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The aim of nuclear astrophysics is to work with astrophysics modellers and
observatienal astronomers to: e

Understand the abundance pattern of the elements that we see around us and
understand the nuclear reaction processes that have created them and the astrophysical
sites where these occur (stars or explosive sites like novae, X-ray bursters, supernovae
etc.)

Develop models to describe these sites and test the predictions against measurements
of element abundances and energy output (optical or gamma observations or pre-solar
grains
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This effort requires-an-effective-collaboration betweemthe,different scientific-fields

Astronomers

Observe astrophysical sites and
measure energy output and
element abundances

Astrophysicists

Develop models of the sites in
terms of the material dynamics
and nuclear reactions

Nuclear Physicists

Measure, or if not feasible then
calculate, the necessary
reaction rates or decay rates




But which reactionsare the problem and‘soneédyte,be measllEgl_Z ._

Run sensitivity studies with models to see which reactions have the largest effect on
the energy generation or element synthesis. These are the ones for which accurate
reaction cross sections are needed.

ONe nova sensitivity study (lliadis et al. ApJS (2002)) :

uT-p-t profiles from 5 different hydrodynamic nova simulations

Our Type I XRB sensitivity study: rate variations

m Network: 1265 nuclear processes, 142 isotopes (H — Ca) Important reaction rates to determine!

m Variation of each of 175 reaction rates within their errors Reaction AMEQ3 Q-value Reaction AMEQ3 Q-value

ONe Nova Models “Mg(a, p)*°Al 3655(1) "Br(p, ) PKr 4167(568)
6119(11) SRb( p, ~) 7St 4311 (38)
. 482063(6) 8221‘( ~ 83Nb 2055(387 b
170y 18 i - P ) 55(387)
E(p, 1)15Ne ng: i R ICTY & P— 3306(50) 4513(409)°
SE(p. 0)150 160, 170, 18 308, PYBCl e, 20773) 847r( p. v) ¥*Nb 2946(297)°
2INa(p.7)*Mg 2INe, 2Na, 2Ne 1521.36(34) 8Mo( p, ) *Tc 1393(409)°
EZNe[p. '}')33Na 2Ne ) W p, 2422(50) SGMO( 2. 7) 87Te ]855(530)b
ZNa(p, 7)**Mg 20Ne, 2'Ne, 22Na, 2*Na, Mg, Mg, Mg, 20A1,27A1 S(av, 6640.76(14) . 2304(300)°
i:.\dg(p. “:')i“jAl ....... "Ne, *'Ne, iiNa 2Na, *Mg SNi(ar, pYPCU o, —2411(11) 2Ru( p, ) 2054(499)°
2 Tg(p, ) Al e STCu( p, 2277(52) BRI p, ) 4467(566)"
LA LE(p, 7)?" %Al 9Cu( p, 4 5120(11) % )97 566)°
BAI(p, 1)7'S 26Mg up. s o Ag(p, 1)°'C 3321(566)
P £ 61 2G 2442(149) 102 L 103g <s \
20Gi 430p 20¢; Ga(p, 1 In( p, v 3554(318)
Si(p, 7' Si 65 ) b P> Y.
0p(p, 7RIS g 325 33§ Mg 3CL 3CL MAr, AL BAr As(p. 2030(424)b 103 ( p, ~) 1043 4281(107)
38(p, ) HCT o g, 34§, 35C1, BAr “Br(p, v 2489(399) 1038 (r, p)1068 —5508(432)°
#Cl(p, 7)*Ar =5 b: Q and AQ estimated from systematics
HS(p,)P5C oo, 348, 35C1, %Ar
MCl(p, y) Ar 4 No experimental rate information available for any of these!
CL Y Ar, ¥Ar
BK(p, 7 Ca BAr Parikh, José, Moreno and lliadis, ApJS 178 (2008) 110.

0(p, V... 170, 18F
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K. E. Rehm, HIAS 2013




*‘High’ intensity a-beams
*‘thin’ targets

*'Low’ detection efficiency

R. Kunz, thesis, 2002

Luminosity=1t e~ 103!/(sec cm?)
(1 count/day/1 pb)

K. E. Rehm, HIAS 2013




Advantage:
sLarger cross section for time-inversed reaction

La,y) 07
- — - E1 cross section of O"° () c*
-- - -- E2 cross section of 0"° (v,a) c”
s Total cross section of 0" (y,) C*
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Disadvantage:
L ower beam intensities at the HIyS facility (10°)

K. E. Rehm, HIAS 2013




Advantages.:

The y's (8-10 MeV) have a much larger range than
charged particles (o or 12C)

use thicker targets (~10 g/cm? (e.g. water) vs. 10
ug/cm?) (10°)

Disadvantages:

 Need a detector that is insensitive to y’s but
sensitive to charged particles (e.g. a’s)

K. E. Rehm, HIAS 2013




1. Accelerator: HlyS
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K. E. Rehm, HIAS 2013




Proof of Principle of a
Hperheated bubble chamber-for
the °F(y,a)°N reaction

K. E. Rehm, HIAS 2013




A ‘successful’ bubble

Dead time ~1-2 sec —» detector for low count rates

K. E. Rehm, HIAS 2013




Conditions for °F(y.o)**N in C,F

1000} Oygen A=

— = Helium

dE/dx (keV/um)

100} P N -
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Position sensitivity in"3D

K. E. Rehm, HIAS 2013

AX <1 mm




In a classical picture the-excess.neutrons form-askimareund the ?wmeutron core
ith"N Z. An oscillation of the skin vs the core wotld lead to an electric dipole

excitation mode. Because this mode bears resemblance to a “mini” giant dipole

resonance it is often called pygmy dipole resonance (PDR).

perform very sensitive Ca(y,y' ) experiments up to an excitation energy of 10.5 MeV

performed photon scattering experiments on 4°Ca and 4°Ca
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FIG. 1. The NRF setup at the S-DALINAC at Darmstadt Uni-
versity of Technology. The monoenergetic electron beam with en-
ergies up to 10 MeV and currents of typically 35 A 1s stopped m
a Cu radiator. The resulting y radiation with a continuous energy
distribution 1s collimated by a 95.5 cm long Cu collimator and
strikes the scattering target. The decays of the excited nuclei to the
ground state or other excited levels are detected by two HPGe de-
tectors located at angles of 90° and 130° relative to the incoming
photon beam.
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' FIG. 9. Electric dipole strength distributions for *'Ca (upper
part) and *Ca (lower part). The strengths of **Ca are compared to
NNDC data [44] which are mainly based on the results of Moreh
et al. [53]. Please note the different scales. The dotted line shows

the sensitivity limit of the measurements.

FIG. 8. Photon spectrum of **Ca (y,7/) with an endpoint energy
of 9.9 MeV taken at 90° with respect to the imncommg beam. The

aks at 5020, 4444, and 7282 ke'V exceeding th ale are transi-
[he levels at 5020 and 4444 keV exceedmg the scale are transitions peaxs at ane £V excerdng He Sca'e are traust

11 . - tions in 'B. The lower part shows an enlarged view of the energy
n B. The lower part shows an enlarged view of the energy region N

. N region between 7.1 and 7.4 MeV to demonstrate the energy resolu-
setween 6.8 and 7.2 MeV to demonstrate the energy resolution and = -
= tion and the excellent peak-to-background ratio.

he excellent peak-to-background ratio. Shown are singles spectra.

FIG. 7. Photon spectrum of *'Ca (y,/) with an endpoint energy
»f 9.9 MeV measured at 90° with respect to the mcoming beam.
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2. Comparison with previous experiments

Another experimental comparison of the electric dipole
strength distributions of the two calcium isotopes was per-
formed recently [56]. Here, **Ca and **Ca were studied in
40-'48(.‘3(863!1'.EﬁKr’)4G'4SC.‘a heavy ion scaftering reactions.
The results for the summed E1 strength below 10 MeV from
this study is 7.5(18)% and 6.7(33)% for the EWSR in “°Ca
and *8Ca, respectively. This is in sharp contrast to our re-
sults.

Heavy-ion scattering, however, does not allow the elec-
tromagnetic transition strength to be determined model inde-
pendently. Our experiments are model independent, exhibit
high resolution resolving single excitations and are charac-
terized by a low detection limit. Therefore our results ex-
clude those from Ref. [56] clearly.
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