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: Q(ED) & A(xion) experiment
(i) QED

(i1) (Pseudo)scalar-Photon Interaction

= Bottom Up Approach:

- |Pecci & Quinn: PRL 38 1440 (1977)
violtion] Weinberg: PRL 40 233 (1978)
Wilczek: PRL 40 279 (1978)

Kim: PRL 43 103 (1979)
invisible4 Dine et al.: PLB 104 1999 (1981)
Shifman el al.: NPB 166 493 (1980)

= Top Down Approach:
String

= Phenomenological Study Approach
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: WEP & EEP in EM field

A NON-METRIC TEEORY OF GRAVITY® PHYSI CAL REVI EW
LETTERS

Wei-Tou Ni

VoLume 38 14 FEBRUARY 1977 NumpER 7

Department of Physics, Montana State University

Bozeman, Montana
Equivalence Principles and Electromagnetism*
59718
Wel-Tou Ni
December, 1973 Department of Physics, Montana State Univewsity, Bozeman, Montana 59715, and Depariment of Physics,
National Tsing Hua Unfversity, Hsinchu, Tafwan, Republic of Chinat
) (Received 16 June 1976)

The implications of the weak equivalence principles are investigated in detail for elec-
tromagnetic systems in a general framework. In particular, I show that the universality
of free—fall trajectories {Galileo weak equivalence principle (WEP[I])} does not imply
the validity of the Einstein equivalence principle (EEF). However, WEP(I] plus the uni-
versality of free-fall rotation states (WEPII) does imply EEP. To test WEPLI] and
EEP, I suggest that Edtvis-type experiments on polarized bodies be performed.

—(1/16m) g F; Frae™

Modified Maxwell Equations = Polarization Rotation in EM Propagation

Constraints from CMB polarization observation
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Constraining
m: mass of a/¢@
M (ng,'l): coupling scale

Ei,=E cos0, £n _ , E, = exp(<)E; ;

Dichroism
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results from dichroism

ALP search comp. in 2007 BFRT PVLAS Q& A s
Experiment (A: 514 nm) (A: 1,064 nm) Az 1,064 nm) y A

Magnetic field £ (T) 2.63-3.87 5 23
Magnetic region length L (m) 8.8 1 0.6
Effective number N of reflections 254 18,700
Effective N B2L2 (T2m?) TR, 700 20,900
Measured dichroizsm (nrad) 0.35 £ 0.30(2a) 172 4 22 (3a) —0.4+ 5.3 (10)

DEE‘:EE_EL‘”‘;;E“T'“_%E"_TS;S'“ 0.45 + 0.38 15.6 + 2.0
PVILAS excluded their earlier result in 2008:
6.5+ 10 20) @ 2.3 T

9.1+12(26) @5T Phys. Rev. D77 032006 (2008)

Pseudoscalar mass m, (meV) for m, < 0.8 1-15 for m, <

Coupling energy scale A [lﬂE GeV) =28 0.2-0.6 = 0.6

MCP search comp. in 2007 BFRT PVLAS Q&A Axion-like particle (ALP) interpretation:
Experiment [A: 514 nm) (A: 1,064 nm) iA: 1,064 nm)

T T T T T l”!llll
Magnetic field B (T) 2.63-3.87 b 2.3

Magnetic region
length L (m) 28 0.6

Effective number N
of reflections 254 44,000 18,700

Effective NB2/3L BFRT
(wfwo)~ Y3 (T 3m) 2,650 123,500 18 600 PVLAS —
Measured dichroism (nrad) 035 +0.30 (20) 172 + 22 (30) -04+53(10) Q&A 3

Derived vacuum dichroism ALP 0~ (50) 7
I:TEI.Ij T_E"rﬂm_i} {13:&1].} ® 1{]_13 {139 x I.EIII x ll}—” [—D.Q: 2.8:] x ll]‘”* 1 Ll I [

Millifermion charge ratio 10-3
£(10-T) A5(+1.0,-23) 85104 0(+4.6,-0) m [EV]
@
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experiments: Histor

& Presence

Experiment

Reference

ALPS
“Axion-Like Particle Search”

(DESY/D)

ar¥iv:0905.4159

BFRT
(BML-Fermilab-Rochester-Trieste)

Phys.Rev.D47(1993)

BMV (LULI/F)
“Birefringence Magnétigue du Vide"

Phys.Rev.Lett.99 (2007)
Phys.Rev.D78 (2009)

GammeV (Fermilab/USA)

“Gamma to meV particle search”

Phys.Rev.Lett.100 (2008)
Phys.Rev.Lett.102 (2009)

LIPSS (Jefferson Lab/USA)
“Light Pseudoscalar or Scalar particle Search”

Phys.Rev.Lett.101 (2008)
arXiv:0810.4189

OSQAR (CERN/CH)

“Optical Search for QED vacuum magnetic birefrin-
gence, Axions and photon Regeneration”

Phys.Rev.D78 (2008)

PVLAS
“Polarizzazione del Vuoto con LASer”

(INFN/T)

Phys.Rev.Lett.96 (2006)
Erratum-ibid.99 (2007)
Phys.Rev.D77 (2008)

Q&A (Hsinchu/Taiwan)
“QED & Axion”

Mod.Phys.A22 (2007)
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Probing QED effect
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vs Gaseous (¢ otton- ' outon | ffect)
e : Euler & Heisenberg (1936):

45(:-::]2-171& (E*—B%) +7(E- B
cr 2

30mB2

m2c?

eh

Legr =

= 4.42%x10°T

. 2
< 1, Angep x B

ert

= ﬂﬂ-.:;) ED | B=1T > 4 %

Normalized CME

. : . 1 1 birefringence of N
U(r, B, B) =Up — 5B, — ~peE,Ey — = Xpq BoB, et e "

Q‘PQPQ 2

1 3
~ SEwrByBuBe ~ By E, B, B, + O[(E, B

) N, 1 P~ 107 torr
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A. Cotton & H. Mouton: first discover/separate this effect from
axial Faraday rotation in 190s5.

Faraday: B//k, linear («<BL); CME: B.Lk, nonlinear («<B2L).
Analogy: Kerr birefringence under transverse E (ocE2L).
Voigt: treated as interactions between electrons & B in 1908.

Born: Introduced the magnetic hyper-polarizability or 27
order susceptibility to explain the source of CME in 1933.

Buckingham & Pople: developed the fundamental model for
CME in 1956, and systematically and quantitatively measured
CME over 40 gases in 1967.

C. Rizzo, A. Rizzo, D. M. Bishop: Reviewed and Summarized all
theoretical models with measurements before 1997.
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measurement at 1064 nm

Normalized Cotton-Mouton birefringence

AngatP=1latmand B=1T

_ § q 13
(= 2.02 £ 0.16%£ 0.087) x 1071 nj. oo

( —1.79 + 0.345+ 0.08Y) x 1012
(— 422 £ 0.275+ 0.16%) x wﬁ
(4.31 £ 0.3454+ 0.17Y) x 10715

(8.28 & 1.265+ 0.32%) x 1015

g: Statistical uncertainty
9. Systematic uncertainty

'L‘.-l:ﬁ2 CME: ellipticity peak in radians at 2t:om

5 80
0.004 (rad)

~2064 004206 FAprad
@IOBELEITow v
' —19054m:3ﬁmd
@ 20486725 Tort 1
--15&?419?4;4:3&

Loz 3?111 52 pmd

1 —msﬁmnﬁuﬁmjoﬂw

@wammﬂm i i
35:?.&&4950@ i
@h,49.17£6.17 Torr R

IEllipticityl (rad)

Gaseous CME |Ellipticityl vs. Pressure

+ 0, 33572:6.000 pradTor, Q=0.0240, x°=1.3070
. Cb,:70.21242 4677 pradiTor, Q=0.0780,?~0.7370
+ N,33.023:2.0630 pradiTorr, 0=0.0021,5°=0.2652

* Kr: 1.5545+0.2205 pradTom, Q=0.8845, =1 2620

Ar: 0.810120.0443 prad/Tor, Q=0.1220,%°<0.3410

.
10"

Prassure ‘an

Ar CME: ellipticity peak in radians at 2w

3 %0 0003 (raq)

[ ooon2
19,5444 .87 prad

@ 195.70:8.13 Ton
oo |

L~ T4.0541.73 prad

|24315:547

e i
171.68£9.18 prad

1 @ 244 3527 65 Tof

" 110.2845 83 prad
@ 146.797.71 Torr..

ﬂ?ﬂ&ﬁﬂﬁm
@wzmaﬁsmn
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B:23T
P: 0.5 — 300 Torr
T: 295 - 298 K

Systematic uncertainty:
less than 3.86%.

Statistical uncertainty:
limited by pressure
gauge readings at the
10 — 100 Torr range.

In agreement with the
PVLAS results within 1.20.

M. Bregant et al., Chem. Phys. Lett. 392 (2004) 276,
M. Bregant et al, Chem. Phys. Lett. 410 (2005) 288,
E. Brandi et al, |. Opt. Soc. Am. B 15 {1998) 1278,
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Q&A
Q & A Collaboration
QED & Axion/[(Pseudo-)scalar Field from WEP/EEP]

Birefringence (ALPs/QED/CME) & Dichroism (ALPs)
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7 600 mW
@ 1064 nm

L.ock-1n detection

~—-# i DSP

de-220 He

et OO switch
bias from FD3

» DAQ-Chl
DAQ-Ch2
DAQ-Ch3

DAQ-Ch4
DAQ-ChS

DAQ-Ché6

(G) vacuum gauge @ frequency mixer
E vacuum valve low pass filter
@ signal source |> signal amplifier

© Ne&(/Ny): signal @ 20,

o2 = MUan) L 554 0 1y510%

in

J. Phys.: Conf. Series 32 236 (2006)

optical signal?
seismic vibration?




Seismic Noise Isolation:
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Suspension of FPI cavity mirrors

L) - W
i - e X0
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21
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.
e —
—

Designed by TAMA Collaboration
Simulate simple pendulum with long wire
Resonance: &

Displacement: 80 pm (no damping)

—3 pm (eddy current) = 6 FSR
Isolation ratio (by X-pendulum): 27 & 72

Upper layer: Intermediate mass (IM)
Bottom layer: Cavity mirror (CM), Recoil mass (RM)
Main Resonance: &

locking of FPI cavity-length

Optical signal is isolated
from environmental seismic
noise at 2m,, (10-20 Hz).
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Control loop

pBs1  FR

FPI
PBS2
Bl 2 N N
[N 7

PD3

LA
L |

PD1

Demodulator

- 0

Coil-Magnet actuator

r ]
L

Coil Driver

Di

D

Switch

iy
Ly
o

Phase (deg)
BB

- Sum

e frequency tunning path

= = cavity length control path

Frequency (Hz)

Laser frequency Hi4::
Dynamic range + 200 MHz
Control band width 13 kHz
FPI cavity length H>.A>:
Dynamic range = 1 mm
Control band width 220 Hz
Best performance: H, A, >> H>A>
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Fmesse ﬁttmg of FPI/ Magnetlc field ploﬁle

B
E @N\ 7277701 ?\mm
7777 0y MW

P CM10 6 mcmz2 . FC/A

}ﬁ ]
z QWP

Transverse magnetic field vs. Position

= Measurement
—_— Rlnglng model

F 31827

---Mmeﬁur&m&rIt[Fadﬂw}fBzdL z:" B* AL = 2?205[Tm} :
E{H}Bmeasu.lrement[LabDratDw}JBzdL z:'" EFm_ =25315 (T'm). |}
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_OI-5 I - 25 X 14.:2 ) 1.53 4 15 18 17 18 1j9 2
time (sec) x 107 Position (m) (Position =0 denoles surface of CM,; Position = 3.45 denctes surface of CM,)
I, T FSR { T FSR®(t )] Br (T) >2.0
= —————xp | —— —2—— lerfe[D(t)]|? Ba <0.1%
1R Q F Q F E;a.kageofBT or By
= 2nL(t)/\, @ = 2v/A, FSR = ¢/2L,, at 10 mm away from magnet (T) <104
. Length L (mm) 600
1—i (FSR)W L (FSR)W 28(t) — (FSR) Height H (mm) 1100

2\/_2 F 2\/5 70 Axial free diameter ¢ (mm) 25.4
| Rotating Speed Lrev £ 0-10
NTHU AMO Seminat Hsien-Hao M




One of the measurement for Analyzer No. 4

Ellipsometry & > T

10~ Merge of one of the measurement among 3 Analyzers (No. 3, 4,

T T T T T T T
Malus law for extinction ratio of an analyzer o I(cti) = I0 (02 + ot?)

B o, Photo Detector
o (= B =0 e ): Mis—aligned angle from ideal extinction
‘77 7\ 7\/7\/7\/7\/7\/7\/7‘/7\ 7\ 7 I(oci): Transr?"litied Intensity foroti, I(otl)z |ﬂ($2.

. =9 2 co? = 2
For an o satisfying I(ac) =2 |OG , one find that: w =0

By least-square—fitting the following model : 1(8.) = aef + bBi +C
for the parameters a, b, and ¢, one can relate o= (cla) - (bziaz)m.

— The experimental value of 62 is determined.

Analyzer No. 3

J. Phys.:

1 1 .
770N pass - SIN@; 200, 1 [07] x 101 37.41204 [ 5.16842| 18.70704 | Conf. Series
32 236 (2006)

1p2.5i x 10 0.99468 |0.11864) 0.18273
+3M SN20! @ @O o)

' N NTHU AMO Seminar Hsien-Hao Met
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considerations

» DAQ-Chl
DAQ-Ch2
DAQ-Ch3

.. OnOFF switch
bias from PD3

DAQ-Ch4
DAQ-ChS
DAQ-Ché6

(G) vacuum gauge ® frequency mixer
E vacuum valve low pass filter
@ signal source D signal amplifier

QWP (birefingent)/ VWP (dichroic) LA; (/LA,) demodulating @ @, (/20;)
(no =1 mrad) Optical signal recovered @ 2w,

FC (Faraday Cell) @ @, (= 272x390 Hz) via

Optical signal @ a)/ G @, NTHU AMO Seminar  Hsien-Hao Mei
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Polarization Rotation

X: Polarization rotation spectrum. (378.27 hours of intergration at 3 mTorr)

(=]

[

%—.
®
=
c
§e]
=
T
T
2 .
=
3=
=
m
N
e
o
o
o

4 G 8 10 12
Frequency (unit of magnet rotation frequency)

Stray field contamination at CMs

$
Improved by IM damper field shielding

5mT — 41.71 KT (100 times smaller) M M(=1/g, ), m, w '
\ s
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Ellipticity

X: Birefringence spectrum. (156.0535 hours of intergration at 3 mTorr)

An, = (7.35 £ 0.23) x 1014
Ar]‘ua_IZC))theoretical =7.5x 10—15

Birefringence (rad)

Alcatel type 2033 Seiko Seiki STP-1000

Tvpe Mechanical Pump  Turbo Molecular Pump
Exhanst Rate (Lit/s) 9.167 1000
Rotor Speed (rev,/min) 1,800 35,000
Allowable Pyction (Torr) 760 10—
: Allowable P pqye (Torr) 760 0.1
1'0 1'2 Ultimate P (Tor) 10-4 10-10
Frequency (unit of magnet rotation frequency) Auxiliary Pump (Lit/s) >5.67

. . Pumping
OQ&A,exp—]- 087 th/ S (= Degasing)

Motor NTHU AMO Seminar Hsien-Hao Met




Jones Matrix:

P aVAVAVAD VATV VA VAV —
A W e W —,._—":j'--—_n,_/"\_/'\_/"\_/“\_/"—:a-

y

PN LN N
wel

AN N e

} Axial stray field (Faraday rotatlon)

B W—BCGSSSII]& >
By gn=Bcosdtose'

P~ " Rotating B field “_' :','. L'. 'E;I Bram
\V'IB—:_, ) 4 ‘\'1_‘ ': -
VWP \ ] i DC _ :

(dichroism) Al - NS -

Fc  (birefringence) FPI vk
with gaseous Cotton-Mouton effect, O/A: Optical Axis k g\‘ drg:::g:ﬂf:
Tulc=

ff‘- Verdet effect, mirror birefringence,

mirror Verdet effect, vacuum e —
dichroism and vacuum birefringence. ( Distortion from B .. — H.a;:;.;.'}

A Ipcsineyt
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: New magnet after Sept. 2009

Main specs for design:
B'=28. 1

L=18m

w,/2T = 600 rpm

Vorp o AZNB’L
Envion € ANNB?I?
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Simulation for magnetic leakage

YZ &g

'x

50mm Grid

1 Gauss

L [ TN

NTHU AMO Seminar Hsien-Hao Mei
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Simulation for transverse(B,)/axial(By) fields

Distance vs Field

e [§ (1 20000 ¥4 F ol

|IB,| 23T forY<0.7m

| By | = 7.2 Gauss

tO(mm)
mm, r=(X?>+27%1/?=2 mm, 0<0<n/2

| |By| <48 Gauss

| | BY|5 21 Gauss

1.00
t0(mm)
Y= mm, r=(X?+Z2)'/2=2 mm, 0<6<m/2

0 (mm)
=, T I ek AR =0 =TT | 2
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Q&A
Q & A Collaboration
QED & Axion/[(Pseudo-)scalar Field from WEP/EEP]
Birefringence (ALPs/QED/CME) & Dichroism (ALPs)

Ellipsometry, Vibration Isolation, Lock-in Detection
Signal Enhancement (A*NBAL?), Sensitivity Improving
Calibration, Magnetic Shielding, IBR Compensation
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Transition

1L:24m

3 A : 532 nm

e [j)




of O & A experiment

Length of cavity (Lgp)

Length of magnetic active zone (L)

Laser wavelength (A; together with optics)
Finesse of cavity mirrors (F)

Number of passage (N = 2F/n)

Magnet’s rotational modulation (f,, = ®,,/27)
Sensitivity (Sy, or Sy )
o o

Integration time (T,,,,)
Noise floor after T;, (oy, or oy, )
o o

QED effect in ellipticity (Ny, ogp o NB2L/A)

ALPs coupling scale
[M = gay'y_l - (BL/4) (N/GNS)I/Z]

§: No results for 2008 due to CMs
magnetic field contamination.

3.5m
0.6 m
1064 nm
29900 / 30000

18700 / 19100

5 Ips /7 1ps

(1.4 / 0.9) urad/Hz'/>

18.9 hr / 378 hr

5.3 nrad/0.8 nrad
[ (7103/103)Ny, ogp ]

0.72 prad
8M > 0.6x10° GeV
for m, <1.7 meV

NTHU AMO Seminar

implementing
(2009-2010)

7 m
2.4 m
532 nm
105
63700

10 Ips

10 nrad/Hz'>
3 Mirrors’
birefringence

1000 hr (~42 d)

5.3 prad
(ZS%XN\VO,QED)
19.1 prad

M > 1.4x10% GeV
form, < 0.8 meV

Hsien-Hao Mei

7 m
4.2 m
532 nm
105
63700

20 Ips

2 nrad/Hz'>
shot noise limit
@oaW

1000 hr (~ 42 d)

1.1 prad
(3-3%XN\I’0,QED)
33.4 prad

M > 5.3x10% GeV
for m, < 0.8 meV




Q&A
Q & A Collaboration
QED & Axion/[(Pseudo-)scalar Field from WEP/EEP]
Birefringence (ALPs/QED/CME) & Dichroism (ALPs)

Ellipsometry, Vibration Isolation, Lock-in Detection
Signal Enhancement (A*NBAL?), Sensitivity Improving
Calibration, Magnetic Shielding, IBR Compensation

Hopefully, 2010-2011
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&

experiment searches for or
predictions through ellipsometer-measured
and

Cavity mirrors are for seismic noise
around cavity mirrors is improved.

Sensitivity in polarization rotation and in ellipticity detection
are both around 1 urad/Hz"> with a

A with and is set up with a
rotational speed up to to enhance the physical effects. A
copy will be added in the next stage.

A with cavity using mirrors is under
construction.

We are currently sensitivity.

With these improvement and upgrading of vacuum,
birefringence would be

NTHU AMO Seminar Hsien-Hao Met
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