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Lecture 1:
 basic concepts and language
 big science questions
» cool phenomena
« production of the exotic stuff
« what is FRIB?
Lecture 2
 connection to QCD
 the hardest many-body problem ever
» typical approximations
Lecture 3
* nuclear reactions as a tool
» basics concepts in nuclear reactions
« some examples from my research



interactions and nuclei
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Rooting nuclei in QCD

Hupin et al., Phys. Rev. Lett. 114, 212502
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How to describe reactions with heavy nuclei
and complex reaction channels?
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FIG. 7. Computed "Li(d.d)"Li differential cross sections in the
c.m. frame at the deuteron scattering angle of 90° as function of
the kinetic energy of deuterons in the laboratory system, compared
to the experimental data of Ref. [39]. The three sets of theoretical
curves correspond to calculations within the (d ,'Li) NCSM-RGM
(green dashed line), (d,’Li) + Be NCSMC (blue dash-dotted line), — — — —
and (d,Li) + (p,SLi) NCSM-RGM (red solid line) model spaces.

PRC93, 054606 (2016)



Our starting point

e A complex many-body problem
e Scattering boundary conditions
e Importance of thresholds

e Large Coulomb interactions

e Specific clustering

2,005 keV
1,561 keV
1,363 keV

854 keV

0 keVv




- Reducing the many-body problem to a few-body problem
introduces effective interactions.

- How does the original many-body Hamiltonian relate to
the few-body Hamiltonian?

- We assume that Hap =T, +Tr + Upa +Upa + V,yy,
- What are these Uy, ? R.C. Johnson, ECT*, November 2014




Reduction from many-body to few-body

- The role of core excitation? (Summers, Nunes, Moro,
Deltuva, etc)

- Seems to be important for (d,p) on loosely bound nuclei...
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Solving the few-body scattering problem

Faddeev Formalism
(-1, = V)0 = v, (0@ 4 ¢B))
(B =Ty = V) ¥® = V(0 4+ w)
(E=Ty = Vi)W® = Vi, (0 4+ w)

Still challenging due to Coulomb!
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Solving the few-body scattering problem

4N bound state

TABLE I. The expectation values (T) and (V) of kinetic and
potential energies, the binding energies £, in MeV, and the radius in

fm.
Method (T) (V) E, N(&)
FY 102.39(5) —128.33(10) —25.94(5) [.485(3)
CRCGV 102.30 —128.20 —25.90 [.482
SVM 102.35 —128.27 —-25.92 [.486
HH 102.44 —128.34 —25.90(1) [.483
GFMC 102.3(1.0) —128.25(1.0) —=25.93(2) [.490(5)
NCSM 103.35 —129.45 —25.80(20) [.485
EIHH 100.8(9) —126.7(9) —25.944(10) 1.486
Method S wave P wave D wave
FY 85.71 0.38 13.91
CRCGV 85.73 0.37 13.90
SVM 85.72 0.368 13.91
HH 85.72 0.369 13.91
NCSM 86.73 0.29 12.98
EIHH 85.73(2) 0.370(1) 13.89(1)

H. Kamada, et al, PRC 64, 044001 (2001)



Solving the few-body scattering problem

n-3He scattering
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Solving the few-body scattering problem

do / dQ (mb/sr)
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Currently our bipolar thinking:

- V. is effective interaction between N-A and should
describe elastic scattering (global optical potential)

- V¢ is self energy of N+A system and can be extracted
from many-body theories (microscopic optical potential)




Optical potential O

o Where does the optical potential come from?
Consider the original many-body problem nucleon-nucleus N+A
H(roiry,myy oy ma)¥U(royrymay 1) = E¥(rg;myy g, 14)

Split the Hamiltonian into:

o kinetic energy of the projectile

o the interaction of the projectile with all nucleons of the target
o internal Hamiltonian of the target

A
H(rori,ra,...,ra) =T+ Y V(re) + Ha(r1, 72, ..., 74)

i=l
The solutions for the target Hamiltonian form a complete set:

HA(rl’ r2,..., TA)(I):(TI,T;!, seny rA) = 6:(1’3'(7'11 Ty, ... frA)

The general solution for N+A can be written in terms of the complete set above:

‘I’('“o; P1,To, ., Th) = ZX;(TO)‘I’J(H,"Q, cey TA)
1]

Wong, Introduction to Nuclear Physics, Wiley



Optical potential

o Feshbach projection
Since at this point we still assume in our reaction model that the target stays in
the ground state, we need to project the problem into the target ground state.

P is the projection operator: P = |®,)(®]
It picks up the elastic component: Py = Xﬂfbg

Properties of projection operators P*W = PU
v =
Q=1-P QY =QV
PQU = QPV =0

Now apply it to the full equation: (E — H)}(P+ Q)¥ =0

Wong, Introduction to Nuclear Physics, Wiley



Optical potential

o After some algebra:

{E — Ty — (@|V|@0) — (&o|VQ

1

—_ A
V=LL Vi) Hy®p = eg®y = 0

Potential acting
between projectile
and target nucleons

Interpretation for the formal

propagator: multiple scattering in §- 1

1 1 1
Space E—QHQ=E{1+EQHQ+EQHQEQHQ+'”}

o The scattering equation can be rewritten: (E~To~ v("n))Xn =0
with the effective potential: V(ro) = (Bo|V|®0) + (&o|VQ 1 QV|®o)
E-QHQ
Wong, Introduction to Nuclear Physics, Wiley



Optical potential O

o The scattering equation can be rewritte (B~ To = v("‘n))Xn =0

: : il 1
with the effective potential: vy — (g,|v|&,) + (‘I’ﬂvaval%)

oThis potential is generally non-local which gives rise to some complications:

(E = To)xg(ro) = V(ro)xy(re) + ] f(ro, 7o)xo(ro)drg

Often this is approximated to a local
version.

Optical model: replace this microscopic potential by a model potential
obtained phenomenologically:

(E-To—Uppt)xy =0

Scattering into Q-space may never return to elastic — loss of flux
Optical potential needs to have an imaginary term!

Wong, Introduction to Nuclear Physics, Wiley



Optical potentials: local versus global 9]
NSCL

Phenomenological approach: fit elastic scattering

Local parameterization when fitting one data set

Example for d+12C at 11 MeV — ——
Extracted potentialg ¢ Lovell et al. .

V=111 MeV, r=1.0 fm, a=0.73 frg |
Ws=27 MeV, r=1.2 fm, a=0.3 fr3 .

95% Confidence Band
— Best Fit Parameterization
+ Elastic Scattering Data

do/dQ (rat

[ \ ‘ ‘ . | . | .
0 30 60 90 120 150 180

6 (deg)

Global parameterization: Fitting a large number of data sets

including energy range and mass range
sometimes including observables beyond elastic
Examples: Koning and Delaroche
Chapel Hill 89
Bechetti and Greenlees



Microscopic N-A optical potential

V

- 1S self energy extracted from coupled-cluster CCSD

G(a, B, E) = GV(, B, E)
+ 2 Ga . B)S* (7,6, E)G(8,8, ).

Ab-initio Hamiltonian: NN, -

Basis: HO and Breggren
Extend for convergence of potential.
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Rotureau et al., PRC95, 024315 (2017)



Microscopic N-A optical potential
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The effective interaction is non-local!

Rotureau et al., PRC95, 024315 (2017)



Microscopic N-A optical

There remains an
energy
dependence!

Absorption is
small from E=0-10
MeV.

n + 160
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FIG. 11. Neutron s-wave imaginary volume integral Jw (E)

for several values of 1.

Calculations were performed at

Nmax = 14 with 50 discretized sy /9 shells.

Rotureau et al., PRC95, 024315 (2017)



classification of reactions

Direct reactions
transfer momentum is small compared to initial momentum
typically peripheral

short timescale (1022 s)
E>10 MeV

mostly one step
final states keep memory of initial states



classification of reactions o

Direct reactions

transfer momentum is small compared to initial momentum
typically peripheral

short timescale (1022 s)

E>10 MeV

mostly one step

final states keep memory of initial states

Compound reactions

longer timescale

many steps in the reaction

all nucleons share the beam energy
loss of memory from the initial state
low energy reactions



angular distribution: compound vs direct

Direct reactions (ID): 10*
Forward peaked (large b)

25Mg(p,p)25Mg
: Ep = GMEV
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selectivity of direct reactions
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compound reactions

the decay of the
compound state
does not
depend on the
initial state.
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classification of reactions o

Direct reactions

transfer momentum is small compared to initial momentum
typically peripheral

short timescale (1022 s)

E>10 MeV

mostly one step

final states keep memory of initial states

Resonance reactions

reactions that go through a resonance (peak in the cross section)
intermediate step in the reaction

longer time scale

Compound reactions

longer timescale

many steps in the reaction

all nucleons share the beam energy
loss of memory from the initial state
low energy reactions



why bother with reactions?

a) nuclei of interest are beams

b) offers much more than energy levels
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nuclear reactions and tomography on

Probe (MeV/nucleon)

0 5 10 15 20
Radius (fm)

The overlap function for ?C — n+'C in arbitrary units. The
radial sensitivity of the '*C(d,p)"C cross section is represented
by the colored bars for different beam energies.




why do reactions? elastic

°He +'°C
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o
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_8 i gauss ’
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FIG. 10. Elastic scattering for °He+ *C at 38.3 MeV/nucleon in
comparison with the OM results given by the real folded potential
(obtained with the CDM3Y6 interaction and the Gaussian ga den-
sity for °He). The dashed curve is obtained with the unrenormal-
ized folded potential only. The solid curve is obtained by adding a
complex surface polarization potential to the real folded potential.
Its parameters, and those of the imaginary part, are explained in the
text. The dotted line is obtained by folding the CDM3Y6 interaction
with the compact Gaussian density ro.

[Lapoux et al, PRC 66 (02) 034608]

-
-————-_——

traditionally used to extract
optical potentials, rms radii,
density distributions.




why do reactions? inelastic

Projectile

Scattering angle

Target

traditionally used to extract
electromagnetic transitions
or nuclear deformations
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Fig. 2. Comparison of B(E1) values obtained from lifetime and Coulomb ex-
citation measurements. The weighted average of lifetime measurements [3]
(open circle) is plotted on the left along with the weighted average (solid cir-
cle) of three Coulomb excitation measurements (solid symbols). The individual
Coulomb excitation measurements, GANIL (this work, square). MSU (up tri-
angle) [6], RIKEN (down triangle) [7]. and a previous GANIL experiment
(diamond) [4]. are plotted versus the beam energy.

[Summers et al, PLB 650 (2007) 124]



Counts

why do reactions? transfer
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[K. Jones et al, Nature 465 (2010) 454]



why do reactions? transfer

G
nglsjy

traditionally used to
extract spin,parity and
orbital occupancy in
valence shells
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[K. Jones et al, Nature 465 (2010) 454]



Doubly magic nuclei
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why do reactions? transfer
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why do breakup? @g{
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why do reactions? breakup

g 1 6936 (4%)
14Be - n+n+12Be § o 4582 (3
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Fig. 1. Doppler corrected y-ray spectra measured in coincidence
with an 220 fragment and one neutron for Pb (symbols) and C
(shaded area) targets. Arrows indicate the strongest y transitions
as expected from the 220 level scheme of Ref. [10] (partial level
scheme shown as inset: level energies are in keV).

230(Pb,Pb)220+n+y

[Nociforo et al, PLB 605 (2005) 79] -~

[ ] el vvw
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[Marques et al, PRC 64 (2001) 061301]



Why do capture?

NSCL
Capture S
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o Just like (e,e’p) but with a nuclear probe
o Includes elastic and inelastic breakup as well as transfer

o Needs less beam than transfer or breakup, integrated information




Knockout typical result: 12Be

5 823888

=1 N
C28=0,37

42 425 4.3 4.35

Longitudinal Momentum [GeV/c]

4.4

A. Navin ef al., Phys. Rev. Lett. 85, 266 (2000)

Daniel Bazin, ECT* May 2013



beam tracking detectors
timing detector
reaction target

quadrupole triplet

sweeper magnet neutron detector

charged particle E array

detectors

5m

Typical setup for MONA experiments at NSCL



FRIB Features:

Fast, Stopped, and Reaccelerated Beams

Fast beams (>100 MeV/u)

Decay studies, knockout, Coulomb
excitation, nuclear structure, limits of
existence, EOS of

asymmetric matter

Stopped beams (0-100 keV)
Ion thermalization - fast, efficient

Precision experiments — masses,
moments, atomic structure, symmetries

Reaccelerated beams
(0.2-20 MeV/u)
Ion thermalization and reacceleration

Detailed study of nucleus-nucleus
collisions with exotic nuclei

Astrophysical reaction rates

103
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w107
2 100
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1
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10°1 - Dripline
10° Limit for basic information \,\i
107-
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Facmty for Rare Isotope Beams
U.S. Department of Energy Office of Science
Michigan State University

Mass Number



- direct measurement  14C(n,y)1°C

e transfer reaction

_>..
'

® ®

o
4C(d,p)'C L
ow relative energy
///// 14

C

» Coulomb dissociation




breakup reactions and (n,y)

208ph(15C, 14C+n)208Pb@68 MeV/u

05 1 | 1 | 1 |

®Nakamura -
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1.5+ e Reifarth —

L 14C(nly)15c i

0 | | | 1 1111 | | 1 1 1 111
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Nakamura et al, NPA722(2003)301c
Reifarth et al, PRC77,015804 (2008)
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Fig. 8. Reduced cross sections for the fusion of halo, nor-
maliweakly bound, and strongly bound nuclei. (Courtesy of

Kolata).

After geometric effects are scaled out, fusion enhanced for halo

nuclei!
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Probing the equation of state of Nuclear matter:

Central collisions with unstable — probing isospin dependence
the symmetry energy

Central collisions with loosely bound — probing density

dependence




Some additional reading @)l

Theory road map:
http://fribusers.org/8_THEORY/3_DOCUMENTS/Blue_Book_FINAL.pdf

Research opportunities with rare isotopes
http://books.nap.edu/openbook.php?record_id=11796&page=1

Nuclear force and Effective field theories
Bogner, Furnstahl, Schwenk, Prog. Part. Nucl. Phys. 65 (2010)

Nuclear reactions for nuclear astrophysics:
Thompson and Nunes, Cambridge University Press

Joint institute for nuclear astrophysics:
http://www.jinaweb.org
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