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The rare 𝛽 decay

2

v Beta electrons are crucial in modern nuclear and particle physics: antineutrino flux from nuclear reactors 
and the related anomalies; background in rare-event experiments (e.g., dark matter, 2β decay).

v The effective value of gA in finite nuclei is uncertain: 𝑔!
"#$$ ≃ 1.2723, but inside a nucleus 𝑔!~𝐴%&, with 

𝛼 = 0.15 − 0.25, depending on the nuclear model adopted to infer the 𝑔!  value.

    → Key parameter in modeling β and 2β decays.
    →	Directly impacts predictions for 0𝜈2𝛽 decay sensitivity.
    →	The quenching of 𝑔𝐴 can depend on the process type and momentum transfer.

v Forbidden non-unique β decays are especially informative: study electron spectral shapes of β decays can 
be used to extract the value of 𝑔!.

Transition type 𝚫𝐉𝜟𝝅 𝜟𝝅 Forbiddenness

Allowed 0+,1+

Forbidden non-
unique

0-,1-,2+,3-,4+, … (−𝟏)𝚫𝐉 𝚫𝐉

Forbidden unique 2-,3+,4-, … (−𝟏)𝚫𝐉&𝟏 𝚫𝐉 − 𝟏
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The first-forbidden non-unique � decay of 113mCd was studied at the Gran Sasso underground17

laboratory of INFN with the help of a cadmium tungstate crystal scintillator enriched in 106Cd18

and contaminated by 113mCd at level of ⇠(14 – 28) Bq. The half-life of 113mCd was determined19

through � spectra analysis under low-background conditions recorded in 2009, 2015, and 2023,20

yielding T1/2 = 13.61+0.22
�0.29 yr. The isomeric transition branching ratio and the �-ray energy for the21

113mCd decay to the 113Cd ground state were refined to 0.0790(21)% and 263.36(4) keV through22

ultra-low-background �-spectrometry using HPGe detectors. The � decay half-life limit for 113mCd23

to the 1/2� 391.699 keV metastable state of 113In was set for the first time as T1/2 � 8.6⇥ 106 yr.24

The latter process was considered theoretically within the shell-model framework.25

I. INTRODUCTION26

The studies of beta electrons are becoming in-27

creasingly important in modern nuclear and particle28

physics [1, 2]. These electrons are associated with the29

antineutrino flux from nuclear reactors and the re-30

lated anomalies [3–5]. The � electrons are also a com-31

mon background in rare-events experiments searching32

for beyond-the-standard-model physics, like in exper-33

iments trying to measure double-beta decays and in-34

teractions of Dark Matter massive particles with nu-35

clei in direct dark matter detection. These electrons36

also motivate experiments aimed at determining the37

e↵ective values of the weak couplings, relevant for the38

sensitivity estimation of the present and future rare-39

events experiments, see the review [6].40

The � activity of 113mCd (the decay scheme of41

113mCd is shown in Fig. 1) was used for the study42

of the nuclear testing sequences [9], transport of ra-43

dionuclides in fractured rocks for geological disposal44

of highly radioactive wastes [10], as isotope tracer45

to study processes of the environmental and biolog-46

ical accumulation of metal-containing nanoparticles47

[11]. The presence of 113mCd in cadmium tungstate48

(CdWO4) crystal scintillators results in a substantial49

increase of background in the low-counting experi-50

ments to search for double-� decay processes in cad-51

⇤ rita.bernabei@roma2.infn.it
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FIG. 1. The decay scheme of 113mCd (update from [7]
using results of the present work). The energies of the
excited levels and of the emitted � quanta are in keV.
Q�(

113Cd) is the � decay energy of 113Cd [8], Q�(
113mCd)

is the � decay energy of 113mCd (see text).

mium and tungsten [12–20], to study the ↵ activity of52

natural tungsten [21] and the � decay of 113Cd [22].53

The radioactive transition of the 11/2� metastable54

state of 113Cd to the ground state of 113In was first55

studied more than sixty years ago [23]. Beta decay56

is the main channel of the level de-excitation with a57

small branching ratio of an isomeric transition. The58

�-decay energy of 113Cd was determined in [24] as59

323.89(27) keV (the evaluation [8] provides a very near60

value 323.84(27) keV). The energy of the isomeric �-61

• 113mCd decays via first-forbidden non-unique β 
transition (ΔJ = 1⁻) to 113In.

• Offers complementary information to the ground-
state decay of 113Cd (ΔJ = 4+).

Experiment description Total time 
followed (yr)

Half-life (yr) Year [Reference]

113mCd created by thermal 
neutron fission of 235U, 
methane flow proportional 
counter

7 14 ± 2 1959 [1]

20 mg/cm2 sample of 113Cd, 
end-window gas-flow 
proportional counter

11 13.6 ± 0.2 1965 [2]

Same experimental technique 
as in [1]

18 14.6 ± 0.5 1972 [3]

Table value 14.1 ± 0.5 2010 [4]

Solution of 113mCd extracted 
from Cd irradiated by neutrons, 
liquid scintillation counting

0.9 13.97 ± 0.13 2011 [5]

113mCd in 106CdWO4 crystal 
scintillator, low-background 
scintillation counting

14 13.61!".$%&".$$ This work

[1] A.C. Wahl, J. Inorg. Nucl. Chem. 10, 1 (1959).
[2] K.F. Flynn et al. Nucl. Sci. Eng. 22, 416 (1965). 

[3] A.C. Wahl, J. Inorg Nucl. Chem. 34, 1767 (1972). 
[4] J. Blachot, Nucl. Data Sheets 111, 1471 (2010).
[5] K. Kossert et al. Appl. Radiat. Isot. 69, 500 (2011).
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Stages of the low-background 
measurements at LNGS

Stage of experiment 1 2 3

Measurement dates 09 – 23 Nov 2009 30 Apr – 19 
May 2015

20 Sep – 05 Oct 
2023

Specific modifications Reference setup 
with quartz light 

guides and 
original 

electronics [6]

Crystal etched 
to remove 

²⁰⁷Bi surface 
contamination 

[7,8]

Quartz light 
guides 

removed; new 
low-background 

Hamamatsu 
PMTs; improved 
light collection 

efficiency [8]

Live time (h) 248.0(10) 392(6) 340.9(34)

Mass of 106CdWO₄ crystal scintillator (g) 215.8 215.4 215.4

Energy resolution at 587 keV (σ, keV) 31.1(2) 31.8(4) 23.2(3)

Energy threshold accepted in analysis 
(keV)

39 64 26

Background in (0.8 – 2.0) MeV 
(counts/day)

66(2) 119(3) 105(2)

Signal-to-background ratio in (100 – 580) 
keV

549 398 294
[6] P. Belli et al., Phys. Rev. C 85 044610 (2012) .
[7] P. Belli et al., Phys. Rev. C.93 045502 (2016).
[8] Present study

Schematic cross-sectional view of the experimental 
set-up used to measure 113mCd β spectrum in 2009. 
The 106CdWO4 crystal scintillator (1) is fixed in a 
cavity filled by silicon oil (2) inside polystyrene 
plastic light guide (3) and viewed through quartz light 
guides (4) by PMTs (5). The passive shield consisted 
of high-purity copper (6), low-radioactive lead (7), 
cadmium (8), polyethylene/paraffin (9), and a 
poly(methyl methacrylate) box flushed with N2 gas 
(10).



PSD for event selection
• Mean-time parameter ⟨t⟩ separates single β/γ events 

from α, noise, pile-up.
• Events selected within ± 3σ from Gaussian ⟨t⟩ 

distribution. 

• Clearly identifies bands:
ü β/γ events (selected)
ü α-events, pile-ups, electronic noise, Cherenkov

flashes (rejected)

5

2023

Background Modeling 
of the 2023 data

1. β spectrum of 113Cd;
2. model of the background;
3. radioactive contamination of the 106CdWO4 crystal scintillator 

(without the β spectrum of 113Cd); 
4. radioactive contamination of the copper shield, PMTs, PTFE 

details and the plastic light guide; 
5. background due to the radioactive contamination of the 

silicone oil;
6. β spectrum of 87Rb corresponding to the concentration 70 ppb 

in the 106CdWO4 crystal (limit of the ICP-MS analysis).
5
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FIG. 4. Distributions of the mean-time parameter hti for
the data taken with the 106CdWO4 scintillation detector
for 340.9 h in 2023 in the energy intervals (20 – 30) keV
(a), (60 – 70) keV (b), (290 – 300) keV (c), and (700 –
1000) keV (d). The distributions are fitted by Gaussian
function plus functions (exponent plus polynomial for the
distributions a and b, and polynomial ones for the data c
and d) to describe the contributions of the fast and slow in-
terfering NSSBG events. The contribution of the NSSBG
events to the region of � and � events within hti ± 3�hti
(shown by vertical lines labelled t1 and t2) does not exceed
2.62%, 0.116%, 0.008%, and 1.2% for the data presented
in panels a, b, c, and d, respectively.

region (20 – 2525) keV. In the energy interval (20 –241

1126) keV the dependence can be approximated by242

the following function:243

hti = c1 + c2/
p
E + c3 · E + c4 · E2, (4)

while above 1126 keV it is well described by a function:244

hti = c5 + c6 · E + c7 · E2. (5)

Here ci are the free parameters of the approximations.245

It should be noted that the energy region (20 – 1126)246

keV was divided into four parts where the fits were247

done individually. So, the parameters in the formula248

are di↵erent, however the values of the dependencies249

coincide at the edges of the fit intervals.250

For the width of the mean-time distribution (stan-251

dard deviation) the following dependence was ob-252

tained in the whole energy region:253

�hti = d1 + d2/E + d3/
p
E. (6)
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FIG. 5. Mean time versus energy measured for 340.9 h
with the 106CdWO4 scintillation detector in 2023. Three-
�hti interval for mean-time values corresponding to �(�)
events is shown. The events beyond the region are due to
pile-ups of �(�) events, ↵ particles from U/Th contami-
nation of the 106CdWO4 scintillator, PMT and electronic
noise, and Cherenkov flashes in the silicon oil, light guide,
and PMTs glass.

The separation of � and � events from the NSSBG254

pulses is presented in Fig. 5 where a scatter plot of255

the mean time versus energy is shown for the data256

measured with the 106CdWO4 detector in 2023 for257

340.9 h. The dependence of the mean time on energy258

and the 3�hti intervals corresponding to �(�) events259

are shown. The events beyond the region of � and260

� events are ↵ particles due to U/Th contamination261

of the 106CdWO4 scintillator, pile-ups of �(�) events,262

PMT noise and noise of electronics, Cherenkov signals263

in the silicone oil, the plastic light guide, and the PMT264

glass housing.265

An energy dependence of the NSSBG events con-266

tribution (⇣) is shown in Fig. 6. Here ⇣ is a ratio267

(S�+��Si)/S�+� , where S�+� is the number of events268

in the distribution of � and � events, and Si is the269

number of NSSBG events (both are in the mean-time270

interval hti ± 3�hti). The dependence of the ⇣ on en-271

ergy was fitted in the energy region (20 – 650) keV by272

the following function:273

⇣ = f1 + f2 · exp(f3·E) +f4 · E + f5/E, (7)

where fi are the free parameters of the approximation.274

The result of the fit is shown in Fig. 6 too. One can275

see that the contribution of the NSSBG events to the276

spectra of the � particles and � quanta is very small.277

Nevertheless the contribution was taken into account278

by multiplying the spectrum of � and � events by the279

function Eq. 7.280

An energy spectrum of the � and � events selected281

by the pulse-shape discrimination within the mean-282

time values hti±3�hti, after correction on the function283

7

For the silicone oil we use the data presented in [41].341

A result of the fit, that is of a quite good quality342

(�2/n.d.f. = 143/130 = 1.10), is presented in Fig. 8.343

The � spectrum of 113mCd dominates in the ROI. The344

signal-to-background ratio in the energy interval (100345

– 580) keV is 294.346

Finally, background at low energy can be provided347

by a possible contamination of the 106CdWO4 scin-348

tillator by the �-active 87Rb; it is a pure � emitter349

with the decay energy of 282.275(6) keV, the half-350

life 4.97(3) ⇥ 1010 yr, and the isotopic abundance351

27.83(2)%. It should be noted that rubidium was de-352

tected on the level of 3 ppb in the CdWO4 crystal353

scintillator produced from cadmium with the natural354

isotopic composition [22]. The presence of rubidium355

in the 106CdWO4 crystal was checked by using High356

Resolution Inductively Coupled Plasma – Mass Spec-357

trometric (ICP-MS) analysis with the help of a mass358

spectrometer Agilent model 7850, equipped with ASX359

520 autosampler by Cetac. A 38.4 mg sample of the360

106CdWO4 crystal was dissolved in 4 ml of NaOH in361

hot-block for 1 week at 80oC coupled with an ultra-362

sonic bath. The solution was analyzed in quantitative363

mode: a standard solution of 1 ppb Rb was used to364

calibrate the instrument. Only a limit of 70 ppb was365

set. Thus, background due to 87Rb was estimated to366

be negligible; a � spectrum of 87Rb due to a contam-367

ination equal to the contamination limit derived from368

the ICP-MS analysis is shown in Fig. 8.369

B. Low-background HPGe � spectrometry370

measurements371

1. Energy scale and energy resolution372

The data of the measurements by the GeMulti373

HPGe detector system with the 106CdWO4 crystal374

were taken in 114 runs, in average about ⇡ 120 h each375

run. The energy scale of the detector system was cal-376

ibrated with 22Na, 60Co, 133Ba, 137Cs, and 228Th �377

sources in the beginning and at the end of the experi-378

ment. Further adjustment of the each detector energy379

scale was done by using � peaks from 238U and 232Th380

daughters present in the energy spectra: 238.632(2)381

keV (212Pb), 295.224(2) keV (214Pb), 351.9320(21)382

keV (214Pb), 583.187(2) keV (208Tl), and 609.321(7)383

keV (214Bi).384

We have found that � peaks in the spectrum are385

described with better quality by asymmetric Gaus-386

sian function f(E) (modified Gaussian distribution387

proposed in [42, 43]) with the energy-dependent en-388

ergy resolution and the tailing parameter, individual389

for each HPGe detector:390
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FIG. 8. The energy spectrum of � and � events measured
by the low-background 106CdWO4 scintillation detector in
2023 for 340.9 h after rejection and correction for NSSBG
events (black circles, 1). The model of the radioactive
background is shown by red histogram (2). The main
components of the background model are: � spectrum of
113Cd, radioactive contamination of the 106CdWO4 crystal
scintillator (without the � spectrum of 113Cd, 3); radioac-
tive contamination of the copper shield, PMTs, PTFE de-
tails and the plastic light guide (4), background due to the
radioactive contamination of the silicone oil (5). A � spec-
trum of 87Rb corresponding to the concentration 70 ppb
in the 106CdWO4 crystal (limit of the ICP-MS analysis)
is shown (6). The � spectrum of 113mCd dominates in the
data with a signal-to-background ratio equal to 294 in the
energy interval (100 – 580) keV.

f(E) = A exp (
T (2E � 2E� + T )

2�2
) for E < E� � T,

f(E) = A exp (� (E � E�)2

2�2
) for E � E� � T,

(8)
where A is the peak height, E� is the energy of �391

quanta, � is the standard deviation of the Gaussian392

part of the peak, T is a tailing parameter1. The de-393

pendence of the standard deviation � (in keV) on the394

energy of the � quanta (E� , in keV) in the sum spec-395

trum of the four detectors for the energy interval (221396

– 375) keV taken over 12843 h can be described by397

the following formula:398

�(E) = g1 + g2 · E� + g3/
p

E� , (9)

with the parameters g1 = 0.030(13), g2 = �0.42(5)⇥399

10�3, g3 = 16.63(27).400

1 The reader can find in [44] a detailed analysis of the peaks
shape in the measurements with the GeMulti HPGe detector
system.
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First experimental determination of 
the 113mCd β spectral shape9

IV. RESULTS AND DISCUSSION454

A. � decay of 113mCd to the ground state of 113In455

1. Shape of the � spectrum456

To determine the 113mCd � activity and the iso-457

meric transition branching ratio, one needs to know458

the �-spectral shape, particularly below the detector459

threshold. The spectrum measured in 2023 has the460

lowest energy threshold (⇡ 26 keV), the highest en-461

ergy resolution and the most e�cient pulse-shape dis-462

crimination, thus the data were used to estimate the463

�-spectral shape.464

The energy distribution of the electrons emitted in465

the � decay of 113mCd, ⇢(E), can be described by the466

following formula:467

⇢(E) = w · p · F (E,Z) · (Q� � E)2 · C(w), (11)

where E is the kinetic energy of the electron, w =468

E/mec2+1 is the total energy of electron in the units469

of electron mass mec2, p =
p
w2 � 1 is the electron470

momentum in the units mec, F (E,Z) is the Fermi471

function that takes into account the distortion of the472

spectrum due to the electric field of the nucleus and473

of the atomic shell, Z is the atomic number of the474

daughter nucleus. The term:475

⇢(E) = w · p · F (E,Z) · (Q� � E)2 (12)

describes the allowed �-decay shape, while C(w) in476

Eq. (11) is a correction factor. The correction factor477

C(w) can be the following function:478

C(w) = 1 + ✏1/w + ✏2 · w + ✏3 · w2, (13)

where ✏i are fitting parameters.479

A convolution of the � shape with the response480

function of the detector R(E,E
0
) was employed to481

account for the detector energy resolution:482

f(E) =

Z Q�

0
⇢(E0) ·R(E,E

0
)dE

0
. (14)

The response function of the detector was described483

by a Gaussian function2:484

2 Here we neglect the e↵ects of the partial energy deposition of
electrons escaping the 106CdWO4 crystal volume, taking into
account that the e↵ect is tiny, less than 0.3% (see discussion
below).
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FIG. 11. Energy spectrum of � and � events (the mean-
time values were selected within hti ± 3�hti) measured
by the low-background 106CdWO4 scintillation detector in
2023 for 340.9 h, after correction on presence of NSSBG
events and subtraction of radioactive background (black
circles, the spectrum is labelled as 1 in Inset, where a low
energy part of the data is shown). Fit of the data in the
energy interval Efit

1 –Efit
2 (26 – 600 keV) by two functions

are shown: by the allowed shape (dashed purple line, 2),
by allowed shape with a correction factor C(w) (dotted
green line, 3). Dashed red line (4) is a result of the exper-
imental data fit by a linear function in the energy interval
(26 – 46) keV.

R(E,E
0
) =

1p
2⇡�(E0)

exp(� (E � E
0
)2

2�(E0)2
), (15)

with the following dependence of the energy resolution485

(here � is standard deviation in keV) on energy deter-486

mined by using the calibration measurements with �487

sources (see Sec. II A): � =
p

0.92(3)E0 , where E0 is488

in keV.489

The experimental energy spectrum was approxi-490

mated in the energy interval (26 – 600) keV by two491

analytical functions ⇢(E): by the allowed shape (Eq.492

12), and by the allowed shape with correction factor493

C(w) (Eq. 13). The results of the approximation are494

presented in Fig. 11. The fit quality by the allowed495

spectral shape is very low: �2/n.d.f. = 337. The ap-496

proximation by the allowed shape with the correction497

factor C(w) (Eq. 13) provides a better agreement with498

the experimental data: �2/n.d.f. = 48. The fit returns499

the following values of the decay energy Q� , and of the500

parameters ✏i: Q� = 588.50(14) keV, ✏1 = 768.7(4),501

✏2 = �0.003035(14), and ✏3 = 2.400(12) ⇥ 10�6 (sta-502

tistical uncertainties only).503

The poor quality of the fit using the allowed shape,504

even with the correction factor C(w), especially below505

Fit of the energy spectrum of 𝛽/𝛾 events measured by the low-background
106CdWO4 scintillation detector in 2023 for 340.9 h (black circles, 1) in the 
energy interval Efit

1 –Efit
2 (26 – 600 keV) by two functions: 

• by the allowed shape (dashed purple line, 2), 
• by allowed shape with a correction factor C(w) (dotted green line, 3). 
• Dashed red line (4) is a result of the experimental data fit by a linear 

function in the energy interval (26 – 46) keV.

The shape of 𝛃 spectrum in general is described as: 

𝜌 𝐸 = 𝜌'(()*$+(𝐸)×𝐶(𝑤)

Where:                    
𝜌'(()*+, 𝐸 = 𝐹 𝑍, 𝐸 𝑤𝑝(𝑄- − 𝐸)$

Fermi function

Correction factor
𝐶 𝑤 = 1 + !!

"
+ 𝜖# ' 𝑤 + 𝜖$ ' 𝑤# 

w = E/mec2+1;  E is 
the kinetic energy; p 
is the 𝛽 particle 
momentum.

Comparison with the considered models indicates that 
the data are best described assuming a quenched axial-
vector coupling constant of gA ≈ 0.8 (or lower).



The half-life of 113mCd relative to β decay to the 
ground state of 113In

• Energy spectra of β(γ) events measured by low-background 106CdWO4 
scintillation detectors in 2009 (black points, 1), 2015 (blue points, 2) and 
2023 (green points, 3).

• The corresponding energy spectra after deconvolution and 
transformation to the same energy scale are shown by red dashed lines. 

• To determine the half-life of 113mCd, the counting rates in the 
deconvoluted spectra were calculated in the energy interval Esum

1 –Esum
2

[(64 – 587) keV]
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FIG. 13. Energy spectra of �(�) events measured by
low-background 106CdWO4 scintillation detectors in 2009
(black points, 1), 2015 (blue points, 2) and 2023 (green
points, 3), after rejection and correction for NSSBG
events, subtraction of radioactive background, and nor-
malization on the time of measurements. The correspond-
ing energy spectra after deconvolution and transformation
to the same energy scale are shown by red dashed lines.
To determine the half-life of 113mCd the counting rates in
the deconvoluted spectra were calculated in the energy in-
terval Esum

1 –Esum
2 [(64 – 587) keV].

amplitude of the signals and ultimately a↵ecting the577

shape of the energy spectra. To minimize the e↵ect,578

and to take into account possible shifts of the energy579

scale and resolution of the detectors, the experimen-580

tal spectra were fitted by the allowed shape with a581

correction factor C(w) (line 3 in Fig. 11). The pa-582

rameters ✏1, ✏2 and ✏3 in Eq. 13 for the data taken in583

2009 and 2015 were fixed within ±1� from the fit of584

the � spectrum measured in 2023. The obtained de-585

convoluted spectra were then transformed to the same586

energy scale with the end points of the spectra at the587

expected value Q� = 587.38 keV.588

The counting rates in the deconvoluted spectra ob-589

tained from the data measured in 2009, 2015 and590

2023 in the energy interval (64 – 587) keV are shown591

in Fig. 14. The error bars include both statistical592

uncertainties and the uncertainties of the live times593

(the main contribution). The half-life of 113mCd was594

determined by fitting the data with an exponential595

function. The fit yields a half-life for the 113mCd of596

T1/2 = 13.611(205) yr4. The exponential function is597

shown in Fig. 14 too.598

We consider systematic uncertainties of the half-life599

related to the live time of the measurements, the en-600

ergy intervals where the spectra were fitted and the601

counting rates were calculated, the spectrometers in-602

4 For all the calculations one year is taken to be 365.242198
days.
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FIG. 14. The counting rates in the deconvoluted � spectra
of 113mCd measured with the 106CdWO4 scintillation de-
tectors in years 2009, 2015 and 2023 in the energy interval
(64 – 587) keV and their fit by an exponential function
with the half-life T1/2 = 13.611 yr.

stability during the measurements, the energy scale603

and energy resolution, the di↵erence of the experimen-604

tal set-ups, and the function used to fit the spectra.605

As it was discussed above the uncertainties of the606

live times were taken into account in the fit shown in607

Fig. 14. Thus, the uncertainty ±0.205 yr is accepted608

as the one due to the uncertainties of the measure-609

ments live times (the uncertainty is presented in Table610

III).611

Variation of the point Esum
1 (see Fig. 13) within612

(26 – 430) keV leads to the variation of the half-life613

+0.031
�0.177 yr that was accepted as the uncertainty due614

to the starting point to calculate the counting rate.615

Quite expectable, a variation of the end point Esum
2616

from 530 keV to 587 keV results in a much smaller617

uncertainty ±0.001 yr.618

The instability of the detectors in three experi-619

ment stages was estimated by analyzing the �-spectra620

counting rate during the each measurement. The in-621

stability results in the half-life uncertainty ±0.050 yr.622

The systematic e↵ect due to the uncertainty of the623

spectrometers energy scale was estimated by changing624

the energy scale within ±1� as ±0.049 yr, where � is625

the standard deviation of the energy scale. The vari-626

ation of the energy resolution, with a free parameter627

that describes this characteristic, results in a half-life628

uncertainty of ±0.010 yr.629

The half-life also depends on the choice of function630

to describe the measured �-spectra shape. To esti-631

mate the uncertainty the spectra were fitted by the632

allowed shape with correction factor C(E,w):633

C(E,w) = 1 + ✓1/E + ✓2 · w + ✓3 · w2, (17)

where ✓i are fitting parameters. The use of the ✓1/E634
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term, instead of ✏1/w in the correction function, allows635

a better description of the atomic e↵ects, which are636

manifested in the growth of the spectrum at low ener-637

gies. Despite the use of the correction factor C(E,w)638

not being justified, it describes the experimental data639

better than the allowed shape with correction factor640

C(w), yielding a half-life of T1/2 = 13.578 yr. We641

treated the di↵erence between this value and the cen-642

tral one as the uncertainty due to the choice of the643

function to describe the �-spectrum shape.644

The half-life depends on the starting point of the645

spectra fitting using the allowed �-decay shape with646

the correction factor C(w) (dashed lines in Fig. 13).647

While the fitting of the spectrum measured in 2015648

was always carried out starting from Efit
1 = 64 keV649

(taking into account the high threshold in these data),650

for the spectra measured in 2009 and 2023, the posi-651

tion of the Efit
1 point varied within (36 – 65) keV.652

The variation led to an uncertainty in the half-life of653

±0.007 yr.654

Finally, the uncertainty due to the experimental655

setups di↵erence was estimated by comparison of656

the half-lives obtained by fit of the points 2009 and657

2015 [T 2009, 2015
1/2 = 13.568(753) yr], and 2015, 2023658

[T 2015, 2023
1/2 = 13.643(590) yr]. We treat the di↵er-659

ence between the half-life T1/2 = 13.611 yr and of the660

half-lives T 2009, 2015
1/2 and T 2015, 2023

1/2 as the uncertain-661

ties due to the di↵erence of the experimental setups.662

It should be stressed that in addition to the above-663

described di↵erence, the inequality of the setups also664

manifests itself through other e↵ects: dependence on665

the values of Efit
1 and Efit

2 , Esum
1 and Esum

2 , choice of666

function to fit the � spectrum. Thus, the e↵ect of the667

setup’s di↵erence is one of the most significant sources668

of uncertainty in the present experiment.669

A summary of the estimated systematic uncertain-670

ties of the 113mCd half-life is given in Table III.671

Combining all the uncertainties in quadrature (in-672

cluding the statistical one that is, however, almost673

negligible, 0.007 yr) the following half-life of 113mCd674

relative to � decay to the ground state of 113In was675

obtained:676

T1/2(
113mCd) = 13.61+0.22

�0.29 yr. (18)

The half-life is in a reasonable agreement with the677

previous results (see Fig. 15 where a historical per-678

spective of the half-life measurements is presented).679

The uncertainties of the present value are bigger than680

the ones reported in [26] and especially those reported681

in [28]. However, possible systematic e↵ects have682

not been assessed in those studies, as well as in the683

works [23, 27]. At the same time, we realize that the684

much lower energy thresholds, higher activity of the685

113mCd sources, faster response of the counters, and686

unchanged setup used in the measurements [26, 28]687

TABLE III. Sources of systematic uncertainties of the
half-life of 113mCd relative to the � decay to the ground
state of 113In. The uncertainties are assumed to be inter-
independent and added in quadrature.

Source of systematic uncertainty, Uncertainty

range of the input quantity variation (yr)

Live time of the measurements

(see Table II) ±0.205

Starting point (Esum
1 ) to calculate the number

of events in the spectra, (26 – 430) keV +0.031
�0.177

End point (Esum
2 ) to calculate the number

of events in the spectra, (530 – 587) keV ±0.001

Instability of detectors ±0.050

Energy scale, ±1� ±0.049

Energy resolution, free parameters ±0.010

Choice of function to fit the � spectrum ±0.033

Starting point (Efit
1 ) to fit the spectral shape,

(36 – 65) keV for 2009 and 2023 data ±0.007

Di↵erence of the experimental set-ups +0.032
�0.043

Total systematic uncertainty +0.224
�0.285
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tions are as follows: Wahl 1959 [23], Flynn 1965 [26], Wahl
1972 [27], Kossert 2011 [28]). Red square and red dashed
line show the half-life obtained in the present study. It
should be noted that systematic uncertainties were not es-
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significantly reduce the systematic uncertainties in-688

herent in our experiment.689

𝑻𝟏/𝟐 = 𝟏𝟑. 𝟔𝟏$𝟎.𝟐𝟗(𝟎.𝟐𝟐 yr

Historical perspective of the 113mCd half-life
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FIG. 13. Energy spectra of �(�) events measured by
low-background 106CdWO4 scintillation detectors in 2009
(black points, 1), 2015 (blue points, 2) and 2023 (green
points, 3), after rejection and correction for NSSBG
events, subtraction of radioactive background, and nor-
malization on the time of measurements. The correspond-
ing energy spectra after deconvolution and transformation
to the same energy scale are shown by red dashed lines.
To determine the half-life of 113mCd the counting rates in
the deconvoluted spectra were calculated in the energy in-
terval Esum

1 –Esum
2 [(64 – 587) keV].

amplitude of the signals and ultimately a↵ecting the577

shape of the energy spectra. To minimize the e↵ect,578

and to take into account possible shifts of the energy579

scale and resolution of the detectors, the experimen-580

tal spectra were fitted by the allowed shape with a581

correction factor C(w) (line 3 in Fig. 11). The pa-582

rameters ✏1, ✏2 and ✏3 in Eq. 13 for the data taken in583

2009 and 2015 were fixed within ±1� from the fit of584

the � spectrum measured in 2023. The obtained de-585

convoluted spectra were then transformed to the same586

energy scale with the end points of the spectra at the587

expected value Q� = 587.38 keV.588

The counting rates in the deconvoluted spectra ob-589

tained from the data measured in 2009, 2015 and590

2023 in the energy interval (64 – 587) keV are shown591

in Fig. 14. The error bars include both statistical592

uncertainties and the uncertainties of the live times593

(the main contribution). The half-life of 113mCd was594

determined by fitting the data with an exponential595

function. The fit yields a half-life for the 113mCd of596

T1/2 = 13.611(205) yr4. The exponential function is597

shown in Fig. 14 too.598

We consider systematic uncertainties of the half-life599

related to the live time of the measurements, the en-600

ergy intervals where the spectra were fitted and the601

counting rates were calculated, the spectrometers in-602

4 For all the calculations one year is taken to be 365.242198
days.
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FIG. 14. The counting rates in the deconvoluted � spectra
of 113mCd measured with the 106CdWO4 scintillation de-
tectors in years 2009, 2015 and 2023 in the energy interval
(64 – 587) keV and their fit by an exponential function
with the half-life T1/2 = 13.611 yr.

stability during the measurements, the energy scale603

and energy resolution, the di↵erence of the experimen-604

tal set-ups, and the function used to fit the spectra.605

As it was discussed above the uncertainties of the606

live times were taken into account in the fit shown in607

Fig. 14. Thus, the uncertainty ±0.205 yr is accepted608

as the one due to the uncertainties of the measure-609

ments live times (the uncertainty is presented in Table610

III).611

Variation of the point Esum
1 (see Fig. 13) within612

(26 – 430) keV leads to the variation of the half-life613

+0.031
�0.177 yr that was accepted as the uncertainty due614

to the starting point to calculate the counting rate.615

Quite expectable, a variation of the end point Esum
2616

from 530 keV to 587 keV results in a much smaller617

uncertainty ±0.001 yr.618

The instability of the detectors in three experi-619

ment stages was estimated by analyzing the �-spectra620

counting rate during the each measurement. The in-621

stability results in the half-life uncertainty ±0.050 yr.622

The systematic e↵ect due to the uncertainty of the623

spectrometers energy scale was estimated by changing624

the energy scale within ±1� as ±0.049 yr, where � is625

the standard deviation of the energy scale. The vari-626

ation of the energy resolution, with a free parameter627

that describes this characteristic, results in a half-life628

uncertainty of ±0.010 yr.629

The half-life also depends on the choice of function630

to describe the measured �-spectra shape. To esti-631

mate the uncertainty the spectra were fitted by the632

allowed shape with correction factor C(E,w):633

C(E,w) = 1 + ✓1/E + ✓2 · w + ✓3 · w2, (17)

where ✓i are fitting parameters. The use of the ✓1/E634



Study of the isomeric transition 113mCd → 113Cd

ü 12843 h 
ü 4 HPGe detector 

system with the 
106CdWO4 

scintillation 
detector in [1]. 

[1] Phys. Rev. C.93 045502 (2016).
8

§ Objective: characterize the isomeric transition (IT) of 
113mCd via 𝛾 detection.

§ Setup: 106CdWO4 crystal placed in HPGe detector 
array at LNGS (STELLA facility) [1].

§ Crystal acts as 𝜸 source; shielded with Cu, Pb, and 
PMMA flushed with N2.

§ Full absorption peak efficiency: (3.077	 ± 	0.005)%.
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FIG. 16. (a) Sum energy spectrum measured for 12843 h
by four-crystal HPGe detector system with the 106CdWO4

scintillation detector in [16]. The � peak with energy
263.361(26) keV emitted in the isomeric transition of
113mCd to the ground state of 113Cd, and the most in-
tense background � peaks are shown. The energy of the
� peaks is in keV. (b) The di↵erence between the experi-
mental energy spectrum and the background model.

B. Isomeric transition from 113mCd to the690

ground state of 113Cd691

1. Energy of the isomeric transition �-ray quanta692

A sum energy spectrum of the four HPGe coun-693

ters measured for 12843 h with the 106CdWO4 scin-694

tillator as a source of 113mCd decays is shown in Fig.695

16. The peaks in the spectrum are due to the pres-696

ence of the radionuclides of the uranium and tho-697

rium decay series in the set-up. A peak with energy698

⇡ 306.8 keV can be explained by lutetium contami-699

nation of the 106CdWO4 crystal scintillator observed700

also in the experiment with the scintillation detector701

in coincidence (anti-coincidence) with two large vol-702

ume CdWO4 counters [19]. The area of the peak in703

the spectrum shown in Fig. 16 is S = 534(103) counts.704

Taking into account the Monte-Carlo simulated detec-705

tion e�ciency for the �-ray quanta with energy 307706

keV, 3.12%, and the absolute � intensity for the tran-707

sition, 93.6%, the activity of 176Lu in the 106CdWO4708

scintillator is estimated to be 1.73(33) mBq/kg, in709

agreement with the result 1.71(5) mBq/kg obtained710

in [19].711

A peak with energy ⇡ 263.4 keV, emitted in the iso-712

meric transition from the 113mCd state to the ground713

state of 113Cd, is clearly visible in the data. To es-714

timate the peak energy and area, the energy spec-715

trum was fitted by a model that included an exponen-716

tial function to describe the continuous distribution, a717

peak at ⇡ 263.4 keV and all significant � peaks of the718

radionuclides recognized in the data: 176Lu, 228Ac,719

212Pb, 212Bi and 214Bi (in total 26 background peaks720

were included in the energy interval (221 – 345) keV).721

The best quality fit: with �2/n.d.f. = 366/300 = 1.23,722

achieved in the energy interval (245 – 338) keV, is723

shown in Fig. 16. The fit returns the peak energy724

263.361(26) keV and the peak area S� = 4832(96)725

counts.726

Systematic uncertainties of the IT � peak energy727

related to the energy interval of the fit, the accuracy728

of the energy scale and the bin of the energy spectrum729

were considered. The uncertainty due to the interval730

of the fit was estimated by the analysis of 80 fits in731

the energy intervals from (221 – 254) keV to (283 –732

345) keV as ±0.0320 keV.733

The uncertainty of the energy scale was also esti-734

mated by the analysis of the 80 fits, taking into ac-735

count that the energy scale of the spectrum was a free736

fitting parameter. The uncertainty was estimated to737

be ±0.0136 keV from the analysis of the distribution738

of the parameter that can be described by a Gaussian739

function.740

Fits of the energy spectra with the bin width varied741

from 0.2 keV to 0.5 keV, with a step of 0.05 keV, in742

the energy interval (245 – 338) keV lead to an uncer-743

tainty of the IT �-quanta energy ±0.0053 keV. These744

systematic uncertainties are summarized in Table IV.745

TABLE IV. Systematic uncertainties of the � quanta en-
ergy in the isomeric transition of 113mCd to the ground
state of 113Cd. The uncertainties are assumed to be inter-
independent and added in quadrature.

Source of systematic uncertainty Uncertainty

and range of variation (keV)

Energy interval of fit, from (221 – 254) keV

to (283 – 345) keV ±0.0320

Energy scale ±0.0136

Bin of energy spectrum, (0.2 – 0.5) keV

with a 0.05 keV step ±0.0053

Total systematic uncertainty ±0.0352

Adding all systematic contributions in quadra-746

ture, the energy is EIT
� = [263.361 ± 0.026(stat) ±747

0.035(syst)] keV. Combining in quadrature the sys-748

tematic and statistical uncertainties, the following en-749

ergy of the IT � quanta is obtained:750

EIT
� = 263.36(4) keV. (19)

The precision of the IT �-transition energy is almost751

one order of magnitude higher than the one reported752

Results and comparisons: 

o Accurate measurement of the IT 𝛾 energy: 
𝐸,-. = 263.36 4 keV.

o Measured branching ratio: 
𝑃,/01 = (0.0790	 ± 	0.0021)%

o Value smaller than:
- Tabulated value (~0.14%) [9];
- Kossert et al. (2011) result: 0.104(8)% [5].

o Higher precision than previous 
measurements.

o Confirms that β decay dominates over IT 
decay for 113mCd.

[5] K. Kossert et al. Appl. Radiat. Isot. 69, 500 (2011).
[9] E. Der Mateosian, Phys. Rev. C 186, 1285 (1969).



Summary and Conclusions
Ø A detailed experimental study of the β decay of the 113mCd isomeric state was performed using a low-background 106CdWO₄ 

scintillation detector over three separate data-taking periods: 2009, 2015, and 2023.

Ø For the first time, the β energy spectrum of 113mCd was measured. 

Ø The spectral shape shows sensitivity to the effective axial-vector coupling constant gA; small relativistic nuclear matrix 
elements (sNMEs)

Ø Comparison with the considered models indicates that the data are best described assuming a quenched axial-vector 
coupling constant of gA ≈ 0.8.

Ø An accurate measurement of the 113mCd β-spectral shape and its dependence on gA will be the subject of a separate study in 
progress.

Ø The half-life of the β decay to the ground state of 113In was determined as:
     𝑻𝟏/𝟐 = 𝟏𝟑. 𝟔𝟏&𝟎.𝟐𝟗.𝟎.𝟐𝟐 yr 
(systematic uncertainties were not estimated in the previous experiments).

Ø The IT branching ratio to the first excited state → ground state of 113Cd was measured using HPGe detectors, yielding:
𝑃/.01 = 0.0790	 ± 	0.0021 %

Ø These results provide critical inputs for nuclear theory, particularly in the modeling of forbidden non-unique β decays and 
are relevant for background modeling in rare-event searches using cadmium-based detectors.
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The energy distribution of the electrons emitted in the 𝛃  decay can be described by: 

𝜌 𝐸 = 𝜌DEEFGHI(𝐸)×𝐶(𝑤)

where                   
𝜌'(()*$+ 𝐸 = 𝐹 𝑍, 𝐸 𝑤𝑝(𝑄2 − 𝐸)3

is the distribution for the allowed spectrum; 𝑤 is the total energy of the β particle (in units of electron mass); 𝑝 is 
the β particle momentum; 𝑍 is the charge number of the daughter nucleus and 𝐹 𝑍, 𝐸  is the Fermi function which 
accounts for the distortion of the spectrum due to the electric field of the nucleus and of the atomic shell. 𝐶(𝑤) is 
a correction factor:

𝐶 𝑤 = 1 + 4(
*
+ 𝜖3 Q 𝑤 + 𝜖5 Q 𝑤3 

where 𝜖6  are fitting parameters. 

A convolution of the β shape with the response function of the detector R(E,E′ ) was employed to account for the 
detector energy resolution:

The response of the detector was described by a Gaussian function. 

Spectral shape of 𝜷 decays 

9

IV. RESULTS AND DISCUSSION454

A. � decay of 113mCd to the ground state of 113In455

1. Shape of the � spectrum456

To determine the 113mCd � activity and the iso-457

meric transition branching ratio, one needs to know458

the �-spectral shape, particularly below the detector459

threshold. The spectrum measured in 2023 has the460

lowest energy threshold (⇡ 26 keV), the highest en-461

ergy resolution and the most e�cient pulse-shape dis-462

crimination, thus the data were used to estimate the463

�-spectral shape.464

The energy distribution of the electrons emitted in465

the � decay of 113mCd, ⇢(E), can be described by the466

following formula:467

⇢(E) = w · p · F (E,Z) · (Q� � E)2 · C(w), (11)

where E is the kinetic energy of the electron, w =468

E/mec2+1 is the total energy of electron in the units469

of electron mass mec2, p =
p
w2 � 1 is the electron470

momentum in the units mec, F (E,Z) is the Fermi471

function that takes into account the distortion of the472

spectrum due to the electric field of the nucleus and473

of the atomic shell, Z is the atomic number of the474

daughter nucleus. The term:475

⇢(E) = w · p · F (E,Z) · (Q� � E)2 (12)

describes the allowed �-decay shape, while C(w) in476

Eq. (11) is a correction factor. The correction factor477

C(w) can be the following function:478

C(w) = 1 + ✏1/w + ✏2 · w + ✏3 · w2, (13)

where ✏i are fitting parameters.479

A convolution of the � shape with the response480

function of the detector R(E,E
0
) was employed to481

account for the detector energy resolution:482

f(E) =

Z Q�

0
⇢(E0) ·R(E,E

0
)dE

0
. (14)

The response function of the detector was described483

by a Gaussian function2:484

2 Here we neglect the e↵ects of the partial energy deposition of
electrons escaping the 106CdWO4 crystal volume, taking into
account that the e↵ect is tiny, less than 0.3% (see discussion
below).
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FIG. 11. Energy spectrum of � and � events (the mean-
time values were selected within hti ± 3�hti) measured
by the low-background 106CdWO4 scintillation detector in
2023 for 340.9 h, after correction on presence of NSSBG
events and subtraction of radioactive background (black
circles, the spectrum is labelled as 1 in Inset, where a low
energy part of the data is shown). Fit of the data in the
energy interval Efit

1 –Efit
2 (26 – 600 keV) by two functions

are shown: by the allowed shape (dashed purple line, 2),
by allowed shape with a correction factor C(w) (dotted
green line, 3). Dashed red line (4) is a result of the exper-
imental data fit by a linear function in the energy interval
(26 – 46) keV.

R(E,E
0
) =

1p
2⇡�(E0)

exp(� (E � E
0
)2

2�(E0)2
), (15)

with the following dependence of the energy resolution485

(here � is standard deviation in keV) on energy deter-486

mined by using the calibration measurements with �487

sources (see Sec. II A): � =
p

0.92(3)E0 , where E0 is488

in keV.489

The experimental energy spectrum was approxi-490

mated in the energy interval (26 – 600) keV by two491

analytical functions ⇢(E): by the allowed shape (Eq.492

12), and by the allowed shape with correction factor493

C(w) (Eq. 13). The results of the approximation are494

presented in Fig. 11. The fit quality by the allowed495

spectral shape is very low: �2/n.d.f. = 337. The ap-496

proximation by the allowed shape with the correction497

factor C(w) (Eq. 13) provides a better agreement with498

the experimental data: �2/n.d.f. = 48. The fit returns499

the following values of the decay energy Q� , and of the500

parameters ✏i: Q� = 588.50(14) keV, ✏1 = 768.7(4),501

✏2 = �0.003035(14), and ✏3 = 2.400(12) ⇥ 10�6 (sta-502

tistical uncertainties only).503

The poor quality of the fit using the allowed shape,504

even with the correction factor C(w), especially below505
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⇡ 50 keV (see curve 3 in Fig. 11) can be explained506

by the fact that this function does not describe the507

atomic shell e↵ects, which are significant at low ener-508

gies3.509

2. Activity of 113mCd in the 106CdWO4 crystal510

To estimate the total area of the � spectrum be-511

low the energy threshold, the experimental energy512

spectrum was fitted by a linear function in the en-513

ergy interval (26 – 46) keV, which was chosen for514

a reasonable fit quality �2/n.d.f. = 2.26. The re-515

sult of the fit is shown in Fig. 11. The total area516

of the � spectrum, S�(113mCd) = 1.7021(20) ⇥ 107517

counts, was calculated as a sum of the number of518

events under the line in the energy interval (0 – 26)519

keV (S0�26 keV = 1.90460 ⇥ 106 counts) plus area of520

the experimental spectrum in the energy interval (26521

– 620) keV (S26�620 keV = 1.51161⇥107 counts). The522

uncertainty of S�(113mCd) is mainly due to the change523

of the area S0�26 keV depending on the interval of fit524

when the starting and end points were varied within525

(26 – 30) keV and (35 – 50) keV, respectively.526

The � activity of 113mCd in the 106CdWO4 crystal,527

A�(113mCd), was calculated with the following for-528

mula:529

A�(113mCd) =
S�(113mCd)

m(106CdWO4) · t · "sel · "�MC

, (16)

where m(106CdWO4) is the crystal mass (215.4 g), t is530

the live time of the measurement (340.9 h), "sel is the531

selection e�ciency of � and � events (0.9973), "�MC is532

the detection e�ciency of electrons emitted in the �533

decay. The value of "�MC was Monte-Carlo simulated534

with EGSnrc package [38] taking into account the al-535

lowed shape with a correction factor C(w). As one536

can see in Fig. 12, the parts of the electrons and �537

quanta that escape the 106CdWO4 crystal scintillator538

due to the edge e↵ect and bremsstrahlung is rather539

low: the area of the energy distribution of escaped540

events, that deposit energy in the silicone oil and plas-541

tic light guide, is only 0.25% of the electrons generated542

in the 106CdWO4 crystal, thus "�MC = 0.9975.543

Finally, the activity of 113mCd in the 106CdWO4544

crystal is A2023
� (113mCd) = 64.72(8) Bq/kg (the ref-545

erence date is September 28th, 2023). The activ-546

ity of 113mCd measured in 2015 was estimated as547

A2015
� (113mCd) = 99.65(12) Bq/kg using the area548

3 It should be noted that accurate and detailed experimental
and theoretical study of the 113mCd �-spectral shape and its
dependence on the axial vector coupling constant gA will be
presented in a posterior dedicated report under preparation.
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FIG. 12. Energy spectrum of electrons and
bremsstrahlung � quanta totally absorbed in the
106CdWO4 crystal scintillator (1) and in the silicon oil
and the plastic light guide surrounding the crystal (2)
assuming the allowed shape with a correction factor C(w)
for electrons emitted in the � decays of 113mCd in the
106CdWO4 crystal. Both spectra are blurred, considering
the detector’s energy resolution. One can see that escape
of electrons and � quanta changes the area and the
spectral shape insignificantly. The area of the distribution
(2) is only 0.25% of the spectrum (1).

of the deconvoluted spectrum measured in 2015 in549

the energy interval (64 – 587) keV (the reference550

date is May 9th, 2015), while the activity of 113mCd551

measured in 2009 was estimated in a similar way552

as A2009
� (113mCd) = 131.91(16) Bq/kg (the refer-553

ence date is November 16th, 2009). The activity554

A2009
� (113mCd) is higher than that the estimation555

116(4) Bq/kg reported in [15]. The discrepancy can556

be explained by underestimation of the �-spectrum557

area below the energy threshold in 2009.558

3. The half-life of 113mCd relative to � decay to the559

ground state of 113In560

The � spectra of 113mCd measured with the561

106CdWO4 scintillation detectors in 2009, 2015 and562

2023, after rejection and correction for NSSBG events,563

subtraction of radioactive background, and normaliza-564

tion on the time of measurements are presented in Fig.565

13. One can see that the spectral shapes are slightly566

di↵erent depending on the year of measurement. It567

could be explained mainly by the di↵erence in the568

electronics used in the data taking: in fact, all the569

electronics, the preamplifiers, trigger units, digitizers570

were di↵erent. The presence of capacitors (which dif-571

fer significantly in the three stages of the experiment)572

between the PMT and the subsequent electronics has573

a particular impact on the data. This leads to signif-574

icant distortion of the pulse shape due to di↵erenti-575

ation, making it di�cult to accurately reproduce the576

12

(1) in 106CdWO4;
(2) in the silicon oil and the plastic light 
guide surrounding the crystal

assuming the allowed shape with a 
correction factor C(w) for electrons
emitted in the β decays of 113mCd in the
106CdWO4 crystal. 

• Both spectra are blurred, considering
the detector’s energy resolution. One 
can see that escape of electrons and γ 
quanta changes the area and the 
spectral shape insignificantly. 

• The area of the distribution (2) is only
0.25% of the spectrum (1).
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• The counting rate of the 263.4-keV peak should 
decrease in time due to the decay of 113mCd. 

• R is a ratio of the 263.4-keV peak area to the 
whole area of the γ peaks of 214Pb and 214Bi in 
the energy spectra measured by the HPGe 
detector system in the energy interval (225 – 
365) keV. 

• Fit of the data by exponential function with 
𝑇2/3 = (11.4 ± 8.2) yr is shown by red solid line.

• The result of the analysis of the IT- γ peak  
confirms the assumption about the decay of 
113mCd with  𝑇2/3 = 13.61 yr. 
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FIG. 17. Decrease of the isomeric transition �-quanta
counting rate in time. R is a ratio of the 263.4-keV peak
area to the whole area of the � peaks of 214Pb and 214Bi
in the energy spectra measured by the HPGe detector sys-
tem in the energy interval (225 – 365) keV (see text for
details). Fit of the data by exponential function with the
half-life 11.4 yr is shown by red solid line.

C. Search for � decay of 113mCd to the 1/2�
827

391.699 keV metastable level of 113In828

Beta decay of the metastable 113mCd is energeti-829

cally allowed also to the excited 1/2� 391.699 keV830

metastable level of 113In (see Fig. 1). However, the831

decay is a 4th-forbidden unique and is strongly sup-832

pressed by the large spin change �J�⇡ = 5+ and a833

rather low energy of � decay Q� = 195.68(27) keV.834

A limit on the process was derived from the analy-835

sis of the HPGe energy spectrum measured with the836

106CdWO4 crystal scintillator as a 113mCd-containing837

sample in [16].838

The sum energy spectrum measured for 12843 h by839

the GeMulti HPGe detector system was fitted by a840

model that included an exponential function to de-841

scribe the continuous distribution, a peak with energy842

391.70 keV (an e↵ect searched for), and five back-843

ground peaks: one peak of radionuclides 176Lu and844

228Ac each, and three peaks of 214Bi. The fit (with845

�2/n.d.f. = 249/188 = 1.32) returns a 391.70-keV846

peak area S = (�56± 53) counts, that is no evidence847

on the e↵ect searched for. According to the recom-848

mendations [47], a value limS = 41 counts at 90%849

C.L. was accepted. The result of the fit is shown in850

Fig. 18 together with the excluded peak.851

The number of 113mCd nuclei during the measure-852

ments, N(113mCd), can be calculated as follows:853

N(113mCd) ⇡
T1/2 ·N�

ln 2 · t ⇡ 1.39⇥ 1010, (23)

where T1/2 is the half-life of
113mCd, N� is the number854

of � decays in the HPGe measurements over 12843 h855

of the data taking.856
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FIG. 18. The sum energy spectrum measured for 12843 h
by the HPGe detector system with the 106CdWO4 scintil-
lator in work [16] in the vicinity of a � peak with energy
391.70 keV expected in the � decay of 113mCd to the 1/2�

391.699 keV metastable level of 113In. The model of back-
ground is shown by blue solid line, while the excluded peak
with an area 41 count is presented by red dashed line. The
energy of the � peaks is in keV.

A half-life limit on the decay of 113mCd to the 1/2�857

391.699 keV metastable level of 113In can be set with858

the following formula:859

limT1/2(
113mCd ! 113mIn) =

N(113mCd) · ln 2 · " · t
limS · (1 + ↵T)

,

(24)
where " is the full absorption peak e�ciency for 392-860

keV �-ray quanta simulated with the EGSnrc package861

[38] and the decay generator DECAY0 [39] as " =862

(3.8826 ± 0.0054)%; ↵T = 0.551 is the total electron863

conversion coe�cient for the transition. The obtained864

half-life limit is:865

T1/2(
113mCd ! 113mIn) � 8.6⇥ 106 yr. (25)

Despite the limit is very far from the theoretical866

estimations of the decay probability that are on the867

level of T1/2 ⇠ 1020 yr (see Section VB), it is the first868

experimental limit on the decay.869

V. SPECTROSCOPY COMPUTED BY THE870

USE OF THE NUCLEAR SHELL MODEL871

We use the nuclear shell model (NSM) to estimate872

the half-life of the decay of the isomeric 11/2� state873

of 113mCd to the metastable 1/2� level of 113In. For874

this, we test our computed wave functions by compar-875

ing our computed spectroscopic observables with the876

available data.877
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FIG. 17. Decrease of the isomeric transition �-quanta
counting rate in time. R is a ratio of the 263.4-keV peak
area to the whole area of the � peaks of 214Pb and 214Bi
in the energy spectra measured by the HPGe detector sys-
tem in the energy interval (225 – 365) keV (see text for
details). Fit of the data by exponential function with the
half-life 11.4 yr is shown by red solid line.

C. Search for � decay of 113mCd to the 1/2�
827

391.699 keV metastable level of 113In828

Beta decay of the metastable 113mCd is energeti-829

cally allowed also to the excited 1/2� 391.699 keV830

metastable level of 113In (see Fig. 1). However, the831

decay is a 4th-forbidden unique and is strongly sup-832

pressed by the large spin change �J�⇡ = 5+ and a833

rather low energy of � decay Q� = 195.68(27) keV.834

A limit on the process was derived from the analy-835

sis of the HPGe energy spectrum measured with the836

106CdWO4 crystal scintillator as a 113mCd-containing837

sample in [16].838

The sum energy spectrum measured for 12843 h by839

the GeMulti HPGe detector system was fitted by a840

model that included an exponential function to de-841

scribe the continuous distribution, a peak with energy842

391.70 keV (an e↵ect searched for), and five back-843

ground peaks: one peak of radionuclides 176Lu and844

228Ac each, and three peaks of 214Bi. The fit (with845

�2/n.d.f. = 249/188 = 1.32) returns a 391.70-keV846

peak area S = (�56± 53) counts, that is no evidence847

on the e↵ect searched for. According to the recom-848

mendations [47], a value limS = 41 counts at 90%849

C.L. was accepted. The result of the fit is shown in850

Fig. 18 together with the excluded peak.851

The number of 113mCd nuclei during the measure-852

ments, N(113mCd), can be calculated as follows:853

N(113mCd) ⇡
T1/2 ·N�

ln 2 · t ⇡ 1.39⇥ 1010, (23)

where T1/2 is the half-life of
113mCd, N� is the number854

of � decays in the HPGe measurements over 12843 h855

of the data taking.856
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FIG. 18. The sum energy spectrum measured for 12843 h
by the HPGe detector system with the 106CdWO4 scintil-
lator in work [16] in the vicinity of a � peak with energy
391.70 keV expected in the � decay of 113mCd to the 1/2�

391.699 keV metastable level of 113In. The model of back-
ground is shown by blue solid line, while the excluded peak
with an area 41 count is presented by red dashed line. The
energy of the � peaks is in keV.

A half-life limit on the decay of 113mCd to the 1/2�857

391.699 keV metastable level of 113In can be set with858

the following formula:859

limT1/2(
113mCd ! 113mIn) =

N(113mCd) · ln 2 · " · t
limS · (1 + ↵T)

,

(24)
where " is the full absorption peak e�ciency for 392-860

keV �-ray quanta simulated with the EGSnrc package861

[38] and the decay generator DECAY0 [39] as " =862

(3.8826 ± 0.0054)%; ↵T = 0.551 is the total electron863

conversion coe�cient for the transition. The obtained864

half-life limit is:865

T1/2(
113mCd ! 113mIn) � 8.6⇥ 106 yr. (25)

Despite the limit is very far from the theoretical866

estimations of the decay probability that are on the867

level of T1/2 ⇠ 1020 yr (see Section VB), it is the first868

experimental limit on the decay.869

V. SPECTROSCOPY COMPUTED BY THE870

USE OF THE NUCLEAR SHELL MODEL871

We use the nuclear shell model (NSM) to estimate872

the half-life of the decay of the isomeric 11/2� state873

of 113mCd to the metastable 1/2� level of 113In. For874

this, we test our computed wave functions by compar-875

ing our computed spectroscopic observables with the876

available data.877

• The sum energy spectrum measured for 12843
h by the HPGe detector system with the
106CdWO4 scintillator in work P. Belli et al., 
Phys. Rev. C.93 045502 (2016), in the vicinity
of a γ peak with energy 391.70 keV expected in
the β decay of 113mCd to the 1/2− 391.699 keV
metastable level of 113In.

• The model of background is shown by blue
solid line, while the excluded peak with an
area 41 count is presented by red dashed line.

• The first experimental limit on the decay was
obtained:
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FIG. 17. Decrease of the isomeric transition �-quanta
counting rate in time. R is a ratio of the 263.4-keV peak
area to the whole area of the � peaks of 214Pb and 214Bi
in the energy spectra measured by the HPGe detector sys-
tem in the energy interval (225 – 365) keV (see text for
details). Fit of the data by exponential function with the
half-life 11.4 yr is shown by red solid line.

C. Search for � decay of 113mCd to the 1/2�
827

391.699 keV metastable level of 113In828

Beta decay of the metastable 113mCd is energeti-829

cally allowed also to the excited 1/2� 391.699 keV830

metastable level of 113In (see Fig. 1). However, the831

decay is a 4th-forbidden unique and is strongly sup-832

pressed by the large spin change �J�⇡ = 5+ and a833

rather low energy of � decay Q� = 195.68(27) keV.834

A limit on the process was derived from the analy-835

sis of the HPGe energy spectrum measured with the836

106CdWO4 crystal scintillator as a 113mCd-containing837

sample in [16].838

The sum energy spectrum measured for 12843 h by839

the GeMulti HPGe detector system was fitted by a840

model that included an exponential function to de-841

scribe the continuous distribution, a peak with energy842

391.70 keV (an e↵ect searched for), and five back-843

ground peaks: one peak of radionuclides 176Lu and844

228Ac each, and three peaks of 214Bi. The fit (with845

�2/n.d.f. = 249/188 = 1.32) returns a 391.70-keV846

peak area S = (�56± 53) counts, that is no evidence847

on the e↵ect searched for. According to the recom-848

mendations [47], a value limS = 41 counts at 90%849

C.L. was accepted. The result of the fit is shown in850

Fig. 18 together with the excluded peak.851

The number of 113mCd nuclei during the measure-852

ments, N(113mCd), can be calculated as follows:853

N(113mCd) ⇡
T1/2 ·N�

ln 2 · t ⇡ 1.39⇥ 1010, (23)

where T1/2 is the half-life of
113mCd, N� is the number854

of � decays in the HPGe measurements over 12843 h855

of the data taking.856
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FIG. 18. The sum energy spectrum measured for 12843 h
by the HPGe detector system with the 106CdWO4 scintil-
lator in work [16] in the vicinity of a � peak with energy
391.70 keV expected in the � decay of 113mCd to the 1/2�

391.699 keV metastable level of 113In. The model of back-
ground is shown by blue solid line, while the excluded peak
with an area 41 count is presented by red dashed line. The
energy of the � peaks is in keV.

A half-life limit on the decay of 113mCd to the 1/2�857

391.699 keV metastable level of 113In can be set with858

the following formula:859
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113mCd ! 113mIn) =

N(113mCd) · ln 2 · " · t
limS · (1 + ↵T)

,
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where " is the full absorption peak e�ciency for 392-860

keV �-ray quanta simulated with the EGSnrc package861

[38] and the decay generator DECAY0 [39] as " =862

(3.8826 ± 0.0054)%; ↵T = 0.551 is the total electron863

conversion coe�cient for the transition. The obtained864

half-life limit is:865

T1/2(
113mCd ! 113mIn) � 8.6⇥ 106 yr. (25)

Despite the limit is very far from the theoretical866

estimations of the decay probability that are on the867

level of T1/2 ⇠ 1020 yr (see Section VB), it is the first868

experimental limit on the decay.869

V. SPECTROSCOPY COMPUTED BY THE870

USE OF THE NUCLEAR SHELL MODEL871

We use the nuclear shell model (NSM) to estimate872

the half-life of the decay of the isomeric 11/2� state873

of 113mCd to the metastable 1/2� level of 113In. For874

this, we test our computed wave functions by compar-875

ing our computed spectroscopic observables with the876

available data.877
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term, instead of ✏1/w in the correction function, allows635

a better description of the atomic e↵ects, which are636

manifested in the growth of the spectrum at low ener-637

gies. Despite the use of the correction factor C(E,w)638

not being justified, it describes the experimental data639

better than the allowed shape with correction factor640

C(w), yielding a half-life of T1/2 = 13.578 yr. We641

treated the di↵erence between this value and the cen-642

tral one as the uncertainty due to the choice of the643

function to describe the �-spectrum shape.644

The half-life depends on the starting point of the645

spectra fitting using the allowed �-decay shape with646

the correction factor C(w) (dashed lines in Fig. 13).647

While the fitting of the spectrum measured in 2015648

was always carried out starting from Efit
1 = 64 keV649

(taking into account the high threshold in these data),650

for the spectra measured in 2009 and 2023, the posi-651

tion of the Efit
1 point varied within (36 – 65) keV.652

The variation led to an uncertainty in the half-life of653

±0.007 yr.654

Finally, the uncertainty due to the experimental655

setups di↵erence was estimated by comparison of656

the half-lives obtained by fit of the points 2009 and657

2015 [T 2009, 2015
1/2 = 13.568(753) yr], and 2015, 2023658

[T 2015, 2023
1/2 = 13.643(590) yr]. We treat the di↵er-659

ence between the half-life T1/2 = 13.611 yr and of the660

half-lives T 2009, 2015
1/2 and T 2015, 2023

1/2 as the uncertain-661

ties due to the di↵erence of the experimental setups.662

It should be stressed that in addition to the above-663

described di↵erence, the inequality of the setups also664

manifests itself through other e↵ects: dependence on665

the values of Efit
1 and Efit

2 , Esum
1 and Esum

2 , choice of666

function to fit the � spectrum. Thus, the e↵ect of the667

setup’s di↵erence is one of the most significant sources668

of uncertainty in the present experiment.669

A summary of the estimated systematic uncertain-670

ties of the 113mCd half-life is given in Table III.671

Combining all the uncertainties in quadrature (in-672

cluding the statistical one that is, however, almost673

negligible, 0.007 yr) the following half-life of 113mCd674

relative to � decay to the ground state of 113In was675

obtained:676

T1/2(
113mCd) = 13.61+0.22

�0.29 yr. (18)

The half-life is in a reasonable agreement with the677

previous results (see Fig. 15 where a historical per-678

spective of the half-life measurements is presented).679

The uncertainties of the present value are bigger than680

the ones reported in [26] and especially those reported681

in [28]. However, possible systematic e↵ects have682

not been assessed in those studies, as well as in the683

works [23, 27]. At the same time, we realize that the684

much lower energy thresholds, higher activity of the685

113mCd sources, faster response of the counters, and686

unchanged setup used in the measurements [26, 28]687

TABLE III. Sources of systematic uncertainties of the
half-life of 113mCd relative to the � decay to the ground
state of 113In. The uncertainties are assumed to be inter-
independent and added in quadrature.

Source of systematic uncertainty, Uncertainty

range of the input quantity variation (yr)

Live time of the measurements

(see Table II) ±0.205

Starting point (Esum
1 ) to calculate the number

of events in the spectra, (26 – 430) keV +0.031
�0.177

End point (Esum
2 ) to calculate the number

of events in the spectra, (530 – 587) keV ±0.001

Instability of detectors ±0.050

Energy scale, ±1� ±0.049

Energy resolution, free parameters ±0.010

Choice of function to fit the � spectrum ±0.033

Starting point (Efit
1 ) to fit the spectral shape,

(36 – 65) keV for 2009 and 2023 data ±0.007

Di↵erence of the experimental set-ups +0.032
�0.043

Total systematic uncertainty +0.224
�0.285
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FIG. 15. Historical perspective of the 113mCd half-life as a
function of the publication date (references to the publica-
tions are as follows: Wahl 1959 [23], Flynn 1965 [26], Wahl
1972 [27], Kossert 2011 [28]). Red square and red dashed
line show the half-life obtained in the present study. It
should be noted that systematic uncertainties were not es-
timated in the previous experiments, unlike the present
one.

significantly reduce the systematic uncertainties in-688

herent in our experiment.689

15

Of the 𝑻𝟏/𝟐 of 113mCd relative to the β decay to the ground
state of 113In:

13

0

500

1000

1500

225 250 275 300 325 350

113m
Cd 263.361(26)

212
Pb 238.63

214
Pb

242.00

214
Pb 295.22

212
Pb 300.09

176
Lu 306.78

228
Ac 338.32

228
Ac 328.00

214
Pb 351.93a

Energy (keV)

C
o

u
n

ts
 /

 0
.3

 k
eV

b

Energy (keV)

C
o

u
n

ts
 /

 0
.3

 k
eV

-50

0

50

225 250 275 300 325 350

FIG. 16. (a) Sum energy spectrum measured for 12843 h
by four-crystal HPGe detector system with the 106CdWO4

scintillation detector in [16]. The � peak with energy
263.361(26) keV emitted in the isomeric transition of
113mCd to the ground state of 113Cd, and the most in-
tense background � peaks are shown. The energy of the
� peaks is in keV. (b) The di↵erence between the experi-
mental energy spectrum and the background model.

B. Isomeric transition from 113mCd to the690

ground state of 113Cd691

1. Energy of the isomeric transition �-ray quanta692

A sum energy spectrum of the four HPGe coun-693

ters measured for 12843 h with the 106CdWO4 scin-694

tillator as a source of 113mCd decays is shown in Fig.695

16. The peaks in the spectrum are due to the pres-696

ence of the radionuclides of the uranium and tho-697

rium decay series in the set-up. A peak with energy698

⇡ 306.8 keV can be explained by lutetium contami-699

nation of the 106CdWO4 crystal scintillator observed700

also in the experiment with the scintillation detector701

in coincidence (anti-coincidence) with two large vol-702

ume CdWO4 counters [19]. The area of the peak in703

the spectrum shown in Fig. 16 is S = 534(103) counts.704

Taking into account the Monte-Carlo simulated detec-705

tion e�ciency for the �-ray quanta with energy 307706

keV, 3.12%, and the absolute � intensity for the tran-707

sition, 93.6%, the activity of 176Lu in the 106CdWO4708

scintillator is estimated to be 1.73(33) mBq/kg, in709

agreement with the result 1.71(5) mBq/kg obtained710

in [19].711

A peak with energy ⇡ 263.4 keV, emitted in the iso-712

meric transition from the 113mCd state to the ground713

state of 113Cd, is clearly visible in the data. To es-714

timate the peak energy and area, the energy spec-715

trum was fitted by a model that included an exponen-716

tial function to describe the continuous distribution, a717

peak at ⇡ 263.4 keV and all significant � peaks of the718

radionuclides recognized in the data: 176Lu, 228Ac,719

212Pb, 212Bi and 214Bi (in total 26 background peaks720

were included in the energy interval (221 – 345) keV).721

The best quality fit: with �2/n.d.f. = 366/300 = 1.23,722

achieved in the energy interval (245 – 338) keV, is723

shown in Fig. 16. The fit returns the peak energy724

263.361(26) keV and the peak area S� = 4832(96)725

counts.726

Systematic uncertainties of the IT � peak energy727

related to the energy interval of the fit, the accuracy728

of the energy scale and the bin of the energy spectrum729

were considered. The uncertainty due to the interval730

of the fit was estimated by the analysis of 80 fits in731

the energy intervals from (221 – 254) keV to (283 –732

345) keV as ±0.0320 keV.733

The uncertainty of the energy scale was also esti-734

mated by the analysis of the 80 fits, taking into ac-735

count that the energy scale of the spectrum was a free736

fitting parameter. The uncertainty was estimated to737

be ±0.0136 keV from the analysis of the distribution738

of the parameter that can be described by a Gaussian739

function.740

Fits of the energy spectra with the bin width varied741

from 0.2 keV to 0.5 keV, with a step of 0.05 keV, in742

the energy interval (245 – 338) keV lead to an uncer-743

tainty of the IT �-quanta energy ±0.0053 keV. These744

systematic uncertainties are summarized in Table IV.745

TABLE IV. Systematic uncertainties of the � quanta en-
ergy in the isomeric transition of 113mCd to the ground
state of 113Cd. The uncertainties are assumed to be inter-
independent and added in quadrature.

Source of systematic uncertainty Uncertainty

and range of variation (keV)

Energy interval of fit, from (221 – 254) keV

to (283 – 345) keV ±0.0320

Energy scale ±0.0136

Bin of energy spectrum, (0.2 – 0.5) keV

with a 0.05 keV step ±0.0053

Total systematic uncertainty ±0.0352

Adding all systematic contributions in quadra-746

ture, the energy is EIT
� = [263.361 ± 0.026(stat) ±747

0.035(syst)] keV. Combining in quadrature the sys-748

tematic and statistical uncertainties, the following en-749

ergy of the IT � quanta is obtained:750

EIT
� = 263.36(4) keV. (19)

The precision of the IT �-transition energy is almost751

one order of magnitude higher than the one reported752

Of the γ quanta energy in the isomeric transition of 
113mCd to the ground state of 113Cd: 

The uncertainties are assumed to be inter-
independent and added in quadrature.


