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p-nuclei
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p-nuclei

o 35 neutron-deficient nuclei from Se to °Hg
@ shielded by n-capture processes
@ small fraction of the total abundance
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p-nuclei
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Origin of p-nuclei

Originally suggested by B?HF R
(E. M. Burbidge et al., Rev. Mod. Phys. 29, 547 (1957)) B pouei
to explain the small fraction of p-nuclei compared
to s and r abundances

@ (v,n), (7,p).(7,) reactions and their inverse in
Supernova shock front

(7,n) reactions at T > 10° K

= (7,p),(v,@) and inverse maintaining the flow
= [ decay bringing to final p-nuclei abundances
M. Arnould and S. Goriely, Phys. Rep. 384, 1 (2003)
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E. Anders and N. Grevesse, Geochim. Cosm. Acta 53, 197 (1989)
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Understanding the p-nuclei abundances

Proposed scenarios

@ O/Ne Layers of massive stars (=~ 25 Mg)
during Supernova Type II* explosions
(1.7 < To < 3.3)

S. E. Woosley and W. M. Howard, ApJS 36, 285 (1978)
M. Rayet et al., Astron. Astrophys. 298, 517 (1995)

@ Supernova Type la** (1.5 < Tg < 3.7)

W. M. Howard et al., ApJL 373, L5 (1991)
C. Travaglio et al., ApJ 739, 93 (2011)

@ Recently : vp-process, neutrino-driven wind
(1.0 < To < 3.0)

R. D. Hoffman et al., ApJ 460, 478 (1996)
C. Fréhlich et al., PRL 96, 142502 (2006)

* SNIl = Core-Collapse Supernova
** SNla = Explosion from Dwarf-Giant Binary system

p-process: status of the experimental program at GANIL

Overproduction Factors
(Th vs Obs Average Abundances)
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M. Rayet et al., Astron. Astrophys. 298, 517 (1995)

@ Most of abundances reproduced
within a factor 3

@ Mo, Ru, In, Sn, La, Gd still strongly
underproduced
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Theoretical calculations : Inputs

Reaction network calculations : ~ 20000 reactions linking ~ 2000 nuclei

M = 25Mg
Temperature
Astrophysical /

Input == Density

Initial Seed

0 02 04 0.6 08 1

TIME (5)
=
Q5 J
FEE
2
=, ]
=z
&
&
& 15] 4
g
, M R
0 02 0, “l\ 0.8
'fNL
W S
b i
§ ®
10°F o 1
w5
3
e 1
LG S . 1
S I S 4
wbe el s
W0k, o . oo %ﬁmfﬂ
Ww'p 8" egele oo o
. " .

o0 T

» Mass NUMBER
M. Rayet et al., Astron. Astrophys. 298, 517 (1995)
W. Rapp et al., ApJ 653, 474 (2006)

SAMNIL
p-process: status of the experimental program at GANIL Kpifal:



p-nuclei
[e]e]e] o]

Theoretical calculations : Inputs

Reaction network calculations : ~ 20000 reactions linking ~ 2000 nuclei

M = 25Mg
Temperature
Astrophysical /

Input — Density
Initial Seed L
D 0.2 ”-li"V“-‘, (:J)() 08 1
Masses ' ' '
Nuclear !

—> Half-lifes

Input \

TEMPERATURE (T, )

Cross sections
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M. Rayet et al., Astron. Astrophys 298, 517 (1995)
W. Rapp et al., ApJ 653, 474 (2006)
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Theoretical calculations : Inputs

Reaction network calculations : ~ 20000 reactions linking ~ 2000 nuclei

M = 25Mg
Temperature
Astrophysical /

Input — Density
Initial Seed L
D 0.2 ()_ig"v“_i (i})(y 08 1
Masses ' ' '
Nuclear 29
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Input \

\Z
Hauser-Feshback model (HF)

Cross sections

TEMPERATURE (T, )

Optical Model Potentials (n, p, )

Nuclear Level Densities

Gamma Strenghts
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M. Rayet et al., Astron. Astrophys 298, 517 (1995)
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Sensitivity studies

Reaction network calculations
Rapp et al., ApJ 653, 474 (2006)

@ Fixed astrophysical input

@ Variation of (v, p), (7, @) rates and their inverse

@ Strong effects observed for specific reactions

= Need data in the relevant energy range

@ Often better to measure (x,7) reactions and

deduce time-reverse (y,x) rates

Selected Reactions

with strong impact on abundances

(p;7) (p, )

(a,7)
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Experimental techniques

J\'\'\fv heavy beal?lf J\P'\fv

p, o beam
RO N JRAY SN
heavy target light target
(H, He)

Direct kinematics measurements Inverse kinematics measurements
@ Intense p/« low-energy beams @ Stable/radioactive beams
@ Recoils are stopped in the target or backing @ Recoil separators, storage rings
@ Not applicable for (most) radioactive targets .

@ Gas (often windowless) targets
@ Techniques : In-beam (Angular Distribution,

~-summing) and Activation @ Techniques : In-beam and Activation

@ Facilities : Mostly Tandem/Linac (Bochum, @ Facilities : TRIUMF, MSU, GSI. GANIL-SP2

Atomki, Demokritos, SPIRAL2-NFS etc)

O B 8 5% el ariey CEraias @ Equipments : DRAGON, LISE-FULIS, GSI-ESR

A
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Inverse kinematics measurements @ GANIL
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X(a,7v) and X(a,n) reactions using LISE Wien Filter (FULIS)

Lol S. Harissopulos, F. de Oliveira, PhD of P. Ujic

F=qE

78
78Kr_| Kr
2 AMeV

He  —
target F = qVB

@ Velocity selection = beam rejection
@ Ideally collecting all the charge states
@ Av ~ 5 % between primary beam and CN

@ ToF vs AE lIdentification using a lonisation
Chamber (up to 10° pps)

- : A\ n_
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Beam-rejection tests with a solid He-implanted thin target

Low intensity "Kr beam, WF off

110~

E (MeV)

@ “He ions implanted in a 0.2-um Al target (No(He) ~

@ Primary beam rejection factor ~ 10*°

@ Intense locus cannot be explained by scattering on He and Al (2000 pps observed, 150 expected)

@ Inhomogeneities + dust particles (1-10 m) = beam energy loss calculations give ~ 2000 pps in the

intense locus! = need a “windowless” gas target

@ July 2014 : development tests for a windowless gas target + new design to obtain Ng > 10'%cm—2

@ New in-beam test scheduled on July 2015 : *®Ni+p/a @ 4.7 AMeV

Set-up for 82Sr selection, WF on

110

105
100 -
95
90}

85k

E (MeV)

10'%cm—?)

GEaNil_
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Direct kinematics measurements
with proton and a beams @ NFS

(G. Randisi, B. Bastin)

= A il
EanNil_
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Opportunities with NFS

@ SPIRAL2-Ph1 will provide intense p/ca beams at energies relevant for astrophysics
e 1 to 100 puA for Day-One experiments
° Elab 2 0.75 AMeV

e Unique opportunity at NFS to measure o down to nb

List of “Day-One” measurements

(p,7) (p,n) (a,7)
2Ge(p,v)"3As 5Ge(p, n)"%As 0Ge(a, v)™*Se
T4Ge(p,v)"°As S As(p, n)">Se 92Mo(av, )% Ru

"Br(p, )78Kr () 85Rb(p, n)®>Sr 102pd (o, v)1%0Cd
83Rb(p ’)84 86Kr(p7n)86Rb 106Cd(a,7)1105n

Blue : relevant energy window is partially/not covered
Red : No Data!!

Black : Already measured

(") Radioactive target = not possible in direct kinematics

SAaMNL
p-process: status of the experimental program at GANIL Kpifal:
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Activation (AC)

Advantages Drawbacks

@ Lower background compared to in-beam @ Possible only for radioactive products

t in-b: diati
measurements (no in-beam radiation) @ Difficult for long Ty /> (> 1 month)
@ Selectivity (especially in case of E.C.)

@ On-line/off-line setup (shielding needed for

@ Possibility to further reduce background using .
~li

vy — v or X — ~ coincidences.

IRRADIATION SETUP 1 7 7
"Go(p.n"As
10¢ I
_
Beam___________] Target —) ]
-7 c 10°
P ©
P ]
L s o
RBS Collimator ‘2
detector 3 102
o
HPGe HPGe
(of7 or 0Ge(py) ' A
Si(Li) | [] Si(Li) i eRNAS | G. Kiss et al., PRC 76, 055807 (2007)
| — — 10 . . : : - |
100 300 500 700 900 1100 1300
OFF-LINE SETUP E, (kev)
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In-beam : angular distributions (AD)

Advantages Drawbacks
@ do(0)/dQ2 = spins + partial cross sections @ Low efficiency
= constraint on HF calculations O el M smslbr eaveeza (@6)

@ ~ Identification . :
@ High in-beam background from isotopic

contaminations/chemical impurities from
target/backing = target enrichment required

High resolution

Counts / 1.8 keV/

()

100 = 1

S. Harissopulos et al., PRC 87, 025806 (2013)

~

et A ) Stuttgart HPGe Array HORUS array (Kdln

9.0 9.5 10.0 10.5 11.0 115

Encrgy (MeV) AR
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In-beam : angular distributions (AD)

Advantages

@ do(0)/dQ2 = spins + partial cross sections C

= constraint on HF calculations °
@ ~ Identification

]
@ High resolution

Drawbacks

Low efficiency
Need High angular coverage (£2,0)

High in-beam background from isotopic
contaminations/chemical impurities from
target/backing = target enrichment required

[1 =+ Zk akPk(H)} = O

0
A

8 2
I 'W 20
12F

18

it ] 0
34 £2319 keV W) (x)

S. Harissopulos et al., PRC 87, 025806 (2013)
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In-beam : «-summing (GS)

Advantages

@ High geometrical efficiency (~ 4m)

@ Direct measurement of the total integrated
cross sections

@ Fast measurement

47 spectrometer working principle

ity EqQ -
Fniry Small size detector
state’
g
0y,
3 Y,
S /\
? 4m calorimeter
Y i)
¥ .
. ! §
' l
0

Photon Energy

__A
N px Na Nipc es
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Drawbacks

@ Complex response function = detailed
simulations required (sum peak efficiency ey )

@ High Background (as for AD method + large
Compton) = target enrichment required

@ No ~-ID for a single transition

@ Lower resolution compared to AD method

4m Nal(TI)
(12"x12")

47 Nal(TI) Bochum SuN Detector (MSU)
@ANM:
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In-beam : «-summing (GS)

D k
Advantages rawbacks

@ Complex response function = detailed
@ High geometrical efficiency (~ 4) simulations required (sum peak efficiency ey )
@ Direct measurement of the total integrated

. o i
cross sections High Background (as for AD method + large

Compton) = target enrichment required
@ Fast measurement

@ No ~-ID for a single transition

@ Lower resolution compared to AD method

T T T T T
i entry state _ﬁT 11.317 i

K ¢ 7y

10°F

5, z

S0t

Counts / uC

“O(py)F “F(p.oy)‘O © "
Y(p.y) Zr 4n Nal(TI)
10° L | L L L (12"x12") I
2 4 6 8 10 12 Beam
Photon Energy (MeV) Photomuitipliers Line )
S. Harissopulos et al., PRC 87, 025806 (2013) A NaI(Tl) Bochum SuN Detector (MSU)

. : EAMNIL,
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How to improve accuracy ?

Need to measure accurately 1 nb <o < 1mb = [, > 1puA , px<1 mg/cm2 |

© ~ detection = high efficiency needed = large coverage
@ Low background = high isotopic/chemical purity for target/backing
© Selectivity (Channel/transition ID)

@ Versatility (Stable/radioactive products)

AD GS AC
Efficiency X v X
Low bckg X X v
Selectivity v X v
Versatility v v X
EAMNEL



Selected Reactions
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1" campaign : activation measurements

A n
ESANIL,
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°Ge(p,7) :

G (barn)

p-process: status of the experimental program at GANIL

10"

10"

Selected Reactions
@000

cross section calculations

Theoretical calculations o (p+'% 72Ge) TALYS vs NON SMOKER

L T T

T T T
1

7”Ge(p,n)7“As

G (barn)

T

"Ge(p.y)"As

7~Ge(p n)’A

70Ge(p,7)7 IAs

— pg_talys01

o pg_kge07
— pg_talys0l — pn_talys01
— pn_talys0l

[ — pn_talys02
— pn_talys02 | pn_taly

— pn_nonsmok — pn_nonsmok

1 | | | 1
2 4 6 8 10

Ecn (MeV)

1
8

EC]H (Mev)
e Different OMPs/NDLs for TALYS
@ Phenomenological : Koning-Delaroche OMP, Fermi-Gas NLD
@ Semi-microscopic : JLM (folding) OMP, Goriely’s (Skyrme) NLD
@ Cross-check with NON-SMOKER (JLM+Fermi) & "Ge(p,7) exp. data

G. G. Kiss et al., PRC 76, 055807 (2007)

o
~
o

@ Shaded area = Relevant Energy Range for 1.5 < Tg < 3.5

T. Rauscher, PRC 81, 045807 (2010)
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2Ge(p,7) : activation

3/2- 00 8030 d
Asgg

3] Q*(g.s.)=3414
@ "As decays 100% by E.C. (T, = 80.3 days)
@ E, =53 keV, I, =10.3(10)% = o
o / Log 1t
@ In addition : Ge X-rays 12— /37 66.722 0.499 FE—
ko =9.85 — 9.8 keV, %' = 00.3(23)% 4&
= off-line X-~ coincidences %L (1)3028“ 2.92 us

19Gey,

@A&N ﬁ N
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Selected Reactions

[e] lele]

2Ge(p,7) : activation

@ "®As decays 100% by E.C. (T;/, = 80.3 days)
® E, =53 keV, |, =10.3(10)% = o

@ In addition : "Ge X-rays
ka =9.85 — 9.89 keV, I¥* = 90.3(23)%

= off-line X-~ coincidences

3/2— 0.0 80.30 d

own(2MeV) = 200 — 300 b

lo = 1puA
Tiwr = 10h Ap =5.5-10%/h
o — 0,
Enrich = 95% — AAy(1h) > 200/h

px = 300 pg/cm?

+10pum Al backing™ (@eaps = 5%)

“only 27AI(p,w) going to stable = no (B-delayed +'s

p-process: status of the experimental program at GANIL

S40
Q*(g.s.)=341%
10.3(10) %
0.089(9) % / Log ft
1/2- &y 66.722 0.499 s 5.4
4
5/2+ J 13.2845 2.92 us
9/2+ — y 0.0
73
35Ge,
— ——
B
4
=
S
= | Eas ™ 10% |
lZ’ 9x10° 1
5 810 [ 1
7x10° - 4
6x10° [ 1
5x10° [ 1
4x10° | €5 = 5% 1
sa|  As - TGe
Ty, =80.3days
PR I I BT R AT I AP B
100 200 300 400 500 600 700
t (hours)
N
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Selected Reactions
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2"Y campaign : in-beam measurements

A n
G ANl
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(c,y) reactions @ NFS (G. Randisi, B. Bastin)

o OGe(a,y)™*Se : 1% step
e 22Mo(a,v)%Ru
e 192Pd(q, v)1%Cd : Unmeasured !

° IOGCd(a, ’)/)HOSFI

e "Se PRy, 190Cd are stable products = In-beam Measurement
@ a-capture = very low cross sections = ~y-summing for highest efficiency ?

o Caveat : Need high purity samples + accurate knowledge of the response
function !

SAaMNL
p-process: status of the experimental program at GANIL e
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(a,7y) reactions : cross section calculations
Eﬁ‘b(MeV/nucleon) Eﬁ‘b(MeV/nucleon)

oIS a5 us 175 2 o 1125 15 175 2 225 25
0 e e e T Ty e e e
g 5| 3 = 2

502 "Gera 510 F " Mo+o

£ ;£ - NON-SMOKER = NON-SMOKER

o 10 E- Talys o — Talys

. -5
() b3 0 £
i N 10 F
0k H 1 0 7E
8| y 8
10 & | E 10 ¢
10 b L L il 10 b L
3 4 5 8 9 4 s 1 12
E,,, (MeV) Ey (MeV)
Data : Z. Fiilop et al., ZPA 355 (1996) Data : P. Demetriou et al., AIP Conf.P. 293 (2009)
Efyp(MeV/nucleon) Efp(MeV/nucleon)
1125 15 175 2 225 25 275 3 1 15 2 2.5 3 35
~ T T T T T T T T T T T T T T
R 2 E “1E 106,
£ 10 7L "Ppd+a (@n 3 F"Cd+or
£ 3f - NON-SMOKER £~ NON-SMOKER
!0 E- Talys i~ Talys
10°
10k
0% K
p 10 F
10 F 10 E
- -8
10 F 10°F ]
10k | I | A | 10 Bt .\ ©p) i I |
4 5 6 7 8 9 10 11 12 4 6 8 10 12 14
E., MeV) E,, MeV

Data : G. Gyiirky et al., PRC 74 (2006)

Shaded Area : Relevant Energy Range for 1.5 < Tg < 3.5
E AN

1740 _
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Selected Reactions
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Previously measured for 4.7 < Ec, < 7.4
Z. Fiilép et al., ZPA 355, 203 (1996)

I, =1 puA, px = 36/1,g/cm2 on thin Au backing
o (4.7 MeV) = 0.40(22)ub
o for 3.5 < Ecm <5 MeV?

owm(4MeV) =1 — 10 nb
= uniquely possible with NFS intensities !

635-keV level fed by most of transitions
= Small angular-distribution correction needed

@ The same kind of setup (2 HPGe's) would allow to
measure o (4 MeV) in ~ 1 UT using |, ~ 100 puA

@ Accuracy strongly dependent on efficiency
= need simulations

@ Experimental response and background
with /without target at NFS commissioning

Q7
QNog’
'w;??f\? N
(2+4) N & 1838.7
— M. —_—
(04) e 1657.6
Aoy
4+ Qe 1363.2
2+ { cg?,v 1268.9
0+ Ty 853.8
2+ g 634.8
0+ A 0.0
4
325840

gamma yield

. 1040 keV]
%00{ O CATE 279 kev 19Ge(.y)™Se |  (Boe)
ll‘“’ 511 kev |_Ea =7.8 MeV. L4
o

o

‘oulex

GATED (635 keV)

219 kev

gamma yield

-y ) Lul.

635 kev

728 keV

I,

A

t
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Conclusions and Perspectives
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Summary & Perspectives

Conclusions
@ Reactions with strong impact on p-nuclei abundances have been identified and studied

@ Theoretical TALYS/NON-SMOKER calculations have been performed for a series of
high-impact reactions

@ The effect of different nuclear physics inputs has been studied
@ Need cross-section measurements to constrain reaction network calculations

@ SPIRAL2-NFS p/a beams : a unique opportunity to measure cross sections at energies
relevant for the p-process in direct kinematics

@ Several physics cases for an experimental campaign are proposed

Perspectives

@ "2Ge(p,7) activation measurement

@ Simulations for in-beam setup for (a,v) reactions (Master student)
@ Proposal for activation measurements @ NFS

@ Lol for in-beam measurements @ NFS

@ Test for («,y) reactions in inverse kinematics @ FULIS (July)

— A Il
EAaNiL
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Annexe

@00
(p,n) reactions : 2°Kr(p,n)®°Rb
Efp(MeV) Efp(MeV)
5 SRo+p 5
o — NON-SMOKER (p.n) em
%) — Talys o 10

9F

| I I I I I I I I | E
1 15 2 25 3 35 4 4.5 10 1 2 3 4 5 6
E , (MeV) E , (MeV)
Exp. Data : G.G. Kiss et al., PRL 101, 191101 (2008)

2o 0.0 18642 d Intensity: I(y+ce)

@ BoKr( 2 [ 86Rb per 100 parent
p,n) : low threshold =- effect on (p,7) 39Rb,g doeny

%B-=99.9948 5
@ 0:4(2MeV) & 100ub (Cross-check : ®*Rb+p data) Q(g.5.)=1774.2 8
N
B8 L v\ &
o 86Rb‘—>865r*(E.y = 1077 KeV) = can use activation 1~ _Leef . $ .
8.64 7.932 2+ 1077.0
@ Target is a gas = use a gas cell (recently used for
n+130Xe by activation!)
M. Bhike et al.PRC 89, 031602 (2014) 9136 9.4399 0+ 0.0
86g,
@ 10-mm-thick cell @ 100 mbar (+100 pm Al window) 385T4s
= 2.43 - 10"® atoms/cm?

p-process: status of the experimental program at GANIL
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Reminder : Hauser-Feshback Calculations

OMPs ~ —strength

residual nucleus A
—

j7c XL

oolEp EUT ) o ad X ”T(EJH>

N g XL

~ I =~

/
cN proj  multipolarity Sum over ch's

@A&N ﬁ S
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Tests of a Windowless Gas Target (July 2014)

@ Goal : optimize target configuration to obtain Ny > 10%cm™2
@ Measure energy loss of a's on Argon at different pressures/configurations

@ AE =241 keV on 5cm-thick cell @ 1 mbar (AEy, = 4keV @ No = 10*%cm—?)
= lower gas density in the cell

@ Hard to obtain a localized flow at low pressure with differential vacuum

@ Need “jet”-type configuration = new design ongoing
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