
Learning with PurposeLearning with Purpose

A crack in nuclear mirror symmetry

Daniel E.M. Hoff
Postdoctoral Research Associate

University of Massachusetts Lowell
ENP Previews— 10/01/2020



Learning with PurposeLearning with Purpose

A crack in nuclear mirror symmetry

Daniel E.M. Hoff
Postdoctoral Research Associate

University of Massachusetts Lowell
ENP Previews— 10/01/2020



Learning with Purpose Daniel E.M. Hoff — ENP Previews— 10/01/2020

Outline
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Symmetries in Physics
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Amalie “Emmy" Noether Noether’s theorem (paraphrase):  
For every symmetry present in a system there is a corresponding conservation law
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Symmetries in Physics
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Amalie “Emmy" Noether Noether’s theorem (paraphrase):  
For every symmetry present in a system there is a corresponding conservation law

Corollary: 
When a symmetry breaks down it often tells us our understanding is incomplete.
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Symmetries in Physics
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Amalie “Emmy" Noether Noether’s theorem (paraphrase):  
For every symmetry present in a system there is a corresponding conservation law

Corollary: 
When a symmetry breaks down it often tells us our understanding is incomplete.

Matter/Anti-matter asymmetry
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Symmetries in Physics

8

Amalie “Emmy" Noether Noether’s theorem (paraphrase):  
For every symmetry present in a system there is a corresponding conservation law

Corollary: 
When a symmetry breaks down it often tells us our understanding is incomplete.

Matter/Anti-matter asymmetry Parity violation
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Iso(baric)spin in Nuclei

9

Invariance in isobaric-spin space  
 conservation of isospin⟹

Can then define TOTAL isospin, T,

Tz =
1

2
(Z �N)

<latexit sha1_base64="WyT+0DXZ6fAFY3chNaAjSn6fpsE="></latexit>

Nuclei with N and Z exchanged are called mirror 
nuclei and they should have a similar set of states. 

T = 3/2

9C

9B*(IAS)

9Be*(IAS)

9Li

A = 9

Tz = +3/2

Tz = +1/2

Tz = -1/2

Tz = -3/2

Heisenberg (1932)

Wigner (1937)

tz = +1/2

tz = -1/2

t = 1/2
nucleon proton

neutron
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…but it’s broken
‣ Protons and neutrons DO have slightly difference masses. (0.14%) 

‣ The interactions are not equal, 
 
 

‣ On top of that protons have charge, and so the Coulomb interaction is a 
major source of isospin symmetry breaking in nuclei.

Vnn > Vpp (⇠ 1%)
<latexit sha1_base64="slCSPLFFp3zh6YY5W+Uj6u8eoDg="></latexit>

Vnp >
Vnn + Vpp

2
(⇠ 2.5%)

<latexit sha1_base64="Jo6XZInsIqwaUksCkIWYMluZlxo="></latexit>

✦ Isospin symmetry is broken. 
✦ Early on it was thought that isospin symmetry would be of little 

use in heavy nuclei (large Z). 
✦ It has remained a surprisingly robust symmetry. 
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Consider the relative scale 
of the Coulomb energy: 

   m(73Br) ≈ 68 GeV
EC(73Br) ≈ 19 MeV

Protons with no charge Including proton charge

Using Perturbation Theory 
And Wigner-Eckart theorem —> 
Isobaric Mass Multiplet Equation 

(IMME)

Coulomb Energy in Nuclei
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Isobaric Mass Multiplet Equation
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(IMME)

Mirror Mirror

Coulomb shift

Brown et al. PRC 95 (044326)

Proton-Rich Neutron-Rich
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Brown et al. PRC 95 (044326)
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(IMME)

Mirror

Glassman et al. PRC 92 (042501)

Coulomb shift

Proton-Rich Neutron-Rich

Mirror

Isobaric Mass Multiplet Equation



Learning with Purpose Daniel E.M. Hoff — ENP Previews— 10/01/2020

Glassman et al. PRC 92 (042501)PRC 92 (042501)

PRC 95 (044326)

14

(IMME)

Mirror

Zhang et al. PRL 109 (102501)

PRC 92 (042501)

Coulomb shift

Proton-Rich Neutron-Rich

IMME provides a test of charge-symmetry breaking in nuclei

Mirror

Isobaric Mass Multiplet Equation
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…and

15

Holds for excited states of nuclei!

Warner, Bentley, & Isacker, Nat. Phys. 2(5), 311–318Bentley & Lenzi, Prog. in Part. and Nuc. Phys. 59(2), 497–561
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MEDs and Isospin Symmetry Breaking

16

Milne et al., PRL 117, 082502 (2016)Davies et al., PRL 111, 072501 (2013)

Included 100 keV 
spin-dependent 

ISB term

Included -72->+35 
keV spin-dependent 

ISB terms
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Mirror Chart of Nuclides

17
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‣ Can only really test isospin symmetry in nuclei near 
N=Z line -> re-plot chart of nuclides
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‣ Can only really test isospin symmetry in nuclei near 
N=Z line -> re-plot chart of nuclides

Mirror Chart of Nuclides
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‣ Can only really test isospin symmetry in nuclei near 
N=Z line -> re-plot chart of nuclides

Tz
<latexit sha1_base64="ZVn0x0Di5qJGXqkSFD4bJpRZaH4="></latexit>
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ppp nnn

N = Z

Mirror Chart of Nuclides
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Mirror Chart of Nuclides
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‣ Can only really test isospin symmetry in nuclei near 
N=Z line -> re-plot chart of nuclides. 

‣ For almost the entire known chart of nuclides, 
ground states of nuclei obey isospin symmetry (i.e. 
their nuclear structure is the same).
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‣ Can only really test isospin symmetry in nuclei near 
N=Z line -> re-plot chart of nuclides. 

‣ For almost the entire known chart of nuclides, 
ground states of nuclei obey isospin symmetry (i.e. 
their nuclear structure is the same). 

‣ After correcting for Coulomb energy shift, we can 
make a connection between states along an isobar. 

Li9 

Be9 B9 

C9 

Br73 

Kr73 Rb73 

Sr73 

73Rb 73Kr

73Br73Sr IASIAS

T = 3/2

T =1/2

T = 3/2

T =1/2

Tz

Tz

IASIAS

J  = 3/2—

J  = 3/2—

9C 9Li

9B 9Be

A = 9

A = 73N = Z

A = 10

20

30

60

40

50

70

NZ

T

T
1/2

2
3/2

3
5/2

1

1/2 3/2-1/2-3/2

1/2 3/2-1/2-3/2

M

M

Mirror Chart of Nuclides



Learning with Purpose Daniel E.M. Hoff — ENP Previews— 10/01/2020 23

‣ Can only really test isospin symmetry in nuclei near 
N=Z line -> re-plot chart of nuclides. 

‣ For almost the entire known chart of nuclides, 
ground states of nuclei obey isospin symmetry (i.e. 
their nuclear structure is the same). 

‣ After correcting for Coulomb energy shift, we can 
make a connection between states in nuclei. 

What about these guys (16F/16N)?
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‣ Can only really test isospin symmetry in nuclei near 
N=Z line -> re-plot chart of nuclides. 

‣ For almost the entire known chart of nuclides, 
ground states of nuclei obey isospin symmetry (i.e. 
their nuclear structure is the same). 

‣ After correcting for Coulomb energy shift, we can 
make a connection between states in nuclei. 

What about these guys (16F/16N)?
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‣ Can only really test isospin symmetry in nuclei near 
N=Z line -> re-plot chart of nuclides. 

‣ For almost the entire known chart of nuclides, 
ground states of nuclei obey isospin symmetry (i.e. 
their nuclear structure is the same). 

‣ After correcting for Coulomb energy shift, we can 
make a connection between states in nuclei. 
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NSCL Experiment - Motivation

26 26
Learning with Purpose Andrew M. Rogers — NS 2018— 08/06/2018

73Sr beta-delayed proton emission









































���������

	




������

(�)
�

(��)

���������




























<30ns

•How strongly can the 72Kr waiting point be bypassed via 2p capture?

•2p-capture rate depends exponentially on the proton-separation 
energy, Sp.

•Populate 73Rb ground state via decay of 73Sr.

•Observe and measure correlated mono-
energetic β-delayed protons.

•Lowest energy proton is ground state.

rp-PROCESS  
WAITING POINT‣ Goal: Measure properties of 73Rb 

through β-delayed proton 
emission of 73Sr 

‣ This has astrophysical implications 
in the rapid-proton capture 
process.  

http://www.nasa.gov

Neutron star

Accretion disk

H and He 
rich matter

Companion star
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NSCL Experiment

27 27

Proton decay threshold

(Implant)

‣ Implant 73Sr into an active detector 
and watch for β-delayed proton 
emission 

‣ Surrounded by high purity 
germanium array to look for γ-
decays in coincidence
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NSCL Experiment

28 28

(Implant)
73Sr

73Rb

72Kr

Proton decay threshold

‣ Implant 73Sr into an active detector 
and watch for β-delayed proton 
emission 

‣ Surrounded by high purity 
germanium array to look for γ-
decays in coincidence
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NSCL Experiment

29

152.2-mg/cm2 Be 
Production Target

K500
Cyclotron

K1200
Cyclotron

A1900

Fragment Separator

Primary beam
extraction
       140-MeV/u 92Mo

Secondary beam:
73Sr cocktail

73Sr beam was purified 
by a factor of 4500 
after RFFS!

29
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Experimental Setup: Decay Station

30Learning with Purpose Andrew M. Rogers — NS 2018— 08/06/2018
(Back of BCS flange)

SeGA

Experimental setup: Decay station

BCS Stack

Plastic  
Veto

DSSD

Si PIN

SSSD

Learning with Purpose Andrew M. Rogers — NS 2018— 08/06/2018
(Back of BCS flange)

SeGA

Experimental setup: Decay station

Si PIN

SeGA

Beam 
from
RFFS

Al degrader

30

(Implantation 
Detector)
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Experimental Setup: Decay Station

31Learning with Purpose Andrew M. Rogers — NS 2018— 08/06/2018
(Back of BCS flange)

SeGA

Experimental setup: Decay station

BCS Stack

Plastic  
Veto

DSSD

Si PIN

SSSD

Learning with Purpose Andrew M. Rogers — NS 2018— 08/06/2018
(Back of BCS flange)

SeGA

Experimental setup: Decay station

Si PIN

SeGA

Beam 
from
RFFS

Al degrader

31

(Implantation 
Detector)

Chris
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Learning with Purpose Andrew M. Rogers — NS 2018— 08/06/2018

Experimental setup: Decay station

  

Figure 3: Photograph of the setup from e12024 showing SeGA in the S2 vault following the RFFS.  

Silicon 
ΔE PIN 

Al degrader 

Beam 

SeGA 

Si PIN Si PIN 
Silicon 
ΔE PIN 

Al degrader 
(rotatable) DSSD 

Plastic 
scintillator 

Figure 4: Schematic of the detector stack for the currently proposed experiment. Particle 
identification is performed using the first PIN detector and ToF provided from the XFP scintillator. 
An aluminum degrader allows the energy of the ions to be reduced so that the yttrium isotopes will 
stop in the middle of the DSSD. A plastic scintillator at the end of the stack allows light ions to be 
vetoed.  

BEAM

1041!m 996!m
520!m

989!m

CORRELATION METHOD 

•SPATIAL CORRELATION: 
Requirement that the implant 
and decay occurs in the 
“same” DSSD pixel. 

•TIME CORRELATION: 
Requirement that the decay 
occurs within an adjustable 
time correlation window.

Experimental Results

32 32

DSSD

Implant Tolerance

Particle Identification (PID)
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Experimental Results

33

Time gate

‣Evidence of only one species when gating on PID 

‣Tell’s us we are looking at ground state decays

33

Capture some of β+ and all of proton, resulting in “β-summing"

Charged-particle spectrum
Implant-decay Correlation time
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Experimental Results

34

Time gate

Evidence of only one species when gating on PID

34

Charged-particle spectrum

When energetically available,  β+ decay will primarily 
 proceed through IAS (superallowed Fermi decay) —> conservation of isobaric spin

Capture some of β+ and all of proton, resulting in “β-summing"
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Experimental Results

35

Time gate

Evidence of only one species when gating on PID

35

Charged-particle spectrum

?

?

conservation of isobaric spin

Capture some of β+ and all of proton, resulting in “β-summing"
When energetically available,  β+ decay will primarily 
 proceed through IAS (superallowed Fermi decay) —> 
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Evidence for Mirror-Symmetry Breaking

36

Time gate

Evidence of only one species when gating on PID

36

Charged-particle spectrum

?

?

J⇡ = 3/2�

J⇡ = 5/2�

 Rogers et al., PRC 84 (051306)
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Evidence for Mirror-Symmetry Breaking

37 37

Charged-particle spectrumGCC Analysis by Simin Wang

Treat 73Rb as 
deformed 72Kr + 
valence proton
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Evidence for Mirror-Symmetry Breaking

38 38

Charged-particle spectrum

Treat 73Rb as 
deformed 72Kr + 
valence proton

Only 5/2- spin 
assignment is  
consistent with 
observed branching! 

Small p1/2 component allows for significant branching to first excited state of 72Kr!

GCC Analysis by Simin Wang
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Evidence for Mirror-Symmetry Breaking

39 39

Charged-particle spectrum
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Evidence for Mirror-Symmetry Breaking

40 40

Charged-particle spectrum
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Updated 73Rb g.s. energy

41

Time gate

Evidence of only one species when gating on PID

Filtered out a significant amount of background  
through event-by-event trace analysis.

41
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Updated 73Rb g.s. energy

42

Filtered out a significant amount of background  
through event-by-event trace analysis.

42
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Learning with Purpose Andrew M. Rogers — NS 2018— 08/06/2018

73Sr beta-delayed proton emission









































���������

	




������

(�)
�

(��)

���������




























<30ns

•How strongly can the 72Kr waiting point be bypassed via 2p capture?

•2p-capture rate depends exponentially on the proton-separation 
energy, Sp.

•Populate 73Rb ground state via decay of 73Sr.

•Observe and measure correlated mono-
energetic β-delayed protons.

•Lowest energy proton is ground state.

rp-PROCESS  
WAITING POINT
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Bayesian Analysis

43
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Thermodynamic annealing  for Bayes’ Factor: 
Computationally expensive but no complicated integrals

Doublet Triplet

Posterior Probability

Unbinned log-likelihood fits

43
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Bączyk, P., Satuła, W., Dobaczewski, J., & Konieczka, M.
J. Phys. G, 03LT01

IMME for A=73 T=3/2 multiplet
Used MEDs to see how much isospin breaking was needed in 
DFT calculations. Found similar Coulomb contributions to 
GFMC calculations in light nuclei. 
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Bączyk, P., Satuła, W., Dobaczewski, J., & Konieczka, M.
J. Phys. G, 03LT01

IMME for A=73 T=3/2 multiplet
Used MDEs to see how much isospin breaking was needed in 
DFT calculations. Found similar Coulomb contributions to 
GFMC calculations in light nuclei. 
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How can that come about? 

‣ Likely rearrangement of almost degenerate g.s. between 
mirror pair.  

‣ 73Br assigned the wrong spin? (no direct measurements) 

‣ Peculiar collecove shape coexistence in this region of the 
chart? 

‣ Charge-symmetry breaking in the nucleon-nucleon force?

Summary

46

Future Experiments: 

‣ 𝛽-NMR of 73Br & 𝛽-NMR of 73Sr 

‣ Precision Mass Measurement of 
73Sr to test IMME 

73Sr ground state different w/ respect to mirror 73Br 
in violaPon of mirror symmetry.
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How can that come about? 

‣ Likely inversion of almost degenerate g.s. between mirror 
pair.  

‣ 73Br assigned the wrong spin? (no direct measurements) 

‣ Peculiar collecove shape coexistence in this region of the 
chart? 

‣ Charge-symmetry breaking in the nucleon-nucleon force?

Summary
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Future Experiments: 

‣ 𝛽-NMR of 73Br & 𝛽-NMR of 73Sr 

‣ Precision Mass Measurement of 
73Sr to test IMME 

73Sr ground state different w/ respect to mirror 73Br 
in violaPon of mirror symmetry.
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Trace Analysis
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Potential β-decaying Isomer?

50 50

Time between implantation and first decay 
event with logarithmic bins

• Only evidence for one species, or multiple with nearly identical 
half-lives 

• After implantation, internal conversion will become competitive 
decay mode of isomer.  
• Given systematics in the region, assuming ~10 keV E2 transition 

(1/2- —> 5/2-) internal conversion should have 1-100 
microsecond halflife.  

• Our dead time ~5 microseconds 
• Gating on prominent energy peaks in charged-particle 

spectrum produce the same halflife.  

No evidence for β-decaying isomer. 
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Thomas-Ehrman Shift

51

 16F/16N case well-explained by Thomas-Ehrman shift!

2-
0-2-

0-

‣ Thomas and Ehrman independently showed 
that unbound proton s states are shifted less 
by Coulomb interaction 

‣ Unbound proton s state extends well 
outside the nucleus resulting in reduced 
Coulomb energy shift
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