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Recommended Atomic Electron Binding Energies,

1s to 6p,, for the Heavy Elements, Z = 84 to 103

F.T. Porter and M. S. Freedman

Argonne National Laboratory, Argonne, Illinois 60439

Recent experi

tal ts of atomic electron binding energies, ls to 6p,,,, for certain of the

transuranic elements are incorporated into interpolation and extrapolation procedures yielding new recommenda-
tions for the electron binding energies from Z = 84 to 103.

Key words: Atomic electron binding energies; binding energies: core electron binding energies: heavy elements;

transuranic elements.
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1. Introduction

pecause of their physical characleristics, there are few or
no direct experimental data concerning the atomic electron
binding energies for several of the elements with atomic
number (7) greater than 84. Such binding energy values have
been estimated [1-5] ! by interpolation in Z between experi-
mental values or by extrapolation in the case of transuranic
elements. In recent years new data for several transuranic
elements have become available from internal conversion
electron, photoelectron and x-ray studies. The present table of
recommended values for Z = 84-103 makes use of all experi-
mental data available up to September 1977 for Z>73.
Significant revisions from values recommended in [1-5] do
emerge.

Experimental data are now available for both outer and
inner shells for some heavy elements with several eV accura-

at the end of this paper.
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Plots of difference between calculated and experimental val-
ues of the binding energies for: ’
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cy. The large differences, up to several keV, between inner
shell binding energies for neighboring heavy elements makes
direct interpolation to such accuracy quite difficult. The
technique of subtracting most of the change with some
regularly varying function of Z allows one to display the data
for a single snhshell over a range in Z, on a scale sufficiently
expanded to exhibit the errors, to assess the errors of
interpolation or extrapolation, and to obtain values for unmea-
sured or poorly measured cases.

One such technique which has been used before in limited
regions of the periodic table is the modified Moseley plot [6]
in which a parabolic (aZ %+ bZ + c) function is subtracted
from the experimental values and the differences exhibited in
order to visualize any small (order of 1 eV) deviation from
smooth behavior of the experimental values as a function of Z,
This method has been shown to work well [6] over limited
ranges in Z within which a single subshell is filled, such as the -
4f shell in the rare earth sequence. However, the difference as
a function of Z shows large sudden excursions in its slope as

.subshell edges are crossed. Any such smooth polynomial
function would be an unsuitable reference [7] over the range
73 < Z< 103 needed here, in which several subshells are
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traversed. A suitable reference function must incorporate at
least the major deviations from the simple quadratic Z
dependence of Moseley that are associated with subshell
closures at Z = 80, 82, 86, and 88.

The recent improvements in the quality of the numerical
self-consistent-field programs for calculating relativistic eigen-
values [8] or binding energies [9] do include, in the main
“electrostatic energy” term (calculated by Dirac-Fock [8] or
Dirac-Slater [9] prescription) the single electron wave function
configuration that minimizes the energy at each Z. Thus they
each do a much better job in following the actual Z depen-
dence of the binding energies across shell edges than polyno-
mials we have tested. We have tested and used them both as
reference functions for interpolating and smoothing the ex-
perimental data. The differences between the calculated val-
ues and the experimental values (or their averages) are plotted
for each subshell as a function of Z. A smooth curve drawn
through the points can be read to 1 eV accuracy, and
subtracting these smooth values from the calculated values
yields the recommended values for the binding energies.
Thus, as we demonstrate, it is principally the experimental
values that in the end determine the recommendations in this
empirical analysis, the local calculated reference value ““can-
celling out.” Both calculations [8, 9] follow the course of true
binding energies sufficiently well to enable smooth interpola-
tion of the difference function across shell edges.

As will be seen, the plotted differences (calculated — exper-
iment) still show local waves which differ somewhat for the
different reference functions. These point to residual inaccu-
racies in the calculations in regions where the data are known
to be accurate. Such waves in the differences make it very
difficult to choose a suitable order for a polynomial (nor is
there any theoretical guide thereto) to be used to calculate a
least squares computer fit to the differences. In comparison to
a numerical fit to an arbitrary polynomial, we adopt the policy
of a smooth interpolating curve without local waves. We
believe the smooth curve as fit by eye with a spline yields
more credible predictions for the binding energies, without
additionally attenuating the accuracy (error estimates) justi-
fied by the quality of the input experimental data. We offer
supporting evidence in section 2.

The cigenvalues of Desclaux [8] from which we subtract the
input data are the result of a Dirac-Fock frozen orbital
procedure. They are only the Koopman’s theorem approxima-
tion to binding energies. The differences which we plot are, in
fact, approximately the sum of the excluded relaxation and
field-theoretic contributions to a complete binding energy
calculation. (These terms depend smoothly on Z, being inde-
pendent of particular configurations.) Thus, the differences to
experimental data and their Z dependence are much larger
than those referred to the true binding energies calculated by
Huang et al. [9], which include the exira terms. (See ordinates
of figures 2 and 3A.) Nevertheless, we find that the Desclaux
eigenvalues yield binding energy predictions by our method in
excellent agreement with those derived using the Huang et al.
calculations as reference in the most severe test cases, the K
and L shells (see figure 4). Moreover, for the X shell the
smooth interpolating curve using Desclaux’s values demands
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lower local curvature in the region of Z=90-96 than for the
Huang et al. values. Note in figure 3A (X shell; Huang et al.
[9] values) the failure of the smooth curve to fit the data
averages at any Z in the range 90-96 compared to the
corresponding fits in figure 2 and figure 3B, which use
Desclaux’s [8] values and similarly locally smooth curves.

These observations and other local differences lead us to
use as reference only the Desclaux values for all shells beyond
the K shell. In figure 5b we also show the difference function
for the Ls shell referred to the Huang et al. values.

2. Test of the Method

In order to test the use of the calculated eigenvalues [8] and
binding energies [9] as described above, we display in figure 1
the two plots for the Ly shell differences to the data for the Z
range 41 to 83 where all values are accurately measured. Note
this range spans the filling of the 4d, the 5p, and the 4f
(lanthanides) shells. The experimental values are taken from
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Ficure 1. Plot of the differences between the calculated eigenvalues (a.
Desclaux, ref. [8]), or binding energies (b, Huang et al. ref. [9])
and the experimental binding energies for the Lz shell for a Z
region where the values are well measured. This demeonstrates the
character and amplitude of the fluctuations about a smooth curve
through the points which result both from experimental causes
and from the calculation. The inset shows the difference between a
smooth function (¢Z2+5Z+c) and the same experimental values
in the lanthanide region (Z=57-71).

the table of Siegbahn et al. [2]. Bearden and Burr [1] values
may differ by 1 or 2 eV and are all quoted with standard
deviation o1 eV. ’

The fact that more than 5% of the points do not lie within
20 of either smooth curve can be attributed mainly to two
causes other than perhaps some optimistic assignment of a
standard error by an experimenter. Most of these data rely on
a photoelectron measurement on a solid sample for at least
one and usually several shells for each Z, i.e., with the atom in
question in a particular chemical state. No attempt is made 1o
make any adjustment for the fact that the chemical state can
affect the measured binding energy by several eV. The
calculations of eigenvalues and binding energies, of course,
are made for free atoms. Therefore, some of the deviations
from the smooth curves can be attributed to differences in
chemical shifts with Z.
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The second reason for scatter around the smooth curves is
due to the calculations. This assertion can be verified from a
series of measurements on rare earths [6], all made with the
same technique and instrumentation, in which some evidence
is presented that each element was in 4 similar oxide state.
When the results for the Lz shell (as also for the K, Ly and L3
shells) from this series of measurements (all within the filling
of the 4f shell) are subtracted from a parabolic function, it is
clear that the values proceed smoothly, within the 1 eV errors,
as a function of Z (the insert in figure 1 shows this plot; note
the break at Z=57, the shell edge). Comparison to the same Z

range on the other plots shows that the local deviation at Gd-

(Z=064) in our plots (of the differences between the calculated
eigenvalues or binding energies and experimental values) is
clearly due to the calculations and not to the experiment.

In the same region (lanthanides) but for the outer 6s shell,
both a similar calculation [10] and the experiment show a
similar local excessive increase of several eV in binding
energy al Z=04 with the irregular 4/"75465” configuration
(nearby lanthanides have no 5d electrons). The local increase
persists even to the innermost shells in the calculation but not
experimentally. The explanation for this is not clear. but it has
been suggested [11] that if the calculations were done for
atoms with a configuration more appropriate to the solid state
that the increase in the calculated binding energy at Z=64
would not occur.

From the residual deviations of the accurate data from the
smooth curves in the tests of the technique exhibited in figare
1, we are led to the conclusion that, using this method, an
interpolated value can be assigned a “standard error” not less
than about 5 eV. Errors assigned to exti-apolations, of course,
are increased as the distance from measured values increases
(see figures 2, 3, and 4). Thus an “error band™ is defined for
each graph. »

3. Results and Discussion

In figure 2 the differences between Desclaux’s eigenvalues
for the K shell and the weighted averages of the experimental
data at each Z are plotted for the range 73 Z < 100. The
73000 eV span of the data is thus reduced to 700 eV, so the
smoothing curve can be read to 1 eV on a 4-fold expanded
plot. To show the differences on a still more expanded
ordinate scale a parabolic function F(Z) following the trend of
the differences was subtracted and the remainder plotted in
figure 3B. Here we can also show the individual data points
and their errors; solid bars denote K x-ray measurements and
dashed bars denote internal conversion electron spectroscopic
results. The smooth curve was drawn independently of that in
figure 2. Figure 3A gives the difference between the Huang et
al. K shell binding energies, as revised (personal communica-
tion {9]), and the data. Again the smooth curve is independent
of the others.

Smoothed values for the K binding energies were obtained
from all- three curves. The differences among these, each
referred to the value from the figure 2 curve, are shown in
figure 4 as grouped triads of error bars at each Z, as a function
of Z. Clearly the differences among the three sets of values are
nowhere as large as the individual assigned errors. Thus we
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Ficure 2. Plots of the differences between the calculated eigenvalues (Des-
claux, ref. [8]), and the weighted averages of the experimental
values for the K shells at each Z vs. Z from Z=73-100. These
plots (figs. 2, 3, 5-9) are used for interpolation and extrapolation
to obtain the recommended values of the binding energies for the

unknown or poorly known cases.

give the average of the three values at each Z as our
recommendation for the K binding energy, with an error
assignment given by the envelope of figure 4.

We call attention to a thus far inexplicable trend in the K
shell data. In both figures 3a and 3b onc obscrves an
increasing deviation above Z = 95 between the smooth (solid)
curve through the averages of all the data, determined mainly
by the many accurate K x-ray measurements at Z = 95-100
but including the data from the internal conversion electron
spectroscopy at Z == 98 and 100, and the dashed curve which
follows the trend of the latter measurements only. (The dashed
curve leads to higher K binding energies.) The latter measure-
ments are our own [12, 13] and are themselves averages of
many measurements, e.g., ten at Z = 100; in view of the
deviation we have carefully reanalyzed them and find no
reason to change them.

Thus the trend of the deviation, while not outside reason-
able statistical expectations, is perhaps suggestive of the onset
at very high Z, where K vacancy lifetimes ~ 10~'%, of a
significant reduction of K x-ray energies below the difference
of the adiabatic binding energies of the initial and final
vacancy states. In earlier work [14] we have shown that, at
Z = 95, such possible non-adiabaticity equals 0 &= 12 eV. At
Z = 100 the deviation is about + 30 eV, twice the assigned
(external) error of our recommended binding energy, which is

J. Phvs. Chem. Ref. Data. Vol. 7. No. 4. 1978
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Ficure 3. B) Plots of K shell differences (as in fig. 2) from which a function
FZ)=0aZ?+bZ+c (which follows the trend of the curve in fig. 2)
has been subtracted. All individual data shown; solid error bars
from K x-ray measurements, dashed error bars from internal
conversion electron spectroscopy. Error bars spaced out slightly at
each Z for visibility. Solid smooth curve follows data averages
(heavy error bars); dashed curve follows dashed error bars. See
text. A) Plot of the differences of calculated K shell binding
energies (Huang et al. [9]) and experimental values. Remaining
description same as above.
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Ficure 4. Plots of differences of smooth-curve values of K binding energies
from figures 2, 3A and 3B, referred to those from curve of figure.
2. Error bars grouped in triads at each Z; right hand member from
curve 3A (Huang et al.) and left hand member from curve 3B
(Desclaux~#{Z)). Center member from figure 2 plotted at 0 eV
ordinate. Errors assigned to recommended K-shell binding ener-
gics given by cnvclope of crror bars at cach Z. ’

based on the average of all the data. In addition, one can see
from the comparisons of our recommended X binding energies
at Z = 100 in table 2 to four theoretical calculations, columns
6, 7, 8 and 9, that the calculations are much closer to the
binding energy derived from the internal conversion electron
spectroscopic results than to our average value. This question

J. Phys. Chem. Ref. Data, Vol. 7, No. 4, 1978

F. T. PORTER AND M. S. FREEDMAN

is challenging for future experiments, and may conceal funda-
mental physics.

In figures 5-9 are shown the plots for the other individual
shells. These plots all refer to Desclaux’s. [8] eigenvalues
except figure 5b for which the references are the Ls binding
encrgics of Huang ct al. [9]. The L; binding cnergics obtaincd
from this smooth curve agree with those from curve 5a within
the range —1 to +3 eV from 84 < Z < 103, with an average
difference of 0.7 eV compared to our average assigned error
of 4.5 eV in this range. (See table 1.) On the basis of this
excellent agreement we refer all the other plots only to
Desclaux’s eigenvalues.

In a few cases where experiments report averages for
unresolved spin-orbit splitting in the outer shells we have
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made use of plots of experimental spin-orbit splitting as a
function of Z to assign experimental values to the individual
components. There is evidence that 5ds /2 peaks in photoelec-
tron experiments [15] are smeared in energy (~ 10 eV) for
those cases in which the 5f shell is partially filled. No values
for this subshell are given in [15].

In the region from Z = 73-94 no attempt has been made to

adjust any experimental value for the chemical nature of the
source. For Z3> 94 we have plotted the experimental values

d. Phys. Chem. Ref. Data, Vol. 7. No. 4. 1078

adjusted, if necessary, to the “metal” or “condensed elemen-
tal” state. If, for example, the original experimental work
indicates source deposition in an isotope-separator with low
ion energy or thin vacuum-evaporated films, both exposed to
air in the source handling process, the quoted experimental
values have been reduced by 3 eV for inner shells and 2 ¢V
for the P shells to account for the shift from the oxide
environment to a “metal” environment.

One other adjustment we have made occurs at Z = 96 at
the irregular 5f76d7s® configuration analagous to the half-
filled 4f shell at Z = 64. Fortunately we have some photoelec-
tron data [15] for the outer shells which confirms a smooth
experimental behavior compared to a jump in both the
calculated eigenvalue [8] and caleulated binding energy [9] at
Z =96. Consequently, we have recommended values at
Z = 96 which are smooth interpolations between neighborihg
recommended values. The adjustment is 5 to 6 eV for the
inner shells and becomes smaller for the outer shells.

The binding energies given in table 1 are the energies
required to move an electron from the particular orbit to the
Fermi level in a solid source. The electronic work function of
the material, typically 3-5 eV, is not included; see discussions
in [1-3]. In comparing these energies to those from calcula-
tions for free atoms, the neglect of the electron work function,
as well as the neglect of the energy needed to extract the
resulting inner-vacancy ion from the solid, this latter energy
being very difficult to measure or to estimate, must be taken
into account. These corrections may total + (5-10) eV.
However, since these corrections should depend very little on
the particular inner shell ionized, they would not affect
comparison to calculated x-ray energies.

In table 2 is exhibited a comparison of some of the present
recommended values with others which have appeared as well
as some calculations where they exist. For Z=87, which falls
roughly in the middle of the interpolation region between
Z£=83 to YU, we see that the present recommended values are
generally 2 to 14 eV lower than the Bearden and Burr
interpolation (up to'Ns) and the ESCA interpolation (from Ns
to the outer shells) cxcept at Mz and Ns where our values are
~20 eV larger, significant compared to our estimated errors
of ~5 eV. At Z=100 we see an example of the very poor K
shell values which were the result of early calculations [16}
quoted in Bearden and Burr (98<Z<103} and in subsequent
tabulations [2,5] but corrected by the semi-empirical calcula-
tions of Carlson et al. [4]. Note also the high P shell

‘extrapolation of Lotz [3] at Z=100 and 103 made without

benefit of recent experimental values for Z:>92.

In table 3 we compare the energies of Ko x-ray transitions
(2ps 12—15) from the recommended binding energies of able 1
with those from the least-squares fit of an even Z® polynomial
to the data from Z=90-100 by Krause and Nestor [17], and
with the recent calculations by Carlson and Nestor [17], and
from the (revised) binding energies of Huang et al. [9}. One
sees the tendency of the polynomial fit, column 3, to deviate
sharply above its fitting range. In early attempts we have
made similar observations. The aggreement with the semi-

“empirically fitted calculations of Carlson and Nestor [17] is

much more uniform and the values from Huang et al. [9] tend
to diverge significantly at higher Z.
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Prefatory Comments on Table |

Recommended values for each subshell are underlined.
Recommended values marked * are actual experimental val-
ues (or averages) instead of value from graphical smoothing
procedure. This choice is made only if error bar of experimen-
tal average lies entirely inside estimated error band of graph.

Standard errors given as less than 1 eV in input data are
given here as 1 eV. Errors assigned to averages of input data
are larger of internal and external errors. For the K shell the
error assignments are given by the envelope of the error bars
in figure 4. The error band width for the L and higher shells
is 5 eV from Z==83-96; at higher Z it flares out as shown
in figure 5 and in this table.

Under each recommended value are listed all input data

1273

with references. Each reference is coded with the measuring
technique:

p=nphotoelectron spectroscopy;

e==internal conversion electron spectroscopys;

a=x-ray absorption edge; '

x=Xx-ray transition Ri3 plus Sj-shell binding energy (S
shell binding energy from this table for Z above 83, or from
refs. [1 and 2] for 73<Z<83).

For the range 73<Z<83 used in the interpolating graphs
the references to input data are: p—19, 20, 21, 22; x—18.

All those experimental input values for Z>94 derived from
internal conversion or photoelectron spectroscopy on oxide-
coated sources have been reduced by 3 eV for shells K to Os
and by 2 eV for the P shell, in the smoothing graphs and in
this table, to account for the shift from the oxide environment
to a “metal” environment.

J. Phys. Chem. Ref. Data, Vol. 7, No. 4, 1978
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TABLE) .. Recommended values for atomic electron binding energies to the Fermi level in solids

for the heavy elements (Z= 84-103).

Values in eV with estimate of standard errors.

_ref. 85 At

Shell 84 Po ref. - 86 Rn ref. 87 Fr ref. 88 Ra ref.
K(1s) 93100 #5 95724 17 98297 +7 101130 37 103915 27
Lyls) 16928 15 17482 15 18048 $5 18634 15 19232 +5
- - — - 19237 2 x18
19236 ars
Ly(2py 1) 16237 #5 16776 15 17328 15 17899 5 18484 2%
- A —— _— 18888 2. x18
18486 als
t5(2py,,) 13810 15 14207 15 14610 5 15025 5 15444 £+
. T - 15443 12 x18
15444 al8
M, (3s) 4152 +5 4310 15 4473 15 4644 15 4822 x2*
. - — — 482212 x18
Hy(3py ) 3884 15 3994 15 4150 35 4315 15 4483 45
B — — - 7483 3 x18
M3(3p3/2) 3293 #5 3409 5 3529 +5 3656 +5 3785 +5
. 37923 x18
My(3dy,,) 2794 15 2901 5 3012 15 3129 45 3248 #2*
“ — — - I7A8:2. x18
Mg(3dg ) 2680 5 2781 15 2884 15 2994 25 3105 22+
31052 x18
N, (4s) 987 15 1038 15 1090 45 1148 15 1208 #2%
1208 #2218
Ny(4py ) 851 15 897 15 944 15 999 15 1055 15
- - B 1058 3 x18
N3(4pg,0) 715 15 751 15 790 #5 834 15 879 3*
j 879 3 x18
Ny(4dy)) 495 15 527 15 558 5 597 15 636 +2%
536 %2 x18
K (4d } 4G9 15 499 +§ 530 15 567 10 603 3%
5'%95/2 S REL) 5 18
Ne(afg ) 184 15 206 35 229 15 258 45 287 5
N7(4f7lz) 178 +h 199 +5 2722 +8 249 +5 279 +5
0,{5s) 176 45 192 5 208 5 229 35 25) 5
2553 x18
0,(5p; ,5) 132 45 144 35 158 45 178 25 197 45
‘ 2007:3 X8
03(5p3/2) 102 5 113 15 123 45 138 #5 153 #3*
153 13 x18
04(5d5,,) 34 15 4] 15 48 15 60 5 72 152
05(5d; ) 30 35 37 45 43 15 55 15 66 +5°
P](ﬁs) 9 15 13 ¢5 16 15 24 15 3] 5
A8 23 x18
P(6p, 15) 4 15 6 25 8 15 14 45 20 152
P3(6py,;) 1 45 145 2 15 7 45 12 +5
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TABLE 1. Recommended values for atomic electron binding energies to the Fermi level in solids
for the heavy elements (Z = 84-103). VYalues in eV with estimate of standard errors..continued
Shell 89 Ac ref. 80 Th ref. 91 Pa ref. 22U ref, ©. 93 Np ref.
K (1s 106756 5 109650 +1* 112596 15 115602 t1* 118669 15

(1) 109651 *1 x18 115606 2 x18 118690 17 x33
109649 +1 x24 115601 11 x24 118659 +13  x30
115601 2 x30 118663 +31  e51

Ly(2s) 19846 15 . 20472 31* 21105 £3* 21758 £1* 22627 +2%
20472 *1 x18 21105 +3 %18 21758 £1 x18 22427 12 x18
21128 als 22431 113 e51
22445 14 €52

LZ(ZP]/Z) 19081 5 19693 #1* 20314 #3* 20948 +1* 21600 +1*
} 19693 +1 x18 20314 3 x18 20948 =1 x18 21600 t1 x18
20319 al8 21612 +14 5!
21618 +14 e52

L3(2p3/2) 15870 15 16300 +1* 16733 12* 17168 #1* 17610 +1*
16300 +1 x18 16733 22 x18 17166 +1 x18 17610 1 x18
16300 +1 p23 16733 als 17168 #1 p26 17617 +15 eS51
17627 +14 52

M1(35) 4999 5 5182 +1* 5361 5 5548 1* 5739 15

5182 1 x18 5367 13 x18 5548 x18 5723 15 x18
5182 11 p23 - 5748 £15  e51
§750 #15  e52

H2(3p1/2) 4655 +5 4831 #1* 5001 +4* 5181 1* 5366 1*
4830 t1 x18 5001 +4 ~ x18 5182 #1 x18 5366 +1 x18
4831 11 p23 . 5181 #1 p26 5366 +1 p32
5370 +16  e51
5377 £19  e52

M3(3p3,2) 3915 15 4046 #1* 4174 +3* 4304 £1* 4435 #1*
4046 + x18 178 £3 x18 4303 #1 x18 4435 £1 x18
4046 +1 p23 . 4304 91 p26 4435 #] p32
4444 +15 @51
4446 £19  e52

M4(3d3/2) 3370 15 3491 #1* 3606 5 3726 #1* 3849 21*
3497 1 x18 3608 als 3728 1 x18 3850 =1 x18
3491 #1 p23 3611 22 x18 3728 1 p26 3850 11 p32
3725 #1 x31 3848 #1 %34
3858 19 e52

M5(3d5/z) 3219 5 3332 41> 3442 12+ 3550 #1* 3664 +1*
3332 #1 x18 3436 al8 3552 1 x18 3666 1 x18
3332 21 p23 3442 x2 x18 3552 +) p26 3664 +] p32
3549 11 x31 3663 21 %34
3674 24 €51
3670 219 eB2

N](4s) 1269 15 1330 #1* 1383 £5 1441 #1* 1501 #1*
7330 =1 a18 7387 *3  x18 7447 2T xi8 T50T x18
1330 1 p23 1441 £} p26 1501 +1 p32
1509 £16  e851
1606 +23 52

N2(4p‘/2) 1112 5 1168 #1* 1217 45 1271 #2% 1328 a2+
1168 1 x18 1228 2 x18 1273 #1 x18 1328 41 x18
1168 *1 p23 1273 £} p26 1328 #1 p32
1269 1 x31 1327 +1 x34
1331 t16  e51
1334 +23  e52

N3(4p3/2) 924 15 967 t1* - : 1004 +5 1043 +1* 1085 2%
967 1 x18. T007 £3  x18 1045 1 x18 087 i1 x18
968 t1  p23 1045 :1  p26 1087 1 p32
966 1 p28 1042 1 x31 1084 ] x34
1043 #) p28 1094 16 eS5)
1093 +25 52
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TABLE 1. - Recommended values for atomic electron binding energies to the Fermi level in solids

for the heavy elements (Z = 84-103). - Values in eV with estimate of standard errors.--continued.

Shell 89 Ac ref. 90 Th .ref. 91 Pa ref, 92 U ref. 93 Np ref,

N4(4d5/2) 676 +5 113 +1* 743 2+3* 179 +1* 816 +1*
714 #1 x18 74313 " -x18 780 21 x18 816 21 x18
714 11 p23 780 =1 p26 817 1 p32
N3 x2 p15 780 22 p15 816 12 pl5
nz 11 p28 777 £ p29 816 1 p34
778 1 p28 831 30 e52
N5(4d5/2) " 640 15 677 #1* 708 +3* 737 +1* 771 1%
676 %1 x18 708 3 x18 738 #1 x18 770 #1 x18
676 31 p23 738 31 p26 773 #1 p32
676 22 p1s 735 =1 p29 7 £ pis
678 %1 p2s 738 2 pl5 YZARE ] p34
736 1 p28 786 £30  eS2
N6(4f5/2) 316 15 344 21* 366 25 389 #1* 414 21*
344 1) x18 3N *2 x18 397 1 x18 715 1 p32
344 1 p23 391 22 pls 414 11 pis
344 1% p15 388 11 pes 414 11 p34
345 1 p25 . 338 21 p29
342 21 p28 :
Ny (4, ) 307 #5 335 )% 355 45 379 #1* 403 +1*
335 %1 x18 360 13 x18 381 22 x18 703 +1 p34
335 #) p23 378 11 p29 403 1 p15
335 12 pls . 380 21 pis 404 +1 p32
333 21 p28 377 21 p28
335 21 p25
01(55) 272 35 290 #1* 305 5 324 12% 338 16
290 1 x18 310 27 x18 3’42 x18
323 2 p29
02(5p],2) 217 15 236 x1* 245 25 257 =1+ 274 =5
229 *2 x18 259 11 x18 783 11 p32
238 ¥ p25 253 #2 p29
234 #1 pes8 258 #1 p28
nJ(ﬁpJ/z) 168 36 180 1% 188 25 194 2% 206 £1*
182 +1 x18 ' 195 +2 x18 206 = p32
182 +1 p23 190 #1 p29 206 *2 pis
179 £2 pis 197 £2 pls
180 #1 p25 195 :1 p28
177 £1 p28
04(5d3/2) 84 5 94 #1* 97 15 104 11* 109 *1*
94 +] x18 105 &1 x18 109 21 x18
94 ] p23 103 #1 p28 109 11 p32
95 &1 p2s . 103 #1 p2%
9¢ =i pZ8
05(5d5/2) 76 45 87 £1* 90 15 95 2% 101 #1*
88 %1 x18 96 +2 x18 TOT =1 x18
88 11 p23 96 +1 pl5 101 21 p32
87 =2 P15 93 =i pes 101 =2 M
83 1 p25 94 +1 p28
85 1 p28
P](és) 37 5 41 +1* 43 15 44 $1* 47 15
60 2 x18 VANEY] x18
41 1 pes8 44 11 p2s8.
74 13 p29
44 1) p27
Pa(6py ,n) 24 15 24 +1* 27 25 27 #1* 29 #1*
2 o «8 a3 w8 /T ps
25 2 pls 27 1 p28
24 31 p28 26 1 p27
28 +2 pis
58 %3 p29
P3(6p3/2) 15 5 17 £1* 17 5 17 #1* 18 1
43 24 x18 .32 %13 x18 18 £1 pls
17 11 p28 17 #1 p15
17 91 p15 17 #1 p28
32 4 p29
17 1 p27
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TABLE 1. Recommended values for atomic electron binding energies to the Fermi level in solids
for the heavy elements (Z = 84~103). Values in eV with estimate of standard errors.--continued.
Shell 94 Pu ref. 95 Am ref. 96 _Cm ref. 97 Bk ref. 98 Cf ref.
K (1s) 121791 s2* 124982 5 128241 3% 131556 5% 134939 =7
_ 121805 £/ x33 124982 %6 el9 128239 #5 x41 131587 =60 e42 134968 15 el3
121790 +1 x24 124997 18 x33 128218 £15 x37 131553 +35  x44 134930 27 x37
121788 4 x30 124978 12 x39 128243 +3 x30 131557 216 x4\ 134936 25 x43
121794 #12  x37 131548 27 x43 134934 5 x41
121798 +23  e36 131563 27 x30
L](Zs) 23104 5 23808 +3* 24526 45 25256 +5 26010 +7
23097 £2 x18 23808 +3 e39 24515 £21 e40 25272 25 . e42 26016 5 ell
23113 #1736
L‘2(2p”2) 22266 21* 22952 #3* 23651 45 24371 5 25108 5*
22266 1 x18 22952 13 e39 23651 211 ~ e40 24832 +25 ed2 25108 25 eld
22270 £10  e36. -
Ls(204,5) 18057 #1* 18510 #3* . 18970 25 19435 35 19907 5
18057 1 x18 18510 3 e39 18970 £11  e40 19449 230  ed2 T990T 36 el3
18060 17  e36
Ml(3s) 5933 2+ 6133 #2* 6337 #5 6545 +7 " 6761 +6*
5933 22 x18 6133 22 e39 6314 £11 €40 6553 +31  e42 6761 16 ell
Mz(3p”2) 5547 15 5739 15 5937 5 6138 5 6345 16
. 5547 13 x18 5744 +2 e39 5947 %9 ed0 6144 146 €42 6337 15 el3
M3(3p3/2) 4563 15 4698 +5 - 4838 +5 4976 +5 5116 5
4557 22 x18 4703 +3 el39 4835 10 €40 T4974 46 e82 5115 8 el3
M,(3d.,,) 3970 11* 4096 +5 4224 +5 4353 5 4484 6
473 70T p3s T H0 ed0
M.(3d, ) 3775 £1% 3890 4§ 4009 +5 4127 5 4247 16
Seyz 5 p3s — T4 210 ed0 e 2
N.l(‘is) 1559 +1* 1620 2% 1684 25 1748 +6 1813 +6*
]‘ggg 147 x132 1620 22 e39 671 212 e40 1752 £33 e42 T813 26 eld
& e
N2(4p]/2) 1380 +5 1438 +5 1498 5 1558 8 1620 +10
]384 za. x;g 1443 23 e39 497 +14 40 607 16 el3
e
Na(4p.,,,) 1123 15 1165 23* ’ 1207 25 1249 35 1292 16
372 m x};g TI65 3 e39 1197 14 edo - 1286 +10 €13
+ e
N4(4d3/2) 846 1* 880 #1* 916 2% 985 2% 991 £2*
R46 +1 p3s RAD +2 p15 916 +72  pis E5 +2 pis 991 +2 pls
: 847 22 pi5 880 %1 p38 922 £10  e40
843 18 e36
Ne(4d, ,,) 798 #1* 829 #1* 862 2% 398 2% 930 _2*
52 79821 p3 820 21 pl5 86222 pls 898 52 pis 50752 pls
799 #1 pls 829 +1 p38 858 +10  ed0
Ng(4fg ) 436 2 361 9* 484 12% 511 #2x 538 2+
. 436 12 pl5 360 12~ pl5 /4512 pls 51T :2~  pls 538 2 pl5
443 +3 x18 461 +] p38
N7(4f7/2) 424 2% 446 +1* 470 2* 495 #2+* 520 2%
28 32 pls 485732 pl5 470 ¥2 pl1s /512 pls 520 2 15
432 +3  x18 446 11 p38
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TABLE 1. Recommended values for atomic electron binding energies to the Fermi level in solids

for the heavy elements (Z = 84-103). Values in eV with estimate of standard errors.--continued.

Shell 94 Pu ref. 95 Am ref. 96 Cm ref. 97 Bk ref. 98 Cf ref.
0,(5s) 350 +5 365 5 383 5 399 5 416 45
352 +4 x18 370 13 el9 395 33 42 433 23 el3
348 +1 p38
02(5p”2) 283 5 . 298 15 313 #5. 326 7 341 9
274 +7 x18 300 4 e39 296 16 e40 326 +9 el3
290 #5 e36
03(5p3/2) 213 12* 219 5 229 £2* 237 %5 245 16
206 *7 x18 222 16 e39 229 12 ed0 243 +2 pl5 244 9 el3
218 x4 e36 213 1 p38 229 12 p15
213 22 P15
04(5d3/2) 113 45 116 +1* 124 5 130 5 137 *6
116 £2 x18 116 1 p38 132 11 e40
05(5dg ) 102 22% 106 1% 110 s2% 117 s2+ 122 12+
: 105 2 x18 105 22 pls 110 =2 pls 17 2 p15 122 12 p15
102 *2 pli5 106 1 p38
P](Gs) 46 15 48 :1* 50 5 52 5 54 18
50 +5 e39
48 1 p38
Py(6py p) 29 s2+ 29 s2* 30 £2* 32 s2* 33 s¢b
292 pls 292 pl5 3072 pis 32:2  pls 332 pls
38 21 p38
P3(6p3,) 16 s2% 16 s2* 16 52+ 16 12% 17 s2P
16 +2 pl15 16 +2 pl5 16 2 pl5 16 +2 pis 17 2 p15
30 21 p38 31 27  e40
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TABLE 1. Recommended values for atomic electron binding energies to the Fermi level in solids

for the heavy elements (Z = 84-103). Values in eV with estimate of standard errors.--continued.

Shell 99 Es ref. 100 Fm ref. 101 _Md ref. 102 No ref. 103 Lw ref.
K {1s) 138396 +10 141926 $15 145526 +20 149208 25 152970 430
138394 15 x4l 741960 13 el2 149703 2200 x48
138391 &7 x37 141931 11 . x46
141930 65 x45
141897 13 x47.
Ly(2s) 26/82 +/ 21514 +8 28387 +8 29221 #10 30083 12
27570 8 el2
Lo(2p ;) 25865 16 26641 +7* 27438 110 28255 11 29103 112
26641 7 el2
Ly(2p;,)) 20384 16 20868 +7 21356 +7 21851 8 22359 10
20865 7 el2
M, (3s) 6981 +7 7208 9 7440 £10 7678 11 7930 +12
7197 +9 el?
M2(3p]/2) 6558 7 ‘6776 z7*v 7001 8 7231 9 7474 +10
6776 7 el2
M.(3p,,,) 5259 16 5405 #7* 5552 +8 5702 9 5860 $10
3132 B 530527 el2” E—
M4(3d3/2) 4617 16 2752 +7 4889 +9 5028 111 5176 #13
3811 el _—
M5(3d5/2) 4368 =8 4491 *10 4615 +11 4741 *13 4876 x15
2487 11 el2
N, (4s) 1883 + }952 :1# 2024 118 2097 £21 2180 25
937 + el2 ] :
Ny(4py p) 1683 £11 1749 #13 1816 15 1885 17 1963 20
1740 :9  el2 ~ - -
N3(4p,5) 1336 18 }ggg 1190 " 1424 +11 1469 +13 1523 17
-t €
Ny(4dy ) 1029 9 1067 11 1105 13 1145 +16 1192 118
1056 +11  el2 —
N5(4d5/2) 965 %9 Iggg +15 " 1034 +18 1070 £20 1112 +24
4 e
Ng(4f5, ) 564 +6 591 18 618 10 645 £13 680 115
Np(4f, ) 546 16 572 +8 597 £10 624 +13 658 115
0,(8s), 434 £7 452 19 4 490 £13 516 +15
447 115 el12
02(5p1/2) 357 11 ggz 12‘ " 389 16 406 +18 429 20
+ e
03(5p5,5) 255 27 ;2; :g* " 272 19 280 £10 296 212
. *+ e
04(5d3/2) 142 #7 149 +9° 154 +10 161 #11 174 12
05(5dg ) 127 +7 133 +9° 137 10 142 +11 154 +12
Py (6s) 57 9 59 +10 61 11 63 +12 71 113
LI 35 16 36 +7¢ 27 19 38 110 44 M1
Pyl6py,,) 17 6 17 +7° 17 +8 18 10 21 +11
aExperimenta] points (x 18) on figures 8 and 9 from unresolved 04 5 and Pz 3 peaks, using extrapolated
’ L]

spin-orbit splitting.

b . .
Experimental points with larger error bars [e13] on figure 9 from unresolved P2 3 peak using extrapolated spin-orbit
»

splitting.

C : <
Experimental points [e12] on figure 8 from unresolved 04 5 and PZ 3 peaks using extrapolated spin-orbit splitting.
, f
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TABLE 2. Comparison of atomic electron binding energies at three values of the atomic number (Z).
Column two in eV. Other columns give excess over values in column two in eV. Standard

errors given in eV.

...Adjusted compilations... ........ Calculations......... '

Shell Recommended ESCAb Bearden Lotzd Huang Carlson Mann Fricke

values (TABLE 1)? and Burr® et a1® et all et a19 et al!

Z=8

K(1s) 101130 +7 7 +7 £20 + +9
L.I(Zs) 18634 5 +5 +5 +60 +3 +14
L2(2p]/2) 17899 15 +7 +7 15 +4 +5
L3(2p3/2) 15025 #5 +6 +6 25 +3 +6
M, (3s) 4644 £5 +8 +8 -8 +27
My3p, ) 4315 5 2 H2 160 49 415
M3(3p3/2] 3656 +5 +7 +7 60 +10 +14
M4(3d3/2) 3129 %5 +7 +7 15 +5 +9
M5(3dg o) 2994 5 +6 +6 25 + +9
N](4s) 1148 #5 +5 45 +5 +18
No(4py5) 999 5 -19 -19 60 +4 +17
N3(4p3/2) 834 5 -24 -24 60 45 +14
N4(4d3/2) 597 5 +6 +6 +6 +6 +10
N5(4d5/2) 567 %5 +10 +10 50 +5 +1
N6(4f5/2) 258 15} 4 +10 +7
N7(4f7/2) 249 15 +11 +9
0](55) 229 %5 +5 . +2 +15
OZ(SPVZ) 178 15 +4 +5 +9
03(5p3/2) 138 45 +2 +9 +14
04(5d3/2) 60 :5} o +5 +8
05(5d5/2) 55 15 +6 +8
D](Gs) 24 %5 +10 +19 +11
P2(6p”2) 14 zs} . +3 +5
P3(6p3/2) 7 %5 +6 +7
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TABLE 2. Comparison of atomic electron binding energies at three values of the atomic number (2).
Column two in eV. Other columns give excess over values in column two in eV. .Standard
errors given in eV. --continued..

...Adjusted Compilations... ......... Calculations............
Shell Recommended ESCAb Bearden Lotzd Huang Carlson Mann Fricke
values (TABLE 1)? and Burr® etal® et al’ et alf et alh

7=100

K(1s) 141926 *15 +1164 +1164 +913 +25 +17 34 +39-+25 +27 126

L](Zs) 27574 8 +126 +126 -15 +19 +10 25 +7 20

LZ(ZPI/Z) 26641 27 +169 +169 -27 0 +2 £16 +5 10

L3(2p3/2) 20868 +7 +32 +32 -8 +1 +4 314 +1. +10

M1(3s) 7208 19 -3 -3 0 +30 -2 £12 +5 £15

M2(3p]/2) 6776 7 +17 +17 +3 17 +7 N +7 :4

M3(3p3/2) 5406 +7 -8 -8 +21 +14 +9 11

+

M4(3d3/2) 4752 27 +14 +14 +14 +5 +5 211

M5(3d5/2) 4491 10 +7 +7 +17 +6 +6 £11

N](4s) 1952 14 -15 -15 -13 +15 +2 +20

N2(4p1/2) 1749 £13 -2 -2 -10 +15 +4 20

N3(4p3/2) 1379 10 ~13 -13 -6 +9 +4 £20

N4(4d3/2) 1067 £11 +2 +8 +4 £10

N5(4d5/2) 1000 15 +2 +8 +5 £10

N6(4f5/2) 591 28 +24 +4 v

N7(4f7/2) 572 8 +27 +4

0](55) 452 +9 +2 +2 +13 +10

02(5p”2) 373 £9 +4 +5 +2 15

03(5p3/2) 262 £8 +8 +19

04(5d3/2) 149 +9 +17 +10 +4 £15

05(5d5/2) 133 9 +10 +9 +5 #15

P‘(ﬁs) 59 +10 455 +9

P2(6p”2) 36 +7 +57 +5

Pa(ﬁpq/?) 17 +7 +58 +8
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TABLE 2. Comparison of atomic electron binding energies at three values of the atomic number (Z).
Column two in eV, Other columns give excess over values in column two in eV. Standard

errors given in eV. --continued.

...Adjusted Compilations...

Shell Recommended ESCAh Bearden Lottzd Huang Carlson Mann Fricke
values (TABLE 1)2 and Burr® et a1® et alf et a1ld et alh
=103

K(1s) 152970 30 +1410 +1410 +766 +36 +11 62
L](Zs) 30083 12 +157 +157 ~60 +20 +7 44
L2(2p1/2) 29103 +12 +177 +177 -76 [4] -4 25
L3(2p3/2) 22359 10 +] +1 -27 +2° +1 22
H}(Ss) 7930 212 ~30 ~30 -5 +32 -9 £20
M2(3p]/2) 7474 210 -14 -14 -5 +17 0 217
M3(3p3/2) 5860 +10 -50 -150 +31, +14 +3 317
M4(3d3/2) 5176 13 -26 -26 +20 +5 -3 £17
H5(3d5/2) 4876 15 -16 -16 +25 +6 +2 117
R, (4s) 2180 25 -40 -40 -33 +15 -6 120
N2(4p|/2) 1963 +20 . -33 -33 -17 +15 -4 120
N3(4p3/2) 1523 £17 -43 -43 -17 +7 -4 £20
Ny(4d;,5) 1192 +18 -4 +7 -3 115
N5(4d5/2) 1112 +24 -3 +9 0 %15
N6(4f5/2) 680 +15 +36 +4

N7(4f7,2) 658 15 +39 +4

0](55) 516 15 -26 -26 +3 +9

OZ(SpUZ) 429 +20 +1 +4 -5 215
05(503,) 296 12 +4 +21

04(5d3/2) 174 12 +24 +9 -3 215
05(5d5/2) 154 +12 +9 +12 -1 215
PI(GS) 71 213 ] +63 +8

Pz(ﬁowz) 44 *11 +69 +6

P3(6p3,2) 21 £ ‘ +72 . +9

381inding energies to Fermi level in condensed source.
bRet. Z; binding energies to Fermi level in condensed source. Ref. 5; same values for Z=87, 106. 103.
CRef. 1; binding energies to Fermi level in condensed source.

dRef. 3; binding energies for free atoms, f.e., includes work function of 5 eV. Standard error estimates

are stated for 7=87 as < 3 eV; for Z=100 and 103 error estimates are stated to be > 15 but < 90 eV.

€Ref. 9; calculations for free atoms. Expected to be A5 eV higher than experimental values for binding

energies to Fermi level of a condensed source.

fT. A. Carison and.C. W. Nestor, Jr., ref. 17. Errors from this ref. only; no contribution from error

in column 2, Calculations for free atams.
YRef. 29. Error from this ref. only; no contribution from error in column 2. Calculations for free atoms.

"Ref. 50. Error from this ref. only; no contribution from error in column 2. Calculations for free atoms.
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TABLE 3. Comparison of Ko, (15-2p3/2) x-ray transition energies.
Other columns give excess (eV) over column 2 values.

z This paper Empirical Ca?culationb' Caleulation®

Fit? - ‘

89 90886 +7 -6 11 +5

90 93350 #2 -2 3 +6

91 95863 %5 +2 13 +12

92 98434 +3 -1 13 +9 +9

93 101059 5 -3 ::; +9

94 103734 #2 +] 3 +13

95 106472 3 0 3 +11 £29 +13

96 109271 #6 -3 %3 +8 149 +8

97 112121 37‘ 45 15 +10 .:'49 +15

98 116032 19 +13 6 +15 +49 +22

99 1N8012 x12 +14 =8 +13 149 +23

100 121056 tlf +12 £13 +15 +37 +24

101 124170 £21 +6 +29 +15 +65 +29

102 127357 =27 -12 59 +11 £65 +31

103 130611 £31 -38 #1111 +10 £65 +34

3M. 0. Krause and C. W. Nestor, Jr., ref. 17. Error from this ref. only.

b.

T. €. Carlson and C. W. Nestor, Jr., ref. 17. Error from this ref. only.

cI-fuang et al., ref. 9.
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