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RELATIVE ABUNDANCE

Solar Abundances: We are all Stardust!
... but how did we get here?
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1. How did the elements form (nucleosynthesis)?
2. How to different stars evolve?



Stellar Life Cycle
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Nuclear Astrophysics at a Glance

Observations:
-satellites
-telescopes

EXPERIMENTAL
NUCLEAR
PHYSICS!!!



Nuclear Astrophysicist’s Chart

Red Giant Stars
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Experimental Quantities to be
Measured

Quiescent (stable) burning:
— reaction rates
— lifetimes

Explosive burning (e.g. rp-process
nucleosynthesis: X-ray bursts, classical novae):

— reaction rates: (p,7), (o, p), fusion, etc.
— lifetimes
— masses

r-process nucleosynthesis:
— masses

— p-decay lifetimes

— P, values

— reaction rates: (n,y)




Competition:
What happens to a nucleus in a star?

B decay Depends on: N+2
1. Properties of nucleus 742
Particle capture: 2. Properties of stellar site *
(p,7)
(n,y)
(a7) N-1 N N+ N+2
/+1 /+1 1 /+1
Photodisintegration: T
(,n)
(,0) _
N-1 : N i N+1
: Z Z /
Other reactions:
(p,Q)
p~delayed N-2 N-1 N N+1
emission
tision Z-1 Z-1 Z-1 Z-1

etc.



Competition:

What happens to a nucleus in a star?

B decay Depends on:

1. Properties of nucleus
2. Properties of stellar site

Particle capture:
(p,7)

N+2
Z+2

(n,y)
(a7)

/+1

Photodisintegration:
(%pP)

(y,n)
(r,0)

Other reactions:

N =2 >

Several processes/

(p, )

B—delayed reactions on a nucleus
cmission can be possible in one
fusion

etc. stellar site!

N+

N+2
Z+1

N+1




Experimental Quantities to be

Measured

Quiescent (stable) burning:

=) reaction rates
— lifetimes

Explosive burning (e.g. rp-process

nucleosynthesis: X-ray bursts, classical novae):
mm) reaction rates: (p, ), (a,p), fusion, etc.

— lifetimes
— masses

r-process nucleosynthesis:

— masses
— p-decay lifetimes
— P, values

mm) reaction rates: (n,y)
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These quantities dictate:
e the reaction flow
* elemental abundances
* energy output
e evolution of star

... and us!
7°rtan“’



Reaction Rates

 How often does a reaction A(a,b)B happen in a stellar
plasma??

 What matters?
— number density of target nuclei: N,
— number density of projectile nuclei: N,
— relative velocities (energies) of particles: v
— reaction area for reaction: o(v)

* Basic form of reaction rate:  r=N,N_vo(v)

Velocity (Energy) dependence!!



Charged Particle Reaction Rates

Stars are hot . .. but not that hot!

How much energy does a the average
proton have in the sun?

— 1keV (E~KkT)

But the Coulomb repulsion between
two protons is:

272 2
_ZiZe

r

V. =550 keV "

How do protons fuse in our Sun??
— Tunneling!!

POTENTIAL V (r]

Tunneling probability of 1 keV
proton?

CouLoMs
BARRIER

PROJECTILE

DISTANCE r

CLASSICAL TURNING
POINT R (E)

— 8.9 x 101011

| Rolfs & Rodney 1988

NUCLEAR
RADNS R,



Energy Distribution of Protons in Sun

* Of course, not every single proton has 862 eV of energy —
there is some distribution ¢(v)

0o

e This probability distribution fqb(v)dv =1

— must normalize to unity 0

— t be folded in with y
must be folded in with vo(v) <av>=f¢(v)v0(\/)dv

r=N,N, (ov)(1+ (3Aa)_1

r= NN (0v) = NN, [ [@(v)8(v.)vo (v)dv, dv,




Energy Distribution of Particles in
Plasma

 What type of energy/velocity
distribution exists in a stellar P
plasma? 200°K
A. i istribution B A ]
5 N 400" K
B. Maxwell-Boltzmann 3 e
distribution = \
C. Poisson distribution
D. Gamma distribution velocity
relative velocity redlﬁd mass
\ 3/2 >
Distribution for both species A and a: (v) = 477@2( ) exp(_@)
2kT

3/2 2
v Y=dm? || exp|-aa b
#(va) A’“(znkT) P ( 2kT) .
= exp
2kT

center of mass velocity total mass



Reaction Rates

o 00

<Gv>=ff¢(v)v0(v)dv¢(V)dV

P -onlsly) Joeel-L)eer

In terms of center of mass energy, E =1/2 Mvz, we can rewrite
the reaction rate per particle pair as:

o il

Notice: 1. The energy depend terms are all in the integral!!
2. Temperature dependence



Non-Resonant Reaction Rates

« Two types of reaction rates: s> STANDING
— non-resonant Hgf"“‘”“”“ " / oReimau)
WAVE
— resonant . .
 Non-resonant reactions: FINAL WUCLEUS &

- one-step Process
— can occur at any energy

. PROJECTILE X Ei I
— electromagnetic process :

— cross section varies smoothly
but drops quickly ” TARGET & v

— measurements at low

(stellar) energies are e |
difficult! A

COMPOUND
NUCLEUS B

Schematic of a non-resonant
capture (direct capture) process:
Rolfs and Rodney, 1988



Non-Resonant Reaction Rates

 Two types of reaction rates: ]
— nhon-resonant
— resonant

. *He (a,v) Be
* Non-resonant reactions:

— one-step process
— can occur at any energy
— electromagnetic process &0

— cross section varies smoothly
but drops quickly ———

— measurements at low

(stellar) energies are
difficult!
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Non-Resonant Reaction Rates

Probability for tunneling where R_.>>R_: &
Z.Z,e

P =exp(-27m) where 7= P~

POTENTIAL V (r]

The cross section is also proportional to
1/E, and can be written as:

CouLoMs
BARRIER

PROJECTILE

—
DISTANCE r

CLASSICAL  TURNING
POINT R (E)

o(E)= %exp(—Z:m)S(E)

S(E) is the astrophysical S-factor and
contains all strictly nuclear effects

The S-factor varies much less rapidly and
can be extrapolated to stellar energies —
THIS is often what we are after!

NUCLEAR
RADWS Ry,



Non-Resonant Reaction Rates

* Probability for tunneling where R_>>R.:
Z.Z,e

P =exp(-27m) where 7= P~

CROSS SECTION o (nb)

* The cross section is also proportional to
1/E, and can be written as:

o(E) =%exp(—2m7)S(E)

g e

S(E)-FACTOR (keV-b)
g 8 8
1 L) % T LA
4 3 2

g
"

Non-resonant reaction rate:

’ * ENERGY Ec,,.,(kevlgmJ e
172 o
(ov), =( 8 ) : o [ S(E)exp _E_\/E dE
U (kT) 0 kT E We can expand S(E) around zero
5 energy and get these values from
Gamow Energy: |\E_ = [(2M)1/2 nezzlzz /h] the fit to the data!




Non-Resonant Reaction Rates

* Probability for

P =exp(-27m) where 7=

e The cross secti

tunneling where R.>>R_:

Z.Z,e
hv

on is also proportional to

1/E, and can be written as:

o(E) =%exp(—2m7)S(E)

Non-resonant reaction rate:

[ee]

e 2]

mu) (kT)

3/2 fS(E)eXp

Gamow Energy:

12 5 2
Es =|(2n)" 7’22, 1]

RELATIVE PROBABILITY

Reaction rate folds together the
Maxwell-Boltzmann distribution
and the Nuclear cross section

MAXWELL - BOLTZMANN
DISTRIBUTION
ec exp (-E/KT)

N
e ‘7//// A

Rolfs & Rodney 1988



Gamow Window

F+p Gamow window
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Gamow Energy: |E . = [(2M)1/2 j-,;ezZlZz /h] 1012

E. (MeV)
Reaction site T (10° K) | KT (keV) | ry,, (fm) | r (fm) | E, (keV)
p+p sun 15 1.3 1100 2.5 6
p+“N CNO 30 2.6 3900 4.3 42
a+12C red giant 190 16 1060 4.8 300
p+17F nova 300 26 500 4.5 230
o+30S x-ray burst 1000 86 500 5.9 1800
3He+4He big bang 2000 170 33 3.8 580




Direct Measurement of *He(c,y)’Be

|| 1 1
H(p,e*Vv)*H H(pe,v)?H v’ 4
99.75% 0.25% E
2z J
ZH(P,V)3He . 3He(a,'Y) 7Be i
86%¢ — ¢ 0.00003% g J -;
3He(®He,2p)*He | *He(*He,7)’Be 3He(p,e*Vv)*He :
I g Rolfs and Rodney, p. 157. i
14%\1, v Data from Kréwinkel et al., -
. A . . . E ZPA 304 (1982) 307. 3
Be(‘l"’) L Previous experimental limit =~ - e T
L
71 4 4 >‘ 0L .
P m
pp chain Need o here for sun S oz} Mg g
ful' o -
@ 00 \ 1 1 1
0 300 600 900 1200
Important for: ENERGY E,,, (keV)

The sun (v production)

Big Bang (Li production) How to get down to lower energies

i.e. lower cross sections?
OEie—\/Ea/E » High intensities
E » Low background



Measurement of *He(a,y)’Be @ LUNA

Water-cooled collimators
Diameter: 7mm  Lead shield

Diameter: 15 mm
£
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Laboratory deep underground / , — _ eld
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6 ¥; Empire State
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for scale

Geoscience

Shallow
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M. Leitmer - Apr 2008



Resonant Reaction Rates

* Two types of reaction rates:

non-resonant
resonant

* Resonant reaction rates:

two-step process

creates excited state in
compound nucleus

occur at specific (resonance)
energies

vary dramatically over small
energy ranges (resonances)

can have very high cross sections
if beam energy satisfies:

ER=EX_Q

* From of cross section??

Ei JI
PROJECTILE X : ) o
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(7 TARGET A O
0.- VALUE A
£y
13
Eq
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Resonant Reaction Rates

Resonances can be narrow or broad

Narrow resonances:
— Width I" < 10% of E,

Resonant phenomena occur in nature
all the time!

— e.g. damped oscillator

/
(a)—a)o)+((5/2)2

Breit-Wigner cross section has this
form:

2J +1 rT,

a

Relative Probability

)

Maxwell-Boltzmann
Distribution

Narrow Resonance

WidthI' <<E,

>
Eq Energy E
Rolfs & Rodney 1988

11
NA <O'V> _ 1.5399x%10 E ((DY )i e—11.605Ei/T9

(1+6,,)

(27, +1)(27, +1)

statistical factor

E-E) +(T/2)

(M].,g)3/2 1
(1) g e ) D
T(2d,+1)(27,+1) “r

E, = resonance energy
J =spins of states
I'= particle widths



Resonant Reaction Rates

Maxwell-Boltzmann
Distribution

Resonances can be narrow or broad

2
:E {\ / Narrow l}esonance
N
_ <<E,
3 EXTRAPOLATION DIRECT EXPERIMENTAL
— — e sl — —
Re S I ME ASUREMENTS —,
al . Crey &
—_— )dney 1988
- s ! . LOW-ENERGY
4 ’.\‘ TAIL OF BROAD
l’§ \ RESONANCE |.605E, /T,
7 ]
By § A NONRE SONANT LT,
A U A 11 i PROCESS Lo
INTERACTION ENERDY E
Oy

2J,+1)(2J,+1)" NE-E,) +(I/2) ToTrT e
w( )/( ) +{2) I' = particle widths

statistical factor




Resonant Reaction Rates

Two types of measurements:

— direct: measure the reaction of

interest directly

* Pros: measuring what happens in nature

* Cons: loooowwww cross sections, low
intensity RIBs, challenging kinematics

(inverse kinematics)

— indirect: measure nuclear structure

components which go into the
reaction rate

* Pros: you pick reaction (stable and/or
high intensity beams, well-known

experimental techniques, etc.)

e Cons: not measuring reaction of interest

Both types of measurements are
needed:

— nuclear structure information needed

to know which resonances are

important and where to find them!

RELATIVE PROBABILITY

MAXWELL - BOLTZMANN

| DISTRIBUTION

. exp -E/KT)
r

/

GAMOW PEAK

0

_,425£§222222225Eamhm,

TUNNELING
THROUGH
— COULOMB BARRIER

kT Eo ENERGY
Rolfs & Rodney 1988
1.5399x10" _ /T
NA <0V > — — ((DY )i e 11.605E; /T,
() 2
(1), g (e ) B
T(2d,+1)(27,+1) “r

E, = resonance energy
J =spins of states
I = particle widths



Reaction Rate Measurements:
Classical Novae

Classical nova rate = 35/year dwarf star (C,0,Ne)
Peak temperatures: 0.1 — 0.4 GK
Luminosity increase by a factor of
104

giant star

18Ne 19Ne
2s 17 s
T hydrogen
117n': * Hydrogen converted to He via hot CNO
cycle

Tig oo oo * electron degeneracy =2 pressure
U o 2m * Temperature builds 2 thermonuclear
T T runaway
13N 14N * Breakout from CNO cycle from 18F:
10m 18F(p, ) 150, 7)°Ne(p, )°Na
| 15E(p, )15Ne(p, ) Na
2 e 18F(ﬁ)18Ne(a’p)21Na




Reaction Rate I\/Ieasurements
Classical Novae

Classical nova rate = 35/year
Peak temperatures: 0.1 — 0.4 GK
Luminosity increase by a factor of
104

18Ne 19Ne
2s 17 s

T

17F
Tm

140 150 160

Tm 2m °
13N 14N ([ J
10m

12C 13C

g

Hydrogen converted to He via hot CNO

cycle

electron degeneracy = pressure

Temperature builds = thermonuclear

runaway

Breakout from CNO cycle from 3F:
¥F(p, 2)™0(ar,y)’Ne(p, y)*°Na
*F(p,7)*°Ne(p,y)*°Na
F(f)**Ne(a,p)**Na



Solving a reaction rate network

Network of many coupled equations
The CN cycle: hydrogen burning Y P q

Identify important reactions d]:’;tzc = Nisw N, (0V) 500 = Niae N, (0V) e,
T?n lzs?n N dZZI;N = NN, <Ov>12Cp ~ NN, <ov>13Np = hanNisy
N N = dj:;% = AswNisy = Nise N, (0v >13cp
10 m
| ‘ djz,% =Ny, <Ov>13Np = haoNiso
" c di\;% = NiseN (030 + MaoNiao = NN, (0v),
Nuclear physics — reaction rates d]:];o = NiwN (V)0 = hsoNiso
o B o,

=) Numerically solve for N (t)



Solving a reaction rate network

The CN cycle: hydrogen burning

|Identify important reactions
\

140 150 160
Im 2m

A A
13N 14N 15N
10 m

A A
12C 13C

-

Nuclear physies.— reaction

Astrophysical model to deﬁiN -
)

equations of state: p, T C (6)
B (5)

Network of many coupled equations

le2C

g NisyN p<0">15Np = NN p<0">1ch
Ar (18)
Cl (17) . 21 22
S (16) NNNJ
R (15) . 17 18 19 20
N N
Al (18) . 15 16
Mg (12) i
Na (11) | aer 13 14
Ne (10) K=
F (9) g > 11 12
O (8)

=

Zm=® Numerically solve for N (t)




Reactions in Classical Novae

Sensitivity studies vary the

INFLUENCE OF REACTION-RATE VARIATIONS ON [SOTOPIC ABUNDANCES IN

Reaction-Rate

TABLE 12

Nova NUCLEOSY NTHESIS®

Variation® Isotopic Abundance Change®
reaction rates to show which CO Nova Models
. 70(p, 1) #F ..oeoee. 15F
ones affect the final elemental ;zgﬁ.a:;;g_..._...... o,
“rp, o .
abundances produce by novae o v
Mg(p, v Al....... 26Mg
BAlEp, 1) Si........ AL

ONe Nova Models

C. lliadis et al, ApJ SS 142, 105 (2002) 0P, 1)¥F .o 10,15
"0(p, a)'*N........... 110, 15F
E(p, v)¥Ne.......... 110, 15F
BE(p, a)50............ 160, 170, 8F
2Na(p, 7 Mg....... 2INe, 22Na,2?Ne
. . ZNe(p,7)*Na........ 2Ne
Most important reaction rates known, — suoh o s, 2ne 2. 5Na, M Me, M. ¥AL 7Al
SMg(p, 7 AlL....... 20Ne, 2'Ne, 22Na, ZNa, ¥Mg
except a few such as 5Ma AL 2otg
18 15 { BAIYp, 1) Si........ BA|
F(pla) 0 BAIM(p, 4)7Si........ Mg
3()P N 315 2Si(p, 7y P............ 2951
PP, 1P’ e Hsi, 328,335, 345 351, 37Cl, 3Ar, V7Ar, *Ar
BS(p,7)HCl ........... B, 4§, 35C1, ¥Ar
BCKp, 7)HAr......... g
3"S(p ‘y)35C| 3"S. 3SC|. 6 Ar
yCl(p Y )351\1'......... 3“8

T Ar(p, 7 ¥*K.......... 31CL 37Ar, 38Ar
$K(p, 1) Ca......... AL




2621 line-energy shift [keV]

Why 2°Al?

Radioisotope!

26Al8 has a long half-life
(7.2 x 10° yrs), that is short
on Galactic time scales

1.809-MeV vy ray emitted
from excited 2°Mg level
populated via 2°Ale 3 decay
can be detected

despite all-sky map of 26Ale

production site(s) remain
in question

0.228 MeV, 0
g.s., 5"

1.0 IIIIIIIIIIIEIIIIIIIIIIII':IIIIIIIIIIIIIEIIIIIIlllllll:lllllllllIIIIEIIIIIIIIIII

.0.5 lllllllllll-llll
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SERTRRN T RNL |
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g.
o

Galactic longitude [deg]

-50

26A|

2.938 MeV, 2*

1.809 MeV, 2*

g.s., 0*

E =1,808.72 (+0.19)

- .

e 15 - FWHM =117 (+0.76) ]

- I=3.04 (+0.31)
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Energy (keV)

. Diehl et al., New Astr. Rev. 50, 534 (2006).



26A1 in Pre-Solar Grains

* Snap shots of stars brought to Earth via
meteorites

 Allende meteorite:
— 26A1/27Al ~ 5.5 x 10 at time of formation

— first indication of 2°Al being produced in our
Galaxy!

T T T T T | | T T T

- Mg-Al ABUNDANCE DATA —|%0
0.20— 'g

. a0
£
. * Q.
pa— m —
. o
(26017 27Alg=55x I0° L%

e

R WO SRR ? s ? ““““ o (o]

1
4C0 600 800 1000 1200 1£00C

27p/ 24 g L. Nittler, EPS Lett. 209 (2003) 259.



26A1 in Pre-Solar Grains

Snap shots of stars brought to Earth via

meteorites

Allende meteorite:

— 2A1/27A1

5.5 x 10 at time of formation

— first indication of 2°Al being produced in our

Galaxy!
o Mainstream ~93%
IF‘ME - ¢ A+Bgrains 4-5%
°°° OD A Xgrains ~1%
& © o0 @ Ygrins ~1%
M O Zgrains ~1%
1E+33 @ Nova grains (SiC)
Ao D © Nova grains (graphite)

A

(o3
Ki’Bla 161 %
] o

N/ISN
3

Solar

2 G
4 -
KICLam551 A
A Al‘. A
a ¢

<
A
KIGMAC-100-3 A - A
A
A
1E+14 KIGMAC-311-5 A
- b
. o
REET B amsmcr &
1E+0 — T — T — T — T
1E+0 1E+1 1E+2 1E+3 1E+4
12C/M3C

J. Jose et al., ApJ, 612 (2004) 414.

1E+0+

1E-1+

®
06) éj % *, O  Mainstream
o ] A
N - 3 O  A+B tg:a.mx
4 Oc DB] %\ ¢ A Xgrains
1E-4 2 o -] Y grains
E s oo g . % .. P  Nova grans (SiC)
. P
1E-3 v e
1F+0 1E+1 1E+3 1E+4




2°Al(p,v)?’Si and 2>Al(p, y)?°Si

26Al8 is formed:
— decays to °Mg*
— proton capture to ?’Si

>Al(p, 7)*°Si
— competes with 3 decay
— bypasses production of 26Al8

Indirect and direct measurements
both needed

Where are the 27Si resonances?

» transfer reaction data
e.g. 2°Al(3He,d)?’Si

26Si

27Si

A

26mA1
25A1
26gAl
A \ )
26Mg*
24Mg 25Mg
P
i\g& *:Mg



2°Al(p,v)?’Si and 2>Al(p, y)?°Si

o 26Al8 s formed:
— decays to 2°Mg*
— proton capture to ?’Si

* 2Al(p,y)**Si
— competes with 3 decay
— bypasses production of 26Als

 |ndirect and direct measurements
both needed

Where are the 27Si resonances?

> transfer reaction data
e.g. 2°Al(3He,d)?’Si

 Performed with the Princeton
cyclotron and QDDD spectrometer

— 3He beam incident on 2°Al target

Particle Telescope

N \ ‘-“l \
4 \ .
2 \
sition Sensitive Q1
aportional Counter
Scottering Chamber /

Puastic Scintiflaror 45 MeV a Beam

w T T v T v 1 . 1 3
o 25A(Me,d)T"Si 0,=5" :
Bl S . .
107 + s R < E
. | /\ 2 5% & 2oy
€ ot = T e & | ]
8"F ’/ L\f et | / |
} ]
1051 | \\/\/U\J\ ?
¥ g
10

A 1 " 1 " 1 " 1 i L}
13800 14000 14200 14400 14600 14800
Deuteron Energy (keV)
FIG. 3. Deuteron groups identified by the excited state of the
residual nucleus. Those from “*Si are labeled above the curve, while

those from >’Si states are labeled below.
Vogelaar et al, PRC 53, 1945 (1996)



Direct Study of 2°Al8(p, y)?’Si

R L. o * Recoil separators do what the
e B name says = separate recoiling
Az Charge sii reaction products!

DRAGON M H( %
Detector of Recoils And 4il . "
M-gmioé N ;

Gammas Of Nuclear reactions 2
Quads

* Multiple recoil separators in the
world:

— DRAGON (TRIUME)
— St. George (Notre Dame)

— Daresbury Recoil Separator
(ORNL)

— ARES (Louvain-le-Neuve)
— Future: SECAR at ReA3 and FRIB

"‘ L
Recoil Detectors Dipole ——— 7T
Finsl Focus \

Ou.da' e Eloctrostatic

o'

26A| + p _ y + 27Si
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Direct Study of 2°Al(p, y)?’Si

v ray detectors

26A] beam

DRAGON

tail

H,gas |y ray detectors

ne T

N

= /

vy rays detected in DRAGON 27Si detected in
head by an array of BGO DRAGON tail by

detectors MCP detector



Direct Study of 2°Al(p, y)?’Si

New results [Ruiz et al. PRL 96 252501
(2006)]

> E.., =184 +1keV

» wy=35%7peV

Old values [Vogelaar, PhD Thesis (1989)]
> E_., =188 keV
» wy=55%9 eV

Lower resonance strength favors
production of Al in novae

New data results in 20% increase in 2°Al
ejected in ONe novae using current models
(compared with Vogelaar data)
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Reactions in Classical Novae

TABLE 12

2

INFLUENCE OF REACTION-RATE VARIATIONS ON [SOTOPIC ABUNDANCES IN
Nova Niier E0sy NTHESISH

Sensitivity
reaction ra
ones affect
abundance

C. lliadis et al,

Most impo

Unfortunately, current radioactive ion
beams of 2°Al and 2°Al™, do not yet have
sufficient intensity to directly measure
2>Al(p, ¥)2°Si and 2°AI™(p, y)%’Si

We must use indirect techniques!

ance Change®

g, Mg, 26A1

=

“F

SF

“F

D, BF
a,?Ne
e

g, Mg, Mg, A1, 77 Al

except a few such

5 (p, )50

30p(p.v)31S
>Al(p,y)?°Si

BMg(p, 7 Al.......
BAIED. AVISi

SMeg(p, 7AL....... 20Ne, 2'Ne, 22Na, ZNa, *Mg

260 g
%Al
260 g

1-5399><1011 ~11.605E; /T 29
N y <0V > = E ((DY )l- € v 345, 35¢1,%7C1, ¥Ar, AT, ¥Ar

(MTg )3/2 z 5,450 Ar
2]i +1 - F F “S.“_gll.j““:\r
(a)y)z - (2] (+ 1)(2.]) + 1) (1 + 601)1—?—1) I, ‘\1{: ¥Ar
0 1 tot :




Studying levels in 2°S;

* Indirect techniques used to study:

1
N, <0\/> _ 1.5399x10 E ((DY )1- o1 1:60SE, /T,

— energies of excited states 3/2
(resonance energies) (MT9 ) :

— spins (2J,+1) LT

_ . . . wy) = ! 1+5 _a b
particle partial widths (@), (210_”)(2]1”)( o) r_

* Transfer reactions:

— regular kinematics with stable
beams

— inverse kinematics with stable or Transfer studies for 2°Si:
radioactive ion beams

— different transfer reactions probe . ]
different states in compound > 28Si(p, t)?°Si
nucleus > 29Si(3He 6He) 26G;

> 24Mg(3He,n)?®Si

 Other studies: > 5A1(d,n) 255

— delayed proton decays

— coincidence measurements with
particle decays



Transfer Studies in Regular Kinematics

* 28Si(p,t)?°Si transfer reaction at RCNP, Osaka

 Measured: Matic et al.,
— excitation energies PRC 82, 025807 (2010)
— angular distributions = transferred L
— Calculated particle partial widths 285j(p,t) 2 si
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. to Grand Raiden | v l 2 5
Spectrometer | l WW: M
28S| target 50 1 y| /
= ‘ B — 0 il WU,
g wf ’ 1l 0=8°
e | j \4 B §
20l i
S 0 l ¢
. e '\"L|J
0 17 A ML | |
af A8R|| o-17°
&
0f j B <

t.ulum m.l

5.5 7.5 8
Exatatlon energy (MeV)

o

il



Transfer Studies in
Inverse Kinematics

2>Al(d,n)?0Si*(p)?°Al proton-adding reaction

Performed at Florida State University’s
RESOLUT facility

12 ®A+d—si -
. ]
4 i -
Nl d J : ||‘|'e[h1-nﬂﬂe,1

8 Background Subtracted -
4+ -
o g L PO

2c Target |

Counts/(50 keV)
o
G)

w
T
1

ol

_ ai ﬂn,ﬂnﬂ —
gl )

0 3

Q (MeV)

FIG. 1. (a) Proton decay Q-value spectrum, in the inverse-
kinematics B Al(d,n)**Si — p + ¥ Al reaction, measured with a CD,
target. The dashed line indicates the energy dependence of the

& particle detection efficiency in arbitrary units. (b) Beam-background-

subtracted spectrum obtained by subtracting the *Mg Q = 12+
beam contamination from the spectrum A. (c) Spectrum measured
using a '2C target. (d) Proton decay Q-value spectrum, measured in

the inveree_kinematice *Maoald nV 2 Al — n 4 Mo meaction while

P. N. Peplowski et al., PRC 79, 032801(R) (2009)
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Transfer Studies in
Inverse Kinematics

*  25Al(d,n)?°Si*(p)*>Al proton-adding reaction 4

o

L8| P
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* Performed at Florida State University’s
RESOLUT facility
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FIG. 2. Reaction rates based on direct capture and the three
resonances displayed in Table I (see text).

# P. N. Peplowski et al.,, PRC 79, 032801(R) (2009)




Measuring Partial Widths

Excitation energies and spins:
straight forward transfer
measurements [>T«

o

- resonant reactions

AX+p

Particle widths can be more L>>1, 4
challenging . ..

26p (produced at NSCL via 3°Ar on a
’Be target) implanted in segmented
germanium detector (GeDSSD)

drect capture

Gammas from 26P(3)25Si*(p)2°Al
detected by SeGA array in S

coincidence with f3's detected in the

GeDSSD ﬂ,where r,=r +0C

4
tot



Measuring Partial Widths

ion implantation

Excitation energies and spins:

straight forward transfer ® .
measurements

Particle widths can be more
challenging . ..

Gamma ray

26p (produced at NSCL via 3°Ar on a beta decay
’Be target) implanted in segmented
germanium detector (GeDSSD)

[/ /) LSS

N\
™
™
N
™
<
N\
™
™
™
RN
N

Gammas from 26P(3)25Si*(y)2°Si
detected by SeGA array in

coincidence with f3's detected in the
GeDSSD

Courtesy Sean Liddick




Measuring Partial Wid

ion implantation

Excitation energies and spins:

t%St
straight forward transfer ® <
measurements

Particle widths can be more

challenging . .. Gamma ray
26p (produced at NSCL via 3°Ar on a beta decay
’Be target) implanted in segmented
germanium detector (GeDSSD)
25 A:L J‘ \ \\\\

Gammas from 26P(8)26Si*(y)26Si 600 1 “po, si" ]
. 24 5 * i 6
detected by SeGA array in > 507 g "“Si\ i .:' ,_ |7 .3
coincidence with s detected inthe 5« T | r‘ I ‘ M ;'f \“ |, 8
GeDSSD RN L ALATALE NN -
E i T N\ s T
w oI T
New results of gamma width 7 \JHJ Nl l | J‘
increase from 20% to 30% in 25A ekl LAl LT,
Increase rom o O OIn 1720 1740 1760 1780 1800 1820
produced by novae! Energy (keV)

M. B. Bennett et al., PRL 111, 232503 (2013)



Coincidence Measurements

Two transfer reactions performed at N /+
Yale’s Wright Nuclear Structure . = }
Laboratory L X
—  28Si(3He,)?’Si*(p)?°Al ’
—  27Al(3He, t)?’Si*(p)°Al Y

Enge spectrograph used to determine
energy of excited states

Proton decays from 2’Si resonances
detected using Si array in coincidence




Coincidence Measurements

Two transfer reactions performed at

Yale’s Wright Nuclear Structure

Laboratory
—  285i(3He,@)¥’Si*(p)26Al
—  27AI(3He, t)7’Si* (p)2°Al

* Enge spectrograph used to determine

energy of excited states

* Proton decays from ?’Si resonances
detected using Si array in coincidence
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Coincidence Measurements

Two transfer reactions performed at
Yale’s Wright Nuclear Structure
Laboratory

— 28Si(3He, a)?’Si*(p)%°Al

—  27AI(3He,t)¥Si*(p)2Al

Enge spectrograph used to determine
energy of excited states

Proton decays from 2’Si resonances
detected using Si array in coincidence

Measured

— excitation energies (resonance energies)

— angular momentum transfer (spin
information)

— proton branching ratios: Fp/rtot

Indirectly calculated 26AI™(p, y)?’Si
reaction rate
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C. M. Deibel et al., PRC 80 035806 (2009)



with Gammasphere

26-MeV 10 beam on *2C target

Fusion evaporation used to populate 2’Si
resonances

Gamma-rays detected in Gammasphere to
determine energies and spins
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