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Abstract

From 2010, the Proton Radius has become one of the most interest value to deter-
mine. The first proof of not complete understanding of its internal structure was
the measurement of the Lamb Shift using the muonic hydrogen, leading to a value
7o lower. A new road so was open and the Proton Radius Puzzle epoch begun.

FAMU Experiment is a project that tries to give an answer to this Puzzle im-
plementing high precision experimental apparatus.

The work of this thesis is based on the study, construction and first characteriza-
tion of a new detection system. Thanks to the previous experiments and simulations,
this apparatus is composed by 17 detectors positioned on semicircular crown with
the related electronic circuit.

The detectors’ characterization is based on the use of a LabView program con-
trolling a digital potentiometer and on other two analog potentiometers, all three
used to set the amplitude of each detector to a predefined value, around 1.2V, set on
the oscilloscope by which is possible to observe the signal. This is the requirement
in order to have, in the final measurement, a single high peak given by the sum of
all the signals coming from the detectors. Each signal has been acquired for almost
half of an hour, but the entire circuit has been maintained active for more time to
observe its capacity to work for longer periods.

The principal results of this thesis are given by the spectra of 12 detectors and
the corresponding values of Voltages, FWHM and Resolution.

The outcomes of the acquisitions show also another expected behavior: the strong
dependence of the detectors from the temperature, demonstrating that an its change
causes fluctuations in the signal. In turn, these fluctuations will affect the spectrum,
resulting in a shifting of the curve and a lower Resolution. On the other hand, a
measurement, performed in stable conditions will lead to accordance between the
nominal and experimental measurements, as for the detectors 10, 11 and 12 of our
system.






Sommario

Dal 2010, il raggio del protone e diventato uno dei valori piu interessanti da de-
terminare. La prima prova della non completa comprensione della sua struttura
interna e stata la misurazione del Lamb Shift utilizzando I'idrogeno muonico, che
ha portato a un valore inferiore di 7o. Si apri cosi una nuova strada e inizio I’epoca
del Puzzle del Raggio Protonico.

L’esperimento FAMU e un progetto che cerca di dare una risposta a questo
Puzzle impiegando un apparato strumentale ad alta precisione.

Il lavoro di questa tesi si basa sullo studio, costruzione e prima caratterizzazione
di un nuovo sistema di rilevazione. Grazie agli esperimenti e alle simulazioni prece-
denti, questo apparato e composto da 17 detector posizionati su una corona semi-
circolare con il relativo circuito elettronico.

La caratterizzazione dei detector si basa sull’'uso di un programma LabView
che controlla un potenziometro digitale e altri due potenziometri analogici, tutti e
tre impiegati per impostare I’ampiezza di ciascun detector a un valore predefinito
intorno a 1.2 V, settato sull’oscilloscopio da cui poter osservare il segnale. Questo
e il requisito per avere, nella misura finale, un unico picco alto dato dalla somma
di tutti i segnali provenienti dai detector. Ogni segnale e stato acquisito per quasi
mezz’ora, ma l'intero circuito e stato mantenuto attivo per piu tempo per osservare
la sua capacita di funzionare anche piu a lungo.

I principali risultati di questa tesi sono dati dagli spettri di 12 detector e dai
corrispondenti valori di tensione, FWHM e risoluzione.

I risultati delle acquisizioni mostrano anche un altro comportamento atteso: la
forte dipendenza dei detector dalla temperatura, dimostrando che una sua variazione
provoca fluttuazioni nel segnale. A loro volta, queste fluttuazioni influenzano lo
spettro, determinando uno spostamento della curva e una risoluzione piu bassa.
D’altra parte, una misura eseguita in condizioni stabili portera alla concordanza tra
le misure nominali e quelle sperimentali, come nel caso dei detector 10, 11 e 12 del
nostro sistema.
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Introduction

Before 2010 the subnuclear physics was supposed to known in all its forms.

After this year, the scientific community has been shaken from the news that a
laser spectroscopy used to measure the Lamb Shift through the implementation of
the muonic hydrogen has led to a proton radius lower of several standard deviations
with respect to the accepted value.

The new discovery gave birth to the so called Proton Radius Puzzle in which
every scientific group tried to find the most accurate measure of the proton radius.

The FAMU Experiment so is an [talian project that tries to defined with accuracy
the proton radius, taking measurements at RIKEN RAL facility in London.

This thesis work focuses on the detection system of the FAMU Experiment and
on the characterization of each installed detector.

The topic of the first chapter regards the proton. At first some information
about its discovery are given while in the following paragraphs the internal structure
is studied by considering different kind of methods: the Electron Proton Scatter-
ing and the Atomic Hydrogen Spectroscopy. In addition to the explanation of the
methodology, the results of four main experiments are presented, focusing on the
differences and similarities.

The second chapter talks about the other main character of the story: the Muon.
Its general characteristics are given at first, focusing then on how it is formed and
the kind of interaction with the matter. In the end, the result of the first successful
laser spectroscopy, known as CREMA, is presented, together with an its update
performed in 2013.

The third chapter focuses on the FAMU Experiment. It is presented through the
last experimental apparatus implemented: Beam and Laser, the Cryogenic System
and the Detection System with its electronic parts. Then the chapter continues with
the experimental results obtained in several years, starting from 2014 up to 2021.
In this way, the evolution of the experimental apparatus and results are shown.

The subject of the fourth chapter is the circuitry of the Detection System. For
each detector there is one module controlling it. Each module can be seen as com-
posed by two main parts: the Acquisition of the Signal and the Feedback on High
Voltage. The Acquisition of the Signal starts with the scintillation of LaBrs which
reaches the PMT. The outcoming signal then is processed passing through a series
of components like the Front End, the BaseLine Restorer and the Buffer. The HV
Feedback instead works on the High Voltage, controlling its value thanks to the
implementation of several potentiometer.

In the last chapter, the working process is explained. Everything starts with
the LabView program which turns on the system. The HV voltage is controlled by
three potentiometer: one acts directly on the HV, one controlling the proportionality
factor between the HV and output voltage and the digital potentiometer to change
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the value of the HV once the analog potentiometers cannot be reached. In the end,
the results of the detectors’ characterization are presented and discussed, showing
the detectors characteristics extrapolated using the Oscilloscope. In addition, the
spectrum obtained using a MatLab program are shown.



Chapter 1

Proton

One of the questions to which the FAMU experiment want to answer is the well-
known ”Proton Radius Puzzle”.

This Puzzle is born in last decades from the recognition that the proton radius
doesn’t have the same value using different methods to evaluate it.

Indeed, before 2010, the scientific community supposed to know exactly the di-
mensions of the proton. In 2010 the first successully Lamb Shift measurement of
muonic hydrogen evaluates a lower value with respect to that expected, approxi-
mately 5 standard deviations (50) lower, demonstrating that the human knowledge
about the proton was far from being fully acquired. Since 2010 therefore the race
to discover the proton radius with the highest possible precision has begun.

This chapter will shown a brief history of the proton and the physics related to
the measurement of the proton radius obtained following two different methods: the
Electron-Proton Scattering and the Atomic Hydrogen Spectroscopy.

Then, the results of four different experiments will be presented, showing differ-
ences and similarities between what have been found.



Chapter 1 Proton

1.1 The positive constituent of the atom

The physics of the elementary particles has been started with the work of the physi-
cist J.J. Thomson.

From J.J. Thomson’s studies in 1897 (Thomson, 1897), the deflection of cathode
rays brought to the discovery that they carries negative electric charge. By studying
this effect, Thomson estimated the velocity of these particles that, in the end, he
called corpuscles. In 1891, George Johnstone Stoney had introduced the term elec-
tron for the fundamental unit of charge and only later this became the name that
identified the particle.

These particles remained the only constituents of the atom for almost ten years
but everything changed with furthers discoveries over the alpha particle.

Indeed, in the early years of the twenty century, Rutherford bombed a gold thin
plate with alpha particles. As expected, most of these particles passed through the
matter undeflected. The unxpected event was the deflection at large angles of some
of these alpha particles (Gegier and Marsden, 1909) and in some cases they were
completely rejected back. From these surprisingly results, Rutherford concluded
that the deflection of alpha particles was due to the presence of a small positive-
charged region, called nucleus, surrounded by electrons.

Around 1920s, it was found that there was no nuclear component of positive
charge lighter than the hydrogen nucleus and Rutherford established that the funda-
mental constituent of the atomic nuclei was the hydrogen nucleus, called from that
moment as Proton.

Together with the neutron, discovered in 1932 (Chadwick, 1932), and the elec-
tron, the proton is considered nowadays as one of the components that defines the
atom. The latter quark theory has led to the concept of hadron, a subatomic particle
composed by quarks and anti-quarks. The protons are stable forms of the adrons
and they are known as baryons since they are composed by three quarks, two up and
one down. Some of the proton’s characteristics are the following (Tiesinga et al.,
2021):

e its free form is stable in the Standard Model;
e positive unitary charge +1;

e mass of 938.27208816(29)2¢V

c2

1

® spin ;.

10



Chapter 1 Proton

1.2 Electron Proton Scattering

To know the role of the proton and the problems connected to the measure of its
radius, there is the needing of a deeper understanding of the proton structure. The
physical event that can help the knowledge about the internal structure of an object
is the scattering process.

The first scattering that will be considered is the Electron—Proton Scattering,
especially the elastic case. In elastic scattering, the energy and the momentum of the
electron are transferred to the nucleon under the form of a single photon, without
exciting any nuclear state.

This description starts with the measurement of the differential cross section
for a charged particle scattered off a heavier nucleus, also known as Rutherford’s
equation (Rutherford, 1911):

d Zan? 1
(i)~ GE) s (L)
R sin®(5)
where a = % R % is the fine structure constant, Z atomic number of nucleus, E is

the electron energy and @ is the electron scattering angle.

For Rutherford scattering, the target recoil is neglected and the scattered particle
is non-relativistic. In order to study the proton structure, it’s required to consider
relativistic scattered particle and so the Rutherford equation needs to be changed.
The relativistic expression for the scattering of the charged particle is called Mott’s
scattering and it takes the form (Guffanti, 2015):

(38)~ (@)1 '3) (12

being 8 = 7 the incident particle velocity in units of the speed of light.

(a) (b)

Figure 1.1: Feynman graph of the electron-proton interaction. In the
left image (a) the proton is point-like, in the right (b) it has finite
dimension. (Guffanti, 2015)

Until this point no information about the internal structure of the proton is
contemplated and to show a difference between a point-like target and a finite size
object (Figure 1.1) the QED treatment must be used.

11



Chapter 1 Proton

Figure 1.2: The kinematic parameters for the elastic scattering of an
electron on a target initially at rest (Bernauer, 2010).

Under the QED description, there are several considerations to do, starting from
Figure 1.2. The initial target mass M is at the rest, P, = (M, 0). The incident and
scattering electron doesn’t share the same four-momentum. Indeed, the incident one
has a four-momentum k; = (F; = F, p;) and then it is scattered in the direction Q2 =
(0, ¢) with a four-momentum ky = (Ey = E', py) as shown in Figure 1.2 (Bernauer,
2010). The unpolarized cross section is independent from the azimuthal angle and
so the only degree of freedom considered is just the parameter 6 representing the
deflection of ko with respect to the original direction of k; and the energy of the
incoming electron E (Bernauer, 2010).

In exchange of a virtual photon, the four-momentum ¢ = k; — ks is transferred
to the target. The virtual photon also has a negative four-momentum squared and
so Q% = —¢*.

The matrix element of interaction, representing the spin-averaged invariant am-
plitude, is (Bernauer, 2010):

prot

1
My; = Jj’“?ﬂ‘ (1.3)

where Jﬁlec and J"

rot are the electron proton currents (Bernauer, 2010):

leec = —et(kg)y" u(ky),
J o = etu(Po)Tu(Py). (1.4)

p

and u(k), u(p) are the associated spinors of the electron and proton.
Right now, the vertex has to be parametrized by introducing the right form
factors I';. The most general form is given by (Bernauer, 2010):

F“:Pffl—i—PQ“FQ—&—’y“Fg (15)

where P, P} and 4* are the three independent Lorentz vectors. The form factors
I'; depend only on Q% when thinking about the free on-shell particle. Because
u(Py) and u(P,) satisfy the free Dirac equation, one obtains I'y=I"y from the current
conservation (Bernauer, 2010):

12



Chapter 1 Proton

Now taking the mass of the proton m,, the anomalous part of the magnetic
moment k = 1,1 and employing the Gordon decomposition, I'; becomes (Bernauer,
2010):

Yy

k .
I = Fl(q2)7“ + %FQ(22>1(

. k
Jig, = F@1" + 5 Fala’)ic™ . (1)
P m

P
where F(q?) is the form factor related to the Dirac charge and intrinsic magnetic
moment of the proton, F5(¢?) the form factor associated with the moment of Pauli.

Using the internal structure of the proton obtained with the one-photon approxi-
mation, the unpolarized cross section for the elastic scattering is given by calculating
the modulus squared of the matrix element, by summing over the final spins and

averaging on the initial ones. This one is called Rosenbluth cross section and it
takes the form (Guffanti, 2015):

do do k?q? q* 0
20 = (52) [R(¢®) - “L Ry(g?) — L F(P)kFa(d?)t (-) 1.
(dQ)Ros <dQ>M[ 1) 4m? () 2m,, H(q)kF () tan 2 ) (18)
The Rosenbluth cross section can also take a different form by using the Sachs form
factors. The first, known also as electric form factor G g, describes the proton electric
charge distribution (Antognini, 2005):

2

_ 4
Gp=F + (/{;4%)1?2 (1.9)

while the latter, known as magnetic form factor G, represents the magnetic dipole
moment distribution (Antognini, 2005):

Gy = Fy + kF. (1.10)

Using these last equations 1.9 and 1.10 together with Q? = —¢? and 7 = the

Q
4m2>

Rosenbluth formula 1.8 becomes (Bernauer, 2010):

do do 2(Q%) + G2, (Q? 0
(1) = () [ s orei@me(5)]
where, considering the static limit, Gg(0) = 1 and G(0) = p, (Bernauer, 2010).
ity is known as the magnetic moment of the proton.

After all, it’s possible now to determine the radius of the proton, using the form
factors introduced before. The following description is similar for Gg and G so
just one case has been demonstrated, that of Gg. The behaviour of Gg can be
expressed as a function of Q? (Guffanti, 2015):

Gu(Q?) 1
2\ ~ ~
Gg(Q) 279 1+ %)2.

(1.12)

Applying the Fourier Transform, G g is expressed as a function of the charge density
while G, is expressed as a function of magnetic density. Thanks to the Fourier
Transform, G becomes (Rignanese, 2019):

Ge(d®) :/p(r)eiq"d?’r (1.13)

13
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and expanding it in terms of 2, one obtains (Antognini, 2005):

GQ*) 1,5 1
co) T T

(rHQ — ... (1.14)

where G(Q?) can be substituted by Gg(Q?) or G(Q?), G(0) respectively by Gg(0)
Gu(0) and (r?) is the n-th moment of the electric or magnetic distribution. In the
end so the mean squared value of the proton charge radius is given by (Rignanese,
2019):
2 6 dGp(Q%)
(rg) = — D)
Gp(0) dQ
and the mean squared value of the proton magnetic radius corresponds to (Rig-
nanese, 2019):

1.15
0o (1.15)

2y _ 6 dGu(Q?)

. 1.16
. (1.16)

1.2.1 Recent Results

In this paragraph, it will be shown the results from a pair of experiments performed
on the electron proton scattering to study the proton radius. The first is the exper-
iment performed by the A1 Collaboration, at the Mainz Microtron MAMI in 2010.
The second experiment considered will be that of X. Zhan et al. performed in 2011
at the Jefferson Lab in Hall A.

MAMI Facility Experiment

The A1l Collaboration measured about 1400 cross sections in a range of negative
four-momentum transfer squared from Q* = 0.004(GeV/c)? up to Q* = 1(GeV/c)?
with statistical errors below 0.2% (Bernauer and Collaboration, 2011). The group
used a Mainz accelerator MAMI consisting of a cascade of three race track mi-
crotrons (RTMs) and a fourth stage composed by a harmonic double sided microtron
(HDSM). It is equipped with two electron sources, one thermionic and one polarized
(Bernauer, 2010). The detector setup used is called 3-spectrometer-facility, contain-
ing three high resolution magnetic spectrometers (Bernauer, 2010), as shown in Fig.
1.3. The 1400 cross sections were measured at different energies of the electron
beam, in the range between 180 MeV and 855 MeV. The simulation started from
equation 1.12, modified introducing the Coulomb corrections. Then Gg and Gy,
of the proton were extracted by fitting the form factor models directly to the cross
sections (Bernauer and Collaboration, 2011).
In this way the charge and magnetic radii are given by (Bernauer and Collabo-
ration, 2011):
) 6h*  dGpm(Q?)
(TE/M> e 2 B
E/M(O) d@ Q%=0

The models so considered can be grouped as follows: ”one is the group of models
based on splines with varying degree of basis functions and number of support points
while, in the other group, the models are composed of polynomials with varying
orders” (Bernauer and Collaboration, 2011).

(1.17)

14



Chapter 1 Proton

Figure 1.3: The Al hall. The three big spectrometers A (red, left), B
(blue, middle), C (green, right) are visible (Bernauer, 2010).

For the spline groups, the value of the charge and magnetic radii are (Bernauer
and Collaboration, 2011):

<T%]>% = 0'875(5)5tat. (4)syst(2)modelfma
<T%/[>% = 0'775(12)stat.(g)syst(4)modelfm7
while for the polynomial group (Bernauer and Collaboration, 2011):
<T%}>% = 0-883(5)stat.(5)syst(3)modelfma
<r12\/[>% = -778(1_%)515(115.(10)syst(6)modelfm~

As can be observed in these last results, there are differences between the values of
the radii found with the two groups and no explanation to this gap has been found
from the A1 Collaboration. What they have presented as result so is the average of
the previous values (Bernauer and Collaboration, 2011):

=
|

(r)

(rir)

879 (5)stat. (4) syst (z)model (4)groupfm7

0
0-777(13>stat. (9)syst(5)model(2)groupfm' (118)

N|=
I

Jefferson Lab Experiment

In 2011, at Jefferson Lab, another experiment has been performed, using a recoil
polarimetry for the measurement of the proton elastic form factor ratio, indicated

15



Chapter 1 Proton

with the symbol 1,Gg/Gy (Zhan et al., 2011). For that purpose, the group con-
sidered a Q* value in the range between 0.3 and 0.7 (GeV/c)?. For this experiment
it has been taken in account to work in the one-photon exchange formalism, also
known as Born formalism. In this way the ratio of the transferred transverse to
longitudinal polarizations is related to the proton form factors (Zhan et al., 2011):

Gg E.+ E! <9>B.
2

R = Mg = h o tan B (1.19)
where:

e M, and p, are, respectively, the mass and the magnetic moment of the proton;
e [/, and E.’ are the incident and scattering electron energy;

e . is the electron scattering angle;

e P, and P, are the transverse and longitudinal component of the polarization
transfer.

For conducting the experiment, an electron beam of energy equal to 1.2 GeV
has been shot against a thick liquid hydrogen target. The recoil proton then has
been revealed by a Left High Resolution Spectrometer, which contains a focal plane
polarimeter able to measure the transferred proton polarization (Zhan et al., 2011).
The radii values obtained from the global fit are:

[N

(r%?) = 0.875 = 0.008,4, & 0.006; fm,
(r2,2) = 0.867 % 0.009.y, % 0.018;, fm. (1.20)

SIS

As can be observed from the results in 1.18, the two methods return measure-
ments of the proton radius a little bit different, remaining anyway compatible.

16



Chapter 1 Proton

1.3 Atomic Hydrogen Spectroscopy

Another method that can be used to determine the charge radius of the proton is the
spectroscopy of the atomic hydrogen since the study of the hydrogen energy levels
has a deeply connection with the discovery and further progress of the Quantum
Mechanics. The next explanation regarding the description of the hydrogen energy
levels follows the analysis presented in (Antognini, 2005).

1.3.1 Theoretical Foundations

Bohr quantization rules of the old quantum physics were created to explain the
existence of the stable discrete energy levels as shown in Equation 1.21, explanation
that found it’s confirmation in the wave equation formulated by E. Schrodinger
(Antognini, 2005). , )
Zao Z
E, = —mCQ% = —Roohcﬁ, (1.21)
where ¢ is the speed of light in vacuum, n the principal quantum number, m the
mass of the electron, h is the Planck constant, « is the fine structure constant and
R, is the Rydberg constant (Antognini, 2005):

me* g me

R =—5 =« )
8eah3c 2h
The energy of an absorbed or emitted photon is given by the difference between
two levels, n and n’, in terms of energy. The spectrum of this photon so it’s given
by (Antognini, 2005):

1 v my 11 11
T v _pmeed 1N 1 1 1.22
A ¢ Foo m <n2 n’2> Roo(nz n’2> ( )

considering that the reduced mass for the hydrogen is m, = % ~ 0.9995m, M
is the mass of the proton, A is the wavelength of the proton and v is the frequency
of the same. The different n dependence so allows the determination of both the
Rydberg constant and the proton radius from at least two transition frequencies in
hydrogen (Pohl et al., 2013).

Subsequently to this non-relativistic treatment, Dirac was able to bring the equa-
tion onto a relativistic plane (Beyer et al., 2013). The energy eigenvalues of a solution
for a Coulomb source is given by (Antognini, 2005):

E,; =mcf(n,j) (1.23)
with )
, (Za)? o
f(n,j)= |1+ 2] , (1.24)
(n=d=3+JU+5r - (Z0p)

and j the sum of orbital and spin angular momentum of the electron. The general
expression for the atomic energy levels takes so the form (Antognini, 2005):

Enj =mc® + Mc* + (f(n,j) — D)m,c?
4 m2c? 1—6(0 Za)tm3c?
— (f(n,5) = 1) 1 ) )3 2
2m+ M) (j+3)20+1) 2n°M

(1.25)
where [ is the orbital angular momentum.

17



Chapter 1 Proton

The Lamb Shift Discovery

Then, in the 1947, W.E. Lamb and R.C. Retherford discover a discrepancy in Dirac
equation due to the fact that several and important contributions have not been
considered, like the effects of the quantum vacuum (Beyer et al., 2013).

,;J

e g

o 1Sy2 H” 2542

Oven I
m T
Resonator

Electron tunable
beam 1..10 GHz

-

Figure 1.4: Configuration of the Lamb-Retherford experiment in
1947 (Belloni, 2014).

Indeed, energy levels with same n and j but different [ should have the same
energy, but they observed that this is not true for the energy levels 25 1 and QP%
due to the interaction between the electron and the vacuum.

Bohr Dirac QED

Omﬁ\ J
\ "3 =1 =1 2

\
8 \
id 0.365cm !
\

2
S
\ L 1
o 1\\1:D1l ‘1_0 /2

- “ - 2
05} 2 | TR e
0035cm

~
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L

Figure 1.5: Fine structure of the energy levels of the hydrogen with
the introduction of Dirac’s treatment and the Lamb Shift corrections
(Schlenga, 2015).

So, every variation from the expected energy level differences take the name
of Lamb Shift. In general, the Lamb Shift L,  is introduced in Equation 1.25,
averaging over the hyperfine splitting contributions Esfliw (Antognini, 2005):

Ef;fj’tlF =mc®+ M+ (f(n,j) — 1)m,.c?

— (f(n,j) = 1) s—=°

4 L+ E" 1.26
2(m+M) + Lot + ) ( )
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Chapter 1 Proton

where ngl} is the total binding energy of the level characterized by the n, j, [, F
quantum numbers.
The contributions of all these terms are given below (Antognini, 2005):

e when energy differences between two levels are measured, the two first terms
cancel out;

e the third term contributes to the 1S-2S energy splitting in hydrogen with about
2.5 x 10® THz;

e the forth term is about 22 MHz.

The Lamb Shift arises from QED corrections to the energy levels that can be
written in form of a power series expansion in three small dimensionless parameters:
a,Za and m/M. The main contributions to the corrections can be classified in
different categories (Antognini, 2005):

e Radiative corrections: pure QED effects are considered, like self-energy and
vacuum polarization for an electron in a Coulomb potential of an infinitely
heavy and point-like nucleus. They depend only on a and Za;

e Recoil corrections: due to the finite mass of the nucleus. They arises from the
introduction of the reduced mass that can not account for all recoil corrections

in a relativistic two-body system. They depend on the parameters Za and
m/M;

e Radiative-recoil corrections: corrections that take into account the mixed ra-
diative and recoil contributions and depend on all the parameters simultane-
ously;

e Finite nuclear size corrections: corrections born considering the nucleus not
as a point-like object but as an object with its own structure.

The usefulness of the categorization of the different corrections arises from the
fact that they can be generally treated as separated and so determined one by one.
From now, just the radiative and nuclear size corrections will be considered since the
first ones are those with the highest value while the latter, even if they contribute
to the Lamb Shift with a value of the order 107* (Antognini, 2005), are important
because of their largest uncertainty related to that of the proton radius.

At this point, it’s possible to consider the difference between the electric poten-
tials V'(r) of the point like and structured nucleus (Antognini, 2005):

oV(r)y=V(r)— (—?). (1.27)
Now, it’s useful consider the relation between the charged form factor and the nu-
cleus ground state charge density (expressed in Equation 1.13), solve the Fourier
Transform and describe the difference in function of the charged particle. For full
explanation, see Appendix A of (Antognini, 2005).
So, transforming back to the coordinate space, Equation 1.27 takes the form (An-
tognini, 2005):

Qa3(s-7)? -8
5 00 - oEgas oy T

(1.28)
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Chapter 1 Proton

where S is the nuclear spin operator, TI% the proton squared mean value and Q is the
nuclear quadrupole moment. For the hydrogen case, the spin of the proton equals to
1/2 leading to @ = 0 and so the second term is removed. Using the non-relativistic
Schrodinger wave function W(r) and the perturbation theory, the hydrogen level
energy shifted AE becomes (Antognini, 2005):

- 2n(Za
AB =@ = T E 2w, o)
2(Za)* 0,
B (3n3> m? 12 5 =~ 1162(51)“2n? kHz, (1.29)

obtained considering a proton radius of 0.895(15) fm. The energy of the S-state in
hydrogen can be approximated as the following formula (Antognini, 2005):
R L
E(nS) ~ -2 4 218

n? ns

(1.30)

where L;g represents the Lamb Shift in the state 1S.

Ideally, one uses the 1S-2S transition in order to extract the proton radius because
this contains the maximal 1S Lamb Shift, strongly dependent on the proton radius.
Instead, one of the 25-8S,D /12D transitions are used to extract the Rydberg constant

because they contain just a smaller Lamb Shift contributions due to # (Pohl et al.,
2013).

Hyperfine Structure leading to Zemach Radius

Another finer splitting in the atomic levels that has not been considered in the Dirac
treatment depends on the interaction between the electron and the nuclear angular
momentum, known as Hyperfine Splitting. A simple diagram of it is shown in Figure
1.6 while in Figure 1.7 n = 2 energy levels of hydrogen are shown, combining Fine
and Hyperfine structures.

138, (F=1)
1S

AEHFS

11S, (F=0)

Figure 1.6: Representation of the Hyperfine Splitting states: F=0
corresponds to the singlet state and F=1 to the triplet state
(Rignanese, 2019).
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The hyperfine splitting of the ground state of the hydrogen atom takes the value
(Dupays et al., 2003)

AETFS — 1420405751.7667 4 0.0009 H = (1.31)

erp

where the relative experimental uncertainty doesn’t exceed 1072, On the contrary,
theoretical predictions based on the QED are less accurate.

This major uncertainty comes from the non-optimal knowledge about the proton
structure. In order to have a more precise measurement, one could have followed
two ways: to consider the information about the electromagnetic of the protons
or to consider the hyperfine splitting of the hydrogen-like bound states of charged
point-like leptons, like the muons (Dupays et al., 2003). For now just the Hyperfine
Splitting of the hydrogen is treated.

) F=1
2Py, <=1

44 peV
928, —F=1]
" F=0
~4peV (LS)
2Py, gz(l)

Figure 1.7: Representation of the n = 2 energy levels of the atomic
hydrogen, including the Fine and Hyperfine Structure. In the image,
LS stands for Lamb Shift, while the Hyperfine States are indicated
with F=0 and F=1 (Guffanti, 2015).

So the theoretical value of the AE#FS is composed by several components (Du-
pays et al., 2003):
AEITS = BF(1 4- 69FP 4 g5iry. (1.32)

ET is the Fermi splitting expressed in terms of proton and electron masses and
dipole magnetic moment of the proton x, (Dupays et al., 2003):

8 m2m?2
Eff = —o*?——5 P 1.33
3% (me +m,)3H? (1.33)
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The two correction terms, §9%P and §*", are related to higher order QED effects
and to proton electromagnetic structure due to strong interactions. 69F” takes the
following form, without distinguish between o and Za (Dupays et al., 2003):

OED 3 5 5 5 o’ 281 ad

) = a6+§a +a*(log2 — 5) — gloga(loga—logél—{— @)4—18.984- ?—1—...,

(1.34)

where a, is the anomalous magnetic moment of the electron. In this kind of cor-

rection there is no trace of the terms that depend on the proton mass or on strong
interactions, already included in 6%".

The correction term §°" is given by the sum of other corrections (Dupays et al.,

2003):
5str — 5rigid + 5pol + 5hpv (135)

in which:

e 7 is the proton polarizability correction, related to the internal dynamics of
the proton;

e ¢! is the hadron vacuum polarization correction, describing the strong inter-
action effects outside the proton;

e (79 is the static part, accounting for the elastic electromagnetic form factor
of the proton and defined as 794 = grecoil 4 §Zemach.

— grecoil i the term related to the recoil effects depending so on m,/m,;

— §Zemach g associated with the spatial distribution of the charge and mag-

netic moment within the proton and it takes the form (Antognini, 2005):
sZemach — 97 o pi{rpar) (1.36)

calling (rgys) the Zemach radius of the proton, defined as the convolution
of proton charge and magnetic distributions:

(rEa) = —% /OOO é—% [GE%:?Q) - 1]. (1.37)

By using the (rgys) expressed in Equation 1.37, it’s possible to extract the value of
the form factors and to compare them with the measurements obtained using the
Electron Proton Scattering. Through the measurement of the proton Zemach radius
and the comparison of this value with those found using variants of the hydrogen
atoms as explained in Chapter 2, there will be the possibility to better understand
the proton structure and to know why there are so many different outputs in the
examination of the proton radius.

The values of corrections and of their uncertainty to the hyperfine splitting can
be seen in Table 1.1.
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Hydrogen

magnitude uncertainty
EF 1420 MHz 0.01 ppm
69EP 11.16-107* < 0.001-107°
grigid | 39.107° 2-107°
grecoil 6-10-6 10-8
gpel 1.4-107° 0.6-107°¢
yhop 1078 107

Table 1.1: Numerical values of the contributions to the Hyperfine
Splitting of the Hydrogen (Dupays et al., 2003).

1.3.2 Results

In this section, two experimental results obtained with the Atomic Hydrogen Spec-
troscopy will be examined, one from (Bezginov et al., 2019) and the other from
(Thomas et al., 2019), both performed in 2019. Here, the apparatuses used will be
shown together with the results.

Even if the two results are based on the same technique, they have returned two
very different results, one closer to the old measurement of the proton, the other
closer to the value obtained by studying the muon hydrogen, introduced in the next
chapter.

S. Thomas et al. Experiment

This experiment has been performed at LKB, in Paris, studiyng the 15-3S transition
frequency and then extrapolating the proton radius. When their result has been
combined with the more precise measure of the 1S-2S transition frequency, they
have noticed that the found proton radius was in agreement with the CODATA
value of 2014, 0.8751(61) fm (Mohr, Newell, and Taylor, 2016).

The experimental setup consists of an effusive beam of atomic hydrogen produced
by a radiofrequency discharge and directed colinearly with a laser beam at 205 nm.
The laser beam propagates in a Fabry-Perot cavity under vacumm, undergoing then
a frequency scan performed by an acousto-optic modulator, exciting so the 1S-3S
transition of the atoms (Thomas et al., 2019). The laser beam of 205 nm is obtained
by sum frequency generation in a BBO (barium borate) crystal, using the TiSa laser
at 894nm and the frequency-doubled Verdi laser at 532nm. In order to measure
the frequency of the two lasers so the apparatus contains an optical frequency comb,
referenced to a hydrogen maser (Thomas et al., 2019). A picture of this experimental
setup can be viewed in Figure 1.8.

The main systematic effect to face has been the second order Doppler Shift, given

by (Thomas et al., 2019):

U2

Asop = — BYoRL (1.38)
where v is the atomic velocity and vy the laser frequency. For hydrogen atoms,
the SOD (Second-Order Doppler Shift) has been calculated to be about —135kH z

(Thomas et al., 2019). To correct this effect, the atomic velocity distribution within
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Figure 1.8: Graphic of the experimental apparatus used for the
Hydrogen Spectroscopy at the LKB (Thomas et al., 2019).

the hydrogen beam is required, obtained using a magnetic field with the same di-
rection of the hydrogen beam.

In order to fit the experimental spectra in further step, a theoretical lineshape
must be extrapolated by calculating the fluorescence probability of the hydrogen
atom as a function of the laser frequency (Thomas et al., 2019)

wlL

v = —.
2

By introducing the fluorescence probability, one should take in to account also
the interference terms, but luckily in case of 1S-3S transition they are weak, around
0.6 kH z and so they are just considered in the theoretical lineshape by shifting the
obtained value of v15_35 by +0.6(2)kHz (Thomas et al., 2019).

Data sets consist of more than 2700 experimental spectra of the 1S-3S transition
obtained by varying the hydrogen pressure, the laser power and the applied magnetic
field in order to reduce the systematic effects mentioned before.

The Figure 1.9 shows the spectra of the 1S-3S transition in hydrogen, consider-
ing different values of the temperature, 0 K, 120 K and 300 K. In this figure, the
systematic effects have not been removed yet.

The resulting transition frequency is so obtained:

Vis_3s = 2922743278671.5(2.6)k H 2 (1.39)

In the end, combining this result with the 1S-2S transition frequency, they found
that the proton radius measures (Thomas et al., 2019):

r, = 0.877(13) fm, (1.40)

a value according with that established from CODATA in 2014, but far away from
the more precise and newest measures, as foretold.
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Figure 1.9: Spectra of the 1S-3S transition in hydrogen obtained with
a nozzle at room temperature (red triangle) and at 120 K (blue circles).
The systematic effects have not been removed. The experimental data
points are fitted by a Lorentzian lineshape. The dashed line is a
simulation of the line position at 0 K (Thomas et al., 2019).

1.3.3 N. Bezginov et al. Experiment

In 2019, this group of scientists decided to operate a direct measurement of the n = 2
Lamb Shift of the atomic hydrogen, considering the 25, and 2P/, transitions,

shown in Figure 1.10.

F=1
251/21\
c| I LN |2 ]2
n| = ol X N~ ©
Q| o n|l= |TF |8
E g O] o — -
Jl- Y Y5 Y
2Pi/5 X Y F=1
F=0
mp=—1 mp=0 mp=1

Figure 1.10: "Scheme of the 25,5 and 2P 5 states with Lamb Shift

and Hyperfine states of the atomic hydrogen. The green arrow indicates

the transition measured, while the red and blue represent transitions
used to remove populations from 25,5 (F=1). F and mp are the total
angular moment and its projection along the direction of the
radiofrequency fields” (Bezginov et al., 2019)
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The performed measurement is done using the FOSOF technique, working with
continuously variant phases of the two separated fields. The apparatus used is
described in Figure 1.11.

At the basis of this work, there is a fast beam of hydrogen atoms created by
passing accelerated protons through a molecular hydrogen target.

Due to the collisions, approximately an half of the proton is neutralized into the
hydrogen atom, generating a 4% of neutral hydrogen atoms in the metastable 25
state. These atoms move with a velocity that is the 1% of the speed of light, passing
70-cm-long deflector plates, where an electron beam ejects the remaining protons
out of the beam (Bezginov et al., 2019).

At the beginning, all the states of 25/, are populated. Now, two radiofrequency
cavities, with their own radiofrequency intensities and frequencies, have the job to
transfer the 99.9% of the F=1 atoms to the 2P/, such that just the F=0 state
survives the passage. The 25/, atoms then are driven to the 2P, /5, passing through
a pair of waveguides. The resulting 25;,, (F=0) atoms are so detected by using a
gas-ionization detector and their number is obtained by mixing them in an electric
field and observing the resulting Lyman-a photons (Bezginov et al., 2019).
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3 plates 3 {
5-keV protons g )
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Figure 1.11: Apparatus used for the measurement of the proton
radius. From left to right, it’s possible observed the molecular
hydrogen gas, the 70-cm-plates, the two FOSOF regions and the
Lyman-a detector. The radiofrequency component is placed under the
FOSOF regions. The entire FOSOF system is able to rotate up to
180°. In the squares, additional information about FOSOF regions and
the detector are included. (Bezginov et al., 2019)

In order to achieve precise measurements, the phase difference Af has been
measured with an accuracy better than 1 mrad. Using a so high precision, however,
can cause phase shifts due to time delays and filtering. To remove the possible phase
shifts, they employ three different techniques (Bezginov et al., 2019):

e every few seconds, a frequency change is applied such that the phase shifts
related to the bandwidth is avoided;
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e cvery hour, the FOSOF region is rotate of 180° with the aim of flipping Af
such that the average A# cancels any errors in the radiofrequency system:;

e in the end, to be sure to have the correct Af, the beat signal is measured
twice: once by combining the radiofrequency field before entering the FOSOF
regions and once when they have come back from those regions.

In this experiment, other corrections have been faced, like the time dilation and
the Stark shift, the evaluation of which can be seen in the full treatment of (Bezginov
et al., 2019).

In the end, the atomic resonance frequency has been measured, obtaining (Bezgi-
nov et al., 2019):

09 =1909.8717(32) M H = (1.41)

where the uncertainty of 3.2 kHz comes adding up all the contributions already
mentioned.
From this measurement it is possible to extract the proton radius (Bezginov et
al., 2019)
r, = 0.8333(10) fm. (1.42)

As can be seen, this value is very different from those that had been found
until now. This result indeed is in accordance with the value of the proton radius
measured using the muonic hydrogen, treated in Chapter 2, value that in 2010
has shaken the foundations of the scientific community. By considering all the
experiments treated, just this has shown a different result, while the others agree
with the CODATA value of 0.8751(61) fm (Mohr, Newell, and Taylor, 2016): this
means that is possible to obtain more accurate precision of the proton radius by
employing newest technologies, even working with atomic hydrogen.
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Muon

The subject under study is the Muon, a particle that has become of fundamental
importance to determine the proton radius.

Initially, the muon and the measurement of the Lamb shift in muonic hydrogen was
taken into account just for testing the electron vacuum-polarization (Pohl et al.,
2013).

In order to perform the laser spectroscopy of the interesting transitions, the muonic
hydrogen atoms must be in the metastable 2s state and many experiments tried to
study this effect, failing. The first successful experiment has been performed in 2010
and takes the name of CREMA: Charge Radius Experiment with Muonic Atoms,
at the PSI (Pohl et al., 2010).

So, in this chapter, at first the general properties of the muon are described, as
the mass and lifetime of the muons.

A brief description of the production and of the sources of muon has been written,
followed by the description of the interaction between the muon and matter and the
possible outcomes.

In the end, the CREMA have been treated, the first attempt in 2010 and also
that of the 2013, which is an update of the first experiment.
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2.1 General Notions

The muon was discovered in 1937 by Carl David Anderson and its student Seth
Neddermeyer, classifying it as unstable elementary particles. There exist two charge
types of this kind of particle, the positive u™ and the negative p~ ones, with the
following characteristics (Nagamine, 2003), shown also in Table 2.1:

e Spin equal to %;

e An intermediate mass between the value of the proton (5 of m,) and of the

electron (207 of m.), which makes it the second particle with the smallest
mass;

e A lifetime of 2.2 us, which is the longest after that of the neutron;

e [t belongs to the lepton family, like the electron and the 7-particle;

e Electromagnetic and weak interactions govern the mutual influence between
the muon and other particles or matter.

pt Ho
Charge +1 -1
Spin % %
Mass (m,,) 206.768277(24) (m.) 105.6583715(35) (MeV)
Magnetic moment (f,,//1,) 3.18334513(39)
Free decay lifetime (1079) 2.169803(22) 2.1948(10)

Table 2.1: Muon properties (Nagamine, 2003).

2.1.1 Mass and Size of the Muons

According to the double charge nature of the muons, there are different ways to
measure the mass of the m,+ and of the m,,-.

The first can be determined by measuring the energy intervals between the 1s
and 2s electron quantum levels (AF;s o) in muonium.

The second cannot be measured in this way, but just measuring the energy intervals
between the atomic states formed by the p~ around a nucleus, generating the so-
called muonic atom.

Two methods can be used to measure the sizes of the two charged muons: one
uses the high-energy collision experiments implementing e*e™ colliders; the other
uses high-precision measurements of muon properties (anomalous gyromagnetic ratio
of the muon, upper limit upon the flavor non-conserving decay pu* — e™ + )
(Nagamine, 2003).

The results of these experiments lead to 1076 (Nagamine, 2003) for the size
of the muons. Due to this small result, the idea of the point-likeness of the muon
is acceptable. A picture of the mass’ particles, including the mass of the charged
muons, can be observed in Figure 2.1.
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Figure 2.1: Masses of various particles (Nagamine, 2003).

2.1.2 Lifetime of the Muon

In order to measure the lifetime of positive muon, it can be measured by considering
the time spectrum of the decay positrons (Nagamine, 2003):

w = et + b, + ve (invacuum),

po — e + v, + U (invacuum)

where v, and v, are electron and muon neutrinos, while 7, and v, are the corre-
sponding anti-neutrinos. This measurement is performed in reference to the time of
14 stopping in some target material, with the assumption that no changes occurred
from the vacuum case (Nagamine, 2003).

The time distribution of the positrons’ decay thanks to the weak interaction is
given by (Nagamine, 2003):

N.(t) = N.(0)e 7. (2.1)

The strength of this force is strongly governed by the Fermi Constant (Gr), given
by (Rignanese, 2019):

%:%(H;n), (2:2)

where 1/MZ3, is the three-level propagator corresponding to the W boson exchange
and ¢ the weak coupling (Rignanese, 2019). Together with the summation term,
the electro-weak interactions have been taken into account.

One measurement of the lifetime of the positive muon has been performed in
2013 at PSI, under the name of MuLan experiment (Rignanese, 2019):

7, = 216980.3 £ 2.2 ps. (2.3)

On the contrary, the measurement of the negative muon can’t be performed in
a target material but just in the vacuum, due to the nuclear capture processes. For
this reason, a measurement of this parameter is more difficult to estimate with a low
uncertainty. An unconventional way to measure the lifetime of the negative muon
is to consider it in flight compared to that of the u* (Nagamine, 2003).
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A scheme of the lifetimes of some particles, together with those of the negative

and positive muons, is shown in Figure 2.2.
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Figure 2.2: Lifetimes of various particles (Nagamine, 2003).
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2.2 Muon Sources and Production

Depending on the quantity of energy used, different kinds of muons are produced.
For example, using high energy beams it’s possible to produce just cosmic-ray muons
while, at low energy, accelerator-producing muons are almost exclusively used, de-
sirable for their short stopping power of the order of mm —cm. Some kinds of muons
are present in Figure 2.3.

RANGE IN
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sy DECAY Muon | 100 0-Tkm
S
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COSMIC-RAY 3
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T Mev |
pd n
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B ACCELERATOR
keV [ - MUON
~  ULTRASLOW MUON
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1078 107 1 10* 108

MUON INTENSITY [W/(0.1E - cm2 - s)]

Figure 2.3: Scheme of cosmic-rays and accelerator producing muons,
characterized by the ranges of energies in function of the muon
intensities (Nagamine, 2003).

To produce muons, it’s required the decay of pions as shown in Equation 2.4,
generated by the interaction between accelerated particles and nuclear targets (Rig-
nanese, 2019).

™ =+,
T = u U, (2.4)
The primary beam and the target employed alter the spectrum and the angular

momentum of the pions and this means that the decay length of pion with momen-
tum p, is given by the equation (Nagamine, 2003):

M
L.(ecm) = ¢fy7: = 5.593 X p, ((jv, (2.5)

where 7, = 2.6 - 10785 is the mean lifetime of the pion at rest.

The pion’s momentum considered for the production of the muons must be in the
range 100 — 200MeV/¢, leading to a decay length of L, = 5.6 — 11.2m (Nagamine,
2003).
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In the 7 — p decay, the momentum of the muon is different in the pion and
laboratory frame. In the first, the momentum is equal to 29.8@ and its direction
is isotropic. In the last, instead, the muon momentum has a flat distribution within
two limits that correspond to the Forward (Fy ) and Backward (By) decays in the
pion rest frame (Nagamine, 2003):

ry  (Br+ Bi)pa

P = 18,1+ B2)]
Bw __ |67r - 5Z|p7r

P = 131+ BY)] (26)

where 3 is the muon speed corresponding to its momentum from pion decay at rest.

The muons, within these limits, move along the pion directions with a definite
polarization of +1 and —1, respectively. In the definition of a decay muon channel,
one should consider that it consists of (Nagamine, 2003):

e A system for pion collection, able to select the decay length and inject them
into the decay section;

e while in flight, the pions decay in muons in the decay section, characterized
by a length comparable to L;

e then, a muon extraction system selects the muons originated from the pion
decay and transports them to the target station.

A picture of the decay muon channel can be observed in Figure 2.4.
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Figure 2.4: Scheme of the muon sources, involving energetic protons
from accelerators (Nagamine, 2003).
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For what concerns the method to delivery the muons, it can be of two types:
pulsed muon method and continuous muon method. In the pulsed method, the muon
beam is stopped inside the target material, by which the muon-related observable
can be detected (Nagamine, 2003).

In continuous muon method, the arrival of each muon is identified and together with
it each muon-associated element is detected.

There are several advantages of using the pulsed method instead of the continuous,
such as (Nagamine, 2003):

e the measurement of the muon decay events over a long time range;
e the coupling of the muon pulses together with extreme experiment conditions;
e phase-sensitive detection of weak signals, even in presence of large white-noise.

Some advantages also characterize the continuous mode, like the correlation mea-
surements with the muon-related events and the higher time resolution with respect
to the pulsed muon mode (Nagamine, 2003).
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2.3 Muons in Matter

Let’s consider either u™ or x4~ and suppose to introduce it into a condensed matter.
At energies higher than few keV there is not much difference between the two
charged muons and the ionization is the major process of energy loss, described by
the Bethe formula (Nagamine, 2003):

dE

- ) - 5 2.7)

= 47 Nr? mec?p iF In(
where N, = Avogadro number, r. = 2.817 x 1073 m is the classic range of the
electron, m. = electron mass, Z, A and p are, respectively, the charge, the atomic
weight and density of the absorbing material.

Thanks to this equation, it’s possible to determine quantitative information about
the range of the muon, indicated with Ry.

By taking a momentum range between 20 — 70MeV /¢, the muon range is known
to be proportional to p*® (Nagamine, 2003). The variation —dE/dz is inversely
proportional to the muon speed in the ionization process, imposing a minimum ion-
ization to about 200 MeV'.

On the opposite, around the 10 keV the muons are not able anymore to ionize the
atoms since their speed is not enough.

During the slowing-down processes, the muon beam is subjected to both transver-
sal and longitudinal spread expressed as functions of Ry, giving form to a three-
dimensional muon stopping region (Nagamine, 2003):

Dy =2.6x 10"2Ry™,
D, =7x1072Ry™?

Considering energies below few keV', the behavior of the two charged muons
tends to change one from the other.
The p* has two possibilities, depending on the type of the material used (Rignanese,
2019):

e in gases, insulators and most semiconductors, the neutral bound state Mu
is formed. Mu means Muonium, a hydrogen like atom composed of pu* and
electron. After its formation, Mu is decelerated via elastic collision with the
surrounding atoms;

e in some metals, no stable Mu can be generated due to the strong collisions of
the pu* and the conduction electrons. At the end of the slowing-down process,
the u* and Mu reach in some way an equilibrium and also a bound state can
be formed between pt or Mu and the atoms (or even molecules) of the target
materials.

The p~, instead, at the end of the ionization process is strongly caught by
the electric field of the nuclei. Due to this attraction, the u~ replaces one of the
innermost electrons of the K shell, to form a muonic atom. Until the end of the
processes, the polarization of the negative muon remains similar to that of the
positive muon, keeping almost its totality. When the formation of muonic atom
begins, the p~ polarization reduces significantly (Nagamine, 2003).
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2.3.1 Muonic Atom

After the end of slowing down processes, the negative muon is captured by the atom
of the target material, taking the place of one of the innermost electrons and forming
the muonic atom at excited state with critical quantum number (Nagamine, 2003):
Neri = /My /Me = 14.

When this happens, the radius R,(1s) and the binding energy E,(1s) of the
ground state of the 1~ are given by the point-like approximation (Nagamine, 2003):

270
R,(1s) = — X 1072 em

E,(1s) 2 13.6 x 207 x Z*eV (2.8)

where Z is the atomic number of the atom.

Most experiments are performed by using pure elemental or isotopic targets,

even if it’s convenient in some cases to use targets with two or more elements. The
approximations shown in Equation 2.8 are valid in many cases, but some corrections
are needed in case of heavier atoms, like Fe, Cu and so on (Nagamine, 2003).
The first measurement of the so called muon capture has been shown by Fermi
and Teller (Measday, 2001) where it has been proved that the probability of being
capture is proportional to the atomic number, Z. So the atomic capture probability
takes the form (Measday, 2001):

Zy _ Za é 5.451 =5
A(Z)—O.6p(1+ap)<z) (1 + 5.53V/545107) (2.9)

where p is the density expressed in gcm ™3, V is the valency of the metal and « is a
parameter that differs for various values of Z;, as can be seen in Table 2.2.

Materials Al «
> 18 0

Oxides with metal < 18 0.164
Chlorides with metal < 18 0.222

Table 2.2: « parameter’s values for different values of Z; (Measday,
2001).

One case apart is the Hydrogen since a neutral system up is generated when a
proton captures the muon. This up can easily penetrate nearby atoms, where the
muon is released and transferred to higher Z nucleus.

2.3.2 Nuclear Capture Rate

The lifetime 7y of the ground state also depends on the atomic number of the
nucleus, where two antagonist rates (or processes) take place: the free muon decay
(Aq) and the nuclear muon capture (A.) (Nagamine, 2003):

T =Ag+ A, (2.10)
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The nuclear capture rate is proportional to the p~ spatial density at nucleus and
to the proton number of the nucleus. This means that A, follows the Z* law and it
is equal to (Nagamine, 2003):

A= MNZ4, (2.11)

the extended form of which is given by the Primakoff formula (Suzuki, Measday,
and Roalsvig, 1987):

=)

A(A Z) = Z° X[l—X[
(7) eff<*1 2 24

(2.12)
where X, is the muon capture rate in hydrogen, X, takes into account the Pauli
exclusion principle for nuclear environment.

However, this dependence of Z* is no longer available for heavier nuclei and some
corrections must be taken into account. In order to express the corrections, the

Goulard and Primakoff equation must be used (Suzuki, Measday, and Roalsvig,
1987):

A A—QZ_G4<A—Z A—2Z> (213

A =74 1 - — JR——
ol 2) = Zegp G |1+ Gag = Gy 24 T 8AZ

Some values of the parameters used in equations 2.12 and 2.13 are expressed in
Table 2.3.

Formula Parameters  Values
Primakoff equation X5 170571
Xs 3.125
Goulard and Primakoff G 261
equation Gy —0.040
Gjs —0.26
G, 3.24

Table 2.3: Parameters of equations 2.12 and 2.13 belonging to the
TRIUMF Data (Suzuki, Measday, and Roalsvig, 1987).

2.3.3 Muonic Capture

Once the muonic capture has occurred, the muon cascades down to the 1s ground
level in a time scale of 1071%s (Measday, 2001), but two radiative processes enter in
conflict (Nagamine, 2003):

e the Auger processes emitting low-energy electrons from atom’s innershell, dom-
inating in the first part of the cascade:

(W 2+ 2 = (W 2w+ 2" + e
e the emitting X-ray photons, starting to dominate around n = 5:
(W™ Z)n = (W Z)w +7-
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X-ray emissions can be very useful tools for various kind of experiments, but the
knowledge of their characteristics must be acquired. At first, the energy levels for a
point-like nucleus, observable in Figure 2.5, are given by (Measday, 2001):

(Za)? n 3
T <j+<1/2>‘1>]’ 21

with « the fine-structure constant and j the total angular momentum quantum
number, equal to |l £ 1/2|, according to the direction of the electron spin.
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Figure 2.5: Levels of the muonic atoms, including the notation for
X-rays (Measday, 2001).

The binding and the energy of the X-rays are reduced when the muon is in the
1s ground-state since the two radii are comparable, the one of the muon and that of
the nucleus. In general, the most common transitions are those for which An =1,
like 4f — 3d, 3d — 2p and others, but higher transitions can also occur at lower
intensities. So, the observable lines that have as final state the 1s ground-state are
called Lyman series, as in the common atomic notation, while those that have the
2s ground-state as final are called Balmer series. A common configuration of the
Lyman series for the muon X-rays can be seen in Figure 2.6.

For higher n levels, the situation is a little bit different since the inner K electrons

38



Chapter 2 Muon

act as a screen and this means that the binding is reduced, even if it can be classified
as a small effect.

10t 10
LYMAN - SERIES OF WHITE PHOSPHORUS

COUNTS/CHANNEL
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' |
5 2-1 \"~ 3-1 4-1  5-1 6-1 [8-100-1 .
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Figure 2.6: Configuration of the Lyman series of muonic X-rays
(Measday, 2001).

Another factor related to the muonic X-rays of particular interest can be their
intensity since, in most of the elements, the muon must make np — 1s transitions,
useful for example to know the efficiency of a germanium detector working in a very
wide range of intensities, as explained in (Measday, 2001).

Some problems, related to the X-rays intensity, must be taken into account. The
first is the presence of anomalously low X-rays due to the fact that the X-rays ge-
nerated from deformed nuclei spread over complex fine structure (Measday, 2001).
Even the isomer shift is a problem. The isomer shift, or the variation of few kel of
the energy of transitions, is generated from the nuclear de-excitation in presence of
the muon (Measday, 2001).

Another problem is related to the fine structure intensity since the levels not ne-
cessarily are statistically populated but can have intensity ratios quite different from
those that one should expect (Measday, 2001).

In general, these are the difficulties encountered and also that must be avoided in
the decision of the elements used for the efficiency calibrations.

39



Chapter 2 Muon

2.4 Experiments

In this section, two versions of the same experiment (one in 2010 and the other
in 2013) are considered, proving that a different proton radius with respect to the
previous accepted value can be found using the muonic hydrogen.

The (Pohl et al., 2010), known as CREMA| is the first experiment in history that
successfully shown the presence of the long-lived muonic hydrogen atoms in the 2s
state, fundamental requirement for the determination of the 2s — 2p transitions of
the muonic hydrogen atoms.

2.4.1 CREMA

The first experiment demonstrating a value of the proton radius lower than the
previous accorded was the known CREMA experiment, performed in 2010 at the
PSI, in Switzerland. The expected value of proton radius was 0.8768(69) fm but
they were able to found 0.84184(67) fm, or even 5.0 standard deviations lower (Pohl
et al., 2010).

Until 2010, the measurement of the proton radius was obtained by considering
the Lamb shift of the Hydrogen atoms.
Here, the first difference. Instead of using the hydrogen atoms, the muonic hydrogen
atom has been used, since its smaller Born radius enhances the effect related to the
ordinary atomic hydrogen (Pohl et al., 2010).

Experiment and Apparatus

A new beam-line for low-energy negative muons, about 5 keV kinetic energy, has
been used. The muons are guided into a 57" solenoid, allowing the system to detect
the single muons and generating a trigger for the pulsed laser system (Pohl et al.,
2010). A scheme of the muon beam is shown in Figure 2.7.

PM, H, target
-> e I S,

u- Multipass cavity
I

&ﬁ_ s
PM2 e —F
ExB /————————;‘/

10 cm [
Laser pulse

Figure 2.7: Representation of the muon beam used. The muons
enters the final stage of the muon beam line, passing through two foils,
S1 and S5. The released electrons are separated from the slower
muons, thanks to the electric field perpendicular to the magnetic one
(Pohl et al., 2010).

Once the muons have been separated by the faster electrons, a gas target filled
with gaseous or liquid hydrogen at pressure of 1 hPa stops the muons, giving birth
to highly excited muonic hydrogen atoms (Pohl et al., 2010).

0.9 us after the muon stop, a short laser pulse, observable in Figure 2.8, with a
tunable wavelength around 6 um surrounds the target gas volume, inducing
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2s — 2p transitions on resonance, with emission of a 1.9 keV' X-ray. This short laser
pulse is generated by a thin disk laser that pumps a Ti:sapphire oscillator-amplifier
laser. These pulses, initially at A = 708 nm, are converted to A = 6 um in the
Raman cell (Pohl et al., 2010).

Yb:YAG thin-disk laser o |
== [ Oscillator Oscillator | €= | c.w. Ti:Sa laser

| C.W. pump
200w | 1,030 nm 1,030 nm | 200 W : ] Wave- 532 nm
o9mJ ¢ y omJ meter ¢ 5 W

708 nm

|
|
|
|
|
|
|
c.w. Ti:Sa :
|
|
|
|
|
|

________________________________________

| Raman cell

Figure 2.8: Representation of the Laser System. The continuous wave
light of the Ti:Sa ring laser is used to seed the pulse Ti:Sa oscillator.
At the same time, the thin-disk lasers are triggered by the detected
muon. The emitted light then pumps both the Ti:Sa oscillator and

amplifier, releasing 5 ns short pulses at a certain wavelength, shifted by

the Raman Cell to the desired value A = 6 um (Pohl et al., 2010).

Almost all the newly formed atoms de-excite quickly, reaching the 1s ground-
state, while a tiny fraction of them reaches the 2s state. For the prefixed purpose
of the experiment, the lifetime of the 2s state of the muonic hydrogen, 755, must be
known.

Without collisions, the 2s lifetime would be equal to the muon lifetime of 2.2 ym. In
H,, where the collisions are present, the 2s is strongly shortened leading to 7o ~ 1 s
at the pressure of 1 hPa (Pohl et al., 2010). This value of the pressure has been
decided since it’s a way to both maximize the 75 and to minimize the muon stop vol-
ume, minimizing at the same time the required laser pulse energy (Pohl et al., 2010).
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Results

In order to extract and measure the proton radius, the number of events detected
as a function of laser frequency must be constructed. To do this, the continuous
wave associated to the Ti:sapphire laser is set to a free spectral range (FSR) of
1497.332(3) M Hz (Pohl et al., 2010). To obtain the resonance spectrum, first the
accumulated time spectrum of K, events has been recorded for each laser frequency
with a time window of 75 ns, visible in Figure 2.9.
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Figure 2.9: Spectrum of the recorded events, in condition of
resonance and off resonance. The time window considered is from
0.887 us and 0.962 pus, where the muonic atoms are represented with
the red line. X-rays are instead showing in blue (Pohl et al., 2010).

The 99% of the muons are contained in the large peak, useful to normalize the
laser wavelength to the number of muonic hydrogen atoms (Pohl et al., 2010). By
plotting the number of K, events recorded in the time windows, it’s possible to
obtain the Resonance Curve, shown in Figure 2.10.
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Figure 2.10: The blue circles represent the number of the events as a
function of the laser frequency. The red line represents the Lorentzian
on top of a flat background, returning the y/d.f. = 28.1/28, where d.f.

stands for degrees of freedom. The error bars correspond to +1
standard deviation (Pohl et al., 2010).
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The centroid position has been found at the value of 49, 881.88(70) GH z, but the
centroid position of the 2s¥ El — 2pf /32 transition must contains also the quadratic
sum of the statistical and systematic uncertainties, leading to a centroid position set
at 49, 881.88(76) GH z (Pohl et al., 2010). The found frequency will correspond to an

energy of AE = 206.2949(32) meV/, obtaining a proton radius r, = 0.84184(69) fm.

2.4.2 Update of the Result

In 2013, the CREMA experiment has been re-performed, measuring the singlet and
triplet transition frequencies, corresponding respectively to 231F/§0 — 2p§/§1 and

23{51 — 2p§/§2, as shown in Fig. 2.11.
2P fine splitting
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Figure 2.11: Energy levels of 25 and 2P states with the
corresponding singlet and triplet transition frequencies (Antognini
et al., 2013).

The transition frequencies so measured are (Antognini et al., 2013):

v, = 54611.16(1.00)**(30)** GH z,
v, = 49881.35(57)% (30)** GH z,

where stat and sys are the statistical and systematic uncertainties.

By summing and subtracting these two measurements, an independent assess-

ment of the pure Lamb Shift and of the hyperfine splitting of the 2s state can be
obtained.
From the obtained measurements, the Zemach Radius is measured, r, = 1.082(37) fm,
while the charge proton radius is extracted and results to be rg = 0.84087(39) fm,
reaching not only a lower value with respect to the result of 2010 but even a lower
uncertainty (Antognini et al., 2013).
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FAMU Experiment

The Physics of Muonic Atoms is born in response to the proton radius puzzle, trying
to use the muonic atoms to explore the dimensions of the proton like the proton
Zemach radius.

In order to do so, the objective of the FAMU group is to measure the hyperfine
splitting of the up ground state from the moment that, as explained in the previous
chapters, the effect of the proton finite size affects the hyperfine transition energy.
The physics, treated before, is briefly explained:

At first, in a mixture of hydrogen and higher-7Z gas, the incident low momentum
muons are stopped and the muonic protons up can be generated in an excited
level, followed by their de-excitation at the ground state (£ = 0).

At this point, a variable frequency laser is tuned to the resonance-energy of the
hyperfine splitting AE"* ~ 0.18273eV (Adamczak et al., 2018), used to re-excite
the muons at the F' =1 level. These muons then de-excite due to the collisions
with the surrounding molecules of hydrogen such that the transition energy is
converted into additional kinetic energy of the muonic system. In this way, the
muonic atoms are characterized by an excitation energy more or less equal to the
2/3 of the hyperfine transition energy, almost equal to 120 meV (Mocchiutti et al.,
2018b).

So it’s easy to see that the energy dependence of the muon transfer is a crucial
parameter to determine the transition. The oxygen is one the few cases in which
the muon transfer rate is not energy independent and for this reason it is added to
the hydrogen, making possible to detect the occurred transitions. The time
distribution of the K-lines X-ray emitted by the muonic heaver atom uZ is the
observable, the rate of which depends on the kinetic energy of up.

After this explanation, it’s quite easy to understand why many articles published
by the FAMU group focus primarily on the energy dependence of the muon transfer
rate since it is an important parameter that must be precisely determined before
conducting the FAMU experiment.

A Monte Carlo simulation has been conducted to study the best parameters
and conditions, using the “description of the muon decay, pu~p scattering from the
Hs, molecules, formation of the ppu~p and of the pdu~ molecules, muon transfer
between proton and deuteron and, of course, of the muon transfer to oxygen. It also
includes the energy dependence of the muon transfer rate” (Pizzolotto et al., 2020).
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The parameters that the group aim to optimize are the following:

e Gas Temperature;

Pressure

Composition of the mixture, like the percentage of the oxygen atoms with
respect to the hydrogen;

The time length of laser shot;
e Time window to consider for the spectroscopic stage.

In this chapter, at first some general information will be given about some parts
of the experimental apparatus, regarding:

e Beam and Laser;
e Cryogenic Target System;
e Detector System.

Then, the chapter will continue with the FAMU’s experiments history, starting
from the first of 2014 and concluding with the latest in the 2021.
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3.1 Experimental Apparatus

In this paragraph, the main and newest components of the FAMU experiment are
described.

Every different FAMU experiments are performed at the RIKEN RAL facility,
with the first experiments conducted in the Port 4. After the recognition of the
needed of stable temperature conditions, the experiments were moved to the Port
1, which is also better isolated from the external environment and has more space
for the layout. The layout of the Riken Ral facility is shown in Figure 3.1a while in
Figure 3.1b the Port 1.
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Cryogenic System

(a) (b)

Figure 3.1: RIKEN RAL facility. (a) General representation of the
structure in which the experiment is performed. The path starts with
the production of the beam and it ends in the Port 1 nowadays
(FAMU, 2015a). (b) Scheme of the Port 1, used in the last years
(FAMU, 2015a).

In Figure 3.2 is represented the CAD scheme of the FAMU apparatus: the laser
system and the cryogenic target system surrounded by the LaBrs(Ce) detectors,
everything positioned on the optical table (Pizzolotto et al., 2020).

Figure 3.2: Representation of the FAMU system: a) Cryostat, b)
Laser optical path, ¢) Hodoscope, d) Nitrogen container for germanium
detector (Pizzolotto et al., 2020).

46



Chapter 3 FAMU Experiment

3.1.1 Beam and Laser
Beam

The pulsed muon beam is suited in such a way that it can deliver about 3 to
8 - 10* muons per second with a repetition rate of 50 Hz and momentum in the
range 30 — 80 Mev/c (Adamczak et al., 2018). The beam spill has a double peak
structure with a FWHM of about 70ns with a peak-to-peak-distance of 320 ns. The
orientation of the beam, also called beam steering, is tuned using a 1 mm pitch X/Y
beam hodoscope. The aim to use a hodoscope is not just to tuned the beam, but
also to evaluate the muonic Hydrogen incoming rate while increases the efficiency
of the acquired data (Adamczak et al., 2018).

Other components are coupled to the beam hodoscope, each of which with their
own function:

e To reduce the quantity of material placed in front of the entrance window,
1 mm? square scintillating Bicron fibers, coated with EMA, are used. The
coating is useful to avoid the light cross-talked. The fibers are placed parallel
on two orthogonal plates in the X and Y directions.

e Once the scintillation light is emitted, it is detected by using RGB SiPMs
that are larger with respect to the dimensions of the fibers. Due to this size
difference, the fibers must be read by turning them to make visible from all
the sides.

The initial studied properties of the beam are summarized in Table 3.1 while in
Figure 3.3 and 3.4 are shown respectively the pulse structure and the typical muon
intensity (FAMU, 2015a).

Parameters

surface pu* 20 ~ 30Mev/c
decay p*/u~ 20 ~ 120Mev/c
typical beam size 10 cm?
FWHM (surface) 5%
FWHM(decay) 10%
Structure Double Pulse

Table 3.1: Beam characteristics (FAMU, 2015a).

RIKEN-RAL Muon
peak to peak

3% @s

Pulse widthM M -

70 ns(FWHM) g -
Repetition
20 ms (50 Hz)

Figure 3.3: Double pulse structure with pulse width of 70ns, distance
between the peaks equal to 320ns and repetition of 20ms(= 50H z)
(FAMU, 2015a).

47



Chapter 3 FAMU Experiment

X
. 2 X 4
7 8 LG g ’
. _\\.\ . ) \\.
e - 5 03 -
~ o9
? ] . _-/ r‘-\\‘, \ 4
. ,'.4 " p \)‘.l_
3 10’ typical intensity
L i T — | il i S - L I L L A 1 I L L Al
0 20 40 60 a0 100 120

Muon momentum [MeV/c]

Figure 3.4: Typical muon intensity considering the muon momentum
[MeV/c] in function of the number of the muons [/s]. The estimated
muon intensity shown refers to an area of 4cm x 4em (FAMU, 2015a).

Laser

To generate a compact, tunable, narrow-band laser, the starting point is to mix two
narrow bandwidth solid state lasers: the single longitudinal mode Nd:YAG laser,
set to a wavelength of 1.064 um, and a tunable Cr:forsterite laser, set to 1.262 um.
The last laser is injected by a second Nd:YAG synchronized with the first laser.
The mixing laser then is transformed in a coherent laser thanks to the DFG, or
difference-frequency generation, in non-oxide crystals like lithium thioindate (LiInS5)
or lithium selenoindate (LiInSey) (Pizzolotto et al., 2020).

In Table 3.2 the characteristics of the laser are presented while in the Figure 3.5
the generation of the laser is drawn.

Parameters

Wavelength Range 6800 £ 50 nm ~44THz
Energy output >1mJ Progressiv. up to 4mJ
Linewidth < 0.07nm 200 M H =
Tunability steps 0.03nm 200 M hz
Pulse Duration 10ns

Repetition rate 20 Hz

Table 3.2: Reference values for the pulsed FAMU laser (Pizzolotto
et al., 2020).
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Figure 3.5: Formation path of the FAMU Laser. Two solid state
lasers are subjected to several reflections using Mirror (M), Telescope
(T) and Dichroic Mirror (D). At the end, the two lasers are
transformed into a coherent laser thanks to the DFG (Pizzolotto et al.,
2020).

3.1.2 Cryogenic Target System

One of the most important parameters for the FAMU experiment is the collisional
energy dependence of the muon transfer rate. It has been already mentioned that
it is not constant for gases like the Oxygen and for this reason the gas target is a
mixture of Hydrogen and Oxygen. According to this non-constant behaviour, several
conditions must be taken into account in order to maximize the results (Pizzolotto
et al., 2020)(Adamczak et al., 2018):

e The beam entrance windows should be chosen thin enough to minimize the
muon stop and the muon spread due to the Coulomb scattering;

e The transparency to the X-ray lines of the muonic atoms of interest must be
improved by using low-Z materials;

e The electrons coming from the decay of muons can cause a very disturbing
noise. This problem can be avoid using high-Z materials, capable to improve
the nuclear capture rate of the muons outside the gas;

e The system must be able to hold pressure up to 40 atm of ultrapure Hydrogen
gas;

e The temperature carries out a central role and the system must be able to
work at stable temperatures from 50 up to 300 K;

A highly reflective optical cavity is required.
According to these requirements the present design of the target system is rep-

resented in Figure 3.6 with: Muon beam entrance, Gas Entrance window, Laser
entrance and the thermometers.
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Figure 3.6: Target system: A) Beam entrance window, B) Gas Target
Entrance, C) Laser Optical Window, D) Thermometers (Vacchi, 2020).

In Figure 3.7 a scheme of the internal composition of the cilinder is represented.

The surface of the pressurized vessel, contained in the cryogenic vessel, is com-
posed by Gold and Nickel coating. The Gold element has been introduced in the
coating in order to reduce the vibrations. In the center, a C-shaped mirror sup-
port, accompanied by a lead beam stopper, is used to maintain the top and bottom
mirrors useful to control the effective interaction length from which the number of
photon round trips depends (Pizzolotto et al., 2020).

The characteristics chosen for the top mirror are cylindrical ends curvature ra-
dius of 54 ¢m and 17 cm while for the bottom the measures are 15cm and 42 cm
(Pizzolotto et al., 2020).

The laser that reaches this mirror system passes through a laser optical window
in order to enhance the interaction path between = p and the photons of the laser,
beyond the enhancement of the overall probability of spin-flip transition (Pizzolotto
et al., 2020).

For what concern the Muon Beam, it passes through an aluminated mylar win-
dow.

From 2018, a cooling system has been constructed around a cold head coupled to
a helium compressor in order to take the water necessary for the heat extraction from
a closed system. This cooling system works as a single-state cryogenic refrigerator.
In the end, the temperature of the system is monitored thanks to four thermometers,
two on the cold head and the others at the limit of the inner cylinder (Adamczak
et al., 2018).
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Figure 3.7: Internal structure of the target system (Vacchi, 2020).

3.1.3 Detector System

In order to study the muon transfer rate time dependence and so the proton size
it’s necessary to have a high speed and high-resolution X-ray detection system.

Several requirements are necessary to study the proton size, some of them ob-
servable in Table 3.3.

Requirements Expected Values

High rate of events ~ 3 x 105 photons/s for each detector
Good spectrometric capabilities  Energy Resolution < 4% FWHM on
662 keV line of 137C's
Good time resolution < 2ns FWHM in
energy range [40 keV , 500 keV/|
High efficiency for photons absorption efficiency of 85% at 300 kel

Table 3.3: Requirements to study the proton size that the detector
must satisfied (Baldazzi et al., 2017).

LaBr;:Ce Detector

Thanks to its spectrometric performance (3% FWHM energy resolution at 662 keV’)
and to the good timing resolution (< 600 ps) (Baldazzi et al., 2017) the LaBr; crystal
has been chosen. Seventeen detector systems, shown in Figure 3.8, are positioned
around the target system, as closed as possible to it.
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LaBr;:Ce
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Figure 3.8: (a) Crown composed by the seventeen detectors and the
related electronics. Two of them are missing, due to the an error in the
fabrication of the board. (b) Here, just one of the detectors is
represented.

The properties of the LaBrs:Ce crystals are subdivided in optical and in mechan-
ical, as can be seen below:

e Optical:
— Wavelength of maximum emission = 380 nm;
— Wavelength range between 325 — 450 nm;
— Decay times = 25 ns;
— Light Yield = 63 photons/keV;
— Radiation length = 1.881 cm = 9.95 g - em™2;
— Transmittance > 90%.
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e Mechanical:

— Density = 5.2 g -cm™3;

— Cubic crystal structure;

— Lattice constant = 0.6196 nm;

— Melting point = 1116 °C;;

— Thermal Expansion Coefficient = 8 x 1076 C~1.

All the detectors share the same dimensions: 32.4mm of diameter and 31.5mm of
height. The nominal characteristics differ for each detector and they are shown in

Table 3.4.

Detector Peak FWHM  Energy Presumed Gain

Centroid (ch) Resolution

(ch) Cs-137 (%) Detector relative Ph/keV % of Nal
3 290.33  8.69 2.99 3 1.07 67.3 176.0
4 261.75  8.05 3.08 4 0.96 60.6 159.0
5 288.54  9.03 3.13 5 1.06 66.9 175.0
6 265.09  8.17 3.08 6 0.97 61.4 161.0
7 284.14  8.02 2.82 7 1.04 65.8 172.0
8 209.58  8.61 2.87 8 1.10 69.4 182.0
9 295.55  9.26 3.10 9 1.09 68.5 179.0
10 260.24  8.32 3.20 10 0.96 60.3 158.0
11 271.92  7.93 2.92 11 1.00 63.0 165.0
12 282.01  8.39 2.97 12 1.04 65.3 171.0
13 313.22  9.24 2.95 13 1.34 84.4 221.1
14 237.33  6.52 2.75 14 1.02 64.0 167.5
15 233.79  6.41 2.75 15 1.00 63.0 165.0
16 239.82  6.05 2.52 16 1.03 64.6 169.3
17 236.57  6.29 2.66 17 1.01 63.7 167.0

Table 3.4: Nominal characteristics of each detector.

The good performance of high counting rate and energy-time resolutions are
directly influenced from the high light output and from the fast time pulse decay.
At the same time, the high light output and the high absorption efficiency for X-
rays allow for good performances when the detectors are coupled to photomultiplier
tubes (PMTs), specialized in high quantum efficiency (Adamczak et al., 2018). The
values of these parameters can been seen in Table 3.5.
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Parameters

Values

High light output
Pulse time decay
Absorption efficiency
for X-rays

Spectroscopic performances < 3% FWHM

63, 000 photons/MeV at 380 nm
16 ns
85% at 300 keV

when coupled to PMT

Table 3.5: LaBrs Detector characteristics. According to these values,
this kind of detectors is the best choice possible nowadays (Baldazzi

The reference for the full scale chosen is the line of 1¥7Cs at 662 keV since photons’
energy lies in the range 40 — 500 keV'. However, this kind of detector contains some
impurities due to the '3®La isotope, emitting photons at 789 keV and 1436 keV

(Adamczak et al., 2018).

HPGe Detector

Complementary to the LaBrs(Ce), four of these crystals are implanted not in the
crown, but a little bit further in order to detect characteristic X-rays. Since they
are just a tiny fraction of the overall dimension of the crown, they are specifically
used for high-precision inter-calibration. Indeed, the energy resolution of the HPGe
is quite better than that of the LaBrs(Ce) crystals (Adamczak et al., 2018). The
characteristics of the four HPGe detectors are reported in Table 3.6 (Adamczak et
al., 2018), subdivided according to the kind of detector used: two Ortec GEM-S,

et al., 2017).

one Ortec GLP and one Ortec GMX.

Parameters Ortec GEM-S Ortec GLP  Ortec GMX
Geometry Semi-planar Planar Coaxial
n/t-type p-type n-type n-type
Dimension 30 x 20 16 x 10 54.8 x 49.8
diameter xlength (mm)

Window (mm) 0.9 0.127 0.127
and type carbon beryllium beryllium

Table 3.6: Characteristics of four HPGe detectors used: Ortec
GEM-S, Ortec GLP and Ortec GMX (Baldazzi et al., 2017).

Photomultiplier

The PMTs used are the Ultra Bialkali cathode photomultipliers with a quantum effi-
ciency of ~ 43% (Adamczak et al., 2018). This high quantum efficiency is necessary

to reduce the stochastic term to the energy resolution.
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Having a short decay time as the LaBrs has, the rise front of the pulse at the
anode of PMT is short, comprised between 4 and 6 ns (Adamczak et al., 2018).
It’s also important to pay attention to the saturation and non-linear response of the
PMT for large signals, due majorly to the high light and fast response. In order to
prevent from saturation of the signal at the anode, the PMT divider must not work
as passive and have to deal with high instantaneous current density in presence of
the pulsed muon beam.

Fully Active High Voltage Divider

In order to work with high rate of events keeping the energy resolution high, the
High Voltage Divider is needed. The fully active divider has been then introduced
since it’s been demonstrated that it improves the performance of the wide dynamic
range of the PMT (Adamczak et al., 2018).

In order to stabilize the high voltage generator, a negative feedback is used to
also drive a MOSFET that works to maintain constant the high voltage by adjusting
the current.

A low current, about 30 A, flows on the gate dividers supplied with a current
limited to 2mA. For high rate applications, it has been used inter-dynode capaci-
tances that provide an excess of current (25 mA) for a small time (0.5 us).

The non-symmetric distribution of this excess causes spikes on the MOSFETSs and
so a certain attention must be taken into account (Adamczak et al., 2018).

Before to enter in the Digital Pulse Processor, the signals are pre-formed and

the baseline is stabilized.

PCB

The Digital Pulse Processor is used to study the timing and resolution properties of
the detector.

The DPP has been designed in order to satisfy some requirements: high sampling
rate, real time pulse analysis, flexibility and high communication throughput. To
face these conditions, four different components have been introduced composing
the Digital Signal Processor, as can be observed in Table 3.7 and in Figure 3.9 (L.,
2017).

Requirements Choices
High Sampling Rate 500 M sps 12bit ADC
Real time pulse analysis FPGA
Flexibility Custom Firmware
High communication throughput USB 3.0 Optical

link and microSD

Table 3.7: Requirements and solutions to construct the DPP in order
to work with the data coming from the Detector (L., 2017).
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Input Section

*  AD9434 (ADC)
* ADE138

[an differential
buffer)

Optional
Optical link

USB 3.0 pin

FPGA Altera
Cyclone W 5CGXCS

Figure 3.9: Present form of the PCB. The several components on the
PCB are: Input Section with the ADC (red), FPGA (dark red),
microSD (yellow), Optical Link (dark green), USB 3.0 pin (blue), 16
GPIO 50 M H~z pin (L., 2017). The General Purpose Input/Output
(GPIO) allows the device to interact with another perifery. It can act
as input to read signals from other components or to just control them
(L., 2017).

The DPP starts with the ADC feeding the FPGA. The aim of the FPGA is to
optimize the energy resolution by triangularly shaping the signal. The triangular
form is chosen since it is the best to reduce the pile-up effects and to increase
the Signal-to-Noise Ratio, necessary element for the energy resolution optimization.
Also the Trapezoidal shape can be considered in case of ballistic decifit, but it has
lower performances. The two kinds of shaping are shown in Figure 3.10.

VANAN

(b)

Figure 3.10: (a) Theoretical form of the Triangular (right) and
Trapezoidal (left) filters. (b) Triangular (right) and Trapezoidal (left)
forms taken by an oscilloscope (L., 2017).

These information are then passed to a PC thanks to a USB 3.0 interface (L.,
2017), shown in Figure 3.11.
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Figure 3.11: Usb 3.0 connection to transfer the data from the circuit
to a PC (L., 2017).

The advantages to use a USB 3.0 are the following (L., 2017):

The astraddle design;

5 Gbit/s capable;

32 bit interface;

The embody debugger

High flexibility.

Due to the use of algorithms present on the FPGA and to the USB, the ADC
speed is reduced and in output the circuit has a speed of 100 M Hz (up to 32 bit).

Thanks to this construction of the DPP system, when performing a peak detec-
tion and/or digitization, the dead time disappears and the finite impulse response
causes the reduction of pile-up and pulse overlap effects (Adamczak et al., 2018).

Teensy

In Figure 3.12, the Teensy is shown. A Teensy is a micro-controller development
system, coupled to a USB entrance that allows to connect it to the PC (PJRC, n.d.).
The software used and uploaded in the Teensy for this purpose has been written in
MATLAB. The Teensy have been implemented for two different tasks:

e One Teensy is used to check the Low and High Voltage and to read them in
output;

e The others are used to control the commands to send to the circuit in order
to vary the values of High Voltage. Each of these Teensy controls a dial of the
semicircular crown which means five detectors at the same time.

Ll B BB B

Figure 3.12: Teensy component.
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3.1.4 GSPS

In order to acquire the fast signal coming from the LaBrs detectors, there is the
need of a fast continuous sampling digitizer that should be also able to guarantee
the required timing and energy resolutions (D’Antone et al., 2018). For this reason,
a new digitizer has been constructed with the name of GSPS.

The GSPS is characterized by 1 GS/s sampling rate and a 12-bit nominal accu-
racy (D’Antone et al., 2018). In addition, the GSPS implements a filter to reduce
the presence of the noise, which basically means that the GSPS contains a stage
to optimize the Signal-to-Noise Ratio (SNR). The GSPS acquires from 4 ADCs,
containing 2 channels that acquire the same signal. Each ADC works for a detector
and so one GSPS system is able to work with at maximum 4 detectors.

To work under the several requirements of the circuit and detectors, the GSPS
digitizer has been coupled with two Analog Devices (D’Antone et al., 2018), as
shown in Figure 3.13.

ADY434 (Analog Devices)

o s30T,

Analog Input Stage
tm

08 'N'AN1
1’497 SdS9

Antialiasing Filter

ADA4930 (Analog Devices) | (3 dB BW: 508 Mit) | KO

EG2121CA (Epson) 4 ADY517 (Analog Devices) ‘

Figure 3.13: On the left the Analog input stage is schematized,
comprising also the Antialising Filter (D’Antone et al., 2018). On the
right, a picture of the GSPS digitizer is shown (D’Antone et al., 2018).

For the purpose of this thesis, the GSPS used, shown in Figure 3.14, it’s not
already complete since the Linux Firmware is not implemented yet and there is just
one board for the channels, so it’s possible to analyze just one detector at the time.

Figure 3.14: GSPS Circuit. The following elements have been
highlighted: one ADC (yellow square), two channels corresponding to
the ADC (blu square), the board interfacing with the detector (green

square) and a fan (red square) preventing the channels to overheat.
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3.2 Experiments

In this Section the different FAMU experiment results will be treated. The apparatus
of each experiment will be treated only if it changes from the previous one while
from 2020 the experimental apparatus is more or less the same to the newest of
which has been already talked.

3.2.1 2014
”The FAMU experiment: muonic atoms to probe the proton structure”

In (Guffanti, collaboration, et al., 2016) article the problem related to the proton
radius discovered in 2010 has been introduced for the first time.

Also, this is the first article in which the FAMU experiment is presented. It already
talks about the needing of an experimental apparatus able to detect the high-rate
X-rays. The scheme of the theoretical path to detect the X-rays is observable in
Figure 3.15 (Guffanti, collaboration, et al., 2016).
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Gas target P
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a . pep(18)is o _ :d
g - (n = 14) A Collision with H, : =
I — and spin-flip
I :
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H— kinetic energy :
= === - = £ = e
Prompt Cap(18)ES0 ¢ - £ Bl Belayed
pld Xetays . EE===s==== * A , ' e
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Figure 3.15: General scheme of the first FAMU Experiment. The
muons slow down and stop in a hydrogen gas target, generating the
so-called muonic hydrogen atoms. Several collisions between the
muonic atoms and the hydrogen molecules de-excite the muonic atoms,
leaving just the thermalized atoms in the 157=0 state. Using a laser
tuned on the Hyperfine Structure resonance, several single-to-triplet
transitions are caused, but the triplet-state atoms are de-excite again
to the singlet one, trasforming the transition energy into additional
kinetic energy. Thanks to the contamination with O (also Ar, or Ne),
it’s possible to study the muon transfer rate from muonic Hydrogen to
high-Z materials. (Guffanti, collaboration, et al., 2016).

In a preliminary test, four targets have been taken in consideration: three gas
mixtures containing pure Hy, Hy + 2%Ar, and Hy + 4%C05 and a graphite block.
Recent studies have been demonstrated that the Oxygen was one of the elements for
which the muon transfer rate was energy dependence, but also other elements were
have been consider, like Argon and Neon. For this reason, they have been added to
low-Z materials (Guffanti, collaboration, et al., 2016).
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Figure 3.16: Detection system composed by two Anti-coincidence
scintillators, the detector crystal LaBrs:Ce, the two PCBs (Adamczak

et al., 2018).

The detection system is shown in Figure 3.16 with a lower number of detectors
compared to those used in last experiments: 5 based on the LaBr3(Ce) crystals and
just two HGPe detectors. In Figure 3.16 can be observed the form of one LaBr;(Ce)
detector and all the components attached to it, listed below.

e Frontal and Lateral Anti-coincidence plastic Scintillator, nowadays removed
thank to the Gold usage around the detector;

e Three different detector crystals: 17 (diameter)x1” (thickness) LaBrs:Ce,
more compact LaBrs:Ce coupled to a SiPM and HPGe;

e Aluminium Can of 3 X 3 ¢m containing the crystal;

e Ultra-Quantum Efficiency Photomultiplier;

e Couple of Printed Circuit Board (PCB) containing the Fully Active Voltage
Divider;

e Another PCB containing the Digital Signal Processor components : ADC,
FPGA, Firmware for Shaping, Tiping and PHD.

The detector output was also recorded for a very short time, just 5 us after the
trigger while the waveforms shaping and processing was performed off-line with a
dedicated algorithm (Guffanti, collaboration, et al., 2016).

The example graphs obtained studying single- and multi-pulse events from one
LaBrs detector is shown in Figure 3.17 while Figure 3.18 shows the time evolution
of the X-ray spectrum using a Hy — C'O, target.
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Figure 3.17: Graphs obtained from the use of just one LaBrs
detector. On the left, the result comes from single-pulse events while
on the right multi-pulse events have been considered (Guffanti,
collaboration, et al., 2016).
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Figure 3.18: Time evolution of X-rays using a Hy — CO5 target
where is evident the double pulse structure of the beam (Guffanti,
collaboration, et al., 2016).

The spectrum and the time-distribution obtained instead using all the four LaBrs
detectors and the HPGe detector change with respect to the single case, as can been
observed in Figure 3.19a and 3.19b.

As can be observed from the Figure 3.19b, two are the major contributions: the
"prompt” peak and the "tails” from the delayed events. From these it’s possible to
see that the prompt peaks carry majorly the information about the characteristics
X-ray while the information about the muons is predominantly contained in the tails
(Guffanti, collaboration, et al., 2016).

The information about the lifetimes of the different muonic atoms is shown in
Table 3.8, compared also to the reference values.

Muonic Atoms 2014 Values (ns) Reference Values (ns)
uC 2011 £ 16 2026 = 1.5
up 2141 £ 98 2194.53 £ 0.11
Al 879 4+ 28 864 + 2
1O 1824 + 46 1795 + 2
AT 564 + 14 537 + 32

Table 3.8: The lifetimes of the various muonic atoms determined in
the 2014 experiment (Guffanti, collaboration, et al., 2016), compared
to the reference values that can be found in the article (Suzuki,
Measday, and Roalsvig, 1987).
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Figure 3.19: (a) In the two figures are represented, respectively, the
X-rays spectrum coming from the four LaBr3(Ce) detectors and the
spectrum coming from the HPGe detector. In the left image, the red
curve is associated to the K, lines, the green curve to the summed
effects from the Kg, K, and K; while the blue curve represents the
background signal. (b) In the bottom image, the time distribution of
the events is represented, events acquired from the Hy — COs target

and using all the four LaBrs detectors. The two main contributions are

the prompt peak and the tails of the delayed events (Guffanti,
collaboration, et al., 2016).

The objective for this first experiment was the definition of a detection system
with which was possible to study the behaviour and characteristics of muonic atoms
and X-rays, with particular attention to the X-rays generated from the Oxygen.

In the end, the good performance of the LaBrs crystals makes them one of the first
choice in successive FAMU experiments.

3.2.2 2018

”The FAMU experiment at RIKEN-RAL to study the muon transfer rate
from hydrogen to other gases”

Target System

The target system used in this article was quite similar to the last used in 2020,
but with different shape. The Figure 3.20 represents its form, showing the different
parts.

An Aluminium cryostat, thank to means of vacuum jacket, isolates the target
(gas) from the environment. Moving from right to left, the muons enter in the first
0.8 mm of Aluminium entrance window reaching the evacuated volume, where three
disks of 0.1 mm of Aluminium work as radiative shields (Adamczak et al., 2018).
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Then a second Aluminium entrance window with length of 2.8 mm injects the muons
in the pressurized volume. Due to the presence of the X-rays coming from the target,
it has been necessary to introduce a thin coating of high-7Z materials, composed by
100 m of Ni and 20 um of Au. Then, due to the sensibility of the optical path to
the vibrations, the cooling system has been introduced. This cooling system is a
compartment composed by liquid nitrogen.

Gas inlet

Cold head

Cryogenic vessel

Pressurized vessel

Figure 3.20: Target system comprising the pressurized and cryogenic
vessels, the cooling system and the vacuum valve (Adamczak et al.,
2018).

Beam Momentum Tuning and Detectors Positioning

First, the position of the X-rays detectors depends on the distribution of the
muon stops. This dependence is related to the consideration that the X-rays coming
from the inert material must be minimized while the rays coming from the gaseous
target must be maximized. Also, the minimization and maximization of the rays
influence the muon stop, according to the amount and type of the materials inserted
along the beam line and according to the momentum and spatial spread of the beam
(Adamczak et al., 2018).

Using a simulator called GEANT4 and by varying the beam momentum se-
veral information about the muon stop have been obtained, according the different
considered materials, as can be shown in Figure 3.21.
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Figure 3.21: Simulation of the muon stopping in the FAMU
apparatus using the GEANT4 simulator. The lines represents the
fraction of events stopping as a function of the beam momentum in
different part of the apparatus that are also made by different
materials: gas mixture (blue continuous line), Aluminium walls (gray
dashed line), coating composed by Nickel (green continuous line) and
Gold (yellow dashed line) (Adamczak et al., 2018).

Looking at this picture, the lines of Gas Mixture (blue) and Aluminum (gray)
almost correspond at the value of 57 MeV/c of the beam momentum where the
correspondence is between the maximum muon stop of the first and the minimum
muon stop of the second.

For heavier materials, Gold and Nickel, the muon stop doesn’t need to be considered
since the X-rays emission coincide with the muons arrival time.

Once the muon beam momentum has been chosen, the spatial distribution of the
muon stop can be studied, as can be observed in Figure 3.22.

 Ce:LaBr; (PMT) detectors

/Gryugenic vessel

Pressurized vessel

Figure 3.22: Spatial Distribution of the muons extrapolated from a
GEANT4 simulation and superimposed on an image of the detection
system. The majority of the muons stops in the first centimeters of the
detector (Adamczak et al., 2018).
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Observing it, the green part of the spectrum indicates that the majority of the
muons doesn’t go beyond few centimeters of the target and this is the reason be-
cause the detectors must be placed very closed to the target material. From 2017
the detectors were arranged in two half circular crown supports, containing all the
necessary electronics (Adamczak et al., 2018).

The HPGe detectors, instead, are not positioned so closed to the target due to
their sensitivity to the X-rays pile-up.

Data processing

In order to process the data, a software written in C'+ + has been written, using
also ROOT toolkit. Two are the main operating modes: one very fast, requiring
small CPU power, is used to monitor the data flow during the acquisition and to
produce the quality plots; the other is used to obtain more accurate results from the
analysis but it is much more slower than the first (Adamczak et al., 2018).

The data processing depends strongly on the waveform shape and also from the
characteristics of each singular detector.

Here the Hodoscopes fulfill their function of studying the shape and intensity of the
muon beam, with two different modes: ”quick-look” and ”full analysis” (Adamczak
et al., 2018).

For all the detectors and the processing modes the program flow is almost the same.

At first, the waveforms are unpacked event by event. Then a numerical derivative
of the waveform is computed, followed by a smoothing of the sharp edge due to the
saturation problem (Adamczak et al., 2018). An example of both cases are shown
in Figure 3.23.
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Figure 3.23: Representation of the first two steps of the data
processing. Both the graphs are in function of the time where one
count corresponds to 2ns. In the top panel, the unpacked waveforms
are shown, while the bottom one contains the computed signal
derivative (Adamczak et al., 2018).
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For each of the signals, the saturation events are saved in the final output file.
At this point, the energy of each X-rays has been reconstructed together with its
arrival time and an output data is saved, containing the amplitude of the different
signals, the number of detectors and other information.

In the end, the output data is saved in a ROOT file (Adamczak et al., 2018).

According to the operating mode, the outputs from the LaBrs(Ce) detectors are
reconstructed with two different algorithms. One uses the faster processing method
(" quik-look™) to stabilize the difference between baseline and waveforms maximum.
Using instead the slower processing method (”full analysis”), each signal is fitted
with a function of signal shape (Adamczak et al., 2018).

For the reduction of the pile-up effect, a tuning of the input parameters is ne-
cessary, accompanied with an excellent stability of detector waveforms.

In the delayed phase, the MonteCarlo Simulation proved that the perfect pile-up
(indistinguishability of two overlapping signals) is completely negligible, since it
starts with a separation less than 15ns between signals (Adamczak et al., 2018).
An example of this reconstruction can be seen in Figure 3.24.

On the other hand, the HPGe detectors are too slow to detect many X-rays
during the same trigger. The two different modes in this case scan the waveform
saving its maximum signal amplitude and time, considering just one X-rays per
trigger.

In the end so a calibration offline of the detectors is necessary, such that the units
are converted into keV (Adamczak et al., 2018).

4

—x

=
4 L&

Signal [ADC counts]
£h

i i P
SRR RARREAARREAARRE

0.5

IJIII.JIII.JIILlJILlJII.-

]
L

LR T e e e L L T I T

Ij—

A T BT

T I

240 560 580 500 520 340 960 380 400
Time [2 ns counts]

Figure 3.24: Fitting (red line) obtained from the overlapping signals
(blue dashed lines) of three different waveforms (black points)
(Adamczak et al., 2018).
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Characterization

In order to characterized the Beam, the use of Hodoscopes was necessary. Indeed,
thanks to its role of optimization and control of beam orientation, the number of
beam muons has been obtained by using the total charge collected, observable in
Figure 3.25. Once obtained, the group found the values to be consistent with the
previous results (Adamczak et al., 2018).
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Figure 3.25: Number of muons obtained using the hodoscopes and
the total charge collected information. In the top left image, the total
charge distribution is represented. In the top right and left bottom
images the information obtained from the X and Y views are
respectively represented. In the last image instead, the total
accumulated charge is represented. One line is in evident contrast with
the others, due to the fact that one cable of the apparatus was
disconnected (Adamczak et al., 2018).

Detection of Characteristic X-rays

Here, the results for each type of Detector are presented.
At first, consider the results for the LaBrs using a PMT readout, in Figure 3.26. The
acquisition time has been considered to be around 10 ps while the entire windows
has been separated in pre-trigger, prompt phase and delayed region. The last region
is the most interesting since almost the majority of the muonic X-rays are produced
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here (Adamczak et al., 2018). The three region can be observed in Figure 3.26a.
In Figure 3.26b the delayed spectrum of gaseous hydrogen with a contamination
of oxygen is shown, reporting also the difference in presence and in absence of
background.

Focusing just on the Ko line, the value measure for the X-rays detection is
about 133 keV with an energy resolution of 8.5%, value that fits perfectly with the
reference one and its uncertainty. This demonstrate the good performance of the
LaBrs detectors, especially the good spectral and timing performances (Adamczak
et al., 2018).
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Figure 3.26: (a) Time spectra using the LaBrs(Ce) crystals using the
PMT readout. The three different regions considered are: pre-trigger
(black), prompt phase (red) and delayed region (green). (b) Delayed

spectrum of the a mixture gas composed by H2 and a small fraction of

O>. In the upper spectrum, the background is present while in the
bottom it is not. The energy resolution for a K« line of 133 keV is
about 8.5% (Adamczak et al., 2018).

Several problems occur in the study of the detection using the LaBrs detectors
with SiPM array readout.

First of all, the target wasn’t composed just by Hydrogen and Oxygen bust also a
strongly contamination of Nitrogen is present. In addition, the in situ experiment
was characterized by environmental interference, like the electronic noise or the
temperature excursions. These problems caused the values to be worse from those
obtained in laboratory (Adamczak et al., 2018).

The spectrum of pure Hydrogen with contaminations can be observed in Figure
3.27.

Although all the problems faced, the results demonstrate that the coupling be-
tween the crystal and the SiPM could be useful in regions of difficult access of the
detector. Also, to not be forgotten is the fact that the corrections for the temper-
ature gain drift have improved the energy resolutions up to 4% level (Adamczak
et al., 2018).

For the last case, the HPGe detectors shown a particularly ability in the
intercalibration of the entire apparatus, observable in Figure 3.28 where a spectrum
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Figure 3.27: Spectra of LaBr3(Ce) crystals coupled to SiPM array
readout. The peaks are related to heavy materials: Au, Ni and Al
(Adamczak et al., 2018).

of the mixture Hydrogen and Oxygen is depicted.
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Figure 3.28: Energy Spectrum using the HPGe detectors coupled to a
fast amplifier, an ORTEC 579. The range considered is between 50 and
300 keV. The characteristics X-rays are visible and just as example
three peak energies of the Oxygen are shown (Adamczak et al., 2018).

At the same time, observing the time structure of the beam pulses using a
GLP HPGe detector (Figure 3.29a) and the time evolution of the K, line energy
distribution (Figure 3.29b), it’s possible to say that this detector presents a good
energy resolution of about 2% in the region of interest with a good time resolution
and possibility to resolve some pile-up events (Adamczak et al., 2018).
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Figure 3.29: (a) Reconstructed time evolution from the HPGe
detector with shown peak-to-peak distance of 321 = 1ns and FWHM of
two peaks corresponding to 65 +2ns and 68 £ 2ns. (b) Time evolution

of the K, lines transition from 2p to 1s using always the HPGe

detector. In the upper reconstructions are shown some prompt peaks
while in the bottom are shown the delayed (Adamczak et al., 2018).

"FAMU: study of the energy dependent transfer rate A,,_,,0”

In addition to the muon transfer rate, also the energy transfer rate is one of the most
important parameters to determine in order to characterize the detector system and
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to be able to establish the proton radius with a higher accuracy.

The (Mocchiutti et al., 2018a) article focused its attention to this dependence,
detecting so the transitions that occurred in the muonic atoms. The data considered
to study this transfer were taken of 2016.

As already explained before, the energy dependence must be exploited according
to some heavy atoms, like Oxygen, for which this dependence exists.

The experimental apparatus is shown in Figure 3.30, where eight detectors of
LaBr3(Ce) are arranged in a star-shape structure around the target, in front of which
is positioned the hodoscope. Two detectors of HPGE are inserted further away, due
to their sensitivity to the pile-up effects.

Figure 3.30: Eight detectors arranged in star-shaped structure,
positioned closed to the target system. The HPGe detector instead is
attached further away (Mocchiutti et al., 2018a).

To study the kinetic energy transfer rate, the experiment must be performed

in thermalized conditions such that the energy of interest follows the Maxwell-
Boltzmann distribution (Mocchiutti et al., 2018a).
The quantity of Oxygen gas considered was about 3% in order to have a longer
mean transfer time with respect to the time required for the data acquisition of
about 150 ns. In this range of time, the system is fully thermalized after the arrival
of the last muon (Mocchiutti et al., 2018a).

The equation describing the variation of the number of muonic hydrogen atoms
N, in the time interval is (Mocchiutti et al., 2018a):

dAN,p(t) = S(t)dt — Npp(t)Aaisdl (3.1)
and the total disappearance rate Ags:

Adis = Ao + ¢(CpAppu + CpApd + COApO) (32)
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where:

e S(t) = number of muonic hydrogen generated in the time interval;

Agis = total disappearance rate;

Ao = disappearance rate of the muons bounded to hydrogen;

Appy = formation rate of ppp ion in collision with hydrogen;
e A\,; = muon transfer rate from the pp to the deuterium;
e A\, = muon transfer rate from the up to the oxygen.

The different values of the parameters necessary to set up the detection system
are described in Table 3.9.

Parameters Values

T (K) 300

P (bar) 41.00 £ 0.25

Oy concentration (%) (0.30 £ 0.09)

No (atom/cm?) 4.25 x 10%2

# densities LHD atomic units (4.869 £ 0.003) x 1072
Atomic concentration Oxygen (1.940.3) x 1074
Deuteron concentration 564 4 (1.358 £ 0.001) x 10~*
Appp s71 2.01 x 108
Apa(T) 571 1.64 x 10'°

Ao s~ (4665.01 % 0.14) x 102

Table 3.9: Values of the parameters used in Equations 3.1 and 3.2
(Mocchiutti et al., 2018a).

The data analysis is based on the extraction of the transfer rate in function of
the kinetic energy of the muonic atom. The path to follow starts with the calibra-
tion of the LaBrs(Ce) detectors, followed then by the integration of all the signals
(Mocchiutti et al., 2018a).

After this first step, the good events have been recorded from the data of 2016
and the selection efficiencies were evaluated. The delayed events are then used to
obtain the energy spectrum in range of temperatures from 50 up to 500 keV for
K, (133keV), Kg(158keV') and K, (167 keV') where the transfer rate from hydrogen
to Oxygen is evaluated. In order to obtain this value, the temperature must be
recorded due to the dependence from it (Mocchiutti et al., 2018a).

For each spectrum, the estimation and subtraction of the background has been per-
formed. Just in the end the mean kinetic energy of up can be obtained.

Detector Calibration

As for the (Adamczak et al., 2018) experiment, a coupling between C++ and
ROOQOT software has been used.
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An ADC has been used in order to detect the X-rays signals. Here the Prompt and
Delayed X-rays lines were used to correct the fluctuations related to the tempera-
ture. The spectrum obtained using the ADC then has been converted into energy
thanks to the comparison with the detected peaks (Mocchiutti et al., 2018a). The
spectrum of the calibrated eight detectors can be observed in Figure 3.31.
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Figure 3.31: Energy spectrum of each LaBr3(Ce) for delayed events
(Mocchiutti et al., 2018a).

Data Selection

The data analysis aims to study the time evolution of the X-rays signals coming
from the oxygen in the trigger time windows, corresponding more or less to an
acquisition of 10 ns. In this analysis, the prompt emission is the time occurring
from 0 up to 1200 ns, at the end of which starts the delayed phase (Mocchiutti
et al., 2018a).

The waveform is recorded every 2ns and read then by the software to extrapolate
the information about the single pulse, recognized thank to a threshold superimposed
on the derivative of the waveform. The simulation performed on this part of the
experiment shows that the software was able to detect X-rays with energy higher
than 20 keV and separation higher than 15ns with a 99.9% efficiency or even higher
(Mocchiutti et al., 2018a).

On Figure 3.32a it is possible to observe the time distribution of X-rays, where
the peaks correspond to the muon arrival time with 72 ns of FWHM and 320 ns of
separation. On Figure 3.32b, instead, the percentage of the signal pulses is shown.
In the prompt emission, it’s possible to observe the presence of the pile-up effects,
presence that is very reduced in the delayed phase.
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Figure 3.32: (a) Representation of time evolution of X-rays. The
peaks correspond to the muon arrival time with 72 ns of FWHM and
peak-to-peak distance of 320 ns (Mocchiutti et al., 2018a). (b)
Percentage of the single pulses as function of the time. In the prompt
phase it’s evident the presence of the pile-up effects, remarkably
reduced in the delayed phase (Mocchiutti et al., 2018a).

Background Subtraction and Fitting

The estimation of the background caused several problems. At first, in Figure
3.33a it’s possible to observe the spectrum obtained in a certain time bin for a
corresponding temperature.

Due to both physics and electronics, the detector signals show a tail reaching

the low values, tail that in case of the oxygen mixtures reached values lower than
100 keV'. For this reason, the estimation of the background wasn’t possible just
considering the data (Mocchiutti et al., 2018a).
In order to overcome this issue, the group tried to consider the spectrum of the
target filled with pure hydrogen at same temperature and pressure, observing in the
better results, but not the best ones. Indeed, following this strategy, the obtained
statistics was so low to generate fluctuations on the signal. These fluctuations were
removed by using a gaussian kernel to smooth the hydrogen data set (Mocchiutti
et al.,, 2018a). In this way, just the systematic errors remained, composed by the
fluctuations generated by the normalization of background and type of subtraction.
The net result was so a systematical fluctuations around the true value of the mea-
sure transfer rate. The test here explained was useful to determine the systematic
error between 5% — 20%, error that is summed to the statistical error in each spec-
trum, as can be observed in Figure 3.33b, where the fitting lines for time dependence
are shown.
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Figure 3.33: (a) Example of energy spectrum signal. The time bin
considered is between 1450 ns and 1650 ns. There are different lines:
energy spectrum in black, signal spectrum in blue, H background in
green, H background using the kernel in red and the derived
background in pink (Mocchiutti et al., 2018a). (b) Oxygen signal in
function of the time at 300 K (blue) and at 100 K (green). The
statistical and systematic errors are summed up and shown in error
bars (Mocchiutti et al., 2018a).
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The group in 2018 so obtained a preliminary test for the transfer rate in function
of the temperature. This is, effectively, the first precise measurement of this depen-
dence, shown in Figure 3.34. The work shows a good agreement with the results
obtained previously at the PSI (Mocchiutti et al., 2018a).
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Figure 3.34: Result of the transfer rate in function of the
temperature. This result is in accordance with the result obtained
previously at PSI (Mocchiutti et al., 2018a).
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3.2.3 2019

”First measurement of the temperature dependence of muon transfer rate
from the up atoms to oxygen”

The (Mocchiutti et al., 2020) experiment was performed using a target composed
by a mixture of molecular Hydrogen and molecular Oxygen, this last with a con-
centration of 190 ppm. This value was chosen in order to have a longer mean life
time of the up atoms than 150ns, allowing also a long-time observation (Mocchiutti
et al., 2020).

The pressure considered was about 41 bar at room temperature and the expe-
riment considers six temperatures controlled by two sensors: 104 K, 153 K, 201 K,
240 K, 272 K, 300 K. Each of these temperatures was maintained stable for three
hours for the data extraction (Mocchiutti et al., 2020).

The number density of target was chosen to allow fast thermalization of the
muonic atoms (< 150 ns) and fast quenching (~ 10 ns).

In order to estimate the muon transfer, the time evolution of the muonic-oxygen
lines must be studied with the consideration that the presence of the background of
X-ray prompt emission must be suppressed, keeping just the steady-state delayed
X-ray. This strong reduction has been performed by observing the muon transfer
process after the end of the muon pulse (Mocchiutti et al., 2020).

The equations behind this study are Eqs. 3.1 and 3.2 while the values of the
parameters can be observed in Table 3.9. The only unknown parameter, obtained
using these equations, is A,o (7).

After the reconstruction of the X-ray signals using a fitting procedure, the com-
bined efficiencies were about 95% that is constant above 2000 ns. This parameter
tends to decrease up to 92% at 1200 ns (Mocchiutti et al., 2020).
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Figure 3.35: Spectrum of energy at 104 K with two time
bins:[1140, 1283] ns (left) and [3717,4183] ns (right). In both the
figures: energy spectra (green line), estimated background (red line),
signal without background (grey area) (Mocchiutti et al., 2020).
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In Figure 3.35 are shown the energy spectra for a temperature of 104 K in two
time bins: between 1140 ns and 1283 ns on the left and between 3717 ns and 4183 ns
on the right. The red dots represent the line of the estimated background.

In Figure 3.36 instead the time dependence of oxygen is shown for two tem-
peratures: 300 K and 104 K. The statistical and systematic errors, measured as
described in the previous paragraph, are represented by the error bars.
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Figure 3.36: Time dependence of oxygen at two different
temperatures of 300 K (green) and 104 K (blue). The different slope of
the two curves is a symptom of the temperature dependence
(Mocchiutti et al., 2020).

The fitting lines were obtained considering a time interval between 1200 n.s, coin-
ciding with the beginning of thermalized phase, and 6500 ns from trigger. Here, the
dependence from the temperature is shown in the different slopes of the two lines.
The values of muon transfer rate from the up to the oxygen are shown in Table 1
with their corresponding temperatures (Mocchiutti et al., 2020).

Mean Temperature (K)  A,o(T) (101°s71)

104 3.25£0.10 £0.07
153 5.00£0.11 £ 0.10
201 6.38 £0.10 £ 0.13
240 7.624+0.12+0.16
272 8.056+0.124+0.17
300 8.68 £20.12 £ 0.18

Table 3.10: Estimated transfer rate from muonic hydrogen to oxygen
with corresponding temperatures (Mocchiutti et al., 2018a).
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In the end, the result of the experiment is shown in Figure 3.37. The interval
considered is between 0.01eV and 0.1eV. This interval has been chosen because
outside of this interval the contributions to A,o(7'; P) from high-energy and lowest-
energy intervals are very small (Mocchiutti et al., 2020).
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Figure 3.37: A,o graph with respect to the other work results. The
kinetic energy range is between 0.01 eV and 0.1eV. The shaded region
corresponds to the uncertainties related to: experimental (light gray)
and fitting-model (dark gray) (Mocchiutti et al., 2018a).

3.2.4 2020

”The FAMU experiment: muonic hydrogen high precision spectroscopy
studies”

Since it is one of the most recent published article, the (Pizzolotto et al., 2020) has
been widely used in this chapter to express the theories and the experimental appa-
ratus behind the FAMU experiments. For this reason, the focus of this paragraph is
on the Monte Carlo Simulations, together with parameters values and results that
the group expected to reach in a real experiment.

To reach the final design of the detection system, the delayed background has
been studied through several simulations taking in consideration the target condi-
tions (pressure of 7bar at a temperature of 80 K) (Pizzolotto et al., 2020). The
Figure 3.38 shows the different contributions to the background from the elements
composing the target and the various material of the components of the detection
system. Two peaks are quite visible, corresponding respectively to the K, of oxygen
at ~ 130keV and to the unresolved K3 and K, at ~ 160 keV. The group found
that, in this configuration, the signal contained more than 50% of the total detector
spectra (Pizzolotto et al., 2020).
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Figure 3.38: Simulation of energy spectrum coming from X-rays in
the target system. Several contributions to the spectrum are
represented (Pizzolotto et al., 2020).

The multipass optical cavity has been designed using a simulation tool called ray
tracing, controlled by a MATLAB software (Pizzolotto et al., 2020).
In order to fulfill the cavity with light, a system of mirrors has been developed such
that the light impinges on them about 1000 times, after been injected in the cavity
by two parabolic mirrors. Working with this system, the lifetime of the photons in
the cavity and the interaction path of up are directly influenced, respectively 304 ns
and 91 m (Pizzolotto et al., 2020).
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Figure 3.39: Ray tracing simulation. Black dots represents the
injection parabolic mirrors. The colored lines represent the mirror: the
green one refers to the cylindrical part of the mirror, the magenta one

to the flat part instead (Pizzolotto et al., 2020).
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By moving the parabolic system and so the injection angle, the beam focus
changes, allowing an higher or lower ray path.

In Figure 3.39, a simulation of the ray tracing is shown, demonstrating the complete
filling of the optical cavity.

In addition to the simulation, the beam parameters must be kept under control,
in order to also avoid little fluctuations in shape and position of the beam. This
control is performed by using a beam profile monitor. The system so developed
allows the experiment group to: tune the beam, monitor the intensity of each beam
pulse and deliver timing information (Pizzolotto et al., 2020).

Thanks to the Monte Carlo simulations, the number of muons formed in a 2 x
2 x 10 cm? can be determined. The group expected the 8% of the muons to form the
muonic hydrogen, in comparison with what has been obtained in 2018 (Pizzolotto
et al., 2020). Considering 12 detectors and 24 hours of work, an half with the laser
and the other half without the laser, the number of the expected signal is about
12000 in both the situations.

In order to reach the goals of the experiment, 1% of statistical fluctuations has
been estimated to be enough. Under these conditions, the Signal to Noise ratio was
expected to be between 4 and 20 (Pizzolotto et al., 2020).

The estimation of a wavelength window around the expected resonance position
is necessarily to understand the number of measurements to take. The resonance
position, or the hyperfine splitting energy, is taken to be in an interval of width
0.00013 eV, equivalent 30 GH z.

By the way, when performing the experiments, the group took more measure-
ments with respect to those necessary, between 100 and 200 (Pizzolotto et al., 2020).

3.2.5 2021

”Measurement of the muon transfer rate from muonic hydrogen to oxygen
in the range 70 — 336 K”

The exploration of the temperature dependence of the muonic atoms transfer rate
takes an update in 2021 with the (Pizzolotto et al., 2021) in which an enlargement
of the temperature interval has been considered, specifically between 70 — 336 K.

The experimental apparatus to which the article refers is that of the 2018 (Adam-
czak et al., 2018).

As for previous experiment, the temperature dependence of the muon transfer
from muonic hydrogen to oxygen is measured by changing the temperature of the
target in a certain interval.

The data used in this analysis were performed in March and December 2018,

under the same experimental conditions (Pizzolotto et al., 2021). Since the cryogenic
compressor works at a pressure of 22.8 bar, which corresponds to a temperature of
350 K, the maximum temperature consider was about 340 K.
For what concern the data taken in March, four temperatures were considered:
272 K, 300 K, 323 K and 336 K. Also, in order to reduce the vibrations transmitted
to the laser system, the final experiment is performed using liquid hydrogen. In
December, instead, the experiment is performed to obtain data at the temperature
of the liquid nitrogen, 80 K, while lower temperatures are used to explore the region
of the oxygen condensation (Pizzolotto et al., 2021).

30



Chapter 3

FAMU Experiment

Within the first two hours, the temperature decreased almost linearly from 300 K
to 30 K and the data in the interval [100,300] K were confronted with the data
extrapolated in the first measurement of the temperature dependence. The experi-
mental conditions were different of course, but it was necessarily to study the oxygen

concentration (Pizzolotto et al., 2021).

In Figure 3.40a the time-dependence of Hs/Os in the two dates is shown while in
Figure 3.40b an example of digitized waveform is depicted. The starting time of the
pulse, t,, is measured by using a first derivative of the waveform larger than three
times the local average fluctuations. In the end, the baseline with a RMS larger
than 20 ADC counts are rejected in order to increase the resolution (Pizzolotto et

al., 2021).
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Figure 3.40: (a) Time dependence of Hy/Os target temperature in
March (left) and in December (right) (Pizzolotto et al., 2021). (b)
Left: Example of digitized waveform where different cases are shown:
well separated pulses (first and fifth peaks), overlapping pulses (second
and third pulses), saturation of FADC counter (fourth). Right:
Example of starting time distribution of the signals when muons are

captured by the target (Pizzolotto et al., 2021).

When the first derivative of the waveform goes back to zero the pulse amplitude
is recorded. The pulses are rejected in one of these cases (Pizzolotto et al., 2021):

e The pulse doesn’t go to zero (unresolved pulse) or are above this pulse;

e Time separation between peaks lower than 30 ns for which the pile-up effects

verify;

e Pulses that saturate the FADC counter (214).
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Using prompt X-rays from the elements of the target like Aluminum and Nickel

and the delayed X-ray signals from oxygen (133 keV') and from electron-positron
annihilation (511 keV') the pulse amplitude is calibrated in energy (Pizzolotto et al.,
2021).
Figure 3.41 shows the calibration curve of the LaBrs)(Ce) in which the points are
obtained by fitting the pulse-height spectrum with a combination of gaussian peak
and functional model. As can be observed, the relation between amplitude and
energy corresponds to a second degree polynomial equation. The FWHM at a K,
line is about 10% (Pizzolotto et al., 2021).
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Figure 3.41: Calibration curve of LaBr3(Ce) detector showing the
relation between the amplitude and the energy (Pizzolotto et al., 2021).

In Figure 3.42 the energy spectrum using all the detectors of the delayed X-rays
is shown. The gray area represents the background, normalized in energy range
without X-ray lines between 250 keV and 350 keV'. The first peak corresponds to
the K, while the second corresponds to the unresolved Kz and K, lines (Pizzolotto
et al., 2021).
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Figure 3.42: Energy spectrum with Ho background subtraction
(right). Energy spectrum of delayed X-rays produced in the target in
the range 900 ns — 1200 ns (Pizzolotto et al., 2021).
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Figure 3.43 shows the time dependence muon transfer rate to oxygen using all
the detectors. In March, the data are divided in 50 ns starting from 900ns while
in December the data start from 1000 ns with the bins obtained logarithmically
(Pizzolotto et al., 2021).
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Figure 3.43: Muon transfer rate time dependence measured in March
(left) and in December (right) using all the LaBrs(Ce) detectors
(Pizzolotto et al., 2021).

Considering a temperature interval between 70 K and 336 K, the values of the

measured muon transfer rate from muonic hydrogen to oxygen are shown in Table
3.11.

T (K) Ao(T) (1019s71)

70 2.67+0.40£0.32
80x£0.5 296=+0.11 = 0.36
323 £0.5 8.88+0.6240.66
336 £0.5 9.37x£0.57 £ 0.70

Table 3.11: Estimated transfer rate from muonic hydrogen to oxygen
with corresponding temperatures. The first error corresponds to the
sum in quadrature of statistical and systematic uncertainties associated
to background subtraction. The second corresponds to systematic
error associated to the target gas composition (Pizzolotto et al., 2021).

These values are reported in Figure 3.44, compared to the values measured
in 2016 and other previous results (for the experimental results obtained from
Werthmiiller et al., Dupays et al. and Le and Lin, refer to the bibliography of
(Pizzolotto et al., 2021)).

The temperature dependence of A, confirms the relation between temperature
and muon transfer rate and extends it in a larger range of temperature.
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Figure 3.44: Measurement of the muon transfer rate A,o as function
of the temperature compared to previous results (Pizzolotto et al.,
2021).
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Chapter 4

Circuitry

The overall circuit of each module controlling the detection has been described in

this chapter.

Figure 4.1 represents a scheme of one module, all the others share exactly the
same configuration. Also, one module controls one and only one detector.

LaBrs

Idiv

HV Feedback

HV
K] PMT | HV
:l Divider Generator
[P] ‘
Front
Front End End
GSPS
BaselLine
Resolver
Buffer
Acquisition

Module

Figure 4.1: General Circuit of a module. The two main components
are shown. The First Block comprises: LaBrs, PMT, HV Generator,
HV Divider, the two Front End, the BaseLine Resolver and the Buffer.
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The Second Block is composed by the HV Feedback.




Circuitry

Each module then can be considered as composed by two main parts:
e First Block of the Circuit:

— High-Voltage Generator;

— High-Voltage Divider;

— PhotoMultiplier Tube;

— First Front End;

— Second Front End, optimized for the GSPS;

— BaseLine Resolver;
— Buffer.

e Second Block of the Circuit:

— High-Voltage Feedback.
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Chapter 4 Circuitry

4.1 First Block of the Circuit

4.1.1 High-Voltage Generator

The HV Generator takes in input voltages equal to +5 V. This generator at high
precision provides voltages that vary very little as the temperature changes. Its
voltages are injected directly in the HV Divider which, in turn, provides it to the
PMT.

4.1.2 High-Voltage Divider

In this first part of the circuit, the coupling is bright. It means that the arrival of a
photon produces scintillation light, successively collected from the PhotoMultiplier
Tube, represented in Figure 4.2.

X DYl DY2 DY3 ST“ D¥S DYE DY7 DY8 % DYL10 pyll p¥iz » | 7 P —>p
1 a7 I? 705, 4‘\16 649, is 594.3 23 539, GT:Z 485 01] a1 Iq ar IS 336.8 12 281 110 225 ﬁ FEI

Figure 4.2: PhotoMultiplier Tube circuit. Thirteen dynodes are
positioned with increasing voltage, starting from a negative voltage on
the cathode and ending with a more positive one on the anode.

In the PMT, the dynodes are positioned at a negative voltage on the cathode,
with a more positive one from dynode to dynode such that the electrons can be
attracted to the next dynode and reach so the anode. This positive escalation
of voltage from one dynode to the next one is given by the HV Divider. The
High-Voltage (HV) Divider has been studied for a long time due to the innovative
characteristics of the Lanthanum Bromide, as the high counting rate with a yield
of light higher than 120% and responses of the order of 10 ns. The outcoming
phenomenon is a large amount of light in a very short time which results in extreme
energy pulses causing high currents on the dynodes. To respond at these high
currents, the capacitance must be high so the capacitors can provide the required
energy to all the pulses and not just to one of them. Different capacitance are
positioned, as shown in Figure 4.3:

e The first line has capacitance of the order of 1 nF" but is faster than the other
lines;

e The second line has capacitance of the order of dozens of 10 nF with slightly
lower speed;

e The last line has higher capacitance with respect of the others (order of hun-
dreds of nF') but they are much slower.

The response so occurs starting from the faster line up to the slower one. In
all the stages, the MOSFETS, shown in Figure 4.3, with a response of the order of
4 ns have the function to keep the slower capacitors charged such that they charge
the faster ones. In this way, the system is able to respond even in case of higher
amount of pulses per second (> 3 Mpulses - s). It would possible to work also with
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Figure 4.3: Capacitors block together with the MOSFET. The first
line of is the fastest, the second is a slightly slower while the third line
is the slowest. The MOSFETSs ensures all the capacitors to be charged.

5 Mpulses-s but at that point the response of Lanthanum Bromide will be no longer

linear.
As shown in Figure 4.4, between the end of the HV Divider and the ground there

is a resistance of R = 2200 Ohm. Considering a certain voltage applied (V') and the
total resistance (Ry,) of the circuit it’s possible to measure the current (/) flowing

in this part of the circuit, as in Eq. 4.1.
v
I=———
R+ Ryt
Knowing the current, it’s possible to extract the module of the voltage drop
(AV) at the ends of R, as shown in Eq. 4.2.

AV =1-R (4.2)

(4.1)

... Other resistances ... R19
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Figure 4.4: I, voltage part of the circuit.

This voltage is indicated as a current since it is used specifically to determine
how much current flows in the circuit. In less words, these voltage represents a
monitor that tells the value of the HV on the HV Divider and the current.
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To be mentioned, the HV is negative which means that also Iy, is negative and
it is not used so.

Just in paragraph 4.2.1 the [, will be used while in the next paragraphs the
input of the circuits will be the signal coming from the anode.

4.1.3 First Front End

The First Front End is just a simple Current-to-Voltage Converter, the stage of
which can be seen in Figure 4.5.
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Figure 4.5: First Front End circuit. The signal passes through the
operational amplifier and arrives on the resistance (R25) on which it’s
possible to measure the voltage drops.

Due to the high speed of the pulses the circuit is composed by a very high
quality operational amplifier with a bandwidth of 750 M Hz. The anode output
passes through the amplifier and then it goes on to a resistance making possible to
measure the voltage drop at its ends. Exiting from the Front End, the signal enters
in the next stage: the BaseLine Restorer.

4.1.4 Second Front End

This kind of Front End is optimized for the GSPS system but it is also much com-
plicated than the first.

The negative signal coming from the anode of PMT enters in the Charge Sensitive
PreAmplifier (CSP) and it goes in a couple of integrated called Current Mirrors,
installed to maintain the Feedback Capacitor discharge.
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In the end, the output signal is a positive peak that must be inverted since the
signal that enters in the BaseLine Restorer must be negative.
Charge Sensitive PreAmplfier

The CSP is composed by an amplifier stage at very high impedance and a Feedback
Capacitor, as shown in Figure 4.6.

Q3z2c Q29D
BCve62C

51
THS4631
R374

Figure 4.6: CSP circuit. The negative signal enters in the CSP (blue
circle), passes through the Current Mirror system (red circle) and exits
as a positive peak. Other two elements have been highlighted: the
capacitor to keep discharged (green circle) and the resistance
controlling the current flowing in the branches of the Current Mirror.

Since the gain can be obtained as:

1

Cfeedback

G (4.3)

smaller capacitance on the circuit will mean a higher gain. The feedback capacitor
is typically used to read signal from the solid state. Since the signal from the PMT
is already a very large value, the capacitance of this capacitor should be greater
(~ 300 pF') than the usual case. Once a pulse arrives to the capacitor, it charges
itself to reach the amplitude of the pulse and maintain this value. This mechanism
is executed for all the incoming pulses and at some point the saturation level, given
by the supply voltage, will be reached. This causes the saturation of the amplifier
that will be blocked for a non insignificant period of time. The common solutions
(that have been discarded) are the following:

e Usually, to maintain discharged the system, a resistance is placed in parallel
to the capacitor. This resistance will discharge the capacitor whenever a pulse
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reaches it. Since the resistance introduces a lot of thermal noise (also known
as Johnson noise), it’s value should be very high to reduce significantly the
noise.

Now, the falling edge of the peak is represented by:

Tfalling = R- Cfeedback

and so it means that the curve will have a very fast rising edge but a very
slow falling edge, with a period of time of several orders higher than that of
the rising edge. This is a problem considering that the experiment requires a
high count rate. So, adding a resistance it’s not a possible choice;

e A transistor is also another solution. It will work as a switch to short-circuit the
input and to discharge the input without using the resistance. The use of this
component will require a more complicated circuit, introducing a comparator,
a flip flop and so on. In this way, maintain a high SNR will be very difficult
and so neither this is a good choice.

The choice falls on the Current Mirror to discharge the capacitor, a system that
takes the current on one transistor and replicates it on the second transistor. Two
of them are placed in cascade in order to have a much higher impedance as required
by the CSP. So the Current Mirror takes the polarized voltage from the CSP and,
thank to the resistance near the Mirror Current, a known current flows in the circuit.

So when there is a peak as input, it is inverted by the CSP. As the voltage of
the peak increases also the polarized voltage of Current Mirror increases and so a
current peak is generated that will be sent to the input. Doing this, two opposite
peaks interact with the result to cancel the integration and so to reset the baseline.
Working in this way, a CSP with continuous reset of the voltage is formed.

Considering the output of CSP, it doesn’t have a zero output due to some slow
moving voltage offsets. In order to cancel these effects a slow acting integrator is
used, as shown in Figure 4.7.

It extracts the exit of the CSP and uses as feedback a capacitor and a resistance,
both of high value.

OPA140
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10uF 20K R376
1k
Y4

Figure 4.7: Circuit used to cancel the offset affecting the CSP
output, using a capacitor and a resistance as feedback.
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A difference between the Front End and this Second is that the last has a quick
rising edge and a slow falling edge. For example, if the rising edge is of the order of
10 ns, the falling edge should take a period of time of the order of 100 ns, as shown
in Figure 4.8.

!_Rising Edge Falling Edge ]

Figure 4.8: Example peak to show the difference between the Rising
and Falling Edges in terms of times.

Before to enter in the Baseline Restorer circuit, the signal is inverted again using
an operational, shown in Figure 4.9, since the BaseLine works only with negative
signals.

us0
™1 LM7171

6

Figure 4.9: Operational to invert the signal coming from the CSP.

4.1.5 BaseLine Restorer

Due to the fast pulses and to the high rate count it could happen that consecutive
pulses overlap, as shown in Figure 4.10. This overlapping causes the moving of
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baseline, which would be otherwise fixed. The moving of the baseline is the primary
cause of the problems in measuring thoroughly the peak amplitude.

X

Figure 4.10: The overlapping of the pulses (blue curves) causes the
movement of the baseline (green line) with subsequent problems in the
measurement of the peak amplitude.

So the baseline needs to be maintained constant and the Restorer is used for this
task. Its circuit is shown in Figure 4.11.
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Figure 4.11: Circuit of the BaseLine Restorer. In black there is an
operational working also as Buffer, as explained in 4.1.6. In green are
shown the Schottky diodes.

Basically, the BaseLine Restorer contains several Schottky diodes that are very
fast and have a gap of about 0.3 V' which results in a very low voltage drop. These
diodes open and close as switches depending on where the pulse is in that moment.
The effect is that of a very small cut of the tail at its end. This cut is so small that
is not visible and the pulse seems to go to zero perfectly, as shown in Figure 4.12.
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Figure 4.12: Small cut at the end of the tail of the pulse.

4.1.6 Buffer

As shown in the previous paragraph, the BaseLine Restorer contains an operational
that works as a Buffer. Its scheme is shown in Figure 4.13.

ADA4B57
[

Figure 4.13: Buffer circuit

The Buffer is introduced just to increase the signal current since it passes through
3 m of coaxial cables in which the signal risks to disperse with subsequent increase
of noise.
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4.2 Second Block of the Circuit

4.2.1 High-Voltage Feedback

From now on the input of the circuit will be the Iy, voltage.

Filtering and Gain Control

In the first stage, the voltage Iy, is inverted, filtered and the gain is controlled, the
circuit shown in Figure 4.14. So, 14, enters in the circuit and passes through a buffer
with an impedance so high that the HV Divider doesn’t even notice the extraction
of signal. After the Buffer, the signal enters in another operational amplifier which
has the objective of inverting the signal, converting Iy, in a positive voltage. In
addition, the circuit of this amplifier contains a filter to eliminate the frequencies
higher than 15 K Hz. This filter is necessary from the moment that, extracting 1;,,
also the high voltage noise of the HV Divider will be present and it requires to be
removed.

Figure 4.14: Schemes of: Buffer Circuit used in the HV Feedback
(red circle), Control Potentiometer to vary the gain (yellow circle),
Operational Amplifier containing also the filter to remove the
frequencies higher than 15 kHz (green circle).

Always looking at the Figure 4.14, between the buffer and the amplifier, there
is a control potentiometer, able to change the gain of this stage. In the end so, a
voltage Al is obtained. This voltage is of course proportional to Iy, and also to
the High Voltage. If the High Voltage changes in one verse or another, even the Al
voltage changes in the same direction.

The proportionality factor between the High Voltage and the Al voltage depends
on this control potentiometer.

Until now, the circuit can be considered as shown in Figure 4.15.

Filter and
ldiv > Gain } Al
Control

Figure 4.15: Representation of Filter and Gain Circuit.
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High Voltage Control

The first component to consider for this part of the circuit is the Digital Poten-
tiometer, shown in Figure 4.16. This potentiometer gives to the circuit a variable
voltage between 0 and +2.5 V.
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[ 1

AD5111-10k

Figure 4.16: Digital Potentiometer Component.

The signal coming from the digital potentiometer is used to control an opto-
coupler, a diode led shown in Figure 4.17. This diode led is powered by a current,
an amplifier and a potentiometer. If the resistance increases, a lower current will
flow in the optocoupler which will produce a less intense light. This optocoupler is
fundamental when it is coupled to a MOSFET.

0 '-'fIJ
5 5
U33| © 0
P -
TLP2908| < B
125-0802| E c
Photocoupler | < =

Figure 4.17: Optocoupler circuit.

Indeed, the MOSFET of the circuit works as a sink, controlling how much of
High Voltage flows according to how much voltage is applied to the Gate. The
voltage applied to the Optocoupler so is fundamental: in order to control this value,
a second potentiometer is inserted in the circuit. This potentiometer adjusts the
polarization on the optocoupler which will release a certain amount of light.

It’s important also to notice that the analog potentiometer fixes the High Voltage
while the digital potentiometer modifies this value remotely. Anyway, before to fix
the value of the analog potentiometer, the value of the digital one also needs to be
checked: if its value is already too low or too high, the analog potentiometer won’t
be able to reach a desired value.

The representation of this part of the circuit can be observed in Figure 4.18.
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Analogic
Potentiometer

Differential
Amplifier

Digita

Potentiometer Optocoupler

Al

Figure 4.18: Scheme of the High Voltage Control part. In green there
is the part related to the Low Voltage while in red is circled circuit
related to the High Voltage.

Observing this last figure, there are two parts of the circuit characterized one by
the Low Voltage and the other by the High Voltage. Indeed, the green part works
with 5V and so there is the need to separate the two parts: the optocoupler has
this task. It short-circuits the input of High Voltage from that of Low one.
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4.3 Last Link

Now, the two parts of the HV Feedback need to be linked and to do that the Iy,
voltage from 4.1 enters in the negative pin of the differential amplifier of 4.2, as
shown in Figure 4.19.

Filter and
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Control
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G
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Figure 4.19: Scheme of the circuit obtained joined the two blocks
already explained.

In this way, on the positive pin enters the voltage fixed with the digital poten-
tiometer while on the negative one enters the Al voltage, proportional to the real
High Voltage.

So the voltage outcoming from the differential amplifier, which in turn controls
the High Voltage sink, is given by:

‘/outcoming = Vdigital - VAI (44)

This underlines two different behavior with the same objective:

e Suppose that, fixed the voltage using the digital potentiometer, if the real High
Voltage flows and increases, from Vg0 is subtracted a higher value and the
outcoming voltage that passes in the circuit will be lower;

e On the opposite case, if the real High Voltage flows and decreases, from Vy;gitqi
is subtracted a lower value and the outcoming voltage that passes in the circuit
will be higher.

According to what already explained, this circuit is a negative feedback used to
stabilize the High Voltage, maintaining the fluctuations under control.

This circuit has a certain response time, slower with respect to the other parts.
This is necessary since in the circuit there are other feedback and with the same
response time there can be some interference.

In the end, the efficacy of the feedback is controlled by the control potentiometer
which establishes the proportionality between the voltages.
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Detectors’ Characterization

In this chapter two main topics will be presented.

At first there is an explanation of the LabView screen that is used to control the
semicircular crown in which are positioned the detectors. Together with the LabView
screen, also the preliminary phase is shown: which is the order of executions, which
parameters must be focus on and how to setup the GSPS command script.

In the end, the results of this project are presented, for each of the available
detector.
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5.1 Preliminary Phase: LabView and Oscilloscope

In order to characterize each detector there are some steps to follow. These steps
are based on the use of a LabView program to control the circuitry of the detection
system, which is shown in Figure 5.1. An Oscilloscope instead is used to visualize the
signals coming from the circuit, like the pulses and the voltages from the feedback
components.

Figure 5.1: LabView screen to control the entire crown. The different
parts are the following: Microcontroller 5 (red square) used to check
the Low and High Voltages; Microcontrollers 1,2, 3,4 (green
square)controlling each quadrants; the Low and High Voltages button
(vellow square); Detectors’ Digital Potentiometers with UP and
DOWN button (blue square).

The steps to follow for the characterization are the following:

1. The Microcontroller 5, shown in Figure 5.2, needs to be activated. Indeed, this
is the command related to the Teensy that checks the Low and High Voltages
and make them readable in output;

Figure 5.2: Block containing the power button of the
Microcontroller 5. The white blank space is used to display the
codes of errors if they are present.
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2. The teensy related to the quadrant under investigation needs to be used. De-
pending on how many of the quadrants one wants to consider, one or more of
them can be used at the same time. The corresponding commands are shown
in Figure 5.3. This kind of teensy is the one that contains the necessary pro-
gramming to increase or decrease the High Voltage and basically it controls
the so called Digital Potentiometer;

MicroControllers

error out 1 mce|  :Gaint eror out2 mce |2nn | :Gain2 e mf] S\ [ G smoroutd __ mee[avn  sGam4
status  code status  code status  code

stat «
0 COM Port s B COM Part | o €OM Part <4 COM Port
scom = source i‘/u com7 & source A source ﬁcams =l

e
oK1 MC1Com oK2 MC2Com 0K3  MC3Com OK4 MC4Com
IER s lees | .0 &

Figure 5.3: Commands to activate the teensy controlling the
quadrants. The Microcontroller 1 is related to detectors 1 and 2,
the Microcontroller 2 controls the detectors from 3 up to 7, the
Microcontroller 3 those from 8 up to 12 and the last
Microcontroller controls the last five detectors.

3. Turn on the Low and High Voltages, precisely in this order. Indeed, the Low
voltage need to flow as first in the circuit to supply current to all the com-
ponents of the circuit and just then the High Voltage button can be clicked.
Their buttons are shown in Figure 5.4;

Power Supply

+5.55V +15.0V Low Volt W High Volt
+[|o,n1 |] +{|o,o |] ON/OFF ON/OFF

&= QO D Q

Figure 5.4: Block containing the power button of the Low and
High Voltages. The Low voltage button must be pressed as first
and just then the High Voltage can be activated.

4. The radioactive source of ¥"Ce, emitting v photons at 662 keV, has been po-
sitioned in front of the detector under study and the Oscilloscope will shown
the curve related to the pulses, a red oscillating line related to the value of
the digital potentiometer and a blue oscillating line showing the output signal
coming from the HV Divider, as shown in Figure 5.5;
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Figure 5.5: Signal shown using the Oscilloscope. The red and
blue lines represent respectively the voltage of digital
potentiometer and the value extracted from the HV divider.

5. It’s time to use the Digital potentiometer, the controls of which are shown in
Figure 5.6. At first, the digital potentiometer need to be set using the Up
and Down commands. Since the program doesn’t have yet a step counter in
which it’s possible to know how many times the Up and Down buttons have
been pressed, the first operation is to reach its maximum value by pressing
the Up button several times until there is no more movements of the curves on
the oscilloscope. Subsequently the blue and red lines could be well separated,
as shown in Figure 5.5, symptom that the feedback system is not working
properly anymore. In order to overlap the two lines and to be sure that the
voltage of this potentiometer has a certain range in which to vary, the Down
button must be pressed a more or less 50 number of times to reach the half
of its range of steps, equal to 120. This process indeed is necessary from the
moment that a too low or too high value set on the digital potentiometer will
preclude the possibility to reach the desired voltage;
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Figure 5.6: UP, DOWN and Store button to control the value
of the digital potentiometer.

6. Once the stability has been reached, the Store command will save the value

of the digital potentiometer that will be considered from that moment until
another Store will be used;

7. Now the potentiometer controlling directly the High Voltage can be used. In-
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deed, the final characterization of the detector is performed by acting on this
potentiometer, bringing all peaks to be slightly lower than a certain voltage.
This maximum value is represented by the dashed white line, shown in Figure
5.7. The need to have all the peaks with same amplitude comes from the re-
quirement to have perfectly overlapping spectra, fundamental to consider the
total detection;

Basure  Math Analysis Utilities Help

WWWN&»&WVM-W«-&WW& 4

Figure 5.7: Signal shown using the Oscilloscope. The red and
blue lines are rightly overlapped and the peak is below the
decided maximum value, represented by the white dashed line.

All the detectors will require a different voltage to reach the dashed line (po-
sitioned around 1.2 V'), chosen to have a very lower number of saturation in
all the spectra obtained, as shown in Figure 5.8;
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Figure 5.8: Spectrum obtained using the GSPS. In the blue

square there is the line corresponding to the saturations, too

much higher with respect the dimension of the peak. In red,

instead, the errors of the spectrum due to non-stability of the
signal are shown.
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8.

10.

Once the detection system has been characterized, the analog potentiometers
should be not touched again. Since the detection system is highly conditioned
by the temperature, it could happen that the peaks will have different ampli-
tudes in different experiments. To bring back these amplitudes to predefined
values, the digital potentiometer will be used;

In the end, the GSPS is used to acquire the information about the detection.
To start the acquisition, some input parameters have to be written in Windows
PowerShell, like:

e ADC to use, inserting a number from 0 to 3;

e the trigger indicates the half value of y coordinates. It is used to decide
the minimum value at which starting the signal acquisition. In this thesis,
it’s value is around 1500;

e the number of samples, set to be 500;

e the delay time, set to be certainvalue, which indicates after how many
ns the trigger starts;

e the number of events. In order to take measurement for half of an our,
it must be 115000.

All these values has been chosen to be sure to acquire just the signal and not
possible noise signals.

The output of the GSPS is then analyzed using a MatLab program to obtain
the spectrum, shown in Figure 5.9, making possible to extract the information
like standard deviation and the position of the peak centroid.
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Figure 5.9: Histogram example of the GSPS output. It’s
possible to observe: several peaks around 2000 and 5500 which
are related to component of the detection system; one major
peak corresponding to the gamma radiation; one straight line
corresponding to the saturation.
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5.2 Results

In this section the spectra related to the detectors, shown in Figures 5.10 and 5.11,
are presented together with some useful information like FWHM, Resolution, the
voltage of each detector and the current exiting from the MOSFET.

Since this is a work in progress, not all the detectors have been studied and some
of the results so are not shown. The acquisition time window considered is about
30 minutes.
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Figure 5.10: Spectra of detectors 3, 4, 5, 6, 7, 8.
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Figure 5.11: Spectra of detectors 9, 10, 11, 12, 13.
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In Table 5.1 and 5.2 some measured characteristics of the detectors are given:
the Voltage of each detector, the Voltage exiting from the MOSFET (indicated as
a current), the FWHM, the Resolution.

The Voltage exiting from the HV Generator is set to —950 V' while the Middle
Voltage to —303 V.

Even if it is indicated as a current, the I,,,s represents the voltage associated to
the current flowing in the MOSFET. This value must be maintained quite low, more
or less around —1.00 V, in order to avoid spikes in the MOSFET that can cause
distortions or that can damage the circuit.

The FWHM has been obtained starting from the equation used for the fitted
curve which has a Gaussian Distribution:

@) = et (7))
x) = e g
2mo?
where p is the mean and o the standard deviation. For this study, p gives the
information about the position of the Peak Centroid.

At this point, the FHWM is obtained using:

(5.1)

FWHM =233-0 (5.2)
and the Resolution is given by:
FWHM
R = — 100 (5.3)

The errors associated to the measurement are obtained considering the sensibil-
ity of the instruments, like voltmeter and oscilloscope, and using the propagation
formula.

Det. Vg (V) Linos (V) u or Peak o (ch)

Centroid (ch)

Nom. Meas.
3 —848.00 £0.04 —1.15£0.01 290.33 12238.50 +2.58 378.52+ 1.83
4 —816.00 £0.04 —-1.354+0.01 261.75 12985.50 £2.86 419.43 £ 2.02
5 —772.00£0.04 —1.50+£0.01 288.54 13289.80 £2.88 379.28 +2.03
6 —852.00£0.04 —-1.16£0.01 265.09 12644.60 +2.55 357.15+ 1.80
7 —772.00£0.04 —-1.60£0.01 284.14 12650.90 +3.06 452.67 +2.17
8 —868.00 £0.04 —1.044+0.01 299.58 12475.00 £ 3.38 452.60 £ 2.39
9 —869.00 £0.04 —-0.89£0.01 295.55 12930.40 +2.34 346.24 £ 1.66
10 —920.00£0.04 —-0.80£0.01 260.24 13208.10+1.92 281.32+1.36
11 —836.00£0.04 —1.18£0.01 271.92 12815.204+1.49 218.35+1.05
12 —804.00 £0.04 —-1.384+0.01 282.01 13144.4042.00 267.89 £+ 1.41
13 —856.00£0.04 —-1.15£0.01 313.22 12329.30 +2.11 309.89 £ 1.49

Table 5.1: Characteristics of each detector extrapolated from the
oscilloscope (Vye), the voltmeter (I,,,,s) and MatLab program (u and
o). The nominal values are the same of Table 3.4.
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Det. FWHM (ch) Resolution (%)
Nom. Meas. Nom. Meas.

3 8.69 881.94+426 299 7.21£0.04
4 8.05 97726 £4.71 3.08 7.53£0.04
5t 9.03 883.72+4.74 313 6.65£0.04
6 817 832.15+420 3.08 6.58£0.03
7 8.02 1054.71£5.05 2.82 834£0.04
8 8.61  1054.56 £5.57 2.87 8.45+£0.05
9 9.26 806.74+3.86 3.10 6.24+£0.03
10 8.32 65548 +3.16 3.20 4.96+£0.02
11 793 508.75+£245 292 3.97+£0.02
12 839 62418+ 3.30 297 4.75+£0.03
13 9.24  722.03+£347 295 586=£0.03

Table 5.2: FWHM and Resolution of each detector. The nominal
values are the same of Table 3.4.
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5.3 Discussion of the Results

Looking at Figures 5.10 and 5.11, it’s possible to observe very different behaviors.
All the measurements have been taken in the office without a perfect control over
the temperature. Since this detection system is strongly temperature dependent, it
has been not possible to maintain the voltage constant and so the fluctuations have
been affected the results.

Even with this temperature problem, the characterization of the detectors has
been performed.

All the spectra present the following characteristics:

e two defined peaks produced by the detection of smaller radiation, like the
Lanthanum composing the detectors;

e the Compton Edge, effect produced by the scattering;
e the well-defined peak generated corresponding to the v emission;
e the saturation straight line.

A disturbing effect that affects almost the of spectra is related to the non-constant
voltage which causes an unfixed shifting. This disorder causes an unwanted variation
of the amplitude and so a different position of the peaks that, anyways, has been
maintained between 12000 ch and 13500 ch.

The detectors 3 and 4 show a very high saturation line, almost surely related to
the temperature problem. Indeed, the saturation level could be reached if the signal
becomes too high due to a lower temperature.

The detector 5 shows a particular shape: in the first 2000 bins, two peaks ex-
tremely large occurs, due to a sudden shut-down of the detector and so null values
have been inserted in the spectrum. Although this error, the v peak is visible. Com-
pared to this peak, the saturation line is small which results in a good acquisition.

All the peaks of the detector 6 are visible and well separated. A fourth unex-
pected peak can be noticed, probably due to the shifting.

The spectrum of the detector 7 present recognizable peaks that are evidently
affected by the shifting. Also, the saturation level is quite high.

The detector 8 presents a very low saturation line and a distinguishable v peak.
The major problem here is the region before the Compton Edge: it is most higher
than expected, probably due to a fast decreasing signal. This could be connected
to an increasing temperature of detector.

The detector 9 shows a v peak evidently affected by the fluctuations but this
doesn’t resolve in a high saturation line that remains quite small.

The next detectors are the ones with the best spectra. Even if the shifting is
present, the spectra of detectors 10, 11, 12 show very narrow and high v peaks.
Indeed, not considering the saturation line, also the detector 12 shows a high peak
with respect to the other regions.

The detector 13 has a very high v peak but not so narrow, which will result in
a lower resolution.

Consider now the values in Tables 5.1 and 5.2.

The detectors’ voltages are all in the expected range, from 750 V' up to 1000 V,
with the majority concentrated in the range [800 V', 900 V|. Detector 10 presents
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the highest module value which means it is the one with the lowest gain. Indeed, in
order to reach the value the detector need more voltage with respect to the other,
symptom of a lower gain. On the contrary, the lowest module value belongs to the
detectors 5 and 7, sign that their gains are the highest.

In addition, it’s possible to observe an inverse relationship between the voltage
module required by the detector to reach the desired amplitude and the voltage
module exiting from the MOSFET. Indeed, the lowest |Vi| = 772.00 V' of the
detectors 5 and 7 corresponds to the highest |1,,,,s|, respectively of 1.50V and 1.60V'.

Observing the values of 1, o, FWHM and Resolution obtained from the spectra,
it’s clear their difference from the nominal values, with measured Resolutions worst
than the nominal ones.

The difference between the nominal and extracted values in channel terms could
be reconducted to a different scale used in formation of the spectrum. Since the
uncontrolled temperature of the environments affects the spectrum, it should come
as no surprise that there isn’t a relation between the nominal and measured values.

An existing relation that can be observed is between the spectra and the Res-
olution values. Indeed, the spectra most affected by the fluctuations show worse
resolutions, like the detectors 7 and 8 which respectively have a measured resolution
of (8.34 £0.04) % and (8.45 £+ 0.05) %.

The best looking spectra are those of the last detectors, from 10 to 12. Almost
surely, the temperature during the acquisition of the signal from these detectors has
been maintained more or less constant.

In presence of a stable temperature, the relation between the nominal and the mea-
sured resolutions is shown: these experimental resolutions indeed follow the rela-
tionship established from their respective nominal values.

So an expected effect that wasn’t under study has been demonstrated: the strong
dependence of the detection system to the temperature.
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Conclusions

The FAMU Experiment is a project with the aim to determine with high precision
the Proton Radius. The desire to know better the internal structure of the Proton is
born in the last years when measurements on Lamb Shift using the muonic hydrogen
have define a lower value of its radius, approximately 7o lower. From the recognition
of a new road to explore, the Proton Radius Puzzle has become one of the most
interesting tasks.

To reach a value of the proton radius with the highest possible precision, a new
detection system for the FAMU Experiment need to be studied and characterized.
This is the objective of this thesis work.

The resulting model has been constructed according to previous experiments and
simulations, leading to the construction of a 17-detectors semicircular crown. Here
not all the detectors are presented for several reasons: some of them weren’t mounted
on the circuit while the acquisition using the others has not been possible since the
detection system needed to be sent to the Riken-Ral for the final acquisition. Also,
since the GSPS is not already fully completed, the detection has been performed on
one detector at the time. Since the final acquisition will required to work with all
detectors switched on, first the single quadrants have been observed and then all the
detection system has been activated. In this first characterization the acquisition
time was of 30 minutes, which is very smaller with respect to the future acquisitions.
Even with such a small acquisition time, the entire system was left on for several
ours, demonstrating so its capacity to work for a longer period.

The first operations to perform were the connection of the detection system to
the pc to control it, to the oscilloscope to check the signal shape and the positioning
of the radioactive source Cesium 137.

After the switching on of the detection system thanks to a LabView program,
the calibration of the detectors can begin.

Once the HV flew in the circuit, a signal should appear on the oscilloscope. Due
to a probable different environment temperature in which the acquisition will be
taken, this characterization of the detectors was done to set the digital potentiometer
on a modifiable value, more or less in the half of its range of steps which was set to
120. Then, acting on the two analog potentiometers, the voltage of each detector
has been modified such that all the signals shared the same amplitude. In order
to achieve this objective, a dashed line has been positioned on the oscilloscope at
1.2V, value chosen to reduce the presence of the saturation signals which can affect
the final results. In this way, when the detectors will be completely closed, the
amplitude of the signals will be modified just using the digital potentiometer.

Once the desired shape of the signal has been reached, the acquisition using the
GSPS has begun.

The results are affected by non-stable temperature of the work environment
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which results in a shifting of the spectrum and so in less precision measurements.
By observing the obtained spectra in Figure 5.10 and 5.11, all of them show a
recursive scheme: two peaks coming from the acquisition of radiation of detectors’
element, the Compton Edge, the v peak and a possible saturation line.

All these spectra are characterized in order to have a value of the centroid as
congruent with others as possible. Even if it is a wide range, the centroids are all
contained in [12000 ch, 13500 ch].

The spectra most affected by these fluctuations are those corresponding to the
detectors 5 and 7. The detector 5 also contains two unexpected peaks due to an its
involuntary shutdown in which the acquisition doesn’t have received the signal and
so null values have composed the spectrum.

Also the detector 6 shows a different spectrum: probably due to a lower tem-
perature, the amplitude of the signal increased too much in the last part of the
acquisition, generating a small peak before of the saturation lines.

On the contrary, the best spectra are those of detectors 10, 11, 12. Their v peaks
are very narrow, high and well-defined. The detector 12 shows a smaller peak as a
matter of fact, but this due to the presence of a high saturation line. Indeed, without
considering that line, the peak will be otherwise higher with respect to those in the
first part of the spectrum.

Consider now the values, shown in Table 5.1 and 5.2, obtained using a MatLab
program. First of all, the scale of nominal values is unknown and so it is different
with respect to the experimental measures.

A certain relationship is evident between Ve, and I,,,s: a higher |Vye,| will cor-
respond to a lower |I,ys|.

Looking strictly to the values, the influence of the fluctuations is clear. Indeed,
putting both the types of values in ascending order, the order of the detectors will
be different in general, resulting in worse experimental Resolutions.

Anyways, this is not completely true: the best measured Resolutions are those
of the detectors 10, 11 and 12 which are also the best from the nominal point of
view. Indeed, these detectors were less affected by the fluctuations thanks to a more
stable temperature of the room, marked also from the shape of their spectrum.

In conclusion, almost the totality of the detectors works as expected and the
temperature dependence will be considered by performing the experiment at the
Riken Ral Facility in the port 1 where the temperature will be maintained constant
with a tolerance of +1 °C.

In the last 2022, this detection system will be sent in London for the first run of
tests and data processing. Then the system will return in Bologna for the inclusion
of the GSPS and the final characterization of the detectors.

The major data taking will be performed in the first half of 2023 using all the
17 detectors for almost 20 days.
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