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Photoelectron-Photofragment Angular Correlation and Energy Partitioning
in Dissociative Photodetachment
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Measurements of photoelectron-photofragment angular correlation and energy partitioning in the
dissociative photodetachment of, O(O,~ + hv — O, + O, + ¢7) at 532 nm are reported. Using
photofragment translational energy and photoelectron spectroscopy in coincidence, vibrationally
resolved product translational energy distributions and a pronounced angular correlation between the
photoelectron and photofragment recoil directions are observed. These results provide insights into the
molecule-fixed photoelectron angular distribution of a negative ion and structural informatiop™on O
in the gas phase. [S0031-9007(96)01411-1]

PACS numbers: 33.80.Eh

The dynamics of photodetachment and photoionizatiosurements can reveal both the internal energy distribution
processes are sensitive probes of electron-molecule inteof the photofragments and provide a direct measure of the
actions. Photoelectron angular distributions provide derepulsive energy in the complex. In this Letter, we report
tailed information on photodetachment dynamics due taneasurements in which a complete kinematic description
the fact that they are a function of both the magnitude andf dissociative photodetachment (DPD) is obtained by the
relative phases of the degenerate electron continuum chasimultaneous measurement of the kinetic energy and recoil
nels accessible in photodetachment processes [1,2]. Studgngle of the photoelectron and photofragments in the reac-
ing the photoelectron angular distribution in tim@lecular  tion O, + hAv — O, + O, + ¢~ at 532 nm (2.33 eV).
frame provides greater insights into the photodetachmerithe data reveal both vibrationally resolved translational
dynamics. This results from the removal of the averagenergy distributions and evidence of an anisotropic MF-
ing over molecular orientations inherent in a laboratoryPAD in negative ion photodetachment for the first time.
angular distribution. Theoretical studies of such molecule- O, has been studied previously using photoelectron
fixed photoelectron angular distributions (MF-PAD) havespectroscopy [14] and translational energy spectroscopy
been pursued for an improved understanding of the dyf15,16]. The photoelectron kinetic energy spectrum at
namics of photoionization [1,3—6] and electron interac-532 nm shows a broad, structureless peak centered at
tions with molecules oriented on surfaces [7]. Evidenced.7 eV with a full width at half maximum (FWHM) of
of anisotropic MF-PAD’s have been observed in experi-0.3 eV. The structureless spectrum is in marked con-
ments on the dissociative photoionization of[B], O,[9],  trast to the vibrationally resolved photoelectron spectrum
and several halomethanes [10,11]. Direct detailed measf O, at this wavelength. This shows that the structure
surements of the MF-PAD in the photoionization of NO of O, is not well characterized as a weakly interacting
have recently been reported [5]. Measurements of the MFO, - -- O, complex. The photoelectron angular distribu-
PAD for the photodetachment of negative ions are of intertion is peaked perpendicular to the electric vedauf the
est as they will provide insights into the nature of both thelaser beam [14]. The photofragment translational energy
bound electron in the anion and the anisotropy of electronrelease spectrum is dominated by a large peak centered at
molecule interaction potentials. 0.4 eV. This feature has been shown to result from the

The structure and energetics of atomic and moleculaDPD of Q,~. The photofragment angular distribution for
cluster anions have received considerable attention in rehis dissociative photodetachment process is also peaked
cent years. Translational energy spectroscopy can be usedrpendicular to th& vector [15].
to determine bond energies and photofragment internal In the present experiments, photoelectron spectroscopy
energy distributions [12]. Photoelectron kinetic energyis used in coincidence with photofragment translational
spectroscopy has been used to characterize vibrational aedergy spectroscopy in a fast negative-ion beam to measure
electronic states of both anionic and neutral clusters [13}he partitioning of translational energy between the three
In many systems, however, photodetachment produces thparticles produced in DPD of O. A schematic of the
neutral far from the equilibrium geometry. The repulsivedetection geometry is shown in Fig. 1. The simultaneous
energy in the cluster can then lead to rapid dissociationdetermination of recoil angles and kinetic energies for
To study the dissociation dynamics of such short-livedall three particles is achieved with this apparatus. The
neutral clusters, it is essential to measure the photoelephotoelectron [17] and photofragment translational [15]
tron kinetic energyand the translational energy released spectrometers have been described in detail previously and
between the atomic or molecular fragments. Such meawill only be briefly described here. Anions are produced
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> the known eKE peaks in the ;O photoelectron spec-
e” trum [19]. These features arise from a second photon de-
Oy taching the electron from an,O(X>I1,) photofragment
- l produced in the photodissociation of O[O,~ + hv —
O; 0,('A,) + 0, (X2IL,)].
0 The more interesting features in this correlation spec-
2 trum are the diagonal ridges. Energy conservation dictates
hy E that all events that lie within a single diagonal ridge have
a well-defined total kinetic energyE,, = E; + eKE).
FIG. 1. Schematic of the experimental geometry for detectionyithin a given ridge, however, there is a range of kinetic
ng?és; a?]zd;z e inzihccgfef(rjaigr]]rrtlﬁgtﬁgﬁrneter-of-mass scatteringenergy partitioning between the three products. Using the
‘ dissociation energy of O into O, + O, (0.46 eV [20])
and cooled in a pulsed free jet expansion gfi@@ersected and the electron affinity £(0.45 eV [19]), one can calcu-
by a 1 keV electron beam. The anions are accelerated tate the maximum translational energy for the DPD to be
an energy of 3 keV and mass selected by time of flight1.42 eV. This is marked as limitj in Fig. 2.
Anions at the mass of interest are intersected by a pulsed The product @ vibrational distribution can be exam-
200 wJ/pulse, 100 ps FWHM, linearly polarized 532 nm ined by measuringt,;. As the E\,; spectrum in Fig. 3
laser beam [18]. shows, the diagonal ridges in the correlation spectrum of
Photoelectrons traverse a field-free flight path of 75 mntig. 2 appear as well-resolved peaks. The linf) (s
and impinge on an 80 mm diameter detector centeredhown as a vertical line in Fig. 3 and corresponds to the
perpendicular to theE vector. The laboratory kinetic origin of the internal energy axis shown at the top of the
energy is measured by time of flight and the electron recoifigure. The spacing of the first five vibrational levels of O
angle by position. The photoelectron spectrometer hasare shown as combs on the spectrum for reference. The
an effective angular acceptance ®f% of 477 sr. The offset of the vibrational peaks from the internal energy
center-of-mass electron kinetic energy (eKE) resolutiororigin gives an average rotational energy of the photofrag-
is =4% AE/E and the electron angular resolution is ments of80 = 30 meV. The width of these peaks indi-
~35 mrad. cates a narrow range of rotational excitation for the two
Photofragments recoil out of the beam over aO, products, implying that @ dissociates from a well-
96 cm flight path between the laser interaction and thelefined structure.
photofragment detector. The photofragments that clear a Spectroscopic studies of matrix-isolateg Chave indi-
7-mm-wide beam block impinge on the 40 mm diametercated that the structure is a centrosymmetigms-planar
detector. The time and position of arrival of the two species ofC,, symmetry with a delocalized negative
photofragments determine the fragment mass ratio,
center-of-mass translational ener@y;), and recoil angle
of each fragment. The translational energy resolution is
=10% AE/E at Er = 0.55 eV. Photofragment recoil
angular resolution is estimated to bel0 mrad. The |
angular acceptance of this detector is two opposing semi- 1.5
circles, each covering=40% of 47 sr given the kinemat-
ics of O, dissociation into @ + O, + e™. —
Each event is required to consist of two neutral frag- = |
mentsor two neutral fragments and an electron. Residual 37 1.0
ions and ionic photofragments were electrostatically de- %
flected out of the beam. Checking for conservation of lin-
ear momentum between the two photofragments ensure:
that they originate in a single dissociative event. Correla- 0.5
tion of the photoelectron and the neutral photofragments
is determined by the spectrometer efficiency and the
count rate. With the spectrometer operating at 600 Hz,
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and the observed triple coincidence rate of 0.25 Hz, false e e '
photoelectron-neutral-neutral  coincidences contribute 0.0 0.5 1.0 1.5 2.0
~ 4% of the triple coincidence data presented here. Er(eV)

The (eKE, Er) correlation spectrum is shown in Fig. 2. .
. . . FIG. 2(color). (eKE, Er) correlation spectrum for O at
This contour map reveals a series of at least four dI"’190532 nm (2.33 eV). Contours are linearly scaled, with counts

nal ridges, centered df; = 0.4 eV, and a vertical row representing the number of coincident events in e#@hx
of spots atEr = 0.8 eV. The eKE values of the spots 10 meV bin. Energetic limits are shown foA) Oy(X°%;) +

in the vertical row atEy = 0.8 eV are consistent with O,(X’X;) + ¢~ and @) 02(X32;) + Ox(a'A,) + €.
3336



VOLUME 77, NUMBER 16 PHYSICAL REVIEW LETTERS 14 ©TOBER 1996

Internal Energy (eV) ticles and theE vector. A pronounced angular correla-
. 0.5 0.0 tion is observed which may be understood by considering
- T — T ) ] Fig. 1. As this schematic diagram shows, Hevector
= v=4 4 3 &3 1 0 3 lies along the ion beam. Detection of an electron in coin-
! : ! 3 cidence requires that the electron recoil into a cone above
the plane of the laser and ion beam, breaking the cylin-
drical symmetry about th& vector and the ion beam.
] The Er-integrated DPD photofragment angular distribu-
3 tion, N, (0, ¢), is extracted by integrating the data over
. il .. ] 0 < Er < 0.6 eV to give the number of events as a func-
Y i W A v tion of # and ¢. In this notation,» denotes the number
ERY - \J v ] of particles detected in coincidence;= 2 for O, + O,
0.0 o5 = 1'0 1'5 andn =3 for O, + O, + ¢~ and ¢ is the azimuthal
' Total Kinetic Energy (eV) angle around th& vector. Frame A of Fig. 4 shows a
o ) o surface-density plot ofV,(0, ¢) in the coordinate frame
FIG. 3. Total kinetic energy spectrum for dissociative pho-ghown in frame D. Given that the @hotofragment an-

todetachment events. Energetic limits are the same as tho PO 7 ; _ .
shown in Fig. 1. The top axis indicates the internal energy.zﬁ"lar distribution is nearly s, with g = —0.8, this re-

The data is represented by points, the solid-line fit to the datgembles a torus with a strip cut out of the middle due to
assumes two equal bond length Moieties of 1.272 A. The the acceptance of the photofragment detector. Electrons
dashed-line fit assumes unequalr@oiety bond lengths of 1.23 are only detected when they recoil in a small cone per-
and 1.33 A, while the dotted-line fit assumes equal bond 'engthﬁendicular to the plane defined by the laser and ion beams
of 1.26 A. The fits are normalized to the = 1 peak. in the laboratory. If there is an angular correlation between
] ) ) . the photofragments and the photoelectra¥sd, ¢) for
charge [21]. The observation of vibrational structure inye O, photofragment pairs in the O+ O, + ¢~ coinci-
the Ey,; spectrum allows strgctural _inferences on gas-yence data will differ fromva(6, #). Ns(6, ¢) is shown
phase Q to be made. A simple simulation was per- i frame B of Fig. 4. A pronounced reduction 05 G- O,
formed by calculating the Franck-Condon overlap ofppotofragment recoils detected parallel to the direction
the vibrational wave func'uoys of two perturbed; O of glectron recoil is observed. This angular correlation
molecules with two free @X°%.) (equilibrium bond  shows that photodetachment and dissociation of the nu-
length 1.207 A [22]). The agreement between the simugjear framework of Q both occur on time scales fast
lation, assuming equal bond lengths of 1.272 A, and thgg|ative to molecular rotatiof=1-10 ps). Thus, by mea-
d_ata is fexcellent as shqwn in Fig. 3. The sensitivity of thesuring the asymptotic recoil direction of the photofrag-
simulation to changes in the bond lengths of the perturbeghents; the spatial direction of the dissociating bond at the
O, is shown by the textured curves in Fig. 3. These reyime of photon absorption is determined. These results
sults are qualitatively consistent with the matrix studiesspow that the photoelectron preferentially recqiéspen-
and preliminary density functional calculations of the' O jicular to the breaking bond in O
structure [23]. This angular correlation is an obvious manifestation of
The angular distributions of the,Or O, + e™ photo- g anisotropic MF-PAD. As first discussed by Dill [3] in
products are observed to be highly anisotropic. Photodgeuference to the photoionization of diatomic molecules,
tachment or photodlssoc[anon of an isotropic ensemble of,e MF-PAD contains considerably more information
molecules is known to yield photoelectron or photofrag-than the laboratory angular distributions. In contrast to
ment angular distributions given by the equation [2,24] Eg. (1), the MF-PAD in general depends on both polar
_do _ o and azimuthal angles. The strong angular correlation ob-
1) dQ 477-[1  BPa(cosd)]. @) served between photoelectron and photofragments indi-
In this equationg is the total cross section amj(cosf)  cates that the photoelectron continuum is dominated by
is a Legendre polynomial, whekis the polar angle be- a restricted set of partial waves. Direct extraction of the
tween the photofragment recoil and the electric vector oMF-PAD from this data requires modeling the photoelec-
the laser. The anisotropy paramet@ris restricted to tron detector angular acceptance, and will be described in
have values between1 [I(8) « si? ] and+2 [I(f) =  a forthcoming paper.
cos #]. Both photoelectrons and,@hotofragments pro- The nature of the photoelectron-photofragment angular
duced in the DPD of @ are preferentially scattered correlation can be further visualized by considering the
in the plane perpendicular to thE vector 3 = —0.8  photofragment angular distribution in the electron-recoil
and —0.9 for photofragments and photoelectrons, respecframe, as opposed to thB vector frame. This distri-
tively) [14,15]. bution can be easily generated by dividing(0, ¢) by
In these experiments, the recoil angles for the photoN,(6#, ¢). This has the effect of removing froni; (6, ¢)
electron and photofragments are measumezbincidence, weighting due to both the photofragment angular distribu-
yielding the angular correlation between these three pation in N,(8, ¢) and the finite angular acceptance of the
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A B open-shell negative ion is required to apply the existing
formalisms for the MF-PAD. The observation that the
MF-PAD peaks perpendicular to the dissociating bond
will provide an important test of such calculations. In
the case of photodetachment, the dynamics of electron de-
parture will also be influenced by effects such as elec-
tron correlation. Further work on the measurement and
interpretations of the MF-PAD in this and other negative
ions can thus be expected to provide new perspectives on
electron-molecule interactions.
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