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Abstract. Reliable knowledge of the complex X-ray form factor [Re(f) and Im(f)] and the photo-
electric attenuation coefficient (opg) is required for crystallography, medical diagnosis, radiation
safety and XAFS studies. Key discrepanciesin earlier theoretical work are due to the smoothing of
edge structure, the use of non-relativistic wave functions, and the lack of appropriate convergence
of wave functions. These discrepancies lead to significant corrections for most comprehensive (i.e.
all-Z) tabulations. This work has led to a major comprehensive database tabulation [Chantler, C. T.
(2000). J. Phys. Chem. Ref. Data, 29, 597-1048] which serves as a sequel and companion to earlier
relativistic Dirac-Fock computations[Chantler, C. T. (1995). J. Phys. Chem. Ref. Data, 24, 71-643].
The paper finds that earlier work needs improvement in the near-edge region for soft X-ray ener-
gies, and derives new theoretical results of substantially higher accuracy in near-edge soft X-ray
regions. Fine grids near edges are tabulated demonstrating the current comparison with alternate
theory and with available experimenta data. The best experimental data and the observed experi-
mental structure as a function of energy are strong indicators of the validity of the current approach.
New devel opmentsin experimental measurement hold great promisein making critical comparisons
with theory in the near future. This work forms the latest component of the FFAST NIST database
[http://physics.nist.gov/PhysRef Datal/ FFast02/Text/cover.html].

INTRODUCTION

Tables for form factors and anomalous dispersion are of genera use in the UV, x-ray
and y-ray communities. Much of the recent theoretical basis for these was contributed
by Cromer, Mann and Liberman[1] while much of the experimental datawas synthesised
by Henke et al.[2] The generality of these works has entailed numerous simplifications
compared to detailed relativistic S-matrix calculations. Detailed S-matrix results do not
appear to give convenient tabular application for the range of Z and energy of general
interest, while the tables have limited validity across extended regimes.

Earlier relativistic Dirac-Fock computations 3] addressed the primary interactions of
X-rays with isolated atoms from Z = 1 (hydrogen) to Z = 92 (uranium) and computed
them within a self-consistent Dirac-Hartree-Fock framework. This has general applica-
tion across the range of energy from 1-10 eV to 400-1000 keV, with limitations as the
low- and high-energy extremes are approached. Tabulations are provided for the f; and
f., components of the form factors, together with the photoel ectric attenuation coefficient
for the atom, u, asfunctions of energy and wavelength. Thiswork has lead to significant
guantitative improvement above 30 keV to 60 keV energies, near absorption edges, and
at 0.03 keV to 3 keV energies. Recent experimental syntheses are often complementary



to this sort of approach.

Discrepancies between currently used theoretical approaches [4, 5, 6, 7, 3] of 200
% exist for numerous elements from 1 keV to 3 keV X-ray energies. This level of
inconsistency may be surprising to some users who have conventionally viewed log-
log plots covering decades in energy and attenuation coefficient, but these discrepancies
have been present in the literature for decades.

A major comprehensive database tabulation [ 8] addresses these key discrepancies and
derives new theoretical results of substantially higher accuracy in near-edge soft X-ray
regions (0.1 keV to 10 keV). The grid size and spacing of the reported tabulation is
given with synchrotron users in mind, where fine grids near edges are necessary and
continuous energy scans are possible. All energies above 0.1 keV, and all elements to
Z=92, were investigated in this computation. Estimates for the expected accuracy of the
pair of publicationg 3, 8] is given across the full range of Z and energy, including near-
edge limitations of wavefunction convergence and near-edge structure itself. An obvious
point, for XAFS and MAD users, is the absence of near-edge structure, and perhaps a
deviation of the edge onset from a particular solid-state system. This is an advantage,
which serves to separate the oscillatory near-edge structure and discrete lines or near-
edge zeroes from areference baseline for the given element.

This paper summarises new results in areas of critical recent discussion, and some
preparation towards a proper resolution of theoretical and experimental flaws.

MAJOR DISCREPANCIES

Compilations of experimental datafor form factorsare widespread, particularly for com-
mon elements such as silicon, copper, silver and gold over the central X-ray energieq[5].
These are particularly useful in evaluating the reliability of a particular measurement,
or the difficulty of an experiment in a given energy regime. However, the range of the
imaginary coefficient in such compilations often varies by 10% to 30% [Figure 1]. This
impliesin general that claimed experimental accuracies of 1%-3% are not reliable.

Strictly, one or two of the resultsin such compilations could indeed reach the claimed
accuracy, but the remainder must then be in error by up to 10 o. The effect of a 10%
error is similar to a 10% error in the thickness of the sample, or a 10% error in the
exponent of the probability of photoabsorption through a sample. This variation seems
almost independent of the year of the experiment, or the specification for high or low
energy measurements.

A second general source for an experimental best-fit line is given by the Centre
for X-Ray Optics, Lawrence Berkeley Laboratory[2, 6, 9]. These references present
experimental-theoretical syntheses for the complex form factor in the softer X-ray
regime. As aweighted evaluation of experimental data, they are extremely useful. They
are also extremely valuable in the very soft X-ray regime where multi-electron interac-
tions occur which are not addressed by general IPA (independent particle approximation)
theories. However, no variation or error bar is associated with this single fit, and in soft
X-ray regimes, near-edge regimes and other areas the result may be in sharp discrepancy
with theory and expected results, or with the best available data. The deviationslie at the
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(i) accurate energy calibration and monochromatic sources

(i) accurate orientation and alignment techniques

(iv) control of harmonic contamination and source divergence

(v) other criteriaincluding statistical precision and detection linearity[12, 13, 14].

In the case of silicon, these criteriawere carefully evaluated as part of an international
effort to address such variations. The result was a very accurate and consistent set of
measurements for silicon, including contributions by Creagh, Barnea, Gerward, Kerr
del Grande and others[12, 15]. These same principles were applied, in the experimental
references cited, and specifically for the copper examples given in Fig. 2; and yet
the variation and discrepancies remain. Hence, a number of systematic error sources
are not accounted for. For experimentalists these (unknown) error sources represent
an intriguing limitation to X-ray investigations of all types, and hence an issue of
fundamental importance.

UNCERTAINTIESNEAR SOFT X-RAY LII, LI, MIV,MV EDGES

The greatest discrepancies between these theories occur near edges, with deviations by
factors of 5 or more between predictions. The cause of near-edge error in theoretical
computations is often inadequate interpolation, extrapolation or integration methods.
These introduce oscillations or discontinuitiesinto the data[16]. The cause of near-edge
error in experimental compilationsis often due to neglect of the edge region or smooth-
ing through edge structure [6]. The cause of near-edge error in specific experimentsis
often due to the dramatic variation of form factor with energy, requiring both accurate
absolute intensity measurement and also precision energy calibration [13].

Assuming that these issues have been correctly addressed, theory will disagree with
experiment near edges by large factorsdue to XAFS and related structure. This can reach
a 200% discrepancy between IPA theory and a solid-state experiment [17]. Even if the
experiment is performed on a monatomic gas, there may be pressure-dependent struc-
ture and other strong oscillatory behaviour near edges. Some of this structure (shape
resonances and Cooper minima) may be qualitatively predicted by some theoretical ap-
proaches, but often the experimental result will show significant quantitative discrep-
ancy [18].

The largest discrepancies between Chantler (1995) and the Scofield theory are not
due to any of these causes. Chantler (1995) claims uncertainties of up to a factor of two
in soft X-ray near-edge regions. Saloman, Hubbell and Scofield (1988) refers to 10% -
20% discrepancies from experimental datain the medium-Z regime, which may be taken
as an uncertainty estimate. In most elements and regions, the near-edge variation falls
within these error bars. Such experimental datais not sufficiently precise to distinguish
between these two theories, or even to observe edge structure.

Intheregion 1 keV — 2 keV for particular edges in medium or high-Z elements, large
discrepancies are observed between these two theoretical treatments. Thisisillustrated
inFig. 3for Zn, Z=30. Thisis not due to XAFS or any such near edge oscillation.

Relative to appropriate high-energy theory, which would yield well-defined edges and
smooth behaviour for each orbital on a log-log plot, the results of Scofield, Chantler



peppIA pue ‘Appidxe Jeddoo parebinsenuel sey dnolb yoseasal uno AQ YIom Jusdey
'S9INJONJIS [e9118103Y)
aAIeURl e 0] pasoddo se ‘siuswiliedxe wnwindo yons Yyiim [pm dn saydrew ainonis
nveu pepipeid ayl [6T] [ Bid] 9g=7 410 Aq usAIb sI puan [eseusb syl ‘BrAEMOH
*A108Y) JO uosedwod [ea1110 B axew 0] aenbapeul S1eep elusw Ledxe ayl Ajensn
(96Bpa ay1 anode 940E-0Z SNSPA 960G-0F 0°1) sobues ABieus ebe|
AnyBis Jeno pepusixe 8 01 PSpUL] SI0LB (SE6T) J2IU_YD 8L 'SUOIOUN SARM SALISP 01
pesn ws1fewio} 8y Aq paiosfe aq ||IMSIYL U0 NG LIS Ip uoaoe e ayi buiprebe. we|go.d
aWes 8y} U1 31| S910ueda.osp PR 100S 3U) JO 8SMMed 8y} 1y /8119 )\ 'SUO IR0 | Slies
aYl ke ApAndedsal SI01B 95/8 pUe 9489 wnwixew pappIA [g] ‘Apsienuod ((siole o
G- 10) abpe ay) Jeau sIole %022 PUe %09T SPRIA 1Nsal pP1OdS Byl Sesed asay)
Ul "8n0Ce paels Se ‘040G Se PeleW s S| O deym ‘uolke|ngel G66T dYl J0j Siole O
G'T JUBsaudel 8591 "T9=7 Wd pue 0g=Z7 uz Ag peluesaidal ale 109 1sebke| ay L
'040T Ueyl Jonaq 01 aaibe Aew juswi Liedxe ybnoyl uers
‘uoifl SIYl Ul Agenade 9L0E - %02 Ueyl Jo1ag Ou Wied PINoM SN BA00e PassSnasIp se
paYIWiI| ||1S SI AJeinode ay | “panoidwil Ajeoirewelp SISy Nsal asay] Jo uosioaidayl ain
-on.is abpd wd | pa1sadxe A|[ea11ei0ay] a8yl sukeigo syl Siyl 'siyl Buimo|jo) Apsod Aea
Inolreyeq e 19adxe pjnom Aioayl Abeus-ybiyarudoiddy *[g ainbi4] 1nsey MON, 8yl
uR1C0 M ‘passalppe S1anssi syl pue panoidw i Agesayl a1e suo1oun joAem ayl UsYMn
'Suo 1681 asay) Ul aouabeAU0D
WwoJIUN aJow pue Jeleq e alinbal 01 pue wsipewlo) eulblio ayl urpl 0] 3|ge ussq
a2 9\ ‘pash poylew pue enuaiod abueyoxe ayy uodn Buipuadap ‘ssaippe 01 1|N2ILIp
SS9| Jo aJow aq Aew SIY) ‘suoioun oM 4HQ 8yl 10} B LIS LID 80UusBBAU0D 8y UIYIIAA
‘aleJnodeul ABuisea.oul pue a|gelpiun Sawodaq
‘10132 w0} abpa-feau oyl JO uoirINdwod ay) 0] Spea| Yalym ‘A1isusp uoiep Ripel
[e110J0 8Y1 J0J U0 1IN |OS U0 110uUn joAeM aY1 80UBH s ibiaus Ael-X 1Jos 1[Ny ip AjBuseasoul
ul |fej osfe pue ‘paljijduwe ae |17 pue [|7 Joj SioLe 8yl Ing B1eInNdde ale S|pus-ans
a59] 10} SJI01e) W0} ayl pue ‘paindwod Apielndde ar |jpys | pue M ayl ‘uoibel
Syl ul Aioeyl Ag pawrep AJeinode Mo| 8yl Joj) uoseal Buoldis e SI yoiym ‘arnwinode
Slole asay] ‘ssifjeus abpe-leau 10} Ajre|ndilied 'SuonounjeAem 2IUOIISR [PUS Buul
U1 SJOJJS JOUIW JO UOIR|NWNJJR Ue WOJ) SSSLIe J0L1 SIYL "I0Li Ul | aJfe 9uaH pue

"[8]1Insa1 mau ay1 Aq paeaipul se ‘loase abke| arey | 1Ng ‘usw LedXe a|ge| A2 Y1im 3016e
[ ‘2 ‘elspd *[2] woijerep ewowedx3 *(4) w Aq pejuesaide (0g=7) uz utuoienuely '€ I¥ND 14

[na] 3
0102

0T 0€ 0152
— . .

OTST
. — —

OT0T
——— 0

z

woye/s )

E L oz

¢ wawuedxg o & me
va |91J03S - x---- mOm
. (886T) MUBH ----- B
(S66T) Jopueyy - -+ - - todee
1INsay MaN W 1
: = ov

uoiBai abpa-leau Ael-x 140s ‘0g=7 ‘OuUIZ



‘9|dwes UaAIb ay) o) pawnsse [ppoLw 8yl Uuo spuadap Bu1e11eds ul Auelsoun Jo 139140
3l 9]IyM ‘SanfeA 12994100 ueyl oybiy BulA| Sjusioi1je0d uoienudlie painseall 0] pes|
y1oq |]1m aousbeAIp 1uediubis Jo JuswubiesiA uawubife pue aousbieAlp ‘Bulieleds
JO |01u02 aenbepeul Ue 01 anp Apked SI SIY) SBSLI BWoS U] 'suoioipald ed1elIoay]l
eyl Jybiy BulA| synsal eluswiedXe spiemol Aduspus) UuowWod B S alsyl ‘19e) u|
'Bre] O T3yl e 1S40 feluswiadxe ainjosae wedlyiubss fenuslod e moys Gy saunbiq

SANSS| TVLINI N [d3d X3 LNJHdNO

‘311 3541} 8y} 10} ‘Bwbel ABBUS S1Y1 Ul ‘Jeuuewl SASN DU e Ul A1oayl AjLIBA
01 3|ge S! Aurenaoun 9e°0 Yum nsal siyL *[S ‘B14] skeq Jose paonpal Ajeoarrewelp

"poob S| A108Y) JUSIND YlIMERP elusw LidXe
3y} Jo WewsaIBe pue ‘A10aY) sousR PRI 8} Y)im s3a1Be [/T] Aioayiareusslfe Uy “(3)w Jo Jey 0} [ea1LSp!
S1UaI101JJ802 uondiosae ssew Jo uosiredwod ay] abpa-Y 8yl sesu 9,0 01 SISealoul YdIyM ‘saul| paysep
Aioayy

9T — o4} [ €] Koo 0} poseduioo

usaMIBq Uo 1B 3y Ag UBAIB AU rerieoun [eo11B108Y) Y1 Im _ﬁg
%%oﬁ%ofef,HN.S_ONZ%:Q@@EE_QU%?zcmo;wgca_aag_oo.mmm:o_“_

(Aa) ABiauzg
0'0¢C 0'8T 09T ovT oct 00T

- %%wmmm%.mwmmwmwmw QILLXIIT] mﬁmw M
H . S N §
W % % OYW \‘ s

Aouedalosip o,

/ *
F (000z J1apueyD) Aureussun [eoneloay) payewnss - - - A, 1
[ ‘e 1o 1oewbuels (uswuadxa) ybeary o 4 , ] ot
‘[e 1o obelpues  + (Lioay)) ybeasy o |
i ‘le1@ UNYIRQ X (T002) ‘219 4BpURYD '
P T I SO BN ST PR I Ll ST

‘0T X 2GT20°G % (Wwomwrp) ¢} = (Bzwo ul)
[d/1] *Buie12as W04} SUONNG LIUOD 8pNjoUl SN eA luawRdx ) = (1) w) *Aicey Jeies o) pasoddo
se ‘[g] pue [6T] e 1edxe Usamiaq aanjonis afps-fesu Jo Aousissuod sl Bulresn|iiiold ¥ 3IND I

A3l 3

00Se 000¢ 00ST 000T

0

0T

woresd 4

i (226T) Jolwnajinm ]
(886T) PI2J02S -+ x--- 1
(886T) [ 10 ANUAH - - - - - 7 st

(G66T) Jopueyd  +
M (0002) Jopueyd

T AR R R B

0c



This remains an issue for experimental comparisons. This sort of discrepancy is strong
motivation for high accuracy experiments to address these issues.

Experimental and theoretical difficulties remain in central X-ray energies, but also at
VUV energieswherethe | PA assumption fails, and at very high energies. In both regimes
experimental measurement difficulties arise, and at high energies it is very difficult
to isolate problems of the photoeffect computation from those of the computation of
scattering contributions. The other difficulty at high energiesrelatesto exactly what type
of sample (gas, foil, crystal or other) is under investigation, because thiswill change the
dominant scattering contributions by orders of magnitude.

CONCLUSION

Severa generic difficulties with theoretical determinations of the atomic form factor
in the X-ray region have been resolved. Selected experimental data sets suggest the
accuracy of [8] compared to most alternatives. Key discrepancies are often due to the
smoothing of edge structure, the use of non-relativistic wavefunctions, and the lack of
appropriate convergence of wavefunctions.

In general experimental data are not sufficiently accurate to assess theory at the level
required. However, the best experimental data and the observed experimental structure
as a function of energy are strong indicators of the validity of the current approach.
New developments in experimental measurement hold great promise in making critical
comparisons with theory in the near future.
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