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Outline

The Science
— What needs to be done?
Role of Radioactive Beams (Accelerated)
— What is happening and where?
Examples of Specific Studies?
Future Plans and Possibilities
Concluding Remarks

(- There has been an explosion of important astrophysics studies with RIB )
performed worldwide, but there is much to do. The essential component are
high intensity RB of high purity. ISOLDE has been the benchmark for

such beams for many years and needs to now upgrade its facilities to make
\mportant contributions in this exciting area. Y




“We are all nuclear debris”
Willie Fowler, 1985

Role of Nuclear Astrophysics
¢ Nucleosynthesis in stars
s Energy generation in stars

How: Many ways including studies
of simple nuclear reactions at low
energies using appropriate accelerators

“We stand on the verge of one of those exciting periods which
occur in science from time to time. In the past few years, it has
become abundantly clear that there is an urgent need for data
on the properties and interactions of radioactive nuclei.....for use
in nuclear astrophysics At the same time methods for
producing radioactive and isomeric nuclei, and for accelerating
them in sufficient quantities have been proposed and even
brought to the design stage with estimates for performance and
cost....Let’s get on with it!”

Willie Fowler, Parksville, 1985




Astrophysical
Theory

energy balance
mass conservation

The Big Picture

Astrophysical
Observations

Nuclear
Theory

nuclear properties
nuclei in a plasma

Experiments

Nuclear

hydrodynamics reaction rate
radiative transport formalism
Y
Thermonuclear There is no silver bullet
RE‘;:;’“ experiment but rather a
v program of difficult and
S ———————— complex studies.
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Important stellar radioactivities for gamma-ray line astronomy

DECAY MEAN LIFE* LINE ENERGIES (MeV) SITE NUCLEAR
CHAIN (yr) (Branching Ratios) [Detected] PROCESS

"Be—"Li 0.21 0.478 (0.1) Novae Expl.H

9Nj—0CoT—Fe 0.31 0.847 (1.) 1.238 (0.68) SN NSE

2,598 (0.17) 1.771 (0.15) [SN1987A]
[SN1991T]

5TCo—s57Fe ) SN
[SN1987A]

2ZNat —22Ne Novae

UTi MGt =4 Ca . . SN

[CasA]

A1+ 526Mg . ) WR, AGB St.H
Novae Expl.H
SNII St.Ne
[inner Galaxy,Vela, Expl.Ne
Cygnus,Orion] v

60Fa_s60Co_s 60N _ ) L : SN
[Galaxy]

n-capt

et SNla... B*-decay

[Galactic bulge]

+ @ positron emitters (associated 511 keV line)
* : Double decay chains: the longest lifetime is given; Underlined : lines detected
In parentheses : branching ratios; In brackets : sites of lines detected

St. (E:Epl.) : Hydrostatic(Explosive) burning; NSE : Nuclear statistical equilibrium
«: -rich “freeze-out”; n-capt : neutron captures; I/: neutrino-process

R. Diehl et al. (2005)



Experimental Nuclear Astrophysics: |
what we need

|dentify nuclear probes for site specific stellar conditions
(reaction rates needed at branching, bottleneck or waiting points)

« stellar evolution processes (H-, He-, C- ... burning)
* S-process (AGB & RGB stars)

* rp-process (novae and XRBs)

Determine global nuclear characteristics to identify reaction
path, determine & probe site (masses, decay properties, ...)

* p-process (type | or type Il SN ...?)
* r-process (type Il SN, neutron star mergers, jets ...?)

* V-process (type Il SN ....?)
Alm



Red Giant Stars
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= 1T = = | 5= T
50
Western Frontier 3 H ) 110
-8 ' = [ ___110-:}
rp- 40 J—d_m‘ %
X-ray process 90
Bursis
UL
ap- 20 il Eastern
I 70 :
process e U o Frontier
Novae
20 Em -|_|-|_n_|—|j5|jn
40
Hot CNO m stable nuclide
Cycle 10 30 |'IJ drip line

Role of Radioactive Beams in Nuclear Astrophysics

A number of publications including
M. Smith and E. Rehm, Ann. Rev. Nucl. Part. Phys. 51(2001)91
J. Blackmon, C. Angulo, A. Shotter, NP A (in press)
Proceedings of “Nuclei in the Cosmos VIII”,
Many laboratory proposals, e.g. RIA




Heavy Element Synthesis
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Radioactive beams in astrophysics

Reactions on short-lived nuclei:
direct and indirect techniques

Decay studies:

timescale, energy release in stellar explosions!

On-set of novae and XRBs

X-ray Bursts

r-process abundances

hot CNO|reactions

op-process, NeNa cycle

rp-process; capture & decay
of proton drip-line nuclei
ground state & isomers

mass, lifetime, decay
n-capture (level parameters)

fission properties
Alm



dwarf or n star

\ . The western frontier

==y s Energies are high: T, Z
< gy . Broader range of energies

hydrogen ' >

MAXWELL - BOLTZMANN
DISTRIBUTION
o exp -E/kT}

] f -\ > GAMOW PEAK
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wi wexp (VEG/E)
= %
t.....
wt reactions 3 //
@ 7,
X+a ) - /é%,:..////f//m, |
kT o ENERGY
: Lower binding energy for radioactive nuclei
Lower level density & broad states
direct capture : .
D —E,, J%, I, or C2S, (Indirect Studies)

Y
NA<GV> = 1.54 X 1011(MT9)'3/2 oy exp[-11.605 ER/Tg] Resonance Reactions

Thick Target Yield = % A0y (M +M. ) /M g) Jeff Blackmon



Indirect Techniques mosty) With RIBs
[focus on reaction rates]

® Radiative widths for resonance rates

- populate resonance state and measure decay
* Locate resonance energies — E;
« Coulomb dissociation (need high energy fragmentation beam)
['Be(p,Y)°B, °B(p,7)°C, ""C(p,v)*N, *Mg(p,7)**Al]
« Trojan Horse (no time to cover!)
- unique way to understand screening
 Asymptotic Normalization Coefficients
- stable and radioactive beams

T



log &(X)

Sneeden etal., ApJ

e .. | The eastern frontier

Tremendous new data from metal poor

halo stars are helping us understand the
r process

“E L - Wy ¥ 2 different r processes?

s Fonly: Burris 30010 &
an w—anly: Burris 2000 T

. E . R - Need better data on neutron-rich nuclei
a0 20 BO a0 70 Ao 80
Atomic Numhber

e — lf—
o i B o B e e
S e \ 7
NS b 4
Large S, Small S,
(ny) >> (y.,n) >> t,, (v,n) >> (n,y) >> ty

Masses, half-lives and decay properties (P,,) are crucial

However, only a few dozen r process nuclei have been created so far — 1000's left
Basic nuclear structure information is also crucial: E(2+), B(E2), Single-particle levels

Neutron Capture Cross Sections also needed for s-process and p-process



Some key questions ?

Why has %?Na (Ey=1.25 MeV) not been observed from a novae?
— Need rate of 2'Na(p,y)?Mg reaction at ~200 keV Done ISAC
— Need corrected rate of 22Na(p,y)?3Mg; Direct, (in progress, ISAC/Seattle)

26Al is observed but can we calculate accurately amount produced in a SN or nova explosion?
— Need rate of the 259Al(p,y)?’Si reaction; Direct (ISAC, in progress)
— Need rate of the 2°Al(p,Y)?°Si reaction; Indirect (Yale, RIKEN);Direct? (ISAC,HRIBF)
— Need rate of the 2™Al(p,y)?’Si reaction; Indirect (Yale); Direct? (ISAC, HRIBF)

44Ti is observed following a SN but can we calculate accurately how much is produced?
— Need corrected rate of the 4°Ca(a,y)**Ti reaction; Direct (ISAC, in progress)

X-ray bursts are observed but what is the nuclear pathway for their production?
— Need rate of the °O(a,y)'°Ne reaction; Need Beam (ISAC, ARES); several indirect
— Need rate of the "®Ne(p,y)?°Na reaction; Direct (ARES, ISAC?)
— Need final rate of the trigger reaction, #O(a,p)'’F; many indirect, Direct (CRIB/RIKEN)

Should we observe annihilation radiation ('8F) from novae?
— Need final rate of the '8F(p, ®)'®Ne; Indirect (ANL, LLN, HRIBF), Direct (LLN, HRIBF)

Can we measure the "Be(p, v)®B reaction to precision of 5% ?
— Direct and indirect studies (many); (+HRIBF, ISAC/Seattle)




Facilities Worldwide
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What is needed to do these studies ?

The most important requirement is the production of the RB.
ISOL (like) Approach (e.g. ISOLDE, ISAC, LLN, HRIBF, SPIRAL)
Projectile Fragmentation (e.g. GANIL, MSU, RIKEN, GSI)
In-flight Technique (e.g. TAMU, UND, RIKEN, ANL)
Alternate batch method (e.g. ANL, BEARS at LBL, ISAC?)

For masses, decay studies can use stopped RB (ISOL) of reasonable intensities,
high purity, and appropriate detection systems , e.g. gamma arrays, traps, etc.
or PF approach (masses in storage rings, decay of energetic fission fragments.

For Reaction Rates, need
Radiative Capture - Direct Studies
Wide spectrum of intense (>108 p/s) radioactive beams (on target)
Low velocity (~0.2 — 1.5 MeV/u) accelerator
Appropriate detection systems (inverse kinematics)
e.g. DRAGON at ISAC, ARES at Louvain, DRS at HRIBF

Particle Reactions (Direct) and Radiative Capture Reactions (Indirect)
Wide spectrum of reasonably intense (~104% p/s) radioactive beams
Higher velocity accelerator for indirect studies
Appropriate detection/separator systems
e.g. TUDA with EMMA at ISAC, CRIB at RIKEN, RMS at HRIBF
REX-ISOLDE systems, VAMOS at GANIL, FMA at ANL



What is happening at some facilities?

INDIRECT STUDIES
Louvain
HRIBF/ORNL
GANIL/SPIRAL
RIKEN
ANL




Louvain-la Neuve

TARGET

OFF-LINE
ECR SOURCE 3 - B CYCLONE ¥

Element T q Intensity Energy range
[pps] [MeV]
Helium 08s 1+ 9108 5.3-18
2+ 310° 30-73
Berylium | 53 days 1+ 2107 5.3-12.9
2+ 4108 25-62
10Carbon 19.3s 1+ 210° 5.6-11
2+ 1404 24 - 44
"Carbon 20 min 1+ 1107 6.2-10
3Nitrogen 10 min 1+ 4108 7.3-85
2+ 3108 11-34
3+ 1108 45-70
150xygen 2 min 2+ 6-107 10-29
1108 6-105"
"8Fluorine 110 min 2+ 5108 11-24
8Neon 1.7s 2+ 6106 11-24
3+ 4108 24 - 33,45 -55
Neon 17s 2+ 210° 11-23
2+ 5.10° 75-95*
3+ 1.5-10° 23-35,45-50
4+ 8108 60 - 93
35Argon 18s 3+ 2108 20-28
ot 110° 50-79




LLN

The role of 18F(p,o)’0 in the nova nucleosynthesis

» The "8F(p,a)' 0 rate is largely uncertain: up to 300 on the y-ray flux due to the unknown
low-energy resonance strengths (A. Coc et al. A&A 2000)

» Most important reaction for understanding
positron annihilation radiation from Novae

» Previous studies at Louvain-la-Neuve,
Oak Ridge and Argonne concentrated
mainly on two '°Ne states:

» 7.066 MeV (3/2+)
» 6.742 MeV (3/2-)
» Influence of the low-energy levels?
Interferences ?
» 6.449 MeV (3/2+)
» 6.437 MeV (1/2-)
» 6.419 MeV (3/2+)

» Possible missing states ~6.5 - 7 MeV

» Present studies at ORNL and Louvain

Carmen Argulo ++
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[J.S. Graulich et al. Phys. Rev. C63, 011302(R) (2001), and references therein.]



LLN
18F(d,pot)°N:

an indirect way to investigate ¥F(p, )0

=)

Study the analog levels in °F by the transfer reaction d('8F,p)'°F(o)'°N

'“Ne levels of interest Experimental set up:
\

N % > A 14 MeV "®F beam (2 x10° pps) on a CD, target
%0.2 ST 1es 2 » Coincidences p (LAMP) and "N or o. (LEDA)
2 | s, i
o L 6.554 (7/2+) %
E 6.528 3/2+ m
U (65 1172+
‘La I 6.497 3/2+ o 6449 (3/24)

T B . P

0+ 164 F .
CD, -
6.330 772+ \
- 6.288
19 19 ] LAMP
F Ne LEDA
()

Carmen Argulo



107

A new 8F(p,o) direct measurement

May 17 — 25, 2005 @ Louvain-la-Neuve

Remaining nuclear uncertainties:
» o-width for low energy resonances

» interferences sign between 3/2* resonances

: 150 MK : : :
I sOMK L i T

g

1 | | | 111 ‘ |
07 08 09 1
E.m (MeV)

Also: a proposal at TRIUMF on '8F(p,a)'®O (A. Laird, A. Murphy)

Experimental setup:

2 LEDA detectors in coincidence

150 ‘

« nominal '8F beam energy: 13.7 MeV

« beam current ~ 5 x 10° — 3 x 108 pps

« a 70 ug/cm? CH2 target

« Al foil degraders: measurement at 4
energies (red arrows)

» total efficiency (incl a-150 coinc.) = 27%

Carmen Argulo




On-line results

MC simulations Typical spectrum
10000 [ e e
g - E., =480 keV
< 9000 = =
O - : >
X 8000 3 ©
000 & E — S
R: 1 g » o+ 10
o e E 0 . coinc .
— 5000 E I'_||J 3
5 4000 - = o P
@ o - —t
c auuug_ — L%
2000 |- E
1000 — —
07000 2000 3000 4000 5000 630, 70058000 5000 10000
Energy LEDAT (keV) Energy LEDA1 (keV)
+ Good agreement between data and simulations _
« Statistics consistent with estimations * E.n =480 keV ~150 events
Still too early to conclude on the interference sign * E., =400 keV ~40 events

&5S CRC



'Be(d,p) and the 7Li primordial abundance

Li/H

From nucleosynthesis calculations
(cross sections)

From primordial abundances observations
(old objects), extrapolated to time 0 (BB)

From very recent (2003) satellite
observations

Target: 200 pg/cm? CD,

Detectors: two (LEDA) multi-strips (8¢x160) Si detectors (thickness 300 and 500 um):

=2 AE; — AE; system
- angular covering : 7° - 17° (lab)

’Be beam

Beam intensity: (0.2-1)x107 pps of 7Be (no ’Li contamination observed)
Beam energies: 5.545 and 1.710 MeV (c.m. range: 1.2-0.96 MeV and 0.38-0.15 MeV)

Low energy protons (higher energy states in Be), os,
scattered particles will be stopped in the first LEDA

Only high energetic protons (g.s., 1% excited state in 2Be) will
pass through the first LEDA and stop in the second LEDA

Coc et al., Fieldsetal, ...

DAACVI4 (new compilation)
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Negligible effect in BBN:

’Li problem persists
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Magrethc Structure
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HRIBF Beams

Full suite of developed beams

120 RIBs (I> 10° pps @ 3.5 MeV/u) eutron-Rich Beams
79 stable species

:_.I*'?_l—_. T
Proton-Rich Beams g EEEEEE
x ; 1\ EH“
i
-.EH_}I "
i -lg . H % (FIB Intensity on Target
ﬁm @ fions/sec)
o ) m 10’
aff " 108
‘ : - o 10°
i} o m;
i Beams delivered to (. F 10 |
ﬁH s s expel‘iments :D Stable lon Beams )

Michael Smith



HRIBF Measurem:nts

Radioactive beams to understand Novae & X-ray bursts, Supernovae, & the Sun

« 17F(p,y)"®Ne studied via
- "F(p.p)"F
— MN(1TF, 18Ne)13C &
14N(1:"F! 1?F)14N

« MO(o,p)"F via
_ ”F(p,c&)”O
— 17F(p,p)'"F
— 1?F{p,p')1?F'

Be(p,y)®B via
- "Be(p,y)’B
— "Be(p,p)'Be, 'Be(p,p”)'Be

» 3He(*He,2p) studied via
— TBe(d,t)iBe

82Ge(n,y)®3Ge via
- 82Ge(d,p)23Ge

848e(n,y)*Se via
— #Se(d,p)e5Se

INDIRECT TECHNIQUE  Scattering

INDIRECT

INDIRECT
INDIRECT
INDIRECT

INDIRECT
INDIRECT
DIRECT
INDIRECT
DIRECT
INDIRECT

DIRECT
INDIRECT

INDIRECT

INDIRECT

INDIRECT

Asymptotic Normalization Coefficients

Inverse
Scattering
Scattering (Inelastic)

Scattering
Scattering
Resonance Yield
Transfer
Resonance Yield
Transfer

Non-Resonant Capture Yield
Scattering

Transfer

Transfer

Michael Smith

Transfer



HRIBF

18F (p,0)10 Rate Using Direct and Indirect Studies

Bardayan et al., PRC 63, 065802 (2001)

lH(lsFJ[J)IEF

Yield (arb. units)

da/dQ (mb/sr)

Beam

8 (108 MeV)
~5x108 /s

8F(d,p)'°F Measurement - Probing

®Ne Analog States

DIRECT A

18F(p,a) 150
MEASUREMENTS

Bardayan et al., PRL 89, 262501 (2002)

18F(p.)150

%
e %

Fp =2.22 +/- 0.66 eV

wy=1.48 +/- 0.44 eV

0.6 08

Ec.m. (MeV)

%

|
19F ‘
Focal Plane

.1h'|

.'.'-,I't I-IFT:_I

Using indirect info, deduced Fp of
8,38, 287 keV states; calculated new
rate for reaction; &actor 3-5 smaller.

1.E+04 \ 3
1.E+03 \ /,*
1.E+02 M

1.E+01 - \7
4
1.E+00 7

1E-01 =—H

7
1E-02 /
1.E—D:3/.':

0.1 02 0.3 04 0.9
Temperature (GK)

Na< v= (em” mole™ s7)

1.E-04

Kozub et al, NP A 758 (2005)



August 2005: '8F(p,o)
resonance search
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Jeff Thomas (Rutgers) g
3266(d P)Sjée Ph. D. Thests&"\? 3

First n-transfer on r-process nucleus. Thomas et al., Phys. Rev. C 71, 021302(R) (2005)

First mass measurement of 23Ge. e
Extracted as GeS™*
Cocktail beam,

5
B( 2Ge) ~ 10% IC at 10° Hz

Pileup < 10%

Se gated
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845e(d,p)®>Se

IC

recoil
silicon detector array

__ 21458
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Primary
beam

160

36Ar

S0Ar

48Ca

4SCa

Max Emin-
Intensity Emax

PPs A.MeV
3.107 4-25
107 3-20
106 4-12
3.107 4-12
2.10° 4-11
2.10% 4-11

O. Sorlin

Up to 6kW HI beam

Production on RIB:

-in flight fragmentation
(~60A.MeV)

-in target fragmentation SPIRAL
acceleration up to 20A.MeV

Production of post-accelerated secondary beams :
-optical quality similar to primary beams
-used in existing experimental areas



GANIL Proposal: ™O(a,o)°O to measure levels in ®Ne

deOliveira, et al

Rationale: Important for ¥F(p,o)

Background: Good cross section
1%t excited state 1°0 high
Could obtain desired info
Beam available

Requirements. 1°0 - ~8x 107 /s
1.74 MeV/u

Simulated spectra




Study of the N=28 closed shell through +-4’Ar(d,p) reaction

Neutron capture rates on *+448Ar

E* [MeV]
t (ms)
il ) 6L
46 4 .
4 e 1021
il 18AI’ RCZ——— S ’
\ 5/2-(0.46) ) " 1041
3_
™ 3]
i @ 5/2-(0.21) } & 10
o 1001
| / 10L
1/2(0.84) )
1 - 1+
_ o @zs
0.1+ | | |
0 AL 3/2 (0.59) ) 1018 1019 1020 102! 1022.
1 neutron density d_

F. Nowacki

(d,p) access to E*, s.f., spins— derive (n,y) stellar rates
Direct capture (E1) with €, = 0 on p states dominates

Speed up neutron-captures at the N=28 closed shell O. Sorlin



E.. (F"0+a)[MeV]

14O(Oc,p)17F 2.0 2.5 3.0 3.5 4.0 4.5
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Goal of RIB Intensitiesto Be Reached

at CRIB

Ar

22

B

8

Cl

5%

28129|30

108 pps = direct measur ement

of (p,y) reactions

Mg

5

18

19

20

21

22

13

14

15

17

10

Z

24125 |26 (27
primary beam 10 puA
primary target 2 mg/c:m2
Stable 108
available 107
106
105




ARGONNE

Beam Production Methods

" ISOL "
"Two-Accelerator"

ion
source

isotopelisobar
5 separator

: Ni thick, hot
production target
beam
Batch
=i rat\jioactwe
ion beam

+ “Atlas-quality” beams
(beam spot, divergence, timing)
- For long half-lives only

Examples: 5Ni, 56Co, 44Ti, 18F

Ernst Rehm

fragment
separator

gas target
resonator

fanarny rhanna
\SHISIYY wialiyo,

debuncher)

"In-Flight"

radioactive
ion beam

+ for short half-lives
- Beam spot typically 5 mm
Energy resolution ~ 0.5-1%

Examples: %He, 8Li, 2B, ... ¥’K



Nuclear astrophysics studies with radioactive beams:

2INa(p,0t)18Ne | sk

PRL 82, 3964(1999) 56Ni(p,y)57Cu
PRC 55, R566(1997) | 18F(p,at)1°0

PRC 52, R460(1995)

PRL 80, 676(1998)

PrC 53, 19501906 |+ F(P,0)**O T :
OVae Fe L0 42
‘ g Hn
HC(p,OL)SB | ?rl... .
Dermassive Sta | s -
Eﬂ| A
Ar | 32 3
cl i
L] <8
51 2L 26
Al
8 :‘; '
B(B+,V) - 20 g Red giants
0 |3 ] ]
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PRL 91, 252501(2003) Gl ® 8 PRL 84, 1651(2000)



DIRECT
Radiative Capture Studies

ARES @ Louvain
DRS @ HRIBF
DRAGON @ ISAC




Direct Studies of Radiative Capture
Experimental Challenges Using Radioactive Beams

Inverse kinematic is optimal approach.
Beam intensities much less than stable beams (if available at all).

Cross sections are small (resonance strengths ~ 1 meV) .
Beam is radioactive (background radiation, e.g., 511 keV vy, ~109/s)
Radiative proton and helium capture may require gas target.

What do you need to know before starting ?

— Resonance energy (thickness of gas target ~ 14 keV)
Radioactive beam energy (different RB accelerators)
Accurate beam intensity (and reaction product yield)
Resonance width and gamma branching ratio useful
Angular spread of the recoils in inverse kinematics
Charge state distribution important

What do you measure [Quantitative measurement to £ 20%]

— Thick Target Yield = 72 A2 wy (1/ €) (M,+ M,)/(M,) (for narrow resonance)
— Need to do full scan for broad resonances




Louvain-la Neuve

13N(p, )140
®(13N) ~108/s

YOLUME 67, MUMBER 7 PHYSICAL REVIEW LETTERS

Determination of the '*N(p, y) '*0 Reaction Cross
Section Using a '*N Radioactive lon Beam

P. Decrock, '’ Th. Delbar,'"’ P. Duhamel,'™ W. Galster,'"" M. Huyse."?' P. Leleux."" I. Licot,""
E. Liénard,”" P. Lipnik,"’ M. Loiselet,"’ C. Michotte,"" G. Ryckewaert,"" P, Van Duppen, '’
J. Vanhorenbeeck, ' and J. Verviee'!

W rsritue de Physigue Nucléaire and Centre de Recherches du Cyelotran, Universite Carholiguwe de Louvain,
B-1348 Loweain-la-Neuve, Belgivm
" taxtitnns voor Kern- en Stralingsfysika, Katholieke Universiteit Leuven, B-3001 Leuven, Belgium
M nstitue d" Astronomie ef d"Astrophysigue, Université Libee de Bruxelles, B-1050 Bruxelles, Belgium
(Received 2 May 1991)

The cross section for the astrophysically important “Mip, )0 reaction has been measured directly
with an intense (3% 10" particles/s) and pure (> 99%) §.2-MeV "N radioactive jon beam. The average
value, for the 5.8=82-MeV ""N energy range, is 106(30) gb. The partial y width of the resonance
which occurs in this reaction at a center-of-mass energy of 0.545 MeV has been deduced 1o be 3,8(1.2)
eV, Itis compared with theoretical predictions and indirect determinations.

Iy {eV) Reference
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1.2 ri
[ =10 5
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=T76(3.8) 11
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FIG. 1. {a} Charged-particle spectrum from the interaction
between an 8. 2-MeV "M beam and a {CH: ), polycthylene tar-
get. The peak 1o the right corresponds to the scottered N pro-
jectiles and "*C recoils (right shoulder), the peak to the left and
in the inset, 1o the prodon recoils. (b) Specirum of the time
difference between the p-ray pulses from the Ge diode and the
cyvclotron radio frequency, for a 3.8<5.2-MeV p-ray energy win-
dow. () Spectrum of the prompt ¥ ravs resulting from the
UMp, ) MO reaction, after subtraction of the random events,
These spectra correspond Lo an effective running time of 33 h,
with a "'M beam intensity of 502 10 particle pA as monitored
with a shielded Faradey cup some 2 m downstream (rom the
turget.

E, = 545 keV
[= 3.81eV ~uwy



The ARES recoll separator @ CRC/UCL

AE-E Detector

Reactions that can
be investigated with i »
A R E S . Quadrupole

19Ne(p,Y)20Na doublet
13N(p,y) 40
"C(p,)"N
150(0(,’Y)19N
Be(o,y)!C...

Quadrupole
doublet

CH, Target Monitors Dipole magnet




Characterization and Use of ARES for (p,y) reactions

ARES has been characterized with a 1°F
stable beam

— Study of the well-known state at 13.48
MeV in 2°Ne (635 keV above the 19F+p
threshold), reasonably narrow (I'= 6.3
keV) and strong (oy = 1.6 eV).

9F beam, intensity 6x108 pps during 20
hours:

— 4% global efficiency, transmission of
11.5% for 2Ne’*, well reproduced by
simulations.

Typical spectrum

Performance of ARES for (p,y) reactions: M. Couder et al., NIM A 506 (2003) 26

Direct Study of the °Ne(p, ¥)*°Na Reactions: M. Couder et al, PR C69, (2004) 022801R

> First "°Ne radioactive beam from CYCLONE44 : ~ 5 x 10° pps on target

> Study of the 2.643 MeV level in 2°Na: wy<15.2 meV (90% c.l.)



ISAC at TRIUMF




ISAC LINACS

Energy: 0.15-1.5 MeV/u

Pulse Iteration: &6 ns
Masses: A <30 amu

ISAC ACCELERAI

DTL
105MHz

3<A/q<6
E=150keV/u

3<A/q<p
E=D.15—15 MeV/u

Stripping o
foil ™y

T E=150keV/u

From mass
separator

LEBT 1



TUDA TRIUMF Univ. of Edinburgh Detector Array

recoil
_ protons
CH, target
incident
beam
o *'Na(p,p’)
Ecm(MeV) Ex(MeV) 21Na+p excitation function: 7.031 deg
Jﬂ - - - x - - - - . ) 21Na+p inelastic excitation function: 7.031 deg
" 30.0 . . .
1.101 @) 16600
6587 i - inelastic resonance 3 14
- 1077.0 | oS \ 1
0.821 6.329 -
+_ g+ i 1
0.738 B8 oo L _ 200
resonance 2 2
+ 3
0538 9 ls045 g
% 1) d
0.454 = 5.962 = inelastic it
(2*- 4%) resonance 3 2 inelastic resonance 2a rescnance 26 | 1l
0.329 5.837 i
” 0.4 10.0 \ . I il
0.206 5714 1 IS
5.508 MaV 0.2 .
?'Na+ p @340 5.455 73
3t 1,&*' ' 0.0 . A H
(2*.37) 500.6 664.6 8285 9925 11565 13205 14845
5.294 centre-of-mass energy ( keV )
e et
0* 114.9 . *
500.6 664.6 828.5 992.5 1156.5 1320.5 14845
22 Mg centre-of-mass energy ( keV )

C.Ruiz et al., Phys. Rev. C 65,(2002 )
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What is wy and how is it measured?

» Narrow Breit-Wigner resonance
% N2 wy = [ogy(E) dE

Resonance strength

wy = spin factor x TJ T, /Ty

-Thick target yield per incident beam particle,
Yield = Y2 A wy (M,+M,)/(M, €)

A = de Broglie wavelength
¢ = (lab) energy loss per atom/cm? in target (measured)

Measure Yield, calculate resonance strength, wy

2INe(p,y)*2Na

(using gas target)




Features/Performance of DRAGON

All operations are EPICS remotely controlled.
DRAGON is ~20 m long; 1-4 us in flight path depending..
DRAGON acceptance is <~ 20 mrad; £ 4% in energy
Gas target operates <~ 8 torr (H, and He).
Special holder used for solid targets.
CSB foil of SiN (50 nm) used to increase aver. Charge.
BGO Gamma Array efficiency ~ 50% depending....
MD1 used to measure beam energy to ~ 0.15%
RMS limitations:
electric rigidity = 8 MV (2E/q); f ‘SRS
magnetic rigidity = 0.5 T-m [m/q (2E/m)'2] sl 5 i,
RMS accepts only one charge state. DRAGON Beam suppression;

Beam transmission/suppression depends on beam enerqgy; f2Eel] WEED SRl Ly

up to 10-1° with separator, t-o-f, and y coin : :
Focal plane detectors Reaction (DY[DRNL”:-]

DSSSD (Double sided, Si strip detector) g\ =1{ ol 22t \F- B I W N PG 0.75x0.07

“mg

1000 1250

Multi-anode lonization chamber | 1.07+0.21
Both detectors can be operated with a V
system for fast signal 2INe(p,y)*°Na | 258.6 1.8210.44
- A d MCP/C syst ill be added f
oo TOF ARl > 'Nc(p,1)22Na | 731.5 0.93+0.21
Upgrade of electronics funded and being inst 24Mg(p,y)5Al 214.0 0.86+0.17
Data acquisition by MIDAS; data analysis by ’
DRAGON operates 24/7 for multi-week expe 24Mg(p,y)%°Al 402.2 1.15£0.18

N
I
<
Q
—~
b
N
N
a
>

790.4 1.10+0.13




“INa(p,y)*Mg

using
DRAGON at ISAC




2?Na formation: NeNaMg cycle

22Na predicted to be seen but not
observed by COMPTEL or INTEGRAL




Results — resonance strengths

21Na(p,»22Mg

wy=1.03 meV+ 0.2; E =205.7 keV

215 2175 220 2225
C.M. Energy (keV)

2025 205 2075 210 2125

S s Y=5.76 £ 0.88 2.5 torr
2 7 F 4.6 torr
X 6 -
o
T O E om(MeV)
: .
@)
1.101
g LE “Na(p.y) Mg
2 B +
g ] 0.821 1
0 : T 1 (1 1| | A 2 [ IR 1 | i i ] 0.738 (4+- 6+)
2025 205 2075 210 2125 215 2175 220 2225 .
0.538
C.M. Energy (keV) oo T
S M \ 2+ 4%
— 25 .
= 08 - *Mg(p,)*Al 0.329 -
= : I 0.212
x 07 3 5.508 MeV
ﬁ 21Na+ p (2+'3—r4+)
]
= 3J;2+ -y2+
o o
LGQ — .
(o] .
\\\\\\\\\ ‘ ‘ 22Mg

new?’Mg mass: -399.7 keV

PRC 69 (2004) 065803
PRL 90 (2003) 162501

6.609
6.587

6.329
6.246

6.046
5.962

5.837

5.711

5.455

5.294

1.5

0.4

0.2



Reaction rate

The lowest measured state at
5.711 MeV (E_,, = 206 keV)
dominates for all novae
temperatures and up to about
1.1 GK

Updated nova models showed
that 22Na production occurs
earlier than previously thought
while the envelope is still hot
and dense enough for the %°Na
to be destroyed

This results in lower final
abundance of 22Na

Reaction not significant for
XRB

Hot NeNa Cycle

-"'MgAl cycle
(oY)

Stable




26A| (p,'Y)27Si
using
DRAGON at ISAC
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MgAlI cycle | |
269Al(p,y)?Si, 26mAl(p,y)?"Si:
E989,E990 (C. Ruiz and A. Murphy)
DRAGON and TUDA

25A1(p,Y)28Si:
E922 (A.Chen)
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26Al(p,7)?’Si Reaction Study
DRAGON Feasibility Run (2004)

E, =389 keV/u
Er =364 keV
®(*°Al) ~3x 10%/s

(with ~10% 26Na)

27 p| 27 Gj Focal Plane Detector:
8358 | (3/24 — 9/2+)
oo | ) Ion Chamber (5 anodes)
gey |9/2- @00 | 8289 | (7/2+ — 13/2+)
8226 | 7/2+
8207
8182 | 3/2— | Egg A=
8136 | 5/2 | 8140 D 1014
8130 172+ Entries 3024363
8097 | 5/2 | 7.96
5065 /25 /os T9=0.9 8074 Mean 47.9
L(3/25/2+ | RMS 45.53
8037 _,7,,——@@@'&—*3— 8036
7997 | 9/2 S .
7972
58 | A _ & Singles
7900 | (8/22/2)- | Ta0% !
7858 | 3/24.123/2 - IC5 veto singles
v 7828 | (9/2.11/2)+
;?Eg _?#gﬁﬁﬁ?‘ﬁ—‘ 7792 «/
T9=0.3 | ,
7740.8 | (9/2,11/2)+ ”
7721 [ 5/2 S—
- 17 - i ide
78 | (3/2.5/2)+ (1/2.9/2+) | T8=0.2 7888 N ’Y COl"CldE-nt
?ssg | (7/2+9/2401/24) | | 7652
T
7578 | 5/2+ | ! s -
7880 | 342 | T9=0.05 I 7557
7532
‘ A0 l 1 | O O R I
74771 | 1/2= res 400 600 800 1000 1200 1400 1600 1800 2000

H—Energy




SUMMARY of Feasibiity Studies, Summer 2004

e 384 keV/u run: 51148 s (14.2 hrs), 1(269Al) ~ 1 x 108 /sec,
117 coinc. recoil counts, 5 x 1072 jons on target,

e 205 keV/u run: 262407 s (72.9 hrs), 1(259Al) ~ 7 x 107 /sec,
9 coinc. recoil counts, 1.95 x 1013 ions on target (wrong T-O-F)

* resonance strength of 363 keV state:
measured 56 = 14 meV, literature 66 £ 18 meV
* resonance strength of 188 keV state; (upper limit only based on non-obs.)
Y = cts/( It X g4, X €, X &) = 1/(1.95x 1013x 0.4 x 0.35x 0.9 )
=4.1x1013 wy < 65 peV

Unpublished measured value is 55 ueV, previous adopted value is 65 peV!

SUMMARY of RUNS, Summer 2005 (188 keV state)

Received 408 hours 26Al (<8.3 x 108/s); 213 hours useful data
Coincident rate ~ 1 count/day; Laser IS increased beam by x4
Observed ~13 real events; Require ~ 30; data still under analysis
Run scheduled for Oct. 2005 (will use ~3-4 weeks)




H("Bey)®B
using

DRS at HRIBF




"Be(p,Y)2B Measurement at HRIBF

Neutrinos probe solar core

"Solar Neutrino Problem” - neutrino flux overprediction

Solution: neutrino oscillations (SNO)

Dominant nuclear physics uncertainty in v oscillation parameters:
normalization of "Be(p,Y)2B cross section

Results of worldwide effort with 7"Be target discrepant with coulomb dissociation results

®* Modern "Be target experiment: S;; =214+ 0.5eV b

® Modern Coulomb dissociation experiments: S, =19.2+0.7eV b
Snover et al. PRC 70 (2004) 039801

HRIBF: Complementary Measurement with a 1 MeV ’Be beam, H, gas target,
and DRS will have different systematic uncertainties

1019 I-I/cn?2 7Be

[

eeoe .
Be beam | indowless 8B —
Nov. 04: 20 - 25 mCi ’Be cathode H gas target D RS .
! MCP
10’ pps expected MeP
Status: first experiment completed March 2005! 7 eévents/day lon

Counter
Michael Smith



12 MeV "Be /'Li Beam

Beam 'Be =3pA
Li"Be=TN

?Be(p,-}--)a at ORNL

Michael Smith yan Fitzgerald large target chamber
h. D, Thesis Badme ’

Iniv. Nerth Carolina at Chapel Hill Racoils
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Other RIB Studies

ANC/Breakout




Indirect Techniques mosty) With RIBs
[focus on reaction rates]

» Asymptotic Normalization Coefficients

astrophysical energies = p and o capture
reactions are highly peripheral:

o =<1 (eo) O (1gy) >

A W(2KBper)
[=Ch,
I
o op Measure ANCs:
0 o< (Cy,)” Direct Capture peripheral transfer reactions

T



ANCs at TAMU

from radioactive beams

* '°B("Be,’B)°Be, "*N("Be,®B)"°C [S;,(0)] ['Be(p,7)]
[’Li beam = 130 MeV, 'Be beam = 84 MeV]

« MN(MC,12N)13C (""C(p,y)'2N — Pop Il stars)
[''B beam = 144 MeV, '""C beam = 110 MeV]

 T4N(13N,140)"3C (13N(p,y)'*O — HCNO cycle)
[13C beam = 195 MeV, 3N beam = 154 MeV]

T



Proton transfer in inverse kinematics

Heavy ion induced reactions HRIBF

('*N,13C) - ANC’s for "F+p measured for 7F(p,y)'®Ne direct capture

S | | | Gamma detection needed
i 1 to resolve states of interest

4t 2t
2t gs

AE ot

counts/keV

| Ry

[—=—

E, (keV)
18Ne  6,,,=8.0°-9.0°
g Sl .
r== CoNgHg target l 14N(17F,18Ne,,)13C
L/ 2 “orrorirmrr—— — ~ Yf . L~ e 7
R B 17F Beam 1 ~2.1fm7 ]
(10 MeV/u) _r / E
— 2t 189 — . . . . b-g:
Relative high beam intensity g | ]
needed to compensate for poor  *
v-detection efficiency
i ®Ne 10—10....5|....1|0....1|5....2|o....2|5...30

6,, (degrees)

Jeff Blackmon



40Ca(a,y)*Ti
E1024 — high priority
Christof Vockenhuber

IC dEO v dE1 singles Run# 15433 40Ca™ 1138 keV/u 4 Torr He
1600

Challenges:

40Ca beam from Off-line lon Source

2+ required for acceptance at RFQ (A/q<30)
40Ar contamination (measured with IC)
reduced suppression of 4Ca beam, only ~107
Al/q ambiguities #Ti11+ < 4°Ca10+

charge state distribution after the gas target

.o lon Chamber
- Singles events

1200 —

1000 — e o

s00[—

e

oo B 00— ;'
>

IC dEO v dE1 coinc. Run# 15433 40Ca™ 1138 keV/u

1600

- lon Chamber

= Gamma Coin.

1200
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Use of Radioactive Targets

'‘Be(p, v)°B)
>Na(p,y)*Mg

at
TRIUMF-ISAC and UWash.

n-T-O-F




S, {eV b)

"Be(p,y)*B

Recent studies using implanted/deposited targets

—Benmaceur —Barker B2
24 ———Johnson Barker B80 -
Nunes Cscto, £2B
Jennings, r.=1.0 ———Cscto, C8B .
3, —-—-lemings, r.=2.4 —DB
22 \\'\\_ Barker B ----- Typel

0 50 100 150 200 250 300 350 400
Eem (keV)

S,,(0) =22.1 £0.6 eV b Seattle/ TRIUMF

Junghans, et al., PR C 68, 065803 (2003)

L. Buchmann

S,,(0)=20.8 £0.8 eV b ISOLDE/Weizmann

Baby, et al., PR C 67 (2003) 065805
Baby, et al., PR C 69 (2204) 019902
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Understanding novae; 22Na(p,y)?3Mg revisited
E1027 Jac Caggiano

Motivation
New excited state found in 23Mg (2004)

Could be dominant res. in 22Na(p,y)*3Mg
Most important reaction in determining

abundance of cosmic gamma ray emitter 22Na
(T,,=2.6 years)

Need to measure resonance strength

22Na target required

Jac Caggiano




Outline of Plan

Deposit in copper (rastering)
Test implantation process/stability of deposit, etc.
Prepare 1 ~10 pCi target

— 81 seconds with 65uA protons BT NFETR)
Two <= 300 pCi targets

— 45 minutes each with 65 YA protons

— Double as strong sources and targets

— Have up to 1 year before decay to 200 uCi
TOTAL ISAC beamtime required 1.5 hours
Expected Counting Rate for 2°Na(p,gamma)

— Background: 1-10kHz in Ge

— Measurement: wy=1 meV -> Y=1.02x10-"?;

— With efficiency=0.001, 10pA => 0.64 cnts/sec

Status

« Deposition has been tested and it is understood.

 [nitial attempt to prepare 300 uCi sample not successful
as ISOL target died

» Another attempt planned for October, 2005.




n-T-O-F facility
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Parameters Hosiny 87 0s(ng
Target ~1 021 atoms = Wintgfs and Macklin (1982) —— = a0 Winters and Macklin (1982) ——
6 E Present {preliminary) —— E Presant (praliminary) —
Beam ~10° n/pulse c =
. = 10000 = 10000
Cross Section ~10-23 —i %
o -
NG([) ~ 104 /pUlSG 3] 1000 H,_ 2 1000 M,
'g. oy "Ei::.
Extrapolate ffom ~
A)UD 100
thermal energies?? o 1 10 100 1000 0.1 1 10 100 1000

What about?
Target ~1018 =

Meutron Energy [keV] Meutron Energy  [ke'V]

Cross Section ~10-23
Beam ~10° n/pulse
Noo ~ 10 /pulse
(Isit doable??)

U. Abbondanno et al., NP A 758 (2005)

Radioactive target

~10%2 p/s x 8.6 x 10*s/d x 10 d collection = ~10'3 atoms



Future Plans

ISAC and DRAGON

RIA??
EUROISOL??




DRAGON Program (10 years) Science Priority List of DRAGON Collaboration

_ R Radioactive Beams Stable Heavy lon Beams
Science Priority List E813 150(0.,y)19Ne E952 12C(a,y)'60O
E922 25Al(p,Y)26Si E1024 40Ca(o,y)**Ti

E952 1§C(oc,y)11zo E989 263mA|(p,y)?Si New: 170(p, v)'8F
E813 ™O(a,y)""Ne E811 °Ne(p,y)®°Na

E922 25Al(p,y)26Si 13 14
E989 269.mA|(p,Yy)?’Si Eggg 17:;]((5’7)180
. Y)'°Ne

E1024 4°Ca(p,y)44T| ES10 23Mg(p Y)24A|

E1027 22Na(p,y)23Mg E983 11C(p ,Y’)12N

E811 9Ne(p,y)?°Na ’

E805 "*N(p,y)™*O Feasibility Priority List of All Experiments

E946 '"F(p,y)'"°Ne E989 269.mA|(p,Y)2’Si  [in progress]

E810 #Mg(p,y)**Al E1027 22Na(p,y)>Mg [Seattle; p beam; in progress]

E983 ''C(p,y)'*N E1024 40Ca(o,y)*Ti  [in progress]

New: 7O(p, v)'®F New: 7O(p, y)'8F  [needs EEC approval]

E811 " Ne(p,y)?*°Na  [needs beam; FEBIAD]
E922 25Al(p,Y)?°Si [needs beam; target]

N E989 26mAl(p,y)?’Si  [needs beam; target]
Initial program based E805 '3N(p,y)“0O [needs beam; ECR,alternate]
upon discussions at E983 "1C(p,y)2N [needs beam; ECRalternate]
Parkville conference in E813 °0(o.,y)'°Ne [needs beam; very difficult]
1985 with some upgrade E946 VF(p,y)'®Ne  [needs beam;ECR]
following developments E810 szg(p,x)z“Al [peeds beam;laser]
and beams availability E952 12C(a,7)'°0 [in progress]

New: 269Al(3He,t)%6Si(p)?°Al [rad. target;Yale study; needs EEC]




The nuclear trigger of X-ray bursts
SO(o,y)""Ne, ®Ne(o,p)?'Na

Reaction rate determined by single resonance
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150(01,y)'®Ne as switch for XRB pattern
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Some key questions (for DRAGON program)

Why had 22Na (Ey=1.25 MeV) not been observed from a novae?
— Need rate of 2'Na(p,y)*?Mg reaction at ~200 keV  DONE
— Need correct rate of 2Na(p,y)**Mg; IN PROGRESS

26Al is observed but can we calculate accurately how much can be produced
in a SN or nova explosion?

— Need rate of the 259Al(p,y)?’Si reaction; IN PROGRESS
— Need rate of the 2°Al(p,y)?Si reaction;  Need Beam
— Need rate of the 26™Al(p,y)?’Si reaction; Need Beam

44Ti is observed following a SN but can we calculate accurately how much
can be produced?

— Need correct rate of the 4°Ca(a.,y)**Ti reaction; IN PROGRESS

X-ray bursts are observed but what is the nuclear pathway (and temp) for
their production?

— Need rate of the 1°0O(o.,y)'°Ne reaction;  Need Beam
— Need rate of the ®Ne(p,y)?°Na reaction; Need Beam

What is the rate of 2C(a,y)'6O at 300 keV to 10% accuracy?
— Would need to significantly upgrade DRAGON to achieve higher acceptance



The ISAC - II Accelerator Floor

Not finalized
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RIA in astrophysics

_ Low Energy Experimental Hall
ARIA Worklng group ARIA Working Group

design of nuclear  |[§ :Mtipurpose
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28 members from
15 institutions!
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and several generic multi-array detector stations for inverse
Kinematics experiments with radioactive beams.

MW



Summary

Thanks to all...

Many studies now in progress around the world using RB
In nuclear astrophysics (and more to do!!!).

These range from radiative capture to wide spectrum of
particle reactions.

ISOLDE had been benchmark of RB studies in the past
with great successes.

Most studies shown could be done at ISOLDE.

Needs upgrade of facilities to be part of this new area of
science (or to lead in this field !!!).

RT coupled with n-TOF is optimal for s process studies.
What about a second Production System???



