
áǞżƚɟżŏ ƇƚȀ ƇȩɔɔǞȩ ƇƚżŏƇǞȒƚȘɾȩ ųƚɾŏ ɯƚȘˌŏ ȘƚʕɾɟǞȘǞ νββߜ ǞȘ
b̥ξ̙˨ ǀŏɯƚ vv

�ʕǞǃǞ ÚƚɟɾȩȀƇǞ ࡠÜ�ßêÐÂ�°ՠÜ�ϙ°É§Éϙ°ê
v_�C ߤߝߜߞ ࡴ ߢߜ �ɔɟǞȀƚ ߤߝߜߞ

ĆȘǞʲƚɟɯǞɾŤ ƇƚǃȀǞ ëɾʕƇǞ ƇǞ ÚŏƇȩʲŏ
v�_� ࡵ ëƚˌǞȩȘƚ ƇǞ ÚŏƇȩʲŏ
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ࡄ �ȩƇƚȀȀȩ ëɾŏȘƇŏɟƇࡇ Tߞνߞ/ߝ ∼ ߥߝߜߝ − ߠߞߜߝ ʿɟ
ࡄ b̥ξ̙˨ࡇ Tߞνߞ/ߝ[ߢߣbƚ] = ߜߝ.ߜ−ߠߝ.ߜ+ߠߤ.ߝ · ߝߞߜߝ ʿɟ
Ϫ7T$ϓ BTTϔ ΄ Ϭϭ ΅ϫ

(A, Z)→ (A, Z+ (ߞ + −eߞ

ࡄ °Ȁɾɟƚ ǞȀ �ȩƇƚȀȀȩ ëɾŏȘƇŏɟƇࡈ ʲǞȩȀŏˌǞȩȘƚ �ʕȒƚɟȩ
�ƚɔɾȩȘǞżȩ→ ȘƚʕɾɟǞȘȩ ƇǞ �ŏǲȩɟŏȘŏ

ࡄ b̥ξ̙˨ࡇ Tߜνߞ/ߝ[ߢߣGe] > ߜ.ߤ · ߡߞߜߝ ʿɟ ࣷߜߥ ࡏ�ࡏ+
ϪTW;ϔ  ϬΈϭ ΅ϫ
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vȀ ƇƚżŏƇǞȒƚȘɾȩ ƇȩɔɔǞȩࡷβࡇ ɯɔƚɾɾɟȩ ǞȘ ƚȘƚɟǃǞŏ

ߜ ߞ ߠ

νββߞ

νββߜ

CȘƚɟǃʿࡕme

dN
dE �ŏ ȒǞɯʕɟŏ ƇƚȀȀ࢈ƚȘƚɟǃǞŏ Ʃ

necessaria ƚ sufficienteࡈ Ʃ
ɟǞżǕǞƚɯɾŏࡇ
ࡄ ųʕȩȘŏ ɟǞɯȩȀʕˌǞȩȘƚ ǞȘ
ƚȘƚɟǃǞŏ ƚʲƚȘɾǞ νββߞ
ɔȩɯɯȩȘȩ ˙ȘǞɟƚ ŏȀ Qββ

ࡄ ɟǞƇʕˌǞȩȘƚ ƇƚȀȀƚ ɯȩɟǃƚȘɾǞ ƇǞ
ǀȩȘƇȩ

�E = 1%

�E = 3.5%

�E = 10%
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ÚƚɟżǕƩ ɯɾʕƇǞŏɟƚ ǞȀ ƇƚżŏƇǞȒƚȘɾȩ ƇȩɔɔǞȩࡷβࡐ

�ŏ ɟǞżƚɟżŏ ƇƚȀ νββߜ ȘȩȘ Ʃ ʕȘŏ ɯƚȒɔȀǞżƚ ȒǞɯʕɟŏ ƇƚȀȀƚ żŏɟŏɾɾƚɟǞɯɾǞżǕƚ ƇƚȀ ȘƚʕɾɟǞȘȩࡈ ȀŏʲȩɟǞ
ɾƚȩɟǞżǞ ɯżȩȘ˙ȘŏɾǞߝ

ࡄ vȀ �ʕȒƚɟȩ �ƚɔɾȩȘǞżȩ←→ �ʕȒƚɟȩ $ŏɟǞȩȘǞżȩ→ bĆ÷ɯࡈ ųŏɟǞȩǃƚȘƚɯǞ ȘȩȘ ǃŏɟŏȘɾǞɾȩࡋ
ࡄ ɔɟƚʲǞɯɾȩ ɛʕŏɯǞ ɯƚȒɔɟƚ ʕȘ ɾƚɟȒǞȘƚ ƇǞ Ȓŏɯɯŏ ƇǞ �ŏǲȩɟŏȘŏ ɾƚȩɟƚȒŏ black-box
ࡄ ŏżżƚɯɯȩ ŏ ȒȩȀɾǞ ɔŏɟŏȒƚɾɟǞ ǀȩȘƇŏȒƚȘɾŏȀǞࡈ ɯǞŏ ƚɯżȀʕɯǞʲȩ ɯǞŏ żȩȘƇǞʲǞɯȩ żȩȘ ŏȀɾɟƚ
ɾƚżȘǞżǕƚ

ࡄ ǞȘɾƚɟɔɟƚɾŏˌǞȩȘƚ ɯɾŏȘƇŏɟƇࡇ il neutrino che media il νββߜ è quello che oscilla, il
Modello Standard è una teoria effettiva di una GUT ȒƚżżŏȘǞɯȒȩ seesawࡏ

ࡄ +ȩȘȘƚɯɯǞȩȘƚ żȩȘ Ȁŏ Ȓŏɯɯŏ ƚǀǀƚɾɾǞʲŏ ƇǞ �ŏǲȩɟŏȘŏࡇ (Tߜνߞ/ߝ)−ߝ = Gߜν |Mߜν ߞmߞ|
ββ → ÚŏɟŏȒƚɾɟǞ

ƇǞ ȩɯżǞȀȀŏˌǞȩȘƚ ƚ ɯżŏȀŏ ƇǞ Ȓŏɯɯŏ ŏɯɯȩȀʕɾŏ

ࡄ ǞȘȘʕȒƚɟƚʲȩȀǞ ǞȘɾƚɟɔɟƚɾŏˌǞȩȘǞ ȘȩȘࡷɯɾŏȘƇŏɟƇߝ

ࡏĦߝ áȩƇƚǲȩǕŏȘȘࡈ Ϫ,7ATϔ �  Ϭϭ Έϫ

�ʕǞǃǞ ÚƚɟɾȩȀƇǞ ࡠÜ�ßêÐÂ�°ՠÜ�ϙ°É§Éϙ°ê ࡴ v_�C ߤߝߜߞ ࡴ ߢߜ �ɔɟǞȀƚ ߤߝߜߞ ߠߝࡕߟ



bCáȒŏȘǞʕȒ 4ƚɾƚżɾȩɟ �ɟɟŏʿ

áǞżƚɟżŏ ƇƚȀ νββߜ żȩȘ
ɟǞʲƚȀŏɾȩɟǞ ŏɟɟǞżżǕǞɾǞ ŏȀ
bƚߢߣ
ɯȩɟǃƚȘɾƚ ࣌ ɟǞʲƚȀŏɾȩɟƚ

ࡄ °ɯɔǞɾŏɾȩ ŏǞ ��bë
ߜߜߡߟ Ȓࡏʶࡏƚࡈࡏ ǞȘ
ŏɾɾǞʲǞɾŤ ƇŏȀ →ߥߜߜߞ
_ŏɯƚ v

ࡄ ߢߝ vɯɾǞɾʕˌǞȩȘǞ ƚ ߜߜߝ∽
ȒƚȒųɟǞ

ࡄ mŏɟƇʶŏɟƚ ʕɔǃɟŏƇƚ
→ߡߝߜߞ _ŏɯƚ vv

χ͖̐;ϑ͖ͱͱ˨ϑΎξ͖

��ɟ

ξ͖ϻ̥ͱ˨ϑΎξ͖ °ߞbƚmߢߣ

χ̥̐͑ξͻ˨ϑϟξ˨ +ʕ



bCáȒŏȘǞʕȒ 4ƚɾƚżɾȩɟ �ɟɟŏʿ ࡴ _ŏɯƚ vv

ɯʕɔɔȩɟɾǞ ǞȘ ɯǞȀǞżǞȩ
ƇǞ Ȓŏɯɯŏ ɔǞżżȩȀŏ

ƚȀƚɾɾɟȩȘǞżŏ ŏ ųŏɯɯŏ ɟŏƇǞȩŏɾɾǞʲǞɾŤ
��ɟ ʲƚɾȩ

ߜߞ Ǻǃ
ɟǞʲƚȀŏɾȩɟǞ
ɾǞɔȩ $Cbƚ



bCáȒŏȘǞʕȒ 4ƚɾƚżɾȩɟ �ɟɟŏʿ ࡴ _ŏɯƚ vvࡈ ��ɟ ʲƚɾȩ

vȘɯɾɟʕȒƚȘɾŏˌǞȩȘƚ ƇǞ ɾǞɔȩ ǞųɟǞƇȩ ɔƚɟ ǞȀ ��ɟ ʲƚɾȩࡇ
ࡄ ߢߝ Ú�÷ɯࡈ ߥ ǞȘ ŏȀɾȩ ƚ ߣ ǞȘ ųŏɯɯȩ
ࡄ ߜߜߤ Ȓ ƇǞ ˙ųɟƚ ƇǞ ȘʿȀȩȘ ɟǞżȩɔƚɟɾƚ żȩȘ Ħ�ë ࣹ ߜߥ
ëǞÚ�ɯ

ࡄ ɟǞʲƚɯɾǞȒƚȘɾȩ ƇǞ ȘʿȀȩȘ ɯǕɟȩʕƇɯࡷȒǞȘǞ ɟǞżȩɔƚɟɾȩ ƇǞ
Ħ�ë ŏɾɾȩɟȘȩ ŏ ȩǃȘǞ ɯɾɟǞȘǃŏࡈ ųŏɟɟǞƚɟŏ ȒƚżżŏȘǞżŏ
żȩȘɾɟȩ ǃȀǞ ǞȩȘǞ ƇǞ �ߞߠ

GSTR-15-004 - 3

Figure 2: Fibre Shroud

Figure 3: Copper holder for the fibers

GSTR-15-004 - 2

Figure 1: LAr veto. Proposed setup.
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ëƚȘɯǞųǞȀǞɾŤ ƚ ɔɟƚʲǞɯǞȩȘǞ

_ŏɯƚ v

ࡄ ǀȩȘƇȩࡇ ∼ ߞ−ߜߝ żɾɯ Ǻƚģ−ߝǺǃ−ߝʿɟ−ߝ
ࡄ ƚɯɔȩɯǞˌǞȩȘƚࡇ ߢࡏߝߞ Ǻǃ·ʿɟ
ࡄ ɟǞɯʕȀɾŏɾȩࡇ Tߜνߞ/ߝ > ߝ.ߞ · ߡߞߜߝ ʿɟ ࣷߜߥ ࡏ�ࡏ+
ϪTW;ϔ  Ϭϭ ΅ϫ

ĆɔǃɟŏƇƚ ƚ żȩȒȒǞɯɯǞȩȘŏȒƚȘɾȩ

ࡄ ɟŏƇƇȩɔɔǞȩ ƇƚȀȀŏ Ȓŏɯɯŏ ŏɾɾǞʲŏ ƇǞ bƚߢߣ
ࡄ ɯǞɯɾƚȒŏ ƇǞ ʲƚɾȩ ųŏɯŏɾȩ ɯʕȀȀ࢈ŏɟǃȩȘ
ȀǞɛʕǞƇȩ ��ɟ

ࡄ ɟǞƇʕˌǞȩȘƚ ƇƚȀ ǀȩȘƇȩ ƇǞ ʕȘ ǀŏɾɾȩɟƚ ∼ ߜߝ

_ŏɯƚ vv

ࡄ ǀȩȘƇȩࡇ ! ߟ−ߜߝ żɾɯ Ǻƚģ−ߝǺǃ−ߝʿɟ−ߝ
ࡄ ƚɯɔȩɯǞˌǞȩȘƚࡇ " ߜߜߝ Ǻǃ·ʿɟ
ࡄ ŏɾɾʕŏȀƚ ɟǞɯʕȀɾŏɾȩࡇ Tߜνߞ/ߝ > ߜ.ߤ · ߡߞߜߝ ʿɟ
ࣷߜߥ ࡏ�ࡏ+ ϪTW;ϔ  ϬΈϭ ΅ϫ
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ëƚȘɯǞųǞȀǞɾŤ ƚ ɔɟƚʲǞɯǞȩȘǞ

ƚɯɔȩɯǞˌǞȩȘƚ ࡠǺǃ·ʿɟ

ߜߥ
ࣷ
ɔɟ
ȩų
Ȁࡏ
ǞȒ
Ǟࡏ
Șǀ
Tࡏ

νߜ /ߝ
ߞ
ߜߝ

ߡߞ
ʿɟ
ࡠ

_ŏɯƚ vv

ࡄ ǀȩȘƇȩࡇ ! ߟ−ߜߝ żɾɯ Ǻƚģ−ߝǺǃ−ߝʿɟ−ߝ
ࡄ ƚɯɔȩɯǞˌǞȩȘƚࡇ " ߜߜߝ Ǻǃ·ʿɟ
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v ɟǞʲƚȀŏɾȩɟǞ ƇǞ b̥ξ̙˨

ࡄ ƇƚżŏƇǞȒƚȘɾȩ ƇȩɔɔǞȩࡷβ ƇƚȀ ࡇbƚߢߣ
→bƚߢߣ +ëƚߢߣ −eߞ

ࡄ ßࡷʲŏȀȩɟƚࡇ Qββ = ߥߟߜߞ Ǻƚģ
ࡄ ɟǞʲƚȀŏɾȩɟǞ ŏȀ bƚߢߣ ʕȀɾɟŏࡷɔʕɟǞ ࡇࣷߣߤ

ࡄ ɯȩɟǃƚȘɾƚ ࣌ ɟǞʲƚȀŏɾȩɟƚࡇ ŏȀɾŏ ƚǀ˙żǞƚȘˌŏ
ࡄ ɟŏƇǞȩࡷɔʕɟǞࡇ ųŏɯɯǞɯɯǞȒȩ ǀȩȘƇȩ ǞȘɾɟǞȘɯƚżȩ
ࡄ ŏȀɾŏ ƇƚȘɯǞɾŤࡇ νββߜ ŏ ɾȩɔȩȀȩǃǞŏ
ɔʕȘɾǞǀȩɟȒƚ

ࡄ ɯƚȒǞżȩȘƇʕɾɾȩɟƚࡇ _Ħm� ƇƚȀȀȩ ࣷߞࡏߜ ŏȀ
Qββ

ࡄ ȩɾɾǞȒǞ ɔƚɟ Ȁŏ Pulse Shape
Discrimination (PSD)
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The detectors of GERDA

• Search for neutrinoless double beta
decay of 76Ge:

76Ge �!
76Se + 2e�

• Q-value of 76Ge: Q��=2039 keV

• High purity Ge detectors (87% 76Ge):

� source=detector) high detection e�ciency

� ultra radio-pure ) no intrinsic background

� high density ) 0⌫�� point like events

� semiconductor ) �E ⇡ 0.2% at Q��

� pulse shape ) signal/bkg discrimination

Matteo Agostini (TU Munich) 23�ʕǞǃǞ ÚƚɟɾȩȀƇǞ ࡠÜ�ßêÐÂ�°ՠÜ�ϙ°É§Éϙ°ê ࡴ v_�C ߤߝߜߞ ࡴ ߢߜ �ɔɟǞȀƚ ߤߝߜߞ ߠߝࡕߤ
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ÚʕȀɯƚ ëǕŏɔƚ 4ǞɯżɟǞȒǞȘŏɾǞȩȘ Cbƚ$

ëǞȘǃȀƚ ëǞɾƚ CʲƚȘɾ �ʕȀɾǞɔȀƚ ëǞɾƚ CʲƚȘɾ
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FIG. 1. Energy spectra of Phase II BEGe detectors prior to liquid argon (LAr) veto and PSD cuts (total histogram), after
additional LAr veto (dark grey) and after after all cuts (red). The inset shows the spectrum in the energy region of the
potassium lines (1460 keV from 40K and 1525 keV from 42K). The grey vertical band indicates the blinded region of ±25 keV
around the Q��-value.

the signal interval (Q��±5) keV. The analysis window
for the 0⌫�� search is identical but includes the sig-
nal interval. The low background index of BEGe de-
tectors, previously based on one single event, is now
confirmed with a more than threefold exposure to be
BI = 1.0+0.6

�0.4 · 10�3 cts/(keV·kg·yr). If normalized ac-
cording to the energy resolution and total signal ef-
ficiency ✏, i.e. BI·FWHM/✏, this value corresponds
to 4.9+2.9

�1.9 cts/(ton·yr). Hence, Gerda will remain
“background-free”, i.e. the average background in the
energy interval 1·FWHM at Q�� is expected to be less
than 1 for the entire design exposure of 100 kg·yr. The
e�ciency ✏ (see Tab. I) accounts globally for the abun-
dance of 76Ge in the detectors, the active volume frac-
tion, the probability that the entire decay energy Q�� is
released in the active volume fraction of one Ge detector
and the e�ciency of all selection and analysis cuts [7].
The normalized Gerda background BI·FWHM/✏ is at
least a factor five lower than that in any other competing
non-76Ge experiment.

The Majorana Demonstrator experiment also
searches for 0⌫�� decay of 76Ge employing passive shield-
ing made of ultra-pure copper. With the same normaliza-
tion [12], their background is 5.7+4.3

�3.6 cts/(ton·yr). This
result is reported in the same issue of this journal [13].
Both experiments have consequently extremely low back-
ground.

The total exposure analyzed here is calculated from
the total mass and amounts to 23.5 kg·yr and 23.2 kg·yr
for Phase I and Phase II, respectively. This corresponds
to (471.1±8.5) mol·yr of 76Ge in the active volume of the
detectors. Data from both phases are grouped in six data
sets depending on detector type and background level as
summarized in Tab. I.

The spectrum in the analysis window is displayed in
Fig. 2. Since there is no event close to Q�� we place
a 90% C.L. lower limit of T 0⌫

1/2 > 8.0 · 1025 yr on the

decay half-life derived from a frequentist (profile likeli-

TABLE I. Summary of the Phase I (PI) and Phase II
(PII) analysis datasets (exposure E , energy resolution at Q��

(FWHM), total e�ciency ✏ and background index BI).

data set E FWHM ✏ BI
[kg·yr] [keV] [10�3cts/(keV·kg·yr)]

PI golden 17.9 4.3(1) 0.57(3) 11± 2
PI silver 1.3 4.3(1) 0.57(3) 30± 10
PI BEGe 2.4 2.7(2) 0.66(2) 5+4

�3

PI extra 1.9 4.2(2) 0.58(4) 5+4
�3

total PI 23.5

PII coaxial 5.0 4.0(2) 0.53(5) 3.5+2.1
�1.5

PII BEGe 18.2 2.93(6) 0.60(2) 1.0+0.6
�0.4

total PII 23.2

total 46.7

hood) analysis with a median sensitivity of 5.8 · 1025 yr.
The chance to have a stronger limit is 30% as evaluated
by an ensemble of toy Monte Carlo realizations of the
experiment (for details of the statistical analysis see the
‘Methods’ section in Ref. [7]). A Bayesian analysis with
a flat prior in 1/T 0⌫

1/2 yields a lower limit of 5.1 · 1025 yr

at 90% credibility and a sensitivity of 4.5 · 1025 yr.

DISCUSSION

The lower half-life limit can be converted to an up-
per limit on the e↵ective Majorana neutrino mass m��

assuming the light neutrino exchange as dominant mech-
anism. Using the standard value of gA = 1.27, phase
space factors of Ref. [14], and the set of nuclear matrix el-
ements [15–22] discussed in a recent review [23], the range
for the upper limit on m�� is 0.12–0.26 eV for 76Ge. The
m�� limits for several 0⌫�� experiments obtained from
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TABLE II. Comparison of lower half-life limits T 0⌫
1/2 (90% C.L.) and corresponding upper Majorana neutrino mass m�� limits

of di↵erent 0⌫�� experiments. The experiments, the isotopes and the isotopic masses Mi deployed are shown in cols. 1–3. The
ranges of nuclear matrix elements (NME) [15–22] are given in col. 4. The lower half-life sensitivities and limits are shown in
cols. 5 and 7, respectively. The corresponding upper limits for m�� derived with the NMEs are shown in cols. 6 and 8.

sensitivity limit
experiment isotope Mi NME T 0⌫

1/2 m�� T 0⌫
1/2 m��

[kg] [1025 yr] [eV] [1025 yr] [eV]

Gerda 76Ge 31 2.8-6.1 5.8 0.14–0.30 8.0 0.12–0.26
Majorana [13] 76Ge 26 2.8-6.1 2.1 0.23–0.51 1.9 0.24–0.53
KamLAND-Zen [24] 136Xe 343 1.6-4.8 5.6 0.07–0.22 10.7 0.05–0.16
EXO [25, 26] 136Xe 161 1.6-4.8 1.9 0.13–0.37 1.1 0.17–0.49
CUORE [27, 28] 130Te 206 1.4-6.4 0.7 0.16–0.73 1.5 0.11–0.50
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FIG. 2. Energy spectra in the analysis window for Phase I
and Phase II coaxial detectors and Phase II BEGe detectors,
resp., after all cuts. The binning is 2 keV. The grey vertical
bands indicate the intervals excluding known � lines. The blue
lines show the hypothetical 0⌫�� signal for T 0⌫

1/2= 8.0·1025 yr,
on top of their respective constant backgrounds.

profile likelihood analyses are listed in Tab. II. Despite
the small deployed isotope mass Mi the m�� sensitivity
and actual limit of 76Ge are currently merely a factor of
⇡1.5 larger relative to the most sensitive one in the field
– if the worst case NMEs are considered.

Gerda continues to collect data and is projected to
reach a sensitivity on the half-life well beyond 1 · 1026 yr
with the design exposure of 100 kg·yr. The excellent
energy resolution and extremely low background make
Gerda very well suited for a possible discovery, having
a 50% chance of a 3� evidence for a half-life up to ⇠8 ·
1025 yr at the design exposure.

Gerda and Majorana Demonstrator both work in
a “background free” regime. Therefore, the combined
sensitivity on the 76Ge 0⌫�� decay will increase almost
linearly with the sum of the two exposures (see Fig. 2 of

Ref. [8]). Having two experiments of similar background
obtained by di↵erent methods paves the way for the fu-
ture Legend experiment [29].

Acknowledgments

The Gerda experiment is supported financially by the
German Federal Ministry for Education and Research
(BMBF), the German Research Foundation (DFG) via
the Excellence Cluster Universe and the SFB1258, the
Italian Istituto Nazionale di Fisica Nucleare (INFN), the
Max Planck Society (MPG), the Polish National Sci-
ence Centre (NCN), the Foundation for Polish Science
(TEAM/2016-2/2017), the Russian Foundation for Basic
Research (RFBR), and the Swiss National Science Foun-
dation (SNF). The institutions acknowledge also internal
financial support.
This project has received funding/support from the

European Union’s Horizon 2020 research and innova-
tion programme under the Marie Sklodowska-Curie grant
agreements No 690575 and No 674896, resp.
The Gerda collaboration thanks the directors and the

sta↵ of the LNGS for their continuous strong support of
the Gerda experiment.

a correspondence: gerda-eb@mpi-hd.mpg.de
b presently at: Technische Universität München, Germany
c also at: NRNU MEPhI, Moscow, Russia
d presently at: The Henryk Niewodniczanski Institute of
Nuclear Physics PAS, Krakow, Poland

e also at: Moscow Institute for Physics and Technology,
Moscow, Russia

f presently at: Leibniz-Institut für Kristallzüchtung ,
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