Photofragment fluorescence polarization following photolysis

of HgBr, at 193 nm?
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When HgBr, (2-45 mTorr) is photolyzed by the linearly polarized output of an ArF excimer laser (193
nm), the visible emission from the HgBr B23* fragment is found to be linearly polarized. The degree of
polarization is 11.9%+-1.5%, in close agreement with the theoretical value of 14.3% predicted for a
124('4,)~'B,('2,}) dissociative transition in HgBr,. The addition of inert gases depolarizes the HgBr*
emission. A simple model, developed to calculate the average angle through which the angular
momentum vector of the HgBr* fragment is tipped by each hard sphere collision, fits well the pressure

dependence of the depolarization.

1. INTRODUCTION

Photolysis of isolated molecules continues to play a
significant role in the development of dissociation dy-
namics because such processes may be examined by a
variety of experimental techniques and the results oi
these studies appear to be amenable to relatively
straightforward theoretical treatment. *> Recently it
has been suggested that the observation of polarized
emission from excited photofragments may provide an
appealing alternative, when applicable, to the measure-
ment of photofragment angular distributions in learning
about the symmetry of the repulsive state responsible
for dissociation.®% The polarization of diatomic emis-
sion from photodissociation of a triatomic molecule has
been observed following vacuum ultraviolet photolysis of
H,0%¢ D,0, ¢ HCN, " BrCN, "8 and ICN, ®® Unfortunately,
while present theory® is restricted to direct photodisso-
ciation, all of the above molecular systems involve frag-
mentation from predissociating excited states, Conse-
quently, previous experiments have not been able to test
the predicted value of the degree of polarization.

In this study we report measurements on the degree of
polarization of the HgBr(B2?=*-X%s*) emission following
the photolysis of HgBr, by the 193 nm output of an argon
fluoride (ArF) laser. The resulting polarization is
shown to be in substantial agreement with theory, per-
mitting the identification of the symmetry nature of the
dissociative state. We also present a study of the col-
lisional depolarization of this emission. A simple
model is proposed to account for the observed behavior.

Il. EXPERIMENTAL

Figure 1 illustrates the experimental setup. The 193
nm output of an ArF excimer laser is incident on a sam-
ple of HgBr, vapor contained in a heated Pyrex cell.

The resulting blue—green emission, HgBr B2z* - X 23",
is monitored perpendicular to the direction of the laser
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beam by a photomultiplier. Polarization analyzers are

placed in front of the detector and permit the measure-

ment of I, and I,, the intensities of the fluorescence po-
larized parallel and perpendicular, respectively, to the

electric vector of the laser beam. The degree of polar-
ization, P, is calculated from the expression
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Details of the experimental apparatus and the measure-
ment procedure follow.

A. Photolysis source

The excimer laser was built previously by Z. Karny
in this laboratory. It is capable of producing 193 nm
pulses, of 20 nsec in duration, with 8-12 mJ energy at
1 Hz. This is sufficient to observe intense HgBr B-X
emission at relatively low vapor pressures of HgBr,
(1073-10°? Torr).

The excimer laser has synthetic quartz windows
mounted at Brewster’s angle. Thus the output is expect-
ed to be polarized, although the high gain of ArF may
reduce the degree of polarization. In order to enhance
the polarization of the laser output, two additional win-
dows were placed at Brewster’s angle inside the laser
cavity. Using a MgF, Rochon polarizer (Karl Lam-
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FIG. 1. Schematic diagram of the experimental apparatus.
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brecht Model RQ-12-1) the linear polarization of the

193 nm output is measured to be 92.3%x 5. 6%, indicating
that the photolysis source is highly polarized but fluctu-
ates from shot to shot. The observed polarizations are
corrected for the partial polarization of the laser. If the
incident beam were totally unpolarized, then the degree
of polarization would be given by P/{(2 - P), where P is
the value for a totally polarized beam.!® Thus the ob-
served degree of polarization, P,,, obtained using the
present partially polarized beam may be related to P by

Pyye=0.923P+0.077P/(2- P) , @)

Once P, is determined, then P may be found by solving
the above quadratic equation (for which only one of its
two roots is physically reasonable).

B. Sample preparation

The fluorescence cell is a Pyrex cross formed by the
intersection of two cylinders 2.5 ¢m in diameter and 8
cm in length. Synthetic quartz windows are affixed to
the cell with epoxy cement. The cell is painted black on
the outside to minimize scattered light.

The HgBr, sample (Ventron, Alpha Division, >97%
purity) is placed in a Pyrex coldfinger attached to the
cell body. The cell is evacuated and any residual HgBr,
in the cell body is sublimed into the coldfinger. The
HgBr, vapor pressure is controlled by inserting the
coldfinger into a brass block, which was wrapped with
heating tape. The temperature of the block is controlled
to +0, 5°C over the range 29-63 °C simply by use of a
Variac autotransformer., The body of the cell is simi-
larly wrapped with heating tape and the temperature
maintained about 10 °C higher than the coldfinger to pre-
vent condensation of HgBr, on the windows. The latter
were encased in copper extension tubes to minimize
cooling.

Cell degassing and sample preparation are carried
out on a standard vacuum line (3x10°% Torr base pres-
sure)., For experiments involving collisional depolari-
zation by foreign gases, the cell is connected to the
vacuum line by a short length of flexible polyethylene
tubing evacuable to about 10°® Torr. This is sufficient
to ensure that possible impurities do not interfere with
the observation of collisional effects by the added gases
in the pressure range 0.1-100 Torr. The foreign gases
studied are helium (Liquid Carbonic, 99.9999% purity)
and krypton (Matheson, 99.995% purity).

C. Detection system

The HgBr fluorescence is detected with a photomulti-
plier (RCA 8850), the anode of which is connected across
a 47 k! resistor, A 13 cm long series of baffles colli-
mates the fluorescence so that the photomultiplier views
the cell with an acceptance angle of less than 4°, A fil-
ter (Corning 4-67) is placed directly in front of the pho-
tomultiplier to isolate the 400-570 nm region, Fluores-
cence from the HgBr B state peaks near 500 nm. A
polarization analyzer consisting of two sheet polarizers
(Polaroid HN-32) side by side in a sliding mount is
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placed in front of the filter. The axes of the sheet po-
larizers are crossed and the extinction ratio is better

than 10°3. No discernible difference is detected when

the axes of the sheet polarizers are reversed.

The output of the photomultiplier is fed into channel
A of a boxcar integrator (PAR model 162), The opening
of the gate is offset from the laser pulse to avoid con-
tributions from electrical interference and scattered
light. To take into account fluctuations in the laser in-
tensity, typically 20%, the output of a photocell mounted
on the laser beam axis behind the fluorescence cell is
fed into channel B of the same boxcar. The A/B ratio
of the fluorescence signal to the laser energy is averaged
with a time constant corresponding to twenty laser shots
and displayed on a stripchart recorder. By sliding the
two sheet polarizers back and forth, I, and [, are ob-
tained. Typically I, and I, are each recorded for 600 sec.
Nevertheless, fluctuations in the shot to shot stability of
the laser energy and its polarization constitute the major
source of statistical uncertainty in the measured values
of P.

iil. RESULTS

A. Photofragment polarization

The degree of linear polarization of the HgBr B*x*
- X2%* emission following photodissociation of HgBr, is
measured over the temperature range 29-63 °C, corre-
sponding!! to 6x10'3 to 1x10'® HgBr, molecules per cm?®.
The value of P is found to be constant, within experi-
mental error, over this range of HgBr, density. This
demonstrates that collisional depolarization of
HgBr(B?s*) with HgBr, is insignificant in these experi-
ments. It should also be noted that the HgBr fluores-
cence has a uniform spatial distribution along the laser
light path in the fluorescence cell. Even at a density as
high as 3x10' molecules per cm? the optical depth!? of
HgBry at 193 nm is about 30 cm. The mean degree of
linear polarization obtained by averaging all observed
measurements is P=11,5%+1. 1%, where the uncertain-
ty represents 1 std. dev. When this result is corrected
with the help of Eq. (2) for the partial degree of polari-
zation of the laser we obtain the value

P=11.9%+1.5% . 3)

Because the radiative lifetime!® of the HgBr B state is
so short (23,7 nsec) no correction need be applied for
depolarization in the earth’s magnetic field. ! The re-
sult of Eq. {3) is in close conformity with the theoretical
value,® P=14.3% (P=1}).

Many checks were made to confirm this observed ef-
fect. The signal disappears when no HgBr, is in the
fluorescence cell or when the fluorescence cell is not
heated. Moreover, the degree of polarization essen-
tially vanishes, P=1.2% 1. 5%, when the direction of
observation is chosen to be along the electric vector of
the laser beam. Finally, as is demonstrated by the
collisional depolarization studies described below, ad-
dition of foreign gas causes the polarization to decrease
monotonically with increasing pressure.
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FIG. 2. Polarization index as a function of added foreign gas
for (a) helium and (b) krypton. The solid lines are theoretical
curves, based on a model in which each hard sphere collision
tilts the plane of rotation of the diatomic emitter by the angle

a [see Eq. (11)].

B. Collisional depolarization
Figure 2 presents the polarization index

_ Iu _I.L

I, +2, “)

as a function of foreign gas pressure for helium [Fig.
2(a)] and krypton [Fig. 2(b)]. The polarization index R
may be related to the degree of polarization P by
2P

=3-p ®
It is convenient to use the polarization index because the
theory of collisional depolarization!® is expressed more
simply in terms of R than P. Note that the relative un-
certainty in R increases at higher pressures as its mag-
nitude diminishes. We also plot on Fig. 2 theoretical
curves which will be discussed below (Sec. IV B). Com-
parison of Fig. 2(a) with 2(b) shows that depolarization
is more marked for the heavier rare gas collision part-
ner at the same pressure.

IV. DISCUSSION

A. Symmetry of the dissociative state

The mercury dihalides may be regarded formally as
16 valence electron systems, like CO,. Then according
to Walsh’s rules, !¢ the ground state is linear while the
lowest-lying excited states are bent. Recent ab initio
calculations!’ on HgCl, and HgBr, support this simple
interpretation. In a linear —bent transition, the absorp-
tion transition dipole moment u,, may be either in the
molecular plane or perpendicular to it. The incident
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radiation preferentially selects different HgBr, orienta-
tions according to the interaction (p . &), where § is
the electric vector of the plane polarized light beam. In
direct photodissociation, the Br and HgBr* fragments
separate on a time scale short compared to the rotation-
al period of the HgBr,* molecules. Moreover, the
change in equilibrium geometry for a linear —bent tran-
sition causes the HgBr* to be rotationally excited, the
extent of rotational excitation usually being larger than
the thermal rotational excitation of the HgBr, parent. !
Thus, because the forces between the recoiling Br and
HgBr* fragments are directed in the plane of the HgBr*
molecule, the rotational angular momentum J of the
HgBr* fragment is not randomly distributed in space but
lies perpendicular to the HgBr,* molecular plane. This
anisotropic J distribution causes the HgBr* emission to
be polarized.

A simple classical theory has been developed to ac-
count for this effect.® A measurement of the degree of
polarization combined with a knowledge of the transition
dipole moment of the emitter gives the direction of u,,.
For the HgBr B-X system, the emission transition di-
pole moment is along the internuclear axis (parallel-type
transition), and theory predicts a value of Pz% if gy,
lies in the molecular plane. Thus, if we assume D,
symmetry for the ground state and C,, symmetry for the
excited state, the dissociative transition is from the
!¢ (14;) ground state of HgBr, to a !B,('Z}) excited state
since for this type of transition u,,, lies in the molecular
plane. This conclusion is in agreement with the calcu-
lations by Wadt!’ on HgBr, where it is shown that the
1B,(1=;) excited state is the lowest excited state that cor-
relates with HgBr(B2z*) + Br((P). Thus we are able to
identify the symmetry of the dissociative state of the
mercury dihalides responsible for mercury monohalide
laser action, 1823

B. The average tipping angle for collisional depolarization

The following treatment follows in the spirit of the
work of Gordon.!® It may be shown that for a single col-
lision the polarization index R, can be related to its col-
lisionless initial value R, by

Ry =Ry(P,(cos a)) , 6)

where () denotes the ensemble average over all possible
collisions, P,(cos a)= (3cos®a - 1)/2 is a Legendre poly-
nomial of the second order, and « is the angle through
which the angular momentum vector J of the diatomic
molecule is tipped by a collision. 2% We introduce the
approximation that each collision tips J by the same
angle a, irrespective of the change in the magnitude of
J, i.e., (Py(cos a))=P,(cos a). We also assume that
successive collisions are uncorrelated. Then the value
of R after n collisions, represented as R,, is related to
Ro by

R,=Ry[Py{cos a)]" . "
We denote the collision rate by 73! (where 7, is the
average time between collisions) and the spontaneous

emission rate by 73! (where 7, is the radiative lifetime).
The normalized probability for an excited molecule to
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3 presents the family of curves of R/R, vs 7 for different
values of «. It is seen that the depolarization ratio falls
monotonically for all values of a where a ranges from

0° (no depolarization) to the magic angle, 54.7°, where

a single collision causes complete depolarization (R, =0).
The above model predicts that one parameter, a, is
sufficient to describe the pressure dependence of the
depolarization, This treatment has neglected collisional
quenching of the electronically excited molecule. For
collisions with rare gas atoms this omission is expected
to be valid at low pressures. However, in the more
general case collisional quenching must be included in
Eq. (11) which is an easy task to carry out. 2!

R /R,

Our result may be compared to the expression ob-
tained by Gordon'® (when quenching is ignored)

1

R=Ry-——7rr—— , (12)
00 ] 01+ P{U) TR Opor
0.1 | _ 10 100 where p is the number density of scatterers, (v) the
n relative veloceity, and o, is the reorientation cross sec-
FIG. 3. The depolarization ratio, R/R,, asa function of the tion defined by
average number of collisions, #, for different tipping angles o. . -[uo (v(%sin%z)} 2 bdb 13)
®A ) ’

where the integration is over all impact parameters b.

make z collisions b e it radiates is readil t
" efore it radiates 1s readily shown to We relate the collision rate 7! to the collision cross

be given by section g, by
po= GY/G+1P ®) o oy | w4
where Then Eq. (11) becomes the same as Eq. (12) if we make
a=1/1! (9) the identification
is the average number of collisions.?® Hence the ob- 0,0 = (38in%a@)o, . (15)

served polarization index R is obtained by averaging R,

over the collisions z: On comparing Eq. (15) to Eq. (13) we see that our model

assumes that (v 3sin’a)/(v) may be replaced by isinta,
which is independent of the impact parameter.

R=)_puRy . (10)
" The curves in Fig. 2 are calculated from Eq. (11)
This geometrical series has the sum using the data given in Table I to estimate the hard
n sphere collision rate. The fit is good except for krypton
R:Rom . (11) at pressures near 100 Torr, where electronic quenEhing
2 may become significant.?® We find for helium that a=13°
Equation (11) represents the pressure dependence of whereas for krypton @=52°. The hard sphere cross
the polarization index expressed in terms of the average sections for collisions of He and Kr with HgBr* are
number of collisions 7 and the tipping angle a. Figure poorly characterized, and changes in their values will

TABLE I. Information for calculating hard sphere cross sections.

r (Collision

Collision partner (v)* r(HgBr) * ® partner)® ac ¢
He 1.33x 10° em/sec 26.1x10% cm  3.0x10° cm 2.66x1015 cm?
Kr 4.58x 104 cm/sec 26.1%x10° em  8.5x10%° ecm 3.76x 10715 cm?®

aThe velocity of the (HgBr)* fragment is computed to be 3. 6x 10* cm/sec based on the known
value (3. 06 eV) of the HgBr, dissociation energy (JANAF Thermochemical Tables, 2nd ed., D.
R. Stull, H. Prophet, et al., Project Directors, Natl. Stand. Ed. Data Ser. Natl. Bur. Stand.
(1971)] and the energy of the 193 nm photon (6.40 eV). The average thermal velocities of the
helium and krypton atoms are 1.28X% 10° and 2.70x 10% cm/sec, respectively. The relative
velocity (v) is computed assuming that the velocities of the two collision partners ane perpen-
dicular.

bTaken from the calculation of W. R. Wadt, Appl. Phys. Lett. 34, 658 (1979).

°Taken from S. Fraga, J. Karwowski, and K. M. 8. Saxena, Handbook of Atomic Data (Else-
vier, New York, 1976).

dcaleulated from m(T; + I'y)%
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cause corresponding changes in a. Nevertheless, our
data indicate that a single collision between Kr and
HgBr* causes almost complete reorientation of the latter.
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