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Direct observation of up-conversion via femtosecond photoelectron imaging
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Ultrafast relaxation dynamics in 2-methylfuran has been investigated by time-resolved photoelectron imaging.
An “up” internal conversion from a low-lying state into a higher-lying one has been observed experimentally.
Temporal photoelectron kinetic-energy distributions and angular distributions of the photoelectrons are analyzed.
In the up-conversion process, the vibrational energy in the initial state is converted to the electronic energy of
the final state during the energy transfer. And the time scale for the up-conversion process is estimated by the
observed onset delay for the corresponding photoelectron bands.
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I. INTRODUCTION

After light absorption, a molecule can undergo radiationless
processes which involve two general types: photophysical and
photochemical [1]. The photophysical processes consist of
internal conversion (IC) due to electronic nonadiabaticity and
intersystem crossing (ISC) induced by spin-orbit coupling
[2,3]. The internal conversion processes occur on an ultrafast
time scale, like femtosecond or picosecond. Only with the
advent of ultrafast light pulses have the real-time observations
of ultrafast internal conversion processes become possible [4].

In polyatomic molecules excited to higher electronic states,
internal conversion to vibronic levels of lower electronic states
is one of the dominant mechanisms for the deactivation. And
such “down” internal conversion from high electronic states
to lower electronics states has been observed in many systems
by the combination of a femtosecond pump-probe technique
and different detection methods, like decatetraene [5], CH3I
[6], CS2 [7,8], benzene [9–11], and benzene’s derivatives, e.g.,
o-xylene [12] and ethylbenzene [13].

However, to our best knowledge, the up-conversion phe-
nomenon from lower electronic states to higher electronic
states in a molecule after light absorption has never been
observed directly experimentally. Gromov and co-workers
[14] performed wave-packet dynamics simulations for elec-
tronically excited states in furan by ab initio calculation, and
they obtained the time evolution of the electronic population
of the S2 ( 1

B2) state by ab initio and adjusted models. Two
types (“down” and “up”) of internal conversion processes
from the S2 ( 1

B2) state to the S1 ( 1
A2) and S3 ( 1

A1) state
were predicted. The time scale of the up-conversion from
the S2 ( 1

B2) state to the S3 ( 1
A1) state was calculated to

be ∼20 fs. However, such up-conversion processes from the
S2 ( 1

B2) state to the S3 ( 1
A1) state in furan were not revealed

experimentally, neither in the highly resolved measurements
of the Suzuki group [15] nor in our recent tracking with
multiphoton ionization as the probe [16].
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In the present paper, we report a study on the internal
conversion processes in 2-methylfuran. Compared with furan,
2-methylfuran is an example of a system with reduced symme-
try. The nondegeneracy of states leads to a higher density of the
vibrational levels and to a reduction of symmetry-forbidden
interactions [17]. Therefore, the experimental observations of
up-conversion with higher coupling rates can be expected.

II. EXPERIMENT

The femtosecond experiments were performed with a
home-built double-sided velocity map imaging setup, which
has been introduced previously [13]. Briefly, the system con-
sists of two symmetrical, collinear 50-cm-long time-of-flight
(TOF) mass spectrometers sharing the same interaction region.
Each spectrometer comprises a seven-element electrostatic
optic providing a coincident longitudinal (Wiley-McLaren)
and lateral VMI (velocity map image) focus at the image plane.
The molecular beam was produced by seeding 2-methylfuran
(Sigma-Aldrich, 99.0% purity) in helium buffer gas (1.3 atm)
through a miniature valve pulsed at a rate of 400 Hz.
After skimming the molecular beam enters a differentially
pumped chamber where it intersects with the linearly polarized
femtosecond laser pulses in the common interaction region of
the two independent TOF mass spectrometers.

The near-infrared output of the femtosecond laser system
(Clark-MXR CPA-1000) at ∼800 nm was split into two
beams with equal intensity. One beam was frequency doubled
to ∼400 nm in a β barium borate crystal (BBO type I)
and used as a “pump” beam, while the other one passed an
optical delay stage (PI, M-403.4PD) and acted as “probe”
for pump-probe ionization measurement. Utilizing half wave
plates and thin-film polarizers, both, pump and probe pulses
were “horizontally” polarized (with respect to the detector
plane), merged with a dichroic mirror, and focused into
the molecular-beam chamber by a lens with focus length
of 40 cm. The cross-correlation width of around 100 fs is
determined by recording the temporal sum frequency signal
of the pump and probe pulses.

In time-resolved measurements, the pump beam at
∼400 nm is used to pump the molecule to the excited states
while the probe beam at ∼800 nm is utilized for tracking such
prepared states by ionization. The photoelectrons generated
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FIG. 1. (Color online) Several selected time-resolved raw photoelectron images of 2-methylfuran observed using a pump laser wavelength
of 400 nm and a probe wavelength of 800 nm. The linear polarization of the pump and probe lasers is aligned vertically in the plane of the
figure.

from the ionization are projected onto a two-dimensional (2D)
position-sensitive image detector. The detector can record
time-resolved photoelectron imaging by scanning the delay
time. Time-resolved photoelectron imaging provides both the
energy and the angular distribution of the photoelectrons, as
well as their correlation as a function of time.

III. RESULTS AND DISCUSSION

The lowest energy valence electronic transition has been
assigned to the 1

B2 state and its position was determined to be
5.95 eV [18]. And a second valence state A−

1 was expected to
be found close to the 1

B2 state, but at a slightly higher energy
and with a very low oscillator strength [18]. A two-photon
absorption process at 400 nm (3.10 eV) can be used to populate
the 1

B2 state with excess vibrational energy of 0.25 eV. The
polarization of pump and probe pulses are perpendicular to the
direction of the molecular beam. The power of the probe beam
is manipulated to suppress the fragment ions. The pulse ener-
gies for the pump and the probe beam are optimized to be ∼2
and ∼3 uJ, respectively. With pump pulse or probe pulse alone,
almost no photoionization signal can be observed.

Figure 1 shows time-resolved photoelectron images of
2-methylfuran in which photoelectrons with different kinetic
energy are displayed at various delay times. The photoelectron
image represents a section of the photoelectron scattering
distribution. The radial distance of a hit indicates the transverse
momentum of photoelectrons. The linear polarization of
the laser beams is aligned vertically in the plane of the
figure. The corresponding photoelectron kinetic energy (PKE)
distributions can be inferred from the measured photoelectron
images as a function of energy and of the delay time by the
lin-Basex algorithm [19], and the transient PKE distributions
against the delay time are shown in Fig. 2(a). For ease of
tracking energy transfer, all PKE distributions are normalized
to the strongest signal for each different delay time.

A typical PKE distribution at the delay time of 50 fs is
shown in Fig. 2(b). Four photoelectron bands are observed.
For ease of discussion, we assign them as bands I, II, III, and
IV in order of kinetic energy, although bands I and II consist of
more than one resolved peak. Careful examination of Fig. 2(a)
indicates that band III centered at 0.65 eV appears and becomes
dominant at the very beginning, and thus it should be due to
the ionization of the initial population. It is noted that the zero
time in this work is defined by the delay time when the initial
population reaches its maximum.

The energy excitation scheme of the ground, excited,
and ionic states of 2-methylfuran is shown in Fig. 3. With
two-photon excitation (6.2 eV), the lowest energy valence
electronic 1

B2 state with a high oscillator strength [18]
could probably be the initial populated state. A two-photon
absorption can be used to populate the 1

B2 state with excess
vibrational energy of Ev = 0.25 eV. With the assumption
that the vibrational energy Ev persists in the ion state after
ionization, a PKE component with kinetic energy of � =
2hνpump + 2hνprobe − Ev − D0 = 0.67 eV under two-photon
absorption of the probe pulse can be predicted. Here, D0 is de-
fined as the ground ionic state, and the energy level of 8.38 eV
for D0 is taken from the photoelectron spectrum measurement
[20]. The observed band III centered at 0.65 eV matches very
well with the predicted PKE component of 0.67 eV. Therefore
it is reasonable to attribute the band III to be the ionization
of the initial populated 1

B2 state. Via similar calculation, the
band I centered at 0.17 eV and band II at 0.47 eV could be
attributed to the ionization of the two lowest Rydberg states,
3s and 3px at levels of 5.47 and 5.73 eV [18], respectively.

From Fig. 2(a), ultrafast energy transfer from the initial
populated band III to the secondary populated bands, like
bands I, II, and IV, are visualized. From the above analysis
on bands I, II, and III, the transfers from band III to bands I
and II are attributed to internal conversion processes from the
valence state 1

B2 to Rydberg states 3s and 3px , respectively.
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FIG. 2. (Color online) Transient normalized PKE distributions (a) and a typical PKE distribution at a delay time of 50 fs (b).

Interestingly, as shown in Fig. 2(a), the contribution ratio of
band IV increase greatly, while the contribution ratio of band
III decreases with the time, which proposes an up-conversion
from the initial populated valence state 1

B2 (band III) to a
higher-lying state (band IV). It is noted that the time-resolved
PKE distributions shown in Fig. 2 are normalized to the
strongest signal for each different delay time. To compensate,
the absolute PKE distributions as a function of the delay time
are also given, as shown in Fig. 4(a). It can be seen that all
the photoelectron bands decrease with the delay time but with
somewhat different rates, and finally, all disappear completely
at around 600 fs. To target the fine dynamics of such “up”
internal conversion, the temporal behavior for the involved
bands III and IV in the beginning 200 fs are given as Fig. 4(b),
which is inferred from the measured PKE distributions. From
Fig. 4(b), it is seen that band IV from the higher-lying state
has an onset at a slightly later time than band III from the
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FIG. 3. (Color online) Energy excitation scheme of the ground,
excited, and ionic states of 2-methylfuran.

initially populated state. The delay time for the maximum of
band IV is estimated to be about 60 fs with band III as the
initial state. The observed onset delay for band IV would be
one of convincing evidences for the proposed up-conversion.

As shown in Fig. 3, the initial populated valence state 1
B2

undergoes a fast energy transfer to a higher electronic state. In
such processes, the vibrational energy in the initial 1

B2 state
is converted to the electronic energy of the final state. Band IV
centered at 0.84 eV corresponds to the final electronic state.
The distance of bands III and IV is measured to 0.19 eV.
Therefore the vibrational energy of 0.19 eV in the 1

B2 state is
converted to electronic energy in the final state. From such an
estimation, the energy level for the final state should be higher
than the initial 1

B2 state with 0.19 eV. Thus the position of the
final state is proposed to be at 6.14 eV. By careful examination
of the energy level of excited states of 2-methylfuran, it is
found that there are two Rydberg states ( 3py at 6.02 eV and
3px at 6.06 eV) above the initial state [18]. However, both
are not in agreement with the estimated 6.14 eV, and the next
Rydberg state is at 7.30 eV, which is far away. Therefore the
Rydberg states can be excluded for the assignment of the final
state. Above the initial 1

B2 state, there are also several valence
states. The closest two valence states are A−

1 and A+
1 . Here, the

position of A+
1 is measured to be 7.7 eV [18], which should

also be excluded. The other valence state A−
1 was expected

to be close to the 1
B2 state at a slightly higher energy. Thus

it is reasonable to attribute the final state to the valence state
A−

1 . Due to a very low oscillator strength, the A−
1 state is like

a “dark” state. After the population of the initial 1
B2 state,

which undergoes a fast internal conversion, the “dark” A−
1

state is also populated by energy transfer.
In addition to the PKE considerations, photoelectron angu-

lar distributions (PADs) are also considered. The laboratory
frame PADs resulting from ionization with linear and parallel
polarized pump and probe laser beams with four-photon
pump-probe ionization can be described by [21]

I (θ ; t) = σ (t)[1 + β2(t)P2(cos θ ) + β4(t)P4(cos θ )

+β6(t)P6(cos θ ) + β8(t)P8(cos θ )], (1)

where σ (t) is the integral scattering cross section, βL(t) are the
anisotropy parameters, PL(cos θ ) are Legendre polynomials,
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FIG. 4. (Color online) (a) Transient PKE distributions as a function of the delay time and (b) the temporal behavior for the involved bands
III and IV in the beginning 200 fs.

and θ the angle between the laser polarization direction and
the direction of the ejected electron. Two involved bands
(III and IV) for the observed up-conversion are chosen for
the PAD analysis. The anisotropy coefficients from these
two bands were obtained by using the lin-Basex algorithm
[19]. Considering the statistical error according to lin-Basex
evaluation, β8 can be neglected with values close to zero. There
are no significant changes found for the PADs for each band
as the delay time. However, the PADs for these two bands are
quite different. The PADs plots and the derived coefficients
(β2,β4,β6) for bands III and IV at each maximum time (0 fs
for band III and 60 fs for band IV) are shown in Fig. 5.

Bands III and IV stem from the ionization from two dif-
ferent intermediate valence states, 1

B2 and A−
1 , respectively.

The PADs reflect characteristics of the initial intermediate
and the final states for the ionization. Although the shapes
of the PADs for these two bands seem quite different, the
fitting anistropy coefficients β2 and β6 are quite similar. The
ionization processes for producing bands III and IV are both
realized via (2 + 2′) multiphoton ionization. The features of
more contribution in the parallel direction along the laser
polarization and less in the perpendicular one can be visualized

2 =0.58
4 =0.05
6 =0.12

2 =0.56
4 =0.23
6 =0.16

Band III Band IV

FIG. 5. (Color online) The PADs plots and the derived coeffi-
cients (β2,β4,β6) for band III at 0 fs and band IV at 60 fs. The arrow
indicates the linear polarization of the pump and probe lasers aligned
vertically in the plane of the figure.

in the PADs for both bands. This is one of the typical char-
acteristics for multiphoton ionization with linear polarization.
Interestingly, a significant difference is observed for β4. The
anisotropy coefficient β4 increases from 0.05 for the initial 1

B2

to 0.23 for the final A−
1 state upon crossing the potential energy

surfaces. The ongoing high-level calculations performed by
density-functional theory (B3LYP/6-311++G**) [22] would
be helpful for further understanding such changes.

Regarding the predicted up-conversion process in
electronically excited furan by Gromov and co-workers [14]
with wave-packet dynamics simulations, a strong vibronic
coupling via the b2 modes between the S2 ( 1

B2) and S3 ( 1
A1)

states was found to play a role. In the present work, we
experimentally observed such a process in furan’s derivative,
2-methylfuran, on a time scale of ∼60 fs. In the previous
report on furan [16] via similar measurements, we observed
a rapid relaxation ascribed to the ultrafast internal conversion
from the S2 state to the vibrationally hot S1 state, without
any significant evidence for an up-conversion process. As
we mentioned in the Introduction, compared with furan,
2-methylfuran is a system with reduced symmetry. Hence,
a stronger vibronic coupling with a higher density of the
vibrational levels due to a reduction of symmetry-forbidden
interactions could explain the observation of an up-conversion
process in 2-methylfuran but not in a furan system with
limited experimental resolution and sensitivity.

IV. CONCLUSIONS

Femtosecond time-resolved pump-probe photoelectron
imaging has been used to tackle the nonadiabatic dynamics
arising from the valence state 1

B2 of 2-methylfuran in real
time. Transient photoelectron kinetic-energy distributions and
angular distributions of the photoelectrons are obtained and
analyzed. An up-conversion from the initial 1

B2 state to an
upper valence state A−

1 is evidenced experimentally by fem-
tosecond time-resolved pump-probe photoelectron imaging.
During such an up-conversion process, the vibrational energy
of 0.19 eV in the initial state is converted to electronic energy
of the final state. And the time scale of ∼60 fs for such a process
is estimated by the observed onset delay for the corresponding
photoelectron bands.
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