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Photodissociation of HI and DI: Polarization of atomic photofragments
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The complete angular momentum distributions and vector correlation coeffi¢@m@atation and
alignmenj of ground state (FPB,Z) and excited state (ZiPl,z) atoms resulting from the
photodissociation of HI have been computed as a function of photolysis energy. The orientation and
alignment parametelago(p) that describe the coherent and incoherent contributions to the angular
momentum distributions from the multiple electronic states accessed by parallel and perpendicular
transitions are determined using a time-dependent wave packet treatment of the dissociation
dynamics. The dynamics are based on potential energy curves and transition dipole moments that
have been reported previougi. J. LeRoy, G. T. Kraemer, and S. Manzhos, J. Chem. Phi/&.
9353(2002] and used to successfully model the scélatal cross section and branching fracdion

and lowest order vectdanisotropy paramete®) properties of the photodissociation. Predictions of

the ag)(p), parameters for the isotopically substituted species DI are reported and contrasted to the
analogous HI results. The resulting polarization for the corresponding H/D partners are also
determined and demonstrate that both H and D atoms produced can be highly spin polarized.
Comparison of these predictions for HI and DI with experimental measurement will provide the
most stringent test of the current model for the electronic structure and the interpretation of the
dissociation based on noncoupled excited state dynamic0@ American Institute of Physics

[DOI: 10.1063/1.1850465

I. INTRODUCTION butions from three overlapping continuum transitions into
the a°Il;, A'Il;, anda’ll,. states(given in order of in-

Hydrogen iodide represents one of the simplest systems . o .
that dissociates to yield open shell fragments and, thus ﬁreasmg éanergyThere yvas also thg p033|b|.llty of absqrptlon
provides a model system for studying molecular photodisso'—nto thet™3, state but it was predicted to lie at too high an

ciation dynamics on multiple potential energy cur@&Cs. energy to contribute to absorption in tAdband. These quali-

lts photochemistry has been the subject of many experimerf@tive predictions hav1e8 been confirmed by high-leafelini-
tal and theoretical studiés?? In particular, the photodisso- 10 calculations for HE™ While Mulliken predicted qualita-

ciation process tively the states contributing, a detailed interpretation of the
) 5 dissociation process including a quantitative understanding

HI+ hy — H(?S) +1(°Pyy,) of the contributions of these electronic states requires mea-

— H(%9) +1(%P,,) surements beyond the total continuum absorption. The two

_ _ _ fragmentation channels resulting from absorption in this en-
is of interest. Following standard nozmenclature, the twoergy region must be investigated. The production of ground
spin-orbit states of iodine(1P;,) and K*P,,), are referred  state iodine (?P,,) arises from the perpendiculéAQ=1)

to as | and 1, respectively. The goals of the experimental andaycitationsA 1, X 120+ anda [T, — X 120+_ On the other

theoretlgal stud|es_ were to _understan_d the roles of the varioys, 14 excited state iodin€?P,,,) is produced primarily from
electronic states involved in the excitation and the possible

— i 3 1
nonadiabatic transitions that could take place between th% parallel(AQ=0) excitationa Il —X "X, but could also

excited PECs as the molecule fragments. While the first exl—33e prodlfced from a perpendiculdiA(}=1) excitation
perimental studies focused on measurement of the continuufn >1—X 2+ It is the relative roles these electronic states
absorption:™ (the so-calledA-band absorptionmore recent  Play in the photodissociation process, that experiment and
experimental studies have examined the photodissociatioiieory have tried to determine.
process in more detail by measuring the relative yields of the ~ As mentioned above, the focus of the experimental stud-
two spin-orbit states that can be produced and the photofrages has been on the determination of scalar properties, i.e.,
ment angular distributions> the total cross section and the branching fraciomeasur-
Despite the wealth of experimental measurements, littléng the yield of spin-orbit excited atom($’) relative to the
has changed in the qualitative interpretation of the photodistotal yield. There have also been several measureffiehes
sociation process since Mulliken’s work in 19$7His inter-  the vector propertys. For prompt dissociation of a diatomic
pretation was that thé-band absorption was due to contri- molecule following absorption of linearly polarized light, the
fragment recoil velocity angular distribution to lowest order
¥Electronic mail: alex.brown@ualberta.ca is given by
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1(6) = (a/4m)[1 + BP,(cos )], (1) pared to the experimental results and the previous time-
independent calculationt$. The newly determinedag)(p)

where ¢ is the angle between the laser’s polarization direcparameters for (FP5,) and K*Py,) are discussed in Sec.
tion and the recoil velocity vecto is the partial absorption [l B and 11l C, respectively. The polarization of the corre-
cross section for formation of a given product, ghds the  sponding H- and D-atom partners is presented in Sec. Ill D.
anisotropy parameter. The value @ftan range betweer1  Finally, some conclusions and proposals for experimental
and 2 where3=—-1 corresponds to a pure perpendicular tran-verification of these results are given in Sec. IV.
sition while 8=2 corresponds to a pure parallel transition.
While the measurement of the scalar properties gngto- . THEORY
vide a wealth of information on the molecular structure, i.e., In order to investigate photodissociation processes,

PECs, transition dipole moments, and, if applicable, nonaOIiaRnowledge of the underlying potential energy curves and the

batic couplings, underlying the dynamics, there has been ag, o5onding electronic transition dipole moments is re-
explosion of interest in measuring the alignment and/or ori-

: ¢ hal iting f he di o quired. In certain instances, one may also require the nona-
entation of halogen atoms resulting from the dissociation ofjjapatic couplings between the electronic states—they are
diatomic molecule§’

has been show that the spatial distribu.tion of the photq- methodology for treating the dynamics is required. We utilize
fragmgnt an_gu_lar momenta can be d_escnbed by contrib Utlon§time-dependent wave packet treatment of the dynamics and
from dissociation on a single potential energy sUrféRES ¢ this we obtain the properties of interest, including the

and from the interference from dissociation via multiple - ; ; (K)
o hotofragmentatiom matrix elements. Finally, th
PESs. The polarization of the halogen atom, or any othegK g Y, M8y )

. . o arameters can be obtained from the photofragmentation
atom resuiting from photodssguaﬂ_on that possesses angul atrix elements using a well-established theoretical
mom((}a(?tum, can be fully described in the molecular frame bY 2 mework®323 Since much of the theory has been pre-
the% (P) pqrameter? whereK and Q refer to the spatial sented elsewhere, we discuss each of these elements only
distributions in the molecular frame apdrefers to the sym- 0y in 5o far as they apply to the photodissociation of HI.
metry of the transition dipole moment from the ground elec-
tronic state to the dissociating state. The symmptoan be
I, L, or(ll, L) corresponding to pure parallel, pure perpen-
dicular, or mixed parallel/perpendicular excitation. If spin-orbit coupling is not taken into account, the

In the present work, thag)(p) parameterdK <3) de-  lowest energy asymptote for HI dissociation consists of
scribing the alignment/orientation of iodine fragments, both IH(*S)+1(*P). These dissociation products correlate with
and [, produced from the photodissociation of HI and DI arefour A-S electronic states, i.eX 'S* (non degenerajea °I1
reported. They are determined from a quantum mechanic4bixfold degenerate Al (doubly degenerate and t°S
time-dependent wave packet calculation based on recentijhreefold degenerateAs in our previous studies of the
published” empirical potential energy curves and transitionhydrogen halides>**~*" this is referred to as the diabatic
dipole moments. These molecular parameters were detebasis. In the presence of the heavy iodine atom, there is a
mined by fitting the experimentally measured scalar properlarge spin-orbit interaction; the energy difference between
ties, i.e., total cross-section and branching fractions, for théhe excited and ground spin-orbit states of iodine is
HI and DI photofragmentation processes. Calculations basedE =E(I ?Py)—~E(l °P5) =7603.15 c.** The spin-orbit
on them were then shown to reproduce the lowest order ariateraction acts as a coupling between the diabatic states. The
isotropy parameteg. fully adiabatic PECs can be determined from the diabatic

The paper is organized in the following manner. Sectiorcurves and the spin-orbit couplingThe 12 diabatic states
Il A outlines the underlying electronic structure as it relatestransform into 12 adiabatic states upon diagonalization of the
to the two lowest energy asymptotegd, ,)+1(>P,,,) and ~ matrix containing(diagona) diabatic energies and theff-
H(?S,,,)+1(3P,,), which are the only ones of interest here. diagonal spin-orbit coupling matrix elements. The adiabatic
The time-dependent wave packet treatment of the dissocigtates ar& 'S . (ground statg A'I1; (two substates a °IT;
tion dynamics and the determination of the total cross secitwo substatest *3,; (two substates a °[1, (two substates
tion, the partial absorption cross sections, théotanching  a°ll,., a’ll,-, andt>3 .. The term symbols translate as a
fraction, and the lowest order anisotropy paramgidrom  mixed Hund's casega)/case (c) according toZS”LQ. For
these calculations are discussed in Sec. Il B. Section Il GHund’s casdc), () is the only good quantum number and the
presents the methods used to determine the dynamical faé¥*!L labels designate the largest c&aecontribution within
tors fx(q,q’) from the photofragmentatio matrix ele- the Franck—Condon region, see Table IIl of Ref. 18. The case
ments, and the correspondiag)(p) parameters relevant to (a) and cas€c) labels correspond to the diabatic and adia-
HI (DI) dissociation that can be determined. The results as batic representations, respectively.
function of photolysis wavelength for the HI and DI mol- While there have been severd initio investigations of
ecules are presented and contrasted in Sec. Ill. In Sec. lll Ahe electronic structure of HE222in general, PECs and
the theoretical results for the total cross sections, the branchransition dipole moments have been produced by fitting to
ing fractions, and thgd parameters are presented and com-experimental data!®*1"193%4%ycept for in the work of

A. Electronic structure
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FIG. 1. The adiabatic potential energy curves as a function of the HI bond~IG. 2. Transition dipole moments as a function of HI bond length connect-
length as determined using the data from Ref. 17. All potential energies arig the X120+ ground electronic state and tre'Tl; (solid line), AT,

for J=0. The potentials, in order of increasing energy in the asymptotic(dashed ling a3H0+ (dot-dot-dash ling andt321 (dot-dash ling excited
region, areX 120+ (dotted line, a31'I1 (solid line), A1H1 (dashed ling electronic states. Data taken from Ref. 17 and represent the staliedio
a’M,, (dot-dot-dash ling andt ®s,, (dot-dash ling data of Ref. 18.

Levy and Shapir&,g coupling between the electronic statesis not energetically accessible and this state is well separated
has not been invoked in any of the fits; subsequently, it wagnergetically from the othef=1 states, see Fig. 1. There-
shown that the8 parameter measurements of van Vesn fore, even if there is nonadiabatic coupling to this state from
al.* which Levy and Shapiro fit were simply not correct. We the A1, anda*Il, states, the probability of flux transfer to
choose to use the most recent PECs and associated transititie t °3, state is highly unlikely. Similarly, the energy differ-
dipole moments of LeRoy, Kraemer, and ManzhbBigure  ence between tha°Il,. andX 3, states is large for aR,
1 illustrates the (adiabatig potential energy curves, as and thus flux transfer between these states due to nonadia-
determined in Ref. 17, involved in the photodissociation ofpatic coupling is unlikely. The asymptotically degenerate
HI in the Aband, i.e. X 120+, AL, a1, a3H0+ andt 33, A1, anda°I1, states could have nonadiabatic coupling be-
The first three PECs correlate with the asymptotetween them but the available experiments measuring branch-
H(’9+1(?P;,) while the latter two correlate with ing fractions and angular distributions can not distinguish
H(®*9+I(°P,,,). The corresponding transition dipole mo- between them. It is for these reasons that HI dissociation will
ments are shown in Fig. 2. Rather than being framinitio  be considered within a purely adiabatic model without cou-
calculations, the PECs and transition dipole moments werpling between any of the states, as was done by LeRoy,
determined by an empirical fit to the available experimentaKraemer, and Manzhds.
data*™*? (total cross sections and branching fractionsfor The asymptotidR— «) energies of the molecular states
both HI and DI. TheR dependence of the transition dipole and their corresponding wave functions can be determined
moments was guided by thab initio results of Alekseyeet  using second-order perturbation thedhyThe major contri-
al®Btis particularly interesting to note the strofgdepen-  bution to the long-range energy is the van der Waals interac-
dence of the transition dipole moments. These PECs antion. A detailed description of the correspondence to the
transition dipole moments were then tested independently bydiabatic molecular states with particular atomic states is
demonstrating that they provide excellent values, as compresented in Ref. 35 for the analogous HF molecule.
pared with experimeﬁ’t,10 for the lowest order anisotropy For the ground state(zng,Z) fragment, the above adia-
paramete. These functions were able to account for all of batic treatment implies that there are four states contributing
the experimental data for both isotopomers without any neetb the angular distributiongorientation/alignmentof this
to invoke coupling between the PECs. fragment. Thea ®[1, and A 11, states accessed through per-
In the fully adiabatic basis, the kinetic energy operator ispendicular excitatiofAQ =+1) correlate adiabatically as
formally no longer diagonal. Therefore, there are off- L : _
diagonal kinetic energy coupling ternieonadiabatic cou- Hl(a3H1;Q =11 —Hmy=£1/2)+I(m = £1/2)
plings) of the form d?/dR?. However, the use of the fully (2
adiabatic PECs igmost likely) justified in the case of HI.
The potentials which can be coupled nonadiabatically aré?lnd
A1, a’ll,, andt *3,. Also, the excited state °[1,. can be HIAMI;;Q = +1) = H(mg = T 1/2) + [(m = +3/2).
coupled to theX 120+ ground state. There can not be cou- (3)
pling between states with different values @f (except for
the negligibly small spin-rotation interactith. Over most I principle, theX 'S state could gain population via nona-
of the range of excitation energies considered,tﬁﬁ-1 state  diabatic recoupling from theL3H0+ state. However, current
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experimental measurements Bf(Refs. 9 and 1Dindicate  ence of the excited state potential energy surfaces to provide
that there is no paralldlAQ2=0) contribution to the produc- the time dependent wave packets. The time propagation is
tion of I(2P3,2). Three excited states contribute to the angulamperformed using the Chebychev expansion techn?é‘f]%.
distribution of the excited statéZPl,z) fragment. Thea 31'10+ From our calculations, the three properties computed by
state, which is accessed via a paralal0=0) transition, LeRoy and co-workef$>*at 10 K are determined: the total
correlates equally with both +1/@, and ¥1/2 m+ states, Cross section, the branching fraction, and thg parameter.
ie., We briefly review the calculation of these properties from a
3 . _ time-dependent wave packet dynamics approach. As the
HI( g Q' = O) —Hmy=+1/2) + 1 (m: = = 1/2). wave packets move towards the asymptotic ladRgeegion,
(4) they are analyzed at each time step as they pass through an
3 o ) ) analysis line defined at a large fixed valuePf=R.). En-
The t°%; sta_tg, which is accessed via a perpendlcularergy dependent coefficierits’’*® A (R.,E) are then ob-
(AQ=0) transition, correlates as tained by taking the Fourier transform over time of these cuts

HI(t3S,;Q' = £1) - H(my = £1/2) +1"(my = £ 1/2). through the time-dependent wave packeiéR..,t), i.e.,

1 (" .
® AR.B= f Su(RDexi(E +houaldt.  (@®)
. . 27T 0
The molecular wave functions corresponding to these as-
ymptotes are given in Table Il of Ref. 35. The long-rangeThe partial absorption cross sections can be written in terms
correlations given in Eqg2)—(5) are required for the deter- f these coefficients
mination of the orientation and alignment parameters

(K) 321k,
a(p), see Sec. Il C. on(v) = A (RLE)?, (9)
3C€O
B. Time-dependent wave packet dynamics wherek,, is the asymptotic wave vector for this channel. The

] total cross section is determined as the sum over all of the
In the present work, we use a time-dependent Waveyartial cross section

packet formulation for the dynamié&.*’ The time-

. . 4
dependent approach is based upon the solution of the nuclear

Schrodinger equation Tiot(¥) = 2 Gaon(¥), (10)
i=1
2 42
ih&q)(R't) = I:|(R)<I)(R,t) = {— A +v(R)}q>(R,t), whereg, is a degeneracy factor equal to 2, 2, 1, and 2 for the
2 dR A, a®ll,, a®ll, andt *3, states, respectively. The total

(6) cross section is related to the molar absorption coefficient by
£=10Npo/In 10, whereN, is the Avogadro constant.

The branching fraction is the ratio betweérproduction
and the total amount of atomic iodine produced and is given

where u is the reduced mass of the systewiiR) is a diago-
nal matrix of the adiabatic potential energies, drdR,t) is a
column vector describing the time-dependent wave functio
on each of the excited electronic states of the system. No

off-diagonal (nonadiabatig couplings are considered. Equa- : o3, 93503y,

tion (6) also neglects the rotational part of the nuclear kinetc I'=——=——"—. (11

- 0; - ;
energy operator. As in our previous studies of hydrogen ha- b _ tc_’t _

sumed to be valid, which is equivalent to neglect of the overYield. Note that the branchinfgaction calculated here is dif-

all rotation of the molecule. ferent from the branchingatio given by /oy which is
In the time-dependent approach, an initial wave packefeported elsewhere, e.g., Refs. 9-12 and 19.
¢n(R,1=0), or, as is the case here, wave packets(ai® Since the photodissociation is direct, the lowest order

prepared by taking the initial nuclear vibrational wave func-anisotropy parametgs can also be determined from the par-
tion of the moleculeyy, (R) and multiplying it by the(adia- tial photlod|ssoc!at|on cross sections. T/B)parameter for the
batid transition dipole moment between the ground state angroduction of I'is of most interest and is given by
the nth excited Stat&jg]/(R), ie., . 20'3H0+_ ST

$n(R1=0) = dg (R, (R). ) I
Here the indexq’ is the vector spherical harmonic compo- Whereay:=osp *gesoss is the total cross section leading to
nent of the transition dipole moment function and it is deter-the production of excited state iodine fragments. According
mined by the symmetries of the ground and excited electo this equation, a purely parallel transition corresponds to
tronic states. For all calculations reported here, the initial3=2 while a purely perpendicular transition corresponds to
ground state nuclear wave function corresponds towvth®  B=-1. The excellent agreement of these results, Egs.
vibrational state and has been determined using the Fouri¢t0)—(12), with LeRoy's low temperature resutfsand with
grid Hamiltonian method?***°Once the initial wave pack- experiment(see Sec. Ill A establishes the veracity of our
ets are defined, they are propagated in time under the infltime-dependent wave packet computations, which neglect ro-

(12)

Downloaded 14 Feb 2005 to 129.128.168.123. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



084301-5 Photodissociation of HI and DI J. Chem. Phys. 122, 084301 (2005)
tation, and will allow the prediction of the anisotropy param-

2 1/2
k, .
etersag()(p) for a low temperature experiment. (PhaR, E)|dq|‘l’ﬂ )= '( exp(~ ik,R.) Ay(R, E).

(14)

A,(R.,E) appearing in Eq(14) are the energy-dependent
coefficients obtained from the time-dependent dynamics cal-
culation[see Eq.(8)]. In Eq. (13), the indicesq andq’ are
the vector spherical harmonic componéf of the molecu-

While the scalar and the lowest order vector propertiedar electric dipole moment with respect to the recoil axis.
are of interest, we want to determine a set of parameter§hey can take only the values O drl, corresponding to
describing the orientation and alignment of the atomic fragarallel or perpendicular electronic transitions, respectively.
ments. The theoretical and/or experimental determination ofhe initial and finalz components of the total electronic
these parameters provides the most detailed understanding @fgular momentum about the molecular axis are related by
the photodissociation dynamics. For a photofragment witi2=£;+q. The diagonal elements of the dynamical functions
angular momentunj, the magnitude of these distinct spatial fx(d,9’) with g=q" correspond to incoherent excitation of
distributions(in the molecular framecan be fully described parallel, or perpendicular transitions, while the off-diagonal
by theag()(p) parametersK andQ refer to the spatial distri- €lements withq+#q’ correspond to coherent excitation of
bution in the molecular frame arpirefers to the symmetry different molecular continua. The expression for the dynami-
of the transition connecting the ground electronic state to théal functions of fragment8 can be obtained from Eq13)
dissociative excited states. The symmairgan be pure per- Dy exchanging subscrip#s andB.
pendicular (L), pure parallel (I), or mixed parallel/ As discussed above, parameters up to rakks3 and
perpend|cu|ar(|| 1). The dimensionless anisotropy param-K=1 are utilized for describing the ground state iodine
etersa’(p) are normalized combinations of the dynamical|(*Ps,) and the excited state iodin€’Py;,) fragments, re-
functions f(q,q’) (see discussion belgwNote that an al- spectively, resulting from HI photodissociation. The zeroth-
ternate set of anisotropy parameters related to the laboratofank anisotropy parameter is the well-knoyénparameter,
frame have also been presenféa see also Eq(12). In terms of theK=0 dynamical functions,

The relevant dynamical functions for a photofragment/ is given ad"
with angular momentunj, range fromK=0 to K=2j,,>°

. . . 2[6(0,0) - fo(1,1)]

whereK is referred to as the multipole rank. The terminology )
“multipole rank” is used as the dynamical functions are di- 2fo(1,1) +0(0,0
rectly related to the angular momentum state multipole

C. Determination of dynamical functions and a
parameters

S(p)

Note thatB has been determined previously for HI and DI

pjg\Q(e, ¢), see Eq(5) of Ref. 35. For the ground state iodine
fragment(jo=3/2), the complete set of state multipoledy/-
namical functions containsK=0 (population, K=1 (orien-
tation, dipole momenf K=2 (alignment, quadrupole mo-
meny, and K=3 (orientation, octupole moment The
description for the excited state iodine fragmépi=1/2)
requires onlyK=0 andK=1 dynamical functions. Similarly,
the hydrogen atom fragmertfz=1/2) resulting from the
photolysis can be described using state multipéigmami-
cal functions of rank K=0 andK=1 only.

For a diatomic moleculéB dissociating into atom#
and B having angular momentp, and jg, respectively, the
dynamical functions for fragments are defined as

(- 1) K+ja+Qp

>

nQ.Qan" 0" Q)

f(0,9") =

jA JA K nQ) n’'Q’ *
8 (‘ Q. Oy q-¢ )TjAﬂAj o J'AQL\J'BQB)
X(W; o(RE)|d W0 ) (W), o/ (RE)|dg [ W).
(13

The expressior(l\lf;'Q(R,E)|aq|\lf9i> is the energy-dependent

photofragmentatiom matrix element associated with chan-

nel n, and has been shown previOLFsr’If/gto be given by

using Eq.(12).17 Of course, Eqgs(15) and(12) can be shown
to be formally equivalent.

The newly computed anisotropy parameters discussed in
Sec. lll include three parameters describing incoherent per-
pendicular excitatiora)”( 1), a’( 1), andal®( 1), two pa-
rameters descrlblng coherent perpend|cular excitation

(2)(L) and 3)(L) and a single parameter describing coher-
ent parallel and perpendicular eXCItatlaﬁ (I, L). In prin-
ciple, there are additional parameters describing coherent
parallel and perpendicular excitations for the production of
ground state iodine, i.e.ag()(ll, 1), 2<K=<3. However,
within the present adiabatic treatment of the dynamics, there
is no parallel contribution to(fP;,) fragments and therefore
all ag)(ll 1) parameters are identically zero. Only a single
state accessed by parallel excitation correlates with each as-
ymptote, and thus no parallel only parameta@@(ll) are
computed.

The parameters describing incoherent perpendicular ex-
citation are related to the dynamical functions, ELp) by

o fLD
=20 (16
a(L) = Vy(j 12D @

fo(1,D)’

and
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. _,f3(1,0) 250(a). —
F(L)=Va(j) 2 18 |
2" (L) = Va0 (19 oy
200 £ J i
For the ground state iodine photofragment, the parameters I £ ]
V,(j;) andVs(j;) are given by €150l \ /
| HIREY ]1’2 V15 E
Vo(jj=32)=| ———F—| =—% 19 g
20 =312 [(ZL +3)(2),-1 ] 43 (19 < 100 J ny
and Y l\
50
, Wi, +1) L J
Va1 =32 = i i i 12 AL
(1= D+ 2 = 12y +3)] 560020000 2500030000 33000
15 Photon Energy/cm’
== (20)
4\21 .

250-(b;
Recall that only theaf)l)(L) parameter is required for the I

description of the excited state iodine fragment. 2001
The description of the angular distribution of the ground

. g

state [2P3,2) fragment also requires two parameters for co- <150

herent perpendicular excitation, i.e., g
f(1,-1) S 1001

@ y=_ Iy iyt
ay,(L)= 2V2(J|) fo(1,1) (21)

@ (2 by i-afa@-D 0™45000 20000 45000 30000 55000
(L) 2\/3(]') fo(1,1) (22) Photon Energy/cm’”

For the excited state iodine fragment, the parameteFIG. 3. The total and partial absorption coefficients for the photodissocia-

a(ll)(”, L) describing coherent paraIIeI and perpendicular exdion of (a) HI an_d (b) DI.. Results are 'from. the present time-dependent wave
citation is packet calculationgsolid lineg, the time-independent calculations of Ref.

17 (dashed lines and the experimental measurements of RefO#
- 3V2f4(1,0
2fo(1,1) + (0,0

aP(l, L)= (23)

Manzhos-’ These calculations are performed to verify that

our calculations, which assume excitation from0 and ne-

The parameter describing coherent parallel and perpendicul@qect rotation, are in good accord with the previous results,
excitation usually has its real and imaginary parts presenteghich include Boltzmann averages over vibrational and ro-
separately: o _ tational levels. Also, these properties will prove useful in

In the above description of the anisotropy parametersyyiding the discussion and elucidating the importance of the
the nuclear spins of the photofragments have been neglectqqggher order anisotropy parameters in providing new insight
This assumption is justified since the duration of the dissointg the dynamics and for testing the current mdtef the
ciation process is typically much smaller than the Heisenbergyynamics.
uncertainty timeAt=7/(2AE), associated with the hyperfine  ~ rigyre 3 illustrates the total molar absorption coefficient,
splitting in the atoms. While the nuclear spins do not affectys wel| as the partial cross sections due to the four excited
the photodissociation dynamics, the hyperfine interaction ijectronic states, as a function of photolysis energy for both
the final fragments is important as it results in partial depo+y| and DI. Also, shown for comparison are the calculations
larization of the fragment's electron angular mometitBor of LeRoy and co-workef$*® at 10 K (the Boltzmann aver-
the dissociation of the HI molecule considered here, any orages included vibrational and rotational states1, J< 3 for
bital alignment of the | atom photofragment will degrade toy| and y <1, J<4 for DI) and the experimental measure-
~23% of its nascent value through coupling with the ments at 300 K. The experimental results for DI represent

1=5/2 nuclear spin. the scaledggcqee/0.9694, results of Ref. 17. The slight
discrepancy between our results and Leroy’s at high energy
IIl. RESULTS AND DISCUSSION is most likely due to the fact that our calculations are for

rotationless v=0 molecules while Leroy’s results represent

Boltzmann averages; comparison with Leroy’s restile

10, 300, and 1000 K indicate that the high energy discrep-
Using the time-dependent wave packet approach outancy increases as a function of increasing temperature. The

lined in Sec. Il B, the scalar properties and the lowest anisointensity maximum associated with excitation into ﬁf’él

tropy parametep are computed in order to compare with the state is not discerned by the experimental measurements pre-

time-independent results of LeRoy, Kraemer, andsented here; the theoretical maximum based on the present

A. Cross sections, branching fractions, and B
parameters
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FIG. 4. The | atom excited state branching fraction, 84), as function of
photon energy for the photodissociation (@f HI and (b) DI. Results are
from the present time-dependent wave packet calculatieoig lines, the
time-independent calculation®ef. 17 at 10 K (dashed lines and the
experimental measurements for HRefs. 5-12 and DI (Refs. 7 and 1L

PECs and transition dipole moments occurs at 61 982.cm
For v=55 600 cm?, the absorption spectrum exhibits struc-
ture due to absorption into various excited bound states lyin
above the valence states discussed in Sec.'TPA? There-

fore, the predictions for the anisotropy parameters for th

ground and excited state iodine atoms should be valid foP
presented

nearly the entire energy range

(32 500-55 000 cnt) since theA T, aM,, a°l,, and

O-H

t321 states are the only ones contributing to absorption in

this energy region.
The calculated branching fractions, see @d), for both

HI and DI as a function of excitation energy are illustrated in

Fig. 4. The present results are for excitation from0. Also
displayed are the results from the previous time-independe
calculationd’ and the experimental resufts

The anisotropy parameter for the | anddhannels are
shown in Fig. 5 as a function of excitation frequency. Result
are only shown for the dissociation of HI—as with the total

n

J. Chem. Phys. 122, 084301 (2005)

L .+ v v o1
35000 40000 45000 50000 55000
Photon Energy/cm'1

FIG. 5. The anisotropy distribution paramet@ras a function of photon
energy for the 1 and | atoms resulting from the photodissociation of HI.
Results are from the present time-dependent wave packet calculesaios

and dotted lines for'land | respectively the time-independent calculations

at 10 K of Ref. 17(dashed and dash-dot lineand the experimental mea-
surements of Langforét al. (Ref. 9 (M and [J), Gendron and Hepburn
(Ref. 10 (@), van Veen(Ref. 12 ¢, and Xu, Koplitz, and WittigRef. 14

(A). Time-dependent and time-independent results are indistinguishable for
the ground state | fragment.

Mulliken.® For I, the situation is fairly clear, namely, that it
results primarily from the parallel 3HO+<—X 120+ transition
below 50000 crit and from the perpendicular transition
above 50 000 cit. However, the extent of a perpendicular
contribution (if any) in the low energy region is still open.
Based on measurements at 208.0, 222, 233, 243.6, 248, and
266 nm(37 594-48 077 ciit), Langford and Wittig"* sug-
gest 7%-10% of I arises from perpendicular transitions,
while Gendror’® suggests that in this energy regidrrésults
from a purely parallel transition. LeRoy’s analysis shows that
I” is obtained from purely parallel transitions below
46 000 cm! and purely perpendicular transitions above
5000 cm? and this successfully models all of the experi-
ental data within experimental error bars. In fact, LeRoy

éuggestjs7 “measurements of the quantum yield and the |

hotofragment anisotropy distribution at frequencies
=50 000 cm* would provide a sharp test of the present
model.”

In the following sections, we focus on the determination
of the higher order anisotropy paramete@(p) (within the
current adiabatic model for dissociatjoand suggest how
their measurement can confirm or discredit the current
model. In particular, higher order parameters must be exam-
ined to determine the relative roles of ta€ll, and A'Il,
states. These states can not be distinguished via measurement
of either the 1 branching fraction, since both correlate with

Sground state fragments, or th@ parameter, since both are

accessed via perpendicular transitions. We also demonstrate
pe sensitivity of thea(ll)(ll, 1) parameter to the relative

cross sections and the branching fractions, the results for d . o
are extremely similar. Also illustrated are the previous"’1mountS of parallel and perpendicular excitation.
calculation$’ based on these potentials and transition dipole

moments, as well as the most recent experiment
measurements™® The | atom products result exclusively
from the perpendicular transitions to tlsuél'[1 and theA l1'[1 The angular distribution for the ground state iodine frag-
states in agreement with all previous experimentalment I(2P3,2) is described by anisotropy parameters up to
measurements™? and the original interpretation by rank K=3. When dissociating with linearly polarized light,

aLL;. Anisotropy parameters for | (°Ps,)
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FIG. 6. Incoherent anisotropy parameta{é)(J_) for the production of  FIG. 7. Coherent anisotropy parameteag)u_) for the production of
ground state (PP,,,) as a function of photon energy for the photodissocia- ground state (PP,,) as a function of photon energy for the photodissocia-
tion of HI (solid lineg and DI (dashed linesinitially in their rotationless  tion of HI (solid lines and DI (dashed linesinitially in their rotationless
ground,v =0, vibrational states. ground,v =0, vibrational states.

the spatial distributiol (¢, ¢) of the angular momentum of  typical error bars associated with the experimental measure-
an ensemble of photofragments from a pure perpendiculghent ofal’( 1) parameters. These results are in marked con-
transition i§ trast to those for HCIl and DCI photodissociatitwhere the
D, (6,¢) = 1+a§(1)Py(cos6) +a’(1)si? ocos 2. S| (°Pg,) produced from HCI is strongly alignedct.,
24 ay (L)], while that produced from DCI exhibits essentially
( no alignment, i.e.al’’(1)=0.
As discussed in Sec. Il A, the§2P3,2) fragments arise from a The a(zK)(i) parameters describing the coherent perpen-
pure perpendicular transition within the current adiabaticdicular excitation of the 31]1 andA lH1 states are illustrated
model of dissociation. The angular distribution of the iodinein Fig. 7 for the [2P3,2) fragment arising from the photodis-
photofragments is only sensitive to the o#danisotropy sociation of HI and DI fromy=0. The a(QZ)(L) parameter
parameters when dissociating with circularly polarizeddescribes the degree of coherence between pairsstétes,
light.* m and m2. The large values 0&”( 1) indicate that the
Figure 6 illustrates the anisotropy parameters describingphotofragment angular distributions are not cylindrically
incoherent perpendicular excitaticaéK)(L) for the ground symmetric with respect to the recoil direction, see E4).
state [2P3,2) fragment produced from the photodissociation The theoretically determined parameters depend strongly on
of HI and isotopically substituted DI as a function of pho- photolysis energy over the entire energy range. Unlike what
tolysis wavelength. The results are for excitation from theis seen for theagK)(J_) parameters, there are fairly significant
rotationless ground =0 vibrational state. The theoretical re- differences between thafzK)(L) parameters for HI and DI
sults for (P,,,) produced from photodissociating HI and DI Within the adiabatic model for dissociation, the magnitude of
at 193 nm are presented in Table | The values for photodisthea( 1) parameters is related to the relative probability of
sociation by 193 nm light are given since this is an experi-excitation into thea 1, or A1, excited states. As such for
mentally convenient wavelength and it lies in the interestingany fixed value of the photolysis energy, the magnitudes are
spectral region (50 00055 000 cfit) as suggested by comparable for both HI and Diespecially if one accounts
LeRoy.17 Figure 6 shows that there are significant similaritiesfor the decrease in zero-point energy for)DOn the other
in the behavior of theagK)(L) parameters as a function of hand, the sign of th@fﬁ@) parameters depends on the
photolysis frequency for thedP,,,) produced from Hl and phase difference between the photofragmentafiomatrix
DI. In fact, these differences are less than or equal to thelements for thea *IT, and A'TI, states. Therefore, it is in-
teresting that tha(zK)( 1) parameters are of opposite signs for
TABLE |. Theoretical alignment and orientation parameters 6P4,,) HI and DI. The calculated difference awaits experimental
fragments produced from HI and DI dissociation at 193 (50813 cm”).  verification and, if verified, will provide additional confirma-
Also given is the allowed range for each paramedil, 1) parameters o of the current model of adiabatic photodissociation for
are zero within the current adiabatic model of dissociation. 17 . L . . .
HI.=" In particular, it will provide information strongly sen-

HI DI Range sitive to the details of tha *IT, andA 1, excited electronic
" states including possible nonadiabatic coupling.
aé)u) 0.74 076 +0.775 As discussed in Sec. Il C in principle{” (I, 1) param-
a?s)(“ 8'72 8'72 fg'ggo eters describing coherent parallel and perpendicular excita-
a?z)t; 0'18 o '116 10'562 tions could be needed to define completely the angular dis-
Z?Zg)u) 0.2 _0.07 +0.927 tribution of 1(3P,,,). Neglecting spin-rotation interaction, the
P _10 _10 _1_.0;“’2.0 parallel component could only arise through nonadiabatic

coupling of thea 3H0+ andX120+ states, see discussion for
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LR L TABLE II. Theoretical alignment and orientation parameters GPJ,,)
0.4 JAY T fragments produced from HI and DI dissociation at 193 (@h813 cm?).
i m 1\ ) Also given is the allowed range for each parameter.
02f Imfa “(l.L] / -
i \ 1 HI DI Range
~ 0.0 \.
2 | a®(1)? 0.58 0.58 +0.577
< .02 Real(l, 1)] -0.54 —-0.56 +0.866
® Rela, (L.} Im[al(1, 1)] -0.41 +0.15 +0.866
041 7 B -0.44 -0.60 -1.0,..,2.0
0.6 - 3This is equal to the maximal value of {3 independent of photolysis
| energy(see texk
'08 FENE BFEFET ST B AP i B (AN
35000 40000 45000 50000 55000

Photon Energy/cm” The In{a(ll)(ll, 1)] parameter is dependent on the sine of
the phase difference of the radial wave functions created on
FIG. 8. Coherent anisotropy parameterdfs(l, L)] and Infa;’(I, L) the a 3T, andt3S, states, i.e., sihg, modulated by the
for the production of excited statezPl,z) as a function of photon energy for . . . O’_Jﬁgz
the photodissociation of Hisolid and dotted lingsand DI (dashed and ~ transition amplitudes for these transitions” On the other
dot-dash linesinitially in their rotationless ground;=0, vibrational states. hand, the R[ea(ll)(ll, 1)] parameter has a cdsp dependence.

Therefore, the difference between HI and DI reflect these

HCI** Any experimentally measured deviation of the differences and measurement of m{la(i) parameters will
al’(Il, 1) from zero would indicate a minor parallel compo- Provide detailed information reglardlng tia'll, andt 3,
nent; as discussed by Rakitzis and Zame ag')(”, J_) pa- states. Due to the SenSitiVity aﬁ )(”, J_) relative tos, ex-
rameters forlQ|=1 are extremely sensitive to the simulta- Perimental measurements below45 000 cm* should be
neous presence of states of parallel and perpendicul@ble to provide evidence for or against the possibility of
symmetry. However, experimental measurement¥4of ~ nonadiabatic coupling between th&s; state and the °II,
the lowest order anisotropy paramegseem to indicate that and A'll;states. It is clear that direct excitation 33, is

only perpendicular transitions contribute to tt{gR,,,) prod- ~ not feasible in that energy rané%see* Fig. 1, and therefore,
ucts. any perpendicular contribution to thedissociation channel

must be from nonadiabatic coupling.

C. Anisotropy parameters for I (?P,;,) D. H/D atom polarization

The excited state(1Py,) fragment's angular distribution Due to the small excited state spin-orbit splitting that
is fully described by orientatiofK=1) parameters only, un- myst be resolved for the hydrogen atom in a laser ionization
like the angular distribution of(fP;,,) which requires both  experiment, spin orientation of the hydrogen atom is ex-
orientation(K=1 andK=3) and alignment(K=2) param-  tremely difficult to measure using that techniqd&® while
eters. the alignment/orientation of the iodine atom is much more

The aj’(L)parameter describing@P,,,) production is easily measured than that of the H atom, the polarization of
not plotted as it is equal to the maximal value of 0.577the H atom can be readily computed. The polarization of the
(=1/y3), independent of photolysis energy, for both HI andH atom can be inferred from experimental measurement of
DI. This parameter exhibits no energy dependence since onkpie angular momentum distributions of the ground and ex-
a single state(®s_,, or 33,__,) contributes to the cited state iodine atoms.
photofragmentation cross section; the particular state in-  The angular dependence of the H atfithelectron spin
volved depends upon whether right- or left-circularly polar-polarization is the difference in the population of the spin-up
ized light is utilized in the dissociatioil.On the other hand, and spin-down states normalized to their sum,
the R¢a"(Il, 1)] and Infal’(I, 1 )] parameters describing ~
coherent parallel and perpendicular excitation do show a pe(gc):M,
strong photolysis energy dependence in the region where (n,+n)

excitation to botha’ll;, and t’%, are feasible, ie., By utilizing the long-range correlations, see E(®—(5), the
~41 000-56 000 cit, see Fig. 8. Note that tha("(I, 1) partial cross sections, and H&5), we can readily determine
parameters are much more sensitive to the amount of parallghe H atom spin polarization.

and perpendicular excitation than the corresponginpa- Equation(25) describes the electron spin polarization for
rameters, see Fig. 5. While the [Iﬁ%)(ll, 1)] parameters for the time after photodissociation that is much shorter than the
1(?Py;,) produced from HI and DI are similar across the en-hyperfine interaction precession period in the H atom
tire energy range illustrated, the calculatec[a[jl?(ll, 1)]pa-  (74=0.7 n3. For longer times, the electron and proton angu-
rameters from HI and DI exhibit opposite signs. The differ-lar momenta are coupled by the nuclear hyperfine interac-
ence between I[a(ll)(ll, 1 )] parameters for HI and DI could tion, and therefore after the dissociation, the polarization os-
be measured experimentally and Table Il presents the theaillates between the two. In the long-time limit> 7, the
retical results for(IZPl,z) produced from dissociating HI and right-hand side of Eq(25) should be multiplied by the de-
DI at 193 nm. polarization factor 1/2.

(25)
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Ir ~o ' ' T o] of spin polarization for D atoms produced from excitation

0.8 AR L . energies greater than 55 000 @mHowever, at these ener-
_ 06f \\ : . gies other excited electronic states begin to contribute to the
§ 0.4} \ : absorptioﬁ and thus predictions based on the current model
~§ 02k \ A are probably not appropriate. The prediction of both spin
2 ok \ - h polarized hydrogen and deuterium atoms from the photodis-
£ P R ] sociation of HI and DI stands in marked contrast to the pho-
s L Y ; todissociation of HCI and DCI where highly SPH can be
% 04r N ] produced for excitation energies below 55 000 nwhile

0.6 \\ ] the dissociation of DCI does not produce highly spin polar-

0.8 @ N - ized D atoms at any frequency.

—

3500020000 25000"50000-33000 Experimentally, right- or Ieft-circularl){ polarized light
() Photon Energy/cm | can be used to selet’=+1 or —1, respectively, parallel to
the light propagation direction, in order to produce S@H
SPD. For laser pulses much shorter than 0.7 ns, the polar-
ization plotted in Fig. 9 can be selected for either electron or

q\\] T T T
J

0.8

0.6f proton. For laser pulses longer than 0.7 ns, the polarization

E o04f of both the electron and the proton will be averaged, i.e., half

g o2k of the plotted value.

5 02

—8-. 0.-. ..........................

g 02 IV. CONCLUSIONS

S [

A 04r We have examined the photodissociation of HI and DI
061 ] using time-dependent wave packet dynamics. Not surpris-
-0.81 (b) Sy ] ingly, the scalar properties and I' agree with the time-

153506 45000"45000 35000055000 independent results of LeRoy, Kraemer, and Maniﬁ@f
(b) Photon Energy/cm™ course, the results also then agree with the experimental

measurements which were used to fit the empirical PECs and
FIG. 9. H/D atom polarization as a function of photon energy for the transition d|p0|e moments. Most importanﬂy, the paper pre-

photodissociation ofa) HI and (b) DI initially in their rotationless ground, P :
v=0, vibrational states. In each panel, three results are illustrated: H/I:§ents theab initio calculation of the(neay complete set of

. K .
atoms produced with(fP,) partners(dashed ling with I(?P,,,) partners ~ aniSOtropy parameterag)(p) describing the (|2P3/2) and

(dotted ling, and the weighted averagsolid line). I(®P,,,) angular momentum distributions arising from the
photodissociation of HI and DI as a function of photon
energy®

; 1) 1)
Rather than plotting the, (I, L) andag (L) param- The anisotropy parameters as a function of photolysis
eters for the H atonfrecallK<1 sincej=1/2), we present wavelength for HI and DI have been compared. The

in Figs. 9a) and 9b) the maximum polar|z§t|on degrdg, aE,K)(p) anisotropy parameters for the photodissociation of DI
for H atoms(D atoms produced with | and'I cofragments 4o very similar to those arising from HI photodissociation
and the weighted average, see HEs-(6). ‘I‘f we consider H/' 5¢r0s5 the energy range spanning Aneand absorption. On

D produced with (*Py,) partners, i.e., “fast’ H/D atoms, e gther hand, theg)(i) parameters describing the ground
then highly spin polarized, i.eRe>50%, hydrogerdeute-  giate jodine fragment differ in sign for HI and DI. Similar
rium) at(zrlns can be produced for energies belowyepayior is seen for the R (I, 1)] parameter describing
40000 cm* and above 45000 cnfy the H atoms are spin e aycited state iodine atom resulting from the dissociation
polarized in opposite senses in these two energy regimegs j and DI. Despite the fact that the orbital alignment of
The change in Spin polarization reflects the change in absorppg jodine fragment will degrade by coupling to the nuclear
tion frlom theaIl, state being dominant at low energies 10 gin it should be experimentally feasible to measure the an-
the A"TI, state being dominant at higher energies, see Fig. {otropy parameters. In particular, the sharp differences be-
and Egs.(2) and (3). On the other hand, for “slow” H/D  yeen HI and DI, i.e., parameters which differ in sign,
atoms correlating with excited state iodine products, there ighould be amenable to experimental observation. These ex-
no spin polarization for energies less than 47 500°cbut  perimental measurements would provide direct evidence for
highly spin polarized H/D atoms for energies greater tharyr against the current model proposed for the PECs and tran-
51 000 Crﬁl. This behavior reflects the relative contributions Sition d|po|e moments Of HI. They C0u|d also provide further
of thea °I1. and thet °%, states, see Fig. 3 and Eq8) and  confirmation, or possibly even refutation, of the assumption
(5). Therefore, if we consider all H/D atoms produced, of adiabatic photodissociation dynamics. We have also pre-
highly spin polarized hydrogen atom{SPH can be pro- sented predictions regarding the productionboth highly
duced for excitation energies below 37 500¢nand be- spin polarized H and D atoms from the dissociation of HI
tween 47 500 and 52 500 ¢t Also, highly spin polarized and DI. Previously, it has been shotni* that highly spin
deuterium atom$SPD can be produced for these same en-polarized hydrogen can be produced from the photodissocia-
ergy ranges. The calculations show that there is a high degrd®mn of HCI-D atoms produced from the dissociation of DCI
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