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Multiarrangement photodissociation calculations utilizing negative
imaginary potentials
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University of Toronto, Toronto M5S 3H6, Canada

Moshe Shapiro
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(Received 6 July 2000; accepted 10 October 2000

A new method for calculating total and partial cross sections for photodissociation processes which
produce more than one chemical product is presented. By using negative imaginary absorbing
potentials, the method reduces the multiarrangement problem to a set of single-arrangement
problems. In this way, the state-to-state photodissociation transition amplitudes are calculated
directly using the artificial channel method coupled to an efficient log—derivative propagator. In
addition, the discrete position operator representation is used to significantly simplify the
calculations of the potential matrix elements. The method is shown to provide accurate cross
sections for the resonant photodissociation of a model §6tem. ©2001 American Institute of
Physics. [DOI: 10.1063/1.1329642

I. INTRODUCTION arrangements, a significant reduction by comparison with the
hi " hotodi .. third power law noted above. However, this reduction in
Branching, or multiarrangement, - photo ISSOC""‘t'on'computational effort is usually accompanied by a loss of

leading to a number of chemically distinct products, is theinformation. In particular, in the NIAP approach to reactive

subject of many theoretical and experimental studies. Reécattering one introduces absorbing potentials in order to

cently, interest has 'turne.d t.o controliing the rat|o of prOdUCtScapture all the flux entering the products’ region. The nega-
of such a photodissociation process. This goal can b

. : . . ive imaginar ntial is intr he entran h
achieved using quantum interference phenomena, via the e imaginary potential is introduced at the entrance to the

methods of coherent and optimal conttct products’ configuration subspace, while not affecting the
Continued progress towards this goal demands the devyar\]/_e fljjncttrl]on n tl?e reactan_is _f“t.’Spi;Whtef‘ thf|sth|s
velopment of effective theoretical tools for treating multiar- achieved, the resulling nonunitanty in matrix of the

rangement photodissociation reactions. MuItiarrangemenrte""ct"Jlnts subspace reflects exactly the flux arriving at the

photodissociation is in essence a reactive scattering proceBE0dUcts” channels. In this way theeactantsstate-to-all-
roduct$-states reactivflux can be estimated.

which occurs on an excited potential surface, accessed fro ; . .
a bound state of the ground electronic state. As such, it is " this study we show how in the context of the artificial
subject to many of the computational difficulties associate2nnel methodACM)™ it is possible to use the NIAP
with multiarrangement problems, the main one being thdnethod to calculatestate-to-statephotodissociation ampli-
need to simultaneously solve the Saflirger equation in all tudes. NIAP method allows the direct calculation of the de-

the product arrangements. This heavy computational burdeiiled state-to-statamplitudes” because in photodissocia-
grows roughly as the third power of the number of arrangei'on the initial state is a bound state of the combined system
ments. In spite of these difficulties, significant progress hag/hich belongs to neither products. With the NIAP method, it
been made in the past few decades via the development ist therefore possible to separately calculate transitions from
efficient theoretical methods for treating the multiarrange-the initial state to any of the final states of any chemical
ment reactive scattering problem. In particular, variousProduct.
collineaP and three-dimensiondl reactive scattering sys- Photodissociation calculations necessitate the calculation
tems have been treated using both the time-dependent a®dl dipole matrix elements from an initial bound state to a
time-independent versions of the negative imaginary absorifinal scattering state describing the reactive scattering pro-
ing potential(NIAP) method. In this article we make use of cess. This task can be done very efficiently using the A€M,
this approach to develop a method of computing photodissovhich allows for the direct evaluation of the state-to-state
ciation amplitudes for multiarrangement photodissociatiorfransition amplitudes, without the explicit generation of the
problems. bound or the continuum wave functions. The ACM has been
The negative imaginary potential approach is of specialised extensively in the past and shown to be highly accurate
interest since it enables one to convert a multiarrangemeror single arrangement photodissociation calculatiorsis
problem in real arithmetic into a set 6fomplex arithmetiz ~ therefore eminently suitable, as shown below, for applica-
single-arrangement problems. In this way the numerical eftions of the NIAP method.
fort grows, in principle, linearly with the number of product Additional features of the methodology introduced here

0021-9606/2001/114(1)/54/7/$18.00 54 © 2001 American Institute of Physics
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are the coupling of the efficient log—derivative propagator todescribed below, one treats the final arrangement channel of
the ACM™ and the use of the discrete position operator repinterest using its appropriate Jacobi coordinates and reduced
resentationDPOR?™® to evaluate the potential matrix ele- masses. Thus for the AB&hw—A+BC channel, we use the
ments. This representation, which falls under the class ofA+BC variables, etc.

discrete variable representatiofVR),® allows for an op- The Schrdinger equations describing the three-body
timal choice of “quadrature” points, which are tailored spe- collinear system in the ground and excited states, expressed
cifically to the type of target and number of channels undein (R,r)—the A+BC Jacobi coordinates, are,

consideration, thus simplifying and speeding up the calcula-

- h% 9 h? 52 _

tions. _ {__ 2———2+Wg(R,r)—Ei \If(')(R,r)ZO,
An alternative approach would be to employ wave 2p dRT 2m or

packet propagation techniquEs.However, wave packet ()

computations with realistic pulsg¢gather than the ultrashort 22 2 B2 52

5(t—t") pulse commonly usddnecessitate repeating the en- { +Wy(R,r)— E}\PE(”(R,r) =0,

tire computation for each new set of photolysis laser param- @

eters. In contrast, in the ACM and other time-independent

methods, whenever the photolysis laser can be treated hyhere Wy(R,r) and W,(R,r) are the ground and excited

first-order perturbation theory, one needs to produce the phatate potentialsy is the A-BC reduced massy=M (Mg

todissociation amplitudes at each energy only once. The re+ Mc)/(Ma+Mg+ M), andm=MgM/(Mg+ M) is the

sults can then be convoluted for any laser pulse configuratioreduced mass of the product diatom of interest.

with only minor additional computational effoff. In order to solve the two-dimensional Sctinger equa-
The theory and its implementation are described belowtions, in both groundEg. (3)] and excited Eq. (4)] mani-

(Sec. I). Applications, provided in Sec. lll, are here re- folds, the total wave functioW?(R,r) or ¥z V(R r), is

stricted for simplicity to a collinear model, that of the mul- expanded in a basis set of the product diatomic vibrational

tiarrangement photodissociation of €OThis model, which  states{;(r)}, s=g(ground),e(excited),

has been extensively studied in the pdst* possesses a N

rather complicated spectrum, composed of a rich resonant ; J i

structure superimposed on a smooth background continuum. \If(')(R,r)=n§1 ¢ﬂ(r)F§,>(R),

It thus provides a stringent test of the NIAP method. We note (5)

that there are no fundamental limitations which prevent ap- i Ne . )

plying this procedure to three-dimensional multiarrangement Ve ' (Rar):zl én(NF, (R).

problems.

21 R? 2mor?

The number of channeld\g or N¢) appropriate to each state

is taken sufficiently large to ensure convergence of the ex-
Il. METHOD pansions.

Consider a polyatomic molecule initially in a vibrational ~ Given the above expansion, the photodissociation ampli-
state of the ground electronic state, of total encgy un-  (Udes[Eq. (2)] are given as
dergom_g a transition to an electronlcglly _e>_<C|ted state by Af‘i(E):<F7(f)|_de’g_|F(i)>, 6)
absorbing a photon of frequeney For simplicity, we con-
sider the collinear triatomic molecule ABC with two possible where|F) represents a column of ket vectors &ffidl repre-
different product arrangements: sents a row of bra vectors. The symlahl, denotes a rect-

angular NeXNg) matrix.

BHAC—ABCHho—A+BC. The functions{¢;(r)} are the orthonormal set of solu-
The state-to-state photodissociation cross sectiongE) tions of the

can be written as . ‘s
hs(r) dn(r)=endn(r), s=g,e, )
4w

or(E)= T|Af,i(E)|21 (1) product diatomic Schidinger equations in the ground or ex-
_ _ cited statese;, are the product diatomic vibrational eigenval-
whereE is the total energy after photon absorptidd<E;  yes anchy(r) are the product diatomic vibrational Hamilto-

+hw), and A¢;(E) are the photodissociation amplitudes, njans in the ground or excited electronic states,

given as
2 dZ

Ari(B)=(WeVd[w D). @ hy(r)=— 5 4z Ts(r), ®

Here the —(f) superscript represents a scattering solution , , o .

with outgoing flux in thefth channel, and thé) superscript  Where vs(r)=lim,_ Wg(R,r) is the asymptotic diatomic

denotes thdth bound state. The symbal stands for the potential.

projection of the transition-dipole along the polarization vec-  Taking the scalar product of Egé3) and (4) with the

tor of the photon. {(p3(r)|} states, leads to the well-known coupled-channels
When the multiarrangement problem under considersystem of equations for thléﬁf)(R) expansion coefficients,

ation is reduced to a set of single-arrangement problems, aghich can be written in compact matrix notation as
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B —E|l+ e+ V3|FO(R)=0 (9) P d +e—E|FPR)+Y Ve (RFV(R)
o d_RZ ) 2u d_RZ n n < n,n’ n’
whereF® is the matrix of solutions antis the unity matrix, 0
both of dimensiorN,x Ng. The matricese® and V® are de- = _2 dnm (RIF 1 (R), (16)
fined as "
h? d? . _
€n.m= € 0nm 10 |-~ +ed—E|FYR+> V¢ (RFV(R)
2u dR pov m,m m
and
=—Vn(RF4(R), (17
V,S],m(R):fdr¢’,§s(r)VS(R,r)¢,§1(r). (11 22 o2
(‘ ZW—EJF €a+Va(R)>Fa(R)=0, (18)

HereVS(R,r) is the interaction potential defined as
VSR =Wo(R.r)— (1) (12 where the dipole matrixj,, ,(R), is given by
We now reduce these equations to a set of single ar- dm,n:J dr ¢;e(r)deyg¢>ﬁ(r). (19
rangement equations. To do so, we modi§(R,r) by plac-
ing short-range NIAPsU,(R,r), well into the entrance re- Equation(16) describes a continuum manifold, coupled to a
gion of all the products, save for the product of interest. Abound manifold of Eq(17) which, in turn, is coupled to the
perfectly absorbing potential, if placed sufficiently far into artificial channel introduced in Eq18). The artificial chan-
the products region, will not significantly affect the wave nel, serving as a source term, is governed by the
function in the region of the product of interest. When theasymptotic energy, th¥/, potential, and the choice of}
“perfect absorbance” condition is met, the photodissociationcoupling potentials. Th@'ﬁ,m(R) and Vg,m(R) matrices are
amplitude to the product of interest will include the loss of given by matrix elements of Eqg12) and (15). In the
flux due to transitions to all other products. By repeating theFranck—Condon approximation used here, these matrix ele-
calculations for different products of interest we can thusments are given as
extract all the state-to-state photodissociation amplitudes.
Various forms of absorbing potential can be used. The _7 xe g
convenient form adopted here is the linear rafhp: dm’”_de’gf dr m (1) n(). 20

_ r—ry Although the combined set of equations is now some-
—Ujg——", rysrsry, what larger than the separate set of scattering equations of

Ui(Rr)= fa _rl' (13 Eqg. (9), the difference is not too large because the number of
0, otherwise, additional equations due to the bound part is usually small.

This is more than compensated for by obviating the need to
calculate wave functions.
Equations(16)—(18) can be written in a more compact

where 0<R=<<x, The constant,, must fulfill the following
two conditionst®

REVY(Ar,Bu)<U,g<Ar,VBUEYYH, (14  form using matrix notation
where,E, is the translational energy in the product of interest h? d? B
arrangementy. is the reduced mass in that arrangement, and 2u are TeE|IPV(R)IF(R)=0, @D

Ar;=r,—r4,. The left-hand inequalityEq. (14)] guaran-

tees that all the flux entering into this potential region isWhere the potential matrix is of the form

absorbed, and the right-hand one guarantees that there is no t t
: - . Va(R) O o
reflection off the imaginary potential. ~ o

The V¢ matrix [Eq. (11)] is now replaced by a matrix, VIR)=| O  VAR) deg(R) |, (22)
denotedVv®, derived from the V&(R) (0] VI(R)

VE(R, 1) =Wy(R,r)+ U (R,r)—vr) (15)  Wwith € given by
potential. _ e, OF Of

With V€ matrix replacingv®, we now utilize Eq.(9) to e=| O € 0. (23
obtain the photodissociation amplitudes. To do so we utilize 0O O &

the ACM, wherein one solves a combined set of coupled-

channels equations for the bound and continuunHere, A represents a rectangular matrix,represents a col-
manifolds! To account for the different boundary condi- umn vector, and the T symbol denotes the Hermitian adjoint
tions of the bound and continuum parts, one introduced afthe complex-conjugate transpgse

additional “artificial” channel (identified by subscripts), The S-matrix derived from Eq.(21) can be obtained
serving as a source term for the bound manifold. The resultusing a variety of multichannel propagation schefe®f

ant set of equations can be written as greatest interest to us are the elements ofShmatrix which
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connect the artificial channel to the continuum subspaceof the system, and that the residues of these poles are directly
These matrix elements can be written, using standard expreselated to the desired photodissociation amplitudes of
sions, as Eq. (6),

Sta(E)=2mi(F~ V] dg g [F*¥(E)). (29) S, .(E)

Here, anjA) symbol represents a column of ket vectors and Ari(E)=(F (f)|'de,g' [F)= ﬁR%( a,(E) ] (26)
an (A| symbol represents a row of bra vectors. Th¢j)

superscript represents a scattering solution with an incoming{here Resis theith residue, and

outgoing flux in thejth channel.

It can be showh"*that with the special nonsymmetric ai(E)=(F|-V3|F@(E)). (27)
form of Eq.(21) the above matrix elements become
S ,(E)=2mi The pole energieg§; and thea; coefficients are calcu-
’ lated separately by replacing all the channels belonging to
(F~ ] dg - [FOWFD- VAF S @(E)) the excited electronic state by a single additional artificial
i E—E, : channela’. Channela’ is identical in form to channeh,

namely we choose, =¢,, V& =V3, andV, =V,. The
(29 Sa' o Matrix element resulting from this truncated set of
It follows from Eq. (25) that all the elements belonging equations, which is identical in structure to Eg1l), is of the
to theS; , column have poles &; , the bound state energies form

Fo 2 (E) VA [FOY O] VAR L @)(E
Sar a(E)=27i >, (Fa (B |E—>I<E- VA ( )>:277i exp(2i 8,) >, |a(E)|%(E—E)). (28)

Hence|a;(E;)|? are obtained as In addition, in order to speed up the computations we
have used the DPORto calculate the potential matrix ele-
ments. According to this method, the matrix elements

: (29 V,m(R) are calculated using a quadrature of the form

NQ

9 — g9 9 *Nel' r_
and E; are obtained as the corresponding poles positions. Vinm (R) le Cin,jV (R’rl)Cm’,i’ m,m’=1,..Ng,

These poles can be located very efficiefftiysing only a N (30)
few iterations(see Appendix A of Ref. ~ 3 ~
( = 2 v‘;'n,(R):Zl Ce VE(R,H)Cy n,n'=1,..N,
=

1
|ai(Ei)|2:’ERe$Sa',a(E)

Oncea,(E;) andE; are known, the desired bound-free n’,j?
matrix elements are computed directly from E5). A ) ] ]
simple shift ofE—E; in the definition of thee, asymptotic WhereCy ;. s=g,e, are the eigenvectors; being the eigen-
energy guarantees that it suffices to solve @8) only once, ~values, of the position operator matrix,
i.e., that the value o&;(E;) may be used for all energiés.

The above procedure guarantgebat the results for the o= ﬁ dr ¢ 5(r)ren(r), s=g.e. (3D
final bound-free matrix elements are insensitive to the exact
form of V4(R) andV3(R). The only limitation on the choice If the basis is completeC;, ; also diagonalizes the poten-

of V4(R) andV3(R) is imposed by the requirement that the tial matrix V(R,r), since the potential matrix can be
artificial wave functionF2 overlaps well with the bound written™® as a function of the matrix, V(R,r). This is the
wave functions. In the present application we have chosejustification for Eqs.(30). With the points and weights cho-
V, to be of the form\V,(R) =V, exp(—aR), with the value sen in this way, even a small number of quadrature points
of a fixed so as to guarantee a good overlap with the boundan give highly accurate evaluation of the potential maftix.
manifold.

The calculations are then repeated in a similar fashion
for each of the products of interest by placing the negativéll. THE CO,—CO+0 PHOTODISSOCIATION
imaginary potential at the entrance to other products.

The numerical method used by us to solve Exf) and To test the utility and efficiency of this method we

. : . -~ .. have examined the photodissociation of the well-
in th E) matrix elements is the log—derivativ : . . -
to obtain theSy o(E) matrix elements is the log—derivative ', o 402022-24 coce of collinear C® photodissociation,

propagation methot?. The method converges rapidly and ) o . !
eliminates instability problems which can arise when the in_where the photodissociation branches to two identical

tegration is started deep inside the classically forbidder?rOdUCtS’
region?>?’ OC+0—0CO—CO+0.
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FIG. 1. Th i ith;, =2.5a.u.
G e CQ absorption spectrum withy, =2.5 a.u FIG. 2. The CQ absorption spectra obtained with, = 3.0 a.u.(solid line)

andrq,=3.25 a.u(dashed ling

At the vacuum ultravioletvVUV) photon energies of interest, » ) o
the absorption spectrum consists of a sequence of resonand8@t the conditions in Eq14) must be satisfied for all trans-

superimposed on a smooth continuum. From a semiclassicitional energies at given dissociation eneigyNote also
perspective, these structures reflect to underlying unstabffi@t With increasing dissociation ener@y the number of
periodic orbits on the excited electronic surf3ahe large  OPEN channels increases as well and more basis wave func-

background is due to the dominant direct dissociation. WeioNnS have to be included in the expansion of £5j.in order

compute photodissociation into one product channel, the to® achieve convergence. o
The specific choice of; was found to be quite impor-

tal photodissociation probability being twice that obtained : g i
tant to the quality of the results. It was obtained by starting

for one channel. - - - -
close to the reaction region, argtadually increasingr q,

In this case theW(R,r) [Eq. (4)] is given by the - ) ' ) -
Kulander—Light LEPS potential surfaé®a surface which until furthersmallincremental increases did not influence the
’ results. Sample results are shown in Figs. 1-3 Aoy,

has a saddle point ato=2.41a.u., which is somewhat dis- "~ a X
placed from the ground state equilibrium position of 2.2 a.u.~2&U- Uip=0.05a.u., and the fixed number of channels
=80. Whenr4, is too small ¢=2.5a.u.,

The ground state surface was composed of Morse functior{gq' (5)_] N_e )
.29,30 shown in Fig. 1 the structure atop the broad background is

in both bond-stretching coordinategg andr oc: ; ) ;
almost absent. In this case the absorbing boundary interferes
Wy(R,r)=Wq(rco,roc) with the oscillatory wave packet motion that produces the
diffuse structure, so that the peaks are suppressed; As

= pMorse + pMorse i 32
v co) +u T rod) 32 increased the spectra begin to display the proper diffuse vi-
Here, brational structure. For example, the results foy,
oMosqr) =D fexd —2a(r—r&y)] =3.0 a.y.(sqlid line) andr,,=3.25 a.u(dashed lingare pre-
sented in Fig. 2 and show the convergence of the spectra.
—2exg —a(r—rgo)l}, (33 (Note, however, that complete convergence for the chosen

Wherea:l.64jagl, D,=5.453 eV, andSy=2.2a,. In this number of channels is still not achieved for the dissociation

case, parameters of the Morse function were fitted to the
equilibrium distances and force constants for the ground PES  2qg I 1 L
taken from the harmonic potential of Kulandetral?? The
relevant reduced masses chosen are defined as,
=MpMco/ (Mc+2mMgp) and m=mecmg/(Mc+mp).

We consider the transition from the ground vibrational
state of CQ to energies ranging from 1.4 to 3.7 eV above
the CO+O dissociation threshold. The eigenfunctions
{¢3(r)} of the EQ.(7) with v(r)=limg_..W-EPYR,r) were
used as a basis for both the initial and final C&ates. The

ru=5.0 au

150 r

(arb. units)

100 =

vibrational eigenenergies and the corresponding eigenfunc-
tions of the product diatomic potentials were obtained via the
renormalized Numerov methdd and a Simpson-type
guadrature was used to obtain the Franck—Condon transitior
matrix [Eq. (20)]. The potential parameters;, and Ar
=(r, —rq,) were chosen to satisfy the inequalities, Ef),

that guarantee no reflected flux from ther,, region. Note

Probability

50+

0
1.0

1.5

2.0

T
2.5
Energy (eV)

3.0

3.5

4.0

FIG. 3. The CQ absorption spectrum as obtained with=5.0 a.u.
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3.0 ' ' ! ; ' structure as the total probabilities, and are in good agreement
gz.a- v = L with previous result$??®
& 204 f +
?15- | IV. CONCLUSIONS
2 Lo- L In this article we have introduced a new fully quantum-
50'5_ | mechanical method of calculating photodissociation cross
5 sections for triatomic molecules with more than one product
0% 5 T a5 4  arrangement. A short range imaginary absorbing potential
has been added to the Hamiltonian operator, reducing a mul-
8 1 1 - . - tiarrangement photodissociation problem to a set of single
i | arrangement photodissociation problems. The resulting
g Vf=1 single-arrangement photodissociation is solved with the arti-
g" i ficial channel method, utilizing an efficient log—derivative
g3 » - propagator. The method has been successfully applied to the
%z— L photodissociation of collinear GOand the diffuse vibra-
g, | | tional structure of the C® photoabsorption spectrum has
8 been successfully reproduced in good agreement with the
Y 15 20 Energ? ) 30 35 4.0 preViOl.,IS results. ' .
This study can be readily generalized to the full three-
8 . - . . . dimensional problem. Work to that end is in progress. Ap-
s | plications of this method to the coherent control of collinear
3 Ve~ CH,IBr photodissociation are the subject of a forthcoming
£ [ article3?
£31 i
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