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Femtosecond energy- and angle-resolved photoelectron spectroscopy
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We present a formulation of energy- and angle-resolved photoelectron spectra for femtosecond
pump—probe ionization of wave packets and results of its application t%Etllﬁejouble—minimum

state of aligned Na The formulation is well-suited for inclusion of the underlying dynamics of
molecular photoionization and its dependence on molecular geometry. Results are presented for
three typical pump laser energies selected so as to investigate qualitatively different patterns of the
spatio-temporal propagation of wave packets on the double-minimum potential curve and of their
associated photoelectron spectra. Photoelectron angular distributions are also reported for different
orientations of linearly polarized pump and probe pulses. The resulting photoelectron spectra
illustrate the importance of a proper description of the underlying photoionization amplitudes and
their dependence on geometry for unraveling wave packet dynamics from pump—probe
photoelectron signals in nonadiabatic regions where the electronic structure evolves rapidly with
geometry. The dependence of these photoelectron angular distributions on relative orientation of the
molecule and polarization of the probe pulse are also seen to be potentially useful for real-time
monitoring of molecular rotation. €000 American Institute of Physics.
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I. INTRODUCTION electron spectra can provide complementary information on
_ _ N ~the evolution of the wave pack&t:-#Its utility for real-time
With femtosecondfs) laser techniques it is now possible probing of molecular dynamics in the femtosecond regime

to observe nuclear dynamics and to chart the path of chemhas peen nicely demonstrated in studies of wave packets on
cal reactions in real tim&* Femtosecond time-resolved excited states of Na'° on theB state of §,2° and on theA

spectroscopy has been exploited in numerous application§ate of Nakl22 Furthermore. Daviest al2® have recently

ranging from fundamental studies of real-time motion in the,o a4 the first femtosecond photoelectron—photoion coin-
photodissociation dynamics of Nal to studies of electron

S . cidence imaging studies of photodissociation dynamics.
transfer in biological systenis?® In femtosecond spectros- gmng P y

- . Many of these studies of femtosecond photoelectron
copy, a pump pulse prepares an initial wave packet which pectra were stimulated by the seminal papers of Engel and
evolves in accordance with the time scales for vibrationaF

(~10"s) and rotational ¢ 10-°s) motion. The evolution co-workerd®~*8which illustrated how well-suited photoelec-

of the wave packet is then probed by a time-delayed, probtront.dlstrlbutlc:cns from pump—probe f nt|zat|;)_n af[ VZ.”?US ple-
pulse via excitation to a final state. Several techniques usin y imes are for mapping wave packet motion in diatomics.

different types of final states have been used to probe the hile th_esgz hStUd'eIS land thgse ."Of Cha:]ron _I_and
wave packeté:2'6*7 These include the use of absorption, Suzor-Wein ave clearly served to illustrate the utility

laser-induced fluorescence, multiphoton ionization, photo@nd Promise of photoelectron spectroscopy for real-time

electron spectroscopy, nonlinear degenerate four-wave mi¥aPping of wave packet dynamics in small molecular sys-
ing, time-resolved mass spectroscopy, and stimulated emi$ems, they have generally ignored any dependence of the
sion pumping. underlying photoionization amplitudes on geom&trand
Time-resolved ionization offers several advantages as &nergy in their studies of the energy distributions of the pho-
probe of these wave packés! For example, the ground toelectrons. Neglecting the dependence of the photoioniza-
state of an ion is often better characterized than higher exion matrix element on geometry is a poor approximation
cited states of the neutral molecule, particularly for poly-when the wave packet moves through a region of an avoided
atomics. lonization is also universal and hence there are nerossing where the electronic character of the wave function
dark states. Furthermore, ionization provides both ions andhanges dramatically. In such regions, knowledge of the un-
photoelectrons and, while ion detection provides mass anderlying photoionization dynamics is essential in unraveling
kinetic-energy resolution in time-resolved studiégphoto-  the wave packet dynamics from the probe signal. Both the
double-minimum state of Na studied by Engel and
dAuthor to whom correspondence should be addressed; electronic maif.:o'workerés_18 and theA state of Nal studied by Charron
kaztak@mns2.c.u-tokyo.ac.jp and Suzor-Weinéf are, in fact, formed by an avoided cross-
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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
--10 photoelectron anglesd(, ¢) in the probe frame.

-—20

Sec. Il we discuss a few relevant aspects of the electronic
wave functions and photoionization amplitudes used here,
while in Sec. IV we present the wave packet dynamics asso-

2 4 6 8 10 ciated photoelectron spectra of these studies. The paper con-
R(A) cludes with a few remarks in Sec. V.
FIG. 1. Potential curves for th¥ X and(2) ‘X states of Naand the
P ! . LR i
X .E.g stage of Ng . The dipole amplitude #4.) and phot0|on|zat|9n co Il. FORMULATION
efficients C,,,) for the molecule parallel to the pump and probe fields are
alsa shown for a kinetic energy of 0.5967 eV. The partial waves0, 2, Figure 1 illustrates the scheme used in our studies of the

and 4 withm=0 are denoted by long, medium, and short dashed lines

; femtosecond energy- and angle-resolved photoelectron spec-
respectively.

tra for vibrational wave packets in th& | double-minimum
state of aligned Namolecules. A linearly polarized laser

ing of two diabatic states. Furthermore, these stdfiié§?>  pulse of frequency; prepares a wave packet on the double-
did not examine photoelectron angular distributions whichminimum*3, [ state, which is then ionized by a time-delayed
can be expected to convey richer structural and dynamicdinearly polarized laser pulse of frequeney. Figure 2 il-
information than is contained in ang|e-averaged energwstrates the relevant coordinate frames. The molecule is ori-
spectra>2526 ented at angleséz, ¢r) with respect to the polarization vec-
We have recently published a brief regéun the results  tor of the pump pulse and the photoelectron angular
of detailed quantum-mechanical studies of energy- andlistributions @y, ¢y) are measured relative to the polariza-
angle-resolved pump-probe femtosecond photoelectron spetion vector of the probe pulse. The angle between the probe
tra for theY double-minimum state of the Nanolecule. ~and pump vectors igp and, without loss of generality, the
In this paper we present a full account of the basic formulaProbe is assumed to lie in the plane of the pump frame. In
tion and technique used in this study, along with more dethe dipole approximation the interaction between the laser
tailed results of these femtosecond photoelectron spectra élds and the molecule is given by
the®S | double-minimum state of aligned MNanolecules. In
these studies we employ geometry- and energy-dependeMtt)=Vi(t)+V,(t;AT)
photoionization amplitudes derived from calculations em- — Egyf4(1)sin(wst) d
ploying sophisticated descriptions of the wave functions for 011 @18) Epump
the double-minimum state and for the molecular photoelec-
tron. To illustrate the utility of femtosecond photoelectron
spectra for probing both molecular vibrations and rotationsvhereV; andV, represent the pump and probe fields, re-
in real time, we also report spectra for molecules aligned vispectively, and, although more general forms can be readily
a linearly polarized pump pulse and ionized by a probe pulsassumed, we have made the rotating wave approximation in
polarized either parallel or perpendicular to the pump pulseV,. Ey; and Ey, are the field amplitudesf,(t) and f(t
This paper is organized as follows. In Sec. Il we present-AT) are Gaussian envelope functionsT is the delay
the quantum-mechanical formulation employed in thesdime between the two lasersp,m, and &,pe are the polar-
studies of energy- and angle-resolved photoelectron spectrezation vectors, and is the electric dipole operator. Gener-
and some methodological issues associated with the formwlly, the time scale of the rotational motidiof the order
lation and practical techniques devised to address them. R&0 °sec) is two or three orders of magnitude slower than
sults of a case study of the& | double-minimum state for that of molecular vibrations(with a typical period of
aligned Na are then presented in the remaining sections. IM0 **sec). The pump pulse produces a polarized distribu-

+ 2Eqaf o(t—AT)expl —iwp(t—AT)) gprope d, (D)
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tion of molecules with a c8%) dependence with respect to be discussed in detail later. These electronic eigenfunctions
spump,zs The probe laser with a pulse width 6f100 fs will ~ are orthogonal to each other. In particular, we impose the
probe this aligned distribution of slowly rotating molecules. delta-function type orthonormal condition

The Schrdinger equation can be written as _ _
; (D) | D)= (ks —ky) (10)
K ﬁ\l’(t):[TN+He'+V(t)]\I’(t)’ @ on the continuum functions.

i L ) Finally, we note the possibility that the upper bound for
whereTy is the nuclear kinetic energy operator dtg is the the integration ovek in Eq. (3) can, in principle, exceed

electronic Hamiltonian. The time-dependent total wave func'those values limited by the total energies of the pump and

tion is expanded as probe lasers. This arises not only from the energy width as-

W (r,R,t) = x4(R,1)Py(r;R) + xe(R,1)P(r;R) sociated with the laser pulses due to the uncertainty prin-
ciple, but from energetically closed channels required in the
expansion of Eq(3) to represent the deformatigpolariza-
tion in the terminology of scattering thegrpf both elec-
tronic and nuclear states.

+f dkx(RODL(r;R), ®)

where®,, ®., and®{ ) are eigenfunctions ofl, repre-
senting the ground, excited, and ion states, respectively,
denotes the electronic coordinates, @Rdhe internuclear
distance. Molecular rotation can be explicitly included in Eq.A. Equations of motion for nuclear wave packets
(3) by replacingR by R. The functions,yy, xe, andyy are

wave packets on the individual potential surfaces. Unlikeare obtained as usual by projectitd(R)|,, (P(R)|
g r e r

excitation to a bound state, the final states in By. x, are _and(®{)(R)|, (integrate over) onto the total Schidinger
characterized by photoelectron energies and angles, Wthi]

eventually constitute an infinitely many channel problem. quation. The resulting coupled equations are
Expansion of the continuum part & (r,R) in spherical har- 9
monics leads to 17— Xg(RO=[Tn+Vy(R) Ixg(RD)

W(r,R,1)=xg(RPy(r;R) + xe(R,1)Pe(r;R)

The equations of motion for the nuclear wave packets

+<q)g(R)|V1(t)|(De(R)>Xe(Rut)1 (11)

= [ akS (~ D mROBL L, o
/m 17— Xe(RO=[Tn+Ve(R) I xe(R,1)
X(r:R), (4)
( ) +<(De(R)|V1(t)|q)g(R)>Xg(Rat)
where we have assumed the following expansion@bT)
arjd Xk in spherical harmonicsY ,,(K), with k measured +f dk(D(R)|V,(1;AT)| L (R))
with respect to the probe,

_ _ R X xk(R;1), (12)
D(NR)=2 DL(TR)Y (k) 5
/m and
and 9 (kh)?
17— xu(RD)= Tn+Vion(R) + 5 |Xk(RD)
© e
X(RO=2 Xim(ROY /(K. (6) )
) (P (R)Vo(GAT)|De(R))
The electronic eigenfunctions provide the potential
curves for the ground, excited, and ionic states, respectively,
H.® (r'R)=V.(R)P.(r'R 7 respectively. In deriving these, we have used the orthogonal-
ePg(IR) =Vg(R)D4(riR), @ ity conditions among the electronic eigenfunctions stated
He®o(r;R)=V(R)®(r;R), (8) above and imposed the following conditions:
and (a) adiabaticity of the bound electronic wave functions,
ie.,
(=)(yp- (kﬁ)z (=)p-
He®y '(r;R)=| Vion(R) + m, d'(r;R), ) (Dg(R)| Ty Pe(R)), =0,

(b) adiabaticity of the continuum functions,
where m, is the electron mass. The-) sign on the con-

tinuum electronic wave functio{ ) indicates the so-called f dk’ (DTN ) xir)
incoming-wave boundary condition, which is canonically

used to represent dissociatigejectiorn) in stationary-state _ L (=) e (=) _
scattering theory. Calculation df{ ) is challenging and will = | dk(Pi P T =Tlxd
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(c) the matrix elements o¥,(t) between continuum func- 4 R
tions are all zero, i.e., D,o= ?F% D (ROY1,(F) (19
(-) : (-)y ~
@kl |V2(t’AT)|¢kz ) =0. in the probe laser frame. The interactiM} between the

probe laser and the molecule becomes
The nonadiabatic coupling between the ground and excited

states will be taken into account explicitly in a future publi- Vo=3Eq fo(t—AT)exp i wz(t_AT))Duo’ (20)
cation on the Nal systeff.

Using the expansions @{ ) andy, in Egs.(5) and(6),
Egs.(12) and(13) can be written

and the coupling matrix element between the excited state
d, and the final ionized state can be written as

Ny (DR Vo(AT)|D(R))
ifi = xe(RO=[Tn+Ve(R)Ixe(R:1) LE, f,(t—AT) exp(—iws(t—AT))
+(Do(R) V(1) P4(R)) xg(R1) X% oy i, 21

+ | K2dKD (—1)™(D(R)
‘f /m < | C/m(k10R1¢R!0P)
XVo(t;AT)| D4 (R xiom(R.) (14)

4 ~ ~
and = \/?% LD (R Dy, (RY). (22)

(kh)?
TntVien(R) + om.

I, is a partial-wave matrix element in the molecular
frame. These are formed from dipole matrix elements be-
R tween|d, 4 )) and the components of the Cl wave func-
+H(= D™Dy L (R V2(1;AT)[De(R)) tion used to describé,. For the case of ionization of an
X yo(Ro1). (15  Oorbital ¢ into i} these assume the form

Xk/m(R,1)

0
i 2 Xm(R.) =

The equations of motion are now in the form of coupled! ), (R)
equations specified in terms of a set of inditgse, k //, m).

= (=07 3 (HAINY 1) 1/ (1Y ()

The dipole interaction between the ground and excited (23)
states becomes TheseC ,, coefficients provide the underlying dynamical in-

. formation needed to describe the photoionization of an ori-

(Pl V1(1)]Pg) = —Eqsf 1 ()SiNw1t)degCOL Or),  (16) ented Na molecule by the probe laser. The angular momen-
with deq the magnitude of the dipole moment. Hence, undetum coupling inherent in molecular photoelectrons can be
a sufficiently weak field, where the Rabi oscillation is sup-seen in a single-center expansionyaf,, for a linear mol-
pressed, the distribution of molecular orientation in the ex-ecule
cited state is proportional to ci{#y).

The photoionization matrix elemen'ts constitute a key 4 )(r,R=2, 9(/_/)m(k,r,R)Y/'x- (24)
guantity in the present study. To obtain these matrix ele- 7
ments we W“t?‘b(k ) as an antisymmetrized product of an yse of photoelectron orbitals which correctly incorporate
ion wave function® , , and a photoelectron orbitafi ', sych angular momentum coupling is essential for a quantita-

D)= AD, - Pl )), (17)  tive description of molecular photoionization. _

The Euler angles in Eq22) are easily determined by
considering an intermediate “pump frame,” and combining
_ ~ ~ the two Euler angles for the pump-to-molecule frame

o= 2 i7eT D (ROYEL(OWAA(TR), (18 D(égr,0k,ve) and the pump-to-probe fram®(0,0p,0).5L
/,m\ .

The two sets of the Euler angles define the molecular and
with r’ being the electronic coordinate vector in the molecu-probe frames with respect to the pump frame. Here the pump
lar frame. In Eq.(18) ¢{ ] is a partial-wave component of and probe polarization vectors lie on the positixexis of
the photoelectron orbital in the molecular frame with mo-each respective frame. Without loss of generality, the probe
mentumk, \ is the projection of/ in the molecular frame, frame z-axis is chosen to be on the pump fraxeplane so
D{m transforms the molecular-frame wave functions to thosehat a single angl®, conveniently describes the relation of
in the laboratory(probe frame, and#, is the Coulomb the probe frame to the pump franisee Fig. 2 The mol-
phase shift® ecule can be oriented in any manner with respect to the pump

Photoelectron detection is, of course, with respect to theand probe polarization vectors. For the case of a linear mol-
polarization vector of the probe laser. The dipole operator igcule yg is arbitrary and we simply choose it to be zero.
hence given by Combining the rotation from the molecular frame to the

B. Transition amplitudes

where
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pump frame and that from the pump frame to the probe j
frame, the rotation from the molecular frame to the probelhﬁxk/m(R,t)
frame can be written explicitly as a sequence of rotations

about successively defined axes 2
= TnFVint S5~ xem(R
e
D(aBy)=D(0,0p,00D(— yr,— Or,— PR)- (25
Writing out both sides of Eq(25) as Cartesian rotation ma-
trices results in a set of equations that determine the Euler XC/m(K, O, bR, 0p) xe(R,1). (30
anglesa, B, andy. In Egs.(28) and(29), Veg=(P¢|V1(t)|P4) andVye its com-

To obtain the final state wave functions needed in evalu
ating the photoelectron matrix elements, we assume a froze
core Hartree—Fock model in which the core orbitals are
taken to be those of the ion and the photoelectron orbital is _ _
obtained as a solution of a one-electron Sdimiger equation  C. Solution of the coupled equations
containing the Hartree—Fock potential of the molecular ion,  piscretization of the continuum integration in EQ9)
Vion(r,R), i.-€., via a finite quadrature such as Gauss—Legendre quadrature

52 oy - (kh)?2 leads to
+V. .
zme IOn(r! ) Zme

I}%)Iex conjugate.

Pom(r,R)=0.  (26)
ihEXe(RJ):[TN+Ve]Xe(Rat)+Veng(Rat)
To obtain the partial-wave photoelectron orbitgs,). , we

use an iterative procedure, based on the Schwinger varia- 1 N 5
tional principle, to solve the Lippmann—Schwinger equation + 521 /E Eokjw;fo(t—AT)
associated with Eq(26).3° This procedure begins by ap- Imaom
proximating the static-exchange potential of the relaxed ion X expiwy(t—AT))CY (K, Or, PR, Op)
core by a separable form

Xij/m(th)i (31)

Usg=Ug(r,r)=2, (rlU]as)(U~1)(a;|UJr"), (270 whereN, is the number of the quadrature points amdare
b the weights. This discretization leads to a finite set of

where the matrixU ! is the inverse of the matrix with the coupled equations of motioft.However, the hermiticity of
elements ();; =<ai|U|aj) the o’s are discrete basis func- the transition matrix is broken in the resultant coupled equa-

tions such as Cartesian or spherical Gaussian functions, artigns. which can TES_U“_iﬂ n_umerical instgbility and a loss of
U is twice the static-exchange potential in E86) with the ~ NOrm. To remedy this situation, we redefine the wave packets

long-range Coulomb potential removed. The Lippmann-and matrix elements as
Schwinger equation with this separable potentia(r,r’) ~ T v
can be readily solved and provides an approximate photo- ij/m(R,t) K, \/WJij/m(R’t) (32)
electron orbitaly{?)... These solutions can be iteratively im- and
proved to yield converged solutions to the Lippmann-—
Schwinger equation containing the. exact. statiq—exchange E/m(k,‘,GR,d’R,@p):kj \/ch/m(kj,9m¢n,0p), (33
potentialUge. Usually, several iterations will provide con-
verged solutions of Eq26). and rewrite the equations of motion as
Insertion of Egs(16) and (21) into Egs.(14) and (15)

yields the following equations of motion for the nuclear ihEXe(th):[TN+Ve]Xe(Rat)+Veng(Rat)
wave packets:

0 +E§ > Egofo(t— AT)exp(i wo(t
ifi 2 xg(RO=[Tn+Vglxg(RD+Vgexe(R), (28 2 &y & o2tz 2

—AT)CE Ky, Or, bR, Op) T m( R,

Jd
ifi — Xe(RO=[ T+ Velxe(R.) +Vegxg(Rt) (34)

1 and
+—J dKkIZD, Epofo(t—AT)
2 /m

(kifi)?
: Xk, /m(R,t)

TN+ Vi0n+ Z—rne

. -
wexpliog(t—AT))CE (K O, e, 0p) Tt Xgrm(RD=

X Xkm(R1), (29 +3Epof o(t— AT)exp —iw,(t—AT))
and chm(kj 10R!¢R!0P)Xe(th)- (35)
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It is readily seen that the hermiticity has been recovered. Thamposed. Hence the latter process can mathematically occur
dition on y«(R,t), as discussed by Takatsu¥aOne may
(=)
< f Py, X, dka
whereby photoelectrons move toward the asymptotic region
The total wave function of Eq3) should display only ation. For example, one may employ an optical potential that
describe a photoionization process. Nonethelds§;, R,t) observe the time propagation of the wave packets nor can the
is an eigenfunction of the electronic Hamiltonian having adifferent approach. Let us rewrite E¢&4) and (35), omit-
incoming spherical wave represents electronic recombination g SiXe= Hexet VegXg+ 2 E;]f";(j (42)
and
vibration. This emission of the photoelectron should be irre- iﬁﬁj(j:(Hi"'sj)’X/j"'éle: (42
the ion, which is mathematically analogous to the Raman-photon that leads to ionization can readily be detected by
We first consider whyb{)(r;R) is an adequate basis in .
&(7(,‘|7(1>AR=W(<7(j|éjxe>AR—<6le|7(j>AR)
source, the time-independent coupled Sdhrger equations

normalization of the scattering part of the total wave functionin this formalism. Formally, one may be able to remove the
f @{(‘)szdk2> also construct a theory, in which both electronic and nuclear
2
k
dk(xid 0= 2 2 (g nl i m)- (36 after photoabsorption.
|= m
spherical outgoing waves in the asymptotic region in elecabsorbs nuclear wave packets of the ion upon photoabsorp-
can be contaminated by tHelectronig spherical incoming vibrational spectra be extracted from them. An example of
real-valued energy and hence is composed of both sphericind the suffices” andm for clarity,
with photon emission, whose probability must be negligibly
by photoabsorption, an electron is ejected much faster—
versible. However, our coupled equations do allow for the
Stokes deactivation. One needs to address this issue of tinieoking at the time dependence of the norm within a given
the expansion of Ed3). For a general half-collision problem
can be written as LB
:%Im<Xj|Cle>ARu (43

now becomes incoming spherical components by imposing a stringent con-

motions are represented by time-dependent wave packets,
There are several conventional ways to remedy this situ-

tronic coordinates in the remote future, since it is designed t&on. This approach has a drawback though, since one cannot

waves in the asymptotic region. This is becadsg’(r;R)  such spectra will be shown in Sec. IVC. Here we take a

incoming and outgoing waves in the asymptotic region. The

small in our system. As soon as the ionized state is formed

within a few femtoseconds—than the time scale of molecular 9

reverse process: photoemission by the electron recaptured byhereH; =[ Ty + Vion], ande;=(k; #)?/2m. Absorption of a

irreversibility and the outgoing boundary condition. interval AR in the ionized state such that

(ionization in this particular cagelue to a stationary optical

(E—H))¢i=V* ¢ (37)

where Im specifies the imaginary part and the integration
should be carried out in the rang®,R+AR]. If (d/dt)
(E—=H¢) =V, (39 X(Xi|x;)ar is negative, théspurious deactivation occurs in
is domain. Thus the sign of Ki|Cixe)ar Monitors the
bsorption and emission there. This condition can simply be
extended so as to be considered in a pointwise manner at a

and

where the latter represents a dissociative process due to o
tical pumping from a bound stat¢;, while the former de-
scribes the reverse process of deactivation fig@mto ¢; . ’ e
Provided a continuum eigenfunction in E@8) satisfies in-  9iven R by AR—0, such that Infy|Cixelar
coming boundary conditions, i.e., —>ARIm(5(j*CJ-Xe). As soon as the deactivation begindgabr
B (=) ) — as soon as Irr”);g*Cle) turns negative, the optical interaction
(E=Hore (B)=0, (39 betweeriy;(R) and x.(R) should be turned off. This proce-
it is well-known that dure should be applied to each chanrigl,¢’,m). We thus
_ modify the equations of motiod1) and(42) such that
=BV 4:(0) (40 v the eq () and (42

gives a transition amplitude for this dissociative event, where  ; ﬁ _
#;(0) is an unperturbed state before photoabsorption. In this 5t xe HeXe+Veng+2 CI X LIm(x Cyxe)]
sense, it is quite natural to adopf )(r;R) in Eq. (3) as the (44)
electronic scattering state, siné®{ )|V,|®.), in Eq. (13 and
precisely corresponds to E@0). However, Eq(40) is valid
only if Raman—Stokes deactivation can be neglected.

On the other hand, the equations of motion, EG<) 'ﬁ s Xi—(Hite DX+ CixeflIm(%F Cixe), (45)
and (13), do not necessarily represent only photoabsorbing
electron emission without photoemitting electron recombinawhere 6(x) is the step function, with a value of 1 fer=0
tion, since the appropriate boundary condition has not beeand 0 otherwise. This procedure introduces a nonlinearity in
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the equations, thereby causing numerical complexity, andhe operators are represented KM N matrices, whereN
hence, the sign of |ﬁfajx‘9 is monitored just one step can be several hundreds or more depending on the energy
ahead of each time propagation. and the polarization of the probe lasé@i(R) is a diagonal
Before applying this switching function, we should note matrix of the kinetic operator, and can be treated by fast
that k; appearing in the equations of motion can be largerfourier transform(FFT) techniques as usudl Vp(R) is also
than values corresponding to the photon energy provided by diagonal matrix composed of potential surfaces for the
the lasers. These components represent closed channels. Tdreund, excited, and ionized states. All the information about
closed channels are, of course, virtual but are necessary the lasers is contained in the off-diagonal matiyg(R,t),
make the expansion of Ed3) complete. These closed- which couples the ground and excited state, and the excited
channel wave packets have some finite values soon after tlemd ionized states which are further decomposed into
probe laser is turned on, and represent some deformation ¢k;/’m) substates. The vector of the wave packets is
the nuclear wave functions. They eventually damp to zero.
This damping is natural and should not be suppressed by the Xg(R.D)
switching function. It is thus clear that the above switching
. . Xe(R,1)
function should be imposed only on the open channels. We  y(R,t)=
further note that the closing of the channels depends on the
nuclear coordinat® However, it is not trivial to define the

closed channel in ti_me—erendent scattering theory, sin.ce en- e solve these time-dependent coupled equations using
ergy uncertainty is inevitable. We therefore set a very smpleme split-operator techniqi&:=3 The split-operator technique

criterion to define the open channels, which.depend_s on th[°7egins with the Trotter formula for a pair of noncommuting
nuclear coordinates. Suppose the tg&éctronic and vibra- operatordA,B]

tional) energy of the initial state i§€,. For a state having
&j as the photoelectron kinetic energy, a wave pagkeR)

X m(RY) 49

is defined to be open if the total electronic energy at e 1ATE= “nl(e e tEm", (49)
this position, i.e.Vi,n(R) +¢;, is smaller than the total en- "
ergy, and is exact only ifn—oo can be realized. There are many
versions for handling the time-propagation operator within a
fiw;+hw,+Epg>Vin(R) +gj, (46)  finite-time scheme, such as the symplectic integrator

34 : :
provided that the energy uncertainty width due to the pulsén€thod-" One of the standard techniques, which we use
laser can be ignored. Only when this condition is fulfilled, is "€"€: tekes the following decomposition for a small time in-

the switching function applied. crementAt=t/n,

e AUATB) L o AtA2g—AtB

D. Split-operator technique e AtBgmAtAZ (50)

The coupled equations of motion for the wave packetsThe split-operator technique is well established for a scalar
can be rewritten in compact form as potential surface. One can extend this to the vector problem.
We have also devised an efficient method to diagonalize
Vo(R,t) analytically, which drastically shortens this process
that is otherwise very time-consuming. Our procedure can be
compactly described in terms of the following operator or-
=[T(R)+Vp(R)+Vo(RDIx(Rt). (47)  dering:

i %X(R,t) =H(R,H)x(R,t)

X(R,t+m)=exp( — %H(R,t))X(R,t)

At . iAt iAt
=ex;{ - E[T(R)JrVD(R)])ex;{ - 7VO(R,t))exp< — E[T(R)JrVD(R)])X(R,t)

B iAt AL, At At iAt
—exy{ - EV,;(R))exy{ — %T(R))ex% - EVMR))exp{ - TVO(R,t) exy{ - EVD(R))

At iAt
xexr{—%T(R) exy{—EVD(R))X(R,t). (51
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In each time step\t, one diagonalization and two sets of function is taken to be an antisymmetrized product of HF ion
FFT’s and associated inverse FFT’'s must be carried out. orbitals and a photoelectron orbital that is a solution of a
To prepare an eigenfunction on the ground potential surene-electron Schobinger equation containing the Hartree—
face which serves as an initial wave packet, we apply thé-ock potential of the ion core. The HF wave function pro-
energy screening technigfie.This technique extracts the vides a very adequate description of Naver all internu-
eigenfunctions directly from wave packet dynamics such thatlear distances of interest.
A(E;,E,) x(0) _ The C/m_ coc_afficients of Eq(2_2) inco.rporate the under-
' lying dynamics into our formulation of time-resolved photo-
electron spectroscopy. The€ge, coefficients for polariza-
E, tion vectors of the pump and probe pulses parallel to the
molecular axis and for a photoelectron energy of about 0.6
N i i eV are shown as a function of internuclear distance in Fig. 1.
=(2m) f_mdtﬁ ex %E2t —eX %Elt x(1). For this state of Naonly even/"’s arise, while for this par-
allel arrangement onlgn=0 terms are allowed. The$g,,’s
(52) display several important features. Among these, we note the
A(E4,E,) is a projection operator that picks the eigenfunc-striking change in th&€ ,’s in the barrier region where the
tions from an arbitrary energy intervigE; ,E,]. If the inter-  avoided crossing occurs. This behavior could be expected to
val includes only one eigenstate, this projection operator probe quite general in regions of nonadiabatic behavior. Further-
duces the corresponding eigenfunction. This technique isnore, the large magnitude of the€e,,'s around the barrier
particularly useful when a highly excited eigenstate is chosewill exert a strong influence on the ion signal as the wave
as the initial wave packet. packet moves through this region. The pronounced oscilla-
tory behavior of these coefficients for alls (~'=0, 2, and 4
are showh arises from the evolution of the electronic struc-
ture in the outer well where the wave function acquires sig-
nificant ionic character. These features reflect non-Franck—

Figure 1 shows the potential energy curves for theCondon behavior of the underlying photoelectron matrix

Ep
=J S(E=Tn—Vg)x(0)dE

IIl. ELECTRONIC STRUCTURE AND
PHOTOIONIZATION AMPLITUDES

ground X 'Y ;" and double-minimuniX | states of neutral
Na, and the groundX °3 ; state of the Na ion and illus-

elements. Such behavior should arise quite generally in
nonadiabatic regions of potential surfaces and, in fact, have
been seen in the Nal systéeth.

trates our pump—probe scheme. The double-minintd
state has been studied extensively, and results from an
avoided crossing of two adiabatic states. The inner well is a
Rydberg state with a principal configuration of

04(3s)o,(4s) and the outer well is a strong admixture of IV. WAVE PACKET DYNAMICS OF Na

the o4(4s)o,(3s) and o4(3s)o,(3s) configurations. The
04(3s)a,(3s) configuration lends significant ionic character
to this state.

The electronic wave functions and energies for the
ground states of Neand Ng were obtained from extensive
configuration-interaction(Cl) studies using theGAMESS (a)
package. Calculations were done at 19 internuclear distances
between 2 and 11 A. For convenience in the calculation of
the dipole matrix elements between the ground and excited
states and for photoionization of the excited state, we em¢b)
ployed the Hartree—FockHF) basis of the ion in these ClI
calculations. For a more accurate description of the excited
state, we adopt the rotationless experimental potential of
Cooperet al® in the wave packet calculations. All potential
curves were adjusted to the known excitation energies and
ionization potential.

Figure 1 shows the dipole amplitude between the ground
and excited(2) '3, states of Na While around the inner (c)
well (Rydberg region, the dipole amplitude is very flat, in-
dicating Franck—Condon behavior, and the dipole amplitude
changes substantially in the outer wdinic) region, reflect-
ing the ionic character of the system.

To obtain the photoionization amplitudes, we used our
Cl wave function for the double-minimum state and a
frozen-core Hartree—FoclCHF) description of the wave
function for the ionized state. For the FCHF model the wave(d)

We have used the formulation, potential cur¢sse Fig.
1), and photoionization amplitudes outlined in the previous
sections to study the pump—probe photoelectron spectra in
a&. Important parameters in these studies include,

All potential energies are measured from the bottom of
Vg. The initial wave packef,(0) is the vibrational
ground state ofVy with energy Eg.ung=9.3509
x10 %eV.

The characteristic points of the potential curves are as
follows: The local minimum of the inner well of lies
atR=3.7 A and 3.589 eV, while that of the outer well
is at 6.7 A and 3.518 eV. The barrier between them lies
at R=4.7A and 3.6753 eV, resulting in a barrier
height of 0.0873 eV from the bottom of the inner well.
The ion potential curve has its minimum Ri=3.6 A

and 5.064 eV.

The laser parameters: We examine three different pho-
ton energies for the pump laser of 3.6192, 3.6763, and
3.7007 eV resulting in a wave packet ¥ below the
barrier, at the top of the barrier, and above the barrier,
respectively. The electric field strength and the full
width at half maximum(FWHM) of the Gaussian
pulses were taken to be 5.142830° eV/m (0.001 ai

and 100 fs, respectively.

The probe laser is fixed for all the above cases at



J. Chem. Phys., Vol. 112, No. 20, 22 May 2000 Energy- and angle-resolved photoelectron spectroscopy 8879

1000

Photoelectron Signal

FIG. 4. lllustration of the convergence of the quadrature for integration over

k. The partial waves for’=0, 2, 4 and withm=0 are examined. The
pointwise values represent the results of a 14-point Gauss—Legendre scheme
augmented with a 7-point Gauss—Hermite one, while the smooth curves are
from a 299-point Simpson rule.

ture points {,), it is important to obtain converged
solutions of the coupled equations with sufficiently small
values ofN, and we have therefore examined the conver-
gence of these solutions witk, carefully. Figure 4 shows
some typical results of these convergence studies of the pho-
toelectron signal witiN, . Shown here are angular momen-
tum components of the photoelectron singa,lm(skj),

m
Pntew) = 3k | AR m R0 (53

3 4 ° 6R/7A where g is the photoelectron energy amgis a long time
after the probe is switched off. The&e,’s are for a pump
FIG. 3. Perspective view and contour plot of the absolute square of the wavpulse which just puts the wave packet at the top of the barrier
packets, |xe(R,)|* generated by the pump lasers witte) %o,  and for a pump—probe delay time of 242 fs. The polarization
=3.6192 eV(below the barrie, (b) 71w, =3.6763 eV(at the barrier, and  yactors of the pump and probe pulses are also parallel to the
(¢c) hw,=23.7007 eV(above the barrigr . . . .
molecular axis. The smooth curves in Fig. 4 were obtained
with a 299-point Simpson rule. The pointwise data shown in
Fig. 4 are results with a 14-point Gauss—Legendre quadra-
hw,=2.2776eV, Ey=1.0285%10°eV/m, and ture augmented by a 7-point Gauss—Hermite scheme chosen
FWHM=40fs. These values were chosen to give larggdo improve the quadrature aroung=0.7eV. Agreement
gains in the photoionization signals. between this 21-point Gauss quadrature and 299-point Sim-
(e) The molecular orientation is parallel to the pump laser,pson calculations is very good and we have hence used this
that is 6r=0°. For each of these three,, the polar- 21-point quadrature in these studies.
ization vector of the probe laser is set either parallel ory Oscillatory photoelectron signal

perpendicular to the molecular axis.
The non-Franck—Condon behavior of the photoioniza-

The|x.(R,t)|? for the wave packets on the excited statetion amplitudes for this double-minimum state of Ne evi-
are shown in Figs. @)—3(c), and for pump photon energies dent in the oscillatory behavior of the,,, coefficients with
below the barrier, at the barrier, and above the barrier, reinternuclear geometry. An unusual consequence of this be-
spectively. For a pump energy below the barrier, Yh€R,t) havior of theC ,,,;’s arises from their near-vanishing values
is clearly confined to the inner wellFig. 3@]. For a pump  for all (k;,//,m) in a narrow range to the lefR=4.1A) of
photon energy at the barrier, the wave packet bifurcates ithe potential barrier on the excited state. One may thus pre-
the barrier region with one component proceeding to thelict that a wave packet placed inside the inner potential well
outer well after some slowing down over the barrier, whileshould exhibit a very small photoelectron signal whenever
the other component is reflected back into the inner welthe wave packet hits this “depleted” region. This should
[Fig. 3(b)]. For a pump photon energy above the barrier, theresult in an oscillatory behavior of the total photoelectron
wave packet mostly passes over the barrier and moves intgignal as a function of delay time. This behavior is seen in
the outer well[Fig. 3(c)]. the ion signal of Fig. 5 for a pump pulse of energy 3.6192 eV

To discretize the equations of motion, Eq84) and  which places the wave packet in the inner well and for the
(35), we approximate the integral ovkrin the total scatter- polarization vectors of the pump and probe pulses parallel to
ing wave function by a Gaussian quadrature. Since the conthe molecular axis. The rapidly oscillating solid line repre-
putational effort scales rapidly with the number of quadra-sents the total ion signal given by
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0.014

striking and illustrates the importance of the underlying
photoionization dynamics to a mapping of the wave packet

o012 via pump—probe photoelectron spectra.

I
>
=
=

B. Energy-resolved photoelectron signals

Total Ton Signal
o
=3
2

We next examine the kinetic energy distribution of the
photoelectronsP(e,). As stated previously, three pump en-
ergies were studied with parallel and perpendicular polariza-
200 400 60p 00 1000 12001400 tions. Figures @)—6(c) show theseP(g,) as a function of
delay time for pump photons that place the wave packet in

FIG. 5. Oscillatory behavior of the total ion sign@blid line) arising from the inner well, on top of the barrier, and above the barrier for
the wave packet confined in the inner potential basin. Broken line: the total

ion signal based on the Franck—Condon approximation. parallel polarizations of the pump and probe pu.lses. .Figures
6(A)—6(C) show the spectra for perpendicular orientations of
the pump and probe pulses. The only significant difference
between these parallel and perpendicular cases is in the mag-
Pion:f > P/m(sk)dsk:f P(e)dey. (54 nitudes of the signals. When the wave packet is confined to
£im the inner well[Fig. 3(a)], the major feature of the photoelec-
Upon excitation this wave packet immediately begins an ostron spectra is a strong peak around 0.7 [€ifs. 6§a) and
cillatory motion of period about 347 fs, hitting the right- 6(A)] which shows an oscillatory dependence on the pump-
hand-side turning point in the inner well near 4.1 Atat probe delay time, as discussed above. This feature is clearly
=158, 505, 842, and 1180 fs, where the ion signal has fingerprint of the localization of the wave packet in the
minima. The signal at these minima gradually becomesnner well.
larger due to dispersion of the wave packet. When the pump photon places the wave packet on top of
To further highlight this unusual behavior, we have cal-the barrier, the photoelectron specffégs. 6b) and 6B)]
culated the total ion signal for ionization of these wave packbehave quite differently. At aboudT=200fs, the wave
ets, but with the Franck—Condon approximation, wherepacket is moving slowly through the barrier regiphig.
Cao(kj,R), the largest of these coefficients, is simply re-3(b)], where the photoionization amplitudes are laf&eg.
placed by its constant value R=3.5A at each photoelec- 1). This results in a strong peak at around 0.7 eV. In this
tron energy and all othe€ ,(k;,R)’s are set to zero. The region the wave packet bifurcates into a component that
dotted flat line in Fig. 5 shows the result. The difference ismoves into the outer well and another that is reflected back

0.006

0.004
0

= (@

4 40
0.6 08 757200 ar/ 55
g./eV

FIG. 6. Photoelectron sign&(e) vs
kinetic energy and delay time. The
photon energy of the pump laser is
(@, (A) hw,=3.6192 eV (below the
barrien, (b), (B) iw,;=3.6763 eV (at
the barriey, and(c), (C) iw,;=3.7007
eV (above the barrigr For each en-
ergy, the polarization vector of the
probe laser is set parallgla), (b), (c)]
and perpendiculaf(A), (B), (C)] to
that of the pump laser. Note that the
vertical scales are different for differ-
ent energies.
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to the inner well. The period of recurrence of the wave
packet in the inner well happens to be about half of that of its
outer-well counterpart. At abof T=600fs, the outer-well

component reaches its turning point, which results in a
strong peak in the photoelectron signal at very low kinetic
energy. This feature was first pointed out by Meier and
Engell%'”who also noted its value for mapping wave pack-

ets at their turning points. On the other hand, the inner wave ““ AT=242 s

packet, which becomes rather dispersed, leads to a peak at l

AT=121fs

Intensity

aboute, =0.7 eV atAT=600fs. An interesting double-peak
feature is seen aroung=0.7 eV andAT=1000 fs. We will
return to this feature in the next subsection.

When the pump pulse places the wave packet above the
barrier, the photoelectron spectra are simpkégs. 6c) and Iﬂl lh AT=968 fs
6(C)], since no major bifurcation of the wave packet occurs 50 55 54 56 58 60
at the potential barrier. As in the other cases, the peak around £ eV
e,=0.7 eV arises from the wave packet while it is in the Y
inner well. Once over the barrier, this peak at 0.7 eV is Nog. 7. vibrational spectra of the Maation at selected delay times for the
longer present, reflecting the absence of any major compaase of a pump energy at the top of the barrier and parallel polarization.
nent in the inner wel[Fig. 3(c)]. A high peak at a very low
photoelectron energy aroun¥iT =500 fs again arises at the
outer turning point. The broad feature at=0.7eV and

AT=800-1000fs is due to the dispersed wave returning tgigure 8 shows plots OS(EU) and P(E“"__Ev) for B
=5.9633eV. For convenience, we have simply connected

AT=605 fs

the inner well. the available values d?(E,;—E,) with straight lines in Fig.

8. The overall consistency is evident. However, we do note
C. Relationship between vibrational and photoelectron the absence of a peak 8{E,) atE,=E,, and 605 fs, where
spectra a strong peak is seen at very low energy in the photoelectron

spectrum[cf. Fig. 6b)]. This low-energy peak irP(gy)
arises when the wave packet hits the outer turning péiht.
;Ighis difference betwee8(E,) andP(E,;—E,) at the lowg,
IS due to the definition oP(&,). Writing Pjy, as

The vibrational spectrun§(E,), extracted from the ion
wave packetsy,, provides complementary information to
the energy-resolved photoelectron spectra. This spectrum
obtained from

SE)= [ kS, [ as[ dRet (R AT Pon= | Plede [ akeS [ dRlxnRtl?
, | 2
XXk/m(thf'i'S;AT)eXF{%EUS), (55) :f P(Sk)m—edk, (59

whereE, (measured from the bottom &f,) is the energy
associated with molecular vibration. Figure 7 sho®(&,)

for the case of a pump photon with energy close to the top of
the barrier and for parallel polarization of the pump and
probe pulses, at selected delay timeB= 121, 242, 605, and
968 fs. The global features of this vibrational spectrum are
rather similar to the photoelectron spectra shown in Fig).6
Starting from a single major feature located arouBg
=5.2eV atAT=121fs,S(E,) splits into two major peaks at

AT=121fs

E,=5.2 and 5.35 eV at a delay time &fT=242fs. The % mn E AT=2421s
higher-energy group disappears ZT=605fs. At a delay 2
time of 968 fs two peaks reappear, with one of these shifted .
to slightly lower energy. AT=605 fs
From energy conservation, we expect
E,+&x=f(w1+ wp) + Eground™ Etot (56) T=968 fs
where Egnq I the energy of the initial state prepared on oo, Sl e o5
Vg . While this equality is not rigorous due to the uncertainty 50 52 54 56 58 60
principle unless a stationary optical source is used, the fol- E,/eV

lowing relation may apply:
FIG. 8. Comparison oP(E,—E,) for E;;=5.9633 eV with the vibrational
S(E,)*P(Eixt— E,). (57) spectrumS(E,) of Fig. 7.
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of the delay-timeAT. They found that the Fourier transform
of this signal with respect to the delay time yielded the basic
frequency for coherent motion of the wave packet on the
double-minimum staté3, |, and, moreover, emphasized that
the Fourier spectrum so obtained is composed of individual
frequencies corresponding to the energy spacings of the vi-

AT=1211s

> brational levels forming the wave packet. This vibrational
g m I |i |L AT=242 fs feature should arise directly fropu(R,t). Though our spec-
2 tra taken as in Eq(55) pertain to the vibrational motion of
= the wave packet of the product ion Na or i, m(R,t;
AT=605 fs +5s;AT), these results do confirm that information about vi-
=2 8 brational states can indeed be obtained from pump—probe

photoelectron spectroscopy.

D. Angular distribution of photoelectrons

E, /eV

In conventional photoelectron spectroscopy, angular dis-
FIG. 9. Comparison okP(E,—E,) with E,=5.9633 eV and the vibra-  trioUtions are known to provide valuable insight into the un-
tional spectruns(E,) of Fig. 7. derlying dynamics. A few groups have, moreover, recently
reported measurements of angular distributions in pump-—

o . probe photoelectron spect?&?® Althorpe and Seideman
and comparing this witt§(E, ) in Eq. (55), one sees that EqQ. haye also examined the angular distributions of photoelec-

(57) should be replaced by trons in the pump—probe ionization for a rigid diatomic mol-
72k ecule NO*® We have also recently published a brief report
S(E,)* —P(E—E,) (59 on photoelectron angular distributions for pump—probe ion-
€ ization of aligned Na?’
with These time-resolved photoelectron angular distributions
om are given by

k= % VEo—E, - (60 A(g .AT)

In fact, the overall agreement betweérd(E,,—E,) and . 2

S(E,) is far better, as shown in Fig. 9. :f dksz dR;:,n Xikm(Rit JAT)Y (O, )|
Comparison o5(E,) andk P(E,;—E,) may suggest that '

the strong feature centered Bf=5.2eV arises from the (61)

wave packet moving in the inner well, while the feature atwhere ¢, is set to zero. Figure 10 shows a few such photo-
E,=5.35eV must be associated with the wave packet comelectron spectra for pump photon energies below, on top of,
ponent moving in the outer well. However, it is not quite and over the barrier in the excited state. In contrast to the
clear how these values I8, would arise. The origin of the kinetic energy distributions in Fig. 6, these angular distribu-
vibrational feature aroun&,=5.35eV is more difficult to tions are significantly different for the parallel and perpen-
understand, since the potential curve of the ioRat5.6 A dicular cases. For the parallel case, the angular distribution is
lies above 5.5 eMsee Fig. 1 For example, aR=6.7A,  generally ofd, type, as illustrated by the inset of Fig. 10,
which is the bottom of the outer wel/;,(R) is about 5.8  while it is basically ofd,, type for the perpendicular case.
eV, and there is hence no way for a wave packet lying ther&hese shapes are expected on the basis of symmetry consid-
to be in a vibrational state &,=5.35eV. It is more reason- erations for a dipole interaction. The oscillatory behavior of
able therefore to assume that these large features must be dihese angular distributions with time when the wave packet
to two large ionization amplitude§ (K ,R), at, say,R¥ is in the inner well(Fig. 10 simply reflect the oscillation of
and R}, just sandwiching the potential barrier 6f,(R) the ion signal seen in Fig. 5 and discussed previously. The
(see Fig. 1L As a wave packet passes through the barriemain difference in the angular distributions for the cases
region, its kinetic energy is small enough to remain there fowhen the pump photon places the packet just at or above the
a longer time, which allows the packet to acquire a largebarrier is the absence of the peak for a delay time of 600 fs in
ionization probability. Furthermore, assuming that a wavethe latter case. This difference arises from the fact that in the
packet does not change its momentum upon ionization frontatter case the wave packet has virtually no inner-well com-
V(R) to Vion(R) at eachR, in accordance with the Condon ponent until the wave packet returns there from the outer
approximation, then a wave packet passing through theseell at around 800 fs.
two high peaks aR};, and Ry, should be promoted to ener- The dependence of these photoelectron angular distribu-
gies close tdE,=5.20 and 5.35 eV, respectively. tions on the orientation of polarization of the probe and the
It is worth noting that in their pump—probe studies of molecular axis can potentially be exploited to monitor mo-
Nay(X '2 ) —Nap('S ;) —Na(3s)+Na', Baumertetal® lecular rotation. Such use of pump—probe photoelectron an-
observed an oscillatory signal of Ndransient as a function gular distributions for real-time mapping of molecular rota-
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tion can be a valuable supplement or alternative to lasetra for wave packet motion in Nal underway provide further
induced fluorescenaéIF) detectior” For example, consider and compelling evidence of this. Second, photoelectron an-
a case where the polarization vector of the pump and probgular distributions not only provide insightful fingerprints of
pulses are parallel to theaxis and the molecule liesintlyg  vibrational wave packet dynamics, but their strong depen-
plane(Fig. 2. If the molecular axis lies along@g at the time  dence on the relative orientation of the pump and probe po-
of probing (AT), the angular distribution is given as larizations can also be exploited to monitor real-time mo-

A(6,: 0x(AT)) =cog X (d2-type distribution lecular rotation.
+sin? 6 X (dy,-type distribution ACKNOWLEDGMENTS
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