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Important web-sites

DDEP - Decay Data Evaluation Project
http://www.nucleide.org
Also, new website at LNHB..... http://www.Inhb.fr

Examples of gamma-ray spectra (HPGe/Ge(Li) and Nal)
http://www4vip.inl.gov/gammaray/catalogs/catalogs.shtml

Useful tools: http://www.Nucleonica.org

Websites of several NMIs (National Metrology Institutes like
NPL (UK), NIST (USA) LNHB (France).
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The simplified Basic Equation for gamma-ray
spectrometry
C=APte

Peak Count
/

C Gamma-ray emission probability

Ltk

/ ‘\/ FEP (Full Energy Peak) efficiency

Measurement time
(live time)
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The (almost) complete basic equation for gamma-ray spectrometry

A CTOT _CPeak CContinuum e/ltd ﬂ‘tl’ K1K2 K3

ereb o
/ K, = summing correction

Measured K, = Branching correction
(Exp) Correction factor from K, = Equilibrium correction
Reference calculation or Monte _ :
t, = decay time (to a reference date)
sample (Ref) Carlo code (MC) _ .
t . = measurement live time

t. = measurement real time
Combine activities from several gamma-rays from one radionuclide

Combine activities from several daughters into one activity
for the mother (like for ?2°Ra and the %??Rn-daughters)

‘ Angular correlations \
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The basic equation for gamma-ray spectrometry

[
A— Cror _Cpeak CContlnuum| eﬂtd AL :K K-,K
Exp €Sample P mt T
¢REF IIZ\Q/IECI:: K, = summing correction

K, = Branching correction

/ K, = Equilibrium correction

This lecture: t, = decay time (to a reference date)
t . = measurement live time
t. = measurement real time

Is it included in "your™
software? I cannot say but you K, = angular correlations
should check!
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Basic Equation — Time corrections

Decay during measurement

At
(1—e *r )

At
Decay from reference date @~ @
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If deadtime=0 then t.=t

t,= activation t= =
time decay time measurement time
(real time)
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Serial Decay

Bateman's equations
Serial decay

A — B — C(stable)

dN,
dt

=—A,N, +A,N, e

N, being number of atoms
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-
The radioactive decay ( \
0 Discovered by Henri Becquerel (1896) N = e\

) Decay law formulated by Ernest Rutherford in 1905 .

] The general analytical solution to Rutherford's law was = &
derived by Harry Bateman in 1910 (while at Cambridge)

1 Mathematician

2 Manchester - Cambridge - Gottingen - PARIS - (1882-1946)
Liverpool — Manchester — USA (CalTech.)

4 -’.* -
_—5
=

] But don't forget the Swedes

Hurrgvist B., 1956, Studies on Naturally Occurring
Ionizing Radiations (Stockholm: Almqvist & Wik-
sells Boktrycker1 AB).

10 CEA Paris. June 13, 2018
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Harry Bateman

Useful site:

Nucleonica

https://www.nucleonica.com/
wiki/index.php?title=Help%3
ADecay_Engine%2B%2B
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Mr Batowan, Solution of u systera of differentiul equations, ete. 423

Die solution of a systens of differential equotions cecursing
s the theory (o:/ radio-active trangforuuations, By H. BATEMAN,
M.A., Trioity College.

[Head 21 Tebiuary 1910,

1. It has beeu shown by Prof, Rutherford ® that the amounts
of tho priwary subytance and the different products in a given
uantity of radio-aclive matter vavy according to she systomw of
giﬁ'emnt.inl equations,
dP
Ta— -— X.P W

2 P2
%'NQ-NR RO S
ﬁ-hﬂ-ur

..................

where P, Q, R, S, 7, ... donota tho number of atoms of the primavy
substance and successive products which are present a4 time t.

Prof. Rutherford has worked cut the various enses in which
there are only two preducts in addition to the primury substance,
sud it looks at first sight as if the resulw may be extended to any
sumber of products without much labour. :

Unfortunately the straightforward wethod is unsymmetrical
and laborions, and as the results of the calculations are needed in
some of the researches which sre being carried on in radio-activity
tha author has thought it worth while to publish & simpls and
symmetrical method of obtainiog the required formulso.

2. Lot us introduce & set of auxiliary qusntitios p(x), ¢ (2),
C) N dorendin on & variable x and convected with the
qusatities P (1), Q(tg. R(%), ... by the equations,

It is onaily seen that
j.c'“dpdt--P(O)i—-:!‘c"’P(c)fu A3)
E e T Pwde....... 7
B Po*‘?:
* Radig-getivity, Jed odition, p. 881,

European
Commission



Chain of "D” decays
A—>A >A S>A —........ A, , — D(stable)

dN | o

Recursive problem: W = —/1 N . +/1, 1N(J _1)0€

General solution: "Bateman’s equations”

D
ddNtD - NOZD:Cie_ﬂLit C, = oA
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Excel sheet to be distributed

A B C D E F G H I J L M N 0 P a R
1 |Input section
2 Isotope Ra-276 Rn-272 Po-213 Pb214 Bi-214 Po-214 Pb-210
3 Tz table 3.07 m 0.00016s
4
= ] EJ :I;::D
6 Decay starting at Ra-22| . 2
T alphs
3 Fo21E,
g alphs
10 P2t |
1 120 My chosen beta
A BS -0.012381525 _ -0.012381527 2 10585E-08 time * E_:_‘a*'
:‘Ii 100 *¢¢¢¢f¢*¢¢¢;;;iiiiiu T
L
15 | qum™
16 Start Activity iBg 100 0 0 0 0 0 0 a0 e T
17 > [ ]
18 Time /s Time /days Ra-226, alpha Rn-222 alpha Po-218, alpha Pb214, beta Bi-214, beta Po-214, alpha Pb-210, beta ‘E n |
19 864000 10 99.98881311 8370777477  BI.69B67765  S83.61887427  83.55040212  83.55840211 0.045584737) | 560 » |
20 &
2 |
200 0 100 0 0 0 0 0 0 40
23 | 86400 1 99.99988131  1.65942E+01 165476E+01  1.61390E+01 158345E+01  15.33454605 0.00066097 |
24 172800 2 9999976262 3.04347E+01 3.03958E+01  3.00550E+01  2.98011E+01 2980108739  0.002625457 |
25 259200 3 9995964393 4.19784E+01 4.19460E+01  4.16618E+01 4.14500E+01  41.44997548  (.005679405 20
26 | 345600 4 9998952524  5.16086E+01 5.15T9SE+01 5.13425E+D1 S.11658E+01  51.16580587  (.009641879 |
27 432000 5 9995940655  5.96370E+11 S.95144E+01  5.9416TE+D1 S.82604E+01  59.26935388  0.014362001 [
28 518400 5 9995828787  G5334BE+01  BE3160E+01  6B1511E+01  BE0282E+01  S6.02816454  (0.019713823 0 e
29 | 604300 7 9995916918 7.19211E+01 7.19054E+01  TATETOE+D1 7.16654E+01 7166538613  (.025597632 5 10 15 20 25 30
30 691200 8 9995905040  7.65804E+01 7B5673E+01 T.64526E+01 TE36TIE+01 7636713703 0.03181073
31 777600 9 99.9939318  B.04865E+01 8.04556E+01  8.03600E+01 8.02887E+01 8023365104  (.038595049
32 |864000 10 9999881311 B.3707BE+D1 8.36987E+01  8.35189E+01 8.35594E+01  83.55940211 0.045584737 Day
33 950400 11 9995869442 B.E4111E+D1 8.64035E+01  B.633TDE+D1 8.528T4E+01  B6.28737904  (.052828998
34 1035800 12 9998857574  B.86658E+01 8.86595E+01  8.86040E+01 8.85627E+01  8B.56265077  (.050285464 |
4 4 » M| Ra-226 Day - Ra-226 Year Rn-222 (2) Rn-222 Po-218 (2) Po-218 %2 []4] il
* Kk
P European
* * . .
Commission
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Ti/> 2??2Rn: 3.8 days

Decay starting at Ra-226

100 4’—’—’—‘—’—‘—’—’—‘—’—’—H—‘—’—:—;—;—;—:—3—‘—‘—Q—ﬁ—R—R—Q—H
90 — ——
L
80 — o
70 ., Ra-226, alpha|
> 60 Rn-222, alpha|
> 50 - Po-218, alpha|
g 40 P_b214’ beta
30 Bi-214, beta | |
Po-214, alpha | _
20 .
0O = i i i i —
0 10 15 20 25 30
1/2 2T1/2 3T1/2 Day

14 CEA, Paris, June 13, 2018
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Starting with radon-22

Half-life 3.8 days

15 CEA, Paris, June 13, 2018

Decay starting at Rn-222

2
100 00t thitttidddddddddd i id 222 22T T YN YT YN
90 = - x X X X — .
80 ———
70 = —~
> x
*§ 60 L ¢ Rn-222, alpha
phar 50 X = P0-218, alpha
2 40 - Pb214, beta
x x P0-214, alpha
20 . * e Pb-210, beta
10 %
Q #edsesscssgsccscsscsqossssssssgossosssssoy
0 50 100 150 200
Minutes
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ActiV|ty [a.u.

100

0.01

0.0001

1E-06

1E-08

1E-10

Decay starting at Po-218

/ \ —— Po0-218, alpha

/ \ —— Pb214, beta
Bi-214, beta

|l \ —— Po-214, alpha
—— PDb-210, beta

O 50 100 150 200

Time / Minutes




Exercise:
Implement the following decay series in the
excel file:

3.6d
232Th 14100 v228R 5 58V | 228ACELD 228Th 12V 224R3

European
Commission
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Serial decay
Number of at N — N AO% (e_/lAt e_/lst)
umper or atoms B — \/ —_—

Pay attention!!

/
Activity A; = AO@ e Mt — e‘”“Bt)

More complex if Nyg or Ayg are not negligible,

but in principle add the term N ,e "' or Ajze™'

18 CEA, Paris, June 13, 2018
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Equilibrium

3 cases
- Secular equilibrium
- Transient equilibrium
- No equilibrium

European
Commission
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Secular equilibrium

- Mother half-life >> daughter

(at least a factor 1000 bigger = 1 permille effect on apparent half-life)

- The apparent half-life of the daughter = the half-life of the mother
- Total activity is doubled

=> Use correct half-life when calculating activity!!!

European
Commission
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Transient equilibrium

e Mother half-life > daughter half-life (ratio between 1 and
1000 or so)

e The apparent half-life of the daughter = the half-life of the
mother

e Total activity is NOT EXACTLY doubled. Equilibrium factor:

“: _ _ Ty
Ag — A, T1,(A)—T,(B)

European
Commission
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Exercise: Equilibrium factor

Derive the expression of the equilibrium factor. Start by taking the
ratio of the activity of the daughter divided by the activity of the

parent.

European
Commission
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Common case of ~secular equilibrium

9OSr 28.8 years 90Y 2.7 days 9OZr (StabIE)
Factor 3900

= Equilibrium factor: 1.00026

FYI: "Full" chain:

K 33 s 90Rb2.7 min 90G 28.8 years 90y 2.7 davi9ozr

European
Commission
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1200 B
s \Other
1000 -
. l = Daughter
> 800 -
]
>
= 600 —
> / |
o
Q 4
< 00
Ag T, (A)
200 / =
/13 — A A T1,(A)—T1,(B)
0 |
0 10 20 30 40 50 60
hours
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No equilibrium

e Mother half-life < daughter half-life

European
Commission
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7beffect“ive = kradioactive + kbiologica/

Activity

100
90
80
70
60
50
40
30
20
10

0

10

20
Days

= Radionuclide
- Biologic elimination
—Effective

30

Half-lives
EXAMPLE

Radionuclide: 8 days
Organs: 6 days
Effective 3.4 days

A
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2381 decay chain

o
4.20 MeV

O Suitable for gamma

o KR
* .O
spec . 4.69 MeV gk SN
226
0Ra >
16004,
0..
4.78 MeV
222
Rl"l e 222R
————————————————————————————————— n
3.82d 3.82d
(00
5.49 MeV
210 218
Po Po
138 d 3.05m
(02 (02
5.3 MeV 6.0 MeV
206
Ao 1.2 Me 1.5 Me

¥
242,295,352 keV
0.02 MeV 0.7 MeV

¥
609,1120,1764 keV

H European
Commission
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Ra-226 activity from daughters

Assuming

« No possibility to use 186 keV line due to interference from U-235

« Equilibrium between Ra-226 and Rn-222+daughters

« All radionuclides homogeneously distributed in the sample (how to know
this?)

« Air-filters (pelletized or not) need to be placed in radon-tight container
for ~2 weeks)

Then...
« All gamma-rays from Pb-214 and Bi-214 should give the same activity.
295, 352, 609, 1120, 1764
=> calculate a weighted mean (if all agree)
» Use possible discrepancies to discover problems with efficiency
calibration or re-distribution of radionuclides (radon) in the sample.

European
Commission
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U-235 after obtaining Ra-226 activity

Assuming
« No possibility to use 144 keV, 163 keV or 205 keV (or any other line)

Then...

« Knowing he Ra-226 activity, Calculate the number of counts that Ra-
226 will generate in the 186 keV peak

« Subtract these counts from the total counts in the 186 keV peak in the
spectrum

« Quantify U-235 using the remaining counts in the 186 keV peak.

European
Commission
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Secular or transient?

Ti/2 2??2Rn: 3.8 days

Decay starting at Ra-226

100 «»—o—o—o—o—o—o—o—o—o—o—H—o—o—o—;—o—o—o—‘—‘—‘—'—'—g—g—.—g—H
[
90 —
L2 —
;38 <1 Ra-226, alpha|
> 60 Rn-222, alpha|
= g0 - Po-218, alpha|
g 20 - Pb214, beta
30 Bi-214, beta
20 Po-214, alpha | _
10 . Pb-210, beta
0O = i i i i —
0] T 5T 10 2T 15 20 25 30
1/2 1/2 1/2 Day

30 CEA. Paris. June 13, 2018
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What about Pb-2107? In equilibrium with Ra-2267?
Decay starting at Ra-226

100 m

90 — |

80 e

70 I + Ra-226, alpha
= 60 ;*#f = Rn-222, alpha
= 50 ff Po-218, alpha
I 40 A~ Pb214, beta

30 +—= « Bi-214, beta

20 -+ e P0-214, alpha

10 77 + Pb-210, beta

0O = T T T T
@) 50 100 150 200 250

European
Commission
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Decay starting at Ra-226

1

6‘00/(1600-2‘2) =

100 1.014

o8 \\

o6 -H ¢ Ra-226, alpha

94 H * Rn-222, alpha ]
> 92 -+ Po-218, alpha v
> gp || - Pb214 beta f“f ==
s x Bi-214, beta &
< 88 e P0-214, alpha J::‘-F

86 | . pb-210, beta +++*+

84 =

82 -~

80 = | . |

0) 50 100 150 200 250
Year

32 CEA. Paris. June 13

2018
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Quantification of Ra-226 using the Rn-222
daughters

Applied Radiation and Isotopes B=—
WVolume 70, Issue 9, September 2012, Pages 2119-2123 ==

ELSEVIER

Correction for radon distribution in solid/liquid and air

phases in gamma-ray spectrometry
P Carconi, F. Cardellini, M L. Cozzella, P. De Felice 2 & A_Fazio

Show more

https://doi.org/10_1016/].apradiso.2012.02_080 Get rights and content

European
Commission
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Effect of radon re-distribution on efficiency

Completely
70% filled filled sample
sample container
container
20% correction /% correction

European
Commission
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Radon measurement using gamma-spec.

General rule: Fill the container completely (especially important when
measuring e.g. radon in water (submerse container completely in

"basin")
Test the sample container for leakage. How?
Use of adsorbants?

Most of all: Be aware of the problem of radon and thoron re-
distribution

European
Commission
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The simplified Basic Equation for gamma-ray
spectrometry

C

A=
teP,

Still highly useful for: 49K and other long-lived radionuclides
without cascading gamma-rays

and for: 137Cs unless the reference date is years from the
measurement date

European
Commission
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The simplified Basic Equation for gamma-ray
spectrometry — with summing-correction

= — K,
tEPy

highly useful for : 134Cs, 1°2Eu, 9Co, ... etc. unless the reference
date is years from the measurement date

European
Commission
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BranChlng 9 >2.0-10%yr
T2+ '
. 8.1h
A=dpethy o
ECTAp- e
o ¥ 640.9 keV
332.3 keV
94.1%
- 308.6 keV
215.3 keV
81.3%
2 93.3 keV
93.3 keV
17.1%
o |
15oTTT 0 keV

38 CEA, Paris, June 13, 2018

77 keV
" 40 keV

(6*

350.9 keV
100%

234.0 keV
100%

u-l-

103.5 keV
22.2%

180\

668.4 keV

337.5 keV

103.5 keV

0 keV
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Branching
One example: TI-208, in equilibrium with 228Th
http://www4vip.inl.gov/gammaray/catalogs/ge/pdf/th228.pdf

To calculate activity of 228Th using the 2614 keV and 583 keV lines from
208T], it is necessary to correct for the 36% branching ratio.

European
Commission
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http://www4vip.inl.gov/gammaray/catalogs/ge/pdf/th228.pdf
http://www4vip.inl.gov/gammaray/catalogs/ge/pdf/th228.pdf

Fdyge =ouUa=

228Th(1.9 yr.) Decay Scheme
1.9 yr.

+

222Th Decay Chain
228Th |

From Idaho national
laboratories' (INL) online

—
*{—'_J'é\ :] Table of Contents

228Th gamma spectra catalog
90 224Ra http://www4vip.inl.gov/gammaray
Q=5520.12 /catalogs/index.shtml
o decay
“Rn (55 sec.)
(4)+ 250.781110.235%
?°pg (0.145 sec.)
1- 215.99.10.435%
212
’ Pb (10 hr)
P~ decay
© -
2 N 2B (60 min.)
YR 2 IR 28.2% 7 -
‘ [35.94% adecay]  [64.06% B~ decay]
7 "
v g 25T (3.0 min.) ?po (0.299 psec.)
N o) LY 7
+ . 71.1% (B deciyl Ia‘decaﬂ
%gg aa
y 2§gRa “Pb (stable) European
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http://www4vip.inl.gov/gammaray/catalogs/index.shtml
http://www4vip.inl.gov/gammaray/catalogs/index.shtml
http://www4vip.inl.gov/gammaray/catalogs/index.shtml

107 222Th(1.9 yr.)
2381240 in equilibrium with
212Pb daughters
11-10-71
H 583 55 cm® coaxial Ge(Li)
108 & 0.357 g/icm? Poly
L = = 20871 17 cm
y ol —— = g3 510 =% 902282
I 27| 727
105 - M ‘-Ezggzﬁ |é|: | o [ 21zBil 860
= PR = 5 S B 20Tl
g lg o™~ - = B = I
= i P XA e — o S
o 10¢ e g o it Lol & _ 58 )
s 3 N @I CE = &
g = 5 T e 5
m N. _g — -
2 i
% . P P— ———
3
O E=ob 2087 From idaho national
€ o . .
3 & - . T laboratories' (INL) online
O 102 " o % 8!
- © % i gamma spectra catalog
¥ = — — . 1 http://www4vip.inl.gov/gammaray
100 I _ N ! /catalogs/index.shtml
- "
100 !
101 I
] 200 400 600 800 1000 1200 200z +
2000 2200 2400 2600 2800 3000 3200 4062 P European
Commission
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Mo0-99 and Tc-99m

e Mother
1000 i
c:é 800 >\—Dwghter | Ratio WITHOUT
E‘ 600 / e BRANCHING = 1.1
g 400 /
200 // Daughter/Mother Activity /
° 0 10 20 30 40 - Li J— =
hours S 08 _—
B o //
] T 4 /
Ratio WITH “03 7
BRANCHING = 0.963 o 1 » ® o % o
. hours
(see next slide)
European
Commission
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®Mo(65 hr.) Decay Scheme

1171.98

114187

1129 12

1004.07

920 59

380

i62 24

4158 =

76171

671 .49

411

23441

+162=

509 11

[==)

N »

i 142 68

S V2500 p,
~ 14051
(==

q
2.1x107 yr.

43 CEA, Paris, June 13, 2018

ly (140 keV) = 89,6%
In equilibrium

9mTc*(6.0 hr.)

6.0 hr.

43
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99MO

Simplified decay scheme!!

-~ B (65.9 h)

99m-|-c

Y (6.01 h)

B (2.11x 10° yr)

European
Commission
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100

Activity
N
o

tio

Exr
~

Activi

50

Mo-99 vs Tc-99m

100 150 200
Hour

250

300

350

Mo0-99 and Tc-99m

Ratio with branching = 0.963

_
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Extract from DDEP page on Mo-99

1 Decay Scheme

Mo-99 disintegrates to the Te-99 excited levels by beta minus emissions.
The 142 keV excited level (Tec-99m) has a half-life of 6,0067 h. At the equilibrium (t>60 h), the Te-99m
activity in relation to those of Mn-99 is:

Le molybdéne 99 se désintégre par émission béta moins vers les niveaur excités de technétium 99,

Une proportion p = 87,6 (19)% de désintégrations conduit au niveau excité de 142 keV (Te-99m) de 6,0067
heures de période. Ce niveau ercité est alimenté directement par émission béta moins (82,1 (15)) % et aussi
par des transitions gamma.

A Uéquilibre (t>60 heures) Uactivité de Te-99m par rapport a celle de Mo-99 s’écrit :

A(Tc-99m) / A(Mo-99) :@x Ty /2(Mo-99) / [ Tys2(Mo-99) - T, j5(Tc-99m)| = 0,963(21)
T j2(Mo-99) / [T} /2(Mo-99) - T jo(Tec-99m)] = 1,1005 (8)

with p = 0,876(19)

For this evaluation Mo-99 and Te-99m are considered in equilibrium

Pour cette évaluation Mo-99 et Te-99m sont considérés a Uéquilibre.

European
Commission
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Mo0-99 vs Tc-99m with milking every 24 h

100
90
80
70
60
50
40
30
20
10

Activity

0 50 100 150
Ty, °°Mo = 66 hours Hour

Ty, 9°™Tc = 6 hours

\
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Beta plus decay

Positron emission

48  CEA. Paris. June 13, 2018



Beta plus decay

Isobaric transition in which a proton is transformed into a neutron

and a positron (+neutrino) is emitted from the nucleus

OX = Y +et +v tenergy

in proton rich nuclei

49 CEA. Paris. June 13, 2018
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Energy diagram

higher energy

lower energy

iIsomeric transition

ground (stable)

<

4

50 CEA. Paris. June 13, 2018

éX parent
|
|
I 2m.ce= 1022 keV
Lo
A p
Z-1 / excited
state
A /4
z-1Y
daughter
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Fate of positrons

Positrons (anti-electrons) have a short lifetime in matter. They

readily annihilate with electrons.
The annihilation radiation are two photons of 511keV (=m._) emitted
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Beta-plus

http://www4vip.inl.gov/
ammaray/catalogs/ge/p

f/na22.pdf 3 26 yr. D
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The 511 keV peak will appear in the spectrum and
will also create coincidence summing!!

It is generally produced in the sample.
Extremely thin samples can be difficult to quantify

The 511 keV is not usually used for quantification.
But, if the sample is very "radiopure" it is possible.
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Q-values only "slightly" above 1022 keV will have
very low probability for beta plus decay.

- Sr-85 (1065 keV)

European
Commission

56 CEA. Paris. June 13, 2018



Stay in touch
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EU Science Hub: ec.europa.eu/jrc

Twitter: @EU_ScienceHub

Facebook: EU Science Hub - Joint Research Centre

LinkedIn: Joint Research Centre

You YouTube: EU Science Hub
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