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Circular dichroism effects in atomic x-ray scattering
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It is shown that a specific beyond-dipole-approximation polarization effect in elastic photon-atom scattering,
resulting in circular dichroism when the scattered photon has a suitable observedlinear polarization, has
significance in the x-ray regime. Ground-state atoms are considered, assumed to be randomly oriented. The
cross section, given our assumptions, is written in terms of photon Stokes parameters and four real photon-
polarization-independent atomic parameters~which depend on the vectors of the problem and the two invariant
scattering amplitudes!. Numerical results are given for the case of scattering from ground-state atoms with
Z529, Z554, andZ592. Attention is given to determining the regime where the dichroism effect may be
experimentally observable. An ideal experiment would involve measuring the difference between the cross
sections for right-handed and left-handed circularly polarized incident photons, observing a fixed linear polar-
ization for the scattered photon which makes an angle of 45° with respect to the scattering plane. The effect is
seen to be largest for intermediate angles, highZ and high~hundreds of keV! photon energies, increasing to an
approximately 20% effect in cross sections. The parameter determining this effect is also responsible for the
appearance of elliptically polarized scattered photons for the case of a suitable linearly polarized incident
beam.

PACS number~s!: 32.80.Cy
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I. INTRODUCTION

Advances in the use of synchrotron x-ray andg-ray
sources allow the possibility of making detailed observatio
of photon-polarization effects in the scattering of hard ph
tons by atomic targets. A correct theoretical analysis of t
problem requires a quantum-electrodynamic description w
an accurate account of relativistic and retardation effe
General discussions of both theoretical and experimenta
sults concerning elastic x-ray andg-ray scattering by atoms
can be found in Refs.@1,2#, and references therein. Polariz
tion effects in elastic photon scattering have been inve
gated numerically, with particular attention being paid
linear-polarization effects@3#. In addition there have bee
more detailed investigations into the contributions of relat
istic and higher-multipole effects to elastic scattering@4,5#,
though these works mainly studied the angular distribut
of scattered photons rather than polarization effects. A rec
high precision experiment involving the scattering of x ra
from neon attained cross sections accurate at the level o
@6#, though polarization effects were not considered.

The problem of photon-polarization effects has been co
pletely analyzed only for the case of photon scattering b
relativistic free electron~e.g., Refs.@7,8#!. Here we concen-
trate on a specific beyond-dipole-approximation polarizat
effect that appears in the elastic scattering of photons
ground-state atoms, giving rise to finite circular dichrois
~CD! when the scattered photon has a fixed suitable lin
polarization.~The existence of CD in the case that the sc
tered photon has a fixed circular polarization is w
known—see discussion below.! We understand CD as th
difference between cross sections~which may generally de-
scribe any process involving an incoming photon! for differ-
1050-2947/2000/61~3!/032711~7!/$15.00 61 0327
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ent ~right-handed and left-handed! circular polarizations of
the incident photon, with all other observables being h
fixed ~including the observed polarization of the final photo
in the case of scattering!.

Apparently, the possibility of CD effects in light scatte
ing ~for the case that the scattered photon has a fixed lin
polarization! was first pointed out for dipole-forbidden sca
tering in 1980@9#, and it was studied in detail for optica
frequencies in light scattering by gases in Ref.@10#. In that
work a nonrelativistic treatment was used, with account
retardation effects being taken only in the first nonvanish
order. The relativistic case of CD effects in scattering of ha
photons by hydrogenlike ions was first investigated num
cally in 1987@11#, and later analytical results were obtaine
for the simplest case of atoms with closed shells@12#. Terms
responsible for these effects were identified in Ref.@3# and
numerical results were obtained, but the emphasis there
on linear-polarization effects.

The use of circular dichroism to investigate orientations
atomic and molecular targets is longstanding@13–15#. The
approach has typically involved measuring the differen
between the cross sections for the photoabsorption of ri
handed and left-handed circularly polarized photons in
optical regime. Recently the possibility of also using circu
dichroism effects in inelastic scattering as a tool for inves
gating target orientations has been proposed@16,17#. In these
works the authors point out that, even for the case of r
domly oriented targets, there is still the possibility of fini
CD effects. This they refer to asdesign-inducedCD ~existing
in the case of a randomly oriented target!, which would tend
to mask the CD effects arising from the target having so
definite orientation in space. The aim is to identify the co
ditions under which design-induced CD vanishes for a r
©2000 The American Physical Society11-1
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MANAKOV, MEREMIANIN, CARNEY, AND PRATT PHYSICAL REVIEW A 61 032711
domly oriented target, so that any observed CD effe
would then be a clear indication of target orientation.

The conclusion@16,17# ~for the case of inelastic photo
scattering! is that design-induced CD can exist if the sc
tered photon has a fixed circular polarization, but it vanis
completely if the scattered photon has a fixed linear po
ization. A similar assertion has been made for elastic~coher-
ent! photon scattering, namely, that CD is not present for
case of randomly oriented targets when the scattered ph
has a fixed linear polarization@18#. We wish to point out that
these conclusions are limited by the approximations mad
the analyses: a more general analysis reveals that de
induced CD can occur when the scattered photon has a fi
linear polarization. We examine these CD effects and de
mine when they will vanish. For the purposes of our disc
sion we distinguish between type-C CD~where the scattered
photon has a fixed circular polarization! and beyond-dipole-
approximation type-L CD~where the scattered photon has
fixed linear polarization!. Of course in the general case of
fixed elliptical polarization of the scattered photon being o
served, both types of CD may be present.

We point out that, given our assumptions, the param
describing type-C CD effects is also observable in meas
ments involving only linear polarizations, in contrast to t
parameter describing type-L CD effects@see Eq.~3! in next
section#. Though both of these polarization effects fall und
the general definition of circular dichroism~i.e., leading to
differences in cross sections for left- and right-handed cir
larly polarized incident radiation, with all other details
observation the same!, they are nevertheless distinct effec
providing different information about the target wavefun
tion.

Here we specifically consider type-L CD effects in t
elastic scattering of x rays by bound atomic electrons.
suppose the target atoms to be randomly oriented. We
ploy a fully relativistic approach for the description o
atomic electrons, retaining all significant multipoles in t
electron-photon interaction. We will present numerical e
mates of the importance of type-L CD effects for thr
ground-state atoms, withZ529, Z554, andZ592. Atten-
tion is given to determining the regime where these effe
are large and may be experimentally observable. The id
experiment for observing such effects involves measur
the difference between the scattering cross sections for ri
handed~RHC! and left-handed~LHC! circularly polarized
incident photons, observing a fixed linear polarization~mak-
ing an angle of 45° with respect to the scattering plane! for
the scattered photon.

The parameter determining this CD effect is also resp
sible for the appearance of elliptically polarized scatte
photons from a linearly polarized incident photon bea
~even when the scattering is from ans-state target!. One
could therefore also measure this parameter by designin
experiment with a fixed linear polarization~making an angle
of 45° with respect to the scattering plane! for the incoming
photon, measuring the difference between scattering c
sections for scattered RHC and LHC photons.

In Sec. II we discuss the general form of the scatter
cross section for the case of elastic photon scattering f
03271
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ground-state atoms under the assumption that polariza
effects in the target are not being observed~scattering from
s-state targets!. A brief discussion is given regarding the co
sequences of the symmetry of the cross section under
reversal. Numerical results are given in Sec. III for type
CD effects in elastic photon scattering from ground-state
oms with Z529, Z554, andZ592. These results sugge
the situations in which the type-L CD effect is most likely
be experimentally observable. General features are expla
in terms of the basic scattering amplitudes. We summa
our conclusions in Sec. IV.

II. THEORY

We consider type-L CD polarization effects in the elas
scattering of a photon by an atomic target. It is assumed
the polarization properties of the target are not observed.
target is effectively treated as if it had zero total angu
momentum, corresponding to a summation, weighted
cording to the number of electrons present, over the m
netic substates of each subshell at the level of the scatte
amplitude. This approach~exact for closed-subshell atoms!
is justified since most of the atomic electrons are in clos
subshells, with the scattering from inner shells being do
nant ~except for small angles where all subshells contrib
to scattering, but where the effects under consideration h
are not important, in fact vanishing in the forward direction!.
More details of this approach can be found in Ref.@1#. Re-
sults that go beyond this approximation, performing the m
correct averaging over magnetic substates at the level of
cross section, indicate that the corrections for many-elec
atoms tend to be small@19#.

The initial ~final! photon has momentumk1(k2) and po-
larization e1(e2). Given our assumption of scattering from
s-state-type targets these are the only vectors in the prob
We havek̂i5ki /uki u and, since we are considering elas
scattering,uk1u5uk2u5v/c. The Stokes parameters of inc
dent ~scattered! photons are denoted byj1

(1) , j2
(1) , andj3

(1)

(j1
(2) , j2

(2) , and j3
(2)), which are defined with respect to

coordinate system in the laboratory~detector! frame, with the
z axis pointing along the direction of the incident~scattered!
photon. Thex axis is perpendicular to the scattering plan
and they axis lies in the scattering plane. Note thatj1

( i )5
61 corresponds to linear polarization making an angle
745° with respect to the scattering plane,j2

( i )511,21 cor-
responds to right-handed and left-handed circular polar
tion, respectively, andj3

( i )511,21 corresponds to linea
polarization perpendicular to and parallel to the scatter
plane, respectively, for the incident (i 51) and scattered (i
52) photons. Here we follow the notation of Ref.@8# for the
Stokes parameters—this notation differs from that used
Ref. @3#, as explained in the Appendix.

The elastic scattering amplitudeA, with the assumptions
above, can be written in terms of two~complex! invariant
amplitudesM andN @1#,

A5~e1•e2* !M1~e1• k̂2!~e2* • k̂1!N, ~1!
1-2
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which depend only on the photon energyv andu, the scat-
tering angle betweenk1 and k2. ~Note that in the electric
dipole approximation theN amplitude vanishes, and theM
amplitude is independent ofu, so that the only dependenc
on u is throughe1•e2* .) This expression for the scatterin
amplitude leads to the scattering cross section

ds

dV
5uM u2ue1•e2* u21uNu2ue1• k̂2u2ue2* • k̂1u2

12Re~MN* !Re@~e1•e2* !~e1* • k̂2!~e2• k̂1!#

12 Im~MN* !Im@~e1•e2* !~e1* • k̂2!~e2• k̂1!#. ~2!

Alternatively the scattering cross section~again for the
case of ans-state target! can be expressed in terms of th
Stokes parameters and four real photon-polarizati
independent parametersdi

ds

dV
5d11d1j3

(1)j3
(2)1d2~j3

(1)1j3
(2)!1d3~j1

(1)j1
(2)

1j2
(1)j2

(2)!1d4~j1
(1)j2

(2)2j2
(1)j1

(2)!. ~3!

The four real parametersdi are given in terms of theM and
N amplitudes as

d15
1

4
@ uM u2~11cos2u!22 Re~MN* !cosu sin2u

1uNu2sin4u#,

d25
1

4
@ uM u2~12cos2u!12 Re~MN* !cosu sin2u

2uNu2sin4u#,

d35
1

2
@ uM u2cosu2Re~MN* !sin2u#,

d45
1

2
@ Im~MN* !sin2u#. ~4!

The unpolarized cross section~averaging over inciden
photon polarizations, summing over final photon polariz
tions!, is given solely in terms of the parameterd1 ~all the
Stokes parameters vanish in this case!

ds

dV
52d1 . ~5!

Thus the parameterd1 can be determined without any pola
ization measurements. The parametersd2 andd3 can in prin-
ciple be determined from measurements involving only l
ear polarizations—a discussion of this as well as numer
results can be found in Ref.@3#, though the notations an
choices of invariant amplitudes differ, as described in
Appendix.

Our interests here are the polarization effects associ
with the parameterd4, appearing in the last term in Eq.~3!.
03271
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These effects are~1! type-L CD ~whenj1
(2) is nonzero! and

~2! the appearance of elliptically polarized scattered phot
for the case of linearly polarized incident photons~whenj1

(1)

is nonzero!. Note that type-C CD effects, involving circula
polarizations of both incoming and scattered photo
~thereby involvingj2

(1)j2
(2)) are determined by the paramet

d3. Looking at Eq.~4! we see that the parameterd4 being
finite requires the beyond-dipole-approximationN ampli-
tude, which enters physical observables modulated by a s2u
behavior. Thus type-L CD is only important when retard
tion matters; it vanishes at forward and backward angle
has a geometric maximum at 90°~the actual maximum shifts
towards forward angle at high energy!. By contrastd3, char-
acterizing type-C CD, can still be finite even when theN
amplitude vanishes or is neglected. A common approxim
tion for Rayleigh scattering in the x-ray regime is to descr
the M amplitude using form factors and~angle-independent!
anomalous scattering factors, neglecting theN amplitude al-
together @20#. Polarization effects involvingd4 are not
present in this approximation.

We now return to the assertions in Refs.@16–18#, men-
tioned earlier, that CD effects in scattering from random
oriented systems vanish completely if one chooses to ha
fixed linear polarization for the final photon. Though this
true within the approximations used in those analyses@non-
relativistic dipole approximation andA2 approximation, ne-
glecting p•A terms in the photon-electron interaction,H int
5(e2/2mc2)A22(e/mc)p•A#, in the more general case th
condition of final linear polarization only suffices to exclud
type-C CD effects. Type-L CD effects can still be presen
j1

(2)Þ0. In fact we see from Eq.~3! that CD effects in the
case of randomly oriented targets vanish completely onl
one has a final photon linear polarization parallel or perp
dicular to the scattering plane.

We conclude this section by making some observati
on the implications of the fundamental symmetry of tim
reversal for these effects. Consider the action of time reve
on the invariant amplitudes and the photon variables~and the
Stokes parameters!:

M ,N↔M* ,N* ; k1↔2k2 ; e1↔e2* ;

j1
(1) ,j2

(1) ,j3
(1)↔j1

(2) ,j2
(2) ,j3

(2) . ~6!

The combination of Stokes parameters that enters thed4
term of Eq.~3! is odd under this symmetry~T-odd!, in con-
trast to the combinations associated with all the other ter
Therefore the parameterd4 must also be T-odd in order tha
the cross section be invariant under the time reversal op
tion. ~The other three parameters must be T-even.! Therefore
the requirement that the parameterd4 is T-odd ~and real!
implies that it should be solely the result of interference b
tween real~T-even! and imaginary~T-odd! parts of the in-
variant amplitudes.

The optical theorem relates the imaginary part of the e
tic scattering amplitude at forward angle to the total cro
section for absorption and scattering. If one writes the opt
theorem in an expansion in the fine-structure constanta, one
relates the imaginary part of the second-order amplitude
1-3
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MANAKOV, MEREMIANIN, CARNEY, AND PRATT PHYSICAL REVIEW A 61 032711
elastic scattering to the total cross section for absorptive s
tering in lowest order~including photoeffect, bound-boun
transitions, and bound-electron pair production, depend
on the energy involved!. From this viewpoint polarization
effects involvingd4 can be thought of~in leading order! as
dissipation-induced effects related to the existence of di
pation channels~if they are present!. A consequence of this
observation is the lack of type-L CD in scattering by a fr
electron in lowest order~as can be seen from the well-know
Klein-Nishina formula; see, e.g., Ref.@8#!, where there is no
dissipative channel—a free electron cannot absorb a pho

III. NUMERICAL RESULTS

As discussed in the previous section, the polarization
fects being considered here are determined by the param
d4, which specifies the magnitude of terms involving t
Stokes parametersj2

( i ) , describing circular polarization, an
j1

( i ) , describing the linear polarization making an angle
45° with respect to the scattering plane. Effects involvingd4
are maximized when one photon is circularly polarized a
the other has a linear polarization making an angle of 4
with respect to the scattering plane. In this case of maxim
type-L CD the cross section becomes

ds

dV
5d16d4 , ~7!

6 asj1
(2) andj2

(1) are of opposite~same! sign, wherej1
(2) is

fixed to be11 or 21, andj2
(1)511 ~RHC incident radia-

tion! or 21 ~LHC incident radiation!; all the other Stokes
parameters vanish.

Sinced4 is generally fairly small compared withd1, the
cross section to be measured is always of the order ofd1.
Therefore in order to observe the effect one has to be ab
measure a cross section of the order ofd1, and measure it
sufficiently accurately to be able to detect the influence ofd4
in Eq. ~7!. For this reason we have chosen to present
results by giving the magnitude ofd1, and then expressing
d4 as a percentage ofd1.

It is not in fact the case that all four parametersdi ( i
51•••4) are truly independent@3#. There exists a relation
between them,

d1
25d2

21d3
21d4

2 , ~8!

related to the fact that the overall phase of the scatte
amplitude is not an observable. In principle, if all the oth
parameters are known, thend4 can be determined from Eq
~8!, apart from its overall sign. That only a sign is left und
termined is a consequence of the special case of treating
target as having no angular momentum; in the general c
there will be undetermined amplitudes. However, since
parameterd4 tends to be small compared to the othe
~which can all be of the same order of magnitude!, it is
preferable to have a direct calculation, and a direct obse
tion, of this parameter.

We present numerical results ford1 and d4 for ground-
state atoms withZ529, Z554, andZ592. We consider all
03271
t-

g

i-

n.

f-
ter

f

d
°
m

to

r

g
r

the
se
e

a-

scattering angles and all energies for which the effects
pear to be significant. Calculations were performed using
S-matrix approach in independent-particle approximat
~see Ref.@1#, and references therein!. Electron orbitals were
obtained in a Dirac-Slater-type central potential. This is
fully relativistic calculation, retaining all significant multi
poles in the photon-atom interaction.

Figure 1 shows a contour plot of the magnitude ofd1 for
Z529, Z554, andZ592 as a function of angle and energ
given in units ofr 0

2 (r 05e2/mc2 being the classical electro
radius!. Note this parameter changes by many orders of m
nitude over the range ofZ, energies and angles considered.
Figs. 2, 3, and 4 corresponding results are presented fod4
~expressed as a percentage ofd1), for Z529, Z554, andZ
592, respectively. Results are given for all scattering ang
and for photon energies ranging from 100 eV to 1 MeV. Th
includes the inner-shell threshold region for all but the lig
est atoms~for which the effects are small!.

As is seen in Fig. 1, as one goes to high energies, m
times threshold, the elastic scattering cross section beco
very small except at forward angles~where d4 vanishes!.
Thus, althoughd4 can be largest relative tod1 at high en-
ergy, the total elastic scattering cross section is becom
unimportant except at forward angles. Only for highZ is d1
still sizeable away from forward angles at high energies. I
also the case thatd4 is largest relative tod1 for high Z, rising
to '20% of d1 for Z592. For very lowZ the effect is of
very little importance. From this we conclude that the type
CD effect is of experimental consequence in the regi
where the magnitude of the Rayleigh scattering cross sec

FIG. 1. Contour plot of the parameterd1, related to the unpo-
larized cross section, in units ofr 0

2, for Z529, Z554, andZ592,
as a function of scattering angle~abscissa! and energy~ordinate, on
a log scale!.
1-4
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CIRCULAR DICHROISM EFFECTS IN ATOMIC X-RAY . . . PHYSICAL REVIEW A61 032711
is still large~indicated byd1), and whered4 is significant in
comparison tod1. This is the case for highZ, intermediate
scattering angles, and photon energies in the hundred
keV range.

We now wish to discuss some of the common features
d4 seen in Figs. 2, 3, and 4. At lower energies there is sy
metry about 90°, corresponding to the geometric maximu
At very high energies the situation has clearly changed—
maximum shifts towards forward angles and the paramete
now negative at large angles. This is due to competition
tween the two terms in the expression ford4:

d45
1

2
@ Im~M !Re~N!2Re~M !Im~N!#sin2u. ~9!

At low energies the second term tends to dominate, since
involves the real part of theM amplitude, which contains the
large~at low energy! form-factor contribution. At higher en
ergies, however, the form factor is small at finite angle,
there is more interference between the two terms, which h
opposite signs, causing thed4 parameter to pass through ze
and become negative.

Since both terms involve imaginary amplitudes which~for
a given subshell! will vanish below the subshell threshold
we expectd4 to abruptly increase as the photon energy
ceeds atomic thresholds~and the corresponding dissipativ

FIG. 2. Three-dimensional and contour plot of the parameted4

expressed as a percentage of the parameterd1 for Z529, as a func-
tion of scattering angle~abscissa! and energy~ordinate, on a log
scale!.
03271
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channels are opened!. There is clear evidence of such abru
increases in our results. ForZ529 we see such an increas
occurring at theK-shell threshold ('9 keV). ForZ554 we
see this happening at theM-shell thresholds ('1 keV), at
the L-shell thresholds ('5 keV), and at theK-shell thresh-
old ('34 keV). These increases are not so distinct for
case ofZ592, as there are many outer shells with bindi
energies in the energy range up to 10 keV, whose individ
contributions are not discernible on a large scale. The in
shells have large binding energies ('116 keV for theK
shell! and the situation is more complicated at these h
energies due to interference between the two~comparable!
terms in Eq.~9!.

IV. CONCLUSIONS

A unique polarization effect of circular dichroism in ela
tic x-ray scattering, occurring when the scattered photon
a suitable fixed linear polarization, has been investigated
the case of scattering by randomly oriented ground-state
oms. Though it is a beyond-dipole-approximation effect,
has been shown to have significance, rising to'20% in
cross sections forZ592 at intermediate angles. The suitab
polarization measurement involves measuring the differe
in the scattering cross sections for right-handed and l
handed circularly polarized incident photons, for a final ph

FIG. 3. Three-dimensional and contour plot of the parameterd4

expressed as a percentage of the parameterd1 for Z554, as a func-
tion of scattering angle~abscissa! and energy~ordinate, on a log
scale!.
1-5
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ton observed having a fixed linear polarization at 45° w
respect to the scattering plane. CD effects in scattering f
randomly oriented targets vanish completely only if the fin
photon is chosen to have a linear polarization either para
or perpendicular to the scattering plane.
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APPENDIX

Note that there is a sign error in Eq.~12! of Ref. @3#—it
should read

FIG. 4. Three-dimensional and contour plot of the parameted4

expressed as a percentage of the parameterd1 for Z592, as a func-
tion of scattering angle~abscissa! and energy~ordinate, on a log
scale!.
en
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ds

dV
5

1

4
~ uAuuu21uA'u2!1

1

4
j1ij1 f~ uAuuu21uA'u2!1

1

4
~ uAuuu2

2uA'u2!~j1i1j1 f !1
1

4
~AuuA'

* 1Auu* A'!~j2ij2 f

1j3ij3 f !1
1

4
i ~AuuA'

* 2Auu* A'!~j2ij3 f2j3ij2 f !.

~A1!

This equation describes the differential cross section for e
tic photon scattering from an unpolarized target in terms
the Stokes parameters and combinations of two complex
plitudes. It corresponds to Eq.~3! of this paper. The ampli-
tudes Auu and A' are related to theM and N amplitudes
through the relations

Auu5Mcosu2Nsin2u, A'5M . ~A2!

A different notation for the Stokes parameters was used
Ref. @3#, which in Ref. @3# were defined with respect to
coordinate system with thex axis lying in the scattering
plane, and they axis perpendicular to the scattering plane.
order to compare Eq.~A1! with Eq. ~3! the following substi-
tutions should be made, relating the two sets of Stokes
rameters:

j1i→2j3
(1) , j2i→2j1

(1) , j3i→j2
(1) ,

j1 f→2j3
(2) , j2 f→2j1

(2) , j3 f→j2
(2) . ~A3!

We can then rewrite Eq.~A1! as

ds

dV
5d11d1j3

(1)j3
(2)1d2~j3

(1)1j3
(2)!1d3~j1

(1)j1
(2)

1j2
(1)j2

(2)!1d4~j1
(1)j2

(2)2j2
(1)j1

(2)!, ~A4!

where

d15
1

4
~ uA'u21uAuuu2!, d25

1

4
~ uA'u22uAuuu2!,

d35
1

4
~A'Auu* 1A'

* Auu!, d45
i

4
~A'Auu* 2A'

* Auu!, ~A5!

and the identification with Eq.~3! of this paper is complete
A detailed discussion of other commonly used represe
tions of the invariant amplitudes is given in Ref.@1#.
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@16# T. Åberg and S. Heina¨smäki, Appl. Phys. B: Laser Opt.65,
131 ~1997!.

@17# T. Åberg and S. Heina¨smäki, J. Phys. B30, 4827~1997!.
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