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Axion motivationHelios
opes axion sear
hesThe CAST experimentCAST ResultsAppendixThe Strong CP problemCP-symmetry must be violated in the Standard Model so that the existing asymmetry betweenmatter and antimatter of the Universe 
an be explained.Weak intera
tions violate CP-symmetry.However, strong intera
tions andele
tromaganetism are invariant under CPtransformation.
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ollaboration XLIVth Ren
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Axion motivationHelios
opes axion sear
hesThe CAST experimentCAST ResultsAppendixAn axion interpretationA possible solution to the invarian
e of CP in QCD is given by the Pe

ei-Quinn me
hanismthat interprets the θ − term of the QCD Lagrangian as a s
alar �eld that later on will be 
alledthe �axion� �eld
⇓

Lθ ≡ La =
“ afa ”

ξ
“ g232π2 ”Gµνa eGaµνThe spontaneous breakdown of the Pe

ei-Quinn 
hiral symmetry implies the appearan
e of anew parti
le. The �axion", a very light pseudos
alar Goldstone boson.
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Axion motivationHelios
opes axion sear
hesThe CAST experimentCAST ResultsAppendixAxion dete
tionAxions leave tra
es in dete
tors as mono-energeti
 photons produ
ed via the Primako� e�e
tin the presen
e of ele
tromagneti
 �elds
• Solar axions: Helios
opes and 
rystalsLazarus, Tokyo, CASTCrystals (SOLAX, COSME)
• Gala
ti
 axions: Halos
opes and Teles
opesHalos
opes (ADMX, CARRACK)Haysta
k Observatory
• Laboratory axions: Laser experimentsPVLAS, OSQAR, LIPPS, ALPS
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Axion motivationHelios
opes axion sear
hesThe CAST experimentCAST ResultsAppendix Prin
iple of dete
tionCoheren
e of 
onversionProdu
tion of solar axionsBla
kbody photons of the solar 
ore 
ould be 
onverted into axions due to �u
tuating ele
tri
�elds of the 
harged parti
les in the hot plasma
Ze

γγ

γ∗ γ∗

a a

Bext

e−

γ + (e−,Ze) → (e−, Ze) + a (Solar 
ore) a + γ∗ → γ (Earth magnet)The intera
tion of an axion 
onverting to a photon via Primako� e�e
t in the presen
e ofmagneti
 �elds is the proposed dete
tion me
hanism for solar axions arriving the Earth
Jaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



Axion motivationHelios
opes axion sear
hesThe CAST experimentCAST ResultsAppendix Prin
iple of dete
tionCoheren
e of 
onversionDifferential axion flux on EarthRelative to the axion-to-photon 
ouping strength, a parametrization to the di�erential axion�ux on Earth 
an be given asdφadEa = 6.020× 1010 · g210 · E2.481a e−Ea/1.205 
m−2s−1keV−1
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oreJaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
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Axion motivationHelios
opes axion sear
hesThe CAST experimentCAST ResultsAppendix Prin
iple of dete
tionCoheren
e of 
onversionConversion probabilityThe proposed dete
tion me
hanism for solar axions arriving at Earth is their re
onversion toX-ray photons via the Primako� e�e
t in the presen
e of ele
tromagneti
 �elds
Pa→γ =

h gaγγ10−10GeV−1 i2hB⊥2 i2
· 1q2 + Γ2/4 · [1 + e−ΓL − 2e−ΓL/2 
os qL]
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Evolution of the 
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e term relativeto the di�erent values of qL/π

Axion-to-photon 
onversion in the presen
e of anearly homogenous magneti
 �eld B is onlye�e
tive when the polarization plane of thephoton is parallel to the magneti
 �eldIn absen
e of a damping gas the 
onversionprobability
Pa→γ ∝ 2q2L2 · [1 − 
osqL]

⇓

|m2a −m2
γ | ≪ 2EaL(Conversion Coheren
e Condition)Jaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



Axion motivationHelios
opes axion sear
hesThe CAST experimentCAST ResultsAppendix Prin
iple of dete
tionCoheren
e of 
onversionAxion mass rangesThe axion mass band for whi
h an experiment is 
oherent 
an be extra
ted from the 
oheren
e
ondition
⇓Va
uum

↓The 
onverted photons are massless
“m2a/keV2”

≪ 2“Ea/keVL · keV ”

↓A 
hange of the magnet length isable to sele
t the axion mass of the
oheren
e
Gas
↓The 
onverted photons a
quire an e�e
tivemass mγ

“m2a/keV2”
≪

“m2
γ/keV2”

+ 2“Ea/keVL · keV ”

↓Able to extend the axion masssensitivity range of an experimentwith a �xed magnet lengthHelium gas is a ni
e 
andidate sin
e the free path of X-ray photons is largemγ
2 =
√4πr0~
 · √ne → mγ ≃

s0.02PHe[mbar]THe[K]
eVJaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



Axion motivationHelios
opes axion sear
hesThe CAST experimentCAST ResultsAppendix Prin
iple of dete
tionCoheren
e of 
onversionAbsorption of photons in HeliumThe use of Helium gas in the magnet region of a 
ertain experiment a�e
ts the free path ofthe Primako� 
onverted photons
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Axion motivationHelios
opes axion sear
hesThe CAST experimentCAST ResultsAppendix Des
riptionCAST Dete
torsCAST Physi
s ProgramGeneral des
ription
• De
ommissioned prototype LHC dipole magnet
• Super
ondu
ting: operation at 1.8K
• Magneti
 �eld intensity: 8.8T
• Magnet length: 9.26 m Rotating platform(Verti
al: ±8o , Horizontal: ±40o)

∼ 90min per port and day3 X-ray dete
torsX-ray fo
using devi
e
Ea
h bore of the twin aperture magnet has a 
ross-se
tional area of 14.5 
m2With a weight over 40 tons is 
apable to follow the Sun within an a

ura
y of 0.01oJaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



Axion motivationHelios
opes axion sear
hesThe CAST experimentCAST ResultsAppendix Des
riptionCAST Dete
torsCAST Physi
s ProgramCAST dete
torsA MICROMEGASMICROMEsh GAseous Stru
ture
Atta
hed to the VT3 bore of themagnet. Looking for sunriseaxions A TPCTime Proje
tion Chamber

Atta
hed to the eastern end ofthe CAST magnet 
overing bothmagnet bores (VT1 and VT2).Looking for sunset axions

A CCDCharge Coupled Devi
e
Covering the VT4 bore. Looksfor sunrise axions in parallel tothe MICROMEGAS

Jaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



Axion motivationHelios
opes axion sear
hesThe CAST experimentCAST ResultsAppendix Des
riptionCAST Dete
torsCAST Physi
s ProgramCAST Physi
s Program
• CAST Phase I- Va
uum operation. Completed during 2003 and 2004ma . 0.02 eV
• CAST Phase II- Helium-4 run. Completed during 2005 and 2006

◦ Helium-4 vapor pressure at 16.4mbar
◦ Mass range 
overed up to 13.4mbar0.02 eV . ma . 0.39 eV- Helium-3 run. To be a

omplished during 2007-2010
◦ Helium-3 vapor pressure at 135.6mbar
◦ Mass range to be 
overed up to 120mbar0.39 eV . ma . 1.20 eV

• CAST at present 0.39 eV < ma < 0.65 eV Completed!!KSVZMODELS !!
(1)Jaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009
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Axion motivationHelios
opes axion sear
hesThe CAST experimentCAST ResultsAppendixCAST Va
uum Result
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hesThe CAST experimentCAST ResultsAppendixCAST Combined Result
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A. The CAST UpgradeB. Dete
tors UpgradeC. ThermoA
ousti
 Os
illationsD. Gravity Role
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tors UpgradeThermoA
ousti
 Os
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The CAST Upgrade
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The CAST UpgradeDete
tors UpgradeThermoA
ousti
 Os
illationsGravity role The CAST Gas SystemDesignImplementationGas System RequirementsGas Con�nement
• X-ray Windows- High X-ray transmission

· 15µm polypropylene
· Transmission is ∼ 95% @ 4.2 keV- Robust (Strong-ba
k)
· ∀5.2mm, |0.3mm, 25mm- Hermeti
ity tested < 1× 10−7 mbar l s−1- Pressure Tested
· All 
y
led at 1 bar
· Prototype holds 3.5 bar- Regularly baked-out to avoid 
ryopumping
Window design Cold WindowJaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



The CAST UpgradeDete
tors UpgradeThermoA
ousti
 Os
illationsGravity role The CAST Gas SystemDesignImplementationGas System RequirementsGas Inje
tion
Metering modeling MFB modeling MRB modeling

• Metrologi
al Pressure Measurement- Stability, A

ura
y, Reprodu
ibility (. 0.01mbar)- Thermally 
ontrolled 
alibrated volumes- Homogeneous thermalization with super�uid Helium- A

ura
y of the gas measurements better than 60 ppm- Possibiliy of Helium puri�
ation in 
ase of leaks- Re
overy line to avoid the sudden in
rease of pressure during a QUENCH (∼ 20 bar)Jaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



The CAST UpgradeDete
tors UpgradeThermoA
ousti
 Os
illationsGravity role The CAST Gas SystemDesignImplementationDesign Metering stage and puri�
ation system
Metering devi
e Cold TrapComputational Fluid Dynami
s Modeling

Simulation SimulationJaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



The CAST UpgradeDete
tors UpgradeThermoA
ousti
 Os
illationsGravity role The CAST Gas SystemDesignImplementationDesign Instalation of the gas system
Gas system S
hemati
s Metering VolumeInstalation of the Expansion Volume and Re
overy System
Expansion Volume Re
overy SystemJaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



The CAST UpgradeDete
tors UpgradeThermoA
ousti
 Os
illationsGravity role The Mi
romegas dete
torsThe Upgrade of the CAST Dete
torsExhaustive revision and upgrade of the CAST dete
tors
↓

• The CCD Dete
tor together with an X-ray fo
using devi
e- VT4 port.
• Sunrise Mi
romegas- Bulk te
hnology (VT3 port).
• Time Proje
tion Chamber- Wire 
hamber (VT1 and VT2 port).
• Sunset Mi
romegas- Repla
ement of the TPC dete
tor (VT1 and VT2 ports).- Mi
roBulk te
hnology (VT1 port).- Bulk te
hnology (VT2 port).Jaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



The CAST UpgradeDete
tors UpgradeThermoA
ousti
 Os
illationsGravity role The Mi
romegas dete
torsThe Mi
romegas dete
tors
• Conventional Mi
romegas: The pillars are atta
hed to the mesh. A supportingring is adjusting the mesh on top of the readout plane and the High Voltage �xesthe mesh to the read out plane.
• Bulk Mi
romegas: The pillars are atta
hed to a woven mesh (30 µm StainlessSteel) and to the readout plane. Rea
hable Energy resolution (18%@ 5.9 keV)- Advantages: Uniformity, easy use, robust.- Disadvantages: Limited Energy Resolution due to mess thi
kness.Bulk s
hemati
s. ∼ 128µm gap between mesh and the readout plane
• Mi
roBulk Mi
romegas:The pillars are 
onstru
ted by 
hemi
al pro
ess of akapton foil, that is atta
hed to the mesh (5µm Cu) and to the readout plane.Rea
hable Energy resolution (better than 15% @ 5.9 keV)- Advantages:Uniformity, Energy resolution and better stability at long term runs.- Disadvantages: Complexity in manufa
turing pro
ess, fragility.Mi
roBulk s
hemati
s. ∼ 50µm gap between mesh and the readout planeJaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



The CAST UpgradeDete
tors UpgradeThermoA
ousti
 Os
illationsGravity role The Mi
romegas dete
torsThe Sunrise mi
romegas
Line design of the Sunrise Mi
romega Shielding design of the SunriseMi
romega
Front view of the Sunrise mi
romegainner shielding Ba
k view of the Sunrise Mi
romegabefore 
losing the inner shieldingJaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



The CAST UpgradeDete
tors UpgradeThermoA
ousti
 Os
illationsGravity role The Mi
romegas dete
torsThe Sunset mi
romegas
Installation of the Sunset Mi
romegas Calibrator of the Sunset Mi
romegas
Installation of the shielding for theSunset Mi
romegas Present view of the SunsetMi
romegasJaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



The CAST UpgradeDete
tors UpgradeThermoA
ousti
 Os
illationsGravity role ReliabilityReliability ThermoA
ousti
 Os
illations�Expontaneous a
ousti
 os
illations of gas 
olumns 
an be generated in a tube withstep temperature gradients without external for
e.�How to stop them?
• During 4He Phase- Pressure Transdu
ers inside the 
old bore- Home made dampers to �blo
k� the �ow.- Fast Monitoring- Os
illations Stoped

Transdu
erJaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



The CAST UpgradeDete
tors UpgradeThermoA
ousti
 Os
illationsGravity role ReliabilityReliability
• Implemented for 3He Phase- Dampers to �blo
k� the �ow are ine�e
tive due to the high pressures.- Cryogeni
s needle valves to blo
k the �ow and open in 
ase of QUENCH- Os
illations Stoped

Needle valve design Needle valve Needle installationJaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



The CAST UpgradeDete
tors UpgradeThermoA
ousti
 Os
illationsGravity role ReliabilityReliability Agreement with literature. Full Control of TAO's

Open Valves at 80K Needle valves 
losed at 80KJaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



The CAST UpgradeDete
tors UpgradeThermoA
ousti
 Os
illationsGravity roleGravity role A(L)|a(0)〉BMMR =
gaγγ2 B e− R Lo dz′ Γ/2

×
R L0 dz ′e i R z′0 dz′′ (

m2
γ (z′′ )−m2a2Ea 1

~
−iΓ/2) (2)
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M
R
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.u
.L ne (z) = noe [1 −

(2z − L)MHeg sin θ2kT ] (3)Redu
tion from 0.47 to 0.31 (arbitrary units)Probability of the axion-to-photon 
onversion PBMMRCal
ulated for an e�e
tive photon mass of 1 eVTilt angles of 0o (red line) and 80 (bla
k line)Thanks Biljana and Mili
aJaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



The CAST UpgradeDete
tors UpgradeThermoA
ousti
 Os
illationsGravity roleGravity role
〈A(L)|a(0)〉CNA =

−i gaγγ2 B e i R Lo dz′ (
m2

γ (z′ )−m2a2Ea 1
~
 +iΓ/2)

×
R L0 dz ′e i R z′0 dz′′ (

m2
γ (z′′ )−m2a2Ea 1

~
−iΓ/2) (4)
0.996 0.998 1 1.002 1.004
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P C
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.u
.L mγ (z)1 eV ≃ 3.716× 10−11s ne (z)1 
m3 (5)Redu
tion from 0.47 to 0.31 (arbitrary units)Probability of the axion-to-photon 
onversion PCNACal
ulated for an e�e
tive photon mass of 1 eVTilt angles of 0o (red line) and 80 (bla
k line)Thanks Biljana and Mili
aJaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009
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 Os
illationsGravity roleGravity roleRCNA = e−Γ π2b ˛

˛

˛e ia2/2bherf h

r i2b (a + b)i

− erf h

r i2b aii˛

˛

˛ (6)
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tion from 0.47 to 0.26 (arbitrary units)Ratio CNA as a fun
tion of the axion massCal
ulated for an e�e
tive photon mass of 1 eVTilt angles of 0o (red line) and 80 (bla
k line)Thanks Biljana and Mili
aJaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
ontres de MoriondLa Thuile (Italy), 3rd of February 2009



The CAST UpgradeDete
tors UpgradeThermoA
ousti
 Os
illationsGravity roleGravity roleRCNA = e−Γ π2b ˛
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ulated for an e�e
tive photon mass of 1 eVTilt angles of 0o (red line) and 80 (bla
k line)Thanks Biljana and Mili
aJaime Ruz Armendáriz. University of Zaragoza On behalf of the CAST 
ollaboration XLIVth Ren
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