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ANOMALOUS SCATTERING OF X-RAYS BY CESIUM AND COBALT
“MEASURED WITH SYNCHROTRON RADIATION

David H. Templeton and Lieselotte K. Templeton

Materials and Molecular Research Division
Lawrence Berkeley Laboratory

and
Department of Chem1stry
" University of California
Berke]ey, California 94720
James C. Ph1111ps* and Keith O. Hodgson
Department of'Chemistry

~ Stanford University
Stanford, California 94305

Both reg] and imagjnary components of the anqma]ouS X-ray scattering
were measured by sing1e-crysta] diffraction experiments with synchrotron
radiation at wavelengths through"the'region of the threerL absorption
edges of cesium, the first such experiment-for any element at the L
. edges. Néar‘the L3 edgeff'IVaries'between -26.7 and -13.9 eiectrons
and f'' between 4.0 and 16.1 in a wave]éngth_fntérva] of 0.008 . Similar
but smaller changes occur -near the L2 edge, and still smaller ones at
L]; Fine structure in the f'' curve corresponds to thaf;observed,in an
ébéorption'curve and also, by a dispersion re]ation,ito fine structure
in the f' curve. These effects offer promise as a substitute for
1somorphous rep]acemeﬁt for soIVing the phase problem for macromolecular

crystal structures. Similar experiments with cobalt near the K edge

* o ' _
Present address: European Molecular Biology Laboratory, c/o DESY,
' 2000 Hamburg 52 Notkestrasse 85, West Germany
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give f' values.in agreement with measurements by other workeré for
nickel and copper by different methods at corresponding wavelengths;

the lowest value observed is f' = 7.5 e.

INTRODUCTION

Synchrotron radiatidh provides a cbnt1nuous spectrum of X-rays
intense enough .for single-crystal diffraétometer experihents'at
arbitrary'waveTenéths, even wheh a very narrow band of wavelengths
is se]ected w1th a s111con or qerman1un crysta] monochromator e
are interested in this technique as a means of measuring anomalous
‘scattering effects near absorpt1on edges at high reso]ut1on, both
to confront the phys1ca1 theory of the scattering orocess and to
lay a foUnqation for app]icatiOns,of this new.radiation source in
solving complex Crysta1-stfuctures, A demonstration by photographic
technique of the utility of synchrotrbn'radiation and K-edge effects
‘for studying protein structure was reported by Phillips, Wlodawer,
- Goodfellow, Watenpaugh, Sieker, Jenéén & Hodgson (1977) with a
review Qf some of the previous applications of anomalous scattering
to the phase probTem. It was recognized very'ear]yvthat anoha]ous
scattering effects are 1argef at L edages than K edges, and Brentano
and Baxter (1934) measured a reduction of 10.1 electrons in fhe
magnitude of scattering by tungsten'atga Qavelength,6.5% longer

than the L3 edge. In spite of the wide interest in anomalous
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scattering‘ahong crysta]]ographers:and'the fact'that’1arge effects
can be predicted froh existing data for absorption near L edgés,
there does not apbear to have been any direct study of the Variation
of scattering closer to L edges until our work with cesium in
'ceéium hydrogen tartrate. lThé method is to derive the anomalous
scattering terms f' and f'' by 1éastfsquares adeStment‘using
diffraction data measured with‘a(ckysfaT who$e,st}ucturé is known
accurately from work at another wavelength (Templeton and Templeton,
1978).. The first shch experimenté with synchrotron radiation -
(Phillips, Templeton, Templeton and HongOn,»1978),showed an unpre--
cedented decrease in scatfering power of cesium at the L3 edge, "

f' = -27.1 % O.9.¥ In the present’papér we‘keport more extensive
‘measurements of cesium at all three L edges and some similar eXberif
ments with cobalt near its K edge.

Cesium was chosen for the f1rst exper1ments because its L
absorption_edges occur at wave]engths which are'avcompromise between
higher-energy photons which better penetrate air and beam-line
WindOWS,, and lower-energy ones which are produCed more intensely
by the storageringin its frequent low-energy mode of opefation.
Cesium hydrogen (+)-tartrate was chosen because of its‘desiréble
physical properties and favorable symmetry. It crystallizes in
space group PZ] ]2] with one molecu]e in the asymmefric unit. A
- non-centric structure improves the determination ofrf"; The 222
point s&mmetry makes it convenient to measufe equivaTént‘refleCtions
and Bijvoet pairs on fhe same side of the crystal, whatever its

orientation. The chiral tartrate molecule guarantees that the
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cnystai is a pure enantiomer. The 1ocation of all atoms in general
positions gives variety to their contributions to structure factors
and tends to decrease corre]afions between different parameters.

Tne lattice panameters, atomic coordinates and thermal parameters
~are known accurately (R = 0.016) from an'experiment»with'Mo Kot
radiation by conventional methpds (Templeton=and.Temp1eton, 1978).
Cobalt was studied as a check of the method at a K absorption
edge by comparison with measurements of nearby e]ements by other
techniques and as a test of the.diffraction apparatus at a wave-
length neanvCu Ka. . Crysta]é of (+)-tris(eihy1enediamine)toba]t(IIi)
chloride (+)-tartrate were at hand.and the necessary structural
narameters had been determ1ned by . Temp]eton, Zalkin, Ruben and

Templeton (1979) us1nq Mo -Ko. radiation (R = 0.022).

EXPERIMENTAL

- The exper1ments were done at the Stanford Synchrotron Radiation
Laboratory with X-rays produced by the SPEAR storage ring. Measure-r
ments were carried out with the SSRL diffractometer system which
includes a doubly-curved mirror and»two-crysta],germanfum (111) mono-
chromator to focus the beam and select the wavelength (Hastings,
Kincaid and Eisenberger,'1978), an Enraf-Nonius CAD4 diffractometer
with scintillation counter to measure diffraction intensities, an
ionization chamber to monitor the.incident beam intensity, and a

PDP 11/34 computer to record the data and to control the operat1on
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and mechanical adjustmehts of the'equipment. A detai]ed.descriptiqn
of the system.énd its-performance has been given by Phillips,

Cerino and Hodgson (1979). The diffractometer is enclosed in a

steel box (“hutch") for radiation safety. It}is'tufﬁed on its side

so that diffracted beams are measured in a vertical p1éne, at right
angles to the e]ectric_vectbr of the horizOnta]]y polarized synchrotron
radiation. Some of fhe experiments at the‘Cesium L1vedge.were done
with a modified co]]imatbr system and different but similar ﬁirror

and monpchromatSr on -another beam Tine at a slightly greater distance
from the storage ring.

The méasuremeﬁts_reported Heré-were made with three spherfca]
crystals of CSHC,H,0p with diameters about 0.33, 0.28 and 0.38 mm
and a crystal of Co(C,HgN,);C1(C4H,05)-5H,0 with six wwell-defined
faces and dimensions 0.102 x 0.084 x 0.110 mm, each mounted on ay

glass fiber with epoxy glue.

The monochromator ang]é is set very precisely by a stepping
motor with 1200 or 2000 steps per degree, but it lacks a permanent
| absolute zero. Consequehtly ﬁhe ane]ength scale Was determined
v frequent]y by measuring absorption curves with a sample inserted
between the ion,chamber‘and-the dfffractometer»scintﬁ]]ation
'»couhter (set at zero angle with the beam stop removed) and passing
the X-rays'thrOUQh.the diffracfbmefer co]]imatorwvahe wavelengths
ére assumed to be 2.1673, 2.3139 and 2.4740 R for the cesium L
edgesAénd 1.6081 R for.thé cobalt K edge (Bearden, 1967). -
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'Thése experiments wére done over a‘peribd'df 20 months under a
vafiety of condﬁtioﬁs of accelerator operation with electron energies
“in the storage ring rahgfng‘frdm 1.9 to 3.6‘GéV; Most of the useful
results were obtaihed with electron energie§ above 2.3 GeV.
Diffraction intensities were recorded in the w-26 scan mode with
| scan'spéed'set'to'achievé typically 4% statistics. A typical pro-
cedure was‘to measure 40 different reflections, sohetimes with
repetitions, which after averaging of equivalent ones yielded two
centric réf]ectiohs and 9 Bijvoet'pairs;'.Theseiref]ections, with
(sine)/A in the range 0.26 to 0.36, were selected so that ceSium
and light atoms»added with a’varfety'of phase angles to avoid high
vcorre]ation among f', f'' and the scale factor. The cobalt experi-
menfé were done with 34 reflections (17 Bijvoet pairs) with
‘(sin_e)‘/A between 0.214 and 0.234.

Absorption effects in these experiments éfe large and require
careful attention. At an absorptidn edge the absorption coefficient
u'is:a very sensitive function of wavelength, and in princinle its
value-is unknown in édvance; it is directly related to f'' which
is one of the objects of the eXperiment. Sometimes it is necessary
~ to repeat. the data analysis, using a ya]ue_of'u<based on the result
of the first iteration.: However, since the scaie factor is-also one
of the parameters which 1s‘variéd, it is only necessary that the
ratios of absorption corrections for different reflections be correct.

These ratios are much 1gss sensitive,to.u than are the absolute
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values of the-transmissioh factors. In most of our calculations u
was estimated accurately enough in advance to make iteration

: unneceséafy. For a spherical crystaT the rétios of transmission
'faétors become independent of u in the limit of large uR, and
1imitation of the measurements to a small range of Bragag angles
makes the‘correétions nearly the same for ai]rreflections. For
_compufationa] convenience we derived an expression which is valid

within about 1% for uR > 5:

2 .
T =.1-5988 44 tan X+ 9) 4 1+ cos28
s1n9 -4 2 | (uR)2
+ [0'24 - —17—2] sin2o - 0'202 sinde
M (R) © . (wR)
0.02 . " | |
"R sin6e | M

where T is the transmission at Bragg angle 8 relative tb that at 6 =
80° for a sphere of radius Randabsorptfon coefficient y. ‘The first
two terms give the limiting value of T for infinite uR, the third
term is an asymptotic expressfon for T at 6 =0°and goééito zero at
B = 90°, while the remaining-termS'aré an.- approximation adjusted to
results of numerical integrations in the range uR = 5 to 40 for
intermediate vaiueé of 6. - | o

1

For the cesium salt the value of u ranged from 360 to 1320 cm™',

~and correction factors (T~') from 1.7 to 3.4 in the extreme case.
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Absorption corrections for the prismatic: cobalt crystal were calculated
by the analytical method'with our program ABSOR (Temp]eton and

T (the

Templeton, 1973); they ranged ffom 1.25 to 1.34 for pu = 30 cm”
minimum value) and from 2.15 to 2.77 for u - 110_cm'l”(the max imum
va]ue).' |

Because of the high1y po]arized nature of synchrotron radiation
and the geomefry’of the experiment'(scaftéring in the plane pefpendi-
cular to the electric vector of the X-ray) no correction.was made
for polarization effects. |

The method 6f‘1east squares was used to derive f'-and F11 for )
’tﬁe heavy atom frém}the data at eaqﬁlwévelengfh. The scale factor
was the only other-variab}é. Anomalous scatteking terms fbr the
light atoms, which éré sm§11 but not'neg1fgfb1é, were interpolated
from the tables of Cromer and Libekmén (1970). The structural para-

meters were taken from Templeton and Templeton (1978) and Temp]eton;

‘Zalkin, Ruben and Temp]etoh (1979).

CESIUM;ANOMALOUS SCATTERING | ’

Thé results for cesium are listed in‘Tab]e_l and plotted in
Fig. 1. Our first experiments (Philiips, Temp]etoh, Templeton and
Hodgson, 1978) a]ready showed f' values as negative as -26 electrons
~at the L3 edge, and the new data confirm that sharp dip. Points'are

measured on thevsharp peaks of f'' which occur;at both the L2 and
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L3 edges, showing that diffraction,experiments‘can:be carried out
with sufficient wavelength precision to expleit such fine-structure
- effects. Additional modulation of f'' on the short wavelength side
of the edge, e1reédy familiar in absorption measurements, is also
observed. One sees that the f' values reflect these same effects
(modified by the dispersion relation) with substantial am91itude.
The main features observed in both f' and f'' at the L3 edge are
reflected with about half the amplitude at the L2jedge,vindicating
]ittle.differehce in the electronic transitions involved in the
photoelectric effect at these'edges-except theimu1tip1icity
difference of the p3/2 and p]/2 vacancy states of the L she]]
The resemblance of this structure at the two edges:is also ev1dence
in support of the va11d1ty of the experimental: method.

The anomalous.scattering terms f' and f'' are related to the
absorption cross section o by the relations_(dames, 1962; Wagenfeld,

1975):

£ (0) = chﬁ:éw) - v. l - (2)
fl(w) - % f w'fé'( ?zdw (3)
N w - w
0

where the Cauchy principd] value is taken for the integral in (3),
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which is'onelof.thé:forms of the qumérs-Kronig dispersion relation.
These expressions refef to the values of f' and f'' for forward
scattering, whereas our experiments measure thém at finite scatfer—
ing angles. The difference is likely to be only a few percent or
‘less, but is one of the reasons for measuring them in actual
diffraction e*periments. To test the app]icabi]ity,of r¢1ation (2)
values of f''/w are.p1otted in Fig} 2, together with‘an-absorption
spectrum (minus a 1inéar backgroﬁhd) Qf'cesium Hydrogen tartYate.v
As the.abéorptioh spectrum was not on an abso]ute'sca]e is has been
adjusted by a\Sca]e factor to Coinéfde with the extreme values of
i _Thé good fit indicétes thatvabsorption‘cﬁrQes will be useful
Quidegvfor prediction of f'' in other materials. Strong absorption
lines like the one seen hére have been ca]led’"White lines" because
of théfr appearanbe when recorded‘on‘photographic p]afes.

. The andma]ous scattering terms near the L3 edge are shown in
Fig. 3 on an expanded wavelength séa]e for comparison with values
ca]cQ1ated by Cromer (1978) according to fhe method of Cromer and
Liberman (1970) with a changevin the numerical integrétion pro-

“cedure to make it valid for wavelengths very close to the edge.

Also p1bfted is a curve of f' calculated from f'' according to
equation (3)vwith fntégratioh Timits 7.44 R to 0.022 R. our experi-
mental values of f'' were uséd near the L edges, with some inter-
polation guided by the behavior of absorption curves. Values at

more remote wavelengths were based on the calculations of Cromer
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and Liberman (1970). The agreement of absolute scale is excellent.
The oscillation of the experimenta],points is greéter_thah.thqt of
the calculated curve and suggests that we have underestimafed the
sharpness of the fine structure ofrf';. This result gives enéourage-'
ment that uséful estimates of f' can also be derived from absorption,:
measurements. |

The model of Cromer aﬁd Liberman (1970) Tacks modulations of
the density of states in the continuumvand.neg]ecté transitions to
chant.bound states. The edge discontinuity is assumed to be very
sharp. Thus the;caléﬁlated.curve for f'' is featureless except for
the edge discontinuity. Except for absence of the white line at

the edge and lack of modulation the.éurve agrees well with our_kesu]fs;

The corresponding curve for f' is higher than our experimental values -

at longer wavelengths and lower at shorter Wave1engths‘because of the
neglect of the substantfa] effect of the white line. 'If the edge is
assumed to be infinitely sharp, f' ggeS‘to_negative infinity according
tova 1ogafithmic.singu1arity. In reality, finite levels widths place
a limit dn the sharpness of the_edge and a bound on the hegative,

excursion of f'. Thus this mode} does not give a useful comparison

for the extreme values of f'.

COBALT ANOMALOUS SCATTERING

The results for cobalt aré.listed in Table 2, and thosé nearest

the K gbsorption_edge_are plotted in Fig. 4. Also plotted are values
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for f' for copper derived by Freund (1975) from absolute intensify
measuremeﬁts and for nickel measured by interferometry by Bonse and
Materlik (1976).  The nickel values were estimated from the published
curve. The values for the three elements are brought to the same
ébsciséas by plotting the ratios of wavelengths'to the respective

 K-ed§e wavelength. The solid lines indicate the Cromer and Liberman

(1970) values of f''. The measurements of f' by the three techniques

are in excellent agreement. The disagreement with theory for f''
is no~greafer than one expects consideringAthat’éome‘fine structure
.features are present in the absorption cufve.- Beam time did nqt '
pérmit these to beiexplored in more detail. In contrast to the
cesium‘_L3 edge, theré is_]itf]e advantagé'in going to this K edge
rather than Cu Ko if one.wishes tp exploit f"'. The reduction by
about 5 electrons in f' in this wavélength interval 15 1arge'enough
'to be usefu1 for some purposes, but is ndt competitive With'the '

changeS'observed with cesium or expected for rare earthlL3 edges.

APPLICATIONS-TO THE PHASE PROBLEM |

- A major objectivevto this work was to provide a foundation for
the.use of synchrotron radiation in solving the phase problem for
macromolecular crystals. The use of Bijvoet differences, which are
approximately proportional to f''. fs well estéb]ishedAas a tool
fpr fhis purpose. It is obvious that the powef of this technique

is enhanced if one can collect diffraction data at the peak of a

.
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white line, but the'gain-re]atiié to a we]]-choseh'chéracteristic'
Tine source méy.be relatively mbdest. For examplé,:for"CESium we

| observe f'' = 16 e]ecéroné as the maximum value near the L3'edge,»
compared with about 13 e at Crko or 11 e'at FeKa.”The'tunabi11ty
of §ynchrotr0n radiation is more important ff one Seeks to use the
changes in f'; the largest effects are confined to rather narrow
wave]ength‘intervé]s not accessible for mo§t elements with
characteristic line sbﬁrce;, and less usé has been made of”%‘ to
solve diffraction problems. The difference 6f 26 electrons which
we bbserve for cesium between CuKo and the L3 edge is more than

. double any difference found for any element in the tab]e‘qf Crohgr
and Liberman (1970) for five Ka'wavélengths.'

‘The effect of f' on diffraction data is apprbximate1y Tike
that ‘'of a change of atomic number. Thhs if experiments are done
at WaVe1engths chosen to give 1argé“changes 1n'f', the reéu]t is
like an‘i$omorphous substitution with the advantage that the iso-
morphism is perfect. - A change of 26 electrons is equiva]ent_té‘the
normal scattering of aﬁ iron atom at zero angle or-a strontium'atom
at (sing)/x = 0.3 and thus is in a range which has been used to
Sb1ve'protein structures. Naturally it is more powerful to use
the combined effects of ff and f''.

A familiar diagram in the comp1éx:p1ane, Fig. 5, illustrates
the structure factor algebra for defermining the phase of an X-ray
reflection. If the heavy atom structurefisvknown one can calculate
the magnﬁtude and phase of-FH, the étructure factor for the heavy

atoms. The structure factor. vector FL for the light atoms terminates
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on a-circle with centgr at —FH and radius equal to.the_meésured
structure iactor magnitude [F|, since F= Fy + FL- - If the sahe
reflection is measured at anotherfwayeiength where the anomaious
scattering. terms ére'different, a new circle with a different,center
and perhapé different radius.is determined. Measurementé of the
other member of the Bijvoet pair determine circles with centers
p]aced“symmetricaiiy on the’opposité side of F, the heavy atom
structure.facfor if fﬁ = f*' = 0. In general three measurements

are enough for a unique solution at the point whefeithe three -
.circies intersect. In the figure the two,curvéd Tines aré the

loci o%'centérs forvwaveiengths near the L3'edge, drawn to séa]e

~ for our cesidm measurements. Two small circles at the left indicate
centers for meaSufements at CuKa. It is évident that the power

for phase determination depends oh how far apart the centers are
and that the usevdf Bijvoet pairs doubles the effect of a large

f'! value. Whethér:changes in f' or in f'' are more effective for
a-parti¢u1ar.ref1ection will depend on.the_phase relations in that
vCase.“ One or the other will always have a suitable phase.

.For simplicity this discussion neglects the anomalous Scatter-
ing of'the 1ight atoms, which is not insignificant at tHe wavelengths
used in this work. While awkward to describe in the vector diagram,
this effect is easy to include in an algebraic solution. |
| This method has already been tested by Hoppe and Jakubowski (1975)

with a crystal of erythrocruorin (containing’ohe iron atom per 16,000



-15-

daltons) using-twb wavelengths near the.iron Kledge: They deter-

' mined phases' for many reflections with an accuracy ofiabout 50° with
anomalous scattering effects smaller by a factor of 4 than those
reported here.- ‘

WhiTe the objective of so]v1ng the phase prob]em is enough |
reason to explore these anomalous scattering effects, a more
fundamental result may be ‘in imprevementiin the accuracy of deter-

. minations of macromo1ecu1ar‘strueture. Refinements_of non-centric
structufes are hampered by a circularity: stfucture is derived

in part from phases and then phases afe derived from the new
structure. A least-squares refinement based on data measured at
several appropriate wave1en§ths rather than juet one is 1likely to
be more reliable simply because of the greater information content
of the data. We conjecture that it will cohverge'more rapidly

and be more disckiminating with regard to false minima or near-
‘minima because of the phase infdrmation contained in the data. vThe
same cou]d be said of simultaneous refinement of data for 1somorphous
der1vat1ves if the 1somorph1$m were perfect, but unfortunate]y it

“rarely if ever is for compliCated structures.
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Table 1. Anomalous scattering terms for cesium and agreement index
R = Z|AF|/Z|F| for each data set. Standard deviations of
last digits are given in parentheses. The values at 2.2895 R
may be compared with -10.742 and 12.919 at Cr Ka] (2.2896 R)
calculated by Cromer and Liberman (1970). :

NN NN NN

DN DN N

AR) N f R R
2.7021 - -9.8(5) s.0(4) 10.020
2.5021 - -14.7(3) | 3.6(2) 0.019
2.4909 - -15.9(3) 3.6(3) . 0.022
2.4891 -16.0(2) 3.8(2) 0.017
4874 -16.2(3) 3.5(2) 0.023
4856  -16.8(3) 3.6(2) ' 0.022
4838 - 17.1(48) 3.4(3) 0.027
A28 -17.1(2) 3.7(2) 0.037
4793 -19.2(2) 4.0(2) ©0.025
4786 -19.1(5) 4.0(3) 0.049
4751 a.8(3) 5.8(1) 0.036
4790 -24.6(7) 7.4(4) 0.049
4737 -26.7(3) 18.9(3) 10.048
4722 16.8(6)  16.1(8) 0.084
4703 C-1309(10) 0 10.8(6) 0.056
.4680  15.3(9) © 10.3(8) 0.079
4638 -16.2(4) o 11.3(4) 0.037
L4612 -13.8(3) . 10.7(3) 0.014
4579 -14.0(3) o 9.7(3) 0.017
2.4545 2 -13.9(4) 9.9(4) 0.018
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Table 1. Continued

).023

2.4492 -14.2(3) 10.2(3) 0
2.4242 a13.408) 9.7(3) 0.023
2.3992 12.3(4) 10.0(4) 0.017
2.3783  -11.6(4) 10.3(4) 0.019
2.395  -11.8(4) 9.8(3) 0.014
2.3206 -12.8(2) 9.6(2) . 0.012
2.3169 -14.3(3) 9.5(3) 0.016
2.346 . -18.1(3) 110.5(3) 0.023
2.3139 -17.3(8) 11.1(6) 0.047
2.3134 O a6.0(9) 14.9(11) 0.052
2.3123 . -14.5(7) 16.1(8) 0.043
2.3118 Cos9(12) 13.7(10) 0.058
2.3100 - -12.2(5) 13.7(6) 0.032
2.3103 -13.1(10) | 1é.9(s)' 0.047
2.3091 -12.6(5) © 12.5(6) $0.032
2.3070 - -13.2(6) 13.1(7) 0.035
2.3041  -1.70) . 13.7(15) 0.066
2.3013 - Can.as) 12.9(7) 0.040
2.2895 Conage) . 12.8(8) 0.047
2.2495  -0.4(6) 12.7(6) 0.024
2.1995 -8.9(6)  12.4(5) 0.025
2.1800 9.7(12) - 11.0(12) 0.054
2.1730 - -8.8(9) 11.9(9) 0.037
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Table 2. Anomalous scattering terms for cobalt.

AR) . R 1K . ) R

1.51% (Cu Key) - -2.464  3.608

1.542P (Cuka) -2 36(2) | -*5.92(2) 0.029
1.546 | -2.7(8) ©3.9(5) 0.061
1.507 - -5.7(5) 5.1(5) 0.084
1.605 o -7.0(3) 4.6(2) 0.069
1.607 - -7.5(3) 4.1(4) 0.067
1.609 o L7.408) 1.0(4) 0.069
1.614 - -4.9(3) 0.7(3) 0.051

Acalculated by Cromer and Liberman (1970). -

bMéasuréd by Temp]eton, Zalkin, Ruben and Templeton (]979).
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FIGURE CAPTIONS

Fig. 1.

b

Anomalous scattering terms for cesium determined from

diffraction data in the region of the L absorption edge

= (Teft),‘Lz'edge (centér) and L3 edge (right).

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Absorptionvcoefffcient (solid curve);for-cesium hydrogen
tartrate at thé L3 edge, less a linear background;

-plotted on an arbitrary scale, and values of f"/m

" derived from the diffraétiqn experiments (circles with

error bars), scale normalized and shifted to fit at -
extreme points.

Anomalous scattering terms measured near the L3vedgé

'(circTes) and calculated (broken lines, Cromer, 1978).

The sblid.cufve for f"'fsvdkawh through the experimental

points. The.so1id curve for f' is calculated by the

dispersion relation as described in the text.
“Anomalous scattering terms near the K’édge measured: in
this work for cobalt, by Freund (1975)_for copper, and

by»Bonsefand Materlik (1976) for nickel and extrapolated

(1970). |
Vector diagram in the complex plane for phase determination
. with structure factor magnitudes measured at several wave-

lengths (see text).

for.coba#tjfrom“fhe“caicuiationsVoffCrdmer and-Liberman - .. .
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