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Abstract. This paper shows that angular distribution of spin-unresolved Auger electrons emitted 
in the decay of a vacancy created by the absorption of a photon in a certain class of free, unpolarized 
and gaseous non-linear molecules is completely characterized by three, rather than by two well- 
known parameters. The presence of this additional third parameter gives rise to circular dichroic 
effect which varies as cosine of the angle made by the departing Auger electron with the direction of 
incidence of the circularly polarized radiation. Linear dichroic effect varies as the square of sine of 
the angle made by the direction of emission of Auger electron and the polar axis of the space frame. 
Linear and circular dichroism in the angular correlation between the El photoelectron and Auger 
electron emitted sequentially from a molecule belonging to one of the 32 point groups has also been 
investigated. 

Keywords. Circular dichroism; linear dichroism; Auger electron; photoelectron; correlation be- 
tween photo- and Auger-electron. 

PACS No. 33.55 

1. Introduction 

Angular distribution of spin-unresolved Auger electrons emitted following photoabsorp- 
tion is given by 

O'a[47r 1 +  ~(23m~)~P2(cosOa)]-  . (1) 

This result was first derived by Flugge et al [1] for atomic targets and later shown to be 
applicable even to linear molecules without [2, 3] or with [4] rotation of their nuclei taken 
into account. The target in these [1-4] studies is always free and unpolarized in its gaseous 
state. In eq. (1) oa is the integrated Auger current;/3a the Auger asymmetry parameter; rn~ 
specifies the state of polarization of the absorbed photon. Further in (1), [ca (Oa, (o~) is the 
propagation vector of the Auger electron in the photon (or laboratory)-frame of reference. 
The polar axis of this frame is taken along the direction of the electric field vector if the 
absorbed photon is linearly polarized (LP, m~ = 0). On the other hand, it is the direction 
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of incidence which defines the polar axis of our photon-frame for circularly polarized (CP, 
mr = +1) or unpolarized (UP) beam of radiation. Both aa and/3a in (1) depend on the 
photoabsorption as well as on the Auger decay dynamics. 

Flugge et al [ 1] further showed that the asymmetry parameter/3,~ is different from zero 
in the non-radiative decay of only those vacancies which are in other than K shell in an 
atom. But, Dill et al [2] found that even K shell vacancies in a linear molecule can be 
anisotropic giving rise to the angular Auger current (1). The theoretical prediction [2] 
of an anisotropic K-shell Auger emission has been experimentally observed by Saito and 
Suzuki [5] and by Yaghishita et al [6] in the N(ls) and by Hemmers et al [7] in the C(ls) a* 
shape resources of N2 and CO, respectively. This difference in the behaviour of molecular 
K shell vacancies from that of their atomic counterparts arises due to the highly anisotropic 
nature of the photon-molecule interactions [2-7]. 

In w we show that the anisotropy in the molecular interactions gives rise, in principle, 
to one more term in the angular distribution (1) of Auger electrons emitted following pho- 
toabsorption. This term varies as cos 0~. The occurrence of this additional term provides 
not only a new experimental parameter for studying Auger dynamics of molecular targets, 
but also gives rise to circular dichroism (CD) in angular distribution of spin-unresolved 
Auger electrons emitted from free and unpolarized, gaseous molecules by the scalar, inter- 
electronic coulomb interaction. We also discuss some of those circumstances when this 
term does not vanish identically and show that the condition in which dichroic effect pro- 
duced by it exists are totally different from those found to be necessary for the existence 
of CD in the angular distribution of Auger electrons emitted following photoabsorption in 
rotating linear molecules [8] and in atoms [9]. 

In w we further show that linear and circular dichroism is present also in the angular 
correlation between photo- and Auger-electrons from a free, unpolarized gaseous molecule 
belonging to one of the 32 point groups. Therein, we prove that this CD in one photon, two- 
step, double ionization (i.e., CDDI) of non-linear molecules is c~ap cos 0 for a collinear 
experimental geometry in which Auger and photoelectrons depart in a line. t Here 0 is 
the angle between the polar axis of the photon-frame and the line joining two correlated 
outgoing electrons. CDDI has already been studied in atoms [10-12] and in rotating linear 
molecules [ 13]. Section 4 contains an application of the analysis presented in this paper to 
molecules whose point symmetry group is Ta, (e.g., CC14, SIC14, etc) and C3v (e.g., CH3I, 
CH3CI, etc). The conclusions of this work are described in w 

2. Auger electron angular distribution and dichroism 

In order to formulate a general theory for dichroism for molecular Auger emission pro- 
cesses we need to introduce two concentric frames of reference. These are photon-fixed 
frame of reference and space (or laboratory)-fixed frame of reference. Polar axis of the 
photon frame is the direction of incidence (electric vector) for circularly polarized (lin- 
early polarized) light. Let Wp = (r Op, 7p) be the set of Euler angles which rotates the 
space frame in photon frame. Following Edmond [14] the rotation matrixes 79(Wp) are 
defined such that 

J 

(a), y;L : Z D N: NL( P)YL NL 
s~ 
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where unprimed (primed) variable refer to the photon (molecule) frame of reference. 
~:a(k~) is the direction of propagation of Auger electrons with respect to photon (space) 
frame. 

In eq. (I.22) [15] we have already derived an expression for angular correlation between 
photoelectrons and Auger electrons emitted from a molecule belonging to one of the 32 
point groups. On integrating (1.22) over the direction of propagation kp(Op, Cp) of the 
photoelectron, we obtain angular distribution da, (m,,)/dk~ of Auger electrons emitted in 
the decay of vacancy created by the absorption, in electric dipole approximation (El), of 
a photon in a free, gaseous molecule�9 This expression can be written as 

da"(m~--) - a" [l - 2m~a, cosO, + 2 (2 - 3m2r)l~aP2(cosOa)] (2) 
d~:~ 47r 

where 

27r . ~  1 (3a) a , -  W--Jh S ~._~(2 + 1) -1 M ~  )2 
lm 

is the spin-unresolved, integrated Auger current, and 

_ ~Kp ~/-~S. E E ( _ I ) f f ( 2 K + I ) (  ~ l' ~ ) { 1  1 1 } 
OLa W * h a a ~  p 0 l l' K 

ll ~ pl T 1 
Kq hill 

Ml (Pl 71 hi 11 ; Kq) Mr*, (Pl T1 hi l 1 ; Kq), (3b) 

2~Kp ~ / ~ S . ~  + l ) ( l  l' 2 ) { 1  1 2 } 
W*ha,#p - -  - - ( - - 1 ) K ( 2 K  0 0 0 1 l' K 

II' piT1 
Kq hill 

Mt(p~ rl ht ll , K q ) M  t, (pl ~q hl ll ; Kq). 

The dynamical terms 

Mt(ptr lhl l l ;Kq)  = E ( - 1 )  TM ( 1 1 
- m  A,, 

rnA~ 

(3c) 

K ) ~/[(a)Aplrl 
q ~"lrn ~hllx ()~r) (4a) 

present in (3b, c) are the sums of the products of the Auger decay amplitude M ~  ) defined 
in (I.21a) and of the E1 photoabsorption matrix elements d~ 1T1 (At) given in eq. (10) in hill 
[16]. Further in (4a), the photoabsorption cross-section #p and the constant Kp are those 
given in eq. (12) in [16] and [ 17], respectively. The symbols not explained herein have 
meanings identical to those given in paper I. 

Thus, complete characterization of the angular distribution of spin-unresolved Auger 
electrons emitted following photoabsorption in electric dipole (El) approximation in a 
free and unpolarized gaseous molecule requires three parameters (or,, a,,/3,), instead of 
the two (a,,/3,) considered hitherto [1-7] in eq. (1). But this new term, which is present 
on the right hand side of eq. (2) and is proportional to cos 0,, makes no contribution to 
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the angular Auger current in any of the following five circumstances : (i) Auger electrons 
are observed in the X-Y plane of the photon-frame (i.e., 0a = 7r/2). (ii) The incident 
beam of radiation is LP (i.e., mr = 0). (iii) The absorbed photon is UP. [In order to obtain 
angular distribution of Auger-electrons in this case, expression (2) should be averaged over 
mr = +1.] (iv) The 3-j symbol present in (3b) is zero if 1 + I t is not odd. This means, 
for r in (2) not to vanish identically, the single-centre expansion of the continuum orbital 
of Auger electron should contain both even as well as odd partial waves. That is, the 
molecular target must not have a plane of reflection perpendicular to the molecular axis or 
a centre of inversion. (v) Let us assume that the nuclear field has cylindrical symmetry, 
like in linear molecules belonging to the Coo~ or Dooh point groups. The dynamical term 
(4a) for such a system becomes 

Ml(Ilml;Kq)= E(-1)m(-ml Are K)M~)dllml(Ar) (4b) 
m)~r 

Here, M}m ") is the Auger decay amplitude (I.28a), and the photoionization matrix element 
dtxml (At) are defined elsewhere [3,14,18]. Because, nuclear field in a linear molecule is 
cylindrically symmetric, therefore these two amplitude possess the properties (I.29a) and 
dr1-ml (--)~r) = dtlm~ (~r), respectively. In order to specialize the eqs (2)-(4) to C~v and 
D~h targets, one needs to make therein only the following replacement 

Z Ml(plrlhlll; Kq)ll~rt*,(Plrlhlll; Kq) = 
qlPl 
T th l  

K l~ 

E E Ml(llml;Kq)Ml*(tlml;gq)" 
q-~--K ml~----ll 

This can readily be shown to be zero unless I + l ~ is even. This, in view of the 3-j symbol 
present in (3b), immediately means that eta = 0 and ~a r 0 for molecular systems with 
cylindrical symmetry. 

Thus, a free, unpolarized, gaseous non-linear molecule without a centre of inversion 
and a plane of reflection perpendicular to its axis may, in general, give rise to c~ -fi 0 
and/~a ~ 0. Then expression (2), rather than (1), describes the Auger electron angular 
distribution. 

An immediate and important consequence of this general result is the presence of CD 

da• D _ dora(mr = +1) daa(mr = - 1 )  
' cos0a (5a) - -  ~__ Oz a 

dk~ - dk~ dk~ 

where 

! a a = -aaaa/~r, (5b) 

in the angular distribution of spin-unresolved Auger electrons emitted in the decay of a va- 
cancy created by photoabsorption in E1 approximation in a free and unpolarized gaseous 
molecule. According to the discussion, already presented in this paper, a certain class 
of non-linear molecules will exhibit this CD in their Auger electron spectroscopy (i.e., 
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CDAES). But, in atoms as well as in linear molecules the previously mentioned circum- 
stances (iv) and/or (v) exist. Therefore, for both of these targets, one always has aa = 0. 
The occurrence of this situation not only gives rise to the distribution (1) or Auger elec- 
trons emitted from such systems, but also makes it necessary [8, 9] that their spins too be 
analysed if one is interested in studying CDAES in atoms and in linear molecules. 

Now we calculate from (1.22) linear dichroism (LD) 

da~ D _ d2aa(mr = 0;/3(Tr/2,Tr/2)) d2a~(mr;~Qr/2,0)) 

dk~ - d/r d/5 d/r dis 

where 

= ~'~ sin z 0~ cos 2r 

(6a) 

1 1 ~  
/3" = - - ~ V 2 ~ a a ~ .  (6b) 

So, from previous discussions we can say LDAES exists for both linear as well as non- 
linear molecules./5(-- 0p, Cp) is direction of the polar axis of photon frame with respect 
to space frame. 

The three parameters present in (2) are readily determined by performing three measure- 
ments in succession: 

(a) For aa, one measure (daa(m~))/(d]%) at magic angle (0~ = 54.7 ~ following ab- 
sorption of LP or UP radiation. 

(b) Measurement of linear dichroism (in (6)) and (da~(mr))/(d]%) in the X - Y  plane 
of the photon-frame for absorbed radiation of any polarization will contain both aa 
and/3,. 

(c) The remaining parameter a~ can readily be extracted by measuring either CD de- 
fined in (5) or (da~(m~))/(d]%) for RCP or LCP photon at the magic angle. While 
the former measurement will directly give c~a, the latter will contain a~ and a~. 

3. Dichroism in angular correlation between Auger and photoelectrons 

Equation (I.22) for angular correlation between the Auger and photoelectrons from a free, 
gas phase molecule gives us the following expression for CDDI: 

d2o "CD Kp ~__ 
dk~dk~ - w---W~V ~SS* 

(--1)l~+h+L+g(2K + 1)X/(2L + 1)(2L1 + 1) E E 
llllt LL1NL 
I ! ! l IIIt Kq 

0 0 0 0 0 0 NL --NL 0 l~ It K It l~ L 
1 1 1 

Ml(ll l t ;Kq) M l, ' " *(l 1 lt, Kq)Vi  NL ( k~)Y~l NL (]%). (7) 

Pramana - J .  Phys., Vol. 52, No. 5, May 1999 483 



M Chakrabor~ 

Here, the dynamical amplitude 

Mt(ll l t;Kq)= ~ ( l It K )  (a) m mt q Mlm dll(It,mt) 
mint 

(8) 

is the linear combination of the products of the Auger decay amplitudes M{m a) and of 
the E1 photoionization 'reduced' matrix elements dr1 (ltmt) obtained from the respective 
eqs (I.21 a) and (I.21b). The simplified form (7) of the CDDI is obtained by analytically 
performing the sum over ML present in (I.22), with the help of the identity (4.16) [19]. 

Expression (7) shows that CD exists in the E1 photoelectrons emitted also from free 
gaseous molecular targets provided they (photoelectrons) are observed alongwith Auger 
electrons. This result is applicable to any experimental geometry. It, nevertheless, becomes 
particularly simple for the following three photon-propagation and electron-detection 
configurations: (a) when photoelectron is observed along the polar axis out of photon 
frame, i.e., kp(Op = 0, Cp); (b) on detecting Auger electron along the polar axis, i.e., 

k~(0~ = 0, r (c) photo- and Auger-electrons depart in opposite directions, i.e., if 
ka (0n = 0, r then ]% (Op = 7r - 0, Cp = rr + r Each of the three cases (a)-(c) will give 
us CDDI in a coplanar experimental arrangement wherein the detection directions of the 
Auger and photoelectrons lie in a plane which contains also the polar axis of the photon- 
frame. While CDDI in both (a) and (b) is expressible in a series of Legendre polynomials 
of order up to 2/max and 2/lm~x respectively (2/max and 21Im~x are the highest angular mo- 
menta used to represent the continuum molecular orbitals of the Auger and photoelectrons 
respectively), (c) gives 

daC D 
dO - aavcos0, 

where 

c~ap - 47rWW*h SS* Z 
llllt LL1 i p i l Ill t Kq 

(9a) 

(--1)g~+h+L+K(2K + 1)(2L + 1)(2L1 + 1) 

(1 It L ) I l l  l ~ L1 ) ( L  L 1 1 ) (  1 i t L I { ll II L1 I 
0 0 0 0 0 0 0 0 0 l~ It K l~ It L 

1 1 1 

Ml (ll It; Kq) Ml*, (l~ l't; Kq). (9b) 

Theretbre, similar to CDAES (5), the CDDI (7) in a collinear experimental arrangement 
is completely described by a single parameter given in (9). Here 0 is the angle which the 
line joining the Auger and photoelectrons makes with the polar axis of the photon-frame. 
It obviously vanishes for 0 = 7r/2, i.e., if these two electrons are moving out in opposite 
directions perpendicular to the polar axis. This collinear behaviour of CDDI is both simple 
as well as interesting. 

Let us now consider CD in angular correlation between the Auger and photoelectrons 
from linear molecules. Using properties (I.29a) and (I.29b) applicable respectively to the 
Auger decay and the 'reduced' matrix elements due to cylindrical nature of nuclear field 
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in Co~ and D~h molecules, the dynamical amplitude (8) present in the CDDI (7) can be 
shown to satisfy the relation 

Ml(lllt; K - q) = (--1)ll+l'+L+K Ml(lllt; Kq). 

With the help of this equation and that of the first two 3-j symbols present in (7), we find 
that 

K 
E Mr(lilt; g - q)Mt*(lllt; gq) = O, (10a) 

q = - - K  

unless (L + Lt) is even. 
But, one further finds that for an experimental configuration wherein the two electron 

detectors and the polar axis of laboratory frame (which is along the direction of incidence 
of the CP radiation) lie in a single plane, i.e., with n = 0, 1, 2, 

E ( LNL _NL I)yLNL(~a)y~NL(~a)=O, (10b) 
N L  

unless (L + L1) is odd. 
In view of the two mutually exclusive condition (10a, b), the CDDI (7) does not exist 

for linear molecules in a coplanar photon-propagation and electron-detection arrangement. 
This conclusion is applicable also to the geometeries (a)-(c) mentioned in this section, 
as each of these describes CDDI in a plane which contains also the beam of CP ionizing 
radiation. 

From (I.22) we can derive the expression for LD for the angular correlation between 
Auger and photoelectrons frame from a free, gas phase molecule, which can be written in 
the following form 

d2o "LD 2Kp /-3 
SS* V5 ^! ^l dkadkp WW*h 

E E (--1)h+I'-L'+K(2K + 1)((2L + 1)(2L1 + 1)) 1/2 

llllt LL1NL 
! ! I I IiIt Kq 

o o o o o K L 
1 1 2 

LLt ^t ^t �9 i t [o22[a)LLl[~![~a, ]r + Y2-2 (ka,kp)]Mt(lllt;Kq) Ml,(lllt;Kq). (11) 

Here Y's are the bipolar harmonics. Simplifying (1 l), we have seen LDDI does not vanish 
for linear molecules in a coplanar geometry. 

4. Application 

We present in this section an example for experiments on CDAES, LDAES, CDDI, and 
LDDI. Let us take a non-linear, free, gas phase molecule. If its point symmetry group 
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is Ta, then it is one of CH4, CC14, SiCI4, GeCI4, CF4, etc., and if the point symmetry 
group is C3v, then it is one of CH3C1, CHaBr, CHzI, etc. Let us consider the case when 
vacancy is created in the m a t  orbital of these molecules by the E1 photoionization proce- 
dure described by (I.3 la). The photoionization amplitude ~ha~ (At) and the corresponding 
'reduced' matrix elements d h (I tmt)  needed to describe the photoionization step (I.31 a) in 
the respective CDAES expression (5), LDAES expression (6) and CDDI result (7), LDDI 
result (11) have already been discussed by Chandra at length elsewhere [ 16-18]. 

The second quantity needed in the calculation of the dynamical amplitudes (4) and (8) 
present in the CDAES (5), LDAES (6) and in the CDDI (7), LDDI (11) respectively, is 

the matrix element ~'~l,n~Y(a) defined by (I.21a). This definition contains the amplitude AP~ " 
specified by (I.32) for the Auger decay step (I.31 b) of the ion M +* (real).  (An underline 
under an orbital indicates a vacancy in that orbital.) The calculation of these amplitudes 
withoutincluding either SOI or SRI has already been discussed by us in w in ref. [15]. 
Here too we follow the same procedure which is based on the standard technique described 
elsewhere [20]. If we assume, for simplicity, that one of the two vacant orbitals in the 
electronic configuration of M ++ after the Auger decay is nal  belonging to the A1 IR of a 
Td group or C3,, then the allowed transitions are only those given for Td molecular by (27) 
in [3] and for C 3 u  group transition will be rna 1 - nal  n'  al,  rnal - n a l  n '  a2 and rna! - 
ha l  rite. 

Let us first consider 2al - nal  nlal  transition of Td point group molecules. Here we 
have p = al in (3b) with w, h = 1 and l = 0, 3, 4. For this we get 

x/~Tr S , ( i e x p ( i @ ~ a ) a ~ a ) ) ) a a , , a a W + c . c .  ) (12a) 
aa -- 12W*haa - " " 1 3  " " 1 4  �9 

However C.C. represents complex conjugate of the expression preceding letters A's are the 
amplitudes A ~  defined by (1.32). 

Next, we consider CDAES in Ta point group molecules for real - n a l  n'a2 transition 
h e r e p = a 2 ,  r,  h = l a n d l = 6 t h e n  

aa = 0. (12b) 

Similarly, CDAES in Ta pointgroup molecules for max,  - n a l  n 'e  transition for p = e, 
~- = 1, 2; h = 1, l = 2, 4 then 

a~ = 0. (12c) 

Now, we consider CDAES in Td point group molecules for rnal - na l  n ' t l  transition 
p = t~,T = 1 - 3;1 = 3, 4, h = 1, for this, we get 

_ 7r S* [ (--~ 15 13)  

a .  16x/~W*ha~ + 2 ~  4 

q 
• i exp(i(a~a) ~(a)~lnta ln t l l*  At12At12*~ I 

- -  t J4  ) ) \ z a 1 3  "c~14 -[- " ~ 1 3  " ~ 1 4  / "1"- C . C .  (12d) 

Similarly, the final case for rnal - n a l  n't2 transition of Ta point group molecule with 
p =  t2; r = 1 - 3 ;  h = 1, and l = 1, 2, weget 
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__ 7~ S*Iiexpli IO'~a) --G~a))) (gAt21dt21* ~12 ~ 1 1  ~12  
aa 2v / - f fW,haa  

-~-{gAt22At22* ' )At23 At23* 1 \ ~ ' ' 1 1  " '12 -- ~ ' ' 11  " '12 ) "4- C . C . .  (12e) 

We thus see that CDAES; following photoabsorption in the rnal  orbital of free gas phase 
of CC14, SiCI4 and GeCI4 vanishes for m a l  - n a l  n'a2 and real  - n a l  n ' e  transitions, 
but has a non-zero value for the remaining three (2al - n a l  n ' a l ,  2al  - h a l  n ' t l  and 2al 
- n a l  n ' t z )  transitions. 

Now we present an application of CDAES in C3v point group, on evaluating expression 
(3b) we find that c~a = 0 for all the transitions (namely m a l  - n a l  n ' a l ,  m a l  - n a l  n 'a2 

and m a l  - h a l  nte)  i.e. CDAES, following photoabsorption in m a l  orbital of free gas 
phase CH3I, CH3Br, CH3C1 vanishes for the three transitions. 

Now we consider LDAES in real  - h a l  n ta l  transition of Ta point group molecules. 
Here we have p = al in (3c) with % h = 1 and l = 0, 3. For this we get 

0 .54  o.,I, iAax 112 ' (13) 

Similarly, we have seen for Td point group molecules for the remaining four transitions (i.e. 
m a l  - n a l  na2,  m a l  - n a l  n~ e, real  - n a l  n ' t l  and m a l  - h a l  n~t2)/~a is non-zero. 

So, we see that LDAES, following photoabsorption in the real  orbital of a free, gas 
phase CCI4, SiCla and GeCl4 exists for the five Auger transitions given by (27) of [3]. 

Next, we consider application of LDAES in (73,, point group molecules. 
Let us consider real - n a l  n 'a l  transition, p = al,  h = 1, l = 0, 1. For this, we get 

Here,/~ is angular asymmetry parameter for photoionization. 
We also see,/3a ~ 0 for m a l  - n a l  n'a2 and real  - n a l  n ' e  transition. 
So, LDAES, following photoabsorption in real  orbital of free, gas phase of CH3I, 

CH3Br, CH3C1 exists for real  - h a l  n~ al , rea l  - h a l  n~ a2 and real  - h a l  n~ e transi- 
tion. 

The CDDI for the example of Td molecules considered in this section means that we are 
studying CD in the angular correlation between the E1 photoelectrons emitted from the 
real  orbital and the Auger electrons ejected subsequently in one of the transitions (27) in 
[3]. While the continuum orbital of the photoelectron belongs to the T2 IR, but that of the 
Auger electrons may transform according to one of the (A1, As, E,  T1, T2) IRs of the Td 
molecular point group. 

In (I.33a) and (I.33b) we have already developed expressions for angular correlation 
between photoelectron ejected from real  orbital and the Auger electrons coming out in 
the respective ma~ - n a t  n ' a l  and real  - n a l  n 'a2 transitions in a Td molecule for a 
general experimental geometry. So CDDI for these two cases can readily be obtained. On 
substituting (I.33a) in the definition of CDDI, we find 

dkd~u - - ~ S W - ~  + ~ (2 - /3 )  S* [exp(i(a~ ~) - a ~ ) ) ) A ~ I A ~  1. 
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+C.C.] + 4 ~/f~[exp (i (a~ ~ ) --(a)'~AallAaal* } - -  0 4 ))-,'a-13 .,'x14 "t- C . C . ]  X 

33 ^ Yl0 (ka, fop) sin 5 (15a) 

for two electrons ejected in (I.31 a) and m a l  - nal  n~al transitions. Here, the phase angle 
5 is defined by 0.34). 

We thus, see that for real - na l  n~al transition for Td molecules, CDDI is not nec- 
essarily zero if the Auger electrons are observed along with the photoelectrons. For the 
second case, corresponding to (I.31a) and m a l  - n a l  n~a2 emissions, we use (I.33b) and 
find 

d2 ffCD 
- O. (15b) 

dkadf~p 

That is, both CDAES as well as CDDI are zero for this transition. 
We have calculated CDDI also in the remaining three of the five allowed Auger transi- 

tions (27) in [3] and found it, unlike (10b), not to be necessarily zero. 
The CDDI for the example of C3~ molecules considered in the sub-section means we 

are studying CD in angular correlation between the E1 photoelectrons emitted from the 
mal  orbital and the Auger electrons ejected subsequently in one of these three (real - 
nal  n '  al ,  m a l  - n a l  n'  a2 and m a l  - n a l  n'  e) transitions. While the continuum orbital 
of the photoelectron belongs to the Aa and E IR, but that of the Auger electrons may 
transform according to one of the (A1, A2, E) IRs of the C3v molecular point group�9 

�9 p T  �9 a Assuming A m = IAP~ le 'a, and using (7) we find CDDI for real  - n a l  n '  al transition 
of C3, point group (p = al,  ~-h = 1, l = 0, 1, 2 and m = 0) 

G20"CD ~p/~ / -~S ,{  1 / ~  - 1 1/2 - -  -- Aa11 sinOa sin0p x 
dkadkp 7"a'W* h ~ - 1 "~1o 

Oll sin(,,;~ ,r l l lAlo [ - + - 

18 all __ o.~a) ) 
~1A12 ]sin(a~ a) + a~ a) - a~ a)) x 

f~5  
cos(a(o p) - a~ p) + a (p) - a~P)) + 3 V 2  sia0a sin0p x 

1 sin Oa sin Op cos 2(r - Cp) - cos 0a cos Op cos 2(r - Cp) x 
2 

(IAI~I[ IA~lt cos(a~ a) a~ ~) + a~ ~) _ a~ =)) - ~IAI{lt 2 

1 a a l l  2 1 [ 
[ + ff + ((2 cos 20p - sin 20p) cos Oa 

- 3  sin Oa COS Op sin Op cos(r - Cp) x 
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zlall2 2 a l  I a a l l s i n ( a ~ a ) a ~ a )  a~)  a~a))) ~-~___~o + I + I,-i  - - 

-~'- ~ - 5  11 I IA~ l l  sin(a~ ~) + - a~'~)) • 

(  os0os n 0:sio 0  o / o-   /-/4 os 0:sin0o 
- sin a 0~) cos On sin Op eos(r - Cp) - (4 cos 2 0a sin 0a - sin 3 0a) 

cos Op sin Op cos(Ca - Cp) - ~ (2 cos 3 0a - 3 cos Oa sin 20a) x 

So, CDDI is non-zero for mal  - nal  n 'a l  Auger transitions if the Auger electrons are 
observed along with the photoelectrons. 

We have calculated CDDI also in the rnal - naa n'a2 and real - n a l  n 'e  Auger 
transitions and found, like (16) not to be necessarily zero. 

We thus see that, although there is no CDAES for the Auger transition real - n a l  n 'a l ,  
m a l  - na l  n'a2 and m a l  - ha l  n ' e  transitions of C3~ molecules, CDDI is not necessarily 
zero if the Auger electrons are observed along with the photoelectrons. 

The LDDI for Ta molecules considered here, means that we are studying LD in the 
angular correlation between E1 photoelectron (whose continuum orbital belongs to 7"2 
IR) emitted from the real orbital and Auger electrons (which can belong to one of the 
(A1, A2, E,  T1, T2 IRs) ejected subsequently in one of the transitions (27) in [3]. 

Let us consider LDDI in real  - na l  n 'a l  transition of Ta point group. Here, we have 
p = al in (11) with % h = 1 and 1 = 0. We find LDDI is 

d 2 o "LD 7~p aaa 1 
- -  " ' i0  (17) dk~dMp 4 0 - ~ h  (2.06 + 3.25/~) sin e O~ cos 2r S* [2. 

So, LDDI is non-zero for max - na l  n 'a l  Auger transitions. 
We have also calculated LDDI in m a l  - nax n'a2, m a l  - na l  n'e,  max - n a l  n ' t l  

and m a l  - naa n't2 Auger transitions in Td molecules and found LDDI has non-zero 
value for these four transitions. 

We also studied LDDI in C3~, point group molecules, where the E1 photoelectrons emit- 
ted from m a l  orbital and the Auger electrons ejected in one of these three (maa - n a l  
n' al ,  real  - na l  n'  a2, and m a l  - n a l  n' e) transitions. The continuum orbital of the 
photoelectrons belong to A1 and E IR, but that of Auger electrons may belong from one 
of the (A1, A 2 E )  IRs of C3~ molecular point group. 

Now, we consider LDDI in m a l  - naa n 'a l  transition or C3~ point group molecules. 
Here we havep -- al in (11) with I = 0. For thiswe get 

d2o "LD 301~p ~sin2OpeoS2r  * a l l  2 
^, ^, - ' ' S ]A10 I .  (18) 

dkadk  p 1260~rx/5W*h 
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We also see LDDI, like (18), is also non-zero for r e a l  - h a l  n~a2 and r e a l  - h a l  n~e 

Auger transitions of C3~, molecules. 

5. Conclusion 

We have shown that the angular distribution of spin-unresolved Auger electrons emitted in 
the decay of a vacancy created by the absorption of a CP photon in a certain class of free, 
unpolarized, gaseous, non-linear molecules is completely described by terms of degree 
zero, one, and two in cos 0a. The presence of the term linear in cos 0a gives rise to the 
possibility of performing an experiment in which the angular distribution difference for 
absorption of RCP and LCP radiation is measured. This additional term is shown to be 
non-zero for m a l  - n a l  n ' a l ,  m a l  - n a l  n ' t~  and r e a l  -- na~ n ' t 2  Auger transitions 
and zero for r e a l  - n a l  n 'a2  and rnaa - n a l  n ' e  Auger transitions in CCI4, SiCI4, and 
GeCt4 molecules and also zero for r n a l  - n a l  n '  a l  , r e a l  - n a l  n '  a2 and m a ,  - n a l  n~ e 

Auger transitions in CH3CI, CH3Br, CH3I molecules. The present paper further shows the 
existence of LDAES; CDDI and LDDI in angular correlation between photo- and Auger- 
electrons ejected from molecules belonging to one of the 32 point groups. These LDAES, 
LDDI and CDDI have also been calculated by us for five different transitions in each of 
CC]4, SIC14, and GeC14 and three different transitions in each of CH3Br, CH3I and CH3C1. 

Schonhense [21], in connection with circular dichroism in photoelectron angular distri- 
bution (CDAD) in molecules fixed in space, had argued that, in order to observe dichroic 
effects in achiral systems, the experimental geometry must possess chirality, i.e., be char- 
acterized by three non-coplanar vectors. (These, in the case of CDAD in fixed molecular 
systems, are the direction of incidence of CP ionizing radiation, axis of the molecule, and 
propagation vector of photoelectron.) But, several subsequent investigations [22-26] have 
revealed that the requirement of a chiral experimental geometry, suggested by Schonhense 
[21 ] for the existence of CD in achiral systems, is neither sufficient nor necessary. 

Chandra and Sen studied CDAES in spin-resolved, integrated Auger current emitted 
following absorption of a CP photon in a rotating linear molecule [8] and in an atom [9]. 
Here, again, two vectors (namely, the directions of incidence of CP radiation and of spin- 
polarization of Auger electrons) are present in an experiment. Their [8, 9] investigations 
further revealed that CDAES may be present in the differential Auger current too if the 
spin-resolved Auger electrons are observed in the same plane which contains the other two 
vectors as well. 

We have shown that spin-unresolved CDAES is specified by only two directions and 
is proportional to cos Oa. Similarly, spin-unresolved CDDI may exist in a coplanar ex- 
perimental arrangement. Both of these results are, however, applicable to flee, non-linear 
molecules only. We also have shown the existence of LDAES and LDDI exist also for 
these cases, in flee both linear and non-linear molecules. 

Measurement of spin-polarization of electrons is an extremely difficult experiment. The 
main reason for this difficulty is that there is a significant loss (approximately by a factor 
of 1000 [27]) of intensity in a Mott detector used to observe the direction of quantization 
of the spin of an Auger electron. Thus this study is experimentally more feasible compared 
to the investigations performed by Chandra and Sen [8, 9]. 

The CDAES, LDAES, CDDI and LDDI processes proposed here provide two new ex- 
perimental parameters for studying Auger dynamics of an electron-electron correlation in 
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free, unpolarized, gas phase molecules. CDAES and CDDI can also be used to calibrate 
the degree of  CP of the electromagnetic radiation over a wide range of  their wavelengths. 
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