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Outline

* Quick Review

» Astrophysics that primarily depends upon
exotic nuclel
 Proton-induced reactions on exotic nuclei

* Nuclear physics measurements for the r-
process



velocity averaged cross section

What you are used to in the lab:
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resonance reaction rates
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what processes typically involve exotic nuclei?

Stable nuclel

Known nuclei
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major goal of nuclear astrophysics is to explain the cosmic origin of the elements:

at what astrophysical sites are each of the nuclides produced ? how ?




Most novae
discovered by
amateur
astronomers

Nova Cygni 1975







Nuclear reactions produce exotic nuclei
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Nuclear reactions produce exotic nuclei
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X-ray bursts

- Like nova, but on neutron star n_ nnEEE
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nuclear measurements for novae and x-ray bursts

» Best approach is to directly measure cross sections for the reactions of
interest

* (pP,y), (a,p), (p,at) mostly

 only a handful or exotic beam measurements

» Radioactive ion beams on hydrogen & helium targets at low
energies

» typically data of limited statistical significance

» Direct measurements are difficult, and we must exploit indirect
techniques to some degree in nearly all cases

« Measurements with both stable and radioactive ion beams are
important

» Information we can obtain is often incomplete
» Results can be model dependent
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21Na(p,y)22Mg with DRAGON
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Recoil Separators Worldwide
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18F(p,oc)150

« Largest uncertainty in '8F production in novae
» Largest source of potentially observable y rays
 Flux uncertain by ~300x just due to ®F(p,a)'°O

« Complicated (uncertain) level structure

200,000 '8F/s
180/18F ~ 10

4 &

Heavy Recoil Energy (MeV)



18F (p,p)8F at 665 keV
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18F+p excitation functions

D. W. Bardayan et al., Phys. Rev. € 63, 065802 (2001)
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Indirect measurements
inverse reactions

measure the time inverse of the reaction of interest

use detailed balance to get forward reaction rate
forward

13N

necessary when beam for forward reaction is not available

VI
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iIncludes
Inverses of (p,a) or (a,p) reactions

Coulomb dissociation - use virtual photons to measure inverse of
(P.y)



Indirect measurements
coulomb dissociation

Togano et al. (2008)

Hodoscope

proton

Excitation Energy E, [MeV]

Pb(*"P, ?Si p)Pb

« determine (p,y) by measuring time By = 57 MeV/nucleon
inverse reaction (y,p) using virtual 1
photons from Coulomb field

» orders of magnitude enhancement in
cross sections (can do measurements
with 103 pps as compared to 108 pps
for direct measurement)

» technique very successful for cases
with isolated resonances (e.g.,
“O(y,p)N, ...)
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Indirect measurements

transfer reactions
surrogate reactions, stripping, pickup, knockout ...

 reactions where nucleon(s) jump (“transfer”) from on
reactant to the other

Direct Stripping Reaction: A(b,c)D

.

“Spectator””

RL Kozub




(*He,d) on stable targets to determine (p,y) rates

- Champagne and Pitt (1986)

8198 (5/2)°

8137 /2"

BOI5S 5/2*

- -

49 LEVELS

B (PHe, d)'¥F E [ PHe)=28 4 MeV

8014.0 = 0.7

COUNTS

L]
L
=
+
i
Loed
L]
s

1000

— E

®0(*He,d)'*F  E(*He)=2G.4MeV
/— 2=2 DWBA
® 8014 -keV STATE

JT=5/2" 4

g (mb/sr)

1 mAp+ "0 — 1 event/ 3x10° years




Indirect measurements

transfer reactions
surrogate reactions, stripping, pickup, knockout ...

 reactions where nucleon(s) jump (“transfer”) from on
reactant to the other

Reverse Kinematics: b(A,c)D

heavy beam — light target
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7F(p,y)*8Ne in novae strongly affected by
unmeasured DC rate.
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Indirect measurements

determining nuclear structure
measuring y-rays after reaction or 3 decay particularly productive

« want to produce same compound nucleus through some alternative method
* resonance energies determined once level scheme constructed
« vy-rays can provide precise level energies

« typically need some external signature that compound nucleus of interest has
been populated

* Doppler shifts can limit resolution in reactions
* beam contaminants can be problem in 3-decay studies
* Need efficient y-ray detector



Excitation Energies in °3Zn

Important 58Zn Excitation Energies for rp-Process
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http://adsabs.harvard.edu/abs/2008nuco.confE.178S

Resonance energies with GRETINA+S800 — 56Ni case
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r-process involves thousands of exotic neutron-rich nuclei
LIGO (2017)

Lightcurve from Fermi/GBM (10 — 50 keV)
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observed r-process abundances

Now many observations of early, unmixed nucleosynthesis in the Galactic halo

Cowan & Sneden, Nature 440 (2006) 1151.

Now extensive surveys
e.g. see Frebel et al., ApJ 652 (2006) 1585
SEGUE (Sloan DSS)
Spectra of >2x10° selected halo stars

' Expect ~ 1% with Fe/H < 0.001solar
Z>55 pattern matches solar : :
© C522897-05  CS31082.001 | Allowing us to trace nucleosynthesis

W HD115444 HD221170

#BD+17°3248 — S5 r-process abundances throughOUt the h|3t0ry Of the Galaxy
70 30 5 Frebel et al., Nature 434 (2005) 871.
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waiting point approximation
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YA )z a2\ il KT d

u
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(n,y) >> (y,n) >>t,), (r.n) >> (n,y) >>

* Free parameters n,, kT, t
* Instantaneous freezeout & decay to stability

) Only masses, t,,,, and P, needed



mass measurements with the CPT

For example see: J. A. Clark et al., PRL (2004)
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Mass measurements of neutron-rich nuclides

* Masses determined via a measurement of the ions’ cyclotron frequency

* Can measure the mass with a production rate of ~1ion /s

» Mass precision ~ 107 to 103 (10 -100 keV/c?) for masses approaching
the r process

« Canadian Penning Trap (CPT)
has measured more than 100
neutron-rich nuclides, including
more than 70 from CARIBU
(including 6 isomers)
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* ~20 had never been previously
measured by any technique
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* Currently reaching isotopes
produced at the 10-6 fission branch
level
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* For some nuclei, no prior N TITAN

information on the nuclide existed!
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J. Van Schelt et al., Phys. Rev. C 85, 045805 (2012)

J. Van Schelt ez al., Phys. Rev. Lett. 111,061102 (2013) 3



Beta Decay Example: RIBF @ RIKEN

238 @ 345 MeV/u |sotopes produced by

> Be ta rge fragmentation
> - = EM separated and implanted

into Si detector stack (9)
Identiified by TOF and AE-E
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not so simple — (n,y) cross sections also matter - sometimes
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Simulations of the r-process show global sensitivity to the
130Sn(n,y) rate, in contrast to the '32Sn(n,y) rate.

From Surman, Beun, McLaughlin, Hix, PRC 79, 045809 (2009).




Neutron capture rates . | girect (statistical) approaches needed:
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Surrogate Technique
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the reach of FRIB

Separated fast beam rates

_ http://groups.nscl.msu.eduffrib/rates/ =
o

(#)]
o

r-process

0]
L
=
=
< 40
c
o)
o
| -
a

Estimated Possible
m New from FRIB
m Known Isotopes

0 10 20 30 40 50 60 70 80 90
Atomic Number




exciting time for nuclear astrophysics

iM'Ie array of observations and precise data becoming
availabl&¥or. a variety of astrophysical objects

first pioneefifigimeasurements;with exotic beams have been
made but onlyEliandfullsexar ‘
next generatiofieINeeSEENEC!
next 10 years

lities coming online in the

eelpplelljezitfeirizl] oovver allowing daizils ti-dimiensional
hydrodynamic UG EeElMEsIsIcalculations to be made

wonderful time teThRE aniaring inisy ield!
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