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An unusual 7 shape resonance in the near-threshold photoionization
of S; para-difluorobenzene

Susan M. Bellm,® Julia A. Davies,” Paul T. Whiteside, Jingwei Guo,® Ivan Powis,? and
Katharine L. Reid
School of Chemistry, University of Nottingham, Nottingham NG7 2RD, United Kingdom

(Received 25 February 2005; accepted 14 April 2005; published online 13 Jung 2005

Previously reported dramatic changes in photoelectron angular distrib(aBs) as a function of
photoelectron kinetic energy following the ionization 8f p-difluorobenzene are shown to be
explained by a shape resonance in thyg symmetry continuum. The characteristics of this
resonance are clearly demonstrated by a theoretical multiple-scattering treatment of the
photoionization dynamics. New experimental data are presented which demonstrate an apparent
insensitivity of the PADs to both vibrational motion and prepared molecular alignment, however, the
calculations suggest that strong alignment effects may nevertheless be recognized in the detail of the
comparison with experimental data. The apparent, but unexpected, indifference to vibrational
excitation is rationalized by considering the nature of the resonance. The correlation of this shape
resonance in the continuum with a virtual antibonding orbital is considered. Because this orbital

is characteristic of the benzene ring, the existence of similar resonances in related substituted
benzenes is discussed. 2005 American Institute of PhysidDOI: 10.1063/1.1927523

I. INTRODUCTION through, the anisotropy of a PAD typically changes, giving a
highly characteristic signature. A cylindrically symmetric
Experiments in which synchrotron radiation in the uv to photoelectron angular distributidfg) following two-photon
vuv region is used to ionize gas phase molecules are comonization can be written as
monly used to identify and map dynamical resonances in the
continuum. Such measurements of the spectra and angular (6) = BooYoo(6,0) + B20Y20(6,0) + BagYao(6,0), (1)

distributions of photoelectrons as a function of their kinetic - .
. where theB,, and B, coefficients are both anisotropy pa-
energy typically range from a few eV to several tens of eV ' : .
above the ionization threshotd® By contrast, laser multi- rameters,5y is the angle-integrated cross section, and the
T . " : ' Y, v are spherical harmonics. For ease of comparison of val-

photon ionization experiments, in which photoelectrons areues and to give anisotro arameters that depend on the

generated close to threshold and where the ionization Waves-ha’ e of thegPAD onl thpy pand values arepusuall

length is usually only varied accidentally as a consequencg ore D only, th Pao : y
normalized by dividing byBy,. The resonance is then ex-

of defining the excitation step, have rarely made reference tBected 10 Show P in a plot ¢/ Bop ANA/OT Bag/ Bog VETSUS

such resonancés! This has caused a twofold problerf) — © . . : : .
nization energy. When no molecular alignment is created in

there is little information on resonances in the near—threshol{{;:e excitation stepBao will be zero (as it would be in the
region (where they might well be expected to appear as the PP

interaction of the electron with the ion core is here stror)gestone'phOton cageand _1N5$'32°/'8°°.$2./V5.' In the one-
hoton case, when the precursor to ionization is not aligned,

and (ii) the unidentified presence of such resonances maﬁIe parametess rather thang,, is usually used, wherg
— 20 ’

affect the interpretation of the dynamics involving the pre-_ 7 . -
pared state that the multiphoton ionization experiments werg Y9P20/ oo is the coefficient of the second Legendre poly-

designed to probe. homial P:
Resonances in the ionization continuum cause a large |(g) o« 1 + gP,(cos#). (2)
change in the phase shifts of the contributing photoelectron _ _
partial waves. Because photoelectron angular distribution8ara-difluorobenzene(p-DFB) has been well studied by
(PADs are extremely sensitive to these phase shiftey are s_pectros_coplst%,partly because it has an easily accessible
often a better indicator of the presence of a resonance thdifSt excited state and a low ionization potential. For this
the cross section alone. As the resonance energy is passéison. many studies have employed multiphoton ionization
to study its spectroscopy and dynami¢s It is therefore
dpresent address: Atomic and Molecular Physics Laboratories, Researclﬂ’]portant tc.) understand .the photoionization (.jynamlc.s of
School of Physical Sciences and Engineering, Australian National Univerp'[?FB' partlcularly.out. of itsS; (valence e!eCtron'C Stat? n
sity, Canberra ACT 0200, Australia. which a electron is ejected. In thB,, point group, which
Ppresent address: National Physical Laboratory, Teddington, Middlesexs relevant to the equilibrium structure pfDFB, there are

TW11 OLW, United Kingdom. . . . .
9Ppresent address: Department of Chemistry, University of York, HeslingtontWO conventions Commonly found in the literature which

York, YO10 5DD, United Kingdom. lead to different labeling of the irreducible representations,
9Author to whom correspondence should be addressed. and thus different choices of the symmetry labels describing
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orbitals and states. These conventions place the molecule in The excitation laser was a pulsed Nd:YAG
either thexy or the yz planes with they direction running  (YAG-yttrium aluminum garnet (Continuum Surelite )
perpendicular to the F-F axis in either case. We will assum@umped dye las€iContinuum ND600J the output of which
the latter orientation in this paper. The effect of switching thewas doubled and then mixed with the Nd: YAG fundamental
coordinate choice is simply to interchange the— b;, des-  to produce light in the range 259-271 nm which is resonant

ignations(wherex may be eitheg or u). with the §— S, vibronic transitions inp-DFB. In the one-
color experiments the same beam was used for ionization. In
F@'F the two-color experiment, which was only applied when the
y S, origin transition at 271 nm was excited, a second wave-
z length was generated by pumping a second Continuum

ND6000 dye laser with the frequency tripled output of a

The electronic transition moment for excitation from the second Nd: YAG(Continuum Surelite)l The energy of two
So(lAg) ground state to th@l(lBZU) excited state ha®,, photons at 271 nn(9.13 e\ is less than the-DFB ioniza-
symmetry and lies along the axis. p-DFB has 30 nonde- tion potential(9.16 eV} and so no one-color resonant ioniza-
generate vibrational modes which decompose into the syntion occurs in these experiments; the second photon wave-
metry  species  &;+2a,+1byg+5by,+3by +5by,+5by,  length was chosen to be off-resonance with &y S,
+3b3,. The S(v=0)— S, excitation process allows, in prin- transitions and varied in the range 266 nm-225 nm. A small
ciple, the formation of all totally symmetric vibrational states background signal was detected only at the shorter ionizing
in S;, but of the totally symmetric modes only modes 3, 5,wavelengths and was largely due to photoemission of elec-
and 6(CF stretch, ring breathing, CCC in plane bend, respectrons from surfaces within the vacuum chamber with a very
tively, with modes labeled using Mulliken notatiorare  small contribution from single color nonresonant ionization.
formed with one quantum %, and dominate the observed Thus, we observed a relatively clean two-color signal and
vibrational progressions. In addition, twi;; modes, v,6  there was no need for a background subtraction. In the one-
(CCC in plane bendand v,7 (CF in plane bendare weakly  color experiments the energy in excess of the ionization po-
active as a result of vibronic couplifigExcitation of one tential is defined solely by the excitation wavelength; in the
quantum in either of these modes $p from $(v=0) gives  two-color experiments it was chosen by selecting the wave-
rise to a vibronic transition moment that points alang.e., length of the second laser beam.
the F-F direction Each laser beam was passed through a zero-order half

In recently published work we reported a striking depen-yave plate before crossing the molecular beam. The wave
dence of PADs following the ionization &,(v=0)p-DFB  pjates were rotated by a computer controlled stepper motor,
on photoelectron kinetic energy, which we tentatively attrib-gnaplings, the angle between the polarization vector of the
uted to a low-lying shape resonance in the c_:ontm&ﬁﬂim ~ionizing light and the direction of ejection of the photoelec-
this work, we demonstrate by the use of continuum multipley o to be varied. The angle between the polarization vec-
scattering calculations using anx{ocal-exchange approxi- 45 of the synchronized excitation and ionization beams was
rr_1ann (CMS-Xa) that a shapg resonance is indeed reSpOngyed at either 0° or 90° and the polarization vectors of both
sible for the observeq bghaylor. We present phqtoe_lectroBeams were rotated together and with respect to the time-of-
srf)ectra and angu!sr d.IStrItI)utIOI’IS foql};owmg the_llomz?tl%n Offlight axis to give five angles of ejectioi=0°, 22.5°, 45°,
the preparedS, vibrational states %36 838 cn), 540 67.5°, and 90f. Photoelectrons formed byl +1) or (1+1')

1 200 Al 1100 Al
+815 cm ), 5107+ 1629 cn), 3°54(07+2065 e, and resonance-enhanced two-photon ionization, and ejected

1000 51 ionizati i
2.7 (0°+436 cn), and ionization with a second photo_n of along the axis of the drift tube, were detected with a 2.5 cm
either the same or shorter wavelength in order to examine th

effects of initial and final vibrational states, and of the pre_glameter triple microchannel  plate detectdPhoteh

pared intermediat&, state molecular axis alignment on the mount_ed at the other end, thus_glvmg a small solid angle of
experimental PADS. detection. The photoelectron signal was passed through an

amplifier (Ortecx 10) and the flight times of the photoelec-
trons recorded with a time-to-digital convertdfDC,
LeCroy 2277, which has a time resolution of 1 ns. The TDC
The apparatus has been described in detail in previougas controlled and read by a PC via a CAMAC interface
publications from this grouf’** here we provide a brief (Hytec Electronics In order to minimize the effect of pos-
description and report details relevant to this work. Roomnsible laser power fluctuations during the experiment, photo-
temperaturg-difluorobenzenéAldrich, 99% was seeded in  €lectron spectra were accumulated for 1000 laser shots at
helium and expanded through a pulsed noz@Beneral €ach value of¢ and this process was repeated at least 40
Valve) into a skimmed molecular beam chamber. Thetimes. In addition, power-dependent studies were undertaken
skimmed molecular beam was intersected perpendicularly btp ensure that the excitation step was not saturated. The pho-
a loosely focused laser beam at one end of a 24 cm long drifpelectron spectra were converted from their original form,
tube, magnetically screened by a double layer mu-metahs a function of photoelectron time of flight, to a function of
shield. All surfaces on the inside of the drift tube were coatednternal energy of th@-DFB ion. In order to determine pho-
with graphite to minimize the build up of contact potentials toelectron angular distributions, each photoelectron peak in
and so provide an almost completely field-free environmenteach spectrum was fitted to a Lorentzian function, the area

Il. EXPERIMENTAL DETAILS
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under which was taken as the peak intensity at that value of Toml
6. The resultingl(6) values were then fit to Eq1) in order —_ 1=2
to determine the anisotropy parameters. 1 S —— ks

lll. THEORETICAL METHOD

The photoionization matrix elements required to com-
pute properties such as the ionization cross sections and an- ]
gular distribution parameters were obtained from CM&-X —— b,
calculations using a methodology fully described ]
previously.ls'16 In brief this entails, as a first step, the con-
struction of a self-consistent ground state neutral molecule
potential consisting of overlapping spherical regions centerd
on each atomic site, in which the exchange contribution to an
effective one-electron potential is represented using the X
local density approximation. Electron wave functions can
then be expressed in a symmetry-adapted basis of spherical
harmonic functions on each center with radial terms obtained
by direct numerical integration within the spherical zones of < g~ __
the potential. I ——— _

Atomic coordinates were taken from an optimized 12 3 4 5 6 7 8 9
MP2/6-31G" structure while other parameters were derived
as previously describeld. The basis functions on the atomic
centers were truncated Bf,,=2 (C and B or | 5,=1 (H),
while in the spherical outer regiop,,,=5 was imposed. A
trial S, density developed with these parameters was iterated
using standard techniques to obtain a self-consistent ground -
state potential and the associated one-electron functions. 1 2 3 4 5 6 7 8 9

In the present work a@, excited state neutral potential Elecwon K.E. (€¥)

Was then obtained fr(_)m that of tf# ground State_’ modify- FIG. 1. CMS-Xa calculations for theS, a;* photoionization:(a) cross sec-

ing the electron density by the ansatz of promoting one elecion, decomposed intb-wave components. Higher tern{s=6) make a

tron from the outermostlt®, orbital to the B, lowest unoc-  negligible contribution and are not showth) Symmetry allowed partial

cupied molecular orbitaiLI7, and then reiterating to achieve c_hannel cross section&) Eigenphase sums for the symmetry allowed con-
. . . . g ._tinua[same key agb)]. (d) 8 asymmetry paramet¢Eq. (2)] for a randomly

self-consistency while maintaining the modified occupation,ienteds; state.

numbers. From these two neutral potentials we ek

for the $—S; vertical excitation is (-430.624 ~ = _,

~(-430.793a.u.=4.6 eV, a value which is in excellent A(1P1g) photoelectron bands recorded fat=21.2 eV have
agreement, but probably rather fortuitously so, with the ex.een reportea‘? and at the vertical ionization energies are
perimental transition energi271 nm=4.58 e\). reported as 0.89+£0.09 and 1.09+0.08, respectively; these

Continuum electron wave functions were subsequentlfompare favorably with the corresponding values of 0.72 and

calculated, and bound initial orbitals recalculated, using po?-87 calculated here. _ _
Having thus established that ti%g potential provides a

tentials derived directly from these converged neutral poten- dible b tor th lculati furth eulati
; ; ; credible base for these calculations, further calculations were
t|§Is, adapted to have an asymptotic Coulo_rnb!c fqrm appr-Open‘ormed using thes,(....2b3 1aL1,) excited state potential
priate for ion plus electron, and then photoionization matrix® =" . > 2g oeHd
elements between initial and findlonized states were derived from it. In this case our treatment of the ionization
obtained® in a frozen core approximation ensuring orthogo-dynamics needed to be extended to consider, additionally,
nality of the orbital functions. For the continuum state cal-PoSSiPle alignment of the optically prepar&l state. For

culations the spherical harmonic basis expansions were othis, fixed molecule photoelectron angular distributions were
tended to higher| [alC,P=4, |..(H)=3, and calculated from the matrix elements for a specific molecular
max ma: ! 1 ma 1

. . 6 .
| .a{0uter sphere=8], reflecting the expected scattering into orientatiort® and these were then averaged over an appropri-

higherl waves caused by the anisotropic ion potential. Thesé‘teW weighted distribution of orientations in the lab frame to

calculations were checked for convergence in selected cas@8t@in predicted photoelectron angular distributions for com-

by repetition with the partial wave expansion increased td°2/son with experiment.

Imaouter sphere=10, and it was also ascertained that the

bound initial levels were only minimally perturbed by the IV. COMPUTATIONAL RESULTS

asymptotiC Coulombic adaptation made to the pOtentialS. Figure 1 shows the calculated to@“!a;l Cross section
An initial set of calculations examined one-photon ion- decomposed into itswave components and partial channel

ization from the grounds, state of p-DFB. Experimental  cross sections; these are ki, kbyg, kb, electric dipole

asymmetry parameter8 measured across th>e(2bgé) and symmetry allowed continua. The strong peak at 2 eV above

2 i, (m Radians)
2
1
g
N
\
\
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e | eigenchanné? which are made in a plane 0.25 A above the
s 264 FO8 molecular plane(since the latter is a nodal plane fog,
=} 2] . . . . .
= - T E symmetry at the indicated photoelectron kinetic energies se-
S 244 [0 Tl F0.6 5
. e R lected below, above, and at the shape resonant energy. Along
£ 221 F0.4 & with the corresponding surface representations, these show
Ry g the strong localization of the continuum function around the
piz2o04 4 0.2 . : .

1/ - I six-membered ringand the enhanced amplitude that devel-

= — — ops at resonance. These two features, of course, make for a

234567809 : o _
Electron K.E. (V) strong overlap with the initial state wave_functlon and so
support the strongly peaked cross section at resonance,
FIG. 2. CMS-Xx calculated eigenphase sum and the two most prominenwhile the rapid phase change contributes also to the associ-
individual eigenchannel phases for thg symmetry continuum. ated variations in the angular distribution asymmetry param-

eter 5.

threshold will be identified as a shape resonance irkthg

continuum, and it can be seen that there is a corresponding

dramatic dip in the calculated asymmetry param@¢Fig. v EXPERIMENTAL RESULTS AND DISCUSSION

1(d)] describing the photoelectron angular distribution from

a randomly oriente®,; state sample. Electric dipole selection Figure 4 summarizes the results presented in Ref. 13 in
rules dictate that théhb,y continuum can only be directly which thev=0 state inS; was prepared prior to ionization,
reached by ionization db,, or b, orbitals from theS, state  and PADs were analyzed for the"=0 ion state only. A
(there are no occupied], symmetry orbitals Hence the first  strong change in the value B,/ 850 0ccurs with photoelec-
single photor, ionization which might also show this same tron kinetic energy, whereas the value 8fy/ By, remains
resonance behavior is th@2b., whose vertical ionization ~close to zero at all energies. This variationdgy/ Boo quali-
energy we estimate as14 eV. tatively matches the behavior seen in the analogbparam-

The high molecular symmetry imposes several con€ter calculated for an unalignes] state[Fig. 1(d)], with a
straints, and consequent simplifications, for a partial wavenarked switch from a parallel to perpendicular distribution
analysis of the photoionization behavior. The inversion sym{i.e., positive to negativgg parameter within a few eV of
metry restricts the dipole allowegeradecontinua to partial  threshold. However, the one-photon excitationSpfp-DFB
waves of everl only, and theb,, symmetry continuum is would be expected to prepare an aligned subset of molecules
further restricted to just odch projections. A partial wave in the excited state. This alignment can be characterized by a
decomposition of the cross section into individliavaves  distribution of molecular axe§(6),
c!egrly demonstrates that below 10 eV, including in the vi- £(6) = ag + a,P,(c0s0), 3)
cinity of the shape resonance, the two low@st2 andl =4)
waves absolutely dominate the ionizatipRig. 1(@]. The  whereP,(cos#6) is the second Legendre Polynomial ahi
next possible terml=6, contributes less than 0.2% in this the angle between the polarization vector of the excitation
energy range. laser beam and the molecular axis. The maximum possible

A convenient way to visualize properties of the con-degree of alignment induced by one-photon excitation is
tinuum is by using a real eigenchannel representation, olthereforef(6)=co4, or a,/ay=2.
tained by diagonalization of thi-matrix normalized func- Results of the CMS-% calculations described in the
tions computed by the CMS-X treatment>*® From this  preceding section are included in Fig. 4 to facilitate compari-
transformation one also obtains the eigenphaggfor each  son with the experimental data. Values @/ By and
eigenchannel. The eigenphase szlffrmsum:Ea,ua, is the  Biol Boo resulting from a calculation where the maximn
multichannel analog of the single-channel central potentiadlignment(i.e., a,/a;=2) is assumed are shown for the six
scattering phase shift encountered in formal scatteringphotoelectron kinetic energies studied experimentally. These
theory. At resonance the single-channel phase will show aalculations clearly demonstrate good agreement with ex-
rise of ~a rad; in the multichannel case this rise may beperiment: small3,/ Bog Values in the threshold region, but a
partially masked by changes in the nonresonant eigenchannétamatic fall and change in sign for th&,/ By parameters
phase across the same region. as the kinetic energy is increased. Also included in Fig. 4 is

In the present case the eigenphase sums obtained fromcorresponding set of calculated valuesBg§/ Byo Obtained
the calculation, Fig. (), clearly confirm the dynamic reso- with the assumption oho intermediateS; alignment, i.e.,
nant behavior in thdy,q symmetry continuum, displaying a a,=0 (in which caseg,, is necessarily everywhere zero, so
marked risg~0.77 rad) in the scattering phase in the region no explicit values need be plottedrhe effect of the align-
between 1 eV and 3 eV photoelectron kinetic energy, comment is to increase the value 8§,/ Bqg at all energies mak-
fortably meeting established empirical criteria for the identi-ing for quantitative, rather than just qualitative, agreement
fication of a shape resonance in molecular photoioniz&tion. with experiment. The calculations therefore show that the
It is also clear from examination of the individual eigen- experimentally observed behavior of the PADs with photo-
phases in théb,, continuum channelFig. 2) that this reso-  electron kinetic energy is indeed caused by a shape reso-
nance is substantially carried by just a single eigenchannelnance in the continuum. The observed behavigBgf By is

Figure 3 shows contour plots of this selected resonanalso predicted, and while this parameter value remains small

Downloaded 13 Apr 2011 to 192.43.227.18. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



224306-5 Shape resonance in para-difluorobenzene J. Chem. Phys. 122, 224306 (2005)

FIG. 3. Resonant eigenchanri@, in Fig. 2) plotted

29
at the plane 0.25 A above the molecular plane at se-
lected kinetic energies below, at, and above the shape
resonance energy. The surface representatieftscol-
umn) are plotted with a common amplitude scale to
show the increased localized amplitude at resonance.
The contour plotgright column) indicate the locations
of the atomic spheres and the outer sphere at their in-
tersection with the plotting plane by shading.

A
4 Toglik

there is nevertheless a clear suggestion that interme8jate shorter than a rotational period pfDFB and a maximum
state alignment is important. alignment can be expected without any reduction by rotation
A direct comparison of the experimental PADs and theprior to ionization. In Fig. 6 we compare the results of these
calculations where the full alignment, i.e;/a,=2, is as-  picosecond laser experiments with those of our nanosecond
sumed is shown in Flg 5. However, while this partiCUlarexperimentS inc|uding data for all preparspand ion vibra-
choice ofa,/a, represents maximal alignment of t8¢ in-  tjonal states, and it can be seen that the results for the two
termediate, in a rotationally unresolved system such as this §|se durations cannot be distinguished. This therefore sug-
reduced value 08,/a,=0.4 would be predicted in the long egts that either the alignment produced in the two cases is
lifetime limit, i.e., where the initially prepargd allgnment IS the samewith the comparison with calculation suggesting it
_red_uce_dbut notzdestr(_)y(_a)cby mol_ecular rotation prior to the is maxima) or that the experimental PADs are completely
lonization steﬁ. A priori one might well expect this long insensitive to the extent of the intermediate state alignment.

lifetime limit to be reached in experiments such as these n it of the first hvpothesis. similar subnan nd
where nanosecond laser pulses whose duration is much support o ? .S _ypo es.s, simiia su. anoseco
e scales for the ionization step in both experiments could

longer than a rotational period have been used. Figure 5 aldfn _ X N .

includes, therefore, a comparison with PADs that have beeR€ rationalized by considering the photon flux in the nano-

calculated for an assumed intermediate alignmenagf, ~Second pulse experiments. Taking representative pulse pa-

=0.4. Clearly the agreement between calculation and experf@meters for the ionizing laséx=270 nm, 3 ns pulse width,

ment is actually better foa,/a,=2 than fora,/a,=0.4. 1 mJ per pulseand assuming that the laser beam is focused
We can bring some further experimental evidence td0 & 100um spot we can estimate |~6

bear on this point. We have measured PADs fi®np-DFB X 10?” photons cri?s™ in the interaction region. When

in experiments in which temporally overlapped laser pulsesombined with the predicted magnitude of the ionization

of 1 ps duration were used to excite and ionize a seri¢} of cross section, o across the threshold region of

vibrational levels. In this case the laser pulse length is much-20 Mb (1 Mb=101cn?) we obtain ol =~10" st
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A\A\A\é

0.6 - ® B, (expt) 0.6 ® Nanosecond
—A— g, (calculated for a,/a, = 2) O  Picosecond
A E 3 —m—p, (calculated for a,/a, = 0) ]
0.4 - \ } O By (expt.) 0.44 %
‘\ —A—B,, (calculated for a /a, = 2) i }
] ] [
[5
2 02 \ 0.2 L)
E\; ?ﬁ\. z ELE 1 {
& 0.0 0 g\ = 0.0 { }
o x
8
c
<

;\A -0.2- $ { { 3

0.2 ;

-0.4
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0 1000 2000 3000 4000 5000 6000 7000 8000
Photoelectron kinetic energy (cm™)
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0 1000 2000 3000 4000 5000 6000 7000 8000
Photoelectron kinetic energy (cm’™)

FIG. 4. Experimental and calculated normalizgg, parameters describing FIG. 6. Experimental normalized, parameters describing the anisotropy
the anisotropy of the photoelectron angular distributions following the ion-of the photoelectron angular distributions following the ionization of a num-

ization of S;(v=0)p-difluorobenzene and formation of the electronic ground Per of vibrational levels ir§, p-difluorobenzene and formation of a number
state of the ion irv=0. The solid lines joining the calculated points are to Of (resolved ion vibrational levels. The solid circles represent data taken

guide the eye. The six energies at which data are shown correspond to t¢en both excitation and ionization laser pulses are-6fns duration and
ionizing wavelengths 266 nm, 263 nm, 259 nm, 253 nm, 244 nm, and ooverlapped in time. The open circles represent data taken when both exci-

nm, and the excitation and ionization polarization vectors are parallel. Thdation and ionization laser pulses are-ei ps duration and overlapped in
calculation is shown both for an unalign& state, and for an alignment time. The photoelectron kinetic energy is defined by the total photon energy
described bya,=2.0 (see text [(1+71') or (1+1)] and the vibrational state formed in the ion.

molecule?, or an estimated mean lifetime ef10 ps prior to The CMS-Xa calculations thus demonstrate how the
ionization, which is significantly less than the rotational pe-characteristics of the PADs depend on the near-threshold
riod of jet-cooledp-DFB (~100 p3. These estimates assume shape resonance, and that the quantitative comparisams

a smooth temporal profile for the laser pulse and neglecFig. 5 may indicate a strong alignment of the intermediate
spiking due to the mode structure of the nanosecond laseg,; state. At the same time both experimental and calculated
but are sufficient to show that under the experimental condiB,, values remain=0. However, while a nonzer@,, [EQ.
tions used the laser pulse duration is unlikely to determingl)] can only arise in at least a two-photon process where
directly the characteristic lifetime of the aligned intermediateintermediate alignment is present, the converse is not true;
state. We note that this conclusion in part relies on the comg,is not necessarily nonzero in the presence of intermediate
paratively large magnitude of the predicted cross sectiostate alignment, but rather the net anisotropy of the process
across the threshold region. Conversely, if the inference ofan all be substantially carried in th, parameter.

equally strong alignment in the nanosecond and picosecond However, supporting our alternative inference that the
experiments is correct, it may tend to corroborate the calcuexperimental PADs show little overt alignment dependence,
lation’s predictions of a large magnitude cross section. there is an apparent lack of sensitivity to a change in the

excitation-ionization laser polarization geometry. Figure 7

0.06 eV
0.06 eV 0.11 eV 0.18 eV

0.28 eV 0.49 eV 0.92 eV
0.28 eV 0.49 eV 0.92 eV

FIG. 5. Polar plots of the photoelectron angular distributions whose aniso-
tropy parameters are given in Fig. 4. The points are experimental data poinfSIG. 7. As for Fig. 5 except that the polarization vectors of the excitation
with statistical error bars going through them. The solid line is the calculatedand ionization are fixed to be mutually perpendicular. This geometry breaks
PAD for an alignment described lay=2.0 (see text The dashed line is the cylindrical symmetry of the resulting PAD and the measurements and cal-
calculated PAD for an alignment described d&y=0.4. The#=0 direction culations are taken in a plane fixed normal to the light beam directions. The
points vertically upwards and the PADs were all normalized to give the@ direction points vertically upwards and is defined by the polarization di-
same intensity in this direction. rection of the ionization laser beam.
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FIG. 8. Polar plots of the photoelectron angular distributions follow@g -0.3 4
the preparation of the'@s, vibrational level(transition moment along) and 0.4 1

the formation of the Bion state andb) the preparation of the 2B, vibra- T T T T T T T 1
tional level (transition moment along) and the formation of the 27ion 0 1000 2000 3000 ‘?009 5000 6099 7000 8000
state. In both cases the photoelectron kinetic energyGs2 eV. The solid Photoelectron kinetic energy (cm™)

line is the calculated PAD for an alignment describedaby 2.0 (see text

The dashed line is the calculated PAD for an a|ignment describedz by FIG. 9. As for Flg 6 except that the data are Separated out aCCOrding to the
=0.4. preparedS,; vibrational level. Only data taken using 5 ns laser pulses are

presented.

shows measured and calculated PADs for perpendicular
excitation-ionization polarization vectors. This experimentaldests an intermediate alignment that is significantly greater
geometry breaks the cylindrical target symmetry, and thesthan the long lifetime limita,/a;=0.4, must be present.
PADs are taken in a plane normal to the mutual propagation ~Shape resonances in photoionization arise when the out-
direction of the laser beams, and which contains both polardoing electron is temporarily trapped in the vicinity of the
ization vectors. The experimental PADs do not differ greatlylon core, and one further consequence of this is enhanced
from those presented in Fig. 5. While the CMS:Xalcula- ~ €lectron-nuclear coupling at resonance. This is frequently
tion again correctly predicts an effective rotation of the longmanifested in non-Franck—Condon vibrational branching ra-
axis of the PADs through 90° with increasing energy, at thelios. Because vibrational states in both tBeintermediate
guantitative level the agreement with experiment is clearlyand the ion are resolved in oy-DFB experiments, we
not so good as for the parallel polarization case. NevertheMight expect to see some molecular vibrational dependence
less, it is also clear that the calculation does not predict &1 our results. However, we have seen no variation of the ion
great sensitivity to intermediate alignment in this geometryVibrational branching ratios with ionization energy. This con-
with the distinction between the results fag/a,=0.4 and  trasts with earlier related wotf in which a change in ion
a,/a,=2.0 being insufficiently marked to permit a clear iden- Vibrational branching ratios has been used as a diagnostic of
tification of the better choice. a resonance. We can also study how the PADs are influenced
Another opportunity to test the relative sensitivity of the by vibrational levef.® In Fig. 9 the dependence @o/ oo On
experimental and calculated PADs to prepared alignmenhotoelectron kinetic energy is distinguished according to
arises via the excitation of a state that is only accessible asth€ intermediate $vibrational level prepared, with the data
result of vibronic Coup"ng_ Whereas most of the “brigl&i’ for all ion vibrational states inClUded, while Flg 10 shows an
vibrational levels are totally symmetri@g) giving a transi- ~ analogous plot when &8, vibrational levels are included but
tion moment that is parallel to the pure electronic transitionthe data are distinguished accordingfitzal ion vibrational
moment(b,,,y), the vibrational level with one quantum in
mode 27 is active on excitation and Hag symmetry giving 0.6

. 0
a by, vibronic transition moment which points along the F-F 0.5 : :22 21 (408 om”)
(2) direction. In Fig. 8 we show PADs resulting from the 0.4.] % i % A ion5' (808 cm')
excitation of 27 in Sy, ionization with the same wavelength, 1 % { {
and formation of the 27level of the ion, and compare these 031 1 £l )
with analogous PADs following excitation of ti# state & _ 027 Y 5}
and formation of the ion state' Gvhich gives approximately < 0.1
the same photoelectron kinetic energy. We see that the ex- = ¢ o] 1 {
perimental PADs are almost the same in the two cases indi- 4, ] {
cating that theB,q/ Bog and B,/ Byo Values following excita- 1 { {
tion of 27 at this energy lie on the same line as all the other 027 :
measured values. The corresponding results of the CMS-X -0.3
calculations(i.e., for a pump transition moment lying along 0.4

0 1000 2000 3000 4000 5000 6000 7000 8000

z) are also shown in Fig. 8, but these do predict changed ot y
Photoelectron kinetic energy (cm™)

PADs as a result of the different alignment now expected for

the S intermEdiate- Neverthe"ess' close comparisqn betweeg\g. 10. As for Fig. 9 except that the data are separated out according to the
the calculations and experiment for the! Z/AD again sug- ion vibrational state formed.
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0.5 1 E
0.04 +7% 4
-0.54 E

0.5 1 .
0.0 +5%

-0.51 7 FIG. 12. Left: CMS-Xxkby, resonant eigenchannésee Fig. 3 at the
— T T T T 1 p-DFB shape resonance. Center: HF/STO-Bg,3virtual = orbital of

0.5+ = p-DFB Right: HF/STO-3g lhy, virtual 7" orbital in benzene.
@ 0.0 +3%
-0:54 ] blance of a sixfold symmetry reminiscent ofm orbital in
054 ' ' ' C ] the isolated benzene ring. Repeating the above exercise, but

0:0_ 0% - varying only the C-F bond lengths produces even less
054 ° | change in the predicted angular distributions, thus emphasiz-

ing the association of the resonance with the benzene ring

0.5 structure. It is also then clear that this resonance does not
O'O-\f/?% result from electron trapping in an inner-well potential cre-
054 ated between the electronegative fluorine atoms, as is some-

——— 1 times postulated in heavily fluorinated spedes.
0 2 4 8 8 10 A more qualitative approach to understanding shape
Electron Kinetic Energy (eV) resonances than the electron scattering calculation under-
FIG. 11. Calculategs asymmetry parameters showing the sensitivity of the taken here seeks to identify them with excitations to virtual
photoelectron angular distributions to the indicated rescaling of the assumedalencelike antibonding orbitals which are embedded in the
molecular bond lengthgSee texy. continuum?>*’ The 3,, =" orbital of p-DFB is the lowest
lying virtual orbital of gerade symmetry obtained in minimal
level. It can be seen that in both cases there is little, if anybasis calculations. This includes both the conventional
dependence of the PAD on vibrational level, other than thédF/STO-3G (HF—Hartree—Fock calculation for the §
associated dependence on photoelectron kinetic energground state op-DFB, and also a HF level calculation for
Again, this vibrational independence of the PADs contrastshe S; excited neutral state, performed using the maximum

with other examples in the literatur&:3 overlap methodMOM) implemented in Q-Cheffi to main-
In common with other approaches to the treatment otfain the...2b§ga}J excited intermediate configuration.
molecular photoionization dynami€g? the CMS-Xx calcu- Figure 12 compares a three-dimensiof8D) isosurface

lations do not explicitly include any effects of vibrational representation of the real resonant eigenchannel with that of
motion, being performed for a fixed nuclear configuration.the HF 3,4 virtual orbital and of the analogousbggw* Vir-
However, insight can be gained by performing calculationgual orbital of benzene. The correspondence between these
for several fixed geometries, spanning the range of the vibrapictorial representations of the-DFB resonance and &
tional motion. In Fig. 11 we show the variation of the asym-orbital is obvious, but while this seemingly corroborates a
metry parametep (typifying the behavior of the photoelec- received wisdom, there are few systematic studies, to our
tron angular distributionsasall the p-DFB bond lengths are knowledge, to validate this approach other than as a tool for
scaled up and down by a few percent. Although not correpost hocrationalization in such cases as this. However, one
sponding to an exact normal mode, this allows us to examinsuch investigation of ninénear molecule&® concluded that
the behavior under symmetrical breathing-type motions ofthe lowest" virtual orbital always corresponds to discrete
the molecule. In these investigations it is found that althoughuv transitions, and not to resonances in the continuum,” in
the kb,y shape resonance shifts downwards in energy from 3tark contrast with what is shown here {®DFB. The more
to 0.5 eV with increasing bond length, the angular distribu-familiar o-type resonances naturally concentrate electron
tion is, at least qualitatively, little affected. In fact a far more density between nuclei, the scattering from which then
dramatic change is seen in the shift of a small dip in ghe readily provides a sensitivity to the internuclear spacing due
curve which in Fig. 11 starts at10 eV and moves down to to interference effects with the backscattered waves, and
5 eV. This dip is associated withkdz, shape resonance that which can greatly influence the PABS Here, however, it
can be seen from the eigenphase sum analysis at 9 eV in Figan be seen that the" characteristic of thékb,, resonance
1(c). Its rather typical behavior serves to underline the relaby contrast removes electron density from the internuclear
tive insensitivity of thekb,y resonance to movement of the regions, and thus we can rationalize a much reduced sensi-
nuclei in the molecule. tivity of the PADs to the C-C bond lengths in such cases. A
In seeking to understand this insensitivity to vibrational similar reasoning has been invoked to explain the insensitiv-
motion it is instructive to consider more closely the nature ofity to internuclear separation displayed in a theoretical
the kb, shape resonance. As can be seen in Fig. 3 there Lqudfo of the k7, shape resonance in Cl
comparatively little density on the fluorine atoms in this In one of the few previous cases where a polyatomic
resonant eigenchannel until above the resonance energy, anwleculesr shape resonance has been experimentally stud-
at the resonance energy itself we note there is some sered with vibrational resolution, the ionic state vibrational
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TABLE |. Hartree—Fock minimal basiéSTO-3Q virtual 7" orbital eigen- tively poor agreement with these experimenggbarameters
values and corresponding estimated photoionization shape resonance engl-the critical region up to 20 eV above threshold. These

ies. . . s
9 calculations do not, however, predicbg 7 resonance fea-
#virtual orbital  Eigenvalue Resonance ture, but it may be noted that they suffer a systematic shift to
Molecule symmetry (hartrees  energy (eV) low energy(due to the attractiveness of the potential used
and incomplete treatment of screening response effsath
Benzene bag 0.509 11 3.50 s
that any resonances expected within only a few eV above the
Chlorobenzene b, 0.481 49 2.92 L « ” .
Fluorobenzene b 0.495 05 3.20 ionization threshold may be “lost” as they are shifted below
1 . . . * .
p-diFluorobenzenés,) b, 0.487 75 3.05 threshold. Thus the existence obg 7 shape resonance in
p-diFluorobenzenéS,) by, 0.458 00 2.42 the valence shell ionization of benzene remains inconclusive.
1,3,5 triFluorobenzene &) 0.480 12 2.89 The analogousr™ virtual orbital in theC,, monosubsti-

tuted halobenzenes is bff symmetry. Photoelectron asym-
metry parameters of chlorobenzene have been measured over
an extended energy range, but with particular attention fo-
branching ratio for CSwas shown to be nearly constant cusing on a Cooper minimum &= 40 eV> Because of
across the resonant excitation regidmyhich carries the im-  this interest the data are a little sparse in the threshold region,
plication that the shape resonant ionization dynamics are ndtut the &' parameter curve displays a very sharp feature
sensitive to molecular geometry. This corroborates theoretiat ~6 eV kinetic energy. However, th,— b, excitation is
cal predictions for this resonance which identifies an atomicédipole forbidden and a CMS-X calculation we have per-
like nature of theksr resonant state, having the character of Sformed allows the identified feature to be assigned t@a
atom d functions®® This explanation for CStherefore in- shape resonance. For the other bands, although an eigen-
vokes the strong localization of the resonance at the extremphase analysis suggests a wekll, shape resonance at
ties of the molecule to explain the vibrational insensitivity, in threshold, neither the calculations nor the experimental data
contrast to the present case where the resonant state psovide any unambiguously assignable structure in the rel-
strongly delocalized around the ring. evant region.

The question may be posed whether the analogous ring In contrast, CMS-X calculations for fluorobenzene
" virtual orbitals in other substituted benzenes might alsdC,,) suggest that here kb, shape resonance may be dis-
correspond to shape resonances in the ionization of thosgernible at~4 eV kinetic energy, and an eigenchannel analy-
systems. Table | presents the minimal basis HF/STO®G sis reveals a very similar ring” character for this resonance.
virtual orbital eigenvalues for a number of such moleculesEven more markedly, such calculations suggest that for
Such unoccupied virtual orbital energies are not subjected td,3,5-trifluorobenzengDy,) pronounced structure in the
variational improvement in the normal course of a HF calcu-cross section and asymmetry parameter should result from a
lation, but nevertheless they are seen to be very similar foka; shape resonance at 3—4 eV kinetic energy, and an eigen-
these molecules. These eigenvalues may be expected to ovehannel examination again shows the ring antibonding
estimate the energy of a corresponding state embedded in tloebital character of the resonant state. In neither case are we
ionization continuum, since the removal of an electron onaware of relevant experimental data. It would thus be of
ionization would undoubtedly lead to a relaxation and con-some interest to perform further near-threshold ionization ex-
sequent lowering of the energy. Using an empiricalperiments for various fluorobenzenes to ascertain whether
correlatiorf® established for linear molecules, suggests thathey also display ringr" shape resonant features analogous
corresponding shape resonances would be seen in the regitmthat of p-DFB demonstrated by the present results.
around 3 eV above threshold, as indeed foundpf@FB. In conclusion, the CMS-% calculations demonstrate

In the core level excitation spectrum of gaseous benzenthat a rather unusual shape resonance is responsible for the
the by, « feature is observed as a discrete excitation somebserved behavior in the two-photon ionizatiorpeDFB via
1.4 eV belowthe C I edge(although in condensed phase the S, state. The prominence of the resonant behavior seen in
samples the C d binding energy is shifted such that the the photoelectron angular distribution is a consequence of
b,y excitation does now fall in the above-edge the high symmetry which greatly restricts the relevant con-
continuum.® There is, however, a known tendency for reso-tinuum and its partial wave expansion. Unlike many other
nances observed in core ionization to be shifted by a few eVnultichannel molecular systems the phase shift at resonance
to lower kinetic energy due to interaction with the core hole,is not greatly masked by a nonresonant phase rise contrib-
so that# shape resonances might still be expected in vauted by many other channels, allowing a clear manifestation
lence shell ionization. However, in the high symme(iDy;,) of the resonance in the phase sensitive angular distributions.
of benzene, dipole selection rules determine thej@acon-  The nature of the resonance, with its concomitant lack of
tinuum can only be accessed by ionizationbgf or e,, or-  sensitivity to bond length, means that these fixed geometry
bitals, and the only pertinent valence shell ionization is thusalculations give results that compare remarkably well with
ZbI&. While other valence ionizations in benzene displaythe experimental data. These calculations also hint at the
clear evidence of am,, 0 shape resonance in the asymme-existence of a strong intermediate state alignment, while
try parameters that for thebg, orbital has no discernible demonstrating that such alignment may not necessarily be so
structure?> Even the most recent single center expansiorsimply manifested as was perhaps anticipated. In particular,
B-spline density functional theory calculati&ﬁ‘é“give rela- the assumption of a stron§, alignment does not here sig-

*Estimate from HF eigenvalues using the correlation given in Ref. 26.
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