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Abstract

The photodissociation of BrCl has been investigated at 235 nm using a two-dimensional photofragment ion imaging
w Ž2 . Ž2 .xtechnique. Three direct dissociation channels were observed with the quantum yields of F Br P qCl P s0.58"1r2 3r2

w Ž2 . Ž2 .x w Ž2 . Ž2 .x0.05, F Br P qCl P s0.16"0.05, and F Br P qCl P s0.26"0.05, and angular distributions were3r2 1r2 3r2 3r2

represented by anisotropy parameters, bs1.98"0.05, y1.04"0.05, and 1.88"0.05, respectively. The results indicate
that the 2341 3

P q state plays a key role in the dissociation dynamics after absorbing a photon. Based on the results of BrCl0
Ž2 2 . Ž2 2 .and newly found probe lines for Br atoms, the ionization probability ratios of Cl P or P to Br P or P were3r2 1r2 3r2 1r2

determined. q 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The photodissociation dynamics of homo- and
heterodiatomic halogens have long been investigated
due to their interesting properties such as the avoided
crossing and the predissociation of the potential

w xcurves 1 . BrCl dissociates into bromine and chlo-
w xrine which have impacts on ozone depletion 2–4 .

BrCl, in addition, can be used as a good reference
compound to determine the formation ratio of
bromine and chlorine in the dissociation of both
bromine and chlorine containing molecules by corre-
lating the exact quantum yield of each dissociation
channel of BrCl with their dynamic behaviors.

The halogen atom photofragments are generally
formed in two low-lying fine structural states, i.e. the

) Corresponding author. Fax: q82-42-869-8123; e-mail:
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Ž 2 . Ž .ground state Br 4p P denoted Br and3r2
Ž 2 . Ž .Cl 3p P denoted Cl , and the first spin–orbit3r2

Ž . Ž 2 . Ž ) .SO excited state Br 4p P denoted Br and1r2
Ž 2 . Ž ) .Cl 3p P denoted Cl . In the BrCl photolysis,1r2

four one-photon dissociation channels are thermody-
Ž .namically possible in the ultraviolet UV wave-

length region.

BrCl™BrqCl D Hs218.3 kJmoly1 aŽ .
) y1BrqCl D Hs228.3 kJmol bŽ .

) y1Br qCl D Hs262.3 kJmol cŽ .
) ) y1Br qCl D Hs272.3 kJmol dŽ .

1Ž .
Ž .The bond dissociation energy, D Br–Cl , was de-0

y1 w xtermined to be 218.3 kJ mol 5 . The SO excita-
tion energies of bromine and chlorine are 44 and 10

y1 w xkJ mol , respectively 6 . BrCl exhibits a continu-
ous absorption spectrum with three peaks at 225,
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w x373, and 443 nm in the UV–visible region 7,8 . The
maxima at 373 and 443 nm have been assigned to
the transitions from the ground state X 1

S
q

q to the0

C 1
P and B 3

P q states, respectively, arising from1 0
2 4 3 1 Ž .the electron configuration s p p s 2431 corre-g u g u

lated with the dissociation channels as displayed in
Fig. 1. A, B and ion-pair states have been studied by

Ž .laser induced fluorescence LIF and emission spec-
w xtroscopy 9–13 . The nonadiabatic dissociation and

predissociation on the B state were investigated
w x5,14 . The absorption at 225 nm was attributed to
Ž q. 1 q

qD 0 §X S . The photodissociation dynamics of0

BrCl in the UV region have been studied via the
ion-image technique coupled with the resonance en-

Ž .hanced multiphoton ionization REMPI at 235 and
w x260 nm 15 . In this previous study, however, the

photodissociation in the range of 235–540 nm, only
Ž ) ) .two channels BrqCl and Br qCl could be

observed at 235 nm due to the experimental limita-
tion.

Although the electronic states of BrCl correspond-
ing to the transitions in the UV region is not well

Fig. 1. Adiabatic correlation diagram of BrCl. The transitions
which are allowed only to the states with V s0 and 1 are
displayed. The vertical arrows represent the excitations by the 235
nm photons.

known, it can be deduced from the well-established
properties of other heterodiatomic halogen molecules,

w xICl and IBr 1,16 . Since ICl has been studied in
detail by various spectroscopic and theoretical meth-

w xods 17–20 , its dissociation dynamics can help to
understand the electronic structure of BrCl. On the
contrary, there are some disagreements among the
reported results of ICl at 235 nm. The first disagree-
ment is in the existence of the IqCl channel. In the
REMPI–Doppler profile experiments, three dissocia-

Ž ) ) .tion channels IqCl, IqCl , and I qCl were
w x Ž )observed 18 , while only two channels IqCl and

) . ŽI qCl were confirmed in the REMPI–TOF time
. w xof flight and the ion-image experiments 19 . The

second is related to the analysis of the contribution
of the 2341 3

P q state. The UV absorption of ICl0

corresponds to transitions to the 2422 3
S

y
q, 23410

1
P and 3

P q states from the ground state X 1
S

q
q.1 0 0

The 2341 3
P q state adiabatically correlates to the0

IqCl) dissociation channel with avoided crossing 1
Ž . 3 y 3

q qAC1 between the 2422 S and the 2341 P0 0
Ž .state, and avoided crossing 2 AC2 between the

2341 3
P q and the 2431 3

P q state as shown in0 0

Fig. 1, the correlation diagram of BrCl, which is
similar to that of ICl. In the REMPI–Doppler study,
it has been suggested that the fraction of the 2341
3
P q state is 0.43. Meanwhile a small contribution0

of this state to the absorption at 235 nm has been
assumed with no evidence of any parallel component
of the IqCl) channel where the parallel component
results from the Vs0q state and the perpendicular
component from the Vs1 state. In order to evaluate
the dissident results, it is very important to determine
the exact relative quantum yields for the dissociation

Ž . Ž .channels, a – c and the nonadiabatic crossing prob-
ability at AC2.

In the case of the dissociation of BrCl, two Vs
q Ž 3 y 3 .q q0 states the 2422 S and the 2341 P states0 0

which strongly contribute to the absorption at 235
nm have been already exhibited as the Br ) qCl
channel. In the present study, we have suggested that
two Vs0q states correlate with the BrqCl)

andror the BrqCl channel irrespective of the nona-
diabatic transition at AC1 and AC2. We show the
exact dynamics of the 2341 3

P q state of BrCl to0

verify our suggestion at 235 nm and the possibility
of BrCl as a reference compound for the determina-
tion of the REMPI strengths for both bromine and
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chlorine atoms. We have estimated the ionization
probabilities of Br, Br ) , Cl, and Cl) near 235 nm.
In order to obtain the angular and speed distributions
and to determine the branching ratio of each dissoci-
ation channel, the fragment ion-image technique was
employed. We report REMPI probe lines for bromine
atoms in the region of 232–236 nm. We have as-
signed the low and intermediate states of the 13
two-photon REMPI lines by investigating two-di-
mensional images and compared them with known

w xliterature values 21 . Among these lines, a pair of
REMPI probe lines at 233.69 nm for Br and 234.03
nm for Br ) were chosen to be good probe lines
because the wavelengths are close and the ionization
signal intensities are strong.

2. Experiment

The photofragment ion-image system used in this
w xstudy has been described elsewhere in detail 22 .

Ž .BrCl 20 Torr seeded in ca. 1.4 atm He was injected
into the reaction zone through a skimmer and a 1
mm pinhole using a pulsed molecular beam valve
Ž .General Valve Series 9 operated at 10 Hz. BrCl

Žwas synthesized by mixing 200 Torr Cl gas MG2
. ŽIND. purity )99.9% with 10 Torr Br vapor Al-2
.drich, purity )99.5% in a mixing chamber and was

kept overnight to reach equilibrium. Because the
absorption cross-section of Cl is smaller than those2

Ž y20of Br and BrCl at 235 nm Cl : 0.04=10 , Br :2 2 2
y20 y20 2 .0.9=10 , and BrCl: 6=10 cm , excess Cl2

Žin the equilibrium gas Br qCl |2BrCl: K s2 2 eq
.6.4 does not interfere with the detection of

w xphotofragments from the dissociation of BrCl 8 .
Ž . ŽCCl Br 10 Torrr1.4 atm He and CF Br 203 3

.Torrr1.4 atm He were injected into the reaction
zone in the same manner as BrCl.

ŽA linearly polarized UV laser light typically 50
.mJrpulse , generated through doubling the output of
Ž .a Nd:YAG 355 nm pumped dye laser, was focused

perpendicularly onto the ionization zone of the
Ž .molecular beam with a lens f s150 mm andl

paralleled onto an image plane. CCl Br, CF Br, and3 3

BrCl were photolyzed by the UV laser light, and the
fragments were then selectively ionized at 235.20 nm
for Cl) , at 235.34 nm for Cl, at 234.03 nm for Br ) ,

w xand at 233.69 for Br using the 2q1 -REMPI tech-
nique within the same laser pulse. The laser wave-
length was scanned over the range of ca. 4 cmy1 to
detect all velocity components of the fragments.

The ion fragment cloud was projected onto a
two-dimensional position sensitive detector plate,

Ž .consists of a microchannel plate MCP rphosphor
Ž .screen Galileo, FM2040 and a charge coupled de-

Ž . Ž .vice CCD camera Photometric, CH250 . The im-
age was summed over at least 10 000 shots and the
background was removed by subtracting the refer-
ence image collected at an off-resonant wavelength
under the same conditions. The TOF mass spectra
were acquired using a photomultiplier tube
Ž .Hamamatu, 1P21 instead of the CCD camera. The
w x2q1 -REMPI spectrum of bromine atom was ob-
tained by placing a photomultiplier tube at the back
of phosphor screen and was scanned between 232
and 236 nm. The ion signals from the phosphor
screen were monitored using a boxcar integrator.
During the scan, the power of the laser was main-
tained within "10%.

3. Result and analysis

3.1. Assignment of 13 REMPI lines for bromine
atoms in the region of 232–235 nm

CCl Br is used as a source of Br and Cl atoms3

owing to its large absorption cross-section and high
w xproduct quantum yields at 235 nm 22 . Thirteen

REMPI lines of Br were observed in the region of
232–236 nm as shown in Fig. 2. Since the power
dependence of REMPI lines was found to be
quadratic, the observed REMPI lines seem to be

w xproduced by the 2q1 photon process. The wave-
lengths of REMPI lines in Table 1 were calibrated
against the well-established REMPI line of Cl at

Ž 2 2 . w x235.336 nm 4p D §3p P 23 . The low and3r2 3r2

intermediate states of 10 lines among the observed
lines were assigned, and they coincide with the

w xliterature 21 . Five lines originated from the first
Ž )

2 .excited state of bromine Br , 4p P , and the1r2
Ž 2 .other five lines from the ground state Br, 4p P .3r2

ŽHowever, it is difficult to assign three lines numbers
.2, 11 and 13 in Table 1 because of the large
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Fig. 2. Two photon atomic transitions of bromine atom: CCl Br was used as a precursor.3

difference between the obtained values and the re-
ported values. Among these assigned lines, we se-

Table 1
Two photon atomic transitions of bromine in the region of 232–236
nm

No. Wavelength Literature State
b a bŽ . Ž .nm value Lower Upper

41 232.72 232.72 Br 6p D3r2
4

)2 232.96 232.94 Br 7p P5r2
43 233.05 233.06 Br 6p D5r2
44 233.11 233.12 Br 6p P1r2
45 233.21 233.21 Br 6p D7r2
46 233.69 233.70 Br 6p P3r2
2

)7 234.03 234.04 Br 6p S1r2
2

)8 234.34 234.35 Br 6p D5r2
4

)9 234.56 234.57 Br 6p S3r2
2

)10 234.85 234.86 Br 6p D3r2
2

)11 235.22 235.32 Br 5p F5r2
X 2

)12 235.86 235.66 Br 5p P1r2
X 2

)13 235.98 235.87 Br 5p P3r2

a Br and Br ) refer to the 4p2 P and 4p2 P .3r2 1r2
b w xRef. 21 .

lected a pair of lines as reference lines, 233.69 nm
for Br and 234.03 nm for Br ) , to identify the origins
of the three lines.

We have investigated the angular distributions of
bromine atoms to identify which of the three unas-
signed lines is from Br or Br ) , using the two-dimen-
sional imaging technique. The angular distribution of
bromine atoms is given by

1P u s 1qbP cos u 2Ž . Ž . Ž .Ž .24p

Ž .where P u is the ion intensity at u angle between
the laser polarization axis and the recoil velocity
vector, and the b value indicates the anisotropy

Ž . Ž .parameter y1(b(2 , and P cos u is the sec-2

ond-order Legendre polynomial. If the b values of
Br at 233.69 nm and Br ) at 234.03 nm are quite
different, we can measure the origins of the unas-
signed lines by comparing their b values with the b

values of reference lines. We have used CF Br as a3

precursor for Br and Br ) and observed a large
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Ž .difference of b values, Br bs0.66 at 233.69 nm
) Ž . w xand Br bs1.83 at 234.03 nm 22 . The b

values of bromine images acquired at three lines
were 1.69"0.10, 1.65"0.10, and 1.69"0.10, re-
spectively. These results show that the three lines
originate from Br ). According to the selection rules

Žfor the two photon transition of a heavy atom D ls
.0,"2, D Js0,"1,"2 , the three lines have been

assigned in Table 1.

3.2. Photodissociation of BrCl at 235 nm

Since the REMPI technique is highly selective
and sensitive, Br and Br ) can be ionized selectively
at two different resonance wavelengths. The product
quantum yields of these two different energy state
atoms at a given photolysis wavelength can then be
expressed by .

S Br f Br N BrŽ . Ž . Ž .l1 l1
s 3Ž .

) ) )S Br f Br N BrŽ . Ž . Ž .l 2 l 2

f Br F Br s
R – BrŽ . Ž .l1 l1 l1

s 4Ž .
) ) R – Brf Br F Br sŽ . Ž .l 2 l 2 l 2

f Br F BrŽ . Ž .l1 l1
f 5Ž .

) )f Br F BrŽ . Ž .l 2 l 2

Ž . Ž ) .where S Br rS Br is the ion signal ratio of Br and
) Ž . Ž ) .Br , f Br rf Br the ionization probability ra-l l1 2

tio of Br and Br ) at their resonance wavelengths, l1

Ž . Ž ) .and l . N Br rN Br denotes the ratio of Br2 l l1 2

and Br ) formed at photolysis wavelengths, l and1
Ž . Ž ) .l . F Br rF Br indicates the ratio of prod-2 l l1 2

uct quantum yields of two different state bromine
atoms, and s

R – Brrs
R – Br the absorption cross-sec-l l1 2

tions at two different resonance wavelengths. Using
Ž .Eq. 4 we can obtain the product quantum yields

from the ion signals, when the ionization probabili-
ties of Br and Br ) are known.

When these resonance wavelengths of REMPI
probe lines, l and l , are very close, the absorption1 2

cross-sections of alkyl bromide at l and l can be1 2

approximated to be equal in a practical sense, espe-
Ž .cially in the case of one-color experiments. Eq. 4

Ž .can be approximated by Eq. 5 . Further, in order to
obtain precise quantum yields, the ionization proba-
bilities of Br at l and Br ) at l have to be large in1 2

order to obtain a high signal-to-noise ratio. The good
REMPI probe lines satisfying the conditions of
closeness and strong ionization probabilities are use-
ful for determining the branching ratio of X and X ).
Among newly found lines, a pair of good REMPI
probe lines at 233.69 nm for Br and at 234.03 nm for
Br ) were chosen.

Ž . Ž ) .f Br rf Br was estimated toy233.69 nm y234.03 nm

be 0.42"0.02 from the Br photolysis under the2
w xsame experimental condition 24 . In this study, the

Ž ) . Ž .ratio of N Br rN Br was found to be 1.38"0.12.
Ž ) .From the ratio, the relative quantum yields, F Br

Ž . Ž . )Fig. 3. Raw ion images of the chlorine fragments from the BrCl photolyses at 235 nm. a and b represent the Cl and Cl images. The
polarization vector of the laser is vertical.
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Table 2
The relative quantum yields for three channels

Channel b Speed of chlorine fragments F x xI H

) y1Br qCl 1.98"0.05 3101 m s 0.58 1 0
) y1BrqCl y1.04"0.05 3306 m s 0.16 0 1

y1BrqCl 1.88"0.05 3368 m s 0.26 0.96 0.04

Ž .and F Br , were determined to be 0.58"0.02 and
0.42 " 0.02, respectively. We have measured
Ž ) . Ž . Ž ) . Ž .N Br rN Br rather than N Cl rN Cl because
Ž . Ž ) .f Cl rf Cl at 235 nm is not available due to the

lack of a proper reference compound.
Two-dimensional images of chlorine fragments

produced from the BrCl photolysis at 235 nm are
displayed in Fig. 3. These raw images are two-di-
mensional projections of the three-dimensional speed
and angular distributions of the chlorine fragments.
The Cl image in Fig. 3a shows the characteristics of

the parallel transition while the Cl) image in Fig. 3b
shows the characteristics of the perpendicular transi-
tion. The projected velocity distributions of the chlo-
rine fragments show maxima at approximately 3370
and at 3100 m sy1 as shown in Fig. 3a, and at 3300
m sy1 as shown in Fig. 3b. The theoretical recoil
speeds of chlorine fragments for the dissociation

Ž . Ž .channels a – c can be calculated based on the
energy and momentum conservation. The internal
energy of parent molecule is assumed to be zero
under the supersonic molecular beam condition. The

Ž .Fig. 4. The speed distribution of Cl fragments at 235 nm Fig. 3a is fitted in terms of three Gaussian functions. Two Gaussian functions
corresponding to dissociation channels, BrqCl and Br ) qCl, are displayed in dashed and dot lines, respectively. The straight line indicates
another Gaussian function corresponding to background noise. The open triangle denotes the sum of the three Gaussian functions.
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Ž . Ž .calculated speeds for dissociation channels a – c at
235 nm are listed in Table 2. When the bromine
fragments were probed, the translational energy dif-

Ž . Ž .ference between dissociation channels a and b is
only 10 kJ moly1, which is too small to resolve these
channels. Since the translational energy difference

Ž . Ž .between dissociation channels a and c is 44 kJ
moly1, which is enough to resolve them when the
chlorine fragments were probed, the images were
acquired to probe chlorine fragments rather than
bromine fragments.

In order to reduce the noise effect on the transfor-
mation, the raw images were smoothed through the
Gaussian filter with a 5=5 window and a typical
standard deviation of 2 in a pixel unit. Afterwards,
they were used to reconstruct three-dimensional ve-
locity distributions by performing the inverse Abel

w xtransformation 25,26 . By integrating the recon-
structed three dimensional speed distribution over all
angles at each speed, the speed distribution for the Cl
fragments has been obtained as shown in Fig. 4. The

Ž ) . Ž Ž . Ž )branching ratio, N Br qCl r N BrqCl qN Br
..qCl , was obtained from the speed distribution as

shown in Fig. 4. Each speed distribution has been
fitted into three Gaussian functions, which represent
the BrqCl formation channel, the Br ) qCl chan-

Ž )nel, and broad background noise. N Br q
. Ž Ž . Ž ) ..Cl r N BrqCl qN Br qCl was calculated by

integrating over the fitted functions and found to be
0.69"0.02 as shown in Fig. 4. The relative quantum
yield can be calculated from the following relation-
ships and are listed in Table 2.

F Br ) qCl sF Br ) s0.58"0.02 6Ž . Ž . Ž .
N Br ) qClŽ .

)N Br qCl qN BrqClŽ . Ž .
F Br ) qClŽ .

s
)F Br qCl qF BrqClŽ . Ž .

s0.69"0.02 7Ž .
F Br ) qCl qF BrqCl) qF BrqCl s1 .Ž . Ž . Ž .

8Ž .

Ž .The angular distribution, P u , has been obtained
by integrating the reconstructed three-dimensional
speed distribution over a proper range of speed at
each angle. u is the angle between the laser polariza-

tion axis and the recoil velocity of the bromine
fragment. The b values extracted from the Cl) and
Cl images at 235 nm photolysis are listed in Table 2.

4. Discussion

4.1. The role of 3
P q in the photodissociation of0

BrCl

In the photolysis of BrCl at 235 nm, three dissoci-
Ž ) ) .ation channels Br qCl, BrqCl , and BrqCl

were observed. On the other hand, in the previous
study focused in the visible region, only two chan-

Ž ) ) . w xnels Br qCl and BrqCl were observed 15 . A
discrepancy similar to that found in the BrCl results

w xwas also reported in ICl photodissociation 18,19 .
The discrepancy in ICl was attributed to be the
misinterpretation of the Doppler spectrum of the Cl
fragments, and it was concluded that the 2341 3

P q0

§X 1
S

q
q transition makes a minor contribution to0

the ICl absorption at 235 nm based on the absence of
the IqCl channel. The BrqCl channel, therefore,
is very important as an evidence of the contribution
of the 2341 3

P q state in the photodissociation0

dynamics in the UV region.
The 2341 3

P q state correlates to the BrqCl)

0

channel adiabatically via AC1 and AC2 as shown in
Fig. 1. Since this channel is also formed from the
2341 1

P state, it may exhibit both parallel and1

perpendicular components. In order to estimate the
relative contributions of these components to the
dissociation channels, classical relationships were
used:

bsx b qx b 9Ž .I I H H

x qx s1 10Ž .I H

b and b represent the anisotropy parameters forI H
pure parallel and perpendicular transitions. The xI
and x values, the fractions for each dissociationH
channel, are listed in Table 2.

The absorption cross-section corresponding to the
transition, 2341 3

P q§X 1
S

q
q, should be responsi-0 0

ble for the parallel component of the BrqCl) chan-
nel andror the existence of the BrqCl channel with
bs2 via nonadiabatic transition at AC2. The anisot-
ropy parameter for the BrqCl) channel, bs
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q Žy1.04"0.05, indicates that the Vs0 state the
3 3 y .q q2341 P andror the 2422 S state does not0 0

contribute to the formation of the BrqCl) channel.
It has been concluded that the channel only arises
from the 2341 1

P state. This conclusion coincides1

with the previous studies of BrCl and ICl systems, in
which it is suggested that the contribution of the
2341 3

P q state to the absorption at 235 nm was0

neglected due to the absence of the parallel compo-
) w xnent for the BrqCl channel 15,18,19 . On the

contrary, the discovery of the BrqCl channel with
Ž .the quantum yield F BrqCl s0.26 in the present

study seems not to be in good agreement with the
suggestion. The BrqCl channel can be produced by
several pathways as shown in Fig. 1. The pathways

Ž . 3 ywith Vs0 are 1 the 2422 S state via nonadia-0q
Ž .batic transitions at AC1 and at AC2, 2 the 2341

3
P q state via nonadiabatic transition at AC2, and0
Ž . 3 Ž . 3 Ž .q3 the B P , while there are 4 the 2341 P , 50 1

1 Ž . 3the 2431 P , and 6 the A P states as candidates1 1
Ž . 3 Ž .qwith Vs1. Among these states, 3 B P , 5 the0

1 Ž . 32431 P , and 6 A P states are excluded since1 1

their vertical energies are too low to absorb the
photon at 235 nm. According to bs1.88"0.05 for
BrqCl, it can be suggested that the formation of
this channel results mainly from the Vs0q states
Ž 3 y 3 .q qthe 2422 S andror the 2341 P state and the0 0

Ž . 3minor portion originates from 4 the 2341 P state.1

However, the exact contribution of the 2341 3
P q0

state to the formation the BrqCl channel cannot be
measured because the product from the two Vs0q

Ž 3 y 3 .q qstates the 2422 S andror the 2341 P state0 0

were not distinguished in our system. The two results
Žin this study the strong perpendicular characteristics

for BrqCl) with bsy1.04"0.05 and the exis-
.tence of BrqCl with bs1.88"0.05 indicate that

q Ž . Ž 3 y
qthe Vs0 state s the 2422 S andror the 23410

3 . )

qP state does not correlate with the BrqCl0

channel adiabatically but with the BrqCl channel
via nonadiabatic transition at AC2. We suggest that
Pr , the nonadiabatic transition probability at AC2,2

is nearly 1 based on the above statements.
It is possible to determine the range of the contri-

bution of the 2342 3
P q using the relationships with0

the nonadiabatic transition probability at AC1, Pr :1

x 3 y qx 3 qx 1 qx 3 s1 11Ž .2422 S 2341 P 2341 P 2341 Pq q0 0 1 1

F Br ) qCl sx 3 y 1yPr qx 3 PrŽ . Ž .2422 S 1 2341 P 1q q0 0

12Ž .

where x indicates the fraction of the i state. Thei

absorption at 235 nm is assumed to be only due to
the transition to the 2422 3

S
y

q, the 2341 3
P q, the0 0

1
P and the 3

P states from the X 1
S

q
q state. The1 1 0

values of the x 1 qx 3 are found to be2341 P 2341 P1 1

0.17 as listed in Table 3. X and Y represent x 3 y2422 S q0

and x 3 , respectively. Y and Pr can be rear-2341 P 1q0

ranged into the simple expression:

Yy0.25 0.83Pr y0.251
Pr s , Ys . 13Ž .1 2Yy0.83 2 Pr y11

Two ranges of the contribution of the 2341 3
P q0

Ž .state Y and the nonadiabatic transition probability
Ž . Ž .Pr are calculated from Eq. 13 under the condi-1

tion of 0(Y(0.83 and 0(Pr (1. One set is1

0.58(Y(0.83 and 0.7(Pr (1. The other is 0(1

Y(0.25 and 0(Pr (0.3. We have excluded the1

0(Y(0.25 and 0(Pr (0.3 region for two rea-1
w xsons. In the ICl study 19 , the high value of the

Ž .nonadiabatic transition probability Pr at AC1 has1

been determined. According to the ICl energy level,
the 2422 3

S
y

q state is located at a 4000 cmy1 higher0

energy than the 2341 3
P q state, which shows a0

maximum at 235 nm in the Frank–Condon region.

Table 3
The electronic excited states relevant to the channels

Channel F Assignment
3 3 3

) y y
q q qBr qCl I 0.58 2422 S , 2341 P ™ 2422 S0 0 0

3 3 3
) y

q q qBrqCl I 0 2341 P , 2422 S ™ 2341 P0 0 0
1H 0.16 2341 P1

3 3 3 3 3y
q q q q qBrqCl I 0.25 2341 P ™ 2431 P , 2422 S ™ 2341 P ™ 2431 P0 0 0 0 0

3H 0.01 2341 P1
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Table 4
Ž .Ratios of 2q1 -REMPI probabilities of bromine and chlorine atoms

) ) ) )Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .f Cl rf Br f Cl rf Br f Cl rf Br f Cl rf Br

1.24"0.30 3.35"0.84 1.46"0.42 3.94"0.97
) ) )Br, Br , Cl and Cl were ionized at 233.69, 234.03, 235.336 and 235.204 nm.

Because of the similarity of ICl and BrCl except for
the energy levels of BrCl which are slightly higher
than that of ICl, it is expected that the absorption
corresponding to the transition to the 2341 3

P q0

state at 235 nm is strong. Consequently, 0.58(

x 3 (0.83 and 0.7(Pr (1 have been cho-2341 P 1q0

Ž .sen. The value of 0.58 which resulted from Eq. 6
signifies the lower bound of the contribution of the
2341 3

P q state.0

In the photodissociation dynamics of BrCl at 235
nm, the quantum yields for the dissociation channels
and the angular distribution are reported. The 2341
3
P state has been found to contribute to the0q

formation of the BrqCl channel. It is suggested that
the lower bound of the fraction of the state is 0.58,
and the nonadiabatic transition probabilities at AC1
and AC2 with 0.7(Pr (1 and Pr s1 are ob-1 2

tained.

( ) ( ) )4.2. Determination of f Cl r f Br

Ž .The ion signal intensity, S Br , is proportional to
Ž .the ionization probability f Br and the sum of the

quantum yields of the channels producing Br:

S Br A f Br F qF . 14Ž . Ž . Ž . Ž .a b

Ž . Ž ) .In order to determine f Cl rf Br , we have
measured the ion intensities of Cl and Br ) pho-
tolyzed from the BrCl precursor and the REMPI
probe lines of bromine and chlorine in the region of
233.69–235.34 nm. In TOF mass spectrometry, a
long ion flight time decreases the ion peak intensity
because of the scattering in the flight region. Con-
trolling the repelling electrode voltage, the flight
time of the Cl ion could be adjusted to the same as
that of the bromine. The ion peak intensity ratio of

) Ž . Ž ) .Cl and Br , S Cl rS Br , was 1.80"0.44. The
Ž . Ž ) . Ž .f Cl rf Br calculated by Eq. 15 was 1.24"0.30.

Ž . Ž . Ž ) . Ž . Ž ) .Similarly, f Cl rf Br , f Cl rf Br and f Cl r

Ž ) . Ž . Ž ) .f Br were obtained easily using f Br rf Br
Ž . Ž ) .and f Cl rf Cl in Table 4.

f Cl S Cl F Br ) qClŽ . Ž . Ž .
s .

) ) )f Br S Br F Br qCl qF BrqClŽ . Ž . Ž . Ž .
15Ž .

The newly found good REMPI probe lines are
very useful for determining the ratio of quantum
yields of Br and Cl producing channels, and thus for
investigating the photodissociation reactions of envi-
ronmentally harmful Br and Cl containing com-

Ž .pounds such as polychloro bromo dibenzo-p-
Ž . Ž .dioxin PCDD and CF BrCl halon 1211 .2
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