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Correlations between Quantum State Populations of Coincident Product Pairs
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A new method has been developed for determining the correlation of a product molecule with the
partner product molecule formed in the same chemical event. Doppler-shift measurements are used in
conjunction with level-specific detection of scattered photofragments by laser-induced fluorescence. The
technique is demonstrated in the photodissociation of H2O, where Doppler profiles of OH absorption
lines are used to determine the mean rotational state of the OH partner molecule coincidently formed in

the same fragmentation process.

PACS numbers: 33.80.Eh, 33.50.Dq

The determination of vector correlations has opened a
new way to understand the dynamics of chemical events.
The correlation between the transition dipole moment u
of the parent molecule and the recoil velocity v of the
fragment, as well as the correlation between g and J, the
angular momentum of the product, gives information
about the symmetry and lifetime of the dissociative
state,!~7 while the (v-J) and (u-v-J) correlations are re-
lated to the repulsive force during the fragmentation pro-
cess.®”!% If more than one upper electronic state is in-
volved in the dissociation process, then the contribution
of each single fragmentation channel to the overall
mechanism can be determined by knowledge of the vec-
tor correlations between u, v, and J. T Another impor-
tant correlation can be gained by a measure of the popu-
lation of the A doublets in linear product molecules with
nonzero angular momentum projection along the molec-
ular symmetry axis. The orientation of the unpaired-
electron pr lobe lies parallel to J for one A level, while
the other level corresponds to a configuration where the
charge density of the unpaired electron is in the plane of
rotation. >!?
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where P(i) represents the production probability of the
fragment A4 in state |i), 6 describes the angle between
the E vector of the dissociating laser light and the direc-
tion of the analyzing laser beam, P,(x) =(3x2—1)/2 is
the second Legendre polynominal, and the maximum
Doppler shift Avp is given by Avp=vy(v/c). The anisot-
ropy parameter § contains the information on the vector
correlations between u, v, and J.

The variation in the Doppler profile with v will vanish
if no correlations exist (8=0), resulting in a rectangular
line shape. However, the influence of any anisotropic

for | v—vo|

This paper presents a method for the determination of
the correlation between the rotational angular momenta
of both molecular products formed in the same elemen-
tary process. This corresponds to a measure of the
state-selected microscopic reaction probabilities P(qy4,
qg) for formation of the coincident product pairs 4 and
B in the quantum states g4 and gg. The method will be
illustrated with preliminary results for the photodissocia-
tion of hydrogen peroxide yielding two chemically identi-
cal hydroxyl fragments.

In general, the photolysis light preferentially selects
molecules which have a transition dipole moment pu
parallel to the electric field vector E of the dissociating
radiation. This anisotropy of photoselected parent mole-
cules can be transferred to the products. When a select-
ed quantum state |i) of the ejected fragment is probed
with a narrow-bandwidth laser, then the Doppler shift
(v—vp) depends on the projection of its velocity along
the analyzing laser beam.!* If the product is formed
with a single velocity v and polarization effects in detec-
tion are negligible, then the profile D(v) of each spectral
line is given by

= Avp,

(1

fragmentation process on the Doppler profile can also be
eliminated if the “magic” observation angle 6,, =54.7°,
P,(cosB,,) =0, is chosen. This is a consequence of the
cylindrical geometry involved in the analysis of the frag-
mentation process. Even if the dissociation takes place
in a plane with a very specific scattered angular distribu-
tion, observation of the ensemble of ejected products will
result in a rectangular Doppler profile. !4

When the fragments are produced with different veloc-
ities, vk, then the line shape is given by a summation of
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profiles described by Eq. (1),
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where Avp(k) is the maximum Doppler shift correspond- |

ing to v, and 6[x] is the step function (8[x=0]1=1; known (laser-induced fluorescence spectroscopy demands

6lx <01=0). Obviously, the fragmentation process is knowledge of the initial level |i)), the entire product
subject to several constraints. Conservation of energy pair state distribution P(i,k) can be determined by our
demands that the energy E,, before dissociation has to fitting the observed Doppler profile with Eq. (2). The
be transferred into translational energy, E,, and internal summation over the levels | k) of the product B yields
energy, Ein, of the products 4 and B: the (classical) product state distribution P(i) for the
roduct A,

Ea=Em(A)+Em(B)+E,(4,B), @ P 5
PG)=2.PG,k), 6)

E.(A,B)=1myvi+ L mgvi. “) .

. _ ) and correspondingly P (k) for the product B,
A constraint between Ejy and E, is further given by the

conservation of linear momentum, p4 =pg: P(k)=2,P(ik). @)

Em(B)=Eu—En(4)— sm (0 +my/mplei (5) Since the exact observation of one product, A, deter-
mines the microscopic reaction probability P(i,k), the

For a fixed value of the available energy, E .y, the veloci- population numbers of the other product molecule, B,
ties, v4 and vg, of the ejected fragments are quantized if can be obtained, even if this fragment B has “dark”
the products 4 and B are formed in discrete eigenstates. states which cannot be observed by conventional spectro-
The velocity v,4 of the product A can be measured very scopic methods. The wings of each spectral line probing
accurately by Doppler spectroscopy using a dye laser of level |i) contain the information about the population of
sufficiently narrow bandwidth at 6,, =54.7°. Since the the coincident product partner in state | k); see Eq. (2).
internal energy Ei(4) of the product A4 is also well The derivative of the observed line shape with respect
to v yields
N max .
"’D(avf"') = 5 LKL 5ty — vt v )] = slvo = v+ v (B)L, ®

resulting in 2V .« peaks at the positions vi (k) =vo—Avp(k) and v,(k) =vo+Avp(k), where k =1,2, ..., Npax labels
the quantum states in which the partner product B is formed, and i refers to the states of the product A. &[x] repre-
sents the & function. According to Eq. (8), the maximum bandwidth Av; of the analyzing dye laser that will resolve the
states | k) and |k +1) is given by

Avi=< |Avpk) —Avplk+1)], 9)

or with use of Egs. (3)-(5),

Avi < 2vEq | E = Ein(k)1'2—[E = Ein(k +1)112], (10)
with the abbreviations E¢=2m4(1+m4/mg)c? and |
E=E,,—En(i). For dissociation processes where most able energy AE ,, must be small:
of the available energy is released as translational ener-
gy, Eq. (10) simplifies to AE=2|Ein(k+1) —Ein(k)|. (12)
AV < vo(EgE) " V2| Eiilk +1) — Eine (k) |. (11) E,, is determined by the photon energy Avp of the photo-

lyzing laser light, the internal energy of the parent
If the spectral line shape of the analyzing laser light is Ein(4B), and the dissociation energy Ep, which is

known, then a significantly higher resolution can be ob- necessary to break the bond between the two fragments
tained by standard deconvolution methods. Aand B:

In addition to a very-narrow-bandwidth laser system, - ) _
two further restrictions have to be considered to obtain Eay=hvr+Ein(4B) = Ep. (13)
the reaction probabilities P(i,k). The thermal Doppler Since the internal motion of the parent is also cooled
motion of the parent molecules has to be sufficiently re- down in a molecular beam, only the bandwidth of the
duced in a molecular beam and the spread of the avail- photolyzing light Avp has to be considered to satisfy Eq.
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(12). For example, an ArF excimer laser in broad-band operation has a bandwidth of Avp=200 cm ~! and the popula-
tion numbers of quantum states with a difference in energy of fEim(k +1) —Ein(k)| =100 cm ~! can be measured.
The dissociation energy Ep can be calculated according to Egs. (3) and (13). For cooled parent molecules,

Ein:(4B) =0, one obtains

Ep=hvp— 2i 2k PU k) EinG)+Eini(k) +Eolavp(k)/2v] 3,

which allows a direct comparison between spectroscopic
and thermodynamic data.

In the photodissociation of H,O, at 193 nm, two OH
product molecules are formed which are vibrationally
cold but rotationally excited. Although both products
originating from the same parent are chemically identi-
cal, there is, however, a priori no reason that their inter-
nal energies generated in the same dissociation process
have to be the same. However, the probability matrix
P(i,k) is symmetric, P(i,k) =P(k,i), and consequently
the product state distribution of both fragments is identi-
cal, P(i) =P (k).

The rotational state population can be described by a
Gaussian distribution peaking at Np==12 with a width of
ANp=5 (FWHM).'"!3 In initial experiments, we used
a dye laser with a bandwidth of 0.1 cm ~1 which is not
sufficient to resolve the complete rotational state distri-
bution of OH product pairs, P(N4,Ng). However, for a
specific rotational state N4 of one product, OH,, the
mean rotational state (Ng) of the other coincidently
formed OH fragment can be determined. The results of
such an experiment are shown in Fig. 1. The x axis rep-
resents the rotational state N4 which is the initial state
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FIG. 1. Correlation between angular momenta of the coin-
cident OH product pairs OH4 and OHp formed in the photo-
dissociation of H»,O; at 193 nm. The abscissa represents a
specific rotational state V4 of the product OH 4, while the ordi-
nate represents the mean rotational state (Ng) of the other
coincidently formed OH fragment. The straight line is ob-
tained if the products are formed with the same angular
momentum.

(14)

to monitor the OH Doppler profile while the ordinate
represents the mean rotational state (Np) obtained via
Egs. (1)-(5). For higher rotational states (N > 12) the
partner molecules are formed with nearly the same rota-
tion (straight line in Fig. 1),

1341=13s1, (15)
indicating a strong correlation between the two rotation-
al vectors of the products of OH,4 and OHjp.

This result is supported by an observation of a strong
positive {v-J) correlation, showing a preferentially paral-
lel alignment between v and J.!! Such an alignment is
only possible when the OH radicals are formed via tor-
sional motion of the fragments during fragmentation.
For this motion the rotational vectors of the fragments
OH 4 and OHjp must point in opposite directions because
of conservation of angular momentum, J4 = —Jp. At
low rotational states the (v-J) correlation decreases be-
cause rotation of the OH product originates more from
parent symmetric and antisymmetric bending modes or
recoil torque. In this case conservation of angular
momentum, Ji=J4+Jp+Lp=0, can always be
fulfilled by the orbital angular momentum L 45. There-
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FIG. 2. Wing of a simulated Doppler profile D(v) for the
©0:(10) line of one OH(/V4 =10) product in the photofragmen-
tation of H,O; at 193 nm. The derivative of D(v) with respect
to the frequency of the analyzing dye laser shows the product
state distribution of the coincident partner molecule OH(Ng
=8-12). A Gaussian noise of 2% and a bandwidth of 100
MHz of the dye laser are assumed.
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fore, the restrictive relation, Eq. (15), could be violated.
The observation of product pairs (Fig. 1) shows that for
rotational states N4 <12 of the fragment OH,4, the
mean rotational state (Ng) of the partner molecule OHg
lies at higher values and consequently the coincident
pairs are no longer formed with the same angular
momentum. In the lowest populated rotational levels the
partner fragment can only be generated in the same or in
a higher rotational state. Hence, it is not surprising that
the mean rotation of the product OHjp is significantly
higher than the rotation of the partner molecule OH, as
observed in the experiment.

A calculation of the dissociation energy Ep for the
fragmentation of hydrogen peroxide into two OH radi-
cals shows that the obtained value of Ep =196 kJ mol ~!
corresponds very well with the value of Ep =207 kJ
mol ~! obtained thermodynamically.'®

We have demonstrated a new method for a direct ex-
perimental measurement of microscopic reaction proba-
bilities for two coincident product molecules emerging
from the same chemical event. The complete probability
matrix P(i,k) can easily be obtained by the use of a
laser system with a sufficiently small bandwidth, e.g., a
cw dye laser in combination with a pulsed amplifier.
Figure 2 shows one wing of the Q,(10) line of a simulat-
ed OH Doppler profile in the photodissociation of H,O,
at 193 nm, where the partner molecule is formed in the
rotational states Ng=8-12 with the same probability.
We assumed a bandwidth of Avy =100 MHz for the
analyzing dye laser and a Gaussian noise of 2%. The
derivative of the Doppler profile with respect to the laser
frequency reflects the partner distribution, and the
modeled probability P(N,4=10,Ng =8-12) can be very
well reproduced with a deviation of less than 1% from
the true values. A laser system with a bandwidth of 90
MHz is being used in a current experiment to obtain the
complete set of correlations between the angular momen-
ta of both OH fragments in the photodissociation of hy-
drogen peroxide.
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