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Motivation : what has happened Motivation : what has happened 
inside the stars ?inside the stars ?

Screening Screening problems(crossproblems(cross section section 
enhancement by electrons) in stars (super enhancement by electrons) in stars (super 
novae, neutron stars, stars like the Sun) novae, neutron stars, stars like the Sun) pp--pp
chain reactions are strongly correlated to chain reactions are strongly correlated to 
phenomena observed in atomic physics, phenomena observed in atomic physics, 
plasma physics and nuclear physics plasma physics and nuclear physics 
Laboratory experiments to realize stellar Laboratory experiments to realize stellar 
condition condition are incompleteare incomplete
To satisfy all condition is impossibleTo satisfy all condition is impossible
for understanding of nature  for understanding of nature  ideas, data of ideas, data of 

atomic physics, nuclear physics as well as atomic physics, nuclear physics as well as 
other fields are crucial.other fields are crucial.
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Physics Reports 311(1999) Physics Reports 311(1999) G.ShavivG.Shaviv and and N.J.ShavivN.J.Shaviv

The idea that nuclear reactions in stars may The idea that nuclear reactions in stars may 
be affected by the surrounding plasmabe affected by the surrounding plasma was was 
first discussed by Schatzman(first discussed by Schatzman(19481948) and ) and 
Salpeter(Salpeter(19541954).The weak and the strong ).The weak and the strong 
screening limits were treated by screening limits were treated by SalpeterSalpeter..
The limit depends on the ratio of the The limit depends on the ratio of the 
Coulomb energy to the mean kinetic energy Coulomb energy to the mean kinetic energy 
of the particlesof the particles
Typical plasma particles with mean energy Typical plasma particles with mean energy 
kTkT and ignored the kinetic energy of the and ignored the kinetic energy of the 
interacting particlesinteracting particles (by (by SalpeterSalpeter’’ss first first 
approach)approach)
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After about half centuryAfter about half century
We would studyWe would study

1) Surrounding effects to discover 1) Surrounding effects to discover 
several (more) hidden phenomena,   several (more) hidden phenomena,   

2) Surrounding effects to study2) Surrounding effects to study
neutrino production and its related neutrino production and its related 
problem,  problem,  

3) Surrounding effects for fusion plasma 3) Surrounding effects for fusion plasma 
in various stellar states.in various stellar states.
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In elementary particle physicsIn elementary particle physics

Recent strong motivation to study the Recent strong motivation to study the 
effect due to the surrounding of effect due to the surrounding of 
interacting particles; electron interacting particles; electron 
screening screening 
might solve the so called neutrino might solve the so called neutrino 
deficient problem.deficient problem. ––so many works for so many works for 
this issue.this issue.

howeverhowever
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Motivation : What has happened Motivation : What has happened 
inside the stars or in the Sun ?inside the stars or in the Sun ?
Screening problems (cross section Screening problems (cross section 
enhancement by electrons) in stars (super enhancement by electrons) in stars (super 
novae, neutron stars, stars like the Sun) novae, neutron stars, stars like the Sun) pp--pp
chain reactions are strongly correlated to chain reactions are strongly correlated to 
atomic physicsatomic physics
Laboratory experiments to realize stellar Laboratory experiments to realize stellar 
condition are incomplete, that is, to satisfy condition are incomplete, that is, to satisfy 
all condition is impossibleall condition is impossible
for understanding of nature  ideas and  for understanding of nature  ideas and  
experimental data are crucialexperimental data are crucial
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Comparison of sound speeds predicted by different Comparison of sound speeds predicted by different 
standard solar models with the sound speed measured by standard solar models with the sound speed measured by 
helioseismologyhelioseismology..
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Solar model and solar interiorSolar model and solar interior

The Sun has radius The Sun has radius RRss = 6.96x10= 6.96x1010 10 cm and mass cm and mass 
MMss=1.99x 10=1.99x 1033 33 g; its mass density 1.41 g/cmg; its mass density 1.41 g/cm33 onon
averageaverage
Interiors of main sequence stars such as the Sun are Interiors of main sequence stars such as the Sun are 
dense plasma constituted mostly of hydrogen.dense plasma constituted mostly of hydrogen.
The total luminosity is Ls ~ 3.85 x 10The total luminosity is Ls ~ 3.85 x 102626 W , Ls/Ms ~ W , Ls/Ms ~ 
1.93 x 101.93 x 10--77

The central part of the Sun has a mass density of The central part of the Sun has a mass density of 
approximately approximately 1.56 x 101.56 x 102 2 g/cmg/cm33 a temperature of a temperature of 
approximately 1.5 x 10 Kapproximately 1.5 x 10 K
A pressure of approximately 3.4 x 10A pressure of approximately 3.4 x 105 5 Mbar Mbar 
The mass fraction of hydrogen are 0.36 near the The mass fraction of hydrogen are 0.36 near the 
center and 0.73 near the surface.center and 0.73 near the surface.
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Brown dwarfsBrown dwarfs
Central temperature and mass density of a brown dwarf may Central temperature and mass density of a brown dwarf may 
rangerange (2(2--3)x103)x1066(6E) K(6E) K
AndAnd 101022 ~ 10~ 1033 g/cmg/cm33

JupiterJupiter
The mass density, temperature, and pressure of its interior The mass density, temperature, and pressure of its interior 
(outside the central rock)(outside the central rock) 2~5 g/cm2~5 g/cm33, 5000~ 20000 K and 30 bar,, 5000~ 20000 K and 30 bar,
respectively.respectively.
White dwarfsWhite dwarfs
A final stage of stellar evolutionA final stage of stellar evolution
11 solar mass  compressed to a characteristic radius  ofsolar mass  compressed to a characteristic radius  of 5000 5000 
km km and an average density ofand an average density of 101066 g/cmg/cm33

typetype--I supernova, a white dwarf with an interior consisting a I supernova, a white dwarf with an interior consisting a 
carboncarbon--oxygen mixture; a kind of binaryoxygen mixture; a kind of binary--ionic mixture with a ionic mixture with a 
central mass density ofcentral mass density of 101077 ~10~1010 10 g/cmg/cm33 and a temperature ofand a temperature of
101077~ 10~ 1099 KK
Neutron starNeutron star
radius radius ~10 km  ~10 km  density in the range ofdensity in the range of 101044~ 10~ 1077 g/cmg/cm

From Nuclear fusion in dense plasma,  Rev. of Modern Physics (19From Nuclear fusion in dense plasma,  Rev. of Modern Physics (1993)93)
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Surrounding of interacting particlesSurrounding of interacting particles

??
in stellar conditionin stellar condition

in laboratory conditionin laboratory condition
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Cross section enhancement due to Cross section enhancement due to 

Screening potentialScreening potential
Energy loss of charged particles in matterEnergy loss of charged particles in matter
Coulomb explosionCoulomb explosion
NonNon--linear effectlinear effect
BeamBeam--plasma interactionplasma interaction
Strong magnetic and electric effectStrong magnetic and electric effect
Vacuum polarization effectVacuum polarization effect
Unclear experimental conditionUnclear experimental condition

Quests in nuclear astrophysics  and     Quests in nuclear astrophysics  and     
experimental approaches is neverexperimental approaches is never--ending and     ending and     
intriguing subject. intriguing subject. 

Nowadays, in order toNowadays, in order to
discover new and stimulating things in nuclear     discover new and stimulating things in nuclear     
astrophysics precise measurements are needed.astrophysics precise measurements are needed.
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Experimental approach, related Experimental approach, related exptsexpts..

Anomalous stopping power Anomalous stopping power 

recent discovery of quantum effect by recent discovery of quantum effect by 
which the atoms become nearly which the atoms become nearly 
transparent for the ions at very low transparent for the ions at very low 
energy by C. Rolfs et.al.energy by C. Rolfs et.al.
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Theoretical approaches Theoretical approaches (many works have been (many works have been 
done for standard solar model to solve the sodone for standard solar model to solve the so--called called 
neutrino neutrino puzzle,otherpuzzle,other works are perspectives for nuclear works are perspectives for nuclear 
fusion in dense plasma)fusion in dense plasma)

i)i) electrons and ions in stellar electrons and ions in stellar 
plasma(Shavivplasma(Shaviv))

ii)ii) bound bound electrons(Beryaevelectrons(Beryaev))
iii)iii) very dense plasma (very dense plasma (IchimaruIchimaru))
iv)iv) electrons in solid materials electrons in solid materials (Not only for (Not only for 

astrophysics but also for low temp. fusion study)astrophysics but also for low temp. fusion study)
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The screening enhancement factor for the most important astrophyThe screening enhancement factor for the most important astrophysical nuclear reactions sical nuclear reactions 
of the CNO biof the CNO bi--cycle, cycle, 1313C(p,gamma)C(p,gamma)1414N,EN,Egpgp=24.5 =24.5 keVkeV, , 1414N(p,gamma)N(p,gamma)1515O,EO,Egpgp=27.2 =27.2 keVkeV
1616O(p,gamma)O(p,gamma)1717F, F, EgpEgp=29.8 =29.8 keVkeV, solid, dashed and dotted, solid, dashed and dotted
sudden(lowersudden(lower) and ) and adiabatic(upperadiabatic(upper) ) 
Phys.RevPhys.Rev. C 63 (2001) . C 63 (2001) T.E.LioliosT.E.Liolios
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Influence of electron capture and Coulomb explosion on electron Influence of electron capture and Coulomb explosion on electron screening in screening in 
low nuclear reactions in low nuclear reactions in laboratorieslaboratories[[recentrecent theoretical studies by N, theoretical studies by N, TakigawaTakigawa
and Y. Katoand Y. Kato]]
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The fraction of the total beam of ions with The fraction of the total beam of ions with 
charge i  plotted as functions of the ion charge i  plotted as functions of the ion 
velocitiesvelocities from Nuclear Reaction Analysis by Marion/Youngfrom Nuclear Reaction Analysis by Marion/Young
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33HeHe++ ++ ion beamion beam
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Our claim(2)Our claim(2)

Theoretical estimate for screening Theoretical estimate for screening 
potential (potential (UeUe))
should be usually considered as a should be usually considered as a 
constant.constant.

But it should be as a energy dependent But it should be as a energy dependent 
termterm
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Charge state during transmitting the gas target would Charge state during transmitting the gas target would 

affect the screening potentialaffect the screening potential TakigawaTakigawa and Kato, to be publishedand Kato, to be published

33He + He + 33He He –– 2p + a reaction2p + a reaction

charge state of incident beam charge state of incident beam 
screening potential for each beam screening potential for each beam 
33He(2+) + 3He gas target        adiabatic limit    171 He(2+) + 3He gas target        adiabatic limit    171 eVeV
33He(1+) + 3He gas target                                  254 He(1+) + 3He gas target                                  254 eVeV
33He(0+) + 3He gas target                                  241 He(0+) + 3He gas target                                  241 eVeV

exp 432 +/exp 432 +/--29 29 eVeV
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Claim(3)Claim(3)
Maximum enhancement or medium or Maximum enhancement or medium or 
incomplete enhancement has happened or incomplete enhancement has happened or 
not  (this is not clear so far )not  (this is not clear so far )
After  effects from time dependent collision After  effects from time dependent collision 
phenomena with appropriate electronic phenomena with appropriate electronic 
states of ions and atoms would be measuredstates of ions and atoms would be measured

we could extrapolate S(E) factor to the value we could extrapolate S(E) factor to the value 
at required at required energy(Gamowenergy(Gamow energy)energy)
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OOsakasaka Univ.Univ. CCosmological osmological EExperimentalxperimental AApparatus pparatus 

forfor NNuclear Physicsuclear Physics
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Plasma (ion production ) Plasma (ion production ) -------- beambeam---------- gas (neutral)gas (neutral)
ECR Ion Source                                     TECR Ion Source                                     Targetarget

Plasma Plasma diagnositicsdiagnositics
Photon observationPhoton observation

Ion in targetIon in plasma
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Visible light(1s4sVisible light(1s4s--1s2p) observation1s2p) observation
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Nuclear Reaction at very low energyNuclear Reaction at very low energy
~ At stellar condition~ At stellar condition
With      ZWith      Z1e 1e +                 Z+                 Z2e 2e 

Beam target
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Clear and definite answer for this Clear and definite answer for this 
entangled problementangled problem

Ion trap apparatus for nuclear Ion trap apparatus for nuclear 
astrophysicsastrophysics
Larger capacity than existing Larger capacity than existing 
installationinstallation
Bare beam and  bare target Bare beam and  bare target 
Higher luminosity than storage ring Higher luminosity than storage ring 
Stable operation in a few months Stable operation in a few months 
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We prefer to realize terrestrial experiments as it We prefer to realize terrestrial experiments as it 
is at stellar conditionis at stellar condition

NatureNature LaboratoryLaboratory
Core of the sun orCore of the sun or -------------- high densityhigh density
Interior of supernovaeInterior of supernovae high temphigh temp

plasmaplasma
atomic stateatomic state

NNuclear uclear AAstrophysics strophysics RResearches in esearches in IIon on TTrap rap 
AApparatus          NARITApparatus          NARITA

Consists of Consists of 
BeTaBeTa
Ion Source with High Brightness at high voltage platformIon Source with High Brightness at high voltage platform
RI production stage by AVF cyclotronRI production stage by AVF cyclotron
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Beam Beam --Target Experiment Target Experiment 
in RCNP Osaka Univ.in RCNP Osaka Univ.
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Electron beam ion trapElectron beam ion trap
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the ion capacity of the trap( the the ion capacity of the trap( the 
maximum number of elementary maximum number of elementary 
positive charge in the trap)positive charge in the trap)

CC++ = 3.36 x 10= 3.36 x 101111 IIee L EL Eee
--1/21/2

IIee ; beam current in amperes; beam current in amperes
L; length of the trap in metersL; length of the trap in meters
EEee; electron energy in ; electron energy in keVkeV



Advances and Challenges in 
Nuclear Astrophysics ECT 24-28 

May

Compensation time; the positive space charge of the 
residual gas ions completely compensates the electron 
beam space charge
n; density of the residual gas
Ee; electron energy 
Ie; ionization potential of the residual gas

1/2E4 eτ = 7.5 × 10 Ic en ln(E /I )e e
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Proto-type experimental 
apparatus

• Ee=10 keV, Ie=14.2 eV, 
if we assume compensation time is 5 sec.

• n = ~10-8Pa   (very low pressure)
will be required pressure inside the trap,

Now we are testing the proto-type apparatus,
by using ANAC ionizer. 
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Expected counting ratesExpected counting rates
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Proposal on studies of Proposal on studies of 
p + p + 77BeBe4+4+ reaction at low energyreaction at low energy
1) the electron 1) the electron beam(orbeam(or string) of 10string) of 1033A/cmA/cm22,  ,  

of 100A current of 1.4 m length and of 100A current of 1.4 m length and 
of 3cm radius is used for ionization of 3cm radius is used for ionization 77BeBe4+4+

as a targetas a target
2) 2.5*102) 2.5*101212 of of 77Be nuclei at the target  Be nuclei at the target  

thickness 2.5*10thickness 2.5*101313 length/cmlength/cm22

3) cross section =  1*103) cross section =  1*10--3434 cmcm2 2 and 50%  and 50%  
efficiencyefficiency

4) proton beam 40mA at 70 4) proton beam 40mA at 70 keVkeV
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77Be(pBe(p,,gammagamma))88B is the most important and the B is the most important and the 
most uncertain nuclear physics input  used in most uncertain nuclear physics input  used in 
solar neutrino calculationsolar neutrino calculation

p + p + 77BeBe4+4+ reactionreaction
at low energyat low energy

2counts/hour 2counts/hour 
expectedexpected
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ConclusionConclusion

1) To meet terrestrial experiment as stellar condition we will b1) To meet terrestrial experiment as stellar condition we will be able to  e able to  
select Temperature, density, pressure, atomic state and also doselect Temperature, density, pressure, atomic state and also do
material such as solid, liquid, gas, plasmamaterial such as solid, liquid, gas, plasma

2)  On going experiment will be the state selective experiment f2)  On going experiment will be the state selective experiment for or 
interacting particles in atomic statesinteracting particles in atomic states

3)  We showed feasibility of meas. for bare to bare nuclear reac3)  We showed feasibility of meas. for bare to bare nuclear reaction at tion at 
similar condition as stellar state,similar condition as stellar state,

3)  Proposed 3)  Proposed BeTaBeTa and NARITA installation (It seems sophisticated and NARITA installation (It seems sophisticated 
apparatus for nuclear astrophysics)apparatus for nuclear astrophysics)
They will be possible tool to study astrophysical SThey will be possible tool to study astrophysical S--factor free from the factor free from the 
enhancement of screening   enhancement of screening   
potential.potential.
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Experimental approach, related to this 
problem

iii) For electron configuration of target 
and incident particles

combination between various target and 
incident particle: atom and molecule 

Ingenious experimental devices; storage 
ring
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Nuclear Astrophysics Researches in 
Ion Trap Apparatus

• Consists of 
• BeTa
• Ion Source with High Brightness at 

high voltage platform
• RI produced by AVF cyclotron



Advances and Challenges in 
Nuclear Astrophysics ECT 24-28 

May



Advances and Challenges in 
Nuclear Astrophysics ECT 24-28 

May

Plasma (ion production ) ---- beam----- gas (neutral ECR Ion 
Source                                     Target
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The shielding effect reduces the Coulomb potential and eases the
penetration of the coulomb barrier. During the discussion we use
following expressions for astrophysical S-factor with screening 

potential Ue and enhancement factor f ;

( ) ( ) ( ) ( ) ( )
( )

( )

1
2 2

1 2

1 2

exp 2 , 2 /

( ); astrophysica l 

; Som m erfe ld param eter
; in itia l nuc le i charge

; reduced  m ass

S E
E E w here E Z Z E c

E
S E S E fac tor
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e
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e
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Screening Potential
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Screening energies
(ref. K.Langanke and C.A.Barns, Advance of Nucl. Phys.)
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(1) Status of The Problem
Experimental approach, related expts
i) For low energy beam collision expts.  

we have to avoid the ambiguity of 
energy loss  from stopping power;
We need precise measurement of 
stopping power of various incident 
particles with different energies in 
various medium 

Mobility of radio-active beams or PET 
might be available tools for this issue
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Claim(3)
• Maximum enhancement or medium or 

incomplete enhancement has happened or 
not  (this is not clear so far )

• After  effects from time dependent collision 
phenomena with appropriate electronic 
states of ions and atoms would be measured

we could extrapolate S(E) factor to the value 
at required energy(Gamow energy)
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