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Photodissociation of O , via the Herzberg continuum:
Measurements of O-atom alignment and orientation
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Irradiation of molecular oxygen £in the region of the Herzberg continuum between 218 nm and
239 nm results in the production of open-shell photofragmenf&P¢ O(*P). Product OFP;;
j=0,1,2) atoms were ionized using resonantly enhanced multiphoton ionizatidnREMP]) near

225 nm and the ions collected in a velocity-sensitive time-of-flight mass spectrometer. By
controlling the polarization of the photolysis and ionization radiation, we have measured alignment
and orientation parameters of O-atom electronic angular momenjuimthe molecule frame. The
results show alignment from both parallel and perpendicular transitions that are cylindrically
symmetric about the velocityw( of the recoiling O atom. We also observe electronic alignment that

is noncylindrically symmetric abouw, resulting from coherence between multiply excited
dissociative states. Photodissociation with linearly polarized light is shown to produce O atoms that
areorientedin the molecule frame, resulting from interference between parallel and perpendicular
dissociative states of O Semiclassical calculations that include spin—orbit coupling between six
excited states reproduce closely the observed polarization20@3 American Institute of Physics.
[DOI: 10.1063/1.1574511

I. INTRODUCTION ties of the product O atoms with respect to the electric field

Oxygen plays a key role in the chemistry of the Earth's VEctor € of the linearly polarized photolysis radiation. The
angular distribution can be written using the expression

atmosphere. The splitting of the oxygen bond by ultraviolet
(UV) solar radiation is the primary step in the formation of
ozone (Q), and is responsible for the existence of the ozone  1(0e)= 7 —[1+BP;(cosd,)], (1)
layer! The UV photodissociation of ©can be loosely
classed in three different wavelength regions: the HerzberghereP,(---) is the second order Legendre polynomi@J,
continuum (242—200 nmy the Schumann—Runge bands is the polar angle betwean ande, and the spatial distribu-
(200—176 nmy, and the Schumann—Runge continu(ti@é—  tion of velocities is parameterized ky. The g parameter
100 nm). takes the limits+ 2 for a parallel () transition and—1 for a
The Herzberg continuum is the region of near-thresholdPerpendicular () transition. At 226 nm,3=0.61 for
dissociation of @ to give O@P)+O(P). The electronic O(P,), indicating a mixture of 54%) with 46% (L).
configuration of the O atoms ££2s°2p?) leads to a consid- Buijsse et al. have developed a detailed photoabsorption
erable number of electronic states of the olecule, and a model to directly compare with the experimental results. The
ground stateX 329‘ that is unusual in that it has two un- Herzberg | transition was found to be the most significant,

paired electrons. In the Herzberg continuum, absorption ocaccounting for 86% of the total cross section at 242 nm, and
curs from theX state to theA 32: , A’ 3A,, andc 12; rising to 94% at 198 nm. The resulting electric dipole tran-

states: these are called the Herzberg |, Il, and 11l transition$ition includes both parallel and perpendicular components
respectively. These Herzberg transitions are electric dipole | o

forbidden, and theﬁ:;xlll)sorptlon Cross sectha$ are weak: X 32§+1—>B BEJ+1<—>A 32:+1' @)

for example,o~10"2* cn? at 240 nn? Oscillator strength " - "

for the Herzberg transitions is borrowed from electric dipole so L

allowed transitions, mainly through spin—orb80) interac- X35 00130, —A3S Ly, (3
tions between ground and excited states. Buiggtsa., have

recently published results of a detailed velocity-map imaging 3o SO 3 L 3o

study of photodissociation in the Herzberg continuum. The X2g 0101 g —=A % o (4)

velocity map experiments measured the directions of veloCigere we have given the projectiéh=A +3, of total angu-
lar momentum on the bond axis as an additional subscript on
dpresent address: School of Chemistry, University of Edinburgh, Edinburghe term Symb0|?2+1/\§/u’9 . The transitions t&\’ 3A, and

EH9 3JJ, UK. c 13, are purely perpendicular in character.

Ypresent address: College of Chemistry, University of California, Berkeley ; ; ’ ;
CA 94720-1460. Adiabatically, theA, A’, andc states correlate to give O

. = . 3 .
9Author to whom correspondence should be addressed. Electronic maiftoms W'Fh] _—.2, I.e., OE;PZ)_+ O(°Py). Sever_al ST[Ud|es ha7ve
zare@stanford.edu shown significant populations of é]?j) with j=0,1.°"
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Buijsse et al® measured thg=0:1:2 branching ratio as of ~400 Torr. The @ was photolyzed using linearly polar-

1.00:3.33:9.00. Clearly a significant amount of nonadiabatig,¢q light in the 218—239 nm wavelength range. The second
interaction takes place during the dissociation. There are garmonic (532 nm of a NP :YAG laser (Continuum
totgl of eig?t states of _un_geradg symmetry qorrelating to th‘?’LQOZQ was used to pump a dye lag@ontinuum ND6000,
O(P) +O("P) dissociation limit, these include three ,q,mine 598610 dys to produce tunable radiation in the
Herzberg states/, A", and c) and five others (2I1s,  region 550616 nm, which was doubled to 275-308 nm
17, 273, , 1%, and 1°%,). Th? unger.ade states using a KDP crystal. The resulting doubled light was then
may couple through long-range SO interaction, and the ., o4 with the residual fundamentdllo64 nm of the
A°x, and 2%, states may also interact by radial deriva- \ s+ yaG aser in a second KDP crystal to produce tunable
tive coupling due to the radial kinetic energy operator. Un- ., i qi radiation from 218 to 239 nm. Measurements of

fortunately, angular distribution and branching ratio mea-JOduct Oepj: i=1,2) atom alignment were made at pho-

§urements d(.) not_ rev_eal c!ugs o the specific states InVOIVe’?olysis wavelengths of 221.667 and 237.049 nm; for brevity,
in the nonadiabatic dissociation.

Recently, van Vroonhoven and Groenenb8iG) cal- we shall refer to these wavelengths as 222 and 237 nm, re-

culatedab initio potentials for the eight ungerade states, and® pectively. Measurements Of. @) atom orlent.atlon were
the SO and radial derivative couplings between them. Thes ade at several photolysis V\{avelengths in the range
potentials were used in semiclassical calculations of the ele -18'5,21__238'556 nm. The QRJ- » 1=0,1,2) atom product§
tronic state-resolved branching ratios g#(d) parameters as were ionized by 21 REMPI (resonantly enhanced multi-

. - . . 3 3 - .
a function of the dissociation energy, and the calculation®hoton ionization via the 2°4p(°P;,) intermediate state
were compared with the experimental results of Buijssé'SINg wavelengths of 226.233, 226.059, and 225.656 nm for

et al? Significantly, VG also calculated electronic state re-J =0, 1, and 2, respectively. Polarization measurements are
solved alignment momenis{’(j) (k=2,4; j=1,2), but at Nt possible for O{P,) because this sta}telhas zero total an-
that time no experimental data were available for comparigular momentum. Tuneable probe radiation around 226 nm
son. The alignment moments are sensitive to nonadiabati¥as produced by frequency doubling the 450 nm output of a
transitions between states, and their experimental determingecond N&":YAG pumped dye lasefSpectra Physics DCR-
tion would provide a useful test @b initio and dynamical 2A. PDL-3, coumarin 450 dye The probe and photolysis
calculations. laser beams were counterpropagated and both loosely fo-
In this article, we present measurements of electroni€used(+50 cm focal lengthto overlap at the center of the
orientation and alignment of &@;) atoms following disso- ~Pulsed expansion in the TOF. The resulting @ns were
ciation via the Herzberg continuum in the region 218-239collected with the TOF spectrometer operating under
nm. The O-atom polarization is obtained in terms of mol-Velocity-sensitive condition¥’
ecule frame polarization paramet@fﬁ)(p) that distinguish The direction of the linear polarization of the photolysis
between atoms produced by parallél ¢r perpendicular{) beam was controlled using a double Fresnel rha@ptics
transitions, or coherence due to mixed transitith§he For Research and the direction of the probe linear polariza-
measured alignment parameters allow a detailed comparisdion was switched on a shot-by-shot basis using a photoelas-
with the recent semiclassical calculations of VG. The phototic modulator(Hinds PEM 80 allowing difference measure-
dissociation of @ with linearly polarized light results in pro- ments to be made very accurately. For the orientation
duction of O atoms that are oriented in the molecule framemeasurements, the probe beam was circularly polarized us-
The orientation results from interference between dissociaing a Soleil-Babinet compensaté®pecial Optics and was
tive states of parallel and perpendicular symmetry. Theswitched between left- and right-circular polarization using
phase-dependent orientation should prove to be a very sethe PEM. The experimental geometries used were the same
sitive test parameter for the shapes of the dissociative poters described by Rakitzit al* The TOF profiles are labeled
tial energy curves for @ and the nonadiabatic transitions by their geometry as;,, whereF indicates the geometry of
between states. The paper is arranged as follows: in Sec. fhe photolysis polarization, an@ indicates the geometry of
we describe the experiment and extraction of the polarizatiothe probe polarization. The laboratofyaxis lies along the
parameters. The experimental results are presented in Sec. 1OF direction, and the/ axis lies along the photolysis laser
in comparison with the semiclassical results of VG and ourpropagation direction. Left and right circular polarization is
own semiclassical calculations of the interference betweefhdicated byL and R respectively. For example, for thé
excited dissociative states. Conclusions are given in Sec. I\grofile, the photolysis laser would be linearly polarized along
the X axis, with the counterpropagating probe laser being
right circularly polarized. For the alignment experiments, a
total set of 4 profiles were recorded. These were obtained in
two experiments using the PEM to flip the probe laser polar-
The experimental methods have been described in detaitation between theX and Z axes on a shot-by-shot basis:
elsewheré!*?and a brief overview is given here. A 1:9 mix- first with the photolysis polarization alony, and second
ture of oxygenMatheson, 99.9%and helium was made and alongZ. This gives two pairs of profiles, 15} and{1Z,
expanded into the source region of a Wiley—Mclaren time-%}. TOF profiles that are sensitive to the O-atom velocity,
of-flight (TOF) mass spectrometer via a pulsed nozg&en-  but approximately independent of product atom alignment

eral valve, series 9, 0.6 mm orificeith a backing pressure are calculated aks,=15+21% and1}%,=15+2I%. TOF pro-

Il. METHODS
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TABLE I. Interpretation and range of molecule frame polarization parameé@n(sp) used in the present work. The column headed “Physical Direction”
gives the direction of alignmenkE& 2) or orientation k=1) if the parameter is positive{() or negative ().

Range
Parameter Interpretatidn Physical direction =1 j=2
a2 cx(3j,—j2) (F)lz(=)Lz —1.000--- +0.500 —~1.000--- +1.000
a?(1) cx(3j,—i?) (H)llz(-)Lz —1.000--- +0.500 —1.000---+1.000
Reai?(l,1)] — 32w+ ixiz) (+) I x=2, (=) I x+z —0.866--- +0.866 —1.000--- +1.000
a?(L) CoV3Ij2—2) (H)Ix (=) Iy ~0.866--- +0.866 —~1.000--- +1.000
Im[a$P(l,1)] cV172(j ) (F) I +y, (=) Il —y —0.500--- +0.500 —-0.577--- +0.577
=[G+ D] =i+ "
files that are sensitive to product atom alignment are calcuebtain left 1}~ # and rightl3~* TOF profiles respectively.

z X

lated aslZ =15—1% and 1% =15—1%. In the orientation

Orientation-sensitive and velocity-sensitive composite TOF
X=Z X=Z

experiments, the photolysis radiation was polarized at 45profiles are defined aEyo=11"*—1x * and 1%, *=

with respect to the TOF axis, along th&{ Z) direction.

The probe radiation was switched between left and right cir-

+157% respectively®~1¢
Following Rakitzis and Zar&® we write the relative

cular polarization on a shot-by-shot basis with the PEM to (2+1) REMPI intensityl as

I[0,®,6,,8.,a5(p)]=1+ BP,(cosd,) +s,(j)sing.cosd, Im[a(Il, 1 )]y2sin@sind + s,(j) P,(cos ©)[ (1+ B)

x cof6 a2l + (1— BI2)sir? 6, a2 (L )]+ s,(j)sing.cosd, Re &P (Il, 1 )]y/3/2

X sin20 cos® +s,(j)(1— B/2)sint6.as?)(L) /312 sirt® cos 2b.

®,d, andd, describe the position of the probe and photoly-

©)

The molecule frame polarization parameteﬂg(p) are

sis polarization vectors with respect to the TOF laboratoryspherical tensor moments pin the molecule framé? with
frame, B is the translational anisotropy parameter, andthe z axis being the recoil velocity vectar, assuming that
agk)(p) are molecule frame polarization parameters. It shouldhe dissociation occurs in the limit of axial recoil. Equation

be noted that we have multiplied by a factor fi
+ BP,(cosh,)] that appeared in the denominator of Ebp)
in Ref. 10. Thesy(j) are (2+1) REMPI polarization sensi-
tivities for O(3PJ-) atoms, and were calculated from thgj)
geometrical factors derived by V&ysing the conversion

VEK+D)2j+D)[j(j+1)]¥

L)), 6
c(K)(jI3W1) o) ©

wherec(1)=1, c(2)=6 are constants’ and the reduced
matrix elementgjl1J®|j) have been listed elsewhefeUs-

ing 1 ,(1)=\/1/2 andl ,(2)= — \/7/10 from VG, we calculate
S,(1)=1 ands,(2)=—1. For REMPI by circularly polar-

su(])=

(5) has been derived by rotating the molecule frame into the
laboratory (TOF) frame. Thea{(p) are identified by the
symmetry of the parent dipole transition momepj,(which

is parallel (/) or perpendicular () to the diatomic internu-
clear axis. The symmetry of the transition depends upon the
projection of the angular momentum along thelidnd axis,

Q. For parallel transitions, the change in the projection of
angular momentum iaQ) =0, and for perpendicular transi-
tionsAQ==*1.

The interpretations of theagk)(p) are summarized in
Table I. Thea?)(I) and a{?’(L) represent cylindrically-
symmetric alignment of aboutv that arise from incoherent
parallel and perpendicular excitations respectivéljhe pa-

ized light, it is possible to obtain the sensitivity factor usingrameters Rea{?(ll,L)] and Infal’)(ll,L)] arise from the

the simplified expression of Mo and SuzdRiwhere the

broken cylindrical symmetry of aboutv resulting from co-

127 i) of VG are equivalent td, of Mo and Suzuki. The herent superposition of parallel and perpendicular excita-
calculatedP, can be combined with branching ratios to the tions. These coherent paramaters vanish in the limit of pure
excited state as described by VG, and convertes| tosing  parallel or perpendicular transitions. Thiéz)(J_) results

Eq. (6) above. Orientation measurements were only carriedrom coherent superposition of perpendicular transitions. The
out for j =2, for which we calculates;(2)=\/8/3. A prime a(zz)(L) may occur as a result of simultaneous excitation of
advantage of measuring polarization of O atoms, is that n¢(}| =1 states with different energies, or as a result of the
hyperfine depolarization occurs because O atoms have zeexcitation of degenerat® = =1 components of af)|=1
nuclear spin. On the other hand, experiments that attempt twansition'’ It should be noted that relationships between
measure angular distributions of O atoms may be signifiagk)(p) and the dynamical functiong(q,q’) of Siebbeles
cantly distorted if they do not explicitly account for the ef- et all’ that appeared in Appendix A of Ref. 10 were incor-
fects of polarization on the detection sensitivity. rect. Correct relationships between the molecule frame pa-
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FIG. 1. Isotropic and anisotropic TOF profiles of ®%) products at pho-
tolysis wavelength 222 nm@) 13,, (b) 1Z,, (©) 1Xc0, (d) 1Z,so. Experi-
mental data are shown as dashed lines, fitted data are solid lines.

rameters{’(p), the e polarization parameters of Vasyutin-
skii and co-workers® and the dynamical functions of
Siebbeleset all” have been tabulated by Alexand@r.

As has been described in detail elsewh@re, set of
isotropic and anisotropic basis profil&, and B, were
simulated by Monte Carlo sampling of Ed@5). The 8
parameter was varied to produ@O that gave good fits

to thell,,

F _ ~FpF
liso_C Biso’

@)

Photodissociation of 0, 10569

50

50 -50 0
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FIG. 3. Isotropic and anisotropic TOF profiles of ®() products at pho-
tolysis wavelength 222 nmia) 1%,, (b) 1Z,, (©) 12X () 12, Experi-
mental data are shown as dashed lines, fitted data are solid lines.

Ill. RESULTS
A. Branching ratios

At the fixed photolysis wavelength 226 nm, we mea-
sured the total ion intensity for él(’j) atom REMPI for]
=0,1,2. The ion signals were corrected for variations in
probe laser energy. We found the relative branching ratio to
be 1.00:2.90:8.65 forj=0:1:2. Ourresults are in good
agreement with the branching ratios 1#00.26:3.33-0.43:
9.00+0.70 reported by Buijsset al® Using branching popu-
lations and excitation factors in Tables Il and IIl of \V\Gye
obtain a semiclassical estimate at 226 nm of 1.00:4.32:9.73,
which agrees well with the experimental results.

where ¢’ is a weighting coefficient that was subsequently

used to fit the anisotropic profiles:

I gniso: k%p agk)( p) ch Bgniso- (8)

For the alignment experiments, the= X andF =Z profiles
are fitted simultaneously, and the sum in E8) includes
a2y, a?(L), Rgai?(ll,1)], anda?)(L). For the orien-
tation experimentsfF=(X—-2Z) and In[a(ll)(ll,L)] is the
only polarization parameter fitted by E@®).

(b)

(d)

Qo

0.00; {
50 -50 0
O atom TOF (ns)

50

FIG. 2. Isotropic and anisotropic TOF profiles of ®%) products at pho-
tolysis wavelength 237 nm@) 13,, (b) 1Z,, (©) 1Xc0, (d) 1Zs. Experi-
mental data are shown as dashed lines, fitted data are solid lines.

B. Alignment

Isotropic and anisotropic TOF profilé§ (F=X,Z) are
shown in Figs. 1222 nm and 2(237 nm for O(®P,) prod-
ucts, and Figs. 3 and 4 for @®;). The resulting alignment
parameters are given in Table Il, and plotted in Fig. 5. The
incoherent parametea(?)(I) has opposite signs foj=1
compared withj =2, and the same is true fa@z)(J_). For a
particularj at a given photolysis wavelength, we also find
that a®(I) and a{?’(1) have opposite signs. Tha?)(ll)
does not appear to change, within uncertainties, from 222 nm
compared to 237 nm and tha%z)(L) appears to decrease at

02 0.3

(b)

(@)

50 -50 0
O atom TOF (ns)

FIG. 4. Isotropic and anisotropic TOF profiles of () products at pho-
tolysis wavelength 237 nmi@) 1%,, (b) 1Z,, (©) 12X () 12, Experi-
mental data are shown as dashed lines, fitted data are solid lines.
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TABLE Il. Experimental beta parameterg) and molecule frame alignment parame\zn{fé(p) for O(3Pj) atoms at photolysis wavelengths 222 and 237 nm.
The calculated semiclassicaf®(p) from Table Ill are also shown here for convenience. The calculatéd{Rgf, 1 )] andaf?(1) were obtained using

methods outlined in Sec. Il C.
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ji=1 =2

Parameter 222 nm 237 nm 222 nm 237 nm
B 0.51+0.10 0.25-0.15 0.55-0.10 0.50:0.10
a2 +0.158+0.043 +0.123+0.048 —0.090+0.037 —0.125+0.030
calculated +0.055 —0.007 —-0.060 -0.191
al?)(1) —0.223+0.071 —0.052+0.057 +0.081+0.066 +0.015+0.050
calculated -0.131 —0.048 +0.073 +0.000
Rea?(lI,L)] —0.115+0.042 +0.069+0.035 +0.090+0.037 —0.001+0.027
calculated —0.348 —0.036
a?(L) +0.019+0.035 +0.061+0.023 —0.094+0.033 —0.009+0.021
calculated —0.086 —0.049

longer wavelengths for both most significantly forj=1. 2 (2j—1)(2j +1)(2j+3)]*2 2
The coherent parametei(zz)(L) is positive forj=1 and a = 51(j+1) Po - (€)
negative forj =2, at both wavelength®.

Currently there have been no theoretical estimates of thg_he semiclassical calculations of VG were obtained at ener-

effects of coherence on the atomic alignment for dissociatio§i€S €quivalent to photolysis wavelengths 204, 216, 226,
of O,. Balint—Kurti et al2* have recently reported aab 236, and 240 nm and our experimental results were obtained

initio study of the dissociation of HF, in which they used aat 221.667 and 237.049 nm. We have made linear interpola-

time-dependent wave packet approach to obtain the photéi—on_S of thle (rjesu!ts r?f VG in order Ito foméoa’;é)vgtzhzour ex-
fragmentation matrixT. The T matrix elements contain the perimental data: these were calculate ( nm

) . ) ) ) =0.5667p? (226 nm)}+0.4333< pP(216nm), and
h | f h f lcula- 0 0 f
phase and amplitude information that is required for calcula (2)(237 nm)= 0.7377x pgz)(236 MY+ 0.2623x pgz)(240

tion of the coherent polarization parameter I, L Po . .
anda®(1), and a sirF‘r)ﬂIar study fgr the psyifri( WOL]Id nm). The resultingo{”) were converted ta{?’, using Eq.(9),

allow a detailed comparison with our experimental resultsand are given in Table lll. Also shown in Table Ili are inter-
P P polated semiclassical excitation branching ratios to each of

We have, however, made approximate semiclassical calcul he Herzberg states, and their respeciivparameters
tions of these coherent alignment moments jfer2 atoms, ’ : . 3wt
using Eqs.(12)—(14) as outlined in Sec. Il C. We found a From Table Il we see that dissociation Wa’%.,, .., has
~r - ' , both parallel and perpendicular contributions. For example,
large discrepancy between the experimental and semlclas§i=—B:1 219 we determine thatB+1)/3=0.740 is the par-
(2) N : o
cal Rga;(ll,1)] at 222 nm. Overall, however, the agree- )| pranching fraction of thé *3 . , state dissociation at
ment between the semiclassical and experimental cohereBbs nm. The total parallel branch'iﬁg fraction fop @isso-
alignment parameters is good. ciation at 222 nm is 0.7350.740=0.544. From Table II,
The molecule frame alignment tensor momew@@ cal- a82)(j =2)=-0.111 for theA 33 ! ., state at 222 nm. We
culated by VG(Ref. 9 can be relazted to the molecule frlglme calculate the total parallel contribution to alignment as
alignment parametee”(Il) anda§?(L) of Rakitziset al, a?(l)=—0.111x0.544= —0.060. The last two rows in
Table Il are the weighted sums of the contributions from
parallel and perpendicular transitions, and the calculated
a(()z)(p) results are compared to the experimental results in
Table II. Comparing the experimental and Calculaengd(p)

0.24 in Table Il, we see good quantitative agreement overall,
044 $ within experimental uncertainties. There appears to be
% greater discrepancy between experimental and calculated re-
X 00 + %—- sults fora{?(ll), particularly forj=1 atoms.
o The dissociation of @via the Herzberg continuum ap-
© 01 i % . } proaches the threshold for the ) + O(P) dissociation
0.2 : i;g gg? :m; limit, and we must consider the potential effects of nonaxial
o j=1(222 nm) recoil. In theX 329’ electronic state there are only odd rota-
031 o j=1(237 nm) tional J states, with the lowest populated level beifg 1.
2 2 2 2 The estimated rotational temperature of our expansion is 15
ao(") aO(J_) Re[a1(||,i)] az(J_) K, and we calculate fractional Boltzmann populations as

0.787, 0.197, and 0.016 fdr=1, 3, and 5, respectively. The
dissociation energy of Qis D8(Oz):41268.6 cm?. As-
suming dissociation from £0J=1) to give two ground state

FIG. 5. Molecule frame alignment parametagé)(p) for O(3Pj) atoms at
222 nm(squaresand 237 nm(circles. Solid symbols ar¢=2 atoms, open
symbols arg =1 atoms.
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TABLE Ill. Herzberg excitation branching ratigs,, and state-specific anisotropy paramei@sg for different molecular eigenstates, calculated from Table
Il of VG (Ref. 9. Semiclassical alignment parametef%)(j =1,2) were calculated by interpolation from the results of VG, see text for details.

State Pno Bna aP(j=1) aP(i=2)
222 nm 237 nm 222 nm 237 nm 222 nm 237 nm 222 nm 237 nm

A 323,1 0.735 0.727 1.219 1.253 0.102 -0.012 -0.111 —0.350

A 32;’,(, 0.191 0.181 -1 -1 —0.648 —0.154 0.378 0.235
cly uo- 0.021 0.027 -1 -1 0.174 0.254 0.435 0.271
A’ 3Au,1 0.021 0.026 -1 -1 —0.244 —0.254 —0.492 -0.278

A’ 3AUI2 0.031 0.039 -1 -1 —0.824 —0.482 0.720 0.531
A’ 3AL,3 0.001 0.001 -1 -1 0.500 0.500 0.436 0.377
total || 0.544 0.546 +2 +2 0.055 —0.007 —0.060 —-0.191
total L 0.456 0.454 -1 -1 —-0.131 —0.048 0.073 0.000

O(®P,) atoms, we estimate the final center-of-mass velocityenging to obtain correlated experimental data. It is possible,
of O atoms to be 1681 m$ at 222 nm and 832 nmi¢ at  however, that the effects of the implicit averaging could be
237 nm. Following Wredeet al®® we calculated the total assessed in future calculations.
quasiclassical angle of rotationthat accumulates during the In summary, the semiclassicaff’ of VG agree well with
dissociation, i.e.;y is the angle between the asymptotic ve-our experimental results. We expect that a fully quantum
locity vector of the O atoms and the position of the internu-model of the Herzberg excitation and dissociation, which
clear axis at the time of excitation. For,@=1) we find could include calculation of the coherent alignment param-
that y=1.4° at 222 nm and/=2.5° at 237 nm, and for © eters, would improve the agreement between theory and
(J=3) y=3.5° at 222 nm andy=6.2° at 237 nm. The experiment?
effect of these deviations from axial recoil are small: for
=6.2° 8 would be degraded to only 0.98 of its axial vafe.

A further con"_lplication in our e_xperiment is thz_at We are - oyrientation
_unable to determine trmrrelatet_jallgn!'nen_t _betweem_ and Typical isotropic and anisotropic TOF profileé_z at
g for the two atoms, so there is an implicit averaging overppoiolysis wavelength 223.543 nm are shown in Fig. 6. The
theicl:o—fragmerjt withj =0,1,2. The energy separation100  regyiting Infa{’)(Il,L)] obtained from measurements over a
cm™* betweenj levels of OFP) would make it very chal- range of photolysis wavelengths 218.521-238.556 nm are
shown in Fig. 7, and tabulated in Table IV. The
Im[a(ll)(ll,L)] parameter represents orientation along the
molecule-framey axis resulting from interference between
states of parallel and perpendicular symmétryThe
Im[a{")(Il,L)] contains both amplitude and phase informa-
tion. For the simple case of interference between two states
(one parallel, one perpendiculare can write

X-Z
I iso

Im[a$P(1l,L)]ecsin A ¢, (10)

where sinA¢)=sin(¢, —¢,) is the sine of the asymptotic
phase difference between the radial parts of the dissociative
wave functions for the perpendicular and parallel states. The
photodissociation of @involves more than one pair of in-
terfering electronic states. A fully quantum mechanical simu-
lation of the dissociation is outside the scope of the present
study. However, as a base to compare with our experimental
results, we have calculated the energy dependence of the
semiclassical phase difference using theg@tential energy
curves of VG®

We begin by writing the Ir[‘a(ll)(II,L)] in terms of the
dynamical functions,(q,q’) of Siebbelest al’

0.01

-0.01

-50 0 50

O atom TOF (ns) 61m[f,(1,0]

(1) =—
Im[af (I, L)] V2[6(0,0 +2fo(1,D)]

(11)
FIG. 6. Isotropic and anisotropic TOF profiles of ®) products at pho-
tolysis wavelength 223.543 nnf) 1X,%, (b) 1X.Z. Experimental data are

iso

shown as dashed lines, fitted data are solid lines. The dynamical functions can be writter?as
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0.4 TABLE IV. Experimental molecule frame orientation parameters
Im{a{P(ll,1)] for O(3P,) atoms.
0.3
(1)
5 0.0 Wavelength(nm) Im[a;™(Il,L)]
= 1 218.521 0.020
‘-‘“'s’— 014 221.667 0.0340.002
‘g‘ 0.0 ' 222.293 0.030
= | 222.918 0.033
014 v 223.543 0.049
224.789 0.048
-0.2 T T T T 225.566 0.0520.007
215 220 225 230 235 240 226.031 0.071
Photolysis wavelength (nm) 226.341 0.076
227.888 0.060
FIG. 7. Molecule frame orientation parameter[&{t(Il, )] for OCP,) 238.556 0.04%0.011

atoms vs photolysis wavelength. Circles are experimental points. The solid
line is the semiclassical simulation obtained using potential energy curves of
VG [see Eq(15) (Ref. 8]. The dashed line incorporates a reduction in the
term involving thecO state. See text for details.

parallel componenpay=pa1 X (1+B)/3 of the branching
fraction to A1 has been used. Taking the positive root we

f(q,9")= > (—1)k+iatQa have introduced a factor of uncertainty in the phase for
000" ,0" 00 each pair of interfering states in(1,0).
. _ The total semiclassical phasg, for staten=n{) was
Ja Ja k found by numerical integration using the adiabatic Hund'’s
-Qar Q) g-0Q' case(c) potential energy curves of VG with the expresgibn
Q '’ * T o
xﬂAslAstzB(ﬂAm;jBnB) ¢”:Z+JT [Kn(R) =Kkn(©) JAR—Kp() T, (13
XT:anrﬂre_i(ﬁnnei¢n'“', (12)

_ where R is the Q bond length,T,, is the classical inner
where we have combined Eq$) and(13) of Ref. 21. The  tuming point for staten at a given available enerds. The
dissociation gives two fragments with angular momeja available energf=hv— D8(Oz), wherehv is the energy of

and jg, having projections(2, and (g on the molecule the photolysis photon. The de Broglie wave numkgiR) is
framez axis. The indices() label the excited state witf

=0+ Qg. To be brief, we shall refer to the six Herzberg 1
states of Table Il a1, A0, c0, A’1, A’2, andA’3. As kn(R)= 7V2u{E—~En(R)}, (14
explained by Balint—Kurtet al, summation oveflg is im-
plicitly included in Eqg. (12, and q—q'=Q,—Q,=Q whereu is the reduced mass of,QandE,(R) is the poten-
—-Q'. The coefficientsfj‘fQAj Lo, are expansion coefficients tial energy of stat@. The centrifugal potential due to rotation
of the molecular electronic states in the product atomic basi€f the dissociating @was found to be insignificant in our
i aa)|jag), which can be calculated by diagonalizing the calculatlops and has nqt been mgluded in E!ql). The case '
long-range quadrupole—quadrupole potential interaction malC) potentials were obtalnedAbyAdlagoniallzanon of the matrix
trix in the atomic basisZ]'y, ; o coefficients for @ have  elements of the HamiltoniaH =H cou+ Hso in the basis of
been given in Table | of VG. the e_Iectronic §tates fdR =0, 1, 2, a}nd 3, res.pectively, as a
The dynamical functiorf;(1,0) represents a sum over function of the internuclear separatidR, The eigenvalues of

(I, L) pairs of interfering states. No interference occurs bethe Coulombic HamiltoniarH ¢,y correspond to the elec-
tween dissociation paths that start with different values of théronic adiabatic Born—OppenheiméABO) states, and the
ground state(); . Since the only parallel transition involved matrix elements oHgg are the spin—orbit couplings between
is from ground statX1—A1 [see Eq(2)], the only perpen- ABO states”
dicular transitions to be considered fip(1,0) areX1— A0, Equations(11)—(14) show how Inia{’)(ll,L)] is related
c0, andA’2. to the potential energy curvds,(R) through the phase ac-
The coefficients , and ¢, in Eq. (12) are amplitudes cumulated during dissociation at a given available en&igy
and phases of the photofragmé@ntnatrix. For their work on  When the available energy is much larger than the potential
HF photodissociatioA Balint—Kurti et al. calculated theT energy difference between parallel and perpendicular curves,
matrix from time-dependent wave-packet dynamical calculathe phase differencé\¢ does not vary much, and the
tions. In the present case, we approximate by using the seniim[a(ll)(ll,l)] will change very slowly as a function of the
classical results of VG to obtain amplitudes as ¢hesitive  photolysis energy. Nearer to threshold, howeve#; varies
root of the branching ratios in Table IIl. For parallel transi- more rapidly withE, and measurement of the energy depen-
tions r o= (pno)*? and for perpendicular transitions,, dence of In[na(ll)(ll,L)] can be a very sensitive test of the
=(pna/2)Y2 The branching ratio,, depend on the pho- shapes of the potential energy curé@&or the present case,
tolysis wavelength, and are given in Table Il of Ref. 9. Thewe calculate
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|m[a(11)(||,l)]=ononfAln SiN(A ¢a0) dicular states. Semiclassical calculations of the energy-
dependent orientation were made using Hund’s ¢aeseo-
tential energy curves of VG, and were shown to give good
agreement with the experimental results.
) The photodissociation of Qvia the Herzberg continuum
HFaral a2l oy SINA darz), (15 reveals a surprisingly rich photochemistry involving motions
where sinA¢ng)=sin(dy—®a) and the constantsf,, ©n—and interactions between—more than one electronic po-
=—1.060, f.o=—1.325, andf 5,= — 1.458. Recall that we tential energy surface that correlates to the separated open-
have no know|edge about the Sign of each term in (Ea) shell atomic photofragments. This work brings out the inad-
We have therefore chosen the coefficiefitg to have the equacy of the Born—Oppenheimer approximation in
same sign, which qualitatively matches the experimentaflescribing the dissociation of simple molecules when the
data. The results of the semiclassical calculation of (g  dissociating state lies in the midst of other excited states of
are shown as the solid line in Fig. 7. Even with uncertainty indifferent symmetry. The Herzberg continuum serves as a fun-
the relative signs of the three terms in E#5), the magni- damental example of nonadiabatic photodissociation. As fur-
tude of the calculated Ipa{™(Il,L)] is remarkably close to ther theoretical studies are carried out, we hope that our ex-
the experimental points. There are pronounced ripples in theerimental results will provide additional tests for our
orientation: the frequency of the ripples increase at longeknderstanding of this important atmospheric process.
wavelength, as the available energy decreases on approach to
the threshold. At wavelengths around 225 nm, the magnitude
of oscillation in the calculated orientation is larger than ex-
perimentally observed. The oscillations in this energy region
are mostly due to the interference component involving theACKNOWLEDGMENTS
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