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Femtosecond time-resolved photoelectron imaging (TR-PEI) is applied to the2(lresonance-enhanced
multiphoton ionization of pyrazine (1,4-diazabenzene) via thet&e. The intersystem crossing (ISC) from

the S (nz*) to the T; (nz*) state and the ionization dynamics from 3s andRpdberg states are investigated.
Rotational revival features, observed in the time-resolved photoelectron intensities fropstageTpopulated

by ISC as well as from the optically preparedsate, are analyzed in detail. The alignment at the rotational
revival time in the T state is found to be much smaller than that in thestate. Numerical calculations,

using the molecular eigenstate basis and taking account of the angular momentum coupling, to model the
transfer of coherence between thea®d T, states are presented. The calculated time dependence of signal
strength and the axis alignment are found to be in excellent agreement with the observed profiles. The
diminished alignment in Tis explained by the angular momentum coupling mechanism in ISC. Comparison

is also made with the rotational coherence transfer in intramolecular vibrational redistribution (IVR).
Photoelectron angular distributions (PADs) were also measured in the laboratory frame from spatially aligned
ensembles in the 3s and,3pydberg states. The results are qualitatively explained on the basis of the selection
rules upon photoionization.

I. Introduction the advantage of measuring the time evolution of both energy
) ] ] ] ~and angular distributions simultaneously in a single experi-
Time-resolved photoelectron imaging (TR-PEI) is emerging ment1.34

as a powerful means of studying nonadiabatic dynamics in |, previous studies, we applied TR-PEI to investigate the
photoexcited molecules. Nonadiabatic transitions are i”ducedvdynamics of (n*) — Ty(nw*) intersystem crossing (ISC) in

as the result of the breakdown in the Bet@ppenheimer  he azabenzenes: pyrazitid pyridine and pyridazind. These
approximation, by rapid vibrational motion at a conical intersec- gi,dies usually employed (@& 2') resonance-enhanced multi-
tion or the seam of crossing between two electronic states andphoton ionization (REMPI), although we also studied the ISC
are ubiquitous |n_the o_lynamlcs of pon_atom|c mc_)IecuIes. TR_— dynamics of pyrazine using a (& 1') ionization schemé$

PEI launches rovibronic wave packets in the excited electronic ~“1pq S—T, intersystem crossing in pyrazine is the best-known
states by a pump pulse and projects their evolution on each ofgyample of the “intermediate case” in the theory of molecular
the (coupled) electronic states individually and simultaneously | iationless transitior§-12 Strong spir-orbit coupling be-

to cat_|0n|c state wave functions by an ionizing probe pulse. The yyeen any given Sstate with the moderately dense triplet
evolving dynamics is observed in a series of photoelectron p,ckground states creates a complex energy level structure of
energylagld angular distributions taken at specified papipbe  mpjecular eigenstatéd: 13 When a short laser pulse coherently
delays:™ Because the kinetic energy of the photoelectron gycites these discrete eigenstates, a nonstationary state is created
depends on the binding energy of the molecular orbital being ywhich then rapidly evolves in time. This evolution has previ-
ionized, the signals originating from the different electronic ously been monitored by fluorescence from thestate, which
states are generally well resol_ved in the image. This is in contrastgyhipits biexponential decay. It is generally believed that the
to measurements of photoion yield, effectively the photo- fast component is due to pure dephasing between the component
ionization integral cross section, which are, more often than ejgenstates and that the slow component is due to depopulation
not, insensitive to the time evolution of the dynamics. TR-PEl of these eigenstates through deactivation down 3133
interrogates the shape of the electron orbital by observation of However, in the early literature a debate ensued as to whether
the photoelectron angular distribution (PAD). TR-PEI is a the observed fast component was due to the predicted dephasing
variant of more conventional photoelectron SpeCtrOSCOpy with or Ray|eigh—Raman ||ght Scattering_ With the deve|0pment of
ultrafast laser spectroscopy, convincing evidence for the dephas-
* Corresponding author. E-mail: toshisuzuki@riken.jp. ing mechanism was obtainEdnd consistency was found with
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the results of high-resolution spectroscopy. (The biexponential (a)
decay has also been observed with nanosecond laser excitation,

despite the fact that the level density deduced from high-
resolution spectroscopy is insufficient to induce ultrafast J+1
dephasing for narrow-band laser excitation. It has consequently

been suggested that the strong fast componend-aleghendent

Vso
fluorescence quantum yiéfdobserved with nanosecond lasers J <

Zeroth states Eigenstates

are, indeed, due to nonresonant light scattetfhg.

The formation of dark triplet states following ISC has been
confirmed by Hillenbrand et al. using nanosecond-11')
pump—probe photoelectron spectroscopy, in which a broad
photoelectron distribution characteristic of ionization from the S1
background states populated by ISC from theD%state was T1 {‘n>}
observed’ Our TR-PEI experiment using a femtosecond laser (b)
clearly demonstrated a rapid decay of the ionization component wd
from S and a corresponding growth of that from With a IP A / W
clear isosbestic point in a series of photoelectron kinetic energy
spectra measured with different time deldys.The TR-PEI 8 4
result obtained with a (# 1') REMPI schem&agreed well 1 3p@r'y oo e eeees A
with the earlier time-unclocked result by Hillenbrand et7al.

Our previous work also revealed an important new feature
in the ISC dynamics of pyrazine, i.e., rotational wave packet
coherences in the bright and dark states were clearly observed 4
in the time-dependent photoelectron intensities and photoelectron 5
angular distribution8.The coherent excitation of an ensemble i N
of rotational levels in a given vibronic band was first studied [O]
by Zewail, Felker, and co-worket§;2° and the method of 0- So — N
extracting rotational constants from the coherent transients rigure 1. (a) Diagram of the zero-order states and molecular
observed is known as rotational coherence spectroscopy (RCS). eigenstates coherently excited by a femtosecond pulse. Three rotational
In the TR-PEI of pyrazine, however, we observed coherent states of the Sstate are excited from the single rotational level gf S
transients in the bright ¢$and the dark (7) states. As far as ~ ViaP, Q, and R branches. Each rotational state pfsScoupled with
we know, there has been no previous investigation of the & manifold of dark Tstates by the spirorbit interactionVso, and an

. ) . ensemble of molecular eigenstates is created. (b}-(2') REMPI
rotational coherence m_the tnplet state pepulated by ISC becausg,.neme of pyrazine. The vertical arrows show the pump and probe
of the experimental difficulty in observing these dark states. pyjses.

Interestingly, we found the amplitude of the revival in the T
state was much weaker than that in S electron wave$’ This has allowed us to develop a novel

The theoretical description of the rotational coherence setup Rydberg state spectroscopy based on the vibrational propensity
in the optically bright state is well developé¥2However, it rule between the ionized and the cation states. We have applied
is not immediately applicable to the rotational coherent dynamics this to observe the low-lying Rydberg states of azabenzene
in the dark states populated by ISC, since ISC induclesel moleculed? and to investigate the ionization dynamic¥o
mixing in the dark states as explained in section I11.B. Figure this aim, the laboratory frame photoelectron angular distributions
1a illustrates how the coherent excitation occurs in the singlet (LF-PADs) from spatially aligned molecules are recorded and
and triplet states. Rotational levels in thes$ate are coupled ~ analyzed by considering the relationship between the LF-PADs
to a number of triplet states by spiorbit interactions. A and the axis alignment initially induced by the pump pulse. We
femtosecond pump pulse coherently excites an ensemble of thes@evelop this idea in section IV.C.
eigenstates in the optically bright State with the oscillator ) )
strength carried by th®, Q, andR transitions from § thus Il. Experimental Section
creating a wave packet whose time evolution depends on the Figure 1b shows a schematic energy diagram of our ptmp
phase relationship between its components. Because the comprobe experiment on pyrazine. A pump pulse centered at 323
ponent zero-order levels in @re vibronically coupled by the  nm prepares a rotational wave packet, initially on the ground
spin—orbit interaction to levels in i they are not eigenstates  yjprational state of §nz*). A time-delayed probe pulse centered
and themselves evolve in time. The result is that the rotational at 401 nm Subsequenﬂy interrogates the pumped molecules by
wave packet initially created in a single vibrational level @f S resonantly enhanced two-photon ionization via the 3s and 3p
is transferred to the coupled vibrational levels in Ih section Rydberg states.

Il of this article, we develop analytical expressions to describe Approximate|y 2% pyrazine samp|e gas was prepared by
the time-dependent observables of a PEI experiment in termspassing nitrogen over solid pyrazine at room temperature. This
of the molecular eigenstate description and compare these tosample was continuously expanded into a vacuum chamber at
experimental results in section IV. We show that the molecular g stagnation pressure of 500 Torr through a:50 diameter
eigenstate description accounts for all the features observed inpinhole. The resulting molecular beam was collimated with a
the photoelectron images. 0.8 mm diameter skimmer and was then introduced into an

TR-PEI also provides information on the energetics of the ionization chamber, where the background pressure (beam on)
resonant intermediate Rydberg states used as “stepping stonesivas ca. 107 Torr. We chose nitrogen as the carrier gas and set
in the REMPI excitatioh® and on the ionization dynamics the expansion conditions just described in order to minimize
between the ionized electronic orbital and the outgoing photo- hot bands and cluster formation as measured in the REMPI

Energy / eV
I

323 nm




Femtosecond Photoelectron Imaging on Pyrazine J. Phys. Chem. A, Vol. 108, No. 33, 2008825

spectrum observed by a nanosecond laser. The effectiveprojection quantum numbers of the rotationd) @nd spin §
rotational temperature of the pyrazine in the molecular beam angular momenta onto the figure axis, respectively. The latter
was found to be 2@ 5 K from the observation of theg(h)and is essentially an uncoupled basi®MOSEL The analogy with
contour of the $<— S spectrum. the diatomic case is such thatN, K, andP correspond tdJ,

A 1 kHz pulse train centered at 802 nm was generated by aN, A, and Q, where A and Q are the projection quantum
Nd:YLF-pumped Ti:sapphire regeneratively amplified laser numbers of electronic orbital and total angular momentum onto
(Coherent, Vitesse and Quantronix, model 527 and Titan). This the internuclear axis. Then, the rovibronic state vectors of the
was split into two equal intensity beams. One beam pumped a$S: and T states are described?8s
commercial optical parametric amplifier (Light Conversion
Topas) to generate tunable UV pump light-a323 nm. The  [I'svg= 00UPsM1S= 0,25 = 00 and
other beam was frequency doubled to generad®1 nm light L _
in a thin BBO | crystal. In the vacuum chamber, the pumyi ( IFrir ONpJ K Sy = LM U()
uJ) and delayed probe-(LOuJ) pulses intersected the molecular
beam at the center of a stack of ring electrodes which were
used to extract the resultant photoelectrons. The cross-correlatio
time between the pump and probe pulses was determined b
the rising edge of the temporal profiles of the total photoelectron
intensity to be~150 fs.

The photoelectrons were accelerated parallel to the molecularIN JKIMC=
beam in a static electric field under velocity mapping focusing
conditions?® The electrons were detected by a position sensitive (=1 YN + 1(‘J 1 N
imaging detector which consisted of a 40 mm diameter dual Z P -2 -K
microchannel plate (MCP) backed by a P20 phosphor screen.

The field-free region of the electron flight path (450 mm) was Since the|[JPMOand |J —PMOstates are degenerate, it is in
shielded against stray magnetic fields by-aetal tube. Light principle necessary to introduce the new b&sI®M= [|JIPMO
emission from the phosphor screen was coupled out of the + ¢|J —quyﬁ to distinguish the parity, where > 0 andr
vacuum chamber by a fiber bundle and was recorded by an= +1. However, the parity does not affect results in our
intensified video rate charge-coupled device (CCD) camera with calculation and is omitted in the following discussion.

768 x 572 pixels. The total photoelectron current, as monitored  |11.B. Calculations of Molecular Eigenstates. Each of the
by the charge accumulated on the phosphor screen, was als, rotational states interacts with a number afr@vibrational
measured. About 50 photoelectrons were created each laser shogtates through the spiorbit coupling operatorVso. The
Since we integrated the data for 40 laser shots per video frame eigenstates of the full Hamiltonian includiMgo are called the
light spots due to different electrons hitting the detector could molecular eigenstates and are linear combinations of the zero-
overlap each other in a single frame. Therefore, the analogueorder § and T; states:

video signal from the CCD was integrated directly without any

respectively, where represents the vibrational quantum number
of ith mode, and” includes all other quantum numbers. Here
The singlet state is assumed to be the vibrational ground state.
YThe subscripts S and T indicate thegBd T; states, respectively.
The case (b) basis can be expanded in the case (a) base® using

)|JPMD11 -30(2)

signal processing such as centeroiding or threshofiigith N0 py. = a8 T, 0000, 00UPMsH

such a high signal count rate;5 x 10* electrons s?, it was ssTs , ,

possible to measure each image within several minutes and to NZ M T, o INPIGKIM G (3)
record hundreds of photoelectron images with relatively short iNTRy

(500 fs) pump-probe delay steps in a few hours. _
Note thatJ and M are conserved in the ISC process. The

lIl. Theoretical Model weighting factors,a®®s and b™N™™s and the energies of

. JsPsMg . . . _
IIl.LA. Representation of Rotational States.Pyrazine be- e|ger1[§tatesEn , are given by the solution of the eigen
longs to theD,, point group; thez-axis is defined as the axis equation
through the two nitrogen atoms; t%a_xis whic_h is perpen- E v, TR T
dicular to the molecular plane is the figure axis of this nearly | “sams " Popas = 77 G @
oblate top moleculé> Asymmetry parameters,= (2B — A — : B 0 : _ pJsRMs :
26 ; iNg KM, Ny KM, =E, iNg KM |° )
O)I(A — C)*® whereA, B, andC are rotational constants, are |V, /xr" Ep xom bNrkells piirkeMs
0.725 and 0.985 for the ground vibrational states p&i&d S, : 0

respectively?” In order to simplify our calculations,

we approximated pyrazine as an oblate symmetric top, for whereEjpuy. = Egle+ E° . and Enkome = E_er|e + B 4
. . . . . — SsiVls . sPsMg TRTVIS . 1 .
which the rotational wave function is described [aBMO EirﬁtT . are the energies of the zero-orderzBd T rovibronic

V(23+1)/87°Dy*(Q),28 whereP andM are projection quan-  levels, respectively. ThE;pu, are easily obtained from the
tum numbers of the total angular momentulnonto the figure term value and rotational constants of theédSstate?” However,
axis and the space-fixed axis, respectively, E);])Q,(Q) is the the Eingkovr @re not so readily known. Accordingly, we made
rotation matrix element in Euler angle®, = (¢,0,x), between the following approximations. First, the rotational constants of
the molecular and the space-fixed frames. The transition dipole T; were assumed to be the same as those ;0fT8is is
moment of the §'Bay) — So(*Ag) photoabsorption is parallel  reasonable sinc8 = (A + B)/2 = 6.116 GHz in the T Q°
to the figure axis, i.e., in th& direction. staté! and 6.097 GHz in the;9° state?” Second, we assumed
The triplet state, with a small spin splitting, is described by that the vibrational states of Were randomly distributed around
Hund’s coupling case (b), whereas the singlet state is betterthe S Q° state with a density of states Third, the zero-order
represented by case (a). As Hougen has desctfoia, basis T rovibronic levels existing in the energy rangedoAE around
sets for these two cases in a near symmetric top molecule arethe zero-order Srovibronic level were taken into account in
denoted agNJKSMIand |[JPSML] whereK and X are the the eigenstate calculations.
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Using the case (a) basis, the matrix element of the-spin
orbit coupling, Vi s, is described:

\/J’:;:'\TA'\SAS = v = 0/0,0{PM¢| Vs NIk 1M, o7 ]
= [(D|Ui 2N+ 1 (_1).]5 1+KT(‘]S 1 NT )
T T ZT P . K,

5|0Vl L2111 (5)

The 3 symbol in eq 5 provides the selection ruleshaf= Js,

Js + 1 andKt = Ps + 1. Among the three spin sublevels in
the Ty(®Bsy) state, only the J(Zr = +1) is involved in the
spin—orbit coupling?®:32 Therefore, only six triplet rotational
levels Nt = Js, Js 1 andKy = Ps + 1) in each of the coupled
triplet vibronic states interact with any given rovibronic state
in S;. In principle, the FranckCondon factoiD|;0depends
on the vibrational quantum number in the triplet state, but, for
simplicity, we neglect this and approximate all the Franck
Condon factors multiplied b{l's |[00|Vso|1 £100I1,Chy a single
parametery.

Tsubouchi et al.

rotational selection rulef\J = 0, +1 andAP(K) = AM =0

for the S—S transition of pyrazine.
The singlet and triplet components of the nonstationary state
are expressed by

|W(Q;t;:J,P M) =
Z |JsPoM, s, 0P M,| T's, 0¥ (Q;t;J,PoM,) 0 (92)
S

and

|W(Q;t;3,P M) = IN7IGK IM I, 2 Cix
iIJsNTKT

NI 1M Ty, 25 W (Q3t,.35PMo) 0 (9b)

respectively, and the distribution functions of the top axes in
the S and T, states are (the detail is described in Appendix A)

PS(6;t:3,PMg) =
Jf d dy W (Q;t;35PgMo) [ W(23t:35PMo) 0 (10a)

In order to determine appropriate values for the parametersfor the S; state, and

p andV, the population decay from the State was calculated
using!

|%5PSMS(t) =| [I["S,O| [(D,O| DSPSMsllpJSPSMs(t;Q)mz

0 Z(aiSPSMS)A + 22( sPsMs) ( sPsMs)

n=m

cog (s — EFM9uh} (6)

and the parameters varied so as to reproduce the experimentally
observed exponential decay. We discuss this in detail in section

IV.B.
11I.C. Molecular Axis Alignments in the S; and T; States.
Let us now consider the coherent optical excitation of an

ensemble of molecular eigenstates from the ground state. We
assume that the oscillator strength is carried only by the singlet

state character, and the excitation strength to ék€lMs[state
from a single rotational statglgPoMolin the § O° state is
expressed bi(JsPsMs; JoPoMo). Then, the wave function of the
nonstationary state created by the laser excitation is
P(Q;t;J,PMp) O
|(JsPMsiJoPoMo) > N0 oy, expIETth)

n

JsPsMs

Z\A 1(JsPsMs;JoPoMp) x
JsPsMs
3 a7l 010 APt

> b'n“TKTMS|rT,u‘TmNTJsKTlmsE]J expIEXuh) (7)
iNTRy

When linearly polarized light is employet{JsPsMs;JoPoMog)
is more explicitly given by

|(JPMs:JPgMg) = C(—1)"sPe /(23 + 1)(2Js + 1) x

b1 I\ 1 I
(Po 0 _Ps)(Mo 0 _MS 6P0P86M0Ms (8)

whereC is a constant. Thej3ymbols provide the well-known

PT(0;t;35PM,) =
JJ dé d T (L3t:3PoMg) W(Q;:3PM) ) (10b)

for T1.. Even in a molecular beam, the thermal rotational
distribution in $ cannot be neglected. Taking the (incoherent)
average over the rotational distribution is &e obtain the final
form for the time-dependent axis probability distribution func-
tion

PO = 5 POTIPMY expl-Effy ) (1)
JoPoMo

where kg is the Boltzmann constant] is the rotational
temperature in the molecular beam, ﬁﬂ, w, IS the rotational
energy of theJoPoMo[state, ancK |nd|cates°the electronic state.

The axis distribution created by one-photon excitation of an
isotropic ensemble of molecules is usually expanded in terms
of spherical harmonics

POET) = Aot T) Yoo(0.9) + Aot T) Yoo(6,0)

ASET) Yol ¢>)} w2

= AQ(LT)Yoo(0,0) 1 +
Aot T) Yool ¢){ ASET) Yool 0:9)
whereA%/AX; ranges from-1/+/5 (sir? 6 distribution) to 24/5
(cog 0). Aéo(t;'l') is essentially the population in th¢ state,
and the axis distribution is characterized B§/Ay, For the
sake of simplicity, we define a normalized alignment parameter
oo(t) = ASMIAL(D), and leave out the temperatufein the
following discussion.

When threeJ states are coherently excited t@ fom &
through a parallel transition according to eq 7, the alignment
parametery(t = 0) in the S state takes the extreme value,
215 (see Appendix B). As discussed in detail in section
IV.B., the corresponding alignment parameter for the triplet
componenugo(t = 0) is reduced.

I11.D. Time-Dependent Photoelectron Integral and Dif-
ferential Cross SectionsIn our (1+ 2') REMPI experiment,
the population and the molecular axis distribution in theos
T, state are probed by two-photon ionization through intermedi-
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ate Rydberg statés’. When the polarization of the probe light
is linear and is parallel to that of the pump light, the axis dis-
tributions created in the Rydberg state are giverPﬁ)é(a;t) =
PX(0;t) cog 6 and¥/,PX(6;t) sir? 6 for parallel and perpendicular
Rydberg — $i(T;) transitions, respectively. Since the spin
multiplicity is conserved upon photoexcitation, singlet and triplet

Rydberg states serve as stepping stones in the REMPI fiom S

and Ty, respectively. The molecular axis distributions created

by two-photon excitation from the ground state can be expanded

in terms of spherical harmonics

Pryd(0:1) = A5t Yoo(6.6) + ASy(1) Yoo(6.6) + AL(t)Yae(6.6)
(13)

where X denotes singlet or triplet state. The population and

J. Phys. Chem. A, Vol. 108, No. 33, 2008827

Integrating eq 14 ovefy, we deduce that the time-dependent
photoionization intensity (or integral cross section) is propor-
tional to the following quantity

1*(t) = ap0oPp0(t) + ocPmo(t)
X f 7+ 2 X
O Aoo(t){ (1 + @azoo) + ( NG + 7 azoo)azo(t)}
(16)
Here,agnois normalized to 1, since the absolute ionization cross

section is not obtained in our TR-PEI experiments.

IV. Results and Discussion

IV.A. Time Evolution of Photoelectron Images and the

alignment parameters in the Rydberg state are related to thosé?hotoelectron Intensities.Figure 2 shows a series of photo-

in the S or T; state:

AS(D) = Ago(){ L + f oyy(t)/v/5} (13a)
R X X
o) = Aio(t) _ VBap) + {7 +X 2v/5a(1)} 3
Ago(t) I VB i (1)}
and
R X
o) = Aal) O 2zt (13¢)

A {5+ T oD}

Herean(t) is a normalized value of the alignment parameter
andf is a factor of 2 or—1 for the parallel or perpendicular
Rydberg— Si/T; transitions, respectively. As the time evolution
in the Rydberg state is negligible within the femtosecond pulse,
the time evolution occurs only in the; @nd T, mixed state
prior to ionization by the probe light; i.e., the rotational motion
in the Rydberg state during the interaction with a probe laser
field can be neglected.

In a cylindrically symmetric system, with the pump and probe
laser polarization vectors parallel to each other, the LF-PAD
resulting from ionization with three photons can be expanded
ass

1(651) = o()[1 + B()Py(cody) + B4(H)Ps(cod,) +
Bs(HPs(coH)] (14)

whered is the scattering angle of the photoelectron with respect
to the polarization vector of the ionization light(t) is the
integral cross section, arj (cody) is a Legendre polynomial.

electron images obtained by ionization via theBg,(nz*) 0°

level at the quoted time delays between the pump (323 nm)
and probe (401 nm) laser pulses. These are the inverse Abel
transforms of the original images and correspond to slices
through the 3D photoelectron scattering distributions. The
polarization vectors of both pump and probe laser beams are
parallel to each other and in the vertical direction in the figure.
The original images were integrated for 80 000 laser shots. The
structures observed in these images primarily consist of three
rings. As assigned in our earlier repatt$,the two outer rings
originate from ionization of the optically excited, 8° state.

The innermost ring, which is hardly visible in the early time
images, originates from ionization of the Jtate populated by
ISC. The observation of sharp rings indicates that these
ionization processes occur with the vibrational propensity rule
of Av = 0 via intermediate Rydberg states at the resonant energy
of hwpump+ hvprope(S€€ Figure 1b). The strong anisotropy clearly
visible in the ring structure is further evidence that the ionized
states have an electron in an atomic-like orbital.

Figure 3 presents the time-resolved photoelectron kinetic
energy distributions (PKEDs) extracted from the images shown
in Figure 2. An isosbestic point is clearly seen at 80 meV, which
indicates that principally only two interconverting species
contribute to the time evolution of the photoelectron spectrum.
We therefore attribute the time behavior of the spectrum to ISC
from the § to T, state. The three major peaks have been already
assigned in our previous papeBy conservation of energy

PKE=Tg+ hv

[ (17)

probe
where PKE is the photoelectron kinetic energy,is the term
value of the Rydberg statdypone is the ionization photon
energy, and IP is the ionization potential to which a series of

Since photoionization with the transition dipole either in, or the Rydberg series converges. The peaks A at 640 meV and B
perpendicular to, the molecular plane gives rise to a different 8t 100 meV were assigned to ionization through the singlet
composition of partial waves of the outgoing photoelectrons in 3PN~ (Tr = 55 000 cnt*) and 3s(™) (Tr = 50 700 cn)

the molecular frame, the LE-PADs vary with the axis alignment Rydberg states, respectively. The peak C at 40 meV was
in the Rydberg state at the moment of ionization. Conservation assigned to the triplet 3s(*) (Tr = 50 200 cm) Rydberg state.

of angular momentum imposes the restrictions that ionization These states are all members of Rydberg series converging to
from theKth-order alignment can only contribute to the= K the lowest cationic state with tha () ion core. A shoulder on
or K = 2th-order anisotropy of the PAD. Thus, the coefficients the low-energy side~550 meV) of peak A is seen in the
BL(t) can be expanded in terms of the alignment parameters of PKEDs. This may result from ionization via the single State

the Rydberg statedy,, with expansion coefficientayyo:3435 which is located allr = 54 400 cm+.27:% .
The time dependence of the photoelectron intensities for each

L+2 peak (A, B, and C) obtained by the least-squares fitting of the

V2L +1 Ay o0tio(t) PKEDs to three Lorentzian profiles is shown in Figure 4a. The
K=L=2>0 components A and B, resulting from ionization via the singlet

BL(t) = R (15) Rydberg states, diminish as a function of time=f 110+ 5
o001 Bxod%2o(t) ps), while the component C from the triplet state grows
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0 ps 1 ps 3 ps 5 ps 10 ps

30 ps 50 ps 100 ps 200 ps 400 ps

T T

|
0 1 2 3 4 gpu epr
Intensity

Figure 2. Series of inverse Abel transformed photoelectron images obtained by ionization via Byg(1$*) 0° level at quoted time delays
between the pump (323 nm) and probe (401 nm) lasers. The laser polarizations are both parallel and vertical in the figure. The original images were
integrated for 80 000 laser shots.

2 1.0
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v
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T ¥ > ~ T ' = T a
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Photoelectron kinetic energy / eV

40 60 80 100
Figure 3. Time evolution of angular integrated photoelectron kinetic

energy spectra which were extracted from images shown in Figure 2. Pump-probe dEIay / p3

Do indicates the available energy in the continuum state. The arrows Figure 4. (a) Temporal profiles of the energy-selected photoelectron

with A, B, and C indicate the three components considered in the intensities. A, B, and C indicate the components of the photoelectron
analysis. kinetic energy distributions shown in Figure 3. The dots are the observed

. . . . data, and the solid lines are the profiles calculated by eq 16 at the
accordingly. Rapid modulation superimposed on these decay,gational temperature of 20 K. The alignment paramedey/Aco, in

and growth curves is due to time evolution of the rotational the 5 state shown in (b) was employed, and the spirbit coupling
wave packet motion with a full revival time period of 82 ps. was ignored in the calculatiomggo is assumed to be 0.
The phase of the modulation immediately indicates the
direction of the Rydberg- S; transition dipole moment. Close  was ignored in this particular calculation, and only the rotational
examination of the time dependence of A and B in Figure 4a coherences setup between the zero-order energy levels of the
reveals that at = 0 the intensity is relatively low and high, S states were considered. First, the time-dependent molecular
respectively. Since the figure axes of the excitedo$prazine axis alignment,ong’o(t), in the S state was calculated for the
molecules are aligned parallel to the pump laser polarization at experimentally determined molecular beam rotational temper-
t =0, the result indicates that the transition dipole moments of ature of 20 K, see Figure 4b. With these axis alignment
the Rydberg— S; transitions are, respectively, perpendicular parameters (as discussed below the paramaigrwas set to
and parallel to the top axis in signals A and B. 0) and eq 16, the observed decay curves can then be simulated
With the use of the theoretical framework for RCS developed for signals A and B, by assuming the transitions to be
by Felker and Zewa#l? the decay profiles can be simulated, as perpendicular and parallel types, respectively; the only free
shown by the solid lines in Figure 4&he spin-orbit coupling parameter being the relative ionization cross section for the two
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: : - : Figure 6. Time evolution of the molecular axis alighmenty, The
Figure 5. The calculated population decay profile. Open circles are A h : 20
thlgucalculated datauwiﬂd :pOPllJO CISHz anqoyzps é;HzﬂF.) Thelsoliz solid and dashed lines show the profiles calculategh by 8 GHz™*

line is the best-fit single-exponential decay function. The decay constant@"d V = 0.10 GHz in the T and § states, respectively. The
of = 132+ 5 ps was obtained. experimental results for iTis also shown as the open circles for

comparison. The rotational temperature was set to 20 K.

processes, which was obtained empirically. The calculated

profiles agree well with the experimental ones. spectra of the molecular eigenstaté¥Ve chose to fiX/ rather
Rotational revivals also appear in the signal C, the time profile than p since the density of states estimated spectroscopically

of the photoelectron intensity from the, Btate. The revival  may not be accurate because the weakly coupled states are lost

intervals in C are the same as those in the singlet decay profiles,in the experimental noise. Using the average experimental value
A and B, but the modulation is much weaker. From eq 16, this of the coupling strength’ ~ 0.10 GHz3"-38we determined our

indicates that the molecular axis alignment parametg(t) is best estimate for the density of statess 8 GHz L. Note that

smaller in the Tthan in the $State, since the modulation depth although we assumed the Sp.iorbit Coupling between the

is directly proportional to it. _ zeroth-order $and T; states to be constant, the values\of
IV.B. Molecular Axis Alignment in the Dark State. As determined in the frequency domain study varies over the range

mentioned in section I1I.B, in order to calculate the alignment fom 0.05 to 0.5 GH#7:38 In order to investigate the effect of

in the Ty state, it is first necessary to determine the unknown tne variation of coupling strength on the time profiles, calcula-
parameterp andV. These parameters were obtained through tions were also performed for random values/adrawn from
comparison between the experimental and calculated population; Gaussian distribution with mean 0.10 GHz and standard
decay profiles for the Sstate using eq 6, which describes the  geyiation 0.05 GHz for each zeroth-order triplet state. No
decay after coherent excitation of an ensemble of molecular sjgnjficant differences were found between the population
eigenstates coupled to a single rotational levelin S profiles derived in this way from those calculated using a

The S population decay profile calculated with the param-  ~qnstant average value for the coupling strength.
etersV = 0.10 GHz,p = 8 GHz ' is shown in Figure 5 as the

open circles. Since only th& = Py, = O rotational state of &
was used in this calculation, the molecules can only be excited
via the R branch, and therefore, the rotational coherence effect
does not appear in the calculated profile. The profile can be fit
rather well by a single-exponential decay function with a time . . -
constant o = 132+ 5 ps. We considered this effective lifetime energy-selec.ted photoeleptron '“te’?S'ty’ C, shown in Figure
calculated is close enough to the observed value of 110 ps, so4a' To obtain the. expgnmental alignment pargmeter from
our simulation was performed with these parameters. To obtain 1€ photoe)l(ectron intensity, we used the equatidft) =

this profile we found it crucial to consider the interaction of V5[IX(t)/CAy(t) — 1}J/2 which was derived from eq 16 by
the pumped singlet state with triplet states over a wide range 8ssuminggzeo = 0 andf = 2 for the ion— 3s Rydberg— T1

of energies. Due to the singlet and triplet interactions, the S transition. The constanC is proportional to the absolute
character £*°9s)2 distributes over the molecular eigenstates ionization cross section which was not determined in the present
within £10 GHz in energy from the zero-order singlet state. Study, therefore, we assumed the value as follows. As shown
Although the amplitude at-10 GHz away from the center is later, the calculated, and a, have the same valued, =

less than 1% of that at the center, these weakly coupled stated)-23) at around a quarter or three-quarters of the revival time,
still play an important role in the coherent dynamics. Thus, we Which seems almost invariant with the-$ coupling strength.

The time evolution of the alignment parametes(t) calcu-
lated withV = 0.10 GHz ando = 8 GHz ! for the S and T,
states are shown in Figure 6 as the dashed and solid lines,
respectively. The open circle®) show the experimental values
for the T, state determined from the temporal profile of the

took into account the zero-order triplet state aroil= 10 In the present analysis, we have chosen the coné€tantas to
GHz from the zero-order singlet state in solving the eigen- make the alignmemg0 to be 0.23 at pumpprobe delay times
equation. from 25 to 35 ps. The alignment calculated for thesgte is

As anticipated from Fermi’s Golden rule, similar population the same with the simulation using the zeroth-ordezi§enstate
decay time constants were obtained with several different setsshown in Figure 4b, where the sptorbit coupling was ignored.
of the parameter¥ and p. Therefore, it was not possible to  Gratifyingly, the calculated alignment in the State at the full
determine the parametevsandp uniquely from the simulation revival time when the spinorbit coupling is included is now
of the population decay. We chose to take the value/of  much weaker than that in;Sin excellent agreement with the
determined by Siebrand et al. who measured the high-resolutionexperimental resultd) extracted from the temporal profile of
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Figure 7. Calculated time evolution of the molecular axis alignment 2B(J+1) |2B(J+1) |2B(J+2) |[2BJ
in the T state,ax0". The rotational constant of the optically bright)S _ _ _
state isB = (A + B)/2 = 6.097 GHz, while that of the dark (J'state |N=J) IN=J+1) [|[N=J-1)
is changed from 5.9 to 6.3 GHz. The experimental alignment values in /) —
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set to 20 K. The arrows show the revival times, B)2derived from
the rotational constants of,.T emm—
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the energy-selected photoelectron intensity, C, shown in Figure Figure 8. A picture of the rovibrational energy level structure of the
4a. L . . _interacting optically allowed and dark states in the case of (a) IVR and
In the calculation just described, the rotational constants in (p) ISC. (a) In type I, the rotational constaff the bright state are
the vibrationally excited triplet states were assumed to be the the same as those of the dark states, while in type Il they are different.
same as those in the; 8° state. Under this assumption, the (b) InISC, type A, B, and C ladders of the rotational states in the dark
calculation reproduced the experimental result very well. states can couple with a single singlet state. Even ifBhalues of _
However, the known rotational constant of @ state iSB = the dark states are the.same as that in the .brlght stqte, the ladder spacing
6.116 GH3! and is slightly different from the 6.097 GHz in of type B and C are different from those in the bright state.
the § 0° state?” In alternative calculations, the rotational cm 1. They measured rotational coherence transients in the
constants of T0° used in the simulation were altered by small emission from the background states populated by IVR with a
amounts. The results are shown in Figure 7. The full revival comparable strength to that in the emission observed by
time in the calculated profiles in the; Btate is then slightly ~ photoexcitation to the zero vibrational level in.8
shifted from 82 ps, and the depth of the revival peak becomes We already know that the optical excitation creates a
even weaker. This result indicates two facts. The first is that molecular axis alignment in the optically bright state. If the
the molecular structure is not largely changed following ISC background vibronic states have the same rotational constants
from S, to Ty, since the experimentally observed difference in as the bright state, the bright and dark states have the same
the revival times was not more than 500 fs between the singlet rotational ladder (type | in Figure 8a). If the coupling between
and triplet states. Since the triplet vibronic states isoenergeticthe bright and dark states is governed by the selection Ades
with the singlet have vibrational energies of more than 4000 = AK = 0, then the mixing strength between the bright and
cm~1, a smaller rotational constant than that qf O may be dark states is the same for all thstates. This implies that the
anticipated. The second is that the TR-PEI has the ability to excitation probabilities of thd — 1, J, andJ + 1 states in the
determine the molecular structure even in the dark state, whichdark state are exactly the same as those of the bright state,
is not obtainable with the more commonly used fluorescence providing maximal alignment. This applies to thians-stilbene
detection scheme for the RCS. However, the peak position of case where IVR is induced by anharmonic coupling between
the rotational recurrence in the calculated profiles for the T the vibrational states. On the other hand, if the rotational
state is not exactly the same as that estimated from the rotationalconstants in the bright and dark states are different, the rotational
constants of T. This is due to the fact that the spiorbit ladders in the bright and dark states are also different (type Il
coupling is not strong enough to create the complete ladder ofin Figure 8a). This situation results in different excitation
rotational states in the Tstate, and the revival structure in the probabilities of the) — 1, J, andJ + 1 states in the bright and
T, state is strongly influenced by the rotational ladder in the dark states. Unbalanced excitation of thetates in the dark
bright state. Therefore, determination of the rotational constantsmanifold diminishes the potential alignment. This expectation
in the dark states from the observed revival times should be is numerically demonstrated in Figure 9a. The magnitude of
attempted cautiously. the coherence transients calculated in the type Il coupling
As far as we know, this is the first observation of the scheme AB = B' — B = —0.2 GHz) becomes weaker than
rotational wave packet dynamics in the triplet manifold popu- that in type I, and the revival times are also shifted. Figure 9b
lated by ISC. However, there have been experiments whereshows the coupling strength dependence of the revival peak
rotational wave packet dynamics probed in conjunction with in dark states populated by IVR. As the coupling strength
IVR2° and predissociatioff, and it is interesting to compare increases, the peak height of the revival peak increases and
our results with these cases. Baskin et al. observed rotationalapproaches the limiting value ofZb. The revival time also
coherence effects in the polarized dispersed fluorescencegradually shifts from the value close to that in the bright state
spectrum of jet-coolettansstilbene at an excess energy of 1249 (82 ps) to the value estimated from the rotational constants of
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(b) T Figure 10. Calculated time evolution of the molecular axis alignment
0.8 840ps — V| GHz in the optically dark state populated by the sporbit coupling ¥ =

— 0.05 0.10 GHz). One optically allowed and one dark state are considered in
the calculation. Type A, B, C means the coupling schemes of the
singlet-triplet rotational states shown in Figure 9b. The same rotational
constants of pyrazine at $° state were assumed for the bright and
dark state, and the rotational temperature was 20 K. See the text for
more detail.

in the dark state from a single bright rotational state is

determined by geometrical factors (th¢ $/mbols). These

_ : _ originate from the transformation from Hund'’s case (b) to case

75 80 85 90 95 (a) in eq 2. Since a rotational state of the bright state can couple
Time delay / ps with the six rotational statetN(=J—1,J,J+ 1, K=P £ 1)

Fi ) ) . of the dark state through the spiorbit interaction, three
igure 9. Calculated time evolution of the molecular axis alignment . .
in the optically dark state= 0.10 GHz ancp = 8 GHTl). (a) The rotational |adder5, WhICh.WG shall call type N (: J), B (N =
red and blue lines are the results for IVR with the selection Ade= J+1),and CN=J— 1), in the dark states must be considered.
AK = 0. The rotational constant of the optically bright state was taken A schematic picture is shown in Figure 8b. The type B and C
to be that for the pyrazine;$° state. The rotational constants of the ladders are additional sources of quantum beats. Each of the
dark states are the same as those of the bright state (the red line) or 0.2rip|et vibronic level contributes to the-ST coupling through
GHz smaller_ than th_at state (the blue Ilne). The black I|_ne is the only one of these types, and quantum beats between the A, B,
calculated alignment in the,;State of pyrazine taken from Figure 6. . .
(b) Coupling strength dependence of the revival peak in the dark statesa_nd C _Iadders do no_t occur due to tth orthogonality of the triplet
populated by IVR. The rotational constants of the dark states are Vibronic wave functions. In order to illustrate the beats due to
assumed to be 0.2 GHz smaller than that in the bright state. these types we performed a simulation using only one optically
bright and one dark vibronic state. We assumed the same
the dark states (85 ps). This indicates that the rotational revival rotational constants for both the bright and dark states, and the
depends strongly on both the molecular structure and the Vvibrational energy of the dark state was adjusted so as to make
coupling strength. theJ = 2, P = 1 rotational state in S0° state isoenergetic to
Type |l coupling can occur in photodissociation or IVR with N =2, K = 0 (type A),N = 3, K = 0 (type B), orN = 1, K
a large geometrical change. Baskin and Zewail observed the= 0 (type C) of the triplet state, respectively. Figure 10 shows
rotational coherence in the photodissociation of thens the calculated time evolutions of the molecular axis alignment
stilbene-He complexd® The coherent beat measured in the in the optically dark () state populated by ISC. When both
emission from therans-stilbene fragment produced by predis- electronic states are coupled via the type A scheme, the
sociation of the complex clearly diminished, and at the same rotational wave packet transient in the dark state exhibits the
time the rotational revival was shifted from that of the complex. same extreme alignment as the bright state, while the type B
Baskin and Zewait? and Blokhin and Gelif? have studied this ~ and C cases do not. The latter is analogous to type Il coupling
process theoretically. They took into account the change of thein IVR. Therefore, the type B and C coupling schemes in ISC
rotational angular momentum and the molecular structure andplay a role similar to the “structurally distorted” background
reproduced the reduced rotational coherence observed in thegigenstates in IVR.
photodissociation process. Pate and co-workers have studied the We would like to emphasize here the meaning of diminished
effect of the “structurally mixed” eigenstates in IVR to interpret alignment in our discussion. As seen in Figure 9, the rotational
their rovibrational spectr& Although they did not consider  alignment is the same &at= 0 and at the full revival time in
rotational coherence explicitly, they included the rotational level our simulation. This is natural since the strength of the alignment
structure of both the optically bright and dark states in their is encoded in the angular momentum coupling scheme and
calculations of the eigenstate spectra and the time evolution ofrotational constants at time= 0 and the rotational dynamics
the optically bright state. are ballistic in a field-free space. In the literature, it has been
In contrast, in the case of pyrazine, even though the rotational reported that the observed alignment sometimes diminishes as
constants are essentially the same in both the bright and darktime evolves, which seems to be a different phenomenon. The
states, the alignment is diminished. This immediately implies latter is due to the diminishing-type coherence in the
that the excitation probability of differeni components is asymmetric top molecule.
influenced by the angular momentum coupling in ISC. As seen  One possibility we have not examined in the present work
from eq 5, the excitation probability of different rotational states as a source of diminished alignment is that pyrazine becomes
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an asymmetric rotor in the triplet state, which might reduce the ( ) 1 1 3
J-type coherent transient. So far there has been no indication d A (3pz) B (35) o (35)

of such a large geometrical change in this energy range, and
this possibility is not highly likely, although pyrazine might
become nonplanar in the higher triplet staftes.

IV.C. Photoelectron Angular Distributions and lonization
Dynamics. Figure 11a shows the polar plots of time-resolved
photoelectron angular distributions for ionization via the singlet
3s, 3p, and triplet 3s Rydberg states at the full rotational wave
packet revival time (82 ps). The PAD is more anisotropic for
ionization from the 3s state than from the,3pate. This is in (b) &5

accord with the fact that, in an atomic picture, ionization from
an s state provides a pure p wave, whereas the interference
between the s and d outgoing waves originating from ionization 154
out of a p state diminishes the anisotropy in the PAD. =

As shown in Figure 11a, the observed PADs are well fit by :
eq 14. The time evolution of thg,, S4, and s anisotropy ﬂ 1.2
parameters so obtained are shown in Figure 11b. The magnitude 2
of B¢ was found to be negligible in all cases. The anisotropy
parameters clearly show periodic variation due to the rotational
wave packet dynamics. However, the variation of the anisotropy
parameters is rather sma# (.3), indicating that ionization from 0.6-
atomic-like Rydberg orbitals is not strongly affected by the
direction of the molecular axis. This result differs from that
observed for direct ionization of the State by (14 1') REMPI
in which the PADs were highly sensitive to the molecular axis
alignment® The rotational wave packet modulation in the
anisotropy parameters of the PADs for ionization via the 3s
and 3p Rydberg states are out of phase with each other. This
is the same trend as that observed for the angular integratec
photoelectron intensities shown in Figure 4a. The anisotropy
parameters from the triplet 3s Rydberg state also depend on
the time evolution of the rotational wave packet, although the
depth of the coherent spike is smaller than that for ionization
via the singlet Rydberg state. Since the electron spin is not
expected to significantly affect the ionization dynamics, the
depression of the modulation depth is most probably due to the
decreased molecular axis alignment in thestate at the full
revival time.

We focus now on the PADs obtained by ionization through
the singlet Rydberg states. By assumiag = 0, eq 15 can be
recast:

il
.

0.9

—O— A: via singlet 3p,
—&— B: via singlet 3s
—a— C: viatriplet 3s

-0.24

BAt) = V5 8920 Bpaiie(t) + gdlao()}  (18a) 6 41 82
Ball) = H{aa0olt) + a0} (18b) Pump-probe delay /ps
Figure 11. (a) Polar plots of time-resolved photoelectron angular
and distributions at the pumpprobe delay time of 82 ps. The open circles

and the lines are the observed data and the nonlinear least-squares fits
to eq 14, respectively. A, B, and C indicate the components of the
— ./ R photoelectron kinetic energy distributions shown in Figure 3. The laser
Pe(®) 133, 600ta0(!) (18c) polarization is vertical in the figure. (b) Time evolutions of the
anisotropy parameterg;, 34, andfs of PADs generated by ionization

Six parametersy o are included in eq 18ac. However, since i3 the singlet 3p singlet 3s, and the triplet 3s Rydberg states.

the axis alignment parametelgo(t) andaﬁo(t) are not linearly
independent, only five parameters can be determined. Parts aeason they utilized these two ionization schemes was that the
and b of Figure 12 show the least-squares fi{§ tfor ionization expected axis alignment was favorably different between them,
via the singlet 3s and 3Rydberg states, respectively. Thgo being co4) and sirtd distributions, respectively. However, they
values so obtained are listed in Table 1 along with those faced the problem that the vibrational energy in the 3s state
determined in our previous studyin which the PADs are and the consequent photoelectron kinetic energy were different
obtained by one-color (2 1) REMPI via the 3s Rydberg state. in the two cases, which could make the analysis inaccurate. The
The parameters determined for the 3s state in this study arevibrational energies in the 3s state were 5000t the (1+
slightly different from our previous results. 2') scheme but 0 cri in the (24 1) REMPI process via the’0

A few comments should be made on this difference. As Song level of the 3s state. The kinetic energy of photoelectrons was,
et al. have discussédhe ax o parameters of pyrazine can be respectively, 0.1 and 0.19 eV in the two cases. The LF-PAD
extracted from (& 2') and (2+ 1) REMPI experiments. The  did depend on PKE and/or the vibrational energy in a wide
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Figure 12. Expanded time profiles of the anisotropy parametgss, figure. The experimental PADs are also shown as the open circles. (c)

B4, andps, of PADs generated by ionization via the singlet (a) 3s and The molecular axis distributions of pyrazine used in the calculation of

(b) 3p. Rydberg states. The open dots represent the observed parameterthe PADs. The most probable alignments of molecules are also indicated

of B2, B4, andfs, respectively. The solid lines are the nonlinear least- in the figures.

squares fits to eq 18.

TABLE 1: Parameters Determined by the Least-Squares Fit The LF-PADs observed in the present work for a weakly
?Of tthe iréame Evolutions of Observed Anisotropy Parameters (fourth-order) aligned ensemble represent the essential feature
- - - of the PADs fixed in the molecule (MF-PADSs), since the MF-
3s (this work) 3s (previous) 3p: (this work) PADs for ionization via the Rydberg states result from a limited
o =1 =1 =1 number of partial wave components. From g, parameters
a0 0 0 0 in Table 1, LF-PADs were calculated for dag cog 6,
22";2 8‘%&0%3;?2“50 8??_8%2222 _8“2“2)1 832‘;?3 sin? 0 cog 0, and sift 0 axis distributions with respect to the
FY 0.06 0.24 ~0.09 laser polarization as shown in Figure 13a. In the case of
Ao 0.26 -0.38 0.01 molecular axis alignment parallel to the polarization vector
a0  —0.06 0 —0.08 (cog 6 distribution), the parallel transition from the Rydberg
2 Since the basis functionsX,(t) are not linearly independent, two (O the cation state is mainly induced. In thg, symmetry group,
parameterszo and azzo depend oreszo. The errors are within 0.03. both the ground state of the cation and the Rydberg 3s state

have A, symmetry, while the Rydberg 3pelongs to B,. Since
energy range (see Table 2 of ref 7). Although aware of the {he symmetry of the dipole in the parallel transition with respect
potential problems, Song et al. determined ake parameters 1, the molecular figure axis issh the photoelectron partial
on the assumption that the photoionization dynamics were \,ves for ionization via the 3s and Sxtates should havesb
invariant to PKE and the vibrational energy of the molecule. .4 by symmetry, respectively. When we adopt symmetry
The energy dependence of photoionization dynamics for nearqanted spherical harmonics to describe the photoelectron
threshold ionization of molecules has not been extensively outgoing waves45 the partial waves belonging taband by

studied so far, however, in our previous study on the photo- are described axle“ -2 Y12(6,0) cosg¢) with odd | and

ionization of NO in the A(3s) state, the PKE difference of 0.1 ! . ;

eV had a large effect on the extractado parameters near the ~ €V€n4, and X = '“/,E Yi1(6,0) sin ¢.¢) with evenl and odd,

ionization threshold? In the present work, we launched a well-  feSPectively, wherg is the projection quantum number of the
orbital angular momenturh onto the molecular figure axis.

defined rotational wave packet in the State and ionized ' ' ]
through the Rydberg state where the alignment in the 3s state! "€ partial wave function belonging to 3B possesses a
was accurately known. The dynamical parameters were extractedigh probability density along the(figure) axis, while that for
from the experimental results obtained for the same pump and Bog is similar to a ¢, orbital which is vertical to the molecular
probe laser wavelengths measured for different time delays.pla”e-

Thus, the present analysis is expected to be more reliable than If a sufficient number ofaxo could be extracted from the
the one attempted by Song et’@Recently, we have reported  experimentally determined PADs we could fully characterize
the PADs measured for pyrazine-H4 and -D4 with the probe the ionization dynamics; i.e., deduce the transition dipole
wavelength of 397 nm, where the results were found to be moments between the partial waves and the ionized electron
similar between H4 and D4 but are slightly different from the orbital and the phase shifts of the partial waves. Unfortunately,
result obtained with 401 nm reported in the present wibikae the number ofax o obtained in this study are not enough
quantitative analysis of the energy dependence of molecularto determine these parameters and more time-resolved
photoionization dynamics will require more extensive experi- PADs in other polarization or other pumprobe schemes are
mental investigation. required.
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V. Conclusion by the mismatching of the rotational ladders in the sprbit
We have applied TR-PEI to (£ 2') REMPI via the $(n:*) interactions. Similar analysis and comparisons are also made

and Ti(nzr*) states of pyraziné$7The photoionization intensity on the rotational coherence .tra.nsft.er in.the IVR. Ob§erved
and photoelectron angular distribution obtained by TR-PEI laboratory f_rame PADs from ionization via sanaIIy_ah_gned
exhibited periodic modulation with an interval of 82 ps €nsemblesinthe 3s and3pydberg states were quantitatively
characteristic of rotational wave packet motion. The coherent INtérpreted in the molecular frame.

transient observed for ionization from the $tate populated
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Appendix A: Distribution Function of the Top Axes

In the present study, it is assumed that the ensemble in the molecular beam is isotropic. The summabniroeer 10 are
performed as

P3(0;t;3,Py) = gps(a;t;JOPOMO)
0

, ., J 1 J |13 , .
0 Z (23, + 1)(204 + 1)(2)g +1)(F,SO 0 _go)(so 0 _Igo)z(a#%)z(agﬁ Poy2 o
JsJg’ nm

i (EJsPo s"Po J 1 Js (Y 1 Js'
exp{ —i(EX" — B3 Pm}z(; e ) e, B e @
and

PT(0;t;3,P,) = ;PT(G;t;JOPOMO)
0

' " J ! J J " J
0y D@, 1)(2JS'+1)(2JS"~|—1)( s 1o )( s 1% )x
JsJs"

Po 0 =Po/A\P, 0 =Py
> ar T exp{ —i(Ey T — Ey )t} b binN]T”KT\/ Ny + 1)(2N;" + 1) x
nm IKTNT N
Js 1 Ny (I8 1 N Jo 1 Js' (o 1 J" ) 2
2Zl(PO s —KT)(PO s K, Z k —k+Py —Py)\k —k+ P, —P, |/Po—te ()] (A2)
£

wherek is simply a summation index. The notatidfy is omitted in the eigenvectors and the eigenvalues.

Appendix B: The Extreme Value of the Alignment Parameter in the § State

Just after the excitation to the State, the distribution function of the top axis in thestate is described as

2V/(23, + 1Yo 0.6) 31 3 |31 3, (JO 1 J )(JO 1 JS”)

S . — . — I n
P(6;t = 0:3,P,) ; JZ 23+ 0@+ 15 o —p|lP, 0 —Po Il 0 P, \P 0 —P,

b 13 b 13 n Jo 19 Jo 13" n 1 2‘]0 1 J5 (b1 3" _
Po=1 1 —Po{Po=1 1 —Po) TIPo+1 -1 —PoJlPot 1 1 =P T APy 0 —PoJlPy 0 Py

b 1 3 b 1) [ b 1 J o 13" Yao(6.9) (B1)
Po_l 1 _Po Po_l 1 _PO P0+1 -1 _PO PO+1 -1 _PO Y00(0,¢)

In deriving this equation, we assumed that thefd T, vibronic wave functions form a complete sEla(aﬂs'P")z = 1. Considering
the coherent excitation of the, Q, and R branches, we obtain the following identity relations:

' " J' 1 B\ 1 Jo\[o 1l I \[o 1l ") _
JSZS” (2\]5 +1)(2~]S +1)(P0 O _PO)(PO O _PO PO 0 _PO PO 0 _PO —1 (BZ)
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. " 1 J "1 b 1 J b 1 J")_
JSZS” (235 + 1)(2s +l)(PO 0 —Po)(PO 0 P, )\P,—11 —P,J\P,—1 1 —P,) =0 (B3)
and
. " J5 1 Jo)Js" 1 Jp Jo 1 Js Jo 13"\ _
JZ” (235 + 1)(2s +1)(P0 0 —PO)(PO 0 P J\Po+1 -1 —P,)\Py+1 —1 —P,) =0 (B4)
'SYS
Therefore, the distribution function at= 0 is
2V7(23, + 1)Y, (0, Y, (6,
PS(G;t=O;JOPO)= (23, )Yool d))ll 2 20(0.9) (B5)
3 l \/§Y00(0!¢)

and the limited value of the alignment paramatég(t =0)= 215 is easily obtained.
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