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We present a scattering formalism for the problem of the angular distribution of the products in the photofrag-
mentation. of diatomics, in a process where both the (zero order) bound excited level and the dissociative continuum
carry oscillator strength from the ground state. )

Recent theoretical and experimental studies have elucidated the nature of the angular distribution of the photo-
dissociation products of diatomics using plane polarized light [1—6]. A semiclassical model for retarded photodis-
sociation was provided by Jonah [3], while the present authors have considered the partial erosion of angular
anisotropy in a predissociation process [6]. In this note we present a study of the angular distribution in the photo-
fragmentation of diatomics which involve interference between direct photodissociation and predissociation.

The level scheme advanced by Fano for the study of optical line shapes in autoionization and predissociation
[7], was employed. We consider a three electronic level system of a diatomic: a bound ground electronic state |g,),
an excited bound electronic state Ise); and a dissociative state |d,). Interference between potential and resonance
scattering originates from radiative coupling of |g,) both to [s,) and to |d,). The eigenstates of the two bound
electronic states are

lawi) =ty (g, N XD +1)/4n1 2Dy s 0,6,0),  a=g,s; ¢)

A,, vand JM represent the quantum numbers related to the total electronic angular momentum, the vibrational
and the rotational motions of the nuclei, respectively. q are the electronic coordinates while r, 8, ¢ correspond to
the polar coordinates of the internuclear axis. Y, is the electronic wavefunction, X, is the vibratonal wavefunc-
tion and D,’W A, is the Wigner rotation matrix [8]. The continuous eigenstates of the dissociative state, |d,) are
chosen to satj\s?y the appropriate boundary conditions [5], exhibiting an asymptotic behaviour of a plane wave in
an arbitrary K direction plus an outgoing spherical wave, so that

K= @&NPg,n L @'+ exp(=i8;) XGUK Dl 19,0, 0) Dy (@, 6,0 3
J'M

xg‘})(l(r) is the solution of the radial equation for the |d,) state, characterized by kinetic energy, e, momentum K
and normalized as sin (Kr—}n/+5) at asymptotically large K values. 8 is the phase shift and @, © are the polar
coordinates of K, The states (1) and (2) correspond to the eigenstates of the Born—Oppenheimer hamiltonian Hgg
The free radiation field H,, is characterized by the zero photon state |vac), and one photon states |ke) where &
and e stand for the photon wavevector and polarization, respectively. Since we are interested in photodissociation
using plane polarized light we can choose the z direction along e and omit e from the notation for the photon
state. o

The total hamiltonian for the system is # = Hy + H, + H;,, where the zero order hamiltonian is Hy = Hpq + Hg,
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being characterlzed by the relevant eigenstates |gu/M, k), |sv'7'M' ,vac) and | K,vac), H, is the intramolecular cou-
pling and H, int 18 the radlatlon—matter interaction term. The matrlx elements of the electromagnetlc interaction
between the bound states are

(sv'J'M',vac|Hy,, |g0IM, k) = R}s§)E(JM As, IMA,) , @3)

RYS = [arxS (D )XPO) (3a)

ug® = Vg Tegiv®q.nNaq, @3b)
1

EU'M' Ay, MAG) = (4m) 1 B[(2/+1) (27" +1)]'*2 [ dQDjy5 (#60) DY, (960) Dira 900) (3c)

where p= Z),- eq; is the electronic transition moment operator and § is a numerical constant. Eqs. (32) and (3b)
represent the conventional Franck—Condon radial integral, while (3¢) gives the angular integral which implies the
well known selection rulesJ' =J,J+ 1 and M' =M. A= l/\,—/\gl is zero for parallel transitions and unity for per-
pendicular transitions.

The radiative coupling between the ground state and the dissociative state is

(K|Hy|g0IM, k)= 23 REPE M Ay, JMAG) Dy p (@6, 0), (@)
’Ml

where

R;‘.’f) =k’ exp (—iBJ:)fxg';?(Kr)udg(r) xff;)(r)dr ; v (42)

and

EU'M Ad,JMA) EU'M'Ag, JMA) (2] +1)4n] /2 . : (4b)

Hgg(r) is given by eq. (3b) by replacing the index s by d. The intramolecular coupling H,, (responsible for the pre-
dissociation) conserves angular momentum and the resonance coupling matrix elements are

KIH, |sulM) = [4n(2T+ 1)) *RFIDyy 5 (8,0,0)85 4, » . | ©)
RES = K1 exp (i6) [XD* Kr)vas) XS 0)dr , | (5a)
vasr) =fw£‘”*-(q,r)ﬂv v(g.Ng. o (5b)

To evaluate the angular distribution in a “long time” experiment we consider first the scattéring cross sections
from the initial one photon continuum state |i) = |g0JM, k) to the final dissociative continuum channel |f) =
| K ,vac) which is given in terms of the reaction matrix T(E’) {9]

Opap = Qfic) 21K, vac| T(E,) 1g0M, ) Ppg 6)
f . |

where pg is the density of states in the final channel, ¢ is the velocity of light and % is Planck’s constant. To cal-
culate the matrix elements of 7{E’) we partition our Hilbert space in the following manner:

= |s,vac)(s,vac| , é= éi +éf= 1 ~IA’
% L n (M
Gi= 2 M kyewMkl,  Op=23 |K,vac)K,vac|.
M,k K
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The reaction matrix may be written as:

T(E) = R(E) + R(E) PG(E) PR(E) , ®)
where R is the level shift operator [10, 11}, G(E) is the Green function of the system which in the B subspace
takes the form

PGP = (E—~H,—PRE)™! . )
The first term in eq. (8) may be regarded as a non-resonant part whereas the second is the resonant part of 7. To

evaluate (f|T(E)|i) one needs the operator Qf TQ,
On the basis of our previous study of radiative interactions in the Fano problem [12], we can safely treat the
problem to first order in H,;, whereupon eq. (8) resultsin

0/ T(E) O; = O Hyny O + O H, PG(E) PHyp O; . (10)

Let us now consider a single isolated vibronic level |sw/'M"). This level has a manifold of rotational states |J'M")
each characterized by an energy E;+ and a width I'j» = —2 Im (sw/ M| lPRPIsuI "M). We assume that the level shift
operator is diagonal in this basis set and that the energies E;+ contain the real part of the level shift operator [6].
Utilizing eqgs. (3)—(5) and (8)—(10) we get

(2I+1)'/?R,., 4Dy, 2g(®:©,0)

o 172 p(dg) 4(d)
(K,vac| T(E) g 0JM, k) z? E—E i * Z}(zm) RSP 41Dy, (@,0,0), (1)
where
AW =CcU1J'|MO)CU1J'I0N,) (11a)
o
and
Rj‘j - (4ﬂ)l/2ﬁR548)R5§§) . (1 Ib)

The cross section 07),(©, ®, E') for |i)~> |f) scattering of photons with energy E; = fikc from a molecule in the
|g0JM) state can now be obtained from egs. (6) and (11). In the common case where the initial angular distribu-
tion of the ground state molecules is isotropic, we have to average the cross section over the available M values,
resulting in the cross section for a single J level

0/(®,®,E)=(2+1)7! ;Z{) ou(©, 3,E). | (12)

This averaging may be performed using the properties of the Wigner rotation matrices and Racah algebra [8].
After some algebraic manipulations we get T

&J(@,E )= (41r2/hc) P [ Z} R‘Stig) R %g) *n%:g)

I I=I g1
RysRymy - R&,, R,
+ 2 - - S+ Dy 4 4‘)] 13
ra=s ey E—Ep Ty XE ~'E"J"~¥1‘“J.")-175] et sy E~Ep+EiLy Cedt e

where

T Since the angular distribution is independent on ® we can integrate o j(®, ®, E') 6ver @ resulting in 6 7(©,E) = f d®oy(®, @, E)
=2n6(®, ®,E). '
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o = 23 arCU'TTIA, —A) CU1TI0N) CU1J"10A,) Dyo(@, ©, 0) ;
J=0,2 -

Ns= 1Ag—Agl; a=d,s; B=d,s | (14
and
;= E( WA T"TIM-M)CJ1J'|M0) C(J 1J"|M0)

=(-1)A+J+1 (7' +1) "+ DIV2W(1JTT"1J' 1) C(11T100) (15)

where C(JJ'J"|MM") is the Clebsch—Gordan coefficient and W(abcd|ef) is the Racah coefficient [8].

This result may be further simplified by adopting the axial recoil approximation [S, 6] which rests on the fact
that the v1bratlonal wavefunctions depend only slowly onJ' for a small J' range J' =J,J # 1. Thus we may replace
Ryyand R}r 7 by Ryyand R% ), respectively. Eq. (13) thus assumes the form

01(0,5) = (4’ 1h)pg | RS PID}, (2,0, 007

(16)
FIRyE (E-EpXE—Ep)+4Tp Ty i + R RO D _ BBy n%s")] ‘
71 g1 [(E—-Ep)*+3T3) [(E-Ep)?+4T3] 7J"=1751 (E-Ep)+4T%

Eqgs. (13) and (16) provide us with the general result for the directional anisotropic photofragmentation under
the conditions of monochromatic excitation of a single ground state |gw/) level. The angular distribution under
these circumstances is determined by three contributions, the first term on the r.h.s. of these equations involves
the contribution of direct photodissociation, the second term corresponds to the resonant predissociation process
while the third term is an interference contribution between direct photodissociation and resonant predissociation.
To compare these results with a real life situation two further steps should be taken: (A) To account for the ener-
gy spread of the exciting pulse the cross sections should be averaged over the power spectrum |A(E )12, where
A(FE) represents the amplitudes of the photon wavepacket [13]. The directional photofragmentation probability is
Wy(©) = [ dEIA(E )1201(9 E). (B) Wy(©) should be thermally averaged over the ground state initial J distribution.

Under the extreme conditions of broad band (or “short time”) excitation |A(E)|2 = 1 for all E so that W (©)
= [ dEg;(©,E) and we obtain from egs. (13) and (14)

Wy©) = rih)pg] [AEIRPDE)P 1D, @, 0,0

(Ejn—Ey)?
Il (Eyr—Ep)*+3T, Ty

+IR; ,-|2(2n/r‘,)[w(l,ks(cp, 0,02 -2 ﬁ,‘ff,‘.?Pz(cose)]} , (17)

where P,(cos®) is a Legendre polynomial and

ﬁ§°.‘,.. =C(J'T"2IA, Ad)C(JlJ 0N CU1T"10) (— 1)"*’ '+ 1"+ D]V wW(1J27 "' 1) €(112]00)
(18)

We notice in passing that for the extreme case of broad-band excitation the contribution of the interference term
[i.e., the third term on the r.h.s. of eq. (16)] vanishes. '

To complete the presentation of the formal results let us consider the simplest case of a !Z—1Z—1Z photo-
fragmentation process, i.e., A, = A; = Ay = 0. Eq. (17) takes the form

W(©) = (4n2[3hc) py(Fy +F3)[1 + 2bP,(cos®)] , 19)

where
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: 2 F,F
- dg) 2. - 2 ___4BJJ+]) . 213
F; = |dFE|R E 5 F, =Ry /“2n/T;, F,= 5 b=1 -7 . 20

Two concluding remarks should be made. First, our general results eqs. (13) and (16), together with the aniso-
tropic distribution for broad band excitation [eq. (17)] and its special version (20), reduce under proper limiting
conditions to the special results previously derived in this field [3, 5, 6]. When the resonance intramolecular cou-
pling is switched off Ry“) =0 [see eq. (5)] only the first term survives in eqs. (13) and (16) and our results reduce
to the case of direct photodissociation studied by Zare [5]. When the direct radiative coupling to the continuum
states vanishes R}‘?g V=0 [see eq. (4)] only the second term in eqgs. (13) and (16) is nonzero and the formalism
reduces to the case of predissociation of a single resonance originally considered by Jonah within the framework
of a semiclassical model [3] and recently studied by us [6]. Second, we would like to emphasize that the general
form of the angular distribution in the photofragmentation process, i.e., a(E') + b(E) Py(cos®), for which eq. (19)
provides a special example, is independent of the details (i.e., level structure and couplings) of the problem. This
general form of the anisotropy is a direct consequence of the dipolar radiative interaction inherent in our problem.
Such general relations, just depending on the order of the multipole of the electromagnetic coupling, are well
known in nuclear physics [14] and in the field of atomic angular correlation spectroscopy [15].
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