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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 iné\shell of aD..;, molecule rotating in itslzg electronic state.

PACS numbsg(s): 32.80.Fb, 33.55.Ad

[. INTRODUCTION the production of singly charged diatomic ions in different
rotational states of 5 ,N,*,NO",0,", etc., which have a
Increasing emphasis is being placed on experimental studelatively small moment of inertia, suggest that it should, in
ies of those processes that involve simultaneous ejection difinciple, be possible to perform in a not too distant future
two electrons following the absorption of a single photon byrotatlonally resolved stgdles of such processes that '|nvolve
a linear molecular target in general and diatonjits7] in  DP! of at least those linear moleculg0,11] whose high
particular. This double photoionizatidiDPI), firstly, is the resolution electron spectra for single photoionizati@#)
most direct manifestation of electron-electron correlationhave already been observed. Such experiments, whose theo-

[1-5]: The two electrons ejected in a single step share be Slic@l aspects have recently been developed iyl 2 will
' rovide an opportunity to simultaneously study electron-

tween themselves not only the energy of the absorbed photcj3

. o th tential for double ionizati f the t té]ectron correlation in molecules as well as high-resolution
In excess 1o the potential for double lonization of the targe pectroscopy of these targets and of their dications. Such

but also the spin-orbit interaction present in the continuum OEpectra will, in addition, reveal how and to what extent the
each of the two freed electrori8]. These aspects of DPI ,c|ear rotation and electron correlation influence each other
ha\{e been investigated in several experimgisb| by mea-  in a molecule.
suring spin-unresolved, integrated, and/or angular photocur- aAnother dimension to the studies of DPI was added by the
rents of one or both of the two electrons ejected from theecent theoretical predictions that energy and angular distri-
simplest possible molecules like,HD,, etc. In a recent ex- butions of two simultaneously ejected electrons strongly de-
periment, Dorneet al. [5] have measured a DPI cross sec-pend upon the helicity of the photon absorbed in an atom
tion when the molecular axis is aligned parallel or perpen{13,14 or a molecule[15]. This prediction has since been
dicular to the polarization axis of the ionizing radiation. experimentally verified in atomid6—19 as well as molecu-
Secondly, due to Coulomb repulsion between atomic iondar [20] DPI. The dependence of the angular distribution on
the potential energy of a dicatigine., doubly charged posi- the helicity of the absorbed radiation means that, in a given
tive ion) of a diatomic molecule is always greater than itsdirection, a different photocurrent is produced by right and
dissociation energ§5—7,9. Consequently, dictations of di- left circularly polarized light. This phenomenon has come to
atomic molecules are inherently unstable against their dissd@ known as circular dichroisfCD). It, being the difference
ciation [5—7,9. Hall et al. [6] have probed the DPI of O of two measurements, provides a more sensitive test.for_the
using threshold photoelectrons coincidefE®ESCO spec- states of the target, photoelectrons, and of residual dication.

troscopy and studied vibrational structure of the shortlived Nother advantage in studying CD is that it is much easier to
0,2* ground state; whereas, Penetil. [7] have combined calculate theoretically than the complete angular distribution

L - . as the former involves a smaller number of parameiess-
TPESCO spectroscopy W't.h lon tlme—of—_fhght_speqtrqscopyally one than those present in the later. This advantage, in
and the coincidence technique for studying dissociation dybther words, also means that CD measurements cannot pro-
namics of state-selected doubly charged ions of CO, i.e '

o vide the full information needed to completely specify the
co. , o . DPI of an atom or molecule. Neither the theoreti¢ab]
Thus DPI is now being increasingly used to study specyydy of CD for molecules belonging to one of the 32 point
troscopy of both neutral linear molecules and of their dlca-groups nor that performef®0] experimentally for B takes
tions with photoelectrons. Recent advanf#8,11] in mea-  rotation of the nuclei of the target into account. The target
suring integrated and/or angular photocurrents arising frominolecule in both of these referendd$,20 was unpolarized
as well as unoriented.
Another observable, analogous to CD, is the linear dichro-
*Present address: Department of Physics, T.D.B. College, Ransm (LD). It is the difference between the two angular distri-
Ganj, 713 347W.B.), India. butions of photoelectrons, each produced by the absorption

TEmail address: ncphy@phy.iitkgp.ernet.in of a single photon which is linearly polarizédP) along two
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mutually perpendicular directions. LD has so far been stud-
ied in the SPI of oriented moleculg®1,22 and of polarized Z ;
atoms[23-26, in the DPI of unpolarized aton}48], and of
unpolarized as well as unoriented ‘“rotationless’, [20].

In this paper we present the first discussion of LD and CD
in DPI of a rotating linear molecule. In Sec. Il we derive a
general mathematical expression for LD and discuss its hith- 0 8,
erto unknown properties in the present context. An expres- P
sion for CD in the DPI of a rotating linear molecule is ob- g
tained in Sec. lll. Therein, it is shown that its properties are
very different from those of LD discussed in Sec. Il. We 0
further show in Sec. Il that CD and LD provide complemen- N
tary information on DPI determining two completely differ- Xp ' N
ent sets of dynamical parameters. Section IV contains the -
results of our phenomenological calculations of both LD and é{? % ®, ~
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CD for the DPI in theo; shell of aD.., molecule in its'S ;
state. Conclusions of this study are presented in Sec. V.

Lp
Il. THEORY

™

The spin-unresolved DPI of interest to us in this paper can
schematically be represented as P
LP
FIG. 1. Spacefor laboratory} and photon-fixed coordinate sys-

ho, (|1 =1m;) +AB(JoMoPo) temsOXYZandOX,Y,Z,, respectively.

—ABT T (IMpp)+er(k)+exky). (D) We have recently showi2] that the correlation function

(CP for the energy-, angle-, and rotationally resolved pro-

cess(1) can be written in the following form:
Here AB** is the doubly charged, residual photoion of the @) ¢

moleculeAB. Both AB andAB™ " belong to the same point  d3¢(m,) .
group which can b§27] eitherC.., or D..,. The absorbed ~————= 2, SEJ: G(@Am (1)l 51l 551K s ko)
photon has angular momentuin|=1 in the electric dipole deydkidk, I,llfl? T

(E1) approximation, and energlf,=hv,. The parameter vew
m, in Eq. (1) specifies the state of polarization of the incident Xdg 11 (Spidp ;|t)d*|,|,)|,(sp;\]p;|t).
electromagnetic radiatiomn, = +1,0,— 1 for the right circu- 127p (112)lp @

lar polarization(RCP), linear polarizationLP), and left cir-
cular polarizationLCP), respectively. An unpolarizeJP) In this expression,
beam will be represented by an even mixture of RCP and

LCP radiations. Further in Eq1), |JoMopo) and|J;Mps) GAM (11l (D11 ka ko)

are the bound states @B with energyE, and of AB™* IC

possessing enerdy;, respectivelyM, and M; are the re- :(—1)|1+'2+|';+|‘+m’—(2|t+ 1)
4

spective projections of the total angular momeﬁ};a)f AB
andJ; of AB* " along the space quantization axid;M opo) 1 1 L\(1 1 L,
has the parity[27,28 py, while ps is that of the state X m o—m o/l 1
|J;Mp;s). The propagation vectork, (ki,6;,¢;) and ' ' PPt
ko (ko,0,,¢,) of the photoelectrons; ande, are, respec- X > (=) (2L, +1)(2L,+ 1)(2L, + 1)
tively, defined in Fig. 1 in the photon-fixed coordinate sys- £,
tem, sayO X,Y,Z, with its origin O at the center of mass of Ly
the targetAB. The two photoelectrong; and e, equally ('1 |’ Ll)(IZ ! Lz)
1 2

share between themselves the energy of the absorbed photon

in excess to the potential for double ionization &, i.e., 0 0 0/10 0 O
e1te,=hv,—(Ei—Ep). Here &,=#%k2/2m and e, T
=#%2k3/2m are the energies of the photoelectreqsande,, oot
respectively. Although we do not analyze spins of either of x4l 15 Ly ytr%Z(Rl;Rz) (38

the ejected electrons, the two, nevertheless, digdso the 1L
spin-orbit interaction present in the continuum of each of pop
them. is the geometrical factor and
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d(|l|2)|p(sp;Jp;lt)E<prf ;(I1I2)Ip;sp;JpIF(It)|J0po;1> and a similar relation foNE"ZL(RZ). Here D’s are the rota-

(3b)  tional harmonicg30]. We now substitute E¢(4) in the ex-
pression for bipolar harmonics present in E8g). The re-

is the dynamical amplitude. Equatioi(®), (3a), and (3b), sulting expression for the geometrical factor can be
which correspond12] to the respective Eqgl.25), (1.15), simplified by using the Clebsch-Gordon ser{@9] in 3j
and (1.26), are equally applicable to the description AB  symbols for combining the two rotational harmonics and the
andAB™ " in Eq. (1) in Hund’s cas¢27] (a) or (b). Whereas orthonormality of 3 symbols. The final form of the CR2)
the geometrical factok3a) is the same in both of these specified with respect to tH@XYZcoordinate system can be
Hund’s coupling schemes, the dynamical amplit@@e) is,  written as
however, given by Eqd.(1.11),(1.12)] for case(a) and by 3
Egs. [(1.21),(1.22)] for case(b). We have not reproduced d*o(m) :(_1)mr\/ﬂ
those[12] long expressions fod(|l,2),p(sp;Jp;lt) herein as dedk,dky

they are not relevant to the present discussion. Similarly, 1 L
detailed descriptions of the explicit forms of the parity- X E (_1)Lr+Mr( r)
adapted stategloMopo) of AB and |J;M¢p;) of AB™™, LM, m -m 0

given and used in Refl12] in the derivation of expres- Lilo

sions (1.11), (1.12), (1.21), and (1.22) will not be needed . Lily 1~ o~ NUMpoa
in this paper. Further in Eq.(3a), coefficient [12] Xy(beiere) Vo By (ke k)Y (P)
K=3m(e?layE,)?, where ay is the dimensionless fine- (5a)
structure constant arl's are bipolar harmonicg29].

Similar to most of the other studies performed hitherto onwith
single and/or double photoionization of free and unpolarized .
atoms and molecules, the derivation of the geometrical factor } _ N
(3a is based on the well-known experimental configuration Lit(briese2) = o V(2Li+1)(2Lp+ )
that the photon frame of referen@X,Y,Z, is also the con-
centric, space-fixed coordinate syst&nXYZ (whose polar % 2 2 (—1)'1”2“‘”“‘(2'#1)
OZ axis is the space quantization axighe polar ©Z,) axis 11131 Spdp
of the photon frame is defined by the state of polarization of 11 Tt
the radiation incident in Eq1). For exampld12], the OZ, , )
axis is taken to be parallel to the electric vector of the X(Il l1 |—1)('2 P Lz)
LP (m,=0) ionizing electromagnetic wave, whereas the di- 0 0
rection of incidence of RCP, LCP, or UP radiation defines

this axis. However, if one is interested in studying the chiral i 11 Ly
properties of atoms and molecules, specifically the LD, in ><| 11 Lr] L 1, L,
photoionization, then the photon fran@X,Y,Z, is not the I I,’) [ f

most convenient choice for a space-fixed coordinate system. lp 1p L¢

In Fig. 1 in the present paper we, therefore, consider the *

space-fixed coordinate syste@XYZto be different from, Xd(lllzﬂp(sp?*]p?lt)d(%)%(sp;‘]p?'t)

but concentric with, the photon fran@X,Y,Z,. A rotation 5
by the Euler angle$30] wy(¢p,0,,7p) puts theOXYZin (5b)

coincidence with _thg photon-frame coordinate SySte"bndﬁ(ep,%), in Fig. 1, is the unit vector in the direction of
OX,YpZp - The projectionM, of the total angular momen- ¢ 0Z, axis with respect to th©XYZ coordinate system.
tum Jo of AB in the statelJoMopo) and that ofMy of the  Obviously, in the special case when photon fra,Y ,Z,
total angular momenturd; of AB** in the statgJMp;)  coincides with the space fran@XYZ(i.e., ,=0), CF (5)
are now defined with respect to the quantization &#sLet  becomes identical to that given by E@). In the CF(5),
us takex; (kq,%1,901) andk, (ky,3,,90,) to be the propa- while the total number of allowed values fby andL, are
gation vectorgsee Fig. 1 of photoelectron®, ande,, re- (21;+1) and (2,+1), respectivelyl, can take only three
spectively, in theOXYZcoordinate system. values(i.e., L,=0-2). Thus, complete specification of the
In order to express the geometrical factor occurring inCF (5) requires a knowledge of three sets of dynamical pa-
Eq. (2) with respect to our newi.e., OXYZ coordinate sys- rameters, namely,y_  (0;e182), vi,,(1;€182), and
tem, we need to write the bipolar harmonics present in exy, | (2:¢,¢5,).
pression(3a) in terms of the propagation vectoks and k. L2
This is readily done by using the inverse of the relatigh
given on page 87 in Ref29]. We, therefore, have

According to the selection rul@.13c), the dynamical am-
pI|tudesd(|l,2),p(sp;Jp;It) andd(%,é)%(sp;\]p;lt) present in
Eq. (5b) will vanish unless each df,+1,+Jy—J;+ po+ ps
and 11 +15+Jy—J;+po+p; is even. Since botf12] Jg
y["L(Rl) => Dk/ll*M (wp)Y[/ll(fcl) (4)  —Jrandpo+ py are always integers, we must therefore have

! My LT ! [,+1,+1{+1,=even. A combination of this require-
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ment with the well-known propertiel80] (i.e., I, +11+L;
=even andl,+1,+L,=even of the first two 3} symbols
occurring in Eqg. (5b) immediately gives thatL;+L,
=even. This parity oL ;+L, can be used to readily derive
following relevant properties of the bipolar harmonj@$)]

2, (Reiko)=(—DM2L, +1
L,
M

3

XYMl(Kl)

ytj
L,
M,

L,
M2

[AZ(KZ)

(6)

present in the angular distributigba),

LyL3

() Y* 2y (Ryiko) = (= 1) MY 2 (R ). (720
Thus, harmonicg6) with M, =0 is pure real or imaginary
according toL,=even or odd, respectively.

LiLy N

(i) V', (<& (7b)

~ L, L PN
l_K2):y|_r1’_2Mr(Kl!K2)'

That is, bipolar harmonic&) always have even parity.

'—2 '—1

(iil) Y2y (Roike)= (= DY 22 (ke ko). (70)

This implies bipolar harmonic ' _y, (k,&)=0 always
for an oddL, .

(IV) yL (011¢11ﬂ2 (P1+n'77)
=(—DMry2L,+1
» E (- 1)”M2e_'Mr‘P1( L, Ly Lr)
NS, M, M, M,
M1 M3z
><llLl (cosﬂl)EL2 (cosy) (7d)
with
2I+1)(1—m)!
m —(_1\m _pm
L"(cosd)=(—1)"/ An(l+m)] P\"(cosd)
such thatZ, ™(cosd)=(—1)""L"(cos®?). HereP"(cos¥) is

the associated Legendre polynom[&0]. Thus Eg.(7d),

PHYSICAL REVIEW A62 052702

corollary to Eq.(7d) is whenk,| —k;=—«k(%,¢) [i.e., k;
and k, are in the opposite directions with,=7— 3, ¢,
= ¢+ a]. In this special case

LiL
M(KlaKZ) yLl —2M

(R~ &)
=(—1)"2Y 2, (k,R)

- o [RLIFD(2L,+ 1)
= (~1)keM \/ =
Lo

Ll I—r M
X "(K).
(o 0 o)YLr(")

Thus, the bipolar harmonid$) in a collinear geometry may
exist if L, is even. In this case, it simply becomes a multiple
of the spherical harmonic‘é["f(fc).

r

(v) Let us integrate Eq6) over one of the directions, say
k,. This yields

f Yty Ry ko) dio=(— 1) \Amsy So, Y, (k)
(7f)

(7¢

consequently,
f y M (K1, kp)dkydiky=4m o Sor,00L dom,-  (79)

A. Linear dichroism in double photoionization

In order to obtain an expression for LD in the space
frame, we consider two LP beams of ionizing radiation, one
each with its electric vector along theX (i.e., 6,=7/2,
$p=0) and QY (i.e., O,=7/2, ¢,=m/2) axes. LD is then
given by

d3atP dgo'(mrIO)‘
dsld;('ldl’\(2|

dgo'(mr 0)‘
de,dk,dk, |

de,di di,

=22 RIVp, (k&) v, (25e082).
1k2

8

In arriving at the last result we have used the (68 and the
property (7a of bipolar harmonics, in addition to making
some other simplifications. Expressi¢8) obviously corre-
sponds to an experimented geometry in which each of the
two photon beams, LP along mutually perpendicular direc-

wheren is an integer, gives us a bipolar harmonics for thetions, are incident along the pol@Z axis of the space frame

special case whek(J1,¢1) and k,(9,,0,=¢@,+nmw) lie
in a plane which contains the pol&@Z axis of the space
frame (see Fig. 1 This is pure real foik; in any direction
but M, =0, or k; in the X-Z plane(i.e., ¢;=0 or ) for all
permitted values oM, or k; in the Y-Z plane (i.e., ¢,
=/2 or 37/2) for M, even; on the other hand, E¢7d)
becomes pure imaginary ¥, is in theY-Zplane andVl, is

(see Fig. 1
The LD (8) is thus completely determined by only the last
[i.e., y,1,(2;e185)] of the three sets of dynamical param-

eters needed for the complete specification of GF No
information about the remaining two parameters can be ex-
tracted from Eq(8). Thus, although the calculation of LD is,
at least theoretically, much easier than that of the angular

odd. In the remaining cases, it is complex. An importantphotocurrent5a) for the DPI, however, the process of taking
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difference involved in the evaluation of LD wipes out some  (v) Integration of Eq(8) over the photoelectron propaga-
information about the CK5) of the DPI(1). One can readily tion directionsk; andk, and the subsequent use of the prop-

deduce the following properties of the L(B). erty (7g) immediately shows that LD does not exist in the
(i) The requirement for the LD to be an observable de-integrated photocurrent produced in a DPI experiment.
mands that the coefficiem;s_l,_z(z;slsz) must be pure real. (vi) In order to see as to what happens to LD in a nonco-

(i) Property(7c) combined with the requirement that the incident experiment on the DPI, i.e., when ofsay,e;) of
LD (8) should remain invariant under the exchange of twothe two photoelectrons is only observed, let us integrate

photoelectrons means that Eq. (8) over k,. An application of the property7f) gives
YLL,(2i8281) = v, (258182). d2gtP d3otP 4
de,di, _f de,di di, 2

Thus of the three dynamical parametécorresponding to
L,=L;, L;*x2) that contribute to EQ.(8), none of 15
YL,L,(2;82¢1) is necessarily zero for two photoelectrons = \/;720(2;81,82)Sin2 ¥, C0s 2p,. (1039
ejected with equal energy,=¢,=¢ (say. Therefore, LD
(8) may exist even for that DP(1) wherein both electrons
move out from the molecul@&B with equal energies.

(iii) LD in a coplanar geometry which contains two pho-

After substituting(5b), we can write

toelectrons and th®Z axis of the space framg.e., the di- d?otP _ i d_" i 10b
rection of propagation of two photon beams in the space de,dik; 8w \de; Bysintd,cos2p,, (10D
frame in a single plane is obtained by substituting Eggd)
in Eq. (8), i.e., where the integrated cross sectiatu{de ;) and the param-
430 eter B, are defined in Eq4l. 32) applicable to a noncoinci-
— - 2.5¢c0s 2, 2 (—1)"M2 dent DPI experimenitsee also Eq(18)]. The result(10b) is
de dd1de,dd; oy formally identical to that first derived in Ref21] for the SPI
M1 M2 of molecules with a random orientation in space and without
L, L, 2 taking the rotation of their nuclei into account. A comparison
x( )ﬁ.’iﬂl(COSﬂl) of Eg. (9b) with the above expression shows that the angular
My M; 2) dependence of LD when both photoelectrons are observed in
M . a collinear experimental geometry is identical to that in a
XLy (CosD) 7 y1,(2:8182). (93 oncoincident DPI. The former contains the spherical angles

) L . of the line joining two photoelectrons, whereas those of the
This expression is not zero in general. It, however, objygje detected photoelectrons are present in the latter. Both
viously vanishes when the angle between ZR¥ plane and  getq of spherical angles are, however, referred to the space

the plane that contains two photoelectrons is given byame je., theDXYZcoordinate system in Fig. 1. The ratio
¢1=(2m+1)7/4 with m=0-3. Thus LD in the DPI may (for 9,= 9, ¢1=¢)

exist even in a coplanar experimental arrangement. But, the
LD in this setup will identically vanish if this plane bisects , > b B
; o deo 10 do| 1t
the angle between two LP beams of electromagnetic waved / \/>( . ) Z (—1)t
3 o

with their electric field vectors in thX andY directions. de,dk / deqdk; B de;
(iv) In order to obtain LD in a collinear setup when two
photoelectrons are moving, say, in opposite directions, we XV(2Ly+1)(2L,+1)
substitute Eq(7e) in Eq. (8). This yields L. L, 2
1 L2
2o 1 ( 0 0 0) Y,1,(28182)  (1D)

- it 9
degdi 4z N g Simocos2

of two LD’s is, therefore, isotropic and is completely deter-

% z (-2 (2L,+ 1)(2L,+1) mined by the dynamical terms. Noncoincident DPI experi-
(o ments are easier to perform compared to those in which both
photoelectrons are observed simultaneously. Expressin
Ly L2 2 (2 ) (9b) provides a simple method to determine the other if one of the
0 0 o0Thtf182 two is known. As this ratio of the two LD’s is totally isotro-

_ o _ ~ pic, they can be measured in any one of the convenient di-
This expression is not necessarily zero. It, however, vanish@gctions.

identically if the line joining the two photoelectrons has a
direction defined by the spherical angle$=0 or ,¢) or

[ o= (2m+1)7/4], i.e., the two photoelectrons are ejected
either parallel to the polar axis or along a line which makes CD in the DPI of a rotating linear molecule is obtained
an angleep = (2m+ 1)7/4 with the Z-X plane. from Eq. (58 to be

B. Circular dichroism in double photoionization
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d34CP d®o(m;=+1) d3c(m=-1) electronse; ande, as well as the dynamics of DPI. This is a
de dicidk,  deqdi,di, - dedic di, geometrical condition for CD to become _|dent|cally zero and,
to the best of our knowledge, has not hitherto been reported
27\ Y2 MLy Ly in the literature[13—20. Conversely, iffi.e., Eq.(14)] can
=2 3 EZ (=1 rylv*M, readily be implemented to determine the degree of CP of the
M, incident radiation. However, no such condition was found
M for the LD analyzed in Sec. Il A.
X(k1,k2)Y1 (P yi,,(Liegr). (12) (i) According to (7a), )i is pure imaginary. Conse-

. i i ) ) ) guently, the geometrical pdrtontained in the curly brackets
On comparing this expression with that given in &), we o, the right-hand side of Eq13)] of CD is pure imaginary.
find that CD and LD are determined by entirely differ- This in~ turn, implies that the dynamical coefficient
ent dynamical parameters, namely, . (1;e182) and ., (1:5,¢,) is pure imaginary as well. But, the correspond-
7L1L2(2;8182), respectively. Thus, LD and CD provide ing parameteryLle(Z;slsz) responsible for the existence of

complimentary information on the DPI of a rotating linear LD (8) in the angular distribution of two photoelectroag
molecule. Although, similar to LD, theoretical calculation of ande, has already been shown to be pure real in this paper
CD is easier as well; the information on the DPI lost during  (iii) The invariance of CD(13) under exchange of two
the determination of either of the two observabl€® and  photoelectrons combined with the conditiéft) means that
LD) is, however, completely different in each case. v..(1;e€)=0. Thus, when two electrons in the DPI of a
The bipolar harmonicyi{",\ﬁ (k1,k5) in EqQ. (6) contains  rotating linear molecule are ejected with equal energies, CD
et ¢ vanishes identically. This is a dynamical condition for the
nonexistence of CD. But, according to the discussion pre-
sented in Sec. Il A there is no such condition applicable to

a 3§ symbol, whereas a Psymbol, among others, is presen
in the dynamical coefficient,  (1;e;¢2) [see Eq.(5b)].
Whenever the triangular conditiod(L4,L,,1) is not satis-

fied(,j bt?th of ;hese. si/reroIs W”: V?rifh'. FL:rther, it ha; al- (iv) It is obvious from Eq(7d) that whene;, e,, and the
ready been shown in this paper thatr L, is always evenin - o7 oyis are in a single plandyth(i,,«,) becomes pure

t_he DPI of a rotating Im_ear molequle. Slmultaneous_ .Sat'SfaCPeaI. Therefore, the first term, present in Eg3), will not
tion of these two requirements imposes the condition thatCOntribute Hence. the CD in this confiquration is diven b
out of the three allowed values df,(=Lq,L;*1), the ' ' 9 9 y

CD (12) may exist only forL,=L;=L (say. Using this and
some other simplifications, along with the relatigna),

( ) d dBO_CD
CD (12) reduces to -— i i _
de,00,d0.d0, i2V3sind, sin(¢;— ¢p)
d3O_CD L -
m:; {\/iylo(Kl,Kz)COSHD_IZ Im y E (_1)nM2 L L 1
. L M 1 M2 -1
><[yﬁ(kl,Rz)efl%]sm9p}‘)’LL(1§8182)- M1Ma
(13) X £"1(cos9,) L] 2(c0s9,) i (Li818,).
This expression provides CD for an experimental geometry (19

in which the CP ionizing radiation is incident along a direc-

tion specified by the spherical angleg,(¢,) in the space _ _ _ _

frame OXYZ(see Fig. 1 The form of relation(13) is obvi- ~ This expression does not necessarily vanish uniigss0,
ously different from those derived in Refgl3-15. How-  OF ¢1— ¢,=mm with m an integer. These two, apparently
ever, as soon as we specialize it to the case0, CD (13 different, conditions geometrically mean one and the same
becomes formally identical to those given[it3—15. This  thing. Namely, wheneve,=0,7 and/or ¢;— ¢,=mm,
general expression for CD in the DPI of rotating linear mol-with ¢,=¢;+nar, the propagation direction of the CP ra-
ecules can readily be shown to possess the following propdiation lies in the same plane which contains both of the

erties. photoelectrons and th®Z axis. In conclusion, wheneveér;
(i) The first interesting feature of E¢L3) is that it always andk, and theOZ axis are in a single plane, CO5 may
vanishes whenever exist as long this plane does not contain the veptoother-
wise, i.e., in a coplanar geomettye., whenk,k,, the OZ
[ S Vi6(Re, ko) yi(Lieie) axis andp are in the same plahgit is identically zero. This
tandy=— V2 SUIMY Ry, R2)e 0]y (Liegey) behavior of CD is very different from that found for LD in

(14) Sec. Il A of the present paper.
(v) It is obvious from Eq.(7e) that both of the bipolar
Hered, is the angle between the direction of incidence of theharmonics) (&1, &,) andYir(&y,&,) in Eq.(13) are zero
CP ionizing radiation and the polar axis of tdXYZspace- for k,||* k;. Thus, unlike LD (9b), CD in the DPI of a
frame(see Fig. 1L Equation(14) gives a general result which rotating linear molecule is always zero if two photoelectrons
includes both the directions of propagation of ejected photoare observed in the same or opposite directions.
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(vi) CD in a noncoincident DPI of a rotating linear d3otP d3otP do\ 1
mo!eculells qbtamed by integrating Ed.3) over the propa- de di,di, = de di,dx, (d_gl) (16)
gation direction of the unobserved photoelectron, say,

e,. Use of the property7f) immediately shows that CD does

not exist in noncoincident DPI. This behavior of CD is
opposite to that of LD. However, neither LD nor CD exists and
in the integrated cross section for DPI of a rotating linear
molecule.

Let us briefly compare these properties of CD in the DPI d3oP _ d3o P d_ff) -t 1
of a rotating linear molecule with those discovered earlier for de dkq,dk, de,di,di,\dey) (7
the same process in an atdm3] and in a “rotationless”
molecule]15] belonging to one of the 32 point groups. Prop-
erties (ii), (ii), (v), and (vi) found herein are identical to respectively. In these definitions,
those discovered in Rdf13] for atoms and in Ref.15] for a
C., or D, molecule in the absence of rotation. As far as
property(iv) is concerned, its first part is showing the exis- do 1
tence of CD in an experiment performed by observing an d_81: §’C§|2 % (2le+ D2 +1)(25+1)
electron pair in a plane which contains the pdlit axis, but IpSp
not the CP ionizing photon beam, has been discussed in nei- _ o
ther of the Refs[13] and[15]. However, its second part X(2p+1)] 1|d('1'2)'p(sp"]9’lt)|2 (18

concerning the disappearance of CD in a coplanar experi-
mental geometrycontaining theOZ axis and the three vec- _ ) _
tors &y, k5, in one plang is in complete agreement with 1S th(_a mtggrated photocurre(it 32b) ejected in th_e DPI of a _
that arrived at by Klaet al.[13] and by Chandr&l5] for the rotating linear molecule. It has already b(laen. introduced in
DPI of atomic and of rotationless linear molecular targetS,Eqs'(lob) and(11) of the present communication.
respectively. Propertyi) has not been discussed in either
Refs.[13] or [15].

The present discussion shows that inclusion of nuclear lll. APPLICATION
dynamics has not altered the basic properties of CD in the |n this section we present some generic results on CD and
DPI of a linear molecule. Nuclear rotation must certainly D applicable to the DPI of all those rotating molecules that
affect the magnitude of CD so that dichroic effects will be pelong to theD., point group and possess a closed-

different for different rotational transitions accompanyingshell electronic configuration giving rise to théEJ

the DPI of a linear molecule. Our phenomenological resultsstate. One of the simplest, most common, and very widely
presented in Sec. Il confirm this view. _ studied molecules for several different processes is
Lastly, in their study of CD in the SPI of oriented mol- (1,2145225220217% 302 1S )N,. (Its angle- and rota-
ecules, Westphadt al.[31] have argued that experimentally i 21, “acrmn mhsee ot o o
' tionally resolved photoelectron spectroscopy has recently

it is (rjr)orcle cgﬂveni(le(nt to lmzegsulre r;]ormacliizf(_ad dCD' COTrebeen studied by Ohrwaét al. [11b] for the SPI of the 37
spondingly, Cherepkoet al. [23] also have defined normal- shell) Let us assume that both electrons come out from the

ized LD in their theoretical study of the SPI of polarized 2 -
o . outermost 3 shell of N,. Then both the target and its dou-
g
atoms. But those definitions of normalized R3] and of bly charged residual photoion ﬁ 1 52 52 51 33 g)

CD [31] are, probably, not very suitable if one wants to ~ 7, i their IS el y th
compare magnitudes and other aspects of the behavior M2 @€ in their =, electronic states with Xo, S, Po

these two phenomena in the same process of the SPI or DPi0) and (A+,St,p¢=0), respectively. Under these condi-
taking place in the same atomic or molecular target. In ordeHons, the dynamics of both of these species can appropri-
to compare the properties of LD and CD in our present studytely be describefl7] in Hund's coupling schemgb). One

of the DPI of a rotating linear molecule, we, unlike in then readily finds thgti2] thats, =0, Jo=No, J;=N;in (2)
Refs.[23] and[31], divide each by the integrated photocur- in the present appllcatlon. It has already been shov_vn by usin
rent emitted from the target in its DPI. This facilitates a Ref- [12] that, in the DPI process under consideration,
direct comparison of the magnitudes of LD and CD by mak-1112=0dd and one has a transition from an even rotational
ing each a ratio to the same quantity. Secondly, as the intéifate of N to an even rotational state of,N, or between
grated photocurrent for the DPI is independent of all angle@dd rotational states of these two species. _

as well as of the state of polarization of the absorbed radia- L€t us represent each of the two photoelectrons in the
tion, one will also be able to compare immediately the angu€ontinuum bys, p andd partial waves. Then the permitted
lar distribution of two photoelectrons ejected simultaneouslyl12] combinations of I,l5) in the present example are
in each of the two processes of LD and CD. Moreover, inte{!1:12)=(0,1), (1,0, (1,2, and (2,1). One also find412]
grated photocurrent has readily been measured in several ef1at!;=0, 2, and 4 fod ) (S,=0;N¢;l;) do not vanish
periments on the DHIL-7]. In this paper the normalized LD trivially. Consequently, one needs to consider only the fol-
and CD are, therefore, defined as lowing reduced amplitudgdl 2]:
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dop1(0:N;0)=(=1)Nigy(e2)1 (£10) Sy,

2(2N:+1) [N N: 2
2N D) (Mo T )f<82)|<slo),

dio11(0;N¢;2) = 5 0 0 o

2
d(121(0;Ng;0)=(—1)N \/;f(sl)l (£22) SN,

1 No ¢ 2 (19
d(lz)l(oiNf?Z):g\/ZNfJfl 0 o 0)92(81”(822),
1 No Nf 2
d(12)3(0iNf?2):§V2Nf+1 0 o 0)93(81”(822),
dna(OiN 4y =2\t L (Mo N4 6,2
(123(0;N¢;4)= 15 0 0 o (e1)1(&22),

in the present example. The reduced matrix elements fowill provide direct observable effects of correlations which
(I1,15)=(1,0) and(2,1) are obtained by interchanging;  can readily be calculated theoretically and measured experi-
and &, in the expression$l9) that containd’s for (I4,l5) mentally.
=(0,1) and(1,2. In relations(19), we have definef12]

(ii) Coincident DPI

f(e))=14(&;11) —14(&;10), We specialize the general expressi@ for LD to the
example described in this section and obtain the following
91(e1) =14(#10)+ 21 4(&;11), results:

(@ Ng—N;=Ngy (AN=0, with Ng,N;=0). It is obvious
that in the rotational transitioNy=0—N;=0, only the first

O2(&i) =21 4(&;10) +14(&;11), and the third of the transition amplitudé&k9) will contribute
[32] to the unnormalized LOO8). The second, fourth, and
gs(ej)=3l4(gi10) +4l4(ei1D). (20) fifth of the E1 amplitudes(19) will make additional contri-

butions to the LD in rotationally elasticAN=0) DPI if
No=1; similarly, the last[d2)3(0;N¢;4)] of the d’s in
Eq. (19) will participate in aNg— N;=Ny=2 transition.

Let us calculate the normalized L[16) for the present
example of DPI by representing two photoelectrons by
(I4,1,)=(0,1) and(1,0) partial waves. For rotationally elas-
tic (AN=0) DPI with Ng=0 we find that

Herely's are the dipole integrald.63b). For the values of
[,=0, 2, and 4, three possible transitions from tlgth ro-
tational state o, to the Nsth rotational state of bf" in an

E1 DPI areAN=N;—Ny=0,%=2,£4. With the help of the
reducedel amplitudeq19), one can study for each of these
three rotational transitions both LD as well as CD for the
DPI in theog shell of aD.., molecule in itleg electronic 3 LD 3
state. It can be done in any geometry or experimental ar- L 5
rangement. In the following we report our model generic de,dk,dk, 167

results for a general experimental geometry. A\ 2 A A -
A(kq)pgt2B(kq,k2)pgCOSag+ A(ky)
« 17Fo 1:R2/P0 0 2 .

2
A. Linear dichroism Lreo
. - (213
(i) Noncoincident DPI
It has been shown in Sec. Il A of this paper that LD mayHere we have defined
exist even in the noncoincident DPI of a rotating linear mol-
ecule. It is given by Eq(10) when only one(say,e;) of the alao— di102(0N150) _ ga(e1)l(£20)
two ejected photoelectrons is observed. Both the integrated Po don1(0;N¢;0)  gi(ep)l(&10)
cross sectiondo/de,) and parameteB; needed in the ex-
pression(10b) have already been obtained by us in R&2] _ [1a(e110) +214(£111)]1 (£20) 21b)
for the current example of DPI. Those values can readily be [14(g210)+214(£211)]1(£40)
used in Eq.(10b and one can study LD in noncoincident
DPI. The LD thus obtained will carry a signature of electron-with
electron correlation in molecules. Therefore, a comparison of
the LD in a noncoincident DPI with that obtained in the SPI A(k;)=sir? 9;cos2p; for i=1 and 2, (229
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B(I’\(l,l’\(z)zsin’ﬂl Sin’ﬂz COS(,D]_"‘ (,02) (22b) fay_ d(lo)l(o;Nf ,2) _ f(81)|(820)

e p— =
P2E T d 001 (0iNF:2)  T(ep)1(£40)

Definitions (19) and (20) have been used in arriving at

Eqg. (21). On taking pp=0, i.e., p-wave dipole integrals [14(£11) —14(£,10)]1(&,0) 24
l4(g111)= —14(e,10)/2 for the photoelectrons;, or the = 1 —1 10011 '
overlap integrall (¢,0)=0 for the photoelectrore,, one [a(e21D) ~la(e210)]1(£40)
finds from Eq.(21a whereas the coefficients’s andB’s have already been de-
§3otP 3 fined in Eqs.(22). Relations(24) are obtained with the help
Tn SA(y). (233 of Egs.(19) and(20).

de dkidks ~ 167 In the present example of the DPI both the numerator and

denominator in the normalized L[16) depend on the quan-

Similarly, we further obtain from Eq21b) that tum numbersN, and N; only through the factor (&
d30'hD 3 A i + 1)(?0 g‘ 3)2 for a.AN =+ 2 transition in thes andp partial
do,dr, 0k, 1672 A(kq), (23b  waves approximation. Consequently, the normalized 24

becomes independent of rotational states for A= +2

for po==, i.e., the pwave dipole integralsl4(e,11)  transitions. , , ,
= — I 4(,10)/2 and/or the overlap integris ;0)=0 for the On takingp,=0, i.e., thep wave dipole mtegrals_ for the
photoelectrone, ande, , respectively. Consequently, for the €léctrones, lq(e;111)=14(e,10), or the overlap integral
present example of the DPI, the magnitude of the normalize§i(¢20)=0 for the photoelectroe,, one finds

LD in the s and p partial waves approximations is always

; d3oP 3

given by n _ -

de dr,dk, 16072 °(K2)- (253

d(TrI;D ‘ 3
< . i
dedi di,| - 1672 We further obtain from Eq(24) that
3 LD

Thus, the maximum magnitude of the LD in the present ex- d®on _ 3 A(ky) (25b)
ample of the DPI is about 2% that of the integrated cross de,dk,dk, 16072 v

section for this process. i ) )

(b) Ng—N;=Np=2. In our present example, the differ- for p2=2, i.e., either the overlap integre(s,0)=0 or thep
ential cross section for the DPI accompanied with this rotaWvave dipole integral$q(e,11)=14(¢,10) for the photoelec-
tionally inelastic transition will be determined by fofire., ~ tronse; ande;, respectively. A comparison of Eq@3) and
2nd, 4th—6th of the dipole amplitude$19). The resulting (25) readily shows that, within the present approximations,
expression[32] is very long and complicated. This expres- LD in the DPI with AN==2 transitions has a magnitude
sion [32] is, however, considerably simplified by represent-which is about one-tenth of that withN =0 transition. Con-
ing each of the photoelectroes ande, by sandp waves. In ~ sequently, the largest possible magnitude of the former in
this case only the terms that contall amplitudes Our present example is about 0.2%, i.e., about 0.002 times

d(o1)1(0;N¢;2) andd10)2(0;N¢;2) contribute. the r_nagnitud_e of the integrated cross section. Thus thg di-
The normalized LD(16) for AN==2 transitions then chroic effect in the DPI caused by the absorption of LP light
becomes are weaker for rotationally inelastic transitiori$;— N
=Ny* 2 than for the elastitNg=0—N;=0 transition.
d3otP () Ng—N;=Ny*=4 The DPI for this rotationally re-
de,dr,di, solved transition is determined by the last of the dipole am-
plitudes (19). The corresponding expression dependg]
_ 3 A(ky)p2+2B(kq,kp)psCosay+A(ky) upo+n+the rotational quantum numbeXsg OJOA'\\‘Eforzld N¢ of
160772 1102 . AB™™ only through the factor (R;+1)(,°,' 7). How-
2

(243 ever, when we divide it bydo/de;) in order to obtain the
normalized LD forAN= *4 rotational transitions, this fac-

Here tor is canceled. The remaining expression can be written as
|
d3o° 35 A’(kq,k)p4+2B' (Ry,k2)paCOSays+A' (ky, k1)
de,dk,dk, 42 1+p2 : (263
with

aiaie diapa(0iN154)  flex)l(e12) [la(e21D) ~14(e210)]1(212)
Pa d(lz)s(O;Nf;4) f(e)l(e22) [l4(£11D)—14(£,10)]1(&52)’

(26b)
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23X T2A (k1) + 24X 5X TA(ky) +5X 7 sirf 94 sin® &, cos A1 — 2¢5)

22x5

+ T35in 29 sin 29, Sir? 9, cog @1 — 3¢,) + —— P,(cosd;) (7 cog &,— 1)sir? 9,

3

X c0F @,+2(35c08 9,—30cog 9,+3)sir? &, coS ¢;—2X5(7 cog 9,— 3)sin 29,
X sin 2%, cog @1+ @,) + 2° X 5v2[ sir? 9, cos 28, P,(cosd,) + sir? 9, cos 29,P,

X (€0S9;) — 5 sin 294 sin 29, cos @1+ ¢,)] ¢,

and
24
3X5X7

B (k1,kp)=

32
27><52><72{
4

Bk, ko)~

(260

2:—3 VE(5 cog 9, 1)(5 cod 9,— 1)

X7

2
X sind4 sind, coq @1+ @5) — 5><—11(5 cog 9, —1)sind; sind, cog ¢+ ¢5)

24% 7

+
11

24%

.
sin¥;, sin® 9, cog ¢1 — 3¢p,) — ——— oS, SinY, sin 29, cos 29,

11

+ \/2(5 cog 9,—1)sir® 9, sind, cos{3<p1—<p2)+2\/§(3 cog 9,42 cosd,—3)

X sind, sin 29 cosd, €cos 29,

In this last relation26d), (1=2) represents terms obtained

by interchanging 1 and 2 in the square brackets.

The normalized LD given by Eq$26) is independent of
the rotational state®, and N; involved in the rotational
transitionsAN= *=4. On takingp,=0, i.e., thep-wave di-
pole integralsl4(e,11)=14(£,10) for electrone,, or the
overlap integral (¢,2)=0 for the photoelectror,, expres-
sion (264 reduces to

3 LD
d o,

dSldkldl}z

35 Do
=mA(K2,K1)-

(272

If, on the other handp-wave dipole integrals for the elec-
tronse; are equal, i.e.l4(e,11)=14(e,10), or the overlap
integrall (£,2)=0 for the electrore,, then Eq.(26b) shows
that p,=. In this case, Eq(269 simplifies to

3 LD
d o,

dgldl,\(ldf(z

35

:m/'\/(f‘l,kz)- (27b)

Both A’ (kq,k) andA’(k,,k,) are obtained from Eq260)
by interchanging 1 and 2. Therefore, we always have

3 LD
d o,

dsldkldkz

Sm|f°\’(lA<2a’A<1)|-

+(1:2)].

(260

B. Circular dichroism
(i) Noncoincident DPI

It has already been shown in Sec. IIB of this paper that
CD does not exist in the detection of only one of the two
photoelectrons ejected in the DPI of a rotating linear mol-
ecule.

(ii) Coincident DPI

Unless stated otherwise, the following CD in the angular
distribution of photoelectrons has been calculated for the
most commorj13—-15 geometry, i.e., direction of incidence
of the CP ionizing radiation is along the polar axis of the
space framgsee Fig. 1L The corresponding expression is
obtained by takingd,=0 in Eq.(13). This, in other words,
means that in the following discussion the photoelectrons’
propagation directions i, x,) and (k;.k,), defined (see
Fig. 1) with respect to the space frame and photon frame,
respectively, become identical.

(@ No—N¢=Ny (AN=0 with Ng,N;=0). For this rota-
tionally elastic transition, we have calculatg8®] an unnor-
malized CD by takings, p andd partial waves into account.
On dividing that expressiof82] by the integrated cross sec-
tion (18), one obtains the normalized CD for th¢,=0
—N;=0 transition. In order to compare its magnitude with
that of LD obtained in Eq(21a, we consider only the and
p partial waves. This gives

052702-10



CHIRALITIES IN DOUBLE PHOTOIONIZATION CF . .. PHYSICAL REVIEW A 62 052702

d3sCP 3 poSinag . - d3oSP 3 posSina, . .
——=-———-ak. k) (283 - —a(ky k), (300
deidiadk, 877 1+pg de,dk,dk, 167° 1+p5

with where (p,,a,) are defined by Eq24b) anda is the same as
introduced in Eq(28b). The behavior of Eq(309 is identi-
cal to that ofd®0$%/de ,dk,dk, for theNg=0—N;=0 tran-
wherep, and a, are defined by Eq21b). The structure of sition in Eq.(283), but the magn!tu§je of the former is half of
Eq. (283 is very different from that of Eq(21a. Firstly, that of the later. Also, Eq309 is independent of the rota-

unlike normalized LD(21a, Eq. (28) always vanishes for tional statesNo and Ny involved in theAN=x2 transition
po=0 or =, or when either of the two photoelectrons is N the DPI. Expressiori30g also shows that the maximum

observed in a direction which is either the same or oppositénagnitude ofd®e"/de,dk;dk; is about five times greater
(i.e., 6; and/or,=0 or ) to that of the direction of propa- than that ofd®c-°/dedx,dk, [Eq. (25)] for the rotational
gation of the CP wave, and also fab, — ¢,| =mm. Expres-  transitonAN= =+ 2. For the former to acquire its maximum
sion (289 will have its maximum absolute value fap=1 magnitude one should have, in addition dg=(n+ %),

a(Rl,R2)=Sin 01 sin 02 Sir((ﬁl_(ﬁz), (28b)

and ag= (M= 3), wheremis an integer. Therefore po=1, i.e,
d3¢CP ’ _ 8 do (293 I(210)| l4(£110)—l4(e,11)| (308
de,diydk, 1677 dey’ [(2,0)| |Tq(e,10)—Ig(e,10)’

whereas the magnitude of the latter will be maximum when
p>=0 or p,=«. The other properties of E§30a are iden-
|(810)| Id(8110)+2|d(8111)‘ tical to those discussed for CD in the DPI witty=0— N
‘I(s 0)| =1 (2,10 + 21 (= 11)‘. (29b) =0 rotational transition. _ _ _ _

2 di®2 di®2 (c) Ng— N¢=Ny*4. According to our earlier discussion,
That is the absolute value of the ratio of the overlap integral®N!Y the last of the dipole amplitudés9) contribute to this
for photoelectron®, ande, must be equal to the rati@9h) r(_)tat|onally me]asuc transition accompanying the DPI con-
of their respective dipole integrals. On comparing it with Eq.Sidered by us in the present example. For known values of
(23), we find that the maximum magnitude of each of LD the rotational quantum numbekg andNy, this [32] CD is
and CD for theN,=0—N;=0 rotational transition in the Proportional to
DPI of a rotating linear molecule is of the same order and is

We find from Eq.(21b) thatpy=1 for

2
equal to about 0.02 times the integrated cross section for the (2N;+1) No N 4)
DPI. However, while LD becomes maximum fpg=0 or e, 0O 0 O
CD vanishes for each of these value @f and acquires it .
maximum values fop,= 1. The normalized CD
One of the other important differences in the behavior of
LD [Egs.(21a] and CD[Eq. (28a] is LD depends upon the d30P 9 pysinay

= 2 a’(’k11R2) (316)

cosine of the difference, between the phases of the photo- dedk,dk, 4072 1+ p?

ionization amplitudesd;0)1(0;N¢;0) and dg1)1(0;N¢;0),

whereas CD involves sine of this angle. Thus measuremené : : :
- ._—is independent of the stat® andN; involved in the rota-

pf bpth LD and CD can give us absolute phases of the I0N% 1l transitionsAN = + 4. Here

ization amplitudes.

(b) Ng—N;=Ny=*2. The CD for this rotationally inelas- P
tic transition has been calculatggP] usings, p andd partial a’(ky,kp) =[1+(5 cos 6~ 1)(5 cos 6,—1)
waves. For &y=0—N;=2 or vice versa transition, CD has + 2 5in 26, sin 26, cOS 1 — b>)
rotational dependend@2] only through the factor

+ 2 sirf 6, Sir? 6, sin 3(p,— ¢,)/

(2N¢+1) sin(¢;— o) Jacky ky), (31b)

No Ny 2\2?
o 0 0"

but for a generaAN= =2 transition, with neitheN, norN;  With (p4,a,) defined by Eq.(26b anda(ky,k;) given by
equal to zero, the additional terms containing the factor ~ EQ. (280). Similar to the CD’s(28a and (309 for the DPI
with AN=0 andAN= *2 transitions, respectively, we find
No Ny 4)2 that the dynamical paftp, sina/(1+p3)] of the current CD
(2N¢+1) O 0 O (313 also depends upon the sine of the difference in the
phases ofd(15)5(0;N¢;4) andd,1)3(0;N¢;4), vanishes for
will also be present as welB2]. The normalized CD within  p4=0 or %, but has its maximum magnitude of one-half for
the s andp partial-waves approximation is given by psa=1. Thus
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d3oCP ‘ 9 do o dent also of the initial rotational leveN,. Therefore
— = 5 —a’(kq,ko)|max (328 rotationally unresolved, normalized LD and CD are

dsldkldkz\ 807° dey 41D _

max d°o, d3otP do

for ay=(n+3)m and de,didi, f dejdiidicy/ dey
[(g42 l4(e110)—14(e,11 and

L( 12>i= Id< 110>_|d( 111>}_ @2
(£22)] |14(£210)—14(e211) d3CP > d35<P / do
(iii) Before closing this discussion on the calculation of de,di,dk, N; deq dk,dik,/ deq’

LD and CD for the present example, let us also briefly ) _ ) )
consider the results obtained from Ed4). It has already reSpectively. Herela/de, =2y (do/de,) is the rotationally
been mentioned elsewhere in this paper that given by unresolved integrated photocurrent emitted in the DPI with
Eq. (14), is the direction of incidence of the CP ionizing do/de; given by Eq.(18).

radiation, with respect to the polar axis of the space frame,

for which CD in the DPI becomes zero. If we representsby IV. CONCLUSIONS

and p waves the pair of photoelectrons ejected in the DPI This paper presents the first study of LD and CD in the

from the Ué shells of aD..;, molecule in its 3 electronic  ppy of linear molecules by taking the rotation of their nuclei

state, we find that,, obtained from Eq(14), becomes in- hroperly into account. Our analysis shows that these two
dependent of the dynamics of photoionization and the samgpservables provide complementary information on the DPI.
for AN=0 as well asAN=*2 rotational transitions. It is | p and CD are separately determined by two different dy-

then given by namical parameters. While the single parameter that contrib-
Sin(@1— ) utes to LD is pure real, the one responsible for the existence

tang..= : 1”92 _ of CD is pure imaginary. Although the calculation of each is
P cotd, sin( @1 — ¢p) — cotd Sin(e,— ¢p) simpler, a knowledge of both is necessary for the complete

(33 specification of the DPI of a given target.

Here one needs to remember that the propagation vectors In certain respects, LD and CD are found to have opposite
- N bropag properties. For example, the condition that CD in the DPI of
k1(01,91) andk,(9,,@,) of the photoelectrons, ande,,

respectively, are referred to the space frame which is differ_rotatlng linear molecules does not exist if the two simulta-

ent from the photon framésee Fig. 1. Some of the nonco- neously ejected electrons have equal energies and/or are ob-

lanar (i.e., OZ axis, B, & and &, not in a single plarke served in a plane which contains a CP beam of ionizing
P L XIS, P, k1 and ky gep radiation, the polar axis of the space frame and both photo-
geometries in which CD vanishes are

electrons, does not apply to LD; although CD vanishes in
- noncoincident DPI, LD may exist. The angular dependence
, Rl( ﬂlz—,qo1=0), of LD in noncoincident DPI is found to be identical to that of

p pa—
4 a single photoionization or in a coincident DPI when both

alg T %2, T
(09_2 2 %3

1 electrons are observed in a straight line. The other, hitherto
;(2( ,92::@2), f)( 0,== @y, :Z), unknown, results obtained from the present analysis are that
4 P2 P2 one can determine from the expressions derived herein the
directions of incidence of the CP electromagnetic wave when
S - the CD will vanish in other than coplanar geometries for
K V1T P Ty Ko\ Vam @2 photoelectrons observed with unequal energies and also the
experimental arrangements in which the LD does not exist in
R T R T R T the DPI. A comparison of the magnitudes of LD and/or CD
p( ap:Z?‘f’p:@Z)' "1('9125’9"1)' KZ(ﬂZZZ’@Z)- in the DPI with different rotational transitions has been
found to be greatly facilitated if they are all normalized with
Similarly, one can show, again from E(.4), that there are respect to the integrated photocurrent ejected in the DPI.
noncoplanar experimental setups in which CD in the DPI The analysis developed herein has been applied to a ge-
with AN= *4 also becomes zero. neric example of the DPI in aé shell of aD.,;, molecule
(iv) Finally, if we substitute th&1 matrix element§19)  (e.g., N in its 12; electronic state. We find that the maxi-
in (5b), we see that both L[8) and CD(12) will depend on mum magnitude of each one of the normalized LD and CD

Ng andN; through decreases as one goes frail=0 to AN=*2 transitions.
) Also the maximum magnitude of the normalized LD is either
No Nt It smaller or equal to that of CD for the same rotational tran-
(2N¢+1) "
0O 0 O sition.

In view of the large similarities between the properties of
for allowed values of the pairl{,l,). The sum of this ex- CD in the DPI of atoms and of rotating linear molecules
pression ovelN; is well known[30] to be unity. The result- discussed after Sec. lI®i), it is natural to expect that most
ing expression foE‘,nyLle(Lr ;e18-) Will become indepen-  of the properties of LD and, hitherto unfamiliar, properties of
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