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Angular correlation theory for double photoionization in a rare-gas atom:
lonization by polarized photons
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This is a sequel to an earlier article on the theory of angular correlation for double photoionization. Here we
consider the two-step double photoionization of a rare-gas atom under the influence of a polarized photon beam
described by appropriate Stokes parameters. Cylindrical mirror analyzers are used to detect the outgoing
electrons. Theoretical values of the correlation function are obtained for linearly polarized light. Two different
situations are handled. In the first, the value of the correlation function is obtained keeping the photoelectron
in a fixed direction. In the other case, the direction of the Auger electron is kept fixed. Comparison with
experiments on xenon shows excellent agreement for the casasgfphotoionization followed by a subse-
quent N-0,30,3'S, Auger decay for a linearly polarized incident photon of energy 94.5%\Phys. B 26,

1141(1993].
DOI: 10.1103/PhysReVvA.66.032711 PACS nuntber32.80.Hd, 32.80.Fb, 03.65.Ta
[. INTRODUCTION the density matrix of the photoelectron. Similarly, the density

matrix of the singly ionized atom can be written as the prod-

In an earlier papefl], we considered the double photo- uct of the density matrices of the doubly ionized atom and
ionization (DPI) of a rare-gas atom under the influence of anthe Auger electron. _
unpolarized photon. The atom was taken to be in a randoml¥ Using the Wigner-Eckart theorem, the matrix element of
oriented?S, state. We considered the angular correlation belh€ density operator for the initial atomic state can be ex-
tween the two successively emitted electrons, their emissioridessed agl]
being adequately separated in tif#. Using a statistical "N

. . ) <JaMaaa|P|JaMaaa>
theory, we obtained good agreement with the experimental
results of Kanmerling and Schmidi3].

In the present paper, we take the incident photon beam to
be polarized. The rare-gas atoms receiving the photon beam
no longer remain randomly oriented, but become aligned. IHere the statistical tensqiy_,, is an irreducible tensor of
a photon of adequate energy is absorbed by an atom, a phggnk  k,, which transforms according to the

toelectron is emitted from one of its inner shells, leaving the ok _+ 1)-dimensional irreducible representatibrfa of the
atom singly ionized. This ion subsequently deexcites by 3,

. Ik, -
emitting an Auger electrofd] from one of its outer shells, rotation group. In Eq(2), C"5° is a Clebsch-Gordan co-
We are left with a doubly ionized atom and two electrons inefficient satisfying the triangle rulle,=J,+J, and«, is the

the continuum. The double photoionization process deprojection ofk,. Using the unitarity property of Clebsch-

1_ M ~Jadik ;o
> (—1%aMac e L (Jaaa,dhal). (2

= ’ k., Kk
Kaka MaMaKa aa

scribed above therefore amounts to Gordan coefficients, we get

hv+A—A*+e] A% +e] +e, . ) Pie,(Jaa Jaah)
As in Ref.[1], we denote the initial state (photémtom) by B Moo M/ ~Jadlk PNt
the set of quantum numberd M ,a,), or by virtual quan- =2 (- aC,\j‘jA:Ka(JaM actal p[JaMaerg).

- . . . . MM/
tum numbers J ;M. «}), keeping in mind possible interac- ava

tion with other atoms and electronsl,(M,) or (J,M)) are €)

!
angular momentum quantum numbers, and a; stand for  \\e assume that the initial state is formed after the randomly

the set of remaining quantum numbgsémilarly for the in-  rjented rare-gas atom absorbs a photon. Then the density
termediate and final stajesThe polarization properties of atrix of the initial state becomes

the photon beam are described by appropriate Stokes param-

etersS;, S,, andS; [5]. Pi i, (Jatta,Jgay)
IIl. DPI BY POLARIZED PHOTONS =3(20p+1) > \2ket 142k, +1CKNka
KoKoKyk Koky*a
We proceed by calculating the density ma{i®§ and the 0ROy ’
angular correlation function, which is the expectation value Jo I ko

of the efficiency operator for the detection of electrons. The y
density matrix of the initial state equals the product of the x¢1 1k Pioro(30:30) P e (1,D) (4)
density matrix of the intermediate singly ionized atom and Ja Ja ka
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This equation satisfies the triangle rllg=Jy+J;, where In Eq. (4), the expressiom,fy,(y(l,l) represents the den-
Jo and J, are the angular momentum quantum numbers okijty matrix of the photon with its polarization properties. Its
the randomly oriented atom before absorption of the photorlements are

and its virtual counterpart, respectively. HQ)’@OKO(JO,JO)

represents the density matrix of the randomly oriented atom y :i y :% y :i
and can be expressed as Poo 3 Pio V2’ P20 /6
= ! i il * Y Y Y ! i
Pkgro(J0:d0) = ﬁék(p&KOO(JbHJ 1ll3a)(Ipllj 11192) p1=1=0, p3:1=0, p.,=— E(Sl"‘ iSy). (6
X (el 2l Ip){(IelljallIpy *- (5) Si, S, andS; are the Stokes parametdfy describing the

polarization of the photon.
Here the symbo{]| |) stands for a reduced matrix element. ~ Then Eq.(4) yields

Ja 0 P i * R i *
1 I K }pﬁaka(l,l)UbIIJ 1Na) (ol 1ll9a)*(Icli2ll I} (Il i2ll96)
a a

pkakauaJ;):s(—1>Ja*ka“(
3¢-1% | e _—
=mekaKa(l,l)<Jbllj1||Ja><Jb||11IIJa> (Jelli2ll9p){Iclli2ll96) ™. ()

We define the angular correlation function as the expectation value of the efficiency opéfatéollowing the same
notation as in Ref[1], we can write it as

e= E Pkaxa(‘]aaasz’ia;’i)siaKa(Jaaan;ae’l)' ®)

! ’
JaJaaaaakaKa

Some simplification gives

. AR AR o ’ kpk1k kkok 7
e=2> P, (Jarda) 8k i (Jo 19 Ek, i, (I1:91) €, (J2,02) C O LR C L 22Kbb\/2‘]a+1\/2‘]a+1\/2kb+ 1V2ky+1

KbKlKa KCK
Jc j2 Jb Jb jl ‘Ja
X235+ 1V23)+ 12k + 12K+ 1% S Jo J5 Jhp s dp i1 Jayp, 9)
ke ko Kp) Uky ki Ka

where the summation extends ovkr,J;,Jp 3. Jc . Je j1:0140 2402 Karka Ke ke Ki,k1,Ko, and k.
In Eq. (9), s;iKi(ji ,ji) is the efficiency tensor component for detection of ittieelectron. Heré =1 corresponds to the

photoelectron and=2 to the Auger electron. In DPI experiments, the detectors usually used are cylindrical mirror analyzers
(CMA) [7] which have cylindrical symmetry with respect to the axis of the detector. Details of the choice of detectors are
given in Ref.[8]. The efficiency tensor component now becomes

el i1 =2 2 (Do (111D}, (). (10

Since the residual doubly ionized state is unobserved, the corresponding quantum numbers are averaged over. This gives
8 (JeJ0) =23c+ 16, 08, 003,01 (1D

Then Eq.(9) becomes
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= pkaka(Ja,J;)\/ZJC+1C';';kK11k; Cok20 23 11231+ 12Ky + 1y2Ky + 1323+ 14/23)+ 1y2ke+ 12kp+ 1

OrpyKyy

Jc j2 Jb Jb jl Ja
ros ’ ros ’ .y - k k

X{Je J2 Jbp{db J1 Ja Zkl(l)cklki(llj1)Zk2(2)ck2:<é(12j2)DK11K1(%1)DKZK2(5R2)- 12
0 ky ky) Lky ki ki

Here we have used the relation Joi 12!
caliiil)= 2j;+1y2j+1 (= 1)i w2y clili & 'k,
kollili)=—— Ao (1/2)— (1/2)0°

(R) 17
13

| (F)D L(F=3 C clak pk

K1KoK KyKoK KK
2. Case llI: Detectors sensitive to electron polarization

to get the actual angular dependence of the angular correla- In Ref.[1], we definect, . (ij{) as the attenuation factor
tion function. In Eq.(13), the Euler rotatiortR=(B168,)  due to the change in the state of polarization of an electron
[8]. This geometrical dependence of the tensor matrix elecaused by the detector. When the detectors are insensitive to
ment is separated out from the dynamics by using thelectron polarization, one takes the average over the electron
Wigner-Eckart theorem. As a result, the dynamics of the DPkpin and its projection. Now consider the case in which the
process resides in the reduced matrix elements and the ge@etectors are sensitive to electron polarization. In this case,
metric dependence is contained in the angular part. the spin sensitivity of the detectors is described by a tensor
We define of the formc,_,_(sisi). The attenuation factor then turns out

to be

{=\23+ 12k, + 1123+ 123 + 12k, +1 (14
and C. (i i,):Ckllo(Iil i/)ckslksl(sisi) V2K +14/2ks +1
li |-/ kli

X2 F1V2[+1] s s kg Coiel,

€= (Jpllj 1l Ia)(Jollj 111 9a) *(Iellj 2l Ip)(Icli2ll 9p) ™.~ (15)

Then the expectation value of the efficiency operator in Eq.

(12) becomes ik
. . (18
Jc J2 Jb Jb J1 Ja
— ro ’ ro ’ where
e~ (—1)%0e0 I dp i i1 dd
0 ky ky ko ki Kk LooN2hiF1y2l+1 ¥
ok colil)=——4———(=D'iCie", (19
XCK « szl(l)ZkZ(Z)PkK(l Dy (fad 1) '
andc SiS;) can be expressed in terms of the Stokes pa-
X Ciyur(i21)C C2 DX (%), (16 kx,(8%) can be expressed In i P
2% KropK rameters describing the spin polarization of the electron to be
detected 3]. The factorc_,_(sis;) picks out electrons with
A. Attenuation corresponding to the polarization sensitivity a particular spin projecfiolrl and may be calledStern-
of a detector Gerlach operator Its components are
The electron detector may or may not be sensitive to the
spin state of the incoming electron. The attenuation of the 1 _ s
signal due to the detector will depend on this sensitivity. The COO_E' ClO_E’

factor ckiKi(jiji’), (i=1,2) describes this proper{y]. We
shall now consider two different cases. Ci=—(S{—iSY), C11=—(SE+iSS). (20)
1. Case |: Detectors insensitive to electron polarization Here S:f $ and Stze are Stokes parameters describing the
If the detectordCMAS) are insensitive to the spin polar- polarization of the electron. For polarization-insensitive de-
ization of electrons, then the projectian of the kith com-  tectors, one ha§;=S/=S;=0, and the attenuation factor
ponent of the angular momentum is effectively zero, i.e., theeduces to Eq(17).
electrons are emitted symmetrically with respect to the axis The lifetime of the singly ionized state is very small. De-
of the detector. Hence the attenuation factor can be written gsending on the photon energy, there may be a situation in
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which it is impossible to differentiate between the photoelec-
trons and Auger electrons simply by energy analysis. Then, y
to distinguish between the two electrons it is necessary tc
measure the electron spin, i.e., their polarization. For spin
analysis of the electrons, we have to use a Stern-Gerlach
type experimental setup. Here the factxpg_KS_(sisi) serves e

exactly that purpose, i.e., it picks out electrons with a par-
ticular spin projection. This type of experiment is known as
an “energy- and angle-resolved coincidence experiment” photon e
and is being done by Schmidt and his co-work&k

In general, for DPI of atoms using a polarized photon of
sufficient energy, one can distinguish the photoelectrons anc
the Auger electrons by differential energy analysis. In that
case, determination of electron spin is meaningless. Then, i
the spin is unobserved, one can take the average over th
spin projection. In that case, the projectian of the k;th
component of the angular momentum is zero and the attenu
ation factorcy . (jiji) turns out to becy o(jiji)-

FIG. 1. Perpendicular plane geometry used in the experiments
Il. CALCULATION AND RESULTS by Schmidt and his co-workers.
In Ref. [1], we treated DPI in the xenon atom due to

unpolarized light. In this paper, we are concerned with the S_ZEK 2(1)2(2)(— 1)1 2eyq(j1) 1) Cho(j 21 )
same xenon atom, with the difference being that DPI occurs

due to a polarized light source. A randomly oriented xenon X (Jelli 1l 9p){Iclli 1196} *(Iolli 2l Ia){Inlli 2 Ia)*
atom is irradiated with a polarized photon beam of energy
94.5 eV. As a result, the xenon atom no longer remains ran- XW(Jpdpi 11 kIDW(IpdLj2j5:kI) P(cosh).

domly oriented but acquires the polarization of the photon 22)
beam. This leads to photoionization in thés4 shell fol-

lowed by a subse_que_nt5l>0230231$0 Auger decay. We use Npote that this is identical to Eq25) of Ref.[1], as it should
the dipole approximation, the letters e, f, and g, for the threg,q

possible photoionization channdl$]. These are character- Experiments on the xenon atom were carried out by
ized by () 4ds—epfrz, (f) 4dsp—epfsp, and(g) 4ds,  schmidt and his co-workers using 94.5 eV synchrotron ra-
—&pPap, respectively, and the Auger transition is character-jation [3]. They used a perpendicular plane geometry to
ized by the waves ads;;. The same selection rules hold for gescribe the process. The collision framg,z is attached to
photoionization and Auger transitions as in the case of Unpore target where theaxis coincides with the direction of the
larized light. _ . photon beam. The arbitrary polarization of the incident beam
In experiments for measuring angular correlation, on&rom the synchrotron is described by the Stokes parameters
usually chooses detectors which are insensitive to the spigl, S,, andS;. Both S; and S, refer to the same quantity,

!

polarization of electrons. In such a case,= x,= k)= k3
=k=«'=0 andD¥(B,608,) = P\(cosh). Then Eq.(16) be- v theory
comes >

Jc j2 ‘Jb ‘Jb jl ‘Ja

e~ (—D%ed I Jp I 01 dh

0 ky k) Lk, ki Kk
XZkl(l)Zkz(Z)pgK(l,l)

X Caet“cy o(j1]1)Ciyoli 21 5) Pi(cOS0). (1)

The summation extends ovky, k;, andk. FIG. 2. Angular correlation pattern for xenon due to a linearly
In the limiting case of unpolarized photons, E@1) re-  polarized photon beamS{=1S,=0,S; unknown of 94.5 eV

duces to a simple form. Using E(L7) and some properties (4ds, photoionization followed by N0O,:0.,5'S, Auger decay.

of 9—j symbols and Racah coefficierts0], we get The photoelectron is observed in a fixed directigh
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y theory
exp e

nel interaction of the different photoelectron channels con-
tributes to the angular correlation pattern by introducing the
different terms, however the total intensity remains un-
changed. This interchannel interaction is treated as in Ref.
[1].

As in Ref.[1], we have defined the angular correlation
function to be the angular part of the expectation value of the
efficiency operator. Solid lines represent the theoretically
calculated plot and the dots represent the experimental plot
[3]. For a linearly polarized incident photon beam, the angu-
lar correlation function for our case turns out to be the fol-
lowing.

(i) Case 15,=1,S5,=0,S; unknown. The photoelectron is

FIG. 3. Angular correlation pattern for xenon due to a linearly Observed in a fixed direction and the Auger electron spec-
polarized photon beam$(=1,5,=0S; unknown of 94.5 ev  trometer is turned around to get the angular distribution of
(4ds), photoionization followed by NO0,0,5'S, Auger decay.  the Auger electron with respect to the photoelectron,

The Auger electron is observed in a fixed directiGh
W(6)~1+1.314P,(cosh)+1.100P,(cosh). (23

but with differently oriented axes. One can make=0 by (i) Case 25,=1,5,=0,S; unknown. The Auger electron
choosing thex axis of the collision frame to coincide with s gpserved in a fixed direction and the photoelectron spec-
the direction of maximum linear polarization, i.e., the majortrometer is turned around to get the angular distribution of
axis of the polal’ization ellipse. To compare our results W|ththe ph0t0e|ectron with respect to the Auger e|ectron,
experimental values, we use the same polar and azimuthal

angles in the perpendicular plane geometry. Figure 1 shows W(0)~1+0.817,(cos6)+ 0.602P4(cosh)

the perpendicular plane geometry described abeyande,

being the directions of emission of the photoelectron and the +0.57(Pg(coso). (24)

Auger electron, respectively? is the angle between their |, poth cases, one of the electron spectrometers is kept

directions of emission. We have calculated the theoreticafixaq along the direction of the electric-field vector &xis).
value of the angular correlation function for the following . . . S
The indexk in the general theoretical expression tomde-

two different cases. ;
. . . ' N ends on the angular momenta of the emitted electrons.

(i) The photoelectron is observed in a fixed direction an .
. ence, the structure of the angular correlation pattern de-
the Auger electron spectrometer is turned around to get the

L : ends on this index. If higher-order angular momenta are
angular distribution of the Auger electrons with respect to th ;
. i involved, the angular correlation pattern has more structure.
photoelectron. Here the maximum allowed valuk s 2j,.

. . . This is clear from Figs. 2 and 3. Since the distribution of the
(ii) The second one is the complementary case, i.e., the . . .

. . ! o photoelectron with respect to the fixed Auger electron direc-
Auger electron is observed in a fixed direction and the phos

toelectron spectrometer is turned around to get the angul tion involves higher-order angular momenta, the angular cor-

Co
distribution of the photoelectrons with respect to the Auge?‘alatlon pattern has more structure.

electron. Here the maximum allowed valuelofs 2j; max ACKNOWLEDGMENT
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