectral phase profile,
¢(w), for a shaped pulse is given by:

¢(w) = mO(w — whip) (1)

where © is the Heaviside function. We used a
Bogacki—Shampine Runge-Kutta algorithm with an ab-
solute precision 0.5 x 1072 to integrate the Schrodinger
equation for an interval of 600 fs centered about the peak
of an unshaped pulse. Given that the ionization poten-
tial of the molecule we consider here is 9.79 eV [19], we
consider 7 photon ionization. We performed calculations
for intermediate states at 4, 5 and 6 photon resonance,
as well as calculations for 7 and 8 photon ionization and
found that they all gave qualitatively similar results. As
our intensity dependent yields showed a slope of 5 on a
log-log plot, we concentrate on the 542 case, including a
five-photon coupling between the ground state and inter-
mediate state, and two-photon couplings from the inter-
mediate state to the continua (as illustrated in figure 2).
The initial field free detuning of the intermediate state
was set to 125 THz below five photon resonance, and the
Stark shifts of the intermediate state and continua were
all chosen such that the levels would shift by 132 THz
at the peak of the unshaped pulse. The initial detuning
was chosen to be larger than the laser bandwidth and
the Rabi frequencies involved, but significantly less than
the laser frequency. The Stark shift of the intermediate
neutral state at the peak of the laser pulse was chosen
to be roughly equal to the experimentally determined
ponderomotive shift The ponderomotive shifts were cali-
brated by measuring the photoelectron spectrum for CSg
(which displays pondermotively shifting peaks at the in-
tensities used for the calibration) as a function of laser
intensity. The multiphoton Rabi frequencies were chosen
such that we obtained an ionization fraction consistent
with experiment (between 0.01 and 0.1); the relative val-
ues of these couplings were chosen such that any pop-
ulation which moved into the intermediate state would
subsequently move immediately into the continuum, and
not undergo Rabi oscillations between the ground state
and intermediate state. For the case of a two Freeman
resonances (as shown schematically in the bottom panel
of Figure 2), the initial detunings of the two intermedi-
ate states were set to 95 THz and 125 THz. The Stark
shifts of both intermediate states and both continua were
again set so that the levels would shift upward by 132
THz at the peak intensity for an unshaped pulse. The
multiphoton Rabi frequencies between the ground and
intermediate states were set to be equal for the two in-
termediate states, while the intermediate to continuum
Rabi frequencies were set to yield the same ratio between
peaks as observed in experiments for an unshaped laser
pulse.

IIT. THE EXPERIMENTAL APPARATUS

A detailed description of the laser system can be found
in earlier publications [20]. It is based on a Kerr Lens
modelocked Titanium Sapphire oscillator and a multi-
pass amplifier, which generate near transform-limited
laser pulses with a pulse duration of 30 fs centered around
780 nm, at a repetition rate of 1 kHz and a maximum
pulse energy of about 1 mJ. The experiments described
in this article utilize an ultrafast pulse shaper based on
an acousto-optic modulator [21]. The laser pulses inter-
act with the target molecule CH3BrlI in a molecular beam
chamber.

The vacuum chamber is equipped with a velocity map
imaging lens and a spatially sensitive detector assembly
(microchannel plates, phosphor screen and digital cam-
era) similar to the one described in [22]. In addition,
a pmetal enclosure mitigates the influence of stray mag-
netic fields. This apparatus allows us to measure the pho-
toelectron momentum distribution after ionization. The
raw camera images of the electron momentum distribu-
tions acquired by the camera were flat-field corrected by
normalizing it with the response when the detector was
illuminated by a de-focussed source of HT ions. This flat-
field correction is important since depending on the age
of the detector, the variation in detector gain across the
microchannel plates can be as much as a factor of six.
More details regarding the vacuum chamber are given in
reference [23].

Energy calibration of the detector (the relationship
between position on the detector and particle veloc-
ity /energy) was carried out by making use of the fact that
the first and second above threshold ionization (ATT)
peaks are spaced by the photon energy (1.59 eV). We es-
timate a calibration accuracy of 7% or better. The laser
intensity was determined by comparing the observed ki-
netic energy of photoelectrons for ionization to the first
ionic state of CSy with the expected photoelectron energy
as given by the expression above for ¢; with ¢ = 1 [24]. If
the differential AC Stark shift is neglected, the measured
difference can be attributed to the ponderomotive energy
and thus converted to an ionization intensity.

IV. RESULTS

Calculations of the photoelectron spectra for the case
of a single Freeman resonance and the case of two Free-
man resonances were carried out for forty different =
phase flip frequencies spanning the range wy — 15THz
to wo + 15THz, where wy is the central frequency of the
laser pulse. The results for the case of a single intermedi-
ate resonance are shown in the top panel of Figure 3, and
the results for the case of two intermediate resonances are
shown in the bottom panel of Figure 3. The top panel of
figure 3 shows that if the two continua are coupled to the
same intermediate state, no control is achieved as the 7
phase flip frequency is varied. This is explicitly shown in
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FIG. 3: Top: Simulated photoelectron spectrum (photoelec-
tron yield vs photoelectron energy) as a function of 7 phase
flip frequency (measured from the central frequency) for a sin-
gle intermediate resonance. The inset shows the ratio of the
two peak heights as a function of flip frequency, normalized to
the ratio of the peak heights for an unshaped pulse. The ratio
remains constant, demonstrating a lack of control. Bottom:
Simulated photoelectron spectrum as a function of photoelec-
tron energy and m phase flip frequency for the case of two
separate intermediate resonances. The inset shows the ratio
of the two peak heights, normalized to the ratio of the peak
heights for an unshaped pulse. Here the ratio varies with =
phase flip frequency, demonstrating control over the relative
ionic state populations. For both the top and bottom plots,
the yield drops sharply for flip frequencies near the pulse’s
central frequency because the peak intensity for these shaped
pulses is too low to shift the intermediate states into 5 photon
resonance.

the inset plot, where the ratio of the two peak heights is
plotted as a function of 7 phase flip frequency. This re-
sult is consistent with the intuitive mechanism suggested
by Figure 2: if the ionization rates for both continua are
dependent on the same intermediate state shifting into
five-photon resonance, then the variations in the photo-
electron peaks for the two continua will be similar and
little or no control is possible.

The bottom panel of figure 3 shows that if the two
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FIG. 4: Simulated and measured photoelectron spectra for
two 7 phase flip frequencies. Top: Simulated spectrum for two
continua accessed through a single resonance. Middle: Sim-
ulated spectrum for two continua accessed through indepen-
dent resonances. Bottom: Experimental spectra for CHyBrl.

continua have separate intermediate resonances, then
the relative heights of the two peaks in the photoelec-
tron spectrum depend strongly on the m phase flip fre-
quency, demonstrating that significant control is achieved
by means of varying the 7 phase flip frequency. Calcu-
lations where we varied the laser intensity showed sig-
nificantly less control than those where we varied the 7
phase flip frequency.

The control dynamics here are very similar to the dy-
namics considered in earlier experiments and calcula-
tions, which focused on strong field multiphoton popu-
lation transfer between neutral states in atomic sodium
[25]. Shaping the pulse allows for matching the phase
advance of the laser to the atom or molecule, whose lev-
els are dynamically Stark shifted by the strong field of
the laser pulse. Earlier work found that a pulse with a
7 spectral phase jump was well suited to controlling the
atom/molecule-laser phase, which motivated the use of
this pulse shape parametrization in this work [26].

From Figure 3 we draw the conclusion that if control
between two Freeman peaks is observed as the 7 phase
flip frequency is varied, then the two peaks must be asso-
ciated with ionic states which are accessed through sep-
arate intermediate resonances. The top two panels of
Figure 4 show the calculated photoelectron spectra for
wyiip = 381 THz and 369 THz for the case of one Free-



man resonance (top) and two Freeman resonances (mid-
dle). The bottom panel shows two Freeman peaks in the
experimental photoelectron spectrum for CHyBrl, plot-
ted for two different 7 phase flip positions. Control is
clearly demonstrated in the experimental spectrum as the
7 phase flip frequency is varied, suggesting that the two
ionic states corresponding to these peaks are enhanced by
separate intermediate states. Comparison of the bottom
panel of Figure 4 with the top and middle panels clearly
shows the correspondence between the experimental re-
sults and the model case of two Freeman resonances. We
note that while the calculations shown here were car-
ried out for 542 ionization, similar calculations for 443,
543, 6+1 and 642 all yielded similar results, indicat-
ing that the results are not sensitive to the ionization or
resonance multiphoton orders. Furthermore, we also car-
ried out pulse shape dependent measurements with the
molecules CHyBrCl and CHsly, and we observed simi-
lar control over different Freeman resonance peaks in the
photoelectron spectrum, indicating that the results are
not specific or unique to CHyBrl.

These results suggest that for the case of the two Free-
man resonances considered here for CH2Brl, each contin-
uum is reached predominantly through a separate inter-
mediate state - i.e. each neutral excited state is correlated
with a single state of the cation. Similar observations of
control in multiple molecules suggest that there are many
cases of a neutral excited state being correlated with only
one ionic state. While it is natural that a given neutral
state should be correlated with a single ionic state in the
case of weak field ionization[27], this has shown to be vi-
olated for strong field ionization from low lying neutral
states [28, 29]. We argue that correlations between ionic
states and higher lying, more weakly bound neutral ex-
cited states are stronger than those between ionic and low
lying neutral excited states because for high lying states

the electronic wavefunction is generally further from the
core and thus the outgoing electron does not have as
much opportunity to shakeup core electrons as it is re-
moved from the molecule. Our observations of control,
which implies some degree of correlation between neutral
and ionic states, is consistent with correlations playing an
important role in Freeman resonance enhanced multipho-
ton ionization when the resonance enhancement comes
from high lying neutral states, S,, (n > 1) well above the
ground state.

V. CONCLUSION

In conclusion, a comparison between experimental
measurements of the photoelectron spectrum resulting
from pulse shape dependent strong field molecular ion-
ization with simple calculations that model Freeman res-
onance mediated strong field ionization allows us to de-
termine whether intermediate resonances are common to
separate electronic continua or not. The fact that we can
control the ratio of electrons associated with different fi-
nal ionic states via pulse shaping indicates that separate
intermediate resonances enhance the ionization to sepa-
rate ionic states. As this behavior is observed in several
molecules, it suggests that high lying neutral states cor-
relate well with only a single ionic continuum in the case
of strong field ionization.
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