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Atomic Mass Model

Relationship with Nuclear Decay Models

B spontaneous fission |
i p - decay

T e 265 Stable nuclei °®157¢-e
| = (A 400
| wdeay , By = ey ;/_,";;:If'ii:' } ® 104 e-0

100 b

60 Primordial (T,,, > 10%)

~ 2500 produced in nuclear reactions

e Decay characteristics of most radioactive
nuclei determined by B-decay i.e. weak interaction

50

e  For heavier nuclei - Electromagnetic
interaction important > ea-decay

0 o - ﬁrﬂ 100 150 .fiSSion

e Adding protons or neutrons new nuclei are created from the stable nuclei 2
until the particle drip-lines (Sp =0orS_=0).

Nuclei beyond drip-line are unbound to nucleon emission, i.e. Strong interaction
cannot bind one more nucleon to the nucleus

CSIiIC Maria J.G2 Borge, Beta decay studies
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Binding Energy

e Strong interaction acts at very short distance.

* Naively one would expect A(A-1)/2 bonds and each E, 4 ~constant thus giving:
BE(A,X\)/A < E, (A-1) /2

= Experimentally BE(A,X\)/A o 8 MeV over the full region indicating
= Nuclear and charge independent

= Saturation of Nuclear Forces: p, = 0.17 N/fm3

= The less bound nucleon has an energy of ~ 8 MeV independent of the number of
nucleons

- The independent particle picture holds : nucleons move in an average potential

T I T T | T

b T T T 1 |
Nuclear density is independent of A and 104 times normal density ] ..{.'"1.....11 ; 7

= - N
L 128[p i |
e M Ay

........

= BE/A as function of A has its maximum around i [ ]
A =56-60 ( Ni) Ao

— Source of energy production

v Falo
|

«Fission of heavy nuclei -

«Fusion of light nuclei
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Nuclear stability

BE(A,Z) = ZMpc? + NMnc? — M’(A X )c?
Using the Bethe-Weizsacker mass equation for BE(A,Z)

M’(A,X\)c? = ZMpc? + NMnc? - a A + a A%3 + a Z(Z-1)A"3+ a,(A-2Z)*/A - a A/

For each A value this represents a quadratic equation in Z

x =Mnc?-a +a, +aAl oM
oz
A 2 - 2 - 2 1
M’(A, X, )c? = XA + yZ + 2Z% + 0(13) y = (Mp-Mn)c? - 4a,- a Al/3 INT.
z=a A3 +4a,/A ®1+0.007A%"?
Thus for each A-value one can calculate the
nucleus with lowest mass (largest binding I T
energy): m"w:u:] 52 \.- f F.’:I’.'I'I?thll.lﬂ'-ﬁ‘|
1 \ PEC | 24 minuies
\ T
For a given A a parabolic behaviour of the 5| L) oo
g: o III'IE k » F e j'ﬂ:lum u
nuclear masses show up. 8| eseemm \o JA
+ ;g: }enunﬁd % r'l Praseodymium 59
odd-A only one stable nucleus. The rest 3* B m , [ wes f rasnan
decay towards the only stable nucleus. vt Ny TS e
Barium 56 -;-Ed-«.l_a nthanum 57

e T T T T T T T T T
51 52 53 54 55 56 57 58 59 B0 61 62
proton (Z)

even A both even-even and odd-odd =2 |
parabolas implied by the mass equation.
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Stability Against Radioactive Decay

Last stable nuclei A=210 The conditions S, =0 and Sp = 0 establishes

1C0

ET L L B B L E the drip-lines
7 90 £ == 1n,3n,5n ‘g
B0 £ - 2n,4n o
70 ;-— g /’ii
50 - - T E Spontaneus o-decay (S, = 0) correspond to
s £ 3
s . . BE(AX,) - BE(*%, X, ,) + BE(*He)]=0
0 F =
Ny i The half-lives becomes short in the
0 EJ*[ el by v v v v v v b v by g by | 15 actinide region A ~ 210
0 20 40 6O a0 100 120 140 160

N

The energy release in nuclear fission: E

1 A " A/2
fission ™ M (Z)(N)C2 -2M (Z/Z)(N/Z)C2
Using a simplified mass eq. where Z(Z-1) ~ Z2 and neglecting the pairing corrections 0:
Ericsion = [ -5.12A23 + 0.28Z2A'Y/3] 2

E >0 for Ax 90 and E = 185 MeV for 238U,

fission fission

The fission products, neutron rich nuclei, mainly B- = good source of electron anti-neutrinos.

C S l c Maria J.G2 Borge, Beta decay studies m



Different decay modes

28

20 Prad

HCSIC

Hn

Ad | (

S | fex
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Beta-decay

* |Introduction

* Formalism

* Beta-decay and fundamental interactions

* Beta decay and the structure of the nucleus

C S l c Maria J.G2 Borge, Beta decay studies
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Beta decay Studies

Ton
source

Mass
Separator

1AN %
Z-1AN+1 Y @

Transport system
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Introduction

Process mediated by the weak interaction between two isobars

(N,Z) -->(N-1,Z+1)+e +vVv N M(Z) - M(Z+1)= E; + E, + Ex
BT+ EC
(N,Z) -->(N+1,Z-1)+e*+vVv M(2) - M(z-1)= Eg, +E, + 1022+ Ex

A .:—A A
11022 keV
Ap/ B_l:‘ v EB_ max y \ A (5
QEC I e y / EB+ T v EX B
S, ™ S
Y ! ”
B T (N-1, Z+1)

daughter

C S l C Maria J.G? Borge, Beta decay studies



The decay of 4°K

» Radioactive decay : 40K all 3 decays
> probability per unit time A i
- _ t,,=1.27-10%
> lifetime 7, half-life £, /o EC 4
Q= 1311.6 keV
> activity A (decays per unit time)
s b= (89%)
T = 1/A
tija = In2/X o
A(t) = AN(t) = ANge " e
1 Bqg = 1decay/s ToAT 20Ca
“ stable stable

> 40K is 0.01% of natural *9—41K -
~+ KT signal transmitter in nervous system
~+ 16% of human radiation exposure !
~+ 70 kg human = 4,400 decays/s !
~+ K-Ar dating method for rocks

CsIiIC Maria J.G2 Borge, Beta decay studies



Spectra B*

1000
900
800
700
600
500

400

RELATIVE INTENSITY

Introduction (lI)

..... - Expand in a large E-scale
/"”‘““-\ f[ﬂ‘TET@ 5
AN A T | E,—=18,6 keV (°H, B)
i I N\ _
/ F{OEED /\\>\ EB_: 22800 keV (ZZN, B)
sool— z(—)-éi“ '
Z(5) = 10]
200 ——
100 ‘
DOIU' 100 200 300 400 500 600 700 800 900 1000 1100

Half-life

Ty

ENERGY OF ELECTRON OR POSITRON (keV)

, : ms-->10% years

Emission of delayed particles
P, =610° (**'Lu) to 100 % (*'Ar)
P =5510" ("Ge)t099 % (*Li)

CSIC

Maria J.G® Borge, Beta decay studies

35 Na, T,,=15ms

H4%Sm, T, , =7 10™ years

B p, B2p, B3p, ...pN, B2n ...




Classification of B-decay transitions

Jim;
— L

Eg Ji_Jf+Lb+Sb = (=1
Jems / \ 0 _
Lb:lb—(b+)+lﬁ(n): 01112 Sb:Sb—(b"‘) +Sﬁ(ﬂ):{1 _OI/'——

L ;= defines the degree of forbiddeness
allowed forbidden
when L =0 and m;r=+1 when the angular momentum
Al = ‘ |1, ‘ =01 conservation requires that

L ;>0 and/or m;m=1

C S l c Maria J.G2 Borge, Beta decay studies ngm



Allowed transitions

‘]i — Jf + Lev + Sev L =0 = 1f (_1)Lev

spins v & electron ¢ ¢ S.,#20 —> transition type Gamow Teller ( GT)

access to the structure of the nucleus

spins v & electron fﬁ* S.,=0 —> transition du type Fermi ( F)

access to the weak interaction

2p1/2 |
1f5/2 /._1_ 1f5/2
2p3/2 a 2p3/2
1f7/2
T
CcsiIC Maria J.G2 Borge, Beta decay studies I E M




Beta-decay Formalism

Fermi gold rule Density of final states
[1>--->]1> p=2n/h| M. [2dn /dE
~ Transition probability \ _ _
.\l M.. =19, H ¢. dv ; where H?
Energy conservation N
dn=dn,.dn, = (4p)°V*p*dpq°dq d)f = Pe Pn P gaughter
M h6 — —
Radioactive decay constant: 1 = J? p dp ?.(r) =% =%[l+%’+---] -
27 LR, 2Pdpg’ dgq
dh=—=g" M| (47)" =3 iE,

Fermi function

For a certain f transition ) t = Log2 = Cte |[M.[? f (Z, E) T _1orz <10

/ \ Nforz />17
Radioactive constant partial half-life ¢z = 3/1’2 Jforz /i<1p
0
—s f(Z E)t=Cte/|M,] N
% [ feeding
CcCsiCc Maria J.G® Borge, Beta decay studies l E M




Classification of the transitions & Snin-Darity

~3900 cases -> gives
centroids and widths

Iog f -t Iog .|: t TranSItlon type 0 - | Allowed transitions
Independent of <3,8 super allowed, Fer,,,| .. il
A <59  Allowed, Gamow AN —
and Z >6 “special allowed” | yd
7(1) firstforbidden "%
8,5 (5) first forbidden LY

~13 second forbidden

0

-------

~ 18 Third forbidden ' o o
“Review of Log ft Values in
decay”
http://www 1 B.Singh et al., NDS 84 (1998) 487
f(Z, EB)'[:K/|I\/Iif|2:C/(B(F)+B(GT)) 0 1 .
iiz?eg tu;r ;111(;ue
D . . \ ( I Ar = yes
Only a few cases where from logft unambiguous spir ° / .
d “pandemonium effect” — neutron rich nuclei - log ft i ] fé?}&
d needs to know the decay scheme and its properties ac " Log ft ’

C S l C Maria J.G2 Borge, Beta decay studies



Practical example

eXp tot -
f_T T 1“"(out/in) = > "1, (1+a;)
- '1/2 — i
P 2
- a. (M) +0o°a, (E2
P, =1 (out) = 1™ (in)] e (MLrER= TS
s =1 116
1/2- 0.0 .14 min Intensities: I{ y+ce) per 100 parent
ll:é;Hg 125 decays
gtz J What we want to know accurately
fﬁﬂ" o,
ﬁﬂ“’% a‘%‘i:f Ty Ly or &S
ﬁg}?-ﬁ <8,
T Sl A
| p- Log ft o ok ST
0.0048  5.62 k”h ﬁ?;q’iﬁff"‘% f 1434.0 |
0.006 6.43 3/2+ DR S [1340.3 n
0.007 7.03 \1;‘2+ h ‘""“'-‘?ﬂm _ws.:__mﬂ?_w
: + 4, " .
covse 741\ l y oo uee | (521+721) = 0.086(16)
0.015 B7olu |\ 45/2+ X 1> ® 619.3 = 069(10)
3.2 6.51 372+ iy 1y ly il 203.85 1.46 ns 1°(416+619) =0.78(10) (net)
96.8 5.257 0.0

Out
n=0.0022 >t = 2.056><106[S] —>logt=6.31 — log f =2.386 — log ft=8.7

A =2\Y/

CSIiIC Maria J.G2 Borge, Beta decay studies



Half-life measurement

A\ P dN _ N, At
dt

E 1 Ln2 .‘L“

2-1AN+1 ; T1/2 @
A A A Al a

At At At At At At

C S l C Maria J.G2 Borge, Beta decay studies




Ln(ANy/ At)
A

A/2

T1/2

Very simple!!!! }

v
(o dd

CSIC
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Half-live: First Glance into Nuclear Structure

T,,cal (s)

1/2 :
s L u L T e
10° 102 10" 10® 10 10 10° 10t 10* 10* 107 10? T

T,,exp. (s) L2

exp.

10°f . o

20 40 60 80 100 120 140
MASS NUMBER
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The isospin formalism:

p and n are the same kind of particles with a different isospin state (T)

The third component T, is very clear:

1 Fermi Transition

It can only change the third component of isospin: B — ‘< | Zfi |l// >‘2
Only one state called Isobaric Analog State (IAS) F Vs '

Fermi Strength independent of Nuclear Structure

B.-B.=Z-N B(F)=T(T+1)-Tz Tz
ot Gamow-Teller

Can change the spin and the isospin:

. . 2
Many possible final states B._ — ‘< i
ot — \V+ |ZGT b,

Gamow-Teller strength obeys the Tkeda sum Rule
—_ + —
SB. -SB’, =3(N-2)
C S l C Maria J.G2 Borge, Beta decay studies
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Fermi & Gamow Teller transitions

+ _N-Z
74 To1 L2 88 1715
36 Kl T 1 37 R0gy| 727
N ’ NP
N
B* 74 T#1LT=2 T=8 88
35 Br39 TZ — TZ=8 36 Kr52

In B* Fermi, forbidden for N>Z

In B~ allowed but energetically difficult

In B* Gamow Teller “allowed”

In B~ Gamow Teller “allowed”

C S l c Maria J.G2 Borge, Beta decay studies ngm



Mirror Asymmetry & Systematics

B" p—n+e"+v
Bfin—p+te+tv EC:p+te—-n+v

> Allowed Gamow-Teller transitions 3¢

(log(ft)<6) " o0 b

—17 couples of nuclei

|

W

—>46 mirror transitions hy
+

4

\_'_

Average asymmetry 9§ : I

11 (1) % in the 1p shell (A<17) 0

0 (1) % in the (2s,1d) shell (17<A<40)

CcCsiCc Maria J.

o = 6nuc + 6SCC

Thomas et al., AIP Conf. Proc 681, p. 235

5=4.8(4) %

& pn=g,T=])
B on=9T=5/2

® 0=13;T=3/2}
B a=20:T=0
Boa=20:T=0

A {A=01T=3/2)

@ (a=24T=
O ja=1mT=1/71 |

A A=28T=1
QoasnT=Rs2

® (4= T=6/2}

®

10

?‘& :
$ % T
5w 5w

A

3h



Beta-decay and Nuclear Structure: Observables

Mass Originally determine by the Qg-endpoint
Direct measure of Eqp Precision
— Measurement of Q& ~ 400 keV
coincidences B.y, B.n, Bp
Eﬂ ) rt LI 1 ! ! | L I rt L LI | L] J
= M(T2)=a+bT,+cT2+ dT,
Use of Local Mz, - : 00 keV
Wigner in 1957 gu_é 3 + _ ' that the
members of an > ]
S0l ] %;%.@ﬁ% ‘*Lé_%_
— IMME ™ :  25(1998)
-20 = -
33, 34, 4. : . - 1 (2000
=40 ‘ f] __¢G'_ 1
_EID : T L ITI ! | L ol L L L | e 3
Penning tray  © 10 20 30 40 50 60
level of 2 ke' A

K. Blaum et al. PRL 91, 260801 (2003)

C S l C Maria J.G2 Borge, Beta decay studies




Principles of the Penning trap

A Penning trap can be defined as the superposition

of a homogeneous magnetic field and an electrostatic quadrupole field.

Precision of 1 keV even for

nuclei of 100 ms T, ,

Mass measurements at storage rings

Review: D. Lunney et al, Rev. Mod. Phys. 75, 1021 (2003)

“Recent trends in the determination of nuclear masses”

CSIC
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Decay properties of exotic nuclei

+1916 Rutherford & Wood Ba. [Philos. Mag. 31 (1916) 379]

> Global properties
+1963 Barton & Bell identified °Si  PBp

« Short half-lives (~ms)
{- High Qg values

‘ s Low S, values
B-delayed particle emission

> Very Selective probe

A-l
Z-2 YN+1 5
Y
i

A~y

« Reduced transition probability: + Particle energy spectrum

determined by 2 factors

l-intensity of p-decay

branches from precursor

to the emitter
2-probability of emission

by proton rather gamma

TEM

T eCsiIc Maria J.G2 Borge, Beta decay studies




COUNTS / CHANNEL

Beta-proton emitters

v More than 160 precursors identified

v' For every element up to Z = 73 at least one proton precursor

v" The Bp spectrum depends on the Z and A of the precursor and differs in
the different mass region due to diferences in level density in the Q-Sp
window

v Properties of Bp well understood - large variety of spectroscopic
information

o e s s v'For light nuclei with Z > 8, the IAS
1o ——F PRL39(77)792 | | within the Qec window.
., . Ve I ] v’ From Pp energy of IAS = Q.-Sp
1o+ " L target ‘ | deduced.
(\1\ | b [P b v'Test Isobaric Multiplet Mass eq.
TN 1 TS O M(ATLT,) =a+ bT, +cT,2+
| jL% I . e 5(dT,>+eT,) |
b Viod ¥ Ty LJ:LA w ﬁ | v’ If strength to 1AS = B < Isospin
idi o ;j']_ | Mixing
to \’H 'uwﬁ '4‘. v If IAS in the middle of the Qg
1 I\C”fg ;t:;gfgts fﬁ ItIH hm large part of the GTGR available =>
[ T y . quenching factor deduced
PROTON ENERGY (MeV) v'Test of Mirror Symmtry

C S l c Maria J.G2 Borge, Beta decay studies [lgm



Beta Delayed Proton Emission (TODAY)

Today more than 134 precursor known

+ Properties well understood
+ This spectroscopic tool is often the only way

to identify exotic nuclei N —-:
+ Data provide large spectroscopic information wl JM'““\_ :

Level density

Spin, isospin o oM I LA ol
Width & density g A ]. gL b EKE

B-decay properties Y Lo e
P L 20 [T,
T L 1 2 3
+ In 3Ar = low level density, spectrum marked -‘:I"H W10 5 0
for proton peaks et ki s el
. 10
Cut off at low energy at the Coulomb barrier :
IAS (only in precursors with T, < -3/2) ‘ . y ol

+In the rest bellshape spectrum with superimpose peak structure
= no individual transition rather cluster of them atributed to Porter-Thomas fluctuations

156%Tm81 Emitter even-even Q¢ and B, large = populate high excited states
i i — = rather smooth spectrum
+Notice differences - Emitter even-odd B, low = proton emitted from low states

= fluctuations more pronunced

CcsiIC Maria J.G2 Borge, Beta decay studies I E M




3IAr @ the dripline: 18p + 13n

Unique Spectroscopic Information
Qyp =E a5 = 12322(2)(50) keV
Qec = Ejas T AEC - Anp

AEc =7045 keV

Qgc = 18490(110) keV

f(Egasitias = 6145(4) s/ [B(F) +
B(GT)]

B(F) = [T(T+1)-T, T, 16,5
Expected b.r. (IAS) = 4.35(31)%

Experimentally: b.r. (1AS) =
4.25(30) %

CSIC

Decay Modes

TeV
] £ : 100.00 %
189 | gp : 62.00 %
16_' g2p : 8.50 %
1 | ea < 0.38 %
4] |EAP < 0.03 %
1 |e3p < 1E-3 %
12
10 —
8_
28, e
6— Sl 1.38-
4_- ‘ 29P
T 4153
2_
0 - B2p/Blp (1AS) ~ 9

Maria J.G® Borge, Beta decay studies

Qgc = 18490(110) keV

18.48

SIAr

14107 ms

5/2*




2p emission from 3tAr IAS

a) Energy Conservation

—2 —2
P1 P>

+ ::(22p
2m,  2m,  2m,
—2 —2 —2

b) Momentum Conservation P1 + P2+ P =0

A4D1

E - "o
1 Mp +m,

Q, = E+E2+m(

Q
E,+E,+2\E,E,cow, )

4"""‘""?9 """" T
31
*S+2p Ar
, B
ms__ g N /
3p -
p ——————— .- -
/ "// B
Stable 4 --""" /
e 242 __ __
[ 195 ___ IO
139 ___ HEESSSS
Zz 34____ ¥ T
Pr2p o W

10

| 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1

2 4 B 8

E (M)

50 100 150
Counts/10keV

spectrum

Qy = 1.97MeV

0.6

3 - -
PR TR TR [N T T T A TN Y N TN N N 1
g




4S5He
“Mntp Fe
2p " 70(4)%
—" Q,,=1.06 MeV B
W 2
YCri2p 1 12=2.6(2)ms

B-delayed 3p-emitters

Qpe=18.7 MeV
T,,=8.7(1.3)ms

EEhY
250 Viem
Vgi= 0.5 cm/ps

\ 3.3(1.6)%

\ 7.8(2.3)">
' \2 P \3.')

1% o
\ BV42p “Ti+3p
\ll p
In :
HCrt+p

| active volume
95% He + 5% N,

] } 3xGEm

Jb amplification

ccp .HPMT
= CSIC

r light detection

Decay mode search for in 31Ar

where the Q3p is around 4.8 MeV

Maria J.G® Borge, Beta decay studies




Decay Scheme = Structure Information (N= 20)

80(3)ms (32, 52)

33 Na * 33N
ISOLDE P(2n)=13(3)
fragmentation U (46g/cm?) 2000° .
1,4 GeV protons 3 1013/ pulse (1,2s) **Na 2 at/s L
Q,, =20.3(15) MeV N~
p T o 2
——————————— S2n=7722 y* v 50
P(1n)=47(8 31
(1n)=47(6) "oy Mg + 2n
oAk 3087
The 2858
N 2551
] 2321
4000
5780
. L 4 r £2+ 885
Sn = 2071 ot

R ..

3 Ngq T,,=80(3)ms
Detailed Level Scheme
inversion of 3/2* 7/2- orbits in 33 Mg

exp . coinc. ,3 neutrons IB'%n ) . M. Langevin et al NP A414 151 (1984)
CSIC Maria J.Ge Bo S. Nummela et al PRC64 054313 (2001)



Nuclear Landscape

L5 e nfin =

114l

neutron number

H stable
B pHEC decay
£l F decay

[ = decay
B p emiszion

O spentansous fission
[ eredicted
= magle number

v Close to 400 nuclei

Near the drip lines ‘

Maria J.G® Borge, Beta decay studies

emit delayed particles

v Exotic decays
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Beta-decay Limitations: beta feeding

Traditionally

~
S
wn

Sp \J QEC u’

76Sr --> 76Rb
By, Bp measured

~
S
&~

10° B(GT) /100 keV
~
S
w

~
S
o

10+

0 2 4 6
excitation energy in 7°Rb (MeV)

For high Q-values, Ge detectors
fail to detect B-feeding at high
excitation energy!!!

ZAN \

=

CSIiIC Maria J.G2 Borge, Beta decay studies
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*\We use Ge detectors to construct the decay scheme

eFrom the y-balance we extract the [ —feeding

e\What happens if we miss some gammalintensity???
ZAN
o o O ——
f\ HHAAA ARRBRERART— —————
s
| JLW jﬁﬁ____ _ —
| .
TV VAN .
B-feeding Apa}ent B-feeding !!!!
T eCsiIc Maria J.G2 Borge, Beta decay studies I E M




Total Absorption spectroscopy

\B—feeding
E,

Nal
Y2
Yy E1
M y /1
Y2
I
N ‘ / '
E2
Ex in the daughter
ldeal case By B. Rubio
CcsiICcC Maria J.G? Borge, Beta decay studies I E M
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Total absorption spectroscopy

Nal EC

E, E
"
£ Bt
A\ A AA A A AA
) 7 " E
After
Deconvolution
and sum
X No free lunch!!
g
Real case By B. Rubio “
E

2




Deformation in the region N ~Z with 70 < A< 80

High resolution 6Sr ---> 6Rp
measurements: B,By,Bp

S P — After the TAgS measurements
EC
RCT prolate | oblate T
. ‘ —— A=15Me¥ %
| QEC P — ﬁ=:”""|':"- ] ~y %
I § L _ 1 drip line: ’,,"» ,/,\ ,/Q /,\
b i | Aboussir et al. (1995) _J,""*’___.-‘*"" ’“"_,‘”"
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2 B(GT) (gi/4n)

Mass ~70 : Strong Deformation & Shape Coexistence

4K, shape admixture

Q
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Poirier et al., PRC 69 (2004) 034307
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°Sr clearly prolate
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Nacher et al., PRL 92 (2004) 232501
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New results on Reactor Decay Heat discrepancies

e Experiment at IGISOL-JYFL (Jyvaskyla), A. Algora et al. Phys. Rev. Lett 105(2010) 202501
e Total Absorption Gamma-ray Spectroscopy (TAGS) technique: IFIC & CIEMAT
e First use of a Penning Trap with TAGS to purify samples

o 2 —— e The new data on the decay of Mo, Tc
k-~ El : High resolution feeding .
$ 15F and Nb isotopes helps to solve a large
100 1057 fraction of the discrepancy between
siibr calculated and measured decay heat
R Eae
0 05 115 2 25 3 3.5 4
E, [MeV]
0.7
B — : EEM ENDF/B-VII
- : EEM ENDF/B-VII + TAGS
0.6—
—_ L : Tobias compilation
g 20' « : TAS measuremen s S : + *
:g 15:_ : High resolution feeding :ﬂ: 0-5 j
w % B
10 [ 105M0 = -
i - 04—
i u A x —
Ji s [
A aly FLJH..V I*T"'u_ — - 0.3
0051152253 354455 —
E. [MeV] [,
o.zj \Il | | L1 11 | | | \I\\I\l
1

| (] 1 | 1 I |
10 10 10° 10*
cooling time (s)
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Charge exchange reactions **  Beta decay process

|
Beta decay and Charge Exchange are two "
processes governed by the same ot (t)
operator
The Ikeda sum rule: Independent P AN\NNS\
NN\

S-S*=B; -Bgr*=3(N-Z)

Bsr (p,n)

In principle B~ decay is more interesting because most
of the nuclei have more neutrons than protons,

Bsr'(n,p) n _
and then most of the lkeda sum rule is in the B~ side.

The “experimental B;” is obtained from the reaction cross section,
with all the problems and ambiguities associated (back ground, L
transfer, target, current normalisation, detector efficiency....)

CcsiIC Maria J.G2 Borge, Beta decay studies I E M



Beta decay : Advantages & disadvantages

e Mechanism under control

eNo background ambiguities

eNo normalisation ambiguities

e3* or B given by nature, B~ almost always bigger than B*
*Q g given by nature limiting the states that can be populated
*The further from stability the bigger the Qs window

e At some moment B delayed protons and B delayed neutrons set in
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Charge exchange reactions: (p,n), (*He,t)

Decay: Excitation energy range limited=® Q-window limitation

(p,n) reaction at intermediate energies (E = 100 — 500) MeV/u
“proportionality “ of B(GT) and cross section at 02

o (02) = KNot | Jot (02) 12 B(GT)

Breakthrough againts “Q-window-limitation”
But poor resolution ( E = 200-400 keV)

(3He,t) reactions at intermediate energies (E = 130-150 MeV/u)
“high resolution” (E < 50 keV)

Magnetic spectrometer, matching technique

Good proporcionality (B(GT) > 0.03, observed)

=>» Breakthrough against “Energy resolution Limitations”
=>» Reliable B(GT) values for individual transitions



If isospin symmetry holds, mirror nuclei

should populate the same states with _
=- =+
Tz=-1 the same probability, in the daughter TE 1
T=1 nucleus, in the two mirror processes T=1

24

BNi(p, n)>3Cu
E, =160 MeV

58N (3 58
0+ Ni(*He, %8Cu

T=1 J

IAS
Beta Decay: Absolute Normalization 46\/
of B(GT) far from stability. 23%23

Counts

0 2 4 6 8 10 12 14
Excitation Energy (MeV)
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Nuclear Isospin Symmetry Studies

s}
[ Ta=+1 46Ti3Hie, GV Experiment Resulis |

using the Weak and Strong Interactions ..., :
e 2008 g % (AHe, ) reaction jon 46T
1500 | E . RCNP-

Osaka

500

. A, M [ LA b ol W ] . |
0,
1000 2000 3000 4000 5000 . 6000

e GSI experiments (towards DESPEC-FAIR),

Co-Spokesperson: B. Rubio S S
e Fragment Separator (FRS) + Ge- Array RISING :

TS .
10° } ~ |
o 10°
selection ©
/ Dipole
magnet
Production

1
target

Beta decay of 44Cr

GSlI-
Darmstadt

004 [1+)

=
]
L]
-+
—

2460 [
2687 [(14]
2078 {1+]

3870 (1+)

production

beam

S1 0

\iiientjgjggytion

Degrader

46Ti(3He,t) 46V
45Cr beta decay to 0V
35m

n
e The states observed in the charge exchange

reaction have been also seen
for the first time in the beta decay process

(mirror transitions)
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Tz=+1 46Ti(3He,t)46V Experiment Results |

I
2
c
3
o
o

2500
2000
1500

1000

994 1+

2978 1+

2461 1+
2699 1+

1433 1+

3870 1+

Counts —

Triton speé:trum after
~ (3He,t) at Osaka

500 k
0 : ; : :
0 1000 2000 3000 4000 5000 .. .6Q00
Tz=-1 46Cr — 46V p Decay Experiment._I:ISlNG Gamma Spectrum |
6 = § — - - —
10 Ei R i}; n & i B i | ;g
10° e Y NS N § Q Q +
-5 o 21 g XK o )
10t & - & ¥ 92 9 © =
A 3
3 :
10 sl 3 ‘
19 915.0 2+
10 Gamma Spectrum for the 46Cr run
0 1000 2000 3000 4000 5000 . 6000

HCSIC
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Double- 3 Decay

Particle Physics

Ofinterest: Nuclear Physics

BB2v : Predicted by the Standard Model

(Z,A)--->(Z+2,A)+2¢e +2v Difficulty!l 1wy,
_E45_]_'"”]“"I'"'[”“1""I""[“1":I
gm ] 2vpp ovppB O
S.M. (E. Caurier etal. PRL 77,1954 1996 ) T £ 3t ]
1/2 calc, <
NPDA ( 1Cnhnaal at al DD 27 721 10QQ \ —— 3 - ]
Future in Gran Sasso °As_ Q,=2.96 MeV
N GERDA (’°Ge, 7.6 % Qg =0.92 MeV nd:
7GGe
Bp2v 7650 0SC
CUORE (130Te, 34.1%) QB =2.98 MeV il(
130] '\ Qg = 0.45 MeV
1307 BBZ ) exf
e \Y
Super Nemo 130Xe

NEXT(134136Xe(20%) TPC, BB2v not yet measured)
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Superallowed Fermi transitions

For pure Fermi Transition 0+ = 0+

K
F(Z,E) t= K/ | My = coeommieeee

B(F)=IMI?=T(T+1)-Tz Tz,
Hypothesis of the « Conserved Vector Current »

f(Z,E)@Q+d;)t (1-6,)=----------- _ Identical for all transitions

G2(L+A,)|M_* estimation of G,

corrections Ar (2,5 %) Independent of nucleus function of model

radiatives 8 (1,5 %) Exchange of photons between e* and nucleus
Depend of the nucleus

Isospin impurities ¢ (0, 2 -4 %) For states with isospin mixing

A. Sirlinetal., NP B71, 29 (1974)
D.H. Wilkinson et al., NIM A 335, 172 (1993)

W.E. Ormand et al., PRC 52 2455 (1995)
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Beta-decay and fundamental interactions

K
Ft=fZE)t(L+8;) (1-8) —b F=—-
2G,

Tz=-1=> B(F) = 1.(1+1)-(-1)0) = 2

B-decay & access to the dominant term V, of the Cabibbo Kobayashi Maskawa (CKM) Matrix

/ Va1 V2, |+ V2, = 17

. . ix ?
Unitarity of the CKM Matrix # ) |\ ivinson NIM A 488, 654 (2002
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World data for Ot 0" transitions, 2009

NUMEBER OF PROTONS, Z

0f

I " L L
10 20 30 40

NUMBER OF NEUTRONS, N

® 10 cases with ft-values measured
to ~0.1% precision; 3 more cases

with <0.3% precision.

® ~150 individual measurements

with compatible precision

Hardy & Towner
PRC 79, 055502 (2009) 3100

“Ar "“Rb
30901 “0®Mg *K" *V *Co
sp80} “C  AI" *Cl “Sc *Mn *Ga
[ ]

070}

fit oo
i {I} aee

m“ ---------------------------------- Lo a

3090 +

Tt ool

70
Ft=3072.08 +0.79 s “L’ U ST

Z of daughter
1) G, constant ¢/ verified to £ 0.013%

Ft =1t (145,)[1 - (5 - dys)] =

K

2) [V..|=Gv/G,, = 0.97425 + 0.00022

2G7 (1

+ Ag)

CSIC

3) CKM unitarity established v/
varacga Vg Vo + V2 =0.99990+0.00060



Summary

* The study of beta-decay is a powerful tool for nuclear
structure.

* Very far from stability new exotic decay modes appear

* Beta-delayed particles decay is a consecuence of the high
Qg-values and low binding energies for the last nucleon and
has paved the way to the discovery of proton and two-
proton radiactivity.

* | hope | have convience you of the richness of nuclear
structure information one can extract from these studies.
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Alpha decay

Spontaneus a-decay (S, = 0 ) correspond to A Xy = Al Xy, T

BE(",X,) —[ BE(**,,X,.,) + BE(*He) ] =0

. 2y
> Lunnellmg : A = FP P = Prob Transmission 1464 ):] 4510°a
- F = frecuency to reach the barrier 23‘;2.1(, - Pa
V(r) T & eeen
& n 234
(xhC 1424 L2J.5-105a
—~ = 140 Teos D
E /.& ol 3. u22
\Q_’/ \\\ 138 ﬁ 6204
0 e = » 1344 a 28g%Smin
R| Arr r i P
' 1324 ggamﬁ%ﬁg']mm
214Pg
SR 130 164 s
dP = exp -2dlr|2mM{V(r)- E] }
““*:34
210Bj
P = exp(-2G) and; G = Gamow factor i it

G- 1/?] fﬁ[V() ET"dr= sz zzez[arccoﬁ-m] 124+ ﬂfﬂ“ﬁéme o

86 88 9 92 5

x=R/r=E/V(R) > GocZ/EYV?=> Aocv,/2R exp(-2G)
T = from ns to 10 years!
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Nuclear fission

Potential during Spontaneous Fission 9
E, = a,A*? {1 + - %+ - }
V(r) 2
b Z> 1,
“.“‘ Ec — a-c AIK‘E ]_ - g =) —|_ e

> small deformation £ changes E by :
2
AE ~ — (20, 4% — a, Z2471/%]

5

i

o> fission barrier disappears for :
Z? _ 2a,
— 2 ~ 48
A a,.

~+ about Z>114 and A > 270 ...

/7PN
‘“D Induced Fission:
\', Z = 92: barrier ~ 6 MeV

N capture by odd N Nuclei =» &-term +6
a = R (l+¢) 2 235 (not 238U) , 233Th, 239py....
b= R(i—e/2) | ¢

o S e OO

Deformed Sphere into ellipsoid

~ R3
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Total absorption Spectrometer (TAS) @ ISOLDE

Aim to measure the total B Strength

Tape transport system——_ Radioactive beam

/ photomultipliers x 8

Nal crystal

B plastic detector

Ge X-ray detector

Nal crystal of 38cm diameter & L=38cm
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Quenching of the GT Strength
FRACTION of GT SUM RULE OBSERVED in (p,n)
OO

2
BOF-??‘

9/0 60 o

40~ 15

20" 19 3g
4 26 42 54 90 112 143 165 205208 238
o WY S 0 B T 1 iLA 5 4 1] s

Two possible explanations:

*The A-Resonance at 1232 MeV (internal degrees of freedom of nucleon)
eHigher order configuration mixing:

eExperiments in 2°Zr(p,n) and 2°Zr(n,p) proved that by exploring
energies well beyond the GT-resonance they recover 95 % of Sum Rule

CcsiIC Maria J.G2 Borge, Beta decay studies I E M




Beta Delayed Proton Emission

41963 Barton &Bell in McGill identify 2°Si as first proton precursor thanks to the used of Si-
surface barrier detectors
+ Decay Scheme of B-delayed proton precursor

+ Particle energy spectrum determined by 2 factors
1-intensity of 3-decay branches from precursor to the

PRECESOR emitter
EC 2-probability of emission by proton rather gamma
" if . :
B i | Fp Formula valid for light
— p B rf precursor when individual
’ —— Qec transitition are resolved
Ey
DAUGHTER T - — —
Bt ety EESEEEE { WE,) = <1 §,(E > « <[>
7 . + For heavier Ig ‘T i :
P o
- precursors, IS 5 2l
L. @& | PROTOM 5
EMTTER  statistically averaged L | TR
S OVEr an energy range 5T -
with Bell shape E |

(neglecting nuclear

structure) - :
PROTOM ENERGY, E, {MeV)
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The Building Blocks

Electron

Neutron

» In 1911,

» In 1897, Thomson produces beams of
particles in discharge tubes :

> by deflecting them : (v, M/Q)
~+ a universal constituent of matter !
> then measures Q : M =511 keV/c?

» A “neutral radiation” had been observed
but not understood ...

» In 1932, Chadwick irradiates Beryllium
with a's from Polonium source :

> radiation collides with several nuclei
that recoil in ionisation chamber :

Proton

~+ mass similar to that of the proton
~+ new constituent, the “neutron’ !

» Bombarding nuclei with a's :

Rutherford finds a central
Coulomb field in the atom caused by a
massive, positively charged nucleus ...

Binding Energy

» Once the constituents known, the forces

“N +*He — "0 +p holding them could be investigated ...

he observes positively charged particles &> stronger than atomic forces :

with a very long range !

~s need energetic a’s to break up

~» Hydrogen nuclei ? > mass defect of the order of 17 :
E. Rutherfc ~+ elementary constituent of nuclei !

HCSIC

lEM
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B/A [MeV]

Semi Empirical Mass Formula

The variation of BE with A and Z is described by the Liquid Drop Model with some Shell Model
correction.

eVVolume saturation of forces BE oc a, A ( not to A(A-1) = A?%)

eSurface less binding at surface(few neighbors) oc agA'? as the Nuclear surface oc 47R?

eCoulomb effect oc ac Z(Z-1)A13
A small - surface correction dominate
= _ 1/3 _ - -1/3 . ] .
2 BE(A,Z) =a,A-aA" - ay Z(Z-1)A A big —> Coulomb correction dominate
20
E 7 S— Deformed nuclei both surface and Coulomb corrections change:
== NN RN . . . .
151 \g\ \QSgnaceEnerg T&; Ellipsoidal deformation at constant volume: a=R(1+¢)
NS 7777 ///// 7%
el ,,/,///Coulombengr y/ 77 | Surface part: - aSA2/3 (1+2/5€2) b=R/(sqrt(1+¢)
i ASYImblTy enaegy Coulomb part: = ac Z(Z-1)AY3 (1-1/5 €?)
5 " Total binding energy
AE=AEg+ AE. >0 -> stable spherical shape Z?/A < 49
ol | c=f | I |
0 50 100 150 200 250
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Shell Model Corrections

Symmetry energy

Pauli principle prevents occupation of certain orbitals

a,=15.85 MeV
Favours Z=N=A/Z -> parities { N=A/Z+v a, = 18.34 MeV
N=A/Z-v a_=0.71 MeV
The average energy between adjacent orbitals is A; a, = 23.21 MeV
> AE,, , = V(Av/2); where v = (N-Z)/2 3, =12 MeV

As the potential depth Uo describing the nuclear well is approximately the same from
160 to 2%%Pb (AU, < 10 %). Average energy spacing between orbitals is Ax1/A

> AE,. ,=1/8(N-Z)>A = 1/8(A-2Z)>* A
Pairing energy
+8& (e—e)
Nucleus preferentially form pairs AE... 0 (e—0) S~ a_ A2
under influence of the short range . N 5 (0-0) P

nucleon-nucleon atractive force

Bethe-Weizsacker mass equation (1935-1936)
) BE(A,Z) = a A - aA%3 - a Z(Z-1)AY/3- a,(A-2Z)>/A + a A2
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Binding Energy (I)

e Strong interaction acts at very short distance.

* Naively one would expect A(A-1)/2 bonds and each E, 4 ~constant thus giving:
BE(A,X\)/A < E, (A-1) /2

= Experimentally BE(A,X\)/A o 8 MeV over the full region indicating
= Nuclear and charge independent

= Saturation of Nuclear Forces: p, = 0.17 N/fm3

= The less bound nucleon has an energy of ~ 8 MeV independent of the number of
nucleons

- The independent particle picture holds : nucleons move in an average potential

T I T T | T

Fa sy

g

L] . . — . = -'E: .'.'.-'l..
= BE/A as function of A has its maximum around T

A = 56-60 ( 62Ni)
—> Source of energy production i

" ik
IR T Y

il

¥ auclean
|

«Fission of heavy nuclei L :
«Fusion of light nuclei
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B/A[MeV]

Binding Energy (II)

Under assumption of saturation and charge independence. Each nucleon
occupies an almost equal size within the nucleus the elementary radius r,

M e T o T b 4 rp = 1.2 fin for charge radius
! —_— 3 .
[ V= 3 7o rp=1.4 fm for matter radius
PH
8.5 “\d A\ .
- N\ 0, = central density
o ) :
p(r): 1r e(fRo),a R, = Radius at half density
BoF 8 - a =diffusenes s of nuclear surface
N \
T 'l"y Nuclear density is independent of A and 10'* times normal density
4 |"
3
|
] . | . The liquid drop model was first to describe the nuclear properties.
0 10 20 30
e . 1 - saturation of nuclear forces gives BE/A = constant
0 50 100 150 200 250

M ber A 2M-ang .
AR -Nucleus presents low compressibility and well defined surface.

C S l c Maria J.G2 Borge, Beta decay studies ngm



Stability Against Radioactive Decay

Last stable nuclei A=210 Spontaneus a-decay (S, = 0 ) correspond to

BE(",X,) —[ BE(**,,X,.,) + BE(*He) ] =0

100 LANLINL N L L I B B B

== 1n,3n,5n

(]
o
It

= 2n,4n

The half-lives becomes short in the
actinide region A= 210

\I\I il b e

The conditions S, = 0 and S, = 0 establishes
the drip-lines

W
L]
I|I|1IIIIII][lIIII]llllll]llllllI[IIII|IIII]III[

EETIRTERI FERTA AR ARARRERANRENIRRAR]|

g Bl Lo L b L b Lo 1

0 20 40 60 80 1606 120 140 160
N

The energy release in nuclear fission: _ Al2 2
Eﬁssion M( ) 2]\4(2/2)(N/2 c

Using a simplified mass eq. where Z(Z-1) ~ Z2 and neglecting the pairing corrections 0:

=[-5.12 A%3 + 0.2822A1/3] ¢2

Efission

E >0 for Ax 90 and E = 185 MeV for 238U,

fission fission

The fission products, neutron rich nuclei, mainly B- = good source of electron anti-neutrinos.
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Definition

Beta Decay: universal term for all weak-interaction
transitions between two neighboring isobars

Takes place is 3 different forms
B, p* & EC (capture of an atomic electron)

Br:p=2>n+e +v

1 O S VA ey
ZXN z-1 N+1 e

EC:p+e2>n+v BinDp+e+v

1 T VA e
ZXN Z+1 N-1 €

A _ A
*
ZXN+e _)2—1 N+1+Ve+xray

a nucleon inside the nucleus is transformed into another
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Beta-decay lifetime

exp
t = '|'1/ﬁi2 _ Tli partial half-life of a given p~(B*,EC) decay branch (1)
P,
Fi Assuming
n2 g° w F (ZW)= 1 & Q >>m,c?
T? — 27Z'3 L peWe (\NO _We)2 F (Z ’We)CndWe f=W_>/30 (B
1/2

f=(W,+1)>/30 (B)

g — weak interaction coupling constant
p, — momentum of the  particle

W, — total energy of the 3 particle
W, — maximum energy of the [ particle

F(Z,W,) — Fermi function — distortion of the 3 particle wave function by the
nuclear charge

C, — shape factor # 1 for forbidden transitions = C(p,q)

7. — atomic number
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The structure of the Matter

Energy Scale!

x10,000,000 [eV]
Atom 4
sol
1 cm
Iron A ON 0
] | e, Na Atom

[MeV]

] F Z_ 10 10
LR > Nucleus %
atoms NNy, |
- ' 30L
Electron, proton begining s. XX
-1932 discovery of the neutron! Protons

and Neutrons o
- Pb Nucleus

i

10™m
» 1cm?Iron = 79¢ nuc - [GeY]
= 85,000,000,000,000,000,000,000 atoms ! =
> 99.99999999997 of matter is empty ! - _:
> 1 ecm? of nuclei = 300 million tons !
50/60’s Accelerators=» hadron zoo(100) L 8 B
Hadrons combination of 2-3 quarks 107°m
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Useful empirical rules

The fifth power beta decay rule:

The speed of a B transition increases approximately in proportion to
the fifth power of the total transition energy (if other things are
being equal, of course!)

N 1 [(M(Z)=M(Z £2))c?T

T

F(ZW)=1& Q>>m,c?

J Depends on spin and parity changes between the initial and final state

J Additional hindrance due to nuclear structure effects — isospin, “I-
forbidden”, “K-forbidden”, etc.
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Classification of allowed B-transitions
(p.0,=+1)

Fermi Gamow-Teller
0+ 0+
0+ \ s 1+ N\ Es
Al =[l-1|=0 Al =1 ~1 | =1
L,=0 S,=03T L,=0 S,=11TTor ¥\
2+

mixed Fermi & Gamow-Teller

2+1E_B AI:‘Ii_If‘EO | #0
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Classification of B-transitions

Type of transition Order of AJ T
forbiddenness
Allowed 0,+1 +1
1 +2 -1
Forbidden unique 2 +3 +1
3 +4 -1
4 +5 +1
1 0, ¥1 -1
Forbidden 2 +2 +1
3 +3 -1
4 +4 +1

The order of forbideness is given by the angular momentum
carried by the electron and neutrino.
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Logft Values

log ft=1Ilog f +logt
coming from

/ coming from experiment
calculations

For allowed trans: Wilkinson & Macefield,
NPA232 (1974) 58

N.B. Gove and M. Martin, Nuclear Data Tables 10 (1971) 205

Decay Type Al (mt,m;) log f
Mode
B- log f,
allowed 0, +1 (+) gEC ° +
EC + B+ ’ |Og( 1:0 T 1:0 )
b= i | w20, log f, +log( f,"/ ;)
EC + B+ unique Iog[( flEC + f1+) /( fOEC + fo+ )]
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= CSIC

Logf for dummy’s

[ ENSDF analysis program LOGFT — both Windows & Linux distribution
http://www.nndc.bnl.gov/nndcscr/ensdf_pgm/analysis/logft/

d LOGFT Web interface at NNDC  http://www.nndc.bnl.gov/logft/ «

Parent Information
Decay _
Nucleus 205Hg | Mode B
Elevel (keV) 0.0 | II|:“Elﬁ.rel
Ty, 5.14 Units M AT, g
Q-value (keV)
(ground state to ground state) 1533 | AQ-value 4
Daugther Information
Ele'nrvs-,l'::l'“E""""r]I 0 | II|I'i‘EIevﬁ:I
Transition .
Intensity (%) 96.8 | ATI 15 Uniqueness None
Uncertainties _) Standard style (@ Nuclear Data Sheets style

Calculate

Help



Be careful: Nuclear Structure is important

First forbidden = 5 < log ff <10

| Typ=3.8x100y

0.9% log ft =20
8+

176
A

Lu

998 keV

log ft=19 99.1%\ 401 keV

large angular momentum 597 keV

re-orientation 307 keV

K-forbidden decay '
® 4 pa 290 keV

j:R 202 keV

= | 88.4 keV
884 ke |

0+ 176
K~0 - HF
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