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Beyond the dripline: an outlook

Experimental Studies of Unbound Nuclei

-Experimental filter
Acceptance, resolution, efficiency

-Structure of projectile and target
Clusterisation, spin

‘Reaction Mechanism and projectile energy
Knockout, transfer, inelastic scattering, models

‘Final State Interactions in the Continuum

: =

Cross sections, scattering length,
angular distributions, resonance
energies and widths, energy and

angular correlations
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= 2. Projectile fragmentation
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Ground state energy and width of "He from *Li proton knockout
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11Be: a test case for the projectile fragmentation model

1"Be+12C @ 67A.MeV

CAPEL, GOLDSTEIN, AND BAYE *HYSICAL REVIEW C 70, 064605 (2004)
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- - - Fig. 3. n-1"Be relative energy  spectrum, including Coulomb  and  nuclear  breakup  for the reac
FIG. 4. Theoretical and expenimental breakup cross sections asa  y1p_ “iac ", 105, X at 674 MeV. Only the contributions from an s initial stae with spectroscopic
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from Ref. [39].
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197 j spectrum from ''Li fragmentation
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Figure 2: n-"Li relative energy spectrum, for the resction M'Li+*C — ndt7Li+X at 2 23 3

264 AMeV. Only the contributions from an s and p initial state with experimental spec-

trescopic factors [4] C%8= 0,21 and 0.45 respectively are included. The thin salid curve . o o o

is the total caleulated result. The thick solid curve curve is after convolution with the re 4: Comparison for the s to s transition of our caleulation (solid curve) with that
experimental resolution function. The thin dashed curve is the caleulation without the ling to the sudden formula Eq. (20) of [3. Both caleulations use the exact phase

d-resonance while the thick dashed curve 18 the same caleulation after convolution. The

gymbols with error bars are the experimental points from [, Caleulations are normalised
to the data.
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caleulated spectrum with the experimental resolution curve.

i 2
= —
= 2
% =
= =
) =
= E
o o
= =]
e -
=] [ =]
= =]

i i i i
Ml Wb <80 Q@ B O3 MDD

p,(MeV/c)

Fig. b Tromsverse motentuwn distribations of the (A - 1) Fagment=, rooomstroctel
Iram the tmomenta of the (A -2} rmp;mml.l winel the neutron monsured in colnesdenes
after neutron kuockout feom YL (Pagel 1) and YBe [Pauel 2), Experiental data
arm mhamwn ms afiim rireles with skntisticnl] nocertainties, The thin salid, dashed wnd
dotted lines reprosont [=0, I=1 and [=2 single particle momextoam distribntions enl-
culnted for one of the haln neatrons, including core shadowing and the ecperimontal
ressdution. The thick solid lines ropresent the som of these distribations: The wide
di=trihution shown |'|:|.I the thim hatched Hne in Ponel Er\mﬂ‘eq'hrlnrh g the eose when

Px”"’":l"‘".l'l |

the eeparation energy for the s—wove newtron wos ineressed by 2 MeV,

o
E=}

do/dE., (mb/MeV)
.
=l

E_,(MeV) d

Fig. 10. Differential cross section as a function of the relative encrgy between 12p. géznneutmu. The data points ar
the same as thoes in Fig. 4, panel 3. The thin-solid line corresponds to the 1/2F virtual state, the dotted line is the
contribution from the 5/2% state. Dashed lines display the 1/27 state and its satellitc at low encrgy. The thick-solid line

is the sum of the reaction branches.
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Systematic investigation of the drip-line nuclei

1,i and "Be and their unbound subsystems
ULi and “Be.

Nucl. Phys. A791 (2007) 267.

H. Simon P, M. Meister ¢, T. Aumann ™4, M.J.G:. Borge®,
L.V. Chulkov?f Th. W. Elze®, H. Emling?, C. Forseén ¢,
H. Geissel ”, M. Hellstrom ”, B. Jonson®, J. V. Kratz 9,

R. Kulessa®, Y. Leifels?, K. Markenroth¢, G. Miinzenberg?,
F. Nickel”, T. Nilsson®¢, G. Nyman®, A. Richter?,

K. Riisager!, C. Scheidenberger ®, G. Schrieder®, O. Tengblad ©
and M. V. Zhukov ©




Problems to be solved

Reaction Mechanism :Sudden vs final state interaction

Structure : nature of state of givenl,

State of core, coupling,
ordering of single patrticle states
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Analytical methods for transfer and breakup

[Sel?

T

o= | d*.P,b.)P,(b,) P, =AF I ~A=éf di( 4, (D) |Vl (r = R(1).)

c” el

Seaking a clear physical interpretation of DWBA (Brink et al. since

1978).
similar to Alder& Winther for Coulomb excitations.



Transfer to the continuum vs. Projectile fragmentation: a
model for diffractive breakup in which the observable studied
is the n-core relative enerqy spectrum and its resonances
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Initial states chosen to fit known separation energy,

s & p components for ''Li with known spectroscopic factors.
For “Be s-p-d components with unit C2S.

Final states determined by S-matrix via n-core interaction

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:

oV ( r ) =16
n+12Be:
Eres I ﬂ*
(MeV) (MeV) (MeV)
1p1s  (0.67 0.28 8.34
1ds/s 2.0 0.40  -2.36

inversion

U(r) = Viyg + Vo, + SV
eZ(r—R)/a/ (1 +e(r-R)/8.)4

d3/2
25

d5/2
pl/2

- <— threshold

p3/2
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a/,? 13Be and 14Be structure G. Blanchon, N. Vinh Mau
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Figure 3.5: Formation of ' Be with one nevtron (crosses) added to an open shell “Be. Only one neutron
15 acdded 1 cach configuration, but the cross indicates states which can be populated.
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Table 3.3: " Be neatron spectrum with and without inversion with the comesponding & from Eqg. (3. 1020,
The continuum is discretzed inu 20 fm box.

Inversion Without Inversion
Caore
! J EiMeVY @ 1 £ (MeV) iy
[ | 2800 [ 0 1 ~Z2E.00 0
1 3 038 ( 1 3 6.5% 0
0 | -3.15 23301 1 -3.03 D
Contiruum

[ j EMeV] @ 1 | £ (MeV) ey (MeV) |
1 | (.67 859 0 1 (.05 4.4
1 3 1.20 [ 1 3 1.20 0
I | 1.27 [] 1 1 1.27 0
2 3 1.3 (] 2 3 1.53 £
0 [ 1.897 i 01 1.897 0
2 5 2.00 24 | E 5 2.00 =4
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L’i’:’:‘ G. Blanchon, Ph.D. Thesis, Pisa July 2008, http:/www.infn.it/thesis/

Table 3.2: Theoretical results vs. experimental data. E and Sz, are respectively the energy of the
excited states and the two-neutron separation energy in MeV. rms, +/{p?} and V"‘{TEE are respectively the
root mean squared radius, the average distance between the two halo neutrons and the average distance
between the c.om. of the core and the c.m. of the two neutrons out of the core (see Fig. 3.2} in fm.
B(ELl) is the total dipole strength. The sum rule is calculated with Eq.(3.101} in e.fm?. B(E2) is the total
quadrupole strength in e® fm*.

| RPA "Becore Experiment RPA ?Becore  RPA '2Be core
| Inversion Without Inversion
*Be | Ex; | 3.1 3.04 |
[19Be | 8., | 8.20 8.5 '
— = o =5
E,| 5.96 48
San 3,63 3.67=0.015 3.83 1.16
" rms | 2.76 2.59=0.06
| Em ' 247 2.25
(1) | 2.57 271
1 (2) | 425 '
12Be | Ei 3 447
| Ez+ (1) 2.10
B2 (2) 372 3.37
[ &y | 1.3420.11 1.33 0.54
rms 3.1=04 2.90 3.51
V(e 5.4+1.0 4.6 R.7
V(A% | 45+1.0 4.0 5.6
Em (1) 2.56 2.74 1.71
Em (2) | 3.11 2.71
' Eyi (3) ] 2.83
l4Be | E; (1) 3.14 2.89 1.79
(@) 3.38 1.86
(3 3.50 3.52
E;H (1) 1.59
CEx, () 3.16 2.03
Ex; (3) 3.67 2.45
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Fig. 8. Results obtained including the s, p and 4 states. Each curve corresponds to just one transition as indicated. The
solid curve is the sum of all transitions from the s-bound state. To make them visible some curves have been multiplied
by a factor of five as indicated in the legend.
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Figure 11: Check of the dependence from the initial state angular momentum. Full curve:
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an s — s transition with peak at 0.25 MeV, p— p with peak at 0.5 MeV and as indicated.

d— d transition with peak around 2 MeV. See text for details.
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Peak positions of possible continuum s-states in 13Be
are not close enough to thereshold to make accurate
predictions by the

effective range theory to 19 order:
higher orders needed

1 1
L k cotan & = o + 5'?1"52 — Pk + O(E®).

o A re €]

(MeV) (fm) (fm) (MeV) %«5‘5
80  -08 117.0 Q
40  -35 179 Q\Q
2.0 -6.6  11.8 \(\

-1.0 -26.1  7.58

-9.0 22.4 5.9 0.06
-15.0 7.1 3.8 1.34
-39.0 4.5 2.7 6.49




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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