KYPHAJI ®ISMHHUX JOCJIII?KEHb
T. 5, Ne 3/4 (2001) c. 255-260

TIME-RESOLVED PHOTOELECTRON SPECTROMETRY
OF A DEPHASING PROCESS IN PYRAZINE

L. I Pavlov', S. I. Pavlova?, R. L. Pavlov!, Ya. I. Delchev!
Y Institute for Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences
72 Tzarigradsko Chaussee Blvd, BG—-1784 Sofia, Bulgaria
2 Departement of Ed. Physics, Faculty of Physics
St. Kl. Ohridski University of Sofia, Blvd. J. Bourchier 5, BG-1164 Sofia, Bulgaria
(Received October 4, 2001)

The proposed time-resolved spectrometry is of high temporal resolution within the femtosecond
scale. Recently, performing of real-time studies of molecular dynamics is of great interest. The
photoelectron spectrometry exhibits high sensitivity, since photoionization is an induced process
and the electrons can be collected efficiently by an electromagnetic field. Such method is applied to
ultrafast dephasing process in molecular pyrazine. The photoelectron imaging allows measurements
of speed and angular distributions with unit collection efficiency of electrons. We should note that
the photoelectron imaging probes short range and short time dynamics involving the electronic
relaxation. The method is characterized by photoionization of NO and further applied to ultrafast
dephasing in pyrazine. The combination of time-resolved photoelectron and photoion imaging will
allow us to observe photo-induced dynamics of molecules and clusters from time ¢t = 0 to oo with
a single apparatus. The experimental results are compared with the theoretical analysis of strong
impact onto the multi-electron systems.
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I. INTRODUCTION

Time-resolved photoelectron spectometry (PES) is
quite promising in probing the photoinduced dynamics
of molecules and clusters in gas phase [1-3]. When excit-
ing the system, 2D ion imaging coupled with resonance-
enhanced multiphoton ionization (REMPI) proves to
be a powerful technique for the measurement of differ-
ential cross sections in photodissociation [4], inelastic
[5,6] and reactive scattering [7,8] processes. REMPI pro-
vides state-selective 1onization of products, and imaging
of subsequent ions leads to the measurement of state-
resolved differential cross-sections. Non-resonant mul-
tiphoton ionization with a femtosecond laser pulse is
also useful in molecular dynamics experiment since it
is versatile in monitoring the population of a variety of
species. First of all, an advantage of PES is, that both
the singlet and triplet states can be detected, thereby
enabling direct observation of intersystem crossing and
internal conversion processes. Furthermore, the method
exhibits high sensitivity since photoionization is an in-
duced process and electrons can be collected efficiently
by an electromagnetic field. Finally, analogously to Ra-
man spectroscopy, the ionization laser can be frequency-
fixed while the photoelectron energy is dispersed, which
is favourable for applying an ultrafast laser with limited
tunability. Photoelectron imaging (PEI), on the other
hand, allows routine measurements of speed and angular
distributions of photoelectrons with unit collection effi-
ciency of electrons [8]. Although the energy resolution
of PEI may be lower than the conventional method, the
uncertainty principle limits the energy resolution obtain-
able in ultrafast spectoscopy, so PEI is quite suited for

femtosecond pump-probe experiments. Another feature
of PEI to be noted here is that it is applicable to quasi-
continuous light sources such as discharge lamps, high
repetition-rate lasers, and synchronous radiation.

In this paper, the first femtosecond time-resolved pho-
toelectron imaging (PEI) on two-color photoionization
of NO via the A(3so) state and ultrafast dephasing in
pyrazine are reported. The combination of time-resolved
photoelectron and time-resolved photoion imaging allows
us to observe photo-induced dynamics of molecules and
clusters and these are real-time studies. The method pro-
posed consists of an efficient excitation of molecular sys-
tem and subsequent decay. Time-resolved PEI probes
short range and short time dynamics involving electronic
relaxation.

II. EXPERIMENT

The molecular beam apparatus consists of a beam
source and a main chamber both of which are pumped by
magnetically-suspended turbo molecular pumps. A sam-
ple gas expanded from a piezoelectric valve in the source
1s skimmed and introduced into the main chamber as a
molecular beam 2 mm in diameter. The pulse is crossed
with pump and probe laser beams in the stacked accel-
eration electrodes in the main chamber, where the pump
pulse excites molecules and a probe pulse further ionizes
them. The electrons thus produced are accelerated paral-
lel to the molecular beam and projected onto a position-
sensitive imaging detector [9]. The acceleration field pro-
vides two-dimensional space focusing, so that only the
velocities (or linear momentum) of the electrons perpen-
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dicular to the detector face were observed in the image
[9]. The imaging detector consists of a microchannel plate
(MCP), a phosphor screen, and a Peltier-cooled charge-
coupled device (CCD) camera (1536x1024 pixels). The
image on the phosphor screen is captured by the camera
and integrated for 1800-18000 shots. In order to observe
the total photoelectron intensity, the emission from the
phosphor screen was monitored with a photomultiplier
tube (PMT).

The solid-state laser system consists of an oscilla-
tor, amplifier, and nonlinear wavelength tuning devices.
The oscillator is a 5W-diode pumped Ti:sapphire laser
(80 fs, 82 MHz). The output from this oscillator is intro-
duced into a Ti:sapphire regenerative amplifier pumped
by 10 Hz Nd : Y AG laser (250 mJ, 532 nm). The output
from the amplifier (120-150 fs, 10 mJ/pulse, 786 nm)
is split into two beams. One beam is introduced into
a travelling-wave optical parametric amplification sys-
tem (Topas, Light conversion). Harmonics of the signal
or idler waves provided wavelengths down to 300 nm.
Shorter wavelength UV light (210-250 nm) was gener-
ated by mixing the output from the optical parametric
amplifier with the other half of the fundamental beam in
a $-BaB;04 (BBO) crystal. The tunable UV light and
the remaining fundamental light (<5 mJ/pulse) emitted
coaxially from the crystal were separated by a dichroic
mirror to introduce the fundamental light into BBO crys-
tals to produce its harmonics (the second and third har-
monics centered at 393 and 262 nm in the present ex-
periment). The tunable UV light was optically delayed
and realigned with the harmonics of the fundamental,
and these two beams are irradiated onto the molecular
beam. The observed images of electrons were inverted to
generate the speed-angular distributions by inverse Abel
transform.

III. RESULTS AND DISCUSSION
A.[1+1] REMPI of NO

Femtosecond time-resolved PEI was tested by observ-
ing [14+1/] REMPI of NO via the A(23T) state. A molec-
ular beam of NO 5% seeded in the He or Ar was crossed
with the pump (225 nm) and probe (262 nm) light, and
the resulting electrons and NOT ions were measured by
1D and 2D imaging.

Fig. 1,a shows the time profile of the photoelectron
signal. Since the A state of NO has a lifetime of 200 ns
[10] the signal exhibits a flat plateau after a sharp rise
determined by the cross-correlation (450 fs) of pump and
probe pulses. The photoelectron image observed at a
pump-probe time delay of 1 ps is shown in Fig. 1 b. It
is seen that the photoelectron angular distribution qual-
itatively follows a cos? @ distribution with respect to the
polarization of the probe laser. We can characterize the
angular distribution by

I(0) ~ 14 BPs(cosf)
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with the anisotropy parameter § = 2. Pa(z) is the
second-order Legendre polynomial. However, quantita-
tive analysis of our data yielded 7 = 1.66 &+ 0.01.
This deviation from the atomic model is due to a non-
centrosymmetric electron-NO* potential in which the
outgoing electron is partially scattered. Previous theo-
retical and experimental studies on the [1+ 1'] photoion-
ization of NO via the A state [11,12] have shown that
the angular distribution of photoelectron in the parallel
pump-probe polarization configuration is expressed by

1(9) ~1 + 620P2(COS 9) + 640P4(COS 9)

with the dominant contribution of 820 = 1.6 [11,12]. Our
result is consistent with these former works.
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Fig. 1. (a) — time dependence of total photoelectron signal
in femtosecond [14+1'] REMPI of NO via A(2Z+)U' = Olevel,
(b) — photoelectron image observed at the pump-probe de-
lay of 1 ps, (c) — Inverse Abel transform of the image shown

in (b).
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From the width of photoelectron kinetic energy dis-
tribution extracted from the inverse Abel transform
(Fig. 1,c), the energy resolution in our femtosecond PEI
was estimated to be 100 meV at £ = 900 meV.

B. Intramolecular dephasing in pyrazine

The broad-band coherent excitation of an intermedi-
ate case molecule provides biexponential fluorescence de-
cay where the first component is the dephasing of an
optically-prepared singlet state into the population decay
of this mixed state [13,14]. We have examined this prob-
lem by time-resolved photoelectron imaging. Pyrazine in
a molecular beam 0.3-3% seeded in He (a stagnation
pressure 1 atm to the vacuum) was excited to the S vi-
bronic levels by a single photon transition at 320-350 nm
and subsequently ionized by two-photon absorption at
393 nm. The schematic drawing of dephasing process in
pyrazine is shown in Fig. 2.
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Fig. 2. Schematic drawing of dephasing process in pyrazine.

The power density of our pump laser at the interaction
region was less than 101® W /cm?2, while that of the probe
laser was about 5 x 101° W /ecm?. For these power den-
sities, ponderomotive shift of the photoelectron kinetic
energies and the alignment of ground-state molecule in
the laser field can be neglected. Furthermore, the results
obtained were invariant to different partial pressure of
pyrazine over the range 0.3-3% indicating that the ef-
fect of cluster formation is negligible. The bandwith of
our femtosecond laser does not allow rotational contour,
although only a few rotational levels are expected to be
populated in a molecular beam.

Fig. 3 shows the observed photoelectron intensity as a
function of time delay. As seen in Fig. 3,a, the total elec-
tron current (i. e., integral photoionization cross section)
shows no time-dependence, which apparently contradicts
the fast fluorescence decay data reported previously [14].
Note, however, that photoilonization can occur both from
the singlet and triplet manifolds. Therefore, Fig. 3,a sim-
ply implies that population decay from the mixed singlet-
triplet state does not occur in this time range. Clearly,

the partial photoionization cross section measurement is
necessary for examining the dephasing. Thus, the low
energy electrons cannot be attributed to the ionization
from the singlet to the second cationic state (7~1), but
rather must be due to the ionization from the triplet
states to the lowest cationic state (n=1). Ionization from
the triplet results in low photoelectron energy, because
the triplet states 1soenergetic to the singlet have large vi-
brational energies, and Franck—Condon overlap favours
ionization to the highly vibrationally-excited states in
cation. Photoelectrons with near zero kinetic energy are
concentrated in the centre of the image with a weight-
ing factor that scales with kinetic energy of electrons
or the image radius squared. The time-evolution of the
singlet and triplet characters were easily measured by
masking the phosphor screen and selectively observing
the outer and inner part of image with a photomultiplier
tube (PMT). When the particular energy region of elec-
trons is monitored in this way, the high energy electron
showed a decay with 7 = 104 + 3 ps (Fig. 3,b), while
the low energy electron exhibited the corresponding in-
crease with 7 = 97 + 8 ps (Fig. 3,c). As far as we know,
this is the first observation of the growth of triplet char-
acter due to dephasing from the optically prepared Sy
pyrazine.
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Fig. 3. (a) — time dependence of total photoelectron
signal in femtosecond [1 + 2] REMPI of pyrazine via the
S [1Bgn(n7 71'*)]00 level, (b) — Photoelectron signal for the
kinetic energy £ > 630 meV, (c) — Photoelectron signal for
the kinetic energy E < 630 meV.
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More detailed dynamics can be learned from the snap-
shots of electron scattering distributions taken at differ-
ent time delays shown in Fig. 4. The decay of singlet
character and buildup of triplet character can be easily
seen in these snapshots. Careful inspection also reveals
that the radius of triplet signal shrinks at later time,
suggesting relaxation in the triplet manifold.

(d) 200 ps
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Fig. 4. Inverse Abel transforms (600 x 600 pixels) of pho-
toelectron images of [1 + 2] REMPI of pyrazine via the
Si[* Ban(n, 7*)]0° level at the time delays of (a) — 2 ps, (b)
— 20 ps, (c) — 100 ps, (d) — 200 ps.

To examine this more quantitatively, photoelectron ki-
netic energy distributions extracted from the data are
presented in Fig. 5. The feature at 200 meV appears
instantaneously with the light pulse and decay rapidly.
The peak at 200 meV is tentatively assigned to ioniza-
tion from T (m, 7). The peak observed at 100 meV is as-
signed to the ionization from T3 (7, 7*). As seen in Fig. b,
two-photon 1onization at 393 nm well covers the Franck—
Condon region in ionization from 77, so that the total
ionization signal does not show time-dependence in our
experiment.

The angular anisotropy of photoelectron distribution
is characterized by 2 = 0.8 and 1.0 for the singlet and
triplet channels, respectively. The time-dependence of
these anisotropy parameters is found to be negligible.
We are unfortunately unable to interpret the anisotropy
parameter data fully because of two-photon nature of
ionization step. It is possible that two-photon 1onization
involves Rydberg states as the virtual states, and if so,
this would determine the angular anisotropy of photo-
electron distribution. It is necessary to use [1 + 1'] ion-
ization scheme and to compare the result with the [1+2']
scheme to examine this possibility.

In our experiment, a static electric field < 700 V/cm
was used to extract the photoelectrons and project them
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onto the detector. This field might induce a Stark effect
on the molecule. However, previous work has shown that
noticeable change of the level structure is only induced by
an order of magnitude larger field strength > 10 kV/cm
[15,16]. Thus the effect of the extraction field in the short
time dynamics of pyrazine can be excluded. It 1s impor-
tant, that the dephasing time we obtain is in good agree-
ment even with the previous field-free data [14].

1.0F Pyrazine via S,()u

—=—2ps
—u—-100ps
—o——200ps

0.6

0.4

Intensity (arb.)

0 200 400 600 80O 1000 1200

Photoelectron Kinetic Energy (meV)

Fig. 5. Photoelectron kinetic energy distribution in fem-
tosecond REMPI of pyrazine via the S; [1Bgn(n7 71'*)]00 level
at the time delays of (a) — 2 ps, (b) — 20 ps, (c) — 100 ps,
(d) — 200 ps.
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Fig. 6. Time dependence of photoelectron signal in fem-
tosecond [1 + 1'] REMPI via S» state of (a) — pyrazine-h4
and (b) — pyrazine-d4.
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Pyrazine 82

Abel transformed

Fig. 7. Inverse Abel transform of the photoelectron im-
ages (600 x 600 pixels) observed for [1 + 1] REMPI via
52[1BQn(7r, 7*)] state at the time delay of 0.6 ps.

We should note, that the second excited state of
pyrazine Ss[! B, (m, )] is located 7000 cm~™' above
S1[1Bsn(n, 7)) state. The Sy(m, m*) « S absorption
band 1s broad due to ultrafast S; — S7 electronic de-
phasing. We excited pyrazine in a molecular beam, by
262 nm light to the vicinity of the zero vibrational level in
Sa(m, m*) and subsequently ionized the excited molecules
by 220 nm light.

As shown in Fig. 6, the total photoelectron signal de-

cayed with the lifetime of 23 £2 ps. Similar measurement
on pyrazine-d4 showed the lifetime of 36 & 3 ps. The in-
tersystem crossing yield from S; pyrazine is known to
sharply fall off near 280 nm [17], so the observed decay
is ascribed to S7 — Sy internal conversion. The longer
lifetime observed for pyrazine-d4 is ascribed to the reduc-
tion of Franck—Condon overlap for the accepting modes
between S; and Sj.

As shown in Fig. 7, the anisotropy of photoelectron
distribution is rather small, 5 = 0.15 & 0.1, which is
contrasted with strong anisotropy observed for [1 + 2/]
REMPI via S; state. This may suggest the role of vir-
tual state for the [1 4 2'] process.

IV. CONCLUSIONS

The first femtosecond time-resolved photoelectron
imaging (PEI) is presented. The method is character-
ized by photoionization of NO and further applied to
ultrafast dephasing in pyrazine. Intermediate case be-
haviour in radiationless transition is clearly observed in
time-resolved photoelectron kinetic energy distribution.
Femtosecond PEI is with much improved efficiency than
conventional photoelectron spectroscopies. It is antici-
pated that the unifield approach of time-resolved photo-
electron and photoion imaging opens the possibility of
observing photon-induced dynamics in real time.
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YACOBO PO3OIJIEHA ®OTOEJIEKTPOHHA CIIEKTPOMETPIA
JAEPA3YIOUOI'O ITPOIIECY B IIMPA3WHI

JI. 1. Tlasaos!, C. L. IlaBnosa®, P. JI. [Tasxos', 1. 1. Hexuesn!
L Inemumym adeprux docaidncens i adeproi eneprii
Boneapcora axademia nayx, 6yave. Hapiepadcoxo lloce, 72, BG-1784, Codia, Boreapis
2 Biddiaenna ocsimnvol disuru, daxyrvmem Pizuru
Cogpiticoxuds ynisepcumem Cs. Ka. Oepidcvroeo,
eya. H. Boypuep, 5, BG-1164, Codia, Boazapia

3anponoHoBaHa 9acoBO PO3MijeHa CIEKTPOMETpPid Ma€e BUCOKY YacCOBY PO3MUIBHY 3MATHICTH Y MeXax (peMTo-
cekyHaHoro mMacurtaby. BimHenasHa TOCTIIKEHHA MOJIEKYJIAPHOl OMHAMIKK B peaJbHOMY Macurrabl 9acy BUKJIU-
Ka€e Besrke 3arjkaBiieHis. QoroeleKTpoHHA CIEKTPOMETPisi Ma€ BUCOKY YUY TJIMBICTH, OCKIIBKHU hoToHOHI3AINA €
IHIYKOBAHUM TIPOIECOM, 1 eJIEKTPOHH MOXKYTh edeKTUBHO 30MpaTUCh eJIeKTPOMArHeTHUM mojeM. Taxuii MeTo
3aCTOCOBYETHCA N0 HAMNIBUAKOLO 1eda3yrouoro Mmpoiecy B MOJIEKyJIdpHOMYy mupasuti. PoroesekTpoHHE BiI0-
OpaxkeHHs I03BOJIAE BUMIPDATH HNIBUIKICTH 1 KYyTOBI PO3MOMIIH 3 OOUHUYHIM HabopoM eeKTUBHOCTH eJIeKTPOHIB.
Sasaaunmo, mo GHoToeTEKTPOHHE BIIOOpaXKeHHA 30HIYE KOPOTKOCIKHY B KOPOTKOYACOBY IUHAMIKY, BKJIFOYa-
OYM eJIEKTPOHHY peJsakcalnio. Merom xapakTepusyeThea (poroiioHizareo geda3yBanisa B nupasmil. KombiHarsa
YaCOBO PO3IIJIEHOTO (POTOEJIEKTPOHHOTO ¥ (poToitoHHOTO BimoOpazKeHHA HO3BOJIUTH HaM criocTepirati hoToIHIY-
KOBaHy AMHAMIKY MOJEKYJ 1 KJIacTepiB Ha IMPOMIKKY dacy Bim ¢ = 0 1o 0o Ha ogHOMY amapari. EkcriepuMenTaIbHi
pe3yabTaTh 3ICTAaBJIEHO 3 TEOPETUYHUM aHAJI30M CHUJIbHUX 3ITKHEHb y GaraToeeKTPOHHUX CUCTEMaX.



