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Fig. 3 Photograph of the Raman sidebands (projected onto a fluorescent sheet and taken
by a CCD camera). The wavelengths calculated with eq.(1) are also shown. The third and
fourth Stokes sidebands shown in parentheses are observed only by the pyroelectric energy
and/or MCT detector. The photograph contrast and light level from q = 2 to q = 8 are
enhanced for clear view. Apparent variation in the spot sizes is due to over exposure while
distortion from the straight line (around q =6–8) is caused by bent of the fluorescent sheet.
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Fig. 4 Comparison of the Raman sideband pulse energy measurements (from q = −3
to q = +4 at δ = 0) with the simulation results. The vertical axis represents energies (the
simulation results are normalized at q = 1) while the horizontal axis is the Raman order q.
The 4.96 µm signal is plotted at q = −5 for convenience. The circles in blue (squares in red)
indicate the experimental (simulation) results.

4.2. Two-photon emission process

Figure 5 shows the result of spectrum measurements at the detuning of δ = 0. The black
line is the spectrum without the long-pass filter (LPF, Spectrogon LP-4700nm) while the
blue (red) line is the one with two (four) LPFs inserted in front of the monochromator. The
transmittance of the LPF is indicated by the white portion excluded by the gray hatch.
Two peaks were unambiguously observed corresponding to the fourth Stokes sideband (4.66
µm) and its two-photon partner (4.96 µm). The 4.66 µm signal saturated the detector
without LPF, but was mostly filtered out with LPFs. On the other hand, the 4.96 µm signal
remained unaffected with and without LPFs (the peak heights reduced by LPF transmittance
of ∼ 0.85 per a filter): This fact eliminates the possibility of spurious higher order lights
in the monochromator grating system. It was found that these signals had a sharp forward
distribution (half angular divergence of ∼20 mrad for 4.66 µm and ∼10 mrad for 4.96 µm)
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RENP and PSR
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Rate � �G2
F E5 � 1/(1033 s)

energy scale ~ O(eV)

Enhancement by coherence

|ei ! |gi+ � + ⌫i⌫̄j
|p�

|e�

|g�

�

metastable

⌫i
⌫̄j

Radiative Emission of Neutrino Pairs (RENP)
 A.Fukumi et al.  PTEP (2012) 04D002, arXiv:1211.4904 

Paired Super-Radiance (PSR)
|p�

|e�

|g�
�

�

metastable

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

|e� � |g�+ � + �

Prototype for RENP
proof-of-concept for
macrocoherence
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Two-level system coupled to a photon
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|gi

|ei

Density matrix (state)
⇢ = ⇢gg|gihg|+ ⇢ee|eihe|+ ⇢eg|eihg|+ ⇢ge|gihe|

Coherence (of an atomic state) ⇢eg

a model of emission from atoms

Deexcitation (or emission) rate: � = �0 / |dE|2

(|gi+ ei'|ei)/
p
2 =) ⇢eg = ei'/2 , |⇢eg|  1/2

Hamiltonian
H = "g|gihg|+ "e|eihe|� dE|eihg|� d⇤E†|gihe|
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Rate enhancement by coherence
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deexcitation:
⇣X

|gihe|
⌘Y

|ei
= |gi|ei · · · |ei+ |ei|gi · · · |ei+ · · ·+ |ei|ei · · · |gi

incoherent� = N�0

Fully excited state: |eiN = |ei · · · |ei , ⇢eg = 0

Fully coherent state: ⇢eg = 1/2
h
(|gi+ |ei)/

p
2
iN

,

[|gi(|gi+ |ei) · · · (|gi+ |ei)

+ (|gi+ |ei)|gi · · · (|gi+ |ei) + · · · ]/
p
2N

deexcitation

An ensemble of N atoms in a small volume L3

L ⌧ wave length =) eikx ⇠ 1

R.H. Dicke,
Phys. Rev. 93, 99 (1954)

coherent� = N(N + 1)�0/4 / N2
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Paired Super-Radiance (PSR)
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|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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PSR equation
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Effective two-level interaction Hamiltonian
|g�, |e�, |p� HI =

�
�ee �geei�egt

� �gg

�
E2

ϵp > ϵe > ϵg

|e⟩ |g⟩
|e⟩ |e⟩ → |g⟩ + γγ

2 × 2

HI = −
(

αeeE+E− eiϵegtαge(E+)2

e−iϵegtαge(E−)2 αggE+E−

)
,

αge =
2dpedpg

ϵpg + ϵpe
, αaa =

2d2
paϵpa

ϵ2pa − ω2
, (a = g , e) .

ϵab = ϵa − ϵb ,ω = ϵeg/2 .

|p⟩ |e⟩ |g⟩
|p⟩ HI

dpa µpa O(1/100)
ω αab , a, b = e, g

E⃗± E±

∝ αaa

∝ αge

|p⟩ |e⟩, |g⟩, |p⟩
E

ER , EL

E = ER + EL

αab

ai a†i
E+

i = ai

√
ω/2V ,E−

i = a†i
√

ω/2V V

dipole matrix elementdpa :

Field (1+1 dim.)

E = ER e�i(�t�kx) + EL e�i(�t+kx) + c.c.

⇥ = �eg/2

k = �
|e�

|g�

R-moverL-mover
ei�(t+x) ei�(t�x)

macrocoherence
� e2i⇥t = ei�egt
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Rotating wave approximation (RWA)
omitting fast oscillation terms

Bloch equation @t⇢ = i[⇢,HI ] + relaxation terms

density matrix
⇢ = | ih | = ⇢gg|gihg|+ ⇢ee|eihe|+ ⇢eg|eihg|+ ⇢ge|gihe|

|⇢eg|  1/2coherence (of an atom)

P = � �

�E
tr(⇢HI)macroscopic polarization

Maxwell equation (@2
t

� @2
x

)E = �@2
t

P

Slowly varying envelope approximation (SVEA)

,|⇥x,tER,L|� �|ER,L| |@
x,t

⇢| ⌧ !|⇢|

T1, T2
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Homonuclear diatomic molecule
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Potential curves
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I2 Molecule Potential Curve

2

|e⟩ = A′ , |g⟩ = X , |p⟩ = A

|
∑

i

miU
2
ei|2 = 5.8 × 10−4 m2

3 + 9.2 × 10−2 m2
2 + 4.5 × 10−1 m2

1 + 4.1 × 10−1 m1m2 cos(2α)

+3.2 × 10−2 m1m3 cos 2(β − δ) + 1.5 × 10−2 m2m3 cos 2(α − β + δ) ,

2

(α,β)

2

2 m0 = 5

ω ηω(t)
Γγ2ν(ω, t) = Γ0I(ω)ηω(t)

ω

∼ ω ηω(t)
ω αab(ω)

γ− = (αee − αgg)/2αge αge

ω

|p⟩ ϵeg |e⟩ |g⟩ αab(ω)
ω ηω(t)

ωij I(ω)

|g� |e�

|p�

R

|g⇤ �⇥ |e⇤
forbidden
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Numerical results

no E1 transition

t� � 50 ps
1021 cm�3

n

Target system:  para-hydrogen molecule
gas or solid

vibrational transition (electronic ground state)
|e⇤ = |Xv = 1⇤ �⇥ |g⇤ = |Xv = 0⇤B 1Σ

+
u

X 1Σ
+
g

v = 0

v = 1

v = 2
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2 2 v = 1

⇥eg = 0.52 eV, �± = 15.3, 0.64

two-photon life ~ 1011 sec.
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Explosive PSR

target length L = 30 cm
n = 1� 1021/cm3 T1 = 1µs, T2 = 10ns

    


















t (ns)

F
lu

x
(G

W
/m

m
2
)

10−12 ∼ 1 −2

n = 1 × 1021 −3 = 30
T2 = T3 = 10, T1 = 103 r(0)

1 = 1
−2 10−6 −2

10−12 −2

Xv = 1 → Xv = 0 2

|
∑

L

ei
P

i k⃗i·(r⃗−r⃗L)AL(r⃗, t)|2 ,

k⃗i r⃗L

AL(r⃗, t) r⃗L

k⃗i AL(r⃗, t)
N

N2

∑
i k⃗i = k⃗

∼ 1/k

∝ N2 N

1 W/mm2

1 µW/mm2

1 pW/mm2

trigger flux

r(0)
T = 1 (⇢eg = 1/2)
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      










t (ns)

FR = FL

F
lu

x
(G

W
/m

m
2
) r

(0)
T

= 1

−2

n = 1 × 1021 −3 = 100 T2 = T3 = 10, T1 = 103

r(0)
T = 1 ri = 0

Xv = 1 → Xv = 0 2

2 × ×
(αab)

pH2 ; ϵeg = 0.52eV

(αab) =

(
0.87 0.055
0.055 0.80

)
10−24cm3 ,

1
t∗

∼ 1
1cm

n

1021cm−3
,

Xe; |e⟩ = 5p5(2P3/2)6s2[3/2]2 , |g⟩ = 5p6 1S0 , |p⟩ = 5p5(2P3/2)6s2[3/2]1 ,

ϵeg = 8.3153eV , ϵpe = 0.1212eV , γpg = 0.28GHz ,

(αab) =

(
−2.6 × 10−9 0.47 × 10−3

0.47 × 10−3 6.9

)
10−24cm3 ,

1
t∗

∼ 1
8cm

n

1021cm−3
.

αab 2

ω ≪ ϵeg

∼ 2

r(i)
T = r(i)

1 + ir(i)
2

L = 100 cm

trigger flux
1 mW/mm2
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The dynamical factor

local field-medium activity

The local ⌘ factor M.T. (2012/12/07)

We define the local field-medium activity as

⌘!(⇠, ⌧) =
1

✏egn3

���� ~E
�R1 � iR2

2

����
2

=

����
⇣
e⇤Re

�i⇠
+ e⇤Le

i⇠
⌘ r1 � ir2

2

����
2

� 0, (1)

where  = !t⇤ is the wave number in the dimensionless unit. Introducing the grating modes

ri = r(0)i + r(+)
i e2i⇠ + r(�)

i e�2i⇠
(i = 1, 2) and r(0,±)

T = r(0,±)
1 + ir(0,±)

2 , and neglecting the fast

oscillating terms, we obtain

⌘!(⇠, ⌧) =

1

4

h
(|eR|2 + |eL|2)(|r(0)T |2 + |r(+)

T |2 + |r(�)
T |2) + 2<{e⇤ReL(r

(0)⇤
T r(+)

T + r(0)T r(�)⇤
T )}

i
(2)

=

1

4

h
|eRr(0)T + eLr

(+)
T |2 + |eRr(�)

T + eLr
(0)
T |2 + |eR|2|r(+)

T |2 + |eL|2|r(�)
T |2

i
� 0 . (3)

For later convenience, we define

⌘R(L)
! (⇠, ⌧) =

1

4

h
|eR(L)|2(|r(0)T |2 + |r(+)

T |2 + |r(�)
T |2) + <{e⇤ReL(r

(0)⇤
T r(+)

T + r(0)T r(�)⇤
T )}

i
, (4)

such that

⌘!(⇠, ⌧) = ⌘R! (⇠, ⌧) + ⌘L! (⇠, ⌧) . (5)

1

The local ⌘ factor M.T. (2012/12/07)

We define the local field-medium activity as

⌘!(⇠, ⌧) =
1

✏egn3

���� ~E
�R1 � iR2

2

����
2

=

����
⇣
e⇤Re

�i⇠
+ e⇤Le

i⇠
⌘ r1 � ir2

2

����
2

� 0, (1)

where  = !t⇤ is the wave number in the dimensionless unit. Introducing the grating modes

ri = r(0)i + r(+)
i e2i⇠ + r(�)

i e�2i⇠
(i = 1, 2) and r(0,±)

T = r(0,±)
1 + ir(0,±)

2 , and neglecting the fast

oscillating terms, we obtain

⌘!(⇠, ⌧) =

1

4

h
(|eR|2 + |eL|2)(|r(0)T |2 + |r(+)

T |2 + |r(�)
T |2) + 2<{e⇤ReL(r

(0)⇤
T r(+)

T + r(0)T r(�)⇤
T )}

i
(2)

=

1

4

h
|eRr(0)T + eLr

(+)
T |2 + |eRr(�)

T + eLr
(0)
T |2 + |eR|2|r(+)

T |2 + |eL|2|r(�)
T |2

i
� 0 . (3)

For later convenience, we define

⌘R(L)
! (⇠, ⌧) =

1

4

h
|eR(L)|2(|r(0)T |2 + |r(+)

T |2 + |r(�)
T |2) + <{e⇤ReL(r

(0)⇤
T r(+)

T + r(0)T r(�)⇤
T )}

i
, (4)

such that

⌘!(⇠, ⌧) = ⌘R! (⇠, ⌧) + ⌘L! (⇠, ⌧) . (5)

1

��(t) = ���(⇥, ⇤)��

average over 
the target length

t (ns)

η
ω
(t

)

0 2 4 6 8 10 12
10!11

10!9

10!7

10!5

0.001

L = 100 cm
1 mW/mm2

      










t (ns)

FR = FL

F
lu

x
(G

W
/m

m
2
) r

(0)
T

= 1

−2

n = 1 × 1021 −3 = 100 T2 = T3 = 10, T1 = 103

r(0)
T = 1 ri = 0

Xv = 1 → Xv = 0 2

2 × ×
(αab)

pH2 ; ϵeg = 0.52eV

(αab) =

(
0.87 0.055
0.055 0.80

)
10−24cm3 ,

1
t∗

∼ 1
1cm

n

1021cm−3
,

Xe; |e⟩ = 5p5(2P3/2)6s2[3/2]2 , |g⟩ = 5p6 1S0 , |p⟩ = 5p5(2P3/2)6s2[3/2]1 ,

ϵeg = 8.3153eV , ϵpe = 0.1212eV , γpg = 0.28GHz ,

(αab) =

(
−2.6 × 10−9 0.47 × 10−3

0.47 × 10−3 6.9

)
10−24cm3 ,

1
t∗

∼ 1
8cm

n

1021cm−3
.

αab 2

ω ≪ ϵeg

∼ 2

r(i)
T = r(i)

1 + ir(i)
2
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PSR with spatial gratings
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pump
Stokes

x

spatial grating

Unidirectional PSR
momentum conservation
in the macrocoherence

How to populate |e�
|e�

|g�

pump

e�i!0(t�x)

Stokes

ei!�1(t�x)

Stimulated Raman process
!0 � !�1 = ✏eg

Generated coherence

⇢
eg

= ⇢(0)
eg

+ ⇢(+)
eg

ei✏egx + ⇢(�)
eg

e�i✏egx

PSR

ei!p(t�x)ei!p̄(t�x) = ei✏eg(t�x)

!p
!p̄

!p + !p̄ = ✏eg
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Raman sideband generation
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Harris, Sokolov, Phys. Rev. A55, R4019(1997)
Kien, Liang, Katsuragawa, Ohtsuki, Hakuta, Sokolov, Phys. Rev. A60, 1562(1999)

fields with a power density of 1011 W/cm2 can produce a
train of pulses with a pulse length of 0.21 fs. The calcula-
tions have been performed for the case where all of the mol-
ecules are adiabatically prepared in one eigenstate of the ef-
fective distance-dependent Hamiltonian. The Bessel-function
nature of the spectrum has been established in the analyti-
cally solvable case of negligible dispersion and limited
modulation bandwidth.
In the present paper we explore the Harris-Sokolov tech-

nique !13" for producing broadband Raman spectra and sub-
femtosecond pulses in a more general case where the adia-
batic following may not be perfect. Analyzing the solvable
case of negligible dispersion and limited modulation band-
width, we confirm the observation of Harris and Sokolov that
the antiphased state temporally advances the higher frequen-
cies with respect to the lower frequencies during a beating
cycle. We show that the pulse compression may occur for
both negative and positive sides of the Raman detuning, and
that the magnitude of the molecular coherence generated on
the negative side is large as compared to the coherence gen-
erated on the positive side. We perform numerical calcula-
tions for high-density molecular hydrogen, as a model of
solid hydrogen, in which a new type of stimulated Raman
scattering has been observed !14". We find that two
Gaussian-shape driving fields with a power density of
109 W/cm2 can produce a train of pulses with a pulse length
of 0.3 fs.
The paper is organized as follows. In Sec. II we review

the model and present the basic equations for the molecular
state. In Sec. III we study the wave propagation aspect. In
Sec. IV we perform a numerical analysis. Finally, Sec. V
contains conclusions.

II. FAR-OFF-RESONANCE
MULTIPLE-!-CONFIGURATION SYSTEM

In this section we review the model !13" for a far-off-
resonance multiple-#-configuration system and present the
basic equations for the quantum state of the medium.
We drive a multilevel #-configuration system shown

schematically in Fig. 1 by two laser beams of frequencies $0
and $!1. Levels j with energies $ j are coupled to level a
with energy $a and level b with energy $b by electric dipole
transitions. The transition between levels a and b is electric
dipole forbidden. We allow an arbitrary number of virtual
states j and analyze the system with including all possible
sidebands of the Raman spectrum. The transitions j↔a and
j↔b are assumed to be far off resonance with the fields.
In the dipole approximation, the Hamiltonian of the sys-

tem is given by

H"H0#H int , %1&

where

H0"'$a(aa#'$b(bb#)
j

'$ j( j j %2&

and

H int"!)
j
E%* ja( ja#*a j(a j#* jb( jb#*b j(b j&. %3&

Here (+,"!+-.,! are the operators for level populations
and transition amplitudes, E is the electric field, and * ja and
* jb are the dipole moments of the transitions j↔a and
j↔b , respectively. We assume that the driving and gener-
ated fields propagate in the z direction. We use the local-time
coordinates /"t!z/c and 0"z . The total electric field is
expanded in the form

E"
1
2 )

q
%Eqe!i$q/#Eq*ei$q/&, %4&

where

$q"$0#q%$b!$a!1&"$0#q$m . %5&

Here q is an integer number. The modulation frequency $m
"$b!$a!1 or, equivalently, the frequency difference be-
tween adjacent sidebands, is the difference of the two applied
frequencies $0 and $!1. The detuning 1 is the difference
between the Raman transition frequency $b!$a and the
modulation frequency $m .
When the detunings of the fields from the upper states j

are large as compared to the derivatives of the probability
amplitudes of these states, the system can be described by an
effective, distance-dependent, two-by-two Hamiltonian !13"

Heff"!'"2aa 2ab

2ba 2bb!1# , %6&

where the Stark shifts 2aa and 2bb and the two-photon Rabi
frequency 2ab are given by

2aa"
1
2 )

q
aq!Eq!2,

2bb"
1
2 )

q
bq!Eq!2, %7&

FIG. 1. Diagram of energy levels and transitions for the analy-
sis. Levels a and b are coupled with levels j by the laser fields $0
and $!1. The transition between levels a and b is electric dipole
forbidden. The transitions j↔a and j↔b are far off one-photon
resonance, and the transition a↔b may be off two-photon reso-
nance by a detuning 1 .

PRA 60 1563SUBFEMTOSECOND PULSE GENERATION WITH . . .

�0 �1

��1

��2
1st anti-Stokes

q = 1

q = �2

2nd Stokes

q � qmin the lowest Stokes

!q = !0 + q(!0 � !�1) = !0 + q(!b � !a � �)

detuning
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Hamiltonian

fields with a power density of 1011 W/cm2 can produce a
train of pulses with a pulse length of 0.21 fs. The calcula-
tions have been performed for the case where all of the mol-
ecules are adiabatically prepared in one eigenstate of the ef-
fective distance-dependent Hamiltonian. The Bessel-function
nature of the spectrum has been established in the analyti-
cally solvable case of negligible dispersion and limited
modulation bandwidth.
In the present paper we explore the Harris-Sokolov tech-

nique !13" for producing broadband Raman spectra and sub-
femtosecond pulses in a more general case where the adia-
batic following may not be perfect. Analyzing the solvable
case of negligible dispersion and limited modulation band-
width, we confirm the observation of Harris and Sokolov that
the antiphased state temporally advances the higher frequen-
cies with respect to the lower frequencies during a beating
cycle. We show that the pulse compression may occur for
both negative and positive sides of the Raman detuning, and
that the magnitude of the molecular coherence generated on
the negative side is large as compared to the coherence gen-
erated on the positive side. We perform numerical calcula-
tions for high-density molecular hydrogen, as a model of
solid hydrogen, in which a new type of stimulated Raman
scattering has been observed !14". We find that two
Gaussian-shape driving fields with a power density of
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and transition amplitudes, E is the electric field, and * ja and
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are large as compared to the derivatives of the probability
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case of negligible dispersion and limited modulation band-
width, we confirm the observation of Harris and Sokolov that
the antiphased state temporally advances the higher frequen-
cies with respect to the lower frequencies during a beating
cycle. We show that the pulse compression may occur for
both negative and positive sides of the Raman detuning, and
that the magnitude of the molecular coherence generated on
the negative side is large as compared to the coherence gen-
erated on the positive side. We perform numerical calcula-
tions for high-density molecular hydrogen, as a model of
solid hydrogen, in which a new type of stimulated Raman
scattering has been observed !14". We find that two
Gaussian-shape driving fields with a power density of
109 W/cm2 can produce a train of pulses with a pulse length
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The paper is organized as follows. In Sec. II we review
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state. In Sec. III we study the wave propagation aspect. In
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fields with a power density of 1011 W/cm2 can produce a
train of pulses with a pulse length of 0.21 fs. The calcula-
tions have been performed for the case where all of the mol-
ecules are adiabatically prepared in one eigenstate of the ef-
fective distance-dependent Hamiltonian. The Bessel-function
nature of the spectrum has been established in the analyti-
cally solvable case of negligible dispersion and limited
modulation bandwidth.
In the present paper we explore the Harris-Sokolov tech-

nique !13" for producing broadband Raman spectra and sub-
femtosecond pulses in a more general case where the adia-
batic following may not be perfect. Analyzing the solvable
case of negligible dispersion and limited modulation band-
width, we confirm the observation of Harris and Sokolov that
the antiphased state temporally advances the higher frequen-
cies with respect to the lower frequencies during a beating
cycle. We show that the pulse compression may occur for
both negative and positive sides of the Raman detuning, and
that the magnitude of the molecular coherence generated on
the negative side is large as compared to the coherence gen-
erated on the positive side. We perform numerical calcula-
tions for high-density molecular hydrogen, as a model of
solid hydrogen, in which a new type of stimulated Raman
scattering has been observed !14". We find that two
Gaussian-shape driving fields with a power density of
109 W/cm2 can produce a train of pulses with a pulse length
of 0.3 fs.
The paper is organized as follows. In Sec. II we review
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Sec. IV we perform a numerical analysis. Finally, Sec. V
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nature of the spectrum has been established in the analyti-
cally solvable case of negligible dispersion and limited
modulation bandwidth.
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case of negligible dispersion and limited modulation band-
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that the magnitude of the molecular coherence generated on
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erated on the positive side. We perform numerical calcula-
tions for high-density molecular hydrogen, as a model of
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Gaussian-shape driving fields with a power density of
109 W/cm2 can produce a train of pulses with a pulse length
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The eigenvalues of the effective Hamiltonian Heff are
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dressed eigenstates "$+ is

.ab
($)!

1
2sin 2,

($)ei*!$
!ab

!&!aa#!bb")'2"4"!ab"2
.

&12'

Note that #-/2/, (#)/0/, (")/-/2. Hence we have
sin,(")00 and sin,(#)/0 while cos,($)00. Since the ampli-
tudes sin,(") and cos,(") of levels a and b in the state ""+
have the same sign, and the phases of the coherence .ab

(") and
the two-photon Rabi frequency !ab are the same, the state
""+ is called a phased state. Since the amplitudes sin,(#) and
cos,(#) in the state "#+ have opposite signs, and the phases
of the coherence .ab

(#) and the two-photon Rabi frequency
!ab are opposite, the state "#+ is called an antiphased state.
We now assume that at the initial time 1!#2 the system

is in the ground state "a+ and the field is zero. In the case
where )!0, the adiabatic eigenstates ""+ and "#+ are ini-
tially degenerate, and, at the initial time, the ground state "a+
is a superposition of the states ""+ and "#+ . In the case
where )!” 0, the adiabatic eigenstates ""+ and "#+ are non-
degenerate, and, at the initial time, the ground state "a+ co-
incides with one of the states ""+ and "#+ . The sign of the

Raman detuning ) selects the phased state ""+ or the an-
tiphased state "#+. Namely, when )%0 or )&0, we have
""+1!#2!"a+ or "#+1!#2!"a+, respectively.
We analyze the case where there is no decay in the system

and the Raman detuning is nonzero. The probability ampli-
tudes ca and cb of the wave function "3+!ca"a+"cb"b+ are
governed by the equations 4135

6

61 $ cacb%!i$!aa !ab

!ba !bb#)%$ cacb% . &13'

We call "e+ the eigenstate which may evolve smoothly from
the initial ground state "a+ in the adiabatic limit. Clearly, "e+
is ""+ for positive ) and "#+ for negative ) , that is,

"e+!cos,"a+"sin,e#i*"b+ &14'

with ,!, (") or , (#) for positive or negative ) , respectively.
The conjugate eigenstate is given by

" f +!sin,"a+#cos,e#i*"b+ . &15'

The instantaneous eigenstates "e+ and " f + are called adiabatic
states. The corresponding eigenvalues are (e!( (") or ( (#)

and ( f!( (#) or ( (") for positive or negative ) , respectively.
We introduce the transformations

$ cacb%!$ cos, sin,
e#i*sin, #e#i*cos,%$ cec f % &16'

and

$ cec f %!ei7$ c̃ e
c̃ f

% &17'

with

7!&
#2

1
dt!4(e& t!'"*̇& t!'sin2,& t!'5 . &18'

The variables ce and c f are the amplitudes of the state "3+ in
the basis from "e+ and " f +. The variables c̃ e and c̃ f are the
phase-shifted amplitudes of this state. By using the transfor-
mation &16' and &17', the two-level equation &13' is trans-
formed into the adiabatic equation

6

61 $ c̃ e
c̃ f

%!$ 0 # ,̇#
1
2 i*̇ sin 2,

,̇#
1
2 i*̇ sin 2, i& *̇ cos 2,#(e f '

% $ c̃ e
c̃ f

% ,
&19'

where an overdot means a local-time derivative and

(e f!(e#( f!sgn&)'!&!aa#!bb")'2"4"!ab"2
&20'

is the frequency separation between the two adiabatic eigen-
states. The initial condition reads c̃ e(#2)!1 and c̃ f(#2)
!0. Under this initial condition, we find from Eq. &19' the
expression
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The constants aq , bq , and dq determine the dispersion and
coupling and are
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"
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dq!
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# .

The eigenvalues of the effective Hamiltonian Heff are
Eeff
($)!##( ($) with

( ($)!
1
2 &!aa"!bb#)'$

1
2
!&!aa#!bb")'2"4"!ab"2.

&9'

Writing !ab!"!ab"ei*, the eigenvectors are as follows:

"$+!cos, ($)"a+"sin, ($)e#i*"b+ , &10'

where

, ($)!arctan
2"!ab"
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!
1
2arctan

2"!ab"
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$
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The coherence of the superposition of levels a and b in the
dressed eigenstates "$+ is

.ab
($)!

1
2sin 2,

($)ei*!$
!ab

!&!aa#!bb")'2"4"!ab"2
.

&12'

Note that #-/2/, (#)/0/, (")/-/2. Hence we have
sin,(")00 and sin,(#)/0 while cos,($)00. Since the ampli-
tudes sin,(") and cos,(") of levels a and b in the state ""+
have the same sign, and the phases of the coherence .ab

(") and
the two-photon Rabi frequency !ab are the same, the state
""+ is called a phased state. Since the amplitudes sin,(#) and
cos,(#) in the state "#+ have opposite signs, and the phases
of the coherence .ab

(#) and the two-photon Rabi frequency
!ab are opposite, the state "#+ is called an antiphased state.
We now assume that at the initial time 1!#2 the system

is in the ground state "a+ and the field is zero. In the case
where )!0, the adiabatic eigenstates ""+ and "#+ are ini-
tially degenerate, and, at the initial time, the ground state "a+
is a superposition of the states ""+ and "#+ . In the case
where )!” 0, the adiabatic eigenstates ""+ and "#+ are non-
degenerate, and, at the initial time, the ground state "a+ co-
incides with one of the states ""+ and "#+ . The sign of the

Raman detuning ) selects the phased state ""+ or the an-
tiphased state "#+. Namely, when )%0 or )&0, we have
""+1!#2!"a+ or "#+1!#2!"a+, respectively.
We analyze the case where there is no decay in the system

and the Raman detuning is nonzero. The probability ampli-
tudes ca and cb of the wave function "3+!ca"a+"cb"b+ are
governed by the equations 4135

6

61 $ cacb%!i$!aa !ab

!ba !bb#)%$ cacb% . &13'

We call "e+ the eigenstate which may evolve smoothly from
the initial ground state "a+ in the adiabatic limit. Clearly, "e+
is ""+ for positive ) and "#+ for negative ) , that is,

"e+!cos,"a+"sin,e#i*"b+ &14'

with ,!, (") or , (#) for positive or negative ) , respectively.
The conjugate eigenstate is given by

" f +!sin,"a+#cos,e#i*"b+ . &15'

The instantaneous eigenstates "e+ and " f + are called adiabatic
states. The corresponding eigenvalues are (e!( (") or ( (#)

and ( f!( (#) or ( (") for positive or negative ) , respectively.
We introduce the transformations

$ cacb%!$ cos, sin,
e#i*sin, #e#i*cos,%$ cec f % &16'

and

$ cec f %!ei7$ c̃ e
c̃ f

% &17'

with

7!&
#2

1
dt!4(e& t!'"*̇& t!'sin2,& t!'5 . &18'

The variables ce and c f are the amplitudes of the state "3+ in
the basis from "e+ and " f +. The variables c̃ e and c̃ f are the
phase-shifted amplitudes of this state. By using the transfor-
mation &16' and &17', the two-level equation &13' is trans-
formed into the adiabatic equation

6

61 $ c̃ e
c̃ f

%!$ 0 # ,̇#
1
2 i*̇ sin 2,

,̇#
1
2 i*̇ sin 2, i& *̇ cos 2,#(e f '

% $ c̃ e
c̃ f

% ,
&19'

where an overdot means a local-time derivative and

(e f!(e#( f!sgn&)'!&!aa#!bb")'2"4"!ab"2
&20'

is the frequency separation between the two adiabatic eigen-
states. The initial condition reads c̃ e(#2)!1 and c̃ f(#2)
!0. Under this initial condition, we find from Eq. &19' the
expression
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The constants aq , bq , and dq determine the dispersion and
coupling and are
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The eigenvalues of the effective Hamiltonian Heff are
Eeff
($)!##( ($) with

( ($)!
1
2 &!aa"!bb#)'$

1
2
!&!aa#!bb")'2"4"!ab"2.

&9'

Writing !ab!"!ab"ei*, the eigenvectors are as follows:

"$+!cos, ($)"a+"sin, ($)e#i*"b+ , &10'

where

, ($)!arctan
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2arctan
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The coherence of the superposition of levels a and b in the
dressed eigenstates "$+ is

.ab
($)!

1
2sin 2,

($)ei*!$
!ab

!&!aa#!bb")'2"4"!ab"2
.

&12'

Note that #-/2/, (#)/0/, (")/-/2. Hence we have
sin,(")00 and sin,(#)/0 while cos,($)00. Since the ampli-
tudes sin,(") and cos,(") of levels a and b in the state ""+
have the same sign, and the phases of the coherence .ab

(") and
the two-photon Rabi frequency !ab are the same, the state
""+ is called a phased state. Since the amplitudes sin,(#) and
cos,(#) in the state "#+ have opposite signs, and the phases
of the coherence .ab

(#) and the two-photon Rabi frequency
!ab are opposite, the state "#+ is called an antiphased state.
We now assume that at the initial time 1!#2 the system

is in the ground state "a+ and the field is zero. In the case
where )!0, the adiabatic eigenstates ""+ and "#+ are ini-
tially degenerate, and, at the initial time, the ground state "a+
is a superposition of the states ""+ and "#+ . In the case
where )!” 0, the adiabatic eigenstates ""+ and "#+ are non-
degenerate, and, at the initial time, the ground state "a+ co-
incides with one of the states ""+ and "#+ . The sign of the

Raman detuning ) selects the phased state ""+ or the an-
tiphased state "#+. Namely, when )%0 or )&0, we have
""+1!#2!"a+ or "#+1!#2!"a+, respectively.
We analyze the case where there is no decay in the system

and the Raman detuning is nonzero. The probability ampli-
tudes ca and cb of the wave function "3+!ca"a+"cb"b+ are
governed by the equations 4135

6

61 $ cacb%!i$!aa !ab

!ba !bb#)%$ cacb% . &13'

We call "e+ the eigenstate which may evolve smoothly from
the initial ground state "a+ in the adiabatic limit. Clearly, "e+
is ""+ for positive ) and "#+ for negative ) , that is,

"e+!cos,"a+"sin,e#i*"b+ &14'

with ,!, (") or , (#) for positive or negative ) , respectively.
The conjugate eigenstate is given by

" f +!sin,"a+#cos,e#i*"b+ . &15'

The instantaneous eigenstates "e+ and " f + are called adiabatic
states. The corresponding eigenvalues are (e!( (") or ( (#)

and ( f!( (#) or ( (") for positive or negative ) , respectively.
We introduce the transformations

$ cacb%!$ cos, sin,
e#i*sin, #e#i*cos,%$ cec f % &16'

and

$ cec f %!ei7$ c̃ e
c̃ f

% &17'

with

7!&
#2

1
dt!4(e& t!'"*̇& t!'sin2,& t!'5 . &18'

The variables ce and c f are the amplitudes of the state "3+ in
the basis from "e+ and " f +. The variables c̃ e and c̃ f are the
phase-shifted amplitudes of this state. By using the transfor-
mation &16' and &17', the two-level equation &13' is trans-
formed into the adiabatic equation

6
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c̃ f
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2 i*̇ sin 2,
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2 i*̇ sin 2, i& *̇ cos 2,#(e f '
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% ,
&19'

where an overdot means a local-time derivative and

(e f!(e#( f!sgn&)'!&!aa#!bb")'2"4"!ab"2
&20'

is the frequency separation between the two adiabatic eigen-
states. The initial condition reads c̃ e(#2)!1 and c̃ f(#2)
!0. Under this initial condition, we find from Eq. &19' the
expression
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The constants aq , bq , and dq determine the dispersion and
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The eigenvalues of the effective Hamiltonian Heff are
Eeff
($)!##( ($) with
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2
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Writing !ab!"!ab"ei*, the eigenvectors are as follows:
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where
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dressed eigenstates "$+ is
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Note that #-/2/, (#)/0/, (")/-/2. Hence we have
sin,(")00 and sin,(#)/0 while cos,($)00. Since the ampli-
tudes sin,(") and cos,(") of levels a and b in the state ""+
have the same sign, and the phases of the coherence .ab

(") and
the two-photon Rabi frequency !ab are the same, the state
""+ is called a phased state. Since the amplitudes sin,(#) and
cos,(#) in the state "#+ have opposite signs, and the phases
of the coherence .ab

(#) and the two-photon Rabi frequency
!ab are opposite, the state "#+ is called an antiphased state.
We now assume that at the initial time 1!#2 the system

is in the ground state "a+ and the field is zero. In the case
where )!0, the adiabatic eigenstates ""+ and "#+ are ini-
tially degenerate, and, at the initial time, the ground state "a+
is a superposition of the states ""+ and "#+ . In the case
where )!” 0, the adiabatic eigenstates ""+ and "#+ are non-
degenerate, and, at the initial time, the ground state "a+ co-
incides with one of the states ""+ and "#+ . The sign of the

Raman detuning ) selects the phased state ""+ or the an-
tiphased state "#+. Namely, when )%0 or )&0, we have
""+1!#2!"a+ or "#+1!#2!"a+, respectively.
We analyze the case where there is no decay in the system

and the Raman detuning is nonzero. The probability ampli-
tudes ca and cb of the wave function "3+!ca"a+"cb"b+ are
governed by the equations 4135
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We call "e+ the eigenstate which may evolve smoothly from
the initial ground state "a+ in the adiabatic limit. Clearly, "e+
is ""+ for positive ) and "#+ for negative ) , that is,

"e+!cos,"a+"sin,e#i*"b+ &14'

with ,!, (") or , (#) for positive or negative ) , respectively.
The conjugate eigenstate is given by

" f +!sin,"a+#cos,e#i*"b+ . &15'

The instantaneous eigenstates "e+ and " f + are called adiabatic
states. The corresponding eigenvalues are (e!( (") or ( (#)

and ( f!( (#) or ( (") for positive or negative ) , respectively.
We introduce the transformations

$ cacb%!$ cos, sin,
e#i*sin, #e#i*cos,%$ cec f % &16'

and

$ cec f %!ei7$ c̃ e
c̃ f

% &17'

with

7!&
#2

1
dt!4(e& t!'"*̇& t!'sin2,& t!'5 . &18'

The variables ce and c f are the amplitudes of the state "3+ in
the basis from "e+ and " f +. The variables c̃ e and c̃ f are the
phase-shifted amplitudes of this state. By using the transfor-
mation &16' and &17', the two-level equation &13' is trans-
formed into the adiabatic equation
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where an overdot means a local-time derivative and

(e f!(e#( f!sgn&)'!&!aa#!bb")'2"4"!ab"2
&20'

is the frequency separation between the two adiabatic eigen-
states. The initial condition reads c̃ e(#2)!1 and c̃ f(#2)
!0. Under this initial condition, we find from Eq. &19' the
expression

1564 PRA 60FAM Le KIEN et al.

Adiabatic eigenstate

tan � =
2|�ab|

�aa � �bb + �
�ab = |�ab|ei�

|a�E � 0|+� = cos
�

2
ei�/2|a� + sin

�

2
e�i�/2|b�



Minoru TANAKA 20

Coherence ⇥ab =
1
2

sin �ei�

Wave propagation

�aa � �bb

molecular system of far off-resonance 
tan ⇥ � 2|�ab|/� |�ab| � 1/2

(⇤t + ⇤z)Eq = in�⇥q

�
aq�aaEq + bq�bbEq + dq�1�baEq�1 + d�q�abEq+1

�

phased state

antiphased state

� > 0 , sin ⇥ > 0

!"#$!!"# l$"%0"#"# l$#
1
2 &'%m

2 "#"# l$
2. "44$

When the system is in the antiphased state, the coupling
parameter & is negative. In this case, the oscillations of E are
faster or slower when #$# l or #%# l , respectively. There-
fore, for the modulation period from # l to # l#1!# l
#2(/%m , the higher frequencies are temporally advanced
with regard to the lower frequencies. However, in the case of
the phased state, the lower frequencies are advanced as com-
pared to higher frequencies. On the other hand, in a normally
dispersive medium, a higher frequency propagating alone
corresponds to a lower group velocity. Therefore, in the
broadband spectrum case considered here, the group-velocity
dispersion reduces or enhances the relative delay of the dif-
ferent frequency components in the antiphased state or the
phased state, respectively. Meanwhile, to attain pulse com-
pression, the main problem is to overcome the delay. Conse-
quently, when !E0

(input)!"!E"1
(input)!, only the signal generated

by the antiphased state allows pulse compression in a nor-

mally dispersive medium )13*. Furthermore, we should note
that when the propagation path is long enough, the two-
photon Rabi frequency !+ab!, which is a sum of the products
EqEq#1* of the adjacent frequency components, and, hence,
the coherence magnitude !,ab!, which is generated by this
two-photon coupling, are larger in the antiphased case as
compared to the phased case. Such asymmetry of the tuning
characteristics is also due to the reduction of the relative
delay in the antiphased state and the enhancement of the
delay in the phased state with the normal group-velocity dis-
persion.

IV. NUMERICAL RESULTS

In this section, we present and discuss the numerical re-
sults. We solve the wave propagation equation "35$ and the
density-matrix equations "34$ for molecular hydrogen with a
solid-state density of 2.6&1022 cm"3. We use this high-
density molecular hydrogen as a model of solid hydrogen.
We consider the fundamental vibrational transition (-!1,J
!0)↔(-!0,J!0) in molecular hydrogen with %b"%a
!4149.7 cm"1 and take all molecules in the ground state
(-!0,J!0). The Raman transition linewidth is .b!2.!

!107 s"1 )16*. The internal decay rate . # is negligible. The
dispersion constants aq and bq and the coupling constants dq
include the contributions of the 0 – 36th vibrational transi-
tions of the Lyman band and the 0 – 13th transitions of the
Werner band. The magnitudes of the transition dipole mo-
ments are obtained from Allison and Dalgarno )17* and the
level energies are obtained from Herzberg )18*. It should be
noted )15* that coupling constants dq involve terms propor-
tional to cross products /a j/ jb , which can be positive or
negative and can partially cancel each other during summa-
tion in Eq. "8$. Therefore, it is important to keep track of
relative signs of vibrational wave-function overlap integrals.
However, such relative signs have not been published, to our
knowledge, in the literature. In order to get the signs, we
have recalculated the transition dipole matrix elements using
the vibrational wave functions which are the eigenfunctions
in the adiabatic potential obtained by the full configuration
interaction calculation )19*. In addition to the relative signs
of the dipole moments, our results for the oscillator strengths
are in good agreement with the results of Ref. )17*. Our

FIG. 2. "a$ Probability for the system to be in the antiphased
state, "b$ two-photon Rabi frequency, and "c$ molecular coherence
magnitude as functions of the Raman detuning, at the time corre-
sponding to the peaks of the applied pulses (#!0). The peak in-
tensity of each of the driving fields is 109 W/cm2, the pulse length
is 10 ns, and the propagation path is 20 and 40 /m for the solid
and dashed curves, respectively.

FIG. 3. Magnitude of coherence as a function of the Raman
detuning and the propagation path, at the time corresponding to the
peaks of the applied pulses (#!0). The peak intensity of each of
the driving fields and the pulse length are the same as for Fig. 2.
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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

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 −d⃗ · E⃗ with d⃗ being the dipole moment and E⃗ 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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PPSLT LBO

OPA

Nd:YAG Laser
532 nm

Laser Diode
(ECDL, 683 nm)

OPG

p-H
2

532

683

DCM

DCM DCM

BD

Monochromator

MCTLPFs

(a) Laser Setup

(b) Target & Detector

Fig. 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.

The actual pulse energy and the beam waist size of the ω0 (ω−1) driving laser is 4.3 mJ
(4.3 mJ) and 0.12 mm (0.15 mm), respectively. Both lasers are linearly polarized in the 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

Target cell: length 15 cm, diameter 2 cm, 78 K, 60 kPa
n = 5.6⇥ 1019 cm�3 1/T2 ⇠ 130 MHz

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

|e�

|g�

pump
532 nm

Stokes 683 nm

!0

!�1

(internal trigger)4th Stokes (q=-4) as trigger

trigger
4662 nm
!�4 = !p̄

signal
4959 nm
!p
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Ultra-broadband Raman sidebands�

2014/10/TU� Kyoto� &'�

!  Raman sidebands, from 192 to 4662nm, 
are observed: >24  

!  Evidence of large coherence�

N. Sasao
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Generated coherence

given by [18]

α(m)
aa =

|daj |2

ε0!

(
1

ωja + ωm
+

1
ωja − ωm

)
, (a = g, e; m = p, p, q) (7)

where daj and !ωja ≡ !(ωj − ωa) are, respectively, a transition dipole moment and energy
difference between levels a − j. Similarly the off-diagonal parts of the polarizability in eq.(5-
6) are given by

α(q)
ge = α(q)

eg =
dgjdje

ε0!

(
1

ωjg + ωq
+

1
ωje − ωq

)
, (8)

α(pp)
ge = α(pp)

eg =
dgjdje

ε0!

(
1

ωjg − ωp
+

1
ωjg − ωp

)
=

dgjdje

ε0!

(
1

ωje + ωp
+

1
ωje + ωp

)
.(9)

In order to include relaxation effects, it is necessary to introduce the density matrix for a
mixture of pure states:

ρ =

(
ρgg ρge

ρeg ρee

)
. (10)

The equation of motion for the density matrix is governed by i!(dρ/dt) = [H, ρ] +
(relaxation terms), and its explicit forms will be shown below. So far we have considered a
single molecule, which is now extended to an ensemble of molecules within a finite volume.
To this end, the density matrix is considered to be a function of the position x by taking a
continuous limit of atom distribution in the target. We also need to consider a propagation
effect of the electromagnetic fields: this effect is included by the one-dimensional Maxwell
equation

∂2E

∂t2
− c2 ∂2E

∂x2
= − n

ε0

∂2P

∂t2
, (11)

where P denotes the macroscopic polarization, and n the number density of the hydrogen
molecules. The polarization P can be calculated with P = Tr(ρd). Putting P into eq.(11)
with the help of RWA and SVEA, we arrive at a set of equations, referred to as Maxwell-Bloch
equation, expressed by

∂ρgg

∂τ
= i

(
Ωgeρeg − Ωegρge

)
+ γ1ρee, (12)

∂ρee

∂τ
= i

(
Ωegρge − Ωgeρeg

)
− γ1ρee, (13)

∂ρge

∂τ
= i

(
Ωgg − Ωee + δ

)
ρge + iΩge

(
ρee − ρgg

)
− γ2ρge, (14)

∂Eq

∂ξ
=

iωqn

2c

{(
ρggα

(q)
gg + ρeeα

(q)
ee

)
Eq + ρegα

(q−1)
eg Eq−1 + ρgeα

(q)
ge Eq+1

}
, (15)

∂Ep

∂ξ
=

iωpn

2c

{(
ρggα

(p)
gg + ρeeα

(p)
ee

)
Ep + ρegα

(pp)
ge E∗

p

}
. (16)

Here we have introduced the co-moving coordinates defined by (τ, ξ) = (t − x/c, x), and the
Rabi frequencies by

Ωaa =
1
2!

∑

m=p,p,q

1
2
ε0 α(m)

aa |Em|2 (a = g, e),

Ωge = Ω∗
eg =

1
2!

{
∑

q

1
2
ε0 α(q)

ge EqE
∗
q+1 +

1
2
ε0 α(pp)

ge E∗
pE∗

p

}
. (17)

5

Maxwell-Bloch eq.
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Fig. 3 Photograph of the Raman sidebands (projected onto a fluorescent sheet and taken
by a CCD camera). The wavelengths calculated with eq.(1) are also shown. The third and
fourth Stokes sidebands shown in parentheses are observed only by the pyroelectric energy
and/or MCT detector. The photograph contrast and light level from q = 2 to q = 8 are
enhanced for clear view. Apparent variation in the spot sizes is due to over exposure while
distortion from the straight line (around q =6–8) is caused by bent of the fluorescent sheet.

sideband order
-4 -2 0 2 4

p
u

ls
e 

en
er

g
y

 [
a

rb
. 

u
n

it
]

-7
10

-5
10

-3
10

-1
10

1

sideband (exp.)
sideband (sim.)
4.96 µm (sim.)

Fig. 4 Comparison of the Raman sideband pulse energy measurements (from q = −3
to q = +4 at δ = 0) with the simulation results. The vertical axis represents energies (the
simulation results are normalized at q = 1) while the horizontal axis is the Raman order q.
The 4.96 µm signal is plotted at q = −5 for convenience. The circles in blue (squares in red)
indicate the experimental (simulation) results.

4.2. Two-photon emission process

Figure 5 shows the result of spectrum measurements at the detuning of δ = 0. The black
line is the spectrum without the long-pass filter (LPF, Spectrogon LP-4700nm) while the
blue (red) line is the one with two (four) LPFs inserted in front of the monochromator. The
transmittance of the LPF is indicated by the white portion excluded by the gray hatch.
Two peaks were unambiguously observed corresponding to the fourth Stokes sideband (4.66
µm) and its two-photon partner (4.96 µm). The 4.66 µm signal saturated the detector
without LPF, but was mostly filtered out with LPFs. On the other hand, the 4.96 µm signal
remained unaffected with and without LPFs (the peak heights reduced by LPF transmittance
of ∼ 0.85 per a filter): This fact eliminates the possibility of spurious higher order lights
in the monochromator grating system. It was found that these signals had a sharp forward
distribution (half angular divergence of ∼20 mrad for 4.66 µm and ∼10 mrad for 4.96 µm)

9

coherence estimation
|⇢eg| ' 0.032
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Observed two-photon spectrum
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# of observed photons
4.4⇥ 107/pulse

Estimated spontaneous rate
1.6⇥ 10�8

enhancement!
O(1015) (or more)

and a time profile similar to the input driving lasers (with slightly narrower FWHM pulse
durations of 5 ns). The latter can be interpreted as a measure of the duration time of the
produced coherence. A typical 4.96 µm pulse energy observed by the MCT detector was 1.8
pJ/pulse (without acceptance correction of the monochromator), and the ratio of the two
signals, defined by the 4.96 µm energies divided by those of 4.66 µm, was ∼ 0.8 × 10−3 at
this detuning.

Fig. 5 Observed spectra at δ = 0 MHz and 60 kPa ; (a) without the longpass filter (LPF),
(b) with two LPFs, and (c) with four LPFs. The white portion excluded by the gray hatch
shows the LPF transmittance; it is ∼0.85 at 4.96 µm.

 [MHz]δ
-400 -300 -200 -100 0 100 200 300 400

p
u

ls
e 

en
er

g
y

 [
a

rb
. 

u
n

it
]

0

0.2

0.4

0.6

0.8

1

1.2 Exp. 4662 nm

)3Exp. 4959 nm (x 10

Sim. 4662 nm

)3Sim. 4959 nm (x 10

Fig. 6 The 4.66 and 4.96 µm output pulse energies as a function of the detuning frequency
δ. The solid (open) symbols connected by solid (dashed) lines indicate the experimental
(simulation) data. The red circles are for 4.96 µm (scaled up by 103) and the blue squares
for 4.66 µm. The horizontal bar in the plot indicates ±75 MHz uncertainty in the frequency
measurements.
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Experiment with an external trigger
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Y. Miyamoto et al. arXiv1505.07663, to appear in PTEP

Internal trigger (4th Stokes)

frequency, power, timing tied to driving lasers
!q = !0 + q(!0 � !�1) , q = �4

External trigger (additional laser irradiation)

frequency, power, timing indep. of driving lasers

More suitable to explore macrocoherence

Mandatory for RENP
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!0

!�1
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4587 nm

signal
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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
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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⇥ 10

11
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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Trigger timing

 

traces is normalized to be unity. The decoherence time taken from the Raman linewidth [8] was 

again used. The effective intensities of the driving fields were fixed to the values determined by 

the simulation of the Raman sidebands described in Sect. 2. The simulation could qualitatively 

reproduce the experimental result without adjusting parameters while the simulation result 

showed a longer tail at the positive side and a small bump at the negative side. In the simulation, 

we have considered one position coordinate along the light propagation and ignored the other 

two spatial coordinates. The observed “delayed peak” can be explained qualitatively by 

development and decay of coherence in a simple optical Bloch picture. In the current experiment, 

two-photon Rabi frequency is so small (less than 10 MHz) that the period of Rabi oscillation is 

longer than the driving pulse width. It indicates that the driving fields pass away before a single 

Rabi oscillation. Coherence, therefore, reaches its maximum after the peak of driving fields and 

then decays due to low driving intensity and decoherence. The two-photon emission reflects the 

coherence development and shows the delayed peak. The peak position is determined by the 

Rabi frequency, the driving field duration and the decoherence. This kind of the “delayed peak” 

was also reported in a stimulated Raman process [9]. 

 
Figure 4: Observed dependence of two-photon emission signal on mutual timing between the 

driving pulses and the triggering pulses (blue open circles) and corresponding result of the 

numerical simulation (a red solid line). Positive values in the horizontal axis mean that the trigger 

pulses arrive at the target after the driving pulses. 

 

4. Conclusions In this work, we have observed coherent enhancement of the two-photon 

emission from the vibrational state of p-H2 with the method of triggering by externally injected 

pulses. The enhancement from its spontaneous rate has been three orders of magnitude larger 

than that of the previous observation triggered by the internally generated Stokes light. 

trigger delay

Delayed coherence development in the target
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Coherences

Atomic coherence ⇢eg

Target coherence
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Macrocoherence ei!(t�x)ei!(t+x) = e2i!t

Realized in adiabatic Raman process
with (internal or external) trigger 

p-H2 PSR experiments

Huge enhancement confirmed.


