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Qutline

e Reaction rates: reminder

e Direct measurements of radiaiive
capture (DRAGON)

e Direct/indirect meosuremens‘@f
charged-particle reactions (lUDA)

* Mass measurements (TITAN)S
e Beam productions 3
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Nuclear Astrophysics Aims Clessicaloca Xeray burst

Explain!

Abundance [Si=109]

Mass number A
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Nuclear reactions connect models with observables

Reaction =" Isotopic ratios
network — —

ol

luminosities |

 Theory & simulation help identify which
nuclear reactions are important

e Post-burst ash/envelope composition
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Processing of neutron-deficient nuclei

Hot (0.1 GK < T < few GK)
H-rich (~ 10")

Novae, type 1 X-ray bursts,
Core Collapse Supernovae o |
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Forward flow
AB = XaXppfap(Ly)
Reverse flow

Ba « faB(To)Ty * exp (—11.605Q A4p—5/To)
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Measuring fusion rates (cross-sections)

Cross-section depends on
states above threshold in
compound nucleus -

resonances
Worse for unstable nuclei -
low binding means

Al and/or DC contribute
radiative

capture :
, Mirror

correspondences not
necessarily adequate
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Radiative Capture Reactions: DRAGON

etector of Recoils 2nd ©ammas of Nuclear Reactions

High suppression recoil separator fer inverse
kinematics reactions

17.15cm

Windowless re-circulating
H/He gas target. Zeolite
cleaning trap. 0.5-8Torr op.
range

a4 Target Profile
target length 10.82 +/- 0.64 cm

30 BGO detector
array, ~50%
efficiency for single
gamma ray

==}

12/7/07 The Neutron Star Crust Gnd-i s
Surface - INT, Seattle




MEME Design Windowless

- : gas target Charge state (Q
Limited by 1st Magnetic bender: seé(r;%ir?:hf( )
0.5 Tesla.m o

Radioactive

(q=4)
Also by Elecitric Dipoles: 200kV: —» / VT

A<30, with post-siripping pofentially lon beam dispersed focus
A~80 (have done A=40)

Gamma array

Resonance strengths: tens of
micro-eV to eV (at low E oy=olt
higher E wy~TI")

Mass (M)
selection sh

With yields;asilow: Achromatic
as 10:* reac/ion, foci (m/q)
need additional

suppression (T.O.E v
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269A1 and the 269AI(p,y)?’Si reaction at DRAGON

26l (Image enhanced) 60Fe/26A]l = 0.11+ 0.03 . 25A] co-rotating with Galauy

Harris, M.J. Astronomy & i
Astrophysics 433 (2005)

Supernova rate derived
( 1 .9:|: 1 . 1 Centu I’y—l) i Galactic Ion itude (deg)

Massive Stars 7 5 stars born yr_l Diehl, R. et al. Nature 439/5 (2006)
Nova models predicted significant 2°9Al production: at odds
with observation. Problem:

a) large uncertainties with 269Al(p,y)?”Si and %°Al(p,y)?°Si
reactions

-50

DRAGON measurement: 184 keV.  b) Uncertainty in lower nova mass limit
resonance |
Srnall secondary arnount
of 269A| made by novae -
out SNII dominate

recoils
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S STC v LE RS week ending
PRL 96, 252501 (2006) PHYSICAL REVIEW LETTERS 30 JUNE 2006

Separator TOF (arb. units)

Measurement of the E,, = 184 keV Resonance Strength in the 2%¢ Al(p, y)*’Si Reaction
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DRAGON has
measured
reactions relevant
to three of these,
iIncluding two that
have been
observed with
satellites

12/7/07

sUpernovae

_Bifgnostic” y rays from novae and

Nucleus

Half-life

Important
sources

Nature of
radiation

Observ
ed

]3N,]8F

10m,
1.8h

Novae

511 keV
annihilation
Y rays

2.6yr

Novae

1275 keV y
ray

/10kyr

SNII, Novae,

AGB

1809 keV y
ray

60yr

SNII

1157 keV y
ray

1.5Myr
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OCa(a,y)*Ti at DRAGON

44Ti: youngest indicator of nucleosyn’rhesis

zeOut: TP**=5.5 p"""—1 107 g/cc

60-year half-life, observed in
Cas A, SN1987A 1™

0 ! ] ““Tiproduced by “°Ca(o.,y)*Ti
j ....---... d in ‘alpha-rich freeze-out’

lllllilll Large discrepancy between

-........ previous experiments 7

“4Ti Mass Fraction

DRAGON measurement (C. VVockenhuber)

- orrconsor of 44Ti yield compared to
empirical model (Rauscher et al. 2000)

Em DRAGON 4 Torr

mmm  used for reaction rate

DRAGON measured uncertainty of the

10°1 .Hf 4 | T reaction rate = in 44Ti yield

. T T' 44Ti yield and a %Ti/ 6Ni ratio

101 ‘ﬁ [cf. Nassar et al., Phys. Rev. Lett. 96 (2006)]
o 9= gudlisread 2007

600
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X-ray bursts (rp-process)e?

S6Nj waiting point - °/Cu(p.y)°8Zn (200 ms)

No
equilibrium *Ni &° Cu &°Zn

uilibrium
: m
: *Ni >”'Cu
57Cu | %8Cu equilibrium
LY
m

Courtesy C. lliadis
©As(p,y)eeSe (128 ms)ege .
Beyond present ISOL target-ion-source capabilities
1PNe(p,y)2°Na o

43S (p,y)*4Ti, $Cu(p,y)¢Zn (candidates for laser
ionization), . B
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TUDA - Direct and Indirect Measurements
RIUMEF-UK Detector Array

A
protons : /
< P/

incident “LEDA” detectors

beam

Fit 1

Elastic scattering helped explain 2Mg
§ level structure - 2'"Na(p,y)?Mg reaction |
M. rate 1

Large solid-angle hig.;hly segmented array.
512 channels -

High dafa-rate (~10kHz) low.dead-fime
High resolution, V. gogfd'signo :NOISe

Solid or gas targets

Elastic scattering, reaction spectroscopy:(e.g
(*He,p)), direct measurements

.

+

500 -

100

differential cross—section (arb. units)
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~

—
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Ex=1.89 MeV 1 E=2.0-24MeV

Q =2.627 MeV

(mb)

g

p+"Na

Oy,

Nime-reversed approacht 2'Na(p,«) ®Ne
1200 1600 2000 2400 2300 (ANL, |SAC Il prop)

E, . (keV)
2003/4 Argonne National Lab. Annual
Reports

Gas cell Segmented

silicon
(200mbar He) detectors for

tracking

L]

Many indirect attempts: apparently high level density from ?°Mg
studies

All direct studies (Groombridge, Bradfield-Smith) used attempted
tracking for inclusive excitation function

Time-reversed approach from ANL shows huge discrepancy at 2.5
MeV cf direct measurement.

Both direct measurement and time-reversed will be measured at
TRIUMF (*'Na 4-6 MeV/u ISAC I, 5x10° pps)

18Ne requires minimum 5x10° pps, preferentially 5x108 pps
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90Rll

N=46 11=47 N=18 "y

Beams: LaC,, Ta

High' prierity!

12/7/07

V-ID Process

Flow diverted to N=47,48 isotones due to small S (*'Rh)
”2Rh,??Ru progenitors
Al masses from exirapolation (AWE 2003) AM ~ 0.4-0.8 MeV.
Sensitivity study performed:

increased — 72Mo within x 12

decreased — ?Mo within x 31, but ““Me down; fo x 20
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Mass Measurements: TITAN

RIUMF lon Trap for

magnetron

cyclotron

\AAAAAAAAS

axial

30 keV beam cooled & bunched to 1-2 keV/
Stored in EBIT, charge-bred (~=ms)

k_.
z

Wien Filters - single g+, isobar selection
1%

Injection into Trap. Excitation. Ejections ¢

lon accelerated o« magnetic mement ini Bifield:

Time-of-flight measurement:
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Mass Measurement
Penning Trap Cooler Penning
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To Laser
spectroscopy P
apparatus

Off-line

tomic and Nuclear Science
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Beam production (example: 2°Al)

rhenium surface
490 SiC disks ion source

Laser lon Source
i VJM

\ LN ‘
¢ =308/309pM

~ vy,

TRIU F_ ~2500 °C
cyclotron ISAC high-power
SiC target

» |ISOL Method: driver beam oni production-target/ion-seuUrce; Mass
separation during extraction

» Target material somewhat custen isetope
o Diffusion limited

e carbides chosen for thermal properties

« oxides chosen for favorable release (e.g "®Ne)

 Laser source relies on favorable ienization ERergy.
» Other sources: ECR, FEBIAD
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Beam challenges

Most iImportant resonances often hardest o
measure

Direct measurements require high (>107 pps)
INntensity

ISOL method limited by chemistry and lifetimes
(>500 ms) :

Need low-energy accelerator + recall sepOrQTor

or scattering facility :
Confamination in ISOL beams often problem

Solution is focused target/ion-source ==
development

ISAC + DRAGON/TUDA most hopeful
Mmeasurements -

L -, .

T
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