Measurement of double electron-capture Q-value with the
JYFLTRAP mass spectrometer

A presicion mass measurement of Ba isotopes

Brian Kootte for the IGISOL Collaboration




Binding energy - fundamental property of
the nucleus

. . Binding energy is extracted from
* Nucleus weighs less than its atomic masses and essential for:

constituents
 Nuclear structure

* Difference is known as the
binding energy

* Nuclear astrophysics

 Fundamental physics tests




Motivation #1: Isotope

e interact with nucleus to shift atomic energy levels

Isotope-dependent shifts of atomic transition: OV =V - Vres

Modified isotope shifts of two different transitions have

roughly linear relationship in “King” plot ydvi vs podv-

Mass is required for inverse mass factor:

M= (mref X mIOI)/(mIOI — mref)
Z. Ge et al. Eur. Phys. J. A(2024) 60:147,

D.A. Nesterenko et al. Int. J. of Mass Spec. 458 (2020) 116435

Deviations from linearity could signal new physics

V.V. Flambaum et al. Phys. Rev. A 97, 032510 (2018),
J.C. Berengut, et al. Phys. Rev. Lett. 120, 091801 (2018)
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Energy

Motivation #2: Exotic beta decay
/

Classic double beta decay ]
/

\ Q = X initial masses - X final masses
Q2+ =mM(Z, N) - m(Z-2, N+2) - 2m(e*) - 2m(ve)
(Ignoring e binding energy)

Increasing neutron # of isobar



Motivation #2: Exotic beta decay
(Double orbital electron capture)

Qzvecec = M(Z, N) - m(Z-2, N+2) - 2m(Vve) Search for candidate

neutrinoless decays

Qovecec = M(Z, N) - m(Z-2, N+2)

s N n
\ W W /
OVECEC can be enhanced "g’ \ /

significantly by resonance

e e
effects! / \
[Blaum et al. Rev. Mod. Phys. 92, 4, 045007 (2020)] P P




Need for 3?Ba atomic mass

Precise and accurate masses needed for King plot
and decay Q-value

1-B* and 2-* energetically forbidden
Both EC/3* and ECEC modes possible

Limit on T, from geochemical measurements of Xe
In natu ra Barlte (BaS 04) [A. P. Meshik et al. Phys. Rev. C, Vol. 64, 035205 (2001)]

T2 > 3x10% years (0.1% natural abundance)



To K130 cyclotron I G I S O L

(not used)

lons generated by a , AN
spark source in the - NI Trap and
IGISOL target chamber ] \”é spectroscopy setup



lon trapping setup

RFQ cooler buncher

Mass separated [P Gs
> == =l
beam e g

* After mass separation ions
are cooled and bunched

* Bunch transported to double
Penning trap




JYFLTRAP
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Penning trap basics
e Cyclotron frequency given by Z
Ve = gB/(2mm)

* Measuring frequency
provides mass

% Total motion

J\ Axial motion

Projection of the radial motion:

O Trap cyclotron (fast)
< Magnetron (slow)

* lon in ideal Penning trap has
reduced cyclotron (v+) and
magnetron (v.) eigenmodes

e Can convert from one to the
other using RF electric fields

* Free space V¢ = Vi + V. Annu. Rev. Nucl. Part. Sci. 2018. 68:45-74



JYFLTRAP

Extraction

electrodes

Drift electrodes

lllll

Injection electrodes

lon bunch

Magnet bore

Precision trap

Purification trap




JYFLTRAP

e e e e . Extraction
| i electrodes
i Injection electrodes Drift electrodes
lon bunch =
>

_______________________________________________

Magnet bore

Purification trap Precision trap
* lons cooled and
bunched in
preparation trap
* RF applied to
achieve mass-
selectivity
S R So ¥ . &, Re & L S Lo So ¥ & R o * Multiple cycles can
S & & S @éobo&o EE IS & & & & IS &S &L & 7 &
S & SELFSE CF & FF CELSE L L S S be used to clean the
> S ¥t T & o g e ¢ sample
Q¥ <€



JYFLTRAP

e e e e . Extraction
| i electrodes
i Injection electrodes Drift electrodes
lon bunch =
>

_______________________________________________

Magnet bore

Extraction to 2D MCP

Purification trap Precision trap
* lons cooled and
bunched in
preparation trap
* RF applied to
achieve mass-
selectivity
S R So ¥ . &, Re & L S Lo So ¥ & R o * Multiple cycles can
S & & S @éobo&o EE IS & & & & IS &S &L & 7 &
S & SELFSE CF & FF CELSE L L S S be used to clean the
> S ¥t T & o g e ¢ sample!
Q¥ <€



Phase imaging mass measurement
IN the precision trap

PIl-ICR can measure masses quickly and precisely

1) Convert ions to cyclotron
mode

2) lons accumulate phase
(550 ms in this case)

3) Extract and compare angle
on position-sensitive detector

see Nesterenko Eur. Phys. J. A (2018) 54: 154

(a)

(b) Y

Lighter ion gains s
additional phase
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132Ba vs 133Cs

13ZBa 133CS

Magnetron
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Effect of measurement on King Plot

132Ba zoom
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Shifts to decay Q-values

ECEC — m(mBa) - m(132Xe) - 2(Ve) —_—

Qecp+ = m(*°Ba) - m(**2Xe) - m(e) - 2(ve) ——>

Q2+ = M(*32Ba) - m(*3¥2Xe) - 2m(e) - 2(Ve) =———>

Decay Q-value (keV)
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Shifts to decay Q-values

ECEC — m(1328a) - m(132Xe) - 2(Ve) —_—
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Links to 2020 Atomic Mass
Evaluation

« 132Ba mass is linked to %°Te by 227 +/- 0.2 keV difference between
**Te(p, t) and **Ba(p, t) Q-values (Munich Q3D spectrograph)

[G. Suliman, et al. Eur. Phys. J. A 36 (3), 243-250 (2008)]
 New mass of 1*°Ba agrees with **°Te reported by Canadian

Penning Trap (Argonne) using **°Sn as a reference
[N. Scielzo, et al. Phys. Rev. C 80 (2), 025501 (2009)]



Summary and Outlook

132Ba deviates massively from the 2020 Atomic Mass
Evaluation

134Ba also deviates significantly
Minimal effect on King plot from Imgram 2019

Large increase in Q-value — unfortunately this likely
reduces resonant ECEC

Possible consequences for linked radioactive masses
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Pl-ICR Measurement

Magnetron accumulation Cyclotron accumulation
step 1 ] injection of ions in the measurement trap step 1 ] injection of 1ons in the measurement trap .
step 2a J»reduction of the magnetron motion by dipolar pulse at V- step 2a !»reduction of the magnetron motion by dipolar pulse at V-
step 3 |_| dipolar excitation at v, step 3 |_ dipolar excitation at v, ._
step 4 l quadrupolar excitation at v, step 4 | quadrupolar excitation at v, l
step 5 | extraction of ions I - step 5 | extraction of ions I _
) phase accumulation time - ) phase accumulation time -

Adapted from Nesterenko Eur. Phys. J. A (2018) 54: 154

* lons injected

* In the fast cyclotron mode, lighter ions acquire
additional phase

* Extraction to 2D MCP




Z-class analysis; 8mm, 1-4 ions
133Cs vs 132Ba
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Details on Preparation and Cleaning of lons

Inject into Penning trap

Store and cool for 97.431 ms

Dipolar excitation at the magnetron frequency (11 ms)
Quadrupolar excitation at the cyclotron frequency (150 ms)
Transfer to 2™ trap

“Additional cleaning step” dipolar excitation at cyclotron
frequency (no timing channel?)

Transfer back to 1% trap
Quadrupolar excitation at the cyclotron frequency (120 ms)
Transfer to 2" trap for PI-ICR measurement






134Ba vs 132Ba
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134Ba vs 132Ba

| e Tk U P T L S L

| | timestamp,x,y, tof | save...

20

-10

-20

-20 -10 0 10 20

Annlac mam annla chiftine (o ala T B ¥ gl

01/04_05 PG_132Ba-pingpong-
550ms 1



133Cs vs 132Ba

* Timings adjusted so both spemes overlap on
MCP | = )|
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