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ISOLDE:

A Facility for Nuclear Astrophysics

= The capabilities of REX-ISOLDE are well matched to the
needs of nuclear astrophysics

= Stars generally have long lifetimes

- Nuclear reactions are slow, energies are below the Coulomb
barrier, cross sections are very small, the nuclei involved are stable

»= QOccasionally, stars undergo rapid transitions

- Nuclear reactions are faster, energies approach the Coulomb
barrier, cross sections are not quite so small, radioactive nuclei
are involved

Nuclear Astrophysics experiments often require
intense stable and radioactive ~MeV/u beams
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Novae & X-Ray bursters

= About 2 of all stars are in binary
systems

= For certain separations and mass
ranges, this configuration leads to
(inevitable) thermonuclear nuclear
runaway scenarios
= Novae: Accretion on to CO or ONe WD
= X-Ray burster: Accretion on to a neutron star

= Novae produce significant contributions of
some isotopes to the ISM

» Possibilities for gamma ray observations.

= Specific nuclear reactions can affect
explosion onset, ejecta abundances, etc
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Mg (12)|_ |4 ] | ]
= May trigger break out from the Na (11) L 1314
Ne (10)| | )
hot CNO cycles - A M EEE
= Direct measurement difficult | o®) \I\{\L>
_ ‘]9 10
= Expected to be dominated by a .{» 8
single 1~ resonance
= T,.= 50 keV via ""F(p,p) T
7,38
= T =3.2eV via "F(p,a) T8 1 ot
= But this only give the "7Fgs 6.15-60.308:3
production contribution 5.45
* Hence a study of T 5'”"5"; =
. 4. 5¢€ 0* 3* |-
""F(p,p’)'"F : He et al. Phys. Rev. C i l 434;;2
80 042801R (2009) 3.6164 3 5763 TR 4p
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= CD system + MINIBALL array
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= CD system + MINIBALL array
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Analysis found I~ T,

- 1- resonance enhances

the reaction rate, contributing approximately as

much as the ground-state component.

However, still unlikely the *O(a., p)!'”F reaction

bypasses the g+ decay of “O in the hCNO
cycles at novae temperatures and densities
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- 1- resonance enhances

the reaction rate, contributing
approximately equally to the ground-
state component.

However, it’s unlikely the “O(c, p)'"F
reaction bypasses the p+ decay of '*O in
the hCNO cycles an novae temperatures
and densities

Further ongoing discussions, see e.g.
D. W. Bardayan, et al. PRC 85 065805
(2012)
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Measurement of the inelastic branch of the *O(a, p)""F reaction: Implications for explosive
burning in novae and x-ray bursters
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A measurement of the inelastic component of the key astrophysical resonance in the "*Ofa, p)''F reaction for

burning and breakout from hot carbon-nitrog

ygen (CNO) cycles is reported. The inclastic component is

found to be comparable to the ground-state branch and will enhance the **O(e, p)''F reaction rate. The current
results for the reaction rate confirm that the '“O{a, p)'F reaction is unlikely to contribute substantially to burning
and breakout from the CNO cycles under novae conditions. The reaction can, however, contribute strongly to the
breakout from the hot CNO cycles under the more extreme conditions found in x-ray bursters.

DOI: 10.1103/PhysRevC 80.042801

Astrophysical x-ray bursts have been interpreted as being
generated by thermonuclear explosions in the atmosphere of
an accreting neutron star in a close binary system [1]. These
bursts are characterized by sudden enormous spikes in x-ray
emission, lasting a few seconds, with repeating cycles on a

PACS number(s): 23.20.Lv, 21.10.Dr, 26.50.+x, 27.30.+t

and has already been studied using the elastic scattering of ''F
ions on protons in inverse kinematics [7]. The time reverse
reaction ""F(p,a)'*0 was later studied in inverse kinematics
o obtain the first measurement of the much weaker partial
a-decay width of the resonance [8]. A limitation of this latter

time scale of hours 10 days. These sp lar physical
phenomena are now being studied in detail in a number of x-ray
satellite observatory missions, including Chandra, XMM-
Newton, and Integral, The p and densities
open up new pathways for increased energy generation and
nucleosynthesis. Thermal runaway reactions can be ignited
through both the triple-ar reaction and breakout from the hot
carbon-nitrogen-oxygen (CNO) cycles into the rapid proton
capture process (rp process). The rp process may thence
proceed as fur along the proton drip line as the Sb and Te
isotopes, and may possibly be the origin of p nuclei, such as
“Mo and "Ru [2,3). In both the triple-ae and CNO breakout
mechanisms, energy generation i rupidly as a functi
of temperature, and hence the rate of energy release can
increase faster than the rate of cooling, ultimately leading
10 x-ray bursts [4]. In the period between bursts, energy is
genersted st s constant rate by the A-limited hot CNO cycles,
the half-lives of the waiting point nuclei 'O and 0O being
T1 and 122 5, respectively. As & consequence, novae ejecta
are rich in the daughter products *N and "*N, However, in
x-ray burst scenarios, temperatures are such that these waiting
points can be bypassed. In particular, the *O(a, p)''F reaction
can trigger the breakout from the hot CNO cycles via the
"F(p,y) *Ne(a. p)*' N sequence [5].

The “O(a, p)''F jon rate is thought to be dominated
by capture onto a single 1- resonance E, = 1.04 MeV,
corresponding 1o an excited state in "*Ne at 6.15 MeV [6].
The total width of the state is d I by proton emissi

0556-281372009/80(4)042801(3) 042801-1

approach is that it cannot teke into account the inelastic
reaction channel corresponding to the production of the |’
first excited state at 0.495 MeV in ''F in the astrophysical
reaction, This reaction branch can be measured by studying
the proton inelastic scattering reaction "F(p, p')''F, which is
the method adopted in the present study. It is also the method
reported in Ref. [9]. In that study, a thin (CHu). target was
bombarded with 'F jons in the region of the resonance energy
(Ecm = 2.22MeV forthe ''F + p entrance reaction channel),
and inelastic and elustically scattered protons were detected
and separated in energy in an annular silicon detector array [9).
A value of the ratio of inelastic scattering to elastic scattering

of 24 was rep i g the ¢ is
dominant, although at the time of writing the present report no
full value with error had been published.

The present experiment was performed at the CERN
Radivactive Beam Experi On-Line Isotope Mass Sep-
arator (REX-ISOLDE) facility [10). A fully stripped "F**
ion beam was selected to avoid intense isobaric contamina.
tion from ""O ions. The beam energy 44.2 MeV (E.,, =
246 MeV) was chosen, so ions eatered just above the
resonance energy and stopped inside a ~40 pm thick (CH;),
target, Elastic and inelastically sc. dp were detected
in the Jaboratory angular range 15°-50" using the double-sided
silicon strip detector (CD) system, consisting of four Micron
Semiconductor Lid. (MSL) type QQQ/2, ~35 pum thick, AE
detectors backed by four MSL type QQQ/L, ~0.5 mm thick, £
detectors [11]).

D2009 The American Physical Society




oFe | '\goIJapse Supernovae are just exciting!
m There rerr;ams fundamental uncertainty in the explosion
- mechamsm
« Gamma- -rays from #4Ti decay are one of the few ways in
which data could improve models
= Major recent investment in gamma-ray observing satellites
IS producing new high-quality observational data
= The main nuclear uncertainty is the 44Ti(a,p)*’V reaction
= 4Tij reclaimed from irradiated parts at PSI is now available
= So... perform a direct measurement of #4Ti(a,p)*’V
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Motivation - stronger than ever!

/» First NuUSTAR observation of
Cas-A 1.5£0.3 x104 Mo of #4Ti

* Detailed mapbing of turbulence.

» Unexpected separation of 44Ti
and Fe (in models, they are

produced in the same zones)
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Yields of 44Ti in CCSN

4TI (59y) N

44Sc (4h)

I 1157 keV

44Ca
Observations x104 Mo
Cas-A NuSTAR 1.25(0.3)
Nature 506 (2014) 339-342
SN1987A NuSTAR 1.5(0.3)

Science 348 (2015) 670-671
Cas-A COMPTEL, BeppoSAX PDS and ISGRI 1 .6(+0'6-o_3)

ApJ 647 (2006) L41-L44

Models
Maximum e.g. Turetal. 1.0
ApJ 718 (2010) 357-367
Typical e.g. Tur et al. 0.2-0.4

ApJ 718 (2010) 357-367

Observed #Ti yield consistently greater than predicted by model
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/10PSCIENCE  Joumals~  Login~
/" Journal of Physics G: Nuclear and Particle Physics

Journal of Physics G: Nuclear and Particle Physics > Volume 39 > Number 10
R Drassler et al 2012 J. Phys. G: Nucl. Part. Phys. 39 105201 dol:10.10880954-3899/238/10/105201

441}, 2871 and 5*Mn samples for nuclear astrophysics: the needs, the possibilities
and the sources

| I
/| R Dresster’, M Ayranov', D Bemmerer?, M Bunka', Y Dai', C Lederer, J Fallis®, A StJ Murphy®, M Pignatan®, D Schumann', T
" Stora”, T Stowasser’, F-K Thielemann® and P J Woods®

Show affillations

Journal of Physics G

Nuclear and Particle Physics

lopsclence.org/Jphysg

Highlights

A compilation of the best papers
published within the last year

IOP Publishing | science first
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Delivering the beam
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: Exeriment design B ?

v
S2-type

70 pm + 1000 pum
Telescope

ceid Heli Alumini
180 ugfem? Mylar elium uminium

5.65um 50 Torr 15 um

2c¢m 60 Torr “He gas cell

~6um Al entrance window; 15 um exit window

MSL S2-type DSSD, inner diameter 18 mm, outer diameter 100 mm
48 circular strips, 16 azimuthal sectors

127 & 137 mm downstream: AE 65 ym; E 10000 um
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Results
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If typical, rate reduced by ~ factor of 2
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Publications

:'g Physics Letters B
Lk

study of the “Ti(a, p)*’V reaction and implications for core collapse &
| supemovae

Shadp e b ATAAAS 2016 ANNUAL MEETING

HE ASTROPHYSICAL JOURNAL

PUSHING CORE-COLLAPSE SUPERNOVAE TO EXPLOSIONS
IN SPHERICAL SYMMETRY. |. THE MODEL AND THE CASE
OF SN 1987A

A. Perego’, M. Hempel?, C. Frahlich®, K. Ebinger?, M. Eichler?, J. Casanova®, M. Liebendérfer?, and
F.-K. Thielemann?

Published 2015 June 23 « ® 2015. The American Astronomical Society. All rights reserved. « The Astrophysical
Journal, Volume 806, Number 2

Assuming reduced cross
section is typical...

The model is now very
close to the observation!

WASHINGTON, DC

GLOBAL SCIENCE ENGAGEMENT
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Planned future nuclear astrophysics

studies at HIE-ISOLDE
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S5 '\goIJapse ‘Supernovae are exciting
m There rerr;ams fundamental uncertainty in the explosion
B mechamsm
« Gamma- -rays from #4Ti decay are one of the few ways in
which data could improve models
= Major recent space investment is producing new high-
quality observational data
= The main nuclear uncertainty is the 44Ti(a,p)*’V reaction
= 4Tij reclaimed from irradiated parts at PSI is now available
= Perform a direct measurement of “*Ti(a,p)*’V
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= Sk\\_ollapse Supernovae are exciting
- 'Ipere rerr}ams fundamental uncertainty in the explosion
mechamsm
s Gamma- rays from 44
which data could imy
= Major recent space inve
quality observational data
= The main nuclear uncertainty is the 44Ti(a,p)*’V reaction
= 4Tij reclaimed from irradiated parts at PSI is now available
= Perform a direct measurement of “*Ti(a,p)*’V

1IS543: Spokesperson A. Murphy
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Plan for a run 2

Essentially identical to run 1

* 100 MBq of #4Ti is available & reserved at PSI
« (Good reason to expect significantly more beam

* Aim for 3 — 4 measurements (not upper limits)
« An option for thinner cell windows, resulting in better resolution, is still being explored.
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/- HoWafe thep nuc/:lel made?
3 Phoimd )ssomatlQn of heavy seeds fails to

Areproduce some nuclei (e.g. °22*Mo and

- 9698Ru) -

L AW/p ﬁrocess antineutrino absorptions in
proton-rich environment - neutrons to be

>

Proton number
(Element)

captured by neutron-deficient nuclei. TP P———— >
= Speeds up the reaction flow, permitting
element formation up to A~100. I .
P.Y
= Arcones et al. have identified an end point nuclear . eec [N _61'_
cycle that could limit processing A>64. e Y |
= At high temperatures >°Cu(p,)°®Ni dominates over & 58",57/?'8—
59Cu(p,y), ending the process LS
= However, °Cu(p,a) is presently unmeasured... S i) | i
21
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[ HoWaFe the ‘p- _huble? made?
3 Ph010+d )ssomatlon of heavy seeds fails to
Areproduce some nuclei (e.g. *#*Mo and
o 9698Ru) 57
" AW/p brocess antineutrino absorptions in
proton-rich environment - neutrons to be

>

Proton number
(Element)

captured by neutron-deficient nuclei.

Neutron number

= Speeds up the reaction flow, permitting
element formation up to A~100.

= Arcones et al. have identified an end point nuclear
cycle that could limit processing A>64.

= At high temperatures >°Cu(p,)°®Ni dominates over

59Cu(p,y), ending the process
= However, °Cu(p,a) is presently unmeasured...

1:9.295e-03s / T,:2247e+00 / p, : 3.972e+04 g/cm’

L
— T=2.2GK -

proton number
= M o

27F ]

26 ' B

26 28 30 32
neutron number

34

THE ASTROPHYSICAL JOURNAL, 750:18 (9pp), 2012
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The
/
/s Hgﬁég;e%the/;o-nuélg’ made?
u Phqﬁto\ﬁgi/)‘s‘/‘sﬁciatiéhj of heavy seeds fails to
reproduce some nuclei (e.g. #2%Mo and
_BFRy) L
" A”&"p-ﬁ’roc)ess: antineutrino absorptions in
proton-rich environment - neutrons to be
captured by neutron-deficient nuclei.
= Speeds up the reaction flow, permitting
element formation up to A~100.

Proton number

>

(Element)

Neutron number

= Arcones et al. have identified an end point nuclear

cycle that could limit processing A>64.

= At high temperatures >°Cu(p,o)°®Ni dominates ovel

59Cu(p,y), ending the process

= However, °Cu(p,a) is presently unmeasured...

proton number
o

o
o

1:5.221e-03s / T,:3.295e+00 / p: : 1.496€+05 gicm®
ST ) i

28 30 32 34
neutron number

THE ASTROPHYSICAL JOURNAL, 750:18 (9pp), 2012
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/

/" 59Gu/beam |mp|ng|ng CH, target
: nghly( sggmented ssilicon strip detectors,
Acgverlng lab angles of 2.8 — 40 degrees
LE 'Comcldefnt detection of both ejectile and
I recoil -
= 5 energy steps, E, ., 3.8 —5 MeV/u
= Anticipating high level density

Micron S2, AE-E telescope Micron S2
CH. target I

*
_I<—DI I 59Cu beam

40 mm
e 5

400 mm

Spokesperson: C. Lederer
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a<ng Nupleosynthe3|s is well established
- But there&rs a]droblem predicted abundance of
= 7@,9does not match observation

Could the solution be nuclear?

Mass fraction

*He/H, D/H

"Li/H

Coc, Alain et al. Phys.Rev. D87 (2013) no.12, ¥23530.
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\ posile solution to the

cosmologlcal lithium problem: 1S-554

\ \; “
m B/ngaﬁg Nuglegsynthesns is well established
= But there is a ﬁroblem predicted abundance of
J/;jf 7§_| )does rTot match observation
= Could the solution be nuclear? -
= Additional early universe destruction of \
’Be could work (and not affect the existing

agreements for H, D, He) /
= Resonant enhancement of
3I-Ie N 4He
’'Be(d,p)2Be*(20)
= Excitation energies in Be up to 20 MeV

= 35 MeV 7Be beam; double sided silicon i 2, 2|.| - 3H
strip detectors, laboratory angles 8-150°,
detecting protons and alpha particles in
coincidence.

10

1
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posile solution to the

cosmologlcal lithium problem: 1S-554

m B/gBaﬁg Nuplegsynthesns is well established
= But there is a ﬁroblem predicted abundance of
In) 7§_| )does rTot match observation

= Could the solution be nuclear? -
= Additional early universe destruction of \

’Be could work (and not affect the existing

agreements for H, D, He) /
= Resonant enhancement of
3He N 4He
’'Be(d,p)2Be*(20)
= Excitation energies in Be up to 20 MeV

= 35 MeV "Be beam; double sided silicon i 2, 2H - 3H
strip detectors, laboratory angles 8-150°,
detecting protons and alpha p écles in

coincidence. 554: Spokesperson D. Gupta
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ISummary

/= The capabilities of REX-ISOLDE are well matched to the
needs of nuclear astrophysics

= Note the (disproportionate) number of talks here on nuclear
ET astrophysms'
« The work is quite diverse

» Experimental and theoretical nuclear physics, several different
techniques,

= Astrophysics & astronomy
» Modeling & computational physics
= Nuclear chemistry

REX-ISOLDE work fits well within the
wider[3YE7\:2 activities.
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