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Interdisciplinary research

A variety of new tools in many areas are driving progress

Laboratory measurements Nuclear theory and data
N bt & i Improved shell
experimental model, reaction
techniques theory, rates,
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Ve el dissemination via
Observations Astrophysics
New orbiting Advancing
instruments, computing
increased optical power —more
power, presolar realistic
grains simulations
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Solar system abundances

One of the most fundamental REVIEWS OF
and important observables MODERN PHYSICS

Vot 59, Nuuss 4 { Ocross, 1987
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Nuclear reactions in the lab & in space

What you are used to in the lab:
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The Coulomb barrier

Energy of particles in astrophysical
environments is much lower than the
Coulomb barrier

14477

POTEMTIAL (e

4 b MeV-fim
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Reaction site T (105 K) | KT (keV) | r,,,, (fm) | r(fm)
p+p Sun 15 j 1100 2.5
p+14N CNO 30 2.6 3900 4.3
a+12C red giant 180 16 1060 4.8
p+17F nova 300 26 500 4.5
a+*’S | x-ray burst 1000 86 500 5.9
‘He+*He | big bang 2000 170 33 3.8




MAXWELL-BOLTZMAN
DISTRIBUTION

The Gamow window comoun oy —_ /’
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PROBABILITY —=

Reaction site T (105 K) | kT (keV) | r,,, (fm) | r (fm) | E, (keV)
p+p sun 15 1.3 1100 2.5 6
p+14N CNO 30 2.6 3900 4.3 42
a+12C red giant 190 16 1060 4.8 300
p+17F nova 300 26 200 4.5 230
a+*'S | x-ray burst 1000 86 500 5.9 1800
‘He+*He | big bang 2000 170 33 3.8 280




Why the S-factor is useful

Example: *He(o,y)’Be

Important for:
The sun (v production)

Big Bang (Li production)

Need o here for sun

But be careful...

I X " 1 F " 1

=

E

He (a,vy) Be

Rolfs&Rodney, p. 157.

Data from Krawinkel ef al.,
ZPA 304 (1982) 307.
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Identifying resonances is cruclal
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Solving a reaction rate network

Tho GM &ycle: hixirogen biiting Network of many coupled equations
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The Early Universe
Space, time, matter, & energy began with the Big Bang
Independent observations tell us about different epochs

Nucleosynthesis CMB -The afterglow Stellar observations
' aroton T e
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New Cosmological Paradigm

Type 1a supernova
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redshift vs.
distance indicates
the expansion .
rate of the g
universe is §
accelerating 3
Accelerating .
' DARK
DARK ENERGY (e.g. cosmological constant) exerts a 75% enercy 21% parTeR

“negative pressure” causing the acceleration

Only 4% of matter is baryonic — test with nucleosynthesis 4% MaTTER



The Homogeneous BBN Model

protion
@ @

neutron =
g proton

@ 2H = N
y

o ' He
neutron = L

x S N 1
He —’ ‘He - M

"Be
N

Assume adiabatic expansion (v flavors) f

n/p ratio set by weak strength (n half-life)

Only free parameter is baryon/photon ratio

p ~75%

~All free neutrons into “He ‘He ~25%
Mass 5 & 8 gaps inhibit formation of heavy elements 2H,3He ~ 10

7Lj ~10-10
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n<=>p
p(n.7)d
d(p.y)*He
d(d.n) He
d(d.p)t
t(d,n)*He

A Typical Big Bang Network

10.

11,
12.

t(e,y) Li
*He(n.p)t
*He(d,p)*He
‘He(a,7)'Be
"Li(p,a)*He
"Be(n,p)"Li

He

"Be
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Abundance Observations can be used to constrain the “normal” matter
density - the free parameter in the theory - independent of WMAP



l “Primordial” Interstellar
’ 1 Gas Coud
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N = Pbaryon ! Pphoton

Abundance Observations can be used to constrain the “normal” matter
density - the free parameter in the theory - independent of WMAP




“He mass fraction

“He: relatively weak constraint
but good observations?

|

/Li: good constraint on
baryonic matter density




Comparing Matter Density Constraints

using ‘He

2

using LI

Disagrazs with WHAP

3 4

5

6 7 8
n * 10'° ~ normal matter density
Is our understanding of dark energy / dark matter is wrong?

Are our observations / interpretations wrong?
Are there problems with our nuclear reaction network?
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RESOURCES

® WELCOME COMPUTE

BEIGEANGONLINE.ORG
where you use light element abundances
to constrain Important Cosmaloglcal
parameters

COMPUTE

Create, run, visvallze, and share custom
Cosmology calculations wsing Blg Bang
Nucleosynthesls theory

RESOURCES
for Big Bang Nucleosynthesis
and related Cosmology studies

New online suite of cosmology codes under
development at bigbangonline.org

Enables users to run and visualize BBN calculations with
choice of reaction rates
choice of primordial abundance observations
choice of standard BBN or some non-standard variants
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Hydrogen burning in stars

Hydrostatic equilibrium
dp(r) __GM,(r)p(r)

I

-

dr re

AP Energy conservation

G
dL(r) E(r) p( r)

«£ > 8
/ dr 4mr®
Pressure

P(r)=P,(r)+ P (r)

For sun (non-degenerate)

Large T,P gradient P )= 7= plr)T(r)
Opacity: photons P (r)= 1&1‘“‘ o e
absorbed and ) 3 (r) << Pur)

emitted at shorter A
Luminosity/opacity/T relationship = L oc M4

The sun
M=2x1030 kg

p(0)=150 g/cm?3
T(0)=1.5x107 K
T(surf)=5800 K

L=3.8x10%¢ W

5x104 yr for
energy produced
in sun's core to
be radiated at
surface




Solar power: The pp-chains

Thanks to substantial efforts in experiment, theory & evaluation

pp-1: 5% 'H(p,e*v)?H
5% 2H(p,y)’He
7% 3He(*He2p)yHe  84.7%
pp-2: 7% 3He(a,y)’Be 13.8%
"Be(e",v)'Li 13.78%
13% 7Li(p,o.)*He
pp-3: 95-10% Be(p,y)?B 0.02%
8B(B*v)24He

fusion of 4 '"H — 4He

+ 2e+ + 2ve + 26.7 MeV energy release



6x10° v_/fcm?/s

only direct probe
of solar core
Radiochemical :

Homestake Gold Mine

600kt perchloroethylene
100 events/yr
IClH+v,— T Arte
~30% expectations

2 Super;}
L | 2002 Nobel Prize
| 4+ N\ | Davis & Koshiba
T 1 Reaf-trme coun t.tng
AR ¥
= il I| \

Neutringe Energy in MeV

%ﬂa : %: s i =
_
.
L-'.-'.. I:LT il i
DAl£0h.0]
2584 0,23
SAGE GALLEX Mozumi Mine
Superk 6N 50,000 kt water

| i Kulmc-hn-:le-

5,000 events/yr
v+ e scattering
~40% expectations

Theory H"—' - PP PEp Exj
H W (N W Te



SNO & SuperK measure only neutrinos from the decay of B

Solor Moutrino Spectmim
PFaheall - Pisonneol i S5 5

Flux (fem' s or fem' 5/ MeYV)

E rpargila ali Raotareiio { Al

A accurate value for the predicted 8B neutrino flux is need
for comparison to the current generation of measurements

T

Creighton Nickel Mine SuperK— @ =(2.39 + 0.03,,, = 0.06,,,) x 10% /(cm?s)
1 kt heavy water

vwtd—=p+n (\\qﬁ SNO— @D, =(5.21 + 0.27, + 0.38,,) x 105 /(cm?s)
~159, metallicity

= 6 2 4+
Som B0 X100 emie) & reaction rates



Flavor oscillation

* Neutrino mass eigenstates not the same as flavor
eigenstates

Invacuum  P(v, —v,)=sin’26sin’

1.27Am*(eV*)L(km)
E (GeV)

« Strong evidence from observations of atmospheric
neutrinos (v, — v,)

« Observed in reactor experiments: KamLAND & Chooz

Y ey ee " » Oscillations of solar (8B) neutrinos are enhanced by

— Spnau Seel Wow [ ara — Ryl Shaidig Mimee
3

o bra b fomast s s dom interactions with the high density of electrons in the

solar core MSW: Mikheyev & Smirnow, SJNP 42 (85).
Wolfenstein, PRD 17 (78).

"Be = Focus of current

experiments :
KamLAND L. 5
Borexino ?r-ia,
pp = Next-generation % 1l
CLEAN ™
LENS {

Energy (MeV)



“There are rare moments in science when a clear
road to discovery lies ahead and there is broad
consensus about the steps to take along that path.

This 1s one such moment.”

Tt 1010 of [T yneters. 1 e PTOETAINS &ro o ll1||'|:-|i' -.l|l1|II||I| nnclereronnd a
mentary bocause only the V.S, program has suffi

ciently long baselines to provide good sensitivity \ I , The
i relinatioct Progra T Tl T
tor Chie mass hierarchy through matter enlanes b o | 2
e e, od : s ... Neutrmo
ment. With both the US. and imternational pro- fes " ¥ 3 EFd 1 i :
4 AL 1 LE SHCOns . A - .
grams, we may confidently anticipate o thorough i ) J. Willdr | Matnx

the U5, program. It Is

circumstance that the £ Birran &tﬁhﬂriﬂﬂ-‘l

SCONCT AL ]|r- ] |'.|.. ;1|'.!'|.'

nnderstanding of neutrine mixing

-

e We recommend the development of fectly addressed
a spectroscopic solar neutrine experiment
capable of measuring the energy spectrum - Oﬂe Df the 3 majgr

of noutrinos from the primary pp fusion

process in the sun. recommendations
ke y,

* The pp neutrino flux is accurately predicted by the solar luminosity.
* pp neutrinos oscillate (primarily) by vacuum oscillations not MSW oscillations.

» \Would provide a clear test of solar physics, hydrostatic equilibrium, etc.
* |s the sun’s energy output now the same as 50,000 years ago?
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Measuring the pp flux: CLEAN

McKinsey & Coakley, Astroparticle Physics 22 (2005) 355.
Very high purity liquid Ne or Ar
Thin film of shifting flour in front of PMTs
Good recoil/electron discrimination
Very low threshold (few 10’s keV)
130 ton device proposed (either SNO-Lab or DUSEL)

65 liters

MiniCLEAN now operating

Photomultipliers

Fiducial valume

2T K

17K

Source —
manipulator

Pulse-tube
refrigerator

¢ vessel

b —'*

Il'l

. j Wavalmgth
& meters shifter plates

1._._ —_— —_— _— _h

10 meters



REYIEW LETTERS

LENS: v, from pp fusion " il

#1 prompt electron e
- v, energy (p-like) 4 signal #1 v N
e e sional #2
Buffer up to 10us - " signal #:
v _—~S

Shower
Time/space correlation

=) discrimination \_

Now: 8% In-loaded scintillator

Background
2x "°In decays

1 mimics prompt e
1 mimics y cascade
— high segmentation

3D array of transparent cells

~6 m)? fiducial volume = ~15 tons In
(
~ 500 v, events/yr
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beam M detectors &
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r:.mall i *.“ target "”
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Directly measure cross sections in the lab at the lowest possible energies
Bombarding energy range ~ 10 keV to 3 MeV

High currents (~ mA) p
Long run times
Efficient detectors to obtain high statistics
Pure, stable targets
Absolute cross section measurements

Good normalization & careful control of

systematic uncertainties
Background suppression crucial
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LNGS L-/
o® Laboratori Nazionali del Gran Sasso
ROME

Laboratory space adjacent
to highway tunnel

Laboratory
Underground
Nuclear

1400 m rock coverage
cosmic W reduction= 10-8 .
W rate ~ 1 (/m2 h) i e




Laboratory Low-energy accelerators at LNGS
Underground

Nuclear +
Astrophysics
|

50 keV accelerator m

First o 84.7 % . 13.8 %
measurements
Gamow widow
o *He(a,y)"Be with
3He(3He,2p) 400 ke"le' ancelertnr

15 R. Bonetti et al., PRL
- 82 (1999) 5205.

10 Camgm papi 100 1000




3He(c,y)’Be @ LUNA Gy. Gyiirky, PRC 75 (2007) 035805,

Weighted average, all prompt-y studies [3] 05070016

{al First (b} Connection pipe (Cu) (d) Target chambser (Cud if) Mavable C scattering foill ) Sl o
pumging &~ detector
et helim
4 % 107" mbar He 0,01 - 9,03 mbar He i
e —— == 'Hn
{c] Collimator (Cu, d=7 mn) ;/ E E E ﬁ gat inlet
+ NEGCUUE R SN \k (e} Carcher (Al lor \ (h)Primary "Be
Pumps | Z Frﬂ.ﬂll;l';'l . Hm’lf — 'FF:F - | backscattered "Be \ CAtEREr P
0 0 40cm ‘.Jr].rn'-:r"l. for capacitance n'.nnnr‘nha.-:;rrt
Ref. S(0) (keV b)
Osbome eral. PRL 48 (1982} [18] 0.535 £ 0.040
- Robertson ef al. PRC 27 (1583) [19] 0.63 £ 0.04
' % Volk et al. ZPA 340 (1983) [200 0.56 + 0.03
T Nara Singh er al. PRL 93 (2004} [21] 0.53 £ 0.02
1% present work Y 0.547 £+ 0.017
0.5 ~ & Weighted average, all activation studies 0.553 £0.012

04 -

S [keV barm)]

0.3

g

1] 200 200 B0 800 1000 1200



’Be(p,y)?B at Seattle

| 450mm?,E_=305 keV 11

EID'I]I:I__
E, [keV]

] -1IZI;}IZI EIIIIIZI[I | 4000 5000
Extraordinary
control over
systematic

uncertainties.

Sz eV barn)

L
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50

-
n
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30

Junghans et al., PRC
68 (2003) 065803.
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counis

New Coulomb dissociation result
Schumann et al., PRC 73 (2006) 015806.

= E 5 ]l S Pb target TOF Wall

Eug= 354 MeVin 3000 o | ! r
f: Lorder PT E1 only
e ., 25001 "1 --= Lorder PT EteE2
‘h :I I
” i “
i . E 1500 - 3
swol %, Change in S.,(E) B
1 ';". 1 \“‘ T T T T T 1000
400 : -:'\I-n = & thin waik [G5-7) O Hairirmache o &l
| :;_ 3 lopmma od o, (58 + Junghans el al 500 I
[ — axporimond in, A By st al. :
200 - - 30 i |

:J — wbmulalion

oid =im

n.jul.unluulnul pidigiaBiiiileisebidaslesii
o 1 & 4 4 & & 7 B @ 10

e ’ #mf :‘;’e,: RAR

20.6+0.8:1.2eV Db Descouvemant |

S,; (aV b)

]
0 025 05 055 1 125 15
E,,, (MaV)
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Recent "Be(p,7)?B results

o -
30 |- Farker B Hammache & —s %
| Kavanagh O Hass o o 0
iln Vaughn x Strieder ﬁ 3 2
| n Filippone Baby O 0 &
—_— EE' = . -
o Junghans et al. » o 2 e
— T =] E E A
S 2 B - -
= 3 o ]
: ' 0
8 | ! . _II_

E'""'E.F"_I 1.

1B

Evaluated S.; (eV b)
Junghans PRC 68 (2003) 065803. 21.4+0.5+0.6
Davids & Typel PRC 68 (2003) 045802. 18.6+0.4x1.1
Cyburt et al., PRC 70 (2004) 045801.  19.3 — 21.4
with ~ 6-7% o
« Precision has been significantly improved.
= Some questions remain.

« Additional high-precision measurement(s) are desired.



Solar power: The pp-chains

Thanks to substantial efforts in experiment, theory & evaluation

pp-1: 5% 'H(p,e*v)?H
5% 2H(p,y)’He
7% 3He(*He2p)yHe  84.7%
pp-2: 7% 3He(a,y)’Be 13.8%
"Be(e",v)'Li 13.78%
13% 7Li(p,o.)*He
pp-3: 95-10% Be(p,y)?B 0.02%
8B(B*v)24He

fusion of 4 '"H — 4He

+ 2e+ + 2ve + 26.7 MeV energy release
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