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But First... Decay Diagrams

http://hyperphysics.phy-astr.gsu.edu/hbase/nuclear/kar.html

40K gives the most generalized example, minus alpha decay
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Alpha Decay Diagrams
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Beta Decay Diagrams and
Energetics
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Notable Beta Decay Reactions
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Detecting Neutrinos — Super
Kamiokande, Japan
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Positron Decay Diagrams and
Required Energetics
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Qg+ = Ap—Ap-2mc*.  Q>1.022 MeV

Why 2m,c#? We emit one positron (E,., = 0.511MeV) and the
daughter nucleus must shed one orbital electron to conserve charge.
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Introduction to Positron annihilation spectroscopy
measurements: Application to Irradiated Fe and
some Y-Ti-O clusters in 14YWT

X. Hu, D. Xu, and Brian D. Wirth1#,
with significant contributions from
M. Alinger (GE), P. Asoka-Kumar?, G.R. Odette3, R.H. Howell?, P.A. Sterne?,
Y. Nagai4, and M. Hasegawa*

20 March 2014

Presented at the
U. Michigan Workshop

This work was partially supported by the the U.S. Department of Energy, Office of Fusion Energy
Sciences, Office of Basic Energy Sciences and Office of Nuclear Energy, Science and Technology.
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Positron Annihilation Spectroscopy

* Positrons are a tremendously powerful and self-seeking probe of the chemical,
electronic and & magnetic properties of vacancies/vacancy-clusters and locally
enriched regions (precipitates) of stronger positron affinity in metallic alloys.

localize in open-volume regions (vacancies, voids, other defects) due to lack of positively charged atomic nuclei

» localize in regions of higher positron affinity (elemental specific, eV)
Cr:-2.62 Mn -3.72 Fe:-3.84 Cr:-2.62 Ni:-4.46 Cu: -4.81 Zr:-3.98

Embedded particles of
stronger positron affinity

Bulk metal without defects

Vacancy defects

Delocalized positron
density Strongly localized positron density

 Positron annihilation experiments must be carefully analyzed, but strong
theoretical foundation exists; especially when combined with complementary

techniques (3DAP, SANS, TEM, PIA, mechanical properties, ...)
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Positron Annihilation Spectroscopy Methods

Methods: i/ | o

- Positron lifetime (correlates -~ - by, Sample  Sample
with electron density; vacancies
& vacancy cluster size)

.. . 0000 3
- Coincidence Doppler Broadening, 0800 £

.
CDB/OEMS* (e- momentum; 085,
composition - Vacancies influence low
momentum; chemical variations
generally observed at high momentum) T
Source
. . : N Ehe

- Magnetic, polarized CDB/OEMS DO:)/E” T Tl 2y TT I

. . . . . . sk Sample ‘Guiding ?/l ?/l 3-'Y
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. iority e- to ¢, change =

- Age Momentum Correlation, AMOC per ) | majorty ma,-ority,m?norit_y H ity
(distinguish copper vs vacancy trapping) [Leeriv minoritye __€ICLron Population

* P. Asoka-Kumar, M. Alatalo, V.J. Ghosh, A.C. Kruseman, B. Nielson, K.G. Lynn, Phys Rev Let 77 (1996) 2097.
** P Asoka-Kumar, B.D. Wirth, et al., Phil. Mag. Lett. 82 (2002) 609.
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Positron Lifetime Measurement

Lifetimes determined by measuring the

time between implantation and annihilation

Birth y—ray
1.27 MeV

1. Positron lifetime
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Coincidence Doppler Broadening

Doppler shift probes the local electron momentum

Doppler shift, AE
Is proportional to
electron momentum, p,

Electron Momentum

—— Resolution

Sample Position SEectra Resolution7  einge e
— e Coincident,
10 two - detector
0 104
= spectroscopy
: 8 ||Resp improves
- signal-to-noise
o~ o . . ratio
LLl -20 -10 0 10 20
ke Doppler Shift from
511 kev Ej 511 (keV)

Kinematic sections provide momentum spectra of orbital

electrons, whose momenta are element-specific
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Coincidence Doppler Broadening

Doppler shift probes the local electron momentum

Doppler shift, AE
Is proportional to
electron momentum, p,

coincidence Doppler broadening (CDB) = Orbital Electron Momentum Spectra (OEMS)
22 2.25
sou::.\ —— C_u
Sample 2004 —*—N
Ge o* Ge e Mn
detector A - detector B 1.754
AL AN
511 kaV 511 kaV £ 1504
5 125-
c lau =728 mrad x m; E
AE = pL m, = electron rest mass 1.004 -
2 ¢ = speed of light .
0.75- “~ .
T g
_ os04—” 7 —
valence e 0 1 7 ] ] :
core e p (au)
valence e - low momentum, open-volume character
core e - high momentum, elemental character
| |
ositrons can distinguish different elements with OEMS .
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Cluster Dynamics modeling of radiation damage in neutron
Irradiated Fe: Vacancy cluster comparisons with positrons**

Eldrup etc. applied ‘trapping model’ to get the rough information of vacancy clusters’ distribution
at different irradiation levels*

Five-component analysis is used, four of which have fixed lifetimes: 200, 300, 400, and 500 ps, equivalent to three-dimensional vacancy
clusters of sizes of about 0.35 (2V), 0.54 (7V), 0.73 (18V) and >1.0 (45V) nm in diameter, respectively.

*M. Eldrup, etc. J. Nucl. Mater. 307-311 (2002) 912-917
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© IOP Publishing. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use.
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Interested in PAS? Read More
Herel

X. Hu, D. Xu, T.S. Byun, and B.D. Wirth, “Modeling of Irradiation Hardening of Iron after Low Dose and
Low Temperature Neutron Irradiation”, Modeling and Simulation in Materials Science & Engineering 22
(2014) 0655002

M.J. Alinger, S.C. Glade, B.D. Wirth, G.R. Odette, T. Toyama, Y. Nagai, and M. Hasegawa, “Positron
annihilation characterization of nanostructured ferritic alloys”, Materials Science and Engineering A 518
(2009) 150-157.

S.C. Glade, B.D. Wirth, G.R. Odette and P. Asoka-Kumar, “Positron Annihilation Spectroscopy and
Small Angle Neutron Scattering Characterization of Nanostructural Features in High-Nickel Model
Reactor Pressure Vessel Steels”, J. Nucl. Mater 351 (2006) 197.

S.C. Glade, B.D. Wirth, G.R. Odette, P. Asoka-Kumar, P.A. Sterne, and R.H. Howell, “Positron
annihilation spectroscopy and small angle neutron scattering characterizations of the effect of Mn on the
nanostructural features formed in irradiated Fe-Cu-Mn alloys”, Philosophical Magazine 85 (2005) 629.

P. Asoka-Kumar, R. Howell, T.G. Nieh, P.A. Sterne, B.D. Wirth, R.H. Dauskardt, K.M. Flores, D. Suh,
G.R. Odette, “Opportunities for materials characterization using high-energy positron beams”, Applied
Surface Science 194 (2002) 160.
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Electron Capture — Competes
with Positron Decay

103 0 103m 0 —
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Electron Capture — Competes
with Positron Decay
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Positron or Electron Capture?

Fe-51
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Mn-51

Higher Q-value is more likely to proceed via positron decay
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Gamma Decay (Isomeric
Transition, or IT)
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Internal Conversion (IC) Competes
with Isomeric Transition (IT)

137
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IT-Like Decay Possibilities

Auger electron

o Internal
_ emission conversion
KE = Ef - Ei - EAuger E,- = Ey —E,
Normal gamma Subsequent

ray emission X-ray emission
EY — Q (Ka, KB, La ...)

© University of Guelph. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use.
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Auger Electron Emission

http://www.lpdlabservices.co.uk/analytical _techniques/surface_analysis/aes.php

Primary electron beam Auger Process }{-Ray process

diameter (d)

Auger Electron

e FEI"I'T"Ii LEVE'

Auger
electrons
Backscattered
electrons
X-rays X-Ray
Core level
ionisation CORE HOLE CORE HOLE
Primary
lect
electrons Image by MIT OpenCourseWare.

© Source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use.
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Auger Electron Spectroscopy

https://www.knmf.kit.edu/AES.php
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© Tobias Weingartner, Karlsruhe Institute of Technology. All rights reserved. This content is excluded
from our Creative Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use.
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Auger Depth Profiling

https://www.knmf.kit.edu/AES.php
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© Source unknown. All rights reserved. This content is © Tobias Weingartner, Karlsruhe Institute of Technology. All rights
excluded from our Creative Commons license. For more reserved. This content is excluded from our Creative Commons license.
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Radioactive Decay Summary

Table 3.1 Formulas for Energy Release, Q, in Terms of Mass
Differences, Ap and Ap, of Parent and Daughter Atoms

Type of decay Formula Reference
o O = Ap—-Ap-AHe Eq. (3.13)
B Qp- = Ap-Ap Eq. (3.25)
¥ QT = Ap-Ap Eq. (3.30)
EC Qrc = Ap-Ap-Ep Eq. (3.35)
B Qg+ = Ap—Ap-2mc? Eq. (3.41)
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Photon Emission Lines of Hydrogen

The visible hydrogen emission spectrum fhes in the Balmer series. H-alpha is the red line at the right. The two leftmost &
lines are considered to be ultraviclet as they have wavelengths less than 400 pm.

Transitionofn 3—2 42 b—+2 | 6—+2 72 B—2 9—2 0 —+2
MName H-a H-B Hey | H-& H-e H-C H-n
Wavelength (nm) ¥/ 656.3 4861 |434.1 410.2  397.0 388.9 383.5 364.6
Color Red Blue-green Violet Violet (Ultraviolet) (Ultraviolet)|(Ultraviolet) (Ultraviolet)

© Wikimedia Foundation. License CC BY-SA. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use.
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Half Life vs. Decay Constant

Activity
Activity

1 L

tqg/z T 4 6 8 10 0 2 4 6 8 10

o
!

Mo b

Time (h) Time (h)

Figure 5.15. The activity of a radioactive
sample with a half-life of two hours. At any
time on the exponential curve, the activity is
one-half of the activity two hours earlier.

Figure 5.16. Semilog plot of the decay of
the sample’s activity. The decay curve is a
straight line with a slope of —A, from which
the half-life T} ;o = In2/A can be calculated.

Source: Yip, Sidney. Nuclear Radiation Interactions, 2014. © World Scientific
Publishing Co. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use.
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The Radon Decay Chain

http://www.omfi.hu/cejoem/Volumel3/Vol13Nol/CEQ7_1-01.html
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Courtesy of National Academies Press. Used with permission.
Source: National Research Council. Health Effects of Exposure to Radon:
BEIR VI. The National Academies Press, 1999. doi:10.17226/5499.
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The Primordial Nuclides

Table 5.2. The 17 isclated primaordial radionuclides. Data taken from GL-NIE (1996

Radionuclide T1alf-life % El 1 Radionuelide Ialf-lile v FL _j
& the Decay Modes  (years)  Abund. | & the Decay Modes (years) Abund. |
BK ITEC 3T 12T x 10" o017 ' v 3~ EC 1.4 x 10V 0.250 |
SRb 3 488 x 10 2784 [ TMCd 3T g x 10%® 12,22
Yein 37 4.4 % 10 9371 | '3Te EC > 1.3 % 10'% 0.008 (
Bla EC 3 1.05 x 109 0.080 '¥Nd « 2,38 x 10*° 2380 ‘
BiSm a 1.06 x 10 150 MSm o 7 x 10%° 11.3 |
B2Gd a 1.1 x 10 0.20 Toru 3- 3.78 x 10" 234 |
e o 20%x 10 0162 | %9ra EC 37 >12x 0% 0012 |
8Re 3 4.3 % 10" 6260 | BE0s o 2 % 10°% 1.5% (
WPt a 6.5 x 1007 0.01

© CRC Press. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use.
Source: Shultis, J. K., and R. E. Faw. Fundamentals of Nuclear Science and
Engineering, 2nd Edition. CRC Press, 2007.

22.01 — Intro to lonizing Radiation Radioactive Decay, Slide 30




Series Decay Chains

__10°
S S
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o 10_2 1 1 I 1 &
0 1 2 3 - 5 6
Number of parent half-lives Number of parent half-lives

F?gure 5.18. Activity of the first daughter Figure 5.19. Activity of the first daughter
with a half-life less than that of the parent, i.e., with a half-life greater than that of the par-
the daughter’s decay constant Ao = €ed1,€ > 1. ent, ie., the daughter’s decay constant ‘}\2 =
The six displayed daughter transients are for €A1,e < 1. The six displayed daughter tran-
€= %.2, 1.5. 2, 3, 5, and 10. The heavy-dashed sients are for ¢ — 0.9, 0.7, 0.5, 0.3, 0.2, and 0.1.
line is the parent’s activity. The heavy-dashed line is the parént’s- activity.

Source: Yip, Sidney. Nuclear Radiation Interactions, 2014. © World Scientific
Publishing Co. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use.
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