Nuclear Data for Charged-particle Monitor Reactions
and Medical Isotope Production
1st RCM Meeting — December 3-7, 2012

Roberto Capote Noy
IAEA Nuclear Data Section

Vienna, Austria

2013 USNDP Meeting, BNL, November 18-20, 2013 (@) ENERGY



Participants

BRAZIL

Brett Vem CARLSON

Instituto Tecnologico de Aeronautica (ITA)
Praga Mal. Eduardo Gomes, 50

Vila das Acacias

12228-900 Sao Jose dos Campos, SP

Tel: +55 12-3947-6881

Fax: +55 12-3947-5050

E-mail: brett/@nta br

CZECH REPUBLIC

Ondrej LEBEDA

Nuclear Physics Institute (NPI)

Academy of Sciences of the Czech Republic
(ASCR)

Husinec-Rez cp. 130

25068 Rez

Tel: +420 266 172136

E-mail: lebeda@uifcas.cz

FRANCE

Marie-Martine BE .
Laboratoire National Henn Becquerel
CEA-Centre d'Etudes de Saclay
91191 Gif-sur-Yvette Cedex

Tel + 33-1-69084641

E-mail: Mane-Martine Be(@lcea.fr

GERMANY
Ingo SPAHN

Forschungszentrum Jahich Gmbh (FZJ)
PO Box 1913

52425 Juahich

Tel: +49 2461614450

Fax: +49 2461612535

E-mal: 1.spahn@fz-juelich de

v

HUNGARY

Ferenc T. TARKANYI

Institute of Nuclear Research
Hunganan Academy of Sciences
Bem ter 18/c

PO Box 51

4001 Debrecen

Tel: +36 52 509 200

E-mail: tarkanvi/@atomk: mta hu

JAPAN

Yasuka NAGAI

Japan Atomic Energy Agency (JAEA)
2-4 Shirane, Shirakata, Tokammura
Naka, Ibaraki-ken 319-1195

Tel: +81 29 282 5470

E-mail: nagai@renp.osaka-u.ac jp

KOREA, Republic of
Guinyun KIM

Kyungpook National University
1370 Sankyuk-dong, Puk-gu
Daegu 702-701

Tel: +82 539505320

PAKISTAN

Mazhar HUSSAIN
Government College Unrversity
Katchery Road

54000 Lahore

Tel: +92 3214334370

E-mail: dr mazharhussain/@geu.edu pk

ROMANIA

Aurelian LUCA

National Institute of Physics and Nuclear
Engmeenng “Hona Huluber”

Str. Reactorulu Nr 30

PO Box MG-6

077125 Magurele. ilfov county

Tel: +40 21 404 61 63

E-mail: alucai@nipne ro

RUSSIAN FEDERATION

Anatoly IGNATYUK

Institute for Physics and Power Engineening
(IPPE)

Ploshad Bondarenko 1

249033 Obmmsk, Kaluzhskaya Oblast
Tel: +7 48439 98035

E-mail: isnatvuki@ippe.ru

UNITED STATES OF AMERICA
Francois Meiring NORTIER

Los Alamos National Laboratory

PO Box 1663

Los Alamos, NM 87545

Tel: +1 505 667 950

CONSULTANT

Filip KONDEV

Argonne National Laboratory (ANL)
9700 South Cass Avenue

Argonne, IL 60439

USA

Tel. +1 630252 484

E-mail: kondevi@ianl gsov

Alan L. NICHOLS

38 Mattock Way

Abingdon

OX 14 2PQ

UK

Tel +

E-mail: alanl nichols/@btinternet com

IAEA

Roberto CAPOTE NOY

International Atonuc Energy Agency (IAEA)
Nuclear Data Section

Division of Physical and Chemical Sciences
Wagramer Strasse 5

1400 Vienna

Tel. +43-1-2600 21713

Fax +43-1-2600 7

E-mail: r.capotenovi@iaea org

Paraskevi (Vivian) Dimitriou

International Atomuc Energy Agency (IAEA)
Nuclear Data Section

Division of Physical and Chemical Sciences
Wagramer Strasse 5

1400 Vienna

Tel. +43-1-2600 21708

Fax +43-1-2600 7

E-mail: p.dimitriou/@iaea.org

ABSENT

Haladhara NAIK

Bhabha Atomic Research Centre (BARC)
Trombay

Mumbai, Maharashtra 400 085

Tel: +

E-mail: nakh@barc gov.in



Participants

1 Monitor reactions — similar to neutron standards
v' measurements — exclusively using activation technique
v’ cross-section evaluations & covariance's

J Nuclear Structure & Decay:
v" To support data needed for monitor reactions
v" To address also some other important issues as a consequence of previous
meetings
v Importance of improved data for Auger emitters

- consultants’ meeting on “High-precision beta-intensity measurements and evaluations
for specific PET radioisotopes™, 3-5 September 2008, IAEA Headquarters, Vienna,
Austria, IAEA report INDC(NDS)-0535, December 2008;

- consultants’ meeting on “Improvements in charged-particle monitor reactions and
nuclear data for medical isotope production™, 21-24 June 2011, TAEA Headquarters,
Vienna, Austria, IAEA report INDC(NDS)-0591. September 2011;

- technical meeting on “Intermediate-term nuclear data needs for medical applications:
cross sections and decay data”, 22-26 August 2011, IAEA Headquarters. Vienna,
Austria, IAEA report INDC(NDS)-0596. September 2011.
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a myth & surprise ...

if the data in TOI, NUDAT, ENDF-B, JEFF all agree - the data are all GOOD!

T1/2

Ig% _ T1/2

but all those came from a single source — ENSDF - so they should be the same!
TOl is 14 years old and for some mass chains ENSDF is 7-10 years old — new data is not timely
included — especially those related to medical isotopes (charged particle induced reactions)

v’ deficiencies in the experimental decay data
v’ deficiencies in the evaluated data

err Eg keV err decay mod Eg keV Ig %
3.3492 d 0.0006 b-100%  159.377 68.3 3.3492d 0.0006 b-100%  159.381 68.3
Cr-5 27.7025 d 0.0024 EC 100% 320.0824 10 27.7025d 0.0024 EC 100% 320.0824 9.91
in-51 46.2 m 0.1 EC+B+ 100% 46.2 m 0.1 EC 100% 51 194.17
Mn-52 5.591 d 0.003 EC+B+ 10 1434.068 100 5.591 d 0.003 EC 100% 1434.092 100
Fe-55 273y 0.03 EC100% 125.95 1.28-e7 2737 y 0.011 EC 100% 126 1.28E-07
44503 d 0.006 b-100%  1099.251 56.5 44.495 d 0.009 b-100% 1099.245  56.5
17.53 h 0.03 EC+B+ 10 9313 75 17.53 h 0.03 EC 100%  931.1 75
271.79d 0.09 EC100% 122.0614 85.6 2711.74 d 0.06 EC 100% 122.0607 856
. . 52714y 0.0005 b-100%  1332.501 99.9856 192528 d 0.14 b-100% 1332492 99.9826 |
|C - 3333 h 0.005 EC+B+ 10 282.956 12.2 3333 h 0.005 EC 100% 282.956 122 |
Cu-62 9.74 m 0.02 EC+B+ 10 11729 0.34 9673 m  0.008 EC 100% 1173.02  0.342
Cu-64 127 h 0.002 EC+B+61° 134584 0473 12.701 h 0.002 EC 61.5% 1345.77 0.475
b-39% b- 38.5%
Cu-67 61.83 h 0.12  b-100% 184.577 487 61.83 h 0.12 b-100%  184.577 487
Zn-62 9.186 h 0.013 EC+B+ 10( 596.56 26 9.186 h 0.013 EC 100%  596.56 26
Zn-65 24426 d 0.26 EC+B+10( 1115546 506 243.66 d 0.09 EC 100% 1115.539 50.04
2627 m 0.012 EC+B+10( 991.56 46 2627 m 0012 EC 100% 991.51 46
3.2612d 0.0006 EC 100%  93.311 39.2 3.2617d  0.0005 EC 100%  93.31 38.81
Ga-68 67.629 m 0.024 EC+B+10( 1077.35 3.0 67.71 m 0.09 EC 100% 1077.34 3.22
Ge-68 2708 d 03 EC100% 270.95 d 0.16 EC 100%
As-72 26 h 0.1 EC+B+ 10( 834.01 80 26 h 0.1 EC 100% 833.99 81
As-74 17.77 d 0.02  b-34% 634.78 154 17.77 d 0.02 EC66%  595.83 59
EC+B+ 66° 595.847 59 b- 34% 634.78 154




What was discussed at the meeting

Table 1: Monitor reactions

Cross sections

Decay data

Agreed responsibilities, and actions

T Al(p.x)***Na - ACTION: LANL (re-assess up to 800 MeV)
Y Al(d.x)***Na ACTION: Debrecen / VUB (re-assess)
- e.X)"""Na : Debrecen / re-assess
YAlCHe.x)>*N ACTION: Deb 'VUB
T Al(a.x)"**Na ACTION: Kim (measure);: ACTION: Debrecen / VUB (assess)
1(d.x)™Sc - : Debrecen / re-assess
=Ti(d.x)*S ACTION: Deb 'VUB
i(Hex - : Lebeda (measure and re-assess up to e
=Ti(*He.x)*V ACTION: Lebeda d p to 46 M
=Ni(d.x)****Co - ACTION: Debrecen / VUB (measure and re-assess)
=Cu(p.x)*Co - ACTION: Kim (measure); ACTION: LANL (measure and assess up to 100 MeV)
=Cu(p.x)**%Zn ACTION: Kim (measure); Debrecen / VUB (measure and re-assess)
=Cu(d.x)*57Zn ACTION: Debrecen / VUB (measure and re-assess)
=Cu(a.x)**’Ga, ®Zn ACTION: Kim (measure and re-assess)
=Mo(p.x)**Tc=™ - ACTION: Debrecen / VUB / Lebeda (assess)
- S1Cu evaluate ®'Cu decay scheme (ACTION: B¢é)
- $Zn evaluate *Zn decay scheme, priority 2 (see ENSDF, 2012)
- $7Zn evaluate %*Zn decay scheme (ACTION: Nichols)

previously evaluated cross sections

ACTION: all monitor reaction cross sections included in IAEA-TECDOC-1211 but
not listed above will be re-evaluated by Debrecen / VUB to include uncertainties and
covariances.




Table 2: Diagnostic y emitters

Cross sections Decay data

Agreed responsibilities, and actions

0 Zr(n.p)°YE™ — ACTION: ITA / Nagai (measure) - ACTION: ITA (assess) - see also IRDFF
(http://www-nds.iaea.org/IRDFF ) and IAEA Technical Reports Series No. 473.
Mo(n.2n)”Mo - ACTION: ITA / Nagai (assess)
1°Mo(p.2n) Tes™ ACTION: Lebeda (measure); ACTION: ITA (assess)
%Mo(p.pn)*Mo ACTION: Lebeda (measure); ACTION: ITA (assess)
1°Mo(d,3n) Tes™ ACTION: Lebeda / ITA (assess)
1M o(d.p2n)*Mo ACTION: Lebeda / ITA (assess)
Mo(y.n)"Mo ACTION: Naik / Kim (measure and assess)
Z8U(y.5) Mo ACTION: Naik (measure and assess)
8Zn(y.p)¥’Cu - ACTION: Naik / Kim (measure and assess)
67 67 ACTION: Nagai (measure);: ACTION: ITA (assess) - see also IRDFF (http://www-
Zn(n.p)°’'Cu . . ; )
nds.iaea.org/IRDFF ) and IAEA Technical Reports Series No. 473.
8Zn(n.x)*'Cu ACTION: Nagai (measure): ACTION: ITA (assess)
ACTION: Nagai (measure); ACTION: ITA (assess) - see also IRDFF (http:/www
$Zn(n.p)*Cu nds.iaca.org/TRDFF ) and IAEA Technical Reports Series No. 473, and INDC (NDS)
0526, August 2008
2Cd(p.2n) ' In - ACTION: Debrecen / VUB (assess)
2%e(p.x) ' - ACTION: Debrecen / VUB (assess)
2Xe(p.2n)'2Cs - ACTION: Debrecen / VUB (assess)
2Xe(p.pn)' @ Xe ACTION: Debrecen / VUB (assess)
W(p.n)’'Cr - ACTIOI\: Debrecen (re-assess all noted production routes of *'Cr)

Table 2: Diagnostic y emitters (cont’d)

Cross sections Decay data

Agreed responsibilities, and actions

2BT1(p.2n)*"Pb™ - ACTION: Debrecen / VUB (re-assess)
*ET1(p.3n)™'Pb ACTION: Debrecen / VUB (re-assess)
2% T1(p.4n)**Pb ACTION: Debrecen / VUB (re-assess)
=W (0.x) 5% Re - ACTION: Kim (measure and assess)
- ¥Cu ACTION: Kondev (measure, and evaluate decay scheme)
- T ACTION: Kibedi and Kondev (Auger-clectron data)
- My ACTION: Kibedi and Kondev (Auger-electron data)




Table 3: Positron emitters

Cross sections Decay data Agreed responsibilities, and actions
*Mn(p.4n)*Fe - ACTION: Lahore (assess)
=Ni(p.x)’Fe ACTION: Lahore (assess)
2Cr(*He,3n)"’Fe ACTION: Lahore (assess)
*Ni(p.a)*Co - ACTION: Lahore (assess)
*Fe(d.n)”Co ACTION: Lahore (assess)
Fe(p.2n)*Co ACTION: Lahore (assess)
='Fe(p.x)"Co ACTION: Kim (measure);: ACTION: Lahore (assess)
'Ni(p.n)*'Cu - ACTION: Jiilich (measure and assess)
#Zn(p.a)*'Cu ACTION: Lebeda (measure and assess)
Zn(p.n)*Ga - ACTION: Lahore (assess)
8Cu(a.n)*Ga ACTION: Lahore (assess)
& Zn(p.n)*Ga - ACTION.: Jiilich (measure and assess)
5Cu(a.n)®Ga ACTION: Jiilich (assess)
“Nb(p.x)*"Nb - ACTION: Kim (measure and assess)
89Y(ot.x)9°N'b ACTION: Kim (measure and assess)
®Y(a.x)¥Zr ACTION: Kim (measure and assess)
=!Ge(p.xn) *As - ACTION: Jiilich (measure); ACTION: Lahore (assess)




Table 3: Positron emitters (cont’d)

Cross sections

Decay data

Agreed responsibilities, and actions

As(p.3n)"Se - ACTION: Lebeda (measure): ACTION: Lahore (assess)
"Ge(a.3n)"Se ACTION: Lahore (assess)
6Se(p.n)"*Br - ACTION: Jiilich (measure); ACTION: Lahore (assess)
77Se(p.211)76Br ACTION: Jiilich (measure): ACTION: Lahore (assess)
As(a,3n)"*Br ACTION: Lahore (assess)
Sr(p.n)*¢Y - ACTION: Lahore (assess)
%Sr(p.3n)*Y ACTION: Lahore (assess)
$Rb(a.3n)*Y ACTION: Lahore (assess)
®Y(p.n)*Zr - ACTION: ITA (assess)
89Y(d.2n)892r ACTION: Lebeda (measure and assess)
*Mo(p.n)*Tc™ - ACTION: ITA (assess)
Mo(0.x)**Tc™ ACTION: ITA (assess)
10Cd(p.n)'m™ - ACTION: Debrecen / VUB (assess)
20Te(p.n) 1 - ACTION: Lahore (assess)
BTe(p.3n)1 ACTION: Lahore (assess)
_ Fe evaluate, and assess if new measurements required, priority 3 (ACTION: Luca —
evaluate decay scheme)
_ 4y discrepancy in the intensity of weak gamma line (ACTION: Bé — re-evaluate decay
scheme)
_ 666, determine positron intensities and evaluate, priority 1 (ACTION: Kondev — measure,
and evaluate decay scheme)
- PAs determine positron intensities and evaluate, priority 2 (no volunteer)




Table 3: Positron emitters (cont’d)

Cross sections

Decay data

Agreed responsibilities, and actions

determine positron intensities and evaluate, priority 2 (ACTION: Nichols — evaluate

73

B Se decay scheme)

_ 768, determine positron intensities and evaluate, priority 3 (ACTION: Nichols — evaluate
decay scheme)
PET analogue of therapeutic Y

- by determine positron intensities and evaluate, priority 1 (ACTION: Kondev - measure,
and evaluate decay scheme)

- ¥7r evaluate *Zr decay scheme, priority 3 (ACTION: Nichols)

_ Yy PET analogue of therapeutic BT™:
evaluate **Tc™ decay scheme, priority 2 (ACTION: Nichols)

- 1201 evaluate '°I decay scheme, priority 3 (ACTION: Nichols)




Table 3: Positron emitters (cont’d.): generators

Generator Cross sections Decay data Agreed responsibilities, and actions
82Zn/%Cu - PET analogue of therapeutic *’Cu
SCu(p.2n)®Zn ACTION: Debrecen / VUB (measure and assess)
8Ge/®Ga - PET analogue of proposed/new therapeutic ' Ga
Ga(p.xn)*Ge ACTION: Debrecen / VUB (measure and assess)
¥Ga(p.2n)*Ge ACTION: Debrecen / VUB (measure and assess)
"'Ga(p.4n)*Ge ACTION: Debrecen / VUB (measure and assess)
7S¢/ As PAs(p.4n)*Se - ACTION: LANL (assess)
='Br(p.x)"*Se ACTION: LANL (assess)
> 2R b(p.xn)>Sr .
“3r/*Rb sst((E. 411))8251_ - ACTION: LANL (assess)
55Mn(p.4n;52Fc
Fe/’Mn™ =Ni(p.x)""Fe - ACTION: Lahore (assess)
Cr(*He.3n)"’Fe

110e._ 110
Sn/ "In™

Main reactions leading to
the parent nucleus

PET analogue of therapeutic " 'In and ' “In™;
ACTION: Debrecen / VUB (assess)

128 128~

Main reactions leading to
the parent nucleus

PET analogue of proposed/new therapeutic - Cs:
ACTION: Debrecen / VUB (assess)

Main reactions leading to
the parent nucleus

PET analogue of therapeutic 'L "“Iand "L

ACTION: Debrecen / VUB (assess)

18T /118Gy,

Main reactions leading to
the parent nucleus

PET analogue of proposed/new therapeutic '~ 'Sb and ' Sb:
ACTION: Debrecen / VUB (assess)

HoNg /Mopy

Main reactions leading to
the parent nucleus

ACTION: LANL (assess)

HTi%se

Main reactions leading to
the parent nucleus

half-life of *Ti

ACTION: Jiilich (assess cross sections): ACTION: Kondev (evaluate **Ti half-life)




Table 4: Therapeutic o emitters

Cross sections

Decay data

Agreed responsibilities, and actions

Th(e)*Ra(B7)*PAc(a) decay chain to *"’Bi:

Decay chain recently reevaluated in Actinide decay data CRP (to be published).

Th(p.x)*’Ra ACTION: LANL (assess)
2Th(p.x)>Ac ACTION: LANL (assess)
26Ra(p.2n)* Ac ACTION: LANL (assess)
P2 Th(p.x)* Ac ACTION: LANL (assess)
20U(a)**Th(a) decay chain: -
B1pa(d.3n)”°U ACTION: Lebeda (assess)
P1pa(p.2n)”'U ACTION: Lebeda (assess)
2Th(p.3n)* Pa(p)*U ACTION: Lebeda (assess)
2"Th(a)**Ra(e) decay chain -
2 Th(p.x)*'Th ACTION: LANL (assess)
ACTION: Luca and Bé (evaluate decay schemes of radionuclides in ~ U decay

2% decay chain

chain:

20U(a)?*Th(a)*Ra(a) " *Ra(a)* *Po(a)* *Pb(B)**Bi(B7)* *Po(a)***Pb(stable))




Table 5: Electron and X-ray emitters

Cross sections Decay data Agreed responsibilities, and actions
BBa(n.y)"*'Ba(EC)"'Cs - ACTION: Nagai (assess)
BlXe(pn)P'Cs - ACTION: Debrecen / VUB (measure and assess)
B3Cs(p.3n)*"Ba(EC)"*!Cs - ACTION: Debrecen / VUB (measure and assess)
Hf(0.2n) *W(EC)™*Ta - ACTION: Kim (measure and assess)
='Hf(p.x)'"*Ta - ACTION: Kim (measure and assess)
- %Ta ACTION: Kibedi and Kondev (Auger-clectron data)
- 1%pqd evaluate '”Pd decay scheme, priority 1 (ACTION: Chechev (evaluate decay scheme)
and Nichols (review evaluation); ACTION: Kibedi and Kondev (Auger-electron
data))

- - Capote, ACTION: establish link to neutron-induced production data, and implement
additional changes to IAEA Medical Portal
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Regaud and Lacassagne (1927)
“The ideal agent for cancer therapy would
consist of heavy elements capable of emitting Ta rg eted tumor thera py

radiations of molecular dimensions, which =
could be administered to the organism and

Auger

electrons .

Biological effect:
Linear energy transfer LET, keV/um

electrons
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\\.i (Courtesy of Thomas Tunningley, ANU).
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Eckerman & Howell Stepanek Pomplun

Endo (1992) (2000) (2012)
(2007)
Nuclear decay ENSDF DDEP ENSDF ENSDF ENSDF ICRP38
data
i Hslcc Rplcc/Bricc Rplcc, Rplcc 2000 Stepanek Hslcc,
Conve.rS|on 1978 Band 1971 Dragoun,
coefficients 1976 Band
1971 Gove & 1995 Schonfeld 1977 Bambynek 1971 Gove & 1971 Gove & 1971 Gove &
Elegtron Capture Pt .n' i s
Ratios 1970Martin 1970Martin
; i 1972 Bambynek, 1974 Scofield, 1991 Perkins, 1979 Chen, 1991 Perkins 1979 Chen,
Atomic transition RADLST 1995 Schénfeld ~ EDISTR04 1972/1975 1972/1975
rates & JanRen, McGuire, McGuire, 1970
2006 Be et al., 1983 Kassis, 1974 Storm & Israel,
EMISSION Scofield, 1974 1979 Krause
Manson & Kenedy

Atomic transition 1970 Bearden & 1977 Larkins, 1991 Perkins, Z/Z+1 (Auger), Dirack-Fock 1991 Desclaux,

- Burr, Neutral Semi-empirical Neutral atom Neutral atom (X- calculation Dirack-Fock
energies atom ray) calculation
Vacancy Deterministic = Deterministic = Deterministic

(+++)

propagation

v



RADAR Eckerman & Howell Stepanek Pomplun
Endo (1992) (2000) (2012)
(2007)
4.0 25

9smTc (6.007 h)
111]n (2.805 d)
123] (13.22 h)
125] (59.4 d)

2017} (3.04 d)

Vacancy
propagation

0.869 0.1 4.363

1.136 1.16 7.215 14.7 6.05

1.064 1.08 13.71 14.9 6.4
1.77 1.78 23.0 24.9 15.3 12.2

0.773 0.614 20.9 36.9

Deterministic Deterministic Deterministic
(++4)



Common problems / limitations

» |In some cases neutral atom binding energies are used for atoms with
vacancies; i.e. for ions

» Single initial vacancy is considered. Secondary vacancies are ignored

» Atomic radiations only from primary vacancies on the K and L shell

» Limited information on sub-shell rates

» Auger electrons below ~1 keV are often omitted




UCRL-AMID Vel 30
Diseribution Categery U0

Tables and Graphs of Atomic Subshell and
Relaxation Data Derived from the LLNL
Evaluated Atomic Data Library (EADL),

Z=1-100

S. T. Perkins, D. E. Cullen, M. H. Chen,
J. H. Hubbell (Nationa! Institute of Standards and
Technology), J. Rathkopf, J. Scofield

X-rays —

Auger electrons —

—

Assumptions and Approximations

This library contains data for subshells that are occupied when an atom is in its neutral,
ground state. Data are not included for initially ionized or excited atoms.

The library does not describe the electron that is emitted when the atom is initially
ionized. [t is assumed that this electron has been explicitly accounted for based on the
kinematics of the ionizing event, e.g., photoelectric, electron impact ionization, or internal
conversion. It is also assumed that once ionized, the relaxation is independent of how the atom
was initially ionized.

The relaxation data in the library is designed to describe the bound-bound radiative and
nonradiative transitions following an ionization event. Additionally it is assumed that
relaxation only occurs where both radiative and nonradiative transitions are possible.

It is also assumed that the binding energy of all subshells are the same for neutral ground
state atoms as for ionized atoms. This assumption has been adopted because at the current time
there is no provision to provide complete data describing the binding energy of each subshell of
an atom when any of its other subshells is singly or multiply ionized.
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» Initial state: neutral isolated atom

» Nuclear structure data: from ENSDF
» Electron capture (EC) rates: Schonfeld (1998S5c¢28)

» Internal conversion coefficients (ICC): Bricc (2008Ki07)

» Auger and X-ray transition rates: EADL (1991 Perkins)

Calculated for single vacancies!

» Auger and X-ray transition energies: RAINE (2002Ba89%)

Calculated for actual electronic configuration!

» Vacancy creation and relaxation from EC and IC: treated independently

> Ab initio treatment of the vacancy propagation:

= Transition energies and rates evaluated on the spot

= Propagation terminated once the vacancy reached the valence shell



BrlccS v2.3 (9-Dec-2011)
Z=43 (Tc, Technetium)
é)‘ bglOW L-§h§“ EE y-energy: 2.1726 keV
\ Data Sets: BrIccFO
Shell E(ce) E3
Tot 1.370E10 (20)
’_:::':::: 6.01h M1 1.63 2.26E6 (4)
~140.5108 ¢ 19 g
M2 1.73 3.37E9 (5)
M3 1.75 5.98E9 (9)
M4 1.92  1.100E9 (16)
0 2111%105 y M5 1.92  1.655E9 (24)
M-tot 1.78 1.211E10 (17)
N1 2.10 5.00E5 (7)
N2 2.13 4.92E8 (7)
1 photon per 1.37x1010 decays! N3 2.14  8.77E8 (13)
N4 2.17 9.11E7 (13)
N5 2.17  1.350E8 (19)
N-tot 2.14  1.596E9 (23)
o1 2.17 3.49E4 (5)
O-tot 2.17 3.49E4 (5)




Ko,

Ka,

KB

18.3672
4.21E-2

18.251
2.22E-2

20.677
1.30E-2

[2.134:3.002]

4.82E-3

18.421
4.05E-2

18.302
2.13E-2

20.729
1.18E-2

2.466
4.72E-3

0.263
7.83E-4

0.047
8.73E-1



CK MMX
MXY
Super CK NNN

CK NNX

Total yield Auger
electron per nuclear
decay

RADAR (2013)

Eckerman and Endo
(2007)

Howell (1991)
Pomplun (2012)

a

0.104
{""' “7.10E-1\
0.170
1 1.10E+0
~95% 0.014
below 500 eV 5.36E1 |
0.012 ]
\ 8.45E-1
0.13 3.37
0.869 Technetium-99m is used in 20
million diagnostic nuclear
4.363 medical procedures every
year (Wikipedia)
4.0
2.5
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» X-ray and Auger electron energy spectra evaluated using

Monte Carlo approach for vacancy propagation; reasonable
agreement with other models and experiments

» Problems:

Auger energies over-estimated
EADL atomic rates are calculated for single vacancies

Plans and recommendation

» Calculation of Atomic transition energies and rates for each

propagation step using GRASP2k/RATIP

» Experimental data urgently needed to verify transition rates

and energies

» Auger data for a large range of radioisotopes (beyond the

medical ones)

» Auger data from "non-nuclear’ excitations



