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Measuring nondipolar asymmetries of photoelectron angular distributions
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In theories of photoelectron angular distributions at soft-x-ray energies from 1 to 10 keV, first-order cor-
rections to the dipole approximation give rise to two nondipolar asymmetry parameters in addition to the
well-known dipolar asymmetry paramet@r The nondipolar parameters characterize the forward-backward
asymmetry with respect to the propagation vector of the photon beam. Experimentally, the measurement of the
nondipolar effect has been hampered because of the complications resulting from the three-parameter angular
distribution. In this paper, we suggest various experimental approaches to the measurement of the three
asymmetry parameters using partially linearly polarized x rays, corresponding to measurements on synchrotron
radiation beamlines. We describe methods to extract the asymmetry parameters using such approaches.
[S1050-294{@6)07908-3

PACS numbg(s): 32.80.Fb, 32.80.Hd

I. INTRODUCTION metry properties of the photon beam. Thealues in Eq(1)
are determined by the number and type of multipole compo-
Atomic photoelectron angular distributions have been exnents included in the calculation, but thé values are re-
tensively studied at lower photon energies in the vacuunstricted to 0,2 due to the unit spin, odd intrinsic parity, and
ultraviolet (VUV) region, where the dipole approximation to transversality condition of photons.
the photoemission matrix element is usually considered to be In specific calculations, the number of terms included in
a good description of the interactidi—4]. In the dipole Eq. (1) is usually limited by truncation of the multipole ex-
approximation, the angular distribution for linearly polarized pansion. At low photon energies, it is common to include
light depends only on the angle between the photon polarizaenly the electric-dipole interaction. Consequently, onky0
tion vector and the photoelectron momentum vector and ignd 2 terms are retained in Ed), and the angular distribu-
completely characterized by one asymmetry paramgter tion is characterized by a single asymmetry paramgtekt
However, at higher photon energies in the VUV and in thethe high-energy extremé=1 MeV), Scofield[9] has indi-
x-ray region, nondipolar interactions can modify photoelec-cated that about 100 multipoles are needed in calculations,
tron angular distributions, resulting in a forward-backwardwhich would give a very complicated form to the angular
asymmetry with respect to the photon propagation vectodistribution. In such a case, it would seem to be impractical
[5-10. to measure all of the asymmetry parameters; instead, the cal-
In theories which treat the photon-atom interaction be-culations could be tested by measuring photoelectron inten-
yond the dipole approximation, a general expression for phosities at selected angles. However, in the photon energy re-
toelectron angular distributions, with angles referenced to thgion of ~5-10 keV, recent calculations suggest that it may
photon beam direction, can be given as an expansion ihe sufficient to characterize angular distributions via first-
spherical harmonics: order corrections to the dipole approximation, i.e., by includ-
ing interference terms between electric-dipole transition am-
plitudes and amplitudes for electric-quadrupole and
I(‘g’d’):'_ZM bLmYim(6,¢), (1) magnetic-dipole interactiong8—10. Terms of L=0-3 of
Eq. (1) are included in this approximation, giving rise to two
where the coefficients, , contain the dynamical informa- ~nondipolar” asymmetry parameters in addition to the “di-
tion and the dependence on the polarization state of the ph&lar’ asymmetry parametegs. o
ton beam. Peshkif5] has emphasized the use of the density- General insight into the form of angular distributions cor-
matrix description of the photon polarization state and of the€cted to first order beyond the dipole approximation is given
multipole expansion of the photon plane wave to separato _the differential cross section for linearly polarized light
polarization effects from dynamics and to determine thederived by Bechler and Pret8]:
symmetry properties of angular distribution patterns imposed g
by conservation of angular momentum and parity. Assuming Y90 O ~ A A
randomly oriented target atoms, the angular symmetry prop- dQ 4= {1+ BPa(le-p)+(p-k)[a+bPa([e-p)) T}
erties of the photon-atom system are constrained by the sym- 2
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TABLE I. Relationships of the dipolar and nondipolar param-
eters,B, vy, 6, used by Coopelrl0] and adopted by this paper, and
the B4, By, andB3 of Scofield[9], the B, a, andb by Bechler and
Pratt[8], and theB, k, v, andz by Amusia and Cherepkdé]. Note

that the equivalent table in Ref10] has an error in the relation
betweens andB,.

Cooper[10] Scofield[9] Bechler and Praf8] Amusia and
CherepkoV{6]
B —2B, B B
y —5B;4 3b/2 —5k7
S B,+Bj a-b/2 k(y+7)

tries for different atomic subshells display different energy
dependencies. At certain energies, $&ig et al. observed
enhancement of the photoelectron intensity in the backward
direction, while at other energies, the photoelectron intensity
was enhanced in the forward direction. In analogy with stud-
ies of the B8 parameter at VUV energigd—4], studies of

FIG. 1. The coordinate system used to describe the photoeledondipolar asymmetries provide additional insight into

tron angular distribution. Hereq is the polar angle of the photo-
electron momentum vectgp with respect to thez axis (or the
photon polarization vectog) and ¢ is the azimuthal angle defined
by the projection op in the x-y plane, which is perpendicular &©
and contains the photon propagation vedtor

where, as shown in Fig. b, is the photoelectron momentum
vector, € is the photon polarization vector taken along the
axis, k is the photon propagation vector taken along xhe
axis, B is the usual dipolar asymmetry parameter, arahd

b are the nondipolar asymmetry parameters. In contrast wit
the dipole approximation, correspondingke-0 in Eqg. (2),
the corrected cross section depends on the photoelectr
emission angles relative to both and £. The correction
terms redistribute photoelectron intensity with respeck to
, but do not contribute to the angle-integrated cros
sectiono calculated from the dipole amplitudes. The angula
distribution no longer possesses rotational symmetry abo
the & vector, as it has in the dipole approximation, but it
retains reflection symmetry in they and x-z planes. The
correction terms vanish in the plane perpendiculak twhe
y-z plane, so measurements made in this plane are sensiti
only to the dipolar terms. Angle-resolved electron spectrom
eters designed to measuweand 8 parameters by recording
photoelectron intensities in the plane perpendiculds, taef.
[11] for example, will be insensitive to nondipolar correction
terms in energy regions where E) is valid. However,
other spectrometer systems designeddaand 8 measure-
ments, Refs[12,13, for example, detect electrons emitted
forward or backward with respect toand will be sensitive
to nondipolar terms in Eq2).

Q

V

atomic photoionization at x-ray energies. With the advent of
“third-generation” synchrotron light sources, we expect
there will be increasing interest in measurements of nondi-
polar effects.

In this paper, we assume that the form of the differential
cross section is adequately described by @y.and discuss
various experimental approaches to the measuremep of
and the two nondipolar asymmetry parameters. We make
specific use of Cooper’s formulatigd0], in which the non-
dipolar parameters are denoted lpyand 6 and have been
ﬁalculated for rare-gas subshells using a nonrelativistic
central-potential model. Similar results have also been calcu-
I%ted by Bechler and Praf8], Amusia and Cherepko}6],
and Scofield[9], who used a relativistic central-potential
model. Equivalent sets of parameters from alternative theo-
retical formulationg6,8,9 are compared witl8, v, anddin

rsl'able I. Inclusion of two more asymmetry parameters makes

the experimental measurement much more challenging than

Yhe single 8 parameter measurement. It is further compli-

cated by the fact that commonly used synchrotron x rays are
not completely linearly polarized. The purpose of this paper
is to provide a road map for experimentalists by analyzing
Several experimental configurations and deriving formula-

tions for the three parameters when partially linearly polar-
ized x-ray beams are used. The requirement on the pointing
accuracy of the photoelectron spectrometer is also discussed.

Il. FORMULA FOR THE ANGULAR DISTRIBUTION

Cooper’s formulation for the differential photoionization
cross section using x rays linearly polarized alongztexis
and propagating along theaxis is[10]

dO’m
dQ

On|

unpolarized soft x rays, Krause and Wuilleier observed L PN
4r 2
z

photoelectron angular distributions to be tilted in the forward
direction with respect to the x-ray bedr]. Only recently,

an experiment using tunable synchrotron x rays was per-
formed by Krasiget al, who used 2- to 5-keV polarized x
rays to measure forward-backward asymmetries for the
Ar(1s), Kr(2s), and Kr(2p) subshells[15]. In agreement Here, 8 is the usual dipolar asymmetry parameter @whd
with theoretical calculationg8—10], the measured asymme- y are additional parameters that characterize the forward-

On the experimental side, in early measurements using
) A 3cog6-1)

+(8+y cogh)sing cosp|. ©)
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backward asymmetry. Theoretical expressions dand y  same as that produced by two perpendicular, incoherent, lin-
involve radial dipole and quadrupole matrix elements ancearly polarized components aligned with the major and mi-
continuum-wave phase shiffs0]. As shown in Fig. 10is  nor axes of the polarization ellipse. LEt,jor and | ino, de-

the polar angle of the photoelectron momentum vegtor note the intensities of the components along major and minor
with respect to the axis or the photon polarization vectey  axes, respectively. The elliptically polarized light can now be
and ¢ is the azimuthal angle defined by the projectiorpafi  treated as a linearly polarized component with intensity

the x-y plane, which is perpendicular t© and contains the
photon propagation vectde. Note that Eq.(3) can be de-
rived from Eq. (2) by the substitutions|e-p|—coss,
p-k—sing cosp, a— 6+ /3, andb—27/3. . . .

Equation(3) shows that the nondipolar terms are maximal%nndsi?; unpolarized component with the rest of the total in-
in the forward(¢$=0°) and backward ¢=180° directions : . o )
with respect tdk and vanish in the plane perpendicularkio _The Qegree of Im_ear p.OIa”Z"?‘t'dh can be defmed_ as th_e
That is, measurements in the plane perpendiculak the- ratio of linearly polarized intensity to the total x-ray intensity
pend only on the dipolar asymmetry parameger-urther-
more, measurements made in the plane perpendiculér to
and with 6 at the dipolar magic angle,
6=cos {(1V3)~54.7°, are proportional to the angle-
integrated cross sectiom,;, since the terms involving the
asymmetry parameters vanish. Equat{@8halso shows that
the contribution of thes parameter is proportional to
sind cosp, which is thex coordinate(or coordinate along)
of the unit vector along. The contribution of they param-
eter is more complicated, depending in addition on a factor
of cogé.

For the case when the polarization vectas along they
axis, the angular distribution can be derived from Bj.by
a 90° rotation of the coordinate system about:theis. We
have

I pol= I major I'minors

pP= Ipol

| 1
total

wherel ., is the total intensity of the x rays. For elliptically
polarized x rays, we have

| maior— ! mi
major minor
P:—

l total

It follows that O<P=<1, and havingP=1 represents com-
pletely linearly polarized x rays, while having=0 corre-
sponds to unpolarized or circularly polarized x rays.

If we choose the coordinate system such thatztaxis
aligns with the major axis of the polarization ellipse as

(dan') _Inl 1+ E(3sir120 sif¢—1) shown in Fig. 1, the photoelectron angular distribution can
dd ) Aam|” 2 be expressed as
+( 6+ ysinf8 sirf¢)sind cosp|. (4 doy, )= I pol (dam) . |tota|—|po|(d0n|)
dQ lotal dQ z | otal dQ unpol,

The angular distributions for unpolarized and circularly po-
larized x rays are the sanig] and can be derived by aver- .
aging Eqgs.(3) and(4):

dO’m) Tnl B ( ’y) . dO'nI _ dUnl d0'n|

) =14 =)+ | 5+ = ]sind co (P)=P +(1-=P) :

( o, Tan||77 4 7| Siné cosp i) o/, a .,

_ %Tﬁsinze codp— %sin30 coS¢|. (5) By using Egs.(3) and(5), we derive[17]

B 3 3
1+ - 7PB+5PB coso

Notice that Eq.(5) is a function only of sid cosp=p-k, the don (P)= ﬁ[
cosine of the angle between the electron momentum and ~ d€ am
photon propagation vectors.

(P-1)]
+| 6+ yP cogh—y 5>—|siné cosp
lll. ANGULAR DISTRIBUTION BY PARTIALLY )
LINEARLY POLARIZED X RAYS (38 _
+|—(P—1)|sirf0 coS¢
X rays from a synchrotron radiation source are not only | 4
linearly polarized in the plane of the ring but also elliptically [ (P-1)
polarized outside this plane. To measure the dipolar and non- +|y sin* cos”qb) .
dipolar parameters, the general expression for the photoelec- 2

tron angular distribution by partially linearly polarized x rays

has to be used. With replacement of cdg and cod¢ with equivalent ex-
It has been show[iL6] that the photoelectron angular dis- pressions using cogand cos®, the angular distribution

tribution corresponding to elliptically polarized light is the becomes
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dop effects resulting from possible mechanical misalignment in
rTo) (P) the experiments will also be discussed, to help in designing
such experiments.

B
g (1+3P)(3coso-1) IV. ANALYSIS OF EXPERIMENTAL CONFIGURATIONS

Onl

an |1t

Angle-resolved electron-energy analyz€E&A) are com-

(5 co§0—1)} monly used for measuring the angular distribution of photo-
electrons excited from a specific atomic subshell. The angu-
lar distribution can be measured either by placing several

Sin*6 cos2p fixed EEA’s around the sample or by placing one EEA on a
rotational devicd 15].

If the fixed or rotating EEA’s are arranged to measure
sin’6 COS3¢]- (6)  electrons with momentum vectors at a fixed polar angjle
then the measured data as a function of azimuthal aggle

%vill be the Fourier series expressed in Ed@. The Fourier

. : . ‘oefficients can be extracted by numerical Fourier series ex-

(6) can be derived directly from Eqs3) and (4) without pansion, and the values of the dipolar and nondipolar coef-

using Eq.(5). However, the z_ibov_e derivation a_lso demon'ficients can be deduced. We consider several experimental
strates the case of x rays with circularly polarized COMPO-. o irations in the followina discussion
nents as is the case of synchrotron x rays when not aligneaD g 9 ’
with the plane of the ring.

In practice, there may be a tilt between the experimentally
defined coordinate axes and the linear polarization compo- 1. @ fixed at an arbitrary angle

nent. This situation is represented in Fig. 2, where the linear

component lies in thg-z plane but at a tilt angles with - . . 97 o

; ; t fixed 6 with the linear polarization vector pointing along
r he axis. The experimentall rvi ngular & . - . ;
espect to the axis e experimentally observed angula thez axis as shown in Fig. 3. Here, the EEA is rotating about

distribution is then given by a rotation of the coordinate sys—the hoton polarization vectaror thez axis and measurin
tem by an angle) about thex axis: P polarization v z axi uring

photoelectrons with momentum vectpr which are at a

fixed angled with respect to the axis. For a singleb scan,

1+ E (1+3P cos 2)(3 co26—1) the measured data can be fitted to a function of the form
8

* 8

P
5+ 7y cogh+y (

3B
5 (P~

X sinf cosp+

(P-1)
+ly 8

It should be pointed out that the same expression as E

A. Polarization vector along the z axis

Equation(6) describes the angular distribution offescan

nl

do, b o
a0 P72,

ao[ 1+a,;cosp+a,cosZp+azcos3p],
+

Y
&+y coso+ g (P cos 2—1) and four coefficients can be obtainéat, a,, a,, anda,).

With these coefficients, we can yield four equations for five
variables(o,, B, 4, v, andP) from Eq. (6). In principle, if
one variable is known, all others can be solved. However, for
an experiment with highly polarized synchrotron liglt,

X (5 cog6—1) |sind cosp

Sirf 0 cos2p

+ 3?'8 (Pcos 2/—1)

Sin*g cos 3

+ %(P cos 2/—1)

sing sing

3B .
|5 (P sin2y cosd)

_ % (P sin2y cosd) |sirf 6 sin 2(,25) (7)

Note that when/=90°, the above expression corresponds to
the case when the linear-polarization component lies along
they axis.

Equation(7) is in the form of the Fourier expansion of the x
angular distribution in terms of thé angle, if thed angle is
fixed. When#@ is at the magic angle of 54.7°, the constant
term is proportional to the angle-integrated cross seetign
as in the case of dipole approximation.

We shall use Eqs6) and (7) to analyze several experi-
mental configurations and formulate the dipolar and nondi- FIG. 2. The coordinate system with the major polarization vec-
polar parameters for partially linearly polarized x rays. Thetor in they-z plane and tilted at anglgs with respect to the axis.
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FIG. 3. The coordinate system with the major polarization vec- 0 90 180 270 360
tor along thez axis. The trajectory for & scan with fixedd by the ¢ (degrees)

EEA is also shown.
anda, are small because they vary Bs-1, and the solution _ FIG. 4. Ph_otoelectron angular distribution as a functiongof
for the variables, despite the complex mathematical expres\g(')t:r'ez a;nrgaglctgrfie F‘;"nggé‘ gzé’ 9an:ni;i OT Qe;feu;ﬁgxfs’
sion, could have large error bars. A simpler configuration P 9 ' R - - '

with ¢ fixed at the magic angle is discussed below. This configuration is most useful in cases whéreD (i.e.,

excitation froms subshells in a nonrelativistic central poten-

2. 0 fixed at the magic angle ; .
g g tial model[10]) and the above equation becomes

With 6 fixed at the magic angle of 54.7°, as was done in

Ref.[15], the_ constar!t term in the Fourier series pf ). y= \/27—7(31—33)-
becomes unity, and independent @fand P. Equation(6)
becomes Furthermore, for6=0, the degree of polarizatioR can be
m . Tu [1+[5+ ) M} \/g oss calculated using
dQ A 12 3 o a;+3as
+B(P—1) COS%”(P—l)\ECOS%JI a;—az '
4 12 3

provided thaty, or a; —as, is large enough to yiel® with

As stated in Sec. IV A 1, the coefficients of the cgsahd good accuracy. We can aiso calcul@dy using
cos3p terms of the above expression are usually small for 4
highly polarized synchrotron x rayse., P is close to }, and P=—a,+1.
they cannot be used directly to precisely calculgter vy. B

From the coefficients of the cgsand cos® terms, we have . o ]
This expression is useful whehis known from other mea-

Y surements or calculations, or when it is valid to assyine
ot 3= \/;(al_a3)- for ans subshell.
The a, coefficient in the Fourier series is proportional to
Although & and y parameters cannot be separated accuratel{e¢ angle-integrated cross sectiop, . The x-ray energy de-
for highly polarized x rays in this configuration, a weighted Pendence otr,; can be measured by scanning the x-ray en-
sum of § and y can be determined, independent of the polar-€rdy-
ization P, and compared to theoretical valuyd$)]. Figure 4

shows the photoelectron intensity as a functiorpdbr sev- B. Polarization vector along they axis

eral P values forg=2, 6=0, andy=1. Notice that wherp is _ .

45°, 135°, 225° or 315° the intensities depend only on 1. 0fixed at an arbitrary angle

a,;—ag and, therefore, are independentrafThis result is an When the polarization vector is along thexis, as shown

example of a general symmetry property of angular distribuin Fig. 5, the EEA’s rotation axis, theaxis, is perpendicular
tions by which the dependence on the polarization state db the photon polarization vectar, or they axis, and the
the photon beam can be eliminatés. EEA is measuring photoelectrons with momentum vegtor
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o e L day, Tni (—P+3)] [2
o 7. EEA trajectory E(P) . 1+|6+7y —1 3 cosp

FIG. 5. Same as Fig. 3, but with the major polarization vector

along they axis.

(P+1) (P+1)\/§
—B 4 COSZp—y —5— /5 oS3

Again, none of the Fourier coefficients become insignificant
when P is close to 1. With the experimentally best-fitted
Fourier coefficients of,, a,, anda;, we have

- 4
’8__(1+P)

12\/§ 1
5_\F
2

If the value ofP is known, allB, 8, andy parameters can

ary,

and

3-P
qtirpas

which are at a fixed angl@with respect to the EEA’s axis of P& detéermined by a singlg scan. In addition, the energy
rotation. The angular distribution can be derived by lettingdePendence of the total cross sectig, can be determined

$=90° in Eq.(7), to give

by the Fourier coefficienta,. One can determin® from
these equations if eitheéfor 8 is known. For example, in the
limit of a nonrelativistic central field moddl10], theory

Aoy ( P,y= Z) _In 1+ E(l_gp)(g Cogg_l)} shows thaté=0 and =2 for s subshells. Onc® is deter-
dQ 2] Am 8 mined by s-subshell electrons or other independent tech-
(P+1) niques, theB, 8, andy parameters for all other subshells can
+| 8+ y coso—y be measured by using the equations above.
8 For highly polarized synchrotron x rays, we can define
AP=1-P, and the expressions f@ and y parameters can
X (5 cog6—1) |sind cosp be approximated for smallP by
AP
—[l%ﬂ(PJrl) Sin?0 cos2p B~—2(1+7 82,
(P+1)]| . 3 AP
-|7 4 sin*g cos?¢]. 7~—G\é 1+ - as,

Unlike the previous configuration discussed in Sec. IV A, thend
Fourier coefficients do not approach zero with highly lin-
early polarized light(i.e., P~1). By fitting the data of a _ E _Y

) . . ) . ) (a;+ag) AP.
single ¢ scan, we have again four equations and five vari- 2 6
ables(o,,, B, 6, v, andP). By knowing any one variable, the ] ) )
other variables can be solved, although the general expredhe above equations show that, for a 90% linearly polarized
sion for the solution can be quite complex. However, wex-ray beam, there will only be 5% change in the valuegof

note that the ratio of and 8 can be simply expressed by ~and y from those for a completely linearly polarized x-ray
beam. Also, for a value of around unity{ 10], the change in

y 3 a the value ofé is about 0.02. Judging from the theoretical
R values of Ref[10], the influence of partial polarization from
B sind a, a synchrotron x-ray beam on the measurement oftaad y
parameters is quite small in most cases. However, it can be
where a, and a; are the experimentally best-fitted Fourier quite significant for thes parameter.
coefficients discussed previously.
3. @ fixed at angle 90°

2. fixed at the magic angle An interesting case to consider is when the polar angle

When ¢ is set to the magic angle, the angular distribution#=90° and the linearly polarized component of the x-ray
becomes beam lie along thg axis. In this case, the EEA is rotating in
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FIG. 7. The phase shift angl&¢ as a function ofy, for g=2
and 6=0. The solid line is the actual¢, and the squares are the
best-fit A¢. The functional form used to fit the calculated angular
distribution is sif(¢+Ad). The total range ofp for the fit is 40°,
centered atp=90°.

FIG. 6. Angular distribution, as a function @, in the plane
containing both the photon propagation vedtoand the polariza-
tion vectore for y=—0.4, y=0, y=0.4, andy=0.8, and assuming
B=2 and5=0.

rangle¢max that corresponds to the maximum intensity of Eq.

the x-y plane, which contains the photon momentum vecto (8) by setting its derivative with respect i to zero. The

and the polarization vector. The angular distribution is ex-

pressed from Eq(7), with 4=90° and6=90°, as follows: result is
3co
dop On| B Y Z = #!
g0 (P)=7- 1|1~ g (1-3P)|+| o+ g (P+1) |cosp B 1—3C0Sdmax
38 if we assume5=0. Notice that the ratig/8 depends only on
_{_ (P+1)|cos2p— Y (P+1) cos&;’)}. dmax @nd is independent d?. Furthermore, we can define
8 8 the phase shif\¢ as

()
ar

. A ¢E 5 d’max-
The constant term is dependent on bgtand P. Further- 2
more, the actual range @f that can be measured is limited _
by the physical size of the EEA, because it can block thé=or a smallA¢, the y parameter can be approximated by
incident x rays, and a limiteeh scan reduces the accuracy of 17 .3
the Fourier-series fit. A better method follows from Fig. 6, y=BBA+FTAP”),
which shows the angular distribution for several values,of 3

or, when we havg8=2, y=6A¢+17A¢°.

with =0 and8=2. The angular distribution foy=0 (i.e., ) o )
the dipole approximationin Fig. 6 is given by A method to determine the phase sl in experimental
work is to measure a section of the angular distribution
do oo 3(P+1) around$=90°, and the measured data can be fitted with the
npy=-2 2 Gig function sirf(¢+Ad¢). The y parameter follows directly from
dQ am 2 ’ the best-fitA¢ value. The result of a simulation of this
method is shown in Fig. 7, where we pldt) as a function of
which has a sifyp dependency and maximum intensity for y with =0 and 8=2. The square dots in Fig. 7 represent
¢=90°. As the value ofy is increased, the angléb that values ofA¢ obtained by fitting the theoretical angular dis-
corresponds to the maximum intensity gradually shifts awayribution with the function sif(¢+Ad) over a total range of
from the angle$=90°. This is true because theparameter ¢ of 40°, centered at 90°.
is mainly responsible for the forward-backward asymmetry Although limited tos-subshell electrons, this method does
that deviates from the angular distribution given by the di-not require a large angle of rotation by the EEA. Rotation in
pole approximation. Mathematically, we can calculate thethe x-y plane also reduces the mechanical complexity of
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setting the magic angle as in previous cases. This method is 38 .
again independent of the polarizatiénof the x-ray beam. 7 (3P—1)cosfn|sind cosp
3B

V. EFFECTS OF THE ROTATION AXIS TILT Y2 pon-Yipry
8 4

In this section, we discuss the effects of misalignment of

the EEA rotation axis with the polarization and propagation .

axes of the x-ray beam. The sources of this error can be the X cosin|sin’6 cos2p

mechanical uncertainty in positioning the EEA and the un-

certainty in determining the direction of the polarization vec- n (P-1) Sirf o cos ©)
tor. We can discuss the tilt angle of the EEA rotational-axis Y78 B

misalignment in two directions, one in tlyez plane and the
other in thex-z plane. Unlike a tilt in they-z plane, a tilt in thex-z plane does not
generate new terms in the Fourier expansion, and the tilt
cannot be identified easily from the Fourier analysis of the
) o ) ) data. Comparing Eq9) with Eg. (6), we can see that the
When the major polarization vector is along thexis, as  perturbation introduced by the tilt anghe on the cos and
shown in Fig. 3 and discussed in Sec. IV A, the angularcog2¢) terms of the Fourier series is substantial. We can
distribution is expressed in Eq6). By tilting the rotation  ynderstand this effect by noting that the nondipolar param-
axis in they-z plane by an angle the geometry is as shown eters result in the bending of the dipole angular distribution
in Fig. 2 and the observed angular distribution becomes Ectorward or backward with respect to the photon propagation
(7). Comparing Eqs(6) and(7), we can observe two differ- djrection. A tilt by the rotation axis of the EEA in the same
ences. First, fog/#0, two more terms appear in the Fourier sense will change the measured asymmetry properties, and
expansion, the sipand the sif2¢) terms. Both terms have  therefore the calculated values, of the nondipolar parameters.
a linear dependency op, wheny is small, and they can be T quantify the effect of a tilt in the-z plane, we set the
identified from the Fourier expansion of thg-scan data. g angle in Eq(9) at the magic angle and examine the results

Second, for the other Fourier expansion terms, the polarizasf Sec. IV A 2 depicted by Fig. 3. For the case wh&nro,
tion P is replaced byP cog2¢). It follows that the deriva- e have, from Eq(9),

tions discussed in Sec. IV A 2 remain unchanged, even for

A. Tilt in the y-z plane

#0, with the exception that the “effective” value &¥ is do o p (P+3) >
now multiplied by a factor of cd2). The tilt in they-z n! (P,p)= _”'[ - nl+|y ——— \/:
plane bears no influence on the determination of yhea- ~ d Am 3v3 12 3
rameter.

A similar argument can be applied to the case where the T _
major polarization vector is along theaxis, as discussed in Vi B(3P—1)7n|cosp

Sec. IV B. The expressions in Sec. IV B 2 of tBey, andé
parameters are not affected by the tilt angle, except that the
polarizationP in these expressions is replaced®ygog2y). +

In addition, the magnitude of the shnand sir{2¢) terms in
(P—1) \F
Y712 V3

the Fourier series can be used to estimate the tilt arigle
The constant term in the above equation now includes unity

even though the precise orientation of the polarization vector
in they-z plane is not crucial for determining the dipolar and

B. Tilt in the x-z plane and a correction term dependent gnP, and ». This cor-
rection term is typically smaller than 0.01 for a tilt angjef

nondipolar parameters.

For a tilt in thex-z plane, the axis of rotation of the EEA 4, 10 andy around unity{10], so it is usually negligible.
leans forward or backward with respect to the photon propa- Following Sec. IV A 2, the expression farnow becomes
gation direction. The general expression for the angular dis-
tribution can be derived from Ed6) by a rotation of the 3 33
coordinate system about tlyeaxis. The result is much more y=3 \ﬁ(al_aS)_l' —— B(3P—-1)7.
complex, and we give only the first-order approximation for 2 2
a small tilt anglex:

B

Y
Z(P—l)—%(PJrS)n COS2p

cos%] .

The second term determines the uncertainty in measuring
from an unknown tilt anglep. For 8=2 andP~1, the last
term is approximately 14 This result indicates that, if the
rotation axis of the EEA has a pointing accuracy of 1° in the
x-z plane, the uncertainty in measuringis 0.17, which is

B

%(P ):ﬁ 1+_
do ‘P 8

ko

(1+3P)(3 cog6— 1)}

Y .
oty (2+2P~(3+5P)sir9) |coshy quite a significant error, considering that the theoretical val-
(P=1) ues fory are usually less than 1 in the soft-x-ray ran].
- _ For the case where the major polarization vector is along
+|+y coso+y 8 (5 cos9—1) they axis, as discussed in Sec. IV B 2 and depicted in Fig. 5,
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the approximate angular distribution for a small tilt angle parameter is roughly an order of magnitude more sensitive to
when 6 is at the magic angle, is given by the pointing error of the rotation axis of the EEA in thez

plane than is the8 parameter.
One method for determining the tilt anglgexperimen-

don (P, y)= ﬂ[ 1+ = | s+ P ,7 tally is by making a¢ scan fors-subshell photoelectrons,
dQ) Am V3 3 where we can assum@=2 and 5=0. Both  and AP can
then be calculated from the Fourier parametrsa,, and
(—P+3) \F as, by solving the linear equations
+|| 6+y =
12 3
+i,8(3P+1) cosp— [—g(P+1) A
V3 n 4 \/ia37]_?AP:(1+a2)
Y
+—(—P+3)7n|cos2p
(P+1) /2
~| Y 13\ 3|c0s3#. Once » and AP are determined, the dipolar and nondipolar

parameters for any other subshells can be measured.

As discussed in Sec. IV B 2, the advantage of this configu- The results of this section indicate that tilt errors in the
ration is that none of the Fourier coefficients approach zer&-z plane are more problematic, for the measurement of
with the high degree of polarization of the x-ray beam. Toasymmetry parameters, than are tilt errors in yhe plane.
simplify the above equation, we first note that the constanfor the configuration described in Sec. IV A 2, a high point-
term in the Fourier expansion has a first-order termyin  ing accuracy for the rotation axis of the EEA is required.
This term is typically smaller than 1% and can be ignoredFortunately, it is feasible to precisely position the rotation
With highly polarized x ray$P~1), we can further approxi- axis of an EEA perpendicular to the propagation direction of

mate the above equation by the x-ray beam by the use of mechanical and optical align-
ment method$15]. On the other hand, for the configuration
described in Sec. IV B 2 the tilt angle can first be measured
doy (P, p)= Il gl se y (—P+3) \ﬁ by usings-subshell electrons, and then the tilt angle and the
daa 4 12 3 polarization can be used for other subshells.
+ 4 B sp £ (P+1)
v 4
VI. CONCLUSIONS
+ 2 plcosap-| y (P+1) \ﬁ Cos3b . We described several experimental approaches for ex-
3v3 12 3 tracting the dipolar and nondipolar parametegss;y, and 4,

using partially polarized light and Fourier-series data analy-
Following the same derivation as in Sec. IV B 2, we obtain sis. When the EEA is rotating about the direction of the
polarization vector, the expression for angular distribution

AP > can be simplified with the anglé between the polarization
B= _2( 1+ —|a,— — y7, vector and the photoelectron momentum vector fixed at the
2 3v3 magic angle. Measurement from this geometry can vyield,

independent of the degree of polarization, a linear combina-
tion of y and 6, whereasB cannot be determined for highly
as, polarized x rays. This geometry is most useful in measuring
the y parameter fois-subshell electrons. When the EEA is
rotating about an axis perpendicular to both the polarization
vector and the photon propagation vector, glly, and &
parameters can be determined, provided that the degree of
\F Y polarization of the x-ray beam is known. In addition, the
6= z(a1+a3)— 6 AP—2v3B7. degree of polarization of the x-ray beam can be determined
by this geometry using-subshell electrons. The mathemati-
The above expressions show that thearameter is not af- cal expressions for thg, vy, andd parameters were given for
fected by the tilt angley, but substantial error could occur 6 fixed at the magic angle. A much simpler configuration
for the B8 and § parameters if the tilt angle were not taken was discussed where the EEA is rotating in the plane con-
into consideration. For example, if we hage=1 andy=1, taining the photon momentum vector and the photon propa-
and the rotation axis of the EEA has a pointing accuracy ofjation vector. In this case, the ratio gfand 3 is a function
1° in the x-z plane, then the uncertainty in the and §  of the phase shift of the angular distribution, wh&r0, and
parameters would be 0.007 and 0.06, respectively. Fhe is independent of the degree of polarization of the x-ray

_6\/§1AP
Y=TON3| T

and
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beam. When used to measwwsubshell electrons, the pa- ACKNOWLEDGMENTS

rameter can be determined. Finally, we showed that the
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