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Using fast beam photofragment spectroscopy, we have studied the competition between
photodissociation and photodetachment ig .OThe photodissociation fraction is-10% and
increases somewhat between 285 and 266 nm. High resolution photofragment spectroscopy shows
that the @ beam is composed af=0 ions only. The photofragment angular distribution has an
anisotropy parameteg=1.9, indicating that the process of dissociation has a parallel character,
attributed to theA 2IT,«—X 2Hg transition. A detailed analysis of the kinetic energy release of the
photofragments shows the structure related to the distribution over the six fine-structure dissociation
limits O~ (2P3,2,1,2) +0 (3P2,1,0). The results are compared with an analytical diabatic dissociation
model, taking into account the long range charge—quadrupole interaction&?thgis described

in a Born—Oppenheimer electrostatic aproximation and projected onto the different fine-structure
states at large internuclear separation using analytical expressions derived from the long range
charge—quadrupole interactions between @nd O fragments. €003 American Institute of
Physics. [DOI: 10.1063/1.1615517

I. INTRODUCTION ionospheré?! Together with the O anion, G is at the base
The O, is a stable molecular ion. It has an electron Of a chain of chemical reactions leading to more complex

affinity of 0.43 eV2 From Raman spectroscopy and autode-Negative ions.

tachment experiments, the vibrational constant is determined  Yhereas the photodetachment of @as been studied in
to be 1090 criil34 The addition of an extra electron to the 9reat detail, providing absolute cross sections, photoelectron

32& electronic ground in the antibonding, orbital state angular distributions, and the observation of resonant

: : . states:—>1?"1the photodissociation of Dhas not received
weakens the chemical bond and increases the eqwhbnunr}“JCh attention. To the best of our knowledae. the photodis-
separation from 1.2075 A in Oto 1.346 A in G .%° The ' ge, the p

>l 2 ) sociation of @ was first observed by Vestal and Mauclatre
ground state of the anion is of invertetl; symmetry with a i, 5 tandem quadrupole mass spectrometer. They reported a

fine-structure constarh=—20+2 meV? In contrast to its cross section of 4210 1%cn? for the photodissociation of
neutral counterpart, the anion,Ohas low lying excited O into O+ 0O~ at 4.07-0.07 eV. More recently, the photo-
states that are coupled to the ground state via allowed dipolgissociation of Q has been studied by Johnson and
transitions. In fact, the first excited state is théll, state?’  co-workers'*® These studies extended the investigation to a
which is bound with respect to the first dissociation limit wavelength range 3.5-5.6 nm and reported a 3% branching
0 (®P,)+ 0 (?P3,). The significant difference between the of dissociation relative to direct electron photodetachment.
electron affinities of the @ molecule(0.43 eV) and the O Furthermore, the angular distribution of the ejected €ar-
atom (1.461 eV~ shifts the threshold for the photodisso- responds to an anisotropy paramefer1.2+0.1. These au-
ciation of O, with respect to that of @from 243(5.1 eV) to thors identified theA Il electronic excited state as being
304 nm(4.08 eV). In planetary atmospheres, the photodissojnvolved in the photodissociation process. Dissociative at-

; - o -\ indi 2
ciation of O, may be both a source of oxygen atoms andtéchment studies (&-e H02;Ho+o ) indicate a“Il,
ions. In addition to this, @ is a far more efficient absorber Stat€ s an intermediate stafé®Also, theoretical studies on

of near-UV radiation than neutral oxygen. The superoxidethe potential energy curves of,COpaid special attention to

. . ) . " "the AI1, state®19-%1
anion G is considered to be the most important anion in- . . .
. . . . . In the present study, we have applied high resolution fast
volved in the negative ion chemistry in the lower

beam photofragment spectroscopy o @olecular ions
produced in a continuous hollow-cathode discharge ion
“Electronic mail: Idinu@amolf.ni source. The kinetic energy of the O—Qragment pairs is

0021-9606/2003/119(17)/8864/9/$20.00 8864 © 2003 American Institute of Physics
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pumping a Lambda Physik ScanMate dye laser. The 532 nm

Deflection Deflection ~ Beam MCPSI output of the Nd-YAG laser or the output of the ScanMate
o Plates O, Plates Dlin?? o Imager (around 560 nmis frequency doubled in a BBO nonlinear
source — W — - T T oy ” EI ':CCCD crystal. The UV laser radiatio266 nm or 275—-285 njnis
Laser z ]())}; o —— focused in the setup in a region ok1X1 mnt (x,y,z). The

UV laser energy, measured after the interaction region,ds
mJ. The polarization of the laser is chosen to be parallel to
FIG. 1. Scheme of the experimental setup. A continuous molecular ion bearfhe detector surface.
of O; is crossed with a 25 Hz laser pul$266—285 nm PDE and PDI The photodetachment signal consists of neutrah@l-
occur leading to @, O, and O fragments. The use of the beam dump is gcyles flying in the same direction as the initiaJ @eam.
optional as well as the deflection plate_s_ after the Iase_rlnteractlon reglon.Th.ri*.},‘e photodissociation signal, on the other hand, consists of
double exposure camera detects posifioandy coordinatesand the rela- o ’
tive arrival time difference of the fragments onto the MCP’s. O and O fragments scattering out of the parent ion beam
due to the kinetic energy released in the dissociation process.
After a time-of-flight of ~7 us the fragments reach a detec-
determined with sufficient resolution to assign unambigu-tor consisting of two microchannelplatddCPs and a P46-
ously the initial vibrational state of the Oions. The final phosphor screen. Outside the vacuum system, a double ex-
kinetic energy of the fragments is affected by the fine-posure CCD camerdlaVision, modified Imager3 VGA
structure splitting of the 9(21'19,9) (Q1=3/2,1/2) ground records the images of the phosphor screen, from which the
state, and the fine structure splitting of the @P3, 1) and  positions &,y) and arrival timet of the detected fragments
the OGP, fragments. The highly structured kinetic en- are obtained”?® In brief, the camera records the image of
ergy releas€KER) spectrum makes it possible to estimatethe phosphor screen and the intensity of the spots corre-
the branching over the six possible dissociation limits. Thesponding to individual particles. Due to the fast interline
results are compared to a calculation assuming a diabatictansfer of the CCD chip, the camera is capable of taking two
model in the transition between the long range where thsuccessive images of the same phosphor decay for each
interaction energies are dominated by the charge—quadrupoéent that originates from a single laser pulse. Subsequently,
interaction between the fragments to the asymptotic regiorthe arrival time is deduced for each event from the ratio of
where the atomic spin—orbit interaction dominates over théntensities measured in both imagéd.herefore, this camera
long range electrostatic interaction. The angular distributiorretrieves not only theX,y) coordinates of the spots-80
of the O fragments has an anisotropy paramgierl.9, a  um resolution but also the arrival time of the particlés-1
value that it is considerably closer to 2 than previously re-ns resolutioh
ported. The competition between the photodetachment The positions and arrival time difference between the
(PDE) and photodissociatiofPDI) is determined by detect- two fragments resulting from a dissociation event are used to
ing the Q products from PDE and the O atoms from the PDIldetermine the orientation of the molecule during the disso-
process on the same detector in the pulse counting mode. Vation process and to calculate the kinetic energy released in
find PDI(PDI+PDE)~10%. Clearly, the photodissociation the process. Multiple dissociation events per laser shot can
of O, and hence the formation of Oat wavelengths of less be detected, since coincident fragments have a center-of-
than 300 nm should not be ignored in ionospheric models. mass position in the middle of the detector. The camera is the
master clock of the experiment. It controls the firing of the
laser and it limits the acquisition rate to 25 Hz.

Il. METHODS:
A. Experiment

A continuous molecular beam of,0is extracted at 5
keV from a hollo_w—cathode discharge ion source. The dis—B. Theory: A diabatic model for the correlated
charge is maln_talned at 600 V ar_1d_20 mA. The _temperaturﬁne_structure branching ratios
of the source is~350 K. We optimized the © signal by
introducing molecular nitrogen in the discharge chamber.  The Franck—Condon region of the ground state of the
The most important reactions describing the production of22 ion is well described by adiabatic Born Oppenheimer
negative molecular oxygen ions in the source are-O, (ABO) potentials, i.e., determined by the eigenvalues of the
+e—0, +0, and N+ O,+e—0, +N,. The superoxide usual Coulomb Hamiltoniaitic,,. In this region, the pro-
ions O, are mass selected by a Wien filter and introduced irfection of the electronic orbital angular momentum on the
a fast beam setufsee Fig. 1 By means of four deflection molecular axis(A) is a good quantum number. The fine-
plates, the beam is guided through the apertures of the appatructure splittings are much smaller than the binding ener-
ratus. Two Einzel lenses are used to focus the beam througsies derived in the ABO potentials. Sind¢,, does not
the exit aperture of the ion source region and to reduce theontain the spin, all the ABO states correlating with the
radial size of the beam in the region of interaction with theO ™ (°P) + O(®P) dissociation limit are asymptotically de-
laser. generate. Near the dissociation limit at the long range, the

The O, anion beam is crossed perpendicular by ultra-spin—orbit couplingHso dominates the interaction among
violet laser radiation. The laser system used for this experithese states. Between the Franck—Condon region and the
ment consists of a 50 Hz Spectra Physics Nd-YAG laseasymptotic region, a region exists, in which the charge—
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qgadr_uptl)l.e, ion-atom interaction between _the frag_mel_wts iandA\ =0 afelp—lpoplﬁ| and|p_1pop_0pl|, respectively.

still_significantly larger than the asymptotic atomic fine- The \o=0 configuration is higher in energy, since it has an

structure Interactions. extra electron in thg, orbital, which is pointing toward the
In the case of dissociation at very small recoil velocity 0,

the atomic fine-structure branching is best described by a The ABO wave function is completed by adding a

spin—orbit adiabatic correlation diagram with Hund's case- Clebsch—Gordon coupled atomic spin page Ref. 29

potentials. These potentials follow from the eigenvalues of

Hcout Hso- The associated eigenfunctions are labeled by |SS)= 2 1S202)|S606)(SaTaSh0p| S2), 2)

), the projection of the total electronic angular momentum Tadh

on the molecular axis, rather than Since theA I, 3, and  \here for theA2Il,, states in theP+3P limit we have

AZI1, ), states are the lowestl, states forQ=3/2, 112, s=1/2, 5,=1/2, s,=1, andS=0—A. Following Ref. 30

respectively, they both correlate with the lowest(@P3,)  the product atomic fine-structure states are written as

+0(®P,) limit. However, at the wavelengths used in this lj aai b®b) = |j a®a)|jpwp) With

experiment, the recoil kinetic energyapproximately 500

meV) is much larger than the atomic fine-structure energy ljiw)= 2 [N)Isio)(iNsiailjio), i=ab. (3

differences. Thus, this adiabatic model does not necessarily \ioj

apply in the'energy regime of our expenment. ._Itis now straightforward to compute the transformation ma-
In the high-energy limit a diabatic or sudden model IS 41is elements

expected to apply. The long range states are derived from a '

correlation diagram for the ABO states. In the present case, {tj a®aj b®p|lahal pApS)

is assumed that in the long range the molecular potentials are

well described by the charge—quadrupole interaction. The = 2 (1N 38204l j a®a) 1o\ pSp b @)
diabatic wave function is projected onto a basis of product Ta0h
atomic fine-structure states in order to obtain the atomic fine X (S8402850|S2.), (4)

structure distribution. A problem treating molecular dissocia-

tion to asymptotic fine-structure states was worked out with &nd the fine-structure branching coefficieft
similar analytic diabatic model for the photodissociation of gptained as

neutral Q in the Herzberg regiof®° A similar treatment
has been used in the experimental paper of Leethgl,> p(2hahp) _ i oot ol ALSSY 2 (5)
which was based on the theory from Singeral3? J 2, [{iavaibosldalohoSE)|

The present treatment is different in two ways from the The results from the last equation are compared to the

earlier. Dealing with an ar_1ion, th? Ieading Ior_1g range term isexperimental results and to a purely statistical model in
the charge—quadrupole interaction, which is stronger thayicn the statistical multiplicity is assumed to describe the

the quadrupole—quadrupole interaction as, for example, "ﬁne—structure distribution.
neutral Q. Second, the use of the long range interactions
makes the full treatment analytical without using empiricalIII RESULTS
parameters, as in Refs. 31, 32. '
Using the notation of Ref. 30, we express the orbital parA. Photodissociation versus photodetachment rate
of the ABO functions in the long range as product atomic

Qg \p)

a'lb

are

a'lb WaWh

_ As was shown befor® for excitation energies larger
wave functions, than 4.08 eV the dissociation channel opens and the issue of
(SR SY (1) the competition between electron detachment and photodis-
sociation is relevant. Previous work showed a branching ra-
where the subscripa refers to the O ion andb to the tio of 3% between the two processé9 PDI versus 97%
neutral O atom|,=1,=1, andA=\,+\,=1 for Il states. PDE)'® in the range of 4.5 eV.
The neutral @ ABO states can be obtained by a Clebsch—  In order to estimate the dissociation versus detachment
Gordon coupling of the atom states. However, for @is  branching ratio, we have detected the @olecules and the
more convenient to work in the uncoupled basis, since th® fragments on the same detector. We employ a 600 V/cm
charge—quadrupole interactiof®? lifts the degeneracy of electric field to deflect the parent ion beam after the interac-
the [11)[10) and |10)|11) states and the off-diagonal matrix tion with laser. This way we ensure that the only fragments
element between the states is zero. that reach the detector are neutral species. By removing a
A complication arises from the fact that twidl, states beam dump, the neutral,(roducts are detected in the cen-
exist for each value ofQ) correlating with the O(%P) ter of the detector. We found virtually no signal in the ab-
+0O (®P) limit. In order to determine the wave function for sence of the laser light. Figure 2 shows a sample of four
the lowest state, i.e., the one correlating with fstate, we  datasets recorded at different laser wavelengths between 275
must consider the leading nonvanishing long range term imnd 285 nm. The particles detected in a confined region
the multipole expansion dfic,,. A calculation shows that (10x10 pixel9 in the center of the detector are neutrgl O
the |10)|11) state, i.e., the state withgo=1, is the lowest. products from the photodetachment process. The fragments
This can be readily understood qualitatively, since thee 2 found outside this small region are O fragments from the
shell electron configurations of the @R) atom forxo=1 photodissociation process. Figure 2 shows that the radius of
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<) d)

FIG. 2. A 2-D detection of PDE and PDI neutral fragments. The ions (O
and O') are deflected away after the laser interaction region and the beam
dump is removed. The Ofragments from PDE are detected in the central
part of the image. The diffuse distribution of particles are O neutrals from
PDI. (a) 275 nm;(b) 279 nm;(c) 282 nm;(d) 285 nm.

Counts

the O fragment distribution, which is a measure of KER in b)
the dissociation process, increases with photon energy, as  © P S TrT———,
expected. We measured the branching ratio of the two pro-
cesses over the wavelength region of 266—285 nm. The re-
sults are plotted in Fig. 3. Detecting both species, O apd OFIG. 4. (a)AsampIelof raw k,y) data _recor_deq over 20 000 laser shots at
on the same detector in a pulse counting mode, makes th?G nm. The detection is performed in coincidence+(@ ). The parent

f

Iti itive t I in diff in the detecti , beam is stopped by the beam dump. The arrow indicates the polarization
resuit Insensiuve to small gain aifferences In the detection Obf the laser;(b) the angular distribution of the fragments. The anisotropy

both species. The mean value of the branching ratio is 10%paramete3=1.9 is obtained by fitting the histografthick curve.
A linear fit reveals a slight increase in the photodissociation
efficiency to higher photon energies.

Dissociation angle 6

central part of the detector, where the main negative ion
beam arrives. The beam dump also blocks the neutsal O
products from the photodetachment process. The paw) (

A second experiment has been performed at 266 nmdata, as recorded by the camera over 20000 laser shots at
(4.66 eV} focusing on the photodissociation process itself.266 nm, is shown in Fig.(@). In this figure, each photodis-
This experiment uses coincidence fragment detection, i.esociation event is represented by two dots on opposite sides
the photodissociation products O and @re recorded in Of the center of the image. Only one ring is present; it cor-
coincidence. A beam dump is placed 20 cm away from théesponds to one-photon transitions from the ground state
laser interaction region in order to avoid saturation of theX “Il4(v=0) to the continuum of the\ Il state, generat-
ing OCGP)+ 0O (?P) fragment atoms.

The dissociation process is a direct and fast process via a
A2I1,— X ?I1 parallel transition. To verify this, the angular
distribution of the fragments on the detector has been inves-

%E%‘/E}l/’/f/ tigated. We recall here the expression for molecular dissocia-
10k - .
t

B. The angular distribution

12 ————

tion using linearly polarized light:

1
ol 1 1(0) = 7—[1+B(7)P;(cos0)]. (6)

Here 7 stands for the lifetime of the dissociative state
and P,(cos#)=3/2 cod(h)—1/2. For a direct dissociation
processp(7=0)=2 or B, (r=0)= —1, reflecting the char-

dissociation fraction (%)

PORMEN USRS S R RS S ETS acter of the transition. In Fig.(8) a histogram of the angular
430 435 440 445 450 455 460 485 470 distribution of the particles is shown. For each pair of frag-
photon energy (eV) ments(O and O') detected in coincidence and recognized as

FIG. 3. A fraction of dissociation vs excitation energy. The dissociation r_eSUItmg from the same parent Qy center-of-mass selec-
fraction is defined as number of O fragments vs the total number of detecteHON, We express the angkeas the angle between laser po-

particles(O and Q). larization and the internuclear axis. The histogram shows a
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200 — T T T L meV O + O_
180 |- 4
[ T T,
160 - . 50.03 £ +— 3Py +7Py,
L ] T T
™ 41.60 . 7 3P, + 2P,
120 . .
T,
£ L 28.08 3p, +2p
s % ] 21.95 T T 30+ 2p
8 s} 4 1965 T T, 3p? 4 2p2
3 1 4 3 1 312
60 | i
40 -
T, T, 3 2
20 ] 0 P, + 4Py,
0300 4 3&0 400 4‘50 ‘ stl)o 5‘50 6(1)0 ’ 6150 ‘ 7(1)0 750 8([)0 S dadd A dd
" ' O, ground state
kinetic energy release (meV)
19.00 X 21’Ig "
FIG. 5. The KER spectrurtthick gray curvé shows a broad but structured
feature around 550 meV associated with transitions froj‘rﬁ)O?Hg,ﬂ) Q

=3/2,1/2) (=0) states and leading to the B, 1 ) + O (*Pay.) limits. 0 X Mg 31

No photofragments starting from,@Qv = 1) are observed. The fithin black

curve is a linear superposition of 12 possible fine-structure transitions andFIG. 6. The diagram shows the fine structure of the ground statg cir@

the background line. The results of the fit are presented in Table II. of the dissociation limit (@ O~). The arrows indicate the transitions used
in the fitting of the KER spectrum. The relative energies are expressed in
meV.

sudden decrease of signal around 165°. This is an unfortu-
nate consequence of the presence of the beam dump; the
angular region from 150° to 175° degrees is hidden by the
holder of the beam dumfmata not shown The solid curve

is the best fit of the histograrignoring the region men-
tioned above We have used for the fit the function ex-
pressed in Eq6). The anisotropy paramet@ derived from
the fit equals 1.20.02, where the error gives the fitting un-
certainty. Uncertainties on the absolute background level im
plies that our result is not inconsistent wil=2. This result
supports very well the belief that the dissociation happen
via aA?Il,«X Il parallel transition.

ciation starts from different rotational and fine-structure lev-
els of the ground stateX ZHQ(UIO), leading to the
O(CP210+0 (?P319 limits. The near absence of @
=1 dissociation peak around 670 meV as welbas2 dis-
sociation peak around 800 meV reveals the absence of
X ZHg(v =1,2) levels in the initial ion beam or a dissociation
probability that decreases very strongly with the vibrational
quantum state, which is not very likely. This result is surpris-
ing in view of the expected stability of Ju=1) and
0, (v=2) states.

The superoxide ion has two spin—orbit ground states
0, (X2My o) (2=3/2,1/2), which are split byA=—20

f

In our experiment, the full kinematics of the dissociation - 5 ey 2 The lowest ground state is,@?I1, 3,). The dis-
process are obtained via a three-dimensional coincidence dggciation limit O(ng) +O*(2Pj-) in fact fo?hs a manifold

tection. This information makes possible the identification of ¢ iy gissociation limits. The fine-structure splitting of
the initial state as well as the fine structure of the dissociatiorb(e,P2 Lo is accurately known €10 %cm™1) from laser

limit, by means of KER spectra. For each coincidence eveniyagnetic-resonance experimefits28 The 3P, and3P, lev-

C. Experiment: The fine-structure
at the dissociation limit

KER is calculated: els are 19.65 and 28.08 eV, respectively, above Ehelevel.
Eo For the O(2P3,2,1,2) fine-structure splitting, we have used
KERZE(DZ‘FU(Z)AIZ), (7)  the latest high precision result 177.084 cm ! (21.95

meV), which has been obtained using photodetachment
whereE, is the kinetic energy of the parent be@fnkeV), L microscopy:® Figure 6 shows 12 possible transitions and
is the length of the flight tube from the region where disso-relative energies of the fine-structure states used in the simu-
ciation takes place to the detectbrjs the distance measured lation of the KER spectrum. The transitidin, originating
on the detector between the two fragmeuis,is the arrival  from O, X2Hg,3/2 and ending on the dissociation limit
time difference of the particles ang is the velocity of the O (®Py) + O (?Py,) does not conserve the projection of to-
parent beam. Figure 5 shows a histogram of the observeigl angular momentum, exclusive of nuclear spin on the mo-
KER distribution. As the spatial resolution of the apparatus idecular axis, but it is considered in the fit and found to con-
better than the temporal one, the resolution of the KER detribute. The rotational population of the anion ground state of
termination is increased by employing a further selection ofO, (X 2l'Ig) is assumed to obey a thermal distribution. Con-
events. We select only events with a minimum time differ-sidering the temperature of the ion soufice 350K and the
ence and a maximum spatial separation. These events amtational constanB,=1.16 cm !, up to R=35 rotational
dissociations in the plane parallel to the detector. The obstates are populated. The shape of each transition used in the
served KER values in the broad peak reveal that photodissditting of the KER spectrum is
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TABLE I. The diabatic and statistical model for the branching over the 12 In the simulation of the KER spectrum we have used a
transitions. least square linear fitting routine. The input matrix consists

KER® Diabatic Statistcal  ©f the 7 KER distributions representing the 12 transitions,
Transitions Q i~ meV % % G; . A small constant background is added to account for the
minor fraction of accidental coincidences. The detection of

T, 12 2 32 573 0.1852 0.3704 : o o

T, 12 1 3/2 553 0.3333 02202  Mmultiple coincidences per laser shot opens the possibility of
T, 1/2 0 312 545 0.1481 0.0741 recording accidental coincidences; an incorrect combination
Ty 1/2 2 1/2 551 0.0926 0.1852 of two fragments coming from different dissociation events
Ts yz2 1 12 531 0.1667 0111 but having an apparent center of mass in the region of ac-
Te 12 0 12 523 0.0741 0.0870 ceptance for true coincidences. The best fits were obtained
T7 3/2 2 3/2 554 0.5556 0.3704 using 19 meV for the fine-structure splitting in the superox-
Tg 82 1 32 534 01111  0.2222 ide anion ground state. We note that the observed structures
E’O gg (2) fg ggg 8_2778 %_01781,12 in Fig. 5 could only be consistently fitted using the known
Ty 3/2 1 12 512 0.0556 0111 energy differences between the dissociation limits and the
Ti 32 0 1/2 504 0 0.0370 known instrumental parameters. This observation corrobo-

rates the origin of the observed structure in the KER peak.
The error bars have been determined by fitting 100 realiza-
tions of the spectrum while changing the spectrum randomly
within the statistical uncertainty per channel, on top of deter-
mining the sensitivity of the fit results toward changes in
other parameters, such as the 19 meV fine-structure s?litting,
B o 2 and the rotational temperature in the range B}
=2 (2Rt 1)re PRV (TKERIET (8)  _300-350K. We find that the data are best described lim-
) o o iting the fine-structure splitting to 191.5 meV.

KER is the kinetic energy release, taking into account  Taple | also shows the calculated, theoretical results us-
the initial rotational state and the different asymptotic chan1ng the diabatic model described above, as well as the results
nels, as defined bR, (), j, andj . The KER resolution of  of 5 simple statistical model. A fully adiabatic dissociation
the detector and imaging equals=2 meV). The Earth’s  \yoyuid result in population of the first dissociation limit,
magnetic field as well as stray electric fields affect the tra-o(3p2)+o—(2p3/2)' only. With respect to the calculations,
jectories of the charged © We actively compensate for this \ye note that the results of the diabatic model predict a sig-

effect by employing a small electric field. Nevertheless, aificant larger population of the excited ¥X,) states than

small residual shift remaingl~400um. Since the O and he statistical in the case of the superoxide anion ground
O fragments cannot be distinguished on the detector, thgiate whereas the reverse is the case starting from the ex-

effect of magnetic field appears as an apparent splitting of;iaq O (2=1/2) anion state. As can be deduced from

each KER peak, one at KER corresponding to a distancgype | “the sum of the diabatic predictions, starting from the
between fragment® —d and the other one at KER corre- o molecular states and leading to a certain dissociation
sponding to a distand@ + d. The splitting is~31 meV. This iyt are identical to the statistical prediction. This remark-

effect is included in the shape of the transitions considered iNple observation cannot be general, since a necessary condi-
the r:'t' The calculated ma;(_lm_a of the KEIR dlstrl!but_lon fOr ion for this observation is that the selection rules allow the
each transition, ignoring this instrumental complication, ar ;o jar state to connect to all possible dissociation limits.

presented in Table I. Not all of the 12 combmauo(rage . Certain allowed molecular symmetries do not meet this con-
Tab_le .l) of .th? two molec.ula}r.ground states and the six dis-yion At this moment, we have no explanation of this effect.

sociation “r.mts’T" are mdw_@ua}ly resolved. Only seven Table 1l and Fig. 7 show the comparison between the

groups of Ilneg,Gi, are distinguishedsee Tablg b For experimentally deduced branchings and the theoretical ones.
example, transitionds, Tg, and Ty corresponding to aI—. Here some individual transitions have been grouped, as de-
most the_ same KER are grouped together and taken Intchibed above. Note that the groups are numbered with in-
account in the fit as one lin&,. creasing KER value, whereas the transitions are numbered,
as described in Table I. The experimental results are repre-
sented by the fit coefficients. For the comparison, we have
adopted equal populations for both molecular fine-structure

#The maximum of the calculated KER distribution corresponding to a pho
ton energy of 4.66 eV.

Ti(Qij ,ji,X)

TABLE II. Fit coefficients for the branching.

Obs. Fit coefficients ~ Diabatic Statistical ~ States. Unfortunately, we cannot deduce this population ratio
Lines Transitions % % % directly from the data. We note that ropriori information
G, To 0.06+0.01 0 0.0185 has been used in the experimental fit. A very nice agreement
G, T, 0.08+0.01 0.0278 0.0555 is found between the calculated and predicted trends in the
Gs Te+To 0.06+0.03 0.0370 0.0555  branching. The superoxide anion clearly does not dissociate
< Ts+Tgt+Tyo 0.33+0.02 0.2778 0.2592  adiabatically. It is, however, difficult to distinguish between
Gs Ts 0.02:0.03 0.0740 00870 {he diabatic and the statistical model. Finally, we note that
Gs T+ Tu+ T, 0.29+0.03 0.4907 0.3889 o A .
G, T, 0.16+-0.03 0.0926 01852 We observe a small contribution f@,. This dissociation

pathway does not conserve the projectidnin going from

Downloaded 10 Jul 2013 to 131.174.17.241. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



8870 J. Chem. Phys., Vol. 119, No. 17, 1 November 2003 Dinu, Groenenboom, and van der Zande

—T——T———T 7 tachment and molecular excitation. However, a photodetach-

__ o5 | M diabatic . ment signal due to autodetachment of the excited molecular

X [ statistical 1 anion state cannot be ruled out based on our observations.

o 041 [_] experimental T The measurements of the branching fraction, fine-structure

= 1 distribution and anisotropy presented here do not contain di-

S | . - i ) . - .

c 03 rect information on the origin of the observed branching

s 1 fraction. Baileyet al. concluded from studying autodetach-

B o2f 1 ment studies via bound vibrational levels in thg @ 2I1,)

% r 1 state that the absorption cross section to this state may well

g 01F be equal to the photodissociation cross sectidhe obser-

§ - ﬁ I—I i—]i[’ h 1 vation of vibrational structure in this experiment is sugges-
0.0 & & + &3 t = + + +

tive for autodetachment lifetimes being much longer than a
vibrational period. As a consequence, upon excitation mo-

FIG. 7. The experimental branchings over the seven groups of transitionkecular dissociation would be much faster than autodetach-
(white column$ are compared with a diabatical calculatidgilack columng ment.
and the statistical modégray columng

4 G5 Gé G7

In fact, an electron energy spectrum of the photode-
tached electrons could be more revealing in this respect. Au-
the molecule (Q=3/2) to the highest dissociation limit, t°detachment via the dissociative, O\?I1,) state should
OCPy) + 0 (2P, with total Q=1/2. result in a change in the Franck—Condon factors with differ-
ent product neutral Qvibrational levels. We have not found
measurements in the literature in this direction. Further, it is
of interest to note that the photodissociation branching does
A. Photodetachment mechanism not change upon energetically opening of the reaction chan-
nels associated with Eq$10) and (12). Opening of these

We have found a dissociation fraction of apprOXimatelychannels could increase the relative autodetachment rate and
10% slowly increasing with photon energy over a wave- . L .
daecrease the dissociation fraction.

length region between 285 and 266 nm. We have establishe Theory is more revealing in unraveling the different

—0) states only and that it takes place via the continuum 0p’1echanisms. Recent_ly,_ multichannellscattering calculations
AZI1,, based on the anisotropy parameter. Finally, we have''® performed, proyldlng cross sections for '.[he photode-
obtained information on the correlated product state im‘ormai"’mhn.]ent of .Q ' Ieadlng to Q for photon energies up o 50
tion. First, we will discuss the photodetachment process?v' Since this theoretical work was performed using a fixed

which can proceed via a number of pathways, both direct anHUCIei approximation, the cross sections should be seen as

IV. DISCUSSION

indirect: total absorption cross sections. The distribution of the total
' cross section shows an overall smooth increase for photon
O, (X2Ilg) +hrv—0,(X3%, a'Ag,b'S ) +e, (9 energies up to 20 eV followed by a smooth and slower de-
1w — _ crease toward an energy of 50 eV. The only prominent struc-
—0y(cZy)+er, (10 ture is a resonance appearing at photon energies between 5
— 0, (AZIL,) and 6 eV(the cross section increases locally by a factpr of 4
up to 15—2x 10" 8cm?). The resonance has the configura-
—0,(X33y ,aAg b3 ) e, (1) tion of 1m31ms> and it is attributed to the DA %I1,) state.
_ _ Our experiment was performed in a wavelength region
—0; (A%1,)—0y(c!S))+e”,  (12) g g o

(4.35-4.66 eY and the total theoretical cross section should
where Eqgs(9) and (10) refer to direct processes while Egs. be around 4.5 10 8cn?. The main contributions to this
(11) and(12) refer to indirect processes, better described asross section are processes of E).[~2X 10 8cn? for
the autodetachment of the photoexcited intermediaté,(X 3252)<—O§(X ’1g), ~1.5x10 *8cn? for Oy(a lAE)
0, (A?I1,) state. Two processes, Eq40) and (12), have  «O; (X“IIy), ~1x10%cn?  for  Oy(b'X,
their energetic threshold at~275 nm. The dominant va- 0O, (X 2l'Ig)]. All three partial cross section distributions
lence electron configurations of the states involved are th&n the 11-channel calculation leading to (& 329’,
following: 7wy for the Oy (X?Il,) state, mym; for the a'Ag,b'S ) states show the same resonance around 5 eV.
0,(X33, ,a’Ay,b 'S 1) states;mims for the O(c'S,)  The resonance has a configuration efilwg and it is at-
state; andwfng for the O, (A1) state? Equations(9),  tributed to the Q(A?Il,) state. Our experiment probes the
(10), and(12) are one-electron processes; Etl) is indirect  low-energy wing of this resonance. It is tempting to interpret
and involves a two-electron process in the autodetachmerie small increase in photodissociation fraction as the in-
step. Equation(12) is the result of two one-electron pro- crease of this resonance. This would imply that at these en-
cesses, but has a very small Franck—Condon overlap in thergies the Q(A2I1,) state, once populated, decays mainly
autodetachment step at our excitation energies. via dissociation processes, and it accounts for the high dis-
An absolute determination of the efficiencies of thesesociation rate of 10%.
pathways is not easy. The observed photodissociation frac- The contribution of the gc 1EJ)<—O§(X2H9) [see
tion may reflect the relative cross sections of direct photodeEq. (10)] is small in this wavelength region, as well as the
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contribution of Eq.(12) (according to the one-channel calcu- important atmospheric molecules may well become possible;
lation, the maximum cross section of this reaction is obtainedee, for example, Ref. 34 on molecular oxygen. Using veloc-
for a photon energy of 10 eVThe rest of the states taken ity map imaging, no correlated fine-structure information in
into account in this theoretical work show various maximathe case of oxygen has been reported.
for photon energies higher than 10 eV and do not contribute  Coincident fast beam photofragment techniques have
significantly to the total cross section for photon energiedeen able to obtain quantitative correlated information on the
below 5 eV. atomic fine-structure states employing the aspect of coinci-
As the photodetachment mechanism is likely to be domi-dent detection. The experiment reported by Leabgl. is an
nated by a direct one-photon process as well, we describe oexcellent example of how coincidence experiments can re-
experiment by veal details of the photodisso?céiation of molecular oxygen via
_ the Schumann—Runge statésThe complexity of the
0O, (X2H9)+hv(266—285 n Schumann—Runge predissociation process and the fact that
—0,(X32; ,atAg,biS ) +e  (~90%) their theory required a small number of fitting parameters,
makes it harder to draw firm conclusions. The present study
— 0, (A%I1)—O(*P))+ 0™ (°P;) (~10%). (13)  of the superoxide anion is a favorable case for theoretical
calculations. The dissociation process involves one dominant

It is tempting to conjecture that at the peak of the 5 eV S
. L . molecular state and the description of the charge—quadrupole
resonance, photodissociation may even dominate over

- ) interaction makes it possible to generate a diabatic model
photodetachmerit.A preliminary experiment at a photon without any parameter. The experimental resolution reached
wavelength of 212 nn(5.8 eV) did not show any increase in yp ’ P

the photodissociation fraction. The 212 nm has been ob" the present experiment was not sufficient to determine

tained by frequency mixing of the fourth harmonic of the accurate branching fractions that can be compared quantita-

Nd:YAG (266 nm) with the fundamental wavelength of the tively. The data show that_dlssomanqn_ls far from adiabatic
: . o and much closer to diabatic and statistical models. The pres-
same lasef1064 nn. It is possible that at this increased . .
. - ence of dissociation fragments at the channel that does not
energy the autodetachment process via thec®s ) state

) S . ) . conserve() in the dissociation can not be explained within
has increased significantly in strength, reducing the photodlst- . )
sociation rate. he present diabatic model.

The importance of the superoxide anion in atmospheric

B. The fine-structure of the dissociation limit sciences resides dominantly in the chemistry in the upper
atmosphere. In this region, the UV flux is intense. The re-
change forces at short range via the long range atomic mteported 10% photodlssomau_on S.hO.UId not be neglegted n
lonosphere models. Photodissociation of the superoxide an-

actions to the asymptotic limit, where the atomic fine-.~" ™ fth ) . hich | i
structure splitting is the dominating splitting, is considered gon is a source of the atomic anion, which may play a role in

complex issue. This process has regained interest becausetBia upper atmosphere.
the field of cold collisions, in which long range interactions
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