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

metastable |€> — ‘g> _|_ f-}/ _|_ Vzp]
energy scale ~ O(eV)

Rate ~ aGHE® ~ 1/(10°° s)

Paired Super-Radiance (PSR)

M.Yoshimura, N. Sasao, MT, PRA86,013812 (2012)
asse ) = [g) +7 + 9
Prototype for RENP
proof-of-concept for
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a model of emission from atoms

Hamiltonian

e)——

N\N\NN\N\V

g)—

M = e4lg)(g| + ecle)(e| — dE|e)(g| — d*ET|g) (e

Density matrix (state)
P = Pgglg) (9] + pecle){e] + pegle) (gl + pgelg) (€]

Deexcitation (or emission) rate: I' = I'y  |dE|?

Coherence (of an atomic state) Peg

(lg)
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eigp‘@)/\/i — Peg = 6i¢/27 ‘peg‘ <1/2
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R.H. Dicke,
Phys. Rev. 93, 99 (1954)

An ensemble of N atoms in a small volume L3
L < wave length = €% ~ 1

Fully excited state: |e) =€) - |e), peg =0

deexcitation: (Z g)( >H|
= [g)le)---le) +le)lg)---le) +---+le)le)---|g)

I'= NI mcoherent N
(19> +1e)/V2| ", peg = 1/2
— |[g)(l9) +1e))---(lg) + le))
+(lg) + le))lg) -+ (lg) + le)) +---]/V2N
N
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PSR theory

Minoru TANAKA



metastable

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

e) — |g) +v+ 7

Prototype for RENP
proof-of-concept for the

Preparation of for RENP
coherence generation Peg

dynamical factor 7w (%)

Theoretical description to be tested
Maxwell-Bloch equation
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Effective two-level interaction Hamiltonian

1€eqgt
A

Xgg
2
2dpedpg 2d}pq €pa
Qge = , Qg = — 5, (a=g,e€)

dp, : dipole matrix element
Field (1+1 dim.) W= ey )2

E = [Ep 6—7L(wt—kaz) 1+ By e—i(wt—l-km) 4+ c.c.
e)

L-mover R-mover Qiwt _ _icogt
6iw(t x) eiw(t—a}) ~ € — €

k= w

9)
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Bloch equation 0;p = i|p, H | 4+ relaxation terms

. . T, T
density matrix b

p = )] = pgglg) (gl + peele)(e] + pegle) (gl + pgelg) (€]
coherence (of an atom) |pey| < 1/2
Maxwell equation (07 — 02)E = —0; P

0
oL

macroscopic polarization P = tr(pHr)

Rotating wave approximation (RWA)
omitting fast oscillation terms
Slowly varying envelope approximation (SVEA)
0z tER. 1| < W|ER,L|, 0z,p] < w|p|

|0



Homonuclear diatomic molecule
oo

T T I T T T T T

Potential curves

12 Molecule Potential Curve
0.5+ W ‘ \ w x w \\ { w w x w { w x
0.0 \ ~_ ———
N e
i ~————
\
L \w/

S 05 :
a8

g) — |e)

——e) forbidden

sl ‘g> N )

| 2%0 - 2{5 - 350 - 3f5 - 4ﬁ0 - 4%5 - 5%0
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[x10* cm™ !4
9.5

9.0 S

energy

1.0 -

0.5 -

0
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[eV]A

11.54

11.0-

1.5 4

1.0 -

0.5 -

0

Target system: para-hydrogen molecule
gas or solid
vibrational transition (electronic ground state)
R e) =[Xv=1) — |g)=[Xv=0)

V=2 === ===
| oo 12

0ol no E1 transition

1%
1%

two-photon life ~ 10" sec.

€eg = 0.52eV, v4 = 15.3, 0.64

104t cm—3

n

) ty ~ 50 ps




Explosive PSR
n=1x10*/cm® Ty =1ps, T, = 10ns
target length L = 30 cm r =1 (peg = 1/2)

4 | n | trigger flux
Ng : [\ | (\ — 1 VV/mm2
é 3 /\ — 1 ,uW/me
% —— 1 pW/mm?
o 20 -
E : ]
[
1 - \/ /\ -
L /} j JZ} \/ | WZ\l/\/\ |
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L =100cm

20— ‘
é sl FR = b
E trigger flux -
S 0 1 mW/mm? -
vind!
=
[y I |
S5 4
i h |
N MW\M l WWW\JM
0 2 4 3 10 12

6
t (ns)
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The dynamical factor

local field-medium activity

1 — Rl — ZRQ 2 : : ry —r 2
- — . * —Zl-{:g * 7,/-{,5 1 2
N (&, 7) = b = (e € +eje )
o(&7) P 2 R L 2
1 0 — * 0)x* 0) (—)*
= - [Ueal +lecP)(Ire" 1P + rz” P + 15 1P) + 2R{eqen (" ry” + vy )}

average over
the target length

Dot = (o€, 7)) < 0
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—iwo (t—x NN
How to populate |e) "Ei/\/\(/\/\)/ m—>-
= Stokes
Stimulated Raman process pump )
Wop —wW—-1 =¢€
- y 9)
Generated cohe renc 4 spatlal grating
Peg = P | el 4 ,0( ) Ceq®
Stokes —)
pump—p----- o PSR
twyp (t—a) zwp(t r) _ ’ieeg(t—x)

€ — €

momentum conservation o ,
3 Unidirectional PSR

in the macrocoherence
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Harris, Sokolov, Phys. Rev.A55, R4019(1997)
Kien, Liang, Katsuragawa, Ohtsuki, Hakuta, Sokolov, Phys. Rev. A60, 1562(1999)

2nd Stokes o, Lo, WO w“ioq= 1
? 1st anti-Stokes
q= —2 w—2l *

> min .
q = q the lowest Stokes detuning
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Hamiltonian

Hint E E(,(LJaO']a‘|‘,(La]O'aJ‘|‘,(L]b b_l_lu’bjo-b])
pap = (ld|B)  Tap=|a)(B]

1 . .
— 5 ; (qu—lqu_I_sz;ela)qT)

Effective Hamiltonian

j) far off-resonance two-level system
—Qaa Qab
H. = —h
o i Qba be_ 5
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Stark shifts
1 1 |lu“'a|2 |lu“'a
Qaazz % aq‘Eq‘z Qq= > 2 ( : i ]

) W—w, 0w, O-0,To,

| 2

1 1 |,Uv'b|2 |M'b|2
bezz > b,|E,|” 61:_2]: ( : T :
q

24,2 W—0,~0, O-0,Tw

q

Two-photon Rabi freq.
Q=05 = E d,EEF, |

E( Mailbip n Mailbipb

W~ W, O Wi —w,Tw

q:
22 q J a q

Adiabatic eigenstate

0 . 0 . R
|—|—>:COS§€Z¢/2‘CL>—I—Sin§6_2¢/2|b> E=0 > |a)
2192, -
SV Y
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Wave propagation
(at + aZ)qu — Z.nh("jq (aqpaaEq -+ bqpbqu =+ dq—lpbaEq—l =+ d;paqu—kl)

1.
Coherence  pup = 5 Sin fe'¥

molecular system of far off-resonance
Qaagﬂbb tané’:Q\QabVé |pab| 21/2

0.5

Kien etzlll. | | (c) 5 > 07 Slne > O
phased state

0.25 -

e

Q

S
coherence magnitude

0 <0, sinf <0

o

1 gs o 95 1 antiphased state

Raman detuning 6 (GHz

0
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PSR experiments
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@ Okayama U
Y. Miyamoto et al. PTEPI 13CO01(2014)

of P- H? arXiv1406.2198

e) = |Xv=1) — |g)=|Xv=0) ™
g
two-photon decay: 7o, ~ 10! s 5w
p-H2: nuclear spin=singlet e s
smaller decoherance A I~ . Pl o
1/T5 ~ 130 MHz | -
coherence production v
M, \0\)1
Aw — Wy — W_1 0.52 — 5l _____ T le> Xv=1
p— . T_ § QO
_ ~ T detuning é”
0.00 ¥ g>  Xv=0
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(a) Laser Setup

----- N o % N N
N OPG OPA
> W 1 Laser Diode
\Stokes 683 nm (ECDL, 683 nm)| - & IPPSLTF==8s=== LBO [~
)%
W_4 = Wsp
e
532 ‘ > 46.62 nm p(b) Target & Detector
nm
— tmgger — .

W . 2
0 q Slgnal Monochromator 99
683
|g> 4959 nm LPFs MCT
Wp

BD

Driving lasers: 5 mJ, 6 ns, wy = 100 pm (5 GW /cm?)

Target cell: length |5 cm, diameter 2 cm, 78 K, 60 kPa
n=>56x10"Y em™3  1/1y ~ 130 MHz

4th Stokes (q=-4) as trigger (internal trigger)
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Ultra-broadband Raman sidebands

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

= Evidence of large coherence

(1586)

4th 3rd (4664)
282 320 369 436 532 683 955

Without coherence

2014/10/29

N. Sasao

Minoru TANAKA 24



Ipgg iy B
Maxwell-Bloch eq. o ~ (Sacheg = Leapae ) + 1150

Qgg - Qee + 5) Pge + iﬂge <pee — pgg> — Y2Pge;

or
OF TWgn _
—8§q = 2(2 { (ngo‘éqg) + Peeaég)>Eq + Pegoé(e% 1)Eq—1 + Pge@é%)EqH}v
OF Wwpn N
—8fp = 2]; { <ngaé1;) + Peeag;))Ep + pego‘g;p) Ep?}'
- " v - e sideband (exp.)
1 n = sideband (sim.)
N a 04.96 ym (sim.)

[

e
|

|

coherence estimation
A Peg| =~ 0.032

7-_ (6% of max.)

10- - [

w
|
|

pulse energy [arb. unit]
2,
|

[
c 1
|

sideband order
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4662 nm 0O =20

(a) without filters H 4959 nm

(b) LPFs x2 n
(¢) LPFs x4 I

4400 4600 4800 5000 5200
Wavelength [nm]

# of observed photons

4.4 x 107 /pulse O(10") (or more)
Estimated spontaneous rate

1.6 x 1078
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Y. Miyamoto et al. arXiv1505.07663, to appear in PTEP

Internal trigger (4th Stokes)
wg = wo + q(wo —w-1), ¢ = —4

frequency, power, timing tied to driving lasers
External trigger (additional laser irradiation)

frequency, power, timing indep. of driving lasers

More suitable to explore macrocoherence
Mandatory for RENP
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Delay Generator

i1 Driving o ¥
»[Nd:YAGH{SHG EELLLE
_> W—1 | [OPG/OPA] - 8%4mm
T Stokes 684 nm | [EcD}—— T ~ |pom
m—> T e 4
um ‘6> 5 1064 nm | InSb
P P 4587 nm_ —»Nd:YAG ehc] 532 mm LDFG i i
523 nm m——- e Xt. trig. TS {OPG/OPA] -~ 14387 nm
0 m—— signal ____________ 84nm T :
\g} 5048 nm
MCT}Monochro.
Filters ;
MCT

External trigger
4587 nm, 2 ns, 150 pj/pulse
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Estimated coherence (from sidebands)
peg| ~0.04 (6 =—160 MHz)

i sig.-trig. linearity
1.0 - | S (U B B B A B
Z 08 1 Fw 1
£ 06 IR
= 0.4 - E
S ]
Z 0.2 - : -
0.0 E 3
| | l | | E -
5020 5030 5040 5050 5060 5070 5080 0 Et E
Wavelength [nm| T TS
11 Trigger Energy [J]
6 x 10°" photons/pulse weak field
10'® enhancement low coherence
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Trigger timing

O Experiment
—— Simulation

Normalized Pulse Energy

15

Mutual timing [ns]

trigger delay

Delayed coherence development in the target
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SUMMARY
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Atomic coherence Peg
N
Target coherence [(|g> 4+ |e>)/\/§}

Macrocoherence — ¢w(i=2)giwltta) — 2wt

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

p-H2 PSR experiments

Huge confirmed.
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