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1. INTRODUCTION: DEFINING THE ATOMIC SCATTERING FACTOR

In the low-energy x-ray region the primary inter-
actions of x rays with matter are photoabsorption and
coherent scattering. Incoherent (Compton) scattering is
significant only for the light elements at the higher energies
of interest here. At the atomic level these processes may
be accurately described using the complex atomic scat-
tering factors. [ See, for example, the comprehensive work
of R. W. James, The Optical Principles of the Diffraction
of X-Rays (Ref. 1).] The atomic scattering factor, f = f
+ ifs, is defined in Fig. 1 as the factor by which one must
multiply the amplitude scattered by a single free electron
to yield the total amplitude coherently scattered by the
particular atom. The scattered electric field from an atom
is therefore

A=~y P(@)]. (1)
where A, is the incident electric field, r is the distance
from the atom to the observation point, r, is the classical
electron radius (¢?/mc?), and the polarization factor,
P(¢), is unity for an incident electric field vector that is
perpendicular to the plane of scattering (¢ polarization)
and is equal to cos ¢ for an incident electric field vector
that is in the plane of scattering (« polarization). In the
discussions that follow, where we are concerned with re-
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flection from atomic planes, the scattering angle, ¢, is
replaced by 26, where 8 is the grazing angle of incidence
and reflection measured relative to a plane of atoms.

A description of the interaction of x rays with con-
densed matter may be obtained from the atomic scattering
factors if it can be assumed that the individual atoms
scatter independently, that is, unaffected by the condensed
state of the system. As is shown, this is a good assumption
for photon energies above about 50 eV and which are
sufficiently outside the absorption threshold regions. In
this atomic description, the total coherently scattered am-
plitude is simply the vector sum of the amplitudes scat-
tered by the individual atoms.

For wavelengths that are long compared with
atomic dimensions and/or for small scattering angles
(when the scattering amplitudes are in phase) the atoms
scatter as dipoles and the atomic scattering factor becomes
independent of the angle of scattering. We define here this
angle-independent dipole atomic scattering-factor limit
as [1(0) + i/5(0), with the following general expression
for the atomic scattering factor for all angles of scattering
and for all photon energies of interest,

f=/ i+ ifr = 1(0) = Afo(0) + 1(0), (2)

where A fo(8) is an angle-dependent correction which re-
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Figure 1. Defining the atomic scattering factor: the amplitude scattered
by an atom can be expressed as a complex number, the atomic
scattering factor /= f; + i, times the amplitude that would be
scattered by a single Thomsonian electron at the same position.
Here ry is the classical electron radius, e2/mc?. P(¢) is the polar-
ization factor which is equal 10 cos ¢ for the incident electric field
vector in the scattering plane (as shown) and unity for the field
vector perpendicular to this plane.

sults from the interference among waves scattered from
different parts of the atom and rapidly approaches zero
as (sin #)/ X becomes small. It is shown that Afy, = Z —
Jo, where Z is the atomic number and f, is the well-tab-
ulated atomic form factor. It is the angle-independent
{(forward) atomic scattering-factor components, /1(0) and
/>(0), that are tabulated here in Table I. In Ref. 2 we
relate our definition and notation for the atomic scattering
factor to others given in the current literature.

If the atoms within a condensed system may be
considered to scatter as dipoles (i.e., for long wavelengths
and/or small scattering angles) an optical electromagnetic
(OEM) description often may be applied to predict the
scattering interactions. Then the interaction of x rays with
condensed matter may be described using the optical
constants such as the complex index of refraction n, which,
as shown below, can be related to the atomic scattering
factors of the individual atoms by

1 s _sa_q_"'02
n=1-6—-i8=1 21r>\ %anqw), (3)

where #, is the number of atoms of type g per unit volume
and f,(0) is the tabulated complex forward atomic scat-

X-ray Interactions

tering factor for atom g. As is discussed, defining optical
constants for a given wavelength and independently of
scattering angle can be done only for small scattering an-
gles or for wavelengths that are large as compared with
electron density fluctuations associated with the atoms or
molecules that make up the scattering units.

In the first part of this report, Sections II through
V, we review the basic atomic and optical scattering re-
lations that are most often needed in applied x-ray physics
and we define these directly in terms of the atomic scat-
tering factors. These equations describe x-ray absorption,
scattering, transmission, and reflection as required in the
design and application of x-ray measurements, for ex-
ample, the characterization of filters, mirror monochro-
mators and Bragg analyzers. A procedure for estimating
the incoherently scattered background radiation from the
light elements at the higher energies in terms of the atomic
scattering factors is also given. We then outline in Section
V1 our semiempirical approach for the calculation of the
atomic scattering factors and for our updated? synthesis
of the available experimental and theoretical photoab-
sorption data for the region 10 to 30,000 eV. This update
is the basis of our scattering-factor calculations. Then, in
Section VII, we present examples of detailed comparisons
between our calculated values and those of experimental
measurement for x-ray absorption and for mirror and
Bragg analyzer reflection in order to demonstrate the ac-
curacy of these descriptions as based upon the appended
scattering-factor tables for photon energies in the region
50-30,000 eV. The characteristic broadened atomic pho-
toabsorption band structure at the very low energies is
noted and distinguished from that associated with the
condensed matter extended x-ray absorption fine structure
(EXAFS) in order to establish the threshold limits for
atomic-like scattering.

In the Appendix we present an outline of the de-
velopment and assumptions made in our modification of
the Kramers-Kronig dispersion relations and compare
the atomic scattering factors as calculated with this semi-
empirical approach with those of ab initio theory. Also
presented here are the relations that have been applied
for the incoherent scattered intensity in terms of the
atomic scattering factors. We complete this report with
the detailed tabulation of our current ‘‘best-fit”” photoab-
sorption cross sections and atomic scattering factor data
and with detailed calculations of the reflectivity charac-
teristics of a series of practical x-ray mirror and multilayer
analyzers (synthetic and natural).

II. BASIC RELATIONS FOR SCATTERING WITHIN CONDENSED MATTER

Generally we may predict the basic interactions
within condensed matter, viz. reflection, absorption, and

transmission, by considering the system as a set of parallel
atomic, molecular, or crystalline planes and summing the
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amplitudes that are coherently scattered from these layers.
The x-ray interaction within the elementary layer is as-
sumed to be sufficiently small that a simple kinematical
description of this interaction may be made. However, in
summing for the total interaction over the large number
of layers usually traversed by the incident x rays, a dy-
namical description which can account for all possible
multiple reflections within the layer system is required.
We outline below how this approach can lead to simple
and precise analytical descriptions of the basic interactions
of reflection, absorption, and transmission involved in
applied x-ray physics.

A. Reflection and Transmission by a Layer of Atoms or
Unit Cells: Defining the Structure Factor

We describe first the amplitude that is reflected from
an elementary plane of atoms irradiated by a parallel beam
of x rays. The magnitude of the total reflected amplitude
at a position, B, can be most readily obtained by summing
the amplitudes from the Fresnel half-period zones around
a central point, P, as depicted in Fig. 2. These are bounded
by ellipses formed by the loci of points for which the path
difference to B is n\/2 greater than that for the central
ray, APB, where n is an integer order number for the loci
that form successively the set of ellipses. It may easily be
shown that the major and minor axes of these ellipses are
given by

(4)

where the source point is at infinity, r; = oo, and r = ;.
The areas of these annular zones are therefore constant
and equal to wrA/sin 8. However, the amplitude scattered
from each successive zone is initially nearly equal to that
scattered by the central elliptical zone and then these am-
plitudes slowly decrease as the zone number, 7, increases
because the mean path length and obliquity angle char-
acteristic of all the scattering points within the successive
annuli are increasing (see, for example, Ref. 4). The am-
plitude vector from each successive half-period zone re-
verses, thus requiring that the summed amplitudes simply
approach half that from the central zone (as depicted in
Fig. 2). An integration for the total amplitude scattered
from this central zone yields the result with a factor of
—i2 /7 times the number of atoms per unit area, m, times
the central zone area, wa, b, , times the amplitude scattered
per atom at angle 28, 4 (for a more rigorous treatment
for the scattering by a sheet of atoms see, for example,
the classic text X-Rays in Theory and Experiment by
A. H. Compton and S. K. Allison®). Thus, we obtain for
the amplitude, measured at B, reflected by an atomic layer

185
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Figure 2. The amplitude scattered from an atomic plane as determined
by the Fresnel half-period zone construction, where A4 is the source
point and B is the point of measurement. The annular zones are
defined by ellipses such that the distance traveled by the ray scattered
from an atom on the nth ellipse is #A/2 greater than the distance
traveled by a ray scattered from the central point, P. The total
amplitude scattered by all the zones approaches one-half that which
is reflected by the central zone, as suggested by the vector summation
diagram. (Top) X-ray reflection from a thin layer; (bottom) half-
period zone amplitude addition.

of lateral dimensions that are very large compared with
the x-ray wavelength,

Ap=—i=== 2 (5)

The factor of —i indicates that the phase of the amplitude
reflected from an atomic plane lags 90° behind that of
the amplitude, A4, scattered by the atom at position P.
Using Eq. (1) for the amplitude A scattered by a
single atom we have for the fractional amplitude reflected
by an atomic plane
.

"}‘0 P(20)ymf.

AB/A() =i -
sin

(6)
If the atomic plane is composed of different atoms,

with m, type g atoms per unit area, we simply replace mA
in Eg. (5) by Z, m,A,, obtaining for the reflection by a
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composite atomic layer

r\
sin 8 2. myAq 7
q

143 = =1

Note that if the atomic plane is not perfectly uni-
form but rather includes inhomogeneities (¢.g., “holes”
or variations in atomic number densities), an average
value of Z, m,A, may be used to accurately yield the
reflected amplitude provided that the areal dimensions of
the density fluctuations are small compared with those of
the Fresnel zones, viz. wrA/sin 8. This criterion can be
useful in the modeling of nonuniform systems or rough
or diffused reflecting interfaces as has been discussed in
Ref. 6.

Often x-ray interactions within condensed matter
may be considered to be with periodic layered structures
such as in a crystal. Depicted in Fig. 3 is such a solid with
the layered structures that are parallel to the sample sur-
face (defined below as a muitilayer). Typically, for x-ray
wavelengths, these elementary Bragg reflecting layer sys-
tems may be considered “‘thin,” so that the incident am-
plitude at each atomic layer of the system or cell is essen-
tially the same and the effect of multiple reflections within
the thin elementary layer system can be neglected. We
may then accurately sum the amplitudes reflected by this
cell of atomic planes, which is periodically repeated within
the solid with a spacing of d, by simply performing the
kinematical vector sum

rA

4z
Apg=—i—— 2 quqexp(
q

q .
Sin D sin 9), (8)

LN 7 — g A
~ 7z d
N2
N7

Figure 3. Defining the multilayer: a periodic system of layered structures
that establishes characteristic groups or “cells” of atomic reflecting
planes that are parallel to the multilayer surface. Analyzer reflectivity
is thus simply determined by the one-dimensional distribution of
scattering atoms within the cell. Most practical Bragg analyers are
of this type of structure.

X-ray Interactions

in which z, is the distance of the g-type atoms from a
reference plane and 47z,(sin 6)/ A is the phase shift relative
to the reference plane. Finally, we may rewrite Eq. (8),
in analogy to Eq. (6), as simply

Ay = idy N P20)MF, (9)

sin
where F = F, + {F, and is defined as a structure factor of
a unit cell and M is the number of unit cells per unit area.
MF is therefore equal to the structure factor per unit area
of the thin periodic layer system of spacing d, and is given
by

Mrz,

MF =3 mqﬁ,exp( sin 0). (10)
q

Combining these results we obtain the fraction of
the incident amplitude that is reflected, —is, and trans-
mitted, 1 — i, by a thin layer of M unit cells per unit

area. As indicated in Fig. 4, the fractional amplitude that
is reflected, —is, is given by

A
Ag/Ag = —is =1 .r(, MF(8)P(268) (11)
sin 6

and —io is given by

A
oA A1F(0), (12)
sin 6

—ioc =1

INCIDENT REFLECTED
TO 2] S=‘iSTO
HNNEENANEENSNUNRRREERRANED

/

TRANSMITTED
T=(l-i0)Tg

FOR M UNIT CELLS/UNIT AREA OF STRUCTURE FACTOR, Fy + ifp,
AND OF AVERAGE ATOMIC SCATTERING FACTOR, T, + Tl - F, (0) + IF, (0)

MF1(0) +IMF20)  anp s = g MF1(8) + IMFo(6)
) + PO st A1 O D720

- - P (20)
sin 6 sin 6

=TIk

P(26) = 1 OR COS 26 FOR THE TWO POLARIZED COMPONENTS

Figure 4. Defining the fractional amplitude that is reflected, —is, and
that transmitted, 1 — io, kinematically, by a thin group or cell of
atomic planes characterized by its structure factor per unit area,
MF. F = F, + iF,, the unit cell structure factor, and M is the
number of unit cells per unit area.
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in which we have described the scattering in the forward,
transmitted direction by introducing the layer’s structure
factor per unit area, MF(0), for zero scattering angles.
Following from Eq. (10) this becomes

MF(0) = d 2 n.f,(0)

q

(13)

for a distribution of n, atoms per unit volume of species
g and atomic scattering factor f,(0) = f1,(0) + if5,(0).

Note that for the calculation of the amplitude of
the radiation that is reflected or transmitted by the layer
of unit cells we have used F(f) and F(0), respectively.
Hence the reflection and the transmission of a single layer
(or, as shown below, for the multilayer) depend upon its
composition, density, and structure simply through the
quantity MF as defined here in Egs. (10) and (13).

The transmitted amplitude for a single layer may
also be expressed in terms of the complex index of re-
fraction n, = 1 — 6 — i3, as

—T = exp| —in 2nd
To CPUT"" Nsin g
2nd 27d

=exp| —1 — + i — o+ . 14
p( Asin ¢ )\smﬁ( B)) (14)

Because the interaction parameter, o, for a single layer is

small compared to unity, we may write for the transmis-

sion of this layer

X-ray Interactions

Comparing Egs. (14) and (15) we obtain the equa-
tions that relate the optical constants, é and 83, to MF,(0)

and MF,(0),
2
™ s4igy~—a="N MEO) (16
Asin @ sin 6
ror? S
5—21m,MF|(0)— o %nqﬁq(o). (17)
and
roh? oA’
B~ rud MF,(0) = > %: 1, f24(0). (18)

B. Dynamical Reflection and Transmission for a
Semi-Infinite Solid

We now apply the kinematical descriptions of the
interaction with a thin elementary layer system to describe
the dynamical interaction within a system of a large num-
ber of layers, i.e., a semi-infinite solid. We adopt the dif-
ference equation description of Darwin and Prins which
is presented in detail in Refs. 5 and 1 beginning with the
two difference equations, as illustrated in Fig. 5, one de-
scribing the amplitude of the total wave, S,, proceeding
upward from the top of the rth layer and the other equa-
tion describing the amplitude, 7,,,, of the total wave pro-
ceeding downward to the top of the (r + 1)th layer:

T _ ] . 2wd ,
70 = (1 — io)exp| —i Y S, = —isT,+ (1 —io)e 'S, (19)
rwd and
~ exp(—z Nsind w) . (15) Tooi=(1 —ig)e T, — i5e™ 23S, .. (20)

Figure 5. The self-consistent difference equations that relate the total downward- and upward-progressing wave amplitudes, 7 and S, at the top of the rth
and the (r + 1)th layers on a semi-infinite multilayer. Their solution leads to the Darwin-Prins dynamical reflectivity Sy/ T, given in Eq. (26).

187
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In these self-consistent equations all possible mul-
tiple reflection components in both the downward- and
the upward-progressing waves are dynamically included.
Here —is is the amplitude reflection ratio for the wave
reflecting from below a layer and is equal to —is for the
typical case of a symmetrical unit cell. The additional
phase difference between contributions from successive
layers of spacing d is A and 2A for the transmitted and
reflected waves, respectively, where A is given by

A = 2xd(sin 8)/\. (21)

By assuming a reasonable transmission law for the
downward- and upward-progressing waves within a semi-
infinite solid,

7-'r-H =XTn Sr:XSr+la (22)

one may then obtain without approximation a solution
of the difference equations (19) and (20) which yields for
the amplitude ratio, Sy/ T, from the surface of a semi-
infinite solid,
—is
I —x(1 —ig)e

So/To = (23)

7“3 b
where the transmission ratio per layer, x, is the solution
of
sse™ 4+ (1 — io)2e ™ + e

(1 —io)

x1+1= (24)

The parameter x can be eliminated and a relatively
simple and accurate analytical expression for S,/ 7o can
be obtained from Eqgs. (23) and (24) for two important
general cases:

Case 1, non-Bragg reflection for d/ X small compared with
unity, and A = ¢, and
Case 2, Bragg reflection region for which sin § =~ mM\/
2d, and we may write

A=mr+ e (25)

where in either case, we assume that ¢ < 1. First-order
Bragg reflection then corresponds to m = |, second-order
reflection to m = 2, etc. Formally, non-Bragg reflection
(Case 1) then corresponds to m = 0 or a ‘‘zero-order
reflection.”
Substitution of A as expressed in Eq. (25) into Eqs.
(23) and (24) leads to the Darwin-Prins result for Sy/
T,
B d (26)

Ty (a+e)iV(a+e)2~Ss_’

in which the plus or minus sign is chosen so that the
modulus of S,/ T squared, i.e., I/, is less than unity.
And for x,

x = (=1)™exp(—7) and n = +Vs5 — (¢ + ), (27)
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where the sign is chosen for 5 such that it has a positive
real part so that the wave is attenuated as it propagates
through the solid.

These general relations which describe in terms of
MF values both non-Bragg (d/\ < 1) and Bragg reflection
(d/ X = m /2 sin @) are applied to special cases of practical
interest in Sections Il and IV.

C. Reflection and Transmission for a Finite Slab
of N Layers

We now derive the general equations for reflection
and transmission for a slab of finite thickness, 1 = Nd, in
terms of the variables Sy/ Ty and x derived above for the
infinitely thick system.

The amplitude reflection ratio at the Nth layer, cor-
responding again to a boundary at a semi-infinite solid,
must also be Sy/ 7'y, but now the downward-progressing
wave includes multiple reflection contributions from the
N layers above this boundary which are accounted for
through the transmission per layer parameter, x. There-
fore, the upward-propagating wave amplitude at the Nth
layer must be Syx” as depicted in Fig. 6A. In order to
obtain the reflection ratio for a finite multilayer of N layers,
we need to eliminate the boundary condition resulting
from the effect of the wave interaction of the infinite mul-
tilayer below the Nth layer. Let us reverse the roles of
downward and upward waves in Fig. 6A by inverting the
reflection geometry in Fig. 6A as shown in Fig. 6B. Now
by multiplying each boundary wave amplitude indicated
in Fig. 6B by the same constant factor, Sox"/ T, we obtain
another consistent set of values for the boundary wave
amplitudes, as depicted in Fig. 6C, with an incident wave
from below of amplitude S;x* and which is now identical
to that in Fig. 6A.

We next subtract, by a superposition, the two
boundary wave solutions depicted in Figs. 6A and 6C,
obtaining the resulting boundary amplitudes indicated in
Fig. 6D and, with the net upward-propagating wave at
the lower boundary equal to zero, the required boundary
condition for the finite slab of N layers.

Finally, by dividing each amplitude in Fig. 6D by
the incident amplitude, To{1 — (Sp/ To)*x*"), we obtain
the amplitude ratios for reflection and for transmission:

1 —x2
SON/ TO - SO/ TO 1 — (SO/ TQ)ZXZN (28)
and
- 2y N
Tox/To = (1~ (So/To)")x (29)

I = (So/ To)?x*"
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B8
D

To \A/so \ N Toli- (§-°) u*“\/ 5o-x2Y)

N N /\ ZON I
Tox" S so x2N
Nd
ARV RN
7N & 54\5 N ToM-S2)?)

== T %

T 0

Figure 6. Illustrating the superposition of particular solutions of the Darwin-Prins model for the semi-infinite multilayer to yield the reflected and
transmitted amplitude ratios for a finite multilayer of N layers as are included here in a modified Darwin-Prins model.

D. Calculation of the Coherently Transmitted and
Reflected Radiation Intensities

The reflected intensity will depend upon whether
the radiation source is plane or elliptically polarized (for
example, from synchrotron radiation sources) or unpo-
larized (for example, from an x-ray tube source). For
example, the general expression for the reflected intensity
from a semi-infinite mirror, multilayer, or crystal analyzer
may be written

1= T3,(So/To)z + T3,(So/To)z, (30)

in which 7y, and Ty, are the incident amplitude com-
ponents that are polarized parallel and perpendicular to
the plane of reflection, respectively, and (Sy/ 7)., and
(So/To), are obtained from Eq. (26) by letting the po-
larization factor P(26), in s and §, be cos 26 or unity,
respectively.

For unpolarized radiation sources, the reflection
intensity ratio becomes simply

1
I/1y = (5)[(SO/T0)?r+(SO/TO)§]- (31)

E. Estimation of the Incoherently Scattered
Radiation Intensities

The basic interacttons described above are the result
of coherent scattering by atomic electrons that remain in
their initial, bound energy states and therefore the scat-
tered energy of the photons is unchanged. When, however,

189

the photon energies are large compared with the atomic
binding energies, the scattering electrons may recoil into
higher energy continuum states and, depending upon the
scattering angle, the wavelength of the incoherently scat-
tered radiation is somewhat increased. This is defined as
Compton scattering.

In the discussions above we have calculated reflected
and transmitted intensities by uniform solids by summing
first the amplitudes coherently reflected by planes of atoms
from which the intensity is determined. To calculate the
intensity that is incoherently scattered by this solid we
must stmply sum the intensities from individual atoms
considering that each will scatter independently without
any reinforcement of the total intensity in a particular
direction. Outside the angular regions of diffraction peaks
the incoherently scattered background radiations may be-
come very significant, particularly for systems containing
the lighter elements and at the higher photon energies of
interest here.

We now develop a formula for estimating the in-
coherently scattered intensity including that for the im-
portant cases of back-scattering and of the background
radiation in the vicinity of reflected maxima. As depicted
in Fig. 7, a parallel beam of x rays of intensity /, is incident
at angle # upon a uniform solid sample of thickness 7 and
of sufficient extent to intercept this beam’s cross section
S. The number of incoherently scattered photons/s that
reach a detector at scattering angle 28 and exit angle 6 is
obtained by integrating through the depth of the sample
the intensity contributions from differential layers of
thickness dz and area S/sin 6. We assume here that the
effective scattering volume and the detector window area
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Detaction

Cross section
Solid angle

Figure 7. Geometry for the estimation of the single scattering contribution
of incoherently scattered radiation at angle 26 into a small solid
angle AQ accepted by the detector window and from a small sample
volume of thickness d-z.

are of sufficiently small extent that the small solid angle
accepted by the detector, AQ, is essentially the same for
all scattering atoms. (Because incoherently scattered
background is usually small, we consider single scattering
only to be significant.) It is also assumed at this point that
the sample is composed of the same atoms of atomic den-
sity n atoms per unit volume. As is discussed in the Ap-
pendix the differential cross section per unit solid angle
for incoherent scattering of unpolarized x radiation may
be given by the approximate relation

(i‘{) _ r%(l +cosz20)(z__f_0).
dQ inc 2

Here the first factor is the differential cross section
per unit solid angle for the Thomson scattering intensity
from a classical free electron (ry is the classical electron
radius, e?/mc?). For polarized incident beams (for ex-
ample, synchrotron radiation) the polarization factor ( 1
+ c0s226)/2 may be replaced by unity or cos?28 when
the incident electric vector is perpendicular or parallel to
the plane of reflection, respectively. For the light elements
at the higher photon energies for which Compton scat-
tering may become significant, the atomic scattering
factor, f, + if;, becomes essentially equal to fo, the
well-tabulated atomic form factor.”® f; is a function of
(sin @)/, which is equal to Z for forward scattering or
for low-energy x rays and rapidly approaches zero value
for large scattering angles at the higher photon energies.'”

The transmission factor at depth z for the incident
and exit paths within the sample may be given as

(32)

190

X-ray Interactions

exp( —2urz/sin 6), where w;, is the linear attenuation coef-
ficient (defined below). The integral for the number of
photons per second, NV, that are incoherently scattered at
angle 20 and to the detector becomes

“ano(aa), 20 Lo (50
sin @
which yields for a sample of finite thickness ¢

N _rgnf_,  f3\(1+ cos’28
[()S 2“-]( Z 2

[l—exp( 2n0)]AQ (34)

If there is more than a single type of atom com-
posing the sample then the two material quantities, n(Z
— f3/Z) and p,,, are simply replaced by summations

2#1\2

)]d,_, (33)

2 nq(Zq _f(z)q/Zq) and z Hythg, (35)
q q

where n,, Z,, fo,, and u,, are the atomic density, atomic
number, atomic form factor, and total atomic cross section
for the g-type atom, respectively.

Note that for monochromatic incident x radiation
the incoherently scattered x rays at a given angle of scat-
tering will have a somewhat broadened distribution in
wavelength centered at a wavelength slightly longer than
that of the incident radiation. This shift in wavelength
depends only upon the angle of scattering, 26, and is equal
to A(1 — cos 20), where A\. = h/mc = 0.02426 A, the
Compton wavelength.

For the light elements and for photon energies that
are large compared to their electronic binding energies
the total cross section for incoherent scattering must be
added to the photoabsorption cross section x,, to yield
the total atomic attenuation cross section, y, as employed
above to properly define x-ray beam transmission at the
non-Bragg reflecting angles. Generally the coherent scat-
tering contribution to the attenuation of the transmitted
beam (extinction) is negligible for the uniform absorber
at non-Bragg angles outside the small-angle total reflection
region. There can be sample structure-dependent coherent
scattering of energy out of the transmitted beam direction,
for example, by nonuniformities such as small particles
or holes, which would need to be considered as a special
case.” Also there may be strong coherent scattering ex-
tinction contributions to the attenuation for special beam
geometries, for example, in total reflection and in Bragg
reflection (which are separately treated in Sections III
and IV).

The total incoherent atomic cross section is ob-
tained by multiplying the differential cross section given
above by the solid angle, dQ = 2w (sin 26)d(28) and in-
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tegrating from @ equal to zero to /2. This yields the
expression

x/2
Gine = 27rr§f df(sin 20)( 1 + cos28)
0

X(Z-[8/Z). (36)

Because the differential solid angle in this integral includes
all scattering planes, this result is independent of the po-
larization state of the incident beam.

The integral has been numerically evaluated using
the analytical expression for the form factor, f, given in

X-ray Interactions

Ref. 8 and yielding a table, presented in Table I for the
incoherent cross sections (cm?/g) for the light elements,
Z = 2 to 18, and for the photon energies that are large
compared to their electronic binding energies. Also the
total cross section for attenuation through uniform sam-
ples at non-Bragg angles, x, = g, + uiqe, has been plotted
in Table I (as a dashed curve) along with the photoab-
sorption cross section, u,, for the light elements, Z = |
to 18. Again, this total cross section cannot include the
special extinction effects introduced by small-angle re-
flection or by Bragg or nonuniform sample diffraction.

III. NON-BRAGG DYNAMICAL REFLECTION AND TRANSMISSION BY MULTILAYERS

There are two often applied x-ray measurements,
foil transmission and small-angle mirror reflection, that
can be analyzed with equal accuracy using either the elec-
tromagnetic boundary value solutions or the atomic scat-
tering solutions given above. It is of interest to demonstrate
the equivalence of the optical electromagnetic and the
modified Darwin-Prins (MDP) solutions for these cases
in which the scattering angles are small and/or the wave-
lengths are large and the optical constants, é and 3, are
therefore applicable.

A. Non-Bragg Reflection at Normal Incidence for a
Semi-Infinite Solid

We consider first the normal incidence reflection
from a smooth surface of a uniform semi-infinite solid
with the non-Bragg condition d/A < 1, and therefore s =
5. With A > 4, it follows that the scattering factors are
angle independent and the optical constants, é and 3, may
be defined as in Eqgs. (17) and (18). And with Eqgs. (11)

and (12) we note that |s| = |¢|. Therefore, for normal
incidence reflection and transmission,
2nd
s=a=—%(5+i6). (37)

Now by multiplying the numerator and denominator by
(A\/2nd) in the normal incidence reflection amplitude ra-
tio So/ To given in Eq. (26) and letting eX /27 d be replaced
by unity, we obtain to lowest order in é and 8

So/To = (1/2)(8 + iB). (38)

This is in agreement with the familiar OEM Fresnel re-
flection result So/ 7Ty = (n, — 1)/{n, + 1) since 6 and 8
may be neglected compared with unity. The intensity ratio
for a normal incidence reflection, I/ I, ( for all polarizations
of the incident beam), is obtained by multiplying S,/ T
in Eq. (38) by its complex conjugate

171, = (1/4)(5* + 8%). (39)
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Again, since for normal incidence ¢ = 2xd/ ), requiring
that |s| < e from Eq. (37), the value for the transmission
per layer within the semi-infinite block, x, becomes from
Eq. (27)withm =0

x=e ", n=i(e+ o). (40)

B. Non-Bragg Reflection and Transmission at Normal
Incidence for an N-Layer System

1. Relating f>(0) and 8 to Photoabsorption Cross
Sections

Since the optical constants, é and 3, are in the range
10 "2 to 10 ~® for the x-ray region, the amplitude reflection
ratio at normal incidence, S,/ T, is noted from Eq. (38)
also to be very small. Relations (28) and (29) for the
reflection and transmission at normal incidence for an N-
layer system become (after second-order terms in Sy/ T
are dropped) using Eqgs. (38) and (40)

SON ( SO ) IN
e
Ty Ty ( )

— 6 + ’B (l _ e—ilx’\’(e-ﬂy))

> (41)

and

TON N

= xN = g iN(+o) — mi2nNd(1-5-iB)/X
Ty

(42)

We confirm in Eq. (42) that the phase change upon pass-
ing through an N-layer block is —2xNd(1 — 5)/X. By
squaring the modulus of Tyn/ 7o, we obtain the trans-
mitted intensity ratio that defines the attenuation cross

sections, viz.
1/]0 — e—41rde/)\ — e—;ql — C_“mm.

(43)

Here the mass per unit area is given by m = pt, where p
is the mass density, and we have introduced the mass
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absorption coeflicient, uy = w/p. We therefore find for a
perfectly uniform, non-Bragg transmitting foil system,
using Eq. (18), the relations for the linear absorption coef-
ficient, yu,;:

__4mB _ 2\
M= Plm = Ty p MF»(0)
= 2"'OA Z anZq(O) = Z nqﬂ-aq- (44)
q q

From the above MDP description of a non-Bragg normal
incidence transmission through an ideally uniform ab-
sorber we obtain the result that

J24 = Bag/2roh = (7/2)CEp,,,

where E is the incident photon energy, C = (wrphc) ™' =
09111 (eV A%, his Planck’s constant, and ¢ is the
velocity of light. This is the basis for our determination
of the f; component of the atomic scattering factors from
measured photoabsorption data assuming uniform non-
diffracting absorbers in which incoherent scattering is
negligible. This same relation between the atomic scat-
tering-factor component, />, and the atomic photoab-
sorption cross section, u,, is derived in the Appendix using
the Kramers—-Kronig theoretical model.

Note that in the discussions that follow we refer to
the mass photoabsorption coefficient as simply u.

We may also obtain from Egs. (44) and (45) the
expressions that relate the average energy per photon that
is photoelectrically absorbed per unit path length at the
surface of a solid, Eu;, to the atomic scattering-factor
components, f5,:

(45)

i
ﬂl—ﬂ_C

An important application of this is the prediction of an
x-ray photocathode’s secondary-electron emission yield,
Y., defined as the number of secondary electrons produced
per incident photon. Since the mean escape depth, L, of
the secondary electrons within a given matenial is usually
small compared with the x-ray attenuation length, Y; is
simply proportional to the total energy absorbed within
the escape depth,

2 Ngf24(0). (46)
q

2KL
Y, = KLEy = — 2 ngf24(0), (47)
q

where K depends upon the photocathode material. Thus,
the energy dependence of Y, is proportional to the atomic
scattering-factor components, /5, as has been experimen-
tally demonstrated in Ref. 10. Also as suggested by Eq.
(47), a measurement of the electron yield versus the in-
cident photon energy will reflect the absorption edge
structures of the /5, components that are characteristic of
the surface layers of a sample, typically within a few
hundred angstroms. This fact has been extensively utilized
in the electron yield detection of EXAFS spectra.''
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2. Transmission Measurement of Photoabsorption
Cross Sections

As is described in Section VI and in the Appendix
the basic atomic scattering components, f,(0) and £>(0),
which are tabulated in this work have been derived from
the atomic photoabsorption cross sections. These may be
accurately determined from normal incidence transmis-
sion measurements provided that the sample is a uniform,
nondiffracting distribution of atomic or molecular scat-
tering units. For such a sample the amount of coherently
scattered energy outside the transmitted beam direction
can be considered negligible and therefore a total mea-
sured cross section per unit mass, u,, will be given by

In(1y/T)
po= — = g+ e,
m

(48)
where m is the mass per unit area (g/cm?) of the foil and
u and ;.. are the photoabsorption and incoherent scat-
tering cross sections, respectively. We may then obtain
the mass photoabsorption cross section by

_In(e/1)
K m(l + “inc/ﬂ) ’

where the correction for incoherent scattering, u;,./u, may
be obtained from the appended tables for ui,. and u as
has been discussed in Section IL.E. This correction is neg-
ligible except for the lightest elements and higher photon
energies.

Finally we can express this measured photoabsorp-
tion cross section, u, as a simple sum of the atomic pho-
toabsorption contributions provided that the atoms are
absorbing independently in the condensed state of the
absorber—which, as discussed in Section VII, is usually
the case for photon energies above about 50 ¢V and out-
stde the absorption edge thresholds. The measured mass
photoabsorption cross section, u, may then be expressed
by the relation

(49)

Na
= —A}— Z x(]”'acp

T g

u (50)

where N, is Avogadro’s number, M, is the molecular
weight, x, is the number of g-type atoms per molecule,
and p,, 1s the atomic photoabsorption cross section of the
g-type atom.

Note that it is essential, for a given wavelength, that
energy not be diffracted out of the beam direction and
detector window as a result of sample structure (for ex-
ample, crystaline or imbedded particles or holes of d
spacings or dimensions comparable with the wavelength).
If sample uniformity is questionable, on- and off-axis
large-window detector measurements may be compared
to a small-window measurement that embraces only the
collimated transmitted beam as a basis for estimating
measurement error resulting from diffraction effects.
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C. Non-Bragg Fresnel Reflection at Small Angles for
the Semi-Infinite Solid

1. Reflection from an Ideally Smooth Surface

We now apply Eq. (26) to the special case of non-
Bragg reflection at small angles of grazing incidence from
a perfectly smooth semi-infinite mirror surface with the
incident beam’s electric vector perpendicular to the plane
of incidence ( ¢ polarization, with P(20) = 1). Again, for
d/\ < 1, we may let s = 5 (independent of any unit cell
asymmetry). And for small angle reflection, essentially
only forward scattering is involved and therefore we may
let s = § = ¢ in Eq. (26) and obtain

So -

g

To—e-l-a-i— Ve + 2eq
Multiplying the numerator and denominator of Eq.
(51) by A(sin 8)/(2nd), we obtain, using Egs. (16) to
(18), the small-angle reflection for a o-polarized beam in
terms of the optical constants, 6 and 3, which again are
applicable for this case of essentially forward scattering:

So _ 5+ iB

Ty sin%0 — (86 + iB)

+ sin 8Vsin?0 — 2(5 + iB)
Now from James' {see his Eq. 4.84) the optical

electromagnetic Fresnel equation for small-angle, a-po-
larized radiation reflection, Sy/ T, is

So _sin 6 — Vsin% — 2(5 + i)
To sin@+ Vsin?0 — 2(5 + i8)

(51)

(52)

(53)

Finally, to demonstrate the equivalence of Eq. (53) to
our MDP result, Eq. (52), we multiply the numerator
and denominator of Eq. (53) by its denominator and ob-
tain identically Eq. (52).

In Ref. 12, a derivation is outlined for the general
relations for x-ray reflection and a convenient expression
is given for the reflected intensity of a s-polarized beam,
which is

L(8) _p’(sin 6 — p)* +
Io p2(sin 8 + p)* + 3%’

(54)

and for the ratio of the intensities reflected by the r- and
the o-polarized beams,
1.(8) _p*(p — cos 8 cot §)* + B2
I(8) p*(p +cosfcoth) + 8%

(55)
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where p is given by
p?=(1/2)[sin%@ — 25 + V(sin?0 — 28)% + 4B2]. (56)
With Egs. (30), (54), and (55) one may obtain the re-

flected intensity, I, for incident beams of any polarization.
For example, for an unpolarized incident beam, [ becomes

I=1(1+1./1)/2. (57)

Reflectivity curves have been calculated using the
relations given above for appropriate angles of incidence
and photon energies and are presented in Table III for 10
ideally smooth x-ray mirror surfaces: Be, C, Al, Al,O;,
Si0,, Ni, Cu, Mo, Pt, and Au.

2. Effect of Surface Structure upon Mirror Reflectivity

Mirror surface structure may cause a significant
change in the shape of the total reflection cutoff region
from that predicted by the Fresnel reflection described
above. Such a change may represent an important source
of error, for example, in the design of mirror monochro-
mators or in the experimental determination of f,(0) and

f>(0) (or equivalently, 6 and 3) from the reflectivity curve.

Often the measured deviation from a Fresnel char-
acteristic cutoff with reflection angle or photon energy
can suggest the nature of the surface structure that caused
it. We briefly review here methods for modifying the Fres-
nel reflection response for three types of surface structure.

1. The reflectivity may be calculated for the surface
or interface for which the density and/or optical constants
vary with depth. As noted earlier, if surface roughness
features are of areal dimensions that are small compared
with those of the Fresnel half-period zones within a dif-
ferential reflecting layer (see Section 11.A ), their structure
may be modeled as an interface density that varies with
depth.’3

2. If the roughness structures are not small com-
pared with the Fresnel half-period zones, their low-angle
diffraction will broaden the Fresnel cutoff characteristic. '

3. Often, as a result of its fabrication, a mirror sur-
face may have a cross section in the plane of reflection
that may be Fourier analyzed as a sum of sinusoidal waves
of lengths that are very large compared to Fresnel zone
dimensions. The specularly reflected amplitudes can be
calculated for a sinusoidal surface of particular amplitude
and length. A sum of such reflection amplitudes can then
be obtained for the set of Fourier components that ap-
proximate the surface waviness.'*'?

IV. BRAGG DYNAMICAL REFLECTION AND TRANSMISSION BY MULTILAYERS

We define multilayers in this work as any periodic
system of layered structures that are parallel to the reflect-

ing surface (see Fig. 3). Nearly all practical x-ray analyzers,
natural crystals, and Langmuir-Blodgett (LB), and sput-
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tered-or-evaporated (S/E) constructed systems are mul-
tilayers as defined here. Hence the reflection by a semi-
infinite multilayer may be described by Eqs. (26) and
(27), and the reflection and transmission of a multilayer
of finite thickness may be described by Egs. (28) and
(29). These analytical solutions yield accurate descriptions
in the vicinity of Bragg reflection profiles of orders m =
1, 2, 3, -+« for the first-, second-, third-order, etc., re-
flections—assuming that for the x-ray region the inter-
action parameters per layer, |¢] and |s|, are small com-
pared with unity. (Note that for practical analyzers, the
interaction per layer is necessarily small in order to have
the participation of a large number of reflecting planes to
assure good spectral resolution, as discussed in Ref. 6.)

Inside the multilayer, the angle of incidence and
the wavelength at a plane of unit cells may need to be
corrected for refraction shifts. The angle after refraction,
¢, and the modified wavelength, X', which must be used
in the description of the wave interference within the
multilayer’s unit cell (defined by the A F values), are given
by Snell’s law, cos 8/cos 8’ =1 — 6 = A/X. We use here
only the real part of the refractive index, 1 — §, because
it can be easily shown that for x-ray refraction effects,
the first-order terms in 8 cancel. In our model description
of multilayers in the low-energy x-ray region where re-
fraction effects become relatively large, we replace the ratio
(sin §)/ X\, which appears in the unit cell structure factor,
F, by (sin 8"}/ X. In terms of the optical constant, §, we
may easily obtain from Snell’s law the relation

sinf’ sin#

26
o /1 - 24
N A sin“@

The basic analytical equations presented above re-
quire for a given photon energy or wavelength only the
d spacing and the unit area structure factor, MF, for their
evaluation. A general expression for MF has been given
in Eq. (10). We now present specific examples of the MF
functions with appropriate parameterization which may
then be applied to yield efficient, analytical, semiempirical
characterizations of practical multilayers.

We have developed small-computer programs'®
that efficiently calculate the reflectivity characteristics of
multilayers defined by the MF parameters. Also available
are computer programs for the successive application of
the Fresnel reflection equations at each interface boundary
within the multilayer (from the last to the first),!™!® in
order to obtain the reflectivity characteristics using the
OEM approach applicable when the layers may be ac-
curately defined by the optical parameters & and 8 (for
example, for the longer wavelengths and/or the small re-
flection angles for which the form factor corrections are
negligible).

It is necessary to use the OEM and not the MDP
approach when the Bragg reflection occurs at very small

(58)
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Figure 8. lllustrating the equivalence of the modified Darwin-Prins
(MDP) and the optical electromagnetic (OEM) descriptions for
low-energy x-ray reflectivity in the small-angle non-Bragg Fresnel
reflection region and in the large-angle Bragg reflection regions at
the first-, second-, and third-order diffraction line profiles (930-eV /
13.3-A x radiation reflected from 30 layer pairs of [4-A tungsten
and 21-A carbon with sharp interfaces).

angles, which requires values of the interaction per layer
parameters, ¢ and s, that are not small compared with
unity as needed for an accurate MDP solution. In Ap-
pendix A in Ref. 6 we have shown that the MDP results,
Eqs. (26) through (29}, accurately describe Bragg reflec-
tion when the first-order reflection angle, 6,, is greater
than about three times the total reflection cutoff angle,
6. (=~V25).

It is of interest to compare the reflectivity curves
for the m = 0, 1, 2, and 3 regions as calculated by the
atomic (MDP) and by the optical (OEM ) methods for a
case where both approaches are applicable, viz. for a suf-
ficiently long wavelength and with the first-order Bragg
reflection well outside the small-angle Fresnel reflection
region. In Fig. 8 we compare the small-angle and the first
three orders of Bragg reflection as calculated using our
MDP and OEM small-computer programs for Cu~L (930
eV, 13.3 A)radiation from 30 double layers of tungsten—
carbon (14 A of W and 21 A of C) assuming sharp in-
terfaces. In Fig. 9 we compare the MDP and OEM cal-
culated curves for near-normal incidence reflection in first
order from 100 double layers of tungsten—carbon (14 A
of W and 21 A of C) and for three wavelengths at and
near that for a “tuned” maximum reflectivity. The MF
values used in these calculated plots were obtained as de-
scribed below.
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Figure 9. Illustrating the equivalence of the MDP solid line and the OEM
dashed line descriptions for low-energy x-ray reflectivity in the near-
normal incidence angle region for a first-order Bragg reflection from
100 layer-pairs of 14-A tungsten and 21-A carbon with sharp in-
terfaces.

A. MF Values for Natural Crystal Multilayers

As noted earlier, most practical x-ray multilayer
analyzers involve unit cells that have a symmetry plane
so that the MF value is the same for a reflection from
above and from below the unit cell plane and therefore s
= §in the amplitude reflection equation for Sy/ 7 given
in Eq. (26). In our MF results, which are described below
for natural crystals and Langmuir-Blodgett analyzers, we
have assumed a symmetrical unit cell structure but we
assure the reader that it will be straightforward to modify
these calculations for the few cases for which the asym-
metrical system is of interest.®'® For the symmetrical unit
cell we may rewrite Eq. (10), measuring z,/d’s from the
symmetry plane (thereby eliminating the odd sine terms).
as

4rz
MF=MTY g(,f‘,cos(%’ sin 0), (59)
q

in which M is the number of unit cells per unit area and

£, 1s the number of atoms of type g within the unit cell

with coordinate z, measured from the symmetry plane.
This one-dimensional distribution of g, at z, may

be obtained from crystallographic data using the following
three geometrical relationships. For z,/d,

o/d = hxy+ ky, + iz, (60)
For the unit cell volume,
V= abc(1 + 2 cos a cos 3 cos ¥y
— cos’a — cos?B8 — cos®y )2 (61)
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For the unit cell cross-sectional area, V' /d, or M ™',

V)2 2
(Z) = (hbc sin a)? + (kac sin 8) + (lab sin v)?

+ 2hk(abc?)(cos a cos 8 — cos y)
+ 2ki(a’be)(cos B cos y — cos «)

+ 2lh(ab*c)(cos v cos a — cos B).  (62)

Here we have applied the conventional parameters
which define the three-dimensional unit cell, viz. the set
of three vectors usually denoted a, b, and ¢ with magni-
tudes a. b, and ¢, having the included angles «, 8, and .
The coordinates of the individual atoms relative to this
basis set are usually designated x', y', and =’ (=" is usually
different from : as used here).

The specific crystal planes being used are specified
by their Miller indices (A, k, /). Note that for crystals
having a hexagonal unit cell, often four-component Miller
indices are given; this notation may be converted to Miller
indices as applied here by neglecting the third component.
A constant may be added to z,/d to make - = 0 corre-
spond to a symmetry plane.

Generally it is necessary to search the crystallo-
graphic literature to find these coordinate values. A good
source of such data is Crystal Structures by Wyckoff."”
For further help in understanding the notation used, and
for a good general reference, see the International Tables

Sfor X-Ray Crystallography® Finally for a very helpful

consistency check, the mass density of the assumed unit
cell should be calculated and compared with the bulk
density of the crystal. Bertin®" has published values for o
for many practical x-ray analyzing crystals.

In Table IV. we have applied the models described
above to a set of 21 practical natural crystal analyzers.
The integrated reflectivity is calculated for both the perfect
crystal (DP model) and the mosaic crystal (kinematical
model described in Section V). The measured integrated
reflectivity generally falls between these two extremes. The
widths and peak reflectivities are also presented for ¢- and
w-polarized incident beams for the perfect crystal model.
It should be noted that the real crystal may yield sub-
stantial differences from these diffraction profile param-
eters depending upon its imperfections (to which, how-
ever, the integrated reflectivity is relatively insensitive).

Only for the natural crystals having the smallest d
spacings as required for the reflection of the short wave-
lengths may the peak reflectivities also be significantly
diminished by the effect of thermal vibrations of the crystal
lattice. This temperature-dependent reduction of peak in-
tensities 1s given by the Debye~Waller factor (cf. Ref. 1
or21).
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B. MF Values for Langmuir-Blodgett Multilayers

The LB multilayers are constructed by successively
depositing N monomolecular layers of typically a lead or
barium salt of a straight-chain fatty acid upon a smooth
substrate (for example, float glass or silicon wafer). The
resulting multilayer has a periodic structure composed of
thin double atomic layers of the heavy cation (for ex-
ample, Pb or Ba) separated by the low-density, long-car-
bon matrix providing the desired high x-ray scattering
“contrast.” The d spacings are set simply by the choice
of the straight-chain fatty acids that can be successfully
applied to construct high-quality multilayer analyzers.
These are, according to our experimental results, in the
35-to 80-A d-spacing range. ( The layers are deposited as
the substrate is ““dipped” in and out of a water surface on
which the insoluble monomolecular compressed layer of
the fatty acid salt has been established. The special
method, equipment, chemistry and experimental evalu-
ation have been described in detail in Ref. 6.)

— CHg —
= CHp —

T sof-

d 40+ Myristate (12)
Laurate (10)
30
201
10
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The chemical formula for a salt of a straight-chain
fatty acid with the required bivalent cation (such as Pb)
may be written

[CH3(CH,),COO],Pb,

where n is the number of CH, groups between an end
CH; group and the carboxylate. We have measured the
absolute spacing of multilayers generated from a series of
fatty acids and have found that the 4 spacing may be
closely predicted for a given value of # by

d=250(n+4)A, (63)

which establishes the projected spacing between the CH,
groups along the molecular z axis to be 1.25 A. We have
used available crystallographic data on fatty acids and on
the carboxyl groups to assign positions for the other atoms
in the fatty acid molecule.

We have applied Eq. (59) and the d spacings in-
dicated in Fig. 10 and have varied the areal density, M,

80 -
Melissate (n=28)
70f
Lignocerate (22)
60

Stearate (16)

0 Pl S PR GOSN PN B R N
0 4 8 12 16 20 24 28 32 36 40
(n+4) ———»

Figure 10. Defining the unit cell for a Pb salt of a straight-chain fatty acid, [CH;(CH,;),(COQ)],Pb. The one-dimensional distribution of atoms within
the unit cell that is assumed in our modeling is presented here. We have measured the o spacing for the multilayers generated as salts of the fatty
acids 1o be equal to approximately 2.50(n + 4) and the cross-sectional area occupied by a typical Langmuir-Blodgett (LB) layer’s unit cell to be

about 20.5 A2,
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of the molecules in order to semiempirically fit measured
integrated reflectivity data for a series of molecular mul-
tilayers in the d-spacing range 35-80 A. Generally the
fitting precision through several diffraction orders was well
within experimental error limits. The unit cell area, 1/ M
(the molecular cross section), was determined by this fit-
ting procedure to be about 20.5 A2

C. MF Values for Sputtered-or-Evaporated Multilayers

The deposition of multilayers by sputtering of pe-
riodically heavily and lightly scattering layers can generate
a significantly asymmetric interface structure in the unit
cell system. For example, the extent of the interface pene-
tration region resulting from sputtering of the light ions
into the preceding heavy layer is normally less than that
resulting from sputtering the heavy ions into a light layer.
This geometry is depicted in Fig. 11, defining X and Y as
the thicknesses of the pure “light” and ‘“heavy” regions
and 7| and T, as the thicknesses of the possible transition
regions at their interfaces. In order to calculate the MF
value for this system, we now express the summation given

i
X Layer
| ’ X
X-Y interface T2
|
Y Layer Y
Y-X Interface T
v oy

Figure 11. Defining the geometry of a sputtered-or-evaporated (S/E)
multilayer's periodic layered structure {cell) of total thickness, 4.
X and Y are the thicknesses of the pure “light” and “heavy™ layers,
respectively. T, and T, are the thicknesses of possible interface
transition regions. The d spacingisthen X + ¥V + T, + T,.
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in Eq. (10) by an integral,
d . 47z
MF=73 f nq(z)]qexp(lTﬂ sin 0)d:. (64)
0
q

in which n,(z) is the number per unit volume of atoms
of type g at position z from a given reference plane and
having an atomic scattering factor f,.

We present here a practical unit cell model and its
corresponding integration of Eq. (64). which we have de-
scribed as the “linear transition” interface model discussed
in detail in Ref. 6 (see also Ref. 22). We define the number
densities n,¢ and n,, and the atomic scattering factors f,
and f, for regions X and Y. In the transition interface
regions 7', and 7',, it is assumed that the n, and n, densities
vary linearly from their values of n. and n, to zero. This
simple linear variation of number densities within the
interface regions 7', and 7T allows a modeling of inter-
diffusion (for example, a linear approximation of an ex-
ponential drop in the penetration densities) and/or in-
terface roughness (for example, of structures that are small
compared with the dimensions of the Fresnel half-period
reflecting zones as noted earlier).

In Fig. 11 this periodic structure of an S/E multi-
layer is depicted with the top or last layer deposited as
the light layer of thickness X, (Similarly a depiction might
be with the heavy Y layer at the top as the last layer that
was sputtered or evaporated.) The x-ray reflection intensity
from a multilayer of these periodic layered structures will
depend significantly upon which type of layer is at the
surface only if a small number of reflecting layers are in-
volved. This is the case when the absorption per layer is
large for a given wavelength and angle of reflection. Then,
as discussed above, the interaction per layer parameters,
s and o, are not small compared with unity as required
for the MDP solution and rather the OEM calculation
must be applied. This OEM method involves an iterative
application of the Fresnel reflection equations at each in-
terface of the system as approximated by a set of discrete
layers of different optical constants (see Refs. 16, 17,
and 18).

We consider here the calculation of MF values for
S/E multilayer analyzers for which the interaction pa-
rameters, s and ¢, of the unit cell plane are small compared
with unity and a relatively large number of these layers
participate in its reflectivity. In evaluating the integral
in Eq. (64) we have chosen the reference plane (z = 0)
in the heavy Y layer such that the integration is from
—d/2 to +d/2 in order to simplify the resulting expres-
sions for MF. We assume that the volumes occupied by
the component atoms (or molecules). 1/n,o and 1/#,,
in the X and Y layers are essentially unchanged within
the transition layers 7', and 7,. This S/E model yields
MF for a reflection of a wave from above this unit cell
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plane [needed to define s in Eq. (26)],

noofrd . , d ) .
MF = =50 sin(X) + 35 (e = ny0fy)
o A YT T s

X | (1 — '
g e )

em'( Y+ T+ T d

4 e 1 _ —i2A'Tyd
A Td) e '

(65)

where A’ = 27d (sin 8')/X. For MF for the reflection of
a wave from below the unit cell plane [needed to define
sin Eq. (26)], simply interchange T, and 7, in Eq. (65)
above.

When the multilayer may be modeled with 7| =
T, = T, the reference plane, z = 0, becomes the symmetry
plane and MF = MF becomes

n

_neokd d- - »
MF = —A' sin(A') + STAZ (Ncofy n,v(]f_\')
X {cos[ﬂyz—m] - cos(AdY)} . (66)
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Finally, for multilayers with sharp interfaces, we set
T = 01in Eq. (66) and obtain
AY
d

+ Deoly@ ofvd 3

. [AY
A m(——g—). (67)

MF = nAx‘Uf.\'d
A'

[sin(A’) - sin(

With the MF values given by these equations, the
MDP equation (26) for Sy/ Ty may be analytically eval-
uated to determine, for example, the effect of 7, and T
and of the ratio Y/ X upon the reflectivity and resolution
of a multilayer type of given d spacing. In Ref. 6 we have
applied a procedure for the determination of 7; and T,
from experimental integrated reflectivity data for a series
of practical sputtered multilayers. With these values, de-
tailed reflectivity characteristics were calculated for similar
multilayers with optimized Y/X and d values for the ap-
propriate photon energy regions of application.

V. KINEMATICAL APPROXIMATION RELATIONS FOR BRAGG REFLECTION

Many practical x-ray analyzers are not perfectly or-
dered and uniform as assumed in the derivation of the
dynamical MDP solution, Eq. (26), and as depicted in
Fig. 3. For these systems the contributions of multiple
reflections between reflecting planes can be significantly
diminished because of high absorption for the lower en-
ergy x rays, rough or diffused interface boundaries, and
an imperfect, mosaic multilayer structure. In order to in-
clude the effect of breaking up the dynamical multiple
reflections we introduce a factor x in Eq. (26) into the
term that exclusively introduces the dynamical multiple-
reflection contributions, viz. s§. Then as « is varied from
zero 1o unity, the description varies from kinematical to
dynamical. For the nearly perfect crystal a more accurate
description of the diffraction profile might be gained by
choosing a value for « that is somewhat less than unity.

For the imperfect crystal description, letting « ap-
proach zero leads to integrated reflectivities (area under
the Bragg diffraction profile, R) that may more accurately
fit the measured values and are, indeed, equal to those
that are predicted also by the ideally imperfect mosaic
crystal model (see below). This kinematical description
cannot, of course, predict the angular widths ( for example,
the full width at half-maximum) into which the diffracted
energy is spread because the measured diffraction line is
additionally broadened by the imperfections of the par-
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ticular Bragg analyzer and by the instrumental resolution.
Nevertheless we do expect the relative total diffraction
line intensity to be insensitive to the Bragg analyzer’s im-
perfection and instrumental broadening effects. This in-
tegrated reflectivity, measured by R, is proportional to
the product of the peak height, 71(0)/ Iy, and the full width
at-half-maximum (FWHM), w, for the diffraction line
profile (defined in Fig. 12).

We now present the analytical equations for the
kinematical approximation description of the imperfect
multilayer given by setting « equal to zero. Dropping the
s§term in Eq. (26) leads to a considerably simplified an-
alytical expression for Sy/ T viz.,

S0/ Ty =—s/[2(c + €)]. (68)

In order to obtain the reflected intensity we multiply the
numerator and denominator in Eq. {68) by their respec-
tive complex conjugates; that is,

111 = |s1* /(4o + €]?).
Using Egs. (11), (12), and (16) we obtain for |s|?

P2(20)
sin?f

5] = r3x? | MF(6)]?, (69)

Atomic Data and Nuclear Data Tables, Vol. 54, No. 2, July 1993



B. L. HENKE, E. M. GULLIKSON. and J. C. DAVIS
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Peak Intensity
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Integrated
Reflectivity, R
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&
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Figure 12. Defining for the diffraction line profile the peak intensity,
1(0)/I,, the full-width-at-half-maximum width (FWHM). , and
the integrated reflectively. R (area under the diffraction line profile).

and for [(o + €)|? we obtain
6 + iB

o+ el = (Z24) %
ML U sin 0
2xd cos 0p\? B 2
o [TLEB TN i (a0 - —2—
( A ) [( sin 8, cos 00)

_ B8 Y
* (sin Bycos 00) } (70)

where sin 8, = mA/2d. We have assumed that sin 8 varies
only a small amount from sin 8, through the effective
angular width of the diffraction line so that

sin 8 — sin 6y —

sin 6 — sin Ay = cos G Af),

where A@ = 8 — 6.
Now by dividing Eq. (69) by (70) we obtain a Lor-
entzian reflection intensity,

Ri(w/2m)

I(a)/lo:m,

(71)
where « is the angle measured from the refraction-shifted
peak position and is given by

(72)

6
=0 -0+ ——1.
“« (0 sin focos 00)

Note that the increase in the angle of Bragg reflection
because of refraction is derived here to be 8/(sin 8ycos
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8y). which is also the result given by Snell’s law for x rays
to within first-order terms in 6 and 3.

The integrated reflectivity, R,, is defined in Eq. (71)
as the integral of this Lorentzian over the extent of a dif-
fraction line profile. After dividing Eq. (69) by (70) and
with the help of Eq. (44), we may obtain for R,

rdN3P2(26,)

™
R = = wl(0)/1, = 225 =0
1= 5 ol I =5 s e,

| MF(60)%. (73)

For a polarized incident beam (as from a synchro-
tron radiation source ), the factor P(26) may be replaced
by unity for ¢ polarization and by cos 26 for = polarization.
For an unpolanized incident beam (as from a conventional
x-ray tube), the factor P*(26,) should be replaced by its
average value, that is, (1 + cos?26,)/2.

The intrinsic FWHM, w,, follows from this kine-

matical approximation by

P . S T

27 sin fycos 8, mw cos b,
Now if we can assume, with sufficient accuracy, that the
line-broadening distributions for imperfection structures
and for instrumental collimation are also Lorentzian, their
fold with Eq. (71) simply yields another Lorentzian dis-
tribution with the same integrated reflectivity, R,, but with
a lower peak intensity and with a FWHM, w, given by
the sum of the Lorentzian FWHMSs, wy + wy, + w., where
wy, and w, are the imperfection (for example, mosaic)
and instrumental ( for example, collimation) broadening
distribution FWHM widths.

Then, we obtain for the reduced peak reflectivity

1(0)/10=2R|/1r(w0+wm+wc). (75)

Note that if either or both the imperfection and the in-
strumental resolution broadening functions are signifi-
cantly better described as Gaussian rather than as Lor-
entzian, the fold with Eq. (71) becomes a Voigr distri-
bution, for which an analytical approximation has been
described elsewhere.?

Finally, we compare this kinematical approxima-
tion for the integrated reflectivity R, with that obtained
for the ideally imperfect or mosaic multilayer R,,. The
mosaic multilayer is assumed to be broken up into a large-
number mosaic of small well-ordered crystalline domains
that individually reflect coherently but with a random
phase relationship with the other reflecting segments of
the multilayer. Conventionally, the mosaic quality is at-
tributed to crystallites which are of small lateral dimen-
sions as well as small thickness and with their reflecting
planes slightly and randomly deviating from being parallel
to the multilayer surface (see Fig. 13). As suggested above,
a diffraction line broadening will result from the random
orientation of the crystallites as well as from the limited
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Figure 13. The mosaic multilayer model: it is assumed that the mosaic multilayer is broken up into thin, ordered “crystal” segments, each reflecting
coherently and kinematically but with an amplitude that is with a random phase relative to those from the other segments because of a small random
variation in the segment’s orientation, position, or d spacing. Therefore the total number of photons that are reflected within the diffraction line from
this mosaic muitilayer is the sum of the angle-integrated number of photons from each thin segment reduced by the transmission factor for x rays
to and from the segment, exp( —2u,z/sin ) (where z is its depth and g, is the multilayer’s linear absorption coefficient). This leads to a corresponding
integrated reflectivity for the mosaic multilayer, R, which is identical to R, in Eq. (73) obtained from the Lorentzian kinematical approximation of
the MDP model. Hlustrated here are two types of mosaic structure which may lead to this integrated reflectivity, R,.

number of contributing reflecting planes within the thin
crystallites. Another type of mosaic likely for S/E mul-
tilayers is that of stacking within the slab of many thin
independently scattering, essentially parallel layer systems
with random phase relationships because of random
spacings between these regions and/ or because of a region-
to-region variation of the d spacings. It is easy to establish
the integrated intensity reflected from an independently
coherently reflecting crystallite or thin-layer region using
a simple kinematical calculation (allowed because the ab-
sorption and multiple-reflection effects are negligible for
the small thicknesses involved; see James' beginning with
his Eq. (2.2)). In the derivation of the integrated reflec-
tivity, R, for the mosaic multilayer slab, the intensities
(rather than amplitudes) are summed through all angles
and from all depths of the slab, taking into account the
reduction of the intensity to and from each segment,
exp(—2uz/sin #). Here g, is the linear absorption coef-
ficient and 2z/sin # is the absorption path into and out
from the differential segment at depth z within the mul-

tilayer slab as illustrated in Fig. 13. This integrated re-
flectivity, R, is easily shown to be identical to Ry, that
presented above in Eq. (73) as derived using the Lorent-
zian kinematical approximation of our MDP solution,
Eq. (26).

Note that this invariant quality of the integrated
reflectivity, R (insensitivity to imperfection and instru-
mental broadening), suggests the importance of designing
quantitative measurements that are based upon this dif-
fraction line parameter. When, however, a prediction of
the diffraction line broadening by a given Bragg analyzer,
wm, 18 required (for example, for unfolding overlapping
spectra, or modeling interface structure) the effects of layer
interface diffraction and/or specular broadening as noted
in Section 111.C.2 may need to be included in the multi-
layer analytical description. {See, for example, Refs. 24,
25, and 26.) Generally, however, an experimental cali-
bration measurement upon known isolated and sharp
spectral lines of the analyzer’s intrinsic FWHM is also
required. (See, for example, Refs. 23 and 6.)

V1. SEMIEMPIRICAL CALCULATION OF THE ATOMIC SCATTERING FACTORS AND
SYNTHESIS OF THE PHOTOABSORPTION DATA

Cromer and Liberman?’ have shown that the re-
lativistic quantum theory of x-ray dispersion does yield
the initial Kramers-Kronig semiclassical dispersion
equation but with a small Z-dependent additive relativistic
correction. In the Appendix we outline the semiclassical
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derivation of a modified Kramers-Kronig description
which has been applied in this work in order to identify
the simplifying assumptions and approximations that have
been made, including the small relativistic correction and
the form-factor correction for scattering at the higher
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photon energies. A satisfactory agreement of our approx-
imated dispersion relations with some of the ab initio
theoretical descriptions of x-ray scattering calculated by
Kissel and Pratt?® is demonstrated.

These dispersion equations as used for our calcu-
lations for /;(0) and />(0) presented in Table I are

. " uy(e)d
A0y =7+ [T EBEE )
and
2(0) = 5 CEmy(E), (77)

where p,( £) is the atomic photoabsorption cross section
at the incident photon energy, E. The constant C is equal
to(mrohe) ™' = 09111 (eV A?)~!, where ry is the classical
electron radius, / is Planck’s constant, and c is the velocity
of light. The relation between f,(0) and the photoabsorp-
tion cross section has been derived above from an MDP
description of foil transmission in Section II1.B1 as well
as from the Kramers-Kronig description in the Appendix.

In the limit of very high photon energies, /;(0) ap-
proaches Z*. In nonrelativistic quantum mechanics, it
can be shown from the Thomas-Reiche-Kuhn sum rule
that Z* = Z, the atomic number. However, when rela-
tivistic effects are taken into account, Z* is slightly re-
duced from the atomic number, Z (see recent review by
Smith??). The difference, Z — Z*. is approximately equal
to Eio./ mc?, where E,, is the total atomic binding energy.*
This correction, Z — Z*, is significant only for the high-
Z elements.

We have fitted the tabulated values of Z — Z* from
Kissel and Pratt?® as a function of Z to obtain

Z* =7 — (Z/82.5)*Y. (78)
This expression for Z* has been used in our evaluations
of Eq. (76) to obtain the values of f|(0) presented in
Table 1.

The anomalous dispersion integral term in Eq. (76)
has a significant value throughout the low-energy x-ray
region, becomes very large and negative at the ionization
thresholds, and approaches zero for the high-energy x rays.
Because of the neglect of “damping’ in its derivation (see
the Appendix) and because the photoabsorption values
near thresholds are strongly affected by the condensed
matter state (see Section VII), f; cannot be defined by
Eqg. (76) as an “atomic™ scattering factor for photon ener-
gies near the absorption edges.

As described above, the atomic scattering factors
are based upon a knowledge of the photoabsorption cross
sections through an extended energy region. In order to
obtain the best-fit values for the photoabsorption cross
sections we have made use of the available experimental
measurements in the region 10-10,000 eV, and for in-
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terpolating in the region 10-1000 eV, we have used the
recent theoretical calculations of Doolen and Liberman
that are based upon a relativistic, time-dependent, local
density approximation which can account for the impor-
tant collective effects which become large at these low
energies.’’ The experimental photoabsorption data that
we have used include those described in works listed in
the INSPEC abstract files of the past 10 years and those
which have been recently added to the comprehensive
NIST database of experimental values by Saloman et al.**
Best-fit determinations of the photoabsorption cross sec-
tions, for 10-10,000 eV, were made relying on both theory
and measurements and interpolating across Z for the
many elements where few measurements were available.
For energies higher than 10 keV, there are several excellent
syntheses of photoabsorption cross sections.’>"** We have
chosen that of Biggs and Lighthill** as it is based on es-
sentially the same experimental database. In their report,
Biggs and Lighthill present four-term polynomial fits in
the (1/FE) variable between absorption edges. Using our
photoabsorption best-fit values for the region 10-10,000
¢V and those of Biggs and Lighthill * for the higher photon
energies, the dispersion integral in Eq. (76) was numer-
ically evaluated to obtain /1(0) in the region 50-30,000
eV. For each element, interpolated photoabsorption cross-
section values were found at 600 points. In the vicinity
of absorption edges, points were added just above and
below the edge energy and linear extrapolations in log u
vs log £ to the absorption edges were applied as an av-
eraging through possible fine structure. A three-term
polynomial was calculated to fit successive sets of our
lower energy interpolated points, which then permitted a
direct integration of the dispersion integral for that energy
interval. At higher energies, the polynomial fit of Biggs
and Lighthill, > between 10 keV and the next absorption
edge, was normalized to match our value at 10 keV and
then directly integrated. The upper limit, of 500 keV, was
chosen to be significantly above the highest K-absorption
edge of the elements considered (that is, U, 115.6 keV).
The contribution to the integral for energies higher than
this can be readily shown to be insignificant.

As the atomic coherent scattering factors, f, that
are described above approach simply the form-factor
value, f,, at the higher photon energies, the atomic in-
coherent scattering increases. As noted in Section 11.E and
discussed further in the Appendix the amount of inco-
herent scattering can be estimated from relations based
upon these atomic coherent scattering factors for the
higher energies. In Section I11.B.2 the required incoherent
scattering correction of the measured attenuation cross
sections in the determination of the photoabsorption cross
sections from foil transmission measurements on the light
elements at the higher photon energies has been described
and has been applied in our synthesis of the photoab-
sorption database.
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VIl. EXPERIMENTAL VERIFICATION OF “ATOMIC-LIKE” SCATTERING WITHIN
CONDENSED MATTER: THRESHOLD LIMITS

The methods that have been outlined above for ap-
plying the atomic scattering factors to the description of
the basic x-ray interactions of particular interest in applied
x-ray physics follow from the assumption that in con-
densed matter interactions the x-ray scattering by indi-
vidual atoms is essentially unaffected by the condensed
state of the system. As described in Section VI, for the x-
ray region of interest here, only then can both f,(0) and
7-(0) be determined from the atomic photoabsorption
cross sections. It is therefore important to consider to what
extent and to within what limits the measured photoab-
sorption in condensed matter is indeed atomic-like, that
is. with cross sections that are independent of the con-
densed state of the system. Generally it has been found
experimentally that photoabsorption within condensed
matter is indeed atomic-like above about 50 eV except in
the energy regions near absorption thresholds. (See, for
example. the excellent monograph by Berkowitz, Pho-
foabsorption, Photoionization and Photoelectron
Spectroscopy®).

Note that an exception and an example of non-
atomic-like x-ray scattering are given by chemically bound
hydrogen. For example, throughout the low-energy x-ray
region, the photoabsortion cross section of molecular hy-
drogen is about 2.6 rather than 2 times the atomic cross
section.**~** We have chosen for our tabulated values those
of atomic hydrogen based on its theoretical values,?'*
which are exact for this one electron system (and as was
tabulated in our 1982 compilation).

At energies near the absorption edges the photoab-
sorption cross section is found to depend on the chemical
environment of the atom since transitions are to weakly
bound excited states or to unbound shape resonances giv-
ing rise to near-edge x-ray absorption fine structure
(NEXAFS).'" At energies somewhat higher than this there
are weaker oscillations in the cross section as a function
of energy resulting from the back-scattering of the out-
going wave function of the photoelectron (EXAFS) from
neighboring atoms. As is noted in the following examples
of experimentally measured photoabsorption cross sec-
tions (including those presented graphically in Table I at
all energies), the effects of the condensed state are signif-
icant only at the lower energies of interest here.

As examples of the applicability and accuracy of
the atomic scattering factors that are tabulated in Table
I, experimental total reflection and Bragg reflection data
are compared with those predicted by using the MDP
model relations given in Sections III and IV along with
the modified Kramers-Kronig atomic scattering factors
tabulated here.

In Fig. 14 the photoabsorption cross sections are
plotted for xenon in both the gaseous (atomic) and the

solid states.** As can be seen, at least for the region shown
(65-150 eV), the measured cross sections are very similar
for both states.

The atomic-like behavior of a molecular absorption
coefficient is illustrated with the measurements of CO,
from Ref. 40, which are presented in Fig. 15. Superim-
posed upon these data is an atomic-like absorption spec-
trum for CO; generated by summing the atomic pho-
toabsorption cross sections for neutral atoms of carbon
and oxygen taken from our Table 1. Note that the mea-
sured absorption cross section exhibits structure above
both the carbon K and the oxygen K edges which is not
included in the atomic absorption cross sections from Ta-
ble L.

Recently the absolute photoabsorption cross sec-
tions have been obtained from transmission measure-
ments on a selected series of foil systems, beryllium
through uranium, using Stanford’s synchrotron radiation
source at SSRL.*' Presented here in Fig. 16 and Fig. 17
are examples of the data obtained for amorphous carbon
foil near its K edge and for nickel foil near its L edge. The
results of including the measured near-edge structure in
the evaluation of the atomic scattering factors is illustrated
in Fig. 16 for amorphous carbon. Superimposed are the
values for these elements as compiled in Table 1.

Photoabsorption measurements provide a direct
measure of the /> component of the atomic scattering fac-
tor. Reflectivity measurements vs angle or photon energy
may be applied to determine the f; component by fitting
these measurements to the Fresnel curves. An example
of a reflectivity measurement is presented in Fig. 18 for

T 1 T T T T T 1 T T v T T T
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| — Solid
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~— (=3
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Figure 14. The comparison of measured photoabsorption cross sections
from Haensel et al.* for xenon in the gaseous (atomic) and in the
solid (condensed matter) state in the low-energy x-ray region.
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Figure 17. Comparing the measured photoabsorption cross sections for

nickel foil (Z = 28) around the L-threshold region from Del

Figure 15. Experimental photoabsorption data for the CO, molecule
Grande*! with those tabulated here in Table .

taken from Ref. 40 compared with a plot calculated for the simple
sum of atomic photoabsorption cross sections taken from Table I.

a Si(111) wafer at 1487 eV (Al K,);** the Fresnel reflec-
tion curve based upon our tabulated f; and f, values is
also shown. In Fig. 19 are presented the determinations
of /| values from reflectivity measurements on mirrors of
C, Si, Mo, and W. The measurements are those of Windt*?
obtained using line sources in the energy region of 40~

-2
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E (eV)
6 -
i .
2
4]
) 2
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o
I Henke et al T
—— Del Grande
| 4
L - 2 30 40
0
200 250 300 %0 .

E (eV) Figure 18. Comparing a measured reflection curve around the total re-

flection cutoff region from a silicon{ 111 ) wafer with (8.34-A/ [487-
eV) x radiation** with that predicted by the Fresnel equations with
the atomic scattering factors tabulated in Table I. (The low-angle
cutoff is instrumental.)

Figure 16. Comparing the measured f, and /> values for a carbon foil (Z
= 6)around the K-threshold region { Del Grande*') with those tab-
ulated here in Table 1.
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Figure 19. Comparing the /| values obtained by fitting measured small-angle total reflection data in the region 50-1000 eV with the f; values derived from
the modified Kramers-Kronig relations and tabulated in Table I. The measurements are from Windt*? for mirrors of C, Si, Mo, and W and from
Bartsch et al.** for Si (assuming bulk density).

1000 eV and Bartsch et al.** for silicon obtained at HAS-
YLAB. The continuous curves in these plots have been
derived from our modified Kramers~Kronig calculations
of f| as tabulated in Table L.

Finally we compare in Fig. 20 calculated integrated
reflectivities for Bragg reflections based upon the modified
Darwin—-Prins model discussed above and upon the f; and
/> values tabulated in Table I with the integrated reflec-
tivities measured by Barrus et al.** on the acid phthalate
crystal analyzers in the region 400-3000 eV.

---- RbAP

integrated Reflectivity (mrad)

Computer Files 01 . .
500 1000 2000 5000
Computer files with finely spaced tables of the mass E (V)
absorption cross section g and of the atomic scattering
factors f,(0) and f>(0) for Z = 1-92 and E = 50-30,000 Figure ?_0. Comparison of the imegrat‘ed reﬂec‘ti\./ity (R) curves for the
eV are available from the authors. Requests should be acid phthalate ar_\alyzers of potassium, rubidium, anc‘l‘sthalh'um'that
directed to E. M. Gullikson, Center for X-Ray Optics have been experimentally measured by Barrus et al.*’ (solid lines)
1recte : : N y P with those calculated using the MDP model and with the tabulated
M/S 2-400, Lawrence Berkeley Laboratory, 1 Cyclotron atomic scattering factors that have been presented in this work. The
Rd, Berkeley, CA 94720. dots are experimental data for K AP; see Table IV for details.
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APPENDIX: DISPERSION RELATIONS FOR THE SEMIEMPIRICAL DETERMINATION OF ATOMIC
SCATTERING FACTORS, COMPARISON WITH RESULTS OF AB INITIO THEORY, AND
ESTIMATION OF INCOHERENT SCATTERING CROSS SECTIONS

In Section 111.B.2 we related the f3(0) component
of the atomic scattering factor to the photoabsorption cross
sections as determined by normal incidence, nondiffract-
ing uniform foil transmission measurements. The as-
sumption needed to establish this empirical relationship,
viz. that the x-ray scattering within condensed matter is
atomic-like and may be accurately defined by atomic
scattering factors except near threshold energies, has been
justified by comparisons of atomic description and ex-
periment as those presented in Section VII. For the light
elements at the higher energies a correction for incoherent
scattering for the foil transmission measurements is re-
quired as defined in Section II.B.2; the incoherent scat-
tering cross section is presented in terms of the atomic
scattering factors at the conclusion of this appendix.

In Section VI we described the determination of
the f1(0) component of the atomic scattering factors as
based primarily upon the measured photoabsorption data
by the numerical evaluation of a modified Kramers-
Kronig dispersion relation for /,(0) given by Eq. (76).
We now present an outline of the development of this
equation along with a comparison of its semiempirically
predicted f-values with those of the ab initio S-matrix
theory.

Classically the forced-oscillator solution for the
scattering of an electromagnetic wave of frequency w, by
a single electron bound to a nucleus and with a resonant
frequency of w yields an atomic scattering factor (e.g., see
Ref. 1, p. 137)

(A1)

in which % is a radiation damping constant.
Semiclassically, a bound atomic electron (type g of
an n, [ subshell) is not assigned a single equilibrium po-
sition but rather is considered to be statistically distributed
in position about the nucleus with a probability density
| |2 It is assigned a corresponding continuum of char-
acteristic frequencies, w, with an associated differential
oscillator strength (dg/dw)dw, and under the interaction
of an electromagnetic wave of frequency «y, the scattering
factor for the g-type electron is then given by the integral

* wi(dg,/dw)dw

wg (wd — w?) — ingwo

Jo= , (A2)

in which w, is its threshold frequency. The threshold en-
ergy £, 1s equal to hw,. It is convenient to express Eq.
(A2) in terms of the energy variables with the incident
photon energy E equal to hwy and the damping constant

205

ny, equal to fan,, obtaining
[ = f’* E*(dg,/de)de
e g, (E? =€) — in,E’

(A3)

It is interesting to note that the formal modern methods
of relativistic quantum dispersion theory (see, for ex-
ample. Cromer and Liberman.?” Jansen, *® and the reviews
of Fano and Cooper*” and Smith?°) yield the same result
as Eq. (A3) except for a small added relativistic correction
term which is included in our final modified Kramers—
Kronig dispersion relations presented below and applied
in this work.

We now rewrite Eq. (A3) as the sum of two inte-
grals:

_ * (E? - 62)(dgq/dé)df
E, (E? — &*) — i, E

S

f" e*(dg,/ de)de
+ 2 2 ot .
E, (E°— €)= in,E

(A4)
-4

Because 7,/ E is very small compared with unity (see, for
example, Parratt and Hempstead *®) the first integral be-
comes simply equal to g,, the total oscillator strength of
this electron in the n, / subshell. g, is the high-energy limit
value of the f, scattering factor. The remaining energy-
dependent second term in Eq. (A4) expresses the anom-
alous dispersion component of f, resulting from the effect
of the electron’s binding to the nucleus.

The quantum mechanics formalily yields a simple
relationship between the oscillator density, dg,/dw, and
the transition probability, u,(E). for promoting this ¢
electron to the ionization continuum, and for photon
energies just above the photoabsorption threshold energy,
E,, for promoting this electron into the higher bound
states of the atom—often with a subsequent ejection of
an Auger electron (called indirect photoionization). This
relation is

dg,/de = Cp,(e), (A5)

where C = (wrghc) ' = 09111 (eV A2)™', in which r,
h, and ¢ are the classical electron radius, Planck’s constant,
and the velocity of light.

Note that because the oscillator density and hence
also the transition probability, u,, have discrete values for
the bound-state transitions we might have appended here
a summation term to the dispersion integrals to account
for the bound-state contributions in the energy interval
Jjust above the photoabsorption threshold, £,. Rather we
employ here a convenient alternative approach of defining
the oscillator density and the corresponding partial pho-
toabsorption cross section, u,, as continuous functions
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through this initial energy region with average values that
reflect the sum of the bound-state transition oscillator
strengths—and therefore requiring only integral repre-
sentations with integration range of £, to infinity.

We now express f, using Egs. (A4) and (AS) and
separating the real and imaginary components, /i, + if5,,

and obtain
=g, + Cf

x e nyEp,(€)de
E, (EP— )Y + (n,E)*’

2(E? — ) p,(e)de
(E* — ) + (n,E)’

and

Juy=C (A6)
Again, because 7,/ F is very small compared with unity,
it is easily shown that the integral in the expression for
Ji,in Eq. (A6) is essentially independent of the damping
term except for photon energies near threshold, E,. (See,
for example, Parratt and Hempstead.*®) Therefore for the
calculation of f}, at photon energies outside the threshold
region we may apply the simplified dispersion relation

- Cf € uq(e)de
Y .

Similarly, f3, is essentially independent of ;. The
integral for f>, in Eq. (A6) is significant only when the
integration variable ¢ approaches E. Therefore, we may
replace the quantity (E2 — €2) by 2 E(E — ¢) and to within
a very good approximation, we express f>,in Eq. (A6) as

de
(E =€)+ (n,/2)*°

which then directly integrates to
2E—-E
_1( ( - t]))] . (A9)
Ny

Now for the incident energy E larger than E, (and since
ny/E <€ 1), f2, becomes

Jag = (7/2)CEp,(E)
f2q = O

It remains now to sum the scattering-factor contri-
butions from the total number of electrons, z,, of an #, /
subshell and then from all of the subshells to obtain the
angle-independent atomic scattering factor, f;(0) + i/2(0).
As described earlier, this basic atomic scattering factor,
which we tabulate in this work, applies directly for the
case of forward scattering and/or for wavelengths which
are large compared with atomic dimensions for which we
may consider that all of the electrons within the atom are
scattering in phase and an arithmetic sum of the com-
ponents [, and f5, can be taken to yield the angle-inde-
pendent f;(0) and f5(0) components.

(A7)

C
.qu—- anﬂq(E)f (A8)

qu

C T
== z
) Euq(E)[2 +t

if£> E,,

ifE<E, (Al0)
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Using Eq. (A7) we obtain for /(0)

€ de
/1(0)' Z"llgll+sz wzﬁf__"i(____)_z_

q

(A1)

The relativistic quantum dispersion theory (see, for ex-
ample, Smith??) yields for %, z,g, the atomic number,
7, minus a small relativistic correction equal to E,/mc?
(the total binding energy of the atomic electrons/electron
rest mass energy); that is,

> z,8,=Z* = Z — E/mc.

q

(A12)

Because the relative effect of this Z-dependent relativistic
correction term may usually be neglected except possibly
for the heaviest elements and near thresholds, we include
it in our tabulations of /| (0) using a simple fit to recently
tabulated values?®

(Z/82.5)%%7, (A13)

(Note that the expression in Eq. (A12) without the re-
lativistic correction term is the familiar semiclassical
Thomas-Reiche-Kuhn sum-rule result.)

Because the partial photoabsorption cross section,
g, has zero value for photon energies below E,, we may
take the summation inside the integral in Eq. (A11), make
the integration range from zero to infinity, and let the
2.4 Z4, be replaced by the total atomic cross section, g,
obtaining

Etot/’n('z =~

= 2, €)de

. (A1)

Ho)y=2z2*+¢C J;
which is the result given in Eq. (76) of Section VI as our
basis for the semiempirical calculation of the f(0) tables.
As noted above, we have used an analytical continuation
of the u, curves to the thresholds which average through
the near absorption edge structures and with a sufficiently
accurate inclusion of the effect of the bound-state oscillator
strengths upon /;(0) for photon energies not close to the
thresholds.

We now obtain an expression for the f>(0) com-
ponent for the case of forward scattering and/or for
wavelengths that are large compared with atomic dimen-
sions by a simple summation of the f5, given in Eq. (A10),
yielding

./2(0): quf2q: (A15)

4

T
T CEp,.
5 CEn

It is interesting to note that this dispersion theory result
is identical to that presented above in Section I11.B.1. for
the semiempirical determination of f3(0) based upon a
normal incidence, nondiffracting foil transmission de-
scription using the modified Darwin-Prins non-Bragg in-
teraction model.

Next we outline the assumptions made in deriving
a relatively simple procedure for determining an atomic
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scattering factor for the higher energy photons and/or for
the larger angles of scattering. As discussed earlier, for the
shorter wavelengths and nonzero scattering angles the
amplitudes scattered by the atomic electrons are not in
phase and their addition must take into account their spa-
tial distribution about the nucleus. As James has pointed
out (Ref. |, pp. 145-146) a very good approximation for
the atomic scattering factor for the higher photon energies
and/or large scattering angles may be obtained by simply
replacing Z* in Eq. (A14) by the well-tabulated® form
factor, fy, for the element of atomic number, Z. f, ap-
proaches its maximum value of Z as its argument,
(sin #)/ X\, approaches zero and accounts for the angle-
dependent diffraction by the atom’s charge distribution
(usually assumed to be spherically symmetric).

The assumption made in this approximation is that
in summing f}, and />, taking into account possible phase
differences associated with nonzero scattering angles, only
the high-energy limit, Z, g,, needs to be a vector sum
and the integral terms may be simply summed algebrai-
cally as has been already done above in deriving /,(0)
and f>(0). This is because, as noted earlier, the integral
terms in f,, and f>, have appreciable values only for photon
energies near threshold for which the corresponding
wavelengths are large compared with the dimensions of
the active g-electron orbitals and the relative phase dif-
ferences are negligible. The vector sum over a spherical
charge distribution may then be written for 2, z,g, (see,
for example, Ref. 1, p. 97),

sin Qr
¥

dr, (A16)

2 248 =Jo = L U(r)

q

in which U(r) is the radial charge distribution for the
atom and the variable Q is equal to 4=« (sin #)/X. The
value of /, is essentially equal to Z for (sin #)}/X < 0.05
A~! and for most elements it drops to about 0.9Z for
(sin #)/X =~ 0.1 A~" (for example, for back-scattered 10-
A radiation).

By defining Z — /; as A fq, we may accurately cal-
culate the atomic scattering factor for the higher photon
energies and for any scattering angles, using the angle-
independent atomic scattering factors f;(0) and f5(0) that
are tabulated here, simply by the relation

S=hH+ il =[i(0) = Af(0) + i2(0).

As a test of the validity of the assumptions and
approximations that have been made in establishing the
modified Kramers-Kronig dispersion relations that we
have used for the tabulations and applications that are
presented in the appended tables and graphs, we compare
plots of /| vs E for the scattering angles 28 = 0°, 60°, and
180° for several elements as calculated by Eq. (A17) and
by the ab initio second-order, relativistic S-matrix theory
of Kissel and Pratt.?® These are presented in Fig. A1. Here

(A17)

207

100 . r
80 Pb (Z=82) 28=0
60 | .
- 60
40 F )/
20 [* " 180
102 108 104

X-ray Interactions

28«0

15T AlzZ=13)

E (eV)

Figure Ai. Comparing the S-matrix theoretical f; values of Kissel and
Pratt?® for the elements aluminum. zinc, and lead for scattering
angles of 0°, 60°, and 180° with those (solid lines) based upon
£1(0) values tabulated here in Table 1 and a simple angle-dependent
form-factor correction as given in Eq. (A17).

we have used for A f, the analytical expression given in
the International Tables for X-Ray Crystallography.®
Finally, we estimate the magnitude of the incoher-
ent scattering, viz. Compton scattering, which may be-
come significant in x-ray measurements at the higher of
the photon energies of interest here. As has been reviewed
in some detail by James' the total intensity, coherent plus
incoherent, that is scattered by an isolated atom may be
expressed in terms of the electronic scattering factors, f,,
with sufficient accuracy for most applied x-ray physics
(see, for example, James’ recapitulation of incoherent
scattering formulas in Ref. I, p. 461). By neglecting the
small exchange interactions among the atomic electrons,
the scattered intensity formulas from the quantum me-
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chanics (for example, Hartree-Waller equation) reduce
to essentially those derived semiclassically (for example,
Compton-Raman equation), viz.

Lha=EH(Z )+ 2= 19),  (A18)

where I is the intensity scattered by the classical Thom-
sonian electron if it alone were at the position of the atom.
As defined in Section I the 2, f, is equal to the atomic
scattering factor. We recognize the first term, I1/2, to be
the intensity scattered coherently by a single atom. (Gen-
erally f2= f1+ f3%. Asdescribed in our modified Darwin-
Prins analysis, if the atom is not isolated, the amplitudes
scattered by each of the collection of atoms must be
summed, vielding a total amplitude in a given direction
which, when multiplied by its complex conjugate, gives
the scattered intensity. This differential coherently scat-
tered intensity is diffracted into an angular distribution
as determined by the structure of the condensed matter
as discussed in Sections III and 1V.) The second term
24(1 = f3), is identified as the remaining incoherently
Compton scattered component. (For incoherent scattering
by condensed matter, such atomic incoherently scattered
intensity components must be summed directly after each
is multiplied by an appropriate transmission factor as de-
picted in Fig. 7 for the total single Compton scattered
intensity at a given angle, 26.) The electronic scattering
factors, f,, in this second term can be determined by de-
tailed theoretical quantum-mechanical calculations to
obtain this differential atomic scattering component.* It
is instructive here to compare these results to those ob-
tained by letting f, be approximated by an average value
for the higher energies, fo/Z, where Z is the atomic num-
ber. Using the differential scattering cross sections to which
I and It are proportional, we obtain

(do/dQ)ine = (do/dV)(Z = [§/Z),

which is the relatively simple and approximate relation
that is applied in Egs. (32) and (33) for estimating the
effect of incoherent scattering in Section ILE. In Table I
we present calculated values for g, in cm?/g for the light
elements, Z = 2 to 18, and for the photon energies that
are large compared to the electronic binding energies. The
numerical integrations of Eq. (36) were obtained by using
the analytical expression for f;; given in Ref. 8. The values
in Table II overestimate u;,. by 10-40% from the corre-
sponding more precise and detailed calculations presented
in Ref. 49. We have also plotted values of u, + ginc in the
plots in Table I (dashed curve) in order to demonstrate
for what photon energies and light elements incoherent
scattering contributes significantly to x-ray attenuation

below 30 keV.
For most of the low-energy x-ray region of interest

here the incoherent scattering cross section is smail com-
pared to that of photoabsorption. For this reason, only

(A19)
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single Compton scattering events were considered, for ex-
ample, in Section ILE, for a prediction of the incoherently
scattered background radiation that may become signif-
icant in the non-Bragg angular regions. For the extreme
cases at the higher photon energies of interest here and
with the lightest elements, multiple Compton scattering
effects may need to be considered. See, for example,
Ref. 50.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

EXPLANATION OF TABLES

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors, Z = 1-92,
E = 50-30,000 eV

Line Line designations for characteristic x-rays. (For origin of
lines see, for example, Ref. 5, p. 630.) Ka and L« in
the table refer to Ko, and L. He 1 refers to the 15°-
152 p transition in neutral helium

E Photon energy for the listed line in electron volts (eV);
values from J. A. Bearden, Rev. Mod. Phys. 39, 78
(1967)

A Wavelength in angstroms (A)

m Photoabsorption cross section in cm?/g. Experimental

points are from references listed at the bottom of each
page. The total cross section, u, = u + pinc. has also
been plotted as a dashed curve for elements Z = 1-18

Ha Photoabsorption cross section in barns/atom (b) obtained
from the formula for u, above the data block for each
element

fyand /> Atomic scattering factor components (dimensionless) cal-

culated from the photoabsorption cross sections by Egs.
(76) and (77) for forward scattering
Atomic Weight As currently recommended by the International Union of
Pure and Applied Chemistry. See J. R. De Laeter and
K. G. Heumann, J. Phys. Chem. Ref. Data 20, 1313
(1991). Used in determination of listed conversion
factors [u, (b/atom)/u (cm?/g)] and [Eu/ f>] (keV
cm?®/g)
Edge Energies  Energies of absorption edges in the region 10-30.000 eV.
The values have been taken from J. A. Bearden and
A. F. Burr, Rev. Mod. Phys. 39, 125 (1967) except as
noted:
4 M. Cardona and L. Ley, Eds., Photoemission in
Solids. 1. General Principles (Springer-Ver-
lag, Berlin, 1978).
£J. C. Fuggle and N. Martensson, J. Electron
Spectrosc. Relat. Phenom. 21, 275 (1980)
References References to photoabsorption data used to generate /> by
Eq. (77) presented at the end of the tables in References
for Photoabsorption Data; if no photoabsorption
data were available for a given element, a best-fit /5
curve was obtained by interpolation or extrapolation
through Z

TABLE II. Incoherent Scattering Cross Sections, Z = 2-18, E = 1000-30,000 eV

Line, E As in Table I

Hinc Incoherent (Compton) scattering cross section in cm?/g
calculated from Eq. (36) using the analytical expression
for the atomic form factor given in Ref. 8; for each
element, values are given only for photon energies
which are large compared to the electronic binding
energies

211 Atomic Data and Nuclear Data Tables, Vol. 54, No. 2, July 1993
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

EXPLANATION OF TABLES continued

TABLE Ill. Specular Reflectivity for Mirrors: Be, C, Al, AL,O;, SiO,, Ni, Cu, Mo, Pt,

TABLE IV.

and Au

Line, E As in Table I

0 Grazing incidence angle in milliradians

P(%) 100 X 1(8)/1y, the reflection intensity ratio calculated by

Eqs. (54).(55),(56),and (57) for unpolarized incident
radiation; this quantity is listed below each 8 and plot-
ted vs photon energy

Bragg Reflection Characteristics for Natural Crystals: Si(422), Ge(422),

LiF(220), Si(220), CaF,(220), Ge(220), LiF(200), Cu(111), Al(111),
Si(111), CaF,(111), Ge(111), C(0002), InSb(111), ADP(200),
PET(002), ADP(101), Mica(002), TAP(001), RAP(001), and
KAP(001) .

d Distance between crystal planes in A. The 24 values listed here
for the acid phthalate analyzers are those measured and rec-
ommended by Barrus et al.* and are corrected for refraction.
The other 24 values are taken from the compilation by

Bertin?
Line, E. X Asin Table I
R, Integrated reflection efficiency (in milliradians ) calculated by the

Lorentzian or mosaic crystal model [Eq. (73)] for unpo-
larized radiation (dot-dashed curve)

R, Integrated reflection efhiciency (in milliradians) calculated by in-
tegration of the modified Darwin—Prins relation [Eq. (26)]
for unpolarized radiation (solid curve); numerical integra-
tion limits of +5w, w being the full width at half-maximum
{FWHM) of the reflectivity curve

R,/R, Ratio of the integrated reflectivity for = polarization to the in-
tegrated reflectivity for ¢ polarization calculated for the
modified Darwin-Prins model [Eq. (26)] by numerical in-

tegration

P.(%) Percentage reflectivity at peak, 100 X I1(6)/ 1y, given by Eq. (26)
for 7 polarization (solid curve)

P.(%) Percentage reflectivity at peak, 100 X 1(6)/ Iy, given by Eq. (26)
for ¢ polarization (dashed curve).

W, FWHM in milliradians of rocking curve I{#) given by Eq. (26)
for = polarization (solid curve)

W, FWHM in milliradians of rocking curve /(8) given by Eq. (26)
for ¢ polarization (dashed curve)

E/AE, Resolving power of the analyzer for 7 polarization

E/AE, Resolving power of the analyzer for ¢ polarization

The integrated reflectivity data shown in the plots are taken from
the following sources:
@) Henke et al., unpublished
+ J. V. Gilfrich, D. B. Brown, and P. G. Burkhalter, Appl. Spectrosc.
29, 322 (1975)

O A. L. Zapysov, . M. Izrailev, V. A. Podgornov, and N. A. Khar-
vonin, Prib. Tekh. Eksp. 6, 170 (1982)

& A.J. Burek and B. Yaakobi, LLE Report 139 (Jan. 1983)

X B. Yaakobi, private communication

® A. J. Burek, D. M. Barrus, and R. L. Blake, Astrophys. J. 191,
533 (1974)

XX P. G. Burkhalter, J. V. Gilfrich, D. B. Brown, and D. L. Rosen,
SPIE 689, 121 (1986)

A D. B. Brown, M. Fatemi, and L. Birks, J. Appl. Phys. 45, 1555

(1974)
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X-ray Interactions 213

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = y(cm?/gm) x 1.67
E(keV)u(cm?/gm) = f2 x 41746.75

Line E(eV) |p(cmZ/gm)| fi f2 A (A)
H 10.2 1215
He I 21.2 | 1.22¢e+6 6.21e - 1 584.3
Na L3 30.5 | 4.05e+ 5 2.95e -1 407.2
Mg L2 49.3 | 9.85e+4 1.16e — 1 251.5
Al Lags 724 | 3.10e+4 | 1.05 | 5.38e — 2 171.2
Si Lags 91.5 | 1.52e +4 | 1.04 | 3.32¢ -2 | 1355
Be K 108.5 | 8.95e+3 | 1.03 | 2.33e -2 114.3
Sr M(¢ 114.0 | 7.68e+3 | 1.03 | 2.10e — 2 108.8
Y M(¢ 132.8 | 4.78e+3 | 1.02 | 1.52¢e — 2 934
Zr M(¢ 151.1 3.19¢e+3 | 1.02 | 1.15e — 2 82.1
B Ka 1833 | 1.73e+3 | 1.01 | 7.58¢ — 3 67.6
Mo M(¢ 192.6 | 1.47e+3 | 1.01 | 6.80e — 3 64.4
Ar L¢ 220.1 | 9.62¢e+2 | 1.01 | 5.07e -3 56.3
C Ka 277.0 | 4.6le+2 | 1.01 | 3.06e —3 44.8
Ag M(¢ 311.7 | 3.16e+2 | 1.01 | 2.36e —3 39.8
N Ka 3924 | 1.49¢e+2 | 1.00 { 1.40e — 3 31.6
Ti La 452.2 | 9.34e+1 | 1.00 | 1.0le—3 27.4
V La 511.3 | 6.25e+1 | 1.00 | 7.65e — 4 24.2
O K« 5249 | 5.73e+1 | 1.00 | 7.2le — 4 23.6
Cr La 5728 | 4.31e+1 | 1.00 | 591le — 4 21.6
Mn La 637.4 | 3.03e+1 | 1.00 | 4.63¢e —4 19.5
F Ka 676.8 | 2.48e +1 | 1.00 | 4.02¢ — 4 18.3
Fe La 705.0 | 2.17e+1 | 1.00 | 3.66e — 4 17.6
Co La 776.2 | 1.57e+1 | 1.00 | 2.93e — 4 16.0
Ni La 851.5 | 1.16e+1 | 1.00 | 2.36e — 4 14.6
Cu La 929.7 | 8.64e+0 | 1.00 | 1.92¢ — 4 13.3
Zn La 1011.7 | 6.52¢e+0 | 1.00 | 1.58e — 4 12.3
Na Ka 1041.0 | 5.93e+0 | 1.00 | 1.48e — 4 11.9
Ge La 1188.0 | 3.82¢e+0 | 1.00 | 1.09¢ — 4 10.4
Mg Ka 1253.6 | 3.20e+0 [ 1.00 | 9.60e — 5 9.9
Al Ko 1486.7 | 1.80e+0 | 1.00 | 6.4le —5 8.3
Si Ka 1740.0 | 1.06e+0 | 1.00 | 4.43e -5 7.1
Zr La 20424 | 6.19e—1 | 1.00 | 3.03e -5 6.1
Mo La 2293.2 | 4.18e—~1 | 1.00 | 2.30e -5 5.4
Cl Ka 2622.4 | 2.65e—1 | 1.00 | 1.66e —5 4.7
Ag La 2984.3 | 1.70e —1 | 1.00 | 1.22¢e — 5 4.2
Ca Ko 3691.7 | 8.20e —2 | 1.00 | 7.25e — 6 34
Ti Ka 4510.8 | 4.13e —2 | 1.00 | 4.46e -6 2.7
V Ka 4952.2 | 3.00e —2 | 1.00 | 3.56e — 6 2.5
Cr Ka 5414.7 | 2.22¢e -2 | 1.00 | 2.88¢ — 6 2.3
Mn Ka 5898.8 | 1.66e —2 | 1.00 | 2.34e — 6 2.1
Co Ka 6930.3 | 9.58¢e —3 | 1.00 | 1.59¢ — 6 1.8
Ni Ka 7478.2 | 7.40e —3 | 1.00 | 1.33e — 6 1.7
Cu Ka 80478 | 5.76e —3 | 1.00 | 1.11le -6 1.5
Ge Ka 9886.4 | 2.85e —3 | 1.00 | 6.76e — 7 1.3
Y Ka 14988.0 | 6.79¢ —4 | 1.00 | 2.44e -7 0.8
Mo Ka 17479.0 | 3.98¢e —4 | 1.00 | 1.67e — 7 0.7
Pd Ka 21177.0 | 2.04e—4 | 1.00 | 1.03e — 7 0.6
Sn Ka 25271.0 | 1.10e—4 | 1.00 | 6.67e — 8 0.5
Xe Ka 29779.0 | 6.26e—5 | 1.00 | 4.46e — 8 0.4

f
10° 10° 10* 10° 10° 16" 10°

w {em?/gm)

10°

References: 19, 111, 143, 150, 161.
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X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pio(barns/atom) = p(cm?/gm) x 6.65
E(keV)u(cm?/gm) = fo x 10512.72

Line E(eV) [u(em%/gm)| £, fa 2 (A)
H 10.2 1215
He I 21.2 584.3
Na Lag3 30.5 | 8.14e+5 2.36e +0 | 407.2
Mg L2 49.3 | 3.21e+5 1.51e 4+ 0 | 251.5
Al L2gs 72.4 1.37e +5 | 2.13 | 94le—1 171.2
Si Lag3 915 | 7.98e+4 | 2.20 | 6.94e — 1 135.5
Be K 108.5 | 5.20e+4 | 2.23 | 5.36e — 1 114.3
Sr M(¢ 1140 | 454e+4 | 2.23 | 492¢ -1 108.8
Y M(¢ 132.8 2.96e+4 | 2.22 | 3.T4e -1 93.4
Zr M(¢ 151.1 | 2.02e +4 | 2.20 | 2.90e — 1 82.1
B Ka 183.3 | 1.15e+4 | 2.16 | 2.0le—1 67.6
Mo M(¢ 1926 | 9.98e+3 | 2.16 | 1.83e ~1 64.4
Ar L¢{ 220.1 6.76e +3 | 2.13 | 1.42¢ — 1 56.3
C Ka 277.0 | 3.34e+3 | 2.10 | 8.79¢ — 2 44.8
Ag M( 311.7 | 2.32¢+3 | 2.09 | 6.88e — 2 39.8
N Ka 3924 | 1.14e+3 | 2.06 | 4.25¢ — 2 31.6
Ti La 452.2 | 7.28e+2 | 2.05 | 3.13e — 2 27.4
V La 511.3 | 4.94e+2 | 2.04 | 2.40e — 2 24.2
O Ko 5249 | 4.55e+2 | 2.04 | 2.27e -2 23.6
Cr La 5728 | 3.45e+2 | 2.03 | 1.88e — 2 21.6
Mn La 637.4 | 2.46e+2 | 2.03 | 1.49e — 2 19.5
F Ka 676.8 | 2.0le+2 | 2.03 | 1.29e — 2 18.3
Fe La 705.0 | 1.78e+2 | 2.02 | 1.19e -2 17.6
Co La 776.2 | 1.31le+2 | 2.02 | 9.67e — 3 16.0
Ni La 8515 | 9.73e+1 | 2.02 | 7.88¢ —3 14.6
Cu La 929.7 | 7.39e+1 | 2.01 | 6.53e —3 13.3
Zn La 1011.7 | 5.68¢ +1 | 2.01 | 5.46e —3 12.3
Na Ka 1041.0 | 5.18¢+1 | 2.01 | 5.13e—3 11.9
Ge La 1188.0 | 3.40e+1 | 2.01 | 3.84e —3 10.4
Mg Ka 1253.6 | 2.86e+1 | 2.01 | 3.4le -3 9.9
Al Ka 1486.7 | 1.68e+1 | 2.01 | 2.37e — 3 8.3
Si Ko 1740.0 | 9.99¢ +0 | 2.00 | 1.65e¢ —3 7.1
Zr La 20424 | 5.84e+0 | 2.00 | 1.13e -3 6.1
Mo La 2293.2 | 3.93e-+0 | 2.00 | 8.58¢ ~ 4 5.4
Cl Ka 2622.4 | 2.47e+0 | 2.00 | 6.17e - 4 4.7
Ag La 2984.3 | 1.58¢ +0 | 2.00 | 4.47e — 4 4.2
Ca Ka 3691.7 | 7.48¢e —1 | 2.00 | 2.63e — 4 3.4
Ti Ka 4510.8 | 3.74e —1 | 2.00 | 1.61le — 4 2.7
V Ka 4952.2 | 2.72e —~1 | 2.00 | 1.28¢ — 4 2.5
Cr Ka 5414.7 | 2.0le—1 | 2.00 | 1.03e — 4 2.3
Mn Ka 5898.8 | 1.50e —1 | 2.00 | 8.4le—5 2.1
Co Ka 6930.3 | 8.69e ~2 | 2.00 | 5.73e — 5 1.8
Ni Ka 7478.2 | 6.72e — 2 | 2.00 | 4.78¢e — 5 1.7
Cu Ko 8047.8 | 5.25e —2 | 2.00 | 4.02e — 5 1.5
Ge Ka 9886.4 | 2.63e —2 | 2.00 | 247e—5 1.3
Y Ka 14988.0 | 6.51e—3 | 2.00 | 9.28e —6 0.8
Mo Ka 17479.0 | 3.88e—3 | 2.00 | 6.44e — 6 0.7
Pd Ka 21177.0 | 2.06e—3 | 2.00 | 4.16e—6 0.6
Sn Ka 25271.0 | 1.11e—3 | 2.00 | 2.68e —6 0.5
Xe Ka 29779.0 | 6.30e —4 | 2.00 | 1.79¢ — 6 0.4

References: 11, 38, 46, 56, 78, 84, 88, 95, 111, 143, 162, 194, 209.
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,

uq(barns/atom) = p(cm?/gm) x 11.53
E(keV)u(cm?/gm) = f, x 6062.27

Z = 1-92, E = 50-30,000 eV

See page 211 for Explanation of Tables

Line E(eV) |u(cm?/gm)| £ fa A(A)
H 10.2 6.99¢ + 4 1.18¢e — 1 1215
He 1 21.2 | 3.90e+ 4 1.37¢ — 1 584.3
Na Lo 30.5 | 2.26e + 4 1.14e —1 | 407.2
Mg La23 49.3 | 8.55e +3 6.95e — 2 251.5
Al L, 724 | 241e+5 | 1.36 | 2.88¢+0 | 171.2
Si Lags 91.5 191e+5 | 2.53 | 2.88¢+0 135.5
Be K 108.5 1.13e+5 | 2.99 | 2.03¢e+4+0 114.3
Sr M(¢ 114.0 | 1.02¢+5 | 3.04 | 1.91e+ 0 108.8
Y M 132.8 | 7.06e+4 | 3.20 | 1.55e + 0 93.4
Zr M(¢ 151.1 5.1le+4 | 3.27 | 1.27e+ 0 82.1
B Ka 1833 | 3.15e+4 | 3.32 | 9.53e —1 67.6
Mo M( 1926 | 2.76e+4 | 3.33 | 8.76e -1 64.4
Ar L¢ 220.1 1.94e +4 | 333 | 7.04e -1 56.3
C Ko 277.0 1.03¢+4 ) 3.29 ) 4.7le - 1 44.8
Ag M(¢ 311.7 | 7.36e+3 | 3.26 | 3.78¢ — 1 39.8
N Ka 3924 | 3.8le+3 | 3.21 | 2.46e—1 31.6
Ti La 452.2 | 2.5le+3 | 3.18 | 1.87e -1 27.4
V La 511.3 | 1.73e+3 | 3.15 | 1.46e —1 24.2
0O Ka 5249 | 1.60e+3 | 3.15 { 1.3%e —1 23.6
Cr La 572.8 1.23¢ +3 | 3.13 | 1.16e -1 21.6
Mn La 6374 | 891e+2 | 3.11 | 9.37e — 2 19.5
F Ka 6768 | 7.37Te+2 | 3.10 | 8.22¢ — 2 18.3
Fe La 705.0 | 6.54e+2 [ 3.10 ; 7.60e —2 17.6
Co La 776.2 | 487e+2 | 3.09 | 6.24e — 2 16.0
Ni Lo 851.5 | 3.66e+2 | 3.07 | 5.14e — 2 14.6
Cu Lo 929.7 | 2.79¢e +2 | 3.06 | 4.29¢ — 2 13.3
Zn La 1011.7 | 2.15e+2 | 3.06 | 3.59e — 2 12.3
Na Ka 1041.0 | 1.97¢+2 | 3.05 | 3.38e — 2 11.9
Ge La 1188.0 | 1.31e+2 | 3.04 | 2.56e —2 10.4
Mg Ka 1253.6 | 1.1le+2 | 3.04 | 2.29e — 2 9.9
Al Ka 1486.7 | 6.47e+1 | 3.03 | 1.59e¢ — 2 8.3
Si Ka 1740.0 | 3.92e+1 | 3.02 | 1.12e — 2 7.1
Zr La 20424 | 2.43e+1 | 3.02 | 8.20e — 3 6.1
Mo La 2293.2 1.69¢ +1 | 3.01 6.39¢ — 3 5.4
Cl Ka 26224 | 1.1le+1 | 3.01 | 4.78e -3 4.7
Ag Lo 2084.3 | 7.38¢+0 | 3.01 | 3.63e -3 4.2
Ca Ka 3691.7 | 3.87e+0 | 3.01 | 2.35e -3 3.4
Ti Ka 4510.8 | 2.10e + 0 | 3.00 | 1.56e — 3 2.7
V Ka 4952.2 | 1.58e+0 | 3.00 | 1.29¢ — 3 2.5
Cr Ka 5414.7 | 1.20e+0 | 3.00 { 1.07e — 3 2.3
Mn Ka 5808.8 | 9.42e -1 | 3.00 | 9.17¢ — 4 2.1
Co Ka 6930.3 | 6.08e—1 | 3.00 | 6.95e — 4 1.8
Ni Ka 7478.2 | 4.94e —1 | 3.00 | 6.10e — 4 1.7
Cu Ka 8047.8 | 3.97e—1 | 3.00 | 5.27e — 4 1.5
Ge Ka 9886.4 | 2.20e—1 | 3.00 | 3.59¢ — 4 1.3
Y Ka 14988.0 | 5.51e—2 | 3.00 | 1.36e — 4 0.8
Mo Ka 17479.0 | 3.28¢ —2 | 3.00 | 9.47e -5 0.7
Pd Ka 21177.0 | 1.71le—-2 | 3.00 | 5.97e -5 0.6
Sn Ka 25271.0 | 9.30e —3 | 3.00 | 3.88¢ -5 0.5
Xe Ka 29779.0 | 5.29e -3 | 3.00 | 2.60e — 5 0.4

References: 42, 53, 60, 91, 112, 127, 131, 147.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, F = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = u(cm?/gm) x 14.97
E(keV)u(cm?/gm) = fa x 4669.04

Beryllium (Be)
Z=4
Atomic Weight = 9.012

Line E(eV) |u(cm?/gm)| £ fa 2 (A)
H 102 | 1.88¢ 1 5 410e —1 | 1215
He 1 21.2 | 1.13e+5 515e —~1 | 584.3
Na Lag 305 | 6.71e + 4 438 -1 | 407.2 © T T T ‘ ‘ ! l ]
Mg Lj s 493 | 3.28¢+4 3.46e—1 | 2515 {[H«H- ( ! H ‘
Al Las 724 | 1.55¢+4 | 163 | 24le—1 | 171.2 0 m ‘ T L
Si Las 91.5 | 9.40e-+3 | 1.12 | 1.84e—1 | 1355 < | ‘r | | | |
Be K 108.5 | 5.99¢+3 | -0.84 | 1.3%e —1 | 114.3 / !
Sr M¢ 1140 | 1.23¢e+5 | -1.26 | 3.00e + 0 | 108.8 — o - ]
Y M¢ 132.8 | 1.52¢+5 | 2.57 | 4.33e+0 | 934 \ f
Zr Mc 1511 | 8.99e+4 | 3.06 | 2.91e+0 | 821 ~ - 4] L i
B Ka 1833 | 6.06e+4 | 3.73 | 2.38¢+0 | 67.6 | \ ’ -
Mo M(¢ 192.6 | 54le+4 | 3.85 | 2.23e+0 | 644 I R B :
Ar L¢ 220.1 | 3.97e +4 | 4.08 | 1.87e +0 56.3 'ﬂ’ i \ 1 [ , i
C Ka 277.0 | 2.21e+4 | 431 | 1.3le+0 | 44.8 © '
Ag M¢ 3117 | 1.62e+4 | 4.34 | 1.08¢+0 | 39.8 10 100 1000 10000
N Ko 3924 | 886e+3 | 4.34 | T.44e—1 | 31.6 e
Ti La 4522 | 5.96e+3 | 4.32 | 5.78e —1 | 274 i o A s
V La 511.3 | 4.2%e+3 | 4.20 | 4.62e—1 | 24.2 3.;% ,
0 Ka 524.9 | 3.92e+3 | 4.29 | 44le—1 23.6 = f
Cr La 572.8 | 3.06e +3 | 427 | 3.76e—1 | 21.6 }
Mn La 6374 | 2.25e+3 | 424 | 308e—1 | 195
F Ko 6768 | 1.88e+3 | 4.23 | 2.73e —1 | 18.3
Fe La 705.0 | 1.68¢+3 | 4.22 | 254e—1 | 17.6
Co La 776.2 | 1.27e4+3 | 4.19 | 2.11e—1 | 16.0
Ni La 851.5 | 9.63e+2 | 4.17 | 1.76e —1 | 14.6
Cu La 929.7 | 7.44e+2 | 4.15 | 1.48¢—1 13.3 5
Zn La 1011.7 | 5.78¢+2 | 4.14 | 1.25e —1 | 12.3 ]
Na Ke 1041.0 | 5.3le-+2 | 4.13 | 1.18e~1 | 11.9
Ge La 1188.0 | 3.58e+2 | 4.11 | 9.12e—2 | 104 1000 10000
Mg Ka 1253.6 | 3.05e +2 | 4.10 | 8.20e—2 9.9 -
Al Ka 1486.7 | 1.84e +2 | 4.08 | 5.85e — 2 8.3 -
Si Ka 1740.0 | 1.14e +2 | 4.06 | 4.25e — 2 7.1
Zr Lo 20424 | 6.99 +1 | 4.05 | 3.06e —2 6.1 —_
Mo La 22932 | 4.88¢e+1 | 4.04 | 2.40e —2 5.4 g, ©
Cl Ka 26224 | 3.22e+1 | 4.03 | 1.8le —2 a7 | N
Ag La 2984.3 | 2.15e+1 | 4.03 | 1.38e — 2 4.2 £
Ca Ka | 36917 | 1.10e +1 | 4.02 | 8.68e — 3 3.4 L.
Ti Ko | 4510.8 | 5.80e+0 | 4.01 | 5.60e —3 2.7 3 2
V Ka | 4952.2 | 4.30e+0 | 4.01 | 4.56e—3 2.5
Cr Ka 5414.7 | 3.23e+0 | 4.01 | 3.74e—3 2.3
Mn Ka | 5898.8 | 245¢+0 | 4.01 | 3.09e -3 | 2.1 o
Co Ka 6930.3 | 1.45¢+0 | 4.01 | 2.15e —3 1.8 10 100 1000 10000
Ni Ka 7478.2 | 1.13¢+0 | 4.00 | 1.81e —3 1.7
Cu Ka | 8047.8 | 892 —1 | 4.00 | 1.54e —3 1.5 E (eV)
Ge Ka | 9886.4 | 455e—1 | 4.00 | 9.63¢ — 4 1.3
Y Ko | 149880 | 1.16e—1 | 4.00 | 3.71e — 4 0.8
Mo Ko | 174790 | 6.94e —2 | 4.00 | 2.60e — 4 0.7
Pd Ka | 21177.0 | 3.66e —2 | 4.00 | 1.66e — 4 0.6
Sn Ka 25271.0 2.03e — 2 4.00 | 1.10e — 4 0.5 Edge Energies
Xe Ka | 29779.0 | 1.18¢ —2 | 4.00 | 7.51e —5 0.4

K 111.5 eV*®

References: 33, 36, 72, 73, 76, 80, 95, 131, 138, 191.

216 Atomic Data and Nuclear Data Tables, Vol. 54, No. 2, July 1993



B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = g(cm?/gm) x 17.95
E(keV)u(cm?/gm) = f; x 3892.17

Line E(eV) |u(cm?/gm) fy fa X (A)
H 10.2 5.64e + 5 1.48¢ +0 1215
He 1 21.2 1.94e + 5 1.06e + 0 584.3
Na Lo 30.5 1.10e + 5 8.64e — 1 407.2
Mg L2 493 5.23e + 4 6.63e — 1 251.5
Al Laga 72.4 2.6le +4 3.01 | 4.86e —1 171.2
Si La2gs 91.5 1.63e + 4 2.97 | 3.83e -1 135.5
Be K 108.5 1.13e + 4 2.87 | 3.14e -1 114.3
Sr M( 114.0 1.02e + 4 2.83 | 2.98e—1 108.8
Y M(¢ 132.8 7.23¢ +3 263 | 247e -1 93.4
Zr M(¢ 151.1 5.38¢ + 3 2.30 2.09e — 1 82.1
B Ka 183.3 3.35e + 3 0.04 | 1.58e -1 67.6
Mo M( 192.6 8.37e + 4 -0.17 4.14e + 0 64.4
Ar L{ 220.1 6.29e + 4 3.21 { 3.56e+0 56.3
C Ka 277.0 3.70e + 4 4.57 | 2.63e+0 448
Ag M(¢ 311.7 2.77e + 4 4.89 | 2.22¢ +0 39.8
N Ka 3924 1.58e + 4 5.21 1.59¢ + 0 31.6
Ti La 452.2 1.10e + 4 5.31 1.28¢ +0 27.4
V La 511.3 7.95¢ + 3 534 | 1.04e 4+ 0 24.2
0O Ka 524.9 7.41e + 3 5.35 | 999 -1 23.6
Cr Lo 572.8 5.86e + 3 5.35 | 8.63e -1 21.6
Mn Lo 6374 | 4.38e+3 535 | 7.18e -1 19.5
F Ka 676.8 3.68¢ + 3 5.34 6.40e — 1 18.3
Fe La 705.0 3.31e+ 3 5.33 5.99¢ — 1 17.6
Co La 776.2 2.53e¢ + 3 5.31 5.05e — 1 16.0
Ni La 851.5 1.95e + 3 5.29 | 4.26e -1 14.6
Cu La 929.7 1.51e + 3 5.26 | 3.6le -1 13.3
Zn La 1011.7 1.19e¢ + 3 5.24 | 3.09e —1 12.3
Na Ka 1041.0 1.09¢ + 3 5.24 | 2.92e -1 11.9
Ge La 1188.0 7.41e + 2 5.20 | 2.26e —1 10.4
Mg Ka 1253.6 6.33e + 2 519 | 2.04e -1 9.9
Al Ka 1486.7 | 3.83e + 2 5.15 | 1.46e —1 8.3
Si Ko 1740.0 2.39¢ + 2 5.12 1.07e — 1 7.1
Zr La 20424 1.47e + 2 5.10 | 7.73e — 2 6.1
Mo La 2293.2 1.04e + 2 5.08 | 6.10e — 2 5.4
Cl Ka 2622.4 6.86e + 1 5.07 | 4.63e — 2 4.7
Ag La 2984.3 4.60e + 1 5.05 | 3.53e —2 4.2
Ca Ka 3691.7 | 2.3Te+1 5.04 | 2.25e — 2 3.4
Ti Ka 4510.8 1.26e + 1 5.03 | 1.46e—2 2.7
V Ka 4952.2 9.37e + 0 5.02 1.19¢ — 2 2.5
Cr Ka 5414.7 7.05e + 0 502 | 9.6le-3 2.3
Mn Ka 5898.8 5.36e + 0 5.02 | 813e—3 2.1
Co Ka 6930.3 3.20e + 0 5.01 | 5.69e — 3 1.8
Ni Ka 7478.2 2.50e + 0 5.01 { 4.81e -3 1.7
Cu Ka 8047.8 1.97e + 0 5.01 | 4.08¢ — 3 1.5
Ge Ka 9886.4 1.0le+0 501 ] 2.55e -3 1.3
Y Ka 14988.0 2.5le -1 5.00 9.67e — 4 0.8
Mo Ka 17479.0 1.49¢ ~ 1 5.0) | 6.70e — 4 0.7
Pd Ka 21177.0 7.80e — 2 5.00 | 4.25e — 4 0.6
Sn Ka 25271.0 4.31e — 2 5.00 2.80e — 4 0.5
Xe Ka 29779.0 2.50e — 2 5J0 | 1.91e — 4 0.4
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, £ = 50-30,000 eV
See page 211 for Explanation of Tables

tq(barns/atom) = g(cm?/gm) x 19.95
E(keV)u(cm?/gm) = f; x 3503.31

Line E(eV) |p(cm%/gm)| f; fa A (A)
H 10.2 | 2.96e + 5 862e —1 | 1215
He I 21.2 | 6.03e +5 3.65e +0 | 584.3
Na Lo 30.5 | 3.01e+5 2.62¢ +0 | 407.2
Mg Log 49.3 | 1.02e +5 1.44e +0 | 251.5
Al Lz 72.4 | 4.84e+4 | 4.25 1.00e + 0 171.2
Si Lag 915 | 2.94e+4 | 4.26 | 7.69e — 1 135.5
Be K 108.5 | 2.05e+4 | 4.24 | 6.35e — 1 114.3
Sr M¢ 114.0 | 1.85e+4 | 4.23 | 6.0le—1 108.8
Y M(¢ 132.8 | 1.33e+4 | 4.18 | 5.06e —1 93.4
Zr M¢ 151.1 | 9.94e+3 | 4.11 | 4.29e — 1 82.1
B Ka 1833 | 6.40e+3 | 3.94 | 3.35e—1 67.6
Mo M(¢ 192.6 | 5.62e+3 | 3.87 | 3.09e—1 64.4
Ar L¢ 220.1 | 3.89e+3 | 3.59 | 2.45¢ -1 56.3
C Ka 277.0 | 1.96e+3 | 1.08 | 1.55e—1 44.8
Ag M¢ 311.7 | 4.2le+4 | 3.49 | 3.74e + 0 39.8
N Ko 3924 | 2.50e +4 | 5.41 | 2.80e +0 31.6
Ti La 452.2 | 1.76e+4 | 5.87 [ 2.27e + 0 274
V La 511.3 | 1.29¢ +4 | 6.09 | 1.89¢ +0 24.2
O Ka 524.9 | 1.2le+4 | 6,12 | 1.81e+0 23.6
Cr La 572.8 | 9.7le+3 | 6.21 | 1.59¢ 4+ 0 21.6
Mn La 6374 | 74le+3 | 6.28 | 1.35e +0 19.5
F Ka 6768 | 6.37e+3 | 6.30 | 1.23e 4+ 0 18.3
Fe La 705.0 | 5.77e +3 | 6.32 | 1.16e+0 17.6
Co La 776.2 | 445¢e+4+3 | 6.35 | 9.86e —1 16.0
Ni La 851.5 | 3.46e+3 | 6.35 | 8.40e —1 14.6
Cu La 929.7 | 2.7le+3 | 6.34 | 7.20e -1 13.3
Zn La 1011.7 | 2.15e+3 | 6.33 | 6.20e — 1 12.3
Na Ka 1041.0 | 1.98e+3 | 6.32 | 5.80e -1 11.9
Ge Lo 1188.0 [ 1.37e +3 | 6.30 | 4.63e — 1 10.4
Mg Ka 1253.6 | 1.17e +3 | 6.28 | 4.20e -1 9.9
Al Ka 1486.7 | 7.18¢+2 | 6.24 | 3.05e—1 8.3
Si Ka 1740.0 { 4.55e +2 | 6.20 | 2.26e — 1 7.1
Zr La 20424 | 2.84e+2 | 6.16 | 1.66e—1 6.1
Mo La 2293.2 | 2.02e+2 | 6.14 | 1.32¢ -1 5.4
Cl Ka 26224 | 1.35¢e+2 | 6.12 | 1.0le -1 4.7
Ag La 2084.3 | 9.19e+1 | 6.10 | 7.83e - 2 4.2
Ca Ka 3691.7 | 4.82¢41 | 6.07 | 5.08e —2 3.4
Ti Ka 45108 | 2.60e+1 | 6.05 | 3.35e — 2 2.7
V Ka 4952.2 | 1.95e+1 | 6.04 | 2.75e — 2 2.5
Cr Ka 5414.7 | 1.47e+1 | 6.04 | 2.28e — 2 2.3
Mn Ko 5898.8 | 1.12e+1 | 6.03 | 1.89e — 2 2.1
Co Ka 6930.3 | 6.75e +0 | 6.02 | 1.33e — 2 1.8
Ni Ka 7478.2 | 5.29¢e+0 | 6.02 | 1.13e — 2 1.7
Cu Ka 8047.8 | 4.18¢+0 | 6.02 | 9.60e — 3 1.5
Ge Ka 9886.4 | 2.14¢4+0 | 6.01 | 6.03e — 3 1.3
Y Ka 14988.0 | 5.32¢e —1 | 6.00 | 2.27e — 3 0.8
Mo Ka 17479.0 | 3.17e—1 | 6.00 | 1.58¢e — 3 0.7
Pd Ka | 211770 | 1.67e—1 | 6.00 | 1.0le —3 0.6
Sn Ka 25271.0 | 9.12e -2 | 6.00 | 6.58e — 4 0.5
Xe Ko 29779.0 | 5.23¢ —2 | 6.00 | 4.45¢ — 4 0.4

Carbon (C)
Z-6
Atomic Weight = 12.011

@® “7 T w ‘ T
. i1 i
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i LA .
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10 100 1000 10000
E (eV)

Edge Energies
K 284.2 eV*®

References: 2, 4, 6, 9, 11, 18, 21, 28, 30, 33, 37, 44, 45, 80, 85, 87, 94, 95, 111, 120, 121, 128, 131, 138, 143, 144, 176, 182, 185, 213, 216,
222, 225, 230, 233.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, F = 50-30,000 eV
See page 211 for Explanation of Tables

i, (barns/atom) = u(cm?/gm) x 23.26
E(keV)u(cm?/gm) = fa x 3004.14

Line E(eV) |p{cm?/gm)| fi fo X (A)
H 10.2 2.04e +5 6.92e - 1 1215
He 1 21.2 6.65¢ + 5 4.69e + 0 584.3
Na Lag 30.5 4.25¢ + 5 4.31le 4+ 0 407.2
Mg L23 49.3 1.73e + 5 2.84e + 0 2515
Al Lo 72.4 8.52¢ + 4 5.20 2.05e + 0 171.2
Si Lags 91.5 5.26e+4 | 5.38 | 1.60e +0 135.5
Be K 108.5 3.64e+4 | 545 | 1.32¢ +0 114.3
Sr M(¢ 114.0 3.27e+4 | 545 | 1.24e 40 108.8
Y M( 132.8 234e+4 | 547 | 1.03e+ 0 93.4
Zr M(¢ 151.1 1.75¢ +4 | 546 | 8.78e -1 82.1
B Ka 183.3 109 +4 | 541 | 6.65e — 1 67.6
Mo M( 192.6 962¢+3 | 539 | 6.1Te -1 64.4
Ar L¢ 2201 6.86e +3 | 5.30 | 5.03¢e —1 56.3
C Ka 2770 | 3.77e+3 | 5.04 | 3.47e -1 44 .8
Ag M( 311.7 2.76e +3 | 4.80 | 2.87e -1 39.8
N Ka 3924 1.32¢+3 | 298 | 1.73e — 1 31.6
Ti La 452.2 245¢+4 | 4.74 | 3.68e+0 27.4
V La 511.3 1.84e+4 | 596 | 3.14e + 0 24.2
0 Ka 524.9 1.73¢e +4 | 6.12 | 3.03e+0 23.6
Cr La 572.8 l.4le+4 | 6.56 | 2.6%9e + 0 21.6
Mn La 637.4 1.07e +4 | 6.90 | 2.28e+ 0 19.5
F Ka 676.8 9.22¢+3 | 7.03 | 2.08¢+0 18.3
Fe La 705.0 | 83le+3 | 7.10 | 1.95e 4+ 0 17.6
Co La 776.2 6.49¢e +3 | 7.22 | 1.68e+ 0 16.0
Ni La 851.5 507e +3 | 7.30 | 1.44e + 0 14.6
Cu La 929.7 | 402¢e+3 | 7.33 | 1.24e+0 13.3
Zn La 1011.7 | 3.20e+3 | 7.35 | 1.08¢e +0 12.3
Na Ka 1041.0 | 2.97¢+3 | 7.36 | 1.03e+0 11.9
Ge La 1188.0 | 2.07¢ +3 | 7.36 | 8.19¢e —1 10.4
Mg Ka 1253.6 1.79¢ +3 | 7.35 | 7.46e—1 9.9
Al Ka 1486.7 l1le+3 | 7.32 | 548e -1 8.3
S5i Ka 1740.0 7.08e + 2 7.28 { 4.10e — 1 7.1
Zr La 20424 | 446e+2 | 7.24 | 3.03e—-1 6.1
Mo La 2293.2 3.18e+2 | 7.21 2.43e -1 5.4
Cl Ka 2622.4 2.14e+2 | 7.18 | 1.87e -1 4.7
Ag La 29843 | 1.46e+2 | 7.15 | 1.45e —1 4.2
Ca Ka 3691.7 { 7.69e+1 | 7.11 | 9.45e — 2 34
Ti Ka 4510.8 | 4.17e+1 | 7.08 | 6.26e — 2 2.7
V Ka 4952.2 3.13e+1 | 7.07 | 5.16e — 2 2.5
Cr Ka 5414.7 | 2.37Te+1 | 7.06 | 4.28e — 2 2.3
Mn Ka 5898.8 1.82¢e+1 | 7.05 | 3.57e — 2 2.1
Co Ka 6930.3 1.10e +1 7.04 | 2.54e -2 1.8
Ni Ka 7478.2 §.65e +0 | 7.04 | 2.15e¢ — 2 1.7
Cu Ka 8047.8 | 6.85¢+0 | 7.03 | 1.84e —2 1.5
Ge Ka 9886.4 3.56e+0 | 7.02 | 1.17e — 2 1.3
Y Ka 14988.0 | 9.20e —1 | 7.01 | 4.63¢e —3 0.8
Mo Ka 17479.0 | 5.60e—1 | 7.01 | 3.26e —3 0.7
Pd Ka 21177.0 298¢ -1 | 7.00 | 2.10e - 3 0.6
Sn Ka 25271.0 1.67¢ — 1 7.00 1.40e — 3 0.5
Xe Ka 29779.0 9.75e — 2 7.00 9.67e — 4 0.4

References: 6, 9, 11, 15, 18, 94, 95, 111, 143, 176, 184, 207.

Nitrogen (N)

Atomic Weight = 14.007
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = p(cm?/gm) x 26.57
E(keV)p(cm?/gm) = f2 x 2629.99

Line E(eV) |u{cm?/gm)| £ fa A (A)
H 102 [ 1.82e+5 706e—1 | 1215
He 1 21.2 | 4.97e +5 40le+0 | 584.3
Na L3 30.5 | 4.0de +5 4.68¢ +0 | 407.2
Mg Las 49.3 | 2.35e + 5 4.4le+0 | 251.5
Al Lo 72.4 | 1.20e+5 | 551 | 3.30e +0 | 171.2
Si Lsggs 91.5 | 7.97e4+4 | 5.96 | 2.77e + 0 | 1355
Be K 1085 | 5.69e +4 | 6.29 | 2.35¢ +0 | 114.3
Sr M¢ 114.0 | 5.11e+4 | 6.34 | 2.21e+0 | 108.8
Y M(¢ 1328 | 3.66e+4 | 6.45 | 1.85e + 0 93.4
Zr M 151.1 | 2.79e+4 | 6.50 | 1.60e +0 82.1
B Ka 183.3 | 1.85e +4 | 6.59 | 1.29e + 0 67.6°
Mo M( 1926 | 1.60e +4 | 6.61 | 1.17e +0 64.4
Ar L¢ 220.1 | 1.10e +4 | 6.57 | 9.18¢ —~ 1 56.3
C Ka 277.0 | 6.04e+3 | 6.38 | 6.36e — 1 44.8
Ag M(¢ 311.7 | 4.50e +3 | 6.27 | 5.33e — 1 39.8
N Ka 392.4 | 252 +3 | 592 | 3.77e -1 31.6
Ti La 4522 | 1.76e +3 | 5.47 | 3.02¢ — 1 27.4
V La 511.3 | 1.28¢ +3 | 4.35 | 2.49e - 1 24.2
0 Ka 524.9 | 1.20e +3 | 3.58 | 2.39e — 1 23.6
Cr La 572.8 | 1.87e+4 | 4.82 | 4.08¢+0 21.6
Mn La 6374 | 1.45e +4 | 6.58 | 3.51e+0 19.5
F Ka 676.8 | 1.24e+4 | 7.05 | 3.19¢ +0 18.3
Fe Lo 705.0 | 1.13e +4 | 7.28 | 3.02¢e + 0 17.6
Co La 776.2 | 8.87e+3 | 7.72 | 2.62e +0 16.0
Ni La 851.5 | 6.97e+3 | 7.97 | 2.26e + 0 14.6
Cu La 929.7 | 5.59e +3 | 8.13 | 1.98e + 0 13.3
Zn La 1011.7 | 4.48e+3 | 8.24 | 1.72¢+0 12.3
Na Ka 1041.0 | 4.15e+3 | 8.26 | 1.64e +0 11.9
Ge La 1188.0 | 2.92e +3 | 8.34 | 1.32¢ + 0 10.4
Mg Ka 1253.6 | 2.53¢+3 | 8.36 | 1.21e + 0 9.9
Al Ka 1486.7 | 1.60e +3 | 8.37 | 9.02¢ — 1 8.3
Si Ka 1740.0 | 1.03e+3 | 8.35 | 6.84e —1 7.1
Zr La 2042.4 | 6.6le+2 | 831 | 5.13e—1 6.1
Mo La 2293.2 | 4.76e +2 | 8.28 | 4.15e — 1 5.4
Cl Ka 2622.4 | 3.25e+2 | 8.25 | 3.24e — 1 4.7
Ag Lo 2984.3 | 2.24e+2 | 8.22 | 2.54e—1 4.2
Ca Ka 3691.7 | 1.20e +2 | 8.17 | 1.68e —1 3.4
Ti Ka 4510.8 | 6.57e +1 | 8.13 | 1.13e — 1 2.7
V Ka 49522 | 4.94e+1 | 8.11 | 9.31e — 2 2.5
Cr Ka 5414.7 | 3.76e +1 | 8.10 | 7.75e — 2 2.3
Mn Ka 5898.8 | 2.80e+1 | 8.09 | 6.49e — 2 2.1
Co Ka 6930.3 | 1.76e +1 | 8.07 | 4.63¢ — 2 1.8
Ni Ka 7478.2 | 1.39e+1 | 8.06 | 3.94e — 2 1.7
Cu Ka 8047.8 | 1.10e+1 | 8.05 | 3.37e — 2 1.5
Ge Ka 9886.4 | 5.73¢+0 | 8.04 | 2.16e — 2 1.3
Y Ka | 14988.0 | 1.49¢+0 | 8.02 | 8.48¢ — 3 0.8
Mo Ka | 17479.0 | 9.02¢ —1 | 8.01 | 6.00e — 3 0.7
Pd Ka | 21177.0 | 4.83e—1 | 8.01 | 3.89¢ — 3 0.6
Sn Ko | 25271.0 | 2.72¢ —1 | 8.00 | 2.61e — 3 0.5
Xe Ka | 29779.0 | 1.60e —1 | 8.00 | 1.81e — 3 0.4

Oxygen (O)
Z-=-8

Atomic Weight = 15.999
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References: 6, 9, 11, 13, 15, 18, 26, 80, 94, 95, 111, 143, 155, 176, 184, 190, 204, 207, 210, 212, 228.
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

1o (barns/atom) = p(cm?/gm) x 31.55
E(keV)g(cm?/gm) = fp x 2214.83

Line E(eV) |p{cm?/gm)| fi f2 X (A)
H 10.2 1.25¢ + 4 5.76e — 2 1215
He I 21.2 J.4le+ 5 3.27e+ 0 584.3
Na L3 30.5 3.6le+5 4.96e + 0 407.2
Mg Las 49.3 | 2.40e +5 5.35¢ +0 | 2515
Al Lz 72.4 1.56e + 5 | 5.43 5.09¢e + 0 171.2
Si Lo2gs 91.5 1.04e+5 | 6.54 | 4.29¢+0 135.5
Be K 108.5 7.37e +4 | 7.07 | 3.6le+ 0 114.3
Sr M( 114.0 6.64e+4 | 718 | 3.42¢+0 108.8
Y M(¢ 132.8 482¢+4 | 744 | 2.8%e+0 93.4
Zr M(¢ 151.1 3.62¢e+4 | 758 | 2.47e+ 0 82.1
B Ka 183.3 2.33¢e+4 | 768 | 1.93¢+0 67.6
Mo M( 192.6 2.08¢+4 | 7.70 | 1.81e + 0 64.4
Ar LZ 220.1 1.52¢e+4 | 7.71 1.5le + 0 56.3
C Ka 277.0 8.75¢ + 3 7.65 1.09e + 0 44.8
Ag M(¢ 311.7 6.52e+3 | 7.60 | 9.18e -1 39.8
N Ka 3924 3.60e+3 | 7.43 | 6.38¢e -1 31.6
Ti La 452.2 239 +3 | 7.25 | 4.8%e -1 27.4
V La 511.3 1.69¢e+3 | 7.01 3.90e — 1 24.2
0O Ko 524.9 1.57¢e +3 | 6.94 | 3.72¢ -1 23.6
Cr La 572.8 1.22¢+3 | 6.64 | 3.17e -1 21.6
Mn La 6374 | 8.87e+2 ] 5.91 | 2.55e -1 19.5
F Ka 676.8 728e+2 | 464 | 2.22¢e —1 18.3
Fe La 705.0 2.57e+3 3.53 8.17e - 1 17.6
Co La 776.2 1.05e+4 | 7.00 | 3.67¢+0 16.0
Ni La 851.5 842¢e +3 | 7.92 | 3.24e+ 0 14.6
Cu La 929.7 | 6.8le+3 | 8.44 | 2.86e+0 13.3
Zn La 1011.7 5.51le+3 | 8.77 | 2.52¢+0 12.3
Na Ka 1041.0 512¢e +3 | 8.86 | 2.41le+ 0 11.9
Ge La 1188.0 | 3.65¢+3 | 9.13 | 1.96e+ 0 104
Mg Ka 1253.6 3.18¢ +3 | 9.20 | 1.80e+ 0 9.9
Al Ka 1486.7 | 2.03e +3 | 9.34 | 1.36e+0 8.3
Si Ka 1740.0 1.32¢ + 3 9.38 1.04e + 0 7.1
Zr La 20424 8.49e +2 | 9.37 | 7.83¢ -1 6.1
Mo La 2293.2 6.15e + 2 9.35 6.37e — 1 5.4
Cl Ka 2622.4 4.22e+2 | 9.31 5.00e — 1 4.7
Ag La 2984.3 | 2.92e+2 | 9.28 | 3.94e -1 4.2
Ca Ka 3691.7 | 1.58¢+2 | 9.22 | 2.64e -1 3.4
Ti Ka 4510.8 | 8.76e+1 | 9.17 | 1.78e — 1 2.7
V Ka 4952.2 6.63e + 1 9.15 1.48¢ — 1 2.5
Cr Ka 5414.7 | 5.07e+1 | 9.14 1.24e — 1 2.3
Mn Ka 5898.8 | 3.91e+1 | 9.12 | 1.04de -1 2.1
Co Ka 6930.3 | 2.40e+1 | 9.09 | 7.50e — 2 1.8
Ni Ka 7478.2 1.90e+1 | 9.08 | 6.40e — 2 1.7
Cu Ka 8047.8 1.51le+1 | 9.07 | 5.50e —2 1.5
Ge Ka 9886.4 7.98¢e +0 | 9.05 | 3.56e — 2 1.3
Y Ka 14988.0 2.14e + 0 | 9.02 1.45e¢ — 2 0.8
Mo Ka 17479.0 1.31e + 0 | 9.02 1.03e — 2 0.7
Pd Ka 21177.0 | 7.03e—~1 | 9.01 | 6.72¢e — 3 0.6
Sn Ka 25271.0 | 3.98e —1 9.01 { 4.54e - 3 0.5
Xe Ka 20779.0 2.34e—1 | 9.00 | 3.15e -3 0.4

References: 30, 80, 111, 172, 196, 207.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

ug(barns/atom) = u(cm?/gm) x 33.51
E(keV)u(cm?/gm) = fp x 2085.18

Line E(eV) |p(cm?/gm) fi fo 2 (A)
H 10.2 1215
He I 21.2 584.3
Na Lag 30.5 | 2.6le+5 3.8le+0 407.2
Mg Las 49.3 | 2.22¢ +5 5.25e + 0 | 251.5
Al Lag3 724 1.79¢ + 5 3.92 | 6.20e+0 171.2
Si Lagj 91.5 1.38e + 5 5.63 | 6.04e 4+ 0 135.5
Be K 108.5 1.06e + 5 6.91 | 5.53e+0 114.3
Sr M(¢ 114.0 | 9.66e + 4 7.20 | 5.28e+0 108.8
Y M(¢ 132.8 7T1lle+ 4 7.85 | 4.53¢+0 93.4
Zr M( 151.1 54le + 4 8.21 | 3.92¢40 82.1
B Ka 183.3 | 3.54e + 4 8.61 | 3.11e+40 67.6
Mo M( 1926 | 3.18e +4 8.64 | 2.93e+0 64.4
Ar L¢ 220.1 2.36e + 4 8.77 | 2.49e + 0 56.3
C Ka 277.0 1.36e + 4 882 | 1.80e+0 44.8
Ag M(¢ 311.7 1.0le + 4 8.80 | 1.50e 40 39.8
N Ka 392.4 5.60e + 3 8.68 | 1.05¢+0 31.6
Ti La 452.2 3.84e + 3 8.56 | 8.33e —1 274
V La 511.3 | 2.77¢e + 3 842 | 6.79¢ — 1 242
0O Ka 524.9 2.58¢ + 3 8.38 | 6.50e —1 23.6
Cr La 572.8 2.04e + 3 8.25 { 5.62¢e -1 21.6
Mn La 637.4 | 1.54e+ 3 8.03 | 4.70e — 1 19.5
F Ka 676.8 1.30e + 3 7.85 | 4.23e -1 18.3
Fe La 705.0 1.18¢ + 3 7.70 | 3.98¢ -1 17.6
Co La 776.2 9.17e + 2 714 | 3.4le -1 16.0
Ni La 851.5 7.15e + 2 4.92 | 292e -1 14.6
Cu La 929.7 { 9.19¢ + 3 7.28 | 4.10e 4+ 0 13.3
Zn La 1011.7 7.46e + 3 8.60 | 3.62¢+0 12.3
Na Ka 1041.0 | 6.93e+ 3 8.87 | 3.46e+0 11.9
Ge La 1188.0 | 4.93e 43 9.64 | 2.8le+0 104
Mg Ka 1253.6 | 4.29¢+ 3 9.83 | 2.58e+0 9.9
Al Ka 1486.7 | 2.75¢ +3 | 10.19 | 1.96e + 0 8.3
Si Ka 1740.0 1.81e+3 | 1034 | 1.51le+ 0 7.1
Zr Lo 20424 } 1.17e+3 | 1039 | 1.15e + 0 6.1
Mo La 2293.2 8.52e+2 | 1040 | 9.37e -1 5.4
Cl Ko 2622.4 587e+2 | 10.38 | 7.38e —1 4.7
Ag La 2984.3 4.08¢e+2 | 1035 | 5.84e—1 4.2
Ca Ka 3691.7 2.23¢e +2 | 10.29 | 3.94e -1 34
Ti Ka 4510.8 1.25¢ + 2 10.23 2.69e — 1 2.7
V Ka 4952.2 9.46e + 1 10.21 2.25e -1 2.5
Cr Ka 5414.7 | 7.26e + 1 10.18 1.89¢ — 1 2.3
Mn Ka 5898.8 | 563e+1 | 10.16 | 1.59¢e -1 2.1
Co Ka 6930.3 | 3.47e+1 10.13 | 1.15e -1 1.8
Ni Ka 7478.2 2.75e + 1 10.12 | 9.88e — 2 1.7
Cu Ka 80478 | 2.20e+1 } 10.10 | 8.50e — 2 1.5
Ge Ka 9886.4 1.17e +1 | 10.07 | 5.56e — 2 1.3
Y Ka 14988.0 3.2le+0 | 10.04 | 2.31e - 2 0.8
Mo Ka 17479.0 1.97¢ +0 | 10.03 1.65e — 2 0.7
Pd Ka 21177.0 1.07e + 0 10.02 1.09e — 2 0.6
Sn Ka 25271.0 | 6.07e -1 10.01 7.36e — 3 0.5
Xe Ka 29779.0 | 3.59e —1 | 10.01 | 5.13e— 3 0.4
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References: 8, 9, 11, 34, 51, 75, 92, 95, 111, 140, 143, 151, 162, 176, 194, 218.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = p(cm?/gm) x 38.18
E(keV)u(cm?/gm) = fp x 1830.30

Sodium (Na)
Z=11
Atomic Weight = 22.990

Line E(eV) |u(ecm?/gm)| fi fa A(A)
H 10.2 | 2.74e + 3 153e -2 | 1215
He I 212 | 3.02¢+3 3.50e—2 | 584.3 o
Na Lo 30.5 | 4.52% + 4 7.52¢ — 1 | 407.2 =
Mg L2 493 | 1.88¢+5 5.05e+0 | 251.5 o ]
Al Lags 724 | 1.82e+5 | 2.34 | 722¢+0 | 1712 = ~N
Si Lag 91.5 | 1.50e+5 | 4.73 | 7.52¢+0 | 1355 © / -+ HH +
Be K 108.5 | 1.18e+5 | 6.42 | 7.02e+0 | 114.3
Sr M¢ 1140 | 1.09¢+5 | 6.79 | 6.79e +0 | 1088 w © L i —
Y M( 132.8 | 8.43e+4 | 7.74 | 6.12e+0 | 934 /
Zr M( 1511 | 6.73e+4 | 847 | 5.55e+0 | 821 < |- 1 Jﬂ ai EETH I ——
i i |
B Ka 183.3 | 4.5de +4 | 9.20 | 4.55e+0 | 676 U
Mo M(¢ 192.6 | 4.11e+4 | 9.35 | 4.32¢+0 | 64.4 o T T T
Ar L¢ 2201 | 3.05e+4 | 9.67 | 3.67e+0 | 56.3 o S i
C Ko 2770 | 1.79¢e+4 | 993 | 2.71e+0 | 44.8
Ag M( 3117 | 1.34e+4 | 9.96 | 2.27e+0 | 398 10 100 1000 10000
N Ko 3924 | 7.45¢+3 9.91 | 1.60e + 0 31.6 Q
Ti La 452.2 | 5.16e+3 | 9.82 | 1.27e+0 | 274
V La 511.3 | 3.77e+3 | 9.71 | 1.05e+0 | 242
0 Ka 524.9 | 3.5%e+3 | 969 | 1.01e+0 | 236
Cr La 572.8 | 2.8%e+3 | 9.60 | 8.8le—1 1 21.6
Mn La 637.4 | 2.16e+3 | 947 | 7.51e~1 | 195
F Ka 6768 | 1.83e +3 | 9.39 | 6.75e~1 | 183
Fe La 705.0 | 1.6de+3 | 9.32 | 6.33e—1 | 17.6
Co La 776.2 | 1.27e+3 | 912 | 538¢—1 | 16.0
Ni La 851.5 | 9.8de-+2 | 885 | 4.58e—~1 | 146
Cu La 929.7 | 7.74e+2 | 841 | 393e—1 | 13.3
Zn La 1011.7 | 6.09e+2 | 7.47 | 3.36e—1 | 12.3
Na Ka 1041.0 | 5.6le+2 | 6.59 | 3.18e -1 | 11.9
Ge La 1188.0 | 5.97e+3 | 9.09 | 3.88¢+0 | 10.4
Mg Ka 1253.6 | 5.20e+3 | 9.73 | 3.56e+0 9.9
Al Ko | 14867 | 3.36e+3 | 10.74 | 2.73e + 0 8.3
Si  Ka 17400 | 2.2de+3 | 11.14 | 2.13e + 0 7.1
Zr La 2042.4 | 1.46e+3 | 11.34 | 1.63e + 0 6.1
Mo La 2293.2 | 1.07e+3 | 11.40 | 1.34e +0 5.4
Cl Ko 2622.4 | 7.35e+2 | 11.42 | 1.05e +0 47
Ag La 2984.3 | 5.1le+2 | 11.41 | 8.33e — 1 4.2
Ca Ko | 3691.7 | 2.78¢ +2 | 11.36 | 5.6le—1 3.4
Ti Ka | 45108 | 1.55e+2 | 11.29 | 3.83e — 1 2.7
V Ka | 49522 | 1.18e+2 | 11.26 | 3.20e — 1 2.5
Cr Ka | 5414.7 | 9.08e+1 | 11.24 | 2.69e — 1 2.3
Mn Ka | 5898.8 | 7.04e+1 | 11.21 | 2.27e — 1 2.1
Co Ka | 69303 | 4.36e+1 | 11.17 | 1.65e—1 1.8 10 100 1000 10000
Ni Ko 7478.2 | 3.47e+1 | 11.15 | 1.42e—1 1.7
Cu Ka 8047.8 | 2.78e4+1 | 11.14 | 1.22e — 1 1.5 E (eV)
Ge Ko | 9886.4 | 1.50e+1 | 11.10 | 8.08¢ ~2 1.3
Y Ka | 14988.0 | 4.21e+0 | 11.05 | 3.45e — 2 0.8
Mo Ko | 17479.0 | 2.61e+0 | 11.04 | 2.49e — 2 0.7 .
Pd Ka | 21177.0 | 1.43¢ +0 | 11.02 | 1.65e -2 0.6 Edge Energies
Sn Ka | 25271.0 | 8.19¢—1 | 11.02 | 1.13e — 2 0.5 K 10708eV® Ly 635eV®
Xe Ka | 29779.0 | 4.87e~1 | 11.01 | 7.92¢—3 0.4 Lip 306 eV®

Lnl 30.4 eV*®

References: 112, 124, 127, 147, 163, 195.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Magnesium (Mg)

pa(barns/atom) = p(cm?/gm) x 40.36 Z=12
E(keV)u(cm?/gm) = f2 x 1731.26 Atomic Weight = 24.305
Line E(eV) |u(cm?/gm) fy fo A (A)
H 102 | 6.89¢ 1 3 406e -2 | 1215
He I 21.2 | 1.21e+4 148 —1 | 584.3 0
Na L2a 305 | 1.15e + 4 2.02¢ —1 | 407.2 -
Mg Lo 49.3 | 3.62e +4 1.03e +0 | 2515
Al Lags 724 | 1.40e+5 | -0.64 | 584e+0 | 1712 &
Si Las 915 | 1.49¢+5 | 2.21 | 7.86e-+0 | 1355 ‘/ “k
Be K 108.5 | 1.28e +5 | 4.26 | 8.09e+0 | 1143 o F
Sr M(¢ 1140 | 1.22¢+5 | 481 | 8.07e+0 | 1088 | -~ v ,
Y M( 132.8 | 1.0le+5 | 638 | 7.78¢+0 | 93.4 © |
Zr M¢ 1511 | 840e+4 | 755 | 7.33e+0 | 82.1 /
B Ka 1833 | 6.08¢e +4 { 898 | 6.44e+0 67.6 ™ L | —
Mo M(¢ 192.6 | 5.56e+4 | 9.28 | 6.18¢+0 | 644
Ar L¢ 220.1 | 4.29e+4 | 9.97 | 5.45e+0 | 56.3 o | P
C Ka 277.0 | 26le+4 | 10.73 | 4.18e +0 | 44.8
Ag M( 311.7 | 1.98¢ +4 | 1095 | 3.57e +0 | 39.8 10 100 1000 10000
N Ko 3024 | 1.13e+4 [ 1111 | 2.55¢+0 | 316 e - ——
Ti La 452.2 | 7.8le+3 | 11.10 | 2.04e+0 | 274 e— e e e s t
V La 511.3 | 5.65e+3 | 11.04 | 1.67e+0 | 242 -— N
0 Ka 524.9 | 5.27e+3 | 11.02 | 1.60e+0 | 23.6 N ‘\
Cr La 5728 | 4.17e+3 | 10.95 | 1.38¢ +0 | 21.6 = el — -
Mn La 6374 | 312 +3 | 1085 | 1.15e+0 | 19.5 « = =5 =
F Ka 676.8 | 2.65e+3 | 10.78 | 1.04e+0 | 183 | T LRI
Fe La 705.0 | 2.37e+3 | 10.73 | 9.65e —1 | 176 S lZ i N |
Co La 776.2 | 1.82¢e+3 | 10.59 | 8.14e—1 | 16.0 7 = X2E
Ni Le 851.5 | 1.40e+3 | 1044 | 6.90e —1 | 146 : = =
- - AN
Cu La 929.7 | 1.09e+3 | 10.25 | 5.88e —1 | 13.3 sl immE T
Zn La 1011.7 | 8.80e+2 | 10.01 | 5.14e—1 | 12.3 p x | Ll
Na Ko 1041.0 | 8.14e 42 9.91 | 4.90e -1 11.9 10 100 1000 10000
Ge La 1188.0 | 567e+2 | 8.07 | 3.8%e—1 | 104
Mg Ko 12536 | 4.89e+2 | 8.10 | 3.54e—1 9.9 ©
Al Ka 1486.7 | 4.28¢+3 | 10.45 | 3.68e +0 8.3
Si Ko 1740.0 | 2.90e +3 | 11.59 | 2.92¢ +0 7.1
Zr La 20424 | 1.92e+3 | 12.09 | 2.26e+ 0 6.1 "E‘ _
Mo La 2203.2 | 1.41e+3 | 12.28 | 1.87e+0 5.4 S 2
Cl Ko 2622.4 | 9.80e +2 | 12.39 | 1.48e 40 47| o
Ag La 2984.3 | 6.86e+2 | 12.43 | 1.18¢ 40 4.2 g
Ca Ka | 3691.7 | 3.77e+2 | 12.41 | 8.04e —1 34| ~ o
Ti Ka | 45108 | 2.12e+2 | 12.36 | 5.53¢e — 1 2.7 I~
V Ka | 4952.2 | 1.62e+2 | 12.33 | 4.64e — 1 2.5
Cr Ko | 54147 | 1.25e+2 | 12.30 | 3.91e -1 2.3
Mn Ka | 5898.8 | 9.74e+1 | 12.27 | 3.32e — 1 2.1 ©
Co Ka 6930.3 | 6.07e +1 | 12.22 | 2.43e — 1 1.8 10 100 1000 10000
Ni Ka 7478.2 | 4.85e +1 | 12.20 | 2.09e — 1 1.7 E (eV)
Cu Ka | 80478 | 3.90e+1 | 12.18 | 1.81e—1 1.5
Ge Ka | 9886.4 | 2.10e+1 | 12.14 | 1.20e — 1 1.3
Y Ko | 14988.0 | 5.82e +0 | 12,07 | 5.0de — 2 0.8
Mo Ka | 17479.0 | 3.63e+0 | 12.05 | 3.66e — 2 0.7 .
Pd Ka | 211770 | 2.00e+0 | 12.03 | 2.45e—2 | 0.6 Edge Energies
Sn Ka | 25271.0 | 1.15e+0 | 12.02 | 1.68e—2 | 0.5 K 13030V’ Ly 88.6eV°
Xe Ka | 29779.0 | 6.88e —1 | 12.01 | 1.18e 2 0.4 Lip  49.6 eV”
Linr 49.2 eV

References: 2, 35, 41, 48, 67, 73, 76, 127, 147, 176, 185, 215.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, F = 50-30,000 eV
See page 211 for Explanation of Tables

Aluminum (Al)

ta(barns/atom) = p(cm?/gm) x 44.80 Z=13
E(keV)p(cm?/gm) = fy x 1559.52 Atomic Weight = 26.982
Line E(eV) |p(cm?/gm) fi f2 A (A)
H 102 | 465e +5 3.04 | 1215
He 1 21.2 | 1.78¢ + 4 0.24 | 584.3 0 : : ——
Na Lag 305 | 1.33e +4 0.26 | 407.2 B} N j
Mg Lo 49.3 | 1.10e + 4 0.35 | 2515 o P Bk :
Al Las 724 | 1.04e+4 | -4.29 | 048 | 171.2 = ! X
Si Lag 91.5 | 1.02¢e+5 | -0.57 | 5.99 | 1355 Iy | \/
Be K 1085 | 1.12e+5 | 0.83 | 7.80 | 114.3 L2 T M | l -
Sr M¢ 1140 | 1.14e+5 | 1.35 | 8.37 | 108.8 “— ‘ / ' ‘
Y M¢ 1328 | 1.12e+5 | 3.97 | 9.54 93.4 © : ; e
Zr M(¢ 151.1 | 9.94e+4 | 591 | 9.63 82.1 ‘ / L RN
B Ko 183.3 | 7.73¢+4 | 895 | 9.08 | 676 o fefe !
Mo M(¢ 192.6 | 69le+4 | 9.57 | 854 | 644 i ‘ / ‘ :
Ar L¢ 220.1 | 5.1le+4 | 1058 | 7.22 | 56.3 o | AY ‘ L L
C Ka 277.0 | 3.19e+4 | 11.75 | 5.66 | 44.8
Ag Mc¢ 311.7 | 2.37e +4 | 12.08 | 4.73 | 39.8 10 100 1000 10000
N Ka 3924 | 1.36e+4 | 12.22 | 341! 316 o T —
Ti La 452.2 | 9.75e+3 | 12.29 | 2.83 | 274 = e toa R Srsrr T
V La 511.3 | 7.18e+3 | 12.29 | 2.35 | 24.2 =T EEE B —— e
0 Ka 524.9 | 6.7le+3 | 12.28 | 2.26 | 236 <~ NG H — ]
Cr La 572.8 | 5.36e+3 | 12.25 | 1.97 | 216 - j N ANEI i
Mn La 637.4 | 4.03e+3 ] 12.19 | 1.65 | 19.5 ~ iy BEE D
F Ko 676.8 | 3.4le+3 | 12.13 | 1.48 | 183 he TN
Fe La 705.0 | 3.08¢+3 | 12.09 | 1.39 | 17.6 !
Co La 776.2 | 2.38e+3 | 11.99 | 1.18 | 16.0 S SIS e
Ni La 851.5 | 1.85e +3 | 11.88 | 1.01 | 14.6 : —
Cu La 9297 | 1.45e+3 | 11.76 | 0.87 | 13.3 [Hﬂ 1] AN
Zn La 1011.7 | 1.15e +3 | 11.62 | 0.75 | 12.3 *
Na Ko 1041.0 | 1.07e+3 | 11.57 | 0.71 | 11.9 10 100 1000 10000
Ge La 1188.0 | 7.4le+2 | 11.26 | 0.56 | 10.4
Mg Ka 1253.6 | 6.39e +2 | 11.08 | 0.51 9.9 ©
Al Ka 1486.7 | 4.03e +2 | 9.60 | 0.38 8.3
Si Ka 1740.0 | 3.21e +3 | 11.32 | 3.59 7.1 .
Zr La 2042.4 | 2.16e+3 | 12.56 | 2.83 6.1 £ -
Mo La 2293.2 | 1.60e+3 | 12.97 | 2.36 5.4 o -
Cl Ka 2622.4 | 1.12¢ +3 | 13.23 | 1.89 4.7 NE
Ag La 2984.3 | 7.92e+2 | 13.35 | 1.52 4.2 o
Ca Ka 3691.7 | 4.40e+2 | 13.41 | 1.04 3.4 %
Ti Ka 4510.8 | 2.50e +2 | 13.38 | 0.72 2.7 3 -
V Ka 4952.2 | 1.91e+2 | 13.36 | 0.61 2.5
Cr Ka 5414.7 | 1.48e +2 | 13.33 | 0.51 2.3 _
Mn Ko 5898.8 | 1.16e+2 | 13.30 | 0.44 2.1 =
Co Ka | 69303 | 7.25e+1 | 13.25 | 0.32 1.8 10 100 1000 10000
Ni Ka 7478.2 | 5.80e +1 | 13.23 | 0.28 1.7 E (eV)
Cu Ko 8047.8 | 4.68¢+1 | 13.21 | 0.24 1.5
Ge Ka 9886.4 | 2.56e+1 | 13.16 | 0.16 1.3
Y Ka | 14988.0 | 7.45¢e +0 | 13.08 | 0.07 0.8
Mo Ka | 17479.0 | 4.66e +0 | 13.06 | 0.05 0.7 .
Pd Ka | 21177.0 | 2.58¢+0 | 13.04 | 0.04 | 0.6 Edge Energies
Sn Ka 25271.0 | 1.49e+0 | 13.03 | 0.02 0.5 K  1559.6 eV L1 117.8 eV®
Xe Ka | 29779.0 | 8.91e~1 | 13.02 | 0.02 0.4 Lip 729 ev®
Lir 72.5 eV®

References: 2, 3, 4, 5, 23, 27, 28, 32, 73, 79, 80, 95, 98, 99, 107, 108, 109, 114, 123, 127, 135, 146, 147, 149, 172, 177, 180, 185, 189, 192,
200, 216, 217, 223, 231, 232.
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B. L. HENKE, E. M. GULLIKSON, and §. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Silicon (Si)
Z=-14
Atomic Weight = 28.086

ua(barns/atom) = u(cm?/gm) x 46.64
E(keV)u(cm?/gm) = f; x 1498.22

References: 40, 77, 99, 127, 129, 146, 158, 167, 170, 176, 199, 226, 231, 233.

226

Line E(eV) |u(cm?/gm) fy fy A (A)
H 102 | 449 + 5 3.06 | 1215
He I 21.2 | 4.64e+4 0.66 | 584.3 ©
Na Logs 305 | 1.77e 4+ 4 0.36 | 407.2 - I T LT
Mg Los 49.3 | 1.52¢ +4 0.50 | 251.5 |
Al Laj 724 | 9.86e+3 | 258 | 048 | 171.2 o | _ ™~ i I
Si Lag 915 | 7.12¢+3 | 0.70 | 0.43 | 1355 /J ‘ | H l’ |
Be K 108.5 | 6.00e +4 | -1.23 | 4.34 | 1143 / |
Sr M(¢ 1140 | 6.98e +4 | -1.35 | 531 | 108.8 w ® : e e —
Y M¢ 1328 | 1.07e+5 | 1.17 | 953 | 93.4
Zr M¢ 151.1 | 9.50e+4 | 4.08 | 958 | 82.1 it
B Ka 183.3 | 8.6le+4 | 7.98 | 1054 | 67.6 ¥ N /
Mo M( 1926 | 7.74e+4 | 892 | 995 | 64.4 N i
Ar L¢ 220.1 | 5.84e+4 | 1051 | 858 | 56.3 ° \ | |
C Ka 2770 | 3.59e+4 | 12.06 | 6.65 | 448
Ag M( 311.7 | 2.76e +4 | 12.62 | 574 | 39.8 10 100 1000 10000
N Ka 392.4 | 1.60e+4 | 13.08 | 4.19 | 316 :
Ti La 452.2 | 1.15e+4 | 13.19 | 348 | 274 o _ ~ i
V La 511.3 | 8.66e +3 | 13.25 | 2.95 | 24.2 e T Fes =
0 Ka 5249 | 8.13¢+3 | 1327 | 2.85 | 236 o / I ——
Cr La 572.5  6.52¢+3 | 13.28 | 2.49 | 216 \
Mn La 6374 | 4.97e+3 | 13.25 | 212 | 195 R — = = ) N o
F Ko 676.8 | 4.27e+3 | 13.23 | 193 | 183 e NG = ~ =
Fe La 705.0 | 3.83¢+3 | 13.20 | 1.80 | 176 - -
Co La 776.2 | 2.97e+3 | 1313 | 154 | 16.0 -
Ni La 851.5 | 2.33e+3 | 13.04 | 132 | 14.6 o i= &
Cu La 929.7 | 1.85e+3 | 12.95 | 1.15 | 13.3 i -
Zn La 1011.7 | 1.50e+3 | 12.83 | 1.01 | 12.3 L
Na Ka 1041.0 | 1.40e+3 | 12.80 0.98 11.9 10 100 1000 10000
Ge La 1188.0 | 9.91e+2 | 12.63 | 0.79 | 104
Mg Ka 1253.6 | 8.50e +2 | 12.53 | 0.72 9.9 ©
Al Ka 1486.7 | 5.43e+2 | 12.09 | 0.54 8.3
Si Ko 17400 | 3.51e+2 | 10.83 | 0.41 7.1
Zr Lo 2042.4 | 2.63e +3 | 12.29 | 3.59 6.1 Tw
Mo La 2293.2 | 1.98¢+3 | 13.33 | 3.02 5.4 Gy 8§ TR b g T
Cl Ka 2622.4 | 1.40e+3 | 1391 | 245 4.7 o
Ag La 2984.3 | 9.93¢+2 | 14.19 | 1.98 4.2 g
Ca Ka 3691.7 | 5.57e+2 | 14.38 | 1.37 3.4 o T o R A,
Ti Ko 4510.8 | 3.19e+2 | 14.40 | 0.96 2.7 I
V Ka 4952.2 | 2.45e+2 | 1439 | 0.81 2.5
Cr Ka 5414.7 | 1.90e+2 | 14.37 | 0.69 2.3 J
Mn Ka 5898.8 | 1.49e+2 | 14.35 | 0.59 2.1 ©
Co Ka 6930.3 | 9.34e+1 | 14.30 | 0.43 1.8 10 100 1000 10000
Ni Ka 7478.2 | 7.49%¢ +1 | 14.28 | 0.37 1.7 E (eV)
Cu Ko 8047.8 | 6.05e +1 | 14.25 | 0.32 1.5
Ge Ka 9886.4 | 3.32¢e+1 | 14.19 | 0.22 1.3
Y Ko | 14988.0 | 9.69e+0 | 14.11 | 0.10 0.8
Mo Ko | 17479.0 | 6.09e +0 | 14.08 | 0.07 0.7 _ )
Pd Ka | 21177.0 | 3.39¢+0 | 14.06 | 0.05 0.6 Edge Energies
Sn Ko | 25271.0 | 1.96e+0 | 14.04 | 0.03 0.5 K 18389eV Ly 149.7eV°®
Xe Ka | 29779.0 | 1.18e+0 | 14.03 | 0.02 0.4 Ly 99.8ev®

Lu[ 99.2 eV

Atomic Data and Nuclear Data Tables, Vol. 54, No. 2, July 1993



B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = p(em?/gm) x 51.43
E(keV)u(cm?/gm) = fo x 1358.51

Line E(eV) {u(cm?/gm)| f fo A(A)
H 10.2 1.10e + 6 8.22 1215
He 1 21.2 4.28e + 4 0.67 584.3
Na Ly 30.5 1.12e + 4 0.25 407.2
Mg Las 49.3 | 1.60e +4 0.58 | 251.5
Al Lags 72.4 1.30e + 4 4.17 0.69 171.2
Si Laggs 91.5 1.00e + 4 3.63 0.68 135.5
Be K 108.5 7.72¢ + 3 2.69 0.62 114.3
Sr M(¢ 1140 | 7.05e+3 2.19 0.59 108.8
Y M(¢ 132.8 | 5.16e+ 3 -3.56 0.50 93.4
Zr M(¢ 151.1 7.68e + 4 0.97 8.55 82.1
B Ka 183.3 6.5% + 4 4.57 8.89 67.6
Mo M( 192.6 7.33e + 4 4.93 | 10.40 64.4
Ar L¢ 220.1 6.15e + 4 8.43 9.97 56.3
C Ka 277.0 4.12e + 4 11.12 8.40 44.8
Ag M¢ 311.7 3.26e + 4 12.13 7.49 39.8
N Ka 392.4 2.05e + 4 13.39 5.93 31.6
Ti La 452.2 1.50e +4 | 13.91 4.98 274
V La 511.3 1.12e +4 | 14.18 4.22 24.2
0O Ka 524.9 1.05¢ +- 4 14.22 4.07 23.6
Cr La 572.8 8.48¢ +3 | 14.33 3.58 21.6
Mn La 637.4 6.51e +3 | 14.39 3.05 19.5
F Ka 676.8 5.53e +3 | 14.40 2.76 18.3
Fe La 705.0 5.00e +3 | 14.38 2.59 17.6
Co La 776.2 3.90e +3 | 14.35 2.23 16.0
Ni La 851.5 3.04e +3 | 14.30 1.91 14.6
Cu La 929.7 2.40e + 3 | 14.22 1.65 13.3
Zn La 1011.7 1.92¢ +3 | 14.14 1.43 12.3
Na Ka 1041.0 1.78¢ + 3 | 14.10 1.36 11.9
Ge La 1188.0 1.24e+3 | 13.94 1.08 10.4
Mg Ka 1253.6 1.07¢ +3 | 13.86 0.99 9.9
Al Ka 1486.7 6.75e¢ + 2 | 13.56 0.74 8.3
Si Ka 1740.0 4.44e + 2 13.12 0.57 7.1
Zr Lo 2042.4 2.86e + 2 11.75 0.43 6.1
Mo La 2293.2 2.28e+3 | 12.64 3.84 5.4
Cl Ka 2622.4 1.63e +3 | 14.24 3.14 4.7
Ag La 2984.3 1.17¢ + 3 | 14.85 2.56 4.2
Ca Ka 3691.7 6.61e + 2 15.28 1.80 3.4
Ti Ka 4510.8 | 3.81e+2 | 15.40 1.27 2.7
V Ka 4952.2 2.94e + 2 15.41 1.07 2.5
Cr Ka 5414.7 2.2%e + 2 15.41 0.91 2.3
Mn Ka 5898.8 1.79¢e +2 | 15.39 0.78 2.1
Co Ka 6930.3 | 1.13e+2 | 15.35 0.58 1.8
Ni Ka 7478.2 9.10e +1 15.33 0.50 1.7
Cu Ka 8047.8 7.37e + 1 15.30 0.44 1.5
Ge Ka 9886.4 4.04e +1 15.24 0.29 1.3
Y Ka 14988.0 1.17e + 1 15.13 0.13 0.8
Mo Ka 17479.0 7.39¢ +0 | 15.10 0.10 0.7
Pd Ka 21177.0 4.13e+0 | 15.07 0.06 0.6
Sn Ka 25271.0 2.4le+0 | 15.05 0.04 0.5
Xe Ka 29779.0 1.45¢ + 0 15.04 0.03 0.4

227

w {em’/gm)

16

12

10

10°

10°

10

10°

Phosphorus (P)
Z=15
Atomic Weight = 30.974

10
-\ e
\ }
A A :
— X 1 1
7/ !
e i S
t —
T
10 100
10 100 1000 10000
E (eV)

Edge Energies

K 2145.5 eV Ly 189. eV*®
Ly 136, eV®
Ly 135. eV©®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z=1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Sulfur (S)
o (barns/atom) = u(cm?/gm) x 53.25 Z =16
E(keV)u(cm?/gm) = fz x 1312.24 Atomic Weight = 32.066
Line E(eV) u(ecm?/gm) fy fa A (A)
H 10.2 | 5.50e + 5 428 | 1215
He 1 21.2 | 4.39e + 5 7.10 | 584.3 o
Na Lggs 305 | 7.66e +4 1.78 | 407.2 N
Mg L 493 | 1.48e+ 4 0.56 | 2515
Al Lagj 724 | 2.02¢+4 | 491 | 111 ] 171.2 0
Si Lag 91.5 | 1.62e+4 | 471 | 1.13 | 1355
Be K 1085 | 1.28¢+4 | 429 | 1.06 | 114.3
Sr M¢ 1140 | 1.20e+4 | 4.08 | 1.04 | 108.8 w @
Y M¢ 1328 | 963e+3 | 297 | 097 | 934
Zr M( 151.1 | 7.92¢+3 | 038 | 0.91 82.1
w
B Ka 1833 | 7.4le+4 | 3.00 | 1035 [ 67.6
Mo M( 1926 | 6.97e+4 | 4.34 | 10.23 | 64.4
Ar L¢ 220.1 | 59le+4 | 6.55 | 9.92 | 563 o
C Ka 277.0 | 4.76e +4 | 10.01 | 10.04 | 448
Ag Mc 311.7 | 3.84e+4 | 11.72 | 912 | 39.8 10 100 1000 10000
N Ka 3924 | 2.49e+4 | 1370 | 7.44 | 316 E—
Ti La 452.2 | 1.83e+4 | 1454 | 631 27.4 ol ﬁlﬁ_’ IR &m . IR .
V Lo 511.3 | 1.38¢+4 | 14.99 | 5.38 24.2 L3 S B FEEL
0 Ka 5249 | 1.30e+4 | 1506 | 520 | 2386 S
Cr La 572.8 | 1.06e+4 | 15.27 | 4.63 | 21.6
Mn La 637.4 | 8.18¢+3 | 15.44 | 3.97 19.5 N
F Ka 676.8 | 7.0le+3 | 1548 | 3.62 18.3 -
Fe La 705.0 | 6.36e+3 | 15.50 | 3.42 17.6
Co La 776.2 | 4.95e+3 | 1553 | 2.93 16.0
Ni La 851.5 | 3.89e+3 | 15.50 | 2.52 14.6
Cu La 929.7 | 3.08¢+3 | 15.45 | 2.18 13.3
Zn La 1011.7 | 2.46e+3 | 1538 | 1.89 12.3
Na Ka 1041.0 | 2.28e+3 | 15.36 | 1.81 11.9
Ge La 1188.0 | 1.59e +3 | 15.22 | 1.44 10.4
Mg Ka 1253.6 | 1.38e +3 | 15.15 | 1.32 9.9 ©
Al Ka 1486.7 | 8.70e +2 | 14.91 | 0.99 8.3
Si Ka 1740.0 | 5.74e +2 | 14.62 | 0.76 7.1
Zr La 20424 | 3.7le+2 | 14.14 0.58 6.1 ’é -
Mo Lo 292932 | 2.67e+2 | 1330 | 0.47 5.4 o 2
Cl Ka 2622.4 | 1.89e+3 | 13.63 | 3.77 4.7 o~
Ag La 2084.3 | 1.37e+3 | 15.22 | 3.11 4.2 g
Ca Ka 3691.7 | 7.83e+2 | 16.07 | 2.20 3.4 ~ 5
Ti Ka 4510.8 | 4.56e+2 | 16.34 1.57 2.7 n
V Ka 4952.2 | 3.53e+2 | 16.38 | 1.33 2.5
Cr Ka 5414.7 | 2.75e+2 | 16.40 | 1.14 2.3
Mn Ko | 58088 | 2.17e+2 | 1640 | 097 | 2.1 © : .
Co Ka 6930.3 | 1.37e+2 | 1637 | 0.73 1.8 10 100 1000 10000
Ni Ka 7478.2 | 1.1le+2 | 16.35 | 0.63 1.7 E (eV)
Cu Ko 8047.8 | 8.98e+1 | 16.33 | 0.55 1.5
Ge Ka 9886.4 | 4.97e+1 | 16.27 | 0.37 1.3
Y Ko | 149880 | 1.48¢+1 | 16.16 | 0.17 0.8
Mo Ka | 17479.0 | 9.35e +0 | 16.12 | 0.12 0.7 .
Pd Ka | 211770 | 5.24e +0 | 16.09 | 0.08 0.6 Edge Energies
Sn Ka 252710 | 3.06e 40 | 16.06 0.06 0.5 K 24720 eV Ly 2309 eV®

Ln 163.6 eV*®

Xe Ka 29779.0 | 1.85e+0 | 16.04 0.04 0.4 Lo 162.5 Ve

References: 8, 9, 29, 111, 176, 216.
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Chlorine (Cl)

uo(barns/atom) = u(cm?/gm) x 58.87 Z=17
E(keV)u(cm?/gm) = f, x 1186.88 Atomic Weight = 35.453
Line E(eV) |p{cm?/gm) f fa A (R)
H 102 | 203e+5 1.75 | 1215
He 1 21.2 | 5.46e +5 9.76 | 584.3 o
Na Laa 305 | 1.72e +5 4.40 | 407.2 ~ BRI
Mg L2 49.3 | 1.32¢ +4 0.55 | 2515 Al
Al Las 724 | 2.19e+4 | 564 | 134 | 1712 o L /" B .
Si Lag 91.5 | 1.92e+4 | 567 | 1.48 | 1355 : Y
Be K 1085 | 1.62¢e+4 | 5.58 | 1.48 | 114.3 ‘
St M(¢ 114.0 | 1.52¢e+4 | 551 | 1.46 | 108.8 w2 - : A
Y M¢ 132.8 | 1.24e+4 | 5.13 | 1.39 | 934 ! I
Zr M( 151.1 | 1.0de+4 | 448 | 1.32 | 821 /! i
B Ka 183.3 | 7.54e+3 | 159 [ 116 | 67.6 © ) I T
Mo M( 1926 | 6.94e+3 | -0.98 | 1.13 | 64.4 o ‘
Ar L¢ 220.1 | 6.20e+4 | 2.39 | 1150 | 56.3 o | : ‘
C Ka 277.0 | 5.0de+4 | 871 | 11.77 | 44.8
Ag Mc 3117 | 4.1de+4 | 11.05 | 10.87 | 39.8 10 100 1000 10000
N Ka 3924 | 2.76e +4 | 14.04 | 911 | 31.6 , ,
Ti La 452.2 | 2.0le+4 | 15.27 | 7.64 | 274 o ’ \ W ; [H ] L J* | 71
V La 511.3 | 1.50e +4 | 15.89 | 6.48 | 24.2 T EANTHE e 1
0 Ko 5249 | 14le+4 | 1599 | 6.24 | 23.6 f’A ' A0 G s i 1 i
Cr La 5728 | 1.14¢ +4 | 16.24 5.52 21.6 l \ - - TN
Mn La 637.4 | 8.8le+3 | 16.44 | 473 | 195 o - \ —~d ] \ N
F Ka 676.8 | 7.59¢ +3 | 16.50 | 4.33 18.3 “— p— 5 TN =
Fe La 705.0 | 6.86e +3 | 16.54 4.07 17.6 —— T Nt H
Co La 776.2 | 5.39e+3 | 1657 | 3.52 | 16.0 — H -+
Ni La 851.5 | 4.26e+3 | 16.57 | 3.06 | 146 - 1 I ‘ ] i
Cu La 929.7 | 3.40e+3 | 16.54 | 2.66 | 13.3 el e S R s i S R = R i
Zn La 1011.7 | 2.73e+3 | 1649 | 2.33 | 123 == inas: ' i
Na Ka 1041.0 | 2.54e +3 | 1647 | 2.23 | 119 10 100 1000 10000
Ge La 1188.0 | 1.80e +3 | 16.35 | 1.80 | 10.4
Mg Ko 1253.6 | 1.56e +3 | 16.30 | 1.65 9.9 ©
Al Ko 1486.7 | 9.93e+2 | 16.10 | 1.24 8.3 ,
Si Ko 1740.0 | 6.58¢ +2 | 15.88 | 0.97 7.1 N
Zr La 2042.4 | 4.27e +2 | 15.58 | 0.73 6.1 € o S :
Mo La 2203.2 | 3.1le+2 | 1523 | 0.60 5.4 o = ! :
Cl Ka 2622.4 | 2.15e +2 | 14.31 | 0.48 4.7 o~ .
i
Ag La 2984.3 | 1.51e+3 | 14.55 | 3.79 4.2 g F
Ca Ka 3691.7 | 8.77e +2 | 16.67 | 2.73 3.4 ~ 5 1 ;
Ti Ka 4510.8 | 5.15e +2 | 17.20 1.96 2.7 3 “
V Ka 4952.2 | 3.99e +2 | 17.31 | 1.67 2.5
Cr Ka 5414.7 | 3.13e+2 | 17.37 | 1.43 2.3
Mn Ka | 5898.8 | 247e+2 | 17.39 | 1.23 2.1 ©
Co Ka 6930.3 | 1.57e+2 | 17.40 | 0.92 1.8 10 100 1000 10000
Ni Ka 7478.2 | 1.27e+2 | 17.38 | 0.80 1.7 E (eV)
Cu Ka 8047.8 | 1.03e +2 | 17.37 | 0.70 1.5
Ge Ka 9886.4 | 5.72¢+1 | 17.31 | 0.48 1.3
Y Ka | 14988.0 | 1.7le+1 | 17.19 | 0.22 0.8
Mo Ka | 17479.0 | 1.08e+1 | 17.15 | 0.16 0.7 .
Pd Ka | 21177.0 | 6.1le+0 | 1711 | 011 | 06 Edge Energies
Sn Ko | 25271.0 | 3.58¢+0 | 17.08 0.08 0.5 K 28224 eV il %(1)-2 eyf
Le
Xe Ka | 207700 | 2.17e+0 | 1706 | 005 | 04 Ty

References: 8, 29, 111, 176.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, £ = 50-30,000 eV
See page 211 for Explanation of Tables

1o (barns/atom) = p(cm?/gm) x 66.34
E(keV)u(cm?/gm) = f2 x 1053.32

Line E(eV) |u(cm®*/gm)| £ fy X (A)
H 10.2 1215
He I 21.2 | 5.59e+5 11.26 584.3
Na Lz 30.5 | 3.95e+5 11.41 407.2
Mg Lo 49.3 | 1.35¢ +4 0.63 | 251.5
Al Lags 724 | 213e+ 4 6.14 1.47 171.2
Si Logs 91.5 | 2.09 + 4 6.12 1.82 135.5
Be K 108.5 1.84e + 4 6.19 1.90 114.3
Sr M¢ 114.0 | 1.76e + 4 6.20 1.91 108.8
Y M( 132.8 | 1.40e + 4 6.15 1.77 93.4
Zr M( 151.1 1.16e + 4 5.84 1.67 82.1
B Ka 183.3 8.80e + 3 4.91 1.53 67.6
Mo M( 192.6 | 8.06e + 3 4.48 1.47 64.4
Ar L{ 220.1 6.00e + 3 2.08 1.25 56.3
C Ka 2770 | 5.62e 4+ 4 5.48 | 14.79 44.8
Ag M(¢ 311.7 | 4.09e + 4 8.88 | 12.11 39.8
N Ka 3924 | 2.96e+4 | 13.68 | 11.03 31.6
Ti La 452.2 | 2.18e+4 | 15.02 9.34 274
V La 511.3 1.70e +4 | 15.93 8.25 24.2
O Ka 5249 | 1.6le+4 | 16.11 8.03 23.6
Cr La 572.8 | 1.33e+4 | 16.68 7.22 21.6
Mn La 6374 | 1.04e+4 | 17.13 6.26 19.5
F Ka 676.8 | 8.93e+3 | 17.29 5.74 18.3
Fe La 705.0 | 8.14e+3 | 17.38 5.45 17.6
Co La 776.2 | 6.45e+3 | 17.58 4.75 16.0
Ni La 851.5 | 5.07e +3 | 17.67 4.10 14.6
Cu La 929.7 | 4.05e+3 | 17.68 3.57 13.3
Zn La 1011.7 | 3.25¢e+3 | 17.67 3.12 12.3
Na Ka 1041.0 | 3.0le+3 | 17.65 2.98 11.9
Ge Lo 1188.0 | 2.12¢+3 | 17.56 2.39 10.4
Mg Ka 1253.6 | 1.84e+3 | 17.51 2.19 9.9
Al Ka 1486.7 | 1.16e+3 | 17.31 1.64 8.3
Si Ka 1740.0 | 7.68e+2 | 17.09 1.27 7.1
Zr La 2042.4 | 5.03e + 2 | 16.84 0.98 6.1
Mo La 2293.2 | 3.69% +2 | 16.61 0.80 5.4
Cl Ka 26224 | 2.56e+2 | 16.19 0.64 4.7
Ag La 2984.3 | 1.78¢ 4+ 2 | 15.24 0.51 4,2
Ca Ka 3691.7 | 9.78e + 2 | 16.85 3.43 34
Ti Ka 4510.8 | 5.80e +2 | 17.95 2.48 2.7
V Ka 4952.2 | 4.5le+2 | 18.16 2.12 2.5
Cr Ka 5414.7 | 3.54e +2 | 18.29 1.82 2.3
Mn Ka 5898.8 | 2.80e+ 2 | 18.36 1.57 2.1
Co Ka 6930.3 | 1.79e+2 | 18.41 1.18 1.8
Ni Ka 7478.2 1.45e + 2 | 18.41 1.03 1.7
Cu Ka 8047.8 | 1.18e+2 | 18.41 0.90 1.5
Ge Ko 9886.4 | 6.58¢ +1 | 18.36 0.62 1.3
Y Ka 14988.0 | 1.98e+1 | 18.22 0.28 0.8
Mo Ka 174790 | 1.26e+1 | 18.18 0.21 0.7
Pd Ka 211770 | 7.11e4+0 | 18.13 0.14 0.6
Sn Ka 25271.0 | 4.18¢ +0 | 18.10 0.10 0.5
Xe Ka 29779.0 | 2.54e + 0 | 18.07 0.07 0.4

w1 {em’/gm)

K

20
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10 10° 10° 0.1

10°

Argon (

Z =

Ar)
18

Atomic Weight = 39.948

/’l
- ) Jh
e ~\
L M
10 100 1000 10000
L N _
AN \ _
RS ;: aill
----- ESE=s e e
10 100 1000 10000

3205.

9eVe

1000

E (eV)

Edge Energies

Ly 326.3 eV*®
Lu 250.6 eV®
Lip 248.4 eV*®

My
My

10000

29.3 eV*®
15.9 eV*®

Mipr 15.8 eV*®

References: 8, 9, 11, 13, 15, 38, 62, 65, 68, 70, 81, 83, 95, 111, 132, 140, 143, 151, 153, 161, 162, 164, 176, 187, 194.
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

4, (barns/atom) = pu(cm?/gm) x 64.93
E(keV)u{cm?/gm) = f, x 1076.22

Line E(eV) |g(cm?/gm) f1 fa X (R)
H 10.2 3.75¢ + 3 0.04 1215
He 1 21.2 3.29¢ + 5 6.48 584.3
Na Lz 30.5 5.56e + 5 15.73 407.2
Mg L2 49.3 3.1le + 4 1.42 251.5
Al Lags 72.4 1.97e + 4 7.36 1.33 171.2
Si Logs 91.5 2.40e + 4 7.33 2.04 135.5
Be K 108.5 | 2.11e+4 7.46 2.13 114.3
Sr M(¢ 114.0 2.02e + 4 7.48 2.14 108.8
Y M¢ 132.8 1.74e + 4 7.56 2.14 93.4
Zr M( 151.1 1.49e + 4 7.52 2.09 82.1
B Ka 183.3 1.14e + 4 7.24 1.94 67.6
Mo M( 192.6 1.06e + 4 7.09 1.89 64.4
Ar L¢ 220.1 8.52¢e + 3 6.37 1.74 56.3
C Ka 277.0 5.73e + 3 1.24 1.48 44.8
Ag M( 311.7 | 5.02¢ +4 3.13 | 14.54 39.8
N Ka 392.4 3.54e +-4 | 11.38 | 12.90 31.6
Ti La 452.2 | 2.70e +4 | 14.47 | 11.35 274
V La 511.3 2.05e +4 | 16.14 9.75 24.2
0O Ka 524.9 1.93e +4 | 16.40 9.43 23.6
Cr Lo 572.8 1.58¢ + 4 17.11 8.40 21.6
Mn La 637.4 1.23e +4 | 17.71 7.29 19.5
F Ka 676.8 1.07e +4 | 17.97 6.73 18.3
Fe La 7050 | 9.68e+3 | 18.14 6.34 17.6
Co La 776.2 7.55e + 3 18.37 5.45 16.0
Ni La 851.5 5.95e +3 | 18.42 4.71 14.6
Cu La 929.7 | 491e+43 | 1841 4.24 13.3
Zn La 1011.7 | 4.04e +3 | 18.52 3.80 12.3
Na Ka 1041.0 3.76e + 3 18.53 3.64 11.9
Ge La 1188.0 2.70e + 3 | 18.54 2.98 104
Mg Ka 1253.6 2.35e +3 | 18.53 2.74 9.9
Al Ka 1486.7 1.51le+3 | 18.41 2.08 8.3
Si Ka 1740.0 9.96e + 2 18.25 1.61 71
Zr La 2042.4 | 6.46e+2 | 18.04 1.23 6.1
Mo La 2293.2 | 4.72¢ +2 | 17.86 1.01 5.4
Cl Ka 2622.4 | 3.27e+2 | 17.57 0.80 4.7
Ag Lo 2984.3 229 +2 | 17.13 0.64 4.2
Ca Ka 3691.7 1.24¢ + 3 15.02 4.24 3.4
Ti Ka 4510.8 7.18¢ +2 | 18.52 3.01 2.7
V Ka 4952.2 5.58¢ + 2 | 18.91 2.57 2.5
Cr Ka 5414.7 | 4.38¢ +2 | 19.13 2.21 2.3
Mn Ka 5898.8 3.47e+2 | 19.26 1.90 2.1
Co Ka 6930.3 2.24e +2 | 19.38 1.44 1.8
Ni Ka 7478.2 1.82e +2 | 1941 1.27 1.7
Cu Ka 8047.8 | 1.48¢ +2 | 19.42 1.10 1.5
Ge Ka 9886.4 | 8.30e + 1 19.37 0.76 1.3
Y Ka 14988.0 2.54e + 1 19.26 0.35 0.8
Mo Ka 17479.0 1.62e +1 | 19.21 0.26 0.7
Pd Ka 21177.0 9.20e + 0 (| 19.16 0.18 0.6
Sn Ka 25271.0 5.4le+0 19.12 0.13 0.5
Xe Ka 29779.0 | 3.30e+0 | 19.09 0.09 0.4
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Atomic Weight = 39.098
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Edge Energies

3608.4 eV® Ly 3786eV® M; 34.8eV®
Lip 297.3eV* My 183ev®
Li;p 294.6 eV® My 18.3 eV*?
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

#o(barns/atom) = g(cm?/gm) x 66.55
E(keV)u(cm?/gm) = f; x 1049.91

Line E(eV) |p(cm?/gm) f fo A (A)
H 10.2 4.72¢ + 3 0.05 1215
He 1 21.2 1.0le + 4 0.20 584.3
Na Lag 30.5 2.39e + 5 6.92 407.2
Mg Lo 49.3 | 1.02e + 5 4.78 | 2515
Al L2 72.4 1.38e¢ + 4 9.12 0.95 171.2
Si Lags 91.5 | 2.12¢ +4 8.23 1.85 135.5
Be K 108.5 2.25e + 4 8.29 2.33 114.3
Sr M(¢ 114.0 2.24e + 4 8.35 2.43 108.8
Y M(¢ 132.8 2.05e + 4 8.53 2.59 93.4
Zr M(¢ 151.1 1.88e + 4 8.77 2.71 82.1
B Ka 1833 | 1.44e+ 4 9.04 2.51 67.6
Mo M(¢ 192.6 1.32¢ + 4 9.01 2.42 64.4
Ar L{¢ 220.1 1.06e + 4 8.74 2.22 56.3
C Ka 277.0 6.95e + 3 7.39 1.83 44.8
Ag M( 3117 | 5.65¢+3 | 5.16 | 1.68 | 30.8
N Ka 3924 3.57e + 4 8.26 13.34 31.6
Ti Lea 452.2 3.0le +4 12.63 12.97 274
V La 511.3 2.33e + 4 15.44 11.35 24.2
0O Ka 524.9 2.20e +4 | 15.85 11.01 23.6
Cr La 572.8 1.82¢ +4 | 16.98 9.91 21.6
Mn La 637.4 1.43e + 4 17.98 8.67 19.5
F Ka 676.8 1.24e + 4 18.37 7.98 18.3
Fe La 705.0 1.13e + 4 18.61 7.60 17.6
Co La 776.2 9.00e +3 | 19.08 6.66 16.0
Ni La 851.5 7.16e +3 | 19.36 5.81 14.6
Cu La 929.7 5.77e +3 | 19.53 5.11 13.3
Zn La 1011.7 | 4.68e + 3 19.63 4.51 12.3
Na Ka 1041.0 4.36e +3 | 19.65 4.32 11.9
Ge La 1188.0 3.1le + 3 | 19.69 3.52 104
Mg Ka 1253.6 2.7le +3 | 19.68 3.24 9.9
Al Ka 1486.7 1.75¢ + 3 19.60 2.48 8.3
Si Ka 1740.0 1.15¢e + 3 19.47 1.90 71
Zr La 2042.4 7.41le + 2 19.28 1.44 6.1
Mo Lo 2293.2 5.40e + 2 19.11 1.18 5.4
Cl Ka 2622.4 3.75e + 2 18.88 0.94 4.7
Ag Lo 2984.3 2.65e + 2 18.59 0.75 4.2
Ca Ka 3691.7 1.50e + 2 17.56 0.53 3.4
Ti Ka 4510.8 8.12e + 2 18.60 3.49 2.7
V Ka 4952.2 6.37e + 2 19.39 3.00 2.5
Cr Ka 5414.7 5.03e 42 | 19.81 2.59 2.3
Mn Ka 5898.8 4.00e + 2 | 20.06 2.25 2.1
Co Ka 6930.3 2.58e¢ +2 | 20.30 1.71 1.8
Ni Ka 7478.2 2.10e +2 | 20.35 1.49 1.7
Cu Ka 8047.8 1.71e + 2 | 20.38 1.31 1.5
Ge Ka 0886.4 9.65e + 1 20.39 0.91 1.3
Y Ka 14988.0 2.96e + 1 20.28 0.42 0.8
Mo Ka 17479.0 1.89e + 1 20.23 0.32 0.7
Pd Ka 21177.0 1.08¢ + 1 20.18 0.22 0.6
Sn Ka 25271.0 6.36e +0 | 20.13 0.15 0.5
Xe Ka 29779.0 3.88e +0 | 20.10 0.11 0.4

References: 196.

Calcium (Ca)
Z=20
Atomic Weight = 40.078
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K  4038.5eV® L; 4384eV® M; 443eV?
Lyj;  349.7 eVt My 25.4 ev?
Lip 346.2 ev®t M 25.4 eV

232 Atomic Data and Nuclear Data Tables, Vol. 54, No. 2, July 1993



B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, F = 50-30,000 eV
See page 211 for Explanation of Tables

4o (barns/atom) = p(cm?/gm) x 74.65
E(keV)u(cm?/gm) = f; x 935.99

Line E(eV) (u(em?*/gm)| £ f2 A (A)
H 10.2 | 6.62¢+ 4 0.72 1215
He 1 21.2 } 3.57e +4 0.81 584.3
Na Lags 30.5 | 1.95e+4 0.63 | 407.2
Mg Los 49.3 | 1.66e+5 8.76 | 2515
Al Lags 724 | 3.03e+ 4 9.96 2.34 171.2
Si Lags 91.5 | 2.84e +4 9.33 2.78 135.5
Be K 108.5 | 2.50e + 4 9.45 2.89 | 1143
Sr M(¢ 114.0 | 2.39¢e + 4 9.50 2.91 108.8
Y M¢ 132.8 | 2.07e + 4 9.65 2.93 93.4
Zr M(¢ 151.1 1.82e + 4 9.84 2.94 82.1
B Ka 183.3 | 1.42e +4 | 10.04 2.78 67.6
Mo M( 192.6 1.32¢ + 4 | 10.07 2.72 64.4
Ar Lf 220.1 | 1.08¢ +4 | 10.05 2.54 56.3
C Ka 277.0 | 7.45e+4+3 9.48 2.20 44.8
Ag M( 311.7 | 6.03e +3 8.70 2.01 39.8
N Ka 3924 | 3.98e+3 | -0.54 1.67 31.6
Ti La 4522 | 2.89e + 4 9.41 | 13.96 27.4
V La 511.3 | 2.5le+4 | 12.84 | 13.71 24.2
0 Ka 524.9 | 2.36e+4 | 14.01 | 13.25 23.6
Cr La 572.8 | 1.95e 44 | 16.13 | 11.93 21.6
Mn La 6374 | 1.54e+4 | 17.79 | 10.46 19.5
F Ka 676.8 | 1.33e +4 | 18.43 9.63 18.3
Fe La 705.0 | 1.22e +4 | 18.80 9.17 17.6
Co La 776.2 | 9.72¢ 4+ 3 | 19.54 8.06 16.0
Ni La 851.5 | 7.75e + 3 | 20.01 7.05 14.6
Cu La 929.7 | 6.25e+3 | 20.31 6.21 13.3
Zn La 1011.7 | 5.07e+3 | 20.50 5.48 12.3
Na Ka 1041.0 | 4.72¢ +3 | 20.54 5.25 11.9
Ge La 1188.0 | 3.38¢ + 3 | 20.67 4.30 10.4
Mg Ka 1253.6 | 2.96e + 3 | 20.68 3.96 9.9
Al Ka 1486.7 | 1.91e+3 | 20.66 3.04 8.3
Si Ka 1740.0 1.27e + 3 | 20.55 2.37 7.1
Zr La 2042.4 | 8.37e+2 | 20.40 1.83 6.1
Mo La 2293.2 | 6.16e+ 2 | 20.26 1.51 5.4
Cl Ka 2622.4 | 4.31e+2 | 20.08 1.21 4.7
Ag La 2984.3 | 3.04e+2 | 19.86 0.97 4.2
Ca Ka 3691.7 | 1.70e + 2 | 19.27 0.67 34
Ti Ka 4510.8 | 8.47e + 2 |} 14.24 4.08 2.7
V Ka 4952.2 | 6.74e +2 | 19.40 3.57 2.5
Cr Ka 5414.7 | 5.38e +2 | 20.26 3.11 2.3
Mn Ka 5898.8 | 4.31e +2 | 20.72 2.72 2.1
Co Ka 6930.3 | 2.81e+ 2 | 21.17 2.08 1.8
Ni Ka 7478.2 | 2.29e +2 | 21.28 1.83 1.7
Cu Ka 8047.8 | 1.87e+2 | 21.34 1.61 1.5
Ge Ka 9886.4 | 1.06e +2 | 21.41 1.12 1.3
Y Ka 14988.0 | 3.2le+1 | 21.32 0.51 0.8
Mo Ka 17479.0 | 2.05e +1 | 21.27 0.38 0.7
Pd Ka 21177.0 | 1.17e+1 | 21.21 0.26 0.6
Sn Ka 25271.0 | 6.90e +0 | 21.16 0.19 0.5

LXe Ka 29779.0 { 4.22e+0 | 21.12 0.13 0.4

References: 33, 48, 59, 76, 107, 108, 131.

Scandium (Sc)
Z=21
Atomic Weight = 44.956
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,

1o (barns/atom) = u(cm?/gm) x 79.51
E(keV)u(cm?/gm) = f, x 878.83

Z = 1-92, £ = 50-30,000 eV
See page 211 for Explanation of Tables

Titanium (Ti)
Z=22
Atomic Weight = 47.880

Line E(eV) |u(cm?/gm)| £ fa A(A)
H 10.2 | 2.05e +5 2.37 | 1215
He 1 212 | 1.43e+5 3.44 | 584.3 @ - :
Na Lo 30.5 | 1.36e +5 470 | 407.2 ’
Mg Log 493 | 2.34e +5 13.11 | 2515 o {4 :
Al Lags 72.4 | 4.65e+4 | 11.22 | 3.83 | 171.2 Q| [ N
Si Lggs 91.5 | 3.60e+4 | 10.14 | 3.75 | 135.5 o |
Be K 108.5 | 3.09¢+4 | 10.36 | 3.82 | 1143 _ 1
Sr M(¢ 114.0 | 2.91e+4 | 1046 | 3.77 | 108.8 = CN L |
Y M¢ 132.8 | 242e+4 | 10.56 | 3.65 93.4 =4 | / = - I -
Zr M( 1511 | 2.13e+4 | 10.77 | 3.66 | 82.1 N i
B  Ka 1833 | 1.68e+4 | 11.15 | 3.50 | 676 CH -]--1 i ? I ——
Mo M(¢ 192.6 | 1.59e +4 | 11.23 3.47 64.4 ] l ] . ] I i
Ar Lt 2201 | 1.29e+4 | 11.47 | 3.23 | 563 P I AL 11
C Ka 277.0 8.63e + 3 11.31 2.72 44.8 10 100 1000 10000
Ag M( 311.7 | 6.96e+3 | 10.94 | 247 | 39.8
N Ka 3924 | 436e+3 | 868 | 195 | 316
Ti La 452.2 | 332 +3 ] -3.18 | 171 | 274 o)
V La 511.3 | 2.3de +4 | 10.73 | 13.63 | 24.2
0 Ka 524.9 | 2.21e+4 | 11.68 | 13.23 | 23.6
Cr La 572.8 | 2.02¢+4 | 13.50 | 13.18 | 21.6
Mn Lo 6374 | 1.6Te+4 | 17.00 | 12.13 | 195 o~
F Ka 676.8 | 1.46e+4 | 18.05 | 11.21 | 18.3 = -
Fe La 705.0 | 1.33e+4 | 18.64 | 10.70 | 176
Co La 776.2 | 1.07e+4 | 19.77 | 942 | 16.0
Ni La 851.5 | 8.56e+3 | 20.49 | 829 | 146
Cu La 920.7 | 693¢+3 | 2098 | 733 | 133 -
Zn La 1011.7 | 5.63e+3 | 21.31 | 6.48 | 12.3 o
Na Ka 1041.0 | 5.25%e+3 | 2140 | 622 | 11.9
Ge Lo 1188.0 | 3.77e +3 | 21.66 | 510 | 10.4
Mg Ka 1253.6 | 3.30e+3 | 21.72 | 4.7 9.9 ke
Al Ko 1486.7 | 2.14e+3 | 21.79 | 3.61 8.3 o
Si Ka 1740.0 | 1.41e+3 | 21.73 | 2.80 7.1 =
Zr La 2042.4 | 9.24e+2 | 2159 | 215 6.1 £«
Mo La 2293.2 | 6.78¢+2 | 21.46 | 1.77 5.4 o
Cl Ka 2622.4 | 4.73e+2 | 21.28 | 141 4.7 ~c %
Ag La 2984.3 | 3.33e+2 | 21.08 | 1.13 4.2 o
Ca Ka 3691.7 | 1.87e+2 | 20.66 | 0.79 3.4 ©
Ti Ka | 45108 | 1.08e+2 | 1972 | 056 | 2.7 3
V Ka | 49522 | 2.48e¢+2 | 1761 | 1.39 2.5 =
Cr Ka 5414.7 | 5.77e+2 | 20.30 | 3.56 2.3
Mn Ka 5898.8 | 4.65e+2 | 21.20 | 3.12 2.1 =
Co Ka | 6930.3 | 3.05e+2 | 2196 | 241 | 18 10 100 1000 10000
Ni Ka 7478.2 | 249¢+2 | 2214 | 212 1.7 E (eV)
Cu Ko 8047.8 | 2.04e+2 | 22.26 | 1.87 1.5
Ge Ka 0886.4 | 1.15e+2 | 22.42 | 1.30 1.3
Y Ka | 14988.0 | 3.48e+1 | 22.34 | 0.59 0.8
Mo Ka | 17479.0 | 2.23e+1 | 22.29 | 0.44 0.7 Ed :

e Energies
Pd Ka | 211770 | 127e+1 | 2223 | 031 | 06 & gies .
Sn Ka | 25271.0 | 7.54e+0 | 22.17 | 0.22 0.5 K 49664 eV tl iggg e:/’,, ;‘A"! 22; e‘\’,',,
11 & € 11 b e

Xe Ka | 29779.0 | 4.63e+0 | 2213 | 0.16 0.4 L W38V Miy 326 eV?

References: 33, 48, 52, 59, 76, 99, 105, 107, 108, 123, 127, 130, 131, 139, 160, 180, 181, 200, 219, 223, 227, 230, 232.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, F = 50-30,000 eV
See page 211 for Explanation of Tables

uo(barns/atom) = u(cm?/gm) x 84.59
E(keV)u(cm?/gm) = fa x 826.01

Line E(eV) |uw(cm?/gm)| £ fo A (A)
H 10.2 | 9.16e + 4 1.13 | 1215
He I 21.2 | 1.16e+5 2.98 | 584.3
Na Ly 30.5 | 4.8%e +4 1.80 | 407.2
Mg Las 49.3 | 1.30e+5 7.74 | 251.5
Al Lags 72.4 | 5.50e+4 | 9.86 | 4.82 | 171.2
Si Lags 91.5 | 3.84e+4 | 9.65 | 4.25 | 1355
Be K 108.5 | 3.37e+4 | 9.88 | 4.43 | 114.3
Sr M(¢ 114.0 | 3.27e +4 | 10.01 452 | 108.8
Y M¢ 132.8 | 2.86e+4 | 10.59 | 4.60 93.4
Zr M¢ 151.1 | 2.50e+4 | 11.03 | 4.57 82.1
B Ka 183.3 | 1.99e +4 | 11.76 | 4.41 67.6
Mo M(¢ 1926 | 1.86e+4 | 11.94 | 4.33 64.4
Ar Lf 220.1 | 1.50e +4 | 12.30 | 4.00 56.3
C Ka 277.0 | 1.0le+4 | 12,55 | 3.40 448
Ag M(¢ 311.7 | 8.10e+3 | 1247 | 3.06 39.8
N Ka 392.4 | 5.06e+3 | 11.40 2.41 31.6
Ti La 452.2 | 3.68¢+3 | 9.24 | 2.02 27.4
V La 511.3 | 7.23e+3 | 041 | 4.47 24.2
0O Ka 5249 | 2.42e+4 | 3.24 | 1541 23.6
Cr La 572.8 | 2.0le+4 | 11.20 | 13.96 21.6
Mn La 637.4 | 1.80e+4 | 15.12 | 13.86 19.5
F Ka 676.8 | 1.58e+4 | 17.06 | 12.92 18.3
Fe La 705.0 | 1.4de+4 | 17.97 | 12.33 17.6
Co La 776.2 | 1.16e+4 | 19.63 | 10.92 16.0
Ni La 851.5 | 9.37e+3 | 20.70 | 9.66 14.6
Cu La 929.7 | 7.6le+3 | 21.43 | 8.57 13.3
Zn La 1011.7 | 6.20e +3 | 21.94 7.60 12.3
Na Ka 1041.0 | 5.79¢ +3 | 22.07 7.30 11.9
Ge La 1188.0 | 4.18¢+3 | 22.50 | 6.01 10.4
Mg Ka 1253.6 | 3.66e +3 | 22.62 5.55 9.9
Al Ka 1486.7 | 2.38¢ +3 | 22.80 | 4.28 8.3
Si Ka 1740.0 | 1.58¢ +3 | 22.80 | 3.33 7.1
Zr Le 2042.4 | 1.04e +3 | 22.70 2.57 6.1
Mo La 2293.2 | 7.64e +2 | 22.59 2.12 5.4
Cl Ka 2622.4 | 5.3de 4+ 2 | 22.43 1.70 4.7
Ag Lo 2984.3 | 3.77e+2 | 22.26 1.36 4.2
Ca Ka 3691.7 | 2.12e+2 | 21.90 | 0.95 3.4
Ti Ka 4510.8 | 1.23e+2 | 21.34 | 0.67 2.7
V Ka 4952.2 | 9.50e +1 | 20.77 | 0.57 2.5
Cr Ka 5414.7 | 7.42e+1 | 18.18 | 0.49 2.3
Mn Ka 5898.8 | 5.03e+2 | 21.16 | 3.59 2.1
Co Ka 6930.3 | 3.34e+2 | 22.60 2.80 1.8
Ni Ka 7478.2 | 2.74e 4+ 2 | 2290 | 2.48 1.7
Cu Ka 8047.8 | 2.25e +2 | 23.10 2.19 1.5
Ge Ka 9886.4 | 1.28¢ +2 | 23.38 1.53 1.3
Y Ka | 14988.0 | 3.90e+1 | 23.36 | 0.71 0.8
Mo Ka | 174790 | 2.50e +1 | 23.32 | 0.53 0.7
Pd Ka | 21177.0 | 1.43e+1 | 23.25 | 0.37 0.6
Sn Ka | 25271.0 | 8.50e+0 | 23.20 | 0.26 0.5
Xe Ka | 29779.0 | 5.22¢ +0 | 23.15 0.19 0.4

References: 33, 86, 105, 123, 130, 139, 177, 181, 200.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, £ = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = p(cm?/gm) x 86.34
E(keV)u(cm?/gm) = f; x 809.26

Line E(eV) |p(cm?/gm)| f fa A (A)
H 102 | 8.84e + 4 111 | 1215
He I 21.2 | 1.60e +5 421 | 5843
Na La; 305 | 7.4le+4 2.79 | 407.2
Mg Las 49.3 | 1.08e +5 6.59 | 251.5
Al Lag 724 | 7.39e+4 | 932 | 661 | 171.2
Si Lags 91.5 | 5.06e + 4 9.90 5.72 135.5
Be K 108.5 | 4.18e +4 | 10.22 5.60 114.3
Sr M¢ 114.0 | 4.04e +4 | 10.37 5.68 108.8
Y M(¢ 132.8 | 3.48e+4 | 11.17 5.72 93.4
Zr M¢ 151.1 | 2.96e+4 | 11.76 5.53 82.1
B Ka 183.3 | 2.24e+4 | 12.64 5.08 67.6
Mo M( 192.6 | 2.08e +4 | 12.75 4.94 64.4
Ar L¢ 220.1 | 1.72e+4 | 13.13 4.68 56.3
C Ka 277.0 | 1.19e +4 | 13.59 4.07 44.8
Ag M( 311.7 | 9.56e+3 | 13.69 3.68 39.8
N Ka 392.4 | 5.85e+3 | 13.21 2.84 31.6
Ti La 452.2 | 4.40e+3 | 12.09 2.46 27.4
V Lo 511.3 | 3.47¢+ 3 9.90 2.19 24.2
0 Ka 5249 | 3.29¢+3 8.99 2.13 23.6
Cr La 5728 | 1.19e+4 | -0.41 8.40 21.6
Mn La 6374 | 1.80e+4 | 12.37 | 14.15 19.5
F Ka 676.8 | 1.60e+4 | 14.07 | 13.40 183
Fe La 705.0 | 1.67e+4 | 14.78 | 14.56 17.6
Co La 776.2 1.37e +4 | 18.59 | 13.14 16.0
Ni La 851.5 | 1.12¢+4 | 20.69 | 11.76 14.6
Cu Lo 929.7 | 8.93e+3 | 21.85 | 10.26 133
Zn La 1011.7 | 7.21e+3 | 22.61 9.02 12.3
Na Ka 1041.0 | 6.73e+3 | 22.79 8.66 11.9
Ge La 1188.0 | 4.85e 43 | 23.43 7.12 10.4
Mg Ka 1253.6 | 4.25e+3 | 23.61 6.58 9.9
Al Ka 1486.7 | 2.76e + 3 | 23.94 5.07 8.3
Si Ka 1740.0 | 1.83e+ 3 | 24.02 3.93 7.1
Zr La 2042.4 | 1.19e +3 | 23.94 3.01 6.1
Mo La 2293.2 | 8.70e +2 | 23.84 2.46 5.4
Cl Ka 2622.4 | 6.03e +2 | 23.67 1.95 4.7
Ag La 2984.3 | 4.23e+ 2 | 23.49 1.56 4.2
Ca Ka 3691.7 | 2.35e+2 | 23.15 1.07 3.4
Ti Ka 4510.8 | 1.36e + 2 | 22.72 0.76 2.7
V Ka 4952.2 | 1.05e +2 | 22.40 0.64 2.5
Cr Ka 5414.7 | 8.27e+1 | 21.88 0.55 2.3
Mn Ka 5898.8 | 7.40e+1 | 20.12 0.54 2.1
Co Ka 6930.3 | 3.6le+2 | 23.04 3.09 1.8
Ni Ko 7478.2 | 2.97e4+2 | 23.53 2.75 1.7
Cu Ka 8047.8 | 2.45e + 2 | 23.83 2.44 1.5
Ge Ka 9886.4 | 1l.42e+4 2 | 24.22 1.73 1.3
Y Ka 14988.0 | 4.49e +1 | 24.36 0.83 0.8
Mo Ka 17479.0 | 2.89e+1 | 24.33 0.62 0.7
Pd Ka 21177.0 | 1.66e+ 1 | 24.27 0.43 0.6
5n Ka 25271.0 | 9.88e+0 | 24.21 0.31 0.5
Xe Ka 29779.0 | 6.08¢+0 | 24.16 0.22 0.4

References: 49, 76, 107, 108, 127, 139, 159, 181, 223, 230.

Chromium (Cr)
Z =24
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

sto(barns/atom) = p(cm?/gm) x 91.23
E(keV)u(cm?/gm) = f3 x 765.92

Line E(eV) |u(cm?/gm)| £ fa A (A)
H 102 | 1.45e+ 5 1.93 | 1215
He 1 212 | 1.43e+5 3.96 | 584.3
Na L3 30.5 | 8.21e + 4 3.27 | 407.2
Mg L2 49.3 | 7.52¢e + 4 4.84 | 2515
Al L3 72.4 | 5.90e +4 | 10.19 | 5.58 | 171.2
Si Lags 915 | 4.07e+4 | 10.31 | 4.86 | 135.5
Be K 108.5 | 3.56e+4 | 10.34 | 5.05 | 114.3
Sr M¢ 114.0 | 3.47e+4 | 1045 | 5.16 | 108.8
Y M(¢ 132.8 | 3.20e+4 | 11.02 | 5.54 93.4
Zr M( 151.1 | 2.92e+4 | 11.74 | 5.76 82.1
B Ka 183.3 | 2.35e+4 | 12.76 | 5.62 67.6
Mo M(¢ 192.6 | 2.2le+4 | 1299 | 5.56 64.4
Ar L¢ 220.1 | 1.88e+4 | 13.61 | 5.42 56.3
C Ko 277.0 | 1.30e+4 | 1468 | 4.71 44.8
Ag M¢ 311.7 | 1.0de+4 | 1491 | 4.21 39.8
N Ka 3924 | 6.51e+3 | 14.78 | 3.34 31.6
Ti La 452.2 | 4.79¢ +3 | 14.27 | 2.83 27.4
V La 511.3 | 3.66e+3 | 13.18 | 2.45 24.2
0O Ka 524.9 | 3.47e+3 | 12.82 | 2.38 23.6
Cr La 572.8 | 2.90e +3 | 10.97 | 2.17 21.6
Mn La 637.4 | 1.01e+4 | 018 | 8.37 19.5
F Ka 676.8 | 1.76e +4 | 10.30 | 15.52 18.3
Fe La 705.0 | 1.6le +4 | 13.25 | 14.80 17.6
Co La 776.2 | 1.44e +4 | 16.25 | 14.63 16.0
Ni La 851.5 | 1.16e+4 | 19.76 | 12.87 14.6
Cu La 929.7 | 9.47e +3 | 21.42 | 11.49 13.3
Zn Lo 1011.7 | 7.76e +3 | 22.56 | 10.25 12.3
Na Ka 1041.0 | 7.25e+3 | 22.87 | 9.86 11.9
Ge La 1188.0 | 5.26e +3 | 23.88 | 8.16 10.4
Mg Ka 1253.6 | 4.62e +3 | 24.16 | 7.56 9.9
Al Ka 1486.7 | 3.02¢ +3 | 24.72 | 5.87 8.3
Si Ka 1740.0 | 2.03e +3 | 24.93 | 4.60 7.1
Zr La 2042.4 | 1.33e+3 | 24.96 | 3.55 6.1
Mo La 2293.2 | 9.76e +2 | 24.90 | 2.92 5.4
Cl Ka 2622.4 | 6.78¢ +2 | 24.77 | 2.32 4.7
Ag La 2084.3 | 4.77e +2 | 2461 | 1.86 4.2
Ca Ka 3691.7 | 2.66e+2 | 24.30 | 1.28 3.4
Ti Ka 4510.8 | 1.53e+2 | 23.93 | 0.90 2.7
V Ko 4952.2 | 1.19e+2 | 23.70 | 0.77 2.5
Cr Ka 5414.7 | 9.33e+1 | 23.40 | 0.66 2.3
Mn Ka 5898.8 | 7.4le+1 | 22.90 { 0.57 2.1
Co Ka 6930.3 | 3.94e+2 | 22.89 | 3.56 1.8
Ni Ka 7478.2 | 3.25e+2 | 23.94 | 3.18 1.7
Cu Ka 8047.8 | 2.70e+2 | 24.46 | 2.83 1.5
Ge Ka 9886.4 | 1.57e+2 | 25.13 | 2.02 1.3
Y Ka | 14988.0 | 4.95e +1 | 25.37 | 0.97 0.8
Mo Ko | 17479.0 | 3.20e+1 | 2535 | 0.73 0.7
Pd Ka | 211770 | 1.84e+1 | 25.20 | 051 0.6
Sn Ka | 25271.0 | 1.10e+1 | 25.23 | 0.36 0.5
Xe Ka | 29779.0 | 6.79e+0 | 25.18 | 0.26 0.4

References: 139, 181, 227.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

4o (barns/atom) = g(cm?/gm) x 92.74
E(keV)u(cm?/gm) = f, x 753.46

Line E(eV) |u(ecm?/gm)| f fa A(A)
H 10.2 1.06e + 5 1.44 1215
He I 21.2 1.1le+ 5 3.13 584.3
Na Lo 30.5 7.92e + 4 3.20 407.2
Mg Los 493 | 3.88e + 4 254 | 2515
Al L2 72.4 7.82e + 4 7.83 7.51 171.2
Si Lo 91.5 6.19e + 4 8.59 7.52 135.5
Be K 108.5 5.42e + 4 9.60 7.80 114.3
Sr M(¢ 114.0 5.20e + 4 9.93 7.87 108.8
Y M(¢ 132.8 4.53e +4 | 11.12 7.98 934
Zr M( 151.1 3.93e+4 | 12.13 7.89 82.1
B Ka 183.3 3.10e +4 | 13.52 7.55 67.6
Mo M(¢ 192.6 2.90e + 4 13.95 7.42 64.4
Ar L¢Z 220.1 229 +4 | 14.73 6.70 56.3
C Ka 277.0 1.63e+4 | 15.68 6.00 44.8
Ag M(¢ 311.7 1.30e + 4 16.15 5.39 39.8
N Ka 392.4 7.87e +3 | 16.38 4.10 31.6
Ti La 452.2 5.74e + 3 16.06 3.44 274
V La 511.3 4.35¢ + 3 | 15.41 2.95 24.2
0O Ka 524.9 4.09¢ + 3 15.21 2.85 23.6
Cr La 572.8 3.36e +3 | 14.27 2.55 21.6
Mn La 637.4 2.67e+3 | 11.95 2.26 19.5
F Ka 676.8 2.33¢ + 3 8.66 2.09 18.3
Fe La 705.0 | 5.72e + 3 4.16 5.35 17.6
Co La 776.2 1.45e + 4 14.30 14.97 16.0
Ni La 851.5 1.25e + 4 17.33 | 14.10 14.6
Cu La 929.7 1.07e +4 | 20.68 | 13.19 13.3
Zn La 1011.7 8.77e +3 | 22.39 11.78 12.3
Na Ka 1041.0 8.20e + 3 | 22.84 11.33 11.9
Ge La 1188.0 | 5.97e +3 | 24.32 9.41 104
Mg Ka 1253.6 5.24de + 3 | 24.73 8.72 9.9
Al Ka 1486.7 3.44¢e + 3 | 25.56 6.78 8.3
Si Ka 1740.0 2.3le+3 1 25.91 5.32 7.1
Zr La 2042.4 1.52¢ +3 | 26.01 4.12 6.1
Mo La 2293.2 | 1.12¢+3 | 25.98 3.40 5.4
Cl Ka 2622.4 7.80e +2 | 25.88 2.72 4.7
Ag La 2984.3 5.50e +2 | 25.74 2.18 4.2
Ca Ka 3691.7 3.08¢ +2 | 25.45 1.51 3.4
Ti Ka 4510.8 1.78e¢ + 2 | 25.12 1.07 2.7
V Ka 4952.2 1.38¢ +2 | 24.93 0.91 2.5
Cr Ka 5414.7 1.08e +2 | 24.71 0.77 2.3
Mn Ka 5898.8 | 8.52e + 1 24.42 0.67 2.1
Co Ka 6930.3 5.48e¢ +1 | 22.44 0.50 1.8
Ni Ka 7478.2 3.6le+2 | 23.72 3.58 1.7
Cu Ka 8047.8 3.00e +2 | 24.85 3.21 1.5
Ge Ka 9886.4 1.76e +2 | 25.94 2.31 1.3
Y Ka 14988.0 5.63e +1 26.37 1.12 0.8
Mo Ka 17479.0 | 3.65e+1 | 26.36 0.85 0.7
Pd Ka 21177.0 | 2.10e+1 | 26.31 0.59 0.6
Sn Ka 252710 | 1.26e+1 | 26.25 0.42 0.5
Xe Ko 29779.0 | 7.80e+0 | 26.20 0.31 0.4

Iron (Fe)
Z =26
Atomic Weight = 55.847

25 30
—
—
]
—
I
|

15 20

f
10
\\
?
_—

5
1

(@]
10 100 1000 10000
0 1 A A A A el
of | e ||
o —— NT = oot e e
] < X HH -
B =
Y / P~ B \ \
_ NN

10°

10°

1 4

1 2

w (em®/gm)
1 3

,] 1

1 0

1000 10000
E (eV)

Edge Energies

K 71120eV Ly 8446eV® Mp 91.3eV*
Ly 7199eV® My 52.7eV®
Ly 706.8 eV® My 52.7 eV?®

References: 1, 2, 4, 17, 43, 47, 48, 52, 76, 86, 105, 127, 129, 130, 131, 139, 154, 159, 180, 181, 214, 223, 229.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, F = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = p(cm?/gm) x 97.86
E(keV)u(cm?/gm) = f2 x 714.00

Line E(eV) |p(cm?/gm) f, fa A (A)
H 10.2 1.03e + 5 1.47 1215
He 1 21.2 1.21e+5 3.58 584.3
Na Lo 30.5 | 1.02e +5 4.34 | 4072
Mg Laa 49.3 | 5.64e + 4 3.90 251.5
Al Lags 724 | 9.23e + 4 7.30 9.36 171.2
Si Lza 91.5 6.95e + 4 8.92 8.90 135.5
Be K 108.5 5.94e +4 | 10.40 9.03 114.3
Sr M(¢ 114.0 5.63e +4 | 10.82 8.98 108.8
Y M( 132.8 475e+4 | 12.10 8.84 93.4
Zr M( 151.1 4.04de +4 | 13.14 8.55 82.1
B Ka 183.3 3.09¢ +-4 | 14.60 7.93 67.6
Mo M( 192.6 2.87e+4 | 14.94 7.74 64.4
Ar L¢ 220.1 2.3le+4 | 15.74 7.13 56.3
C Ka 277.0 | 1.55e+4 | 16.73 6.03 44.8
Ag M(¢ 311.7 1.25e + 4 17.05 5.46 39.8
N Ka 3924 8.0le +3 | 17.32 4.40 31.6
Ti La 452.2 6.0le + 3 17.20 3.81 27.4
V La 511.3 4.66e + 3 | 16.85 3.33 24.2
0O Ka 524.9 4.4le +3 | 16.74 3.24 23.6
Cr La 572.8 3.67e +3 | 16.21 2.95 21.6
Mn La 637.4 2.93e+3 | 15.10 2.62 19.5
F Ka 676.8 2.57e + 3 | 14.00 2.44 18.3
Fe La 705.0 2.37e +3 | 12.78 2.34 17.6
Co La 776.2 | 2.20e+ 3 -0.21 2.39 16.0
Ni La 851.5 | 1.27e+4 | 15.06 | 15.09 14.6
Cu La 929.7 1.14¢ +4 | 18.09 | 14.85 13.3
Zn La 1011.7 9.44e + 3 21.58 13.38 12.3
Na Ka 1041.0 8.83e+3 | 22.25 | 12.87 11.9
Ge La 1188.0 6.44e + 3 | 24.43 | 10.72 10.4
Mg Ka 1253.6 5.67e + 3 | 25.02 9.95 9.9
Al Ka 1486.7 | 3.74e + 3 | 26.23 7.78 8.3
Si Ka 1740.0 2.52e + 3 26.80 6.14 7.1
Zr La 2042.4 1.66e + 3 | 27.03 4.76 6.1
Mo La 2293.2 1.23e +3 | 27.06 3.94 5.4
Cl Ka 2622.4 | 8.55e+2 | 26.99 3.14 4.7
Ag La 2984.3 | 6.02e +2 | 26.87 2.52 4.2
Ca Ka 3691.7 | 3.36e+ 2 | 26.60 1.74 3.4
Ti Ka 4510.8 | 1.94e +2 | 26.29 1.22 2.7
V Ka 4952.2 1.50e +2 | 26.12 1.04 2.5
Cr Ka 5414.7 1.17e + 2 | 25.94 0.89 2.3
Mn Ka 5898.8 | 9.26e+ 1 | 25.72 0.77 2.1
Co Ka 6930.3 | 5.96e+1 | 24.98 0.58 1.8
Ni Ka 7478.2 | 4.85e+1 | 23.83 0.51 1.7
Cu Ka 8047.8 | 3.16e + 2 | 24.52 3.56 1.5
Ge Ka 9886.4 1.88¢ +2 | 26.63 2.60 1.3
Y Ka 14988.0 | 6.15e + 1 | 27.34 1.29 0.8
Mo Ka 17479.0 | 3.99e+1 | 27.36 0.98 0.7
Pd Ka 21177.0 | 2.3le+1 | 27.33 0.69 0.6
Sn Ka 25271.0 1.3%e +1 | 27.27 0.49 0.5
Xe Ka 29779.0 | 8.60e+0 | 27.22 0.36 0.4

References: 49, 86, 105, 123, 127, 139, 181, 200, 214.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

4o (barns/atom) = u(cm?/gm) x 97.46
E(keV)u(cm?/gm) = fp x 716.92

Line E(eV) |u(cm?/gm)| £ fo A (A)
H 10.2 8.0le + 4 1.14 1215
He I 21.2 1.07e + 5 3.17 584.3
Na Lggs 30.5 8.55e + 4 3.63 407.2
Mg Laa 493 | 5.13e+4 352 | 2515
Al Lo 724 9.02¢ + 4 2.69 9.11 171.2
Si Lgg 91.5 7.64e + 4 6.88 9.75 135.5
Be K 108.5 6.51le +4 8.54 9.85 114.3
Sr M¢ 114.0 | 6.19¢ + 4 9.01 9.85 108.8
Y M(¢ 132.8 5.26e +4 | 10.23 9.75 93.4
Zr M(¢ 151.1 4.85e + 4 11.19 10.22 82.1
B Ka 183.3 3.96e +4 | 13.48 10.12 67.6
Mo M( 192.6 3.73e + 4 13.99 10.02 64.4
Ar L¢ 220.1 3.09¢e +4 | 15.46 9.48 56.3
C Ka 277.0 2.13e +4 | 17.20 8.24 44 8
Ag M(¢ 311.7 1.7le + 4 17.98 7.42 39.8
N Ka 3924 1.07¢ + 4 | 18.71 5.86 31.6
Ti La 452.2 7.90e +3 | 18.79 4.98 27.4
V La 511.3 6.02¢ +-3 | 18.70 4.29 24.2
0O Ka 524.9 5.64e + 3 18.64 4.13 23.6
Cr La 572.8 4.54e +3 | 18.29 3.63 21.6
Mn La 6374 | 3.53e+3 | 17.51 3.14 19.5
F Ka 676.8 3.10e + 3 16.90 2.92 18.3
Fe La 705.0 2.83¢e +3 | 16.36 2.79 17.6
Co La 776.2 2.17e +3 | 13.96 2.35 16.0
Ni La 851.5 5.46e + 3 5.41 6.48 14.6
Cu La 929.7 1.18¢ + 4 15.95 15.24 13.3
Zn La 1011.7 1.09¢e +4 | 18.86 | 15.37 12.3
Na Ka 1041.0 1.02¢ + 4 20.60 14.80 11.9
Ge La 1188.0 T41le +3 24.28 12.28 10.4
Mg Ka 1253.6 6.51e + 3 25.15 11.38 9.9
Al Ka 1486.7 | 4.28¢ + 3 | 26.88 8.88 8.3
Si Ka 1740.0 2.87e +3 | 27.66 6.98 7.1
Zr La 2042.4 | 1.90e +3 | 27.98 5.41 6.1
Mo La 2293.2 | 1.40e+3 | 28.05 4.49 5.4
Cl Ka 2622.4 9.86e 4+ 2 | 28.02 3.61 4.7
Ag La 2984.3 7.0le+2 | 27.92 2.92 4.2
Ca Ka 3691.7 | 3.97e + 2 | 27.68 2.05 3.4
Ti Ka 4510.8 2.32e+2 | 2741 1.46 2.7
V Ka 4952.2 1.80e + 2 | 27.26 1.24 2.5
Cr Ka 5414.7 l.4le+ 2 27.11 1.07 2.3
Mn Ka 5898.8 1.12e + 2 | 26.93 0.92 2.1
Co Ko 6930.3 | 7.14e+ 1 | 26.45 0.69 1.8
Ni Ka 7478.2 | 5.76e+1 | 26.01 0.60 1.7
Cu Ka 8047.8 4.67e +1 | 24.93 0.52 1.5
Ge Ka 9886.4 2.15e + 2 | 27.27 2.96 1.3
Y Ka 14988.0 7.03e +1 28.31 1.47 0.8
Mo Ka 17479.0 | 4.58e + 1 28.36 1.12 0.7
Pd Ka 21177.0 2.66e + 1 28.34 0.79 0.6
Sn Ko 25271.0 | 1.60e +1 | 28.29 0.56 0.5
Xe Ka 29779.0 | 9.95¢e4+0 | 28.24 0.41 04
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References: 2, 4, 5, 17, 21, 31, 33, 43, 48, 49, 76, 86, 99, 105, 108, 123, 130, 139, 180, 181, 200, 214, 222, 223, 229, 230, 231.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE . Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV

fa(barns/atom) = y(cm?/gm) x 105.52
E(keV)u(cm?/gm) = f, x 662.17

See page 211 for Explanation of Tables

Line E(eV) |p(cm?/gm) fi fa X (A)
H 10.2 8.7le + 4 1.34 1215
He I 21.2 9.95¢ + 4 3.19 584.3
Na L2 30.5 1.07¢ + 5 4.92 407.2
Mg Lags 49.3 | 7.60e +4 5.66 | 251.5
Al Lags 72.4 | 6.96e + 4 4.39 7.61 | 171.2
Si Lag 91.5 6.38¢ + 4 5.39 8.81 135.5
Be K 108.5 6.19¢e + 4 6.52 10.14 114.3
Sr M(¢ 114.0 6.12¢ + 4 6.97 10.54 108.8
Y M(¢ 132.8 5.78¢ + 4 8.80 | 11.59 93.4
Zr M(¢ 151.1 5.32e + 4 10.82 12.13 82.1
B Ka 183.3 4.24e + 4 13.86 11.75 67.6
Mo M(¢ 192.6 3.94e +4 | 14.50 | 11.47 64.4
Ar L¢ 220.1 3.16e+4 | 15.98 | 10.51 56.3
C Ka 277.0 2.14e +4 | 17.74 8.95 44 .8
Ag M(¢ 311.7 1.74e + 4 18.42 8.17 39.8
N Ka 392.4 1.13e + 4 19.29 6.68 31.6
Ti La 452.2 8.33e +3 | 19.57 5.69 27.4
V Lo 511.3 6.58¢ +3 | 19.50 5.08 24.2
O Ka 524.9 | 6.23e +3 | 19.50 4.94 23.6
Cr La 572.8 5.19¢ + 3 | 19.37 4.49 21.6
Mn La 6374 4.07e+3 | 19.00 3.92 195
F Ka 676.8 3.53e +3 18.64 3.61 18.3
Fe La 705.0 3.20e +3 | 18.27 3.41 17.6
Co La 776.2 264+ 3 17.04 3.09 16.0
Ni Lo 851.5 2.12e +3 | 14.58 2.73 14.6
Cu La 929.7 9.20e + 3 0.13 12.91 13.3
Zn Lo 1011.7 1.04e + 4 17.51 15.85 12.3
Na Ka 1041.0 9.57e+3 | 18.90 | 15.05 11.9
Ge La 1188.0 7.63e +3 | 22.99 | 13.70 10.4
Mg Ka 1253.6 | 6.94e +3 | 24.45 | 13.13 9.9
Al Ka 1486.7 | 4.55e +3 | 27.26 | 10.23 8.3
Si Ka 1740.0 3.07e 43 28.38 8.07 7.1
Zr La 20424 2.04e +3 | 28.92 6.28 6.1
Mo La 2293.2 1.5le +3 29.08 5.22 5.4
Cl Ka 2622.4 1.06e +3 | 29.11 4.19 4.7
Ag La 2984.3 7.5le+2 | 29.05 3.39 4.2
Ca Ka 3691.7 | 4.25e+ 2 | 28.83 2.37 3.4
Ti Ka 4510.8 | 2.48¢ + 2 | 28.56 1.69 2.7
V Ka 4952.2 1.92e¢ +2 | 28.42 1.44 2.5
Cr Ka 5414.7 1.51e + 2 | 28.27 1.23 2.3
Mn Ka 5898.8 1.19¢ +2 | 28.11 1.06 2.1
Co Ka 6930.3 7.6le+1 | 27.73 0.80 1.8
Ni Ka 7478.2 6.15e +1 | 27.46 0.69 1.7
Cu Ka 8047.8 | 5.00e +1 | 27.04 0.61 1.5
Ge Ka 9886.4 | 2.23e +2 | 27.60 3.33 1.3
Y Ka 14988.0 7.37e+1 | 29.26 1.67 0.8
Mo Ko 17479.0 4.82e +1 | 29.34 1.27 0.7
Pd Ka 21177.0 2.8le+1 | 29.35 0.90 0.6
Sn Ka 25271.0 1.6%9¢ +1 | 29.31 0.65 0.5
Xe Ka 29779.0 1.06e +1 | 29.26 0.47 0.4

References: 1, 4, 5, 10, 21, 27, 28, 47, 48, 49, 63, 69, 73, 76, 86, 95, 99, 103, 122, 123, 130, 131, 139, 152, 156, 175, 177, 180, 181, 185,

201, 205, 214, 216, 217, 230, 231.
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B. L. HENKE, E. M. GULLIKSON. and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Zinc (Zn)
o (barns/atom) = g(cm?/gm) x 108.58 Z=30
E(keV)u(cm?/gm) = f, x 643.50 Atomic Weight = 65.390
Line E(eV) [p(ecm?/gm)| £ f2 A (4)
H 102 | 1326+ 5 2.10 | 1215
He 1 21.2 | 6.66e +4 2.20 | 584.3 o
Na L3 30.5 | 8.23e + 4 3.80 | 407.2 ] ; 1 TTTTT TTTTT
Mg Lag 49.3 | 9.37e+4 7.18 | 2515 o - B
Al Las 724 | 8.1le+4 | 325 | 9.13 | 171.2 « ™ |
Te]
Si Lags 915 | 7.25e +4 | 4.72 | 10.31 | 135.5 ~N / N
Be K 1085 | 6.78e +4 | 6.22 | 11.43 | 114.3 o _ By - _
Sr M¢ 114.0 | 6.59e +4 | 6.74 | 11.68 | 1088 o /’ \ } ‘
Y M¢ 132.8 | 5.85e+4 | 846 | 12.07 | 934 To) - ' | - -
Zr M(¢ 151.1 | 5.67e+4 | 9.95 | 13.30 | 821 5 |
B Ka 183.3 | 4.7le+4 | 13.11 | 1342 | 676 - :
Mo M(¢ 192.6 | 4.43e+4 | 1391 | 13.25 | 64.4 w b /j, -
Ar L¢ 220.1 | 3.66e +4 | 16.10 | 12.51 | 56.3 A |
C Ka 277.0 | 2.47e +4 | 18.30 | 10.61 44.8 =
Ag M¢ 311.7 | 2.0le+4 | 19.22 | 9.75 | 39.8 10 100 1000 10000
N Ka 392.4 | 1.3le+4 | 2065 | 7.98 | 316 : :
Ti La 4522 | 9.59e +3 | 21.12 | 6.74 | 274 L i I I
V La 511.3 | 7.10e+3 | 21.23 | 5.64 | 24.2 ! r\ \
0 Ka 5249 | 6.65e+3 | 21.20 | 5.42 | 236 = ” \
Cr La 572.8 | 5.40e+3 | 2096 | 4.81 | 216 s <
Mn La 637.4 | 4.27Te+3 | 20.60 | 4.23 95| b — B ;
F Ka 6768 | 3.72¢+3 | 2030 | 391! 183 " \, o
Fe La 705.0 | 3.42e+3 | 2006 | 3.75 | 176 \ ﬁ—-
Co La 776.2 | 2.78¢e+3 | 19.33 | 3.36 | 160 _ \ \
Ni La 851.5 | 2.24e+3 | 18.10 | 296 | 146 | 7 T = ST ‘ <§
Cu La 9207 | 1.82¢+3 | 1571 | 263 | 13.3 o N D)
Zn La 1011.7 | 1.52e+ 3 1.57 2.39 12.3 [ i . i
Na Ka 1041.0 | 1.05¢e+4 | 10.12 | 16.99 | 11.9
Ge La 1188.0 | 8.34e+3 | 21.29 | 1540 | 104 10 100 1000 10000
Mg Ka 1253.6 | 7.57e+3 | 23.42 | 14.74 9.9 -
Al Ka 1486.7 | 5.02¢+3 | 27.30 | 11.59 8.3 = =
Si Ka 1740.0 | 3.4le+3 | 28.92 | 9.21 7.1 .
Zr La 2042.4 | 2.27e+3 | 29.73 | 7.20 6.1 —_
Mo La 2293.2 | 1.68e+3 | 30.02 | 6.00 5.4 EE» .
Cl Ka 2622.4 | 1.18¢+3 | 30.14 | 4.83 4.7 X e
Ag Lo 2084.3 | 8.41e+2 | 30.13 | 3.90 4.2 £ .
Ca Ka 3691.7 | 4.76e +2 | 29.95 | 2.73 3.4 Lot
Ti Ka 45108 | 2.77e+2 | 29.69 | 1.94 2.7 3
V Ka 4952.2 | 2.15e+2 | 29.56 | 1.65 2.5 ©
Cr Ka 5414.7 | 1.69e +2 | 290.42 | 1.42 2.3
Mn Ko 5898.8 | 1.33e+2 | 29.27 | 1.22 2.1 ge)
Co Ka 6930.3 | 8.54e+1 | 28.94 | 0.92 1.8 10 100 1000 10000
Ni Ko 7478.2 | 6.91e+1 | 28.74 | 0.80 1.7
Cu Ka 8047.8 | 562e+1 | 28.47 | 0.70 1.5 E (eV)
Ge Ka 9886.4 | 2.44e +2 | 26.29 | 3.74 1.3
Y Ka | 14988.0 | 8.08e+1 | 30.17 | 1.88 0.8 Edge Energies
Mo Ka 17479.0 | 5.30e+1 | 30.31 1.44 0.7 K 9658.6 eV Ly 1193.6 eV M; 139.8 eV®
Pd Ka | 21177.0 | 3.10e+1 | 30.35 | 1.02 0.6 Lip 10449 eV® My 9L.4 eV®
Sn Ka | 252710 | 1.87e+1 | 30.32 | 0.74 0.5 Ly 1021.8eV*® My 88.6eV®
Xe Ka | 29779.0 | 1.17e+1 | 30.27 | 0.54 0.4 Mpy 10.2 eV®
My 101 eV

References: 1, 2, 4, 10, 17, 49, 52, 90, 131, 156, 159, 175, 180.
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

sta(barns/atom) = pu(cm?/gm) x 115.78
E(keV)u(cm?/gm) = f» x 603.51

Line E(eV) |u(cm?/gm) f1 f2 A(A)
H 10.2 1.76e + 5 2.98 1215
He 1 21,2 | 3.70e +4 1.30 584.3
Na L2a 30.5 3.83e + 4 1.93 407.2
Mg L2 493 5.70e + 4 4.65 251.5
Al Lo 72.4 6.17¢ + 4 2.39 7.40 171.2
Si Lags 91.5 { 6.00e+4 3.44 9.10 135.5
Be K 108.5 | 6.06e + 4 461 | 10.90 114.3
Sr M(¢ 114.0 6.06e + 4 5.22 11.45 108.8
Y M(¢ 132.8 5.72e + 4 7.16 12.59 934
Zr M(¢ 151.1 524e + 4 9.22 13.11 82.1
B Ka 183.3 4.40e +4 | 11.94 13.36 67.6
Mo M( 192.6 4.17e +4 | 12.61 13.31 64.4
Ar L¢ 220.1 3.6le+4 | 14.32 13.17 56.3
C Ka 277.0 2.72e + 4 17.49 12.48 44 .8
Ag M( 311.7 2.30e +4 | 19.02 11.85 39.8
N Ka 3924 1.49e +4 | 21.18 9.71 31.6
Ti La 452.2 | 1.12e+4 | 21.95 8.37 274
V La 511.3 8.68¢ + 3 | 22.34 7.35 24.2
0O Ka 524.9 8.21e +3 | 22.42 7.14 23.6
Cr Lo 572.8 6.76e + 3 22.57 6.41 21.6
Mn La 637.4 5.31e +3 | 22.57 5.60 19.5
F Ka 676.8 4.6le +3 | 22.55 5.17 18.3
Fe La 705.0 4.11e + 3 | 22.47 4.80 17.6
Co La 776.2 3.12¢+3 | 21.98 4.01 16.0
Ni La 851.5 | 2.45e +3 | 21.10 3.45 14.6
Cu La 929.7 1.99¢ + 3 19.91 3.06 13.3
Zn La 1011.7 | 1.63e+3 | 17.83 2.73 12.3
Na Ka 1041.0 1.53e + 3 16.57 2.63 11.9
Ge La 1188.0 7.63e + 3 17.50 | 15.02 10.4
Mg Ka 1253.6 6.99¢ +3 | 20.32 14.52 9.9
Al Ka 1486.7 5.29¢ +3 | 26.78 13.04 8.3
Si Ka 1740.0 3.60e + 3 | 29.22 10.37 7.1
Zr La 20424 2.40e +3 | 30.42 8.11 6.1
Mo La 2293.2 1.78¢ +3 | 30.85 6.76 5.4
Cl Ka 2622.4 1.25¢ + 3 31.09 5.44 4.7
Ag La 2984.3 89le+2 | 31.14 4.41 4.2
Ca Ka 3691.7 | 5.05e +2 | 31.02 3.09 3.4
Ti Ka 4510.8 2.95¢ + 2 30.79 2.20 2.7
V Ka 4952.2 2.29e + 2 | 30.66 1.88 2.5
Cr Ka 5414.7 1.80e + 2 | 30.52 1.61 2.3
Mn Ka 5898.8 1.42¢ + 2 | 30.40 1.39 2.1
Co Ka 6930.3 8.12¢e+1 | 30.11 1.05 1.8
Ni Ka 7478.2 | 7.39e +1 | 29.93 0.92 1.7
Cu Ka 8047.8 6.0le +1 29.72 0.80 1.5
Ge Ka 0886.4 | 3.34e +1 | 28.23 0.55 1.3
Y Ka 14988.0 8.53e +1 | 31.04 2.12 0.8
Mo Ka 17479.0 | 5.6le+1 | 31.25 1.63 6.7
Pd Ka 21177.0 3.30e+1 | 31.33 1.16 0.6
Sn Ka 25271.0 2.00e +1 | 31.32 0.84 0.5
Xe Ka 29779.0 | 1.25e+1 | 31.28 0.62 04

References: 43, 197,

Gallium (Ga)
Z=31
Atomic Weight = 69.723
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Germanium (Ge)

4o (barns/atom) = p(cm?/gm) x 120.57 Z =32
E(keV)u{em?/gm) = f» x 579.51 Atomic Weight = 72.610
Line E(eV) |u(cm?/gm)| f fa A (A)
H 10.2 | 1.74e + 5 3.06 1215
He 1 21.2 | 2.54e +4 0.93 | 584.3 o
Na Lo 30.5 | 3.2le+4 1.69 | 407.2 @
Mg Lo2a 49.3 | 3.75e +4 3.19 | 2515 2
Al Lga 724 | 5.35e+4 | 057 ] 6.69 [ 171.2 .
Si Lags 915 | 5.6le+4 | 1.51 | 885 | 1355 ~
Be K 1085 | 5.7le+4 | 2.56 | 10.69 | 114.3 Q
Sr M(¢ 1140 | 5.73e+4 | 2.95 | 11.26 | 108.8 -
Y M¢ 1328 | 5.7le+4 | 4.63 | 13.08 | 93.4 0
Zr M(¢ 151.1 | 5.58e +4 | 6.55 | 14.54 | 82.1 o
B Ka 1833 | 4.94e+4 | 9.96 | 1564 | 67.6 -
Mo M( 1926 | 4.79¢ +4 | 10.95 | 15.92 | 64.4 10
Ar L¢ 2201 | 4.13e+4 | 13.70 | 1569 { 56.3
C Ka 277.0 | 3.09e+4 | 17.85 | 14.78 | 44.8 ©
Ag M( 311.7 | 2.51e+4 | 19.55 | 13.51 | 39.8
N Ka 392.4 | 1.66e+4 | 21.88 | 11.26 | 31.6 — ] oo
Ti La 452.2 | 1.26e +4 | 23.01 | 9.82 | 274 - i 11“1 R0 AT
V Le 511.3 | 9.58¢ +3 | 23.55 | 8.45 | 24.2 N |
0 Ko 524.9 | 9.04e +3 | 2362 | 8.19 | 23.6 S ot N —
Cr La 572.8 | 7.44e+3 | 23.81 7.35 21.6 e —\,
Mn Lo 6374 | 5.76e+3 | 23.86 | 6.3¢ | 195 o L\ / T 1 —
F Ka 676.8 | 4.99e+3 | 23.78 | 5.83 | 183 4 4 N\
Fe La 705.0 | 4.52e+3 | 23.70 | 5.50 | 17.6 - \
Co La 776.2 | 3.56e+3 | 23.39 | 477 | 16.0 - 1 BRI \
Ni La 851.5 | 2.82¢+3 | 22.87 | 4.15 | 14.6 ==X = == i
Cu Lo 929.7 | 2.24e+3 | 2211 | 3.60 | 13.3 ! ——+17 - { —
Zn La 1011.7 | 1.83¢+3 | 20.90 | 3.19 12.3 I f
Na Ka 10410 { 1.71e4+3 | 20.34 3.07 119 10 100 1000 10000
Ge Lo 1188.0 | 1.29¢ +3 | 12.88 | 264 | 10.4
Mg Ka 1253.6 | 7.60e +3 | 14.81 | 16.44 9.9 ) = J— et
Al Ko 1486.7 | 5.68e 4+ 3 | 25.52 | 14.59 8.3 H i .
Si Ka 1740.0 | 3.93¢ +3 | 29.26 | 11.79 7.1 o DA LIILHE L L LI L L L
Zr Lo 2042.4 | 2.63e+3 | 31.01 | 9.28 6.1 '—é T By = , ‘
Mo Lo | 22932 | 196e+3 | 31.68 | 7.75 | 5.4 5% i i
Cl Ka 2622.4 | 1.38¢ +3 | 32.07 | 6.25 4.7 =~ F 5
Ag La | 2984.3 | 9.83e+2 | 32.21 | 5.06 | 4.2 g “ i -
Ca Ka 3691.7 | 5.57e+2 | 32.16 | 3.55 3.4 - = e
Ti Ka 4510.8 | 3.24e+2 | 31.95 | 2.52 2.7 3 H
v Ka 4952.2 2'51e + 2 31.82 2.15 2'5 ‘é AT T T T T z .......
Cr Ka 5414.7 | 1.97e +2 | 31.69 | 1.84 2.3 = o T
Mn Ka 5898.8 | 1.56e+2 | 31.56 | 1.59 2.1 © ' - -
Co Ka 6930.3 | 1.00e+2 | 31.28 | 1.20 1.8 10 100 1000 10000
Ni Ke 7478.2 | 812 +1 | 3114 | 1.05 1.7 E (eV)
Cu Ka 8047.8 | 6.62e +1 | 30.98 | 0.92 1.5
Ge Ka 9886.4 | 3.70e +1 | 30.22 | 0.63 1.3
Y Ko | 14988.0 | 9.13e+1 | 31.86 | 2.36 0.8 Edge Energies
Mo Ka | 17479.0 | 6.03e+1 | 32.18 | 1.82 0.7 K 11103.1eV Ly 1414.6eV® M 180.1 eV®
Pd Ka | 211770 | 3.55e+1 | 32.31 | 1.30 0.6 Ly 1248.1eV® My 124.9 eV®
Sn Ka | 25271.0 | 2.16e+1 | 32.32 | 0.84 0.5 Ly 1217.0 eV® Mpyp 120.8 eV®
Xe Ka | 29779.0 | 1.36e+1 | 32.29 | 0.70 0.4 My 20.9eV®
My 29.3 eV®

References: 57, 61, 71, 99, 108, 133, 134, 142, 170.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = p(cm?/gm) x 124.41
E(keV)u(cm?/gm) = f, x 561.63

Line E(eV) lu(cm?/gm)| f; fz A (A)
H 10.2 2.58¢ +5 4.69 1215
He 1 21.2 8.6%9e + 4 3.28 584.3
Na Lz 30.5 1.56e + 4 0.85 407.2
Mg Lzs 493 | 1.77e +4 1.55 | 251.5
Al Lags 72.4 3.55e + 4 2.84 4.57 171.2
Si Logs 1.5 4.38¢ + 4 3.26 7.14 135.5
Be K 108.5 4.70e + 4 4.21 9.09 1143
Sr M(¢ 1140 | 4.76e + 4 4.55 9.65 108.8
Y M(¢ 132.8 | 4.84e + 4 5.95 | 11.44 934
Zr M(¢ 151.1 | 4.79¢ + 4 7.69 | 12.89 82.1
B Ka 183.3 4.39e +4 | 10.68 14.33 67.6
Mo M( 192.6 4.26e+4 | 11.59 14.60 64.4
Ar L¢ 220.1 3.83e + 4 14.49 15.00 56.3
C Ka 277.0 2.78¢ +4 | 18.34 13.73 44.8
Ag M( 311.7 2.29¢e +4 | 19.91 12.72 39.8
N Ka 3924 1.56e +4 | 22.19 10.90 31.6
Ti La 452.2 1.19¢ + 4 | 23.27 9.56 274
V La 511.3 9.28e + 3 | 23.88 8.45 24.2
0O Ka 524.9 8.80e + 3 | 23.98 8.22 23.6
Cr La 572.8 | 7.33¢e+3 | 24.26 7.47 21.6
Mn La 637.4 583e+3 | 24.44 6.61 19.5
F Ka 676.8 5.09e +3 | 24.45 6.13 18.3
Fe La 705.0 4.67e +3 | 24.43 5.87 17.6
Co La 776.2 3.79¢e + 3 | 24.34 5.23 16.0
Ni La 851.5 3.07e +3 | 24.09 4.65 14.6
Cu La 929.7 2.50e + 3 | 23.67 4.15 13.3
Zn Lo 1011.7 2.06e+ 3 | 23.04 3.70 12.3
Na Ka 1041.0 1.92¢ +3 | 22.74 3.57 11.9
Ge La 1188.0 1.41e+3 | 20.27 2.98 10.4
Mg Ka 1253.6 | 1.24e +3 | 17.75 2.77 9.9
Al Ka 1486.7 5.40e + 3 | 22.37 | 14.29 8.3
Si Ko 1740.0 4.26e + 3 28.61 13.19 7.1
Zr La 20424 2.87e+3 | 31.22 10.44 6.1
Mo La 2293.2 2.14e + 3 | 32.22 8.74 5.4
Cl Ka 2622.4 1.51le+3 | 32.84 7.07 4.7
Ag La 2984.3 1.08¢ +3 | 33.12 5.73 4.2
Ca Ka 3691.7 | 6.12¢ +2 | 33.18 4.02 3.4
Ti Ka 4510.8 | 3.56e+2 | 33.01 2.86 2.7
V Ka 4952.2 2.77e +2 | 32.90 2.44 2.5
Cr Ka 5414.7 | 2.17e+ 2 | 32.78 2.09 2.3
Mn Ka 5898.8 1.72¢ + 2 | 32.65 1.80 2.1
Co Ka 6930.3 1.10e + 2 | 32.39 1.36 1.8
Ni Ka 7478.2 8.94e+1 | 32.26 1.19 1.7
Cu Ka 8047.8 | 7.30e+1 | 32.12 1.05 1.5
Ge Ka 9886.4 | 4.09e+1 | 31.54 0.72 1.3
Y Ka 14988.0 | 9.85¢ +1 } 32.61 2.63 0.8
Mo Ka 17479.0 6.53e +1 | 33.07 2.03 0.7
Pd Ka 21177.0 3.86e+1 | 33.28 1.46 0.6
Sn Ka 25271.0 2.36e +1 | 33.32 1.06 0.5
Xe Ka 29779.0 1.48¢e + 1 33.30 0.79 0.4

References: 190.
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B. L. HENKE, E. M. GULLIKSON. and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, £ = 50-30,000 eV

See page 211 for Explanation of Tables

ta(barns/atom) = g(cm?/gm) x 131.12
E(keV)u(cm?/gm) = f, x 532.91

Line E(eV) |p(cm?/gm) fi fa A (A)
H 10.2 282+ 5 5.40 1215
He 1 21.2 1.27¢e + 5 5.04 584.3
Na Lsgs 30.5 33le+4 1.89 407.2
Mg L2 49.3 53%+ 3 0.50 251.5
Al Lo 724 1.80e + 4 3.12 2.45 171.2
Si Laga 91.5 3.04e + 4 2.03 5.23 135.5
Be K 108.5 3.93e + 4 2.39 7.99 114.3
Sr M¢ 114.0 | 4.12¢ + 4 2.63 8.80 108.8
Y M( 132.8 | 4.53e + 4 3.98 | 11.28 93.4
Zr M( 151.1 4.63e + 4 5.75 13.13 82.1
B Ka 183.3 4.45e + 4 9.15 | 15.32 67.6
Mo M( 192.6 4.37e+4 | 10.24 | 15.79 64.4
Ar L¢ 220.1 3.88¢ +4 | 13.25 16.03 56.3
C Ka 2770 | 3.0le+4 | 17.70 | 15.63 44 8
Ag M(¢ 311.7 2.49¢ + 4 19.81 14.54 39.8
N Ka 392.4 1.70e + 4 | 22.65 | 12.49 31.6
Ti La 452.2 1.30e +4 | 24.00 | 10.99 27.4
V La 511.3 1.0le +4 | 24.78 9.73 24.2
0O Ka 524.9 9.63e +3 | 24.92 9.48 23.6
Cr La 572.8 8.04e + 3 | 25.32 8.64 21.6
Mn La 637.4 6.40e + 3 25.63 7.66 19.5
F Ka 676.8 5.59e + 3 25.71 7.10 18.3
Fe La 705.0 5.14e + 3 | 25.73 6.80 17.6
Co La 776.2 4.16e +3 | 25.75 6.06 16.0
Ni La 851.5 3.37¢e + 3 | 25.62 5.39 14.6
Cu La 929.7 2.76e + 3 25.37 4.81 13.3
Zn La 1011.7 | 2.26e+3 | 24.96 4.29 12.3
Na Ka 1041.0 | 2.11e+3 | 24.77 4.13 11.9
Ge Lo 1188.0 1.54e + 3 | 23.38 3.44 10.4
Mg Ka 1253.6 1.36e +3 | 22.35 3.19 9.9
Al Ka 1486.7 5.62e + 3 18.18 | 15.67 8.3
Si Ka 1740.0 | 4.46e +3 | 27.29 | 14.56 7.1
Zr La 2042 .4 3.04e +3 | 31.24 | 11.63 6.1
Mo La 2293.2 2.27e + 3 | 32.66 9.79 5.4
Cl Ka 26224 1.6le+3 | 33.56 7.94 4.7
Ag La 2984.3 1.15e +3 | 34.01 6.45 4.2
Ca Ka 3691.7 | 6.55e + 2 | 34.21 4.54 3.4
Ti Ka 4510.8 | 3.82¢ +2 | 34.10 3.23 2.7
V Ka 4952.2 2.96e + 2 { 34.00 2.75 2.5
Cr Ka 5414.7 | 2.32¢e+2 | 33.89 2.36 2.3
Mn Ko 5898.8 1.84e + 2 | 33.76 2.03 2.1
Co Ka 6930.3 1.18¢ 4+ 2 | 33.51 1.54 1.8
Ni Ka 7478.2 9.58e 4+ 1 | 33.39 1.34 1.7
Cu Ka 8047.8 | 7.82e +1 | 33.26 1.18 1.5
Ge Ka 9886.4 | 4.3%9e +1 | 32.78 0.82 1.3
Y Ka 14988.0 1.03e +2 | 33.31 2.88 0.8
Mo Ka 17479.0 | 6.83e+1 | 33.94 2.24 0.7
Pd Ka 21177.0 | 4.05e+1 | 34.23 1.61 0.6
Sn Ka 25271.0 | 2.48e+1 | 34.31 1.18 0.5
Xe Ka 29779.0 1.57e+1 | 34.30 0.88 0.4

References: =i, 25, 66, 171, 190.
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Bromine (Br)

fia(barns/atom) = u(cm?/gm) x 132.69 Z-=-35
E(keV)u(cm?/gm) = fo x 526.61 Atomic Weight = 79.904
Line E(eV) |p(cm?/gm) fi fa A (A)
H 102 | 2.76e + 5 5.35 | 1215
He 1 21.2 | 2.27e+5 9.16 | 584.3 ©
Na Lags 305 | 7.50e +4 4.34 | 407.2 ™ : any
Mg L 493 | T.14e +3 0.67 | 251.5 o !
Al Laa 724 | 1.32¢e+4 | 5.18 | 1.82 | 171.2 ™ :
LT
Si Los | 915 | L74e+4 | 3.44 | 3.01 | 1355 g AN |
Be K 108.5 | 2.77e+4 | 2.62 | 570 | 114.3 / ] ]
Sr M¢ 114.0 | 3.00e+4 | 269 | 6.49 | 1088 @ :
Y M¢ 132.8 | 3.65e+4 | 3.19 | 9.21 | 934 f
Zr  M( 151.1 | 3.98e+4 | 4.46 | 11.42 | 82.1 o -
B Ka 183.3 | 4.22¢+4 | 6.91 | 14.70 | 67.6 N / ’
Mo M(¢ 192.6 | 4.27e + 4 8.09 | 15.62 64.4 © \\_/ T
Ar L¢ 220.1 | 3.99e+4 | 11.41 | 16.69 | 56.3 N il
C Ka 2770 | 3.2de+4 | 16.77 | 17.03 | 44.8 o :
Ag M¢ 311.7 | 2.70e+4 | 19.32 | 15.98 | 39.8 10 100 1000 10000
N Ka 3924 | 1.87e+4 | 22.78 | 13.95 | 31.6 : :
Ti La 4522 | 1.43e+4 | 24.46 | 12.32 | 27.4 ‘
V La 5113 | 1.13e +4 | 25.45 | 10.95 | 24.2
0 Ka 524.9 | 1.07e +4 | 25.63 | 1067 | 23.6
Cr La 572.8 | 8.95¢e +3 | 26.14 | 9.74 | 216
Mn La 637.4 | 7.16e+3 | 26.59 | 8.67 | 19.5
F Ka 676.8 | 6.27e+3 | 26.73 | 8.05 | 18.3
Fe La 705.0 | 5.76e +3 | 2680 | 7.72 | 176
Co La 776.2 | 4.67e +3 | 26.93 | 6.88 | 16.0
Ni La 8515 | 3.78¢ +3 | 26.91 | 6.12 | 14.6
Cu La 929.7 | 3.10e+3 | 26.75 | 5.47 | 13.3
Zn La 1011.7 | 2.55e +3 | 26.49 | 4.91 12.3
Na Ka 10410 | 2.39e +3 | 26.37 | 472 | 11.9
Ge La 1188.0 | 1.75e +3 | 2546 | 3.94 | 10.4
Mg Ka 1253.6 | 1.54e+3 | 24.86 | 3.66 9.9
Al Ka 1486.7 | 1.02e +3 | 1897 | 2.89 8.3
Si Ka 1740.0 | 4.27e +3 | 24.70 | 14.11 7.1
Zr La 2042.4 | 3.35e+3 | 30.97 | 13.01 6.1
Mo La 2293.2 | 2.51e+3 | 32.97 | 10.95 5.4
Cl Ka 2622.4 | 1.78¢+3 | 34.23 | 8.89 4.7
Ag Lo 29843 | 1.27e+3 | 34.86 | 7.22 4.2
Ca Ka 3691.7 | 7.25e+2 | 35.22 | 5.08 3.4
Ti Ka 4510.8 | 4.23e+2 | 35.17 | 3.62 2.7 T 1 ot
V Ka 4952.2 | 3.28¢+2 | 35.08 | 3.09 2.5 et A bbb g NI
Cr Ka 5414.7 | 2.58¢ +2 | 34.98 | 2.65 2.3 Sl B e e 5 SO O £ ik " \
Mn Ka 5898.8 | 2.04e+2 | 34.86 | 2.28 2.1 © f‘ ‘
Co Ka 6930.3 | 1.3le+2 | 34.62 | 1.73 1.8 10 100 1000 10000
Ni Ka 7478.2 | 1.06e +2 | 34.50 | 1.51 1.7
Cu Ka 8047.8 | 8.69e+1 | 34.38 | 1.33 1.5 E (eV)
Ge Ka 9886.4 | 4.89¢ +1 | 33.96 | 0.92 1.3
Y Ka | 14988.0 | 1.12¢+2 | 33.76 | 3.18 0.8 Edge Energies
Mo Ka 17479.0 | 7.47e+1 | 34.73 2.48 0.7 K 13473.7 eV Ly 1782.0eV M; 237, eV*
Pd Ka | 21177.0 | 446e+1 | 35.16 | 1.79 0.6 Ly 1596.0 eV My 189. eV*
Sn Ka | 25271.0 | 2.74e+1 | 35.28 | 1.31 0.5 Lin 1549.9 eV My 182. eV
Xe Ka | 29779.0 | 1.73e+1 | 3530 | 0.98 0.4 My 70. eV©

My 69, eV*

References: 29.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, £ = 50-30,000 eV
See page 211 for Explanation of Tables

pa{barns/atom) = p(cm?/gm) x 139.16
E(keV)u{cm?/gm) = f2 x 502.13

Line E(eV) |u(cm¥gm)| £ f2 A (A)
H 10.2 1215
He I 21.2 2.59e + 5 10.95 584.3
Na Lgags 30.5 1.14e 4+ 5 6.94 407.2
Mg Laa 49.3 1.24e 4+ 4 1.21 251.5
Al Las 724 | 4.02¢4+3 7.01 0.58 171.2
Si Laga 91.5 2.97e + 4 1.52 5.41 135.5
Be K 108.5 | 1.12e+ 4 4.76 2.42 114.3
Sr M(¢ 114.0 l.4le + 4 3.74 3.19 108.8
Y M¢ 132.8 | 2.53e¢ 44 2.55 6.68 93.4
Zr M(¢ 151.1 3.23¢ + 4 3.25 9.72 82.1
B Ka 183.3 3.66e + 4 5.78 | 13.35 67.6
Mo M(¢ 192.6 | 3.70e + 4 6.55 | 14.17 64.4
Ar L¢ 220.1 3.60e + 4 9.13 | 16.17 56.3
C Ka 277.0 | 3.19e+4 | 15.15 | 17.58 44.8
Ag M(¢ 311.7 | 2.76e+4 | 17.58 | 17.12 39.8
N Ka 3924 2.08¢ +4 | 21.96 16.25 31.6
Ti La 452.2 1.62e +4 | 24.50 | 14.55 27.4
V La 511.3 | 1.29¢e+4 | 2597 | 13.13 24.2
0O Ka 524.9 1.23e +4 | 26.27 | 12.84 23.6
Cr La 572.8 1.02¢ +4 | 27.13 11.69 21.6
Mn La 6374 | 8.17e+3 | 27.79 | 10.37 19.5
F Ka 676.8 | 7.19¢e +3 | 28.05 9.70 18.3
Fe La 705.0 6.6le +3 | 28.20 9.28 17.6
Co La 776.2 5.4le +3 | 28.53 8.36 16.0
Ni Lea 851.5 [ 4.36e +3 | 28.82 7.39 14.6
Cu La 929.7 | 3.46e+3 | 28.72 6.41 13.3
Zn La 1011.7 | 2.84e+ 3 | 28.50 5.71 12.3
Na Ka 1041.0 | 2.65e+3 | 28.41 5.50 11.9
Ge La 1188.0 | 1.94e+3 | 27.80 4.59 104
Mg Ka 1253.6 | 1.71le+3 | 27.41 4.26 9.9
Al Ka 1486.7 1.13e +3 | 24.92 3.35 8.3
Si Ka 1740.0 4.30e +3 | 22.02 14.91 7.1
Zr La 2042.4 3.38¢ + 3 | 30.12 13.76 6.1
Mo La 2293.2 2.56e + 3 32.97 11.69 5.4
Cl Ka 2622.4 1.83e + 3 | 34.68 9.57 4.7
Ag La 2984.3 1.3le+ 3 | 35.56 7.81 4.2
Ca Ka 3691.7 7.50e +2 | 36.14 5.52 34
Ti Ka 4510.8 | 4.37e+2 | 36.19 3.93 2.7
V Ka 4952.2 | 3.39¢e +2 | 36.12 3.34 2.5
Cr Ka 5414.7 | 2.66e +2 | 36.03 2.86 2.3
Mn Ka 5898.8 | 2.10e+2 | 35.91 2.47 2.1
Co Ka 6930.3 1.35e + 2 | 35.68 1.86 1.8
Ni Ka 7478.2 | 1.09e +2 | 35.56 1.62 1.7
Cu Ka 8047.8 | 8.9le+1 | 35.44 1.43 1.5
Ge Ka 9886.4 5.05e +1 | 35.04 0.99 1.3
Y Ka 14988.0 1.17e +2 | 33.73 3.50 0.8
Mo Ka 17479.0 | 7.86e+1 | 35.45 2.74 0.7
Pd Ka 21177.0 | 4.70e +1 | 36.06 1.98 0.6
Sn Ko 25271.0 | 2.90e+1 | 36.24 1.46 0.5
Xe Ka 29779.0 | 1.83e+1 | 36.29 1.09 0.4

References: 11, 55, 82, 111, 137, 140, 141, 151, 186, 194, 218.

K

Krypton (Kr)
= 36

Atomic Weight = 83.800

40

32

T Fr

24
N

16

- ; ‘\ | { ‘l I ‘
10 100 1000 10000
0 AT N 0o
9 y s T 7 -:“HE\‘ L ; t Jlt
Seswceesiie e s
S A w1 A N -
. \ ' N\
\ N
=5

[SAITE

w {em’/gm)

Edge Energies

14325.6 eV Ly 1921.0 eV Mp 2928eV*® Np 27.5eV®
Ly; 1730.9 eV? My 222.2eV° Ny 14.1eV®
Lyp 1678.4eV® My 214.4 eV® Nip 14.1 eV®

My 95.0 eV®

My 93.8eV®
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

kao(barns/atom) = p(cm?/gm) x 141.92
E(keV)g(cm?/gm) = f, x 492.33

Line E(eV) |p(cm?/gm)| fi fa A (A)
H 10.2 3.45¢ + 3 0.07 1215
He 1 21.2 4.06e + 5 17.52 584.3
Na L33 30.5 2.58¢ + 5 15.97 407.2
Mg L2 49.3 1.96e + 4 1.96 251.5
Al L3 724 | 4.54e+3 8.82 0.67 171.2
Si Laga 91.5 | 4.40e+3 6.90 0.82 135.5
Be K 108.5 | 8.52e +3 4.42 1.88 114.3
Sr M(¢ 114.0 1.16e + 4 4.65 2.67 108.8
Y M(¢ 132.8 1.80e + 4 2.23 4.85 93.4
Zr M(¢ 151.1 2.68¢ + 4 1.99 8.24 82.1
B Ka 183.3 3.64e + 4 3.74 | 13.55 67.6
Mo M(¢ 192.6 3.77e + 4 4.80 | 14.73 64.4
Ar L¢ 220.1 3.88¢ + 4 7.77 | 17.34 56.3
C Ka 277.0 3.40e +4 | 13.98 19.15 44 .8
Ag M( 3117 | 3.07e+4 | 17.34 | 1946 | 30.8
N Ka 392.4 2.19e +4 | 22.82 17.45 31.6
Ti La 452.2 1.70e +4 | 25.37 15.62 274
V L« 511.3 1.35e +4 | 26.92 13.99 24.2
0O Kaoa 524.9 1.28¢ + 4 27.21 13.65 23.6
Cr La 572.8 1.07e + 4 28.05 12.49 21.6
Mn La 637.4 | 8.6le+3 | 28.81 11.15 19.5
F Ka 676.8 7.56e +3 | 29.10 10.39 18.3
Fe La 705.0 6.97e + 3 | 29.27 9.97 17.6
Co La 776.2 5.67e + 3 | 29.64 8.94 16.0
Ni La 851.5 4.6le +3 | 29.84 7.97 14.6
Cu La 929.7 | 3.77e+3 | 29.91 7.13 13.3
Zn La 1011.7 3.10e + 3 29.85 6.38 12.3
Na Ka 1041.0 2.9le+3 | 29.81 6.15 11.9
Ge Lo 1188.0 2.14e + 3 | 29.45 5.16 10.4
Mg Ka 1253.6 1.88e + 3 | 29.22 4.80 9.9
Al Ka 1486.7 1.25e + 3 | 27.82 3.77 8.3
Si Ka 1740.0 8.28e + 2 | 22.71 2.93 7.1
Zr La 2042.4 3.32e +3 | 27.62 13.76 6.1
Mo La 2293.2 2.75e +3 | 32.35 12.82 5.4
Cl Ka 2622.4 1.98¢ + 3 | 34.84 | 10.56 4.7
Ag La 2984.3 1.43e + 3 | 36.10 8.67 4.2
Ca Ka 3691.7 8.20e+2 | 37.01 6.15 3.4
Ti Ka 4510.8 4.79¢ + 2 | 37.19 4.39 2.7
V Ka 4952.2 3.72e +2 | 37.16 3.7 2.5
Cr Ka 5414.7 2.92e + 2 37.09 3.21 2.3
Mn Ka 5898.8 2.31e+2 | 36.99 2.76 21
Co Ka 6930.3 1.48e +2 | 36.78 2.08 1.8
Ni Ka 7478.2 1.20e +2 | 36.67 1.82 1.7
Cu Ka 8047.8 9.79 +1 | 36.55 1.60 1.5
Ge Ka 9886.4 5.55e +1 | 36.18 1.11 1.3
Y Ka 14988.0 1.78e +1 | 32.94 0.54 0.8
Mo Ka 17479.0 | 8.42¢e+1 | 36.07 2.99 0.7
Pd Ka 21177.0 | 5.08e+1 | 36.93 2.18 0.6
Sn Ka 25271.0 3.14e+1 37.19 1.61 0.5
Xe Ka 29779.0 1.99e + 1 37.27 1.21 0.4

Rubidium (Rb)
Z=37
Atomic Weight = 85.468

24 32 40

16
\

10
-/‘
T

,
s
¥
;
7/
(
X3
\
- 4*‘ e

—
7
pd

w {em?/gm)

15199.7 eV Lp
Ly
L

249

100 1000 10000
E (eV)

Edge Energies

2065.1 eV M; 326.7eV® N; 30.5eV°®
1863.9 eV My 248.7eV® Ny 16.3 eV?
1804.4 eV Miyp 239.1 eV®  Nypp 15.3 eV®
Mpy 113.0 eV®
My 112.0 eV®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, F = 50-30,000 eV
See page 211 for Explanation of Tables

ta(barns/atom) = p(cm?/gm) x 145.50
E(keV)u(cm?/gm) = f2 x 480.24

Line E(eV) |u(em%/gm)| £ fa A (A)
H 10.2 | 8.27¢e + 3 0.18 1215
He I 21.2 | 2.22e 44 0.98 584.3
Na Lgg 305 | 2.99e +5 18.98 | 407.2
Mg Lags 49.3 | 3.60e +4 3.70 251.5
Al L33 72.4 | 5.55e+3 | 1041 0.84 | 171.2
Si Laa 915 | 4.90e+3 8.68 0.93 | 135.5
Be K 108.5 | 4.85¢+3 7.39 1.10 114.3
Sr M( 114.0 | 4.84e 43 6.89 1.15 108.8
Y M(¢ 1328 | 7.95e +3 4.54 2.20 93.4
Zr M¢ 151.1 1.50e + 4 2.12 4.73 82.1
B Ka 183.3 | 2.89e+ 4 2.58 | 11.04 67.6
Mo M(¢ 192.6 | 3.10e + 4 3.24 | 12.42 64.4
Ar L¢ 220.1 | 3.44e+ 4 5.73 | 15.77 56.3
C Ka 277.0 | 3.50e +4 | 11.99 | 20.16 44.8
Ag M( 311.7 | 3.07e+4 | 16.21 | 19.91 39.8
N Ka 3924 | 2.32¢+4 | 21.98 | 18.96 31.6
Ti Lea 452.2 | 1.8le+4 | 25.10 | 17.07 274
V Lo 5113 | 144e+4 | 2695 | 15.37 24.2
0O Ka 5249 | 1.37e+4 | 27.30 | 15.02 23.6
Cr La 5728 | 1.16e+4 | 28.32 | 13.82 21.6
Mn Lo 637.4 | 9.35e +3 | 29.29 | 12.40 19.5
F Ka 676.8 | 8.22e+3 | 29.69 | 11.58 18.3
Fe La 705.0 | 7.58¢+3 | 29.92 | 11.13 17.6
Co L« 776.2 | 6.17e +3 | 30.43 9.97 16.0
Ni La 851.5 | 5.02¢ +3 | 30.72 8.91 14.6
Cu La 929.7 | 4.13e4+3 | 30.87 7.99 13.3
Zn Lo 1011.7 | 3.40e+3 | 30.91 7.17 12.3
Na Ka 1041.0 | 3.19¢ +3 | 30.90 6.91 11.9
Ge La 1188.0 | 2.34e +3 | 30.68 5.80 10.4
Mg Ka 1253.6 | 2.07e +3 | 30.52 5.40 9.9
Al Ka 1486.7 | 1.37e +3 | 29.52 4.25 8.3
Si Ka 1740.0 | 9.43e+2 | 27.13 3.42 7.1
Zr Lo 2042.4 | 3.47e +3 | 23.58 | 14.78 6.1
Mo La 2293.2 | 3.03e+3 | 30.81 | 14.49 54
Cl Ka 2622.4 | 2.18¢ +3 | 34.87 | 11.89 4.7
Ag La 2984.3 | 1.57e +3 | 36.62 9.75 4.2
Ca Ka 3691.7 | 9.0le+2 | 37.87 6.93 3.4
Ti Ka 4510.8 | 5.29¢ +2 | 38.19 4.97 2.7
V Ka 4952.2 | 4.12¢+2 | 38.19 4.25 2.5
Cr Ka 5414.7 | 3.24e 4+ 2 | 38.15 3.65 2.3
Mn Ka 5898.8 | 2.57e +2 | 38.08 3.15 2.1
Co Ka 6930.3 | 1.66e+ 2 | 37.89 2.39 1.8
Ni Ka 7478.2 | 1.35e + 2 | 37.78 2.10 1.7
Cu Ka 8047.8 | 1.10e + 2 | 37.68 1.85 1.5
Ge Ka 9886.4 | 6.2de +1 | 37.35 1.28 1.3
Y Ka 14988.0 | 1.94e+1 | 35.86 0.61 0.8
Mo Ka 17479.0 | 8.99e¢+1 | 36.37 3.27 0.7
Pd Ka 21177.0 | 5.44e+1 | 37.75 2.40 0.6
Sn Ka 25271.0 | 3.38¢e+1 | 38.12 1.78 0.5
Xe Ka 29779.0 | 2.15e+1 | 38.25 1.33 0.4

K

Strontium (Sr)
Z-=38
Atomic Weight = 87.620

T T
| et

w {em®/gm)

10 100 1000 10000
E (eV)

Edge Energies

16104.6 eV Ly 2216.3eV  M; 358.7eV® N; 38.9eV?
Ly 2006.8eV My 280.3eV® Ny 21.6eV?
Ly 1939.6 eV My 270.0 eV® Ny 20.3 eV?

MIV 136.0 eVb

My 134.2eV?
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

#a(barns/atom) = u(cm?/gm) x 147.63
E(keV)p(cm?/gm) = fa x 473.29

Line E(eV) [p(cm?/gm)| fi fa A (A)
H 102 | 9.06e + 4 195 | 1215
He I 21.2 | 2.12¢ +4 0.95 | 584.3
Na Lz 305 | 2.75e+ 5 17.67 | 407.2
Mg Las 493 | 5.08¢ +4 524 | 251.5
Al Lags 724 | 6.52¢ +3 | 12.44 1.00 171.2
Si Lags 91.5 | 4.76e +3 | 10.67 0.92 135.5
Be K 108.5 | 491e+ 3 9.63 1.13 | 1143
Sr M( 114.0 | 491le+3 9.30 1.18 | 108.8
Y M 1328 | 5.098e4+ 3 7.94 143 93.4
Zr M( 151.1 | 6.91e+ 3 6.05 2.21 82.1
B Ka 183.3 | 1.92e +4 2.47 7.43 67.6
Mo M({¢ 192.6 | 2.35e + 4 2,91 9.58 64.4
Ar L¢ 220.1 | 2.85e +4 5.28 | 13.24 56.3
C Ko 277.0 | 3.05e +4 9.86 | 17.84 44.8
Ag M(¢ 311.7 | 3.0le+4 | 13.09 | 19.83 39.8
N Ka 3924 | 2.55e+4 | 21.06 | 21.16 31.6
Ti La 4522 | 1.97e+4 | 25.53 | 18.78 274
V La 511.3 | 1.55e+4 | 27.59 | 16.75 24.2
O Ka 5249 | 1.48e+4 | 27.97 | 16.36 23.6
Cr Lo 572.8 | 1.25e+4 | 29.11 | 15.08 21.6
Mn La 6374 | 1.0le+4 | 30.28 | 13.63 19.5
F  Ka 676.8 | 8.93e +3 | 30.93 | 12.77 18.3
Fe La 705.0 | 8.15e+3 | 31.25 | 12.13 17.6
Co La 776.2 | 6.56e+3 | 31.79 | 10.76 16.0
Ni La 851.5 | 5.33e+3 | 32.13 9.59 14.6
Cu La 929.7 | 4.36e+3 | 32.37 8.57 13.3
Zn La 1011.7 | 3.56e+3 | 32.44 7.61 12.3
Na Ka 1041.0 | 3.32¢+3 | 32.43 7.31 11.9
Ge La 1188.0 | 2.43e+ 3 | 32.22 6.10 10.4
Mg Ka 1253.6 | 2.14e +3 | 32.08 5.67 9.9
Al Ka 1486.7 | 1.43e+3 | 31.32 4.49 8.3
Si Ka 1740.0 | 1.00e + 3 | 29.87 3.68 7.1
Zr La 2042.4 | 1.04e+3 | 23.11 4.50 6.1
Mo La 2293.2 | 2.72¢ +3 | 29.03 | 13.20 5.4
Cl Ka 2622.4 | 2.26e+ 3 | 34.09 | 12.52 4.7
Ag La 2984.3 | 1.66e+3 | 36.74 | 10.46 4.2
Ca Ka 3691.7 | 9.55e +2 | 38.41 7.45 3.4
Ti Ka 4510.8 | 5.70e +2 | 38.87 5.44 2.7
V Ka 4952.2 | 4.51e+2 | 38.99 4.72 2.5
Cr Ka 5414.7 | 3.56e +2 | 39.03 4.08 2.3
Mn Ka 5898.8 | 2.84e+ 2 [ 39.01 3.54 2.1
Co Ka 6930.3 | 1.85e+2 | 38.89 2.1n 1.8
Ni Ka 7478.2 | 1.5le+2 | 38.80 2.38 1.7
Cu Ka 8047.8 | 1.24e +2 | 38.73 2.11 1.5
Ge Ka 9886.4 | 6.8le+1 | 38.43 1.42 1.3
Y Ka 14988.0 | 2.13e+1 | 37.20 0.67 0.8
Mo Ka 17479.0 | 9.60e+1 | 36.24 3.55 0.7
Pd Ka 211770 | 5.86e+1 | 38.57 2.62 0.6
Sn Ka 25271.0 | 3.65e +1 | 39.06 1.95 0.5
Xe Ka 29779.0 | 2.33e+1 | 39.22 1.47 0.4

References: 222.
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = p(cm?/gm) x 151.48
E(keV)u(cm?/gm) = f, x 461.26

Line E(eV) |p(cm?gm)| fi fo A (L)
H 102 | 1956+ 5 431 | 1215
He I 21.2 | 7.52¢ +4 3.46 | 584.3
Na Ls3s 305 | 9.80e +4 6.47 407.2
Mg L2 49.3 | 8.19e+ 4 8.75 251.5
Al Lags 724 | 1.09e + 4 | 14.04 1.72 171.2
Si Lags 91.5 | 5.34e +3 | 12.11 1.06 135.5
Be K 108.5 | 5.03e+3 | 10.95 1.18 114.3
Sr M(¢ 114.0 | 5.13e +3 | 10.66 1.27 108.8
Y M(¢ 132.8 | 5.27e+ 3 9.74 1.52 93.4
Zr M(¢ 151.1 | 5.36e + 3 8.63 1.76 82.1
B Ka 183.3 | 7.24e+3 5.16 2.88 67.6
Mo M( 1926 | 1.03e +4 3.60 4.29 64.4
Ar L¢ 220.1 | 2.24e+ 4 3.53 | 10.67 56.3
C Ka 2770 | 2.71le+ 4 8.56 | 16.27 44.8
Ag M(¢ 311.7 | 2.Tle+4 | 11.41 | 18.34 39.8
N Ka 3924 | 2.35e+4 | 18.14 | 20.00 31.6
Ti La 452.2 | 1.99e +4 | 21.94 | 19.48 27.4
V La 511.3 | 1.7le+4 | 24.75 | 18.98 24.2
0O Ka 5249 | 1.66e+4 | 25.45 | 18.84 23.6
Cr La 5728 | 1.43e+4 | 27.54 | 17.78 21.6
Mn La 637.4 | 1.19¢ +4 | 29.65 | 16.43 19.5
F Ka 676.8 | 1.05e +4 | 30.70 | 15.37 18.3
Fe La 705.0 | 9.59e +3 | 31.23 | 14.65 17.6
Co La 776.2 7.79¢ +3 | 32.22 | 13.11 16.0
Ni La 851.5 | 6.34e+ 3 | 33.18 | 11.70 14.6
Cu La 929.7 | 4.91e+ 3 | 33.54 9.89 13.3
Zn La 1011.7 | 4.03e+3 | 33.20 8.84 12.3
Na Ka 1041.0 | 3.82¢+3 | 33.21 8.63 11.9
Ge La 1188.0 | 2.84e +3 | 33.32 7.30 10.4
Mg Ka 1253.6 | 2.50e +3 | 33.27 6.80 9.9
Al Ka 1486.7 | 1.67e +3 | 32.77 5.38 8.3
Si Ka 1740.0 | 1.15e +3 | 31.73 4.32 7.1
Zr La 20424 | 7.77Te + 2 | 28.88 3.44 6.1
Mo La 2293.2 | 2.70e +3 | 23.36 | 13.44 5.4
Cl Ka 2622.4 | 2.50e+3 | 33.06 | 14.20 4.7
Ag Lo 2084.3 | 1.82e+3 | 36.88 | 11.77 4.2
Ca Ka 3691.7 | 1.06e+3 | 39.28 8.46 3.4
Ti Ka 4510.8 | 6.25e+2 | 40.05 6.11 2.7
V Ka 4952.2 | 4.87e+2 | 40.17 5.23 2.5
Cr Ka 5414.7 | 3.83e¢+2 | 40.20 4.50 2.3
Mn Ka 5898.8 | 3.04e 4+ 2 | 40.18 3.89 2.1
Co Ka 6930.3 | 1.96e+ 2 | 40.04 2.95 1.8
Ni Ka 7478.2 | 1.60e+2 | 39.95 2.59 1.7
Cu Ka 8047.8 | 1.3le+2 | 39.85 2.28 1.5
Ge Ka 9886.4 | 7.40e+1 | 39.55 1.59 1.3
Y Ka 14988.0 | 2.31e+1 | 38.55 0.75 0.8
Mo Ka 17479.0 | 1.51e+1 | 36.91 0.57 0.7
Pd Ka 21177.0 | 6.22e +1 | 39.26 2.86 0.6
Sn Ka 25271.0 | 3.88¢e+1 | 39.94 2.13 0.5
Xe Ka 29778.0 | 2.48e¢+1 | 40.17 1.60 0.4

Zirconium (Zr)
Z=40
Atomic Weight = 91.224

? ] M T T T
™ - ‘ A ) ‘ ;
(@) [ S 0 O 0 | S y A .
™ i | i f i
I - S S v - iw
S © y | '
© . S -
o ~ v._,>§~, . A,A[.V_,‘_‘,,L e P
. SNALLL Lo o
V |
° ‘
10 100 1000 10000
G ‘[ —
ol _|f .
A — s
. 1 B
o N .
— ‘ i . \
M S = — - \\ l
g SE SRR
""" i - |1 -
| | |
10 100 1000 10000
£
>
o~
£
L
3
N B
_9 1
10 100 1000 10000
E (eV)

Edge Energies

17997.6 eV Ly 2531.6eV My 430.3eV® Ny 50.6eV®
L 2306.7eV My 343.5eV® Ny 28.5eV®
Lig 22223 eV My 329.8eV® Ny 27.1eV®
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References: 33, 52, 59, 76, 99, 115, 123, 127, 131, 175, 200, 201, 203, 232.
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = p(cm?/gm) x 154.28
E(keV)u(cm?/gm) = fo x 452.91

Line E(eV) |u(cm?/gm) fy fa A (A)
H 10.2 1.19¢ + 5 2.68 1215
He 1 21.2 9.18e + 4 4.30 584.3
Na Lagj 30.5 5.42e + 4 3.65 407.2
Mg Lo 49.3 1.30e + 5 14.15 251.5
Al Lgs 724 | 1.98e+4 | 17.21 3.16 | 171.2
Si Lag 91.5 5.72e +3 | 14.63 1.15 135.5
Be K 108.5 | 4.86e+ 3 | 13.06 1.16 | 114.3
Sr M(¢ 114.0 | 5.05¢+3 | 12.74 1.27 | 108.8
Y M(¢ 132.8 | 5.44e+3 | 11.88 1.59 93.4
Zr M( 151.1 5.57e +3 | 11.14 1.86 82.1
B Ka 183.3 5.47e + 3 9.25 2.21 67.6
Mo M( 192.6 5.73e + 3 8.36 2.44 64.4
Ar L¢ 220.1 1.05e + 4 4.50 5.08 56.3
C Ka 277.0 24Te + 4 7.89 | 15.08 44.8
Ag M(¢ 311.7 2.52¢e +4 | 11.22 | 17.35 39.8
N Ka 3924 2.22¢e+4 | 17.22 | 19.27 31.6
Ti La 452.2 1.95e +4 | 21.24 | 19.49 274
V La 5113 | 1.67e+4 | 24.38 | 18.90 24.2
0O Ka 5249 | 1.62e+4 | 25.02 | 18.76 23.6
Cr La 572.8 l4le+4 | 27.19 | 17.85 21.6
Mn La 637.4 1.17e + 4 | 29.08 16.47 19.5
F Ka 676.8 1.05e¢ + 4 | 29.97 15.74 18.3
Fe La 705.0 9.8le +3 | 30.54 | 15.27 17.6
Co La 776.2 8.22¢ +3 | 31.86 14.09 16.0
Ni La 8515 | 6.84e+3 | 33.06 | 12.86 14.6
Cu La 929.7 | 5.50e +3 | 33.73 11.29 13.3
Zn La 1011.7 | 4.55e + 3 | 34.05 10.16 12.3
Na Ka 1041.0 | 4.26e +3 | 34.15 9.79 11.9
Ge La 1188.0 3.14e + 3 | 34.38 8.23 10.4
Mg Ka 1253.6 2.77¢e + 3 | 34.39 7.66 9.9
Al Ka 1486.7 1.85¢e + 3 | 34.17 6.06 8.3
Si Ka 1740.0 1.24e +3 | 33.42 4.78 71
Zr La 20424 | 8.37e+2 | 31.60 3.77 6.1
Mo La 2293.2 6.34e 4-2 | 27.13 3.21 5.4
Cl Ka 2622.4 | 2.34e+3 | 31.16 | 13.57 4.7
Ag La 2984.3 1.95¢ +3 | 36.48 12.88 4.2
Ca Ka 3691.7 1.14e +3 | 39.83 9.31 3.4
Ti Ka 4510.8 | 6.77¢e +2 | 40.91 6.74 2.7
V Ka 4952.2 5.28e +2 | 41.11 5.77 2.5
Cr Ka 5414.7 4.15e 4+ 2 | 41.19 4.96 2.3
Mn Ka 5898.8 | 3.29e + 2 | 41.20 4.29 2.1
Co Ka 6930.3 | 2.12¢ +2 | 41.09 3.25 1.8
Ni Ka 7478.2 1.72e + 2 | 41.02 2.85 1.7
Cu Ka 8047.8 1.41e + 2 | 40.93 2.51 1.5
Ge Ka 9886.4 7.97e +1 | 40.64 1.74 1.3
Y Ka 14988.0 248e+1 | 39.71 0.82 0.8
Mo Ka 17479.0 1.62¢e+1 | 38.86 0.63 0.7
Pd Ka 21177.0 6.62e +1 | 39.88 3.10 0.6
Sn Ka 25271.0 4.15e + 1 40.82 2.31 0.5
Xe Ka 29779.0 2.66e +1 41.12 1.75 0.4

References: 59, 98, 99, 123, 175, 211, 223, 232.

Niobium (Nb)
Z=-41
Atomic Weight = 92.906
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

po(barns/atom) = pg(cm?/gm) x 159.31
E(keV)u(cm?/gm) = f; x 438.59

Line E(eV) |u(cm?/gm)| fi f2 A (A)
H 102 [ 6.03e + 4 2.10 | 1215
He I 21.2 | 1.50e +5 7.27 | 5843
Na L3 30.5 | 5.08¢ +4 3.53 | 407.2
Mg L2 49.3 | 1.26e+5 14.17 251.5
Al Lags 724 | 247e+4 | 17.21 4.08 171.2
Si Lag 91.5 | 7.03e+3 | 14.96 1.47 135.5
Be K 108.5 | 4.36e+3 | 13.32 1.08 | 1143
Sr M(¢ 114.0 | 4.37e+3 | 12.88 1.14 108.8
Y M 1328 | 4.94e+3 | 11.87 1.50 93.4
Zr M( 151.1 5.57e +3 | 11.12 1.92 82.1
B Ka 183.3 | 5.71e + 3 9.94 2.39 67.6
Mo M( 192.6 | 5.60e + 3 9.45 2.46 64.4
Ar L{ 220.1 5.70e + 3 6.86 2.86 56.3
C Ka 2770 | 2.14e + 4 4.54 | 13.50 44.8
Ag M( 311.7 | 2.37e+4 7.56 | 16.85 39.8
N Ka 3924 | 2.45e+4 | 14.36 | 21.89 31.6
Ti La 452.2 | 2.19¢+4 | 20.06 | 22.61 27.4
V La 511.3 | 1.91e+4 | 24.12 | 22.32 24.2
0O Ka 5249 | 1.85e+4 | 25.11 | 22.13 23.6
Cr La 572.8 | 1.59e+4 | 28.23 | 20.70 21.6
Mn La 6374 | 1.26e+4 | 30.36 | 18.34 19.5
F Ka 676.8 | 1.13e+4 | 31.17 | 1741 18.3
Fe La 705.0 1.05e+4 | 31.74 | 16.83 17.6
Co La 776.2 | 8.77e+3 | 33.11 15.53 16.0
Ni La 851.5 | 7.12¢ +3 | 34.34 | 13.82 14.6
Cu La 929.7 | 5.80e +3 | 34.90 | 12.30 13.3
Zn La 1011.7 | 4.84e+3 | 35.19 | 11.17 12.3
Na Ka 1041.0 | 4.54e+3 | 35.34 | 10.78 11.9
Ge La 1188.0 | 3.35¢+3 | 35.68 9.07 104
Mg Ka 1253.6 | 2.96e+3 | 35.73 8.46 9.9
Al Ka 1486.7 | 1.98¢ +3 | 35.61 6.71 8.3
Si Ka 1740.0 | 1.35e+3 | 35.07 5.36 7.1
Zr La 20424 | 9.11e+ 2 | 33.83 4.24 6.1
Mo La 2293.2 | 6.84e +2 | 31.73 3.57 5.4
Cl Ka 2622.4 | 2.20e +3 | 27.66 | 13.13 4.7
Ag La 2984.3 | 2.02¢e+3 | 35.52 | 13.78 4.2
Ca Ka 3691.7 | 1.20e +3 | 40.27 | 10.06 3.4
Ti Ka 4510.8 | 7.12e +2 | 41.71 7.32 2.7
V Ka 4952.2 | 5.57e+2 | 41.99 6.28 2.5
Cr Ka 5414.7 | 4.39e+2 | 42.14 5.42 2.3
Mn Ko 5898.8 | 3.49e+2 [ 42.19 4.69 2.1
Co Ka 6930.3 | 2.25¢+2 | 42.13 3.56 1.8
Ni Ka 7478.2 | 1.83e+2 | 42.07 3.12 1.7
Cu Ka 8047.8 | 1.50e +2 | 41.99 2.75 1.5
Ge Ka 9886.4 | 8.50e +1 | 41.72 1.92 1.3
Y Ka 14988.0 | 2.67e+1 | 40.91 0.91 0.8
Me Ka 17479.0 | 1.74e +1 | 40.36 0.70 0.7
Pd Ka 21177.0 | 6.9Te+1 | 39.98 3.37 0.6
Sn Ko 25271.0 | 4.3Te+1 | 41.59 2.52 0.5
Xe Ka 29779.0 | 2.80e+1 | 42.02 1.90 0.4

Molybdenum (Mo)
Z =42
Atomic Weight = 95.940
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References: 33, 48, 52, 59, 76, 115, 123, 127, 131, 177, 200, 205, 223, 233.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = g(cm?/gm) x 164.24
E(keV)u(cm?/gm) = f x 425.44

Line E(eV) |p(cm?*/gm)| fi fa A (A)
H 102 | 5.12:+ 4 133 | 1215
He I 21.2 | 9.77e + 4 4.87 | 5843
Na L2 30.5 | 6.60e + 4 4.73 | 407.2
Mg L2 49.3 1.22¢ + 5 14.15 251.5
Al Las 724 | 3.15¢+4 | 18.22 5.36 171.2
Si Lga3s 91.5 | 9.79¢ +3 | 16.50 2.11 135.5
Be K 108.5 | 4.88e +3 | 14.69 1.24 114.3
Sr M¢ 114.0 4.68¢ + 3 14.23 1.25 108.8
Y M(¢ 132.8 5.08¢ + 3 13.16 1.59 93.4
Zr M(¢ 151.1 5.56e +3 | 12.54 1.97 82.1
B Ka 183.3 | 5.56e +3 | 11.66 2.40 67.6
Mo M( 1926 | 5.43e+3 | 11.31 2.46 64.4
Ar L¢ 220.1 | 5.0le+ 3 9.84 2.59 56.3
C Ka 277.0 | 1.2le + 4 2.39 7.86 44.8
Ag M(¢ 311.7 2.18e + 4 4.49 | 15.97 39.8
N Ka 3924 | 2.39¢+4 | 13.72 | 22.06 31.6
Ti La 452.2 | 2.18e +4 | 19.35 | 23.15 27.4
V La 511.3 | 1.86e+4 | 23.51 | 22.34 24.2
0O Ka 524.9 | 1.80e +4 | 24.17 | 22.27 23.6
Cr La 572.8 1.63e +4 | 27.48 | 21.98 21.6
Mn La 637.4 1.33¢ +4 | 3045 | 19.90 19.5
F Ka 676.8 1.18¢ +4 | 31.60 | 18.70 18.3
Fe Lo 705.0 1.09e +4 | 32.30 | 18.04 17.6
Co La 776.2 | 8.96e+3 | 33.78 | 16.35 16.0
Ni La 851.5 7.38e +3 | 34.84 | 14.76 14.6
Cu La 929.7 | 6.11e43 | 35.63 | 13.35 13.3
Zn La 1011.7 | 5.06e +3 | 36.20 | 12.04 12.3
Na Ka 1041.0 | 4.75e+3 | 36.35 | 11.61 11.9
Ge La 1188.0 3.50e +3 | 36.78 9.77 10.4
Mg Ka 1253.6 3.09e +3 | 36.85 9.11 9.9
Al Ko 1486.7 | 2.09e¢ +3 | 36.86 7.29 8.3
Si Ka 1740.0 1.44e +3 | 36.51 5.87 7.1
Zr La 2042.4 9.74e + 2 | 35.63 4.67 6.1
Mo La 2293.2 | 7.32e +2 | 34.33 3.95 5.4
Cl Ka 2622.4 | 5.24e +2 | 28.36 3.23 4.7
Ag Lo 2984.3 ) 1.88¢ +3 | 33.86 | 13.21 4.2
Ca Ka 3691.7 | 1.24e +3 | 40.59 | 10.73 3.4
Ti Ka 4510.8 | 7.39e + 2 | 42.44 7.84 2.7
V Ka 4952.2 | 5.78e + 2 | 42.82 6.73 2.5
Cr Ka 5414.7 | 4.57e +2 | 43.03 5.81 2.3
Mn Ka 5898.8 | 3.63e+2 | 43.13 5.04 2.1
Co Ka 6930.3 | 2.35e +2 | 43.13 3.83 1.8
Ni Ka 7478.2 | 1.91e +2 | 43.08 3.36 1.7
Cu Ka 8047.8 | 1.57Te +2 | 43.01 2.96 1.5
Ge Ka 9886.4 | 8.92e +1 | 42.75 2.07 1.3
Y Ka 14988.0 | 2.83e+1 | 42.01 1.00 0.8
Mo Ka 17479.0 | 1.84e +1 | 41.54 0.76 0.7
Pd Ka 21177.0 | 6.55¢ 41 | 38.87 3.26 0.6
Sn Ka 25271.0 4.55e +1 | 42.37 2.71 0.5
Xe Ka 29779.0 | 2.94e +1 | 42.93 2.05 0.4

Technetium (Tc)
Z =43
Atomic Weight = 98.906
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS

X-ray [nteractions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

po{barns/atom) = y(cm?/gm) x 167.83
E(keV)u(cm?/gm) = f; x 416.33

Line E(eV) |p(cm%/gm)| £ fa A (A)
H 10.2 5.13e + 4 1.26 1215
He 1 21.2 1.40e + 5 7.14 584.3
Na Lag3 30.5 9.19% + 4 6.72 407.2
Mg L33 49.3 8.78e + 4 10.40 251.5
Al L2 724 5.30e + 4 19.76 9.22 171.2
Si Lags 91.5 1.34e + 4 18.64 2.95 135.5
Be K 108.5 5.94e + 3 16.45 1.55 114.3
Sr M(¢ 114.0 5.16e + 3 15.87 1.41 108.8
Y M(¢ 132.8 4.7le + 3 14.34 1.50 93.4
Zr M( 151.1 5.63e +3 13.57 2.04 82.1
B Ka 183.3 6.14¢ + 3 12.81 2.70 67.6
Mo M( 192.6 6.14e + 3 12.62 2.84 64.4
Ar L¢ 220.1 5.77e + 3 11.87 3.05 56.3
C Ko 277.0 5.22e¢ + 3 7.38 3.47 44 .8
Ag M(¢ 311.7 1.3le + 4 2.48 9.81 39.8
N Ka 392.4 2.14e + 4 11.11 20.22 31.6
Ti La 452.2 2.07e + 4 16.02 22.45 27.4
V La 511.3 1.98e + 4 20.47 24.33 24.2
0O Ka 524.9 1.95e +4 | 21.92 24.53 23.6
Cr La 572.8 1.69e +4 | 25.64 23.28 21.6
Mn Lo 637.4 1.46e + 4 | 29.09 22.33 19.5
F Ka 676.8 1.30e + 4 30.94 21.09 18.3
Fe La 705.0 1.20e + 4 31.91 20.35 17.6
Co La 776.2 9.89¢ + 3 33.90 18.44 16.0
Ni La 851.5 | 8.13e+ 3 | 35.27 | 16.62 14.6
Cu La 929.7 6.74e + 3 | 36.26 15.04 13.3
Zn La 1011.7 5.60e +3 | 37.01 13.61 12.3
Na Ko 1041.0 5.25e +3 | 37.23 13.13 11.9
Ge La 1188.0 3.87e+3 | 37.86 11.05 10.4
Mg Ka 1253.6 3.42¢ +3 | 38.01 10.30 9.9
Al Ka 1486.7 2.3le+3 | 38.23 8.25 8.3
Si Ka 1740.0 1.57¢ +3 | 38.03 6.54 7.1
Zr La 2042.4 1.05e +3 | 37.32 5.15 6.1
Mo La 2293.2 T.86e +2 | 36.34 4.33 5.4
Cl Ka 2622.4 | 5.65e¢+2 | 33.80 3.56 4.7
Ag La 2984.3 1.67e +3 | 31.04 11.97 4.2
Ca Ka 3691.7 1.31e +3 | 40.53 11.60 3.4
Ti Ka 4510.8 7.90e +2 | 43.03 8.55 2.7
V Ka 4952.2 6.20e + 2 | 43.56 7.37 2.5
Cr Ka 5414.7 4.90e + 2 | 43.87 6.38 2.3
Mn Ka 5898.8 3.9le +2 | 44.03 5.54 2.1
Co Ka 6930.3 2.53e +2 | 44.12 4.22 1.8
Ni Ko 7478.2 2.06e + 2 | 44.09 3.70 1.7
Cu Ka 8047.8 1.69e +2 | 44.04 3.26 1.5
Ge Ka 9886.4 | 9.62e +1 | 43.78 2.28 1.3
Y Ka 14988.0 | 3.06e+1 | 43.10 1.10 0.8
Mo Ka 17479.0 | 2.00e +1 | 42.72 0.84 0.7
Pd Ka 21177.0 1.17e +1 | 41.30 0.60 0.6
Sn Ka 252710 | 4.85e+1 | 43.02 2.94 0.5
Xe Ka 29779.0 3.14e +1 { 43.80 2.25 0.4

References: 232.
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Ruthenium (Ru)
Z=44
Atomic Weight = 101.070
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, E = 50-30,000 eV
See page 21! for Explanation of Tables

fa(barns/atom) = u(cm?/gm) x 170.88
E(keV)u{cm?/gm) = fo x 408.90

Line E(eV) |p(cm?/gm) f; fa A(A)
H 10.2 5.03e + 4 1.26 1215
He 1 21.2 1.45¢ + 5 7.53 584.3
Na L3 30.5 1.25¢ + 5 9.28 407.2
Mg L2 49.3 1.02e + 5 12.31 251.5
Al L23 724 | 8.53¢e+4 | 18.89 | 15.10 171.2
Si Log 91.5 2.3%¢ + 4 21.14 5.35 135.5
Be K 108.5 8.59e + 3 18.59 2.28 1143
Sr M(¢ 114.0 | 6.27e+3 | 17.77 1.75 108.8
Y M 132.8 | 4.41le+ 3 | 15.46 1.43 93.4
Zr M(¢ 151.1 5.00e +3 | 14.17 1.85 82.1
B Ka 183.3 | 6.33e+3 | 13.10 2.84 67.6
Mo M( 1926 | 6.42¢+3 | 12.90 3.03 64.4
Ar L& 220.1 6.55¢ +3 | 12.30 3.53 56.3
C Ka 277.0 | 5.68¢ +3 | 10.18 3.85 44.8
Ag M(¢ 311.7 | 5.80e+ 3 6.04 4.42 39.8
N Ka 3924 2.11e + 4 7.67 | 20.27 31.6
Ti La 452.2 2.14e +4 | 14.07 | 23.64 274
V La 511.3 2.0le + 4 19.31 25.18 24.2
0O Ka 524.9 1.96e +4 | 20.60 | 25.17 23.6
Cr La 572.8 1.76e +4 | 23.98 | 24.69 21.6
Mn La 637.4 1.56e + 4 28.14 24.34 19.5
F Ka 676.8 1.3%¢ +4 | 30.43 | 23.06 18.3
Fe La 705.0 1.29e +4 | 31.61 | 22.27 17.6
Co La 776.2 1.07e +4 | 33.95 | 20.22 16.0
Ni La 851.5 8.77¢e +3 | 35.60 18.27 14.6
Cu La 929.7 | 7.27¢e+3 | 36.79 | 16.53 13.3
Zn La 1011.7 | 6.04e +3 | 37.68 | 14.94 12.3
Na Ka 1041.0 5.66e + 3 37.93 14.41 11.9
Ge Lo 1188.0 4.18e + 3 38.69 12.15 10.4
Mg Ka 1253.6 3.70e +3 | 38.88 | 11.33 9.9
Al Ka 1486.7 | 2.50e +3 | 39.19 9.09 8.3
Si Ka 1740.0 1.72¢ + 3 39.11 7.32 7.1
Zr La 2042.4 1.16e + 3 | 38.61 5.81 6.1
Mo La 2293.2 | 8.7le+2 | 37.90 4.88 5.4
Cl Ka 2622.4 | 6.1Te +2 | 36.23 3.96 4.7
Ag La 2984.3 | 8.48e +2 | 29.75 6.19 4.2
Ca Ka 3691.7 1.44e+3 | 40.16 | 12.96 3.4
Ti Ka 4510.8 | 8.64e + 2 | 43.69 9.53 2.7
V Ka 4952.2 | 6.78e +2 | 44.40 8.21 2.5
Cr Ka 5414.7 | 5.36e +2 | 44.82 7.10 2.3
Mn Ka 5898.8 | 4.27e + 2 | 45.04 6.16 2.1
Co Ka 6930.3 2.77e +2 | 45.20 4.70 1.8
Ni Ka 7478.2 2.26e + 2 | 45.20 4.13 1.7
Cu Ka 8047.8 1.85e+ 2 | 45.16 3.64 1.5
Ge Ka 9886.4 1.05e + 2 44 .97 2.54 1.3
Y Ka 14988.0 | 3.31e+ 1 | 44.26 1.21 0.8
Mo Ka 17479.0 2.16e + 1 | 43.93 0.92 0.7
Pd Ka 21177.0 1.27e +1 | 43.13 0.66 0.6
Sn Ka 25271.0 5.12¢ +1 | 43.39 3.17 0.5
Xe Ka 29779.0 | 3.33e+1 | 44.60 2.42 0.4

References: 76, 119, 223, 232.
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Rhodium (Rh)
Z=45
Atomic Weight = 102.906




B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, F = 50-30,000 eV
See page 211 for Explanation of Tables

uo(barns/atom) = u{cm?/gm) x 176.72
E(keV)u(cm?/gm) = fp x 395.40

Line E(eV) |u(cm?/gm)| £ fo A(A)
H 10.2 4.74e + 4 1.22 1215
He 1 21.2 1.23¢+ 5 6.60 584.3
Na L2 30.5 1.24e+ 5 9.55 407.2
Mg Lza 49.3 1.10e+ 5 13.78 251.5
Al Lags 72.4 8.89e +4 | 16.34 16.27 171.2
Si Laa 91.5 3.66e +4 | 22.32 8.47 135.5
Be K 108.5 1.35¢ + 4 20.76 3.71 114.3
Sr M(¢ 114.0 9.34e + 3 | 19.95 2.69 108.8
Y M(¢ 132.8 4.27e + 3 17.06 1.43 93.4
Zr M(¢ 151.1 4.93e +3 | 15.27 1.89 82.1
B Ka 183.3 6.32¢ +3 | 14.11 2.93 67.6
Mo M(¢ 192.6 6.49¢ + 3 13.90 3.16 64.4
Ar L¢ 220.1 6.77¢ + 3 13.45 3.77 56.3
C Ka 277.0 6.02e + 3 12.39 4.22 44.8
Ag M( 311.7 5.34e + 3 10.40 4.21 39.8
N Ka 3924 1.64e + 4 3.36 | 16.26 31.6
Ti La 452.2 1.96e + 4 10.77 | 22.42 274
V La 511.3 1.93e + 4 16.14 | 24.97 242
0 Ka 524.9 1.91e +4 | 17.30 | 25.41 23.6
Cr La 572.8 1.8le+4 | 21.65 | 26.17 21.6
Mn La 637.4 1.568e +4 | 26.33 | 25.43 19.5
F Ka 676.8 1.46e +4 | 28.64 | 25.03 18.3
Fe La 705.0 1.37e +4 | 30.29 | 24.46 17.6
Co La 776.2 1.14e +4 | 33.48 | 22.36 16.0
Ni La 851.5 | 9.39e+ 3 | 35.60 | 20.23 14.6
Cu La 929.7 7.80e +3 | 37.09 18.35 13.3
Zn La 1011.7 | 6.51e +3 | 38.24 16.65 12.3
Na Ka 1041.0 6.10e +3 | 38.58 16.06 11.9
Ge La 1188.0 4.50e + 3 | 39.61 13.51 104
Mg Ka 1253.6 3.97e + 3 | 39.87 12.59 9.9
Al Ka 1486.7 2.68¢ +3 | 40.30 10.07 8.3
Si Ka 1740.0 | 1.86e+ 3 | 40.35 8.18 71
Zr La 2042.4 | 1.27e+ 3 | 40.04 6.54 6.1
Mo La 2293.2 | 9.50e +2 | 39.54 5.51 5.4
Cl Ka 2622.4 | 6.73e+2 | 38.38 4.46 4.7
Ag La 2984.3 4.75¢ + 2 | 35.40 3.59 4.2
Ca Ka 3691.7 1.46e +3 | 38.85 13.64 3.4
Ti Ka 4510.8 9.00e + 2 | 44.02 10.27 2.7
V Ka 4952.2 T11le + 2 | 44.97 8.90 2.5
Cr Ka 5414.7 5.65e + 2 | 45.54 7.73 2.3
Mn Ka 5898.8 4.51e + 2 | 45.89 6.73 2.1
Co Ka 6930.3 2.94e + 2 | 46.18 5.15 1.8
Ni Ka 7478.2 | 2.3%9¢+2 | 46.21 4.52 1.7
Cu Ka 8047.8 | 1.96e+ 2 | 46.19 3.98 1.5
Ge Ka 9886.4 | 1.11e+2 | 46.03 2.78 1.3
Y Ka 14988.0 3.48e +1 | 45.35 1.32 0.8
Mo Ka 17479.0 | 2.27e+1 | 45.02 1.00 0.7
Pd Ka 21177.0 1.34e +1 | 44.39 0.72 0.6
Sn Ka 25271.0 5.30e +1 | 43.18 3.38 0.5
Xe Ko 29779.0 3.46e+1 | 45.39 2.61 0.4

References: 48, 64, 76, 99, 223, 232.

Palladium (Pd)
Z-46
Atomic Weight = 106.420
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B. L. HENKE, E. M. GULLIKSON. and J. C. DAVIS

X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = pu(cm?/gm) x 179.12
E(keV)u(em?/gm) = f» x 390.09

Line E(eV) |p(cm?/gm)| f fo A (A)
H 10.2 | 4.74e + 4 1.24 1215
He I 21.2 1.32¢ + 5 7.16 584.3
Na Lo 30.5 | 1.37e + 5 10.69 407.2
Mg Lo 493 | 1.25e+5 15.78 251.5
Al Lzs 724 | 1.05e-+5 | 13.00 | 19.40 171.2
Si Lz3s 91.5 711le+4 | 22.71 16.67 135.5
Be K 108.5 2.10e +4 | 25.23 5.85 114.3
Sr M(¢ 1140 | 1.32¢e +4 | 23.69 3.85 108.8
Y M(¢ 132.8 | 5.09¢e+3 | 19.24 1.73 93.4
Zr M(¢ 151.1 4.62e 4+ 3 | 16.67 1.79 82.1
B Ka 1833 | 7.28¢+3 | 14.83 3.42 67.6
Mo M( 192.6 | 7.51e+3 | 14.72 3.7 64.4
Ar L¢ 220.1 7.55¢ + 3 | 14.37 4.26 56.3
C Ka 2770 | 6.87e4+3 | 13.72 4.88 44.8
Ag M(¢ 311.7 | 592¢e+3 | 12.74 4.73 39.8
N Ka 392.4 8.6le +3 2.70 8.66 31.6
Ti Lea 452.2 1.92¢ + 4 7.41 22.21 27.4
V Le 511.3 1.97e +4 | 14.54 | 25.79 24.2
0O Ka 524.9 1.95e +4 | 15.87 | 26.18 23.6
Cr La 572.8 1.85¢ +4 | 20.39 | 27.18 21.6
Mn La 637.4 1.63e +4 | 25.37 | 26.59 19.5
F Ka 676.8 1.5le+4 | 27.71 | 26.17 18.3
Fe La 705.0 1.43e +4 | 29.33 | 25.90 17.6
Co La 776.2 1.22e +4 | 33.07 | 24.29 16.0
Ni La 851.5 1.02¢e +4 | 35.85 | 22.24 14.6
Cu La 929.7 | 8.32¢+3 | 37.82 [ 19.83 13.3
Zn Lo 1011.7 | 6.92¢ +3 | 39.04 | 17.96 12.3
Na Ka 1041.0 | 6.50e +3 | 39.41 | 17.33 11.9
Ge La 1188.0 | 4.81e +3 | 40.59 | 14.64 10.4
Mg Ka 1253.6 | 4.25e+3 | 40.91 | 13.67 9.9
Al Ka 1486.7 | 2.88e +3 | 41.59 | 10.99 8.3
Si Ka 1740.0 | 1.97e + 3 | 41.77 8.78 7.1
Zr La 2042.4 1.32¢ +3 | 4148 6.93 6.1
Mo La 2293.2 | 9.91e+ 2 | 41.01 5.83 5.4
Cl Ka 26224 | 7.09e +2 | 40.06 4.76 4.7
Ag La 2984.3 | 5.14e+2 | 38.24 3.93 4.2
Ca Ka 3691.7 | 1.35e +3 | 37.73 | 12.82 34
Ti Ka 4510.8 | 9.49e+ 2 | 44.35 | 10.97 2.7
V Ka 49522 | 7.49e+ 2 | 45.55 9.50 2.5
Cr Ka 5414.7 | 5.95¢ + 2 | 46.28 8.25 2.3
Mn Ka 5898.8 | 4.75e +2 | 46.71 7.19 2.1
Co Ka 6930.3 | 3.10e +2 | 47.10 5.50 1.8
Ni Ka 7478.2 | 2.52e+ 2 | 47.16 4.84 1.7
Cu Ka 8047.8 | 2.07e +2 | 47.16 4.27 1.5
Ge Ka 9886.4 | 1.18¢ + 2 | 47.01 2.99 1.3
Y Ka 14988.0 | 3.76e+ 1 | 46.41 1.44 0.8
Mo Ka 17479.0 | 2.46e+1 | 46.13 1.10 0.7
Pd Ka 21177.0 | 1.44e+1 | 45.61 0.78 0.6
Sn Ka 25271.0 | 1.20e+1 | 43.27 0.78 0.5
Xe Ka 29779.0 | 3.67e+1 | 46.14 2.80 0.4

Silver (Ag)
Z=47
Atomic Weight = 107.868
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Lip 3381.1eV My 873.0 eV® Ny 58.3 eV®
Mpy 374.0 eV?
My 368.0 eV®

References: 2, 4, 7, 17, 24, 25, 27, 28, 48, 52, 58, 65, 73, 79, 99, 122, 123, 127, 131, 175, 185, 188, 200, 201, 202, 222, 223, 232.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV

fta (barns/atom) = pu(cm?/gm) x 186.67
E(keV)u(cm?/gm) = f; x 374.32

See page 211 for Explanation of Tables

Line E(eV) |u(cm?/gm)| f; f2 A (A)
H 102 | 1.55e + 4 0.42 | 1215
He I 21.2 | 5.16e + 4 2.93 | 5843
Na L2 30.5 | 7.98e +4 6.49 | 407.2
Mg Los 49.3 | 9.00e + 4 11.86 | 251.5
Al L2 724 | T.T4e+4 | 12,58 | 14.97 | 171.2
Si Lags 91.5 | 5.95e+44 | 18.87 | 14.55 | 135.5
Be K 108.5 | 3.24e +4 | 23.53 9.38 114.3
Sr M(¢ 114.0 | 2.48¢ +4 | 23.76 7.57 | 108.8
Y M(¢ 132.8 | 9.53e+3 | 21.40 3.38 93.4
Zr M(¢ 151.1 | 4.76e+ 3 | 19.17 1.92 82.1
B Ka 183.3 | 5.40e +3 | 16.58 2.64 67.6
Mo M(¢ 192.6 | 5.68¢ +3 | 16.26 2.92 64.4
Ar L¢ 220.1 | 6.28e 4+ 3 | 15.73 3.69 56.3
C Ka 277.0 | 6.03e+3 | 15.35 4.46 44.8
Ag M(¢ 311.7 | 5.36e+3 | 14.68 4.47 39.8
N Ka 3924 | 4.40e+ 3 9.92 4.61 31.6
Ti La 452.2 | 1.12¢ 44 0.99 | 13.53 27.4
V La 511.3 | 1.98e+4 [ 12.22 | 27.07 24.2
O Ka 5249 | 1.92e +4 | 14.66 | 26.87 23.6
Cr La 5728 | 1.68¢+4 | 18.86 | 25.66 21.6
Mn Lo 637.4 | 1.53e4+4 | 23.07 | 26.11 19.5
F  Ka 676.8 | 1.45e +4 | 25.46 | 26.21 18.3
Fe La 705.0 | 1.39e +4 | 27.16 | 26.12 17.6
Co La 776.2 | 1.23e+4 | 31.14 | 2547 16.0
Ni La 851.5 | 1.04e+4 { 34.83 | 23.75 14.6
Cu Lo 929.7 | 8.7le+3 | 37.20 | 21.64 13.3
Zn La 1011.7 | 7.2Te+3 | 38.99 | 19.66 12.3
Na Ka 1041.0 | 6.82e+3 | 39.51 | 18.96 11.9
Ge La 1188.0 | 5.0le+ 3 | 41.08 | 15.90 10.4
Mg Ka 1253.6 | 4.42e+3 | 41.48 | 14.80 9.9
Al Ka 1486.7 | 2.98¢e +3 | 42.19 | 11.82 8.3
Si Ka 1740.0 | 2.10e+ 3 | 42.49 9.75 7.1
Zr La 2042.4 | 1.44e+3 | 42.54 7.86 6.1
Mo La 2293.2 | 1.08¢ +3 | 42.34 6.61 5.4
Cl Ka 26224 | 7.54e +2 | 41.70 5.28 4.7
Ag Lo 2984.3 | 5.18¢ +2 | 40.36 4.13 4.2
Ca Ka 3691.7 | 1.23e+3 | 34.93 | 12.12 3.4
Ti Ka 4510.8 | 1.0le+3 | 44.30 | 12.16 2.7
V Ka 4952.2 | 7.95e+2 | 45.97 | 10.52 2.5
Cr Ka 5414.7 | 6.3le+2 | 46.93 9.13 2.3
Mn Ko 5898.8 | 5.04e 42 | 47.52 7.95 2.1
Co Ka 6930.3 | 3.29e 42 | 48.07 6.09 1.8
Ni Ka 7478.2 | 2.68e +2 | 48.17 5.36 1.7
Cu Ka 8047.8 | 2.20e +2 | 48.21 4.73 1.5
Ge Ko 9886.4 | 1.25¢ + 2 | 48.15 3.31 1.3
Y Ka 14988.0 | 3.94e +1 | 47.50 1.58 0.8
Mo Ka 17479.0 | 2.57e+1 | 47.21 1.20 0.7
Pd Ka 211770 | 1.5le+1 | 46.75 0.85 0.6
Sn Ko 25271.0 | 9.23e+0 | 45.70 0.62 0.5
Xe Ka 29779.0 | 3.79e -+ 1 | 46.75 3.02 0.4

References: 24, 25, 48, 54, 178, 207.

Cadmium (Cd)

Z =48

Atomic Weight = 112.411
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B. L. HENKE, E. M, GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

tia(barns/atom) = p(cm?/gm) x 190.67
E(keV)u(cm?/gm) = fo x 366.47

Line E(eV) |u{cm?/gm) f1 fa 2 (A)
H 10.2 7.36e + 4 2.05 1215
He 1 21.2 | 3.00e +4 1.74 584.3
Na L2 30.5 5.8le + 4 4.83 407.2
Mg L2.3 49.3 1.04e + 5 14.02 251.5
Al La3 72.4 10le+ 5 8.32 | 19.90 171.2
Si Lags 91.5 | 9.00e +4 | 21.96 | 22.47 135.5
Be K 108.5 4.08e¢ +4 | 27.30 12.07 114.3
Sr M( 114.0 3.12e + 4 27.02 9.71 108.8
Y M 132.8 1.28e +4 | 25.21 4.62 93.4
Zr M(¢ 151.1 4.53e + 3 21.46 1.87 82.1
B Ka 183.3 5.06e + 3 17.91 2.53 67.6
Mo M( 192.6 5.45e +3 | 17.39 2.87 64.4
Ar L¢ 220.1 6.56e + 3 | 16.48 3.94 56.3
C Ka 277.0 7.40e + 3 16.23 5.59 44.8
Ag M¢ 311.7 | 6.89¢e +3 | 16.33 5.86 39.8
N Ka 392.4 4.98e +3 | 14.07 5.33 31.6
Ti Le 452.2 | 4.96e + 3 5.34 6.12 27.4
V La 511.3 1.68e + 4 8.61 | 23.40 24.2
O Ka 524.9 1.71e +4 | 11.17 | 24.55 23.6
Cr La 572.8 1.58¢ +4 | 17.58 | 24.65 21.6
Mn La 637.4 1.37¢e +4 | 20.43 | 23.81 19.5
F Ka 676.8 1.48¢ + 4 21.06 27.38 18.3
Fe La 705.0 1.48e +4 | 25.14 | 28.53 17.6
Co La 776.2 1.24e +4 | 30.26 | 26.22 16.0
Ni La 851.5 1.09¢e +4 | 33.90 { 25.39 14.6
Cu La 929.7 9.20e +3 | 37.09 | 23.35 13.3
Zn La 1011.7 7.70e +3 | 39.25 | 21.25 12.3
Na Ka 1041.0 7.22e +3 | 39.87 | 20.50 11.9
Ge La 1188.0 | 5.32e+3 | 41.79 | 17.24 10.4
Mg Ka 1253.6 | 4.70e +3 | 42.31 | 16.07 9.9
Al Ka 1486.7 | 3.17e 4+ 3 | 43.34 12.86 8.3
Si Ka 1740.0 2.20e +3 | 43.77 10.46 7.1
Zr La 2042 .4 1.5le+3 | 43.81 8.41 6.1
Mo La 2293.2 1.14e + 3 | 43.62 7.14 5.4
Cl Ka 2622.4 | 8.2le+ 2 | 43.13 5.87 4.7
Ag La 2984.3 5.93e 42 | 42.21 4.83 4.2
Ca Ka 3691.7 | 6.0de 4+ 2 | 35.05 6.08 3.4
Ti Ka 4510.8 1.03e +3 | 44.08 | 12.62 2.7
V Ka 4952.2 8.10e + 2 | 46.28 | 10.95 2.5
Cr Ko 5414.7 | 6.44e + 2 | 4749 9.52 2.3
Mn Ka 5898.8 5.16e + 2 | 48.20 8.30 2.1
Co Ka 6930.3 | 3.37e +2 | 48.89 6.37 1.8
Ni Ka 7478.2 2.75¢ + 2 | 49.03 5.61 1.7
Cu Ka 8047.8 2.26e + 2 | 49.10 4.96 1.5
Ge Ka 9886.4 1.30e + 2 | 49.02 3.50 1.3
Y Ka 14988.0 4.19e + 1 48.54 1.71 0.8
Mo Ka 17479.0 2.74e +1 | 48.29 1.31 0.7 K
Pd Ka 21177.0 1.6le +1 | 47.88 0.93 0.6
Sn Ka 25271.0 9.85e 4+ 0 | 47.16 0.68 0.5
Xe Ka 29779.0 3.97e +1 | 47.02 3.23 04

References: 58, 99.
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV

sta(barns/atom) = u(cm?/gm) x 197.13
E(keV)u(cm?/gm) = fa x 354.46

See page 211 for Explanation of Tables

Line E(eV) |u(ecm?/gm) f1 f2 X (A)
H 10.2 | 1.37e+5 3.93 1215
He I 21.2 | 1.02e+ 4 0.61 584.3
Na Lag3 30.5 | 5.36e+ 4 4.60 407.2
Mg Los 49.3 | 9.29e + 4 12.92 | 2515
Al L2gs 724 | 1.19e+5 6.91 | 24.24 171.2
Si Lags 91.5 | 9.32¢e +4 | 19.10 | 24.05 | 135.5
Be K 108.5 | 5.Tle+4 | 27.71 | 17.47 114.3
Sr M(¢ 1140 | 4.49e+4 | 2834 | 14.45 108.8
Y M¢ 132.8 | 1.86e +4 | 27.28 6.98 93.4
Zr M( 151.1 6.99¢ + 3 | 24.48 2.98 82.1
B Ka 183.3 | 5.18¢ +3 | 19.15 2.68 67.6
Mo M( 192.6 | 5.76e+ 3 | 18.56 3.13 64.4
Ar L{ 220.1 | 6.88¢e+3 | 17.59 4.27 56.3
C Ka 277.0 | 7.36e+3 | 17.40 5.75 44.8
Ag M(¢ 311.7 | 6.86e+3 | 17.54 6.03 39.8
N Ka 392.4 | 5.02¢e+3 | 16.27 5.55 31.6
Ti La 452.2 | 4.19e +3 | 12.45 5.35 274
V La 511.3 | 9.12¢ + 3 2.15 | 13.16 24.2
0 Ka 5249 | 1.27e + 4 2.87 | 18.77 23.6
Cr La 572.8 | 1.60e+4 | 12.79 | 25.90 21.6
Mn La 6374 | 1.43e+4 | 20.14 | 25.71 19.5
F Ka 676.8 1.32e +4 | 22.17 | 25.17 18.3
Fe La 705.0 1.26e +4 | 22.29 | 24.97 17.6
Co La 776.2 1.32¢ +4 | 27.40 | 28.80 16.0
Ni La 851.5 1.13e +4 | 32.60 | 27.24 14.6
Cu Lo 929.7 | 9.79¢e+3 | 36.01 | 25.68 13.3
Zn La 1011.7 | 8.05e -+ 3 | 39.47 | 22.97 12.3
Na Ka 1041.0 | 7.55e+ 3 | 40.03 | 22.17 11.9
Ge Lo 1188.0 | 5.57e+3 | 42.19 | 18.67 10.4
Mg Ka 1253.6 | 4.92e +3 | 42.80 | 17.41 9.9
Al Ka 1486.7 | 3.33e +3 | 44.05 | 13.97 8.3
Si Ka 1740.0 | 2.33e +3 | 44.63 | 11.42 7.1
Zr La 2042.4 | 1.60e + 3 | 44.82 9.22 6.1
Mo La 2293.2 1.21e+ 3 | 44.75 7.85 5.4
Cl Ka 26224 | 8.73e +2 | 44.39 6.46 4.7
Ag La 2984.3 | 6.29e¢ + 2 | 43.68 5.30 4.2
Ca Ka 3691.7 | 3.57e +2 | 40.08 3.72 3.4
Ti Ka 4510.8 | 1.06e +3 | 42.35 | 13.52 2.7
V Ka 4952.2 | 8.50e + 2 | 46.09 | 11.87 2.5
Cr Ka 5414.7 | 6.82e +2 | 47.73 | 10.42 2.3
Mn Ko 5898.8 | 5.49¢e + 2 | 48.71 9.14 2.1
Co Ka 6930.3 | 3.62e 4+ 2 | 49.70 7.07 1.8
Ni Ka 7478.2 | 2.96e+ 2 | 49.93 6.24 1.7
Cu Ka 8047.8 | 2.43e+ 2 | 50.07 5.52 1.5
Ge Ka 9886.4 | 1.39e+ 2 | 50.12 3.88 1.3
Y Ka 14988.0 | 4.40e+1 | 49.61 1.86 0.8
Mo Ka 17479.0 | 2.87e+1 | 49.35 1.41 0.7
Pd Ko 21177.0 | 1.68e+1 | 48.95 1.01 0.6
Sn Ka 25271.0 | 1.03e+1 | 48.32 0.74 0.5
Xe Ka 29779.0 | 4.0le+1 | 47.03 3.37 0.4
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4464.7 eV Mp 884.7 eV’
4156.1 eV My 756.5 eV®
3928.8eV  Mjy 714.6 eV®
My 493.2 eV?
My 484.9 eV®

References: 1, 2, 4, 12, 17, 21, 24, 33, 52, 58, 95, 96, 99, 101, 110, 122, 131, 175, 198, 216, 229.

262

10000

N; 137.1 eV®
Ny 83.6eV®
Nip 83.6eV®
Ny 249 eV®
Ny 23.9eV®
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B. L. HENKE. E. M. GULLIKSON. and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = p(cm?/gm) x 202.19
E(keV)u(cm?/gm) = fa x 345.59

Line E(eV) |u(cm?/gm)| fi f2 A (A)
H 10.2 34le+ 5 10.06 1215
He 1 21.2 1.89¢ + 4 1.16 584.3
Na Lz 30.5 6.34e + 3 0.56 407.2
Mg L2ga 49.3 | 5.50e + 4 7.85 251.5
Al L2 724 | 1.08¢e+5 3.63 | 22.55 171.2
Si Lags 91.5 | 9.46e + 4 19.89 | 25.04 135.5
Be K 108.5 | 5.14e + 4 29.69 | 16.13 114.3
Sr M(¢ 1140 | 3.63e + 4 30.04 | 11.96 108.8
Y M(¢ 132.8 | 7.84e+ 3 25.36 3.01 93.4
Zr M(¢ 151.1 | 4.93e+3 20.70 2.15 82.1
B Ka 183.3 | 6.85¢ +3 18.00 3.63 67.6
Mo M( 1926 | 7.03e+ 3 17.74 3.92 64.4
Ar L¢ 220.1 7.03¢e +3 17.30 4.48 56.3
C Ka 277.0 6.57¢ + 3 16.77 5.27 44.8
Ag M( 311.7 | 6.0le+3 | 16.44 | 542 | 308
N Ka 3924 | 5.00e + 3 14.53 5.68 31.6
Ti L« 452.2 | 419+ 3 10.89 5.48 27.4
V La 511.3 | 3.54e¢ + 3 -3.83 5.24 24.2
0O Ka 5249 | 7.83e+3 | -12.58 | 11.89 23.6
Cr La 572.8 | 2.18e + 4 13.22 | 36.13 21.6
Mn La 6374 | 1.70e + 4 24.16 | 31.36 19.5
F Ka 676.8 | 1.47e + 4 27.15 | 28.79 18.3
Fe La 705.0 | 1.35e + 4 28.41 | 27.48 17.6
Co La 776.2 1.12¢ + 4 29.52 | 25.05 16.0
Ni La 851.5 1.1le + 4 32.09 | 27.37 14.6
Cu La 929.7 | 9.54¢ + 3 36.11 | 25.67 13.3
Zn La 1011.7 | 8.41e+ 3 38.97 | 24.62 12.3
Na Ka 10410 | 7.92e + 3 40.09 | 23.85 11.9
Ge La 1188.0 | 5.86e+ 3 43.04 | 20.14 10.4
Mg Ka 1253.6 | 5.18¢ + 3 43.80 | 18.80 9.9
Al Ka 1486.7 | 3.51e + 3 45.40 | 15.12 8.3
Si Ka 1740.0 2.43e + 3 46.15 12.25 71
Zr La 2042.4 | 1.66e + 3 46.39 9.83 6.1
Mo La 2293.2 1.26e + 3 46.34 8.35 5.4
Cl Ka 2622.4 | 9.04e + 2 46.04 6.86 4.7
Ag La 2984.3 | 6.53e + 2 45.47 5.64 4.2
Ca Ka 3691.7 | 3.74e + 2 43.12 3.99 3.4
Ti Ka 4510.8 | 9.52e + 2 42.04 | 1242 2.7
V Ka 4952.2 8.63e + 2 45.97 | 12.36 2.5
Cr Ka 5414.7 | 6.88e + 2 48.21 | 10.78 2.3
Mn Ko 5898.8 | 5.52e + 2 49.40 9.42 2.1
Co Ka 6930.3 | 3.62e + 2 50.55 7.26 1.8
Ni Ka 7478.2 | 2.96e + 2 50.81 6.40 1.7
Cu Ka 8047.8 | 2.43e+ 2 50.97 5.66 1.5
Ge Ka 9886.4 | 1.40e + 2 51.06 3.99 1.3
Y Ka 14988.0 | 4.48e¢+1 50.62 1.94 0.8
Mo Ka 174790 | 2.93e +1 50.37 1.48 0.7
Pd Ka 211770 | 1.72e + 1 50.02 1.06 0.6
Sn Ka 25271.0 | 1.06e + 1 49.52 0.77 0.5
Xe Ka 29779.0 | 6.68e + 0 48.20 0.58 0.4

References: 58, 208.
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Antimony (Sb)
Z =51
Atomic Weight = 121.757
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Atomic Data and Nuclear Data Tables, Vol. 54, No. 2, July 1993



B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, £ = 50-30,000 eV
See page 211 for Explanation of Tables

Tellurium (Te)

#a (barns/atom) = p(cm?/gm) x 211.89 Z=52
E(keV)u{cm?/gm) = f; x 329.77 Atomic Weight = 127.600
Line E(eV) |u(ecm?/gm)| £ fa A (A)

3} 102 | 3.5 + 5 973 | 1215

He I 21.2 | 4.47e+4 2.87 | 584.3 o , ‘

Na Lz 30.5 | 8.50e +3 0.78 | 4072 © N | !

Mg L2 49.3 | 2.36e + 4 3.53 | 251.5 2 _ _ | —— A

Al Lag 724 | 9.08e+4 | -3.10 | 19.94 | 171.2 I S

Si Logs 91.5 | 1.12+5 | 10.89 | 31.01 | 135.5 = - - f h

Be K 108.5 | 7.40e +4 | 3062 | 24.35 | 114.3 ° A f

Sr M(¢ 114.0 | 5.39e +4 | 32.73 | 18.65 | 1088 — & - rTAr T T

Y M 1328 | 1.28e+4 | 2846 | 516 | 93.4 ! \ Y

Zr M 1511 | 4.93e+3 | 2274 | 2.26 | 82.1 Q \ ; -

B Ka 1833 | 5.24e+3 | 1815 | 2.91 | 67.6 o a e —\ L ,A

Mo M( 1926 | 5.75e +3 | 17.48 | 3.36 | 64.4 = [ |

Ar L¢ 220.1 | 7.0le+3 | 1648 | 4.68 | 56.3 ° J ] R

C Ka 277.0 | 7.75e +3 | 1639 | 6.51 | 44.8

Ag M( 311.7 | 742 +3 | 16.55 | 7.01 | 39.8 10 100 1000 10000

N Ka 392.4 | 5.96e+3 | 1660 | 7.09 | 31.6 1 e s e e e s

Ti La 4522 | 4.68e+3 | 1451 | 6.41 | 274 A LN ,,J,,H, | i

V La 511.3 | 4.0le+3 | 943 | 6.22 | 24.2 LAY -~ N | ‘ I

0 Ka 5249 | 3.94e+3 | 7.27 | 628 | 236 \

Cr La 572.8 | 1.33e+4 | -13.88 | 23.09 | 21.6 =) . L )

Mn La 6374 | 1.75e+4 | 1743 | 3378 | 195 SO S RS

F Ka 676.8 | 1.56e +4 | 22.36 | 32.02 18.3 b A ] 11 /-

Fe La 7050 | 1.4de+4 | 25.03 | 3074 | 17.6 \ /

Co La 776.2 | 1.18e+4 | 28.19 | 27.80 | 16.0 : e

Ni La 851.5 | 1.13e+4 | 3073 | 29.18 | 14.6 _ \

Cu La 929.7 | 98le+3 | 35.23 | 2765 | 13.3 P\ =

Zn Lo 1011.7 | 8.62e+3 | 3835 | 26.45 | 123 i iSRS =SS

Na Ka | 1041.0 | 812 +3 | 3960 | 2564 | 11.9 10 100

Ge La 1188.0 | 6.03e+3 | 42.94 | 21.71 | 104

Mg Ko | 1253.6 | 5.34e+3 | 43.82 | 20.29 9.9 ©

Al Ka | 1486.7 | 3.63e+3 | 45.73 | 16.37 8.3 o

Si Ka | 1740.0 | 2.5le-+3 | 46.69 | 13.25 7.1 ¥

Zr La 2042.4 | 1.70e +3 | 47.04 | 10.55 6.1 € o

Mo La 2293.2 | 1.28e+3 | 47.00 | 8.89 5.4 o =

Cl Ka | 26224 | 912 +2 | 4667 | 7.26 47 NE -

Ag La 2084.3 | 6.57e +2 | 46.07 | 5.95 4.2 S

Ca Ka | 3691.7 | 3.82e+2 | 44.04 | 427 3.4 —

Ti Ka | 45108 | 7.83e+2 | 39.33 | 10.71 2.7 3

V Ka | 49522 | 9.00e+2 | 43.71 | 13.51 2.5 ©

Cr Ka | 5414.7 | 7.7le+2 | 4767 | 12.66 2.3

Mn Ka | 5898.8 | 6.22¢+2 | 49.48 | 11.13 2.1 S

Co Ka | 69303 | 41le+2 | 5123 | 864 | 1.8 10 100 1000 10000

Ni Ka | 74782 | 3.37e+2 | 51.66 | 7.63 1.7 E (eV)

Cu Ko | 8047.8 | 2.77e +2 | 51.92 | 6.76 1.5

Ge Ka | 98864 | 1.50e+2 | 5220 | 4.78 1.3 .

Y Ka | 14988.0 | 508e+1 | 51.81 | 231 | 0.8 Edge Energlef .

Mo Ka | 17479.0 | 3.32¢e+1 | 51.56 1.76 0.7 Ly 49392 eV M  1006. eVb Ny 1694 eVb

Pd Ka | 21177.0 | 1.95e+1 | 51.20 | 1.25 0.6 Lip  4612.0eV. My 870.8eV: Ny 103.3 eV

Sn Ke | 25271.0 | L.19e-+1 | 50.76 | 0.91 0.5 L 4341.4eV My 8200eV Ny 103.3 eV

M 583.4 eV N 41.9 eV
. . 49. . . v v
Xe Ka | 29779.0 | 7.58e+0 | 49.91 | 0.68 0.4 My 730t N 404 oVt

References: 24, 25, 39, 58, 101, 102, 173.
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30.,000 eV
See page 211 for Explanation of Tables

fta(barns/atom) = p(cm?/gm) x 210.73
E(keV)u(cm?/gm) = £y x 331.57

Line E(eV) |pu(cm?/gm) f, fa A (A)
H 10.2 2.44e + 5 7.51 1215
He 1 21.2 8.62¢ + 4 5.52 584.3
Na Laga 305 1.90e + 4 1.74 407.2
Mg Lo 493 | 3.72% + 4 5.54 | 251.5
Al Laga 724 | 6.09¢e+4 | -6.00 | 13.29 171.2
Si Laa 91.5 1.10e 4 5 5.94 | 30.26 135.5
Be K 108.5 8.7le +4 | 24.98 | 28.50 114.3
Sr M(¢ 114.0 | 6.87e +4 | 29.52 | 23.63 108.8
Y M(¢ 132.8 2.82¢ +4 | 30.61 11.29 93.4
Zr M(¢ 151.1 1.20e+4 [ 27.71 5.49 82.1
B Ka 183.3 4.36e + 3 21.66 2.41 67.6
Mo M( 192.6 4.54e + 3 20.55 2.64 64.4
Ar L¢ 220.1 5.63e + 3 18.65 3.74 56.3
C Ka 277.0 7.32e +3 17.74 6.12 44.8
Ag M(¢ 311.7 7.36e + 3 18.19 6.92 39.8
N Ka 392.4 6.08¢ + 3 18.52 7.19 31.6
Ti Lo 452.2 5.04¢ + 3 17.66 6.87 274
V La 511.3 4.15e + 3 15.29 6.40 24.2
0O Ka 524.9 3.97e + 3 14.37 6.29 23.6
Cr La 572.8 3.44e + 3 8.70 5.95 21.6
Mn Lo 637.4 2.03e+4 0.11 39.11 19.5
F Ka 676.8 1.73¢e +4 | 17.59 | 35.24 18.3
Fe La 705.0 1.56e +4 | 22.10 | 33.23 17.6
Co La 776.2 1.24e +4 | 28.09 | 29.10 16.0
Ni La 851.5 1.04e + 4 29.47 26.65 14.6
Cu La 929.7 1.05¢ +4 | 32.73 29.45 13.3
Zn La 1011.7 8.88¢ +3 | 37.71 27.11 12.3
Na Ka 1041.0 | 8.37e +3 | 38.64 | 26.29 11.9
Ge La 1188.0 | 6.47e +3 | 42.18 23.17 10.4
Mg Ka 1253.6 5.8le +3 | 43.45 21.97 9.9
Al Ka 1486.7 3.96e + 3 | 46.17 17.77 8.3
Si Ka 1740.0 2.76e +3 | 47.43 14.47 7.1
Zr La 2042.4 1.8%¢ + 3 48.01 11.67 6.1
Mo La 2293.2 1l.44e + 3 48.15 9.95 5.4
Cl Ka 2622.4 1.04e + 3 48.05 8.23 4.7
Ag La 2984.3 7.58e + 2 47.69 6.82 4.2
Ca Ka 3691.7 4.43e + 2 46.31 4.93 3.4
Ti Ka 4510.8 2.62e +2 | 37.08 3.56 2.7
V Ka 4952.2 8.6%9e + 2 | 42.74 12.98 2.5
Cr Ka 5414.7 | 8.0le+ 2 | 47.42 | 13.09 2.3
Mn Ka 5898.8 6.45¢ + 2 | 49.91 11.47 2.1
Co Ka 6930.3 4.24e+2 | 51.99 8.87 1.8
Ni Ka 7478.2 3.47e + 2 52.48 7.83 1.7
Cu Ka 8047.8 2.86e + 2 | 52.79 6.93 1.5
Ge Ka 9886.4 1.64e + 2 53.12 4.90 1.3
Y Ka 14988.0 5.29¢ + 1 52.80 2.39 0.8
Mo Ka 17479.0 3.46e +1 | 52.57 1.83 0.7
Pd Ka 21177.0 2.04e +1 | 52.23 1.30 0.6
Sn Ka 25271.0 1.25e +1 | 51.84 0.95 0.5
Xe Ka 29779.0 7.90e +0 | 51.20 0.71 0.4

References: 29, 165.

Todine (T)
Z =53
Atomic Weight = 126.904
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Edge Energies
Ly 5188.1 eV Mp 1072. eV® Ni 186. eV®
Ly  4852.1 ¢V My 931, eV® Ny 123. eV®
Lypp 4557.1 eV Mir 875, eV©® Nypp 123, eV®
Mpy 631. eV? Nyv 50. eV®
My 620. eV?® Nv 50. eV*®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, F = 50-30,000 eV
See page 211 for Explanation of Tables

Xenon (Xe)
po(barns/atom) = pu(cm?/gm) x 218.02 Z=54
E(keV)u(ecm?/gm) = f2 x 320.50 Atomic Weight = 131.290

Line E(eV) |u(cm?/gm) fi fa A(A)
H 10.2 1215
He I 21.2 | 1.38¢+5 9.17 | 584.3 o
Na Lga 305 | 3.3le+4 3.15 | 407.2 ©
Mg Lo 49.3 | 6.35e + 3 0.98 | 251.5 o
Al Lag 724 | 3.35e+4 | -7.76 | 7.57 | 171.2 o
Si Lags 91.5 | 1.15e+5 | -2.61 | 32.92 | 135.5 Q
Be K 108.5 | 1.12e+5 | 22.31 | 37.99 | 114.3
Sr Mc 114.0 | 9.53¢e +4 | 30.16 | 33.90 | 108.8 w8
Y M(¢ 1328 | 3.22¢e+4 | 3598 | 13.36 | 93.4
Zr M( 151.1 | 1.10e+4 | 30.40 | 5.20 | 82.1 <
B Ka 1833 | 4.17e+3 | 2281 | 238 | 676 o
Mo M( 192.6 | 4.30e +3 | 21.58 | 2.58 | 64.4 -
Ar Lt 220.1 | 5.55e+3 | 19.20 | 3.81 56.3 o
C Ka 277.0 | 7.58¢+3 | 18.48 | 6.55 | 44.8
Ag M( 311.7 | 7.52¢+3 | 19.03 | 7.31 39.8
N Ka 3924 | 6.34e+3 | 19.53 | 7.77 | 316
Ti La 452.2 | 5.52e+3 | 19.37 | 7.78 | 274
V La 511.3 | 4.58e +3 | 18.37 | 7.31 24,2
0 Ka 524:9 | 4.40e+3 | 1794 | 7.21 23.6
Cr La 572.8 | 3.86e+3 | 1559 [ 6.91 21.6
Mn La 637.4 | 3.28¢+3 777 | 6.53 19.5 o
F Ka 676.8 | 1.66e+4 | -16.30 | 35.04 18.3 -
Fe La 705.0 | 1.7le + 4 8.85 | 37.62 17.6
Co La 776.2 | 1.34e+4 | 24.12 | 32.53 16.0
Ni La 851.5 | 1.08e+4 | 29.02 | 28.59 14.6
Cu La 929.7 | 9.78¢+3 | 29.17 | 28.38 13.3 R
Zn La 1011.7 | 9.27e +3 | 35.16 | 29.25 12.3 -
Na Ka 1041.0 | 8.78¢ +3 | 36.55 | 28.50 11.9 10 100
Ge La 1188.0 | 6.84e+3 | 41.24 | 25.35 10.4
Mg Ka 1253.6 | 6.17e +3 | 42.87 | 24.12 9.9 ©
Al Ka 1486.7 | 4.20e +3 | 46.27 | 19.49 8.3 .
Si Ka 1740.0 | 2.94e +3 | 47.86 | 15.98 7.1 e
Zr La 2042.4 | 2.03e+3 | 48.72 | 12.96 6.1 ’g .
Mo La 2293.2 | 1.55e+3 | 49.02 | 11.08 5.4 S 2
Cl Ka 2622.4 | 1.12¢ +3 | 49.06 | 9.19 4.7 o s
Ag La 2984.3 | 8.19¢+2 | 48.83 | 7.63 4.2 g =
Ca Ka 3691.7 | 4.79¢ +2 | 47.75 | 5.52 3.4 ~=
Ti Ka 4510.8 | 2.82e +2 | 44.33 | 3.97 2.7 3~
V Ko 49522 | 6.87e +2 | 40.89 | 10.61 2.5 "
Cr Ka 5414.7 | 7.4le+2 | 45.16 | 12,51 2.3 -
Mn Ka 5898.8 | 6.89e +2 | 49.60 | 12.67 2.1 Q
Co Ka 6930.3 | 4.55¢+2 | 52.51 | 9.84 1.8
Ni Ka 7478.2 | 3.73¢+2 | 53.18 | 8.70 1.7
Cu Ka 8047.8 | 3.07e+2 | 53.61 | 7.72 1.5
Ge Ka 9886.4 | 1.77e+2 | 54.12 | 5.47 1.3
Y Ko | 14988.0 | 5.7le+1 | 53.90 | 2.67 0.8 Edge Energies
Mo Ko | 17479.0 | 3.74e +1 | 53.67 | 2.04 0.7 | Ly 54528eV My 1148.7eV® Nj 213.2eV® Op 233 eV®
Pd Ka 21177.0 | 2.20e+1 53.34 1.46 0.6 Lijy 5103.7 eV My 1002.1 eV?  Njp  146.7 eV O 13.4eV°®
Sn Ka | 25271.0 | 1.35e +1 | 52.97 | 1.06 05 | L 4782.2eV xm g;g-g exz gm lég-g ex: Omr 12.1eV*®
De 0 e
Xe Ka | 29779.0 | 8.55¢+0 | 52.45 | 0.79 0.4 Mx\y 080 e NIJ o

References: 11, 22, 74, 82, 89, 93, 97, 101, 111, 118, 137, 140, 151, 153, 186, 218.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, £ = 50-30,000 eV
See page 211 for Explanation of Tables

Cesium (Cs)

fo(barns/atom) = u(cm?/gm) x 220.70 Z =55
E(keV)u(cm?/gm) = f, x 316.60 Atomic Weight = 132.905
Line E(eV) |u(cm?/gm) i fa A(A)
H 10.2 | 1.30e + 3 0.04 | 1215
He 1 21.2 | 1.83e +5 12.27 | 584.3 o
Na Lgs 305 | 4.8le+4 4.63 | 407.2 © ‘ \ mhr ] ‘ |
Mg Log 49.3 | 6.70e + 3 1.04 | 2515 o ‘ B T T
Al Laga 724 | 7.81e+3 | -2.10 | 1.79 | 171.2 o
Si Lgg 91.5 | 9.53¢+4 | -9.76 | 27.54 | 1355 S - A bt ——
Be K 108.5 | 1.25e+5 | 16.41 | 42.82 | 1143 \
Sr M(¢ 114.0 | 1.16e +5 | 26.92 | 41.62 | 108.8 - 8 H
Y M(¢ 132.8 | 4.27e+4 | 41.06 | 17.89 | 93.4 \\, |
Zr M(¢ 151.1 | 1.18e+4 | 34.73 | 561 | 821 < N
B Ka 183.3 | 3.91e+3 | 26.17 | 227 | 676 o A ne 7
Mo M( 192.6 | 4.02¢e+3 | 24.84 | 245 | 64.4 - N ‘ | '}
Ar Lf 220.1 | 4.69¢+3 | 22.33 | 3.26 | 56.3 o LN | s L
C Ka 277.0 | 6.50e +3 | 2088 | 569 | 44.8
Ag M( 311.7 | 6.78¢+3 | 21.07 | 6.67 | 39.8 10 100 1000 10000
N Ka 3924 | 6.15¢+3 [ 21.91 | 7.62 | 31.6 8 : : — —
Ti La 452.2 | 5.36e+3 | 22.21 | 7.65 | 27.4 - : - —T
V La 5113 | 4.59¢ +3 | 21.74 | 7.41 | 24.2 T T 1 T
0 Ka 524.9 | 4.44e+3 | 21.55 | 7.36 | 236 \ H 1]
Cr La 572.8 | 3.92¢+3 | 2046 | 7.10 | 21.6 \ N\ S
Mn La 6374 | 3.34e+3 | 17.31 | 6.73 | 195 ~ol]l N\ \ \ \
F Ka 6768 | 3.03e+3 | 13.14 | 648 | 183 - X 1 N —
Fe La 705.0 | 2.85¢+3 | 4.88 | 6.35 | 17.6 1\ i —N N
Co La 776.2 | 1.36e+4 | 18.30 | 33.23 | 16.0 ‘\ / N
Ni La 851.5 | 1.08e+4 | 27.55 | 29.17 | 14.6 B vV L \
Cu La 929.7 | 892¢+3 | 3091 | 26.19 | 13.3 I \ : ; { \
Zn La 1011.7 | 9.27e+3 | 30.14 | 29.62 | 12.3 - N | ‘ auiINn
Na Ka 1041.0 | 8.71e +3 | 34.27 | 28.63 11.9 10 100 1000 10000
Ge La 1188.0 | 6.77e +3 | 40.25 | 25.40 | 104
Mg Ka 1253.6 | 6.06e +3 | 41.85 | 23.99 9.9
Al Ka 1486.7 | 4.37e +3 | 45.47 | 20.52 8.3
Si Ka 1740.0 | 3.12e + 3 | 48.20 | 17.12 7.1
Zr La 20424 | 2.14e + 3 | 49.50 | 13.78 6.1
Mo La 2293.2 | 1.62¢+3 | 49.94 | 11.71 5.4
Cl Ka 2622.4 | 1.17e+3 | 50.08 | 9.67 4.7
Ag La 2984.3 | 8.50e+2 | 49.91 | 8.01 4.2
Ca Ka 3691.7 | 5.00e+2 | 49.02 | 5.83 3.4
Ti Ko 4510.8 | 3.0le+2 | 46.61 | 4.29 2.7
V Ka 4952.2 | 4.15e +2 | 41.02 | 6.50 2.5
Cr Ka 5414.7 | 7.44e +2 | 44.47 | 12.72 2.3
Mn Ka 5898.8 | 7.13e+2 | 48.92 | 13.29 2.1
Co Ka 6930.3 | 4.77e +2 | 52.89 | 10.44 1.8
Ni Ka 7478.2 | 3.92¢+2 | 53.75 | 9.27 1.7
Cu Ka 8047.8 | 3.24e +2 | 54.30 | 8.24 1.5
Ge Ka 9886.4 | 1.88e+2 | 55.03 | 5.87 1.3
Y Ko | 14988.0 | 6.0de+1 | 54.94 | 2.86 0.8 Edge Energies
Mo Ka [ 17479.0 | 3.95e +1 | 54.72 | 2.18 0.7 1 Ly 57143eV  Mp 1211. eV® N;y 2323eV® Op 22.7eV
Pd Ka | 21177.0 | 2.32¢+1 | 54.40 | 1.55 0.6 | Ly 5359.4eV My 1071. eV® Ny 172.4eV® O 14.2 eV®
Sn Ka | 25271.0 | 1.42e+1 | 54.05 1.13 0.5 | Li 5011.9eV My 1003. eV® Ny 161.3eV®  Oppp 12.1 eV°
Xe Ka | 29779.0 | 9.0le+0 | 53.60 | 0.85 0.4 Mpy 740.5eV®  Npy 79.8 eVe
My 726.6 eV® Ny 77.5eV®

References: 157.
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, £ = 50-30,000 eV
See page 211 for Explanation of Tables

Barium (Ba)
pa(barns/atom) = p(em?/gm) x 228.04 Z =56
E(keV)ulem?/gm) = f» x 306.41 Atomic Weight = 137.327

Line E(eV) |p(cm?/gm) fi fa A(A)
3] 102 | 3.27e +3 0.11 | 1215
He 1 21.2 | 3.6le+5 25.00 | 584.3 o
Na Lgg 30.5 | 7.95e +4 7.90 | 407.2 © J 1‘ Py |
Mg Lo 493 | 8.24e + 3 1.33 | 2515 o A - _ ST I P I
Al Lag 724 | 6.07e+3 | 523 | 1.43 | 1712 0 ‘ | | ‘ / | :
Si Lag 915 | 1.66e+4 | -8.59 | 4.96 | 135.5 g — - j |- -
Be K 108.5 | 1.6le+5 | -1.08 | 57.15 | 114.3 \ ! : 1
Sr M¢ 114.0 | 1.49e +5 | 14.59 | 55.59 | 108.8 - — — — k-
Y Mc 132.8 | 5.09e +4 | 44.76 | 22.07 | 934 o \_/_.\ | !
Zr M( 151.1 | 1.4le+4 | 3727 | 695 | 821 g ERRE T R ~ R
B Ka 183.3 | 3.25e+3 | 26.95 | 1.94 | 676 ol B ‘ B -
Mo M( 1926 | 3.33¢e+3 | 25.24 | 2.00 | 64.4 - N “‘“ﬁ W
Ar L¢ 220.1 | 4.36e+3 | 2231 | 3.13 | 563 \ CLL i
C Ka 277.0 | 6.80e+3 | 2058 | 6.15 | 44.8
Ag M¢ 311.7 | 7.28e+3 | 2093 | 7.41 | 39.8 100 1000 10000
N Ka 3924 | 6.52e+3 | 22.50 | 835 | 316 - - e e 1
Ti La 452.2 | 5.67e+3 | 22.98 | 837 | 274 SR : '
V La 511.3 | 4.95e+3 | 23.05 | 8.25 | 24.2 00 - o
0 Ka 524.9 | 4.79¢e+3 | 23.05 | 820 | 236 o - .
Cr La 572.8 | 4.13e+3 | 22.63 | 7.73 | 216 B\ |
Mn Lo 637.4 | 3.48e+3 | 2092 | 7.24 | 195 © O i \
F Ka 676.8 | 3.15e 43 | 19.14 6.95 18.3 e 1
Fe La 705.0 | 2.92¢+3 | 17.05 | 672 | 176
Co La 776.2 | 2.69e+3 | -2.31 | 6.81 | 16.0
Ni La 851.5 | 1.12¢+4 | 19.53 | 31.01 | 146
Cu La 929.7 | 9.86e+3 | 26.97 | 29.91 | 13.3
Zn La 1011.7 | 8.7le+3 | 31.59 | 28.76 | 123
Na Ka 1041.0 | 8.36e +3 | 32.89 | 28.39 | 11.9
Ge La 1188.0 | 6.86e +3 | 37.99 | 26.62 | 10.4
Mg Ka 1253.6 | 6.33e+3 | 39.81 | 25.91 9.9
Al Ka 1486.7 | 4.6de +3 | 45.27 | 22.51 8.3
Si Ka 1740.0 | 3.30e +3 | 48.23 | 18.74 7.1
Zr La 2042.4 | 2.30e+3 | 49.88 | 15.34 6.1 =
Mo La 2293.2 | 1.76e +3 | 50.57 | 13.16 5.4 o
Cl Ka 26224 | 1.28e +3 | 50.96 | 10.96 4.7 o
Ag La 2984.3 | 9.36e+2 | 51.00 | 9.12 4.2 é
Ca Ka 3691.7 | 5.5le+2 | 50.40 | 6.64 3.4 et
Ti Ka 4510.8 | 3.2Te+2 | 48.60 | 4.81 2.7 3
V Ka | 49522 | 2.54e+2 | 46.17 | 4.10 2.5
Cr Ka | 5414.7 | 6.05e +2 | 44.05 | 10.69 2.3

i
OI

Mn Ko 5898.8 | 6.63e +2 | 47.66 | 12.76

Co Ka 6930.3 | 5.03e+2 | 53.16 | 11.38 1.8 10 100 1000 10000

Ni Ka 7478.2 | 4.15¢ +2 | 54.29 | 10.13 1.7 E (eV)

Cu Ka 8047.8 | 3.44e+2 | 55.01 | 9.03 1.5

Ge Ko 9886.4 | 2.00e +2 | 5599 | 6.45 1.3 )

Y Ka | 14988.0 | 6.43e+1 | 56.03 | 3.15 0.8 Edge Energies

Mo Ka | 174790 | 4.20e +1 | 55.81 | 2.40 07| Li 59888eV My 1293.e¢V® Ny 2535eV® Op 303eV®
Pd Ka | 211770 | 2.46e+1 | 55.50 1.70 0.6 | Lir 5623.6eV My 1137.eV® Ny 192 eV Oy 17.0 eV:
Sﬂ Ka 252710 1508 + 1 5515 124 05 LIII 5247.0 eV Mn] 1063. eV: an 1786 eV: OIII 14.8 eV
Xe Ka | 29779.0 | 9.54e +0 | 54.75 | 0.93 0.4 Mpvy 7955eV’  Npy 926eV

My 780.2eV® Ny 89.9eV?

References: 127, 157, 179, 224.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =192, E = 50-30,000 eV
See page 211 for Explanation of Tables

ko (barns/atom) = u(cm?/gm) x 230.66
E(keV)u(cm?/gm) = f» x 302.93

Line E(eV) |p(cm?/gm) f1 fo X (A)
H 10.2 | 3.76e + 4 1.27 1215
He I 21.2 | 7.53e+4 5.28 | 5843
Na L2 30.5 | 1.44e+5 14.50 | 407.2
Mg La.3 49.3 | 1.66e +4 2.70 | 2515
Al Lo 72.4 | 6.06e + 3 7.07 1.45 171.2
Si Lag 91.5 | 9.14e +3 -1.44 2.76 | 135.5
Be K 108.5 | 3.25e+4 | -25.93 | 11.63 114.3
Sr M( 114.0 | 1.19e+5 | -50.44 | 44.91 108.8
Y M¢ 132.8 | 8.58e + 4 52.22 | 37.63 934
Zr M¢ 151.1 | 2.17e + 4 43.33 | 10.83 82.1
B Ka 183.3 | 3.40e+ 3 30.23 2.06 67.6
Mo M(¢ 192.6 | 3.09¢ + 3 27.96 1.97 64.4
Ar L¢ 220.1 | 4.09¢ + 3 23.94 2.97 56.3
C Ka 277.0 | 6.61e+3 21.59 6.04 44.8
Ag M(¢ 311.7 | 7.17e+3 21.79 7.38 39.8
N Ka 3924 | 6.85e+3 22.98 8.87 316
Ti La 452.2 | 6.33e+3 23.89 9.44 274
V La 511.3 | 5.51e+3 24.75 9.29 24.2
0 Ka 524.9 | 5.29e +3 24.87 9.17 23.6
Cr La 572.8 | 4.58¢ +3 24.89 8.67 21.6
Mn La 6374 | 3.76e + 3 24.03 7.90 19.5
F  Ka 676.8 | 3.39¢+3 22.99 7.59 18.3
Fe La 705.0 | 3.16e + 3 21.96 7.36 17.6
Co La 776.2 | 2.6le+3 16.75 6.68 16.0
Ni La 851.5 | 1.21e+ 4 5.35 | 34.15 14.6
Cu Lo 929.7 | 9.59¢ + 3 25.47 | 29.43 13.3
Zn La 1011.7 | 8.26e 43 29.50 | 27.58 12.3
Na Ka 1041.0 | 7.96e + 3 30.68 | 27.37 11.9
Ge La 1188.0 | 6.92¢ 4+ 3 35.73 | 27.13 10.4
Mg Ka 1253.6 | 6.52¢+ 3 38.12 | 26.99 9.9
Al Ka 1486.7 | 4.90e + 3 44.52 | 24.06 8.3
Si Ka 1740.0 | 3.48¢ +3 48.27 | 20.01 7.1
Zr La 2042.4 | 2.43e+3 50.26 | 16.40 6.1
Mo La 2293.2 | 1.87e+3 51.12 | 14.14 5.4
Cl Ka 2622.4 | 1.37e + 3 51.68 | 11.84 4.7
Ag La 2984.3 | 1.0le +3 51.86 9.91 4.2
Ca Ka 3691.7 | 5.96e + 2 51.52 7.27 3.4
Ti Ka 4510.8 | 3.55e + 2 50.14 5.28 2.7
V Ka 4952.2 | 2.75e¢ + 2 48.56 4.49 2.5
Cr Ka 5414.7 | 2.13e + 2 40.87 3.81 2.3
Mn Ka 5898.8 | 5.29e + 2 45.32 } 10.30 2.1
Co Ka 6930.3 | 5.40e + 2 53.26 | 12.34 1.8
Ni Ka 7478.2 | 4.44e+2 54.74 | 10.97 1.7
Cu Ka 8047.8 | 3.68e 42 55.65 9.77 1.5
Ge Ka 9886.4 | 2.14e + 2 56.88 6.98 1.3
Y Ka 14988.0 | 6.92e + 1 57.06 3.43 0.8
Mo Ka 17479.0 | 4.54e +1 56.86 2.62 0.7
Pd Ka 21177.0 | 2.67e+1 56.56 1.87 0.6
Sn Ka 25271.0 | 1.64e+1 56.23 1.37 0.5
Xe Ka 29778.0 | 1.04e+1 55.87 1.02 0.4

References: 116, 131, 157.

Lanthanum (La)
Z =57
Atomic Weight = 138.906
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Ly 6266.3 eV
Lyy 5890.6 eV
Ly 5482.7 eV
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100 1000 10000
E (eV)

Edge Energies

Mj 1362. eV® Ny 274.7eV® Op 34.3eV®
Miyr 1209. eV® Nz 205.8 eV O 19.3 eV®
Miyrp 1128. eV®  Nppp 196.0 eV®  Ogp 16.8 eV®
Miv 853. eV® Npy 105.3 eV?
My 836. eV*® Ny 102.5 eV®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, F = 50-30,000 eV
See page 211 for Explanation of Tables

po(barns/atom) = u(cm?/gm) x 232.67

E(keV)p(cm?/gm) = f, x 300.31

Line E(eV) |p(cm?/gm) f1 fy 2 (A)
H 10.2 3.7le + 4 1.26 1215
He 1 21.2 1.63e +4 1.15 584.3
Na L33 30.5 1.34e + 5 13.60 407.2
Mg Ly s 493 | 2.45e + 4 402 | 2515
Al Lag3 724 1.03e + 4 4.43 2.48 171.2
Si Lags 91.5 8.56e + 3 -2.54 2.61 135.5
Be K 108.5 2.25e+4 | -20.31 8.14 114.3
Sr M¢ 114.0 3.58¢e +4 | -35.37 | 13.60 108.8
Y M(¢ 132.8 1.46e + 5 4418 | 64.38 93.4
Zr M¢ 151.1 3.91e + 4 47.42 19.65 82.1
B Ka 183.3 8.22¢ + 3 32.35 5.02 67.6
Mo M( 1926 | 6.21e + 3 29.57 3.98 64.4
Ar L¢ 220.1 5.27¢e + 3 24.20 3.86 56.3
C Ka 277.0 7.79¢ + 3 20.94 7.19 44.8
Ag M(¢ 311.7 7.80e +3 21.09 8.10 39.8
N Ka 392.4 71le+3 22.29 9.29 31.6
Ti La 452.2 6.28¢ + 3 22.83 9.46 274
V La 511.3 5.43e + 3 23.16 9.25 24.2
0O Ka 524.9 5.26e + 3 23.15 9.19 23.6
Cr La 572.8 4.68e + 3 22.98 8.92 21.6
Mn La 637.4 4.02e + 3 22.17 8.54 19.5
F Ka 676.8 3.66e + 3 21.44 8.24 18.3
Fe La 705.0 3.34e + 3 20.54 7.84 17.6
Co La 776.2 2.68e + 3 16.34 6.94 16.0
Ni Lea 851.5 217e + 3 2.50 6.15 14.6
Cu La 929.7 1.42e + 4 11.91 44.07 13.3
Zn La 1011.7 1.19e + 4 27.38 | 40.06 12.3
Na Ka 1041.0 1.12¢ + 4 30.35 | 38.74 11.9
Ge La 1188.0 8.52e + 3 39.39 | 33.72 10.4
Mg Ka 1253.6 7.64e + 3 42.03 | 31.89 9.9
Al Ka 1486.7 5.32¢e + 3 47.13 | 26.33 8.3
Si Ka 1740.0 | 3.75¢+ 3 50.64 | 21.73 7.1
Zr La 2042.4 2.5%e¢ + 3 52.51 17.59 6.1
Mo La 2293.2 1.96e + 3 53.27 | 15.00 54
Cl Ka 26224 1.42¢ + 3 53.67 | 12.41 4.7
Ag La 2984.3 1.03e + 3 53.72 | 10.28 4.2
Ca Ka 3691.7 | 6.09e + 2 53.22 7.48 3.4
Ti Ka 4510.8 3.65e + 2 51.97 5.48 2.7
V Ka 4952.2 2.86e + 2 50.82 4.71 2.5
Cr Ka 5414.7 2.26e + 2 48.48 4.07 2.3
Mn Ko 5898.8 5.37e + 2 46.79 10.55 2.1
Co Ka 6930.3 5.46e + 2 53.14 12.59 1.8
Ni Ka 7478.2 4.52e + 2 55.03 11.27 1.7
Cu Ka 8047.8 3.76e + 2 56.14 10.08 1.5
Ge Ka 9886.4 2.2le + 2 57.68 7.27 1.3
Y Ka 14988.0 7.17e+ 1 58.05 3.58 0.8
Mo Ka 17479.0 | 4.69%¢ + 1 57.87 2.73 0.7
Pd Ka 211770 | 2.76e+ 1 57.58 1.94 0.6
Sn Ka 25271.0 1.69¢e + 1 57.26 1.42 0.5
Xe Ka 29779.0 1.07e + 1 56.92 1.06 0.4

References: 116, 148, 152, 157.

Cerium (Ce)
Z =158
Atomi:c Weight = 140.115
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Ly 5723.4 eV
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Edge Energies

1436. eV®
1274. eV*®
1187. eV*®
902.4 eV®
883.8 eV°®

Ny 291.0evV® Op 37.8eV
N1z 2233 eV Oy 19.8 eV®
Npp 206.5 eV®  Ogp 17.0 eV°
NIV 109.0 eV*®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Praseodymium (Pr)

tq{barns/atom) = p(cm?/gm) x 233.99 Z =59
E(keV)u(cm?/gm) = f3 x 298.62 Atomic Weight = 140.908
Line E(eV) |p(cm?/gm) fi fa A (A)
H 10.2 | 3.67e+4 1.25 | 1215
He 1 21.2 | 2.27Te + 4 1.61 | 584.3 o
Na Lz3 30.5 | 1.39e+5 14.21 | 407.2 © 1 {"-2:
Mg Laogs 49.3 | 3.03e +4 5.00 | 2515 o TN e
Al L2 724 | 1.37e+4 | 11.40 | 3.32 | 171.2 w / Y
Si Lag 91.5 | 1.02¢ +4 7.25 | 3.14 | 1355 g ; 1
Be K 1085 | 1.21e+4 | -533 | 4.38 | 1143
Sr M(¢ 114.0 | 2.1le+4 | -11.42 | 8.04 | 1088 w8 BN —t e
Y M¢ 132.8 | 1.1le+5 | 33.07 | 49.36 | 93.4 LTI
Zr M( 151.1 | 4.69e+4 | 40.00 | 23.72 | 821 9 T
B Ka 183.3 | 1.17e+4 | 34.03 | 7.21 67.6 o N o .
Mo M( 1926 | 9.23e+3 | 3191 | 595 | 64.4 - | \ ‘ e
Ar L¢f 220.1 | 6.67e+3 | 2727 | 491 | 56.3 o | ‘ R
C Ka 2770 | 7.26e+3 | 2432 | 6.73 | 44.8
Ag M( 3117 | 7.85e+3 | 23.98 | 819 | 39.8 o 10 100 1000 10000
N Ka 3924 | T47e+3 | 25.75 | 9.81 | 31.6 ] : : T —
Ti La 4522 | 6.56e+3 | 26.93 | 9.94 | 274 AT
V La 511.3 | 5.68¢e+3 | 27.56 | 9.72 | 24.2 : r B
0 Ka 524.9 | 5.50e +3 | 27.67 | 9.67 | 23.6 — ,
Cr La 572.8 | 4.92¢e+3 | 28.09 | 943 | 216
Mn La 637.4 | 4.04e+3 | 27.97 | 8.62 19.5 ~ O
F Ka 676.8 | 3.63e+3 | 2753 | 8.24 | 183 —
Fe La 705.0 | 3.38¢+3 | 27.08 | 7.99 | 176
Co La 776.2 | 2.76e +3 | 25.15 | 7.17 | 16.0
Ni La 851.5 | 2.25e+3 | 20.30 | 6.42 14.6
Cu La 929.7 | 8.03¢ +3 1.98 | 24.98 13.3
Zn La 1011.7 | 9.65e +3 | 24.45 | 3269 | 123 -
Na Ka 1041.0 | 9.26e +3 | 27.88 | 3227 | 11.9
Ge La 1188.0 | 6.9le+3 | 37.21 | 2749 | 104
Mg Ka 1253.6 | 6.15e +3 | 38.26 | 25.81 9.9 ©
Al Ka 1486.7 | 5.29¢ +3 | 43.10 | 26.35 8.3
Si Ka 1740.0 | 3.88¢ +3 | 49.73 | 22.61 7.1 o
Zr La 2042.4 | 2.66e+3 | 52.54 | 18.16 6.1 =
Mo La 2293.2 | 2.0le+3 | 53.62 | 15.42 5.4 5o
Cl Ka 2622.4 | 1.45¢+3 | 54.26 | 12.71 4.7 o <
Ag La 2084.3 | 1.05e+3 | 54.44 | 10.52 4.2 é o
Ca Ka 3691.7 | 6.21e+2 | 54.12 | 7.67 3.4 - =
Ti Ka 4510.8 | 3.76e +2 | 53.13 | 5.68 2.7 3,
V Ka 4952.2 | 2.98¢+2 | 52.26 | 4.94 2.5 =
Cr Ka 5414.7 | 2.38¢+2 | 50.79 | 4.32 2.3
Mn Ko 5898.8 | 2.04e +2 | 45.65 | 4.03 2.1 ©
Co Ka 6930.3 | 5.66e+2 | 52.11 | 13.13 1.8 10 100 1000 10000
Ni Ka 7478.2 | 4.70e +2 | 55.05 | 11.78 1.7 E {(eV)
Cu Ka 8047.8 | 3.92¢e +2 | 56.48 | 10.56 15
Ge Ka 9886.4 | 2.31e+2 | 58.40 | 7.66 1.3
Y Ka | 14988.0 | 7.57e+1 | 59.02 | 3.80 0.8 Edge Energies
Mo Ka | 17479.0 | 4.96e+1 | 58.87 [ 2.90 0.7 | L; 68348ev  M; 1511.0eV Ny 3045eV  Op 37.4¢eV
Pd Ka | 21177.0 | 2.9le+1 | 58.60 | 2.07 06 | Lyy 6440.4eV My 1337.4eV Ny 2363eV Oy 22.3 eV
Sn Ka 25271.0 | 1.78¢e + 1 58.30 1.51 0.5 Ly 5964.3 ¢V Miyp 1242.2 eV Nz 217.6 eV Oqr 223 eV
Xe Ko | 29779.0 | 1.13e+1 | 57.98 | 1.13 0.4 Mpy 948.3eV®  Npy 115.1eV®
My 928.8eV® Ny 115.1eV®

References: 116, 130, 148.
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B. L. HENKE, E. M. GULLIKSON. and J. C. DAVIS

X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, £ = 50-30,000 eV
See page 211 for Explanation of Tables

ta(barns/atom) = u(ecm?/gm) x 239.52
E(keV)u(cm?/gm) = fa x 291.72

Line E(eV) |u(cm?/gm)| fi f2 X (A)
H 102 [ 7.25¢ + 3 0.25 | 1215
He I 212 | 2.77e + 4 2.02 | 584.3
Na Lo 30.5 | 1.09e +5 11.42 | 407.2
Mg Las 49.3 | 4.02e+4 6.80 | 251.5
Al Las 72.4 | 2.43e+4 | 1271 | 6.04 | 171.2
Si Lo 91.5 1.73e +4 | 11.04 5.44 135.5
Be K 108.5 | 1.35¢e + 4 4.87 5.02 114.3
Sr M( 114.0 | 1.82¢ + 4 0.18 7.11 108.8
Y M 132.8 | 1.03e+5 | 10.10 | 46.88 93.4
Zr M(¢ 151.1 | 5.05e+4 | 34.36 | 26.16 82.1
B Ka 183.3 | 1.70e +4 | 31.97 | 10.70 67.6
Mo M( 1926 | 1.44e+4 | 30.52 9.49 64.4
Ar L¢ 220.1 1.08¢ +4 | 27.69 8.16 56.3
C Ko 277.0 | 8.72e +3 | 25.89 8.28 44.8
Ag M¢ 311.7 | 8.40e + 3 | 25.62 8.98 39.8
N Ka 3924 | 7.48e+3 | 26.97 | 10.06 31.6
Ti La 452.2 | 6.64e +3 | 27.63 | 10.29 27.4
V L& 511.3 | 5.87e +3 | 28.42 | 10.29 24.2
0 Ka 5249 | 5.7le+3 | 28.55 | 10.27 23.6
Cr La 572.8 | 5.17e+3 | 28.96 | 10.15 21.6
Mn La 6374 | 4.51e+3 | 29.36 9.85 19.5
F Ka 676.8 | 4.08e +3 | 29.35 9.46 18.3
Fe La 705.0 | 3.8le+3 | 29.21 9.20 17.6
Co Lo 776.2 | 3.17e+3 | 28.25 8.44 16.0
Ni La 851.5 | 2.68e+43 | 25.85 7.82 14.6
Cu La 929.7 | 2.29e + 3 | 19.91 7.31 13.3
Zn La 1011.7 | 8.68e+3 | 17.97 | 30.10 12.3
Na Ka 1041.0 | 8.28e+3 | 23.49 | 29.55 11.9
Ge Lo 1188.0 | 6.64e +3 | 33.72 | 27.06 10.4
Mg Ka 1253.6 | 6.11e+3 | 35.39 | 26.25 9.9
Al Ka 1486.7 | 5.41e+ 3 | 42.08 | 27.58 8.3
S5i Ko 1740.0 | 4.06e + 3 | 49.35 | 24.21 7.1
Zr La 20424 | 2.78e +3 | 52.81 | 19.47 6.1
Mo La 2293.2 | 2.11e+3 | 54.16 | 16.55 5.4
Cl Ka 2622.4 | 1.52e¢+3 | 54.99 | 13.68 4.7
Ag La 2984.3 | 1.11e+3 | 55.32 | 11.35 4.2
Ca Ka 3691.7 | 6.56e+2 | 55.18 8.31 34
Ti Ka 4510.8 | 3.98¢ +2 | 54.38 6.16 2.7
V Ka 4952.2 | 3.15e 4+ 2 | 53.67 5.35 2.5
Cr Ka 5414.7 | 2.51e+2 | 52.57 4.67 2.3
Mn Ka 5898.8 | 2.02¢ +2 | 50.27 4.09 2.1
Co Ka 6930.3 | 5.24e +2 | 51.50 | 12.46 1.8
Ni Ka 7478.2 | 4.93e +2 | 54.80 | 12.64 1.7
Cu Ka 8047.8 | 4.11e+ 2 | 56.77 | 11.35 1.5
Ge Ka 9886.4 | 2.43e +2 | 59.19 8.24 1.3
Y Ka 14988.0 | 7.97¢+ 1 | 60.05 4.09 0.8
Mo Ka 17479.0 | 5.22e¢+1 | 59.92 3.13 0.7
Pd Ka 21177.0 | 3.07e+1 | 59.66 2.23 0.6
Sn Ka 25271.0 | 1.88e +1 | 59.37 1.63 0.5
Xe Ka 29779.0 1.19e +1 | 59.07 1.22 0.4

References: 116, 152.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE [. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = p(cm?/gm) x 243.97
E(keV)u(cm?/gm) = fa x 286.40

Line E(eV) u(cm?/gm) fy fo A (A)
H 10.2 6.27e + 3 0.22 1215
He 1 21.2 4.17e + 4 3.09 584.3
Na Lo 30.5 1.23e + 5 13.08 407.2
Mg Logs 493 | 3.82e+4 6.57 | 251.5
Al L2 72.4 2.26e + 4 11.95 5.72 171.2
Si Lg3s 91.5 1.69e + 4 10.11 5.40 135.5
Be K 108.5 1.27e + 4 5.20 4.79 114.3
Sr M( 1140 | 1.13e+ 4 1.20 4.49 | 108.8
Y M(¢ 132.8 | 1.14e+5 7.98 | 52.65 93.4
Zr M(¢ 151.1 5.70e +4 | 31.10 30.08 82.1
B Ka 183.3 2.33e +4 | 32.44 14.88 67.6
Mo M(¢ 192.6 1.95e +4 | 31.79 | 13.13 64.4
Ar L¢ 220.1 1.32¢ +4 | 29.54 | 10.17 56.3
C Ka 277.0 9.70e +3 | 27.02 9.38 448
Ag M( 311.7 9.34e +3 | 26.71 10.17 39.8
N Ka 392.4 8.37e + 3 | 28.42 11.47 31.6
Ti La 452.2 6.99¢ +3 | 29.46 | 11.03 274
V La 511.3 | 6.08e +3 | 30.21 10.86 24.2
O Ka 524.9 5.88e + 3 | 30.38 10.77 23.6
Cr La 572.8 | 5.19e+3 | 30.80 | 10.39 21.6
Mn La 637.4 | 4.44e+3 | 31.00 9.87 19.5
F Ka 676.8 4.03e +3 | 30.92 9.52 18.3
Fe La 705.0 | 3.79¢e+3 | 30.78 9.33 17.6
Co La 776.2 | 3.24e+ 3 | 30.12 8.78 16.0
Ni La 851.5 2.76e + 3 | 28.58 8.20 14.6
Cu La 929.7 2.36e+3 | 25.33 7.66 13.3
Zn La 1011.7 | 2.02¢ +3 | 11.91 7.14 12.3
Na Ka 1041.0 7.81e+3 | 12.47 | 28.39 11.9
Ge La 1188.0 | 6.92e+3 | 30.69 | 28.71 10.4
Mg Ka 1253.6 6.59e + 3 | 33.81 28.84 9.9
Al Ka 1486.7 5.58e +3 | 43.12 28.96 8.3
Si Ka 1740.0 4.12e + 3 50.01 25.01 7.1
Zr La 2042.4 2.84e + 3 | 53.71 20.22 6.1
Mo La 2293.2 2.15e + 3 | 55.20 | 17.23 5.4
Cl Ka 2622.4 1.56e + 3 56.15 14.24 4.7
Ag La 2984.3 1.13e +3 | 56.56 | 11.81 4.2
Ca Ka 3691.7 | 6.70e + 2 | 56.52 8.64 3.4
Ti Ka 4510.8 4.06e 4 2 55.83 6.40 2.7
V Ka 4952.2 3.21e +2 | 55.24 5.55 2.5
Cr Ka 5414.7 | 2.56e +2 | 54.38 4.84 2.3
Mn Ka 5898.8 | 2.06e +2 | 52.90 4.25 2.1
Co Ka 6930.3 | 4.03e +2 | 50.48 9.75 1.8
Ni Ka 7478.2 | 5.04e+ 2 | 53.59 | 13.16 1.7
Cu Ka 8047.8 | 4.19e+2 | 57.16 | 11.78 1.5
Ge Ka 0886.4 | 2.45¢e +2 | 60.07 8.44 1.3
Y Ka 14988.0 7.93e+1 | 60.96 4.15 0.8
Mo Ka 17479.0 | 5.23e+1 | 60.85 3.19 0.7
Pd Ka 21177.0 3.1le+1 | 60.62 2.30 0.6
Sn Ka 25271.0 1.92e+1 | 60.35 1.69 0.5
Xe Ka 29779.0 1.22¢ +1 | 60.07 1.27 0.4

Promethium (Pm)
Z =61
Atomic Weight = 146.920
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Samarium (Sm)

pe(barns/atom) = p(cm?/gm) x 249.68 Z-62
E(keV)u(cm?/gm) = f; x 279.85 Atomic Weight = 150.360

Line E(eV) |u(cm?/gm) f1 fo A (A)

H 102 | 5.4le+3 0.20 | 1215

He I 21.2 | 2.12¢ +4 1.61 | 584.3 o) ,

Na Lo 30.5 | 1.07e +5 11.66 | 407.2 ~ S

Mg La2gs 49.3 | 4.48¢ +4 7.89 | 251.5 2 T -

Al Log 72.4 | 2.94e+4 | 1056 | 7.60 | 171.2 o ‘

Si Lag 915 | 211e+4 | 997 | 6.90 | 1355 ©

Be K 1085 | 142 +4 | 7.61 | 549 | 1143 S -

Sr M(¢ 114.0 | 1.08e + 4 4.98 | 4.39 | 1088 5

Y M¢ 1328 | 8.87e+4 | -21.92 | 42.09 | 934 & T LA

Zr M¢ 151.1 | 5.69e+4 | 23.82 | 30.74 | 82.1 ol -l f__

B Ka 183.3 | 2.70e +4 | 27.61 | 17.68 67.6 o

Mo M¢ 1926 | 2.34e+4 | 27.46 | 16.08 | 644 = | '”'TT ; -

Ar L¢ 220.1 | 1.67e+4 | 26.58 | 13.13 | 56.3 o | \ J

C Ka 277.0 | 1.22¢e+4 | 2565 | 12.08 | 44.8 10 100

Ag M¢ 311.7 | 1.10e+4 | 2558 | 12.22 | 39.8 o

N Ka 3924 | 9.38e+3 | 27.59 | 13.16 | 31.6 O P ——

Ti La 452.2 | 7.7le+3 | 29.00 | 1245 | 274 RS Bt e i 2 s sl

V La 511.3 | 6.52¢+3 | 29.74 | 11.92 | 24.2 R -

0 Ka 524.9 | 6.30e+3 | 29.89 | 11.81 | 236 - 4-H

Cr La 572.8 | 5.55¢+3 | 30.32 | 11.36 | 21.6 O \\

Mn La 6374 | 4.72¢+3 | 3058 | 10.76 | 19.5 ~O A~ N

F Ka 676.8 | 4.29¢e +3 | 3055 | 1037 | 183 - = i e —

Fe La 705.0 | 4.03¢-+3 | 30.46 | 10.15 | 17.6 T Y i

Co La 7762 | 3.44e+3 | 2998 | 955 | 60| |- —

Ni La 8515 | 2.93e+3 | 28.82 | 892 | 14.6 ] T

Cu La 929.7 | 2.5le+3 | 26.56 | 8.33 | 13.3 ‘ i

Zn La 1011.7 | 2.14e+3 | 2148 { 7.75 | 12.3 - -

Na Ka 1041.0 | 2.03¢e+3 | 17.49 | 756 | 11.9 10 100

Ge La 1188.0 | 7.43e+3 | 25.88 | 31.54 | 10.4

Mg Ko 1253.6 | 7.03e+3 | 30.41 | 31.49 9.9

Al Ko 1486.7 | 5.84e+3 | 40.74 | 31.02 8.3

Si Ka 1740.0 | 4.57e+3 | 48.50 | 28.40 7.1 .

Zr La 2042.4 | 3.16e+3 | 53.78 | 23.06 6.1 =

Mo La 2293.2 | 2.40e+3 | 55.71 | 19.67 5.4 R

Cl Ka 2622.4 | 1.74e +3 | 56.98 | 16.27 4.7 g

Ag Lo 2984.3 | 1.27e+3 | 57.57 | 13.50 4.2 o

Ca Ko 3691.7 | 7.48e+2 | 57.69 | 9.87 3.4 -~

Ti Ko | 4510.8 | 4.53e+2 | 57.10 | 7.31 2.7 3

V Ka 4952.2 | 358¢+2 | 56.58 | 6.34 2.5

Cr Ka 5414.7 | 2.86e+2 | 55.83 | 5.53 2.3

Mn Ka 5898.8 | 2.30e +2 | 54.69 | 4.85 2.1

Co Ka | 6930.3 | 4.37e+2 | 51.23 | 10.82 18 10 100 1000 10000

Ni Ka 7478.2 | 4.77e + 2 53.35 | 12.74 1.7 E (ev)

Cu Ka 8047.8 | 4.58¢+2 | 56.73 | 13.16 1.5

Ge Ka 9886.4 | 2.69¢e+2 | 61.40 | 9.49 1.3

Y Ko | 149880 | 84le+1 | 62.09 | 4.50 0.8 Edge Energies

Mo Ka | 17479.0 | 5.52¢+1 | 61.98 | 3.45 0.7 | 1; 7736.8eVv My 17228eV  Nj 47.2eV® Op 37.4eV

Pd Ka 21177.0 | 3.25e+1 61.73 2.46 0.6 Ly 7311.8 eV Myp 1540.7 eV Njp 265.6 eV O 21.3eV

Sn Ko | 25271.0 | 1.99e+1 | 61.44 | 1.80 0.5 | Ly 6716.2 eV I\I\gm 11;1:3-3 e:/’a gm 2:;{;4 ez O 21.3 eV

De . e
Xe Ko | 29779.0 | 1.26e+1 | 61.15 | 1.35 0.4 M eraove NY 126 ov

References: 118, 148, 152.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pta(barns/atom) = p(cm?/gm) x 252.35
E{keV)u(cm?/gm) = f, x 276.89

Line E(eV) |p(cm?/gm) f1 fa A (A)
H 10.2 | 5.35¢ + 3 0.20 | 1215
He I 21.2 | 1.73e +4 1.33 | 584.3
Na Lo 305 | 1.48e+5 16.28 | 407.2
Mg Lz 49.3 | 4.70e + 4 8.36 | 2515
Al Las 724 | 2.86e+4 | 11.25 | 7.49 | 1712
Si La2g 91.5 | 2.22e + 4 11.25 7.35 135.5
Be K 1085 | 1.6le+ 4 9.96 6.33 114.3
Sr M(¢ 1140 | 1.34e + 4 8.69 5.53 108.8
Y M(¢ 132.8 | 1.3le+4 | -19.41 6.30 93.4
Zr M(¢ 1511 | 4.7le + 4 23.31 | 25.71 82.1
B Ka 183.3 | 2.75e¢ + 4 2495 | 18.23 67.6
Mo M(¢ 192.6 | 2.44e + 4 25.51 | 16.98 64.4
Ar L¢ 220.1 | 1.76e + 4 25.76 | 13.96 56.3
C Ka 277.0 | 1.24e + 4 25.28 | 12.37 44.8
Ag M(¢ 311.7 | 1.10e 4+ 4 25.33 | 12.36 39.8
N Ka 3924 | 9.54e 4+ 3 26.96 | 13.52 31.6
Ti La 452.2 | 8.05¢ 4+ 3 28.54 | 13.15 27.4
V La 511.3 | 6.86e+3 29.52 | 12.66 24.2
0 Ka 5249 | 6.62¢+3 | 29.71 | 12.55 23.6
Cr La 572.8 | 5.83e+3 30.24 | 12.07 21.6
Mn La 637.4 | 4.96e+ 3 30.59 | 11.42 19.5
F Ka 676.8 | 4.50e + 3 30.59 | 10.99 18.3
Fe La 705.0 | 4.23e + 3 30.51 | 10.77 17.6
Co La 776.2 | 3.6le+3 30.06 | 10.13 16.0
Ni Lo 851.5 | 3.08e +3 28.93 9.47 14.6
Cu La 929.7 | 2.63e+3 26.77 8.83 13.3
Zn La 1011.7 | 2.25¢ + 3 22.38 8.22 12.3
Na Ka 1041.0 | 2.13e+3 19.64 8.02 11.9
Ge La 1188.0 | 1.01e + 4 21.77 | 43.45 10.4
Mg Ka 1253.6 | 8.90e + 3 32.24 | 40.30 9.9
Al Ka 1486.7 | 5.92e + 3 45.35 | 31.81 8.3
Si Ka 1740.0 | 4.41e+3 50.57 | 27.74 7.1
Zr La 20424 | 3.15¢+3 55.22 | 23.26 6.1
Mo La 2293.2 | 2.39¢+3 57.05 | 19.83 5.4
Cl Ka 26224 | 1.73e+ 3 58.25 | 16.40 4.7
Ag Lo 2984.3 | 1.26e+ 3 58.80 | 13.62 4.2
Ca Ka 3691.7 | 7.48e+ 2 58.92 9.98 3.4
Ti Ka 4510.8 | 4.55¢ +2 58.39 7.41 2.7
V Ka 4952.2 | 3.60e+ 2 57.94 6.44 2.5
Cr Ka 5414.7 | 2.87e + 2 57.33 5.62 2.3
Mn Ka 5898.8 | 2.3le 4+ 2 56.45 4.93 2.1
Co Ka 6930.3 | 1.69e +2 48.04 4.24 1.8
Ni Ka 7478.2 | 3.54e +2 53.26 9.57 1.7
Cu Ko 8047.8 | 4.3%9¢ + 2 55.89 | 12.76 1.5
Ge Ka 9886.4 | 2.7le + 2 61.46 9.66 1.3
Y Ka 14988.0 | 8.83e +1 62.96 4.78 0.8
Mo Ka 17479.0 | 58le+1 62.91 3.67 0.7
Pd Ka 21177.0 | 3.44e +1 62.70 2.63 0.6
Sn Ka 25271.0 | 2.1le+1 62.44 1.93 0.5
Xe Ka 29779.0 | 1.34e 41 62.17 1.44 0.4

References: 116.

Europium (Eu)
Z-=63
Atomic Weight = 151.965
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = pu(cm?/gm) x 261.12
E(keV)u(cm?/gm) = f2 x 267.59

Line E(eV) |u(cm?/gm) f; fo A (A)
H 10.2 5.05e + 4 1.92 1215
He 1 21.2 | 2.26e + 4 1.79 584.3
Na Lo 30.5 1.04e + 5 11.88 407.2
Mg Las 49.3 | 3.95e + 4 7.27 | 2515
Al Lags 72.4 2.62e + 4 10.54 7.09 171.2
Si Lags 91.5 2.22e + 4 10.53 7.58 135.5
Be K 108.5 1.92e + 4 9.97 7.80 114.3
Sr M(¢ 114.0 1.81e + 4 9.61 7.70 108.8
Y M(¢ 132.8 1.1le + 4 2.50 5.53 93.4
Zr M(¢ 151.1 9.15e + 4 23.17 51.65 82.1
B Ka 183.3 2.64e + 4 24.01 18.11 67.6
Mo M(¢ 192.6 2.36e + 4 24.25 16.99 64.4
Ar L¢ 220.1 1.84e + 4 24.52 15.16 56.3
C Ka 277.0 1.3le + 4 25.62 13.55 44.8
Ag M(¢ 311.7 1.12¢ + 4 25.91 13.10 39.8
N Ka 392.4 9.00e + 3 27.31 13.19 31.6
Ti La 452.2 7.70e + 3 28.30 | 13.01 27.4
V La 511.3 6.80e + 3 29.39 | 12.99 24.2
0O Ka 524.9 6.5Te + 3 29.62 12.89 23.6
Cr La 572.8 5.87e + 3 30.32 12.56 21.6
Mn La 637.4 5.0le +3 30.96 | 11.94 19.5
F Ka 676.8 4.55e + 3 31.12 | 11.51 18.3
Fe La 705.0 4.28¢ + 3 31.16 | 11.27 17.6
Co La 776.2 3.66e+ 3 31.05 10.61 16.0
Ni La 851.5 3.12¢+ 3 30.43 9.92 14.6
Cu La 929.7 2.67e + 3 29.13 9.28 13.3
Zn La 1011.7 2.29¢ + 3 26.67 8.66 12.3
Na Ka 1041.0 2.17e + 3 25.31 8.44 11.9
Ge La 1188.0 1.72¢ +3 | -11.57 7.64 10.4
Mg Ka 1253.6 8.41e + 3 22.76 | 39.42 9.9
Al Ka 1486.7 5.63e + 3 39.43 | 31.27 8.3
Si Ka 1740.0 | 4.82¢ + 3 47.49 | 31.37 7.1
Zr La 2042.4 3.45¢ + 3 53.84 26.35 6.1
Mo La 2293.2 2.62e +3 56.52 22.45 5.4
Cl Ka 2622.4 1.90e + 3 58.26 18.59 4.7
Ag La 2984.3 1.39e + 3 59.14 | 15.46 4.2
Ca Ka 3691.7 | 8.23e + 2 59.57 | 11.36 3.4
Ti Ka 4510.8 | 5.0le + 2 59.22 8.45 2.7
V Ka 4952.2 | 3.97e + 2 58.83 7.35 2.5
Cr Ka 5414.7 | 3.17e + 2 58.30 6.42 2.3
Mn Ka 5898.8 | 2.55e+ 2 57.54 5.63 2.1
Co Ka 6930.3 1.69¢ + 2 53.89 4.37 1.8
Ni Ka 7478.2 3.89e + 2 53.06 | 10.88 1.7
Cu Ka 8047.8 | 3.98¢e + 2 54.47 | 11.96 1.5
Ge Ka 9886.4 2.96e + 2 61.65 10.93 1.3
Y Ka 14988.0 9.88e + 1 64.04 5.54 0.8
Mo Ka 17479.0 6.52e + 1 64.05 4.26 0.7
Pd Ka 21177.0 3.86e + 1 63.87 3.05 0.6
Sn Ka 25271.0 237e+1 63.62 2.24 0.5
Xe Ka 29779.0 1.51le +1 63.35 1.68 0.4

References: 116, 130, 152, 221, 222.

Gadolinium (Gd)
Z =64
Atomic Weight = 157.250
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L 8375.6 eV My 1880.8 eV N; 373.6eV® O; 43.5eV*
Ly 7930.3 eV Mjpp 1688.3 eV N1 288.5 eV O11  20. eV
LIII 7242.8 eV MIII 1544.0 eV NIII 273.9 eV OIII 20. eV
My 1221.9 eV® Npy 140.5 eV
My 1189.6 eV® Ny 142.6 eV®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, £ = 50-30,000 eV
See page 211 for Explanation of Tables

ua(barns/atom) = u{cm?/gm) x 263.91
E(keV)p{cm?/gm) = f, x 264.77

Line E(eV) |p(cm?%/gm)| £ fa A (R)
H 10.2 | 4.36e+ 3 0.17 1215
He 1 21.2 | 961le+3 0.77 | 584.3
Na L23 305 | 8.14e+ 4 9.36 407.2
Mg L2233 49.3 | 5.09¢e + 4 9.48 251.5
Al L23 724 | 3.07e+4 | 12.28 8.40 171.2
Si Lo2gs 91.5 | 2.5le+4 | 12.29 8.67 135.5
Be K 108.5 | 2.19e +4 | 12.62 8.98 1143
Sr M(¢ 114.0 | 2.03e +4 | 12.43 8.74 108.8
Y M(¢ 132.8 | 1.36e + 4 8.89 6.82 93.4
Zr M(¢ 151.1 | 7.02¢ +4 2.97 | 40.08 82.1
B Ka 183.3 | 2.86e +4 | 23.54 | 19.83 67.6
Mo M( 192.6 | 2.55e+4 | 24.09 ) 18.59 64.4
Ar L& 220.1 1.97¢e +4 | 24.99 | 16.40 56.3
C Ka 277.0 | 1.48e +4 | 26.08 | 15.48 44.8
Ag M( 311.7 | 1.32¢ +4 | 27.18 | 15.60 39.8
N Ka 3924 | 1.05e+4 | 29.59 | 15.49 31.6
Ti La 452.2 | 8.86e+3 | 31.15 | 15.13 27.4
V La 511.3 | 7.66e+3 | 32.48 | 14.80 24.2
O Ka 524.9 | 7.41e+ 3 | 32.77 | 14.69 23.6
Cr La 572.8 | 6.60e+3 | 33.68 | 14.28 21.6
Mn La 637.4 | 5.58e +3 | 34.69 | 13.43 19.5
F Ka 676.8 | 5.04e+3 | 35.01 { 12.90 183
Fe La 705.0 | 4.7Tle+3 | 35.15 12.54 17.6
Co La 776.2 | 3.99e+ 3 | 35.27 | 11.71 16.0
Ni La 851.5 | 3.39e+ 3 | 34.97 | 10.91 14.6
Cu La 929.7 2.89¢ +3 | 34.19 | 10.16 13.3
Zn La 1011.7 | 2.47e+ 3 | 32.64 9.45 12.3
Na Ka 1041.0 | 2.34¢e+3 | 31.83 9.20 11.9
Ge La 1188.0 1.81e+3 | 21.51 8.13 10.4
Mg Ka 1253.6 | 8.24e+ 3 8.29 | 39.02 9.9
Al Ka 1486.7 | 5.43e+ 3 | 41.60 | 30.52 8.3
Si Ka 1740.0 | 4.45¢ +3 | 47.62 | 29.23 7.1
Zr Lo 20424 | 3.33e +3 | 54.44 | 25.66 6.1
Mo Lo 2293.2 | 2.53e+3 | 57.50 | 21.92 54
Ct Ko 2622.4 1.83e +3 | 5842 | 18.17 4.7
Ag Lo 2984.3 | 1.34e +3 | 60.40 | 15.09 4.2
Ca Ka 3691.7 | 793e+2 | 60.94 | 11.05 34
Ti Ka 4510.8 | 4.8le+2 | 60.68 8.20 2.7
V Ka 4952.2 | 3.8le+2 | 60.37 7.12 2.5
Cr Ka 5414.7 | 3.04e +2 | 59.93 6.22 2.3
Mn Ko 5898.8 | 2.45e +2 | 59.34 5.46 2.1
Co Ko 6930.3 | 1.63e +2 | 57.06 4.26 1.8
Ni Ka 7478.2 1.34e +2 | 51.01 3.78 1.7
Cu Ka 8047.8 | 3.03e+2 | 55.56 9.20 1.5
Ge Ka 9886.4 | 2.82¢+ 2 | 62.05 | 10.55 1.3
Y Ka 14988.0 | 9.54e+ 1 | 64.80 5.40 0.8
Mo Ka 17479.0 | 6.30e +1 | 64.87 4.16 0.7
Pd Ka 21177.0 | 3.74e + 1 | 64.74 2.99 0.6
Sn Ka 25271.0 | 2.30e+1 | 64.51 2.20 0.5
Xe Ka 29779.0 | 1.46e+1 | 64.25 1.65 0.4

References: 168.

Terbium (Tb)
Z =65
Atomic Weight = 158.925
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Edge Energies
M; 19675 eV Ny 396.0eV* O 4568eV°®
My 1767.7 eV Npip 3224 eV*  Op 28.7eV*®
Myp 1611.3 6V Ny 284.1 eV® Oy 22.6 eV*®
Mpy 1276.9eV* Npy 150.5 eV®
My 1241.1 eV® Ny 130.5eV*
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

ta(barns/atom) = u(cm?/gm) x 269.84
E(keV)g(cm?/gm) = f2 x 258.94

Line E(eV) |p(cm?/gm) f1 f2 X (A)
H 10.2 | 4.15¢+ 3 0.16 1215
He 1 21.2 9.40e + 3 0.77 584.3
Na Lz 30.5 1.10e + 5 12.88 407.2
Mg Las 49.3 | 5.7le+4 10.87 | 251.5
Al La3s 724 | 3.43e+ 4 10.64 9.58 171.2
Si Lgga 91.5 2.94e + 4 11.25 | 10.38 135.5
Be K 108.5 2.60e + 4 11.90 | 10.88 114.3
Sr M(¢ 114.0 2.42¢ + 4 12.19 | 10.66 108.8
Y M 132.8 1.8le + 4 10.04 9.27 93.4
Zr M(¢ 151.1 4.3% + 4 14.21 | 25.61 82.1
B Ka 183.3 | 3.05e + 4 22.01 | 21.62 67.6
Mo M(¢ 1926 | 2.75e + 4 22.58 | 20.49 64.4
Ar L¢ 220.1 2.20e + 4 24.52 | 18.72 56.3
C Ka 277.0 1.57e + 4 25.74 16.81 44.8
Ag M(¢ 311.7 1.41e + 4 26.61 16.98 39.8
N Ka 392.4 1.14e¢ + 4 29.60 | 17.33 31.6
Ti La 452.2 9.66e + 3 31.87 | 16.87 274
V La 511.3 8.15e + 3 33.36 | 16.09 24.2
0O Ka 524.9 T85e¢+3 33.65 | 15.92 23.6
Cr Lo 572.8 | 6.95e + 3 34.57 | 15.38 21.6
Mn La 6374 | 5.87e+ 3 35.64 | 14.45 19.5
F Ka 676.8 | 5.3le+ 3 36.01 | 13.87 18.3
Fe La 705.0 | 4.96e + 3 36.19 | 13.49 17.6
Co La 776.2 | 4.22¢+ 3 36.45 | 12.64 16.0
Ni La 851.5 3.57e + 3 36.38 | 11.74 14.6
Cu La 929.7 | 3.04e+ 3 35.85 | 10.91 13.3
Zn La 1011.7 | 2.59¢+ 3 34.72 | 10.12 12.3
Na Ka 1041.0 | 2.45¢ + 3 34.13 9.85 11.9
Ge La 1188.0 1.89¢ + 3 27.99 8.67 10.4
Mg Ka 1253.6 1.70e + 3 19.01 8.23 9.9
Al Ka 1486.7 | 5.66e 4+ 3 40.27 | 32.52 8.3
Si Ka 1740.0 | 4.52¢ + 3 47.01 | 30.40 7.1
Zr La 2042.4 | 3.35e+ 3 53.74 | 26.39 6.1
Mo La 2293.2 2.63e + 3 57.68 | 23.29 5.4
Cl Ka 2622.4 1.91e4+ 3 60.02 | 19.35 4.7
Ag La 2984.3 | 1.40e+ 3 61.24 | 16.09 4.2
Ca Ka 3691.7 | 8.25e 4+ 2 61.99 | 11.77 34
Ti Ka 4510.8 | 5.00e + 2 61.82 8.71 2.7
V Ka 4952.2 | 3.95e¢ + 2 61.54 7.56 2.5
Cr Ka 5414.7 | 3.15e + 2 61.15 6.59 2.3
Mn Ka 5898.8 | 2.54e+ 2 60.63 5.78 2.1
Co Ka 6930.3 | 1.6%9e+ 2 58.83 4.52 1.8
Ni Ka 7478.2 | 1.3%e + 2 56.54 4.01 1.7
Cu Ka 8047.8 | 3.19e + 2 55.88 9.92 1.5
Ge Ka 9886.4 | 2.93e + 2 62.33 | 11.20 1.3
Y Ka 14988.0 | 9.88¢ +1 65.73 5.72 0.8
Mo Ka 17479.0 | 6.53e+1 65.85 441 0.7
Pd Ko 21177.0 | 3.88e +1 65.74 3.18 0.6
Sn Ka 252710 | 2.40e +1 65.53 2.34 0.5
Xe Ka 29779.0 | 1.53e+1 | 65.28 1.76 0.4

References: 116, 222.

Dysprosium (Dy)
Z =66
Atomic Weight = 162.500
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Edge Energies
2046.8 eV Ny 414.2eV® Op 49.9eV?
1841.8 eV N 333.5eV? Opr  29.5 eV®
1675.6 eV NIII 293.2 eV*® OIII 23.1 eV*®
1332.5 €V Nivy 153.6 eV?
1292.6 eV*® Ny 153.6 eV®

Atomic Data and Nuclear Data Tables, Vol. 54, No. 2, July 1993



B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Holmium (Ho)

o (barns/atom) = u(em?/gm) x 273.88 Z =67
E(keV)u(cm?/gm) = f» x 255.13 Atomic Weight = 164.930
Line E(eV) |u(cm?*/gm) f fz A(A)
H 102 | 4.32¢+ 3 0.17 | 1215
He I 212 | 8.22e+3 0.68 | 584.3 o
Na Lags 305 | 7.13e +4 8.51 | 407.2 ™~
Mg Lags 49.3 | 5.60e +4 10.82 | 2515 3
Al Lag 724 | 3.25e+4 | 1032 | 9.23 [ 171.2 o
Si Lag 915 | 2.71e+4 | 10.65 | 9.73 | 1355 o
Be K 108.5 | 2.40e+4 | 11.07 | 10.19 | 1143 Q
Sr M¢ 114.0 | 2.30e+4 | 11.19 | 10.26 | 108.8 "
Y M¢ 1328 | 1.82e+4 | 1046 | 9.48 | 934 3
Zr M( 1511 | 1.13e+4 | -3.06 | 669 | 82.1 o
B Ka 183.3 | 2.89e+4 | 19.82 | 2080 | 67.6 o
Mo M( 1926 | 2.63e+4 | 2045 | 19.83 | 644 Q
Ar L¢ 2201 | 2.18e+4 | 21.78 | 18.77 | 56.3 o
C Ka 277.0 | 1.59e +4 | 24.39 | 17.30 | 44.8
Ag M( 311.7 | 1.4le+4 | 25.31 | 17.20 | 39.8
N Ka 3924 | 1.15e +4 | 27.90 | 17.65 | 31.6 _8
Ti La 452.2 | 9.98e+3 | 30.02 | 1769 | 274
V La 511.3 | 8.6de+3 | 31.93 | 17.31 | 24.2
0 Ka 5249 | 8.37e+3 | 32.33 | 17.22 | 236 ] .
Cr La 572.8 | 7.37e+3 | 33.79 | 16.55 | 21.6 ; ] i N
Mn La 6374 | 6.19e+3 | 34.92 | 1546 | 195 " O q ™ \1 X
F Ka 676.8 | 5.60e +3 | 35.36 | 14.85 | 18.3 — = 5 NS : *5&:‘;
Fe La 705.0 | 5.25e +3 | 35.62 | 14.50 | 17.6 ——] T — TJ N~
Co La 776.2 | 4.4de+3 | 36.09 | 13.51 | 16.0 A TN
Ni La 851.5 | 3.76e +3 | 36.13 | 12.54 | 14.6 [ 7L T aniis 7#\
Cu La 929.7 | 3.20e +3 | 35.78 | 1166 | 133 M ‘ < ‘ ‘ 1 ‘
Zn Lo | 10117 | 2.73e+3 | 34.92 | 1081 | 123 - L | ‘
Na Ka 1041.0 | 2.58¢ +3 | 34.47 | 10.52 11.9 10 100 1000 10000
Ge La 1188.0 | 1.98¢+3 | 30.13 | 9.23 | 104
Mg Ka 1253.6 | 1.78¢ +3 | 25.86 | 8.75 9.9 0 —
Al Ka 1486.7 | 6.34e +3 | 35.34 | 36.95 8.3 ———+ T R e
Si Ka 1740.0 | 4.53e +3 | 43.85 | 30.88 71 © -] ]
Zr La 2042.4 | 3.65e+3 | 53.32 | 29.24 6.1 = i===c
Mo La 2293.2 | 2.90e +3 | 57.42 | 26.06 5.4 o T
Cl Ka 26224 | 2.11e+3 | 60.41 | 21.72 4.7 o === = :
c P N NG
Ag La 29843 | 1.55e +3 | 61.99 | 18.10 4.2 S o ™ —T
Ca Ka 3691.7 | 9.16e+2 | 63.07 | 13.26 34 = = e — i == ===
Ti Ka 45108 | 5.55e+2 | 63.06 | 9.82 2.7 b Y e 2 e - -
V Ko | 4952.2 | 4.39e+2 | 6283 | 852 | 25 ° = — =: NG
Cr Ka 54147 | 3.50e +2 | 62.48 | 7.43 2.3 § = i = Sisti N
Mn Ka | 5898.8 | 2.82¢+2 | 62.01 | 6.51 2.1 ot — LU
Co Ka 6930.3 | 1.87e+2 | 60.49 | 5.07 1.8 10 100 1000 10000
Ni Ka 7478.2 | 1.54e+2 | 58.95 | 4.50 1 E (eV)
Cu Ka 8047.8 | 2.60e+2 | 54.16 | 8.21 1.5
Ge Ka 9886.4 | 3.17¢ +2 | 62.96 | 12.29 1.3
Y Ko | 14988.0 | 1.0de+2 | 66.72 | 6.09 0.8 Edge Energies
Mo Ka | 17479.0 | 6.86e+1 | 66.88 | 4.70 0.7 | L; 939426V M; 21283eV Ny 4324eV® Op 49.3evV°
Pd Ka | 211770 | 4.08e+1 | 66.79 | 3.38 06 | Ly 8917.8eV My 19228eV Ny 343.5eV Oy 30.8 eV*®
Sn Ka 25271.0 2.51e+1 | 66.58 2.49 0.5 Ly 8071.1 eV My 1741.2 eV Nimr 308.2 eV® Oppp 24.1eV°
Xe Ko | 207790 | 1.60e+1 | 66.32 | 1.87 0.4 Mpy 1391.5eV  Npy 160. eV
My 13514 eV Nv 160. eV*®

References: 116, 152.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Erbium (Er)

4o (barns/atom) = u(cm?/gm) x 277.75 Z =68
E(keV)u(cm?/gm) = f5 x 251.57 Atomic Weight = 167.260
Line E(eV) |p(cm?/gm)| £ fa A (A)
H 10.2 | 4.6le +3 0.10 | 1215
He I 21.2 | 8.16e + 3 0.69 | 5843 o
Na Lags 305 | 1.12e+5 13.60 | 407.2
Mg L2, 493 | 5.02¢ + 4 9.83 | 2515 2
Al Lag 72.4 | 3.29e +4 | 10.02 | 9.48 | 171.2 o
Si Laa 91.5 | 2.79¢ +4 | 11.00 [ 10.14 | 1355 ©
Be K 108.5 | 2.5le+4 | 11.01 | 10.83 | 114.3 _2
Sr M(¢ 114.0 | 2.47e +4 | 11.15 | 11.20 | 108.8 “ 5
Y M(¢ 132.8 | 2.30e +4 | 11.59 | 12.16 | 93.4 &
Zr M( 151.1 | 1.66e+4 | 931 | 9.99 | 821 Q
B Ka 183.3 | 2.79e+4 | 17.38 | 2031 | 67.6 o
Mo M(¢ 192.6 | 2.6le+4 | 18.27 | 19.96 | 64.4 =
Ar L¢ 220.1 | 2.23e+4 | 2037 | 19.55 | 56.3 °
C Ka 277.0 | 1.74e+4 | 23.64 | 19.12 | 448
Ag M(¢ 311.7 | 1.59e+4 | 25.15 | 19.71 | 398 o
N Kea 3924 | 1.24e+4 | 29.20 | 1935 | 31.6 Q S e = S
Ti Le 452.2 | 1.07e+4 | 31.40 | 19.17 | 274 ~ e TR T
V La 511.3 | 9.16e+3 | 33.50 | 18.62 | 24.2 - - 884 s s 501 L R o B
0 Ka 5249 | 8.84e+3 | 34.00 | 1845 | 236 | SR . -
Cr La 572.8 | 7.82¢ +3 | 35.37 | 17.81 | 216 | J Il ! 1L [ B
Mn La 637.4 | 6.6le+3 | 36.77 | 16.74 | 195 ~ol 4 1 h? {
F Ka 676.8 | 5.95¢e+3 | 37.34 | 16.02 | 183 T e = = X
Fe La 705.0 | 5.58¢+3 | 37.66 | 15.63 | 17.6 — — T X
Co La 776.2 | 4.72¢+3 | 38.30 | 1457 | 16.0 I | —
Ni La 851.5 | 4.00e+3 | 38.56 | 13.53 | 14.6 1 J i !
S It OV S S S g
Cu Lo 929.7 | 3.40e+3 | 38.47 | 1257 | 13.3 ( H | \ H ( | ﬂ’ |
Zn La 1011.7 | 2.90e +3 | 37.99 | 11.65 | 12.3 - LIl L
Na Ka 1041.0 | 2.74e+3 | 37.70 | 11.33 | 11.9 10 100 1000 10000
Ge Lo 1188.0 | 2.10e+3 | 34.83 [ 9.91 | 10.4
Mg Ka 1253.6 | 1.88¢+3 | 32.34 | 9.38 9.9 ©
Al Ka 1486.7 | 6.36e+3 | 30.86 | 37.59 8.3 .
Si Ka 1740.0 | 4.34e+3 | 45.56 | 30.01 7.1 __®
Zr La 2042.4 | 3.66e+3 | 52.55 | 29.71 6.1 =
Mo La 22932 | 2.90e+3 | 57.41 | 26.41 5.4 Do
Cl Ko | 2622.4 | 2.11e+3 | 60.89 | 22.01 4.7 e =
Ag La 2984.3 | 1.55e+3 | 62.65 | 18.35 4.2 S o
Ca Ka 3691.7 | 9.19e+2 | 63.90 | 13.49 3.4 -
Ti Ka | 45108 | 5.59¢+2 | 64.03 | 10.03 2.7 3,
V Ka | 49522 | 443e+2 | 63.85 | 8.71 2.5 Q pramm SR E e messe
Cr Ka 5414.7 | 3.54e+2 | 63.57 | 7.61 2.3 HE H -
Mn Ko | 58988 | 2.85e+2 | 63.18 | 6.67 2.1 e :
Co Ka | 6930.3 | 1.89e+2 | 61.95 | 5.20 1.8 10 100 1000 10000
Ni Ka 7478.2 | 1.55¢ +2 | 60.85 | 4.61 1.7 E (eV)
Cu Ka | 8047.8 | 1.28¢+2 | 58.42 | 4.10 1.5
Ge Ka | 9886.4 | 3.18¢+2 | 61.67 | 12.48 1.3
Y Ko | 14988.0 | 1.09e+2 | 67.52 | 6.47 0.8 Edge Energies
Mo Ka | 17479.0 | 7.2le+1 | 67.79 | 5.01 0.7 | Ly 9751.3eV  Mp 22065eV  Nj 449.£eV® Op 50.6eV®
Pd Ka 21177.0 4.29e +1 | 67.77 3.61 0.6 Lir  9264.3 eV Myr 2005.8 eV Ny  366.2 eV O 31.4ev?
Sn Ka | 252710 | 2.6de+1 | 67.59 | 2.65 05 | Lux 83579V Myy 1811.8eV  Nyy 320.2eV® Oy 24.7eV®
Xe Ko | 29779.0 | 1.68e+1 | 67.35 | 1.99 0.4 MIJ iigg:g 23 ﬁ;v ig;: :3,

References: 116, 130.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, F = 50-30,000 eV
See page 211 for Explanation of Tables

s (barns/atom) = u{cm?/gm) x 280.53
E(keV)u(cm?/gm) = f, x 249.08

Line E(eV) |u(cm?/gm)| £ fa A (A
H 10.2 | 4.51e + 3 0.18 1215
He I 212 | 7.79e + 3 0.66 | 584.3
Na Lo 30.5 | 6.90e + 4 8.43 | 407.2
Mg Las 49.3 | 4.99 +4 9.88 | 2515
Al L2 72.4 3.2le+ 4 9.74 9.32 171.2
Si Lags 91.5 | 2.82¢+4 | 10.27 | 10.37 135.5
Be K 108.5 | 2.6le+4 | 11.06 | 11.35 114.3
Sr M( 1140 | 2.60e +4 | 11.21 | 11.89 108.8
Y M¢ 132.8 | 2.3%9¢+4 | 12.48 | 12.76 93.4
Zr M(¢ 151.1 2.11e+4 | 13.44 | 12.80 82.1
B Ka 183.3 | 3.00e +4 | 18.49 | 22.06 67.6
Mo M(¢ 192.6 | 2.43¢e+4 | 18.31 | 18.78 64.4
Ar L& 220.1 2.08¢e+4 | 18.97 | 18.38 56.3
C Ka 2770 | 1.7le+4 | 22.70 | 19.01 44.8
Ag M(¢ 311.7 | 1.50e +4 | 24.38 | 18.83 39.8
N Ka 3924 ) 1.25¢e+4 | 27.08 | 19.70 31.6
Ti La 452.2 | 1.12e4+4 | 29.78 | 20.28 27.4
V La 511.3 | 9.85e+3 | 32.46 | 20.21 24.2
0O Ka 5249 | 9.53e+3 | 33.09 | 20.09 23.6
Cr La 572.8 | 838e+3 | 34.90 | 19.26 21.6
Mn La 637.4 | 7.08e+3 | 36.57 | 18.11 19.5
F Ka 676.8 | 6.39e+3 | 37.29 | 17.36 18.3
Fe Lo 705.0 | 5.99e+3 | 37.72 | 16.94 17.6
Co La 776.2 | 5.06e+3 | 38.60 | 15.77 16.0
Ni La 851.5 | 4.26e+3 | 39.056 | 14.58 14.6
Cu La 929.7 | 3.62¢e+3 | 39.11 | 13.50 133
Zn La 1011.7 | 3.08e+ 3 | 38.81 | 12.51 12.3
Na Ka 1041.0 | 2.91e+3 | 38.62 | 12.15 11.9
Ge La 1188.0 | 2.22¢+3 | 36.42 | 10.57 10.4
Mg Ka 1253.6 | 1.98¢ +3 | 34.60 9.99 9.9
Al Ka 1486.7 | 7.04e + 3 9.82 | 42.01 8.3
Si Ka 1740.0 | 4.74e +3 | 45.01 | 33.13 7.1
Zr La 20424 | 3.72¢+3 | 52.21 | 30.46 6.1
Mo La 2293.2 | 3.07e+3 | 56.78 | 28.24 5.4
Cl Ka 2622.4 | 2.26e+3 | 61.41 | 23.78 4.7
Ag La 2984.3 | 1.65e+3 | 63.47 | 19.80 4.2
Ca Ka 3691.7 | 9.83e+2 | 64.97 | 14.57 34
Ti Ka 4510.8 | 5.99e +2 | 65.23 | 10.84 2.7
V Ka 4952.2 | 4.74e +2 | 65.11 9.43 2.5
Cr Ka 5414.7 | 3.79¢ +2 | 64.87 8.24 2.3
Mn Ka 5898.8 | 3.05e + 2 | 64.53 7.23 2.1
Co Ka 6930.3 | 2.02e +2 | 63.47 5.63 1.8
Ni Ka 7478.2 | 1.66e+ 2 | 62.60 4.99 1.7
Cu Ka 8047.8 | 1.37e+2 | 61.07 4.44 1.5
Ge Ka 9886.4 | 2.98¢e +2 | 61.79 | 11.83 1.3
Y Ka 14988.0 | 1.13e+2 { 68.43 6.79 0.8
Mo Ka 17479.0 | 7.51e+ 1 | 68.76 5.27 0.7
Pd Ka 21177.0 | 4.48e+1 | 68.79 3.81 0.6
Sn Ka 25271.0 | 2.77¢e +1 | 68.63 2.81 0.5
Xe Ka 29779.0 | 1.76e+1 | 68.41 2.11 0.4

Thulium (Tm)
Z =69
Atomic Weight = 168.934
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Edge Energies

Ly 10115.7 eV Mp 2306.8 eV N; 4709eV® Oy 54.7eV?
L1 9616.9 eV Mjyr 2089.8 eV N1z 3859 eV Opp 31.8eV?
Li;;r  8648.0 eV Mir 1884.5 eV Niir 332.6 eV*® Oy 25.0 eV©
My 15146 eV Npy 175.5 eV®
My 1467.7 eV Ny 175.5 eV*®
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Ytterbium (Yb)

pa(barns/atom) = u(cmz/gm) X 287.34 Z=70
E(keV)u(cm?/gm) = fo x 243.17 Atomic Weight = 173.040
Line E(eV) p(cm"’/gm) fi fa A (A)
H 102 | 5.2% +3 0.22 | 1215
He 1 21.2 | 7.50e + 3 0.65 | 584.3 Q
Na Lag 30.5 | 9.80e + 4 12.28 | 407.2 @ l' l
Mg Las 49.3 | 5.30e + 4 10.75 | 251.5 |
Al Lo 724 | 363e+4 | 7.81 | 10.79 | 171.2 2 -
Si Lag 91.5 | 2.98¢+4 | 8.46 | 11.23 | 1355 / ! V
Be K 1085 | 2.86e+4 | 8.94 | 12.78 | 1143 co /
Sr Mc 1140 | 2.83e+4 | 9.18 | 13.27 | 1088 - F ST ™ 1
Y M¢ 132.8 | 2.73e +4 | 10.18 | 14.92 | 93.4 / \
Zr M( 151.1 | 2.65e+4 | 11.35 | 16.47 | 82.1 o // i
B Ka 1833 | 2.49e+4 | 13.98 | 18.73 | 67.6 N / nr ‘ ‘
Mo M(¢ 1926 | 2.43e +4 | 14.73 | 19.27 | 64.4 _..«--/ [ Il
Ar Le 2201 | 2.30e+4 | 1712 | 2077 | 56.3 o b I sl
C Ka 2770 | 1.89e +4 | 21.81 | 2151 | 44.8
Ag M(¢ 3117 | 1.7le+4 | 23.92 | 21.88 | 39.8 o 10 100 1000 10000
N Ka 3924 | 1.37e+4 | 28.61 | 22.16 | 31.6 Q —r T e —
Ti La 452.2 | 1.18¢ +4 | 31.43 | 21.91 27.4 T % T 1 ] :
V La 511.3 | 1.0le+4 | 33.82 | 21.27 | 242 | | ] — e
0 Ka 524.9 | 9.79e +3 | 34.30 | 21.13 | 23.6
Cr La 572.8 | 8.76e+3 | 36.02 | 20.64 | 21.6 o
N
Mn La 6374 | 741e+3 | 3797 | 1944 | 195 NE-N A N
F Ka 676.8 | 6.69e+3 | 38.77 | 18.61 | 183 hn T e i
Fe La 705.0 | 6.27e+3 | 39.25 | 18.17 | 17.6 - : - N
Co La 776.2 | 5.3le+3 | 40.30 | 16.95 | 16.0 - - - ¥
Ni La 851.5 | 4.48e +3 | 40.95 | 15.67 14.6 ]
Cu La 920.7 | 3.79e+3 | 41.25 | 1449 | 133 || Il i I
Zn Lo 1011.7 | 3.2le +3 | 41.20 | 13.36 12.3 - . N
Na Ko 1041.0 | 3.03e +3 | 41.10 | 12.98 | 11.9 10 100 1000 10000

Ge La 1188.0 | 2.30e+3 | 39.68 | 11.25 10.4

Mg Ka | 1253.6 | 2.06e+3 | 38.50 | 10.61 9.9 ©
Al Ka | 14867 | 1.44e+3 | 23.05 | 8.81 8.3

Si Ko | 1740.0 | 4.82¢+3 | 41.98 | 34.50 7.1 .

Zr La 2042.4 | 3.83e+3 | 51.28 | 32.20 6.1 =
Mo La 2293.2 | 3.06e+3 | 56.80 | 28.89 5.4 S

Cl Ka | 26224 | 2.32¢+3 | 61.33 | 24.97 4.7 “c

Ag La 2984.3 | 1.70e +3 | 63.86 | 20.84 4.2 3

Ca Ka | 3691.7 | 1.0le+3 | 65.75 | 15.36 3.4 —

Ti Ka | 45108 | 6.17e +2 | 66.19 | 11.44 2.7 3

V Ka 4952.2 | 4.89e+2 | 66.13 9.96 2.5
Cr Ka 5414.7 | 3.91e+2 | 65.94 8.70 2.3

I

Mn Ka 5898.8 | 3.15e +2 | 65.66 | 7.64 2.1 e -

Co Ka | 6930.3 | 2.09e+2 | 64.75 | 5.97 1.8 10 100 1000 10000

Ni Ka 7478.2 | 1.72¢ +2 | 64.04 | 5.30 1.7 E (eV)

Cu Ka 8047.8 | 1.43e+2 | 62.94 | 4.72 1.5

Ge Ka 9886.4 | 2.46e +2 | 61.72 | 9.99 1.3

Y Ko | 14988.0 | 1.16e+2 | 69.30 | 7.15 0.8 Edge Energies

Mo Ka | 17479.0 | 7.73e+1 | 69.69 [ 5.55 0.7 | L; 104864eV  M; 23981eV Ny 48(.5eV® Op 52.0eV®
Pd Ka 21177.0 | 4.62e +1 | 69.77 4.02 0.6 L1 9978.2 eV Mypp 2173.0 eV Ny 388.7eV® Op 30.3eV*®
Sn Ko | 25271.0 | 2.86e+1 | 69.63 2.98 0.5 | Lim 8943.6eV My 1949.8eV Ny 339.7eV® Oy 24.1 eV°
Xe Ka | 29779.0 | 1.83e+1 | 69.43 | 2.24 0.4 Mpy 1576.3 eV Npy 181.2 eV®

My 1527.8eV Ny 182.4 eV®

References: 116, 131, 152.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,

pa(barns/atom) = u(cm?/gm) x 290.54
E(keV)u(cm?/gm) = fa x 240.49

Z =1-92, E = 50-30,000 eV

See page 211 for Explanation of Tables

Line E(eV) |p(cm?/gm) fi fa A (A)
H 10.2 3.84e + 4 1.63 1215
He I 21.2 7.85e + 3 0.69 584.3
Na L2 30.5 5.03e + 4 6.37 407.2
Mg L3 49.3 | 5.16e + 4 10.58 251.5
Al Lo3 72.4 3.10e + 4 | 10.84 9.33 171.2
St Laga 91.5 2.57e +4 | 10.94 9.77 135.5
Be K 108.5 2.32¢ +4 | 11.03 | 10.48 114.3
Sr M( 114.0 2.31e+4 | 10.99 | 10.93 108.8
Y M(¢ 132.8 2.31e+4 | 11.35 | 12.78 93.4
Zr M(¢ 151.1 2.32e+4 | 12.43 | 14.55 82.1
B Ka 183.3 2.19e+4 | 14.39 | 16.68 67.6
Mo M(¢ 192.6 2.16e +4 | 14.83 | 17.31 64.4
Ar L{ 220.1 2.12e +4 | 17.58 | 19.42 56.3
C Ka 277.0 1.7Tde 4+ 4 | 21.47 | 20.08 448
Ag M(¢ 311.7 | 1.61e+4 | 23.20 | 20.89 39.8
N Ka 3924 1.38e+4 | 27.91 22.56 31.6
Ti Lea 452.2 1.17e + 4 | 31.01 22.08 274
V La 511.3 1.05¢ +4 | 33.53 22.33 24.2
O Ka 524.9 1.02¢ +4 | 34.28 | 22.31 23.6
Cr La 572.8 9.02¢ +3 | 36.50 | 21.47 21.6
Mn La 637.4 7.64e +3 | 38.54 | 20.24 19.5
F Ka 676.8 6.90e +3 | 39.46 | 19.42 18.3
Fe La 705.0 6.47¢ + 3 | 40.03 | 18.97 17.6
Co La 776.2 5.48e¢ +3 | 41.25 | 17.68 16.0
Ni La 851.5 | 4.62¢+3 | 42.04 | 16.35 14.6
Cu Lo 929.7 3.92e + 3 | 42.47 15.15 13.3
Zn La 1011.7 3.33¢ +-3 | 42.62 14.03 12.3
Na Ka 1041.0 | 3.15e+ 3 | 42.60 13.63 11.9
Ge La 1188.0 2.40e + 3 | 41.66 11.83 10.4
Mg Ka 1253.6 | 2.14e + 3 | 40.81 11.17 9.9
Al Ka 1486.7 1.50e +3 | 32.97 9.28 8.3
Si Ka 1740.0 5.07e + 3 39.33 36.65 7.1
Zr La 2042.4 | 3.47e+3 | 51.32 | 29.46 6.1
Mo La 2293.2 2.99e +3 | 52.56 | 28.52 54
Cl Ka 2622.4 2.43e+3 | 60.32 | 26.46 4.7
Ag La 2984.3 1.79¢e +3 | 63.83 | 22.17 4.2
Ca Ka 3691.7 1.07Te + 3 | 66.38 16.40 34
Ti Ka 4510.8 | 6.51e+ 2 | 67.12 | 12.22 2.7
V Ka 4952.2 5.16e +2 | 67.14 10.62 2.5
Cr Ka 5414.7 | 4.12¢+2 | 67.02 9.28 2.3
Mn Ka 5898.8 | 3.32¢+2 | 66.79 8.15 2.1
Co Ka 6930.3 2.2le+2 | 66.01 6.35 1.8
Ni Ka 7478.2 1.8le+2 | 65.41 5.64 1.7
Cu Ka 8047.8 1.50e + 2 | 64.55 5.03 1.5
Ge Ka 9886.4 2.33e+2 | 63.00 9.60 1.3
Y Ka 14988.0 1.22¢4+2 | 70.05 7.59 0.8
Mo Ka 17479.0 | 8.15e+ 1 | 70.59 5.92 0.7
Pd Ka 21177.0 | 4.88¢e+1 | 70.76 4.30 0.6
Sn Ka 25271.0 | 3.02¢e+1 70.66 3.17 0.5
Xe Ka 29779.0 | 1.92e +1 | 70.47 2.38 0.4

References: 117.

Lutetium (Lu)
Z=T1
Atomic Weight = 174.967

O
® !
8 '//f—-“‘
g L/
/ V
//
b y. }
P K {r T
© I
10 100 1000 10000
(@]
C = : %
= Bt
— T -
[ \i
™
H_N 9 - i \ “4\\_‘
AN X
N
S\
i ‘ T NN
? ‘ \
i L " | ‘
10 100 1000 10000
Be=sssa===c
— o eSS
RE ‘ === ===
g SSeeSEe S S e
Do L\ — 1 - ] 7
s = _ -
) = § I -
= oS =
\g n‘g — = g ;_h — -t o3 -4
NS ? 5 =N
© _ ! N
NE 5 N
- [ i X N
9 ' . i
10 100 1000 10000
E (eV)

L1 10870.4 eV
Lip 10348.6 eV
Ly 9244.1eV

283

M;

My

M
v

Edge Energies

2401.2 eV N; 506.8eV® Op 57.3eV®
2263.5 eV Nyp 4124 eV® O 33.6 eV*®
2023.6 eV Ny 359.2eV®  Oppp 26.7 eV°
1639.4 eV Nyy 206.1 eV®
1588.5 eV Ny 196.3 eV*®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, £ = 50-30,000 eV
See page 211 for Explanation of Tables

fa(barns/atom) = u(cm?/gm) x 296.39
E(keV)u(cm?/gm) = f, x 235.75

Line E(eV) |p(cm?/gm) fy fa A (A)
H 10.2 6.32¢ + 4 2.74 1215
He 1 21.2 2.87e + 4 2.58 584.3
Na L2 30.5 2.08e + 4 2.69 407.2
Mg L2 49.3 | 8.0le+ 4 16.75 251.5
Al Lags 724 2.96e +4 | 12.42 9.11 171.2
Si Lo 91.5 242e +4 | 10.72 9.38 135.5
Be K 108.5 2.33e +4 | 10.62 | 10.74 114.3
Sr M(¢ 114.0 2.32¢+4 | 10.68 | 11.22 108.8
Y M(¢ 1328 | 2.28¢ +4 | 11.20 | 12.87 93.4
Zr M(¢ 151.1 2.25e+4 | 12.00 | 14.39 82.1
B Ka 183.3 | 2.18¢e+4 | 13.82 } 16.95 67.6
Mo M( 192.6 2.15e¢ +4 | 14.50 | 17.58 64.4
Ar L¢ 220.1 2.06e + 4 16.56 19.19 56.3
C Ka 277.0 1.82e +4 | 20.89 | 21.43 44.8
Ag M( 311.7 1.64e +4 | 23.66 | 21.71 39.8
N Ka 392.4 1.32¢e + 4 27.71 21.97 31.6
Ti L« 452.2 1.16e +4 | 30.35 22.24 27.4
V La 511.3 1.02¢ +4 | 32.68 | 22.10 24.2
0O Ka 524.9 | 9.95¢+3 | 33.13 | 22.15 23.6
Cr La 572.8 9.17e +3 | 35.13 | 22.29 21.6
Mn La 637.4 7.99¢+3 | 37.84 | 21.60 19.5
F Ka 676.8 7.23e +3 | 39.06 | 20.75 18.3
Fe La 705.0 | 6.78¢ +3 | 39.79 | 20.27 17.6
Co La 776.2 5.73e +3 | 41.24 | 18.86 16.0
Ni La 851.5 4.85e +3 | 42.19 | 17.51 14.6
Cu La 929.7 4.13e + 3 42.81 16.28 13.3
Zn La 1011.7 3.5le + 3 43.13 15.07 12.3
Na Ka 1041.0 | 3.32¢ +3 | 43.16 | 14.64 11.9
Ge La 1188.0 2.53e + 3 42.52 12.75 104
Mg Ka 1253.6 | 2.27e+ 3 | 41.85 12.05 9.9
Al Ka 1486.7 1.59¢ +3 | 36.17 | 10.06 8.3
Si Ka 1740.0 | 5.34e 4+ 3 | 33.15 | 39.40 71
Zr La 2042.4 3.60e +3 | 49.49 31.19 6.1
Mo La 2293.2 | 3.13e+3 | 55.89 | 30.44 5.4
Cl Ka 2622.4 2.48¢+3 | 60.92 | 27.61 4.7
Ag La 2984.3 1.83e+3 | 65.04 | 23.18 4.2
Ca Ka 3691.7 1.08¢e +3 | 67.51 16.96 3.4
Ti Ka 4510.8 | 6.62e +2 | 68.19 | 12.67 2.7
V Ka 4952.2 | 5.26e+2 | 68.22 | 11.06 2.5
Cr Ka 5414.7 | 4.22e +2 | 68.12 9.69 2.3
Mn Ka 5898.8 | 3.4le+2 | 67.93 8.54 2.1
Co Ka 6930.3 227¢e+2 | 67.27 6.68 1.8
Ni Ka 7478.2 1.87¢ +2 | 66.77 5.93 1.7
Cu Ka 8047.8 | 1.55e + 2 | 66.07 5.28 1.5
Ge Ka 9886.4 | 2.4le+ 2 | 62.67 | 10.09 1.3
Y Ka 14988.0 | 1.25e¢ +2 | 70.92 7.97 0.8
Mo Ka 17479.0 | 8.35e-+1 | 71.54 6.19 0.7
Pd Ka 211770 | 499 +1 | 71.73 4.48 0.6
Sn Ka 25271.0 3.09e +1 | 71.65 3.32 0.5
Xe Ka 29779.0 1.98¢ +1 | 71.47 2.50 0.4

References: 76, 232.

Hafnium (Hf)
Z=72

Atomic Weight = 178.490
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Ly 11270.7eV My 2600.9eV Ny 538 eV® Op 64.2eV®
Ly 10739.4 eV My 2365.4eV Ny 438.2eV® Op 38. eV®
L 9560.7 eV My 2107.6 eV Ny 380.7eV® O 29.9 eV
Mpy 17164 eV Npy 220.0 eV®
My 1661.7e¢V Ny 211.5eV?
Nyr 158 eV®
Nyn 14.2 ev?
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Tantalum (Ta)

pa(barns/atom) = u(cm?/gm) x 300.48 Z=173
E(keV)u{cm?/gm) = fo x 232.54 Atomic Weight = 180.948
Line E(eV) |p(ecm?/gm){ fi fa A (A)

H 10.2 | 7.48e + 4 3.28 | 1215 o

He I 21.2 | 6.51e+4 594 | 584.3 © | ‘3 [T N

Na L3 30.5 | 3.51e+4 4.59 | 407.2 ! ‘ ‘ P anat

Mg L2 49.3 | 8.38¢ + 4 17.76 | 2515 ol _ ‘ ‘ y. SN .

Al Lags 724 | 3.25e+4 | 14.03 | 10.13 | 171.2 © e

Si Lo 915 | 2.20e+4 | 12.62 | 9.01 | 1355 ‘ ‘ I

Be K 108.5 | 2.10e+4 | 11.56 | 9.78 | 114.3 w— @ -

Sr M(¢ 114.0 | 2.09e+4 | 11.37 | 10.24 | 108.8 ‘ i

Y M 132.8 | 2.13e+4 | 11.58 | 12.16 | 93.4 .

Zr M( 1511 | 2.11e+4 | 12.17 | 13.70 | 82.1 Q | -

B Ka 183.3 | 2.08e+4 | 13.49 | 16.41 | 67.6 \

Mo M(¢ 1926 | 2.08¢ +4 | 14.11 | 17.25 | 64.4 ° f 1

Ar L¢ 2201 | 2.0le+4 | 16.17 | 19.06 | 56.3 10 10000

C Ka 277.0 | 1.83e+4 | 2055 | 21.81 | 448

Ag M( 311.7 | 1.65e+4 | 23.19 | 22.15 | 39.8 8 , —

N Ka 3924 | 1.34e+4 | 27.04 | 22.68 | 316 —+ e s 1

Ti Lo 4522 | 1.25e+4 | 3012 | 24.37 | 274 - -]

V La 5113 | 1.09e+4 | 33.53 | 23.94 | 242

0 Ka 5249 | 1.05e+4 | 3412 | 23.79 | 236

Cr La 572.8 | 9.77e+3 | 35.75 | 24.06 | 21.6

Mn La 6374 | 8.3% +3 | 39.12 | 2298 | 195

F Ka 676.8 | 7.59¢ +3 | 40.36 | 22.00 | 183

Fe La 705.0 | 7.12¢+3 | 41.13 | 21.59 | 176

Co La 776.2 | 6.0de+3 | 42.77 | 2015 | 16.0

Ni Lo 851.5 | 5.12¢+3 | 43.93 | 18.73 | 14.6

Cu La 9207 | 4.35e+3 | 44.75 | 17.40 | 133

Zn La 1011.7 | 3.70e +3 | 45.26 | 16.08 | 12.3

Na Ka 1041.0 | 3.49e+3 | 45.36 | 15.63 11.9
Ge Lo 1188.0 | 2.67e +3 | 45.19 [ 13.65 104
Mg Ka 1253.6 | 2.39e +3 | 44.84 | 12.90 9.9

Al Ka 1486.7 | 1.67e +3 | 41.46 | 10.65 8.3

Si Ka 1740.0 | 1.69e¢+3 | 21.23 | 12.63 7.1
Zr La 2042.4 | 3.74e +3 | 48.43 | 32.87 6.1
Mo La 2293.2 | 3.27e +3 | 54.76 | 32.28 5.4

Cl Ka 26224 | 2.48¢+3 | 60.87 ; 28.02 4.7

Ag Lo 2984.3 | 1.90e +3 | 64.97 | 24.33 4.2
Ca Ka 3691.7 | 1.13e+3 | 68.29 | 17.98 3.4
Ti Ka 4510.8 | 6.89e+2 | 69.33 | 13.36 2.7
V Ka 4952.2 [ 5.45e+2 | 69.43 | 11.60 2.5
Cr Ka 5414.7 | 4.35e+2 | 69.38 | 10.12 2.3

Mn Ka | 5898.8 | 3.50e+2 | 69.23 | 8.88 2.1 10 100 1000 10000

Co Ka 6930.3 | 2.32e+2 | 68.63 | 6.92 1.8 E (eV)

Ni Ka 7478.2 | 1.9le+2 | 68.18 | 6.14 1.7

Cu Ka 8047.8 | 1.58¢+2 | 67.61 5.48 1.5 Edge Energies

Ge Ka | 9886.4 | 1.15e+2 | 62.10 | 4.8 L3 | L, 11681.5ev  M; 27080ev N; 563.4eV® O 60.7eV®
Y Ka 14988.0 | 1.30e +2 | 71.45 8.37 0.8 Ly 11136.1 eV Mjy; 2468.7 eV Ny 463.4ev® Oy 42.2ev®
Mo Ka | 17479.0 | 8.73e+1 | 72.29 | 6.56 0.7 | Lux 9881.1eV My 21940eV  Nppy 400.9eV® Oy 32.7eV®
Pd Ka | 21177.0 | 5.25¢ +1 | 72.64 | 4.78 0.6 Mpy 1793.2eV  Npy 237.9 eV®

Sn Ko | 25271.0 | 3.26e+1 | 72.62 | 3.54 0.5 My 17351eV Ny 2264 eV’

Nyp 23.5eV?

Xe K 28779.0 | 2.08 1| 72.48 2.67 4
€ o e+ 0 Nvip 21.6 ev?®

References: 98, 99, 117, 123, 125, 131, 136, 177, 200, 223, 229, 232.
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B. L. HENKE, E. M. GULLIKSON. and J. C. DAVIS

X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

fa(barns/atom) = p(cm?/gm) x 305.29
E(keV)u(cm?/gm) = f, x 228.87

Line E(eV) |p(cm?/gm)| £ fa A (A)
H 102 | 4.55¢ 1 4 3.03 | 1215
He I 21.2 | 6.11e+4 5.67 | 584.3
Na L2 30.5 | 3.1le + 4 4.14 407.2
Mg Las 493 | 7.90e + 4 17.01 251.5
Al Ly 724 | 3.27Te+4 | 14.72 | 10.34 171.2
Si Lo 91.5 | 2.04e+ 4 | 13.26 8.15 135.5
Be K 108.5 1.80e +4 | 11.60 8.54 114.3
Sr M(¢ 114.0 | 1.83e+4 | 11.26 9.09 108.8
Y M(¢ 132.8 1.9l1e +4 | 11.08 11.06 93.4
Zr M(¢ 151.1 1.91e+4 | 11.52 12.63 82.1
B Ka 183.3 | 1.94e+4 | 12.69 | 15.55 67.6
Mo M( 1926 | 1.94e+4 | 13.08 | 16.29 64.4
Ar L¢ 220.1 1.92¢ +4 | 14.54 | 18.47 56.3
C Ka 277.0 | 1.84e+4 | 19.09 | 22.30 44.8
Ag M(¢ 311.7 | 1.69e +4 | 21.81 | 23.02 39.8
N Ka 392.4 1.42¢e+4 | 26.30 | 24.30 31.6
Ti Lea 452.2 1.30e +4 | 29.93 | 25.61 27.4
V La 511.3 1.13e+4 | 33.54 | 25.28 24.2
0 Ka 5249 | 1.10e+4 | 34.26 | 25.15 23.6
Cr La 5728 | 9.77e +3 | 36.22 | 24.44 21.6
Mn La 637.4 | B.73e +3 | 38.86 | 24.31 19.5
F Ka 676.8 | 7.93e +3 | 40.51 | 23.45 18.3
Fe La 705.0 7.44e +3 | 41.41 22.93 17.6
Co La 776.2 | 6.32¢ +3 | 43.31 | 21.44 16.0
Ni La 851.5 | 5.35¢e+3 | 44.67 | 19.89 14.6
Cu La 929.7 | 4.54e +3 | 45.61 | 18.45 13.3
Zn La 1011.7 | 3.87e 4+ 3 | 46.24 | 17.09 12.3
Na Ka 1041.0 | 3.65¢+4 3 | 46.39 | 16.62 11.9
Ge La 1188.0 | 2.80e +3 | 46.51 | 14.56 10.4
Mg Ka 1253.6 | 2.52¢ 4+ 3 | 46.31 | 13.78 9.9
Al Ka 1486.7 | 1.75e +3 | 43.89 | 11.38 8.3
Si Ka 1740.0 | 1.25e 4+ 3 | 33.20 9.48 7.1
Zr La 2042.4 | 3.89e+3 | 46.31 | 34.70 6.1
Mo La 2293.2 | 3.24e+3 | 52.07 | 32.46 5.4
Cl Ka 2622.4 | 2.59e + 3 | 60.06 | 29.63 4.7
Ag La 2984.3 | 1.97e+ 3 | 64.90 | 25.67 4.2
Ca Ka 3691.7 | 1.17e +3 | 68.89 | 18.94 3.4
Ti Ka 4510.8 7.15e+2 | 70.16 | 14.09 2.7
V Ka 4952.2 | 5.66e+2 | 70.33 | 12.24 2.5
Cr Ka 5414.7 | 4.52¢+2 | 70.33 | 10.69 2.3
Mn Ka 5898.8 | 3.64e+2 | 70.19 9.37 2.1
Co Ka 6930.3 | 2.4le+ 2 | 69.64 7.30 1.8
Ni Ka 7478.2 | 1.98e +2 | 69.24 6.48 1.7
Cu Ko 8047.8 | 1.64e+ 2 | 68.73 5.77 1.5
Ge Ka 9886.4 | 9.64e + 1 | 64.15 4.17 1.3
Y Kea 14988.0 | 1.35e +2 | 72.33 8.81 0.8
Mo Ka 17479.0 | 8.99%9e+1 | 73.26 6.87 0.7
Pd Ka 211770 | 540e+1 | 73.63 5.00 0.6
Sn Ko 25271.0 | 3.36e+1 | 73.63 3.71 0.5
Xe Ka 29779.0 | 2.15¢4+1 | 73.48 2.80 04

References: 4, 48, 106, 136, 149, 200, 223, 233.

Tungsten (W)
Z=-74
Atomic Weight = 183.850
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Edge Energies
Ly 12099.8eV  M; 2819.6eV Ny 594.1eV® Op 75.6eV®
Lip 11544.0 eV My 25749eV Ny 490.4eV® O 453 eV*®
Lip 10206.8 eV My 2281.0 eV Ny 423.6 eV®  Oppp 36.8 eV?
Mpy 1871.6 eV Nyy 255.9 eV®
My 1809.2 eV Ny 243.5 eV®
Nyr 33.6eV®
Ny 31.4 ev?
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = y(cm?/gm) x 309.21
E(keV)u(cm?/gm) = fa x 225.98

Line E(eV) |u(cm?/gm)| £ fa X (A)
H 10.2 4.28¢ + 4 1.93 1215
He 1 21.2 8.06e + 4 7.57 584.3
Na L2 30.5 3.45¢ +- 4 4.65 407.2
Mg L2 49.3 5.70e + 4 12.44 251.5
Al L2 724 3.54e+4 | 16.54 | 11.35 171.2
Si Lo 91.5 1.78¢ +4 | 15.11 7.21 135.5
Be K 108.5 1.56e +4 | 12.84 7.49 114.3
Sr M(¢ 114.0 1.59¢ +4 | 12.39 8.02 108.8
Y M¢ 132.8 1.70e +4 | 11.95 9.97 93.4
Zr M(¢ 151.1 1.75e +4 | 12.31 11.73 82.1
B Ka 183.3 1.76e +4 | 13.07 14.29 67.6
Mo M(¢ 192.6 1.76e + 4 13.40 15.01 64.4
Ar L¢ 220.1 1.77e + 4 | 14.47 17.21 56.3
C Ka 277.0 1.74e +4 | 18.22 21.31 44.8
Ag M(¢ 311.7 | 1.6de+4 | 20.74 | 2263 | 39.8
N Ka 392.4 1.42¢ +4 | 26.12 | 24.61 31.6
Ti La 452.2 1.27e +4 | 29.33 | 25.40 27.4
V L« 511.3 1.15e¢ +4 | 32.54 | 26.00 24.2
0O Ka 524.9 1.12¢ +4 | 33.39 | 26.13 236
Cr La 572.8 1.0le+4 | 35.83 | 25.48 216
Mn La 637.4 9.09¢ +3 | 38.87 | 25.65 19.5
F Ka 676.8 8.23e + 3 | 40.81 24.66 18.3
Fe La 705.0 7.7le + 3 | 41.77 | 24.07 17.6
Co La 776.2 6.56e + 3 | 43.81 22.53 16.0
Ni La 851.5 5.56e + 3 45.33 20.96 14.6
Cu La 929.7 4.74e +3 | 46.44 | 19.51 13.3
Zn La 1011.7 | 4.05e+3 | 47.26 18.12 12.3
Na Ka 1041.0 | 3.83e+3 | 47.48 | 17.63 11.9
Ge La 1188.0 2.94e + 3 47.90 15.45 104
Mg Ka 1253.6 2.64e+ 3 47.84 14.62 9.9
Al Ka 1486.7 1.84e + 3 | 46.17 12.10 8.3
Si Ka 1740.0 1.31le + 3 39.87 10.11 7.1
Zr La 20424 | 4.00e+3 | 42.11 | 36.18 6.1
Mo La 2293.2 3.03e+3 | 52.05 | 30.79 5.4
Cl Ka 2622.4 2.52¢e+3 59.53 29.28 4.7
Ag La 2984.3 2.04e+3 | 64.28 | 26.95 4.2
Ca Ka 3691.7 1.22¢ + 3 | 69.43 19.94 3.4
Ti Ka 4510.8 7.43e+2 | 71.00 14.84 2.7
V Ka 4952.2 5.88e+2 | 71.25 12.89 2.5
Cr Ka 5414.7 | 4.70e 4+ 2 | 71.31 11.26 2.3
Mn Ka 5898.8 3.78¢e +2 | 7T1.21 9.87 2.1
Co Ka 6930.3 2.51e+2 | 70.74 7.69 1.8
Ni Ka 7478.2 | 2.06e+2 | 70.38 6.83 1.7
Cu Ka 8047.8 1.7le +2 | 69.93 6.08 1.5
Ge Ka 9886.4 1.0le+2 | 66.94 4.41 1.3
Y Ka 14988.0 1.40e +2 | 72.89 9.27 0.8
Mo Ka 17479.0 | 9.40e +1 | 74.05 7.27 0.7
Pd Ka 21177.0 5.67e +1 | 74.57 5.31 0.6
Sn Ka 25271.0 3.53e+1 | 74.62 3.94 0.5
Xe Ka 29779.0 2.26e+1 | 74.50 2.98 0.4

References: 136, 232.
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Edge Energies

Ly 12526.7eV  Mj; 2931.7eV  Np 625.4eV® O 83 eV®
Ly 11958.7eV My 2681.6eV Ny 518.7eV® O 456 eV®
Lyr 105353 eV My 2367.3 eV Ny 446.8eV®  Opyp 34.6 eV®
Myy 1948.9 eV  Nyy 273.9 eV®
My 1882.9 eV Ny 2605 eV?®
Nyi 429 eV*®
Ny 40.5 ev®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Osmium (Os)

#o(barns/atom) = g(cm?/gm) x 315.84 Z=T6
E(keV)u(cm?/gm) = fa x 221.23 Atomic Weight = 190.200
Line E(eV) |u(cm?/gm)| fi fa A (A)

H 10.2 | 4.23e + 4 1.95 | 1215 g :

He I 21.2 | 8.08e + 4 775 | 5843 | ;

Na Lyg 30.5 | 5.80e+4 7.99 | 407.2 ‘ 1 W

Mg La2,3 49.3 | 4.95e+4 11.03 | 251.5 g ‘ NV : *‘ L. -

Al Log 724 | 3.39e+4 | 15.91 | 11.10 | 171.2 Vol ‘

Si Lgg 91.5 | 1.8le+4 | 16.42 | 7.50 | 135.5 -0 \ X}’L‘\]{ j | \ |

Be K 108.5 | 1.38¢e+4 | 14.45 | 6.75 | 114.3 - g ‘ } : w T- =

Sr M( 1140 | 1.34e+4 | 13.86 | 6.93 | 108.8 ” ]

Y M( 1328 | 1.42e+4 | 12.52 | 849 | 934 o | ‘

Zr  M( 151.1 | 1.54e+4 | 12.10 | 10.51 82.1 « i LT F”' T

B Ka 183.3 | 1.67e+4 | 13.03 | 13.83 | 67.6 LT

Mo M( 192.6 | 1.67e+4 | 13.37 | 1455 | 644 o i L]

Ar Le 220.1 | 1.69e+4 | 14.36 | 1683 | 56.3 1000 10000

C Ka 2770 | 1.70e +4 | 18.08 | 21.28 | 44.8 o

Ag M( 311.7 | 1.60e+4 | 20.71 | 22.54 | 39.8 S}

N Ka 392.4 | 1.4le+4 | 26.06 | 24.98 | 316

Ti Lo 452.2 | 1.22e+4 | 29.23 | 24.98 | 274

V La 5113 | 1.15e+4 | 32.04 | 26.49 | 24.2

0 Ka 524.9 | 1.13e+4 | 33.03 | 26.72 | 236

Cr La 572.8 | 1.02¢e+4 | 36.04 | 26.28 | 21.6

Mn La 637.4 | 8.83e+3 | 38.48 | 2543 | 195

F Ko 676.8 | 8.40e+3 | 40.13 | 25.70 | 183

Fe La 705.0 | 7.91e+3 | 41.57 | 25.20 | 176

Co La 776.2 | 6.75e +3 | 44.02 | 2369 | 16.0

Ni La 851.5 | 5.75e +3 | 45.83 | 22.14 | 14.6

Cu La 929.7 | 4.91e+3 | 47.21 | 2065 | 13.3 -

Zn La 1011.7 | 4.19¢+3 | 48.23 | 19.15 | 12.3 10

Na Ka 1041.0 | 3.96e +3 | 48.50 | 18.63 11.9
Ge La 1188.0 | 3.04e +3 | 49.16 | 16.32 10.4
Mg Ka 1253.6 | 2.73e +3 | 49.20 | 15.45 9.9

Al Ka 1486.7 | 1.92e +3 | 48.13 | 12.87 8.3
Si Ka 1740.0 | 1.37e +3 | 43.94 | 10.80 7.1
Zr La 2042.4 | 3.16e+3 | 30.57 | 29.17 6.1
Mo Lo 2293.2 | 3.12¢ +3 | 51.64 | 32.30 5.4
Cl Ka 2622.4 | 2.6le43 | 59.25 | 30.89 4.7

Ag La 2984.3 | 2.0le+3 | 64.15 | 27.12 4.2
Ca Ka 3691.7 | 1.26e+3 | 69.94 | 20.95 3.4

w {em?/gm)

Ti Ko 4510.8 | 7.66e+2 | 71.85 | 15.62 2.7 S=Ec:=ma
V Ka 4952.2 | 6.07e +2 | 72.19 | 13.58 2.5 Shs i

Cr Ko 5414.7 | 4.85e +2 | 72.32 | 11.87 2.3 © *

Mn Ko | 5898.8 | 3.91e+2 | 72.20 | 10.41 2.1 10 100 1000 10000

Co Ka 6930.3 | 2.59e+2 | 71.91 | 8.12 1.8 E (eV)

Ni Ka 7478.2 | 2.13e+2 | 7160 | 7.21 1.7

Cu Ka 8047.8 | 1.77e+2 | 71.20 6.43 1.5 Edge Energies

Ge Ka 9886.4 | 1.04e+2 | 68.91 | 4.64 L3 | 1 12068.0eVv  M; 30485eV Ny 653.2eV® Op 84. eV®
Y Ko | 149880 | 1.44e+2 | 7343 | 9.74 0.8 | Ly 12385.0eV My 2792.2eV Ny 543.1eV® Op S8. eV®
Mo Ko | 17479.0 | 9.65e +1 | 74.85 7.63 0.7 | Lix 10870.9 eV My 2457.2 eV Nip 47).7eV®  Opp 44.5eV®
Pd Ko | 21177.0 | 5.8le+1 | 7549 | 557 0.6 Mpy 2030.8 eV Nyy 293.1eV)

Sn Ko | 25271.0 | 3.62¢+1 | 75.58 | 4.14 0.5 My 19601V Ny 273.5eV/

Xe Ko | 29779.0 | 2.33e+1 | 75.49 | 3.13 0.4 Nyp  53.4 eV

Ny 52.7 eV?®

References: 193, 232.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, £ = 50-30,000 eV
See page 211 for Explanation of Tables

Iridium (Ir)

pa(barns/atom) = p(cm?/gm) x 319.19 Z="77
E(keV)u(cm?/gm) = f2 x 218.91 Atomic Weight = 192.220
Line E(eV) |u(cm?*/gm)| fi fa A(A)
H 10.2 | 4.99e +4 233 | 1215 1 ‘ ;
He 1 212 | 8.55¢+4 8.29 | 584.3 LT 1 —W
Na Lz 305 | 6.73e +4 9.36 | 407.2 ‘ / ‘ |
Mg Lz 49.3 | 5.55¢ +4 12.49 | 2515 3 ‘ / |
Al Lags 72.4 | 4.00e +4 | 16.37 | 13.23 | 171.2 ‘ :
/
Si Lo 91.5 | 1.8%e+4 | 18.15 | 7.90 | 135.5 -0 / / :
Be K 1085 | 1.10e+4 | 16.37 | 544 | 1143 Rl 4 ’ T
Sr M¢ 114.0 | 1.0le +4 | 1555 | 5.24 | 108.8 f
Y M 132.8 | 9.66e+3 | 13.10 | 5.86 | 93.4 o i3 |/ F
Zr M( 1511 | 1.1le+4 | 11.63 | 7.66 | 82.1 N rT\_/\ ‘ |
B Ka 183.3 | 1.37e+4 | 10.82 | 11.45 | 67.6 ,j ! ‘ ‘ | ’ ’
Mo M( 192.6 | 1.43¢+4 | 10.91 | 12.59 | 64.4 o . i N it
Ar L¢ 220.1 | 1.56e-+4 | 11.76 | 15.71 56.3 10 100 1000 10000
C Ka 277.0 | 1.65e +4 | 15.07 | 2091 | 44.8 o
Ag M( 311.7 | 1.63e+4 | 17.56 | 23.23 | 39.8 O - — ——
N Ka 392.4 | 149 +4 | 23.57 | 26.66 | 316 " 1 ’
Ti La 452.2 | 1.36e+4 | 27.83 | 28.01 | 27.4 |
V La 511.3 | 1.22¢+4 | 31.71 | 28.55 | 24.2 TR
0 Ka 524.9 | 1.19e+4 | 32.56 | 28.60 | 23.6 rd
Cr La 572.8 | 1.09e +4 | 35.40 | 28.57 | 21.6 «© AL/ \ i
Mn La 637.4 | 9.62¢+3 | 38.88 | 28.02 | 195 s X / FX
F Ka 676.8 | 8.86e+3 | 40.82 | 27.40 | 183 7/ BN
Fe La 705.0 | 8.34e+3 | 41.98 | 26.84 | 176 / ; A
Co La 776.2 | 7.16e+3 | 44.53 | 25.38 | 16.0 4
Ni La 851.5 | 6.10e +3 | 46.47 | 23.75 | 146 j ‘ | 1 t
Cu La 929.7 | 5.22¢e+3 | 48.00 | 22.18 | 13.3 - = -
Zn La 1011.7 | 4.46e +3 | 49.19 | 20.59 | 12.3 10 100 1000 10000
Na Ka 1041.0 | 4.21e+3 | 49.52 | 2003 | 11.9 .
Ge La 1188.0 | 3.23¢+3 | 50.41 | 17.54 | 10.4 = =
Mg Ka 1253.6 | 2.90e +3 | 50.55 | 16.61 9.9 i = HH%H —HHH ;:H%% 5
Al Ka 1486.7 | 2.04e +3 | 49.92 | 13.82 8.3 -2 — = e
Si Ka 1740.0 | 1.46e +3 | 46.92 | 11.58 7.1 £ 1 H =
Zr La 2042.4 | 1.43e+3 | 28.21 | 13.30 6.1 R —
Mo La 2293.2 | 3.27e +3 | 49.55 | 34.29 5.4 e ; S
Cl Ka 2622.4 | 2.7T4e +3 | 57.29 | 32.83 4.7 5w
Ag La 2984.3 | 2.11e+3 | 63.80 | 28.81 4.2 3 - e s ==
Ca Ka 3691.7 | 1.32¢+3 | 70.34 | 22.25 3.4 . 1 =
Ti Ko | 45108 | 8.08¢+2 | 72.74 | 16.64 2.7 = : =
V Ka 4952.2 | 6.40e+2 | 73.21 | 14.47 2.5 t i
Cr Ka | 5414.7 | 5.1le+2 | 7342 | 1263 | 2.3 o) 1 I
Mn Ko | 5898.8 | 4.1le+2 | 73.45 | 11.07 | 2.1 10 100 1000 10000
Co Ka 6930.3 | 2.72¢+2 | 73.15 | 8.61 1.8 E (eV)
Ni Ka 7478.2 | 2.24e+2 | 72.87 | 7.64 1.7
Cu Ka 8047.8 | 1.85e+2 | 72.51 6.81 1.5 Edge Energies
Ge Ka | 98864 | 1.09¢+2 | 70.67 | 4.92 L3 | 1 134185ev  M; 3173.7eV  N; 69L1eV® Of 95.2eVe
Y Ka | 14988.0 | 1.47¢+2 | 73.90 | 10.09 08 | Ly 128241V My 2908.7eV Ny 577.8eV® Oy 63.0 eV®
Mo Ko | 17479.0 | 9.96e+1 | 75.58 | 7.95 0.7 | Lmr 11215.2eV My 2550.7eV Ny 495.8 eV’ Oy 48.0 eV?
Pd Ka | 21177.0 | 6.04e+1 | 76.36 | 5.84 0.6 Mpy 2116.1eV  Nyy 3119 eV?
Sn Ka | 25271.0 | 3.78¢+1 | 7652 | 436 | 0.5 My 20404V Ny 2963 eV’
Xe Ka | 29779.0 | 2.43e+1 | 76.48 | 3.31 0.4 Nyr 638 eV
NVII 60.8 eV

References: 183, 223, 232.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = p(cm?/gm) x 323.94
E(keV)u{cm?/gm) = f2 x 215.70

Line E(eV) |u(cm?/gm)| fi fa A (A)
i1 102 | 48%e +4 329 | 1215
He I 21.2 | 9.63¢ +4 9.48 | 584.3
Na Lag 305 | 7.26e +4 10.25 | 407.2
Mg Los 493 | 4.34e +4 9.92 | 2515
Al Lag 724 | 5.6de+4 | 11.68 | 18.94 | 171.2
Si Lags 91.5 | 2.65e+4 | 20.14 | 11.24 135.5
Be K 108.5 1.47e +4 | 18.47 7.42 114.3
Sr M(¢ 1140 | 1.27e +4 | 17.87 6.72 108.8
Y M(¢ 1328 | 9.52¢ +3 | 15.10 5.86 93.4
Zr M(¢ 151.1 | 9.70e +3 | 12.86 6.80 82.1
B Ka 183.3 | 1.27e+4 | 10.77 | 10.76 67.6
Mo M( 192.6 | 1.34e+4 | 10.80 | 12.00 64.4
Ar L¢£ 220.1 1.53e +4 | 11.11 | 15.59 56.3
C Ka 2770 | 1.6le+4 | 15.18 | 20.66 44 .8
Ag Mc¢ 3117 | 1.58e+4 | 17.14 | 2277 | 30.8
N Ka 3924 | 1.51e+4 | 23.12 | 27.52 31.6
Ti La 452.2 1.33e +4 | 27.99 | 27.89 27.4
V L« 511.3 | 1.17e +4 | 30.83 | 27.68 24.2
0 Ka 524.9 | 1.15e+4 | 31.10 | 27.87 23.6
Cr La 572.8 | l.1le+4 | 34.20 | 29.53 21.6
Mn La 637.4 | 9.75e+ 3 | 38.29 | 28.80 18.5
F Ka 676.8 | 8.90e+3 | 40.06 | 27.92 18.3
Fe La 705.0 | 8.42¢+3 | 40.92 | 27.53 17.6
Co La 776.2 | 7.57e+3 | 43.68 | 27.23 16.0
Ni La 851.5 | 6.45e+3 | 46.46 | 25.46 14.6
Cu La 929.7 | 5.50e+ 3 | 48.30 | 23.73 13.3
Zn La 1011.7 | 4.70e 4+ 3 | 49.71 | 22.03 12.3
Na Ka 1041.0 | 4.44e+3 | 50.11 | 21.44 11.9
Ge La 1188.0 | 3.41e+3 | 51.29 | 18.79 10.4
Mg Ka 1253.6 | 3.06e +3 | 51.55 | 17.79 9.9
Al Ka 1486.7 | 2.15e+ 3 | 51.36 | 14.82 8.3
Si Ka 1740.0 | 1.54e+3 | 49.22 | 1241 7.1
Zr La 20424 | 1.08e+3 | 38.77 | 10.23 6.1
Mo La 2293.2 | 3.42e+3 | 44.93 | 36.36 5.4
Cl Ka 2622.4 | 2.47e+3 | 52.30 | 29.99 4.7
Ag La 2984.3 | 2.08e+3 | 62.95 | 28.72 4.2
Ca Ka 3691.7 | 1.37e +3 | 70.64 | 23.52 3.4
Ti Ka 4510.8 | 8.40e +2 | 73.46 | 17.58 2.7
V Ka 4952.2 | 6.66e+2 | 74.03 | 15.29 2.5
Cr Ka 5414.7 | 5.32¢+2 | 74.31 | 13.36 2.3
Mn Ka 5898.8 | 4.29¢+2 | 74.39 | 11.72 2.1
Co Ka 6930.3 | 2.84e+2 | 74.17 9.14 1.8
Ni Ka 7478.2 | 2.34e+2 | 73.93 8.12 1.7
Cu Ka 8047.8 | 1.94e +2 | 73.62 7.24 1.5
Ge Ka 9886.4 | 1.14e+ 2 | 72.06 5.22 1.3
Y Ka 14988.0 | 1.53e+ 2 | 74.19 | 10.60 0.8
Mo Ka 17479.0 | 1.0de+2 | 76.28 8.45 0.7
Pd Ka 21177.0 | 6.36e+1 | 77.28 6.25 0.6
Sn Ka 25271.0 | 3.98e+1 | 77.54 4.66 0.5
Xe Ka 29779.0 | 2.55e+1 | 77.51 3.53 0.4

References: 1, 2, 4, 5, 7, 48, 52, 123, 125, 136, 223, 229, 232.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Gold (Au)
te(barns/atom) = p(cm?/gm) x 327.08 Z=T79
E(keV)u{cm?/gm) = fy x 213.63 Atomic Weight = 196.967

Line E(eV) |u(cm?/gm) f1 fo A (A)
H 102 | 3.84e + 4 1.83 | 1215
He 1 21.2 | 9.38e +4 9.32 | 584.3
Na Lag 305 | 7.8le+4 11.14 | 407.2
Mg L2.3 49.3 | 5.32e +4 12.28 | 251.5
Al Lag 724 | 4.22¢+4 | 17.14 | 14.30 | 171.2
Si Lag 915 | 2.6le+4 | 19.99 | 11.19 | 1355
Be K 1085 | 1.62¢+4 | 2025 | 822 | 1143
Sr M(¢ 114.0 | 1.42e+4 | 20.29 | 7.56 | 108.8
Y M¢ 1328 | 9.23¢e +3 | 1844 | 5.73 | 934
Zr Mc 1511 | 7.79¢ +3 | 16.23 | 551 | 821
B Ka 1833 | 1.06e +4 | 13.04 1 9.07 | 67.6
Mo M( 192.6 | 1.15e +4 | 12.97 | 10.40 | 64.4
Ar L¢ 220.1 | 1.3le+4 | 13.46 | 13.46 | 56.3
C Ka 277.0 | 1.43e +4 | 15.88 | 18.58 | 44.8
Ag M(¢ 3117 | 1.44e+4 [ 18.09 | 2104 | 3938
N Ka 392.4 | 1.3d4e+4 | 23.18 | 2457 | 31.6
Ti La 452.2 | 1.24e+4 | 26.65 | 26.29 | 27.4
V La 511.3 | 1.15e+4 | 30.24 | 27.47 | 242
0 Ka 5249 | 1.12¢ +4 | 31.06 | 27.60 | 23.6
Cr La 572.8 | 1.04e+4 | 33.56 | 27.86 | 21.6
Mn La 6374 | 9.45e+3 | 36.69 | 28.20 [ 19.5
F Ka 6768 | 8.88¢+3 | 38.75 | 28.15 | 18.3
Fe La 705.0 | 8.46e +3 | 4002 | 2792 | 176
Co La 776.2 | 7.48¢ +3 | 43.06 | 27.19 [ 16.0
Ni La 8515 | 6.52¢+3 | 45.53 | 26.00 | 14.6
Cu La 920.7 | 5.70e +3 | 47.68 | 24.80 | 13.3
Zn La 1011.7 | 4.92e +3 | 49.59 | 23.32 | 123
Na Ko 1041.0 | 4.68e +3 | 50.19 | 22.80 | 11.9 .
Ge La 1188.0 | 3.57e +3 [ 51.96 | 19.86 | 10.4 (]
Mg Ka 1253.6 | 3.20e+3 | 52.34 | 18.80 9.9 253
Al Ka 1486.7 | 2.25e +3 | 52.60 | 15.68 8.3 ot
Si Ka 1740.0 | 1.6le+3 | 51.15 | 13.15 7.1 £ =
Zr La 2042.4 | 1.14e+3 | 45.01 | 10.87 6.1 Dol
Mo La 2293.2 | 3.09¢ +3 | 35.89 | 33.16 5.4 ~ — =
Cl Ka 2622.4 | 2.56e+3 | 55.52 | 31.42 4.7 g o +
Ag La 2984.3 | 2.17e +3 | 62.89 | 30.25 4.2 R =—=——
Ca Ka 3691.7 | 1.44e+3 | 70.56 | 24.85 3.4 3 v T
Ti Ka 4510.8 | 8.83e +2 | 74.08 | 18.65 2.7 = ===
V Ka 4952.2 | 7.00e +2 | 74.82 | 16.23 2.5 ] LT% |
Cr Ka | 54147 | 5.59e+2 | 75.21 | 14.18 2.3 © s
Mn Ka | 5898.8 | 4.50e+2 | 7537 | 12.43 2.1 10 100 1000 10000
Co Ka 6930.3 | 2.98¢ +2 | 75.24 | 9.68 1.8 E (eV)
Ni Ka 7478.2 | 2.46e+2 | 75.03 | 8.60 1.7
Cu Ka 8047.8 | 2.03e+2 | 74.74 7.66 1.5 Edge Energies
Ge Ka 9886.4 | 1.20e+2 | 73.32 5.55 1.3 L; 14352.8 eV M; 34249 eV N; 762.1eV® Op 107.2eV®
Y Ka | 14988.0 | 1.60e+2 | 74.39 | 11.23 0.8 | Ly 13733.6eV My 3147.8eV Ny 642.7eV® Oy 74.2eV?
Mo Ka | 17479.0 | 1.09e+2 | 77.07 | 8.89 0.7 | Lm 11918.7eV My 2743.0eV Ny 5463 eV® Oy 57.2eV?
Pd Ka | 21177.0 | 6.59¢+1 | 78.21 | 6.53 0.6 Mpy 2291.1eV  Nry 353.2 ¢V®
Sn Ka | 25271.0 | 4.12e+1 | 7851 | 4.87 0.5 My 22057eV Ny 335.1eV®

Nyi B87.6 eV®

Xe K 29779.0 | 2.65 1 . .6 .
e Ka 779 e -+ 78.53 3.69 0.4 Nymr 83.9 eV?

References: 2, 4, 7, 11, 25, 28, 31, 48, 79, 95, 99, 100, 107, 108, 110, 122, 123, 126, 136, 149, 175, 177, 185, 188, 200, 206, 223, 229, 232.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = p(cm?/gm) x 333.09
E(keV)u(cm?/gm) = f; x 209.77

Line E(eV) |pg(cm?/gm) f1 fa A (A)
H 10.2 6.29¢ + 4 3.06 1215
He 1 21.2 6.57e + 4 6.64 584.3
Na L2 30.5 8.11e + 4 11.78 407.2
Mg L2 49.3 8.10e + 4 19.04 251.5
Al Lo 72.4 5.23e +4 | 16.07 | 18.04 171.2
Si Lagj 91.5 3.09¢ +4 | 19.84 13.48 135.5
Be K 108.5 1.95e +4 | 20.73 10.08 114.3
Sr M(¢ 114.0 1.64e +4 | 20.84 8.92 108.8
Y M¢ 132.8 9.66e + 3 19.08 6.11 93.4
Zr M(¢ 151.1 6.75¢ +3 | 16.70 4.86 82.1
B Ka 183.3 7.39¢e +3 12.21 6.46 67.6
Mo M(¢ 192.6 8.10e + 3 11.34 7.44 64.4
Ar L¢ 220.1 1.05¢ + 4 9.59 11.06 56.3
C Ka 277.0 1.43e + 4 9.99 18.93 44 .8
Ag M(¢ 311.7 1.58¢ + 4 12.25 23.46 39.8
N Ka 3924 1.57e + 4 20.16 29.41 31.6
Ti La 452.2 1.43¢e +4 | 25.83 | 30.82 27.4
V La 511.3 1.27e +4 | 30.10 | 31.07 24.2
0O Ka 524.9 1.24e +4 | 31.04 | 31.05 23.6
Cr La 572.8 1.12¢e +4 | 33.36 | 30.56 21.6
Mn La 637.4 1.04e +4 | 36.60 | 31.63 19.5
F Ka 676.8 | 9.76e+3 | 39.13 | 31.49 18.3
Fe La 705.0 9.26e + 3 | 40.82 | 31.12 17.6
Co La 776.2 7.95e +3 | 43.72 | 29.42 16.0
Ni La 851.5 7.14¢e + 3 | 46.50 | 28.97 14.6
Cu La 929.7 6.10e +3 | 49.34 | 27.04 13.3
Zn La 1011.7 | 5.21e+3 | 51.25 | 25.12 12.3
Na Ka 1041.0 492e+ 3 51.81 24.41 11.9
Ge La 1188.0 3.76e +3 | 53.50 21.30 10.4
Mg Ka 1253.6 3.37e+3 53.91 20.14 9.9
Al Ka 1486.7 | 2.38e +3 | 54.39 | 16.84 8.3
Si Ka 1740.0 1.70e +3 | 53.43 | 14.09 71
Zr La 2042.4 | 1.19e+3 | 49.22 | 11.61 6.1
Mo La 2293.2 1.77e + 3 | 34.02 19.31 5.4
Cl Ka 2622.4 2.63e +3 | 54.39 | 32.86 4.7
Ag Lo 2984.3 2.24e+ 3 | 61.87 | 31.88 4.2
Ca Ka 3691.7 | 1.48e+3 | 70.45 | 26.08 3.4
Ti Ka 4510.8 | 9.13e+ 2 | 74.76 | 19.64 2.7
V Ka 4952.2 7.24e+2 | 75.66 | 17.10 2.5
Cr Ko 5414.7 | 5.79e +2 | 76.17 | 14.94 2.3
Mn Ko 58908.8 | 4.66e+2 | 76.38 | 13.10 2.1
Co Ka 6930.3 3.09¢e +2 | 76.35 | 10.20 1.8
Ni Ka 7478.2 | 2.54e+2 | 76.20 9.05 1.7
Cu Ko 8047.8 2.10e + 2 | 75.95 8.06 1.5
Ge Ka 9886.4 | 1.24e +2 | T4.72 5.83 1.3
Y Ka 14988.0 | 1.63e+2 | 73.80 | 11.66 0.8
Mo Ka 17479.0 1.12e +2 | 77.64 9.30 0.7
Pd Ka 21177.0 | 6.8le+1 | 79.04 6.88 0.6
Sn Ka 25271.0 | 4.27e+1 | 79.44 5.15 0.5
Xe Ka 29779.0 | 2.75e +1 | 79.47 3.90 0.4

References: 14.

Mercury (Hg)
Z =80
Atomic Weight = 200.590
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Edge Energies
L; 14839.3eV My 356l.6eV Ny 802.2eV® Op 127. eV®
Ly 14208.7 eV My 3278.5 eV Ny 68C.2 ev? O 831 ev?®
Ly 12283.9 eV My 2847.1 eV Ny 57€.6 ev?® O 64.5 eVv?
Mpy 2384.9eV  Npy 376.2eV®
My 22949eV Ny 356.8eV?
Ny1 104.0 eV"
Ny 99.9 eV®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Thallium (TI)

Be(barns/atom) = g(cm?/gm) x 339.39 Z =81
E(keV)u(cm?/gm) = f2 x 205.88 Atomic Weight = 204.383
Line E(eV) |u(ecm?/gm)| £ fa A (A)
H 10.2 | 3.5le + 4 1.74 1215 Q
He 1 21.2 | 4.18e +4 4.31 | 584.3 ]
Na L2g 30.5 | 6.55e +4 9.68 | 407.2 0 AT v/,a
Mg Las 49.3 | 8.35e +4 20.00 | 251.5
Al Lag 724 | 5.74e+4 | 17.26 | 2020 | 171.2 =
Si Lo 915 | 3.34e+4 | 21.91 | 14.85 | 1355 o I
Be K 1085 | 2.0de+4 | 23.11 | 10.74 | 114.3 — g :
Sr M¢ 114.0 | 1.73e+4 | 23.11 | 9.56 | 108.8 o ! / \
Y M¢ 132.8 | 1.03e+4 | 2142 | 6.63 | 934 ™ ! ] / ;
Zr M(¢ 151.1 | 6.99e+3 | 19.61 | 5.13 82.1 o IV aRaNEY. b i
B Ka 183.3 | 5.98¢+3 | 1500 | 532 | 676 - | / / N ‘ }
Mo M( 1926 | 6.67e+3 | 13.93 | 6.24 | 644 o | L1 IHIIEE RN
Ar L¢ 220.1 8.68e + 3 11.89 9.28 56.3 10 100 1000 10000
C Ka 2770 | 1.26e+4 | 11.44 | 16.94 | 4438 o
Ag Mc 311.7 | 1.39e+4 | 13.06 | 21.06 | 39.8 S . — —
N Ka 3924 | 1.45e+4 | 19.44 | 2768 | 31.6 - i 5 E4) ey
Ti La 452.2 | 1.37e+4 | 24.88 | 30.04 | 274 - BIDjRESR N
V La 511.3 | 1.25e+4 | 29.39 | 30.93 | 24.2 = N N +-
O Ka 524.9 | 1.22¢+4 | 30.43 | 31.03 | 23.6 . N
Cr La 572.8 | 1.10e +4 | 33.56 | 30.67 | 216 N N
Mn La 6374 | 9.71e+3 | 35.65 | 30.06 | 19.5 35 H Y-
F Ka 676.8 | 9.64e+3 | 37.32 | 31.70 18.3 ] RN \
Fe La 705.0 | 9.29¢+3 | 39.60 | 31.81 | 176 i T
Co La 776.2 | 8.03e+3 | 43.08 | 30.26 16.0 i mEa §
Ni Le 851.5 | 7.26e+3 | 46.09 | 30.04 | 146 I
Cu La 929.7 | 6.27e+3 | 49.16 | 28.33 | 13.3 ‘
Zn La 1011.7 | 5.4de+3 | 51.51 | 26.71 | 12.3 1000 10000
Na Ka 1041.0 | 5.14e+3 | 52.20 | 25.98 | 11.9 .
Ge La 1188.0 | 3.92e+3 | 54.50 | 22.60 | 10.4 )
Mg Ka 1253.6 | 3.5le+3 | 55.05 | 21.35 9.9
Al Ko 1486.7 | 2.46e +3 | 55.90 | 17.79 8.3 _®
Si Ka 1740.0 | 1.76e +3 | 55.39 | 14.91 7.1 S
Zr La 2042.4 | 1.24e +3 | 52.46 | 12.27 6.1 Do
Mo Lo 2293.2 | 9.48e +2 | 44.33 | 10.56 5.4 ~ 7
Cl Ka | 26224 | 2.71e+3 | 51.72 | 34.56 4.7 g .
Ag Lo 2984.3 | 2.14e +3 | 56.98 | 30.98 4.2 - -
Ca Ka | 3691.7 | 1.48e+3 | 70.11 | 26.46 3.4 S8 o
Ti Ka 45108 | 9.32¢ +2 | 75.25 | 20.43 2.7 =
V Ka 4952.2 | 7T4le+2 | 76.32 | 17.83 25
Cr Ka 5414.7 | 5.93e +2 | 76.96 | 15.60 2.3 © ‘
Mn Ka | 5898.8 | 4.78¢+2 | 77.27 | 13.70 2.1 10 100 1000 10000
Co Ka 6930.3 | 3.17e+2 | 77.37 | 10.67 1.8 E (eV)
Ni Ka 7478.2 | 2.6le+2 | 77.26 | 9.48 L7
Cu Ka 8047.8 | 2.16e+2 | 77.05 | 8.45 1.5 Edge Energies
Ge Ka | 9886.4 | 1.27Te+2 | 75.97 | 6.11 L3 1 1, 15346.7eVv  M; 37041eV  N; 846.2eV® Op 136. eV®
Y Ka | 14988.0 | 1.47e+2 | 73.36 | 10.67 0.8 | Ly 14697.9eV My 34157e¢V Ny 720.5eV® Oy 94.6 eV’
Mo Ka | 174790 | 1.14e+2 | 78.19 | 9.70 0.7 | L 12657.5eV My 2956.6 €V Ny 609.5eV®  Opy 73.5 eV®
Pd Ka | 211770 | 6.96e+1 | 79.87 | 7.16 0.6 My 2485.1e¢V Ny 405.7e¢V®  Opy 14.7 eV’
Sn Ka | 25271.0 | 4.37e+1 | 80.35 | 5.36 0.5 My 2389.3eV Ny 385.0eV’ Oy 125eV’
Xe Ka | 29779.0 | 2.82¢+1 | 80.42 | 4.08 0.4 Nyr 1222 eV

Nyyp 117.8 ev?®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, £ = 50-30,000 eV
See page 211 for Explanation of Tables

Lead (Pb)
Z =82
Atomic Weight = 207.200

pq(barns/atom) = u(cm?/gm) x 344.07
E(keV)u(cm?/gm) = f3 x 203.08

Line E(eV) |u(cm?/gm) f, fa A (A)
H 102 | 9.44e + 4 474 | 1215 o
He I 21.2 | 4.74e +4 4.95 | 5843 @ | !
Na Lag 305 | 4.1le+4 6.16 | 407.2 w | - L yaml
Mg Los 49.3 | 7.38e + 4 17.91 | 2515 v
Al Lgs 724 | 6.24e +4 | 15.64 | 22.24 | 171.2 o , il _
© ~
Si Lag 91.5 | 4.07e +4 | 23.96 | 18.34 | 1355 o ,/ \
Be K 108.5 | 2.30e +4 | 26.76 | 12.28 | 114.3 iR /
Sr M¢ 1140 | 1.8le+4 | 26.67 | 10.15 | 108.8 o / V
Y M¢ 1328 | 1.04e+4 | 2413 | 6.79 | 934 I - ) / -~ -
Zr M( 151.1 | 7.16e+3 | 22.63 | 533 | 821 o / \ ) B
B Ko 183.3 | 4.76e +3 | 18.75 | 4.30 | 67.6 T ~
Mo M¢ 1926 | 4.73e +3 | 1762 | 4.49 | 644 o l L il
Ar L¢ 220.1 | 6.00e+3 | 14.30 | 6.51 | 56.3
C Ka 277.0 | 1.0de+4 | 11.87 | 14.18 | 44.8 10 100 100C 10000
Ag Mc 311.7 | 1.24e+4 | 13.00 | 19.10 | 39.8 8 : e
— — 1 T 1 T 1 e 1 T
N Ka 3924 | 1.39e+4 | 19.42 | 26.81 31.6 I = 00 el t
Ti La 452.2 | 1.3le+4 | 2431 | 29.18 | 274 T 1 B
V La 511.3 | 1.21e+ 4 | 29.20 | 3040 | 242 SN
0 Ka 5249 | 1.18¢+4 | 30.13 | 3046 | 236 | .. Vo / \\ N _
Cr La 572.8 | 1.08e+4 | 33.04 | 3052 | 216 o /| \ / N \
u—w — LA 11 o T . iy : l‘\
Mn La 6374 | 9.70e+3 | 36.24 | 30.46 | 195 Fi i o = P
F Ka 676.8 | 9.17e +3 | 37.91 | 30.55 | 18.3 - N
Fe La 705.0 | 8.83¢ 4+ 3 | 39.15 | 30.65 | 17.6 : i - -
Co La 776.2 | 8.0le+3 | 42.47 | 30.60 | 16.0 B - : ‘
Ni La 851.5 | 7.1%e +3 | 4555 | 29.87 | 146 Tl i e ';H [ -
Cu La 929.7 | 6.4le+3 | 4862 | 2934 | 13.3 - u i —L
Zn La 1011.7 | 5.52¢+3 | 51.60 | 27.52 | 12.3
Na Ka 1041.0 | 5.22¢ +3 | 52.39 | 26.78 | 11.9
Ge La 1188.0 | 4.0le+3 | 54.86 | 23.46 | 10.4
Mg Ka 1253.6 | 3.60e +3 | 55.52 | 22.22 9.9
Al Ko 1486.7 | 2.56e +3 | 56.80 | 18.73 8.3 .
Si Ka 1740.0 | 1.83e+3 | 56.77 | 15.71 7.1 =
Zr La 2042.4 | 1.29e+3 | 54.70 | 12.98 6.1 S
Mo La 22932 | 9.94e+2 | 49.82 | 11.23 5.4 ~
Cl Ka 2622.4 | 2.50e +3 | 43.96 | 32.32 4.7 g
Ag La 2984.3 | 2.06e+3 | 59.20 | 30.24 4.2 e
Ca Ka | 36917 | 1.51e+3 | 70.08 | 27.36 | 3.4 3
Ti Ka | 4510.8 | 9.66e+2 | 75.78 | 21.45 2.7
V Ka | 49522 | 7.67e+2 | 77.02 | 18.70 2.5
Cr Ka 5414.7 | 6.14e+2 | 77.76 | 16.37 2.3 o ‘
Mn Ko | 5808.8 | 4.95¢+2 | 78.15 | 14.39 2.1 10 100 1000 10000
Co Ka 6930.3 | 3.30e+2 | 78.36 | 11.25 1.8 E (eV)
Ni Ka 7478.2 | 2.72¢ +2 | 78.29 | 10.01 1.7
Cu Ka 8047.8 | 2.25e+2 | 78.13 | 8.94 L5 Edge Energies
Ge Ko 9886.4 | 1.33e+2 | 77.23 | 6.48 13 | 1, 15860.8eV  M; 3850.7eV  N; 8918eV® Op 147 eV®
Y Ka | 14988.0 | 1.09¢+2 | 73.90 | 8.01 0.8 | Ly 152000eV My 3554.2eV Ny 7619eV' Oy 1064 eV’
Mo Ka | 17479.0 | 1.18¢+2 | 78.63 | 10.12 | 0.7 | Lur 13035.2eV My 30664V Ny 6435eV® Oy 83.3 V7
Pd Ko | 211770 | 7.19+1 | 80.67 | 7.50 0.6 Mpy 2585.6eV  Nyy 4343eVe Oy 207 eV?
Sn Ka | 25271.0 | 452 +1 | 81.26 | 562 | 0.5 My 248406V v w22eV Oy 181eV
VI
Xe Ka | 29779.0 | 2.92e+1 | 81.38 | 4.28 0.4 N 156 ovd
References: 4, 16, 25, 99, 102, 131, 152, 169, 177, 188, 229.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Bismuth (Bi)

pa(barns/atom) = p(cm?/gm) x 347.03 Z =83
E(keV)u(cm?/gm) = fy x 201.35 Atomic Weight = 208.980
Line E(eV) |p(cm?/gm)| f f2 A (A)
H 102 | L.ile+5 5.65 | 1215 9
He 1 21.2 | 1.68e+4 1.77 | 5843 | | , R ‘
Na Lo 30.5 | 3.40e + 4 5.14 407.2 rLQ ] | / /]
Mg Los 493 | 6.87e + 4 16.83 | 2515 | i
Al Log 724 | 7.95e+4 | 11.05 | 28.58 | 171.2 3 ; | ]
Si Lags 91.5 | 5.33e+4 | 24.00 | 24.21 | 1355 o ’ | | / ‘
Be K 108.5 | 3.0le+4 | 29.17 | 16.20 | 1143 — < 3 ! L ;
Sr M¢ 114.0 | 2.42¢+4 | 29.36 | 13.71 | 1088 ° — i
Y M¢ 132.8 | 1.20e+4 | 27.25 | 7.91 | 934 ® f /T _ ‘
Zr M¢ 151.1 | 7.99e +3 | 24.88 | 599 | 82.1 , /\ /| ! |
o N ‘ H——t—
B Ko 183.3 | 4.58¢+3 | 2052 | 417 | 676 ! ;
Mo M(¢ 1926 | 4.50e+3 | 19.28 | 4.31 | 64.4 o : . |
Ar L¢ 220.1 | 5.37e+3 | 1592 | 5.87 | 56.3
C Ka 277.0 | 9.28¢+3 | 12.64 | 12.77 | 44.8 10 100 1000 10000
Ag M( 311.7 | 1.14e+4 | 13.03 | 1758 | 39.8 8 ‘ _
- - 2 T
N Ka 3924 | 1.29e+4 | 17.88 | 25.05 | 31.6 = : S i o N el
Ti La 452.2 | 1.30e +4 | 21.90 | 290.13 | 27.4 e Pl R
V Le 511.3 | 1.26e+4 | 26.84 | 31.93 | 24.2 : = R
0 Ka 524.9 | 1.2de+4 | 28.04 | 32.36 | 23.6 A L / N \ L
Cr La 572.8 | 1.15e +4 | 32.50 | 32.82 | 21.6 ° ; / \J N\
o~ i - — - -
Mn La 637.4 | 1.0le+4 | 36.64 | 3201 | 195 : f SN
F Ka 6768 | 9.32¢+3 | 38.39 | 31.34 | 183
Fe La 705.0 | 8.88e +3 | 39.01 | 31.08 | 17.6
Co La 7762 | 8.48e+3 | 42.22 | 32.71 | 16.0
Ni La 851.5 | 7.38e--3 | 46.45 | 31.20 | 14.6
Cu La 929.7 | 6.40e+3 | 4888 | 2954 | 133
Zn La 1011.7 | 5.75e+3 | 51.41 | 28.90 | 123
Na Ka 1041.0 | 5.46e+3 | 52.51 | 28.24 | 11.9
Ge La 1188.0 | 4.22¢+3 | 55.49 | 24.89 | 10.4
Mg Ka 1253.6 | 3.80e+3 | 56.30 | 23.64 9.9
Al Ka 1486.7 | 2.71e +3 | 58.03 | 20.03 8.3
Si Ke 17400 | 1.95e+3 | 58.44 | 16.85 7.1
Zr La 2042.4 | 1.37¢+3 | 57.09 | 13.91 6.1
Mo La 22932 | 1.05e+3 | 53.80 [ 11.98 5.4
Cl Ka 2622.4 | 1.49e+3 | 37.89 | 19.38 4.7
Ag La 2984.3 | 2.13¢ +3 | 59.59 | 31.63 4.2
Ca Ka 3691.7 | 1.5le +3 | 69.86 | 27.61 3.4
Ti Ke 4510.8 | 9.94e +2 | 76.13 | 22.26 2.7 S=ca
V Ka 4952.2 | 7.92e4+2 | 77.61 | 19.47 2.5 : o1
Cr Ka 5414.7 | 6.35e +2 | 78.52 | 17.08 2.3 1 1]
Mn Ko 5898.8 | 5.13e+2 | 79.02 | 15.02 2.1 10 100 1000 10000
Co Ka 6930.3 | 3.4le+2 | 79.37 | 11.73 1.8 E (eV)
Ni Ka 7478.2 | 2.8le+2 | 79.34 | 1043 1.7
Cu Ka 8047.8 | 2.33e+2 | 79.22 9.30 1.5 Edge Energies
Ge Ka 9886.4 | 1.37e+2 | 7841 | 6.73 L3 1 L 16387.5e¢V M; 3999.1eV Ny  939. eV® O 159.3 eV®
Y Ko | 14988.0 | 1.13e+2 | 75.94 | 8.38 0.8 | Ly 15711.1e¢V My 3696.3e¢V Ny 805.2eV® Oy 119.0eV®
Mo Ka | 17479.0 | 1.2le+2 | 78.89 | 10.50 0.7 | L 134186eV My 3176.9eV  Npy 678.8eV® Opyp 92.6 eV*
Pd Ka | 21177.0 | 7.47e+1 | 81.39 [ 7.85 0.6 Mpy 2687.6eV  Niy 464.0eV® Opy  26.9 eV®

My 2579.6eV Ny 440.1eV® Oy 238eV®
Ny 162.3 eV?
Ny 157.0 eV?

Sn Ka 25271.0 | 4.72¢e+1 | 82.14 5.92 0.5
Xe Ka 29779.0 | 3.05e+1 | 82.34 4.52 0.4

References: 20, 25, 99, 110, 122, 145, 185.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,

pa(barns/atom) = p{cm?/gm) x 348.69
E(keV)u(cm?/gm) = f; x 200.39

Z = 1-92, £ = 50-30,000 eV

See page 211 for Explanation of Tables

Line E(eV) |p(cm?/gm)| fi f2 A (A)
H 10.2 | 9.7le+ 4 4.94 1215
He I 21.2 3.32e + 4 3.52 584.3
Na Lo 30.5 1.38¢ + 4 2.10 407.2
Mg L2 49.3 | 5.56e + 4 13.68 251.5
Al Lo 724 | 7.28e+ 4 8.63 | 26.32 171.2
Si Lag 91.5 | 5.56e+4 | 22.16 | 2541 135.5
Be K 108.5 | 3.27e+4 | 27.21 | 17.70 1143
Sr M(¢ 1140 | 2.78e +4 | 27.94 | 15.82 108.8
Y M(¢ 132.8 | 1.63e+4 | 26.67 | 10.82 93.4
Zr M(¢ 151.1 1.04e +4 | 26.46 7.82 82.1
B Ka 183.3 4.88¢ +3 | 22.57 4.46 67.6
Mo M( 1926 | 4.35e+3 | 21.54 4.18 64.4
Ar L¢ 220.1 | 3.64e+3 | 1791 3.99 56.3
C Ka 277.0 | 6.90e +3 | 11.27 9.54 44 .8
Ag M(¢ 311.7 | 9.74e + 3 | 10.30 | 15.15 39.8
N Ka 392.4 1.31e + 4 13.33 25.73 31.6
Ti La 452.2 l.44e +4 | 18.20 | 32.52 27.4
V La 511.3 | 1.42e +4 | 26.18 | 36.20 24.2
0O Ka 524.9 | 1.39e+4 | 27.91 | 36.51 23.6
Cr La 572.8 | 1.2Te+4 | 33.36 | 36.20 21.6
Mn La 6374 | 1.06e +4 | 38.00 | 33.74 19.5
F Ka 6768 | 9.71le+3 | 39.21 | 32.80 18.3
Fe La 705.0 | 9.28¢ +3 | 39.70 | 32.63 17.6
Co La 776.2 | 8.86e+3 | 43.00 | 34.34 16.0
Ni Le 851.5 | 7.70e + 3 | 47.37 | 32.72 14.6
Cu La 929.7 | 6.68e +3 | 49.87 | 30.98 13.3
Zn La 1011.7 | 6.01e+3 | 52.52 | 30.34 123
Na Ka 1041.0 | 5.71e4+3 | 53.70 | 29.66 11.9
Ge La 1188.0 | 4.40e+3 | 56.90 | 26.10 10.4
Mg Ka 1253.6 | 3.96e +3 | 57.77 | 24.76 9.9
Al Ka 1486.7 | 2.82¢ 4+ 3 | 59.67 | 20.92 8.3
Si Ka 1740.0 | 2.03e+3 | 60.29 | 17.60 7.1
Zr La 20424 | 1.43e+3 | 59.41 | 14.55 6.1
Mo La 2293.2 | 1.10e +3 | 57.09 | 12.55 54
Cl Ka 26224 | 7.98¢ +2 | 45.12 | 10.45 4.7
Ag La 2984.3 | 2.21e+3 | 57.80 | 32.98 4.2
Ca Ka 3691.7 | 1.51le+3 | 70.31 | 27.88 3.4
Ti Ka 4510.8 | 1.02e + 3 | 76.52 | 23.03 2.7
V Ka 4952.2 | 8.15e +2 | 78.24 | 20.13 2.5
Cr Ka 5414.7 | 6.53e +2 | 79.28 [ 17.66 2.3
Mn Ko 5898.8 | 5.28¢+ 2 | 79.87 | 15.54 2.1
Co Ka 6930.3 } 3.52¢ +2 | 80.3¢ | 12.16 1.8
Ni Ka 7478.2 | 2.90e + 2 | 80.36 | 10.82 1.7
Cu Ka 8047.8 | 2.40e+ 2 | 80.28 9.66 1.5
Ge Ka 9886.4 | 1.4le+2 | 79.70 6.98 1.3
Y Ka 14988.0 { 1.17e +2 | 76.81 8.76 0.8
Mo Ka 17479.0 | 1.24e+2 | 78.88 | 10.85 0.7
Pd Ka 21177.0 | 7.75e+ 1 | B2.11 8.19 0.6
Sn Ka 25271.0 | 4.92¢e+1 | 83.02 6.20 0.5
Xe Ka 29779.0 | 3.19e¢+ 1 | 83.29 4.74 04

Polonium (Po)
Z-=-84
Atomic Weight = 209.980
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©
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©
°
10 100 1000 10000
E {eV)
Edge Energies
Ly 16939.3eV  M; 4149.4eV Ny 995 eV® O 177. eV®
Ly 162443 eV My 3854.1eV Ny 851 eV® Oy 132 eV®
Ly 13813.8 eV My 3301.9 eV Nppp 705 eV® Oppp 104, eV®
My 2798.0 eV Npy 500. eV® Orv  31. eV©
My 2683.0 eV Ny 473 eV*® Ovy 31, eV*®
Ny1 184 eV®
Nvyir 184 evV®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Astatine (At)

o (barns/atom) = p(cm?/gm) x 348.70 Z — 85
E(keV)u{cm?/gm) = fa x 200.38 Atomic Weight = 209.990

Line E(eV) |p(cm?/gm) f1 fs A (A)

H 102 | 1.75e + 5 8.89 | 1215 Q

He 1 212 | 6.1le+4 6.47 | 584.3

Na Laa 30.5 | 1.46e +4 2.22 | 407.2 ©

Mg Lo 49.3 | 2.84e +4 6.99 | 251.5

Al Lags 72.4 | 8.19e+4 | 2.81 | 29.58 | 171.2 3

Si Las 91.5 | 6.65e+4 | 21.70 | 30.35 | 135.5 o

Be K 108.5 | 4.0de+4 | 29.56 | 21.88 | 114.3 —

Sr M( 114.0 | 3.30e +4 | 30.85 | 18.80 | 108.8 o

Y M(¢ 132.8 | 1.91e+4 | 29.78 | 12.69 | 93.4 ]

Zr M( 1511 | 1.17e +4 | 2959 | 8.80 | 82.1 ©

B Ka 1833 | 4.17e +3 | 2544 | 381 | 67.6 -

Mo M(¢ 192.6 | 3.62¢+3 ( 24.03 | 348 | 64.4 o

Ar Lt 220.1 | 3.03e+3 | 2062 | 3.32 | 563

C Ka 2770 | 4.4le+3 | 13.41 | 6.09 | 44.8

Ag M¢ 3117 | 7.74e +3 | 1051 | 12.03 | 39.8 8

N Ka 3924 | 1.22¢+4 | 13.48 | 2389 | 31.6

Ti La 4522 | 1.28¢+4 | 18.18 | 28.95 | 274

V La 511.3 | 1.30e +4 | 23.06 | 33.11 | 24.2

O Ka 5249 | 1.29e +4 | 2458 | 33.82 | 236

Cr La 572.8 | 1.22e+4 | 29.07 | 34.87 | 216 °

o

Mn La 637.4 | 1.11e+4 | 34.51 | 35.42 19.5 Rl

F Ka 676.8 | 1.03e+4 | 37.40 | 34.80 | 18.3

Fe La 705.0 | 9.77e +3 | 39.07 | 34.36 | 17.6

Co Lo 776.2 | 8.48e +3 | 41.47 | 32.87 | 16.0

Ni La 851.5 | 8.1le+3 | 44.81 | 34.46 | 14.6

Cu La 9207 | 7.07e+3 | 49.22 | 32.80 | 13.3 -

Zn La 1011.7 | 6.10e+3 | 51.98 | 30.79 | 12.3

Na Ka 1041.0 | 5.79e +3 | 52.71 | 30.10 | 11.9

Ge La 1188.0 | 4.65e+3 | 55.71 | 2754 | 10.4

Mg Ka 1253.6 | 4.24e+3 | 56.92 | 26.52 9.9
Al Ka 1486.7 | 3.05e+3 | 59.68 | 22.61 8.3

Ag Lo 2984.3 | 2.40e+3 | 50.79 | 35.70 4.2
Ca Ka 3691.7 | 1.63e+3 | 69.81 | 30.11 3.4
Ti Ka 4510.8 | 1.10e+3 | 76.51 | 24.76 2.7
V Ka 4952.2 | 8.79e +2 | 78.72 | 21.72 2.5
Cr Ka 5414.7 | 7.06e +2 | 80.04 | 19.08 2.3

Si Ka 1740.0 | 2.20e +3 | 60.83 | 19.12 7.1 ’E‘
Zr La 2042.4 | 1.56e+3 | 60.49 | 15.86 6.1 o
Mo La 2293.2 | 1.20e +3 | 58.86 | 13.70 5.4 _
Cl Ka 26224 | 8.73e+2 | 52.44 | 11.42 4.7 g

3

Mn Ka 5898.8 | 5.7le+2 | 80.81 | 16.80 2.1 1000
Co Ka 6930.3 | 3.80e +2 | 81.50 | 13.13 1.8 E (eV)
Ni Ka 7478.2 | 3.13e+2 | 81.58 | 11.67 1.7
Cu Ko 8047.8 | 2.59¢ +2 | 81.55 | 10.40 1.5 .
Ge Ka | 9886.4 | 1.5le+2 | 81.15 | 7.47 1.3 Edge Energies

L 17493. eV M 4317. eV N 1042. eV*® o] 195. eV?
Y Ka | 14988.0 | 1.23e+2 | 77.15 | 9.23 0.8 L:! 167847 6V M;x 4008, &V N;I 886. eV® O:x 148 eV@
Mo Ka 17479.0 1.27e+2 | 78.46 | 11.07 0.7 Ly 14213.5 eV Myy 3426. eV Nip  740. eV°® Oppp 115. eV°
Pd Ka 21177.0 | 8.12¢ +1 | 82.89 8.58 0.6 My 2908.7 eV N1y 533. eV* Ory  40. eV©
Sn Ka | 25271.0 | 5.14e+1 | 83.93 | 6.48 0.5 My 2786.7eV Ny 507. eV® Oy  40. eV®
X~ Ka | 29779.0 | 3.33¢+1 | 84.25 | 4.95 0.4 Nyp  210. eV®

Ny 210, evV®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z =1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Radon (Rn)
po{barns/atom) = u(cm?/gm) x 368.68 Z =86
E(keV)p{cm?/gm) = f, x 189.52 Atomic Weight = 222.020

Line E(eV) |u(cm?/gm)| £ fo X (A)
H 102 | 6.15¢ + 4 3.31 | 1215 o
He I 21.2 | 8.57¢ + 4 9.59 | 584.3 @ R l [
Na Lggs 305 | 2.90e+4 4.67 | 407.2 o L ’ N L L \\dﬁ
Mg Lo 49.3 | 7.18¢ +3 1.87 | 2515 P ’ [ 11T H Hil
Al Lags 72.4 | 6.67e+4 | -3.97 | 2548 [ 171.2 2 l L] Ll ¢‘L JM il ,
Si Loga 91.5 | 7.06e+4 | 16.11 | 34.06 | 135.5 o } H J \ \ \H / | } \ M\‘ T
Be K 108.5 | 4.35e +4 | 29.79 | 24.89 | 114.3 < v‘ - /[N mEae i
Sr M( 1140 | 3.49e+4 | 30.71 | 21.01 | 108.8 o ! [ e
Y M¢ 1328 | 1.99e +4 | 30.62 | 1395 | 03.4 ] - [ ~ ‘* AR
Zr M( 151.1 | 1.10e +4 | 29.77 | 8.77 | 821 o ! r NG ]
B Ka 1833 | 4.67e+3 | 2581 | 452 | 676 - ‘ ‘ T ’ ’ l ‘J‘ M ‘ ’ 1 ‘
Mo M( | 192.6 | 3.83e+3 | 24.63 | 3.80 | 644 o L Ll
Ar L¢ 2201 | 2.73¢+3 | 21.19 | 317 | 563
C Ka 277.0 | 3.46e+3 | 14.04 | 506 | 448 ° 10 100 1000 10000
Ag M( 3117 | 6.17e+3 | 10.29 | 10.15 | 39.8 b e
- 17 T
N Ka 3924 | 1.10e +4 | 11.54 | 22.70 31.6 e tL
Ti La 4522 | 1.20e+4 | 16.43 | 2851 | 27.4 [
V La 5113 | 1.20e +4 | 2067 | 3249 | 242 : H—ﬂ
0 Ka 524.9 | 1.21e+4 | 21.82 | 3340 | 236 1= |
Cr La 5728 | 1.19e +4 | 26.26 | 35.89 | 21.6 Lo T (
Mn Lo 6374 | 1.10e+4 | 32.44 | 37.15 | 19.5 A 1Y
F Ka 676.8 | 1.02¢+4 | 35.73 | 36.58 | 18.3 -
Fe La 705.0 | 9.73¢ +3 | 37.53 | 36.18 | 17.6 TN
Co La 776.2 | 8.50e +3 | 40.25 | 34.80 | 16.0 B
Ni La 851.5 | 8.21e +3 | 44.26 | 36.89 14.6 - (
Cu La 929.7 | 7.06e +3 | 49.21 | 34.64 13.3 - :
Zn Lo 1011.7 | 6.09¢e +3 | 52.03 | 32.49 | 12.3 10
Na Ka 1041.0 | 5.78¢ +3 | 52.80 | 31.76 | 11.9
Ge La 1188.0 | 4.65¢ +3 | 56.02 | 20.14 | 10.4
Mg Ka 1253.6 | 4.25e +3 | 57.36 | 28.08 9.9
Al Ko 1486.7 | 3.05e +3 | 60.45 | 23.92 8.3
Si Ka 1740.0 | 2.20e +3 | 61.82 | 20.23 7.1
7Zr La 2042.4 | 1.56e+3 | 61.79 | 16.82 6.1
Mo La 2293.2 | 1.20e+3 | 60.60 | 14.58 5.4
Cl Ka 2622.4 | 8.84e+2 | 56.28 | 12.23 4.7
Ag La 2984.3 | 2.02¢ +3 | 43.15 | 31.80 4.2
Ca Ko 3691.7 | 1.68e+3 | 68.62 | 32.68 3.4
Ti Ka 4510.8 | 1.10e +3 | 76.18 | 26.18 2.7
V Ko 4952.2 | 8.76e +2 | 79.17 | 22.90 2.5
Cr Ka 5414.7 | 7.03e + 2 | 80.67 | 20.09 2.3
Mn Ka 5898.8 | 5.68¢+2 | 81.59 | 17.69 2.1
Co Ka 6930.3 | 3.79¢ +2 | 82.39 | 13.85 1.8 E (eV)
Ni Ko 7478.2 | 3.12¢+2 | 82.48 | 12.33 1.7
Cu Ko 8047.8 | 2.59e + 2 | 82.46 | 11.01 1.5 .
Ge Ka | 9886.4 | 1.53e+2 | 81.99 | 7.98 1.3 Edge Energies
L 18049. eV M 4482. eV N 1097. eV*® O 214. eV*®
Y Ko | 149880 | 1.22e+2 | 77.73 | 9.68 08 | [T 1733716V My 4150 6V Ny 929, eV® Oy 164, eV®
Mo Ka | 17479.0 | 1.04e+2 ; 78.04 | 9.58 0.7 | Lpy 14619.4eV My 3538. eV Ny 768. eV®  Opp 127. eV*®
Pd Ka | 21177.0 | 7.98e+1 | 83.56 | 8.91 0.6 Mpy 3021.5eV  Npy 567. eV® Opy 48, eV*®
Sn Ka | 252710 | 5.0Te+1 | 84.79 6.77 0.5 My 28924 eV Ny 54..ev® Oy 48 ev*®
Xe Ko | 29779.0 | 3.30e+1 | 8519 | 5.8 0.4 Nyy 238 eV

Nvir 238. eV*®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Francium (Fr)

uo(barns/atom) = p(cm?/gm) x 370.34 Z =87
E(keV)u(cm?/gm) = f, x 188.67 Atomic Weight = 223.020
Line E(eV) |p(cm?/gm) f1 fa A (A)
H 102 | 1.17e +3 0.06 | 1215 bt
He I 21.2 | 1.0le+5 11.31 | 584.3
Na Lo 305 | 4.11e+4 6.64 | 407.2 o |
Mg Lo 49.3 | 4.99e + 3 1.30 | 2515
Al Lag 724 | 6.27e+4 | -17.10 | 24.05 | 1712 S+
Si Lgs 915 | 8.21e+4 | 7.40 | 39.83 | 1355 .
Be K 108.5 | 5.95e+4 | 27.74 | 34.23 | 1143 ¥
Sr M¢ 114.0 | 4.95e +4 | 30.27 | 29.94 | 108.8 o
Y M¢ 132.8 | 2.91e+4 | 32.92 | 2045 | 934 &
Zr M( 1511 | 1.72¢e+4 | 33.55 | 13.74 | 821 o
B Ka 183.3 | 6.83e+3 | 3015 | 663 | 676 - ‘
Mo M¢ 1926 | 5.33e+3 | 28.93 | 544 | 644 o \
Ar L¢ 220.1 | 3.15¢e+3 | 25.07 | 367 | 563 10
C Ko 277.0 | 2.87e+3 | 17.93 | 422 | 448 °
Ag M( 311.7 | 4.08e+3 | 13.65 | 674 | 398 S — e
= ] R i SIS S AL
N Ka 392.4 | 952 +3 | 1059 | 19.81 | 31.6 = i e =
Ti La 4522 | 1.13e+4 | 14.20 | 27.04 | 274 . ] 'ﬁ—hﬁf“r’i
V La 511.3 | 1.19e+4 | 19.29 | 32.17 | 24.2 7‘ | M ]
0 Ka 5249 | 1.19e+4 | 20.38 | 32.97 | 23.6
Cr La 572.8 | 1.17e+4 | 24.06 | 35.48 | 21.6 N
Mn La 6374 | 1.18e+4 | 30.82 | 39.79 | 195 -
F Ka 676.8 | 1.09e +4 | 35.80 | 39.09 | 183
Fe La 705.0 | 1.02¢+4 | 38.00 | 38.19 | 17.6
Co La 776.2 | 8.79¢+3 | 42.28 | 36.16 | 16.0
Ni Le 851.5 | 7.65e+3 | 44.25 | 3452 | 146
Cu La 9207 | 7.28¢+3 | 4745 | 35.87 | 133
Zn La 1011.7 | 6.36e+3 | 51.69 | 34.08 | 123
Na Ka | 1041.0 | 6.0de+3 | 52.65 | 3332 | 119
Ge La 1188.0 | 4.87e+3 | 56.47 | 30.66 | 10.4
Mg Ka | 1253.6 | 4.45e+3 | 58.05 | 29.57 9.9
Al Ka 1486.7 | 3.18¢ 4+ 3 | 61.56 | 25.04 8.3 .
Si Ka | 17400 | 2.29e +3 | 63.15 | 21.14 7.1 £
Zr La 20424 | 1.62e+3 | 63.39 | 17.58 6.1 RSy
Mo La 2293.2 | 1.26e+3 | 62.56 | 15.28 5.4 ~
Cl Ka | 26224 | 9.26e+2 | 59.49 | 12.88 4.7 g
Ag La 2984.3 | 1.12¢+3 | 42.71 | 17.67 4.2 e
Ca Ka | 3691.7 | 1.58e+3 | 62.01 | 30.99 3.4 3
Ti Ko | 4510.8 | 1.10e+3 | 76.35 | 26.23 2.7
V Ka | 49522 | 9.1le+2 ] 79.32 | 23.92 2.5

Cr Ka 5414.7 | 7.31le + 2 81.17 | 20.99 2.3

Mn Ka | 58988 | 59le+2 | 82.28 | 18.48 2.1 10 100 1000 10000
Co Ka | 6930.3 | 3.94e+2 | 83.28 | 14.47 1.8 E (eV)

Ni Ka | 74782 | 3.25¢+2 | 83.43 | 12.87 1.7
Cu Ka | 8047.8 | 2.69e+2 | 83.45 | 11.49 1.5

Ge Ka | 9886.4 | 1.60e+2 | 83.00 | 8.37 1.3 Edge Energies

L 18639. eV M 4652. eV N 1153. eV*? O 234. eV*®
Y Ka | 14988.0 | 8.57e+1 | 75.21 | 6.81 08 | [ 17006.5ev My 4327. eV Ny 980 eV® Op 182, eV®
Mo Ka | 17479.0 | 8.36e+1 | 80.09 | 7.75 0.7 | Lpp 15031.2eV My 3663. eV  Nyppp 810. eV®  Opyp 140. eV®
Pd Ka 21177.0 8286 + 1 8417 9.30 06 MIV 3136.2 eV NIV 603. eV® OIV 58. eV®
Sn Ka | 25271.0 | 5.27e +1 | 85.63 | 7.06 0.5 My 2099.9eV Ny 577. eV® Oy  58. eV®
Xe Ka | 29779.0 | 3.43e+1 | 86.11 | 5.41 0.4 Nvi 268. eV*®

an 268. eV*®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, £ = 50-30,000 eV
See page 211 for Explanation of Tables

Radium (Ra)
Lo (barns/atom) = u(cm?/gm) x 375.34 Z =88
E(keV)u(cm?/gm) = f x 186.16 Atomic Weight = 226.030
Line E(eV) |p{cm?/gm) f, fa A (A)
H 102 | 831e + 2 0.05 | 1215 8 ‘
He I 21.2 | 9.33¢+4 10.63 | 584.3 = FTTT
Na Lo 30.5 | 5.26e +4 8.60 | 407.2 o
Mg Las 493 | 7.28¢+3 1.93 | 2515 © -
Al Logs 724 | 1.49e +4 | -15.99 | 5.81 | 171.2 1
(@) il
Si Lys 91.5 | 8.82e +4 | 7.80 | 43.37 | 1355 _® ‘
Be K 1085 | 592 +4 | 20.31 | 34.53 | 114.3 -
Sr M¢ 114.0 | 5.00e +4 | 32.12 | 30.62 | 108.8 Q 1
Y M( 132.8 | 2.73e +4 | 36.02 | 1951 | 934 |
Zr M( 151.1 | 1.54e+4 | 35.29 | 1248 | 82.1 o ‘
9 ,
B Ka 1833 | 5.87e+3 | 3158 | 578 | 67.6 A
Mo M(¢ 1926 | 4.79e + 3 | 30.20 | 4.95 | 64.4 ° L ‘ |
Ar L? 220.1 | 2.78¢+3 | 27.18 | 3.29 | 56.3
C Ka 2770 | 2.00e +3 | 2104 | 312 | 448 10 100 1000 10000
Ag M¢ 311.7 | 2.65e+3 | 17.10 | 4.44 | 39.8 8 _
N Ka 392.4 | 7.36e+3 | 10.01 | 1552 | 31.6 T SETIER i - ffﬁ' =
Ti La 452.2 | 1.05e +4 | 13.42 | 2544 | 274 | - - A "ti‘jlL T
V La 511.3 | 1.1le+4 | 19.15 | 30.41 24.2 ke Y on -~ ‘\ o
0 Ka 5249 | 1.1le+4 | 2027 | 3117 | 236 | | . _ N\ N\ B
Cr La 572.8 | 1.08e+4 | 2361 | 33.36 | 21.6 wo| | \ | ) NN
Mn Lo 637.4 | 1.07e +4 | 28.55 | 36.73 19.5 e =X H—F \ 3\
F Ka 676.8 | 1.05e +4 | 31.99 | 38.14 18.3 B S y f - AbE ¥ MR
Fe La 7050 | 1.03¢+4 | 34.98 | 3884 | 176 B\
Co La 776.2 | 8.99e +3 | 40.98 | 37.49 | 16.0 o
Ni La 851.5 | 7.77e +3 | 44.81 | 35.55 | 146
Cu La 929.7 | 6.79¢ + 3 | 46.53 | 33.91 | 13.3

Zn La 1011.7 | 6.5le +3 49.44 | 35.40 12.3
Na Ka 1041.0 | 6.24e + 3 51.19 | 34.87 11.9

Ge La 1188.0 | 5.07e +3 | 56.13 | 32.37 10.4
Mg Ka 1253.6 | 4.65e +3 | 58.09 | 31.31 9.9
Al Ka 1486.7 | 3.30e +3 | 62.29 | 26.36 8.3 .
Si Ka 1740.0 | 2.38e +3 | 64.20 | 22.29 7.1 £
Zr La 2042.4 | 1.69e+3 | 64.80 | 18.55 6.1 [®))
Mo Le 2293.2 | 1.31e +3 | 64.31 | 16.11 5.4 a
Cl Ka 2622.4 | 9.63e+2 | 62.06 | 13.56 4.7 g
Ag Le 2984.3 | 7.10e+2 | 53.65 | 11.39 4.2 =
Ca Ka 3691.7 | 1.52¢e+3 | 66.10 | 30.11 34 3
Ti Ka 4510.8 | 1.13e+3 | 75.78 | 27.38 2.7
V Ke 4952.2 | 9.38e+2 | 79.23 | 24.96 2.5
Cr Ka 5414.7 | 7.53e +2 | 81.67 | 21.91 2.3

Mn Ka 5898.8 | 6.09e +2 | 82.98 | 19.29 2.1 10 100 1000 10000
Co Ka | 6930.3 | 4.06e+2 | 8421 | 15.11 1.8 E (V)

Ni Ko | 74782 | 3.35e+2 | 84.43 | 13.44 1.7

Cu Ka | 8047.8 | 2.78¢+2 | 84.51 | 12.00 1.5 )

Ge Ka | 9886.4 | 1.64e+2 | 84.28 | 8.70 1.3 Edge Energies

Ly 19236.7eV  M; 4822.0eV  N; 12084eV  Op 254. eV°®

Y Ka | 14988.0 | 532e+1 | 79.14 | 4.29 08 | |, 18484.3eV My 4489.5eV Ny 1057.6eV  Op 200. eV®

Mo Ka | 17479.0 | 8.64e+1 | 8149 | 811 0.7 | Ly 154444V My 3791.8eV Ny 879.1eV  Opy 153. eV®
Pd Ka | 21177.0 | 854e+1 | 8468 | 9.71 0.6 Mry 3248.4eV  Npy 635.9eV  Opy 68. eV®
Sn Ka | 25271.0 | 5.42¢e+1 | 86.45 | 7.36 0.5 My 3104.9e¢V Ny 602.7eV Oy  68. eV®
Xe Ka | 29779.0 | 3.52¢e+1 | 87.02 5.64 0.4 Nyr  2€9. eV?

Nvu 29. eV®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE I. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Actinium (Ac)

ua(barns/atom) = y(cm?/gm) x 376.98 Z =89
E(keV)u(cm?/gm) = fy x 185.35 Atomic Weight = 227.020
Line E(eV) |p(cm?/gm) f1 fa A (A)
H 10.2 | 2.09e + 4 1.15 | 1215 8 .
He 1 21.2 | 7.64e +4 8.75 | 584.3 = IR ‘ T
Na L3 30.5 | 6.78e + 4 11.15 | 407.2 o ‘ 3 i
Mg L2 49.3 | 8.80e+3 2.34 | 251.5 @ Y
Al L ) . . : )

! Las 72.4 | 391e+3 | 257 | 1.53 | 171.2 o /'\i/ o
Si Lga 91.5 | 7.15e+4 | -7.12 | 35.29 | 135.5 © / *
Be K 108.5 | 6.95e+4 | 20.01 | 40.69 | 114.3 “ J N
Sr M( 114.0 | 6.27e +4 | 27.50 | 38.58 | 108.8 < /

Y M¢ 132.8 | 3.29e+4 | 37.28 | 23.60 | 93.4 /\\ /
Zr M( 151.1 | 1.86e+4 | 37.58 | 15.16 | 82.1 9 / |
B Ka 183.3 | 6.75e+3 | 34.50 | 6.67 | 67.6 ‘ * / \/ .
Mo M( 1926 | 5.20e+3 | 33.09 | 540 | 644 o N : il
Ar L¢ 220.1 | 3.05e+3 | 29.74 | 3.62 | 56.3
C Ka 277.0 | 1.90e+3 | 24.22 | 2.84 | 448 10 100 1000 10000
Ag M¢ 3117 | 1.96e+3 | 2090 | 3.29 | 39.8 8 : ___
N Ka 392.4 | 5.46e+3 | 10.94 | 1156 | 316 — 54
Ti La 4522 | 9.52¢e +3 | 12.82 | 23.22 | 274 , —-
V Lo 511.3 | 1.08e+4 | 17.67 | 29.75 | 24.2 ATA 11 -
O Ka 524.9 | 1.10e+4 | 19.01 | 31.10 | 236 \ -N 5\1 IR
] I
Cr La | 5728 | Llle+4 | 2390 | 3416 | 216 wol lalll \| 1] N
Mn La 637.4 | 1.05e +4 | 30.27 | 36.00 | 19.5 - [\ At} NN
F Ka 676.8 | 9.91e+3 | 32.73 | 36.19 | 18.3 f INFY
Fe La 705.0 | 9.70e+3 | 34.65 | 36.91 | 17.6 f f
Co La 776.2 | 8.8%¢+3 | 39.79 | 37.25 [ 16.0 I \ ,
Ni La 851.5 | 7.90e+3 | 44.51 | 36.31 | 146 I Y, !
Cu La 929.7 | 6.93e+3 | 46.83 | 34.75 | 13.3 - f | L |
Zn La 1011.7 | 6.62¢ +3 | 50.20 | 36.15 12.3 10 100 1000 10000
Na Ka 1041.0 | 6.34e+3 | 52.17 | 35.61 | 11.9
Ge La 1188.0 | 4.99e+3 | 57.16 | 31.97 | 104 C — _
Mg Ka 1253.6 | 4.53e+ 3 | 58.47 | 30.63 9.9 i 5 = S5 T
Al Ka | 1486.7 | 3.4le+3 | 6244 | 2730 | 8.3 o — ‘ T
Si Ka 1740.0 | 2.48e +3 | 65.21 | 23.31 7.1 = AN —+ ==
Zr La 2042.4 | 1.76e+ 3 | 66.31 | 19.44 6.1 5 o
Mo La 2293.2 | 1.36e +3 | 66.19 | 16.88 5.4 o~ v = SEaE:.
Cl Ka | 26224 | 1.00e+3 | 64.64 | 14.18 4.7 £ . 7SS — !
G o _
Ag La 2984.3 | 7.36e+2 | 59.56 | 11.85 4.2 = o= suie=c |
Ca Ka | 3691.7 | 1.56e+3 | 66.22 | 30.99 3.4 3 ! 0 S — ]
Ti Ka | 4510.8 | 1.09¢+3 | 76.76 | 26.63 | 2.7 ©
V Ka | 49522 | 9.38¢+2 | 79.14 | 25.06 2.5 —
Cr Ka | 5414.7 | 7.71e+2 | 81.90 | 22.52 2.3 ©
Mn Ko 5898.8 | 6.25e +2 | 83.48 | 19.89 2.1 10 100 1000 10000
Co Ko | 6930.3 | 4.18e+2 | 85.00 | 15.61 1.8 E (eV)
Ni Ka | 74782 | 3.44e+2 | 85.31 | 13.89 1.7
Cu Ka | 8047.8 | 2.85e+2 | 85.44 | 12.39 1.5 .
Ge Ka | 9886.4 | 1.68¢+2 | 8520 | 895 | 13 Edge Energies
L 19840. eV M 5002. eV N 1269. eV® (0] 272. eV*®
Y Ka | 14988.0 | 5.5le+1 | 81.43 | 4.46 0.8 | [T 1o083.2eV My 4656 eV  Np 1080. eV® Op 215, eV®
Mo Ka [ 17479.0 | 9.00e +1 | 82.22 | 8.9 0.7 | Ly 15871.0eV My 3909. eV Ny 890. eV® Oy 167. eV®
Pd Ka | 21177.0 | 8.80e+1 | 84.86 | 10.06 0.6 Mpy 3370.2eV  Npy 675. eV® Opy 80. eV®
Sn Ka | 252710 | 5.65e+1 | 87.12 [ 7.70 0.5 My 3219.0eV Ny 639.eV® Oy 80. eV®
Xe Ka | 29779.0 | 3.69e+1 | 87.86 | 5.93 0.4 ﬁiil e zz:
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, £ = 50-30,000 eV
See page 211 for Explanation of Tables

Thorium (Th)

ta(barns/atom) = u(cm?/gm) x 385.31 Z=90
E(keV)u(cm?/gm) = £, x 181.34 Atomc Weight = 232.038
Line E(eV) |u(cm?/gm)| £ f2 A (R)
H 102 | 5.49 +4 3.09 | 1215 8 : , e RE
He I 21.2 | 7.50e +4 8.78 | 584.3 - \ o
Na Lggs 30.5 | 7.54e+4 12.67 | 407.2 o | r . ™|
Mg Lz 3 49.3 | 2.10e+4 571 | 251.5 © ’ ‘ N
Al Lgg 724 | 7.75¢+3 | 13.59 | 3.00 | 171.2 ° B ) AN )
Si Lag 91.5 | 3.44e+4 | o060 | 1735 | 1355 _° / V
Be K 108.5 | 1.06e +5 | 28.32 | 63.66 | 114.3 s . 4
Sr M(¢ 114.0 | 6.22¢ +4 | 42,65 | 39.11 | 108.8 < A\
Y Mc 132.8 | 2.47e+4 | 41.96 | 18.09 | 934 N ||/ 1
Zr M( 151.1 | 1.35e+4 | 39.96 | 11.28 | 821 o < 4N ] -
B Ka 183.3 | 4.07e+3 | 3492 | 411 | 676 \\" E
Mo M(¢ 192.6 | 3.28¢+3 | 33.62 | 3.48 | 64.4 o ‘ ‘ Ll
Ar L¢ 220.1 | 2.39e+3 | 3047 | 2.90 | 56.3 10 100 1000 10000
C Ka 2770 | 2.23¢e+3 | 2659 | 3.41 | 448 o
Ag M( 311.7 | 2.26e+3 | 24.57 | 3.89 | 39.8 o % e e
N Ka 3924 | 4.08¢+3 | 1750 | 8.83 | 316 — — e
Ti Le 4522 | 6.88¢ +3 | 16.07 | 17.15 | 274 { e l
V La 511.3 | 8.57e+3 | 19.90 | 2417 | 242 | [ - U SIS N
0 Ka 5249 | 866e+3 | 2084 | 2506 | 236 | [ \ J . -
Cr La 572.8 | 8.85e+3 | 23.85 | 27.96 | 216 ~ol |z \ \ .
Mn La 637.4 | 8.89e+3 | 27.82 | 31.24 | 195 N e e = NS
F Ko 676.8 | 8.85e+3 | 30.45 | 33.03 | 18.3 S | A 4 - N
Fe La 705.0 | 8.78¢ +3 | 32.74 | 34.15 | 17.6 J=— 7 - -
Co La 776.2 | 8.05e +3 | 38.08 | 34.44 | 16.0 N\ : B
Ni La 851.5 | 7.19e+3 | 41.79 | 33.77 | 14.6 A K
Cu La 929.7 | 6.62¢ +3 | 44.06 | 33.95 | 13.3 - — _—
Zn Lo 1011.7 | 6.14e+3 | 47.31 | 34.27 | 123 10 100 1000 10000
Na Ko 1041.0 | 6.27e +3 | 48.28 | 36.00 | 11.9 .
Ge La 1188.0 | 5.0le+3 | 55.49 | 32.83 | 104 Q
Mg Ka 1253.6 | 4.57e+3 | 57.08 | 31.58 9.9
Al Ka 1486.7 | 3.50e +3 | 61.92 | 28.67 8.3 2
Si Ka 1740.0 | 2.54e +3 | 65.34 | 24.37 7.1 &
Zr La 2042.4 | 1.8le +3 | 66.81 | 20.34 6.1 Do
Mo La 2293.2 | 1.40e+3 | 66.96 | 17.70 5.4 o
Cl Ka 2622.4 | 1.03e +3 | 65.87 | 14.94 4.7 g .
Ag Lo | 29843 | 7.64e+2 | 6230 | 1257 4.2 E -
Ca Ka 3691.7 | 1.62e+3 | 63.90 | 32.88 34 “ TS
Ti Ka 4510.8 | 1.14e +3 | 76.59 | 28.29 2.7 = B e
V Ka 40522 | 9.55¢ +2 | 78.88 | 26.07 2.5 B = =
Cr Ko 5414.7 | 8.02¢ +2 | 81.91 | 23.94 2.3 e
Mn Ka 5898.8 | 6.49e +2 | 83.90 | 21.12 2.1 10 100 1000 10000
Co Ka 6930.3 | 4.34e+2 | 85.74 | 16.58 1.8 E (eV)
Ni Ka 7478.2 | 3.58¢ +2 | 86.14 | 14.75 1.7
Cu Ka 8047.8 | 2.97e +2 | 86.33 | 13.17 1.5 Edge Energies
Ge Ka 9886.4 | 1.75e +2 | 86.20 | 9.57 L3 | L, 204721ev  M; 51823eV Ny 133). eV®  Op 290. eV®
Y Ka | 14988.0 | 5.93¢+1 | 83.35 | 4.90 0.8 | Li 19693.2eV My 48304eV Ny 1163 eV® Op 229. eV*®
Mo Ko 17479.0 | 9.21e+ 1 | 82.80 8.88 0.7 | Lmx 16300.3 eV Mjpr 4046.1 eV Ny 966.4eV®  Opp 182. eV*®
Pd Ka | 21177.0 | 9.04c+1 | 85.02 | 10.56 | 0.6 Mpy 34908V Npy 712.1eV® Opy 925 V)
Sn Ka | 25271.0 | 5.76e+1 | 87.93 | 8.03 0.5 My 3332.0eV Ny 6782eV’ Oy 85.4eV

Nyy 342.4eV®

Xe Ka 29779.0 | 3.76e + 1 § 88.76 6.17 0.4 Nypr 3331 eV

References: 50, 104, 230.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

Protactinium (Pa)

Uq(barns/atom) = p(cm?/gm) x 383.65 Z =91
E(keV)u(cm?/gm) = f, x 182.13 Atomic Weight = 231.036
Line E(eV) |u(cm?/gm) f1 fa A (A) o
H 102 | 3.15e + 4 1.76 | 1215 ) T
He I 21.2 | 4.60e + 4 5.36 | 584.3 ‘
Na Lag 305 | 7.93¢ +4 13.26 | 4072 ol | il
Mg L2.s 493 | 3.44e+4 9.30 | 251.5 «©
Al Lag 72.4 | 8.58¢+3 | 13.02 | 3.41 | 1712 o
Si Lag 915 | 6.74e+3 | -381 | 3.39 | 1355 -©
Be K 108.5 | 8.75¢ +4 | -24.83 | 52.12 | 114.3 5
Sr M(¢ 114.0 | 1.05e+5 | 35.00 | 65.89 | 108.8 <
Y M¢ 132.8 | 3.02¢e+4 | 39.37 | 22.01 | 934
Zr M¢ 1511 | 1.6le+4 | 3742 | 13.37 | 821 9 -
B Ka 1833 | 7.29e+3 | 3334 | 7.34 | 676 | \
Mo M(¢ 192.6 | 6.10e +3 | 3269 | 6.45 | 64.4 o
Ar Lt 220.1 | 3.7le+3 | 3052 | 448 | 56.3 10 100 1000 10000
C Ka 2770 | 2.13e +3 | 25.76 | 3.24 | 44.8 o
Ag M( 311.7 | 2.08e+3 | 23.30 | 3.55 | 39.8 S ; - e
N Ka 392.4 | 3.25¢ +3 | 1561 | 7.00 | 316 - e S B R o
Ti La 452.2 | 6.42e+3 | 11.75 | 1595 | 274 - 1 N -
V La 511.3 | 8.80e+3 | 14.35 | 24.70 | 24.2 T ATITNCIINT
0 Ka 524.9 | 913 +3 | 1539 | 2631 | 23.6 -\ - int \J \ U
Cr La 572.8 | 9.76e +3 | 19.62 | 30.71 21.6 o yaN N
Mn La 6374 | 9.57e +3 | 2503 | 3348 | 185 SN & —=E N
F Ka 6768 | 9.32¢ +3 | 26.37 | 34.63 | 18.3 \—H - N
Fe La 705.0 | 9.70e +3 | 28.13 | 37.53 17.6 N ] I
Co La 776.2 | 9.23¢e+3 | 36.40 | 39.34 | 16.0 1 ISR O I N NS
Ni La 851.5 | 8.15e +3 | 42.02 | 38.10 | 14.6 ‘ ‘ .
Cu La 929.7 | 7.12¢ +3 | 4586 | 36.36 | 13.3 -
Zn La 1011.7 | 6.32¢+3 | 4862 | 35.08 | 123 10 100 1000 10000
Na Ko 10410 | 6.05¢+3 | 49.51 | 34.57 | 11.9 .
Ge La 1188.0 | 5.17e+3 | 53.34 | 33.71 10.4 e ====cssi=—===r =
Mg Ka 1253.6 | 4.84e+3 | 5530 | 33.33 9.9 . B/ =7
Al Ka 1486.7 | 3.73¢ +3 | 61.13 | 30.46 8.3 _ 2 3 % ! S
Si Ka 17400 | 2.74e +3 | 64.97 | 26.15 7.1 £ T X S ; HH—=
Zr La 2042.4 | 1.96e+3 | 66.85 | 21.97 6.1 Do X el
Mo La 2293.2 | 1.52e+3 | 67.29 | 19.15 5.4 NE PR ==
Cl Ka 2622.4 | 1.12e +3 | 66.57 | 16.16 4.7 S %o J
Ag La 2084.3 | 8.28e +2 | 63.76 | 13.57 4.2 3 o e Erani— st t
Ca Ka 3691.7 | 1.86e+3 | 56.43 | 37.63 34 5 !
Ti Ka 4510.8 | 1.22e +3 | 76.31 | 30.21 2.7 =
V Ko 4952.2 | 9.95e +2 | 78.51 | 27.06 2.5 _ o —
Cr Ka 5414.7 | 8.50e +2 | 81.59 | 25.28 2.3 =]
Mn Ka 5898.8 | 6.95¢e +2 | 84.10 | 22.51 2.1 10 100 1000 10000
Co Ka | 69303 | 4.65e+2 | 86.30 | 17.70 1.8 E (eV)
Ni Ka 7478.2 | 3.84e+2 | 86.81 | 15.75 1.7
Cu Ka 8047.8 | 3.18¢ +2 | 87.08 | 14.05 15 .
Ge Ka | 9886.4 | 1.87e+2 | 87.18 | 10.13 1.3 Edge Energies
L 21104. M 5366.9 eV N . e . o
Y Ka | 140880 | 6.30e+1 | 8381 | 518 | 08| ;I Zomdcr  MIogReder X1 1R Sl Ol S cve
Mo Ka | 17479.0 | 1.05e +2 | 82.25 | 10.10 0.7 | Ly 16733.1eV Mpp 4173.8eV Ny 1007. eV®  Opy 232. eV®
Pd Ko | 211770 | 996e+1 | 84.19 | 11.58 0.6 Mpy 3611.2eV Ny 743. eV® Opy 94. eV®
Sn Ke | 25271.0 | 65le+1 | 88.52 | 9.03 0.5 My 3441.8eV Ny 708 eV® Oy  94. eV®
Xe Ka | 29779.0 | 4.28e+1 | 89.72 | 7.01 0.4 Nyy 371 ev®
Nvu 360. eV*®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1. Photoabsorption Cross Sections and Atomic Scattering Factors,
Z = 1-92, E = 50-30,000 eV
See page 211 for Explanation of Tables

pa(barns/atom) = u(cm?/gm) x 395.26
E(keV)u(cm?/gm) = f, x 176.78

Line E(eV) |x(cm?/gm) f1 fa A (A)
H 10.2 | 2.79 + 4 1.61 | 1215
He I 21.2 | 6.94e +4 8.33 | 584.3
Na Lo 305 | 7.81e+4 13.45 | 4072
Mg Las 49.3 | 4.55¢ +4 12.68 | 251.5
Al Lgs 724 | 1.64e+4 | 19.85 | 6.72 | 171.2
Si Lo 91.5 | 3.88¢+3 7.60 2.01 135.5
Be K 108.5 | 2.02e +4 | -11.73 | 12.42 | 114.3
Sr M(¢ 114.0 | 8.79¢ + 4 | -44.16 | 56.66 108.8
Y M 132.8 | 4.49¢ + 4 52.13 | 33.77 93.4
Zr M¢ 151.1 | 2.5le + 4 48.51 | 21.41 82.1
B Ka 183.3 | 9.60e + 3 45.87 9.96 67.6
Mo M(¢ 1926 | 7.3le+3 | 44.40 7.96 64.4
Ar L¢ 220.1 | 4.36e+ 3 40.93 5.43 56.3
C Ka 2770 | 2.25¢e+ 3 36.29 3.52 44.8
Ag M¢ 311.7 | 1.98¢+3 | 34.13 | 3.49 | 398
N Ka 3924 | 2.15e+3 29.29 4.77 31.6
Ti La 452.2 | 3.24e+ 3 25.29 8.28 274
V La 511.3 | 4.91e+3 23.70 | 14.21 24.2
0O Ka 5249 | 5.26e+3 23.75 | 15.61 23.6
Cr La 572.8 | 6.34e + 3 25.56 | 20.55 21.6
Mn La 6374 | 6.09¢+3 29.07 | 21.96 19.5
F Ka 676.8 { 6.02¢ +3 28.42 | 23.04 18.3
Fe La 705.0 | 6.29¢ + 3 27.78 | 25.10 17.6
Co La 776.2 | 7.32¢ +3 29.38 | 32.12 16.0
Ni La 851.5 | 8.04e + 3 36.03 | 38.73 14.6
Cu La 929.7 | 7.63e+3 44.67 | 40.15 133
Zn La 1011.7 | 6.77e + 3 53.58 | 38.73 12.3
Na Ka 1041.0 | 6.10e + 3 53.53 | 35.95 11.9
Ge La 1188.0 | 5.02¢ +3 57.98 | 33.71 10.4
Mg Ka 1253.6 | 4.6le+ 3 59.87 | 32.72 9.9
Al Ka 1486.7 | 3.39e 4+ 3 65.34 | 28.48 8.3
Si Ka 1740.0 | 2.46e -+ 3 68.73 | 24.26 7.1
Zr La 20424 | 1.73e + 3 70.25 | 19.94 6.1
Mo La 2293.2 | 1.33e+3 70.55 | 17.29 5.4
Cl Ka 2622.4 | 9.76e 4 2 69.99 | 14.48 4.7
Ag La 2984.3 | 7.23e+2 68.06 | 12.20 4.2
Ca Ka 3691.7 | 1.20e+3 55.80 | 24.99 3.4
Ti Ka 4510.8 | 1.08e + 3 73.72 | 27.50 2.7
V Ka 4952.2 | 8.78e + 2 77.36 1 24.61 2.5
Cr Ka 5414.7 | 7.98¢ 4+ 2 80.08 | 24.44 2.3
Mn Ka 5898.8 | 6.3le+ 2 82.98 | 21.07 2.1
Co Ka 6930.3 | 4.4le+2 85.03 | 17.30 1.8
Ni Ke 7478.2 | 3.75e + 2 85.98 | 15.87 1.7
Cu Ka 8047.8 | 3.08e + 2 86.58 | 14.03 1.5
Ge Ko 9886.4 | 2.00e + 2 86.69 | 11.16 1.3
Y Ka 14988.0 | 6.6le+1 85.53 5.60 0.8
Mo Ka 17479.0 | 8.60e+1 81.32 8.50 0.7
Pd Ka 21177.0 | 8.72e +1 83.15 | 10.45 0.6
Sn Ka 25271.0 | 6.52¢ +1 89.10 9.32 0.5
Xe Ka 29779.0 | 4.30e+ 1 90.50 7.24 0.4

References: 50, 113, 131, 166, 174, 178, 220, 229, 230.

Uranium (U)

Z =92

Atomic Weight = 238.029

8
o D L e
o _ e L
® | gL
ol . - [ || /M J,
r ‘/ ! \
e |- LA T
N | K i
ol | | w_‘ Y . i
~ ’ ‘ | ‘ |
5 H M Sl
10 100 1000 10000
3
e E e T
L1 RS = l | J 1 .
""" _ | ~—— .
- \ ST NN _
i N
H-N 9 '/ 0 \ 1/ \“‘ Ay
- \
,,,,,, _ \
\ —
N R
- | 1 |
10 100 1000 10000
°
-ng !
£
2%
o~
E ”,
Se
A
o LT
== e S SSat=y =)
© ] |
10 100 1000 10000
E (eV)
Edge Energies
L1 21757.4 eV M; 5548.0 eV N 1:439. eV*? Og 321. eV*®
L1t 20947.6 eV My 5182.2 eV Npp 1271 eV® Oy 257. eV*®
Liyp 17166.3 eV Myp 4303.4 eV Ny 1043.0 eVt Opr  192. eV®
Mpy 3727.6 eV Npvy  778.3eV®  Opy 102.8 eV®
My 3551.7e¢V Ny 736.2eV® Oy 04.2eV®
Nyi 388.2eV®
Nypr 377.4 eV®
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE II. Incoherent Scattering Cross Sections, Z = 2-18, E = 1000-30,000 eV
See page 211 for Explanation of Tables

Line | E(eV) | He(2) | Li(3) | Be(a) | B(5) | c(6) | N(7) | o(8) | F(9)

Zn La 1011. | .0110 | .0369 | .0305 | .0247 | .0208 | .0162 | .0129 | .0100
Na Ka 1041. | .0117 | .0384 | .0319 | .0259 | .0218 | .0170 | .0136 | .0106
Ge La 1188. | .0149 | .0456 | .0391 | .0323 | .0275 | .0215 | .0174 | .0135
Mg Ka 1253. | .0165 | .0487 | .0424 | .0352 | .0301 | .0237 | .0192 | .0150
Al Ka 1486. | .0225 | .0587 | .0535 | .0457 | .0398 | .0317 | .0259 | .0204

Si Ka 1740. | .0296 | .0680 | .0649 | .0569 | .0506 | .0410 | .0339 | .0268
Zr La 2042. | .0387 | .0770 | .0768 | .0696 | .0633 | .0523 | .0438 | .0351
Mo Lo 2293, | .0466 | .0831 | .0854 | .0792 | .0733 | .0616 | .0522 | .0421
Cl Ka 2622. | .0570 | .0898 | .0950 | .0903 | .0856 | .0734 | .0631 [ .0515
Ag La 2984. | .0683 | .0958 | .103 101 .0976 | .0854 | .0746 | .0617

Ca Ka 3691. | .0889 | .105 116 117 117 .106 .0947 | .0803
Ti Ka 4510. | .109 .114 125 129 133 124 114 .0986
V Ka 4952. | .118 .118 129 134 .140 131 122 107
Cr Ka 5414. | .127 122 133 139 .145 .138 .130 115
Mn Ka 5898. | .135 126 136 143 151 144 137 122

Co Ka 6930. | .148 133 142 149 159 154 148 134
Ni Ka 7478. | .154 137 144 .152 162 .158 .153 .139
Cu Ka 8047. | .158 140 .147 .154 .165 162 .158 144
Ge Ka 9886. | .170 .148 153 .160 173 171 .168 155
Y Ka | 14988. | .185 .160 .164 171 .184 .183 .182 171

Mo Ka | 17479. | .189 163 .167 174 187 .186 185 174
Pd Ka | 21177. | .192 .166 170 177 .190 .190 189 178
Sn Ka | 25271. | .195 .168 172 179 193 192 192 .181
Xe Ka | 29779. | .196 169 173 .180 .194 194 .194 .183

Line | E(eV) | Ne(10) | Na(11) | Mg(12) | A1(13) | Si(14) | P(15) | S(16) | C1(17) | Ar(18)

Zn La 1011. | .0087
Na Ka 1041. | .0092
Ge La 1188. | .0119 0221
Mg Ka 1253. | .0131 .0239
Al Ka 1486. | .0179 .0300 .0342

S5i Ka 1740. | .0238 .0364 .0420 .0438
Zr La 2042, | 0313 0435 .0506 .0529 .0548
Mo La 2293. | .0379 .0492 L0571 .0597 .0624 .0588
Cl Ka 2622. | .0468 .0563 0649 .0678 0714 .0682 | .0677
Ag La 2984. | .0566 .0638 0726 .0756 .0802 0774 | .0777 | .0718

Ca Ka 3691. | .0751 .0780 .0859 .0885 .0943 .0922 | .0940 | .0883 .0804

Ti Ka 4510. | .0941 .0932 .0995 101 107 .105 .108 .103 .0952
V Ka 4952. | .103 101 .106 107 113 111 115 110 .102
Cr Ka 5414. | .112 .108 113 112 118 116 .120 115 107
Mn Ka 5898. | .120 115 .119 118 124 121 .126 121 113
Co Ka 6930. | .134 127 131 128 134 131 135 .130 122
Ni Ka 7478. | .140 133 .136 133 .138 135 139 134 126
Cu Ka 8047. | .145 .138 142 138 143 .139 .143 .138 .129
Ge Ka 9886. | .158 151 .155 150 .155 .150 .154 .148 139
Y Ka | 14988. | .176 .169 174 .169 174 .168 173 .166 .155
Mo Ka | 17479. | .181 174 179 174 179 174 178 171 .160
Pd Ka | 21177. | .185 178 .183 179 .184 179 .184 176 .165
Sn Ka | 25271. | .188 .181 .187 182 .188 .182 .188 .180 .169
Xe Ka | 29779. | .191 .184 .189 .184 .191 .185 .190 .183 171
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X-ray Interactions

TABLE I11. Specular Reflectivity for Mirrors
See page 211 for Explanation of Tables

Grazing Incidence Angle, # (milliradians)

Beryllium (Be)
p=1.85 gm/cm3

Line E(eV) 5 mr 10 mr 15 mr 20 mr 30 mr 50 mr 80 mr 125 mr 200 mr 400 mr
Al Lo 72.4 | 99.4 98.7 98.1 97.4 96.2 93.6 89.5 82.5 €0.8 877
Si La s 91.5 | 98.9 97.9 96.8 95.8 93.6 89.3 81.8 63.2 4.31 .128
Be K 108.5 | 83.5 69.8 58.4 48.9 34.4 17.5 6.84 2.05 .428 | 2.86E-2
Zr M¢ 151.1 95.9 91.9 88.1 84.4 77.4 64.6 47.9 26.7 5.90 .235
B Ka 183.3 96.3 92.7 89.2 85.9 79.4 67.2 49.8 24.4 3.12 116
Mo M(¢ 192.6 | 96.4 92.9 89.5 86.3 79.9 67.8 50.2 23.1 2.54 9.56E-2
C Ka 277.0 | 97.1 94.2 91.4 88.6 83.1 71.2 47.4 5.53 .486 | 2.16E-2
N Ka 392.4 | 97.6 95.2 92.8 90.3 85.1 70.8 10.8 .848 .100 | 4.96E-3
Ti La 452.2 | 97.8 95.6 93.4 91.1 85.9 67.8 4.18 428 | 539E-2 | 2.73E-3
o Ka 524.9 | 98.0 96.0 94.0 91.8 86.4 51.8 1.78 .214 | 2 83E-2 1.46E-3
Cr La 572.8 | 98.1 96.3 94.3 92.1 86.5 23.3 1.12 145 1.95E-2 1.02E-3
F Ka 676.8 | 98.4 96.7 94.9 92.8 86.2 5.90 .494 | 6.92E-2 | 9.59E-3 | 5.07E-4
Fe La 705.0 | 98.4 96.8 95.0 92.8 B5.7 4.52 .407 | 5.80E-2 | 8.08E-3 | 4.28E-4
Co La 776.2 | 98.5 97.0 95.3 93.1 83.8 2.54 .261 3.83E-2 | 5.40E-3 | 2.87E-4
Ni La 851.5 | 98.6 97.2 95.5 93.3 76.2 1.53 172 | 2.58E-2 3.67E-3 1.96E-4
Cu La 929.7 | 98.7 97.4 95.7 93.3 28.5 977 116 | 1.78E-2 | 2 54E-3 1.36E-4
Zn La 1011.7 | 98.8 97.5 95.9 93.1 12.1 .646 | 8.05E-2 | 1.25E-2 1 79E-3 9.64E-5
Ge La 1188.0 | 99.0 97.8 96.0 91.4 3.1 .305 | 4.04E-2 | 6.38E-3 | 926E-4 | 4.99E-5
Mg Ka 1253.6 | 99.0 a97.9 96.0 88.8 2.85 .239 | 3.22E-2 | 5.11E-3 | 7T 42E-4 | 4.01E-5
Al Ke 1486.7 | 99.2 98.1 95.6 13.5 1.15 113 1.57E-2 | 2.53E-3 | 3 70E-4 | 2.00E-5
Si Ka 1740.0 | 99.3 98.2 85.6 4.36 .535 | 5.73E-2 | 8.21E-3 1.33E-3 1 95E-4 1.08E-5
Zr La 2042.4 99.4 98.1 10.3 1.76 .257 2.92E-2 4.25E-3 6.94E-4 1 02E-4 5.53E-6
Nb La 2165.9 | 99.4 98.1 6.69 1.30 198 | 2.29E-2 | 3.34E-3 | 5.47E-4 | 8 04E-5 | 4.36E-6
Mo La 2293.2 | 99.4 97.9 4.61 976 154 1.80E-2 | 2.65E-3 | 4.34E-4 | 6 38E-5 | 3.46E-6
Cl Ka 2622.4 | 99.5 81.7 2.12 .515 | 8.65E-2 1.04E-2 | 1.54E-3 | 2.52E-4 | 3 7T1E-5 | 2.02E-6
Ag La 2984.3 | 99.5 12.4 1.09 .285 | 5.00E-2 | 6.11E-3 | 9.09E-4 1.50E-4 | 2 21E-5 1.20E-6
Ca Ka 3691.7 | 99.6 2.99 .398 .113 | 2.06E-2 | 2.57E-3 | 3.85E-4 | 6.35E-5 9 38E-6 | 5.10E-7
Ti Ka 4510.8 | 99.5 1.04 .163 | 4.81E-2 | 9.04E-3 1.14E-3 1.72E-4 | 2.84E-5 | 4 19E-6 | 2.28E-7
v Ko 4952.2 | 99.3 .664 .109 | 3.26E-2 | 6.18E-3 | 7.83E-4 | 1.18E-4 | 1.95E-5 2 88E-6 1.57E-7
Cr Ka 5414.7 | 34.4 439 | T.4T7TE-2 | 2.25E-2 | 4.30E-3 | 5.46E-4 | 8.25E-5 1.36E-5 | 2.02E-6 1.10E-7
Mn Ka 5898.8 | 13.4 .298 | 5.21E-2 1.58E-2 | 3.04E-3 | 3.87E-4 | 5.85E-5 | 9.68E-6 1.43E-6 7.77E-8
Co Ka 6930.3 4.29 .147 | 2.66E-2 | 8.18E-3 1.58E-3 | 2.03E-4 | 3.06E-5 | 5.07E-6 7 49E-7 | 4.07E-8
Ni Kea 7478.2 2.75 .106 1.94E-2 | 6.00E-3 1.16E-3 | 1.49E-4 | 2.26E-5 | 3.74E-6 | 5 52E-7 | 3.01E-8
Cu Ka 8047.8 1.85 7.74E-2 1.44E-2 | 4.45E-3 | B.66E-4 | 1.11E-4 1.68E-5 | 2.79E-6 | 4 12E-7 | 2.24E-8
Ge Ka 9886.4 .667 | 3.27E-2 | 6.20E-3 1.94E-3 | 3.78E-4 | 4.87E-5 | 7.38E-6 1.22E-6 1 81E-7 | 9.79E-9
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE III. Specular Reflectivity for Mirrors
See page 211 for Explanation of Tables

Carbon (C)
p = 2.00 gm/cm3
Grazing Incidence Angle, @ (milliradians)

Line E(eV) 5 mr 10 mr 15 mr 20 mr 30 mr 50 mr 80 mr 125 mr 200 mr 400 mr
Al Laa 72.4 | 99.3 98.6 97.9 97.2 95.8 93.1 89.0 82.7 70.7 7.78
Si L2,3 91.5 99.3 98.6 98.0 97.3 96.0 93.3 89.2 82.5 66.6 1.86
Be K 108.5 | 99.3 98.7 98.0 97.3 96.0 93.3 89.1 81.7 56.9 .756
Zr M¢ 151.1 99.3 98.7 98.0 97.4 96.0 93.3 88.5 76.5 5.58 .152
B Ka 183.3 | 99.3 98.7 98.0 97.3 96.0 93.0 87.2 52.5 1.62 6.00E-2
Mo M(¢ 192.6 | 99.3 98.7 98.0 97.3 96.0 93.0 86.8 29.5 1.20 4.70E-2
C Ka 277.0 | 96.8 93.6 90.2 86.5 76.9 12.4 .822 .110 | 1.50E-2 | 7.87E-4
N Ka 392.4 | 93.8 87.9 82.2 76.7 65.9 43.6 10.4 1.06 .126 | 6.25E-3
Ti La 452.2 | 94.5 89.2 84.1 78.9 68.5 43.6 5.86 .600 7.45E-2 3.756E-3
o) Ka 524.9 | 95.0 90.2 85.4 80.5 70.0 38.5 2.78 .319 4.13E-2 2.12E-3
Cr Lo 572.8 95.3 80.7 86.0 81.2 70.4 30.9 1.79 .219 2.90E-2 1.50E-3
F Ka 676.8 | 95.7 91.4 87.0 82.2 70.1 11.3 .796 107 1.46E-2 7.68E-4
Fe La 705.0 95.8 91.5 87.1 82.3 69.6 8.59 .658 | 9.02E-2 1.24E-2 6.53E-4
Co La 776.2 96.0 92.0 87.8 82.9 68.3 4.67 422 6.01E-2 8.37E-3 4.43E-4
Ni La 851.5 86.3 92.5 88.3 83.3 65.1 2.72 .277 | 4.06E-2 | 5.71E-3 3.04E-4
Cu La 929.7 | 96.5 92.8 88.7 83.4 56.7 1.69 .187 | 2.80E-2 3.97E-3 2.12E-4
Zn La 1011.7 | 96.7 93.2 89.0 83.4 32.9 1.09 129 1.96E-2 | 2.80E-3 1.50E-4
Ge La 1188.0 97.0 93.8 89.5 82.0 7.90 .501 6.40E-2 | 9.99E-3 1.44E-3 7.75E-5
Mg Ka 1253.6 | 97.1 93.9 89.6 80.7 5.47 .30 | 5.08E-2 7.98E-3 1.15E-3 6.22E-5
Al Ka 1486.7 | 97.5 94.4 89.3 45.5 2.00 .180 | 2.46E-2 3.93E-3 5.72E-4 3.09E-5
Si  Ka 1740.0 | 97.8 94.8 86.7 8.89 .887 | 9.01E-2 | 1.27E-2 | 2.05E-3 | 3.00E-4 | 1.62E-5
Zr La 2042.4 | 98.0 94.9 28.3 3.13 .413 | 4.53E-2 | 6.53E-3 1.06E-3 1.56E-4 8.44E-6
Nb La 2165.9 | 98.1 94.8 15.1 2.24 .316 3.53E-2 5.12E-3 | 8.35E-4 1.23E-4 6.65E-6
Mo La 2293.2 | 98.2 94.7 9.36 1.65 244 | 2.78E-2 | 4.05E-3 | 6.61E-4 | 9.71E-5 | 5.27E-6
Cl1 Ka 2622.4 98.3 93.3 3.81 .839 .135 1.59E-2 | 2.33E-3 3.82E-4 | 5.63E-5 3.06E-6
Ag La 2984.3 | 98.5 38.8 1.84 .454 | 7.71E-2 | 9.28E-3 | 1.38E-3 | 2.26E-4 | 3.33E-5 | 1.81E-6
Ca Ka 3691.7 | 98.6 5.51 .636 174 3.14E-2 3.88E-3 | 5.80E-4 | 9.55E-5 1.41E-5 7.66E-7
Ti Ka 4510.8 | 98.6 1.73 .254 7.35E-2 1.37E-2 1.71E-3 | 2.58E-4 | 4.25E-5 6.28E-6 3.42E-7
A\’ Ka 4952.2 | 98.5 1.08 .168 | 4.95E-2 | 9.30E-3 1.17E-3 1.77E-4 | 2.92E-5 4.31E-6 2.34E-7
Cr Ka 5414.7 | 98.0 .699 114 3.41E-2 | 6.45E-3 8.17E-4 1.23E-4 | 2.04E-5 3.01E-6 1.64E-7
Mn Ka 5808.8 | 43.9 .468 7.93E-2 2.39E-2 | 4.55E-3 5.78E-4 | 8.73E-5 1.44E-5 2.13E-6 1.16E-7
Co Ka 6930.3 8.27 .226 | 4.02E-2 1.23E-2 | 2.36E-3 3.02E-4 | 4.56E-5 7.55E-6 1.12E-6 6.07E-8
Ni Ka 7478.2 4.95 .162 | 2.93E-2 8.99E-3 1.74E-3 2.22E-4 | 3.36E-5 | 5.56E-6 8.22E-7 | 4.47E-8
Cu Ka 8047.8 3.18 .118 | 2.16E-2 | 6.66E-3 | 1.29E-3 | 1.65E-4 | 2.50E-5 | 4.14E-6 | 6.12E-7 | 3.33E-8
Ge Ka 9886.4 1.07 4.94E-2 | 9.28E-3 | 2.89E-3 5.63E-4 7.23E-5 1.10E-5 1.82E-6 | 2.68E-7 1.46E-8
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

TABLE III. Specular Reflectivity for Mirrors
See page 211 for Explanation of Tables

Grazing Incidence Angle, 8 (milliradians)

X-ray Interactions

Aluminum (Al)
p=2.70 gm/cm3

Line E(eV) 5 mr 10 mr 15 mr 20 mr 30 mr 50 mr 80 mr 125 mr 200 mr 400 mr
Al La s 72.4 92.5 85.5 79.1 73.1 62.6 45.9 29.1 15.0 5.47 .630
Si La s 91.5 94.0 88.4 83.0 78.0 68.9 53.7 36.6 20.3 7.34 .659
Be K 108.5 94.4 89.0 84.0 79.3 70.5 55.7 38.7 21.8 7.70 .615
Zr M¢ 151.1 95.2 90.7 86.3 82.2 74.4 60.7 43.8 24.8 7.40 .390
B Ka 183.3 95.7 91.6 87.6 83.8 76.6 63.5 46.5 25.5 5.69 .233
C Ka 277.0 96.3 92.7 89.2 85.8 79.2 66.2 45.7 12.5 1.06 4.40E-2
N Ka 3924 | 96.8 93.6 90.5 87.3 81.0 66.5 28.3 1.95 .208 | 9.91E-3
Ti La 452.2 96.9 93.8 90.8 87.7 81.2 64.7 12.2 .950 111 5.48E-3
[¢] Ka 524.9 97.1 94.2 91.2 88.2 81.6 60.8 4.58 463 5.81E-2 2.94E-3
Cr La 572.8 97.2 94.4 91.5 88.5 81.8 55.2 2.74 .308 3.98E-2 2.04E-3
F Ka 676.8 97.4 94.9 92.2 89.2 81.9 21.6 1.11 .143 1.93E-2 1.01E-3
Co La 776.2 97.6 95.1 92.5 89.5 80.8 6.99 558 7.75E-2 1.07E-2 5.64E-4
Ni La 851.5 97.7 95.4 92.8 89.7 79.1 3.78 357 5.13E-2 7.18E-3 3.81E-4
Cu La 929.7 97.8 95.5 92.9 89.7 75.2 2.24 235 3.48E-2 4.91E-3 2.62E-4
Zn La 1011.7 97.9 95.7 93.1 89.6 60.9 1.39 .158 2.39E-2 3.40E-3 1.82E-4
Mg Ka 1253.6 98.1 95.9 93.0 87.3 6.62 444 5.73E-2 8.97E-3 1.30E-3 6.97E-5
Al Ka 1486.7 97.8 95.2 90.2 26.9 1.62 .151 2.09E-2 3.35E-3 1.88E-4 2.64E-5
Si  Ka 1740.0 | 83.9 66.8 42.9 11.7 1.21 .121 | 1.69E-2 | 2.72E-3 | 3.97E-4 | 2.15E-5
Zr La 2042.4 | 86.5 70.4 38.2 5.88 692 | 7.28E-2 | 1.04E-2 | 1.68E-3 | 2.46E-4 | 1.33E-5
Cl Ka 2622.4 88.6 70.0 8.95 1.64 243 2.78E-2 4.05E-3 6.61E-4 3.71E-5 5.27E-6
Ag La 2984.3 89.3 64.7 3.99 .875 .140 1.65E-2 2.43E-3 3.97E-4 3.85E-5 3.17E-6
Ca Ka 3691.7 90.3 15.8 1.27 .328 5.69E-2 6.93E-3 1.03E-3 1.69E-4 2.50E-5 1.36E-6
Ti Ka 4510.8 90.6 3.81 .483 .135 2.46E-2 3.05E-3 4.57TE-4 7.54E-5 1.11E-5 6.05E-7
\ Ka 4952.2 90.4 2.24 315 9.02E-2 1.66E-2 2.08E-3 3.13E-4 5.16E-5 7.62E-6 4.14E-7
Cr Ka 5414.7 89.8 1.40 211 6.16E-2 1.15E-2 1.45E-3 2.18E-4 3.59E-5 3.31E-6 2.88E-7
Mn Ka 5808.8 | 88.2 .909 .145 | 4.28E-2 | 8.07E-3 | 1.02E-3 | 1.54E-4 | 2.54E-5 | 3.75E-6 | 2.04E-7
Co Ka 6930.3 30.3 .423 7.22E-2 2.18E-2 4.16E-3 5.29E-4 7.99E-5 1.32E-5 L.95E-6 1.06E-7
Ni Ka 7478.2 13.5 .299 5.22E-2 1.59E-2 3.05E-3 3.88E-4 5.87E-5 9.71E-6 1.43E-6 7.81E-8
Cu Ka 8047.8 7.61 215 3.83E-2 1.17E-2 2.26E-3 2.88E-4 4.36E-5 7.21E-6 1.07E-6 5.80E-8
Ge Ka 9886.4 2.17 8.79E-2 1.62E-2 5.03E-3 9.77E-4 1.25E-4 1.90E-5 3.14E-6 1.64E-7 2.53E-8
Y Ka 14988.0 .289 1.54E-2 2.95E-3 9.26E-4 1.81E-4 2.34E-5 3.55E-6 5.87E-7 3.68E-8 4.71E-9
Mo Ka 17479.0 147 8.18E-3 1.58E-3 4.97E-4 9.77E-5 1.26E-5 1.91E-6 3.16E-7 1.68E-8 2.55E-9
Pd Ka 21177.0 6.46E-2 3.74E-3 7.29E-4 2.29E-4 4.51E-5 5.83E-6 8.84E-7 1.47E-7 2.16E-8 1.18E-9
Sn Ka 25271.0 3.08E-2 1.83E-3 3.57E-4 1.13E-4 2.22E-5 2.87E-6 4.35E-7 7.20E-8 1.06E-8 0.

Xe Ka 29779.0 | 1.56E-2 | 9.42E-4 | 1.85E-4 | 5.83E-5 | 1.15E-5 | 1.48E-6 | 2.25E-7 | 3.74E-8 | 5.52E-9 0.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE IIl. Specular Reflectivity for Mirrors
See page 211 for Explanation of Tables

Aluminum Oxide (Al;03;)
p=3.96 gm/cm3
Grazing Incidence Angle, 8 (milliradians)

Line E(eV) 5 mr 10 mr 15 mr 20 mr 30 mr 50 mr 80 mr 125 mr 200 mr 400 mr
Al La,a 72.4 96.8 93.7 90.7 87.8 82.3 72.0 58.6 41.9 21.1 1.81
Si  Lag 91.5 97.3 94.6 92.0 89.5 84.6 75.6 63.5 47.9 27.3 2.93
Be K 108.5 97.2 94.4 91.7 89.1 84.0 74.7 62.1 45.9 24.4 1.99
Zr M¢ 151.1 97.3 94.6 92.0 89.4 84.5 75.3 62.6 45.2 19.8 .858
B Ka 183.3 97.4 94.9 92.5 90.1 85.5 76.6 64.0 45.4 15.1 .461
C Ka 277.0 97.8 95.7 93.6 91.5 87.3 79.0 65.1 33.3 2.26 8.09E-2
N Ka 392.4 98.0 96.1 94.2 92.3 88.3 79.4 56.9 4.25 .384 1.74E-2
Ti La 452.2 98.1 96.1 94.2 92.2 88.1 78.0 35.6 1.77 .190 | 9.04E-3
O Ka 5249 | 97.7 95.5 93.2 90.9 85.7 70.1 6.44 .590 | 7.24E-2 | 3.63E-3
Cr La 572.8 | 94.1 88.4 82.9 77.5 66.4 40.6 5.35 .564 | 7.06E-2 | 3.57E-3
F Ka 676.8 95.4 91.0 86.5 82.0 72.2 42.5 3.08 .345 | 4.44E-2 2.27E-3
Co La 776.2 95.9 91.8 87.7 83.3 73.3 30.6 1.61 .199 | 2.64E-2 1.37E-3
Ni La 851.5 96.1 92.3 88.3 84.1 73.6 17.2 1.03 135 1.82E-2 9.52E-4
Cu La 929.7 96.3 92.6 88.7 84.5 73.1 9.12 679 | 9.27E-2 1.27E-2 6.70E-4
Zn La 1011.7 | 96.5 93.0 89.2 84.9 72.0 5.22 .457 | 6.46E-2 | 8.98E-3 | 4.75E-4
Mg Ka 1253.6 96.9 93.6 89.8 84.9 55.0 1.50 .169 | 2.54E-2 3.61E-3 1.93E-4
Al Ka 1486.7 96.9 93.5 89.2 82.0 9.36 .559 7.07E-2 1.10E-2 1.59E-3 8.52E-5
Si Ka 1740.0 91.8 83.0 7.7 51.6 4.28 .333 | 4.40E-2 { 6.94E-3 1.01E-3 5.43E-5
Zr La 2042.4 | 92.8 84.6 72.0 31.8 1.98 .180 | 2.46E-2 | 3.93E-3 | 5.73E-4 | 3.09E-5
Cl Ko 2622.4 93.9 85.6 55.1 5.09 .604 | 6.41E-2 | 9.14E-3 1.48E-3 2.17E-4 1.18E-5
Ag La 2984.3 94.4 85.4 16.7 2.41 .335 | 3.74E-2 | 5.42E-3 8.82E-4 1.30E-4 7.03E-6
Ca Ka 3691.7 | 95.0 80.7 3.68 .815 .131 | 1.55BE-2 | 2.28E-3 | 3.74E-4 | 5.50E-5 | 2.99E-6
Ti Ka 4510.8 95.5 15.4 1.24 .320 5.57TE-2 6.78E-3 1.01E-3 1.66E-4 2.44E-5 1.33E-6
v Ka 4952.2 95.6 7.35 .781 211 3.73E-2 | 4.62E-3 | 6.90E-4 1.14E-4 1.68E-5 9.11E-7
Cr Ka 5414.7 95.7 4.11 511 142 2.58E-2 | 3.20E-3 | 4.80E-4 7.81E-§ 1.17E-5 6.34E-7
Mn Ka 5898.8 95.6 2.50 .345 9.82E-2 1.81E-2 | 2.26E-3 | 3.39E-4 | 5.59E-5 8.25E-6 | 4.49E-7
Co Ka 6930.3 95.0 1.08 168 | 4.94E-2 9.29E-3 1.17E-3 1.76E-4 | 2.91E-5 { 4.30E-6 2.34E-7
Ni Ka 7478.2 93.7 742 .121 | 3.59E-2 | 6.79E-3 | 8.60E-4 | 1.30E-4 | 2.14E-5 | 3.16E-6 | 1.72E-7
Cu Ka 8047.8 79.9 .524 | B.80E-2 2.64E-2 5.03E-3 | 6.39E-4 | 9.64E-5 1.59E-5 2.35E-6 1.28E-7
Ge Ka 9886.4 7.14 .207 | 3.69E-2 1.13E-2 2.17E-3 | 2.78E-4 | 4.20E-5 | 6.95E-6 1.03E-6 5.59E-8
Y Ka 14988.0 .720 | 3.50E-2 | 6.63E-3 | 2.07E-3 | 4.04E-4 | 5.19E-5 | 7.87E-6 | 1.30E-6 | 1.93E-7 | 1.05E-8
Mo Ka 17479.0 .353 | 1.85E-2 | 3.54E-3 | 1.11E-3 | 2.17E-4 | 2.80E-5 | 4.25E-6 | 7.03E-7 | 1.04E-7 | 5.65E-9
Pd Ka 21177.0 .151 B.42E-3 1.63E-3 5.12E-4 1.00E-4 1.30E-5 1.97E-6 3.25E-7 4.81E-8 2.61E-9
Sn  Ka 25271.0 | 7.10E-2 | 4.10E-3 | 7.98E-4 | 2.51E-4 | 4.94E-5 | 6.38E-6 | 9.68E-7 | 1.60E-7 | 2.37E-8 | 1.20E-9
Xe Ka 29779.0 3.57E-2 2.11E-3 | 4.12E-4 1.30E-4 2.56E-5 3.30E-6 | 5.01E-7 | 8.30E-8 1.23E-8 0.
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE III. Specular Reflectivity for Mirrors
See page 211 for Explanation of Tables

Quartz (SiO;)
p=2.20 gm/cm3
Grazing Incidence Angle, 8 (milliradians)

Line E(eV) 5 mr 10 mr 15 mr 20 mr 30 mr 50 mr 80 mr 125 mr | 200 mr 400 mr
Al Lag 72.4 98.4 96.8 95.2 93.6 90.6 84.7 76.2 63.9 42.8 2.93
Si La3 91.5 98.0 96.1 94.2 92.3 88.7 81.6 71.3 55.7 25.7 733
Be K 108.5 96.6 93.3 90.1 87.0 81.1 70.1 55.0 34.7 9.48 .348
Zr M¢ 151.1 96.3 92.7 89.2 85.9 79.4 67.4 51.0 28.5 5.25 .191
B Ka 183.3 96.4 92.9 89.5 86.2 79.9 67.9 50.7 25.2 3.19 117
C Ka 277.0 87.0 94.1 91.2 88.4 82.7 70.7 47.3 6.02 .522 2.31E-2
N Ka 392.4 97.3 94.8 91.9 89.1 83.3 67.9 11.7 .906 .107 5.25E-3
Ti La 452.2 97.3 94.5 91.8 88.9 82.5 61.6 4.15 .428 5.40E-2 2.74E-3
(o] Ka 524.9 96.7 93.3 89.9 86.2 77.2 22.7 1.19 .163 2.05E-2 1.07E-3
Cr La 572.8 91.4 83.3 75.5 67.7 51.4 14.1 1.20 159 2.16E-2 1.12E-3
F Ka 676.8 93.4 87.0 80.6 73.8 57.8 9.39 .746 .102 1.40E-2 7.34E-4
Co La 776.2 94.1 88.2 82.2 75.5 57.0 4.59 425 6.06E-2 8.45E-3 4.47E-4
Ni La 851.5 | 94.5 88.9 83.0 76.1 53.9 2.79 .285 | 4.17E-2 | 5.88E-3 | 3.12E-4
Cu La 929.7 94.7 89.4 83.4 76.2 46.5 1.77 .195 2.92E-2 4.14E-3 2.21E-4
Zn La 1011.7 95.0 89.8 83.8 76.0 31.0 1.16 .135 2.06E-2 2.94E-3 1.57E-4
Mg Ka 1253.6 95.5 90.6 84.2 72.3 5.91 414 5.37E-2 8.43E-3 1.22E-3 6.56E-5
Al Ko 1486.7 95.9 91.0 83.1 43.7 2.09 .187 | 2.55E-2 4.07E-3 5.93E-4 | 3.20E-5
Si Ko 1740.0 96.0 90.8 76.8 8.14 .839 8.59E-2 1.21E-2 1.96E-3 2.87E-4 1.55E-5
Zr  La 2042.4 89.1 74.4 26.8 3.48 .454 | 4.96E-2 | 7.13E-3 | 1.16E-3 1.70E-4 | 9.21E-6
Cl Ka 2622.4 90.8 71.4 5.02 1.05 .165 | 1.92E-2 | 2.82E-3 | 4.62E-4 | 6.79E-5 | 3.69E-6
Ag La 2984.3 91.3 54.9 2.41 575 9.57TE-2 1.14E-2 1.69E-3 2.78E-4 4.09E-5 2.22E-6
Ca Ka 3691.7 91.9 7.90 .822 221 3.93E-2 4.83E-3 7.20E-4 1.19E-4 1.75E-5 9.51E-7
Ti Ka 4510.8 91.9 2.31 .324 9.25E-2 1.71E-2 2.13E-3 3.20E-4 5.29E-5 7.80E-6 4.24E-7
v Ka 4952.2 91.4 1.41 213 | 6.21E-2 1.16E-2 | 1.46E-3 | 2.19E-4 | 3.63E-5 | 5.35E-6 | 2.91E-7
Cr Ka 5414.7 89.9 .903 144 4.26E-2 8.03E-3 1.02E-3 1.53E-4 2.53E-5 3.73E-6 2.03E-7
Mn Ko 5898.8 83.7 .599 9.94E-2 2.97E-2 5.65E-3 7.17E-4 1.08E-4 1.79E-5 2.64E-6 1.44E-7
Co Ka 6930.3 12.4 .286 5.01E-2 1.52E-2 2.92E-3 3.73E-4 5.63E-5 9.32E-6 1.38E-6 7.49E-8
Ni Ka 7478.2 6.97 .204 3.63E-2 1.11E-2 2.14E-3 2.74E-4 4.14E-5 6.85E-6 1.01E-6 5.51E-8
Cu Ko 8047.8 4.32 .148 | 2.67E-2 | 8.22E-3 | 1.59E-3 | 2.04E-4 | 3.08E-5 | 5.10E-6 | 7.53E-7 | 4.10E-8
Ge Ka 9886.4 1.38 6.11E-2 { 1,14E-2 | 3.54E-3 | 6.90E-4 | 8.87E-5 | 1.34E-5 | 2.22E-6 | 3.29E-7 | 1.79E-8
Y Ka 14988.0 .198 1.08E-2 2.09E-3 6.56E-4 1.29E-4 1.66E-5 2.52E-6 4.17E-7 6.17E-8 3.37E-9
Mo Ka 17479.0 .102 | 5.78E-3 |} 1.12E-3 | 3.53E-4 | 6.94E-5 | 8.95E-6 | 1.36E-6 | 2.25E-7 | 3.33E-8 | 1.81E-9
Pd Ka 21177.0 | 4.52E-2 | 2.65E-3 | 5.18E-4 | 1.63E-4 | 3.21E-5 | 4.15E-6 | 6.29E-7 | 1.04E-7 | 1.54E-8 0.

Sn  Ka 25271.0 2.17E-2 1.30E-3 2.54E-4 8.02E-5 1.58E-5 2.04E-6 3.09E-7 | 5.13E-8 7.61E-9 0.
Xe Ka 29779.0 1.11E-2 6.69E-4 1.31E-4 4.15E-5 8.18E-6 1.06E-6 1.61E-7 | 2.66E-8 3.94E-9 0.
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE II1. Specular Reflectivity for Mirrors
See page 211 for Explanation of Tables

Nickel (Ni)
p = 8.90 gm/cm?®
Grazing Incidence Angle, 8 (milliradians)

Line E(eV) 5 mr 10 mr 15 mr 20 mr 30 mr 50 mr 80 mr 125 mr 200 mr 400 mr
Al Lggj 72.4 | 97.3 94.7 92.2 89.7 85.0 76.3 64.7 50.3 32.4 8.18
Si Laa 91.5 97.7 95.5 93.3 91.2 87.1 79.3 68.8 55.2 36.8 8.25
Be K 108.5 97.7 95.4 93.2 91.1 86.9 79.1 68.4 54.4 35.1 5.87
Zr M 151.1 97.5 95.0 92.6 90.2 85.6 77.0 65.3 49.7 27.7 2.11
B Ka 183.3 | 97.5 95.0 92.6 90.2 85.6 77.0 65.0 48.5 23.8 1.1
C Ko 277.0 | 97,5 95.1 92.7 90.3 85.7 76.9 63.8 42.7 8.37 .243
N Ko 392.4 | 97.6 95.3 93.0 90.7 86.2 77.1 61.4 23.3 1.50 5.78E-2
Ti La 452.2 | 97.7 95.3 93.1 90.8 86.3 76.7 58.0 10.0 .741 | 3.14E-2
0 Ko 524.9 | 97.7 95.4 93.1 90.9 86.2 75.9 50.5 3.84 .358 | 1.63E-2
Cr La 572.8 | 97.7 95.4 93.2 90.9 86.2 75.1 39.9 2.23 .230 | 1.09E-2
F  Ka 676.8 | 97.5 95.1 92.6 90.1 84.7 69.7 9.58 782 | 9.33E-2 | 4.63E-3
Co La 776.2 97.0 94.0 90.9 87.7 80.3 49.4 2.32 .269 3.51E-2 1.80E-3
Ni La 851.5 | 80.0 63.5 40.4 37.3 18.3 2.90 375 | 5.72E-2 | 8.16E-3 | 4.37E-4
Cu La 929.7 | 87.6 76.6 66.6 57.5 41.0 15.3 2.20 .301 | 4.06E-2 | 2.12E-3
Zn La 1011.7 88.4 78.0 68.4 59.4 42.9 15.4 1.95 261 3.52E-2 1.84E-3
Mg Ka 1253.6 | 91.4 83.2 75.3 67.4 50.7 12.3 1.05 .140 | 1.91E-2 | 1.00E-3
Al Ka 1486.7 | 92.3 84.9 77.5 69.6 50.2 5.60 511 | 7.22E-2 | 1.00E-2 | 5.30E-4
Si Ka 1740.0 93.0 86.1 78.8 70.5 44.8 2.44 258 3.81E-2 5.37E-3 2.86E-4
Zr  La 2042.4 | 93.6 87.1 79.7 70.3 25.2 1.09 129 | 1.96E-2 | 2.80E-3 | 1.50E-4
Cl  Ka 2622.4 | 94.4 88.2 79.9 3.2 4.35 .333 | 4.40E-2 | 6.93E-3 | 1.00E-3 | 5.42E-5
Ag La 2984.3 | 94.7 88.6 78.9 39.0 2.07 186 | 2.54E-2 | 4.05E-3 | 5.90E-4 | 3.19E-5
Ca Ka 3691.7 | 95.3 88.9 68.4 6.23 .698 | 7.29E-2 | 1.04E-2 | 1.68E-3 | 2.45E-4 | 1.33E-5
Ti Ko 4510.8 | 95.7 88.1 11.3 1.88 .272 | 3.08E-2 | 4.48E-3 | 7.31E-4 | 1.07E-4 | 5.83E-6
V  Ka 4952.2 | 95.8 86.6 5.69 1.15 178 | 2.07E-2 | 3.04E-3 | 4.97E-4 | 7.30E-5 | 3.96E-6
Cr Ko 5414.7 | 96.0 82.5 3.25 .736 .120 | 1.42E-2 | 2.09E-3 | 3.43E-4 | 5.04E-5 | 2.74E-6
Mn Ka 5898.8 | 96.1 47.8 1.99 .486 | 8.20E-2 | 9.85E-3 | 1.46E-3 | 2.40E-4 | 3.53E-5 | 1.92E-6
Co Ka 6930.3 96.2 8.24 .843 226 4.01E-2 4.93E-3 7.35E-4 1.21E-4 1.79E-5 9.71E-7
Ni Ka 7478.2 | 96.1 4.70 .566 .156 | 2.83E-2 | 3.50E-3 | 5.24E-4 | 8.64E-5 | 1.27E-5 | 6.93E-7
Cu Ka 8047.8 | 95.8 2.70 .367 .104 | 1.91E-2 | 2.39E-3 | 3.586-4 | 5.91E-5 | 8.72E-6 | 4.74E.7
Ge Ka 9886.4 | 71.7 117 .182 | 5.33E-2 | 1.00E-2 | 1.26E-3 | 1.90E-4 | 3.14E-5 | 4.63E-6 | 2.52E-7
Y Ka | 149880 6.08 .187 | 3.35BE-2 | 1.03E-2 | 1.98E-3 | 2.53E-4 | 3.83E.5 | 6.33E-6 | 9.36E-7 | 5.10E-8
Mo Ka | 17479.0 2.44 9.65E-2 | 1.78E-2 | 5.50E-3 | 1.07E-3 | 1.37E-4 | 2.07E-5 | 3.43E-6 | 5.07E-7 | 2.76E-8
Pd Ka | 21177.0 .912 | 4.30E-2 | 8.10E-3 | 2.52E-3 | 4.92E-4 | 6.33E-5 | 0.59E-6 | 1.59E-6 | 2.35E-7 | 1.28E-8
Sn  Ka | 25271.0 .397 | 2.06E-2 | 3.94E-3 | 1.23E-3 | 2.41E-4 | 3.11E-5 | 4.71E-6 | 7.80E-7 | 1.15E-7 | 6.27E-9
Xe Ka | 29779.0 191 | 1.05E-2 | 2.02E-3 | 6.34E-4 | 1.24E-4 | 1.60E.5 | 2.43E-6 | 4.03E-7 | 5.96E-8 | 3.22E-9
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE HI. Specular Reflectivity for Mirrors
See page 211 for Explanation of Tables

Grazing Incidence Angle, 6 (milliradians)

Copper (Cu)

p = 8.96 gm/cm

3

Line E(eV) 5 mr 10 mr 15 mr 20 mr 30 mr 50 mr 80 mr 125 mr 200 mr 400 mr
Al Lag 72.4 97.6 95.3 93.0 90.8 86.5 78.5 67.7 53.9 35.7 8.51
Si La3 91.5 | 97.3 94.7 92.2 89.7 85.0 76.2 64.5 49.6 30.5 5.23
Be K 108.5 97.2 94.4 91.7 89.1 84.1 74.8 62.5 47.0 27.3 3.74
Zr M¢ 151.1 97.1 94.3 91.6 89.0 83.9 74.4 61.8 45.6 24.0 1.96
B Ka 183.3 97.2 94.6 91.9 89.4 84.5 75.2 62.6 45.7 21.7 1.13
C Ka 277.0 97.3 94.8 92.2 89.7 84.9 75.6 61.9 40.3 7.49 .2286
N Ka 392.4 97.4 94.8 92.2 89.7 84.8 74.7 57.8 20.0 1.38 5.40E-2
Ti La 452.2 | 97.4 94.9 92.4 80.9 84.9 74.5 54.5 9.01 .696 | 2.98E-2
[0} Ka 524.9 | 97.3 94.7 92.2 89.6 84.4 72.8 45.3 3.58 .341 | 1.56E-2
Cr La 572.8 97.3 94.7 92.1 89.5 84.1 71.6 35.2 2.16 .226 1.07E-2
F Ka 676.8 97.3 94.6 91.9 89.2 83.3 67.7 10.4 .837 €.92E-2 4.91E-3
Co Lea 776.2 96.9 93.9 90.8 87.7 80.6 55.8 3.30 .359 4.59E-2 2.34E-3
Ni La 851.5 96.3 92.6 88.8 84.7 75.2 25.9 1.34 .169 %.26E-2 1.18E-3
Cu La 929.7 71.4 50.7 35.7 24.8 11.6 2.62 452 7.64E-2 1.13E-2 6.18E-4
Zn La 1011.7 | 87.0 75.5 65.0 55.4 38.1 11.9 1.50 .209 | 2.85E-2 | 1.49E-3
Mg Ka 1253.6 89.8 80.3 71.2 62.3 44.0 9.37 .880 121 1.66E-2 8.74E-4
Al  Ka 1486.7 | 91.2 82.9 74.5 65.8 44.9 4.80 460 | 6.57E-2 | ¢€.16E-3 | 4.85E-4
Si Ka 1740.0 92.1 84.3 76.1 66.9 39.1 2.19 .237 3.51E-2 4.97E-3 2.65E-4
Zr La 2042.4 92.8 85.4 77.2 66.6 21.0 .996 119 1.83E-2 2.61E-3 1.40E-4
Cl Ka 2622.4 93.7 86.7 77.3 58.1 3.94 .310 4.11E-2 6.50E-3 9.42E-4 5.08E-5
Ag Lea 2984.3 94.1 87.2 76.1 32.1 1.0 173 2.38E-2 3.80E-3 5.53E-4 2.99E-5
Ca Ka 3691.7 94.7 87.4 62.3 5.62 .648 6.82E-2 8.72E-3 1.57E-3 2.30E-4 1.25E-5
Ti Ka 4510.8 95.1 86.4 9.99 1.73 .254 2.89E-2 4.21E-3 6.87E-4 1.01E-4 5.48E-6
v Ka 4952.2 95.3 84.5 5.15 1.07 .167 1.94E-2 2.85E-3 4.67E-4 6.87E-5 3.73E-6
Cr Ka 5414.7 95.5 78.9 2.98 .685 112 1.33E-2 1.97E-3 3.23E-4 4.75E-5 2.58E-6
Mn Ka 5898.8 | 95.6 37.2 1.84 454 | 7.71E-2 | 9.28E-3 | 1.38E.3 | 2.26E-4 | 3.33E-5 | 1.81E-6
Co Ka 6930.3 | 95.7 7.54 794 .214 | 3.81E-2 | 4.68E-3 | 6.99E-4 | 1.15E-4 | 1.70E-5 | 9.23E-7
Ni Ka 7478.2 | 95.7 4.44 .542 .150 | 2.72E-2 | 3.37E-3 | 5.05E-4 | B8.32E-5 | 1.23E-5 | 6.68E-7
Cu Ka 8047.8 | 95.5 2.76 374 .106 | 1.95E-2 | 2.43E-3 | 3.64E-4 | 6.01E-5 | 8.87E-6 | 4.83E-7
Ge Ka 9886.4 66.5 1.01 .160 4.72E-2 8.87E-3 1.12E-3 1.69E-4 2.79E-5 4.12E-6 2.24E-7
Y Ka 14988.0 5.35 .17t | 3.09E-2 | 9.47E-3 | 1.83E-3 | 2.34E-4 | 3.54E-5 | 5.85E-6 | 8.65E-7 | 4.71E-8
Mo Ka 17479.0 2.20 8.90E-2 1.64E-2 5.09E-3 9.88E-4 1.27E-4 1.92E-5 3.18E-6 4.70E-7 2.55E-8
Pd Ka 21177.0 .833 3.97E-2 7.51E-3 2.34E-3 4.57E-4 5.87E-5 8.90E-6 1.47E-6 2.18E-7 1.19E-8
Sn Ka 25271.0 .365 1.91E-2 3.65E-3 1.14E-3 2.24E-4 2.88E-5 4.37E-6 7.24E-7 1.07E-7 5.86E-9
Xe Ka 29779.0 176 9.70E-3 1.87E-3 5.88E-4 1.16E-4 1.49E-5 2.26E-6 3.74E-7 5.53E-8 3.0CE-9
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE II1. Specular Reflectivity for Mirrors
See page 211 for Explanation of Tables

Molybdenum (Mo)
p =10.20 gm/cm3
Grazing Incidence Angle, 6 (milliradians)

Line E(eV) 5 mr 10 mr 15 mr 20 mr 30 mr 50 mr 80 mr 125 mr 200 mr 400 mr
Al Lags 72.4 | 99.5 99.1 98.6 98.2 97.3 95.5 92.8 88.8 82.0 58.6
Si  Lags 91.5 | 99.7 99.5 99.2 99.0 98.5 97.4 95.9 93.4 88.7 40.0
Be K 108.5 | 99.7 99.5 99.2 98.9 98.4 97.4 95.7 93.1 87.3 5.22
Zr  M( 151.1 | 99.2 98.4 97.5 96.7 95.1 91.8 86.6 77.3 40.9 .535
B Ka 183.3 | 98.6 97.1 95.7 94.3 91.5 85.9 76.8 58.0 6.57 .176
C Ka 2770 | 91.2 83.2 75.9 69.1 57.2 38.5 19.8 6.33 1.07 5.60E-2
N Ka 392.4 | 92.5 85.5 79.0 73.0 62.0 43.7 23.4 6.97 .999 | 4.81E-2
Ti La 452.2 | 93.0 86.5 80.4 74.7 64.1 45.9 24.3 6.21 .779 | 3.65E-2
(¢] Ko 524.9 | 93.4 87.1 81.3 75.7 65.3 46.8 23.3 4.59 .525 | 2.45E-2
Cr La 572.8 | 93.8 87.9 82.3 76.9 66.8 48.2 22.8 3.64 .402 | 1.89E-2
F Ka 676.8 | 94.1 88.5 83.1 77.9 67.8 47.7 16.9 1.81 .206 | 9.96E-3
Co La 776.2 | 94.2 88.7 83.3 78.1 67.8 45.7 104 1.02 .121 | 6.00E-3
Ni Le 851.5 | 94.5 89.2 84.0 78.9 68.5 44.6 6.85 .685 | 8.42E-2 | 4.22E-3
Cu La 929.7 | 94.6 89.5 84.4 79.3 68.7 41.7 4.28 460 | 5.82E-2 | 2.95E-3
Zn  La 1011.7 | 94.7 89.6 84.5 79.3 68.3 36.3 2.71 .314 | 4.07E-2 | 2.09E-3
Mg Ka 1253.6 | 95.0 90.1 85.0 79.7 66.8 13.5 920 .122 | 1.66E-2 | 8.7T1E-4
Al Ka 1486.7 | 95.2 90.4 85.3 79.5 62.7 4.37 .404 | 5.78E-2 | 8.06E-3 | 4.27E-4
Si  Ka 1740.0 | 95.3 90.6 85.2 78.7 49.6 1.74 .192 | 2.87E-2 | 4.08E-3 | 2.18E-4
Zr La 2042.4 | 954 90.5 84.6 75.8 13.8 .717 | 8.86E-2 | 1.37E-2 | 1.97E-3 | 1.06E-4
Cl  Ka 2622.4 | 79.6 60.2 38.8 15.7 1.85 179 | 2.47E-2 | 3.96E-3 | 5.78E-4 | 3.13E-5
Ag La 2084.3 | 82.2 64.6 43.1 16.2 1.72 .165 | 2.28E-2 | 3.66E-3 | 5.34E-4 | 2.80E-5
Ca Ka 3691.7 85.5 68.9 38.9 6.71 771 8.03E-2 1.14E-2 1.84E-3 2.70E-4 1.46E-5
Ti Ka 4510.8 | 87.1 68.7 14.1 2.29 .323 | 3.62E-2 | 5.26E-3 | 8.56E-4 | 1.26E-4 | 6.82E-6
\Z Ka 4952.2 | 87.7 66.9 7.37 1.42 .215 | 2.48E-2 | 3.62E-3 | 5.92E-4 | 8.70E-5 | 4.72E-6
Cr Ka 5414.7 | 88.2 62.6 4.22 918 .146 | 1.72E-2 | 2.53E-3 | 4.14E-4 | 6.09E-5 | 3.31E-6
Mn Ka 5898.8 | 88.6 51.1 2.58 610 .101 | 1.21E-2 | 1.78E-3 | 2.93E-4 | 4.31E-5 | 2.34E-6
Co Ka 6930.3 | 89.0 12.5 1.11 .291 | 5.09E-2 | 6.21E-3 | 9.25E-4 | 1.52E-4 | 2.24E-5 | 1.22E-6
Ni Ke 7478.2 | 89.2 7.09 .765 .207 | 3.69E-2 | 4.54E-3 | 6.78E-4 | 1.12E-4 | 1.65E-5 | 8.95E-7
Cu Ka 8047.8 | 89.2 4.39 .539 .149 | 2.71E-2 | 3.36E-3 | 5.02E-4 | 8.28E-5 | 1.22E-5 | 6.64E-7
Ge Ka 9886.4 | 87.9 1.39 .210 | 6.12E-2 | 1.14E-2 | 1.44E-3 | 2.17E-4 | 3.58E-5 | 5.28E-6 | 2.87E-7
Y Ka 14988.0 6.35 192 | 3.44E-2 | 1.05E-2 | 2.03E-3 | 2.59E-4 | 3.92E-5 | 6.49E-6 | 9.59E-7 | 5.21E-8
Mo Ka 17479.0 2.43 9.60E-2 | 1.77E-2 | 5.47E-3 | 1.06E-3 | 1.36E-4 | 2.06E-5 | 3.41E-6 | 5.04E-T7 | 2.74E-8
Pd Ka 21177.0 894 | 4.23E-2 | 7.98E-3 | 2.48E-3 | 4.85E-4 | 6.24E-5 { 9.45E-6 | 1.57E-6 | 2.31E-7 | 1.26E-8
Sn  Ka 25271.0 427 | 2.20E-2 | 4.20E-3 | 1.31E-3 | 2.57E-4 | 3.31E-5 | 5.02E-6 | 8.32E-7 | 1.23E-7 | 6.71E-9
Xe Ka 29779.0 .210 | 1.14E-2 | 2.21E-3 | 6.92E-4 | 1.36E-4 | 1.75E-5 | 2.66E-6 | 4.40E-7 | 6.51E-8 | 3.53E-9
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE HI. Specular Reflectivity for Mirrors
See page 211 for Explanation of Tables

Platinum (Pt)
p = 21.40 gm/cm3

Grazing Incidence Angle, 8 (milliradians)

Line E(eV) 5 mr 10 mr 15 mr 20 mr 30 mr 50 mr 80 mr 125 mr 200 mr 400 mr
Al Lag 72.4 | 983 96.6 94.9 93.2 90.0 83.9 75.5 64.2 48.5 20.1
Si Lo 91.5 | 98.9 97.9 96.8 95.8 93.7 89.7 83.9 75.7 62.6 28.1
Be K 108.5 | 99.0 98.0 97.0 96.0 94.1 90.3 84.7 76.5 2.6 15.4
Zr M¢ 151.1 | 98.0 96.0 94.1 92.1 88.4 81.2 70.9 55.7 8.5 .999
B Ka 183.3 | 96.2 92.6 89.1 85.8 79.3 67.6 52.1 32.4 9.87 419
C Ka 277.0 | 94.9 90.0 85.4 81.0 72.8 58.3 40.4 20.5 4.58 211
N Ka 392.4 | 943 89.0 83.9 79.0 70.0 54.3 34.9 14.2 2.25 .100
Ti La 452.2 | 94.4 89.0 84.0 79.1 70.1 54.1 33.7 11.8 1.56 6.81E-2
o] Ka 524.9 | 94.1 88.5 83.1 78.1 68.6 51.6 29.7 7.95 919 | 4.13E-2
Cr La 572.8 | 93.9 88.2 82.8 77.6 67.9 50.5 27.9 6.60 .746 | 3.38E-2
F Ka 676.8 | 94.1 88.5 83.1 78.0 68.2 50.1 24.7 4.00 .432 | 2.01E-2
Co La 776.2 | 93.9 88.2 82.7 77.4 67.3 47.9 19.5 2.40 .268 | 1.28E-2
Ni La 851.5 | 94.1 88.4 83.0 77.8 67.7 47.4 15.9 1.68 .192 | 9.31E-3
Cu La 929.7 | 94.1 88.6 83.2 77.9 67.6 46.1 11.8 1.16 .137 | 6.73E-3
Zn La 1011.7 | 94.2 88.6 83.3 78.0 67.5 44.2 8.07 .803 | 9.77E-2 | 4.87E-3
Mg Ka 1253.6 | 94.3 88.7 83.3 77.8 66.1 33.6 2.64 .308 | 401E-2 | 2.06E-3
Al Ka 1486.7 | 94.2 88.5 82.8 76.9 63.1 15.6 1.07 .141 | 1 90E-2 | 9.94E-4
Si Ka 1740.0 | 93.8 87.8 81.5 74.6 56.3 4.99 .455 | 6.46E-2 | 8 99E-3 | 4.76E-4
Zr  La 2042.4 | 91.6 83.1 74.0 62.8 22.5 1.12 133 | 2.03E-2 | 2 90E-3 | 1.56E-4
Cl Ko 2622.4 | 83.1 67.9 53.2 38.1 10.8 .854 .108 | 1.67E-2 | 2 41E-3 | 1.29E-4
Ag La 2984.3 | 85.0 71.0 56.6 40.3 8.92 .660 | B.41E-2 | 1.31E-2 | 1.89E-3 | 1.02E-4
Ca Ka 3691.7 | 86.3 72.7 56.6 33.7 3.61 .302 | 4.04E-2 | 6.40E-3 | 9.29E-4 | 5.01E-5
Ti Ka 4510.8 | 87.6 73.9 53.0 14.7 1.35 .131 | 1.82E-2 | 2.93E-3 | 4.28BE-4 | 2.31E-5
v Ko 4952.2 88.1 74.0 47.3 7.95 .858 8.81E-2 1.25E-2 2.01E-3 2.94E-4 1.59E-5
Cr Ka 5414.7 88.5 73.8 35.4 4.56 .564 6.04E-2 8.64E-3 1.40E-3 2.05E-4 1.11E-5
Mn Ka 5898.8 | 88.8 73.0 19.2 2.78 .379 | 4.20E-2 | 6.06E-3 | 9.87E-4 | 1.45E-4 | 7.85E-6
Co Ka 6930.3 | 89.3 68.8 5.81 1.18 .183 | 2.12E-2 | 3.11E-3 | 5.08E-4 | 7.47TE-5 | 4.06E-6
Ni  Ka 7478.2 | 89.5 63.3 3.61 .806 .130 | 1.54E-2 | 2.26E-3 | 3.71E-4 | 5.46E-5 | 2.96E-6
Cu Ka 8047.8 | 89.6 48.9 2.35 .564 | 9.41E-2 | 1.13E-2 | 1.66E-3 | 2.73E-4 | 4.02E-5 | 2.19E-6
Ge Ka 9886.4 | 89.5 7.36 .785 .212 | 3.77E-2 | 4.64E-3 | 6.93E-4 | 1.14E-4 | 1.68E-5 | 9.15E-7
Y Ka 14988.0 | 56.2 .811 .131 | 3.89E-2 | 7.36E-3 | 9.31E-4 | 1.40E-4 | 2.32E-5 | 3.43E-6 | 1.86E-7
Mo Ka 17479.0 | 25.7 .420 t 7.18E-2 | 2.17E-2 | 4.14E-3 | 5.27E-4 | 7.95E-5 | 1.31E-5 | 1.94E-6 | 1.06E-7
Pd Ka 21177.0 5.87 .183 | 3.29E-2 | 1.01E-2 | 1.94E-3 | 2.49E-4 | 3.76E-5 | 6.22E-6 | 9.20E-7 | 5.00E-8
Sn  Ka 25271.0 2.11 8.61E-2 | 1.59E-2 | 4.93E-3 | 9.58E-4 | 1.23E-4 | 1.86E-5 | 3.08E-6 | 4.55E-7 | 2.47E-8
Xe Ka 29779.0 .915 | 4.31E-2 | 8.13E-3 | 2.53E-3 | 4.94E-4 | 6.35E-5 | 9.62E-6 | 1.59E-6 | 2.36E-7 | 1.28E-8
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE III. Specular Reflectivity for Mirrors
See page 211 for Explanation of Tables

Gold (Au)

p=19.30 gm/c:m3

Grazing Incidence Angle, 8 (milliradians)

Line E(eV) 5 mr 10 mr 15 mr 20 mr 30 mr 50 mr 80 mr 125 mr 200 mr 400 mr
Al Laa 72.4 98.7 97.5 96.3 95.0 92.6 88.0 81.5 72.3 58.6 28.1
Si La3 91.5 98.9 97.7 96.6 95.5 93.4 89.1 83.1 74.4 60.7 24.1
Be K 108.5 99.0 98.0 96.9 95.9 94.0 90.1 84.5 76.2 62.1 14.6
Zr M¢ 151.1 98.7 97.4 96.0 94.8 92.2 87.2 79.7 68.0 42.7 1.19
B Ka 183.3 97.0 94.0 91.1 88.3 82.9 72.8 58.7 38.8 11.1 .376
C Ka 277.0 94.9 90.0 85.4 81.0 72.7 58.0 39.6 18.8 3.50 .152
N Ka 392.4 94.2 88.7 83.6 78.6 69.4 53.2 33.0 11.7 1.58 7.00E-2
Ti La 452.2 93.9 88.2 82.8 7.7 68.1 51.2 29.9 8.76 1.07 4.83E-2
(o] Ka 524.9 | 93.8 87.9 82.3 77.0 67.1 49.5 26.8 6.20 .708 | 3.24E-2
Cr La 572.8 | 93.7 87.7 82.0 76.6 66.5 48.3 24.6 4.82 .540 2.51E-2
F Ka 676.8 93.5 87.4 81.6 76.0 65.5 46.1 19.9 2.86 322 1.53E-2
Co La 776.2 | 93.5 87.4 81.5 75.9 65.2 44.5 15.3 1.77 .205 9.95E-3
Ni La 851.5 93.5 87.4 81.5 75.8 64.9 43.0 11.7 1.24 .147 7.25E-3
Cu La 9290.7 | 93.5 87.4 81.5 75.8 64.5 41.1 8.47 .880 107 5.34E-3
Zn La 1011.7 | 93.6 87.5 81.6 75.8 64.3 39.0 5.91 .628 7.82E-2 3.94E-3
Mg Ka 1253.6 | 93.8 87.8 81.9 76.0 63.3 27.7 2.06 .251 3.31E-2 1.71E-3
Al Ka 1486.7 | 93.7 87.7 81.5 75.2 60.1 11.8 .869 117 1.59E-2 8.36E-4
Si Ka 1740.0 | 93.5 87.1 80.5 73.2 53.0 4.03 .386 | 5.55E-2 7.75E-3 4.11E-4
Zr Lo 2042.4 | 92.3 84.7 76.3 65.9 26.3 1.22 .143 | 2.17E-2 3.10E-3 1.66E-4
Cl Ka 2622.4 | 82.9 67.4 52.3 36.7 9.46 .753 | 9.60E-2 1.49E-2 2.15E-3 1.16E-4
Ag La 2984.3 | 83.6 68.3 52.7 35.1 6.56 .519 | 6.75E-2 1.06E-2 1.53E-3 8.25E-5
Ca Ka 3691.7 | 84.9 69.8 51.8 26.3 2.68 .238 | 3.23E-2 | 5.15E-3 7.48E-4 4.04E-5
Ti Ka 4510.8 | 86.4 711 46.5 10.2 1.05 .105 1.48E-2 | 2.39E-3 3.49E-4 1.89E-5
v Ka 4952.2 | 86.9 71.1 38.5 5.74 677 | 7.14E-2 1.02E-2 1.65E-3 2.41E-4 1.31E-5
Cr Ka 5414.7 87.3 70.6 24.4 3.41 449 4.91E-2 7.06E-3 1.15E-3 1.68E-4 9.13E-6
Mn Ka 5898.8 87.7 69.5 12.8 2.13 .304 3.42E-2 4.97E-3 8.10E-4 1.19E-4 6.46E-6
Co Ka 6930.3 | 88.2 62.9 4.29 .929 .148 1.74E-2 | 2.55E-3 | 4.18E-4 | 6.15E-5 3.34E-6
Ni Ka 7478.2 | 88.4 53.0 2.74 .641 .106 1.26E-2 1.86E-3 | 3.05E-4 | 4.49E-5 2.44E-6
Cu Ka 8047.8 88.5 30.7 1.82 451 7.67E-2 9.24E-3 1.37E-3 | 2.25E-4 | 3.32E-5 1.80E-6
Ge Ka 9886.4 88.3 5.38 .628 .172 { 3.10E-2 3.84E-3 | 5.74E-4 | 9.45E-5 1.39E-5 7.58E-7
Y Ka 14988.0 | 44.7 627 .104 | 3.11E-2 | 5.90E-3 7.49E-4 1.13E-4 1.87E-5 2.76E-6 1.50E-7
Mo Ka 17479.0 15.9 .333 | 5.79E-2 1.76E-2 3.37E-3 | 4.29E-4 | 6.48E-5 1.07E-5 1.58E-6 8.61E-8
Pd Ka 21177.0 4.28 .147 | 2.67E-2 | 8.21E-3 | 1.59E-3 | 2.03E-4 | 3.07E-5 | 5.09E-6 | 7.52E-7 | 4.09E-8
Sn  Ka 25271.0 1.62 6.96E-2 1.30E-2 | 4.02E-3 7.83E-4 1.01E-4 1.52E-5 | 2.52E-6 3.72E-7 | 2.03E-8
Xe Ka 29779.0 .720 | 3.50E-2 | 6.63E-3 | 2.07E-3 | 4.04E-4 | 5.20E-5 | 7.87E-6 | 1.30E-6 | 1.93E-7 | 1.05E-8
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1V. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Silicon (422)

Si
2d =2.217A
Line E(eV) | Rm(mr) | Rp(mr) | Rx/Ro | Px(%) | Po(%) | wa(mr) | wo(mr) | E/AE, | E/AE, | X (A)
Mn Ka | 5899. 181 0456 761 | 88.3 993 .0384 0469 | 77600 63600 2.10
Tb La | 6273. 110 .0265 531 | 81.7 99.1 0189 .0313 | 104000 63000 1.98
Fe Ka | 6404. .0980 .0231 461 | 79.4 99.2 .0154 .0284 | 117000 63200 1.94
Co Ka | 6930. 0735 .0150 230 | 68.0 99.5 .0067 0217 | 202000 63000 1.79
Ni Ka | 7478. .0646 .0108 0601 | 41.9 99.1 .0023 .0180 | 486000 62400 1.66
Lu La | 7656. .0634 .0099 .0241 | 24.5 99.3 .0013 .0171 | 787000 62500 1.62
Cu Ko | 8048 0625 .0088 .0076 | 10.9 99.2 .0008 .0155 | 1.2e+6 62300 1.54
W  La | 8398 .0632 .0086 0629 | 47.7 99.5 0017 0143 | 523000 62300 1.48
Zn Ka | 8639. .0641 .0086 109 | 59.4 99.5 .0023 .0136 | 368000 62500 1.44
Re La | 8912 .0656 .0085 161 | 70.3 99.5 .0028 .0129 | 287000 62200 1.39
Ga Ka | 9252 .0679 .0085 221 | 774 99.7 .0033 .0121 { 227000 62500 1.34
Pt La | 9442. .0694 .0085 252 | 80.2 99.6 .0035 .0118 | 205000 62400 1.31
Au  La | 9713. 0717 .0084 295 | 83.3 99.7 .0038 .0112 | 182000 62800 1.28
Ge Ka | 9886. 0730 .0084 320 | 84.9 99.6 .0040 .0110 | 171000 62200 1.25
Hg La | 9989. 0738 .0083 334 | 85.7 99.6 .0041 .0108 | 164000 62400 1.24
Y  Ka | 14990. 127 0065 713 | 97.3 99.9 .0046 .0063 | 86900 63000 .827
Mo Ka | 17480. .155 .0057 791 | 98.4 99.9 .0042 0053 | 79400 63000 .709
Pd Ka | 21180. 197 .0048 863 | 99.2 99.9 .0037 .0043 | 73600 63100 .585
Sn  Ka | 25270. .245 .0041 901 | 99.5 100. .0032 .0035 | 70300 63500 .491
Xe Ko | 29780. .298 .0035 932 | 99.7 100. .0028 .0030 | 68200 63400 416
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B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1V. Bragg Reflection Charactenistics for Natural Crystals
See page 211 for Explanation of Tables

Germanium (422)

Ge
2d =2.310A
Line E(eV) | Ru(mr) | Rp(mr) | Rx/Ro | Px(%) P,(%) | wx(mr) | wo(mr) | E/AEx | E/AE, A (A)
Cr Ka 5415. 1.20 342 955 94.8 99.5 314 318 27500 27000 2.29
Mn Ka 5899. .258 0722 .598 81.4 99.4 .0560 .0822 39300 26800 2.10
Tb La 6273. .181 0477 .388 735 99.3 .0301 .0622 55100 26600 1.98
Fe Ka 6404, 167 .0425 .325 70.4 99.7 0245 0577 62700 26600 1.94
Co Ka 6930. .134 .0289 124 51.6 99.5 .0098 .0461 125000 26600 1.79
Ni Ka 7478. 122 .0219 .0048 5.76 99.4 .0025 .0388 | 413000 26600 1.66
Lu La 7656. .120 .0208 .0017 2.29 99.7 .0021 .0370 | 458000 26600 1.62
Cu Ka 8048. 119 .0200 .0539 | 39.0 99.5 .0040 .0335 | 223000 26700 1.54
w La 8398. .120 .0197 121 58.5 99.7 .0058 .0310 | 142000 26900 1.48
Zn Ka 8639. 122 .0196 .167 66.5 99.5 .0068 .0295 115000 26900 1.44
Re La 8912. 124 .0194 .216 72.7 99.9 .0078 .0279 96400 27100 1.39
Ga Ka 9252. 127 0191 272 78.0 99.8 .0087 .0262 81500 27200 1.34
Pt La 9442, 128 .0189 .303 80.2 99.6 .0091 .0254 75700 27300 1.31
Au La 9713. 130 .0186 .341 82.8 99.7 .0095 0242 69400 27400 1.28
Ge Ka 9886. 132 .0184 .365 84.2 99.6 0097 .0234 66400 27600 1.25
Hg La 9989. 133 .0182 378 85.0 99.6 .0098 .0230 64900 27800 1.24
Y Ka | 14990. .0342 .0126 .683 79.1 98.7 .0109 .0138 35100 27800 827
Mo Ka | 17480. 0411 .0120 773 86.7 99.2 .0104 .0123 31200 26200 .709
Pd Ka | 21180. .0501 .0107 .849 92.4 99.6 .0092 .0104 28400 25100 .585
Sn Ka | 25270. .0593 .0094 .896 95.4 99.8 .0080 .0088 26900 24700 491
Xe Ka | 29780. 0691 .0083 .929 97.2 99.7 0070 .0074 26100 24500 416
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B. L. HENKE, E. M. GULLIKSON. and J. C. DAVIS

X-ray Interactions

TABLE 1V. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Lithium Floride (220)

LiF
2d =2.848A
Line E(eV) | Rm(mr) | Rp(mr) | Rx/Rs | Px(%) Po(%) | wx(mr) | wo(mr) | E/AEx | E/AE, A (A)
Ba La 4466. 1.32 134 892 97.0 99.7 110 122 40100 36200 2.78
Ti Ka 4511. 1.09 111 .852 96.5 99.8 .0888 .102 41800 36200 2.75
v Ka 4952. 482 .0454 .519 92.5 99.8 .0280 .0509 65800 36200 2.50
Cr Ka 5415. .351 .0278 .262 87.0 99.8 .0111 0372 | 122000 36300 2.29
Mn Ka 5899. 312 .0190 .0626 | 67.1 99.9 .0027 .0301 | 399000 36300 2.10
Tb La 6273. .308 .0161 .0182 | 42.0 99.9 .0010 0265 | 947000 36400 1.98
Fe Ka 6404. .310 .0160 .0529 | 66.7 99.9 .0019 .0254 | 486000 36500 1.94
Co Ka 6930. .328 .0158 .189 88.6 99.9 .0047 .0221 | 171000 36500 1.79
Ni Ka 7478. .359 .0154 .304 93.6 99.9 .0063 .0196 | 113000 36500 1.66
Cu Ka 8048. 397 .0149 .403 95.8 99.9 .0073 .0176 88000 36600 1.54
w La 8398. 423 .0145 .451 96.7 99.9 .0076 .0166 79100 36600 1.48
Zn Ka 8639. 442 .0143 .482 97.1 100. 0078 .0159 74300 36700 1.44
Ga Ka 9252. .491 .0137 .549 97.9 99.9 .0081 .0145 65800 36700 1.34
Pt La 9442, 507 0135 .568 98.1 99.9 .0081 .0141 63800 36700 1.31
Au La 9713. .529 .0132 .592 98.3 100. .0081 .0136 61300 36800 1.28
Ge Ka 9886. .544 .0131 .606 98.4 100. 0082 .0133 59800 36800 1.25
Hg Lo 9989. 552 .0130 .614 98.5 100. .0081 .0132 59100 36800 1.24
Y Ko | 14990. 1.01 .0092 .829 99.7 100. .0068 .0082 44400 36900 827
Mo Ka | 17480. 1.25 .0080 .874 99.8 100. .0061 .0069 42200 37000 709
Pd Ka | 21180. 1.63 .0067 915 99.9 100. .0051 .0056 40500 37000 .585
Sn Ka | 25270. 2.06 .0056 940 99.9 100. .0044 .0047 39300 37100 .491
Xe Ko | 29780. 2.54 .0048 .956 100. 100. .0038 .0039 38700 37100 .416
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1V. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Silicon (220)

Si
2d =3.840A
Line E(eV) | Rm(mr) | Rp(mr) | Rx/Ro | Px(%) | Po(%) | wx(mr) | we(mr) | E/AEx | E/AE, A(A)

Ca Ka 3692. .185 0774 .420 62.3 99.6 .0595 .0990 30400 18200 3.36
Ba La 4466. 117 0341 .0068 4.27 99.5 .0073 .0618 | 143000 16900 2.78
Ti Ka 4511. 117 .0334 .0023 1.59 99.5 .0067 .0607 | 153000 16900 2.75
Vv Ko 4952, .118 .0306 0691 | 329 99.6 .0091 .0519 94300 16600 2.50
Cr Ka 65415. .126 .0304 .205 61.0 99.5 .0138 .0455 53700 16300 2.29
Mn Ka 5899. .139 0301 331 74.6 99.5 0167 .0403 39200 16200 2,10
Co Ka 6930. .170 .0283 523 87.0 99.8 .0188 0327 28000 16100 1.79
Ni Ka 7478. .187 0272 .593 90.2 99.8 .0189 .0298 25300 16100 1.66
Cu Ka 8048. .206 .0260 651 92.5 99.8 .0187 0273 23500 16100 1.54
Zn Ka 8639. .225 .0248 .699 94.1 99.9 .0182 .0251 22100 16100 1.44
Pt La 9442, .250 .0232 749 95.6 99.8 0175 .0226 20800 16100 1.31
Au La 9713. .259 0227 764 96.0 99.9 0172 .0219 20500 16100 1.28
Ge Ka 9886. .263 0224 772 96.2 99.9 0170 .0215 20300 16100 1.25
Hg Lo 9989. .266 0222 778 96.3 99.9 .0169 .0212 20200 16100 1.24
Y Ka | 14990. .419 .0157 .905 99.0 100. .0124 .0136 17800 16200 827
Mo Ka | 17480. .496 .0136 930 99.4 100. .0108 0116 17400 16200 .709
Pd Ka | 21180. 614 0113 953 99.7 100. .0090 .0094 17100 16300 .585
Sn Ka | 25270. 749 .0095 967 99.8 100. .0076 .0079 16900 16300 .491
Xe Ka | 29780. 901 .0081 976 99.9 100. .0065 .0066 16700 16300 416
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE IV. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Fluorite (220)

Ca.Fz
2d =3.862A
Line E(eV) | Rm(mr) | Rp(mr) | Rx/Ro | Px(%) | Po(%) | wx(mr) | wo(mr) | E/AE, | E/AE, A (A)

Ca Ko | 3692. 679 112 465 | 85.4 99.9 0703 135 25100 13100 3.36
Ba Lo 4466. .0941 .0386 .0026 .948 | 98.8 .0143 .0698 | 72300 14800 2.78
Ti Ka | 4511 .0946 .0382 .0003 157 | 98.2 .0129 .0695 | 78600 14600 2.75
v Ka | 4852 .100 .0365 0609 | 21.7 99.1 .0142 .0630 | 60100 13500 2.50
Cr Ka | 5415. .110 .0371 187 | 48.3 98.9 .0191 .0572 | 38500 12900 2.29
Mn Ka | 5899. 122 .0374 312 | 64.4 99.6 .0226 .0519 | 28700 12500 2.10
Co Ka | 6930. .149 .0364 509 | 80.7 99.6 .0256 .0434 | 20400 12000 1.79
Ni Ka | 7478 .164 .0353 583 | 85.2 99.8 .0258 .0399 | 18400 11900 1.66
Cu Ka | 8048. 179 .0341 643 | 88.5 99.7 .0255 .0368 | 17000 11800 1.54
Zn Kea | 8639. .195 .0327 692 | 90.9 99.8 .0250 .0340 | 16000 11800 1.44
Pt La 9442. .215 .0309 745 | 93.1 99.9 .0240 .0309 | 15100 11700 1.31
Au  La 9713. 222 .0303 760 | 93.7 99.6 .0236 .0300 | 14800 11700 1.28
Ge Ka | 9886. 228 .0299 768 | 94.1 99.8 .0234 .0294 | 14700 11700 1.25
Hg La 9989. .232 .0297 774 | 94.3 99.9 .0233 0290 | 14600 11700 1.24
Y Ko | 14990. 356 .0213 005 | 98.4 99.9 .0171 .0188 | 12800 11700 827
Mo Ko | 17480. 416 .0185 930 | 99.0 99.9 .0149 0160 | 12500 11700 .709
Pd Ka | 21180. .505 .0155 953 | 99.4 99.9 .0125 .0131 12300 11700 .585
Sn  Ke | 25270. .605 .0131 967 | 99.7 100. .0106 0109 | 12100 11700 .491
Xe Ka | 29780. 719 .0111 977 | 99.8 100. .0090 .0092 | 12000 11800 416

S ......................... 8 T ’)7

- 1

) o - /

E —— < /

N

g y Q

_//’ {
e \
3000 10000 3000 10000
E(eV) E(eV)
) \ / " =
/V
)4

Rr/Rs
L
™.

~N
w(mr)
,--',"‘oq

0
0
§

t

3000 10000 l3000 10000
E(eV) E(eV)

320 Atomic Data and Nucltear Data Tables, Vol. 54, No. 2, July 1993



B. L. HENKE. E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE 1V. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Germanium (220)

Ge
2d =4.000A
Line E(eV) | Rm(mr) | Rp(mr) | Re/Rs | Px(%) Ps(%) | wx(mr) | wo(mr) | E/AEx | E/AE, A (A)
Ca Ka 3692. 372 152 287 52.7 99.3 102 216 15100 7160 3.36
Ba La 4466. .267 .0782 .0045 291 99.4 .0166 142 58200 6780 2.78
Ti Ka 4511. .267 0773 0101 6.23 99.6 0171 140 55400 6770 2.75
vV Ka 4952, 274 .0746 125 45.1 99.8 .0288 120 27900 6680 2.50
Cr Ka 5415. .293 .0738 .261 65.5 99.6 .0382 .106 18300 6610 2.29
Mn Ka 5899. .319 0723 379 76.3 99.7 .0434 .0939 14200 6580 2.10
Co Ko 6930. .378 .0671 557 87.1 99.9 .0465 .0761 10800 6570 1.79
Ni Ka 7478. .408 .0641 622 90.0 99.9 .0461 .0692 9890 6580 1.66
Cu Ka 8048. .439 .0608 675 92.2 99.8 .0449 .0632 9290 6600 1.54
Zn Ka 8639. 468 .0575 720 93.6 99.9 .0433 .0578 8870 6650 1.44
Pt La 9442. .503 .0532 .767 95.2 99.9 .0408 0517 8510 6720 1.31
Au La 9713. 512 .0517 .780 95.6 99.9 .0399 .0498 8440 6760 1.28
Ge Ka 9886. .520 .0508 .790 95.8 99.9 .0393 .0486 8410 6800 1.25
Hg La 9989. 524 .0503 .795 96.0 99.9 .0389 .0479 8390 6820 1.24
Y Ko 14990. 116 .0326 .894 01.6 99.6 .0294 0314 7190 6740 827
Mo Ka 17480. 134 .0298 923 94.5 99.7 0265 0279 6810 6460 709
Pd Ka | 21180. .159 .0259 951 96.8 99.7 0226 .0235 6540 6300 .585
Sn Ka | 25270. .185 .0224 .967 98.1 99.9 .0193 .0198 6410 6230 491
Xe Ka | 29780. 213 .0195 977 98.8 100. .0165 .0169 6330 6210 416
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1V. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Lithium Floride (200)

LiF
2d =4.027A

Line E(eV) | Ru(mr) | Rp(mr) | Rx/Rs | Px(%) | Po(%) | wx(mr) | wo(mr) | E/AEx | E/AE, A(A)
Ca Ka 3692. 707 087 .350 | 85.3 99.9 .044 111 34300 13600 3.36
Ba La 4466, .553 042 023 | 394 99.9 .003 .069 | 261000 13600 2.78
Ti Ka 4511. .555 042 .038 | 51.3 99.9 .004 .068 | 192000 13600 2.75
\Y% Ka 4952, .591 041 197 | 84.8 99.9 013 .058 59200 13600 2.50
Cr Ka 5415. .655 .040 330 | 91.8 99.9 .018 .050 38400 13700 2.29
Mn Ka 5899. .736 .038 438 | 94.8 99.9 .020 .044 29900 13700 2.10
Co Ka 6930. 1932 034 .596 | 97.5 100. 022 .036 22600 13700 1.79
Ni Ka 7478. 1.04 .033 654 | 98.1 100. 021 032 20700 13700 1.66
Cu Ka 8048. 1.16 .031 702 | 98.6 100. .021 030 19400 13800 1.54
Zn Ka 8639. 1.28 .029 742 | 98.9 100. .020 027 18500 13800 1.44
Pt La 9442, 1.45 027 785 | 99.2 100. .019 025 17500 13800 1.31
Au Lo 9713. 1.51 .026 797 | 99.3 100. .019 024 17200 13800 1.28
Ge Ka 9886. 1.55 .026 .803 | 99.3 100. 019 023 17100 13800 1.25
Hg Lo 9989. 1.57 .026 .808 | 99.3 100. 019 023 17000 13800 1.24
Y Ko | 14990 2.69 017 915 | 99.8 100. .013 015 15100 13900 .827
Mo Ka | 17480 3.30 015 938 | 99.9 100. .012 012 14800 13900 .709
Pd Ka | 21180 4.23 012 958 | 99.9 100. .010 .010 14500 13900 585
Sn Ka | 25270 5.30 .010 970 | 100. 100. .008 .008 14300 13900 491
Xe Ko | 29780 6.51 .009 979 | 100. 100. 007 .007 14200 13900 416
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1V. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Copper (111)

Cu
2d =4.174A
Line E(eV) | R(mr) | Rp(mr) | Re/Rs | Px(%) Py (%) | wa(mr) | wo(mr) | E/AE, | E/AE, 2 (A)
Ag La 2984. 10.23 3.93 .976 94.7 99.7 3.61 3.57 3730 3760 4.15
K Ka | 3314. 1.25 .466 521 7.7 99.7 .369 559 5490 3620 3.74
Ca Ka | 3692. .784 .251 .190 50.5 99.8 126 .384 10800 3530 3.36
Sc Ka | 4091. .661 .169 .0108 7.80 99.9 .0325 .304 32600 3470 3.03
Ba La 4466. .645 .150 .0468 | 279 99.8 .0360 .259 24800 3440 2.78
Ti Ka | 4511. .646 .150 .0602 | 33.1 99.7 .0390 .254 22400 3440 2.75
\" Ka | 4952. .679 147 .203 63.6 99.8 .0640 .219 11700 3420 2.50
Cr Ka 5415. 734 144 334 76.7 99.7 .0784 .192 8370 3420 2.29
Mn Ko | 5899. 799 .139 .442 83.8 99.8 .0856 170 6810 3430 2.10
Tb La 6273. .851 135 .509 87.2 99.9 .0878 167 6130 3440 1.98
Fe Ka | 6404. .869 133 .530 88.2 99.9 .0881 152 5950 3440 1.94
Co Ka | 6930. .939 126 .601 91.1 99.9 0877 137 5410 3460 1.79
Ni Ka | 7478. 1.00 119 .659 93.0 99.9 .0855 124 5070 3500 1.66
Lu Lo 7656. 1.02 116 675 93.5 99.9 .0844 120 4990 3520 1.62
Cu Ka | 8048. 1.05 111 707 94.5 99.9 0817 111 4860 3570 1.54
w La 8398. 1.06 .105 732 95.1 99.9 0784 .104 4830 3650 1.48
Zn Ka | 8639. 1.03 .0998 .746 95.4 99.9 .0751 0977 4880 3750 1.44
Ga Ka | 9252. 149 .0708 729 75.0 99.4 .0659 0727 5150 4670 1.34
Pt La 9442, .161 0732 743 76.8 99.5 0677 0752 4900 4410 1.31
Au La 9713. 173 0750 .760 78.9 99.7 .0688 0767 4670 4190 1.28
Ge Ka | 9886. .180 0755 .769 80.1 99.5 L0691 0773 4560 4080 1.25
Hg La 9989. 184 0758 775 80.7 09.4 .0692 0775 4500 4020 1.24
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE IV. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Aluminum (111)

Al
2d =4.678A
Line E(eV) | Rm(mr) | Rp(mr) | Re/Ro | Px(%) Ps(%) | wx(mr) | wo(mr) | E/AE; | E/AE, A (A)
Ag La 2984, .351 .154 470 63.7 99.6 .126 .190 15400 10200 4.15
K Ka | 3314. .235 0878 161 41.1 99.7 .0459 138 29000 2660 3.74
Ca Ka | 3692. .204 .0610 .0031 1.95 29.6 0131 111 78500 9290 3.36
Sc Ka | 4091. 207 .0656 .0759 | 33.9 29.5 .0176 .0939 48400 9060 3.03
Ba La | 4466. 222 .0553 210 60.5 99.5 .0258 0828 28600 89490 2.78
Ti Ka | 4511. 224 0553 225 82.5 99.8 .0265 .0813 27400 8930 2.75
A% Ka | 4952. .249 .0545 .359 76.0 99.7 .0316 0717 20100 8840 2.50
Cr Ka | 5415. 278 0529 468 834 99.9 .0340 .0638 16500 8800 2.29
Mn Ka | 5899. .310 .0509 .556 88.1 99.9 .0348 0574 14500 8770 2.10
Tb La 6273. .335 0491 610 90.5 99.9 .0347 0533 13400 8750 1.98
Fe Ka | 6404. 344 .0485 .626 91.1 99.8 .0346 .06520 13200 8750 1.94
Co Ka | 6930. .380 .0461 .683 93.3 99.9 .0338 .0473 12200 8750 1.79
Ni Ka | 7478. 416 .0437 .730 94.8 99.8 .0327 .0433 11600 8750 1.66
Lu La 7656. 428 .0429 742 95.2 99.9 .0323 .0422 11400 8750 1.62
Cu Ka | 8048. 454 .0413 .769 95.8 99.9 .0314 .0398 11100 8760 1.54
w La 8398. 477 .0400 789 96.4 100. .0306 .0380 10900 8760 1.48
Zn Ko | 8639. .493 0391 .801 96.7 99.9 .0300 .0368 10700 8760 1.44
Ga Ka | 9252. .533 .0369 827 97.4 99.9 .0286 .0341 10500 8770 1.34
Pt La 9442, .546 .0363 .835 97.5 99.9 .0282 .0333 10400 8780 1.31
Au La 9713. .563 .0354 .844 97.8 99.9 .0276 .0323 10300 8770 1.28
Ge Ka | 9886. 573 .0349 .850 97.9 99.9 0272 .0317 10200 8790 1.25
Hg Lo 9989. 577 .0346 .853 97.9 99.9 .0270 .0313 10200 8780 1.24
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B. L. HENKE, E. M. GULLIKSON. and J. C. DAVIS X-ray Interactions

TABLE IV. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Silicon (111)

Si
2d =6.271A
Line E(eV) | Rm(mr) { Rp(mr) | Re/Ro | Px(%) | Po(%) | wa(mr) | wo(mr) | E/AE, | E/AE, A (A)
Zr La 2042. .300 .239 .790 39.7 47.9 391 414 9940 9390 6.07
Nb La 2166. .170 131 494 31.2 52.4 .204 .254 11000 8830 5.72
Mo La 2293. 128 .0940 .286 23.1 56.1 131 .201 13000 8460 5.41
Cl Ka | 2622. .0950 .0595 .0280 4.19 63.6 .0534 145 21500 7910 4.73
Ag La 2984. .0933 0511 .0252 5.13 69.7 .0339 117 26100 7570 4.15
Ca Ka | 3692. 114 .0526 201 46.3 78.0 .0402 0877 15800 7230 3.36
Ba La 4466. .144 .0525 .525 69.0 83.7 0432 .0698 11400 7070 2.78
Ti Ka | 4511. .146 .0524 .535 69.8 84.0 .0432 .0690 11300 7070 2.75
v Ka | 4952. .164 0510 621 76.5 86.3 .0426 .0620 10200 7030 2.50
Cr Ka | 5415. .182 .0491 689 81.3 88.1 .0413 .0561 9490 7000 2.29
Mn Ka | 5899. .200 .0469 742 84.9 89.8 .0396 .0509 8980 6990 2.10
Co Ka | 6930. .238 .0423 .819 89.7 92.3 .0357 .0426 8330 6990 1.79
Ni Ka | 7478. .258 .0401 .846 914 93.3 .0338 10392 8110 7000 1.66
Cu Ka | 8048. 279 .0379 .868 92.7 94.2 .0319 .0362 7960 7010 1.54
Zn Ka | 8639. .300 .0358 .887 93.8 94.9 0301 .0335 7820 7010 1.44
Pt La | 9442. .328 .0333 .906 94.9 95.7 .0278 .0305 7700 7030 1.31
Au La 9713. 338 .0325 .909 95.2 95.9 0271 .0295 7660 7040 1.28
Ge Ka | 9886. 343 .0320 .913 95.4 96.0 .0267 .0290 7640 7040 1.25
Hg La 9989. .346 .0317 .915 95.4 96.1 .0265 .0287 7630 7040 1.24
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE IV. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Fluorite (111)

Can
2d =6.306A
Line E(eV) | Rm(mr) | Rp(mr) | Rx/Re | Px(%) | Po(%) | wx(mr) | wo(mr) | E/AEx | E/AE, { X (A)
Zr La | 2042. .499 262 797 59.7 65.1 .316 .366 11300 9710 6.07
Nb La 2166. 273 .140 .536 53.3 67.7 147 222 14700 9750 5.72
Mo La 2293. 197 .0961 333 45.1 70.1 0837 170 19900 9800 5.41
Cl Ko | 2622. 137 .0534 0355 | 12.1 75.2 .0215 114 52600 9930 4.73
Ag La 29084, .128 .0430 .0456 | 18.2 79.4 .0150 .0866 58300 10100 4.15
Ca Ko | 3692. .135 .0392 .346 65.5 84.4 .0252 .0578 25000 10900 3.36
Ba La | 4466. .0451 L0279 .463 47.3 76.8 .0288 .0403 17000 12200 2.78
Ti Ka | 4511. .0463 .0282 475 48.7 77.3 .0290 .0404 16700 12000 2.75
A\ Ko | 4952. .0560 .0302 575 59.9 81.2 0294 .0395 14700 10900 2.50
Cr Ko | 5415. 0644 .0307 654 68.1 84.1 0292 .0376 13400 10400 2.29
Mn Ko | 5899. 0721 .0305 716 74.4 86.4 .0285 .0354 12400 9970 2.10
Co Ka | 6930. .0868 .0290 .804 82.9 89.9 .0265 0311 11200 9520 1.79
Ni Ka | 7478. .0939 .0279 .834 85.8 91.2 0253 0291 10800 9380 1.66
Cu Ka | 8048. 101 .0268 .860 88.1 92.3 0241 0271 10500 9280 1.54
Zn Ka | 8639. .108 .0256 .880 90.0 93.3 0229 0254 10200 9210 1.44
Pt La | 9442. 118 .0241 901 91.9 94.3 0213 0233 9980 9150 1.31
Au La 9713. 121 .0236 907 92.4 94.6 .0209 .0226 9910 9130 1.28
Ge Ka | 9886. 124 .0234 911 92.8 94.8 .0206 .0223 9870 9110 1.25
Hg La 9989. 126 .0232 913 93.0 94.9 .0204 .0220 9840 9110 1.24
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1V. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Germanium (111)

Ge
2d =6.532A
Line E(eV) | Rm(mr) | Rp(mr) | Rx/Ro | Px(%) | Po(%) | wx(mr) | wo(mr) | E/AE, | E/AE, A(A)
Zr La 2042. .540 .415 577 34.8 52.1 .645 765 3920 3300 6.07
Nb La 2166. .362 .269 .339 25.6 55.2 .389 560 4690 3250 5.72
Mo La 2293. .285 201 176 16.8 58.0 .256 460 5770 3210 5.41
Cl Ka | 2622. 221 135 .0036 .60 64.4 112 .335 9360 3130 4.73
Ag La 2984. .220 122 .0600 | 11.2 69.8 .0871 .269 9470 3060 4.15
Ca Ka | 3692. .264 124 .338 49.2 77.5 .101 .201 5960 2990 3.36
Ba La 4466. .322 121 557 69.3 83.0 .103 159 4550 2960 2.78
Ti Ka | 4511. .325 121 567 70.0 83.2 .103 157 4500 2960 2.75
A\ Ka | 4952. 357 A17 647 76.1 85.4 .100 141 4140 2950 2.50
Cr Ka | 5415. .389 112 710 80.7 87.3 .0964 a27 3880 2950 2.29
Mn Ko | 5899. 421 .106 .760 84.1 88.9 .0917 115 3710 2950 2.10
Co Ka | 6930. 484 .0949 .831 88.8 914 .0818 .0960 3480 2970 1.79
Ni Ka | 7478. .515 .0895 .856 90.4 92.4 .0769 .0881 3410 2980 1.66
Cu Ka | 8048. .545 .0843 877 91.7 93.3 .0722 .0811 3360 2990 1.54
Zn Ko | 8639. 573 0792 .894 92.8 94.0 .0676 .0748 3330 3010 1.44
Pt La | 9442. .608 .0729 913 94.0 94.8 .0620 0674 3310 3050 1.31
Au La 9713. .618 .0708 918 94.3 95.0 .0601 .0651 3310 3060 1.28
Ge Ka | 9886. .626 0695 921 94.5 95.2 .0590 .0636 3320 3080 1.25
Hg La | 9989. .631 .0687 .922 94.6 95.3 .0583 .0628 3320 3080 1.24
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1V. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Graphite (0002)
C

2d =6.708A
Line E(eV) { Rm(mr) | Rp(mr) | Rx/Ro | Px(%) Ps(%) | wx(mr) | wo(mr) | E/AEx | E/AE, A (A)
Zr La | 2042. 3.34 434 615 91.6 100. 304 .466 7090 4620 6.07
Nb La | 2166. 2.45 295 425 88.1 99.9 .167 357 9860 4620 5.72
Mo La | 2293. 2.04 218 .264 83.1 99.9 .0914 .296 15000 4630 5.41
Cl Ka | 2622. 1.75 127 .0007 2.77 99.9 .0049 215 204000 4640 4.73
Ag La 2984. 1.88 122 202 86.1 99.9 .0396 170 20000 4650 4.15
Ca Ka | 3692. 2.48 111 .482 96.0 100. 0620 124 9360 4680 3.36
Ba La | 4466. 3.29 0973 .650 98.2 100. .0639 .0971 7130 4690 2.78
Ti Ko | 4511. 3.34 .0965 .657 98.3 100. 0638 0959 7060 4690 2.75
\' Ka | 4952. 3.83 .0897 716 98.8 100. .0619 .0858 6510 4700 2.50
Cr Ka | 5415. 4.35 .0832 .763 99.1 100. .0593 0773 6130 4710 2.29
Mn Ko | 5899. 4.91 0773 .801 99.4 100. .0564 0702 5860 4710 2.10
Co Ka | 6930. 6.14 .0669 .856 99.6 100. .0504 .0588 5500 4720 1.79
Ni Ka | 7478. 6.82 0624 877 99.7 100. 0475 .0541 5380 4720 1.66
Cu Ka | 8048. 7.53 .0583 .894 99.8 100. .0448 .0500 5280 4730 1.54
Zn Ka | 8639. 8.30 .0545 .908 99.8 100. .0422 .0464 5210 4730 1.44
Pt La | 9442. 9.36 .0501 923 99.9 100. .0390 .0423 5130 4730 1.31
Au La 9713. 9.73 .0487 927 99.9 100. .0381 .0410 5100 4730 1.28
Ge Ka | 9886. 10.00 .0479 .930 99.9 100. .0375 .0403 5090 4730 1.25
Hg La 9989. 10.16 .0474 931 99.9 100. 0371 .0399 5080 4730 1.24
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1V. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Indium Antimonide (111)

InSb
2d =7.481A
Line E(eV) | Rm(mr) | Rp(mr) | Rx/Re Pr(%) Py(%) | wx(mr) | wo(mr) | E/AE, E/AE, A (A)
Si Ko | 1740. 1.08 .767 715 45.0 56.1 1.09 1.24 2900 2540 7.13
Zr La 2042. .389 .248 .142 17.3 62.5 257 .556 5410 2500 6.07
Nb La 2166. .336 .201 .0457 7.24 64.8 .169 478 7050 2490 5.72
Mo La 2293. .309 174 .0034 .667 66.9 121 422 8640 2480 5.41
Cl Ka | 2622. .296 163 0702 | 14.2 71.5 .101 331 8080 2470 4.73
Ag Lo 2984. .311 .150 .238 38.9 75.6 115 .269 5830 2480 4.15
Ca Ka | 3692. .248 128 472 58.4 81.0 112 178 4500 2830 3.36
Ba Lo 4466. .102 0778 573 34.1 51.1 .123 147 3250 2720 2.78
Ti Ka | 4511. 107 .0805 .582 35.7 52.5 .123 .148 3200 2670 2.75
Vv Ka | 4952, 121 .0855 .658 42.3 55.7 122 144 2910 2460 2.50
Cr Ka | 5415. 139 .0908 721 50.5 61.2 118 137 2740 2340 2.29
Mn Ka | 5899. 155 .0927 amn 57.2 65.6 112 129 2600 2270 2.10
Co Ko | 6930. .182 .0915 .843 67.4 72.6 102 113 2420 2170 1.79
Ni Ko | 7478. 195 .0895 .869 71.3 75.4 .0966 .106 2350 2140 1.66
Cu Ka | 8048. .208 .0870 .890 74.7 77.9 .0915 .0994 2300 2120 1.54
Zn Ka | 8639. .220 0841 .906 77.6 80.1 .0866 .0931 2260 2100 1.44
Pt La 9442. .236 .0801 924 80.7 82.6 .0805 .0855 2220 2080 1.31
Au La 9713. .241 .0788 928 81.6 83.3 .0786 .0832 2210 2080 1.28
Ge Ka | 9886. 242 0778 .831 82.0 83.7 0773 .0817 2200 2080 1.25
Hg Lo 9989. .242 0771 933 82.2 83.8 .0766 .0809 2200 2080 1.24
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1V. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Ammonium Dihydrogen Phosphate -ADP (200)

NH4H2PO4
2d =7.500A
Line E(eV) | Rm(mr) | Rp(mr) | Rx/Ry | Px(%) | Po(%) | wx(mr) | we(mr) | E/AE: | E/AE, A(4)
St Ka | 1740. 531 .238 747 65.1 7.2 .256 .316 11900 9670 7.13
Zr La 2042. .183 0721 .188 40.4 76.0 .0439 133 31500 10400 6.07
Nb La 2166. .0999 .0462 .0536 | 134 1.4 .0255 101 46600 11600 5.72
Mo La | 2293. 0697 .0403 .0027 515 68.6 .0286 0949 36300 11000 5.41
Cl Ka | 2622. .0801 .0399 .0755 | 16.5 75.5 .0245 .0818 33200 9920 4.73
Ag La 2984. .0940 .0418 252 44.5 80.3 .0295 .0702 22600 9470 4.15
Ca Ka | 3692. 124 .0423 .520 713 86.3 .0335 .0550 14900 9100 3.36
Ba La 4466. .158 .0396 .684 83.2 90.3 .0325 .0445 12200 8950 2.78
Ti Ka | 4511. .160 .0394 .691 83.7 90.5 .0324 .0440 12200 8950 2.75
\' Ko | 4952. 178 0375 .748 87.2 92.0 .0310 .0397 11400 8920 2.50
Cr Ka | 5415. 197 .0354 .793 89.9 93.2 0294 .0360 10900 8900 2.29
Mn Ka | 5899. 217 .0334 .827 91.8 94.2 0277 .0328 10500 8890 2.10
Co Ka | 6930. .258 .0295 877 94.5 95.8 0245 .0276 10000 8900 1.79
Ni Ka | 7478. 279 0278 .893 95.4 96.4 .0230 0254 9860 8910 1.66
Cu Ka | 8048. .302 .0261 911 96.1 96.8 0216 .0235 9730 8920 1.54
Zn Ka | 8639. 325 .0246 923 96.7 97.3 .0203 .0218 9630 8930 1.44
Pt La 9442, .356 .0227 .936 97.3 97.7 .0187 .0199 9520 8940 1.31
Au La 9713. .367 .0222 .939 97.5 97.8 0182 .0193 9480 8940 1.28
Ge Ka | 9886. 375 .0218 .942 97.6 97.9 0179 .0190 2470 8940 1.25
Hg La | 9989. .380 .0216 .943 97.7 98.0 0177 .0188 9460 8950 1.24
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1V. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Pentaerythritol - PET (002)

C(CH;0H)4
2d =8.742A
Line E(eV) | Rm(mr) | Rp(mr) | Rx/Ro | Px(%) Po(%) | wx(mr) | wo(mr) | E/AEx | E/AE. A(A)

Al Ka | 1487. 1.31 474 778 78.4 85.3 444 534 7210 5990 8.34
Si Ko | 1740. .500 151 231 56.0 88.7 .0817 .238 17300 5910 7.13
Zr La 2042. 409 .0881 .0054 5.08 91.5 0131 .164 73800 5890 6.07
Nb La 2166. 416 .0854 0733 | 40.1 92.3 .0225 147 38500 5880 5.72
Mo La 2293. 432 0850 .164 60.3 93.0 .0322 .134 24500 5880 5.41
Cl Ka | 2622. .500 .0831 .363 80.6 94.6 .0458 .109 14000 6890 4.73
Ag La 2984. 591 .0789 .513 88.5 85.7 .0505 .0916 10700 5900 4.15
Ca Ka | 3692. 785 .0691 .687 944 97.2 .0497 0702 8380 5930 3.36
Ba Lo 4466. 1.01 .0598 .790 96.8 98.1 .0450 .0563 7450 5950 2.78
Ti Ka | 4511. 1.02 .0593 .795 96.9 08.1 .0447 .0556 7420 5960 2.75
\% Ka | 4952. 1.15 .0548 .830 97.6 98.4 .0419 .0501 7130 5970 2.50
Cr Ka | 5415. 1.28 .0507 .859 98.1 98.7 .0392 0454 6930 5980 2.29
Mn Ka 5899. 1.43 .0470 .882 98.5 98.9 .0366 0414 6770 5990 2.10
Co Ka | 6930. 1.74 .0405 915 99.0 99.2 .0319 .0348 6550 6010 1.79
Ni Ka | 7478. 1.91 0377 927 99.2 99.3 .0298 .0321 6480 6010 1.66
Cu Ka | 8048. 2.09 .0352 937 99.3 99.4 .0279 .0298 6420 6020 1.54
Zn Ko | 8639. 2.28 .0329 .945 99.4 99.5 .0261 0276 6370 6020 1.44
Pt La 9442. 2.54 .0302 .954 99.5 99.6 .0241 0252 6310 6030 1.31
Au La 9713. 2.63 .0294 .957 99.6 99.6 .0234 .0245 6300 6030 1.28
Ge Ka | 9886. 2.70 .0289 .958 99.6 99.6 .0230 .0240 6290 6030 1.25
Hg La 9989. 2.74 0286 .959 99.6 99.6 .0228 .0238 6290 6030 1.24
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS

X-ray Interactions

TABLE IV. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Ammoniun. Dihydrogen Phosphate -ADP (101)

NH H2PO4
2d =10.640A
Line E(eV) | Ru(mr) | Rp(mr) | Rx/Roe | Px(%) | Po(%) | wx(mr) | we(mr) | E/AEx | E/AE, A (R)
Ge La 1188. .552 .402 .879 37.6 40.4 .769 817 6780 6370 10.4
Mg La | 1254. .240 174 592 321 43.4 .305 392 8310 6450 9.89
Al Ka | 1487. 107 0672 0770 9.48 52.8 .0714 .189 17700 6680 8.34
Si Ka 1740. .0926 .0498 0184 3.60 60.7 .0345 131 26200 6890 7.13
Nb La 2166. .0595 .0355 250 28.4 59.2 .0378 0776 17000 8230 5.72
Mo La 2293. .0473 .0338 .288 22.6 51.0 .0488 .0804 12100 7340 5.41
Cl Ka | 2622. .0625 0394 453 39.7 60.1 0476 0727 10400 6830 4.73
Ag La 2984. 0754 .0415 .586 53.2 67.0 .0460 .0641 9220 6620 4.15
Ca Ka | 3692. 0974 0412 741 69.4 76.2 .0418 .0518 7970 6430 3.36
Ti Ka | 4511. 121 0381 .838 79.5 82.9 .0366 .0421 7310 6350 2.75
A" Ka | 4952. 133 .0363 .869 83.0 85.4 .0341 .0382 7110 6330 2.50
Cr Ka | 5415. 145 .0343 .893 85.8 87.5 .0317 .0349 6960 6320 2.29
Mn Ko | 5899. .158 0324 911 88.0 89.3 .0294 0319 6850 6320 2.10
Co Ka | 6930. 185 0287 .938 91.3 92.0 .0254 .0270 6710 6330 1.79
Cu Ko | 8048. 214 .0254 955 93.6 94.0 .0221 0231 6620 6350 1.54
Zn Ka | 8639. .229 .0239 961 94.4 94.7 .0206 .0214 6590 6360 1.44
Au La 9713. .258 .0216 970 95.6 95.8 .0184 .0190 6560 6370 1.28
Ge Ka | 9886. .263 .0213 969 95.8 95.9 .0181 .0186 6550 6370 1.25
Hg La 9989. .266 .0211 969 95.9 96.0 0179 .0184 6550 6370 1.24
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1V. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Mica (002)
K20 * 3A1203 » 65104 » 2H,0
2d =19.840A
Line E(eV) | Rm(mr) | Rp(mr) | Rx/Re | Px(%) | Pa(%) | we(mr) | wo(mr) | E/AE, | E/AE, x (A)
Fe Lo 705.0 .0242 .0225 .303 476 1.54 1.50 1.53 1240 1210 17.6
Co La 776.2 .0176 0164 .0782 175 2.17 921 .958 1450 1390 16.0
Ni La 851.5 .0158 .0146 .0040 .0126 2.98 .632 671 1680 1590 14.6
Cu Lo 929.7 .0155 0143 0121 .0498 3.86 467 504 1920 17890 13.3
Na Ka | 1041. .0160 .0147 .0855 .483 5.22 .326 359 2280 2070 11.9
Mg La 1254. 0177 .0161 .267 2.43 8.26 192 .216 2980 2640 9.89
Al Ka | 1487. 0144 .0130 435 4.51 9.53 121 134 3810 3440 8.34
Si Ka | 1740. .0204 .0185 .564 6.63 11.2 .140 .148 2730 2580 7.13
Nb La 2166. 0179 .0161 707 7.31 9.92 127 .134 2350 2230 5.72
Mo Lea 2293. 0191 0171 .738 9.01 11.7 113 119 2490 2360 5.41
Ag La 2984. .0262 .0218 .850 20.9 23.5 0702 L0742 3030 2870 4.15
Ca Ka | 3692. .0296 .0236 .903 27.4 29.3 .0609 .0634 2800 2690 3.36
Ti Ka | 4511. .0225 0172 937 32.6 33.9 .0388 .0400 3580 3480 2.75
v Ka | 4952. .0230 0168 .949 37.5 38.7 .0335 0344 3770 3670 2.50
Cr Ko | 5415. .0239 .0165 .958 42.7 43.7 0295 .0302 3910 3820 2.29
Co Ka | 6930. .0281 0157 977 57.3 57.9 .0219 .0222 4110 4040 1.79
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1V. Bragg R:flection Characteristics for Natural Crystals
See paze 21! for Explanation of Tables

Thallium Acid Phthalate - TAP (001)

CeH4(COOH)(COO0)TI
2d =25.763A
Line E(eV) | Rm(mr) | Rp(mr) | Re/R.,, | Px(%) Py(%) | wx(mr) | we(mr) | E/AE, E/AE, A(A)
[ Ka 524.9 .250 .238 .330 3.28 10.6 2.43 2.23 795. 866. | 23.6
Cr La 572.8 .202 193 104 1.06 11.1 2.32 2.08 605. 674. | 21.6
Fe La 705.0 178 .168 .0155 .267 18.3 1.31 1.21 672. 731. | 17.6
Co La 776.2 .189 176 0774 1.68 223 1.02 .989 734. 760. 16.0
Ni La 851.5 .207 .191 .162 4.27 26.5 .849 .842 771. 777. | 14.6
Cu La 929.7 .228 .207 .253 8.06 30.9 71l .736 816. 788. | 13.3
Na Ka | 1041. .256 .226 373 14.6 36.7 584 .629 859. 796. | 11.9
Mg La 1254, 293 243 .553 279 46.0 446 496 899. 808. 9.89
Al Ka 1487. 317 244 .683 40.2 53.9 .366 .4056 904. 816. 8.34
Si Ko 1740. 326 .232 773 50.3 60.4 307 .335 905. 830. 7.13
Nb La 2166. 281 184 857 59.9 66.3 .222 .236 993. 934. 5.72
Mo La 2293. 223 .149 871 59.2 65.2 183 192 1140 1080 5.41
Ag La 2984. 163 .139 912 55.9 63.6 .163 154 974. 1030 4.15
Ca Ka | 3692. 214 158 .946 68.5 73.2 .166 .163 767. 780. 3.36
Ti Ka | 4511. .248 .155 .968 77.3 80.0 157 157 664. 664. 2.75
\'% Ka | 4952. .263 .150 974 80.5 82.5 .150 .151 630. 628. 2.50
o - g
.3
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE IV. Bragg Reflection Characteristics for Natural Crystals
See page 211 for Explanation of Tables

Rubidium Acid Phthalate - RAP (001)

CgH4(COOH)(COO)Rb
2d =26.116A
Line E(eV) | Rm(mr) | Rp(mr) | Re/Ro | Px(%) | Po(%) | wx(mr) | wo(mr) | E/AE, | E/AE, A(A)
(6] Ka 5249 .110 .102 408 2.27 5.50 1.77 1.80 1200 1180 23.6
Cr La 572.8 .0954 0894 .141 .862 6.18 1.74 1.72 853. 864. | 21.6
Fe La 705.0 0844 0772 .0086 A11 11.9 .810 .888 1130 1030 17.6
Co La 776.2 0892 0805 .0650 1.11 15.2 .605 698 1280 1110 16.0
Ni La 851.5 0965 .0858 .149 3.25 18.7 470 565 1430 1190 14.6
Cu La 929.7 .104 .0913 242 6.42 224 .383 472 1550 1260 13.3
Na Ka | 1041. 115 .0980 .365 12.1 27.5 .305 .381 1680 1340 11.9
Mg La 1254. .130 .104 .548 23.8 36.5 .226 278 1810 1480 9.89
Al Ka | 1487. .134 .0997 .681 34.7 44.0 176 .208 1920 1620 8.34
Si Ka | 1740. .0912 0872 763 37.5 44.2 118 .133 2410 2140 7.13
Nb La 2166. .0961 .0826 .828 40.0 48.7 131 .130 1710 1730 5.72
Mo La 2293. .108 .0886 .850 45.3 53.1 129 129 1640 1640 5.41
Ag La 2984. .145 .0962 .920 63.9 68.0 113 .116 1430 1400 4.15
Ca Ka | 3692. 171 .0915 .953 4.7 76.9 0984 .101 1320 1290 3.36
Ti Ka | 4511. .198 .0832 971 82.1 83.3 .0848 .0864 1250 1230 2,75
v Ko | 4952. 212 .0788 977 84.8 85.7 .0786 0799 1230 1210 2.50
Cr Ka | 5415. 225 0743 981 87.1 87.7 0728 .0738 1210 1190 2.29
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B. L. HENKE, E. M. GULLIKSON, and J. C. DAVIS X-ray Interactions

TABLE 1V. Bragg Reflection Characteristics for Natural Crystals
See pige 211 for Explanation of Tables

Potassiam Acid Phthalate - KAP (001)

CeH4(COOH)(COO)K
2d =26.634A
Line E(eV) | Ru(mr) | Rp(mr) | Rx/Fs P« (%) P, (%) | wx(mr) | we(mr) | E/AE, E/AE, A (A)
[e) Ko 524.9 .0239 0224 334 .516 1.55 1.48 1.47 1310 1320 23.6
Cr La 572.8 .0501 0472 105 .380 3.74 1.60 1.54 874. 908. | 21.6
Fe La 705.0 .0475 .0441 0159 125 7.66 751 776 1180 1140 17.6
Co La 776.2 .0510 .0469 0738 .844 10.1 .553 .596 1360 1260 16.0
Ni La 851.5 .0554 .0504 165 2.31 12.8 422 472 1550 1390 14.6
Cu La 929.7 .0603 0542 250 4.49 15.7 .338 .387 1720 1500 13.3
Na Ka | 1041. .0687 .0604 375 8.78 20.4 .262 .308 1920 1630 11.9
Mg La 1254. .0829 .0688 555 19.1 29.7 .186 221 2160 1810 9.89
Al Ka | 1487. .0967 0739 687 30.9 39.3 .146 171 2260 1930 8.34
Si Ka 1740. .110 .0758 779 42.3 48.4 122 .138 2290 2010 7.13
Nb La 2166. .130 .0739 .86 57.0 60.5 .0969 106 2270 2080 5.72
Mo La 2293. 135 0725 .88 60.4 63.3 .0915 .0992 2270 2090 5.41
Ag La 2984. 157 .0625 937 73.1 74.5 .0686 .0720 2310 2200 4.15
Ca Ka | 3692. .0426 .0313 .94 58.2 61.0 .0395 .0399 3230 3200 3.36
Ti Ka | 4511. .0798 .0420 970 74.9 76.3 .0455 0463 2280 2250 2.75
Vv Ko | 4952. .0890 0414 976 79.0 80.0 .0435 .0441 2180 2140 2.50
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