Photofragmentation study of CI , using ion imaging
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The CI?P;,) and CI@P,;,) photofragments produced by the photolysis of & ~3.5 eV, are
detected using3+1) and (2+1) resonance enhanced multiphoton ionization and their velocity
distributions are measured using ion imaging. The measured photofragment translational energy
distributions yield a bond dissociation energyld§=2.474+0.020 eV for ground electronic state
CIZ(Xlzg). The angular distributions yield anisotropy parameter@(#P;,) =— 0.87+0.05 and
B(?P;)= 1.78+0.05 irrespective of the detection process. The branching ratio
[CICPp))[CI(?P;)] is estimated at 81%. © 1997 American Institute of Physics.
[S0021-960627)00425-X]

I. INTRODUCTION mation concerning the nature of the,Qihotodissociation

) ) process in this near ultraviolet regida75 to 450 nm
The ultraviolet absorption spectrum of molecular chlo-

. J . e ; Almost concurrently Busclet al® and Dieseret al?® re-
rine between 250 and 450 nm is continuous with its maxi— a4 their results concerning the photodissociation &€l

mum occurring at-330 nm. -Lhe spectrum has bleen attrib-347 1 nm, both using photofragmentation translational spec-
uted to tranhSItlons l?etweeT _t\}gfo{ Eg)B%'rlound _eectr?nlc troscopy. Although the angular distribution of the photofrag-
stat_e and the 2urey rlepg S| d.“ and b u excne(ral] €1€C" ments was not presented by Busttal, the authors reported
tronic S]E?tes' cl cgrrhe at|0r|1 |(Ialgra|m et\_/veen t ehaé;;)m'(ihat the maximum photofragment intensity occurred at right
Etates oriree d bathllgkth: cu ;r € 92e it_ronlclsstateij angles to the laser polarization direction, thus leading them
een repozte y Mulliken Herzberg, Li etal.” and Mat- —, aiipyte the observed peak in the translational energy dis-
sumi et. al, acqordlng .to which the strong spin-orbit inter- tribution solely to production of two Cl atoms. Diesenal.
aCt!OrP N a‘°m'§ chlorine mandates a Hund's g(as)ede- presented the relative photofragment intensity at 9 angles
scription of Cb. Cc_)nsequently, thelproper nlotat|ons for the and qualitatively compared their results to a6 distribu-
rr:o:ecular ellegtrontlc é%atesjiaggi' g;( 2g), %j“( (Ll*_[(gélgor ;he tion. Although no translational energy distribution was re-
stales correlating 1o B3 ( 23’2)’ g\n “). or ported they assigned their observations to formation of both
the state correlating to CRy) +CI(*Py,5)”. In the remaining Cl and CF, failing however to report the branching ratio
manuscript we will use Cl and €lto denote CItP;,) and between th'e WO
CI(°P,;,) respectively, following the same notation used by Using a multiphoton ionizatiofMPI) scheme to identify

: 4
Matsumiet al. the nature of the photofragmett<Colson and co-workets

AQ-EhOe qjh<_h 09+ I(Xligg COEStitUteS. a parallel't.ransitiotr)\ studied the photodissociation of Git 323.6 and 331.0 nm.
(402=0) which implies that the maximum transition prob- In this one-color five-photon experiment, one photon was

ability occ_urs_when the molecular axis and the direction Ofused to dissociate the Linolecule while the chlorine pho-
the electric field are aligned. On the contrary, thg—1

07 (X13,) is described as a perpendicular transiaf)=1) tofragments_ were ionized _usw@_ 1) MPI. As no transition
-9 g ! o - corresponding to Clwas identified, the authors concluded
in which case the maximum transition probability occurs

when the molecular axis is perpendicular to the direction ofthat Cl atoms are produced exclusively during the (gHo-

S . .. todissociation process.
the electric field. The nature of the transition probability . .
coupled with the lifetime and the rotational period of the Arikawa and co-workerS studied the photofragmenta-

excited state, have a direct consequence to the angular d.t|on of Cl, at 308 and 351 nm using Doppler spectroscopy.

IS : :
o S - n this study, following the photolysis of the £at each of
tribution 1(6) of the photofragments, which is describedby the waveler)]/gths men?ionedpabovg both the giaﬁ‘dv@re

1 detected using2+1) MPI.1° The authors concluded that the
1(0) = 7—(1+ BP;(cos)), (D [cIF[cI] branching ratio is less than 0.01, while analyzing
) ) the Doppler line shapes for the Cl-atom MPI, they concluded
whereg is called the anisotropy parametef_l_sﬁs 2) and  ipat —0.8<B(?Ps)=<-1. In a similar experiment, Ka-
Py(cos) is the second Legendre polynomial. For a promptyasaki and co-workefseported anisotropy parameters and
dissociation=—1 if the transition is perpendicular and pranching ratios for the entire 300 to 485 nm region. Below
B=2 if a parallel transition is involved. Clearly, the shape of 370 nm the authors observe a strong propensity for Cl pro-
photofragment angular distribution can provide useful infor-4,,ction as [CI*J[CI]~0.01, while they report that this
branching ratio becomes significant for-400 nm reaching
dAlso at: Department of Physics, University of Crete. a maximum value of 0.47 at about 475 nm. More recently,
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Midway between the repeller and extractor electrodes a
laser beam generated by an excimer-pumgedmbda
Physik EMG 202, operating with XeClpulsed-dye laser
(Lambda Physik FL2002, operating with DMQs focused

TURBO PUMP : . .
q onto the collimated beam of neutrals using a lens with a 20
P cm focal length. In the one-color experiment, the photolysis
ROFILE - 3. o | laser pulse is also used for ti@+1) MPI of the nascent ClI
T ! CAMERA

about 3-5 mJ/pulse in order to minimize space-charge ef-
fects from excessive ion production in the interaction region.
In the two-color experiment the probe laser beam used for

&J ovEET) and CF photofragments. The laser power is maintained at
Dm?usr{% PUMP

PHOTOLYSIS AND

PHOTOIONIZATION LASER the (2+1) resonance enhanced multiphoton ionization
(REMP)) of the Cl and CI photofragments is produced by
FIG. 1. A schematic of the experimental apparatus. frequency doubling the output of an excimer-pumged-

monics HyperX400, operating with XeCpulsed-dye laser
(ELTO LT21233, operating with Coumarin 480using a
BBO crystal. The velocity distribution of the Cl-atom photo-

Hess and co-worket$ have also studied the fine structuref q | hift in th
guantum yields from the dissociation of ;Cit ~235 nm, ragments produces a_Dopp er energy shitt in the resonant
transition used for theif2+1) or (3+1) REMPI which is

using a similar MPI detection scheme as in the above Dop- ! o
pler experiments and find thEI* J/[Cl]~0.23. larger than the probe-laser bandwidth. Hence it is necessary

In this report we present our results concerning the velo tu.ne. the Ia_ser in order to ensure that all photofragments
locity distributions(speed and anglef the Cl and C! pho- are ionized with equgl probability. ans produced are agcel—
tofragments following the photolysis of Cat ~3.5 eV. The erated along the axis of the machine towards a position-
ion imaging technique we employ&#;'5combinesi(a MPI sensitive detector located approximately 45 cm from the in-
detection of the nascent products for spectroscopic identifitéraction region. lons of different masses are separated by
cation. (b) Direct measurement of the photofragment angulart'me'Of'ﬂ'ght during their field-free trajectory on route to the
distribution thus determining the anisotropy parametey. detector. o . _
Measurement of the Cl-photofragment translational energy . 1he home-built imaging detector consists of a single

distribution for directly determining product state distribu- Micro-sphere platéMSP-50 by El Mu) coupled to a PA7-
tions and branching ratios. phosphor-coated anodBroxitronix) and has an effective di-

ameter of 40 mm. Although the spatial resolution of the MSP

plate (500—700um) is significantly less than that of the mi-
Il. EXPERIMENT crochannel plate 30 um), the ultimate spatial resolution

of this detector is determined by the extent of the interaction

A schematic of the photofragment imaging spectrometervolume as determined by the width of the molecular beam.

used in this study is presented in Figure 1. The apparatuls the width of our molecular beam is 8Q0m, the resolu-
consists of two differentially pumped chambers) the tion of the MSP is not expected to degrade the ion image.
source region which is pumped by a baffled 3006 oil Discrimination between the ions of interest and the undesired
diffusion pump(Leybold, DI 3000 and (ii) the detector re- background ions is achieved by gating the detector through
gion which is pumped by a 608/s turbo-molecular pump the application of a high-voltage pulse to the andaiepli-
(Leybold, Turbovac 600 A gas sample containing 5% £l tude=+3 kV, duration~ 150 ng. Atomic chlorine occurs in
(Merck 99% in He (Messer Greisheim 99.999%is ex- two isotopes with masses 35 and 37, respectively, which are
panded into the source vacuum chamber via a home-buileadily resolved by their time-of-flight. The results presented
piezoelectrically actuated pulsed molecular b¥mperating  in this report are obtained by gating our detector such that
at 20 Hz. A stagnation pressure of<P1 atm and a nozzle only *CI* ions are detected. The timing of the experiment is
diameter of 0.8 mm are used in order to minimize clustercontrolled using a pulse generat@G535 by Stanford Re-
formation during the expansion. Approximately 5 cm from search Systemsnd is optimized by monitoring the ion sig-
the nozzle orifice the expansion is skimmed using@dh5 nal which appears on a 100 MHz oscilloscoffdameg
mm skimmer(Beam Dynamicswhich also serves as means HM1007) by capacitively coupling the MSP output-side
of differentially pumping the two regions of the apparatus.voltage. During the “gated” operation, signal monitoring is
Subsequently, the molecular beam is collimated ugiiig8  stopped as the high voltage pulse applied to the anode will
mm slit located 8 cm from the nozzle orifice. A uniform capacitively couple to the monitoring oscilloscope.
electric field is produced by two parallel stainless steel plates Images appearing on the phosphor anode are recorded
(outer-diameter 10 cimone of which supports the collimat- using a charge-coupled-devi¢éECD) video cameramodel
ing slit at its centeKrepeller electrode while the other sup- 4910, by COHU Ing, equipped with a 50 mm f1.4 lens and
ports a very fine grid333 lines/in., 70% transmittance, by on-chip integration capabilities. Digitization of the camera
Buckbee-Mearsover a center bore @6 cm(extractor elec- output is controlled by a video frame grabd&T55LC, by
trode. Data Translation The limited dynamic range of the 8 bit
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FIG. 2. (3) Data image of the Ci,,,) photofragment generated from the FIG. 3. () Data image of the CfPy,) photofragment generated from the
photodissociation of Glat 3.400 eV and detected usif@t1) REMPI. (b) photodissociation of Glat 3.400 eV and detected usif@+1) REMPI. (b)
Reconstruction of the data image (8). (c) Data image of the CfPy,) Reconstruction of the data image ). (c) Data image of the Cfy),)
photofragment generated from the photodissociation gB€B.440 eV and ~ photofragment generated from the photodissociation ¢h€B.477 eV and
detected using3+1) REMPI. (d) Reconstruction of the data image (c). detected using3+1) REMPI. (d) Reconstruction of the data image (ic).
Only half the image is presented (h,d) since we have assumed azimuthal Only half the image is presented (b,d) since we have assumed azimuthal
symmetry. The polarization direction of the photolysis laser is indicated bysymmetry. The polarization direction of the photolysis laser is indicated by
the arrow. the arrow.

frame grabber is circumvented by performing essentially

digital frame averaging. In other words, by maintaining low CI* and**Cl are shown in Figures(a,0 and 3a,0 respec-
laser flux such that the number of ions generated per laséively. The polarization direction of the photolysis laser is
shot are 1-50, for typ|ca| frame integration times of the 5 gnaintained parallel to the detector’s surface, such that recon-
and 20 Hz laser operation, approximately 100 to 5000 parstruction of the cylindrically symmetric 3D distribution from
ticle positions are recorded over an area-8x10° pixels.  its 2D projection can be achieved through an inverse Abel
As long as each particle hit can be identifiédhe “dynamic  transform®*#2: Both data images are averaged with respect
range” of the frame grabber is irrelevant since the counts pef0 the symmetry axiglaser polarization directionand sub-
position for each frame will be added together to form thesequently averaged with respect to the center-of-symmetry.
complete imagéanalogous to photon countinddackground The reconstructed images shown in Figurés,d@ and
images are obtained either by tuning the photoionizing lased(0.d) represent the intensity profile of planar cuts through
off-resonance or changing the timing of the laser pulse sghe 3D distributions along the symmetry axis, i.e., they are
that it arrives at the interaction region long after the molecu£duivalent to polar plots of the photofragment angular distri-
lar beam pulse has crossed this region. In this particular exutionsl (p,6), wherep is the distance from the center of the

periment the former of the two methods is used for obtainingmage andd the polar angle with respect to the symmetry
background images. axis. Prior to reconstruction, the data image is smoothed by

sweeping a 2D Gaussian ma$Bx9 pixels, half-width 5

pixels) across the entire imag@oise filtering. The radial

positionp of the photofragments is related to its speeda
In the one color experiment the photolysis energieshe relationship

3.477 and 3.440 eV are chosen as they coincide with the

three-photon resonant transitions’ @Ds, 59 < 3p°(°Pa)) p=ut, 2

and  48(°Dspg)—3p(°Pyp)  in the  chlorine \heret is the flight time of the photofragment from the
photofragments? In the two color experiment the photodis- interaction region to the detector. Tirhés essentially a con-
sociation laser is 3.40 eV and the Cl and @hotofragments  stant for all speeds as the laboratory extraction enéddy-
were ionized , using two-photon resonant transitionsp 5 ke\) is much greater than the center-of-mass energy of
4p( D5/2)<—3pi(0 f;l/lzg at 240.19 nm and the 4%R5) 3P  the photofragmentgypically 0.5-3 eVl. Because of the azi-
(°Pyp) 240.531%'%19Since the mass of the photoelectron is mythal symmetry, the 3D radial intensity distribution is de-

negligible compared to the mass of the Cl atom, the threerermined from the reconstructed image using the
dimensional(3D) velocity distribution of the post-ionized yg|ationship*2

ClI* ions will be identical to the 3D velocity distribution of

the nascent Cl photofragments. By extracting all thé iBhs il _

along a direction normal to the detector’s surface, we are in |(P):277020 1(p,0)p sin 6, ©)
essence projecting the 3D velocity distribution onto a two-

dimensional(2D) plane. The data images of the 2D projec- which upon change of variables yields the translational en-
tion of the 3D velocity distributions for the photofragments ergy distributionl (E)

IIl. RESULTS
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FIG. 4. (a) Translational energy distribution for the @R,,) photofragment
generated from the photodissociation of, @ 3.40 eV.(b) Translational
energy distribution for the CiP,,) photofragment generated from the pho-
todissociation of Gl at 3.40 eV.

FIG. 5. (a) An angular distribution for the CiP,,,) photofragment gener-
ated from the photodissociation of Cl(b) Angular distribution for the ClI
(?P,,) photofragment generated from the photodissociation gf Cl

sition is discussed later in the text. Our observations agree

I(E)=1(p) 3_:05' 4 with the assignments presented in the introduction, as well as
with previous measurements of Kawasaki and co-wofkers
t2\1(p) (2mt?) & . who reported3(®P,,)=1.80+0.20. One of the advantages of

I(E)= E>_:< m )HZO I(p,0)sin 6. (5)  the ion imaging technique over Doppler spectroscopy is that

we can simultaneously measure the translational energy dis-
The translational energy distributions for the Cl and gho- tributions of the photofragments and the angular distribution.
tofragments determined using Eq. 5 on the reconstructed infFor CIF we can calculate the dissociation energy of

ages of Figures 2, 3 are shown in Figure 4. CIZ(X12g) using the relationship
The angular distributions for €land CI photofragments m(Cl)
shown in Figures &, b, are determined by integrating the Er=———~[Epn—AEgo.—Dol, (6)

reconstructed images in FigureébRand 3b) from 6=0 to m(Cl,)
m, along 5° radial-sector strips with radii and widths identi- where E; is the translational energy of the photofragment,
cal to the position and width of the corresponding peaks INEg 5 =0.109 eV is the spin orbit splitting arid, the dis-
the translational energy distributions. Both distributions aresociation energy of GIX'Zy). Upon substitution we find
strongly anisotropic, that of Clpeaking at9=0° and 180°  that D,=2.474*+0.020 eV which is in excellent agreement
while the maximum intensity of the CI distribution occurs at with the spectroscopically determined vafde.
0=90°.

B. CI production

IV. DISCUSSION
The data images of Figureqa3d obtained using the

A. CI* production (2+1) and (3+1) REMPI detection appear as circular disks
Inspection of both data images in Figurds,g) indicate  with most of the intensity along the equator, yet appreciable
that most of the photofragments are ejected along the polaintensity throughout the surface of the disk. The angular dis-
ization direction of the photolysis laser. Modeling the experi-tributions shown in Figure (b) are derived from the recon-
mental angular distribution presented in Figufa)®ising the  structed images in Figures(t8d using the procedure de-
functional form of Eq. 1 we find thaB(®P;,)=1.78+0.05.  scribed earlier. Fitting this distribution to a functional form
This value is consistent with the expectations of a prompbf Eq. 1 we find thatB(?P;,)=—0.87+0.05 irrespective of
dissociation following excitation through a parallel the detection method.
transitio?"” such as the ) «— Og+ (Xlig). The slight varia- As we mentioned in the introduction, if Cl is produced
tion from the 8=2 value expected for a perfect parallel tran- exclusively by the J— Og (Xlig) excitation, then assuming
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that the ], state is purely repulsive, the prompt dissociation
will yield a sir?d CI atom distribution(i.e., B(?Ps,)=—1.0). _
Consequently our deviation from this prediction can be o — X0,
caused by one of the following two reasof&: The lifetime .
of the excited state is long enough to smear out the pure 6L
sinfé shape of the distributiof’ (b) The absorption coeffi- i
cient e(0;) for the B(O})«0y (X'3) transition, is signifi-
cant with respect ta(1,) the absorption coefficient for the
1, 0;’ (XlEg) process, such that enough(§) photofrag-
ments are produced with a é@sdistribution that cause an
effective anisotropy parameter 6f0.87. As theoretical pre-
dictions favor a purely repulsive, ktate?>?*we believe that
the correct explanation i€h). To determine the branching
ratio B=[CI(0;)]/[CI(1,)], we fit the angular distribution us- 1
ing a functional form

Energy (eV)
n

|(0)=A(Sln20+BC0520) (7) :...1....|.<..|....|...‘l....|....|‘.H|....|H..
15 20 25 30 35 40 45 50 55

and find that B-=0.088-0.030 and consequenthy r(A)
[CI*)[CI]=8%1%. As there is one CI(p) atom produced
by the B(Q,F)H or (X12 ) process versus two (ll,) atoms FIG. 6. Potential energy curves responsible for the absorption spectrum of

d d by th 9 79 12 .. h . fth Cl, in the near ultraviolet region. The shaded area indicates the region of
pro uce. yt eul_ Og_ (XJr 9) transition, the ratio of the greatest absorption intensity.
absorption coefficients ig(0,, )/e(1,) =0.18+ 0.06.

Previous measurements of the Cl angular distribution re-
ported B(°P3) =—1.0+0.1 at 3.49 eV by Kawasaki and tions raised by the slight disagreement between the ion im-
coworkers® — 0.8=B(%P;,)=—1 at 3.53 eV by Arikawa aging and the Doppler experimental results.
and coworkers$? while fitting the angular distribution re-
ported by Adler and co-workegrsat_ 3.57 eV_ we find ACKNOWLEDGMENTS
B(?P;,) =—0.82+0.06. Both Kawasaki's and Arikawa’s ex- . )
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