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+ Direct Solar Axion Searches

The CERN Axion Solar Telescope — CAST
Results of Phase I and II of CAST

= Conclusions and Prospects
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Direct Axion Detection Techniques I

Laser Induced Axions
Light Shining Through Wall

Absorber

Axion Source Axion Detector
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Microwave Cavity Searches

Superconducting Ultra-low noise
magnet microwave receiver

High-Q microwave cavity

e.g. Asztalos et al., Phys. Rev. D 69, 011101 (2004)

[astro-ph/0310042]
v

Telescope Searches

e.g. Grin et al. 2006 astro-ph/0611502v1
v

41739



Helioscope Searches

o 500 seconds ____Axion_ /- xoray
W\% Flight time detector
Sun Earth
Inoue et al. 2002 astro-ph/0204388v1
Lazarus et al. Phys. Rev. Lett. 69 2333 (1992)
4
Bragg Diffraction

a

z2=0
z=-d
7z=-2d
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Geomagnetic Axion Conversion

The Sun The Earth

4-keV X-rays
v

1/
—_— r

7,\/\ Telescope
—_—

B~field
Davoudiasl & Huber, hep-ph/0509293
Idea

@ Axions can convert to photons
in Earth’s magnetic field
= Observe the Sun through
the Earth

@ Sensitivity
Gayy ~ 1071 GeV !
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Laser Experiments
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—— detector
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Principle of the Axion Helioscope r.sikivic, Phys. Rev. Lett. 51 1983)

@ Assumption: Axions are produced via Primakoff effect in the sun
@ Point a strong magnetic field towards the sun to convert axions back to

X-ray photons

@ Use background optimized X-ray detectors to observe the X-rays

Advantages

@ Axion detection essentially assumption-free and model-independent

© Covers a broad-band mass range m, ~ 0-1.2eV

© Observe other celestial objects

TUD M. Kuster (TU Darmstadt) CAST - Direct Search for Solar Axions



Axion Surface Luminosity

Flux
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" Radius [R/Rq,,]
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Differential Axion Spectrum

8

E N Axion Flux at Earth
TE / \ — Bahcall et. al. 2004
6 / \ — Bahcall et. al. 1982
SE \
4 \

Axion Flux at Earth (x10'%cm™s~'keV 7

o
I

Energy [keV]

Mean Axion Energy: (E) = 4.2keV

Axion Luminosity:
L, =g3, 1.85 x 1073Lg,
Axion Flux:
P, = g7, -3.75 x 10" em 257!

Provided by P. Serpico & G. Raffelt
Based on the standard solar model BP2004 (Bahcall et al., 2004)



BNL Helioscope 1992

Experimental Parameters
@ Magnet B=22T L~ 1.8m

@ Mounted fix, 15 min observation
time during sunset

@ Proportional counter
Lazarus et al. Phys. Rev. Lett. 69 2333 (1992)
»

Results (95% C.L.)
my < 0.03eV

Gayy < 3.6 x 1077 GeV ™!
Gayy < 6.0 x 10710 Gev ™!

0.03eV <m, <0.11eV
Gary < 7.7 x 1077 GeV ™!

8ayy < 6.8-10.9 x 107 GeV ™!

TUD M. Kuster (TU Darmstadt)
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refrigerators

superconducting magnet

PIN photodiodes

vacuum vessel

/lumlable

gas container

Inoue et al. 2002 astro-ph/0204388v1

Experimental Parameters
9 MagnetB=4TL=23m

@ Sky coverage
Ra 360° Dec +£28°
— 24h observation time

@ PIN-diodes

y
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ESTE a1

Tracking System‘——/"

Prototype LHC magnet

B=90T [=9.26m

Tracking system J
T=18K m=~30t

H=-8°...8°Az=40°... 140°

= 1.5 h observation time during sun rise and sun set (=~ 46 days/year)

M. Kuster (TU Darmstadt) CAST - Direct Search for Solar Axions



» GRID Measurements

Verification 2002/04/06

Apr 2006 in comparison with 2004 Oct 2006 in comparison with 2004
] E -
E

£ '} Projectionat 10 m Projection’at 1) m @ Regular verification of
4 m—— . - the pointing precision of
7N TN pontng p
Tl \ EE . ) the tracking system
o l / £\ ) @ No change observed
N / ' NS £
. — * ‘ since 2004
= 1) %iof Sun @ — 10 %iof Sun @ P
N ) e = @ Small shift with respect
(0.0) is the reference of 2004 GRID to 2002 grld reference
_ 2004 in comparison with 2002 2006 in comparison with 2002
E 7 Projection at 10 m g Projection:at 10 m - haS been COI'I'eCth
- 4 R - T
/N )\ 4 N
0 (% i ) ( -, ) Magnet points to the Sun
) N ’ L / with required precision !
4 ~—
— 10 % of Suni@ 10m " m——10 %:of Sun @ 10m
R O ) T o

(0.0) is the reference of 2002 GRID i
= Sun center according to the geometers
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Sun Filming

TUD M. Kuster (TU Darmstadt)



The X-ray Detectors

East—side (setting Sun) West-side (rising Sun)
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- Wolter X-ray Optics

Wolter Designs ;
'8 General Properties

Confocal paraboloid

& hy I'bolold \ // . . .
SO / @ Basic principle

i"',:. B /,.4 . Total reflection for © < O,
p \\\\ @ Snell’s law for critical angle O,
e cos(0.) =n= 0, =20
Far from absorption edges

02 = 1\*rN,
ro electron radius, N, electron
density

@ Basic relations

Cr ™ O, x A x 1/E,
. N
T AN O, x /N, ~A
- e —> High Z materials are better
N - o reflectors
— l;bﬂcc\ing urfad
Most popular Gold

v

Wolter, H. Ann. Phys. 10, 1952

TUD M. Kuster (TU Darmstz CAST - Direct Search for Solar Axions




Parabolic Hyperbolic
Magnet Bore @ 43 mm Shells Shells

CCD-Detector \‘A
Spot @ 3 mm

Wolter I type grazing incident optics (prototype for ABRIXAS mission):

@ 27 nested gold coated nickel shells, on-axis resolution ~ 43 arcsec
@ Telescope aperture 16 cm, used for CAST 43 mm
@ Only one sector of the full aperture is used for CAST

243 mm (LHC Magnet aperture) =—> @3 mm (spot of the sun)
Significantly improves the signal to background ratio !

TUD M. Kuster (TU Darmstadt) CAST - Direct Search for Solar Axions 17/39
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Point Source

2004 Extended Source

. . . .
2 4 6 8
Energy [keV]

Wolter I type grazing incident optics (prototype for ABRIXAS mission):
@ 27 nested gold coated nickel shells, on-axis resolution /= 43 arcsec
@ Telescope aperture 16 cm, used for CAST 43 mm
@ Only one sector of the full aperture is used for CAST

243 mm (LHC Magnet aperture) =—> @3 mm (spot of the sun)
Significantly improves the signal to background ratio !
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Point Source

2004 Extended Source

. . . .
2 4 6 8
Energy [keV]

Wolter I type grazing incident optics (prototype for ABRIXAS mission):
@ 27 nested gold coated nickel shells, on-axis resolution ~ 43 arcsec
@ Telescope aperture 16 cm, used for CAST 43 mm
@ Only one sector of the full aperture is used for CAST

See following presentation by R. Soufli on X-ray optics !

TUD M. Kuster (TU Darmstadt) CAST - Direct Search for Solar Axions 17/39
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' Telescope Alignment

Reference Points

X-ray Finger
VT2 / T~ VI4 V4
& el Telescope CCD-Detector
Parallel Laser 0 Tube (Cold Mass)
_[l o
mm PP} -
ND Filter

Polarizer+Analyzer

Crosshairs Crosshairs
Glas—Window
X-ray Finger Alignment Procedure
T‘"“wxﬂm @ Use parallel laser beam to align
mpmm b || the bore to the telescope.

X-Ray i
Copper Target
Pyrosloctic @ Use X-ray source to check the

Crystal
— Heator | Cosler stability of the system.
B 8 Y 4

Temperaturs
Sensor

@ For both cases observe the spot
T0-8 Package on the CCD under different
Temperature -V Ground COndlthnS '

v
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‘, CAST Phase I/I1

Phase I — Magnet bore evacuated

Conversion Probability

m2

2
Pa—vy 0.8 (BLgafy'y)z . % Wlth q = a

For coherence: gL < 1 (axion and photon field are in phase)
= Sensitivity limit for CAST Phase I m, ~ 0.02eV
Expected Count Rate (X-ray Telescope)

Ny = [ §3¢Pa—yetdE

1

¢, ~ 1.81 glocounts day™

v

TUD M. Kuster (TU Darmstadt) CAST - Direct Search for Solar Axions




Summary

Axion Exclusion Plot

@ No signal detected o o ) ‘ ] ' [‘ Ny |

o Improved CAST 10° | p . ¢
2003 limit 1 s et 2

@ CAST improves T v i
previous direct 8 10 e 18- — S
experimental limits .5 | H ]
by a factor of 7 10 e ]

@ CAST improves 10 55 i
best astrophysical - ]
limit from HB stars e T T T T

Mo, [€V]

Upper limit on g, for m, < 0.02eV:

8ay(95%) < 0.88 x 10710GeV ™!

Andeiamonje et al., J. Cos. Astro. Phys. submitted hep-ex/0702006

TUD M. Kuster (TU Darmstadt) CAST - Direct Search for Solar Axio




‘, CAST Phase I/I1

Phase II — Magnet bore filled with buffer gas (*He/*He)
Conversion Probability

2
Bga _ _
Py iy = ( g;”) m [1 + e TL — 27 TL/2 cos(qL)]

Absorption coefficient: T"
= photon acquires an effective mass

-y Tan
=" | myer /4o =289, /Zp & [0.025 1505 fev]

Coherence for: |/m2 — he < m, < [m2 + 2k

Fill magnet pipes with gas = coherence restored

—> Enter axion parameter range favored by theoretical models m, > 0.02 eV

TUD M. Kuster (TU Darmstadt) CAST - Direct Search for Solar Axions



CAST Phase I1

Different Pressure Settings
0.30[ T T T T T T
[ vacuum p:0,0? p=0.17
0.25F a N

_ £ 020 ]
Possible buffer gases > g

< g ]
“He or *He L 0'155

(Pvap = 16/140 mbar@1.8 K) % 010 ]

0.05}

0.00 Eeee e NN ]
000 001 002 003 004 005 006 0.07
m, [eV]

Systematically change pressure =—> scan mass range m, > 0.02 eV
@ “He: ~ 160 pressure steps 0 < p < 13 mbar m, < 0.4eV
@ 3He: ~ 660 pressure steps 13 < p < 135 mbar m, < 1.2eV

— Allows to scan axion masses 0.02eV < m, < 1.12eV

TUD M. Kuster (TU Darmstadt) CAST - Direct Search for Solar Axions



CAST Phase I1

CAST Phase I/I1

107 T T T

10"

SOLAX, COSME
DAMA

Possible buffer gases el i
> |
4He Or 3 He % CAST 2004 :
o o ol D e
(pvap - 1 6/ 1 40 mbar@ 1 8 K) CAST Prospects : : : &
e UHel
0L Vacuum & ! ! |
Phase I & | Phasell |
s |
1072 Il Il - il Ll
10° 107 107 107 10" 1 10
m,g, [€V]

Systematically change pressure =—> scan mass range m, > 0.02 eV
@ “He: ~ 160 pressure steps 0 < p < 13 mbar m, < 0.4eV
@ 3He: ~ 660 pressure steps 13 < p < 135 mbar m, < 1.2eV

— Allows to scan axion masses 0.02eV < m, < 1.12eV

TUD M. Kuster (TU Darmstadt) CAST - Direct Search for Solar Axions



CAST Phase II — Off Resonance Spectrum

On Resonance Off Resonance Am = 0.007 eV
) 0.00006 / i ax10 /\
} 0.00005 \ E \ \
T: 0.00004 7‘; 6x1077 \
E:J 0.00003 / zf e |
A ) LV

~ -7

Z" 0.00001 l R U \/

2000 4000 6000 8000 10000 12000 14000 2000 4000 6000 8000 10000 12000 14000
Ea(eV) Ey(eV)
Off Resonance Am = 0.002eV Off Resonance Am = 0.011eV
0.00001 /- < 42107 Jn\
o = 3xi07
Tiﬁ $x10° / \ —%ﬁ 2.5%1077 | [\
] 631070 / % 2x107 ‘ I \
T . \ T 15x107 WA
2 4x10 =] 77 | \
X X 1x10 1
Z 2x107° Z sxi0® /
WAV, — u ~

2000 4000 6000 8000 10000 12000 14000 2000 4000 6000 8000 10000 12000 14000
Eq(eV) Ea(eV)
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CAST Phase II — Off Resonance Spectrum

On Resonance

Off Resonance Am = 0.007 eV

0.00006 N
2 0.00005 / z, BAC
3 \ 3
7 0.00004 = 6x1077
% 2 \
SIJ 0.00003 I ef AT
- ,nm \
= |
Z% 0.00001 l £ 210 v
2000 4000 6000 8000 10000 12000 14000 2000 4000 6000 8000 10000 12000 14000
Ea(eV) Ey(eV)
Off Signature to identify an axion signal ! eV

74 35107 i
<. 0.00001 +. . ”
S / \ T 3x10
=L gx10°¢ o507 l I\
L { iy L
3 6x107 & 2w 1 ’ \
T » \ T 1sx107
2 4x10 S , 1 1\
> % 1x10
Z 2x10° Z 510t l | /

WAV, -~ v ~

2000 4000 6000 8000 10000 12000 14000
Ea(eV)
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CAST — Transforming to Phase 11

X-ray Finger MFB
VT4 Vi4

VT2 =
I | Cold Mass Telescope
=I=>4 [ = =

TPC \ /
CCD-Detector
Cold Window Cold Window

Cold Windows/He-Gas System
@ Cold windows (installed)/He-Gas System
@ “*He gas system (in operation 2005-2006)
max. *He pressure ~ 13.4 mbar = m, ~ 0.39eV

@ 3He gas system installation in progress since start of 2007
max. 3He pressure ~ 136 mbar = m, ~ 1.2eV

TUD M. Kuster (TU Darmstadt) CAST - Direct Search for Solar Axions




Cold Windows R&D — Saclay — CERN - Freiburg

Prototype Cold Window 2005

Technical Requirements
@ High transmissivity at 1-7 keV

@ Minimum He leak rate
Gipe < 1078 mbarl/s at 1.8K

@ Transparent in the optical =
alignment of the telescope

@ Survive a “Quench” (= 1 bar)
Top Cover v

Glue__ \rindow

=

Design

Strongback @ Polypropylene 15 ym

@ Electro-eroded strong-back

Flange @ Tests and Qualification:

CERN Cryolab

v

M. Kuster (TU Darmstadt) CAST - Direct Search for Solar Axions
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- Thermo Acoustic Oscillations

Expected Photon Signal Depending on Oscillation Amplitude

80 | Amplitude of'
oscillations: 1%

80 } Amplitude of

‘ 80 | Amplitude of
s |~ |oscillations: 3% — | oscillations: 5%
5 60 1 3 = 60|
S | = | ‘ = \
3 40 | 540 = 40
g, | | & =
20 20 | 20|
| |
|
025 0255 026 0265 027 025 0255 026 0265 0.27 025 0.255 026 0265 027
m,(eV) m,(eV)

m,(eV)

Pressure Oscillations in the Cold Bore

@ Triggered by temperature gradient in the connection
cold bore — outside world for p > 2 mbar

@ Frequency f = 3.7 Hz with 6% amplitude

— 3.4% density fluctuation (Ap/p)
= Significant loss in sensitivity !

Installed dampers = problem solved !

CAST - Direct Search for Solar Axions



: “He Gas System 2005 — 2006 — Cryolab CERN

“He Operation
@ System operated 2005 — 2006 —> well understood
@ Thermo-acoustic oscillations eliminated
@ Windows regularly backed out = avoid contamination

@ Window flanges heated to 120 K = avoid cryopumped gases to
contaminate windows

TUD M. Kuster (TU Darmstadt) CAST - Direct Search for Solar Axions




' Phase II Results “He— MM

) . ) 2005 Background
Micromegas “He Data Taking e
. T oo
o Completed 145 density steps ¥ onfh
(277 h tracking data, 3306 h S EJLH
background data) “E - by
@ New improved detector installed | ~ oos|- Hty ; ++{~++
for “He data taking e ¥ Mg g ++
o n.nz;— " gl +'}+++;Mm+%
Preliminary Result “He e TN AN SN R T
W 2006 Background ™"
= o=’
5 i 13 0.14% :
g %o
[ 2 olo[-
00
[N - ok
\ILV‘HII M‘]“:l“\‘l 'E\ i F
2510 4 Y —
i e - o
L f: M_._B.(.ﬂmm Mﬂ-ﬁi_’_,.m"} -
L TS T N T T, T - T R X E R ¥ L5 THE Pt
axion mass (eV) st i i i I L
2 3 4 H 6 7 8 10 11 12
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' Phase II Results “He— TPC

2006 Background
TPC “He Data Taking BACKGROUND COMPARISON
@ Completed 155 density steps s i1,
(501 h tracking data, 3000 h ! e
background data) - 1,
@ Improved shielding - 1 117
@ Stable performance (no ol B Hliggy,
background variation depending L e
on magnet orientation) Preliminary Result “He

TUD M. Kuster (TU Darmstadt) CAST - Direct Search for Solar Axions



Phase II Results “He— X-ray Telescope

Background Data

200
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0 I
0 10 20 30 40 S0 60
Intensity Image
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Background Spectrum

CuK,

'
Region of Interest *

Normalized counts/sec/keV x 107
z
T
&

o
T

Cu-K; Pb-L/Au-Ly
. . .

1.0 5.0 10.0
Energy [keV]

Performance
@ Background 8.54 +0.17 x
1073 countscm 2 s~ ' keV~!

@ Single pressure/mass step
0.24 + 0.04 counts tracking !




Background Data

200

150

100

0 I i
0 10 20 30 40 S0 60
Intensity Image
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Simulationc ‘Back‘grou‘nd S‘pectlrum ;
‘ounts/Pixel . L Cu-K,
o % [ Region of Interest :0
% A .
018 EE 1,0; ’ Pb‘—LB E
E [ Aue-M Cu Escape | Aok
T A
T M Mo WAL
AL T Ry
E MW‘WHWMW W ‘M W\ i I‘W'h“
0.11 0.1F | Cu-K; Pb-L,/Au-Ly —
1.0 5.0 10.0 14.0
Energy [keV]
Performance
w» © Background 8.54 £0.17 x
105 countscm 25 ' keV ™!
w @ Single pressure/mass step
Y vttt 0.24 + 0.04 counts tracking !
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All Data
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Single Step

200 100
083

150
067
100 050
033

50
017
0 000
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Intensity Image

gm()dO“" GeV™'

Preliminary Result *He

107

10700

0.05 0.10 0.5 020 025 030 035 040

@ 144 density steps 300 h

Wy MWW| ‘mf Mwld

m,., [eV]

high quality data

@ Spot location continously

monitored

No signal detected !

CAST - Direct Search for Solar Axions



Status of Phase 11

10 | Lazarus et Al 4
[ SOLAX, COSME
FDAMA /1
— 107 | . —=
T> E_Tokyo Helioscope E
° [
9 L
= - y
o o CAST204 L)oo ]
£ HB Stars]
107" & 4
E S
5 _QS
i &
102 ul I I I |
107 0™ 107 107 107! 1 10

M0 [€V]

“He runs of Phase II finished ! No signal detected !




Requirements

@ Safety against loss of 3He/release
only to storage vessel

@ Metering of the amount of *He in
the magnet bores (100 ppm) +
reproducibility

@ Absence of thermo-acoustic
oscillations

@ Protection of the thin X-ray Technical Design Report
windows during a quench (CERN-SPSC-2006-029)

@ Remote data logging of the state of
the gas system Successful review October 2006

— started manufacturing and
< integration

TUD M. Kuster (TU Darmstadt) CAST - Direct Search for Solar Axions

@ “Stepping”/“Ramping”’-Mode




3He Gas System — Status

©

Cold window development

@ 3D modeling of new components
(very limited space), e.g.
cryogenic valves, rupture disk, ...

@ Inside cryostat: welding, cutting,
installation of new components

@ Design and manufacturing of

large storage vessels

@ PLC for gas system operation
and control

Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep

Prepare Zone
Work inside Cryo
Work outside Cryo
Vacuum Tests
Cooldown

Install Detectors
Quench Tests
Commissioning

) ing

M. Kuster (TU Darmstadt) CAST - Direct Search for r Axions




» New Micromegas Line 2007 — Overview

X-ray Concentrator
@ Focal length 1.3 m
@ 14 Iridium coated plastic shells
@ Throughput ~ 36%

@ 3 mm spot diameter (100x
background reduction)

Optimized Shielding
@ Copper, Lead, Cadmium and
Polyethylen + N flux

@ Expected background reduction
factor 4

Detector Gas

@ Change Argon to Xenon
=—> 10% gain in conversion

Micromegas with X-ray Optics

M. Kuster (TU Darmstadt)
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» Low Energy Axions

CAST and Low Energy Axions

Potential new field beyond QCD axions
Solar magnetic fields B = ignored s0 far (Bgunspots < 0.5 T)

@ Sun as a strong source of low energy axions (visible/UV)
= Opportunity: next solar maximum

@ Mechanism behind outstanding problems in solar physics ?
Solar corona problem
B? dependence of X-ray flux

@ CAST as complementary experiment to laboratory-based experiments

Analysis of CAST Phase I data is in progress.
See presentations of K. Zioutas/S. Solanki

TUD M. Kuster (TU Darmstadt) CAST - Direct Search for Solar Axions



\ Conclusions

@ CAST Phase I provides best laboratory based upper limit for
my < 0.02eV
Gayy < 8.8 x 10711 GeV~!
which is comparable to the best astrophysical limit

@ Phase II “*He data taking finished in December 2006

= no signal detected

= CAST will reach the predicted sensitivity for m, < 0.4eV
@ Preparation for *He measurements are in progress

expect first data in September this year
@ Request for extension to run in 2008-2010

Main goal: Cover mass range up to m, ~ 1.16eV

Keep fingers crossed that we will experience the opposite to PVLAS !
A signal appears ...

TUD M. Kuster (TU Darmstadt) CAST - Direct Search for Solar Axions




Thanks to All Collaboration Members !!!
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