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Electron Captures in Supernovae

» Stellar electron captures (EC) - \
- Takes place in stellar interiors: high T ct.) Terrestrial electron capture
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i electrons )
> Important process for supernova (SNe)
. stellar core, decreases electron abundance
- Reduces (which supports stars) — Leads to explosion

Stellar EC is a key to supernova evolution.



Stellar Electron Captures

» Stellar electron captures (EC)
- Dominated by transitions
- AL=0,AS=1, AT =1
- Capture of free electrons in hot plasma
- Can get excited to incl. GTGR
- Electrons: Fermi-Dirac distribution
- Thermal ensemble of initial states
- ECs take place from AX
- Many nuclei play an important role
- Majority are nuclei

|

Impossible to measure even a sizable fraction of cases

|

 Accurate theory that constrains key model parameters

- Experimental information for most crucial cases (
to guide and test development of theory
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| pYe=10"g/cm?

T =10 x 10°K




Sensitivity Study: Importance for SN Collapse

» Time evolution of the electron fraction in CCSNe center
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Most important are

n-rich pf & sdg-shell nuclei.
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Sensitivity of late SN evolution
to electron-capture rates
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|dentify most critical experiments
to be performed in the future



Experimental Approach to Stellar Electron Captures

> 8 decays
« Strength B(GT) from life time
 Q-value restrictions
» Charge-exchange reactions
« Accessible to high Ex states
- Reliable B(GT) extraction from cross section

—>

oA1-0(07) = 0aTB(GT)

unit cross section: calibrated for (¢,3He)
GgT = 109/ A%€°

T. N. Taddeucci et al., Nucl. Phys. A469 (1987) 125
G. Perdikakis et al., Phys. Rev. C 83, 054614 (2011)

CE reactions on important pf-shell nuclei
can be a powerful tool to study ECs
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Charge-Exchange Reactions on pf-shell Nuclei

> B(GT) in pf-shell nuclei

- Studied with intermediate-energy CE reactions in 3+ direction: (n,p), (d,2He), (t,3He)

(p,n) inverse kinematics: M. Sasano et al., PRL 107, 202501 (2011), PRC 86, 034324 (2012)

- Shell models do generally well in predicting B(GT) 28
GXPF1 (M. Honma et al., EPJ A25, 499 (2005))
KB3G (A. Poves et al., NP A694, 157 (2001)) | Gel>'Ge|>*Gie|*Ge *1Ge(*°Ge| °Gie|*7Go(*Ge |G
but significant deficiencies possible %0Ga ®1Ga 52Ga %3Ga /Ga %5Ga *Ga 5’Ga ®3Ga
e |n |Ight nuclei ,Of & sd mixing 20 547n 557n 56Zn 57Znl58Znl59Zn 60Zn 61zn 627Zn 63Zn 657
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Charge-Exchange Reactions on pf-shell Nuclei

> B(GT) in pf-shell nuclei
- Studied with intermediate-energy CE reactions in 3+ direction: (n,p), (d,2He), (t,3He)

(p,n) inverse kinematics: M. Sasano et al., PRL 107, 202501 (2011), PRC 86, 034324 (2012)

- Shell models do generally well in predicting B(GT)
GXPF1 (M. Honma et al., EPJ A25, 499 (2005))
KB3G (A. Poves et al., NP A694, 157 (2001))

46 46
but significant deficiencies possible 22 11 — 5;SC

* In light nuclei pf & sd mixing protons neutrons
can affect low-lying states . )
- 5
(not considered there) gjg E 40}
> This study oo

- Lightest pf nuclei 46Ti & 4°Sc £ .m..k (28]
- SM deficiency may be pronounced S | - - 5[20?

- Specific interests: do | —esssee—  —esesse— |

pre-SN stars, neutron-star crustal heating
- B(GT+) in 46Sc & 45Ca g;g oo 00 18]

via the (t,3He) reaction '
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EC Rates: Importance of Detailed Low-lying Structure

> Electron-capture rates

transition
1.0 § ]
Neo(T, p) = const. »_|fy(T, p) B(GT) L pYe=10"g/om®
i.j £ T=10x10°K
206} -
- Phasespace §0_4 f E
- Decreases as Ex becomes higher @ 0. : E
- Increases as temp. & density become larger § 00 : . :

- Contrib. from low-lying strength is important
 In particular at low temp. & density

=8

“wide” Ex range (Ex =25 MeV) more precise* Ex (= 10 keV)
“high” resolution (a few 100 keV) for low-lying states (= a few MeV)

> This study

* level structure may need to be known



Experiment

> 46Ti, 45Sc(t,3He+y)*6Sc at 115 MeV/u

National Superconducting Cyclotron Laboratory

EO
Michigan State University @‘

primary beam Nreis
160 secondary beam f _ §
150 MeV/u, 150 pnA 3H reaction target
115 MeV/u, 5 Mpps, >99% 46Tj, 45S¢c
@ 10 mg/cm?

K1200

fproduction target\
9Be A1900
3525 mg/cm? Fragment Separator
\_ J

0 10m




Experiment

> 46T}, 45S¢(t,3He+Yy)*5Sc at 115 MeV/u
- S800 + GRETINA plastic
- Forward kinematics scintillato_Ir_OF)
- 3H beam + stationary 46Ti/45Sc targets
« Missing mass method

- Exin 4Sc & 4°Ca
— d20/dOdEx (0 MeV < Ex =25 MeV, 0° < Bcm <6°)

 Dispersion-matching beam transport
— AE ~ 300 keV (FWHM) (w/o momentum measurement)

Cathode Readout Drift Chambers
(CRDCs)

(X, ¥, a, b)

I-Lgrlton 46Tj/45Sc 3He
target ejectile

115 MeV/u 10 mg/cm?
~5 Mcps, >99%



Excitation Energy Spectra

> Multipole Decomposition Analysis

> el s spayibc. . Data -
. . . 5_ 46T SHe)46

- Experimental data points fitted = {1, "He)™'Sc g AT Z 0]
. _ S FE=115MeV/u g AL 1.
with sum of DWBA cross sections L M hm=067  MAL>2]
& X |
0_0a|C Cm7 Z aAJﬂ' O-CAaJIET cmys EX) L\LI; 35_ ¢_:

AJT =

fit param. S 2f

- DWBA code FOLD/DWHI 2 .

ke

for heavy-ion charge-exchange
[double-folding & microscopic form factor]

- Extract each AJ™component
(GT, dipole, quadrupole,...)

Example
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Gamow-Teller component
needs to be extracted



B(GT) Distribution

> B(GT) distribution from experiment

50

AL=0 cross section
from MD analysis

Refs. T. N. Taddeucci et al., Nucl. Phys. A469 (1987) 125
G. Perdikakis et al., Phys. Rev. C 83, 054614 (2011)

Kinematical correction
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Y Rays for Detailed Information on Low-lying States

> Ey (GRETINA) vs Ex (S800)
« Distinct £y = Ex line: no y’s greater than Ex = Clean Ex selection possible
- Separation energies Sp & Sp: particle decay channels open

» y decays from GT states (Ex gated Ey spectrum)
- Lowest known 1+ state at 991 keV — decay with 547-keV y ray
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Comparison with Theory

> Shell model o

+ Full pf-shell model space o *Ti — *°Sc
with quenched operator (o7,)ei = 0.74407,  ~'0" -
I
- Interactions: o .
- GXPF1A o _
M. Honma et al., PRC 65, 061301(R) (2002); 205 I
PRC 69, 034335 (2004); EPJ A25, 499 (2005) 5 P
) © L
A. Poves, et al., NP A649, 157 (2001) ' ioRhee P
- FPDG OO———:Tc-oﬁ-e-r:-ﬁ:.!‘[“"’-T "ﬁn "":, ‘.‘ e "'"Vlf “-
W. A. Richter, et al., NP A523, 325 (1991) 10 —— 1 | T |
° EXp
--------- GXPF1A
KB3G
1 mvmmiim FPD6
> (P. Moller and J. Randrup, NP A514, 1, 1990) = . QRPA s
Q) :
 Frequently used 0 0.5+ s
In astrophysical simulations N _
None of the calculations 0.0

agree well with the data! 0




Comparison with Shell Model Calculations

» Intruder states
due to admixtures with states from sd shell
play an important role in the lower pf shell

e.g.

- Some low-lying levels
- Large B(E2) values for 4244Ca

2752.41
242417

1837.3
1524.70

0.0

Nucl. Data Sheet 92, 1 (2001)
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Results for 4°Sc

» 45G¢(t,3He) at 115 MeV/u

5F *°Sc(t,°He)*Ca e gata - | %Sc—s %5Ca |
- E=115MeV/y BB AL=03 45_ i
4-—9 = 0.67° -AL=1_ _ ° EXp ' |
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EC rates & Comparison with Theory

> Electron-capture rate
)\EC( T! IO)

phasespace

= const. » (T, p)

B;i(GT)

I,J

transition strength

- Conditions: Pre-SN evolution of massive stars = Lower pf-shell nuclei are important
; Temperature

- Electron density

- Only transitions from the ground state are included to infer the rate

- Low-lying strengths dominate the total rate

61 *Ti — %S¢

1 pYo =107 g/em?
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—"
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Remarks:

* Strength to the 991 keV state
dominates the total rate
(except for the higher temps)

* SMs give lower rates
as strengths locate at higher Ex

« Among SMs, GXPF1A is closest,
but it is just coincidental
given the overall poorer description

* QRPA overestimates the rate
due to larger low-lying strengths

Similarly for the 45Sc case



EC rates & Comparison with Theory

> Electron-capture rate

Aec(T, p) = const. »

phasespace

fi(T, p)

B;i(GT)

I,J

transition strength

- Conditions: Pre-SN evolution of massive stars = Lower pf-shell nuclei are important

Electron density

; Temperature

- Only transitions from the ground state are included to infer the rate

- Low-lying strengths dominate the total rate

10 = ' ! !
i 1 ®Sc —*Ca
8 -3 | i
21073 pY,=10"g/cm?® 3
0 : S
~< 4
2 1074 i
T ]
% 107 Exp 0
o e 17 keV
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S 107 KB3G  ---iL
& : - FPD6 =
W 7] RPA

10~ ———— ,Q
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Temperature (10° K)

Remarks:

* Strength to the 991 keV state
dominates the total rate
(except for the higher temps)

* SMs give lower rates
as strengths locate at higher Ex

« Among SMs, GXPF1A is closest,
but it is just coincidental
given the overall poorer description

QRPA overestimates the rate
due to larger low-lying strengths

Similarly for the 45Sc case
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