Joint product state distribution of coincidently generated photofragment
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The joint product state distribution of coincident fragment pairs formed in the same
elementary photodissociation process has been determined. This correlation between quantum
state populations of two molecular products has been measured by high resolution Doppler
spectroscopy in conjunction with level-specific detection of the ejected photofragments. One
product molecule, formed in a specific quantum state, is excited by laser induced fluorescence
and the wing of the corresponding Doppler profile is analyzed to determine the product state
distribution of the partner fragment. In the photodissociation of jet-cooled hydrogen peroxide
at 193 nm two OH partner radicals are formed with comparable angular momenta. For a
specific rotation of one hydroxyl radical the product state distribution of the partner fragment
is centered at about the same rotation with a width of only a few rotational quanta. The orbital

angular momentum is of the order of 1 # and the impact parameter is extremely small.
Experimentally observed joint product state distribution and trajectory calculations on ab
initio potential energy surfaces are in excellent agreement.

I. INTRODUCTION

The understanding of dissociation dynamics has signifi-
cantly increased by the quantitative determination of direc-
tional properties and their mutual correlations.’ Since the
products probe the excited state potential energy surface
from the Franck—~Condon exited region to the asymptotic
region a characterization of the upper potential becomes fea-
sible by a measure of the correlation between the transla-
tional v and rotational J motion of the fragment because this
{v+J) correlation is related to the gradients of the repulsive
force exerted in the dissociation process and is independent
on parent molecule motion. Another important correlation
of linear molecular fragments with vanishing angular mo-
mentum projection along the molecular symmetry axis is the
population of A doublet states*® which reflects the symme-
try restriction of the fragmentation process. The unequal
population of spin—orbit states also reveals the geometry of
chemical events.*?®

All of these correlations are related to each of the prod-
uct molecules, but only limited information is available
about an interrelation between the two products generated in
the same elementary event of photodissociation.

In the photofragmentation of CH;ONO a Fourier
transform inversion procedure has been applied to analyze
the energy pair correlation of the NO and CH;O frag-
ments.'® The method provides a rough view over the distri-
bution of the CH; O products for particular state-selected
NO partner molecules. It was shown that the internal energy
distribution of the CH, O fragment is approximately Gaus-
sian, with no evidence for any energy correlation between
the two products.

The photodissociation of HF dimers has been investi-
gated by measuring fragment angular distributions using a
rotatable molecular beam apparatus.'! The distribution
shows some structure which is composed of a superposition
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of individual rotational excited fragment channels. The data
could be used to establish the existence of intermolecular
energy correlations between the rotational states of both HF
partner molecules.

In the photodissociation of cyanogen the observation of
angular and velocity distributions of state resolved frag-
ments gave some information about correlations between
the rotation of the products.'> The velocity distribution
showed that with increasing rotation of the selected frag-
ment the velocity distribution narrows.

In a preceding paper only the average rotational energy
of the OH (OD) partner molecules coincidently formed in
the fragmentation of H, O, (D, 0, ) at 266 and 193 nm was
measured by evaluation of Doppler profiles.'>!* For a non-
rotating parent both OH (or OD) partner products are
ejected on the average with the same rotation, i.e., the rota-
tional angular momenta J(OH, ) and J(OHg ) of the mo-
lecular products OH, + OHj are strongly correlated. Dix-
on et al.’® measured the average OH pair correlation at a
photolysis wavelength of 266 nm in an effusive H, O, beam
using velocity-aligned Doppler spectroscopy.'® It was also
found that the mean rotational energy of the partner OH
increases linearly with that of the probed OH. However, in
none of these experiments the complete state-selected joint
reaction probability P(J , ,J5,) has been measured.

The present paper reports on an investigation of coinci-
dent product pair formation in the photodissociation of hy-
drogen peroxide at 193 nm where the initial parent motion is
either Boltzmann distributed at 7= 300 K or cooled in a
supersonic jet. The probability matrix P(J,,J/z) has been
determined by measuring the wings of Doppler broadened
line shapes with a high resolution dye laser system.

Il. DETERMINATION OF PAIR CORRELATIONS
The dissociation process

AB + hv—A(q,) +B(gp) + AE(q..q5),
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where the product molecules A and B are ejected in specific
quantum states ¢, and gy, is subject to several constraints
which limit the recoil velocity and allow an evaluation of the
joint reaction probability P(g, ,¢5)."” Since the total linear
momentum has to be zero in the center of mass system, the
total kinetic energy of both fragments is simply given by

Ekin = Ekin (A) + Ekin (B)

= Juvip = Jm, (1 + my/my)vi, (H
where the symbols have the usual meaning. Conservation of
energy leads to an equation which allows a determination of
the internal energy E,,, (B) of fragment B when the partner
product A is formed with the internal energy E;,, (A),

E. (B) = E. (A) — Eyy, (2)
where the avallable energy E,, is determined by the photon
energy E,,, the dissociation energy Ej,, and the internal en-
ergy of the parent E, , (AB),

E,, =E,, + E,,(AB) — E,. (3
For a fixed value of the available energy, the internal energy
of product B can be determined by accurate measurement of

the velocity v, of the partner fragment A which is generated
in the same dissociation process,

mt (B) = |nt(A) %mi va/ﬂ- (4)

To resolve the complete product state distribution of frag-
ment pairs, the velocity v, has to be measured with an accu-
racy v, ,

v
8v, <SE; 2 (5)

A E, —Ep(A) - En(B)]
where 5Ei represents the uncertainty of
E,. .E, E,(AB), E,_ (A), and in the energetic difference

between two quantum states of the fragment B.

The velocity v, can be measured very accurately by
Doppler spectroscopy using the laser induced fluorescence
technique (LIF) in connection with a dye laser system of
sufficiently high resolution. The internal energy of the prod-
uct A, E;,, (A), is well known from the term value of the
initial level probed by LIF, the photolysis energy is very
sharp when lasers are used as light sources, and the internal
energy of the parent can strongly be reduced by cooling in a
supersonic jet. The dissociation energy Ej, is usually well
known or can be measured by the amount of energy which is
partitioned among the different degrees of freedom.’

For an elementary dissociation process the intensity of a
spectral line as a function of frequency is given by’

(qA,qB) v—1
= Z [ AVD )]

for |v— Vo | <Avp, (6)

1 +Beﬂ‘P2(

where P,(x) is the second Legendre polynomial,
P, (x) = x* — }, and B4 is the effective anisotropy param-
eter which contains all information of vector correlations
existing in the dissociation process. The fragment velocity
can be determined from the maximum Doppler shift Av,.
If the dissociation process is completely isotropic, i.e.,
B = 0, then Eq. (6) reduces to a sum of rectangular pro-

files which are only smeared out by the experimental laser
line width and residual parent translational motion.?

In general, B.; is not zero, but can be diminished by
suitable combination of profiles obtained at different geome-
tries and transitions.'® The influence of a spatial anisotropic
fragmentation on the Doppler line will also be eliminated if
the “magic” observation angle geometry with ,, = 54.7°is
chosen.' Hence, only a correlation between the transla-
tional and rotational motion of the product will modify the
(rectangular) Doppler profile. However, the evaluation of
the broadened lines in terms of coincident product pairs will
only be influenced to a minor extent by this anisotropy, if a
transition is chosen where the wing of the line is sharp and
not smeared out by a (v-J) correlation. This can always be
achieved ifa Por R branch is excited when v is more perpen-
dicular to J orifa Q transition is probed in the case of v being
more parallel to J. Therefore, the line function can be re-
garded as a sum of rectangular Doppler profiles, where the
weighting of each rectangle is related to P(q, .45 ),

I~ 2 P(q,.98)

o 24v,
O(x) is the step function; O(x>0) =1,0(x<0) =

The velocity, respectively the Doppler width of a line at
center frequency v, (v = Av,c/v, ), is quantized as a conse-
quence of the quantization of the partner product’s energy
and all other energies are assumed to be well defined. The
required resolution §v, of the analyzing dye laser is given by

v, <6E; (vy/c)/m,

X{Z[Eav mt (A) mt(B)]/lu} 1/2 (8)

In the special case of H, O, photodissociation at 193 nm two
OH (X *IT) products are ejected which are rotationally ex-
cited only.>!® The maximum of rotation is close to J o =12
corresponding to an internal energy of E;, =2850 cm~'.
The energy spacing to the next rotational state Joi = 13 is
roughly 500 cm ~'.%° If the OH radicals are probed by the
A3+ (v =0,J)~X2II(v" =0,J") transitions around
314 nm [P, (12) line® ], the detection of an energy spacing
of 8E; =500 cm ~' demands a line width of the analyzing
dye laser of év, & 120 MHz. All remaining uncertainties in
energies, like the spectral width of the photolyzing laser, will
smear out the Doppler profile and should consequently be
kept well below 500 cm ~'.

O(Av, — |v——v0|). 7

1Il. EXPERIMENTAL

The OH product pairs are analyzed by Doppler spec-
troscopy using LIF as diagnostic tool. Any influence of ini-
tial parent motion on the shape of the fragment absorption
line has to be minimized. An adequate experimental proce-
dure is the use of the molecular beam technique. The basic
experimental setup is shown in Fig. 1. The reaction chamber
is made of stainless steel and evacuated by a 360 ¢/s turbo
molecular pump (Turbovac 360 CSV, Leybold—Heracus)
which produce a basic pressure of less than 10~ > Pa.

A molecular beam of hydrogen peroxide was generated
by bubbling helium or argon through liquid H,0,/H,0
(95% H, 0, ) and expanding the mixture through a pulsed
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FIG. 1. Schematic diagram of the experimental set up.

nozzle. The aperture of the nozzle system was 1 mm in diam-
eter and the final pulse length was adjustable from 200 us to
10 ms which was monitored by a fast ionization gauge (re-
sponse time < 10 us). The mean background pressure in the
vacuum chamber was well below 0.1 Pa at a repetition rate of
20 Hz.

The H,0, molecules were photolyzed 2 cm down-
stream by the light of an ArF excimer laser (Lambda
Physik, 101 MSC) at 193 nm. The spectral emission width of
this laser is less than 1 nm corresponding to an uncertainty of
8E,, =260 cm~'. The beam was aligned and focused by a
plan and a spherical dielectric mirror (R = 1 m) to a spot
size of ~2mm. The influence of stray light from the entrance
window was reduced by the use of a series of light baffles.

Doppler profiles were analyzed by LIF probing OH ab-
sorption lines of the P branch of the
AT+t (W =0)<~XUI(v" =0) electronic transition. The
probe laser system consists of a single mode ring laser (CR
699-21, Coherent) pumped by an argon ion laser (Innova
100, Coherent). With a pump power of 5 W at 514.5nm a
single mode output power of 0.5 W was achieved using rho-
damin B as active laser material. The band width of the radi-
ation is better than the detected 2 MHz, which is the maxi-
mum resolution of an external confocal Fabry-Perot
interferometer (300 MHz free spectral range). »

The tuning range at this bandwidth is limited to 30 GHz
in the visible which is sufficient to scan a complete Doppler
profile. A minor part of the dye laser beam is splitted by a
quartz flat in order to monitor the emitted wavelength, band
width, detuning, and relative output power. The wavelength
of the dye laser is controlled by an accurate wave meter (WA
20-VIS, Burleigh Instruments) with a resolution of better
than 1 GHz which allows a simple “wavelength positioning”
of the analyzing laser.

Two spectrum analyzers (Coherent) measure the tun-
ing of the dye laser. The first one has a free spectral range of
1.5 GHz and a finesse of 200. This analyzer is used as a
frequency marker when the complete Doppler line is record-
ed. In order to measure the wing of a profile the scanning

range of the ring laser (1.5-2 GHz) is controlled by the
second confocal Fabry—Perot interferometer which exhibits
a free spectral range of 300 MHz and a finesse of better than
150. Since the spectrum analyzers are used as frequency
markers to eliminate nonlinearity in the tuning of the ring
laser, the free spectral range has to be known very accurate-
ly. Therefore, we set up an experiment where selected small
parts of the visible I, spectrum were monitored and the rela-
tive position of the iodine lines were compared with the fre-
quency markes of both Fabry-Perot interferometers.”
Within the experimental error of < 0.5% which was mainly
caused by the uncertainty of I, line positions the measured
free spectral ranges agree with the values stated previously.

After passing a delay line of ~5 m the cw ring laser
beam was amplified in a three stage dye amplifier (FL 2003,
Lambda Physik; rhodamine 101 dissolved in methanol)
which was pumped by a XeCl excimer laser (Lambda
Physik) at 308 nm. The temporal and spectral width of the
dye laser beam depends on the pulse length of the excimer
laser. Three excimer lasers with different pulse length have
been tested to obtain tunable light pulses with maximum
output power and minimum spectral width.

The first tested XeCl laser delivered 150 mJ at a pulse
length of 15 ns. An output energy of the amplified dye of
more than 5 mJ was obtained without excessive alignment
procedures. The band width was measured to be 80 MHz
using one of the spectrum analyzers (FSR 1.5 GHz). Since
the dye laser can only operate in the visible but the required
radiation to excite the OH(A4 >3 * « X 2I1) electronic tran-
sition is about 314 nm, the tunable radiation has to be fre-
quency doubled which further increases the bandwidth by a

factor between 2 and 2, corresponding to the regime of qua-
dratic or linear power dependence of conversion. Thus, a
spectral width of at least 120 MHz has to be expected in the
UV in that case.

The second system was a special long pulse excimer la-
ser producing 200 mJ pulses at a length of 200 ns. Due to the
nonlinear behavior between the pump power and the ampli-
fied dye radiation, the pulse length of the dye laser is strongly
reduced to = 50 ns resulting in a spectral width of better than
20 MHz at an output energy of less than 0.5 mJ.

The XeCl excimer which was finally used to determine
the OH angular momentum correlations delivered pulses
with a length of 55 ns at an energy of up to 200 mJ. The pulse
duration of the amplified light of the cw ring laser was re-
duced to about 25 ns and the Fourier-limited spectral width
was measured to be 30 MHz at an output energy of 5mJ. A
BBO crystal doubles the frequency of the pulsed dye laser
radiation with an efficiency of approximately 10%. The en-
ergy of the second harmonic varies only to a minor extent
over the tuning range of 60 GHz in the UV. Therefore, a scan
of the dye laser can be performed without angle tuning of the
BBO crystal. The dye laser beam enters the reaction
chamber under the ‘“magic angle” geometry, i.e., at an angle
of 54.7° between the analyzing and photolyzing laser beams
in order to minimize the influence of translational anisotro-
py on the Doppler profiles.

The LIF signal was viewed perpendicular to the plane
formed by the two laser beams with a photomultiplier tube
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(Valvo) equipped with /' 1.0 imaging optics and an interfer-
ence filter (310 4 10 nm), but without the use of polarizers.
Photomultiplier output was measured with a boxcar integra-
tor (Stanford, SRS 250) and stored in a microcomputer
after A/D conversion. The pulse energies of both laser
beams were monitored by two Si detectors. The signals were
directly A/D converted and also registered in the computer.
So the fluorescence signal could be normalized with respect
to the photolysis and probe laser energies on a shot to shot
basis. Scanning of the dye laser was performed by the com-
puter after D/A conversion and controlled by the spectrum
analyzers. A four channel trigger device (DG 535, Stan-
ford) controlled all time events in the experiment. The delay
between the photodissociation excimer laser and the dye la-
ser was set to 20 ns determined by the pulse length and jitter
of the excimer lasers. Gate duration was 800 ns placed 20 ns
after the probe laser pulse. In order to obtain maximum cool-
ing conditions the photolysis laser pulse was adjusted to
overlap with the density maximum of the gas pulse.

IV. RESULTS

In this type of experiment where energy pair correla-
tions are measured one has to consider the limited resolution
of the dye laser system, the internal energy spread of the
parent, and the initial translational motion which will super-
pose the recoil velocity. All these effects will contribute to
the final Doppler width. Without considerable reduction of
the experimental broadening of the absorption line the wings
of the Doppler profiles would be indistinct and structureless.
The internal energy of H, O, at room temperature is mainly
determined by parent molecule rotation and only to a minor
extent by the torsional OH vibration. In total,
E, (H,0,)~400cm "' has to be considered when thermal
(T = 3300 K) hydrogen peroxide is photolyzed. Although
this uncertainty in energy restricts the accuracy in the mea-
surement of product pair correlations, the main limitation is
caused by translational motion of the parent. At room tem-
perature, the OH Doppler width will be about
Av, (H,0,) = 2 GHz and, therefore, becomes much larger
than the required resolution. Thus, the parent molecules
have to be cooled down in a molecular beam.

Since the translational temperature of H, O, in a molec-
ular beam cannot be measured by simple spectroscopic
methods, the cooling of pyrazine (1,4-Diazin) under com-
parable conditions was determined. The spectral width of a
single separated line in the 0] band of the 'B;,, —'4,, system
near 30 873.2cm ~ ! has been measured at a stagnation pres-
sure prior to expansion of 4 X 10* Pa argon (Fig. 2).2* The
measured line width of 140 MHz is composed by the laser
band width, Av, =50 MHz, the spectral width of the transi-
tion characterized by the lifetime (7=100 ns, Av, =10
MHz), and the residual Doppler shift Av,, due to the re-
maining translational temperature. Since the translational
cooling of hydrogen peroxide should be comparable to that
of pyrazine (1,4-Diazin), a similar spectral uncertainty is
expected. Lower translational temperatures can be obtained
by higher stagnation pressure. However, the relatively high
density in this molecular beam has to be taken into account,

Fluorescence

0 300 600
Frequency offset / MHz

FIG. 2. Observation of a isolated transition of pyrazine of the 03 band in the
'B,, 4, ¢ €lectronic system in order to determine the translational cooling
in the molecular beam.

because the photofragments are ejected with high velocities
which are uncorrelated with the beam direction. In order to
exclude perturbations by subsequent collisions during the
time of interrogation the OH Doppler width of low rota-
tional states was monitored at different nozzle stagnation
pressures and delay times. Any translational and/or rota-
tional relaxation will cause an increase of LIF intensity in
the center of the profile. Since the observed translational
relaxation of OH fragments is very fast, the optimum nozzle
conditions are always a compromise between very effective
parent cooling and collisions of the products with the inert
gas.

The observed OH product rotational state distribution
can be characterized by Gaussian distribution peaking at
Jou = 12 with a width at half-maximum of AJ oy =4 when
jet-cooled hydrogen peroxide is photolyzed. Photodissocia-
tion of H, O, at room temperature in bulk results in the same
kind of distribution, but with a width of AJ oy =6.'° Quan-
tum states probed were ranging from J, = 7 to 16 for jet-
cooled hydrogen peroxide. In order to determine the pair
correlations OH Doppler profiles were first recorded in a
fast 60 GHz scan. An example of such a scan is shown in Fig.
3 together with frequency markers of the spectrum analyzer.
After frequency correction of the recorded line profile the
parameters of Eq. (9) were fit to the data with suitable con-
volution of a Gaussian function

+ oo - 2
o]l -(52)]

X[l +BmP2(VA_ "°)]dv+3. 9)

Vp

According to this procedure the center of the line v, the
mean Doppler width Av,, and the B.; parameter are ob-
tained very accurately.

Figure 4 shows the mean rotational state (J, ), obtained
from the mean line width of OH, product, formed coinci-
dently with OH, in a particular rotational state J , . Obvi-
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FIG. 3. Recoil Doppler broadened line profiles of the P, (12) transition
when jet-cooled hydrogen peroxide is photolyzed at 193 nm. The solid line
represents a Gaussian fit to the data, obtained by a least-squares-fit proce-
dure.

H202 + hv(193nm)—= OH, + OHy

mean rotation OHB

rotation OHA

FIG. 4. Correlation between the angular momentum J, of fragment OH,
and the mean rotation (J,, ) of the partner product OHp . The solid curve is
the result of trajectory calculations performed by Schinke (Ref. 27).

ously the excitation of cold H, O, parent molecules at 193
nm leads to a strong correlation between the angular mo-
menta of coincident product pair: J , = (Jg). The partner
state distribution can be evaluated from the wings of the
Doppler profiles. Therefore, this part of the line profile was
separately scanned with higher resolution and a step size of
6—10 MHz per data point.

In principle, a fit of Eq. (6) with suitable convolution of
the laser band width and residual parent molecule motion to
the wings of a Doppler profile will yield the partner distribu-
tion g of fragment B. But in the case of OH products the
special character of the >I1 —2 X transition has to be consid-
ered. The nuclear spin of the H atom interacts with the spin
of the electron and splits each level. The spacing of such a
doublet is about 50 MHz in the 2 I electronic ground state.>*
However, the interaction of the unpaired electron spin den-
sity of a 22+ state with the magnetic moment of the H
nucleus is strongly increased and the Hamiltonian for the
A 23 state can be written as

Hy e = b(I-S) + ¢l,S,. (10)
The hyperfine coupling constants b and ¢ have been mea-
sured by ter Meulen et al.?® to be b= 722.5 MHz and
¢ = 165.8 MHz. For higher OH(*Z *) rotations, the split-
ting becomes almost independent of J and the spin orbit
state. For J'>7 a constant splitting of 360 MHz is calculated.
The deviation from the exact splitting is less than 10 MHz
and, therefore, negligible in the analysis of OH Doppler pro-
files.

As a consequence of the hyperfine splitting each line
may be composed of up to four transitions. The transition
probabilities are listed in Table I. Because of the selection
rules AF=0, + 1 the lines of the P and R branches are
composed of three different transitions only. However, for
J">7 only two main transitions contribute significantly to
the line profile. These are the transitions which follow the
selection rule AF = — 1 for the P branch, AF = O for the Q
branch, and AF = + 1 for the R branch. The corresponding
relative transition probabilities are close t0 0.5, with a contri-
bution of the satellite transitions of less than 1%.%¢

In the analysis of the Doppler profiles of the P branch
the splitting into two different lines is considered. The spec-
tral separation of both transitions is the difference between
the hyperfine splitting of the 4 = * state and the X *II elec-
tronic ground state. Thus, for higher OH rotations each line
is composed of two transitions which have the same transi-
tion probability and are separated by ~310 MHz. A fitofa
sum of these two lines according to Eq. (6) to the wing of a
Doppler profile gives the partner product distribution
P(J,Jy). The two parameters .4 and v, are taken from the
measurement of the total Doppler line. The bars in Fig. 5
depict the partner state distribution P(J, J ) for the product
OHj when the partner OH, is formed in a specific rota-
tional state J , . The points in Fig. 5 are the result of trajec-
tory calculations on an ab initio potential energy surface per-
formed by Schinke.?”"?® The solid line is drawn to obtain a
better visual impression of the calculated distribution since
the accuracy of some data points is limited as a consequence
of an insufficient number of trajectories. All distributions are
normalized to the peak value. The Jy distributions for pho-
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TABLE I Relative transition probabilities between hyperfine levels of the OH (42X * —X 2[1) system.

Branch F F=J"—12 F"=J"+1/2
P,.P,,0,,.0, N Y)) S — 0
A JT -1 E_zl—_l 211"111
nQeoPa R - (21"(2—11)111"):1) (2J"l+1)2
- . 1 JTI" 43
= T Ty Noas
Ry Ry, 01051, I +172 21{ + 1 m
L
=1 J" 4302 0 uii

Hy0y + hv(193nm) —= OH(Ja) +OHUp)

jet-cooled room temperature

'}\l | J,‘='6 BN

:.’M
>

»

probabitity

0 5 1 15 0 5 10 15 2
g )

FIG. 5. Product pair distribution of OH, and OH}, formed in the photodis-
sociation of jet cooled or room temperature H, O, . Shown is the rotational
distribution of fragment OHy, for a fixed rotational state J , of partner prod-
uct OH,, . The solid curve and the data points are the result of trajectory
calculations performed by Schinke (Ref. 27). The bars represent the mea-
sured distribution. The distributions are normalized to their maximum val-
ues. For thermal H, O, (T = 300 K) only the center and the width was
determined.

tolysis of jet-cooled H, O, are very narrow for all J, . The
width is about 3 # and the peak is very close to Jg,J, =J5.
The photodissociation of thermal H, O, leads to a much
broader partner state distribution and the peak shifts only
slightly to higher Jy with increasing J , . The distribution
cannot be resolved experimentally because of the residual
H, O, Doppler motion. The width and the center of the dis-
tribution can only be determined. The rotation of the two
OH partner products is highly correlated for low internal
parent excitation, but almost vanishes at higher tempera-
ture, due to rotational motion of hydrogen peroxide. The
results of thermal H, O, photolysis agree with preliminary
observations using a low resolution dye laser.'?

V. DISCUSSION

The most detailed information about a chemical process
is contained in the joint microscopic probability matrix
P(q,,95) which has to be known to elucidate the dynamics
of the process. In case of photodissociation of H, O, at 193
nm both partner products are chemically identical. How-
ever, there is a priori no reason that the two fragments are
generated with the same amount of angular momentum. If
the two partner products are completely uncorrelated, the
probability matrix is simply given by the product of the tra-
ditionally measured product distributions P, (J,) and
Py (Jp):

P(JA,JB)=PA(JA)'PB(JB)- (11

Since the probability matrix P(J 5 ,J 5 ) has to be symmetric
for identical products

P(J Jy) = P(Jg, ) (12)
the probabilities P, (J,) and Pg (J ) are also identical

PA(JA)=ZP(JA;JB) =JZP(JB’JA) =PB(JB)-
B A
(13)

On the other hand, a complete correlation between both
products (J, = J) leads to the probability matrix

P(Jndg) =8, 5. -P(Ja). (14)

In both cases, in the completely uncorrelated fragmentation
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probability or in the strictly correlated one, it is sufficient to
measure P, (J, )— and Py (Jy) for chemically different
products—to obtain the maximum information about the
dissociation process. However, a knowledge of P, (J 5 ) and
Py (Jyg) is insufficient to decide whether one of these ex-
tremes is reached or not. Thus, a decision can only be passed
when the matrix P(J, ,Jg ) is measured.

Figure 6 shows the complete joint reaction probability
matrix where the weighting of the measured P(J,,J3) is
performed by the well known rotational state distribution
P(J, )" shown on the left area of the diagram. A good
check of the reliability of the data is the calculation of
Py(Jg) =2, P(J,,Jy) which should give an identical
product state distribution. The result of such a calculation
depicted on the right projection area of Fig. 6 shows satisfy-
ing conformity with the expected distribution. The value of
P(J, =10,Jy) is probably not a dynamical feature but
caused by uncovered perturbations during the experiment.

The OH pair correlation can be caused dynamically by
bending motion associated with the two O—O-H angles and
by torsional motion of the two OH rotamers. With increas-
ing temperature the H, O, parent rotation breaks the sym-
metry in the lab frame and the pair correlation will be re-
duced. Especially parent rotation about the a-inertial axis
(essentially the O-O bond) will influence the rotation of the
OH pairs which leads to a broadening of the J 5 distribution

-©
A NN
%&uwg\\w?n

FIG. 6. Complete microscopic joint reaction probability P(J, ,J5 ) for the
photodissociation of H, O, at 193 nm. The traditionally product state dis-
tribution P(J) is obtained by summing up all partner contributions.

for any selected rotational state Jg (right-hand side of Fig.
5). Therefore, it is recommended to use cold parent mole-
cules in order to gain maximum insight into the intramolecu-
lar dynamics from pair correlation measurements.

If OH rotation would be generated exclusively from
bending motion by strong O-O repulsion J would be perpen-
dicular to v, whereas a parallel orientation between the
translational and rotational motion of the OH fragment
points at a torsional dependence of the excited state poten-
tial. Experimentally a very strong positive correlation be-
tween v and J is observed, indicating a preferentially parallel
alignment between these directed properties.'® Thus, the
OH pair rotation is essentially generated via torsional mo-
tion of the OH rotors during fragmentation. As a conse-
quence the rotational energy of the partner molecules has to
be the same, and the rotational vectors point into opposite
direction, J, = — Jg, due to conservation of angular mo-
mentum.

Any deviation from this strong vectorial pair correla-
tion, J, = — Jg, is caused by bending motions of the two
OH rotamers. In the photolysis of jet cooled H, O, at 193 nm
we obtained an expectation value of the squared angular mo-
mentum components'® :

Seorsion = {J torsion )/J(J + 1) =0.7. (15)
Without the influence of bending motion the joint reaction
probability matrix [Eq. (14)] is diagonal. The deviations of
the observed matrix P(J, ,Jp ) shown in Fig. 6 from the diag-
onal elements therefore reflect the influence of bending mo-

tion. The fraction of OH rotational energy in the different
modes is calculated according to the following equation:

_ 2520, PUads) |E,(Jo) — E, (Jp) |

Foena = 3, P(JaJs)E,(Jp)

Jiorsion = 1 — foena - (16)
Figure 7 shows the fraction of OH rotation (full circles)
which originates from torsional motion as a function of the

angular momentum. On the average only 20% of OH rota-
tion originates from bending motion and 80% of OH rota-

1.0
09 ° [ ] -
o8 —@® o0 ® —
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FIG. 7. Fraction of OH rotation f ... Which is generated by torsional mo-
tion of the two rotamers (filled circles) and orbital angular momentum L ,p
(open circles) which compensates any deviation from an antiparallel orien-
tation between J, and Jj.
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tion is generated via a torsional dependence of the upper
potential surface which is slightly more than the value ob-
tained by vector correlation measurements. A small devi-
ation is not surprising because Eq. (16) counts all product
pair correlations which have the same amount or rotation,
|[Ja| = |8 |, i.e., both a parallel orientation between J,
and Jy and an antiparallel orientation, J, = — Jg, arecon-
sidered, whereas the positive (v-J) vector correlation im-
plies an opposite direction of the angular momenta. A value
of fiosion = 0.8 corresponds to an average angle between v
and J of a,; =26°.

Included in Fig. 7 is the mean deviation of pair rotation
AJ = |J, — J |, from the diagonal relation J, = Jp:

(AT) = Y P(JpJp) |Ja =I5 |/P(Ja)- (17)

Jp

There is no significant variation of £, ;., and (AJ ) with OH
product rotation and the value of (AJ ) is in the order of 1 4.

From the detailed knowledge of the product pair rota-
tions information about the orbital angular momentum L , 5
and the impact parameter b can be extracted. In general,
conservation of angular momentum limits the range of the
orbital angular momentum for a nonrotating parent to

Ja +J5>Lap>|Ja — s |- (18)

Furthermore, the available phase space is also limited by
energy conservation

LAB =b\/2ﬂ[Eav —Eint (A) _Eint (B)]a (19)
where the relation
Lyg =pbv,g. (20)

is used, with ¢ being the reduced mass of the A-B system and
v,p the relative velocity of products A and B.

In the photodissociation of H, O, at 193 nm we observe
large values for J, and Jg. Since Eq. (18) has to be fulfilled
for each elementary process and the partner distributions are

blpm]

FIG. 8. Possible values of the impact parameter b as a function of product
rotation and orbital angular momentum. The shaded area is not accessible
because of conservation of angular momentum. In the photodissociation of
H,0, at 193nm J, and J; essentially point in opposite directions and & is
of the order of 1 pm.

known, L . can take a wide range of values, 2/3L ,5 >0,
and even large values for the impact parameter b are possi-
ble. This situation is shown in Fig. 8 where b [Eq. (20)] is
plotted as a function of product rotation J and orbital angu-
lar momentum L , 5. However, from the vector correlation
measurements we know that J, and Jg are essentially anti-
parallel and consequently L,z =0 for J, = — Jg. Only
the small amount of rotation which deviates fromJ, = Jg
has to be compensated by L, to fulfill the conservation of
angular momentum. Thus, the quantity AJ is a measure of
the orbital angular momentum L , 5. From Eq. (20) the im-
pact parameter of the dissociation process can be calculated
as a function of rotational states

Adv,

b=L,5g (J)/ 0,5 (J) = ———.
Avpemoy

2n
The calculated impact parameter does not vary significantly
with product rotation and an extremely small average im-
pact parameter of b = (1.0 + 0.3) pm is calculated. This is
even less than the distance between the OH center of mass to
the oxygen atom. Thus, the acting force which separates the
two OH fragments during the dissociation process is not di-
rected exactly between the two oxygen atoms but the repul-
sion takes place more between the two OH center-of-mass
systems and the simple picture of O-O repulsion is com-
pletely insufficient to describe the dissociation of hydrogen
peroxide. The reaction pass of the fragments elapses on sev-
eral coordinates of the multidimensional potential energy
surface.

A much larger impact parameter was determined in the
photodissociation of formaldehyde.?® Since the experimen-
tal conditions were chosen in a way that the initial parent
angular momentum is essentially zero, the range of b could
be calculated (L = uvb= IJco +Jy, I ) after a measure-
ment of the relative velocity v and the rotation of the CO and
H, products. The CO fragment is formed in high rotational
states while Ju, is small. For H, (v=3, J=6) and
J co = 18 theimpact parameter ranges from & = 29 pmfor a
counter-rotation to 5 = 61 pm for a corotation of the prod-
ucts. Hence, this large impact parameter is outside the center
of the carbon nucleus. This could be an example where off-
diagonal elements of the probability matrix P are significant
in the description of the dissaciation process.

In conclusion, we have measured the angular momen-
tum pair correlation described by the complete joint reaction
probability P(J,,J/5). In conjunction with the vector corre-
lation between the translational and rotational motion even
the vectorial pair correlation is determined quantitatively
together with the impact parameter of a fragmentation pro-
cess where four atoms are involved. This is the most detailed
information available on a molecular decay process and a
comparison with calculated state-resolved cross sections
o(J 5 ,Jg) is the ultimate test for dynamical theories.
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