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Orientation and alignment parameters have been computed from first principles for the
photodissociation of the HF and DF diatomic molecules. The calculations are eatir@tjtio and

the break-up dynamics of the molecule is treated rigorously taking account of the electronically
nonadiabatic dynamics on three coupled adiabatic electronic potential energy curves. The potential
energy curves and spin—orbit interactions, which have been previously repart€them. Phys.

113 1870(2000], are computed usingb initio molecular electronic structure computer codes.
These are then used to compute photofragmentafionatrix elements using a time-dependent
guantum mechanical wave packet treatment and from these a complete set of anisotropy parameters
with rank up toK =3 is computed. The predicted vector correlations and alignment parameters are
presented as a function of energy for HF and DF initially in both their ground and first excited
vibrational states. The parameters predicted for the molecules which are initially in their excited
vibrational states display a pronounced sharp energy dependence arising from the nodal structure of
the initial vibrational wavefunction. The theoretical results are analyzed using a simple model of the
dynamics and it is demonstrated how the magnitude and relative phases of the photofragmentation
T matrix elements can be deduced from the experimentally measured alignment parameters. No
experimental measurements have yet been made of alignment parameters for hydrogen halide
diatomics and the present results provide the first predictions of these quantities which may be
compared with future experimental observations.2@2 American Institute of Physics.

[DOI: 10.1063/1.1476937

I. INTRODUCTION derived from a photofragmentation experimé&tftin parallel
with these experimental advances, there have been advances

It is one of the central aims of science to understand, inn theoretical methods used to describe and analyze the ob-
as much detail as possible, the elementary molecular praservations, mainly at a phenomenological lei7éf Light is
cesses which occur in nature. The absorption of ultravioleintrinsically polarized. The use of laser light to photodisso-
light by a molecule and its subsequent photodissociation igiate a molecule is therefore inevitably associated with some
an important example of such a process and is one we seek tlirectional preference that is reflected in the distribution of
understand better in the present work. Data obtained fronthe products. The theory of orientation and alignment effects
the examination of the products of a photodissociation prohas systematized the analysis of the experimental results and
cess constitute a rich source of potential information abouthese can now be analyzed to yield a set of irreducible pa-
the electronic structure of a molecule and of its excited elecrameters that uniquely characterize correlation of the differ-
tronic states. The role of theory is to model the entire photoent vector quantities that can be associated with the photo-
fragmentation process as accurately as possible and throuffagments.
this to learn about both the electronic structure of the mol-  Despite all the advances in the theory, prior to the
ecule and about the detailed dynamics of the breakup prgsresent paper, there has beenatwinitio prediction of any
cess. molecular orientation and alignment parameters for a mo-

Advances in laser technology and in the techniques usekcular photodissociation process. We present the first such
to detect and examine the atomic and molecular fragments afalculations in this papefSee, however, Ref. 13 whesd
photodissociation processes have totally revolutionalized thaitio potential curves are used coupled with an approximate
amount and detailed level of information which can now betreatment of the photodissociation dynamicBhe potential
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energy curves for the lowest four electronic states of the HEwo photofragments flying apart with total ener@y in a
molecule, the associated transition dipole moment matrix eldirection specified by the unit vect&rwith polar angless,
ements, and the spin—orbit coupling curves have been coms, The index is the set of quantum numbers specifying the
puted previousl usingab initio electronic structure theory electronic states and angular momenia,Mx,jg,Mg) Of
and have been utilized to make predictions of scalar propethe fragments.

ties, i.e., total cross-section and branching fractions, for the e generalized differential cross sectio(kE, i’ ) in

photofragmentation process. In the present work, these m@-q (1) relates to the case of an isotropic distribution of the
lecular quantities are employed within the context of a t'me'angular momenta of the parent molecule. Its diagonal ele-

dependent quantum mechanical wave packet treatment {ents are the normal photofragmentation cross sections. The
compute photofragmentatioh matrix elements. This wave . giagonal elements are the vector correlation coefficients

packet treatment takes full account of the electronicallyyhich have been the subject of many recent important theo-
nonadiabatic transitions which occur during the breakup ofeatical and experimental investigatioh&8 For instance, if
the molecule. The photofragmentatidn matrix elements H=jA,Ma,js,Mg, the cross section matrix elements

comta all ozl fomaon st 0 BRAen, )52 o probabiy ofragment g g
established theoretical framework of vector Correlationa direction specified by the polar anglése. The diagonal

. . X . . el f th iXr(' =1) give th ility of pro-
parameters? to predict the associated irreducible orlentatlone er_nents of the matrlxr(. ) glve_t' e probability of pro
and alignment parameters ducing the fragments with a specific value of the fragment

; : . . ) .angular momenta and of their space fixeccomponents,
The paper is organized in the following manner: Section_ - . ~r = .
: . . L while the off-diagonal element§i(#1) describe the coher-
Il briefly reviews the theory. This section is supported by an . .

: : . ence between states with different values of these quantum
appendix, which tabulates the detailed form of all of thenumberslg
orientation and alignment parameters. The appendix also The experiments usually involve the detection of only

gives the.relatlonsh|ps, for the'part|cular case under .d'scusdne of the two fragments and therefore do not yield simulta-
sion in this paper, of the two different forms of the orienta-

. ; . ) eous information concerning both of the fragments. The
tion and alignment parameters which are most widely used. g g

) ; ) ¢ross section corresponding to such an experiment involves
Section Il describes the methods used in the current calcu- P 9 P

i averaging over the quantum numbers of the other, nonde-
lations and Sec. IV presents our results for the HF molecule, . Lo .
. . ected, fragment. This averaging is performed by taking the
A short summary is given in Sec. V.

trace of the generalized cross section over the quantum num-

bers that are not actually measured, i.e.,
Il. THEORY: GENERAL EXPRESSION
FOR PHOTOFRAGMENT STATE MULTIPOLES

I _ = ro o :
AND ANISOTROPY PARAMETERS “m,;;mA(a"i’)_jBEmB o(KEja:Ma.Je,Me:ia:Ma Je.Me).
Let us consider the photodissociation of a molech (2)
to produce fragment& andB. The fragment#\ andB have It is convenient to express the elements of the general-

angular momentd, andjg, respectively, and these haze
components ofm, andmg about the space fixed axis. The _
initial and the final total angular momenta of the moleculeterms of the angular momentum state multipqiég)(ﬁ, ?),
areJ; andJ, respectively, and the corresponding space-fixedvhich are dimensionless spherical tensors of riérand pro-
z components ar&; andM. jection Q.1°21If the total cross sectiom, is chosen as a

If the interaction of radiation with the molecule is treated normalization factor, the corresponding laboratory frame
using the dipole approximation, and if first order time- state multipole can be written as
dependent perturbation theory is used, the generalized

ized differential cross sectiofiEq. (2)] oA (0,¢) in

’.
mA yMa

~ ; 1 )
hotofragmentation cross sectiokE,7i,7i’) can be written U S —1)IA"Ma(2K +1)12
2515‘17 g of ) Pro (0. ) mmgm (=1 ( )
n 272y ia ia K )
o(KER' )= ——— in
( ) C60(2Ji+1) X(mA _m/A —Q>O-m'A?mA(6’¢)’ (3)
x> <q;*(l§ﬁ’)(R,r7E)|a.e|\pJ_M_> where ao=(2jA+l)*1’2(Tr[ajnf, _mA(0,¢>)]> and the angle
M o L . A’
R brackets signify integration over the anglésand ¢. The
X(\If‘(kﬁ)(R,r,E)|a-eI‘I’J,M)*, (1) factor in the parentheses in E@) is a 3— symbol while

the prefactor (2a+ 1)~ *2is used to fulfill the normalization
where v is the frequency of the incident lighg is a polar- condition<p(jA)(6) $))=(2j p+1)"122° The expression for

. . AL . . 00
ization vectord is a dipole operatoR is the vector connect- o fragment state mu|tipo|p(JA)(9’¢) for the casejg=0
ing the centers of mass of the fragments, whilelenotes KQ

- . ) has recently been studied in Ref. 18. In subsequent expres-
collectively all the internal coordinates of fragmertis; v, sions, the superscripf ) will be dropped for convenience.

is the wave function of the initial molecular state and  ap initio molecular electronic structure calculations are
v~ &N(R,r,E) is the dissociative wave function describing performed in the molecular frame, in which the uniquezor
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axis is fixed in the molecule. In the case of a diatomic mol-fragment (,=3) arising from the photolysis therefore re-

ecule this is the molecular axis. The most accurate calculaguires only state multipoles of rartk=0 (population and

tions, of the type considered in the present work, includeank K=1 (orientatior). For the fluorine fragment j§

both the orbital and spin angular momenta of the electrons=%,%) the complete set of state multipoles contals 0,

The total angular momentum of fragmekis denoted byj 5 K=1 and alsoK=2 (alignmenj and K=3 (octupole mo-

and its component about the molecular axis is denoted byneny. For each state multipole, the angular dependence in

Q4. A similar notation is used for the angular momenta ofEq. (5) is universal and does not depend on the dissociation

fragmentB. In the presence of spin—orbit interaction the dynamics of a particular molecule. The angular dependencies

only good quantum number, for a nonrotating molecule, iof the state multipoles with the ranks=0,1,2 and with all

the component of the total angular momentum about the mgpossible projectiong)=—K .. .K, have been presented for

lecular axis,Q0=Q,+Qg. The expansion of the total elec- several different experimental arrangements or geometries in

tronic wave function,¥®, in terms of the “spin—orbit Refs. 11 and 12. The individual state multipoles can, in prin-

coupled” basis|jaQa)|jsQg) May be written in the form  ciple, be observed experimentally using, for instance, ion
imaging technique%?*ll'zsgery measurement of Doppler or

R . _ time-of-flight peak profiles:
Vi — QAZQB T [,0,0i505Al 1400 160%), 4) In the above description we have neglected fragment

nuclear spins. This is justified as the duration of the disso-

where A is an antisymmetrization operat¢see, e.g., Ref. ciation process is typically much smaller than the Heisenberg

22) and the index differentiates between different adiabatic uncertainty timet=7%/(26E) associated with the hyperfine
electronic states with the same value(f splitting in the atoms. Therefore, the nuclear spins do not

The matricesT IUQQ i-a. in Eq. (4) are the expansion affect the dynamics of the photodissociation process. How-
A**AIB "B

coefficients of the adiabatic molecular electronic states irffVe"> the hyperfine interaction in the final fragments is im-
terms of the fragment basis|jsQa)|jsQs)) in the portant and results in partial depolarization of the fragment

asymptotic regiorR—. In general these matricese not ~ ©lectron angular momen,fﬁ.' ,
the Clebsch—Gordan coefficients, they depend on the nature 1 he quantitiesfy(q,q") in Eq. (5) are dynamical func-

o ; i .
of the long-range interaction between the fragments and cafPns The g%cesq,q are the vector spherical harmonic
be determined by diagonalizing the Hamiltonian matrix ex-cOmpPonen of the molecular electric dipole moment

pressed in the fragment basis in the asymptotic reQio#. with respect to the recoil axis. They can take only the values
Using Eqgs(1), (3), (4) and applying the properties of the 0 or =1, corresponding to parallel or perpendicular elec-

3—j symbols and Wigner matrices in a way analogous tdronic transitions, respectively. The dynamical functions in

that used in Ref. 18, the fragmehtstate multipole, Eq(3), ~ Ed- (2) are defined as

in the axial recoil approximation can be written @&e Ap-

pendixA): fK(qrq,): 2 (—l)K+j/-\+Q,,A
1/2 nQ,Qa,0",0",0,
3 [2K+1 ) . -
pro(0,¢)=1—| 5 > (—1)Kta i i K
477 2JA+1 kd'qd'Q’ q‘qr > , ,
—Qxr Qp 9—q
fk(a.9")
XE (2k+1)12 o e
kd%(e) f0(0'0)+2 fO(l’l)k ‘ ) XT ?AQAjBQB(TjAQAjBQB)*
Lok ) K (W5 o(RFLE)|dg W )*
X ! ' D '( 1010) n,Q A q Q,
(q -q —Q') ¢

X(W¥_, /(R,rE)|dg| Vg ), 6
XDEZQ/(¢!6!O)1 (5) < n’,Q ( )| q | Q|> ( )
where V', ((R,r,E) is the scattering wave function for the
WhereDgQ,(¢>,0,O) are Wigner rotation matrix elemerfs, channeln,Q in the body-fixed coordinate systétt>**and
Q'=q’—q is a component of the rank state multipole in  the initial and finalz components of the total electronic an-
the molecular frame, andl,q (€) are elements of the disso- gular momentum about the molecular axis are relatedlby
ciation light polarization matrit>??'The molecular-frame =;+q. The matrix elementgV¥,, o(R,r,E)|dy| ¥y, ) are
component)’ can only take the valug®’' = —2,—1,0,1,2!%  the photofragmentatio matrix element$>® TheseT ma-
The axial recoil approximation is valid in the limit of a trix elements are computed exactly using a time-dependent
fast dissociation process. In this approximation the bodywave packet formalish{ in the present work.
fixed projection of the total angular momentum on the mo-  The summation in Eq) is over all indicesn, Q, n’,
lecular axis(Q)) is treated as a good quantum number and the)’, Q,, Q. No explicit summation oveflg is necessary
overall rotation of the molecule is neglected. as the relationshifl = Q) 5+ g ensures that this summation
The expression for the state multipoles of fragmBnt is effectively performed. Due to symmetry properties of the
can be obtained from E@5) by exchanging subscriptsand 3—j symbols, the following relation is fulfilledg—q’
B. In general the multipole rank, in Eq. (5) ranges from =Q,—Q,=Q—-Q'. Therefore, the diagonal elements of
K=0 to K=2j,.1%?°The description of the hydrogen atom the dynamical function$x(q,q’) in Eq. (6) with q=q’ cor-
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respond to incoherent excitation of parallel, or perpendiculaelectronic states and the quantum numiieendq,q’ in Eq.
transitions, while the off-diagonal elements widk:q’ cor-  (6) are restricted to the valués=0,1,2,3 andy,q’' =+ 1.
respond to coherent excitation of different molecular con-
tinua. It should be noted that in the definition of the dynami-A. Photofragmentation T matrix elements
cal factors, Eq(6), only Qg andjg occur and nd)g or jg.
This is because we are taking the average or trace over theﬁ,ﬁi
guantum numbers.

The dynamical functions obey the following symmetry
relations®*

fe(@,0")= (= D*fc(—a,~q)=(~1)* ¥ fX(q’" ).
(7)  where ¢,(R,t=0) represents an initial wave packet on the

The functions,f«(q,q’), contain all information about the nﬁh ele.ctronically .a-diabgtic potential energy -surface and
transition dipole moments, phases, and other fragmentatiofly (R) is the transition dipole moment for excitation from
dynamics of a particular molecule. The quantum mechanicahe initial electronic staté’>%
observables which can be determined from experiment are Following the setting up of the initial wave packets, they
the magnitude of the total cross sectier, and the dimen- are propagated forward in time by solving the time-
sionlessanisotropy parametersThe anisotropy parameters dependent Schdinger equation. This requires the simulta-
are normalized combinations of the dynamical functions ofheous solution of coupled time-dependent equations. The re-
rank K. The zeroth-rank anisotropy parameter is the well-sults are analyzed by taking cuts through the wave packets at

known 3 parameter which can be expressed in terms of th@€ach time step at a fixed, large value of the scattering coor-
dynamical functions &8 dinate, R=R,,. If we specialize the treatment now to the

case of a diatomic molecule, so that we can repRd® R,
— 2[f0(0,0 —fo(1,1)] . (8) then we can write the energy dependent coefficients obtained
21(1,)+14(0,0 by taking the Fourier transform over time of the cuts through

Two alternative sets of anisotropy parameters have reth€ time-dependent wave packets(sse Ref. 13
cently been introduced for rarkk>0. One of these setsy, 1 (=
Yk, Tk Sk, and 7 ,%%is related to thdaboratory frame An(Rx,E)= ﬂf én(Re ) exdi(Ej+hv)t/A]dt.
orientation and alignment of the photofragment angular mo- 0 (10)
menta. The spatial modulations in an ion image, Doppler
profile, or time of flight mass spectroscof§OFMS) profile, ~ The analysis of Ref. 32 shows that these energy dependent
that result from orientation and alignment effects in thecoefficients are related to the photofragmentaffomatrix
photofragmentation process, often constitute a relativelglements by the relationship:
small fraction of the total signal. A powerful experimental ;.- B
procedure for separating the orientation and alignment con<-q,”'9(R’r’E)|dq|\PQi>
tribution from the population terrmpyo( 6, ¢), and also from ( h2k

the angular distribution of the photofragments associated =i o

with the zero rank anisotropy paramejgrhas recently been

developec},2 The other set of orientation and alignment pa-WheI‘e the matrix element on the left hand side of the above
rameters,at(p), where®=—-Q and p=L, I, or (L, )  €quation is the photofragmentatidnmatrix element associ-
Q @ted with the asymptotic channal k, is the asymptotic

wave vector for this channel andis the reduced mass of the
two photofragments.

The initial step in the calculation of the photofragmen-
on T matrix elements using a time-dependent wave
packet formalism is the setting up of an initial wave packet.
This wave packet may be written as

$n(Rt=0)=d, (R)¥q,(R), ©)

1/2
exp( —ik,R..)Aq(R., ,E), (11)

corresponding to pure perpendicular, pure parallel, or mixe
perpendicular/parallel excitation, is related to thelecular
frame orientation and alignment of the photofragment angu
lar momenta:1%31This set of parameters is more suitable for S _ ,
a theoretical analysis and is therefore used here. The pararii: Adiabatic electronic wave functions

eters of both the sets which are relevant to this study ar8! large separations

defined in terms of the dynamical functions and are related to  The low lying energy states of the HF molecule correlate

each other in Appendix B. adiabatically at large internuclear distance with two spin—
orbit energy levels corresponding to the?8(;,) + F(?Pz/,)

IIl. DETERMINATION OF THE DYNAMICAL and HES,,,) + F(°P,,,) pairs of fragments. In the molecular

FUNCTIONS region these states split into 12 substdfear of them being

degenerate there is ond|=2 level (two substates three

e o o 0] 1 vt subsatesto 00" subsiate,and o
P y ' P Q=0 substates. The major contribution to the long-range

coefficients of the adiabatic electronic molecular wave func- . . . .
g ; ; - ;[_nteractlon for both levels is the van der Waals interaction
tions at large separations in terms of the wave functions o

0 : resulting in a— C/R® energy dependence, wheeis a con-
the separate atomgrAQA]BQB)’ and the photofragmentation stant. The corresponding long-range energy states and mo-

T matrix elements<\1}r:,9|aq|qfﬂi>- In the case of HF, pho- |ecular wave functions determined by using second order
todissociation takes place via the three low@st 1 excited  perturbation theord are presented in Table I. According to
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TABLE I. Energy levels and molecular wave functions for van der Waals interatomic interaction.

Energy of the molecular Molecular state Expansion of the wave functigm,Q”)
state [n,Q7) over the atomic statd$,Q,;jsQs)
" 1((11 1 1 1 111
8.0") —1535573)*57 555
va\|22'2 2 2 2'22
A 1 00 18,0) 1(11.1 1 1 1.11
o~ 3re 00 ' zl22'272/ 727222
|7.2) 1111
2222
0,2
- 00~ 222 2 1133
V3R® 25 22'22
|B1> 1 1.33
7222
1/(/11 3 1 1 1 31
o Lili1a 2 g
va\|22'2 2 2 222
€(0,2) a0 1([113 1\ |1 131
R o « #2227 3/ 3'33
e, 1) 11 31
2722

the Hund's casec classification we denote the molecular IV. RESULTS AND DISCUSSION
wave functions in Table | ag,Q%), whereo=* is a re-
flection character for th€)=0 energy substates amg= «,
B, or yis an index labeling the different substates with the
same|()| quantum number in order of increasing energy. As  1he potential energy curves and spin—orbit coupling ma-
the ground electronic state of HF hs=0", and the only trix elements used for the HF and DF molecules were calcu-
nonzero transition dipole moment is to an electronic statdated using the MOLPRGab initio electronic structure
with =1, only the excited energy statkg 1), |3, 1), and code® and have been reported in our previous pafsee
|7, 1) are involved in the photodissociation dynamitgt Ref. 14. A large augmented correlation-consistent valence
smaller internuclear distances these states correlate adiabaakintuple zetgav52 basis set of Dunningt al*® was used
cally with thea®IT,, AI,, and 133 molecular energy for theab initio calculations. This consisted of a total of 146
states, respectively. Only the second of these states can bentracted orbitals and includegdfunctions on the hydrogen
optically excited from the molecular ground's, ; state!*  atom anch functions on the fluorine. These potential energy
The T?SQAJ'BQB matrix elements are the expansion coeffi- curves and spin—orbit coupling matrix elements were used,
cients in the third column in Table 1. as described above, to compute the photofragmentation
The valueA, in the first column of Table | is a spin— maFrix eleme_nts. Thg treatment of the electronically nonadia-
orbit energy splitting in the fluorine atom and the valuesPatic dynamics, which allows the wave packet flux to pass
€(0,0) and €(0,2) are defined &2 from one adiabatic electronic state to another, has been fully
described in a previous paper.
Figure 1 shows snapshots of the wave packets in the
three excited electronic states at four different times. The

A. Anisotropy parameters arising
from the photodissociation of HF  (v=0)

G(XHaXF):EdewU-H“a (0)]|Ly) initial wave packet is almost entirely in tha'Il; state.
™Jo XH There is in fact a very small contribution to the initial wave
acket in thea 311, state, but this contribution is too small to
X(Lellay (o)]|Lg), 12 P !

be visible on the graph. At 4.8 femtosecoritfs some of the

wave packet amplitude has been transferred, through elec-

tronically nonadiabatic transitions to the’; state. At 9.7
wherea, (w) ande, (w) are irreducible dipole dynamical fs the amplitude of the wave packet in thé3, state has
polarizabilities of the H{S) and FEP) atoms, respectively. grown further and is becoming comparable to that in the
The values in the angular brackets in Efj2) are reduced A 11, state. There is now also a small amplitude of the wave
matrix elements where,=0, L,=1 are the corresponding packet in thea®Il, state. At 14.5 fs the amplitude of the
atomic orbital angular momenta. wave packet in the I, state has grown considerably and
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FIG. 1. Square of wave packets in ta€ll, (solid ling), A 'T1, (dashed ling and 133 (dotted ling adiabatic excited electronic states of HF at different

times.

the amplitude in the ¥3, state has also increased. The equations of Appendix B. Figure 2 shows the anisotropy pa-
whole of the photodissociation dynamics takes about 20 fsrameters withQ=0, a{’(L), for the photodissociation of

The photofragmentation T  matrix

elements,

HF(v=0). The notationl, introduced by Rakitzis and

(¥10ldg| W ), are computed from the wave packets in thezare? indicates that the transition involved is a perpendicular

different adiabatic electronic states using Eifl). The dy-
namical functions are then computed using &j).and these

transition. The computed absorption cross section for the
photodissociation of HR(=0)'* has a Gaussian type line

are used to compute the anisotropy parameters using thghape with a maximum at 83467 chand a half-width of

HF(v=0)
1 1 1 1
0.6
1 (1)
0.5 4 ao
0.4 @
1 a
03 0
02 4 -
— -
g -
[=3 ”
« 0.1 P
1 /
00
1 /7
-0.1 - A @ e
{7 R a
024 Lo 0
034 -
T T T T
60000 70000 80000 90000 100000

Photon Energy / cm ™

FIG. 2. Anisotropy parameteragK)(L) as a function of photon energy for

photodissociation of HF initially in its grouna@,= 0, vibrational state.

12 457 cm L. This results in a cross section which has sig-
nificant values when depicted graphically over the energy
range 70000 to 100000 cm. From the figure we see that

all the Q=0 anisotropy parameters have significant values
but remain relatively constant over the energy range 77 500
to 90 000 cm'* which includes the main peak of the absorp-
tion cross section. At lower photon energies the parameters
decrease significantly. Our analysis below will show that the
values of these parameters are directly related to the prob-
abilities of electronically nonadiabatic transitions between
the three adiabatic electronic states involved. In the absence
of any electronically nonadiabatic transitions for instance the
anisotropy parametagl)(L) is predicted to have a value of
0.7746. At the peak of the absorption spectra&lﬁ(L) has a
value of 0.5973. The difference between these two values is
a direct quantitative measure of the presence of electronically
nonadiabatic transitions which are also clearly demonstrated
in Fig. 1.

Figure 3 shows the anisotropy parameters Witk 2,
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HF(v=0) 2_
02 . ) \ ) \ . ) le=P1,
0.1 -\\ r%=l—p1—p2, (14
] a (3)
00 : r2y: P2.
014 The probabilityp, is the branching fraction for producing
o o2l the excited F{P,,,) state. It is calculated from the partial
o : cross section for producing the ¥R, ,) state divided by the
031 total absorption cross section. The probabiftyis the prob-
04 ability of nonadiabatic transitions from tha 11'[l to the
{ (2) a’ll; state.
R U S Using the definition above for the photofragmentation
06 el , , : , matrix elements, Eq(13), Eq. (6) for the dynamical func-
60000 70000 80000 90000 100000 tions and the values given in Table | for the matrix elements
Photon Energy / cm ji’QAj 40, We obtain the following expressions for the diag-

FIG. 3. Anisotropy parametei&)(1) as a function of photon energy for onal e]ements of the dynamical functlorfsﬁ(l,l), for the
photodissociation of HF initially in its ground,= 0, vibrational state. detection of ground stafPs, fluorine photofragments:

fo(1,1)=2(1—py), (15

a(zK)(l), for the photodissociation of HEE0). These pa-
rameters are again relatively constant over the energy range
where the absorption cross section has its peak. At lower
energies, they show a small dip and then rise significantly as 1
the energy decreases further. Our analysis in Sec. IVB will  f2(1,)= —\/—(1—2P1— P2), (17
show that these parameters carry information concerning 2V5

both the probability of electronically nonadiabatic transitions 1

and the relative phasda ¢) of the photofragmentatioi f3(1,)= ——(1—4p;—p,). (18
matrix elements associated with tie'Il; and thea I, 235

states. The anisotropy paramea§?(L) will be shown to be
proportional to sim\¢ and is close to zero as¢ is close to
zero. The anisotropy parametf)(LL) will be shown on the
other hand to be proportional to cag and this parameter is
distinctly nonzero as a result of the substantial probability of

1
f1(1,1)=ﬁ3(3—2p1—3p2), (16)

Inserting these expressions into the equations given in Ap-

pendix B results in the following expressions for Q=0
anisotropy parameters{(L):

3-2
electronically nonadiabatic transitions. al(L)= —\/1_5p (19
4(1—-2p)
2
B. Interpretation of anisotropy parameters ag )( )= 5 ' (20)
The consequences of the dynamics of the photodissocia-
tion process are entirely contained in the photofragmentation (3)(| )= 4(1—4p) (21)
T matrix element$? Equation(6) and Appendix B show that 515 '
the T matrix elements are central to the calculation of the
anisotropy parameters. Let us denote Thenatrix elements Where
corresponding to dissociation via tke®T;, AII;, and P,
133 excited electronic states by P=1"0, (22)
2

Similarly, if we define the phase difference between the
photofragmentatio matrix elements for tha I, and the
Alll, states ad\ p= ¢, — ¢, we can derive the following
where the index stands fom=« (a°ll;), B (A1), and  expressions for the nondiagonal dynamical functions:

<‘Pr:,1|aq|‘1’o>=|’nei¢", (13

y(132]).

The1 valuer,, in Eq. (13) is the modulus of the corre- fo(1,—1)=11(1,-1)=0, (23
sponding photofragmentatioh matrix. In the case of HF 2
photodissociation, where only th#elIl; molecular state can f5(1,—1)= —=+(1—p;—p,)P1 COSA ¢, (24)
be optically excited from the ground electronic state, the val- V5
uesr, are directly related to the probabilities of nonadiabatic 2
transitions between the stafe'Il; and two other states in- fa(l—1)=—i—= mgnAdx (25)
volved, J7

Downloaded 19 Jun 2002 to 130.160.100.89. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 116, No. 24, 22 June 2002 Vector correlations in photodissociation 10767

HF(v=0) HF(v=0)
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4
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FIG. 4. Transition probabilityp, , from A *II, to a °I1, adiabatic electronic  F|G_ 6. Phase differencey, between photofragmentatioh matrix ele-
state as a function of photon energy for the photodissociation procesgents for theA 'I1; anda *I1, adiabatic electronic states as a function of
HF(v=0)+hv—H+F. See text for details. energy for the photodissociation process WEQ)+hv—H+F. See text

for details.
From these we can derive expressions for §he2 anisot-
ropy parametersa(zK)(L), calculatep, as a function of energy. Once we hapg we
can computegy; from agl)(l), see Egs(19) and (22). In a
(2) 42 similar way we could compute the probability using either
ay(L)=———\(1—p)pcosAg, (26) A Yy P € p My using
25 a?)(1) [see Eq(20)], together with Eq(22) or a§(1) [see
442 Eqg. (21)], again in conjunction with E¢22). Thus once we
a(23)(J_): ——Ja- p)p SinA é. 27) have extracteg,, either from experimental measure_ments
53 or from the computed results, the valuegefcan be derived

The anisotropy parameters in E4§9)—(21) and in Egs.  from any one of the threQ=0 anisotropy paramete(see
(26) and (27) depend only on three key dynamical param-F19- 2). There are, therefore, three dlffe_rent ways in which
eters: p, (or alternativelyp), p;, and A¢. These key dy- We can dgduce the values pf from expenmen.tall .results, or
namical parameters can all, in principle, be derived from@S We will do here, compute them from thé initio calcu-
experimentally measurable quantities; the branching fractioffted 'values.
and the anisotropy parameters. We have presemeihitio ~ Figures 4 and 5 show the values pf and p,, respec-
calculated values of the anisotropy parameters in Figs. 2 anély, calculated in this way. The values pf, shown in
3 and the computed branching fraction has been presented fg- 4, have been computed in all three ways discussed

Ref. 14. We have used the computed branching fraction t@bove. All three calculations give identical results. This con-
firms that our dynamical model is at least internally consis-

tent. The “statistical” limit for this transition probability is
HF(v=0) 0.5. The figure therefore shows that the dynamics do not
050 L s L - L ~ - result in a statistical distribution. The probability for this
transition varies considerably with energy and is consistent
with the magnitudes of thd I, anda I, wave packets
0.45 - shown in Fig. 1.
The Q=2 anisotropy parameters, see Fig. 3, can be used
to calculate the phase differencAg [see Egs.(26) and
0.40 1 (27)]. Again the two equations provide two independent
ways of deducing the values d¢. Figure 6 shows the
phase difference calculated from the anisotropy parameters.
0.35 Just as in the case @f;, the values ofA¢ calculated from
a?)(1) and fromal¥(L) are identical, again confirming the
validity of the paramatrization used in Eq4d.3)—(27). The
phase difference is very small, negative, and nearly constant
; over the entire significant energy range, i.e., over the range
Photon Energy / cm 70000 to 100000 cm'. At lower energies, at which the
FIG. 5. Branching fractionp,, for the production of F{P,,,) as a function absorption cross section is negligibly small, the phase differ-

of photon energy in the photodissociation processtH#0)+hv—H+F. ence increases sharply Wit_h decreasing photon energy. The
See text for details. small value of the phase difference over the photon energy

P,

0.30

T T T T T T T
60000 70000 80000 90000 100000
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HF(v=1) HF(v=0) and DF(v=0)

IR —— HF(v=0)
R -+ - DF(v=0)
] 08 4
-0.7 T T T T v T v T T T T T
60000 70000 80000 90000 100000 60000 70000 80000 90000 100000
Photon Energy / cm Photon Energy / cm

FIG. 7. Anisotropy parametes[’(L) as a function of photon energy for FIG. 9. Anisotropy parametem’(1) as a function of photon energy for
photodissociation of HF initially in its first excited,= 1, vibrational state. ~ Photodissociation of HRsolid line) and DF (dotted ling initially in their
ground,v =0, vibrational states.

range 70 000 to 100 000 cm is consistent with Fig. 1. This sulting near-zero values of the partial cross sections close to
shows that the amplitude in ttee’l1, state builds up during this photon energy. The nonzero valuesadf (1) and of

the very final part of the breakup processes. Thus the ampliy) | ) again confirm that electronically nonadiabatic tran-
tude of the wave packet remains in th_él'[l state until near  sjtions play an important part in the breakup dynamics. We
the end of the breakup when a portion of it is transferredyyye calculated the electronically nonadiabatic transition

through electronically nonadiabatic transitions to thdll, probabilities,p; and p,, and the phase differencA, for
state. This accounts for the fact that the phase of the wavg,q photodissociation of HEE1). These again all fit the

packet in the two states is nearly identical in the asymptotiGy,gqel proposed in Eq$13)—(27).
region.

C. Anisotropy parameters arising D. Anisotropy parameters arising
from the photodissociation of HF  (v=1) from the photodissociation of DF
Figures 7 and 8 show the anisotropy parameters(Yor Figures 9 and 10 show the computef(L) and

=0 andQ= 2, respectively, for the photodissociation processa(zK)(L) anisotropy parameters, respectively, arising from the
HF(v=1)+hv—H+F. All the anisotropy parameters dis- photodissociation of DR(=0). The anisotropy parameters
play a sharp change around a photon energy of 78 269 cm for DF are shown as dotted lines. The parameters for HF are
A similar sharp change was observed in the branching fracshown as solid lines in the figures for comparison. The main
tions reported in Ref. 14. The origin of this change is theconclusion to be drawn from the figures is that the anisotropy
node in the HR¢ =1) vibrational wave function and the re-

HF(v=0) and DF(v=0)

HF (v=1) 0.2
0.6 1 1 1 n 1 1

0.5 4
0.4 4

0.3 o

0.2 ~

0.1 4 a ) < .0.2_-
00 I~ o 1 —— HF(v=0)
N ' 034 - -+~ DF(v=0)

(K)

© 014 I .
024 h 044 .
1 I ; .
03 4 " 1 . a®
] 05 - - %2 .
047 1 a® \ e o
-0.5 4 / 2
_________ - L—-———-_"_- 06 T T T T T T T T
0.6 ; . ; ; . ; 60000 70000 80000 90000 100000
60000 70000 80000 90000 100000

Photon Energy / cm
Photon Energy / cm
FIG. 10. Anisotropy parametess)(L) as a function of photon energy for
FIG. 8. Anisotropy parameteraQ()(L) as a function of photon energy for photodissociation of HFsolid line) and DF (dotted ling initially in their
photodissociation of HF initially in its first excited,= 1, vibrational state.  ground,v =0, vibrational states.

Downloaded 19 Jun 2002 to 130.160.100.89. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 116, No. 24, 22 June 2002 Vector correlations in photodissociation 10769

parameters for the photodissociation of DF are surprisinglffragmentationT matrix elements and we conclude that this
similar to those of HF. If we remember that the photon en-phase difference is the dynamical quantity most strongly af-
ergy range over which the HF absorption cross section hasfacted by the change of isotope from H to D.

significant magnitude is 70000 to 100 000 ¢ then we

see that over this energy range t#¢’(L) anisotropy pa-

rameters are almost identictdee Fig. 9. Theal)(1) an- ACKNOWLEDGMENTS
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change from HF to DF more than are the nonadiabatic tran-

sition probabilitiesp, andp, . APPENDIX A: STATE MULTIPOLES AND DYNAMICAL
FACTORS

V. CONCLUSIONS Equations(5) and (6) can be derived from the general

The paper presents the firsib initio calculation of eﬁ)ressmns for the photodissociation cross sections

photofragmentation anisotropy parameters. The analysis dfmA;mA(a"b)’ Egs. (1) and(2), by a sequence of transfor-

these parameters given in the paper shows how it would bgations and manipulations. The derivation of the cross sec-
possible, for the simple case considered here, to extract elefpns has been discussed in detail in Ref. 18, and a closely
tronically nonadiabatic transition probabilities and the phasge|ated discussion has been given in Ref. 15. We will not
difference between photofragmentatidn matrix elements repeat this long and involved derivation here, but will refer
from experimental measurements. We have used our calcghe reader to these papers and will discuss only some new
lated results(Figs. 2 and B in the place of experimentally points raised by the present work.

measured data, to illustrate how these fundamental molecular The cross section in Eq2) is expressed in terms of the
dynamical quantities may be extracted from observable datgsymptotic fragment energy eigenfunctiofgam ) and

Our results show clearly that electronically nonadiabatiqumB>, while the “n” subscripts and superscripts in E@)
transition probabilities play an important role in the breakupyj.e., in ¥ o(Rr,E) and T?A?QAJ'B%] refer to a set ofdia-

dynamics, see Figs. 4 and 5. In this particular case our resul[;;atic internal electron molecular stateisﬁ'ﬂ(r,R) [see Eq.

als_o show thf.ﬂ the phase difference bgtween photqfragmer(le)] which are the orthonormal eigenstatés of the full Hamil-
tation T matrix elements for breakup in the two different

. . . tonian,H;(r) +V(r,R), for fixed values oR. The indexn
adiabatic states which lead to ground state photofragment% a dissociation channel number and the Hamiltoiag(r)

2 .
H("Sy) and F(2.P3’2)’. is very small over most of the _photon refers to the sum of the noninteracting Hamiltonians of the
energy range in which the absorption cross section has ﬁlagments
significant nonzero valge. Our aljalys.is of the wave packets Three transformations are needed to relate the two dif-
cc_)rrespondlng o the different adiabatic eIectromc_stéﬂee ferent sets of fragment states to each other. First we must
Fig. 1) shows that the.probable geason for thI'S is that thetransform from the fj sma)|jsMg)” basis to the basis of the
wave packet flux remains on the-II, state during nearly total angular momentum of the fragmeiitsj,+js and its

the entire k_)reakup process and is transfer_red tpat_ﬁHl space-fixed&z componentm=mu+mg. This transformation
state only in the very final stage of the dissociation. The

: . . 1S given b
analysis also shows that a substantial fraction of the flux is g y
transferred from theAlll, to the 133 state at a much Lo jm . .
earlier stage. |Jm>—m§n5 CjAmAijB|JAmA>|JBmB>a (Al)

The anisotro arameters for the photodissociation of : ) .
vibrationally excifedeLF initw=1 vibrati(F))naI state show a WhereC}TmAijB is a Clebsch—Gordan coefficient.
sharp change in their value over a very narrow photon energy T he scattering equations for the dissociation of the mol-
range (see Figs. 7 and)8 This change occurs at the same ecule are most conveniently solved in a body-fixed coordi-
photon energy as a similar change in the branching fractiongate system, in which theaxis is the interfragment separa-
(see Ref. 1%and is due to a near zero in the partial absorpdion vector,R. We must now transform the functiom)
tion cross sections which in turn arises from the nodal strucfrom the space-fixed to the body-fixed reference frame. This

ture of the initial vibrational wave function. transformation i$**®
The anisotropy parameters for the photodissociation of _
DF are found to be very similar to those arising from the  |[jQ)=2, DhL*(¢,6,0)|jm). (A2)
m

photodissociation of HF. The largest differences are found

for the parameters describing the coherent production of th&he functionsjQ) are diabatic functions in the sense that
Q=1 andQ=—1 substates of the FPy,) fragment in a they are built up from the energy eigenfunctions of the sepa-
body-fixed reference franfée.,al?)(1) andal®)(L)]. These rated fragments and do not change with interfragment dis-
parameters depend on the phase difference between photance,R. To relate these to thadiabatic internal electron
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molecular stateslfﬁ[Q(r,R) we require a further transforma- @ )2\ _, F2(1D)
tio_n. In fche asymptotic region the functiohﬁ"ﬂ(r,R) can be ag " (L)=Va(ja) fo(1,)°
written in the form

2_
R o o=
PRa(rR) ~ 2 (10[n0)jQ). (A3) ©2)
1 f,(1,—1)

We can now use the relationship in the body-fixed coordinate a(zz)(L )=— EVZ(]A)_li(—ll)u
system ot

. : - . 2(2-B) (,

|jAQA>|JBQB>=§j: Cl%, 10,1 ). (A4) " el aP)(L)=1n,,
Combining Eqgs(4) and(A4) and comparing with EqA3),  where
we can derive a relationship for tieQ|nQ) coefficients in o

: icag N0 i jG+1) ]2
Eqg. (A3) in terms of the matnceﬁ’jAQAjBQB in Eq. (4), Va(j)= e
J 1=
; _ I nQ _ -

<JQ|nQ>_QAEﬂB Cla0nin®s? [a0nins - (A5)  (3) RankK =3 anisotropy parameters,

Inversion of(A3) gives 353)@):\/3(“)1%1 Z_T'Bag3)(L)=a3,
0 I
R—o
jQ) ~ > (nQ|jQ)we (r,R). (A6) i fa(1,-1)
g " a(L)=5Vs(in g (B3)

Inverting Egs.(Al) and (A2) now yields a relationship be-
tween the adiabatic body-fixed coordinate fragment eigen- V5(2—B)
functions\Ifﬁ{Q(r,R) and the space-fixed diabatic eigenstates 6

liama)lismg),

al?(L)=7s,

where
R—o
ljama)|jgmg) ~ E C}TmAijBE Dhm(¢,6,0) Va(j)= j(j+1)
" ’ G- D(+2) @) - D[+
P el
x ; <nQ|JQ>\P”~9(r'R)' (A7) LY. Mo, H. Katayanagi, M. C. Heaven, and M. C. Suzuki, Phys. Rev. Lett.

77, 830(1996.
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