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原子集団におけるコヒーレント過程
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Radiative Emission of Neutrino Pair (RENP)

Enhancement by coherence 

Rate � �G2
F E5 � 1/(1033 s)

Atomic/molecular energy scale ~ eV or less

cf. nuclear processes ~ MeVclose to the neutrino mass scale

 A.Fukumi et al.  PTEP (2012) 04D002, arXiv:1211.4904 

Ba, Xe, Ca+, Yb,...
H2, O2, I2, ...

Λ-type level structure

|ei ! |gi+ � + ⌫i⌫̄j
|p�

|e�

|g�

�

metastable

⌫i
⌫̄j



Minoru TANAKA
5

Macrocoherence Yoshimura et al. (2008)
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(�eg = �e � �g, � = |�k|)

macrocoherent amplification

d� � n2V (2�)4�4(q � p� p�) (qµ) = (✏eg � !,�~k)
momentum conservation



Minoru TANAKA
6

1 2 3 4
eV

0.05

0.10

0.15

0.20

0.25

Xe NH and IH,m0!20meV

I(ω)

4.1570 4.1571 4.1572 4.1573 4.1574 4.1575 4.1576
eV

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Xe, Dirac NH vs IH: m0!2,20meV

I(ω)

Global shape

Photon spectrum (spin current)

Threshold region

4.1560 4.1565 4.1570 4.1575
0.00

0.02

0.04

0.06

Ω !eV"

Sp
ec

tru
m

I#Ω$

Threshold behavior #Dirac case$

m0

132 136

2.5 × 1019 /cm3

1.1 × 1020 /cm3

> 1019 /cm3

∼ 102 s−1

1 × 104 s−1

O(0.1) µs

5p5(2P3/2)6p 6p

5p5(2P3/2)6p 2[3/2]2 5p5(2P3/2)6p 2[5/2]2

Λ
6s [3/2]2 6s [3/2]1

6s [3/2]1

λtp λ6sJ−6p

A6sJ←6p

5p5(2P3/2)6p 2[3/2]2

Xe, Dirac, NO, IO

m0 = 2, 20, 50meV



Minoru TANAKA
7

Paired Super-Radiance (PSR)
|e� � |g�+ � + � |p�

|e�

|g�
�

�

metastable

Prototype for RENP
proof-of-concept for the macrocoherence

M. Yoshimura, N. Sasao, MT, PRA86, 013812 (2012)

Theoretical description to be tested
Maxwell-Bloch equation

Preparation of initial state for RENP
coherence generation ⇢eg

dynamical factor ��(t)
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Para-hydrogen gas PSR experiment
Y. Miyamoto et al. PTEP113C01(2014),

                           PTEP081C01(2015)

@ Okayama U

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

p-H2: nuclear spin=singlet
smaller decoherence 1/T2 ⇠ 130 MHz

excitation supplemented by the paired super-radiance[14]. The basic equation (Maxwell-
Bloch) presented below is derived from this view point[15].
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Fig. 1 Schematic diagram showing the relevant hydrogen molecule energy levels and the
Raman excitation and two-photon emission processes.

The rest of the paper is organized as follows. In the next section, we briefly describe
theoretical aspects of the paired super-radiance and adiabatic Raman process, and present
a simulation method based on an effective Hamiltonian combined for both. They are non-
linear processes and thus demand numerical simulations to obtain various observables which
can be compared directly with actual experimental data. Following these, we describe our
experimental setup in Sec.3. The results and conclusions are given in Sec.4 and 5, respectively.

2. Theory and Simulation

We begin our discussion by constructing an effective Hamiltonian which describes both two-
photon emission and Raman excitation processes. The basic QED interaction is the electric
dipole interaction (E1) represented by −!d · !E with !d being the dipole moment and !E electric
fields. (We will omit the vector notation below since all the fields treated in this paper are
linearly polarized in the same direction.) In the present system, the E1 dipole interaction
connects |g〉 and |e〉 through an intermediate state |j〉, which is taken as an electronically-
excited state. Many intermediate levels may contribute, as shown in Fig. 1, but in the
following we consider only one for simplicity. Extension to the case of multi levels is trivial,
and our actual simulation includes several tens of intermediate states [4]. The present system
can be regarded as a two level system once the intermediate state |j〉 is integrated out from
the Schrödinger equation with the aid of the Markov approximation. The electromagnetic
fields to be considered are the two driving lasers and the associated Raman sidebands with
frequencies of

ωq = ω0 + q∆ω, ∆ω = ω0 − ω−1, (1)

where the Raman order q is a positive (anti-Stokes) or negative (Stokes) integer satisfying
ωq > 0. In the present experimental conditions, the smallest q (the lowest Stokes sideband)
is q = −4. The frequency difference of the two driving lasers ∆ω should be chosen to be

3

coherence production

�! = !0 � !�1

= !p + !p̄

= ✏eg � �
detuning

adiabatic Raman process

vibrational transition of p-H2

|ei = |Xv = 1i �! |gi = |Xv = 0i

two-photon decay: ⌧2� ⇠ 1011 s
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Experimental setup

|e�

|g�

pump
532 nm

Stokes 684 nm

!0

!�1

trigger
4587 nm

signal
5048 nm

 

experiments discussed below were performed with 60 kPa p-H2 target. 

 

Coherence of vibrational states of the target was provided via adiabatic Raman process driven 

by two visible laser pulses: 532 nm (ω0) and 684 nm (ω-1) [6], which are called driving fields in 

this article. This process and experimental setup are identical to those of the previous experiment. 

The detail is described in the previous paper [5]. Typical pulse energy of each driving laser was 5 

mJ/pulse. Duration (full width at half maximum) of each pulse was about 9 ns and 6 ns, 

respectively. Energy difference of the two photons is equal to the vibrational energy of p-H2, ωeg 

(4161 cm-1 ~ 0.5 eV) [7], except for small detuning δ = ωeg− (ω0 − ω−1).  The  δ  can be varied up to 

± 1 GHz by changing wavelength of 684-nm pulses. In the present experiment, however, the 

detuning  δ  was fixed  to  be  −160  MHz  during  the  present  experiments where the intensity of the 

two-photon emission is maximum. The uncertainty of the detuning was ±75 MHz due to the 

absolute accuracy in the wavelength meter (HighFinesse WS-7). By comparing energies of 

Raman sidebands and those of the Maxwell-Bloch numerical simulation, prepared coherence is 

estimated to be about 0.04 (the maximum coherence is 0.5), which is almost same as that of the 

previous paper. Decoherence used in the simulation was taken from observed Raman linewidth 

(65 MHz in a half width at half maximum) [8]. Furthermore, intensities of the driving fields were 

adjusted to represent the observed Raman sidebands energy ratio. The determined effective 

intensity of 532-nm and 684-nm field was 340 and 190 MW/cm2, respectively, that is smaller than 

Figure 1: Energy diagram (a) and experimental setup (b). DCM: Dichroic Mirror, DFG: Difference 

Frequency Gereration, ECLD: External Cavity Laser Diode, InSb: Indium Antimony photo-

detector, MCT: Mercury Cadmium Tellurium photo-detector, Monochro.: Monochromator, OPG: 

Optical Prametric Generator, OPA: Optical Parametric Amplification, SHG: Second Harmonic 

Generation, Si: Silicon photo-detector  

JPS 70th Annual Meeting @ Waseda Univ.     22aDF10

Summary of the prev. exp.

• Exp. Focus : Observation of the amplified two-photon emission!
• Experiment!

• Target : para-hydrogen gas (78 K, 60 kPa)!
• 1st vibrationally excited state : E1 forbidden!
• Two-photon emission rate ~ 5×10-12 Hz!

• Coherence generation method : Adiabatic Raman!
• Two intense laser pulses are injected simultaneously
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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].

7

JPS 2014 Autumn Meeting

Experimental Setup
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Target cell: L=15 cm, Φ=2 cm, 78 K, 60 kPa
n = 5.6⇥ 1019 cm�3

1/T2 ⇠ 130 MHz

Driving lasers: 532, 684 nm
5 mJ, 9, 6 ns, w0 = 100 µm (5 GW/cm2)

Trigger: 4587 nm
150 µJ, 2 ns
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Results

 

 

3. Results and Discussion Figure 2 shows observed spectrum of the two-photon emission 

measured by the monochromator. The observed center frequency was 5048 nm and consistent 

with the expectation from the energy conservation (that is, ω0 −  ω-1 =  ωe0 +  ωe-1) within 1 nm. 

Linewidth was attributed to resolution of the monochromator. We measured the pulse energy of 

the signal through band-pass filters (Thorlabs, FB5250-500) instead of the monochromator 

because the transmittance of the filter was able to be estimated more easily than that of the 

monochromator. The MCT detector’s  responsivity  was also evaluated using the trigger laser at 

4587 nm with the assumption that responsivities at 5048 nm (ωe-1) and 4587 nm (ωe0) were same. 

Considering the optical transmittance from the p-H2 target cell to the detector, the number of 

photons was estimated to be 6×1011 photons/pulse in the p-H2 target. We have defined 

“enhancement   factor”   as   a ratio of the observed photon number to that expected due to 

spontaneous two-photon emissions with experimental acceptance [5]. The enhancement factor 

in the current experiment was found to be more than 1018 and three orders of magnitude larger 

than that in the previous experiment, where the two-photon emission was triggered internally by 

the fourth Stokes [5]. The higher intensity of the external trigger pulse than that of the fourth 

Stokes should contribute this improvement. Energy ratio of the two photon emission partner at 

5048 nm (ωe-1) to the external trigger at 4587 nm (ωe0) was ~10-4, which was same order as that 

of the two photon emission partner at 4959 nm (ω-5) to the internal trigger light at 4662 nm (ω-4). 

As discussed later, output energy of the two-photon emission is expected to be proportional to 

intensity of the trigger. The observed energy ratios also support this expectation. 

 Divergence of the 5048-nm beam (ωe-1) was roughly estimated by a home-made slit-scan profiler. 

The divergence half angle was found to be less than 10 mrad, which is consistent with diffraction-

Figure 2: Observed spectrum of externally triggered two-photon emission. 

5048 nm

|⇢eg| ⇠ 0.04

Estimated coherence (from sidebands)
(� = �160 MHz)

6⇥ 1011 photons/pulse

1018 enhancement

 

limited divergence. 

 

 
Figure 3: Dependence of the signal energy on the trigger energy. 

 

 We also observed first anti-Stokes light of the external trigger at 1577 nm as expected. The 

intensity ratio of the anti-Stokes to the two-photon emission partner was about 50, whose order 

was consistent with the numerical simulations. The higher order Raman scattering of the external 

trigger could not be observed in the present experiment. 

 Figure 3 shows the dependence of the energy of the two-photon emission partner on the trigger 

energy. The trigger energy was reduced by inserting neutral density filters. The observed 

dependence can be represented by the linear function with a zero intercept over more than four 

orders of magnitude. The Maxwell-Bloch equations also expected the linear behavior in the limit 

of weak trigger intensity. The absence of the observable higher-order Raman scattering of the 

trigger also suggests that the trigger energy is low enough. The energy of trigger laser may be 

distributed to higher order anti-Stokes photons and the two-photon emission energy is expected 

to deviate from linear dependence when the trigger energy becomes comparable to those of the 

driving fields. 

 Dependence of the two-photon emission rate on the mutual timing between the trigger pulses 

and the driving pulses is shown in Fig. 4. The timing of each shot was obtained from the pulse 

shapes of the Si and InSb photo-detectors and was binned in 0.5 ns. Positive values in the 

horizontal axis mean that the trigger pulses arrive at the target after the driving pulses. The 

observed dependence showed asymmetric behavior with respect to the origin. A solid line in Fig. 

4 shows a corresponding simulation result. It should be mentioned that the peak height of both 

sig.-trig. linearity

weak field

low coherence
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軽い暗黒物質候補
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ダークフォトン
標準模型のゲージセクターの最小拡張
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unsuppressed by heavy mass scales and is generically
expected to exist, although different UV completions allow
ε to be naturally extremely small [23]. Such an interaction
can lead to a wide variety of possible constraints and new
searches—see for example [10,17,18,24–49], and other
references given below in this section. If so, over a wide
range of masses 10−12–10−3 eV, a cosmological abundance
of such particles can be detected using well-developed
electromagnetic resonator technologies as suggested in
[13,19,50]. The estimated reach of such experiments is
plotted in Fig. 6. These experiments are sensitive to the
combination ε ffiffiffiffiffiffiργ0

p , where ργ0 is the local energy density in
the massive vector boson, which of course cannot be larger
than the dark-matter density. Since the sensitivity scales asffiffiffiffiffiffiργ0
p , and since ε is a priori unknown, these detectors have
the ability to probe vector boson densities that are a
small subcomponent of the dark-matter density. This is
particularly important in this scenario since the abundance

generated by inflation will be smaller than the dark-
matter density for vectors with mass less than
∼10−5 eVð1014 GeV=HIÞ4. Given our ignorance of the
ultraviolet physics responsible for the origins of these
massive vector bosons and the model-independent way
in which the vector boson abundance is generated, there is a
strong case to search for such a cosmic abundance over a
wide range of parameters.
Interestingly, as is clear from Fig. 6, electromagnetic

resonator technology is particularly well suited to search
for massive vector bosons in a several-decade mass range
around ∼10−6 eV, corresponding to resonator frequencies
∼108 Hz. If the scale of inflation is close to the present
experimental bound of HI ∼ 1014 GeV, a vector boson in
this mass range will have an abundance equal to the
observed dark-matter density. There is thus strong moti-
vation to leverage the existence of high-precision electro-
magnetic sensors in this frequency range as a positive
detection could yield strong evidence for inflation. The
blue dashed line shows the projected reach of a recently
proposed search with resonant LC oscillators [19], with the
blue dotted line showing the potential improvement by
multiplexing in the high-frequency regime.
As is evident from Fig. 6, there are a variety of

constraints on such kinetically mixed vector bosons. A
cosmic abundance of these vector bosons is constrained in
the tan-shaded regions. The central tan-shaded region in
Fig. 6 is ruled out by CMB distortions due to conversion of
the vector into photons [13]. The rightmost region is
excluded due to depletion of the vector by conversion into
photons. We derive this bound following the analysis of
[13], but taking the initial abundance to be the maximum
allowed by inflationary production, whereas in [13] an
exponentially large initial abundance was considered. The
leftmost, semitransparent tan region is claimed in [13] to be
excluded due to depletion of the vector by conversion into
plasma modes. This analysis appears to have ignored the
(potentially large) disruptive effect this would have on the
baryon plasma and so may not be valid. We do not attempt
to reanalyze this constraint here. As pointed out in [20],
conventional dark-matter direct-detection experiments are
sensitive to vector dark matter if its mass is above the
experimental threshold energy. Similarly, as pointed out
in [13], the ADMX axion dark-matter search is also
sensitive to vector dark matter. The green-shaded regions
in Fig. 6 show the corresponding exclusions from results
from the ADMX [51], Xenon10 [52] and Xenon100 [53]
experiments.
The blue-gray-shaded regions are excluded regardless of

the cosmic abundance of the vector boson—they only rely
on the existence of the vector boson as a degree of freedom
in the theory. These bounds include stellar production of
the vector [54,55], precision tests of electromagnetism
[31,32,56], and distortion of the CMB due to conversion
of photons into the vector [57]. Since these are bounds on ε

FIG. 6. Prospects for direct detection of a cosmological vector
abundance through kinetic mixing with the photon. Direct-
detection experiments are sensitive to the combination ε ffiffiffiffiffiffiργ0

p

shown on the y axis (mγ0 is the mass of the new vector, and ργ0 its
cosmic abundance—this plot does not assume the vector makes
up all the dark matter). In the vertical pink band, high-scale
inflation (1013 GeV ≲HI ≲ 1014 GeV) generates the full dark-
matter abundance for the vector. Masses to the right of this band
require lower values ofHI , while to the left of this band the vector
can constitute an interesting dark-matter subcomponent. The blue
dashed line shows the projected reach of a recently proposed
search with resonant LC oscillators [19], with the blue dotted line
showing the potential improvement by multiplexing in the high-
frequency regime. Tan-shaded regions are excluded due to
cosmological disturbances caused by the relic vectors, while
green regions are excluded by null results from the Xenon10/100
and ADMX dark-matter searches. Gray-blue-shaded regions
indicate constraints on the existence of the vector independent
of its cosmological abundance (these are truly constraints on ε, so
to plot these here it was assumed that the vector makes up the
largest possible fraction of the dark matter that is consistent with
inflationary production). See Sec. V for more details.
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標準模型+ダークフォトン+インフレーション
ダークフォトン暗黒物質

Graham, Mardon, Rajendran, PRD93, 103520 (2016)
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<latexit sha1_base64="z4gbwp8+bAkvvJor1looKWQqZtY="></latexit>

ポンプレーザー
<latexit sha1_base64="z4gbwp8+bAkvvJor1looKWQqZtY="></latexit>

ポンプレーザー

ダークフォトン，シグナル光，ポンプレーザーで運動量保存．
マクロコヒーレンス
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Csパイロット実験計画
|ii

|ei

|fi

|gi

�DM

�s
<latexit sha1_base64="xYkwSs7QrZtj2PZHfpJimcbyQ8Y="></latexit>

|ii = 5p68p(J = 3/2) , Ei = 3.198 eV ,

|ei = 5p67d(J = 3/2) , Ee = 3.230 eV ,

|fi = 5p66p(J = 1/2) , Ef = 1.386 eV ,

Eei = 0.032 eV ' mDM , Eef = 1.844 eV ' Es ,

⌧i = 274 ns , ⌧e = 89 ns , ⌧f = 34.9 ns ,

dei = 7.175eaB , rfe = 1.03aB ,

target spec.
<latexit sha1_base64="E/1iqT3u1I+8TySJ9EG/DgOu7iQ="></latexit>

n = 1⇥ 1012 cm�3 , V = 0.1⇥ 0.1⇥ 1 cm3

<latexit sha1_base64="CdGdj8L2ycAggxy3qz/KhAaXd7s="></latexit>

� = 7.9⇥ 10
3
⇣ �

10�9

⌘2 ⇣ n

1012 cm3

⌘2 ⇣ ⇢fi
0.25

⌘2
Hz

cf. single atom rate:
<latexit sha1_base64="BuUhgXhQQhGX2U+1FWcHlD5GxJQ="></latexit>

�0 = 1.8⇥ 10
�8

⇣ �

10�9

⌘2
Hz
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コヒーレンス生成 |ii

|ei

|fi

|gi

�DM

�s
<latexit sha1_base64="z4gbwp8+bAkvvJor1looKWQqZtY="></latexit>

ポンプレーザー
<latexit sha1_base64="z4gbwp8+bAkvvJor1looKWQqZtY="></latexit>

ポンプレーザー
Liouville - von Neumann 
equation with relaxation

<latexit sha1_base64="Mq68rwt10+Ksf7W2higSmajWqBA="></latexit>

@t ⇢ij(t) = �i[H(t), ⇢(t)]ij �
X

m,n

�ij,mn⇢mn

Toy parameters with 
radiation damping only
CW laser power: 100 mW
Laser cross section: 1mm2

0 5 10 15 20 25
0.0

0.1

0.2

0.3

0.4

0.5

t [ns]

�

<latexit sha1_base64="L2Nv+TPnL/nPqOnXd+EZu7oZicY="></latexit>

|⇢fi|
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バックグラウンド例

not macrocoherent in the limit of <latexit sha1_base64="o5N87uAvA2AiRZAez57mk9lVJ4I="></latexit>

N,V ! 1 (N/V fixed)

potentially dangerous for finite volume

S/N=10

S/N= 5

S/N= 1

10 20 30 40

10-13

10-12

10-11

10-10

10-9

10-8

10-7

T [K]

�
(k

in
e
tic

m
ix

in
g
) mDP=32 [meV], �=9.8 [neV]

Black-body radiation
dark photon → BBR photon



まとめ
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◼︎ハローダークフォトン／アクシオン探索計画
Csパイロット実験を計画中（岡山大）
準位選定，緩和過程，バックグラウンド等，要検討

◼︎理論的課題
ダークフォトン偏極の検出方法
高密度(固体)標的

◼︎原子集団のコヒーレンスを用いたレート増幅
が重要．<latexit sha1_base64="5bHr4q1gPRkzFs6ljyNuqmvW254="></latexit>⇢fi マクロコヒーレンスと運動量保存．


