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OUTLINE

= R-Process
= CARIBU
= CPT/PI-ICR

= CPT Mass Measurements:

— Rare Earth Peak
— Astromers
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SENSITIVITY STUDIES

= Dynamical r-process simulations,
each varying one piece of nuclear
data

» Found masses (especially around
closed shells) had greatest impact on
final isotopic abundances

» Two areas of interest to the CPT:
Rare-Earth Peak and A~195 Peak

M. Mumpower, R. Surman, G.C. McLaughlin, A. Aprahamian, PPNP, 86 (2016)
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R PROCESS STUDIES AT ANL
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R PROCESS STUDIES AT ANL
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CARIBU
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CANADIAN PENNING TRAP
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CANADIAN PENNING TRAP
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PENNING TRAP MASS SPECTROMETRY
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Pl-ICR

= Developed by SHIPTRAP group
[1], now being adopted by other
Penning trap mass spectrometers
» Use a position-sensitive MCP to
infer the instantaneous phase of
the orbital motion of an ion ejected
from the Penning trap Holder MCP stack
= Measure the phase advance e N j—
over some period of time to
determine the frequency of orbital semm
motion

. Delay lines
[1] Eliseev et al. PRL 110 082501 (2013)
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Pl-ICR
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Pl-ICR
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BENEFITS OF PI-ICR

Spatial Resolution of Contaminants

- Can do measurements of highly
contaminated beams

Low rate threshold: here 0.004 ions per

second

- Every detected ion contributes to
measurement

Higher-precision measurements

> Order of magnitude improvement over
TOF-ICR

Faster measurements

> Nuclei with shorter half-lives
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CARIBU R-PROCESS RESULTS
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Reverse engineering framework : Pioneered by M. Mumpower (Los Alamos Nat. Lab.)
and R. Surman (Notre Dame) and most recently carried out by N. Vassh (TRIUMF).

Red band : A mass prediction which reproduces the observed REP in the abundance pattern
from r-process simulations, carried out for a hot, low entropy neutron star merger wind scenario.

R. Orford, N. Vassh et al,, PRL 120, 262702 (2018).
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R PROCESS MEASUREMENTS
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MASS MEASUREMENTS AT CARIBU
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MASS MEASUREMENTS AT CARIBU

55 57 59 61 63 G5 67 B9 V1 73 75 77 79 Bl 83 B85 BT B9 91 93 95 97 99 101 103 105 107 109

2%, u.S. DEPARTMENT Arg

@/ of ENERGY

67 4 m Stable Nuclei u XUENEN Ho 6!
m Proposed unmeasured H B EEEER EENENE Dy
65 Measured ] X XEEENEEETD 65
W Published H EEEEEEN EEEEESE G
63{ m New(2021) ! E N EEEEEEEEEENEN
B New (2022) E EEEE m EN EEEEEEEEN Sm
61| x lsomers ! 5 EEEEEEEEEEE Pm 61
EEEEEEE NN EEEEEEEN Nd
59 1 [ ] EEEEEEEEEEEN Pr 59
E E B N EEEEEEEEEEEEC
57 4 am ENEEEEEEEEN La 57
E N EEEEE EEEEEEEEEEN Ba
55 1 ] EEEEEEEEE G 55
HE N EEEEE N EEEEEEN Xe
N 53 n EEEEEEEEEN] 53
_in-,‘ H EEEEE E B
51 4 == x 51
5 'R EEEEE B B XEEEEEEER
T 94 = "= 88 90 92 94 96 98 100 102 104 106 108
g " N EEEEEEE X M I W . 68
& 47 1 [ BN | x X E EEAg B XPHBENE Ho 67
E EEN B EX = EEE Pd
5 | n E EEE E ® H B EEEEN BEENENE by 66
43_lllll | __.l EEER :.nut B E EBEEE BEENE ™ 65
TTT RN | mnm B Mo H EEEEEEN KEEEENTN Gd 64
M w bkl Bl H B AEEEEEEEEEEEE 63
3 | "y HE H HN BEEEEEEEE sm 62
Ll emms H EEEEEEEEEEN Fn o
am K fE HY EEEEEEEN nNd 60
Bl ™ EEEEEEEEEEEN Fr 59
5| mm HERENEREENEERENNE ce 58
Ly haecs o nnsn ke b ae AN [ | WL 57
Neutron Number, N 56 ......... Ba 56
8 8 90 92 94 96 98 100 102 104 106 108 »
Neutron Number, N

Argonne &

NATIONAL LABORATORY



CARIBU R-PROCESS RESULTS
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CARIBU R-PROCESS RESULTS

10_4 T T T T T
Ta0g 1 }ﬁl _
8 Pt g
5 I
S I Y, 1 |
=]
0 -
) I
107 ¢ 1Y ]
Hot wind DZ33 - 1
| e Hot wind MCMC+AME2012 1
i Hot wind MCMC+CPT 1
§ Solar i
145 150 155 160 165 170 175

D.Ray, N. Vassh, et al., (under review, PRC: arxiv:2411.06310), 2024/ (Mass Number)

U.S. DEPARTME!

f@: ofENERG!; Argon ne O

Argonne
U.S. Depart
managed b




MASS MEASUREMENTS AT CARIBU

3] - ]
71 EEEETERENDNEsEE -
“ H ENEEEEETEN SN EC om .
3 EENENENEEEEENEON ™ |-
-+ ANHANHEEEEEEEENENTE cd .
2« HEEVPEEEEEEEENNENON e o
E.qEE EEEEEEEEEEENE sm .
2 {1 1 O I P :
S« HEEEREEERERER Y [ Nd Fractional Yield | &
2 I 1 0 o b -
« | Il AN EEN P EkEe =Eg: s
3 . . . . . . . . ..' 1-10E-7 57
1E-7
. . . . . . . ...a = ;tabIeNuclei ”
86 8 %0 % o % % 100 102 104 106 108 >

Neutron Number, N

&%, U.s. DEPARTMENT  Argonne National Laboratary is a
5 U.S. Department of Energy laboratory
LB o ENERGY  Raneacity enage o 06 Argon ne




NUCARIBU

= p,’Li reaction will be used to produce neutrons
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END OF CPT AT CARIBU

» CARIBU Mass measurement campaign finished

» Disassembled from CARIBU room in Spring 2023
to make room for nuCARIBU
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R-PROCESS STUDIES AT ANL
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MASS MEASUREMENTS AT CARIBU
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ASTROMERS

26 A 1m
13Al

= Astromers [1] are nuclear isomers with an & 8§
. . A
impact on astrophysical processes >, '3? 9

= Generally, these are isomers N B L
with significantly different half-lives that can e T
be populated during nucleosynthesis . stable 3l &) e

_ 26
= A notable case is 26mAll 12M8

[1]: G.W. Misch et al., Astrophys. J. Lett. 913, L2 (2021)

?". % U.S. DEPARTMENT Argonne National Laboratory is a
U.S. Department of Energy laboratory
,},@; of ENERGY  managedby UChicago Argonne, LLC A rgon ne
NATIONAL LABORATORY




ASTROMERS

» Recently, interest has grown in the effect of astromers on the r-, i-, and s-
processes

= Here, isomers can be populated in various methods, including directly in
decays, thermally in the astrophysical medium, or during neutron capture

» These astromers can impact nuceosynthesis by deferring or accelerating heating
and produce identifiable electromagnetic signals

= With the identification of several interesting potential astromers, a campaign of
mass measurements were embarked on using the CPT at CARIBU

Fujimoto et al., Astronom. Soc. Lett. 493, L103 (2020); Misch & Mumpower, Eur. Phys.
J. Spec. Top. 233 1075 (2024); Tannous et al., Astrophys. J. 986 107 (2025)
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128M-SB

= Sensitivity studies indicated that 28mSb was potentially a high-impact astromer in
the r process

= 128Sh has a half-life of ~9 hrs and boosts heating in the r-process for several
hours, affecting the light curve

= 1286mSh has a half-life of only ~10 minutes, and should be preferentially populated
in 128Sn decay

» Impact is determined by level structure and excitation energy of this isomer
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128M-SB

@

= Masses of 128Sb and 128mSb measured using ‘ i
CPT @ CARIBU i

» Excitation energy found to be 43.9(3.3) keV, ”

much higher than the ~10 keV energy from £ , o8
previous evaluations % a %

= Alongside shell model calculations of 128Sb, =] !
this indicates the thermalization temperature ] 2
of 128mSp between 1 and 9 keV =
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128M-SB

» Given the 10-15 minute timescale at which °] o
283D is believed to be populated in the r id -
process, the temperature of the environment i 12
will be <1 keV = ] 10 4

g o

» Thus, 128mSb is an r process astromer il % 3

= D.E.M. Hoff ef al., PRL 131 262701 (2023) =] "
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119M-AG

= Mass measurement of 1"°Ag and "9mAg

= Excitation energy measured to be - -".-'
34.3(53) keV, higher than the 20# keV 27 .
from the AME (and consistent with
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119M-AG
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= This improved resolution of these states ;[ ", - an A — s
allowed the estimate of beta-decay ol ]
thermalization temperature

104 E (_,-":#.-- :

» Thermal equilibrium determined to @ m; ya
break at 18.7 keV:; below this g
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119M-AG
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NEAR 132SN

» Several candidate astromers identified near 32Sn, where shell closure has
significant impact both on i-process path and on r-process decay back to stability

» Mass measurements of several isotopes in this region completed and impact as
astromers simulated

» Results in preparation
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CONCLUSIONS

= CARIBU was a facility that used a large 2°2Cf source to produce rare isotope
beams

» The CPT at CARIBU used the PI-ICR technique to conduct Penning trap mass
spectrometry

» The final CPT @ CARIBU program focused on two areas of interest to nuclear
astrophysics:
— Mass measurements aimed at understanding the origin of the rare earth peak
— Mass measurements exploring 'astromers’

» CARIBU is being replaced by nuCARIBU, but the CPT is moving to the N=126
Factory
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CONCLUSIONS

= CARIBU was a facility that used a large 2°2Cf source to produce rare isotope
beams

» The CPT at CARIBU used the PI-ICR technique to conduct Penning trap mass
spectrometry

» The final CPT @ CARIBU program focused on two areas of interest to nuclear
astrophysics:
— Mass measurements aimed at understanding the origin of the rare earth peak
— Mass measurements exploring 'astromers’

» CARIBU is being replaced by nuCARIBU, but the CPT is moving to the N=126
Factory
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