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aBragg feedback: solids with large periodicities!?

a-e coupling: axioelectric effect =

aBragg
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[Relic axion-like particles in the local halo

As dark matter candidates axions may
be distributed in the local halo. s /
May materialize in the detectors via an =

axio-electric coupling: Ze

=>» Axio-electric effect

http://prd.ap:
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Energy of the electron is given by the
mass of the axion.

Arbitrary units
8 & - 0%

Conversion results in a gaussian
distribution with width given by the
detector’s energy resolution.

3
Energy [keV]

Likelihood analysis 1l

Doktorandenseminar 2009, ETH Ziirich Tobias Bruch University of Ziirich 15

the background.

i

Take possible contribution from Fe
decays into account when modeling

Do not subtract this contribution
while approaching this energy range.

Maximise the unbinned log likelihood
function for each energy/axion mass.
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Doktorandenseminar 2009, ETH Zirich
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Determine total rate A for which a signal contribution is rejected at a 90% C.L.

University of Ziirich 16

Relic axion result

Excludes the relic axion interpretation of the DAMA signal claim.
World-leading experimental upper limit on the axio-electric coupling.

Solar Neutrinos -

- WDs

Mass [keV/c?]

Z.Ahmed et al.,, CDMS, PRL 103, 141802 (2009)
pdf/PRL/v103/i14/e14180:

Tobias Bruch

http://prl.ap:
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a-axion-electron coupling

Q:
aBragg via
coherent Compton scattering?

Similarly to Primakoff scattering off the nucleus
-> off the atomic electrons too?

.~ (E,/511keV)?

excersize!

DAMA - annual modulation
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A testable conventional hypothesis for
the DAMA-LIBRA annual modulation

February 2011

Abstract: The annual modulation signal observed by the DAMA-LIBRA Collaboration (D-L) may
plausibly be explained as a consequence of energy deposited in the Nal(Tl) crystals by cosmic
ray muons penetrating the detector. Delayed pulses in the approximate energy range of interest
have been observed as a sequel to energy deposited by UV irradiation. The same behavior may
be reasonably expected to occur for energy deposited by any source of ionization or excitation.
D-L can test this hypothesis by searching for time correlations between muon events and pulses
in modulation energy range in current data, and by renewed operation of the array at a
sufficiently low temperature that would freeze out the phenomenon.

D. Nygren, astro-ph/1102.0815 http://xxx.lanl.gov/abs/1102.0815

+ 5. Gninenko, private communication.

Axion production and detection

¢ Use the sun as an active source of both plasma fields and
nuclear processes to produce axions

e Convert solar axions into detectable photons via
coherent Primakoff effect in a laboratory magnetic field

= always!

Sun:

A perfectly shielded (radioactive) source of:

neutrinos,
axions,
chameleons,
paraphotons(),

detector
Axion 500 seconds
e g
Flight time
Sun Earth
...elsewhere too! > stars!
aMoBbauer effect ... with “wall” between source and absorber!
Volume 217, number 3 PHYSICS LETTERS B 26 January 1989

SEARCH FOR LIGHT BOSONS VIA THE MOSSBAUER EFFECT

A.DE RUJULA
CERN, CH-1211 Geneva 23, Swirzerland

and

K. ZIOUTAS
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Thermal nuclear excitations inside stars

VOLUME 66, NUMBER 20 PHYSICAL REVIEW LETTERS 20 MaY 1991

Red-Giant Evolution, Metallicity, and New Bounds on Hadronic Axions

W. C. Haxton and K. Y. Lee
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=> Axion emission from
nuclear M1-transitions

emission rate (erg/g-sec)

FIG. 1. Hadronic axion emission rates as a function of tem-
perature for m, =1 eV and Z=Ze. The solid (dashed) lines
correspond to S =0.68 (—0.09), the NQM (EMC) value.
http://prl.aps.org/pdf/PRL/V66/i20/p2557_1

Axion emission from >’Fe 14.4keV M1-

transitions

VOLUME 75, NUMBER 18 PHYSICAL REVIEW LETTERS 30 OcToBER 1995

Proposal to Search for a Monochromatic Component of Solar Axions Using S'Fe

Shigetaka Moriyama*
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FIG. 1. Differential flux of the axion from the Sun. The

sharp peak corresponds to the axion emission from the “'Fe
deexcitation. The broad part of the differential flux corresponds

to the axion generated through the Primakoff effect.
http://prl.aps.org/pdf/PRL/v75/i18/p3222_1

Axion emission from nuclear transitions

< nuclear de-excitation via axion emission (7 ion=0,1%2
—> axion emission from magnetic nuclear transitions
— monoenergetic solar axions (&, =& .niton )
- excitation of nuclei in the Sun (kT ~ 1.3 keV) :
- thermal excitations : 57Fe (14.4 keV) , 83Kr (9.4keV)

32 ——— 44 keV

12 i
Re
Solar core
Te~13keV

Search for solar axions using 5’Fe — RBI /Zagreb

M. Krémar, Z. Kréak, M. Stigevié, A. Ljubiéi¢é, ~ [AXION LINE: E, ~ 14.4 keV, FWHM ~ 5 eV
D.A. Bradiey, PLB 442 (1998) 38 (Doppler broadened)
Due to Doppler broadening, 3 — 144 keV ]
axions could be detected ; yrays
via resonant absorption e i IC electrons
TFe TFe
Solar core Earth, laboratory
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Search for solar axions using 5’Fe — RBI /Zagreb

SOHO: Fe XIl (19.5 nth
W.C. Haxton & K.Y. Lee, PRL 66 (1991) 2557; S. Mariga, PRL 75 (1995) 3222

® Axion source: thermally excited 57Fe nuclei

- 2.2% abundance in natural Fe (solar abundance 2.7 x 105)

= 14.4 keV axion spectrum :
Gaussian
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B+,
XL’A; Btk N Doppler broadening

1y, 1, = isoscalar and isovector nuclear magnetic momgnts-1.19,n = 0.80

Search for solar axions using >’Fe — RBI /Zagreb

Experimental setup:
. Si(Li) detector
« resolution @ 14.4 keV: 235 eV

. target made of enriched 5’Fe
(m= 31.53 mg, ®=10 mm, d=53um)

. efficiency @ 14.4 keV: 1.6%




Search for solar axions using 5’Fe — RBI /Zagreb
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Search for solar axions using “Fe
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Search for solar axions using >’Fe
3 Available online at www.sciencedirect.com

*.° ScienceDirect PHYSICS LETTERS B

Physics Leters B 645 (2007) 308401

[ ———rry

Results of a search for monochromatic solar axions using 37Fe
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Fig. 3. Residual spectrum afier the sublraction of the background data (with
1ol age cicuts natural Fe foil) from that with the enriched *7Fe foil. The dashed line shows

Toem  Leadsheis B hicrs the upper limit of a 14.4 keV' solar axion signal.
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Search for solar axions using 5’Fe Eur. Phys. J. C (2009) 62: 755-76

Search for resonant absorption of solar axions
emitted in M1 transition in 5’Fe nuclei

A.Y. Derbin®, AL Egorov, LA. Mitropol'sky, V.. Muratova, D.A. Semel  Within the framework of the long-wavelength approxi-
mation, the axion emission probability (s /e, ) i given by)
the expression [28, 37, 38]
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80

where p, and p are the photon and axion momenta respec-
tively: a % 1/137. jug % 0.8, 3 ~4.71 are the isoscalar
and isovector nuclear magnetic moments, £ and » are the
parameters depending on the nuclear matrix elements. The
values § = —1.19 and 5 = 0.8 for the M1 transition in the
57Fe nucleus were calculated in [28].

‘The interaction of the axion with nucleons is determined|
by the coupling constant g 4. which consists of isoscalar
2 and isovector g} parts. In the hadronic axion models,
the gy and g} constants can be represented in the form)
[9.10]
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(4.7, 8). one can numerically present the estimated rate of
resonant absorption of axions by the ¥ Fe nucleus (S = 0.5
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Axion emission by bremsstrahlung-like process

- Interesting!

based on axion-electron coupling

Axion emission by bremsstrahlung-like process

Physics Letters B 671 (2009) 345-348
Search for solar hadronic axions produced by a bremsstrahlung-like process

D. Kekez, A. Ljubitic, Z. Kretak, M. Krémar*

« based on electron scattering off protons and He nuclei in the Sun
=> sub-keV!!
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Fig. 1. Differential solar axion flux at the Earth, derived by integrating Eg. (1) over
SSM [24] up 10 1 = R (red line), r = 0.2R (blue line), and from  0.2R, 1o
=R, (light blue line), The axion-electron coupling gec is defined in Eq. (4). (For
interpretation of the references to colour in this figure legend, the reader is referred
10 the web version of this Letter)

Search for solar axions using axion-electron coupling  @RBI-Zagreb

axion emission: bremsstrahlung axion detection: axio-electric effect

Signal: number of events in channel “n”;

<E>=16keV
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Search for solar axions using axion-electron coupling

Experimental setup:
« HPGe detector
« resolution @ 2.0-3.8 keV: 660eV
- target HPGe detector

m=1.5 kg, ®=67 mm, d=80mm
. efficiency @ 2.0-3.8 keV: 100%

20 0 100

0 0
channel number

Results:

conservative limit:

G < 4.4x1011
m,<334eV (95% CL)

energy (keV)
s w0 05

¢ escape
cuk, el

50100 150 200 250 300 350 400 450
channel number

Search for solar axions using axion-electron coupling: 8.41keV,

9Tm PHYSICAL REVIEW D 83, 023505 (2011)

ts on the axion-electron coupling for solar axions produced
by a Compton process and bremsstrahlung Source excitation

A.V. Derbin,* A.S. Kayunov, V. V. Muratova, D. A. Semenov, and E. V. Unzhakov
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Axion emission from nuclear transitions: 477keV, “Li

< nuclear de-excitation via axion emission

—> axion emission from magnetic nuclear transitions
—> monoenergetic axions (&, =B nsition )
- Excitation of nuclei in the Sun (kT ~ 1.3 keV) :

- thermal excitation : 57Fe (14.4 keV) , #Kr (9.4keV)
> nuclear reaction : 7Be + e — 7Li* (478 keV) + v, (384 keV)
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“aMoRbauer” effect: M1, 477keV Li
PHYSICAL REVIEW D. VOLUME 64. 115016

Search for solar axions using 'Li

M. Krémar,"* Z. Kreéak,! A. Ljubicié,! M. Stipéevi¢,' and D. A. Bradley’
‘Rudjer Boskovic Institute, POB 180, 10002 Zagreb, Croatia
hool of Physics, University of Exeter, Stocker Road, Exeter EX4 40, United Kingdom
(Received 20 April 2001; published 13 November 2001)

We describe a novel approach to the search for solar, near-monochromatic hadronic axions, the latter being
uggested to be created in the solar core during M1 transitions between the first excited level of 'Li, at 478
V. and the ground state. As a result of Doppler broadening, in principle these axions can be detected via

esonant absorption by the same nuclide on the Earth. Excited nuclei of 'Li are produced in the solar interior
"Be electron capture and thus the axions are accompanied by emission of 'Be solar neutrinos of energy 384
ke V. An experiment was made which has yielded an upper limit on hadronic axion mass of 32 keV at the 95%
onfdence level
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Search for solar axions  from M1, 477keV transition Li with Borexino CTF
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CTF is a simplified scaled version of the Borexino detector. Its active volume, 1 4 tons of liquid scintillator, is contained in a transparent
spherical nylon vessel, 2m diameter and 0.5mm thick. The active detector is surrounded by 100 PMTs mounted on an open support structure.
The PMTs are fitted with light concentrators which provide a 21% optical coverage. The construction is immersed in 1000m® of high purity
shielding water, contained in an external cylindrical tank 10m diameter and 11m high. Water shields the scintillator against y radiation emitted
by radioactive contaminants in the PMTs and their support structure as well as against s following the capture of neutrons generated within
the walls of the experimental hall. Another 16 upward-looking PMTs mounted on the bottom of the tank form an active muon veto system
(Mvs).

‘The BOREXINO Coll, Eur. Phys. 1. C 54, 61-72 (2008)
nt/19¢1760601870p86 fulltext pdf

Search for solar axions from the M1-transi

ion of 7Li w/ Borexino CTF
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Search for solar axions emitted in the 478 keV M1-transition of 7Li performed with the CTF prototype of Borexino detector. The Compton
conversion of axion to a photon, axio-electric effect, decay axion in two photons and Primakoff conversion on nuclei were searched. The
signature of all above reactions is the appearance of 478 keV peak in the energy spectra of CTF. No statistical significant indications on axion
interactions were found. The new, model independent, upper limits on constants of interaction of axion with electrons, photons and nucleons —
BACgAN = (1.0-2.4)x10-10 at mA < 450 keV and BAYEAN S 5x10°°GeV" at mA < 0 keV were obtained (90%cl.). For heavy axions the limits gae
<(0.7-2.0)x10°® and gAy < 10-9~10"? at 100<mA < 400 keV are obtained in assumption that gAN depends on mA as for KSVZ axion model.
‘These limits are (2-100) times stronger than obtained by laboratory-based experiments using nuclear reactors and artificial radioactive sources
and put some restrictions for heavy axion models.

JThe BOREXINO Coll Fur Phys | CS4 6172 (2008)




“aMoRbauer” effect: M1, 477keV Li

A sample with N, 7Li nuclei +
the Solar Standard Model:

“ScienceDirect
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Laboratory experiment 2x Primakoff effect

TTERS ek ending
PRL 105, 250405 (2010) PHYSICAL REVIEW LETTERS 17 DECENBER 2010

Photon Regeneration Experiment for Axion Search Using X-Rays

R. Battesti,"™ M. Fouché,' C. Detlefs.” T. Roth,” P. Berceau,' F. Duc,' P. Frings,' G.L.J. A. Rikken,' and C. Rizzo'
aboratin Nationa des Champs Magriques Iterses (UPR 328 CNRS-INSA-UIF-UPS). F-31400 Tlouse Celes, Frunce,EU
Eunpean Snclroon Radation Fcly France
Recivd 16 Ak 010, pubbed 16 Decerber 010,

In this Letter we describe our novel photon regeneration experiment for the axionlike particle search
using an x-ray beam with a photon cnergy of 50.2 and 90.7 keV, two superconducting magnes of 3 T, and
. o il s o el . A Gl o ol s Ephs i
2210 has been measured. The corresponding limits on scalar axionlike particle-two-photon
coupling constant is obtgined a5 a function of the particle m mmup i e o3y o of
mestrial exneriments dexated i the axianlike naticle search hy comnling tn twa phatans. 1t k.

~102 photons /s (50.2keV) & ~3:10% photons /s (90.7keV)
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Experimental Setup. The double crystal monochromator is adjusted to select the desired photon energy. The first
experimental hutch corresponds to the ALP generation area with the transverse magnetic field B1. The second
experimental hutch contains the second magnetic field B2 which allows us to reconvert ALPs to photons. Photon
detector: a liquid N, cooled Ge with a high quantum efficiency.

htty abstract/PRL/v105/125/e250405
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FIG. 2. Confidence level limits of 95% on the ALP-two photon E
coupling constant g as a function of the particle mass m,. The | =
grey area is excluded. The dashed line represents limits obtained
with a photon energy of 50.2 keV while the solid line corre-
sponds to 90.7 keV.

Our experimental setup is shown in Fig. 1. We use two
different photon energies, = 50.2 keV and 90.7 keV.
coresponding to slightly different settings of the x-ray
beam line. For 502 keV (resp. 90.7 keV), a Si(111)
[resp. Si(311)] double crystal monochromator is adjusted pre
10 select X rays emitted by the Sth (resp. 9th) harmonic of @ Axion models

the cryogenic permanent magnet multipole undulator

source IS, closed to a gap of 60 mm [27.28]. The energy  FIG- 3. Limits on the ALP-two-photon coupling constant g as
bandwidth is 7.3 eV (resp. 6.8 ¢V). For both cnergics, the @ function of the particle mass m, obtained by experimental
size of the beam is 2 X 2 mm? and the synchrotron x rays  Sedrches. Our exclusion region is presented as the grey area. See
are horizontally polarized. The beam direction is stabilized = text for more details.

m, (e
= Our experiment = Microwave cavity
— ALPS. =

Laboratory experiments

http://prlaps org/abstract/PRL/v105/i25/e250405

Improvement? - excersize!!
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=> from / with Axel Lindner / DESY

a-helioscopes -

[VoLUME 51, NUMBER 16 PHYSICAL REVIEW LETTERS 17 OcroBER 1983)

Idea #1

the principle

P. Sikivie 1983

Experimental Tests of the ““Invisible”” Axion

P. sikivie
Physics . Unia 'y of Florida, ille, Florida 32611
(Received 13 July 1983)

Experiments are proposed which address the question of the existence of the “invisible”
axion for the whole allowed range of the axion decay constant. These experiments exploit
the coupling of the axion to the electromagnetic field, axion emission by the sun, and/or
the cosmological abundance and presumed clustering of axions in the halo of our galaxy.

http://prl.ap: RL/V51/i16/p1415_1




PHYSICAL REVIEW D
the detector design

Idea #2

[THIRD SERIES, VOLUME 39, NUMBER 8 15 APRIL 1989

http://prd.ap: fol i 1
Design for a practical laboratory detector for solar axions

K. van Bibber
Physics Department, Lawrence Livermore National Laboratory, University of California, Livermore, California 94550

M. McIntyre
Physics Department, Texas A&M University, College Station, Texas 77843

D. E. Morris
Physics Division, Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720

el t
Institute for Geophysics and Planetary Physics, Lawrence Livermore National Laboratory, University
ivermore, California 94550
and Astronomy Department, University of California, Berkeley, California 94720

CERN Axion Solar Telescope:
QCD Axions or other similar exotica > WISPs

Signal: excess of X-rays
during alignment over
background

Production: Primakoff effect
Thermal photons interacting
with solar nuclei produce Axions.

Detection Inverse Primakoff:
axion interacting with a very strong
magnetic field converts to a photon

Differential axion fiux on Earth d(D

69, NUMBER 16 PHYSICAL REVIEW LETTERS 19 OCTOBER 1992

Search for Solar Axions

D. M. Lazarus and G. C. Smith
Brookhaven National Laboratory, Upton, New York 11973

R. Cameron,® A. C. Melissinos, G. Ruoso, ® and Y. K. Semertzidis )
Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627

F. A. Nezrick
Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510
(Received 22 May 1992)

We have searched for a flux of axions produced in the Sun by exploiting their conversion to x rays in a
static magnetic field. The signature of a solar axion flux would be an increase in the rate of x rays
detected in a magnetic telescope when the Sun passes within its acceptance. From the absence of such a
signal we set a 3o limit on the axion coupling to two photons g, /M <3.6%10~° GeV ', provided
the axion mass mg <0.03 eV, and <7.7x10~° GeV ™' for 0.03 <m, <0.11 eV.

PACS numbers: 14.80.Gt, 95.85.Qx, 96.60.Vg

int theories of elementary particles predict the ex- Axions that couple directly to electrons through an eec
of low mass scalar or pseudoscalar particles.  vertex provide a very efficient energy-loss mechanism an
rise naturally when a global symmetry is spon- their relative coupling is excluded by many orders o
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Axion energy [keV]
PhOtOH—aXlOﬂ mi lng Axion-photon conversion probability:
In an external transverse magnetic field photons and
axion n_n_x, l_eading to photon—z_lxio_n oscillations. The )2 14 e TL _ 96-TL/2 cog(qL)
probability in a constant field is given by 21 (T2/3)
van Bibber, Mcintyre, Morris,
e L: path length.
2 2 oI =)7L
|mZ — mj|
- r = e )\ absorption length.
2wq
L i e ¢ =27 /q: oscillation length.
In the limit ¢ — 0 we obtain
. q= |'m?’ - mz /(2wa).
Py = 594, B
L ® m,: photon plasma mass.
‘theory.tifr.res.in/~jigsaw/talks/huber.pdf http://wingate.uoregon.edu/BSM _Fall05/davoudiasl.pdf
Birth of solar axion astrophysics in BNL 1990 . . y
Axion helioscope B\

A: Main cylinder
| B: Refrigerators

C: Preamplifiers

D: Turn table
E: Motors

Cn cold finger
C coils
c: He gas tube
b shield
e: X-ray detectors




‘ The Tokyo axion helioscope

Sumico ‘

et

Azimuth: 360°
Altitude: =28°
Driving system with AC servomotors

.

.

il /; / (r\\
e (

1

ball

)

encoder
Gimuthy
servomotor

i)

floor

NOVAS-C for calculating position of celestial object
Case of tracking the Sun: 12 hours/day on average

R. Ohta, U.0.Tokyo

The Tokyo axion helioscope

LI 1 e o 11 e L2 e 1]
Lazarus et al.
|"SOLAX, COSME, CDM:

DAMA
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mg [eV]
http: icepp.s.u-tokyo.ac.jp/*minowa/Minowa_Group.fi ico.htm

Cern Axion Solar Telescope

9.26m

-
SUNRISE

el

_ SUNSET
X de!

magnetic pipes

See about Sumico http://xxx.lanl.gov/PS cache/arxiv/pdf/1002/1002.0468v1.pdf
http://xxx.lanl.gov/PS_cache/arxiv/pdf/1004/1004.1308v1.pdf

Thomas Sahner

The Tokyo axion helioscope Sumico ‘

Magnet

GM
+ Superconducting Bl
magnet T
(4T 2.3m) [
+ Two GM st ol
refrigerators - AN
—No liquid He

Ist stage

high Te superconductor

shicld

o i
racetrack coi 20x90mm
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75T TR TR RN
200mm | {_100mm W

AN

S
143t ]
F 2300mm :

R. Ohta, U.o.Tokyo

Galactic Coordinate Sumiko

//JL
8

Y
@/ /

Search for possible axions emitted by other celestial objects. we scanned about
10% of the celestial sphere as shown in the following figure and searched for point axion sources. We also
searched for axions from four compact objects, the galactic center, Sco X-1, Vela X-1, and Crab nebula. The
AXION HELIOSCOPE is further directed toward the soft gamma ray repeater SGR 1900+14 to search for
axions produced in it with its very strong magnetic field. No positive signal is found so far, and we put limits
on the axion flux coming from them for the first time.

Decommissioned prototype LHC dipole magnet.

Magnetic field: B=9T Rotating platform

Length: L=9.26m ( Vertical: +8°, Horizontal: +40°)
2x90 min solar tracking/day

Sunrise: X-ray Focusing Device coupled to CCD + 1 Micromegas

Sunset: 2 Micromegas




CAST is a difficult experiment:

- 1.8K

- superconducting (= quenches!)

- moving / alignment

- Cryo Fluid Dynamics of buffer gas
-> tracking

- low background X-ray detectors

- the only(!?) telescope at 1.8K

Twice per year (March/September) direct optical check
A camera on top of the magnet aligned with the bore axis
Corrections for visible light refraction are taken into account

The CAST experiment

Location
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First Results from the CERN Axion Solar Telescope

K. Zioutas® S And.u’\mon]e, ' AAsov,‘MS Aune, D. Auuem, #F.T. Avignone,’ K. Barth,' A. Belov,!' B. Bellmn,
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L. Di Lella,"" C. Eleftheriadis. J. Englhauser,” G. Fanourakis,” H. Farach,” E. Ferrer,” H. Fischer,'’ J. Franz,"”
P. Friedrich.” T. Geralis,” I. Giomataris.> S. Gninenko.'" N. Goloubev.'" M.D. Hasinoff,'> F.H. Heinsius."”
D.H. H. Hoffmann,*1. G. Irastorza, J. Jacoby,"* D. Kang, '’ K. Kénigsmann,'” R. Kotthaus,"* M. Krmar,' K. Kousouris.”
M. Kuster,” B. Laki¢,'” C. Lasseur.! A. Liolios,® A. Ljubi¢i¢,"” G. Lutz,'* G. Luzén® D.W. Miller,” A. Morales,**
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The CAST Collaboratioh

'European Osganization for Nuclear Research (CERN), Genéve, Switzerland
'DA.“VH Centre d’Etudes Nuc res de Saclay (CEA-Saclay), Gif-sur-Yvette, France
3Department of Physics and Astronomy, University of South Carolina, Columbia, South Carolina, USA
'GSI-Darmstadt and Institut fiir Kernphysik, Technische Universitit Darmstadt, Darmstadt, Germany
SMax-Planck-Institut fiir Extraterrestrische Physik, Garching, Germany
CInstituto de Fisica Nuclear y Altas Energlas, Universidad de Zaragoza, Zaragoza, Spain
"Enrico Fermi dnstitute and KICP, University of Chicago, Chicago, ilinais, USA
Faristotle University of Thessaloniki, Thessaloniki
}vmmm! Center for Scientific Research “Demokritas,” Athens, Greece
Albert-Ludwigs-Universitdt Freiburg, Freiburg, Germany
Mnstitute folNur!e(! Research (INR), Russian Academy of Sciences, Moscow, Russia
"2Department of Physics and Astronomy, University of British Columbia, Vancouver, Canada
13 Johann Wolfgang Goethe-Universitd, Institut fiir Angewandte Physik, Frankfurt am Main, Germany
"Max-Planck-Institut filr Physik (Werner-Heisenberg-Institut), Munich, Germany
“Rudjer Boskovic Institute, Zagreb, Croatia

PARTICLE PHYSICS

Magnetic Scope Angles for Axions
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Tracking system precision

Sun Filming
- Twice a year (March — September)
Direct optical check. Corrected for
optical refraction

beveral yearly checks cross-check that the magnet i

following the Sun with the required precision

GRID Measurements
- Horizontal and Vertical encoders define the

Mmagnet aherttion - Verify that the dynamic Magnet

Pointing precision (~ 1 arcmin) is within

: our aceptance
- Correlation between H/V encoders has been P

established for a number of points (GRID

points)

- Periodically checked with geometer
measurements

i3

Projecton st 10m  Woving right
sren 200811
o 2008.¥2

5

Tenafe)

Cold thin Windows

¢ Observation: “Dark spots” on the windows
— Condensation of water from residual vacuum (outgasing) of the “warm” side
— Vacuum better controlled (pumped)
~ Periodic bake out of windows

21.10-2008

CONSTRAINTS TAOs

* Nop
/
7
e
70 \epm
/ \
74

-

*  Fastincrease - “13x, in about 3 seconds,
*  Maximum increase < 20x, in about 200 seconds.

The CAST experiment
CAST is a dipole magnet so it can host up to four T Vecsum Spsen 5r.cC0 Doweter
detection lines (two at each side) )
Sunrise side H
Unshielded Micromegas The X-Ray Telescope is Y
Detector focusing a @43 mm x-ray
Background about = beam to g3mm
12cksh S/B improvement
by ~150 prepr—

Sunset side
TPC chamber operated by the group at
U. Zaragoza and covered two magnet
bores.
Backgr. level about 50 cts/hour




Magnet CAST X-ray telescope

Bore X-Rays

o 43 mm
Focus
Nested |
Parabolic i
Mirrors
/ CCD-Detector

e / Spote 3 mm
%
— Focal Length 1600 mm

€ Spare # from german space program

... not in the original proposal!

-> distinguishing CAST
-> ID potential: signal and noise

> CAST fulfilled original proposal from 1999

e Alignme Improvement
X-ray telescope + CCD system P = P
Laser Spot X-ray Finger Spot
X-ray focusing device I I
» Wolter-I-type telescope (Prototype of ABRIXAS mission) o =
« 27 nested, gold-coated mirror shells
+ Only one sector of telescope illuminated at CAST o Conter
enter
pn-CCD (Prototype of XMM-Newton mission) 1 . 1 .
« Very good spatial and energy resolution )
« Simultaneous measurement of signal and background
CCD detector " v
S/N improvement of ~100!
Defines the location of the Axion Defines the reference position to
signal ! verify the alignment !
X =308 Y=1096 X =435 Y =108.0

. CAST phase II — principle of detection
Data in Phase II-°He

+Spot position well determined

Tracking [ — Signal simulation *Full sensitivity of telescope d L
g Fr ... exploited

. «Counts in the spot compatible
with background level

cAST
« Extending the coherence to higher

#Stable data-taking axion masses... e 1y 53 days)
(o] 1  Mean background rate » Coherence condition (gL << 1) is recovered
(1-7keV) for a narrow mass range around m,
—_ 2 2
= ldl = mg —m3 .
2F 107
~ 8x10cts keV-lem 25! 107°L  eosmoar
iral, [z . 3
my x| ———= =28.9\/Zp eV “’
! m, A o
» Stable data taken!! Ne: number of electrons/cm? 10 .

p: gas density (g/cm?) 10" 07




The CAST experiment
Axion-photon probability conversion in a magnetic field.

Probability to convert an axion to photon in amagnetic field ~B? and ~L2.

_ _(9:yBL/2)’ ~TL _ o, -TL/2
Pon= oo [1 e — 26T 2cos (qL)
The probability conversion is maximum ’ B il

when the momentum transferred is zero

2E,

Magnet field in vacuum conditions (mx =0) enhances
conversion probability for low axion masses

—> m, <0.02eV
Conversion probability

Vacyum phase

1.80-17

= 1.6e-17 /Buffer gas phase Buffer gas is requ"ed for

S 14e7 } iﬂ; recovering coherence with highe

£ 12017 12017 I\ axion masses.

5 terf len7 I

g 8e-18 [

2 Be8r geqs [ | e

o 6e-18 | 4e-18 | 98,77, [ 8 ]

2 [ | mey 28T\ [ —p [ | oV

£ sers| '8 J .\ Ve lews

8 . 025 0.259 0.268 :

S 'z THIN axion mass resonance, many
1e-05 0.0001 0.001 001 01 + overlapping densities required for

ma[eV] covering a wide axion mass region

K.van Bibber etal

CAST Phase Il & 43He

_;10'7f RRLLL B SR e e e
i . © E Ongoing
Scanning progress: g: R
107 /
SoLAX, CoSME
" oawa

Tokyo helioscope

Ongoing
progress

El
b
T

AT 2004

107 = A e
F .
¥
................ —emo- gt B
globulal clusi E &
+
i .’ . } Cosmological limit (Hannestad et al, JCAP 0507 (05) 002)

~10 mbar Yot 10' 10° 102 100 1 10
~0.340 eV Msion(€V)

Coherence length? Gas behaviour simulation (CFD Simulations)

p lkg/m?]

a
X-Coordinate [m]

CASI Physics

608 mbar

Bg, ) 1 . g
R[5 e -2 o]

Mot (In vacuum m, = 0, [=0)

Pimba

L= magnet length, [ =absorption coefficient

. . _
|2 |
_ |AmN, - z - (mbar )
m,(eV) = 7“13 289, Ap ODZEFT(T)
Coherence condition
N

qL<n:>\/mf—2’f'a <mﬂ<\/mf+$

THERMO ACOUSTIC OSCILLATIONS

Not foreseen!

80/ Amplitude of

80| Amplitude of
| osctttions: 1% Aiiteof
ol

| oscilarions: 3%

80 | Amplitude of
oscillations: 5%

S Z0|
S| S
= 20| = 50/
035035 0% 0365 037 035 3% 03 0363 027 035 035 036 0365 027
meV) vy

* Thermoacoustic oscillations were observed with “He gas filling for p > 2mbar
with f=3.7Hz and ~6% amplitude (8p/p); Isentropic model gives 3.5% density
fluctuation (3p/p).

* Phenomenon was studied and solutions designed; Damping plugs installed on
the linking pipes

The leak problem during 2008

Towards a description of the axion mass coverage

Pressure changes during tracking are related with density changes

(=Y "
5 i | The density at the magnetic region does not
Mo 7 remain constant during tracking.
ns L
f @
7 \ s, J\ % A new analysis method is required to be able to
\ NI~ s obtain a imit.
365 |
] @
Tracking stans__Tracking ends
E @
1600 1100 1800 1900 2000
Magnet Angle [degrees]
085

Ideal gas approach of the pressure in the system starts to do not be

Real gas
s deal
accurate enough in this new phase. 0s algas

A more accurate equation of state is used

Aion mass [eV]

P 2
—==1+B(M)p+C(T)p" + ...
pRT 045
The best approach to the density inside the cold bore is to translate the 04l
measured pressure directly into density .
035
Pueck = pRT, + B(1L8K)p* RT, =

Cold bore pressure [mbar]

002
001




Axion rest mass sensitivity
7

10

N./g;
TTTT1

LLil

Jaime Ruz

The CAST experiment

CAST requires a data taking period to cover
axion masses up to ~¥1.2 eV.

The idea is to cover a conteneous axion mass region by
overlapping thin axion mass resonances.

The CAST Physics program

Vacu Phase  Resorace at002ev

0 o5 001 0015 002 005 003 005 004 0045 003
ion mass [ev]

CAST Phase | (Vacuum), Completed (2003-04)
B,y <0.88x101°GeV! m,<0.02eV
JCAP04(2007)010, CAST Collaboration
PRL (2005) 94, 121301, CAST Collaboration
CAST Phase Il (4He), Completed (2005-06)
Bayy < 2.2 X 1070 Gev
0.02eV<m, <0.39eV
JCAP 0902:008,2009, CAST Collaboration
160 density steps
CAST Phase Il (*He), Running (2008-11)

M ionl

3 L L
107 10° 10° 10" 10 0.39<m, <1158V
[evic?]

X-ray telescope + future CCD system:

A back-up CCD system :

Electronics

New CCD chip:
« Lower background (better selection of materials)
- Lower threshold (~200eV)
= Better energy resolution (<160 eV (FWHM) @ 6keV)
= Mechanical design, cooling system (CERN: engineers, Cryolab)
- D pling of tel pe and d 1 Simpli: ion of ali

Imaging area
256 x 256 Pixels
75 %75 pm?
1.92x192 cm?

Front view of the assembly:

-4

2" X-ray optic

* Measured effective area (throughput) very different than simulations

* Several factors at play

®

simulation, 0.32 mm

Effective Area [cmZ2]
T

substrates, 10A roughness, pure Ir film

o[ measured h
ol . . . . ]
0 2 4 6 8 0

Energy [keV]

Micromegas detectors for the CAST experiment

Micromegas detector concept

The Micromegas detector is a gaseous detector which consists of a readout that allows to
obtain temporal and spatial information from any ionizing process that has been taken place in
the detector chamber.

The detector is split into the: a) drift or conversion region, b) amplification region.

In the drift region the initial ionization occurs, where each kind of event produces a particular
electron cloud pattern (defined by volume, shape, etc) which is proportional to the energy of
the event.

The amplification region allows to increase the signal intensity at the readout planes.

Drift region i Temporal
= Mesh signal ———> irformation
Amplification gap Spatial
Strips signals ———>  j1to mation

v'CAST Phase |, Vacuum

* ma<0.02eV

* Completed, (2003-2004)
* PRL94(2005)121301

* JCAP04(2007)020

v'CAST Phase Il, *He

CAST Status

Parallel searches

* P< 13.4mbar, 160steps
© 0.02<ma<0.3%V
* Completed(2005-2006)
* JCAP02(2009)008

v/CAST Phase Il, 3He

® P< 120 mbar

© 0.39<ma<1.16eV

o Started in Nov 2007

* Will continue to July 2011

* High Energy Axions: Data taking
with a HE calorimeter arXiv:0904.2103

* 14.4 keV Axions: TPC data
(arXiv:0906.4488)

* Low Energy (visible) Axions:
Data taking with a PMT/APD.
(arXiv:0809.4581)

222




Sunrise detectors

CAST detectors, Phase I & Phase II-*He

Typical Rates

85 counts/h (2-12 keV)
MM | 25 counts/h (2-10 keV)
ccD | 0.18 counts/h (1-7 keV)

=
B
o

Sunset detector
(covering two bores)

CAST detectors, Phase II-*He

New generation Micromegas

Typical Rates
MM | 3 cts/h (2-10 keV)
CCD | 0.18 cts/h (1-7 keV)

8

Sunset detectors
(2 new Micromegas)

Sunrise detectors

Sunrise detectors

CAST detectors, Phase II-*He

New generation Micromegas

Typical Rates
MM | 3 cts/h (2-10 keV)
CCD | 0.18 cts/h (1-7 keV)

Sunset detectors
(2 new Micromegas)

New generation Micromegas

2nd generation Micromegas:

Novel manufacturing technique
(microbulk technology)

Materials selected based on low

intrinsic radioactivity

Improved shielding (modified TPC

shielding)

Good potential for very-low background rates

See also
2010 JINST 5 P01009
2010 JINST 5 P02001

Data in Phase II->He

Background Spectra

3e-5/ Sunset1
Sunset 2

3e5 Sunrise

Fneray el

Mean background rate (1-7keV)

< 1x10cts keV-lem2st

Data in Phase I1->He

Tcounts/ hour)

e

Total Energy keV

Very low background:

Studies underway:

complete simulation of the whole chain:
Geometry, physics processes, readout

Identical setup to be put in Canfranc
Underground Laboratory o further
study the effects in a very low
background environment.

84




4He + 3He coverage with Sunrise Micromegas detector

Laser exps.

2008 data ;
He data | 1 10°

*He zoos/
crystals
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PRELIMINARY:
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10°% 10° 10* 10® 102 10" 1 10

o Cosmoogy and ..byproduct > New solar axion4D

Cosmological bounds on sub-MeV > exercise!
mass axions

Remember: mg - m?'

o =t e

coh
Davide Cadamuro,” Steen Hannestad,” Georg Raffelt® and

Javier Redondo Axion-photon conversion probability

“Max-Planck- fiir Physik (Werner-Heisenberg-Institut), 107
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Abstract. Axions with mass m, > 0.7eV are excluded by cosmological precision data be- 1R | e e \ \“M H
canse they provide too much hot dark matter. While for ma > 20¢V the a — 2y lifetime " .
drops below the age of the universe, we show that the cosmological exclusion range can 10° 107 K 1 10
be extended to primarily by the cosmic deuterium abundance: ax- s
fon decays woild s aryon-to-photon Tatio at BBN relative to the one
at CMB decoupling. Additional arguments include neutrino dilution relative to photons by
axion decays and spectral CMB distortions. Our new cosmological constraints complement
stellar-evolution and laboratory bounds
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Search for HE; TE solar axions with

CAST

The CAST gamma-ray calorimeter

Motivation

* Axions or other exotica might be emitted in nuclear reactions within
the sun (M1)

* Maximize sensitivity to high energy (MeV) axion signal via
axion-y conversions in laboratory magnetic field

« Set limits on axion couplings and mass through solar model
constraints

JCAP, arXiv:0904.2103

Calorimeter installation on CAST r

gnet platform

Plastic Muor
et

Milon veto 2T Pb srijelding

/Jltra-low bckg Pb

4 AN

o | A

i

]

Brass sUpgort tbe

Lourgele P

Side View

Calorimeter Design and Properties

¢ Large inorganic scintillating
crystal (CdWO,)

¢ Low intrinsic background,
high y efficiency

¢ Low-background
photomultiplier tube (PMT)

¢ Pulse shape discrimination

¢ Env. radon displacement

¢ Plastic scintillator as a 4n
active muon veto

¢ Borated thermal neutron
absorber

¢ Sub-200 keV threshold
¢ 200 MeV dynamic range

Compare solar tracking spectrum with background

Solar tracking Tracking and BCKG (cuts)
and background
energy spectra
for the CAST
calorimeter

Soiar Trackng
Background

3
OO
Ty

Search for axion
signal — look at
residual!

1 2 3 45678 20 30 40 10?
Enmy(mv}u




Look for excess signal buried in data

Resldual Tracking - Norm'd BCKG (cuts)

==ssss 95% CL peak
=== Best fit (signal

Best fit (bckg)
T Bestfit (sig+bckg)

counts | cm’ sec keV.

===

Signal:

— mono-energetic peaks at
low energies

— structured energy
deposition at high
energies

Obtain 95% CL (20)
allowed counts at each
energy

Final results from the CAST calorimeter

Limits on g, vs.m,

" —” / g

5

o ooVt

Hloasismolosy

P
+ Use the helioseismology limit
on®, (0.2L,) to set upper

limit on the axion-photon

couplinggy,,,

Alternatively, can use CAST
X-ray limiton g, (e.g., PRL

94, 121301, 2005) to set upper
limit on solar-axion flux @,

>Is there a non-standard flux of low
energy axions emitted by the sun?
a CAST ‘first’

Visible photons would convert into axions
in the strong B fields of the Sun'’s surface.

An optical device (PMT + APD) was coupled
to a magnet end.

First measurements in the visible (2-4eV
energy range) in two periods in 2007 and

Low Energy Axions

»>Improved detector (noise/100)

BaRBE:

2008:
no signal excess over background

arXiv:0809.4581

during the 3He scan.

perm. ly in itic mode

From “photons” to “axions”

P Combine:

Axion-photon Gonversion probability
— 95% CL allowed photon flux:(DY W
— conversion probability:

Pa—»y (a constant dep. on mass,
aftersep.g,.)

— helioseismology upper limit on
axion flux: (I)a

P Obtain limit on axion-photon

coupling: 9any

® 2P, (m)P,9%,

axion-; conversion probability

107

 e—re
O\ Ty Can fix either quantity to
ay P, (m)H®, obtain limits on the other

14.4 keV solar axions byproduct:

107
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JCAP12(2009)002 arXiv:0906.4488

bridge to other exotica too

= demanding + inspiring new experiments




