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Contribution to the search for solar axions in the CAST experiment

Summary

The CERN Axion Solar Telescope (CAST) is an implementation of the axion
helioscope with the highest sensitivity to date. In the present thesis the results of the
analysis of one of the Micromegas detectors in CAST (sunrise side) for the 2009 and
2010 data taking periods are presented.

A new detector lab has been realized at CERN (162 S-065) with a variable energy
calibration system based on an X-ray beam line built at the Max-Planck-Institut fiir
extraterrestrische Physik/Garching (MPE). The purpose of this work is to calibrate for
the first time the present and future CAST detectors, in a number of energies and test

the efficiency of the software selection criteria.

The results of the measurements in the lab were used in the analysis of the data
acquired in 2009 and 2010 with the sunrise Micromegas detector of CAST. The data
are consistent with no axion signal, thus a limit in the coupling constant of axions to

photons is extracted in the axion mass range 0.655 -1.01 eV /c*

Zay < 3.9%10° GeV! at 95% CL

which is expected to be slightly improved by the contribution of the rest of the

detectors.
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Iepiinyn

[Mapoéro mov 1o Standard Model eivar po woytwuévn OBeswpioc kot 1 1oyx0G TOL €)EL
emPeParwbel mepopotikd oe peydro Pabuod, eyeipel Kamolo ovomdvinta oviypato, 0nwe To
mpoPinua ¢ mapoaPiaong g CP ovupetpiog otig woyvpés ariniemdpdosls. H QCD,
nmpoPrénel po mapafioon g cvppetpiog CP mov dev €xel emPePforwbel mepapaticd. Mo
Aon oto mpoPAnua gwonydn amd tovg Peccei kot Quinn to 1977 [1], mov mpdtewvay v
dwtnpnon g ovppetpiog CP vmd v mopovcio evog yevdofabumtod cmpatidiov, Tov
a&loviov, emexteivovtag tnv Wéa tov 't Hooft [2,3].

A&16vio pmopovv va mapaybodv otov Ao pe o unyavicpd Primakoff [21]. H dwagpopikn pon
TV NAMokdv ofoviov otn yn, Aoupdvoviag vmoyn 1 péon omdotacn MAL-YNG
vroAoyiotnke [57] AapPdavovtag voyT to Tedevtaio nAtokd poviédo [58] tov 2004:

dd,

Eq
dE = g%o 6.02 - 1010 E5'481 e 1.205 [Cm_zs_lkev—l] (l)
a

Onov g19 = Gay/1071° GeV™! Kon o1 evépyeieg sivan oe keV.
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Zynuoe 1: H pofy a&loviov otn 1, omd 1o televtaio niiokd povtédo [58]. H péyiom évraon sivon ota ~3 keV
ko 1 péom evépyera givon (E,)=4.2 keV.
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To Tnieoxomo Hlwaxov A&woviov oto CERN (CAST), sivor pa e@apuoyn &vog
nAlockomiov afloviov pe ) peyaddtepn péxpt otiyung evoaucnoio. H apyn aviyxvevong tov
givon To pavopevo Primakoff: ‘Eva eioepyduevo a&lovio emidpd pe Eva duvntikd eotovio and
10 Kk@BeT0 pOyvnTIKO TESIO TOL UAYVATN] TOL TNAECKOTIOV Kol HETOTPEMETOL GE £€val
TPOYUATIKO POTOVIO OV UETOPEPEL TNV EVEPYELNL KOL OpUN TOV apykoy afloviov oOtov
aiovio Kot otoévio Ppiokovial o€ COUTTMOOT. ZYNUOTIKN OVOTOPACTOCT TNG TOPOUTAVE®
apyns eatveton oto Zynua 1.

To wvpro e&dptnua tov CAST eivan €vag dimorog mpwtdTLIOC poyvTng 10 pétpwv amd 1o
LHC, mov pmopet va mapdyet medio 9 T [61]. AvTdc 0 TPOTOTLTOG LOYVITNG KOTOOKEVAGTNKE
va gival €vB¢ K Oyt KVPTdHG dg ot vorowrol payviteg Tov LHC. Ot 0o kothdtntég Tov
&yovv dvorypa 43 mm.

Avto¢ 0 mpwtdtvmog payvitng tov LHC Pploketon eykateomnuévog o€ pior Kivovpevn
TAQTQOPLO. TTOL TOV EMTPEMEL Vo Kiveiton amd -8° €wg +8° otnv kdbetn dievbvvon kot amrod -
40 éwg +40 poipeg otnv oplovTia, EMTPEMOVTIAG TOV VO aKoAovBel Tov NAL0 mepimov 1.5 dpeg
otV avatoAn Kot 1.5 dpeg otn dvon Kab’ OAn T d1dpKeLn TOL YPOVOV.

ADO S10QOPETIKOL TOTOL AVIXVELTOV aKTiVeV X, youniod vrootpdpatog (tpeig Micromegas
ka1 évag CCD) elvar tomofetnuévol oe kabe akpo Twv 60V0 KOIWAOTNTMOV TOV UOYVITN, UE
OKOTO VO OVIYVELGOLV OELOVIOL OTOKAEICTIKA OTOV O Hayvitng akoiovbel tov MAt0. Tig
VIOAOUTEC MPEC TNG MHEPOC O HayVATNG MEVEL OoTAoWOG o€ poe oploviio Béom o
Aoppévovton HETPTOELS VTOGTPMUOTOG,

Sunset /(
photon detectors 10 m superconducting Magnet | ~  Sunrise
LHC test magnet feed box photon detectors

Low-background

Low-background e
shielding

shielding

Driving wheel &~ —

Turntable

Sy
Looking for axions - an artist’s impression of the CAST experiment.

Trolley
AN

Mo 2: ZynUoTikn avarapdotacn g apyng aviyvevong a&oviov amd to meipopo CAST.
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Koatd ™ odpkela tov meptodowv Aqyng oedopéveov tov CAST OAeg o1 yeviEg aviyveLT®V
Micromegas ypnowomombnkav. Ztnv apyn ™ Pdong 1 (2003) kor g ddaong I (Aqyng
dedouEVOV LE *He 10 £0MTEPIKO TV Kothothtv — 2005 kot 2006) aviyvevtéc Micromegas
SLUPOTIKNAG TEYVOAOYIOG YPTCILOTOMONKAY GTNV OVOTOAIKY LEPLEL TOV LAY VITY).

Koatd ™ dwokomn yio cvuviipnon tov 2007, yio tnv wpogtopacio yio ) ®daon 11 pe He o710
E0MTEPIKO TOV KOIAOTATOV, £YIVE Lo TANPNG AvABEDPNON TOV YPOLUUDV TOV OVIYVELTMOV TOV
eMETPEYE TNV gyKatdotaon aviyvevtdv Micromegas teyvoloyioag bulk kot microbulk ce tpia
a0 O, TEGOEPO AKPO TOV KVAVOPIKAOV KOIAOTNTMOV TOL LOYVTH).

Ot aviyvevtéc Micromegas teyvoloyiog microbulk amodeiyOnkav n kakdtepn emhoyn Yo Tig
nepapatikés ovvinkeg tov CAST. H yprion Alyov vAkdv, n xounAr gyyevig aktivofolio
TOUG KOl 1 KOAOTEPT] EVEPYELOKN OLOKPITIKY KOVOTNTE TOLG, TOVG KAVEL APLOTOLS Ylol
meWPApaTe  oviyvevons ocopoTwiov  pe  youniovg pvBuovc.  Zvvovalovv  OAa T
mAgovekTNUaTo TV oviyveutdv bulk pe Bedtiopévn anddoon opotopopeio Kot otodepoTnTa.
O1 avryvevtég microbulk oto CAST éxovv @Tdoel EvEPYELOKT SLOKPLTIKT IKOVOTNTO KAADTEPN
and 12% FWHM, og avtifeon pe toug bulk mov dgv pmopodv va gTaoovy TIHEG PIKPOTEPES
a6 14% FWHM. Andé 1o 2008 1tpeic amd T1C T€00EPIS YPOUUEG TOV TEPAUATOS
KataAapupavovtol and aviyvevtég teyvoroyiog microbulk.

Katé ™ dibpkero. AMyme dedopuévov pe oviyveutég Micromegas, tpelg tHmotr dedouévmv
AopPavovtat. (pétpnon emmédov PNdevIKoD GHUOTOS, PobUovounone Kot VI0GTPMUOTOS).
Ta dvadikd apyeion mov amodnkevovial omd 10 GHOTNUA ANYNG SECOUEVMV TOV OVIYVELTY|
Micromegas otV avoToAlkny TAEVPA TOL TEPAUOTOG TPETEL VO ATOKMOKOTOBovV Kot va
e€ayBovv amd avutd OAeg ol amapaitnteg TANpoopics. 'Eva yeyovog mov kotaypdeetol and
TOV OVIYVELTH OOTEAEITOL GO TO GO TOL KoToypdgetol amd to Strips kot amd 2500
detypoto omd tov TOAUO mov Koataypaeetor amd to mesh. Ov 600 Poacikéc opdadeg
TANPOPOPLOV Elvar N yPIKN TANpoopia. mov mpoépyetan and ta X ko Y Strips kot n
YPOVIKY TANPOPOPIO, TTOV TPOEPYETAL OTO TO GNILO TOV GLAAEYETOL 6TO MeSh.

Ao eEayBel n mAnpogopia, epapuoletar Evag aAyoptORog yio TV ETAOYN YEYOVOTMOV, Yo
Vo Ol ®PIOTOVV TO, YEYOVOTO TTOV TPOEPYOVTOL OO aKTive X, amd To LIOAOITO, OTMG
KOGUIKA [OVIO KO OKTIVES Y DYNANG EVEPYELOS, TOV €lval Ko O1 KUPLES TTNYES VITOGTPDLOTOG
oto CAST, pe pvbud mepinov 1 Hz. Ov axtivec X pe evépyeieg pikpodtepeg tov 10 keV
TOPAYOVV TPMOTOYEVN 1OVICUO TTEPLOPIGHEVO o€ MYydTepo amd 1 mm. Aol dwumepdcel v
TEPLOYT EVIOHLONG TOL AVIXVELTY], TO POPTio Ba £xel pikpd risetime kot péylot dacmopd 5
mm. Ta piévia Kot to TOAD evepyelakd emTOVIA ¥ Ba £xovv TOAD o mAaTHS ToApovs. T
aVTO KO TO YOPOKTNPIOTIKE TOL TOALOD TOVG EVOL TTOAD SLOPOPETIKA GTO EVEPYELOKO 0POG
evolopEpovtog (2-7 keV), kavovtag ta eHKoAN avayvopicio.

INo va kaBoprotel N emidoomn TG eMAOYNG YEYOVOTOV GTNV avayvdplon Tov axtivov X éva
véo epyaotplo efomiiotnke oto CERN, mov mepirapPdver éva cvommua Boadpovounong
petofAntig evépyelng. To ovomuo avtd Paciletor ot ypouun oktivov X  wov
Kataokevdobnke oto wotttovto Max-Planck-Institut flr extraterrestrische Physik/Garching
(MPE). Zxomd¢ tov gyyeipnuatoc avtol givor va, Babpovounfovv yio Tpdt ¢opa ot Twpivoi




Kol peAlovTikoi aviyvevtéc mov Ba ypnoorombovv oto CAST ce po mAnBmpa evepysumv
ueta&y 2 kot 10 keV. H pekétn ovth eivor omapaitntn yio thv avaivon dedopévov yiati
elvalr 0 povog TpOmOc vo. oplotel 1 amdO0GN TOV AOYIGUIKOV EMAOYNG YEYOVOT®V GTO
evepyelokd eHPog EVOLPEPOVTOG,.

Ymv mapovoa epyoasio £yve avdivon Tov dedopuévav towv meptddwv 2009 kot 2010 pe tov
avyvevty Micromegas g avoatolkng mievpdg tov mepdpatog CAST. H mepiodog Ayng
dedopévev tov 2009, dmpknoe and tic 13 TovAiov émg tic 8 AekeuPpiov. Xg avty v
nepiodo 1o CAST wdrvye 247 Prpata wicong (amd to #420 £wc 10 #647) OV AVTIGTOLXOVV
o€ Tieon oTIg KOOt TEG TOV payvnn and 37.5 mbar otoug 1.8 K émg 65.2 mbar otovg 1.8
K. To €bpoc paldv atoviov mov kokbednke ivon 0.66-0.88 eV/c?. O aviyvevtiic M9 mov
AdpPave Ta dedopéva oto ddotnuo avtd £deée po otabepn amddoo.

Metd v gpappoyn tov kprtnpiov emAoyng kot AapPavoviag vroyn Tovg ¥pOvous mTov O
payvne akolovbovoe Tov Ao, T amoteAéopata TG aviivong yw to 2009, eaivoviot
GTOV TOPOUKATO TIVOKOL.

Tracking Background
Time (h) 190.4 3478.8
Counts 421 7961

(keVicm?s™)

MMivakag 2: Zovoymn tng enidoomng tov aviyvevty Micromegas tng avatoiikng mievpdg yo to 2009.

H mepiodog Aqyng dedopévov tov 2010 Eekivnoe otig S Mdiov modd apydtepa amd 4Tt Tov
mpoypappoticpévo. O Adyog Ntav mn avomdvieyn kabvotépnon o1 CLVINPNON TOV
KpLoYevIK®V cvotnudtov tov CAST.

H mpot mepiodog Aqyng dedopévov kpamoe and tic 5 Moiov €wg 11 7 Avyodotov.
Aplepmbnke oy KAALYN KEVOV TTOL dNpovpyndnkav otn olpwon tov polov Tov agloviov
AOYy® oG dtappong mov eppaviotnke kotd  odpketa tov 2008. T'a va eivar BERato 6TL Oar
KOADQTOOV emTUY(DG OA0 T KeVA, kaBe Kevd emektddnke mote vo mepthapPavel 2 émg 3
Brunata Tpv kKon petd. Xov anotédecua to CAST EavaemoképOnke 142 Pruata migonc.

H mepiodog AMymg dedopévov pe véa Prpata mieong ompknoe anod tig 10 Avyovotov £wg Tig
30 Noeguppiov. Xe avtn v mepiodo 126 véa Prpata wieong kaAveOnkav (amd 1o #602 £wg
10 #729). Avtd ta fpata wieong avTioTolovV 6€ MECNG OTIC KOIAOTNTEG TOV LOyVITY| 0o
65.1 mbar otoug 1.8K émc 82.52 mbar otovg 1.8 K k pétec afoviov ond 0.85 eV/c? éwg 1.01
eV/c%. O aviyvevtiic M11 mapovoiace Eapetikh oTadepdTnTa, 18iMC HETE Amd e EKTEVN
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avafaduion mov élape ydpa tov Anpido. Ta amotedéspato cuvoyiloviol GToV ToPOKAT®
mTivokao:

Tracking Background
Time (h) 196.6 4496
Counts 443 10552

(keVicm?s ™)

MMivakag 3: Zovoyn tng enidoong tov aviyvevty Micromegas tng avatoiikng mievpdg yuo to 2010.

To amoteAéopata TG avAALONG TOV OEOOUEVOV TTOV KOTAYPAPTNKAY OO TOV OVIYVELTH
Micromegas g ovatoAlkng peptdg tov mepduoatog CAST ypnoipomomnkay yuo va
VIOAOYIGTEL Evar OPOL Y10 TNV Joy. TO PNKOG GLVOYNG KOl 1) TVKVOTNTA TOVL ALEPLOV PUEGOV EVTOG
TOV KOWAOTHT®V TOL HOYVITI, GO GLVAPTNOT TNG HETPOLEVS Ttieons P1g ANednkav amd T1g
tehevtaieg tpocopolnocelg CFD.

H &ayoyn tov opiov £€ywve pe ™ peywotomoinon g ovvaptong I[hibavomntag. To
amotéleopa Aapupavetal pe v olokAnpwon g Baeswovig mBavomrtag and 0 émg 95%.
2V nopovoa epyacia £vo 0plo otV gy, voroyiletar 6to gvpog palmv agoviov 0.655 -1.01
eV/c? kou givar:

Uy < 3.9x10™"° GeV™* at 95% CL (2)

To omoio Ba PertiwOel amd T CLVEIGEOPE KOl TOV VITOAOIT®V AVIYVELTAOV TOV TEPAATOG,
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The trigger for axions

1.1 Introduction

Although the Standard Model is a well-established theory and its validity has been
verified to great extend from many experiments, it is giving rise to some yet
unresolved puzzles, such as the strong CP problem. QCD, the non-abelian gauge
theory of the strong interactions, predicts a violation of the CP symmetry which has
never been experimentally verified. One solution to the strong CP problem was
introduced by Peccei and Quinn in 1977 [1], who proposed the conservation of the CP
symmetry in the presence of a pseudoscalar particle, the axion, expanding to the idea
of 't Hooft [2,3]. He stressed that the physics of a theory with non-trivial vacuum

topology, such as QCD, requires an additional parameter @ in its Lagrangian.

1.2 The Strong CP problem and the axion

The dynamics of the interactions of quarks and gluons, in the framework of QCD are

described by the Lagrangian:

Locp = a(v+ip Lewa
Qo == 2 A\V 7 Put My ) a4y — 7 Gg Gy (1.1)
f
where q; are the quark fields for f flavors of quarks, ms the quark masses and G, the

gluon field tensor, with a being the gluon color index.

In the limit my — 0 there is a global symmetry G = U(f)g X U(f), which corresponds
to the freedom of the arbitrary chiral rotations of the quarks with each other. Since m,,
and my are relatively small compared to the dynamical scale of the theory one could
consider the above symmetry as G = U(2)g X U(2),. It’s vectorial subgroup, U(1)y
(with V = L + R, the baryon number) is also an exact symmetry. However the axial
subgroup U(1),4 (with A = L — R, spin alignment) is not a symmetry in QCD. As a
consequence of the breaking of this symmetry, a pseudoscalar particle should exist,
with vanishing mass in the limit of m, and my; — 0 corresponding to the Nambu-
Goldstone boson of the U(1)4 symmetry. This is known as the U(1)4 problem, the

solution of which created yet another one [4].
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Since QCD has a non-trivial vacuum topology, its vacuum state is a superposition of n

vacuum states:

10) =) exp(=in0) In) (12)

n

where the angle @ is an arbitrary parameter and |@) is called the @-vacuum.

The effect of the @-vacuum can be introduced in the Lagrangian of the QCD as an

additional term:

Locp =L+ Lo (1.3)
with:
gz
_ uv

Where g, is the coupling constant. Taking into account the electroweak interactions:

2

Is
LQCD - Lpert + @ 32772 Ga GHV (1.5)
with:
0 =0+ ArgdetM (1.6)

with the effective @ term, @ , containing the quark mass matrix M.

Due to this topology and the chirality breakdown of QCD it was shown [2, 3] that
U(1), is not a symmetry of QCD, so no Nambu-Goldstone boson of the U(1)4
symmetry has to exist. On the other hand the introduction of the @ leads to a very big

neutron electric dipole moment
d,~e0 , (1.7)
unless the parameter 0 is very small (<107).

Since @ is a free parameter, it should be equally probable to get any value. The strong
CP problem is the reason why the combination with the electroweak parameters

should result in such a small @ [5].

A solution to this problem was proposed by Peccei and Quinn in 1977. They proposed
a spontaneously broken global chiral symmetry, U(1)pq [1] for the full Lagrangian (eq.
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1.5). In the presence of such a symmetry the CP problem can be solved since @ can be
made a dynamical variable with a classical potential that is minimized when 6 = 0.

An associated Nambu-Goldstone boson is thus created, the axion [6, 7].

The additional term to the Lagrangian can be then written:

L, =6+ 9s G G4
a = f_'a€327'[2 a Yuv (1.8)

Where a is the axion field, £ is a model dependant constant and f; the Peccei Quinn
scale. The presence of the term L, in the Lagrangian provides an effective potential

Veogr for the axion field, which has minimum [4] when:

fa -
(@) =-%6 (1.9)

In the minimum of Vg, the axion mass does not vanish and has a value:

0%V, & g% 0 ~
2 _ eff - _ W sa
ma = da? ) fu32m29a ¢ H (1.10)

Thus the QCD with the addition of the U(1)pq does not contain a CP violating term,
but instead the interactions of a pseudo scalar particle with non-vanishing mass, which

are characterized by the Peccei Quinn scale f,.

1.3 Axion dynamics

1.3.1 Axion models

The solution of the CP problem by Peccei-Quinn, works for any value of the Peccei
Quinn scale f;, thus leading to a large range of axion masses ( m, « 1/f, ) and
couplings ( gq < 1/f, ) [4]. Several models have been proposed, that can be split in two
categories, depending on the size of f;: visible models, for small f, thus large axion

mass, and invisible models, for large f, and small axion mass.
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1.3.1.1 Visible axion models

A variety of axion models [8,9] and indeed the one originally proposed by Peccei and
Quinn [10] resulted from the assumption that the Peccei-Quinn scale f, is related to
the electroweak scale fiyeax ~ 250 GeV. The resulting weak scale axions will be light
and long lived, since they can only decay through the a — 2y process. These axions
(also known as PQWW axions) are excluded through astrophysical considerations [11]

and the non-observation of the process:
K* > n*a (1.11)
Indeed the theoretical value of the branching ratio is given by [12]:

BR(K* > mta) >3.5%x107° (1.12)

comparing this with the experimental limit:

BR(K* »mta) <14 x107° (1.13)

one can exclude the visible axions.

1.3.1.2 Invisible axion models

Quickly after the visible axions were ruled out, new models with f; > fi,ear Were
introduced. In these models the properties of axions are closely related to those of
neutral pions. The two photon interaction is the one that has played a key role in their

development [13]:

1
_ FHV _
Loy = ~239arfwFa=goE-Ba (1.14)

where F is the electromagnetic field strength tensor, F its dual and E and B the

electric and magnetic fields, respectively. The coupling constant of this interaction is:

a (E 24+z+w>

Gay = 21f, IVARE) (1.15)

N 314+z+w

where a is the fine structure constant and E and N, are the electromagnetic and color

anomaly of the axial current, associated with the axion field, defined as:
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E= ZZX]-QJZD]- , N= ZXj (1.16)
j j

with @; being the electric charge and X; the PQ charge. Dj=1 for leptons and D;=3

for quarks. z=m,/m,; and w = m,/m are the quark-mass ratios. Simplifying eq.

(1.15), taking into account that w << z, one gets:

o« (E 24+z>1+z mg
_27T \/E mTL’fTL’

N 314z (1.17)
The first model introduced was by Kim, Shifman, Vainshtein and Zakharov - KSVZ

Yay

[14,15]. They proposed a (very) heavy quark which carries the Peccei-Quinn charge
and does not participate in interactions with electrons at tree level. The axion
interacts only through this new quark. In the standard KSVZ model the ratio E/N is

equal to zero.

On the other hand in a grand unified model such as DFSZ (Dine-Fischler-Srednicki-
Zhitiniskii) [16,17] axions couple to ordinary quarks and leptons, thus giving E/N=8/3

and a value of gg,:

a
DFSZ .. _
9ay>" = —0.75 2t (1.18)

Although these are the two generic cases, E/N is not known and for a fixed f; a broad

range of g4, is possible [18].

This linear relation between g,, and mg in eq. (1.17) defines the ‘axion line’ for a

given axion model in the g4, —m, parameter space.

1.3.2 Axion couplings

1.3.2.1 Coupling to gluons

The chiral anomaly of the U(1)pq symmetry implies that the axion can interact with

gluons. The Lagrangian of the interaction is:

8w fa

Lag Gy G2 a (1.19)
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with a, the axion field and ag = g2/4m. This interaction can be described with a

Feynman diagram as seen in Figure 1.1:

%0000 ©

Ya

\
S
f
\

o000 ¢

9s

Figure 1.1: The Feynman diagram of the axion coupling to gluons. g, is the strong coupling constant

and g, the axion to fermion coupling constant.

The coupling of the axion to gluons can be used to extract a rough estimate of its
mass:

_ fimZ z
T2 A+z+w)(1+2)’ (1.20)

2
a

m

as a function of the pion mass and the ratios of quark masses.

For m;= 135 MeV, f; = 93 MeV and taking into account the values of z and w
frequently used in the axion literature, z = 0.56 and w = 0.028 [19, 20|, one can
extract:

_ fr my 22 107 GeV

= (0.6eV
e ST T 1wz T g

(1.21)

1.3.2.2 Coupling to photons

The coupling of axions to photons has two contributions: through the coupling to
neutral pions which then decay to photons, Figure 1.2(a), and via the Primakoff effect
[21] through which the axions can couple to two photons, Figure 1.2(b).
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CL'H’T{'O_—'—

(a) (b)

Figure 1.2: The coupling of axions to photons (a) via the coupling to pions and (b) via a triangle loop of
fermions that carry the Peccei-Quinn charge (Primakoff effect).

The Lagrangian of this coupling is given by eq. (1.14) and the coupling constant is

given by eq. (1.17). Taking into account the ratios of quark masses one gets:

_ a
Jor = omf,

E
(- 193 % 0.08) (1.22)

1.3.2.3 Coupling to fermions

The interaction with fermions is model dependant. The Lagrangian of a coupling of
axions to fermions is

gaf

2m; Ve yrys¥rd,a (1.23)

Laf =

where ¥ is the fermion field, m; the fermion mass and g, the coupling constant of

this interaction:

_ Cymy
Jar =~ F (1.24)

with Cr is the effective Peccei-Quinn charge, a model dependent quantity.

In hadronic models, like KSVZ, axions do not interact with fermions at tree level,
although in the DSFZ model the coupling to electrons at tree level is allowed, giving a

non-zero value to the model dependent term C,, whereas the coupling to nucleons is
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allowed in both theories, yielding different coupling constants though, due to the
different values of C, and C, [22].

1.4 Axions as dark matter candidates

The composition of the dark matter in the universe is still a mystery and the Standard
Model does not predict a particle, which could be a dark matter candidate. On the
other hand, a viable candidate, the axion, arises from the Peccei-Quinn solution to the

strong CP problem [23].

Axions satisfy the general criteria for becoming a cold dark matter candidate. There
can be large populations of axions in the universe, big enough to provide the required
dark matter energy density. Despite the axion’s small mass [5, 17], axion dark matter
is non-relativistic, as they are produced from equilibrium through three mechanisms:
vacuum realignment [24, 25, 26|, string decay [27, 28, 29] and domain wall decay [30,
31, 32].

The axions are long lived, weakly interacting, color and charge neutral [33]. If we
consider that the lifetime of the axion is governed by the a = yy decay, we get [34]:
fa/N )5

E 2
T, ~ 4.6 X 10%%s (ﬁ - 1.95) (—

1010Gey (1.25)

Setting E/N=0, With%z 3x10° GeV (a value favoured from the cosmological and

astrophysical constraints) one finds that t, > t,, with the age of the Universe

estimated at ty~14 Gyrs.

1.5 Astrophysical constraints

The stars like the Sun have the proper conditions to create axions via the Primakoff
effect. The axion production will compete with the production of photons. Since the
photons are strongly trapped, their radiation pressure acts as a counterbalance for the
gravitational pressure. Introducing a new energy loss channel, will accelerate a star’s
evolution, so the coupling of the axion can be limited by calculations based on the

lifetime of appropriate stellar objects.
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1.5.1 Globular cluster stars

The most stringent constraint for the axion to photon coupling today is due to the
horizontal branch (HB) stars, which are in their helium burning phase, in globular
clusters, Figure 1.3. Globular clusters are a population of gravitationally linked stars
with the same age. The ones presently known have masses a bit below the one of the
Sun. An average lifetime of the HB stars can be measured relatively to the red giant
evolutionary time scale by the ratio of the number observed in the HB phase to those
in the red giant phase. In other words after exhaustion of the core-hydrogen burning
but before the helium flash. The helium burning lifetime, agrees with the expected
value within 10% [35].

From the helium burning lifetime one can derive an upper limit for a Primakoff
production of axions produced by the interaction of a real plus a virtual photon:
v+ (A4,Z) - a+ (4,Z). This limit is:

Jay <107 GeV! (1.26)
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Figure 1.3: Color magnitude diagram of a globular cluster [22]. The vertical axis is the Visual brightness
of the star (V) and the horizontal, the difference between blue and visual brightness (B-V), which is
related to the surface temperature of the star. (blue stars are towards the left). The different types of
stars shown are: MS (main sequence) - core hydrogen burning, BS (blue stragglers), TO (main-sequence
turnoff) - central hydrogen is exhausted, SGB (subgiant branch) - hydrogen burning in a thick shell,
RGB (red-giant branch) - hydrogen burning in a thin shell with a growing core until helium ignites, HB
(horizontal branch) - helium burning in the core and hydrogen burning in a shell, AGB (asymptotic
giant branch) - helium and hydrogen shell burning, P-AGB (post-asymptotic giant branch) - final
evolution from the AGB to the white-dwarf stage.
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1.5.2 White dwarf cooling

White dwarfs are another class of astronomical objects that provide limits for the
axion energy loss channels, through their evolution. They are the remnants of stars
with original mass several times the mass of the Sun. When they ascend the
asymptotic giant branch (AGB, see Figure 1.3) they lose most of their mass. Their
degenerate carbon-oxygen core is simply cooling down. Their cooling rate could also
increase by the Bremsstrahlung channel e™ + (4,Z) » e~ + (A4,Z) + a. Their cooling
speed can be estimated by the period decrease P/P, allowing one to set a limit to the

energy losses through the axion channel [22]:
Gae < 1.3%10°5 GeV-! (1.27)

With 95% CL. This is the most restrictive limit for the electron coupling of axions.

1.5.3 SN1987a

The strictest bounds on the g,y , from axions produced by nucleon-nucleon
bremsstrahlung (N + N - N 4+ N + a) is supplied by the observations of the Super
Nova 1987a. When the massive star collapsed to a protoneutron star, this channel
could have competed with the neutrino emission [23]. The fact that the neutrino signal
observed in 1987, equally shared between IMB and Kamiokande Cherenkov detectors
(19 neutrinos in 10 seconds) was in good agreement with the models. It yields a

coupling constant in the regime [35]:
3% 1070 GeV' < goy < 3x107 GeV'! (1.28)

This range corresponds to the free streaming regime, as seen in Figure 1.4. For higher
coupling constants than the range in eq. (1.28), the axions cannot escape from the

core.

11
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Figure 1.4: Relative duration of the neutrino burst of a Super Nova, as a function of the axion to
nucleon coupling. The left side corresponds to axions that are emitted freely from the entire core and
the right side to axions that cannot escape from the core.

1.6 Cosmological constraints

The astrophysical constraints are interesting if considered together with the
cosmological ones. A lower limit for the axion mass can be set by the requirement not
to “overclose” the universe with axions. Searching for a cosmological mass limit, one

has to distinguish between two generic scenarios:

Inflation occurred after the Peccei-Quinn symmetry breaking

In this case the initial axion field takes a constant value [36]:
a; = fa0; (1.29)

With 6; the initial misalignment of the @ parameter and 0 < @ < m. Since 0; is an
unknown parameter, one cannot extract a strict cosmological limit for m,. There is
however the possibility to derive @; through the limits set by inflation-induced
quantum fluctuations which lead to temperature fluctuations of the cosmic microwave

background. Such a limit could be set [37] and axions can have any mass below 1 meV.

12
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Inflation did not occur at all or it occurred after the Peccei-Quinn

symmetry breaking

The axions after acquiring mass, through a string mechanism, in the QCD phase
transition, they quickly become non-relativistic, thus part of the cold dark matter.
Following Battye and Shellard [38], the energy of the axionic strings turns into axions,
restricting the axion mass to m, = 10" eV, whereas following Sikivie et al [39, 40] it
goes more into kinetic axion energy, thus not increasing the density of relic axions

significantly allowing for smaller masses of the axion, m, = 10° eV.
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Figure 1.5: Excluded axion mass regions from the astrophysical and cosmological constraints [22].
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1.7 Axion experiments

Although a very good candidate to solve many unanswered questions, axion remains
yet to be discovered. A big step towards this direction was made by Sikivie [41] in
1983, when he proposed a search strategy for detecting the axion, based on its coupling
to two photons. In this scheme, axions convert into two photons, via a Primakoff
interaction, in the presence of a strong magnetic field. Several implementations have

immediately started taking shape constraining the coupling constant g, .

1.7.1 Galactic halo axion searches

The so called Haloscopes are searching for galactic halo axions mainly with
electromagnetic cavities, permeated by a strong magnetic field. When the frequency of
the magnetic field of the cavity equals the mass of the axion then the galactic halo
axions’ conversion to resonance photons is enhanced. The photon signal is then
measured by sensitive microwave receivers, which record the excess of photons due to
a conversion inside the cavity. Since the limits of axion mass are very wide, a large

range of frequencies must be explored [42].

The first of these experiments was carried out by a collaboration of the University of
Rochester, Brookhaven National Laboratory and Fermi National Accelerator

Laboratory, (RBF). It covered the axion mass range: 4.5 neV < m, < 16.3 ueV.

Another microwave cavity experiment, done almost in parallel was carried out at the
University of Florida (UF) and covered the ranges 5.46-5.95 peV and 7.46-7.60 peV
[42].

A second generation experiment, the ADMX, (Axion Dark Matter eXperiment) was
conceived and built at the Lawrence Livermore National Laboratory (LLNL).
Currently it is housed at the Center of Experimental Physics and Astrophysics in the
University of Washington. The experiment is about to commission the Phase 2 of the
program (2012) with significant upgrades, going deeper into the model region, as seen
in Figure 1.6. In Phase 1, the masses of the axion that were excluded were [43,44]: 2.9

eV <m, < 3.53 peV.

The smaller CARRACK 1 experiment, in Kyoto, uses Rydberg atoms (atoms excited

to a very high state) to detect the microwave photons that would result from axion

14
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conversion. Their results exclude axions with masses in a narrow range around 10 peV.
This experiment is being upgraded to CARRACK II, which intends to probe the range

between 2 and 50 peV with sensitivity to cover a wide coupling constant range.

Phase 1

Phase 2

1 0-32

1 2 5 10 20

Figure 1.6: The excluded axion mass region of Phase 1 and the projected Sensitivity of Phase 2 of the
ADMX experiment. The RBF and UF results are also shown.

1.7.2 Laser axion searches

Their general principle is that axions are produced through the interaction of polarized

photon beams with the virtual photons of a magnetic field through the process:
Y + Vvirtual = a (1.30)

These experiments are not focused only on the axion search but they can provide a
test of QED or search for any other scalar, pseudoscalar particle that couples to

photons. The laser experiments can be divided in two categories:

15
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1.7.2.1 “Photon regeneration” or “shining light through the wall”
experiments

A polarized laser beam is travelling through a transverse magnetic field and hits into

an absorber, the “wall”. Only axions created in the magnetic field will be able to

propagate through the wall. A second magnetic field behind the wall reconverts the

axions to photons which are then detected, as seen in Figure 1.7.

Absorber

Axion Detector

N 5 Detector
“5 18 @D
S ;

Axion Source

Figure 1.7: Schematic representation of the principal of operation of “Photon regeneration” or “light
shining through the wall experiments” [45].

The pioneering experiment based on this technique was performed by the Brookhaven-
Fermilab-Rutherford-Trieste (BFRT) collaboration. Since no signal from photon
regeneration was found, they set the upper limit of the coupling constant at g, <

6.7x107 GeV™! for axion mass m, < 10 eV [46,47].

Several experiments of this principle are running and presently taking data. The ALPs
experiment at DESY, with a HERA dipole magnet, searching for axion like particles,
the GammeV at Fermilab, with a Tevatron magnet, searching for evidence of a meV
axion-like particle to disprove the PVLAS signal, and the OSQAR experiment at

CERN, which is two experiments in one:

— Experiment which performs optical precision measurements for axions and
axion-like particles (ALPs),

—  QED test and photon regeneration experiment.

The two experiments are integrated in the same LHC superconducting dipole magnet

therefore they can provide solid results via mutual cross-checks.

16
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1.7.2.2 Polarization experiments

This kind of experiments are indirect detection type experiments. They are based on
the theoretical assumption that scalar and pseudoscalar particles, which couple to
photons, can affect their polarization in vacuum, through a transverse magnetic field.
If the original photon was linearly polarized, with an angle with respect to the
magnetic field direction, after the interaction with the particle it will have gained a

rotation (Linear Dichroism) and an ellipticity (Linear Birefringence), Figure 1.8.

Bext BAxt
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E_|_ z EJ_
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Y a Y
Mg BiA L
ANV ellipticit
L - /,/, p y
EL B ext //,/ - e E_I_
before retardation of E| I e after

Figure 1.8: Up: Linear Dichroism. Down: Linear Birefringence.

BFRT has used the same magnets as with the shining light through the wall
experiment, to search for both effects, setting a limit for the axion coupling constant of
Jay < 3.6x107 GeV'! for masses mg < 5x10* eV [48]. PVLAS in 2006 claimed an
experimental observation of a rotation of the polarization plane of light propagating
through a transverse magnetic field [49], which has been excluded by several
experiments including PVLAS itself.

17
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1.7.3 Solar axion searches

From Earth, the most important source of astrophysical axions is the Sun. Axions can
be produced in the core, via their coupling to photons, in the presence of the
fluctuating electromagnetic field of the plasma. Due to their weak interaction with
matter they escape the Sun and reach the Earth. In order to detect solar axions, two

techniques have been developed.

1.7.3.1 Bragg diffraction experiments

The idea was originally proposed by E. A. Paschos and K. Zioutas [50]. An axion can
convert to photons, via the inverse Primakoff effect, in the vicinity of the intense
Coulomb field of nuclei in a crystal lattice. The crystal can either be used as an axion

converter and detector or as a focal optical device, with a detector in its focal plane.

Figure 1.9: If the Bragg law is fulfilled the resulting photons from different lattices of the material will
combine constructively and result to an enhanced signal, propagating in known angle.

Two collaborations, COSME [51] and SOLAX [52], both using Germanium detectors,
have provided bounds to the axion to photon coupling, which are independent of the

mass of the axion:

Gay < 2.7x10° GeV' (SOLAX) (1.31)
Gay < 2.8x10° GeV' (COSME) (1.32)
DAMA, using Nal(T1) crystals as detector material provided the limit [53]:

Jay <LTx10° GeV-! (1.33)
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Although the main advantage of the Bragg diffraction experiments is that the limits
they provide are independent of the mass of the axion, they cannot reach the

sensitivity of the axion helioscopes.

1.7.3.2 Axion Helioscope experiments

This kind of experiments is based on the idea presented by Sikivie [41] and their main
element is a powerful magnet. They are the most sensitive axion experiments in the
mass range of 10° eV <m, <1 eV. In the transverse magnetic field of this magnet,
axions couple to virtual photons, and convert into photons, via the inverse Primakoff
effect. The resulting photons, that have the same energy spectrum as the original
axions, scaled down by the conversion probability, can eventually be detected by
placing an X-ray detector in the end of the magnetic field area as shown in Figure

1.10.

X-ray
detector

Figure 1.10: Principal of detection of an axion helioscope.

The first axion helioscope was created at the beginning of the 90s by Lazarus et al.
[54]. It visited two axion mass regions, setting a limit of gq,, < 3.6x10° GeV™ for m, <
0.03 eV and ggq, < 7.7x107 GeV' for 0.03 eV <m,; < 0.11 eV . The Tokyo Axion
Helioscope achieved a higher sensitivity and set a stricter limit [55], gg, < 6x107°

GeV! for my < 0.03 eV.

Last but not least, the CERN Axion Solar Telescope (CAST), which is the
implementation of the axion helioscope with the highest sensitivity to date, will be

reviewed in detail in chapter 2.
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2. The CERN Axion Solar Telescope

experiment
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2.1 The solar axions

The term of the Lagrangian in eq. (1.14) points to a production of axions and axion
like particles due to the fluctuations of E - B, i.e. in the thermal plasma of the Sun. E
is provided by the charged particles of the medium and B comes from the propagating
thermal photons. This is the Primakoff effect [21]. The Feynman diagram is shown in
Figure 2.1 (left) where a photon converts into an axion in the electric field of a charged
particle. If one takes into account the stellar energy loss limits for the other
interactions of axions, the solar fluxes derived from them would be much smaller than
the one from the Primakoff production. Therefore the Primakoff effect is considered as
the only production process and the axions are considered not to couple to electrons at

tree level [56].

YVirtuaI YVirtuaI

—

e, Ze B

Figure 2.1 Feynman diagram of the Primakoff production (left) and the inverse process in the presence

of a magnetic field (right).

The differential flux of solar axions seen from Earth, taking into account the mean
distance of Earth and Sun, is calculated in [57]. Considering the latest solar model [58]
from 2004:

dd Eq
dE“ = g%, 6.02- 100 E2*81 71205 [cm 2?5~ 'keV~!] (2.1)
a

Where gi9 = gqy /10" GeV and the energies are in keV. The comparison of this
calculation with a previous one [59], which was based on a solar model from 1982 [60],
yields that the axion flux prediction depends only slightly on the solar mode. In Figure
2.2, the latest solar model is plotted.
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Axion flux at Earth [x10"%cm?s'keV-

O T T T T ! ! !
0 2 4 6 8 10 12 14
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Figure 2.2: The axion flux at Earth, from the latest solar model [58]. The maximum axion intensity is

at~3 keV and the average axion energy is (E;)=4.2 keV.

2.2 The detection principle of CAST

The solar axion search with a helioscope, such as CAST is based on the inverse
coherent Primakoff effect. Solar axions will come from the Sun and convert in photons,
in the presence of a strong transverse magnetic field, as seen in Figure 2.1 (right). The
probability of conversion in the general case of a uniform optical medium inside a

transverse and homogeneous magnetic field, which extends for length L, is [59]:

'L

B gay 2 1 _rL _rL
P, = ( > ) Y [1 +e " —2e 2cos(ql)|, (2.2)

with I the inverse photon absorption length (damping factor) of the medium and q

the momentum transfer, which for a photon of effective mass m,, is:

2 _ 2
g =M (2.3)
2E,
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with m,,, being given by the plasma frequency of the medium:

as a function of the density p, the atomic number Z and atomic mass A of the

medium.

If the medium inside the magnetic field is vacuum, then I' = 0, m, = 0 and eq. (2.3)
becomes:
2

2% (2.5)

q:

The highest probability of conversion in eq. (2.2) comes when gL < 1, which yields an
axion mass limit of m, < /2wE,/L . For the CAST experimental setup, this condition

brings a limit to the axion mass sensitivity in vacuum at m,<0.02 eV.

In the case of an experiment with a buffer gas this condition can be fulfilled in a

narrow mass range (Figure 2.3):

(2.6)

The axions that are converted to photons in the presence of the strong magnetic field
can be then detected by X-ray detectors, which reside outside the magnetic field area.

The expected photon signal can be calculated as:

A,
N, = fﬁpawA tdE (2.7)

where d®,/dE is the expected flux of solar axions, from eq. (2.1), A the axion

sensitive area of the detector, and t the observation time.

24



Chapter 2
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Figure 2.3 The difference in the expected number of photons N,,, when the medium inside the transverse
magnetic field region is vacuum (black line) and a buffer gas (in this case ‘He of 6.08 mbar). For a

specific pressure of the buffer gas, the coherence is restored only for a small axion mass window.

2.3 The experimental setup of CAST

2.3.1 Introduction

The principle of detection of a solar axion telescope is the Primakoff effect. An
incoming axion couples to a virtual photon from a transverse magnetic field of the
telescope’s magnet and it is converted to a real photon which carries the energy and
momentum of the original axion. A schematic representation of the above principle,

applied in the experimental layout of CAST, is shown in Figure 2.4.

The main component of the CERN Axion Solar Telescope (CAST) is the 10 m long,
twin aperture decommissioned LHC prototype magnet, which can reach a field of 9 T
[61]. The magnetic field configuration is shown in Figure 2.5. This prototype magnet
was fabricated to be straight, thus it is not bent to cope with the LHC radius of
curvature as the rest of the LHC magnets. It is comprised of two straight cold bores of

42 mm aperture. A cross-section of the CAST magnet is shown in Figure 2.6.
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In the CAST experiment, the LHC prototype magnet is mounted on a moving
platform which allows it to move from —8° to +8° in the vertical direction and from -
40 degrees to +40 degrees in the horizontal, (Figure 2.4 and Figure 2.8), allowing it to
follow the Sun for approximately 1.5 h during the sunrise and 1.5 h during the sunset,

throughout the year.

Four low-background X-ray detectors (currently three Micromegas and one pn-CCD)
are installed in each end of the cold bore tubes to identify the converted photons
exclusively at times of alignment between the magnet and the core of the Sun
(tracking), providing an axion signature. The remaining hours of the day the magnet
stays idle in a horizontal parking position and reference background measurements are

taken.

Sunset
photon detectors Sunrise

10 m superconducting Magnet
photon detectors

LHC test magnet feed hox

Low-background

Low-background e
shielding

shielding

Driving wheel

Trolley

Looking for axions - an artist’s impressionof the CAST experiment.

Figure 2.4 Schematic drawing of the principle of detection of axions in the CERN Axion Solar Telescope
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Figure 2.5: The magnetic field configuration of the CAST dipole magnet.
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Figure 2.6 The cross section of the CAST magnet.
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2.3.2 The cooling system

To obtain the maximum operating field of around 9 T the CAST magnet current has
to rise to 13 kA. To avoid the enormous heat load it has to operate in the
superconducting region. The use of superfluid *He as coolant ensures full liquid filling
of the helium vessel and permits the cooling of the magnet to 1.8 K even when it is

tilted.

The whole cryogenic infrastructure needed to cool down the magnet from ambient
temperature and to supply it with liquid helium (at 4.5 K) has been recovered from
the cryogenics of the LEP2 collider and the DELPHI experiment and adapted for use
in CAST. To cool down and operate the magnet at 1.8 K a new ROOTS pumping
group was installed. The cryogenic and electrical feed to the CAST magnet is done
through the same magnet feed box (MFB) already used with the cryogenic LHC test
benches adapted to the needs of CAST (Figure 2.4 and Figure 2.8). The MFB is
connected to the liquid helium supply, the gaseous helium pumping group and the
quench recovery system via seven transfer lines. The other side of the magnet, the

Magnet Return Box (MRB), is closing the cooling circuit (Figure 2.4).

If a point of the superconducting coil enters the resistive state it will increase its
temperature rapidly leading to the increase of the temperature of the surrounding area,
in a chain-reaction manner, and eventually of the whole magnet, causing it to quench.
In order to prevent damages to parts of the magnet, a quench protection system is
deployed. When the system detects increase in the resistivity in a part of the magnet a
controlled quench is provoked, with uniform heat dissipation along the coils. In the
event of a quench the liquid helium starts boiling and is evacuated through exhaust

pipes, as seen in Figure 2.7.
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Figure 2.7 A quench in the CAST magnet. The liquid helium starts boiling and is evacuated through

exhaust pipes in the atmosphere.

Sunset MM

Figure 2.8 An actual picture of the CAST experimental setup, with its main components denoted.
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2.3.3 The tracking system

The CAST magnet is supported by a large green metallic platform which is able to
move by two structures, a green turn-table on the MFB side and a yellow girder on
the MRB side, as seen in Figure 2.8. A green triangular structure, close to the MFB
side, sits on the turn-table and allows the magnet to rotate vertically while the turn-
table allows the magnet to pivot horizontally. The yellow girder on the MRB side is
driving both movements with two motors. Horizontally the magnet moves by following
two rails in the azimuth direction and the vertical movement is performed by two
lifting jacks. Two encoders, one for the vertical and one for the horizontal motor,
provide local integer measuring units (1 vertical encoder unit = 30 pm of magnet
movement, 1 horizontal encoder unit = 35 um of magnet movement). In order to
protect the moving system from derailing or to abort erroneous manipulations of the
50 ton system, several emergency off buttons have been placed on the moving

structure.

A local reference system (GRID) has been created, with precise measurements done in
2002, of 9 (zenith) X 10 (azimuth) points, with the help of the Survey group of CERN.
The GRID correlates the horizontal and vertical position of the magnet to the encoder
units, for easier reference and for the communication with the control software. A

photo of the vertical encoder is shown in Figure 2.10, left.

The control of the magnet movement is done via a tracking program which was
developed using the Labview system design software. A snapshot of its user interface is
seen in Figure 2.11. For the position of the magnet and the projection of the Sun in
the experimental area, it uses the reference GRID of 2002, with the Hardy’s
multiquadratic spline interpolation method for filling in the gaps between
measurements. In order to achieve precise timing the pc’s time is synchronised with
the time servers at CERN. The complex calculations that it performs are done

sequentially in steps.

Initially it calculates the relative position of the Sun in respect to the magnet, 1
minute in advance, using NOVAS (Naval Observatory Vector Astrometry Software)
[62]. If the Sun is reachable and inside the safe band, which is the limits of the
movement of the magnet -7.2°< V < 7.95° and 46.8° < H < 133.1°), it sets the speed of
the motors to reach it. The speed is set successively with a difference of 1-2 s, first to

the horizontal and then to the vertical motor.

30



Chapter 2

This calculation is not done constantly and instantaneously for both motors, thus
uncertainties are introduced. The precision achieved for tracking the Sun is calculated

with the following formulas:

la — bl
T

Hprecis. = (Henc.measured - T,> - Hgoal end|” 0.0026055 [degrees] (2'8)

la — bl

Tq

Vprecis. = (Venc.measured - T1’> - Vgoal end|” 0.0003007[degrees] (2'9)

with the parameters a, b, t, T’, for the case of the horizontal encoder, defined in Figure
2.9. The same definitions with 7, 7" apply for 7; and 7,’, in the case of the vertical

encoder.

The main sources of errors in the tracking of the Sun are summarised in Table 2.1.

Overall, an accuracy better than 0.01° is achieved.

Compared H converter

tU
I L 2 I
f I r I
to € > € - > H enc. measured
I | 7
TH enc. measured 1 #encoder steps
H ell(cb‘)falue Goal H end A
a
2 @
P
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T A
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=

€—>| . Compare both

Figure 2.9: Scheme of the calculation of the precision during tracking from the horizontal encoder.
Exactly the same principle is applied for the vertical encoder.
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Figure 2.10 Left: The vertical encoder, converts the position of the magnet inside the experimental hall

in encoder units. Right: The motors control box. It allows the manual/automatic manipulation and the

communication with software
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Figure 2.11 The user interface of the tracking program. The trajectory of the Sun, the position of the

magnet, the precision of tracking and many other information are displayed.
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2.3.4 Magnet position measurements

In order to verify that the required precision for tracking the Sun is maintained, two
tests are performed. The systematic repetition of the GRID measurements and the Sun

Filming.

2.3.4.1 GRID measurements

The calibration of the encoding of the motors has been done with the help of the
Survey group of CERN in 2002. Since then, once or twice per year a subset of these
points is selected (mini-GRID) and the measurements are reproduced. The objective is
to detect any drift in the pointing accuracy of the system, with respect to the original
calibration values of 2002. A second reference grid, completed much later, in

September 2007 is also used for cross checking the results.

The latest measurements were performed in July 2011. The system was found
substantially unchanged with respect to September 2007, and in good agreement with
the reference values of the grid of 2002, the ones used from the tracking program, as

seen in Figure 2.12.

Comparison with September 2007 GRID Comparison with September 2002 GRID
(July 2011-2007) (July 2011-2002)
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Figure 2.12: Comparison of the GRID measurements performed in July 2011 with the ones of September
2007 (left) and 2002 (right), for both magnetic bores, V1 and V2. The required precision of 1 arcmin is
indicated by the green circle, while the red one represents the 10% of the Sun projected at 10 m. The
rogue point in the comparison with 2002 (right) is of minimum importance because it refers to a position

in the limit of the movement of the magnet, which is rarely visited.
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2.3.4.2 Sun filming

Twice per year, in March and in September, it is possible to directly observe the Sun
for some minutes, from the CAST experimental hall, through a small window in the

east-facing wall (Figure 2.13).

The experimental setup consists of an SLR camera, with an ultra-zoom objective and
special filters. The camera is aligned to the axis of the magnet with laser targets, as
seen in Figure 2.14, and is controlled remotely by software. The tracking software,
which drives the magnet to follow the Sun, is operating in a special mode, in which the
refraction of light through the atmosphere is taken into account. This setup can
measure the misalignment of the CAST magnet with the center of the Sun with a

precision of 0.002°.

Figure 2.13 View of the window, through which the sun filming is possible twice per year.

camera alignment

caméra MFB

408 611m axe camera
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TUBEVI”

Figure 2.14 A sketch of the alignment setup used for the sun filming.
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ALIGNMENT

| 'ERROR
POINTING

AND ERROR

Figure 2.15 A photo of the sun (left) and the alignment of the camera with the center of the sun (right),

during a sun filming.

Error in Typical value (degrees) Maximum value (degrees)
Astronomical calculations 0.002 0.006
Surveying measurements 0.001

Mathematical error in 0.002 <0.01

interpolation of surveyor’s

measurements

Horizontal encoder precision ~0.0014

Vertical encoder precision ~0.0003

Hysterisis 0.0034 0.02
Perfect linearity of motor speeds <0.002

TOTAL 0.01

Table 2.1: The sources of error in the tracking of the Sun. Overall an accuracy better than 0.01° is
achieved.
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2.3.5 Vacuum system

The vacuum system of the CAST experiment can be separated in three subsystems, as
seen in Figure 2.16, each with its own pumping group. The cryostat vacuum provides
thermal insulation of the cold magnet and cooling helium system against ambient
temperature. The detector vacuum is the vacuum between each detector and the four
gate valves (VT1 to VT4). These gate valves separate the detector vacuum and the
third subsystem, the general CAST vacuum. They are normally open during data
taking periods but they can be closed to isolate the detector subsystem in case of
power failure, quench, degradation of vacuum or detector maintenance. The general
CAST vacuum is between the gate valve of each detector and the cold bore area which
contains the buffer gas. A series of interlocks and a Programmable Logic Controller
(PLC) for the pn-CCD detector, provide automated protection of each subsystem from

problems to the others, such as leaks or erroneous manipulations.

In order to monitor any possible contamination in the cryostat and general CAST
vacuum two residual gas analysers (RGA) have been installed one for each subsystem.

They are essentially mass spectrometers, which allow a real time identification of the

constituent gasses of the vacuum.

MFB
VT3, VT4

General CAST vacuum -

il I i

VT1, VT2 Cold windows

Figure 2.16: The different subsystems of the CAST magnet. The cold windows separate the buffer gas

region and the general CAST vacuum system.
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Figure 2.17 Snapshot of one of the two RGA programs used in CAST. It displays in real time the
contribution of each constituent gas to the overall vacuum (i.e. a.m.u 2 corresponds to Hs, 3 to *He, 28

to Ns ete).

2.3.6 Slow Control system

The Slow Control system of the CAST experiment is a dedicated program, based on
the Labview system design software, to monitor and log all the important variables for
the stability of the experiment. It has been operating since the beginning of the
experiment in 2003, and has been upgraded and expanded continuously with more
signals and variables. It monitors vacuum pressures, pressure in the cold bores,
temperatures in different parts of the magnet, ambient temperatures, magnet
movement, detector parameters, valve statuses and many other variables through

multiple National Instruments data acquisition cards.

One of the main functionalities of the Slow Control is that it is programmed to detect
abnormal variations in key parameters of the experiment. In case one parameter
changes with a higher rate than normal or reaches a certain predefined value, it
triggers the fast acquisition and logging mode, in order to monitor in the highest
possible detail the potentially crucial event. It also sends warning SMS messages and e-

mails, to the people responsible for the system, so that they can react immediately.
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Figure 2.18 Snapshot of the last revision of the Slow Control system of the CAST experiment.

2.3.7 *He buffer gas system

During its first data taking phase, which started in 2003, the CAST experiment was
operating with vacuum in the magnet bores and it was sensitive to axion masses up to
0.02 eV. In the first part of its second phase (2005-2006), ‘He was used as buffer gas,
thus restoring the coherence for axion masses up to 0.39 eV. Due to the saturation
vapour pressure of ‘He, of 16.405 mbar at 1.8 K, in order to scan for higher axion
masses, *He was introduced as a buffer gas, for the second part of Phase II which
started in 2008. The *He, having a saturation vapour pressure of 135.8 mbar at 1.8 K,
allowed the restoring of the coherence for axion masses up to 1.16 eV. The existing

system had to be upgraded to perform safely up to the saturation vapour pressure of
the *He.
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2.3.7.1 Thin cryogenic cold windows

Introducing a buffer gas in the magnet bores, required an object to confine it.
Therefore the cold bore tubes had to be closed with four “Thin Cryogenic Cold
Windows”. Their position is shown in Figure 2.16. The characteristics of these cold
windows had to be: operation at low temperatures (1-120 K), mechanical robustness,
to withstand the differential pressure of the buffer gas normally below 130 mbar (but
could reach 1.2 bar in case of a magnet quench), low permeability to helium, highly
transparent to X-rays of 1-7 keV and transparency to visible light (for visual

inspection of contaminations and detector alignment purposes).

After extensive research and development, performed at CERN [63], following the
original design by CEA-Saclay, the cold windows developed, consisted of 15 pm thick
polypropylene foil, glued to a stainless steel strongback, forming a grid of square cells,

for mechanical robustness, as seen in Figure 2.19.

The cold window temperature can be modified, by heaters, on the window flanges. If
no heating is applied, the windows become the coldest part of the general CAST
vacuum, cryo-pumping gases. This reduces their X-ray transmission. In this case it is
necessary to occasionally “bake out” the windows, heating them to 200 K, so that the

frozen gases which are stuck in the foil evaporate.

Top cover ~ .
Araldite 2018
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Figure 2.19 A picture of one of the cold windows, mounted on a CF63 flange (left) and the cross section

of the configuration where the different components are shown (right).
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2.3.7.2 Main functions and principles

The buffer gas system is kept in a pressure lower than atmospheric, so that in the
unlikely event of a leak, the smallest amount of gas possible will escape, due to the

pressure difference [64].
The most important functionalities of the system are:

— The metered transfer of *He gas into the cold bores.
— The recovery of the *He in the case of a quench.
— The purification of the gas.

— The safe storage.
Metering of the gas

CAST is scanning a wide range of axion masses. To ensure reproducibility and
precision in the calculation of the axion mass scanned, the exact amount of gas that is
injected in the cold bores has to be known. For this reason the gas is injected in the

cold bores through one of the two existing metering volumes.

The one volume, called Metering Volume 2, has a volume of 1.63 litres and is serving
mainly for a step increase in the density of the gas in the cold bores, in the middle of a
tracking of the Sun, in order to scan for higher axion masses. The evolution of the
metering volume’s pressure together with the one in the cold bores during this
procedure is shown in Figure 2.20. In Figure 2.21, in green colour, the path of the gas

through the system is denoted, for the same procedure.

The second volume, Metering Volume 10, has a volume of 8.53 litres and is used
primarily for injecting large amounts of *He in the cold bores to reach a specific density

accurately and in a short period of time.

The measurement of the amount of gas injected is done by accurately measuring the
pressure difference on the metering volume used, before and after the injection of gas
in the cold bores. Both volumes are maintained at a constant temperature of 309 K
inside a thermostatic bath, with temperature stability of £0.01 K. In Figure 2.22 one
can see the thermostatic bath, with the screen of its controller, on the left, and on the
right the Labview-based software that was developed to record its temperature and

send alarms in case it exceeds the predefined levels.
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Figure 2.20 The standard filling scheme, followed in the *He phase. A precise amount of gas is injected
to the cold bores, during each tracking [64].
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Figure 2.21 The *He system of CAST. Green arrows: The standard filling procedure during data taking.

Red arrows: The recovery procedure and safe storage of the gas.
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Figure 2.22 The thermostatic bath (left) keeps the Metering Volumes at a constant temperature to
ensure reproducibility and high precision. Since the constant temperature of the bath is of high
importance, control software was developed (right) to monitor and alarm for possible malfunctions of

the device.

Recovery and storage of *He

In the event of a natural quench or a quench provoked by interlocks, the temperature
of the magnet rises rapidly. To avoid breaking the cold windows, two electro-
pneumatic valves, one on each side of the magnet, open and connect the cold bore with
a 10 m long, 450 1 volume at room temperature (Expansion Volume). Afterwards the
*He is recovered from the cold bores and the Expansion Volume, through a hermetic
SHe pump and is stored in the Storage Volume. The Storage Volume is a container of
963 1 and it is designed to contain the entire supply of *He at a pressure below

atmospheric pressure. The whole procedure is presented in Figure 2.21.

Purification of the *He gas

To remove any impurities from the *He gas, a system of two charcoal traps is used.
The first one is at room temperature and traps water vapour and oil from the pumps
and the second one is immersed in a liquid Nitrogen bath and removes the rest of the
impurities. For an efficient purification the charcoal traps have to be regenerated

systematically.
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The Programmable Logic Controller (PLC)

Due to the complexity of the system, and the rarity of the gas used, a Programmable
Logic Controller was installed, based on the UNICOS framework and developed for the
cryogenic systems of LHC.

The PLC allows the transfer of the gas to the different volumes, either by automatized
routines, or manually, by controlling the valves and pumps of the system. It also

handles the interlocks and can initiate a recovery procedure automatically.

A Supervisory Control and Data Acquisition system (SCADA) was set up, based on
PVSS 1II in order to provide a graphics user interface for the PLC. It is used to connect
the hardware devices of the system, such as valves, pumps and pressure sensors,
acquire and log their data and use it for their supervision. The data of all the devices
are logged in an online data base of CERN, called “TIMBER”. In Figure 2.23 the
graphics interface of the PVSS II program is shown, through which the user is allowed

to interact with the hardware of the system.
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Figure 2.23 The computer interface of the PLC. It is a wire diagram of the actual *He system, with

active elements that can be controlled.
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2.3.8 X-ray detectors

The X-rays from the conversion of axions inside the magnet cold bores can either be
observed directly, with a detector covering the full aperture of the bore or they can be

focused, using X-ray optics, to a focal plane detector.

Four low background X-ray detectors are operating in the CAST experiment, one in
each end of the two cold bores of the magnet, sensitive to X-ray signal in the range
from 1 to 10 keV. The two ends of the cold bores in the sunset side are occupied by
two microbulk Micromegas detectors, while in the sunrise side there is one microbulk
Micromegas detector on one bore and on the other an X-ray mirror telescope focusing
the photons to a pn-CCD detector. The Micromegas detectors will be reviewed

extensively in Chapter 3.

2.3.8.1 pn-CCD detector system
X-ray telescope

The X-ray telescope of the CAST experiment [65, 66], seen in Figure 2.24, was
originally created as a spare module, for the satellite mission ABRIXAS [67]. It has a
focal length of 1600 mm and consists of 27 gold coated nickel parabolic and hyperbolic
mirror shells nested in a spoke structure subdividing the mirror aperture into 6
azimuthal sectors (Figure 2.25), one of which is illuminated by the cold bore. Its
purpose is to focus X-rays from the conversion of solar axions inside the magnet bore.
The aperture of 14.5 cm? is focused to a spot of 6 mm?in the pn-CCD detector,
enhancing the signal to background ratio. Moreover it allows for the remaining part of
the detector to be taking background measurements simultaneously. In Figure 2.26, a

schematic view of the principle of operation of the X-ray telescope is shown.
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Figure 2.25 Front view of (left) the ABRIXAS X ray focusing system and (right) the CAST mirror
system. One of the six sectors is illuminated through the magnet bore. Its size is indicated by the white

circle.

Parabolic Hyperbolic

Magnet Bore @43 mm Shells Shells
Focus
Opt. Axis of the Telescope H
CCD-Detector
/ Spot & 3 mm
- >

1.6m

Figure 2.26 Schematic view of the principle of operation of the CAST X-ray telescope
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pn-CCD detector

The detector that is placed in the focal plane of the CAST telescope is a fully depleted
pn-CCD detector, [68]. It has a sensitive area of 2.88 cm? divided into 200 X 64 pixels
with a size of 150 X 150 um? each. The axion signal from the core of the Sun has a
diameter of 19 pixels or 2.83 mm? The 64 columns of 200 pixels are read out in
parallel in 6.1 ms followed by an integration period of 65.7 ms, resulting in a total

cycle time of 71.8 ms. Since the detector is operating continuously, it has no dead
time.
The main advantage of this detector is its high quantum efficiency (Figure 2.27) in the

entire range of interest for the search of solar axions, due to the very thin (20 nm) and

uniform, radiation entrance window. Daily calibrations with an %Fe source, monitor its

stability.
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Figure 2.27: Left: The pn-CCD detector. The rectangular pn-CCD chip is visible in the centre,
surrounded by the gold plated cooling mask. Right: The Quantum Efficiency of this type of detector is

close to 90% for the region of interest of 1-7 keV.
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2.4 The CAST scientific program

The CAST experiment has been searching for solar axions since 2003. During 2003,
and 2004 (with improved conditions), it has operated with vacuum in the cold bores
(Phase I). From the absence of excess in the X-ray signal, while pointing to the Sun, it
set the best experimental limit for the axion-photon coupling constant for axion masses

up to 0.02 eV/c? [69]:
Jay < 8.8x10" GeV' at 95% CL (2.10)

To extend its sensitivity to higher axion masses, the experiment underwent a large
upgrade in 2005 in order to operate with a buffer gas of variable density in the magnet
bores (Phase II). The first part of Phase II was completed with ‘He as buffer gas. With
160 different pressure settings, CAST scanned the region of axion masses up to 0.39
eV/c% setting for the first time restrictive limits for the axion to photon coupling

constant that were inside the theoretically favoured region [70]:
Jay < 2.2x10"° GeV' at 95% CL (2.11)

In 2007 CAST upgraded again the buffer gas system, to accommodate *He as a buffer
gas. The second part of Phase II started in 2008 and finished on the 22" of July 2011,
scanning axion masses up to 1.18 eV/c? The latest limit in the range 0.39 eV /c* < m,
< 0.64 eV/c?, was provided in [71]:

Jay < 2.27x107 GeV' at 95% CL (2.12)
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Figure 2.28 The exclusion plot for the axion to photon coupling constant versus the axion mass,
achieved in the vacuum [69], ‘He [70] and *He [71] phase. The constraints set by the Tokyo helioscope
[55], the horizontal branch (HB) stars [22] and the hot dark matter bound [72] are also shown. The
yellow region represents the typical theoretical models with |E/N-1.95| in the range 0.07-7. The green
line corresponds to E/N=0 (KSVZ model).
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Micro Pattern Gas Detectors - Micromegas

3.1 Historical overview of the Micro Pattern Gas

Detectors (MPGDs)

All MPGDs originate from the concept of E. Rutherford and H. Geiger, who in 1908
described the implementation of gas amplification near a wire [73]. Throughout the
century many studies and improvements have been made, making the gaseous
detectors more and more attractive. In 1968, G. Charpak et al took the idea a step
further by introducing the Multi Wire Proportional Chambers (MWPCs) [74]. A. Oed,
in 1986, made the first attempt to replace the wires with micro pattern plates,
developing the Micro Strip Gas Chamber (MSGC) [75] and paving the way for the
MPGDs. A new idea of gas amplification, using a very asymmetric parallel plate
chamber, the MICROMEGAS detector was invented by G. Charpak and Y.
Giomataris [76] and soon after, in 1996, F. Sauli, announced a different approach to

the same principle, the Gas Electron Multiplier (GEM) [77].

3.2 Phenomenology of MPGDs

3.2.1 Gas ionization

The basic configuration of the Micro Pattern Gas Detectors (MPGDs) consists of a
container (usually cylindrical) with a thin, conductive cap window on top and a
readout plane on the bottom. A third contacting plane is placed in between, dividing
the MPGD in two regions, the drift region and the amplification region. The container

is filled with a suitable gas, usually a noble gas like argon.

If photons or charged particles penetrate a gaseous detector, a number of electron-ion
pairs will be created. The mean number of pairs created is proportional to the energy
deposited in the container. The ionization electrons are drifted through the gas (drift
region) and multiplied (amplification region) creating an avalanche, which is the

detected electrical signal.
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Ionization electrons are generated through two mechanisms. The first one is the typical

primary ionization, of the noble gas X:
X+p->Xt+p+e , (3.1)

where p is a charged particle. The second mechanism is a secondary effect, which
occurs after the de-excitation of the gas X via photons, in the presence of a second gas,
usually polyatomic, called “quench gas” or “quencher”. The polyatomic molecules of
the quencher have many degrees of freedom, thus large photoabsorption coefficients
and can dissipate the energy of the photons through dissociation or elastic collisions

(Penning effect).

The average number of ion-electron pairs produced in a gas for a given initial
energy Ej is:

E
’ne = _O , (32)
w
where W is the mean energy needed for the ion-electron pair creation which is the sum
of the ionization potential and the amount that is spent for excitation. In Table 3.1,
the excitation, ionization and ion-electron pair production energies for various gases

are shown.

Although the number of ion-electron pairs produced is an indication of the efficiency of
the detector, it is not certain that they will reach the electrodes and be measured. The
two main mechanisms which are competitive to the ion-electron pair production are
the recombination of the atoms and the electron attachment. In the absence of an
electric field, ion-electron pairs will recombine, under the force of their electric
attraction. Electron attachment involves the capture of free electrons by
electronegative atoms, which results to the formation of negative ions. The presence of
electronegative gases such as O, CO, or H,0 in the gas, could result in the capture of
the electrons before they reach the electrodes, affecting the efficiency of the ion-
electron collection of the detector. The noble gases are not electronegative; therefore

they are the most commonly used in the gaseous detectors [78].
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Eexc [eV] Ejon [eV] W [eV]

H, 10.8 15.4 37
He 19.8 24.6 41
N, 8.1 15.5 35
O, 7.9 12.2 31
Ne 16.6 21.6 36
Ar 11.6 15.8 26
Kr 10.0 14.0 24
Xe 8.4 12.1 22
CO, 10.0 13.7 33
CH4 13.1 28
CiHio 10.8 23

Table 3.1: The excitation, ionization and ion-electron pair production energies for various gases [78].

3.2.2 The Fano factor

The outcome of the collision of an electron with a gas molecule is of statistical nature,
thus the number of primary electrons created from an initial energy E, is subject to
statistical variations. The knowledge of these statistical variations is of interest,
especially when the ionization produced by particles serves as a measure for their

initial energy. The standard deviation is accounted by the Fano factor [79]:

o5, = F - n, (3.3)

The Fano factor F indicates the magnitude of the fluctuations in the number of
primary electrons n, produced from a particle of initial energy E, and its value ranges
between 0 and 1. Higher values of the Fano factor thus indicate a broader distribution
of the number of n, than that described by lower values of F. The theoretical limit
F =0, would describe the electron degradation process in which only ionization
processes occur. Both the W and the F values are characteristics of the gas. They only
slightly depend on the kind of the incident particle, and both increase (W towards

infinity, F towards 1) as the initial electron energy decreases approaching the
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ionization potential of the gas. For high-energy electrons they acquire almost constant

values.

3.2.3 Energy resolution

The most important characteristic of detectors designed to measure the energy of an
incident particle or radiation, is the energy resolution. This is the ability of the
detector to distinguish between two energies with close lying values. The resolution is
measured by irradiating the detector with a monoenergetic beam and evaluating the
spectrum. The ideal case would be a delta-function peak, but in reality what one

measures is a Gaussian-like peak.

The resolution is usually given in terms of full width at half maximum. Energies that
are within this width can hardly be distinguished by the detector. A general formula

for the resolution can be expressed as:

AE
R (% FWHM)==— . (5.4)

From the above formula it is evident that the resolution of a detector depends on the
deposited energy. The higher the energy of the incident particle the better the

resolution of the detector.

The fluctuation in the number of primary electrons n,, in eq. (3.3), constitutes the
first limiting factor of the resolution of a gaseous detector. It gives a limit to the
energy resolution of detection of an incident particle with energy E, given by the

expression:
,F-W
R (% FWHM)=2.35 5 (3.5)

where the factor 2.35 relates the standard deviation of a Gaussian distribution to its
FWHM.
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3.2.4 Transport of electrons and ions in gases

Microscopically, the ions and electrons, in the presence of the electric field, drift
through the gas colliding with gas molecules. As a result their direction is randomized
after each collision. On average they assume a speed u, in the direction of the electric
field E which is much smaller than the instantaneous speed c that they acquire
between collisions. The gases that are used in the gaseous detectors are sufficiently
dilute, so that the distance that corresponds to the mean free path of electrons is much
greater than their Compton wavelength. Thus their motion can be described with

classical considerations.

3.2.4.1 Diffusion

In the absence of an electric field, electrons and ions start spreading uniformly due to
the multiple collisions with the gas molecules. Assuming a thermal equilibrium, their

mean speed can be given by the Maxwell distribution:

8kT (3.6)
V= [—

mm

)

with k the Boltzmann constant, T the temperature and m the mass of the particle.
From eq. (3.6) it is evident that the mean speed of the electrons is much higher than
the one of the ions, due to their much smaller mass. The distribution of charges in one

dimension can be described by a Gaussian distribution:

2
d_N = NO 3_% B (37)
dx  /4nDt

where t is the elapsed time, x the distance from the point of creation and D the
diffusion coefficient. The standard deviation of the above distribution can be expressed

as:
o(x) =V2Dt . (3.8)
With similar considerations, one can extract the same formula for three dimensions:

o(r) =V6Dt . (3.9)
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The diffusion coefficient D can be described from the classic kinetic theory:

1
D=zvk, (3.10)

where A is the mean free path of the electrons or ions in the gas, which can be

classically described:
1 kT

= S0P (3.11)

with g, the total cross section of collision with a gas molecule and P the pressure of

the gas.

Substituting eq. (3.11) to (3.10), one can see the dependence of the diffusion coefficient

21 ,(kT)3
D_3\/EJOP — . (3.12)

with the parameters of the gas:

3.2.4.2 Drift

The ions and electrons, in the presence of the electric field drift through the gas,
colliding with gas molecules. The collision causes a reduction in their speed and a
scatter, around their mean trajectory. The average velocity that they gain is defined as
the drift velocity and it is dependent on the mean time between two collisions 7, the
electric field E and their mass m. In addition, for the ions the drift velocity is inversely

proportional to the pressure of the gas.

The mobility of the electrons and ions can be defined as:

_ u
=% (3.13)

where u is the drift velocity. For ideal gases, in which the ions and electrons remain
constantly in thermal equilibrium, the mobility and the diffusion coefficient can be

connected with the expression:

P4 3.14
e (3.14)
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From the above equation, it is evident that the diffusion of electrons is much higher

than the one of the positive ions, due to their higher mobility.

3.2.5 Multiplication

When the electric field is big enough that the electrons, between two collisions, pick up
enough energy to produce ionization, another electron is created and the avalanche
begins. As the number of electrons multiplies in successive generations, the avalanche
continues to grow, until all the electrons are collected at the anode. Because of the
higher mobility of the electrons, they are gathered in the front of a water drop-like

shape and the ions, drifting slowly, are left in the tail, as seen in Figure 3.1.
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Figure 3.1: The more agile electrons move faster, gathering at the bottom of the avalanche, while the

positive ions are slowly moving towards the opposite direction.

The distance that the electron will travel among two ionizations, is defined as the
mean free path of ionization. The first Townsend coefficient, a, is the inverse of this
quantity. It represents the number of ion-electron pairs, created per unit length. If
originally there are n electrons, then after a path dx the amount of electrons created
will be:

dn=nadx . (3.15)

Integrating the above formula, one gets an expression of the total number of electrons

created in a path x, in the case of a homogenous electric field:

n=mnge®, (3.16)
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with ny being the original number of electrons.
The multiplication factor, or gas gain G, is then given by

The gas gain cannot increase without a limit, because after a certain value a
breakdown occurs. The most demanding task in gaseous detectors is to achieve stable
operation, with the maximum possible gain. The limit of the gas gain is called Raether

limit and it is defined as:

G <10° . (3.18)

3.2.6 The choice of gas

The choice of gas in gaseous detectors can be biased by several requirements: low
operating voltage, high gain, high rate capability, low cost and inflammability. A
suitable combination of the above characteristics can only be met by using a gas
mixture. Usually, for gaseous detectors noble gases are used as the base of the mixture,
because they require the lowest electric fields for multiplication, they are not
electronegative and don't react chemically with the detector components. From the
noble gases, argon is the most widely used because of its low cost. Other noble gases
with higher atomic numbers (i.e., krypton and xenon) may be used if increased
sensitivity to X-rays or gamma rays is required. Hydrocarbon gases (i.e., methane,
propane and ethylene) can also serve as a fill gas, but they have the disadvantage of
being flammable.

With pure argon, gains higher than 10° - 10? cannot be achieved due to the discharge
of the detector. The reason is argon’s high excitation energy (11.6 eV). When the
argon atoms in the avalanche de-excite, they emit photons of visible light or UV.
These photons can interact with the gas and causing the avalanche to spread along the
anode with further ionizations. This can result in a non-linear relationship between the
energy deposited in the detector gas and the size of the resulting pulse. These photons,
particularly if they interact with the cathode, can also lead to discharges. The solution
is to add a small amount of a polyatomic gas known as “quench gas” or “quencher”.
The quench gas preferentially absorbs the photons, but unlike the fill gas, it does not
get ionized. The molecules of the quencher absorb the energy of the photons and
dissipate it through dissociation or elastic collisions. A small amount of polyatomic gas
could result to dramatic enhancement to the gain performance of the gas.
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Quenchers can be inorganic, such as CO, and BFs, or organic like methane (CH,) and
isobutane (iCiHi). The use of an organic quencher in conditions of high rates of
irradiation can result in the creation of liquid or solid polymers from the recombination
of the dissociated organic molecules, which accumulate in the anode and cathode of the
detector. This could lead to a deterioration in the efficiency of the detector or even, in
very high irradiation conditions, to the formation of a continuous discharge. In these
conditions the use of an inorganic quencher is necessary.

In general, the proportional gas should not contain electronegative components such as
oxygen, CO, or HyO. Otherwise, electrons heading towards the anode will combine
with the electronegative gas. In this case a negative ion goes to the anode rather than
an electron and unlike the electron, the negative ion will fail to produce an avalanche.
The resulting pulse will probably be too small to exceed the threshold setting and will
not be counted.

3.3 The Micro Strip Gas Chamber (MSGC)

The MSGCs consist of alternating thin wire cathode and thinner anode strips, with a
pitch of the order of 100 um, printed with photolithographic methods on an insulating

substrate — usually glass, as seen in Figure 3.2(a).

In Figure 3.2(b) the form of the electric field is shown. The electric field is of the order
of a few hundred V/cm and it is uniform in the vicinity of the drift plane. Applying
the proper voltages between the anode and cathode strips, a strong dipole field is
created, which amplifies the electrons due to avalanche processes. The electrons are
focused on the anode strips and the ions created in the avalanche process are collected

on the cathode.

The main problem of the MSGCs was that they were prone to ageing, especially by
high trigger rates or long irradiation. The gain could not exceed 10%, because the
charge accumulated in the strips changed the electric field, resulting in lower gain.
Moreover the anode strips were very sensitive and could be damaged by discharges.
Several new layouts were proposed to overcome these disadvantages. The most

commonly used ones are the Micromegas and the Gas Electron Multiplier (GEM).
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Figure 3.2 : (a) Schematic representation of the main components and (b) Electric field configuration of
the MSGC.

3.4 The Gas Electron Multiplier

The new approach to the gaseous detectors that was introduced by F. Sauli [77], the
Gas Electron Multiplier, was built at CERN, by standard chemical etching processes,
as shown in Figure 3.3. The 50 pm kapton foil is clad in both sides with 5 pm of

copper.

The resulting GEM has double-conical holes with a pitch of 140 um and a diameter of
60 — 70 um. It divides the detector in three regions, one with intense field, inside the
holes of the GEM and one above and below it, with less intense field, for the primary
conversion (drift region) and the transfer of the electrons (transfer region),
respectively. Typically a voltage difference of 400 - 500 V is applied to the two

electrodes, resulting in a very intense field of ~100 kV/cm inside the holes.
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Figure 3.3 The chemical process of the GEM detectors.
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Figure 3.4 (a) A microscope picture of a GEM plane with 140 um pitch and 70 pm of hole diameter (b)
the electric field in a GEM detector.

Electrons from the drift region pass through the holes guided by the dynamic lines of
the field, seen in Figure 3.4(b), and they are multiplied inside the holes. Due to
retrodifussion only 60% of the electrons from the avalanche in the holes exit to the

transfer region, where they drift to the readout plane.

GEM detectors do not have sparking problems, due to the fact that the multiplication
and readout planes are different. On the other hand they have low gain, therefore
GEMs are commonly used to multiple stage amplification detectors, in which two or
three of them are stacked (double or triple GEM respectively) applying a lower voltage
to each one but achieving an overall higher gain in the readout plane. The
disadvantage of these arrays is that the electron charge distribution in the read out

plane is wide.
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GEMs have been used in a number of experiments like HERA-B, COMPASS, TOTEM
and LHCb. The GEM community is developing detectors, to expand to other
applications as well, such as X-ray Astronomy, Medical Imaging and X-ray

polarimetry.

3.5 The Micromegas detector

In 1996 G. Charpak and Y. Giomataris [76] presented a new approach to the MSGC
concept. They replaced the wire plane with a thin electroformed nickel mesh. The
mesh was stretched and glued on an insulating frame and placed above the anode
plane. It was kept in position with precise spacers (pillars) at a distance of 50 — 100
pm from the readout. The pillars were fixed to the anode strips by a standard printed
circuit technique. They called the new detector MICROMEGAS (MICRO-Mesh

Gaseous Structure).

The micromesh separates the two regions of the detector, the drift region (with a
typical electric field of 10> — 10° V/cm) and the amplification region (with a typical
field of 10* — 10° V/cm), as seen in Figure 3.5. The electric field of the drift region is
achieved by applying a positive high voltage (HV2) to the micromesh and a higher
positive voltage (HV1) to an electrode plane, the drift electrode, placed a few cm
above the micromesh thus defining the drift region (Figure 3.5). The readout plane is
kept grounded. The whole structure is placed in a leak tight chamber and operates,

typically, with a gas mixture of argon and a small amount of a polyatomic gas.

With sufficiently thin micromesh, the amplification inside its holes is negligible. The
shape of the field close to the micromesh is crucial for the transparency to electrons
and the fast evacuation of the positive ions. The voltages are applied in a way that the
amplification field is one order of magnitude higher than the drift field, so that the
field lines coming from the drift region do not end to the bottom of the micromesh. As
a result the ions are quickly collected in the micromesh and only a small fraction,
inversely proportional to the electric field ratio defuses to the drift region and the
transparency to the drift electrons is ensured. The electric field of the Micromegas has

the form shown in Figure 3.6.
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The signal, finally collected in the anode strips, consists of the electrons of the
avalanche in the amplification region. The signal collected in the micromesh, derives
from the positive ions. The collection of the signal in the micromesh takes place within

100 ns, depending on the width of the amplification gap and the gas mixture used.

HV1

Drift field
Typical 10>-10° V/cm

Amplification field
Typical 10-10° V/cm

Y Strips
X Strips

Figure 3.5: Schematic representation of the MICROMEGAS detector
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Figure 3.6: The electric field configuration of a Micromegas. The micromesh is almost transparent to the

drifting electrons.
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3.5.1 Micromegas performance
3.5.1.1 Gain

The Micromegas performance, in terms of electron gain, is not affected by small
variations of the length of the amplification region [80], like mechanical defects in the
construction of the micromesh, due to its narrow gap. The electron multiplication in

the amplification region is given by:

G=e", (3.19)
where a is the Townsend coefficient (mean free path of an electron between two
ionizations) and [ is the length of the amplification region.

The Townsend coefficient can be expressed by the Rose and Kroff formula:

a = PAe BP/E | (3.20)
where P is the pressure and A and B parameters of the gas mixture.
E is the electric field of the amplification region:

=’ (3.21)

Substituting eq. (3.20) and (3.21) to (3.19), results to:
G = eAPL™Y (3.22)

From eq. (3.22) it is evident that the gain, G, is dependent on the term Pl For a
constant pressure P, G increases when [ is increasing, reaches a maximum and then
decreases again, for higher values of [, as seen in Figure 3.7. The maximum value can
be obtained by differentiation of eq. (3.22) and it is for [ = V/B. The dependence of
the gain from the mesh voltage for different gas mixtures in a microbulk Micromegas is

shown in Figure 3.8 [81].
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Figure 3.7: The gain as a function of the amplification length for a given gas mixture of argon+5%DME,

at a pressure of 1 bar. Extracted from [80].
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Figure 3.8: The measured gain as a function of the mesh voltage (HV2), for various gas mixtures.
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3.5.1.2 FEnergy resolution

In the ideal case the energy resolution of a gaseous detector depends only on the
fluctuations of the number of the primary and avalanche electrons. In reality a number
of other parameters can contribute to the shape and resolution of the pulse. Such
parameters in a Micromegas detector are impurities in the gas, non-uniformity of the
amplification field due to considerable distortions in the mesh foil, the electric field
ratio p = E,/E4, which influences the mesh transparency to electrons, and the gain
(because of statistical fluctuations in the multiplication process, the energy resolution

is degrading with the increase of gain).

In Figure 3.9 [81] a typical dependency of the energy resolution with the field ratio p is
shown. The result was obtained with a gas mixture of argon with 10% isobutane, using
an *Fe source that emits two photons of energies 5.9 keV and 6.5 keV in a ratio of
8.5:1. The dependency has the same behavior for all gas mixtures, with the resolution
rapidly decreasing to a minimum and then slowly increasing for higher values of p. Of
course the minimum resolution achieved and the field ratio p for different detector

configurations may differ considerably.
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Figure 3.9: Energy resolution as a function of the field ratio p. The optimum resolution is obtained for
200< p <300.
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3.5.1.3 Spatial resolution

The spatial resolution is independent of the gain of the chamber but the spread of the
electrons is observed mainly due to the transverse diffusion, which depends also on the
amplification gap and the diffusion coefficient of the gas mixture used. Several tests
with different detector configurations have been performed. Their results are
summarized in Table 3.2. The best value achieved was a spatial resolution of 11 pm,
for a detector with a strip pitch of 100 um, and a gas mixture of CF, with 20%
isobutane [82].

Gas Mixture Resolution [pm] Pitch [pm] Drift field [kV/cm)]
Ar+10% iCsHo 42.5 100 1.0
He+6% iCiH104+5% CFy 35 100 1.8
He+10% iC.Hi+5% CF,4 30 100 1.8
He+20%DME 25 50 1.0
CF4+20% iCsHio 18 100 0.4
CF4+20% iCsHio 11 100 2.7

Table 3.2: Summary of spatial resolution tests performed with different configurations of the

Micromegas detector.

3.5.1.4 Rate capability with X-rays

The small amplification gap of the Micromegas, results in a fast evacuation of the slow
moving ions, in less than 100 ns. Therefore the Micromegas detectors have a very high
rate capability. A detailed study for various mixtures and varius fluxes is presented in
[83]. The highest rate observed without saturation of the gain was 10° Hz mm™.
Systematic studies have shown though that the maximum achievable gain decreases
with the flux. For fluxes of X-rays of 8 keV of the order of 10" Hz mm™, the maximum

gas gain achieved is higher than 103, which still allows a full detection efficiency.

66



Chapter 3

3.5.1.5 Radiation Resistance

The Micromegas detector as a parallel plate detector, exhibits a high radiation
resistance. The creation of organic polymers in the anode, in high irradiation
evironments, has little effect on the performance of the detector. The radiation
resistance of the detector has been measured in [83]. With a gas mixture of argon and
6% isobutane, the gain of the detector remained stable for a total accumulated charge

up to 18.3 mC/mm?

3.5.2 Fabrication and evolution

The Micromegas technology has many applications in particle and X-ray physics. An
extensive review will be presented for the use of the Micromegas detectors in the

CAST experiment, for detecting X-rays.

Since the start of data taking, in 2002, the COMPASS experiment makes use of large
40 x 40 cm? Micromegas detectors for tracking close to the beam line with particle
rates of 25 kHz/mm? In T2K, Micromegas detectors of bulk technology are used as
amplification devices in time projection chambers. The NA48 experiment at CERN is
using Micromegas detectors for the charged kaon upstream spectrometer consisting of

three stations of Micromegas coupled to a time projection chamber.

The request for better performing, more stable detectors that are simple to
manufacture in big surfaces, resulted in the development of two advanced techniques.
The new detector types were called bulk-Micromegas [84] and microbulk-Micromegas
[85].

3.5.2.1 Bulk Micromegas

In the development of the bulk Micromegas, a woven wire mesh of 30 uym was used,
instead of the electroformed micromesh of the conventional technology Micromegas.
The manufacturing procedure developed was simple, relying in well-known technology

and techniques.

The base material consists of an insulating material (i.e. FR4), which carries a Copper

plane — the strips. A photoresistive film (Vacrel) of 128 um thickness, and the woven
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wire mesh are all laminated together, at high temperatures, becoming a single unit.
With a photolithographic process, the photoresistive material is etched, leaving the

pillars. The whole process is shown in Figure 3.10.

The bulk Micromegas detector has an easily achievable, good resolution (~14% FWHM
for the 5.9 keV peak of ®Fe), which is limited by the thickness of the mesh. It is also
uniform and robust, with easy manufacturing process and it has low noise due to its

lower capacitance with respect to the conventional technology Micromegas.

Base Material

Lamination of Vacrel

Positioning of Mesh

Encapsulation of Mesh

Figure 3.10 : The fabrication process of a bulk Micromegas detector.

Figure 3.11: The cylindrical pillars have a diameter of 300 pm and a distance of 2 mm with each other
(left). A detail of the woven mesh (right).
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3.5.2.2 Microbulk Micromegas

The new process developed involves high accuracy photo-chemical and photo-
lithography techniques on copper-clad kapton foils. It was inspired by the GEM

detector fabrication process [77].

In this process a mask is created using a thin photoresistive film. This mask is put on
top of the copper clad kapton foil, and the copper is then removed by a standard
lithographic process, producing the pattern of the thin mesh.

The microstructure is usually glued to a substrate, providing support and rigidity and
the read out plane of the strips. The kapton is then etched and partially removed in
order to create tiny pillars in the shadow part below the copper mesh. The result is

shown in Figure 3.12.

Figure 3.12: The pillars are created in the shadow of the mesh with standard etching technology.
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3.6 Background and shielding

3.6.1 Sources of background

Since the magnitude of the background determines the minimum detectable radiation
level, the knowledge of its origin is crucial. The sources of background can be grouped

in five categories:

— Radiation of construction materials and the activity of the earth’s surface,

— radioactivity of the detector materials,

— radioactivity from the air surrounding the detector and the ventilation of the
facility,

— cosmic radiation,

— radioactivity of the surrounding materials, in the vicinity of the detector, such

as pipes, shielding etc.

The radioactivity of the Earth and the construction materials is due to low
concentrations of naturally radioactive elements. The most important components are
potassium, thorium, uranium and the products of their decay chains. Potassium
contains 0.012% K which decays in *Ca by p-emission with 1.31 MeV energy (89 %
yield) and in *Ar by emitting a y-ray of 1.46 MeV (11%). This process has a half-life
of 1.26x10° yr. Thorium uranium and radium are members of a long decay chain that
emits a spectrum of o, B, and y rays. These materials can be found as impurities in
the construction materials of the detector as well. Electrolytically prepared copper,
magnesium and stainless steel show low levels of background. The electrical soldering
in the electronics and some circuit board materials can be high in radioactivity, so
attention has to be given either to minimize the use of these materials or that they are

outside the shielding of the detector.

A measurable amount of radiation can be found in the ambient air surrounding the
detector either in the form of radioactive gases or from the airborne dust. *?Rn (with
half-life 3.825 yr) and *Rn (with half-life 55.6 s) are short lived radioactive gas
products of the decay chains of uranium and thorium. In order to reduce the effect of
the airborne radioactivity the area surrounding the detector has to be air tight and

flushed with a clean gas such as nitrogen.
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Another source of background comes from the secondary cosmic radiation, like pions,
muons, electrons, protons, neutrons and photons with a large band of energies. At sea
level, muons constitute 80% of the flux of cosmic radiation with a rate of 1

muon/cm?/min.

The secondary particles from the cosmic radiation can interact with the materials
surrounding the detector, such as metallic pipes and shielding that have high atomic
number materials and produce high energy electrons and vy-rays. Neutrons can also

create y-rays when absorbed by high atomic number materials.

3.6.2 Passive shielding of detectors for low energy X-ray

detection

The most common material used for detector shielding is lead, because of its high
density and atomic number. It can absorb high energy gammas from the cosmic
background. There is an optimum thickness that has to be used, depending on the
application, to avoid the secondary radiation from the interaction of the cosmic
radiation with the lead itself. It can generate 77 keV and 170 keV fluorescent X-rays
generated by photoelectric absorption of y-rays. Furthermore ordinary lead has natural
radioactivity from contaminants. A recently produced lead can contain significant
amounts of ?'’Pb, a product of the decay chain of *Ra with a half-life of 22.2 yr. For
low background applications lead that is recovered from very old sources should be
used. In some cases where the use of lead has to be limited due to restrictions in cost
or weight, steel is a good compromise. Tungsten can also be a good candidate with its
high atomic number and density. Although it is difficult to machine, special techniques

or alloys of tungsten with nickel and iron or copper can be used.

To reduce the effect of the production of X-rays from the interaction of cosmic rays
with the high atomic number materials of the shielding they have to be used with an
inner low atomic number material to absorb the secondary radiation. Few mm of

copper or cadmium are usually enough.

A measurable neutron component can be found in the cosmic radiation at sea level and
low background X-ray detectors can be influenced by a fast neutron background. The
principle of neutron shielding is to quickly reduce their energy and then absorb the

thermalized neutrons with materials with high absorption cross sections. The most
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effective materials for reducing the energy of the neutrons are the ones with low atomic
numbers, containing hydrogen, like water paraffin and polyethylene. The second
material that will absorb the thermal neutrons can be either mixed with the above
materials or placed below them as an absorbing layer. Cadmium is the most commonly
used material, because a thin layer of 0.5 mm is enough due to its very high absorption

cross section.

3.7 Micromegas detectors in CAST

3.7.1 Evolution

Throughout the running periods of CAST all Micromegas technologies have been used.
In the start of the data taking of CAST Phase I in 2003 and in the CAST Phase II ‘He

run in 2005, 2006, a conventional technology Micromegas was used in the sunrise side.

In the shutdown of 2007, for the CAST Phase II *He phase, a complete redesign of the
detector lines of the experiment was performed, which brought bulk and microbulk

Micromegas detectors in three out of four ends of the cold bores.

The Microbulk detectors are the best choice for the CAST experimental conditions.
Their low material, high radiopurity and better energy resolution makes them suitable
for rare event detection experiments such as CAST. They combine all the advantages
of the bulk detectors with enhanced performance, uniformity and stability. CAST
Microbulk detectors have reached energy resolution of less than 12% FWHM, whereas
bulk detectors cannot reach values better than 14% FWHM. Since 2008 three out of

four detector lines of the experiment are occupied with microbulk detectors.
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Figure 3.13: Construction process of a CAST Microbulk detector

3.7.2 Microbulk detectors in CAST

The Microbulk detectors for CAST have a construction process which is shown in
Figure 3.13 [85]. The anode has a 2D readout scheme, with the strips interconnected
diagonally through vias, in one or two extra layers, as seen in Figure 3.14. The strip
pitch is 350 um and the spatial resolution, due to diffusion, is better than 100 um.
Each detector has 192 X and 192 Y strips, making up an active area of about 45 cm?.

Special care has been taken in the materials used in the construction of the detector, in
order to minimize its internal radioactivity. The drift chamber, which defines the drift
region of 2.5 to 3 cm and the supporting plane of the detector are made out of
plexiglas, the weldings inside the detector are made with low radioactive soldering and
the readout plane is made out of kapton. The detector is coupled with the vacuum line
of the magnet with an aluminised mylar (Ci0HsOs) window of 5 um with an aluminium

strong back, seen in Figure 3.15.
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y strips X strips

Figure 3.14 Schematic drawing of the connection of the strips with two layers of vias (left), and with

one direction connected already on the strip plane (right).

Figure 3.15: Left: A zoomed picture of the mesh of the CAST Micromegas detector. Right: A picture of
the detector with its front end cards. The aluminised mylar drift window is covering the active area of

the detector.

3.7.3 Sunrise Micromegas line

During the shutdown of 2007, the Micromegas line of the sunrise side was completely
redesigned [86]. The new line was previewed to integrate X-ray optics (which was
finally not implemented). The key novelties were better vacuum performance, the
addition of control systems to monitor key parameters of the detector (such as vacuum
pressure, detector pressure and gas flow), enough space for passive shielding and an in-
line automated calibration system. A design of the sunrise line is displayed in Figure

3.16.
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Figure 3.16: Ilustration of the sunrise Micromegas line.

25mm Pb + 2mm Cd
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Figure 3.17: A section of the multi-layer passive shielding of the sunrise detector.
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Figure 3.18: The sunrise Micromegas detector placed in line. On the left the cylindrical shielding is
visible, surrounding the detector. On the right the polyethylene blocks are in place, covering the

maximum solid angle possible, taking into account the space limitations.

3.7.3.1 Passive shielding

The passive shielding implemented in the sunrise Micromegas line is attempting to
reduce environmental radiation, like gammas and neutrons. It is a multilayer cylinder
which surrounds the detector and consists (from outer to inner radius) of 2 mm
cadmium foil, to absorb thermal neutrons, 25 mm archaeological lead and 5 mm
copper, which also acts as a Faraday cage. The cylinder is covered with polyethylene
blocks of thickness up to 25 c¢m, to thermalize neutrons, with dimensions limited by
space constraints.The space between the detector and the shielding is flushed with
Nitrogen, to reduce the concentration of air, thus reducing Radon radioactivity. The

front-end electronics are placed outside the shielding in a Faraday cage.

A section of the multilayer passive shielding is shown in Figure 3.17 and two pictures

of it, with and without the polyethylene blocks installed is shown in Figure 3.18.
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3.7.3.2 Calibration source and source manipulator

The daily calibrations of the detector are performed using an **Fe source. The isotope
decays to *Mn (Manganese-55) by electron capture. The **Mn then emits fluorescence
photons of 5.9 keV (K,) and 6.49 keV (Kp) with a ratio of 8.5:1. This decay has a half-
life of 2.73 years.

The %Fe source resides in a mechanical manipulator which is placed in the CAST
vacuum line, in front of the detector at a distance of 1.1 m, to ensure uniform
illumination of its full area. The manipulator can be operated manually or

automatically by the acquisition software.

The position of the source is monitored by using two position sensors integrated in the
Micromegas acquisition system. The two possible positions of the source are the
“garage” and “calibration”. When the source position is set to “garage” the
manipulator moves the source upwards, outside the field of view of the detector. When
the source is set to “calibration” position the manipulator moves the source
approximately 10 cm down placing it in front of the detector and illuminating it. A

picture of the source manipulator is shown in Figure 3.19 [87].
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Figure 3.19: The *Fe source manipulator in the sunrise Micromegas line
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3.7.3.3 Gas system

The choice of gas

The gas mixture of choice for the sunrise Micromegas detector is argon with 2.3%
isobutane as a quencher. X-rays, in the energy range of 2 to 7 keV will interact with
argon mainly with the photo-electric effect. Argon and argon based mixtures have the
highest conversion probability amongst the noble gases having a mean free path of 2.7
cm for X-rays of 7 keV and pressure of 1.4 bar. This makes it ideal for use in the
Micromegas detectors of CAST which have a drift region of 3 cm. The specific gas
mixture also fulfils the requirements for low working voltage, high gain, good

proportionality, low cost and non-flammability.

YFe enerqy spectrum

X-rays coming from an ’Fe source into the argon filled chamber will interact with
electrons in the K, shell via the photo-electric effect. In about 15% of the cases the
photoelectric absorption is followed by the emission of a secondary photon. This
photon, having energy slightly lower than the K-edge, has a very long mean free path,
thus a high probability of escaping the chamber. The total energy deposited is about
2.9 keV and corresponds to the characteristic escape peak of argon. In the rest of the
cases the photoelectron emission is followed by Auger cascades with total energy
deposits of about 5.9 keV. This line is the photo-peak of argon. Figure 3.20 shows the
typical form of an ®Fe energy spectrum recorded with a microbulk Micromegas, filled

with a mixture of argon-2.3% isobutane.
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Figure 3.20: Energy spectrum of a calibration run with an %Fe source. The various emission lines are

merged to two main distributions at 2.9 and 5.9 keV.

Setup

The gas system of the sunrise Micromegas was designed to keep a constant pressure of
the gas inside the detector chamber. For this reason an MKS mass flow controller was
installed in order to maintain the pressure constant at 1.43 bar. The over pressure
diminishes the possibility of contamination of the gas and helps achieve higher
multiplication values and lower mean free path in comparison with operation in

atmospheric pressure.

3.7.3.4 Pumping system

To minimize the danger of a leak from the Micromegas detector to the CAST vacuum,
a differential pumping system was realised. A simplified diagram is shown in Figure
3.21. An intermediate volume (detector vacuum) is created, with the use of a 4 pm
polypropylene (C3;Hg)x window, which is constantly pumped and separates the two

systems.

The pumping group consists of one primary pump, assisted by two turbo molecular
pumps. These pumps, together with the sunrise line vacuum can be isolated through
two manual valves for long periods of shut down. A normally open electro-valve is

connecting the detector vacuum with the CAST general vacuum. The electro valve is
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connected to an interlock; when the pressure difference between the two vacuums
(detector and CAST general) becomes higher than a predefined value (0.1 mbar), the
electro-valve opens, to avoid breaking the differential window. In this case the gate
valve VT3 closes, to protect the rest of the vacuum systems from potential

contamination.

Gate valve
Differential VT3
P window P3a)
!
é Detector CAST general
% vacuum vacuum

Electro valve

Fast manual valve Slow manual valve
Turbo-molecular pump 2 Turbo-molecular pump 1

Manual valve

Primary pump

Figure 3.21: A simplified sketch of the sunrise Micromegas vacuum system. The valves denoted with
green are open during data taking and the ones with red, closed. The detector vacuum is monitored by
the Pyu sensor and the CAST general vacuum, by Pssa).
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3.7.4 Sunset Micromegas line

The sunset line incorporates two Micromegas detectors. The detector system, seen in
Figure 3.22, includes two Faraday cages that completely cover the detectors and their
electronics. The calibration of the detectors is done with an automated calibration
system with an *Fe source, from the back of the detectors, in an area were the
thickness of the supporting material (plexiglass) is reduced to allow the X-rays to

reach the volume of the detectors.

Faraday cage

Figure 3.22 (Left) A schematic view of the sunset detector lines. (Right) a picture of the Sunset detector

line. The one detector is seen without the Faraday cage installed.

3.7.5 Efficiency of the CAST Micromegas line in X-rays

The Micromegas detectors and the detector lines in CAST have been designed and
optimized for the efficient detection of X-rays, in the range from 2 to 7 keV. In order
to couple a gaseous detector with the vacuum of the magnet side, the solution of two

differential windows was adopted [88].

These two windows separate the line in three zones, as seen in Figure 3.23. Zone A
corresponds to the detector, with pressure 1 to 1.4 bar, zone B is a closed volume with
a pumping system and has a pressure of the order of 10* mbar and zone C is the
vacuum tube of the detector line, with typical pressure of 107 mbar. The pressure
difference of Zone A and B, imposes the use of a strong back to strengthen the
detector window. Therefore an aluminised mylar window is used (5 pm), with an
aluminium strongback. The strongback has 94.6% transparency in X-rays with energies

between 2 and 10 keV.
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The total efficiency of the detector, the contributions of the materials of all the
windows, the gas mixture absorption and the dimensions of the detector, have been
simulated using GEANT4 [89]. The results are summarized in Table 3.3, for the energy

range of interest.

Mesh
Gate Valve
Cold Window
D C —>
Magnet Tube Vacuum Tube

Window 2
Window 1+

strongback

Figure 3.23: Schematic view of the Micromegas line in CAST

Detector efficiency (gas absorption+ drift window) 75 %

+ differential window (4 um polypropylene) 4%

+ cold window (15 pm polypropylene) 60 %

Table 3.3 The overall efficiency in the detection of X-rays in the range of 2-7 keV for 1.4 bar, in the

Micromegas line of CAST, for gas mixture of argon-isobutane 2.3 of 1.4 bar.
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Figure 3.24: The simulated efficiency of the Micromegas detector, taking into account the contributions

of all the elements across the CAST line.

3.7.6 Read out electronics

3.7.6.1 Strips signal

The signal collected from the strips, consists of the electrons of the avalanche in the
amplification region. It is integrated and stored by four front-end electronics cards,
based on the Gassiplex chip [90]. Each card has 6 Gassiplex chips, with 16 channels
each. The total of 96 channels, are connected to 96 strips, each channel corresponding
to a single strip, and can be read with a maximum clock speed of 1 MHz. The cards
are powered by a standard 6 V power supply (positive and negative). The Gassiplex

card is shown in Figure 3.25.
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regulators for command
level

Figure 3.25: The Gassiplex card used in the Micromegas detectors of CAST.

All four Gassiplex cards are controlled by a sequencer (CAEN V551B) with two
CRAMs (CAEN V550) housed in a VME crate. The sequencer provides the timing
signals (Track/Hold, Clock and Clear). The Track/Hold pauses the acquisition of
the card, latching in its memory the signal from the strip charge. Each time a

Clock signal is sent one channel of the card is read.

The output of the Gassiplex is a multiplexed, multilevel voltage signal, and each
level corresponds to a signal from a particular strip. The signal can be positive or
negative, depending on which output of the card is connected. When all 96 Clock
signals have been read by the CRAMs, the Sequencer sends the Clear signal,
which resets the memory of the Gassiplex card. The sequence of the readout
signals is shown in Figure 3.26:. The CRAMs digitise and store the acquired signal
from each Gassiplex card (two Gassiplex cards are read from one CRAM module),
until the VME crate reads it and sends it to the PC. The trigger for the
Track/Hold signal of the Sequencer comes from the Mesh signal, after it is shaped

and amplified, so as to produce an appropriate trigger.
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Figure 3.26: The sequence of signals that trigger the acquisition of the Gassiplex card.

3.7.6.2 Mesh signal

The signal from the Mesh is produced by positive ions, created in the amplification
region. It is preamplified via a Camberra 2004 preamplifier and then it is amplified and
shaped from an Ortec 474 Timing Filter Amplifier — Shaper. With a Linear Fan
In/Out, the signal is split in two. One passes through a discriminator (LeCroy Model
821C), to provide a digital trigger. If the pulse exceeds a previously set threshold (set
to be above the electronic noise), a trigger pulse is created and sent to the Gassiplex
cards. The other is recorded through a high rate sampling VME digitizing board, the
MATACQ (Matrix for ACQuisition) [91], which stores the timing information of the
mesh pulse. A flow diagram of the signal propagation in the sunrise Micromegas

detector is shown in Figure 3.27.

Both signals from the mesh and the strips are acquired and stored in less than 20 ms.
During the acquisition process the system cannot detect any signal because all the
modules are receiving a veto. This is the dead time of the particular configuration. Due
to the fact that the normal trigger rate of a background run is of the order of 1 Hz, it

is evident that the total loss of signal is less than 2%.
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Figure 3.27: The trigger and readout layout of the Micromegas detectors in CAST.
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3.7.7 Data acquisition

The connection of the modules with the data acquisition PC is done via a VME
controller (NI VME-MXI2) and a bus card to the PC (NI PCI-MXI2). The data
acquisition software running on the PC is based on the Labview system design
software, by National Instruments. The operating system of choice is Scientific Linux
(CERN distribution), with large capabilities of communication protocols, timing and
synchronization. The data acquired, are uploaded in a daily basis to CASTOR (CERN
Advanced STORage manager) in form of binary files, for safety and backup via a
routine program (mMmonitord) which is constantly running in the background. The
maximum acquisition rate of the sunrise data acquisition setup is 60 Hz. The whole

configuration was originally installed in 2002 [92].

A friendly graphic environment allows the operator to control the data acquisition and

view the mesh and strip pulses in real time. Its main virtual instruments (VIs) are:

RunControlAll.vi
It enables the user to start and stop the application, define the type of run (Pedestal,
Calibration or Background) and select to display or not the real time monitoring VIs,

RunMon.vi and RunEvd.vi (Figure 3.28, left).

RunControlMonitor.vi

In this VI the user can view crucial parameters of the current run like the number of
events recorded, the trigger rate of the data acquisition system (number of signals
above a set threshold) and the counter rate (the number of total events detected). The
user can also get information such as the name and the start date of the run, (Figure

3.28, right).

RunFEvD.vi

It displays one out of ten events that have triggered the DAQ. Valuable information
can be extracted regarding the performance of the strips or the gassiplex cards,
electronic noise in the data acquisition modules or even sparks that occur in the

detector, (Figure 3.29).

RunMon.vi
It provides a quick spectroscopy outlook of the current run. It displays the FADC
energy spectrum of the current run, a history of the trigger rate and real time plots of

the Multiplicities and X-Y distributions of the actual run, (Figure 3.30).
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Figure 3.28: The main graphics interface of the sunrise DAQ system constitutes from the
RunControlAll.vi (left) and the RunControlMonitor.vi (right). They provide full control and information

for the current run.
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Figure 3.29: The RunEvD.vi displays the charge of the X and Y strips and the Mesh signal in real time,

200
1
1

refreshing every 10 events.
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Figure 3.30: The RunMon.vi displays a number of plots for an overview of the performance of the

detector. In this plot the FADC spectrum of a Calibration run is shown.
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4. Raw data analysis and background

discrimination
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Raw Data analysis and Background discrimination

4.1 Introduction

During the data taking period three types of runs are being acquired (pedestal,
calibration and background). The binary files produced by the data acquisition
program of the sunrise Micromegas have to be decoded and all the necessary
information for the events to be extracted. An event recorded in the raw data files is
constituted by the signal read from the strips and 2500 samples of the mesh pulse that
triggered the Gassiplex. The two basic sets of information are the X and Y spatial
information that come from the signal collected from the strips and the pulse timing

information that come from the signal that is collected from the mesh.

After the information is extracted, a pattern recognition algorithm is applied, to
distinguish the X-ray events from the rest, i.e. cosmic muons and high energy gammas,
which are the main source of background in the Micromegas detectors in the CAST
experimental conditions, with a rate of approximately 1 Hz. The X-rays with energy
less than 10 keV produce a primary ionization localised in less than 1 mm. After
traversing the amplification area, the charge produced will have a short risetime and a
maximum dispersion of 5 mm. The muons and high energy gammas have a broader
ionization which causes wider pulses. Therefore their charge signature is completely
different from the one of X-rays in the energy range of interest (2-7 keV), making them
easily identified and further suppressing the background.

4.2 Raw data acquisition and file format

The sunrise Micromegas data acquisition software stores all the information of each
run to one single binary file with name mmRXXXXX.dat, with XXXXX a unique,
increasing number for each run. The maximum number of events that can be stored in
each file is set to 250.000. It consists of words of 4 bytes (32-bit) and its format is
shown in Table 4.1.

During data taking periods, three types of runs are acquired each day:

Pedestal run (type 2)
This run consists of 5000 events. The events that are recorded are the ones that occur
with the absence of external trigger. These files are not used, since another way of

extracting the pedestals is implemented, from the background runs (explained below).
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Calibration run (type 1)

Once every day an "Fe source is placed in front of the detector, for calibration
purposes. A total of 60000-80000 events are taken with a rate of 55-60 Hz, limited by
the capabilities of the DAQ system. The daily calibrations ensure that any

environmental effects, do not affect the response of the detector.

Background run (type 0)

The detector is recording data during the day, for approximately 23 hours. During this
time the morning (sunrise) tracking may take place. All the events of the background
run, except the ones during the morning tracking, are considered as background
events. The ones that are recorded during the morning tracking interval are the

tracking events.
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Run Header

Run Header start flag 0x90000000

Run Number
Date
Date Offset
Start time
Run Type (0, 1, 2)
Magnetic field
Detector Number
HV1 (drift)
HV2 (mesh)

Gas composition (% Isobutane)

Run Header end flag 0x9FFFF000
Event start flag 0x80000000

Event ID

Event Header

Event timestamp
Trigger Counter
Number of ADC data

ADC Data(32 bits)
Event 2n : Bits 0-15
Event 2n+1 : Bits 16-31

}

Strip Data (32bits)- Number of strips (Gassiplex 0)

decodi lied
ecoding applie Strip charge : Bits 0-11

Strip ID : Bits 12-22 — x 4 (Gassiplex 0-3)
Valid flag : Bit 30

Overflow flag : Bit 31
Reserved : Bits 23-29

Event Footer Event end flag 0x8FFFF000
N events follow...

Run Footer start flag 0xA0000000

Total Number of Events
Run Footer end flag OXAFFFF000

Table 4.1: The format of the binary raw file that is produced from the data acquisition program.
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4.3 Raw data analysis

After the raw data are stored and their information is extracted, the first order
analysis is performed. For the strip signal, this involves the pedestal extraction, the
definition of charge clusters and the storage of their characteristics in an easily
accessed data base (ROOT trees). For the mesh pulse, a pulse shape analysis is

performed to extract the timing information of each event.

4.3.1 Strip signal

4.3.1.1 Pedestal subtraction

The strips have an intrinsic electronic noise which occurs when there is no trigger from
the Matacq to the Gassiplex card. This leads to the constant record of a charge with a
well-defined mean level. The pedestal of a strip is defined as the level of this charge
and it has to be subtracted from the recorded charge of a real event, to find the real
charge deposition. Figure 4.1 shows the level of the pedestal for every strip of one

Gassilpex card, with the corresponding sigmas, for a random data file, taken in 2010.

The mean value of the pedestal of each strip is extracted from the background files
(type 0). In each event that triggered the acquisition of the Gassiplex, only a certain
number of strips have recorded the charge deposition coming from the particle. The
rest will just record their pedestal level. The condition that is used for discriminating a
real event recorded in a strip is that the charge collected is 3 sigma higher than its
pedestal level. The procedure involves three iterations to find the pedestal levels of

each strip and one to calculate their mean value and its sigma.
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Figure 4.1: The mean pedestal levels (left) and sigmas (right) of the X0 strips of background run 17153,
during 2010 data taking. The pictures correspond to strips number 0-95 (Gassiplex 0).

4.3.1.2 Cluster identification and characteristics

A cluster is defined as two or more consecutive strips that recorded a charge. The
cluster identification is done separately in the X and Y strips. In order to account for
some dead or missing strips, the condition for the end of the cluster allows up to two
strips with no charge inside the cluster. When three consecutive strips are found with
no charge, the condition for the end of the cluster is met. In some cases more than one
cluster is recorded in each direction. The information extracted from the cluster of

each event is:
Strip Multiplicity in each axis

The total number of strips that are included in the cluster of each axis.

Cluster Charge

The sum of the charge recorded in each strip of the cluster.

Cluster Sigma

The sigma of the charge distribution of each cluster.

Cluster Position

The position of the strip of the cluster with the highest charge.

Total Charge of event
The sum of the charge of all the X and Y strips in a single event.
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Cluster Multiplicity of each event

The number of clusters in X and Y axis that are recorded in a single event.

4.3.2 Mesh signal

The mesh signal is recorded by the Matacq as 2500 consecutive samples, of 1 ns each.
A pulse shape analysis of the mesh signal, shown in Figure 4.2, can provide
information regarding the energy deposited and the characteristics of the signals

deriving from X-rays for the background discrimination.
The pulse characteristics of the mesh signals which are being studied are:

Baseline

It is calculated as the average value of the first 100 samples (100 ns) of the recorded
signal by the Matacq, composed by 2500 samples of 1 ns. The actual peak starts more
than 400 ns later.

Baseline fluctuation

The standard deviation of the baseline.

Peak Time

The point when the pulse reaches its maximum height.

Peak Amplitude
The height of the peak (in mV) after correcting for the baseline fluctuation.

Start of the peak
The time when the pulse has reached the 15% of the peak height, before the peak.

End of the peak
The time when the pulse has reached the 15% of the peak height, after the peak.

Peak Risetime

The time from the Start of the peak until the Peak Time.

Peak Integral
The integral between the Start and End of the peak.
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Default Integral
The integral between the Start time and 500 ns after.

Rise Integral
The integral between the Start of the peak and the Peak Time.
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Figure 4.2: A typical mesh pulse of an X-ray event with its characteristics.

4.4 Detector calibration

During the data taking periods the Sunrise Micromegas detector is calibrated with an
»Fe source. The intensity of this source was measured in November 2010 to be 48.45
MBgq. It is placed in front of the detector, at a distance of 1.1 m by an automatized
manipulator which is controlled by the data acquisition software. This setup allows a
uniform illumination of the detector with a high rate of X-rays of 5.9 keV, as shown in

Figure 4.3.

The daily calibration runs determine the energy calibration of the detector, showing
day to day variations, problems of stability or uniformity. They also provide a
valuable set of observables from all the timing and spacial information extracted from

the raw data file analysis, which composes an X-ray profile.
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The X-ray profile is then used to form the selection criteria (cuts), with which all the
background events are compared in order to distinguish the X-ray like events from the
rest. More specifically, projections to multiple parameter spaces are created, in which
the X-ray events from the calibrations have a very stable and well defined distribution.
These are compared sequentially with the distributions of the background events. The
background events that fall inside all these distributions pass the criteria and are

considered as X-ray events.

0 10 20 30 40 50 60
[mm]

Figure 4.3: The X-Y distribution of events in the strips of the detector in a calibration run. The
illumination of the detector is quite uniform. The area of the cold bore is denoted with the orange circle.
The horizontal and vertical lines of the strong back of the aluminized drift window and two areas were

the strips are damaged are visible.

Entries 1.107838e+07 Entriss 1.1078390407
Integral 878012 Integral 67.8452

-E 14 g

- 14

2 F 2 ”

q  12r o

§ / \ g 12 / \

N i i

2w 5 0

; 0.8 / \ E 0.8

= =

L] y
[ .

0.2 0.2

N

2 4 6 8 10 12 8 10 12
Total Energy [keV] Total Energy [keV]

L I
—
L

Er
=
<
~
[N
o

Figure 4.4: The calibration energy spectra for the strips (right) and for the mesh (left) in CAST detector
units for the whole of 2010. The 5.9 keV peak of the **Fe is the dominant one, with the 6.49 keV being
shadowed by the resolution of the detector. Their relative intensity is 150 and 17 respectively and they
are visible as one peak with maximum at around 6 keV. The escape peak of 3 keV of Argon is also

visible.
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4.5 Background selection

In order to distinguish the X-ray events of the background run, a calibration run is
taken, usually right after the morning shifts. This calibration run offers the necessary
information that will compose the selection criteria for the X-rays of the background

rumn.

A background event has to pass sequentially all the selection criteria in order to be
identified as an X-ray. These selection criteria are formed both from the mesh and the
strips information and they are separated in two categories. The “manual” criteria,
which are extreme values of some parameters that are manually fixed and the
“automatic” criteria, which are projections to a parameter space, in which a selection

area that includes 95% of the events is created.

4.5.1 Manual selection criteria

The manual selection criteria that are applied are:

Fiducial selection:
The X and Y strips should be inside a circle which corresponds to the aperture of the

cold bore.
VXZ+YZ <215 mm . (4.1)

Number of clusters per strip axis:

(4.2)
NClusters le & NClusters Y:1 .
The collected charge in each axis:
Qx—Qy
axrayl VP (4.3)
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4.5.2 Automatic selection criteria

The automatic selection criteria have one or two dimensional distributions of
parameters that, for X-rays, have very well defined distributions, meaning that most of
the events are confined within a well-defined shape. The selection is based in the

contour plotting abilities of ROOT, a powerful analysis tool, developed at CERN.

The parameters used are a subset of the ones defined in Chapters 4.3.1 and 4.3.2.
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4.5.2.1 Two dimensional multiplicity cut
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Figure 4.5: The original (top) and the selected (bottom) two dimensional distributions of calibration

events.
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4.5.2.2 X sigma vs Y sigma cut
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Figure 4.6: The original (top) and the selected (bottom) two dimensional sigma distributions of the

strips of calibration events.
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4.5.2.3 Pulse width versus risetime
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Figure 4.7: The original (top) and the selected (bottom) two dimensional distribution of the amplitude

over charge of the pulse, versus its rise time, in calibration events.
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4.5.2.4 Pulse Width over Pulse mean versus Pulse Amplitude over Pulse Charge

S 0.006 —
g Kk
g — 1800
= — — 1600
Q 0.005 —
n -
i = _ 1400
5 0.004 — - - {1+
> — T —1 1000
2 — »
< 0.003 — —1 500
< —
E - —1 600
’(_‘D -
= — 200
m 0.001 ! n n ! ! n ! !
04 05 06 07 08 09 1 11 0
Amplitude over Charge
= 0.006 f—
< — . 1800
@ —
g — — 1600
© 0.005 [——
— — - —] 1400
2 F L
& 0.004 [— 1200
> — — 1000
o L
< 0.003 f— —1 800
° —
E — — 600
o 0.002 b— 400
8 —
= — 200
¥ —
0.001 . . . . . . . . 0
03 04 05 06 07 08 09 1 11

Amplitude over Charge

Figure 4.8: The original (top) and the selected (bottom) two dimensional distribution of the width over
the mean of the pulse, versus the amplitude over the charge of the pulse, in calibration events.
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4.5.2.5 Baseline fluctuation
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Figure 4.9: The 98% of the distribution of the baseline fluctuation for calibration events is selected.
Background events that have a fluctuation of baseline within this limit are X-ray candidates.
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5. The CAST detector lab
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5.1 Introduction

A new detector lab has been realized at CERN, at building 162 S-065. It incorporates a
variable energy calibration system based on an X-ray beam line which was built at the
Max-Planck-Institut fiir extraterrestrische Physik/Garching (MPE). The purpose of
the project is to be able to calibrate for the first time the present and future CAST
detectors, in a number of energies between 2 and 10 keV. This study is necessary for
the data analysis because it is the only way to define the efficiency of the software
data selection in the energy range of interest and the linearity of the detectors.
Furthermore since an X-ray beam line of variable energy is difficult to find, having one
at CERN is a unique opportunity to enhance the performance of the software data

selection.

5.1.1 General information

X-rays are electromagnetic radiation with a wavelength in the range of 0.01 to 10 nm
which corresponds to energies from ~100 eV to ~100 keV, Figure 5.1. The
electromagnetic radiation from nuclear reactions, called y-rays can also be produced in
the same energies as X-rays but they are differentiated because they have a different
production mechanism. X-rays are produced outside the nucleus, while y-rays are
produced inside the nucleus. X-rays are sometimes called Rontgen rays after their

discoverer, Wilhelm Conrad Rontgen.

10° 103 10 10 103 Wavelength [nm]
| | | |
Infrared Visible UV X-rays vy-rays

1012 10M 1016 1018 1020 Frequency [Hz|
| | ! !

103 101 10t 103 Energy [keV]

| l | |

Figure 5.1: The X-rays are shorter in wavelength than UV and longer than y-rays.
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5.1.2 X-ray generation

X-rays can generally be produced by directing a beam of energetic particles to a
material. The most common practice in a lab is to use X-ray tubes in which electrons
are the energetic particles. The electrons are produced in vacuum by a heated filament,
they are accelerated by an intense electric field and bombard the anode (target), as
seen in Figure 5.2. When the energetic electrons hit the target they produce X-rays but

also photoelectrons, Auger electrons and heat.

slectron gun

photons

Filament Anode (target)

= §:°+

Figure 5.2: Schematic view of the principle of operation of an X-ray tube.

5.1.3 X-ray spectrum

When a highly energetic electron hits the target it might ionize an atom or not. In the
latter case, it is slowed down or completely stopped by the interaction with the
negative electric field from the electrons of any atom it encounters. If the electron is
slowed down, it will exit the material with less energy. The energy that the electron
loses is radiated as X-rays of equal energy. These X-rays and the electron will interact
with matter in a similar fashion to produce more radiation at lower and lower energy
levels. The X-rays produced by this mechanism form a continuous band in the X-ray
spectrum, called Bremsstrahlung, which in German means “braking rays”. The
maximum of this spectrum occurs when an accelerated electron loses all of its energy

in one interaction and it is equal to the acceleration voltage.
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When the energy of the accelerated electron is higher than a certain threshold value,
which depends on the material of the target, a second type of spectrum is obtained and
it is superimposed to the continuous Bremsstrahlung spectrum. This spectrum is called
the characteristic radiation of the material and consists of discrete peaks. When an
accelerated electron has enough energy to eject one of the atom-bound electrons of the
inner shells, an electron of a higher shell will drop to the empty hole of the inner shell,
emitting an X-ray with energy which is approximately equal to the energy difference of
the two shells. (Due to the need to conserve energy and momentum, a small amount of
energy must be transferred to the atom which then recoils). Hence the energy and
intensity of the peaks in this secondary process depends only on the material of the

target. In Figure 5.3, the X-ray spectrum of copper is shown.

The characteristic lines of an X-ray spectrum are named after the shell that the
vacancy was created, i.e. K, L, M etc. When an electron drops from the next shell then
the transition is described as o and when it occurs between shells that are separated
by one more, it is described as B. If the shell has subshells, then to distinguish the

transitions a number is put after the Greek letter, i.e. 1,2, as seen in Figure 5.4.

Cu spectrum
200 [

180 ——Cu spectrum| |

160

140
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120

100
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Energy [keV]

Figure 5.3: X-ray spectrum of a copper target. The characteristic peaks and the Bremsstrahlung

spectrum can be seen.
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Figure 5.4: Graphical representation of the various transitions in an atom, extracted from [93].

5.1.4 X-ray absorption

The main absorption mechanism in a solid material is ionisation. An incoming photon
will lose its whole energy when exciting or ionizing an atomic shell. Absorption
increases rapidly with increasing atomic number and decreases with the energy of the
X-rays. However this variation shows discontinuities. For a given material, these
discontinuities, called absorption edges, correspond to the energies of the X-rays that
are associated with the energy levels of the shells. When the incident energy increases,
it reaches the shell energy level and the transmission is reduced rapidly, as one can see

in Figure 5.5.
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Figure 5.5: The transmission of 10 um of copper versus the energy of the incident X-ray beam. One can

distinguish the absorption edge at 8.9789 keV.

5.1.5 Filters

The great variation of the X-ray transmission on both sides of an absorption edge can
be exploited with the use of filters. When the energy of a photon is just above the
energy level of a shell of a material, then it strongly absorbs the photon beam. If a
material can be found that has an absorption edge between the K, and Kj lines of the
target material that produced the X-ray beam, it can strongly absorb the Kg line, since
the photons with this energy will be able to excite the filter material K level, but not
the K, photons. This kind of filter is called B-filter. For a target material with mass
number Z, the corresponding B-filter has generally Z-1. For heavy elements, it can also
be Z-2. The thickness of the B-filter can be chosen so that it can reduce the intensity
of the Kg line by a factor of 100, while reducing the intensity of the K, line only by a
factor of 10. In Figure 5.6, an example of a B-filter application is shown. The B-filter

used is 0.1 mm of nickel and the target is copper.
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Figure 5.6: An example of a B-filter application. In this case the target is copper with a nickel filter of
0.1 mm. The spectrum with the filter was normalized so that it can be easily displayed; therefore the

ratio of the peaks with and without the filter is not the real one.

5.2 The MPE X-ray beam line

5.2.1 X-ray source

The MPE X-ray beam line has a variable energy calibration system which was built at
the Max-Planck-Institut fiir extraterrestrische Physik/Garching (MPE). In Figure 5.7,
the X-ray generator is shown from the side, while in Figure 5.8, the system of the
variable targets is shown. There are 18 slots for the various targets but in the first set
of measurements only 5 will be used. In Table 5.1 and Table 5.2, the available anode

targets and filters are shown.

The principle of the X-ray generation is the one described in section 4.1.2, with the
voltages supplied by three power supply modules from FUG, shown in Figure 5.9. The
anode power supply can reach 35 kV, but for the purposes of the lab and for safety it
operates up to 18 kV. The Wehnelt power supply provides a focusing field in the path
of the accelerated electrons from the filament but since a focused X-ray beam is not

needed, it is not used.
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X-ray source
Filter wheel

Figure 5.7: Side view of the X-ray generator system.

Figure 5.8: The variable target X-ray source (left) and the anode wheel with the different materials
(right).
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Figure 5.9: The power supply units for the X-ray beam line.

Position = Target Peak(s) of interest [keV]

1 Ti 451
5 Mo 2.29
6 Au 2.12
11 Al 1.49
12 Cu 8.05, 8.9

Table 5.1: The available targets and the energy of the peak of interest for the CAST detectors.
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Filter Thickness
Ni 0.1 mm
Al 5 pm

EPIC 200 nm Al + 0.5 pm PP
Cu 10 pm

Table 5.2: The filters in the filter wheel of the X-ray line.

5.2.2 Vacuum system

The X-ray source as well as the detectors must be operated under vacuum. The line is
divided in two sides, the generator and the detector side, left and right from the V,
gate valve respectively, Figure 5.10. Each side has its own pumping system. The
generator side including the X-ray generator, the filter wheel, and the residual gas
analyser is pumped by the turbo molecular group “main pump” and by the sputter ion
pump. The detector side is pumped by two turbo molecular groups the “detector

pump” and the “guard pump”.

The gate valve Vs, the “detector valve”, when closed keeps the generator side under
vacuum in case work is needed to install or exchange the detector. As the gate valves
must not be operated with a pressure difference, the detector side must be under
vacuum before opening the valve V,. In the detector side, the guard vacuum is
separated from the detector vacuum, Figure 5.10, with a thin differential window made
of 4 ym polypropylene. The two volumes can be linked with the bypass valve, Vs. This
setup protects the generator side from the risk of a potential minor leak in the detector

vacuulll.

After the installation of a Micromegas detector the detector side is first pumped by
slowly opening the inlet valve Vs of the “Guard pump” with the bypass valve V3 open
and at a reduced pump speed in order to keep both sides of the differential window at
the same pressure. When they are under vacuum the valve can be fully opened, the
pump run at nominal speed, the detector pumping group started and the bypass valve

can be closed.
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In operation with a Micromegas detector the generator side is pumped by the sputter
ion pump in order to keep a clean vacuum, the gate valve V; is locked in closed
position and the main pumping group can be stopped. If this valve has to be opened
when not under vacuum on each side, a special procedure must be followed with
extreme caution. If the sputter ion pump is not sufficient to maintain a good vacuum,
or if this pump produces parasitic X-rays, the main pumping group must be used, and

the valve Vi should be open [94].

5.2.3 Residual gas analyser (RGA)

A residual gas analyser (prisma quadropole) is placed in the system for leak detection
monitoring of the outgasing of the components close to the generator, Figure 5.10. The
RGA is controlled via an RS-232 port from a computer. It controls a pressure gauge,

named P, and uses it as interlock. P, is recorded by the dedicated software for the

RGA, made by Balzers.
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gas inlet ;
poPl P2
B V1 pump valve :
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TM main
pump p7
TM guard
pump

Primary pump

Primary pump Primary pump

Figure 5.10: The vacuum system of the X-ray beam line
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Figure 5.11: An actual image of the X-ray beam line.

5.2.4 Control and interlocks

5.2.4.1 Pressure gauges

For monitoring the pressure in the various systems of the X-ray beam line a series of
pressure gauges has been installed. In Table 5.3, the list of the names given to the
pressure gauges is shown together with their function. Their actual position in the line

is shown in Figure 5.10.

The values of all pressures are continuously monitored in a dual gauge display and a

Maxigauge display, Figure 5.12.
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Name Type Code Measures
P, Pirani TPR detector vacuum
P, Pirani TPR differential vacuum
P B.A. PBR detector vacuum
P, Penning PKR generator
P Penning PKR main pump
Ps Process PKR generator
P Process IMR detector pump
P Linear APR detector gas

Table 5.3: List of pressure gauges in the X-ray beam line.

5.2.4.2 Interlocks

To ensure the safe operation of the user and the components of the X-ray beam line, a
series of interlocks has been introduced related with the operation of the three valves
Vi, Vo and V3, as well as the operation of the high voltage power supply for the target
of the X-ray generator.

The interlocks are enforced to the system through the logic of the interlock box, Figure
5.12. They are based on the pressures that are monitored from the Maxigauge. When
one or more pressures related to an interlock is above or below a value, the signal of
the corresponding relay switch contact is sent to the interlock box which sends the
appropriate signal to the valve or power supply. More specifically the interlocks that

are implemented are:
Bypass valve V3

This valve links the “guard” with the “detector” vacuum. It is normally open (meaning
that in case of a power loss it opens, for safety and it is programmed to stay open
when the power is back). It can be closed only if both Py and P, are lower than 9x10?
mbar. It opens automatically when one of the above pressures increases higher than
1x10? mbar.
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Gate valve V;

It is the gate valve, through which the “main” pump is pumping the system in the
generator side. Vi can be opened if both sides of it are under vacuum. The interlock is
OK when P; is below 1x10®° mbar and Ps below 5x10° mbar. It will close

automatically if Ps goes above 2x10* mbar and Ps above 8.4x 10 mbar.
Gate valve V,

It is normally closed, to isolate the two systems and must close in case of power loss.
V, can be opened only if both sides are under vacuum. The interlock is OK when Psis
below 8x 10 mbar and Ps below 5x10° mbar.

X-ray generator

The high voltage power supply for the target of the X-ray generator is interlocked with
the pressure Pg. This pressure has to be better than 5x10° mbar so that the power

supply can operate and it will stop working if the pressure goes above 8.4x 10 mbar.

Maxigauge

Dual gauge

3 : -

Control

Interlock

box

Figure 5.12: From top to bottom: The Pfeiffer displays (Dual gauge on the left and Maxigauge on the
right) show the pressures recorded from the gauges, the control box can operate the electrovalves,
provided that the corresponding interlocks are OK, and the interlock box shows the status of the
interlocks.
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5.2.4.3 Slow control

A new slow control system has been developed for the needs of the lab, based on the
Labview system design software. Its user interface is shown in Figure 5.13. It is used
for monitoring and logging the evolution of all the key parameters in the lab like
vacuum pressures, detector parameters, and valves’ status and also sending an inhibit
signal to the power supply of the detector if necessary. All the signals are acquired and

sent through a National Instruments data acquisition card (NI-USB 6341).

One of the main functionalities of the slow control is that it is programmed to detect
abnormal variations in key parameters of the lab. In case one parameter reaches a
certain predefined value (i.e. in the event of a power cut), it sends warning SMS

messages and e-mails, to the people responsible for the system, so that they can react

immediately.
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Figure 5.13: The Slow control system of the CAST detector lab
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5.3 Detectors

Apart from the Micromegas detectors currently used in CAST, a new plug and play Silicon
Drift Detector has been purchased for the lab, mainly to monitor the first commissioning of
the X-ray beam line and acquire the first spectra from the energy range of interest for CAST.

In the future this detector will serve as an R & D test bench for possible future use in CAST.

5.3.1 The Silicon Drift Detector (SDD)

5.3.1.1 Introduction

In 1983, Gatti and Rehak [95], proposed a new detector scheme based on sideward
depletion. The idea was that a semiconductor volume of high resistivity, like n-type
silicon, can be fully depleted by a small n* ohmic contact positively biased with respect
to the p™ contacts covering both sides of the silicon volume. An electric field with a
strong component parallel to the surface drives signal electrons towards a small sized
circular collecting anode, Figure 5.14. The drift electrodes that surround the anode are
annular. These electrodes are biased so as to create an electric field which guides the
electrons through the detector, to the anode. The SDD was seen as the solid state
equivalent of gas drift chambers then in use and was initially proposed to measure the

spatial location of interaction (derived from the drift time).

The small area of the anode keeps the capacitance very small. The active volume of
the detector can be enlarged by adding more electrodes, but keeping the same anode
area, therefore keeping the input capacitance constant. This results in low noise

particularly in short shaping times.
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Figure 5.14: A schematic drawing of the Silicon Drift Detector.

5.3.1.2 Amptek XR-100SDD

The XR-100SDD from Amptek is a high performance silicon drift X-ray detector which
incorporates a preamplifier, and cooler system in a compact and hermetic case with a
thin Si3N; window with aluminium coating (C2 series). The temperature of operation
of the components is approximately -55 °C. The detector size is 25 mm? and the silicon
thickness is 500 pm. The resolution of the detector is 125 - 140 eV FWHM at 11.2 pym
peaking time for the 5.9 keV peak of the **Fe source.

The detector is combined with a high performance pulse processor and power supply
module, the Amptek PX5. This device also includes a digital pulse processor (DPP).
The DPP digitizes the preamplifier output, applies real-time digital processing to the
signal, detects the peak amplitude, and bins this in its histogram memory. The
spectrum is then transmitted to Amptek’s own MCA software via USB. The PX5
includes all power supplies necessary to operate the detector detectors. In Figure 5.15,

the detector and its internal components are shown together with the PX5 [96].

123



The CAST detector lab

™ o p
. AP N \ y FGWER?. . \

. =
FT= xr-toosoo i

X-RAY DETECTOR
Super Drift Detector

Figure 5.15: The XR-100SDD detector and PX-5 digital pulse processor from Amptek (left) and the
inner components of the XR-100SDD detector (right).

5.3.2 Micromegas detectors

The Micromegas detectors used in the CAST experiment have been extensively
covered in Chapter 3. The purpose was to keep, as much as possible, the same
configuration and operation conditions with CAST so that there can be a direct

comparison of the results.

5.3.2.1 Data acquisition

The signal propagation follows the same scheme as the one presented in Figure 3.27.
The connection of the modules with the data acquisition PC is done with optical fibers
via a VME controller (CAEN V2718) and a bus card to the PC (CAEN V2818 PCI
optical link) or alternatively with a lemo cable from the amplifier directly to an
Amptek MCA-8000A Pocket multichannel analyzer.

There are two data acquisition software running on the data acquisition PC. The one
based on the Labview system design software, by National Instruments, is an adapted
version of the software running in the sunset Micromegas PC. The other is a plug and
play multichannel analyzer software by Amptek. The operating system of choice is
Windows 7. The data acquired, are uploaded in a daily basis to Ixplus in form of
binary files, for safety and backup via a routine program, written in Labview, which is

constantly running in the background.

124



Chapter 5

5.3.2.2 On bench calibration system

For testing the detectors before installing them in the beam line, an on bench
calibration system has been setup, shown in Figure 5.16 and Figure 5.17. The detector
is housed in a Faraday cage, facing downwards and supported by an insulating
material. All the signals and power supplies pass via feedthroughs to the Micromegas
rack and from there to the PC. For the calibration an *Fe source (n°® 3600RP) of 2.92
MBq on 15.07.2011) is used. It is placed in a socket that screws directly to the bottom
of the Faraday cage (Figure 5.17 — left).

Figure 5.16: The Faraday cage and the position of the detector on the test bench (left) and the complete
calibration system (right).

Figure 5.17: The Faraday cage is closed during a calibration for minimizing the noise (right). The socket
in which the radioactive source is placed, on the bottom side of the Faraday cage (left).
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5.3.2.3 Gas system

The gas mixture used in the lab for the Micromegas detectors (premixed) is argon with
2.3% iCHyy as a quencher, the same as the one used in the sunrise Micromegas
detector in CAST. The gas arrives to the chamber of the detector through the gas lines
sketched in Figure 5.18. There are three lines for the gas mixture of Ar/iCsHy. Two of
them, used for the second beam line and the on bench calibration system, operate in
atmospheric pressure and the third has a pressure regulation system with a buffer
volume of 1 1 that can operate in higher pressures. All of the lines are subject to the
daily and seasonal variations of atmospheric pressure but for the purposes of the lab an

absolute pressure regulating system was not needed.

Argon/Isobutane Nitrogen Spare
Manometer a e
L4 valve
Pressure f
regulator J
Flow
regulator
)/
N J
Y
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®Q
Flow [ Exhaust
regulator | o7 Security
11 = valve
Beam line -
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Bubbler
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L Second beam line
Bubbler
Exhaust
L On bench calibration

Figure 5.18: The gas system of the CAST detector lab.
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5.4 Measurements

5.4.1 XR-100SDD spectra

The commissioning of the X-ray generator was done with the Silicon Drift Detector. A
series of measurements took place with all the targets and combinations of filters. The
gain of the detector was set to 140x and the low energy threshold to 0.13 keV. The
measurements are summarised in Table 5.4 and the spectra acquired are shown in

Figure 5.19 to Figure 5.26.

Target Filter  HV [kV]  Veiment [V]  Tacq [Min]  Nevents

Al EPIC 7 3.1 14.16 33095
Al Al 7 3.4 18.28 41559
Mo EPIC 7 3.2 17.73 37206
Au EPIC 7 3.1 14.48 38347
Ti EPIC 9 3.1 25.21 37662
Cu EPIC 13 3.1 14.14 39468
Cu Cu 13 4.5 25.99 36432
Cu Ni 12 4.5 15.00 24022

Table 5.4: Summary of the spectra taken with the SDD.
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Figure 5.19: Spectrum of aluminium target with EPIC filter. The Kol Al peak is at 1.49 keV. In the
same spectrum one can see the O Kol line of 0.525 keV and another peak at 0.68 keV possibly from F
(Kal,2) coming from the Viton of o-rings.
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Figure 5.20: Spectrum of aluminium target with aluminium filter. Only the Kal Al peak can be seen at
1.49 keV.
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Figure 5.21: Spectrum of molybdenium target with EPIC filter. The most prominent peak of Mo is at
2.2932 keV (Lal), with relative intensity 100, but one can also see the LR1 peak at 2.3948 keV (relative
intensity 53). The Kal,2 peak of O at 0.525 keV is also visible.
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Figure 5.22: Spectrum of gold target with EPIC filter. The Mal peak of Au is at 2.123 keV.
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Figure 5.23: Spectrum of titanium target with EPIC filter. The Ti peaks of Kol and KB1,3 are at 4.51
and 4.93 keV with relative intensities 100 and 15 respectively. One can also see the O Kol peak at 0.525
keV and some Cu L peaks (Lal,2 and LR1 with energies 0.93 and 0.95 keV and relative intensities 111
and 65 respectively).
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Figure 5.24: Spectrum of copper target with EPIC filter. The most prominent peak is the combination of
the Cu Lal,2 and LR1 peaks with energies 0.93 and 0.95 keV and relative intensities 111 and 65
respectively). The Kal, Ka2 (seen as one peak) and KB1,3 peaks of Cu can be seen at the right side of
the spectrum with energies 8.05, 8.03 and 8.9 keV and relative intensities 100, 51 and 17 respectively.
Other peaks are the O Kal,2 peak at 0.525 keV and the Si Kol peak at 1.74 keV.

130



Chapter 5

72

__ 600 .
%» / =——Cu spectrum 9
.‘E / ——Cu filter 10 um - 62 :;h
2500 — =
B / —+
= \ - 52 F
2 7
S 400 E
& \ \ - 42 g
|
5
300 ‘ 32 <
200
/ ;[ _— 10
100 | J
y.a-v'"j N
0 Agranp O prang NN -8
7 7.5 8 8.5 9 9.5 10
Energy [keV]

Figure 5.25: Spectrum of copper target with copper filter. The Kol and Ko2 (seen as one peak) and
KB1,3 peaks of Cu can be seen with energies 8.05, 8.03 and 8.9 keV and relative intensities 100, 51 and
17 respectively.
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Figure 5.26: Spectrum of copper target with nickel filter. Only one peak is visible, which is a
superposition of the Kol and Ko2 peaks of Cu with energies 8.05, 8.03. The KB1 line is cut off due to
the fact that nickel is a B-filter.
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5.4.2 Micromegas detectors

After the commissioning of the X-ray beam line and the first measurements taken with
the SDD, four Micromegas detectors were installed in line. The detectors were housed
inside a Faraday cage, as seen in Figure 5.1. The connections of the gas lines and the

signals were made via feedthroughs.

The calibration of the detectors was made from the back of the detector with an *Fe
source that was placed in a socket machined in the back cover of the Faraday cage
(Figure 5.1 (b)). The calibration from the back is possible because all of the detectors
have an area of 10 mm in diameter in their centre, where the plexiglass of the racquet
has a thickness of 2 mm (instead of 10 mm), in order to allow the X-rays to pass

through to the detector.

In the CAST detector lab four Micromegas detectors were tested, M14, M16, M18 and
M19. The M14, together with M9 (that was not tested) are the two detectors that
were mounted in the sunset side of the CAST experiment and the M18 and M19 are
the ones that are replacing them. M16 is a spare detector that was offered from CEA-
Saclay for testing.

Prior to each set of measurements a thorough leak test was done in each detector. An
inherant leak rate of 1-3 mbar - 1/s was found in all the detectors, when installed in the
line under vacuum, with the most leak tight being the M18 (1.3 mbar - 1/s and the rest

around 3 mbar - 1/s).

The results of the analysis of all the detectors were similar, except M14 whose
performance was very bad. In this chapter the results that are going to be presented

are based on the analysis of the data taken with M19.
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Figure 5.27: (a) The connection of the Micromegas detector in the X-ray beam line and (b) a view

of the setup with the Faraday cage closed. The socket of the ®Fe source is visible in the back cover

of the Faraday cage.
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The measurements that were carried out with M19 are summarised in Table 5.5 and

Table 5.6 together with all the settings and significant parameters that were recorded.

55F'e Calibrations

Viesh [+V]
Vaite [+V]

P3 [mbar]

Ps [mbar]
P,.. [mbar]
HV [kV]
Viitament [V]
Litament [V]
Rate [Hz]
Raw event N

Run number

325

611

59x107

1.4x10°

1402.5

26.7

50000

825

325

611

5.5%107

1.4x10°¢

1395.0

25.3

50000

832

325

611

4.9%x107

1.4x10°¢

1423.54

25.2

40000

837

Table 5.5: Summary of the ®Fe calibrations taken with the M19 detector and the corresponding settings

and parameters.
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Target: Al Au Mo Ti Cu
Filter: Al EPIC EPIC EPIC Ni
Viesh [+V] 325 325 325 325 325
Vaie [+V] 611 611 611 611 611
P3 [mbar] 5.4x107 5.7x107 5.4x107 5.8x107 5.6x107
Ps [mbar] 1.4x10° 1.4x10° 1.4x10° 1.4x10° 1.4x10°
Py [mbar] 1404.7 1405.0 1416 1401.18 1396.8
HV [kV] 5 7 7 9 13
Vitament [V] 2.8 2.5 2.6 2.58 3.65
Titament [V] 0.71 0.67 0.68 0.66 0.82
Rate [Hz] 63.3 63.4 61.9 54.2 48.8
Raw event N 80000 110000 80000 120000 110000
Run number 834 829 836 827 831

Table 5.6: Summary of the measurements with the X-ray target, taken with the M19 detector and the
corresponding settings and parameters.

The superposition of the X-Y distribution of all the runs with the X-ray beam and the
»Fe calibration events are shown in Figure 5.28 and 5.29 respectively. In Figure 5.28
one can observe what seems to be a dead X strip in the left side of the detector. This
exact same pattern has been observed in all the detectors tested, with different
gassiplexs, so it is not a faulty gassiplex. The reason is a CRAM with one faulty

channel, which has already been changed.

In Figure 5.30, the raw images of the energy recorded from the mesh versus the energy
recorded from the strips are shown for all the runs, including the calibration. The
recorded events that do not follow the band E,eh=Esus are uncorrelated events,
meaning that in these cases the pulse that was recorded from the Matacq was different

from the one that the gassiplexs recorded. The cause has been identified as a fine tune
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of the timing settings of the sequencer (delay between the trigger and the track and

hold signals). Nevertheless the number of these events is very small.

In order to clear the data from the uncorrelated events, before the calculation of the

software efficiency, a manual cut was implemented:
Emesh >1.1 - (Estrips — 2)+2.4 (5.1)
and
Egtrips >1.1 " (Emesn — 2)+2.4 . (5.2)

The results of this selection are seen in Figure 5.32, Figure 5.34, Figure 5.36, Figure
5.38 and Figure 5.40.

M19 All runs X Y plot before cuts Entries 405909
Integral 4.059e+05
'g‘ E
é 50 50
> T
40’ 40
30" &0
20: 20
10- 10
ok 0
0 10 20 30 40 50

Figure 5.28: The X-Y hit map of all the runs with the X-ray beam.
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Figure 5.29: The X-Y hit map of a calibration with the *Fe source from the back.
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Figure 5.30: The raw images of the energy recorded from the mesh versus the energy recorded from the

strips for all the runs.
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Calculation of the software efficiency in the emission energies of the targets

The main goal of the CAST detector lab was to evaluate the efficiency of the selection
criteria used in the analysis of the Micromegas detectors in CAST. In each
measurement with the X-ray beam line, the energy calibration was done with an
adjacent Fe run. The mean energy of each peak was calculated with the best
Gaussian fit. In Table 5.7 the energies of the peaks of each target are shown, together
with the expected ones [96].In Figure 5.31 the deviation of the calculated and the

expected peak energy versus the energy of the peak is shown.

Target /source Measured peak[keV] Real peak [keV]
Strips Mesh
Al 1.384+4.8x10%  1.404+4.8x107 1.487
Au 2.09£1.0x10"  2.07£1.0x10"! 2.123
Mo 2.25+1.1x10"  2.22+1.1x10" 2.327
Ti 4.40+£2.6x10"  4.294£3.8x10? 4.547
“Fe 6.00+£2.7x10"  6.034+2.65x 10" 5.96
Cu 7.9842.64x10"  7.78+£2.48x 10" 8.041

Table 5.7: The calculated energies of the peaks of each target or source and the expected ones [97].
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Figure 5.31: Difference of the expected energy of the peak of each target and the measured one from the
mesh and the strips.

After the calculation of the energy of each peak an integration is performed at +0.25

keV around the peak. The efficiency is then calculated as:

fm+0.25

m—0.25
fm+0.25

m-—0.25

dN (after cuts) (5.3)
dN (before cuts) ’

Efficiency =

where m is the mean of the Gaussian fit to the peak. The efficiency is calculated for
the mesh cuts, the strip cuts and all the cuts separately. Mesh cuts are the selection
criteria that are based on information from the mesh pulses such as the pulse width
and amplitude and strip cuts are the ones that are defined by the information from the

strips, like multiplicity, sigma etc. (see Chapter 4).

Figure 5.32 to Figure 5.43 show the spectra acquired from all the targets and the effect
of the different cuts. Figure 5.44 is a superposition of all the counts acquired from all
the targets and the *Fe source. It shows generally linear behaviour between the mesh
and the strips, although in high energies (above 7 keV) the mesh energy seems not to
increase linearly, probably due to the fact that the pulse duration is longer than the
integration time of the amplifier and as a result a fraction of the energy is lost. Table
5.8 summarises the software efficiency acquired with each target and the **Fe source

and the graphical representation is shown in Figure 5.45 and Figure 5.46.
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Figure 5.32: Energy from the mesh versus energy from the strips from aluminium before (left) and after
(right) the application of cuts.
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Figure 5.33: Energy spectrum of aluminium acquired from the mesh (top) and the strips (bottom) before
and after the cuts.
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Figure 5.34: Energy from the mesh versus energy from the strips from gold before (left) and after (right)
the application of cuts.
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Figure 5.35 Energy spectrum of gold acquired from the mesh (top) and the strips (bottom) before and

after the cuts.
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M19 Molybdenium - Energy mesh vs Energy strips after cuts
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Figure 5.36: Energy from the mesh versus energy from the strips from molybdenum before (left) and

after (right) the application of cuts.
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Figure 5.37: Energy spectrum of molybdenum acquired from the mesh (top) and the strips (bottom)

before and after the cuts.
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Figure 5.38: Energy from the mesh versus energy from the strips from titanium before (left) and after
(right) the application of cuts.
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Figure 5.39 Energy spectrum of titanium acquired from the mesh (top) and the strips (bottom) before

and after the cuts.
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Figure 5.40: Energy from the mesh versus energy from the strips from a calibration with *Fe before

(left) and after (right) the application of cuts.
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Figure 5.41: Energy spectrum of ®Fe acquired from the mesh (top) and the strips (bottom) before and

after the cuts.
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Figure 5.42: Energy from the mesh versus energy from the strips from copper before (left) and after
(right) the application of cuts.
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Figure 5.43: Energy spectrum of copper acquired from the mesh (top) and the strips (bottom) before

and after the cuts.
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M19 All runs - Energy mesh vs Energy strips before cuts Entries 438586 M19 All runs - Energy mesh vs Energy strips after cuts Entries 185017
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Figure 5.44: Superposition of the data acquired from all the targets and the %Fe source.
Target /source Measured peak[keV] Total efficiency %
Strips Mesh Strips Mesh
Al 1.38+4.8x10%  1.40+4.8x103 0.15+0.38 0.1440.37
Au 2.09+1.0x10"  2.074+1.0x10! 7.0+2.6 5.3+2.3
Mo 2.25+1.1x10"  2.224+1.1x10! 13.6+3.7 11.84+3.4
Ti 4.40+2.6x10"  4.2943.8x10? 66.3+8.15 66.4£8.16
YFe 6.00+2.7x10"  6.03+2.65x10" 88.0+9.5 91.14£9.6
Cu 7.984+2.64x10"  7.784+2.48x10"  81.68+7.9 81.248.3

Table 5.8: Summary of the efficiency of the software selection criteria for each target and the Fe

source.
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Software efficiency - Strips
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Figure 5.45: Software efficiency for the different energies of the targets with cuts applied to the mesh
counts. The efficiency at 3 keV was derived from the escape peak of argon during an %Fe calibration.
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Figure 5.46: Software efficiency for the different energies of the targets with cuts applied to the strips
counts.
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5.5 Prospects and conclusions

In the CAST detector lab, for the first time, it was possible to test the efficiency, with
respect to the energy, of the software selection criteria that are used in the offline
analysis of CAST. Although the investigation of the software efficiency and the
optimization of the analysis to obtain the best efficiency with the lowest possible
background level, exceeds the scope of this thesis, some plots have been generated,
which show the evolution of the selection criteria and characteristics of the pulses with
the energy for the three detectors, M16, M18 and M19. These plots were created by
the events that have +0.5keV from the mean energy of the peak of each target and are
presented in chapters 5.5.1-3.

From the results of the analysis it is evident that a calibration with the *Fe source
illuminating the back of the detector does not fully match a calibration from the front.
The reason is that when calibrating from the back of the detector, the majority of the
primary electrons are created close to the amplification region, while during the
calibration from the front, the majority of the photons are converted close to the drift
window. In the first case the electrons travelling a shorter distance in the gas mixture,
diffuse less, resulting in shorter pulses with shorter risetime, with respect to the ones
that are produced when calibrating from the front of the detector (see figures in
chapters 5.5.1 to 5.5.3). This phenomenon has an impact on the selection of the X-rays
coming from the front, as seen in Figure 5.46. In practice this means that with the
current configuration more events are rejected than if the calibration was done from
the front of the detector. Therefore the first improvement that is considered for the X-
ray generator is to install a manganese target to the X-ray wheel, which will give the
same emission lines as the radioactive “Fe. In addition a combination of a number of
targets and filters is going to be added, to have a variety of emission lines from a few
hundred eV to 9 keV.

These first results of the CAST detector lab are just the beginning of a series of studies
that will be carried out aiming to a better understanding of the behaviour of the

detector and more efficient selection criteria.

148



Chapter 5

5.5.1 M16 observables
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(Width/mean)/(Amplitude/Charge) vs Energy - M16 All runs
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5.5.2 M18 observables evolution with energy
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5.5.3 M19 observables evolution with energy
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6. Sunrise Micromegas data taking
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Sunrise Micromegas data taking

6.1 Discrimination of tracking and background

data

During the data taking periods, each morning, the sunrise tracking takes place. Its
start and duration depend on the season and the spacial restrictions to the movement
of the CAST magnet. Furthermore occasionally there are short interruptions of the
data taking period, due to accidents, malfunctions, quenches etc. Therefore it is not
certain that every background run contains a tracking which has a specific start and

duration, so the timings of the tracking have to be set dynamically.

In order to determine the tracking times a number of parameters that are recorded

from the Tracking PC and the Slow Control are assessed. These parameters are:

Magnet Movement
During the tracking of the Sun, the magnet has to move in both directions (horizontal

and vertical).

Tracking flag
A Boolean number that is recorded from the tracking program and it is 1 when the

Sun is within the reach of the magnet and 0 when it is not.

Tracking precision
It is the precision with which the magnet follows the Sun. During a tracking, this

parameter has to be smaller than 10 degrees in both directions of movement.

Magnet Current
During tracking the current of the magnet has to be 13000 A.

Magnetic Field
The Magnetic field should be above 8.9 T, in order to have the maximum conversion

probability during tracking.

Gate valve open
This condition is essential, so that the axion conversion area of the cold bore is visible

to the detector. During tracking the Boolean referring to the status of the gate valve
should be 1.

When all these conditions are met the events recorded in the background runs are

considered as events that occurred during tracking.
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6.2 The 2009 run

6.2.1 CAST data taking overview

The 2009 data taking period lasted from the 13" of July to the 8% of December.
During this period the CAST experiment visited 247 pressure settings (from #420 to
#647), which correspond to pressures in the cold bores from 37.5 mbar at 1.8 K to
65.2 mbar at 1.8 K. The axion mass range covered is 0.66-0.88 eV /c?. The full data
taking period of 2009 is summarised in Figure 6.1, in terms of the pressure evolution of

Pis - the pressure in the cold bores corrected to 1.8K.
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Figure 6.1: The full data taking period of 2009, in terms of the pressure evolution in the cold bores (Pis
refers to the pressure in the cold bores corrected to 1.8K). The gaps are due to several stoppages
because to incidents like quenches, bake-outs of the cold windows or power cuts. Two test fillings were

performed at the end of the run to 75 and 85 mbar at 1.8K.
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The most significant events that resulted in the loss of more than 3 consecutive days of

data taking are:

Programming bug in the PLC *He control program
A bug in the program that controls the *He circuit of the CAST experiment resulted in
a false quench signal, opening the valves of the cold bores and evacuating the *He to

the expansion volume.

Quench occurred on the 3 of August

A power cut that took place in the building of the CAST experiment resulted in the
discharge of the quench heaters to the magnet. The CAST team profited from this
event to bake out the cold windows. The *He was refilled in the cold bores and the

data taking was resumed on the 7" of August.

Natural Quench of 25" of August
The magnet quenched while it was taking position for the morning tracking. The data

taking was resumed on the 29" of August

Planned stoppage from 5" to 8" of October

This stoppage was performed in order to transfer additional quantities of *He into the
closed system of the system from a *He gas cylinder. The procedure included the
evacuation of the cold bores and regeneration of the filters and cold traps of the *He

system.

The famous “bird and baguette” incident [98] of the 3 of November

The short circuit of the LHC 18 kV power supply, located in SR8, in the switchyard
just outside the building of the CAST experiment resulted in the stoppage of the LHC
and CAST cryogenics and the evacuation of the *He from the cold bores to the storage
vessel. Three days were needed to recover the systems and refill the *He back in the

cold bores.

Quench of the 2 of December
A power cut in SR8 (the site of the CAST experiment) lead to the discharge of the
quench heaters into the magnet. The *He was quickly recovered, to minimise the loss of

data taking days and complete the 2009 data taking program.
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6.2.2 Sunrise detector data taking
6.2.2.1 Overview

The sunrise Micromegas detector had a very stable performance during 2009. From a
total of 249 pressure steps visited, the detector fully covered 240, plus one with half of
the nominal exposure time. It recorded successfully a total of 198 hours of tracking and
3393 hours of background time. A summary of the pressure steps missed, and the

incidents that caused the problems is given bellow.

Step Numbers 438, 439
Due to a problem in the data acquisition program, the background file that contained

the tracking with the specific pressure steps was completely empty.

Step Number 57/

Between 07:45 and 08:29 the trigger rate varied between 5 and 15 Hz, first increasing,
and then decreasing again. Due to the high trigger rate (most probably induced by a
pickup noise from the motors) the file completed 250000 events and stopped, causing

the loss of 23 minutes of exposure time for this pressure step.

Step Numbers 586, 587
The background file from the tracking that corresponded to steps 586 and 587 was

corrupted, therefore unreadable.

Step Numbers 592, 593

Approximately 10 minutes before the shift ended the shifters noticed from the event
display of the data acquisition software that the strips were not read out properly due
to a possible overflow. The NIM and VME crates and the PC were rebooted. The

background file that was recorded was unusable.

Step Numbers 662, 663
A malfunction in the DAQ system resulted in the record of only 7000 events in the
background file, whereas the normal number is 60000-70000. For this reason it was

decided that this file will be excluded from the analysis.
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6.2.2.2 Stability and Characteristics

In 2009 the M9 detector, installed in the sunrise side of the CAST experiment, showed an

overall stable performance. More specifically:

Gain performance

The gain of the M9 detector showed remarkable stability. In Figure 6.2, the ADC unit
which corresponds to the 6 keV peak during a calibration run is displayed. The big
increase on the left occurred because the mesh voltage was increased from 320 V to
324 V on the 2™ of August. On the 28" of November due to a delay in the delivery of
the gas mixture used in the detector (argon-2.3% isobutane), a mixture of argon-2%
isobutane was used instead, for a total of 6 days. The smaller percentage in Isobutane
as a quencher gas, caused the rise in the gain. The delivery was finally made on the 3™

of December and the detector gain returned to its nominal value.
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800F : : :

Gain Evolution

750

700

650

600

550

i 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1
2:00:00 020000  02:00:00  02:00:00  02:00:00  01:00:00  01:00:00
6-06-09  16:07-00  15:08-09 140909  14'10-09 131109  13-12:09
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Figure 6.2: The ADC unit that corresponds to the 6keV peak of the calibration runs.
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Energy resolution

The energy resolution of the detector was most of the time below 18% FWHM. After the
14" of October, an increase to the noise levels, caused considerable fluctuations of the base
line, which result in the deterioration of the resolution and the spikes in the right side of

Figure 6.3.

Resolution Evolution
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= o

Time

Figure 6.3: The evolution of the energy resolution during 2009.

The detector did not show any signs of aging or defects, except a known issue, which is
a dead area along the X axis, in the upper part of the detector (Figure 6.4) .The
reason is either that the Gassiplex that reads out the Y strips has a broken strip, or
that the corresponding CRAM from the data acquisition system has a malfunctioning

channel. The dead area accounts for less than 5% of the total sensitive area.
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Figure 6.4: The Cold Bore area of the detector, as photographed from the X-rays of the calibration runs
of 2009. The dead area in the upper semicircle accounts for less than 5% of the total area of interest.

Software efficiency at 6 keV

The software efficiency is defined for the calibration events as:

m+0.25

m—0.25
fm+0.25

m—0.25

dN (after cuts)
dN (before cuts) '

Efficiency = (6.1)

where m=6 keV that corresponds to the peak of the *Fe calibration events.
The software efficiency is calculated separately for the events that are recorded from

the mesh and the strips, applying the corresponding selection criteria. The total

software efficiency is then given by:

EfficiencyroraL = Ef ficiencysrrips - Ef ficiencymgsn (6.2)
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The reason for separating the mesh from the strips events during a calibration, as

explained in Appendix A, is a problem in the electronic configuration of the data

acquisition system since the installation of the new calibrator in 2008. The gassiplex

cards were not protected from triggering (veto) when the Matacq card was read;

something that in high trigger rate conditions leads to the recording of uncorrelated

mesh and strips characteristics for the same event.
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Figure 6.5: The software efficiency for the 6 keV events that were recorded from the strips.
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Figure 6.6: The original mesh (left) and strips (right) energy spectra and their shape after applying the

corresponding cuts.
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6.2.2.3 Background and Tracking distributions

After the definition of the selection criteria with the calibrations, the background and
tracking events are distinguished with a series of criteria, formed from data recorded

by the Slow Control and Tracking program.

In the middle of each tracking, a precise amount of gas is injected to the cold bores, so
that two pressure settings are covered per tracking. The time spent in each step should
be equal. In Figure 6.7, the coverage of each half tracking is shown, in respect to the
run number of the file that contained the data. It is evident that the 1*' half of each
tracking is only a maximum of 2 minutes longer than the 2°¢ one. The red bars that
extend above 80 minutes, indicate that in the specific tracking there was no gas change

and only one pressure step was covered.

In order to eliminate the chance of systematic errors during tracking, as for example
the excess of counts in the first half, in respect to the second, or inhomogeneity in the
X and Y strips, several studies have being carried out. The result was that there is no
statistically significant inhomogeneity during tracking or background in the events

recorded by the detector, as can be seen in Figure 6.8 and Figure 6.9.

After applying the selection criteria and taking into account the timings of the
background and tracking runs, the background energy spectra for the mesh and for the
strips are produced, as seen in Figure 6.10. The most prominent peaks are the Copper
fluorescence peak at 8 keV, the Iron peak at 6 keV, and the argon escape peak at 3
keV. The Iron contribution to the spectrum is due to the magnet, which is a large
metallic mass in front of the detector, and all its stainless steel pipes that are in the
field of view of the detector. The Copper peak is attributed to fluorescence of Copper

components near the detector, such as shielding parts and Faraday cage.

The overall performance achieved during 2009 is summarised in Table 6.1.
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Tracking Background
Time (h) 190.4 3478.8
Counts 421 7961
Mean Background (2-7 keV) (g g 39)x10 (8.3640.06) x 10°

(keVicm?s 1)

Table 6.1: Summary of the 2009 sunrise Micromegas performance.
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Figure 6.7: The time spent in each pressure step of every tracking during 2009. The red bars that extend
above 80 minutes, indicate that in the specific tracking there was no gas change and only one pressure
step was covered.
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Figure 6.8: The tracking counts recorded in the first and second half of each tracking.
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Figure 6.9: The background (top) and tracking (bottom) distribution of events in the strips.
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Overall Background Strips 2009 Run
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Figure 6.10: The background and tracking events energy spectra for the strips (top) and the mesh
(bottom).
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6.3 The 2010 run

The 2010 data taking period started on the 5™ of May 2010, much later than
previewed. The main reason of the delay was an extended maintenance of the
cryogenics. The CAST team profited from this delay to upgrade the *He system with
improved safety features, such as new interlocks and improved logic to the control

program.

6.3.1 Interventions in the sunrise Micromegas line

Installation of a detector for visible X-rays in the Sunrise Micromegas line

A new detector system has been developed [99], under the BaRBE project and was
installed in the sunrise Micromegas line on the 26" of January 2010. Low energy
photons of the eV energy range are reflected by a mirror towards an optical telescope.
Two pictures of the system are seen in Figure 6.11. The mirror consists of a 5 pm
polypropylene foil with 10 nm of aluminum coating and is inclined by 45° with respect
to the cold bore axis. It is aligned by a calibrator which shines LED light from the
MRB side of the magnet. A scheme of the whole setup is shown in Figure 6.12. The
whole construction and the materials of the mirror have been specially chosen so that
they do not alter the efficiency of detection of incoming X-rays in the energy range of

interest for axion detection.

Figure 6.11: The BaRBE optical telescope set up in the Sunrise Micromegas line.
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Optic Fiber to detector —>/X

Calibrator Galilean telescope

with LED “—

Mirror for low

VT1 VT3 energy X-rays
Magnet Cold Bore
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T / =~ ~|7 =~ ~>Micromegas
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Figure 6.12: A scheme of the layout of the BaRBE detector system of CAST.

Installation of a new Faraday cage and revision of noise sources

On the 15™ of April 2010, a new Faraday cage, made in CEA-Saclay, was installed, as
seen in Figure 6.13. It includes feedthroughs for the signal and the high voltage power
cables of the detector, improving the grounding and electronic noise of the system and
thus its stability. In this intervention, the known sources of electronic noise in the data
acquisition setup have been revised. A significant reduction in the electronic pickup
noise levels was achieved by replacing the floating connector of the output of the
Sequencer with a more sophisticated one that is connected to the same ground as all

the VME modules, as seen in Figure 6.14.
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Figure 6.14: The old (left) and the new (right) connector of the Sequencer signals.
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6.3.2 Data taking periods

6.3.2.1 Covering missing pressure settings

In the data taking period of 2008 a leak of *He occurred. It was discovered on the 27"
of November 2008, when, after a two week shutdown, there was a clear drop in the
pressure of *He inside the cold bores. At the end of January 2009, the magnet was
opened and a leak of 1.1x10 mbar -1-s! was found on the MFB side. A smaller leak
of 5x10° mbar -1 - s! was found on the MRB side. The metal seals that were tightened

by special chain clamps (Figure 6.15) were identified as the cause of the leak.

The leak was developed during the thermal cycle of the shutdown in Christmas of
2007, when the magnet was warmed up to room temperature. During 2008 the leak
rate was increasing steadily with the increasing pressure in the cold bores and

worsened with another thermal cycle of the magnet in September 2008.

Due to various reasons (quenches, bake-outs, cryogenics problems), the *He was
evacuated from the cold bores and refilled 4 times during the 2008 data taking period.
Because of the leak there was a pressure difference in the cold bores before and after

each refilling, which created gaps in the axion mass coverage.
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Figure 6.15: A picture of the replacement chain clamp of the MRB side, after the intervention of

January 2009.
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The first period of the 2010 data taking started on the 5™ of May and lasted until the
7 of August. It was dedicated to covering these gaps that were created in the axion
mass scan. In order to make sure that the repetition of the pressure settings would be
successful, each missing gap was extended to have an overlap of 2 or 3 pressure steps
with the original 2008 coverage. As a consequence the CAST experiment revisited 142

pressure steps, summarised in Table 6.2.

Gap # Pressure in the CB Step Numbers
(mbar)
1 14.03-16.04 167-190
2 18.60-19.41 219-228
3 22.10-24.55 258-285
4 26.10-33.44 302-381

Table 6.2: Summary of the pressure settings visited in the first period of the 2010 data taking

6.3.2.2 New pressure settings

The data taking period with coverage of new pressure settings took place from the 10"
of August until the 30" of November 2010. In this period 126 new pressure steps were
covered (from #602 to #729). These pressure steps correspond to pressures in the cold
bores from 65.1 mbar at 1.8 K (corresponding to axion mass of 0.85 eV /c?) to 82.52
mbar at 1.8 K (axion mass of 1.01 eV/c?).

6.3.3 CAST data taking overview

The 2010 run has not been uneventful. From the pressure evolution in the cold bore,
seen in Figure 6.16, it is evident that a lot of events took place that were postponing

the data taking. The most significant are:

Cryogenics problem and cold windows bakeout (11" of June-17" of July 2010)
A failure in the pump of the cryogenic system caused this extended stoppage. The cold

windows were baked out during this period.
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Quench occurred on the 1* of October

A quench signal was triggered by the maintenance of the external power converters in
the CAST experimental hall. The shutdown was prolonged by several cryogenics
problems until the 16™ of October.

Natural quench on the 26™ of October
A natural quench occurred while the shifters of the evening tracking were ramping up

the current of the magnet.

Natural quenches on the 10" of October and 9" of November
These two quenches that occurred, were natural quenches and they had no correlation

with any external parameter.

Quench on the 20" of October
A quench was triggered, as a precaution, due to the stoppage of the water that cools

down the power cables that carry the 13000 A to the magnet.
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Figure 6.16: The evolution of pressure in the cold bores (at 1.8 K), throughout the 2010 run.
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6.3.4 Sunrise detector data taking

6.3.4.1 Overview

Apart from all the cryogenics problems and the unusual number of quenches, the
sunrise Micromegas 2010 run has been extremely smooth. The detector covered all the
pressure steps with almost 100% efficiency. It recorded successfully 197 hours during

124 trackings and took approximately 6313 hours of background.
Some minor incidents that occurred during 2010 are:

Wrong position of the magnet caused a slight loss of tracking time

After each shift the magnet is driven to a predefined parking position which is close to
the starting position of the tracking of the next shift. On the 15" of May 2010 the
morning shifters found the magnet far away from the starting point of the tracking of
the Sun. As a result they had to move it for a long time before the magnet could

follow the Sun with the required precision and 15 minutes of tracking time were lost.

Leak tests on the manipulator of the ’Fe source
On the 24" of August 2010, a minor leak was found in a T-junction of the compressed
air inlet of the manipulator of the calibration source. The leak was cured by replacing

the leaky T-junction and no tracking was lost.

Wrong manipulations of the shifters — minor bug of DAQ software

After each morning shift the shifters take a pedestal and a calibration run. If by
mistake two consecutive pedestal runs are launched, the data acquisition software gets
stuck. This incident has happened on the 8* of June, 27" of September and 6" of

November. In each case the pc was restarted and new calibration runs were taken.

Accidental injection of 2 pressure steps during a morning shift

On the 17" of July the amount of gas that was injected in the cold bore, in the middle
of the morning shift was double than the nominal, resulting in the coverage of steps
315 and 317, thus skipping 316.
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6.3.4.2 Stability and Characteristics

The 2010 performance of the M9 detector was exceptional, especially after the
intervention in the middle of April 2010. The improvement in the stability of the

characteristics of the detector is visible in the following plots.

Gain performance
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Figure 6.17: The gain performance of the detector was remarkably stable, especially after the

intervention in mid-April.
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Figure 6.18: The evolution of the energy resolution of the detector during 2010.

This year as well, the detector did not show any signs of aging or defects, apart from

the known issue of one Gassiplex that reads out the Y strips.
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Figure 6.19: The cold bore area of the detector from the calibration runs of 2010. The dead area in the

upper semicircle accounts for less than 5% of the total area of interest.

Software Efficiency at 6 keV

During 2010, the software efficiency of the analysis used, for the 6 keV peak, has an
average higher than 80% for both the strips and the mesh, as seen in Figure 6.20 and
Figure 6.21.
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Figure 6.20: The software efficiency for the 6 keV events that were recorded from the strips.
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Figure 6.21: The original mesh (left) and strips (right) energy spectra and their shape after applying the

corresponding cuts.

6.3.4.3 Background and tracking distributions

In the data of 2010, the same principles as in 2009 apply in order to classify the events
that have passed the selection criteria. After applying these criteria and taking into
account the timings of the background and tracking runs, the background energy
spectra for the mesh and for the strips are produced, as seen in Figure 6.24, and Figure
6.25. The most prominent peaks are again the argon escape peak at 3 keV, the iron

peak at 6 keV and the Copper peak at 8 keV.

The overall performance achieved during 2010 is summarised in the following Table:

Tracking Background
Time (h) 196.6 4496
Counts 443 10552
Mean background (2-7 keV) (g 9,10 4)x100 (8.5840.00) x 10°

(keVicm?s 1)

Table 6.3: Summary of the 2010 Sunrise Micromegas performance.
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Figure 6.22: The X Y distribution of background events in the strips.
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Figure 6.23: The X Y distribution of tracking events in the strips.
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Figure 6.24: The energy spectra of the background and tracking events for the strips, during 2010.
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Figure 6.25: The energy spectra of the background and tracking events as recorded from the mesh,
during 2010.
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6.4 Count rate evolution and statistical evaluation

of 2009 and 2010 data

During 2009 and 2010 data taking periods, the background rate, after applying the
selection criteria, has been stable, at around 2.5 counts/h, as can be seen in Figure 6.26

and Figure 6.27.
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Figure 6.26 : The count rate evolution and the tracking counts recorded during the 2009 data taking
period.

2010 count rate
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Figure 6.27: The count rate evolution and the tracking counts recorded in 2010.
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6.4.1 Statistical evaluation of the 2009 and 2010 data

The low event rate of the detectors in CAST, indicates that the distribution of the
number of events at a small time bin (i.e. 15-60 minutes) should follow a Poisson
distribution. The statistical assessment of the compatibility of the background and
tracking data has been performed, by comparing the distribution of the number of
events that have been accepted from the selection criteria, to the Poisson distribution

of their mean.

The time bin used for the analysis is 30 minutes and only full time bins were used. In
Figure 6.28 the Poisson distribution is shown, for background (top) and tracking
events (bottom) of 2009 respectively. The background events follow a Poisson
distribution of mean pp=1.1637, while the tracking counts follow a distribution of a

mean value pur=1.16, being in very good agreement with the background distribution.

In the case of 2010, the data of the whole data taking period were assessed and the
Poisson distributions of the background and tracking data are shown in Figure 6.29. In
the first case, the Poisson distribution has a mean of pp=1.1625, whereas the
distribution of the tracking events has a mean of pr=1.1382, being in very good

agreement.
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Figure 6.28: The Poissonian distribution of the number of events per 30 minutes, for the background
(top) and tracking (bottom) events for the nominal background periods of 2009.
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Poisson Distribution of Background Counts 2010
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Figure 6.29: The Poissonian distribution of the number of events per 30 minutes, for the background
(top) and tracking (bottom) events of the 2010 data taking period.
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7. Calculation of the coupling constant
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Calculation of the coupling constant limit

7.1 Coherence

As already mentioned in Chapter 2, the axions that reach the Earth have a differential
flux that is described by:

dog
dE,

Eq
= g%, 6.02- 1010 E2481 ¢71205 [cms'keV ] . (7.1)

The probability of their conversion to a photon inside the CAST magnet is:

B gay 2 1 _ _rL
Fasy = ( 2 ) q% +I'%/4 [1 te™t —2e7zcos(ql)] (7.2)

with ¢ the momentum transfer with a photon of effective mass m,, given by the

Z
m, =28.77 |2p , (7.3)

as a function of the density o, the atomic number Z and atomic mass A of the buffer

expression:

gas, which in the case of *He are Z = 2 and A =3 g/mol respectively.

The number of photons N,,, generated in the coherence length of the magnet is given

by the expression:
_ [d%,
Ny = fd—EhPaﬁyA tdE, . (74)

Before advancing to further calculations, for the expected actual signal in the detector
it is important to define the two main terms that influence the probability of
conversion, the attenuation length I' and the coherence length L. The magnetic field in

the coherence length is well defined.
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7.1.1 Attenuation length

The attenuation length inside a medium of constant density p is given by the formula:
r=o(%), (7.5)

where p is the density inside the conversion region and p/p is the mass attenuation
coefficient. In the case of the second part of CAST-PHASE II, *He is used as a buffer
gas and p/p is provided by the National Institute of Standards and Technology
(NIST) database in [100]. The data of NIST have been fitted, in the energy range of 1
to 15 keV, and the dependence of u/p from the energy was derived in [101]:

log (E) = —1.5832 + 5.9195 ¢ 0353808 4 03598 ~0-970557F (7.6)

with E, the energy of the photon in keV and p/p expressed in cm?/g. The evolution of
u/p in respect to the energy of the photon is shown in Figure 7.1.
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Figure 7.1: Representation of the evolution of the mass attenuation coefficient with respect to the
energy of the photon. The red dots correspond to the points acquired from the NIST database and the
blue line the fit to these points.
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7.1.2 Coherence length

As already discussed in Chapter 2, in the presence of a buffer gas the coherence of the
axion to photon conversion is restored for a very narrow mass range which corresponds
to the density of the buffer gas. Therefore the stability and homogeneity of the density
along the axion conversion region (coherence length, L) during the tracking of the Sun

is crucial.

In order to achieve constant density the entire cold bore area is cooled down by liquid
‘He at 1.8 K, but there are parts linked to the cold bores which have a higher
temperature. These are the cold windows. The temperature of the cold windows, is
higher than the one of the parts inside the cryostat, due to heat conduction from the
outer parts, through the steel pipes. The higher temperature of the windows is
transferred, through natural convection, to the *He, and it heats it up. Then the hot
gas enters deeper into the cold bores, it is cooled down, falls to the bottom of the pipes
and comes back to the cold windows, where it is heated up, completing the thermal

cycle. In Figure 7.2, the thermal cycle of the buffer gas is shown.

Figure 7.2: The thermal cycle of the *He buffer gas inside the cold bores, caused by the hig
temperature of the cold windows [102].

Until the end of 2008 the cold windows were kept at a constant temperature of 70 K,
much higher than the temperature of their environment. The reason was to ensure that
residual gases in the vacuum side of the windows like Ar, N,, O,, H, would not be
cryo-pumped to the windows’ surface and reduce their transparency to X-rays. In the

end of the 2008 run though, the cryogenics system of CAST could not cope with the
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additional heat load and after a vacuum upgrade and a series of tests it was decided to
stop the heating. The windows were still kept at a temperature of 18 K to 20 K and

frequent bake outs ensured their transparency.

In order to assess the effect of the higher temperature in the ends of the cold bores to
the density profile and eventually the impact in the coherence length, the inputs of
several temperature sensors placed in different parts of the magnet were fed as
boundary conditions to a series of Computational Fluid Dynamics (CFD) simulations
both in static (still magnet) and transient conditions (magnet moving as during a

tracking).

7.1.2.1 Still magnet CFD Simulations

The first CFD simulations [102] helped to understand the real behaviour of the buffer
gas and quantify effects such as buoyancy and convection due to the higher
temperatures in the ends of the cold bores. In Figure 7.3 and Figure 7.4, the thermal

profile of the area near the cold windows is shown.

The results revealed that hotter gas can penetrate the area of the magnetic field
causing a density profile as seen in Figure 7.5 and Figure 7.6. Therefore, the length of
constant density (coherence length) is shorter than expected and is decreasing at
higher pressures, since the convection effects are higher. These effects are also

amplified when the cold windows are heated.

A

¥ Temperature (K)
X Z 1.7000 5.3600 9.0200 12.680 16,340 20.000

Figure 7.3: Characteristic temperature distribution along the cold bore due to convection of heat from
the cold windows to the buffer gas.
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W
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Figure 7.4: Detail of the temperature distribution in the cold window
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Figure 7.5: Density distribution along the cold bores, for heated windows and for three different

pressures.
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Figure 7.6: Density distribution along the cold bore, for the case of non-heated cold windows for four

different pressures.

From the density profile of Figure 7.5 and Figure 7.6, it is evident that a threshold has
to be set for the density fluctuations, in order to maintain the coherence effect over a
length L. The density stability threshold [103], is directly related to the coherence
length, since the stricter it is, the smaller the coherence length will be, resulting in a
reduction to the overall CAST sensitivity. The density stability threshold was

calculated expanding on [56]. The relative deviation in density can be expressed as:

dp _,dm _ 4w Eq (7.7)

)

p m ~ L-m2

with E, the axion energy, m, the axion mass, L the coherence length and p the buffer
gas density. When the axions are coherent with the photons in the buffer gas, then

mg = m, and:

p= g( Ma )2 -1000 [kg/m?] | (7.8)

28.77

with m, expressed in eV. Substituting p in the above equation and rearranging the

terms one gets:

E
dp = 6.0518 - 1073 T“ : (7.9)
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The above formula shows that the allowed density fluctuation dp is independent of the
axion mass or gas density and depends only on the axion energy and the magnetic
length. The allowed density variation dp, in respect to the axion energy is shown in n
Figure 7.7.
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Figure 7.7: Allowed density fluctuation as a function of the axion energy (the dashed regions are outside
the region of interest).

From the CFD simulations the effective length can be parameterised with respect to

the density fluctuation and the pressure in the cold bore at 1.8 K [104]:
Loy = a dpf | (7.10)

with the parameters a and S, given by :

a = —3.05801- 1072 P, g + 10.3885 (heated windows) (7.11)
a = —1.0442-1072 P, gx + 10.079 (non — heated windows) (7.12)
B =-39461-10"* P, gx + 1.6692 - 1072 (heated windows) (7.13)
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f =2.57198-107* P, gk + 2.07989 - 1072 (non — heated windows) (7.14)

The quantity P;gk, is the measured pressure in the cold bores corrected by the

temperature inside the cold bores.

Substituting eq. (7.10) to (7.9) one gets:

E A (7.15)
dp = (6.0518 +1073 ;>

and finally

E\FhT (7.16)
Leff=a<6.0518-10-3;“) :

From the density profile obtained by the simulations, it is evident that after the
coherence length there is a length of decreasing density which extends until the cold

windows.

The number of photons that reach the cold window can be expressed as:

do, 717
Ny = jd—EaPa_)yAtdEa (7.17)
The static simulations also showed that during the *He phase, with increasingly higher
pressure in the cold bores, the Van der Walls forces become significant and neglecting
them could lead to variations in pressure even up to 11%. Therefore new formulas were
generated, to include this effect and allow for a precise assessment of the density in the

coherence length.
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7.1.2.2 Tilted magnet CFD simulations

During tracking, the magnet moves from -8 to +8 degrees in the vertical direction.
This movement affects the density distribution of the *He buffer gas. Therefore, the
CFD simulations were extended to include the tilting of the CAST magnet.

In the case of the tilted magnet, the hydrostatic effect and a resulting convection
mechanism are becoming significant as the density of the buffer gas increases. Due to
the hydrostatic effect, the region of the cold bores which is in the lowest position has
higher density than the one closer to the upper position, while the magnet is tilted.
This enhances the heat transfer in the lowest position between the buffer gas and the
cold windows and reduces it in the upper part. The effect in the density profile is dual,
as seen in Figure 7.8 [105]. The coherence length is displaced further from the lowest
part, due to the fact that hot gas penetrates deeper into the cold bore area and there is
a small but measurable density gradient even in the coherence region, which increases

with density.
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Figure 7.8: The density profile while tilting the CAST magnet for a given density in the Cold Bore.
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7.1.3 Effective density

The CFD simulations, taking into account the effects of the tilting of the magnet,
provided a relation between the density in the coherence length and the measured

quantity P; gk:

For heated cold windows:

(0.02099 P4 gg—0.004914)(1+Cangle)

1000 |g/cmo’] (7.18)

and non-heated cold windows:

(2.87 1075 P{g+0.02005 P4 gg—0.001571)-(1+Dangle)

2 [g/cm? , (7.19)

with Cangle and Dypgle corrective terms for the tilting of the magnet.

Combining eq. (7.3) with (7.18) or (7.19), depending on whether the cold windows
were heated or not, one derives the effective photon mass, that corresponds to the

specific density and angle.

7.2 Software efficiency

Figures 5.45 and 5.46 of chapter 5 show the efficiency of the selection criteria for the
different energies of the X-ray peaks for the M19 detector. This efficiency should be

constant regardless of the detector, for a given set of operating conditions, such as:

— gas mixture,
— gas pressure,
— detector gain,

— amplifier settings.
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Taking into account the compatibility of the efficiency at 6 keV of the sunrise
Micromegas in CAST and the M19 that was tested in the lab, and given that M19 was
operated in similar conditions, one can extract a rough estimate of the software

efficiency used in the calculations of the coupling constant limit.

From the results of chapter 5, taking into account the performance of the CAST
detector, a new dependence of the software efficiency with the event energy was
created (Figure 7.9) which will be fed in the further calculations. It should be noted
that due to the statistical nature of the coupling constant limit, it is very important
not to overestimate the efficiency and less so it’s exact value. Once the sunrise
Micromegas detector will be dismounted from the CAST magnet, a full set of tests will
be performed in the lab, the software efficiency will be extracted more precisely and

the limit recalculated.

Software Efficiency [%]

90
=X
Z —
g 80 =
= 70 /

60 / /

50

40 /

30 /

20 /

0
2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7

Energy [keV]

Figure 7.9: The estimate of the software efficiency of the detector.
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7.3 Expected X-ray signal

The expected X-ray signal to the sunrise Micromegas detector, for an axion signal of

energy E,, in the time bin t can be expressed as:

R(Ea: t) = B(Ea: t) + S(Ea; t) ) (720)
where B(E,t) is the background of the detector at the given energy and S(E,t), the
excess of counts that the detector will measure, due to an axion conversion:

(7.21)

do,
S(Ea, t) = d?Pa_W At &n & -
a

In this expression g, is the hardware efficiency to the detection of X-rays, described in
Chapter 3.7.5 and & the software efficiency, defined in Chapter 7.2. A is the area of
the cold bore, d®,/dE, the differential flux of axions to Earth, from eq (7.1) and P,_,,
is the probability of their conversion to a photon. The integration of eq. (7.17) over the
energy range of interest, and the total tracking time of a run gives the expected

number of photons in the detector per axion mass, as seen in Figure 7.10.

a

d
Nsgrum = f_dE Foy At ey &5 dE, . (7.22)
a
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Figure 7.10: The expected X-ray signal in the Sunrise detector in the range 2-7 keV, for the 2009 and
2010 runs considering gg,=10"" GeV™" .
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7.4 Unbinned likelihood

The most powerful method of finding limits in unknown parameters from experimental
data is the Likelihood method. For data that follow a Poisson distribution it can be

expressed as:

Nik

1 .
L =—1_[e-riki, 7.23
“ T Lok Nk ! (7:23)

i

for the event k. In this formula L is the normalization factor:

Nik

n.
Lo, = 1_[ e Mik U 7.24
0k | - (7.24)

The index i runs over the energy bins around the energy of event k. The term 1y, is

the expected number of counts in each energy bin, for the event k:

Tie = bix + Sik (7.25)

where by, is the expected background of event k in energy bin i and s;;, the expected

signal, given by the expression:

Ei+AE jgp
Sik = j d_EaPa_)V A Ep & Atk dEa , (726)
E; a

with At, being the time bin of event k.

In the CAST experimental conditions the density and length of the coherence region
change during tracking, therefore the probability of conversion is not constant. This
phenomenon and the low background rate of the sunrise Micromegas detector are the
two main arguments in favour of forming an extended unbinned Likelihood for the
data set of N events during 2009 and 2010. The unbinned limit corresponds to
considering a Aty sufficiently small (ideally At; =0 so that all the time bins contain
either 0 or 1 event). The extended likelihood for a given axion mass can then be

written:
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L, = l_[ Ly, l_[ L, , (7.27)

where k now refers to the time bin At; and the product includes all total exposure of

all the trackings.

The distribution of the extended Likelihood L, is tested with the x? method. The

relation of the two distributions is:

1
_EXZ =log(Lpy,) - (7.28)

Substituting eq. (7.26) to (7.27), considering the above discussion one gets after some

calculations:

1 2
—5x*=—Nc - anm + Z log(7i,) » (7.29)
ky

ko1

where N, is the total number of counts measured in 2009 and 2010.

Expanding 7 and simplifying the terms that do not contain gg,, since they do not

contribute to the behaviour of the y? eq. (7.24) becomes:

1 Abik Ei+AE dsik
_EXZ = —ggy Ngpmm + ggyz [log (Atk L4 3)/ L at, dE dE || , (7.30)
k1 1 i 1

or simpler:

N
1
—2x* = —Rsmu + Z logR(Eit,) , (7.31)
i

where the sum runs over the detected tracking counts and R(E;t;) is the expected

signal to the sunrise Micromegas at the time t; and energy Ej.
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7.5 Sunrise Micromegas limit to g, for the data

of 2009 and 2010

The results of the analysis of the sunrise Micromegas tracking and background data
are consistent with no axion signal. Therefore they are used for the calculation of a
limit for the gg4, in the range of axion masses visited in 2009 and 2010. The coherence
length and the density of the buffer gas inside the cold bores as a function of the

measured quantity P;gg were provided by the latest CFD simulations.

The extraction of the limit is done by maximizing the Likelihood function. The result
is obtained by integrating the Bayesian probability with respect to ggy from 0 up to
95%:

f‘géye_%xzdg‘*
0 2 —0.95 (7.32)

1
o) __XZ 4
J, e2* dgd,

In Figure 7.12, the gg4, limit for the 2009 and 2010 data taking periods with the
sunrise Micromegas is shown, as a function of the axion mass. It is divided in two

parts:

— For the axion masses 0.4-0.64 eV /c* the CAST experiment in the first part of
the data taking of 2010 was filling the gaps in the axion mass scanning, created
by the leak of 2008.

— The nominal axion mass scanning during 2009 and the second part of the 2010

data taking period. The range of axion masses covered in this period is 0.66 -
1.01 eV/c2

Although the data obtained during the gap filling period of 2010 cannot be used by
themselves to obtain a limit, they have been used in [106] in combination with the
data obtained in 2008, to provide a limit in the range of 0.39-0.64 eV /c* of an average
value of 2.27x101° GeV™ at 95% confidence level.
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In the present thesis a limit in the g4y, is provided with the data of the sunrise
Micromegas detector in CAST, for the years 2009 and 2010. The exclusion plot is seen
in Figure 7.11. The average value in the range 0.655 -1.01 eV /c? is:

Jay < 3.9x100 GeV' at 95% CL (7.33)

which is expected to be slightly improved by the contribution of the rest of the

detectors.

It is worth noting that at axion masses 0.812 eV/c? to 0.813 eV/c* there is less
exposure because of the loss of two successive raw data files that were corrupted in the

process of the “stageing” in the CASTOR system.

x10°
> °F gay limit [2009 and 2010]
S r
i -
& 41—
3
2
1~
0 111 | | T | | L1 11 | L1 11 | | - | L1 11 | 1111 | | I | | | I | | 11
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Figure 7.11: The coupling constant limit as a function of the axion mass, for the data taking periods of
2009 and 2010. The axion mass region 0.4-0.64 eV /c? corresponds to covering the gaps in the axion
mass scanning created in the leak of 2008.
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Conclusions

The present thesis was carried out in the CAST experiment at CERN. CAST is
searching for solar axions using a decommissioned LHC dipole magnet with four low

background X-ray detectors in each end of its cold bores.

The axion search that was performed during the 2009 and 2010 data taking periods
with the sunrise Micromegas detector is compatible with the absence of axion signal in
the axion mass range 0.655 -1.01 eV/c% A limit for the axion to photon coupling

constant can be set:

Jay < 3.9x100 GeV' at 95% CL

which is expected to be slightly improved by the contribution of the rest of the

detectors.

The first period of the 2010 data taking was dedicated to covering the gaps that were
created in the axion mass scan during the 2008 run. The data of this period were
analysed in this thesis and used in combination with the data from the rest of the

detectors, to extract a limit in the axion mass range: 0.39 - 0.64 eV/c? [71]:

Jay < 2.27x10" GeV! at 95% CL

This is the strictest experimental limit to date for this axion mass range, excluding

part of the QCD-favoured axion model region.

This limit was the result of the responsibility for the maintenance and operation of the
sunrise Micromegas detector during the periods of 2009 and 2010 and the analysis of

its acquired data.

In parallel a new detector lab for CAST has been realized at CERN. In this lab, for
the first time, it was possible to test the efficiency of the software selection criteria
that are used in the offline analysis of CAST, in various energies. For this purpose a
variable energy calibration system was used, having as targets, materials that have

characteristic emission lines in the energy range of interest in CAST.
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Of course the operation of this facility will not seize here. A significant upgrade is
scheduled for the X-ray beam line, to accommodate more targets and filters, for a finer
scan of a larger energy range between few hundred eV to 9 keV. The lab will be used
for detector and software development and also for transmission tests for vacuum
windows, to be used in the future phase of CAST and as a starting point for research

and development for the future helioscope (IAXO).
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2009 and 2010 software efficiency

Appendix

2009 and 2010 software efficiency

Energy from the mesh vs energy from the strips

The data acquisition system is set up in a way such that we can calculate the energy
of the pulse both from the mesh and from the strips. Ideally they should have a one to
one relation. However in the 2009 and 2010 calibration data this was not the case, as

seen in Figure 1.
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Figure 1: Energy calculated from the data of the mesh, versus energy calculated from the data of the
strips for the calibrations of the 2009 data taking period.
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Appendix

Since the intervention for the installation of the new calibrator in 2008, there has been
a leak in the veto system of the data acquisition. After the trigger, during the readout
of the Matacq, (10-15 ms), the gassiplex cards were not protected and were recording
signals, until they were read. This lead to uncorrelated mesh and strips events, in high
trigger rate conditions such as calibrations. On the other hand the data acquisition
system did not have any problem when operating in the low trigger rate of 1 Hz,
during background measurements or while tracking the sun as seen in Figure 2. The
probability of two events to occur within 10-15 ms and be accepted by the selection

criteria, with a trigger rate of 1 Hz, is practically 0.
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Figure 2 : During the background runs the correlation of the mesh pulses and the strip pulses is not
affected.

The problem was identified and solved in the beginning of June 2011.From then on the
busy from the sequencer is used as a veto to a dual timer which gets the start from the

discriminator and gives as output a trigger to the Matacq.

After the intervention, the correlation between the mesh and strip pulses during a

calibration was restored, as seen in Figure 3.
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2011 Calibrations
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Figure 3: The correlation between the mesh and the strips pulses during a calibration run was restored
in June 2011.

Calculating the software efficiency at 6 keV in

2009 and 2010

In order to calculate the software efficiency of the non-correlated calibration data
during 2009 and 2010, the data of 2011, after the aforementioned intervention, were
assessed. In Figure 4 one can see the effect of the mesh and the strips cuts in the
efficiency. Although they both have an efficiency of ~92%, their combined application
to the calibration data, reduces the efficiency to ~87%, meaning that in most cases the

mesh and the strips cuts reject different events.
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Efficiency for 6 keV 2011 —— Strips Cuts
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Figure 4: The software efficiency of the 2011 calibration data after the intervention that corrected the
problem of the unprotected trigger of the gassiplex.

For the non-correlated data of 2009 and 2010 the strip cuts were applied only to the events
recorded from the strips and the mesh cuts only to the events from the mesh. In order to find
a software efficiency for the non-correlated data, keeping in mind the efficiency of the 2011

data, the efficiencies of the mesh and the strips cuts were multiplied.

Efficiencyrora, = Efficiencysrrps * Ef ficiencyygsy (1)

If Eq. (1) was applied for the 2011 data the result would be ~85%, slightly smaller than the
actual average efficiency of 87% but nevertheless a safe result that can be used in an analysis

which has the objective of finding a limit.
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