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Auger-electron spectroscopy of molecules: Circular dichroism following
photoabsorption in rotating linear molecules
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In this paper we show the existence of circular dichroism in both integrated as we11 as differential

Auger currents produced in the decay of a vacancy created by the absorption of a circularly polarized
photon in a gaseous linear molecule. It arises due to a rotational orientation of the photoexcited mole-
cule or excited photoion. Although Auger electrons in such experiments should necessarily be observed
along with their spins, neither the spin-orbit nor spin-rotation interactions, however, need to be taken
into account. Circumstances when dichroic effects in such experiments are independent of photoabsorp-
tion and/or Auger-emission dynamics have also been clearly brought out by us. We have calculated the
magnitude of the circular dichroism for certain realistic cases and have shown it to be of the order of
magnitude of the total Auger intensity. It is proposed that circular dichroism in Auger spectroscopy
provides a direct and simple method to probe rotational orientation produced by the absorption of circu-
larly polarized light in gaseous linear molecules and to calibrate the degree of circular polarization of
electromagnetic radiations over a wide range of photon energy.

PACS number(s): 33.55.—b

I. INTRODUCTION

Circular dichroism (CD) is known to imply the
difference between the effects produced by the absorption
of right circularly polarized (RCP) and left circularly po-
larized (LCP) light. It was associated for a long time only
with chiral molecules. These are the objects which do
not have reAection and inversion symmetries and cannot
be brought into coincidence with their mirror images by
rotation or translation [1]. Because this "classical" CD
effect arises due to interference between the electric di-
pole (E 1 ) and magnetic dipole (M1) transitions, its mag-
nitude is therefore so small that it could not be put to use.

During the last ten years a new phenomenon involving
circular dichroic effects has been theoretically [2—5] pre-
dicted and experimentally [6,7] observed. It is CD in the
angular distribution (CDAD) of photoelectrons [2—7].
Here, photocurrent in a direction (i.e. , the directional
photocurrent) is different for RCP and LCP light.
CDAD has been found for photoelectrons from nonchiral
objects without the inclusion of the spin-orbit interaction
(SOI). But the atomic or molecular target should now be
either fixed in space (i.e., spatially fixed) [2,3(a),4(a), 5,7]
or polarized [3(b),4(b), 5(b),6]. Because CDAD exists even
in the E1 approximation, it is therefore orders of magni-
tude larger than the classical CD, and hence readily ob-
servable [3—7].

In the present article we investigate, on the other hand,
the existence of dichroic effects in conditions which are
not only different but also less stringent than those
present in the two above-mentioned scenarios. Let us
consider Auger-electron spectroscopy (AES), following
photoabsorption, in its well-known two-step model. In
the first step, a vacancy is created by the absorption of a
photon in the E1 approximation in an atomic or molecu-
lar target which needs neither be polarized nor spatially

fixed. This vacancy subsequently decays by ejecting an
electron (called Auger electron) via the scalar, interelect-
ronic Coulomb interaction in the second step.

We show in this paper that both integrated and
differential Auger currents produced following absorp-
tion of a RCP photon in a rotating linear molecule are
different from those which follow the absorption of a
LCP photon. The reasons for the existence of this CD in
AES (i.e., CDAES) are completely different from those
for CDAD [2—7] of photoelectrons.

Absorption of a CP photon in the E1 approximation in
a linear molecule is known to produce rotational orienta-
tion as well as alignment of the excited target or of its re-
sidual ion [see Eqs. (A8) or (I.A13) in Ref. [8], henceforth
referred to as I]. But it is only the orientation which is
affected by the helicity of the absorbed photon. There-
fore, in order for CDAES to exist, it is necessary to in-
clude the effects of rotational orientation of a vacancy
whose decay leads to the emission of an Auger electron.
The integrated as well as differential cross sections for
Auger emission have already been shown by us in Ref. [8]
to depend, among other things, also on the rotational
orientation of the decayed vacancy provided the ejected
electron's spin is also observed. We will see in this paper
that Auger electrons following absorption of a CP photon
in a linear molecule are spin resolved even in the absence
of SOI's and spin-rotation interactions (SRI's). Conse-
quently, the dichroic effects produced by the absorption
of circularly polarized (CP) light in a linear, gaseous mol-
ecule (which is neither polarized nor spatially fixed) can
readily be probed by the spin-resolved AES. We will, in
addition, show in this paper that CDAES is of the same
order of magnitude as that of the total Auger intensity
for unpolarized electrons and hence should readily be
measurable experimentally.

In a CDAD experiment, on the other hand, one needs
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not observe the spins of photoelectrons. But a photo-
emission transition in this case is brought about by a vec-
tor operator in a polarized or spatially fixed molecule.
Therefore the existence of CDAD requires simultaneous
presence of two anisotropies: One in the form of a polar-
ized or spatially fixed molecule, and the other due to non-
isotropic interaction of the ionizing photon with the tar-
get. Moreover, unlike CDAES which is present in both
integrated as well as differential Auger currents, the CD
in photoelectron spectroscopy (PES) is observable only in
angular photocurrent but vanishes in the integrated pho-
toionization cross section from molecules [2,3(a),4—7].
(Cherepkov and Kuznetsov [3(b)] have, on the other
hand, shown that CD may not be absent even in the in-
tegrated photocurrent if it is emitted in ionization of
those polarized atoms which have a nonzero orientation
factor. )

In this paper we develop a theory for studying CDAES
following absorption of CP light in rotating linear mole-
cules. In Sec. II we derive an expression for the angular
distribution of spin-resolved Auger electrons in Hund s
coupling scheme (b) [9,10]. Although we have used the
parity-adapted [11]wave functions again for each of the
molecular states involved in processes (1), however, un-
like in our previous work [8], the effects of both SOI as
well as of SRI in the second step of the decay of a vacan-
cy resulting in the emission of an Auger electron have
been neglected. Consequently, the expression for angle-
and spin-resolved Auger-electron spectroscopy
(ASRAES) arrived at by us in the next section is very
different from that obtained in Eq. (I.21). An analysis of
this expression along with that of the degree of polariza-
tion of Auger electrons is also presented in the following
section.

In Sec. III, we specialize our ASRAES formulation to
CDAES in rotating linear molecules. Its properties and
its dependence on various parameters are discussed at
length in that section. An application of the theories
developed in this paper is presented in the subsequent
section. Therein we show that when the absorption of a
photon merely excites a molecule without ionizing it, i.e.,
for process (la), the spin-resolved, integrated Auger
current and its CD are proportional to the total Auger
intensity for spin-undetected emission. The factors which
specify the constant of proportionality are independent of
all dynamics. The degree of spin polarization of this
Auger current involves only these nondynamical factors
and does not contain even the intensity term. It can
therefore readily be calculated for any Auger transition
taking place in a linear molecule via process (la). The
CD in the spin-resolved angular Auger current requires
an additional parameter which, however, depends upon
the Auger decay dynamics.

Section V describes the conclusion of our work.

II. THEORY FOR ASRAES

Let us consider ASRAES after absorption of a photon
of frequency vz in a rotating linear molecule AB in either

of the two following possible ways:

hvar+ AB(JQM0p0)~ AB+*(JMp)+e

followed by

AB+*(JMp)~ AB (J~Mfpf )+ep(kp uppQ )

(lb)

(1c)

Here, ez is the observed Auger electron of energy
e ~

=A' k „/2m, ejected along k „(k„,9~,$„), with the
spin projection p&A in the quantization direction uz
(O'„,P'„). [The e in (lb) stands for the unobserved pho-
toelectron. ] Both of the vectors kz and uz are referred
to the photon- (or laboratory, fixed frame of reference
with its polar axis taken to be the direction of incidence
of the unpolarized (UP) or CP electromagnetic radiation.
If the incident beam is, however, plane polarized (PP),
then its electric vector defines the polar axis of the pho-
ton frame.

The states of the molecules AB, AB* (or AB+*), and
AB+ (or AB ) participating in process (la) [or (lb) and
1(c)] are represented, respectively, by ~ JDM0pa), ~ JMp ),
and ~J&M&pI). Here, (MDA', MA', M&A) are the projec-
tions along the polar axis of the total angular momenta
(JDA', JA', J&A') of the three molecular states of parities
(pa, p,p&) being considered in (1). We have represented
the photoabsorption step in (1) either by the density ma-
trix p~h( JMM'; 1m r ) or by the state multiples

([T(J;m~)]x& ) related to each other by Eq. (I.3) de-
rived by Blum [12]. The parameter mz (=0, +1,—1 for
PP, RCP, and LCP, respectively) represents the nature of
polarization of the incident light absorbed in the E1 ap-
proximation.

In the present paper, we are interested in investigating
the angular distribution of spin-resolved Auger electrons
e„emitted in (1) in the absence of both the SOI and SRI
in the final molecular state

~ JIM&pI ) of AB + (or
AB +). Hund's coupling scheme (b) is based on the ap-
proximation that the SOI is weak compared to SRI
[9,10]. Consequently, the electronic spin angular momen-
tum S& of AB+ (or AB +

) in this scheme is coupled to
the sum N& of the electronic orbital and nuclear rotation-
al angular momenta to give the total angular momentum
JI=N&+S&. Thus the J& splitting of the energy levels of
AB+ in (la) [or of AB + in (lc)] arises due to the SRI in
Hund's case (b). In the limit when SRI is also weak, this
fine-structure splitting of the energy levels will not be
resolved. Therefore, in order to neglect the effects of
both SOI as well as SRI in the coupling scheme (b), one
should include a summation over J& in the theory.

Hence the angular distribution of Auger electrons
emitted in either of the processes (1) and spin resolved
even in the absence of SOI and SRI in the final state

~ Jg MfpI ) is given by

h v + AB (JQM0p0 )—+ AB *(JMp )~
AB (JyMgpy)+e4(k„, uwp~ )

(la)
or
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der „(mr;u„p„) =K~
dk~ M, M', Jf,Mf

p„h(JMM'; lm )(JfMfpf', k„u„p„~F~~JMp &( JfMfpfykgug/lg ~F„~JM p )* . (2)

(
—1) f(2j + 1)(2j'+ 1)(2Jf+ 1)

J+J J J

J)J r Jf .'''f

This expression differs from that given in Eq. (I.2) by an extra sum over Jf present herein due to the above-explained
reasons. Apart from this, Kz is again a constant but with a value different from that obtained from I;
(JfMfpf k g ll g p g ~Fg ~ JMp ) is the matrix element of the Auger transition operator F~ between the bra and ket states
of AB++e„(or AB ++e„)and AB' (or AB+*), respectively.

The sums over M, M', and Mf have already been carried out by us analytically in paper I and expression (2), without
sum over Jf, shown to reduce to Eq. (I.18). On substituting (I.18), (I.12), and (I.17) from I into (2), one gets the follow-
ing sum over j,j, and Jf which can readily be evaluated using an identity of the Racah algebra from Ref. [13]:

r

j Nf Sf Jf Sf Sf Jf
. I'

—, i -. N S J. N S J-
LS, ~

r

' sssN N L A=( —1) l l, N —, —, S 'N S
2 2 f L S

(3)

Expression (2) can subsequently be written as

d~A(my uAPA ) ~A g pz&(J;m )G„(NSJ;NfSf', KQ;ll';k„u„p~ )A&(nfNfAfpf, nNAp)
dkg g Q

I, l'

X AI*. (nfNfAfpf, nNAp) .

In this expression,

o'„=K~ [(2Nf +1)&2J+1([T(J;mr)]oo)A ]

is the total Auger intensity with

A = g(21+1) '~A&(nfNfAfpf , nNAp)~'

(sa)

(Sb)

and the Auger decay matrix element

Ai(nfNf Afpf, 'nNAp ) = —,'( i )'e '% 21—+ 1[1+(—1) f ]

X g( —1) ~V~ A)

Nf
+( —1P

f
l N

A &nfAf, lml v, ln —&& (5c)

The Coulomb amplitudes (nfAf, lm
~ V, ~n A') have been defined in I. The geometrical factor present in (4) is given by

G„(NSJ;NfSf, KQ;11;k„u~p„)=(—1) " f f (2N+1)(2S+1)&2K+1

l l' L
X g Q(2L + 1)(2S~ + 1)

l., ML,

1

2

—p& p„O MI M„—Q

N N
l l'

S S
1 1

r

N L
+L, (kw)Is (u~) .f A

J J E
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We have thus been able to describe ASRAES even in
the present case by an expression (4) which in form is
identical to Eq. (I.18). But the dynamical [Eqs. (5)] and
the geometrical [Eq. (6)] factors to be used in (4) are very
different from the respective expressions (I.17) and (I.12)
derived earlier [8]. The reason for this difference is that
we have now neglected both the SOI and SRI for the final
state J&M&p& ) in Hund's coupling scheme (b). Howev-
er, still the same rotational orientation and alignment fac-
tors pz& are to be used in the two papers. These are
defined in Eq. (I.13). We have already derived in Appen-
dixes A and B to paper I the expressions in Hund's cou-
pling schemes (a) and (b), respectively, for the photoab-
sorption step involved in process (lb). In Appendix A to
the present paper, on the other hand, we have found in
both coupling schemes the pz& when the incident photon
merely excites the molecule AB without ionizing it, i.e.,
for process (la).

The selection rule, l+1V+Xf+p+pf =even, applica-
ble to the Auger decay matrix element (5c) is, of course,
identical to (I.10') derived in Hund's coupling scheme (b).
Thus, in the present case as well, either even or odd
values of the partial wave l, needed to describe the Auger
electron, will only contribute to (4). This separation of

the Auger spectrum into even and odd partial waves will
depend upon the values N, Xf, p, and pf. The first 6-j
symbol present in the geometrical factor (6) confines each
of l and l' to be between ~N N&—

~
~l, l'~N+N&. This

condition is very different from that arrived at in I where
both l and l' were found to be restricted by an inequality
[8] which involved the total angular momentum J& of
AB+ (or AB +). Therefore the use of parity-adapted
molecular states for AB* and AB+ (or, AB+* and
AB +

), in the calculation of the matrix elements (5c) not
only divides the Auger spectrum into gerade (even l ) and
ungerade (odd I) parts, but also truncates the partial
waves, needed to represent the continuum orbital of the
Auger electron, from an infinite to a finite number. It
happens in both Hund's coupling schemes (a) and (b) and
irrespective of whether or not the Jf splitting of the ener-

gy levels of AB+ (or AB +) is taken into account.
For the first 3-j symbol in (6) not to vanish identically,

l+l'+L must always be even. Since l and l' have the
same parities, the L in (6) must be even as well. Now
keeping in mind that in (6), If=0—2 always for an El
process [see Eqs. (I.A13') in I and (A8)] and S=0 and 1,
the permitted values of L then become 0 and 2. One can,
consequently, simplify (4) to the form

do'g(my, Upped )

dk„

Here

[ I+Pwpzo(J;m )Pz(c os8a ) 2pay a pi—o(J;mr ) cos8'
Sw

+p z 5 z p io( J;m z )[(3 cos 8„—1 ) cos0'~ + —,
' sin28 „sin8'„cos(P z

—P'„)] ] . (7)

and

S+J+~ ~5 l l' 2 l l' 2 J J 2
'A(2N+"& o o o NNN 'NNs

1, 1' f
X Ai(nINg AIpI', nNAp ) Ai*(nINIAIpI', nNAp ),

—1/2+ X—J+S~ z ~ J J 1
1 1 l'S+" SSS 'SSN'f.

(8a)

X S J
5„=(—1) 2v'15(2N+1)(2S+1)A ' 'S S S N S J .

2 1 1

l l' 2 l l' 2 .
A&(n&N&A&p&, nNAp) A&*(n&X&A&p&, nNAp) .

1, 1' f
(8c)

The set of Eqs. (4)—(8) constitutes the first main result
of this paper. Although expression (4) is applicable to
any experimental arrangement, relations (7) and (8) have
been derived for the most commonly used experimental
geometry containing axial symmetry, with respect to the
polar axis of the photon frame, i.e., taking Q =0 in (4).

Thus only four (o „,P„,y„,5„), not the five
(o „,P~, y„,5„,$'~ ) present in (I.21), parameters are

sufhcient to describe ASRAES following photoabsorption
in a rotating linear molecule in the absence of SRI in the
final state

~ J&M&p&) in Hund's coupling scheme (b). Al-
though the polarization factors [i.e., p, o(J;m ~ ) and

pro( J;m ) ] and the harmonic functions of the angles
k ~ ( 9„,P„) and u „(O'„,P'„) associated with
(o.„,P~, y „,5~ ) in (7) are identical to those present in
(I.21), there is a big difFerence between the expressions



2088 N. CHANDRA AND S. SEN 48

p ( m r; U „)= —y „p,o(J;m r )cos8'„ (9b)

are described by the equations identical to (I.24) and
(I.25), respectively. The degree of spin polarization of the
angular current is, on the other hand, given by

(m;u„kw ) =p'u (10a)

where

da, (m, ) 3a„
p„= 5~p, o(J;mr )sin(28„) cosP„,

do ~(mr) 3o.„
p = 5„p,o(J;mr)sin(28„)sing„,16~

(10b)

(10c)

and

der~(m ) o ~'
p = [(3cos'8g —1)5g —2yg]p]o(J;m )

dk '
8m

[(5a), (Sa)—(Sc) and (I.17'), (I.22a) —(I.22c)] in I for the
four parameters. For example, yz in (Sb) is totally in-
dependent of the Auger dynamics and is completely
determined by the quantum numbers N, S,J (with
J=N+S) for the molecule AB* (or AB+*) and by the
spin Sf of the ion AB+ (or AB +) left after Auger emis-
sion.

The spin-resolved, integrated Auger current

a&(m;uzpz)= —,'crz[1 —2pzyzp&OJ;m&)cos8'z] (9a)

and its degree of polarization

the angular distribution of spin-undetected Auger elec-
trons. The expressions (10b)—(10d) can be obtained either
directly from (7) or by substituting gz =0 in
(I.27a) —(I.27c) in I.

It is obvious from Eqs. (9b) and (10b)—(10d) that for
the Auger electrons to have a nonzero degree of spin po-
larization they should be emitted in the decay of a rota-
tionally oriented vacancy. %"e have shown in the two ap-
pendixes in Ref. [S] and also in Appendix A to this paper
that for p&0(J;m ) not to vanish identically in both
Hund's coupling schemes (a) and (b), the photons ab-
sorbed in processes (1) should be CP. Klar [14], Huang
[15], and Blum, Lohmann, and Taute [16] have called
this mechanism "polarization transfer" in the context of
Auger electrons emitted in the decay of an atomic vacan-
cy.

Furthermore, the second 6-j symbol in (Sa) means that
for /3„not to vanish identically, we must have J~ l.
That is, only those spin-unresolved, molecular Auger
electrons will have a nonisotropic distribution (11) which
are emitted in the decay of a rotationally aligned vacancy
with J ~ 1. It is also obvious from (Sb) and S(c) that both
y ~ and 5z will be trivially zero if S & —,

' or J & —,'. Thus if
we want the Auger electrons e„emitted in (1) to be spin
resolved, then AB * (or AB+*) should be in an electronic
state other than singlet with its total angular momentumJ) 1

III. CIRCULAR DICHROISM
IN AUGER SPECTROSCOPY

The CD in ASRAES is defined by

do „(u„p„) dcr (m =+1;u p„)
dk~ dk~

(1od)

are the three Cartesian components of the polarization
vector p with

d o' g ( m r
— 1,u g /l g )

dk~
(12)

day( m)ro g
[1+/3~ p2O( J;m )Pz(cos8„)] (11)

4~

On substituting (7) and using the properties
p20( J; + 1 ) =p2O( J;—1 ) and p]o(J; + 1 ) = pn( J; —1 ) ei--

ther from Eq. (I.A13') or from (AS), we find

daA ( APuA )

dk~
pz [2y~ cos8'z —5& [(3cos 8„—1)cos8'~+ —,

' sin(28& ) sin8~ cos(P~ —P'~ )]]p&0(J;—1) .
4~

(13)

Similarly, CD in the spin-resolved, integrated Auger
current, i.e.,

a~A(uApA ) 2pA y Aplo( J& 1)a A cos8A (14)

is obtained from (9a). Expressions (13) and (14), which
are the second main results of this paper, give us
CDAES. In the following, we discuss their important
properties which are applicable to rotating linear mole-
cules belonging to either of the C, or D „h groups

(i) It is obvious from the respective Eqs. (13) and (14)
that

dk„ „ dk~

= Ecru (uwpw)
P

Thus CDAES vanishes identically for Auger electrons
observed without their spins.

(ii) According to Eq. (14), CD may be present also in
the integrated Auger current from rotationally polarized
linear molecules. o-~ will necessarily vanish for those
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Auger electrons which are polarized in the x-y plane of
the photon frame, i.e., perpendicular (8'„=7r/2) to the
direction of incidence of the CP radiation absorbed in (1).

(iii) Unlike CDAD of photoelectrons, the
dry„(u„p„)/dk does not necessarily vanish even for a
coplanar experimental arrangement, i.e., when the in-
cident photon beam, outgoing Auger electron, and their
spin-quantization axis are in the same plane (i.e.,

(iv) The CDAES (13) will necessarily be zero for Auger
electrons emitted in the forward (8~ =0) or backward
(8„=sr) directions and polarized transversely to their
direction of propagation (i.e. , 8'~ =m /2).
HAT z (uz pz )/dk & will vanish also for longitudinally po-

larized Auger electrons moving in the x-y plane (i.e. ,
8~, 8'~ =m/2).

(v) The rotational orientation produced by the absorp-
tion of CP light in a liner molecule can be completely and
directly probed by measuring CDAES in any directions
other than those mentioned in (ii) and (iv) where it van-
ishes identically.

(vi) It is obvious from Eqs. (8b), (Sc), (13), and (14) that
CDAES may exist only for those Auger electrons which
are emitted from a nonsinglet electronic state of AB * (or
AB+ ) with total angular momentum J +

—,'.
The relations (13) and (14) can be combined into a sin-

gle expression of the form

d~a (uwpw)

dk~

r

. 1 —
—,
t [3cos 8„—1)+—', sin(28„) tan8'„cos(P~ —P'„)j (15)

Thus the whole of CDAES is completely specified by just
two quantities: Namely, the o „(u„tM~ ) in the spin-
resolved integrated Auger current and the ratio of pa-
rameters 5„ to y~. The former is given by Eq. (14),
whereas the latter is obtained from (Sb) and (8c).

Let us consider the following three simple experimen-
tal arrangements to measure d tT ~ (u „p„)/1k ~.

(a) 8„=8'„and t))„=P'„. That is, u„ is parallel to k~
and the Auger electrons are longitudinally polarized.
Then (15) becomes

dk~
1 1—

4~
( D

tTw (uto gpss ) (16a)

dtT ~ (u~~tranN~ ) 1 11+—
dk 4~ 2 yq

("D~ A ( ~~trans' A )

(16b)

(c) 8'„=~/2 and P'z =tttz+~/2. That is, u~ is per-
pendicular to the scattering plane and the Auger elec-
trons are transversely polarized. In this case, both

(b) 8'z =8&+vr/2 and P'z =Pz for 0~8& ~rl. /2, or
8'z =8„—3m. /2 and p'„=p„+m. for ~/2~ 8& ~ m. That
is, u„ is parallel to the (say, scattering) plane which con-
tains Auger electrons plus the incident beam of CP radia-
tion, and the Auger electrons are polarized transversely
to their direction of propagation We now obtain

ratio for either experimental geometry will directly give
us 5„/y~. But y~ in (8b) is completely determined by
the quantum numbers X,S,J for AB' (or AB+*) and Sf
for AB+ (or AB +). Therefore, once 5„/y~ is mea-
sured from (16a) and (16b), one can readily find 5z
which, however, depends on the Auger dynamics in (8c).
A knowledge of o „(u„ttt„)will, on the other hand, give
the value of the rotational orientation factor p, o(J; —1)
from (14).

In order to specify the angular distribution (7) of spin-
resolved Auger electrons, one needs to know, in addition,
the parameter P„and the rotational alignment factor
p20(J;mr). Both of these can be readily extracted from
measurements on the angular distribution (11) for spin-
unresolved Auger electrons.

IV. APPLICATION

In order to apply the theory developed in the last two
sections and to see the order of magnitude of the values
of various experimental observables discussed therein, let
us consider emission of Auger electrons via process (la)
in a rotating linear molecule. In Appendix A we have
shown that in this case the rotational orientation and
alignment factors are totally independent of dynamical
terms and are completely determined analytically by the
expression (AS). Equations (8b) and (A8) give

y„p,o(J;m~)=( —1) ' f3(2S+1)m~

and

=0
dk~

(16c)
1

2

S
1 J J 1 1 1 1

S Sf S S X J J JO

(17)
(16d)

Thus the ratio of the CD in the differential Auger cross
section to that in the integrated Auger current for spin-
resolved emission is just a constant for the experimental
arrangements (16a) and (16b). The measurement of this

Thus, once (17) is calculated for given values of the quan-
tum number Jo for AB, (N, S,J) for AB*, and Sf for
AB+, one can readily find the spin-resolved integrated
Auger cross section tT „(m;uz pz ) from (9a), its degree
of polarization p(mz, uz ) from (9b), and also the corre-
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sponding dichroism t7 „(uzpz ) from (14).
It is interesting to see that the product (17) contains

neither of the quantum numbers Xo and So which speci-
fy, respectively, the rotational state and spin of the mole-
cule AB. This, in turn, means that none of the three ob-
servables a. „(m~;u„p„), P(m~;u~ ), and o ~ (u~p„)
for Auger electrons emitted via process (la) will be
affected by a change in the values of No and So as long as
the total angular momentum Jo= NO+ So remains un-
changed. In addition, only two [o z(m;u&P& ) and
o „(u~P~ )] of the three observables depend upon the
rotational state of the residue AB+ due to the presence
of Nf in the total Auger intensity o z defined by Eqs. (5).
The degree of spin polarization P(mz, uz ) will be in-

dependent of Xf as well.
One readily finds from the first and the second 6-j sym-

bols present in (17) that for this expression not to vanish
identically, one must have S ~

—,
' for the spin of the pho-

toexcited molecule AB' whose decay leads to the emis-
sion of an Auger electron. The second and third 6-j sym-
bols, on the other hand, impose the condition J ~

—,
' on

the total angular momentum of AB *. Similarly, we must
also have Sf = ~S —

—,
'

~, S+—,', and Jo=
~
J—1~,J,J+ I

(with J=O not permitted and J,Jo should both either be
integers or half integers) for the y opto(J;m ) not to van-
ish trivially.

In Appendix B to this paper we have developed expres-
sions for the product (17) in terms of N, S,J applicable to
all permissible values of these quantum numbers and also
of Jo Sf ~ Table I contains calculated values of
y~p, o(J;m~) for N=O —10 with S=—,', l.

On multiplying the appropriate entry of this table by—cosO'z, one straight away obtains the degree of polar-
ization (9b) of the integrated Auger current emitted in
process (la). If, on the other hand, we substitute the tab-
ulated values of y~pio(J;mr ) in Eqs. (9a) and (14), one
gets spin-resolved, integrated Auger current and the cor-
responding CD, respectively. For example, for each of
the three transitions h v+ AB(Jo =

—,',' —,'', 5)
~AB*(N=1, S=—,', J=—,'; 2, —,', —'„3,1,4)—+AB+(Sf
=0;0;—,') specified by the (7th; 13th; 31st) row and (8th;
6th; 8th) column, respectively, we find that
cTg(my ugp~g ) 0 g [1 smypg cosHg ]/2~ P(m~ ug )~

s mi, cosHg, tT g (ug, Pg ) = sPg 0 gcoso„. Thus,
while up to 12.5% of the emitted Auger electrons may be
spin polarized, determination of cross section for these
transitions as well as of the CD need the total Auger in-
tensity o.~. Hence, depending on the values of a z, both
o'„(mz', u&P& ) and o z (u„P& ) may be experimentally
measurable even for those Auger transitions in (la) which
take place via higher rotational states of AB* and have
relatively smaller values of y ~p, o(J;m r ) in Table I.

In order to calculate the spin-resolved differential
Auger cross section (7), its degree of polarization (10),
and the CD (13) one needs, in addition'to y z and pio, the
parameters /3z, 5&, and the alignment factor pro. The
last quantity is again readily obtained from Eq. (A8) for
process (la). but the calculations of both /3„and 5„
from Eqs. (8a) and (8c), respectively, will require a

knowledge of the Auger decay matrix element (Sc).
Let us consider a situation when /3~ and 5& too be-

come independent of the dynamical terms. One such case
occurs if the residual molecule AB+ (or AB +) is left in
its ground rotational state, i.e., Nf =0 after Auger emis-
sion. The 6-j symbol present in (Sa) and (Sc) will now be
zero unless l and l' are equal to N. In view of (5b), one
finds

and

N N 2 X N 2
/3g:( 1) + &5(2N+1) 0 0 0

L

(18a)

5~ = ( —1) 2v'15(2N+ 1)(2S+1)

N X 2 r 2

0 0 0 S S (18b)

That is, both /3z and 5„become independent of the
Auger decay matrix element originally present in the
respective expressions (8a) and (Sc). Consequently, (Sb)
and (18b) yield

2
=( —1)'+ + (2N+ 1)&30 0 0 0

2 S S 1
X S S 1

J J 1

(19)

do'a (Pio gPa )

dk„
(D~A (ulongPA )

( D~ A ( ~~transPA ) 1

dk~ 4m
~~A( ~~transP A )

for N, Xf =0 and

dt7w (uiongPw ) 3 1

5 4~ ~~A(ulongP A )

( D~ A (u~~transPA ) 6 1

dk~ 5 4n
~~A( ~~transP A )

(20a)

(20b)

for X= 1, Xf =0, and J=S+1.

These simple relations, along with (8b), can be used to
calculate /3z, 5z, and 5z /yz for any value of the quan-
tum numbers (N, S,J,Sf ). These are applicable to elec-
trons emitted via either of the processes (1).

Let us consider first two rotational states of AB* (or
AB+*), i.e. , N=O and 1. That 5z/yz =0 for N=O is
obvious from (19). But for N = 1 we, on the other hand,
obtain, again from (19), that 5z /y z =

—,
' and

5z/) „=—2(2S +S+1)/[5(S +S+1)] for J=S+1
and S, respectively. Relations (16a) and (16b) now give
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TABLE I. Values of pgp10(J;m~) calculated from Eqs. (B1)—(B9). Eleven rotational states
(N=O-10) of AB* in (1a), with spin S=—' and 1 (S=O not allowed) are considered. The total angular

momentum of this photoexcited molecule is given by J= ~N S—
~

to N+S iwith J=O prohibited). The
spin of the molecular ion AB+ left after Auger emission is Sf = ~S ——'~ and S+—'. The sixth, seventh,

and eighth columns of this table contain y &p01(J;m~ ) for the total angular momentum J0 of AB to be,
respectively,

~
J—1~, J, and J+ 1. The entries of columns six, seven, and eight should be multiplied by

m~ (=+1 for RCP light, —1 for LCP light) before use.

X~p10(J ~y)
State

number

1

2

3

4
5

6

7

8

9
10
11
12

13

14

15

16
17
18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

0 1

2

1

2

1

2

1

2

1

2

1

2

1

2

1

2

3
2

3
2

5
2

7
2

9
2

7
2

11
2

9
2

Sf
0

1

2
3
2

0

0

1

2
3
2
1

2
3
2

0

0

1

2
3
2
1

2
3
2
1

2
3
2

0

0

1

2
3
2
1

2
3
2
1

2
3
2

0

0

1

2
3
2
1

2
3
2
1

2
3
2

0
1

0
1

1

2
1

6
1

3
1

6
1

6
1

18
5

24
5

72
1

6
1

12—3
20
3

40
1

8
1

24—7
60
7

180
1

6
1

12
1

20
1

40—2
21

1

21
1

12
1

36
9

112
9

336
1

10
1

20
1

42
1

84
5

72
5

144
11

180
11

540
1

16
1

48—3
55
3

110
1

72
1

144
1

14
1

28
13

264
13

792

20
1

60

J0=J
1

2
1

6
1

6
1

12
1

6
1

18
1

12
1

36
1

12
1

24
1

20
1

40
1

20
1

60
1

30
1

90
1

12
1

24
1

60
1

120
1

42
1

84
1

42
1

126
1

56
1

168
1

30
1

60
1

48
1

336
1

72
1

144
1

90
1

270
1

72
1

216
1

110
1

220
1

360
1

720
1

56
1

112
1

132
1

396
1

110
1

330

J0=J+1
1

4
1

12
1

6
1

12
1

12
1

36
1

8
1

24
1

12
1

24
1

10
1

20—3
40

1

40
1

12
1

36
1

12
1

24
1

30
1

60
1

14
1

28
5

84
5

126
1

16
1

48
1

15
1

30
1

56
1

112
1

8
1

36
1

20
1

60
7

144
7

432
1

22
1

44
1

90
1

180—3
56
3

112
1

24
1

72
9

220
9

660
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TABLE I. ( Continued).

State
number

47
48
49
50
51
52
53

54
55

56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

85

86
87
88
89
90
91
92
93
94
95
96

10

1

2

1

2

1

2

13
2

11
2

15
2

13
2

17
2

15
2

19
2

17
2

10

21
2

19
2

Sf
1

2
3
2
1

2
3
2
1

2
3
2

0

0

1

2
3
2
1

2
3
2
1

2
3
2

0

1

2
3
2
1

2
3
2
1

2
3
2

0

0

1

2
3
2
1

2
3
2
1

2
3
2

0

0

1

2
3
2
1

2
3
2
1

2
3
2

0
1

0
1

7
156
7

312
1

110
1

220
1

18
1

36
15

364
15

1092
1

24
1

72
4

105
2

205
1

156
1

312
1

22
1

44
17

480
17

1440
1

28
1

84
9

272
9

544
1

210
1

420
1

26
1

52
19

612
19

1836
1

32
1

96
5

171
5

342
1

272
1

544
1

30
1

60
21

760
19

1836
1

36
1

108
11

420
11

840
1

342
1

684
1

34
1

68—23
924
21

2280
1

40
1

120

y„p, (J m )

Jp=J
1

156

312
1

660
1

1320
1

90

180
1

182
1

546
1

156

468
1

210

420

1092
1

2184
1

132

264
1

240
1

720
1

210
1

630
1

272
1

544
1

1600
1

3360
1

182

364
1

306
1

918
1

272
1

816

342
1

684
1

2448
1

4896
1

240

480
1

380
1

1140
1

342
1

1026
1

420
1

840
1

3420
1

6840
1

306

612
1

462
1

1386
1

420
1

1260

Jp= J+1
1

26
1

52
1

132
1

264—2
45

1

45
1

28
1

84

312
11

936
1

30
1

60
1

182
1

364
5

132

264
1

32
1

96
13

420
13

1260
1

34
1

68
1

240
1

480—3
91
3

182
1

36
1

108
15

544
15

1632
1

38
1

76
1

306
1

612
7

240
7

480
1

40
1

120
17

684
17

2052
1

42
1

84
1

380
1

760
4

153
2

153
1

44
1

132
19

840
19

2520
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TABLE I. (Continued).

State
number

97
98
99

100
101
102

10

Sg
1

2
3
2
1

2
3
2
1

2
3
2

Jo =
I
J—1

6
253

3
253

1

420
1

840
1

38
1

76

y &p»( J™y)

J0=J
1

506
1

1012
1

4620
1

9240

380
1

760

J0=J+1
1

46
1

92
1

462
1

924
9

380
9

760

The value of o.„ is calculated from (14), where the
product y ~p, o can be readily obtained from Table I for
the Auger process (la) with S=—,

' and 1. Equations (20)
and Table I show that the strength of a CDAES signal
even in this case is of the same order of magnitude as that
of the total Auger intensity for most of the transitions
considered in this table. Hence CD should readily be
measurable also in the angular distribution of spin-
resolved Auger electrons.

V. CONCLUSION

Absorption of a CP photon in a gaseous linear mole-
cule is known to create rotational orientation and align-
ment of the photoexcited target. Out of these two effects,
on1y the orientation depends upon the helicity of the ab-
sorbed photon. Therefore its creation is nothing but a
manifestation of the circular dichroism even in E1 ap-
proximation in achiral molecules which are neither polar-
ized nor fixed in space.

The two possible methods suggested hitherto for
detecting this orientation and alignment of the target are
measurements (i) of degree of polarization of either spon-
taneous or laser induced fiuorescence and (ii) of CDAD
of photoelectrons. Both of these techniques have proved
to be very successful in studying rotational orientation
and alignment of linear molecules. These are neverthe-
less based on an inherently anisotropic process which in-
volves interaction, in the form of a vector transition
operator in the E1 approximation, of radiation with a
target which already has a nonisotropic distribution of
the population of its magnetic sublevels. Furthermore,
both orientation as well as alignment will simultaneously
influence Auorescence polarization and CDAD. It will
therefore probably not be possible to study with either of
these processes only the circular dichroic effects mani-
fested even by achiral, unpolarized, rotating linear mole-
cules in the E1 approximation.

In this paper we have proposed, on the other hand, an
alterative method which will probe only the rotational
orientation created in a linear molecule by the absorption
of a CP photon. We have called it CDAES and it will be
present in both the integrated as well as differential
Auger currents. The transition operator which emits an
electron in the decay of a rotationally oriented vacancy
created by the absorption of a CP photon in the present
case is the scalar, interelectronic, Coulomb interaction.

For the CDAD to exist, it is, unfortunately, necessary
that the Auger electrons be observed along with their
spin. But we have shown that for this purpose neither
the SOI nor SRI need be included.

We have therefore derived a general expression for the
angular distribution of spin-resolved Auger electrons
emitted following absorption in a rotating linear molecule
in the absence of either of these two interactions. This
expression involves, in addition to the total intensity of
the Auger transition being considered, rotational orienta-
tion and alignment factors plus three parameters
(p~, y„,6„). Of these, two (p~, 5~) depend upon the
Auger dynamics whereas the remaining (y „)is indepen-
dent of it. Unlike in our previous study in paper I where
SOI was included, we find in the present case that the
Auger electrons will not be spin resolved unless the pho-
toabsorption step creates rotational orientation of the
molecule.

Although absorption of a CP photon creates orienta-
tion as well as alignment, we show that the CDAES total-
ly eliminates the effects of the latter and is exclusively
determined by the former. The CD in the angular distri-
bution of spin-resolved Auger electrons is shown to be
completely characterized by two quantities, namely, o. ~
the CD in the spin-resolved integrated Auger current,
and the ratio 5~ /y „.We have suggested simple experi-
ments to determine both of these quantities. Because y ~
is independent of a11 dynamics, once 5~/y~ is known,
6„can be extracted. o. ~ involves, on the other hand,
the total Auger intensity o. ~, rotational orientation fac-
tor p&o, and the parameter y ~. Consequently, a
knowledge of o. z and of o ~ will determine pio. Howev-
er, for Auger emission taking place via process (la) when
absorption of a photon merely excites, but does not ion-
ize, the molecule, p&o is also analytically determined.
Therefore measurement of the total Auger intensity o. ~ is
sufhcient to know o. ~ and other related observables in
such experiments. Our example shows that CDAES
effects are of the same order of magnitude as o~. The
degree of spin polarization of the total Auger current
does not involve even o. z and the expression obtained
herein gives its value completely analytically for process
(la). We have also suggested experiments to determine
the parameters P~ and p2o as well.

Thus CDAES can be used to probe rotational orienta-
tion produced in a gaseous linear molecule by the absorp-
tion of CP light. Hence circular dichroic effects can be
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studied in achiral molecules which are neither polarized
nor spatially fixed. This procedure can be used to cali-
brate degree of CP of electromagnetic radiations over a
large photon energy range.

Several workers have previously investigated autoioni-
zation of photoexcited diatomics. In particular,
Lefebvre-Brion and co-workers [17,18] and Bowering
et al. [19] have studied angular distribution of spin-
resolved electrons ejected following photoabsorption in
hydrogen halides (e.g. , HI and HBr). Although such ra-
diationless decay of a photoexcited molecule corresponds
to our process (la), the actual physical mechanism which
ejects an electron in the present case is, nevertheless, very
different in many respects from that considered in the
Refs. [17—19].

In the previous studies [17—19], for example, it is the
SOI which causes autoionization of a molecule following
photo-absorption and also spin polarization of the ejected
electron. Therefore, in the papers published by
Lefebvre-Brion and co-workers [17,18] and by Bowering
et al. [19], the spin-orbit Hamiltonian of the molecule
had been taken into account. These [17—19] autoioniza-
tions are in the energy region of the spin-orbit splitting in
HI and HBr molecules.

But in the present article, we have totally neglected the
effects of both SOI and SRI. The autoionization of the
photoexcited molecule in (la) [and also that of the ion in
(lc)] in our case takes place, instead, due to the interelect-
ronic Coulomb interaction. Furthermore, the ejected
electron is now spin polarized as a result of the nonsta-
tistical distribution of magnetic substates (i.e., orientation
and alignment) produced by the absorption of a photon in
the molecule. In addition, unlike Lefebvre-Brion and co-
workers [17,18] and Bowering et al. [19] we have includ-
ed the effects of nuclear rotation and also considered CD
in our investigations.

Consequently, Refs. [17—19] and this paper investigate
physical phenomena which are not only very different but
also take place due to different mechanisms. Any direct
comparison between two such studies is not feasible.

The experiments on CDAES suggested herein can, on
the other hand, be readily performed by little changes in
the various apparatuses currently being used by different
groups. The essential component of the new experiments,
in addition to a Mott detector to measure spin polariza-
tion of the observed electron, will be a high-resolution
electron spectrometer which can resolve Auger electrons
arriving from the production of a (singly or doubly
charged) positive molecular ion in difFerent rotational
states. Fortunately, several groups have recently
developed such a spectrometer in connection with their
high-resolution PES studies [20—24]. These develop-
ments have made it possible to resolve photoelectrons
ejected in the ionization of H2, N2, O2, NO, HI, etc. to
various quantum states of their rotational motion.

The apparatus used by Svensson et al. [25] in their
very recent study of Auger spectroscopy of N2 can readi-
ly be employed by making two above-suggested changes
to perform CDAES experiments proposed in this paper.
Likewise, the pump-probe-type experiments carried out
by Appling et al. [26] to investigate CDAD in aligned

NO and other diatomic molecules can also be adapted to
investigate CDAES merely by adding a Mott detector.
The high-resolution electron spectrometer, which moni-
tors photoelectrons in CDAD experiments [26], can now
be used to observe Auger electrons emitted in process
(la). These modifications will be applicable also to pro-
cesses (lb) and (lc) wherein photoelectrons remain unob-
served. Similarly, one can carry out the CDAES investi-
gations with minimal changes, on apparatuses like those
used by Heinzmann and co-workers [18,19] in their angle
and spin-resolved photoelectron spectroscopic studies of
hydrogen halides.

The applications discussed in Sec. IV and in Appen-
dixes A and B in this paper are valid for any linear mole-
cule represented by Hund's coupling scheme (b). There-
fore CDAES measurements for process (la) in a diatomic
molecule can be compared with the theoretical results
given in Appendix B and Table I herein.
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APPENDIX A: ROTATIONAL ORIENTATION
AND ALIGNMENT FACTORS

FOR A PHOTOEXCITED MOLECULE
IN HUND'S COUPLING SCHEMES (a) AND (b)

In the two appendixes to paper I, we have obtained ex-
pressions for rotational orientation and alignment param-
eters for the excited photoion AB+* in process (lb).
Those expressions were derived by using the parity-
adapted wave functions [11] for both Hund's coupling
schemes (a) and (b) and by employing the angular
momentum transfer treatment suggested by Greene and
Zare [27] for atoms and by Guest, Jackson, and Zare [28]
for linear molecules.

In this appendix, on the other hand, we develop rota-
tional orientation and alignment factors for the photoex-
cited molecule AB" formed in Eq. (la). Again, we have
employed parity-adapted states and considered both
Hund's coupling schemes (a) and (b). But in the present
case, absorption of a photon merely excites the molecule
without ionizing it. The process (la) therefore consists,
unlike (lb), only of AB* with no photoelectron. This
renders the angular momentum transfer method [27,28]
to be inapplicable to the following analysis.

The density matrix p h(JMM', lm ) which describes
the photoexcited molecule AB* in (2) when the Auger
emission takes place via process (la) is given by

p h( JMM'; lm ) = (2JO+ 1)

X g (JMp ~F h ~ JOMopo, lm )
Mo

X ( JM'p ~F h i JOMopo', 1 m

(A 1)
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Here I'
h is the photoabsorption operator defined by Eqs.

(7) and (8) in Ref. [29] in the E 1 length and velocity ap-
proximations, respectively. The photon-frame states

~
1m ' ) for the absorbed photon are given by the expan-

sion (I.A3) in terms of the molecule-frame states
~
1A,&) .

Let us evaluate the density matrix (Al) first in Hund's
I

coupling scheme (a). The molecules AB and AB* in this
case are described, respectively, by the states (I.A2) and
(I.4). On using these two expressions along with (I.A3)
and performing integration over the product of three ro-

J 1 Jotational harmonies of Xl 2)'23 ', we find that the photoab-
sorption matrix element

J 1 Jp
( JMp IFphI JOMopo'I my & =( —1)™V'(2JO+1)(2J+1) M M &nAZnlF, hlnoAo&oIIo'1 &M m Mp

in scheme (a). Here we have defined

(nA&IIIF hlnoAOXOQ '1&=—[1 ( 1) ]

1 Jo
( n A&II IF~h lnoAOXoQO; 1A,~ )

y p

(A2)

J 1 Jp
( n AXQ ~Fp„~ no —Ao —Xo —Ao, 1X~ )—A A, —Qp

For this matrix element not to be trivially zero, we must obviously have

Jp +J+pp +p 2Ap =odd

(A3)

(A4)

This selection rule is naturally very difFerent from that arrived at in (I.AS) for the photoionization step in (lb) and (lc).
On substituting (A2) in (Al) and defining the photoabsorption cross section

o h( JM ) = g p „(JMM; 1m )

=
—,'(2J+1)i(nAXQiF „inoAOXoQO , 1)i'

the density matrix which represents the photoexcited molecule AB* in Hund's coupling scheme (a) becomes

(A5)

J 1 Jp
p„„(JMM', 1 m ) =3o „(JM ) g

J 1 Jo
—M' I My p

(A6)

In order to calculate p„„ in the coupling scheme (b), we use the states (I.Bl) for AB and (I.14) for AB*. The corre-
sponding photoabsorption matrix element is given by

1 J Jp
( JMp ~F h ~ JOMopo', lm ) =( —1)™~0+(2NO+ 1)(2JO+ 1)(2N+1)(2J+ 1)

with

X ( n A(NS )J ~F~h ~

n OAO(NOSO )Jo, 1 ), (A2')

X fiss, g

(nA(NS}J~F h~noAo(NoSO)JO, I) =
—,'[1—

(
—1) ]

'

J
N 1 Np

( n A I Fp„ I
n o Ao', 1k~ )—A A, Ap

+( —1} ' N 1 No
(nAIF, „ln, —A,;la, &—A A,

—Ap
(A3')

Np+X+pp+p =odd (A4')

In deriving (A2') and (A3'), we have used the identity
from Ref. [30] which expresses a sum over the product of
three 3-j symbols into a product of one 3-j symbol and
one 6-j symbol. The selection rule

applicable to (A3') is again very different from the one
given in (I.B3). The density matrix which will express the
photoabsorption process in (la) is now obtained by sub-
stituting (A2') in (Al). One finds that the resulting ex-
pression is identical to (A6), but the photoabsorption
cross section is now given by
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rr h(JM) =
—,'(2No+1)(2N+1)(2J+1)

&& I & «(NS )J IF~h I noAo(NoSo )Jo 1 & I

(A5')

specify the photoexcited molecule AB *. Using the
values of the 6-j symbols from Ref. [30], one arrives at
the following results.

S =S——' J =1—J for J~ l.f 2& O

in place of (A5).
The state multipoles

([T(J,mr )]«)=3( —1) ' ' 6o&v'2K+I

1 K 1 1 K
—m 0 J J Jo

Xo~„(Jm ) (A7)

A (N, S,J)
2(J+1)(2J+1)S

Sf=s —
2

JO=J —1 for J)1:
A (N, S,J)

r 4J(2J+1)S '

Sf =S—
—,', JO=J:

A (N, S,J)
r 4J(J+l)(2J+1)S '

(B1)

(B2)

(B3)

for the photoexcited molecule AB in (la) are obtained by
substituting (A6) in (I.3) and using once again the identity
given in Ref. [30]. Consequently, the rotational orienta-
tion (K = 1) and alignment (K =2) factors (I.13) become

Sf=S
2

JO=J+1
A (N, S,J)

r 4(J+1)(2J+1)S (B4)

px(2(J;mr )=3( —1) ~ ' &2K+15og Sf =S+—,', Jo = 1 —J for J ~ 1:

1 1 K
X

Pl
y

1 1 K
J J Jo (AS)

A (N, S,J)
2(J + 1)(2J+ 1)(S+ 1)

Sf =S+—,', Jo=J—1 for J)1:
(B5)

In paper I, we have seen that the density matrix (I.A9),
state multipoles (I.A11"), as well as the rotational orien-
tation and alignment parameters (I.A13" ) all depend
upon the photoionization dynamics involved in step 1 of
processes (lb) and (lc). In the present case, on the other
hand, whereas both p h and ( [T(J;m ) ]x& ) in (A6) and
(A7), respectively, involve the photoabsorption cross sec-
tion (A5) or (A5'), the orientation and alignment factors

px& in (AS) are totally independent of all dynamics. It is

completely determined analytically by a product of one
3-j and one 6-j symbol, in addition to energy-independent
constants and phase factors. Moreover, even the expres-
sions for p h and ( [ T(J;m ) ]x& ) which involve dynami-
cal terms are herein much simpler compared to their
counterparts derived in the two appendixes in I. The
analysis given in this appendix is applicable to Auger-
emission studies described in paper I as well as in the
present article.

APPENDIX B: CALCULATION
GF g g pip( J;m ~ ) FOR AUGER EMISSION

VIA PROCESS (la)

In Eq. (17) we have derived an expression for the prod-
uct y & p&o( J;m ) needed in the calculation of
tr&(m;u&p& ), P(m;p& ), and of o'& (u&p~ ) for the
Auger-emission process (la). In this appendix, we further
simplify this expression and show that it can be complete-
ly determined by the quantum number (N, S,J ) needed to

Sf =S+
~

JO=J

A (N, S,J)
r 4J(2J+1)(S+1)

A (N, S,J)
r 4J(J+1)(2J+1)(S+1)

(B6)

Sf =S+—,', Jo=J+1:
A (N, S,J)

r 4(J+1)(2J+1)(S+1)
where

(B8)

A (N, S,J )—:J(J+ 1)+S(S+1) N(N+ 1) . —(B9)

These expressions will give us yzplo(J;m ) for all those
physically acceptable values of the quantum numbers
(N, S,J), and Sf for which this product does not trivially
vanish.

From the Pauli exclusion principle, a non-o (i.e., m, 5,
P, etc.) orbital in a linear molecule can contain up to four
electrons, whereas only two electrons are allowed in a o
orbital. Therefore the most probable values of the total
spin of an electronic state in such molecules are S=0, —,',
or 1. Expression (17) identically vanishes for S=0. In
Table I, we have therefore given y„p&o(J;m ) as a func-
tion of N for S=

—,
' and 1 with J= ~N —S~ to N+S, for N

varying from 0 to 10. The product y z p&o( J;m ) for
values of S) 1 and N ) 10 can readily be calculated from
expressions (Bl)—(B9).
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