Nuclear Metrology & Applications

Paddy Regan
School of Mathematics, Physics & Space,
University of Surrey
Guildford, UK
&
Nuclear Metrology Group,
National Physical Laboratory, UK

Twitter / X @paddy_regan


mailto:p.regan@surrey.ac.uk
mailto:Paddy.regan@surrey.ac.uk

2 X 1 hour lectures on Nuclear Metrology
at the National Physical Laboratory (NPL)

« Lecture 1
— What is nuclear metrology ?
— History, definition of activity, units, Ci, Bq etc.
— Nuclear Data ; the longest half-lives.
— Naturally Occurring Radioactive Materials.

« Lecture 2:
— Nuclear Metrology, definitions and primary methods.
— Example 223Ra standardisation for medical application.
— Gaseous radionuclide metrology example, CTBTO test;




Lecture 1



What is nuclear metrology?

* The measurement of nuclear properties.

— The collection, evaluation and application of (primary

and secondary) nuclear data, including
« Fundamental decay properties (e.g. T;,,, Q-value...)

* Nuclear decay / structure signatures for decay
e.g. characteristic gamma-ray energies, internal

conversion coefficients o, oy, o etc. ; Py(%) etc;

 Reaction properties: e.g. neutron capture /

scattering cross-sections, (n,fission) probabilities....



Lots of applications of nuclear science measurement

Nuclear power & waste management (1347Cs ; 20Sr; 239.240py, 241Am _...))
Medical therapies & diagnostics (°°"Tc, 18F, 825y, 177y 149.152.155161Th  223Rq, )
Naturally Occurring (222Rn; 226.228Rq, 40K) radioactivity measurements.
Man-made (nuclear weapons tests) radioactivity evaluations (*°Sr, 137Cs, Pu..)
Chronology / long-term dating (14C ; 238U/206Pb ; 40K/40Ar)
Elemental / isotopic ratio analysis (in-beam techs PIGE ; PNAA..)

— Cultural heritage - are your paintings, coins, wine etc. fake?
Nuclear forensics (e.g.,CTBTO weapons test), criticality monitoring

— Noble gas radioactivity signatures & isotopic ratios e.g. 133.135Xe and 87.88Kp

All these rely on accurate Nuclear Metrology and high-quality and traceable

references standards & relate the absolute activity o the number of atoms

A=AN=z=-(dN/dt)




Today's lecture:

* Measurements of Radioactivity in the
Environment:

— NORMS (23°8U ; 232Th ; 40K....)

Tomorrow's lecture:

 Radionuclide Metrology:
— Primary and secondary standards.
— Xe/Kr radioactive gas metrology




NUCLEAR METROLOGY?

It is important to keep accurate,
traceable records of previous (nuclear

data) measurements and reference

standards for potential future

applications and comparisons....



Some 'old data' and previous standards...

Nuclear Physics Summer School, U. York - who's who 1989.

Includes: Gavin Smith (Manchester); Martin Freer (B'ham); Sean Freeman
(Manchester / CERN); David Ireland (Glasgow) ;: PHR (Surrey / NPL); Gerda
Neyens (Leuven); John Roberts (IAEA); Alison Bruce (Brighton); Mike Bentley
(York); Peter Butler (Liverpool):




PHR, Martin Freer (B'ham), Jim Al-Khalili (Surrey), Alison Bruce (B'ton),
David Ireland (Glasgow), Robert Page (Liverpool), Sean Freeman, David Joss (Liv),




Inc. Helen Boston (Liverpool), Kate Jones (Tennessee), Iain Moore
(Jyvaskyla), David Joss (Liverpool), Dan Watts (York) + Rodi Herzberg
(Liverpool), PHR, Sean, Freeman & David Ireland (Glasgow).




Radioactivity in the Environment

(TE)NORM.
- Primordial (long-lived) & cosmogenic sources.
- Decay chains (U, Th & Ac); odd-odd primordials
- How do you measure it ? How much is there?
- NORM activity concentrations using HPGe

Anthropogenic radioactivity:
- Which fission fragments do you expect, when?
- Fission reactor vs nuclear weapons tests.
- Fukushima, criticality signatures, CTBTO ?




ASIDE: Evidence based research, using the best
the available literature.
Famous example : Archbishop Ussher,
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Others also tried
similar methods to
age the Earth inc.
Isaac Newton &
Johannes Kepler.

Moral of the Story:

The physical
interpretation of the
results is limited by
the accuracy of

the input data
(ideally measured) .

4004 BC 4 Creation Gen. 1:1-31
3874 BC W  S=th born when Adam was 12340 Gen. 53
A62 BC W Enos bom when Sethowas 105 Gen. 56
3evaBC W Cainan borm when Enos was 90 Gen. 5:8
Iaps W kahalalesl bom when Camnan was 70 Gen. 5112
23544 BC = Jared born when bMahalalael was 65 Gen. 5:15
3382 BC W Enocch born wihen Jered was 162 Gen. 51168
AanrFeC WA Methuselsh bom when Encch wae BS Gen. 511
A0 BC @ Lamech born when Bathuselsh was 187 Hean. 595
20485 BC W  BMeoah born when Lameach wes 182 Gem. 5:28
2446 BC W Sham born when Moah was 502 Gen. 11:140
2348 B0 @ FAoodwhan Mosh was 800 Gan. &
2346 BC M Arphaxad bom when Sham waa 100 Gian, 11:10
2311 BC 4 Salsh bomn wiven Arphad waes 35 Gian. 11:12
2081 BC 4  Eber born when Salah was 30 Gen. 11:14
2246 BC 4 Peleg born wihen Eber was 34 Gien. 11:16
2217 BC W Reubom when Pelag was 30 Gien. 11:18
2185 BC 4  Eerug bom when Reu was 32 Gem. 11:20
2155 BC 4 hahor bom when Sanug was 30 Gem. 11:22
MM EBC W Tersh bom when Makhor was 28 Gien. 11:24
1996 BC 4  Abraham bomowhan Tarah was 130 Gem. 11:32: 1214
1921 BC 4 Abreham enters Cenaan at 75 Gien. 1204

H22 yra,
HEY yra.

B wre.

1,056 yre.

1,558 yre.
1,656 yre.
1,658 yre.
1,683 yre,

1723 yra.
I, 758 yra.

I, 787 yra.
1, B15 yra.
1,848 yra.

1,878 yra.

2,008 yra.
2,083 yrs,




How old is the Earth ? A Chronology of Chronologies...

Comte de Buffon (1779) - Believes earth is slowly cooling, from the
rate compared to a small globe, estimated ~75,000 years.

James Hutton (1795) - "The Theory of the Earth (1795) Geological
evolution of the earth's crust, rock strata formed in layers?

Lord Kelvin aka William Thompson (1862) - Earth had formed between
20 and 40 million years, estimated from time to cool and heat assuming

heat generated by gravitational contraction and scientific estimates of
earth's heat conduction (2" law of thermodynamics).

Rutherford and Soddy (1903) - Explanation of radioactivity of
Uranium (U); earth's internal heat could come from radioactivity. Half-

lives for decays could be billions of years.

Rutherford suggests use of helium (o particles) in rocks to age them.

Boltwood (1907) - ratios of U to Lead to get age of rocks > 10° years.

L. Badash, 'The Age of the Earth Debate’ Scientific American, August 1989 p 90ff
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1. A Radio-active Substance emitted from Thorium C{;m_pﬂumﬁ.
By E. Rurerrrorp, M.A., B.Se., Macdonald Professor of
Phlysies, MeGill University, Montreal *,

IT has been shown by Schmidtt that thorium eompounds
give out a type of radiation similar in its photographic
and electrical actions to uraniom and Rontgen radiation.
In addition to this ordinary radiation, I have found that
thorium compounds continuously emit radio-active particles
of some kind, which retain their radio-active powers for
several minutes. This *“ emanation,” as it will be termed for
shortness, has the power of ionizing the gas in its neigh-
bourhood and of passing through thin layers of metals, and,
with great ease, t{wﬂ‘ug considerable thic{nesses of paper.
In order to make clear the evidence of the existence of a
radio-active emanation, an account will first be given of the
anomalons behaviour of thoriam eompounds compared with
those of wramium. Thorinm oxide has been employed in
most of the experiments, as it exhibits the “emanation”
property to a greater degree than the other compounds; but
what is troe for the oxide is also true, but to a less extent, of
the other thorium eompounds examined, viz., the nitrate,
su]lphate, acetate, and oxalate,
n a previous paper { the author has shown that the radiation

* Communicated by Prof J. J. Thomson, F.R.5.
t Wied, dnn, May 1808,
T Phil. Mag. Jan, 1809, p. 109,

Phil. Mag. 8. 5. Vol. 49. No. 296. Jan. 1900, B

CRRENT

TIME IN MINUTES
i 2 3 4 5 6 7 a

Fig. 2, curve A, shows the relation existing between the

carrent through the gas and the time. The current, just

before the flow of air is stopped, is taken as unity. It will be

observed that the corrent Tg]mugh the gas diminishes in a

geometrical progression with the time. It can easily be shown,

The results are expressed in fig. 2, curve B, where the
ordinate represents carrent and the abscissa time. It will be
ohserved that the curve of rise of the current is similar in
forin to the rise of an electric current in a circuit of constant
inductance. The current reaches half its value about one minute
after the current of air has stopped,—a result which agrees
with the equation given, for e=¥=4 when t=60 seconds (see
Table 1V.). At the instant of stopping the ecurrent of air
the current has a definite value, since most of the ions given
off by the emanation, before it is blown out of the eylinders,
reach the electrodes,

When the source of the emanation is removed, ¢=0, and
the decay of the number of jons produeed by the emanation is
given by the equation

— = —Ail.

dt
1f n=N when t=10, it is easily seen that

n

N =

=A#
1



V. BAKERIAN Lecrure. —The Succession of Changes in Radioactive Bodies:

By Professor E. Ruraerrorp, F.R.S., Macdonald Professor of Physics,
McGhll University, Montreal.

Lecture delivered May 19,—MS. received August 20, 1904.
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What if the 'daughter’ hucleus is also radioactive?

SECULAR EQUTLIBRTUM

- = — )’L P N + hl N combined activity
dt B
The solution of this differential equation is: - original mdi{:nudide
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Arr. XXVIIL—On the Ultimate Disintegration Products of

the fadio-aetive Elements r by Derrran B, Bonrwoon,
y U¥

In a paper by Rutherford and Soddy,* the authors have
called attention to the probability that an intimate knowledge
of the composition of radio-active minerals will lead to the
recognition and identifieation of the ultimate, stable produets
formed by the disintegration of the relatively unstable radio-
active elements.t

It is an extremely impressive fact that it was from the some-
what meager information available on the ocenrrence of helinm
in radio-active minerals, and from the consideration of the data
derived from the experiments of one of them on the nature of
the expelled alpha partiele, that in 1902 the same anthors were
enabled to make that brilliant prediction of the produetion of
*helium?d which was afterwards econfirmed by the experiments
of Ramsay and Soddy.

The natural minerals represent chemical systems which are
in most instances of extreme antiquity, their original formation
having frequently taken place during the earliest geological
periods of our planet. With the assistance of the data supplied
by geology and mineralogy, it is often possible to assign the
origin of a given wineral to some definite geological period and
to arrange a series of different individuals ronghly in the order

# Phil. Mag. (6). v. 576 (1003).

+ ' In the natarally ccenrring minerals contuining the radic-elements thess
shanges must have been proceeding steadily over very long periods, and, un-
less they succeed in escaping. the nltimate products should have acenmulated
in snflicient quantity to be detected, and shonld therefore appear in nature
as the invariable companions of the radiv-elements,” — Ruwtherford and Soddy,

loge, i,
1 Phil. Mag. (6), iv, 582,

Au. Joum i'SéJI.—FOT:nTE Beries, Vou, XX, No. 118.—0cT0BER, 1905,

ART. VII.—On the Ultimate Disintegration L roducts of ihe
Radio-active Elements, Part 11, The Disinteqration
Products of Uranium ; by BErtraM B. BorLrwoop.

[Contributions from the Sloane Pbysical Laboratory of Yale University.]

TuE general question of the nature;of the ultimate disinte-
gration products of the radio-active elements, as indicated by
the occurrence of certain chemical elements in the radio-active
minerals, has been discussed in an earlier paper,* and it was
there pointed out that lead, bismuth and barium might per-
haps be included among the possible disintegration products.
As more recent experimentst have indicated, however, that
actinium is probably an intermediate Fmduct between uranium
and radium, the number of possible ultimate products has
been correspondingly reduced. In addition to this eareful
examinations have been made of specially selected samples of
typical primary uraninites from Branchville, Conn., and Flat
Roeck, N. C., and of thorianite from Ceylon, which have led
to the conclusion that neither bismuth nor barium ean be con-
sidered as disintegration products in the main line of descent
from either uranium or thorium, at least on the basis of the
present disintegration theory.

The conditions essential for the identification of the final
disintegration products of uranium from a study of the com-
position of the patural minerals which contain this element
would appear to be the following : In unaltered primary min-
erals of the same species, and of different species from the
same locality, that is, in minerals formed at the same timne and
therefore of equal ages, a constant proportion must exist
between the amount of each disintegration product and the

*This Journal, xx, 238, 1905, t 1bid., =xii, 5387, 1906,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Can calculate the age of rocks (and the earth)
via 296Pb / 238U ratio: assuming secular equilibrium.

206 % where L is In2 /T,,, and
Lb — E‘M — 1 Ty is the decay half-life
238 U of 238U (~4.5x10° years).

which solves to

Can do the same for 23°U : 207Pb ratios in the same samples.



By 1930, the main ‘NORM'’ decay chains were characterised....

JULY, 1931 REVIEWS OF MODERN PHYSICS VOLUME 3

THE RADIOACTIVE CONSTANTS AS OF 1930

REPORT OF THE INTERNATIONAL RADIUM-STANDARDS COMMISSION

By M. Curig, A. DEBIERNE, A. S. Eve, H. Geiger, 0. Hanx, 8. C. Linp,
Sr. MEYER, E. RUTHERFORD, AND E. SCHWEIDLER

I. INTRODUCTION

FOLLOWING the reorganization of the International Union of Chemistry
and of the International Atomic Weights Commission, the need has
arisen for the publication of special Tables of the Radioactive Constants.

This responsibility has been assumed by the International Radium
Standards Commission chosen in Brussels in 1910, which has expressed its
willingness to cooperate with the International Union.

Besides the members, M. Curie, A. Debierne, A. S. Eve, H. Geiger, O.
Hahn, S. C. Lind, St. Meyer, E. Rutherford, E. Schweidler, the following
have taken part as experts: ]. Chadwick, I. Joliot-Curie, K. W. F. Kohlrausch,
A. F. Kovarik, L. W. McKeehan, L. Meitner and H. Schlundt, to whom it is
desired to express especial obligations.

The following report will be simultaneously published* also in the Physika-
lische Zeitschrift, in the Journal of the American Chemical Society, Philoso-
phical Magazine, and Journal de Physique et le Radium.

RADIOACTIVE CONSTANTS AS OF 1930

Symbols:

Ul, UX,, UX,;, UII, Io, Ra, Rn, RaA, RaB, RaC’, RaC"”, RaD,
RaE, RaF =Po, RaG, UY, UZ

Th, MsTh,, MsTh,, RdTh, ThX, Tn, ThA, ThB, ThC’, ThC”
ThD, AcU, Pa, Ac, RdAc, AcX, An, AcA, AcB, AcC, AcC/,
AcC”, AcD,

Pa is for protactinium (not proto-actinium)

Em is the joint symbel for Rn, Tn, and An

TasLE IV, Thorium Family

T A T Literature
Thorium Th 1.8-10'%yr 4.0-10"1yr1 | 2.5-10Yyr 33
At. Wt. 232.12 5.6-10's 1.2-10715g™1 8.0-10%s
At. No. 90
P. No. 232
Mesothor- MsTh, 6.7yr 0.103yrt 9.7yr
jum 1 At. No. 88 2.1-108%s 3.26-10"9%7! 3.05-10%s
P.No. 228
Mesothor- MsTh, 6.13h 0.113h™t 8.84h 34
ium 2 At.No. 89 2.21-10%s 3.14-107%! 3.18-10%
P.No. 228
Radiothorium| RdTh 1.90yr 0.365yr™! 2. 7dyr 35
At. No. 90 6.0-10% 1.16-10"%1 8.05-107s
P. No. 228
Thorium X ThX 3.64d 0.190dt 5.25d
At.No. 88 3.14-10% 2.20-10%s"1 | 4.54-10%
P.No. 224
Thoron Tn 54.5s 1.27-102%7t |78.7s 36
At.No. 86
P. No. 220
Thorium A ThA 0.14s 4,955t 0.20s 37
At.No. 84
P. No. 216
Thorium B ThB 10 .6h 6.54-102h~1 |15.3h
At. No. 82 3.82-104s 1.82-10-%g1 5.51-10%
P. No. 212
Thorium C ThC 60.5m 1.15-1072m™1 [87.3m 38
At.No. 83 3.63-10% 1.91-10™s™ 5.24-10%
P. No. 212
Thorium C’ | ThC’ 10~%s (?) 10%1 (?) 1079 (7)
65% At.No. 84 <107% > 10871 <10-%s 40
65.7%, P. No. 212
Thorium C'’ | ThC'’ 3.1m 2,24-107'm™! | 4.47Tm 39
35% At.No. 81 186s 3.73-107%72 286.3s
34.39, P. No. 208 40
Thorium D ThD
Thorium lead| At. Wt,208.016
Pb208 (?
At. No. 82
P. No. 208

IV. NuomBER oF ALPHA-PArTICLES 7Z EMITTED PER SECOND FROM

Recommended value.

1 Gram Ra

Use of the value 3.7-10'" is recommended in accord with reference 9.



Calculation of the value of 1 Curie (Ci) in Bq (becquerels)

1 g of 226Ra contains N,/ 226 atoms = 1 Ci of activity

N, = Avogadro's number (6.02x1023 per mol)

i.e. 1g of pure 22°Ra contains 2.66x102%! atoms

Half-life of 226Ra (to 222Rn) is T,,, = 1600(7) years.

T,/» = 1600 years = 5.0x10%° seconds

Activity (1g) = AN = (In2 /T;,,(s)) * Numb of atoms in1g

A (1g) = (0.693 / 5.0x100s) * 2.7x102! atoms = 3.7x1010s"!
i.e. 1 Ci = 3.7x1010 Bq



NORM

Naturally Occurring Radioactive Materials

« Two main sub-groups.

— Primordial, old - here when the earth formed.

» Singly-decaying nuclei, 49K, 138Lq, 176y, 180Tq,
+ Chains: 232Th(228Ac); 235U(227 Ac) 238U(226Rq)
— Cosmogenic following cosmic ray interactions)

« 14C (via N(n,p)14C), "Be, 26Al (spallation)




(Primordial) Radionuclides have long half-lives usually due to:

(a) B-decay selection rules / nuclear structure effects and small
(allowed) Qg values (e.g. 4°K: 138La ; 176Lu ; 189Ta) and/or

(b) Low Q, values = long T,,, (Geiger-Nuttall rule) in a decay (e.g., 23Th)
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Mass parabolas very useful for understanding

NORMS and radioactivity in general....
e.g., Doubly magic nature of 4°Ca,, is
responsible for the long half-life of 4°K due to

highly-forbidden - decay.

e even-even
+ odd-odd

M A

Atomic number (Z)



We can use primordial isotope ratios to age.
« 40K decay to PAr - T,,, for 40K is 1.25x10° years.

— Taking mass ratios using mass spectrographs in rock
inclusions, can date the rock using the equation:

{J_.-'“’ _ 4{:} AI.
t=——=—In|1+ m
In(2) 0.109-"K

— The factor 0.109 is due to the ‘branching ratio’ in the decay
of 40K, i.e., only 10.9% of the time does it decay to 4CAr.

(1.2504(30) - 107 a)

_—

C —r

N 80.25(17) %

_ N Q=1311.07(11) keV
~ ) EC iy '\I‘

1460 el p

= 0.00100(12) %

() = 1504.69(19) keV




Nuclide Half-life (vr) % Isotopic Decay mode Stable
abundance disintegration

products
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Cosmogenic radionuclides in the environment

Nuclide  Half-life = Decay Mode Particle Energy Decay product  Characteristic
~v-decay energy
(MeV) (ke V)
‘H 12.32y 0.0186 He %
"Be 53.22d EC 0.478 Li 477.595
10Be  1.51210% 3 0.555 B *
e 5730y 0.1565 N *
22N a 2.602y 0.545 Ne 1274.537
6A1 717210%y EC 1.16 Mg 1808.65,1129.67
2G4 153y 0.213 P *
2p 14.26d 1.7 S *
358 87.51d 0.167 Cl *
6Cl  3.01210% EC 0.709 Ar, S *
Ay 269y 0.565 K *
»Mn  3.72105y EC 0.595 Cr *
SIKr  2.29210% EC 0.28 Br 190.46

Usually created following spallation with cosmic-ray
interactions with the atmospohere.



Nuclear Metrology is Underpinned by evaluated nuclear decay data.

Accueil LNHE Remorter Somenaire LNHB Dosimétrie. Radioactivité

| Laboratoire National"Henri Becquerel
r-""w"‘-“ Wi e iz m&-l-.ﬁ
Recommended'data

National Nuclear Data Center Bnolllﬂﬁ!’-lﬂl Site Index

NATIONAL LABORATORY

NSR || XUNDL | ENSDF
NuDat Databases MIRD

Le LNHB est heureux de vous présenter son nouveau site web The LNHB is very pleased to present its new website.
(N'oubliez pas de mettre 3 jours vos liens.) (Do not forget to update your bookmarks.)

This introduction presents a brief description of the radioactivity physical processes, the enumeration of the evaluation rules leading to the recommended
values, and a summary of the symbols and terms used in all the publications.

Explanation on recommended data and their evaluation (in various languages):

o EESEE 1.

Nuclear Data Sheets Special Issue
available!
Nuclear Data Week 2018

Nuclear Tools and
Wallet Publications

Nuclear Data
e

(B ] Jrwsfc |«

Please cite our evaluations using the following references: :
’ Vol Publication Year] 1SBN NSR | BibTex Nuclear Data Roadmapping and Enhancement Workshop
Tables of evaluated data and comments on evaluation Fmaere T
Pages updated by the Laboratoire National Henri Becquerel et inies 1999 Oo0ps  [1999BeZOfTabRad v0.bib)
All questions about the data must be sent to the authors. See [Monographis BIPVES - Tabie of 97822
chapter Addresses. 1 [Racionuclides, vol. ] | e v1bib)
M BIPM-5 - Table of 92-822-
i B PEnE S s
updated: 20 O‘imbe’ 2017 3 [Monographie BIPNES - Table of T e S
newly added: Pr-142 |Radionuclides. vol 22187 . - S . . . .
recently updated: Sn-113 Moroaraphie BIPVS Tabe of [ 200|222 |omommaze hraoses veoal Main  Structure & Decay  Reactions  Bibliography =~ Networks & Links  Publications ~ Meetings
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Alpha decay (sometimes) leaves the A-4 daughter
nucleus in excited states which can then decay by
characteristic gamma emission (or competing IC).
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186.1 keV state populated in 5.55% of 2%°Ra decays....

Gamma decay competes with internal conversion:
oot (E2:186 keV) = 0.68

0 = T /T, )
then,

L=I(1+a) = 5.55% — 186.1 keV gamma ray emitted
in_~ 3.6% of all >°°Ra decays [3.6% ~ 5.6% / (1+0.68)]
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Underpinned by evaluated nuclear decay data.
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Radioactivité

Le LNHB est heureux de vous présenter son nouveau site web
(N'oubliez pas de mettre 3 jours vos liens.)

The LNHB is very pleased to present its new website.
(Do not forget to update your bookmarks.)

This introduction presents a brief description of the radioactivity physical processes, the enumeration of the evaluation rules leading to the recommended
values, and a summary of the symbols and terms used in all the publications.
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Nuclear metrology relies on accurate Nuclear Decay Data.

Need to id characteristic signatures of specific decays and
understand underlying nuclear (structure) physics.
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Underpinned by evaluated nuclear decay data.
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Le LNHB est heureux de vous présenter son nouveau site webh. The LNHB is very pleased to present its new website.
(N'oubliez pas de mettre 3 jours vos liens.) (Do not forget to update your bookmarks.)

This introduction presents a brief description of the radioactivity physical processes, the enumeration of the evaluation rules leading to the recommended
values, and a summary of the symbols and terms used in all the publications.
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Primordial Decay Chains
(235238 232THh)



Natural decay ‘chains’.

Sequences of o and 3
decaying radioisotopes
from Uranium (Z=92) or
Thorium (Z=90)

to Lead (Z=82).

On earth since
formation....isotopic
ratios (e.g. for 235/238Y))
used to age the earth.
Longest lived members
start the chains:

T,,, (338U) ~4.5x10° yr
T,/ (33°V) ~7x108 yr
T,,,(33°Th) ~1.4x1010 yr
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Figure 2.10 The Thorium (**Th) decay series

4n = thorium (232Th) chain.

Q.
T/, (232Th) =1.40(1) x 1010 yrs
T2 (232U) =68.9(4) yrs

Why is 232Th longer lived?



H. Geiger and J.M. Nuttall (1911) "The ranges of the a particles from various radioactive
substances and a relation between range and period of transformation," Philosophical Magazine,
Series 6, vol. 22, no. 130, pages 613-621. See also: H. Geiger and J.M. Nuttall (1912) "The ranges
of a particles from uranium," Philosophical Magazine, Series 6, vol. 23, no. 135, pages 439-445.

LVIIL. The Ranges of the a particles from Various Radioactive
Substances and a Relation between Range and Period of
1ransformation. By H. GrieEr, Ph.D., and J. M.
NurraLy, B Se., University of Manchester*.

[T is well known that the « particles from different radio-

active substances are characterized by their ranges,
i. e. by the distance throngh which they can travel in air at
atmospheric pressure. This was first pointed out by Bragg,
and the ranges of a pumber of products have been deter-
mined by him and his co-workers. The method applied by
Bragg to determine the ranges is well known. By means of
a set of parallel tubes placed directly above the active plate
« rays with practically parallel paths were obtained. The
jonization produced by these rays was measured at different
distances in a shallow ionization vessel, and the distance in
air at which the ionization just disappeared was taken as the
range of the « particles.

It was shown by Rutherford that at the same distance
from the source at which the a particles fail to produce ioni-
zation they also lose their power of producing scintillations.
The observation of the scintillations at different distances
from the source therefore presents another way of deter-
mining the ranges of the a particles, and this method has
frequently been made use of by Hahn and other observers.
It appears, however, that the scintillations method gives
somewhat smaller values for the ranges than the ionization
method.

Great difficulty has been experienced in the determination
of the ranges of the very inactive substances uranium and
thorium. In these cases, the methods mentioned above are
not applicable. Estimates of the ranges of these products
were, however, made by Braggt, but more accurate values

* Cemmunicated by Prof. E. Rutherford, F.R.S.
¥ W. H. Bragg, Phil. Mag. xi. p. 754 (1906).

Plal. Mag. 8. 6. Vol. 22, No. 130. Oet, 1911. 28

of « particles from various Radioactive Substances. 619

Range Initial Transformation| Half-value
Substance. at 0%, | Velocity, Constant, Period.
Uranium ......... [2-58 ems, 1'513‘(10“::-' 16 xlD'ls 53 10° years
Tonium ..........2:84 . |1566 . ,
Radium....... 13 ,, |161 , ., | 11 107" | 2000 years
Ra Emanation ..[394 ,, [174 ,, ,, | 2085x107° |385 dnys
Redium A...... 450 , |81 , ,, | 385 x10 ° |30 minutes
Radium C.........[687 ., [206 , ., —_—
| Polonium ......... 358, |18 , o | 560 x107° |143 days
IR&diomtinium LD, (182, | £ xl!)‘7 19°5 days
Actinivm X ..le17 , |177 ., | 76 x1077 |10 days
Act Emasnation...540 , {193 , ,, | 1'8 x107" |39 seconds
Actinium A ._...I6716 , (202 . | | 350 shu second
Actinium € .....512 , [190 ,, ., | 54 x107° |215 minutes
Fig, 3.
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The Geiger-Nuttall Rule - explains long lived a-decays

There are relatively small variations
for a decay energies across all
measured, heavy cases.

Typical a decay energies lie between
4 and 9 MeV for heavy nuclei.

The corresponding range in radioactive
decay half-lives is by contrast,
ENORMOUS, ranging from

> 108 years to less than microseconds.

When plotted on a semi-log plot of
decay half-life verses T, a correlation
becomes clear.

sec
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88

I | |

5 0 7
Alpha-decay energy 0, Mev

This empirical relation underpins understanding of the o decay process in terms of
a _NUCLEAR QUANTUM MECHANICAL TUNNELLING PROCESS.




Aside: How do we measure the longest half-lives?

« 2381): Ty, = 4.5x107 years

« 232Th: T,,,=1.4x10%0 years

« 40K: T,,, = 1.25x10° years

How do we know ?

Too long to see how long for 3 to decay..

Measure absolute activity (A) and

number of atoms (N) and use A = AN
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Half-life of "*Lu 7" 0.0 3.76x100y7
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The half-life of "“Lu has been measured using a y-v coincidence technique and was found to be T 2

3
=(4.08+0.03) % 10'° years. The method employed eliminates most of the uncertainties associated with detec- 0.39 19.98 8+ é’) 997.94
tor efficiencies. solid angle coverage. internal conversion, self-absorption, angular correlations, and true coin- n:’
cidence summing. &
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TABLE II. Data from the 48 h 7°Lu decay experiment with the 8 7 spectrometer. ?
Quantity Description Result
A4 singles rate of the 202 keV vy ray 8.653+0.010 s ! N (176LU) o 4 93 8(2 3 )XIOZO
A5 singles rate of the 307 keV vy ray 9.985+0.011 5! *
Cia coincidence rate from a gate on the 202 keV y ray 0.312520.0014 57!
A142 singles rate of the sum (202+307) photopeak 0.020920.0004 5!
cly total coincidence rate 0.3334%+0.0015 s ¢ b mass an d I( :P M S
o angular correlation correction factor 0.0018+0.0004 y
S5 correction factor in Eq. (9) 0.023%=0.005

isotope distribution Analysis
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Precision Measurement of Half-Lives and Specific Activities of 235y and B8yt

A. H. Jaffey, K. F. Flynn, L. E. Glendenin, W. C. Bentley, and A. M. Essling
Chemistry Division, Avgonne National Labovatory, Argonne, Illinois 60439
(Recelved 29 April 1971)

New determinations of the half-lives of U and #*U have been made. Improved techniques
have allowed the half-life values to be measured with greater accuracy than has been hereto-
fore achieved. Samples were prepared by molecular plating and counted in a intermediate-
geometry @ -proportional counter with an extremely flat pulse-height plateau. The small
amount of residual nonplated uranium was counted in a 27 counter. Energy analysis with a
silicon-junction detector was used to measure the presence of “foreign” activities, For 7,
the measured specific activity was (4798.1+3.3) (dis/min)/(mg ***U), ecorresponding to a half-
life of (7.0381+0,0048) x10% yr. For ¥, the specific activity was measured as (746,19 0,41)
(dis/min)/(mg V), corresponding to a half-life of (4,4683+ 0,0024) x 10° yr. Errors quoted
are statistical (standard error of the mean), based upon the observed scatter of the data,
This seatter exeeeds that expected from counting statistics alone. We believe that systematic
errors, if present, will no more than double the quoted errors.

SEPTEMBER 15, 1938 PHYSICAL REVIEW VOLUME 54

The Disintegration Constant of Thorium and the Branching Ratio of Thorium C

Arors F. KovArik AND NorMAN I. Apams, JR.
Sloane Physics Laboratory, Yale University, New Haven, Connecticut
(Received June 30, 1938)

In age determinations of minerals in which thorium predominates, some inconsistencies
have appeared when the value used for the disintegration constant of thorium is that adopted
by the International Radium-Standard Commission (1930). This value differs from the original
Geiger-Rutherford value by 30 percent. The present research was undertaken to determine
the disintegration constant of thorium by the method of counting alpha-particles. Easily
weighed sources were used. The material was obtained from a thorite from the same lot that
was used by Geiger and Rutherford. The thorite contained only a small amount of uranium
and correction for the ionium present was made. Various checks on the counting are given.
The half-value period of thorium was found to be 1.39(10)!° years and the branching ratio,
thorium C’ to thorium (C+4C’), is 0.663. A method of impounding the thoron, yet permitting
alpha-particles to escape, is described. '



Half-life T,,, for

letters to nature

Experimental detection of «-particles
from the radioactive decay of natural
bismuth

PRL 108, 062501 (2012)

209Bi 2.01(8)x10* years

PHYSICAL REVIEW LETTERS 10 FEBRUARY 2012

J.W. Beeman,'
0. Cremonesi,”

First Measurement of the Partial Widths of 2°Bi Decay to the Ground
and to the First Excited States

M. Biassoni,” C. Brofferio,”* C. Bucci,* S. Capelli.>* L. Cardani,” M. Carrettoni,” M. Clemenza,””
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ASIDE: Relevance of NORMS and decay

chains to nuclear (astro)physics?

o decay of ?19Po decay terminates the s-process
235238, 232Th evidence for the r-neutron process.
Abundance ratios used to estimate age of earth.

Possible (pre-weapon) 2#4Pu (T,,,~80 million years)

infers local, recent supernovae / r-process event.



Measuring the amount of NORM?

We can identify the decay products present and
determine their activity concentrations (Ac)
i.e. decays per unit mass of sample by

quantifying the characteristic emission signatures
of the decays in the respective decay chains.




& Origins of NORM
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Chemical fractionation of NORM decay chains materials.
Usually result in concentration of Ra and subsequent decay
Products as Ra is water soluble and Rn is a noble gas.
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Thorium (232Th) decay chain experimental gamma signhatures.

— — po—— Nuclide Half-life Decay mode Gﬂllllllﬂ-l‘ﬂyj Emi.s§io11
J encrgy (keV) | probability (%)
oo,/ /' T3
140-10% (O y = Leday alpha-decay Series 1405 (6)x 101y il 6381(2) 0263 (13)
/ﬁ .. BJTh
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R R % 0.15 (2)h f 911.024 (4) 258(4)
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Uranium (%38U) decay chain experimental gamma signatures.

Nuclide Half life Decay mode Gamma-ray Emission
) B4 ] beta-dacay 4 3 = ’
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235U heads the 4n+3 chain (Actinium)

S.M. Collins et al. / Applied Radiation and Isotopes 102 (2015) 15-28
235
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Fig. 1. Decay series of 23°U,
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Discovery of actinium, thorium, protactinium, and uranium isotopes
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Thirty-one actinium, thirty-one thorium, twenty-eight protactinium, and twenty-three uranium isotopes
have so far been observed; the discovery of these isotopes is described. For each isotope a brief summary
of the first refereed publication, including the production and identification method, is presented.

© 2012 Elsevier Inc. All rights reserved.

EZTAC

Giesel reported the observation of a new active substance
later identified as 2*’Ac in the 1902 paper “Ueber Radium und
radioactive Stoffe” [22]. A raw sample consisting of barium,
strontium, calcium, and small amount of radium was chemical
separated and radiation was observed on a zinc sulfide screen.

227 Th

A new radioactive substance, later identified as ??/Th, was
reported by Hahn in the 1906 paper “A new product of
actinium” [67]. Alpha- and beta-ray activities of an actinium
solution were measured following chemical separation. “...I have
found that a new product is present in actinium which is
intermediate between actinium and actinium X, and, from analog
to thorium, will be called for convenience ‘radio-actinium,” This
product emits « rays, is half-transformed in about twenty days,
and is the parent of actinium X", The currently adopted half-life
is 18.68(9) days.

[23] F. Giesel, Ber. Deuts. Chem. Ges. 37 (1904) 3963.
[67] O.Hahn, Nature 73 (1906) 559.

A brief history lesson, re the 235U /

227A¢ decay chain...

{4n)

Thorium Chain

C. Fry, M. Thoennessen / Atomic Data and Nuclear Data Tables 99 (2013) 345-364 347
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Fig. 1. Original nomenclature used to describe radium, actinium, thorium, protactinium, and uranium isotopes within the three natural occurring radioactive decay series.
The gray squares connected by the gray arrows depict the activities labeled by Rutherford in his Bakerian lecture [ 19]. The black squares correspond to radioactive substances

discovered later.



The 23°U parent of 2?’Ac and ??3Ra was identified ~30 years later.....
235
U

In the 1935 article “Isotopic constitution of uranium” Dempster
reported the discovery of 2*°U in natural uranium[131]. Uranium
samples were used in a spark source of the Chicago mass
spectrograph. “It was found that an exposure of a few seconds was
sufficient for the main component at 238 reported by Dr. Aston; but
in addition on long exposures a faint companion of atomic weight
235 was also present. With two different uranium electrodes it
was observed on eight photographs, and two photographs with
the pitchblende electrode also showed the new component”. 2>>U
is of primordial origin with a half-life of 7.01(1) x 10® year and
an abundance of 0.72%. Rutherford had predicted the existence
of U in 1929 naming it actino-uranium [132] based on Aston’s
extrapolation of 231 for the mass of protactinium as the precursor
of 297Pb [133].

[131] A.]. Dempster, Nature 136 (1935) 180.
[132] E. Rutherford, Nature 123 (1929) 313.
[133] F.W. Aston, Nature 123 (1929) 313.

C. Fry, M. Thoennessen / Atomic Data and Nuclear Data Tables 99 (2013) 345-364



Actinium (23U / 227 Ac) decay chain experimental gamma

sighatures.
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Reference materials produced for a European metrological research project
H O W do yo u meas u r'e N O RM? focussing on measurements of NORM
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Gamma spectrometry works well.
Calibrate full-energy peak detection
efficiency using same geometry
(Marinelli) standards sources
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Absolute calibration of the system is vital.

Use known sources in similar density matrices.
Calibrate efficiency from ~40 keV to 2614 keV.
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background (2 days)
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Figure 4-4: Background spectra collected from de-ionized water for 172,800 (Le, 2 days).

2304 2500

Counts

Counts

Counts

Counts

sand sam

ple (2 days)

5500 1800 E 2 X-rays
B = . 1400
4500 1 2 L8 1000 F
i - P 600
3500 % g 322 2 23 2006, L o, oL
k=3 re] o by -~
2500 o 2 25|82 & 23 70 8 90 100
" = So |ESE & = - -
1500 Z I e 8 2 &
= L] é ‘[: El »_"'9
500 ) LL_L ,jl . ) 1 A "". L
B 100 - 300 500 700
1400 £ >
= > -
i 2 Z 3
1000 - £ % % =
L 3 2 0 %z = o
o = “E = N
600 & g gd =
L E — -1 =
g 3 = g
200 F°,  ° “
140 - 800 1000 1200 1400
= ) =
o0 - - ~
100 - #8283 CS 2 F
P g = a 2
s = - 2 A
o st EF g
20 L
[P T Mo B 1 el Ll
1600 1800 2000 2200
5 f=
350 >
-t
250 g
- I
150 F K
50
Dy sty rlls i, P AR TOT I TC TP W 4 T b s L, Menaad et L
2300 2500 2700 2900

Gamma-ray energy (keV)
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The specific activity in a (soil) sample is then given by:

-~ Chnert
E Pt mKk

A

C,.+ = het number of counts (after back sub) in peak
E; = full-energy peak detection efficiency

Py = gamma-ray emission probability

ts = live time for spectrum collection (in secs)

m = Mass of sample (in kg)

K - production of correction factors K;.K,.K;..etc. for
dead time, decay correction since start of
measurement; self-attenuation in sample compared to
calibration efficiency; random summing; and true
coincidence summing etc.
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Determination of 2>8U, 2>2Th and 4°K activity concentrations in

riverbank soil along the Chao Phraya river basin in Thailand
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Beware Energy Doublets...beware (22°Ra / 23°U for example)

3.5
X 23Th and **°Ra sources
3 & Sample 002-A02
| y(x) = 0.2655%x025¢
E
_ . ¢
2.5 1460 keV \\*% %
S 186 keV P
S or 'y
1.5F ¢ _IL
; % 1 | \ | L | I T
1000 2000 3000 40005000

Gamma-ray energy (keV)



Table 2.5 Details of the Actinium (***U) decay chain [WAH07]

) Decay y-emission %
Parent Half-life Decay Mode % Daughter o
] Energy ] . Energy y-emission
nuclide ti2 (% branch) Intensity nuclide .
(MeV) (keV) Intensity
4.3978 55.0 185.72 57.2
=5y 7.0x10%y « (100) 4.3661 17.0 “1Th 143.76 10.96
4.2147 5.7 163.36 5.08
0.2881 40.0 25.65 14.5
“'Th 25.52 h B (100) 0.3053 33.0 *'pa 84.22 6.6
0.2060 12.8 89.94 0.94
5.0138 25.4 27.36 10.3
#'pa | 3.3x10%y o (100) 4.9513 22.8 *Ac 300.07 2.47
5.0284 20.0 302.65 2.87
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S
| ey
-
2+ "';? 186.10 %
032 ns ¥ Y ¥ - <2-95% d 956
+
3.8235d -2 ] i 0 94.45% 1.0




How do we use the Activity Concentration measurements?

The gamma dose rate (D) in units of nGy/hour in the

outdoor air can be estimated using dose conversion coeffs...
226Rq 232Th 40K

D=04624, +0.6044, +0.0417A4,

A = measured specific activity concentration (Bq/kg)
Gy = unit of radiation dose = 1 Joule / kg (1 Sv = Wr x 1Gy)

This leads to calculation of effective annual doses from
NORM (in mSv/year) = 0.00123D assuming an outdoor
occupancy of 20%.

[UNSCEARO00] United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR), Sources and effects of ionizing radiation, Report to General Assembly.

with Scientific Annexes, New York, 2000.



Gamma dose across Europe f.r'om NUPECC 2022
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100g of Brazil nuts
Chest x-ray

Transatlantic flight
Nuclear power station worker average annual
occupational exposure (2010)

UK annual average radon dose 1.3 mSv
CT scan of the head 1.4 mSv
UK average annual radiation dose 2.7 mSv

USA average annual radiation dose 6.2 mSv
CT scan of the chest 6.6 mSv

= .
verage annual radon dose to people in 7 8 mSv
Cornwall

CT scan of the whole spine 10 mSv

A I limi :
nnual exposure limit for nuclear industry 20 mSv
employees



https://www.gov.uk/government/publications/ionising-radiation-dose-comparisons/ionising-radiation-dose-comparisons

Lecture 2:

Standards, traceability and two examples..

 Primary and Secondary standards

— Why and how? Links to Nuclear Data.

— Radiopharmaceutical standards

« 223Ra XOFIGO®, an example

— Radioactive gas releases

« CTBTO tests (Xe) and reactor criticality(Kr)



Links between primary standards of activity
& underpinning Nuclear Data

* Primary standards needed are needed to calibrate
measurement systems.

* These can then be used for measuring absolute y-ray
emission intensities per decay, P (%) .

- These are needed for:

- medical radiopharmaceutical dose evaluations;

- nuclear security (e.g., CTBT verification, radioxenon)
- nuclear waste assay (e.g, Np, Pu, Am, Cs isotopes):

- environmental assay (NORMs);

- nuclear forensics (e.g., 134137Cs and U isotope ratios);
- nuclear structure / nuclear (astro)physics research.
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Radionuclide Metrology and Standards in

Nuclear Physics

The development of radionuclide
standards for metrology has under-
pinned maclear physics simce ifs in-
ception [1]. The cument foofier of
radionnchide metrology melies oo
developments in radiation detection
and sigmal processing combined with
accurate ouclear decay data evaluoa-
tions [2] and contributes to a myTiad
of scientific disciplines. Radionuclide
meafrology represants a cucial part of
the scienfific jizsaw that enables so-
cietal benefits from nuclear physics
research.

Measurements that are traceable
to internaticmally accepred primary
standards can give the public conf-
dence in the characenzation of civil-
ian miclear waste materials such as
Sigp 1MISINg Mg M2epy
and *'Am and measurements of
paturally ocouming radicactive ma-
terials (WOBMs) such as *H, "Be,
4 2Mpy oy g Hépy 2gn
IER MR M3Ac apd BABSEEH]
Other applications mclude assay of
Technologically Enhanced WNOFM
with potential radielogical impact on
workers in the oil and mineral produc-
tion industries, and the use of radio-
pharmaceutical isotopes such as '5F,
Rlgp i, Mg Mep. 1401 g,
R, and 27Th for diagnostic imag-
mg and therapy. This article explains
the concept of infemational traceabid-
ity and how accurate radiation stan-
dards are determined for different ra-
divactive decay modes.

Primary Radisactivity Standards
National Measurement Instingtes
(MM} are responsible for the de-
velopment and upkeep of primary
measurement standards. Primary stan-
dards are used to calibrate instruments

andfor to certify reference materials;
these can then be distmbuted to other
laborataries and used to calibrate their
OWL instruments in an uninterTupted
chain of calibrations to the final end-
nser. All measurements are essentially
raties back to these primary 51:u:|.La.: s
NMIz cross-check thelr primary s
dards against sources from ather coun-
tries through intemarional comparison
enarcises co-ordinated by the Burzan
Internadonal des Poids et Mesures
(BIPM).

The first primary standard of ra-
dipactivity was bazed on radium  The
inmigural Fadinm Standards Com-
mimee was held in Brussels in 1910
and chaired by Lord Rutherford at
which 1 curie {Ci) was defined as the
amount of adon in eguilibrium wit
1 g of madinm [1]. The radisactivicy
measurement system based on mdm
standards became outdated following
developments in accelerator technol-
ogy. which led to an increased range
of amificially created radiomwclides
In 1950, d:e cune was redefined as
3.7 = 10" disinteprations per second
a.nd.m 073, the 15th Confarence G-
nerale des Poids et Mesures adopted
the becquerel (Bq), which is equal o
one inverse second for the ST unit of
activity [3, 4]

In 1958, The Infemational Com-
mittee for Weights and Measures of
the BIPM created the Comite Con-
sultatif des Rayonnements [onizants
(CCRI). The CCEI is responsible for
arzganizing infemational comparisons,
enabling WMIs to cross-check their
primary standards. The International
Reference System, mmplemented in
1975, is based on a pressurized well-
npe iomizabdon chamber based at
BIPM [4]. This is a permanent, stable

measurement msmument tool that is
wvailable to WMIs to compare primary
standards of gamma emitters.

A primary standard of radicactivity
allows the mumber of decays from a
source in a finite time period to be de-
termined using a techmique that does
not itself need calibation. Since the
activify of each radiomuclide species
depends on umigue decay properties,
different experimental technigues are
needed for the primary smndardiza-
tions of individual mdioizotopes. The
particular techmique depends on the
radioactive decay meode(s), half-kfs
decay scheme of the daughter muclens
and branching mties for competing
decay modes. Most modem rmdioac-
tivity standards are agueous sokutions,
quanfifisd by their actvity per unit
mass on A given reference date [3, 4].
The main methodologies usad for po-
mary radiomuclide sandardization are
discussed below.

High-Geometry Methods

Perhaps the simplest method is to
count the mumber of photons or par-
ticles emitted by a source into the full
4n steradians of solid angle [3]. The
perfect 4x detector does not exist and
the “non-detection” probability must
be accounted for, either by examining
the rate of coincidences between mul-
tiple detectors or using Monte-Carla
particle anspart simulation codes

For a complex decay scheme of ex-
cited states populated m the dmgheer
muclens, the 4y counting techmique
can be exploited using efther a simgle
well-type Nal{TT) ar two NaliTL) de-
tectors sandwiching the source. A
hizher mumber of coincident cascade
gammas emitted per decay leads to
reduced uncertainties from non-detec-
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When you measure something to obtain a calibration standard,
precision is important.

If the standard is inaccurate, everything based on it will also be
inaccurate.

Tonisation chambers are frequently used
to determine dose for
radiopharmaceuticals.

Accurate calibration is critical, as is \
access to accurate calibration standards.

The dose delivered must fall within a
narrow region for the benefits to the
patient to outweigh the harm.

The consequences of a miscalibrated
ionisation chamber in a hospital could be
serious.




What is a "primary standard"?

From the International Vocabulary of
Metrology:

"A measurement standard established
using a primary reference measurement
procedure”

A primary measurement procedure is:

"A reference measurement procedure
used to obtain a measurement result
without relation to a measurement
standard for a quantity of the same
kind"




Dissemination of a standard NPLE

National Physical Laboratory

All measurements that are
not primary are based off a
disseminated standard, thus
the precision and accuracy
of the standard is vital!

National Metrology
Institute

Secondary

Standards

1. The uncertainty of the
standard can not be  __
impr'oved upon Laboratories 7

/
/

/
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after will be.

Reference
Standards




Metrology chain NPL

National Physical Laboratory
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The absolute primary standardisation of activity is a key mission of
National Measurement Institutes such as NPL (UK), NIST (USA),

They provide unbroken traceability to the becquerel (Bq) = s.

NPL has maintained the
traceability of radioactive
sources to the Bq in the UK

for over 100 years

SmRL
UADIUN. CERTIFICATES




Nuclear Metrology Group NPL

National Physical Laboratory

NPL radium bench 1933

NPL radium certificate signed
by Lord Earnest Rutherford

NPL - Commercial — Not for distribution
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Solid
Historically, the primary standard

was a physical lump of radium,
which was chemically purified and
weighed

« 1g2%%Ra=1Curie

Standards for calibrating
equipment (gamma spectrometers,
surface contamination monitors)
are often still solid sources, but
these are secondary standards
cross-calibrated against primary
standards.

e SE. Joedy
prraticuement

134 e

Elle . contient 2o f5 Siki- Mesortharium.
sk

ames

.........

:::::

esi e

€ L3
n the year ;.Y equy
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35-457  for Chioy
79016 T Hur Brdm
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The first radium standard held
by NPL was prepared by Mesrs.
Curie, Meyer and Rutherford.

From "Radiation Science at the
National Physical Laboratory,
1912-1955", E. E. Smith.



Other forms

Gaseous

Some of the most important
radionuclides can be encountered
in gaseous form

« 222Rn - naturally occurring

« Xenon isotopes - fission
products

 18F, 1IC - medical applications

Gas standards - quantified as
activity per unit volume - are
often needed

Liquid

Almost all modern standards of
radioactivity are aqueous solutions
which are quantified in terms of
activity per unit mass

 The mass of active material is
incredibly small - working with
solutions allows for easier
handling

Mass measurements are more
reliable than measurements of
volume.



Absolute primary standardisation of activity

* A ’'primary’ technique has the capability to measure in
parallel:

* Disintegration rate (Activity of sample = A(t) = AN =N/1)
* Absolute detection efficiency.

* 'No previous knowledge of nuclear data is required'...but:
* Caveat 1: Some knowledge of the decay scheme is useful.
 Caveat 2: The half-life of the radionuclide is needed.



Links between primary standards of activity
& underpinning Nuclear Data

Primary standards needed are needed to calibrate
measurement systems.

These can then be used for measuring absolute y-ray
emission intensities per decay, P (%) .

These are needed for:

— medical radiopharmaceutical dose evaluations;

— nuclear security (e.g., CTBT verification, radioxenon)
— nuclear waste assay (e.g, Np, Pu, Am, Cs isotopes):

— environmental assay (NORMs);

— nuclear forensics (e.g., 134137Cs and U isotope ratios);
— nuclear structure / nuclear (astro)physics research.



Primary standardisation techniques

Preamplifier

Light Tight Enclosure

47[( LS )-y Detector housing
i coincidence
counting
+ pMmT1 PMT2 [t Diifaicst bl
W»’»iﬁ:%—#
Lead Shield
Defined by capability to measure Defined Solid Angle
simultaneously: a-counting

(1) The disintegration rate
(2) The detection efficiency

Triple-to-Double o
Coincidence Ratio y-y coincidence
counting counting




Applied Radiation and lsotopes 109 (2016) 198-204

Contents lists available at ScienceDirect

Applied Radiation and Isotopes

} :
ELSEVIER journal homepage: www.elsevier.com/locate/apradiso

Defined solid angle alpha counting at NPL
Arzu Arinc®, Michael |. Parfitt, John D. Keightley, Alan Wilson

National Physical Laboratory, Hampton Road, Teddington, TW11 OLW United Kingdom

HIGHLIGHTS

* Design of the new defined solid angle counter at NPL.

» Discussion on efforts to ensure reproducible dimensions.

* Solid angle calculation (and uncertainty) is performed by Monte Carlo simulation.
» Report on first DSA measurements at NPL for 2*'Am and 2**Am.

Metrologia 52 (2015) S73

detector [ Detwctor |

—— g ——
=
3
3
<3
Fg. 2. CAD representation of the DSA munting system showing the retractable
pasitioning platform with the source holder, the anti-scattering baffles, diaphragm,
detector, preamplifier and the outer shell of the chamber.
i L fctive Deporsit
v [ —
R Sournce
5 r {Crasnial with dliapheagm)
\ chamber y,

Fig. & A simplified schematic for ‘realistic’ geometnic configurations,

Figure 1. Schematic representation of characteristic geometrical
parameters.



Idealised example of the 41—y coincidence method

B—y decay (100% fed single cascade)

Count Rates 5

NB = No B

Ny = No cy Y

Ne = No Ep &y

Efficiencies: ep=Ndo/Ny

&y :Nc/NB
NBNy

Activity : No =
’ Ne



Assumptions ?

(1) The radionuclide under study must produce p and y

emissions in coincidence —
. 137{:
FOI" eXClmple: 137CS IS a pur‘e Q_g=11?5.635(1?)k9V
beta decay, and has one Py = 100% N 12

2.55 min

radioactive decay product
137mBa (t,,, = 2.55 min), which
decays by an isomeric

transition to 137Ba (stable). \
_ - L 3/2+

A 299

137,
Ba

b and y emissions are not truly simultaneous;

The detection and counting processes take a finite and variable
amount of fime.

The decays must occur within a given "resolving time".

The resolving time must be << the mean time between decays
otherwise the number of "random coincidences” will be too great.

Likewise the level lifetimes must be << the chosen resolving time.



More Assumptions / Corrections ?

* (2) The radionuclide under study must produce p and y
emissions in coincidence

* Need to account for:
* Any angular distributions/correlations between
coincident radiations (ideally measure over 4r solid
angle - e.g. using liquid scintillation counter ).

« Beta detector sensitive to gammas and vice
versa..correct for energy dependent detection
efficiency.

 Account for additional decay branches (e.g. via
internal conversion followed by electrons (from ICE)
or X-rays.



Beta sensitivity fo gamma emissions

What happens if g5 = 1?

Eﬁ’y |a€CE)]
nﬁnyzA[1+(O)(1+a 1+ a 2

Nc 1

npgny

nc
would be at g5 = 1, we can still determine
the activity, without the need for

additional correction terms.

So if we can vary &z and estimate what



Liguid scintillation counting

Samples are mixed with a liquid scintillation cocktail, which
produces pulses of light in response to ionising radiation.

The samples are loaded into a liquid scintillation counter
which records the number of pulses counted per minute.

This can be related back to the activity of the sample.
Advantages:
 High detection efficiency

« Very low background
* Low energy threshold




Primary standard of radioactivity standard for ®°Co NPLE
using y-y energy coincidences with NANA

. Applied Radiation and Isotopes 134 (2018) 290-296
| Applied Radiation and Isotopes

journal homepage: www.elsevier.com/locate/apradiso

Investigation of y-y coincidence counting using the National Nuclear Array
(NANA) as a primary standard

S.M. Collins™"*, R. Shearman™®, J.D. Keightley®, P.H. Regana'b

# National Physical Laboratory, Hampton Road, Teddington, Middlesex TW11 OLW, United Kingdom
® Department of Physics, University of Surrey, Guildford GU2 7XH, United Kingdom

NANA +y coincidence counting 3308 £ 1.0
4x(L5)- y DCC 330.92 + (LB6




Transfer of Primary Standards of Activity
to Secondary Standard

Fidelis : traceable link to NPL’s

Primary Standard Primary Standards.
(MBa/g)

Mg

Secondary Standard
lonisation Chamber

(PA/Q)

N

Calibration Factor
(PA/MBq)




The ionisation chamber is a form IoniSGTion Chambers

of gas ionisation detector.

In a re-entrant chamber, samples
to be measured are inserted in to
a well at the top of the device.

The current produced by the
device I is measured and converted
via a predetermined calibration
factor f to an activity A.

Calibration factors are
radionuclide-specific, and also
depend on the type and geometry
of the samble.

Pulse height (charge collected)

ion

proportion
al region

chamber

eem————d-begion

commercial
radionuclide
calibrator
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Transfer ms’rrumen’rs

The primary techniques
described are often time-
consuming and challenging,
particularly when there is
hothing tfo compare with.

Most standardisation labs
such as NPL maintain a suite
of transfer instruments, such
as ionisation chambers, which = ¢

—— .

are calibrated with material e f—

standardised by primary a2

techniques. The BIPM in Paris also maintain an
These are easier and quicker ionisation chamber, which is used
to operate and allow to compare results from different
standards to be disseminated laboratories across the years.
easily. This is known as the International

Reference System (SIR)



Tonisation chambers

The simplicity of the ionisation
chamber is its key advantage.

The manufacturing process is
reproducible, so calibration
factors measured on one master
chamber can be applied to
replicate chambers.

For similar reasons, the
instrument can be extremely
STGble. 2.34

The response varies very little
over decades.

Current /pA

Factors measured 20-30 years
ago (or more) can still be used.

01/1993 01/1997 01/2001 01/2005 01/2009 01/2013 01/2017




Monte Carlo simulation of an IC

From R. Townson, F. Tessier and
R. Galea EGSnrc calculation of
activity calibration factors for
the Vinten ionisation chamber

Applied Radiation and Isotopes
(Volume 134, April 2018, Pages
100-104)

Tonisation chambers

National Physical Laboratory

Tonisation chambers are not perfect.

To contain the pressurised gas, they
have thick metal walls which will
absorb most B particles and low-
energy gamma or X-ray emissions

A lot of interactions are needed to
produce a measurable current -
therefore they are only useful at
higher activities

They are also not selective - so are
of little use when multiple
radionuclides are present without
extra work


https://www.sciencedirect.com/science/journal/09698043/134/supp/C

Impurities - ionisation chambers

Response to X (cal. factor fx) in
presence of Y (fy) is given by:

I = fxAx + fyAy

fy is not known unless Y has been
previously standardised.

A calibration curve can be
derived, either by nonlinear
fitting or by Monte Carlo
simulation.

This can be used to derive a
calibration factor for impurities.

If the gamma emissions of a
particular radionuclide Y form a
set I with energies E, and

emission probabilities P, , then:

i
g

National Physical Laboratory

0.07p

©c o o ©°©
o ©o o o
©® B O o

Response (normalised)
o
o
N

102 10°
Photon Energy /keV

fr = By 9(Ey)

el

I=fA

Where g(E) is a function which
describes the ionisation
chamber response as a function
of energy.



High Resolution Gamma Spectrometry

A high purity germanium detector can
also be used to prepare standards.

The activity calculated depends on:

* Having a precise detector
calibration

« Knowing precisely the gamma
emissions per decay

Germanium detectors can measure any
sample type, and are selective, so can
measure samples with more than one
radionuclide present.




NPL HPGe y-ray spectrometers

HPGe detectors, ‘BART’ and ‘LORAX’.
Located in 10 cm thick Pb walled ‘coffins’
* Cd/Cu grading to reduce Pb X-rays

Samples held in place using engineered
holders and kinematic mounting systems
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A 'high impact’ example:

The standardisation of 223Ra.



Nuclear Medicine: Xofigo™ @ Xofigo

; ' DA NN ahiarid;
radium Ra 223 dichloride

First o emitting radionuclide o
approved by the US FDA and '
licensed in the EC from Nov. 2013 -
223RaCl, solution.

Targeted palliative treatment of bone

metastases from late stage

castration resistant prostate cancer
Extends patient life ~ e —
average 3 months {short ranga 21510 cal dametare

Optimize radiation dose

Under investigation for |Gl

dose to bone marrow

bone metastases from (rinimBe Boaita)
breast & ovarian

cancer.

NOW Used |n >3,000 gange of B-particle ot - G # Bone Mineral
_ . ong range adionuclide ' e atiie

C|In|CS W0r|dWIde, — 10 to 1000 cell diameters?) - Lt apiatte)

supplied through Bayer
(formerly Algetha)

References: : 1. Henriksen G, et al. Cancer Res. 2002;62:3120-3125. 2. Brechbiel MW. Dalton Trans. 2007;43:4918-4928.




223R5 ground state, 3 /2+ CONFIGURATIONS AND LEVEL STRUCTURE OF *Ra

E,=5716(4) keV

E_=5607(4) keV

(3/2,512,7/2) ~
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FIG. 4. Energy level scheme of ”"Rn up to 733 keV resulting from the present study
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hindrance factors (HF’s) populating the levels are shown to the right and are taken from magnetic spectrograph measurements [2,19].
Transitions are shown as vertical lines with their energies in keV. Spins, parities, and configurations are shown in the simplified level scheme



Interesting aside: (rare) Heavy-particle decay

Possible to calculate Q values for

emission of heavier nuclei o+ 380s
— Is energetically possible for a large 14 o 222Ra \‘/
range of heavy nuclei to emit C 88
other light nuclei. , 56106% o
2T o
Q5681
14C emission observed from 30+ 11.435d

222,223R 4 PV 4 223Ra{£
L

— emission probability is much 1gC 88
smaller than alpha decay 6.4x10-5%
Q_5979.31

Simple barrier penetration estimate

can be attributed to very small
probability to preform 4C residue
Inside heavy nucleus

VOLUME 53, NUMBER 8 PHYSICAL REVIEW LETTERS 20 AUGUST 1984

Exotic Nuclear Decay of 22*Ra by Emission of '*C Nuclei

S. Gales, E. Hourani, M. Hussonnois, J. P. Schapira, L. Stab, and M. Vergnes
Institut de Physique Nucleaire Orsay, F-91406 Orsay Cedex, France
(Received 8 June 1984)

The exotic nuclear decay of 2*Ra by emission of '*C nuclei has been investigated by use of
an intense radioactive *’Ac source and a magnetic spectrometer with a large solid angle.
After a run of S d, a group of eleven events was observed at the expected location of *C in a
AE-E telescope calibrated with a '“C beam. A branching ratio of (5.5 £2.0)x 1070 was
measured for the emission of "*C nuclei relative to « particles from 2*Ra in agreement with
the previously reported ratio of (8.5 £2.5)x10-19,

PACS numbers: 23.90.4+w, 21.10.Dr, 27.90.+b
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Direct measurement of the half-life of ***>Ra @Cmm,k
S.M. Collins **, AK. Pearce®, K.M. Ferreira® AJ. Fenwick?, PH. Regan®P, |.D. Keightley *

* National Physical Laboratory, Hampton Road, Teddington, Middlesex TW11 OLW, United Kingdom
5 Department of Physics, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom H ] G H L ] G H T S

1.0 x 108 = * Direct measurement of the *°Ra half-life using an ionisation chamber.
?.? £ ¢ New measured half-life of 11.4358 (28) days.
1.0 x 107 :;E Z ; e Result consistent with the most precise published value.
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Direct measurement of the half-life of 223Ra

S.M. Collins **, AK. Pearce®, K.M. Ferreira®, AJ. Fenwick?, P.H. Regan ", ].D. Keightley *

? National Physical Laboratory, Hampton Road, Teddington, Middlesex TW11 OLW, United Kingdom
® Department of Physics, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom
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A problem..absolute %23Ra standardisation at NPL

Applied Radiation and lsotopes 95 (2015) 114-121

Contents lists available at SdenceDirect -
b : L =
o Applied Radiation and Isotopes
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journal homepage: www.elsevier.com/locate/apradiso

Standardisation of 22*Ra by liquid scintillation counting techniques
and comparison with secondary measurements

John Keighdey*, Andy Pearce, Andrew Fenwick, Sean Collins, Kelley Ferreira,
Lena Johansson

National Physical [aboratory, Hampion Road, Teddington, Midellesex TWTT OO, UK

oo
@ CrossMark

HIGHLIGHTS

# An agueous solution of “**Ra chloride was standardized by liquid scintillation counting.
* CIEMAT/NIST efficiency tracing and Digital Coincidence Counting were utilised.

dual acnvity estimations using published y-emissions.

Different techniques showed E*
excellent agreement.... <
* Including the y-spectrometry.

So why do need new measurements
of the y-ray emission probabilities?
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Residuals
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Large discrepancies in measurements with
published y-ray emission probabilities of 223Ra.
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Energy /keV

The main y-ray emissions from
223Ra are show using (previous)
nuclear data taken from DDEP.

An 18% range in the deduced
activity using different gamma
transitions was determined.

This is not good enough.

However, the weighted mean
gives the ‘right’ result.

Previous results ‘suspicious’ due
to the large spread.



Uncertainty budget of the 223Ra
269.5 keV y-ray emission probability

Uncertainty component Relative uncertainty (k= 1)
Standard uncertainty of the weighted mean (includes the full-energy peak 0.24 %
efficiency)

Activity concentration 0.33 %
Dead Time & Pile-up correction 0.050 %
Radioactive decav correction 0.010 %
(Geometric reproducibility 0.10 %
Gravimetric 0.10 %
Detector stability 0.20 %
Peak fitting 0.10 %
True comncidence summing 0.10 %

Total uncertainty 0.50 %




Most up to date, accurate data on %23Ra decay.
Applied Radiation and Isotopes 102 (2015) 15-28

Precise measurements of the absolute y-ray emission probabilities of @Cmmrk
223Ra and decay progeny in equilibrium

S.M. Collins **, A.K. Pearce ¢, PH. Regan®", ].D. Keightley @

# National Physical Laboratory, Hampton Road, Teddington, Middlesex TW11 OLW, United Kingdom
b Department of Physics, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom
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Table 4
Absolute y-ray emission probabilities per 100 decays of 2*Ra and decay progeny in equilibrium.

Energy Source Iy (%) Energy Source Iy (%) Energy Source Fr (%) Energy Source Fr (%)
(keV) (keV) (keV) (keV)
103.9(5) “BRa  00119(6)  323.9(6) 3Ra 3.655(18) 438.8(6) *5pg 0.0533(7) 675.4(6) 21pp 0.0058(6)
106.7(4) 2ZRa 0.0213(11) 328.4(6) 223Ra, 2M'po, 0.2021(16) 445.0(6) 223Ra 1.218(6) 676.9(6) 219gn 0.0184(5)
20771
110.8(5) ZRa  0.0512(10) 333.9(6) 2Ra 0.0756(6) 462.8(6) *Rn 0.0011(5)  704.6(7) 2pp 0.498(3)
122.3(5) ?ZRa 1.312(6) 338.3(6) 22%Ra 2.605(13) 487.3(5) 223Ra 0.0083(3) 707.8(7) 219Rn 0.0034(4)
130.6(5) “PRn  0.1478(10) 342.9(6) #3Ra, "'pb 0.1958(21) 500.2(6) *3Ra 0.0013(5) 7114(7) “ZRa 0.0037(3)
144.3(5) ?2Ra 3481(16)  351.1(6) 21pj 13.17(7) 504.1(6) 1pp 0.0022(4) 727.47) ?2Ra 0.0024(7)
154.2(5) 22Ra 6.02(3) 355.5(6) 23Ra 0.0124(15) 517.6(6) 219Rn 0.0453(5) 766.4(7) 211pp 0.685(4)
158.7(5) “BRa  0.749(4) 361.7(6) 21ph 0.0341(7) 522.6(6) *3Ra 0.0021(6) 831.9(7) 21pp 3.448(16)
175.6(5) “ZRa  0.01578(10) 363.0(6) #3Ra 0.0192(9) 5276(6) *3Ra 0.0659(8) 835.6(7) “9Rn 0.00364(19)
177.4(5) 22Ra 0.0426(8) 368.4(6) 23Ra 0.0134(4) 531.4(6) 223Ra 0.0028(9) 865.8(6) 211pp 0.00540(21)
179.7(5) ZRa  01613(10) 371.7(6) Ra 0435(3)  537.5(6) 23Ra 0.0033(6) 891.3(7) 29Rn 0.00107(20)
221.4(5) 2ZRa  0.030410) 372.9(6) 223Ra 0.1133(13) 542.1(6) 223Ra 0.0026(6) 897.8(7) 211pg, 297T1  0.2725(15)
224.0(5) 2%Rn  0.0056(14) 376.2(6) 22%Ra 0.0056(4) 545.9(6) #23Ra 0.0028(6) 1014.7(7) 211pp 0.0171(4)
249.4(5) “ZRa  0.0375(9) 383.3(5) “%Ra 0.0023(6) 555.9(5) ““Rn 0.0026(7) 1074.5(7) “9Rn 0.00044(12)
251.9(5) 22Ra 0.0640(11) 386.3(5) 223Ra, 2"Rn 0.0052(7) 564.4(5) 219gn 0.0035(4) 1080.1(7) 21pp 0.01228(21)
2551(5) 2ZRa 0.0499(13) 390.1(5) 223Ra 0.0053(7) 569.6(7) 21po, 20771 0.0043(5) 1103.3(8) 211pp 0.00380(12)
269.5(6) BRa  1337(7) 401.8(6) “%Rn 6.57(3) 573.7(7) 3Ra 0.0029(13) 1109.5(8) 21pp 0.1113(7)
271.3(6) 2Rn  10.75(6) 404.8(6) 211pp, 215AL 4.011(19) 598.6(7) #23Ra 0.0867(12) 1196.2(8) 211pp 0.01052(17)
288.2(6) ZRa 0.1498(16) 427.1(6) 21 pp 1.890(9)  609.3(7) #23Ra, #'Rn, 0.0543(7) 1234.3(8) 2pp 0.00092(8)
211pb
293.6(5) 2¥Rn  0.0688(7) 430.4(6) 223Ra, 2M'ph 0.0206(19) 619.8(6) 219Rn 0.0056(12) 1270.7(8) 211pp 0.00624(19)

313.7(6) 2phy  00276(5)  432.4(6) 23R, 0.0297(14) 623.4(5) 23R, 0.0082(8)




Comparison of main y-ray
emission probability of 22°Ra and decay
progeny to DDEP recommended value.

Radionuclide Energy I{Thiswork) I{DDEP) z-score Difference

keV Yo %o %o
°Ra 2693 1337 (7) 14 23 (32) -2.6 -6.0
1°En 271.2 10.75 (6) 11.07 (22 -14 -2.9
13Po 4358 0.0535 (7) 0.058 (19) -0.3 -8.1
HPb 404 .8 4.011(9) 3.83(6) 3.0 4.7
2By 351.0 1317 (7) 1300 (19) 0.8 1.3

T 8977 0.2725 (15) 0.263 (9) 1.0 3.6




Comparison of NPL & (new) NIST and PTB Data.

Radionuclide Energy L{NPL) I{NIST) I{PTB) 212/ (n-1)
keV % %o %%
223 1223 1312 (6) 1.30 (1) 1.304 (12) 0.3
223 1443 3481 (16) 3.531(3) 3.469 (20) 0.3
223Ra 1542 6.02 (3) 6.08 (6) 6.03 (5) 0.2
15KRa 2695 1337(7) 1324 (12) 13.16(13) 0.5
5Ka 3239 3.655 (18) 3.63(2) 3661 (21) 0.3
5Ra 3383 2.605 (13) 2.39(2) 2614 (13) 0.3
223 4450 1.218 (6) 1.217 (8) 1.222(6) 0.1
%Bn 2712 10.75 (6) 1069 (10) 1087 (12) 0.3
19R 401.8 6.57 (3) 6.56 (4) 6.62 (4) 0.3
UPh 404 8 4.011(19) 401 (3) 4.05 (5) 0.1
Ph 427 2 1.890 (%) 1.89 (1) 1.912(10) 0.8
2HPh §32.0 3.448 (16) 348 (3) 3430 (17) 0.5
B 3510 1317 (7 15311 (%) 13.24 (6) 0.4
No. of y-rays reported 83 15 43

* Now, good agreement between the three NMls.



CTBTO NPLE]

National Physical Laboratory

Co-located with UN and IAEA in Vienna

Organisation created to support implementation and verification of
international Comprehensive Test Ban Treaty

Aim to detect any nuclear explosion conducted on Earth - in the
underground, underwater or in the atmosphere

International Monitoring System (IMS) has been established to
coordinate monitoring and sharing of data

IMS comprised of 321 stations and 16 laboratories across the globe,
with sensors for:

« Seismic (underground), hydroacoustic (undersea), infrasound
(atmosphere) and radionuclide (particulates and radioxenon in
the atmosphere)

NPL - Commercial — Not for distribution



88Kr calibration project — Accelerator & pile NPL

National Physical Laboratory
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is included however it is much shorter-lived (¢, ;2=15.20(5) min).

Nuclide Halflife Independent Cumulative t(Yq)
Yield (%)  Yield (%)

BImYe 11.0d  3.480E-7T 0.0405 15d

Bmye  22d  1.800E-3 0.1890 2d

1835 e 52d  6.660E-4 6.7000 3d

135 91h  7.850E-2 6.5400 11h

BLE 2.3: Fission vield data and associated NuDIC results for 235U thermal fission
sm England and Rider [17]). The maximum yield is calculated and the number of
/s of ingrowth /decay required to reach it. t(Y,q2) is the time at which the maximnum
eld is reached following ingrowth of parent fission product nuclei, post-detonation.
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Parent Electron Electron Emission Photon Photon Photons per
Radionuclide Emission Type Energy (keV) Emission Type Energy (keV) 100 decays
135Xe B max. 910(5) ¥ 249.794(15) 89.6(16)
Cs X Kpo 35.9003 0.19(1)
Cs X Kgi 35.1045 0.80(4)
Cs X K1 30.9731 2.69(13)
Cs X K0 30.6254 1.45(7)
133X e i max. 346.4(24) 7y 80.9979(11) 37.0(3)
Cs X Kgop 35.822 1.78(6)
Cs X Kpg 34.9873 7.31(15)
Cs X K4 30.9731 25.0(5)
Cs X Ko 30.6254 13.54(24)
133m ye c.e. 108.655(15) Xe X Kp 33.56 - 34.55  10.55(22)

2
Xe X K, 20.459, 20.779  45.30(81)

13lmy e c.e. 129.366(8) Xe X Kz 33.56 - 34.55  10.27(23)
Xe X K, 20.459, 29.779  44.20(82)
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Table 3

Nuclide identification from a peak search of the y-ray spectrum from Extraction
1 using the full acquisition (t = 170,731 s).f X-rays from Xe/Cs minus Ge fluo-
resence (escape peak). The relative y-ray intensity is the full energy peak integral

ELSEVI E- journal homepage: www.elsevier.com/locate/jenvrad divided by the simulated y-ray detection efficiency, decay-corrected to the start
- of the acquisition relative to the 250 keV 135y e peak (see Eq. (1)).
Production and measurement of fission product noble gases Fied | Paet  Sigmatwe  puay Rel oy Comment
Energy Nucleus  Type emission Intensity
. a,b,* ¢ p: . d s od : ¢ (keV) probability ~ (RGI) ( x
Matthew A. Goodwin , Steven J. Bell ©, Richard Britton “, Ashley V. Davies®, Marc Abilama ,
Sean M. Collins ”¢, Robert Shearman °, Patrick H. Regan b,e ® 1000
20.4 Xe/Cs' X - - Multiplet
2 AWE Aldermaston, Reading, Berkshire, RG7 4PR, UK 30.7 Xe/CsX e™-X - - Multiplet
® Department of Physics, University of Surrey, Guildford, GU2 7XH, UK Ky
fNan'anal Physical Laboratory, Teddington, Middlesex, TW11 OLW, UK 35.3 Xe/CsX e X - - Multiplet
Ky
1gh 80.9 e v 37.3(4) 47.4(7.1)  B8LO+796
m = keV
E = . 239 keV, T9Pb 122.8 gy f—y 0.20(1) 0.807(12)
& — &1 eV, "3xe / o - 129.1 ZimKr f-y 0.30(8) 4.73(71)
: = _ 151.4 "R poy 75.2(8) 38.1(5.7)
10 =3 f{.’f 3 E G08 keV, *Xe 158.6 135¥e Ay 0.29(1) 2.40(36)
— . = / 196.6 Kr f-v 26(1) 4.42(67)
_ i — f 233.4 e G 10.1(2) 0.65(98)
10* ; =+ ! 240.6 Kr v 0.25(1) 0.78(12)
E = L 250.2 e f-v 90.0(3) 1000(7)
= | ! ‘-|-.|__|.r J o | 305.1 SSmyy f—y 14.0(4) 5.32(80) SSTRy >
LT - SKr
NI = 'f d| / ""-'ﬂuhl',‘JJ g 358.5 135ye Ay 0.22(1) 1.94(29)
W0 e " |"I *-“'L-»-b...‘ IL|.|| 3900 K f-r 0.64(5) 0.67(14)
bt "'“‘\_ri-. -'J-\- 407.7 135%e f-y 0.36(2) 5.83(88)
” | 438.9 SR p—y 0.015(4) 1.35(21)
. 151 kel, #5mKr ."I |'r 4511 sy poy 0.011(4) 0.88(14)
10° = | -Jm,m 4584 ye gy 0.004(1) 0.55(9)
= L | Ll 1 85 8 85
i i ! kA i 514.3 Kr v 0.43(1) 4.76(72) SKr > %Rb
i Vil | 526.4 mYe 80.6(6) 35.5(5.4)
s 250 ke, 12xm PIHAGAT Wi, b | | | ’
10 b— ] |JH Irm bl L ; m 530.3 1331 b-r 87(2) 2.81(42)
3 | L i h "Hﬂ 608.3 B -y 2.9(1) 81.4(1.2)  ““Bi
= I r'l Interference
- j RiE il 731.9 1¥Ye p-v 0.055(4) 0.39(6)
1 Nl TR PR NN T e e 1N 834.9 By By 13(2) 6.75(10)
0 100 200 200 400 500 GO0 700 ann 898.2 Rp Ay 14.4(2) 1.73(27)
Enermy kel 18365  *Rb -y 22.8(1) 5.07(78)
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FiGure 6.5: <y-spectra from the first extraction of gas (22 hours after irradiation end).
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Ficurge 6.6: ~-spectra from the second extraction of gas (70 hours after irradiation

Live time: 170,731 s. Blue: Singles ~-spectrum, red: SF-gated ~-spectrum. Photon

energy range (-3 MeV (A) and 0-800 keV (B).

end). Live time: 416,000 s. Blue: Singles y-spectrum, red: S-gated vy-spectrum. Photon

energy range (-3 MeV (A) and 0-800 keV (B).
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