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Nuclear beta decay, energetics

Q-value defined as the total kinetic energy released in the reaction

@ (37 decay, Q- = M; — M¢ + E; — E

A(ZN) = A(Z+1,N —1) + e + 7
o (7 decay, Qz+ = M; — Mg + E; — Ef — 2m,

A(Z,N) = AZ—-1,N+1)+e" +re
@ Electron capture, Qpc = Mi — M¢ + E; — E

A(Z,N)+e” — A(Z—-1,N+1)+ v,
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Transition rates for 3 decay

Fermi’s golden rule:

_2r P2 35(4) ) Lpr dPpe dp,
=7 /|M,f| (27Th) 1) (Pf"‘Pe‘f‘Pl/ pl)(27[‘ﬁ)3 (27Th)3 (27.‘.7:&)3

21 A\ 12
Mirlf =577 2 D I(FIHWl)]

lepton spins M;, Mg

dQe dQ,
Ar An

A= o [ M PO + o+ 6, — MP)p2eldpedp, G
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Transition rates for 3 decay

_ Mlpuc _ M;luc _ Q + 1

— 2).
W = E./(mec®);, Wy moc? mac?

5402 Wo
mac* Gy,

A= et 2V
27Th7 1

C(W)F(Z, W)(W? = 1)Y2W(Wy — W)2dW

1 dQe dQ,
14

F(Z, W) Fermi function, accounts for distortion of the electron (positron) wave
function due to Coulomb effects. We need to compute shape factor,

1 1 1 12dQe dQ,
C(VV)—G‘Q//QJi+1 Z Z [(FIHwli)] 4r 4n

lepton spins M;,M¢

between states: |i) = |iM;; T;T;);  |f) = |[JeMg; Te T, e D)
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Weak Hamiltonian

Current-Current interaction:

H, = G\[‘;/d3rj”(r)ju(r)

G .
(FIHW|i) = —% /d3 r(JeMg; T Tops €, v]ju T JiMi; TiTo,)
Assuming plane waves for electron and neutrino:

(&;v]j,|0) = e (PHP) Ty, (1 — y5)v
(FIHW|i) = \G[‘;/M/d?’re"q"uf/wf; Te o | TH|JiMi; Ti Ty,)

L, = 0vy,(1 —s)v
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Non-relativistic reduction

Assuming one nucleon participates in the decay and that we can use the free
current (impulse approximation):

. G —iqr,7.
(FIHy|i) = \/‘%/u/d‘?’re TTey" (1 + gavs) L)

()0
ETM
(FIHw|i) /d3f€ 9T he(lol + gal - o)t

Generalization to A particles:

A
TZ —iqri /01k+gAI O'k)t:t
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Non-relativistic reduction

H, = fz ﬂqr"(/olk—i-g,ql O'k)ti

e/ = 37, /An(2l + 1)(=i)i(ar) Yio (0, »)

- (gr)!
Ji(gr) = m

@ Zero order: Allowed transitions (Fermi, Gamow- Teller)

@ Higher orders: Forbidden transitions.
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A= ";{2 " CW)F(Z, W) (W2 = 1)2W(We — W)2dW
1

For allowed transitions: C(W) = B(F) + B(GT),
In2  In2

== [B(F)+ B(GT)]f(Z, W)
1/2

K
fi = K =6144.4 + 1.
w2 = BFY + B(GT)’ 0 os
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Fermi Transitions

Z |(Jg Mg; Tszf|Zti|Jl\/l TiTs)|?
M;, Mg k=1

BIF) =25 +1

B(F)=[Ti(Ti+1) — T(Tz + 1)]5J;7Jf57'i,Tf(stf,Tz,-il
Energetics (Isobaric Analog State):
Eias = Qp +sign(T,,)[Ec(Z + 1) — Ec(Z) — (mp — mp)]

Selection rule;
AJ=0 AT =0 T = T

Sum rule (sum over all the final states):

S(F)=S_(F)—=S4(F)=2T, =(N—-2)

June 19, 2006
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Gamow-Teller Transitions

2 A
B(GT) = -84~ N7 UMy Te T, | S ok th | ity i) P
m,M;,M{ k=1

g
B(GT) = 521U TS A TP
! k=1

ga = —1.2720 £+ 0.0018
Selection rule:
AJ=0,1(no Jj=0— Jr=0) AT =0,1 T = TF
Ikeda sum rule:

S(GT) = S_(GT) — S,(GT) = 3(N — 2)
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Gamow-Teller transitions Il

B~ decay |J;; T, T)
o Final state |Jr; T —1, T — 1)
263 (s T — 1|1 g o*e¥I1is T) P2
B(GT) _ EA fi k=1 i
2Ji+1 2T +1
o Final state |J;; T, T — 1)
b6T) — 28 U TS, b1 TP
2Ji+1 2T +1)(T+1)
o Final state [Js; T +1, T — 1)
267 (e T+ 1| ey o* k1145 TP
2i+1 (2T +1)(T+1)(2T +3)

B(GT) =
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Forbidden Transitions

Involve operators r'Y),, and r'[Y;, ® o]
Selection rules

Decay type AJ AT Anm  logft
Superallowed 0" — 0" 0 no 3.1-3.6
Allowed 0,1 0,1 no 2.9-10

First forbidden 0,12 0,1 vyes 5-19
Second forbidden 1,2,3 0,1 no 10-18
Third forbidden 2,3,4 0,1 vyes 17-22
Fourth forbidden 3,4,5 0,1 no 22-24

K. Langanke (GSI| and TUD, Darmstadt)Electron capture rates and neutrino-nucle June 19, 2006 12 / 46



Electron Capture

Fermi's golden rule:

_ 2m P2 3 5(4) &P Ppy
o= hve/|M:f| (27h)*6* (pr + pu — pi pe)7(27rh)3 rhy?

_ G}
- orhA

oif(Ee) F(Z,Ee)B(F) + B(GT)lp;
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Neutrino cross sections

Charged current: (Z,A) +ve — (Z+1,A) + e~

7B = S EuF(Z + L EB(F) + B(GT)]

Neutral current: (Z,A)+v — (Z,A)" +v
GF

oif(E) = —(E — w)?B(GTo)
with w = Ef — E;
In general, multipoles beyond allowed transitions are necessary. See Donelly

and Peccei, Phys. Repts. 50, 1 (1979).
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General considerations: Which multipoles?

e Multipole operators O,
A
G
e (li‘rc o Eu
— successively higher rank with increasing £,
¢ Collective nuclear excitations:
[H, O,] # 0 — strength is fragmented

- centroid E} ), ~ Ahw ~ )\ McV
e Phase space:
=~ DiepEiep — high ), preferred
— average nuclear excitation & lags behind with

increasing £,
- if E, >> w, o sensitive to total strength
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Electron capture: energetics during collapse

40—

capture rate becomes less dependent on details of GT distribution with
increasing density (chem. potential); for p;; >~ 1, it depends essentially
only on total strength and centroid
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Example: electron capture at high electron energy

0 puYe=0.07, T=0.93
O puY =062, T=1.32
A p1Ye=4.05, T=2.08

-15 -10 -5
Q (MeV)

o

Assumption: capture proceeds by a single transition (Ef — E; = const) with
a constant strength
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Remarks about response: Which models?

WhMevVY

so

WoAGL= AUAS| - ELASTIC

BCAtEE - REL. FERMI 6AS
3

Fo.”._wi’:” COLLEC TIUL EXC|TATOYS

CENTROWD —ICRLLR STWE ERCITATING
0 RPA

AlLowT D CORREAT oS

CENTRO 1D o
gUELS RedEL
Siwect PARTICE

<
RESPowSE e Fo

mw
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Shell Model.

INTERACTING SHELL MODEL

INDEPENDENT SHELL MODEL
Ne SLATER DETERMINANT ¢
STATES —e——

———

EXTERNAL SPACE (ALWAYS EMPTY)

—_— RESIDUAL INTERACTION Hegt
VALENCE —————— MOVES NUCLEON FROM

SPACE i Oy =dia {s-rxrg TO STATE i
IJ [0y, Ogl n 0 N2 SUCH OPERATORS

TTTTTTT 777777
CORE (ALWAYS OCCUPIED)
Pz

HAMILTONIAN

H=¢0 -4vO?

= IF V=0, H IS PURE |-BODY, SOLVABLE
Ns x Ns MATRIX ELEMENTS

H,
> IFVno, o —2e (ALL POSSIBLE 0's}
FULL COMBINATORIAL DIMENSION
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Diagonalization shell model.

DIAGONALIZATION APPROACH

"GIANT" MATRIX

N N
" < Fs > < Ns >
NVAL NVAL

~10° FOR ®zn

DIMENSION N

REDUCTION OF SIZE DUE TO SYMMETRIES

MODERN ALGORITHM (STRASSBOURG - MADRID)
—0 LANCZOS ALGORITHM
(FEW LOWEST EIGENSTATES)

—0 STORAGE OF ONLY Hgp, Hun, Hon

—0 EFFICIENT ALGORITHM TO CONSTRUCT
S Ho> FROM Hop, Hon, Hon

ALL EVEN-EVEN NUCLEI IN PF-SHELL
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Shell Model Monte Carlo.

SHELL MODEL MONTE CARLO

GOAL: DETERMINE LEAR PROPERTIES
NOT ALL ~109 COMPONENTS OF W.

CONSIDER THERMAL AVERAGE IN CANONICAL
(FIXED NUMBER) EMSEMBLE
—pH
hn 2 TEF
Tr (e M)

HUBBARD - STRATONOVICH TRANSFORMATION
2-BODY = MANY 1-BODY EVOLUTIONS IN

FLUCTUATING EXTERNAL FIELDS
SUPPOSE

ePH s @3PVO" _ JL o3V’ &hovo
[2r/pv
1-BODY
PROPAGATOR
HOWEVER: MANY NON-COMMUTING O's

et = (@M AB_NE “TIME SLICE”
't

= SEPARATE c-FIELDS AT EACH TIME SLICE FOR EACH O

- MONTE-CARLO EVALUATION OF G-INTEGRALS
EMBARRASSINGLY PARALLEL
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Presupernova evolution.

e T =0.1-1.0 MeV,
p=10"-10*° g cm~3.

@ Composition of iron group nuclei
(A=45-65)

@ The dynamical time scale set by
electron captures:
e +N,Z) - (N+1,Z-1)+v,

@ Evolution decreases number of
electrons (Ye)

CHANDRASEKHAR _3]

SILICON o mmm

IRON » mmm

NEUTRINO LA/

Laborat
oratery Supernova

Low-lying
Strength

Gamow-Teller
Resonance

(Z-1.4) e

electron
distribution

Capture rates on individual nuclei computed by Shell Model.
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Gamow-Teller strength distributions

medium-mass nuclei: shell model is method of choice

Ex [MeV]
o7s 0 1 2 3 4 5 6 7 8 9
e a— 7| § 51v(d,2He)51Ti g
j — Ejap=171 MeV 8
2 1813 N 1340 R ool Olab<l m
L 15 E’, cm 3 é
3 @
E o5t
g
M ————— 10 °
32— 024 CH - Aﬁﬂ;
T
- =
R —— SMT——3
2 320 KLY 5 2
o
712 4 i [ L
51 Shell-Model Calculation
PR PR R S I
Ex [MeV]
spectrum

GT distribution, KVI Groningen
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Collapse phase.

Important processes:
@ 7>10MeV, p>109gcm3.
@ electron capture on protons
e +p—on+r,e
@ Neutrino transport (exact solution
Boltzmann equation):
v+ A= v+ A (trapping)
v+e~ = v+ e (thermalization)

T

CHANDRASEKHAR

0 5 1.0 15
INCLUDED MASS (SOLAR MASSES)

SILICON o mmm
IRON » mam

NEUTRINO /> Cross sections ~ E3

What is the role of electron capture on nuclei?

e +N,Z) - (N+1,Z-1)+v,
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Pauli blocking of Gamow-Teller transition

Blockedi GT

R

f12
neutrons | protons neutrons | protons

C

=) e
@ Unblocking mechanism: correlations and finite temperature
@ calculation of rate in SMMC + RPA model

f7/2
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How do shell-model rates

compare to previous rates?

A < 65: SM rates smaller

Rec (s
g
BRI BELLAALLL BELELRLLL BRLLLLLL BRLURLLRLLL BELLALLL IR

Ll

n

— protons
— nuclei

I L

L

107

A > 65: SM rates larger

1010

nganke (GS| and TUD, Darmstadt)Electron capture rates and neutrino-nucle

1011
p(gem™)
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Rate tables |

For supernova conditions there exist several tabulations for
weak-interaction rates (electron and positron capture, 3% decay)

@ FFN: independent particle model, supplemented by data whereever
available, A=21-60
G.M. Fuller, W.A. Fowler, M.J. Newman, Astr. J. 252 (1982) 715;
293 (1985) 1.

e OHMTK: diagonalization shell model, A=17-39
T. Oda, M. Hino, K. Muto, M. Takahara, K. Sato, ADNDT 56 (1994)
231

o LMP: diagonalization shell model, supplemented by data whereever
available, A=45-65
K. Langanke and G. Martinez-Pinedo, Nucl. Phys. A673 (2000) 481;
ADNDT 79 (2001) 1

e Pruet-Fuller: independent particle model (A<80), phase space model
(electron capture, A>80)
J. Pruet and G.M. Fuller, Astr. J. Suppl. 149 (2003) 189
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Rate tables Il

For supernova conditions there exist several tabulations for
weak-interaction rates (electron capture)

@ LMSH: Shell Model Monte Carlo + RPA, A=65-112
J.M. Sampaio, thesis, Aarhus (2003); Phys. Rev. Lett. 90 (2003)

o Nabi+Klapdor-Kleingrothaus: QRPA
J.U. Nabi, H.V. Klapdor-Kleingrothaus, ADNDT 88 (2004) 237
o Juodagalvis-Sampaio-Hix: parametrized RPA model, A>65
A. Juodagalvis, J.M. Sampaio, R. Hix, in preparation
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ture rates and single-particle energies

10 T

o—o Sr99 (fpgds)

2| | o—o Sr100 (fpgds)

+--+ Sr100 (grawe)
=--n Sr101 (grawe)

=
+ 06 1 1
o
~_04r B
Z
0.2 1 4
00 L L L L L ]
-10-8 6 -4 -2 0 2 4 6 8 10 3
£ (MeV)
10° . . . . . .
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E° (MeV)

ini
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Capture rates and number of nuclei considered

10°g T 3
' [— 82nuclei 1
10" |— 124 nuclei J
E |—_250nuclei &
10°E 3
v 10°F 3
w E 3
2 L ]
Aal -
v 10E
10°e E
10°¢ E
10" Ll Ll Ll Ll Ll ]
10 20 30 40 50 60 70

H, (MeV)
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Example: electron capture at high electron energy

O p11Ye=0.07, T=0.93
0 p11Ye=0.62, T=1.32
A p11Ye~4.05, T=2.08

-15 10 = 0
Q (MeV)
Assumption: capture proceeds by a single transition (Ef — E; = const) with
a constant strength
This is the assumption made by J. Pruet and G.M. Fuller in their

calculation of electron capture rates for heavier (A>80) nuclei.
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Shell Model versus RPA.

s B
-~ 5 3

o (10 cn)

o
e

=
)
3

=
S

o (10 cm)

4 6 8 1
Temperature T (MeV)

The RPA considers only (1p-1h) correlations; it is well suited to describe
the centroid of giant resonances
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Inelastic electron scattering: RPA description of response

®C(e,e') cross section

momentum transfer [MeV/c]
270 280 250 240 230 220 210 200 190 180 170

12 T T T T T T T T T T T
1 B
= wl E_ = 1485 MeV
Q
= 9
%
~
&z 8 r
)
9 r
s
a 6 I
A
5 |
3
e} 4
g
~  3r
5
] 2r
1 b
ok
-1
o
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Beta-decay, electron capture, charged-current

Electron capture
-
_—

Beta decay

20

(Z+1,A)
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Systematics of Fermi and Gamow-Teller centroids

ESTINATE OF CHARSED - CURRENT CROSS SECTION.

L0 bk e E) ([Ma 01+ () g 1)

FEEN| TRANSITIONS
o Mgt = (N=2) IsosaR(C

(302 _ a0) dev

e E
WS ar Aot /

GANOW ~TELLER TRANSITIOWS

o |ge|t = 3(N-2)

e CEe> S B> B A BN

* DiIsTeRuTIon
a) 8- Fuwetion
b) GAUSSIAL ArouwD

LEge> WITH WUIDTH ~ S Hey
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How well do we know charged-current cross sections?

o S =W,
aa | Ho(\)..ﬂ‘) ;‘IJ\\
; '.\ CAUSSIAW
) '| ~ APPLOX.
= A RPA
/) . caLevLATION
f
0 A‘E—’/;« [

: 159 tE

- s
Eey (Mav)

RPA vs simple Gaussian: ~ factor 2 (Surmann+Engel)
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What about other multipoles?

G AMOW - TELCEN
ST

DonitdaATES
,—,

= —

for neutrino spectrum with 7 = 4 MeV

FEJo (L} (<10 e/ V)
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Influence of higher multipoles

Spectrum for muon decay: pt — et + e + 1,
5
4.5
4
3.5
3
2.5
2
15
1
0.5

Ll Ll Ll Ll Ll
0 10 20 30 40 50 60

MeV
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Influence of higher multipoles

%0Fe(ve, €7)%®Co measured by KARMEN collaboration:
Texp = 2.56 = 1.08(stat) 4 0.43(syst) x 10740 cm?
oy = 2.38 x 10740 cm?

120 T T T T
L 20 T T T T 4
100 [ — 1 ] A
15— 4 -2
Ng L ]
A80* o A
NE K ‘g 1]
© o
§ 60 =
[=]
a4t 1 4
o PO NG
40+ 5 10 15 20 25 30
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20— =
0 |
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Typical supernova neutrino spectra

0.2 . : : : ‘

‘ — T=0.78 MeV, p11Y=0029 gicm®
et EEY — T=1.32 MeV, p;1Ye=0.627 glem® 1|
20.15— / \\ — T=2.08 MeV, p11Ye=4.000 g/cm®
= 1
® I
B [/

(0]
% 0.1
°
(0]
N
5
£0.05
(=]
=z

0O

Neutrino energy (MeV)
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Multipole decomposition

54-60, .
Fe neutral current cross section

Supernova neutrino spectrum, T=8 MeV, a=0
80 ‘ T T T T

)
o
# ¥
2
©
. - ———— - s - =
20 ¢ ¢ * % * * 9
— & - o
A & "
—— o R - ) )
0 X 1 ' X -
54 55 56 57 58 59 &0

mass number

capture rates and neu

ganke (GSI and TUD, Darmstadt)Elect

June 19, 2006

41 / 46



Muon capture

kinematics similar to capture of antineutrinos with a few 10 MeV

Muon Capture on Nuclei
Expetiment and RPA Caleulanon

T T T
16 | O Uxperiment & -
L < Without BCS and Relativistic Corr. @@ @ 4
. [0 tall Caenlation o ]
(e8] 5 o OO@
L g oF
L ul o _
2 @8 gy BN
L & o 1
= 8 DDD o -
f? L gﬂ é 3_ T ] 4
3 25k gl
2 4L _
z [
i g i 4]
6 @555 L 14
L R Sl e 1 |
4 a i o 74
b 05 o - A
= = oo ® g -
L o 20
a@'ﬁg I, Lo [ [
0 20 0 ) $0 100
7

N.T. Zinner et al., RPA calculations, submitted to Phys. Rev. C
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Determining inelastic neutrino-nucleus cross sections

INELASTIC NEUTRINO SCATTERING ON NUCLEI

1E
E /
/
//
-
G, resonance
P
. \
\
Ny ZA)
(v, V), GTy (e, e), M1
ISOVECTOR
S S PIECE
DOMINATES
L
TGT) ~ 3608, TM)={3Co - L+(g- 9=t Jun

M1 DATA YIELD GT, INFORMATION
IF ORBITAL PART CAN BE REMOVED
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Neutrino cross sections from electron scattering

0.1
0.08L Orbital 20y
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Lol Bt 1 @ neutrino cross sections from
(e, €’) data
@ validation of shell model

1.0

051

00— ,M‘h‘ﬂn‘.x‘l,

T T T
14

8 10 12
Excitation Energy (MeV) o G.Martinez-Pinedo, P. v.
e high-precision SDalinac data Neumann-Cosel, A. Richter

o large-scale shell model
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Tables for neutrino-nucleus cross sections

e Fuller-Meyer: parametrized Gamow-Teller model (Gaussian), (ve, e7)
G.M. Fuller and B.S. Meyer, Astr. J. 453 (1995) 792: G. McLaughlin
and G.M. Fuller, Astr. J. 455 (1995) 202

e Borzov+Goriely: Fermi liquid theory, (ve, e7)
[. Borzov and S. Goriely, Phys. Rev. C62 (2000)035501
e Langanke-Kolbe: RPA, neutronrich nuclei, (ve,e7), (v, 1)
K. Langanke and E. Kolbe, ADNDT 79 (2001) 293; 82 (2002) 191
e Juodagalvis: diagonalization shell model + RPA, (v, 1), finite T
A. Juodagalvis, K. Langanke, G. Martinez-Pinedo, W.R. Hix, D.J.
Dean and J.M. Sampaio, Nucl. Phys. A747 (2005) 87
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Inelastic neutrino-nucleus cross sections
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@ large-scale shell model (allowed transitions), finite-T effects

@ random phase approximation (forbidden transitions)
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