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Potassium-40

[1] Naturally-occuring radioactive
isotope (0.0117(1)%[2] 40K in natK)

E.C. → g.s. (IEC0) is ill-known.
Predictions: ∼ (0.0− 0.3)%

1. Rare-event searches

Contaminant in NaI volumes (e.g.
DAMA/LIBRA, SABRE,
COSINUS)

Irreducible background at ∼ 3 keV
[3]
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Potassium-40

Naturally-occuring radioactive
isotope

E.C. → g.s. (IEC0) is ill-known.
Predictions: ∼ (0.0− 0.3)%

2. Geochronology

Lifetime ∼ 109 y

K-Ar (& Ar-Ar) dating dependent
on 40K decay scheme [4]

Ill-known IEC0 becoming an
important systematic

40
19K21

4�
2+

0+

40
18Ar22

40
20Ca20

0+

EC⇤

EC
10.55(11)%

1460 keV

�+
0.00100(12)%

Q+ = 1504.69(19) keV

��
89.25(17)%
Q� = 1311.07(11) keV

0

EC0

3 / 37



Potassium-40

Naturally-occuring radioactive
isotope

E.C. → g.s. (IEC0) is ill-known.
Predictions: ∼ (0.0− 0.3)%

3. Nuclear Theory

IEC0 is the only known
third-forbidden unique E.C. decay

3FU transition can inform calculated
0νbb half-lives (estimate quenching
of weak axial-vector coupling).

Theoretical predictions vary widely
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Potassium-40

Naturally-occuring radioactive
isotope

E.C. → g.s. (IEC0) is ill-known.
Predictions: ∼ (0.0− 0.3)%

The KDK Collaboration

International collaboration making the
first measurement of Potassium-40’s

rare IEC0 decay

Instrumentation paper (NIM A, Stukel et al.,

2021) available here
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https://doi.org/10.1016/j.nima.2021.165593


KDK Setup I

• IEC0 event:
X-ray/Auger

.

• IEC* event:
X-ray/Auger
& gamma

Inner Silicon Drift Detector (SDD)†

(MPP/HLL Munich); ∼ 10 g

Outer Modular Total Absorption
Spectrometer (MTAS) (Oak Ridge
National Laboratory); ∼ 1, 000 kg

KDK measures ρ = IEC0/ IEC*

†or KSI
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KDK Setup II ( https://doi.org/10.1016/j.nima.2021.16559 )

MTAS Support Structure

MTAS Outer Layers PMT

MTAS Hexagonal NaI Crystal

SDD Detector/Vacuum Chamber

MTAS Centre PMT

MTAS Plug

SDD HousingTriskel/Cable Support

Cooling Loop

Radioactive 
Source

53.34 cm
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https://doi.org/10.1016/j.nima.2021.165593


Leading Systematic - MTAS Gamma-Tagging Efficiency, 54Mn

To discriminate IEC0 from IEC*

γ-tagging efficiency must be
very well-known.
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Leading Systematic - MTAS Gamma-Tagging Efficiency, 54Mn

To discriminate IEC0 from IEC*

γ-tagging efficiency must be
very well-known.
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Leading Systematic - MTAS Gamma-Tagging Efficiency, 54Mn

To discriminate IEC0 from IEC*

γ-tagging efficiency must be
very well-known.

54
25Mn29

3+

2+

0+

54
24Cr30

99.9997(3) EC⇤

EC
0.0003(3)%99.9752(5)%

834.855(3) keV

�+
<5.7⇥ 10�7%

Q+ = 1377.2(10) keV

0

EC0

Measurement of 54Mn γ efficiency is
combined with Geant4-simulated values.

Scale 835 keV gamma to 1460 keV (40K),
correct for dead time:

(1 µs CW): Measured 54Mn 97.75(1)% −→
40K 97.89(6)%
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Testing Methods - 65Zn

Test methodology for obtaining ρ = IEC0/ IEC* via 65Zn, similar decay
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Testing Methods - 65Zn
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Testing Methods - 65Zn
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Main 40K Analysis (blinded)
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Main 40K Analysis (blinded)
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A Measurement of 40K Relevant
for Rare-Event Searches

K
Potassium

Decay
DKLilianna Hariasz (Queen’s University, Kingston, ON), on behalf of the KDK Collaboration

The KDK Experiment:
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Potassium is readily found in the Earth and in our bodies, with 40K contributing the highest 

rate of human radioactivity. This radioisotope is long-lived with a half life of !(Ga), its 
commonness results in 40K being an irreducible background in many rare-event searches. 

In geochronology, its long half life makes 40K particularly well-suited to date samples 
through K-Ar and Ar-Ar techniques. Though both these fields require precise knowledge of 

the 40K decay scheme in contemporary applications, the electron capture directly to the 
ground state of Ar is surprisingly ill-known, with predictions in nuclear theory spanning an 

order of magnitude. 

In rare event searches, including those for dark matter, 40K is often an irreducible 
background. Both electron capture modes produce detectable X-rays at 3 keV, which is 

in the expected dark matter signal region. Of the two electron capture modes, the 
ground state decay is a particularly challenging contribution as there is no associated 
high-energy gamma available as a veto. In particular, even the purest NaI volumes 

contain 40K, thus this background affects many experiments [3] including 
DAMA/LIBRA. As discussed by Pradler et al. [4], interpretation of the 

DAMA/LIBRA result in terms of any dark matter model is dependent on the 
contribution of the previously unverified EC decay.

Geochronologists have long used the K-Ar and derivative Ar-Ar dating methods to age 
a variety of samples. Within the field, the existence of the EC decay is often ignored, 

though there have been longstanding calls [5] to measure and include this contribution. 
As other systematic errors in the field are reduced this facet is becoming increasingly 

important. It is estimated that the omission of the EC branch may over-evaluate the age 
of some samples by greater than 10,000,000 years.

40K has the only known example of a unique third-forbidden electron capture 
transition, offering an opportunity to verify calculations in nuclear theory pertaining to 
this mode and possibly other rare decays. Though the commonly used logft program 

does not have the ability to directly inform this transition, the generally accepted 
branching ratio to EC, PEC = 0.2(1)%, is inferred from logft calculations for lower 

levels of forbiddenness. Other attempts have been made to determine PEC, with 
estimates ranging widely across (0.06-0.8)%.

Rare Events & Dark Matter 

Geochronology

Nuclear Theory

Coincidence Technique
KDK employs a Silicon Drift Detector (SDD) from MPP/HLL Munich to detect the ~3 keV

X-ray signal originating from 40K → 40Ar electron captures. At this energy, its excellent 
resolution (FWHM ~150 eV) discerns the K" and K# signal contributions, along with 

background X-rays.

To compare the rate of EC versus EC* decays, the SDD was placed in an almost 4$ sr
coverage Modular Total Absorption Spectrometer (MTAS) at Oak Ridge National Laboratory. 
This gamma tagger has a > 97% efficiency of detecting the ~1.5 MeV de-excitation gammas 

associated with the EC* channel.

The schematic above displays the cross-section of MTAS, featuring NaI(Tl) volumes arranged 
in a honeycomb pattern about the horizontal through-hole. The KCl source (16% 40K

abundance in K) is placed next to the SDD, and both are centered in MTAS. Our measurement 
relies on discrimination of coincident events: those where a trigger in the SDD is followed by 
a detection in MTAS at the chosen !(%s) coincidence window. In the signal region, most such 
events are EC* decays. We are particularly interested in a subset of uncoincident events at 3 

keV originating from the 40K EC decay.

Blinded 40K Data
The KDK data campaign yielded 34 days of live time with the 40K source. The detection of 

electron capture is visible in the two-dimensional histogram comparing SDD and MTAS 
energies below at a 1 %s coincidence window. Note that this data is blinded in the uncoincident

signal region (does not show EC decays). 

The EC* decay is visible as a 3 keV X-ray in the SDD in conjunction with a 1.5 MeV event in 
MTAS. The vertical line below this locus primarily consists of Compton-scattered gammas. 

The SDD has a continuous background consisting primarily of #-, along with a Cl 
fluorescence peak just left of the signal. A secondary electron capture feature is visible in the 

Si escape peak at (1.2 keV, 1.5 MeV). 

Testing Methods with 65Zn

Projected Sensitivity

As a test of the main analysis, an analogous methodology was employed to obtain the ratio of 
electron capture intensities of 65Zn. Similarly to 40K, the electron capture disintegration of 65Zn 

can be to the excited or ground state of its daughter, 65Cu.

The SDD spectra on 
the left clearly 

resolve the K and L 
shell X-rays 

contributing to the 
electron capture 

signal. The Si escape 
peak is near 6.3 keV, 

within an Auger 
continuum.

To test the validity of our false 
negative corrections, the 65Zn 

analysis was performed at three 
coincidence windows. False 
negatives occur when MTAS 

background events are detected in 
coincidence with the EC decay of 

interest. Inclusion of this correction 
resolves an otherwise unphysical 
window-dependence of the result.

Prior to unblinding of the 40K data, extensive simulations were performed to estimate the 
sensitivity with which our measurement will be reported. 

Below, we display various theoretical predictions for the 40K EC branching ratio, of which the 
logft value (0.2(1)%) is generally used. If this is indeed the value KDK measures, our 68% 

C.L. error is estimated to be 0.03%. At this value of PEC, we estimate our rejection of the null 
hypothesis (no direct-to-ground-state decay) to be of 7& significance.
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The KDK coincidence technique is novel in its ability to obtain a ratio of electron capture 
intensities, as applied to the main 40K data, 65Zn data, or that of other isotopes with similar 

beta decays. The 40K data has been analyzed, and writing of the main results paper is 
underway with publication expected this Summer of 2022. 

The newly measured EC decay will allow for a decay scheme of 40K that is experimentally 
informed in its entirety, and the result is expected to aid in the interpretation of dark matter 

results, increase precision in geochronological dating, and inform nuclear theory.
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Foremost, I’d like to thank Philippe Di Stefano and Matthew Stukel for their immense 
help with this work. This experiment would not be possible without support from the 
ORNL team, including Charlie Rasco, Krzysztof Rykaczewski, and Nathan Brewer. 

Every member of the diverse KDK collaboration has played a role in the development of 
this work in their contributions to the main analysis, exploration of associated nuclear 

theory, along with technical and electronic support.

The KDK experiment [1] is finalizing the first measurement of this elusive electron capture 
decay. Using a novel experimental setup, we discriminate between the ground (EC) and 

excited (EC*) state electron captures to obtain the ratio of these two intensities through a 
coincident technique consisting of an X-ray detector and gamma tagger.

Acknowledgements

Engelkemeir, Phys. Rev. 126, 1818; (logft) Gove, N.B., Atom. Data 10.3, 205-219; Pradler [4]; 
Kosetensalo priv. comm.; Mougeot, App. Rad. 134, 225-232; Carter, Geochronology 2.2, 355-365.

I E
C
/I E

C
*

40K 40Ar 

Cl

KDK projected error band

65Zn 65Cu

EC*

EC*+EC

The above results are within 2-3 standard deviations of values reported by the National 
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40K: Predictions, Sensitivity
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Takeaway

40K measurement applicable to many fields: rare-event searches,
geochronology, nuclear theory

KDK is making a measurement of 40K, along with other isotopes
40K MEASUREMENT COMPLETED with result remaining internal,
publication preparation in final stages

Stay tuned for the final value in the coming weeks
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Impact of Background on Annual Modulation

Total rate:
R(t) = B0 + S0 + Smf(t)

B0: background, including 40K
S0: unmodulated dark matter
Smf(t): time-dependent dark matter signal
R0 ≡ B0 + S0: measured time-independent rate

Modulation fraction:

sm =
Sm
S0

=
Sm

R0 −B0

B0 affects sm result, while feasibility can be assessed via theoretical DM models
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DAMA/LIBRA Modulation

Bernabei, Rita, Pierluigi Belli, Andrea Bussolotti, Fabio Cappella, Vincenzo Caracciolo,

Riccardo Cerulli, Chang-Jiang Dai et al. “First model independent results from

DAMA/LIBRA–phase2.” Universe 4, no. 11 (2018): 116.
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Uniqueness, Forbidenness - I/II

From this link

40K → 40Ar g.s. or 40Ca = unique 3rd forbidden; 40K → 40Ar exc. = unique 1st
forbidden; 54Mn → 54Cr g.s. = unique 2nd forbidden; 54Mn → 54Cr exc. =
allowed; 65Zn all allowed.
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http://websites.umich.edu/~ners311/CourseLibrary/bookchapter15.pdf


Uniqueness, Forbidenness - II/II

From this link
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http://websites.umich.edu/~ners311/CourseLibrary/bookchapter15.pdf


KSI

Alternate configuration

Combines x-ray detector + source

Benefits from higher 40K
composition

Currently, limitations in PMT
modelling lead to difficulty in
obtaining MTAS gamma-tagging
efficiency
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Geochronology - K-Ar Dating

From this link
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https://geoinfo.nmt.edu/labs/argon/methods/home.html


Geochronology - Ar-Ar Dating

From this link

Note: total 40K lifetime is calculated from partial half lives and branching ratios,
thus λ is dependent on IEC0 .
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54Mn MTAS Spectrum Fit
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Blue: 54Mn 4 µs data

Red: total fit, with
components:

Black: simulated 835 keV
spectrum
Teal: measured MTAS
background
Green: gamma+BG
convolution (black+teal)
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65Zn Coincidence Histogram
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65Zn fit to MTAS spectrum
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65Zn - 3rd Electron Capture Branch

Electron capture branch to the
770 keV level

Intensity per 100 for 770 keV =
0.00269(22)

Intensity per 100 for 330 keV =
0.00254(18)

This means decay directly to 770 keV
occurs 0.00015(28) % of the time

The systematic effect of the
intermediate 65Cu energy level on ρ
is smaller than the statistical error
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Implicit 65Zn ρ Values from Literature

Branching ratios are calculated from measurements and theoretical values.
No experimental result has probed electron-capture to the ground state (≡EC) and

excited state (≡EC*) branches simultaneously.

National Nuclear Table of
Data Centre Radionuclides

IEC0 48.54(7)% 48.35(11)%
IEC* 50.04(10)% 50.23(11)%

ρ 0.9700(24) 0.9626(30)

Agreement within 2σ between National Nuclear Data Center [5]
and Table of Radionuclides [6].
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MTAS Details

19 NaI(Tl) hexagonal volumes

∼ 53 cm × 18 cm

Inner, Middle Outer: one PMT at each end

Center: 6 PMTs on each end, hole through
center for source

total mass ∼ 1 ton

∼ 4π sr coverage

surrounded by lead shielding
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SDD Details

p+ Rings

V-

p+ Cathode

Anode (n+)

n- Silicon
Guard Ring

Integrated FET
S
G
D

Increasingly-biased p+ rings

Planar cathode

Central n+ anode is at potential minimum

Gate of field-effect transistor (FET)
connected to anode

MTAS Insert

Contains SDD + source

2mm width except for endcap

Endcap is 30cm long, 0.63mm thick to
reduce scattering
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MTAS BG

Peaks: 40K (1460 keV), 214Bi (1760 keV), 208Tl (2614 keV), 127I & 23Na neutron
captures (6800 keV).
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