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SPAN Collaboration

e Motivation :

Neutrino absolute mass measurement using atomic de-excitation.

RENP
/(Radiative Emission of Neutrino Pair)\
U Y
%

atomic excited state

9)

-

Diagrams of RENP

atomic ground state
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—nergy spectrum of emitted photon
Eeg — ’yl/iﬁj 5 u — B_Vluﬁe
1% A 1 I

v:>0 Y D e

= Xe RENP:NH vs IH,10,50meV w 0.05
j %0.045 - — Radiative corrections
2 ----- No radiative corrections
g/ 10 0.04 S
—_= 0.035
N L
E B . r
2 30 : 0.03 |
a I > 0.025 f ' g
20 002 |
0.015 | Emax — Mp/ 2
: : : ~ 52.83 MeV
10 - : 0.01 | .
I ( Emax = Eeg/ 2 : ;
: . 0.005 |-
1 2 3 4 B ° " 60
photon energy [eV] Energy (MeV)
SIRILE—=2—2 332 99-107 (2014) Eur. Phys. J. C 33 233-241 (2004)

* Photon energy spectrum is similar to Michel Spectrum
— Maximum value is g-value/2 based on the massless assumption
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ate [Hz]«(eta/10A-3)

a0
30

20+

End-points contain the mass information : w;; =

—nergy spectrum of emitted gamma

Weg (M + mj)2
2 2Weg

o Weg ™ My

M sub meV energy resolution — Laser spectroscopy

—  Atomic transition

Xe RENP:NH vs IH,10,50meV

photon energy [eV]

EIXRIE—=1—X 332 99-107 (2014)

Rate [Hz]+(eta/10A—3) \

Xe RENP:NH vs TH,10,50meV ™

8 &
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S
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4215 4216 4217 4218
photon energy [eV] /
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ate [Hz]«(eta/10A-3)

—nergy spectrum of emitted gamma

Weg (M +my)?
2 2Weg
M weg ~ My — Atomic transition

End-points contain the mass information : w;; =

™ sub meV energy resolution = Laser spectroscopy
SIRIF—1—X 332 99-107 (2014)

4 Xe RENP:NH vs IH,10,50meV ™
n
<| i
= |
F 40
8 L
Xe RENP:NH vs IH,10,50meV 7N % - >
2} _
o 30
< L
a2 L
20 -

K Laser can resolve this difference!
R L I

[ | | | ! |
| 4215 4216 4217 4218
photon energy [eV] /
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PrOb‘em [ same as the current

sensitivity of OvE6
°* rare Process

l.e. . Eeg=1 eV = Irenp ~ 1/(1026 year) for single atom

1026 T T T T T T 1 0.3 T
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GERDA sensitivity
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Problem
Ob - same as the current
sensitivity of OV,B,B
* rare process

le. Eeg—1 eV = Frenp ~ 1/(1026 year) for single atom

Should we prepare a huge detector?

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

EXO-200 limit

0.5 0.5 "

|/ 06 0.6 =

y
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I z
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EXO-200 sen

1024 \ I I 11 L
1024 1 1026
Nature 510 229-234 (2014)
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Macro-coherent Amplification

- Macro-Coherent Amplification

e Coherence in macroscopic size can enhance the rate of de-excitation.
Not enlarge the amount of target atoms, but enlarge its transition rate.

ﬂncoherent de-excitation coherent de- exmtatlo\
- TI B _2 - N-1 B _N - Tm |

k _N\A|2/_W\)|NA|2 /

The mutual phase among N atoms have to be same. EN: i ki A

Momentum of emitted particles should be conserved.

a

19aSJ-06 JPS 2014 Autumn Meeting, Saga University, Sep. 18-21, 2014



Demonstration on the Macro-coherent Amplification

* Macro-coherent Amplification should be demonstrated experimentally.
— Two photon emission version, named Paired Super-radiance (PSR),
IS a suitable example for this phenomenon.

 Rare QED process. Macro-coherent amplification is needed to observe it.
 Easier than RENP.

RENP PSR

/atomic excited state ‘€> atomic excited s’[ate|6> \
Y v
%
v !
- * ) - : 9)
atomic ground state atomic ground state

19aSJ-06 JPS 2014 Autumn Meeting, Saga University, Sep. 18-21, 2014



PSR experiment using pH2 molecule

4 para- & ortho- hydrogen )
- larget : para-H2 gas para: ¢P =0, =084
@ 77 K, 60 kPa (5.6x1019cm-3) ortho. w 1 et 35
- /
‘ €> 1st vibrational
Two photon emission can be expected 0.5eV ! eXC'fefflstate
 One photon (E1) transition is forbidden X (=1)
 Two photon (E1xE1) transition is allowed v v g) ground state
x Rate ~ 5x10-12 Hz 0eV (v=0)

o LlCde N2 cryostat
Initial coherence can be generated N, L

* Previous researches have studied
coherence generation methods.
— Adiabatic Raman Excitation

& PH2 gas cell (15 cm long)
= T A

—

i = 3 o
o o . o S N —
i T - 3
. - v -

r M q\\?\‘

S
all ~ i
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-Xperiment procedure

1) Generate initial coherence in pH2 medium using Adiabatic Raman Excitation

2) Stimulate two photon emission by injecting

3) Measure the intensity of the other wavelength from two photon de-excitation
)

(
(
(
(4) Repeat (1)~(3) by 10 Hz

(@) N

oJ—oJ—l
’\NI>
U 5,
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Exgeriment Qrocedure

1) Generate initial coherence in pH2 medium using Adiabatic Raman Excitation

)
2)
)
)

ymposium 2/8- aku

a



(1) Coherence preparation

-

- . _ o) NION A
State w/ Laser Fields : ¥ (t) = cos 7\ g) + sin e e) | )
. 2|1Qge (1))
Mixing angle : tan6(¢) ~ % 1 < A
Coherence : pge(t) = [[¥(1))(D(t)]], = 5 sin 9(@
_ Qg (8)2(t)
Qge(t) = —* A equ(t) — Qge(t)
(g Ey(1))(dpe - Ee(t)) g (2)] 0.5eVy )
- A
Theory: S.E. Harris & A.V. Sokolov, Phys. Rev. A 55, R4019 (1997) OeVT |9‘)

Experiments: M. Katsuragawa et al.,, CLEO/QELS (1999), A.V. Sokolov et al., PRL 85, 562 (2000)

gl s puise

state  lg) (0—0) 79+ 59 (0=3) 9) (6=0
coherence 0 0.5 0
Strong two color lasers generate
the initial coherence in the pH> medium

2110 |CEPP Symposium 2/8-11 @ Hakuba
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Driving laser system

Nd:YAG Laser

532 nm

Laser Diode
(ECDL, 683 nm)

* [wo driving Lasers

Light source

Wavelength

Pulse duration

Pulse energy*

Nd:YAG

ECDL +
Non-linear crystals

532 nm (green)

683 nm (red)

~2.3eV ~1.8 eV
8 ns 6 NS
43 md 4.3 md

0.5 eVy

0eVT

11

le)
lg)
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Initial Coherence Generation

Nd:YAG Laser
532 nm

Laser Diode
(ECDL, 683 nm)

(1586)
369 436 532 683 955 (4664)

 The Raman side band in higher orders were observed.
— |nitial coherence was generated.

(0eg=0.032 based on a numerical simulation)
2110 |CEPP Symposium 2/8-11 @ Hakuba
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(
(
(

-Xperiment procedure

1) Generate initial coherence in pH2 medium using Adiabatic Raman Excitation
2) Stimulate two photon emission by injecting

3) Measure the intensity of the other wavelength from two photon de-excitation
4) Repeat (1)~(3) by 10 Hz

2110 |CEPP Symposium 2/8-11 @ Hakuba
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Exgeriment Qrocedure

(1
(2) Stimulate two photon emission by injecting trigger laser
(3
(

4

S N N N’

/ (2) \
S an o o

trigger

AVAVAVAV

- iV
%
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(2) Trigger

4th 3rd / 4 \
282 320
—0—0—0-le) +05¢eV
: Signal
k 990990 ey

* The energy of 4th Stokes light (4.66 um=0.27 €V) is almost a half of the
transition energy (0.5 eV)
—4th Stokes can be a trigger.

ile[s[cl88 4.66 um (Mid Infra Red) 0.27 eV
SIhEIRE 4,96 ym (Mid Infra Red) 0.25 eV

2110 |CEPP Symposium 2/8-11 @ Hakuba
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-Xperiment procedure

1) Generate initial coherence in pH2 medium using Adiabatic Raman Excitation

2) Stimulate two photon emission by injecting

3) Measure the intensity of the other wavelength from two photon de-excitation
)

(
(
(
(4) Repeat (1)~(3) by 10 Hz

(@) N

~ L,

2110 |CEPP Symposium 2/8-11 @ Hakuba
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Exgeriment Qrocedure

N —

3) Measure the intensity of the other wavelength from two photon de-excitation

AN N N N

N
SN SN N N

A 4 A 4 \ 4 P D
\O o9 /
S ot ICEPP Symposium 2/8-11 @ Hakuba




(3) Observation of Emission

Nd:YAG Laser
532 nm

Laser Diode
(ECDL, 683 nm)

4.96 ym (signal)
AVAV

Dichroic mirror sifts out
the strong driving lasers

1st LPF eliminates lights
except 4.66 pym & 4.96 ym

Monochromator

PD

2110 |CEPP Symposium 2/8-11 @ Hakuba

16



16

(3) Observation of Emission

Dichroic mirror sifts out
the strong driving lasers

1st LPF eliminates lights
except 4.66 pym & 4.96 ym

Nd:YAG Laser
532 nm

Laser Diode

Monochromator %bD
(ECDL, 683 nm)

PD

transmittance of LPF

w/0 Long pass filter
4.96 ym (signal)

N\ JS\4 w/ Long pass filter x2

w/ Long pass filter x4

4800
Wavelength [nm|]

5000

5200

2110 |CEPP Symposium 2/8-11 @ Hakuba
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(3) Observation of Emission

Dichroic mirror sifts out
the strong driving lasers

1st LPF eliminates lights
except 4.66 pym & 4.96 ym

Nd:YAG Laser
532 nm

Laser Diode

Monochromator %bD
(ECDL, 683 nm)

PD

transmittance of LPF

w/0 Long pass filter

4.96 ym (signal)
S\ ISR W

w/ Long pass filter x2

w/ Long pass filter x4

4800
Wavelength [nm|]

5000

5200

Clear peak exists!!

2110 |CEPP Symposium 2/8-11 @ Hakuba



—Nnhancement Factor

4662 nm

(a) without filters 4959 nm

e e e T
(b) LPFs =2
WWWW
(c) LPFs x4
N o o A e T 4D S o U ) B il i)
L L e L L

4400 4600 4800 5000 5200

Wavelength [nm|

Observed number of photons : > 4.4x107 photon/pulse
Expected number of photons : < 1.6x10-8 photon/pulse

Factor Value
Spontaneous decay rate : dA/dz (z=w/w 3.2x10- 11 51 (z=1/2)
Energy band width (monochromator) : Az 4.9x103
measurement time : At 80 ns
detector solid angle fraction : AQ/(4m) 1.2x104
the maximum number of excited molecules < 1.5x107

The expected number of photons

< 1.6x10-8 photon/pulse

2110 |CEPP Symposium 2/8-11 @ Hakuba
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Y. Miyamoto et. al., arXiv:1406.2198v2



—Nnhancement Factor

4662 nm

4959 nm

(a) without filters

eyt bt St drmy

(b) LPFs x2
WWWW

(c) LPFs x4
e gt Pt b g e 4B g it o] Bt syt

L DL L L L L L L L L L L
4400 4600 4800 5000 5200

17

Wavelength [nm| Y. Miyamoto et. al. , arXiv:1406.2198v2

Observed number of photons : > 4.4x107 photon/pulse
Expected number of photons : < 1.6x10-8 photon/pulse

Factor Value
Spontaneous decay rate : dA/dz (z=w/w 3.2x10- 11 51 (z=1/2)
Energy band width (monochromator) : Az 4.9x103
measurement time : At 30 ns
detector solid angle fraction : AQ/(4m) 1.2x104
the maximum number of excited molecules < 1.5x1076
The expected number of photons < 1.6x10-8 photon/pulse

Huge enhancement (>107°) has been obtained!

2110 |CEPP Symposium 2/8-11 @ Hakuba



Next experiments

18

PSR with External trigger

driving (532 nm) s ~ driving (532 nm) -~
rivin nm —
. - — driving (683 nm) —
driving (683 nm) p—Hg . —_— p-Hz
—_—l> trigger (4.6 nm) |
- J \
’p> 4th Stokes >
€) e)
External trigger
9) —900— 9) — 90—

Independent control

PSR stimulation

coherence generation : driving power, p-H2 pressure, etc.

. power, timing, etc.

= Quantitative discussion

2110 |CEPP Symposium 2/8-11 @ Hakuba



Summary

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

* Macro-coherent Amplification has been demonstrated
using two photon emission

4.96 ym emission has been observed.
Two photon emission has been enhanced by 1015

The next experiment is on-going

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

2110 |CEPP Symposium 2/8-11 @ Hakuba
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Back up
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—nhancement by Coherence

* Example of the amplification by coherence : Single particle emission

Super-radiance [picke, Rhys. Rev. 93 99 (1954)] \

| — | ‘\ﬁ— >
K T,, t y

* The maximal coherent region is limited by the wavelength (~1 pm)
— N <108 (for 10?Y cm™)

- Macro-Coherent Amplification : Plural particles emission

e Thanks to the momentum conservation (€i(k1+k2+k3)” = 1),
the wavelength limitation can be removed.

— N can reach the Avogadro number.
2110 |CEPP Symposium 2/8-11 @ Hakuba




oH2 line width

2000 — 7 —
/
/
N 1500 / —
T ,
= ,
N /
S 100071 Exp. condition B
— 500 — —
—— ortho: para=1:7.7
— — ortho: para=3: 1
05 | | | TG00 | [
0 5 10 15 20 25 30
Density of pH, (amagat)

1 amagat ~ 2.7x10'° cm™
2110 |CEPP Symposium 2/8-11 @ Hakuba



Adiabatic Raman

e State of atoms
e Wave function ¥ = Cg’9> + Ce|€>

pgee_i(b
/066
* |nject two color lasers(Eg, Ee) simultaneously
e Effective hamiltonian
Qgg
_h (Qeg

L (% c
ih (af’cte Hepr | .
ot €

Pag
Peg e'?

e Density matrix : P = (

Qe

cgl?  cqcy
ceCl |cel?

Qee o

—XCltation

0.5 eVy

N

 Two color lasers change the eigenstates of the system from |g) and |e)

to the superposition of them.

~ 0 0 i N
i : +) =cos =|g) £ sin —e” ?le
Eigenstates :  |&) 519) e le) 0 08 (dyE)(dyE)
. | 20| U= TA A
Mixing angle :  tanf ~ ; o
1 . : el = _9° )
Coherence :  pye = - sinfe*? ( Qgel
- 2 V)

2110 |CEPP Symposium 2/8-11 @ Hakuba
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4,96 um spatial profile

4960nm X profile

° Knlfe edge method g:?,4;_ ...... , ...... Xg/nd; ....... TR e

32 ke AT ol S ARERTRISH :

;_53.0 ;— """ """ ;\»Az : 00046 i: 0 Jeeennn -----------
X [mrad] Y [mrad] gz.g —
=2.6
7.3 9.7 32.42_
1.8 2.0 22k
2.0 1.9 2.0F
1.8

1.6 -,

200 250 300 350 400

X
’[ Monochromator
- & Photo Detector
P, 2(a —
P(a) = — Erfe (f( u))
2 w
Z= 285 mm X proflle z=385 mm X profile
SR T
=, =, =,
> 2 2
G G 5
g °F 3 : . : : g = . . ; : : : E 3 . . . . . .
0 2 4 6 8 10 0 2 4 6 8 10 12 0 2 4 6 8 10 12
x position of knife edge [mm)] x position of knife edge [mm)] x position of knife edge [mm)]
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PD output [V]

25

4.96 uym time profile

Pulse duration of 4.36+0.05 ns is slightly shorter than driving lasers.

4.96 um pulse output Detector response

0.01

0

-0.005

-0.01

-0.015

-0.02

-0.025

I | I I I
| 4.96 um, 60 kPa, 5=0 MHz (100 avr) - | 18 ' -
F|t, TWidth =4.361 ns (@0053 nS), E—
Tpeak = 16.7461 ns (0=0.0157 ns) H
- ,.,.,,Us.v,-:‘w.,r.v;_:;::ru‘:0"5""”"""1'.»"-‘-""""'_-‘.r,,,,\i.‘i'u.'.!*f"-‘_; 1.7 7 B
‘;;v ,,;\.-;.\‘;cw‘v"/ ;
9 E 1.6 - ‘ —
1 & 3
a 1.5 - —
o Coefficient values = one standard deviation
A =2.7476e-012 + 3.48e-014
14 zeta  =1.5531 + 0.0452 B
: omega =4.7523e+008 + 1.13e+007
t0 =-1.0446e-009 + 2.27e-011
y0 =0.0016994 + 6.81e-007
134 | | | | I
-10 0 10 20 30 40
| | | | | Time [ns]
0 10 20 30 40 50 60 w _ .
_ g(t) = e ¢ ginh 2= lwpt| (> 1)
Time [ns] 21
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Majorana/

I'()/T ()

Dirac, CPV phases

20

0.9 | | | | Normal hierarchy
0ak I\DA”?C | mi=50meV
| alo, (00) Weg = 0.43 &V
— Majo, (/2 0)
0.7 —— Majo, (0 n/2) |-
— Majo, (n/2 n/2)
0.6 i
0.5 _
0.4 T
0.3r _
0.2r i
0.1F NO, m, = 50 meV |
O | | | |
0.16 0.17 0.18 0.19 0.2 0.21

o (eV)

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

1.00 =
0.95
0.90

_ 0.85

T 0.80
0.75
0.70 |
0.65

27

Msmallest = 5 MeV
Weg = 11 MeV
u=0eV

00 02 04 06 08

w [MmeV]

M. Yoshimura et al., arxiv:1409.3648
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Time Development of the System

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

» Bloch equation

Opgg . Response of the molecules
a—fg — l(Qgepeg - Qegpge) T Y1Pee p
Opee .
Ep = 1(QegPge = LyePeg) — V1Pee
IPge . .
aj — Z(Qgg — Qe + 5):096 + nge(pee — pgg) — Y2Pge

» Maxwell equation Wave propagation

OFE iw, N —1

(9_; — ch {(pgga(gqg) +peea'gqe))Eq + pega’gqg )Eq—l +pgea'(gqe)Eq+l}
oF iw, N N

(9_; = 2616 {(pgga(g];) +Peea’g€))Ep +pega(g]2p)Ep}

Stark Shift ~ Qu= ). eWIEL (a=g.0

m=gq,p,p

Two-photon . £0 @) . (PP) s 75
. = - — E E_
Rabi frequency “ge = L 4% {Zq: Cge BqBg + Qg BB

F.L. Kien et al., PRA 60, 1562 (1999); Y. Miyamoto et al., arXiv:1406.2198v2
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Simulation Results

=15 | E| Trigger
4 96 im (x1000) 4th Stokes (x100) 2nd Stokes 683
15 T H [ B il H F A 96
12 4 k J L 1 L IR o5
= L 4 Lk 4 Lk 4 L JH 0.4
O 8 r 1 L 1 L 1 [ 1 ©3
Vo 4 A I 4 L 41 L {H 0.2
L 4 Lk 4 Lk i 1B 0.1
0 B | | | -H H | | | -H m + o i |  — 0
1st Ant|Stok es 2 es
] r 4 F A 06
L 1L 1R os W-4
L 4 L JH 0.4
L 1 L i 93 - 4,66pm
B 1 L JH o2
n 1 ol IR l 4.96um
| I I T L Hl 4
15 505 15-15 505 15-15 50 5 15 Wp
Pge >
12 - 1H 0.04 00s 0.04
C— — — 0.03 0.03
= s L |H 0.03 0.02
QO 0.01 0.02
— — = 0.02 ' 0 0.01
MNoo4 T B o0.01 0
0 H_| 40 g
15 5 0 5 15 15 <

5 | U
g [em]
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Raman Coherence Estimation
@ Experimental v.s. Simulation result

pulse energy [arb. unit]

L

-
cI

-
o)

1
(9]

-5
10

7
10

e Exp.
= Sim.

o 2FRYTEMR T BIR

4

sideband order

o =3DBRMEIFEN

L35 T

[:

r—L YR 0032 ]
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Detuning Curve of Two-Photon Emission

1.2

0.8

0.6

pulse energy [arb. unit]

0.4

0.2

\\
||||||||||||~|:|k—~uL

Wavemeter

accuracy

N

N\

\

= =0 22 A

® Detuning curve OAZIRIF—ER (HIEFRZES

=)

J

¥400 300 200 1000100 200 - 300 400
5 [MHz]

H

—=— Exp. 4662 nm
—e— Exp. 4959 nm (x 10%)
--£-- Sim. 4662 nm
--©-- Sim. 4959 nm (x 103)

———— \
53 ZA 683
DAN S A +
9) 0
. )
W_4

|j\j ) — 4.66pum

°E, /E, =10% two-photon pair DFEELtIZ—2K
Simulation € 7 /L D22 14 % WesR
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5 |Ey| Trigg
4. 96 m( 1000) 4th Stokes (x100)

& [em]

g
-H

st Ant|Stoke

L I 1 1 1 1 IHep

1
i
N

-15 -5
0.0
=04
0.03
0.02
0.01

-

=
=
s
d
—h
&)

45 <

= Ke

E—L > ADED

2nd Stokes 683
T ] il il
| 1 L g 0.5
L 4 F JH 0.4
B 1 1H 0.3

4 L g 0.2
L 4 b R 0.1
+ 1| H B L Hl g
2nd AnfiStoe f
T T \Ja I MW/ -
; TS, U AR
L i
N - 0.3
- IH 0.2
— —§ 0.1

| | HM 0

-15 -5 0 5 15
0.05
0.04
0.03
0.02
0.01

g [em]

0.05
0.04
0.03
0.02
0.01
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-xternal trigger exp. setu
Delay
Generator
Nd:YAG
Pulse 532 nm N
ECDL + TA N\
cwW 685 am PPSLT S LBO
Nd:YAG :A
Pulse 1064 nm KTA 4.58 uym
%532 nm L PFs
SHES O Mo um nnn
UL 4.58 pm
ECDL + TA
CW 862fr nm PPLN
Monochro
mator

-> MCT
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