JOURNAL OF CHEMICAL PHYSICS VOLUME 115, NUMBER 10 8 SEPTEMBER 2001

Forward scattering in the H +D,—HD+D reaction: Comparison
between experiment and theoretical predictions

Feélix Fernandez-Alonso®
Istituto di Struttura della Materia, Consiglio Nazionale delle Ricerche, via del Fosso del Cavaliere 100,
00133 Rome, ltaly

Brian D. Bean® and Richard N. Zare
Department of Chemistry, Stanford University, Stanford, California 94305-5080

F. J. Aoiz, Luis Bahares, and Jesus F. Castillo
Departamento de Qmica Fsica, Facultad de Qumica, Universidad Complutense, 28040 Madrid, Spain

(Received 9 January 2001; accepted 18 June 2001

We investigate the sensitivity of photoinitiated experiments to forward-scattering features by direct
comparison of experimental angular distributions with quantum-mechanical calculations as well as
by forward-convolution of theoretical and model center-of-mass differential cross sections. We find
that the experimental sensitivity to forward-scattering angles depends on the instrumental velocity
resolution as well as on the kinematics of the detected product channel. Explicit comparison is made
between experimental HD(=1,2;j’) center-of-mass angular distributions at collision energies
~1.6 eV (deduced from time-of-flight profiles using a single-laser, photolysis-probe appraadh
quantum-mechanical calculations on the BKMP2 potential energy surface. The comparison takes
into account the contributions from both slow and fast H atoms from the photolysis of HBr. We find
that the contribution of the slow H atoms, which is the major source of experimental uncertainty,
does not greatly affect the extraction of the angular distribution from the experimental time-of-flight
profile for a specific HD¢',j’) state. Except for HQ'=1,j'=8) and HD@'=2,j'=0), for

which either slow H atoms or the presence of a narrow forward-scattering peak make the analysis
more uncertain, the agreement between experiment and theoretical predictions is excellent.

© 2001 American Institute of Physic§DOI: 10.1063/1.1390505

I. INTRODUCTION including H+D,,** CI+HD,*® CI+CH,,*"*® and
Cl+CHg. 1972

The past few years have witnessed unprecedented ex- The photoloc technique permits a measurement of
perimental advances in the investigation of the #, reac-  center-of-mass angular distributions over the entire scattering
tion and its isotopic variants with the first reports of state-angular range with an experimental resolution comparable to
resolved angular distributions at well-defined collision more demanding crossed molecular beam techniques. Such a
energies: '? Laser methods to photoinitiate the chemical re-complete coverage from forward to backward scattering is
action and to detect the minute product yields into specifimot generally possible in crossed-molecular-beam ap-
product rovibrational states have made such a breakthrougiroaches where the laboratory-to-center-of-mass transforma-
possible. tion combined with geometrical constraints introduced by the

One of these approaches, the so-called photoloc techbeam sources often mask portions of the product center-of-
nigue (photo initiated reaction analyzed via thkw of mass angular distribution. In the very elegant and elaborate
cosines,’*~® uses laser photolysis with a well-defined crossed-beam experiments on the B}, reaction carried out
electric-field polarization to initiate the chemical reaction in by Schnieder, Welge, and co-workeérs’*the experimental
a coexpanded mixture of a photolytic precursor and reagenglesign of the apparatus leads to a complete insensitivity to
A measurement of the product laboratory speed distributiofProduct scattering below 50(these laboratory angles are
for a particular rovibrational product state allows a determi-buried in the [3 beam). Despite the very high quality of the
nation of the corresponding center-of-mass angular distribudata obtained by this group, their technique has been unable
tion. Measurement of this laboratory speed distribution had0 measure a potentially very interesting scattering region,
been achieved by the use of multiphoton ionization detectio§'Nich is sensitive to the very details of the dynamics of this
of the reaction product coupled to velocity-sensitive time-of-"€action system. As we show in this work, such a limitation

flight mass spectrometry for a number of chemical reactiondS N0t generally present in the photoloc approach.
Using the photoloc technique, Zare and co-workers have

recently reported experimental center-of-mass angular distri-
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laser experimental geometry. In this approach, the same lasdr METHODS

pulse was utilized to photolyze the HBr precursor and top Experiment

detect the nascent HD(, ') laboratory speed. A carefully ) ) ,

calibrated velocity basis set was employed to invert the ex- . The experimental implementation of the photoloc tech-

3! 1
perimental signals into the corresponding center-of-mass arj-a4e for the HrD,—HD(v", j) +D reaction system has

e S ) been described in detail in previous publicatiénWe limit
gular distributions. The well-justified assumptions are mad ’ P

) ) Burselves to provide a brief account relevant to the present
that the slow HBr photolysis channel does not Cont”bmecomparison with theoretical calculations.

more than 10%—15% to the measured signal and the experi- A 1:4 mixture of HBr and B is expanded into a vacuum

mental velocity resolution is sufficient to justify the unique- chamber by means of a pulsed nozzle valve. A single, lin-
ness of the speed-to-scattering-angle inversion procedurearly polarized laser pulse operating in the range of 208—218
These experimental results showed a clear dependence of then is used to photolyze the HBr precursor and to detect
angular distributions on product rotational quantum numbesimultaneously and state-selectively the nascenttHDj(’)

and were consistent with a hard-sphere reaction model wheféaction product by2+1) resonance-enhanced multiphoton
the initial impact parameter is preferentially channeled intoonization (REMP) through theQ-branch members of the

15+ 15+ " _ H
product rotation. No theoretical calculations, however, werd1P E; 25 -X"%g(0,v"=1,2) bands. As previously
this detection scheme is most sensitiize., within

. ; : . : . shown
;v;;ltztl)ldea?;the time for a direct comparison with the experi 2 few pe_rcer')t © t_h_e numbqr_ density of the probed mol-
. . o ecules. Single-collision conditions were ensured by perform-
As a conthuatlon of this line of work:on the +D, ing the experiments 25—35 nozzle diameters away from the
exchange reaction, we report a detailed comparison betwegf,m source. With this experimental approach, we only col-
experiment and quantum mechani¢gM) calculation on et those HD molecules generated during the duration of the
the Boothroyd, Keogh, Martin, and Peter$o(BKMP2) po-  |aser pulse, whose temporal width lies between 5 and 6 ns.
tential energy surface. This PES has proved to be one of thghe collision energy resolution of these experiments-&0
most accurate up to dateWe have taken special care to meV full width at half maximum(FWHM) and it mainly
examine the effect of the slow HBr photolysis channel asarises from the residual translational temperature of our
well as the adequacy of the inversion procedure used to o2eéam expansionT(~50K). Such a spread in collision en-
tain center-of-mass angular distributions from the experi£rgy is of a similar magnitude to the variations in collision

mental raw data. The quantitative agreement between theof§"€rgy caused by the scanning of the photolysis-probe laser

and experiment that we report in Sec. IlIB1 supports thePCross different HQ{', j’) REMPI resonances. The,De-

validity of our original assumptionéhich were made prior agent internal energy distribution has been characterized by

oo (2+1) REMPI and corresponds to 0.45:0.35:0.10 in {te
to the availability of QM resulisand suggests that the pho- =0,1,2 levels of the ground vibrational leveT {~90K).

toloc technique is well-suited for the study of this important 5, photolysis in our wavelength range generates fast and
reaction system. However, the lower sensitivity to the for-giow H atoms correlating with B#Ps,) and Br@Py,)

ward region, especially to very sharp scattering featuresespectively?®° Branching fraction measurements in our
calls for a closer interplay of experiment and theory. In paraboratory and in other® show that the slow photolysis
ticular, we find that for the state HD(=2,j'=0) the raw  channel has a photolysis branching fraction~gd.15 at the
experimental data is consistent with the theoretical resultphotolysis wavelengths of the experiments.

but the inversion of the experimental velocity distribution is ~ After HBr photolysis and subsequent HD ionization,
not capable of providing the fine details of the scatteringProduct ions travel inside a Wiley—McLaren time-of-flight

process at very small angles. Strong forward-scattering fesPectrometer. A core extract¢8 mm radiug placed along
tures for H-D,—HD(v'=3,j'=0)+D at 1.64 eV have the time-of-flight axis selects only those ions with maximal

speed projections along the time-of-fligtdetection axis

ior to their detection by a microchannel plate detector. In

. . . .pr
laser, phothyS|s-probe approach. Redé%ced-d|menS|onaI|t§” the experiments, the photolysis-probe laser polarization
QM calculations by Truhlar and co-workérsiave shown a g perpendicular to the detection axis. To avoid space-

correspondence between these experimental findings andcfarge effects and other experimental artifacts, all the experi-
scattering resonance for the compound state HRB(3,  ments were conducted under single-ion-counting conditions
v,=0,J=20). Such a study constitutes the first experimen-with typical collection times ranging between X%0° and

tal observation of resonance behavior in the state-resolve8x 10° laser shots at a 10 Hz repetition rate. The core-
differential cross section for the +HD, reaction system. In extracted time-of-flight profiles are digitized and stored in a
light of these new findings and the increasing availability ofpersonal computer for inversion of the laboratory speed dis-
well-converged QM differential cross sections over a finetribution into center-of-mass angular distributions.

grid of collision energie$?=2° we pay special attention in

Secs. 1lIB 2 and 11l C to analyzing our present experimentalB- Theory

sensitivity to the forward-scattering region. Our intent is to  All the theoretical calculations have been carried out on
provide the proper framework for a full exploitation of the the BKMP2 PES? The QM reactive scattering calculations
experimental data obtained using the photoloc technique. for the H+D,(v=0,j=0) reaction have been performed us-

been recently observed by Zare and co-workasing a two-
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TABLE I. Summary of experimental and theoretical parameters.

Collision energy(eV) HBr photolysis
Experiment QM calculation Branching Spatial anisotropy3
fraction
HD(v', ") Fast Slow Fast Slow Br*/(Br+Br*) Fast Slow

1,9 1.71 1.37 1.70 1.39 0.15 -1.0 1.0
(1,5 1.70 1.34 1.70 1.30 0.15 -1.0 1.0
1,8 1.66 1.30 1.64 1.30 0.15 -1.0 1.0
(2,0 1.56 1.20 1.55 1.20 0.15 -1.0 1.2
2,3 1.55 1.19 1.55 1.20 0.15 -1.0 1.2
(2,5 1.53 1.17 1.55 1.15 0.15 -1.0 1.2

ing a coupled-channel hyperspherical coordinate méfratd ~ A. Theoretical results
a total of 7 collision energies in the range 1.15-1.70 eV. The
precise values of the collision energies employed in the cal

;:J lations are sthlownl n 'I;able |. They closgly fccl)rresponq %nd QCT differential cross sections for the product states

€ expenimental values 1o ensure a meaningtul CompariSohy, o\ 4t to this work as a function of center-of-mass scatter-

At these collision energies, well-converged integral and dlf-ing angled, . Both QM and QCT angular distributions fol-
[

ferential cross sections have heen obtained by using the Pibw very similar trends, and the agreement between both sets

r?”&?tersllflnax:?'l Emax=2.65 ?V’t atn?kmalell and by tIS of calculations is in some cases very good, as it has been
cluding all partial waves up 1o total anguiar momentim - g, previously at other collision energhé&l® Such a

:.34' FurtEer ccgmputatlcinal detayl;nlr:]ave been given in prehearly guantitative agreement is not only true for the abso-
Vious work on this reaction Systern-or comparison pur e yaye of the differential cross section but also for finer
poses, we have also carried out quasiclassical trajecto

(QCT) calculations. Batches of>21C° trajectories were run width, dependence on product rotational level,Jetc.

at 1.55 and 1.70 eV collision energies and a batch of 4 Despite this overall good agreement between QM and

x 10° trajectories was run at 1.64 eV. The gletans of the QCTQCT differential cross sections, the QCT calculations tend to
method employed for the present calculations have been d

. 3 §mooth out the oscillatory behavior of the QM differential
scribed elsewhere: cross sections and to underestimate the amount of forward
scattering by as much as a factor of 4 for HDE2,j’
=0). We also note that forward scattering is most prominent
for the states with the largegsmallest amount of vibra-
tional (rotationa) excitation.

To initiate our discussion on forward-scattering features
in the H+D, reaction, we show in Fig. 1 the theoretical QM

Ill. RESULTS AND DISCUSSION

Table | provides a summary of the experimental and the- _ _
oretical parameters used in the present work. The experimef. Comparison between experiment and QM
tal results may be subdivided into two groups, namelyPredictions
HD(v'=1,j") a_1t collision energies centered around 1.7Q eV.1. Differential reaction rates
and HD@p'=2,j') at 1.55 eV. The present QM calculations

performed in the collision energy range 1.15-1.70 eV allow In order to incorporate the contribution of both photoly-
for a comparison with experimental results well within the sis channels in the theoretical predictions, we need to bear in

experimental collision energy resolution of 50 meV. We alsodm'nd.thatfthe experlmer:jt is only sensm:j/e tp;_he trc:tal numberl
list in Table | the experimentally determined HBr photolysis ensity of reaction products generated within the tempora

branching fractions as well as the spatial anisotropies at thgnvelope of the photolysis-probe laser. Typically, the rate of

collision energies of our experiments. We note that while thé_m(v +1") product formation is given by the familiar ex-

fast H-atom spatial anisotropy remains constant over ouPresston,

photolysis wavelength range, the slow channel anisotropy dnyp

depends more steeply on the wavelength. Over our range of T:(”H' nDz)‘(Z ki(Ecm,)'Xi), @
photolysis wavelengthsBg,.~1.0 for HD@'=1,j’) and

Beow~1.2 for HD@'=2,j"),3% which indicates the in- Whereny and Np, are the total number densities of the reac-
creasing contribution of perpendicular character for this photants,k;(E.y) is the reaction rate for reaction into a given
todissociation channel with respect to the purely parallel beHD(v', j') state at a collision energ..,, andX; is the
havior (B=2.0) observed closer to the energetic branching fraction for théth photolysis channel. In our par-
threshold?®%-33This information is necessary to carry out a ticular case, the sum in Eql) reduces to two terms with
detailed comparison with theory at the level of angular dis-X;=0.85 and 0.15, corresponding to the fast and slow HBr
tributions and forward-convoluted time-of-flight profiles photolysis channels, respectively. The reaction kat&.;)
(Sec. llI B). is given by
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FIG. 1. QM and QCT differential cross sections for all the HD( ") product states relevant to this work. The collision energies of the calculated differential
cross sections correspond to those of the fast HBr photolysis chéseellable)l Error bars in the QCT angular distributions correspond-terl

ki(Econ) = ai(Ecan) - v, (2) need to be explicitly considered in the present comparison.

. . . The last term amounts to a numerical constant that depends
Whew_'s the r(_eactlon Cross sect_lo_n am;li only on the specifics of the experimental procedure, i.e., it

= \/ZEcolllr“H—Dz is the relative speed of the collision pair for nerely represents the absolute number of HD products de-
theith photolysis channel. Within the first few nanosecondsiected. Consequently, we can define a solid-angle differential

there is a negligible depletion of the reactant number denSiproduct yield and differential reaction rate as

ties (nH,nD2>nHD). Consequently, the total number of HD

productsnyp detected in the experiments is given by time Npyp z IKi(Econ)
integration of Eq.(1) taking into account the temporal line 90, =(Ny-Np,)- i a0, Xi
shape of the excitation-detection lageee Appendix The

result can be written as

+ o
: J-O gphotfprobe(t)dtu (4)
nHD_(nH'nDz)'(Z ki(Ecoll)'Xi> _ _ _ _
! where the differential reaction ratk;(E.q)/ €}, is related

+o to the calculated differential cross sectiém;(Eq)/dQ, by
: f Ophot—probd 1) dt, (3)  an analogous expression as that shown by(Ex.
0

wheregpnor probd t) is @ function that depends on the tempo-  9Ki(Econ)  doi(Econ) .
ral profile of the laser as well as on the specifics of the o, e, - ®
absorption and detection steps. This last term in Bg.is

identical for both photolysis channels. Therefore, it does nofherefore, for a comparison of specific HD(j’) product
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states it is only necessary to know the corresponding differby their occurencedcf. Table ). The experimental points
ential reaction rates and branching fractions for the fast antlave been obtained from linear least-squares fits using
slow HBr photolysis channels. evenly spaced velocity basis functions as described in detail
To account for the effects of instrumental resolution inpreviously?>® The experimental angular distributions have
the present comparison, we have blurred the theoretical disseen scaled to the same area as the corresponding theoretical
tributions by the instrument function. In previous wdrk, distributions. Their associated error bars represend Lin-
calibration of the instrument with single-speed velocity dis-certainty bands. The effect of the instrument function on the
tributions has showed that the experimental resolution in vetheoretical distributions is not major in the backscattering
locity space(i.e., time-of-flight profil@ may be approxi- hemisphere but it clearly broadens and flattens the sharp
mately modeled by the use of a Gaussian line shape, i.e., forward-scattering peaks of the loj-states. Overall, the
agreement between experimental and theoretical predictions
—(r=w)13,)? 6) is very satisfactory. For both HD(=1,j’) and HD@’
=2,j") reaction products, the angular distributions shift
from backward toward sideways scattering as the product

_ — o . rotational angular quantum number increases. Qualitatively,
by 8,=FWHM/2yIn 2. The value forg, is directly obtained this behavior is the expected dependence of a direct reaction

fr.om the .total laboratory gpeed range a_nd the numbgr of b"’}i\/here the initial impact parametémitial orbital angular
sis functions employed in the inversion of expenmentalmomemum is preferentially channeled into product
time-of-flight profiles. We note that the instrumental resolu—ro,[ati on3*
fcion o, is constant in'velocity space, but not when expressed The contribution of the slow photolysis channel to the
n term_s O.f the_varlable ce%. Such an angle_-dependen_t total differential reaction rate is greatest for HDE 1, |’
resolution is a direct consequence of the nonlinear mapping 1) product staté19.5% for which the state-specific total
gs;ﬁgﬁz p;?]d?;t I?Sg,:aéori/h:ﬁz\iﬂgf zzggmceesnter—of—mass reaction cross section at the lower collision energy of 1.39
g anglér g y ' eV is ~1.3 times greater than the corresponding one at 1.70
VE{D:U%M*” Uﬁo+2'UCM'UHD'0039r, (7) eV. The shape of the angular distribution, however, is not
) ) greatly modified by the incorporation of the slower reaction
whereucy is the center-of-mass speed angb is the prod-  channel and the agreement with experiment remains very
uct speed in the center-of-mass scattering frame. From EQqistactory. The smallest contribution of the slow channel
(7), we find that the approximate angular resolut&g@s(,r IS (0.0299 occurs for HDg'=2,j'=5). All other rovibra-

related to the(constank experimental time-of-flight resolu- tional product states fall between these two limits with an

1
fins v — Vi):< P \/;

whereé, is related to the FWHM of the instrument function

-e

tion 6, by average contribution of the slow channel of11%. This
o value is within our previous estimates ranging 10%—15%,
Scoso =<—) ) (8)  which justified the inversion of the experimental data into
" \Ucm Unp

center-of-mass angular distributions prior to the availability
From previous work on this reaction systénfthe resulting  of theoretical calculations. It is expected, however, that ne-
angular resolution in the experimental data varies from 5° ta@glect of the slow reaction channel will make the agreement
6° in the backward (co&=—1) to 12°-13° in the forward for the finest details of the angular distribution less quantita-
scattering region (co&=+1). tive. The QM calculations shown in Figs. 1 and 2 have only
The angle-dependent instrumental function required tdeen performed for the rotationless state of ther@agent
blur the theoretical angular distributions may be obtainedwvhile, as explained in Sec. Il A, our experimental diatomic
from Eq. (6) as follows: reagent distribution spreads over the first three rotational lev-
els. Whereas we have not incorporated all rotational levels in

sl COSO, — COSO, ) = finel v— i) - ( dv our comparison we expect that differences with the presented
’ d cosé, results will be minor. This claim is substantiated by quasi-
Uen- Unip classical trajectory calculations at 1.29 eV by Aetzal >* as
=fins(v— vﬂ-(—). (99  well as the very satisfactory agreement between theory and
v experiment evidenced by the results shown in Fig. 2.
Finally, the blurred angular distribution is given by convolu-  The agreement between experiment and calculation at
tion of Eq. (9) with the theoretical angular distribution, the level of angular distributions is less satisfactory in two
situations. For the HQ(' =1,]'=8) state, the contribution
< gk > _ j“ f..o(COSH, — COSH, ;) of the slow channel to the total differential reaction rate is
ins r r,i e . .
0] s - well within the experimental error bars report@d. Fig. 2.
" There is, nevertheless, a sensible discrepancy between ex-
ak q o 10 perimental and theoretical distributions in the backscattering
a0, coso, cosr- (10 region, the experimental distribution being broader than the

theoretical one. In addition, the calculated HDE?2,j’
Figure 2 shows a comparison of the experimental and blurreer 0) shows an intense and narrow forward scattering peak
theoretical angular distributions. We have included in eachot present in the experimental angular distributions. A simi-
plot the contributions of both photolysis channels weightedar but less dramatic forward-scattering peak is also present
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FIG. 2. Comparison of experimental and blurred theoretical angular distributions for all the’ HD( relevant to this work. Dashed and dotted lines
correspond to the contributions of the fast and slow HBr photolysis channel, respectively. The experimentéiilpmintgcles are shown along with their
associated t o error bars. Table | shows the experimental and theoretical collision energies used for each HD rovibrational state.

for HD(v'=1,j’=1). We note, however, that the experi- calculates directly the differential cross section, the experi-
mental data for this state was obtained at lower resolutiofinental data has been obtained from an inversion of the labo-
and, thus, we expect to be less sensitive to the lesgatory product velocity distributior{time-of-flight profile
pronounced forward scattering peak. As mentioned beforéto an angular distribution. A necessary step in such a pro-
and discussed in previous publicationd the angular reso- cedure is to define a finite product laboratory velocity basis
lution of photoloc experiments is angle-dependent, beinget and to perform a linear least-squares fit of the experimen-
best in the backward-scattering region and worst in theal signal. The size of this basis setumber of basis func-
forward-scattering region. In spite of this decrease in forwardions) is determined by the instrumental velocity resolution
scattering resolution, it should still be possible to obtainand it has been obtained by an extensive calibration of the
meaningful information about the fastest moving productsinstrument using single-speed velocity distributions arising
In order to extract such information, it is necessary tofrom photolysis and chemical reactiéf® Implicit in this
complement the speed-to-angle inversion procedure with analysis is the assumption that there is sufficient instrumental

more direct approach. Thus, we were motivated to investiresolution to obtain a nearly unique fit of the experimental
gate a forward-convolution of the theoretical angular distri-signal.

butions into t|me'0f'ﬂ|ght prOfileS to allow for a direct com- The Comparison presented in the previous Section be_
parison of the theoretical predictions with the raw tyeen experiment and theory corroborates to a great extent
experimental data. the adequacy of this approach. Nevertheless, it is still pos-
) ) ] sible to test further the method by calculating the time-of-
2. Forward-convoluted time-of-flight profiles flight profiles that would result from the theoretical angular

In Sec. Il B 1 we compared experiment and theory at thedistributions and to compare them with the raw experimental
level of angular distributions. While a theoretical approachdata. To this end, we proceeded as follows. In our photoloc
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experiment, the center-of-mass angular distribution from
chemical reaction for a particular HB(,j’) quantum state

is related to the three-dimensional laboratory velocity distri-
bution by the following expressiot?:

b B 1 1 do
(o) = 2-Ucw Upp* Php) ;er

[1+ Brxn(Ucm: ) - P2(€phot Prp) 1,

(11)
whereucy, Unp, vup retain the same meaning as before,
the superscript carats denote unit vectors, émt corre-
sponds to a unit vector along the photolysis laser polariza-
tion. The second term in E¢l1) corresponds to the normal-
ized differential cross section at a given solid angle. To
include the effects of both photolysis channels in this simu-
lation, it is only necessary to replace this second term by the
corresponding differential reaction rate and to sum over all
possible photolysis channels taking into account their differ-
ent photolysis anisotropigsee Table)l

Using the same instrumental parameters as those em-
ployed in the analysis of the experimental data, we have
performed a Monte Carlo simulation of the theoretical angu-
lar distributions. Briefly, the simulation is performed by sam-

Fernandez-Alonso et al.
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pling the three-dimensional velocity distribution shown in FIG. 3. Comparison between experimental HD¢1,]") time-of-flight

Eq. (11). The probability of an ion packet with a definite

profiles and the corresponding forward convolutions of the QM angular
distributions. As in Fig. 2, we show the contributions of the two HBr pho-

laboratory speed and angular anisotropy is computed for g&jysis channels to the total sign@ee legend in the figure

given experimental geometry taking into account the instru-
mental velocity resolution. The parametrizations used to de-

scribe the instrument function have already been described ipackscattered product, consistent with the experimental an-

detail in previous work:>3

gular distribution that assumed a single photolysis channel.

The resulting forward-convoluted, core-extracted time-From these considerations we conclude that it is quite justi-
of-flight profiles are shown in Figs. 3 and 4 for all the prod- fiable to neglect the effect of the slow photolysis channel
uct rovibrational states. We also show the contributions ofrovided its contribution is smallL0%—-20% and the prod-

the two photolysis channels to the total forward-convoluted
time-of-flight profile in an analogous manner to what was
shown in Fig. 2. As before, we have normalized the experi-
mental and theoretical time-of-flight profiles to the same area
for ease of comparison.

The slower photolysis channel has a more visible effect
for the HD@'=1,]') states with contributions ranging from
~20% for HD('=1,j’=1) and HD@p'=1,j'=5) to 15%
for HD(v'=1,j'=8). For HD@'=1,j'=1) and HD@'
=1,j'=5) the overall shape of the forward-convoluted
time-of-flight profile does not change appreciably after the
inclusion of the slower channel. Specifically, for HD(
=1,j'=5), the slight lower weight given to the slow-
moving signal can account for the minor differences between
theory and experiment in the position of the backscattering
local minimum. A more interesting scenario is revealed for
HD(v’'=1,j'=8). In this case, the time-of-flight profile has
shifted to higher product laboratory speddsore sideways
scattering for both photolysis channelef. Figs. 1 and 2
However, the slow photolysis channel has a noticeably nar-
rower velocity span and the resulting time-of-flight profile
falls in a range corresponding to backward scattering for the
fast photolysis channel. Because the experimental sensitivity
after core-extraction is largest for back-scattered products,
addition of a mere 15% of signal to the slow portion of the
time-of-flight results in an overestimation of the amount of

lon Signal [Arb. Units]

T T T T T T
_o_ g v=2=0
----- QM slow
——QMtotal
i L 1 L 1 2 1 L 1 ]
-200 -100 0 100 200 300
T I I i i N T T
v=2j=3
i 1 J N 1 1 ] i
-200 -100 0 100 200 300
T T T T T T T T
V'=2,=5
L 1 L 1 L 1 1 1
-300 -200 -100 0 100 200 300
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FIG. 4. Same as Fig. 3 but for HD(=2, ') product states.

Downloaded 22 Apr 2004 to 171.64.124.7. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 115, No. 10, 8 September 2001 The H+D,—HD+D reaction 4541

peak. The total product laboratory velocity range is 7700

O experiment qge [ V=2,'=0 m/s. Moreover, we also need to incorporate the decreased
BV 4 B sensitivity of the core-extraction technique to fast-moving
7 ——QMotal o products, which becomes particularly strong for certain prod-
= g uct speed combinatiorisee Sec. Il ¢ It is then understand-
= 3| able that an inversion procedure using a finite basis set with
g S the lowest resolution in the forward-scattering region may
5 o not be capable of accounting for such a sharp and narrow
5 ° 9T scattering feature. Note that in Fig. 2 there is only one ve-
'U;) locity basis function encompassing the angles for most for-
] R S IR ward scattering. Moreover, the least-squares fitting procedure
= used to extract the experimental angular distribution only
—— L Ly tries to minimize the global chi-squares and is not very sen-
300 -200 -100 O 100 200 300 sitive to small changes in the chi-squares induced by a better
TOF [ns] fit of the fast(forward-scatteringwings of the time-of-flight

profile. We are then led to conclude that a detailed analysis
FIG. 5. Blow-up of the experimental time-of-flight profile and theoretical ¢ sharp, forward-scattering features in photoloc-derived an-

forward convolution corresponding to HD(=2,j'=0). In both experi- T . . .
ment and calculation, there is a clear contribution of the fastest moving HI:gular distributions requires not only an inversion of labora-

products. This signature corresponds to the forward-scattering peak showl®ry time-of-flights into angular distributions using a finite
in Figs. 1 and 2 for this product state. laboratory velocity basis set but also a comparison of the

experimental time-of-flights with forward-convoluted theo-
retical or model angular distributions.

uct laboratory speed ranges are similar, i.e., both channels

are away from the energetic reaction threshold and their col-

lision energies are not very dissimilar. C. Sensitivity of the photoloc technique to forward
For the HD@p'=2,]') states(see Fig. 4, the contribu-  scattering

tion of the slow photolysis channel to the time-of-flight pro-

file has decreased considerably with respect to #{D( this section, a few qualitative remarks are in order. It is rela-

:1}1.3' t'The \r/]\{oLst(]Icase 'f HD(“=2,J d.:3ihw't2 a 90/:: th tively simple to understand why core-extracted time-of-flight
;:on f clij lon WI Kt: q Ses n? ﬂgrﬁ? y TIO |f|¥ ﬁ; e_\pze .cf eprofiles suffer from a decreased sensitivity to forward scat-
orwar 'Convo'“,' € _ltne-o flight profile. For HD(=2,}’ tering. To appreciate this feature, we assume that the chemi-
=0) and HD@p'=2,j'=5) the slow-channel contribution

. cal reaction produces equal amounts of fast- and slow-
0, 0,
has decreased to 3% and 0.04%, respeciively. The agreemer%vmg products with identical spatial anisotropies. The

k?etw‘?e” the simulated and expenmenfcal t'me'Of'ﬂ'ght_pro'corresponding one-dimensional projection of this velocity
files is excellent. Such an agreement is also present in t

lar_distributi ially for HD(=2.1"—=3 d N§istribution would be the arithmetic sum of two profiles of
arlgg(u ?r 2'?” g;'ogz'r lj%e(cta é jc,’r 0) (tge éijm; 02 ﬂ?g?ht identical shape but with different velocity spans, i.e., the
v = = . v = = - - . . H
’ ’ ’ fast- h f h
profiles show a narrow back-scatteredow) peak both in ast-moving one being stretched by a facton Rt/ veiou Wit

) . . __respect to the slow-moving one. An immediate consequence
the theoretical forward-convoluted and experimental profiles P g g

. . : . of such an addition is the unavoidable pile-up of contribu-
consistent with predominant backscattering. The narrow yek < ¢ different speeds at the same time-of-flight and a
intense forward scattering feature in the calculated angul

distribui Fi ; K K talreduction of the experimenter’s ability to invert with confi-
istribution (see Fig. ] appears as two very weak peaks a dence the time-of-flight profile into a center-of-mass angular

the maximal product laboratory speed. In Fig. 5 we show arEiistribution, given the practical existence of experimental

enlarged view of the HI('=2,j’'=0) time-of-flight pro- — \is0 anq finite instrumental resolution. By use of a core
f||gs. The experimental t|me_—of—fl|ght profile is cc_)nS|stent extractor, only the edges of each individual speed contribu-
with the o narrow fast-movmg peaks corresponding to the[ion are detected and, therefore, the amount of overlap be-
Iﬁr\{[vard—sc:‘[attermg s&gn?tlurécf. :Zlgs. L agd t)i]AISIO notr(]e tween different product speeds is dramatically decreased.
at over these proguct laboratory speeds the siow chann owever, we also lose the ability to relate directly the rela-
does not contribute and, therefore, all the signal experimeng . - ounts of products at different speddsly a careful
tally observed at these laboratory speeds corresponds 1o fat,sz}tlibration of the instrument function can recover this infor-

NS )
E;orv\;ar?-s;:]atterel)dHND(v t; 2|,J _(?d)1 p’t'O?UICt a”s'ntg f][O”Y‘ aEatior). Qualitatively, for our previous example of a fast-
€ Tast channel. Nevertheless, the tolal amount ot Signa, 4 slow-moving velocity distribution, and assuming perfect
corresponding to forward scattering is very small. We eSt"core-extraction the core-extracted signals for the fést-
mate that for this product state only a few ions out of 300— '

400 ions at the peak of the profile were detected in the coursward) and slow-movingbackward products would approxi-

fhately scale as
of the experimental runs, thereby giving rise to the large y
amount of shot noise in the experimental profile. In velocity
space, the width of this forward-scattering peak is on the ast__ Vslow (12)

order of 6 m/s compared t&1000 m/s for the backscattered Soow  Viast

As a prelude to a quantitative analysis that follows in
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@) A Dis‘tribuﬁons ' _‘_Moden [ and laboratory product speeds, which we allowed to vary as
________ Model 2 i explained below. The figure of merit in the forward-

| convoluted time-of-flight profiles shown in Figs(b and

| 6(c) is the parametew, closely related to Eq(12), and de-

A fined as*

|

o =
© o
L

14
@
i

Diff. Cross Section [Arb. Units]
o ©
ll\> s

4
=1
-

10 05 0.0 05 10 Uyp
oS 6, A= —. (13)
Ucm

(b) Model 1

N 10 This parameter is a direct measure of the feasibility of a
: photoloc experiment. The largest laboratory velocity range

M Vrange @Nd, consequently, the largest number of single-speed
N AR R velocity basis functions occurs whew=1. This condition
- XL has been typically considered to be the optimal one for a
200 100 0 100 20 photoloc experiment because it represents the point at which
the experiment uses the largest range of product laboratory
speeds resulting in a concomitant increase in the number of
-------- 10 single-speed basis functioffsWe see, however, that such is
not the case in terms of the experimental sensitivity to for-
ward scattering. In Figs.(B) and Gc), the poorest sensitivity
to forward scattering occurs for precisely this value cof
Such a lack of sensitivity is a consequence of the presence of
100 200 a very strongvyp~0 peak in the time-of-flight profile aris-

ing from backward-scattered signal. For the other two cases

(@=0.5, 2.0, the situation is more favorablef. Fig. 6b)]

FIG. 6. Forward convolutions of forward-backward model a_ngL_JIar distribu- 59 the differences in sensitivity to forward and backward
tions for several values of the parameter(see text for definitions (a) . . L .
Model angular distributions(b) and (c) Corresponding time-of-flight pro- scattering remain within the same order of magnitude. Such

lon Signal [Arb. Units]

(c) Model 2

lon Signal [Arb. Units]

500 100 0
TOF [ns]

files. an increase in sensitivity is, however, linked with a smaller
range of laboratory speeds and, therefore, a smaller angular
resolution.

For the state HD{'=2,j'=0), «=1.01, a value ap-

From these simple considerations summarized by(E, it ~ proaching the worst case for forward-scattering sensitivity.
becomes apparent that fof,.s vq0y, the experimental sen- This finding helps explaining the low experimental sensitiv-
sitivity to forward scattering approaches zero. Equafiy ity to the theoretical forward-scattering peak, as evidenced
may be used as a rough guide for the sensitivity to forwardy the inability of a global inversion procedure to grasp the
scattering of a given experiment. In practical situations, thé@pidly varying feature at 0°. We also note the great sensitiv-
limit veaes Vg iS determined by both the instrumental reso-1tY t0 the width of the forward peak. As shown in FiggbB

lution and the signal to noise ratio. More than an order-of-2nd @c), & decrease of the forward scattered peak width by
magnitude difference between the sensitivity to fast- and"€rely a factor of 2 completely alters our expeglmental sen-
slow-moving products may be sufficient to add uncertainty>1Vity making the detection of a very narro° or less

to a direct inversion of the experimental data into a centerfeatu_re much more demandmg for all value_Saol’;hown n
o . . the figure. A complete comparison of experimental and the-
of-mass angular distribution, particularly in regard to the

overall magnitude of forward-scattering peaks. In such aoretlcal angular distributions requires full account of these

. . considerations.

case, a direct forward-convolution procedure as the one de-" ", HDE'=3,j’) experimental angular distribu-

scribed in S_ec. lB 2 may b.e more apprqprlate. .. tions atE.,=1.64 eV recently reported to exhibit a large
To provide a more quantitative analysis of the Ser‘S't'v'tyforward-scattering componénthe situation is closer to the

of photoloc experiments using core-extraction to forward-Case shown in Fig. ®) (« ranges between 0.3 and 0.7

scattering features, we have carried out time-of-flight simu—p 5 our experimental sensitivity to forward scattering is
lations of model forward—backward angular distributionssnnanced with respect to the HB(E=2,j'=0) case pre-

closely resembling the situation existing for the BDE2,  gented in this work. This conclusion is confirmed by the
j’=0) product state. In Fig.(& we show the model angular |ineshape of the experimental time-of-flight profiles, which
distributions used in these simulations. They Correspond tghow a noticeable fast Component Corresponding to the
Gaussian, forward—backward symmetric differential crosSorward-scattering peaksee Fig. €b)]. Within the frame-
sections with angular widths of 10° half width at half maxi- work presented throughout this work, it should be possible to
mum (HWHM) in the backward region and 10° and 5° provide a direct comparison between theory and experiment
HWHM in the forward region. We have employed the samein an attempt to understand the origin of resonance behavior
simulation parameters as those used for the tHB{(2,j’ in this reaction system manifested at the level of product-
=0) in Sec. Il B 2 with the exception of the center-of-massstate-resolved angular distributions.
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IV. CONCLUSIONS

The sensitivity of the photoloc technique to forward-
scattering features has been thoroughly investigated by e» 1 im@) .
plicit comparison between one-laser experiments and QN 5] - n® Ak
predictions on the HD,—HD+D exchange reaction. Over- T Mgl
all, the agreement between experiment and theory is ver : ]
satisfactory, illustrating the robustness of the inversion pro-
cedure typically used to extract dynamical information from
photoloc experiments. Discrepancies between theory and e;
periment have been attributed to either the presence of th
slower photolysis channel in the one-laser experiments, es
pecially for HD@'=1,j'=8), and/or to the lower angular 0.2
resolution and sensitivity in the forward scattering region for
particular HD@ ', j’) states. An alternative comparison be-
tween theory and experiment performed by explicit forward- 00 T : — T - -
convolution of the theoretical angular distributions corrobo- o8 09 ] b ] ' 12
rates the above conclusions. Furthermore, it shows that the Time [Arb. Units]
forward-scattering peak present in the QM calculation forgig 7. solution of the reactant and product temporal evolution upon exci-
HD(v'=2,j'=0) is consistent with the experimental raw tation by a square laser pulse. The traces shown have been arbitrarily scaled
data. Simulation of QM and model angular distributionsto highlight their time dependence.
show that care must be exercised in interpreting the exact
form of forward-scattering features obtained from inversion

of exp_erimental time_-of-flig_ht data, i.e., the instrumentalwr1ereAX is the photolytic precursoA is the “hot” particle,
resolution and the kinematics of the detected HD(') g s the molecular reagent, akB andC are the reaction

state may broaden the sharpness of any forward-s:ca'_[t_eriﬁoducts_ The system of first-order differential equations and
feature. These simulations also demonstrate the significatitio| onditions governing step@A1)—(A3) is given by

gain in understanding that can be obtained when it is pos-
sible to forward-convolute reliable QM calculations for a dnax

0.6 - L

0.4 L

Intensity [Arb. Units]

comparison with raw experimental data. gt = Kono()-Max  Nax(0)= Nax (A4)
dngc ini
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0.6 4

APPENDIX: RATE EQUATION MODELING
OF ONE-LASER EXPERIMENTS

0.4

tensity [Arb. Units]

The photolysis, chemical reaction, and product detection=
that takes place simultaneously under the temporal envelop
of a single laser pulse may be written as

0.2 4

AX+hv—A+X photolysis, (A1) — T T T T T

06 07 08 09 10 11 12 13 14
A+BC—AB+C reaction, (A2) Time [Arb. Units]
AB-+nhy—AB*+e~ product detection, (A3) FIG. 8. Same as Fig. 7 but for a Gaussian laser pulse.
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dnag given laser temporal profilg,s(t), photolysis, chemical
gt~ K MaNecKae(t)-Nas Mas(0)=0, (A8)  reaction, and detection rates. However, the solution to this
g system of first-order differential equations can be greatly

Nap+ _ simplified after imposing two well-justified assumptions. As-

at KaefD)Nag Nag(0)=0, (A9 Sume that the chemical reaction has a negligible contribution
to the depletion of “hot” A atoms and8C molecules, i.e.,
over the duration of a nanosecond laser pulse, the first term
in Eq. (A6) is typically 10—1C times greater than the sec-
ond. Also assume that the detection step does not change
appreciably the population &B products, that is, it merely
probes the product number density. With these two assump-
Kohof( 1) = Kphot iasek ) = 0 phot F - Glasek ), (A10)  tions, the second terms on the right-hand side of E46)

n and(A8) may be set to zero. The solution to the time evolu-

Kl t) =Kaer Qiasel 1) = e (F - Giasef )" (ALD) " tion of all species of interest is then given by successive time
In EQ. (A10), opnetis the photolysis cross sectidon?), Fis  integration of the reagent, product, and ion populations,
the peak laser fluencgphotons cm?s 1), and gj,eet) de- - .
scribes the temporal evolution of the laser pulse. All these — Nax(t) =niay- e~ Jokpnof WY, (A12)
guantities may be obtained experimentally for any given fo-
cusing geometry and photolytic precursor. Similar consider-
ations also apply to EA11), where the effective detection

wherekgnoft), K, andkge(t) are the photolysis, chemical
reaction, and detection rates with units of scm 3s %, and

s !, respectively. For the definition df,,, the reader is
referred to Eq(2) in the main text. The time-dependent rate
constantkpn(t) andkge(t) may be written as

. t
Na(t)=ngy: fokphot(u)-e*fkphO‘“)d“du, (A13)

t

Cross sectionrge has units of crl's" 1. The use of Egs. o
(A8), (A9), and(A11) to model the detection step deserves a  Nag(t) =Ky NaAx: NBc
few comments. In general, it is necessary to incorporate the .
presence of a resonant step and other decay channels of the . J (J Kphof U) - e~ J KpnofWdug u)du, (A14)
excited state populatiodB* that mediates the transition 0
from the ground stat&B neutral to theAB* ion. However,
it is p_osgblg to show that to a first-order apprIOX|mat|o_n, the nAB*(t):ern‘nX;('nglc‘f kdel(u)'f (f Kool U)
total ionization rate for ar{+m) resonant multiphoton ion- 0
ization process follows a power law which scales as
Fntm 3536 Moreover, for the case ofn(+m) multiphoton e kphot(u)dudu>du>du_ (A15)
ionization withn>m, the final ionization step tends to satu-
rate first, approaching af" power dependence. Such power Ngting that the total number of “hot” A atoms produced by
laws may be easily obtained by performing a laser intensityna |aser pulse is given by
dependence of the ion signal. In our experiments using
(2+1) REMPI, the power-law exponents typically vary be- total O

U . : A = = . —J kphofwdu
tween 2.0 and 3.0, indicating partial saturation of the ioniza- A — Na(%) =Nax fo Kpno )@~ ! fenel Wy, (A16)
tion step.
Equations(A4)—(A9) can be solved numerically for any we can rewrite Eq(A15) as

t)= k. .ol pini . t[ KaedW) - J (S kpho[(u)eif kphof WdUg ) du q
Nag+(t) =Kpn Na - Nee J-Sck A l(u)e‘f Koot AU u
pho

- asefWd
=k total . ini ft(o-det'Fn'glr;seﬁu)'f(f glasen(u)e [ Gtasef ) udu)du)du_ (A17)

‘N ‘Npee = —
rxn® A BC o nglasel(u)e I glasefu)dudu

After integration of Eq.(A17) from zero to infinity, it be-  2F. Fernadez-Alonso, B. D. Bean, and R. N. Zare, J. Chem. Phgs,
comes identical in form to Eq3) in the text, that is, the 31022(1,999-
integrand of Eq. (A17) corresponds to the function F. Fernadez-Alonso, B. D. Bean, and R. N. Zare, J. Chem. Phy3,
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