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Peripheral collisions
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% probing single particle aspects and nucleon-nucleon correlations
% transition from quasi elastic to deep inelastic processes

% connection with other reaction channels (near and sub-barrier fusion)
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population of neutron-rich nuclei

time-dependent density functional theory
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Peripheral collisions

Sub-barrier transfer reactions Multi-nucleon transfer
study of nucleon-nucleon correlations study of secondary processes
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Reaction Q-value

Consider the T(p,X)R reaction:

The Q-value of the reaction is defined as the difference

m
in mass energies of the products and reactants, i.e. P !
Qgq = [mp + my — (my + mp)] - 2 . .V—’
if Q is positive, the reaction is exoergic while if Q is e
negative, the reaction is endoergic. before

https://www.nndc.bnl.gov/qcalc/

NSR |XUNDL |ENSDF
NuDat Databases MIRD

Atlas of n
Resonances

Nuclear TDOIS and
Wallet Publications

fetg ] Nuclear Data

myc? + T, + mec? = myc? + T, + mec® + T

Qgg=[mp+mt—mx—mR]cz=Tx+TR—Tp
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Reaction Q-value

Consider the T(p,X)R reaction:

The Q-value of the reaction is defined as the difference

: : : m

in mass energies of the products and reactants, i.e. P !

Qg = [mp +m; — (my +mp)] - c? &—— ‘
m,, vV,

if Q is positive, the reaction is exoergic while is Q is
negative, the reaction is endoergic. before

e@‘ @ http://nuclear.lu.se/database/masses/ L~ ” & Q-value calculator 3 ‘

Datei  Bearbeiten Ansicht Favoriten Extras 7

116Sn + Ni — Ni + *Sn

BE.(1)=988680.497 + 2 986 keV
BE(2)=526841574 £ 1420 keV
BE.(3)=545258.806 £ 1.436 keV
BE(4)=9715371.272 £ 3.165 keV

[ Q-value: 1308.007 keV|
Uncertainty: 4./9/ keV (ignoring correlations)

Threshold: 0 keV
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Reaction Q-value

4
Consider the T(P,X)R reaction: S L B
of 500 MeV ]
107 ¢ E
The Q-value of the reaction is defined as the difference 0 : :
in mass energies of the products and reactants, i.e. 5 10°L d
o) : i
Qg = [mp +m — (my +mg)] - c? O o ] ]
if Q is positive, the reaction is exoergic while is Q is H ﬁ ]
negative, the reaction is endoergic. 1 S A 1 I
106 § I T T T I I I
10°L 430 MeV 1
0] 104E E
-+~ 3 3
S 10} ]
116Sn — 60Nj @ Elab =430, 460, 500 MeV 1 L L | L (o1

E., = 147,156, 170 MeV | V¢(R;,) = 159 MeV 57 68 59 €D 61 62 63 64 65
Mass [amu]
(59N, %8Ni) | (CONi,5°Ni) | (6°NiS°Ni) | (P°Ni,SINi) | (P°Ni,82Ni) | (5°Ni83Ni) | (6°Ni,64Ni)
-2n -1n On +1n +2n +3n +4n
-4,12 MeV | -4.44 MeV 0 MeV -1.74 MeV | +1.31 MeV | -2.15MeV | -0.24 MeV
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Reaction Q-value

Consider the T(p,X)R reaction:

The Q-value of the reaction is defined as the difference
in mass energies of the products and reactants, i.e. P

Qgg = [mp +m; — (my + mg)] - c2 *—
if Q is positive, the reaction is exoergic while is Q is
negative, the reaction is endoergic. before
The Q-value of the reaction will change for proton transfer
due to the rearrangement of nuclear charge.
o ZpZe  (Zy—2)(Z¢ + 2)
Qopt Qgg = Qgg - -
T T'f
Z,Z.e> (z,—2)(Z, + 2) 7,
. p&t P t i 0.72-Z1Z5 . _,6cm
Qopt - Qgg - T, ' [1 - ZpZt ;] rn=D= le 2 [sm 1=+ 1]
Qopt = Q [ (2, —2)Z: + 2) Ti]
opt — Xgg .
[sm‘1 —gn 1] ZpZy Tr
(Z — z) (Z:+ 2z)
~ p t
Qopt ~ Qgg —Ecm [1 - ZpZt

Hans-Jurgen Wollersheim - 2022 (=



Reaction Q-value

The population in the (N,Z) plane is governed by Qopt
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Z [Channels]

Reaction Q-value

.c?**’ 1
o LA
M'-

The population in the (N,Z) plane is governed by Qopt

ol 208

<y 40ca- Pb
E,,,=235 MeV

A7
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M [Channels] E*
22Ti -14.4
215C 73
»0Ca 0
19K +7.6
18Ar +15.4
17Cl +23.4

Lo
15P +40.3
14Si +49.0
Eem [1-Vc(PIVc(D)] (MeV) Qgg (MeV)

[Ve(®)-Ve(®] (MeV)
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Z [Channels]

40~_ . 208
Ca+ Pb
=235 MeV

Elab

The population in the (N,Z) plane is governed by Qopt

Reaction Q-value

M [Chennels] E” 2n | -In | On 1n 2n 3n 4n 5n 6n 7n 8n
22Ti -47.7 -37.4 -23.0 -17.2 -6.3 -3.9 +3.5 +4.9 +10.5 | +10.8 | +154
-14.4
21 SC 0.0 -25.9 | -13.2 -8.3 -2.4 +0.1 +4.9 +6.1 | +10.1 | +10.3 | +13.8
-7.3
ZOCa -20.4 -12.0 0 +1.3 +6.2 +6.4 | +11.1 | +10.3 | +14.0 | +12.8 | +15.9
0
10K -13.9 -6.7 +2.1 +2.6 +6.1 +5.9 +8.7 +7.8 +9.6 +7.9 +9.0
+7.6
LgAT 32 | 01 | +75 , +66 | +98 | +7.8 | +104 | +75 | +89 | +55 | +6.4
+15.4
Cl -11 +1.6 +7.2 +5.9 +7.0 +4.6 +5.4 +2.6 +2.3 -2.7 -3.1
17
+23.4
S +48 | +53 +104 = +70 | +81 | +39 | +46 | 05 | 11 | 70 | -81
16 I
+31.7
P +4.1 +3.8 +7.0 +2.6 +2.2 -2.9 -4.0 -9.2 -12.2 | -185 | -214
15
+40.3
Si +6.6 +4.1 +6.2 +0.6 -0.6 -7.2 -9.4 -165 | -194 | -274 | -304
14
+49.0
Ecn [1-Vc(DVc()] (MeV) Qg - [Vce(i)-Vce(f)] (MeV)
—
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Sub-barrier transfer reactions

A smooth transition between quasi-elastic and deep inelastic processes

s

GON(1155n, 14Sn)2Ni Q= +1.3 MeV.
V 170 MeV

@amm E>EF;

159 MeV

Below the barrier Q-values gets very narrow and without deep inelastic components
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Hans-Jurgen Wollersheim - 2022



From quasi-elastic to deep-inelastic regime
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Sub-barrier transfer reactions

| |
= 60Nj(116Sn,114Sn)62Nij =+1.3 MeV
é 1 __D_C'——O—CL_”O_ ( ! ) Qgg
S
2 @//Kq
T 05 | .
S
0 1 1 | 1 1
- — - slopes of P, versus D are expected from the binding energy
Py 2uB
—— X exp(—2a - D a= |—5
sin(0em/2) P ) h2
107! 1 o e
B — binding energy Ap[fm™] = 0.21874y/x - Byey
206Pb 232Th
a® 1077
1073 \\ one probes tunneling effects
E N (2n) ] between interacting nuclei, which
\-‘, ] enter into contact through the tail
\.\ . of their density distributions
\ 1
10_4 : | i | : 1 \-\ i
12 13 14 15 16 2
Z,Z,e
D [fm] D= (1 +sin™ (Oon/2)
cm

D. Montanari et al.; Phys. Rev. Lett 113, 052501 (2014)
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Inelastic scattering close to the Coulomb barrier

electromagnetic and nuclear excitation

: Coulex 208pp + 206pp at E 641.7 MeV
<— —— : + a = .7 Me

__100F D =2 em
N C, = 6.81 fm, C, = 6.79 fm, Ry = 15.95 fm, V(R;,) = 607,0 MeV
M L
.g [ 0T = 127.6°
= 0 208|:>b i 206Pb .
O’ L
1\03 i E=1290 MeV ; doiner _ C(1—P (D) O coul
= 1 3 dQem abs o d'Qcm

: target excutatlon

Ul e ; = Oreac = Pabs(D, Ocm) * Orutn
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Transfer studies at energies below the Coulomb barrier

v only a few reaction channels are open
one reduces uncertainties with nuclear potentials
v Q-value distributions get much narrower
one can probe nucleon correlations close to the ground state

but

1. angular distributions are backward peaked

projectile-like particles have low kinetic energy
2. acomplete identification of final reaction products in A,Z and Q-values becomes difficult
3. cross sections get very small (need for high efficiency)

solutions:

- use Recoil Mass Separator
- use Magnetic Spectrometers with inverse kinematics
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Prisma spectrometer

PRISMA: a large acceptance
' magnetic spectrometer
Q~=80msr; Bppx=12Tm
AA/A ~ 1/200

Energy acceptance ~ £20%
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Prisma spectrometer

Istituto Nazionale
di Fisica Nucleare

- About 80 msr acceptance
- Position sensitive detector systems 2 1,
- Time of flight measurements
- Trajectory reconstruction

- Up to nuclei with A = 140

=) ; : it iF
,E, 3 F iF iE
Y N T {F
poll W AW £ A
10_2:' I'“:'Im ...::J ) ..::.l LA L
50 60 50 60 50 60 50 &0 50 &0 80
58N 4+ 208ph MASS NUMBER  Corradi. Phys. Rev. C 66. 02,606 (2002)

MCP = micro channel plate
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Heavy lon Reaction Analyzer (HIRA)
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S. Kalkal et al., Phys. Rev. C83 (2011) 054607

350

28Gj — 0%7Zr @ E,,, = 83.3, 86.4, 89.5, 92.5, 95.5 MeV

88i — 99Zr @ E,,, = 63.5, 65.9, 68.3, 70.6, 72.8 MeV V. =715 MeV
88i — %Zr @ E,,, = 64.2, 66.6, 69.0, 71.3, 73.6 MeV V. =71.1 MeV
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Why should we measure sub-barrier transfer?

3101
one probes transfer and fusion
. 100 in an overlapping region of
Fusion energies and angular momenta
10-t
B
{102
"‘-\.\ E
=] )
= 103

o Mo
o100y = 104

il i I ks . 10_5
1.1
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Transfer reactions with weakly bound nuclel

.
Y
\ £

breakup threshold energy: ncoming Traiectory . 8-
Qbreakep = -2-467 MeV g traeciony ~ g

-
—_—
®:
09
P
("Li 5Li) ('Li SLi) ("L 8Li) (LifLi) | ('LiSfHe) ("Li,®Be)
-2n -1n +1n +2n -1p +1p
-3.18 MeV | -2.65MeV | -543 MeV | -8.25MeV | -4.99 MeV | +13.46 MeV
5 j—4He+1H | SLi—%He+2H 8Be—*He+*He
+1.965 MeV | -1.474 MeV +0.092 MeV
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Structure and thresholds

7.454 3"
6.604 y ryyryyry. %_ 6Li+[l 7.2499
60315 Tl i r r i i i i o i v i i i
6He—kp
4.652 1"
‘He+t Eq
0.47761 3
EEE

D. R. Tilley et al., Nucl. Phys. A490, 3 (1988)
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Structure and thresholds

7.454 3
6604 ,..,,.., 2| C°Li+n 7.2499
60315 Pl A i i
‘He+p
4.652 i
0t 0.092 MeV [=6.6 eV
2.467 E,, 2+3.030 MeV =15 MeV
He-+t
3+0.702 MeV =24 keV 0.47761 b
37 2186 =gir=4
0 e e e e e e e e 7L1
1.474 MeV
1* 0.000
oLi D. R. Tilley et al., Nucl. Phys. A490, 3 (1988) SBe
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What causes the reduction in fusion?

"Li 1500 |
7Li + 209B;j
3H

o

Q° 1000 |
e

breakup threshold energy: 500~ |

Qbreakup = -2-467 MeV o measured

— expected

D ' | |

20 30 40 50

Dasgupta et al., Phys. Rev. Lett. 82 (1999) 1395
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What causes the reduction in fusion?

- 0.8 : : : : .
L SBP calc '°0 + '%%pt \ﬁ
0.7 f SBP calc "Li + '*°Pt
T e 0.74 * SBP calc \
3
H L 06} \ .
_® o | euosme
oC 05 216 i
0 3 ® 7L + 2098 N
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“He @]

03 | i
breakup threshold energy: 0.2 | -
Qbreakup = '2467 MEV

0.1 | i

0.0 laa—iotf '

0.8 0.9 1 11 1.2 1.3 1.4 1.5

Ecm/VC( Rfu)

Fusion of weakly bound Li + 2%°Bi suppressed relative
to single-barrier calculation in contrast to 20 + 1%8pt

Dasgupta et al., Phys. Rev. C70, 024606 (2004)
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Experimental set-up at ANU

Back

> 600 wedge detectors

Micron semiconductor Ltd

» Large angular coverage (0.83 7 sr)

» Detectors with high pixellation
(512 pixels)
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Reconstruction of Q-value

1. energy conservation:

Q= (El + E, + Erecoil) — Epeam

from momentum known
conservation

measured

2. momentum conservation (3-body breakup)

- - - - 101
Pbeam = I +P2 +Precoil
N 2
E . |Precod|
recoil —
2 Myecoil

1009
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Q-value spectrum (target states)

7Lj+209Bj 208Pp ground state
Ec/Ve=0.94 Hole states
104 g 71—} u s
: o+t “ ‘ i
0 108 3 a+d ; | . E
= F gl A E
o
= RE E E
S W 5
B T o+p o
10 £ E
-5 0 5 10 15
Q [MeV]

"Li + 29Bi — 8Be + 2%Pb  Q,, = 13.457 MeV | 8Be—*He+*He Qqy = +0.092 MeV
—5Li +2UBi Qy = -3.175MeV | SLi—*He+H Q= +1.965 MeV
—OLi+ 20Bi Quy= -2.645MeV | SLio*He+?H Qg =-1.474 MeV
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Q

-value spectrum (target states)

7Li+208Ph

Ecp/Vp=0.95
104 = [ T T T T T T T T T T T T T T | | ——
- g "Li +2°®°Pb, Egpp /M, =0.95 (c)
- 0 % o o+ _
108 i : =
» = o+d . -
= : o _
S i
O il
102 E i =
= : L OL+p =
107 = 5% 5 =
-5 0 5 10 1
Q [MeV]
Li+2%Ph — %Be + 27Tl Qyy = 9.246 MeV | 8Be—*He+*He Q,, = +0.092 MeV
—5Li +29Ph Qyy = -3.792MeV | SLi—*He+!H Q= +1.965 MeV
—OLi+ 2Ph Qy = -3.313MeV | SLi4He+?H Q= -1.474 MeV

5
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Q-value spectrum (target states)

Li+2%7PDb

Ecy/V5=0.95

104 = T T T T T | T T T T I T T T L | ; ! ! g
E i E 7|_| + 207Pb, Ecm /My, =0.95 i (b) E
- oty Hotd ata i )
103 = 1k i =
3 - o+d | =
| <l — ol 4
S B : i
o — }

O X E (
102 E Y O =
- B AR o -
(= E

5 0 5 10 15
Q [MeV]

7Li + 207Ph — 8Be + 26T| Q,
—5Li +2%Ph Q,
—OLi+ 28Ph Q.

9.766 MeV | 8Be—4He+He Qg = +0.092 MeV
-1.610 MeV | SLi—*He+!H  Q,, = +1.965 MeV
0.118 MeV | SLi—*He+?H Q= -1.474 MeV
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