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Molecule-Frame Photoelectron Angular Distributions from Oriented CF31I Molecules
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Electron-ion recoil vector correlations in dissociative; photoionization of CH are examined
with a photoelectron-photoion coincidence imaging technique and fixed-molecule photoionization
calculations. The CF dissociation channel results are readily interpreted as molecule-frame
photoelectron angular distributions from, effectively, oriented parent molecules. The competing |
fragmentation channel distributions, while similar at higher ionization energies, deviate nearero the |
dissociation threshold, revealing nontrivial (non-axial-recoil) ion fragmentation dynamics in this region.
[S0031-9007(99)08870-5]

PACS numbers: 33.80.Eh, 33.60.Cv, 34.80.Kw

Measurements of molecule-frame photoelectron angudefined direction, corresponding to the instantaneous di-
lar distributions (PADs) have the potential to provide arection of the fragmenting bond [10]. Assuming the two
very powerful probe of the photoionization dynamics [1]. fragmentation processes to be effectively sequential steps,
In marked contrast to established lab-frame PAD meaand both to be more rapid than the characteristic molecu-
surements (where averaging over random initial moleculalar rotational period, a simple interpretation of the an-
orientation reduces the information content to just a singlgular correlation results; namely, that the distribution of
anisotropy parametegd), molecule-frame PADs may be y, the angle between electron and ion recoil vectors in
richly structured and afford access to theesolved am- the center-of-mass frame, is just the photoelectron angu-
plitudes and phases of the scattered photoelectron. Whilar distribution referred to the molecular axis. A fixed-
this approach therefore offers a route towards a dynamimolecule PAD is thus obtained not by imposing an initial
cally “complete” molecular photoionization experiment, preferred orientation on the randomly oriented gas phase
progress in pursuit of this desirable goal has been someample, but rather by inferring the orientation of individ-
what limited due to the difficulty of obtaining an oriented, ual molecules from their subsequent ion fragment recoil
gas-phase molecular sample. direction.

One promising approach igia the determination of In this Letter, we present the first quantitative fixed-
electron-fragment ion recoil vector correlations observednolecule PADs obtained for the valence shell ionization
in dissociative photoionization. Such correlations wereof a polyatomic molecule. Such valence results may ul-
first remarked upon in photoelectron-photoion coinci-timately be more sensitive to theolecularpotential, and
dence experiments as unexpected fragment ion time-ofience the electronic structure, than a more localized core
flight distributions [2] which, it was argued, could reveal level ionization. Our experiment uses a newly devel-
information on the fixed-molecule PAD [3,4]. It was sub- oped angle-resolving photoelectron-photoion coincidence
sequently possible to confirm by experiment predictionsmaging (AR-PEPICOI) technique and the results are
of a reversal in the direction of the molecule-frame PADcompared with predictions made by a continuum multiple
caused by shape-resonance indudetdkpendent phase scattering calculation [11] employing« local-exchange
shifts in PR [5,6]. An adapted coincidence technique, model potentials (CMX «).
employing a rotatable detector to examine directly the an- For this preliminary investigation we have chosen to ex-
gular distribution, was demonstrated by Golovin [7] andamine the5a; ! ionization of CFl (vertical ionization en-
has been further applied by Shigemasal. to study core ergy IE.; = 13.3 eV). The resulting ion has two distinct

level ionization in small molecules [8,9]. product channels:
The principle behind these experiments is as follows: N
both the photoelectron ejection and subsequent dissocia- CRl — ASA|CKIT - CR + 17 (1a)
tion of the residual parent molecular ion core are dynami- — CF + 1 (1b)
cal fragmentation processes which are expected to have
characteristic angular distributions in the molecular coorwith energetic thresholds in Table I. Previous (non-

dinate frame. Hence some mutual correlation of the recoiangle-resolved) coincidence measurements taken at vari-
vectors may be anticipated. However, while the electrorous photon energies from threshold up to 21.2 eV have
distribution is expected to demonstrate quantum interferestablished the existence of pronounced energy depen-
ences, the heavier molecular fragments may well behavdent electron-ion recoil vector correlations for this system
more classically. In particular, in the axial-recoil limit [3,12]. The translational energy release for (1a) indi-
the ion fragment is assumed to recoil along a single welleates an impulsive dissociation mechanism [3] and a large
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TABLE I. Accessible dissociative ionization energies (eV). at fast, position sensitive detectors (psd). The ion flight-
time and detector coordinates are used, in conjunction
with the known dimensions and imaging characteristics

Threshold energy Excess enerdy

CRl — CF + 1 (CPyp) 10.91 2.39 of the gridless ion optics, to infer ion mass and the 3D lab
Chl — Qr':a: + 1 (CPsp) 11.85 1.45 velocity. The initial ion recoil velocity (speed and direc-
Chl =17 CP) + Ch 12.70 0.60 tion) is then estimated from the latter by subtracting the
4 K values, taken from Ref. [12]. most probable jet velocity of the parent molecule.

°At the 13.3 eVA band vertical ionization energy. A “Bessel Box” imaging analyzer [14], positioned be-

fore the electron psd, is employed to determine the elec-
tron recoil velocity. This analyzer is axially symmetric and
forms energy-dependent images of its circular entrance slit
. e - \9="" on the detector plane. Consequently, an electron’s polar
erated via a bound-bound excitation to an autoionizing e .| angle is fixed by the slit and source geometry, while
resonance [12]). . Hence the(e IS strong e_\/lglencg {0 SURRe energy and azimuthal angle are obtained from the radial
port the assumption of a rapid, axial-recoil ion d'ssoc'a."and angular coordinates on the electron psd. Transforma-
Sion to the initial electron recoil velocity is then trivial, as

found for dissociation (1b). This c_:hoice of system the"_a'is determination ojy, the included angle between the elec-
fore presents an unusual opportunity to compare alternative ., and ion recoil directions.

fragmentation channels in which tesamemolecular bond CMS-Xa calculations of théa; ! ionization cross sec-

(C-1) is broken. We anticipate that, if the above simplify- jo and PADS for this system were performed following

ing assumptions_—leading' to a direct interpretation of theprocedures described eisewhere [6,15] and using the pa-
electron-ion recoil correlation as a molecule-frame photo-

e ; e “Tameters in Table Il. Similar methods have previously
electron an_gular distribution—are indeed justified, 'de'_“"been applied to investigate partial ionization cross sec-
cal correlations (PADs) should be found. By comparing

. . tions and branching ratios of GH16]. The calculation
the channels with each other and with computed PADS Weaaqs the light polarization in the molecule frame to be

can hope to validate this interpretation of the experimentagpeciﬁed_ For a randomly oriented molecular ensemble a

recoil vector correlations. ) 2:1 perpendicular:parallel ratio would be expected but is
. The AR.'PEPICOI apparatus (Fig. 1) and data re_duc-not strictly justified in present circumstances because of
tion techniques employed in this work will be described ofarential sampling of favored lab-frame molecular ori-

in d?}fa". elsewhelre_ [13] and so a(;ebonly outlinﬁd hereentations. This arises because the electron detector does
An effusive sample jet is intersected by a monochromaticyq; niformly sample all lab-frame electron recoil direc-

collimated beam from an unpolarized ||-(§1:22 ev) di_s- tions and these, we have shown, are correlated with the
charge lamp. When an electron from this approximat&yirection of ion recoil.

point ionization source is detected, ions are extracted in
the opposite direction by application of a pulsed sourcg,
extraction field. lon-electron pairs from a single molecu-
lar ionization event are identified in delayed coincidenc

photofragment ion anisotropy3(= 1.25) has been mea-
sured for dissociation of aalignedparent ion sample (gen-

The appropriate polarization ratio may be estimated
om the experimentally determined distribution®f the

ion recoil direction about the light propagation direction,
€. Example distributions are shown in Fig. 2 and can be
fitted to a Legendre polynomial expansion with coefficients

Electron Detector Cu:
i 1
Effusive Jet Inlet F(O) = yo= Z C,P,(cos0). )
VUV photon beam T n=024,..
/ lon Detector

TABLE Il. Parameters used in GFCMS-X« calculations.

Final

: Atomic sphere coordinatégA) (Initial)
Extraction Field Region X Y zZ Radius  Statémax

I 0.0 0.0 —-0.965  1.603 5(4)

C 0.0 0.0 1.165 0.823 4(3)
F 1.247 0.0 1.634 0.897 4(2)

Y Fa3 —0.623 1.080 (-)1.634  0.897 4(2)
) _ Outer 0.0 0.0 1.007 3.575 7(5)

FIG. 1. Schematic of the AR-PEPICOI experiment. Curved

electron and ion trajectories from point source to detectors ar&c.1 = 2.13 A, rer = 1.332 A, Zrcr = 108.3°

shown with relevant coordinates indicated. ZLgcr = 110.6°.
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Figure 3 presents our experimental distributions ob-
tained from the electron-GFrecoil velocity correlation,
for a sequence of nominal electron kinetic energies ly-
ing in the region of the HephotoelectronA band (7.4—
8.3 eV). These results have been checked and found to
be consistent over a range of different experimental ex-
traction fields. In deriving these distributions we have
rejected those coincidence data for which the deduced
ion recoil speed is<500 ms!; the experimental uncer-
tainty in the recoil velocity is more pronounced for slower

F(6) [arb. units]

05000510 15 2.0

. . IC” . ions and results in far greater errors in the angle This
0 30 . 60 90 causes a smearing out and loss of detail in the distribution
6 P(x), which appears more isotropic if slow ions are in-
FIG. 2. Example lab recoil distributiong;(®): Solid sym- cluded. Also in Fig. 3 are the corresponding CM%

molecule-frame PADs. Since the experiment does not
open symbols aretlwith 8.0 eV electrons. Experimental data Provide azimuthal orientation, these have been averaged
are fitted with curves, Eq. (2), spanning terms ugP¢cos® ). over azimuthal angle to allow direct comparison with ex-

The inset shows fitted’, coefficients. The CF data obtained perimental results.
areall very similar to the 7.7 eV data.

bols are for I fragments coincident with 7.7 eV electrons;

The strength of the photon-molecule interaction is propor- 7.50 eV

tional to|E - |> and so we seek relative weightings from
the mean squared projections of a unit electric vedipon

the molecule. We define the lab-molecule transformation
by rotations of the molecule around the lab aXe¥’, Z:

o
R($,0,y) = Rx(CD)Ry(? + @>Rz(7)» 3) 7.70 eV
where the angley specifies the (random) azimuthal ori-
entation of the molecule about its symmetry axis. Hence,
choosing any arbitrary direction in tH&Z plane forE, its
projection in the molecule frame can be found as

e=R'E.
The desired mean values are obtained as

2 2 T
<e§>=f j / 1 2 p(@)sin® 46 dd dy,
o Jo Jo 2=
5)

wherea is one of the molecule-frame coordinates, z.
Only the average ove® needs to be appropriately
weighted. The angleb specifies relative orientation of
molecule and polarization vector aboXt because all
polarization directions in th&Y plane are equivalent a
uniform average ovef suffices, as fory. Combining
Egs. (2)—(5) we find the results

7.80 eV

(4)

8.00 eV

8.20 eV

@ = =5+ N0, (6a)

(@) = 5 (Co = €2/, (6b)

which depend only weakly on th®, coefficient. Higher

coefficients do not contribute. For the results presente

here we findC,/Cy lies in the range-0.15 and hence the
desired perpendicular:parallel polarization rati@gef):
(e2)) vary little from the 2:1 isotropic ratio.
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FIG. 3. Polar plots of the electron-§Frecoil vector corre-
gition, P(x). Nominal electron kinetic energies are indicated
at right. The solid curves are corresponding CM& fixed-
molecule PAD calculations. Both experimental and theoreti-
cal distributions are arbitrarily scaled for comparison purposes.
The C— | direction is alongy = 180°.
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v 50 eV A significant difference between channels (1a) and (1b)
is that in the former measurements are made consider-
ably closer to the thermodynamic threshold (Table I) with
consequently significant percentage variations of the ex-
cess dissociation energy with the studied electron kinetic
energy. At a nominal electron energy of 8.2 eV (13 eV
ionization energy) there is just a 0.3 eV excess wlatth
appears in translation [3,12]; but, since the translational
release is near constant, altiditional energy at higher
ionization energies must pass into product vibrational and
rotational excitation. We therefore postulate that the ob-
served changes with electron energy in the electron-ion
correlation,P(y), indicate some variation in the underly-
ing ion fragmentation dynamics, specifically a growing re-
laxation of the axial-recoil limit approximation. With less
internal energy the fragmentation presumably becomes
more sensitive to the potential near threshold with non-
axial forces making a more prominent contribution. The
experimentalP(y) distribution thus comes to represent a
8.00 eV convolution of the molecule-frame PAD with a broader
fragment ion angular distribution.

It may be concluded that molecule-frame PADs can
be deduced from electron-ion (axial-)recoil vector angular
correlations and may also be moderately well reproduced
by current photoelectron dynamics calculations. These

8.20 eV may inter alia help validate the axial-recoil assumption.
Under conditions where the recoil vector correlation
becomes a more involved convolution of electron and ion
fragmentation dynamics it is, at least in principle, possible

NP WO that information concerning the molecule-frame fragment

04 02 00 02 04 ion distribution may be deduced with the aid of prior
FIG. 4. Electron-f recoil correlations,P(y), and CMSXa  knowledge of the electron angular distribution.
PADs. As Fig. 3, except thay for experimental data has

been reflected through0° so thaty = 180° still corresponds
to electron recoil in the G- | direction.

7.70 eV

7.80 eV
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