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Strength: particle-y coincidence!

e Excitation energy to keV-precision
e Build decay schemes for each level

Two key y-ray transitions:

1674 keV: 200, Ist ex. — g.s.
96 keV: 190, Ist ex. — g.s.

Unbound, no y cascade for energy...

Ex accuracy is critical!

Shell evolution in oxygen



Experiment &

00@000

Counts/ 20 keV

A

ABAERAREERRRERRNRERE \\\\‘\\\\‘H\\‘\\\\‘\b‘:’\‘\\\\

8 8 8 3§

8

f!IIffIf[fIf![!f!fMH!MH!M!HM!HI!H

200

100

2 3 4 5 6

1 4 20, 8
Reconstructed excitation energy of O [MeV]

NIL Colloque, 2026

TTTTTH

Xman

140 I e S e e e T A e
(b) o . tn
120 > ; > 4
= o =
5l 2 8
=100 w~ i 5 D
Q > <
- =
& 80 ~ T
~ ]
2] - -
2 60F = .
=] [] >
[« = . @ >
(8] o o = ()
40 S > o =7
(=) L2 O <
= o &
20 3_ 0 -
<
0

1 2 3 4
Excitation energy (MeV)

C.R. Hoffman et al. PRC 85, 054318 (2012)

Shell evolution in oxygen



Experiment & Analysis

00@000

A

ABAERAREERRRERRNRERE \\\\‘\\\\‘H\\‘\\\\‘\b‘:’\‘\\\\ TTTTTH

Background contributions

8 8 8 3§

Counts/ 20 keV

8

f!IIffIf[fIf![!f!fMH!MH!M!HM!HI!H

200

100

2 3 4

1 4 5 6 07 8
Reconstructed excitation energy of O [MeV]

GANIL Colloque, 2026 “harlie J. Paxman Shell evolution in oxygen



Experiment &

8

N
8
TTT

=
8
TTT

00@000
i\ ‘ TTTT TTTT TTTT TTTT TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ T l/l:) T ‘ TTTT TTTT ‘ \:
800 — Background contributions
700F - e Off-coincidence gate for Au background
600 —
3 ]
X .
© 500 =
N .
£ 400 =
> .
Q .
O 3

2 3 4

1 4 5 6 07 8
Reconstructed excitation energy of O [MeV]

GANIL Colloque, 2026 “harlie 2 Shell evolution in oxygen



Experiment & Analysis
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Background contributions

e Off-coincidence gate for Au background
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Experiment & Analysis
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Reconstructed excitation energy of O [MeV]

TTTTT
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Background contributions
e Off-coincidence gate for Au background

e Above S;, deuteron breakup

Shell evolution in oxygen
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Experiment & Analysis
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R—— e Confident extrapolating to unb. region
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Experiment & Analysis
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800 Background contributions
700 e Off-coincidence gate for Au background
600 e Above S,, deuteron breakup

. e Simulated with GEANT4 & nptool

% (WARNING: flat cross section!)

59 e Scaled in 2D, Ey:0,,p, subtract max

O

@ Soon: realistic cross-section (G. Potel)
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Accuracy of energy without y-rays
e Accurate to within 10’s of keV
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PE— e Confident extrapolating to unb. region
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Reconstructed excitation energy of O [MeV]

So, what is populated in the unbound region?
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Experiment & Analysis
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e All states narrow in literature, except 8.554 MeV (I" = 220 keV)
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Experiment &

[e]o]e] lole}
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= 4 Tilley er al. NPA 636 249 (1998)
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Reconstructed excitation energy of <O [MeV]

9.5 10.0

e All states narrow in literature, except 8.554 MeV (I" = 220 keV)
e Not trivial to populate 5~ states! Expect positive parity; sq/2, 2, 3% or dg», 174"

e Reassign spin-parity? Shell model calculations may provide clarity
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Experiment & Analysis

O0000e

Koning-Delaroche Uncertainty Qualified (KDUQ)

e KDUQ integrated into FRONT code for TWOFNR!
e Huge thanks to Chlo€ Hebborn

e Calculate ADWA potential in FRONT...

e ... but TWOFNR can’t handle unbound states!

Pruitt, Escher and Rahman, PRC 107 014602 (2023)
Hebborn and Nunes, Front. Phys. 13 1525170 (2025)

Shell evolution in oxygen
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Experiment & Analysis

O0000e

generate_front_input

Koning-Delaroche Uncertainty Qualified (KDUQ)
e KDUQ integrated into FRONT code for TWOFNR!

Ve "\

e Huge thanks to Chlo€ Hebborn (" run.front |
e Calculate ADWA potential in FRONT...
e ... but TWOFNR can’t handle unbound states! @
run_gwackPot

Read ADWA into DWUCK4, Vincent & Fortune method!

@ Do this 416 times for one UQ output (105 total!) l run_twofnr l ' run_dwuck '
e Confirm by comparing TWOFNR to DWUCK4 P
-q ' plot_compare '

Pruitt, Escher and Rahman, PRC 107 014602 (2023)
Hebborn and Nunes, Front. Phys. 13 1525170 (2025)
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Cross section (mb/sr)
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Angle in the center-of-mass (deg)

C.R. Hoffman et al. PRC 85, 054318 (2012)
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Cross section (m

10'

10°

Compare bound states to literature
3.572 MeV, ¢ = 2 — Agree!

3.57 MeV 4"

x2.0

C.R. Hoffman et al. PRC 85, 054318 (2012)
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Compare bound states to literature

4.070 MeV, ¢ = 0 + 2 — Small d-wave component?

row SS/Z
I 1/2
- mix
2
) 1— nen
..~..,.' £=0 "',_- E c h é s
x"o."_ﬁ 4.07 Mev 2* .%" L Tyt
g g
v, %, S
107
I I R P R RN B
5

20 25
8y [ded]
C.R. Hoffman et al. PRC 85, 054318 (2012)
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Compare bound states to literature

5.628 MeV, ¢ = 0 + 2 — Better constrain weak states

r csj5/2
I 1/2
mix
2
£ 1
E
,,’,‘,2‘0 5.64 MeV -%"
e, IS
SRAZ T R
K 10—
I IR R " M IR R B
50 5 20 25
Oy [deg]

C.R. Hoffman et al. PRC 85, 054318 (2012)

Shell evolution in oxygen
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Search for d3/» at high-energy
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Preliminar

Search for d3/» at high-energy
7.252 MeV, ¢ = 2 — maybe dg/»?
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Preliminar

Search for d3/» at high-energy
7.855 MeV, ¢ = 2 — maybe dg/»?
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800— — r 1/2
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L r ] £ F
500— — 3 C
{™F 3 €
5 F ] =
g400:— = g L
c | o]
300— - T 10t
200E- = i
100— — L
B s . 2l b b e e e e e L
-1 0 6 10 0976 1 3R

2 24 26
B¢y [deg]

NIL Colloque, 2026 “harlie J. Paxman Shell evolution in oxygen



Preliminary results

Search for d3/» at high-energy
8.554 MeV, less certain...
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Summary
°

Summary:

Evolution of vdg/» orbital towards oxygen dripline, trace emergence of N=16 gap
190(d,p) to search for d3/» strength in unbound states of 2°0

Improved constraint on bound states (i.e. mixing)

Preliminary experimental DCS for unbound states point towards d-wave structure

Shell evolution in oxygen

GANIL Colloque, 2026 Charlie J. Paxman



1t & Analysis Preliminary results Summary
00 °

Summary:

Evolution of vdg/» orbital towards oxygen dripline, trace emergence of N=16 gap
190(d,p) to search for d3/» strength in unbound states of 2°0

Improved constraint on bound states (i.e. mixing)

Preliminary experimental DCS for unbound states point towards d-wave structure

Next steps:
e Theory input:
e Improve treatment of deuteron breakup (Gregory Potel, underway)
e Compare to shell model calculations (Bhoomika Maheshwari, underway)
e Populating tenative (57) states? Reassign spin-parity?
e Are these states d3j»? — Shell evolution & N = 16 shell gap!

GANIL Colloque, 2026 Charlie J. Paxman Shell evolution in oxygen



nt & Analysis Preliminary results Summary
00 °

Summary:

Evolution of vdg/» orbital towards oxygen dripline, trace emergence of N=16 gap
190(d,p) to search for d3/» strength in unbound states of 2°0

Improved constraint on bound states (i.e. mixing)

Preliminary experimental DCS for unbound states point towards d-wave structure

Next steps:
e Theory input:
e Improve treatment of deuteron breakup (Gregory Potel, underway)
e Compare to shell model calculations (Bhoomika Maheshwari, underway)
e Populating tenative (57) states? Reassign spin-parity?
e Are these states d3j»? — Shell evolution & N = 16 shell gap!

[ Thank you! ]
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BACKUP SLIDES
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Backup - prelim SM calcs from Bhoomika
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Summary
o

e Recall, no beam tracking! CD, Target

Sensitive to beam spot
position

Numerical minimisation!
Vary Xp, Yp, Zt Tt O

Align by "average" position

Separated by target

GANIL Colloque, 2026 Charlie J. Paxman Shell evolution in oxygen



Summary
o

e Recall, no beam tracking! CD, + Au Target

Sensitive to beam spot
position

Y

Numerical minimisation!
Vary Xp, Yp, Zt Tt v0O

Align by "average" position

Separated by target

GANIL Colloque, 2026 Charlie J. Paxman Shell evolution in oxygen
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Backup - Minimization example

~44 -42 -4 -38 -36 34 -32 -3 -28
X [mm]
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Summary
o

Backup - rotational structures

Table 2. Experimental excitation energies E,, spin-parities J7 and widths, given for different K™ rotational bands proposed
for 2°0: the parity doublet bands 03 and 03, and the parity doublet bands 05 and 07 . Assignments, which are made from the
(2.J + 1), may have to be confirmed independently, and are given in brackets.

K™ =o0f K™ =05 K™ =o0f K™ =07
By (MeV) | J™ | I' (keV) || Ex (MeV) | J™ | I' (keV) || Bz (MeV) | J™ | I' (keV) || Ex (MeV) | J™ | ' (keV)

4.458 0+ 9.918 (17) 20 9.768 o+ 20 1167 (17) 100
5.237 2t 11.95 (37) 90 10.11 2t 5 12.83 (37) 100
7.754 4+ 13.96 (57) 150 11.39 (47) 110 1344 (57) 65
10.93 (67) 40 18.46 (77) 140 13.60 (67) 250 17.35 (77) 210
16.36 (87 90 16.63 (87) 110

18.61 (107) 190

Bohlen et al. EPJA 47 44 (2011)
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Backup - Prelim orbital fractions (assuming high-E are d3/2)

Fraction of orbital strength

GANIL Colloque, 2026
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Backup - VAMOS to isolate unbound?

400

350

300

250

200

150

100

50)

abs(T_FPMW_HF-13300)<1500
&& MW_N==9
&& MW_N<8

great! but how to normalise...

Summary
[e]
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Backup - Why the unusual edges to the data?
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Optical model calculations
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Summary
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Optical model calculations

PHYSICAL REVIEW C 107, 014602 (2023)

Uncertainty-quantified phenomenological optical potentials for single-nucleon scattering

C. D. Pruitt®," J. E. Escher®, and R. Rahman®"
Lawrence Livermore National Laboratory, Livermore, California 94550, USA
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Optical model calculations

PHYSICAL REVIEW C 107, 014602 (2023)

Uncertainty-quantified phenomenological optical potentials for single-nucleon scattering

C. D. Pruitt®," J. E. Escher®, and R. Rahman®"
Lawrence Livermore National Laboratory, Livermore, California 94550, USA

@ Uncertainties for theoretical differential cross-sections!

GANIL Colloque, 2026 j . Paxma Shell evolution in oxygen
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Optical model calculations

PHYSICAL REVIEW C 107, 014602 (2023)

Uncertainty-quantified phenomenological optical potentials for single-nucleon scattering

C. D. Pruitt®," J. E. Escher®, and R. Rahman®"
Lawrence Livermore National Laboratory, Livermore, California 94550, USA

@ Uncertainties for theoretical differential cross-sections!
e General method + application to KD and CH89

GANIL Colloque, 2026 Charlie J. Shell evolution in oxygen
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Optical model calculations

PHYSICAL REVIEW C 107, 014602 (2023)

Uncertainty-quantified phenomenological optical potentials for single-nucleon scattering

C. D. Pruitt®," J. E. Escher®, and R. Rahman®"
Lawrence Livermore National Laboratory, Livermore, California 94550, USA

e Uncertainties for theoretical differential cross-sections!
e General method + application to KD and CH89
® 416 samples of Koning-Delaroche ("KDUQ Democratic")

GANIL Colloque, 2026
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Optical model calculations

PHYSICAL REVIEW C 107, 014602 (2023)

Uncertainty-quantified phenomenological optical potentials for single-nucleon scattering

C.D. Pruitt®,” J. E. Escher®, and R. Rahman®
Lawrence Livermore National Laboratory, Livermore, California 94550, USA

e Uncertainties for theoretical differential cross-sections!
e General method + application to KD and CH89
front oy, 050ume 2025 @ 416 samples of Koning-Delaroche ("KDUQ Democratic")

Sec. Nuclear Physics

Volume 13 - 2025 | https://doi.orgf10.3389/fphy.2025.1525170 (HD)

Systematic study of the propagation of
uncertainties to transfer observables

C. Hebborn 23" F. M. Nunes 23

GANIL Colloque, 2026 ie J. Shell evolution in oxygen



Optical model calculations

PHYSICAL REVIEW C 107, 014602 (2023)

Uncertainty-quantified phenomenological optical potentials for single-nucleon scattering

C.D. Pruitt®,” J. E. Escher®, and R. Rahman®
Lawrence Livermore National Laboratory, Livermore, California 94550, USA

e Uncertainties for theoretical differential cross-sections!
e General method + application to KD and CH89
front oy, 050ume 2025 @ 416 samples of Koning-Delaroche ("KDUQ Democratic")

Sec. Nuclear Physics

Volume 13 - 2025 | https://doi.orgf10.3389/fphy.2025.1525170 (HD)

Systematic study of the propagation of e Systematic study of KDUQ for (d,p)
uncertainties to transfer observables

C. Hebborn 23" F. M. Nunes 23

Summary
o
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xperiment & Analysis eliminary result

Optical model calculations

PHYSICAL REVIEW C 107, 014602 (2023)

Uncertainty-quantified phenomenological optical potentials for single-nucleon scattering

C.D. Pruitt®,” J. E. Escher®, and R. Rahman®
Lawrence Livermore National Laboratory, Livermore, California 94550, USA

e Uncertainties for theoretical differential cross-sections!
e General method + application to KD and CH89
front oy, 050ume 2025 @ 416 samples of Koning-Delaroche ("KDUQ Democratic")

Sec. Nuclear Physics

Volume 13 - 2025 | https://doi.orgf10.3389/fphy.2025.1525170 (HD)

Systematic study of the propagation of e Systematic study of KDUQ for (d,p)
uncertainties to transfer observables e Uncertainties on the order of 5-10%
C. Hebborn 123* F. M. Nunes 23

Summary
o
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nt & Analysis lr’u:‘\mmmﬁ result

Optical model calculations

PHYSICAL REVIEW C 107, 014602 (2023)

Uncertainty-quantified phenomenological optical potentials for single-nucleon scattering

C.D. Pruitt®,” J. E. Escher®, and R. Rahman®
Lawrence Livermore National Laboratory, Livermore, California 94550, USA

e Uncertainties for theoretical differential cross-sections!
e General method + application to KD and CH89
front oy, 050ume 2025 @ 416 samples of Koning-Delaroche ("KDUQ Democratic")

Sec. Nuclear Physics

Volume 13 - 2025 | https://doi.orgf10.3389/fphy.2025.1525170 (HD)

Systematic study of the propagation of e Systematic study of KDUQ for (d,p)
uncertainties to transfer observables e Uncertainties on the order of 5-10%

e Using KDUQ for (un)bound states

C. Hebborn 23" F. M. Nunes 23

Summary
o

GANIL Colloque, 2026 Charlie J. Paxman Shell evolution in oxygen



Workflow

Summary
o

4 génerate_tront input + generate.front input\ + generate_front input 1 + generate_front input \ 4 genevate_tront input \ + generate._front input 1 + generate_front inout 1 + generate_front input \ + Generate_front input”y 1+ Generate.front input 1
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compare TWOFNR to DWUCK4

DWUCK4 vs TWOFNR 019(d,p) Ex=4.456 MeV nl2j-0-2-5 2Jpi=2+
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