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Radiative Emission of Neutrino Pair (RENP)

Atomic/molecular energy scale
~ eV or less, 
~ the neutrino mass scale.
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Macro-coherence
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Yoshimura et al. (2008)
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macro-coherent amplification



Minoru TANAKA

Paired Super-Radiance (PSR)
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A prototype of RENP
a proof of concept for 
the macro-coherence

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

Fields: 1+1 dim. Maxwell eq. for two colors

fields

coherenceMaster equation of PSR
E1, E2, ⇢ee � ⇢gg, ⇢eg = cec

⇤
g

Theory of PSR
| i = cg|gi+ ce|eiAtomic system:

density matrix ⇢ = | ih |
Schrödinger (Bloch) eq.

緩和

�t� = i[�,HI ]�
1
T2

�
0 �eg

�ge 0

�
� �ee
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PSR in a coherent Raman medium
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Large initial coherence
|⇢eg|

large PSR signal

Initial coherence prepared 
by Raman process

|e�

|g�
pump

e�i�p(t�x) Stokes

ei�s(t�x)

⇢(+)
eg

ei✏egx

(spatial grating)

pump
Stokes ei!1(t�x)

ei!2(t�x)
PSR

PSR trigger(!1) signal

Phase matching: !p � !s = ✏eg = !1 + !2
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Numerical results
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Para-H2 vibrational transition

v = 0
1

X1⌃+
g

r

E

✏eg = 0.52 eV

|ei = |v = 1i ! |gi = |v = 0i

Spontaneous two-photon rate

|p�

�

�

|v = 1i

|v = 0i
4.6⇥ 10�16 s�1

PSR modes: !1 = 4.66 µm, !2 = 4.96 µm
trigger signal

4.66 trigger power= 100 W/mm2 (5 ns pulse)
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Density= 2.11⇥ 1020 cm�3 Length=7.5 cm

Initial coherence: |⇢(+)
eq | = 0.01

Relaxation time: T2 = 0.87 ns
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analytic sol.
w/o relaxation
full numerical
solution

target end
signal/trigger≃

8.9⇥ 10�6

4.96 μm signal≃
4.5 pJ/mm2

cf. spontaneous rate
Coherent rate~ ' 4.6⇥ 10�16 s�10.2 s�1
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Explosive PSR in solid pH2

High density: 2.6⇥ 1022 cm�3

Long relaxation time: T2 ' 10 ns

Length= 4 cm

Initial coherence: |⇢(+)
eq | = 0.3
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Summary |p�
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Experimental results by Kuma-san

Huge rate enhancement by macro-coherence

Possibility of explosive PSR

Theoretical study of PSR 
master equation
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Backup Slides
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Coherences in PSR/RENP

Atomic coherence

Target coherence

J�

Macro-coherence
� � N2/V = n2V

� � N2

1�
2N

[|g�(|g�+ |e�) · · · (|g�+ |e�)
+(|g� + |e�)|g� · · · (|g� + |e�)
+ · · · · · · ]

(|g�+ |e�)/
�

2 , �eg = 1/2
�

1⇥
2
(|g�+ |e�)

�N
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Instantaneous coherent rate in PSR

instantaneous output flux:
energy of each photon:

deexcitation rate per unit area:

target # density: n [cm�3]

target length: L [cm]

excitation fraction:
# of excited molecules per unit area:

N = nL� [cm�2]

coherent deexcitation rate per molecule:

f [W/mm2]
✏ [eV]

R = f/✏ [cm�2s�1]

� = R/N [s�1]

� = (1 + r3)/2 (� 0.006)
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An Initial Coherent State for PSR/RENP
Raman scattering

|e�

|g�

pump
Stokes

�0

��1

Ex.  para-H2 Raman comb

�
1⇥
2
(|g�+ |e�)

�N

!0: 4.2 mJ; 2!!1: 1.2 mJ; beam size !200 "m), which
can produce coherence as high as 0.3. We collimated the
emission in the forward direction with a beam diameter of
1 mm and measured the spectrum and temporal profiles.

A high-intensity round white beam was found in the
forward direction of the parahydrogen cell. Figure 2(a) is a
photograph of the emission projected on a screen after
being dispersed with a prism. It is clearly seen that more
than 47 monochromatic radiations are generated with a
high beam quality. The M2 estimation for the 7 Raman
components of!!3 to!3 was typically better than 1.1 (see
also Ref. [15]). (The observable bandwidth was limited by
the sensitivity of the digital camera.) All of the components
were high-order stimulated Raman radiations parametri-
cally generated via the pure rotational Raman transition of
J ¼ 2 0. Their quality and energies were sufficient for
each of them to be utilized as a monochromatic laser
source. A noteworthy fact is that all of the Raman compo-
nents are generated coaxially without being restricted by
the phase matching condition, in spite of their broad near
infrared to ultraviolet spectral bandwidth. This clearly
shows that high coherence near the maximum was pro-
duced at the pure rotational two level.

As indicated in the photograph, we numbered all of the
Raman components, and the coupling-laser radiations !0

and!!1 were indicated by!0 and!!1, respectively. The
34th component corresponds to the second harmonic 2!!1

converted from the coupling laser !!1. The whole band-
width covered 300–900 THz (330–1000 nm), which is far
beyond an octave, and formed a unified single optical-
frequency comb with a precise frequency spacing that is
nearly resonant with the pure rotational Raman transition.
The frequency spacing of the comb was precisely con-
trolled by the frequency difference (10.6228 THz) of the
coupling-laser radiations !0 and !!1.

The spectrum [Fig. 2(b)] was measured with an optical
multichannel analyzer (OMA) after attenuating the emis-

sion by reflecting it on a glass plate. We found that the
high-order Raman series originating from the coupling-
laser radiations !!1 and !0 appeared from 300–
590 THz (!6–20th) and also that from the second har-
monic 22!!1 appeared from 560–900 THz (17–48th). The
inset shows the spectrum in the overlap region of the two
high-order Raman series, which were measured by increas-
ing the emission incident into the OMA. It turns out that
both high-order Raman series overlapped each other (at
least within the resolution of the OMA of #100 GHz) and
formed a single optical-frequency comb with sufficient
intensity as also confirmed by the photograph.
As described above, the overlap of the two high-order

Raman series originating from the coupling-laser radia-
tions and the second harmonic provides us with the CEO
frequency of the constituted Raman comb. We selected a
single high-order Raman component, the 19th (513 nm)
component in the overlap region, guided it into a scanning
Fabry-Perot analyzer (Burleigh RC-140, FSR 6 GHz, fi-
nesse 20), and measured the frequency difference at the
component arising between the two high-order Raman
series. As explained in Fig. 1(b), the important feature of
the present Raman comb is that the CEO frequency does
not fluctuate at random but is restricted to integer multiples
of the FSR of the coupling-laser cavity. For example, when
we shift the selected longitudinal oscillation modes of the
dual-frequency injection-locked laser every FSR as shown
in Fig. 3(a), while keeping the frequency difference of the
coupling-laser radiations "! constant, it is expected that
the CEO frequency (!0 ! 36$"!) changes every FSR
(1.24 GHz).
The black solid circles in Fig. 3(b) plot the measured

frequency difference at the 19th component as we select
different longitudinal oscillation modes according to the
procedure in Fig. 3(a). The solid line indicates the slope
corresponding to the FSR/mode. It is clearly shown that the
frequency difference, namely, the CEO frequency, changes

FIG. 2 (color). Spectra for octave-spanning Raman comb produced with three frequency laser radiations. (a) The photograph taken
with a digital camera after dispersing the emission with a prism. (b) The spectrum taken with an OMA.

PRL 101, 243602 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

12 DECEMBER 2008

243602-3

T. Suzuki, M. Hirai, M. Katsuragawa, PRL101, 243602(2008)  
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RENP spectrum
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Six thresholds of the photon energy

Λ− |e〉 → |g〉 + γ + νiνj νi

|e〉 → |g〉 + γ + γ ×
|p〉

|e〉 → |g〉 + γ + νiνj

|e〉 →
|g〉 + νiνj

|e〉
> 1

γ νi , i = 1, 2, 3

ωij =
εeg

2
− (mi + mj)2

2εeg
.

εab = εa − εb |a〉 , |b〉
mi

(mi + mj)2/(2εeg) ∼ 5 mi + mj = 0.1 εeg = 1

ω ≤ ω11

�eg = �e � �g atomic energy diff.

i, j = 1, 2, 3

Energy-momentum conservation
due to the macro-coherence

familiar 3-body decay kinematics

Required energy resolution � O(10�6) eV

��trig.
<� 1 GHz � O(10�6) eV

typical laser linewidth
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RENP rate formula
|p〉 2

Γγ2ν(ω, t) = Γ0I(ω)ηω(t) ,

Γ0 =
3n2V G2

F γpgεegn

2ε3pg
(2Jp + 1)Cep ,

I(ω) = F (ω)/(εpg − ω)2 γpg |p〉 |g〉
Cep

1
2Je + 1

∑

Me

〈pMp|%S|eMe〉 · 〈eMe|%S|pM ′
p〉 = δMpM ′

p
Cep ,

Cep = 2/3 ηω(t)

ηω(t) = ηR
ω (t) + ηL

ω (t) ,

ηR
ω (t) =

t∗
4L

∫ L/t∗

0
dξ|eR(ξ, t/t∗ − L/t∗ + ξ)|2

[
r2
1(ω, ξ, t/t∗ − L/t∗ + ξ) + r2

2(ω, ξ, t/t∗ − L/t∗ + ξ)
]

,

ηL
ω (t) =

t∗
4L

∫ L/t∗

0
dξ|eL(ξ, t/t∗ − ξ)|2

[
r2
1(ω, ξ, t/t∗ − ξ) + r2

2(,ωξ, t/t∗ − ξ)
]

.

Γ0 I(ω) ηω(t)

I(ω) Γ0

ηω(t) ηω(t)
|e〉 |g〉

ηω(t)

I(ω; mi = 0) =
ω2 − 6εegω + 3ε2eg

12(εpg − ω)2
,

∑
ij Bij = 3/4

∆ij(ω)
∝ √

ωij − ω

I(ω) 2

2

×

2 Γ0 ∝ n3 n
∝ n2V

εegn
ηω(t) ηω(t)

∝ 1/n Γ0 ∝ n3

overall rate
spectral function

dynamical factor

Overall rate
macro-coherence

~ field energy density

Bij = |aij |2 = |U∗
eiUej − δij/2|2

B11 B22 B33 B12 + B21 B23 + B32 B31 + B13

(c2
12c

2
13 − 1/2)2 (s2

12c
2
13 − 1/2)2 (s2

13 − 1/2)2 2c2
12s

2
12c

4
13 2s2

12c
2
13s

2
13 2c2

12c
2
13s

2
13

∼ 0.1

θ13

2

∆m2
21 = 7.5 × 10−5 eV2 , |∆m2

31(32)| = 2.32 × 10−3 eV2 ,

sin2 θ12 = 0.31 , sin2 θ13 = 0.025 , sin2 θ23 = 0.42 ,

ωij , i $= j

BM
ij

cos 2α , cos 2(β − δ) , cos 2(α − β + δ) ,

εeg/2 − ωij =
(mi + mj)2/2εeg εeg

Γ0 ∼ 1Hz (n/1022cm−3)3(V/102 cm3)

O(10−6) eV

2

|p〉 2

Γγ2ν(ω, t) = Γ0I(ω)ηω(t) ,

Γ0 =
3n2V G2

F γpgεegn

2ε3pg
(2Jp + 1)Cep ,

I(ω) = F (ω)/(εpg − ω)2 γpg |p〉 |g〉
Cep

1
2Je + 1

∑

Me

〈pMp|%S|eMe〉 · 〈eMe|%S|pM ′
p〉 = δMpM ′

p
Cep ,

Cep = 2/3 ηω(t)

ηω(t) = ηR
ω (t) + ηL

ω (t) ,

ηR
ω (t) =

t∗
4L

∫ L/t∗

0
dξ|eR(ξ, t/t∗ − L/t∗ + ξ)|2

[
r2
1(ω, ξ, t/t∗ − L/t∗ + ξ) + r2

2(ω, ξ, t/t∗ − L/t∗ + ξ)
]

,

ηL
ω (t) =

t∗
4L

∫ L/t∗

0
dξ|eL(ξ, t/t∗ − ξ)|2

[
r2
1(ω, ξ, t/t∗ − ξ) + r2

2(,ωξ, t/t∗ − ξ)
]

.

Γ0 I(ω) ηω(t)

I(ω) Γ0

ηω(t) ηω(t)
|e〉 |g〉

ηω(t)

I(ω; mi = 0) =
ω2 − 6εegω + 3ε2eg

12(εpg − ω)2
,

∑
ij Bij = 3/4

∆ij(ω)
∝ √

ωij − ω

I(ω) 2

2

×

2 Γ0 ∝ n3 n
∝ n2V

εegn
ηω(t) ηω(t)

∝ 1/n Γ0 ∝ n3

rate�pg : |p⇥ � |g⇥
atomic spin factor(2Jp + 1)Cep :
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|p〉 2

Γγ2ν(ω, t) = Γ0I(ω)ηω(t) ,

Γ0 =
3n2V G2

F γpgεegn

2ε3pg
(2Jp + 1)Cep ,

I(ω) = F (ω)/(εpg − ω)2 γpg |p〉 |g〉
Cep

1
2Je + 1

∑

Me

〈pMp|%S|eMe〉 · 〈eMe|%S|pM ′
p〉 = δMpM ′

p
Cep ,

Cep = 2/3 ηω(t)

ηω(t) = ηR
ω (t) + ηL

ω (t) ,

ηR
ω (t) =

t∗
4L

∫ L/t∗

0
dξ|eR(ξ, t/t∗ − L/t∗ + ξ)|2

[
r2
1(ω, ξ, t/t∗ − L/t∗ + ξ) + r2

2(ω, ξ, t/t∗ − L/t∗ + ξ)
]

,

ηL
ω (t) =

t∗
4L

∫ L/t∗

0
dξ|eL(ξ, t/t∗ − ξ)|2

[
r2
1(ω, ξ, t/t∗ − ξ) + r2

2(,ωξ, t/t∗ − ξ)
]

.

Γ0 I(ω) ηω(t)

I(ω) Γ0

ηω(t) ηω(t)
|e〉 |g〉

ηω(t)

I(ω; mi = 0) =
ω2 − 6εegω + 3ε2eg

12(εpg − ω)2
,

∑
ij Bij = 3/4

∆ij(ω)
∝ √

ωij − ω

I(ω) 2

2

×

2 Γ0 ∝ n3 n
∝ n2V

εegn
ηω(t) ηω(t)

∝ 1/n Γ0 ∝ n3

ω x

dΓγ2ν(ω, x, t) = [dΓR(ω, x, t) + dΓL(ω, x, t)]Ceg(ω)F (ω)

dΓi(ω, x, t) =
G2

F | "Ei(ω, x, t)|2n2V dx

6πL

r2
1(x, t) + r2

2(x, t)
4

(i = R,L) ,

Ceg(ω) =
∑

p

〈g|"d|p〉 · 〈p|"d|g〉〈e|"S|p〉 · 〈p|"S|e〉
(εpg − ω)2

F (ω) =
∑

ij

∆ij(BijIij(ω) − δMBM
ij mimj)θ(ωij − ω) , Bij = |aij |2 , BM

ij = $(a2
ij) ,

Iij(ω) =
q2

6

[
2 −

m2
i + m2

j

q2
−

(m2
i − m2

j )
2

q4

]
+

ω2

9

[
1 +

m2
i + m2

j

q2
− 2

(m2
i − m2

j )
2

q4

]
,

| "Ei(ω, x, t)|2 (i = R,L)
ω < εeg/2

| "Ei|2 ≤ εegn

ω,ω′ ω + ω′ = εeg

∝ δM mimj ∆ij(ω)
ω = ωij

dΓR,L

r2
1 + r2

2

4
| "ER,L|2 ,

| "E|2

| "E|2 ∝ ω

ω

x

Γγ2ν(ω, t) =
[∫

dΓR(ω, x, t − L + x) +
∫

dΓL(ω, x, t − x)
]

Ceg(ω)F (ω) ,

�M = 0(1) for Dirac(Majorana)

Spectral function

ω x

dΓγ2ν(ω, x, t) = [dΓR(ω, x, t) + dΓL(ω, x, t)]Ceg(ω)F (ω)

dΓi(ω, x, t) =
G2

F | "Ei(ω, x, t)|2n2V dx

6πL

r2
1(x, t) + r2

2(x, t)
4

(i = R,L) ,

Ceg(ω) =
∑

p

〈g|"d|p〉 · 〈p|"d|g〉〈e|"S|p〉 · 〈p|"S|e〉
(εpg − ω)2

F (ω) =
∑

ij

∆ij(BijIij(ω) − δMBM
ij mimj)θ(ωij − ω) , Bij = |aij |2 , BM

ij = $(a2
ij) ,

Iij(ω) =
q2

6

[
2 −

m2
i + m2

j

q2
−

(m2
i − m2

j )
2

q4

]
+

ω2

9

[
1 +

m2
i + m2

j

q2
− 2

(m2
i − m2

j )
2

q4

]
,

| "Ei(ω, x, t)|2 (i = R,L)
ω < εeg/2

| "Ei|2 ≤ εegn

ω,ω′ ω + ω′ = εeg

∝ δM mimj ∆ij(ω)
ω = ωij

dΓR,L

r2
1 + r2

2

4
| "ER,L|2 ,

| "E|2

| "E|2 ∝ ω

ω

x

Γγ2ν(ω, t) =
[∫

dΓR(ω, x, t − L + x) +
∫

dΓL(ω, x, t − x)
]

Ceg(ω)F (ω) ,

Bij = |U�
eiUej � �ij/2|2, BM

ij = ⇥[(U�
eiUej � �ij/2)2]

Dynamical factor

⇥ |coherence� field|2

Mij
W =

GF√
2
〈νi(p,λ)ν̄j(p′,λ′)|

∑

a,b

ν̄aγµ(1 − γ5)νb|0〉(vabJ
µ
V − aabJ

µ
A) ,

Jµ
V (Jµ

A) Jµ
V = 〈g|ēγµe|p〉 Jµ

A =
〈g|ēγµγ5e|p〉 vab aab

Jµ
V % 0 Jµ

A % (0, 2〈p|$S|e〉)
Jµ

V

Mij
W = −GF√

2

(
aijL

µ
ij − δMajiR

µ
ij

)
JAµ ,

Lµ
ij(R

µ
ij) = ūi(p,λ)γµ(1 ∓ γ5)vj(p′,λ′) ,

δM = 0(1) Lµ
ij

(a, b) = (i, j)
Rµ

ij (a, b) = (j, i)
CūT = v

Lµ
ijL

†ν
ij Rµ

ijR
†ν
ij Lµ

ijR
†ν
ij

Rµ
ijL

†ν
ij

∫
dΦ2

∑

λ,λ′

Lµ
ijL

†ν
ij =

∫
dΦ2

∑

λ,λ′

Rµ
ijR

†ν
ij

=
∆ij

6π

[{
∆2

ij − 3

(
1 −

m2
i + m2

j

q2

)}
q2gµν + 2

{
1 +

m2
i + m2

j

q2
− 2

(m2
i − m2

j )
2

q4

}
qµqν

]
,

∫
dΦ2

∑

λ,λ′

Lµ
ijR

†ν
ij =

∫
dΦ2

∑

λ,λ′

Rµ
ijL

†ν
ij = −∆ij

π
mimjg

µν ,

∆2
ij = 1 − 2

m2
i + m2

j

q2
+

(m2
i − m2

j )
2

q4
,

q2 = εeg(εeg − ω)

Lµ
ij Rµ

ij

q2 = (pi + pj)2


