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• Motivation :  
　Neutrino absolute mass measurement using atomic de-excitation.

2SPAN Collaboration
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Energy spectrum of emitted photon

• Photon energy spectrum is similar to Michel Spectrum  
     → Maximum value is q-value/2 based on the massless assumption
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図 3: Xe 3P1 → 1S0 (励起エネルギー 8.4 eV) の光子エ
ネルギースペクトル。標的密度 7×1019cm−3 (気体の最
大値), 標的体積 102cm3 を仮定。
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図 4: 図3の閾値付近の拡大図。ディラック型最小質量 (最
も軽いニュートリノの質量) m0 = 10, 50 meVを仮定し
て, 実線で NH(Normal Hierarchy), 破線で IH(Inverted

Hierarchy)を図示。

これがレプトン数非保存の起源となる。私たちの提唱す
る励起原子からのニュートリノ質量分光では, ニュート
リノ対が放出されるが, マヨラナ粒子のときは, この二
粒子の波動関数は反対称化されて, 同種フェルミオンの
干渉効果が生じる。その効果は質量閾値付近で特に顕著
になる [2],[4]。
図 5 に, マヨラナ・ディラック識別の有力手段である,

後述のパリティ非保存非対称度をプロットした。マヨラ
ナ・ディラックの区別はレベル間隔の小さい遷移でも数
10% のレベルで可能である。
標準ゲージ理論では, 暗黒物質および暗黒エネルギー

の存在, 宇宙の物質・反物質不均衡という, 現在の宇宙
の大域的組成, それと関連する大規模構造を説明するこ
とができない。また, 電弱統一は左右非対称性をあらわ
に含み, これが超高エネルギーまで続くのは, 魅力ある
考えとも思えない。事実, SO(10)群に基づく大統一理論
などでは, 二成分ニュートリノの重いパートナー（三つ
ある）が存在し, 電弱統一より高いスケールの質量エネ
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図 5: 3P2Yb 遷移のパリティ非保存量。正の量は光偏光
の逆転, 負の量は磁場逆転に対応する非対称度を表す。
光偏光逆転の場合, ディラック, マヨラナ, NH, IH の 4

ケースの区別が識別される（最小質量 5 meVを仮定）。
仮定された標的密度は 1022cm−3, 標的体積は 102cm3。
文献 [10] の結果を転載。
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図 6: 仮想レベル間隔 ϵeg = ϵeg(Yb)/5 を仮定したケー
スでの, スペクトルのマヨラナ位相依存性。仮定された
CP位相, (α,β − δ) は赤実線 (0, 0), 黒点線 (π/2, 0), 青
破線 (0,π/2)すべて最小質量 2 meVを仮定。文献 [5]の
結果を転載。

ルギーをもつことが期待されている。このような可能性
を考えると, シーソー機構によりニュートリノ質量がき
わめて小さいこと, 宇宙の物質・反物質不均衡を説明す
ることが可能となる。
重いパートナーは宇宙初期にのみ存在するが, 崩壊す
るときレプトンと反レプトンの非対称性を発生し, これ
が物質・反物質非対称性に転化するという, Leptogenesis

のシナリオが提案されている。このシナリオにとっては,

通常のニュートリノがマヨラナ粒子であることを実験的
に確定することと, その CP非保存位相を検証すること
が重要になる。三つのマヨラナ粒子の混合行列には小
林・益川型の位相 δ に加えて, 二つの CP位相 α,β が
独立に存在する。RENPのレートは, α,β − δ に独立に
依存し, 原理的にこれらを分離して測定可能である。
図 6 にもっとも測定が難しい, CP位相の違いによる

スペクトルを示した。
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Fig. 1. Left: Muon decay energy spectra for various values of the Michel parameters including
the V-A values. Right: Effect of the first order radiative corrections on the muon decay spectrum
(ρ = 0.75, η = 0).

large liquid Argon (LAr) time projection chamber (TPC) in the Gran Sasso Laboratory,
Italy, for the study of neutrino physics and matter stability [11]. The physics poten-
tial of this type of detector has been extensively described elsewhere, both for the final
project [10] and its initial phase with the ∼ 600 t LAr prototype (ICARUS T600) [12].

The sample of events in which a muon enters, stops and eventually decays in the
detector’s sensitive volume –hereafter called stopping muon sample– constitutes an impor-
tant benchmark to evaluate the physics performance of ICARUS. Because of their simple
topology, stopping muon events are relatively easy to reconstruct in space, allowing the
computation of the different calibration factors needed in the full calorimetric reconstruc-
tion. Thus, we can study the muon decay spectrum and measure the Michel ρ parameter,
which constitutes the first physics measurement performed with the novel ICARUS de-
tector technology, and proves that the technique is mature enough to produce physics
results. Our new result is not competitive with those obtained from µ decay, and barely
with those obtained from τ decay. However, it must be remarked that this result has been
obtained using 1858 muon decay events with a non optimized experiment. Our result
stresses the capabilities of the ICARUS technology to produce robust physics results.

2 Experimental setup

ICARUS T600 [13] is a large cryostat divided in two identical, adjacent half-modules
of internal dimensions 3.6× 3.9× 19.9 m3, each containing more than 300 t of LAr. Each
half-module houses an internal detector composed of two TPC’s (referred to as Left and
Right chambers), the field shaping system (race track electrodes), monitors, probes, photo-
multipliers, and is externally surrounded by a set of thermal insulation layers. Each TPC is
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Energy spectrum of emitted gamma 4
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図 4: 図3の閾値付近の拡大図。ディラック型最小質量 (最
も軽いニュートリノの質量) m0 = 10, 50 meVを仮定し
て, 実線で NH(Normal Hierarchy), 破線で IH(Inverted

Hierarchy)を図示。
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図 6: 仮想レベル間隔 ϵeg = ϵeg(Yb)/5 を仮定したケー
スでの, スペクトルのマヨラナ位相依存性。仮定された
CP位相, (α,β − δ) は赤実線 (0, 0), 黒点線 (π/2, 0), 青
破線 (0,π/2)すべて最小質量 2 meVを仮定。文献 [5]の
結果を転載。

ルギーをもつことが期待されている。このような可能性
を考えると, シーソー機構によりニュートリノ質量がき
わめて小さいこと, 宇宙の物質・反物質不均衡を説明す
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のシナリオが提案されている。このシナリオにとっては,

通常のニュートリノがマヨラナ粒子であることを実験的
に確定することと, その CP非保存位相を検証すること
が重要になる。三つのマヨラナ粒子の混合行列には小
林・益川型の位相 δ に加えて, 二つの CP位相 α,β が
独立に存在する。RENPのレートは, α,β − δ に独立に
依存し, 原理的にこれらを分離して測定可能である。
図 6 にもっとも測定が難しい, CP位相の違いによる
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これがレプトン数非保存の起源となる。私たちの提唱す
る励起原子からのニュートリノ質量分光では, ニュート
リノ対が放出されるが, マヨラナ粒子のときは, この二
粒子の波動関数は反対称化されて, 同種フェルミオンの
干渉効果が生じる。その効果は質量閾値付近で特に顕著
になる [2],[4]。
図 5 に, マヨラナ・ディラック識別の有力手段である,

後述のパリティ非保存非対称度をプロットした。マヨラ
ナ・ディラックの区別はレベル間隔の小さい遷移でも数
10% のレベルで可能である。
標準ゲージ理論では, 暗黒物質および暗黒エネルギー

の存在, 宇宙の物質・反物質不均衡という, 現在の宇宙
の大域的組成, それと関連する大規模構造を説明するこ
とができない。また, 電弱統一は左右非対称性をあらわ
に含み, これが超高エネルギーまで続くのは, 魅力ある
考えとも思えない。事実, SO(10)群に基づく大統一理論
などでは, 二成分ニュートリノの重いパートナー（三つ
ある）が存在し, 電弱統一より高いスケールの質量エネ

Dirac NH

Dirac IH
Majorana NH

Majarana IH

Dirac NH, Majorana NH

Dirac IH, Majarana IH

図 5: 3P2Yb 遷移のパリティ非保存量。正の量は光偏光
の逆転, 負の量は磁場逆転に対応する非対称度を表す。
光偏光逆転の場合, ディラック, マヨラナ, NH, IH の 4

ケースの区別が識別される（最小質量 5 meVを仮定）。
仮定された標的密度は 1022cm−3, 標的体積は 102cm3。
文献 [10] の結果を転載。

ω

ω

CP Phase (ΝΗ)    

  
(0, 0) 

(π/2, 0) 

(0, π/2) 

(α, β − δ) = 

図 6: 仮想レベル間隔 ϵeg = ϵeg(Yb)/5 を仮定したケー
スでの, スペクトルのマヨラナ位相依存性。仮定された
CP位相, (α,β − δ) は赤実線 (0, 0), 黒点線 (π/2, 0), 青
破線 (0,π/2)すべて最小質量 2 meVを仮定。文献 [5]の
結果を転載。

ルギーをもつことが期待されている。このような可能性
を考えると, シーソー機構によりニュートリノ質量がき
わめて小さいこと, 宇宙の物質・反物質不均衡を説明す
ることが可能となる。
重いパートナーは宇宙初期にのみ存在するが, 崩壊す
るときレプトンと反レプトンの非対称性を発生し, これ
が物質・反物質非対称性に転化するという, Leptogenesis

のシナリオが提案されている。このシナリオにとっては,

通常のニュートリノがマヨラナ粒子であることを実験的
に確定することと, その CP非保存位相を検証すること
が重要になる。三つのマヨラナ粒子の混合行列には小
林・益川型の位相 δ に加えて, 二つの CP位相 α,β が
独立に存在する。RENPのレートは, α,β − δ に独立に
依存し, 原理的にこれらを分離して測定可能である。
図 6 にもっとも測定が難しい, CP位相の違いによる

スペクトルを示した。
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and are known to temporarily elevate, for example, Rn levels in the
detector.) The live-time in the two-week periods following the 10 feed
events were unmasked first to search for increased background levels in
the ROI. No evidence for such an increase was found and the unmask-
ing of the remaining live-time proceeded.

The results of the maximum-likelihood fit are presented in Fig. 4. The
measured 2nbb decay rate is consistent with ref. 9. From the best-fit
model, the estimate of the background in the 0nbb 6 2s ROI is 31.1 6
1.8(stat.) 6 3.3(sys.) counts, or (1.7 6 0.2) 3 1023 keV21 kg21 yr21 nor-
malized to the total Xe exposure (123.7 kg yr). Both this and the 61s
value (also (1.7 6 0.2) 3 1023 keV21 kg21 yr21) are consistent with pre-
vious results, 1.5 6 0.1 (1.4 6 0.1) with the same units in the 61s (62s)
ROI13. The dominant backgrounds arise from 232Th (16.0 counts), 238U
(8.1 counts) and 137Xe (7.0 counts). This amount of 137Xe is consistent
with estimates from studies of the activation of 136Xe in muon-veto-
tagged data. The total number of events seen in this region is 39. The
best-fit value of 0nbb counts is 9.9, consistent with the null hypothesis at
1.2s as calculated using toy MC studies. The corresponding profile-
likelihood scan of this parameter is shown in Fig. 5.

A number of cross-checks were performed on the result. No event
reconstruction anomalies were found after hand-scanning all events
in the ROI. The time-between-events distribution of the ROI events is
consistent with a constant-rate process and the standoff distance
distribution of events in data is consistent with the best-fit model.
Additional backgrounds were considered that could contribute events
to the ROI. In particular, we tested for 110mAg and 88Y because of their
possible association with the measurement in ref. 12, and found that
both produce a distinct high-multiplicity signature in EXO-200 (SS/
(SS 1 MS) < 5–10%). Separate fits including each of these PDFs con-
tributed the following counts to the 62s ROI: N110mAg ~0:04+0:02
and NssY~0:02+0:01. Finally, we were able to exclude any significant
effect on the ROI background from 214Bi external to the Pb shield—
for example, from 238U in the surrounding salt.

Discussion
In summary, we report a 90% confidence level lower limit on the 0nbb
half-life of 1.1 3 1025 yr. With the nuclear matrix elements of refs
26–29 and the phase space factor from ref. 21, this corresponds to an
upper limit on the Majorana neutrino mass of 190–450 meV. Using
the three flavour fit of ref. 30 (also M. Tortola and J. Valle, personal
communication), we further use this range of effective mass limits to
construct a constraint on the mass mmin of the lightest neutrino mass
eigenstate, assuming the most disadvantageous combination of CP

phases. This corresponds to mmin , 0.69–1.63 eV, in the case where neu-
trinos are Majorana particles.

The results reported here supersede those of ref. 13, owing to the
increased exposure and improved analysis. The limit presented is how-
ever not as strong as the limit from ref. 13, consistent with expected
statistical fluctuations in the data. An appropriate metric to character-
ize the improvement of the experiment independent of such fluctua-
tions is the ‘sensitivity’, defined as the median expected 90% confidence
level half-life limit assuming the background estimated from the max-
imum-likelihood fit and the absence of a 0nbb signal. We calculate this
metric using an ensemble of limits determined from Monte Carlo pseudo-
experiments and find the EXO-200 sensitivity to be 1.9 3 1025 yr, repre-
senting an improvement by a factor of 2.7 over ref. 13.

In Fig. 6 we compare the 0nbb sensitivity and half-life limits from
the GERDA, KamLAND-Zen and EXO-200 experiments. Also shown
is the positive observation claim in 76Ge from ref. 14. The results of the
present analysis are inconsistent with the central value of this claim at
90% confidence level for two of the four considered nuclear matrix
element calculations, namely, GCM26 and NSM27.

The first two years of EXO-200 data demonstrate the power of a
large and homogeneous LXe TPC in the search for 0nbb. Simulations
of the nEXO experiment, a proposed 5,000-kg LXe TPC based on the
EXO-200 design, show that the state-of-the-art background measured
in EXO-200 can be further improved by finer charge readout pitch (to
improve the SS/MS discrimination) and by lower electronic noise in
the scintillation channel. In addition, Xe self-shielding will become
more powerful in larger detectors, where the c attenuation length at
energies near the Q-value becomes small with respect to the linear size
of the LXe vessel. This advantage only applies to monolithic, homo-
geneous detectors.
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Figure 5 | Profile likelihood, l, for 0nbb counts. The horizontal dashed lines
represent the 1s and 90% confidence levels assuming the validity of Wilks’
theorem32,33, intersecting the profile curve at (3.1, 18) and 24 0nbb counts,
respectively. From toy Monte Carlo studies, the best-fit value is consistent with
the null hypothesis at 1.2s.
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Figure 6 | Comparison with recent results from 136Xe and 76Ge 0nbb
experiments. Sensitivity (orthogonal lines) and limits (arrows) from GERDA
and KamLAND-Zen are from refs 11 and 12, respectively. The diagonal lines
are derived from several recent nuclear matrix element calculations and the
phase-space factor from ref. 21, included to allow comparison between results
from the two nuclei: GCM26, NSM27, IBM-230 and RQRPA29. Tick marks along
these lines indicate the associated effective neutrino mass in eV. The claimed
observation in 76Ge (KK&K; ref. 14) is shown as a shaded grey band (CL,
confidence level). The previous EXO-200 limit and sensitivity from ref. 13 were
1.6 3 1025 yr and 0.7 3 1025 yr, respectively.
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and are known to temporarily elevate, for example, Rn levels in the
detector.) The live-time in the two-week periods following the 10 feed
events were unmasked first to search for increased background levels in
the ROI. No evidence for such an increase was found and the unmask-
ing of the remaining live-time proceeded.

The results of the maximum-likelihood fit are presented in Fig. 4. The
measured 2nbb decay rate is consistent with ref. 9. From the best-fit
model, the estimate of the background in the 0nbb 6 2s ROI is 31.1 6
1.8(stat.) 6 3.3(sys.) counts, or (1.7 6 0.2) 3 1023 keV21 kg21 yr21 nor-
malized to the total Xe exposure (123.7 kg yr). Both this and the 61s
value (also (1.7 6 0.2) 3 1023 keV21 kg21 yr21) are consistent with pre-
vious results, 1.5 6 0.1 (1.4 6 0.1) with the same units in the 61s (62s)
ROI13. The dominant backgrounds arise from 232Th (16.0 counts), 238U
(8.1 counts) and 137Xe (7.0 counts). This amount of 137Xe is consistent
with estimates from studies of the activation of 136Xe in muon-veto-
tagged data. The total number of events seen in this region is 39. The
best-fit value of 0nbb counts is 9.9, consistent with the null hypothesis at
1.2s as calculated using toy MC studies. The corresponding profile-
likelihood scan of this parameter is shown in Fig. 5.

A number of cross-checks were performed on the result. No event
reconstruction anomalies were found after hand-scanning all events
in the ROI. The time-between-events distribution of the ROI events is
consistent with a constant-rate process and the standoff distance
distribution of events in data is consistent with the best-fit model.
Additional backgrounds were considered that could contribute events
to the ROI. In particular, we tested for 110mAg and 88Y because of their
possible association with the measurement in ref. 12, and found that
both produce a distinct high-multiplicity signature in EXO-200 (SS/
(SS 1 MS) < 5–10%). Separate fits including each of these PDFs con-
tributed the following counts to the 62s ROI: N110mAg ~0:04+0:02
and NssY~0:02+0:01. Finally, we were able to exclude any significant
effect on the ROI background from 214Bi external to the Pb shield—
for example, from 238U in the surrounding salt.

Discussion
In summary, we report a 90% confidence level lower limit on the 0nbb
half-life of 1.1 3 1025 yr. With the nuclear matrix elements of refs
26–29 and the phase space factor from ref. 21, this corresponds to an
upper limit on the Majorana neutrino mass of 190–450 meV. Using
the three flavour fit of ref. 30 (also M. Tortola and J. Valle, personal
communication), we further use this range of effective mass limits to
construct a constraint on the mass mmin of the lightest neutrino mass
eigenstate, assuming the most disadvantageous combination of CP

phases. This corresponds to mmin , 0.69–1.63 eV, in the case where neu-
trinos are Majorana particles.

The results reported here supersede those of ref. 13, owing to the
increased exposure and improved analysis. The limit presented is how-
ever not as strong as the limit from ref. 13, consistent with expected
statistical fluctuations in the data. An appropriate metric to character-
ize the improvement of the experiment independent of such fluctua-
tions is the ‘sensitivity’, defined as the median expected 90% confidence
level half-life limit assuming the background estimated from the max-
imum-likelihood fit and the absence of a 0nbb signal. We calculate this
metric using an ensemble of limits determined from Monte Carlo pseudo-
experiments and find the EXO-200 sensitivity to be 1.9 3 1025 yr, repre-
senting an improvement by a factor of 2.7 over ref. 13.

In Fig. 6 we compare the 0nbb sensitivity and half-life limits from
the GERDA, KamLAND-Zen and EXO-200 experiments. Also shown
is the positive observation claim in 76Ge from ref. 14. The results of the
present analysis are inconsistent with the central value of this claim at
90% confidence level for two of the four considered nuclear matrix
element calculations, namely, GCM26 and NSM27.

The first two years of EXO-200 data demonstrate the power of a
large and homogeneous LXe TPC in the search for 0nbb. Simulations
of the nEXO experiment, a proposed 5,000-kg LXe TPC based on the
EXO-200 design, show that the state-of-the-art background measured
in EXO-200 can be further improved by finer charge readout pitch (to
improve the SS/MS discrimination) and by lower electronic noise in
the scintillation channel. In addition, Xe self-shielding will become
more powerful in larger detectors, where the c attenuation length at
energies near the Q-value becomes small with respect to the linear size
of the LXe vessel. This advantage only applies to monolithic, homo-
geneous detectors.
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Figure 5 | Profile likelihood, l, for 0nbb counts. The horizontal dashed lines
represent the 1s and 90% confidence levels assuming the validity of Wilks’
theorem32,33, intersecting the profile curve at (3.1, 18) and 24 0nbb counts,
respectively. From toy Monte Carlo studies, the best-fit value is consistent with
the null hypothesis at 1.2s.
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Figure 6 | Comparison with recent results from 136Xe and 76Ge 0nbb
experiments. Sensitivity (orthogonal lines) and limits (arrows) from GERDA
and KamLAND-Zen are from refs 11 and 12, respectively. The diagonal lines
are derived from several recent nuclear matrix element calculations and the
phase-space factor from ref. 21, included to allow comparison between results
from the two nuclei: GCM26, NSM27, IBM-230 and RQRPA29. Tick marks along
these lines indicate the associated effective neutrino mass in eV. The claimed
observation in 76Ge (KK&K; ref. 14) is shown as a shaded grey band (CL,
confidence level). The previous EXO-200 limit and sensitivity from ref. 13 were
1.6 3 1025 yr and 0.7 3 1025 yr, respectively.
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Should we prepare a huge detector?"
!

No.  Target atoms have to be excited."
We need other method.

same as the current 
sensitivity of 0νββ
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Macro-coherent Amplification

• Macro-Coherent Amplification!
• Coherence in macroscopic size can enhance the rate of de-excitation. 

• Not enlarge the amount of target atoms, but enlarge its transition rate."
!
!
!
!
!
!
!
!
!
!
!

!
• The mutual phase among N atoms have to be same.!
• Momentum of emitted particles should be conserved.
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Demonstration on the Macro-coherent Amplification

• Macro-coherent Amplification should be demonstrated experimentally.  
→ Two photon emission version, named Paired Super-radiance (PSR),  
     is a suitable example for this phenomenon. 
!

• Rare QED process. Macro-coherent amplification is needed to observe it. 
• Easier than RENP.
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PSR experiment using pH2 molecule

• Target : para-H2 gas 
       @ 77 K, 60 kPa (5.6×1019 cm-3) 

!
!

• Two photon emission can be expected!
• One photon (E1) transition is forbidden 
• Two photon (E1×E1) transition is allowed 

           ※ Rate ~ 5×10-12 Hz 
!

• Initial coherence can be generated!
•  Previous researches have studied  

   coherence generation methods.  
→ Adiabatic Raman Excitation
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Experiment procedure

(1) Generate initial coherence in pH2 medium using Adiabatic Raman Excitation 
(2) Stimulate two photon emission by injecting trigger laser 
(3) Measure the intensity of the other wavelength from two photon de-excitation 
(4) Repeat (1)~(3) by 10 Hz

9
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Experiment procedure

(1) Generate initial coherence in pH2 medium using Adiabatic Raman Excitation 
(2) Stimulate two photon emission by injecting trigger laser 
(3) Measure the intensity of the other wavelength from two photon de-excitation 
(4) Repeat (1)~(3) by 10 Hz
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(1) Coherence preparation 10
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⌘

Strong two color lasers generate  
the initial coherence in the pH2 medium
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Driving laser system

• Two driving Lasers
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Figure 2: Schematics of the experimental setup. (a) The laser system. The main Nd:YAG
laser beam is divided into three beams. Two of them are used as pumping light sources
to generate the ω−1 laser (683 nm) and the rest is used as the ω0 laser (532 nm). For
the ω−1 light generation, we employed an injection seeded OPG with a PPSLT crystal
and OPA with LBO crystals. A typical output power at OPA stage is ≥6 mJ at 683 nm.
(b) Schematic diagram of the target and the detector. DCM: dichroic mirror; BD: Beam
dumper; LPFs: long-pass filters; MCT: Hg-Cd-Te mid-infrared detector.

same direction. For the detuning (δ) scan, we changed the frequency of the ECDL seeding
laser.

3.2 Target

We used para-hydrogen (p-H2 with purity of < 500 ppm ortho-hydrogen contamination)
gas at the temperature of 78 K as a target. The main reasons of using p-H2 are that it is
suited to observe two-photon emission from the E1 forbidden vibrationally-excited state,
and that the production technique of large coherence is well established. In addition to
these, para-hydrogen has a merit of longer decoherence time over normal-hydrogen (1:3
mixture of para- and ortho-hydrogen), and the low temperature (78 K) is better because
the decoherence time (γ−1

2 ) is nearly the longest thanks to the Dicke narrowing [21].
The actual target, cylindrical with 20 mm in diameter and 150 mm in length, was

installed in a cryostat. The pressure could be varied, but in the present experiment it was
fixed at 60 kPa (the estimated number density assuming ideal gas is n = 5.6×1019 cm−3).
Both pressure and temperature were monitored constantly during the experiment. The
estimated decoherence rate at this condition is about 130 MHz [7].
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Initial Coherence Generation

• The Raman side band in higher orders were observed.  
→ Initial coherence was generated.
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dumper; LPFs: long-pass filters; MCT: Hg-Cd-Te mid-infrared detector.

same direction. For the detuning (δ) scan, we changed the frequency of the ECDL seeding
laser.

3.2 Target

We used para-hydrogen (p-H2 with purity of < 500 ppm ortho-hydrogen contamination)
gas at the temperature of 78 K as a target. The main reasons of using p-H2 are that it is
suited to observe two-photon emission from the E1 forbidden vibrationally-excited state,
and that the production technique of large coherence is well established. In addition to
these, para-hydrogen has a merit of longer decoherence time over normal-hydrogen (1:3
mixture of para- and ortho-hydrogen), and the low temperature (78 K) is better because
the decoherence time (γ−1

2 ) is nearly the longest thanks to the Dicke narrowing [21].
The actual target, cylindrical with 20 mm in diameter and 150 mm in length, was

installed in a cryostat. The pressure could be varied, but in the present experiment it was
fixed at 60 kPa (the estimated number density assuming ideal gas is n = 5.6×1019 cm−3).
Both pressure and temperature were monitored constantly during the experiment. The
estimated decoherence rate at this condition is about 130 MHz [7].
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Experiment procedure

(1) Generate initial coherence in pH2 medium using Adiabatic Raman Excitation 
(2) Stimulate two photon emission by injecting trigger laser 
(3) Measure the intensity of the other wavelength from two photon de-excitation 
(4) Repeat (1)~(3) by 10 Hz
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(2) Trigger

• The energy of 4th Stokes light (4.66 µm=0.27 eV) is almost a half of the 
transition energy (0.5 eV)  
→4th Stokes can be a trigger.

14

0.5 eV

Higher scattered light!
(4th Stokes)!

4.66µm~0.27eV

Trigger 4.66 µm (Mid Infra Red) 0.27 eV
Signal 4.96 µm (Mid Infra Red) 0.25 eV

|gi

|ei

0 eV
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(3) Observation of Emission 16
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(a) Laser Setup

(b) Target & Detector

Figure 2: Schematics of the experimental setup. (a) The laser system. The main Nd:YAG
laser beam is divided into three beams. Two of them are used as pumping light sources
to generate the ω−1 laser (683 nm) and the rest is used as the ω0 laser (532 nm). For
the ω−1 light generation, we employed an injection seeded OPG with a PPSLT crystal
and OPA with LBO crystals. A typical output power at OPA stage is ≥6 mJ at 683 nm.
(b) Schematic diagram of the target and the detector. DCM: dichroic mirror; BD: Beam
dumper; LPFs: long-pass filters; MCT: Hg-Cd-Te mid-infrared detector.

same direction. For the detuning (δ) scan, we changed the frequency of the ECDL seeding
laser.

3.2 Target

We used para-hydrogen (p-H2 with purity of < 500 ppm ortho-hydrogen contamination)
gas at the temperature of 78 K as a target. The main reasons of using p-H2 are that it is
suited to observe two-photon emission from the E1 forbidden vibrationally-excited state,
and that the production technique of large coherence is well established. In addition to
these, para-hydrogen has a merit of longer decoherence time over normal-hydrogen (1:3
mixture of para- and ortho-hydrogen), and the low temperature (78 K) is better because
the decoherence time (γ−1

2 ) is nearly the longest thanks to the Dicke narrowing [21].
The actual target, cylindrical with 20 mm in diameter and 150 mm in length, was

installed in a cryostat. The pressure could be varied, but in the present experiment it was
fixed at 60 kPa (the estimated number density assuming ideal gas is n = 5.6×1019 cm−3).
Both pressure and temperature were monitored constantly during the experiment. The
estimated decoherence rate at this condition is about 130 MHz [7].
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gas at the temperature of 78 K as a target. The main reasons of using p-H2 are that it is
suited to observe two-photon emission from the E1 forbidden vibrationally-excited state,
and that the production technique of large coherence is well established. In addition to
these, para-hydrogen has a merit of longer decoherence time over normal-hydrogen (1:3
mixture of para- and ortho-hydrogen), and the low temperature (78 K) is better because
the decoherence time (γ−1

2 ) is nearly the longest thanks to the Dicke narrowing [21].
The actual target, cylindrical with 20 mm in diameter and 150 mm in length, was

installed in a cryostat. The pressure could be varied, but in the present experiment it was
fixed at 60 kPa (the estimated number density assuming ideal gas is n = 5.6×1019 cm−3).
Both pressure and temperature were monitored constantly during the experiment. The
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laser.

3.2 Target

We used para-hydrogen (p-H2 with purity of < 500 ppm ortho-hydrogen contamination)
gas at the temperature of 78 K as a target. The main reasons of using p-H2 are that it is
suited to observe two-photon emission from the E1 forbidden vibrationally-excited state,
and that the production technique of large coherence is well established. In addition to
these, para-hydrogen has a merit of longer decoherence time over normal-hydrogen (1:3
mixture of para- and ortho-hydrogen), and the low temperature (78 K) is better because
the decoherence time (γ−1

2 ) is nearly the longest thanks to the Dicke narrowing [21].
The actual target, cylindrical with 20 mm in diameter and 150 mm in length, was

installed in a cryostat. The pressure could be varied, but in the present experiment it was
fixed at 60 kPa (the estimated number density assuming ideal gas is n = 5.6×1019 cm−3).
Both pressure and temperature were monitored constantly during the experiment. The
estimated decoherence rate at this condition is about 130 MHz [7].
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Enhancement Factor

• Observed number of photons : > 4.4×107 photon/pulse!
• Expected number of photons  : < 1.6×10-8 photon/pulse

17

Factor Value
Spontaneous decay rate : dA/dz (z=ω/ω
Energy band width (monochromator) : Δz

measurement time : Δt 80 ns
detector solid angle fraction : ΔΩ/(4π)

the maximum number of excited molecules
The expected number of photons

Y.#Miyamoto#et.#al.#,#arXiv:1406.2198v2�

3.2×10-11 s-1  (z=1/2)
4.9×10-3

1.2×10-4

< 1.5×1016

< 1.6×10-8 photon/pulse
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Factor Value
Spontaneous decay rate : dA/dz (z=ω/ω
Energy band width (monochromator) : Δz

measurement time : Δt 80 ns
detector solid angle fraction : ΔΩ/(4π)

the maximum number of excited molecules
The expected number of photons

Huge enhancement (>1015) has been obtained!

Y.#Miyamoto#et.#al.#,#arXiv:1406.2198v2�

3.2×10-11 s-1  (z=1/2)
4.9×10-3

1.2×10-4
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Next experiments

• PSR with External trigger

18

|ei

|gi

|pi
4th Stokes

Signal
3rd Stokes

|ei

|gi

External trigger

Signal

p-H2 p-H2

driving (532 nm)
driving (683 nm)

driving (532 nm)
driving (683 nm)
trigger (4.6 nm)

signal (5.0 µm) signal (5.1 µm)

Independent control
coherence generation : driving power, p-H2 pressure, etc. 
PSR stimulation           : power, timing, etc.

⇒ Quantitative discussion
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Summary

• RENP has potential to determine the neutrino 
absolute mass. 
• Macro-coherent Amplification is essential to realize it. 

!
• Macro-coherent Amplification has been demonstrated 

using two photon emission 
!
!
!

!
• The next experiment is on-going"

• PSR experiment with External trigger 
• Separate the coherence generation and the PSR stimulation. 
• Enable us to discuss more quantitatively.

19

4.96 µm emission has been observed."
Two photon emission has been enhanced by 1015



Back up



21th ICEPP Symposium  2/8-11  @ Hakuba

Enhancement by Coherence

• Example of the amplification by coherence : Single particle emission 
 
                  Super-radiance [Dicke, Rhys. Rev. 93 99 (1954)] 

!
!
!
!
!
!
!
!

• The maximal coherent region is limited by the wavelength (~1 µm)  
→ N < 108 ( for 1020 cm-3 ) 

!
• Macro-Coherent Amplification : Plural particles emission!

• Thanks to the momentum conservation (                           ),  
 the wavelength limitation can be removed.　 
　　　   →   N can reach the Avogadro number.

21

ei(k1+k2+k3)ri = 1

ei
~k· ~ra = 1

I / N
I / N2
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pH2 line width 22

1500

1000

1 amagat ~ 2.7×1019 cm-3

PTEP 2012, 04D002 A. Fukumi et al.

Fig. 30. Linewidth of Q1(0) Raman transition of gaseous pH2 at 81 K, with ortho-para ratios of 1:7.7 and 3:1,
as a function of density of pH2.

Solid hydrogen. Solid pH2 is an attractive target for coherent experiments because it fulfills high
density and long coherence simultaneously. The number density of saturated solid pH2 is about
2.6 × 1022 cm−3 at 4 K, which corresponds to that of a gaseous sample at 1000 atm, 300 K. Due to
weak interaction, not only vibrational motion but also rotational motion of hydrogen are quantized
and coherence time is much longer than classical solids. The long coherence time of the excited
vibrational state is estimated to be of the order of 10 ns from the linewidth of stimulated Raman
spectroscopy [41]. Time-resolved coherent anti-Stokes Raman spectroscopy (TRCARS) also sup-
ported this value. An introduction to the TRCARS experiment and discussion of the long T2 of solid
pH2 are given in Appendix D. The long T1 (not radiative) of the v = 1 state in solid pH2 was also
reported to be ∼40 µs at 4.8 K [42].

However, the damage threshold of solid pH2 was reported to be 180 MWcm−2, which is fourth-
order smaller than that of a gaseous sample [36]. Furthermore, it may be troublesome to prepare
longer solid pH2 than 10 cm with optically transparent quality. Application of multi-pass or cavity is
also difficult because of scattering in the solid.

Comparison between pH2 gas and solid targets. Table 4 lists a set of parameters and their typical
values relevant to the PSR experiment, comparing gaseous and solid pH2. As can be seen, the solid
phase is better from the view points of number density and de-phasing time T2. A disadvantage of
using the solid phase is its low damage threshold. It limits the attainable number density and makes
the initial coherence low; actually, too low to observe PSR events with our current technique. On the
other hand, the numerical simulation of Sect. 4.1 shows that the linear regime PSR may well be
observed with gas phase pH2. We have thus chosen gas phase pH2 in aiming at the first observation
of PSR events. It should be noted, however, that solid pH2 is much more attractive once the damage
threshold limitation is overcome. Some development efforts along this line are described below and
in Appendix D.

Experimental techniques. In solid pH2, the coherence time depends largely on the oH2 concen-
tration. The linewidth of vibrational Raman transition to the v = 1 state is about 10 MHz at o/p
of 2000 ppm, while this becomes 60 MHz at 20000 ppm [41]. Therefore, a highly purified pH2 is
desired. Purity of pH2 is also important in gaseous pH2 because the FWHM of gaseous hydrogen
at the same pH2 density is probably smaller for the pure pH2 sample, as seen in Fig. 30, although

41/79

Exp. condition
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Adiabatic Raman Excitation

• State of atoms 
• Wave function : 

!
• Density matrix :  
!

• Inject two color lasers(Eg, Ee) simultaneously 
• Effective hamiltonian  
　　　　　　 

!
!
!

• Two color lasers change the eigenstates of the system from      and  
to the superposition of them.

23
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4.96 µm spatial profile

• Knife edge method
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X [mrad] Y [mrad]
4.96 um 7.3 9.7
532 nm 1.8 2.0
683 nm 2.0 1.9
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4.96 µm time profile

• Pulse duration of 4.36±0.05 ns is slightly shorter than driving lasers.
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(4) Transfer Function of MCT detector
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Coefficient values ± one standard deviation
A    =2.7476e-012 ± 3.48e-014
zeta =1.5531 ± 0.0452
omega =4.7523e+008 ± 1.13e+007
t0   =-1.0446e-009 ± 2.27e-011
y0   =0.0016994 ± 6.81e-007

※ Igor で fitting, 振幅 A, 時間原点 t0, オフセット y0 含む
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MIR (4.66 & 4.96 µm) Pulse Duration

解析手順の Summary
Short pulse (300 ps) laser で MCT 検出器の応答関数 g(t) を測定
 (2014.4/30 データ，2次遅れ特性でよく一致 , Igor 使用 )
得られた応答関数にガウシアンパルス入力 x(t) を仮定した場合の出力 y(t) 
で測定データ (2014.5/19) を fitting (Mathematica 使用 , たたみ込み )
4.66 μm：パルス幅 4.344 ns, ピーク位置 16.2027 ns
4.96 μm：パルス幅 4.361 ns, ピーク位置 16.7461 ns
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4.96 µm pulse output Detector response
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D.N. Dinh et al. / Physics Letters B 719 (2013) 154–163 161

Fig. 6. Majorana vs Dirac neutrino comparison in the case of X 3 P0 → 1 S0 transi-
tions with energy difference ϵeg = ϵeg(Yb)/5 for m0 = 2 meV and NH (solid lines)
and IH (dashed lines) spectra. The red and black lines correspond respectively to
Majorana and Dirac massive neutrinos. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this Letter.)

NH: R̃(ω33;NH) ∼=
∑

i, j |aij|2 − |a33|2∑
i, j |aij|2

∼= 0.70, (38)

IH: R̃(ω11; IH) ∼= |a33|2 + 2(|a13|2 + (|a23|2)∑
i, j |aij|2

∼= 0.36. (39)

In obtaining the result (39) in the IH case we have assumed that
ω22 and ω12 are not resolved, but the kink due to the ω11 thresh-
old could be observed. The latter does not corresponds to the fea-
tures shown in Fig. 3 (and in the subsequent figures of the Letter),
where the kink due to the ω11 threshold is too small to be seen
and only the kink due to the ω12 threshold is prominent.

3.2.3. The nature of massive neutrinos
The Majorana vs Dirac neutrino distinction is much more chal-

lenging experimentally, if not impossible, with the Yb atom. This
is illustrated in Fig. 4, where the Dirac and Majorana spectra
are almost degenerate for both the NH and IH cases. The figure
is obtained for m0 = 20 meV and the CPV phases set to zero,
(α,β − δ) = (0,0), but the conclusion is valid for other choices
of the values of the phases as well.

The difference between the emission of pairs of Dirac and Majo-
rana neutrinos can be noticeable in the case of QD spectrum with

Fig. 7. The same as in Fig. 5 but for ϵeg = 0.43 eV.

D.N. Dinh et al., Phys. Lett. B719 (2013)

Normal hierarchy 
m1 = 50 meV 
ωeg = 0.43 eV
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Figure 1: Spectral distortion RM (!) caused by the Pauli blocking of relic neutrinos, T⌫ = 1.9/2 K in dotted red, 1.9
K in solid black, 2.7 K in dashed blue and 1.9 ⇥ 2 K in dash-dotted green, all assuming m0 = 5 meV, ✏eg = 11 meV
and the zero chemical potential. Distortions are identical for the two cases of NH and IH.

times factors related to atomic matrix elements and energy denominators in perturbation theory [13]. These atomic
factors cancel out in the ratio of rates, the rate with to the rate without the Pauli blocking. Eq.(1) is a function of
photon energy !, depending on five parameters, two cosmological ones T⌫ , µd/Td, two neutrino masses, mi,mj , and
the atomic level spacing ✏eg. �M = 1 for Majorana neutrinos, arising from the interference term of identical fermions,
and �M = 0 in its absence for Dirac neutrinos. In the numerical calculations below we present results for the Majorana
case [25]. One may define the total ratio adding all pair threshold contributions with weights determined by oscillation
data [16]; RA(!) = FA(!;T⌫)/FA(!; 0) (FA(!; 0) is the rate factor without the Pauli blocking). The theoretically
calculated quantity RA(!) shown below is insensitive to relevant transition dipole moments and other atomic factors,
the atomic dependence being essentially given by ✏eg alone. Corresponding experimental values RA(!) need input of
theoretical calculation of rates without the Pauli blocking, which requires other atomic parameters than ✏eg.

Calculated theoretical values of the spectral distortion are shown in Fig(1), Fig(2) and Fig(4) for the nuclear
monopole contribution and in Fig(3) for the spin current contribution. E↵ects of non-vanishing CPV phases that
appear in the weight factor of pair emission are small, hence for simplicity we assume the vanishing CPV phase in
the following analysis. Main results shown in Fig(1) and Fig(4), but neither in Fig(2) nor in Fig(3), are insensitive
to which of the neutrino mass hierarchical patterns, the normal or the inverted hierarchy (NH, IH), is adopted, and
results for these two cases are identical.

The Pauli blocking e↵ect becomes the largest in the threshold region of neutrino pair emission of smallest mass
m0. In Fig(1) ⇠ Fig(4) we take hypothetical atoms of excitation energy in the range, 0.1 ⇠ 100 meV, and show the
Pauli blocking e↵ect given by the rate ratio RA(!). The di↵erence between distortions of 1.9 K and 2.7 K, of a crucial
importance to cosmology, may reach 10 per cent level for appropriate combination of m0 and ✏eg, as in Fig(1).

Study of relic neutrino detection becomes more practical after RENP process is discovered for a definite target
atom and a range of smallest neutrino mass is identified. Anticipating an approximate m0 determination already
achieved, we present in Fig(2) the maximal spectral distortion assuming a special relation between m0 and the atomic
level spacing. The peak structure for m0 values of 0, 1 meV observed in Fig(2), which shows a large distortion, is due
to the second threshold !22 of the next lightest neutrino pair of mass ⇠ 10 meV.

At the zero momentum limit of p = 0, 1� fi ⇠ 1/2 with the vanishing chemical potential, and the e↵ect of Pauli
blocking becomes the largest. The reason the largest distortion of 3/4 is not realized in RENP unlike the case of
inverse process [14] is that at thresholds !ij neutrinos cannot carry the zero momentum and only a partial blocking
occurs, since the half energy ⇠ ✏eg/2 is shared by two neutrinos.

The absolute value of RENP spectral rates depends linearly on a time varying dynamical factor ⌘!(t), which is the
product of medium polarization and the stored field energy in dimensionless units and may be calculated by solving
the master equation of coherence evolution [13]. The nuclear monopole contribution [23] gives the largest rate of order
50 events/second ⇥⌘!(t) at its maximum for Xe atomic de-excitation of 3P1(⇠ 8.4 eV) for a gas target number density
7 ⇥ 1019cm�3 and a target volume 102cm3. The large rate for a heavy atom / Q2

wZ
8/3 arises, since the monopole

charge is proportional to Qw = N � 0.044Z, with N,Z the neutron number and the proton number of nucleus. The
rate is further enhanced by a large Coulomb interaction. Dependence on atomic parameters is more complicated, but
very roughly the rate scales as / the level spacing ✏eg⇥ relevant E1 dipole strength squared. Although the rate near

3

M. Yoshimura et al., arxiv:1409.3648

msmallest = 5 meV 
ωeg = 11 meV 
µ = 0 eV



Maxwell equation

Bloch equation

Time-development of the system is obtained by numerically solving
the Maxwell-Bloch equation

Time Development of the System

F.L. Kien et al., PRA 60, 1562 (1999); Y. Miyamoto et al., arXiv:1406.2198v2 JPS 2014 Autumn Meeting

Stark Shift

Two-photon
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Response of the molecules

Wave propagation
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Simulation Results
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Sim.

全体的な傾向は再現
q ≧ 3 の再現性は悪い

平均コヒーレンス  0.032

Raman Coherence Estimation
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Detuning Curve of Two-Photon Emission
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Detuning curve の形状は一致 ( 測定誤差範囲内 )
E4.96 / E4.66 = 10-3 　two-photon pair の強度比は一致

Simulation モデルの妥当性を確認
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2nd Stokes

1st AntiStokes 2nd AntiStokes

683

532

全体の平均値 :  ρeg= 0.032 (τ=0) 

4.96 µm (x1000)
Trigger
4th Stokes (x100)

電場

トリガ光発生場所で
コヒーレンスが減少

トリガ光周辺の平均値 :  ρeg= 0.022
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