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Outline:

* Introduction to radioisotope physics

e Some Current frontiers:
e Gamma-ray energies and electromagnetic transition rates
e Reaction/production mechanisms
e Nuclear shape/shell evolution E(2*) evolution.

e Gamma-ray Detection - Singles and Coincidence Arrays:

* NORMs
e The DESPEC/FATIMA array at GSI/FAIR for DESPEC experiments.

e Pre-DESPEC with EURICA: deformation in 945Zr (f—y timing).
e NuBALL at IPN-Orsay, 64Dy(130,1°0)eDy.

e Applications / impact at NMIs for absolute standards.
e NORM measurements (mining; 223Ra radioisotope standards).
* NANA for ¢°Co standardisation; ?°Sr >20Y >%09Zr ‘imaging’.



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, O. Hann, S. C. Linp,
St. MEYER, E. RurHERFORD, 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: J. Chadwick, . 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.




Naturally Occurring decay 'chains' (NORMs).

Sequences of o and  decaying radioisotopes from Uranium (Z=92)

or Thorium (Z=90) to Lead (Z=82).

On earth since formation. Isotope/element ratios (e.g. 20Pb/238U)
can be used to date rocks / earth etc.
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Synthesis of the Elements in Stars*

E. MArRGARET BURBIDGE, G. R. BurBIDGE, WiLLIAM A. FOWLER, AND F. HovLE

TasLE I,1. Table of elements and isotopes [ compiled from Chari of
the Nuclides (Knolls Atomic Power Laboratory, April, 1956) ].

Elements Isotopes
Stable 81 Stable 272
Radioactive: Radioactive:
Natural (£<83) 18 Natural (4 <206) 114
(Z>83) gb - (4 =206) 44
Natural: Natural:
Stable and Radioactive 91 Stable and Radioactive 327
Radioactive: Radioactive:
Artificial (Z<83) 1e Artificial (4 <206) 702
(£>83) 10 (A >206) 169

Total 102  Total
Neutron 1 Neutron

* Te, observed in 5-type stars, o ] o
b Including At and Fr produced in weak side links of natural radioactivity
¢ Pm, not observed in nature.
d Ineludine Hi. Ci4, and Teve,
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2010: first year in which

more than 100 isotopes
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‘new’ radioisotopes still being discovered ....
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Different nuclear reaction mechanisms?

» Heavy-ion fusion-evaporation reactions (neutron-deficient).
« Spontaneous fission sources such as 2°°Cf (neutron-rich).
 Deep-inelastic/multi-nucleon (near-stable/neutron-rich).

 High-energy Projectile fragmentation / fission at e.g., 6ST,
RIKEN, GANIL, FRIB (everything....)

 Beta decay ; alpha decay (e.g. NORMs); proton radioactivity
* Other probes (e.e), (v,y), (ny), (p.y). (n,ny) etc.

 Coulomb excitation, EM excitations via E2 (usually).

» Single particle transfer reactions (p,d)

First four generally populate ‘near-yrast’ states
- most useful to see 'higher’ spins states and excitations.




E (MeV)

Measuring Excited Excited States -
Nuclear Spectroscopy & Nuclear (Shell) Structure

L. B— =]
Mure than o+
50 levels +
above 8 T
1 MeV
- + 0t ]
1.0 3/2 7/2-
31 levels )
between 6
0.5 MeV
and 1 MeV 2+
0.5 142> 4+ s
gamma
ray deca
3- g 4 Y
. 5/2+ a2- =4 = 0+ o+
, 4 120
‘%gﬂllz 23%3.125 19K21 184Ta100 1%205102 52Tegs

* Nuclear states labelled by spin and parity quantum numbers and energy.
- Excited states (usually) decay by gamma rays (non-visible, high energy light).
* Measuring gamma rays gives the energy differences between quantum states.




How much radioactive material is present ? (= metrology)

Activity (A) = number of decays per second

A =AN

A is related to the half-life by | =0.693 / T,,,

A signature of radioactive decay is the subsequent emission
of characteristic energy gamma rays

Measuring these provides accurate activities of the
specific radionuclides in a sample.




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);
e environmental assay (NORMs);
 nuclear forensics (e.g., 13%13’Cs and U isotope ratios);
e nuclear structure / nuclear (astro)physics research.



Radionuclide Metrology and Standards in Nuclear

ews Physics
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impact and applications

Radionuclide Metrology and Standards in

Nuclear Physics

The development of radionuchide
standards for metrology has under-
pinned maclear physics since its im-
ception [1]. The cument frontier of
radionuckide metrolezy reliss on
developments in radiation detection
and sigpal processms combined with
accurate muclear decay data evalua-
tions [2] and conmibutes to a myriad
of scientific disciplines. Radionuchide
meirology represents a crucial part of
the sciemtific jizsaw that emables zo-
cietal benefitc from puclear physics
reseanch.

Measurements that are traceable
to internationally accepted primary
standards can give the public comf-
dence in the charactenization of civil-
ian muclear waste materials soch as
Sigp IMUSINC, Mgy gy
and *Am and measurements of
nafurally ocouring radicactive ma-

andior to certify reference materials;
thes= can then be distributed to other
laboratories and used to calibrate their
OWD instruments in an uninterrupted
chain of calibrations to the final end-
nser. All measorements are essentially
rafio: back to these primary standards
NMI: cross-check them primary san-
dards against sources from ather coun-
tries through intermational comparison
emercizes co-ordinated by the Burem
Intermadonal des Podds et Mesures
(BIPM).

The first primary standard of ra-
dipactivity was based on radium  The
inmugural Badium Standards Com-
mittee was held in Brassels in 1910
and chaired by Lord Rutherford at
which 1 curie (Ci) was defined a3 the
amount of radon o eguilibriom with
1 g of radinm [1]. The radicactivity
measurEment system based on mdm

measurement mstument tool that is
available to WhIs to compare primary
standards of gamma emittars.

A primary standard of mdioactivity
allows the oumber of decays from a
source in a fpife tme period to be de-
termined using a technigque that does
not itself need calibration Since the
activity of each radiomuclide species
depend: on unigue decay properties,
different experimental technigues are
nesded for the primary smndardiza-
tions of individoal mdieisotopes. The
particular techmique depends on the
radioactive decay mode(s). half-hife,
decay scheme of the daughter mucleus
md branchmz mittes for competing
decay modes. Most modem rmdicac-
tivity standards are aqueous solutions,
guanfified by their activitcy per umit
mas: on 3 given reference date [3, 4].
The main methodologies used for po-

terials (WOFRMs) such a5 'H. "Be. standards became outdated follewing — mary radiomiclide standardization are
| |/ o l4z, 20pg, 20Dh, 24Bi, Db, *PRn.  developments in accelerator technol-  discussed below.
g IGRa, MWRa M8Ar and PAVSER] ozy, which led to an increasad range
] Other applications mclude assay of of amificially created mdiomuclides.  High-Geometry Methods
i Technologically Ephamnced NOBM In 1930, the cume was redefined as Perhaps the simplest method is fo
. i with potential mdiclogical impact on 3.7 = 10'" disintegrations per second  count the mumber of photons or par-
= workers in the oil and mineral produc-  and. in 1975, the 15th Conférence Ge-  ticles emitted by a source into the full
- . tion industries, and the use of radio- mnémale des Poids et Mesures adopted 4 steradians of solid angle [3]. The
g o & ° &"% pharmacsutical isotepes such as '¥F,  the becquerel (Bq), which is equal o perfect 4= detector does Dot exist and
& & Y Q’ @ pn/f25g, ¥z, Mo, BN Ay one inverse second for the SIunitof  the “non-detection” probabilicy muse
e | Le] *YRa and ¥'Th for diagnostic imag-  activity [3, 4] e accounted for, either by examining
] b % ing and therapy. This article explains In 1958, The International Com-  the mate of coincidences between mul-
g ] 1014 » the concept of intemnational raceabid- mittes for Weizhts and Measures of tple detectors or using Monte-Carlo
Y E 3 g ity and how accumate radiation stan- the BIPM created the Comite Con-  particle mansport simulation codes
—r. ] - dards are determined for different ra-  sultatif des Rayonnements lomizants For a complex decay scheme of ex-
- :5 : divactive decay modes. (CCEI). The CCERI is responsible for  cited states populated m the dausheer
o D 4 OrZanizing infernational comparisons,  noclews, the 4wy countms techmique
o Primary Radioactivity Standards enabling WMIs to cross-check their  can be exploited using either a single
. % National Measwrement Instingte: promary standards. The Intermational — well-type Mal(TT) or mwvoe MaliTl) de-
‘ (W) are responsible for the de- Eeference System, implemented in  tectors sandwiching the source. A
1 @ velopment and upkeep of primary 1973, is based on a pressurized well-  higher number of coincident cascade
measurement standards. Primary stan-  fype ionization chamber based at  gammas emited per decay leads to
dards are used to calibrate instroments  BIPM [4]. This is a permanent, stable  reduced uncertainties from non-detec-
10 r Ty r r
10 100 1000 Vol. 28, No. 3, 2018, Nuclsar Physics News 25
Energy keV




Excitation Energy (MeV)

The number of 4°K decays is equal 2+
to the number of 1461 keV gamma rays
emitted, divided by the ‘branching ratio’ o+
which is 0.1067 in this case.

Nuclear structure matters!

Why no decay to excited state in
40Ca, only to ground state ?

K. T, ,,=1.248x10° yrs

20 14609 a3qy - 4= 15017
______________ (38) =y
10.66% = 80.14% 5~
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Journal of Environmental Radioactivity 138 (2014) 80—86

Determination of 223U, 232Th and “4°K activity concentrations in
riverbank soil along the Chao Phraya river basin in Thailand

T. Santawamaitre *, D. Malain *, H.A. Al-St
PH. Regan = <"
* Centre for Nuclear and Radiation Physics, Department of Physics, Univ

b Centre for Environmental Health Engineering, Deparement of Civil Eng
© National Physical Laboratory, Teddingron, Middlesex, TW11 OLW, UK
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Other radionuclides in the 'background?

« Man-made (‘anthropogenic’) radionuclides also present in
the wider environment, e.g.,

« Fission fragment daughters such as 137Cs, 20Sr

« 21Am, decays to 23’Np (T;,,~2 million years)

« 239Py, 2 Am (from neutron capture on 238U in fuel)
« Neutron capture on fission residues (e.g., 134Cs)

* Medical isotopes released near hospitals (°°mTc; 131T)



More applications / impact?



‘Nuclear Medicine: Xofigo™ C Xoflgo“

EL ium ’fﬂ //? ('f”Wwd,j

[AV) Jp“u

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

e Targeted palliative treatment of bone
metastases from late stage
castration resistant prostate cancer

 Extends patient life ™
average 3 months

Range of a-particle
(short range — 2 to 10 cell diameters?)

Optimize radiation dose

e Underinvestigation for |[pAseytmmm
bone metastases from f;f:;;;°{;i;’;:;;°w
breast & ovarian cancer.

e Now usedin >3,000

Cl | N iCS W0r|dWide; Range of B-particle ; Bone IMineral
H di lid .
Supplled through Bayer {I—Ozg'::-znlgoi)o cell diameters?) . y Rvdoxyapatie)

(formerly Algetha)

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

The radium exhibits high uptake in metabolically active bone sites i.e. tumour lesion sites

Alpha emissions deliver a short ranged high radiotoxic dose

Short range = less damage to healthy tissue….unlike current beta emitting treatments using 89Sr, 166Ho and 153Sm 



223Ra Decay Series

Decay progeny all have half-lives < 40 min

Reach radioactive equilibrium within hours
of chemical separation

e ~ xb6 activity of the ?2°Ra

223Ra decay series has
* 6 a-emitters
e 2 [3-emitters

Decay progeny emit characteristicy rays.

148 discrete energy vy ray transition from
the decay series have been identified in
literature (not including X-rays).

223

o8 Ra

11.4354 d

215
» SﬁAt
0.00023% (100 = 10
99 9997 7% ll ()
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» SEBI
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In equilibrium they all decay with the Ra223 half-live

Effectively each Ra223 decay will most likely emit 4 alphas and 2 betas.




Applied Radiation and Isotopes 99 (2015) 46-53 ==
ohg) Applied Radiation and Isotopes r

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

Direct measurement of the half-life of **3>Ra ®Cmssm
S.M. Collins **, A.K. Pearce®, .M. Ferreira®, AJ. Fenwick?, PH. Regan*®, |.D. Keightley *

2 National Physical Laboratory, Hampton Road, Teddington, Middlesex TW11 OLW, United Kingdom
b Department of Physics, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom H ] G H L ] G H ']" 5
1.0 x 108 m e * Direct measurement of the **°Ra half-life using an ionisation chamber.
::f‘u" EF ¢ New measured half-life of 11.4358 (28) days.
- T o= ¢ Result consistent with the most precise published value.
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Most up to date, accurate data on %%3Ra decay.

Applied Radiation and Isotopes 102 (2015) 15-28

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

S.M. Collins **, A.K. Pearce ¢, P.H. Regan®”, ].D. Keightley *

? National Physical Laboratory, Hampton Road, Teddington, Middlesex TW11 0LW, United Kingdom
b Department of Physics, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom

S.M. Collins et al. / Applied Radiation and Isotopes 102 (2015) 15-28 21

Table 4
Absolute y-ray emission probabilities per 100 decays of ?*Ra and decay progeny in equilibrium.

Energy Source Iy (%) Energy Source Iy (%) Energy Source Iy (%) Energy Source F (%)
(keV) (keV) (keV) (keV)
103.9(5) ZRa  00119(6)  323.9(6) 23Ra 3.655(18) 438.8(6) 213pg 0.0533(7) 675.4(6) 211pp 0.0058(6)
106.7(4) 22Ra 0.0213(11) 328.4(6) 223Ra, 21po, 0.2021(16) 445.0(6) 223Ra 1.218(6) 676.9(6) #19Rn 0.0184(5)
2077
110.8(5) 2ZRa  0.0512(10) 333.9(6) 2%Ra 0.0756(6) 462.8(6) 2%Rn 0.0011(5) 704.6(7) 211pp 0.498(3)
122.3(5) 22Ra 1.312(6) 338.3(6) 223Ra 2.605(13) 487.3(5) 223Ra 0.0083(3) 707.8(7) #19Rn 0.0034(4)
130.6(5) 2¥pn  0.1478(10) 342.9(6) 223Ra, 2"'pb 0.1958(21) 500.2(6) 2%Ra 0.0013(5) 711.4(7) *ZRa 0.0037(3)
144.3(5) 2ZRa  3.481(16)  351.1(6) pj 13.17(7) 504.1(6) 21pp 0.0022(4) 727.47) 22Ra 0.0024(7)
154.2(5) 22Ra 6.02(3) 355.5(6) 223Ra 0.0124(15) 517.6(6) H19%Rn 0.0453(5)  766.4(7) 211pp 0.685(4)
158.7(5) 2ZRa  0.749(4) 361.7(6) 2pp 0.0341(7) 522.6(6) 2Ra 0.0021(6) 831.9(7) 211pp 3.448(16)
175.6(5) 22Ra  0.01578(10) 363.0(6) ?Ra 0.0192(9) 527.6(6) Ra 0.0659(8) 835.6(7) *Rn 0.00364(19)
177.4(5) 22Ra 0.0426(8)  368.4(6) 223Ra 0.0134(4) 5314(6) 223Ra 0.0028(9) 865.8(6) 21pp 0.00540(21)
179.7(5) ZRa  01613(10) 371.7(6) 23Ra 0.435(3)  5375(6) 23Ra 0.0033(6) 891.3(7) 29gn 0.00107(20)
221.4(5) 22Ra 0.0304(10) 372.9(6) 223Ra 0.1133(13) 542.1(6) 223Ra 0.0026(6) 897.8(7) Hpg, 297T] 0.2725(15)
224.0(5) 2BRn  0.0056(14) 376.2(6) 223Ra 0.0056(4) 545.9(6) 223Ra 0.0028(6) 1014.7(7) 11pp 0.0171(4)
249.4(5) 2ZRa  0.0375(9) 383.3(5) 2%Ra 0.0023(6) 555.9(5) 2%Rn 0.0026(7) 1074.5(7) 2%Rn 0.00044(12)
251.9(5) 22Ra 0.0640(11) 386.3(5) 223Ra, 2'Rn 0.0052(7) 564.4(5) H19%Rn 0.0035(4) 1080.1(7) 211pp 0.01228(21)
255.1(5) 28Ra 0.0499(13) 390.1(5) 223Ra 0.0053(7) 569.6(7) Hipg, 2077] 0.0043(5) 1103.3(8) 21pp 0.00380(12)
269.5(6) 2ZRa  1337(7) 401.8(6) 21%Rn 6.57(3) 573.7(7) 23Ra 0.0029(13) 1109.5(8) 211pp 0.1113(7)
271.3(6) 2Rn  10.75(6) 404.8(6) 21pp, 215A¢ 4011(19)  598.6(7) 223Ra 0.0867(12) 1196.2(8) 211pp 0.01052(17)
288.2(6) 2ZRa  0.1498(16) 427.1(6) 2pp 1.890(9)  609.3(7) #23Ra, #"Rn, 0.0543(7) 12343(8) 211pp 0.00092(8)
211Pb
293 .6(5) 2Rn  0.0688(7)  430.4(6) 223Ra, 21pp 0.0206(19) 619.8(6) H19%Rn 0.0056(12) 1270.7(8) 21pp 0.00624(19)

313.7(6) 2py  00276(5)  432.4(6) 23R 0.0207(14) 623.4(5) 23R, 0.0082(8)




Some Nuclear Structure 'Big’ Science Questions?

* How do protons and neutrons interact?
« Can we write down a nuclear ‘force' equation?

* Evolution of nuclear single-particle structure.

* Why/where/how do nuclear excitations
change from 'single particle' to ‘collective’ ?

* Why do some nuclei exhibit 'deformation’ ?
« How do we measure nuclear 'deformation’ ?



'Simplest’ signature of nuclear 'shape’ and deformation is the
Energy of the first spin/parity 2+ state, i.e. E(2").

2400 Evolution of nuclear structure
| (as a function of nucleon number) |
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Some nuclear observables?

1) Masses and energy differences
2) Energy levels
3) Level spins and parities

4) EM transition rates between states

5) Magnetic properties (g-tfactors)

6) Electric quadrupole moments?  _lo

Rofarion
Priviy

Essence of nuclear structure physics

f !

How do these change as functions
of N,Z, I, Ex?

What are the most useful
'signatures’ of nuclear
structural evolution?
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How is measuring the
lifetime of excited
nuclear states useful?

Tyi(AL) =

Nuclear structure mfor'mcmon

The !

tells us the overlap
between the initial and final
nuclear single-particle

Sm(L+ 1)

wavefunctions.

Transition probability
(i.e., 1/mean lifetime (1)

f (( 2L + 1)!1)°7

E 2L+1
(ﬁ) BOL: Ji — J;)
4

y-ray energy dependence of
transition rate: e.g. £° for E2s




Weisskopf, V.F., 1951. Radiative
transition probabilities in nucler.
Physical Review, 83(5), 1073.

Transition rates can be
described in terms of
'Weisskopf Estimates'.

Classical estimates based on
pure, spherical proton
orbital transitions.

1 Wu is 'normal’ expected
(single particle) transition
rate.....(sort of....)

LETTERS TO

where K is lhe low lrequency dielectric constant, Ko is the optical

, and x the ibility. In Table I are
luted the vahm of @ an/ap calculated from (4) and (1) next to
the experimental values of @ InK/dp. The calculated values of
a InK/ap differ from those of Rao by the term a(K — K¢)/K, which
arises from the difference between (la) and (2a).

Equation (4) is derived assuming that the inner field polarizing
the dielectric is independent of pressure. Since the values of
- anfaf obtained from (4) do not account for all the change in
the d constant, it seems to expect that the inner
field is not constant but does decrease with increasing pressure.
This conclusion agrees with the one reached in my original paper
using the theories of Hojendahl and Mott and Littleton.

i D. A. A. S. Narayana Rao, Phys, lev B2, 118 (1951).
+S, Mayburg. Phys. Rev. 79, 375 (19!

Radiative Transition Probabilities in Nuclei

V. F. WEISSKOPF

Physics Depariment, M. ud-sd-lhdll-kITﬁmh.
SIS :Mc a“ of Teci gy,

{Received Julv 20, 19!1)

ONSIDER a lmnnmnn from nuclear lulc a ln nuclclr state
b with of a of tion of

angular momentum } (2%-pole) and s I. m. The transiti
probability per unit time is given by‘
8a(l41) ¥ i
T, m)= T@+HIT & |A(i m)+A'(, m) |, (1)

where x=2xv/c is the wave number of the emitted radiation, and
the quantities A, A’ are the multipole matrix elements caused by
the electric currents and by the ion (spins), respectively.
We find for electric radiation

z
Al m)=QU, m=e 2 f i ¥ in® (B, ) w6" e A7, @

A

e
£+1 2Mc E. a

XJ i ¥im®(0s, ¢0) div(es*neXoupa) dr, (3)

where ¢4 and ¢, are the wave functions of the nuclear states, 3 is
the mass of each nucleon, ry=(rs, 8, $s) is the position vector of
the &th nncleon, @, is its Pauli spin vector, and p is its magnetic
moment in nuclear magnetons. The sum in (2) extends over the
protms, the sum in (3) over both protons and neutrons. These
are app tions valid for xR<1, where R is the
nuclear radius.
The corresponding expressions for magnetic multipole radiation
are

AU, m)=Q'(l, m)=——

Sz
Al m)y=M(, '")--HV_IM-:.-,

it Vin®(8s, ¢a) div(gn*Laga) dr, (4)
A
A, ) MG, ) = —zim Zw

X | it Yim® (05, ¢0) divies*@uep,) dr, (5)

where Ly= —iraX ¥ is the orbital angular momentum operator
(in units of &) for the kth nucleon.

We can estimate these matrix elements by the following ex-
ceedingly crude method. We that the radiation is caused
by a transition of one single proton which moves independently
within the nucleus, its wave function being given by u(r) ¥ 1.(9, ¢).
In addition we also assume that the final state of the proton is an
S state.? We then obtain

QU m)~Le/(4m)IL3/(+3) IR 6)

THE EDITOR 1073

where the mtegnl Sriup(r)ug(r)ridr over the radial parts of the
proton wave fi was set app ly equal to IRY/(14-3).
The other matrix elements are estimated by replacing div by R,
We get the rough order-of-magnitude guess
M1, m)~[e/(4x)VI[3/0+-3) A/ Mc IR, 4]
M’ (3, m)~Le/(4x)VIL3/ (14 3) Jup[R/McIRY, (8)
where up is the magnetic moment of the proton (=2.78). Q"(}, m)
can be neglected compared to Q(/, m). We therefore get a ratio of
roughly

(L4+ur) (B/ McR)*~10(A/ McR)*

between the transition probability of a magnetic multipole and an
electric one of the same order. This ratio is energy-independent in
contrast to widespread belief.

Inserting these estimates into (1) we get for the transition
probability of an electric 2 pole
T 44040 “)( "“

" :[(2;+nn]-\1+ 197 Mev

X (R in 1078 cm)?! 10* sec™! (D)

and for a magnetic 2'-pole

190+1) (3 2141
T"mgﬂ:(uﬂ)tr}\&s) (197 Mev)

X (R in 1079 cm)*-2 10# sec™. (10)

The assumptions made in deriving these estimates are extremely
crude and they should be applied to actual transitions with the
greatest reservations. They are based upon an extreme application
of the independent-particle model of the nucleus and it was
assumed that a proton is responsible for the transition. On the
basis of our assumptions the electric multipole radiation with /> 1
should be much weaker for transitions in which a single neutron
changes its quantum state. No such differentiation is apparent in
the data.

In spite of these difficulties it may be possible that the order of
magnitude of the actual transition probabilities is correctly de-
scribed by these formulas. We have published these exceedingly
crude estimates only because of the rather unexpected agreement
with the experimental material which was pointed out to us by
many workers in this field.

‘The author wishes to express his appreciation especially to Dr.
M. Goldhaber and Dr. J. M. Blatt for their great help in discussing
the experimenul material and in improving the theoretical

1t We “I:tmc notation (24 1)11=1-3 5 -'(214-])

1 This can consist in unim-
portant numerical factors.

Nuclear Magnetic Resonance in Metals:
Temperature Effects for Na*

H, 8. Gurowsky
Noyes Chemical L 3 of Chemistry, University of Iliinois,
" “Urbana, Hlisnois* -
(Received July 2, 1951)

NIGHT reported' that nuclear magnetic resonance fre-
quencies are higher in metals than in chemical compounds.
It has been proposed? that such f y shifts are primarily the
result of the contribution of conduction electrons to the magnetic
field at the nuclei in the metal. This note gives an account of some
related preliminary results including temperature and chemical
effects, and also detailed line shape studies. Our experiments have
beer! at fixed frequency using equipment and procedures outlined
previously.* ¢
The effect of temperature on the Na® magnetic resonance shift
in the metal, relative to a sodium chloride solution, is given in




2+

T(E2) =1.223 x 10°E>B(E?2)
T (E2) = transition probability = 1/t (secs); Q 0+
E, = transition energy in MeV

a0 avalleallon  + ] | Qo= (TRANSITION) ELECTRIC
3001 s QUADRUPOLE MOMENT.

This is linked to the charge
distribution within the nucleus.

1 I Non-zero Qo means deviation
| | from spherical symmetry and
thus some quadrupole
‘deformation..

Neutron Number N

5 G3U-K)([-K-1){I{+K)I+K-1)

B(E2) = —
(£2) 167.'20 (20 —2)(2T —1)J(2J + 1)

B(E2: I>I-2) gives Qo by:

2]1/2

B2 = Besr = (4/3ZRE)|B(E2:0% - 27)/e




FATIMA for DESPEC

« FATIMA = FAst TIMing Array = Gamma-ray detection array for precision

measurements of nuclear structure in the most exotic and rare nuclei.
» 36 LaBr; detectors (1.5" x 2" cylinders in three rings of 12 detectors)
» Used to measure lifetimes of excited nuclear states.
« Energy resolution (better than 3% at 1 MeV).
« Total full-energy peak detection efficiency (>5% at 1 MeV).
« Excellent timing qualities (approaching 100 picoseconds FWHM).
» Uses a fully-digitised Data Acquisition System.

& 1?"*1"“

Nuclear Instruments and Methods in Physics Research A 748 (2014) 91-95

Contents lists available at ScienceDirect

Nuclear Instruments and Methods in
Physics Research A

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

Technical Notes
A\ ' A LaBrj: Ce fast-timing array for DESPEC at FAIR

Oliver . Roberts®*, Alison M. Bruce %, Patrick H. Regan "¢, Zsolt Podolydk ",
Christopher M. Townsley ", John F. Smith ¢, Kieran F. Mulholland ¢, Andrew Smith ¢

@ School of Computing Engineering and Mathematics, University of Brighton, Brighton BN2 4GJ. UK
b Department of Physics, University of Surrey, Guildford GU2 7XH, UK

*“ School of Engineering, The University of the West of Scotland, Paisley PA1 2BE, UK

d The University of Manchester, Oxford Road, Manchester, M13 9PL, UK

* National Physics Laboratory, Teddington, TW11 OLW, UK




FATIMA-DESPEC array at GSI/FAIR (July 2018)
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Applying the FATIMA detectors for
absolute standards: NANA



Standardisation using the NAtional Nuclear Array (NANA@NPL)

e Use NANA used as a primary
radioactivity standard.

» Absolute activity of
60Co determined using the
y-y coincidence technique.
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S.M. Collins™"", R. Shearman™”, J.D. Keightley”, P.H. Regan™"

* National Physical Laboratory, Hampton Road, Teddington, Middlesex TWI11 OLW, United Kingdom
& " Depariment of Physics, University of Surrey, Guildford GU2 7XH, United Kingdom

0 45 Q0 135 180 225 270 315 360




‘Entries 651834

%] Radiation Physics and Chemistry 140 (2017) 475-479 | Total g-g Coincidence Plot | 9%

TR Radiation Physics and Chemistry

~ Mean x 420.3
e 14002 Meany 4203

ELSEVIER journal homepage: www.elsevier.com/locate/radphyschem ; RMS x 2388

o RMS 238.8

21200} !

T s . 107

Commissioning of the UK NAtional Nuclear Array @c,mm,k
R. Shearman™"", .M. Collins", G. Lorusso™”, M. Rudigier”, 8.M. Judge"", 8.J. Bell", 1000
Zs. Podolyak”, P.H. Regan™"

* National Physical Laboratory, Teddington, Middlesex TWIT LW, UK 300
b Department of Physics, University of Swrrey, Guildford GU2 7XH, UK

Radiation Physies and Chemistry 140 (2017) 475479
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Use of NANA for assay and separation of 134Cs and 13/Cs decay products from spent nuclear fuel:
134Cs has gamma-ray decay coincidences; 13/Cs decay has a single decay transition (662 keV).



Some New Physics with FATIMA Detectors:

AIM: To accurately determine the lifetimes

of (at least) the first 2* states in ‘exotic’
radioisotopes to infer their quadrupole deformation.

- - v correlated decay spectroscopy via Y - v correlated decay spectroscopy via
high-energy projectile fission of 238U: Low-energy, 2 neutron-transfer reactions
EURICA+FATIMA at RIBF-RIKEN NuBALL @ IPN-Orsay



Fast-timing measurements @ RIKEN

18 LaBr;(Ce) scintillators (®1.5"%2”) on three vacant slots for y rays

BC-418 plastic counters (2-mm thick) beside the DSSDs for 3 rays

Courtesy of H. Watanabe

”T

/

Plastic




Physics Letters B 750 (2015) 448-452

Lifetime measurements of the first 2+ states in 1941067y

Evolution of ground-state deformations

F. Browne ®P-* A M. Bruce ?, T. Sumikama P, I. Nishizuka¢, S. Nishimura
P. Doornenbal ®, G. Lorusso®, P-A. Séderstrom P, H. Watanabe -, R. Daid|
S. Rice P, L. Sinclair®P?, J. Wu"P, Y. Xu'J, A. Yagi€, H. BabaP, N. Chiga
F. Didierjean’, Y. Fang€, N. Fukuda®, G. Gey"™P, E. Ideguchi®, N. Inabe
D. Kameda", I. Kojouharov", N. Kurz", T. Kubo®, S. Lalkovski®, Z. Li", R.
H. Nishibata ¢, A. Odahara®, Zs. Podolydk', PH. Regan’P, 0. Roberts?, H|
H. Schaffner”, G.S. Simpson!, H. Suzuki®, H. Takeda®, M. Tanaka®¢, |. Tap
V. Werner *!, 0. Wieland"
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NuBall at IPN-Orsay: ‘Hybrid” HPGe —LaBrg combined array.

« 20 LaBr;detectors with from FATIMA collaboration -time resolution ~250 ps
24 HPGe clover detectors with BGO shielding for Compton Suppression

10 coaxial HPGe detectors with BGO shielding
FASTER Digital DAQ; 500 MHz sampling for the LaBr; detectors; 125 MHz

sampling for the HPGe and BGO detectors
Internal pulse shape analysis




164 Dy(ISO, 160)166 Dy

a way of getting to the most
neutron-rich stable+2n isotope and
measuring its deformation.




Ratio E(4™)/E(27) vs. N in the Z=66 Region
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Summed Background Subtracted Spectra
HPGe Gated on 177 and 274 keV in **Dy
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164Dy (180,%0) %Dy — first NuBALL @Orsay experiment

LaBr Energy Projection with 14Dy gates indicated
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T(E2) =1.223 x 10°E>B(E?2) 2"

T (E2) = transition probability = 1/t (secs);
E, = transition energy in MeV

B(E2: I — I-2) gives Qo by:

3

B(E2) 31 —K)I—K—-1)(I+K)I+K-1)

= Tor %0 (2] —2)(2T —1)J(2J + 1)

2]1/2

B2 =~ Besr = (4m/3ZRG)|B(E2: 0% - 27)/e




166Dy 2+ |ifetime and inferred deformation.

LaBr Projection after HPGe gate on 273 keV

Summed LaBr dT Spectra between 4*—-2%and
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Thanks: STFC (UK) and BEIS-NMS (UK)

e Matthias Rudigier (Surrey)

e Robert Shearman (Surrey/NPL)

e Rhiann Canavan (Surrey/NPL)

e Zsolt Podolyak (Surrey)

 Alison Bruce, Eugenio Gamba (U. Brighton)

* Nicu Marginean et al,, (Bucharest)

e Jon Wilson, Matthieu Lebois et al., (IPN-Orsay)

e Sean Collins, Giuseppe Lorusso, Peter lvanov et al (NPL)
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