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Energy- and angle-resolved pump—probe femtosecond photoelectron
spectroscopy: Molecular rotation
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We have incorporated a classical treatment of molecular rotation into our formulation of energy- and
angle-resolved pump—probe photoelectron spectroscopy. This classical treatment provides a useful
approach to extracting the photoelectron signal primarily associated with vibrational dynamics in
cases where rotational motion is slow and the coupling between rotational and vibrational motion is
weak. We illustrate its applicability with pump—probe photoelectron spectra for wave packets on the
13+ double-minimum state of Na © 2001 American Institute of Physics.
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I. INTRODUCTION photoelectron spectra were stimulated by the early studies of
Seel and DomcKé and of Engel, Meier, and Bratihwho
Femtosecond time-resolved spectroscopy has beeshowed how the dynamics of a vibrational wave packet, in-
widely exploited in numerous applications ranging from fun-cluding its reflection and splitting at a potential barrier, can
damental studies of real-time motion in the photodissociatiome seen in the time-dependent photoelectron energy distribu-
of Nal to studies of electron transf&r In this spectroscopy, tion. This was nicely illustrated for the case of wave packet
a femtosecond puls@ump is used to launch a wave packet motion on the'S, double-minimum potential of Nathat
onto a state where it evolves in accordance with the timeyrises from the avoided crossing of two diabatic states.
scales for vibrational £ 10™**s) and rotational £ 107*°s)  while these early studies served to illustrate the utility and
motion. The evolution of the wave packet is monitored bypromise of pump—probe photoelectron spectroscopy for real-
time-delayed femtosecond excitation to a higher electroni¢gime mapping of wave packet dynamics, they generally did
state which serves as a template. Various techniques inclughot account for the dependence of the underlying photoion-
ing absorption, laser-induced fluorescence, multiphoton ionization amplitudes on geometry. Engel and co-workers, in
ization, photoelectron spectroscopy, time-resolved masfact, noted that the assumption of a position-independent
spectroscopy, and stimulated emission pumping have beefansition dipole was questionable in cases where wave pack-
used to probe these wave packetd. ets moved through regions of avoided crossings and over
Time-resolved ionization offers several advantages as gather large distancées.
probe of these wave packet3:** For example, the ground In recent papef§~2'we presented results of our studies
state of an ion is often more readily characterized than highesf energy- and angle-resolved photoelectron spectra for fem-
excited states of the molecule. lonization also provides iongosecond pump—probe ionization of wave packets in’lﬂ’@
and photoelectrons and while ion detection provides masgouble-minimum state in Namolecules aligned by a lin-
and kinetic-energy resolution, pump—probe photoelectrorarly polarized pulse. These studies employed geometry- and
spectra are well suited for monitoring wave packet dynamicgnergy-dependent photoelectron matrix elements derived
and the evolution of electronic structure along all energetifrom sophisticated descriptions of the wave functions for the
cally allowed internuclear distances simultaneodsfyThis  gouble-minimum state and for the molecular photoelectrons.
advantage of time-resolved photoelectron spectroscopy hage reported spectra for molecules aligned by a linearly po-
already been well demonstrated in the picosecongyrized pulse and ionized by a probe pulse polarized either
domain?>~**Its potential for probing molecular dynamics in parallel or perpendicular to the pump pulse. These studies
the femtosecond regime has also been exploited experimeflystrated some important points: First, a robust description
tally for several system."'® Furthermore, Davie®tal®  of the photoionization amplitudes can enhance the utility of
have recently reported results of the first femtosecondemtosecond photoelectron spectroscopy as a probe of wave
photoelectron-photoion coincidence imaging studies of phopacket motioh” and of the evolution of electronic structure.
todissociation dynamics. . In fact, this is particularly true when the wave packet moves
Efforts to map vibrational wave packets with the help of {hrough an avoided crossing. Second, photoelectron angular
femtosecond pump-—probe techniques and energy-resolvefiriputions are insightful fingerprints of vibrational wave
packet dynamics.
¥Electronic mail: KazTak@mns2.c.u-tokyo.ac.jp In these studies, however, we assumed that the molecule
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FIG. 2. Orientation of the molecule and pump and probe laser fields: mo-
lecular orientation angleség,®g) are specified in the pump frame and
photoelectron anglesd(, ¢) in the probe frame.

ecule by energy- and angle-resolved time-dependent photo-
electron spectra has been described in detail in a previous
XZE;’ state of Ng . The dipole amplitude ,¢) and photoionization co- papeﬁngere we brlefly re\{lew the general f(_)rmwatlon em- .
efficients (?:lm) for the molecule parallel to the pump and probe fields are ployed in those studies, with some empha3|s on the coordi-
also shown for a kinetic energy of 0.5967 eV. The partial wave8, 2, and  nate frames used in describing molecular orientation.
4With m=0 are denoted by long, medium, and short dashed lines, respec- A linearly polarized pulse of frequency; prepares a
tvely. wave packet in the double-minimut | state which is then
ionized by a time-delayed linearly polarized pulse of fre-
did not rotate but remained fixed in space with its axisdU€NCYw,. The polarized pump pulse produces an aligned
aligned along the polarization vector of the pump I3&#* d|_str|but|.on of l_\l_al molecules since only those molecules
The probe pulse was then assumed to be either parallel ¥yith their transition moments parallel or nearly parallel to
perpendicular to the molecular axis. While this assumptiorfhe polarization vector of the pump pulse are excited. The
may be appropriate for rotationally cold systems, it is ofdynamics of the system is monitored through the energy and
interest to examine how these photoelectron spectra may ngular distributions of photoelectrons produced from ion-
influenced by molecular rotation. Although our formulation ization of the wave packet for various pump—probe delay
of energy- and angle-resolved pump—probe photoelectrotimes.
spectra can account for quantum molecular rotatfothe The orientation of the molecule and pump and probe
computational effort escalates if rotation is included. In thosdaser fields is shown in Fig. 2. Three coordinate frames natu-
cases where coherent interactions among vibrational and really arise in this picture. Since the pump pulse prepares an
tational modes are not large, which we assume here, a claatigned distribution of molecules, the time-dependent mo-
gical treatment of moleculgr rotation is a practical and. usefulecular orientatiorfq:(gR,qu) is best defined in the pump
first step in exploring the influence of molecular rotation onframe (x,Y,z), where thez-axis lies in the direction of the
these pump—probe photoelectron spectra. In this paper, W& mp polarization. The probe polarization vector defines the
employ our formulation of pump—probe photoelectron SPEC>/_axis of the probe frameX(’,Y’,Z’) in which it is most

tra and a classical model of rotation to explore the effects oEonvenient to define the photoelectron detection angle
rotation on such spectra. Results of applications to photo;

_Pphoto 0. ,,). The molecule field interaction is best described in
electron spectra for wave packets on the double-minimu .
the molecular body framex(y,z). Without loss of general-
state of Na are presented.

ity, the probe polarization vector can be assumed to lie on

the XZ-plane so that a single anglé> conveniently de-

II. PUMP‘PROBE.PHOTOELECTRON scribes the relative orientations of pump and probe. Taking

SPECTROSCOPY: FORMULATION the probe frameY’-axis to coincide with the pump frame
Figure 1 illustrates some key features of our pump-Y-axis unambiguously orients the probe frame relative to the

probe femtosecond photoelectron spectroscopy scheme. Apump frame.

plication of this scheme to the probing of the vibrational The time-dependent wave function for this system can

dynamics on thé3. | double-minimum state of the Nanol-  be written as

FIG. 1. Potential curves for th¥ 'Y and(2) 'S states of Naand the
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W (r,R,1)= x4(R,OP4(r;R) + xe( RO P(r;R) (DL(R)|Vo(t—AT)|D(R)), we write () as an anti-
symmetrized product of an ion wave functioh,, , and a
+J dkx(R,1DL(r;R), (1)  photoelectron orbitalg{
(=) — (=)
whered, ., andd{ ) are the electronic eigenfunctions P = AP ), ™

for the ground, excited, and final ionized adiabatic statesyhere
respectively g, xe, andyy are nuclear wave packets on the
respective potential curves,denotes electronic coordinates, (=) da—impl (BIYYE Ry ()
andpk the wgve vector of the photoelectron. The nuclear co- k I%x e DA ROYim(K) #ian (FR). ®
ord_mate R:(R.’ R)’. with R the mfnernuclea_r d|stanc§, de- with r’ being the electronic coordinate vector in the molecu-
scribes both vibrational and rotational motion. The interac|,. trame. In Eq(8) i) is a partial-wave component of the
tion between the molecule and the laser fields is given by photoelectron orbital in the molecular frame with momentum
V(t)=V4(t)+Va(t;AT) k, \ is the projection of in the molecular frameD'm trans-
i N forms the molecular-frame wave functions to those in the
=Eorf1(1)Sin(@1t) €pump d+ 7 Eoal 2(t—AT) laboratory (probe frame, and, is the Coulomb phase
Xexp(—iwy(t—AT)) €prope d, 2 shift.2? Photoelectron detection will be assumed to be rela-
tive to the polarization vector of the probe laser. The dipole

where Eq; and Eq, are the field amplituded,;(t) and f,(t operator is hence given by

—AT) are the pulse envelope functions wittl the time
delay between the two pulses,;m, and €y e the polariza- _ [4ar 1.8, .,
tion vectors, andl the electric dipole operator. Centers of the D o= ?rg D#Mo(R )Y 1,(r") ©
envelope functions for the pump and probe pulses are at ) .
=0 andt=AT, respectively, and are taken here to be Gaussll the probe laser frame. The interactidfy between the
ian functions although the theory is general. probe laser and the molecule becomes
Equations(1) and(2) yield the equations of motion for Vo= 3Eqy fo(t—AT)exp —iw,(t—AT))D,, , (10)
the nuclear wave packets, 0
3 and the coupling matrix element between the excited state
i%h EXQ(th):[TN+Vg(R)]Xg(Rat) ®, and the final ionized state can be written as

Vie(R) = (| (R)|V2(t;AT)|®(R)
+H(D(R)V1(D)| PR Xe(RD),  (3) (P (RV: | )
P =1Eq, fo(t—AT)exp —iwy(t—AT))
i — xe(R,1)=[ Tyt Ve(R) ] xe(R,1) .
ax o 5 XX CinYim(k), (11)
+{@(R)| V(D)@ 4(R))x4(R 1) "

— 4m I* 5 1 B/
+f dk(CDe(R)|V2(’[;AT)|<D(k7)(R)> Cim(k,R,0r, ¢, 0p) = \/?)\Eﬂ e Pam(R )DMLO(R ).

(12)
Xxd(R.D, @ I\, is @ partial-wave matrix element in the molecular frame.
and These are formed from dipole matrix elements between
p (Kh)? |®, ¥{;;)) and the components of the Cl wave function used
i xk(RO=| Tyt Vien(R)+ }Xk(R,t) to described,. For the case of ionization of an orbitg
o Me into ¢, these assume the form
HOTRIVAGADPRIX(RD, ) 10 (R)
whereVy(R), V¢(R), andVj,,(R) are the ground, excited,
and ion potential curves, and, denotes the electron mass. =(—i)en, <l//(er)|rYlu(f,)|¢i,|o)\o(r)Y|0)\o(F’)>'
To proceed one requires the interaction matrix elements loho
between the ground and excited statg)( and between the (13

excited and ionized state/f). The interaction matrix ele-

ment between the ground and excited states is given by The Cyy, coefficients of Eq(12) provide the underlying dy-

namical information needed to describe the photoionization
Ve(R)=(P(R)|V1(1)|D4(R)) of an oriented Namolecule by the probe laser. The angular
. momentum coupling inherent in molecular photoelectrons

= Borfa(t)SiN(w1t) deg(R)COL )., ©®  an be seen in :sir?gle-center expansiongf Eor a linear

whered, is the magnitude of the transition moment betweenmolecule

the ground and excited states afidis the angle between the

molecular axis and the pump polarization. To obtain the ma- U R)=> gl(l’,})\(k,r,R)Yl,)\_ (14)

trix element between the excited and ionized states, 1
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lﬂ(kl_x) are obtained numerically using a procedure outlined ir@ssumption for several reasons. First, our interest lies prima-
detail elsewheré The Euler angle&’ in Egs.(9) and(12)  fily in using these time-resolved photoelectron spectra as a

are readily determined as a function of the anglgs ¢r, probe of dynamics in regions of nondiabatic behavior be-
and 6p by considering the orientation of the body and probetween electronic states. Second, this is a good assumption for
frames to the pump fram@ee the Appendix rotationally cold levels where the rotational time scale may
Expanding the ion nuclear wave packgt in partial  be orders of magnitude larger than the time scale for vibra-
waves abouﬁ, tions. Finally, inclusion of rotational states would result in a
dramatic increase in the number of channels and in the com-
Y(RH=2, Xklm(R,t)Y,m(ﬁ), (150  putational effort required for the solution of the resulting
Im

equations. On the other hand, for a molecule with fixed ori-
and using Eqgs(6) and (11), the equations of motion Eqgs. entation, the coupled equations need only describe the vibra-
(3)—(5) lead to tional wave packets.
P As a first step in exploring how these pump—probe pho-
'ﬁﬁxg(R,t)Z[TN‘*‘Vg]Xg(Ryt)+Vge(t,9R)Xe(R,t), (16) toelec_:tron spectra are influenced by rotation, we employ a
classical model. We assume that molecular rotation is slow

) and explicitly account for it by changing the molecular ori-
17— Xe(RO=[Tn+ Velxe(R,1) + Vey(t, Or) xg(R.1) entation with pump—probe delay time. This procedure re-
quires that theC,,, coefficients of Eq(12) be calculated for
1 . . ops . _
" _2 f dKICEof o(t— AT) every delay Flme but does not significantly increase the over
21m all computational effort.

Although our formulation is general enough to provide
photoelectron distributions for arbitrary molecular orienta-
Xum(RGAT, 0p), (17 tions and planes of detection, the symmetry of the excited
state studied here should result in a strong signal in the
XZ-plane for a perpendicular orientation of the probe laser
and molecular axis. We hence assume here that the molecule
rotates in theXZ-plane, the plane containing the polarization
vectors of the pump and probe lasers, at a constant angular

X eXF(i (1)2(t_ AT))Crm(k,R, 0R ,(}l)R y 0p)

and

. d
i EXHTT‘I(R!':;AT!HP)

= TN+Vion+—2 Yum(RGAT, 0p) velocity and that photoelectrons are also detected in the
2me XZ-plane. Furthermore, this treatment assumes that molecu-
+LEpfo(t— AT)exp( —iwy(t—AT)) lar rotation is dynamically uncoupled from vibrational mo-
tion. This can clearly not be a good approximation in cases
XCim(K,R,0r, dr,0p) - Xe(R,1). (18 where the bond length changes significantly during rotation
Discretization of the integration ovéresults in a set of ~since in such cases there can be exchange of energy between
coupled equations foyy, xe, and the set O{ijlm} for all | rotational and vibrational modes. When pumped to an energy

andm at each quadrature poik}. Details of the procedures above the potential barrier separating the inner and outer

employed in solving these equations are given in Ref. 19. Wells, motion on the double-minimum state of Nis just
such a case as the bond stretches from aBofi to 10 A.

Nonetheless, we study this case simply to explore pump—
lll. CLASSICAL TREATMENT OF MOLECULAR probe photoelectron spectra of a rotating molecule rather
ROTATION than as a simulation of a real system.

These equations of motion are general enough to aCCOUR{ viprational wave packets on the excited state
for both molecular vibration and rotation quantum mechani- _ . o
cally. For example, the nuclear wave packetg(R,t), can Figure 3 shows the behavior of vibrational wave packets
be expanded in rotational wave functio®s y(R) prepared by two different pump photons. The left pats|,
shows the wave packet for a pump photon of 3.600 eV while

_ r he right panel(b), shows the wave packet for a pump pho-
Rt RO w(R), (190 thernghtp
XRO= 2 Xru(ROOW( ton of 3.676 eV. In both cases the full width at half maxi-

and a coupled set of equations of motion can be formulate§M (FWHM) is 120 fs. In the lower energy cas@), the
for the x, Lm(Rt). HereL andM are, respectively, the ro- wave packet does not have enough energy to move beyond

tational quantum number and its projection onto, for in-the potential barrier and remains in the inner well, oscillating
stance, the pump polarization. While coherent interaction9etween 3.5 A and 4.0 A with a vibrational frequency of

among rotational levels and rotational-vibrational levels carfbout 340 fs. For the higher energy pump photon, ¢ake

be important in angle-resolved photoelectron spectra for lighthe energy lies at the top of the barrier between the two wells
molecules or rotationally hot systems, we nonetheless agnd at the barrier the wave packet splits into a lower energy
sumed in our previous study that the molecule did not rotateomponent that remains in the inner well and a higher energy
significantly on the vibrational time scal®. We made this component that travels out to the outer well. At 605 fs after
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FIG. 4. Photoelectron sign&(e,) vs kinetic energy and delay time. The
photon energy of the pump laserfis», =3.676 eV. The polarization vector
of the probe laser is set parall@ and perpendiculalb) to that of the pump
laser.

FIG. 3. Time evolution of the absolute square of the excited state wavét is helpful to reproduce some of these results here. Our
packets for(a) pump energy: w,=3.600 eV andb) fiw,=3.676 eV. photoelectron energy distributions are defined as

, P(e;AT,0r,0p)= deR R,t;;AT,0g,0p)|2,
the pump pulse, the wave packet is peaked near 4.4Aaround(€k R 0p) %n: Xtam(R. s Ll

the potential barrier and at 8.7 A, the outer turning points of (20
the wells. The longer vibrational period is 1 ps. wheree, is the photoelectron energiT is the pump—probe
delay time, anddg and 6p orient the molecular axis and the

B. Dependence of energy- and angle-resolved probe polarization, respectivelFig. 1). The signal is ex-

photoelectron spectra on molecular vibration and tracted a long timet;, after the probe pulse has been turned

rotation off. Figure 4a) shows these photoelectron energy distribu-
o tions for a pump photon of 3.676 eNop of barrier case of

1.' Phqtoe/ectrqn energy distribution versus Fig. 3b)], a probe photon of 2.278 eV, and bath and 6

vibrational motion set to zero. This corresponds to fixing the molecule in space

Photoelectron energy distributions as a function ofwith its molecular axis parallel to the pump polarization.
pump—probe delay time are a sensitive probe of the motioThese spectra display the sensitivity of the kinetic energy
of a vibrational wave packet. Studies by Engel anddistribution to the vibrational wave packet and to the changes
co-workers” were the first to illustrate how well suited of the photoionization amplitudes with internuclear distance.
pump—probe energy-resolved photoelectron spectra are for
monitoring the evolution of a vibrational wave packet with > kinetic energy distribution versus molecular
internuclear distance in real time. These studies, howevegrientation

generally assumed a constant value for the photoionization Figure 4b) shows the photoelectron kinetic energy dis-

amplitude as a function of internuclear distance and thei{rciPution when the molecule is held fixed k=0 and the
calculated spectra are hence essentially those expecte o . - .
within the Franck—Condon approximation. Engel ar]dprobe polarization is perpendicular to the molecular axis

co-workers$’ also noted that such an assumption would b (6r=m/2). The global features of the kinetic energy distri-

butions for the probe polarization perpendicular to the mo-

obviously questionable for wave packet motion through "®lecular axis are similar to those for the probe polarization

gions of avoided crossings, where the electronic wave func- : . :
4 . e . parallel to the molecular axis except for a noticeable differ-
tion evolves rapidly with internuclear distance, or when . . .

. nce in the magnitudes of the signal.
wave packets move over large distances. We have recentﬁl
reported results of studies of the pump—probe photoelectron o
spectra for wave packet motion on the double-minimum 3. Photoelectron angular distribution versus
state arising from an avoided crossing of two diabaticmolecular vibration
states’® These studies employed geometry-dependent photo- The photoelectron angular distributions, integrated over
ionization amplitudes. To put our present work into context,kinetic energy, are given by
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50 FIG. 6. Time evolution of resulting ion wave function components with
P 0126 150780 A (‘5\ photoelectron kinetic energy,<0.1 eV and(a)_ =0, and(b) I=2. As in
4 (degrees) Fig. 4, the photon energy of the pump lasefiis;=3.6763 eV. The polar-

ization vector of the probe laser is set parallel to that of the pump laser.
FIG. 5. The photoelectron angular distributions as a function of delay time.
As in Fig. 4, the photon energy of the pump lasefiis;=3.6763 eV. The
polarization vector of the probe laser is set pardigknd perpendiculatb) may be useful maps of wave packet behavior in molecular
to that of the pump laser. The insets show a polar coordinate representati(gystems_
of A(6¢,AT) at AT=605fs (smooth linesg and AT=968fs (broken
curves. 4. Photoelectron angular distributions versus

molecular orientation

The dependence of the photoelectron angular distribu-
tions on molecular orientation can be seen in Fida) &nd

A(6,;AT, bR, 0p) 5(b) where we show these distributions for the probe polar-
2 ization parallel and perpendicular to the molecular axis. Not
:j dkkzj dr 2 Xem(Rte AT, 0r,0p)Yim( Ok, )| - surprisingly, these distributions hadez-character for a par-
Im

allel arrangement of the probe and molecular axis and
(21 d,,~character when they are perpendicular. Such dependence

Figure 5a) shows these energy-integrated photoelectron anef the angular distributions on relative orientation of the
gular distributions as a function of pump—probe delay timeprobe and molecule can be useful in real-time monitoring of
AT, for Og=0p=0, i.e., pump and probe polarizations par- molecular rotation.
allel to the molecular axis. Although their magnitude varies
with pump—probe delay time, these energy-integrated anguy. PHOTOELECTRON ANGULAR DISTRIBUTIONS
lar distributions are basicallgl,2-like for all AT or different ~FROM A ROTATING MOLECULE
internuclear distances. It is worth noting here,_hoyvev_er, thak pistributions from a rigid rotor
the energy-resolved photoelectron angular distributions do
show variations with pump—probe delay time which reflect ~ Before discussing the photoelectron spectra from a clas-
the evolution of electronic structure and photoionizationsically rotating Na, we examine the dependence of the

dynamics! photoionization amplitude squarfsee Eq(11)], i.e.,
Figure 6 shows the=0 andl =2 components of the ion 2
wave packefyym of Eq. (16)] for a pump—probe delay of > CimYim( 0k, $1) (22

Im

605 fs and pump and probe photons of 3.6763 eV and 2.278
eV, respectively. For convenience, these figures only includéor a rigid Ng rotor at specific internuclear distances and for
contributions with energy less than 0.1 eV. These partiatifferent relative orientations of the molecular axis and probe
wave ion packets reflect the photoionization dynamics angbolarization. The rows of Fig. 7 show the angular distribu-
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(a)

X100
(b)

0z=10 6z=30 6z=60 0r=80

X 10 X 10

FIG. 7. Spatial distributions of photoionization amplitud&,CmYim( bk, )| for a photoelectron energy of 0.7689 eV at bond lengtlepB A and (b)
9 A

tions for Ng tilted 10, 30, 60, and 80 deg away from the shape of these photoelectron energy distributions does not
probe in thexZ-plane for internuclear distances of 3.0 A and depend much on the relative orientation of the molecular axis
9.0 A and a photoelectron energy of 0.7689 eV. At theand probe polarization and hence the effect of rotation is not
shorter of these distances, the spatial distribution thas immediately apparent in either of these two cases. For the
character at a low angle of tilt and, character at a large lower energy photon, caga), evidence of the region of de-
angle of tilt. At the larger internuclear distance of 9.0 A thepleted photoionization amplitudes me& A is apparent and

angular distributions reveal features arising from higherthe spectrum reflects the vibrational motion quite nicely. The
[-components. peak aroundAT=1020fs is slightly higher than the others,

B. Convolution of molecular vibration and rotation

We now examine the pump—probe spectra for a rotating  _

Na, molecule assuming a classical model, as outlined in Sec. é @
[ll, and that the molecule rotates in thé€Z-plane with a Y
period of 4080 fs. This assumption would best apply to ro-
tationally cold molecules where the distribution of angular
frequencies over the classical rotators may be expected to be
very narrow. More generally, however, the photoelectron
spectrum at a given delay time would reflect the distribution
of angular frequencies among the rotors. For a period of
4080 fs, in the time it takes the molecule to rotate 90° from
a parallel to a perpendicular orientation relative to the probe
polarization, the inner-well wave packet component executes
about three vibrational periods while the outer well compo-
nent completes a single period. The rotation angge(in
degrees is related to the delay timeAT, via 6gx(AT)
=0.088 24\T.

Figure 8 shows these photoelectron energy distributions 0.0 53 Y
as a function of delay time for pump photon energies of
3.600 eV(inner well) and 3.676 eMtop of barriej, a probe
pulse of 2.278 eV and for the molecular axis parallel to thegig. 8. Photoelectron kinetic energy distributi®{e, ,AT) for () pump
probe polarization §=0). As discussed above, the overall energyw,=3.600 eV andb) #w,=3.676 eV.

SLReaG

Photoelectron Signal
(== =T=lot=)
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FIG. 9. Photoelectron angular distributidd 6, ,AT) in the XZ-plane (¢,

=0) for (a) pump energyiw;=3.600 eV andb) #w,=3.676 eV. FIG. 10. Angular distributiomA( 6, ,6g) divided by total ion signal fofa)

pump energyi w,;=3.600 eV andb) A w,=3.676 eV.¢, =0 as in Fig. 9.

since ionization is somewhat larger for a perpendicular ori-
entation for the lower pump energy. (top of barrief pump photon energy cases show similar
In the case of the larger pump photon energy, the photrends in their angular dependenag) but differ largely in
toelectron spectra are a bit more complex since the waveheir dependence on molecular rotation. This is due more to
packet samples the oscillating photoionization amplitudes asibrational dynamics than rotational dynamics and arises
it executes its large amplitude motion. The higher photoelecfrom the dependence of the photoionization amplitudes on
tron energy component comes from the inner well and itdnternuclear distance. The ion population varies widely as the
oscillatory structure reflects the region of depleted photoionwave packet moves through regions of changing photoion-
ization amplitudes. In our previous publicatibhthe photo-  ization amplitudes. To offset the effect of the varying ion
electron spectra showed a strong peak at very low kinetisignals, we show the angular distributiong X divided by
energy which arose from the wave packet in the region of itghe total ion signal for variou®g(AT) in Fig. 10. The re-
outside turning point foAT of 600 fs[see Figs. &) and  sulting distributions are now quite similar for the lower and
4(b)]. In Fig. 8 this peak feature corresponds fol higher pump photon energies. The additional structure seen
=600fs. Such structure is noticeably lower relative to thein the distributions for the higher pump photon energy when
strongest peak at earlier delay time. This is so because thtae molecule is almost perpendicular to the probe polariza-
kinetic energy distribution at an earlier delay time is essention reflects the highek contributions to photoionization at
tially the same as that for the parallel cd#p=0 case in the larger internuclear distances accessed by the wave
Fig. 4@], while atAT=600 fs there is significant contribu- packet. In either case the overall shape of these angular dis-
tion from the kinetic energy distribution for the perpendicu- tributions gives an indication of molecular orientation rela-
lar cas€ 0= 7r/2 case in Fig. )] which is of considerably tive to the probe laser and can be used to monitor molecular

lower magnitude than the parallel case. rotation.
The effect of molecular rotation is more apparent in the
photoelectron angular distributioienergy-integratedi.e.,  C. Factorization of the vibrational and rotational
A6, Or(AT), Op) contributions
2 These results show that dependence of the photoelectron

:f dksz drR >, Xeim(Rots 1 0r(AT), 0p) Y im( 6k, d1) angular distributions on molecular orientation can be poten-
fm tially exploited to monitor molecular rotation. Such use of

(23 pump—probe photoelectron angular distributions for real-
than in the energy distributions of Fig. 8. Figure 9 showstime mapping of rotation can be a valuable supplement to
these angular distributiong() in the XZ-plane ($,=0) for  other techniques such as laser induced fluorescérige.?®
pump photons of 3.600 e¥inner wel) and 3.676 eMtop of  However, even within the classical scheme, molecular rota-
barriep and a probe photon of 2.278 eV. At short delay timestion can introduce significant complexity in attempts to un-
the distributions are generally of th&. type while near ravel the vibrational components of these photoelectron sig-
AT=1020fs, they showd,, character. The angular distribu- nals. It would hence be useful to isolate the vibrational
tions evolve between these extremes as the molecule rotatentribution from such convoluted photoelectron spectra
The distributions for both the lowdmner wel) and higher  since the resultant spectra provide a window on vibrational
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wave packets which can, in turn, be useful in analyzing ul-Eq. (25) can be rewritten as

trafast intramolecular dynamics. Here we explore an ap-

proach to isolating these vibrational contributions.

To begin, we assume that the photoelectron angular dis-
tributions are measured with respect to the probe field and
that #p denotes the angle between the pump and probe PY;

o . . no
larization(see Fig. 2 The molecule is also assumed to rotat
in a plane defined by the polarization vector of the pump an
probe. Since the polarization vector of the probe can be de-
composed into components parallel and perpendicular to t

molecular axis, we may write:
Xk|m(R!tf ; HR(AT)r HP)
=cog Or(AT)— 0p) Xium(R,t; ;AT,0,0)

+SiN(6r(AT) = 0p) Xkim

a
thf ;AT101§> I (24)

where the first{second term arises from the dipole compo-
nent parallel(perpendicularto the molecular axis. One can
hence write the photoelectron angular distributions of Eg.

(23) in the form
A(by; O0r(AT),6p)
=coS(Ox(AT)— 0p)Al(O:AT) +SinP(Og(AT) — 6p)
XA (6, ;AT)+cog Or(AT)— 0p)
X sin(Or(AT) — 0p)[ X]
=3(A'(0;AT) + A" (6y;AT)) + 3005 26p)
X[cog20r(AT))(A'(6;AT) = A (6,;AT))
+SiN(20x(AT))[X]]+ 2 SiN(26p)[SIN(205(AT))
X (A'(6;AT) = AL (6, ;AT)) —cog 260(AT))[X]],
(25)
where

Al(6,:AT)
2

=J dksz dR’% Xkim(Rt:;AT,0,0)Y (6, d)

(26)
AL(6,;AT)
2

= J dkaJ dR‘ % Xk|m( R!tf ,AT,O%) Ylm( 6k1¢k)

(27)
and[X] denotes a crossing term. Furthermore, defining
ALAT)=A(6,;AT)+ AL (6 AT), (28
A(AT)=cod 260(AT))(A(6;AT) = A" (6, ;AT))
+sin(26x(AT))[X], (29
and
A(AT)=siN(20(AT))(A(6;AT) = A" (6, ;AT))
—Cog26r(AT))[X], (30)

eéiifferent 0p's, say 0p=0, 6p= /4, andp= 7/2 and other

he

+sin(20p)A3(AT). (31

Although 6x(AT) varies with the delay timaT, 6p is
wn in advance. If measurements are carried out for three

arameters kept invariant, EQ31) yields three equations
rom which the unknownsA;(AT), A,(AT), andA3(AT)
can be determined.

If the rotational time is known from other means, then
Or(AT) is simply given by (27/T,,;)AT. One can then
readily show from Eqs(29) and (30) that

cog20x(AT))A,(AT)+siN(20(AT))Az(AT)
=Al(0;AT)— A (0 AT)=A4(AT). (32

The term[X] can likewise be obtained from Eq&9) and
(30). Combining Eqs(28) and(32), we finally obtain

Al(O;AT)=3(AL(AT)+AL(AT)) (33
and
AL (O AT)=3(AL(AT) = Ay (AT)). (34)

Thus the photoelectron angular distributions for the probe
polarization both parallel and perpendicular to the molecular
axis can be obtained. Some examples of these photoelectron
angular distributions are shown in Fig. 10 of Ref. 19. The
procedure can be equally applied to obtain the photoelectron
energy distribution®' (e, ;AT) and P+ (€, ;AT).

Although the above procedure permits deconvolution of
the vibrational and rotational contributions to the photoelec-
tron spectra, it is at best approximate since it neglects any
dispersion of the rotational wave packets and effects due to
Coriolis coupling between the vibrational and rotational mo-
tion. Furthermore, it assumes that all molecules are initially
aligned with their molecular axis parallel to the pump polar-
ization. Nonetheless, in the appropriate cases the procedure
outlined above can provide a useful guide to extracting the
photoelectron signals arising primarily from vibrational dy-
namics.

V. CONCLUDING REMARKS

We have incorporated a classical treatment of molecular
rotation into our previously developed formulation of
energy- and angle-resolved pump—probe photoelectron spec-
troscopy. The classical model should be primarily suitable
for describing cases where the rotational motion is slow and
where any coherent coupling in the rotational dynamics and
between rotational and vibrational motion is weak. We have
used energy- and angle-resolved pump—probe photoelectron
spectra for wave packets on thg | double-minimum state
of Na, to illustrate how such spectra are modified by rota-
tional motion. As expected, these angle-resolved spectra are
seen to depend quite sensitively on rotation. On the other
hand, although the energy-resolved signals are less sensitive
to rotation, the dependence of the photoionization amplitude
on internuclear distance as the wave packet moves across the
well results in an additional complex variation in the signals.
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