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8. Moderna istraživanja
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Konferencije “Nuclei in Cosmos” (NIC)
 � Baden bei Wien, Austrija, 1990.
 � Karlsruhe, Njemačka, 1992.
 � Gran Sasso, Italija, 1994.
 � Notre Dame, SAD, 1996.
 � Volos, Grčka, 1998.
 � Aarhus, Danska, 2000.� Aarhus, Danska, 2000.
 � Fuji-Yoshida, Japan, 2002.
 � Vancouver, Kanada, 2004.
 � CERN, Ženeva, Švicarska, 2006.
 � MSU, Michigen, SAD, 2008.
 � Heidelberg, Njemačka, 2010.
 + europska serija konferencija + ...
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kulo
 nskip
 ote
 ncija
 l
 Ec
 E
 “gola jezgra”
 zasjenjenaE + Ue
 σ (E) = exp(-2πη) S(E)E1 pretpostavka: 2πη ~ Z1Z2(µ/E)½ “gole jezgre”
 Elektronsko zasjenjenje
 i u laboratoriju i u zvjezdanoj plazmi interakcija modificirana prisustvom elektrona
 Rn Rt
 kulo
 nski
 0
 E
 Ratomski
 energijski dobitak = POTENCIJAL Ue tipično vrlo malen (~ 10-100 eV)
 ⇒ korekcije obično zanemarive
 ⇒ osim za ekstremno niske energije
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Debye-Hückelov polumjerRD ~ (kT/ρ)½
 σlab(E)udarni presjek
 • u plazmi: ioni u “moru slobodnih elektrona”
 Elektronsko zasjenjenje
 zasjenjen
 “gol”
 E
 udarni presjek
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S(E) zasjenjen S(E)
 ekstrapolacija podataka
 ∝ Ue
 Screening potential: experimental approach
 flab(E) =Sscreen(E)
 Sbare(E)~ exp(πηUe/E)
 Elektronsko zasjenjenje
 E0
 “goli” S(E)izmjereni podaci
 na visokim E
 Ue puno veći od svih teorijskih granica!
 idealno bi trebalo mjeriti u plazmi, no to je za sada nemoguće realizirati
 možemo li koristiti metale umjesto plazme??
 PROBLEM: eksperimentalan Ue >> teorijski Ue
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Determination of screening potential UDetermination of screening potential Uee
 Theoretical models
 Born-Oppenheimer approximation [Blüge, 1989]
 Rolfs’ model Phenomenologic modelBencze’s model
 Static Picture
 electrostatic potential
 due to electron cloud
 Ue = Z1Z2 e2
 Ra
 Electronic charge distribution
 is in a volume of Ra (Rn/ Ra ∼10-5)[Bencze, 1989]
 Ue = 3 Z1Z2 e2
 2 Ra
 Electronic charge distribution is at the surface (r = Ra)[Assenbaum, 1987]
 Ue = Z1Z2 e2
 Rax A exp(r)
 Phenomenologic potentialtype (i.e. to studystopping power) [Wilson, 1977]; [Moliere, 1947]
 Ue ∝∝∝∝ Z1Z2e2
 Ra
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3He(d,p)4HeExample:
 Aliotta M. et al.: Nucl. Phys. A690 (2001) 790
 8
 9
 10
 11
 12
 13
 14
 S(E) [MeV b]
 theo
 Ue = 120 eV
 Ue = 219±7 eVexp
 WHY? • correct models for Ue?• reliable extrapolation for S(E)bare?• correct stopping powers?
 Electron screening in the lab is still an open problem
 5
 6
 7
 1 10 100E [keV]
 bare
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two limiting cases:
 sudden limit adiabatic limit
 vp >> ve vp << veprojectile orbiting
 electron(s)projectile orbiting
 electron(s)
 Ue transition from the adiabatic to the sudden approximation
 3rd ENA 2005F.Raiola
 Dynamic PictureTDHF
 minimum energy transfer from electronic-
 to nuclear-motion
 maximum energy transfer from electronic-
 to nuclear-motion
 A smooth transition between two extremes cases
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Experimental data of UExperimental data of Uee
 adiabatic experimental
 d(d,p)t 14 25 ± 5 Greife et al. (1995)
 3He(d,p)
 4He 120 186 ± 12 Prati et al. (1994)
 Ue (eV)Reactions References
 3rd ENA 2005F.Raiola
 3He(d,p)
 4He 120 186 ± 12 Prati et al. (1994)
 d(3He,p)
 4He 65 123 ± 9 Prati et al. (1994)
 7Li(p,α)
 4He 182 300 ± 280 Engstler et al. (1992)
 11B(p,α)
 8Be
 +348 430 ± 80 Angulo et al. (1993)
 experimental Ue >> adiabatic Ue
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Stopping powerStopping power
 astrophysics region
 (log. scale)σ(E)
 ∆σes. at E ~ 10 keV
 ∆E/E ∼ 0.2%⇓
 ∆σ/σ ∼ 6%
 3He(d,p)4Hemeasurements at low energy
 careful knowledge
 of interaction energy
 particles!
 σσσσ(E) = S(E) exp(-2πη) 1E
 Energy0∆E (lin. scale)
 stopping power lower
 Main source of uncertain
 Determination of energy loss
 Eint. higher σ(E) higher S(E) lowerUe ~ theoretical
 valueUe lower
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100 kV accelerator – Ruhr-Universität Bochum
 Ni foil
 aperture
 8 mm f
 x/y wobbling
 units
 D+ ion beam MxD
 target
 Cu pipe
 -200 V
 LN2-cooled
 turbo pumpθ = 130°P = 2x10-8 mbar
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Experimental procedure
 � Kr sputtering at E = 35 keV (remove ~ 200 mono-layers)
 � D implantation (at Ed ~ 5-30 keV until saturation)
 � stoichiometry MxD attained
 target preparation
 experimental run and data analysis
 d(d,p)t
 t p
 � thin-target yield ⇔ differential thick-target yields
 � determine cross section
 � determine solubility y = 1/x
 � weighted average cross section � S-factor
 � fit low-energy data to determine Ue
 )σ(E)(Eαεθ),Y(E eff1
 deffd−=
 )(Exε)(Eε)(Eε dMdDdeff += thick-target yield curve

Page 18
                        
                        

Anomalous behaviour of Ue in deuterated metals
 compared to D2 gas target
 (Ue ≅ 30 eV)
 anomalous enhancements observed for
 some materials but not for others
 WHY?
 factor ~ 20 higher
 comparable to gas target case
 Cu
 Ue = 470 eV
 Nd
 Ue < 30 eV
 F. Raiola et al.: Phys. Lett. B547 (2002) 193
 F. Raiola et al.: Eur. Phys. J A19 (2004) 283
 factor ~ 25 higher
 comparable to gas target case
 Pt
 Ue = 670 eV
 Hf
 Ue < 30 eV
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Results overview
 F.
 Ra
 iola
 et a
 l.:
 Eu
 r. P
 hys.
 J A
 19
 (2
 00
 4)
 28
 3
 55 samples
 in total
 FEATURES:
 � elements in same group show similar Ue values
 � exceptions: group 13 (B = insulator) and group 14 (C, Si, Ge = semiconductors)
 � large effect ~ 300 eV ⇔ metals with low “H solubility” (1/x)
 metallic character retained during implantation with D
 � small effect ~ 30 eV ⇔ metals with large “H solubility”
 metallic character lost during implantation with D
 F.
 Ra
 iola
 et a
 l.:
 Eu
 r. P
 hys.
 J A
 19
 (2
 00
 4)
 28
 3
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A possible classical explanation?
 neff = number of quasi-free electrons/atom (typically 1)
 ρa = atomic density (typically 6x1028 m-3)
 [m]ρn
 T69
 ρne
 kTεR
 aeffaeff2
 0D ==
 A SIMPLE MODEL:
 following Debye’s plasma theory:
 “free” electrons in metals cluster around deuterons in lattice at radius
 for T ~ 300 K ⇒ RD ~ 1/10 Ra
 TEMPERATURE DEPENDENCE
 CHARGE DEPENDENCE
 Ue,D ≅ Z1Z2e2/RD ⇒ Ue,D ~ 300 eV
 T
 1(T)UD ∝
 CRITICAL TESTS:
 )1Z(Z tt +∝DU

Page 21
                        
                        

Results
 60
 80
 100
 120
 140
 160
 180
 Li2WO
 4
 S-f
 acto
 r (k
 eV
 b)
 7Li(p,α)
 4He
 PdLi1%
 Li Ue = 1280±60 eV
 Ue = 3790±330 eV
 Ue,A = 185±150 eV
 J. C
 ruz e
 t a
 l. P
 hys L
 ett
 B 6
 24
 (2
 00
 5)
 18
 1
 20 40 60 80 10040
 60
 E (keV)
 bare
 similar results observed for
 6Li(p,α) (Zt = 3)
 9Be(p,α)6Li and 9Be(p,d)8Be (Zt = 4)
 50V(p,n)50Cr (Zt = 23)
 176Lu(p,n)176Hf (Zt=71)
 J. Cruz et al. Phys Lett B 624 (2005) 181
 J. C
 ruz e
 t a
 l. P
 hys L
 ett
 B 6
 24
 (2
 00
 5)
 18
 1
 D. Zahnow et al. Z. Phys. A359 (1997)211
 C. Rolfs, (2005) private communication
 C. Rolfs, (2005) private communication
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Target-charge dependence of Ue
 Debye radius scales inversely with nuclear charge Zt of target atoms
 in H2 gas target: ⇒ UA = 300±160 eV
 in Li metal: neff(Li) = 0.8±0.2 ⇒ UD = 820±100 eV
 7Li(p,a)4He
 )1Z(Z tt +∝DUexpect increased effect in screening potential with Zt
 example
 in insulators: neff = 0 ⇒ UD = 0
 expect: Ue = UA + UD = 1120±260 eV
 in PdLix alloy: neff(Pd) = 6.3±1.2 ⇒ UD = 2800±280 eV (for x < few percent)
 expect: Ue = UA + UD = 3100±440 eV
 expect: Ue = UA + UD = 300±160 eV
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Requirements for mass spectrometry
 δm/m
 General physics & chemistry ≤ 10-5
 Nuclear structure physics
 - separation of isobars
 ≤ 10-6
 Astrophysics ≤ 10-6
 K. B., Phys. Rep. 425, 1-78 (2006)
 Klaus.blaum@mpi-
 Astrophysics
 - separation of isomers
 ≤ 10-6
 Weak interaction studies ≤ 10-8
 Metrology - fundamental constants ≤ 10-9
 CPT tests ≤ 10-10
 QED in highly-charged ions
 - separation of atomic states
 ≤ 10-11
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Facilities for mass spectrometry
 ESR-GSINESR-FAIR
 Klaus.blaum@mpi-
 K.B., Phys. Rep. 425, 1 (2006)
 Lanzhou-SR
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The rp-process (I)
 N=Z
 Kr78
 Br79
 Kr80
 Br81
 Kr82
 Sr84
 P
 PBr67 Br68 Br69
 Kr69
 Br70
 Kr70
 Br71
 Kr71
 Rb71
 Br72
 Kr72
 Rb72
 Br73
 Kr73
 Rb73
 Sr73
 Br74
 Kr74
 Rb74
 Sr74
 Br75
 Kr75
 Rb75
 Sr75
 Br76
 Kr76
 Rb76
 Sr76
 Br77
 Kr77
 Rb77
 Sr77
 Y77
 Br78
 Rb78
 Sr78
 Y78
 Kr79
 Rb79
 Sr79
 Y79
 Br80
 Rb80
 Sr80
 Y80
 Kr81
 Rb81
 Sr81
 Y81
 Rb82
 Sr82
 Y82
 Rb83
 Sr83
 Y83 Y84 Y85
 35
 36
 37
 38
 Z = 39
 Proton drip-line
 N=Z
 Kr78
 Br79
 Kr80
 Br81
 Kr82
 Sr84
 P
 PBr67 Br68 Br69
 Kr69
 Br70
 Kr70
 Br71
 Kr71
 Rb71
 Br72
 Kr72
 Rb72
 Br73
 Kr73
 Rb73
 Sr73
 Br74
 Kr74
 Rb74
 Sr74
 Br75
 Kr75
 Rb75
 Sr75
 Br76
 Kr76
 Rb76
 Sr76
 Br77
 Kr77
 Rb77
 Sr77
 Y77
 Br78
 Rb78
 Sr78
 Y78
 Kr79
 Rb79
 Sr79
 Y79
 Br80
 Rb80
 Sr80
 Y80
 Kr81
 Rb81
 Sr81
 Y81
 Rb82
 Sr82
 Y82
 Rb83
 Sr83
 Y83 Y84 Y85
 35
 36
 37
 38
 Z = 39
 Proton drip-lineProton drip-line
 D. Rodríguez et al., Phys. Rev. Lett. 93, 161104 (2004)J. Clark et al., Phys. Rev. Lett. 92, 192501 (2004)J. Clark et al., Nucl. Phys. A 746, 342 (2004) F. Herfurth et al., to be published.
 Klaus.blaum@mpi-
 Ge70 Ge72 Ge73 Ge74
 Se74
 As75
 Ge76
 Se76 Se77 Se78 Se80
 P
 Ge62 Ge63
 As63
 Ge64
 As64
 Ge65
 As65
 Se65
 Ge66
 As66
 Se66
 Ge67
 As67
 Se67
 Ge68
 As68
 Se68
 Ge69
 As69
 Se69
 As70
 Se70
 Ge71
 As71
 Se71
 As72
 Se72
 As73
 Se73
 As74
 Ge75
 Se75
 As76
 Ge77
 As77
 Ge78
 As78 As79
 Se79
 34
 35
 (H. Schatz et al. Phys. Rep. 294 (1998) 167)
 possible waiting points
 possible rp - process main path
 mass excess not yet measured (AME95)
 ISOLTRAP measurements
 2000 - 2002 before 2000
 Canadian Penning Trap
 Ge70 Ge72 Ge73 Ge74
 Se74
 As75
 Ge76
 Se76 Se77 Se78 Se80
 P
 Ge62 Ge63
 As63
 Ge64
 As64
 Ge65
 As65
 Se65
 Ge66
 As66
 Se66
 Ge67
 As67
 Se67
 Ge68
 As68
 Se68
 Ge69
 As69
 Se69
 As70
 Se70
 Ge71
 As71
 Se71
 As72
 Se72
 As73
 Se73
 As74
 Ge75
 Se75
 As76
 Ge77
 As77
 Ge78
 As78 As79
 Se79
 34
 35
 (H. Schatz et al. Phys. Rep. 294 (1998) 167)
 possible waiting points
 possible rp - process main path
 mass excess not yet measured (AME95)
 ISOLTRAP measurements
 2000 - 2002 before 2000
 Canadian Penning Trap
 (in type I x-ray bursts)
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The KATRIN spectrometer
 We aim for:δQ(3T�3He) = 20 meV
 δm/m = 7·10-12
 [email protected]
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Future mass spectrometry facilities at FAIR
 [email protected]
 New Experimental
 Storage RingMATS
 Penning traps
 HITRAP
 Penning traps
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Gorenje do željeza: “bitnije” od ostalog
 � ključna nuklearna stanja i reakcije
 (12C**, 12C+α→ 16O+γ, ...)
 � reakcije i jezgre koje vode na usporedbu s mjerenjima
 � detekcija gama-zračenja!
 � samo eksplozivni procesi
 � 18F, 22Na, 26Al, 44Ti, ...� 18F, 22Na, 26Al, 44Ti, ...
 � detekcija količine nekog izotopa
 � 7Li, 2H, ...
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Screening potential: experimental approach7Li
 Stars A & B: Gonzalez Hernandez 2008 A&A 480,246
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PROPOSALS FOR EXPLAINING THE 6Li PLATEAU
 Rollinde, Vangioni, Olive 2006, ApJ, 651, 658Pop. III Generated CRs and the productionof 6LiJedamzik, Pospelov,Cumberbatch, KusakabeJedamzik, Pospelov,Cumberbatch, Kusakabe(already cited for 7Li discrepancy)Tatischeff, Thibaud 2007 A&A, 469, 265Is 6Li in metal-poor halo stars produced in situ by solar like flares? (4He(3He,p)6Li)Kusakabe, M.,2008 ApJ, 681, 18Pregalactic LiBeB production by cosmic rays
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DIFFICULTIES WITH THESE PROPOSALS
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“Beta-snopovi” (beta-beams)
 � snopovi neutrina
 � ideja: mjeriti udarne presjeke neutrino+jezgra
 � radioaktivni snopovi
 � “prsten za raspade” – dugački ravni dijelovi
 � “radioaktivni kandidati”: 18Ne i 6He
 � najvjerojatnija lokacija: CERN (ili FAIR)� najvjerojatnija lokacija: CERN (ili FAIR)
 � ...
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