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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

▪ 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

Lecture 1 Takeaways:
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ISOTOPE DISCOVERY
Leveraging various reaction types / energies / facilities



REACTION TYPES / ENERGIES / PHYSICS MOTIVATION
Many methods with overlapping science goals



BREAKDOWN IN COULOMB BARRIER REGION
Physics goals may be encompassed by various reaction types



SOME BASIC REACTION FORMALISM / NOTATION
Pragmatic way of writing nuclear reactions

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)



REACTION TYPES



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…



FUSION REACTIONS
Fusion & fusion-fission: 12C(AC,x),  Th(15C,X)

Extract: excitation functions, angular momenta

Deduce: barrier heights, fusion probabilities, S-factors

Tools: various cross section codes [HF approach / PACE / CASCADE / HIVAP / etc…]

KEY POINTS

▪ <10 MeV/u 


▪ No “memory” of 
formation


▪ Size & shape of 
barrier


▪ Relevance to stellar 
processes & heavy-
element creation

12C+12C

Compound nucleus



FUSION REACTIONS
Fusion evaporation: 20Ne(22Ne,α2n)36Ar

Extract: Level & decay schemes, angular momenta, transition strengths

Deduce: nuclear shapes, entry distributions, deformation parameters

Tools: various fusion-evap codes [PACE / CASCADE / HIVAP / etc…]

KEY POINTS

▪ Compound has no 
“memory” of 
construction


▪ Population along 
yrast line


▪ Provides alignment


▪ Prolific tool in 
gamma-ray 
spectroscopy

Compound nucleus
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SCATTERING REACTIONS
Coulomb excitation & Coulomb dissociation

Excitation of 34Si to 34SI*:

Extract: transition strengths

Deduce: deformation parameters

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

Reaction Rates for 26Si(p,γ) from  
dissociation 27P to 26Si + p:

Extract: Survival probabilities, El strengths

Deduce: capture rates
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SCATTERING REACTIONS
Elastic & resonance scattering (p,p), (d,d), (α,α)

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
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SCATTERING REACTIONS
Inelastic scattering: (p,p’), (d,d’), (α,α’), (12C,12C’)

KEY POINTS
▪ Few to 100’s of MeV/

u


▪ Selective to probe:


▪ Proton - isovector


▪ Deuteron - 
isoscalar


▪ Resonance structures


▪ Cluster structures


▪ Collective features in 
nuclei

Extract: Distributions, resonance strengths

Deduce: unique excitation modes, clustering prob., isoscalar / isovector modes, deformation length

Tools: R-Matrix, optical model calculations [DWBA, CC, etc…]

*
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HEAVY-ION COLLISIONS
ASn + ASn, ANi + ANi

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

π+ π+
π-

π-

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

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,γ) / (n,γ)

▪ resurgence in the 

RIB era

▪ Beam production

Light particle

[beam] Target nucleus

Outgoing 
particle

Final nucleus

[recoil]
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DIRECT REACTIONS
Multi-nucleon transfer e.g., (p,t), (7Li,t), (6Li,p)

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…]

KEY POINTS

▪ ~3 - 20 MeV/u

▪ selective

▪ Alpha-like transfer: 

(α,γ), (α,Χ) 

▪ Sensitive to paring (2n)

▪ Exploratory - cluster / 

rotational states

▪ resurgence in the RIB 

era

Light particle

[beam]

Target 

nucleus

Outgoing 
particle

Final nucleus

[recoil]
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DIRECT REACTIONS
Charge-exchange: (p,n), (7Li,7Be)

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 
method

Initial nucleus


Target

Outgoing light 

Particle

Final nucleus
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DIRECT REACTIONS
Quasi-free & nucleon knockout: (p,2p), (9Be, -2p)

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

Initial nucleus

[beam] Target

Knocked out 
particle(s)

Final nucleus

[recoil]
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INTERMEDIATE ENERGY FRAGMENTATION
Create & populate isotopes at the extremes 
 >100 MeV/u

DEEP INELASTIC REACTIONS
Production of exotic nuclei via multi-nucleon 
removal + exchange

CAPTURE REACTIONS
p,n,α cross sections key to proliferation  
& astrophysics



COMPLEMENTARITY OF NUCLEAR REACTIONS



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

A=35 Mirror Pair

Partial Level & Decay Schemes34g,mCl(p,γ) rates influence 34S production 

in classical novae impacting solar grain classification

34g,mCl(d,p) mirror reaction is of interest



ISOMERIC BEAM PRODUCTION
Sub-set of beam production options

34m,gCl (Z=17, N=17)



ISOMERIC BEAM PRODUCTION
Sub-set of beam production options

Transfer Reactions

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

- Neutron removal: (d,t), (3He,α)

- Charge exchange: (p,n)

- Multi-nucleon: (d,α), (α,d), (α,n)

(d,n)
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ISOMERIC BEAM PRODUCTION
Sub-set of beam production options

Fragmentation >100 MeV/u

- 36Ar + Be: pn removal

- 40Ca + Be: αpn removal

36Ar + Be 

~100 MeV/u



ISOMERIC BEAM PRODUCTION
Sub-set of beam production options

Fusion Evaporation

- 16O(20Ne,pn), 24Mg(12C,pn), 27Al(12C,αn)



ISOMERIC BEAM PRODUCTION
Sub-set of beam production options

Fusion Evaporation

- 16O(20Ne,pn), 24Mg(12C,pn), 27Al(12C,αn)

Other Possible Reactions:

-  Resonance scattering 33S(p,γ)


- Electron capture


- Spallation



KEY ASTROPHYSICS REACTIONS RATES
Requires knowledge of resonance energies, spins, widths (overlaps), …

thermonuclear reaction rate:

resonance capture

s-factor

partial width
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14O(Α,P)17F REACTION RATE
hot-CNO breakout in type-I x-ray bursts



14O(Α,P)17F REACTION RATE
hot-CNO breakout in type-I x-ray bursts

Exploring the mirror states in 18O


- 17O(d,p): neutron transfer

- C2S values of mirror state, E, π


- 16O(t,p): 2n transfer

- E, π of mirror levels


- 14C(6Li,d): alpha transfer

- Alpha width of mirror state



14O(Α,P)17F REACTION RATE
hot-CNO breakout in type-I x-ray bursts

Multi-particle transfer reactions


- 16O(3He,n): 2p transfer

- 12C(12C,6He): exotic transfer

- 20Ne(p,t): -2n removal


- Selective reactions

- Determine resonance E, total 

widths (Γ), L(J), π

(p,t)



14O(Α,P)17F REACTION RATE
hot-CNO breakout in type-I x-ray bursts

Elastic / resonance scattering


- 17F(p,p): inverse proton scattering

- (p,p’) contributions

- Determine resonance E, partial 

widths (Γ), L(J), π

- R-Matrix interpretation
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SINGLE-PARTICLE STRENGTHS
Complementary reactions: 136Xe(p,p) and 136Xe(d,p)180 RESONANCES .IN p SCATTERING FROM '''Xe 1217

TABLE II. A comparison of the»Xe(p, p) and '"Xe(d, p) analyses. The column labeled 3 gives the di8erences, in keV, between
the c.m. proton elastic scattering resonance energies minus 10.195 MeV and the excitation energies of the parent analog states observed
in the (d, P) work.

g&c.m.

(MeV)

Xe(p Pp) 8'Xe
g+o,m.
10.195 l (MeV)

136Xe(d p) 187Xe a

(keV)

10.195
10.794

11.173
11.421
11.498
11.724

11.940
12.050
12.140
12.209

12.399
12.479

12.698
12.788

0.00
0.60
0.98
1.23
1.30
1.53

74

1.86
1.94
2.01

2.20
2.28

2.50
2.59

(s)
(5)
(2)
(s)

0.73

0.40
0.27

0.26
0.15

(0.11)
(0.18)
(0.20)
(0.10)

(0.06)
(0.03)

(0.15)
(0.08)

0.00
0.55

0.91
1.12

1.20
1.41
1.61
l.70

1.93
2.03

2. 17

2.30
2.43
2.62

2.73

2.92
3.03
3.20

1

(1)
(1)
(3)

(')
(4)
(s)
(4)

0.68
0.49
0.34
0.31
0.24

0.16

0.35b

0.22

0.04
0.21

0
50
70

iio

120
130
160

170

170
170

200
160

See Ref. 5. gg„= 0.18 for J = $.

Resonance parameters and spectroscopic factors
determined from the fits are shown in Table I. The spin
of the ground-state f7/s analog resonance, and of the
low-lying ps/s pt/s fs/s and fs/s analog resonances at
energies of 10.195, 10.794, 11.1'l3, 11.498, and 11.724
MeV, respectively, can be considered known on the
basis of polarization measurements of proton elastic
scattering at analog resonances in '"La by Veeser et al."
The spin of the hgi2 resonance at 11.421 MeV follows
from the conventional shell-model ordering of states.
The spin of the higher isobaric analog resonances are
somewhat less certain, although the l-value assignments
are believed to be correct. The l=3 isobaric analog
resonances at 11.940, 12.209, and 12.479 MeV have been
tentatively assigned spins of —,', since the sum rule for
the spectroscopic factors, QS;i~i=1, is not exceeded.
However, the '"Xe(d, P) ' rXe measurements' indicated
the presence of an l=3 state with an fs/s spectroscopic
factor of 0.21 at an excitation of 2.73 MeV, above the
region of the present work. The inclusion of this state
would nearly satisfy the sum rule for f»s states.

Five l= 1 resonances were observed at proton energies
'~ L. Veeser, J. Ellis, and W. Haeberli, Phys. Rev. Letters 18,

1063 (1967)

between 12 and 13 MeV. One additional weak l=1
parent analog state was observed in the (d, p) work at
an excitation of 2.62 MeV, above the region of the
present work. The (d, p) measurements' indicated that
some of the l= 1 states are ps/s states, since otherwise
the sum rule would be exceeded for J=~. In the fits to
the two sets of closely spaced t=1 resonances (12.050,
12.140, 12.698, and 12.788 MeV), the only assumed
spins which allowed a reasonable fit to the elastic scat-
tering data were —,' for the 12.050- and 12.698-MeV
resonances, and —,' for the 12.140- and 12.788-MeV
resonances. All other assumed spin values resulted in a
deterioration of the theoretical fits. The fitting of these
two states with ps/s spin assignments is therefore sugges-
tive that their spins are —,. With the assumed l= 1 spin
values as indicated in Table I, the sums of the spec-
troscopic factors for pUs and ps/s states are 0.61 and
0.73, respectively. Using the pr/s spectroscopic factor
deduced from the (d, p) work of 0.04 for the state at an
excitation of 2.62 MeV, the sum of the spectroscopic
factors for pi/s states is 0.65. The sum rule is therefore
apparently nearly satisfmd both for ps/s and for pt/s
states.

A detailed comparison of the present work with the

(p,p) 137Xe analog states 

R-matrix analysis

 - widths (Γ,γ) to spectroscopic overlaps (S)



SINGLE-PARTICLE STRENGTHS
Complementary reactions: 136Xe(p,p) and 136Xe(d,p)

SINGLE-NEUTRON ENERGIES OUTSIDE 136Xe PHYSICAL REVIEWC 84, 024325 (2011)

TABLE I. Energies, ! values, spins and parities, and spectroscopic
factors for states in 137Xe as populated in the (d ,p) reaction on 136Xe
at 10 MeV/u. The spectroscopic factors are cross-section-weighted
averages over the angle range measured; the cross sections quoted are
at, or near, the maxima—the specific angles, to the nearest degree, are
shown in parentheses. The uncertainties in cross sections and relative
spectroscopic factors are discussed in the text. Energies of states
determined in this work have an estimated uncertainty of 20 keV. !

values and spins and parities given in parentheses are tentative.

E (keV) ! (h̄) J π σ (θ ) (mb/sr) C2S

0.0a 3 7/2− 18.8 (15◦) 0.94
601a 1 3/2− 10.6 (12◦) 0.52
986a 1 1/2−,3/2− 2.2 (17◦) 0.35
1218a 5 9/2− 1.1 (33◦) 0.43
1303a 3 5/2− 4.4 (15◦) 0.22
1534a 3 5/2−,7/2− 2.2 (20◦) 0.12
1590 (5) (9/2−) 0.7 (33◦) 0.24
1751b (6) (13/2+) 1.8 (38◦) 0.84
1841a (1) (1/2−,3/2−) 3.9 (25◦) 0.29
1930 (3) (5/2−,7/2−) 2.8 (18◦) 0.10
2025 (1,3) – 2.1 (20◦) 0.22/0.15
2120 (1,3) – 0.9 (19◦) 0.09/0.06
2510 (1) (1/2,3/2−) 2.0 (23◦) 0.19
2650 (1) (1/2,3/2−) 2.1 (22◦) 0.16
(2905)c (1,3) – 0.8 (16◦) 0.08/0.05
(2995)c (1,3) – 1.4 (21◦) 0.16/0.05
(3150)c – – 0.3 (35◦) –
(3310)c – – 0.3 (35◦) –
(3470)c – – 0.5 (34◦) –
(3610)c – – 0.4 (34◦) –

aStates known from previous work [21] and used for calibrating the
excitation energy.
bEnergy and spin assignment previously reported in Ref. [15].
cPeaks are observed at these energies, though it cannot be ruled out
that these are multiplets.

the case of the 9/2− levels. On the basis of this simple model,
mixing matrix elements were calculated for 56 ! Z ! 62 and
were found to be remarkably constant; their values can be
found in Ref. [5].

The observation of both 9/2− states in this work cor-
responds to a smooth continuation of the trends, both in
the energy systematics of individual states and the centroid
of single-particle strength, which is extracted from the
spectroscopic-factor weighted energies of the fragments. The
lower 9/2− state runs closer to the core 2+ as Z decreases,
which is reflected in the percentage of strength in the upper
9/2− state: 36(5)% at 137Xe (this work), 37(2)% at 139Ba,
27(3)% at 141Ce, 26(1)% at 143Nd, and 29(3)% at 145Sm [5].

For the 13/2+ states, only the lowest-lying level was
observed in this measurement. An estimate of the strength
and location of the upper 13/2+ state was made, based on
the work of Ref. [5]. Taking the mixing matrix-element value
and assuming a spectroscopic strength for the second 13/2+

state (based on comparisons with the percentage of strength
in the upper fragment of the heavier N = 83 isotones), its
energy, and therefore the centroid of single-particle strength,
can be deduced given the known energy of the core 3− state.

FIG. 4. (Color online) Extension of the plots found in Ref. [5].
(a) The energies of the 9/2− states and the centroids of the νh9/2

strength for the N = 83 isotones plotted against the core 2+ energies;
(b) the energies of the 13/2+ levels and the centroids of the νi13/2

strength against the core 3− energies. The energy differences between
the lowest 13/2+ and 9/2− states (circles) and in the νi13/2 and νh9/2

centroids (diamonds) are given in (c); in (d) the energy difference in
the centroids is compared to the tensor interaction calculations [16]. In
all four plots, the solid symbols are data from the literature [5,21,22]
and the open symbols are from this work. Data for the unobserved
upper 13/2+ state have been estimated using the method outlined in
the text.

It is estimated to lie at 3360(110) keV with a spectroscopic
factor of 0.15(4). From Table I, it can be seen that this is close
to the peaks observed at 3310 and 3470 keV. The estimated
spectroscopic factor is consistent with both of these, 0.11 and
0.17, respectively, if a 13/2+ assignment is assumed. The
uncertainty in both the energy and the spectroscopic factor is
set by the extremes of the 3310- and 3470-keV peaks. It cannot
be ruled out, however, that these experimental peaks contain
other strengths—the statistics at these excitation energies
were insufficient to determine properly that the observed
experimental peaks are not multiplets of transitions to several
states. Based on these calculations using data from previous
work and a plausible comparison to the tentatively observed
peaks, the energy and spectroscopic factor quoted above are
used for the 13/2+ state in Figs. 4(b), 4(c) and 4(d). The large
uncertainty is reflected in the error bar for the difference in the
centroids for the νh9/2 and νi13/2 strength seen in Figs. 4(c)
and 4(d).

Calculations with the tensor interaction [9,16] result in a
reduction in the separation of the νh9/2 and νi13/2 orbitals by
0.18 MeV per additional proton occupying the πg7/2 orbital.
The large overlap in the radial wave function of these nodeless
orbitals makes this the dominant contribution to the reduction
in separation of νh9/2 and νi13/2 orbitals: a weaker contribution
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TABLE I. Energies, ! values, spins and parities, and spectroscopic
factors for states in 137Xe as populated in the (d ,p) reaction on 136Xe
at 10 MeV/u. The spectroscopic factors are cross-section-weighted
averages over the angle range measured; the cross sections quoted are
at, or near, the maxima—the specific angles, to the nearest degree, are
shown in parentheses. The uncertainties in cross sections and relative
spectroscopic factors are discussed in the text. Energies of states
determined in this work have an estimated uncertainty of 20 keV. !

values and spins and parities given in parentheses are tentative.

E (keV) ! (h̄) J π σ (θ ) (mb/sr) C2S

0.0a 3 7/2− 18.8 (15◦) 0.94
601a 1 3/2− 10.6 (12◦) 0.52
986a 1 1/2−,3/2− 2.2 (17◦) 0.35
1218a 5 9/2− 1.1 (33◦) 0.43
1303a 3 5/2− 4.4 (15◦) 0.22
1534a 3 5/2−,7/2− 2.2 (20◦) 0.12
1590 (5) (9/2−) 0.7 (33◦) 0.24
1751b (6) (13/2+) 1.8 (38◦) 0.84
1841a (1) (1/2−,3/2−) 3.9 (25◦) 0.29
1930 (3) (5/2−,7/2−) 2.8 (18◦) 0.10
2025 (1,3) – 2.1 (20◦) 0.22/0.15
2120 (1,3) – 0.9 (19◦) 0.09/0.06
2510 (1) (1/2,3/2−) 2.0 (23◦) 0.19
2650 (1) (1/2,3/2−) 2.1 (22◦) 0.16
(2905)c (1,3) – 0.8 (16◦) 0.08/0.05
(2995)c (1,3) – 1.4 (21◦) 0.16/0.05
(3150)c – – 0.3 (35◦) –
(3310)c – – 0.3 (35◦) –
(3470)c – – 0.5 (34◦) –
(3610)c – – 0.4 (34◦) –

aStates known from previous work [21] and used for calibrating the
excitation energy.
bEnergy and spin assignment previously reported in Ref. [15].
cPeaks are observed at these energies, though it cannot be ruled out
that these are multiplets.

the case of the 9/2− levels. On the basis of this simple model,
mixing matrix elements were calculated for 56 ! Z ! 62 and
were found to be remarkably constant; their values can be
found in Ref. [5].

The observation of both 9/2− states in this work cor-
responds to a smooth continuation of the trends, both in
the energy systematics of individual states and the centroid
of single-particle strength, which is extracted from the
spectroscopic-factor weighted energies of the fragments. The
lower 9/2− state runs closer to the core 2+ as Z decreases,
which is reflected in the percentage of strength in the upper
9/2− state: 36(5)% at 137Xe (this work), 37(2)% at 139Ba,
27(3)% at 141Ce, 26(1)% at 143Nd, and 29(3)% at 145Sm [5].

For the 13/2+ states, only the lowest-lying level was
observed in this measurement. An estimate of the strength
and location of the upper 13/2+ state was made, based on
the work of Ref. [5]. Taking the mixing matrix-element value
and assuming a spectroscopic strength for the second 13/2+

state (based on comparisons with the percentage of strength
in the upper fragment of the heavier N = 83 isotones), its
energy, and therefore the centroid of single-particle strength,
can be deduced given the known energy of the core 3− state.

FIG. 4. (Color online) Extension of the plots found in Ref. [5].
(a) The energies of the 9/2− states and the centroids of the νh9/2

strength for the N = 83 isotones plotted against the core 2+ energies;
(b) the energies of the 13/2+ levels and the centroids of the νi13/2

strength against the core 3− energies. The energy differences between
the lowest 13/2+ and 9/2− states (circles) and in the νi13/2 and νh9/2

centroids (diamonds) are given in (c); in (d) the energy difference in
the centroids is compared to the tensor interaction calculations [16]. In
all four plots, the solid symbols are data from the literature [5,21,22]
and the open symbols are from this work. Data for the unobserved
upper 13/2+ state have been estimated using the method outlined in
the text.

It is estimated to lie at 3360(110) keV with a spectroscopic
factor of 0.15(4). From Table I, it can be seen that this is close
to the peaks observed at 3310 and 3470 keV. The estimated
spectroscopic factor is consistent with both of these, 0.11 and
0.17, respectively, if a 13/2+ assignment is assumed. The
uncertainty in both the energy and the spectroscopic factor is
set by the extremes of the 3310- and 3470-keV peaks. It cannot
be ruled out, however, that these experimental peaks contain
other strengths—the statistics at these excitation energies
were insufficient to determine properly that the observed
experimental peaks are not multiplets of transitions to several
states. Based on these calculations using data from previous
work and a plausible comparison to the tentatively observed
peaks, the energy and spectroscopic factor quoted above are
used for the 13/2+ state in Figs. 4(b), 4(c) and 4(d). The large
uncertainty is reflected in the error bar for the difference in the
centroids for the νh9/2 and νi13/2 strength seen in Figs. 4(c)
and 4(d).

Calculations with the tensor interaction [9,16] result in a
reduction in the separation of the νh9/2 and νi13/2 orbitals by
0.18 MeV per additional proton occupying the πg7/2 orbital.
The large overlap in the radial wave function of these nodeless
orbitals makes this the dominant contribution to the reduction
in separation of νh9/2 and νi13/2 orbitals: a weaker contribution
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TABLE II. A comparison of the»Xe(p, p) and '"Xe(d, p) analyses. The column labeled 3 gives the di8erences, in keV, between
the c.m. proton elastic scattering resonance energies minus 10.195 MeV and the excitation energies of the parent analog states observed
in the (d, P) work.

g&c.m.

(MeV)

Xe(p Pp) 8'Xe
g+o,m.
10.195 l (MeV)

136Xe(d p) 187Xe a

(keV)

10.195
10.794

11.173
11.421
11.498
11.724

11.940
12.050
12.140
12.209

12.399
12.479

12.698
12.788

0.00
0.60
0.98
1.23
1.30
1.53

74

1.86
1.94
2.01

2.20
2.28

2.50
2.59

(s)
(5)
(2)
(s)

0.73

0.40
0.27

0.26
0.15

(0.11)
(0.18)
(0.20)
(0.10)

(0.06)
(0.03)

(0.15)
(0.08)

0.00
0.55

0.91
1.12

1.20
1.41
1.61
l.70

1.93
2.03

2. 17

2.30
2.43
2.62

2.73

2.92
3.03
3.20

1

(1)
(1)
(3)

(')
(4)
(s)
(4)

0.68
0.49
0.34
0.31
0.24

0.16

0.35b

0.22

0.04
0.21

0
50
70

iio

120
130
160

170

170
170

200
160

See Ref. 5. gg„= 0.18 for J = $.

Resonance parameters and spectroscopic factors
determined from the fits are shown in Table I. The spin
of the ground-state f7/s analog resonance, and of the
low-lying ps/s pt/s fs/s and fs/s analog resonances at
energies of 10.195, 10.794, 11.1'l3, 11.498, and 11.724
MeV, respectively, can be considered known on the
basis of polarization measurements of proton elastic
scattering at analog resonances in '"La by Veeser et al."
The spin of the hgi2 resonance at 11.421 MeV follows
from the conventional shell-model ordering of states.
The spin of the higher isobaric analog resonances are
somewhat less certain, although the l-value assignments
are believed to be correct. The l=3 isobaric analog
resonances at 11.940, 12.209, and 12.479 MeV have been
tentatively assigned spins of —,', since the sum rule for
the spectroscopic factors, QS;i~i=1, is not exceeded.
However, the '"Xe(d, P) ' rXe measurements' indicated
the presence of an l=3 state with an fs/s spectroscopic
factor of 0.21 at an excitation of 2.73 MeV, above the
region of the present work. The inclusion of this state
would nearly satisfy the sum rule for f»s states.

Five l= 1 resonances were observed at proton energies
'~ L. Veeser, J. Ellis, and W. Haeberli, Phys. Rev. Letters 18,

1063 (1967)

between 12 and 13 MeV. One additional weak l=1
parent analog state was observed in the (d, p) work at
an excitation of 2.62 MeV, above the region of the
present work. The (d, p) measurements' indicated that
some of the l= 1 states are ps/s states, since otherwise
the sum rule would be exceeded for J=~. In the fits to
the two sets of closely spaced t=1 resonances (12.050,
12.140, 12.698, and 12.788 MeV), the only assumed
spins which allowed a reasonable fit to the elastic scat-
tering data were —,' for the 12.050- and 12.698-MeV
resonances, and —,' for the 12.140- and 12.788-MeV
resonances. All other assumed spin values resulted in a
deterioration of the theoretical fits. The fitting of these
two states with ps/s spin assignments is therefore sugges-
tive that their spins are —,. With the assumed l= 1 spin
values as indicated in Table I, the sums of the spec-
troscopic factors for pUs and ps/s states are 0.61 and
0.73, respectively. Using the pr/s spectroscopic factor
deduced from the (d, p) work of 0.04 for the state at an
excitation of 2.62 MeV, the sum of the spectroscopic
factors for pi/s states is 0.65. The sum rule is therefore
apparently nearly satisfmd both for ps/s and for pt/s
states.

A detailed comparison of the present work with the
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TABLE I. Energies, ! values, spins and parities, and spectroscopic
factors for states in 137Xe as populated in the (d ,p) reaction on 136Xe
at 10 MeV/u. The spectroscopic factors are cross-section-weighted
averages over the angle range measured; the cross sections quoted are
at, or near, the maxima—the specific angles, to the nearest degree, are
shown in parentheses. The uncertainties in cross sections and relative
spectroscopic factors are discussed in the text. Energies of states
determined in this work have an estimated uncertainty of 20 keV. !

values and spins and parities given in parentheses are tentative.

E (keV) ! (h̄) J π σ (θ ) (mb/sr) C2S

0.0a 3 7/2− 18.8 (15◦) 0.94
601a 1 3/2− 10.6 (12◦) 0.52
986a 1 1/2−,3/2− 2.2 (17◦) 0.35
1218a 5 9/2− 1.1 (33◦) 0.43
1303a 3 5/2− 4.4 (15◦) 0.22
1534a 3 5/2−,7/2− 2.2 (20◦) 0.12
1590 (5) (9/2−) 0.7 (33◦) 0.24
1751b (6) (13/2+) 1.8 (38◦) 0.84
1841a (1) (1/2−,3/2−) 3.9 (25◦) 0.29
1930 (3) (5/2−,7/2−) 2.8 (18◦) 0.10
2025 (1,3) – 2.1 (20◦) 0.22/0.15
2120 (1,3) – 0.9 (19◦) 0.09/0.06
2510 (1) (1/2,3/2−) 2.0 (23◦) 0.19
2650 (1) (1/2,3/2−) 2.1 (22◦) 0.16
(2905)c (1,3) – 0.8 (16◦) 0.08/0.05
(2995)c (1,3) – 1.4 (21◦) 0.16/0.05
(3150)c – – 0.3 (35◦) –
(3310)c – – 0.3 (35◦) –
(3470)c – – 0.5 (34◦) –
(3610)c – – 0.4 (34◦) –

aStates known from previous work [21] and used for calibrating the
excitation energy.
bEnergy and spin assignment previously reported in Ref. [15].
cPeaks are observed at these energies, though it cannot be ruled out
that these are multiplets.

the case of the 9/2− levels. On the basis of this simple model,
mixing matrix elements were calculated for 56 ! Z ! 62 and
were found to be remarkably constant; their values can be
found in Ref. [5].

The observation of both 9/2− states in this work cor-
responds to a smooth continuation of the trends, both in
the energy systematics of individual states and the centroid
of single-particle strength, which is extracted from the
spectroscopic-factor weighted energies of the fragments. The
lower 9/2− state runs closer to the core 2+ as Z decreases,
which is reflected in the percentage of strength in the upper
9/2− state: 36(5)% at 137Xe (this work), 37(2)% at 139Ba,
27(3)% at 141Ce, 26(1)% at 143Nd, and 29(3)% at 145Sm [5].

For the 13/2+ states, only the lowest-lying level was
observed in this measurement. An estimate of the strength
and location of the upper 13/2+ state was made, based on
the work of Ref. [5]. Taking the mixing matrix-element value
and assuming a spectroscopic strength for the second 13/2+

state (based on comparisons with the percentage of strength
in the upper fragment of the heavier N = 83 isotones), its
energy, and therefore the centroid of single-particle strength,
can be deduced given the known energy of the core 3− state.

FIG. 4. (Color online) Extension of the plots found in Ref. [5].
(a) The energies of the 9/2− states and the centroids of the νh9/2

strength for the N = 83 isotones plotted against the core 2+ energies;
(b) the energies of the 13/2+ levels and the centroids of the νi13/2

strength against the core 3− energies. The energy differences between
the lowest 13/2+ and 9/2− states (circles) and in the νi13/2 and νh9/2

centroids (diamonds) are given in (c); in (d) the energy difference in
the centroids is compared to the tensor interaction calculations [16]. In
all four plots, the solid symbols are data from the literature [5,21,22]
and the open symbols are from this work. Data for the unobserved
upper 13/2+ state have been estimated using the method outlined in
the text.

It is estimated to lie at 3360(110) keV with a spectroscopic
factor of 0.15(4). From Table I, it can be seen that this is close
to the peaks observed at 3310 and 3470 keV. The estimated
spectroscopic factor is consistent with both of these, 0.11 and
0.17, respectively, if a 13/2+ assignment is assumed. The
uncertainty in both the energy and the spectroscopic factor is
set by the extremes of the 3310- and 3470-keV peaks. It cannot
be ruled out, however, that these experimental peaks contain
other strengths—the statistics at these excitation energies
were insufficient to determine properly that the observed
experimental peaks are not multiplets of transitions to several
states. Based on these calculations using data from previous
work and a plausible comparison to the tentatively observed
peaks, the energy and spectroscopic factor quoted above are
used for the 13/2+ state in Figs. 4(b), 4(c) and 4(d). The large
uncertainty is reflected in the error bar for the difference in the
centroids for the νh9/2 and νi13/2 strength seen in Figs. 4(c)
and 4(d).

Calculations with the tensor interaction [9,16] result in a
reduction in the separation of the νh9/2 and νi13/2 orbitals by
0.18 MeV per additional proton occupying the πg7/2 orbital.
The large overlap in the radial wave function of these nodeless
orbitals makes this the dominant contribution to the reduction
in separation of νh9/2 and νi13/2 orbitals: a weaker contribution
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TABLE II. A comparison of the»Xe(p, p) and '"Xe(d, p) analyses. The column labeled 3 gives the di8erences, in keV, between
the c.m. proton elastic scattering resonance energies minus 10.195 MeV and the excitation energies of the parent analog states observed
in the (d, P) work.

g&c.m.

(MeV)

Xe(p Pp) 8'Xe
g+o,m.
10.195 l (MeV)

136Xe(d p) 187Xe a

(keV)

10.195
10.794

11.173
11.421
11.498
11.724

11.940
12.050
12.140
12.209

12.399
12.479

12.698
12.788

0.00
0.60
0.98
1.23
1.30
1.53

74

1.86
1.94
2.01
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2.28
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(s)
(5)
(2)
(s)

0.73

0.40
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(0.11)
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(0.06)
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See Ref. 5. gg„= 0.18 for J = $.

Resonance parameters and spectroscopic factors
determined from the fits are shown in Table I. The spin
of the ground-state f7/s analog resonance, and of the
low-lying ps/s pt/s fs/s and fs/s analog resonances at
energies of 10.195, 10.794, 11.1'l3, 11.498, and 11.724
MeV, respectively, can be considered known on the
basis of polarization measurements of proton elastic
scattering at analog resonances in '"La by Veeser et al."
The spin of the hgi2 resonance at 11.421 MeV follows
from the conventional shell-model ordering of states.
The spin of the higher isobaric analog resonances are
somewhat less certain, although the l-value assignments
are believed to be correct. The l=3 isobaric analog
resonances at 11.940, 12.209, and 12.479 MeV have been
tentatively assigned spins of —,', since the sum rule for
the spectroscopic factors, QS;i~i=1, is not exceeded.
However, the '"Xe(d, P) ' rXe measurements' indicated
the presence of an l=3 state with an fs/s spectroscopic
factor of 0.21 at an excitation of 2.73 MeV, above the
region of the present work. The inclusion of this state
would nearly satisfy the sum rule for f»s states.

Five l= 1 resonances were observed at proton energies
'~ L. Veeser, J. Ellis, and W. Haeberli, Phys. Rev. Letters 18,

1063 (1967)

between 12 and 13 MeV. One additional weak l=1
parent analog state was observed in the (d, p) work at
an excitation of 2.62 MeV, above the region of the
present work. The (d, p) measurements' indicated that
some of the l= 1 states are ps/s states, since otherwise
the sum rule would be exceeded for J=~. In the fits to
the two sets of closely spaced t=1 resonances (12.050,
12.140, 12.698, and 12.788 MeV), the only assumed
spins which allowed a reasonable fit to the elastic scat-
tering data were —,' for the 12.050- and 12.698-MeV
resonances, and —,' for the 12.140- and 12.788-MeV
resonances. All other assumed spin values resulted in a
deterioration of the theoretical fits. The fitting of these
two states with ps/s spin assignments is therefore sugges-
tive that their spins are —,. With the assumed l= 1 spin
values as indicated in Table I, the sums of the spec-
troscopic factors for pUs and ps/s states are 0.61 and
0.73, respectively. Using the pr/s spectroscopic factor
deduced from the (d, p) work of 0.04 for the state at an
excitation of 2.62 MeV, the sum of the spectroscopic
factors for pi/s states is 0.65. The sum rule is therefore
apparently nearly satisfmd both for ps/s and for pt/s
states.

A detailed comparison of the present work with the
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CONCLUDING REMAKES ON LECTURE I
▪ 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

▪ 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

Lecture 1 Takeaways:
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THE END


