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General kinematic analyses of various atomic collision processes by using the density-
matrix and helicity formulations are reviewed. The rotation, parity, and time-reversa
symmetries of the colliding systems are considered. In addition to polarization and
angular correlations in each collision process, correspondences among different collision
processes are also studied. As an example, the timereversal symmetry between pho-
t~ionization and electron-capture fluorescence are demonstrated explicitly, and there is a
vile-to-one correspondence between angular correlation functions for the two processes.
The symmetry study in atomic collisons provides a great deal of vauable information
about the colliding systems and enhances our knowledge on the collision dynamics.

PACS. 03.80.+r - General theory of scattering.

PACS. 34.10.4+x - Genera theories and models of atomic and molecular collisions and
interactions (including statistical and shifts.

PACS. 32.80.Fb - Photoionization of atoms and ions.

I. Introduction

Atomic collisons have been the most fruitful probes of elementary interactions and
atomic structure. Besides fundamental interests, atomic collisions have also important ap-
plications in astrophysics, plasma physics, and radiation physics. Most studies on atomic
collisions are about cross sections, and not much attention has been paid to polarization and
angular corrdlations in the collisions. As a consequence, significant achievements in under-
standing of the collision dynamics have been elusive. Polarization and angular correlations
in atomic collisions can revea a wedth of information about the collison dynamics and
coherence. A notable application, for example, is the observation of parity nonconservation
in inelagtic scattering of longitudinal polarized electrons from unpolarized targets [1].

In this paper, we present a brief account of polarization and angular correlations in
atomic collisions. A rdativistic hdicity formulation is adopted such that the spin polar-
ization of the electron and fine structure of the atom are built in from the outset. This
approach is particularly suitable when colliding systems involve highly ionized ions.

Photon and electron helicity states are presented in Section Il. Density matrix de-
scriptions of polarization for the photon, electron, and atom are given in Section 1ll. Section
IV outlines the hdicity formulation of atomic collisions employed in the present application.
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A general collision equation is introduced for collision processes in Section V. Photoioniza-
tion and eectron-capture fluorescence are treated respectively in Sections VI and VII. Roles

played by the symmetry principle are demonstrated in Section VIII. Cconclusions are made
in Section IX.

Il. Relativistic helicity states
The angular-momentum helicity state (or spherical helicity state) |kA; jm) with helic-

ity A can be constructed from the linear-momentum helicity state (or linear hdicity state)
|kA), and vice versa. They are related by the following relations [2-4]:

~ 2 .o
exgmy= (=) [ kD ien), (2.1)
and
o= 3 (2E) 7 Dl m), 22)

where Dfiz\(lé) are rotation matrices [5]. Here the helicity states are normalized such that

(RAK' XY = 83 (k — K )6xnr, (2.3)
1
(k/\;jmik//\'; j’m’) = k—2-5(/<: ——/C')(S)\,\/(S]‘jlémm/. (2.4)

1I-1 Photon helicity states
The linear hdlicity state of the photon is given as

Agg = (2m) 32k (2.5)

where é, denotes the spherical unit vector [5]. The spherical helicity state can be obtained
by

s

27+ I\NY2 [ oG i
Augm = (2= ) [ dkDRA(RY Ary. (2.6)

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

(6]
Agsim = 7 (1/V2) (A00 £ia0)), (2.7)

AkO;jm = Agly;,)v (28)
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where Aji1,;m correspond respectively to the positive and negative helicity states of the
photon, and Axo,;m, however, is not a physical state of the photon.

11-2. Electron helicity states
The linear helicity state of the electron is given by

1
E+62 kT
5E G-k Xu€ ke (2.9)
E2+62

where x, is the spin eigenfunction with the quantization axis chosen in the k direction,
sy =p. The spherica helicity state can be obtained as (6]

[2j+1
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where (r|km) is the usual angular-momentum eigenstate normaized on the energy scae,

(rlrm) = Yum(7) L[ Gom(em (2.12)
TR =P Z 5 i Fan (M) 0 ) |
In the Pauli approximation, we have
(rlem) = (r[(Is)sm)
(2.12)

= Z(lMsyljm)(;IlM)Xu,
MU

where x, is the spin eigenfunction with s;=v.
1. Density matrix description of polarization

In the description of a physical system involved in the collision, a linear superposition
of helicity states will suffice when the system is in a pure state. However, when the system
is in a mixed state, the density matrix description is necessary.

[11-1. Photon
One convenient description of the photon polarization is the density matrix of the
form [6]

—(p. ) = P11 P11
P —(qu) (P-ll Pol- )

I { 1+ psin2a —pe~27 cos 2ax
T 2\ —pePcos2a 1 - psin2a '
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where we have

| : intensity,

p : 0<p<i, degree of polarization,

a : -r/4<a<w/4, type of polarization,

vy 0Ly < 2m, orientation of polarization.

An equivalent description of the photon polarization is provided by Stokes parameters
S = (81,52, S3) which are related to (p, «,7) as

Sy = —pcos2a cos 27, (3.2)
Sp=—p cos2a sin 2, (3.3)
S3 = psin2a. (3.4)

Mathematically, we may expand the density matrix p in the complete basis set for 2 x 2
matrices: the 2 x 2 identity matrix together with the Pauli matrices al. The expansion is
written as

1 -

where the intensity | and Stokes vector S are thus defined as

I = tr{p}, (3.6)
g = e} (3.7)
tr{p}
For later convenience, we shal define a four-component tensor S, and a 1 x 4 matrix S as
So 1
S1 Sz
s=(s0=| g |=| s (3.8)
S3 S,
111-2. Electron
The density matrix for the electron polarization is given by
prr pr_1t
peE(p/)E( 22 22). (3.9)
BN T

In terms of the intensity I, and the polarization vector P, we have 7]
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pe = %16[1 + P, (3.10)
where
I = tr{pe}, (3.11)
_ ir{ped} (3.12)
tr{pe}

Here we aso define a four-component tensor P, and al x 4 matrix P as

Py 1
P P,
P=(P,)= P; =| p, (3.13)
P3 Pz
111-3. Atom

The density matrix for the atom polarization may be expressed in the basis of tota
angular momentum eigenstates |J M) as

pa = (praram) =((I'M'palI M) (3.14)
It takes, in general, 4J(J + 1) independent measurements to specify the polarization of

state ps with J' = . Define the spherical matrices, which may be considered as the
generalization of Pauli matrices, as

Ty (J'M', IM) = \/2z+1<]{4, ’7 Af) (3.15)

— j coefficient in the covariant notation, caled the 3 —jm

coefficient [4,8]. By expanding the density matrix for the atom polarization in terms of
spherical matrices, we obtain

pomram= QI Tim(J' M, I M), (3.16)

Im

where the expansion coefficients Q,,( JTJ) are called the state multipole (tensor) of the
atom [9].

1V. Helicity formulation of atomic collisions
The helicity formulation of collision processes [2,3] has the merits of being elegant in

form for collisions involving spin, applicable as well to particles of zero mass, such as photon,
and having simple transformation properties under Lorentz transformations. Consequently
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in the formulation of atomic collison processes, we shall describe physical systems generaly
by density matrices with relativistic helicity states as the basis.

Consider the genera collision process where we have initialy two colliding systems
A and B, each of which may be either an elementary particle or a composite particle, like
atom or ion. After the collison, we have findly two departing systems C and D, each of
which may aso be either an elementary particle or a composite particle. An eementary
collison process, in which all systems involved are in linear hdlicity states in the laboratory
(LAB) frame, is shown in Fig. 1. The scattering matrix (S-matrix) of this elementary
collision process is expressed as

(pcAcipDAD|SIPANA; PBAB), (4.1)

where p, and A, are the momentum and helicity, respectively, of system «. Define the
total 4-momenta of the colliding and departing systems as Pand PT, respectively,

P =pa + ps, (4.2)

LAB Frame / PC A

0 C

P Ay

\
@/ 0

p—

FIG.1. The schematic diagram for the reaction: A + B — C+ D. Here p, and A, are respectively
the momentum and helicity of system « in the LAB frame, and (f,%0) and (8,y) are
respectively scattering angles before and after the collision in the CM frame.
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P' = pc + pp, (4.3)

where p, denotes the 4-momentum of system a,and a = A, B, C, D. The same collision
process in the center-of-momentum (CM) frame is also shown in Fig. 1, where (6o, o)
and (8, ) are scattering angles before and after the collision, respectively. The S-matrix
(AcAD|S(P)|6oporaArp) in the CM frame is related to the S-matrix in the LAB frame
as

{(pcAc;PpAD|S|PAA4; PBAB)
1 (4.4)
= (2 Vo8 (P = P)(8eAcp|S(P)Bogorsds).

Here p and v are the relative momentum and velocity, respectively, for the colliding systems,
and p’ and ©" for the departing systems, defined as

p=|pa—pBl, v=|va-wvBl (4.5)
p' =|pc —ppl, v =l|vc - vp|, (4.6)

All the information about the collision dynamics is contained in the S-matrix in the CM
frame, or equivaently in the transition matrix (T-matrix), which are related to the S-matrix
as

Sﬁ = (51’,‘ - 27ri5(P6 - Po)Tfl'. (4.7)
where P} and P, denote the zeroth components of the 4-momenta P T and P, respectively.

V. The collision equation

Denote symbolically the density matrices of the initial and fina states of the colliding
systems as p; and py, respectively. We have therefore the collision equation [6],

pr =S5piSk, (5.1)

where Sy; represents the appropriate S-matrix.
As a simple illustration, we consider photoemission from an excited atom. The
elementary collision amplitude is given by [10]

N
w —~  ax_—ik.T;
S<quMf;JiMi)E”2TrE<Jfo Zai-eqe k

1=1
where J; M; are the angular momentum quantum numbers of the de-excited atom, N is the
number of electrons in the atom, &; are the Dirac matrices, and ¢, and k are respectively
the polarization vector and wavenumber vector of the emitted photon.
If the excited atom is initially described by the density matrix pjips 5, then the
density matrix of the fina state of the colliding systems, i.e, the depating systems, is
given by

J,-M,»> ) (5.2)
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Pqlq JiM) I My = > S(q Ty My TIMD)p g g, S™(05 T My Ji MG). (5.3)

Kinematic and dynamic effects are entangled together in the S-matrix, especially when the
collision processes involve composite particles, such as atoms or ions. The complexities in
angular momentum couplings may be dealt with by a graphical approach [8].

The angular distribution and polarization of the photon, which leaves the atom in a
definite angular momentum J; state, would be described by

Pq’q = qulq,JﬂW}Jfo' (54)
My

Other atomic collision processes may be treated in a similar manner, and we will give only
a few examples in the subsequent sections.

VI. Photoionization

Consider the photoionization process in which initially a polarized photon with linear
momentum g is incident on an unpolarized target atom with total angular momentum J,.
After the collision, an electron with linear momentum k is emitted, and the residua ion
is left with total angular momentum Jg. Two coordiante frames XYZ and zyz, shown in
Fig. 2, are employed for the initial and fina <ates, respectively, with unit vectors defined
as

PHOTOIONIZATION

X . eX /
i b k. P
e @z T Uy &0
g, S
Photon Atom lon Electron
I Correlation 1
IR matrix Sy
Pyi for Sy
D= photoionizatio S,
[ P = A S

A =57{(0, O 1) 7 (0, @ 1) 7}

FIG. 2. The schematic diagram of the photoionization processes.
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q

NN - - xk gq
XY, Z=Y X Z, , =, (6.1)
lg x k|’ ¢
) . . . gxk k
= = 6.2
Z7y7z yx 7|qu|7k7 ( )

where ¢=|q| and k = |[k|. When the polarization of the residual ion is not observed, the
density matrix p{¢) of the emerging electron is related to the density matrix o of the
incident photon by the collison equation as

1
ple) = Zirg {T(o @ 1771}, (6.3)
where
T=T =Vt V,— v, (6.4)
T E T E Htde © '

is the transition operator with i and f denoting, respectively, the entrance and exit channels
of photoionization, 1T =1(27,41)x(2Jo+1) IS the identity matrix in the subspace of the target
atom, trg{} denotes the trace of the quantity within the curly brackets taken in the subspace
of the residual ion.

In terms of the polarization vector of the emitted electron and the Stokes parameters
of the incident photon, we may rewrite the collison equation as

3
1P, =% AFlS,, (6.5)

v=0

where we have defined the 4 x 4 correlation matrix AF7= (Af,f) of photoionization by

1
AL = St {(0.®19)T(0, @ 1°)T1} (6.6)
Here the trace is now taken both in the spin space of the emitted electron and in the
subspace of the residua ion. Explicit formulas have been given previoudy [6].

VIIl. Electron-capture fluorescence

Electron-capture fluorescence is the time-reversed process of photoionization. Con-
sider initidly an eectron with linear momentum K is incident upon an unpolarized ion with
total angular momentum Jg and is captured by the ion. After the collision, a photon with
linear momentum g is emitted while the atom system is left with total angular momentum
Jo. Two coordiante frames z'y’z’ and X TYTZT, shown in Fig. 3, are employed for the initial
and final states, respectively, with unit vectors defined as

. kxg k
1y 3l N
ok xqlk

Y Y B
mayaz_y

(7.1)
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ELECTRON-CAPTURE FLUORESCENCE

.l
-

J[; Q/ j Ju @4{92, PN

\,\ \ q, S’
% P d x"
Electron lon Atom Photon
I Correlation matrix I
oo Sy L for By
Sy ~ | electron-capture P,
Sy fluorescence P,
I’ S = A P

N = 3010, ®1%) (6, 01°) 7"}

FIG. 3. The schematic diagram of the electron-capture fluorescence.

kxgq
|k x q|’

RV B =V X (7.2)

R

Here a similar convention is adopted as the unprimed coordinate systems for photoioniza-
tion. When the polarization of the final atomic state is not observed, we can derive the
collision equation as

- L 10,(e) @ 1Yt 7.3
pﬁ)_gtr(,{T(p @1)7}, (7.3)

where 7' denotes the transition operator of the electron-capture fluorescence process, simi-
larly defined as in the photoionization case. Again, this collison equation may be rewritten
as

3
I's, =3 AECF P, (7.4)

v=0

where we have defined the 4 x 4 correlation matrix AZCF z(Af,,CF>of electron-capture
fluorescence by

1 , ,
AESF = str {(0, @ 19)T (0, © 19)T "1} (7.5)

Similar processes have been studied previously [11-13].
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VIIl. Rotation, space inversion, and time-reversal symmetries

By symmetry consideration, we may reduce the correlation matrix to a simpler form.
We shall assume all interactions involved in the collision processes are invariant under
rotation, space-inversion, and time-reversal transformations.

The timereversal symmetry between photoabsorption and photoemission processes,
as shown in Fig. 4, is one of the simple cases studied previously. A more interesting case is
provided by the symmetry between photoionization and electron-capture fluorescence. We
can show that the rotation plus space-inversion invariance implies

APT = MEAPI ) (8.1)
AECF — M(’Y)AECFM(C), (82)

where the transformation matrices M () and M) are

1 0 0 0

@_10-100
MO=1 01 0 | (8.3)

0 0 0 -1

10 0 0

@w_|01 0 0
M 00 -1 0 | (8:4)

00 0 -1

Photoabsorption

Ea v, W

Y

k 3 €a
Yo

Photoemission

& Ve Wp
—J\k/\/v@\/\ O <—= @ s

FIG. 4. The absorption and emission of a photon by an atom making a transition between states
Ye and ¥s.
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Consequently, the correlation matrices have the following smpler forms
AFL AFT 0 0

APT_ 0 o AR AH

ARL ABT 0 0 (8:5)
0 0 ALL AH
AEFE 0 AFFE 0
ABCF AECE g AECF g | 56)
0 AECF 0 AT '

0 ASCF 0 AEPF

The rotation plus timereversa invariance implies the symmetry between photoion-
ization and electron-capture fluorescence,

AP = N(AECE O (8.7)
or, equivaently
ABCF = NOIRPIN(e) (8.8)

where the tilt above a matrix denotes the transpose of that matrix, and the transformation
matrices N(¢) and N are

1 0 00

N = 8 “01 2 8 (8.9)
0 0 01
10 0 0

NO) = 8 (1) ~01 g (8.10)
00 0 1

We have explicitly the relation between the corrdation matrices AP and AECF

AECF  \ECF 0 0
0 0 -
AECE AECF 0 0 ’ (611

ECF
APT=\ O 0 AET AECFR
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AR 0 A0
AL 0 A0
0 A 0 -Af
0 ARl o AH

AECF _ , (8.12)

IX. Conclusions

We have considered four atomic collision processes to illustrate applications of the
symmetry principle and the relativistic helicity formulation of atomic collisons. A detailed
kinematic analysis has been presented previously for each process. Polarization and angular
correlations are given in concise parametrized forms in terms of known functions of angles.
Angle-independent dynamic parameters in the formulas are expressible as sums of reduced
matrix elements which reflect the interactions and target structure. Photoionization of po-
larized targets [14], coherent fluorescence radiation [15] and Auger transition [16] following
photoexcitation and photoionization as well as other collision processes can aso be treated
similarly. These analyses bring to light the coherence and overall symmetry of the processes
and facilitate comparison between theory and experiment.

The unraveling of al polarization and angular correlations in atomic collision pro-
cesses would provide critical tests of many-body dynamic theories. The symmetry principle
facilitates a comparison study of different collison processes. Because of difficulties in ob-
taining polarized electron beams and in detecting the polarization of outgoing electrons,
only a limited number of experiments concern the polarization. Both theoretica and ex-
perimental efforts in this respect are needed toward a better understanding of the collision
dynamics.
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