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Searches for Axions and ALPs
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i) Axion dark matter

- Strong CP problem Absence of nEDM
- PQ mechanism (1977) [
- U(1) global symmetry and scalar field © 0 Vs.
- SSB => axion field (1978)
- QCD axion: m2f? ~ m2f? (cf. ALP %s _a)] as .
Q - . mg fq mz fr ( ) 01 puy Locp 26 327_[66 = [0 A 327_[GG
- Invisible axion (1979): m, ~ 10~%eV
fa Spontaneous Symmetry Breaking

- Cosmological implication
- Accounting for dark matter (1983)

f, (GeV)
104 1012 1010 108 106 104 102 1
—————— T

Hot DM / CMB / BBN
- Telescope / EBL

Globular clusters (g,,)

i
ADMX [ | ADMX-II

P TS ST S S NS RSN T S S S SRS SN SRS SN S NS S RSSO NSNS T SR S
10-° 1074 1072 1 102 104 108

Annu. Rev. Nucl. Part. Sci. 65 485 (2016)
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- Axion coupling to SM
—mm

Hamiltonian / 9ayyaE - B JasfVa-S 9epmaS - E
\
Observable ( Photon I Spin precession Oscillating EDM
\

/
\ Power spectrum, ,  Magnetometer, NMR,
Photon counter,..”.

» Axion models - Paww  DFSZ  KsvZ

Detection NMR, polarimeter, ...

v SM ferminons BSM fermions
a--»- 2 Higgs 2Higgs+singlet Higgs+singlet
Standard (f, ~ vgw) Invisible (f , > vgw)
Ruled out Benchmark

- Detection principle 3 - ;
. Sikivie effect (1983) ' ST =

- Macroscopic Primakoff - -
Bo

_ Sea of (Inverse)
Clas?I;clsl EM " \irtual photons Primakoff effect
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i) Search strategies
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- Haloscope
- Dark matter halo in our galaxy

ity (V. y
Magnetic field (Bg)

* Payy = 91072 W (‘Zzyg)z (0_;;%3") (1.1ngz) (1(52 T)2 (3'17/L) (OC.‘6) (1%65)

~100 photons/sec cc

- Helioscope
- Solar axion

. Pa—>y ~ 2.6)(10_17( Yayy )2 ( By )2( L )2 F F= 2(1H—cos qlL)

10710 Gey—1 10T 10m (qL)?
~10 photons/day
Production Cavity (PC) Regeneration Cavity (RC)
- Light shinning through a wall i el 4 ‘H—’D
- Axion production at lab | I

Magnet String

. Ny =~ 4X10_5HZ( Jayy )4 (Plaser) ( bL ) (BPC ( Pre ~1 photons/day

10710 Gey—1 40W 560 Tm/ \5000 40000
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Searches for Axions and ALPs

1 GHz=4.2 ueVvV
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Haloscope Searches
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i) Haloscope searches

Frequency [GHz]

109 2 N
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Cavity haloscopes

==

HAYSTAC a2
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Axion Mass (peV)
2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2
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ADMX (this work) Run 1A-C i 3

ADMX (2019 B N-body

] i " . ) ) B Maxwellian
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Frequency (MHz)

EFR

MRI (9.8T, 80cm)



e

IBS-IFT2024

N
o N
EAN
/i

) HAYSTAC

Searches for Axions and ALPs

Quantum squeezing (Ty < Tsq. )

o PRD 107 072007 (2023)

2.4 4.8 6.0

1.2

__KSvz

""" R ESZ
s ADMX I RBF B UF mmm CAPP Bm TASEH
s CAPP-CAST N HAY. P1 . HAY. P2a . HAY. P2b
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m,c? [ueV]
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CAPP-9T CAPP-12TB CAPP-12T CAPP-8T CAPP-8TB
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i) HTS cavities

@"w? X

4.5x10°

o B
o S T,
R
o M:gne‘:lc FﬁleldjT e 1 ZMaZneAtllc F5|eld6(T)7 S
| fGen | 2Gen
Material YBCO GdBCO EuBCO +APC EuBCO + APC
Manufacturer AMSC Theva Fujikura Fujikura
Volume [L] 0.3 1.5 1.5 0.2 37
Freq. [GHzZ] 6.9 2.3 2.2 5.4 1.2
Q@8T 0.33M 0.5M 3.5M 13 M 1.1M

Application Demostration Axion search AQN search Axion search Axion search
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High-frequency approaches

Multiple-cell (pizza) Higher-mode (Wheel) Photonic crystal
PLB 777 412 (2018) m PRD 107 015012 (2022)

TMo10 1 0.69 I

7 B,

TMysw 36 19 1 005 y_ ~tle
DEICE
® ® ®w

“ORO
AN
LINT (o
Q10 JPG 47 035203 (2020) | 0 )
e n
____________ \ \\O (@e[e]efe] ) |
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~~~~~~~

* Larger volume
« Simpler receiver chain
* ~4 X fmoro

« fo spacing
* ~10 X frmoro
* Kirigami tuning
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QNL ampllflcatlon d—f~B4VZCZQLT;y25t

- Flux-driven Josephson parametric amplifiers (JPAs)

Coil current (jA) Parallel-Serial configuration
-282.3 -120.1 421
n
=N\ |/
§2.25- ° s i ... s SST 34 085013 (2021) I 1 [ 1
o og . wpat| |paz| |pasz| |spas| |spas| |ipas
S ofe”? «* | Best performance! ) 2 )
220 e . I I I
.
. 2287 2288 2289 e
2.15 f (GHz) -
' -0.5 0.0 0.5 \r
/o £ .
requency tuning
? Pump
0.200 : R s %
In Cc — 1.30G X i
- 1.35G
Out °—| 01737 e 1.406
~- 1.45G x
° Parametric 0.1501 .. 1,506
amplification c {1536
< 0125 i
S %=
SQUID g 0.1004 X ~
(nonlinear inductance) = W
$ 0.075 A - -
<
0050 4""T T T
0.025
0.000

1.20 1.25 1.30 1.35 1.40 1.45 1.50

U. of Tokyo & RIKEN Frequencies (H2) 1e9
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i) Search highlight (1)

CAPP-9T
(9T7/127mm)
Frequency [GHz]
101

2-cell pizza (3.2 GHz)
PRL 125 221302 (2020)

\ !MV
.] um
IR x

Z| CAPP-8TB
. RN =
Q 2 Ef (8T/165mm)
Z <) 8-cell + JPA
B[R — | (5.9 GHz, 400 mK)

DFS Near KSVZ sensitivity
E[N= Paper in preparation

CAPP-12T
(127/96m)

3-cell + JPA
(5.3 GHz, 400 mK)
KSVZ sensitivity

NM algorithm
PRL 133 051802 (2024)
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o

%) Search highlight (II)

S
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N & o a2

CAPP-8T
(8T/126mm)
Frequency [GHZ] HTS SC cavity + JPA
100 10! (2.3 GHz, Q ~ 3.5 M)
CAPP-8T ' ' AQN search
(81/125mm) Paper in preparation
HTS SC cavity + JPA
(2.3 GHz, Q ~ 0.5 M)
KSVZ sensitivity

Paper in preparation

AST-CAPP

~

QUAX

HAYSTAC ‘_
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. or Bas, N

) Search highlight (111)
CAPP-9T
(9T/127mm)
*  Photonic crystal (>10 GHz) 102
- ‘ Preparing for physics run
| ] paring ror pny i
CAPP-12T CAPP-9T
(12T7/96m) (9T/127mm)
. . . \
TMyz + Kirigami + JPA _ TMyy, + Kirigami (5.2 GHz)
(5.1 GHz) g Demonstration
i;;S\/lZUrgﬁis ongoing ° arXiv:2403.13390 (PRL)
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Z80r BasioN & &
74 N\ S,
/3 %\ ] " s
e \a\ 5
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\2\ /% %
55w/ S
‘?,Q 2 e

Frequency ||

109
10~ 10
a3
> 10-12 &
O gl
= .
= <
S 0
() >~
10-14 =L i _
| CAPP-12TB
___________________________ (127/320mm)
s T f>1GHz, V=37L, T < 250 mK
1 0‘1160"_"5 s df/dt ~ 2 MHz/day @ DFSZ
_ PRL 130 071002 (2023)
m, [eV. Extended scan (Af~120 MHz)
PRX 14 031023 (2024)

Ready for 300-MHz run w/ SC cavity
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QUAX (LNL)

Dielectric cavity PRApplied 17 054013 (2022)

ai = A x 10
R | pey oo il @ s
ot
8.5t .
sob ¢
S
7.5t
7.0}
sl FINUDA
0’.0 |
0 2 4 6 8 B=11T
B (T) R=14m
TWPA

PRD 108 062005 (2023)
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mq (peV)
62.0 62.9 63.7 64.5 65.3 66.2 67.0

10-10

i ALP cogenesis
2
SN I
. E
=
107 Sci. Adv. 8 abq3765 (2022) ALP genesis + SMASH |
150 152 154 156 158 160 162

Frequency (GHz)
PRL 132 031601 (2024) m, (uev)

105.5 107.5 109.6 117 113.7

|ar| (GeVT)

10—11 s

A " " i 1 i " " " 1 " I A " 1 I n A "
255 26.0 265 27.0 275
Frequency (GHz)
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Cavity haloscopes

ADM

v Sl FEN

ae e e
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Searches vs. predictions

Frequency [GHz]
S | L |

CAST
10— 10.
Z
— A g
= 1042 Al = 4
& Bl : 2 _44[3
O 6 L, gN=4
s 2 S
$ S KSVZ ]
~14 T | 1 RS
10 |t DESZ
_.»--"""---‘-." ________________________ E/N= 5/3
10-16
Wantz (2010)
Berkowitz (2015)
isali B Bonati (2016)
Misalignment Borsanyi (2016)
Petreczky (2016)
Dine (2017)
= Kawasaki (2015)
Topological detect Fleury (2016)
— Klaer (2017)
Buschmann (2022)
Observation - Visinelli (2009)
Gondolo (2014) ‘
10°° 105 104

m, [eV]
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Dielectric power booster  rre 118091501
(NRARERERRR AR

field
strength N
a
E
E” 1= EU K/ 1

e=1e=4

Proof-of-concept

Mirror Dielectric Disks Receiver

. Suitable for high-freq. search
Full scale experiment

~2m

Prototype (2024)

~80 dielectric
discs e=24

spacing ~cm
for 10-100GHz boost

| 2% Preliminary Frequency [GHz]

metal disc 1851 18.53 18.55 1857 19.17 19.19 19.21 19.23
g receiver = 00 1
2 g
o 10-10 4
S & g J 68
e 5 Nssy
? \\ ".. .'., | \\ N
e o S 1o} IR gges L vl
32 | V. Ay SN filiey
Lt TR o . - B e B i, o w8
o o o L RIS Sl ae s o . - ..
z n--~~"1 b . NATEE
S - . e |
S oy |
10T magnet | TS 95% CL upper limit ~"*e jfig
g - = expected median limit
510 {@rXiv:2409. 11777 -+ 16% o o1 imirage
~10K cryogenic parabolic mirror p3

i 55 S 9.35 Q5 s
enviroment 76 55 76. 60 76 65 76 70 76 75 7(.) 80 79.30 7).3‘) 79.40 79.45 79.50 79.55
Axion Mass m, [peV]
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- Plasma haloscope PRL 123 141802 (2019)

- Wire metamaterial => bulk plasmon meta) wall

Resonant conversion when m, = w,

PRD 107 055013 (2023)

- ~§—:‘ " ',‘7/"/;/’/,1‘“. ; ~\$\\\

60 cm

Prototypes (10x10 & 16x16) array (11.4 GHz)

Iem ez

DDCIDB——I%

é

* w, independent of the detector size
« Large conversion volume at high frequencies

Physics data
in 2026
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- Lumped element haloscope
- Broadband low mass (<1 ueV) search

- Sensitive to pre-inflationary scenario DM Radio-m?
Solenoidal goemetry
PRD 106 103008 (2022)

Frequency
MHz

ABRACADABRA-10cm
PRL 127 081801 (2021)

Sheath /_\

DM Radio-50L
Toroidal goemetry
(under construction)

arXiv:2210.07215 Axion Mass m, (eV)

Magnet
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.x) Other haloscopes
- Recent
- CAST-CAPP: phase-matched cavities, ~20 ueV Nat. Comm. 13, 6180 (2022)
- RADES: microwave fiber, ~34 ueV JHEP 2021 75 (2021)
- Grenoble Axion Haloscope arXiv:2110.14406
- 14T/562mm magnet, ~26 ueV
- Taiwan Axion Search Experiment with Haloscope PRL 129 111802 (2022)

- 4.7 GHz, 11 x g,V

- Broadband Reflector Experiment for Axion Detection  PrL 132 131004 (2024)
- Parabolic reflector, THz region

- Proposed
- Canfranc Axion Detection Experiment JCAP 11 044 (2022)
- 90 GHz (W-band), Kinetic inductance detectors
- Superconducting axion search arXiv:2308.08337
- SC cavity, 147, 8.4 GHz (under construction)
- GrAHal-CAPP Front. Phys. 12:1358810 (2024)

- 9T/800mm magnet, SC cavity, 1~3 ueV
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Helioscope Searches
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L=9.26m

Sunrise
X-ray telescope system

Shielding

X-ray detector

Black-body photons (keV) to axions Reconversion into photons (X-ray)
In dense stellar plasma in laboratory magnetic fields
arXiv:2406.16840
~ 107°
2 2 |
gayyBOL) . o (qL) mq %
P_>~(— sinc*|—],g = — <)
a-y 2 2 )'1= 28, %
S0
- History 107 :
¢ BNL, JAPAN This work OQ'\:
. . . S
- CAST (decommissioned in 2021) &
- IAXO in plan &
—11 bl L, A M A Vﬁ'
107702 107 102 0.1 1
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- International AXion Observatory

- Large toroidal helioscope

- 8dipoles (6.4 T, 20 m x 600 mm)
- Diverse physics over wide range

- Axions / ALP miracle / Astrophysical hints
- Goal : gg, ~1071% GeV ™!

Services =

- Baby-IAX arXiv:2010:12076
- Approved in 2020 (DESY)

- First step towards full IAXO
« 4T/10mlong => 10 x MFOM_ st

— AT NS N

.............

..........................

107"

10-16 | /1 L I
107 10°® 107 10° 10° 10* 10° 102 10" 1 10
m,(eV)
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LSW Searches
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is) Light shining through a wall

—
<o Basio
&, e
A
| .l)s
. 1 ,
2 /%)
4

e

- Axion production at laboratory

production cavity (PC) regeneration cavity (RC) 7
) e ) ) e Qe e e ot e s Y

laser e T N |V — _———- —————
——{ R R —D . :
- |\m4_ = detector
T ||

magnet string . .
Two vertices => fourth power of coupling

- Model independent search
- No need of cosmo./astrophys. source => pure axion-photon coupling

- History
- BFRT (Brookhaven-Fermilab-Rochester-Trieste)
- OSQAR (LHC dipole at CERN)
- ALPS (HERA dipole at DESY)
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/ o (- \ >
g 1. \ S %)
5/ o <)
s/ | 2 )
L < £
s a
1 2 2
| < =
A\ 4 &£ O,
\ b/ B 5
. % O &
/ b .

. Any Light Particle Search Il

High power Production Central optical Regeneratign  Single photon

laser (HPL) cavnyl(PC)\ bench (COB) cav1ty’(RC)\  detector
Magnet stnng
e 6 o o o .[' 0—).
B=56T ,’ - >
HET/TES,
i -: -~
;106 m— g 5~106Hz
........................................ L D AL P POPRE
10-12 1 —— HET data + phase correction First SCience run (30 XALPS)
—— HET data + phase correction, open shutter 7 From Ciaran O'Hare: hitps://cajohare.github,io/AxionLimits/
— Noise 10
— 107141 {0
2
E T W
5 10716 + g) 10-9 =
[F]
s = 1o
e >
% 10718 + i% 10~ 11
:: ALPS Il Prelimina 3 orders of magnitude w/ HPL & PC
Initial science run 10712
10-20 1 §44'05'%3 - 30.05.23 -
agnet on B T
Scalar search A A0 b o B B ok B ol Nl
107407107 40T A0 40T 0T8T A0 40 A0

102 107! 10° 101 102 103 104 10° 106
t[s] mg, [eV]
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- Axions address two fundamental questions
- Strong CP problem & dark matter mystery

- Theoretically well motivated but experimentally challenging
- Weak coupling and unknown mass

- Tremendous search efforts
- Different technologies targeting at different mass ranges

- Axion community is getting larger
- New results, new groups and new ideas

- Next few decades must be critical/exciting
- Covering a substantial portion of the parameter space
- Uncovering the nature of dark matter
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- Pseudo-scalar
WISP - Axion
- PQ solution to strong CP problem (1977)

Mafa~ Agcp
- Invisible axion (1979)
- Dark matter candidate (1983)

- Axion-Like Particle (ALP)

- Generic axion w/o solving strong
CP problem

Mafa * Agcp

Mili-chaged particle

Jr =0 Je = 0

—

- Scalar

- Chameleon (2003)
« Dark energy candidate

- Vector

- Hidden photon
- Gauge field in hidden sector

- Others
- Mili-charged patrticle, ...
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p Al
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;i) Cavity haloscope

7N
& 2

- Most sensitive for DM axion search in ueV region
- Resonant conversion of axions into microwave photons >

Amplifier (T)

- Axion-photon conversion power (a—Vy)

—-23 Jayy\? Pa fa

Payy ~ 9x10723 W (2421) ( Gev)( )

0.36 0.45——) \1.1 GHz
(~120 photons/sec) cc

() (72 (62 ()

- Signal-to-noise ratio (SNR)

Magnetic field (By)

System noise (in temperature)
Tsys = Tinr + Taaa
ex) 0.2 K ~3x10722 W

SNR = Psignat _ 1 Payy At
Pnoise 4 kp (Tsys/o-2 K) | Qqa/10°

- Unknown mass = > scanning rate (F.O.M.)

2 2 2 5
d GHz ( 5 02K P 10 _
@~ Lyear (o) (emiew) (3)~BivEC QT
dt year \SNR Tsys 1x10-22 W Q. y
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or Ba ¥

) Cavity haloscope — in a nutshell

& o t’ a SHgNL

.
&

Q"(
£
12/ ®
|1
>\

N

- High scanning rate by improving experimental parameters

Cryogenics T Quantum noise
d f PP o limited amplifier T
¢ 18 _NB V C QLT B el B
e dt SySt
A P~10 W . de = =
>) Signal amplification w/
‘ \‘\_/ minimal noise added

Lowering thermal noise Tunable High-Q resonator

High field Magnet B

Boosting a—Vyy conversion Resonant frequency tuning
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N <
S
S

Microwave signal detection

N

Y

Power detection vs. photon counting

(w/ amplifiers) (w/ single photon detector)
s 100¢- .
Transistor-based f=10 GHz )
(T ~K) 10 Single photon detector
' | (SPD)
g T l
gotoop 7 _ Game changer
~ == Total noise . .
oot0p 7 — Bosonic occupation at high frequencies
oootl—" — Standard Quantum Limit ] and low temperatures
s . - Tnoise=Tphy
Quantum limited 1040‘.601 0.010 0.100 1 10 100
(TSQL ~ 50 mK X f[GHZ]) Tony [K] (a)
Readout
Transmon i Dark Matter
Storage

Single photon counting
Not subject to SQL

Quantum squeezing (Ty < Tsq, ) (Tn << Tsq)
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ot B
3

o]
e,

J, \_"" \

\2 %\

sl

\ lﬁl’: /

o sy

T a:/,‘.‘
/o ~EN
&/ N\
A\ //

!

SPD schemes

Excitation Interference Bolometer  power P

Resistive
Thermometer

absorber

counts o i Thermal Mass
Heat Capacity C
Temparature T

T peciaton | intoroorence | Bolometer

Basis Qubit JJ-Qubit JJ-TES
Quantity Electron Phase Heat
. e » Wide bandwith
Pros High sensitivity Non-demolition Robust

Bandwidth vs. Dark cout
Cons rate
Low tunability

Narrow bandwidth High noise level
Low tunability Dead (relaxation) time
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VA
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KUTE OF 53
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J Axionic chiral magnetic effect

- Low temperature Axion Chiral Magnetic Effect

12 Stellar cooling (TRGB)
axionic CME (B=1T, j=10""3A/m?)
3
g (
= s ©
—39ay aFy F* Coupling JaeSuapytysy - . = &
. . . Q & &
Effective current Axion Chemical potential . N g ¢ e
(vacuum) (polarized medium) 19 ‘g@?" of e
N
. 2 \&\e'b |
Jay/ 2Pq cos(mgt) B Jie vFg_ngae\/ 2pg cos(mgt) B J
-20¢ ‘ i i ) ‘
E=m? +p? - B Log _;r?v /eV] b i
10l a
Hs = Gaen/ 2Pq cOS(Myt)
us adds p to e~ along S \ pt —/
E=pu
; - : o DFSZ-like model
B polarizes e i (1) ike models
Hs = - /15 Jae = { O(107* ~ 1073) KSVZ-like models
s . B => :
Helicity imbalance i O(1073 ~ 1072) string-theoretic axions.
current flow —PF, 5.5

—Pp Pt
Chiral medium
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i) High-quality factor J mvicoT,

- Minimal energy loss under a high magnetic field

B f ——

\ Normal stat .

BC2 A ormal State . - . A /\D/\D/\ :
. High critical field B, Vortex depinning !

& Jap (high dissipation) i

B High depinning frequency fy, i

l l Vortex pinning
(low dissipation)

Te ReBCO-based Hy,
High-Temperature Superconductor (HTS)

- ReBCO HTS

- Biaxially-textured 2D tapes (commerCIally ava/lable)
Stabilizer (Cu) 20 um o o

Protection layer (Ag) 2 u

¥ Superconducting
ayer (GdBCO) 2 um

4
Buffer layer (MgO) 0.7 um

K y Substrate [Hastelloy) 50 um " :

GdBCO HTS tape Tapes on 2D pieces Assembly 3D SC cavity
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i) HTS cavities

@"w? X

4.5x10°

o B
o S T,
R
o M:gne‘:lc FﬁleldjT e 1 ZMaZneAtllc F5|eld6(T)7 S
| fGen | 2Gen
Material YBCO GdBCO EuBCO +APC EuBCO + APC
Manufacturer AMSC Theva Fujikura Fujikura
Volume [L] 0.3 1.5 1.5 0.2 37
Freq. [GHzZ] 6.9 2.3 2.2 5.4 1.2
Q@8T 0.33M 0.5M 3.5M 13 M 1.1M

Application Demostration Axion search AQN search Axion search Axion search
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) Quantum amplification  Z-svcers,

- Flux-driven Josephson parametric amplifiers (JPAs)

Coil current (pA)
-282.3 -120.1 42.1
2.30 < - ,
4 / _
So25. 8 & g | R AE Frequency tuning
% * *x 0 A nd
bt ol ‘e I =1C.cos|—
2.20- oo 2 @,
-n T
2.287 2.288 2289 e . . .
i i f (GHz) Parametrlc ampl/f/cat/on
’ -0.5 0.0 0.5 112
®/¢o L() = 1+ ==
2m 1 21¢ SST 34085013 (2021)
/"A’:’: """ 0
0.6 i
i &"'—‘—‘ef
0.5 o~~~ A v=10kHz
11 ¥ v=30 kHz
g 04 O v=50kHz
K03 012 018
T (K)
0.2
175 T ettt
Standard quantum limit
0030  —100 0 100 200
v (kHz)
Best performance

in axion search application

U. of Tokyo & RIKEN
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jb?,/ Quantum amplification  Z-svcars. |

- Flux-driven Josephson parametric amplifiers (JPAs)

Coil current (pA)
-282.3 -120.1 42.1 _
2.30 ! : , Noise Temperature vs. Frequency
g o Data / 160 - A

N225{ %% ey | MWK o ~30 chips
oot e|e .
6] ® 0 ol® E 140
- 1" . ~ /6

2.201 e o v - o

-n ' ® =] — 6‘\
o 2287 2288 2289 e s - = A@
f (GHz) « 100 - - —_ < A
2.15 i : : 9 oo £0
-0.5 0.0 0.5 o i N
¢/¢0 E 80 / e\‘\‘
2 N (\0\6
° 20
Pump S 4 / s Waiting for test
€n~
20 -"* —-——$¥=¥L

1 2 3 4 5 6 7

Frequency (GHz)

But, ... limited bandwidth!

U. of Tokyo & RIKEN
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Jr) Quantum amplification g ~stvierers, {e=

\\_,‘*\,% g

lxi\
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- Flux-driven Josephson parametric amplifiers (JPAs)

Parallel-Serial configuration

Source M@-W@-«A—} Read- Noise Temperature vs. Frequency
160 1 — — 1
| l | | o ~30 chips /
JPA 1] JPA 2 JPA 3 JPA 4 JPA 5 JPA 6 E 140
| | | [ Ul - _ oe®
2 - - = e
1 O 100 y - —_ = - \Sal
#] a -_ 8
E =0 - \\d
2
| ﬂ
Pump © 601
0.200 ‘ —_ - ¥ 'g -
—4=11.30G x = 01— ! Waiting for test .
0175 J=¢ 1356 | | | | %
—e | 1.406 " 20l _#-:F_
- 1.45G ! } ; : v T
0.150 1"~ 1,506 [ [ [ [ [ [ 1 2 3 4 5 6 7
- = 1.55G Frequency (GHz)
~ 0.125 A T
3 % :
S 0.100 T | X 1 . . .
: e N {g@& J But, ... limited bandwidth!
8 0.075 - 1 SR G 2 |
S N I AN SRS Eb bbby
00503-" 7" T
0.025 A
0.000

1.20 1.'25 1.I30 1.1’:5 1.;10 1.'45 1.'50

Frequencies (Hz) 1e9 U. of Tokyo & RIKEN



