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Nuclear beta decay, energetics

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

@ (37 decay, Q3- = M; — M + E; — Ef

A(Z,N) - A(Z+1,N—-1)+e” + e
@ (3" decay, Qs+ = M; — M¢ + E; — Ef — 2m,

A(Z,N) = A(Z-1,N+1)+et + v,
@ Electron capture, Qgc = M; — Ms + E; — Ef

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

Fermi's golden rule:

*pr d’pe  d°p,
(2mh)3 (27h)3 (27h)3

2m
=2 [ IMP k5 s + pe+ - p)

1 .
Ml =5 X 3 Ml
! lepton spins M;,M¢
dQ. dQ,

A= oo [ M PSR & Ee ot £, — MP™)pEnEdpedp, Gt G

2 h?
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Transition rates for 3 decay

M nuc __ M;’IUC Q

_ 23. _ ! _
W = E./(mec®);, Wy = moc? = o +1
5 4G2 Wo
A= %h?v COW)E(Z, W)(W? — 1)V2W (W — W)2dW
™ 1

1 dQe dQ,
%4

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 2dQ dQ,
W= [ X WHP

lepton spins M;,M¢

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

Current-Current interaction:

H,, = % [ i)

(FIHy|i) /d3 (JeMg; Te Ty, e, v]ju T4 JiMi; Ti T,)
Assuming plane waves for electron and neutrino:

(&; v]jul0) = e~/ (PHPI TGy, (1 — y5)v

(fIHwli) = Gf‘;/#/d3re_iq"<Jfo: Ty Tof | T"[iMi; Ti T;)

I, = L_"Yu(l — Y5)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 —iq-r 7.
(FIHli) = 22, / P re TG (1 + gans)tat

_( 1 . ¢>
(g ) (G
(FHoli) / Pre 97 s (ol + gal - o) Ead

Generalization to A particles:

H, = \[Zef’q’k(lolk—i—g,ql o)tk
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Non-relativistic reduction

H, = \[Z e Ik (Jg1% + gal - ) tK

e = 37 /A2l + 1)~ 1Yilar) Vo 6 ¢)

, (gr)!
Jigr) = m

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

@ Higher orders: Forbidden transitions.
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A= ";(2 " C(W)F(Z, W)(W2 = 1)Y2W(We — W)2dW
1

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

= "2 _ P 2p(F) 1 B(GT)IH(Z, W)
1/2

K

K. Langanke (GSI| and TU Darmstadt) Microphysics: Electron capture rates anc / 26



Fermi Transitions

A

Mg Te T, | >t | IiMy; TiTy,) P
M;, Mg k=1

B(F) =I[Ti(Ti+1) = T5(Tz £ 1)]64,407, 7,07, T.,41
Energetics (Isobaric Analog State):
Eias = Qﬂ + Sign(Tz'.)[Ec(Z + 1) — Ec(Z) — (m,, — mH)]

Selection rule;

1
B(F) =35 +1

AJ=0 AT =0 T = Tf
Sum rule (sum over all the final states):
S(F)=5(F)=S(F)=2T;=(N-2)
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Gamow-Teller Transitions

2 A
B(GT) = =224 57 UMy T T | S ok th My Ti ) P2
m,M;, My k=1

2 A
&a : k ki, 2
BIGT) = g Ui Te Tl o 1 i)

ga = —1.2720 £ 0.0018
Selection rule:
AJ=0,1(noJi=0— Jr=0) AT =0,1 T = TF
Ikeda sum rule:

S(GT)=S_(GT) — S,(GT) = 3(N — 2)

K. Langanke (GSI| and TU Darmstadt) Microphysics: Electron capture rates anc



Gamow-Teller transitions ||

B~ decay |J;; T, T)
o Final state |Jr; T —1, T — 1)
_ 283 |Un T =1l S ok ekl T)
2Ji+1 2T +1
o Final state |[Jr; T, T — 1)
B(6T) — 285 U TII S o* 4|1 TP
2Ji+1 2T +1)(T+1)
o Final state |Jr; T+ 1, T — 1)
B(GT) = 28A Ui T+ 11l iy o e4]|1J5s TP
2Ji+1 2T+ 1) (T+1)(2T +3)

B(GT)
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Forbidden Transitions

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

Decay type AJ AT An  logft
Superallowed 0 —0T 0 no 3.1-3.6
Allowed 0,1 0,1 no 29-10

First forbidden 0,1,2 0,1 yes 5-19
Second forbidden 1,2,3 0,1 no 10-18
Third forbidden 2,3,4 0,1 vyes 17-22
Fourth forbidden 3,45 0,1 no 22-24
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Electron Capture

Fermi's golden rule:

d3pf d3pl/
(2mh)3 (27h)3

27
0= / (Mig 2 (277)*6) (pr + py — pi — pe)
e

2
oi(E) = 2V F(Z.E)B(F) + B(GT)]e}
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Neutrino cross sections

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

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

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

oif(Ey) = 7(5/ — w)’B(GTy)
with w = Ef — E;
In general, multipoles beyond allowed transitions are necessary. See Donelly

and Peccei, Phys. Repts. 50, 1 (1979).

K. Langanke (GSI| and TU Darmstadt) Microphysics: Electron capture rates anc



General considerations: Which multipoles?

e Multipole operators O,

A
R
- N(ﬂh? ;quu

— successively higher rank with increasing E,,

e Collective nuclear excitations:
[H, Os] # 0 — strength is fragmented
— centroid E}, ~ Ahw ~ AL mMcV

e« Phase space:
— ™~ PlepFiep —+ high ., preferred

— average nuclear excitation & lags behind with

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

40—

p(gem™)
capture rate becomes less dependent on details of GT distribution with
increasing density (chem. potential); for p11 >~ 1, it depends essentially

only on total strength and centroid
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Example: electron capture at high electron energy

O p11Ye=0.07, T=0.93
[m] p11Ye=0.62, T=132
A p11Ye=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?

WEMevT
so
WUASL= AUAS\ - ELASTIC
3 e el clodcbil ol
BLATTS o REL. FERM| €As
3
F =
c::‘_‘:z‘: CotcECTIVE FKCITATIgs
TRO. e CORRR T WIE RRETAT
: -] RPA
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<
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Shell Model.

INTERACTING SHELL MODEL

INDEPENDENT SHELL MODEL
SLATER DETERMINANT ¢

STATES
————

EXTERNAL SPACE (ALWAYS EMPTY)

—_— RESIDUAL INTERACTION Heg
VALENCE ————

o -d MOVES NUCLEON FROM
SPACE —e—r——i o =43 STATE j TO STATE i

—.—— [0y, Opl m O N2 SUCH OPERATORS
——————
CORE (ALWAYS OCCUPIED)
S
HAMILTONIAN

2
H=e0-3VO

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

> Fvro o T (AL POSSBLE o's)
FULL COMBINATORIAL DIMENSION
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Diagonalization shell model.

DIAGONALIZATION APPROACH

"GIANT" MATRIX

<IHI > N:<NS><NS>
» N
~ - ~ 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 Hpp, Han, Hpn

—0 EFFICIENT ALGORITHM TO CONSTRUCT
FROM Hpp, Hon, Hpn

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

SHELL MODEL MONTE CARLO

GOAL: DETERMINE LEAR PROPERTI!

NOT ALL ~10° COMPONENTS OF W.

- CONSIDER THERMAL AVERAGE IN CANONICAL
(FIXED NUMBER) EMSEMBLE
_TreA

1
A -1
T b=

- HUBBARD - STRATONOVICH TRANSFORMATION

2-BODY = MANY 1-BODY EVOLUTIONS IN
FLUCTUATING EXTERNAL FIELDS

SUPPOSE
eBH V0" _ -[ 2d7BV eihvo’ hovo
2n

—
1-BODY
PROPAGATOR

HOWEVER: MANY NON-COMMUTING O's

e = (e Ap :,% “TIME SLICE”
't

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

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

E °
I
<
i
1)
<0
o
o=
E: o
5
|
e
0 5 10 15
SILICON » s INCLUDED MASS (SOLAR MASSES)
IRON © mmm )

NEUTRINO LA/

Laboratory 15

Low-lying
Strength

¥

T =0.1-1.0 MeV,

p=107-10*° 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)

Supermova

Gamow-Teller
Resonance

electron
distribution

@A)

Capture rates on individual nuclei computed by Shell Model.

K. Langanke (GSI| and TU Darmstadt) Microphysics:

Electron capture rates anc

/ 26



Gamow-Teller strength distributions

medium-mass nuclei: shell model is method of choice

Ex [MeV]
075 0 1 2 3 4 5 6 7 8 9
92— 1950 S GO
I E|a»=171 MeV 8
w B e w0 B osf g 70 NE
LY 16 E’/ cm’ E E
3 S
E os lw
g
M T—————— 1M 2
Y S o hetad i
'l T
- =
2 — ST ——— 3
w2 0 360 615
5 I
b 0 n : ]
51 V Shell-Model Calculation
o 1 2 3 4 5 6 7 8 9
Ex [MeV]
spectrum

GT distribution, KVI Groningen
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Collapse phase.

SILICON o mmm

IRON » mmm

NEUTRINO N/

What is the

Important processes:
@ 7T>10MeV, p>10°gcm3.
@ electron capture on protons
e +p—n+re
@ Neutrino transport (exact solution
Boltzmann equation):
0 5 1.0 15 V+A2V+A (trapplng)
INCLUDED MASS (SOLAR MASSES) v + e_ (:> v + e_ (thermahza‘non)

CHANDRASEKHAR
ki MASS 4)(

cross sections ~ E?2

role of electron capture on nuclei?

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

------- demeena- G
N=40 .
Blocked: GT
------ ' o2
R Ho% R
: o0 [‘}/2
f . B f
"2 712
neutrons |  protons neutrons | protons

Core
| ////// % | ///S%e %

@ Unblocking mechanism: correlations and finite temperature
@ calculation of rate in SMMC + RPA model
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Validation of SMMC/RPA approach

SM
o--o SMMC/RPA (GT)
oo SMMC/RPA (full)

10 20 30 40 50 60 70 80
H, (MeV)

At low y, not valid, sensitivity to GT details.




How do shell-model rates

T
o[ Pre

‘sb,\‘“‘ ™

Py
I
T

N
@
@
L

A < 65: SM rates smaller

K. Langanke (GSI| and TU Darmstadt) Microphysics:

compare to previous rates?

A > 65: SM rates larger

T

Ll

T

"

T

P

T T T T

— protons
— nuclei

L

1010
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Rate tables |

For supernova conditions there exist several tabulations for
weak-interaction rates (electron and positron capture, 5+ 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

@ 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)
e Nabi+Klapdor-Kleingrothaus: QRPA
J.U. Nabi, H.V. Klapdor-Kleingrothaus, ADNDT 88 (2004) 237
@ JLMSH: parametrized RPA model, A>65
A. Juodagalvis, K. Langanke, G. Martinez-Pinedo, J.M. Sampaio, R.
Hix, submitted to PRC
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Capture rates and number of nuclei considered

10F |
0.9F 1
0.8F B
E
=]
2071 |
<
> £ 1
w 06 sd pool
~ o5} --- LMP pool 1
§ -- SMMC pool
~ 041 --- FD pool b
a — combined pool
~ 03f B

!\ — LMSH pool

0O 10 20 30 40 50 60 70 O 10 20 30 40 50 60 70 80
H, (MeV)

Very neutronrich nuclei are missed in the pool of nuclei.
Capture gets more Pauli-blocked with increasing neutron excess.
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Single-particle occupation numbers

‘
10F R E s E
09F ’ 7GGe + % E
08F protons ¥ p neutrons 3
0.7F + & 3
06F E ° E

>~ 05F 3 i 8 E
04F : £ E
2-2 i 1o Tomc=04 Mev

: = Toucs08Mev -
ool T S VI
SURTOT SOOI VU UTOTUTOTTOUS: U0V BTSN T
25-20-15-10 5 0 5 10  -25-20-15-10 -5 0 5 10 15

€ (MeV)

Parametrization of SMMC occupation numbers by Fermi-Dirac function

’ v
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RPA with parametrized

occupation numbers

T T
F 75 k3 k|
FooZn + E
P k3 k|
3 SMMC 3 3
3 Tep=2.50 MeV 3
F 3 |
b - Tep=1.67 MeV | E
3 -- Tp=1.25MeV ¢ E|
P ---- T_,=1.00 MeV { 3
F o o 3 3
3 3 k|
F 3 |
3 3 3
3 3 k|
P 3 k|
3 3 k|
3 3 k|
F T |
E ol k3 3
L . . . . . . . . . . . . .
0O 10 20 30 40 50 60 70 O 10 20 30 40 50 60 70 80
H, (MeV)

Parametrization of SMMC occupation numbers by Fermi-Dirac function




Empirical model vs SMMC/RPA approach

el ol cond o cod cod ol ol ol o

10°F — SMMC
E - T.,7167 Mev
10°F
Y e N N N A B A B
0 10 20 30 40 50 60 70 80

H (MeV)
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Capture rates

--——- noFD
— all pools
all pools (no screening)

2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0O 10 20 30 40 50 60 70 O 10 20 30 40 50 60 70 80
b, (MeV)

Screening effects: electron chemical potential slightly reduced, while

Cl1lE € 3 ] ]
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Example: electron capture at high electron energy

10°
10*

Aec (S_l)

10*

0 P11Y=0.07, T=0.93
O puYe=0.62, T=1.32
A p11Y=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
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.

190 @.e*)x

0 (10 cn)
-

o
s

100

10 ¢

o (10 % cm)
-

4 6 u
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]
270 260 250 240 230 220 =210 200 190 180 170

12\ T T T T T T T T T T
1 B
= wlf E, = 1485 MeV
Q
= 9
%
~
4 st
)
= Tr
o
2 6 |
S
5 |
3
e} 4
g
N 8r
b
o 2r
1 b
o |
-1
0
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Beta-decay, electron capture, charged-current

Electron capture

-
.
Beta decay 20
15—

] 15
_.10- S
ST %
g 3
T ] 10

5
] s 5
- Finite T,
0
ZA
@A) 2 o

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

ESTINATE OF CHARSED - CURRENT CROSS SECTIoW.

e,y = BEet @y g R g ([0 + (1) 10, 1)

FELRI TRANSITIONS

o AMe* =(N=2) 1SOBAR(C ALA
e =f 4322 2 i
o Eis —/M“,;w" 4.11;) eV

GANOW ~TELLER TRANSITIONS

B ‘HGT,L = W(N-2)

® DisTeguTion
a) 8- Fuwetion
b) GAUSStAL Atovwd

LEee> WITH WUIDTH ~ S Hey




How well do we know charged-current cross sections?

[____m i o

P Ho(\)..ﬂ‘) \

) | \ CAUSSIAN
,,/‘ APPROX.

M,

RPA |
7 CALEULATION

|
‘/f

S

ct———-/ 4
O L o s et

: ) [t 15
Cep (NMav)

Y

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

EANOW - TELLEN
€Tiee

DonidaTES

TEJa () L0 e Auey)

e e

e il i |
Lo L3 20 25

for neutrino spectrum with T =4 MeV
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Influence of higher multipoles

Spectrum for muon decay: ut — et +ve + 1,

of

.
&)
I

10*/cm3IMeV

60
MeV




Influence of higher multipoles

%0Fe(ve, €)% 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
20 [ \ \
100}~ r - 4
15— i 27
< 1
o 80 § 10 -
£ S L
© o
§ 60 5 —
o
=) r |
o 3 NS4
40+ % "10 15 20 25 30
Energy (MeV)
20+ -
0 ‘ ‘ ! ‘
0 5 10 15 20

Energy (MeV)

E. Kolbe, K. Langanke, G. Martinez-Pinedo, Phys.- Rev: C60 {1999)
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Typical supernova neutrino spectra

0.2 T T T
A " — 7=0.78 MeV, p11Y.=01029 glcm®

= [=® 25y — T=1.32 MeV, p11Y=0.627 glem® T
Ems_ ] \‘ — T=2.08 MeV, p11Y=4.000 g/cm?
= 1
®© [/
5 [/
[0}
% 0.1
ko
(9]
N
T
£0.05
o
=2

%

Neutrino energy (MeV)
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Multipole decomposition

4-60 .
E Fe neutral current cross section

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

)
o
"O
o
g —— 8 - ———— - a— ¥
Dy - * e * * 9
£ kS -
A A g
e M ¥ —¢—
0 X ' ' ‘
54 55 56 57 = = -




Muon capture

kinematics similar to capture of antineutrinos with a few 10 MeV

Muon Capture on Nuclei

Experiment and RPA Caleulation

8T

16 | O Urperiment g ) -

L < Without BCS and Relativistic Coru. @ 4

1oL O sl Caleolation © 7
Cubo o %

L 0 B

- u! a -
2 ©©8 gy o

N H)’ 8DDD g ]

=] L @D é i T R
3 a5k @

2 gL 25 -

2 X

. § N 4]

T e * 1
L3 —

L a L aa 1 |

s g 'r s 14

t 05 ] =

2 = ploo® g

L jas] 20

nnnDU ! | | 1
0 20 40 60 30 100

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

|E
E /
//
-
G, resonance
A
= \
\
N ZA)
(v, V), GTo (e, &), M1
ISOVECTOR
s S PIECE
DOMINATES
L
T(GTo) ~ TS, TN ={4 (- C+G - 9IZL0S Juy

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

0.1,
0.08- Orbital ¢, ]
0.06F - .
0.04f R il SR o ‘52C‘I
0.02 ‘ { \ 102F oy as oy r
0 ! \“M bt bl H\H{ yully f—— T=08MeV
‘, T i T T 101? -
15 SPin - € F
S 10°¢ E
1.0+ = g E
2 o051 | 810{— ]
2 7 © E E|
S 00 i }\ J”H\ I\‘ ol ‘J | L 102 E
s F E
ot 1_57Total ] 10F 3
1.0 B 10 IR N B -
0 5 10 15 20 25 30 35 40
0.5~ ‘ Neutrino Energy (MeV)
) B—— 1uh|“w|w‘w J /
Ll Bt 1 @ neutrino cross sections from
Lof 1 (e, €’) data
0.5 i
0ol —atd L ‘ﬂn‘.n,‘ — o validation of shell model
6 8 10 12 14 . .
Excitation Energy (MeV) @ G.Martinez-Pinedo, P. v.
@ 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)
I. 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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o large-scale shell model (allowed transitions), finite-T effects
@ random phase approximation (forbidden transitions)
e A. Juodagalvis, W.R. Hix, G. Martinez-Pinedo, J.M. Sampaio
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