The continuum shdal model description of the
17H(p,y)*eNe radiative capture reaction

R. Chatterjee
GANIL, Caen, France

Plan of thetdk |. Introduction

Motivation for thework

[1. Shdl Modd Embedded in the Continuum

Shdl Modd and how to treat the continuum
The spectraof *Ne

I11. YF(p,y)*®Neradiative capture

Capture from both the ground and excited states of Y'F
Theastrophysca Sfactors, reaction rate

IV. Indirect Methods in Nuclear Astrophysics




Nuclear Landscape

The N/Z Plane

known nucla
dable nud ei
S -r"'"
O -I
28 .=-"'-"
20 T 50

20 neutrons

\ i

126

discovered

Most of nudear physcsbased and
tested on ‘known nudd’

‘Exoticnuda’ : therealm of open
quantum systems

|mportant in variousastrophyscal
pr 0CEsseS




Explosve gellar nucleosynthess

« Novae, X-ray burds, Supernovae type la
« Binary sysem —compact object (white

dwarf or neutron star) and main sequence
or red giant Sar

NOVA
«Accretion of hydrogen rich material on surface
of white dwarf that had C burning

« Thermonuclear runaway —lots of energy

« High temperatures and short timescales

Nova Cygni Erupted 2/92

Left . 5/93
Right : 6/94
http://hubblesite.org

Nucle far from stability
(radioactive nuclel) are
involved




Importance of the ’F(p,y)*®Ne radiative capture reaction
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Smdl 17F(p,4)8Ne reactionrate

» favour production of #O, N D.W. Bardayan et al. PRC 62 (2000) 055804
. . LN ] o
explains overabundance of >N in nova g ecta: S. Parete-Koon & al. ApJ 598 (2003) 1239

Lage 17F(p,v)18Ne reectionrate

e could alter 8H'"F abundanceratio

e breakout from the CNO cycle; subsequent routes of nucleosynthesi's



Multiconfigurationa Shell Modd (1953)

Closed quantum system

- dl nudeonsarein bound orbits

v

Open quantum system

Gamow Shdl Modd (GSM) : (2002)
_. complex energy plane

bound gtates, resonances and complex
energy scattering seates

— No restriction on the number of
partidesin the continuum

(N. Michd et al , 2002)

Continuum Shdl Modd (CSM): (1976)
. shdl modd with thered energy continuum:

bound states, resonances and red energy scattering
daes

— only one nucleon in the continuum

- redigtic gpplicationswith Shell Mode
Embedded in the Continuum
(K. Bennaceur et al , 1999)




Shell Model Embedded in the Continuum (SMEC) : The essential steps

« division of Hilbert space in different subspaces: » completenessrelation:
H.
ehbact) ( Q+P+T+..=1,
_ A < : )
Q = [A] JLE LI (L)) SOUE SEES « choice of the subspaces according
P—[A— ‘1] 1] to the considered case
- <
nucleon(s) in continuum states Q+P =1

P .
Hgp coupling
Hpp @ ﬁ
Hqq
Closed Quantum System (CQS) Open Quantum System (OQS)

——————— ——

. Hoq = Hsar — shdl modd difedtiveinterattion — Held (E) = Hog @}G;(E)@

e—

correction dueto continuum coupling

. HPP = Hcc/ —— coupled channd hamiltonian qH;‘);}f(E) = Hpp @pQGg(E)HQ\])



() subspace: Solvethe SM problem. Get SM égenstates | P;) Usng P+ Q =14
continuationof i)
P subspace: Solvefor scattering sates. Get solutions &) SM gaein P - ¢

dgevdues: By (F) — 3404 (E)
Above particle emisson threshold Bdow partidle emission threshold
Ei(E)=E, TyE)=T Ei(E)=E, T;E)=0

1

Bt — H (E)

Totd wavefunction:  |U) = |€) + (Q + ng)(E)HpQ) Hgpl)

non-resonant solution resonant part



Shdl Modd Interaction : ZBM (1969)

Zuker-Buck-McGrory, PRL 23 (1969) 983

Modd Space: 2C core, Op,,,, 0d;,, 1S,

3t 2v: YF and 41t 2v : BNe
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Radiative capture

s Okev
2 -105 keV
‘. |, = | PQEfk
- 52+ -595 keV
. 17
(Saalaaja)
projectile target

Target excitation : some amount of ener gy of the projectile used to ‘excite’ the target

Ly - 718 Jof
Initial channel - [17F + p]JZ. Fna channd : [ Ne] f

. . . . T
Projectile angular momentum:  Ja = la ® Sa Fina channel spinpaity :  J

Initid channd spin: /i = Ja ® It (sbs ls 3 Ity
~ *find datetage spin

gpin and angular momentaof captured
nucleon (projectile)

Palty T, = 7TIt X (_1)la

Agrophysical S—factor S(E) = E 2™

N

Radiative cgpture cross section




The astrophysical S-factor for Y"Hp,y)*®Ne

R. C., J. Okolowicz and M. Ploszgczak, Nudl.
Phys. A 764 (2006) 528, arXiv. nucl-th/ 0509026

Atveylowenergy S,,> S,

Totd contributionsfromE1, M1, E2 —
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Trandtionsto different find states
of 8Ne

Trangtionsto 2, dominate



The S, factor and individud contributions (1)
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Negligible contribution fromthe
excted sate of Y'F

eext. &. channd opensonly a 490 keV.

eext. &. coupling to 2+ involvesonly |
=2(d - stae) waves(protons)



The S, factor and individud contributions (11)

«Strong interference between 2+, 2+,
eigenvauesof HJ

«Sgnificant pat of 2, resonance strength
shifted into region of low energy continuum
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2 continuum a low ext. enegy i<
grongly corrdated by the proximity of &
weakly bound 2+, satewhich introducese
resonant-like fegture (‘resonant hao’) in
the 2+ continuum owing to itslarge ‘s’ -
sate spec. factor.




TheS,, factor for 2+ 2+, trangtion asafunction of ‘position of 2+,

2%,

-305 keV

Ne

«Fixed strength of the continuum (Q- P) coupling

«Thiseffect isnot dueto taking alarger radid extent of thes.p. wave
functions

«Same WS generating radid s.p. wave functions

10°

(Sp. sdatee =-2034 keV)

Jinterference effect in  Open
Quantum Systems

Careful while extrgpolating S-factor to
low energiesjust by consdering itsvaue

a higher engrgies.

Exp. : E2; = —305 keV
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H(p,y)eNe reaction rates

Reaction rate per pa‘tidepair :

(ov) = (w(kT)B) fo

b= (2ﬂ)1/277622122/h rdated to barrier penetrability

10°

-1 -1
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N,<ov> (cm mole s )
EI

FElexp [—

E

b

kT

- E1/2

| dE

T — tempedure

k. — Boltzmann congtant

reduced mass

Iu—>

M1
~ Above0.6GK, 3*to 2, , dominates

Vi - ) .
o, %) Below 0.4CK, 2* to 2*, , dominates
/ (Noveaetemperaures)
!
04 0.8 1.2 1.6 2 Need to disentangleE1l and M1 a

very low energies



Hp,y)*®Ne reaction rates

g.S. + ext. saeof YF

/

At low temperatures Gamow window
ganslow energies < 0.4 MeV

Ext. &. channd opensonly a 495 keV

Couplesmanly to d —wave protons

T(10K) SMEC SMEC (g.s.) | Bardayan et al.
0.1 1.317 x107° | 1.317 x10~Y | (2.6840.38) x10~*
0.2 2.209 x107% | 2.209 x1076 | (5.15+0.75) x10~°
0.3 7.736 x107° | 7.736 x10~° | (1.97£0.29) x10~*
0.4 7.458 x10™* | 7.453 x107% | (2.2940.40) x1073
0.5 4.124 x1073 | 4.116 x1073 | (1.7740.49) x10~2
0.6 1.646 x1072 | 1.640 x1072 | (9.2943.28) x10~1
0.7 5.023 x1072 | 5.000 x10~2 | (3.3241.30) x10~*
0.8 1.227 x1071 | 1.221 x10~1 | (8.8043.61) x10~!
0.9 2.516 x10~! | 2.503 x10~! | (1.88£0.78) x10°
1.0 4.516 x1071 | 4.491 x10~1 | (3.43+1.44) x10°
1.5 2.643 x10° | 2.629 x10° | (1.97+0.78) x10!
2.0 6.185 x10° | 6.155 x10° | (4.62+1.64) x10*

D.W. Bardayan & al. PRC 62 (2000) 055804




Scenarios in Nova nucleosynthesis based on rates of Bardayan et al.

1-D hydrodynamica cdculationsfor outburstsson white dwarfs.

More 8F survives because of cooler temperatures
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early surplusof ¥F destroyed by #F(p,a)*0O
because of high temperatures



Scenarios in Nova nuclosynthes s based on our reaction rate (qualitative)
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Conseguences of lower YF(p,y)*®Nereaction rate in Novanucleosynthesis

1.  Survivd of ¥F and subsequent betadecay : 511 keV y-ray from e-e" annihilaion
Detect by y-ray astronomy ? Constraints on novamodes?

2.  More'F survives— pahway to >N viaF(,e'v)O(p,a)*N(p,y)*O(,e'v)**N
Explanation for the overabundance of >N in novagecta?



Indirect Methods in Nuclear Astrophysics. Why do we need them?

- e Nudear Astrophysics:

i N £l Nudear reaction rates a smdll
CNO cyeles gt energies are needed in many
: cL£] sstrophysicdl moddls  stellar
.. - .’F} nucleosynthes's, novae, supernovae
_ ....) for various processes (pp-chans,
pp chains | 4. CNOcyde
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2 = ip L He2p)

N

T

: p / o Novee: Temperaure =<0.4GK
T e REEE 17F(p,y)*®Ne pesk reaction rates comes
a aound E_ = 400 keV.

Direct measurements are preferabl e, but are often difficult.

Crosss=ctionsaresmd|, ungablenude areinvolved, lowyidds...

Alternativeindirect methods, depending on thetype of reaction, offersaway forward.
Coulomb Dissociation Method, Asymptotic Normdization Coefficient, Trojan Horse Method.



Coulomb dissoci ation method

8| j 9 j i -
Nucleosynthesis: Li(n,y)°Li c.s. still uncertain

H(n,y)?H(n,y)*H(d,n)*He(®*H,y)’Li(n,y)eLI Find the Coulomb dissodigtion c.s. of

B,
oLi (a1, n)B(N.Y) 2B ... (higher masses) ke

N and rdae back to the capturec.s.

/ Competition between these reaction pathways
8L1(n,y)°LI(B,v)°Be(p,a)bLi (turnsreaction flow back)

Larger  8L1(Nn,y)°Lic.s could leed to dmost 50% reduction in abundanceof A 12 isotopes

R.A. Mdaney and W.A. Fowler, The Origin and Digtribution of the Elements, World Scientific (1988) p.76

Coulomb dissociation with three charged particlesin the final sate:
(Work in Progress) R.C., R. Shyam

Applicationsto the breskup of °B (‘Be + ) on heavy targets

Can rdaeto the 'Be(p,y)eB solar capture reaction

Important for the neutrino oscillation problem



11.

Conclusions and Perspectives

Shell Model Embedded in the Continuum — Realistic Shell Model solutions are coupled
to the environment of one-particle decay channels. Recent extention to describe twc
nucleonsin the scattering continuum and application for the description of the two-proton
radioactivity.

Energy dependence of eigenfunctions (spectroscopic factors) and eigenvalues of the
effective Hamiltonian and spectroscopic factors

Radli ative proton capture cross section cal culated from both 5/2* g.s. and 1/2* firgt excited
gate of *’F usng fully antisymmetrized wave functionsin both initial and final channels.

Capture from the excited target state has negligible effect on the cross section in *Hp,y)
8Ne. Thiseffect may be more important in : 2Al(p,y)?’S, #?Na(p,y)>Mg ....

Lower YHp,y)*®Ne reaction rate could be an explanation for the over abundance of >N in
novagecta?

Indirect methods in Nuclear Astrophysics, like the Coulomb dissociation method..., offers
away forward when the direct method istoo difficult or isnot feasble.



