"The pursuit of truth and

beauty is a sphere of activity
in which we are permitted to
remain children all our lives.”
Albert Einstein

Proqssinge of e Haghilp Spaceised Samizs o

SYMMETRIES IN
MUCLEAR STRUCTURE

tauty in Physics[Theory and )
i Experiment -

Hacienda Cocoyoc, Morelos,

May 14-18, 2012 s







1
-
i
B
L

/ b
i [

iy
. P
\ S g '}
PV s

auty .i'hmPhysicsDTheor'y anc
Experiment

-

Hacienda Cocoyoc, Morelos, U ;
May 14- 1 8 ’ 201 2 SYMMETRY TRIANGLE




A A a4 A a4 M P VoY )

Pb 82
Tl 81
Hg B0
Au 79
Pt 78 el e
7 N 126
76 ® 24
Re 75 )
w74 5 118120
Ta 73
"B X UB/4)
';"‘L ;:) 112 114 116 m‘“.l:JIGHZP
s B SUSY LEGEND
Ho 67
b 1 106
Tb 65 102
‘ Gd 64
Eu 63 100
lz Sm 62 /
Pm
Nd :(1) % e /‘\
Pr 59
Ce 58
La 57 94
Ba 56
Cs 55
Xe 54 uis)
| & %0 9 € X/E X
Te 52 88
g‘n’ ;’J SYMMETRY TRIANGLE
82 8
Casten & Feng
Physics Today 37, 26 (1984)
Lty in PhysicsUTheory and Experiment
Hacienda Cocoyoc, Morelos,



VOLUME 59, MUMBER 5 PHYSICAL REVIEW LETTERS 3 AUGUST 1987
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Nuclear Properties Along the r-Pro

A. APRAHAMIAN
Lawrence Livermore National Laboratory
Livermore, California 94550
USA

Effective Boson Number

ABSTRA

The uniformity of different nuclear regions as

number of valence protons and neutrons (counted

closed shell) has been exploited for the parameteriza
calculations for nuclei far fr‘om stabﬂity within the
model. Predictions are give 10w 1ng levels,

transition rates, and b1nd1
pracess path in the A = p e e
nuclei that have been calculated.

82

The relevant portion of the N-Z plane. Tne shaded parts indicate
known nuclei. The x's show the calculated nuclei.

World Scientific







Sensitivities of the r-process to
..masses, B-decay rates, cross-sections

nuclear structure




e r-process proble

JINA
r-process models
New precision observations Supernova ?
of r-process elements
* Neutrinowind?
2l
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SDSS-2  Nuclear Physics driven observations

Need nuclear physics:

- With abundance observations the only
experimental constraint of r-process environment

- Disentangle contributions from various s- and r-
processes to observed abundances

—> Use r-process as probe for extreme environment H. Schatz
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* Nuclear masses?
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Masses
B-decay rates
n- capture

Major Shells and evolution of shells...

Experimental & Theoretical Challenges

Available online at www.sciencedirect.com

Progress in
SGCGIEMNGE CIREGT™"™ R
C Particle and

Nuclear Physics

Progress in Particle and Nuclear Physics 54 (2005) 535613

www. elsevier.convlocate/ppnp
Review
Nuclear structure aspects 1n nuclear astrophysics

A. Aprahamian®, K. Langanke®, M. Wiescher®*

A Depariment of Phvsics and the Joint Institute for Nuclear Astrophivsics, University of Notre Dame,
Notre Dame, IN 465356, US4
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How do you decide which nuclei to measure???

Nucleosynthesis in the r-process

JINA
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First experiment: r-process in the Ni region
Hosmer et al. PRL 94, 112501 (2005)

== Measure:
- » B-decay half-lives
e Branchings for -delayed n-emission

Neutron detector
NERO

SHe+n->t+p

|
Detect: Fast Fragment Beam

e Particle type (TOF, dE, p) (fragment. 140 MeV/u E?6Kr)
e Implantation time and location
e 3-emission time and location

e Neutron-f3 coincidences




Kamine -- [Modified]
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Impact of 78Ni half-life on r-process models

Abundance (A.U))

= (Observed Solar Abundances

- Model Calculation: Half-Lives from

= Same but with present 78Ni Result| |

Moeller, et al. 97

1.E+02
1.E+01 X
1.E+00 -
1.E-01 ‘l hnh.. Jmi
1.E-02
70 120

Mass (A)

170 220

—~>need to readjust r-process model parameters

—~>Can obtain Experimental constraints for r-process models
from observations and solid nuclear physics




N=b6 subshell with Z=3427??

Fragmentation of 120 MeV/u
136Xe beam

\E pyyo (a.u.)~Z°

Implantations

Quinn et al., Phys. Rev. C 85, 035807 (2012)

TOF .03 (@.U)YAM,

Maximum Likelihood Method (ms)

5T As 27 12 1450(550) 3520
8 As 16 8 200(10) F50°
%8 Se 144 74 650(35)F 110
9 Se 180 90 345(25) 72>
79Se 70 30 195(10)*22



Impact of °°Se half-life on r-process models

100

110

Quinn et al., Phys. Rev. C 85, 035807 (2012)
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r-process sensitivities..masses

More quantitative approach to choosing to measure nuclei that
would have the greatest impact on

What?

Brad Meyer code modified by R. Surman

various mass models-

FRDM, Duflo-Zuker, ETFSIQ, HFB-21, F-spin

Method:

Adjusted the separation energy of each nucleus + 25%

(3010 nuclei twice....)

Calculated the max and fractional change from final

abundances

What did we find?
Some consistent set of nuclei that are the most important
measure



So, What did we do?

Simulations..... Varied astrophysical conditions
varied seed nuclei

.varied mass models

Input initial astrophysical conditions
Temperature/density
neutron/seed ratios
Freeze-out times
Input nuclear physics
masses
n-capture rates
beta decay half-lives
(fission recycling, alpha recycling, neutrino interactions off)




Sh /Sn(FRDM)
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90, FRDM

40 60 80 100 120
Neutron Number (N)
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AY for FRDM  AY for ETFSI-Q

I [T DEEHEN - The same isotopes

136C(d
140§
135Cd
8Cu
1395
142Gh
1355
133Cd
140Sh
134Cd
82Cu
134|n
131p(
1379
141§
Al
85Zn
8Cu
130p(
132p(

20.2 140G
12.1 136Cd
8.80 142G
8.42 137Cd
8.19 79Nj

5.64 80N

5.44 135Cd

5.38 34Cd
5.23 132pd

4.14 130p(d
4.14 132|n
3.29 129pd
2.94 139Sn
2.91 131pd
2.89 138|n
2.71 139
2.66 867n
2.39 141G
2.39 857n

20.1
19.0
17.3

L [ i ]

LJI.J

12.5
12.0
11.5
11.5
8.57
7.66
7.34
7.33
5.12
4.63
4.37
3.98
3.95
3.21

o ala)

L. JL

2.86

AY for DZ
80N 13.63
INij 9.96
138Cd 7.08
137Cd 5.49
83Cu 4.27
131pd 3.54
82Cu 3.36
132p(d 3.12
136Cd 3.00
130p(d 2.97
867n 2.84
129p(d 1.88
857n 1.81
134Ag 1.49
1428n 1.42
135Ag 1.39
135Cd 1.36
133Cd 1.10
141Sn 1.08
144Sn 1.07

are present in each

evaluation:
* Sn, Sb, and In,
- (d,
« Pd,
e Cu, Zn, and Ni.



What about B-decay rates?

n-capture

Beta decay, neutron capture, and photo-

dissociation all compete as material moves
+Aammnard etahi ity



So, What are we doing?

Simulations..... Varied astrophysical conditions
varied seed nuclei
varied mass models

@efu-dua@

Input initial astrophysical conditions
Temperature/density
neutron/seed ratios
Freeze-out times
Input nuclear physics
masses
n-capture rates
beta decay half-lives
(fission recycling, alpha recycling, neutrino interactions of f




r-process sensitivities..beta-decay rates
J. Cass, 6. Passucci, R. Surman, A. Aprahamian

To start...

Vary one beta
decay rate by an

order of magnitude,
rerun the simulation,

and compare the
final abundance
pattern to the
baseline

White to black = 0-10% change in the final abundance patterns
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Beta decay rate sensitivity study
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baseline
— ﬁﬂ(Z,A) x 10
— /Iﬁ(Z,A) +10




Sensitivity Study Masse:

. Samuel Brett
conclusions i

an Bentley
We have carried out the first Nancy Paul

quantitative/comprehensive sensitivity Rebecca Surman
study of an r-process simulation to masses, ,
beta decay rates, neutron capture cross

sections. Sensitivity Study B-decay rates
Julie Cass
- we varied mass models Giuseppe Passucci
- we varied decay rates Rebecca Surman

- consistent set of nuclei that we A
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log Y(Z,A)

log Y(Z,A)

The role of neutron separation energies in a hot r-process

baseline

S,.("*Sn)x0.75

Y(50,138), abundance of 38Sn

Y(50,140), abundance of *°Sn
————————— Y equitibrium(50,138)

Y equitibrium(50,140)

While in equilibrium, the relative
abundances along an isotopic chain are
given by a Saha equation:

(Z,A+1)
Z,A

equmbrlum

eqU|I|br|um

| G@Z.A+Y (27N, S’ZGXP{S,](Z,AH)}

2G(Z,A) "\ m kT KT



AY for FRDM AY for ETFSI-Q AY for DZ

[T [T CEEHEN - the sameisotopes are

136C(d }02< 1405 20.1 80Nj 13.63 present in each

19057 —12.1 136Cdy 19.0 79N 9.96 evaluation:

135Cd < 8.80 14250 W\ 17. 138cd 7.08 " SN, Sbandin,

83C 137Cd 7"5'7/ 137Cd 5.49 . gj

139Sn 79Ni V 83Cu 4.27 * Cu, Zn,and Ni.

1425 80Nj s 131pd 3.54

1359 135Cd ‘ 82Cu 3.36

133C(d 134C(d ‘ N~ 132Pd 3.12

1405 138C(d Q ,*( 136Cd 3.00 S

134Cd 132p( @,‘ 130p( 2.97 CARIBU possibilities

82Cu 130pd 867Zn 2.84

134|n 132|n Aq 129p( 1.88 1301 104 900
v : 1331345 104 103

131Pd 129Pd 5.12 857n 1.81 128-136 Sb

137Sn 139Sn 4.63 134Ag 1.49 113-119p g

1415 sipd /42 lasn 142 120121 pg

8371 138|n 3.98 135Ag 1.39

857N 139 3,95 135Cd 1.36

85Cu 867n 3.21 133Cd 1.10

130p( 141G -9 141G 1.08

132pd 857N / 2.86 144Sn 1.07
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Heavy Ion Accelerator at Notre Dame

Sta. ANA: Stable beam Accelerator for Nuclear Astrophysics

i’*;{‘;:?
P g

6 MV Pelletron
accelerator with
ECR source at
terminal for high
(2*-3%) charge
state beams

Construction 2011
Operation start 2012




Delivery of Sta. ANA




GANIL, France (2013)
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Mags fraction

Elemental history of the universe

109

107 |

. What the
| Big Bang

108

- made...

H, He, Li
| , He, Li

1=

10-1-- ...................
0 50 160 i3 1]

Masz number

(The primordial abundance pattern)
Brian Fields (2002)

What we observe
- in early stars

* « HtoFe
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Hot r-process: (n,))-(»,n) equilibrium
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Hot r-process: (n,))-(»,n) equilibrium
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Hot r-process: (n,))-(»,n) equilibrium
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Hot r-process: freezeout from (n,)-(y,n) equilibrium

1 I ¥ I I ] I L 1 ] L T I I

100F = o B dec 1
o r-process nuclides < A ™
= 5- process path : 3 @

80 F i

Atomic number, 2
]
o |

Beta decay, neutron capture,

40 and photodissociation all = il
compete as material moves
i toward stability =
M | 1 1 1 1 i i i 1 i 1 1 1 |
40 G 80 100 120 140 160 180
MNeutron number, from Seeger et al (1965)

Individual neutron capture and photodissociation rates become
important in shaping the final abundance pattern.



Cold r-process: equilibrium between (n,)) and S decay

1 1 ¥ n I ] I L 1 | L B | L I

100

@ [=processnuchdes
= 5- process path

e
=

Atomic number, 2
]
o |

X !
40 8 E little to no photodissociation i
\ = path is pushed out toward the
- = drip line -
M | 1 1 1 1 i i i 1 i 1 i 1 1
40 G 80 100 120 140 160 180
MNeutron number, from Seeger et al (1965)

Interplay between beta decay, neutron capture, and beta-
delayed neutron emission sets the final abundance pattern.



Neutron separation energy sensitivity study
S. Brett, I. Bentley, N. Paul, A. Aprahamian

e Solar r-process Start with a baseline simulation
FRDM S o :
=) oo _ D i (here, the H-event conditions from Qian
™ Tl ® 00 | with S_of "~ Sn increased by 25% 1
= 104%. _ o et al were used)
L 3 ’0{ -------- with S_of "~ Sn reduced by 25%

Vary one separation energy by
25% and rerun the simulation

Repeat 6957 times

(twice for each heavy nucleus in the
network)

— T T T * T *~ T T * T * T v 1T * T
80 100 120 140 160 180 200 220 240
Atomic Mass Number (A)

Abundance (Normalized to Solar A

plot by 1. Bentley

AYSn(Zl- A )£25% 2 [Ybaseline (A)- st(z,. A, )£25% (A)]

A



Neutron separation energy sensitivity study
S. Brett, I. Bentley, N. Paul, A. Aprahamian
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log Y(Z,A)

log Y(Z,A)

The role of neutron separation energies in a hot r-process

baseline

S,.("*Sn)x0.75

Y(50,138), abundance of 38Sn

Y(50,140), abundance of *°Sn
————————— Y equitibrium(50,138)

Y equitibrium(50,140)

While in equilibrium, the relative
abundances along an isotopic chain are
given by a Saha equation:

(Z,A+1)
Z,A

equmbrlum

eqU|I|br|um

| G@Z.A+Y (27N, S’ZGXP{S,](Z,AH)}

2G(Z,A) "\ m kT KT



The role of neutron separation energies in a hot r-process

Baseline simulation

Simulation with S,(50,140)
reduced by 25%
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Beta decay rate sensitivity study

J. Cass, G. Passucci, R. Surman, A. Aprahamian

To start, proceed as in
neutron separation
energy study:

Vary one beta decay rate
by an order of
magnitude, rerun the
simulation, and compare
the final abundance
pattern to the baseline
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Beta decay rate sensitivity study

75
70

65

60

55

50

45
40

~
o

......... B L B L B B
o + FEE o+
o +*
- h + LERER)
C ot r-process e
— + tE +
= *
- + o+
- +*
- + + + +
- +
= L T | W |
- + o+ [ |
- EEEE O+ # EEER |
o u EEEERN
— veee o+ s EE EEEEE
- E B EEEEN
o + o+ +* EEEEER
o + EEEER
- * + Ehe & FEEERRN
- + o+ EEEER
A R | N B |
- + o+ EEEEN
e + EER
o+ EEER EEN
—+ =+ " P EEER
o =’¥-’-.I.
= HEN
r N
- E.
i ]
80 90 100 111
N

79
70

65

60

o0

45

55 F,

40

L L B L e B | B
LI K
*
+* 4+ +++ +
4
* L -
+
* + 4 +*
+
- * + & *
+
R o T
+ +
+ +EEEEr o+ # [ |
LI T N |
4
+ + o+ 0+ | B [ ] [ |
++
i EEE HEEN
+ * [}
+ H N |
&
+ | |
||
| N |
. Hm 21}
mm a8 ]
, ]

cold r-process

70

80 90 100 110 120
N

130



The role of beta decay rates in a hot r-process
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The role of beta decay rates in a hot r-process

dy,
dt

=D L (Z, A )Y (Z, A N
Z

d¥Yn /dt

N’ neutron captures

_0.6 " 1 L I " 1 L n " 1 L 1 " 1 " " " 1 "
0.6 0.8 1.0 1.2 1.4
t (s)
iy Z+1LA
d—tnNZ/’Lﬂ(Z’Apath)Y(Z1Apath)N' 7 A
z 17 "path

where N’ is the number of neutrons required to
return to the path at Z +1 following decay
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Input Parameters for the Neutrino-less
H-event from Qian et. al

T oecron | vaws

Seed Nucleus Y
Nneurron/”seed 86
*Seed Nucleus "OFe
*Nneutron/Nseead 67
Initial Density (ps = 10°g/cm?®) 0.0034
Initial Temperature (Tg = 10°K) 1.5
0.86s

Freeze-outTime

*90Ge was replaced with 7°Fe in order to allow for the dependence
on the masses of nuclei between 70 = A = 90 to be investigated.
This was done in such a way that the electron fraction remains

constant (Y,=.19).



AY for FRDM  AY for ETFSI-Q AY for DZ AY for HFB21

(uceus |7 [ Nuceus| v [ Nuceus| o B Nucleus | A7

136Ca 20.2 140Sn 20.1 80N 13.6 136Cd 22.7
140Sn 12.1 136Cd 19.0 7INi 9.96 137Cd 10.8
13>Cd 8.80 1425 17.3 135Cd 7.08 138C(d 10.4
S3Cu 8.42 137Cd 15:3 137Cd 5.49 135Cd 6.97
1395n 8.19 79N 1225 s2Cu 4.27 1405 5 2l
142Sh 5.64 80N 12.0 131pd 3.54 130p(d 5.46
1358n 5.44 135Cd 11.5 Sal) 3.36 83Cu 5.23
133Cd 5.38 1340 11.5 132pd 3.12 1425 4.66
140Sh 9.25 138Cd 8.57 12oCa 3.00 134Cd 4.57
134Cd 5:23 132pd 7.66 130Pd 2:97 1415 4.21
82Cu 4.14 130pd 7.34 867N 2.84 867n 3.82
341N 4.14 132]n 7.33 129pd 1.88 133Cd 3.52
B 3.29 129pd 5.12 S 7N 1.81 132Cd 3.04
225N 2.94 139Sn 4.63 134Ag 1.49 137G 2.86
141Sn 2:81 131pd 4.37 L8250 1.42 82Cy 2.63
837Zn 2.89 138]n 3.98 135Ag 1.39 138|n 2.47
A 271 1390 3.95 135Cd 1.36 139]n 2.23
85Cu 2.66 8571 321 =30d 1.10 129p(d L2k
0P 2:59 141Sn 2:92 131Sn 1.08 131pd 1.81

132pd  2.39 857 2.86 1445 1.07 131A¢  1.69
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Abundance (Si=10%)
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Proton Number (£)
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Proton Number (Z)
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Run 23: H-Event with lron-70 Seed (Z<50)

Nucleus A o5, A o,
140Sn | 3.59E+00 | 6.55E+01
134Cd | 2.25E+01 | 1.55E+01
50 - P ...-.-..-...-...\ o
: TR : 132Cd 2.82E-01 | 3.09E+01
R L1 1000 | 139sn | 3.71E+00 | 1.55E+01
; LA T 136Cd | 1.52E+01 | 1.84E+00
45 - " [ ]
N EEEEE ® 133Cd | 5.21E+00 | 9.65E+00
— N EEEEE ® 130Pd 3.18E+00 9.76E+00
g i om 1.000
£ 40 129Pd | 3.63E+00 | 7.98E+00
= }
Z 135Cd | 8.69E+00 | 1.68E+00
C -
S .
= S een - : 1383n 1.71E-01 | 1.01E+01
@ 354 " m : y . : 0.1000
RS I ; . 83Cu 3.51E+00 | 4.27E+00
» 137In 1.22E+00 | 5.95E+00
" EEE B
" . 135In 7.78E-01 | 6.39E+00
30 - H EEE ® o
T : 82Cu 3.01E+00 | 3.51E+00
] R e L
; I ' T v T ¥ 1 83Zn 7.40E-01 | 5.73E+00
20 40 60 80 100
136In 1.55E+00 | 4.70E+00
Neutron Number
86Zn 550E-01 | 5.58E+00
137Sn 8.48E-01 | 4.79E+00
81Cu 7.61E-02 | 5.32E+00
131Ag | 2.06E+00 | 2.63E+00
Run # Description Seed | Nseed Nn T9 | density [g/cm”3] | time [sec.] Source

23 H Qian's neutrinoless model (Iron) Fe70 0.511 | 0.489 | 1.5 3.4x10"2 1.68 Qian et al. ApJ 494 (1998) with Fe70




Run 62: H-Event with Iron-70 Seed

Nucleus A o5, A o,
136Cd | 6.798+00 | 1.05E+01
8ONi 1.29+01 | 2.90E+00
100
: 79Ni 7.00E+00 | 2.64E+00
- : S : 1000 | 135Cd | 1.90E+00 | 7.16E+00
6 ; : 134Cd | 1.47E+00 | 5.80E+00
138Cd | 5.83E+00 | 1.26E+00
o 1 .50 130Pd | 2.92E+00 | 3.15E+00
L0
IS 1408n | 9.12E-01 | 4.92E+00
3 60+
= 137Cd | 4.48E+00 | 1.19E+00
[=]
5 - 1428n | 1.12E+00 | 4.17E+00
i 0.1000
81Cu | 1.05E+00 | 3.98E+00
40
129Pd | 2.24E+00 | 2.78E+00
| oo _ 132In | 3.77E+00 | 1.22E+00
i : 0.01000
e 5 84Zn 2.97E-02 | 4.93E+00
W= i ' : ' ' ' ' ' ' ' ' ' ] ' : ' 132Cd 1.76E-01 | 4.65E+00
20 40 60 80 100 120 140 160 180 : :
Kevitron Number 132Pd | 3.57E+00 | 4.52E-02
86zn | 2.73E+00 | 8.48E-01
D Z d I 83Cu | 2.64E+00 | 8.16E-01
U U I I laSS I I lo e 141sn | 9.33E-01 | 2.15E+00
82Cu | 2.19e+00 | 8.38E-01
Run # Description Seed | Nseed Nn T9 | density [g/cm”3] | time [sec.] Source

62 H Qian's neutrinoless model (Iron) Fe70 0.511 | 0.489 | 1.5 3.4x1072 1.68 Qian et al. ApJ 494 (1998) with Fe70




Run 63: H-Event with Iron-70 Seed

Nucleus A o5, A o,
134Cd | 3.45E+01 | 8.20E+00
140Sn | 8.69E+00 | 2.11E+01
100 —
132Cd | 2.50E+01 | 4.61E+00
1 ! S 5, 10.00 139Sn | 5.41E+00 | 1.75E+01
6 : : 8ONi | 6.34E+00 | 1.28E+01
79Ni 6.13E+00 | 1.28E+01
e . o 138Sn 1.00E+01 | 7.06E+00
0
£ 136Sn 517E-01 | 1.30E+01
3 60
= 136Cd | 1.02E+01 | 1.35E+00
o
b 4 131Cd | 8.38E+00 | 2.92E+00
QL_ 0.1000
128Ag 9.23E-04 | 1.08E+01
40 -
135Cd | 6.42E+00 | 1.32E+00
i 133Cd | 3.73E+00 | 3.64E+00
0.01000
g 137Sn | 3.40E+00 | 2.46E+00
20 CRA . : T T T T T ; T Y T ! T ) ! ' 130Pd 5.07E+00 | 5.09E-01
20 40 60 80 100 120 140 160 180 : :
Neutron Number 137In 1.17E+00 | 4.31E+00
141Sb | 1.51E+00 | 3.82E+00
ET FS I 1 2 d I 143Sb 1.26E+00 | 3.47E+00
I I laSS I I lo e 135In 1.56E+00 | 2.87E+00
136In 9.28E-01 | 3.16E+00
Run # Description Seed | Nseed Nn T9 | density [g/cm”3] | time [sec.] Source

63 H Qian's neutrinoless model (Iron) Fe70 0.511 | 0.489 | 1.5 3.4x10"2 1.68 Qian et al. ApJ 494 (1998) with Fe70




Run 64: H-Event with Iron-70 Seed

Nucleus A o5, A o,
136Sn | 2.87E+00 | 7.00E+02
i 80Ni 3.09E+01 | 1.56E+02
134Cd | 1.50E+02 | 3.33E+01
1 : 10.00 132Cd | 2.96E+00 | 1.75E+02
138Sn | 1.39E+02 | 3.01E+01
79Ni 3.58E+01 | 1.13E+02
e 1.000 137Sn | 8.82E+01 | 2.80E+01
o]
g 130Pd | 7.10E+01 | 2.56E+01
% 135In 6.17E+00 | 6.43E+01
o
b 133Cd | 3.77E+01 | 3.06E+01
QL_ 0.1000
140Sb | 1.35E+01 | 5.30E+01
129Pd | 4.18E+01 | 2.45E+01
136Cd | 5.60E+01 | 6.87E-01
0.01000
135Sn | 9.82E+00 | 4.63E+01
20 . T 7 T T T T J T T T ! T ! | ' 136In 2.99E+01 | 2.40E+01
20 40 60 80 100 120 140 160 180 : :
Neutron Number 137In 2.84E+01 | 2.52E+01
83Cu 1.86E+00 | 4.71E+01
F o d | 142Sb | 2.12E+01 | 1.84E+01
_Spln I I laSS I I lo e 141Sb 2.18E-03 | 3.70E+01
136Sb | 2.28E+01 | 1.24E+01
Run # Description Seed | Nseed Nn T9 | density [g/cm”3] | time [sec.] Source
64 H Qian's neutrinoless model (Iron) Fe70 0.511 | 0.489 | 1.5 3.4x10"2 1.68 Qian et al. ApJ 494 (1998) with Fe70




Runs 23, 63, 64

* These runs use the same astrophysical
parameters (Qian’s H-Event with a °Fe seed).

e Varied mass models

* The following nuclei are in all three top 20
tables:

130Pd, 132Cd’ 134Cd’ 135Cd’136Cd and 14OSn_



Run 24: L-Event with Iron-70 Seed

Nucleus A o5, A o,
83Cu 1.92E+00 | 5.34E+00
82Cu 1.30E+00 | 3.13E+00

100
134Cd | 1.55E+00 | 2.27E+00
E 10.00 130Pd 9.98E-01 | 2.28E+00
80 83Zn 4.02E-01 | 2.87E+00
132Cd 6.40E-03 | 3.06E+00
& : {606 133Cd | 1.26E+00 | 1.79E+00
o]
E 129Pd 6.46E-01 | 1.74E+00
S 60+
= 81Cu 1.65E-02 | 2.33E+00
o
5 1 86Zn 1.67E-01 | 2.13E+00
Dh_ 0.1000
85Zn 8.50E-01 | 1.27E+00
40 -
131Ag 3.56E-01 | 1.67E+00
] 130Ag 413E-01 | 8.31E-01
: 0.01000
o 89Ga 2.87E-01 | 9.39E-01
“ ' : ' : ' ' ' ' ' ' ' ' ‘ ' ' ' 136Cd | 9.91E-01 | 8.64E-02
20 40 60 80 100 120 140 160 180 : :
Neutron Number 110Sr 1.46E-02 | 9.36E-01
140Sn 5.69E-02 | 8.90E-01
132In 2.71E-02 | 8.76E-01
79Ni 6.57E-01 | 2.29E-01
99As 8.53E-01 | 1.29E-02
Run # Description Seed | Nseed Nn T9 | density [g/cm”3] | time [sec.] Source
24 L Qian's neutrinoless model (Iron) Fe70 0.672 | 0328 | 1.5 5.1x10"2 0.78 Qian et al. ApJ 494 (1998) with Fe70




Run 67: L-Event with Iron-70 Seed

Nucleus A o5, A o,
80N 6.56E+00 | 4.43E+00
79Ni 5.06E+00 | 3.95E+00

100
83Cu 2.59E+00 | 2.00E+00
1 : il 1000 | 82cu | 1.87E+00 | 2.02E+00
80 86Zn 1.75E+00 | 1.97E+00
81Cu 3.62E-01 | 2.93E+00
e . 1000 842Zn 1.13E-02 | 3.02E+00
o]
£ 85Zn 1.21E+00 | 1.64E+00
3 60
= 130Pd | 1.72E+00 | 1.06E+00
o
3 1 137Cd | 1.91E+00 | 7.41E-01
QL_ 0.1000
138Cd | 1.75E+00 | 7.93E-01
40 -
136Cd 5.62E-01 | 1.84E+00
] 134Cd 3.66E-02 | 1.48E+00
0.01000
83Zn 2.25E-01 | 1.26E+00
20 . . ; T T T T T v T ? T ' T ! ) ' 132Pd 1.31E+00 | 8.11E-02
20 40 60 80 100 120 140 160 180 : :
Neutron Number 89Ga 7.33E-01 | 6.47E-01
129Pd 6.34E-01 | 7.33E-01
D Z d I 135Cd 2.74E-01 | 1.04E+00
U U I I laSS I I |O e 131Ag 6.44E-01 | 6.54E-01
87Ga 5.29E-01 | 7.25E-01
Run # Description Seed | Nseed Nn T9 | density [g/cm”3] | time [sec.] Source

67 L Qian's neutrinoless model (Iron) Fe70 0.672 | 0328 | 1.5 5.1x10"2 0.78 Qian et al. ApJ 494 (1998) with Fe70




Run 68: L-Event with Iron-70 Seed

Nucleus A o5, A o,
80Ni 3.47E+00 | 7.73E+00
128Ag 8.95E-04 | 1.02E+01

100
79Ni 1.41E+00 | 6.29E+00
] 10.00 82Cu 6.57E-01 | 3.39E+00
80 86Zn 1.28E+00 | 2.56E+00
85Zn 1.10E+00 | 2.46E+00
& : {606 130Pd | 2.23E+00 | 1.14E-01
o]
£ 87Ga 1.27E+00 | 1.05E+00
S 60+
= 101Br 7.59E-01 | 1.30E+00
o
5 - 78Cu 2.60E-02 | 1.87E+00
QL_ 0.1000
99Br 6.76E-01 | 1.22E+00
40 -
134Cd | 1.73E+00 | 1.39E-01
] 132Cd | 1.63E+00 | 2.10E-01
0.01000
84Zn 6.00E-01 | 1.23E+00
20 : . ' T y T T J T ? T ' ) ' ) ' 131A 1.53E+00 | 1.76E-01
20 40 60 80 100 120 140 160 180 g : el
Neutron Number 98Se 6.51E-01 | 9.93E-01
91As 2.75E-01 | 1.33E+00
ET FS | 1 2 d I 93As 7.53E-01 8.39E-01
- I I l a SS I I I O e 84Ga 1.00E-02 | 1.53E+00
96Br 8.68E-01 | 6.06E-01
Run # Description Seed | Nseed Nn T9 | density [g/cm”3] | time [sec.] Source
68 L Qian's neutrinoless model (Iron) | Fe70 0.672 | 0.328 | 15 5.1x10"2 0.78 Qian et al. ApJ 494 (1998) with Fe70




Run 69: L-Event with Iron-70 Seed

Nucleus A o5, A o,
80N 4.00E-01 | 1.20E+01
— 79Ni 9.96E-01 | 7.12E+00
128Ag | 2.53E-04 | 4.68E+00
1 G 10.00 83Cu 4.78E-01 | 2.44E+00
- 862n 2.62E-02 | 2.27E+00
127Pd | 4.86E-03 | 2.18E+00
e 1 1600 130Pd | 2.06E+00 | 1.00E-01
o]
£ 832Zn 2.77E-01 | 1.76E+00
2 60 —
= 78Cu 1.82E-03 | 2.00E+00
o
5 1 852Zn 5.55E-01 | 1.39E+00
QL_ 0.1000
85Cu 8.06E-01 | 6.58E-01
40
82Cu 3.35E-01 | 1.12E+00
| 81Cu 5.13E-02 | 1.29E+00
0.01000
132Cd | 3.52E-01 | 9.82E-01
20 . T i T T T T ; T ’ T ! T ) ) ' 84Cu 6.86E-01 6.04E-01
20 40 60 80 100 120 140 160 180 : :
Neutron Number 97As 4.29E-01 | 6.13E-01
126Rh | 3.18E-02 | 9.72E-01
F o d | 131Ag | 7.92E-01 | 1.19E-01
_S p I n l I l a SS I I l O e 95As | 4.32E-01 | 4.66E-01
91As 8.71E-03 | 8.89E-01
Run # Description Seed | Nseed Nn T9 | density [g/cm”3] | time [sec.] Source
69 L Qian's neutrinoless model (Iron) | Fe70 0.672 | 0.328 | 15 5.1x10"2 0.78 Qian et al. ApJ 494 (1998) with Fe70




Runs 24, 67, 68

* same astrophysical parameters

* Varied mass models
* The following nuclei are in all three top 20

79Ni, 82Cu, 85Zn, 86Zn, 139Pd, 131Ag, and 134Cd.
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TESTING FOR SENSITIVITY
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TABLE I: MOST IMPORTANT NUCLEAR MASSES FOR
H-SCENARIO WITH "Fe SEED

Haunk Fank
X B Aros Aogs Aogs P AYeg A AY g
e 677 U2 1 1.34 244
Med 2 15 118 3 530 5TH

* 1y K 36.4 42.5 165 007 (.12
i 4 410 342 174 O (4@

=1 5 3.4 339 15T D.O7  O4m
Hred s BH2 G627 i 194 A6
Wed 7 466 A03 5 567 (LG9
= Cu 4 T.5 27.8 16 1,12 1.41
T e 146 37.6 1% 1.31 1.59
SHHE 1 1.96 41.3 phity [ (.11
Haen 11 R a3y 1 1.3 5.7%
L 12 3R T3 3 324 (LE3
M L 13 372 1.81 27y 0.1 (i
2 Ccd 14 0,20 382 ;) 011 11.5

ek 15 11T 49 15 0892 154

Hl:l L. " . p=m =z B "gm - - e ™ ™9 o1 1Sl



AY

* Various mass model neutron separation
energies (S¥7) were varied by +25% for each
nucleus individually.

* The change in the total abundance curve is
then calculated using:

(N.2)).
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