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Abstract In nuclear decay process, internal conversion electron emission and electron capture leave vacancies in atomic shells. The

vacancies in atomic shells give rise to rearrangements in the shells which are accompanied by the emission of X-ray and the ejection of

Auger electrons. The energies of X-ray and Auger electron can be calculated on the basis of atomic-electron binding energies in differ-

ent atomic shells. The intensities of X-ray and Auger electron can be also calculated from vacancy number, X-ray fluoreacence yield

and vacancy transfer coefficient of different atomic shells. The calculation methods of energies and absolute intensities of X-ray and

Auger electron arising from nuclear decay are introduced briefly. The calculation codes and flow chart are presented. The application

is also given by using some nuclear decays as an example.
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1 Introduction

The X-ray and Auger electron data are relevant in
nuclear decay data. In a gamma transition process, gam-
ma transition energy will be transferred directly to an or-
bital electron in different atomic shells through electronic-
magnetic interaction. The orbital electrons which have
gotten transition energies overcome atomic-electron bind-
ing energy and will emit out from different atomic shells,
and leave vacancies. In an electron capture (it is called
simply EC decay, or € decay) process, the atomic nuclei
capture electrons in different capture probabilities from
different atomic-electronic shells, the process of (p + e~
—n + v) will be produced, and meanwhile the process
leads also to the production of vacancies in the atomic
shells of the atoms belonging to the disintegrating nuclei.
The vacancies in atomic shells give rise to rearrangements
in the shells which are accompanied by the emission of X-
ray and the ejection of Auger electrons. The data calcula-
tion method of X-ray and Auger electron associated with
nuclear decay, calculation codes and flow chart are intro-

duced briefly in this paper. Some examples of nuclear de-
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cay are taken to show its application.

2 Data calculation of X-ray

2.1 Energy of X-ray

In general, we consider single line spectrum XK, ,
XK,; and complex spectrum XK, and XL for K- and
L-shell. The single line spectrum X-ray energies of differ-
ent shells are calculated from atomic-electron binding en-
ergies of different atomic shells. These atomic-electron
binding energies of different shells for different elements
have been evaluated and published in Ref. [ 1]. The
complex spectrum XK, and XL of K-and L-shell for the
general uses can be obtained by using average over single
line spectrum energies. The single line spectrum XK_, and
XK., energies of K-shell and complex spectrum XK, and
XL energies of K-and L-shell are tabulated for different

elements and contained in our calculation code RADIST.
2.2 Intensity of X-ray

2.2.1

Intensity of X-ray arising from internal conversion

electron emission
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2.2.1.1 |Internal conversion coefficient

Assume energy of i-th Y-ray for a radionuclide is
E,;, \ts emission probability is P,,. The internal conver-
sion coeflicients of i-th y-ray for K-, L-, M-, and N-
Shell are ay;, a,;, ay; and ay;, respectively. The total

internal conversion coefficient is then a,,
Al
a;, = ag; + a; +ay; + ay; = 2,‘1“;4 (1
n

The internal conversion coefficients ay;, o, ay;,
ay, and o, can be calculated by using calculation code
HSICC* . It is based on the theoretical internal conver-
sion coefficients (the data tables and curves are given as
functions of atomic number Z, y-ray energy E,, and its
multipolarity E,, E,, E,, E,and M,, M,, M,, M,,
respectively ). The conversion coefficients for specific
Y-ray energy are determined by fitting with cubic spline
function, and a set of fitting coefficients for a given Z,
E, and multipolarity can be gotten, and then required set
of internal conversion coefficients can be calculated by us-

ing fitting coefficients .
2.2.1.2  7-ray absolute intensity

Assume relative intensity of the i-th Y-ray is I,
the normalization factor for converting relative intensity to
absolute intensity (emission probability per 100 radionu-
clide decays through the Y-ray transition) is V. The ab-
solute intensity of i-th Y-ray can be obtained from formula
(2),

P, = NI, (2)
where value NV can be calculated from evaluated experi-

mental decay data or decay scheme by data evaluator.

2.2.1.3

Internal conversion electron absolute intensity

It is assumed that absolute emission probability of
i-th Y-ray for energy E, is P,, the intemal conversion
coefficient is o, (n =K, L, M, N atomic shell), the in-
ternal conversion electron emission probability is P, . It
can be calculated by formula (3),

P,= P, a, = NI+ a,. (3)

From formulas (1) and (3) we can get total internal
conversion electron emission probability ( absolute intensi-

ty) P, of i-th y-ray for energy E,,

-l

PC=ZPM= Z:P,'a,,: P,Zan:
n=K n=K n=K
P, a = N,>a,, (4)
n=K
where « is total intemal conversion coefficient .

2.2.1.4 Vacancy number of internal conversion elec-

tron emission

It is known that the emission of intenal conversion
electron from different atomic shells leaves vacancy. In
general, their absolute emission intensity (probability) is
equal to the primary vacancy number directly arising from
internal conversion electron emission. Assume absolute
emission probability of i-th Y-ray is P,;. The primary va-
cancy number for the K-and L-shell is Vi, and V,,, re-
spectively. And then, they can be calculated by formulas
(5) and (6),

Vi = Pyax, = NLay,, (5)
Vi, = Puay; = Nlay;. (6)

The total vacancy number V; and V| of K- and

L-shell for all radionuclide decay process are from summa-

tion of all Vi, and V|, for i-th y-ray, respectively.

Ve = D Puag = N lay,, (7)

ZP‘HQL:‘ = Nzl‘n‘ah' (8)

In formula (8), we did not consider the fact that the

Vi

vacancy number increase in L-shell when a K-shell vacan-
cy is filled by an electron from L-shell. The vacancy
transfer coefficient ny, describes the mean vacancy num-
ber increase in the L-shell produced by one vacancy in the
K-shell. As noted above, the V| is called as primary va-
cancy directly arising from intemal conversion electron
emission, V9 is called as secondary vacancy associated
with filling a K-shell vacancy by an electron from 1.-shell .
The vacancy number increase V' can be calculated by
formula (9),
Vi o= ng V. (9)
In formula (9), n, can be obtained from Ref.

(3]. From formulas (8) and (9), the total vacancy num-
ber in L-shell V(L) can be calculated by formula (10),

V(L) = V, + V, = N(Zl,,aL, + nKLZ],,aK‘.).

(10)
2.2.1.5 X-ray intensity
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2.2.1.5.1 XK., XK, and XK, ray intensity of K-shell

Assume XK ray intensity for K shell is /. The
K-shell fluorescence yield wy = Iy /V(K) (X-ray emis-
sion probability per one vacancy in K-shell) has been
evaluated and published in Ref. [3]. The XK ray inten-

sity Iy for K-shell can be calculated by using formula
(11) as follows.

Iy = Viwg = NwKZI,iaKi. (11)
The XK ray intensity Iy, for K-shell can be divided into
1(K;) and I (K, ) for single line spectrm XK, and
XK, , and 7(K,) for complex spectrum XK,. They are

calculated by using formulas (12) and (13), respective-

ly.
7'

I = I(K,) + I(K;), (12)
I(K,) = I(K,) + I(K,). (13)
The following ratios are defined,
R, = P(K;)/P(K,), (14)
Ru. = P(Kg)/P(K,), (15)

where P(K;), P(K,), P(K,) and P(K, ) are theo-
retical X-ray emission probabilities of XK,, XK,, XK,
and XK, , respectively. The values of ratios R, and
R ., can be obtained from Ref. [3].

From formulas (14) and (15), the absolute emis-
sion intensities J(K,) and I{K, ) of single spectra XK,
and XK., , and I(K,) of complex spectrum XK; can be

calculated by following formulas respectively .

IXK
I(K,) = 1 K (16)
iy L KD Neog 2,
"T T 14+ Raw (1 + Rgy)(1 + Ry)
(17)
I(K,)R
I(Kuz) = I(Ku) - I(Kul) = —1‘# =
_ - 7 Thelel
Newg R g Zlﬁa Ki
T+ R+ R’ (18)
Nog Ry, D 1 ax;
I(K,) = ToBs _ : (19)
71+ R, - (1+Ry

2.2.1.5.2 XL ray intensity of L-shell

Assume XL ray intensity for L shell is /,, . The fluo-
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rescence yield of L-shell w, = I,/ V(L) has been evalu-

ated and published in Ref. [3]. The values w, for differ-

ent elements are also obtained from Ref. [3]. As de-

scribed above,

L-shell /,, can be calculated by using formula (20),
Iy = o, V(L) = 0 (V + V) =

Nw,_( Zl,,-a,v, + ng Zl,iak,) .

From formula (17) to (20), we can see that the rel-

X-ray absolute emission intensity of

(20)

ative intensities of each Y-ray, the normalization factor,
internal conversion coefficients a and a,, X-ray fluores-
cence yields wy and w,, and vacancy transfer coefficient
ng, must be known in order to calculate the X-ray intensi-

ties arising from internal conversion electron emission.

2.2.2 Intensity of X-ray arising from electron capture
decay
2.2.2.1 Electron capture probability

When electron capture decay energy Q, is more than
1.02 MeV, not only & decay but also 3* decay will be
produced. Assume relative electron capture probability to
J-th level of daughter-nuclei from parent-nuclei is P,;,
and B* decay relative probability to j-th level is P+,
respectively. The formula (21) can be obtained,

P,+ Py, =1. (21)

Assume the relative electron capture probabilities of
Jj-th level from K, L, M, and N atomic shells are P,
P.;, Py, and P;, respectively. Formula (22) can he

written as following,

P'}. = P!K]-f P:Lj + P:H/ + P,,N, = ZPM/’

(22)
where n= K, L, M, N atomic shell.

The relative electron capture probabilities of j-th
level, P, can be calculated by using LOGFT code*" .
The electron radial wave function data have been evaluat-
ed and included in code LOGFT as its input data file. In
general, € decay data file must be transferred into ENSDF
formatted data file because ENSDF ( Evaluated Nuclear
Structure Data File) format is adopted in input data file of
code LOGFT. We run LOGFT code and obtain relative
electron capture probabilities of j-th level Py, P
Py;and P, .

ely 0
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If ¢ decay energy (. is not more than 1.02 MeV,

B* decay will be not produced. Therefore,
Py, =0and P; = 1.

J

2.2.2.2 Flectron capture absolute intensity

Assume relative intensity of (¢ + B ) decay for the
j-th level is (e + 8" ), the normalization factor for con-
verting relative total intensity to absolute total intensity
(emission probability per 100 radionuclide decays through
the (e + 8" ) decay) is N(e+ 3" ). The absolute total
intensity P(e + 837 ), of j-th level can be obtained from
formula (23),

P(e+B'), = Ne+B)I(e+p), (23)
where value V(e + ") can be calculated from evaluated
experimental decay data or decay scheme by data evalua-

tor.
2.2.2.3 Vacancy number of electron capture decay

The vacancy number for the K- and L-shell is V,;
and V|, respectively. From formula (23), they can be
calculated by formulas (24) and (25),

Vi = Ple+ B )Py, = N(e+ B )I(e + B ),Py;»
(24)

Vi, = Pe+ B )Py = Ne+ B ) I(e+B),P,,.
(25)

The total vacancy number V, and V, of K- and
L-shell for all ¢ decay process is from summation of all

Vi, and Vy, for j-th level, respectively.
Vi = D P(e + §'),Py; =
;

I’V(E + B+ )Z[(E + B' )}P!Kj’ (26)

V]_ ZP(E + B# )]'P'L}v =

N(e+ B )2 0(e + 8Py, (27

In formula (27), we did not consider that vacancy
number increase in L-shell when a K-shell vacancy is
filled by an electron from L-shell. The vacancy transfer
coefficient ny; describes the mean vacancy number in-
crease in the L-shell produced by one vacancy in the
K-shell. The vacancy number increase associated with

filling a K-shell vacancy by an electron from L-shell V'

can be calculated by formula (28),
V’L = Ny VK . (28)

Bus

In formula (28), n,, can be obtained from Ref. [3].

From formulas (27) and (28), the total vacancy number
in L-shell V(L) can be calculated by formula (29),
V(L) = V,_ + VU = VL + "'KLVK =

Ne + 89| De + 8Py +
nKLZI(e + 3 ),»P,Kj] . (29)

2.2.2.4 X-ray intensity

2.2.2.4.1 XK,, XK, and XK, ray intensity of K-shell

In electron capture process of radionuclide decay,
not only Auger electron is ejected but alse X-ray is emit-
ted. The K-shell fluorescence yield wy ( X-ray emission
probability per one vacancy in K-shell) has been evaluat-

ed and published, and the values wy can be got'” . The
K-shell X-ray intensity / is calculated by formula (30),

I = Viwg = wKN(€+B’)Zl(€+B‘),'P¢Kj9

)

(30)
Iw = I(K.,) + I(Kp)~ (31)
I(K,) = I{(K,) + I{(K,). (32)

From formwlas (12), (13), (14) and (15), the

absolute emission intensities 7{K,) and I(K,,) of single
line spectrum XK, and XK, , and /(K;) of complex

spectrum XK; can be calculated by following formulas,

respectively .
1
IK) = 5 (33)
S
I(K,)
KD = R, =
al

N(e + 8w D l(e + B Py,

0 G+ ry 39
Ko) = 1(K) - 1(K,) = SR Re
N(e + B )wxRan D 1(e + B) Py,
(T+ Ra) (17 R, (39
L Ry,
(&) = 1 R, ~
N(e + B wgRy D 1(e + ') Py,
. . (36)

(1 + R,,)
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2.2.2.4.2 XL ray intensity of L-shell

The fluorescence yield of L-shell w, has been evalu-
ated and published, and the values w; can be obtain-
ed’’ . As indicated above, X-ray ahsolute emission inten-
sity of L-shell Iy, can be calculated by using following

formula,

I = w, V(L) = N+ Ba( D+ p)Py, +

nKLZI(E + [3’ )JP!Kj) . (37)

From formulas (34) to (37), we can see that the
relative intensities of electron capture, their normalization
factor, electron capture probabilities. X-ray fluorescence
yvields w, and w, and vacancy transfer coefficient ny
must be known in order 1o calculate the X-ray intensities

arising from electron capture decay.

3 Data calculation of Auger electron

3.1 Energy of Auger electron

In general, we consider complex spectrum e,, and
ey for L- and K-shell. The single line spectrum Auger
electron energies of KLL, KLX and KXY, and LXL,
LXX and LXY (The first letter describes shell that has the
initial vacancy, the second defines the shell from which
an electron fills this vacancy, and the third specifies the
shell from which the Auger electron is ejected; it means
that the Auger electron ejection process is two closely con-
nected and not independent processes) are calculated from
atomic-electron binding energies of different shells and
sub-shells. The atomic-electron binding energies of differ-
ent shells for different elements have been evaluated and
published in Ref. [1]. By average over above single line
spectrum energies, one obtains these Auger electron ener-
gies of complex spectrum e, and e, for L-and K-shell
for general uses. The Auger electron energies of complex
spectrum e, and e, of L-shell and K-shell are given in

tabulated form for different elements and contained in our
calculation code RADLST.

3.2 Intensity of Auger electron

The X-ray intensity calculations both for internal
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conversion electron emission and for electron capture de-
cay processes have been presented above, respectively.
The electron vacancy number calculation for X-ray and
Auger electron for K and L shell is the same. The differ-
ence of their intensity calculation is their different emis-
sion probabilities from electron vacancy for K and L atom-
ic shell. As known above, the X-ray emission probabil-
ities from electron vacancy for K and L shell are wy and
w, . The Auger electron emission probabilities from elec-
tron vacancy for K and L shell are (1 - w,) and
(1 - w,), respectively. Therefore, the intensity calcula-
tion for Auger electron is simpler if the electron vacancy
number for K and L shell is known. It is presented as fol-

lows.

3.2.1

Intensity of Auger electron arising from internal

conversion electron emission

The electron vacancy number V(K) for K shell is
known from formula (7), the Auger electron intensity

1 .x for K shell can be calculated by using formula (38),
L = (1 = &) V(K) = N(1 - wK)ZI,,‘-aK,.

(38)
The electron vacancy number V(L) for L shell is
known from formula (10), the Auger electron intensity

1,,. for L shell can be calculated by using formula (39),

I = (1= w V(L) = N(1 - w,) -

(Z’yfau + nKLZ:IyiaKI)' (39)

Intensity of Auger electron arising from electron

3.2.2

capture decay

The electron vacancy number V(K) for K shell is
known from formula (26), the Auger electron intensity

1.« for K shell can be calculated by using formula (40) ,
L = (1 =0 ) V(K) = (1 - w )N+ )

D(e+ B),Py, . (40)

The electron v;cancy number V(L) for L shell is

known from formula (29), the Auger electron intensity

I.... for 1. shell can be calculated by using formula (41),
La = 1 =-w)V(L) = (1 - w)NE+p):

[Zl(s + B )Py, + nKLZI(s + B ),I’EK,] )
’ 1
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4 Calculation codes and flow chart

The data calculation codes for X-ray and Auger elec-
tron arising from internal conversion electron emission and
electron capture decay and their functions are listed in Ta-
ble 1. We get it from ENSDF physics analysis codes'?’ ,
which are maintained and updated by the National Nuclear
Data Center (NNDC) at Brookhaven National laboratory,
USA, for the International Network of Nuclear Structure
and Decay Data Evaluation. We run it normally at VAX
and ALPHA computer, and PC computer. They are very
useful for the nuclear structure and decay data evaluation.
In Table 1, HSICC, LOGFT and RADLST codes contain

other data files for their data calculation requirement.
Table 1. Codes and functions of data calculation
for atomic radiation arising from nuclear decay.

Code name Main function

VFMTCHK - ENSDF formatted data check

HSICC Internal conversion coefficient caleulation of a, (n = K,
I., M, N atomic shell) and a

LOGFT Electron capture probability calculation of P, (n=K, L,
M, N atomic shell)

RADLST Energy and intensity calculation for atomic radiations

ENSDAT Caleulation data output shown in tables and drawings

start

i Evaluated Nucl
[ FMTCHK—’_{ Dccattl'}ataugﬁcr

Atomic Radlanon
E, wx&m. Fm:s)—-i Data Calculat

| Data Oulpu! in Tables &
- Ta“]“ 5

GABS

LOGFT

Fig.1. Flow chart of data calculation of X-ray
and Auger electron.
(F,. wy & w, files) means atomic-electron binding energies and
X-ray fluorescence yields wy and w|, and vacancy

transfer coefficients ny, data files.

The main flow chart of data calculation of X-ray and
Auger electron arising from nuclear decay is shown in
Fig.1. (1) Preparation, at first the ENSDF format data
file for data calculation of X-ray and Auger electron of ra-
dionuclide decay must be setup because ENSDF format of
input data of calculation code is adopted. In general,

atomic electron binding energy data file and X-ray fluores-

B2 %

LOGFT (electron radial wave func-

tion) data file, and internal conversion electron data file

cence yield data file,

have been contained in data calculation codes. The ENS-
DF format check must be done before data calculation so
(2) Run HSICC

code, internal conversion electron coefficients a, and «

that data calculation can be reliable.

are calculated and put into the ENSDF format decay data
file. (3) Run LOGFT code, electron capture probabilities
P, are calculated and put into the ENSDF format decay
data file prepared. (4) 7-ray intensity normalization fac-
tor N is calculated and put into the ENSDF format decay
data file prepared, and then 7Y-ray absolute intensity is
calculated. (5) Electron capture intensity normalization
factor N(e + B" ) is calculated and put into the ENSDF
format decay data file prepared. and then electron capture
absolute intensity P (e + B* ), can be calculated. (6)
Run RADLST code, the energies and intensities of atomic
radiation ( X-ray, Auger electron and intemal conversion
electron) and other decay radiation data are calculated.

(7) Calculation data output is shown in tables and draw-

ings.
5 Application

5.1 Example 1, data calculation of X-ray and Au-
ger electron arising from internal conversion
electron emission

"1 B decay scheme is relatively simple. It is
taken as an example and the calculation results are given.
In Table 2, the intemal conversion coefficients ay, «,,

ay, and a are listed and calculated by HSICC code, and

normalization factor N =1 is given to calculate Y-ray ab-
solute intensities. In Table 3, the calculation parameters
of X-ray and Auger electron data for K- and l.-shell are
given. In Table 4, the radiation data of 1 3~ decay are

given. In Fig.2, the scheme of ”I 3~ decay is shown.

Table 2. Y-ray intensity and internal conversion
coeﬂlcients for "‘1 B decay

- _f, :';kr'\ - Jfl_. ag oy @y
39.578 7.51" 23 10.4943 1.428 11 0.288223

12.311

uncertainties ( “Errors” ) : The uncertainty in any number is given one
space after the number itself. For an example, 7.51 23 means 7.51 £ 0.23.
(the same in following tables)
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Table 3. Calculation parametersm for atomic radiation
data for 1B~ decay.

Table 6. Calculation parameters™> for atomic radiation data
for *Fe & decay.

element wg w), ny, Rg Raa

s Xe 0.888° 5 0.0975 0.9024 0.232724 0.5398 25

Table 4. Radiation data of I B~ decay.

Radiation type energy/keV Absolute intensity( % )
B max 154 3
avg 40.9 12 100
€aul. 3.430 74 5
€ank 24.60 g.8 4
XL 4.11 7.9 25
XK, 29.458 1 19.9 9
XK. 29.779 1 36.9 17
XK, 1.6 13.2 6
T 39.578 4 7.51 23
€Celk s.017 4 79 4
€car.” 34.125 4 10.7 5§
ECeM 38.436 5 2.16 10
* ep. means internal conversion electron of ¥, ray from L-shell.
22t 00 157%107a
s
o a9q  %B=100
@\"@\@
B Logp \ g
100 1349 W32+ 39578 0 97ms
12 20 stable
e

Fig.2. "1 8" decay scheme.

5.2 Example 2, data calculation of X-ray and Au-

ger electron arising from electron capture decay

% is very simple. It is taken as

*Fe ¢ decay scheme'
an example and the calculation results are given. In Table
S, the electron capture intensity and probabilities are list-
ed and calculated by LOGFT code, and normaljzation fac-
tor N(e + 8" ) =1 is given to calculate electron capture
absolute intensities. In Table 6, the calculation parame-
ters of X-ray and Auger electron data for K- and L-shell
are given. In Table 7, the radiation data of *Fe ¢ decay
are given. In Fig. 3, the scheme of “Fe ¢ decay is

shown.

Table 5. Electron capture intensity and probability

for *Fe ¢ decay.

EkeV  [(e+g) P P, P, P,

0.0 100 0.8854  0.0975 0.01709 1.0

element wy Wy, ng R, Roa

2xMn 0.3215 0.00477 1.4784 0.1359 14 0.5099 25

Table 7. Radiation data of * Fe £ decay.

Radiation type Energy/keV Radiation intensity( % )
EC, 100.
€au 0.610 140 4
€auk 5.19 60.1 3
XL 0.640 0.42 1
XK. 5.888 1 8.24 11
XK, 5.899 1 16.29 12
XK, 6.49 3.29 7
3/2; 22 2748
AL
Y%e=100
0*-=231.38"
52— - 0.0 ¢ stable TIO‘B [;O:sfliz
1My

Fig.3. ¥ Fe ¢ decay scheme.

6 Discussion

How to calculate the total intensity of X-ray and Au-
ger electron arising from internal conversion electron emis-
sion and electron capture decay is interesting. As de-
scribed above, the independent X-ray intensity calcula-
tions arising from internal conversion electron emission
and electron capture decay have been introduced, respec-
tively. Therefore, the total intensity calculation of X-ray
and Auger electron arising from internal conversion elec-
tron emission and electron capture decay is simpler. It is
equal to sum of both X-ray intensities and both Auger

electron intensities, respectively.

7 Summary

In this paper, the physics formulas of data calcula-
tion of X-ray and Auger electron arising from internal con-
version electron emission and electron capture decay are

derived, calculation codes and flow chart are also present-
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ed. Some examples for data calculation of atomic radiation
are given. The X-ray and Auger electron data are very
important for nuclear medical science, nuclear technology

application and so on. For an example, radiotherapy is a
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