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OVERVIEW

Lecture 1 Focus: Overview of Nuclear Reactions
Lecture 2 Focus: Example using single-particle transfer reactions

» Understanding different types / forms of reactions is key
» Integrated into measurements, New physics directly, Isotope production
» Reaction Formalism
= Overview of some reaction types
» Example cases of complementary reactions

Lecture 1 Takeaways:

= Familiarity with reaction “language”

= List various reaction types & their general properties

= Link reaction method and/or probe to physics quantities of interest
= How multiple reactions are used to explore common physics goals
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REACTIONS LINK VARIOUS ASPECTS OF NUCLEAR SCIENCE
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REACTIONS LINK VARIOUS ASPECTS OF NUCLEAR SCIENCE
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REACTIONS LINK VARIOUS ASPECTS OF NUCLEAR SCIENCE

Nucleon-Nucleon
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REACTIONS LINK VARIOUS ASPECTS OF NUCLEAR SCIENCE

Nucleon-Nucleon
interactions
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ISOTOPE DISCOVERY

Leveraging various reaction types / energies / facilities

THE NUCL'DE TRAIL Isotope-discovery technique
Isotope discovery over the past 100 years (below) has jumped with each introduction of new technology. Some Bl Light particle reactions W Neutron reactions
2,700 radioactive isotopes have been discovered so far (below right), but about 3,000 more are predicted to exist. Fusion 8 Fragmentation/spallation
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REACTION TYPES / ENERGIES / PHYSICS MOTIVATION

Many methods with overlapping science goals

0MeV/iu 50MeV/iu 100 MeV/u 200 MeV/u 300 MeV/u 400 MeV/u

Capture  Fission i

One-nucleon transfer —

93 i;;eo o | Secondary fragmentation

Pair transfer Intermediate- Knockout
‘energy Coulex
Barrier-energy Coulex o
Fusion Hl-induced pickup Inelastic proton scattering
Astrophysical Fission properties Weak interaction strength
reacti%nyrates pop Skins Fission fragment correlations
Single-particle degree of freedom  Spectroscopy of excited states
Pairing Low-lying collectivity Single-particle properties Equation of state
Skins at high density

Collectivity and shapes Matter radii, skins

Heavy elements Intruder states  Disentangle proton and neutron Higher-lying modes Single-particle properties
contributions to collectivity (Pygmy and giant resonances) and in-medium effects
Rare isotopes at high spin Skins
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BREAKDOWN IN COULOMB BARRIER REGION

Physics goals may be encompassed by various reaction types

3 6 9 12 MeV/nucleon
' | fusion 1I deep inelastic | [ (pp)(d, d’) inelastic |
nuclear
collectivity I safe and multlple Coulex | unsafe and intermediate-energy Coulex ]
[ DSAM [ reooul-dlstance Doppler-shlft method |
W 1.  @ptp) | (. e) (@ |
single-particle = : : : :
el ; [ (pd). dtransfer | (d*He) (p.f]
| proton resonance scattering, IAS study | elastic scattering |
reaction : [ fusion reaction | : [Heavy-ion collisions |
studies : !
nuclear ; [(d,n) for rp process, (d.,p) for rprocess | (He, d) for p process |
astrophysics |
applications - ' | Compound reactlon | (d.py) surrogate reaction |
S — =
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SOME BASIC REACTION FORMALISM / NOTATION

Pragmatic way of writing nuclear reactions

The ingredients

A(a,b)B

e Target(A)

* Projectile (a)
¢ Beam-like outgoing ion (b) =
¢ Target-like outgoing ion (recoil) (B)

Other Considerations

* Inverse kinematics [rare-isotope

beams, MeV/u]

* near-Coulomb energies
* Low energy (<20 MeV/u) to

Intermediate energy (50 - few

hundred MeV/u)

For most reactions it is the (a,b) of A(a,b)B that is used to label the reaction

AAAAAAAAAAAAAAAAAA



REACTION TYPES
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TYPES OF NUCLEAR REACTIONS

Beam energies range from eV/u to GeV/u

» Direct reactions
= Knockout - single / multi-particle
» Transfer - single / multi-nucleon / charge-exchange
= Scattering
= Inelastic / Elastic / Resonance
= Fusion
= Compound - Evaporation / Fission
= Capture
= Neutron / Proton / Alpha / Induced reactions
» Others
= Heavy-ion collisions / Fragmentation / Deep inelastic collisions / etc...
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FUSION REACTIONS
Fusion & fusion-fission: 12C(AC,x), Th(*°C,X)

40
35 2Ne + 2"Ne — ¥Ca __cmmme
e el N
30 P AN CHEE ;
’
25 1 1013
2 / 58Ni 4 B0Kr —s 144Gd ~
2 15 s
s y — 0
2ol J 2
o ¢ . w 11
% s \ 10°°F
o b - IR i .
= gy 4+ 208pp —, 200K \
-10 \.<
3
15 .
3 4 5 6 7 8 9 10 1 12 13 14 15 |096 L . IIZ L : 118
r(fm)

=t3 ¢33 —

Extract: excitation functions, angular momenta
Deduce: barrier heights, fusion probabilities, S-factors
Tools: various cross section codes [HF approach / PACE / CASCADE / HIVAP / etc...]

Compound nucleus

KEY POINTS

<10 MeV/u

No “memory” of
formation

Size & shape of
barrier

Relevance to stellar
processes & heavy-
element creation

.
w channel o Bamon-Palos et al.

T T T T
present work

& Aguilera et al.
0 Ketiner et &l
High and Cujec
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FUSION REACTIONS

Fusion evaporation: 20Ne(22Ne,a2n)36Ar . Compound has no

“memory” of
construction

= Population along
yrast line

» Provides alignment

= Prolific tool in
gamma-ray
spectroscopy

Unresolvable
states

Discrete
states

o0
$%,9

=6 0-®-g

Compound nucleus

Extract: Level & decay schemes, angular momenta, transition strengths
Deduce: nuclear shapes, entry distributions, deformation parameters
Tools: various fusion-evap codes [PACE / CASCADE / HIVAP / etc...] Argonne &




FUSION REACTIONS

I I - 20 22 36
Fusion evaporation: 20Ne(22Ne,a2n)36Ar . Compound has no
“memory” of
n n—— construction
o | | | | L1y a " = Population along
§ . . yrast line
e ey | . .
vrastine A » Provides alignment
{ T = Prolific tool in
Tl gamma-ray
/ ::: spectroscopy
) Deformed Nuclews T
Collective Rotation Per
0

$%,9

=6 0-@® - g

Compound nucleus

Extract: Level & decay schemes, angular momenta, transition strengths
Deduce: nuclear shapes, entry distributions, deformation parameters
Tools: various fusion-evap codes [PACE / CASCADE / HIVAP / etc...] Argonne &




FUSION REACTIONS

KEY POINTS

I i - 20 22 36
Fusion evaporation: 20Ne(22Ne,a2n)36Ar . Compound has no
“memory” of
F— construction
- ”||||I ¢ ® . Populqtion along
; S yrast line
N e Energy - . )
st A » Provides alignment
/ n = Prolific tool in
ol i e gamma-ray
N ::: spectroscopy
Deformed Nuclews T
- :
Collective Rotation “er m=n{ e ]
gty "I 3 ' i

TEX B

Compound nucleus

e
$%,9

Extract: Level & decay schemes, angular momenta, transition strengths
Deduce: nuclear shapes, entry distributions, deformation parameters
Tools: various fusion-evap codes [PACE / CASCADE / HIVAP / etc...]

Intensity (relative)

Lo
.*“l...-- 5
1180-776 -

LT
5 iy f-"

78

0

00 05 10 s

Anghe (radians)

15 30 s

(O]

16081956

Angle (tadisns)

Argonne &



FUSION REACTIONS

Fusion evaporation: 20Ne(22Ne,a2n)36Ar

= Compound has no
“memory” of
n—— construction

3 . = I | | I | r s n POpUIation a|0ng

n <> i yrast line

- ' = Provides alignment
! = Prolific tool in

= gamma-ray

i T spectroscopy

Deformed Nucleus ,

Unresolvable

2
states 0

Collective Rotation Er

Discrete
states
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o
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Compound nucleus

Extract: Level & decay schemes, angular momenta, transition strengths
Deduce: nuclear shapes, entry distributions, deformation parameters
Tools: various fusion-evap codes [PACE / CASCADE / HIVAP / etc...] Argonne &




SCATTERING REACTIONS

Coulomb excitation & Coulomb dissociation = Safe < Cowomd
» Intermediate >
Coulomb barrier
= Dissociation > 250
Projectile MeV/u
g » Electromagnet probe
(virtual photon flux)
c ' .
> - \; « Deformation
Nk » Capture rates
» Equipped for inverse
b Impact parameter kinematics
B
---------------- s VQ Target
-
Z,
Zproe b4 I/A-=1) forA>2
a,,-m( he ) zbfn*ln23(“ O_’A){zm(b,,/bmi,,) fora=1
L . i 26Sj
Excitation of 34Si to 34S|*: Reaction Rates for 26Si(p,y) from

dissociation 27P to 26Si + p:
Extract: Survival probabilities, El strengths
Deduce: capture rates Argonne &

Extract: transition strengths
Deduce: deformation parameters




SCATTERING REACTIONS

Coulomb excitation & Coulomb dissociation

Na{ov)® = Z Na(ov)™ 4 Ny(ov)®

Projectile

—-E1

—E2

; ---- M1
v/c - A N N A S

> &
—

b Wit $ 0909090 0 LEF et

- - 267 kev. 3
722 kev,gl
----- 1060 keV. 3
Zpoe 1/A-1) forA>2 §*~—2012kev.%' Ry
= > 5 e i direct |
Ona ( Mo ) e2p2h— =555 B@A, 0> A){zln(ba/bmin) fori=1 Gotre |

min A NS

KEY POINTS

= Safe < Coulomb
barrier ~3 MeV/u

= Intermediate >
Coulomb barrier

= Dissociation > 250
MeV/u

» Electromagnet probe
(virtual photon flux)

» Deformation
= Capture rates

» Equipped for inverse
kinematics

(a)

Excitation of 34Si to 34S|*:
Extract: transition strengths
Deduce: deformation parameters

Reaction Rates for 26Si(p,y) from
dissociation 27P to 26Si + p:
Extract: Survival probabilities, El strengths

Deduce: capture rates Argonne &



SCATTERING REACTIONS

Elastic & resonance scattering (p,p), (d,d), (a,a)

1.8 MeV o
T, | g N
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Extract: angular distributions, analog states
Deduce: sp states, optical model parameters, resonance/decay widths
Tools: R-Matrix, optical model calculations [DWBA, coupled channels, etc...]

KEY POINTS

= Few to hundreds
MeV/u

» Sensitive to probe:
proton, deuteron,
alpha, etc.

= Scan in angle and/or
energy

= Resonance params
on analog states

= sp structure
= Widths

» Key in development of
optical model
description of nuclear
potential

Argonne &




SCATTERING REACTIONS

Elastic & resonance scattering (p,p), (d,d), (a,a) - Few to hundreds
, } MeV/u
i ) >:
P / = = Sensitive to probe:
= 22 . ) proton, deuteron,
se ) . | g alpha, etc.
el — 5 & id hbe | = Scaninangle and/or
H3. 78— sz are] _ V2 732 1§ PE il iaan energy
' = gw‘m - — = Resonance params
L3 rrrTEsl= on analog states
10.04 =F g e = Sp structure
— . g \9172 );/25-';2 - = p
e W: _ égg = Widths
g = . 1 | = Keyin development of
\333_ = : ° optical model
0 - el e description of nuclear
2 .
\3_857 o potential
3104 y watl
|
! |
_loags3 uz* | 06005
- ©0+p

I
i R
} F ,/'1“ ‘-3[!2
Extract: angular distributions, analog states
Deduce: sp states, optical model parameters, resonance/decay widths

Tools: R-Matrix, optical model calculations [DWBA, coupled channels, etc...] Argonne &




SCATTERING REACTIONS

Inelastic scattering: (p,p’), (d,d’), (a,a’), (*2C,12C’) » Few o 100's of MeV/

u
= Selective to probe:

0_. p—\_ « Proton - isovector
,, — = Deuteron -
0 ' Giant dipole resonance isoscalar
Soft d‘P°‘° resonance Resonance structures
® @ P § » Cluster structures
B @ r ) .
Collective features in

nuclei

Pygmy resonance

Cross section

| " L A L i i i 1

0 5 10 15 20
Excitation energy (MeV)

o4

—
- =
=& o -
*
ok

Extract: Distributions, resonance strengths
Deduce: unique excitation modes, clustering prob., isoscalar / isovector modes, deformation length
Tools: R-Matrix, optical model calculations [DWBA, CC, etc...] Argonne &




SCATTERING REACTIONS

Inelastic scattering: (p,p’), (d,d’), (a,a’), (*2C,12C’) » Few o 100's of MeV/

u
= Selective to probe:

0___. p—\_ « Proton - isovector
: 7 = Deuteron -
0 ' Giant dipole resonance isoscalar
Soft d‘P°‘° resonance = Resonance structures
® @ P § » Cluster structures
B @ r ) .
= Collective features in

nuclei

Pygmy resonance

Cross section

L i A i 1 L i A | A L A L i i i 1
0 5 10 15 20
Excitation energy (MeV)

c

©4 afa) @)+ (@ (afa) | = (@1axa

— . 9
- L J > J =
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* ‘ L|=1 .| =1

> < /\
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[

Extract: Distributions, resonance strengths
Deduce: unique excitation modes, clustering prob., isoscalar / isovector moaes, derormation iengtn
Tools: R-Matrix, optical model calculations [DWBA, CC, etc...] Argonne &




HEAVY-ION COLLISIONS

ASn + ASn, ANI + AN

ASisin—n
) GOOA N

{0) 400A Mev {€) 600A MY (1) BOOA MV () 4COA Me? () BO0A MeV W BD0AMEY
— &G G~ . 10 Broe, X101
% 10 (107 = S % W e, 0 g e nrean.
1 ¥ N e
[U) A 7 : =1 o E - A0
E 0 o A =0 s 10~ soh =3 2B P8
Z CD e weevTeves 2 [
s C
E g ST 10 10 E 10 B & BN 110
= o 10 gues nESong,, e = o S ) Al il
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®Si+In—x

Extract: pion production, +/- asymmetry

Deduce: Symmetry energy, equation of state

KEY POINTS

>350 MeV/u

Pion production
threshold >280 MeV

Hot dense matter
= Stars

Pion production as a
test of the symmetry
energy

Argonne &



HEAVY-ION COLLISIONS

ASn + ASn, ANI + AN . >350 MeV/u
= Pion production
50 > threshold >280 MeV
40 From/Mﬁsies/ Hot dense matter
':.;so i ‘,;,} ~.9 =« Stars
= e, Pion production as a
Q 20 %
@ G, test of the symmetry
108 ' energy
S 2 3
Density p/p,

Extract: pion production, +/- asymmetry

Deduce: Symmetry energy, equation of state
Argonne &




DIRECT REACTIONS
Single-nucleon transfer: (d,p), (3He,d), (13C,12C)

single-particle level / [
(nl)

shellgap —*

\ Final nucleus
Light particle N\ [recoill
[beam] Target nucleus O
Outgoing
particle

Extract: orbital angular momenta, spectroscopic overlaps, energy centroids
Deduce: nucleon occupancies, single-particle energies, two-body matrix elements
Tools: Distorted wave Born approximation [DWBA], Coupled Channels, etc...]

KEY POINTS

~3-20 MeV/u
Highly selective

Direct probe of
single-particle
aspects

Surrogate (p,y) / (n,y)

resurgence in the
RIB era

Beam production

Argonne &



DIRECT REACTIONS

Single-nucleon transfer: (d,p), ((He,d), (33C,12C) . ~3-20 MeV/u

= Highly selective

1185n(q,t)1195b

3 3 = Direct probe of
I g g single-particle
3 * ] aspects

= Surrogate (p,y) / (n,y)

resurgence in the
RIB era

Beam production

single-particle level / [
(n)

shellgap —*

o e

|

Counts per channel
1
o —

— =2 |
— ~N & - v
- P-2114, 2
A i
n n

~
[
-

:

————
gs, £=2
L. —844, 220

o

1
Excitation energy (MeV)

\ Final nucleus
Light particle N\ [recoill
[beam] Target nucleus O
Outgoing
particle

Extract: orbital angular momenta, spectroscopic overlaps, energy centroids
Deduce: nucleon occupancies, single-particle energies, two-body matrix elements
Tools: Distorted wave Born approximation [DWBA], Coupled Channels, etc...] Argonne &




DIRECT REACTIONS
Single-nucleon transfer: (d,p), (3He,d), (13C,12C)

1185n(q,t)1195b

__\ ....................... f,__ " E o & g
20 % !
; : 1 & g
single-particle level _~~ g J /
(n) WA o oo o8
8 2
5
3

~

shellgap —* 9 5

[
-

:

————
gs, £=2
L. —844, 220

— =2 |
— ~N & - v
- P-2114, 2
A i

o

1
Excitation energy (MeV)

\ Final nucleus
Light particle N\ [recoill
[beam] Target nucleus O
Outgoing
particle

Extract: orbital angular momenta, spectroscopic overlaps, energy centroids
Deduce: nucleon occupancies, single-particle energies, two-body matrix elements
Tools: Distorted wave Born approximation [DWBA], Coupled Channels, etc...]

KEY POINTS

= ~3-20 MeV/u
= Highly selective

= Direct probe of
single-particle
aspects

= Surrogate (p,y) / (n,y)

= resurgence in the
RIB era

= Beam production

Argonne &



DIRECT REACTIONS

Single-nucleon transfer: (d,p), ((He,d), (33C,12C) . ~3-20 MeV/u
= Highly selective

= Direct probe of
single-particle
aspects

= Surrogate (p,y) / (n,y)

resurgence in the
RIB era

Beam production

i 1185n(q,t)1195b

— 2 1
270, £=4
- N a = " =2
\ 1366, £=5
—— Q~2114, 2=(0+2)
n n

single-particle level / [
(nl)

shellgap —* 9 5

o e

|

Counts per channel
1
o —

~
[
-

:

——D
gs, £=2
“«——— \.—844, £=0

o

1
Excitation energy (MeV)

. Final state

\ Final nucleus SI' =
Light particle N\ [recoill /
[beam] Target nucleus Initial state +
. . T ® nucleon
Outgoing

particle

Extract: orbital angular momenta, spectroscopic overlaps, energy centroids
Deduce: nucleon occupancies, single-particle energies, two-body matrix elements
Tools: Distorted wave Born approximation [DWBA], Coupled Channels, etc...] Argonne &



DIRECT REACTIONS

Multi-nucleon transfer e.g., (p,t), (“Li,t), (6Li,p) - ~3-20 MeV/u
. = selective
........... npy) Sn .
i A SN = Alpha-like transfer:
: \-“\"r,‘r : S \/’-‘.\,\)! (G,Y), (G,X)
g . \../m.\?;: : = Sensitive to paring (2n)
w - w Y ]
w T = Exploratory - cluster /
wi T TN w S | .
. e I G rotational states
gs R B A = resurgence in the RIB
,5, - — Ty v _'_ufu.v__'x era
=R R N W et €]
i " e
w ~ ?&v : \\ :‘_.nh\r :
R A R AN
SRR e
Outgoing
Light particle Target . particle
[beam] nucleus ,

— ’ ‘ —> ' —> . Final nucleus
[recoil]

Extract: final state angular momenta, spectroscopic overlaps, resonance widths
Deduce: resonance strengths, reaction rates, pair occupancies, collectivity
Tools: Distorted wave Born approximation [DWBA], Coupled Channels, etc...] Argonne &




DIRECT REACTIONS

Multi-nucleon transfer e.g., (p,t), (“Li,t), (6Li,p) - ~3-20 MeV/u
e = selective
.............. n(p) Sn 0',0.51% Systematics from (¢ :
Wl b RN Y (tp) = Alpha-like transfer:
" T e U Rahman et al. PRC 73, 054311 (2012) (a,y), (a,X)
w 1099 MeV ! \ .x‘-um ; .. .
e, . i 2 2
. \WN,,._, “1 Y7 s — ¥ 018% o, 23% = Sensitive to paring (2n)
o O B N 0.076% = Exploratory - cluster /
v TN R i
, = e N rotational states
o Ea A wlor™LLT 2' i
F v ~ <o | resurgence in the RIB
i | Mo N2 ] era ?
Hi i g
£ . =] 0°,69% 0,86% 0'100% 0.77% O o
w e N T 96 98 100 102, 104 106
v _/",::,/' T : \1_7/,.\%? ] Mo5 4 M°56 Mo58 Mo, Mo‘s2 Mog,,
TR e e e T e ..\“. Transitions strengths normalised to 1°°Mo gs.
0, (deg)
Outgoing
Light particle Target . particle
[beam] nucleus ,

Final nucleus
[recoil]

=@ ‘—» —

Extract: final state angular momenta, spectroscopic overlaps, resonance widths
Deduce: resonance strengths, reaction rates, pair occupancies, collectivity
Tools: Distorted wave Born approximation [DWBA], Coupled Channels, etc...] Argonne &




DIRECT REACTIONS

Multi-nucleon transfer e.g., (p,t), (“Li,t), (6Li,p) - ~3-20 MeV/u
N = selective
.............. npt)"Sn 0'.051% Systematics from (t, ;
e I S ¥ (tp) = Alpha-like transfer:
: Tl w Vi NG Rahman et al. PRC 73, 054311 (2012) (q,y), (q,X)
w 21099 MoV ! \ .x‘-um ; a. .
e, . i 2 2
. \WN,,._, “1 Y7 s — ¥ 018% o, 23% = Sensitive to paring (2n)
A O B N 0. 078% = Exploratory - cluster /
. e R rotational states
o E U A B P2 N 2 i
F e e | = resurgence in the RIB
é: e ] N2 era
| R S e
Lt " o 0',69% 0186% 0'100% 0'77% 0 ¢
w e N T 96 98 100, 102, 104 6
y / S -\h : \f\ﬁ\1 Mo5 4 Mo Mo58 Mo, Mo‘s2 Mo,
e Transitions strengths normalised to 1°°Mo gs.
0, =
0 1f C?s,=0.24
Outgoing [
Light particle Target . particle I
[beam] nucleus / 10"
—_— ’ —> —> Final nucleus 0%
[recoil] 7202 MeV 3/2 L_1

0 ! 5 10 15 20 25 30 35 40 45

Extract: final state angular momenta, spectroscopic overlaps, resonance widths
Deduce: resonance strengths, reaction rates, pair occupancies, collectivity
Tools: Distorted wave Born approximation [DWBA], Coupled Channels, etc...] Argonne &




DIRECT REACTIONS
Charge-exchange: (p,n), (“Li,’Be)

15000 -PHe" IAS  Efor 00<0<1.2°
E* for 2.4°<0<3.6°

10000 [

Counts

5000

0 FEWETETITY AU TRTE STRTRTRNS FARERRTNTA | sl

5 0 5 10 15 20 25
Excitation Energy [MeV]

- —_ .
/
= o —
Outgoing light
Particle

Target
Initial nucleus Final nucleus

Extract: angular distributions, isobaric analog states
Deduce: Gamow-Teller strength distributions, level densities, g-strength functions
Tools: Distorted wave Born approximation [DWBA], Coupled Channels, etc...]

KEY POINTS

~5 - 400 MeV/u
Isobaric analog states

Gamow-Teller
distributions

= Astrophysics
= Neutrino physics

Beam production
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DIRECT REACTIONS
Charge-exchange: (p,n), (“Li,’Be)

15000
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Extract: angular distributions, isobaric analog states
Deduce: Gamow-Teller strength distributions, level densities, g-strength functions
Tools: Distorted wave Born approximation [DWBA], Coupled Channels, etc...]
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~5 - 400 MeV/u
Isobaric analog states
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distributions

= Astrophysics
= Neutrino physics

Beam production
method
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DIRECT REACTIONS
Charge-exchange: (p,n), (“Li,’Be)

15000 °He" IAS  FEifor 0%<0<12°
E* for 2.4°<0<3.6"

10000

Counts

B(GT,) =

5000

Excitation Energy [MeV]

e —

Target

1
2J;i +1

Initial nucleus Final nucleus

Extract: angular distributions, isobaric analog states

//.
/

Outgoing light
Particle

Deduce: Gamow-Teller strength distributions, level densities, g-strength functions
Tools: Distorted wave Born approximation [DWBA], Coupled Channels, etc...]
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KEY POINTS
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~5 - 400 MeV/u
Isobaric analog states

Gamow-Teller
distributions

= Astrophysics
= Neutrino physics

Beam production
method
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| *??sn(’He,t)'**Sb; 140 MeV/u
| 1°Nd(He,t)**°Pm; 140 MeV/u
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DIRECT REACTIONS
Quasi-free & nucleon knockout: (p,2p), (°Be, -2p)

single-particle level / \ |/
(n)

shellgap —*

//.

— q —
—_— - Knocked out

— particle(s)

Initial nucleus
Target .
[beaml 9 Final nucleus
[recoil]

Extract: orbital angular momenta, spectroscopic overlaps
Deduce: occupancies, single-particle energies, pairing strengths

Tools: Eikonal & Glauber model, impulse approximation, Coupled channels calculations, etc...

KEY POINTS

>50 MeV/u knockout

>350 MeV/u quasi-free
knockout

selective to hole states

Study of overlaps w/
established tools

Pairing force
Efficient in the RIB era
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DIRECT REACTIONS
Quasi-free & nucleon knockout: (p,2p), (°Be, -2p)

single-particle level / \ |/
(n)

shellgap —*

residue moment distribution
-> {-value of knocked-out n

//.

//
_ e
p— - Knocked out
— particle(s)
Initial nucleus
Target .
[beaml 9 Final nucleus
[recoil]

Extract: orbital angular momenta, spectroscopic overlaps
Deduce: occupancies, single-particle energies, pairing strengths

Tools: Eikonal & Glauber model, impulse approximation, Coupled channels calculations, etc...

KEY POINTS

>50 MeV/u knockout

>350 MeV/u quasi-free
knockout

selective to hole states

Study of overlaps w/
established tools

Pairing force
Efficient in the RIB era
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DIRECT REACTIONS
Quasi-free & nucleon knockout: (p,2p), (°Be, -2p)

Theoretical cross-section

v N Reaction theory
e 0(7) (T) C*S(j™)0up (. SN + E.[i™])
[ “c 00 c 7 Structure theory
e ol ——
2 B 8
.............................. Sl6_o 558"
20 <08} Z‘SI.;”’C .
single-particle level _~" \ / b U Ca- L Wp 85 FO
(nl) a B®, 1w ®TL 28
f 8 bs i Ca¥ Lmizct & Mg b
shellgap — — o T “zwgic 1 400
mw 58 ® gca, A@ %
2085 Ve Ty T Mg
B Pb b -
04 n (e.6p):AS=S S, 3?8., wSi. Si
“Mg 28
e n-removal: AS=S -S, e l!s
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//.

— q —
—_— - Knocked out

— particle(s)

Initial nucleus
Target .
[beaml 9 Final nucleus
[recoil]

Extract: orbital angular momenta, spectroscopic overlaps
Deduce: occupancies, single-particle energies, pairing strengths

Tools: Eikonal & Glauber model, impulse approximation, Coupled channels calculations, etc...

KEY POINTS

= >50 MeV/u knockout

= >350 MeV/u quasi-free
knockout

= Selective to hole states

= Study of overlaps w/
established tools

= Pairing force
= Efficient in the RIB era
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DIRECT REACTIONS

Quasi-free & nucleon knockout: (p,2p), (°Be, -2p)

Theoretical cross-section

v N ) Reaction theory
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Extract: orbital angular momenta, spectroscopic overlaps
Deduce: occupancies, single-particle energies, pairing strengths

Tools: Eikonal & Glauber model, impulse approximation, Coupled channels calculations, etc
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KEY POINTS

>50 MeV/u knockout

>350 MeV/u quasi-free
knockout

selective to hole states

Study of overlaps w/
established tools

Pairing force
Efficient in the RIB era
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INTERMEDIATE ENERGY FRAGMENTATION

Create & populate isotopes at the extremes
>100 MeV/u

DEEP INELASTIC REACTIONS

Production of exotic nuclel via multi-nucleon
removal + exchange

CAPTURE REACTIONS

p,n,a cross sections key to proliferation
& astrophysics

‘= | mEO00

= Ccapture

AN B':ccay e . l:| - %E’B

B deca |

O [T ][]
N—

synthesis of neutron-rich nuclei o




COMPLEMENTARITY OF NUCLEAR REACTIONS
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ISOMERIC BEAM PRODUCTION

Desire a beam of 34Cl residing in either (or both) isomeric & ground states

20+

18}

16

proton number

10

349.mCl(p,y) rates influence 34S production

in classical novae impacting solar grain classification

14}

12¢
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349.mCl(d,p) mirror reaction is of interest
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ISOMERIC BEAM PRODUCTION

Sub-set of beam production options
34m.gC| (Z=17, N=17)

Hea )| ®ea )| *ea )| ¥ea )| ¥ea ) ®ca .
Q=5637...146 3 32 min
| 469 _,
1 o 0
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ISOMERIC BEAM PRODUCTION

Sub-set of beam production options _
Transfer Reactions

- proton adding: (d,n), (3He,d)

- Neutron removal: (d,t), (3He,q)
- Charge exchange: (p,n)

- Multi-nucleon: (d,a), (a,d), (a,n)

34ca 35ca 36ca %7ca My 3ca

33K 34K 35K 36K 37K 38K

5 160 —r——r—————————r—— 60
325, 334, 37p £
= 140 } e, (d’n) {5 ~
£ 120¢ &,
@ e O I———r— 140 €
g ) %0 3| 8 TR i L 8
8 s Wl 1% &
O Y e O [
3OS 31S SSS § 40 ¢ ! i E
2 20¢f
E gl M .
6 8 10 12 14 16 18 20 22
29P SOP 34P 35P

Beam energy [MeV/u]
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ISOMERIC BEAM PRODUCTION

Sub-set of beam production options _
Transfer Reactions

- proton adding: (d,n), (3He,d)
9100 ) [ ®ca ) ( %ca ) ( #es ) ( #ca ) ( #eq - Neutron removal: (d,t), (3He,a)
- Charge exchange: (p,n)
- Multi-nucleon: (d,a), (a,d), (a,n)
33K 34K 35K 36K 37K 38K
100 1
] = 36Ar(d,a)34Cl-m = ==« natCl(p,x)34C1-m
32AI’ 33Ar 37Ar ++++34S(p,n)34Cl-m = = 325(0,d)34Cl-m
= 35C1(11,an)34Cl-m
10 3
316 32¢ 36(y » ]
30g 31g 35g X
] “€an »
[—T?(T_ 1.5204 »
29 B
P SOP 34P 35P 0.1 +——r——t ——t— v p——r—r—r—f—r———
0 10 20 30 40 50

Incident energy [MeV]
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ISOMERIC BEAM PRODUCTION

Sub-set of beam production options
Fragmentation >100 MeV/u

- 36Ar + Be: pn removal
Hea - 40Ca + Be: apn removal
33 <
K
5 25
2 20[ SSAr + Be
a2, m:. 15t ~100 MeV/u
= 10f =
=t L — R —e—
3 —e—
gl e
80¢
& 60|
s 5? 40 —— o
3 20| ==
29 20 ; "
3 -2 -1.5 -1 -0.5 0 0.5 1
AB,, [%]

Argonne &




ISOMERIC BEAM PRODUCTION

Sub-set of beam production options _ _
Fusion Evaporation

- 160(20Ne,pn), 24MgQ2C,pn), 27AlQ2C,an)

20 (Yo ) Tea
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'
5
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1
2.28 s (9"
= ~]
-]
532 26 74 7
482 E i 0719 4 %
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ISOMERIC BEAM PRODUCTION

Sub-set of beam production options _ _
Fusion Evaporation

- 160(20Ne,pn), 24MgQ2C,pn), 27AlQ2C,an)

20 (Yo ) Tea

Other Possible Reactions:
- Resonance scattering 33S(p,y)

- Electron capture

- Spallation
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KEY ASTROPHYSICS REACTIONS RATES

Requires knowledge of resonance energies, spins, widths (overlaps), ...

thermonuclear reaction rate:

A 2Je-+1 r,ry,
_ Am(2Ja+1)(2J; + 1) (E — E;)2 +12/4

partial width

o(B)x B x

Ty = C?Sy x T3P

' i "ot

J%, I‘i’ Ftol
AT ST
RS
Q=s, [[ | 4
4 |
&
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KEY ASTROPHYSICS REACTIONS RATES

Requires knowledge of resonance energies, spins, widths (overlaps), ...

thermonuclear reaction rate:

A 2Je-+1 r,ry,
_ Am(2Ja+1)(2J; + 1) (E — E;)2 +12/4

partial width

o(B)x B x

Ty = C?Sy x T3P
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1 T 1 1 1]
e Rolfs
» Chafa 70(p,Y)®F

° 10‘5- E
E Total (Fox et al )

i ota X et al.
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e
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P! ,’\ DC (Fox et al.)
10°F e 5574677
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140(A,P)1'"F REACTION RATE
hot-CNO breakout in type-I x-ray bursts

| 741 712 | 10" = —— r r
2 @y 7.05 10° jm— Present+ / Present—
—0 6.88— = = Present+ / Hahn+ 1996
- —~ F = = Present- / Hahn- 1996
= 2 ¥ gg ) (31 = = @ {= » = Present+ / Wiescher 1987
% 620—‘—\-—1"-—315— h ® 1 ; \, p= =« = Present+ / Harss 2002
2 8 \ ; Present+ / Alamaraz-Calderon 2012|
s =) e 1 %
553 “ 3 3 10
M 12— 545 g 1w 2
— 2 5 e ) 5.15_| 5.115 = =
oo 5.10 2 51 14, jore ]
a+'*0 2 ; 2
0 459 . L 10t 3
4 ‘“__’__,_E::E:ﬁz _Lz 160 o< &
" P+ 10°
— 2" —— 3.92 % 10°
0’ 3.63 g’ 362 _ p+''F
4 a5 | ——u] O 358 ]
T — T —
EXAMINATION OF THE ROLE OF THE “O(a, ... PHYSICAL REVIEW C 90, 025803 (2014)
22— 1984 | .. fis . A o
TABLETL R par dopted in the calcul of the **O(a, p)'"F reaction rate.
E. MeV)" Ere (MeV) F To (eV) 'y (keV) T (keV) T (keV) wy (MeV)
5.153 £0.01 0.039 3= 43 x107% 1.7 <15 3.0x1077
6.150 £ 0.01 1.036 = 39+1.0° 378+ 1.9° 159+0.7 53.742.0° 1.2x10°°
6.286 +0.01 1.172 E iz 0.34¢ 20+ 154 20+ 159 24 x10°¢
7.05£0.03 1.936 4 22.643.2° 90 £ 40 90 £ 40 20x10°
o a* 7.35£0.02 2236 2% 40430 70 £ 60 70 601 20x10*
o) 7.62+0.02 2.506 1~ 1000 + 120/ 72+ 20F <2f 75+ 20¢ 30x10°*
100 18Ne 7.94£0.01 2.826 g (11:£6.6) x10" 35+15¢ 9.0£5.6° 55208 6.2 x10°?
T — —
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14O(A,P)17F REACTION RATE Exploring the mirror states in 180

hot-CNO breakout in type-I x-ray bursts
) - 170(d,p): neutron transfer

e - C2S values of mirror state, E, 1
s | T 7.05 7 - 160(t,p): 2n transfer
3640 @) s3s - E, 1T of mirror levels
i L— e AT 14¢(61 i d):

' T——818— - 14C(5Li,d): alpha transfer
o 5 = - Alpha width of mirror state
i — gi%g: 3, 515 5.115

: ’ o+'*0

| o 459 | ey
e — r——
o i TABLE L. Results of the reaction '*C(°Li.d)'*0(6.20 MeV).
o' 2s3_| | 2 362_ p+'"F . it
= =355 _M\_g g ﬁ = Quantity alue
do fdo® 58.2(2.4) pub/sr
After CN subtraction 45.2(5.5) pb/sr
4) qg=17 qg=9
2 ——— 1.98 — N S 0.23(4) 0.19(3)
s 89— Tsp(¥Ne) (V) 17 eV 26 eV
Iy, ("*Ne) (eV) 3.9(6) 4.9(8)
3.9(1.0)¢ 4.9(1.2)°
I', other (eV)" 328
*At an incident energy of 20 MeV and a c.m. angle of 13.9°.
PReference [6].
—0' 0 “Includes 20% target thickness uncertainty.
*o *Ne — e
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14O(A,P)17F REACT'ON RATE Multi-particle transfer reactions

hot-CNO breakout in type-l x-ray bursts - 160(3He,n): 2p transfer
/—\ - 12C(12C,5He): exotic transfer

4 — 111 0= - 20Ne(p,t): -2n removal
£ et e - Selective reactions
—1 6.20 T 6.15 — h
DR - Determine resonance E, total
—3—— 538 ; 5.45 — :
i ,: s1s_| | sus widths (I'), L(J), 1T
: N ) ¢ a+'%0
NS iSe= | 4528
i 1 452 2p+'°0 100
e 3.92— 3.923 90 [
(2; 33 [ 2 362 _ p+'"F
4 sss | —1 T 9O gﬁ_ 80
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—2'—— 98— | .. el 50
40 [+ e
%
30 f 2
2 2
20 f 2 .
p . 10 -
e ) 0 E
k.
*o *Ne 4300 5000 5200 5400 5600 5800 6000 6200 6400

channels




14O(A,P)17F REACTION RATE Elastic / resonance scattering
hot-CNO breakout in type-I x-ray bursts

- F(p,p): inverse proton scattering
- (p,p’) contributions

- Determine resonance E, partial
widths (), L(J), 1T
- R-Matrix interpretation
2, 553
0 —— 2334 = 3 - . . . ; ; —
= — b = R 100H@) Bem=155°+18° ~ L 5 1100f®) Bem= 1382220 ~ | 5
R o+0 ~ s A\z A, o
- ——— 4.46 —————-—Eg.'Eg:E 4523 8or S o5 % = sof T 2 .
1 452 2p+'°0 : : l l )
3.923 60 B 60
t— 2’ —— 3.92 —
4+ + 17F
0o 363 2 3.62_| p+ a0t a0t )
4 sssT | —— 1 & o ™) R
@
E 201 %‘ 201 background T
S’ i i
g o 2.0 2.5 3.0 3.5 g 2.0 2.5 3.0 3.5
’:‘: 55 - La—— T 100[——=377=3 r=0 '
22— — | o 1.89 — =z o §=2, =3,1°=1 —sm, 8=2, =0
\b S50 A s=2,¢=1,1"=3" 1 goF w/0 6.85 MeV state
F )
= f .
o
45 s,
6ot i)
40t
L 0 0" 40+
. i o i (€) Ocm. ~ 15524 18° (d) Oc.in.~ 1557+ 18° ,
o Ne 20 22 24 26 28 26 28 30 32 34
E_. (MeV)

T — ———
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140(A,P)17F REACTION RATE

- Elastic / resonance scattering
hot-CNO breakout in type-I x-ray bursts
- 17F(p,p): inverse proton scattering
- (p,p’) contributions
- Determine resonance E, partial
widths (I"), L(J), T
- R-Matrix interpretation

2, 553
= —s
:gt:g}g:%g, glj— sms__
‘ a+'*0
- Eg_' by 4.523 80
’ 1

4.52 2p+1 so “ ‘7F(p'p')17Ft

— 2" ——— 3.92 — 3-92137 iy — I,=24T,
Lo 3.63 | 2 362_ p+''F 60 ; S i
4T ass ] 0. 358

—2——198—+— | .. 8]

0 i i 1 1 T
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o' o
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SINGLE-PARTICLE STRENGTHS

Complementary reactions: 136Xe(p,p) and 136Xe(d,p)

(p,p) 137Xe analog states
_ o el pree

1 : (MeV) 10.195 ¢ i [ Sw A
P S -1590° 1

- T - 10.195 0.00 3 3 0.73
1o} e 5 10.794 0.60 1 3 0.40
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oo 11.421 1.8 5 2

i 11,498 1.30 5 0.26
ol 11.724 153 3 $ 0.15

w
o
T

SS SECTION (mb/sr)
F
o

1 R-matrix analysis
- widths (I',y) to spectroscopic overlaps (S)
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g 8

v
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. 1 L L LT T
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SINGLE-PARTICLE STRENGTHS

Complementary reactions: 136Xe(p,p) and 136Xe(d,p)

(d,p) to final states in 137Xe

[ (@) =17 () =37 (9 ' £='5.a ]

DWBA analysis
- spectroscopic overlaps (S)

do/dQ) {mb/sr)

E (keV) ¢(h) J7 o (0) (mby/sr) c2s
0.0° 3 7/2- 18.8 (15°) 0.94
6012 1 3/2- 10.6 (12°) 0.52
9862 1 1/2-3/2" 2.2 (17°) 0.35
12182 5 9/2- 1.1(33°) 0.43
1303° 3 5/2- 4.4 (15°) 0.22
15342 3 5/2-,7/2 2.2 (20°) 0.12

1 L L N L L A ) L L N N L
107070 20 30 40 0 10 20 30 40 0 10 20 30 40 &0
8, m. (deg.)
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SINGLE-PARTICLE STRENGTHS

Complementary reactions: 136Xe(p,p) and 136Xe(d,p)

dald) (mbisr)

1071

(d,p) to final states in 137Xe

[ (@) =17 () =37 (9 ' £='5.a ]

0

10 20 30 40 O©0 10 20 30 40 0 10 20 30 40 50
6. m. (deg.)

16Xe () po)'*Xe

A 10195 ! i Sw
10.195 0.00 3 3 0.73
10704 0.60 1 3 0.40
11.173 0.98 1 3 0.27
11.421 128§ 2
11.498 1.30 5 0.26
11.724 1.53 3 0.15
EkeV) €() J (0) (mbysr) c2s
0.0° 3 772 188 (15) 0.94
6012 1 32 106 (12°) 0.52
986° 1 12-3/2 2.2 (17°) 0.35
1218° 5 9/2- 11(33) 0.43
1303° 3 5/2- 4.4 (15 0.22
1534° 3 5/2-7/2 2.2 (20°) 0.12
—___/
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SINGLE-PARTICLE STRENGTHS

Complementary reactions: 136Xe(p,p) and 136Xe(d,p)

dald) (mbisr)

1071

(d,p) to final states in 137Xe

[ (@) =17 () =37 (9 ' £='5.a ]

0

10 20 30 40 O©0 10 20 30 40 0 10 20 30 40 50
6. m. (deg.)

16Xe () po)'*Xe

A 10195 ! i Sw
10.195 0.00 3 3 0.73
10704 0.60 1 3 0.40
11.173 0.98 1 3 0.27
11.421 128§ 2
11.498 1.30 5 0.26
11.724 1.53 3 0.15
EkeV) €() J (0) (mbysr) c2s
0.0° 3 772 188 (15) 0.94
6012 1 32 106 (12°) 0.52
986° 1 12-3/2 2.2 (17°) 0.35
1218° 5 9/2- 11(33) 0.43
1303° 3 5/2- 4.4 (15 0.22
1534° 3 5/2-7/2 2.2 (20°) 0.12

Spp
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CONCLUDING REMAKES ON LECTURE |

» Understanding different types / forms of reactions is key
» Integrated into measurements, New physics directly, Isotope production
» Reaction Formalism
= Overview of some reaction types
» Example cases of complementary reactions

Lecture 1 Takeaways:

= Familiarity with reaction “language”

= List various reaction types & their general properties

= Link reaction method and/or probe to physics quantities of interest
= How multiple reactions are used to explore common physics goals

AAAAAAAAAAAAAAAAAA



RESOURCES

Less than complete set of links / references: crhoffman@anl.gov

Review

Low energy nuclear physics with active targets and time
projection chambers

D. Bazin**", T. Ahn", Y. Ayyad’, S. Beceiro-Novo °, A.O. Macchiavelli ,
W. Mittig**, ].S. Randhawa*
T —

———————

Transfer reactions as a tool in Nuclear
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