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outlineoutline

PVLAS results and implicationsPVLAS results and implications
–– overview onlyoverview only
previous experimental studiesprevious experimental studies
–– how did all previous searches miss it?how did all previous searches miss it?
LIPSS (LIPSS (light light pseudoscalarpseudoscalar particle searchparticle search))
–– plans and historyplans and history
summarysummary



PVLAS resultsPVLAS results

based upon experimental idea of L. based upon experimental idea of L. MaianiMaiani, , 
R. R. PetronzioPetronzio, and E. , and E. ZavattiniZavattini, PLB 175, 359 , PLB 175, 359 

(1986)(1986)



DichroismDichroism
rotation of polarization planerotation of polarization plane

MaianiMaiani et.alet.al., ., PhyPhy. . LettLett. B175 (1986);. B175 (1986); www.ts.infn.it/experiments/pvlaswww.ts.infn.it/experiments/pvlas

22

2
22

4

11
2

sin
4

⎥
⎦

⎤
⎢
⎣

⎡⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−⎟

⎠
⎞

⎜
⎝
⎛−=

k
LK

N
K
kkL

M
LB

mm

extε

M: M: inverse inverse 
couplingcoupling

KKmm ::inverse inverse 
comptoncompton
wavelengthwavelength

k: k: light light 
wavenumberwavenumber

L: L: magnetic magnetic 
field region field region 
lengthlength

N: N: number of number of 
traversalstraversals



DichroismDichroism
rotation of polarization planerotation of polarization plane

hephep--ex/0507061 (2005);ex/0507061 (2005); Phys Rev D47, 3707 (1993)Phys Rev D47, 3707 (1993)



ellipticityellipticity
dispersion; photondispersion; photon--axionaxion

MaianiMaiani et.alet.al., ., PhyPhy. . LettLett. B175 (1986);. B175 (1986); www.ts.infn.it/experiments/pvlaswww.ts.infn.it/experiments/pvlas
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ellipticityellipticity
dispersion: photondispersion: photon--axionaxion

hephep--ex/0507061 (2005);ex/0507061 (2005); Phys Rev D47, 3707 (1993)Phys Rev D47, 3707 (1993)



PVLAS setupPVLAS setup

6 T ; 1 meter long dipole magnet

1064 nm ; 0.1 W laser

60 km path length in magnet

using 6 meters long 
optical cavity

cryostat rotation 0.3 Hz



PVLAS resultsPVLAS results

zavattinizavattini et al; seeet al; see www.ts.infn.it/experiments/pvlaswww.ts.infn.it/experiments/pvlas

B: B: 5 T5 T

L:L: 1 m1 m

ωω: : 1.2 1.2 eVeV
(1.064 (1.064 µµ))

OC: OC: 6.3 m6.3 m

N: N: 4400044000



PVLAS example dataPVLAS example data
www.ts.infn.it/experiments/pvlaswww.ts.infn.it/experiments/pvlas



PVLAS results may be PVLAS results may be 
explained by a region . . .explained by a region . . .

1.7 x 101.7 x 10--66 < g < 1.0 x 10< g < 1.0 x 10--55 GeVGeV--11

0.7 < m < 1.7  0.7 < m < 1.7  meVmeV
PVLAS effect is 104 stronger than QED (Euler-Heisenberrg) prediction!



interpretationinterpretation

light light pseudoscalarpseudoscalar particleparticle
weakly interactingweakly interacting

(weakly interacting massive particle)(weakly interacting massive particle)



pseudoscalarpseudoscalar couplingcoupling
pseudoscalarpseudoscalar particle coupling to photonsparticle coupling to photons

in present case, use laser light and magnetic fieldin present case, use laser light and magnetic field
light polarization in direction of magnetic fieldlight polarization in direction of magnetic field

PVLAS claims to see effect in both PVLAS claims to see effect in both dichroismdichroism and and ellipticityellipticity (using (using 
same apparatus).same apparatus).
we want to test this result in a completely independent waywe want to test this result in a completely independent way

BEgFF
M

L
vv)
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44

1 ϕϕ µν
µνϕγγ



AxionAxion interpretation?interpretation?
A.A. RingwaldRingwald;  hep;  hep--ph/0511184ph/0511184

K. K. ZioutasZioutas et.alet.al., PRL 94, 121301 (2005)., PRL 94, 121301 (2005)



possibilities . . .possibilities . . .
L. Rosenberg SLAC Summer Institute 2004L. Rosenberg SLAC Summer Institute 2004

Peccei, Quin (1977); S. Weinberg (1978); F. Wilczek (1978)



matter/energy budget of universematter/energy budget of universe

Stars and galaxies are only ~0.5%Stars and galaxies are only ~0.5%
Neutrinos are ~0.3Neutrinos are ~0.3––10%10%
Rest of ordinary matter (electrons and protons) Rest of ordinary matter (electrons and protons) 
are ~5%are ~5%
Dark Matter ~30%Dark Matter ~30%
Dark Energy ~65%Dark Energy ~65%
AntiAnti--Matter 0%Matter 0%

axion a dark matter 
candidate



search strategies to datesearch strategies to date

two broad classes of two broad classes of axionaxion searchessearches
–– detect relic (bigdetect relic (big--bang leftover), or solar, or stellar bang leftover), or solar, or stellar axionsaxions
–– produce and then detect produce and then detect axionsaxions in terrestrial in terrestrial exptexpt

more difficult, in general, since there are two factors of smallmore difficult, in general, since there are two factors of small
couplingscouplings
LIPSS uses this strategyLIPSS uses this strategy
BFRT collaboration also used this strategyBFRT collaboration also used this strategy



relic relic axionsaxions

microwave cavitiesmicrowave cavities



relic relic axionsaxions
axionsaxions created created 
moments after moments after 
the big bang.the big bang.
thermalizedthermalized
over timeover time
mass range mass range 
must be must be 
consistent with consistent with 
astrophysical astrophysical 
observablesobservables



microwave cavity techniquemicrowave cavity technique
R. Bradley et al, Rev. Mod. Phys. 75, 777(2003)R. Bradley et al, Rev. Mod. Phys. 75, 777(2003)



microwave cavity search: examplemicrowave cavity search: example

Sikivie (1983); Ansel’m (1985); van Bibber et al (1987) 



microwave cavity search: examplemicrowave cavity search: example



microwave cavitiesmicrowave cavities

V:  cavity volumeV:  cavity volume
m (f) mass (coupling)m (f) mass (coupling)
B: magnetic fieldB: magnetic field
R: galactic halo R: galactic halo axionaxion density on Earthdensity on Earth
C:  mode dependent constant (0.6)C:  mode dependent constant (0.6)
QQLL: cavity: cavity’’s loaded quality factor s loaded quality factor 
QQaa: galactic halo : galactic halo axionaxion quality factor (10quality factor (1066))

PPNN:  average thermal noise power:  average thermal noise power
TTss cavity temperature plus noise cavity temperature plus noise ‘‘temperaturetemperature’’



data taking data taking –– microwave cavitiesmicrowave cavities



microwave cavity experiments find no microwave cavity experiments find no 
evidence for relic evidence for relic axionsaxions in parameter space in parameter space 

indicatedindicated



solar  and stellar solar  and stellar axionsaxions

helioscopehelioscope searchsearch
supernova explosionssupernova explosions



CAST CAST –– axionsaxions from the sunfrom the sun



CAST experimentCAST experiment

decommissioned LHC test magnetdecommissioned LHC test magnet
–– L = 10 m ;  B = 9 TL = 10 m ;  B = 9 T

moving platform moving platform 
–– up to 50 days/year of alignmentup to 50 days/year of alignment

4 magnet bores, for x4 magnet bores, for x--ray detectionray detection
–– solar temperature solar temperature keVkeV axionsaxions keVkeV xx--raysrays

3 x ray detectors 3 x ray detectors 
x ray x ray focussingfocussing system to increase S/N ratiosystem to increase S/N ratio



CAST technologyCAST technology



CAST finds no evidence to date for solar CAST finds no evidence to date for solar 
axionsaxions in parameter space indicatedin parameter space indicated



astrophysical boundsastrophysical bounds
L. Rosenberg, SLAC Summer Institute 2004L. Rosenberg, SLAC Summer Institute 2004

Ellis and Olive, 1987; Raffelt and 
Seckel, 1988; Turner, 1988, etc



CAST finds no evidence to date for solar CAST finds no evidence to date for solar axionsaxions in in 
parameter space indicatedparameter space indicated

SN1987A does not rule out PVLAS resultSN1987A does not rule out PVLAS result



cryogenic dark matter search in cryogenic dark matter search in SoudanSoudan underground laboratoryunderground laboratory
D.S. D.S. AkeribAkerib et al, Phys. Rev. et al, Phys. Rev. LettLett 93, 21130193, 211301--1 (2004)1 (2004)

new limits 
in large 
mass 
range; no 
evidence 
for 
WIMPs



production and detectionproduction and detection

accelerator/laser experimentsaccelerator/laser experiments



SLAC Experiment E137SLAC Experiment E137

sensitive to massive (> eV) axions;  none seen



Photon regenerationPhoton regeneration
(Phys. Rev. D47 3707 (1993 BFRT collaboration)(Phys. Rev. D47 3707 (1993 BFRT collaboration)



Phys. Rev. D47 Phys. Rev. D47 
3707 (1993)3707 (1993)

BFRT results: 
regeneration expt

no ps signal seen

dark current

direct light

signal



searches to date: summarysearches to date: summary
the combination of accelerator searches, astrophysical, and the combination of accelerator searches, astrophysical, and 
cosmological arguments leaves open a search windowcosmological arguments leaves open a search window

massive massive axionaxion discovery still solves the strong CP problem, but not discovery still solves the strong CP problem, but not 
the dark matter problem.                    search for light the dark matter problem.                    search for light axionsaxions (< (< eVeV))

10-6 < ma < 10-3 eV



searches to date: summarysearches to date: summary
the combination of accelerator searches, astrophysical, and the combination of accelerator searches, astrophysical, and 
cosmological arguments leaves open a search windowcosmological arguments leaves open a search window

massive massive axionaxion discovery still solves the strong CP problem, but not discovery still solves the strong CP problem, but not 
the dark matter problem.                    search for light the dark matter problem.                    search for light axionsaxions (< (< eVeV))

10-6 < ma < 10-3 eV



neutron and electron neutron and electron edmedm conflict?conflict?
no conflict with atomic contribution (Eno conflict with atomic contribution (E22).).
higher order (nonlinear) higher order (nonlinear) qedqed effect?effect?
noncommutativenoncommutative field theory? field theory? 
. . .. . .

searches to date: theoretical issuessearches to date: theoretical issues



possibilities at JLABpossibilities at JLAB

Light Light PseudoScalarPseudoScalar Particle Particle 
Search (LIPSS) Search (LIPSS) 



possibilities at JLAB FELpossibilities at JLAB FEL

polarization plane rotation, polarization plane rotation, ellipticityellipticity
reproduce PVLAS with different apparatusreproduce PVLAS with different apparatus

regenerationregeneration
FEL photons regenerationFEL photons regeneration
PrimakoffPrimakoff photons regenerationphotons regeneration

photon collisionsphoton collisions
wide angle wide angle axionaxion production at wiggler centerproduction at wiggler center
polarization plane rotationpolarization plane rotation
four wave mixing in vacuumfour wave mixing in vacuum

–– 2 2 2     or    3 2     or    3 11

microwave cavitymicrowave cavity
primordial primordial axionsaxions
solar production and lab regeneration (a la CAST)solar production and lab regeneration (a la CAST)



‘‘light shining through a walllight shining through a wall’’
couple polarized laser couple polarized laser 
light with magnetic light with magnetic 
fieldfield
SikivieSikivie (1983); (1983); AnselAnsel’’mm
(1985); Van Bibber et (1985); Van Bibber et 
al (1987) al (1987) 
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JLAB FEL setup I: regeneration experimentJLAB FEL setup I: regeneration experiment

magnet

2 T; 1 m (?)
detector

light shieldφ’s produced at JLAB FEL

“parasitic “



LIPSS plansLIPSS plans



backback--ofof--thethe--envelopeenvelope

P = gP = g22BB22LL22/4/4 ProbProb for photonfor photon--axionaxion prodprod

g = coupling constant (1/M)g = coupling constant (1/M)
B = magnetic fieldB = magnetic field
L = magnet lengthL = magnet length

Y = n PY = n P1 1 PP22 εε ((∆Ω∆Ω//ΩΩ) (N) (Nrr+2)/2+2)/2 yield (#/s)yield (#/s)

nn = photon flux (#/s)= photon flux (#/s)
P1 (P2)P1 (P2) = production (regeneration) probability= production (regeneration) probability
εε = detection efficiency= detection efficiency
∆Ω∆Ω//ΩΩ = solid angle= solid angle
NNr   r   == number of reflectionsnumber of reflections



JLAB facility spectroscopic rangeJLAB facility spectroscopic range



experimental requirementsexperimental requirements

BB--field parallel to photon polarizationfield parallel to photon polarization

photonphoton--axionaxion coherencecoherence

large magnetic fieldlarge magnetic field

shield detector from field; vacuum vesselshield detector from field; vacuum vessel

Lma /42 πω<



rate estimate, as example . . .rate estimate, as example . . .

 Hz1
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rate, n

photon regeneration 
rate estimate, Y

2 T; 1 m magnet

ε ~ 0.5;  ∆Ω/Ω ~ 0.5



rates (using current FEL)rates (using current FEL)

BBr r (Tesla)     (Tesla)     LLrr (meters)(meters) g (eVg (eV--11)) rate (Hz)rate (Hz)

1.01.0 1.01.0 1010--1515 .005.005
1.01.0 1.01.0 5 x 105 x 10--1515 3.03.0

1.51.5 0.80.8 1010--1515 .01.01
1.51.5 0.80.8 5 x 105 x 10--1515 4.24.2

uses: dipole magnet at end of straight section:  1.0 m uses: dipole magnet at end of straight section:  1.0 m 
long and 0.31 Teslalong and 0.31 Tesla

100 kW (1 100 kW (1 eVeV) FEL laser light) FEL laser light
q.eq.e. ~ 0.3;  detector . ~ 0.3;  detector accepaccep ~ 0.9~ 0.9



experimental issuesexperimental issues

single photon counting in IRsingle photon counting in IR
axionaxion--photon coherencephoton coherence



Hamamatsu
R5509 PMT

FEL tune

dark current > nA



Rockwell Scientific Hawaii 1RG Rockwell Scientific Hawaii 1RG –– for examplefor example

<< 4 4 mWmW @ 100 kHz@ 100 kHzPower DissipationPower Dissipation

<< 15 e15 e-- CDS @ 100 kHzCDS @ 100 kHzRead noise (array mean)Read noise (array mean)

<< 0.1 e0.1 e--/sec (77K, 2.5 /sec (77K, 2.5 µµm)m)Dark Current (array mean)Dark Current (array mean)

>> 95%95%Pixel OperabilityPixel Operability

>> 100,000 e100,000 e--Charge storage capacityCharge storage capacity

>> 65%65%Quantum Efficiency (array Quantum Efficiency (array 
mean)mean)

>> 30K30KOperating temperatureOperating temperature

0.3 0.3 -- 5.3 5.3 µµmmSpectral rangeSpectral range

Signal: 1, 4, 32 selectableSignal: 1, 4, 32 selectable
Guide Window and ReferenceGuide Window and Reference

Output portsOutput ports

>> 98%98%Fill factorFill factor

18 18 µµmmPixel PitchPixel Pitch

1024 x 10241024 x 1024Total pixelsTotal pixels

100 kHz to 5 MHz (continuously 100 kHz to 5 MHz (continuously 
adjustable)adjustable)Pixel readout ratePixel readout rate

RippleRippleReadout modeReadout mode

SFDSFDDetector input circuitDetector input circuit

MBE MBE HgCdTeHgCdTe or or SiSi PINPINDetector technologyDetector technology

Rockwell Rockwell FPAsFPAsFPA ParameterFPA Parameter

dark current and read noise

quantum efficiency

spectral range



begin with this?  (on hand)begin with this?  (on hand)
SBIG STSBIG ST--237A237A

15 secParallel75%20,000e-15e-5e-/p/s38 arcmin183.7 x 4.97.4u325,000657 x 
495ST-237A

0.8 secUSB 2.083%100,000 
e-17e-1e-/p/s52 arcmin324.6 x 6.99u390,000765 x 

510ST-402ME

Full
Frame

Transfer

Compute
r

Interface

Peak
QE

Full Well
Capacity

Read
Noise

Dark
Current
at 0 C.

Diag FOV
11" Fastar
(544mm 

FL)

CCD
Area
mm2

CCD
Size mm

Pixe
l

Size

Number
of Pixels

Pixel
ArrayCamera



‘‘light shining through a walllight shining through a wall’’
www.desy.de/~ringwald

couple polarized laser couple polarized laser 
light with magnetic light with magnetic 
fieldfield
SikiviaSikivia (1983); (1983); AnselAnsel’’mm
(1985); Van Bibber et (1985); Van Bibber et 
al (1987) al (1987) 
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coherence

PVLAS  ; 
BFRT

see web site: 
www.desy.de/
~ringwald



psps--photon coherence photon coherence -- LIPSSLIPSS

- - - L = 1.2 m

----- L = 1.0 m
ω = 1.2 eV
(1064 µ) 
(same as PVLAS)

generation magnet ~1.2 m

regeneration magnet ~ 1.0 m
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PVLAS and BFRT:  photonPVLAS and BFRT:  photon--axionaxion coherencecoherence
plots from K. 
McFarlane

magnet length a 
limitation in 
BFRT

Lma /22 πω<



PVLAS and BFRT:  photonPVLAS and BFRT:  photon--axionaxion coherencecoherence
plots from K. 
McFarlane

magnet length a 
limitation in 
BFRT

Lma /42 πω<

LIPSS : IR FEL

1.6 µ ;  1.06 µ



uncertainty relation uncertainty relation –– ultralowultralow count ratescount rates
HeitlerHeitler (1954);  Rev. Mod. Phys 75, 777 (2003)(1954);  Rev. Mod. Phys 75, 777 (2003)

QM uncertainty relationQM uncertainty relation
–– ∆∆nn∆φ∆φ > 1 > 1 

n number of quanta detectedn number of quanta detected
φφ phase of detected radiationphase of detected radiation

limit on the measurement precision of the limit on the measurement precision of the 
number of quanta n in a wave, and the number of quanta n in a wave, and the 
phase of the radiation phase of the radiation φφ..



ideas . . .ideas . . .
use use focussingfocussing lens at end of regeneration magnetlens at end of regeneration magnet
–– focus on small pixel area focus on small pixel area better S/Nbetter S/N

use new use new rfrf structure in upstairs lab with two structure in upstairs lab with two 
powerful magnetspowerful magnets
–– purchase 2 ea ~ 0.5 m long, ~ 2 T magnetspurchase 2 ea ~ 0.5 m long, ~ 2 T magnets

use B field of electron beamuse B field of electron beam
–– can get ~100 T close to electron beamcan get ~100 T close to electron beam
–– probably too small an effectprobably too small an effect

. . .. . .



ideasideas
focussing

lense

pixel array

S/N ~ 1

per pixel

# 1



GW magnetsGW magnets

gap: 7.9 cm
magnetic length: 0.42 m
design field intergral: 5.92 KGauss.
current 223.24 A

have 4 extra magnets and their stands in Magnet Test and 2 
mounted to stands in the FEL UV Line.

a rarely used power supply for the 2G dump spectrometer is 
available in the FEL for quick response at slightly lower max 
current. 220 A maximum.

max field at 0.8 Tesla 1.5 Tesla with shims
the GWs are 0.6  or so meters long



with current setup, IR light . . .with current setup, IR light . . .

JLAB in ~1 day with 
IR FEL



UV FEL UV FEL –– the way to go!!the way to go!!

visible and UV light visible and UV light use phototubeuse phototube
–– fast (can time relative to fast (can time relative to rfrf structure of beam)structure of beam)

reduce noisereduce noise
–– good quantum efficiencygood quantum efficiency
–– experienceexperience
can use longer magnetscan use longer magnets
–– axionaxion--photon coherencephoton coherence
–– probability ~ Lprobability ~ L22

more space on vault floormore space on vault floor



photon regeneration from photon regeneration from pseudoscalarspseudoscalars at xat x--ray lasersray lasers
RabadanRabadan, , RingwaldRingwald, , SigurdsonSigurdson hephep--ph/0511103ph/0511103

JLAB in ~1 hour 
with UV FEL



axionaxion interpretation?interpretation?
A.A. RingwaldRingwald;  hep;  hep--ph/0511184ph/0511184

K. K. ZioutasZioutas et.alet.al., PRL 94, 121301 (2005)., PRL 94, 121301 (2005)

JLAB in ~1 hour with 
UV FEL



initial initial ‘‘engineeringengineering’’ runrun

100 kW IR FEL100 kW IR FEL
–– 1.06 1.06 µµ and 1.64 and 1.64 µµ IR lightIR light
2 GW magnets for regeneration2 GW magnets for regeneration
–– 1.5 T, 1.0 meter long, acceptance ~ 0.81.5 T, 1.0 meter long, acceptance ~ 0.8
SBIG Astronomical Instruments STSBIG Astronomical Instruments ST--237A 237A 
CCD cameraCCD camera
–– ~10% ~10% q.eq.e., low dark current (cps), on hand., low dark current (cps), on hand
begin within next couple of months (?)begin within next couple of months (?)



how we got to this pointhow we got to this point
A. A. AfanasevAfanasev alerted alerted okbokb > 2 years ago of importance of > 2 years ago of importance of 
measurementmeasurement
okbokb made initial approaches to FEL people (Boyce, made initial approaches to FEL people (Boyce, 
Shinn, etc), Shinn, etc), axionaxion experts (Rosenberg);  very low levelexperts (Rosenberg);  very low level
initial meetings began at Hampton ~ year ago;  VFWM initial meetings began at Hampton ~ year ago;  VFWM 
discussed; HU laser experiment discussed.discussed; HU laser experiment discussed.
PVLAS result:  PVLAS result:  AfanasevAfanasev again emphasized importance again emphasized importance 
of measurement.  K. McFarlane and other HU particle of measurement.  K. McFarlane and other HU particle 
experimentalists joined discussionsexperimentalists joined discussions
initial meeting of interested Hampton and JLAB scientists initial meeting of interested Hampton and JLAB scientists 
(Williams, Boyce, etc); more serious now(Williams, Boyce, etc); more serious now
series of meetings at JLAB; talks at TAWG and JLABseries of meetings at JLAB; talks at TAWG and JLAB



initial meetings participantsinitial meetings participants
A. A. AfanasevAfanasev –– particle/nuclear theoristparticle/nuclear theorist
G. G. BiallasBiallas –– FEL experimentalistFEL experimentalist
J. Boyce J. Boyce –– FEL experimentalistFEL experimentalist
O.K. Baker O.K. Baker –– particle/nuclear experimentalistparticle/nuclear experimentalist
H. Brown H. Brown –– graduate studentgraduate student
S. Ma S. Ma –– graduate studentgraduate student
K. McFarlane K. McFarlane –– particle experimentalistparticle experimentalist
J.T. J.T. SeoSeo –– optics experimentalistoptics experimentalist
T. Shin T. Shin –– particle experimentalistparticle experimentalist
S. S. ShukuiShukui –– FEL experimentalistFEL experimentalist
V. V. VassilakopoulosVassilakopoulos –– particle experimentalistparticle experimentalist
G. Williams G. Williams –– optics experimentalistoptics experimentalist
Q. Q. YiangYiang –– optics experimentalistoptics experimentalist



summarysummary
axionaxion search not just a shot in the dark now!!search not just a shot in the dark now!!
–– PVLAS result can be tested; new data point from PVLAS result can be tested; new data point from 

LIPSSLIPSS
can perform regeneration experiment to test can perform regeneration experiment to test 
PVLAS result at JLAB FELPVLAS result at JLAB FEL
–– can reach interesting region of parameter space with can reach interesting region of parameter space with 

IR FELIR FEL
–– can perform definitive experiment with UV FELcan perform definitive experiment with UV FEL

this is particle physics at the FELthis is particle physics at the FEL
–– constraints on a new mass scale in particle physicsconstraints on a new mass scale in particle physics

PeVPeV scale!!scale!!


