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reaction |physics target Energy Intensity
(MeV/n] |[1/s]
Elastic Interaction p.He.C, 4-100 1000
scattering potentiel P
matter p.He. =100 10000
distribution P
Inelastic Transition Pb <3 10000
scattering strength,
(Coulomb deformation,
excitation) collectivity, Q-
moments
Pb =20 10
(nuclear Collectivity, 2+ |p.d He,. .. =20 10
inelastic) states, 3-, 0+,...
(giant Low lying dipole | p.He,C .Pb =50 1000
resonances, modes
dipole T=1)
Giant Q-pole Effective mass. |He.C =50 1000
stiffness
Giant mono-pole | compressibility |He,C,. .. =50 1000
Quasi elastic IAS,r,_,.decay |p, He, 50 IAS 10000
scattering (p,n), | modes, GT >100 GT
(3He.t),... strength
Stripping and | Single particle p.d.He 10-30 10000
transfer properties
Heavy ion LiBe,C.O,... 1-20 10000
transfer
One(two) Be.C.... >50 1
particle removal
Knock-out p--. >50 100
(p.2p) (p.pn)
Resonant Particle unbound | p 1-20 10000
scattering states at p-
dripline, TAS

near n-dripline
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1. Deep inelastic transfer & breakup
(transparency of the optical potential).

2. Unbound exotic nuclei.

3. Giant resonances (see Chomaz’s
talk).



Courtesy of Livius Trache

ata on heavy neutron rich - lacking!
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11 Produce them with Deep Inelastic React.

110

like 209Bi (10-25 MeV/u) on

Use magnetic separators (not only Ge arrays)
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DIT mechanism can produce neutron-rich heavy residues
and quasi projectiles with a diversity in N/Z

Mass Distribution of Germanium from Calculations
Kr(25MeV/u) + T#5Sn, 250, #NI ith DIT/GEMINI

Data using 100 ¢
targets: | - +neutron skin
w0 7 distributions reproduce
well the 124Sn and *Ni
() 124Sn 1E E B e e o R } .......
) IIZSn g 0_1:_ - SR 1G, IT
« “Ni 7 | -
0.001 : —.
—————— EPAX2
0'0001_6};' — '7I0' — '7I5' — '3|0' — .8I5_
Mass Number A g e
MARS data i
3 100
Target N/Z E L
124Sn 1.48 n-rich g "E
128n 1.24  n-poor g o
64N 1 1.29  n-rich -

Souliotis, Phys. Rev. Lett. 91, 022701 (2003) T
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For example, a beam of *?Kr from an ISOL-type facility
or, from the proposed rare isotope accelerator facility
110,11] ] can be accelerated around the Fermi energy and
interact with a very neutron-rich target (e.g., ®*Ni, 124Sn,
208Pb, 238U) to produce extremely neutron-rich nuclides
that cannot be accessed by fission or projectile fragmen-
tation. A quantitative prediction of rates of such nuclides
will be possible after further experimental studies and
improvement of the description of peripheral collisions
between very neutron-rich heavy nuclel in the Fermi
energy regime.
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One-proton removal from loosely
bound nuclel at low(er) energies

Data for projectiles with
different proton separation
energies:

« 12N S,=601 keV

« 9B 5,=137 keV

« 15N S,=1943 keV

« ’Be S,=5606 keV

« 1C 5,=8689 keV (not shown)
Coverage: ~ 4 — 29 deg. (lab) projectile

Experimental data from MARS ~ 12 MeV/u
group at Texas A&M Univ.

RNB produced with MARS:
12 MeV/u, ~104-10° pps

All breakup data unpublished. 7Be, 8B, 11C and 13N elastic scattering and transfer data published in A. Azhari et al., PRL 82,
3960 (1999), G. Tabacaru et al., PRC 73, 025808 (2006),

X. Tang et al. PRC 67, 015804 (2003) and PRC 69, 055807 (2004), respectively. Courtesy of Livius Trache
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- 12N @12 MeV/u on melamine (14N+0.512C)

TAMU-MARS experiment, June 2006; A.Banu et al, to be published.

; Particle |D determination:

First Results:
S,= 601.42 + 1.38 KeV

T

]

11C

dE[channs]]

Erfohannel]

dE[channe]]

We report here preliminary results on the asymptotic normalization coefficient (ANC) for the system 20 — 2N + p.

Our result along with information on resonant capture into excited states of 130 will determine the astrophysical S factor of
the 2N{p,y)"*0 reaction.
To test the scenario for stellar evolution of POPULATION lIl stars, hydrodynamical calculations including the full nuclear
reaction network with the latest rates are necessary !

L

Fo e e
[1) G.M. Fuller et al | Ap.J. 387, 675 (1088).  [3) A M. Mikhamedzhanov of af, JETP Lett 51, 282 (1600).  [5] LP. Jeukenne of al, PRC 16, 80 (1977).
[2) M. Wieacher e¢ B, Ap. J. 343, 352 (1889). [4] L Trache of of., PRC 81, 024812 (2000).
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VOLUME 74, NUMBER 1

PHYSICAL REVIEW LETTERS

2 JaNuaRY 1995

d®e¢/(d0l dp) (arbitrary units)

FIG. 1.
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10 D. Cortina-Gil et al. / Nuclear Physics A 720 (2003) 3-19

°B: 12
S,= 137.46 + 1.00 KeV '

| C target FWHM =95 + 5 MeV/c
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Fig. 4. 'Be longitudinal momentum distributions after breakup of ®B for C (top) and Pb (bottom) targets
normalized to the corresponding one-proton removal cross sections (o_jp). The solid lines correspond to
Ganssian fits used to evaluate the FWHM.
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PG Hansen, PRL77(1996)1016
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8B @ 12 MeV/u on 12C TAMU exp 2001 Sp:137 keV
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SN @12 MeV/u on melamine and C

PHYSICAL EEVIEW C 69, 035807 (2004)

0 ol
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-20 =15 =10 -5 1} 5 0
Q valua (MaV)

FIG. 3. (Color online) The particle identification vs QO-value
distributicn from the melanune (top panel) and C (bottom panel)
targets. The N group with Q value of 0 MeV is the elastic scat-
tering off the C and I 1n the melamine target. There was a small Ta
contaminant in the C foil that appears as a tail to positive O value.
In the spectrm from the melamine farget, the broad peak with a O
value of about —20 MeV is due to elastic scattering off H and the
least negative {0 value peak in 0 is frem MN{PN_M0)Pc,.
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Charged Particles : How do we go about detecting them?

§
_EUL SOLEERSeVEvE

Wilton Catford University of Surrey, Guildford, UK
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Deep inelastic

EURISOL Project - GRAPA

Emanuel POLLACCO

EURISOL Reactions Subaroun 2001 CEA SACLAY

[Transfer/Inelastic/Elastic setup

Nt Reaction Spectroscopy ArrayO _

Worry about scattered Don®worry
/ beam at forward angles

!/Il—) vAvoS Vs. /-\
\/

v

Weak beams < 103 pps
or
highly segmented gamma array

Intense beams > 108 pps

A

'N FN Angela Bonaccorso

“ lIstituto Nazionale
di Fisica Nucleare

| EURISOL: Experiments that need to detect charged particles |

=l

Pl = - ————

/d\\.

AND/OR SOLENOID

This leaves us with three basic concepts:

[ICoulex/Deep Inelastic type of setup

LTransfer/Inelastic/Elastic setup
also: fusion-evaporation
Nin Reaction Spectroscopy ArrayO
E of which, more in a moment

PLUS 00O
SPECTROMETER

LITPC or Active Target

Fixed Target Measurements of Direct Reactions

gamma-ray
detectors
strlppmg reactions pickup reactions
-(d.p) e.g. (p.d)

neutron
magnetic spectrometer detectors

_ _ / sweeper magnet

Incoming
beam

5-30 AMeV

beam tracking

detectors '
charged particle

telescopes

CH,,CD jjquia target
identification
detectors

neutron
detectors
e.g. (d.n), (p.n)

SLIDE BORROWED FROM R.C. LEMMON
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Unbound exotic nuclel.

Excited states of 'He, °H

26,.280Q: limits of stability
(N=20, island of inversion)
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Patricia Russel-Chomaz

Collaboration: GANIL, RIKEN, JINR Dubna

Spectroscopy of unbound H and He isotopes : °H, "He

°H : experimental situation not clear

t(t,p)°H reaction : structure observed at 1.8 MeV above t+n+n threshold
P.G. Young et al. Phys. Rev. 173 (1968) 949

’Be(m- pt)°H : structure at " 7 MeV, °Be(n-,dd)’H : no structure
M.G. Gornov et al., Nucl. Phys. AB31 (1991) 613

7Li(°Li BB)°H : structure at" 5 MeV
D.V. Aleksandrov et al., Proc. ENAM 95

Present work ®He(p pp)°H

Proton pick-up in ®He --> selective population of °H ground state

"He : ground state well known, (E* = 440 keV, T = 160 keV), excited states?
8He(p,d)’He, E*= 2.9(3) MeV, I'=2.2(3) MeV, A.A. Korsheninnikov et al., PRL 82(99) 3581
“Be(PN,IVF)’He, E*= 2.95(10) MeV, I'=1.9(3) MeV, H.6. Bohlen et al., PRC 64(01) 024312
8He dissociation, E*= 0.8(2) MeV, I'=1.2(2) MeV, K. Markenroth et al., NPA 679(01) 462

Present work ¢He(d,p)"He

- EURISOL CERN town meeting 27-29 Nov. 2006
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A.N. Ostrowski et al., Annual Report
Louvain-la-Neuve 2000
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N. Orr, Seattle workshop Nov. 2005

Benchmark System - "He
Ground state (3/27): E,=0.44, 1 ,=0.16 MeV

Lgﬂ C("*B,’He+n)
o
O
Lt +
5 + il Tihas)
E, (MeV)

-~
¥

[ spin-orbit partner E. (1/2-) =277 .. a "4:00pm question”
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- Ground state E*=0.44 MeV
above ¢He+n threshold, 3/2-,
clearly observed

» No clear indication for
1/2- et B/2* excited states



Trends in experimental studies of exotic nuclei
A. Korsheninnikov

RIKEN, Wako, Japan INPC2003

on leave from the Kurchatov Institute, Moscow

Spectroscopy of "He

AK etal, Phys. Rev. Lett. §2 M. Meister ef al., Phys. Rev. Lett. 88 H.G. Bohlen et al., Phys. Rev. Co4
(1999) 3581 p(®He.d)'He (2002) 102501 C(®He.nHe) (2001) 024312  °Be(*N,"F)’H
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- Missing mass method, with unbound recoil (2p)

6{)- T
p. !
E 50} 1/2* MEEH)=1.710.3 MeV
| T(GH)=1.9:0.4 MeV
g
g 40} 4 )
0 E 30 o/
20t / \
. / \
10 2/
PR ] S U VA 1 i o o T T B B O R 04 2 0 2 4 .5 8 ID
=§ =G -4 =3 0 2 & & 10 I
Energy above the o+n+t threshold, MeV E5H(MEV)

A.A. Korsheninnikov et al. Phys. Rev. Lett. 87 (2001) 092501

EURISOL CERN town meeting 27-29 Nov. 2006



Limits of stability %6-280: 2p knockout from 2830 Ne

(N=20, island of inversion)
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Figure 1: “Island of inversion”, the tentative borders are taken from Ref. [{] (apart from
the “island” only stable nuelei are shown). The red dot marks 3 Mg.



Study of '°Li via the °Li(*H, p) reaction at REX-ISOLDE

H.B. Jeppesen®™*, A.M. Moro ¢, U.C. Bergmann ®, M.J.G. Borge ", J. Cederkiill *, L.M. Fraile®,
H.O.U. Fynbo?, J. Gémez-Camacho ¢, H.T. Johansson®. B. Jonson ¢, M. Meister®, T. Nilsson ®,
G. Nyman®. M. Pantea’, K. Riisager **, A. Richter®, G. Schrieder®, T. Sieber#, O. Tengblad *.
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Status of art

Unbound exotic nuclei studied by transfer

to the continuum reactions

G. Blanchon®, A. Bonaccorso ™, N. Vinh Mau®

E, (MeV) (above "Li+n threshold)

Fig. 2. (Color online.) Calculated excitation energy spectrum for the reactior
“Li(?H, p)'°Li leading to £ =1 (py/2) states in the 'OLi¢= "Li + n) system

The abscissa corresponds to the excilation energy in the 1°Li system above the
neutron—"Li threshold.
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Fig. 2. Neutron—"Li relative energy spectra for transfer o the s and p continuum states in WL given in Table 2
Dotdashed lines are absolute cross sections for transfer from a deuteron target, dashed lines from a ¥Be target,
and short dashed line from a ' C target. The Be and C cross section have been renormalized to the deuteron cross

sections by the factors indicated on the figure. The solid line is the transfer cross section from the C target to the
second s-state given in Table 2.
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13Be: an example of creation by the reaction mechanism

stransfer to the continuum: *?Be (d,p) RIKEN
(Korsheninnikov) (1995).

*GSI (U. Datta Pramanik)( 2004).
«*“5 fragmentation: GANIL (Lecouey, Orr) (2002). *Unpublished
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Figure 13: Sum of all transitions from the s initial state with £ ;=-1.85 MeV including and M. V. Zhukov
core excitation via an imaginary part of the optical potential for the d-resonance only.
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All orders breakup of heavy exotic nuclel

A. Garcia-Camacho et al.,

Nuclear Physics A (2006), doi:10.1016/j.nuclphysa.2006.07.033.
i _

o (mb)

0.01—
15

I 10
el (MeV)

Figure 13: Integrated elastic breakup cross-section for a hypothetical Si beam
against Pb at 70 A.MeV as a function of the neutron separation energy. Dif-
ferent initial parameters: circles (squares) are for Coulomb (nuclear) breakup
from an initial s-wave; diamonds (triangles) for Coulomb (nuclear) breakup
from a d-wave; pluses (stars) for Coulomb (nuclear) breakup from an initial

f-wave.
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 Analytical methods for transfer and breakup

Seeking a clear physical interpretation of DWBA (Brink et al. since 1978
H. Hasan).
_ 2 :
O = j d I:)CI:)eI (bc)Ptr (bc)a

P A AF —— A= [ iy oM fur-RO.)

similar to Alder& Winther for Coulomb excitations.
- Transfer between bound states and spin coupling

(L. Lo Monaco, I. Stancu, H. Hashim , G. Piccolo, 1985).
- Transfer to the continuum (1988).

- Coulomb breakup to all orders and coupled to nuclear breakup:
interference effects. (J. Margueron, 2002).

- Full multipole expansion of Coulomb potential, proton breakup
(A. Garcia-Camacho, 2005/2006).

- Projectile fragmentation (G. Blanchon, 2005/06).
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cf. G. F. Bertsch, K. Hencken and H. Esbensen,
1366.
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Phys. Rev. (57 (1998)
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Differences

Transfer to the

continuum.

Long range form factor.

Overlap of momentum
distributions

On shell n-N S-Matrix

Projectile
fragmentation.

Short range form factor.

Momentum distribution
of overlap

Off-the-energy-shell n-N
S-matrix
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Dripline position: from bound nuclei to nuclel unstable

by neutron/proton decay.

* Neutron - core potential must be studied in order to understand
borromean nuclei.

o i, %Beand *Be

* From structure theory point of view:

« S, 0.s?relevant p and d components ? Core excitation effects?
e From reaction theory point of view:

e 1) Scattering with threshold resonances.
e i) Sudden approximation and one- or two step processes.
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Resumee:

13Be has been obtained from:
12Be (d,p) RIKEN

(Korsheninnikov) (1995).
fragmentation: GANIL (L ecouey, Orr) (2002).
. GSI (U. Datta Pramanik)( 2004).

e 14Be nuclear breakup , GSI (Simon), 287AMeV, n-core
angular correlations

e 14Be nuclear and Coulomb breakup: GANIL
(K. Jones thesis, 2000).
o 14C+ 1B multinucleon transfer: (Berlin Group ,1998).

MSU (Thoennessen, 2001) n-core
relative velocity spectra.

o 14Be nuclear breakup: RIKEN (Nakamura, Fukuda) (2004).

Do they convey the same information?...
the same n-core phase shifts?
Is the overlap of resonances the same?



Breakdown of shell closure™ ANavinetal PRL85,266

d5/2 s —=——=  d52
pl/2 - = B pl/2 pl/2
g 25 +0, 2s 104 2s
p3/2 p3/2 p3/2
1s1/2 1s1/2 1s1/2
7 P
It is not a GOOD CORE
B =2 =mp3+v2s [“Be, = 0" “Begs = 0" (?)
"B = [“ll}fi;,.-'-_h'i’-“*'?-z‘-' + as(psja. dspa)] & “Be, 0" >
d3/2
28| -
“Re »= [b1(81/2)° + baf I;Jl__.._,]"J - F;;J,[lff_-}__-._,]g] 5 |;EBE'.[]' = d5/2 .8
| pli2 |©
threshold = = = = = = = = — =
e3(1ds0)% ® |Be’, 2" > p3/2
1s1/2
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Potential corrections due to the particle-vibration
coupling (N. Vinh Mau and J. C. Pacheco, NPA607 (1996) 163.

also T. Tarutina, I.J. Thompson, J.A. Tostevin NPA733 (2004) 53 )

...can be modeled as:

U(r)=Vyst+ V,t 0V
SV (r) =16 g el-Ria [ (1+el-Ryay

n+12Be: d3/2

c 28
Eres P ¥ Uoj d5/2
(MeV) (MeV) (MeV) B
1py s [(0.67 0.28 8.34 Z pl/2
lds;, 2.0 0.40 -2.36 T e e —————— <— threshold
p3/2

1s1/2
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20 : : E—

— s1/2to s1/2 time dependent
= === s1/2to s1/2 sudden
— pl/2to pl/2 time dependent
-—- pl/2to pl/2 sudden
—— d5/2 to d5/2 time dependent
---- d5/2 to d5/2 sudden

Figure 5: Population of resonances in the n-'?Be relative energy spectrum.
Comparison of sudden (dashed line) and non-sudden (solid line) results for
an s — s transition with peak at 0.25 MeV, p— p with peak at 0.5 MeV and
d— d transition with peak around 2 MeV. See text for details.

sudden——q=0
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Results

30 ; : : e —

— Bertsch as=-0.8 fm x1.16
—— Time dependent as=-0.8 fm ||
— Bertsch as=-3.5 fm x0.70
L —— Time dependent as=-3.5 fm ||
—— Bertsch as=-6.6 fm x0.53

—— Time dependent as=-6.6 fm

20

7

wn

Figure 7: Comparison of time dependent calenlation for an s to s transition with results
of Eq.(28) using the same optical model phase shifts corresponding to scattering lengths
as indicated.
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check of sudden approximation

®; : important



'N F N Angela Bonaccorso
tituto Nazionale

< g
di Fisica Nucl

(mb/MeV)

do/de,

S

ok
=

[
=

EURISOL CERN town meeting 27-29 Nov. 2006

Final s-state: contin/uum VS l/aound ‘

[ ' I '
(| — a =-26.1 fm ’
e a=-H6fm |
< 5
..... aq=-3.5 fm
Y RRE aH=-U.S fm
|- aq=4.3 fm =
< |--- aq:?.] fm |
(| — a=2241m
_I:I:li:'__.:.‘-'-'.- ................
2 25 3

Figure 6: Comparison of results obtained considering a final s-state for the n-'?Be relative
energy spectrum with positive and negative scattering lengths. Scattering lengths are given
on the figure and their corresponding 8V potential strengths in Table 5.
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Peak positions of continuum states are not low enough
to make accurate predictions by the

effective range theory (1° order)

L' kcotané‘)z-#Jr 1 r k

0
a, 2
o} A re €|
(MeV) (fm) (fm) (MeV)
8.0 -0.8  117.0
4.0 -3.9 17.9
2.0 -6.6 11.8

-1.0 -26.1  7.5H8

-0.0) 22.4 5.9 (.06
-15.0 7.1 3.8 1.34
-39.0) 4.5 2.7 6.49
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Figure 11: Check of the dependence from the initial state angular momentum. Full curve:
sum of transitions from s-initial state. Dashed and dotdashed lines: sum of transitions

from p and d-initial states respectively.
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Consistent results only If:

All bound to continuum transitions are

considered (final state effects vs.
sudden).

Correct form factor.
Optical model phase shifts.
Final state interaction effect seems

MORE important than sudden effect for
not very developed haloes




EURISOL CERN town meeting 27-29 Nov. 2006

IS | | ¥
dtdxdydz {;‘J}{:I:., y, 2)di(x, y, 2)e“ Va(x — be,y, 2 — vt),

)

Volx — be,y, q) = f dzVy(x — b, y, 2)e'?>.
4

Fourier transform of the overlap
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Figure 10: Check of the dependence from the initial binding energy of the sum of
transitions from s-initial state. Full curve: =;= -0.97 MeV as in HH; dashed curve: £;=-
1.85 MeV as in "Be [50]. Dotdashed line: sum of transitions from s, p and d-initial states
including spectroscopic factors of 0.66, 0.04. 0.30 respectively as in B [49] with =;= -0.97
MeV.
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do 1 mk
dk 87 h

gfi(k,b) = —fdi"“f d e FTH= Xk EO Y (7R (1)) i (7).

rf {Ij | |gnur_|_Jd1r _|_ng-:‘|
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