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B-decay Q value

Q value: the energy released as kinetic energy of the final state particles
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Penning Trap Measurements of Q values

The Penning trap

Uniform B-Field Quadrupole E-Field
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<~<—.l> + V.

v, = cyclotron frequency

. 1 qB m = mass
Vo = 77— _ch
27-[ m g = Charge
B = magnetic field strength

Measure cyclotron frequency to determine mass




Penning Trap Measurements of Q values

The Penning trap

However, we can measure v, more precisely than B,

Uniform B-Field Quadrupole E-Field :
so measure cyclotron frequency ratios
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Veo
<\<'P> + o Vo

Do this for ions of parent, 1 - P, and daughter, 2 - D.

Convert mass ratio to a mass difference

v, = cyclotron frequency
. iﬁ m = mass 2 2
Ve = 2T M g = charge Q = (MP _ MD)C — (MP_me)(l _ R) ¢
B = magnetic field strength

Measure cyclotron frequency to determine mass




What Q values are applicable to BSM Physics?

» Tests of CKM Matrix Unitarity
o Superallowed f-decays
o T =% Mirror Nuclei Mixed 3-decays

® e -~ Daughter
* Neutrino Physics \ /
OvBB and OVEC <
Sterile v searches Parent —=oVe

Direct v mass measurements

O
O
O
o Ultra-low Q value decays



CKM Matrix Unitarity: Superallowed B-decay
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Superallowed f-decays:
Decays between T = 1,J/™ = 0% nuclear analog states

ft value — statistical rate function x partial half-life
- HaIf—Iife, t1/2

- Branching ratio, R

- Qvalue, Qg
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CKM Matrix Unitarity: Superallowed B-decay

Circa. 2004 — a possible issue?
1V, 412+ |V, |2+ [V,,]2 = 0.9966 = 0.0014
Towner and Hardy, PRC 71, 055501 (2005)

Penning trap measurements at rare isotope
facilities taken in 2004 — 2008 showed

discrepancy with (®*He, t) data from 1970s

CPT @ Argonne National Lab
Savard, et al, PRL 95, 102501 (2005)

JYFLTRAP @ University of Jyvaskyla
Eronen, et al, PRL 97, 232501 (2006)
Eronen, et al, PRL 100, 132502 (2008)

ISOLTRAP @ ISOLDE, CERN
George, et al, E. Phys. Lett. 82, 50005 (2008)
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Circa. 2009 — all is right with the world
Vd > + [Vis|? + Vi |* = 0.99995 + 0.00061
Towner and Hardy, PRC 79, 055502 (2009)



CKM Matrix Unitarity: Superallowed B-decay

* Online Penning traps have also enabled measurements of Q. values of superallowed [5-
decays beyond the “standard nine” to those with unstable daughters.

Number of precisely known Ft values that contribute to final average
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CKM Matrix Unitarity: Superallowed B-decay

* LEBIT @ NSCL (now FRIB) measured Qg for 10, the last of the “traditional nine”.
* Improved precision in Qgc and ft by a factor of 10.

week ending

PRL 114, 232502 (2015) PHYSICAL REVIEW LETTERS 12 JUNE 2015

First Direct Determination of the Superallowed f-Decay Qg Value for 4O

A.A. Valverde,l’l* G. Bollen,2’3 M. Brodeur,4 R. A. Bryce,5 K. C‘ooper,l’6 M. Eibach,1 K. Gulyuz,l C. IZZO,1’2

D.J. Morrissey,m M. Rf:dshaw,l’5 R. Ringle,l R. Sandler,l’2 S. Schwarz,1 C.S. Sumithrarachchi,1 and A. C. C. Villari®
'National Superconducting Cyclotron Laboratory, East Lansing, Michigan 48824 USA

* The light superallowed -decay candidates, 1°C and '*O are significant for setting limits on the

existence of scalar currents. e & Hardy and Towner, 2005}
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CKM Matrix Unitarity: T = %2 Mirror Nuclei Decays

T = 2 mirror nuclei decays:

11, : . . .
Decays between T = 5+ integer spin states = mixed Fermi/Gamow-Teller transitions

Fr = fyt(1+ %) (1 + ks

— 0

v
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fvt determination still requires t, /5, R, and Qg measurements.
Ft determination also requires Gamow-Teller to Fermi mixing ratio, p.
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To date, p has been measured for only 5 systems:
19Ne, 21Na, 29R 35AI‘, 37K

]j't([)nirror i ]j'tmirror(l S ﬁp2)
fv

Naviliat-Cuncic and Severijns, PRL 102, 142302 (2009)



CKM Matrix Unitarity: T = %2 Mirror Nuclei Decays

* With LEBIT @ NSCL (now FRIB) measured Qg for **C, ?Na, and ?°P.

week ending

PHYSICAL REVIEW LETTERS 8 JANUARY 2016

PRL 116, 012501 (2016)

High Precision Determination of the g Decay Qg Value of ''C
and Implications on the Tests of the Standard Model

K. Gulyuz,"* G. Bollen,z’3 M. Brodeur,4 R.A. Bryce,5 K. Cooper,]‘6 M. Eibach,l C. Izzo,]’2 E. Kwan,]
K. Manukyan,4 D.J. Morrissey,l’6 0. Naviliat—Cuncic,l’2 M. Redshaw,l’5 R. Ringle,l R. Sandler,l’2
S. Schwarz,' C.S. Sumithrarachchi,' A. A. Valverde,'” and A. C. C. Villari’

PHYSICAL REVIEW C 92, 045502 (2015)

Determination of the Qg values of the T = 1/2 mirror nuclei 2!Na and ?P at LEBIT

M. Eibach,"" G. Bollen,>* M. Brodeur,* K. Cooper," K. Gulyuz,' C.Izzo0,"? D. J. Morrissey,"> M. Redshaw,:® R. Ringle,'
R. Sandler,"? S. Schwarz,! C. S. Sumithrarachchi,! A. A. Valverde,"? and A. C. C. Villari?
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CKM Matrix Unitarity: T = %2 Mirror Nuclei Decays

With LEBIT @ NSCL (now FRIB) measured Qg for **C, ?!Na, and ?°P.

week ending

PRL 116, 012501 (2016) PHYSICAL REVIEW LETTERS 8 JANUARY 2016

High Precision Determination of the g Decay Qg Value of ''C
and Implications on the Tests of the Standard Model

K. Gulyuz,"* G. Bollen,z’3 M. Brodeur,4 R.A. Bryce,5 K. Cooper,]‘6 M. Eibach,l C. Izzo,]’2 E. Kwan,]
K. Manukyan,4 D.J. Morrissey,l’6 0. Naviliat—Cuncic,l’2 M. Redshaw,l’5 R. Ringle,l R. Sandler,l’2

S. Schwarz,! C. S. Sumithrarachchi,' A. A. Valverde,'? and A. C.C. Villari’

PHYSICAL REVIEW C 92, 045502 (2015)

Determination of the Qg values of the T = 1/2 mirror nuclei 2!Na and ?P at LEBIT

M. Eibach,"" G. Bollen,>* M. Brodeur,* K. Cooper," K. Gulyuz,' C.Izzo0,"? D. J. Morrissey,"> M. Redshaw,:® R. Ringle,'
R. Sandler,"? S. Schwarz,! C. S. Sumithrarachchi,! A. A. Valverde,"? and A. C. C. Villari?
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CKM Matrix Unitarity: T = %2 Mirror Nuclei Decays

* With LEBIT @ NSCL (now FRIB) measured Qg for **C, ?Na, and ?°P.

week ending

PHYSICAL REVIEW LETTERS 8 JANUARY 2016

PRL 116, 012501 (2016)

High Precision Determination of the g Decay Qg Value of ''C
and Implications on the Tests of the Standard Model

K. Gulyuz,"* G. Bollen,z’3 M. Brodeur R.A. Bryce K Cooper M. Elbach,l C. Izzo,]’2 E. Kwan,]
K. Manukyan,4 D.J. Morrissey, ® 0. Naviliat- Cuncm 2 M. Redshaw S R. Ringle,l R. Sandler,l’2
S. Schwarz,l C.S. Surmthrarachchl, A A. Valverde,l 2 and A.C. C. Villari®

PHYSICAL REVIEW C 92, 045502 (2015)

Determination of the Qg values of the T = 1/2 mirror nuclei 2!Na and ?P at LEBIT

M. Eibach,"" G. Bollen,>* M. Brodeur,* K. Cooper," K. Gulyuz,' C.Izzo0,"? D. J. Morrissey,"> M. Redshaw,:® R. Ringle,'
R. Sandler,"? S. Schwarz,! C. S. Sumithrarachchi,! A. A. Valverde,"? and A. C. C. Villari?
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First measurements of Q. values for mirror nuclei
used to determine V,; with a Penning trap




CKM Matrix Unitarity

V_,superallowed
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Penning traps have played an important
role in contributing to the robust data
set for superallowed decays.

They will continue to be important in
providing Qg values for mirror decays
when new Gamow-Teller to Fermi ratio
(p) measurements become available.
e.g. Qgc value measurements for 13N,
150, 17F with CPT @ Argonne National
Lab.



What Q values are applicable to BSM Physics?
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* Neutrino Physics \ /
OvBB and OVEC <
Sterile v searches Parent —=oVe

Direct v mass measurements
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o Ultra-low Q value decays



Neutrino Physics: 0vgf -decay

Qg corresponds to location of OvPBp signal

2vBp-decay Ovpp-decay
Double-beta-decay total electron energy spectrum
a9X > ,8Y +2e” + 27, X = , A7 + 2e” R
e\b g
_ A A 2 B !_,..-"'\..\ 0‘—\«' ‘l° \ -
Qpp = [M(ZX) — M(Z+2Y)]c i ! \ -
f'\\ \ OvBB
i & - / \\ -
! '.'.. # ."'._ .‘ ff \ \ |7 \'\\ [ \
'..__ s l". '-__ | i f e '-bﬁ e 0 & \\ |
L T y ! [ / 0
< . ' \
: ﬁo ) h ) ‘g ; & = !’f o \\ -
N. X / 2vpp \
o L N !J' \x ]
/ N
/ q 1 ! 1 1 1 | Nt I

2vpp OvBp
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Qg is required for phase space factor calculation

New Physics:
Allowed by * Neutrino is a Majorana particle s ; ]
Standard Model * Lepton number is not conserved (T1 2 = Goy(Qpp. Z) | Moy |*(mgpp)

* Determine effective Majorana ]
neutrino mass Goy ~ Ugp




Signature of Ovgfin °Ge

Available online at www.sciencedirect.com

sc.ENCE@D.nEcT.

VOLUME 86, NUMBER 19 PHYSICAL REVIEW LETTERS 7 May 2001

PHYSICS LETTERS B

Determination of the 7°Ge Double Beta Decay Q Value
ELSEVIER Physics Letters B 586 (2004) 198-212

www.elsevier.com/locate/physletb Guilhem Douysset, Tomas Fritioft, and Conny Carlberg
Atomic Physics, Stockholm University, Frescativigen 24, 5-10405 Stockholm, Sweden

Search for neutrinoless double beta decay with enriched "°Ge

Ingmar Bergstrom and Mikael Bjorkhage

ln Gran SaSSO 1990_2003 Manne Siegbahn Laboratory, Frescativiigen 24, S-10405 Stockholm, Sweden
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Q values for OvgS

10 —
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Qpp values for all 11 most prominent Sf-decay candidates now measured with a Penning trap.

96Zr 100Mo 110Pd 116Cd 124Sn 130Te 136Xe 150Nd

Isotope

All to a precision of < 1 keV




0v2EC candidates

2v2EC

24X +2e” - , 5V + 2v,

Ov2EC

X +2e” > , 47"

Q2pc = [M@X) - M(Z_QY)]CZ

A(Ey’) = Q2ec —En — Eq
(A,Z)
|
,yl
(A!Z_Z)*
2e_ Capture e s
T\ Y-rays
TN\ X-rays
Y (A:!Z_Z)
| |

A resonant enhancement of the Ov2EC rate can occur if Qgg = E;,, + E,

Need Q,; to < 1 keV




0v2EC candidates

34 naturally occurring isotopes that are 2EC-decay candidates CNSCL/MSU>
Many have ajpossibility of a resonant enhancement |

Most of these had not been measured with a Penning trap as of 2010

Isotope Q-value E* Q-FE" Isotope Q-value E* Q-F
(keV) (keV) (keV) (keV) (keV) (keV)

36Ar 432.58(0.19) 0.00 432.6 126)Xe 919.76(3.89) 666.4 253.4

40Cq 19 00 193.5 | 139Ba  2618.73(2.58) 2608.4 10.3]
< 50Cr  1168.97(0.95) 0.00  1169.0>  132Ba 843 97(1.06) 667.7 176.3

54Fe 679.83(0.75)  0.00 679.8 .
8Ni  1926.31(0.69) 1674.7 251.6 138Ce  693.12(9.89) 0.0
54Zn 1094.69(0.86) 0.0  1094.7 1445m  1782.41(2.66) 1780.0
__Se __12002410.02) 12042 50 152G 55.68(2.31 0.0
78Kr 5846.33(0.73) 2838 5 ~ 156Dy 2005.95(2.30) 2003.7
845y 178 81.6 908.2

158p 282.73(3.29 261.5
22Mo 1651.80(1.99) 1495.5 1565 162Ey 1846.96(2.68) 1845.5

164y 25.07(2.67 0.0
168yh _ 1409.27(2.89) 1403.7

J6Ru 2714.50(0.64

102pd 1171.90(2.55) 1106. 4
106Cd 2775.39(1.56) 2748.0 : 174Hf 1098.89(3.33) 889.9 209.0

180\ 143.23(2.68)  93.3
1840s  1450.91(1.60) 1446.3
190pt  1384.21(6.05) 1382.4

1%Hg  820.15(3.09)  688.7

108Cd 271.81(1.58) 0.0 271.8
1126 1919.82(0.80) _1871.0 48.
120Te 1730.41(3.24) 1171.3 559.1 <
| 12Xe  2864.25(2.35) 2853.2 11.1

131.5




0v2EC candidates

190 Pt

190p¢ |
Q = 1401.57(47) keV — O Oves

L. M
M. Eibach, PRC 94, 015502 (2016). 25

superposition of two- 1387.00(2) 3

electron hole states

1382.4(2) (0.1.2)

) e = 1401.57(47) k RN - RN
Qresrr ST(47) keV 1326.9(5) 1.2

Enhancement Factors of ~10° — 1019 possible

Improved 1°°Pt Q-value and 1?°0Os final state energies are desirable

Isotopes with potential resonant enhancements:
152Gd (0.20 %), 1%Er (1.61 %), 18OW(0.12 %), *°Pt(0.014 %)

Eliseev, et al, Ann. Phys. 525, 707 (2013)



BeEST Beryllium Electron capture in Superconducting Tunnel junctions

K-shell Capture
capture

Auger Electre
following K-sl

b) Nuclear Decay Process
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Q-value measured at LEBIT with ’Be* beam from BMIS

PHYSICAL REVIEW C 109, L022501 (2024)

First direct 'Be electron-capture Q-value measurement toward high-precision searches
for neutrino physics beyond the Standard Model

R. Bhandari ©.' G. Bollen,>? T. Brunner®,* N. D. Gamage ©*.> A. Hamaker©,>* Z. Hockenbery,*” M. Horana Gamage ©*,'
D. K. Keblbeck ©,' K. G. Leach ©.%? D. Puentes,>* M. Redshaw,'-> R. Ringle,” S. Schwarz
C. S. Sumithrarachchi,? and I. Yandow™®

Mean Time of Flight (ps)

-1 -10 -& 0 5 10 15
RF Drive Frequency - 20 477 757 Hz

--------- ~ R | sl | Talew)

laser ablation
LEBIT 861.964(23) 56.836(3)

ion source

| |
: : I [
| | | |
| | | |
I | I beam cooler mcp !
I Batch- I Dipole I and buncher | —————] | detector : AME 861.893(71) 56.826(9)
: mode — Mass : » : = :‘Z{ I> I .
: lon Source : Separator I | I Diff 71(77) 10( 10)
' ! ! 9.4 T Penni ! , _ _
I I I plasma ion trapsist'::,g !« Reduced uncertainty of ’Be Q; value and ’Li recoil
| | | S |
| | | ource : energy by factor of 3
] ol __ 1 * Uncertainty in recoil energy similar to that of BeEST
Phase |

* Future improvements could be needed.



Direct neutrino mass measurements

Study the shape of B-decay energy spectrum

dN mg ;
15 - GFZ 3 Oc|IM|F(Z,E) |pE(Eo — E)?—mj
\ J \ J\ J
1 1 | |
Constant Fermi Function| |Phase space factor

Nuclear Matrix Element

€.8. tritium B'decay (KATRIN) § 1.0 entire spectrum ?/ r region close to endpoint
= S,
e ® /08
% 0.8 - [
> e i
g e m(ve) =0 eV
2 06 [ 2
@' 04 F
0.4 only 2 x 10713 of
02 I8 decays in last 1 eV
i ' interval
0.2 m(ve)=1eV
-
o L ' ! L -3 -2 -1 0
2 6 10 14 18 E-E V
Electron-energy E [keV] 0 [eV]

An independent measurement of the end-point energy (E, ~Q) provides a check of systematics in the experiment




163Ho Q value

183Ho —163py | |'gHo+e” > 'gZDy" + v Q = 2.8632(6) keV
Electron Capture R 163Dy + E.|  C Schweiger, et al, Nature Phys. 20, 921 (2024)

163Ho de-excitation energy spectrum

10"
10% o1
10 M2
10
10
10"
10"
10 ]
10

10 T I I I T I
0 500 1000 1500 2000 2500 3000

E. (keV)

N1
M1

dec/dE,

Energy spectrum measurements * Sub-eV sensitivity to m,, expected
using cryogenic microcalorimeters « ~1eV energy resolution

Europe: ECHo, HOLMES  Q-value needed to ~1 eV
27



CHIP-TRAP : 13Ho Q value

Cold head
12 T Magnet

MCPs
; MR- TOF MS



CHIP-TRAP : 13Ho Q value

Investigation of Ho ion production with a laser
ablation ion source

R. Bhandari!, M. Horana Gamage', N. D. Gamage', M.
Redshaw!?
!Department of Physics, Central Michigan University, Mt. Pleasant, MI-48859,

165Ho* ions from HoNO;, solution

165, + Holmium
Ho
! l65H0160+
Abundance
165
Ho - 100%

Intensity (a.u)

N

| | | T 1 T | | | | T T | 1 1
5 10 15 20 25 30 35 40 45 50 35 60 65 70 75

Time of flight (us)

Observed ion signal with ~10%” Ho atoms on the LAS foil



Low Q value B-decay for v mass measurements

Low Q value -decays

H— 3He+e™ +7,

Q = 18.592 01(7) keV

187Re —» 1870s + e~ + v,

Q = 2.492(34) keV

3Ho + e~ - 123Dy + v,

Q = 2.863 2(6) keV

g.s. to g.s decays

rel. decay -amplitude

o
[

o
I

Q
(¥}

Direct neutrino mass measurements

entire spectrum region clos

e to endpoint

only 2 x 10713 of

decays in last 1 eV

interval

| | | |
2 6 10 14 18

Electron-energy E [keV]

Number of counts in energy interval
AE near end-point goes as (AE/Q)?3




Ultra-low Q value B-decays

Low Q value -decays UL Q value B-decay
AX _____ Ay*
3H - 3He + e~ + 7, 74g.s _T_ -- T 741
Q = 18.592 01(7) keV
. E”
187Re —» 870s + e~ + v, Do p-decay
Q=249234) eV o N
Z+1%g.s
3Ho + e~ - 123Dy + v,
Q = 2.863 2(6) keV

Qes = Qg.s — E* <1keV

g.s. to g.s decays

Need @, and E™ to << 1 keV




Do any ultra-low Q value f-decays exist?

Observation of a 497 keV y-ray from In sample

80 E
70 E
60 F
50 E
4 E
30 f
L. 20
20  indium sample s E background
D;!Illll!!ll]ll!lll Oil!lllllllll]l]l!l
480 490 500 510 480 490 500 510
Energy (keV) Energy (keV)

—

]

o
I

E, = 497 keV

Counts /0.5 keV
o
S
|

Counts /0.5 keV

From a weak decay branch to 11°Sn(3/2%)

9/2+ -
/ O 1.2x10-495  g/2+ 497.334 (22) keV
4.4 x 1014 yrs. B 11ps
115
491N
100%
127 vy 0 stable
115
50 Sﬂ

Cattadori, et al, Nuc. Phys. A 748, 333 (2005)



Do any ultra-low Q value f-decays exist?

Observation of a 497 keV y-ray from In sample

2003 Atomic Mass Evaluation

= = = =
[} . Q -
o120 L o OF 115 115
wn - 3 E — *
= s 70 | Qgs = M(~*°In) — M(**°Sn) — E* = 2(4) keV
100 F E =497 keV S TE
+ n Y £ 60
g 80 - g 50 3 k endi
K C @ ; PRL 103, 122502 (2009) PHYSICAL REVIEW LETTERS 18 SEPTEMBER 2009
60 40
40 o 30 F Q Value of "3 In — 15Sn(3/27): The Lowest Known Energy 8 Decay
’ 20 F .
n . = E Brianna J. Mount, Matthew Redshaw, and Edmund G. Myers
20 L lndlum Sample 10 :— baCkground Department of Physics, Florida State University, Tallahassee, Florida 32306-4350, USA
B E (Received 17 April 2009; published 16 September 2009)
D T 1 Ll 1 l L1 1 1 l b 1 1 I 11 G ; Ll 1l 1 I L 1 1 l 11 L1 I 11
480 490 500 510 480 490 500 510

Energy (keV) Energy (keV) QES — 155 (24) eV
From a weak decay branch to 11°Sn(3/2%)

week ending

PRL 103, 122501 (2009) PHYSICAL REVIEW LETTERS 18 SEPTEMBER 2009

9/2t 0 12)(10..4%
4.4 x 1014 yrs.

3/2%  497.334 (22) keV

- 11ps Smallest Known Q Value of Any Nuclear Decay:
The Rare 8~ Decay of " In(9/2") — 15Sn(3/2")

49 J.S.E. Wieslander,l’2 J. Suhonen,2 T. Eronen,2 M. Hult,l’* V.-V. Elomaa,2 A. Jokinen,2 G. Marissens,l M. Misiaszek,3
M. T. Mustonen,” S. Rahaman,>* C. Weber,>" and J. Aysto?
1 00% 'EC-JRC-IRMM, Institute for Reference Materials and Measurements, Retieseweg 111, B-2440 Geel, Belgium

2Department of Physics, P.O. Box 35 (YFL), FIN-40014 University of Jyviiskyld, Finland
3Marian Smoluchowski Institute of Physics, Jagiellonian University, ul. Reymonta 4, 30-059 Krakow, Poland
(Received 18 March 2009; published 16 September 2009)

1/2% 0

stable

115
50 ON Qgs = 350(170)eV
Cattadori, et al, Nuc. Phys. A 748, 333 (2005)




Atomic Interference Effects

Observation of a 497 keV y-ray from In sample

Comparison of theoretical and measured half-life

3 ; ® :
=120 |- = 80 F
o . S 70 E Measurement:
:2\100 = E, =497 keV 1‘.:‘; . Ty, =4.1x10%yr
3 80 :— 3 so
680 F 40 ; Beta decay of " g.5. to the lowest excited state of %50
B i 10 T T T T T
o r 32 : A% BJM JYFLTRAP
20 £ indium sample 0 E background Y )
D ; 1 Ll 1 l L1 1 1 l b 1 1 I 11 G i Ll 1l 1 I L 1 1 l 11 L1 I 11 - ‘..-'\-I ‘.\"" Theoretical
480 490 500 510 480 490 500 510 = 1T & " . E
Energy (keV) Energy (keV) Eﬂ calculation
From a weak decay branch to !1°Sn(3/2*) i
9/2+ 0 ) I 0.1 " E
yERETS T 12x1049% 30+ 497.334 (22) keV
: yrs. B 11ps
1157 . S
0.01 1 ] 1 - —
49 100 200 300 400 500
100% Q-value (eV)
1/2t+ v 0
stable Di
_ iscrepancy could be due to
Qu = 155(24)eV 115 =pancy
50 Sn atomic interference effects.

Cattadori, et al, Nuc. Phys. A 748, 333 (2005)



Do other ultra-low Q value B-decay Candidates exist?

Hyperfine Interact (2019) 240:43

PHYSICAL REVIEW C 107, 015504 (2023)

https://doi.org/10.1007/510751-019-1588-5

Identification and investigation of possible ultra-low Q
value 8 decay candidates

N.D. Gamage'?® .R. Bhandari' - M. Horana Gamage'? - R. Sandler'-?
M. Redshaw23

Updated evaluation of potential ultralow (-value g-decay candidates

D. K. Keblbeck®,' R. Bhandari®.! N. D. Gamage,l'3 M. Horana Gamage K. G. Leach.?

X. Mougeot,* and M. Redshaw®!:3-*

! Department of Physics, Central Michigan University, Mount Pleasant, Michigan 48859, LISA
?Facility for Rare Isotope Beams, Michigan State University, East Lansing, Michigan 48824, USA
*Department af Physics, Colorado School of Mines, Golden, Colorado 80401, USA
4 Université Paris-Saclay, CEA, List, Laboratoire National Henri Becquerel (LNE-LNHB), F-91120 Palaiseau, France
SNational Superconducting Cyclotron Laboratory, East Lansing, Michigan 48824, USA

2016 AME Data
UL Q value B-decay
AX _______ - AY*
78g.s x I Z+1
Qfﬁ B-decay £
; 4
-------------------- z+1Ygs

2020 AME Data

* Calculate f-decay Q values from AME data for isotopes across nuclear chart (t,,, > 1 hr, 1 day)
* Look through nuclear energy level data to see if there is an E™ close to Q4.

=100 potential candidates! More precise mass (and E*) data needed.




Ultra-low Q value f-decay Candidates: Stable Daughter Nuclides

PHYSICAL REVIEW C 100, 024309 (2019)

Investigation of the potential ultralow Q-value g-decay candidates ®Sr and '*Ba
using Penning trap mass spectrometry

R. Sandler®,2" G. Bollen,>* N. D. Gamage,' A. Hamaker,>* C. Izzo,2* D. Puentes,2*
M. Redshaw,'? R. Ringle,” and I. Yandow?*

Stable 8%Y and 13°La from laser source

89Gr(5/2") e 1507.4(1) a3 19Ba(7/2) 2313(1) 9
) A ST T 2310019) 112
301% 0.29%

5 909 o/2* | 1420.5 5/2",

N 7/2*

Q= 1499.3(1.6) Q, = 2312.5(2.0)
99.99% 29.68%
69.98%
v ' 165.9 50t
oY (112) e
Parent  Daughter Ocs E* Our
keV keV keV
88r 8y 1502.20(0.35)  1507.4(0.1)  —5.20(0.37)
139Ba 393 2308.37(0.68) 2310(19) —1.6(19.0)

139Ba 393 2308.37(0.68) 2313(1) —4.6(1.2)

laser ablation
ion source

beam cooler

MCP
and buncher detector
90° | e/
» \\ bender i A\ I[>

thermal ion
source

9.4 T Penning
trap system



Q values measurement to evaluate potential ULQ decays of 7>Se and 7>As

PHYSICAL REVIEW C 106, 065503 (2022) Stable 7>As from BMIS

Identification of a potential ultralow-Q-value electron-capture decay branch in "*Se via a precise
Penning trap measurement of the mass of “As

M. Horana Gamage ,L-* R. Bhandari,! G. Bollen,>? N. D. Gamage,2 A. Hamaker®,*? D. Puentes ®,*3 M. Redshaw,'*
R. Ringle,? S. Schwarz,? C. S. Sumithrarachchi, and I. Yandow*?

Ge (52eV)

{1227/ 1172.0 _ 1/2

*Se (73 eV)

5/2* _{3/2°.5/21 8654

96.2% 110 /] Q= 1177.2(9)
QSS = 864.7(9)

5/2% 400.7

| |
: ! : LEBIT .
3/2° 264.7 : | I laser ablation I
87.1% I : I ion source I
i I I | beam cooler mcep |
22 I Batch- I Dipole : and buncher | T—=——_ | detector :

I I =7
75 mode —l Mass I E— —* D¢ > I
As (088 keV) : lon Source : Separator : . ] I
| | I 9.4 T Penning I

*

Parent Decay Qs B Qes | I : Plasma ion trap system :
(keV) (keV) (keV) : I : Source |
5Se EC 866.50(44) 865.4(5) | 1.10(67) : : | |
Se EC 866.50(44) 860.4(4)  6.10(60) e — - - - e it !

Ge B 1179.01(44)  1172.0(6)  7.01(74)




Ultra-low Q value B-decay Candidates: E* Measurement

Gamma-Ray Spectroscopy Measurement of the 865.4 keV Energy

75
- "Ge Level of 7 As
{1/277/27} 11720 _ 172

G. Raymond!, M. Brodeur?, A. Dissanayake!, M. Hasan!, P. 0’Mally?, D. Perera!, W. S. Porter?,

EC
7589 M. Redshaw!
5/2+ (3/2°. 5/} 865.4 ' Department of Physics, Central Michigan University, Mount Pleasant, Michigan, 48859, USA
LT - : : 2Department of Physics and Astronomy, University of Notre Dame, South Bend, IN 46656, USA

5/2+ 860.4

96.2% 11.1%

B — *
Qg = 1177.2(9) Coulomb Excitation: p + SAs —» TPAs* - "As + Y's

QES=864.7(9)

5/2% 400.7

INSTITUTE FOR STRUCTURE

32 264.7 AND NUCLEAR ASTROPHYSICS

1.1%

3/2°
75 I SN A P
As
Decay Qas E* REs
Se(5/21) — 866.041(81) | 865.40(50) | 0.64(51) JYFL

T5As{3/27:5/2"}

866.50(44) | 865.40(50) | 1.10(67) LEBIT




Preliminary Run : September 25", 2025

Initial run: 16, 14, 12 MeV proton beam on ~200 um thick As target
. Saw high rate of y-rays that saturated the detector.
. Likely due to proton beam impinging on and activating the aluminum

target holder. Spectrum from 10 run
H™ . 125+
Addlztlonal runs .632 Mev C ’ 10 Mev CalibratedGammaSpec (on by-tor) x
4 + 1 + 145+
He » 60 Mev O » 47 Mev N beams Histogram # = Y-Scale p .ﬁ ﬁ “_l' E H ‘ﬁ B e ﬁ Mazx Visible Resolution B % ) o

L] Lin = | Zoom | Gauss RateEst. (Clear Export, Save Subrange Resolution Calibration Info 4006 (12hbit) - Statistics

*  Saw some low-lying 7>As peaks.
5000 __ Mean B28.635
] RMS  669.81
Max 509.299
Eﬂ::nts ;??2003

4000 —

3000 H

Counts

2000

1000 \MM

T T T T T T T T T T T T T T T T T T T T T T T T T
0 500 1000 1500 2000 2500

CalibratedGammaSpec
39
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The Search for Ultra-low Q value f-decay Candidates : CPT

"2Ag2) 3997.75(14) . ,+ 13AG(1/2) o 2080(10) 4t "5Cd(1/2") 1448.787(9) o o+
‘ ) T 2015625 112 A
2724 ot 33% .
2231.1 o . 1194.6 3/9" 864.1 1/2
_ ' - : : % 312"
Q= 3991.1(2:4) keV 20052 3 Q= 2016.5(16.6) keV Q= 1451.9(7) keV T 8288
: - : 32
680.5 +
H i 2 0
0 ? 1% 336.2 127
617.5 o 2% 316.2 52"
312"
v : i 298.6 .
112Cd(0") 113Cd(1/2+) 15|n (g;2+)
- 25
@ ) 113¢q + 113pg
,—RFQ Cooler 81
Canadian o \ / 20
Penning Trap —“% = ::::% 61 =
~ S
a \\3\ / 3
—_ 15
: \ E 4 =
220f Source T RF Gas Catcher = :
|
; 5 High Voltage Cages Isobar 2] 109
ow-energy Separator - £
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L | —— k-----.) >
HH‘(------T
. —2 '
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The Search for Ultra-low Q value f-decay Candidates : CPT

PHYSICAL REVIEW C 106, 045503 (2022)

Precise O-value measurements of ''>'"*Ag and ">Cd with the Canadian Penning
trap for evaluation of potential ultralow Q-value 8 decays

N. D. Gamage,!? R. Sandler,' F. Buchinger,® J. A. Clark,*> D. Ray,*’ R. Orford,>*" W. S. Porter®,°
M. Redshaw®,-27 G. Savard,*’ K. S. Sharma®,? and A. A. Valverde*°®

80
60 12
,.:; 1 Ag 11SCd
o . Decay E* OuL
w 407 2 2 CPT AME
'«? ) : W2Ag — M2Cd  3997.75(14)*  —7.59(26) —6.6(2.4)
o 2072 R Zi BAg — 1BCd 20156250  70.1(5.2) 0.9(16.8)
S | 2080(10)° 57(11.0)  |-63.5(19.4)
0 - e e e o "Cd — In 1448.787(9) 2.57(34) 3.1(0.7)
-20- : . :
12 113 115
Ag Ag Cd

Isotope



Summary of ULQ value decay candidate searches

LEBIT: Ruled out: 8Sr, 13°Ba, 7°Ge
|dentified: 7°Se
CPT: Ruled out: 112113Ag 115

ISOLTRAP: Ruled out: 131Cs
JYFLTRAP: Ruled out: 72As, 7°Ge, 7877As, 136Cs, 155Th
|dentified: 7°Se, 111In, 131], 135Cs, 15°Dy
95TC, 110mAg

ULQ value f-decays provide
interesting opportunities for nuclear
theory and possibilities for v-mass
determination experiments.

There are many potential candidates
out there, but more precise Q value
(mass) data and in some cases,
energy level data, is needed.

Isotope Decay Forbiddenness Half-life Qgg (keV)
13605 g Allowed 13 dy 3.7(19)
188y g- Allowed 70dy  -4.6(32)
155Ey B~ 15t Forbidden 5yr 0.3(16)
156Ey B~ 15t Forbidden 15 dy 1.0(37)
5600 EC Allowed 78dy  4.76(55)
9Tc EC Allowed 4.2 Myr -0.1(42)
1T5Hf  EC Allowed 70 dy 1.0(26)
81Kr EC 15t Forbidden 229 kyr 3.2(15)
146 pm EC 15* Forbidden 6 yr -0.3(45)
157Th EC 15* Forbidden 71 yr -2.3(14)
173Lu EC 15* Forbidden 1.5 yr 1.0(18)
183Re EC 15* Forbidden 70 dy 2.5(81)
195 Au EC 15t Forbidden 186 dy 1.9(12)
8, gt Allowed 55 dy -15(10)
105Ag Bt 15t Forbidden 41 dy 5.7(47)
144pm Chs 15t Forbidden 1yr -4.8(32)
146 pm Bt 15t Forbidden 6 yr -4.3(45)




Conclusions

Penning traps have played an important role for providing Q value data for

- Superallowed 0 - 0" and T = 1/2 mirror nuclei S-decays to help determine V4
- Searches for OvfSf and calculating phase space factors

- Evaluating potential Ov2EC searches

- Direct neutrino mass determination experiments

- Searches for sterile neutrinos and BSM Physics

- ldentifying potential candidates for new neutrino mass determination experiments

Thanks for listening!
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Approved 73As Q value measurement at FRIB

Potential allowed EC decay of
3As to 354 keV state in 3Ge

Radioactive 73As from BMIS

Stable 73Ge from LAS

73 - 353.70(16
As@3/2)  ___ 16) .,
A
100%
Qqs= 344.7(3.9) | 1 | !
: ! : laser ablation |
: : | ionsource I
66.7 | I | beam cooler MCP |
. 179" I Batche I Dipole | and buncher ——| detector :
: : mode —l Mass —:—b : )Z( > |
i 13.3 5/2+ : lon Source : Separator I e ]| :
........................................ I I I 9.4 T Penning
73Ge (9/2+) I I : Plasma ion trap system :
: : : Source |
] e }
Parent Ti Daughter Qgs (keV) E* (keV) Shell Ep (keV) Decay type Qes (keV)
BAs(3/27) 80 d BGel5/2) 344.7(39) 353.7(16) L 13 Allowed (7} | —10.3(42)




	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45

