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Multi-physics problem
Hydrodynamics — Convection, Turbulence
Multi-Dimensional Effects - Asymmetries

> Neutrino physics
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Weak rates in astrophysical phenomena

Core-collapse (Type IlI) Supernovae

Thermonuclear (Type la) Supernovae

w

Crustal processes in accreting

SNR 0103-72.6 neutron stars

Chandra observatory

SN 1994D ESA/Hubble

s-process
r-process
neutrino interactions




AX
A4X
electron captures in supernovae B Qve

e _
e
on groundstate Dominated by allowed (Gamow-Teller) weak
EC transitions between states in the initial and final
on exited state I

* No transfer of orbital angular momentum (AL=0)
* Transfer of spin (AS=1)
* Transfer of isospin (AT=1)

from groundstate

p

Due to finite temperature in star, Gamow-Teller
transitions from excited states in the mother nucleus

Y can occur
L
Direct empirical information on strength of
transitions [B(GT)] is limited to at best a few low-
lying excited states e.g. from the inverse ([-decay)
groundstate transitions.
o

groundstate

Daughter (Z,A) Mother (Z+1,A)



electron-captures in supernovae

Fermi-Dirac distribution of near degenerate electron gas-function of stellar density & temperature

B(GT)
=Y
no(k)
1 gkl Ll
N v I
e I !
- £ I :
M l !
I
temperature I
<> - = — =)
| | | density
| |
: : : >
| | |
_____ e | temperature
density : h, :
| I |

phase space

Excitation energy ——»



Z (proton number)

T=9 GK
40 -
p=6.8e+9 glcm?  iiiigsSHEciiiiaaainn
30 b seniiitiiclecupmimenagetiisiiiiiciiit
20
10 Log (Mass Fraction)
voseals -5 4 3 2
0 0. 1 1 L 1 1 1 1 1 L
0 10 20 30 40 50 60 70 80 90
N (Neutron Number)
; ' ' T RN
o TEIBGK st e g
p=3.4etl| g/cm?
30 |
20 | e
10 Log (Mass Fraction)
5 4 3 2
0 h 1 1 i1 1 1 1 ! 1 1
0 10 20 30 40 50 60 70 80 90

electron captures in supernovae

N (neutron number)

ECs on many nuclei play a role
pre-supernova — A~45-65 (pf shell)
collapse stage — A~50-120 (pf+sdg shell)

majority are unstable nuclei

Needed:

Accurate theoretical models to estimate EC
rates

Experimental information to guide and test
development of theory



electron captures in type |l SNa

Consequences:

*reduced (10%) central stellar
density, entropy and electron
fraction

*reduced (20%) mass behind
the shock

*increased (15%) neutrino
luminosity just after the
bounce

Langanke, Martinez-Pinedo
Rev.Mod. Phys. 75,819 (2003)

Accurate EC rates are critical for simulations
of core collapse supernova

Accuracy required: ~30%

EC rates based on modern microscopic nuclear models are on
average lower than earlier parameterizations
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nature is kind: nuclear charge-exchange
reactions as a probe of weak transition strengths

charge
exchange
reaction

(°He,t)

e-capture/p*

Charge-exchange reactions connect the same initial and final states as in weak interactions and
are mediated through similar spin and isospin transfer operators

Proportionality holds at ~10% level — beam energies must be ~100 MeV/A or above

Applied to a variety of charge-exchange probes: (p,n)/(n,p), (*He,t)/(t,*He),(d,?He),(’Li,’Be) etc.



Gamow-Teller strengths and CE cross sections

A A Model-independent extraction of GT strengths
ZX Z- 1X
3H charge
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Unlike 3-decay CE experiments do not suffer from Q-value restrictions .



calibrating the proportionality

CE

€«
B-decay

AZ AZ+|

Once calibrated, Gamow-Teller strengths can
be extracted model-independently.

AX AX
charge .
e exchange -

reaction
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The unit cross section is conveniently calibrated using
transitions for which the Gamow-Teller strength is known
from B-decay.

The unit cross section depends on beam energy, charge
exchange probe and target mass number: empirically, a simple
mass-dependent relationship is found for given probe

3He
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R.Z. et al., Phys. Rev. Lett. 99,202501 (2007)
G. Perdikakis et al., Phys. Rev. C 83,054614 (201 1)
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Overview of program

o >
Rl beam (\‘2 (t,’He) 6 (t,"He+y)
@ (*He,t)

inverse 7|_| ,’Be+y)

Astrophysics — weak reaction rates

@

(Neutrinoless) Double beta decay

o

kinematics {é,

Rl beam

Rl beam °(‘°Be‘°B+y) .”"::::”-
9 &

i
9 @@ S it
69 S el !EIJJL sospin reSpﬁplan"ed)
@@ ] ;!é_::éi“_oﬂlghtnuclel
66 ®© e

Shell evolution in light systems

e et

Giant resonances and the macroscopic
properties of nuclear matter

OO

Novel probes for isolating particular
responses

Studies of the charge-exchange reaction
mechanism

e
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General spin-isospin response
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Extracting GT strength from scattering data
[TFB Mg (*He, ty°A

differential cross section
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Multipole decomposition

S 06 13/, 3 = 20
T ra) 0 C(t,’He) 340 MeV ET () Cahe’sgs)
i 0 £
= 151 * data
E;:)ﬁ ®c,m,{5'75 %‘ DWBA
= 04 : 210!
~ Multipole ©
0 .. Gamow-"~2
= _ Decomposition s Teller
E 0.2+ @ Analysis quadrupole ____________________ mevin
W o sz .
% : @ %5 3C(t He) B(3.6 MeV)
= - J L £ ; - data
0 | ach by e by |l ve by e ey C} . —— DWBA
0 25 5 75 101251517520% 1
13 ©
E.("B)(MeV) — veller e
= 1 051 dipole
9 09: ——— shellmodel CKll- p-shellOho | L el
= 08: — shell r‘nodel WBP - spsdpf-shells 0,2ho = ' ' ' '
0.7 - C(t,’He) data =
0.6 £
0.5¢ _
. L g =) .
04 B(GT) = ﬂ‘L—”Eq )
03¢ a
0.2+
0.1 F @
D- II | 0|||||
0 4 6 8 10
E(’B) (MeV) 0 23 % g g

C. Guess et al., Phys. Rev. C 80,024305 (2009)



or

Relative s
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o

ystematic err

Systematic error in extraction of B(GT)

Leading uncertainty comes from interference between AL=0 and AL=2
amplitudes mediated by the ot and Tt parts of the NN-interaction that
drives the CE reaction

Uncertainty increases for small B(GT)

Can be studied statistically, but corrections on a state-by-state basis are

only possible if the transition densities are well-known (some success have
been achieved, e.g. *®Ni, '3C)

Difference between B(GT)s extracted from different probes (e.g. (p,n) and
(*He,t) are indicative of strong L=2 amplitudes mediated via Tt

Theoretical study for
¢4Zn(t,*He)

N states
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Generating weak reaction rates for pf-shell nuclei (45<A<65)

B-decay
Charge-exchange

/ \ Experimental data
Astrophysical
simulations

e

Weak reaction

: : Shell-model
rates Theoretical estimates

QRPA/SMMC

N

[ Charge-Exchange Data

« (n,p) — TRIUMF/RCNP
* (d,2He) — KVI
» (t,3He) - NSCL

Theory

Used in most sophisticated
weak reaction rate library used
in astrophysical simulations

* Configuration-interaction (shell) models
 KB3G (Poves et al.)
 GXPFl (Honma et al.)

* Mean-field (Quasi-particle Random Phase Approximation) — P. Moller et al.
* Hybrid (RPA+Shell-model Monte Carlo)



Gamow-Teller strength
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Ge61 Gebd Gess Ge66 Ge67 Ge68 Geb69
Studied in CE study
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EC rate comparisons

g/cm
10x10° K

pY =10
T

LN
(oeax)Hy 3y

— GXPFla

- - - KB3G

7 QRPA
(n,p)
(d,’He)
(t,’He)

(a)

------
-----
-----
.

0
10

..jﬁn._/:uw.:... Um_.(



(t,*He+y)-for high precision

Very preliminary...
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Summary of EC rate study

“H Y, _1o7g/cm3
T=3x10" K

09 r

08 F
X _ 3
o7 pYe =10° g/cm
- T—10X1O K
0.6;

0.5 F

average absolute deviation
average deviation

" "GXPFla KB3G QRPA * GXPFIa KB3G " QRPA

‘)\th . )\E’IP‘ )\th —\ewp
i T l
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EC rates based on configuration interaction (shell-model) calculations underestimate the
rates based on experimental strengths by about 30%, - GXPFla interaction is slightly better
than KB3G

EC rates based on QRPA calculations are strongly overestimate the rates based on
experiment — even at high densities/temperatures, where the fine structure of the strength
distribution is of little relevance



Electron fraction (Ye)

044 [ . —_——ry : ———y

— Weak processes in CCSNe

o | 1 * GRID is an open source spherically symmetric general
relativistic hydrodynamics code

038 b

* Implements two moment Boltzmann neutrino transport

with analytic closure for all six neutrino species via
36 -, R .
e ", NuLib

. | = Designed to study core collapse supernovae (Type Ib/c,
: Type 1l)

on | 1 ¢ Currently using |5 solar mass, solar metalicity star from
Woosley & Weaver 1995, but can simulate massive stars
05 - 1 with M>8Msol

WP soNSubsttuton - * Rigorous implementation of neutrino/weak interaction

Bruenn (IPA)

Nofates . microphysics, including:

— Absorption of nu_e and anti nu_e on neutrinos and protons (resp.)

026 4 : el - — : — . . .
1e+10 Te+11 Te+12 —  Scattering on neutrons, protons, and heavy nuclei for all species of

Density (g/cmA3) neutrino

—  Thermal emission of all species from electron-positron annihilation
* Most recently: electron capture on heavy nuclei

*  Full NSE distribution of nuclei using the FRDM mass model

Chris Sullivani(INSCL)iiRemcopzers el eSS for use in calculating neutrino emissivities and opacities.

O’Connor (CITA), Christian Ott (CalTech)

Similar studies have been performed in the past — the goal of the present study is to
perform detailed sensitivity studies to motivate experiments (with rare isotope beams)



strategy

Given that one can only do so many experiments, what is the
best strategy for testing theories used to calculate weak reaction
rates for astrophysics!?

|) Perform experiments on nuclei that are particularly abundant
in the stellar environment

2) Perform experiments on nuclei that can tell us something
fundamental about the theorertical calculations

>6Nj — satisfies both conditions!

However, °®Ni is unstable (T,,=6 days)



56Ni

Independent particle model:
* °°Nij is doubly magic
* GT involves f;,—fc

Due to large p-n residual
interaction, >N is not magic

Shell-model calculations with the
KB3G interaction and the
GXPFla interaction both predict
that the probability of a closed
(f;)'® configuration is ~65%.

Pin
P3n
fsp

f7/2

sd




kinematics

¢/> Normal kinematics

At g~0, outgoing neutron is fast.

O—

“easily” determine the excitation energy and
center-of-mass scattering angle.

Residual is not detected (two-body kinematics)

@@ From its properties (angle, energy) one can

Excited residue can decay in flight . .
Inverse kinematics

At g~0, outgoing residue is fast — almost
impossible to detect its properties with
sufficient precision.

Q Neutron is very slow — hard to detect.

However, if feasible one can reconstruct the
excitation energy and center-of-mass
scattering angle.

Advantage: neutron is not stopped in target



Problem...

To extract the Gamow-Teller strength of relevance for electron-captures, we need

an (n,p)-type charge-exchange experiment in inverse kinematics with rare-isotope
beams....

The charge-exchange group at NSCL has successfully developed the Li,’Be reaction
in inverse kinematics for that purpose — but not suitable for experiments with A>35
(In the future, (d,?He) in inverse kinematics might become feasible

However: because of isospin symmetry, one can use a (p,n)-type probe instead!
isospin symmetry

NE *6Ni isospin T=0
S B(GT)seniossecy = B(GT)senissseco
Teller
6Co SNi | Cu 56Nj(p,n) CE 56N EC
T=1 T=0 T=I
<€ >

electron (p,n) charge
capture exchange



Z Ga6l Gab2 Ga63 Ga64d Gabs
. S b I n56 In57 n58 Zn59 Zn60l Znél n62 n6é3
Cus5s Cus6 Cuss Cus9

28 Ni51  Ni52  Ni53  Ni54  Nis5

Geb1 Gebd Gess Ge66

Ge67 Ge68

Ga6h

Ge69

Ni63 @ MNi65 Nig6
Co50  Co51 Co52 Co53  Co54 Co61 ! 062 C063‘¥064 Cob5
Fe&D Fe61 Fe62 Fe63 Fet4
Mn59 = Mn60 Mn61  Mn62 = Mn63
Cr58 Cr59 Cr60 Cr61 Cr62
V57 V58 V59 V6o
Ti56 Ti57
Sc55
Ca54 2 0
K53 K54




Gamow-Teller strengths

Isospin symmetry:

- 56p1: 56 . 55C N SSN'
e data (sta.error) ! * Ni —""Cu B(GT)[56N|_)56CU] al Eldata (sta. error) 0 o I
HE syst. error
B syst. error o _ o ooten
- — GXPF1J Do
and
B(GT)[>>*Co—>"Ni]
B(GT)[*5Ni—>%Co]

E (*°Cu) (MeV)

GT strengths from GXPFI|A/] provide better results than from KB3G for *®Ni (>>Co)
Difference between KB3G and GXPFIA:

* KB3G weaker spin-orbit and pn-residual interactions—GT strength resides at lower E,
* KB3G lower level density—>GT strength less spread
* Improvements to the most up-to-date weak reaction rate library based on calculations with

the KB3G interaction are possible, probably at the level of ~30%.

M. Sasano et al., Phys. Rev. Lett. 107,202501 (201 I),Phys. Rev. C 86,034324 (2012)
K. Langangke, Physics 4,91 (201 1)
CERN Courier, Jan/Feb 2012
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132Sn(p,n) planned

14 . . , S ——
L -_C)
12+ - 4120
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Cl-jj7a: Configuration Interaction model in 0gy/,, 0g;/, 1 dsjy, 1d35, 25,5, Oh,,, and Oh,/, space (Alex Brown)
QRPA: two quasiparticle pn-QRPA following procedure by Tubingen group for many double beta decay cases
(D.L. Fang)

RRPA: self-consistent relativistic RPA (RRPA) calculation (E. Litvinova)

RTBA: relativistic (quasiparticle) time blocking approximation (RTBA) including |plh+phonon couplings (E.
Litvinova)



Electron-capture rates on nuclei — summary/outlook

7

\_
-

\_

Validity of various theoretical approaches has been tested through a variety of charge- A
exchange experiments.The *°Ni(p,n) experiment in inverse kinematics was critical in
\pinpointing the strengths and weaknesses of different models. )
S
The development of different weak rate libraries to more accurately test sensitivities in
astrophysical models is an important next step-effort started
J
S
The next frontiers: : nuclei with mass A>65 and nuclei far from the valley of stability —
experiments with unstable nuclei are critical
J
4 ™
With the successful development of the (p,n) reaction in inverse kinematics a new tool to
study the spin-isospin response of unstable nuclei has been created with applications in
astrophysics and beyond-various other proposals planned/carried out, e.g. '32Sn. )

\_




Double beta decay

T5(0% — 09)] " = G*(Qps, Z) | M|
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Phases?
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The case of °°Nd

A SO, SNO+

/A, | e
| — .

[y
i
W | \
A W
IIII{.H vi A .
it AN
i —_ — — — — N I h
o / l:_\;\\\"-..\'::-,".'.'
W H
A
v
Pm(1- \ yA
\

Deformed

150 \
Nd(0+) OvBE/2vEB

- -

BHet) (t3He) Complex structure

RCNP NSCL
Osaka U. MSU
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Multipole Decomposition
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2v[[3 matrix element
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B(GT) (MeV™)

Comparison with QRPA calculations
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New probes to achieve channel selectivity
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From: M.A. Franey and W.G. Love, PRC 31, 488, (1985)
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How to isolate isovector non-spin transfer channels?



10Be,9B+y reaction
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By gating on the 1.74—0.718 MeV transition after the '°Be, '°B
reaction, one can isolate non spin transfer reactions
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(6Li,Li"+y) reaction

0* 3563 keV T=1 (lifetime < 3.3x10-'*s)
372816 keV T=0

(6L, 5Li")
.<

I*g.5.T=0

Alternative to p,p’ reaction but with the additional advantage that only isovector amplitudes
contribute, instead of isovector and isoscalar amplitudes. In addition, one would avoid orbital
contributions.

Application would not only be limited the AL=0 strengths, but also focus on AL=1 strengths
which is important for neutral-current neutrino interactions in astrophysical scenario

Preliminary plans for experiments at RCNP using Grand-Raiden+Clover Array

See e.g. Austin et al,, NPA 719, 233c (2003)
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