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The energy distribution, angular distribution, and alignment
of the O (!D,) fragment from the photodissociation of ozone
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Resonance-enhanced multiphoton ionization and time-of-flight product imaging have been used to
study the QX *A;)+hv—0O(*Dy)+O,(*Ay) 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 parameteB, and the O{D2)|mj| populations were determined. The
corresponding vibrational populations ofz(cl)Ag) were peaked ab=0. 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 wavelengthsy| populations were peaked|a;|= 0. A full density

matrix method was used to determine &g@(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 staté\bfsymmetry and there is substantial bending of

the ozone before dissociation. @001 American Institute of Physic§DOI: 10.1063/1.1405439

I. INTRODUCTION B=2P,(cosy), (4)
n _the Hartley band, ozone primarily dissociates throughWhere)( is the angle in the molecular frame between the
the spin conserved channels, o . .
transition dipole moment and the velocity vector of the frag-
Oz+ hyaoz(lAg)JrO(lDz), (1) ment. Thus for rapid dissociations, a measurement of the
_ spatial anisotropy parameter enables a determination of the
O3+hv_>02(329 )+O(3Pi)' 2) geometry of the molecule at the time of dissociation if the
Most (about 90% of the dissociating ozone molecules will direction of the transition dipole moment is known. For dis-
follow channel (1), while about 10% follow channe(2). sociation of ozone this transition dipole moment lies in the
Many studies have measured the energy distributions of thelane of the molecule and perpendicular to @g axis? If
fragments for each channkl® Results from these research- the excited state of ozor@hich dissociates in a fraction of
ers have concluded that betwee220 nm and the threshold a picosecond after absorption of a phdford were to dis-
at 310 nm, the glAg) fragment from the photodissociation sociate from the same geometry as the ground state, where
of ozone contains population in each energetically accessiblkiie O—O—-Cangle is 116.8°, then the photofragment angular
vibrational level. Most population resides in the grounddistribution would be described bg=1.18. Many of the
vibrational level, and all levels have a high degree of rota-energy distribution studies mentioned above have also mea-
tional excitation. These results are consistent with a rotasured the spatial anisotropy parameter of @) from ozone
tionally impulsive but vibrationally adiabatic dissociation in the Hartley band:*>~>#Measurements performed near the
mechanisn?. A full understanding of the photodissociation 250 nm peak of the Hartley band using rotationally cold
process includes not only knowledge of the energy partitionozone molecules have shown that the excited state geometry
ing between the photofragments but also the geometry of this very close to the ground state geométilowever, at
molecule as it dissociates and even the relative orientation dénger wavelengths near 285 nm, the spatial anisotropy pa-
any angular momentum vectors in the departing fragmentsrameter is larger, indicating dissociation from a larger bond
When a molecule is dissociated with linearly polarizedangle.
light, the photofragment spatial distribution follows the well- Vector correlations in photodissociation dynamics can
known equation, also provide insight into the reaction dyareltam’résl.:or ex-
ample, previous researchers in this labordtiyotodissoci-
1(0)=(1/4m)[ 1+ BP2(coso)], ®) ated ozone at 248 nm and used P resonance-enhanced
whered is the angle between the photolysis laser polarizatiormultiphoton ionization(REMPI) to probe the glAg) frag-
and the fragment velocity vector, aflis the spatial anisot- ment from reactior{1). Different REMPI laser polarizations
ropy parameter. If the molecule dissociates quickly relativenvere used to illustrate a correlation between the velouity,
to its rotational lifetime, therB is given by the simple equa- of the Q(lAg) fragment and its angular momentudn,Since
tion Oz(lAg) from reaction(1) was known to be formed in high
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rotational levels, these authors used a semiclassical approxi- EXPERIMENT
mation to model the reaction dynamics. In the past, most
such vector correlation studies have relied on semiclassical The technique of ion imaging has been described more
approximations of full quantum-mechanical theories, an apfully elsewhere*~33A molecular beam of ozone was formed
proach that was justified by the high rotational states beindy flowing helium at about 810 Torr over ozone trapped on
probed. When detecting an atomic fragment such d®@(  silica gel at—78°C. The resulting mixture of less than 1%
it is not possible to use a semiclassical approximation for th@zone was expanded through a pulsed, g&Ddiam nozzle
angular momentum vector. Recent theoretical work hagnd collimated by a 50@m diam skimmer mounted about 5
provided a method to extract the diagdfiaP or full*®-2° mm away from the nozzle. Two counterpropagating laser
angular momentum density matrix for such atomic frag-beams intersect the molecular beam at right angles. One laser
ments. Determination of the density matrix allows for thedissociates the ozone molecules, and the other ionizes the
determination of the shape of the electron cloud of theresulting O¢D) fragments using the 21 REMPI processes
atomic fragment, i.e., the alignment of the atomic orbitals. at 203.7 or 205.4 nri+3 Due to the speed of the oxygen
In the case of ozone, the molecule indeed dissociates tivagments with respect to the laser beam propagation direc-
produce an anisotropic angular distribution as well as a speetibn, it was necessary to scan the ionization laser wavelength
distribution of fragments. During the dissociation processover the Doppler absorption profile to ensure equal detection
the atomic orbital angular momentum may be preferentiallyof all the fragments.
aligned or “polarized” relative to its recoil velocity; one ex- The dissociation laser light between 230 and 305 nm
ample would belLv. Thev—J correlation is reflected in a was produced by frequency doubling the output of an optical
measurement of the; populations, wheren; is the projec- parametric oscillatofSpectra-Physics MOPO-78@umped
tion of the angular momentum along the relative velocityby an injection-seeded Nd:YAG lase&pectra-Physics GCR-
vector of the dissociation fragments. Since the2REMPI  230). Typical powers were 1-3 mJ/pulse with a pulse width
detection method with linearly polarized light is sensitive toof 9 ns. The output polarization was rotated, if necessary,
the alignment ofl, the probability of ionizing fragments de- with a double Fresnel rhomb, and then cleaned up with a
pends upon the recoil angle. By measuring the photofragstack of fused silica plates held at Brewster's angle. The
ment angular dependence and comparing it with theoreticaksultant polarization ratio was about 10:1. The light used to
models, we can extract the speed distribution, the spatidgbnize the Of{D) fragments at 203 and 205 nm was gener-
anisotropy parametgs, and the molecular framlen,—| popu- ated by doubling the output of a Nd:YA@Gpectra-Physics
lations of the OtD) fragment from the photodissociation of GCR-230 pumped dye lasgQuanta Ray PDL1 with SR640
ozone. dye) in a KDP crystal, and then summing the fundamental
Despite several recent theoretical treatméhts;!’=22  with this doubled light in BBO. Typical powers achieved
there have been few measurements of the complete angulaere 1 mJ/pulse with a pulsewidth of 9 ns. The polarization
momentum density matrix of an atomic fragment from aof the probe laser was rotated, if necessary, with a double
photodissociation. The initial theory and experiments wereFresnel rhomb. The resultant polarization ratio was 10:1.
limited to finding the diagonal elements of the density ma-Both lasers were operated at 10 Hz. The photolysis and
trix, i.e., the m; populations (equivalent to limiting the probe lasers were directed into the vacuum chamber and fo-
spherical tensor expansion to ondy=0 in the molecular cused onto the molecular beam with 25 and 7.5 cm focal
frame). Since two-photon probes were frequently used, mealength plano-convex lenses, respectively.
surements were limited in many cases to determining the The imaging technique uses an electrostatic immersion
|m;| populations oA(y) . Early imaging experiments simply lens which serves to extract the ionized*Dj fragments
hinted at the existence of higher-order terms in the angulafrom the interaction region and to focus ions with equal ve-
distribution because it did not fit a simple+]8P,(cos6) locity vectors to the same point on the deteéfoFhe mag-
shape®*?° Later, product imaging was used to measure thenification factor of the lens was measured to be +.07203
|m;| populations of S{D,) from OCS(Ref. 15 and OfD,) by dissociating @and detecting the Gp,) fragment using
from N,0.° More recently, experiments which incorporate 2+1 REMPI at 225.65 ni®3” The ionized fragments were
the full density matrix method have been able to measuraccelerated into a field-free flight tube mounted along the
coherence effects in the alignment of CI from,&1#?’the  axis of the molecular beam. lons were imaged when they hit
orientation and alignment of CI from 1€f;*’ the alignment  a position-sensitive detector consisting of a chevron double
of O(P;) from NO,?® the alignment of O{D,) from  microchannel platéMCP) assembly coupled to a fast phos-
N,0,? and the orientation of $D,) from OCS¥° phor screen(Galileo, P-47. The image on the phosphor
In this experiment, we have studied thg(®*A;)+hr  screen was recorded by a 64880 pixel CCD cameréXy-
—>O(1D2)+02(1Ag) channel of the UV photodissociation of bion Electronics, 1SG-250J Both the MCP and camera
ozone at 235, 245, 255, 265, 275, 285, 298, and 305 nm. Weere electronically gated to collect only signal correspond-
measured the vibrational populations at all wavelengths, anihg to the mass of the GD) fragment. Signal levels were
for each vibrational level we determined the spatial anisotkept below 300 ions per laser shot to avoid saturation of the
ropy parameterp, and them;| populations. A full density MCP. The ion counting method was used to increase the
matrix method was used to determine ﬂ‘gé)(p) alignment  spatial resolution of the imagé$About 100 000 total laser
parameters at 255 and 298 nm. shots were added to generate the final image.
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I11. ANALYSIS 235 nm 245 nm 255 nm 265 nm
A. Speed distributions P i

The imaging technique produces a two-dimensional pro- 4 . g
jection of the 3D fragment ion distribution. If the 3D distri- \:" by
bution is cylindrically symmetric about an axis in the plane - '
of the detector, then it is possible to mathematically recon- )
struct the 3D distribution from the 2D projection using the R A i
inverse Abel transform®=4°Once the 3D distribution is cal- S
culated, the speed distribution can be obtained by integrating . i "

over all angles at each speed, and the angular distribution can e ~—

be obtained by integrating over all speeds at each angle. A 575 1
simple transformation using conservation of linear momen-

tum links the speed and translational energy distributions, FIG. 1. The inverse Abel transform of the ¥),) photofragment images
with both laser polarizations vertical and in the plane of the paper. The

285 nm 298 nm 305 nm

. dissociation wavelength is shown for each image, but each image is arbi-
|mOUO|_|m02U02|’ trarily scaled in size. The atoms were ionized via the 205.4 n#l 2

(5) REMPI process.
2

12,1
KE ota= 2Mov o+ 2Mo,v oL

movo) 2 3 1. Diagonal density matrix method

2
| =5-Mguo.
2mO oY o

1,1
= Emovo+ E(zmo) 4

In the first method, we follow Mo and Suzuki's
analysig® by assuming the ion angular distribution is of the
The internal energy of the Ofragment is found from the form,
total kinetic energy distribution using the energy conserva-
tion equation, 9y g 9y I ( ed) =1 dissociatiov( ad) X detectim( ad), (7)

with
| gissociatioh @¢) =1 (v)[ 1+ BP,(cosby) |, (8

while the detection distribution is more complex and de-

) o ) pends on the angle betwegrandJ of the atomic fragment.

where KB IS the total kinetic energyzy, is the laser en- e angylar variablé, is used to denote the angle between

ergy, Dy is the dissociation energy,(v)o, is the vibrational  yhe velocity of the fragment and the polarization of thie-

energy of the Q*Ay) fragment, ZPE, is the zero point sociation laser. This method assumes that the angular mo-

energy of the glAg) fragment, and:U(J)cJ2 is the rota- mentum distribution is cylindrically symmetric about the ve-

tional energy of the glAg) fragment. locity vector of the fragment, and thus it only considers the

diagonal elements of the angular momentum density matrix

in the molecular frame. Furthermore, the directionJofs

assumed to be independent of the specific directiam the

lab frame. Under these assumptions, the detection probability
Both the spatial anisotropy parameter and |uhr¢1 dis-  equations are given &5

tributions can change for the different vibrational modes of

the O('A) fragment. To account for this we used a semi- | giecriof 0a) > > Prp (Probe, (9)

continuous parameter method to find the best fit parameters. K

This method involved breaking the image up into 10 pixel

wide rings concentric about the center of the image, and then  p{(Moleculap= >, (—1)’"™/2K+1

fitting each region separately. The value of 10 pixels was m

chosen to approximately average over the rotational levels

within one vibrational band. X
Upon examining the datéshown in Fig. 1, it is imme-

diately apparent that the &) fragment from the photodis- wherePy are line strength factors that depend on the specific

sociation of ozone does not display & BP,(cosé) angular  ionization scheme use#, is the rank of the expansion term,

distribution. The origin of the unusual shape of the imagesand thef,, are them; fractional populations. ThegK) (Mo-

lies in the interaction of the ionization laser with the angularlecula) are the multipole moments in the molecular frame,

momentum of the oxygen atom. By ionizing with linearly and can easily be rotated to the probe frame multipole mo-

polarized light, it is possible to measure the spatial anisotments, denoted byg (Probe. Since we are using a linearly

ropy parameter and also the relative populations of eacpolarized, two-photon ionization process, all the odd rank

|mj|=0, 1, or 2 projection. Two fully quantum mechanical line strength factors are zero in the expansion. While it may

methods of extracting thém]-| distributions of the atomic not be possible to calculate the line strength factors explic-

fragments are used. itly, Mo et al?? have shown that the ratiB,:P,:P, can be

KEqota=Env— Do(Ox(*Ag) + O('D))
~T(v)o,+ ZPEs,~E,(J)o,, (6)

B. Angular distributions

J K J

-m 0 mfm’ (10
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FIG. 2. lonization probability for the Of;)—«—O('D,) ionization FIG. 3. lonization probability for the GF;)«—«—O('D,) ionization
scheme at 203 nrftop) and the OtP;)«—«—O(*D,) ionization scheme at scheme at 203 nrttop) and the OtP,)— —O(*D,) ionization scheme at
205 nm(bottom). 205 nm(bottom), including the H BP,(cosé,) term with 3=1.5.

easily calculated if the initial and final atomic angular mo- These detectivity functions were derived for each magnetic
mentum states are not equal, i.e., providgeJ;. When  sublevel by setting the population of one sublevel equal to 1
using a two-photon probe, the line strength factors are theowhile setting the others to zero in EQ.0), and then solving
retically nonzero forkKk<4. We calculated thePy ratios  for the angular shapBeieciiof €q) by transforming the mul-
Py:P,:P,=1:0.683:-0.115 for the 203.7 nm21 REMPI tipoles to the probe frame and summing o¥er
scheme, and £:0.598—1.07 for the 205.4 nm 2 1 REMPI Since we use the laser geometry where both lasers are
scheme. These ratios have been reported in other publicgarallel and in the plane of the detector, the resultant 3D
tions as welf>2° distributions are cylindrically symmetric about the laser po-
Using the previous equations and the calculd®gdra-  larization, and thus the angular distribution can be character-
tios, we can determine the angular shapes of {Bg.iiof 64) ized by the single variablé;. When plotting the full angular
distribution for|mj|:O, 1, or 2. The resulting distributions distribution 1(6y)=P(v)[1+ BP2(co¥by) | getectiok 0a), as
are shown in Fig. 2. Note that since the ratiosRyf were  seen in Fig. 3, we see that the difference between the shapes
used, the absolute scale is arbitrary; only the relative shapes the|m;|=0 and|m;j|=2 curves is small for the 205.4 nm
and magnitudes are important. We then fit the angular distriREMPI scheme. In order to resolve any possible ambiguity
bution data to a sum of these functions multiplied by thebetween the shapes of differefm;| curves, we used two
| gissociationt€"M t0 obtain the relativem;| populations and the  different OCD)REMPI schemes: ongO(*F)« «O('D)}
B value, at 203.7 and ondO(*P)«—«—O(*D)} at 205.4 nm. The
_ shapes of the 203.7 nm REMPI detectivity curves easily dis-
(64)=P(v)[ 1+ BP2(C0S64) Il getectiof 0), (D tinguish between thém;|=0 and|m;|=2 levels. Thus, for
with each dissociation wavelength, we can take one image using
_ _ each REMPI scheme, and then fit the spatial anisotropy pa-
deteciof 0a) =[FoF ol 0u) + 11F4(6a) +FoFo(00)], - (12 e and thém;| populations to the angular distributions
wheref,, f1, andf, are the fractional populations of @)  of both images. This method is valuable because only one
in [m;|=0, 1, and 2, respectively, arfe(6y), F1(64), and  laser polarization geometipoth laser polarizations parallel,
F,(6y) are the corresponding probe frame angular detectivand in the plane of the detecids needed in order to obtain

ity functions for each magnetic sublevel, the [m;| populations,3 value, and speed distribution. In ad-
F§°3'7( 0y)=3— Lcog( 04)—0.45 cod( 0y), dition, fitting 1D angular functions is fast and easily done.
We used this method at all wavelengths.
F203704)=3—0.6 cog(fy) — 3 cog(6y), 13
() =% (62)=3 (6a) 13 2. Full density matrix method
203.7 .
F5771(64) = 3+ 3 coS(6y) —0.075 co§( 6); Following the method pioneered by Bracker
16-18,23,28,4
F2954 9,) =0+ 3 co2(fy) — 3 cod(8y), etal,™" jW_e can model the 3D angular momentum
polarization functions when using linearly polarized light.
|:§05-4( 04)=3—2coS(6y)+2 cod(6y), (14 This model assumes only thdtis cylindrically symmetric
205 . . aboutv. It does not neglect coherence effects, and thus al-
F5%464)=3+0 cog(6y) — 3 cos(6y). lows for the determination of the full angular momentum
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<

FIG. 4. Total kinetic energy distribu-
tion for O;—0,(*A4) +O(*D,). Also
shown at each wavelength is a comb
corresponding to each vibrational level
with no rotational excitation. The
peaks observed in the 305 nm image
are due to rotational structure. The
small peak at-0.19 eV in the 305 nm
A=298 image is due to an ozone “hot band.”

Signal (Arbitrary scale)

v=0

A=265 A=305

0 0:2 0:4 0:6 0.8 1 1:2 1:40 0.2 0.4
Total Kinetic Energy [eV]

density matrix as a function of the angle between the phofor each dissociation laser polarization directi®rfalongx,

tolysis laser polarization and While much of the following vy or z). Here, the data imagds,, and| 4,sc are defined as

analysis has been described elsewhere, is important to out-

line the basic ideas behind the analysis in order to explain  15,=(NE)+(N)+(N5), (19

our implementation of the technique. A more detailed expla-

nation is provided in the Appendix. . | Fnis= NE— N, (20)
We again assume that the measured signal has a general

form, wherex, y, and z refer to the ionization laser polarization

I=1(vi)l scal dets (15) direction, andNE are the normalized data images, as de-
scribed in the Appendix. The bracketsindicate a sum over
the intensities of all pixels in the image. The basis functions

lsca=[1+ BP2(Cc0SHy)]. (16)  are defined as

with

Here, I (v;) is the speed distribution for eachlevel, and 1

+ BP,(cosé,) is the standard spatial anisotropy from the '30_3|(v )1+ BP2(costy)], @D
dissociation.l 4 (described more fully in the Appendixs
the detectivityefunction, Bimg{ﬂ,a&”(p)k Bf[ﬁ,aék)(p)]— BE[ﬁ.agk)(p)], .

Idel(aE]Z)(p)uB’SZiad1®1q))1 (17)

where thea((p) are the alignment parameters, withde-
noting either a parallel or perpendicular transiti®.is the
line strength factof? and the additional angles are defined in
Eqg. (A9).

~ The rank 2 parameters{’(p) are found by fit- N ,=> C;z(i)[|(vi)+|(vi)BiP(2F)(COSt9)
tlng the data imageds, and |, t0 basis functions '

with the expression foB} [ 8,a4°(p)] given in Eq.(A17).
Once the rank 2 parameters are found, we fitBtén the
following expression:

B, 1B.a{(p)] using the fit parameters; anda{’(p) in
the foIIowmg equations® +s,l 2, aP(p)BY [al?(p);vi] ] (23)
a.p
FRF (. \IF
o= E Ci Bisovi)lanisor where thea?)(p) are fixed from the previous fit, and the
(18 yz(|) are theoretlcally the same as th but are now
—s, 2 cFb@(p)BE [b¥(p);vi] allowed to vary because of the addition of the rank zero 1

anlso I q anis q ’ )

+ BP,(cosby) term.
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in the 305 nm dissociation result is due to individual rota-
tional levels within the v=0 level of the Q(lAg)
molecule.

In order to obtain the vibrational populations, Gaussians
were fit to each vibrational peak and then integrated to de-
termine the relative population of that peak relative to the
whole curve. An example of this process is shown in Fig. 5
for the 265 nm dissociation. We recognize that the Gaussians
sometimes do not accurately represent the vibrational popu-
| lations due to the tail on the high energy side of the vibra-
v NS N . tional peak that sometimes extends beyondjth® energy.

0 0.2 04 06 0.8 Some signal may extend to higher energies than the theoret-
Total Kinetic Energy [eV] ical limit due to our finite experimental resolution and/or
FIG. 5. Photofragment energy distribution from the dissociation process aBPace charge effects, etc. For most peaks, the fit is sufficient.
265 nm using the 203 nm ionization scheme. Gaussian fits to the vibrational he vibrational populations are shown in Table | along with
peaks are shown as dotted lines. the populations reported by other research groups. Vibra-
tional populations fop =0 and 1 at 235 and 245 nm are only
V. RESULTS e_st|mf:1tes due to our inability to properly separate the two
vibrational modes.

Inverse Abel transformed images are shown in Fig. 1 for  Angular distributions and fits at 265 nm are shown in
various dissociation wavelengths using the 205.4 nm REMPFig. 6 for the 203 and 205 nm schemes. The curves shown
scheme. The images that used the 203.7 nm probe had sinmepresent the angular distribution obtained at the maximum
lar radial distributions but slightly different angular distribu- of the v=0 and v =3 peaks; the angular distributions at
tions from the ones shown. It is important to note that theother energies have a similar signal to noise ratio, but differ-
true nascent angular distribution of the D) fragments ent shapes. Since regions with low ion counts between the
has a shape characterized by BP,(coséy). Any deviation  vibrational peaks contribute less to the total image signal and
from that shape is due to the variation in ionization probabil-also contain more noise due to counting statistics, the best
ity caused by the atomic alignment. Although it is possibleangular fit parameters for each vibrational level were deter-
for the atomic alignment and thus the integrated ionizatiormined at the peak of the fit for each vibrational level. Best
probability to change with radius, we assumed that theangular fit parameters are shown in Table II. Also shown in
overall effect of any changes in alignment on the vibrationalTable Il are results using the full density matrix method and
populations was small. This assumption is justified by theany other published results. Anisotropy parameter errors are
small change in atomic alignment as a function of speed irassumed to be-10%.
our measurements. In principle, the full density matrix  O(*D,) alignment results using the “diagonal matrix
method allows one to adjust the vibrational populations tomethod” are shown in Table Ill. The numbers reported as
produce a better fit of vibrational populations, but due to thé'average” were determined by calculating one speed-
already large parameter set of the data at 255 nm, we did netveraged angular distribution, and then finding the best fit to
explore that possibility. The corresponding energythat data. Since the probe used a linearly polarized 2
distribution for each wavelength is shown in Fig. 4. Structure+ 1REMPI technique, the experiment does not measure the

Intensity (arbitrary)

TABLE . Vibrational populations of §*A) from the photodissociation of ozone with light of wavelenth

N (nm) v=0 v=1 v=2 v=3 v=4 v=>5 v=6 v=7 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 watk
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

@nly one image was taken at this wavelength using the 205 nm ionization scheme.
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concentrate on the spatial anisotropy parameter and align-
ment as a function of the 2©1Ag) rotational level.

Due to the complexity of the energy distribution, no
population fits were performed. In order to understand the
interesting structure that seems to be dependent on the angu-
lar momentum of the QlAg) fragment, we used the rota-
tional assignments to extract the angular distribution for each
peak. Each of these angular distributions was then analyzed
using the diagonal density matrix method in the same fashion
0 5 90 135 180 as the vibrational levels in the previous section. The results

% are tabulated along with the corresponding spatial anisotropy
parameters in Table IV. The results for the rotational states
j=0 throughj=6 are averaged because of our inability to
resolve peaks in this region.

B. Full density matrix results

Data were acquired at 255 and 298 nm in order to deter-
mine the full density matrix. The wavelength of 298 nm was
chosen because it contained only one well-defined vibra-
0 45 90 135 180 tional level, making the analysis “easy.” Figure 7 shows the
d four images acquired at the 255 nm dissociation wavelength.
FIG. 6. Angular distribution and fits for the=0 (top) andv =3 (bottom) -NOt-e t-he strong change in the shape of the images as the
peai( i.n the 265 nm energy distribution. The two curves in each figure'omz_atlon laser changes. If there were no rank 2 V.eCt_or C.0r'
represent angular distributions from different'Og) ionization schemes. ~ r€lations, the images would not depend on the ionization

laser polarization. Images for the 298 nm dissociation are
similar, and will be described latéFig. 9).
sign of |mj|_ Orientation (+ versus —m;) measurements The rank 2 alignment parameters are found by fitting the
would require a circularly polarized beam. subtraction imagesf;.=N; —Ny to thea{(p) dependent
basis functions. The best fit results are shown in Fig. 8 for
298 nm. The 255 nm results are similar, but have a smaller
A. Results at 305.7456 nm residual (Data—Fit. The numerical results from the rank 2

The rotational structure observed within the0 band  alignment parameter fits are presented in Tables V and VI.
requires a more detailed analysis. In a previous study of thBoth theb(k)(p) and thea(k)(p) parameters are shown here
ozone dissociation enerdythe 305.7456 nm image and en- because the basis functlons are Imeabjﬁ(p) making it
ergy distribution were presented in Figs. 1 and 4 of thateasier to understand the true weighting of the basis functions
reference, respectively. This previous publication also dein the fit. Theagk)(p) are shown in order to compare with
scribes the details of assigning the rotational lines. Here, wether results.

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

Beta

N(m) v=0 v=1 v=2 v=3 v=4 v=5 v=6 v="7 Avg. Source Comments
230 1.12 4
235 11 119 121 115 1.00 0.84 0.57 0.71 0.80
245 1.3 128 123 115 1.08 1.03 1.16
248 125 125 125 125 125 16 5
248 1.2 8 Qualitative
255 12 133 128 135 1.32 1.03

1.2 14 1.4 1.2 1282
265 15 146 127 1.37 1.39
266 111 4
275 16 15 15 1.49
270-300 1.60.2 5
274-300 1.20.2 1 Effusive beam
285 1.8 16 1.46
294.5 1.9 1.45
298 1.9 1.71

1.7

Full density matrix method.

Downloaded 20 Nov 2001 to 128.253.219.94. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



J. Chem. Phys., Vol. 115, No. 16, 22 October 2001

TABLE lII. O( 1D2)|mj| populations using the diagonal matrix method corresponding to different vibrational
states of Q(lAg). The populations were found at the peak of the Gaussian fit for each vibrational level. The
averagdmj| populations for the whole image are shown in the right column.

Photodissociation of ozone

ments in the density matrix. This is likely due to the neglect

Populations
N (nm) v=0 v=1 v=2 v=3 v=4 v=5 v=6 v=7 Avg.
Im|=0 71% 74% 74% 68% 56% 44% 31% 29% 57%
239m|=1 20% 18% 19% 24% 32% 45% 43% 42% 30%
Im|=2 9% 8% 7% 8% 12% 12% 26% 28% 14%
Im|=0 65% 69% 63% 56% 48% 50% 60%
249m|=1 29% 27% 33% 41% 47% 39% 34%
Im|=2 6% 5% 4% 4% 5% 11% 6%
Im|=0 59% 65% 60% 51% 57% 57% 76%
25m|=1 39% 34% 40% 43% 40% 20% 23%
Im|=2 1% 1% 0% 6% 2% 2% 0%
m|=0 62% 65% 62% 52% 60%
269m|=1 34% 32% 31% 44% 35%
Im|=2 4% 3% 8% 5% 5%
Im|=0 67% 70% 52% 63%
279m|=1 32% 29% 47% 35%
Im|=2 1% 1% 1% 1%
Im|=0 74% 79% 77%
289mi|=1 26% 21% 23%
Im|=2 0% 0% 0%
Im|=0 52% 24% 42%
294.8m|=1 47% 45% 46%
Im|=2 1% 31% 12%
Im|=0 48% 45%
29gm|=1 49% 50%
Im|=2 3% 6%
|m;|=0 28%
309m|=1 49%
|m|=2 24%
It is also possible to calculate the full density matrices 006 O 0 0 0
from the measured rank 2 alignment parameters at 255 and
298 nm. We found, however, that the best fit results at 255 027 0 0 0
i 2) ieldi i .
nm overemphasized tiﬁ, (I term, yielding negative ele- gvm: 0 037 0 0
. 0

of the rank 4 terms in our model. Thus, the rank 2 results
should be considered qualitative in nature. With this caveat,
the full density matrices for the 298 nm data are reported
here for different lab angle®°, 45°, and 90f between the
dissociation laser polarization and the velocity of the T

fragment,

o
o
o
o
o
(o2}

7467

(243

(i.e., v parallel to the dissociation laser polarization

TABLE IV. Anisotropy andg results for 305.7456 nm.

Avg.
J=16 15 14 13 12 11 10 9 8 7 (6-0 Avg.

B 0.13 057 075 11 15 15 1.6 1.6 1.7 1.7 1.29 1.13
[m;[=0 0.11 0.17 027 025 011 050 044 024 022 0.39 0.29 0.28
[m|=1 0.47 043 045 049 063 033 046 059 053 0.0 0.53 0.48
[mj|=2 0.42 039 028 025 026 016 010 016 024 0.11 0.18 0.23
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Dissociation Z Dissociation Y TABLE V. b{’(p) results from fitting the second-rank alignment param-
eters.
N * Nm o b@()  b@(L)  b@aL)  bP(L)  Beta
c
2 255p=0 —1.7 -0.17 0.52 -0.08 1.22
g v=1 -21 -0.01 -0.05 -0.02 137
2 v=2 -21 -0.15 -0.23 0.02 1.42
v=3 -18 -0.22 -0.05 0.14 1.21
v=4 -16 -0.22 -0.01 -0.02 1.05
298v=0 —1.3 -0.05 0.87 0.07 1.70
>
c
2 . lations are shown in Table VII foé4=0°. Once the rank 2
g . parameters are known, it is possible to fit the spatial anisot-
- ropy parametep. The quantitative results from these fits are

FIG. 7. Raw images from the 255 nm dissociation of ozone using the 20$N0WN in Table ”_- The_ Image fit results are shown in Fig. 9
nm ionization scheme for different dissociation and ionization laser polarfor the 298 nm dissociation.

izations.
0.06 0.11 0.01 0 0 V. DISCUSSION
0.110.270.04 = 0.01 0 A. Introduction and vibrational populations
Pﬁfrm: 0.01 0.04 0.34 —0.04 0.01]| (24b ' _ . . o
0 001 —-0.04 027 -011 In spite of the many studies of the photodissociation of
0 0 001 -011 0.06 ozone in the Hartley band, we still lack a complete under-
standing of the dissociation dynamics. Researchers have
010 O 014 0 0 struggled to explain the structure on top of the Hartley
0 025 0 017 0 bandi®*44>and the complexity of the ozone molecule has
9 _|014 0 030 0 01 provided interesting experimental results. For example, reac-
Pmrm 0 017 0 025 0 (249 tion (2) is known to form highly excited Q3E§)
0 0 0.14 0 01 molecules’® and Theleret al. recently demonstrated a large

fluctuation in Q(lAg) vibrational populations from reaction

(i.e., v perpendicular to the dissociation laser polarization (1) between 272.8 and 285.6 nirMeasurements done by
The full density matrices for other wavelengths or anglesThelen et al. at 275 and 285 nm agree nicely with ours.
can be calculated using EGA21). The calculatedm;| popu- ~ While the results from Valentingt al. are in agreement that

lonization Z - Y Data Fit Image Data - Fit
0.1 0.1 0.05

Dissociation Z
o
o
E
(=]

-0.1 -0.1 -0.05
FIG. 8. Rank 2 fits for 298 nm photo-
dissociation of ozone. Column 1
shows the subtraction image data, and
the fit and residual are shown in col-
- 0.4 umns 2 and 3, respectively.
0.2
Z p— 0.2 0.2 i
kel + *
.g 0 0 0
o]
1]
R} - — i
a - -0.2 = 1-0.2
-0.2
-0.4 -0.4
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TABLE VI. a{(p) results from fitting the second-rank alignment param- hond angle, those in Fig. 14 of Ref. 47 show that the hyper-
eters. spherical coordinated and ¢ approachn/2 and 0, respec-
tively, corresponding to an opening of ti@-0O-O bond
angle toward 180°. This agrees qualitatively with our obser-

Am) o a®@an afd(L) ald(1,L) al?(L) Beta

2550=0 —0.77 —-0.43 0.52 -0.20 1.22 vations.
v=1 -001 —-0.04 -0.05 -0.08 1.37
v=2 -0.88 —-0.53 -0.23 0.07 1.42
v=3 -081 —-0.56 0.05 0.35 1.21 1 N
v=4 —077 —0.46 —0.01 ~0.03 1.05 C. Depeqdence of Bon O,(*A,) vibration
298v=0 —0.49 —0.34 0.87 0.50 170  and rotation

We also considered the change ghwith vibrational
level for dissociation at a given wavelength. In general, there

most population is in the lowest vibrational levels, they in-iS ot a clear change i with vibration level of the (*A)
dicate consistently more population in=0 than either our fragment, at least not one that is consistent at all wave-
results or those of Theleat al. Theoretical predictions by lengths. Within the rotational structure of the 305.7456 nm
Leforestieret al}° agree that most population is in the lowest image, the spatial anisotropy parameter clearly rises from
vibrational levels. near O at the lowest translational energies to near 1.8 at the
highest ones. Other groups have measured rotationally de-
pendent anisotropy parameters as a function of rotation of
the counterfragment from the photodissociation of OCS
Our measurements of the aniSOtrOpy parameter show E“'Refs_ 30, 48, 4Dand [\&0_26 Kim et al. previous|y ana|yzed
increase with respect to wavelength, whereas other data sufphe spatial anisotropy parametenof S(*D) from the photo-
marized in Table Il do not, at first, appear to show this trenddissociation of OCS and attributed the changegirto a
It is important, however, to recognize that the measurementgixed transition for the higher speed fragments, and a pure
of Fairchild et al. were performed using an effusive source, parallel transition for the slower fragments. These results
so that the ozone molecules were not rotationally cold. Highyere justified by also measuring the coherence term
rotational temperatures can significantly decrease the spatiﬁ;h[a(ll)(”' 1)], which showed an increase at higher speeds,
anisotropy parametes.”* The results from Takahaskt al.  indicative of competition between different states. Neyer
were performed in a reaction cell, and thus the initial 0zonest 5. studied the olD,) fragment from the photodissocia-
molecules were also not rotationally cold. These researchekg of N,O, also finding a change i with respect to the
accounted for the high rotational temperature, but it is pos hotofragment speed. The different speeds of théDQY
sible that the correction added additional error to the ﬁ”afragment corresponded to different rotational states of the N
value. Most promising are the recent supersonic expansiOﬁoagmem, with 3~0.2 for the slowest J=80) fragments,
results from Theleret al., which agree well with ours. andB~2 for the fastest]=50) fragments. This change was
The spatial anisotropy parameter is directly related to theupjained in terms of the branching between theA2 and
bond angle at the time of dissociation. If the excited state off 1o” electronic states during dissociation. It is possible,
ozone were to dissociate from the same bond angle as thgywever, that our observed changes@imay be explained
ground state, 116.8°, the value would be 1.18. This value more simply. Fragments that dissociate very near threshold
compares favorably with our shorter wavelength resultsigke |onger to break apart, allowing the parent molecule to
However, at longer wavelengths, there is a trend towargotate during the dissociation. Using the axial recoil veloci-
much higherg values, approaching the parallel limit of 2 tjes as a guide, a calculation shows that for slow fragments
near 305 nm. This implies a large change in the bond anglghotodissociated at 305 nm, the ozone molecule rotates sig-
during the dissociation at longer wavelengths. For comparinificantly during the dissociation process. Perhaps more im-
son, 3=1.9 corresponds to a bond angle of 159° at the timgortantly, the axial recoil approximation, an assumption im-

of dissociation. This large geometry change may not be togyjicit in all of the analysis, breaks down for very slow
surprising  since wavepacket calculations on  0zongragments.

photodissociatiot*” show that there is significant activity in

the bending and stretching modes during the photodissocia-
tion process. Although the trajectory plots in Fig. 11 of Ref.D. M; populations (diagonal method )
10 do not extend far enough in time to determine the final

B. Anisotropy parameter

The rank 2 alignment results show a consistent prefer-
ence for low|m;| states, with little or no population in the

TABLE VII. O('D)|m;| populations at 298 and 255 nm fég=0°. |mj|=2 states. In general, the diagonal density matrix
method finds most population in they|=0 states, some in

m;=0 m;=1 my=2 the |m;|=1, and almost none in then;| =2 states. It seems

298 nm 34% 54% 12% that there is a slight trend toward mdm;|=0 population

255 nmv=0 42% 62% —4% for faster (lower vibration) fragments, but this trend is not

255 nmy =1 46% 66% —12% strong. At 305.7456 nm, we see a trend toward rong

255 nmo =2 45% 65% ~10% =0 at higher kinetic energiggower J). This feature is simi-

255 nmy =3 43% 63% —6% :

255 nmo = 4 42% 62% _50 lar to the results reported by Neyetral. for the alignment of

O(*D,) from N,0.2°
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Data Image Fit Image Data - Fit
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It is very difficult to predict thelm;| population for the ment arising from a parallel, incoherent photodissociation.
dissociation of ozone. Many states of the atediatom inC;  The |m;| distributions(diagonal part of the density matiix
symmetry lie at lower energies than the energy of the ozon&om this method are thus not emphasized, but are shown for
D state inC,, geometry, and there is no obvious choice as tathe 298 nm photodissociation where the best fit results
which should correlate with the excited state. Perhaps thgielded real values for the density matrix. The full density
simplest explanation for the observed result is one of consematrices for other wavelengths or angles can be calculated
vation of symmetry. The ozone transition stalits C; sym-  using Eq.(A21). When looking at the diagonal elements of
metry) from anA’ state, and the high measured valuegsof the density matrices from the 298 nm photodissociation pro-
show that it must also reach &1 state. If the atomic prod- cess, it is noticeable that they do not show a large change as
uct maintains thisA’ symmetry with respect to the plane a function of angle between the photolysis laser polarization
containing the oxygen molecule and the recoil velocity, therand the velocity of the GD,) fragment. This validates the
we would expect then; distribution to favorA’ symmetry. assumption in the diagonal matrix method that the angular
The orbital symmetry form;=0 hasA’ symmetry, while momentum distribution is independent of angle.
those for|mj|=1 and|mj|=2 have one component each of Even though the rank 2 alignment parameter results may
A’ andA” symmetry. Thus, it is not surprising that the over- be qualitative, the spatial anisotropy parameter fit is a valid

all |my| distribution should favofm;|=0. result. TheB parameter can only be inaccurately measured if
the residual from the higher-order fit is large. This is due to
E. Full density matrix results the rank 2 alignment parameters’ dependence only on signal

. ] that is independent of the rank O part of the data. These ideas
Results from the full density matrix method show a cleargre confirmed by the excellent agreement of the spatial an-
preference for a parallel, incoherent dissociation mechanisigotropy parameteg in the two different methods.
with little perpendicular character and differing levels of co-

herent character. The large number of fit parameters in the
255 nm data led to a best fit which resultedbiff (p) that
were too larggabsp{? (1)) > 1.7}, making thelm;|=2 por-
tion of the density matrix negative. We believe that the lack  The data presented here on thg(J(Z).g)JrO(lDz) disso-

of rank 4 terms in the analysis led to this result. While theciation channel are consistent with a mechanism in which
rank 4 line strength factor is small, it is essential to includeexcitation takes place to a state Af symmetry that then
those terms in the diagonal density matrix method. Withoutissociates on a time scale rapid compared to rotation. This
the rank 4 terms in the full density matrix method, “extra” view is supported by the large values found frconsistent
rank 2 signal is needed in the fit to compensate. For thisvith a parallel transition from thA’ ground state, and by the
reason, we believe the full density matrix results to be qualialignment of the O{D,), where the propensity for tha’
tative in nature, but they nonetheless suggest a strong prefr;=0 state would be the result of conservation of symmetry.
erence at both 255 and 298 nm for angular momentum alignfhe large values of3 also indicate that substantial bending

F. The dissociation mechanism
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of ozone occurs prior to dissociation, in agreement with redistribution. Using this information, one can then fit {®in

cent theoretical prediction§:*” The increase of the anisot- a more general expression that includes the rank zero and
ropy parameter with wavelength indicates that higher wavehigher order terms.

lengths result in more significant bending toward the linear

configuration than do shorter wavelengths. The dominance df. Notation

v=0 population at all wavelengths is consistent with the

previously proposed model of a rotationally impulsive but. Imagesl X,Y.2 W'" b_e Iat_)eled with a SUP?rS.C”m denot
vibrationally adiabatic dissociation mechaniéinally, the ing the polarization direction of the dissociation laser, and a

full density matrix results show that the dissociation has S;strcr:gt gﬁ:“;“”gag‘fuzo'?k'::;'ig”ig're::"’e”ngfct:;r'ot'ng‘;":”
clear preference for a parallel, incoherent dissociatiol‘cp' detector ?apce an<,j theaxis is pin E)he lane of the
mechanism expected for excitation to a single dissociativ . - P
, detector and perpendicular to the plane defined by the propa-
state of A’ symmetry. ) T
gation directions of the laser and molecular beams.

VI. CONCLUSION 3. Normalization

We have measured several aspects of the photodissocia- When analyzing several images at once, it is important

tiorl1 of ozonelin the \r/]vavgtl)ength r?nge 2|35_305 fnm yieldinqhat all the data images are taken under identical conditions
O('D2) +Oy(*A). The vibrational populations of £'A4) except for the laser polarization. In practice, fluctuations in

are peaked at=0 for all wavelengths, and all vibrationally- o aser power and the overlap between the two laser beams

accessible states are at least partially filled. A diagonal dethluences the total signal detected. A given data imig@

Sfity ma}trix method was used to study the alignment and SP&herefore must be normalized appropriately when comparing
tial anisotropy of the O(D,) fragment. The value of3 it with others'” For example, if we define

varied from about 1.2 at 235 nm to 1.7 at 298 nm. Ting .

populations were peaked [an;| =0, with some population in o Ixye (A1)

Im;|=1, and very little in|m;|=2. These results were gen- XYz (I)fyyvz)’

erally confirmed by the larger data sets taken at 255 nm anglhere the bracketd indicate a sum over the intensities of all
298 nm, where four different laser polarization combinationspixels in the image, and then define

were used in order to determine the full density matrix, albeit

with only rank 0 and 2 terms. Thien;| distributions using (ﬂ)(Z)E@ (A2)
this method were more peaked |a;|=1, yet still main- I, (15"

tained the lack of population ifm;|=2. The results also

) : ._and

illustrated a clear preference for incoherent, parallel excita-

tion. Dissociation of ozone to &D,) + O,(*A,) takes place LAY 1Y)

after excitation to a state &’ symmetry and after substan- ) = vy’ (A3)

tial bending of the parent molecule. o ]
then the following images are properly normalized:
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for the dissociation laser polarization aloggThe constant

I,/1, (usually close to Lcan either be measured directly or
determined in the fitting procedure. These normalized
1. Fitting process overview versions of the data imageBJ;Z are used throughout

APPENDIX

The general fitting process is as follows: First, isolate thethe analysis.
rank 2 part of the images by subtracting two images with )
different ionization laser polarizations and the same dissocig?- Analysis

tion laser polarization. This results in an image that does not  To model the intensity distribution, we again assume that
contain the rank zerpl+ gP,(cosdy)] term. Then, fit this  the measured signal has a general form,

“subtraction” image to a sum of basis functions that each

depend linearly on one of the rank 2 angular momentum I =1(0i)l scal det: (AB)
functions. The rank 2 alignment parameters are the results afith

this fit. Once the rank 2 alignment parameters are deter- | (14 8P p
mined, this effectively provides ionization probability or scat~ [ 11 BP2(C0S0q) ]
modulation of the original 1+ 8P,(cosé,)] photofragment and

(A7)

Downloaded 20 Nov 2001 to 128.253.219.94. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



7472 J. Chem. Phys., Vol. 115, No. 16, 22 October 2001 Dylewski, Geiser, and Houston

lge=1+5,{(1+ B)ai? (Il cog 4P ,(cosby) + (1— BI2)a? (L )sir? 64P,(cosby)
+Rea?(Il,1)]y/3/2 sinfy cosby sin 20 cosd + (1— B2)al?) (L) /312 sirf 6, sir? @ cos 2b}/[ 1+ BP,(cosby)].

(A8)

Herel(v;) is the speed distribution for eaehlevel, and & BP,(coséy) is the standard spatial anisotropy from the disso-
ciation. Theag")(p) are the alignment parameters, wjtdenoting either a parallel or perpendicular transiti8nis the line
strength factof? The angles are defined as

COSOy= Eppor U,
COSO =& yope U,

F)phot' F)orobe _ (é phot ™ COS‘9dl’} ) . (é probe cos®v )
| PpholJ | Pprobsl | éphot_ COSGdﬁ | |éprobe_ cosOb | .

cosd = (A9)

Note that the quantityiso=(Ny)+(Ny)+(N,) is proportional to - BP,(cosfy), and the quantityf = N — Ny is indepen-

dent of the & BP,(coséy) term, depending only on the second-rank teffosirth-rank terms are neglectedy comparing

| anisoWith the appropriate basis functions, we are able to determine the rank two alignment parameters. The basis functions are
defined as

Bf, 18,25 (p)]1=1(v)sx{(1+ B)af” (Il cos 6,P,(cos,) + (1— Bl2)af? (L )sir? §,P,(cosd,)
+Real?(Il,1)]y3/2 sinb, cosb, sin 20 cosd + (1— BI2)as? (L )\/3/2 sirf 6, sir ® cos 2b}.
(A10)

In order to solve for all the unknown parameters, we first ~ The next step is to create the anisotropic basis functions,

const;uct individual basis functions anislﬂ,agk)(P)]: Bg[ﬁ,aék)(p)]—Bg[ﬁ,agk)(p)],
Biso=3I(v)[ 1+ BPy(cosby)], (A11) (A15)

which will be compared with the quantity, for eachal?(p) with the expression foBf, [ ,a{%(p)]
F _MF L ME L NE given in Eq.(Al17). These basis functions are identical in
liso=Nx Ny + Nz, (A12) shape to the ones shown by Brackeral,!” but differ in
such that we solve for the constaft in the following ex-  their normalization. Yet the dependence of the basis func-

pression: tions on B is inconvenient because, unlike the case for di-
atomics where3 must be either—1 or 2 in the axial recoil
|iF50:E ¢ B (v)), (A13)  limit, for triatomics, B is not generally knowra priori. In
i

principle, it could be possible to perform some kind of itera-

where the possible dependence on a given vibrational levd{on during the fit, but a more simple method is to make the
v; has been left in explicitly. This consta«:ﬁ is just the ratio following redefinitions:
between thg ba_S|s fun(_:tlons and the data. _ _ b2 (Ih=(1+B)a2 ),

In practice, it not simple to set-up an experiment which
can easily change the ionization laser polarization to measure b{?(L)=(1—/2)al? (L),
all three(x,y,2 images. In our apparatus, te@xis is perpen- @ @
dicular to the MCP detector face, and tgi@xis is in the by™ (Il L)=Rea;”(Il,L)],
plane of the detector and perpendicular to the plane defined 2 _ 2
by the propagation directions of the laser and molecular b(z )(L)=(1—ﬂ/2)a(2 ().
beams. In this experimental geometry, it is useful to recogOne can then use these nebéf) parameters in fitting the
nize that when the dissociation laser polarization is along th@nisotropic subtraction imagegmso_ After determining,
z-axis, symmetry dictates that the images created by ionizaye calculate theng‘)(p) from thebg")(p) by dividing by the

tion laser polarizations alongandx are simple rotations of appropriateg factor. The new expressions are
each other by 90°. In this case, we can simplify the above . ® @
expression, By, Lbg"(P)]1=1(vi)s{by” (I cos 6,P,(cosb,)

+biP(L)sir? 6,P,(cos,) + b

(A16)

o= 2(N)) +(N2) =2 c(Bi(0i)), (AL4)
: X(ll,L)3/2sing, cosh, sin 20 cosd
where the bracket§ again indicate a sum over the intensi- ) = 120
ties of each pixel in the image. The constacﬁswill be used +b37(L) V3/2sirf 0, sir? © cos 2b},
in the fit to the rank 2 parameters. (A17)
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and

Bhisd Dy’ (P)]=B5[bg”(p)1-BJ[b{’(p)].
Thus, we perform the following fit to determine th§:

anlso S2 2

The quantity (,/1,) contained within thé’ .. can be mea-

(A18)

b (P)Bhisd by (P);vi]. (A19)
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