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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 obd&mwad 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 paramei@vhich depend on the vectors of the problem and the two invariant
scattering amplitudgs Numerical results are given for the case of scattering from ground-state atoms with
Z=29,Z=54, andZ=92. 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, kigind high(hundreds of keYphoton 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 numbds): 32.80.Cy

[. INTRODUCTION ent (right-handed and left-handedircular polarizations of
the incident photon, with all other observables being held

Advances in the use of synchrotron x-ray aneray  fixed (including the observed polarization of the final photon,
sources allow the possibility of making detailed observationsn the case of scattering
of photon-polarization effects in the scattering of hard pho- Apparently, the possibility of CD effects in light scatter-
tons by atomic targets. A correct theoretical analysis of thisng (for the case that the scattered photon has a fixed linear
problem requires a quantum-electrodynamic description witlpolarizatior) was first pointed out for dipole-forbidden scat-
an accurate account of relativistic and retardation effectstering in 1980[9], and it was studied in detail for optical
General discussions of both theoretical and experimental rérequencies in light scattering by gases in Ré0]. In that
sults concerning elastic x-ray andray scattering by atoms work a nonrelativistic treatment was used, with account of
can be found in Ref41,2], and references therein. Polariza- retardation effects being taken only in the first nonvanishing
tion effects in elastic photon scattering have been investierder. The relativistic case of CD effects in scattering of hard
gated numerically, with particular attention being paid tophotons by hydrogenlike ions was first investigated numeri-
linear-polarization effect$3]. In addition there have been cally in 1987[11], and later analytical results were obtained
more detailed investigations into the contributions of relativ-for the simplest case of atoms with closed shel]. Terms
istic and higher-multipole effects to elastic scatterfdgb],  responsible for these effects were identified in R&f.and
though these works mainly studied the angular distributiomumerical results were obtained, but the emphasis there was
of scattered photons rather than polarization effects. A recertn linear-polarization effects.
high precision experiment involving the scattering of x rays The use of circular dichroism to investigate orientations in
from neon attained cross sections accurate at the level of 1%tomic and molecular targets is longstandjig—15. The
[6], though polarization effects were not considered. approach has typically involved measuring the differences

The problem of photon-polarization effects has been combetween the cross sections for the photoabsorption of right-
pletely analyzed only for the case of photon scattering by @anded and left-handed circularly polarized photons in the
relativistic free electrorte.g., Refs[7,8]). Here we concen- optical regime. Recently the possibility of also using circular
trate on a specific beyond-dipole-approximation polarizatiordichroism effects in inelastic scattering as a tool for investi-
effect that appears in the elastic scattering of photons bgating target orientations has been propddéq17. In these
ground-state atoms, giving rise to finite circular dichroismworks the authors point out that, even for the case of ran-
(CD) when the scattered photon has a fixed suitable lineadomly oriented targets, there is still the possibility of finite
polarization.(The existence of CD in the case that the scat-CD effects. This they refer to afesign-inducedD (existing
tered photon has a fixed circular polarization is wellin the case of a randomly oriented targethich would tend
known—see discussion belowwWe understand CD as the to mask the CD effects arising from the target having some
difference between cross sectiafwghich may generally de- definite orientation in space. The aim is to identify the con-
scribe any process involving an incoming photéor differ-  ditions under which design-induced CD vanishes for a ran-
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domly oriented target, so that any observed CD effectground-state atoms under the assumption that polarization
would then be a clear indication of target orientation. effects in the target are not being obserysdattering from

The conclusion[16,17] (for the case of inelastic photon s-state targefs A brief discussion is given regarding the con-
scattering is that design-induced CD can exist if the scat-sequences of the symmetry of the cross section under time
tered photon has a fixed circular polarization, but it vanishegeversal. Numerical results are given in Sec. Il for type-L
completely if the scattered photon has a fixed linear polarCD effects in elastic photon scattering from ground-state at-
ization. A similar assertion has been made for elagtiher- OMS WithZ=29, Z=54, andZ=92. These results suggest
end photon scattering, namely, that CD is not present for théh® Situations in which the type-L CD effect is most likely to
case of randomly oriented targets when the scattered photdf experimentally observable. General features are explained
has a fixed linear polarizatidi.8]. We wish to point out that I terms of .the pasm scattering amplitudes. We summarize
these conclusions are limited by the approximations made iRUr conclusions in Sec. IV.
the analyses: a more general analysis reveals that design-
induced CD can occur when the scattered photon has a fixed
linear polarization. We examine these CD effects and deter-
mine when they will vanish. For the purposes of our discus- \we consider type-L CD polarization effects in the elastic
sion we distinguish between type-C Gidhere the scattered scattering of a photon by an atomic target. It is assumed that
photon has a fixed circular polarizatioand beyond-dipole-  the polarization properties of the target are not observed. The
approximation type-L COiwhere the scattered photon has atarget is effectively treated as if it had zero total angular
fixed linear pOlarizatiO)'l Of course in the general case of a momentum, Corresponding to a Summation, We|ghted ac-
fixed elliptical polarization of the scattered phOtOﬂ being Ob-Cording to the number of electrons present’ over the mag-
served, both types of CD may be present. netic substates of each subshell at the level of the scattering

We point out that, given our assumptions, the parameteamplitude. This approactexact for closed-subshell atoms
describing type-C CD effects is also observable in measurgs justified since most of the atomic electrons are in closed
ments involving only linear polarizations, in contrast to thesybshells, with the scattering from inner shells being domi-
parameter describing type-L CD effe¢tee Eq(3) in next  nant(except for small angles where all subshells contribute
sectior]. Though both of these polarization effects fall undertg scattering, but where the effects under consideration here
the general definition of circular dichroistne., leading to  are not important, in fact vanishing in the forward direction
differences in cross sections for left- and right-handed circupmore details of this approach can be found in Héf. Re-
larly polarized incident radiation, with all other details of sylts that go beyond this approximation, performing the more
observation the samethey are nevertheless distinct effects, correct averaging over magnetic substates at the level of the
providing different information about the target wavefunc- cross section, indicate that the corrections for many-electron
tion. atoms tend to be sm4dIL9].

Here we specifically consider type-L CD effects in the  The initial (final) photon has momenturky(k,) and po-
elastic scattering of x rays by bound atomic electrons. Wegrization €,(e,). Given our assumption of scattering from
suppose the target atoms to be randomly oriented. We emg:state-type targets these are the only vectors in the problem.
ploy a fully relativistic approach for the description of We haveRi=ki/|ki| and, since we are considering elastic

atomic electrons, retaining all significant multipoles in thescattering,| ky| = |ky| = w/c. The Stokes parameters of inci-

electron-photon interaction. We will present numerical esti- 1) £(1) (1)
mates of the importance of type-L CD effects for threedent(scatterehjphotons are denoted @1 €37, andéy

ground-state atoms, witd=29, Z=54, andZ=92. Atten- (5(12)’.§(22)’ and §(32?)’ which are defined with respect to a
tion is given to determining the regime where these effectétoor_dmat_e system in the Iaborgtd@etecto_} frgme, with the
are large and may be experimentally observable. The ided @IS pointing al_on_g the d|rec_t|on of the mmde(st:gttereaj
experiment for observing such effects involves measuringNoton- Thex axis is perpendicular to the scattermg_)plane,
the difference between the scattering cross sections for righftnd they axis lies in the scattering plane. Note thial =
handed(RHC) and left-handedLHC) circularly polarized =1 corresponds to linear polarization making an angle of
incident photons, observing a fixed linear polarizatiprak- ~ +45° with respect to the scattering plagd) = +1,-1 cor-
ing an angle of 45° with respect to the scattering pldoe responds to right-handed and left-handed circular polariza-
the scattered photon. tion, respectively, andjg')z +1,—1 corresponds to linear

The parameter determining this CD effect is also responpolarization perpendicular to and parallel to the scattering
sible for the appearance of elliptically polarized scatteredPlane, respectively, for the incidenit<€1) and scatteredi (
photons from a linearly polarized incident photon beam=2) photons. Here we follow the notation of RE8] for the
(even when the scattering is from arstate target One  Stokes parameters—this notation differs from that used in
could therefore also measure this parameter by designing d@ref. [3], as explained in the Appendix.
experiment with a fixed linear polarizatigmaking an angle The elastic scattering amplitud® with the assumptions
of 45° with respect to the scattering plarfer the incoming ~ above, can be written in terms of tw@ompley invariant
photon, measuring the difference between scattering crogynplitudesM andN [1],
sections for scattered RHC and LHC photons.

In Sec. Il we discuss the general form of the scattering N N
cross section for the case of elastic photon scattering from A=(e- & )M+ (€-ky) (€ k)N, (1)

Il. THEORY
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which depend only on the photon energyand 6, the scat- These effects arél) type-L CD (when §(12) is nonzerg and
tering angle betweelt; andk,. (Note that in the electric (2) the appearance of elliptically polarized scattered photons
dipole approximation thél amplitude vanishes, and thé  for the case of linearly polarized incident photanéien£{"
amplitude is independent df, so that the only dependence is nonzerd. Note that type-C CD effects, involving circular
on 6 is throughe; - €5.) This expression for the scattering polarizations of both incoming and scattered photons

amplitude leads to the scattering cross section (thereby involving£sH£()) are determined by the parameter
q d;. Looking at Eq.(4) we see that the parametdy being
o R ~ 3 > . T .
T IMI2ler- € 12+ INI2l € - ko2l e - k|2 finite requires the beyond-dipole-approximatidh ampli-
dQ IMPler- € "+ INFler- kol ez -kl tude, which enters physical observables modulated by?d sin

. ko . behavior. Thus type-L CD is only important when retarda-
+2REMN*)Re (€- € )(€] -kp)(€2-Ky) ] tion matters; it vanishes at forward and backward angle and
a o has a geometric maximum at 9¢he actual maximum shifts
* *
+2Im(MN*)Im[ (e, &) (€1 - ko) (€2 k)] (2 towards forward angle at high enelgBy contrastd,, char-
. . : . acterizing type-C CD, can still be finite even when tNe
Alternatively the scattering cross sectu()@galn for the amplitudg vyapnishes or is neglected. A common approximas
g?slf e(s)f ar:;zﬁteei etgrge)atr(]:gn fl;i rexrperzlsseﬂ OTOI’tf”:IZ. r?zf aiihoengion for Rayleigh scattering in the x-ray regime is to describe
inde endZnt arameteds P P the M amplitude using form factors arfdngle-independent
P P anomalous scattering factors, neglecting thamplitude al-

do together [20]. Polarization effects involvingd, are not
gq - dt d1 £V D +dp( £+ ) + dg( e gl present in this approximation.
We now return to the assertions in Ref$6—-18, men-
+ EDED) 4+ d (MR — gD )y, (3) tioned earlier, that CD effects in scattering from randomly

oriented systems vanish completely if one chooses to have a
The four real parameted are given in terms of thl and  fixed linear polarization for the final photon. Though this is
N amplitudes as true within the approximations used in those analyses-
relativistic dipole approximation and? approximation, ne-
glecting p- A terms in the photon-electron interactiod;,
= (e?/2mc®)A%2— (e/mc)p- A], in the more general case this
condition of final linear polarization only suffices to exclude

1
dl:Z[|M|2(1+co§0)—2 Re MN*)cosé sirf o

+|N[%sin’6], type-C CD effects. Type-L CD effects can still be present if
£2+0. In fact we see from Eq(3) that CD effects in the

d2=£[|M|2(1—co§0)+2 Re MN*)cos6 sirfd case of ran_domly orient_ed targets _van_ish completely only if

4 one has a final photon linear polarization parallel or perpen-

dicular to the scattering plane.
We conclude this section by making some observations
1 on the implications of the fundamental symmetry of time
d3:§[| M|2cosf— Re(MN*)sir?6], reversal for these effects. Consider the action of time reversal
on the invariant amplitudes and the photon varialidesl the
Stokes parameters

—|N|2sin6],

1 :
dy=5[IM(MN*)sir?g]. (4) M N M* N*; Ky — k) e el

The unpolarized cross sectidaveraging over incident £ g1 gD g2 g2) £2), (6)
photon polarizations, summing over final photon polariza-
tions), is given solely in terms of the parametgy (all the  The combination of Stokes parameters that entersdthe

Stokes parameters vanish in this gase term of Eq.(3) is odd under this symmetr§T-odd), in con-
trast to the combinations associated with all the other terms.
do Therefore the parametel, must also be T-odd in order that
EZZdl' ®) the cross section be invariant under the time reversal opera-

tion. (The other three parameters must be T-ev&herefore
Thus the parametet; can be determined without any polar- the requirement that the paramet#y is T-odd (and real
ization measurements. The parametbrandds can in prin-  implies that it should be solely the result of interference be-
ciple be determined from measurements involving only lin-tween real(T-ever) and imaginary(T-odd parts of the in-
ear polarizations—a discussion of this as well as numericalariant amplitudes.
results can be found in Ref3], though the notations and The optical theorem relates the imaginary part of the elas-
choices of invariant amplitudes differ, as described in theic scattering amplitude at forward angle to the total cross
Appendix. section for absorption and scattering. If one writes the optical
Our interests here are the polarization effects associatettheorem in an expansion in the fine-structure constamne
with the parameted,, appearing in the last term in E(B). relates the imaginary part of the second-order amplitude for
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elastic scattering to the total cross section for absorptive scat-
tering in lowest orderincluding photoeffect, bound-bound
transitions, and bound-electron pair production, depending
on the energy involved From this viewpoint polarization
effects involvingd, can be thought ofin leading order as
dissipation-induced effects related to the existence of dissi-
pation channelsif they are present A consequence of this
observation is the lack of type-L CD in scattering by a free
electron in lowest ordefas can be seen from the well-known
Klein-Nishina formula; see, e.g., R¢8]), where there is no
dissipative channel—a free electron cannot absorb a photon.

IIl. NUMERICAL RESULTS

photon energy (keV)

As discussed in the previous section, the polarization ef-
fects being considered here are determined by the parameter
d4, which specifies the magnitude of terms involving the
Stokes parameters’, describing circular polarization, and
&) describing the linear polarization making an angle of
45° with respect to the scattering plane. Effects involuing
are maximized when one photon is circularly polarized and )
the other has a linear polarization making an angle of 45° 0 45 90 135 180
with respect to the scattering plane. In this case of maximum scattering angle (deg)
type-L CD the cross section becomes

FIG. 1. Contour plot of the parametds, related to the unpo-

do larized cross section, in units og, for Z=29,Z=54, andZ=92,
IO d;*=d,, (7) as a function of scattering anglabscisspand energyordinate, on
a log scalg

+ as¢(® and &8 are of oppositésame sign, wheret{?) is
fixed to be+1 or —1, andg(zl)z +1 (RHC incident radia- scattering angles and all energies for which the effects ap-
tion) or —1 (LHC incident radiatioly all the other Stokes Pear to be significant. Calculations were performed using the
parameters vanish. Smatrix approach in independent-particle approximation
Sinced, is generally fairly small compared witth,, the ~ (See Ref[1], and references thergirElectron orbitals were
cross section to be measured is always of the ordet,of obtained in a Dirac-Slater-type central potential. This is a
Therefore in order to observe the effect one has to be able #lly relativistic calculation, retaining all significant multi-
measure a cross section of the orderdgf and measure it Poles in the photon-atom interaction. _
sufficiently accurately to be able to detect the influence of Figure 1 shows a contour plot of the magnitudedeffor
in Eq. (7). For this reason we have chosen to present ouf=29,Z=54, andZ=92 as a function of angle and energy,
results by giving the magnitude af;, and then expressing given in units ofr § (ro=e?mc? being the classical electron
d, as a percentage af;. radiug. Note this parameter changes by many orders of mag-
It is not in fact the case that all four parametets(i nitude over the range &, energies and angles considered. In
=1.. 4) are tru|y independer[e]. There exists a relation FlgS 2,3,and 4 Corresponding results are presented4f0r
between them, (expressed as a percentagedgf, for Z=29, Z=54, andZ
=92, respectively. Results are given for all scattering angles
di=d3+d3+dj, (8)  and for photon energies ranging from 100 eV to 1 MeV. This
includes the inner-shell threshold region for all but the light-
related to the fact that the overall phase of the scatteringst atomgfor which the effects are small
amplitude is not an observable. In principle, if all the other As is seen in Fig. 1, as one goes to high energies, many
parameters are known, thelp can be determined from Eq. times threshold, the elastic scattering cross section becomes
(8), apart from its overall sign. That only a sign is left unde- very small except at forward anglésshere d, vanisheg
termined is a consequence of the special case of treating tHenus, althoughd, can be largest relative td, at high en-
target as having no angular momentum; in the general casergy, the total elastic scattering cross section is becoming
there will be undetermined amplitudes. However, since thainimportant except at forward angles. Only for higlis d
parameterd, tends to be small compared to the othersstill sizeable away from forward angles at high energies. It is
(which can all be of the same order of magnitydi¢ is  also the case thal, is largest relative tal, for high Z, rising
preferable to have a direct calculation, and a direct observae ~20% ofd; for Z=92. For very lowZ the effect is of
tion, of this parameter. very little importance. From this we conclude that the type-L
We present numerical results fdy andd, for ground- CD effect is of experimental consequence in the regime
state atoms wittZ =29, Z=54, andZ=92. We consider all where the magnitude of the Rayleigh scattering cross section
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FIG. 2. Three-dimensional and contour plot of the paramaer FIG. 3. Three-dimensional and contour plot of the parameer
expressed as a percentage of the paranigtéor Z=29, as a func- ~ expressed as a percentage of the parantgtéor Z=54, as a func-
tion of scattering angléabscissaand energy(ordinate, on a log tion of scattering angléabscisshand energy(ordinate, on a log
scalg. scale.

is still large (indicated byd,), and whereal, is significant in ~ channels are opengdrhere is clear evidence of such abrupt
comparison tad;. This is the case for hig#, intermediate increases in our results. F@r=29 we see such an increase
scattering angles, and photon energies in the hundreds oftcurring at thek-shell threshold 9 keV). ForZ=54 we
keV range. see this happening at thé-shell thresholds£1 keV), at
We now wish to discuss some of the common features ofhe L-shell thresholds£5 keV), and at thek-shell thresh-
d, seen in Figs. 2, 3, and 4. At lower energies there is symeld (=34 keV). These increases are not so distinct for the
metry about 90°, corresponding to the geometric maximumcase ofZ=92, as there are many outer shells with binding
At very high energies the situation has clearly changed—thenergies in the energy range up to 10 keV, whose individual
maximum shifts towards forward angles and the parameter isontributions are not discernible on a large scale. The inner
now negative at large angles. This is due to competition beshells have large binding energies-116 keV for theK
tween the two terms in the expression thy. shel) and the situation is more complicated at these high
energies due to interference between the fammparable

df%['m(M)Re(N)—Re(M)Im(N)]sinzf). (9 ‘femsinEal9.

. . . . IV. CONCLUSIONS
At low energies the second term tends to dominate, since this

involves the real part of th®l amplitude, which contains the A unique polarization effect of circular dichroism in elas-
large (at low energy form-factor contribution. At higher en- tic x-ray scattering, occurring when the scattered photon has
ergies, however, the form factor is small at finite angle, saa suitable fixed linear polarization, has been investigated for
there is more interference between the two terms, which havihe case of scattering by randomly oriented ground-state at-
opposite signs, causing tde parameter to pass through zero oms. Though it is a beyond-dipole-approximation effect, it
and become negative. has been shown to have significance, rising~t@0% in
Since both terms involve imaginary amplitudes whifdr ~ cross sections faZ =92 at intermediate angles. The suitable
a given subshellwill vanish below the subshell threshold, polarization measurement involves measuring the difference
we expectd, to abruptly increase as the photon energy ex-n the scattering cross sections for right-handed and left-
ceeds atomic thresholdand the corresponding dissipative handed circularly polarized incident photons, for a final pho-
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d0'_1

1 1
ga =2 UAIPFIALR) + 2 énéarIA P+ AL + 7 (A2

20.0%
10.0%
0.0%

1
— A D) (&t &)+ Z(AHAI TATA) (&
-10.0%

1
+§3i§3f)+zi(A|\Af —ATA ) (Exiézr— Eiéan)-

(A1)

This equation describes the differential cross section for elas-
106 3% 1% 000 tic photon scattering from an unpolarized target in terms of
0y the Stokes parameters and combinations of two complex am-

E plitudes. It corresponds to E¢B) of this paper. The ampli-
T 100 tudes A and A, are related to thev and N amplitudes
GQ; through the relations
St 1% 410
(0] .
sl Al A=Mcosf—Nsir?g, A =M. (A2)
% L -:jf___ 44 A different notation for the Stokes parameters was used in
7 =92 T T 4% Ref. [3], which in Ref.[3] were defined with respect to a
. ‘ . coordinate system with th& axis lying in the scattering
0 45 90 135 e plane, and thg axis perpendicular to the scattering plane. In

order to compare EqA1) with Eq. (3) the following substi-

tutions should be made, relating the two sets of Stokes pa-
FIG. 4. Three-dimensional and contour plot of the paramger @MEters:

expressed as a percentage of the paranagtésr Z=92, as a func-

scattering angle (deg)

D) (1) _ (1)
tion of scattering angléabscissaand energy(ordinate, on a log §1— =650, &2 T fai s
scalg.
bi—— &, -8, G- (A

. ' . o . We can then rewrite EAl) as
ton observed having a fixed linear polarization at 45° with dAL)

respect to the scattering plane. CD effects in scattering from  do (1) (2) (D)4 £2) (1) £(2)
randomly oriented targets vanish completely only if the final g =01t d1&57657 +da(£57+ 657) +da( €167
photon is chosen to have a linear polarization either parallel

or perpendicular to the scattering plane. + EWERN) +d (gD — £ g2y, (A4)

ACKNOWLEDGMENTS where

This work was supported in part by the Russian Founda-
tion for Basic Research under Grant No. 98-02-16111 and in
part by the National Science Foundation under Grant No.
PHY-9601742.

1 1
dy=7 (A PHAD), =7 (1A, 2= ]A)2),

1 i
dg=7 (ALAT+ATA)), ds=7(ALA]—ATA)), (AS)
APPENDIX . e . . .
and the identification with Eq.3) of this paper is complete.
Note that there is a sign error in EL2) of Ref.[3]—it A detailed discussion of other commonly used representa-
should read tions of the invariant amplitudes is given in REgf].
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