Nuclear Physicsin the Cosmos

Under stand nuclear processes For background, see
that

e Power the stars OPPORTUNITIES

o Synthesize the elements ..,m...:;‘....,,.,

* Mediate explosive phenomena

Deter mine ORIGIN OF THE ELEMENTS

» Nature of stellar evolution

» Sites of astrophysical processes
* Properties of universe

* Neutrino properties

http://www.nscl.msu.edu/~austin/
nuclear-astrophysics.pdf




An Intellectual Opportunity

Thisisa gpecial time

* Wealth of new astronomical observations--require new nuclear data
for acredibleinterpretation

» New acceleratorsof radioactive nuclei to providethisdata

« Growing computational power to ssmulate the phenomena




Cosmic History—a Long View

Univer se began as a hot, sense primeval fireball-Big Bang
e |t then cooled: T [J 1/t12

 Light elements were made

» Galaxies and stars formed

A Creation of matter
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Outline of the L ectures:

The observables: Cosmic abundances, abundances in the solar
system and elsewhere

Nature of the nuclear processesinvolved:
» Reaction rates
» Resonant and non-resonant processes
e Technical details: Gamow peak, S-factor, etc.

The Big Bang and the Nature of the Universe
Baryons, dark matter, dark energy

Stellar evolution with some digressions
» Quasistatic evolution, solar neutrinos, s-process, stellar onion
* Explosive phenomena: supernovae, r-process, neutrinos

e Binary systems. Xx-ray bursters and x-ray pulsars, the surface of
neutron stars.




Outline-Continued

What nuclear physics do we need to know?
 Throughout the presentation

» Theoretical and experimental needs, and their coordination
with astrophysicists

Nature of experiments at low and high energy facilities
* High energy approachesto low energy astrophysics
* The NSCL--an extant fast-radioactive-beam-facility
e The proposed RIA facility




cataclysmic binaries

stellar evolution
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Origin and fate of the elements In our universe
Origin of radiation and energy Iin our universe




Some Quotesto Keep in Mind

Simplicius (Greek 6th AD) on
Ideas of L eucippus (5th BC):
“The atoms move in the void and
catching each other up jostle
together, and some recail in any
direction that may chance, and
others become entangled with on
another in various degrees
according to the symmetry of their
shapes and sizes and positions and
order, and they remain together and
thus the coming into being of
composite things is affected.”

King Lear, Act IV, scene 3:
“It isthe stars, the stars above us
govern our condition”

Arthur Eddington, 1928

| ask you to look both ways. For the road
to a knowledge of the stars leads through
the atom; and important knowledge of the
atom has been reached through the stars’

Mark Twain, Life on the Mississippi

“There is something fascinating about
science. One gets such wholesale returns
of conjecture out of such atrifling
Investment of fact.”

Willy Fowler:

“We got to get all thistheory out of
things’.




A

o

M

Log Abundance

[
I

Cosmic Abundances (Really solar system, mainly)

gualitative view-Suess-Ur ey Plot * Very large range of
- abundances

* Names denote various
creation processes

Group Mass Fraction
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A More Detalled Picture

Solar abundances
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Populations|, Il and |11

What about elseawher e?

Corona
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In the halo of the galaxy find (old) stars
(Pop Il stars) with small abundances of
metals (A > 4) compared to the solar
system valuestypical of Pop | stars.

Pop Il stars

» Reflect processesin
the early galaxy

* Investigation of Pop I
starsis a hot area of

N men  astrophysics

What are Pop |1 stars?

» Starsthat produce the
material from which
Pop Il are made.

* Probably very large (>
100 M,,,) fast evolving
stars made from

products of the Big
Bang.




The Stars as Element Factories

Stars
Nuclear Reactions
Element Synthesis -

=Y

Supernova remnant
N132D-LMC

*
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Condensation

| nterstellar
Gas
Dust

Ejection-Supernovae
Planetary nebulae

Star Forming Region
DEM192-LMC




Back to the Big Bang

Univer se began as a hot, sense primeval fireball-Big Bang

e |t then cooled: T [J 1/t12
 Light elements were made
e Galaxies and stars formed

TEMPERATURE (K)

4 Creation of matter
s Elementary particles
i /vquark/gl uon —>hadron
- Light elements
W
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Element Production in the Big Bang

Assumptions: Reaction network
« Genera relativity Need to know noted reactions-
* Universeisotropic, ® = Poorly known reactions
homogeneous -
e T..,=2.735K (CBR)) Be

Production of elements

Li

e 10-300 sec after BB

e T=10K, p = 1g/cm3

» Big Bang produces only He
12H 34He, 7Lj g T

e Yield dependsondensity |1y @<= @=|%
Pg Of baryons




Can we Deter minethe Baryon Density from the Big Bang?

M ethod Nollett and Burles, PRD 61,123505 (2000)

2
* Find PB where predicted and 0.005 ongh 0.02 0.03
observed abundances equal. EE | 4' o i
o If pg samefor al nuclides, it gl
assume it is the universal oy
density : _
Result 107 D .

OK, EXCEPT for “Li. Perhaps
predicted abundance wrong (poor
Cross sections) or primordial Li
higher (star destroyed).

I 3
1(}‘5_ He

MNumber relative to H




It’s Close, Why Does It Matter?

Cosmic Background Radiation

» Surrounds us, Planck distribution
(T~2.7 K), remnant of early BB

 Fluctuations (at 10 level) give
Information on total density of
Universe and on pg.

It implies
Universeisjust bound Qiot =1
« Baryon density pg ~ 0.05

e Dark matter density, pp~0.3
perhaps WIMPS, weakly
Interacting massive particles

* Dark energy pa~ 0.65

Era of precision cosmology

 Far reaching conclusions
must be checked and the
value of pgisthe best
possibility.

« Need more accurate cross
sections for several
reactions affecting L.




What energy source powersthe stars?

All energy comes from mass

MaSSinitid Massfinal

e
Re%on

Mass =f Mass iiq

converted —

l

Energy released
f Mass 4 C°

Must provide solar luminosity
for >4.6 x 10° yrs

L n =3.826 x 10* erg/sec
M ., =1.989x10%g

Of the possibilities

f =15x 1010 [7 2200 yrs
f [J 107 yrs
f = 0.007 [710* yrs

chemical
gravity
nuclear

Only nuclear remains

Other evidence

Technetium is seen in stellar
spectra. BUT the longest lived
Isotope Is unstable--lifetime of
4 x 10° yrs. Must have been
synthesized in the star.




Reaction Rates

Reaction Rate

* |onized gas (plasma) with N,
/cm?3 of species“i”

e Assume species x moving at
velocity v through speciesy at
rest. Rate of reactionsr,, Is
My = NNyVO,,

« Average over velocity
distribution (Max. Boltz.)

My = Ny Ny (1+0,,)1<va, >

# of pairs/’cm?

and Energy Scales

Environment

e k=8.6171x 10> eV/K
e T=107-109K O kT=1-900 keV

e Coulomb barriers MeV range
» Reactions are far sub-coulomb

Yo

Coulomb
Barrier E

Repulsive

=

Altractive
Huclear
nktia

Abractrve

0,,(E) Otunneling probability
for point coulomb charge




Example Reaction —'Be(p,y)°B

Natur e of Cross Sections S Factor = oE exp(b/EY?)
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Increase Rapidly with Energy Removes penetrability, nearly
constant away from resonance




RELATIVE PROBABILITY

What Energiesare | mportant?

S containsthe nuclear structure
Infor mation-At what energy do we
need to determine i1t?

MAXWELL - BOLTZMANN
DISTRIBUTION

oc exp (-E/kT)

/ _GAMOW  PEAK

o/

TUNNELING
THROUGH

— COULOMB BARRIER
wcexp (VEG/E)

ENERGY

Gamow Peak:

Maximum in product

of MB distribution

and penetrability of

Coulomb barrier

E,= 59keV p+p
27 keV p+14N

56 keV a + o

237 keV 160+160

Cross sections at E too
small to be measured




Sfor Resonant and Non-Resonant Phenomena

Resonance in Gamow « Rate [JT " /(T ;+T",)-exp(-E/KT)
Peak dominatestherate o Measure; Ts, E. 0 Rate.
- 's may be strong functions of E

No resonance--Rate  Classic expts. with low-E
characterized by accelerators: small o’s at low-E
slowly varying S « Measure cross sections to low-E,
factor at low energy. extrapolate to E, to extract S-Factor.

Role of High-E facilities  « |ong used for resonant rates, esp. E,

» Recent emphasis on new technigques
to measure non-resonant rates.
Subject of thistalk and several talks
at this meeting.




Nature of Stellar Evolution

Pressure--out
ity--in

4.

Core H + He(25%)
Density=150g/cm?3
Temp = 15x 105K

How it looks!
Image of Sun: Goddard Space

Flight Center
(http://antwrp.gsfc.nasa.gov/apod/image/9709/so|prom1

_eit_big.jpg)

How it works!

Gravity pushes inward, but the
center of the sun in heated by
nuclear reactions, making a high
pressure that pushes outwards.
They balance, and the sun just sits
there burning its nuclear fuel. This
has gone on for 4.5 billion years
and will continue for another 5
billion years.




Energy Production in Stars”

A Scenario-H.A. Bethe (CNO Cycles)
Physical Review 55, 103(L) 1939.

LETTERS TO THE EDITOR 103

Energy Production in Stars

In several recent papers,'™ the present author has been
quoted for investigations on the nuclear reactions re-
sponsible for the energy production in stars. As the
publication of this work which was carried out last spring
has been unduly delayed, it seems worth while to publish
a short account of the principal results,

The most important source of stellar energy appears to
be the reaction cycle:

ClHi =N (), N9 m Qi et (b)

Cio Hm Nt (c) .

NUAH =08 (d), O%= N4+ (¢) (1

N-Hi=Ci2-Het ().
In this cycle, four protons are combined into one a-particle
(plus two positrans which will be annihilated by two
clectrons). The carbon and nitrogen isotopes serve a8
catalysts for this bination, There are no al
reactions between protons and the nuclei CHCHUNY; with
N, there is the alternative process

N®4H1= 01,

but this radiative capture may be expected to be about
10,000 times less probable than the particle reaction (f).
Thus practically no carbon and nitrogen will be consumed
and the energy production will continue until all protans
in the star are used up. At the present rate of energy
production, tix hydrogen content of the sun (35 percent
by weight!) would suffice for 3.5 % 10! years,

The reaction cycle (1) is preferred before all other
nuclear reactions. Any element lighler than carbon, when
reacting with protons, is destroyed permanently and will
not be replaced. E.g., Be? would react in the following way:

Bet--Hi=Lit+He!

Li#+H!=Be’

Beld e =147

LiT+H!=2Het,
Therefore, even if the star contained an appreciable
amount of Li, Be or B when it was first formed, these
elements would have been consumed in the carly history of
the star, This agrees with the extremely low abundance of
these clements (if any) in the present stars. These con-
siderations apply also to the heavy hydrogen isotopes H?
and HY,

The only abundant and very light clements are H!
and Het, Of these, Het will not react with protons at all
because Lit is unstable, and the reaction between two
protons, while possible, is rather slow* and will therefore
he much less important* in ordinary stars than the cycle (1),

Elements heavier than nitrogen may be left out of
consideration entirely because they will react more slowly
with protons than carbon and nitrogen, cven at tempera-
tures much higher than Lhose prevailing in stars, For the
same reason, reactions between a-particles and other
nuclei are of no importance,

“To test the theory, we have caleulated (Table 1) the
energy procuction in the sun for several nuclear reactions,
making the {ellowing assumptiona:

(1) The temperature at the center of the sun is 2X 107
degrees, This value follows from the integration of the

Tanik 1. Evergy production in lhe sux for several nuclear veactions.

Averace ENERGY

REAcTIoN PRODUCTIGN ¢(erg/g sec.)
i -n'+.*+r' 0.2
T 3o
Lit H‘ Huﬂ 4K 10
BIOL I w CIl 4, Ax108
B4 m3Het 1
NULH =0 47,
O =R L 10

e f ins that the energy production in the reactions following
l)'w one I-az:d. »l anduded E.g the figure for libe N1e+Hi includes lht
complete chalfy (1)

Eddington equations with any reasonable “star model,”
The "point source model” with a convective core which
is a very good approximation to reality gives 2.03X107
degrees.” The same calculation gives 50.2 for the density
at the center of the sun. The central temperature is prob-
ably correct to within 10 pereent.

(2) The concentration of hydrogen is assumed to be 35
percent by weight, that of the other reacting element 10
percent, In the reaction chain (1), the concentration of N
was assumed to be 10 percent.

(3) The ratio of the average cnergy production to the
production at the center was calculated” from the tem-
perature-density dependence of the nuclear reaction
and the temperature-density distribution in the star,

It is evident from Table I that enly the nitrogen reac-
tion gives agreement with the observed energy production
of 2 crgs/g sce. All the reactions with lighter clements
would give energy productions which are teo large by
many orders of magnitude if they were abundant enough,
whereas the next heavier element, 0'¥, already gives more
than 10,000 times too small a value. In view of the ex-
tremely strong dependence on the atomic number, the
agreement of the nitrogen-carbon cycle with observation
is excellent.

The nitrogen-carbon reactions also explain correctly
the dependence of mass on Tuminosity for main sequence
stars, In this ion, the strong dep m‘ thu
reaction rate on temperature (~7% " °
assive stars have much greater |
alightly higher central temperaturc
T=3.2%107 and «= 1200 ergs/y sec

With the assumed reaction chain
preciable change in the abundane

transmutation of hydrogen into heli

One Page-
One Nobel-1967

for his contributionsto the
theory of nuclear reactions,
especially hisdiscoveries
concerning ener gy
production in stars.

The most important source of stellar energy appears to

than hcliuq\ during the c\xpmimn‘ be the rcact I.Gn cy‘c lE :

is more general than the reaction ¢
to the commonly accepted "Aufbau

A detailed account of these inver
lished soon.

Cortiell Universiy:
Tthacw, New Y er.
Deeember 15, 1988,

§ v, Welsmecker, Physl Zeit. 30,
{.Dppcnlwhmr nnd R, Serber, 11
Gamow, Plys Re

fie and LNL('III'IE]U< Phyp. Ko
'f)nw ror very cool stars (red dwarly)
became imporiant,
#The author [« indebied to Mr Marshak

C24H! =N (g), N3=CB4¢* (b)
Ci24-Ht= NN (c) M)
NULH =08 (d), OB =NB+ ¢+ (¢)

N5 Ht=C124He* (1),




The pp Chainsand Neutrino Sources

pip.e*v)d
d(p,y) *He
86% |
3 3 & 3 Fi
He ( "He 2 H He () Be
elHe.2p) Te 4% M 0.02%
Be(e,v ) 'Li "Be (p,y) °B
"Li (p.ox) “He °8 (e*v) ®Be
°Be" (a—) “He
CHAIN 1 CHAIN I CHAIN TD
Q,, = 26.20MeV Q= 25.66 MeV Q= 19.17MeV

{20% loss)

(4.0% loss)

(28.3% loss)




Observing the Center of the Sun with Solar Neutrinos

Problem Result:
« Can't look with telescopes For sun,L =0.1cm, D = 6.96 X
« Light isabsorbed in L, re- 10 cm. Takes: 5x 104 yr

emitted in random direction.
e Drunkard’ swalk: Distance L ook at emitted neutrinos

covered = (N)¥2 L » Made in solar cycle, escape
« N number of steps; without hindrance
« L length of a step. e N, ~T18, measuring flux
measures T at center of sun
But it’shard
Ae% - vs hardly interact
D « Need a huge detector

SUN




Neutrino Flux

10

Solar Neutrino Spectra-Detector Thresholds

| Chlorine | SuperK ’SNO:

| Gallium

1on
101
io®
10¢
107
10¢
108
104
100
10°
10!

0.1

Neutrino Energy (MeV)




First experiment-R. Davis (1968)

el S T BT L
The Detector Bl L ﬁ’ﬁ 2 2
« 100,000 gallons cleaning fluid i’
(perchlorethylene C,Cl,),

Homestake gold mine, S.D.
« V+3Cl > e+ 3Ar - Inverse 3- &
decay
« Collect by bubbling He through =28
tank (every 30 days)-count "
radioactive 3’Ar

M otivation
“To seeinto the interior of astar
and thus verify directly the
hypothesis of nuclear energy
generation.”




| mplications of the Davis Experiment

Results

» Expected 2 3’Ar per day.
Got 0.5/day-a shocker!

e “ Solar neutrino problem”
a one-number problem

e Solution in solar physics?
nuclear physics? particle
physics?

» Motivated a search for the
cause: 1968 to present

e Better solar models,
Improved input nuclear
physics.

New Experiments-different
neutrino energy sensitivities

 Davig( ClI)---------- 8B, 'Be v,
 Gallex/Sage (Ga)--p-p, 'Be v,
* SNO (D,0)--------- °B V., V,

+ Super-K (H,0)-—-B v, (V)

Othersyet to come, see
http://www.sns.ias.edu/~jnb




The Super-Kamiokande Detector Japan, US, Korea, Poland

Properties
e 50,000 tons H,O, 11200 P.M.s
« 1000m underground, Mozumi
mine, Kamioka Mining Co.
e Observev e scattering
(mainly)-via Cerenkov light




SNO—The Sudbury Neutrino Detector

Unique char acteristics
1000 tons heavy water (D,O)

e See @ ectron neutrinos and
muon and tau neutrinos

e Charged current (CC)
V.+tD>pt+p+e
* Neutral current (NC)
v.+D->v +p+n
e V,+te>v +e(ES
L ocation

» 6800 feet under ground,
Creighton mine Sudbury,
Ontario.

e Canada, US, UK




Solar Neutrino Experiments--Summary

Standard solar model vs. Expt.

Bahcall and Pinsonneault, 2000

L
% 1288
1.0+820 %

Nﬁ

0.65+0.08

SAGE

Superk Kamioka

H,0
"Be mm P—P. pep
58 Wl CNO

Theory

0.35+0.02

GALLEX

Experiments pgg
Uncertainties

It appears. different
fractions of neutrinos
arrive at the
detectors

o All of p-pV’s

«~050f8B V'S

* Few of '‘BeV’s
As compared to the
standard solar model

Note: SNO differs
from S-K because S-
K sensitiveto v,




How might this happen

Flawsin the physicsinput? || Neutrino oscillations
« Stellar physics--no, details || « Neutrinos have mass. Oscillate

to be settled. A check from Into another type of neutrino.
Helioseismology (VedVv,)

* Nuclear Physics--no, but « Detector not sensitive to these
better prediction of fluxes neutrinos
needed .

_ | * Probability of survival: P(v.-v,)
» Properties of neutrinos—-the || . pgy,__v) =1-(sin2e,) sin(@Am?d/E)
consensus culprit

Am? = (m,2 -m,?)

 Passage through matter changes
the constrai nts-resonant
conversion.




Deter mining Am? and o,

Survival Probability

« Show two cases. large
mixing angle (now
favored) and small mixing
angle.

sin-26= 0.006

e Analysisiscomplex and
subtle

sin“26= 0.6

| | |

10
E, (MeV)

Example 10-°¢
» Extracted values depend
on reaction rates for

- LMA (SMA) = Large
10-+L (Small) Mixing Angle

Sl?
—=== 17¢VD

19
- . = 13

- - Solution
< BepY’B, (S) | % swia
 3He(a,y)’'Be i ] :%‘&
e H. Schlattl, et al., PRD _BZ
60, 113002 (1999) lﬂlu—a BT T

107!
sin®(26)

10°




Neutral Currentsfrom SNO

First results (with S K)

o Ascribe differencein
SNO CCrate (Vo) and S
K ESrate (Ve + V) 10 Vy

* Extract v, —agrees with
Standard Solar Model
(SSM)

s

yr (10 "em?

New from SNO

Combine all three SNO
detection modes CC, NC, ES

B ( 10" em™ s7')

Results
* P(Ve) = 1.76 X 10° cm3sect; (v, + V) = 3.41 x 10° cnr3sect
» Good agreement with SSM- solar neutrino problem is no more




Need Better Nuclear Data

Why
 Explanation of solar neutrino problem
IS still imprecise
 Extracted values of Am? and 0, depend

on the Cross sections for certain nuclear
reactions

| mportant cases
* 3He(a,y)’'Be
* 'Be(p,y)°B, (S17)




How the Sun Evolves

Core hydrogen burning ends Core helium burning starts
e Consumed central 10% of sun » Core hot-alowsfusion of two
« No heat source, pressure decreases, as(Z=2)
gravity wins e Helium fusesto 12C, 160
e Core collapses, relesses gravitational  Hydrogen burnsin shell
energy which heats the core

He Burning Core
T=108 K
r =10%* g/cm3

H burning shell

Non-burning envelop



What's next for the Sun?

It’sthe end of theline

e Helium burning ends after 108 years, C and O core

» Gravitational collapse, BUT, never reach sufficient T to fuse C + C.
 Collapse continues to 107 g/cms--el ectron pressure stops collapse

» Shells still burning, unstable, blow off planetary nebula

Star becomes a whitedwarf (e.g. Sirius B).

Property Earth  SiriusB Sun

Mass (M ) 3x106 0.94 1.00

Radius(R ) 0.009 0.008 1.00

Luminosity(L ) 0.0 0.0028 1.00

Surface T (K) 287 27,000 5770

Mean r (g/cm?d) 5.5 2.8x10° 141 Ring nebula in Lyra-
Central T (K) 4200 2.2x10"  1.6x107 NGC 6720—a

Central r (g/cmd) 0.6 3.3x10” 160 planetary nebula




The Evolutionary Processfor Heavy Stars

With this background can guess what happensfor heavier stars

NUCLEAR FUEL (H) COLLAPSE
EXHAUSTED
(EXPLOSION)
0 Si _MELTING

NUCLEAR FUEL (H)
"SWITCHED ON"
e\~ T" (A>1)

1 [ \
| 3
[}
>
=
n
o .
=<
% /’/ Y EGRav
— / :
L 4 ¢ ¢  §
PROTO-STARS MAIN SEQUENCE RED GIANTS SUPER GIANTS SUPERNOVAE

STARS

—— CENTRAL TEMPERATURE ——=




Heavy Stars--The Stellar Onion

Starts like the sun: The Result
He Burning

Core WM@ Stellar @[ﬁ]ﬁ@ﬁﬂ
T=108 K
p= 107 kg/m?3

Non-burning envelope

Non-burning
H

H

He
But now, when He is exhausted  C
In the core and the core O
collapses, it does get hot Magnesium
enough to burn carbon and N
oxygen. Silicon
The successive stages in Iron (Fe)
the core are H - He, gravity, :
He - C,0O, gravity, - C,O - Attention

Mg, Si, gravity, Si - Fe. 11 J




Supernovae Core Collapse

Fe (Iron) is special Core of
our stellar onionis“Fe’,

most tightly bound nucleus.
Result of fusing two “Fe's’ is
heavier than two “Fe's’; costs
energy to fuse them. No
more fusion energy Is
available.

Time

Core collapses, kegpson
collapsing, until reach
nuclear density. Then nuclel
repel, outer core bounces.

Outgoing shock wave forms v

"Fe" core
Collapse

Bounce--
Form Shock
Wave

Shock moves
out, Fe -p's,
n's in outer part
of Fe core




Evolutionary Stagesof a25 M, Star Weaver et al., 80

Burning Stage TimeScale T(K)x10° p (g/cm?d)

H 7x 100y 0.006 5

He 5x 10°y 0.23 700

C 600y 0.93 2x 10°

Ne 1y 1.7 4 x 106

O 05y 2.3 1 x 107/

S 1d 4.1 3 x 107
Core collapse Seconds 8.1 3 x10°
Core Bounce Millisec 34.8 3 x 1014

Explosive 0-1-10 sec 1.2-7.0




We know that

» Shock blows off outer layers
of star, a supernova

» 10°! ergs (1foe) visible energy
released (total gravitational

energy of 10°3 ergs mostly
emitted as neutrinos).

Theoretically

 Spherical SN don’t explode

» Shock uses its energy
dissociating “Fe’, stalls

o Later, v'sfrom proto-neutron
star deposit energy, restart the

What Next?

1-D model (T. Mezzacappa)
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shock. Still no explosion.




The Question—How do we get from hereto an explosion?

SN 1987ain Large Magallanic Cloud




Non-Spherical Calculations

| s sphericity the problem?

* Now have 3-D
calculations which
explode, but have only a
part of the detailed
microphysics. Their
stability against such
changes is not known—
we return to this | ater.

» See, eq.
Fryer and M. Warren,
Astrophysical Journal,
574:1.65-L68

e Find 2-D, 3-D smilar
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What’s Produced in a Supernova

M odd
e Evolvethe Pre-SN star

e Put in apiston that gives the
right energy to the gecta
(Don’t know how explosion

really works).
 Calculate what Is g ected
e Calculate explosive
processes as hot shock
passes.
e Example: Wallace and

Weaver, Phys. Rep.
227,65(93)

Production Factor
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 Elements, mass 20-50, generally
reproduced at same ratio to solar.

* Modifications by explosive
processes are small




Production Factor

12C(a,y)1%0O—an Important Reaction

Hellum Burning- A two Stage Process
30 0+0a = 8Be* +a - 1°C* - 1°C(gs) Rate knownto = 12%
e 12C(a,y)°O Poorly known (20-30%)
e Ratio affects 2C/1%0 after He burning—important resulting effects
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Element Synthesisin SN
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Some important Nuclear Rates for SN Synthesis

12C(0(,y)160
* I33=170 &= 20 keV-b (300
keV) describes abundances
(last dlide)
« Experiment: 100-200,
preference near 150, but
uncertain.

e High priority reaction
12C + 12C for Carbon burning
Ne(a,y), #Ne (a, n)
Production of light slow

neutron capture (S-process)
nuclides--A= 60=88

Weak decay ratesfor gamma
line emitters. E.g. OFe

Charged particlereactionson
N=Z nuclei for production of p-
process nuclel

For moredetails

R.Hoffmann et al. UCRL-JC-
146202 and many references
al:




Weak Strength and Supernovae Core Collapse

Gamow-Téller (GT) Strength?
» Mediates [3-decay, electron
capture(EC), v induced reactions
« GT (allowed) Strength S=1.L = 0, BET)
eg.0" - 1% GTH,GT- ol
e Liesin giant resonances, I GT_
Situation

» After silicon burning, T, =3.3X || °
10° K, density=108 g/cm3. e |
Fermi energy allows capture into I . (Z-1LA)
GT,. °

* e- capture

o At higher T, GT, thermally (2,A) === (n,p)

populated, B~ decays back to ¢ & decay (p,n)
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ground state. 3~ = E.C.
o GT* dominates the processes




How Weak Strength Affectsthe SN Core

Coresizedependson Y = <Z/A>

Starts near 0.5
Reduced by electron capture

AsY . decreases, [3- decay
becomes important.

Competition of EC and 3
stabilizes Y near 0.45

When EC and [3- compete we
have the possibility of acyclic
process-the URCA process.

Urca process (named after a
Casino daUrcain Rio de
Janeiro that takes your

money slowly but surel y)

“IA S A +e+V

e Net result: production of
two neutrinos removes
energy from the core

* T reduced




Effects of Changed Weak Rates-

Heger et al. Ap.J. 560 (2001) 307

Compare WW, LMP rates F15M :
« WW standard Wallace- S T =%
Weaver rates 2 oL
« LMP-from large basis shell Py -=r
model calculations. o -
L anganke and Martinez- 048 E
Pinedo, NPA 673, 481(00) | >®046f ;
« Compare results of pre- 0.44 1 3
core-collapse calculations 10° §
» Significant differences P, WF E
. R EEI‘DlOGE’: ..... | 4 3
Si Ignition..--1 %FEE ..10:7; __________________ :
Si depleted™ | igs ................  — g2
Core contract-{"" ___............-106""1'65" 10* 10° 10% 10 10°

Core collapse 4" Time till collapse (s)




MoreWeak Interaction Results

Effects

o Larger, lower entropy "Fe"
pre-collapse core

 Moree-'s (Y. larger), lower
T core.

* Larger homologous core

These changes tend to make

explosions easier

How can we improverates?
Heger results also determine

which nuclel are most
Important
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|mproving Weak I nteraction Strengths

Most important nuclei-Heger et al.
» Generally closer to stability than

predicted earlier.

» Stable and radioactive nuclel important

0.44
15M

0.50 g T
OFEa * 53Mn %°Ni : \ﬁvl\>|/\|;/) :
0.48 5’Co  56Fe —
57Fe" seEa Sy * Dominant -

L% 0.46 SINi  55Mn — Stable

0.42 - II Ll |IIIIIII | |IIIIIII |

|IIIIIII | m

10° 10> 10* 10° 102
Time till core collapse(sec)

10°

Can’t rely on exp’t
* Need many rates

» Some transitions are
from thermally
excited states

Need
» Reliable calculations

* EXperimentsto
verify accuracy

* Measurements for
the most crucial
cases, If possible




Present Situation

Experimental data
* (n,p) measurements at
TRIUMF
o 58,60,6264|j 5456Fg 51\/
55Mn, 59Co
e Resolution: 1IMeV
Compareto Shell Model
Results fairly good, not
perfect (?)
Need

e Data on other nuclel, some
radioactive

e Better resolution and detail
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The Experimental Possibilities

For stabletargets 0
80 2 Sherill, et al ol Ho(?l
For EC, (t, 3He), (d,2He) best o |2 . 17
candidate reactions E>120 ST = g 3
MeV/nuc desirable o k]2 %
First (t, 3He) 0 b
=S A ol
o Secondary t beams 106/sec % 00 =i IR Wﬂg&ﬂf% I_&;kwwmmgmu
a MSU/NSCL, Daitoetad.,|8 ® 13 & & @“ 1;@4
PLB 418, 27(98) 0 3 = = ¥
» Resolution: 160 keV, has o - 2%0ke j E
been achieved at 117 o MM
M eV/nUC 18 ; MLM mmﬁ“ﬂﬂw
* 50 keV resolution possible N E(M ev)
(d, °He)-KVI, 80 MeV/nuc




What About Radioactive Nuclel?

Use | nver se kinematics
1H

96| 6CL

H(®Co, n)®°Ni
30 20 10

Unusual kinematics
e Light particle haslow E,

few MeV, angle near 90°

e Labangle=>E.,
eLabE=>0;,

W—T—

L JE T
I

r-~tl1
E H




Some possibilities

Some possibilities First exper_lment: AS 04T =1
. °He (p,n)°Li , Brown,

* (p,n) expts are feasible. et 2. S MeV/nuc on/ 14720
Require many small n ' 0r T=1 6Li
detectors for good E e
resolution. sy

* EC expts have outgoing 00 ]

charged articles at low E.
Detect heavy particle.
 Best possibility: (“Li,’Be)
’Li(®°Ni,’Be(1/27))%6Co, %
Coincidence with de- *
excitation y-ray =>S=1
(GT). ol

150 B

100 B

Counts

535.0 540.0 5450 550.0 5550 560.0 56
E (MeV)




Proposed GT Strength Experiments-NSCL

High Resolution (from y's)

’Li(®®Ni,**Co)'Be(1/2) =>S=1
 SB00 spectograph: 1D *6Co,

determine O,

* Detect v’ sfrom 'Be, *6Co*
de-excitation, to reconstruct

the 26Co states reached

e 3 X 100 6Ni/sec-present

Intensity

7/

L ow resolution
Li(®Fe,>>Mn) '‘Be(1/2) =>S=1
o Complex level structure of

SMn prevents reconstruction of
levels reached

 Detect y' sfrom ‘Be

» S800: ID 55Mn, determine
Ocm.Measure E => thin target

y dets

Coincidence
56CO

» S300




Ther-Process

What isit?

» Heavy elements formed by

rapid neutron capture on
seed nuclel

 Flow along path near
neutron drip line till (n,y) =
(v:n)
* After explosion, decay
back to stable region. N(Z)
O tg
Wheredoesit occur?

In hot bubble just inside SN
shock? Or in fusion of two
neutron stars?

umwm
Abundance
" Peak
A
k (L4 N i)
(H,)(H,Y)(H,Y) B Hot bgubb|e
N "Watling —=— ;‘
Do |, > e e
N—} -8 ;‘f:.;:::;;;ﬁ;:-*g
.o AT




Proton Number Z
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Ther-Process and Nuclear Shells

Predictions-(not verified by experiment)
 Shell gaps smaller near drip line
» Changes beta decay lifetimes, masses
e r-process abundance models are sensitive to gaps
 Need measuremnts of tz, masses on r-process path to check
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107+
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r-process abundances

- ——— Juenched shell structure
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Experimental opportunities at Rare |sotope Facilities

Example: fast beams

Need: * Masses
* decay properties
* fission barriers

* neutron capture rates

/=82

‘ RIA Reach I

Z=50

NSCL Reach ="

u_l

N=82

o el I

T ifﬂunnﬂﬂﬂﬂﬂﬂﬂl

N=126

Reach for at least a
half-life measurement




Waiting Point Lifetimeswith Fragmentation Facilities

Why fragmentation?

e Lifetime measurements
can be done with beams
from low energy facilities

 But, fragmentation
facilities have advantages:.

e Use beams of mixed
nuclides--Identification
on event by event basis

» Greater reach toward
dripline-see figure
 NSCL,RIKEN, and

RIA will cover alarge
part of r-process path

Beams NSCL, RIA--N = 82,126

N=8§2
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How to Measure Beta-Decay Lifetimes, Decay Properties

B~ .. 300 um Si PINs
A 500 mm Si PIN

0.‘
*
*
*
*
.0
’0
*
*
9
0.‘
.0

'\/ [ Gamma detectors

Beam from

A1900EEEp

Neutron detectors

PPACs 40 x40 pixilated
Detector--1mm thick




Explosive Hydrogen Burning-Accreting Binary Systems

First X-ray pulsar: Cen X-3 (Giacconi et a. 1971) with UHURU

o APRIL 12, 1971
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The Model

Neutron stars:
1.4 M, 10 km radius
(average density: ~ 10'* g/cm?)

Donor Star
Neutron Star (“normal” star)

_ Accretion Disk
Typical systems:

e accretion rate 10%/101° M Jyr (0.5-50 kg/s/cm?)
e orbital periods 0.01-100 days
e orbital sgparations0.001-1 AU’s




Mass transfer by Roche L obe Overflow

Center of mass
~Lonfours of equal

\7& gravitational pull
"lll |.

T ?lf
{?\ﬁ Foche Lobe
Lagraﬂge

point

Star expands on main sequence.
when it fills its Roche L obe mass transfer happens
through the L1 Lagrangian point




Energy generation: thermonuclear energy

4H » ‘He 6.7 MeV/u
34He » 2Cc 0.6MeV/u (“tripleapha’)

54He+84H — 1%pd  6.9MeV/u  (rpprocess)

Energy generation: gravitational enerqy

GMm,
E= = 200 MeV/u

R

Ratio gravitation/ther monuclear ~ 30 - 40



Observation of ther monuclear energy:

Unstable, explosive burning in bursts (release over short time)

1250 _'I T T I I I 1 T T 1 I Ll I T 1 T —|_T T T 1-——-.

Burst energy
ther monuclear

—

1000 —

B burst 3
750 [

500 |

250 B

Persistent flux
gravitational energy

0 10 20 30 40 30
Time (sec)




Nuclear reactions on accreting neutron stars

——@ Thermonuclear burning (rp process)

Neutron Star Surface * Why do burst durations vary ? (10s — min)
» What nuclel are made in the explosion ?

Hf:lle » Galactic nucleosynthesis contribution ?
~_ = Start composition for deeper processes ?
atmosphere -
e —@ Deep H, C, ... burning
ashes| ..
occan R *Origin of Superbursts ? 100X stronger

outer
crust

@ Electron captures
Pycnonuclear reactions

 Gravitational wave emission ?
e Crust heating ?
e Dissipation of magnetic fields ?

Need nuclear physics to answer and to understand observationsl

inner crust




Visualizing reaction network solutions

Proton 4 ‘
number
(a.y)
ad
(pvy) -]
i \ (a,p)
27Si

' >
|
13 neutron number

Lines = Flow = F":IT_ S _Ddt




Crust reactionsin accreting neutron stars

From Haensel & Zdunik 1990

A/—\ border of known masses
L] /\ I:IIIF
Ni (28) | f
P ]
Fe (26) | - Electron capture 1 [
7 Bl B 1 ]
Cre) 1L ] B
/ // \ /68 \ 0_ B -
0 o/ens C o/l
apirp proces i|/y| | (15x 10°g/em’) i \\ [,
— ] LA ]
Ar (18)[] |// gy 3’— — .
/ 56A T *e
S(16) ~ FH -
}[ // ?/ andsoon ... NSCL
S F ) — 1 (2.5 x 10t g/cmd)
7 7 ~ Reach
Mo AT LD
Ne /1 . Electron capture
: and n-emission
Vil S }
5 6 7 8 9 10 1 12 13 14 15 16 17 ; (1-5 X 10 " 28..'.' 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 a7 48 49 50 51 52 53 54 55 56 57 58 59 60
nuclear fusion
H He Pyconuclear fusio

Need to measure:  Masses (Exp 1035 Santi, Ouellette at S800)
e Electron capture rates (Exp 1038 Sherrill at S800)

(Charge exchange in inverse kinematics (“Li,’Be) )




Models: Typical reaction flows

Schatz et al. 2001 (M. Ou€llette) Phys. Rev. L ett. 68 (2001) 3471
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Endpoint: Limiting factor | — SnSbTe Cycle

The Sn-Sb-Tecycle

v}

Known ground state
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Xe (54) |
1 (53)
Te (52)
Sh (51)
Nuclear data needs: s (50) L]
- In (49) ~
cd (48)[] <
. . Ag (47) NI S I
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(for exampleat ANL,LLN,ORNL,ISAC)



X-ray burst: Importance of waiting points-points where the flow is
hampered by slow decay or weakly bound nuclei

le+l7|||||||||||

 Luminosity: Se+ 16

luminosityerg/g/s)

Oe+ 00 ]

» Abundances of
waiting points

abundance

* H, He abundance

fuel abundance




What Next?

Several TopicsBriefly
e Trojan Horse measurements of low energy cross Sections
« ANCsand S-Factors
o L=1 Forbidden Weak Strength
e |sthereaChancethat o(CEX) OO B(L=1)7?

e Coulomb Breakup measurements (more detailed)




S.(E) (keVDb)

N
o

N
100 |

Ca
o

[«,]
o

e
()

Trojan Horse Method (Bauer, Typel, Wolter)

Principle
e Obtain 2-body o from 3-

body reaction

o Example: 'Li ( pa)a from

H("Li, aa)n

Results (Lattuadaet al., Ap.J. tbp)

120 |

I | 1 IIIIII]

10 107

E (MeV)

Comments

* Large rates, no screening
correction

 Norm to 2-body, extend to low-E

o Comparetodirect [ screening
correction near 250 eV. Larger
than usual theory.
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L ow Energy Measurements

bare natie R. Bonetti, et al., PRL 82, 5205 (1999)
wsss | Find: U, =290 =+ 47 eV
Adiabatic: 240 eV

Sl Ny |
|

I:I1I:I Garesw  peak 100 1000

4 e

gramnan
U= 219 &V

E  [keV]

M. Aliottaet al. NPA 690, 790 (2001)
Find: U,=219 = 7
Adiabatic: 120 eV

biH 100




ANCs and S-Factors

Measure ANC OO S(E =0) for (p, y), (a, y) reactions

Principle: |
* Low-E (X,y) reactions occur /_\<I mportant region
far from the nuclear surface r

- o O|P(larger)|]?CAN C?
Experiments: Transfer reactions at low energies measure ANC

» Detalled work: Texas A& M (Ajhari, Gagliagardi, Mukhamedzhanov,
Tribble, etal.) "Be(p,y)°B, 1*C(p.y), 1°O(p.y) .

e |ssues. Require accurate OM Potentials, l[imits accuracy to
about 10%; checked to 10% against 1°O(p,y)

« Example °B("Be,2B)°Be, “N(’'Be®B)12C at 85 MeV [0 S('Be(p,y)) to
10%, Ogata, 6 Dec.




Sfactor for *O(p, g)1’F—A test of the ANC Method

Test case-known from Direct

Capture
« ANC's forl®O(He,d)'F
* (C)gy=1.08 £ .10 fm

¢ (C?, =6490 + 680 f?
 Direct Capture datafrom
Morlock, et. Al

« Agreewithin therelative errors-
the 10% level

.Prediction by ANC

.
®
®
®
»®




Forbidden (L = 1) Strength

Why we need to know on GDR\
* Neutrino’s excite spin-dipole (L =1, =DR N
S =1) resonance--emitted nucleon(s
) (9 IAVAVAVS Vv

e e
)

lead to formation of rare nuclides (“Li
1B BF )
 Neutrino reactions modify distribution of r-process nuclides
* Need to calibrate flavor sensitive supernovae neutrino detectors
What’s known?

« For GT (L = 0) transitions, o(p, n) U B(GT) within, typically, 5-
10%. Littlesmilar evidencefor L = 1 transitions.

e The maximum strength of the SDR lies below the GDR

 Radioactive beams will permit measurements nearer the dripline




|stherea Chancethat o(CEX) O B(L=1)"

Questions we ask (Dmitriev, Zelevinsky, Austin, PRC) :

e Iso(CEX) O B(L=1) when both are cal culated with the same
wave functions?

* What range of momentum transfer isimportant in the
transition form factor F(q')?

Sample case: 2C(p, n)*“N at E, = 135 MeV

 Eikonal model taking into account real and imaginary parts of
OM Potential (Compareto DWIA)

» Define sensitivity function: T(q) = Tay,+ Jdg' S(0,0))F(q")

» Characterizesrange of g in F(q') which contribute at a given
asymptotic momentum g.
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F(g’') and Sensitivity Function

ReSU I tS “; 200 ol q (MeVie)
“y - Z w0 | _ ’ "y 1-
» For B;> 0.1fm?, B,[d (p,n) within v M S-0(a.d')
10‘15% (g -800
) Ser.'SitiVity.f“n.Ction .S(q’ q') shows E o ImS,,(09) 1
main contribution isinrangewhere g
the transition form factors have the g »
same shape Sl / d
- - - \ OMOO (MeV/c)

To generalize to other systems

. . 1-stat
» AreF(q') similar for importantq/? - S
* IsS(q, q') localized for heavier % o

nuclel, strongly absorbed probes? o \\%7

-0.05
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Coulomb Breakup-Detailed Example
Principle
» Breakup of fast projectile by Coulomb field of ahigh-Z nucleus.

 Inverse of radiative capture. Detailed balance 1 S-factor for
radiative capture. Inverse cross section islarger.

o Advantages-Thick targets, large o [ highrates. Universal
technique, accuracy probably 5-10%.

* Issues--Nuclear breakup If E, large, contributions of other
multipoles, complex theory.

Early Experiments
Motobayashi, et al.: 3N(p,y)**O, ‘Be(p,y)eB, breakup of B, 1“O
GSl, NSCL: '‘Be(p,y)°B, 8Li(n,y)°LI




Radiative Capture and Coulomb Dissociation

El1+E2

Detailed balance theorem relates Coulomb dissociation and radiative capture
cross sections for photons of a given multipolarity

Contributions of E2 and M1 multipolarities must be gauged in order to extract
E1 strength from Coulomb dissociation cross section




Experimental Apparatus

&t e Bnciormal Soyeeecondm ontive g Cromelodercer, Il ooy

Focal Plane

Analysis Beam Line ~g |

- T - - -
Spectrometer set at 0° to detect 'Be fragments from breakup of

44 and 81 MeV/nucleon *B on Ag and Pb targets




Low Energy Results

|
44 MeV/nucleon

Pb target

Q Opy

n e L

Tl

da/dp, (mb/(MeVic))
[

0

1950 2000 2050 2100

'Be Longitudinal Momentum (MeV/c)

Longitudinal Momentum distribution of 'Be fragments produced in Coulomb
. .. " . Q
dissociation of 44 MeV/nucleon "B on Pb target

Curves: Ist-order perturbation theory convoluted with experimental resolution




Results
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interpreted with Ist-order perturbation theory; if higher-order effects are
significant, larger E2 strength required to describe measurement
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Exclusive Measurement: Schematic View of Setup

[.0) I I I I
—_— Multiwire Drift Chambers \ Plastic Scintillators
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—_— P
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Beam
0.6 — Blocker
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[ .2 et
N T4
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]:]i|‘.lk"|'-.‘
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- 11
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"Be and proton fragments from Coulomb breakup of 83 MeV/u B on Pb

dispersed by 1.5 T dipole magnet, detected in pairs of position-sensitive drift
chambers and array of 16 plastic scintillators

Stainless steel plate intercepted direct beam




Theoretical Description of Breakup Energy Spectrum

| 50

1 00

dﬁ-d]il.el (mhb/MeV

Relative Energy ( MeV )
I st-order perturbation theory calculation of E1+E2 using model of Esbensen
and Bertsch with scaled E2 matrix elements, M1 from Filippone measurement

Angular cut corresponds to 30 fm impact parameter: minimizes E2 component,
nuclear-induced breakup, and higher-order electromagnetic processes




E1l Fraction of Total Breakup Cross Section
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# 83 MeV/u "B on Ph
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Relative Energy iMeV)
I 1 transitions account tor over 90% ot cross section between 130 keV and 2
MeV, except near 640 keV M1 resonance

2 dominates at low relative energies excluded from analysis




Extracting S;;—Some | ssues

Reaction M odel
First order perturbation theory--Esbensen, Bertsch

Continuum Discretized Coupled Channels (CDCC)--
Thompson, Tostevin

E2 Contributions

» Useresults from inclusive experiments

« For most of E, range < 5%, large for E, < 130 keV
Nuclear contributions

e From CDCC, lessthan 4% for E, <400 keV




Continuum Discretized Coupled Channel Calculations

Basic Picture
 Breakup populates excitationsup to E,, = 10 MeV

« E rangedivided into bins-discretized

« Bin wavefunctions are orthonormal basis for coupled
channels solution of ‘Be+p+target three-body w.f.

Detalls
e Partial waves: L, = 15,000, radii to 1000 fm
e | 4<3, A< 2

» Purep,, single particle state ("Be inert)
e Consder nuclear interactions




Thelmportance of Higher Order Processes-Moreon L=2

Beyond perturbation theory

* Thisanalysisdonein
P.Theory

« Underestimates the E2-
strength. (Esbensen-Bertsch)

» Recent calculations by
Mortimer et a. in CDCC, find
that E2 amplitude must be 1.6
times single particle estimate
to fit asymmetries.

» Recent calculations (S. Typél)
using the time dependent
Schroedinger Eq., find a
similar result.
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Chi?for various E2 Scaling Factor
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Measured Coulomb Dissociation Cross Section

40 I I T
o Data

=== Perturbative (best fit to 400 kel —
—- Perturbative (best fit to 2 MeWV)
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Minimizing - for the data above 130 keV by varying normalization of E1+E2
calculation in perturbation theory vields best fits for 2 energy ranges

S7(0)=17.8 (+1.4-1.2) eV b




A Pleato Nuclear Theorists

Theoretical uncertainties for these difficult experiments are now
comparable to experimental error even for extrapolations from
250 keV—can we get a better theory?

N
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N
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Tabulation-Junghans, et al.
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New Expt--3He + “He - '‘Be+y

o
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|
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w

Kaino, Austin, Toki, ApJ 319,531

S(E¢.m.)(keV-barn)
o
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3 7, .
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0.l (@, y) mportant to have atheory> ———-
1 1 | P |
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Ecm. (MeV)
Looks good: BUT

e Countingy's[0.507 = .016keV b
Counting ‘Be decays[0.572 =+

o
fa¥laYaYa
U.UuzZ9O

Major uncertainty (8%)
In fluxes of ‘Be and B
neutrinos (SNO,
SuperK, Borexino).
Also ’Li in Big Bang




New Experiment—Coulomb breakup of ‘Be—Matt Cooper, et al.
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X-ray burst (RXTE)
4U1728-34

Supernova (HST) 1
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Production of radioactive beams

|ISOL (ISOLDE, ISAC, Oak Ridge, Louvain-la-Neuve, ...):

p-beam
on Separator
Target source| 7]

Spallation/fragmentation
of target nuclel

Low energy
radioactive beam
(<12 MeV/A)

Fragmentation (NSCL, GSI, RIKEN, GANIL, ...):

Gas Low energy
Heavy ion _>St0pper_> Separaton radioactive beam
beam (<12 MeV/A)
\ High energy
>I~ arator radioactive beam

Target

Fragmentation
of beam nuclea




Summary Fast/Slow beam experiments for nuclear astrophysics

slow fast
Direct rate measurements X
Coulomb breakup X
Charge exchange X

|f both techniques are applicable then consider on case by case basis:

» beam intensity (production cross section, release and transport times)
o target thickness (higher for fast beams)

o selectivity (signal/background) (fast: ~100%, slow: depends)

» method efficiency




National Superconducting Cyclotron Facility at
Michigan State University

Cyclotron2  Cyclotronl

; »  sweeper gas neutron
K1200 K500 4 (" 92\ P catcher walls
lon /"J X ‘
Sou_r_c_:_e = % \ .
Z2) P -~ _
(- .ﬁ ' ‘ - o USSR oA
i E ...... ! 1 ﬁy /I‘; = “ ok
ST / |
A1900 RPMS superball S800

Fragment Separator

First fully accelerated beams, Oct/00 !
*First Radioactive lon Beams, Jun/01
*First PAC experiment, Nov/01



| nstallation of D4 steel, Jul/2000
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Fragment Separators
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NSCL S800 Spectrometer

dp/p ~ 104 possible

Dipole

nole

SPEG GANIL achieved
mass measurements at 10° level




