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Abstract

The CAST experiment at CERN

The introduction of the theta angle as a solution to the U(1)4 problem in the Lagrangian
of QCD indicates a violation of Charge-Parity in strong interactions, which is not observed
leading to the strong CP problem. From experimental results, the neutron electric dipole
moment and thus the theta angle is orders of magnitude more strict that expected. A solu-
tion to this invokes a new global symmetry, the Peccei-Quinn symmetry. The spontaneous
breaking of this symmetry at a specific energy scale predicts the existence of a light, neutral
and weakly interacting Nambu-Goldstone boson, the axion. The characteristic of the axion,
its mass and its coupling constant, are inversely proportional to the breaking f, of the energy
scale. Axions are expected to be copiously produced in stellar cores, escape and carry away
amounts of energy from the star. Therefore they constitute an energy dissipation mechanism
which affects their evolution and sets bounds in the axion mass and coupling. Axions might
be created in reactions taking place inside the sun. The average energy of the expected axion
solar flux is calculated equal to 4.2 keV. Depending on their density and mass, they may
constitute a candidate for the cold dark matter in the universe.

CERN Axion Solar telescope (CAST) is an astroparticle experiment at CERN running
since 2003 and its main purpose is the search for axions. The detection technique is based on
the Primakoff effect. Inside a strong electric and magnetic field the coupling of two photons
could lead to an axion production and vice versa the axion couples with a virtual photon
producing a real detectable photon. The main component of CAST is a 10-meter LHC
prototype magnet, with a twin aperture that reaches a magnetic field of 8.8 T. The magnet
is placed on a moving platform and can be moved up to £8° vertically and £40° horizontally.
The magnet can track the sun 90 minutes during sunrise and sunset. The remaining hours
are dedicated to background measurements.

In the first phase the experiment operated with vacuum inside the magnet bores, thus
exploring the axion mass range up to 0.02 eV. In order to extend CAST sensitivity to higher
axion masses, the magnet bores were filled with a buffer gas, at first with *He and then
with 3He. For the first time, the limit entered the QCD axion model band and the KSVZ
line was crossed. In the third phase of the experiment *He was used in order to revisit the
results of phase two, with improved sensitivity and longer exposure time. During the fourth
phase, CAST took data with vacuum in the magnet pipes using for the first time sub-keV
detectors. CAST has made a first dedicated sub-keV search for solar chameleons based on
the Primakoff effect.
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CAST has completed the search for solar axions. Searches are now focused on relic axions
using the haloscope technique. Up to now haloscope searches have used solenoid magnets
to provide the magnetic field with cylindrical cavities. In the case of CAST, rectangular
cavities will be inserted inside the dipole magnet. The conversion probability is significantly
enhanced if it occurs in a cavity resonant to the energy of the ALP. To cover a wide range
of axion masses a tuning mechanism will be used for different frequencies.

In the first chapter a brief introduction on axions and their properties is presented. A
description of the various subsystems and the results of the experiment are included in
chapter 2. Chapter 3 refers to the data acquisition system and the control systems in CAST.
This chapter includes detailed description of the Slow Control, the Solar Tracking Software
and the Horizontal laser check program. The properties of the Silicon Drift Detector, which
was installed in the experiment in 2013 and it is currently used in the CAST laboratory, are
presented in chapter 4. The final chapter contains a description of the microwave cavities
that will be installed in the magnet in the upcoming months.

Keywords: Axions, CP violation, Peccei-Quinn symmetry, Primakoff effect, CAST ex-
periment, dark matter, data acquisition, X-ray fluorescence, semiconductor detectors, silicon
drift detector, microwave cavities
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To nelpapo CAST oo CERN

H ewooywyh e ywviog ¥ otn horyxpeavliovh TNg xBavTixnic yewpoduvaixic we Adorn 6Tto
U(1) 4 mpdBinua utodnimver Ty topafiacn Tng cLUUETEIOG QopTiou-ouoTiog OTIC Loy URES oh-
Anhemdpdoeic. To gouvouevo autd KGTOGO BEV TUEAUTNEELTAL, YEYOVOS Tou 00NYEl GTO oY LEO
TEOPBANUL @opTiou-oyoTiulag. AT TEWUUATIXG ATOTEAESHTA, 1) NAEXTEWH OLTOAIXY| POTY TOU
VETPOVIOU %o ETOUEVLS 1 Yovia U Eyel Tiur TAEEC PEYEDOUC UIXPOTERT] OO TNV AVOUEVOUEVY).
M mpotewvouevn Moo cuunepthouBdver war véo oupuetelo, tnv Peccei-Quinn cuppetpla, 1
Topoflacn tng omolag mpofBiénel Ty Unapln evéc Nambu-Goldstone urnoloviou, Tou alloviou.
To yopaxtneloTixd Tou cwuatdiou autoU, 1 udla xou 1 otadepd (eling Tou, elvor aVTIoTEOPKOS
avdhoyo Tng xhipoxag f, otny omola yiveton 1 mapofiaon. To alidvia avauéveTon vor TopdyovTo
OTOUG TUPTVEG AC TEPWY, VO DLUPEVYOLY XAl VOl ATOTEAOLUY BUCIXO UNyavVIXd ATWAELNG EVEQRYELOC,
ennpedlovtog TNy e€ENEN TwV doTpwy. Enopéves, aotpo@uotxol xat x0ouoAoYIXol TEQLOPIGUOL
Bétouy dptor oty pdla xan Ty otodepd Levéne twv adloviwy. To cwpatidio autd mdavoy va
TOEAYETOL X0 O avTLOPdoElC Tou dtadpapatilovtar otov Hho. H uéon evépyela tng avouevoue-
vne pofc a&toviwy vrtoloyiCetar ota 4.2 keV. Avdhoyo ye tnv muxvotnTo xou Ty pdlo Toug,
amoteAolV utodrploug g Yuyperc oxotewrc UANG.

To nefpapa CERN Axion Solar telescope (CAST) elvan eva aotpocwuatidiaxd nelpoio 610
CERN 7o onoto avalntd ané to 2003 aZiévio. H teyvier aviyvevone nou epoapuoletoan otnptletan
oto gouvopevo Primakoff . Evtéoc ioyupol nhextownol xon payvntixol tediov 1 ahAnAenidpao
000 POTOVIKY UTOPEL Vor 0ONYHOEL O TOEAYWYT AClOVIWY %ol aVTIOTEOPWS 1) OAANAETIORO
evog adloviou Ue €va BUVNTXG QOTOVIO GE avityVeLowo gutovio. To xlplo cuctatind uépog
TOU TELPdUATOS Elvar Evag Bimohxd uayvATNng 10 pétpwy, pe poryvnuxd medio 8.7 T. O payvhtng
et ToTo¥eTNUEVOS OE XvNTH TAATPOpUN TTou ETLTEENEL TNV xivnor Tou £8° otnv xdetn xau
£40° otny oplovtia xateduvon. O poryvitng axohovdel Tov Ho 90 Aemtd xatd Ty SLdpxela
NG AVATOAC Xo TNG 0UONE, EVE Ol UTOAOITES WPEC APLEQIEPMVOVTOL GE UETENOELS LTofdipou.

YTNV TEOTN PACT) TOL TEIRAUATOS, UE XEVO EVIOS TOU Loy VITT), Ol EpELVES améxheloay Haleg
agloviey €ng 0.02 eV. T peyaritepe pdleg allovinwy, TpocTédnxe aépio EVIOC TOU Uy VATY,
apyd *He xou ot ouvéyewr *He. T mpdtn gopd, ol épeuvec eloihday evide e Yewpns
TIX AVOEVOUEVNC TIERLOY TG Xalk LTEEXAADQTNXE Evar P€pog TNG TEptoy ¢ Tou poviéhou KSVZ.
Yy teltn @don Tou TERdUATOS, ETUVUAHPUNXOY Ol UETENOELS UE ‘He , TPOXEWWEVOU VO OLVOL-
Vewpniolv ta anoteAéopato Tng 0e0TeRNG QPdong Ue audnuévn euanodnoior TeV AV VEUTOY ot
TeplocoTepeg Yetprioeic. Kotd tn didpxeta tng TETapTng gdong, UE XEVO EVTOS TOU MY VITY),
Yenoylomotinxay Yo TeTr Qopd aviyveutég cvalountol oe sub-keV evépyeieg xou Eyvay ol
TEOTES EPEUVES YL NALIXOUS Y UUAAEOVTES.


HTTP://WWW.NTUA.GR/INDEX_EN.HTML
http://www.ece.ntua.gr/

viil

To CAST oloxhfpwoe Tic €peuveg NAlaxwy olloviwY %ol ETIXEVTIPOVETOL OTNY avolhTn-
o1 xoou®Y afloviny. Ye avtiieon pe to uTololma TELRduTa oTa omtola Yivetar yeron evoc
OWANVOELBOUC Hory VTN ME XUAVOpES xouhotntes, 6to CAST oploymvieg xothdtntee Yo to-
movetndoly 670 owTEPXd Tou BimoAxol yoyvAty. H miavétnta yetatponrc evog aloviou
OE QWTOVIO UEYIOTOTOLE(TOL OTAY 1) GUYVOTNTA GUVTOVIOUOD NG xoldTnTog elvon (on Ye tnv
evépyela Tou adtoviov. Ilpoxewévou ot €peuveg va enextadoly oe Eva eupl Qacua hal®y omat-
TElTOL 1) YEHOT EVOS UNYOVIOUOU ATUQULTNTOU YLOL TO GUVTOVIGHO TNG XOLAOTNTUS GE DLUPORETIXES
CUYVOTNTEC.

Y10 TE®TO AEPdhano yiveTon o oOVTOUN ELooYwYT| OTo allOVIol XAl OTIC WBIOTNTES TOUC.
Mo Teptypopy| TV ETYEQROUS UTOCUG TNUATOY TOU TELRAUATOS XoME Xl ToL ATOTEAEGUOTA TOU
nopouctdlovial 1o xepdiaio 2. To xepdhoto 3 avapépetar ota cUCTHATH APng Bedopévev
X0 TOL GUC THUOTA EAEYYOU TOU TELOYUATOS. 1ITO XEPAANO 0T TEQLAUUBEvOVTOL AVORUTIXES TE-
CLYPUPES TWV THO BACIXGY AOYIOUIX®Y TOU ETBAETOUY ToL UTOCUGC THUOT TOU TELRHUUTOS xoddg
xou TNV xbvynon tou payvATy. Oudidtnteg Tou aviyveutrn oAlodnong nupitiou, tou Totovetrinxe
oto melpaya 10 2013 xan TAEoV YpnowoToLElToL GTO EPYUCTHPIO TOU TEWRHUATOS, ToEOUCLALo-
VIO 0TO XEQIAO 4. X100 TEAeUTalo XEPIANO TEQLAUUBAVETOL 1) TIEQLY QUPT| TV UXPOXUUATIXGDV
%OLhOTHTWY Tou Yo TotodeTnioly 0T0 ECWTERIXG TOU LAY VATY) TOUC ETOUEVOUC UNVES.

A€€eic xhewdd: Alidvia, mapofiaor goptiov-opotiploag, cuguetplor Peccei-Quinn, ¢@ot-
vopevo Primakoff, mnelpoua CAST, oxotews| UAn, clotnua Afdng dedopévev, aviyveuon
o TVOV-X, MUY @YLIOL VLY VEUTES, avlyVeuTh g ohioUnong mupltiou, uxpoxuuaTinég XohoTr-
TEC
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Chapter 1

Axions in QCD

1.1 Theoretical aspects of QCD

QCD is the SU(3) quantum field theory of the standard model that describes strong
interactions observed between quarks and gluons. Each of the six flavors of quarks, u,
d, s, ¢, b and t has an additional quantum number called color which has three possible
values: Red (R), green (G) and blue (B). There are 8 force carriers in QCD, G, a strong
gauge coupling g, and a strong fine structure ay = g?/4m. As opposed to weak interactions,
Charge-Parity symmetries are not violated in QCD, giving rise to the strong CP problem

[1].

1.1.1 The U(1)4 problem

The strong interactions are described by a Lagrangian which is invariant under a group
of local transformations:

1
GG (1.1)

Loep = Y 4a(7"iDy = mn)gn —
n
where:
n is the quark flavor
¢n s the quark field
~v# are the Dirac matrices
m, is the quark mass

G, is the field tensor of gluons with a color index a=1,2..8

In the limit of vanishing quark masses there is an apparent symmetry of the Lagrangian.
For m, — 0 the equation (1.1) is invariant under a global symmetry G = U(n)g x U(n)y.
This limit is satisfied by the relatively small masses of up and down quarks leading to a
U(2)r x U(2)g symmetry. The U(1), subgroup of the U(2), x U(2)g symmetry:

Gn — € (1.2)

is an exact symmetry in QCD and it corresponds to the conservation of the baryon
number.
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Massless fermion fields exhibit chiral symmetry, a symmetry to left-handed and right
handed rotations as follows:

i@L iGR

qr — €Fqr and qr = qr || qr — €"Fqr and qp, — qr, (1.3)

Massive fermions do not exhibit chiral symmetry. Therefore, for the same limit m, — 0
there is an approximate chiral symmetry, SU(2);, x SU(2)g often denoted as SU(2) 4 which
expresses the invariance of the quark kinetic energy terms:

@ 1D pan = Gy iDpqr + qry"iDugr (1.4)
In the limit of m, = my a further SU(2), symmetry would arise, the isospin. Although the
vectorial part of the symmetry SU(2), x SU(2)4 x U(1), is a good approximate symmetry
of nature, the axial part is not valid for the vacuum state due to a Bose-Einstein condensate

of the quark fields |2, 3]: )
< au >=<dd >#0 (1.5)

This spontaneously broken symmetry gives rise to a triplet of light pseudo-Goldstone
bosons, the pions. Furthermore, there is a forth symmetry U(1)4 expressed as:

qr — €qr , qr — € "qg (1.6)

However, no Nambu-Goldstone boson exists for the violation of that symmetry, leading
to the U(1)4 -problem [4]. The lightest candidate would be the n with a mass of 958 MeV,
however the mass of the corresponding boson is bounded byv/3m, ~ 225MeV .

1.1.2 Strong CP violation

The solution to the U(1)4 problem came through the realization that U(1) 4 is not a true
symmetry of QCD, although the Lagrangian is symmetrical under the associated transfor-
mation for vanishing quark masses. This is due to a more complicated QCD vacuum that
requires the presence of a phase parameter 6 with arbitrary values between 0 and 27, adding
an extra term Ly to the Lagrangian |2, 3]:

2
g a s
Lg - Q@GWG% (17)
where:
g is the coupling constant
G, 1s the gluon field tensor

The 6 vacuum, the ground state is a result of a superposition of n-vacua:
0>=> e "n> (1.8)
After adding the electroweak interaction to the angle 6:

0 =04 Opear = 0 + arg(detM) (1.9)

M is the matrix of the quark masses



1.1. Theoretical aspects of QCD 3

and the Lagrangian transforms into:

Loep = Lpert + Ly (1.10)

With the additional term the Lagrangian is not invariant under CP transformation. CP
symmetry is expected to be violated both in weak and strong interactions, however the latter
has not been observed. The neutron electric dipole moment is associated with the 6 angle
as follows:

d, ~82x 1070 e cm (1.11)

The existing strong bound on the neutron electric dipole moment [5]:
d, <3 x 107*%¢ em (90% C.L) (1.12)

sets an upper limit to § < 1071, Therefore, 6, a free parameter from 0 to 27, must have a
really small value and this is known as the strong CP problem [6].

1.1.3 The Peccei-Quinn symmetry and the axion

The Peccei-Quinn symmetry constitutes the most elegant solution to the CP problem
[7, 8]. Instead of the static 6 angle, a new symmetry U(1) is introduced. This symmetry is
necessarily spontaneously broken and the Nambu-Goldstone boson is the axion. Under the
U(1)pg transformation the axions field a(x) translates into:

a(x) — a(x) +af, (1.13)
where:
fa is a parameter associated with the breaking of the symmetry
The Lagrangian becomes:

LQCD = Lpert + LG + La (114)

where:
Lo = Liinetic + Lint + Lazion—giuon (1.15)
where:
Liinetic 1s the kinetic energy term
L;,; is the term that represents further interactions of the axion
Lzion—giuon 1s the axion field and its coupling with gluons

The expected axion field < a > for the vacuum is equal to:

fa g
= 1.1
<a> . (1.16)

where:
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fa is the energy scale of the spontaneous breaking of the PQ symmetry
C, is a model dependent parameter

Thus, for any value f, the angle 6 is canceled, giving a solution to the strong CP problem

1.1.4 Axion properties

The properties of the axions depend on the energy scale of the spontaneous breaking of
the Peccei-Quinn symmetry as follows [9]:

1

= (1.17)

Mg X — and ¢q; X

Ja
where:
fa is the energy scale of the spontaneous braking of the PQ symmetry

m, 1s the axion mass

Jai 18 the coupling constant with the ¢ particle

Coupling to matter

Axions can interact with gluons, photons and fermions. The coupling with gluons is the
third term described in equation 1.15 and it can be expressed as [9]:

Ag a
Lazion—gluon = WQG/“’G% (118)

where:
as is the strong fine-structure constant

Axions can acquire mass through their interaction with gluons by mixing with pions,
which can be calculated by the expression:

9
mj’;f”\/( & ~ 6 mev GV (1.19)

I+ z+w)(1+2) Ja

My =
where:

m, is the pion mass equal to 135 MeV

fr is the pion decay constant

z is the ratio m, /my

w is the ratio m,,/mg
The coupling of axions with photons is expressed as [10]:

Loy = 9oy EBa (1.20)

where:
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« is the axion field
E is the electric field
B is the magnetic field

Ja~ 1s the axion-photon coupling constant which is calculated as:

a

ga"{ = HO’Y (]‘21)
« is the fine structure constant
(., is a model dependent coefficient

The coupling constant of axions with fermions can be calculated as:
Jas = % (1.22)
a
my is the mass of the fermion
Cy is a model dependent coefficient
In particular, in the case of axion-electron and axion-nucleon coupling respectively:
Gae = CfT and oy = C]}TN (1.23)

Axion Models

Coupling of axions with other particles is strictly model dependent. At first, it was
thought that the violation of Peccei-Quinn symmetry took place in the electroweak scale
fa =~ 250GeV with masses greater than 150keV, strongly interacting with baryonic matter
and radiation. However, this axion model, the visible axion model, has not been observed
and was ruled by astrophysical limits [11, 12|. As a result, f, must have a higher value
than the electroweak scale leading to the invisible axion models. Two types of models
have been postulated, the KSVZ (Kim-Shifman-Vainshtein-Zakharov) and the DFSZ (Dine-
Fischles-Srednicki-Zhitnitskii). In both models the axions is light and weakly interacting
with matter.

KSVZ model: According to this model [13, 14], axions couple only with gluons and they
do no interact with fermions and quarks. The only particle that carries PQ charge has to
be a new heavy quark QQ and the ratio E/N is equal to:

E

N = GQ%Leavy (124)

(Qheavy 1s the electric charge of the new heavy quark with possible values Qpeqvy = —1/3,1,0

E/N is the ratio of the electromagnetic to color anomalies with common values E/N = 0,2, 6
for the KSVZ model
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DFSZ model: In this model no further quarks are introduced [15]. The PQ charge is
carried by fermions, however a fine tuning is needed in order to obtain a scale of breaking
of the symmetry larger than the electroweak scale. In this case E/N = 8/3.

Astrophysical & Cosmological constraints

The strong CP problem does not define the breaking scale f, and thus the axion mass is
arbitrary. However, axions can be produced in environments like the ones of stars, clusters
and white dwarfs, setting constraints to the axion mass limit [9].

Globular clusters A globular cluster is defined as a group of 10° stars. The Red Giant
Branch (RGB) stars have degenerate helium burning core and hydrogen burning shell. When
the temperature and the density increases, a higher fusion rate is observed and the stars
become Horizontal Branch stars (HB). It is expected that the HB stars lose more energy
through the production of axions via the Primakoft effect and thus less HB stars than RGB
should be observed. As a result, the axion to photon coupling is constrained to g,y <
1071°GeV L. Furthermore due to axion emission through electron-Bremsstrahlung processes
in RGB stars, the brightness of the star in case of high helium core losses should be increased.
From observations of the globular cluster M5 a new limit to the axion-electron coupling is
set,equal to gee < 4.7 x 10713GeV 1 [16].

White dwarf cooling Low-mass stars at the end of their life transform into white dwarfs
made of a helium burning shells and degenerate carbon-oxygen core. The temperature of
WD gradually decreases due to the emission of neutrinos, photon and also axion emission
created by axion-Bremsstrahlung processes. From the cooling of the ZZ Ceti Star a limit for
the axion-electron coupling is obtained equal to g,. < 1.3 x 1073GeV ! [17].

Supernova 1987 A When a massive star burns its carbon-oxygen core, heavier nuclei are
produced and the core size is increased. When the Chandrasekhar limit is exceeded, a stellar
explosion takes place accompanied by a huge flux of neutrinos and radiation.

Axions can be produced through a Bremsstrahlung axion-nucleon coupling in a core of
a type-II SN. As a result, the duration of the burst is affected. As the coupling constant
increases the burst duration decreases until it reaches a minimum value. After that point
with a higher coupling constant the axions are trapped and cannot escape. The SN 1987 A
gave the first limit for axion-nucleon coupling 3 x 10710 < g,y <3 x 1077

The cosmological and astrophysical constraints on invisible axions allow a window for
the axion mass [9, 17]:

107% eV <m, <107%eV (1.25)

Axion as dark matter candidate

The baryonic matter only accounts for the 4.2% of the Universe, the 27.2% is dark matter
and the rest 68.9% is Dark Energy, responsible for the accelerated expansion of the universe.
However, the composition of DM and DE is still unknown.

DM is composed by electrically neutral and weakly interacting particles. Axions are
DM candidates, as they could have been thermally produced in the primordial plasma and
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although being light particles they are not relativistic [11]. The life time of an axion can be
calculated as [18]:

E fa/N
~ 4.6 x 10°0s(—= — 1.95)?(—2L& )5 1.2
Ta 6 x 10 s(N 95) (1010G6V) (1.26)

From equation 1.26 7, > t, where ¢, is the age of the Universe.

1.2 Solar axion detection techniques

There are multiple detection techniques used for axion searches such as photon regen-
eration experiments, polarization experiments and haloscopes [19]. The sun constitutes a
possible source of axions and the research program of CAST has been focused on the de-
tection of solar axions with a helioscope experimental setup. The Primakoff effect implies
a coupling of pseudoscalar particles with two photons which is observed in the decay of mg
[20]. For an axion interaction with two photons the form of the Lagrangian is [21]:

1 - L
Loy = TQQ’YF#VF“ a = gy EBa (1.27)

F,

w18 the electromagnetic field-strength tensor

F# is the dual of the electromagnetic tensor
« is the axion field

Ja~y is the coupling constant

E is the electric field

B is the magnetic field

In figure 1.1 the conversion of the axion into a photon in the electric field of a charged
particle is shown

Yvirtual Vvirtual
e, Ze B

FIGURE 1.1: The Primakoff effect inside the solar core (left) which leads to
the production of axions and the inverse Primakoff effect in a magnetic field
(right) [20]

The solar axion flux from the sun is expected to be equal to [21]:

do, -
Fioh 6 x lomcm_Qs_lkeV_lg%OEQ"lgleﬁa (1.28)
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®,, is the axion flux
gdio = goc'y’y/loilo
The spectrum has a peak at 3 keV and a mean energy of 4.2 keV (figure 1.2).
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FIGURE 1.2: Differential solar axion flux at Earth [22]
The probability of the axion-photon conversion in a magnetic field is equal to:

Posy = (9%232(12 +11“2/4 (14 e B2 cos(qL)] (1.29)
where:
Ja~y is the coupling constant
B is the magnetic field
~ is the inverse absorption length

L is the effective length

q is the momentum transfer between axions and the photons in the medium which can be
calculated as:

¢=|—"57—1 (1.30)
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In the case of vacuum the absorption term is equal to zero and equation 1.2 takes the
form:

Py = (B ()

)2 (1.31)

The effective mass of the photon can be considered zero and the momentum transfer is

simplified to:

m2

_ Ma 1.32
1= 5 (1.32)

For values of ¢L < 27 the probability is maximized within the limit:

4mE,
L
For searches in the higher axion mass region the conversion length can be filled with a
buffer gas. While traversing the medium, the massless photons exhibit an effective mass
which is equal to:

Me < (1.33)

dran,

(1.34)

maA~ =
Y Me

ne is the electron density of the buffer gas and can be calculated from the expression:

A
Ne = NAWp (1.35)

where Z and W are the atomic number and the atomic weight of the gas respectively, Ny is
the Avogadro’s number and p the density of the gas. For ¢ = 0 = m, = m., the coherence
is restored.






11

Chapter 2

The CAST experiment

2.1 Introduction

The CERN Axion Solar Telescope has been searching for axion-photon conversion from
the sun’s core since 2003 in SR8 at CERN. A decommissioned LHC prototype magnet is
used that can track the sun for 1.5 h during sunrise and sunset [23]. The two 43mm diameter
bores of the superconducting magnet reach a magnetic field of 8.8 T. At the bore ends X-ray
detectors are placed in order to detect an excess of counts in the acquired spectra.

The CAST research program is divided into two phases. In the first phase the magnetic
bores were under vacuum and the detectors used were a Time Projection Chamber (TPC),
a Micromegas and a Charge Coupled Device (CCD) in the focal plane of an X-ray telescope
[24, 25]. During the second phase the bores were filled with 3 He buffer gas |26, 27] and *He
for searches of higher mass axions [28| and the TPC was replaced by two Micromegas. After
the end of the second phase, the bores were under vacuum and the CCD was replaced by
InGrid. At the moment, the detectors used in the experiment are Ingrid, KWISP and in the
upcoming months microwave cavities.

2.2 Subsystems of the experiment

2.2.1 The magnet

The magnet (figure 2.2) is a LHC prototype with two straight cold bores with a 43mm
diameter. It is fabricated by superconducting Niobium-Titanium windings and with a 13kA
power supply a perpendicular 8.8 T magnetic field is created (figure 2.2). The 10m long
magnet sits on a movable platform as can be seen in figure 2.3. The turntable platform
allows a movement of £40° horizontally and the girder supports the two jacks that move the
magnet vertically £8°. The movement of the magnet will be discussed in further detail in
the next chapter.

2.2.2 The cryogenics

In order to obtain a 9 T magnetic field the magnet has to be cooled down from ambient
temperature to 1.9 K. The temperature reaches 4.5 K with liquid helium supplied by a cold
box which was recovered from the ete™ collider LEP and DELPHI. The magnet is cooled
down to 1.9 K through a further pumping group. Cryogenic and electrical feed to the magnet
is done through the Magnet Feed Box (MFB). Seven flexible transfer lines connect the MFB
to the cold box, the helium pumping group and the quench recovery system that allow the
movement of the magnet without interrupting its cryogenic operation. Liquid helium from
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FIGURE 2.2: The CAST magnet

the 4.5 K bath is subcooled in a copper mesh heat exchanger and it is transferred along the
magnet length [29]. The control system of the cryogenics is a PVSS software.

2.2.3 The quench system

In case of a resistive transition of the magnet and loss of superconductivity an emergency
helium discharge occurs. In 120 ms a quench valve opens and the superfluid helium is
discharged in the liquid helium buffer, where it is vaporized. The buffer is also equipped
with a relief valve to the atmosphere in case that the pressure increases more than 0.12 MPa.
The last measure of protection for the pressurized helium is a rupture disk with a 2 MPa
pressure limit.

2.2.4 The vacuum system

The vacuum system in CAST consists of three subsystems: The cryostat vacuum, the
general vacuum and the detectors vacuum (figure 2.4). The cryostat vacuum thermally
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FIGURE 2.3: A simplified scheme of the movement system

isolates the magnet from the environment, while the general vacuum lines are used to pump
the cold bores and the extension lines leading to the detectors. At the end of each line a gate
valve is installed to isolate the magnet from the detector system. The detectors vacuum is
the vacuum between each detector and the gate valve.

MFB
VT3, VT4

M

| — "

J:D_n

VTI1, VT2 Cold windows

FIGURE 2.4: The vacuum system of CAST [30]

2.2.5 The gas system

Buffer gas was used inside the bores for the restoration of the coherence length and
sensitivity to higher mass axions was achieved. With vacuum inside the bores the axion
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masses reached were up to 0.02 eV. With the bores filled with He the scanned axion masses
reached 0.39¢V.  He is saturated at 16.405 mbar at 1.8 K and therefore > He was introduced
as a buffer gas in order to scan masses up to 1.16eV.

A specific amount of gas was inserted in small steps through a filling system. For the
confinement of the gas inside the magnet four cold windows of 15um polypropylene connected
to a stainless steel strongback were installed at the end of the magnet bores. The gas system
consists of the storage volume, the cleaning system, two metering volumes and the expansion
volume. The gas is sent from the storage volume through the cleaning system to the metering
volume. One of the metering volumes is used for a step increase in the density of the gas and
the other for accurately injecting larger amounts of > He in the cold bores. From the metering
volumes the gas is injected into the magnet. The system is controlled by a PLC which sends
the signal for the gas to be transferred or recovered. In case of a quench, the magnet
temperature and therefore the pressure increases and the PLC opens two electrovalves that
connect the conversion volume with the expansion volume. After the quench the buffer gas
is transferred back to the storage volume.

2.3 CAST results

The first phase of CAST lasted from 2003 to 2004 with vacuum in the magnet’s bores.
The limits achieved are [24]:

Joy < 88 x 107 GeV ™1 95% C.L for m, < 0.02 eV (2.1)

From 2005-2006 * He was used as a buffer gas. The experimental limits achieved are [28]:

Gory < 217 x 107" GeV1 95% C.L for 0.02 < m, < 0.39 eV (2.2)
In 2008 *He was replaced by 3He until 2011. The KSVZ theoretical region was crossed
for the first time. The limits obtained are [26]:

Jory < 2.3 x 1071 GeV ™1 95% C.L for 0.39 < m, < 0.64 eV (2.3)

Joy < 3.3x 1071 GeV ™' 95% C.L for 0.64 < m, < 1.17 eV (2.4)

In 2012 the *He phase and in 2013 the vacuum phase were revisited with improved
background levels in the detectors. The limits achieved in phase I and phase II are shown
in figure 2.5.
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Chapter 3

Controls and acquisition systems in

CAST

3.1 Introduction

All the controls and acquisition systems in CAST are LabView based. LabView is a
dataflow programming language in which execution is determined through a graphical block
diagram and the front panel is used as a user interface. The most important benefit over other
development environments is the direct communication with NI instrumentation hardware
through a set of standard graphical nodes. The Slow Control and the Solar Tracking program
are LabView based data acquisition, logging and plotting systems. A new software was
installed for the online monitor of the horizontal movement of the magnet (Figure 3.1).
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3.2 The Slow Control of CAST

3.2.1 Introduction

The main purpose of the Slow Control involves gathering signals from measurement
sources from all the subsystems of the experiment and digitizing the signals for storage and
presentation on the PC. Figure 3.2 shows the operating principle of the data acquisition
system. The components of the DAQ system are:

1. Transducers and sensors: The temperature, pressure and load are some of the phenom-
ena amongst others that must be monitored. The transducers and the sensors convert
those physical phenomena into electrical signals of voltage and current that can be
measured by the DAQ hardware.

2. DAQ Hardware: NI analogue and digital cards are used as an interface between the
signals acquired and the computer. Their main function is to digitize incoming analog
signals so that they can be interpreted by the software running on the computer. They
are coupled with the PC through a PCI bus architecture.

3. Driver software: It forms the middle layer between the software and the hardware so
that the communication is established without complex commands. NI-DAQmx and
NI 435x driver software are used for the Slow Control.

4. Software: The software is implemented in a 8.5 LabView version.

Sensor DAQ Device Computer
=
A
‘ i \I\fb
- "
Signal Analog-to-Digital Drivar Application
Conditioning Convertar Software Softwars

FiGure 3.2: Flow diagram of the components of the data acquisition system
[31]

3.2.2 Hardware

The hardware of the Slow Control consists of NI boards. The DAQ interface of the
cards used is the PCI bus with a bandwidth of 132MB/s, which is fast enough for the data
acquisition needed and PCI slots are included in all desktops. The main component of the
cards is the ADC. The resolution given refers to the number of binary level the ADC can use
to represent the signal which determines what change in the input can be detectable. 16-bit
resolution corresponds to 2'% = 65536 discrete levels. The minimum signal change that can
be detected is equal to:

Input range in Volts
2bits

(3.1)

Resolution in Volts =
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The total amount of information in megabytes per second can be calculated as Resolution in bytes/s x
Sampling rate in MS/s x Number of channels.

The Slow Control data acquisition system is formed by:

three PCI-4351 NI cards: These cards (DAQ 1-3) are high-precision temperature and
voltage meters. Each one has 16 differential analog inputs and each input contains a 24-bit
ADC. With the differential inputs, every input has its own ground reference and noise errors
are reduced as the common noise picked up is rejected. The input ranges are up to 15V and
25uA. NI 4351 includes 8 TTL signal inputs and outputs, however they are not currently
used.

The most important characteristic of this card is the delta sigma ADC as seen in figure
3.3a, the main purpose of which is to digitize the analog signal and reduce the noise of lower
frequencies. The delta sigma ADC consists of two parts. The first part is the modulator
which samples the input signal at a very high rate into a 1-bit stream and the second is the
digital /decimation filter which takes this sample and converts it into high-resolution signal
with a lower frequency. Therefore the input sampling rate f, is different with the fp output
data rate. The modulator is shown in figure 3.3b and the flow diagram in figure 3.4. From
the input voltage the output of the 1 bit DAC is subtracted, which has a value equal to 1
or -1. The voltage X, enters the integrator were it is added to its previous values. The
output X3 is compared to the reference voltage which is zero. If X3 is equal or greater than
zero both the output and X, are set to 1. Otherwise, the output is equal to 0 and the DAC
output to -1. Through the feedback negative loop, the output is constantly modified and if
the output pulse is averaged it is equal to the value of the input signal. Therefore, higher
input voltage signals will lead to an output with higher frequency of ones compared to a
lower input signal. The main purpose of the modulator is the discrimination of the noise
from the signal. In figure 3.5 the operating principle of the delta sigma modulator can be
seen in the z domain and the output can be calculated as follows:

Y(2) = V(2) + E(2) (3.2)

V(z) = 1%_1(;)_1 (3.3)

A(2) = X(2) + 27 'E(2) (3.4)
Y(2) = B(z) + & (zl)_‘j_lly(z) (3.5)
Y(2)=2'X(2) + E(z)(1—2z71) (3.6)

where:
Y(z) is the output function in the z domain
E(z) is the function of the noise

X(z) is the input signal in the z domain
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From equation 3.6 it can be seen that the input signal is not modified, apart from a delay,
but the noise is powered and shifted in the frequency domain. By replacing the z transform
with the Fourier transform:

11— exp 7™ |2 = |2sin(2n f)|?| (3.7)

The output signal and noise in the frequency domain are shown in 3.5. The digital filter
averages the series of logic ones and zeros and outputs multiple-bit data and the decimation
filter decreases the sample rate. Therefore the digital /decimation filter acts as a low pass
filter and it rejects the noise which is transferred to higher frequencies [32, 33].

Difference f.
Analog Amplifier Integrator S
Input X; i €; o
utput to
* X X3 v -

‘_U' + X, i Digital Filter
/N [T L

Vrer Comparator

Digital/Decimation Filter

(1-Bit ADC)
X4 /VI
1-Bit DAC ?
Vi=xXj_1t(ej—e_y)
(a)
Sample Rate (fg)
Analog AV AY
Input Modulator
fg/fp) = Decimation Ratio
P ' Data Rate (fD)
I ﬂ]h 1 [
I 1
! .| Digital » Decimat i . Digital
> Filter » Decimator : > Output
| :
I 1
I 1
I 1
I |

F1GURE 3.3: The delta sigma ADC and its delta sigma modulator used in the
PCI-4351 NI cards [32]

one PCI-6225 NI card: This card (DAQ 4) includes 40 input differential channels,
each one of which contains a 16-bit ADC with a multichannel sampling rate of 250kS/s. The
maximum input range is 10 V and this card also includes 24 digital channels, currently not
used. The circuit of the card for analogue inputs can be seen in figure 3.6. The analog input
signal is connected to the I/O connector with its ground reference. The multiplexer connects
one analog channel at a time with the ADC. The Terminal Configuration Selection selects
the mode of the signal which can be differential, reference single-ended and non-referenced
single ended. For the Slow Control each input is connected with its reference ground and
therefore the differential mode is selected. The NI-PGIA, a differential amplifier, is used as
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Input X;
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FI1GURE 3.4: The flow diagram of the delta sigma modulator

Z domain . e:
Sigma 1
Delta (Integrator) l
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Input 4 Digital Filter
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»
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Noise

2N (-1)Y(2)

v
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FIGURE 3.5: The sigma delta modulator in the frequency domain [32]

an interface between the signal and the ADC to ensure that the maximum resolution of the
ADC is used. Then the signal enters the ADC where it is digitized and it is stored in a large
FIFO buffer so that no data is lost. The lowpass filter attenuates noise beyond the cutoft
frequency and enhances the signal to noise ratio [34].

one digital card PCI 6527: It includes 48 digital channels and it can sense digital
levels up to 28V DC and 120uA.
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FIGURE 3.6: Analog input circuit of the PCI-6225 NI card

one digital card PCI 6528: It includes 24 digital channels and it can sense digital

levels up to 60V DC and 150uA.

3.2.3 Software presentation and Main Panel

The block diagram

The first group of commands that are executed when the program starts running are a

set of essential steps which help the interface with the user, the initialization of parameters
and creation of the data socket. These steps are shown in figure 3.7.

1. Dialogue VI: A message is displayed to the user when the program starts running. The

user must press the START button when he has checked that all DAQ configurations
are correct.

Tab Initialization: The tab control of the front panel is initialized in the page "DAQ
controls"

Configuration of front panel arrays for 6225 and 6528 cards: This loop configures the
information that can be seen in the cards arrays in the front panel. Each column
includes the number of each channel, the name and the type. In case that the user
modifies the configuration the button SORT must be pressed and the array of channels
is sorted according to the channel number. This loop checks if there is a double
definition of channels. If this is the case a message is displayed, otherwise the loop
stops executing. The application status is set to "initialization setup" and the stuck
message, the message which appears when the program does not work properly, is
initialized to false.

Data socket: The data socket node opens a data connection with the URL specified.
This loops is repeated as long as the application is running. The data socket refnum
includes the names and the values of the variables transmitted. If an error occurred
while trying to write to the URL specified the system execution VI is used, which
forces to run an executable that will try to establish the communication with the
address specified.
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5. Panic Button and matching of indexes: If the user presses the panic button a dialog
pop-up appears that asks the user if he actually wants to terminate the application. If
the user presses OK all applications are aborted. This loop also matches the indexes of
the array that includes the names of the channels with the ones of the channel number
arrays and types.

Initializations, Data socket and front panel configurations

3. Configuration of front panel arrays for 6225 and 6528 cards

1. Dialogue VI

!

4, Data Socket
2. Tab initialization

I

5. Panic Button and matching of indexes

FI1GURE 3.7: Flow diagram of the first set of loops that are executed when the
SC starts running

The second set of loops include the communication between the program and the analogue
and digital cards (figure 3.8). This step is achieved with standard procedures which are
followed for the communication of the NI cards and the NI software.

1. Slow Control Self-Monitor: If the SC is not updated for two minutes or if the user
pressed the Manual Reset button the cards are reset. In that case a text file is created
under the name warning.txt in the debug files mentioning that the cards were reset
and the time that it occurred.

2. Reading Analog Cards PCI-4351: If the PCI-4351 mode boolean button is set to true,
communication is established with the three NI PCI-4351 cards. The upper and lower
limits are set to 15 and -15 V respectively and the input signals are voltage signals. If
the absolute value of the signal acquired is greater than 0.01 the input is accepted, the
counter of each card increases and the voltage output is saved in an array for each card.
The counter resets after 1000 inputs. If an error occurred during the communication
with the cards an alarm is sent to all the Alarm mailing list contacts. When the
application stops running the communication with the cards is closed. If the button
PCI-4351 mode is set to false sine signals are simulated and they are used as inputs in
the arrays previously mentioned. In that case the mode is set to Simulation Mode.

3. Reading Analog Channels from Card PCI-6225: From the configuration for the ana-
logue channels of the 6225 card of the first sets of loop the number of active channels
is calculated. If it is a non-zero number communication with the card is established.
The Voltage range is set to -10 to +10 V and the sampling rate can be set by the user
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using the knob in the front panel. The DC and RMS values of the input waveform are
calculated and if they are greater than zero the input signal is accepted. The counter
resets after 100 inputs. In case of an error an alarm is sent to the alarm mailing list.

4. Reading Digital Channels from Card PCI-6225: The digital channels of this card are
not used.

5. Digital Card PCI-6527 and lasers: If the Enable Digital Output is ON the reference
positions of the horizontal and vertical lasers are checked. If the magnet passes from
a reference point the values of the laser variables are changed. When this event occurs
the writing laser boolean button is switched to ON.

6. Reading Digital Card 6528: This digital card is only ready when the switch in the front
panel is set to Read Mode. The configuration of the channels in the first set of loops
for this card are checked. If the number of channels is non-zero communication with
the card is established. The program does not read this card in every loop but only
when a change in the channels is detected. Then the time is stored and if the alarm
button is enabled then an alarm is sent to the alarm mailing list.

7. Fast Data taking: When the user presses the start fast data tracking button a specified
variable can me monitored with a higher rate than the others. The user chooses the
variable, presses reset and sets the rate in ms. The program detects in which DAQ
this signal is detected and plotted. A new file is created in the fast logfiles every day
that the program is set to fast data tacking and this file is also saved in AFS.

8. Pressures array: All the inputs from DAQ 1-4 are gathered in the same array, the
indicator of which is in the front panel. The space element is deleted from the names
of the pressures.

The main loops are the executed steps that create the files where the data are stored and
the plots of the front panel as shown in figure 3.9. The main loops are:

1. Copy-Write file: The application status is set to Data Logging. This loop consists of
a stacked sequence with 10 frames. In each frame the value of the timer is stored in
order to calculate the time of execution of each step and the time difference with the
previous step. This is also the loop where the Warning Reset button of the front panel
is set to true when the user switches on or off one of a warning. If the Lock button in
the front panel is enabled the sampling rate is locked in the value chosen by the user.
The steps followed in the stacked sequence are:

e Step 0: The program gets the current date and time from the system. If this is
the first loop, which means that the program just started running it creates a new
file with a year-month-day format the H directory. If it is not the first loop it
creates a new file only when the day has changed. The program creates a backup
copy of the file each day at 09:00 and 24:00 both in AFS and in the G directory.

e Step 1: The program checks if the data of all the cards are available. When all the
cards are properly read or if the button Skip is pressed by the user it continues
to the next step.
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Communication with analog and digital cards

1. Slow Control Self Monitor

8. Pressure array

2. Reading Analog Cards PCI-4351

3. Reading Analog channels from Card PCI-6225

7. Fast data tacking

4. Reading Digital channels from Card PCI-8225

5. Digital Card PCI-6527 and laser

6. Read Digital Card 6528

FIGURE 3.8: Flow diagram of the second set of loops that are executed to
establish communication between the software and the cards.

Step 2: The active analogue channels of DAQ 1-4 are calibrated according to their
type. All the important parameters such as high and low temperature, proximity
sensors values, loads and pressures are linked to an indicator in the front panel.

Step3, Step 4 and Step 5: All the important parameters are plotted.

Step 6: In this step all the boolean indicators in the front panel for the digital
cards are updated. At the same time the pressures from the analogue cards are
checked. If there is a change of £1% of the maximum change set by the user the
sampling rate is increased.

Step 7: The indicators in the front panel of the digital cards are updated. If the
current of the magnet decreases it sends an alarm as a warning that a ramp down
occurred or some other reason caused the current to go below 12000 A.

Step 8: If the file was just created it adds the header with the version number
of the program and the variables for the data socket are selected. The data are
converted into strings and saved in the logfiles, the data send to the data socket
are updated and if the file changes a new header and version number are added.

Step 9: A delay is added to complete the cycle according to the sampling rate.
The sampling rate returns to its nominal value in case it was changed due to a
rapid change of the value of the pressures. item Step 10: All the pressured are
checked. If one of them is out of the range set an alarm is sent to the alarm
mailing list.

2. Print plots: If the user presses the print plots button the plot is printed.
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3. Lasers and Encoder files: The Encoder files with the reference positions are created
with a Encoder check Year-Month format in the H directory. Moreover, eventfiles
are created with information about the active channels of the digital cards PCI-6527
and PCI-6528.

4. Encoders and angle encoders: The program communicates with the serial horizontal
and vertical port of the angle encoders. The address of the Vertical serial port is 02
and the serial port is ASRL1::INSTR while the address if the horizontal one is 03 and
the port is COM4. A new files is created when the program starts running or when
the day has changed. In that case a buffer with all the data is emptied to the specified
path in H directory. According to the previous and current value of the angle encoders
the direction of movement is determined. Communication is also established with the
encoders from the inverters. According to the value of the encoders the laser boolean
indicators are set to true or false if they are in a specified range or not respectively
and the direction of the movement is determined.

5. Save plots: If the user presses the boolean button save plots the pressure, the temper-
ature, the load and the vertical and horizontal position plots are saved.

Main Loops

1. Copy- Write files

2. Print plots

3. Lasers and Encoder files

4. Encoders and angle encoders

5. Save plots

FIGURE 3.9: Flow diagram of the main loops of the SC.

The last part of the block diagram includes all the warning and alarms that are sent
to the alarm mailing list. Alarms are sent when the Slow Control does not run properly
for more than two minutes, in case of a quench and if the pressures, the temperatures, the
compressed air and the demineralized water are out of a predefined range. Furthermore,
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the Data Socket data are updated, eventfiles are created in case that a chance occurred in
the channels of the digital cards and if the user exits the application the logfiles, the angle
encoder files and the eventfiles are copied in AFS.

The Front Panel

The main panel of the Slow Control is shown in figure 3.11:

1. The main boolean control that the user presses to start and stop the program. When
pressed, the main loops of the program stop running and the text files created are
saved in AFS. This procedure requires approximately one minute to be completed.

2. The values of the angle encoders and of the encoders for the horizontal and vertical
movement. When the magnet moves the LED indicator is turned ON.

3. The horizontal and vertical reference points. When the magnet crosses a specified
range of values the boolean indicators Range and Laser are switched on. Figure 3.10
shows the relative encoder values when the two boolean indicators are switched on
and tables 3.2 and 3.1 show the actual values specified for the vertical and horizontal
movement respectively. Then the encoder value and the time are stored in the front
panel (Position-Time indicators) as a reference point as well as in the Encoder check

files.
Vertical Movement Horizontal Movement
« 2000 encoders-Laser ON < 80 encoders-Laser ON >
In In
Range Range
«—> < >
200 encoders 40 encoders
B R < > «—> «—>
900 encoders 900 encoders 20 encoders 20 encoders

F1GURE 3.10: The range for the acquisition of the reference points for the

vertical movement (left) and for the horizontal movement (right). The value

stored is the value acquired when both the magnet is moving in the range
specified and the laser is on.

4. The status of the pressure interlocks. These digital signals are acquired through the
PCI-6527 card which reads the pressure interlocks only when a change has occurred
compared to their previous status.
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RS =

10.

11.
12,
13,
14.
15,

Vertical Movement
Laser ON In Range
25492 | 27492 | 26392 | 26592

TABLE 3.1: Reference encoder values for the vertical movement

Horizontal Movement

Laser ON In Range
1430 | 1510 | 1450 | 1490
3470 | 3550 | 3490 | 3530
6960 | 7040 | 6980 | 7020
9560 | 9640 | 9580 | 9620
12250 | 12330 | 12270 | 12310
15185 | 15265 | 15205 | 15245
17940 | 18020 | 17960 | 1800
18960 | 19040 | 18980 | 19020
20180 | 20260 | 20200 | 20240
22780 | 22860 | 22800 | 22840
25390 | 25470 | 25410 | 25450
28000 | 28080 | 28020 | 28060

TABLE 3.2: Reference encoder values for the horizontal movement

The temperatures of the cold bore
All the Warnings activated by the user
All the pressures acquired from DAQ 1-4

Warning Reset button. This button must be pressed every time that a modification in
the activated list of warnings occurs.

The current of the magnet. If the current obtains a higher value than the threshold,
which is set to 12000 the boolean indicators switches on

The date and the time that the Slow Control was last updated. The version number
changes every time that the user modifies the program and saves a new version. The
version number is saved in the Version.idx file with the header of the logfiles which
include all the variables used in the newer version.

The status of the valves
The load on each side of the magnet
The Quench alarm status

The status of the valves. It can be set either to automatic or to manual

The alarm about the compressed air pressure
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FIGURE 3.11: The main panel of the Slow Control

16. Some of the pressures plotted as a function of time. An indicator with the number of
data sets included in the plot and the Print button for the user

The tab seen in figure 3.12 includes information about the data taking:

1. The application status has three modes: Initialization setup, when the program starts
running and the first series of loops are executed, Data logging, when the data are
stored to the files and the main loops are executed and Copying files on exit when the
user presses the Stop button and the files are copied in AFS.

The full output path. This is the path where the logfiles are saved
Start of run and current date

The name of the current logfile

Data transmitted in the data socket

The URL of the data socket

NS v

The sampling rate in seconds that the data is acquired from the cards. If the Locked /Enabled
control is set to Locked the user cannot change the sampling rate. If the FORCE/AUTO
indicator is set to FORCE the sampling rate does not change if a sudden change in
pressures occurs.
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8. The percentage of maximum change of the sampling rate. If a change of the signals
acquired is observed higher than the maximum change set the sampling rate increases
so that the parameters are monitored more closely. The FORCE/AUTO button must
be set to AUTO, otherwise the sampling rate does not change.

9. Save plots indicator. When the LED is on the plots are saved to the H directory
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FIGURE 3.12: The tab which includes all the information about the data
taking from the cards

In figure 3.13 the tab with the channels of the analogue cards is shown:

1. The status of the channels of the analogue cards DAQ 1-3.
The names, the types and the ranges of the active channels

The number of active channels

The PCI-4351 mode button. If the Run Mode is chosen the channels of the cards are
read.The boolean indicators of the cards are on when the signals are properly acquired
and the number of data of each card is displayed. If the Simulated mode is chosen
simulations of sine signals are used as signal inputs.

The tab in figure 3.14 concerns the configuration of the PCI-6225 card with both analogue
and digital signals:

1. The number of analogue channels used
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F1GURE 3.13: The active channels of the analogue cards DAQ 1-3

The configuration of the card. The inputs is a differential continuous waveform with a
voltage range from -10 to +10 V.

The sampling rate of the PCI-6225 card in Hz

The number of digital channels used. Not digital channels from that card are currently
used.

An array with the number, the name and the type of each channel of the PCI-6225
card

The Sort button. After adding a channel the user must press the Sort button to sort
the channel according to their number

Digital channels. No digital channels from this card are currently used

In figure 3.15 the data from the analogue cards before the calibration are shown:

1.

Time of execution of each step of the main loop and the time difference between the
steps.The time that the file was created and the time that the data are read and plotted
is stored in this array.

The date and time of the last time that the cards were read, the timestamp and the
number of days that the program has been running

The boolean indicator of the angle encoders data. When the data are available it
switches to On
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The Skip button and the Manual Reset. If there is no proper communication with the
cards the user can press skip and the program continues to run without reading the
cards. If the user presses Manual Reset the cards are reset and the program tries to
establish a new communication.

Panic button. When the user presses this button, a dialogue window appears. If he
presses OK the program is instantly aborted. In that case the files are not copied to
AFS before closing the program.

The readouts from the analogue cards before being calibrated. In the last column the
data from the digital channels of the PCI-6225 card are displayed

All the information about the digital cards are included in the tab shown in figure 3.16:

1.

TS I T S

The active channels of the digital card. This card is read only when a change in the
signals of the channels has been detected

The Application running indicator

A cluster that includes the last time that the card was read and the last three status of
each channel when the change occurred (left). A cluster that includes the timestamp
that the card was last read and the current and previous status of each channel.

List of events. The card 6527 includes all the digital signals for the lasers and the
reference positions

The boolean indicator for the detection of a change in the signals from the card
Date and Time of last event

The active channel of PCI-6528 digital card

The boolean indicator for the detection of a change in the signals from the card

Date and Time of last event
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3.2.4 Signals, alarms and upgrades

The input signals in the analogue cards can be seen in tables 3.3, 3.4 and 3.5. The values
of those signals are stored in text files for further offline analysis.

DAQ 1
Name Type Channel Color Ground

P-7 mbar 2 White Bridge
P-Vac. mbar 3 Brown Bridge
P-ENV bar 4 Green Bridge

P1’'(BA) mbar 5 Yellow yellow green
P-TPC  mbar 6 Grey Bridge
P-MRB  mbar 7 Pink  Brown/Pink
P-DT2  mbar 8 Pink Grey
P-MM  mbar 9 White Bridge
P3-Cal  mbar 10 Brown Bridge
P-MFB  mbar 11 Green Bridge
P-3 mbar 12 Yellow Bridge
P3’(BA) mbar 13 Grey Bridge

TABLE 3.3: Vacuum pressure signals acquired from DAQ 1

DAQ 2
Name Type Channel Color Ground
JURA LOAD tones 2 Blue Red

AIR LOAD  tones 3 Yellow Green

TT868 K 4 Red Blue

TT869 K 5 Yellow Green

Water L/m 6 White with label '+’ White
I magnet A 7 Red White

TABLE 3.4: Signals acquired from DAQ 2 concerning the load, the temperature
and the current

The signals from the analog and digital cards are not the only signals stored from the
SC. The SC establishes communication with the encoder motors and the angle encoders. In
figure 3.17 the Horizontal motor encoders from the logfiles of the SC are plotted as a function
of time for the years 2014-2016.

In 2015 the modifications done for the SC were:

e The Horizontal frequency is added to the Encoder check files. The frequency was
calculated by subtracting the previous and current horizontal encoder values of each
loop and then divided by one second. For a tracking frequency of 35-40 Hz the speed
is equal to 1-1.5 horizontal encoders/sec while for 150 Hz 5 horizontal encoders/sec.
This information is needed for the Horizontal laser check program.

e Pryny and Py gp, previously read from DAQ 2, were moved to DAQ 1 due to a maxi-
gauge removal. Pgyy replaced Pyyrar—ss while for Pyrp a new channel was activated.
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Horizontal Motor Encoder

DAQ 3

Name Type Channel Color Ground
P-Nuno bar 4 Brown Bridge
P-CCD  mbar 5 Green Bridge

P4 (BA)  bar 7 Grey Bridge
P6’(BA)  bar 8 Pink White green
PIRANI1  bar 9 White Blue (MGRDT7)
PIRANI2  bar 10 Brown Bridge
P-V12 bar 12 Yellow Bridge

P8 BA bar 13 Grey Bridge

P7 BA  bar 14 Pink  Red (MGRD9)

TABLE 3.5: The vacuum pressure signals acquired from DAQ 3

Horizontal Motor Encoder as a function of time
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FIGURE 3.17: The horizontal motor encoders as a function of time for the
years 2014-2016 as saved from the SC

e Poop was renamed to Pryg. The name of the variable was changed both in the logfiles

and in the plots.
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List of Alarms sent by the SC
Alarm Description
When a digital card reads a modification
in the valves status it sends alarms that inform
about the new current state (OPEN/NOT OPEN)
and (CLOSE/NOT CLOSE)
It includes information about the status of the pressures,
the compressed air alarm and the quench alarms
An alarm is sent when a pressure exceeds
Maxigauges pressures the range defined by the user (each decade higher
than 10~% mbar)
A warning is sent when the compressed
air decreases and crosses a defined value
The first alarm is sent when the magnet temperature
is above 1.9K and the second when it is above 1.95K.
Both alarms are reset when the temperature drops
under 1.85 K
Alarm is sent if the pressure increases above
a certain value
If the SC is not working properly after 2 minutes
an alarm is sent
When there is no proper communication
Cards reading error with one of the cards the SC is not working
properly and a warning is sent

Change of status of Valve

Change in interlock box

Compressed Air Warning

Magnet Temperature

Pressure Ingrid

Slow Control is stuck

TABLE 3.6: The list of alarms sent by the SC

3.3 Horizontal laser check upgrade

3.3.1 Introduction

A new LabView software has been installed for the monitoring of the horizontal movement
of the magnet. The correlation of the horizontal motor encoder value at the reference points
provides a means to detect and measure any systematic error in the horizontal drive system
such as a slipage of encoders on the belt. The operating principle of the system is based on
a digital laser sensor. There are 12 reflecting spots that have been installed in the rail that
allows the horizontal movement of the magnet. At the start of each check point, a beam of
laser is emitted from a laser head that is attached to the horizontal drive wheel. According
to the color of the target the intensity of the received light varies. The amplifier displays a
maximum value when the target is the silver part of the reference point and a fluctuating
value when the laser is crossing the black part of the check point. When this transition
happens, the value of the encoders is sent to the SC and it is saved in the Encoder check
files along with the time and the direction of movement. These files are used as an input to
the program for online monitoring.
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3.3.2 Software presentation

The block diagram: The description of the dataflow of the program is shown in figure
3.18. When the sampling time set by the user has elapsed, the program checks in the Encoder
files directory if there is a modification in the current file. If this is the case it reads the
new elements and it saves the data that concern the forward movement of the magnet in
a histogram. Then, the data are grouped according to the frequency of the magnet. For
frequencies above 40 Hz the new elements are saved in the histogram with the non tracking
data otherwise they are stored in the histogram with the tracking data. In the next step
each reference position was associated to its checkpoint and plotted as a function of time. If
a deviation of 4+ 4 horizontal encoders is registered an alarm is sent with the current value.

The front panel: The main tab of the program consists of a histogram (Figure 3.19).
The reference points have a distance of approximately 3000 horizontal encoder values. To
make the comparison easier an offset was added to each reference point so that the distance
between each one with the next is equal to 40 units. The histogram can be set to three
modes: All the data, Only tracking data and non tracking data. The next tab includes the
reference positions stored in the files for every check point as a function of time for all three
modes (Figure 3.20). The tab information and communication contains all the information
needed about the data taking (Figure 3.21). In this tab there are indicators about the base
path of the Encoder files directory, the number of files read, the last modified file and the
time and file name of the last input in the software. In addition, the user can use the knob
controller to set the sampling time, the time that the program checks if the current file was
modified.

START

True
1
A . False Sampling -
FirstLoop ———>» timehas
_ _ A elapsed
True | “ False
I A

"File of A
~ current . False False :
month — ; ) Encoder vs time| | Histogram "Not
R Outofrange . "Not tracking” al Tracking"
- exists Y ”
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has been Speed > 2 : I!-llstog_ran'? EnEoder vs tll.me _
. _modified eencoders/sec Tracking Tracking
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» of forward —> . T
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F1GURE 3.18: The flow diagram of the horizontal motor check program
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Histograms & Plots | Information & Communication |

Histograms | Encoder Values versus Time |

Encoder Value
Forward Movement-All of Lasercheck
80+ 1470
3510
7000
9600
12290
15225
17980
19000
20220
22820
25430
28040

Amplitude

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
50 75 100 125 150 175 200 225 250 275 300 325 330 375 400 425 450 475 500
Bin

Bin CAPEE il o
Amplitude ﬂﬂﬂ

Forward-All S ' Stop

FIGURE 3.19: The main tab of the program
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F1GURE 3.20: The encoder reference positions as a function of time for every
checkpoint and for every mode

3.3.3 Analysis of data

The reference positions acquired in 2015 are plotted in the histograms of figures 3.22 and
3.23 for tracking and non-tracking motion respectively. The frequency of the movement is
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FIGURE 3.21: The tab Information & Communication of the software

correlated with the spread of the gaussian, which represents the range of values obtained for
each reference point. From figure 3.24 it is clear that the standard deviation is shifted to
greater values for frequencies higher that 40 Hz. Lower frequency leads to a more narrow
spread of values and consequently to more accurate measurements. As a result, the mean
value of each reference point is also affected by the movement of the magnet. As can be seen
in figure 3.25 in most cases when the magnet is moving with a frequency lower that 40 Hz
the mean value has a higher value than the one calculated with the non-tracking data. This
lead to the necessity of separating the data according to the frequency during the online
monitoring.

For the comparison of the data of 2014 and 2015, the mean values of each reference point
were subtracted. For all the data included, no deviation higher than 1.9167 encoder units was
observed (Figure 3.26), equivalent to 0.9583 mm in 10 m (Figure 3.27). For the movement
of the magnet with a frequency lower than 40 Hz the maximum difference observed is equal
to 0.9872 encoder units or 0.4939 mm in 10 m.

From the offline analysis of the data of 2014 and 2015 no noticeable deviations are
observed. The results of 2014 are reproduced in 2015 with a maximum mean difference of
less than 0.1 mm, which is an acceptable limit for the accuracy needed during the data
taking.
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F1GURE 3.22: The histogram of the 2015 tracking data
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F1GURE 3.23: The histogram of the 2015 non-tracking data

3.4 Magnet Movement control system

3.4.1 Hardware

The range of movement of the CAST magnet is from 46° to 133° horizontally and -8°
to +8° vertically. The MFB side is supported upon a rotary pivot while the MRB side is
mounted on a four-wheel trolley which moves on rails. Two three-phase induction motors
control the vertical and the horizontal movement. The movement of the vertical motor is
connected with two jacks that rotate around two lifting screws. If the movement is forward
the polar angle increases while if it is reversed the polar angle of the position of the magnet
decreases. The horizontal motor controls the horizontal motion by driving a wheel. Forward
horizontal movement leads to clockwise motion of the magnet and higher azimuth angle
and vice versa for the reverse movement. Two pairs of master-slave motor encoder systems
monitor the horizontal and vertical motion and the values of the digital panel displays are
transmitted to the tracking software. One vertical encoder unit corresponds to 40um/10m
and one horizontal encoder unit to 0.5mm/10m.
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The frequency of the vertical motors can vary from 0 to 70 Hz while for the horizontal
motor the range is 0 to 150 Hz. For a varying frequency output of the motors two frequency
rectifiers-inverters are required. The rectifiers-inverters convert the ac power at one frequency
to dc power and then the dc power to an ac power at a different frequency. The ones used
in the CAST experiment can be seen in figure 3.28.

The flow diagram of the voltage through the system is shown in figure 3.29. The operating
mode selected is the V/F meaning that the ratio of the voltage in the stator with the
frequency is constant for values lower than the field weakening area. For an induction motor
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FIGURE 3.27: The 2014-2015 difference of mean values of each reference point
for all the data (black) and for the tracking data (red)

the asynchronous speed can be calculated as follows:

_120f(1 - s)

- (3.8)

n

where:

f is the frequency of the input voltage

n is the mechanical speed in rounds per minute
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F1GURE 3.28: The frequency converter used in the CAST area.

P is the number of poles
s is the slip
The torque on the shaft is equal to:
T = kipnls (3.9)
where:
k1 is a constant that depends on the material
¢m is the magnetizing flux in Wb
15 is the current in the rotor which depends on the load

For the magnetizing flux:

¢m = k?% (310)

where:

V7 is the voltage of the stator

ko is material dependent constant
f is the frequency

From equation 3.9 the current in the rotor is constant as it depends only on the load.
Assuming that the torque is also constant:

T Vi

= = ¢ =ct = —

k1¢m f

However, when the frequency increased beyond a base value the magnetic flux starts

decreasing. In this field weakening area the ratio voltage-frequency and the torque start

decreasing.
The simplified electronic circuit of the frequency converters can be divided into two part:

I =ct (3.11)
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Fi1Gure 3.29: The flow diagram of the system rectifiers-inverters and motors.

1. The rectifier circuit is a three-phase full wave rectifier for converting ac power to dc

power composed by three wire thyristors which are shown in figure 3.30. For positive
values of v, the first thyristor in the left corner of the circuit is switched on and the
same time the negative value of v switches on the thyristor in the lower part of the
B-wire. These two voltages are summed in the output. The output of the circuit can
be seen in figure 3.31 and it is an approximation of a DC voltage. The capacitor and
the inductor of figure 3.30 are added to the output of the rectifier circuit to cut out
harmonics and smooth the dc output [35].
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FIGURE 3.30: The rectifier circuit of the frequency converter [35].

. The inverter circuit: In this phase the DC voltage is inverted to AC with the

pulse width modulation technique (PWM). Three switches R, S, T are controlled as
appropriate to produce a 3-phase voltage on the poles of the motor whose magnitude
and frequency can be controlled (Figure 3.32). The states of the switches are on at the
first half of each cycle and then off. The frequency and the voltage can be controlled
by using more voltage pulses per half-cycle in the main voltage. Figure 3.33 shows
the waveform for five pulses per half cycle. By modulating the on and off times of the
power switches both output frequency and output voltage can be controlled so that
the ratio V/f is constant (Figure 3.34).

3.4.2 The Solar tracking program

The Solar tracking program is the LabView software that controls the movement of the

magnet for the tracking of the sun. The position of the sun is calculated using NOVAS
software. Every one minute the program calculates the position of the sun and controls the
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v

FIGURE 3.31: a) The highest and lowest voltages in the three-phase full-wave

rectifier with diodes and b)the output voltage [35].The highest of the three

phase voltages is connected to the load at any given instant while the lowest
is connected to the other end of the load.

L

Ugrs

FIGURE 3.32: A simplified scheme of the inverter circuit |36].

speed of the vertical and horizontal movement so that the sun will be reached and followed.
The software properly modifies the speed during each loop and it compares the expected
and the reached position to calculate the accuracy of the tracking. The block diagram is
composed of a stacked sequence with 18 frames which can be described as follows:

e A new file is created for each day or if it is the first iteration of the program. The name
of the file has a format "year-month-day-hour-minutes-seconds" which are acquired
from the system. If it is the first iteration or if the day has changed and a new file was
created a header is added to the file.

e The position of the sun is evaluated. The kernel.exe is executed with the time after
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FI1GURE 3.33: Switch positions and Voltage U + RS for a pulse number equal
to five [36].
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FIGURE 3.34: The PWM output of the inverter. The frequency and the
voltage are simultaneously controlled so that the ratio V/f is constant [35].

one minute as an input. The outputs of the executable are the azimuthal, the zenith
and the galactic coordinates of the sun in the next minute.

e The program determines if the sun is rising or not, if it is in the safe band of the
magnet’s movement and if the sun is reachable. If this is the case it sends a command
to the inverters with the appropriate position and frequency of movement. At the same
time the program checks if the sunfilming boolean button is pressed. If it is true then
a correction to the altitude is added so that the magnet can follow the visible sun.

e The Hardy.exe executable is used to transform the goal position in encoder units and
it checks that the goal encoder units are in range.
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e The program establishes communication with the horizontal inverter by sending a
command and reading the response of the device with the horizontal encoder.

e If the horizontal encoder is out of range the general failure boolean button is switched
on.

e It calculates the frequency needed to reach the horizontal goal encoder from the current
horizontal encoder position. If the frequency required has a higher value than the
maximum allowed it will use the maximum frequency and if it is lower than 0.1 Hz the
frequency will be set to zero. The instantaneous precision of tracking is calculated and
the values of the voltage and current of the motors are sent to the program.

e The time when the horizontal encoder was sent to the program is stored. It will be
compared with the time that the vertical encoder was acquired as they are sent to the
program with a difference of a few seconds.

e The same procedure is repeated for the Vertical encoder.
e The horizontal and the vertical position are plotted.

e From the measured encoder values the galactic and topocentric coordinates are calcu-
lated with Hardy.exe and stored in the logfiles. The time used is the average between
the time that the horizontal encoder was read and the time that the vertical encoder
was read because time delays are added due to the communication with the inverters.

e All the data are stored in the logfiles.

e Every time that the hour changes and if the software is not in solar tracking mode the
program plays a wave file.

e A delay is added so that the loop of one minute is completed. If the sunfilming boolean
button is on the user has to enter a value of the pressure and temperature that will be
added to the correction of the altitude during sunfilming.

e If the general failure boolean button is on or if the user has pressed the stop button
the vertical and horizontal motor movement are stopped,the data are saved in AFS. If
there was a failure an alarm is sent.

3.4.3 Upgrade of the communication system

Serial interface is used for the communication between devices over longer distances
compared to the parallel. In serial communication protocols each byte of information is sent
and received one bit at a time. RS 232 is the most common serial interface and allows for
one transmitter and one receiver on the same line. The RS485 standard has multi-drop
capabilities allowing up to 32 devices to communicate via the same line.The differential form
of the signals over two lines allows lower rates of noise and with the combination of lower logic
voltage levels transmission over greater distances is achieved with higher speed. Ethernet on
the other hand supports higher bit rates and a longer distance transmission.

A new parallel communication system between the inverters and the new Tracking com-
puter has been installed. So far, the communication between the inverters and the computer
was done via a MOXA RS485-RS232 converter. In order to create a parallel system, a female
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and a male 9 pin D-SUB connectors were added to the system as shown in figure 3.35. By
plugging in the two connectors the old system is used. The new system consists of a MOXA
RS485 to Ethernet converter which is connected to the new Female D-SUB connector and
a 12 meter Ethernet cable is used for the transmition of the signal to the computer (Figure
3.36). The connections of both systems can be seen in figure 3.37 and figure 3.38 respectively.

FIGURE 3.35: The new 9 pin SUB-D connectors that allow the transition from
the old to the new system.

FIGURE 3.36: The connection of the new system with the RS485 to Ethernet
converter.

After installing the new converter, a series of tests had to be done to reassure that the
device is properly working. For this reason a simulation of a 2014 solar tracking was done and
the results were compared in order to detect possible deviations between the previous and
the current communication system. From figures 3.39 and 3.40 both systems lead to similar
results for horizontal and vertical movement respectively. For a more precise comparison,
the fitting of each data set is calculated and then subtracted from the data. In figure 3.41
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F1GURE 3.37: Previous communication system consisting of an RS485 to RS
232 converter

Vertical Inverters Horizontal

Cables from inverters|

%‘—’ New Female D-SUB

MOXA RS485 TO ETHERNET | Mmale DB9
RS 485
connector

NEW SYSTEM

Ethernet

—_— New Ethernet Cable

Control Room

PC

Ethernet port

F1GURE 3.38: New communication system consisting of a RS 485 to Ethernet
converter.

and 3.42 it can be seen that both systems follow the same trend compared to their fitting
for horizontal and vertical movement without noticeable differences.
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FiGure 3.39: The Horizontal movement of the magnet as a function of time
for the actual solar tracking of 2014 (blue) and for the fake tracking of 2016
with the new communication system (red)
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FIGURE 3.40: The Vertical movement of the magnet as a function of time for
the actual solar tracking of 2014 (blue) and for the fake tracking of 2016 with
the new communication system (red)
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FIGURE 3.41: The Vertical encoders subtracted by the fitting as a function of
time for the actual solar tracking of 2014 (blue) and for the fake tracking of
2016 with the new communication system (red)
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FIGURE 3.42: The Horizontal encoders subtracted by the fitting as a function
of time for the actual solar tracking of 2014 (blue) and for the fake tracking of
2016 with the new communication system (red)
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Chapter 4

Silicon Drift Detector System

4.1 Introduction

4.2 X-ray spectroscopy

4.2.1 Introduction

Radioactive sources are an essential tool for testing and calibrating detectors. Radiation
refers to both electromagnetic emissions such as X-rays and v-rays and corpuscular which
include a-particles, Auger electrons, neutrons, protons among others as shown in figure
4.1. There are two categories of radiation. The first category, non ionizing radiation, has
a wavelength of 10nm or longer and it includes radiowaves, microwaves, visible light and
ultraviolet light. The rest of the electromagnetic spectrum, the ionizing radiation, includes
X-rays, y-rays with a shorter wavelength than that of X-rays and atomic and subatomic
particles like electrons, positrons, protons, alphas, neutrons, heavy ions and mesons. Ionizing
radiation causes ionization of an atom or a molecule of the medium it traverses. In the next
section the X-ray production mechanism will be discussed.
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FIGURE 4.1: The electromagnetic spectrum.

4.2.2 X-ray fluorescence

Due to the photoelectric effect, when energetic particles with sufficient energy strike a
target material, electrons are ejected from the inner shells of the atom, creating vacancies.
The atom returns to a stable condition through the transition of electrons from outer to inner
shells accompanied by an emission of X-rays with energies equal to the difference between
the two binding energies of the corresponding shells. The characteristic X-rays are named
according to the shell of their origin and according to the transition from higher shells as can
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FIGURE 4.2: The X-ray fluorescence process. An electron from a specific shell

is ejected from the atom and a vacancy is created. This vacancy is filled by

an electron of an outer shell and through this process a characteristic X-ray is
emitted [37].

be seen in figure 4.2. The label Ka denotes an X-ray produced from an L to K shell transition,
Kp from an M to K shell transition. Instead of the emission of a characteristic X-ray, the
energy can be transferred to one of the outer shell electrons and cause its ejection from the
atom (Auger electron). The energy levels are different for each element and therefore the
X-rays emitted are characteristic.

Apart from the characteristic peaks, the X-ray spectrum consists of a continuous spec-
trum. The energetic electrons that hit the target decelerate and they lose part of their
kinetic energy by emitting electromagnetic radiation. Therefore, this continuous band is due
to bremsstrahlung, which means braking radiation. By conservation of energy, the maximum
value that this spectrum can reach is equal to the acceleration voltage, when the electron

loses all of its energy in one interaction. The X-ray spectrum of Copper is shown in figure
4.3.

4.2.3 Interaction of photons with matter

The most important mechanisms that take place when X-rays hit matter are the photo-
electric effect, the Compton scattering and the production of pairs.

In the photoelectric effect, a photon interacts with the atom resulting the ejection of an
electron from one of its bound shells with energy:

E=hv—F' (4.1)
where:

h is the Planck constant
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v is the frequency of the photon
E’ is the binding energy of the electron

The vacancy in the inner shell is filled by a free electron of the absorbed medium or by
an electron from an outer shell, generating X-ray photons or Auger electrons.

During the Compton scattering the beam of photons partially transfers energy in the
electrons of the material and are deflected from their initial course. The scattered radiation
wavelength, the Compton shift wavelength, can be calculated as:

AN = A (1 — cosf) (4.2)

where:

Ae is the Compton wavelength of the electron
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FiGURE 4.3: The X-ray spectrum of Copper with a Nickel filter.The

bremsstrahlung and the superimposed X-ray peaks K, and K, at 8.0478

keV with relative intensity 100 and 8.0278 keV with relative intensity 51 re-
spectively can be seen.

Electron-Positron pair production is possible when the y—ray energy exceeds twice the
electron rest mass energy. At high Z, pair production is the dominant process of photon
interaction as can be seen in figure 4.4.

The probability of occurrence of these interactions per unit path length is the attenuation
coefficient, it depends on the photon energy and on the material and it is expressed as follows:

W=T+0+K (4.3)
where:

7,0,k are the probability of photoelectric, Compton and pair production interactions re-
spectively.
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FIGURE 4.4: Interaction mechanisms of photons with matter according to the
energy of the incident beam and the Z of the material [38].

The inverse quantity of the attenuation coefficient expresses the average distance that
the ray will travel inside the absorber unaffected. The attenuation of the beam is due to the
reduction of the number of photons from the beam and it is exponential respectively to the
thickness. Therefore, the intensity of an X-ray beam traversing a material with thickness x
can be calculated:

I(x) = lyexp(—px) (4.4)

where:
Iy is the incident beam intensity
1 is the absorption coefficient

2 1s the thickness of the absorber

4.2.4 X-ray beam line

The laboratory 162/S-065 at CERN is a detector testing facility with a variable target X-
ray generator. The X-ray beam line, built at the Max-Planck-Institut for extraterrestrische
Physik/Garching (MPE), is used for the calibration of the detectors used in the CAST
experiment. The working principle of the X-ray generation is based on the use of the X-ray
tube with electrons as the energetic particles.

By applying voltage to a vacuum cathode filament in vacuum, electrons are emitted and
they are then accelerated by an intense electric field. The accelerated electrons hit the target
and X-rays are produced, along with heat. The system of the variable targets includes 18
slots and all the available targets are summarized in table 4.1. The power supply of the
anode can reach a maximum value of 35 kV, however for safety reasons it does not operate
higher than 15 kV and the Wehnelt power supply provides focusing of the beam but it is not
usually used (Figure 4.5). In order to turn on the power supplies a safety key must be used.

The X-ray generator must operate under vacuum. Gate Valve V2 separates the line into
two sides, the generator and the detector side.If any modification has to be done in the
detector side valve V2 must be closed so that the generator side is still under vacuum. The
generator is pumped by a turbo molecular pump and a sputter ion pump. The detector
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Position Target

Peaks [keV]

T~ W N

6
7-11
12-18

Al
Cu

4.51
3
2.9
0.28
0.18
2.12
1.49
8.05

TABLE 4.1: The available targets in the X-ray generator and the values of
their characteristic peaks in the spectrum

FIGURE 4.5: The power supplies of the X-ray beam line.

side is pumped by two turbo molecular pumps, one of which has a needle valve for slow
pumping. Gate Valve V1 is used to separate the generator side from the turbo pumps and
to assure that this side is under static vacuum even when the pumping system is no operating
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(Figure4.6).

The pressure gauges are used to monitor the pressures in the system and their values
are being displayed in a Maxigauge and a Dual Gauge. These values are associated with an
interlock system which sends a signal if one of them exceeds a maximum value to open or

close one of the valves or switch off the power supply of the anode. All the pressures are also
monitored by a LabView Slow Control system [30].
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FIGURE 4.6: The vacuum system of the X-ray beam line [30].

4.3 Silicon Drift Detector

4.3.1 Properties of semiconductor materials

From Fermi statistics, the energy distribution of electronic states in solids can be de-
scribed by the expression [39]:

N(E)dE = P(E)[S(E)dE)] (4.5)

where:

N(E)dE is the number of electrons per unit volume with energy between E and E+dE

S(E)dE is the number of electronic states per unit volume with energy between E and E+dE
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P(E) is the Fermi distribution function which describes the probability that a state of energy
E is occupied and can be calculated as:

(4.6)

where:

E; is the Fermi energy
k is the Boltzmann constant

T is the temperature in Kelvin

For temperatures close the zero, the valence gap of semiconductors is fully occupied
while the conduction band is empty. As temperature increases the tail in the Fermi dis-
tribution of figure 4.7 allows electrons to enter to the conduction band. This process can
take place through absorption of radiation when electrons, after interacting with photons,
acquire enough energy to cross over the bandgap which, for semiconductors, has a small
value. The holes which are left in the valence interact with the electrons of the conduction
band and during the deexcitation process more electrons and holes are produced, leading
to higher necessary average energy for electron-hole production than the energy gap. Both
parameters are a function of temperature as can be seen in figure 4.8.
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FIGURE 4.7: The Fermi distribution function. [39].
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FIGURE 4.8: The variation of a) the energy gap on the left and b) of the
average energy for electron-hole pair production on the right as a function of
temperature of silicon. [39].
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For semiconductor materials, the average energy for the creation of an electron-hole pair
is one order of magnitude smaller than the one needed for ionization of gases as shown in
figure 4.9. As a result, measurement of lower energies and much higher precision can be
achieved. The high density of the material (2.33 g/cm?) causes large energy losses and a
short absorption length. Therefore, strong signals can be produced even with thin detectors.
The delta-electrons have a very small range and do not escape a significant distance away
from the primary radiation beam. Thus a great precision in the measurement of the start
of the track can be achieved. However, the mobility of the carriers is not influenced by the
high density and due to their high mobility they can be rapidly collected even in the case of
high-rate events. Another unique characteristic of semiconductor detectors, is the possibility
of doping the crystal used and creating sophisticated field configurations without affecting
the mobility of the carriers. Both the material of the electronics and of the detector are
manufactured by silicon and can be integrated into a single device [40)].
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FIGURE 4.9: The energy gap of semiconductors. The average energy necessary
for the creation of an electron-hole pair is equal to 3.66 €V. For most gases the
average energy required for electron-ion pair production is equal to 30 eV.As
temperature increases electrons are able to move to the conduction band. [39].

4.3.2 Characteristics of semiconductor detectors

Semiconductor detectors are solid-state devices that operate by measuring the electron-
hole pair production from incident radiation in the material of the detector. Silicon (Si)
and Germanium (Ge), the most widely used materials for that type of detectors, provide
several characteristic properties that are not available with other detector types. The most
important advantages of the semiconductor detectors are their improved energy resolution,
the fast pulse risetime and the linear response.

When radiation interacts with semiconductor material electron-hole pairs are created
with part of the energy absorbed, while the rest of the energy is converted into lattice
vibrations called phonons. The number of pairs created can be calculated as follows:

N = g (@7)

where:

FE is the energy absorbed

w is the mean energy for electron-hole pair production and it is equal to 3.65 eV for silicon
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The variance of N is equal to:

AN?*=FN (4.8)
where:
F' is the Fano factor and it is equal to 0.115 for silicon

The Fano factor is added because the ionization events are not independent and the
Poisson statistics cannot be applied. It is a function of all the energy transfer processes that
can take place and it is characteristic of the medium.The Fano factor is usually F<1 and
for F=1 the variance is the same as the Poisson distribution variance The resolution of the
detector, its ability to distinguish two close lying energies, is proportional to the full width
at half maximum (FWHM):

AFE
Resolution = —
esolution = —

49
—2351/Fw—235,/F o
- E 7 N

AFE is the full width at half maximum

where:

With a sensitive region of a few millimeters and in combination with the speed of electrons
being two to three times higher than that of the holes, the charge can be collected in the
order of 1077 s in semiconductor detectors.

4.3.3 Silicon Drift Detector (SDD)

The Silicon Drift Detector was first proposed by Gatti and Rehak in 1983 [41]. The
operating principle is based on sideward depletion (Figure 4.10). In a large area of semicon-
ductor wafer composed by high-resistivity n-type silicon, p* junctions cover both surfaces.
By applying reverse bias with respect to a small ohmic n™ contact the depletion layers ex-
pand to the wafer with the square root of the applied voltage until they are combined. As a
result, the entire device is depleted at a voltage four times lower that then one needed for the
depletion of a p* nnt diode. The energy potential minimum is in the in the n+ anode, as
can be seen by figure 4.11, where the electrons must be drifted. This is achieved by adding
arrays of p+ electrodes in both sides of the wafer which provide a parallel to the surface
electric field. Once ionizing radiation has lead to the production of an electron-hole pair,
electrons are drifted to the anode while holes are collected by the p™ electrodes. Through
this mechanism, the interaction position can be determined from the drift time of the elec-
trons and the energy of the incident ionizing radiation can be measured by the amount of
collected charge in the anode.

In order to achieve low noise rates, the capacitance of the collecting node of the signal
has to be minimized. Therefore, the collection area has to be decoupled from the readout
node. In the silicon drift detector an applied electric field causes the transport of the signal
to a low capacitance output node, which is independent of the size of the sensitive area of
the detector. The electric field forces the electrons to the n* readout anode which collects
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FIGURE 4.10: Sideward depletion [42].
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FIGURE 4.11: The potential in a) the drift region and b) in the region close
to the anode where the electrons are directed towards the surface [42].

all accumulated electrons. The holes from the ionization disappear in the p* strips. The
drift field Ey is applied between the out p™ drift structures and the inner p* drift rings. The
drift field can be calculated as follows:

q)out - q)in
Tout — Lin

The anode is connected to a single sided n-channel amplifying junction field effect tran-
sistor (JFET) integrated directly on the detector chip to avoid an increase of capacitance
and electrical pickup that would be provoked by bond wires between the detector and the
amplifier (figure 4.12). When an electron, generated by ionizing radiation, drift towards
the anode, a voltage change us coupled to the p, gate of the n-channel transistor. As a
result, the gate is reverse biased and thus depleting into the transistor channel, resulting in
a current drop through the transistor, which can be measured. When the reverse bias of the

Ep =
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gate reaches a certain potential difference relative to the transistor channel it discharges by
impact ionization in the transistor channel close to the junction of the gate and the drain at
the end of the channel. However, the gate adjusts its potential so that all signal electrons
and leakage current by the breakdown mechanism are compensated.

anode

integrated FET .§ field strips
[

t"—f—r = ) path of

T—Ee _electrons

n-silicon

back contact

FIGURE 4.12: Operating principle of Silicon Drift Detector [43].

The total noise of the system is equal to sum of white serial noise, which is due to thermal
fluctuations, the low frequency noise, because of the trapping of charge carriers and parallel
noise due to the detector and the gate leakage current.The equivalent noise charge ENC can

be calculated as:

ENC? = white series noise + low frequency noise + parallel noise

2 1 2kT
— (4/<;T3g—mcfot)A1; + (2may;CE ) As + (qfh + R—f

where:
Jm 1s the transconductance of the FET
A1,A2,A8 are constants depending on shaper’s filter function
ay is a constant related to the low frequency noise
I is the leakage current
Ry is the equivalent resistor feedback

The energy resolution of the detector can be expressed as:

FE
AEpwpy = 2.3554/ ENC? + —
w

F' is the Fano factor and it is equal to 0.115 for silicon

where:

E is the total X-ray energy
w is the pair creation energy

ENC' is the rms fluctuation of the readout noise

Aot (4.10)

(4.11)
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The detector that was used in the CAST experiment was a commercial SDD-100-130pnW-
OM-ic from PNdetector, Munich without a vacuum window and with a large surface of 89
mm?, covering 6.13% of a total diameter of 43 mm of the magnet cold bore [44]. The device
was fabricated by 450 pm thick polysilicon and a quantum efficiency of more than 80% for
energies above 400eV as can be seen in figure 4.13. A copper heat exchanger block was used
to remove the 1.1 W from the preamplifier and the 1.0W from the detector. The detector was
put inside a vacuum vessel iso-K DN 100 mode from stainless steel and directly connected to
the vacuum bore from the one side and to a OFE copper flange in the other side.Inside the
vacuum vessel shielding was provided by a copper OFE inner cylinder and on the outside by
lead plates and rings as can be seen in figure 4.14

—
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FIGURE 4.13: Quantum efficiency of Silicon Drift Detector [44].

4.3.4 Nuclear Instrumentation

The readout system of the Silicon Drift Detector consists of a preamplifier, a shaping
amplifier and a Multichannel Analyzer as seen in figure 4.15. The current pulse from the
detector enters the preamplifier and it takes the form of a voltage step. The output of
the preamplifier is shaped, stored and then displayed. In the current section the electronic
components of the readout system of the Silicon Drift Detector are presented.

Preamplifier

A preamplifier is required for silicon detectors. The output signal of the detector is a low-
amplitude, short-duration current pulse.The preamplifier acts as a coupler between the signal
from the detector and the rest of the counting system. The output signal of the detector
must be amplified before being transmitted through a cable to the amplifier, otherwise due
to the attenuation it will not be discriminated from the noise. The preamplifier must be
placed as close to the detector as possible and it provides a first slight amplification. Its main
purpose however is to provide electronic matching between the detector and the amplifier.
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FIGURE 4.14: Vacuum and shielding system of Silicon Drift Detector [44].
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FIGURE 4.15: The Pulse Height analysis system [37].

With each event there is a step increase of the preamplifier output to a higher dc voltage.
When the staircase of pulses approaches the power supply voltage, the voltage is reset to
its initial value. The amplitude of the step is proportional to the energy deposited in the
detector.

For the Silicon Drift Detector of the laboratory,a PNDetector preamplifier electronic
board from Munich is used. The board provides the voltage supply for the detector and the
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reset pulse. In a typical connection scheme, the board consists of a detector connector, one
signal and one gate output and a supply voltage connector. For the operation of the SDD
connector, a low voltage power supply +12V -24V a high voltage power supply 170 V and a
Peltier cooling 3V must be connected to the supply-voltage connector. In addition, a voltage
meter is used for the display of the temperature of the detector.

Spectroscopy Amplifier

The low-voltage pulse from the preamplifier enters the preamplifier where it is amplified
and shaped. All input pulses are linearly amplified over a range of 0 to 10 V as indicated
by the coarse and fine gain controls. For the pulse shaping a combination of electronic
differentiation, integration and filtering is required. The differentiating circuit consists of a
capacitor and a resistor (figure 4.16) and acts as a high pass filter. If q(t) is the charge of
the capacitor at time t then the total voltage is equal to:

Vi(t) = Va(t) + V(1)
q(t) | ,dq(t) (4.12)

= — R—
T

l Icl wi ‘1

Vilt) R V,(t)

FIGURE 4.16: The electronic circuit of a differentiator [39].

The rising edge of the preamplifier passes and the voltage decays exponentially back to
baseline. The output voltage can be calculated as:

dt (4.13)

The integrating circuit consists as well of a capacitor and a resistor however the output
signal is derived through the capacitor.The integrator as a low pass filter, improving the
signal to noise ratio. For a step function as a input:

Volt) = el (4.14)

= V(1 — e70)
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The total output of a CR-RC circuit is shown in figure 4.17.By adding another RC
integrating circuit a Gaussian shaping is achieved.

T

Output signal

Input signal

FIGURE 4.17: The electronic circuit of CR-RC shaping [39].

As a spectroscopy amplifier, the Canberra Model 2026 was used, power supplied by a
NIM rack. Two types of pulse shaping methods were used in the measurements, Gaussian
and Triangular and six shaping time constants for each pulse shaping method. In order to
obtain an appropriate position of the peaks of interest in the spectrum, a coarse gain of 50
was selected. The reset pulse of the preamplifier produces a large signal to the amplifier.
Therefore, the inhibit input of the amplifier was directly connected to the output of the gate
of the preamplifier to avoid overloading condition and spectral distortion. The output of the
amplifier is a positive shaped pulse with an amplitude linear to +10V and with a maximum
value of 12V.

Multichannel Analyzer (MCA)

The multichannel analyzer stores every pulse in an appropriate channel according to
its amplitude.The output of the amplifier is digitized through an ADC and a digital signal
proportional to the amplitude of the input pulse is generated. The height of the pulse is
proportional to the energy of the particle that hits the detector and every time that a pulse
is stored in a specific channel the counter of that channel increases. Therefore, the spectrum
that is recorded is a histogram of channels which correspond to a histogram of energies.

The readout system that includes a spectroscopy amplifier and a multichannel analyzer
can be seen in figure 4.18
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FI1GURE 4.18: A schematic of a analog pulse processor consisting of a CR-RC-
RC electronic circuit [45].
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Digital Pulse Processor

A Digital Pulse Processor performs the same function as the system of a shaping amplifier
and a Multichannel Analyzer ,as described in the previous section, with multiple performance
advantages. The output signal of the preamplifier, the millivolts-height step, passes through
an ADC and it is directly digitized.Then it is differentiated, integrated and the digitized
output pulse is stored in a histogram memory according to its amplitude (Figure 4.19). It

must be noted that in DPP the pulse is shaped in triangular and trapezoidal shapes.
Multiple advantages are associated with the use of a Digital Pulse Processor:

e As seen in figure 4.20, the output of the differentiator is not an exponential function
and therefore it has a finite impulse response, meaning that any input has a zero effect
after a finite amount of time. As a result, a reduction of pile-up events is observed
leading to an improved performance.

e In the Digital pulse Processor reduced ballistic deficit is observed. In the analog shaper
if the rising edge is slow the exponential decay of the output pulse starts before the pulse
has reached full amplitude, resulting a the loss of pulse height and worst resolution.
When the signal passes through a digital differentiator, the actual maximum value of
the pulse is acquired and therefore the rising edge of the output of the differentiator
has the same shape as the preamplifier pulse (Figure 4.21).

e In the spectroscopy amplifier system, the signal reaches the Multichannel Analyzer
and it is then digitized through an ADC, which adds dead time to the system. In a
digital pulse processor the signal is directly digitized at a fast rate and not dead time
is associated with the system.

Digital Pulse Processor

Detector Charge Sensitive Pulse Shaper Multichannel Analyzer
Preamplifier /_R /_R
Differentiator Integrator
a.k.a. High Pass Filter ak.a. Low Pass Filter
g (t)
— | ~ Fast
| ADC

Digital Peak| | Histogram
Detect Memory

5) i

Nl IR AN

FIGURE 4.19: Schematic of an ideal digital pulse processor [45].

4.3.5 Signal acquisition using a Digital Pulse Processor (DPP)

The X-ray detector system that was installed on the sunrise side of CAST consisted of

a Silicon Drift Detector and a preamplifier-readout card ,both from PNDetector, Munich.
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FIGURE 4.21: The differentiator output of a) an analog shaper on the left and

b)a digital shaper on the right as a function of the rising time. For the analog

shaper higher rising time leads to lower amplitude of the rise edge of the pulse
and therefore loss of the actual amplitude of the preamplifier’s signal [45].

For the readout of the system a PX5-Digital Pulse Processor from Amptek was used with a
peaking time equal to 5.6 us, a reset pulse connected to the gate of the preamplifier board
and an energy threshold of 168 e¢V. A flow diagram from this readout system is shown in
figure 4.22.

Before installing the SDD on CAST, the detector was tested in the X-ray laboratory.
The energy resolution was defined through the measured FWHM as a function of the energy
of the characteristic peak of the target as can be seen in figure 4.23. Using carbon as a target
the FWHM of the acquired spectrum was calculated equal to 39 eV.

After a few hours of run with the detector, a noticeable decrease of count rate in the range
of 400-800 eV was observed, phenomenon proportional to the time elapsed by comparing the
spectrum acquired directly after the cool-down of the detector with the spectrum taken
after several hours as shown in figure 4.24. The drop of transmission due to the increasing
deposition of hydrocarbon film on the surface of the detector can be seen for each energy
bin in figure 4.25. This loss of efficiency was associated with the out gassing of electronic
components of the system. The preamplifier board, the wiring and the connectors as well
as the electrical vacuum feedthroughs were not High Voltage standard. Therefore, due to
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FIGURE 4.22: Flow diagram of the readout system of the SDD using a Digital
Pulse Processor
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FIGURE 4.23: FWHM versus energy of the SDD [44].

the cryopumping of the SDD, which is operating at -30°, a thin film of hydrocarbon with
a thickness increasing with time was deposited in the detector’s surface. After 1 hour in
ambient temperature, the efficiency of the detector recovered.

A solution to the out gassing of the electronic components was to remove the preamplifier
board from the vacuum of the detector. This leads to an increased capacitance due to the
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bond wires that connect the preamplifier and the detector and it could provoke electrical
pickups, therefore a greater noise rate is expected. From equation 4.11, due to higher readout
noise the FWHM increases and resulting a worse resolution. However, as can be seen from
both figure 4.26 and figure 4.27 no noticeable decrease of count rate is observed with time
after the preamplifier was removed from the vacuum system of the detector.
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FIGURE 4.24: Comparison of the spectrum acquired from the run of the detec-

tor immediately after being cooled down with the data obtained after 3, 7, 21

and 25 hours later. The increasing drop of the count rate with time indicates
a C3Hg film deposition on its surface. [44].

4.3.6 Upgrade of signal acquisiton using a Spectroscopy Amplifier

The Canberra Model 2026 provides the option of Gaussian and Triangular pulse shaping
for the Unipolar Output and six front panel switch-selectable shaping time constants. The
flow diagram of the readout system using the spectroscopy amplifier and the MCA can be
seen in Figure 4.28. All shaping methods and four time constants have been tested in order
to optimize the resolution using multiple targets: Aluminium target with Aluminium filter,
Copper target with Nickel filter, Manganese target with EIPC filter and Titanium target
with EPIC filter for 0.5,1,2, 4, 6us

The DPMCA software of Amptek was used for the storage of the data of each run of tests.
These data were used as an input to a ROOT program which, after calibration, reproduced
the spectrum acquired as a function of energy. Then from the global fitting of the histogram
a quadratic background fitting was subtracted resulting a more accurate fitting of the signal
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FIGURE 4.25: The drop in transmission due to the increasing deposition of
the hydrocarbon film on the surface of the detector, for each energy bin, at
the energy range of interest (400-1500 eV) [44].
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FIGURE 4.26: Comparison of the spectrum acquired from the start of the run

of the detector with the spectrum obtained after 3,7,21 and 24 hours with the

preamplifier board out of vacuum. No increasing drop of count rate is observed
with time.

which was used to calculate the FWHM of the gaussian. Figures 4.29 and 4.30 show these
fittings using Manganese as a target for gaussian and triangular shaping mode respectively
and figures 4.31 and 4.32 for Titanium. The same analysis was done for all four targets and
the FWHM as a function of the selected shaping time can be seen in figure 4.33. In most
cases, the best resolution is achieved by selecting 1us shaping time and Triangular shaping
mode. These configurations will be used for the comparison of the efficiency of the readout
systems in the next section.
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FIGURE 4.29: Fitting and background rejection of the spectrum acquired from
Manganese target with EPIC filter for Gaussian pulse shaping and for A) 0.5us
shaping time B) 6us shaping time
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Ficure 4.30: Fitting and background rejection of the spectrum acquired
from Manganese target with EPIC filter for Triangular pulse shaping and for
A) 0.5us shaping time B) 6us shaping time
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FIGURE 4.31: Fitting and background rejection of the spectrum acquired from
Titanium target with EPIC filter for Gaussian pulse shaping and for A) 0.5us
shaping time B) 6us shaping time

4.3.7 Comparison of signal acquisition systems
Background noise

For the comparison of the noise rates between the two readout systems, the detector was
cooled down and the high voltage for the operation of the Silicon Drift Detector was set to
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F1GURE 4.32: Fitting and background rejection of the spectrum acquired from
Titanium target with EPIC filter for Triangular pulse shaping and for A) 0.5us
shaping time B)6us shaping time
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its nominal value (170 V). The mode of the spectroscopy amplifier was set to 1us shaping
time and triangular shaping. The rate of noise in the spectroscpy amplifier system for the
whole spectrum (150-10000 eV) was calculated equal to 11.024 mHz while the noise rate for
energies in the range 400-1500 eV for each bin of 100 eV can be seen in figure 4.34. For the
range 400-1500 eV the noise rate is equal to 2.417 mHz. For the PX5 system the total noise
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rate was calculated equal to 36.903 mHz and the the noise rate for energies in the range
400-1500 eV for each bin of 100 eV are shown in figure 4.35. For the range 400-1500 eV the
noise rate is equal to 10.305 mHz.

Rate of noise of amplifier with High Voltage On for 400eV-1500eV
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FIGURE 4.34: Noise rate of each 100 eV bin for the range of 400-1500 eV using
the spectroscopy amplifier.
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F1GURE 4.35: Noise rate of each 100 €V bin for the range of 400-1500 €V using
the PX5.

X-ray peaks

For the comparison of the X-ray peaks Aluminum and Copper were selected as targets.
The spectrum and fittings can be seen in 4.38 for aluminum, 4.39 for copper and 4.36 for
aluminum, 4.37 for copper for the amplifier and the PX5 respectively. From these fittings
the FWHM of each Gaussian was calculated and plotted (figure 4.40).

4.3.8 Conslusions

The results from the system with the amplifier and the one with the PX5 indicate that
the FWHM values of the acquired spectra are approximately equal for both readouts, which
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FI1GURE 4.37: Fitting and background reduction for the Copper spectrum
acquired using the PX5 system.

leads to equivalent resolution. The noise rates show an increase noise level by a factor of
three in the case of the PX5, however this does not seem to affect the form of characteristic
peaks of the targets. During the background measurements of the detector with the high
voltage on in the laboratory, it was noticed that bursts of noise were detected from the
environment. These bursts of noise were not present when the detector was used in the
experiment because of the additional shielding. The results of the spectroscopy amplifier are
similar to the ones acquired when the SDD was tested in the laboratory in 2013. The PX5
proved to be more sensitive to noise pickup and therefore a higher noise rate was observed
compared to the spectroscopy amplifier.

With both systems a shift in the FWHM, equal to a mean value of 10-15 eV, was ob-
served compared to the data acquired with the preamplifier inside the vacuum. This can
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acquired using the spectroscopy amplifier for Triangular shaping mode with
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be explained as a result of the increased length of the cables used for the coupling of the
detector with the preamplifier, resulting a greater capacitance.
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Chapter 5

Future prospects

5.1 Microwave cavities for axion detection

5.1.1 Introduction

Due to the fact that axions are a cold dark matter candidate, the searches have been fo-
cused on the detection of galactic halo axions. This can be achieved by employing microwave
cavities permeated by the strong magnetic field in the cold bores of the magnet [46]. The
novelty of the searches relies on the use of rectangular cavities in a dipole magnet, while
up to now solenoid magnets have been used with cylindrical cavities [47, 48, 49|, resulting
a sensitivity that reaches regions that have never been explored. In Figure 5.1 the orange
region involves dark matter axions. The lighter shaded orange area includes axions that can
still be dark matter candidates but with decreasing mass this requires an increasing amount
of fine tuning. The black region refers to the sensitivity achieved by other experiments. The
light green regions are the expected sensitivity of a dipole search and the solidly shaped part
corresponds to the region probed by a cavity with the parameters that will be used in the
CAST experiment .

Logy g, [GeV"]

Dipole
Wif;"gler

Log,gmgleV]

FI1GURE 5.1: Existing bounds for ALPs. Achieved and expected limits in black
and green respectively [46].
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5.1.2 Haloscope operating principle

The wave equation of the electric field inside the cavity is equal to:

. O°E
V?E — Hezz =0 (5.1)

where:

i is the permeability

€ is the permittivity

ay height

, ‘/(I'x width

FIGURE 5.2: A rectangular cavity

oz length

The solution of the wave equation in free space is:

E(7,t) = Byel @ (5.2)

where k the wave vector

For the solution of the equation 5.2 it must be taken into account that £, = 0 for ¢ = 0,
2 =0, 1% = ay and z = o,. Similar conditions must be applied to the other field components
Ey and E,. In order to satisfy the boundary conditions at the wall of the cavity:

E, = Eygcos(kyx)sin(kyi)sin(k.z)e’" (5.3)
E, = E,sin(k,x)cos(kyt)sin(k,z)e’" (5.4)
E, = Eysin(k,z)sin(ky)cos(k,z)e’" (5.5)

where k,, ky, and k, the wave numbers of the field components
For the dimensions seen in figure 5.2:
TNy ™,

L L 5.6
o = o (5.6)

7TTL¢

where n,, ny and n, the integer mode numbers and a,, o, and «, the height, width and
length of the cavity respectively. The wave vector and the frequency must be related:

2

7o 1.2 2 92 W
k —kx+kw—|—kz—§ (5.7)
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The resonant frequencies are equal to:
wzwc\/%+z—§:+% (5.8)
where c is the speed of light inside the cavity From Maxwell ’s equation:
V x E = —jwB (5.9)
the magnetic field is perpendicular to the electric field. Assuming that:
E ~ cos(wt + ¢o) and B ~ sin(wt + ¢p) (5.10)
the Poynting vector can be calculated as:
S =E x H ~ cos(wt 4 ¢p)sin(wt + ¢o) = %sinQ(wt + o) (5.11)
with a time-averaged value:
< § >~< sin2(wt 4 ¢g) >=0 (5.12)

which means that energy is transferred only between the electric and the magnetic field and

that the waves inside the cavity are standing waves.

The lowest resonant frequencies are the most isolated, while overlapping modes can lead
to reduction in sensitivity. The lowest allowed frequency can be found by setting to zero the
integer of the smallest dimension. In CAST ay, < a, < a, which leads to the TE,,,, = T'Ei¢

mode. The fundamental frequency of such a cavity will be:

1 1
w = TC a_g + @—g
The resonant field of the T E;y; mode:
E.=0
TN TN
Ey, = Eysin( o )sin( o Yelt
E,=0

From Maxwell ’s equation the magnetic field will be equal to:

kz x 4 ]
B, = —j—Eosm(Wn )cos(wn )elt
w Qy a,
By =0
B, = j—xEocos(ﬂnz)sin(ﬂnz)ew
w x a

(5.13)

(5.14)

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)
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For the characteristics of the CAST magnet a inner dimensions 25mm x 24mm cavity
will be used. From equation 5.13:

1 1
w=m-3-10%n/s + (5.20)
(24mm)? ~ (25mm)?

f= % — 6.3 GHz (5.21)

The relation between the resonant frequency f and of the cavity equals the mass my,,
galactic halo axions convert into photons [50]:

Mg
~— 5.22
where h is the Planck constant. By using a dielectric tuning mechanism the fundamental
mode frequency can be modified, corresponding to other values of the axion masses.

The rate of energy dissipation is characterized by the quality factor, Q:

wt

E(t) = E(0)ee (5.23)
where:

E' is the energy

() is the number of cycles before the energy is reduced by a factor of 1/e and it can be
defined as:

_ ]

©=Fwan
with FWHM the full width at half maximum and f the resonant frequency. The quality
factor of the cavity can be expressed [51]:

(5.24)

11,
Q= (@ + @) (5.25)

where:

Q. the loaded quality factor, which is the power loss from the walls of the cavity

(4 the unloaded quality factor, which is the power loss from the dielectric material and it
has the dominant effect on Q [51].

The time required to reach a given signal-to-noise ratio is calculated from the Dicke radiome-
ter equation as [48]:

P P, [t
SNR = /bt = —2 /- 5.26
Py kpT\ b (5.26)

where:

P, is the power output

Py is the noise output
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kp is the Boltzmann ’s constant
b is the bandwidth

T, is the total system noise temperature which is equal to the temperature of the cavity and
the noise of the amplifier.

By using the typical velocity distribution of dark matter ALPs Av, ~ 10~3c the band-
width can be determined as [46]:

1
21, = my(

Vi

From equation 5.26 the time required for one measurement is equal to:

—1) ~ 10 5m, (5.27)

kpT

t=(SNR)(=

)2b, (5.28)

5.1.3 Rectangular cavities in the CAST dipole magnet
Cavities and tuning mechanism

Each microwave cavity will be a copper-plated, stainless-steel rectangular inner dimen-
sions 25 x 24 x 500 mm cavity locked inside the magnet’s bores. For a total 46% effective
volume of the magnet filled, a Q value of 5000 and a total temperature of 3.8 K, it has
been estimated that for a coupling constant of g,,, = 107 GeV ™! the time needed for one
frequency measurement is 10 days whereas for g,,, = 107'% GeV ! it is equal to one minute
[52]. These values reach unexplored regions of the axion searches which will be scanned
through a tuning mechanism. With the use of Saphire or Alumina bars placed parallel to
the resonator long sides the field in the cavity is modified, as the electromagnetic waves
inside the dielectric material propagate with lower phase velocity [52|. A piezo actuator will
move the bars closer to the center, resulting a lower resonant frequency and therefore a shift
of the sensitivity to lower masses [46].

Electronics

e Antenna: The readout of the signal of the cavity starts with the antenna. The
microwave signal is picked up by the antenna and transmitted to the first amplification
stage.

e Heterojunction field effect transistor (HFET-HMET) amplifier: HFET are
low-noise amplifiers, available in the GHz frequency range. The first-stage amplifiers
will be placed on top of a gold-platted copper plate inside a vacuum vessel at cryogenic
temperatures and outside of the bores of the magnet to prevent any degradation of
the signal due to fringe field effects. Conventional doping techniques increase the free
carrier concentration and conductivity of the semiconductor but it leads to reduction of
carrier mobility due to scattering with the impurities. HFET is a layered structure of
different semiconductor materials with different bandgaps that form a heterostructure.
A highly n-type doped material with a wide bandgap, usually AlGaAs, is connected
with a non-doped material with a more narrow bandgap, in most cases GaAs. The
conduction band of the doped AlGaAs lies energetically higher than the one of the
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GaAs. The electrons move to the undoped GaAs side where the energy state is lower
and the concentration of electrons is increased. In this side electrons do not interact
with donors. This technique does not compromise the mobility of the carriers as it
causes increase of the concentration of free carriers without dopant impurities added
[53]. The amplified signal is transmitted through the hermetically sealed feedthroughs
of the vacuum vessel to ambient temperature for further amplification.

Directional coupler: The directional coupler between the cavity and the cryogenic
amplifier allows the application of test and calibration signals. By applying a rf signal
through the directional coupler the cable and connectors attenuation response can be
determined [49].
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