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General formulas of the angular distribution and spin polarization of photoelectrons are derived for
arbitrarily polarized incident photons including all multipole effects of the photon fields. Dynamical
parameters are given in terms of reduced matrix elements suitable for a general multichannel theory in both
the relativistic and nonrelativistic formulations. Low-energy photoionization processes, where the electric-
dipole approximation is valid, are dealt with in detail. Simple explicit formulas of the angular distribution
and spin polarization of photoelectrons are given for closed-shell atoms. Applications of the present
formulation using various relativistic multichannel theories are discussed briefly. A relativistic version of the
K -matrix method, by which both closed- and open-shell atoms can be treated, is also given.

1. INTRODUCTION

Photoionization processes have received much
attention in recent years. The availability of la-
sers and synchrotron radiation has especially
stimulated advances in photoionization studies.
Demands for accurate photoionization data in
plasma and fusion research have combined with
the traditional astrophysical interest to make
these fairly active fields of current research.
Low-energy photoionization processes have been
reviewed recently by Burke,' Manson,? Berkowitz,*
and more recently by Starace® on theory and Sam-
son® on experiment. The theoretical treatment of
high-energy atomic photoionization has been re-
viewed by Pratt, Ron, and Tseng®? and by Cooper.’
A large body of experimental data for most ele-
ments in the periodic system has been made avail-
able on photoabsorption cross sections by Hubbell.?
Scofield® has given theoretical photoionization
cross sections from 1 to 1500 keV for most ele-
ments. In addition, a complete bibliography of
original studies of photoionization and photoab-
sorption has been given by Kieffer!® for the period
1921 through 1974. These references'™° and ref-
erences therein should be consulted for recent de-
velopments in photoionization processes.

The main concerns of most photoionization re-
search are with the cross section and angular
distribution of photoelectrons. Nevertheless, a
complete analysis of photoionization processes
requires the knowledge of the spin polarization as
well as the angular distribution of photoelectrons
ejected by photons in specific polarization states.
In addition, the polarizations, if any, of the tar-
get atom and of the residual ion have to be con-
sidered if observations are made coincidently
with the detection of the photoelectron. Spin po-
larization of photoelectrons has become increas-
ingly important in recent years, especially be-

cause of the utilization of photoionization pro-
cesses in producing polarized electron beams.
A notable recent application is the observation of
parity nonconservation in inelastic scattering of
longitudinally polarized electrons from unpolarized
targets.'®1®

The spin polarization of the total photoelectron
flux ejected from unpolarized alkali atoms by cir-
cularly polarized photons has been calculated by
Fano.!” General discussions of photoelectron spin
polarization have been given by Brehm,'® Jacobs,'®
Cherepkov,?° and Lee?* in the dipole approximation
in nonrelativistic formulations. Nevertheless,
theoretical formulas of the spin polarization of
photoelectrons exist only for unpolarized and lin-
early and circularly polarized incident photons
while many convenient sources of photons are
elliptically polarized. Well-known examples are
synchrotron radiation and light reflected by metal- -
lic mirrors. Additionally, because of the nonre-
lativistic nature of the above mentioned formu-
lations, the spin-orbit interaction, which plays
an essential role, can only be treated in the Pauli
approximation or in an ad hoc fashion.?°® Further-
more, only low-energy photoionization processes,
in which the electric-dipole approximation remains
valid, were considered by these authors. Pratt
and coworkers®™ have calculated polarization cor-
relations between the incident photon and ejec-
ted electron in the relativistic single-particle
picture; however, no explicit spin-polarization
formula of the photoelectron was given.

In this paper, we start with a relativistic multi-
channel formulation including all multipole fields
of the photon and express the total cross section,
angular distribution, and spin polarization in
terms of dynamical parameters. These dynamical
parameters are given as weighted sums of ra-
dial integrals. The most general polarization state
of the incident photon is assumed; linear, circular,
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elliptical, and partial polarizations are special
cases and are treated at the same time. However,
we will confine ourselves to cases where the tar-
get atom is unpolarized, and the polarization of
the residual ion is not observed. In other words,
we will average over the polarization of the tar-
get atom and sum over the polarization of the re-
sidual ion. The results for polarized target atoms
and residual ions will be reported.

We shall derive photoionization formulas in the
helicity formulation. The helicity formulation of
collision processes for particles with spin was
first introduced by Chou?? and by Jacob and Wick.?®
The helicity formulation has several advantages?? 23;
(a) Helicity is invariant under ordinary rotations
and has simple transformation properties under
Lorentz transformations. (b) The helicity form-
ulation does not lead to complications in the re-
lativistic description of spin states. (c) Parti-
cles with zero rest mass, e.g., photon, neutrino,
or graviton, can be treated on the same footing
as massive particles. Especially because of (a),
the angular correlation of a scattering process
can be absorbed in a single rotation matrix. On
the other hand, a bound many-particle system
(nucleus, atom, molecule, etc.) is best described
in terms of the ordinary angular-momentum eigen-
states. Therefore to use the helicity formulation
in treating particle scatterings on a many-particle
system we have to make the transformation from
ordinary angular-momentum eigenstates to heli-
city eigenstates. It is possible to derive a con-
venient form for the transition matrix of a certain
scattering process by working directly in the heli-
city formulation.. This approach was adopted by
Lee?! in the nonrelativistic formulation of photo-
ionization processes in the electic-dipole approxi-
mation. However to make clear the connection
between the conventional formulation and the heli-
city formulation, we shall start from the conven-
tional expression of the transition matrix and pro-
ceed to write angular-momentum eigenstates in
terms of helicity eigenstates. In this way, we
can borrow experiences acquired in working with
the conventional method.

In Sec. II, a photon beam of arbitrary polari-
zation is described by the spin density matrix
of photons. In Sec. III, the basic transition matrix
of photoionization processes is presented and then
expressed in terms of helicity eigenstates. The
spin density matrix of photoelectrons ejected by
a photon beam of arbitrary polarization is intro-
duced in Sec. IV. The angular distribution and spin
polarization of photoelectrons are derived in the
same section. Additionally, a simple prescription
is given for transforming the formulas in jj coup-
lingtothose in LSJ coupling. SectionV discusses

low-energy photoionization processes, where the
electric-dipole approximation isvalid. InSec. VA,
the angular distribution and spin-polarization form-
ulas are given as functions of photoelectron angles,
with all dynamical effects absorbed infive param-
eters. InSec. V B, simple explicit formulas for
closed-shell atoms are presented. In Sec. VI,
applications using various multichannel theories
are discussed. Appendix A introduces a convention of
the photon-spin polarization used in this work. The
phase convention of Dirac orbitals is discussed

in Appendix B. Appendix C summarizes multipole
interactions and their interaction strengths. In
Appendix D, electron and photon helicity eigen-
states are presented. Appendix E gives explicit
formulas for the transformation of the photoelec-
tron polarization vector between different coordi-
nate systems. In Appendix F, an alternative de-
rivation of the general formulas for the angular
distribution and spin polarization of photoelectrons
is discussed. Finally, a relativistic multichannel
K-matrix method is presented in Appendix G. We
note that a letter version of the present work has
been reported.?

II. PHOTON-SPIN POLARIZATION

There are several equivalent ways of specifying
the polarization of a given photon beam. One con-
venient description is the density matrix of the
form

; —phe-izr
p =% 1 +fb sin2a pe**cos2a ) 2.1)
—pet?cos2a 1 -psin2a

Here the parameter p specifies the degree of
polarization, o the type of poldrization, and y

the azimuthal orientation of the polarization. This
convention is presented in Appendix A. An equi-
valent description is provided by Stokes para-
meters®*?? S, S,, S, which are related to p, «,

v as

S, =-p cos2a cos2y, (2.2)

S, =—p cos2a sin2y, (2.3)

S, =p sin2a , (2.4)
or inversely as

P =(S2 +82 +82)V/2 | (2.5)

sin2a =S,(S? +S2 +52)/2 - (2.8)

tan2y =S,/S, . (2.7)

Mathematically, Stokes parameters are the ex-
pansion coefficients of the density matrix p in the
complete basis set of 2 X 2 matrices: the Pauli
matrices § together with the 2 x 2 unit matrix;
i.e.,
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1
P =§-(1 +gsi0'>
_1/1+s, S, -iS, ‘
=3 . . (2.8)
S, +iS, 1-8,

The Stokes parameters (S,5,S;), or equivalently
(pay), can be determined experimentally by three
polarization measurements chosen properly. For
example: 3(1 -S,) is the probability of linear po-
larization along the X axis; 3(1 —S,) the prob-
ability of linear polarization along an axis making
an angle of +45° with the X axis; and 3(1 +S,) the
probability of right circular polarization.

III. TRANSITION MATRIX OF PHOTOIONIZATION
PROCESSES
1t is well known that the basic transition matrix
of photoionization processes for a many-electron
system has the form, in atomic units,

a2\ 12 N ..
Ts =<:ck> <¢f!za:'€e'k'”"|wi> ’ (3.1)
=1

where §; and ¢y are the initial and final states,
respectively, of the many-electron system. The
incident photon has the momentum k (| k| =w/c)
and polarization €; the outgoing photoelectron has
the momentum k, (k, =|k, |), where the subscript
a is the channel index introduced for later con-
venience. The Dirac matrices & have the ex-
plicit representation

a=(% 7\, (3.2)
G 0

with & the familiar Pauli matrices. The com-
bined final state i of the photoelectron and re-
sidual ion is normalized such that the differential
cross section is given by

Liz |r, |2 (3.3)

Now we consider the experimental situation
where a photon of polarization €= e incidents upon
a target atom in the polarization state | o= Mo)ge
Here e is the spherical unit vector?® with g =1
or -1; the subscript % specifies explicitly that the
quant1zat1on axis of the initial state |J,—M,); is
along the direction £ of the incident photon. The
total angular momentum of the initial state is
J, with the magnetic quantum number -M,. After
the photoionization processes, a photoelectron is
detected at a macroscopic distance in the direction
(6, ¢) with respect to the incident photon direc-
tion 2. The photoelectron has the linear momen-
tum K, and spin component v in the direction of
the quantization axis k,. The residual ion is left

in the polarization state |J,— M o)s, the subscript
£, specifies that the quantization axis of the final
state is along the direction %, and the others

are obvious notations. The reason for choosing
different quantization axes for the initial and final
states will become clear when we express (3.1) in
helicity eigenstates. The described experimental
situation is shown schematically in Fig. 1. For
notational purpose, let us represent the initial
and final states of the total electron-photon sys-
tem as ¢ ¢® 7|y, and |akK}), respectively. The
superscript “—” denotes the fact that for a plane
wave |k, u) to be detected after the collision the
photoelectron-ion system must satisfy the in-
coming-wave boundary condition.?® We therefore
write the basic transition matrix element of this
particular photoionization process as

flgMouM )= <4nwk > k.| Z:a 2 et | yy) .
(3.4)

The magnetic quantum numbers ¢, M,, u, and
M, on the left-hand side denote the helicities of
the photon, target atom, photoelectron, and re-
sidual ion, respectively. Except the particular
choice of quantization axes, the matrix element
(3.4) is just what we would get in a conventional
formulation of photoionization processes.

The initial state consisting of the incident photon
and target atom can be expended in terms of hel-
icity states of the composite system as

ettty = D (27227 + 1) ]2 | gMoy; M), (3.5)
7

where M =g - M,. The helicity state of the com-
posite system is given as

2j+1 |2 .
quMO;JM>= ZE [2{]-: 1] o= M, jq lJM)
jm Mz’

X (ToMbjm [JM) Ky, 0 (F) | oMb,

kai im

(3.6)
,
7
L Tk po.
,/\M)
e T B
A qiker
e,e 13- M), 1Ja-Mg2,
& *a
photon target atom photoionization residualion photoelectron
q M, processes M, ®

FIG. 1. Schematic diagram of photoionization process-
es. The symbols ¢, My, M,, and u are respective helic-
ities.
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where (J,— M,jq|JM), etc. are Clebsch-Gordan
coefficients.?® The atomic state |J,M}) can be
represented in terms of Dirac orbitals, which are
described in Appendix B. The multipole interac-
tions of photon fields are discusssd in Appendix
C, and the expansion of the photon angular-mom-
entum helicity state qu; jm in terms of photon
multipole potentials is given in Appendix D. Ap-
pendix D also provides a general prescription for
constructing helicity states.

The final state of the photoelectron and residual
ion can also be expressed in terms of helicity
states as

|k = 2. D0 (B,

PRl

2J'+1
47

/2
|lquM M),
3.7)

where M’= u —M,. Therotation matrices D). *,)
in (3.7) effect the rotation of the helicity states

to align with the direction of the photoelectron and
are given explicity as

DY (B =e M el (0) (3.8)

where 457, are the standard d functions,?8-30-3
The final helicity states must satisfy the incoming-

wave boundary condition and are given by
|

Z 20, +1 V2. .
et [k—z“zm] ita exp(-ioy,)
Km [+'3

X (Uos i 1)
XTy=Myjop|d’ M| ad'M"),
(3.9)

where Ok, is the Coulomb phase shift of the photo-
electron 1n the particular channel «, =(lj,). The
state la'J 'M") is usually called the open-channel
state and has the asymptotic behavior of containing
an outgoing Coulomb spherical wave only in channel
a. After substituting (3.5) and (3.7) into (3.4) we
can express the transition matrix as

ajaz

3 1/2
flaMoutt,)= [———mz"fc ] @+ Deieag 6)
J

x (uM | T? |qM,), (3.10)
where we have defined
WM, |7 |ahy) = Gy 5T | 3 &, - |abes )
- (3.11)

In arriving at (3.10), we have used the fact that
the electromagnetic interaction is rotationally
invariant which implies J=J’ and M=M". To
evaluate the matrix element (uM_|T7 |gM,), we
use (3.6) and (3.9) with the result

3 /2
<FLM¢x I i IqMo> = Z Z [%)] ila exp(icka)

X (Qo0S P |jqi) Toy=Myj u|dM?) Ty= Mg |TM)

X 2, UoMijm|IM) (@I |

mM’
0

This expression can be simplified after applying
the Wigner-Eckart theorem.?® Therefore we ob-
tain

(uM, [TquMo>= Z

Kaj

@1, +1)(2j+1)]"/?
ko (2J+1)3

X0 b [ YT oy = Mo j | JM)

X (Jo= Myjq |JM)D, ,  (3.13)

where the reduced matrix element D is given ex-
plicitly as

D, =D, [(J,K,) IT,]
N,

=i-luexp(io, )(aJll 3] @, KO E)IIS .
i=1

(3.14)
In the foregoing derivations, we have implicitly

. :
D Ky [T6ME) (3.12)
t=1

I

assumed the Coulomb gauge'(also called the trans-
verse or radiation gauge) for the photon fields.
The appropriate multipole interaction operators

in the length gauge®*:3® are given in Appendix C.
Using the interaction strength of multipole inter-
actions presented in Appendix C, we can express
the reduced matrix element (3.14) in terms of
radial integrals. This can be achieved expediently
by using a graphical method.** With (3.13) we

can rewrite the transition matrix element
flgMyuM ) in terms of reduced matrix elements
D, as

273(21, +1)(2j+1) |2
wc(2J+1)

x etM®qla) (8)(I os 1 ]jau.)

X o= M ju|IM" YT, — Myjq | TM)D, .

(3.15)

f(qMoﬂMa) = Z

Kqdd
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Because we consider only unpolarized target atoms
and do not detect the polarization of the residual
ion, it is convenient to define the expression

Ig'q;u' )= QT+ 1™ 2 Fla'Mou'M,) f*(qM,unt ).

MoM o
(3.16)
Substituting (3.15) into (3.16), we obtain

Iq'q;p'p)=et@ 0% 3 K, L(¢q;u' w)D,DX,
o’ al

(3.17)
where
= X 0¥, (3.18)
o’ al K&J'J"ykalj 1
2ri21+1) .. ., o
K"‘I‘” Ewc(2J0+1)[]7aJ][J'JaJ ](_')JO Tars
J J 1 J J 1 , (3.19)

i TN

and

L(g'q; 0" 1) = [1a24 )% o s u-un(6)

of © S Ju \fO Ji w
ly b —pJ\I, u s
_ A .,
of B B m=wN\fG g l

Ja Jo U Jq q' q-q’
(3.20)

Here we have used the 3 —jm coefficients (the
Wigner 3 —j coefficients in the covariant nota-
tion®+%%), and the symbol [j]=(2j+1)"2.

IV. ANGULAR DISTRIBUTION AND SPIN
POLARIZATION OF PHOTOELECTRONS

We define a fixed (at the target) coordinate sys-
tem XY Z such that the Z axis is in the direction of
the photon flux. The X axis can be chosen in any
convenient direction because the photon polariza-
tion is determined accordingly. Of course, the
best choice would be such that the X axis coincides
with the linear polarization vector or with one of
the principal axes of elliptically polarized photons.
We also define a rotated coordinate system xyz
obtained from the fixed coordinate system XYZ by
a rotation with the Euler angles (¢, 6, 0).2 The
rotated coordinate system xyz is chosen such that
the z axis, making an angle 6 with the Z axis, is
in the direction of the outgoing photoelectron, and

the y axis is perpendicular to both the Z and z
axes. The spin polarization of the photoelectron
is defined with respect to the rotated coordinate
system xyz. The relative orientation of these two
coordinate systems is shown in Fig. 2.

We can easily show that the spin density matrix
element p,,, of the photoelectron is related to that
of the incident photon p, by the relation

Pums = O Pl @@z 1) - (4.1)
K]

The matrix elements p ,, are given explicitly by
(2.1) or (2.8) for a general polarization state of
the photon. The angular distribution and spin po-
larization of the photoelectron can be expressed in
terms of the spin density matrix p=(p,.,) as

%:Tr{p}, (4.2)
P=(Z)=Tr{op}/Trip}. (4.3)

Here Tr{} denotes the trace of a matrix, and the
electron spin operator X is
g °0). (4.4)
00
Evaluation of (4.2) and (4.3) gives the explicit ex-
pressions

do

E:p%gp_%_%, ‘ (4.5)
do

Px"—'(p*‘z-%"'p-%%)/ {Ei_ﬂ] s (4.6)

. do

P, =i(py.y —P-%%)w/ [55—2] ) (4.7)
do

P,=(pyy—p-3-4) / [;m], (4.8)

It is convenient to define
‘_)u’qui (ql—quq'q- (49)

Therefore we obtain the “rotated” density matrix

X éhv

FIG. 2. Geometrical relationships used in spin-polar-
ization formulas. The photon is incident along the Z
axis, and the photoelectron is ejected along the z axis.
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p=(py) Drot = P11 = —ip cOS2Q sin2¢
_ =i(S, sin2¢ - S, cos2¢) . (4.14)
1 1+psin2a —pet?®cos2a . ) )
=35 , (4.10) In addition, we define for notational purpose

—pe ¥ cos2a  1-p sin2a L
Ry, =p,D D*. (4.15)

Hence we can rewrite (4.1) as
where ¢ =¢ — v, the azimuthal angle of the photo-

electron direction with respect to the linear polar- P = EK,a:aZL(q'q;N'M)quq. (4.16)
ization vector or with respect to the principal axis loata e
k cosa of elliptically polarized photons. We note To evaluate (4.5)—(4.8) using (4.16) we note the
that several combinations of the density matrix symmetry relations of the coefficients L(q'q;u 1):
elements p_ are found to be useful: .
P Lg'g-p - p) = (D) a L (g'gpp),  (4.17)
Pytpgg=1 4.11 N
Pyt pPga=1, ( ) L(gq;—pp) = (=)' a* "L (ggs i — 1), (4.18)
5 — D1 =p sin2@=S (4.12) .
P11 = Py =P 35 L(—g —q;u'p)=(=)*"*"Lqq;n" 1) . (4.19)
P11 +P-yy = —p COS2Q COS2¢ Hence we obtain the angular distribution and spin
=S, cos2¢ +S,sin2¢ , (4.13) polarization of the photoelectron as
J
i’

[Ry; +(=)*™*R_,_ /1P, (cost)+
L 10 1 -10 11-2

a6 Y K [Rycy + (<) R Ja3 (6)

atal

)

do _""ala® (ja ie U\ |fi i1

(4.20)

do | vonnsalia il 1 T
P (28] T ety (5% ) |reen( T s 0memae
s - ) — p

N

LT TR N Ry s (Yettienit R T, 6) + () estial, 6)] |,
’ 1 1-2

(4.21)

fdo \* v gt io jo 1 , i 1 .its
Py=1'<t—i%l) Z,K"“""(_)la iz ]10‘ ]104 n(ldlml) 7 [R11+ (=) lR-l—l]dllo(e)
il z 3z -1 -110

. =7 l . , ) , )
_l} J 7 [R1_1+(_)la+la+1+j R-n] [dzll(g)+(_)ta+1a+z+1d21_1(9)] ,
11 -2
(4.22)
do ™t Tglei*l) Y .y ,
Pz=_<d—s-2) E Kqan Jo Ja ! j il [Ru+(_)j+j ﬂR-l_l]Pl(COSe)
4] L4
2 —2 0 -110
..
+ J 7 l [R1_1+(—)j+jl+'R-11]d;o(9) . (4.23)
11 -2,

!
We can express the d-functions in terms of certain ai, @) +d} (6)=-4[1 ¢ + 1)/ 2sin*0d},(6),  (4.26)
o : o ' :
combinations of Legendre polynomials P, (cosf) as L (8) —dl,(6)=[2/(1+ D[ - 1)( +2)2/2 sin"

dio6)=~[1/1+1)]*?sin6(~cosbP,+P, ), (4.24) X[ =1 4) 10 - 1) c05%6] cos6P,
d3o0)=1"2[( - 1)+ 1)1 +2)]*/ 2 sin™%0 P[00 -1)
X{[-+1)+( -1) cos?0] P, +2cosbP,_}, +(P+1+2) cos?]P,_}.
(4.25) (4.27)
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The transformation of components of the polariza-
tion vector among different coordinate systems
can be carried out easily. The transformation
matrix is given in Appendix E.

In deriving the foregoing results, the jj coupling
is assumed. To obtain corresponding expressions
in the LSJ coupling, we simply make the following
substitution:

D =D, [(J 4ka)JJ ]

~ Y [(@L+1)@S+1)(2] o +1)(2d, +1)]¥/?
LS

L, 1, L
X4S, 3 S D, [(LS)dJ). (4.28)
J& ja J

Here the final residual ion is specified by (LoSy) dy,
and the combined final system by [(L,l,)L(S,3)S]J.

V. LOW-ENERGY PHOTOIONIZATION PROCESSES
A. Angular distribution and spin polarization

For the photoionization of outer subshell elec-
trons, which requires photons with wavelengths
A= 100 ;\, the electric-dipole transition domin-
ates. Therefore it is sufficient to retain only the
electric-dipole interaction in the multipole expan-
sion of photon fields. In the electric-dipole ap-
proximation, we have j=1, and the corresponding
reduced matrix element does not depend on q. We
then obtain the following simplified expressions:

R, +R_ _, =D(x})D*(k,), (5.1)
R, -R_ _,=psin2aD(k})D*(k,), (5.2)
R, ,+R_,=—p cos2a cos2¢D(k,)D*(k,), (5.3)
R, ,-R_, =-ip cos2a sin2¢D(k,)D*(x,), (5.4)

where we have used the relations (4.11)-(4.14).
The reduced matrix element D(k,) is given ex-
plicitly in the Coulomb gauge as

J0> ’

D(ky)=i""e exp(icr,(a)<J

N
Z-&i .K(El)(k;i)
i1

(5.5)
where the electric-dipole potential is
et = - LR
. g - /2, > -
:(_2_>1/2]0(kr)ymm(y)_(i> )Y, (7).
3m 37
(5.6)

Here j,(R7) is the spherical Bessel function and
Y;,,(7) the vector_spherical harmonics.?® We note
that the operator A{®Y has the long-wavelength

limit
AEVRE) ~ (672) 12 2, . (5.7)
Rkr<l

When applicable, this considerabrly simplifies the
numerical calculation of radial integrals. Non-
relativistic formulas are obtained by the replace-
ment

&~ P, (5.8)

in Eq. (5.5). When (5.7) is also substituted in (5.5),
the matrix element reduces to that of velocity form
with an additional factor of (67%)7'/2. A similar
simplification can be made in the length gauge,
which gives rise to the reduced matrix element of
length form in the nonrelativistic limit.

Substituting j=j’=1 and (5.1)~(5.4) into (4.20)-
(4.23), we obtain the differential cross section and
spin polarization of photoelectrons in the electric-
dipole approximation as '

do o
E(ey ¢):4—TT_F(9’ ¢), (5.9)

P_(6, $) = (&p sin2a + mp cos2a sin2¢) sind/F (6, ¢),

(5.10)
P, (6, ¢)=n(1+p cos2a cos2¢) sinf cos8/F (6, ¢),
(5.11)
P,(8, ) =p sin2a cosb/F (8, ¢), (5.12)
where
F(6, ¢)=1—-4B[P,(cosb) - $p cos2a cos2¢ sin®6].
(5.13)

The differential cross section (5.9) in special
cases reduces to previous results.!®3%-2 The dif-
ferential spin polarizations (5.10)-(5.12) also in
special cases agree with previous results.!®-2
For comparison, we note particularly that our
spin-polarization parameters are related to those
of Lee® by £=-0,, n=2£,, and {=v,. In (5.9)-
(5.13) the dynamical parameters 0,83, £, 7, and ¢
are given as

oo 87t
T we(2dy+1)

B g
p=T1(R)/? 2 (’“ Ja >c (5.15)
ko d s kd '\ 1 __é_ 0

o, (5.14)

£=57@17/2) 2

-
Ko d 1R

Ja Ju 1
X\ 1 Corars
2 2z -

(5.16)

(_)1;*1; -1/2
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(_)1&41;1*1/2

e a2
X _é. % _1' Caraz>s

. (5.17)
jo Ja 1
§=6'1(%)1/2 JZ' J'(% _% 0>Ca'a1’ (5.18)
Ka¥ 1Ko

where we have defined

9= Dika)D*(ka), (5.19)
Caua; = (—)JO"’G*X/z[l]z[jan;J/]
J J' l J J/ l
x .
j; Ja J\J1 1 J, D(Kox)D (Ka)-
(5.20)

As noted at the end of Sec. IV, the corresponding
formulasin LSJ coupling can be obtained by making
the substitution (4.28).

In terms of Stokes parameters we can rewrite
Egs. (5.10)-(5.13) as

P_(6, ¢)=[n(~S, sin2¢ + S, cos2¢)+£S,] sinb/F (8, ¢),

(5.10)
P,(8,9)=n[1 -5, cos2¢ - S, sin2¢ |sinb cos6/F (6, ¢),

(5.11")
P,(6, ¢)=£S, cosb/F (9, ¢), (5.12')

and
F(G, ¢) =1- %B[PZ(COSG)

It is interesting to note that the functions ¥, P F,
P,F, and PF are all linear functions of the Stokes
parameters S;. Physically, this fact corresponds
to the assertion made by Stokes?® that any measure-
ment using polavized light is a linear function of
the pavameters S;. For this reason, the differen-
tial cross-section and spin-polarization formulas
of four suitably chosen photon polarizations should
be sufficient to determine the desired formulas
(5.10)=(5.13) for arbitrarily polarized photons. We
will discuss this in Appendix F. To write (5.10)-
(5.13) in a concise matrix form, we define the
column matrices

F
P_F

x
P=lpp|>

y

(5.21)
P_F

z

and

(5.22)

145]
n

Consequently, the angular distribution and spin
polarization of photoelectrons are related to the
Stokes parameters by the relation

P=AS 5.23
+3(S, cos2¢ + S, sin2¢) sin®6]. ’ (5.23)
(5.13") where the matrix A is given as
)
1-3BP,(cosf) -2Bcos2¢ sin® —33 sin2¢ sin0 0
0 ~17 8in2¢ siné 7 cos2¢ sin@ £ sinf
A= . . . . (5.24)
N sinfcosé -7 cos2¢ sinf cosf -7 sin2¢ sinf cos6 0
0 0 g cosb
|
The spin polarization with respect to the fixed P,(6, ¢)

coordinate system XYZ can be derived by using
the transformation formula (E4) in Appendix E.
We therefore obtain

Py(6, $)={-n(1+8,) sin¢ + [1S,+ (¢ + §S,] cos¢}

X sinf cos8/F (6, ¢), (5.25)
Py (8, $)={n(1 =S,) cose + [-nS, + (£ + £)S,] sinp}

x sinf cos¢p/F (6, ¢), (5.26)

[n(S, sin2¢ - S, cos2¢) — £S,] sin®6 + £S, cos®6
F(6, ¢) ’

(5.27)

The spin polarization of the total photoelectron flux
can easily be obtained from (5.25)-(5.27) by inte-
grating over all angles. The total spin polariza-
tion is then given by
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Py=P,=0, (5.28)

P,=0S,. (5.29)
Here the parameter 0 is defined as

6=3(¢ -28), (5.30)

which is to be compared with the spin polarization
of photoelectrons ejected by pure circularly po-
larized photons considered by Fano.!” Again we
see that the total spin polarization P, is a linear
function of the Stokes parameter S,.

Now we consider special cases of the angular-
distribution and spin-polarization formulas (5.9)—
(5.12).

(i) For pure or mixed circularly polarized pho-
tons, we have a=7/4 and a=-n/4, which cor-
respond to the right and left circular polarizations,
respectively. Therefore we obtain

226, 8) =72 [1 - 16P,(cosO)], (5.31)
P"(e"l’):*”l—_gfwsz—?&@’ (5.32)
P8, ‘b):% , (5.33)
PL(6, 9) 305155 oozt (5.34)

where the + and — signs refer to the right and left
circular polarization, respectively (or the positive
and negative helicities). In the limiting case p=1,
the formulas (5.32)—(5.34) reduce to those for pure
circularly polarized incident photons.?

(ii) For pure or mixed linearly polarized pho-
tons, we have @ =0. The formulas (5.9)-(5.12)
become

%(9,¢)={;F(o,¢), (5.35)
in2¢ sin6
P,(9,¢)=Pn—s¥l(—é%s;L, (5.36)
1 2¢) sinf cosé
P,(9,¢)="( +p c;s(ejp;)sm cos ’ (5.37)
P6,4)=0, (5.38)
with

F(6, $)=1-38[P,(cos8) - 2 p cos2¢ sin®6].

(5.39)

For pure linearly polarized incident photons, the
degree of polarization p equals 1, and we can re-
write F(9, ¢) as

F(6, ¢)=1+BP,(cosb), (5.40)

where 6 is the polar angle of the photoelectron di-
rection referring to the photon polarization vector.
We can also simplify the nonvanishing components
of the spin polarization as

27 sing cosf

Pr(e, q&):m N (5.41)

2n cos@ cosf cosb
1+BP,(cosg)

Py(0,¢)= (5.42)
By a rotation of the coordinate system xyz on the
xy plane through an angle ¥ = —tan™(tan®/cosf), we
can make the new y’ axis coincide with the direc-
tion of the photoelectron polarization vector
P=P_¢_+P,e, In this new coordinate system
x'y’z’ we have

27 sinb cosf

Py (6,6)= 1, 3P (cosd)’ (5.43)
P.06,0)=P_0,0)=0. (5.44)

We note that when the photon polarization vector
coincides with the X axis, i.e., =0, we have
¢ =¢. Consequently, the y’ axis lies on the YZ
plane (and, of course, the xy plane) and is per-
pendicular to the Xz plane. To compare with the
pure linear polarization result of Lee,?* we note
that his ¥’ and y’ axes correspond to our —x’ and
-y’ axes, respectively.

(iii) For unpolarized incident photons, we simply
take p =0, and the angular-distribution and spin-
polarization formulas (5.9)—(5.12) become

%(9’ ¢>):4%[1 —$BP,(cosb)], (5.45)
P(6,$)=P,6,9)=0, (5.46)
P,(9,¢>)~ 7 sinf cos6 (5.47)

“1-48P,(cosh)’

The spin-polarization formulas (5.46) and (5.47)
agree with previous results.”>*"

The maximum photoelectron polarization attain-
able by any photons incident on a specific target
atom can be derived by considering (5.10)-(5.12).
The total spin polarization of photoelectrons at
certain angles (6, ¢) is given by

P(6,0)=|P(s, $)|
=[P2(6, ¢) + P2(6, ¢)+ P28, $) /2. (5.48)

The maximum of P(6, ¢) is best obtained numer-
ically because of the large number of parameters
involved. However, the maxima of spin-polariza-
tion components P,, P, and P, for specific cases
can readily be calculated. We give a few examples
as follows.

(a) Circularly polarized photons:
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4 m
Trps —lsBsi, até=g
[P:|max=[£[ 2 1/2 4_2
[3—5(—2:—5] , $<B<2 at smez[ 336

;r 9 1/2 . 4_2ﬁ 1/2
[P, max =1 7] \m} , atsmez(s—_ﬁ] ;

(5.51)

[Pz,malec[ Z—ﬁ]’ at =0, 7.

(b) Linearly polarized photons:

[P[max: [Py‘[max

I = [2+2p)/
:{nl[m] , ats1n0—[4+ﬁ] .

(5.52)
(c) Unpolarized photons:
[P[max [P [max
_ R . |4=2p |12
= |?7| [—_—(2-5)(4+B)] , at sinf= [ 8—3] .
(5.53)

Because the polarization vector P must have a
length less than or equal to 1 at all angles (6, ¢),
we can establish interesting kinematic relations
between the angular-distribution parameter 8 and
the spin-polarization parameters £, 1, and ¢:

HUANG %2_
]1/2 (5.49)
(5.50)

These relations can serve as checks on the self-
consistency in the measurement of the angular
distribution and spin polarization of photoelec-
trons. It is also interesting to note that when 8
reaches its maximum value 2 the spin polariza-
tion must be zero, and that when g attains its
minimum value —1 there will be no spin polariza-
tion perpendicular to the reaction plane defined by
the Z and z axes. These are demonstrated in Fig.
3.

The maximum number of independent dynamical
parameters for photoionizations in the electric-
dipole approximation is five. However, there are
cases in which this number is less than five. Ex-
amples will be given in the next subsection, where
we consider the photoionization of closed-shell

atoms.

B. Explicit formulas for closed-shell atoms

Because of special interests in closed-shell
atoms, we present explicit expressions of the five
dynamical parameters o, 8, &, 7, and ¢ in this

@+p)/4, l<g<t section. The total cross section (5.14) for closed-
HE +6) Ve 4., A= (5.54) shell atoms is given as
(38(2-)/2]"2, 2<p<2
4
[n] <[(L+B)(2=-p)/2]"/2, (5.55) o_iico (5.58)
el <(@2-p/2, (5.56) where
and also o= IDj-llz+ |‘Dj[2+ {Dlﬂlz' (5_59)
1, —1<BS— . . .
|5I < e a Here for brevity we have used the notation j=J,
(2-p)/6+[28(2-p)/3"/%, s<p=<2. 1=D(ky); s, -1» etc. The other parameters for
(5.57) closed shell atoms are
o
_)@2j-3) 2_(27=1)(27+3) 5 12, _2j+5 2 3| 2j-1 |V
B= o |2 e 2] *2(27+2)|DM[ "3 2@5+2) 0,.07+ c.c)
J 7
31 (@2j-1)2j+3) |'/? 3 [2j+3]/® « , /_
—2[ 23j(2j+2) DDy + c.c. )+2]+2 2(27) (D;Df,, + c.c.) g, (5.60)
3(27-1) . 3(2j+1) 2 3(2;+3)
_ (_)i+i*1/2 _____ 2
£=() { 4(27) [D al 2(2;‘)(2]'+.2)| | 4(2j +2)|D1*1[
2j-1)(2j+2) |2 3 [2i@j+3) |2 _
+4(:;]_)[( j )z( j+ )] (D!-1D7+C'c')_4(2j+2)[ 7(27+ )J (D;D},, +c.c.) /0' (5.61)
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. +f+1/2 el 2]_1 1/z
n=i(=)*/ { [2(2]_+2)] (D,_,D} —cc)+4{

3
4
3(2j+37)/* =
3[2;2}‘)} (D,D;*,l-c.c.)}/or,

¢-= 3

3 25(25+3) |*/? N _
—2(2j+2)[ 5 } (D;D},, + c.{c.)}/o,

where (-)' gives the parity of the residual ion. The
expression for 3 agrees with previous results.’% %
The parameter 6 for the total spin polarization can
be obtained from (5.61) and (5.63) as

(i) I=j+3:
2 2 1 2 1 2
{—]Z_'z' 'Df-l‘ +'2']'-er[ - 31Dy,

__2%[@1—_12@_1:&]‘”<D,AD;*+0-0'>}/ v

(5.64)
(i) I=j —3:
J o 2 s 2j+4
6= —EID:-J '2]-+2[D!| ‘(]; 2)[ J+1lz

_ 1 [2j(2j+3) ]2
m[——z‘—“] “’Dl*“’f/( |
5.65

It is of interest to note that in the case of (I=1,
j=3) different components combine incoherently
as indicated in (5.64). _

The corresponding formulas in LSJ coupling can
be derived with the substitutions (4.28). With the
short-hand notation

D,s=D[(LS)J,], (5.66)
we have explicitly:
(i) I=j+3:
[4(27 1/2{L 2(2] 1)]1/2Dw - (2] - l)x/zDu
+(27+3)2D, }, (5.67)

0'o-I.O 0.0 i O 2.0

ASYMMETRY PARAMETER B8

FIG. 3. Maximum ranges of spin-polarization,para-
meters plotted against the angular distribution para-
meter B.

(25 -1)(2j+3)
25(25+2)

3 - 2 i 2 3 2
{‘2(2]‘)'1’“‘ ranei e e e Pl 3y

1/2
(D;_,D},, - c.c.)

(5.62)

3 [(Zj - 1)2(2j+ 2)]1/2(1)!_101*+ c.c.)

(5.63)

D,  =[4(2j

D;=[2(2j)(2j +2)]"/¥{ V2D, + (2§ +1)D,,

+[(25 - 1)(25+3)]*/?D,,},
(5.68)

Dy, =[4(2j+2)]4[2(2j+ )]V/2D,, + (25 + 1)*/?D,,

+(2§+5)*/2D,}. (5.69)
(ii) 1= —3:
N {225+ 12D+ (25 + 1)2p,,

-(25-3)%D,}, (5.70)
=[2(25)@j5+ 2] ¥{V2D, + (2j+ 1)D,,
- [(2] - 1)(2]+ 3)]1/21)21} )

(5.71)
1*1 [4(27+2 1/2{[2(2j+ 3)]”2Dm_(2].+ 3)1/2D11
-@2j- 1)1/2021}- (5.72)

It is clear that the maximum number of inde-
pendent dynamical parameters is five because
there are at most three dipole amplitudes and fwo
relative phases. For cases with j=3, there are
only fwo dipole amplitudes and one relative phase;
hence only three independent dynamical param-
eters are possible. For examples in the np,,, or
ns,,, subshell photoionization, we can choose o,
B, and 7 to be the three independent parameters
and obtain

£=(1-p/2)1+B8)-n?, (5.73)
£=1-8/2. (5.74)

Note that in these cases when 8 reaches its mini-
mum value —1 only the longitudinal spin polariza-
tion is possible with the corresponding parameter
£=1.5.

V1. APPLICATIONS

All the dynamical properties of photoionization
processes are contained in the reduced matrix
elements (3.14). These reduced matrix elements
may be calculated in separate single-channel cal-
culations or a multichannel calculation. Several
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relativistic multichannel theories have been devel-
oped, e.g., the relativistic random-phase approx}
imation, 3%* relativistic quantum-defect theory,®

relativistic R-matrix theory,” and the relativistic

equation-of-motion method.*” In addition, we intro-

duce a relativistic version of the K-matrix theo-
ry,® which is outlined in Appendix G. When rela-
tivistic effects are not important, nonrelativistic
multichannel theories may also be used in comput-
ing the reduced matrix element (3.14) with the non-
relativistic replacement (5.8). Also we note that
the LSJ coupling may be more suitable in a non-
relativistic calculation, in which case we would
need the transformation formula (4.28). Non-
relativistic multichannel theories have been re-
viewed recently,? and references therein should

be consulted. Nevertheless, the spin-orbit inter-
actions have to be treated to observe polarization
effects.

The present formulation for the spin polariza-
tion of photoelectrons has been applied using the
nonrelativistic K-matrix method with the spin-
orbit interactions included® and using the rela-
tivistic random-phase approximation.’*** Excel-
lent agreement with experiments®>* has been ob-

tained.
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APPENDIX A: A CONVENTION OF PHOTON SPIN
POLARIZATION

To make unambiguous the meaning of parameters
p, @, andy used in this w ork, we will introduce
briefly our convention. We choose a coordinate
system XYZ such that the Z axis is in the direc-
tion of the photon flux. The X axis can be chosen
in any convenient direction because the photon
polarization is determined accordingly. A pure
polarization state (completely polarized) can be
characterized by the polarization vector € which
has the general form :

é=2,67cos(a—5m)+e_esinl@—zm). (A1)

Here ¢,, and e are the spherical unit vectors?®
in the coordinate system XYZ and correspond to
the positive and negative helicity states, ‘respec-
tively. We shall refer to e,; as right circular and
to e_, as left circular polarization; in optics the
converse definition is usually adopted. 1t is suf-
ficient to restrict the parameters in Eq. (Al) to
the ranges —n/2<a<7/2 and 0<y<7. The case

a =0 denotes linear polarization at an angle y to
the X axis, the cases a=7/4 and —7/4 denote
right and left circular polarizations, respectively,

FIG. 4. Types of photon polarization as determined by
parameter o. Right and left circular polarizations cor-
respond to positive and negative helicity states, respec-
tively.

and cases with arbitrary a correspond to ellip-
tical polarizations with the principal axis 2 cosa
at an angle y to the X axis. In general, the para-
meter a specifies the type of polarization, which
is illustrated in Fig. 4. The parameter y specifies
the azimuthal orientation of the polarization, and
this is best illustrated by the general case of el-
liptical polarization, where the ellipse traced out
by Re{ﬁ} isrotated through an angle y (see Fig. 5).
The density matrix corresponding to the polariza-
tion state (Al) is .

1 [ 1+sin2a

(A2)

_ —e7%? cos2a
p=3 .

—-e?cos2a 1-sin2a

An incoherent sum of equal amounts of two mutu-
ally orthogonal polarization states is a completely
unpolarized state; a notable example is the natural
light. The most general polarization state can be

Y
Re{E}

weos®

Aen

FIG. 5. Precession of the electric field at a given
point in space for an elliptically polarized photon. The
ellipse traced out by the electric field E is oriented with
one of its principal axes making an angle y with the X
axis. The direction (right or left) of precession de-
pends on the sign (positive or negative) of parameter «.



regarded as a mixture of completely polarized

and completely unpolarized states. The probabil-
ity p (0 <p <1) of complete polarization is referred
to as the degree of polarization of the photon. The
most general polarization state cannot be des-
cribed by a polarization vector but rather by a
density matrix:

1 [1+p sin2a —pe”i?” cosZa]

p=3 (A3)

—pe® cos2a 1-psin2a
Note that when p=1, we recover the completely
polarized state (A2). The three parameters p, a,
and y completely specify an arbitrary polariza-
tion state of the photon.

APPENDIX B: DIRAC ORBITALS

We review briefly the Dirac orbital and its phase
convention used here. Dirac orbitals in central
field can be completely specified by the quantum
numbers n, k, and m. For a definite k, the total-
angular-momentum quantum number j and the
orbital-angular- momentum quantum number ! of
the large component, which determines the parity
of the Dirac orbital, are given as

>0
j= x| -z, l={ K (B1)
-k=-1, k<0. -

For example, the values k= -1, 1, -2, and 2
correspond to s, /,, P12 Psj2» and dy,, Orbitals,
respectively. The magnetic quantum number m is
associated with the z component J, of the total
angular momentum. Dirac orbitals with definite
nkm have the explicit form

Umcm=l Cuelr) Bem (B2)
" vich('r) Q-km

Here the radial functions G,, and F,, are the large
and small components, respectively, and satisfy
the orthonormality condition

nk’ n'k

f Ar(G G+ Fy Fpr) = 8 - (B3)
o

The angular functions Q,,, in (B2) are normalized
spherical spinors defined as

Qn=21m= MZ Mz p[jm)Y , y @)X, (B4)
73

where Y,, is the spherical harmonics, and x, the
spin eigenfunction with s=3 and s,=pu, given, for
example, by the two-component Pauli spinor.

Note that the phase convention (B2) used here is
different from that of Ref. 34, namely,

Um:m:—]: liGm‘(T) ka . (B5)
v an(r) Q-«m
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Therefore to use formulas presented in Ref. 34,
where the convention (B5) is used, we have to

make the substitution
an.—.-‘GﬂK’ or Frm-"'F : (BG)

ng

APPENDIX C: MULTIPOLE INTERACTIONS
AND THEIR INTERACTION STRENGTHS

We shall first define the normalized magnetic,
electric, and longitudinal multipole potentials

e 2§ 9 1/2' - .

im = U\ F N Y 157) (Cc1)
- ..21/2 j+1 1/2. - R
Ag?”’(;) [(2j+1) F14(R7)Y g1y mlP)

j 1/2 " .
*(5;‘1) jju(kr)Yi(fu)m("')]’ - (c2)

=it (2) " (51) 110 o)
im = T 2j+ 1 i=1 i(i=1)ym

i+ 1 1/2' - .
+<2]j+1> ]j+1(k1’)Yj(,-ﬂ)m(1’)], (C3)

where Y,,,, are vector spherical harmonics,* and
the radial functions j,(k») are spherical Bessel
functions (of the first kind). The multipole poten-
tials are normalized such that '

- g = K 1
[arRERD" = 50k =000 By B (C4)

with a=M, E, or L. The multipole interaction
operators are given in the Coulomb (or transverse)

gauge by
(i) magnetic multipole interactions:
T = &AM, (C5)

(ii) electric multipole interactions:
T =3 AR, (C6)

where the superscript v signifies that the inter-
action reduces to that of velocity form in the non-
relativistic limit. Multipole interaction operators
in other gauges can be obtained by making gauge
transformations. One particular choice is the
length gauge®*33;

(i) Magnetic multipole interactions are the same
as in the Coulomb gauge.

(ii) Electric multipole interactions:

TED = ikxy — &+ [R5+ Vx,,] (C7)

where the gauge function x;,, is
2 1/24 | 1/% .
X,:m=—i’<;) ;(’7—) J(Br)Y ;7). (C8)
J

Note that

- . ; 1/2_

VX im= ~(——’ - 1) K. (C9)
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After substituting (C8) and (C9) into (C7) we get

Th = i’( %)/ [ (J—;—l) G5B 1)

2j+1\/2 et
(]] ) Jm(k"’)a'Yj(m)m]'

(C10)

Here the superscript [ signifies that the interaction
reduces to that of length form in the nonrelativistic
limit.

The interaction strength of a tensor interaction

» Of rank j is defined by the Wigner-Eckart
theorem?® as

m,| T,,..lj,.m,,>=(7“ m ’”’>X,(a; b), (C11)
mn J jb
where the vector-coupling coefficient is in the co-
variant notation,®* and the interaction strength
X (a;b) can be expressed in terms of radial inte-
grals. The interaction strengths of the multipole
interactions T4%  74%:» and T{5'" can easily be
evaluated using formulas given in Ref. 34. We
present here only the results:
(i) Interaction strength of magnetic multipoles:
i 1/2
X (a;b)= i [22(;:)] (ko+ ,) C (ab)

XJ;V )% (C12)
(ii) Interaction strength of electric multipoles:

Evwy( gy gt JG+1) 1z
X5 (a3 b)=1"n (2(2j+1) C(ab)

X [(GgPun™* = (G0Qa) ], (C13)

. ; 1/2
X$Ea; b)=i”‘1r"<(—2—]-%;,(]+—l)—> C,(ab)

X [<ijab>even “(jj+1Qab>eve“] . (C 14)

In (C12), (C13), and (C14), the notations used are
defined in Ref. 34 with the modification of phase
(B6) in Appendix B.

APPENDIX D: HELICITY STATES

Angulay-momentum helicity states (or sphev-
ical helicity states) |kX;jm) with helicity X can
be constructed from linear-momentum helicity
states (or linear helicity state) |K)), and vice versa.
They are related by the following 22:23:35;

|kex; jm ) = [2“1] jdkd,,f,{ Bk, (D)

and

R . 1/2 A
|k7\>=2{3%1] DY) kxsjm),  (D2)

jm

where D{})(k) are rotation matrices. Here the
helicity states are normalized such that

(Ex k") =8%(k - k"8, (D3)
(kx; jm \R'0" 'm ") = ( )G(k R")8,0:8 ;508 m
(D4)

Photon helicity states. The linear-momentum
helicity state is given as

K= (2m)/70 %08 (D5)

The angular-momentum helicity state can be ob-
tained by

- 2i+1 A
o im= [“] j ARDNRY* Ay, - (D6)

In terms of the normalized electric and magnetic
multipole potentials we get

K =3 (1/V2AW +iA8), (D7)

k2l; jm
where g=+1 correspond to the positive and nega-
tive helicity states, respectively, of the photon.
We may also define the helicity state

Kko; im~ A;rﬁ)’ (D8)

which, however, is not a physical state of the
photon.

Electron helicity states The linear-momentum
helicity state is given by

1
& |kpy = (277)'3/2<c‘6 'lz)xue““f, (D9)

E+c?

where X, is the spin exgenfunctlon with the quan-
tization axis chosen in the Kk direction, s3=u. The
angular-momentum helicity state can be obtained
by

(F |k jm) = [

1/2
:Z [k?é;jl)} (osp |juXFE [km),
(D10)

where |Km> is the usual angular-momentum
eigenstate, ‘

Gen @
(F|om)= (T =1(Cen Rem (D11)
"\ir,, @

2j+1

] f dRDY)(RYE [ku)

“Kkm

In the Pauli approximation, we have
(Flem)= {r[(Is)im)
= E (tmsv |jm)(F |lm)x, , (D12)

where ¥, is the spin eigenfunction with s, =v.
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APPENDIX E: TRANSFORMATION
OF THE POLARIZATION VECTOR P

The polarization vector P=(P,, Py, P,) ina
coordinate system XYZ can be expressed in terms
of components Py, Py, P, along axes of a ro-
tated coordinate system X'Y’Z’. Assume that the
coordinate system X’Y’Z’ is obtained from the
coordinate system XYZ by a rotation with Euler
angles (¢, 0, 9); this is illustrated by Fig. 6.
Hence the components of the same polarization
vector P in these two coordinate systems are

cos¢ cosh cosy — sing siny

related by the relation

P’'=AP, or P=A"pP’, (E1)
where
P, Py,
pP=|P,|, P'=|Py |, (E2)
Py P,,

and the transformation matrix A is

sing cosf cosyp+ cos¢ sind —sinf cosy

A= | —cos¢ cosf sinyp — sing cosy —sing cosd sinp+ cosd cosy sinh siny | . (E3)

cos¢ sing

Note that the transformation matrix A is orthog-
onal, A"=A,

Consider, for example, the two coordinate sys-
tems XYZ and xyz related by the Euler angles
(¢,6,0) as illustrated in Fig. 2. We can obtain
the components in the fixed coordinate system
XYZ by the transformation formula

P, cosp cosf —sing cos¢ sing P,
P, |= | singpcosf cos¢ sing sind P,
p, ~sing 0 cosé P,

(E4)

APPENDIX F: AN ALTERNATIVE DERIVATION
OF THE GENERAL FORMULAS (5.9)-(5.12)

As mentioned in Sec. V, any measurement using
polarized light is a linear function of the para-
meters S;. Consequently, the differential-cross-
section and spin-polarization formulas for four

FIG. 6. Coordinate system X’Y’Z’ is obtained from
coordinate system XYZ by a rotation with Euler angles
(¢,0,%).

sin¢ sinf

cosé

-

suitably chosen photon polarizations should be suf-
ficient to determine the desired formulas (5.9)-
(5.12) for arbitrarily polarized photons. As ex-
amples, we shall first show that the differential
cross-section formula (5.9) can be derived in this
way. Because the differential cross section is a
linear function of the parameters S;, we assume
the general form

do
QT a+bS, +cS,+dS,. (F1)
Suppose that we know explicit formulas for four
different photon polarization as follows:

(i) Right circular polarization: (S,=0,S,=0,
Sy;=1)or (p=1, a=n/4)

%.—. ‘—;’7[1 —3BP,(cos8)]|=a+d. (F2)

(ii) Left circular polarization: (S,=0,S,=0,
S,=-1)or (p=1, a= —n/4)
do_
ase~
(iii) Linear polarization along the ¥ axis: (S,=1,
S,=0,S,=0)or (p=1,a=0,y=7/2)

+ [1-38P (cosO]=a~d. (F3)

5%: 4%{1 -3B[P,(cos8)+3 cos2¢ sin?6]}
=a+b. (F4)
(iv) Linear polarization along an axis making an
angle of -7/4 with the X axis: (S,=0,S,=1,5,=0)
or (p:l,a :O,'y:—TT/4)
do_ o 1 3 .2
B E{l - 3B[P(cos6)+ 3 sin2¢ sin?6]}
=a+c. (F5)

From (F2)-(F5) we can easily solve for a, b, c,
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and d; therefore the general formula (5.9) is ob-
tained. Consider another example. We assume

P F=a+bS,+cS,+dS,, (F6)

and the following explicit formulas:

¢sing=a+d, §,=0,5,=0,5,=1 (F7)
—-¢sinf=a-d, $,=0,5,=0,5,=-1 (F8)

P.F=( _nsin2¢ sinf=a+b, Sl=1,Sz=0,S3=0( %)
F
ncos2¢ sinf=a+c, §,=0,5,=1,5,=0.
(F10)

Again after a, b, ¢, and d being solved from (F7)—
(F10), the general formula (5.10°) is obtained.

APPENDIX G: RELATIVISTIC MULTICHANNEL
K-MATRIX METHOD

The underlying idea of the K -matrix method*® is
to obtain eigenstates of an improved Hamiltonian
H using a complete set of basis states from an ap-
proximate Hamiltonian H,. We denote the basis
states by IaE) where o is the basis-state index
(called the channel index) and E the total energy.
The residual interaction is defined by

V=H-H,. (G1)

The multichannel K matrix (a@’E’|K(E)|aE) is de-
fined by the integral equation

(a’E’ |K (E)|wE)
=(a’E’|V|aE)

+z: ® de” <C¢'E'| Vl Ci”.E”)(Ol””E”IK(EN 0tE> ’
. E—-E
(G2)

where (a’E’|V|aE) is the matrix element of the
residual interaction (Gl). In (G2), the symbol ®
indicates that the Cauchy principal value of the in-
tegral is to be taken. The integration symbol

f dE’’ denotes implicitly both a summation over the
discrete spectrum and an integration over the con-

tinuum spectrum. By diagonalizing the on-the-en-
ergy-shell K matrix, we obtain

Z (QE|K(E)|Q'EYU 1 o(E)= A (EW o o(E), (G3)

where ), (E) and U, (E) are the ath eigenvalue and
the associated eigenvector, respectively. The
eigenstates | aE) of the improved Hamiltonian H,
called the eigenchannel stales, are given by

[aE} =; [] QE)+ Xa; ® de' | alEl)(tz,lEIg,{(E)l (!E)]

X Ugq(E) cOsn,(E) , (G4)

where 1,(E) is called the eigenphase shift and re-
lated to the eigenvalue X (E) by the relation
N (E)= —(1/m)tann,(E) . (G5)

The open-channel state |aE'), which has the as-
ymptotic behavior of containing an outgoing
Coulomb wave only in channel «, is given by

|48 3 a5, (E)e" D) a) (co
a

Here §,(E) is the phase shift of channel |aE) with
respect to the Coulomb wave. The open-channel
state ]aE') defined in (G6) should be substituted
for |a'J'M”> in (3.9) in a relativistic multichan-
nel K-matrix calculation.

For the present purpose, the complete set of
relativistic orbitals may be Dirac-Fock or Dirac-
Slater orbitals or orbitals from a model potential.
The basis channel states constructed are linear
combinations of Slater determinants, having de-
finite parity and total angular momentum. Prac-
tically, the eigenchannel states of an improved
Hamiltonian are computed within a restricted
Hilbert space spanned by a finite number of cho-
sen basis channels. For a parity-conserved and
rotationally -invariant residual interaction, these
chosen basis channels should have the same par-
ity and total angular momentum. Certain relativ-
istic interactions®*%® are suggested.
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