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The energy distribution, angular distribution, and alignment
of the O „

1D2… fragment from the photodissociation of ozone
between 235 and 305 nm
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Resonance-enhanced multiphoton ionization and time-of-flight product imaging have been used to
study the O3(X̃

1A1)1hn→O(1D2)1O2(
1Dg) channel of the UV photodissociation of ozone at

235, 245, 255, 265, 275, 285, 298, and 305 nm. At all wavelengths, the vibrational populations, the
spatial anisotropy parameterb, and the O(1D2)umj u populations were determined. The
corresponding vibrational populations of O2(

1Dg) were peaked atv50. The spatial anisotropy
parameter was determined for each vibrational level and changed monotonically from about 1.2 at
235 nm to 1.7 at 298 nm. At all wavelengths,umj u populations were peaked atumj u50. A full density
matrix method was used to determine theaq

(2)(p) parameters at 255 and 298 nm, where most of the
signal was found to be from parallel, incoherent excitation. The data support a dissociation
mechanism in which excitation occurs to a state ofA8 symmetry and there is substantial bending of
the ozone before dissociation. ©2001 American Institute of Physics.@DOI: 10.1063/1.1405439#
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I. INTRODUCTION

In the Hartley band, ozone primarily dissociates throu
the spin conserved channels,

O31hn→O2~
1Dg!1O~1D2!, ~1!

O31hn→O2~
3Sg

2!1O~3Pj !. ~2!

Most ~about 90%! of the dissociating ozone molecules w
follow channel ~1!, while about 10% follow channel~2!.
Many studies have measured the energy distributions of
fragments for each channel.1–8 Results from these researc
ers have concluded that between;220 nm and the threshol
at 310 nm, the O2(

1Dg) fragment from the photodissociatio
of ozone contains population in each energetically access
vibrational level. Most population resides in the grou
vibrational level, and all levels have a high degree of ro
tional excitation. These results are consistent with a ro
tionally impulsive but vibrationally adiabatic dissociatio
mechanism.6 A full understanding of the photodissociatio
process includes not only knowledge of the energy partiti
ing between the photofragments but also the geometry of
molecule as it dissociates and even the relative orientatio
any angular momentum vectors in the departing fragmen

When a molecule is dissociated with linearly polariz
light, the photofragment spatial distribution follows the we
known equation,

I ~u!5~1/4p!@11bP2~cosu!#, ~3!

whereu is the angle between the photolysis laser polarizat
and the fragment velocity vector, andb is the spatial anisot-
ropy parameter. If the molecule dissociates quickly relat
to its rotational lifetime, thenb is given by the simple equa
tion
7460021-9606/2001/115(16)/7460/14/$18.00
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b52P2~cosx!, ~4!

where x is the angle in the molecular frame between t
transition dipole moment and the velocity vector of the fra
ment. Thus for rapid dissociations, a measurement of
spatial anisotropy parameter enables a determination of
geometry of the molecule at the time of dissociation if t
direction of the transition dipole moment is known. For d
sociation of ozone this transition dipole moment lies in t
plane of the molecule and perpendicular to theC2v axis.9 If
the excited state of ozone~which dissociates in a fraction o
a picosecond after absorption of a photon10–12! were to dis-
sociate from the same geometry as the ground state, w
the O–O–Oangle is 116.8°, then the photofragment angu
distribution would be described byb51.18. Many of the
energy distribution studies mentioned above have also m
sured the spatial anisotropy parameter of O(1D) from ozone
in the Hartley band.1,3–5,8Measurements performed near th
250 nm peak of the Hartley band using rotationally co
ozone molecules have shown that the excited state geom
is very close to the ground state geometry.9 However, at
longer wavelengths near 285 nm, the spatial anisotropy
rameter is larger, indicating dissociation from a larger bo
angle.

Vector correlations in photodissociation dynamics c
also provide insight into the reaction dynamics.13 For ex-
ample, previous researchers in this laboratory8 photodissoci-
ated ozone at 248 nm and used 211 resonance-enhance
multiphoton ionization~REMPI! to probe the O2(

1Dg) frag-
ment from reaction~1!. Different REMPI laser polarizations
were used to illustrate a correlation between the velocityv,
of the O2(

1Dg) fragment and its angular momentum,J. Since
O2(

1Dg) from reaction~1! was known to be formed in high
0 © 2001 American Institute of Physics
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rotational levels, these authors used a semiclassical app
mation to model the reaction dynamics. In the past, m
such vector correlation studies have relied on semiclass
approximations of full quantum-mechanical theories, an
proach that was justified by the high rotational states be
probed. When detecting an atomic fragment such as O(1D),
it is not possible to use a semiclassical approximation for
angular momentum vector. Recent theoretical work
provided a method to extract the diagonal14,15 or full16–20

angular momentum density matrix for such atomic fra
ments. Determination of the density matrix allows for t
determination of the shape of the electron cloud of
atomic fragment, i.e., the alignment of the atomic orbitals

In the case of ozone, the molecule indeed dissociate
produce an anisotropic angular distribution as well as a sp
distribution of fragments. During the dissociation proce
the atomic orbital angular momentum may be preferentia
aligned or ‘‘polarized’’ relative to its recoil velocity; one ex
ample would beJ'v. The v2J correlation is reflected in a
measurement of themj populations, wheremj is the projec-
tion of the angular momentum along the relative veloc
vector of the dissociation fragments. Since the 211 REMPI
detection method with linearly polarized light is sensitive
the alignment ofJ, the probability of ionizing fragments de
pends upon the recoil angle. By measuring the photofr
ment angular dependence and comparing it with theore
models, we can extract the speed distribution, the spa
anisotropy parameterb, and the molecular frameumj u popu-
lations of the O(1D) fragment from the photodissociation o
ozone.

Despite several recent theoretical treatments,14,15,17–23

there have been few measurements of the complete an
momentum density matrix of an atomic fragment from
photodissociation. The initial theory and experiments w
limited to finding the diagonal elements of the density m
trix, i.e., the mj populations ~equivalent to limiting the
spherical tensor expansion to onlyq50 in the molecular
frame!. Since two-photon probes were frequently used, m
surements were limited in many cases to determining
umj u populations orAuqu

(k) . Early imaging experiments simpl
hinted at the existence of higher-order terms in the ang
distribution because it did not fit a simple 11bP2(cosu)
shape.24,25 Later, product imaging was used to measure
umj u populations of S(1D2) from OCS~Ref. 15! and O(1D2)
from N2O.26 More recently, experiments which incorpora
the full density matrix method have been able to meas
coherence effects in the alignment of Cl from Cl2,

17,23,27the
orientation and alignment of Cl from ICl,20,27 the alignment
of O(3Pj ) from NO2,

28 the alignment of O(1D2) from
N2O,29 and the orientation of S(1D2) from OCS.30

In this experiment, we have studied the O3(X̃
1A1)1hn

→O(1D2)1O2(
1Dg) channel of the UV photodissociation o

ozone at 235, 245, 255, 265, 275, 285, 298, and 305 nm.
measured the vibrational populations at all wavelengths,
for each vibrational level we determined the spatial anis
ropy parameter,b, and theumj u populations. A full density
matrix method was used to determine theaq

(2)(p) alignment
parameters at 255 and 298 nm.
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II. EXPERIMENT

The technique of ion imaging has been described m
fully elsewhere.31–33A molecular beam of ozone was forme
by flowing helium at about 810 Torr over ozone trapped
silica gel at278 °C. The resulting mixture of less than 1%
ozone was expanded through a pulsed, 250mm diam nozzle
and collimated by a 500mm diam skimmer mounted about
mm away from the nozzle. Two counterpropagating la
beams intersect the molecular beam at right angles. One
dissociates the ozone molecules, and the other ionizes
resulting O(1D) fragments using the 211 REMPI processes
at 203.7 or 205.4 nm.34,35 Due to the speed of the oxyge
fragments with respect to the laser beam propagation di
tion, it was necessary to scan the ionization laser wavelen
over the Doppler absorption profile to ensure equal detec
of all the fragments.

The dissociation laser light between 230 and 305
was produced by frequency doubling the output of an opt
parametric oscillator~Spectra-Physics MOPO-730! pumped
by an injection-seeded Nd:YAG laser~Spectra-Physics GCR
230!. Typical powers were 1–3 mJ/pulse with a pulse wid
of 9 ns. The output polarization was rotated, if necessa
with a double Fresnel rhomb, and then cleaned up wit
stack of fused silica plates held at Brewster’s angle. T
resultant polarization ratio was about 10:1. The light used
ionize the O(1D) fragments at 203 and 205 nm was gen
ated by doubling the output of a Nd:YAG~Spectra-Physics
GCR-230! pumped dye laser~Quanta Ray PDL1 with SR640
dye! in a KDP crystal, and then summing the fundamen
with this doubled light in BBO. Typical powers achieve
were 1 mJ/pulse with a pulsewidth of 9 ns. The polarizat
of the probe laser was rotated, if necessary, with a dou
Fresnel rhomb. The resultant polarization ratio was 10
Both lasers were operated at 10 Hz. The photolysis
probe lasers were directed into the vacuum chamber and
cused onto the molecular beam with 25 and 7.5 cm fo
length plano-convex lenses, respectively.

The imaging technique uses an electrostatic immers
lens which serves to extract the ionized O(1D) fragments
from the interaction region and to focus ions with equal v
locity vectors to the same point on the detector.33 The mag-
nification factor of the lens was measured to be 1.1760.03
by dissociating O2 and detecting the O(3P2) fragment using
211 REMPI at 225.65 nm.36,37The ionized fragments were
accelerated into a field-free flight tube mounted along
axis of the molecular beam. Ions were imaged when they
a position-sensitive detector consisting of a chevron dou
microchannel plate~MCP! assembly coupled to a fast pho
phor screen~Galileo, P-47!. The image on the phospho
screen was recorded by a 6403480 pixel CCD camera~Xy-
bion Electronics, ISG-250U!. Both the MCP and camera
were electronically gated to collect only signal correspon
ing to the mass of the O(1D) fragment. Signal levels were
kept below 300 ions per laser shot to avoid saturation of
MCP. The ion counting method was used to increase
spatial resolution of the images.32 About 100 000 total laser
shots were added to generate the final image.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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III. ANALYSIS

A. Speed distributions

The imaging technique produces a two-dimensional p
jection of the 3D fragment ion distribution. If the 3D distr
bution is cylindrically symmetric about an axis in the pla
of the detector, then it is possible to mathematically rec
struct the 3D distribution from the 2D projection using t
inverse Abel transform.38–40Once the 3D distribution is cal
culated, the speed distribution can be obtained by integra
over all angles at each speed, and the angular distribution
be obtained by integrating over all speeds at each angl
simple transformation using conservation of linear mom
tum links the speed and translational energy distributions

umOvOu5umO2
vO2

u,

~5!
KEtotal5

1
2mOvO

2 1 1
2mO2

vO
2
1

2

5
1

2
mOvO

2 1
1

2
~2mO!S mOvO

2mO
D 2

5
3

4
mOvO

2 .

The internal energy of the O2 fragment is found from the
total kinetic energy distribution using the energy conser
tion equation,

KEtotal5Ehn2D0~O2~
1Dg!1O~1D !!

2T~v !O2
1ZPEO2

2Ev~J!O2
, ~6!

where KEtotal is the total kinetic energy,Ehn is the laser en-
ergy,D0 is the dissociation energy,T(v)O2

is the vibrational
energy of the O2(

1Dg) fragment, ZPEO2
is the zero point

energy of the O2(
1Dg) fragment, andFv(J)O2

is the rota-
tional energy of the O2(

1Dg) fragment.

B. Angular distributions

Both the spatial anisotropy parameter and theumj u dis-
tributions can change for the different vibrational modes
the O2(

1Dg) fragment. To account for this we used a sem
continuous parameter method to find the best fit parame
This method involved breaking the image up into 10 pix
wide rings concentric about the center of the image, and t
fitting each region separately. The value of 10 pixels w
chosen to approximately average over the rotational le
within one vibrational band.

Upon examining the data~shown in Fig. 1!, it is imme-
diately apparent that the O(1D) fragment from the photodis
sociation of ozone does not display a 11bP2(cosu) angular
distribution. The origin of the unusual shape of the imag
lies in the interaction of the ionization laser with the angu
momentum of the oxygen atom. By ionizing with linear
polarized light, it is possible to measure the spatial anis
ropy parameter and also the relative populations of e
umj u50, 1, or 2 projection. Two fully quantum mechanic
methods of extracting theumj u distributions of the atomic
fragments are used.
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1. Diagonal density matrix method

In the first method, we follow Mo and Suzuki’
analysis15 by assuming the ion angular distribution is of th
form,

I ~ud!5I dissociation~ud!3I detection~ud!, ~7!

with

I dissociation~ud!5I ~v !@11bP2~cosud!#, ~8!

while the detection distribution is more complex and d
pends on the angle betweenv andJ of the atomic fragment.
The angular variableud is used to denote the angle betwe
the velocity of the fragment and the polarization of thedis-
sociation laser. This method assumes that the angular m
mentum distribution is cylindrically symmetric about the v
locity vector of the fragment, and thus it only considers t
diagonal elements of the angular momentum density ma
in the molecular frame. Furthermore, the direction ofJ is
assumed to be independent of the specific directionv in the
lab frame. Under these assumptions, the detection probab
equations are given as15

I detection~ud!}(
K

PKr0
~K !~Probe!, ~9!

r0
~K !~Molecular!5(

m
~21!J2mA2K11

3S J K J

2m 0 mD f m , ~10!

wherePK are line strength factors that depend on the spec
ionization scheme used,K is the rank of the expansion term
and thef m are themj fractional populations. Ther0

(K) ~Mo-
lecular! are the multipole moments in the molecular fram
and can easily be rotated to the probe frame multipole m
ments, denoted byr0

K ~Probe!. Since we are using a linearl
polarized, two-photon ionization process, all the odd ra
line strength factors are zero in the expansion. While it m
not be possible to calculate the line strength factors exp
itly, Mo et al.22 have shown that the ratioP0 :P2 :P4 can be

FIG. 1. The inverse Abel transform of the O(1D2) photofragment images
with both laser polarizations vertical and in the plane of the paper.
dissociation wavelength is shown for each image, but each image is
trarily scaled in size. The atoms were ionized via the 205.4 nm 211
REMPI process.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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easily calculated if the initial and final atomic angular m
mentum states are not equal, i.e., providedJiÞJf . When
using a two-photon probe, the line strength factors are th
retically nonzero forK<4. We calculated thePK ratios
P0 :P2 :P451:0.683:20.115 for the 203.7 nm 211 REMPI
scheme, and 1:20.598:21.07 for the 205.4 nm 211 REMPI
scheme. These ratios have been reported in other pub
tions as well.15,29

Using the previous equations and the calculatedPK ra-
tios, we can determine the angular shapes of theI detection(ud)
distribution for umj u50, 1, or 2. The resulting distribution
are shown in Fig. 2. Note that since the ratios ofPK were
used, the absolute scale is arbitrary; only the relative sha
and magnitudes are important. We then fit the angular dis
bution data to a sum of these functions multiplied by t
I dissociationterm to obtain the relativeumj u populations and the
b value,

I ~ud!5P~v !@11bP2~cosud!#I detection~ud!, ~11!

with

I detection~ud!5@ f 0F0~ud!1 f 1F1~ud!1 f 2F2~ud!#, ~12!

wheref 0 , f 1 , andf 2 are the fractional populations of O(1D)
in umj u50, 1, and 2, respectively, andF0(ud), F1(ud), and
F2(ud) are the corresponding probe frame angular detec
ity functions for each magnetic sublevel,

F0
203.7~ud!5 3

42 1
3 cos2~ud!20.45 cos4~ud!,

F1
203.7~ud!5 3

420.6 cos2~ud!2 1
3 cos4~ud!, ~13!

F2
203.7~ud!5 3

81 3
4 cos2~ud!20.075 cos4~ud!;

F0
205.4~ud!5013 cos2~ud!23 cos4~ud!,

F1
205.4~ud!5 1

22 3
2 cos2~ud!12 cos4~ud!, ~14!

F2
205.4~ud!5 1

210 cos2~ud!2 1
2 cos4~ud!.

FIG. 2. Ionization probability for the O(1F3)←←O(1D2) ionization
scheme at 203 nm~top! and the O(1P1)←←O(1D2) ionization scheme at
205 nm~bottom!.
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These detectivity functions were derived for each magn
sublevel by setting the population of one sublevel equal t
while setting the others to zero in Eq.~10!, and then solving
for the angular shapeI detection(ud) by transforming the mul-
tipoles to the probe frame and summing overK.

Since we use the laser geometry where both lasers
parallel and in the plane of the detector, the resultant
distributions are cylindrically symmetric about the laser p
larization, and thus the angular distribution can be charac
ized by the single variableud . When plotting the full angular
distribution I (ud)5P(v)@11bP2(cosud)#Idetection(ud), as
seen in Fig. 3, we see that the difference between the sh
of the umj u50 andumj u52 curves is small for the 205.4 nm
REMPI scheme. In order to resolve any possible ambigu
between the shapes of differentumj u curves, we used two
different O(1D)REMPI schemes: one$O(3F)←←O(1D)%
at 203.7 and one$O(1P)←←O(1D)% at 205.4 nm. The
shapes of the 203.7 nm REMPI detectivity curves easily d
tinguish between theumj u50 and umj u52 levels. Thus, for
each dissociation wavelength, we can take one image u
each REMPI scheme, and then fit the spatial anisotropy
rameter and theumj u populations to the angular distribution
of both images. This method is valuable because only
laser polarization geometry~both laser polarizations paralle
and in the plane of the detector! is needed in order to obtain
the umj u populations,b value, and speed distribution. In ad
dition, fitting 1D angular functions is fast and easily don
We used this method at all wavelengths.

2. Full density matrix method

Following the method pioneered by Brack
et al.,16–18,23,28,41we can model the 3D angular momentu
polarization functions when using linearly polarized ligh
This model assumes only thatJ is cylindrically symmetric
aboutv. It does not neglect coherence effects, and thus
lows for the determination of the full angular momentu

FIG. 3. Ionization probability for the O(1F3)←←O(1D2) ionization
scheme at 203 nm~top! and the O(1P1)←←O(1D2) ionization scheme at
205 nm~bottom!, including the 11bP2(cosud) term with b51.5.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 4. Total kinetic energy distribu-
tion for O3→O2(

1Dg)1O(1D2). Also
shown at each wavelength is a com
corresponding to each vibrational leve
with no rotational excitation. The
peaks observed in the 305 nm imag
are due to rotational structure. Th
small peak at;0.19 eV in the 305 nm
image is due to an ozone ‘‘hot band.
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density matrix as a function of the angle between the p
tolysis laser polarization andv. While much of the following
analysis has been described elsewhere, is important to
line the basic ideas behind the analysis in order to exp
our implementation of the technique. A more detailed exp
nation is provided in the Appendix.

We again assume that the measured signal has a ge
form,

I 5I ~v i !I scatI det, ~15!

with

I scat5@11bP2~cosud!#. ~16!

Here, I (v i) is the speed distribution for eachv-level, and 1
1bP2(cosud) is the standard spatial anisotropy from t
dissociation.I det ~described more fully in the Appendix! is
the detectivity function,

I det~aq
~2!~p!,b,s2 ,ud ,Q,F!, ~17!

where theaq
(k)(p) are the alignment parameters, withp de-

noting either a parallel or perpendicular transition.S2 is the
line strength factor,42 and the additional angles are defined
Eq. ~A9!.

The rank 2 parametersaq
(k)(p) are found by fit-

ting the data imagesI iso and I aniso to basis functions
Bx,y,z

F @b,aq
(k)(p)# using the fit parametersci and aq

(k)(p) in
the following equations:18

I iso
F 5(

i
ci

FBiso
F ~v i !I aniso

F ,

~18!

I aniso
F 5s2 (

i ,q,p
ci

Fbq
~2!~p!Baniso

F @bq
~k!~p!;v i #,
Downloaded 20 Nov 2001 to 128.253.219.94. Redistribution subject to A
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for each dissociation laser polarization directionF ~alongx,
y or z!. Here, the data imagesI iso and I aniso are defined as

I iso
F 5^Nx

F&1^Ny
F&1^Nz

F&, ~19!

I aniso
F 5Nz

F2Ny
F , ~20!

where x, y, and z refer to the ionization laser polarizatio
direction, andNz

F are the normalized data images, as d
scribed in the Appendix. The brackets^ & indicate a sum over
the intensities of all pixels in the image. The basis functio
are defined as

Biso
F 53I ~v i !@11bP2~cosud!#, ~21!

Baniso
F @b,aq

~k!~p!#5Bz
F@b,aq

~k!~p!#2By
F@b,aq

~k!~p!#,
~22!

with the expression forBx,y,z
F @b,aq

(k)(p)# given in Eq.~A17!.
Once the rank 2 parameters are found, we fit tob in the
following expression:

Ny,z
F 5(

i
cy,z

F ~ i !H I ~v i !1I ~v i !b i P2
~F !~cosu!

1s2F(
q,p

aq
~2!~p!By,z

F @aq
~2!~p!;v i #G J , ~23!

where theaq
(2)(p) are fixed from the previous fit, and th

cy,z
F ( i ) are theoretically the same as theci

F , but are now
allowed to vary because of the addition of the rank zero
1bP2(cosud) term.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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IV. RESULTS

Inverse Abel transformed images are shown in Fig. 1
various dissociation wavelengths using the 205.4 nm REM
scheme. The images that used the 203.7 nm probe had
lar radial distributions but slightly different angular distrib
tions from the ones shown. It is important to note that
true nascent angular distribution of the O(1D2) fragments
has a shape characterized by 11bP2(cosud). Any deviation
from that shape is due to the variation in ionization proba
ity caused by the atomic alignment. Although it is possib
for the atomic alignment and thus the integrated ionizat
probability to change with radius, we assumed that
overall effect of any changes in alignment on the vibratio
populations was small. This assumption is justified by
small change in atomic alignment as a function of speed
our measurements. In principle, the full density mat
method allows one to adjust the vibrational populations
produce a better fit of vibrational populations, but due to
already large parameter set of the data at 255 nm, we did
explore that possibility. The corresponding ener
distribution for each wavelength is shown in Fig. 4. Structu

FIG. 5. Photofragment energy distribution from the dissociation proces
265 nm using the 203 nm ionization scheme. Gaussian fits to the vibrat
peaks are shown as dotted lines.
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in the 305 nm dissociation result is due to individual ro
tional levels within the v50 level of the O2(

1Dg)
molecule.

In order to obtain the vibrational populations, Gaussia
were fit to each vibrational peak and then integrated to
termine the relative population of that peak relative to t
whole curve. An example of this process is shown in Fig
for the 265 nm dissociation. We recognize that the Gauss
sometimes do not accurately represent the vibrational po
lations due to the tail on the high energy side of the vib
tional peak that sometimes extends beyond thej 50 energy.
Some signal may extend to higher energies than the theo
ical limit due to our finite experimental resolution and/
space charge effects, etc. For most peaks, the fit is suffic
The vibrational populations are shown in Table I along w
the populations reported by other research groups. Vib
tional populations forv50 and 1 at 235 and 245 nm are on
estimates due to our inability to properly separate the t
vibrational modes.

Angular distributions and fits at 265 nm are shown
Fig. 6 for the 203 and 205 nm schemes. The curves sh
represent the angular distribution obtained at the maxim
of the v50 and v53 peaks; the angular distributions
other energies have a similar signal to noise ratio, but dif
ent shapes. Since regions with low ion counts between
vibrational peaks contribute less to the total image signal
also contain more noise due to counting statistics, the b
angular fit parameters for each vibrational level were de
mined at the peak of the fit for each vibrational level. Be
angular fit parameters are shown in Table II. Also shown
Table II are results using the full density matrix method a
any other published results. Anisotropy parameter errors
assumed to be610%.

O(1D2) alignment results using the ‘‘diagonal matr
method’’ are shown in Table III. The numbers reported
‘‘average’’ were determined by calculating one spee
averaged angular distribution, and then finding the best fi
that data. Since the probe used a linearly polarized
11REMPI technique, the experiment does not measure

at
al
TABLE I. Vibrational populations of C2(
1Dg) from the photodissociation of ozone with light of wavelengthl.

l ~nm! v50 v51 v52 v53 v54 v55 v56 v57 Source

235 30% 24% 15% 7% 7% 7% 5% 6% This work
240 64% 15% 8% 4% 5% 4% 2% Reference 6
245 34% 23% 20% 8% 8% 4% 0% This work
248 49% 15% 15% 8% 8% 5% Reference 5
248 65% 18% 8% 5% 3% 4% Reference 6
255 39% 30% 14% 10% 8% This work
265 44% 32% 14% 10% This work
266 52% 27% 14% 7% This worka

266 57% 24% 12% 7% Reference 2
266 59% 22% 12% 7% Reference 6
275 59% 26% 15% This work
275 61% 27% 12% Reference 5
280 70% 30% Reference 5
280 70% 22% 8% Reference 6
285 71% 29% This work
285 76% 24% Reference 5
293 76% 24% Reference 6

aOnly one image was taken at this wavelength using the 205 nm ionization scheme.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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sign of umj u. Orientation ~1 versus 2mj ! measurements
would require a circularly polarized beam.

A. Results at 305.7456 nm

The rotational structure observed within thev50 band
requires a more detailed analysis. In a previous study of
ozone dissociation energy,43 the 305.7456 nm image and en
ergy distribution were presented in Figs. 1 and 4 of t
reference, respectively. This previous publication also
scribes the details of assigning the rotational lines. Here,

FIG. 6. Angular distribution and fits for thev50 ~top! andv53 ~bottom!
peak in the 265 nm energy distribution. The two curves in each fig
represent angular distributions from different O(1D2) ionization schemes.
Downloaded 20 Nov 2001 to 128.253.219.94. Redistribution subject to A
e

t
-
e

concentrate on the spatial anisotropy parameter and a
ment as a function of the O2(

1Dg) rotational level.
Due to the complexity of the energy distribution, n

population fits were performed. In order to understand
interesting structure that seems to be dependent on the a
lar momentum of the O2(

1Dg) fragment, we used the rota
tional assignments to extract the angular distribution for e
peak. Each of these angular distributions was then analy
using the diagonal density matrix method in the same fash
as the vibrational levels in the previous section. The res
are tabulated along with the corresponding spatial anisotr
parameters in Table IV. The results for the rotational sta
j 50 through j 56 are averaged because of our inability
resolve peaks in this region.

B. Full density matrix results

Data were acquired at 255 and 298 nm in order to de
mine the full density matrix. The wavelength of 298 nm w
chosen because it contained only one well-defined vib
tional level, making the analysis ‘‘easy.’’ Figure 7 shows t
four images acquired at the 255 nm dissociation wavelen
Note the strong change in the shape of the images as
ionization laser changes. If there were no rank 2 vector c
relations, the images would not depend on the ionizat
laser polarization. Images for the 298 nm dissociation
similar, and will be described later~Fig. 9!.

The rank 2 alignment parameters are found by fitting
subtraction imagesI aniso

F 5Nz
F2Ny

F to theaq
(k)(p) dependent

basis functions. The best fit results are shown in Fig. 8
298 nm. The 255 nm results are similar, but have a sma
residual~Data–Fit!. The numerical results from the rank
alignment parameter fits are presented in Tables V and
Both thebq

(k)(p) and theaq
(k)(p) parameters are shown he

because the basis functions are linear inbq
(k)(p), making it

easier to understand the true weighting of the basis funct
in the fit. Theaq

(k)(p) are shown in order to compare wit
other results.

e

TABLE II. Anisotropy parameterb results and comparison with results from other research groups.

Beta
l ~nm! v50 v51 v52 v53 v54 v55 v56 v57 Avg. Source Comments

230 1.12 4
235 1.1 1.19 1.21 1.15 1.00 0.84 0.57 0.71 0.80
245 1.3 1.28 1.23 1.15 1.08 1.03 1.16
248 1.25 1.25 1.25 1.25 1.25 1.6 5
248 1.2 8 Qualitative
255 1.2

1.2a
1.33
1.4a

1.28
1.4a

1.35
1.2a

1.32
1.1a

1.03

265 1.5 1.46 1.27 1.37 1.39
266 1.11 4
275 1.6 1.5 1.5 1.49
270–300 1.660.2 5
274–300 1.260.2 1 Effusive beam
285 1.8 1.6 1.46
294.5 1.9 1.45
298 1.9 1.71

1.7a

aFull density matrix method.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 20 No
TABLE III. O( 1D2)umj u populations using the diagonal matrix method corresponding to different vibrati
states of O2(

1Dg). The populations were found at the peak of the Gaussian fit for each vibrational level
averageumj u populations for the whole image are shown in the right column.

l ~nm! v50

Populations

v51 v52 v53 v54 v55 v56 v57 Avg.

umi u50 71% 74% 74% 68% 56% 44% 31% 29% 57%
235umi u51 20% 18% 19% 24% 32% 45% 43% 42% 30%

umi u52 9% 8% 7% 8% 12% 12% 26% 28% 14%

umi u50 65% 69% 63% 56% 48% 50% 60%
245umi u51 29% 27% 33% 41% 47% 39% 34%

umi u52 6% 5% 4% 4% 5% 11% 6%

umi u50 59% 65% 60% 51% 57% 57% 76%
255umi u51 39% 34% 40% 43% 40% 20% 23%

umi u52 1% 1% 0% 6% 2% 2% 0%

umi u50 62% 65% 62% 52% 60%
265umi u51 34% 32% 31% 44% 35%

umi u52 4% 3% 8% 5% 5%

umi u50 67% 70% 52% 63%
275umi u51 32% 29% 47% 35%

umi u52 1% 1% 1% 1%

umi u50 74% 79% 77%
285umi u51 26% 21% 23%

umi u52 0% 0% 0%

umi u50 52% 24% 42%
294.5umi u51 47% 45% 46%

umi u52 1% 31% 12%

umi u50 48% 45%
298umi u51 49% 50%

umi u52 3% 6%

umi u50 28%
305umi u51 49%

umi u52 24%
es
a
5

-
c
lt

ea
te
It is also possible to calculate the full density matric
from the measured rank 2 alignment parameters at 255
298 nm. We found, however, that the best fit results at 2
nm overemphasized thea0

(2)(i) term, yielding negative ele
ments in the density matrix. This is likely due to the negle
of the rank 4 terms in our model. Thus, the rank 2 resu
should be considered qualitative in nature. With this cav
the full density matrices for the 298 nm data are repor
here for different lab angles~0°, 45°, and 90°! between the
dissociation laser polarization and the velocity of the O(1D)
fragment,
v 2001 to 128.253.219.94. Redistribution subject to A
nd
5

t
s
t,
d

rm8m
0°

5S 0.06 0 0 0 0

0 0.27 0 0 0

0 0 0.37 0 0

0 0 0 0.27 0

0 0 0 0 0.06

D ~24a!

~i.e., v parallel to the dissociation laser polarization!
13
.28
.48
.23
TABLE IV. Anisotropy andb results for 305.7456 nm.

J516 15 14 13 12 11 10 9 8 7
Avg.
~6–0! Avg.

b 0.13 0.57 0.75 1.1 1.5 1.5 1.6 1.6 1.7 1.7 1.29 1.
umj u50 0.11 0.17 0.27 0.25 0.11 0.50 0.44 0.24 0.22 0.39 0.29 0
umj u51 0.47 0.43 0.45 0.49 0.63 0.33 0.46 0.59 0.53 0.50 0.53 0
umj u52 0.42 0.39 0.28 0.25 0.26 0.16 0.10 0.16 0.24 0.11 0.18 0
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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rm8m
45°

5S 0.06 0.11 0.01 0 0
0.11 0.27 0.04 0.01 0
0.01 0.04 0.34 20.04 0.01

0 0.01 20.04 0.27 20.11
0 0 0.01 20.11 0.06

D ~24b!

rm8m
90°

5S 0.10 0 0.14 0 0
0 0.25 0 0.17 0

0.14 0 0.30 0 0.14
0 0.17 0 0.25 0
0 0 0.14 0 0.10

D ~24c!

~i.e., v perpendicular to the dissociation laser polarization!.
The full density matrices for other wavelengths or ang

can be calculated using Eq.~A21!. The calculatedumj u popu-

FIG. 7. Raw images from the 255 nm dissociation of ozone using the
nm ionization scheme for different dissociation and ionization laser po
izations.
Downloaded 20 Nov 2001 to 128.253.219.94. Redistribution subject to A
s

lations are shown in Table VII forud50°. Once the rank 2
parameters are known, it is possible to fit the spatial anis
ropy parameterb. The quantitative results from these fits a
shown in Table II. The image fit results are shown in Fig
for the 298 nm dissociation.

V. DISCUSSION

A. Introduction and vibrational populations

In spite of the many studies of the photodissociation
ozone in the Hartley band, we still lack a complete und
standing of the dissociation dynamics. Researchers h
struggled to explain the structure on top of the Hartl
band,10,44,45 and the complexity of the ozone molecule h
provided interesting experimental results. For example, re
tion ~2! is known to form highly excited O2(

3Sg
2)

molecules,46 and Thelenet al. recently demonstrated a larg
fluctuation in O2(

1Dg) vibrational populations from reaction
~1! between 272.8 and 285.6 nm.5 Measurements done b
Thelen et al. at 275 and 285 nm agree nicely with our
While the results from Valentiniet al. are in agreement tha

3
r-

TABLE V. bq
(k)(p) results from fitting the second-rank alignment param

eters.

l ~nm! b0
(2)(i) b0

(2)(') b1
(2)(i ,') b2

(2)(') Beta

255v50 21.7 20.17 0.52 20.08 1.22
v51 22.1 20.01 20.05 20.02 1.37
v52 22.1 20.15 20.23 0.02 1.42
v53 21.8 20.22 20.05 0.14 1.21
v54 21.6 20.22 20.01 20.02 1.05

298v50 21.3 20.05 0.87 0.07 1.70
d
-

FIG. 8. Rank 2 fits for 298 nm photo-
dissociation of ozone. Column 1
shows the subtraction image data, an
the fit and residual are shown in col
umns 2 and 3, respectively.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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most population is in the lowest vibrational levels, they
dicate consistently more population inv50 than either our
results or those of Thelenet al. Theoretical predictions by
Leforestieret al.10 agree that most population is in the lowe
vibrational levels.

B. Anisotropy parameter

Our measurements of the anisotropy parameter show
increase with respect to wavelength, whereas other data s
marized in Table II do not, at first, appear to show this tre
It is important, however, to recognize that the measurem
of Fairchild et al. were performed using an effusive sourc
so that the ozone molecules were not rotationally cold. H
rotational temperatures can significantly decrease the sp
anisotropy parameterb.24 The results from Takahashiet al.
were performed in a reaction cell, and thus the initial ozo
molecules were also not rotationally cold. These researc
accounted for the high rotational temperature, but it is p
sible that the correction added additional error to the fi
value. Most promising are the recent supersonic expan
results from Thelenet al., which agree well with ours.

The spatial anisotropy parameter is directly related to
bond angle at the time of dissociation. If the excited state
ozone were to dissociate from the same bond angle as
ground state, 116.8°, theb value would be 1.18. This valu
compares favorably with our shorter wavelength resu
However, at longer wavelengths, there is a trend tow
much higherb values, approaching the parallel limit of
near 305 nm. This implies a large change in the bond an
during the dissociation at longer wavelengths. For comp
son,b51.9 corresponds to a bond angle of 159° at the ti
of dissociation. This large geometry change may not be
surprising since wavepacket calculations on ozo
photodissociation10,47show that there is significant activity i
the bending and stretching modes during the photodisso
tion process. Although the trajectory plots in Fig. 11 of R
10 do not extend far enough in time to determine the fi

TABLE VI. aq
(k)(p) results from fitting the second-rank alignment para

eters.

l ~nm! a0
(2)(i) a0

(2)(') a1
(2)(i ,') a2

(2)(') Beta

255v50 20.77 20.43 0.52 20.20 1.22
v51 20.91 20.04 20.05 20.08 1.37
v52 20.88 20.53 20.23 0.07 1.42
v53 20.81 20.56 0.05 0.35 1.21
v54 20.77 20.46 20.01 20.03 1.05

298v50 20.49 20.34 0.87 0.50 1.70

TABLE VII. O( 1D)umj u populations at 298 and 255 nm forud50°.

mj50 mj51 mj52

298 nm 34% 54% 12%
255 nmv50 42% 62% 24%
255 nmv51 46% 66% 212%
255 nmv52 45% 65% 210%
255 nmv53 43% 63% 26%
255 nmv54 42% 62% 25%
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bond angle, those in Fig. 14 of Ref. 47 show that the hyp
spherical coordinatesu and w approachp/2 and 0, respec-
tively, corresponding to an opening of theO–O–O bond
angle toward 180°. This agrees qualitatively with our obs
vations.

C. Dependence of b on O2„
1Dg… vibration

and rotation

We also considered the change inb with vibrational
level for dissociation at a given wavelength. In general, th
is not a clear change inb with vibration level of the O2(

1Dg)
fragment, at least not one that is consistent at all wa
lengths. Within the rotational structure of the 305.7456 n
image, the spatial anisotropy parameter clearly rises fr
near 0 at the lowest translational energies to near 1.8 at
highest ones. Other groups have measured rotationally
pendent anisotropy parameters as a function of rotation
the counterfragment from the photodissociation of O
~Refs. 30, 48, 49! and N2O.26 Kim et al.previously analyzed
the spatial anisotropy parameterb of S(1D) from the photo-
dissociation of OCS and attributed the change inb to a
mixed transition for the higher speed fragments, and a p
parallel transition for the slower fragments. These resu
were justified by also measuring the coherence te
Im@a1

(1)(i,')#, which showed an increase at higher spee
indicative of competition between different states. Ney
et al. studied the O(1D2) fragment from the photodissocia
tion of N2O, also finding a change inb with respect to the
photofragment speed. The different speeds of the O(1D2)
fragment corresponded to different rotational states of the2

fragment, withb'0.2 for the slowest (J580) fragments,
andb'2 for the fastest (J550) fragments. This change wa
explained in terms of the branching between the 21A8 and
1 1A9 electronic states during dissociation. It is possib
however, that our observed changes inb may be explained
more simply. Fragments that dissociate very near thresh
take longer to break apart, allowing the parent molecule
rotate during the dissociation. Using the axial recoil velo
ties as a guide, a calculation shows that for slow fragme
photodissociated at 305 nm, the ozone molecule rotates
nificantly during the dissociation process. Perhaps more
portantly, the axial recoil approximation, an assumption i
plicit in all of the analysis, breaks down for very slo
fragments.

D. Mj populations „diagonal method …

The rank 2 alignment results show a consistent pre
ence for lowumj u states, with little or no population in the
umj u52 states. In general, the diagonal density mat
method finds most population in theumj u50 states, some in
the umj u51, and almost none in theumj u52 states. It seems
that there is a slight trend toward moreumj u50 population
for faster ~lower vibration! fragments, but this trend is no
strong. At 305.7456 nm, we see a trend toward moreumj u
50 at higher kinetic energies~lower J!. This feature is simi-
lar to the results reported by Neyeret al. for the alignment of
O(1D2) from N2O.26
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 9. Spatial anisotropy parameterb
fit results for 298 nm photodissocia
tion of ozone.
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It is very difficult to predict theumj u population for the
dissociation of ozone. Many states of the atom1diatom inCs

symmetry lie at lower energies than the energy of the oz
D state inC2v geometry, and there is no obvious choice as
which should correlate with the excited state. Perhaps
simplest explanation for the observed result is one of con
vation of symmetry. The ozone transition starts~in Cs sym-
metry! from anA8 state, and the high measured values ob
show that it must also reach anA8 state. If the atomic prod-
uct maintains thisA8 symmetry with respect to the plan
containing the oxygen molecule and the recoil velocity, th
we would expect themJ distribution to favorA8 symmetry.
The orbital symmetry formJ50 hasA8 symmetry, while
those forumj u51 andumj u52 have one component each
A8 andA9 symmetry. Thus, it is not surprising that the ove
all umj u distribution should favorumj u50.

E. Full density matrix results

Results from the full density matrix method show a cle
preference for a parallel, incoherent dissociation mechan
with little perpendicular character and differing levels of c
herent character. The large number of fit parameters in
255 nm data led to a best fit which resulted inbq

(k)(p) that
were too large$abs(b0

(2)(i)).1.7%, making theumj u52 por-
tion of the density matrix negative. We believe that the la
of rank 4 terms in the analysis led to this result. While t
rank 4 line strength factor is small, it is essential to inclu
those terms in the diagonal density matrix method. With
the rank 4 terms in the full density matrix method, ‘‘extra
rank 2 signal is needed in the fit to compensate. For
reason, we believe the full density matrix results to be qu
tative in nature, but they nonetheless suggest a strong p
erence at both 255 and 298 nm for angular momentum al
Downloaded 20 Nov 2001 to 128.253.219.94. Redistribution subject to A
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ment arising from a parallel, incoherent photodissociati
The umj u distributions~diagonal part of the density matrix!
from this method are thus not emphasized, but are shown
the 298 nm photodissociation where the best fit res
yielded real values for the density matrix. The full dens
matrices for other wavelengths or angles can be calcula
using Eq.~A21!. When looking at the diagonal elements
the density matrices from the 298 nm photodissociation p
cess, it is noticeable that they do not show a large chang
a function of angle between the photolysis laser polarizat
and the velocity of the O(1D2) fragment. This validates the
assumption in the diagonal matrix method that the angu
momentum distribution is independent of angle.

Even though the rank 2 alignment parameter results m
be qualitative, the spatial anisotropy parameter fit is a va
result. Theb parameter can only be inaccurately measure
the residual from the higher-order fit is large. This is due
the rank 2 alignment parameters’ dependence only on si
that is independent of the rank 0 part of the data. These id
are confirmed by the excellent agreement of the spatial
isotropy parameterb in the two different methods.

F. The dissociation mechanism

The data presented here on the O2(
1Dg)1O(1D2) disso-

ciation channel are consistent with a mechanism in wh
excitation takes place to a state ofA8 symmetry that then
dissociates on a time scale rapid compared to rotation. T
view is supported by the large values found forb, consistent
with a parallel transition from theA8 ground state, and by the
alignment of the O(1D2), where the propensity for theA8
mJ50 state would be the result of conservation of symme
The large values ofb also indicate that substantial bendin
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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of ozone occurs prior to dissociation, in agreement with
cent theoretical predictions.10,47 The increase of the aniso
ropy parameter with wavelength indicates that higher wa
lengths result in more significant bending toward the lin
configuration than do shorter wavelengths. The dominanc
v50 population at all wavelengths is consistent with t
previously proposed model of a rotationally impulsive b
vibrationally adiabatic dissociation mechanism.6 Finally, the
full density matrix results show that the dissociation ha
clear preference for a parallel, incoherent dissociat
mechanism expected for excitation to a single dissocia
state ofA8 symmetry.

VI. CONCLUSION

We have measured several aspects of the photodiss
tion of ozone in the wavelength range 235–305 nm yield
O(1D2)1O2(

1Dg). The vibrational populations of O2(
1Dg)

are peaked atv50 for all wavelengths, and all vibrationally
accessible states are at least partially filled. A diagonal d
sity matrix method was used to study the alignment and s
tial anisotropy of the O(1D2) fragment. The value ofb
varied from about 1.2 at 235 nm to 1.7 at 298 nm. Theumj u
populations were peaked atumj u50, with some population in
umj u51, and very little inumj u52. These results were gen
erally confirmed by the larger data sets taken at 255 nm
298 nm, where four different laser polarization combinatio
were used in order to determine the full density matrix, alb
with only rank 0 and 2 terms. Theumj u distributions using
this method were more peaked atumj u51, yet still main-
tained the lack of population inumj u52. The results also
illustrated a clear preference for incoherent, parallel exc
tion. Dissociation of ozone to O(1D2)1O2(

1Dg) takes place
after excitation to a state ofA8 symmetry and after substan
tial bending of the parent molecule.
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APPENDIX

1. Fitting process overview

The general fitting process is as follows: First, isolate
rank 2 part of the images by subtracting two images w
different ionization laser polarizations and the same disso
tion laser polarization. This results in an image that does
contain the rank zero@11bP2(cosud)# term. Then, fit this
‘‘subtraction’’ image to a sum of basis functions that ea
depend linearly on one of the rank 2 angular moment
functions. The rank 2 alignment parameters are the resul
this fit. Once the rank 2 alignment parameters are de
mined, this effectively provides ionization probability o
modulation of the original@11bP2(cosud)# photofragment
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distribution. Using this information, one can then fit forb in
a more general expression that includes the rank zero
higher order terms.

2. Notation

ImagesI x,y,z
F will be labeled with a superscriptF denot-

ing the polarization direction of the dissociation laser, an
subscript denoting the polarization direction of the ionizati
laser. In our apparatus, thez-axis is perpendicular to the
MCP detector face, and they-axis is in the plane of the
detector and perpendicular to the plane defined by the pro
gation directions of the laser and molecular beams.

3. Normalization

When analyzing several images at once, it is import
that all the data images are taken under identical conditi
except for the laser polarization. In practice, fluctuations
the laser power and the overlap between the two laser be
influences the total signal detected. A given data imageI x,y,z

F

therefore must be normalized appropriately when compa
it with others.17 For example, if we define

Mx,y,z
F [

I x,y,z
F

^I x,y,z
F &

, ~A1!

where the bracketŝ& indicate a sum over the intensities of a
pixels in the image, and then define

S I i

I'
D ~z!

[
^I z

z&

^I y
z&

, ~A2!

and

S I i

I'
D ~y!

[
^I y

y&

^I z
y&

, ~A3!

then the following images are properly normalized:

Ny
z5M y

z5
I y

z

^I y
z&

and Nz
z5S I i

I'
D z

Mz
z5

^I z
z&

^I y
z&

I z
z

^I z
z&

~A4!

for the dissociation laser polarization alongz, and

Ny
y5S I i

I'
D y

M y
y5

^I y
y&

^I z
y&

I y
y

^I y
y&

and Nz
y5Mz

y5
I z

y

^I z
y&

~A5!

for the dissociation laser polarization alongy. The constant
I i /I' ~usually close to 1! can either be measured directly o
determined in the fitting procedure. These normaliz
versions of the data imagesNy,z

F are used throughou
the analysis.

4. Analysis

To model the intensity distribution, we again assume t
the measured signal has a general form,

I 5I ~v i !I scatI det, ~A6!

with

I scat5@11bP2~cosud!# ~A7!

and
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I det511s2$~11b!a0
~2!~ i !cos2 udP2~cosud!1~12b/2!a0

~2!~' !sin2 udP2~cosud!

1Re@a1
~2!~ i ,' !#A3/2 sinud cosud sin 2Q cosF1~12b/2!a2

~2!~' !A3/2 sin2 ud sin2 Q cos 2F%/@11bP2~cosud!#.

~A8!

Here I (v i) is the speed distribution for eachv-level, and 11bP2(cosud) is the standard spatial anisotropy from the diss
ciation. Theaq

(k)(p) are the alignment parameters, withp denoting either a parallel or perpendicular transition.S2 is the line
strength factor.42 The angles are defined as

cosud5 «̂phot• v̂,

cosQ5 «̂probe• v̂,

cosF5
Pphot•Porobe

uPphotuuPprobeu
5

~ «̂phot2cosudv̂ !•~ «̂probe2cosQ v̂ !

u«̂phot2cosudv̂uu«̂probe2cosQ v̂u
. ~A9!

Note that the quantityI iso5^Nx&1^Ny&1^Nz& is proportional to 11bP2(cosud), and the quantityI aniso
F 5Nz

F2Ny
F is indepen-

dent of the 11bP2(cosud) term, depending only on the second-rank terms~fourth-rank terms are neglected!. By comparing
I anisowith the appropriate basis functions, we are able to determine the rank two alignment parameters. The basis func
defined as

Bx,y,z
F @b,aq

~k!~p!#5I ~v !s2$~11b!a0
~2!~ i !cos2 u«P2~cosu«!1~12b/2!a0

~2!~' !sin2 u«P2~cosu«!

1Re@a1
~2!~ i ,' !#A3/2 sinu« cosu« sin 2Q cosF1~12b/2!a2

~2!~' !A3/2 sin2 u« sin2 Q cos 2F%.

~A10!
rs

ev

ch
su

n
la

og
th
iz
f
ov

i-

ns,

in

nc-
di-

a-
he
In order to solve for all the unknown parameters, we fi
construct individual basis functions

Biso
F 53I ~v !@11bP2~cosud!#, ~A11!

which will be compared with the quantity,

I iso
F 5Nx

F1Ny
F1Nz

F , ~A12!

such that we solve for the constantci
F in the following ex-

pression:

I iso
F 5(

i
ci

FBiso
F ~v i !, ~A13!

where the possible dependence on a given vibrational l
v i has been left in explicitly. This constantci

F is just the ratio
between the basis functions and the data.

In practice, it not simple to set-up an experiment whi
can easily change the ionization laser polarization to mea
all three~x,y,z! images. In our apparatus, thez-axis is perpen-
dicular to the MCP detector face, and they-axis is in the
plane of the detector and perpendicular to the plane defi
by the propagation directions of the laser and molecu
beams. In this experimental geometry, it is useful to rec
nize that when the dissociation laser polarization is along
z-axis, symmetry dictates that the images created by ion
tion laser polarizations alongy andx are simple rotations o
each other by 90°. In this case, we can simplify the ab
expression,

I iso
z 52^Ny

z&1^Nz
z&5(

i
ci

z^Biso
z ~v i !&, ~A14!

where the bracketŝ& again indicate a sum over the intens
ties of each pixel in the image. The constantsci

F will be used
in the fit to the rank 2 parameters.
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The next step is to create the anisotropic basis functio

Baniso
F @b,aq

~k!~p!#5Bz
F@b,aq

~k!~p!#2By
F@b,aq

~k!~p!#,
~A15!

for eachaq
(k)(p) with the expression forBx,y,z

F @b,aq
(k)(p)#

given in Eq. ~A17!. These basis functions are identical
shape to the ones shown by Brackeret al.,17 but differ in
their normalization. Yet the dependence of the basis fu
tions onb is inconvenient because, unlike the case for
atomics whereb must be either21 or 2 in the axial recoil
limit, for triatomics, b is not generally knowna priori. In
principle, it could be possible to perform some kind of iter
tion during the fit, but a more simple method is to make t
following redefinitions:

b0
~2!~ i ![~11b!a0

~2!~ i !,

b0
~2!~' ![~12b/2!a0

~2!~' !,
~A16!

b1
~2!~ i ,' ![Re@a1

~2!~ i ,' !#,

b2
~2!~' ![~12b/2!a2

~2!~' !.

One can then use these newbq
(k) parameters in fitting the

anisotropic subtraction imagesI aniso
F . After determiningb,

we calculate theaq
(k)(p) from thebq

(k)(p) by dividing by the
appropriateb factor. The new expressions are

Bx,y,z
F @bq

~k!~p!#5I ~v i !s2$b0
~2!~ i !cos2 u«P2~cosu«!

1b0
~2!~' !sin2 u«P2~cosu«!1b1

~2!

3~ i ,' !A3/2 sinu« cosu« sin 2Q cosF

1b2
~2!~' !A3/2 sin2 u« sin2 Q cos 2F%,

~A17!
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and

Baniso
F @bq

~k!~p!#5Bz
F@bq

~k!~p!#2By
F@bq

~k!~p!#. ~A18!

Thus, we perform the following fit to determine thebq
(k) :

I aniso
F 5s2 (

i ,q,p
ci

Fbq
~2!~p!Baniso

F @bq
~k!~p!;v i #. ~A19!

The quantity (I i /I') contained within theI aniso
F can be mea-

sured while taking data, but subtle changes in laser ove
and intensity can produce misleading results. Another
proach is to allowI i /I' to be determined in the fitting pro
cedure. Once the rank 2 parameters are found, we fit tob i in
the following expression:

Ny,z
F 5(

i
cy,z

F ~ i !H I ~v i !1I ~v i !b i P2
~F !~cosu!

1s2F(
q,p

aq
~2!~p!By,z

F @aq
~2!~p!;v i #G J , ~A20!

where thebq
(2)(p) andci

F are fixed from the previous fit. As
mentioned before, theaq

(2)(p) are then calculated from th
fitted bq

(2)(p) andb i values.

5. Density matrix

The angular momentum density matrix is easily calc
lated from the spherical tensor coefficients. The probabi
of measuring an angular momentum fragmentj with projec-
tion mj is given by17,18

rm8m5(
k,q

~21!J1q2m8
~2K11!@J~J11!#k/2

c~k!^JiJ~k!iJ&

3S J k J

2m q m8
DAq

~k! ~A21!

for the notation used by the Zareet al. Aq
(k) are the multiple

moments in the molecular frame which contain the sec
rank alignment parameters. The fractionalmj populations are
easily found by properly normalizing the result,

P~m!5
s~m: j !

(
m

s~m: j !

. ~A22!
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