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Chiralities in double photoionization of rotating linear molecules
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In this paper we investigate the existence and study the properties of linear dichroism and of circular
dichroism in a linear, achiral molecule through a process in which absorption of a single photon results in the
simultaneous ejection of two electrons. The two dichroic effects are found to provide complementary infor-
mation about molecular double photoionization and possess very different properties. Dependence of such
chiralities on nuclear rotation has properly been studied by using parity-adapted states to represent the target
molecule and its doubly charged residual photoion. The discussion presented is independent of any dynamical
models. Both magnitude and behavior of the linear as well as circular dichroisms have phenomenologically
been calculated for double photoionization in asg

2 shell of aD`h molecule rotating in its1Sg
1 electronic state.

PACS number~s!: 32.80.Fb, 33.55.Ad
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I. INTRODUCTION

Increasing emphasis is being placed on experimental s
ies of those processes that involve simultaneous ejectio
two electrons following the absorption of a single photon
a linear molecular target in general and diatomics@1–7# in
particular. This double photoionization~DPI!, firstly, is the
most direct manifestation of electron-electron correlat
@1–5#: The two electrons ejected in a single step share
tween themselves not only the energy of the absorbed ph
in excess to the potential for double ionization of the targ
but also the spin-orbit interaction present in the continuum
each of the two freed electrons@8#. These aspects of DP
have been investigated in several experiments@1–5# by mea-
suring spin-unresolved, integrated, and/or angular photo
rents of one or both of the two electrons ejected from
simplest possible molecules like H2, D2, etc. In a recent ex-
periment, Dorneret al. @5# have measured a DPI cross se
tion when the molecular axis is aligned parallel or perp
dicular to the polarization axis of the ionizing radiation.

Secondly, due to Coulomb repulsion between atomic io
the potential energy of a dication~i.e., doubly charged posi
tive ion! of a diatomic molecule is always greater than
dissociation energy@5–7,9#. Consequently, dictations of di
atomic molecules are inherently unstable against their di
ciation @5–7,9#. Hall et al. @6# have probed the DPI of O2
using threshold photoelectrons coincidence~TPEsCO! spec-
troscopy and studied vibrational structure of the shortliv
O2

21 ground state; whereas, Penentet al. @7# have combined
TPEsCO spectroscopy with ion time-of-flight spectrosco
and the coincidence technique for studying dissociation
namics of state-selected doubly charged ions of CO,
CO21.

Thus DPI is now being increasingly used to study sp
troscopy of both neutral linear molecules and of their di
tions with photoelectrons. Recent advances@10,11# in mea-
suring integrated and/or angular photocurrents arising fr
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the production of singly charged diatomic ions in differe
rotational states of H2

1,N2
1,NO1,O2

1, etc., which have a
relatively small moment of inertia, suggest that it should,
principle, be possible to perform in a not too distant futu
rotationally resolved studies of such processes that invo
DPI of at least those linear molecules@10,11# whose high
resolution electron spectra for single photoionization~SPI!
have already been observed. Such experiments, whose
retical aspects have recently been developed by us@12#, will
provide an opportunity to simultaneously study electro
electron correlation in molecules as well as high-resolut
spectroscopy of these targets and of their dications. S
spectra will, in addition, reveal how and to what extent t
nuclear rotation and electron correlation influence each o
in a molecule.

Another dimension to the studies of DPI was added by
recent theoretical predictions that energy and angular di
butions of two simultaneously ejected electrons strongly
pend upon the helicity of the photon absorbed in an at
@13,14# or a molecule@15#. This prediction has since bee
experimentally verified in atomic@16–19# as well as molecu-
lar @20# DPI. The dependence of the angular distribution
the helicity of the absorbed radiation means that, in a giv
direction, a different photocurrent is produced by right a
left circularly polarized light. This phenomenon has come
be known as circular dichroism~CD!. It, being the difference
of two measurements, provides a more sensitive test for
states of the target, photoelectrons, and of residual dicat
Another advantage in studying CD is that it is much easie
calculate theoretically than the complete angular distribut
as the former involves a smaller number of parameters~usu-
ally one! than those present in the later. This advantage
other words, also means that CD measurements cannot
vide the full information needed to completely specify t
DPI of an atom or molecule. Neither the theoretical@15#
study of CD for molecules belonging to one of the 32 po
groups nor that performed@20# experimentally for D2 takes
rotation of the nuclei of the target into account. The targ
molecule in both of these references@15,20# was unpolarized
as well as unoriented.

Another observable, analogous to CD, is the linear dich
ism ~LD!. It is the difference between the two angular dist
butions of photoelectrons, each produced by the absorp
of a single photon which is linearly polarized~LP! along two
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mutually perpendicular directions. LD has so far been st
ied in the SPI of oriented molecules@21,22# and of polarized
atoms@23–26#, in the DPI of unpolarized atoms@18#, and of
unpolarized as well as unoriented ‘‘rotationless’’ D2 @20#.

In this paper we present the first discussion of LD and
in DPI of a rotating linear molecule. In Sec. II we derive
general mathematical expression for LD and discuss its h
erto unknown properties in the present context. An expr
sion for CD in the DPI of a rotating linear molecule is o
tained in Sec. III. Therein, it is shown that its properties a
very different from those of LD discussed in Sec. II. W
further show in Sec. III that CD and LD provide compleme
tary information on DPI determining two completely diffe
ent sets of dynamical parameters. Section IV contains
results of our phenomenological calculations of both LD a
CD for the DPI in thesg

2 shell of aD`h molecule in its1Sg
1

state. Conclusions of this study are presented in Sec. V.

II. THEORY

The spin-unresolved DPI of interest to us in this paper
schematically be represented as

hv r~ u lW r u51,mr !1AB~J0M0p0!

→AB11~JfM fpf !1e1~kW1!1e2~kW2!. ~1!

HereAB11 is the doubly charged, residual photoion of t
moleculeAB. Both AB andAB11 belong to the same poin
group which can be@27# either C`v or D`h . The absorbed
photon has angular momentumu lY r u51 in the electric dipole
(E1) approximation, and energyEr5hv r . The parameter
mr in Eq. ~1! specifies the state of polarization of the incide
electromagnetic radiation:mr511,0,21 for the right circu-
lar polarization~RCP!, linear polarization~LP!, and left cir-
cular polarization~LCP!, respectively. An unpolarized~UP!
beam will be represented by an even mixture of RCP
LCP radiations. Further in Eq.~1!, uJ0M0p0& and uJfM fpf&
are the bound states ofAB with energyE0 and of AB11

possessing energyEf , respectively.M0 and M f are the re-
spective projections of the total angular momentaJY0 of AB

andJY f of AB11 along the space quantization axis.uJ0M0p0&
has the parity@27,28# p0 , while pf is that of the state
uJfM fpf&. The propagation vectorskY1 (k1 ,u1 ,f1) and
kY2 (k2 ,u2 ,f2) of the photoelectronse1 ande2 are, respec-
tively, defined in Fig. 1 in the photon-fixed coordinate sy
tem, sayOXpYpZp with its origin O at the center of mass o
the targetAB. The two photoelectronse1 and e2 equally
share between themselves the energy of the absorbed ph
in excess to the potential for double ionization ofAB, i.e.,
«11«25hv r2(Ef2E0). Here «15\2k1

2/2m and «2

5\2k2
2/2m are the energies of the photoelectronse1 ande2 ,

respectively. Although we do not analyze spins of either
the ejected electrons, the two, nevertheless, share@8# also the
spin-orbit interaction present in the continuum of each
them.
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We have recently shown@12# that the correlation function
~CF! for the energy-, angle-, and rotationally resolved p
cess~1! can be written in the following form:

d3s~mr !

d«1dk̂1dk̂2

5 (
l 1l 2l p

l 18 l 28 l p8

(
spJp

l t

G„1mr ;~ l 1l 2!l p ;~ l 18l 28!l p8 ; l t ; k̂1 ; k̂2…

3d~ l 1l 2!l p
~sp ;Jp ; l t!d~ l 18 l 28!l p8

* ~sp ;Jp ; l t!.

~2!

In this expression,

G„1mr ;~ l 1l 2!l p ;~ l 18l 28!l p8 ; l t ; k̂1 ; k̂2…

5~21! l 11 l 21 l p81 l t1mr
K

4p
~2l t11!

3S 1 1 Lr

mr 2mr 0 D H 1 1 Lr

l p l p8 l t
J

3 (
L1L2

Lr

~21!LrA~2L111!~2L211!~2Lr11!

3S l 1 l 18 L1

0 0 0
D S l 2 l 28 L2

0 0 0
D

3H l 1 l 18 L1

l 2 l 28 L2

l p l p8 Lr

J Y Lr0
L1L2~ k̂1 ; k̂2! ~3a!

is the geometrical factor and

FIG. 1. Space-~or laboratory-! and photon-fixed coordinate sys
temsOXYZandOXpYpZp , respectively.
2-2



e

d

rl
y-

-

-

o
e

ct
ion

o

he
di
e
ira

i

te
th

em
-

in

ex

be

the

e

f
.

e
pa-

ve
-

CHIRALITIES IN DOUBLE PHOTOIONIZATION OF . . . PHYSICAL REVIEW A 62 052702
d~ l 1l 2!l p
~sp ;Jp ; l t![^Jfpf ;~ l 1l 2!l p ;sp ;JpuF~ l t!uJ0p0 ;1&

~3b!

is the dynamical amplitude. Equations~2!, ~3a!, and ~3b!,
which correspond@12# to the respective Eqs.~I.25!, ~I.15!,
and ~I.26!, are equally applicable to the description ofAB
andAB11 in Eq. ~1! in Hund’s case@27# ~a! or ~b!. Whereas
the geometrical factor~3a! is the same in both of thes
Hund’s coupling schemes, the dynamical amplitude~3b! is,
however, given by Eqs.@~I.11!,~I.12!# for case~a! and by
Eqs. @~I.21!,~I.22!# for case ~b!. We have not reproduce
those@12# long expressions ford( l 1l 2) l p

(sp ;Jp ; l t) herein as
they are not relevant to the present discussion. Simila
detailed descriptions of the explicit forms of the parit
adapted statesuJ0M0p0& of AB and uJfM fpf& of AB11,
given and used in Ref.@12# in the derivation of expres
sions ~I.11!, ~I.12!, ~I.21!, and ~I.22! will not be needed
in this paper. Further in Eq.~3a!, coefficient @12#
K53p(e2/a0Er)

2, where a0 is the dimensionless fine
structure constant andY’s are bipolar harmonics@29#.

Similar to most of the other studies performed hitherto
single and/or double photoionization of free and unpolariz
atoms and molecules, the derivation of the geometrical fa
~3a! is based on the well-known experimental configurat
that the photon frame of referenceOXpYpZp is also the con-
centric, space-fixed coordinate systemOXYZ ~whose polar
OZ axis is the space quantization axis!. The polar (OZp) axis
of the photon frame is defined by the state of polarization
the radiation incident in Eq.~1!. For example@12#, theOZp
axis is taken to be parallel to the electric vector of t
LP (mr50) ionizing electromagnetic wave, whereas the
rection of incidence of RCP, LCP, or UP radiation defin
this axis. However, if one is interested in studying the ch
properties of atoms and molecules, specifically the LD,
photoionization, then the photon frameOXpYpZp is not the
most convenient choice for a space-fixed coordinate sys
In Fig. 1 in the present paper we, therefore, consider
space-fixed coordinate systemOXYZ to be different from,
but concentric with, the photon frameOXpYpZp . A rotation
by the Euler angles@30# vp(fp ,up ,gp) puts theOXYZ in
coincidence with the photon-frame coordinate syst
OXpYpZp . The projectionM0 of the total angular momen
tum JY0 of AB in the stateuJ0M0p0& and that ofM f of the
total angular momentumJY f of AB11 in the stateuJfM fpf&
are now defined with respect to the quantization axisOZ. Let
us takekY 1 (k1 ,q1 ,w1) andkY 2 (k2 ,q2 ,w2) to be the propa-
gation vectors~see Fig. 1! of photoelectronse1 ande2 , re-
spectively, in theOXYZcoordinate system.

In order to express the geometrical factor occurring
Eq. ~2! with respect to our new~i.e., OXYZ! coordinate sys-
tem, we need to write the bipolar harmonics present in
pression~3a! in terms of the propagation vectorskY 1 andkY 2 .
This is readily done by using the inverse of the relation~2!
given on page 87 in Ref.@29#. We, therefore, have

YL1

ML~ k̂1!5(
M1

DMLM1

L1* ~vp!YL1

M1~ k̂1! ~4!
05270
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and a similar relation forYL2

ML( k̂2). Here D’s are the rota-

tional harmonics@30#. We now substitute Eq.~4! in the ex-
pression for bipolar harmonics present in Eq.~3a!. The re-
sulting expression for the geometrical factor can
simplified by using the Clebsch-Gordon series@30# in 3 j
symbols for combining the two rotational harmonics and
orthonormality of 3j symbols. The final form of the CF~2!
specified with respect to theOXYZcoordinate system can b
written as

d3s~mr !

d«1dk̂1dk̂2
5~21!mrA4p

3 (
Lr Mr
L1L2

~21!Lr1MrS 1 1 Lr

mr 2mr 0 D
3gL1L2

~Lr ;«1«2!Y Lr ,2Mr

L1 L2 ~ k̂1 ,k̂2!YLr

Mr~ p̂!

~5a!

with

gL1L2
~Lr ;«1«2!5

K
4p

A~2L111!~2L211!

3 (
l 1 l 2 l p

l 18 l 28 l p8

(
spJp

l t

~21! l 11 l 21 l p81 l t~2l t11!

3S l 1 l 18 L1

0 0 0
D S l 2 l 28 L2

0 0 0
D

3H 1 1 Lr

l p l p8 l t
J H l 1 l 18 L1

l 2 l 28 L2

l p l p8 Lr

J
3d~ l 1l 2!l p

~sp ;Jp ; l t!d~ l 18 l 28!l p8
* ~sp ;Jp ; l t!

~5b!

andp̂(up ,fp), in Fig. 1, is the unit vector in the direction o
the OZp axis with respect to theOXYZcoordinate system
Obviously, in the special case when photon frameOXpYpZp
coincides with the space frameOXYZ ~i.e., up50!, CF ~5!
becomes identical to that given by Eq.~2!. In the CF ~5!,
while the total number of allowed values forL1 andL2 are
(2l 111) and (2l 211), respectively,Lr can take only three
values~i.e., Lr50 – 2!. Thus, complete specification of th
CF ~5! requires a knowledge of three sets of dynamical
rameters, namely,gL1L2

(0;«1«2), gL1L2
(1;«1«2), and

gL1L2
(2;«1«2).

According to the selection rule~I.13c!, the dynamical am-
plitudesd( l 1l 2) l p

(sp ;Jp ; l t) andd( l
18 l

28) l
p8
(sp ;Jp ; l t) present in

Eq. ~5b! will vanish unless each ofl 11 l 21J02Jf1p01pf

and l 181 l 281J02Jf1p01pf is even. Since both@12# J0

2Jf andp01pf are always integers, we must therefore ha
l 11 l 21 l 181 l 285even. A combination of this require
2-3
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ment with the well-known properties@30# ~i.e., l 11 l 181L1

5even andl 21 l 281L25even! of the first two 3-j symbols
occurring in Eq. ~5b! immediately gives thatL11L2
5even. This parity ofL11L2 can be used to readily deriv
following relevant properties of the bipolar harmonics@29#

Y Lr ,2Mr

L1 L2 ~ k̂1 ,k̂2!5~21!MrA2Lr11

3 (
M1M2

S L1 L2 Lr

M1 M2 Mr
D

3YL1

M1~ k̂1!YL2

M2~ k̂2! ~6!

present in the angular distribution~5a!,

~ i! Y
Lr ,2Mr

L1 L2* ~ k̂1 ,k̂2!5~21!Lr1MrY Lr Mr

L1L2 ~ k̂1 ,k̂2!. ~7a!

Thus, harmonics~6! with Mr50 is pure real or imaginary
according toLr5even or odd, respectively.

~ ii ! Y Lr ,2Mr

L1 L2 ~2k̂1 ,2k̂2!5Y Lr ,2Mr

L1 L2 ~ k̂1 ,k̂2!. ~7b!

That is, bipolar harmonics~6! always have even parity.

~ iii ! Y Lr ,2Mr

L1 L2 ~ k̂2 ,k̂1!5~21!LrY Lr ,2Mr

L2 L1 ~ k̂1 ,k̂2!. ~7c!

This implies bipolar harmonicsY Lr ,2Mr

L L (k̂,k̂)50 always

for an oddLr .

~ iv! Y Lr ,2Mr

L1 L2 ~q1 ,w1 ;q2 ,w11np!

5~21!MrA2Lr11

3 (
M1M2

~21!nM2e2 iM rw1S L1 L2 Lr

M1 M2 Mr
D

3LL1

M1~cosq1!LL2

M2~cosq2! ~7d!

with

Ll
m~cosq!5~21!mA~2l 11!~ l 2m!!

4p~ l 1m!!
Pl

m~cosq!

such thatLl
2m(cosq)5(21)2mLl

m(cosq). HerePl
m(cosq) is

the associated Legendre polynomial@30#. Thus Eq. ~7d!,
wheren is an integer, gives us a bipolar harmonics for t
special case whenk̂1(q1 ,w1) and k̂2(q2 ,w25w11np) lie
in a plane which contains the polarOZ axis of the space
frame ~see Fig. 1!. This is pure real fork̂1 in any direction
but Mr50, or k̂1 in the X-Z plane~i.e., w150 or p! for all
permitted values ofMr or k̂1 in the Y-Z plane ~i.e., w1
5p/2 or 3p/2! for Mr even; on the other hand, Eq.~7d!
becomes pure imaginary ifk̂1 is in theY-Z plane andMr is
odd. In the remaining cases, it is complex. An importa
05270
t

corollary to Eq.~7d! is when k̂2i2k̂152k̂(q,w) @i.e., k̂1
and k̂2 are in the opposite directions withu25p2q, w2
5w1p#. In this special case

Y Lr ,2Mr

L1 L2 ~ k̂1 ,k̂2!5Y Lr ,2Mr

L1 L2 ~ k̂,2k̂ !

5~21!L2Y Lr ,2Mr

L1 L2 ~ k̂,k̂ !

5~21!L21MrA~2L111!~2L211!

4p

3S L1 L2 Lr

0 0 0 DYLr

Mr~ k̂ !. ~7e!

Thus, the bipolar harmonics~6! in a collinear geometry may
exist if Lr is even. In this case, it simply becomes a multip
of the spherical harmonicsYLr

Mr(k̂).

~v! Let us integrate Eq.~6! over one of the directions, sa
k̂2 . This yields

E Y Lr ,2Mr

L1 L2 ~ k̂1 ,k̂2!dk̂25~21!LrA4pdL1Lr
d0L2

YLr

2Mr~ k̂1!;

~7f!

consequently,

E Y Lr ,2Mr

L1 L2 ~ k̂1 ,k̂2!dk̂2 dk̂154pd0L1
d0L2

d0Lr
d0Mr

. ~7g!

A. Linear dichroism in double photoionization

In order to obtain an expression for LD in the spa
frame, we consider two LP beams of ionizing radiation, o
each with its electric vector along theOX ~i.e., up5p/2,
fp50! and OY ~i.e., up5p/2, fp5p/2! axes. LD is then
given by

d3sLD

d«1dk̂1dk̂2
5

d3s~mr50!

d«1dk̂1dk̂2
U

OX

2
d3s~mr50!

d«1dk̂1dk̂2
U

OY

52 (
L1L2

R@Y 2 2
L1L2~ k̂1 ,k̂2!#gL1L2

~2;«1«2!.

~8!

In arriving at the last result we have used the CF~5a! and the
property ~7a! of bipolar harmonics, in addition to makin
some other simplifications. Expression~8! obviously corre-
sponds to an experimented geometry in which each of
two photon beams, LP along mutually perpendicular dir
tions, are incident along the polarOZ axis of the space frame
~see Fig. 1!.

The LD ~8! is thus completely determined by only the la
@i.e., gL1L2

(2;«1«2)# of the three sets of dynamical param
eters needed for the complete specification of CF~5!. No
information about the remaining two parameters can be
tracted from Eq.~8!. Thus, although the calculation of LD is
at least theoretically, much easier than that of the ang
photocurrent~5a! for the DPI, however, the process of takin
2-4
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difference involved in the evaluation of LD wipes out som
information about the CF~5! of the DPI~1!. One can readily
deduce the following properties of the LD~8!.

~i! The requirement for the LD to be an observable d
mands that the coefficientsgL1L2

(2;«1«2) must be pure real
~ii ! Property~7c! combined with the requirement that th

LD ~8! should remain invariant under the exchange of t
photoelectrons means that

gL1L2
~2;«2«1!5gL2L1

~2;«1«2!.

Thus of the three dynamical parameters~corresponding to
L25L1 , L162! that contribute to Eq. ~8!, none of
gL1L2

(2;«2«1) is necessarily zero for two photoelectro

ejected with equal energy«15«25« ~say!. Therefore, LD
~8! may exist even for that DPI~1! wherein both electrons
move out from the moleculeAB with equal energies.

~iii ! LD in a coplanar geometry which contains two ph
toelectrons and theOZ axis of the space frame~i.e., the di-
rection of propagation of two photon beams in the sp
frame! in a single plane is obtained by substituting Eq.~7d!
in Eq. ~8!, i.e.,

d3sLD

d«1dq1dw1dq2
52A5 cos 2w1 (

L1 L2
M1 M2

~21!nM2

3S L1 L2 2

M1 M2 22DLL1

M1~cosq1!

3LL2

M2~cosq2!gL1L2
~2;«1«2!. ~9a!

This expression is not zero in general. It, however, o
viously vanishes when the angle between theZ-X plane and
the plane that contains two photoelectrons is given
w15(2m11)p/4 with m50 – 3. Thus LD in the DPI may
exist even in a coplanar experimental arrangement. But,
LD in this setup will identically vanish if this plane bisec
the angle between two LP beams of electromagnetic wa
with their electric field vectors in theX andY directions.

~iv! In order to obtain LD in a collinear setup when tw
photoelectrons are moving, say, in opposite directions,
substitute Eq.~7e! in Eq. ~8!. This yields

d2sLD

d«1dk̂
5

1

4p
A15

2
sin2 q cos 2w

3 (
L1L2

~21!L2A~2L111!~2L211!

3S L1 L2 2

0 0 0D gL1L2
~2;«1«2!. ~9b!

This expression is not necessarily zero. It, however, vanis
identically if the line joining the two photoelectrons has
direction defined by the spherical angles~q50 or p,w! or
@q,w5(2m11)p/4#, i.e., the two photoelectrons are eject
either parallel to the polar axis or along a line which mak
an anglew5(2m11)p/4 with theZ-X plane.
05270
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~v! Integration of Eq.~8! over the photoelectron propaga
tion directionsk̂1 andk̂2 and the subsequent use of the pro
erty ~7g! immediately shows that LD does not exist in th
integrated photocurrent produced in a DPI experiment.

~vi! In order to see as to what happens to LD in a non
incident experiment on the DPI, i.e., when one~say,e1! of
the two photoelectrons is only observed, let us integr
Eq. ~8! over k̂2 . An application of the property~7f! gives

d2sLD

d«1dk̂1
5E d3sLD

d«1dk̂1dk̂2
dk̂2

5A15

2
g20~2;«1 ,«2!sin2 q1 cos 2w1 . ~10a!

After substituting~5b!, we can write

d2sLD

d«1dk̂1
5

3

8p S ds

d«1
Db1 sin2 q1 cos 2w1 , ~10b!

where the integrated cross section (ds/d«1) and the param-
eterb1 are defined in Eqs.~I. 32! applicable to a noncoinci-
dent DPI experiment@see also Eq.~18!#. The result~10b! is
formally identical to that first derived in Ref.@21# for the SPI
of molecules with a random orientation in space and with
taking the rotation of their nuclei into account. A comparis
of Eq. ~9b! with the above expression shows that the angu
dependence of LD when both photoelectrons are observe
a collinear experimental geometry is identical to that in
noncoincident DPI. The former contains the spherical ang
of the line joining two photoelectrons, whereas those of
single detected photoelectrons are present in the latter. B
sets of spherical angles are, however, referred to the s
frame, i.e., theOXYZcoordinate system in Fig. 1. The rati
~for q15q, w15w!

d2sLD

d«1dk̂Y d2sLD

d«1dk̂1
5A10

3 S b1

ds

d«1
D 21

(
L1L2

~21!L2

3A~2L111!~2L211!

3S L1 L2 2

0 0 0D gL1L2
~2;«1«2! ~11!

of two LD’s is, therefore, isotropic and is completely dete
mined by the dynamical terms. Noncoincident DPI expe
ments are easier to perform compared to those in which b
photoelectrons are observed simultaneously. Expression~11!
provides a simple method to determine the other if one of
two is known. As this ratio of the two LD’s is totally isotro
pic, they can be measured in any one of the convenient
rections.

B. Circular dichroism in double photoionization

CD in the DPI of a rotating linear molecule is obtaine
from Eq. ~5a! to be
2-5
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d3sCD

d«1dk̂1dk̂2
5

d3s~mr511!

d«1dk̂1dk̂2
2

d3s~mr521!

d«1dk̂1dk̂2

52S 2p

3 D 1/2

(
L1L2
Mr

~21!MrY 1,2Mr

L1 L2

3~ k̂1 ,k̂2!Y1
Mr~ p̂!gL1L2

~1;«1«2!. ~12!

On comparing this expression with that given in Eq.~8!, we
find that CD and LD are determined by entirely diffe
ent dynamical parameters, namely,gL1L2

(1;«1«2) and

gL1L2
(2;«1«2), respectively. Thus, LD and CD provid

complimentary information on the DPI of a rotating line
molecule. Although, similar to LD, theoretical calculation
CD is easier as well; the information on the DPI lost duri
the determination of either of the two observables~CD and
LD! is, however, completely different in each case.

The bipolar harmonicsY 1,2Mr

L1 L2 (k̂1 ,k̂2) in Eq. ~6! contains

a 3-j symbol, whereas a 9-j symbol, among others, is prese
in the dynamical coefficientgL1L2

(1;«1«2) @see Eq.~5b!#.

Whenever the triangular conditionD(L1 ,L2,1) is not satis-
fied, both of these symbols will vanish. Further, it has
ready been shown in this paper thatL11L2 is always even in
the DPI of a rotating linear molecule. Simultaneous satisf
tion of these two requirements imposes the condition th
out of the three allowed values ofL2(5L1 ,L161), the
CD ~12! may exist only forL25L15L ~say!. Using this and
some other simplifications, along with the relation~7a!,
CD ~12! reduces to

d3sCD

d«1dk̂1dk̂2
5(

L
$&Y 10

LL~ k̂1 ,k̂2!cosup2 i2 Im

3@Y 11
LL~ k̂1 ,k̂2!e2 ifp#sinup%gLL~1;«1«2!.

~13!

This expression provides CD for an experimental geome
in which the CP ionizing radiation is incident along a dire
tion specified by the spherical angles (up ,fp) in the space
frameOXYZ~see Fig. 1!. The form of relation~13! is obvi-
ously different from those derived in Refs.@13–15#. How-
ever, as soon as we specialize it to the caseup50, CD ~13!
becomes formally identical to those given in@13–15#. This
general expression for CD in the DPI of rotating linear m
ecules can readily be shown to possess the following p
erties.

~i! The first interesting feature of Eq.~13! is that it always
vanishes whenever

tanup52
i

&

(LY 10
LL~ k̂1 ,k̂2!gLL~1;«1«2!

(L Im@Y 11
LL~ k̂1 ,k̂2!e2 ifp#gLL~1;«1«2!

.

~14!

Hereup is the angle between the direction of incidence of
CP ionizing radiation and the polar axis of theOXYZspace-
frame~see Fig. 1!. Equation~14! gives a general result whic
includes both the directions of propagation of ejected pho
05270
-

-
t,

y

-
p-

e

-

electronse1 ande2 as well as the dynamics of DPI. This is
geometrical condition for CD to become identically zero an
to the best of our knowledge, has not hitherto been repo
in the literature@13–20#. Conversely, it@i.e., Eq. ~14!# can
readily be implemented to determine the degree of CP of
incident radiation. However, no such condition was fou
for the LD analyzed in Sec. II A.

~ii ! According to ~7a!, Y10
11 is pure imaginary. Conse

quently, the geometrical part@contained in the curly bracket
on the right-hand side of Eq.~13!# of CD is pure imaginary.
This, in turn, implies that the dynamical coefficie
gLL(1;«1«2) is pure imaginary as well. But, the correspon
ing parametergL1L2

(2;«1«2) responsible for the existence o

LD ~8! in the angular distribution of two photoelectronse1
ande2 has already been shown to be pure real in this pa

~iii ! The invariance of CD~13! under exchange of two
photoelectrons combined with the condition~7c! means that
gLL(1;««)50. Thus, when two electrons in the DPI of
rotating linear molecule are ejected with equal energies,
vanishes identically. This is a dynamical condition for t
nonexistence of CD. But, according to the discussion p
sented in Sec. III A there is no such condition applicable
LD.

~iv! It is obvious from Eq.~7d! that whene1 , e2 , and the
OZ axis are in a single plane,Y 10

LL(k̂1 ,k̂2) becomes pure
real. Therefore, the first term, present in Eq.~13!, will not
contribute. Hence, the CD in this configuration is given b

d3sCD

d«1dq1dw1dq2
5 i2) sinup sin~w12fp!

3 (
L

M1M2

~21!nM2S L L 1

M1 M2 21D
3LL

M1~cosq1!LL
M2~cosq2!gLL~1;«1«2!.

~15!

This expression does not necessarily vanish unlessup50,p
or w12fp5mp with m an integer. These two, apparent
different, conditions geometrically mean one and the sa
thing. Namely, wheneverup50,p and/or w12fp5mp,
with w25w11np, the propagation direction of the CP ra
diation lies in the same plane which contains both of
photoelectrons and theOZ axis. In conclusion, wheneverk̂1
and k̂2 and theOZ axis are in a single plane, CD~15! may
exist as long this plane does not contain the vectorp̂; other-
wise, i.e., in a coplanar geometry~i.e., whenk̂1k̂2 , the OZ
axis andp̂ are in the same plane!, it is identically zero. This
behavior of CD is very different from that found for LD in
Sec. II A of the present paper.

~v! It is obvious from Eq.~7e! that both of the bipolar
harmonicsY 10

LL(k̂1 ,k̂2) andY 11
LL(k̂1 ,k̂2) in Eq. ~13! are zero

for k̂2i6k̂1 . Thus, unlike LD ~9b!, CD in the DPI of a
rotating linear molecule is always zero if two photoelectro
are observed in the same or opposite directions.
2-6
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~vi! CD in a noncoincident DPI of a rotating linea
molecule is obtained by integrating Eq.~13! over the propa-
gation direction of the unobserved photoelectron, s
e2 . Use of the property~7f! immediately shows that CD doe
not exist in noncoincident DPI. This behavior of CD
opposite to that of LD. However, neither LD nor CD exis
in the integrated cross section for DPI of a rotating line
molecule.

Let us briefly compare these properties of CD in the D
of a rotating linear molecule with those discovered earlier
the same process in an atom@13# and in a ‘‘rotationless’’
molecule@15# belonging to one of the 32 point groups. Pro
erties ~ii !, ~iii !, ~v!, and ~vi! found herein are identical to
those discovered in Ref.@13# for atoms and in Ref.@15# for a
C`v or D`h molecule in the absence of rotation. As far
property~iv! is concerned, its first part is showing the ex
tence of CD in an experiment performed by observing
electron pair in a plane which contains the polarOZ axis, but
not the CP ionizing photon beam, has been discussed in
ther of the Refs.@13# and @15#. However, its second par
concerning the disappearance of CD in a coplanar exp
mental geometry~containing theOZ axis and the three vec
tors k̂1 ,k̂2 ,p̂ in one plane! is in complete agreement wit
that arrived at by Klaret al. @13# and by Chandra@15# for the
DPI of atomic and of rotationless linear molecular targe
respectively. Property~i! has not been discussed in eith
Refs.@13# or @15#.

The present discussion shows that inclusion of nuc
dynamics has not altered the basic properties of CD in
DPI of a linear molecule. Nuclear rotation must certain
affect the magnitude of CD so that dichroic effects will
different for different rotational transitions accompanyi
the DPI of a linear molecule. Our phenomenological resu
presented in Sec. III confirm this view.

Lastly, in their study of CD in the SPI of oriented mo
ecules, Westphalet al. @31# have argued that experimental
it is more convenient to measure normalized CD. Cor
spondingly, Cherepkovet al. @23# also have defined norma
ized LD in their theoretical study of the SPI of polarize
atoms. But those definitions of normalized LD@23# and of
CD @31# are, probably, not very suitable if one wants
compare magnitudes and other aspects of the behavio
these two phenomena in the same process of the SPI or
taking place in the same atomic or molecular target. In or
to compare the properties of LD and CD in our present st
of the DPI of a rotating linear molecule, we, unlike
Refs.@23# and @31#, divide each by the integrated photocu
rent emitted from the target in its DPI. This facilitates
direct comparison of the magnitudes of LD and CD by ma
ing each a ratio to the same quantity. Secondly, as the i
grated photocurrent for the DPI is independent of all ang
as well as of the state of polarization of the absorbed ra
tion, one will also be able to compare immediately the an
lar distribution of two photoelectrons ejected simultaneou
in each of the two processes of LD and CD. Moreover, in
grated photocurrent has readily been measured in severa
periments on the DPI@1–7#. In this paper the normalized LD
and CD are, therefore, defined as
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d3sn
LD

d«1dk̂1dk̂2
[

d3sLD

d«1dk̂1dk̂2
S ds

d«1
D 21

~16!

and

d3sn
CD

d«1dk̂1dk̂2
[

d3sCD

d«1dk̂1dk̂2
S ds

d«1
D 21

, ~17!

respectively. In these definitions,

ds

d«1
5

1

3
K(

l 1l 2
l psp

(
l tJp

~2l t11!@~2l 111!~2l 211!

3~2l p11!#21ud~ l 1l 2!l p
~Sp ;Jp ; l t!u2 ~18!

is the integrated photocurrent~I. 32b! ejected in the DPI of a
rotating linear molecule. It has already been introduced
Eqs.~10b! and ~11! of the present communication.

III. APPLICATION

In this section we present some generic results on CD
LD applicable to the DPI of all those rotating molecules th
belong to the D`h point group and possess a close
shell electronic configuration giving rise to the1(g

1

state. One of the simplest, most common, and very wid
studied molecules for several different processes
(1sg

2 1su
2 2sg

2 2su
2 1pu

4 3sg
2 1(g

1)N2 . ~Its angle- and rota-
tionally resolved photoelectron spectroscopy has rece
been studied by Ohrwallet al. @11b# for the SPI of the 3sg

2

shell.! Let us assume that both electrons come out from
outermost 3sg

2 shell of N2. Then both the target and its dou
bly charged residual photoion (1sg

2 1su
2 2sg

2 2su
2 1pu

4 3sg
0)

N2
21 are in their 1(g

1 electronic states with (L0 , S0 ,p0

50) and (L f ,Sf ,pf50), respectively. Under these cond
tions, the dynamics of both of these species can appro
ately be described@27# in Hund’s coupling scheme~b!. One
then readily finds that@12# thatsp50, J05N0 , Jf5Nf in ~2!
in the present application. It has already been shown by u
Ref. @12# that, in the DPI process under consideratio
l 11 l 25odd and one has a transition from an even rotatio
state of N2 to an even rotational state of N2

21, or between
odd rotational states of these two species.

Let us represent each of the two photoelectrons in
continuum bys, p, andd partial waves. Then the permitte
@12# combinations of (l 1 ,l 2) in the present example ar
( l 1 ,l 2)5(0,1), ~1,0!, ~1,2!, and ~2,1!. One also finds@12#
that l t50, 2, and 4 ford( l 1l 2) l p

(sp50;Nf ; l t) do not vanish
trivially. Consequently, one needs to consider only the f
lowing reduced amplitudes@12#:
2-7
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d~01!1~0;Nf ;0!5~21!Nfg1~«2!I ~«10!dN0Nf ,l
,

d~01!1~0;Nf ;2!5A2~2Nf11!

5 S N0 Nf 2

0 0 0D f ~«2!I ~«10!,

d~12!1~0;Nf ;0!5~21!NfA2

5
f ~«1!I ~«22!dN0Nf

,

d~12!1~0;Nf ;2!5
1

5
A2Nf11S N0 Nf 2

0 0 0D g2~«1!I ~«22!,

d~12!3~0;Nf ;2!5
1

5
A2Nf11S N0 Nf 2

0 0 0D g3~«1!I ~«22!,

d~12!3~0;Nf ;4!52A2Nf11

15 S N0 Nf 4

0 0 0D f ~«1!I ~«22!,

~19!
f

e
he

a
ric

ay
ol

t

b
nt
n

n
P

ch
eri-

ing

by
-

in the present example. The reduced matrix elements
( l 1 ,l 2)5(1,0) and ~2,1! are obtained by interchanging«1
and «2 in the expressions~19! that containd’s for ( l 1 ,l 2)
5(0,1) and~1,2!. In relations~19!, we have defined@12#

f ~« i !5I d~« i11!2I d~« i10!,

g1~« i !5I d~« i10!12I d~« i11!,

g2~« i !52I d~« i10!1I d~« i11!,

g3~« i !53I d~« i10!14I d~« i11!. ~20!

Here I d’s are the dipole integrals~I.63b!. For the values of
l t50, 2, and 4, three possible transitions from theN0th ro-
tational state ofN2 to theNf th rotational state of N2

21 in an
E1 DPI areDN5Nf2N050,62,64. With the help of the
reducedE1 amplitudes~19!, one can study for each of thes
three rotational transitions both LD as well as CD for t
DPI in thesg

2 shell of aD`h molecule in its1(g
1 electronic

state. It can be done in any geometry or experimental
rangement. In the following we report our model gene
results for a general experimental geometry.

A. Linear dichroism

(i) Noncoincident DPI

It has been shown in Sec. II A of this paper that LD m
exist even in the noncoincident DPI of a rotating linear m
ecule. It is given by Eq.~10! when only one~say,e1! of the
two ejected photoelectrons is observed. Both the integra
cross section (ds/d«1) and parameterb1 needed in the ex-
pression~10b! have already been obtained by us in Ref.@12#
for the current example of DPI. Those values can readily
used in Eq.~10b! and one can study LD in noncoincide
DPI. The LD thus obtained will carry a signature of electro
electron correlation in molecules. Therefore, a compariso
the LD in a noncoincident DPI with that obtained in the S
05270
or
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will provide direct observable effects of correlations whi
can readily be calculated theoretically and measured exp
mentally.

(ii) Coincident DPI

We specialize the general expression~8! for LD to the
example described in this section and obtain the follow
results:

~a! N0→Nf5N0 ~DN50, with N0,Nf50!. It is obvious
that in the rotational transitionN050→Nf50, only the first
and the third of the transition amplitudes~19! will contribute
@32# to the unnormalized LD~8!. The second, fourth, and
fifth of the E1 amplitudes~19! will make additional contri-
butions to the LD in rotationally elastic (DN50) DPI if
N0>1; similarly, the last@d(12)3(0;Nf ;4)# of the d’s in
Eq. ~19! will participate in aN0→Nf5N0>2 transition.

Let us calculate the normalized LD~16! for the present
example of DPI by representing two photoelectrons
( l 1 ,l 2)5(0,1) and~1,0! partial waves. For rotationally elas
tic (DN50) DPI with N050 we find that

d3sn
LD

d«1dk̂1dk̂2
5

3

16p2

3
A~ k̂1!r0

212B~ k̂1 ,k̂2!r0 cosa01A~ k̂2!

11r0
2 .

~21a!

Here we have defined

r0eia05
d~10!1~0;Nf ;0!

d~01!1~0;Nf ;0!
5

g1~«1!I ~«20!

g1~«2!I ~«10!

5
@ I d~«110!12I d~«111!#I ~«20!

@ I d~«210!12I d~«211!#I ~«10!
~21b!

with

A~ k̂ i !5sin2 q i cos 2w i for i 51 and 2, ~22a!
2-8
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B~ k̂1 ,k̂2!5sinq1 sinq2 cos~w11w2!. ~22b!

Definitions ~19! and ~20! have been used in arriving a
Eq. ~21!. On taking r050, i.e., p-wave dipole integrals
I d(«111)52I d(«110)/2 for the photoelectronse1 , or the
overlap integralI («20)50 for the photoelectrone2 , one
finds from Eq.~21a!

d3sn
LD

d«1dk̂1dk̂2
5

3

16p2 A~ k̂2!. ~23a!

Similarly, we further obtain from Eq.~21b! that

d3sn
LD

d«1dk̂1dk̂2
5

3

16p2 A~ k̂1!, ~23b!

for r05`, i.e., the p-wave dipole integralsI d(«211)
52I d(«210)/2 and/or the overlap integralI («10)50 for the
photoelectronse2 ande1 , respectively. Consequently, for th
present example of the DPI, the magnitude of the normali
LD in the s and p partial waves approximations is alway
given by

U dsn
LD

d«1dk̂1dk̂2
U< 3

16p2 .

Thus, the maximum magnitude of the LD in the present
ample of the DPI is about 2% that of the integrated cr
section for this process.

~b! N0→Nf5N062. In our present example, the diffe
ential cross section for the DPI accompanied with this ro
tionally inelastic transition will be determined by four@i.e.,
2nd, 4th–6th# of the dipole amplitudes~19!. The resulting
expression@32# is very long and complicated. This expre
sion @32# is, however, considerably simplified by represe
ing each of the photoelectronse1 ande2 by s andp waves. In
this case only the terms that containE1 amplitudes
d(01)1(0;Nf ;2) andd(10)1(0;Nf ;2) contribute.

The normalized LD~16! for DN562 transitions then
becomes

d3sn
LD

d«1dk̂1dk̂2

5
3

160p2

A~ k̂1!r2
212B~ k̂1 ,k̂2!r2 cosa21A~ k̂2!

11r2
2 .

~24a!

Here
05270
d

-
s

-

-

r2eia25
d~10!1~0;Nf ;2!

d~01!1~0;Nf ;2!
5

f ~«1!I ~«20!

f ~«2!I ~«10!

5
@ I d~«111!2I d~«110!#I ~«20!

@ I d~«211!2I d~«210!#I ~«10!
, ~24b!

whereas the coefficientsA’s andB’s have already been de
fined in Eqs.~22!. Relations~24! are obtained with the help
of Eqs.~19! and ~20!.

In the present example of the DPI both the numerator
denominator in the normalized LD~16! depend on the quan
tum numbersN0 and Nf only through the factor (2Nf

11)(0
N0

0
Nf

0
2)2 for a DN562 transition in thes andp partial

waves approximation. Consequently, the normalized LD~24!
becomes independent of rotational states for theDN562
transitions.

On takingr250, i.e., thep wave dipole integrals for the
electron e1 , I d(«111)5I d(«110), or the overlap integra
I («20)50 for the photoelectrone2 , one finds

d3sn
LD

d«1dk̂1dk̂2
5

3

160p2 A~ k̂2!. ~25a!

We further obtain from Eq.~24! that

d3sn
LD

d«1dk̂1dk̂2
5

3

160p2 A~ k̂1!. ~25b!

for r25`, i.e., either the overlap integralI («10)50 or thep
wave dipole integralsI d(«211)5I d(«210) for the photoelec-
tronse1 ande2 , respectively. A comparison of Eqs.~23! and
~25! readily shows that, within the present approximatio
LD in the DPI with DN562 transitions has a magnitud
which is about one-tenth of that withDN50 transition. Con-
sequently, the largest possible magnitude of the forme
our present example is about 0.2%, i.e., about 0.002 tim
the magnitude of the integrated cross section. Thus the
chroic effect in the DPI caused by the absorption of LP lig
are weaker for rotationally inelastic transitionsN0→Nf
5N062 than for the elasticN050→Nf50 transition.

~c! N0→Nf5N064 The DPI for this rotationally re-
solved transition is determined by the last of the dipole a
plitudes ~19!. The corresponding expression depends@32#
upon the rotational quantum numbersN0 of AB and Nf of
AB11 only through the factor (2Nf11)(0

N0
0
Nf

0
4)2. How-

ever, when we divide it by (ds/d«1) in order to obtain the
normalized LD forDN564 rotational transitions, this fac
tor is canceled. The remaining expression can be written
d3sn
LD

d«1dk̂1dk̂2
5

35

4p2

A8~ k̂1 ,k̂2!r4
212B8~ k̂1 ,k̂2!r4 cosa41A8~ k̂2 ,k̂1!

11r4
2 . ~26a!

with

r4eia45
d~21!3~0;Nf ;4!

d~12!3~0;Nf ;4!
5

f ~«2!I ~«12!

f ~«1!I ~«22!
5

@ I d~«211!2I d~«210!#I ~«12!

@ I d~«111!2I d~«110!#I ~«22!
, ~26b!
2-9
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A8~ k̂1 ,k̂2!5
3

26352373 H 23372A~ k̂1!1243537A~ k̂2!1537 sin2 q1 sin4 q2 cos 2~w122w2!

1
537

)
sin 2q1 sin 2q2 sin2 q2 cos~w123w2!1

2235

3
P2~cosq1!~7 cos2 q221!sin2 q2

3cos2 w212~35 cos4 q2230 cos2 q213!sin2 q1 cos2 w12235~7 cos2 q223!sin 2q1

3sin 2q2 cos~w11w2!12535&@sin2 q1 cos 2q1P2~cosq2!1sin2 q2 cos 2q2P2

3~cosq1!2 1
4 sin 2q1 sin 2q2 cos~w11w2!#J , ~26c!

and

B8~ k̂1 ,k̂2!5
32

27352372 H F 24

33537
B~ k̂1 ,k̂2!2

233

5
A 7

2 ~5 cos2 q121!~5 cos2 q221!

3sinq1 sinq2 cos~w11w2!2
2437

5311
~5 cos2 q121!sinq1 sinq2 cos~w11w2!

1
2437

11
sinq1 sin3 q2 cos~f123f2!2

2437

11
cosq1 sinq2 sin 2q2 cos 2q2

1A 7
2 ~5 cos2 q221!sin3 q2 sinq2 cos~3w12w2!1A2 7

2 ~3 cos2 q212 cosq223!

3sinq1 sin 2q cosq2 cos 2q1G1~1
2!J . ~26d!
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In this last relation~26d!, (1
2) represents terms obtaine
by interchanging 1 and 2 in the square brackets.

The normalized LD given by Eqs.~26! is independent of
the rotational statesN0 and Nf involved in the rotational
transitionsDN564. On takingr450, i.e., thep-wave di-
pole integralsI d(«211)5I d(«210) for electrone2 , or the
overlap integralI («12)50 for the photoelectrone1 , expres-
sion ~26a! reduces to

d3sn
LD

d«1dk̂1dk̂2
5

35

4p2 A8~ k̂2 ,k̂1!. ~27a!

If, on the other hand,p-wave dipole integrals for the elec
trons e1 are equal, i.e.,I d(«211)5I d(«210), or the overlap
integralI («22)50 for the electrone2 , then Eq.~26b! shows
that r45`. In this case, Eq.~26a! simplifies to

d3sn
LD

d«1dk̂1dk̂2
5

35

4p2 A8~ k̂1 ,k̂2!. ~27b!

Both A8(k̂1 ,k̂2) andA8(k̂2 ,k̂1) are obtained from Eq.~26c!
by interchanging 1 and 2. Therefore, we always have

U d3sn
LD U< 35

2 uA8~ k̂2 ,k̂1!u.

d«1dk̂1dk̂2 4p

05270
B. Circular dichroism

(i) Noncoincident DPI

It has already been shown in Sec. II B of this paper t
CD does not exist in the detection of only one of the tw
photoelectrons ejected in the DPI of a rotating linear m
ecule.

(ii) Coincident DPI

Unless stated otherwise, the following CD in the angu
distribution of photoelectrons has been calculated for
most common@13–15# geometry, i.e., direction of incidenc
of the CP ionizing radiation is along the polar axis of t
space frame~see Fig. 1!. The corresponding expression
obtained by takingup50 in Eq. ~13!. This, in other words,
means that in the following discussion the photoelectro
propagation directions (k̂1 ,k̂2) and (k̂1 ,k̂2), defined ~see
Fig. 1! with respect to the space frame and photon fram
respectively, become identical.

~a! N0→Nf5N0 ~DN50 with N0 ,Nf50!. For this rota-
tionally elastic transition, we have calculated@32# an unnor-
malized CD by takings, p, andd partial waves into account
On dividing that expression@32# by the integrated cross sec
tion ~18!, one obtains the normalized CD for theN050
→Nf50 transition. In order to compare its magnitude wi
that of LD obtained in Eq.~21a!, we consider only thes and
p partial waves. This gives
2-10
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d3sn
CD

d«1dk̂1dk̂2

5 2
3

8p2

r0 sina0

11r0
2

a~ k̂1 ,k̂2! ~28a!

with

a~ k̂1 ,k̂2!5sinu1 sinu2 sin~f12f2!, ~28b!

wherer0 anda0 are defined by Eq.~21b!. The structure of
Eq. ~28a! is very different from that of Eq.~21a!. Firstly,
unlike normalized LD~21a!, Eq. ~28! always vanishes for
r050 or `, or when either of the two photoelectrons
observed in a direction which is either the same or oppo
~i.e., u1 and/oru250 or p! to that of the direction of propa
gation of the CP wave, and also foruf12f2u5mp. Expres-
sion ~28a! will have its maximum absolute value forr051
anda05(m6 1

2 )p, wherem is an integer. Therefore

U d3sCD

d«1dk̂1dk̂2
U

max

5
3

16p2

ds

d«1

. ~29a!

We find from Eq.~21b! that r051 for

UI ~«10!

I ~«20!
U5UI d~«110!12I d~«111!

I d~«210!12I d~«211!
U. ~29b!

That is the absolute value of the ratio of the overlap integ
for photoelectronse1 ande2 must be equal to the ratio~29b!
of their respective dipole integrals. On comparing it with E
~23!, we find that the maximum magnitude of each of L
and CD for theN050→Nf50 rotational transition in the
DPI of a rotating linear molecule is of the same order and
equal to about 0.02 times the integrated cross section for
DPI. However, while LD becomes maximum forr050 or `,
CD vanishes for each of these value ofr0 and acquires it
maximum values forr051.

One of the other important differences in the behavior
LD @Eqs.~21a!# and CD@Eq. ~28a!# is LD depends upon the
cosine of the differencea0 between the phases of the phot
ionization amplitudesd(10)1(0;Nf ;0) and d(01)1(0;Nf ;0),
whereas CD involves sine of this angle. Thus measurem
of both LD and CD can give us absolute phases of the i
ization amplitudes.

~b! N0→Nf5N062. The CD for this rotationally inelas
tic transition has been calculated@32# usings, p, andd partial
waves. For aN050→Nf52 or vice versa transition, CD ha
rotational dependence@32# only through the factor

~2Nf11!S N0 Nf 2

0 0 0D
2

,

but for a generalDN562 transition, with neitherN0 nor Nf
equal to zero, the additional terms containing the factor

~2Nf11!S N0 Nf 4

0 0 0D
2

will also be present as well@32#. The normalized CD within
the s andp partial-waves approximation is given by
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d3sn
CD

d«1dk̂1dk̂2

5
3

16p2

r2 sina2

11r2
2

a~ k̂1 ,k̂2!, ~30a!

where (r2 ,a2) are defined by Eq.~24b! anda is the same as
introduced in Eq.~28b!. The behavior of Eq.~30a! is identi-
cal to that ofd3sn

CD/d«1dk̂1dk̂2 for theN050→Nf50 tran-
sition in Eq.~28a!, but the magnitude of the former is half o
that of the later. Also, Eq.~30a! is independent of the rota
tional statesN0 andNf involved in theDN562 transition
in the DPI. Expression~30a! also shows that the maximum
magnitude ofd3sn

CD/d«1dk̂1dk̂2 is about five times greate

than that ofd3sn
LD/d«1dk̂1dk̂2 @Eq. ~25!# for the rotational

transitionDN562. For the former to acquire its maximum
magnitude one should have, in addition toa25(n6 1

2 )p,
r251, i.e.,

UI ~«10!

I ~«20!
U5UI d~«110!2I d~«111!

I d~«210!2I d~«211!
U, ~30b!

whereas the magnitude of the latter will be maximum wh
r250 or r25`. The other properties of Eq.~30a! are iden-
tical to those discussed for CD in the DPI withN050→Nf
50 rotational transition.

~c! N0→Nf5N064. According to our earlier discussion
only the last of the dipole amplitudes~19! contribute to this
rotationally inelastic transition accompanying the DPI co
sidered by us in the present example. For known values
the rotational quantum numbersN0 andNf , this @32# CD is
proportional to

~2Nf11!S N0 Nf 4

0 0 0D
2

.

The normalized CD

d3sCD

d«1dk̂1dk̂2

5
9

40p2

r4 sina4

11r4
2

a8~ k̂1 ,k̂2! ~31a!

is independent of the statesN0 andNf involved in the rota-
tional transitionsDN564. Here

a8~ k̂1 ,k̂2!5@11~5 cos2 u121!~5 cos2 u221!

1 5
2 sin 2u1 sin 2u2 cos~f12f2!

1 5
4 sin2u1 sin2 u2 sin 3~f12f2!/

sin~f12f2!#a~ k̂1 ,k̂2!, ~31b!

with (r4 ,a4) defined by Eq.~26b! and a( k̂1 ,k̂2) given by
Eq. ~28b!. Similar to the CD’s~28a! and ~30a! for the DPI
with DN50 andDN562 transitions, respectively, we fin
that the dynamical part@r4 sina/(11r4

2)# of the current CD
~31a! also depends upon the sine of the difference in
phases ofd(12)3(0;Nf ;4) andd(21)3(0;Nf ;4), vanishes for
r450 or `, but has its maximum magnitude of one-half f
r451. Thus
2-11
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U d3sCD

d«1dk̂1dk̂2
U

max

5
9

80p2

ds

d«1

ua8~ k̂1 ,k̂2!umax ~32a!

for a45(n6 1
2 )p and

UI ~«12!

I ~«22!
U5UI d~«110!2I d~«111!

I d~«210!2I d~«211!
U. ~32b!

~iii ! Before closing this discussion on the calculation
LD and CD for the present example, let us also brie
consider the results obtained from Eq.~14!. It has already
been mentioned elsewhere in this paper thatup , given by
Eq. ~14!, is the direction of incidence of the CP ionizin
radiation, with respect to the polar axis of the space fra
for which CD in the DPI becomes zero. If we represent bs
and p waves the pair of photoelectrons ejected in the D
from thesg

2 shells of aD`h molecule in its1(g
1 electronic

state, we find thatup , obtained from Eq.~14!, becomes in-
dependent of the dynamics of photoionization and the sa
for DN50 as well asDN562 rotational transitions. It is
then given by

tanup5
sin~w12w2!

cotq2 sin~w12fp!2cotq1 sin~w22fp!
.

~33!

Here one needs to remember that the propagation vec
k̂1(q1 ,w1) andk̂2(q2 ,w2) of the photoelectronse1 ande2 ,
respectively, are referred to the space frame which is dif
ent from the photon frame~see Fig. 1!. Some of the nonco-
planar ~i.e., OZ axis, p̂, k̂1 and k̂2 not in a single plane!
geometries in which CD vanishes are

p̂S up5
p

2
2

w2

2
,fp5

p

2 D , k̂1S q15
p

4
,w150D ,

k̂2S q25
p

4
,w2D , p̂S up5

1

2
w2 ,fp5

p

2 D ,

k̂1S q15
p

4
,w15p D , k̂2S q25

p

4
,w2D ,

p̂S up5
p

4
;fp5w2D , k̂1S q15

p

2
,w1D , k̂2S q25

p

4
,w2D .

Similarly, one can show, again from Eq.~14!, that there are
noncoplanar experimental setups in which CD in the D
with DN564 also becomes zero.

~iv! Finally, if we substitute theE1 matrix elements~19!
in ~5b!, we see that both LD~8! and CD~12! will depend on
N0 andNf through

~2Nf11!S N0 Nf l t

0 0 0D
2

for allowed values of the pair (l 1 ,l 2). The sum of this ex-
pression overNf is well known@30# to be unity. The result-
ing expression for(Nf

gL1L2
(Lr ;«1«2) will become indepen-
05270
f
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dent also of the initial rotational levelN0 . Therefore
rotationally unresolved, normalized LD and CD are

d3s̄n
LD

d«1dk̂1dk̂2
5(

Nf

d3sLD

d«1dk̂1dk̂2
Y ds̄

d«1

and

d3s̄n
CD

d«1dk̂1dk̂2
5(

Nf

d3sCD

d«1dk̂1dk̂2
Y ds̄

d«1
,

respectively. Hereds̄/d«15(Nf
(ds/d«1) is the rotationally

unresolved integrated photocurrent emitted in the DPI w
ds/d«1 given by Eq.~18!.

IV. CONCLUSIONS

This paper presents the first study of LD and CD in t
DPI of linear molecules by taking the rotation of their nuc
properly into account. Our analysis shows that these
observables provide complementary information on the D
LD and CD are separately determined by two different d
namical parameters. While the single parameter that con
utes to LD is pure real, the one responsible for the existe
of CD is pure imaginary. Although the calculation of each
simpler, a knowledge of both is necessary for the comp
specification of the DPI of a given target.

In certain respects, LD and CD are found to have oppo
properties. For example, the condition that CD in the DPI
rotating linear molecules does not exist if the two simul
neously ejected electrons have equal energies and/or are
served in a plane which contains a CP beam of ioniz
radiation, the polar axis of the space frame and both pho
electrons, does not apply to LD; although CD vanishes
noncoincident DPI, LD may exist. The angular depende
of LD in noncoincident DPI is found to be identical to that
a single photoionization or in a coincident DPI when bo
electrons are observed in a straight line. The other, hith
unknown, results obtained from the present analysis are
one can determine from the expressions derived herein
directions of incidence of the CP electromagnetic wave wh
the CD will vanish in other than coplanar geometries
photoelectrons observed with unequal energies and also
experimental arrangements in which the LD does not exis
the DPI. A comparison of the magnitudes of LD and/or C
in the DPI with different rotational transitions has be
found to be greatly facilitated if they are all normalized wi
respect to the integrated photocurrent ejected in the DPI

The analysis developed herein has been applied to a
neric example of the DPI in asg

2 shell of aD`h molecule
~e.g., N2! in its 1(g

1 electronic state. We find that the max
mum magnitude of each one of the normalized LD and C
decreases as one goes fromDN50 to DN562 transitions.
Also the maximum magnitude of the normalized LD is eith
smaller or equal to that of CD for the same rotational tra
sition.

In view of the large similarities between the properties
CD in the DPI of atoms and of rotating linear molecul
discussed after Sec. II B~vi!, it is natural to expect that mos
of the properties of LD and, hitherto unfamiliar, properties
2-12
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CD predicted in this paper should also be present in
linear and circular chiralities in the DPI of atoms and
rotationless molecules belonging to theC`v or D`h point
groups. The necessary theoretical expressions for these
cases can readily be developed along the lines used in
present communication.
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