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Direct measurements at very low energy (10s-100s keV region) — very difficult
experimentally and involve extrapolations (especially for charged particles)

Indirect methods are few:

o0 Inverse reactions
Resonance parameters determination
Coulomb dissociation

o)

0

O Trojan horse method

O Sub-Coulomb transfer /
(0]

0]

Transfer reactions — ANC method (Asymptotic Mormalization Coefficient method)

Breakup reactions at intermediate energies
Transfer reactions at about 10 MeV/u and breakup of loosely bound nuclei at energies
above the Fermi energy are peripheral reactions and can be used to extract ANCs and
subsequently astrophysical S-factors!

Use p or n transfer and 8B breakup (one-proton removal) results at energies 30-1000
MeV/u on various targets to extract the astrophysical factor S, (solar neutrino problem!) and
°C breakup at 285 MeV/u on 4 targets to extract S,, (hot pp chain). Extend to neutron
breakup?! 4C(n,y)*>C (Inhomogeneous Big Bang Model).



Radiative proton capture IS perl

IS
[

o

heral

e.g. ‘Be(p,y)°B

Transfer or breakup vs proton capt in °B

In — scattering wf

=
I'II'I
o
g

—— Whittaker

. Pot (MeV)

o
[

S
o

wfct,.probab
m
=

/ Bound state for r>R,

radius (fm)

| W, 14072 (2KT)

radius (fm)

(T +Veou )Y (F)(r) = =Y (N (r)




Radiative proton capture
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Transfer Reactions
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Transfer Reaction

B
Transition amplitude: d(a*p)
St
Standard approach:
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Transition amplitude:

Peripheral transfer:
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ANC vs sp. factors — transfer reaction examples
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Solar neutrinos

8B neutrinos
pp 1 chain (0.01%)
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Momentum Achromat Recoil Separator

25 MV ‘Be Limtlance
>95 5% Slirs
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Rl beams with MARS

Beam Reaction E/A

‘Be p(’Li,’Be)n 12 MeV/n
8B p(°Be,B)2n 20 MeV/n
8B p(1°B,8B)t 12 MeV/n
e p(11B,11C)n 10 MeV/n
13N P(*3C,13N)n 11 MeV/u
20F d(*°F,%°F)p 32 MeV/n
2O0Na pP(?°Ne,2°Na)n 32 MeV/n
22Mg p(%°Na,?2Mg)2n 28 MeV/n
0 p(**N, 140O)n 6 MeV/u

Intensity

10° part/sec

7. 10% part/sec
0.5 10% part/sec
5. 10 part/sec
106 part/sec

2.5 10° part/sec
5. 10* part/sec
6. 10* p/sec

8. 10* p/sec

Purity

>99.5%
>98%
>98%
>99%
>99%
>98%
>98%

>99.6%

>99%

Program

astrophysics
astrophysics
astrophysics
astrophysics
astrophysics
react. mech.
react. mech.
B-decay

astrophysics

Other beams were produced and used in decay study programs:
I RS e T o Bt L I R G )



Transfer reactions for ANCs

1OB(7Be,SB)9Be 14N(7Be,8B)13C
Scale (cm) Reaction
Telescopes

0 5 10

1.7 mglcm?
B Target

1.5 mg/em?
Melamine

I

e Beam Study Detector: 1 mm Si strip detector

* Reaction Telescopes:
» 105 um Si strip detector

> 1 mm Si detector

Beam Study
Detector




PID vs. Qval ex: #*N(C,1?N)
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‘Be Elastic Scattering
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S factor for ‘Be(p, V)°B

“B('Be.’B)°Be

10 E

14N(7Be,sB)150

5 10

/lyc.m.

15 20 25

(deg)

30

transfer do/dQ’s

dashed line gives dominant
component

solid line smoothed for
angular acceptance

Fits _ ANC’s

C2(1%B) = 0.410 + .055 fm!

C2(**N) = 0.388 + .039 fm-!

Astrophysical S-factor:
S;.=17.3+1.8¢eVb

A. Azhari e.a., PRC 63 (2001)
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10B(“Be,®B)?Be and 1“N(’Be,®B)13C reactions

Left Comparison of variation of
calculated spectroscopic factors
(triangles, left axis) and the ANC’s
(circles, right axis), obtained for
different values of well radius and
diffuseness for each target.

Right S-matrix calculations for the
transfer reactions as a function of
separation distance. Calculations
were performed for several values
of (L, ,Al), where L=1, /
and A=L -L;
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S
tm [ ] g 81 _8
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g Transfer reactions for nuclear astrophysics:
- €. Rolfs, Nucl. Phys. A217, 29 (1973)

iy

ANC method:
LD Blokhintsev, | Borbely, and El Dolinskii, Fiz. Elem. Chastits At.
Nucl. 8, 1189 (1977) + some
HM Xu, CA Gagliardi, RE Tribble, AM Mukhamedzhanov and NK
Timofeyuk, Phys Rev Lett. 73, 2027 (1994) + many

Reactions studied (TAMU):
HBGEe BBy BerandiiNEBeSB) -C - {orS:"
14N(11C,12N)13C for 11C(p,y) 12N
14N(13N,140)13C for 13N(p,y)40
Also 13C(’Li,BLi)12C - mirror to (“Be,®B) reaction for S,
14N(17F,18Ne)13C w. HRIBF Oak Ridge for ’F(p,y)1Ne
Others (Beijing, RIKEN, Kolkata, etc...):
d(’Be,®B)n, 12C(d,p)*3C, d(®B,°C)n ...



Other tests
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Figure 3. The variation of the spectro- Figure 4. The (n,y) cross sections as a

scopic factor S (lower panel) and the ANC function of \/E,. The points indicate the

C (upper panel) as a function of the single experimental data [3]. The solid line is

asymptotic amplitude ANC &*. the deduced cross sections with the ANC
mean value and the dashed lines shows the
range of the systematic error.

Test of the ANC Method via (d,p) Reaction
12C(d,p)13C*(1/2+), E=11.8 MeV
N. Imai, N. Aoi, S. Kubono et al.,
Nucl. Phys. A688, 281c (2001)

A. Stromich, B. Steinmetz, R. Bangert, B. Gonsior, M. Roth
and P.von Brentano, Phys. Rev. C 16, 2193 (1977).



Breakup

breakup of loosely bound nuclei

projectile after
halo nucleus

) -

Particle det

S
b =

target




Spectroscopic factors vs. ANCs

"~ Assume configuration mixing for the projectile wave fct.

W = ZSl’Z(C,an)[CDf" Dd’sp(nlj)]Jn

With s.p. wave fct asymptotic behavior

W, 142 (2KT)
¢n|j - bnlj - r
for the peripheral region, r>R,, the overlap integral Is

_,7’,+1,2(2Kr)

a - W
0 — C(C,nlj)

The ANC formulation avoids the dependence on the choice of the geometry of the
proton binding potential (r,,a) and is better than spectroscopic factor for halo
nuclei where geometry is unknown and speculative at best!



Reaction model: extended Glauber model

- eikonal method: straight line trajectory and
sudden approximation
- independent proton-target and core-target
Interactions
Typically we assume a structure for the
projectile (°B, °C, "'Be, B, *°C, etc...) and
calculate:

(nIJ)

= ZS(C, nlj)o, (nlj) = ZCZ

Same for the momentum distributions!

Cross section contributions:

- stripping (the loosely bound proton is absorbed
by the target and the core is scattered and
detected)

- diffraction dissociation (the nucleon is
scattered away by the target, the core is scattered
by the target and is detected)

- Coulomb dissociation term

asp = Iznbdb(Pstr (b) + I:)diff (b)) + UCouI
0

If the reaction is peripheral we can reverse the process:
use experimental data to extract spectroscopic factors or
ANCs!

For ®B and °C: 1ps; and 1py; mixing and write:

) Js

+C?
b,

p3/2 p1/2

+S,.)0,(p;) =(C;

UEXP =( P32

and extract either the sum of spectroscopic factors, or the
sum of the ANCs.

For ®B we correct for core excitation contribution using
GSI data at 936 MeV/u (D. Cortina-Gil et al., Phys. Lett.
B529, 36 (2002) - GSI data):

cC2/ib? _c? s,
s s o0 ()
g g




Spectroscopic factors vs. ANCs (cont’d)

either formulation:

S _ Texp
nij
Ucalc
or
2 _ aexp
nlj — 2
Ucalc/ ban

Need good experimental data!

Need good, reliable, calculations!!!

Treat here:

‘Be(p,Y)eB - solar neutrino
problem!!

from 8B breakup at E/A= 30
—1000 MeV/u.

from p transfer @ 12MeV/u
and 8B(p,y)°C - hot pp chains!
from °C breakup at 285 MeV/u.

Also: ¥C(n,y)*C - neutron
source Inhomogeneous Big Bang

from *C breakup at 54 and 62
MeV/u.
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°8  S,=0.137 MeV
°C  $,=1.296 MeV

For S-matrix calc we used
potentials from double folding
with JLM effective interactions,
as tested before for elastic

scattering (L. Trache e.a. — PRC 61,
024612 (2000)).

O

Target (t)



Check for peripherality of breakup

.E 2T 2 and So. fact H Sp. Factor
S 18 *B—"Be+p 38 MeViu and sp.factor g ancr (fm-1)
E’ i.6 : . 1.2 1
':! ; I - 0.9
Lo | wir .
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Breakup probabilities vs distance Spectroscopic factors vs ANC for

8B breakup at 38 MeV/u (GANIL
data, Negoita ea, PRC 54 (1996)



5B breakup — momentum distributions

g 600 | “BeCBBe) 41A MeV 5o _HFAH{JE,FEEH;AM,;V@ Parallel momentum distributions
é. | J. H. Kelley et al., PRL 77 (1996) and
L. D. Cortina-Gil et al., Nucl. Phys. A720
100
(2003)
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How peripheral?!

(a,b,c) - @ 76A, 142A MeV, 285A MeV on C
(d) @285A MeV onPb
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R

. B breakup with JLM effective interaction
& Use data from: £ 00| @ g\
b B S 600
Exp Target | E/A Ref 500 )
TS
1-4 G 76 [1] 100 s
300
142,285, |[2] 200 25i Ayt
- ar
936 3] 100 S
5 Al 285 [2] 0 g
6'12 S| 28_56 [4’5] EiA (MeViari)
—_— 0T
13,14 | Sn 142,285 | [2] E @
ﬁt._] [ |
15,16 | Pb 142,285 |[2] os [ 4" PR R —
oa | TS RE WRE AT
[1] J. Enders e.a., Phys Rev C 67, 064302 (2003) 0.3
[2] B. Blank et al, Nucl Phys A624, 242 (1997) 0.2
[3] D. Cortina-Gil e a, EuroPhys J. 10A, 49 (2001).
[4] F. Negoita et al, Phys Rev C 54, 1787 (1996)) 0.1
[5] R. E. Warner et al. - BAPS 47, 59 (2002). 0 - '
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In agreement with most indirect and direct
measurement results, but one ... (figure).

Go to extend and test the calculations using ...



Various effective interactions

A. Glauber model with folded potentials

1) JLM -uses the G-matrix effective interaction of Jeukenne, Lejeune and Mahaux (PRC
16, 1977) tested before because:

[] independent geometry for imaginary part

[ normalization independent of partners and energy

[1 reproduces ELASTIC and TRANSFER data

for loosely bound p-shell nuclei with experimentally determined renormalizations (“Be, 8B, 11C and 13N

VIWI(R) = Ny [N, 1[ 4R, p(5) o5, Ve (0, E. 5).

X(b):—ijsz(b,z)+high order corr.
hv

r 1T
=L +R-T,

"=

found no renorm for imaginary pot Nw=1.0 at 10 MeV/u. Assumed correct at all energies !!!

2) the free t-matrix NN interactions of Franey and Love (PRC 31, 1985)



Various effective interactions (cont’d)

B. Glauber model calc in the optical limit
Use three ranges for interactions, to check the sensitivity:

3) zero-range |0
4) “standard” p=1.5 fm for all terms
5) “Ray”, ranges for each term, as determined by L. Ray (PRC 20, 1979)

1 _ rr _rrr
x(b) = EO-NN (1 Ty )Idbldbzp(b1)p(b2)v (b + b1 - bz)

V(r)=———=e

Test how the calculations reproduce other observables: reaction cross-sections
(p, '‘Be and B on a 12C target) and total cross sections (p on 12C).

No new parameters!!!



Summary of the ANC extracted from
5B breakup with different interactions

ata from = 0.7
F. Negoita et al, Phys Rev C 54, 1787 (1996) @
B. Blank et al, Nucl Phys A624, 242 (1997) G 0.6 i *
J. H. Kelley et al, Phys Rev Lett 77, 5020 (1996) TII*I T!".‘!*IT!HT:I:TI::T:"::TL: I
D. Cortina-Gil e a, EuroPhys J. 10A, 49 (2001). 0.5 L - :_ L E_*_
R. E. Warner et al. — BAPS 47, 59 (2002). 0.4 [ " =ta T t
J. Enders e.a., Phys Rev C 67, 064302 (2003)

0.3

Summary of results:

The calculations with 3 different 0.2

effective nucleon-nucleon interactions

are kept and shown: 0.1

JLM (blue squares), 0 |

“standard” p=1.5fm (black points) and 0 2 4 6 8 10 12 14 16

Ray (red triangles). experiment



S,, astrophysical factor (ours)

For comparison:

O ("Be,®B) proton transfer at 12
MeV/u

3B6eVDh [,
S, 0= (C.+C..) (A Azhariea, PhysRevC 63

m 055803 (2001))
« JLM S,,=17.4+2.1 eVb no weights C2,= 0.449 + 0.046 fm'!
. “standard” S,,=19.6+1.2 eVb S;,(0)=17.3+1.8¢eVeb
-  Ray S,;=20.0+1.6 eVb O 13C("LiBLi)**C at 9 MeV/u
Franey-Love  S,,=20.7+2.2 eVb (LT e.a., PRC 66, June 2003))
. Average first 3: C2,= 0.455+0.047 fm'!
S,,=18.9+2.0 eVb S,,(0)=17.6+1.7eVeb

(all points, no weights)
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FIG, 16:

the resonance - see [12).

TABLE VI 52030 and 5-(0] [in eV b) Irom Gibing cor data

with oy < 362 ke with different models, as i Fig, 16 and
el [42].

Wl =l -‘JII."::JJ:I -I'-‘-IT[U]
Munes 20K 214
Jehnson 205 .2
Bennaceur 21.5 222
Barker BED anT 21.2
Barker Bl 2E 2206
Barker B2 21.1 2.8
Canbo U285 a7 220
Canto CER 2E 2201
Jemnings v = 2 fm 220 228
Jemnings v = 1.0 fm 211 2.8
T el 20.% 20,8
Dlescouvemont 21.4 221

0 20 «00 EBQ BOD 1000 T200 1400

E o (ke

FLG. 18 S-fctor data from divect experiments, all noomalmed
to a common value of 597(0] [the mean DB besi-fi value of
M eV beomee Table W1 The ermor bars shown are relabe,
and do net nclade scale-factor uneetamiies, Salid curve: DB
plus a 17 resonance with parameters determimed from fitbing
cur BEL data, Dashed curve: DB cmly. Caleulations and data
are normlized nthe enerey mnge B, < 1300 keV.

from A. Junghans et al, nucl-exp/0308003
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Status of S, determinations (cont’d)
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L thin work:
FIG, 6 dars energy astrophysieal 5 faectors or the
= i "Bafp, 4 1"B reaction based on ax perimenial measiramenis ai
T relative energies < 400 ke extrapolatad with o potential
15 { ] modal constrained by “Be + p alastic seatiering data, Tha 1o
S total wneertainties include extrapolation contribations avalu-
0 700 400 SO0 BO0 YO0 1200 1400 atad individually fr each meassarement az axplained in the
E om theV? teet, Alss shown are the ANC resulis of Azhari o ol and

Trache = ol A& weightad mean of eight of thass nine mes-

FIG. 19: E17Be(ps 0" B S-factors mferred from Couloanbs cdis-
sociation (O] experiments. Botbom pansl: abscloke O =
fartors, together wath onre direct el |:wi||| the 17 reso
nance subbrcbed] and the best-ft DB curve bo o direct
lew-energy data. Top panel CD data plotted with a com-

mon normalzation bassd on the mean value of 193 &V b for

Sirl0) determmed By fitting each data set to the DB theory
bebs 4 ke Saolid curve: DB ealculation:; dashed cwve:
.I-:\'I:':'I ':'il.l r I'll.illll. -I-Ill"' ':':l:l:':'l'illl':'lll il] EITOr Daas .'\-Illl“"ll i|| il"
cases are relative, and do ok mchude scale-facbor uncertain-
bies,

S;,(0)=21.4 + 0.5(exp) + 0.6(theor) eV b

surements vields 180+ 045 &V b [1e), with * = 5.8 for saven
dagraas ol freadom. This weightad average and its G35 confl-
danca layval band ara alse depictad.,

S,,(0)=18.9 + 0.5(10) eV b

A. Junghans e.a., nucl-ex/0308003

B. Davids and S. Typel, nucl-th/0304054
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" The reaction is important in the hot pp chains, in explosive
T T
------ “Burning, at large temperatures, for creating alternative
paths across the A=8 mass gap ] O
= C breakup ANC Maverage
(see e.g. M. Wiescher etal., Ap. J. 343 (1989)352.) AStandard
20 mRay
pp IV “B(p,Y)°C(BV)°B(p)Be(®) He and . e
rap | SB V)gC o 12N y)130 B*v)BN( y)140 » °
R
Use breakup of “C->"B+p at intermediate energies D 06
to obtain °B(p,Y)’C at astrophysical energies.
Analyze existing data from oo
0 1 2 3 4 5
B. Blank et al., Nucl Phys A624 (1997) 242 target
QC @285 MeV/u on 04 Al, Snand Pb targets Figure. The results of similar calculations for °C.
F. d ) : AVerage CtOt (Cpg/z CIZJM) 3
Ind new reaction rate. and Sy(E)=47.3-15.1E+7.34E2 eVb (E in MeV)
-213 B 3 213 ngeé(ggpgg{;;a:regét?:ﬁ L;rtnletit :/Ilef/r}zshk:\t}/ﬁiiggg?/fﬁg and find:
R= NA <ov >_T9 exp(_ﬁ)('% - AiT9 v A2T9 ) cm¥/s/mol C?=0.97 to 1.42 fm* and 51.8(0)=45113 eV-b, in agreement with the p.resent
result.
with B:11.94, A0:6.64e5, A1:8.50€4, A2:-2.4le5. NEW: g:oulomp dissog at RIKEN — Motobayashi et e}l.,

unpublished, gives a higher value S;g=77+15 eVb. (disagrees)
NEWER: breakup at MSU (Enders ea, PRC 67, 064301 (2003))
agrees: C*=1.27+0.10 fm™.
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0 Reliable spectroscopic information can be extracted from one-nucleon breakup
reactions (as per GANIL, GSI, MSU, RIKEN results).

0 A Dbetter quantitative description is achieved in terms of the asymptotic
normalization coefficients. In turn, these can be used to calculate observables that
are dominated by the periphery of the nucleus, notably astrophysical s-factors
(another example: halo rms radii).

0 The validity of the method is wider than for the 8B, °C and °C cases discussed
above.

o Very difficult or even impossible direct measurements for nuclear astrophysics
can be replaced or supplemented by indirect measurements with radioactive
beams at larger energies, seeking the relevant ANCs, rather than an elusive
complete knowledge of the ground state wave function of these exotic nuclei.

Can be done with:
- few part/sec.
- cocktail beams.
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to extract ANC!
Ep=-0505 MeV Ep=-3.87 MeV
Ep=-6.46 MeV

data from Aumann et al, PRL 84, 35 (2000) “'Be @60 MeV/u on *Be

Gamma-ray coinc allow to determine the core excitation contributions
breakup cross sect: 203(31) mb, 16(4), 17(4) and 23(6), respectively
lead to ANCs:

C*(2512)=0.505 fm*(21.2%) and C*(1ds)=0.105 fm™ (?11%) (% uncert
from calculations only)

C*(1°21py)=1.95 fm ™(27.6%) and C*(2 21ps5)=2.97 fm™* (?7.8%)

And to a rms halo radius: <r’>"*=6.26(46) fm (all uncertainties incluced).

<r2>1/2:2.6*R(1OBe)

ANC “stability” vs | and S,

ANC? (fm )
°
&

o
3

C?for sy, 2'dsp and 1'pain MBe
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—m— 2+*d5/2
p3/2
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L fap ] SB(py)°C(a,p)2N(p.y)SO(BV)EN(p,y) O

e

rap-II rp-process

Temperature T,

‘Be(a,y)="Be(e-,uv)
1C(p,y)=1C(Bv)
‘Be(p,y)=°B(y.p)
HC(p,y)=12N(y,p)
ZN(p,y)=“N(B*v)

T4,<0.4, DC is dominant

Rap-Il, Il can operate
with lower densities

The implication to the
scenario of Pop Il star
evolution relies on
new

calculatiQRSMUIRING o,

latact ratoac



Spectroscopic factors vs Asymptotic Normalization
Coefficients from breakup and transfer reactions

with loosely bound nuclel

Livius Trache
Texas A&M University

Trento, March 2004
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Parallel momentum distributions

—~ 300 160
gﬁﬂ "Be('B,'Be) “"-. i [ "B+ Au 41 MeV/A
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MSU data: JH Kelley et al, PRL 77, 5020 (1996)




