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Abstract

The limited availability of the present energetic resources and the climate changes induced by the in-
crease of the level of CO; in the atmosphere are pushing humanity to completely rethink the ways to
produce and consume energy. In the long term, a significant contribution to the solution of the world
energy issue may come from nuclear fusion: the raw materials, deuterium and lithium, are worldwide
accessible and in sufficient quantity to feed the future fusion reactors for several centuries.

The largest fusion experiment is ITER, in phase of construction in France. The ITER machine is de-
signed to produce a fusion power of 500 MW , 10 times the input power. Moreover ITER will be the first
experiment to continuously operate with deuterium-tritium plasmas, and will have to stand the neutron
irradiation produced by nuclear fusion. To reach the desired performances various additional heating
systems are foreseen to heat the plasma core up to 10 = 15 keV. One of the most important heating sys-
tems will be composed by 2 neutral beam injectors (NBIs), which produce 2x16.7 MW beams, composed
by H/D atoms. To obtain the beams H™ /D" ions produced by an ion source will be accelerated at high
energy (870 keV for hydrogen, 1 MeV for deuterium) and then neutralized thanks to the charge exchange
interaction with the molecules of a H, /D, gas. The construction of such a system is very challenging
and 2 prototypes will be built and tested in Padua at Consorzio RFX. The first one, SPIDER (Source for
the Production of Ions o Deuterium Extracted from an Rf plasma), operative in 2016, aims at studying the
source part of the NBI, accelerating ions at lower energies, up to 100 keV. The prototype of the full ITER
negative NBI system is MITICA (Megavolt ITer Injector Concept and Advancement), it will start operating
in 2019. Both SPIDER and MITICA will be equipped with a large number of diagnostics: in particu-
lar, the Beam Emission Spectroscopy (BES) will measure the spectrum of the radiation produced by the
beam when interacting with the background gas in order to measure the divergence and the uniformity
of the beam produced by the ion source. The divergence is a key parameter for the safety of the test
facilities, since it is related to the power deposition of the beam on the beam line component. The beam
uniformity is crucial for the heating effectiveness of the beam itself.

The PhD activity was mostly devoted to develop the BES diagnostics of SPIDER and MITICA, with
the target to measure divergence in the range 3 < 7 mrad (e-folding) with a relative error below 10%, and
values of uniformity in the range 90 + 100%. In particular, the work consisted in:

* developing a set of codes (dBES) for the simulation of the behavior of the BES diagnostics;
* studying and improving the methods of analysis for the data that will be collected by BES.
* completing the design of the BES diagnostics, also selecting and testing its hardware components;

Experimental data of the test facilities BATMAN (BAvarian Test MAchine for Negative ions), MANITU
(Multi Ampere Negative lon Test Unit) and ELISE (Extraction from a Large Ion Source Experiment) at the Max
Planck Institut fiir Plasmaphysik (IPP) in Garching, have been used to validate the numerical model at
the base of dBES and to improve the method of analysis of the BES spectra. During my stays at the ITED
group of IPP Garching the results of dBES were also benchmarked against those of the BBC-NI code,
developed at IPP for similar purposes.



Besides SPIDER and MITICA the studies were also addressed to NIO1 (Negative lon Optimization 1),
hosting an RF ion source which produces a 130 mA beam composed by H™ ions. The test facility was

jointly built by Consorzio RFX and INFN-LNL, with the aim of studying and improving the production

of negative ions, as well as testing concepts and instrumentation for SPIDER and MITICA. For NIO1 the

BES diagnostic was entirely designed; the tests on NIO1 of this diagnostic will allow a first experimental
validation of the design of those for SPIDER and MITICA.
The PhD research is described in this thesis as follows:

Chapter |1] gives a briefly describes the ITER reactor. The principle of operation of the neutral
beam injectors is then explained, together with the characteristics of the considered experiments:
SPIDER and MITICA, BATMAN, MANITU, ELISE and NIO1. The main diagnostics installed in
the negative ion sources and more generally in the NBIs are presented, too.

Chapter [2| describes the work done on the simulation codes dedicated to Beam Emission Spec-
troscopy. The physical phenomena at the base of the BES diagnostic operation are explained.
The code dBES, developed for the simulation of the BES diagnostic and for the analysis of its
measurements, is described. dBES is then benchmarked against the BBC-NI code and with the
experimental data of the BES diagnostics in the BATMAN, MANITU and ELISE test facilities.

Chapter 3| presents the design of the BES diagnostics in the experiments NIO1, SPIDER and MIT-
ICA, carried out by means of the dBES code.

Chapter {4] presents the experimental activities carried out to test the available instrumentation for
the BES and the optical emission spectroscopy diagnostics in NIO1, SPIDER and MITICA; the
design activity of some components is also illustrated.

The summary is reported in chapter 5| There follows the list of the articles published and of the
technical notes written during the PhD.



Prefazione

La disponibilita limitata delle attuali risorse energetiche e i cambiamenti climatici indotti dall’aumento
della concentrazione di CO; nell’atmosfera impongono all'umanita di ripensare completamente i modi
di produrre e consumare energia. Nel lungo termine, un contributo importante alla soluzione del prob-
lema energetico mondiale potrebbe arrivare dalla fusione nucleare: le materie prime, deuterio e litio,
sono accessibili in tutto il globo e in quantita sufficiente per alimentare i futuri reattori a fusione per
diversi secoli.

Il pit1 grande esperimento a livello mondiale sulla fusione & ITER, in fase di costruzione in Francia.
ITER ¢ progettato per produrre dalla fusione fino a 500 MW, 10 volte la potenza in ingresso. Inoltre, ITER
sara il primo esperimento a operare permanentemente con plasmi di deuterio e trizio, quindi conterra
materiale radioattivo (il trizio) e dovra sopportare l'irraggiamento neutronico prodotto dalla fusione
nucleare. Per raggiungere le prestazioni volute serviranno varie forme di riscaldamento addizionale, in
modo da portare la temperatura centrale del plasma a 10 + 15 keV. Uno dei sistemi di riscaldamento
piti importanti sara costituito da 2 iniettori di neutri (NBI), che producono fasci da 16.7 MW composti
da particelle neutre (H/D). Per ottenere i fasci ioni H" /D", prodotti da un’apposita sorgente, verranno
accelerati ad energie elevate (870 keV per I'idrogeno, 1 MeV per il deuterio) e successivamente neutral-
izzati grazie alle reazioni di scambio carica con le molecole di un gas di idrogeno/deuterio. Costruire
un sistema simile & un’operazione complessa, per questo 2 prototipi saranno costruiti e testati a Padova
presso il Consorzio RFX. Il primo, SPIDER (Source for the Production of lons o Deuterium Extracted from
an Rf plasma), che sara operativo dal 2016, verra utilizzato per studiare la produzione e accelerazione
(fino a 100 keV) degli ioni negativi. Il secondo sara il prototipo di un intero iniettore di neutri per ITER,
MITICA(Megavolt ITer Injector Concept and Advancement), che entrera in funzione nel 2019. Sia SPIDER
che MITICA saranno dotati di un gran numero di diagnostiche: in particolare, la Beam Emission Spec-
troscopy (BES) misurera lo spettro della radiazione prodotta dall’interazione tra fascio e gas di fondo,
con lo scopo di misurare la divergenza e I'uniformita del fascio prodotto dalla sorgente di ioni. La diver-
genza € un parametro chiave per la sicurezza degli impianti, poiche e legata alla potenza depositata dal
fascio sulle strutture degli esperimenti. L'uniformita del fascio e cruciale per I'efficacia del fascio stesso
nel riscaldamento del plasma.

L’attivita di dottorato e stata dedicata in gran parte a sviluppare le diagnostiche BES di SPIDER e
MITICA, con l'obiettivo di misurare la divergenza nell'intervallo 3 < 7 mrad (e-folding) con un errore
relativo sotto il 10%, e valori di uniformita nell’intervallo 90 = 100%.

In particolare, il lavoro & consistito nel:
¢ sviluppare un set di codici (ABES) per la simulazione del comportamento della diagnostica BES;
¢ studiare e migliorare i metodi di analisi dei dati che saranno raccolti dalla BES;

e completare il design della diagnostica, anche individuando e testando la sua componentistica

hardware;



Le misure raccolte negli impianti sperimentali BATMAN (BAvarian Test M Achine for Negative ions), MAN-
ITU (Multi Ampere Negative Ion Test Unit) ed ELISE (Extraction from a Large Ion Source Experiment) al Max
Planck Institut fiir Plasmaphysik (IPP) a Garching, sono state utilizzate per validare il modello numerico
alla base di dBES a per migliorare il metodo di analisi degli spettri BES. Durante le visite al gruppo ITED
di IPP Garching i risultati di dBES sono stati confrontati con quelli del codice BBC-NI, sviluppato a IPP
per scopi analoghi.

Oltre che su SPIDER e MITICA gli studi si sono concentrati anche su NIO1 (Negative lon Optimization
1), dotato di una sorgente RF che produce un fascio di 130 mA composto da ioni H~. L'esperimento
e frutto di una collaborazione tra Consorzio RFX e INFN-LNL, con lo scopo di studiare e migliorare
la produzione di ioni negativi, nonche di testare la strumentazione per SPIDER e MITICA. Per NIO1 e
stata interamente progettata la diagnostica BES; i test su NIO1 di questa diagnostica permetteranno una
prima verifica sperimentale del design delle diagnostiche analoghe per SPIDER e MITICA.

I lavoro di dottorato e descritto nella tesi come segue:

e Il capitolo [I| fornisce una breve descrizione del reattore ITER. Viene poi illustrato il principio di
funzionamento degli iniettori di neutri, nonche le caratteristiche dei esperimenti presi in consid-
erazione: SPIDER e MITICA, BATMAN, MANITU, ELISE e NIO1. Vengono inoltre presentate le
principali diagnostiche installate nelle sorgenti di ioni negativi e pili in generale negli iniettori di
neutri.

* Il capitolo[2]descrive il lavoro svolto sui codici di simulazione per la Beam Emission Spectroscopy.
Vengono illustrati i fenomeni fisici alla base del funzionamento della diagnostica. Viene succes-
sivamente presentato il codice dBES, sviluppato per la simulazione della diagnostica BES e per
I'analisi dei dati raccolti dalla diagnostica stessa. Segue la verifica delle simulazioni di dBES con i
risultati del codice BBC-NI e con i dati delle diagnostiche BES negli esperimenti BATMAN, MAN-
ITU ed ELISE.

e Il capitolo[3|presenta il design delle diagnostiche BES per gli esperimenti NIO, SPIDER e MITICA,
realizzato con il supporto del codice dBES.

e 1I capitolo [4 presenta le attivita sperimentali svolte per caratterizzare la strumentazione disponi-
bile per le diagnostiche BES e optical emission spectroscopy in NIO1, SPIDER e MITICA; viene
illustrata anche la progettazione di alcune componenti delle diagnostiche.

* Nel capitolo 5| vengono sintetizzati e discussi i risultati presentati nella tesi. Seguono infine la lista
degli articoli pubblicati e delle note tecniche scritte durante il dottorato.



Chapter 1

Introduction

1.1 Why do we need fusion?

The research on nuclear fusion draws its motivations from the growing need of energy of the mankind.
The current sources of energy, mainly fossil fuels, are not infinite: according to the present estimates|1]
the reserves of coal, crude oil and natural gas, with the present rate of consumption, should last for
respectively more than one century, 56 and 60 years. There are several reasons to stop using these
fuels much earlier than their depletion. The first one is that these sources are too precious to be simply
burnt: oil, for example, is the most important raw material for the production of plastic and many
organic chemical substances. The second reason is that the world population is growing: as shown in
figure according to the statistical models adopted by the United Nations[2] the number of people
on Earth should increase from 6.1 billions in 2000 to 8.9 billions (with an interval of confidence from 7.4
to 10.6 billions) in 2050. Substantially, each year the world population grows of an amount of people
comparable to the population of Italy.
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Figure 1.1: Estimated world population, 1950-2000, and projections: 2000-2050 [2]

The world energy consumption is then destined to increase, but much more than proportionally to
the population growth. 99% of the demographic growth will come from the less developed countries.
As shown by statistics[3], improving the quality of life of the people up to a decorous level implies

5



6 Chapter 1. Introduction

an increase of the energy consumption per capita, therefore a future (and desirable) amelioration of the
conditions of the less developed countries will require a further increase of the availability of energy
sources.

The research on fusion is not simply due to the limitedness of the fossil fuels: even if they were
available in unlimited amounts, it must be taken into account that burning these fuels contributes to the
increase of the concentration of greenhouse-gases (GHG) in the atmosphere. Figure[1.2]shows the origin
of the main green-house gases produced by human activities; as it can be seen, the main contribution to
the global warming is related to the energy production. Similarly to the reasoning done before, a higher
quality of life implies a higher (but not always more justified) production of green-house gases, therefore
a (rightful) improvement of the welfare of the less developed countries will imply extra emissions in the

atmosphere.

carbon dioxide

Energy:
74%
World
greenhouse-gas

emissions
methane

| nitrous oxide

Agricultural
by-products:

12.5%
biomass burning:
= . .
- | Waste: 34%

Figure 1.2: Breakdown of world greenhouse-gas emissions (2000) by cause and gas [4].

In conclusion, the energetic needs of mankind are constantly growing and must be satisfied avoid-
ing further emissions of greenhouse gases. The renewable sources of energy are the most immediate
solution to the problem, however they are inconstant in time and to collect enough energy the plants
should be spread over too large areas. Nuclear fusion technology, according to the present forecast, will
be available from the middle of the XXI century; the production of energy is based on the following
possible reactions:

2p4+2Dp % 3He (0.82 MeV) + 1 (2.45 MeV)
2D +2D % 3T(1.01 MeV) +' H (3.02 MeV)
2D+3T = “4He(35MeV)+n (141 MeV)

D+*He = *He (3.6 MeV)+!' H (14.7 MeV)

(1.1)

Figure|[1.3|shows the dependence of the considered reactions as function of the energy of the deuterium
atom, assuming that the other atom is at rest. As it can be seen, the reaction with the highest cross section
at low temperature (“low” in relation to the other ones) is the one involving deuterium and tritium.

Deuterium is present in the water of the oceans in a concentration of 33 g per ton: the total available
quantity of deuterium is practically limitless respect to the needs for the future fusion reactors. Tritium
instead is rather rare on Earth, but can be obtained by using lithium and the neutrons produced by the
fusion reactions themselves:

n+°Li =* He (2.1 MeV) +3 T (2.7 MeV) (1.2)
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The availability of lithium sets a limit to the “era” of DT reactors: considering only the ore deposits the
lithium should be enough (if entirely used only for fusion) for less than 1000 years [5]. This time limit
could be extended to more than 20 million years if it were possible to extract lithium from seawater. In
any case, the time of DT reactors will be enough to prepare the coming of the subsequent generation of
reactors, which will exploit the reactions with only deuterium (extremely more abundant). The research

on fusion, even if long and difficult, will give mankind access to a practically limitless source of energy.

| T  § F 4 TR T T T T [ 3 I T T T | i e 3 |
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Figure 1.3: Cross sections of the possible fusion reactions[6]]. The curve “D-D” represents the sum of the cross
section for the first two reactions listed in formula[l.1}

1.2 Magnetic confinement experiments: ITER

Currently the most important step on the road of fusion research is represented by the experiment ITER,
in course of construction in Cadarache (FR). Its project was signed in 2006 by the European Union, the
USA, Russia, China, India, South Corea, Japan; the beginning of the experimental activity is scheduled
for 2020. In ITER the reactants of the fusion reaction (deuterium and tritium) reach temperatures at
which their atoms are ionized in form of plasma; this is confined in the toroidal chamber of the reactor by
means of magnetic fields. ITER will be the first reactor to operate for most of its lifetime with deuterium-
tritium mixtures; the reactor will then contain a non negligible quantity of radioactive material, therefore
it will have to respect all the safety rules foreseen for nuclear plants. Anyway, the decay time of the
involved radioactive materials is much shorter than to that of the substances present in a fission reactor:
the half-life of tritium is only 12 years, while the plasma facing components, with a proper choice of the
materials, should remain radioactive for about one century. The levels of radioactivity and the risk of
contamination impose that the internal maintenance will have to be performed remotely.

Besides the presence of tritium, the plasma facing components (PFC) will undergo high fluxes of
heat and neutron irradiation (produced by fusion). The first wall will be covered with boron, carbon
and tungsten (according to the position in the vacuum chamber) to avoid contaminating the plasma. The
structure will have to resist to intense mechanical and thermal stresses caused by the plasma instabilities:
in ITER the plasma volume (~ 103 m®, major radius 6.2 m, minor radius 2.0 m) is much higher than in
the previous fusion experiments, therefore the thermal and magnetic energy which could be released
during plasma instabilities is much higher and could produce severe damages. The systems of real
time survey and control of the plasma instabilities will have a fundamental role in the reliability and
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availability of the reactor.

The magnetic confinement will follow the tokamak scheme: a strong toroidal magnetic field (5.3 T in
center of the torus) plus a poloidal field one order of magnitude weaker; this will be generated by the
plasma current itself (max. 15 MA) and by the six poloidal field coils, made with the superconducting
material NbTi. The toroidal field will be instead produced by 18 coils, made in Nb3Sn (always super-
conductive); this material will be adopted also for the central solenoid, needed to induce the plasma

current. All the coils will be kept at 4°K to reach superconductivity.

Central solenoid

Toroidal field el | Vacuum vessel
Coils , ‘

Poloidal Field
Coils

Figure 1.4: 3D representation of the ITER reactor.

Between the coils and the first wall there will be the blanket, to shield the coils from heat and radia-
tion fluxes coming from the plasma. ITER will be provided with a divertor for the removal of impurities
and helium (produced by the fusion) from the plasma; the divertor will be the plasma facing component
(PLC) subject to the most instense heat fluxes, in the order of several MW / m2.

On the whole, ITER will have to produce up to 500 MW, 10 times more than the power requested in
input by the reactor. In addition to all the physical and technological challenges described previously,
in ITER possible solutions will be studied to obtain a continuous mode operation; moreover, possible
systems to produce and extract tritium inside the reactor itself will be studied. A 3D representation of
the main components of the ITER reactor is shown in figure The results of ITER will be used to
prepare the first fusion power plant: DEMO.

1.3 Neutral beam injectors

The ITER experiment will have to produce up to 10 times more power than the one given in input.
The energetic performance of a reactor is function of the triple product nT1g, where the 3 quantities
are respectively the average density, the average temperature and the energy confinement time of the
plasma. Figure[L.5shows the triple product and the plasma temperature which will be reached in ITER
with respect to the existing tokamas.
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Figure 1.5: Typical values of temperature and triple product (plasma average density times the average temperature
and the energy confinement time) reached in ITER and many present and past experiments [[7]. The year at which
these values were obtained is indicated in the right vertical axis. Q is the ratio between the output and the input
power in the reactors.

To reach such performances in terms of plasma temperature and confinement, ITER will heat the
plasma with the ohmic heating (i.e. resistive dissipation of the plasma current) plus a number of addi-
tional systems: radiofrequency heating and neutral beam injection. The first method consist in injecting
radiowaves in order to excite specific resonances of electrons, of ions or of the whole plasma. According
to the type of resonance, the systems are called ECRH (Electron Cyclotron Resonance Heating), ICRH
(Ion Cyclotron Resonance Heating) and LH (Lower Hybrid heating); each one should deliver up to
20 MW to the plasma. Neutral beam Injectors instead inject a beam of high energy deuterium or hydro-
gen atoms into the plasma; simple hydrogen is not useful for deuterium-tritium reactions, however it
will be used in the first phase of the operations in ITER to not immediately activate the materials. In
ITER two NBIs are foreseerﬂ each one delivering 16.7 MW. Both NBIs and RF systems are used not
only to increase the plasma temperature but also to drive more current in the plasma (from 1.8 MA to
2.8 MA [8])). This will be useful to modify the q(r) profile, counteract the growth of instabilities and to
increase the duration of the discharges towards a steady state operation.

To be effective, a neutral beam must interact with the plasma to release its energy. The penetration
depth of the beam must be not too short, otherwise only the plasma edge would be heated, but neither
too long, otherwise the beam would cross the plasma and damage the opposite side of the first wall.
The beam particle could undergo a charge exchange process with the plasma ions, or be ionized by
collision with the electrons and the ions in the plasma. The energy of the beam particles influence the
cross sections of these processes, and therefore the mean free path (or penetration distance) A4, of the

particles themselves into the plasma:

1
A = 1.3
path N0t ( )

where n is the plasma density and o is the comprehensive cross section of the 3 above mentioned
reactions. In ITER the plasma has a density of the order of 10’ m~3 and a radius of about 2 m: this
length must be compared with A4, shown in figure|1.6|as function of the energy of the beam particles
(in the case of deuterium). The best match between the plasma dimensions and the penetration of the
beam is found assuming that the beam particles have an energy around 1 MeV'.

1f it were necessary, in ITER there is also the possibility to install a third NBL
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Figure 1.6: Best neutralization fraction obtainable for positive and negative deuterium ions as function of their
energyllll. The plot shows also the penetration distance of the negative deuterium atoms into an hypothetical
plasma of density 1020 m =3,

Most of NBIs are based on a positive ion source, and the resulting H*/D* ions are neutralized by
charge exchange with the molecules of a gas of hydrogen/deuterium. The same collisions however can
cause the reionization of the just neutralized particles: in the end, the fraction of neutralized to positive
particles in the beam is given by the ratio of the cross sections of neutralization and reionization. The
dependence of this ratio on the energy of the fast particles is shown in figure As it can be seen, at
high energy the reionization prevails and it is not possible to obtain a neutral beam. For this reason
the new generation of high energy NBIs are based on negative ion sources; in this case the collisions
with the molecules of the gas mix the composition of the beam between the ionic species D", DY and
D*. The resulting neutralization fraction, as shown in figure[1.6] remains high also at energies of several
hundreds of keV or even at 1 MeV, but without ever exceeding 60 %.

The NBI for ITER is composed by 4 stages: production and acceleration of (negative) ions, neutral-
ization of the beam, removal of the residual ions and transfer of the beam to the tokamak, retaining also
the possibility to stop the beam for maintenance or diagnostic purposes. Each stage corresponds to a
specific device inside the NBI, respectively the negative ion source with the accelerator stage, the neu-
tralizer, the RID (Residual Ion Dump) and the calorimeter (figure[1.7). Here follows a brief description
of these devices.
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Figure 1.7: Structure of a NBI for the ITER reactor [9].

1.3.1 The negative ion source and the accelerator

The negative ions are produced by a source whose typical structure is schematized in figure[1.8}

Co-extracted electrons

Al
'|

Al,O5 ceramic Filter field

water cooled
Faraday screen
RF caoll
(XXX X )

gas feed : (magnets turned by 90°)
H, et Grounded grid
Cs Extraction grid
evaporator Plasma grid
<_".""_>< ________ .""><_"> . bias plate
Driver Expansion Extraction

region region

Figure 1.8: Main components of a RF negative ion source[10].

The driver is an alumina cylinder inside which a partially ionized plasmﬂ is created. The plasma
receives energy from the RFEl emitted by a coil surrounding the cylinder. The coupling between the coil
and the plasma is purely inductive because of a Faraday shield inside the cylinder which protects the
alumina from the interaction with the plasma. Sustaining the plasma with an external RF coil is a robust
solution because of its ease of maintenance, however the RF generator must be properly matched to the
coil following the evolution of the plasma conditions. The driver is connected to an expansion region, in
which the plasma diffuses. In the expansion the temperature of the electrons decreases from about 10 eV
in the driver to about 4 eV, condition which favors the production of negative ions by the dissociation

2The initial Hy /D, density is usually around 7 - 101 m~3, while the electron density is about 5 - 108 m =3 [9].
3The frequency of the radiowaves is typically of the order of 1 MHz.
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of H, /D, molecules which were vibrationally excited by a collision with an electron[11]:

Hy+e = Hy(v)+e (v > 5forH, v > 8 for D)

(1.4)
Hy(v)+e = H+H™

This is commonly defined as the “volume process” as it happens in the plasma region. The just produced
negative ions must however survive to the reactions of mutual neutralization and electron detachment
by impact with electrons, atoms or molecules. The volume process alone would not be sufficient to
produce the flux of ions for the ITER NBI; luckily, much more negative ions (one order of magnitude
more than in volume process) are instead produced with a surface process, in which the atoms in the
plasma impact on the Plasma Grid (PG) and pick up the extra electron. The PG separates the expansion
region from the acceleration stage; to facilitate the production of negative ions the surface of this grid
is covered with a layer with cesium, a material with a low work function (2 eV). The deposition of Cs
is performed with an oven which releases Cs vapors inside the source. Since Cs liquifies at 28°C, the
source body is kept at about 40°C to avoid the uncontrolled deposition of this substance; the optimal
deposition of Cs on the PG has been obtained by heating the grid at 120°C =~ 150°C [12}[13]. The negative
ions created by the surface process are backscattered towards the expansion region, however near the PG
holes they are attracted by the electric field on the other side of the PG. To avoid losing negative ions the
apertures in the plasma grid are chamfered to steer the scattered ions inside the holes. Moreover, next to
the PG a magnetic filter field (~ 1072 T) parallel to the PG itself lowers the electron temperature below
2 eV; the field reduces the speed of the electrons perpendicular to the PG and then it counteracts the
electron detachment processes which could significantly reduce the amount of negative ions produced.
In fact, H" /D" ions are rather “delicate”: the binding energy of the excess electron is just 0.75eV. The
filter field has also the positive effect of reducing the amount of electrons extracted together with the
relative ions. Indeed, a crucial target in the operation of a negative ion source is keeping the ratio
of extracted electrons and ions as low as possible. A too high amount of produced electrons would
compromise the energetic efficiency and the safety of the NBI, because the power carried by the electrons
doesn’t contribute to the one of the beam but deposits on the acceleration grids and the beam line
components; the resulting thermal load on these components could lead to sever damages. In addition
to the filter field, the other countermeasure to reduce the amount of coextracted electrons adopted in the
source consists in biasing the PG positively against the source body; to the source walls it is connected
the bias plate (BP), placed next to the PG and covering the borders of the grid external to the extraction
area. Aim of the BP is to lead the source potential close to the PG, improving the effectiveness of the
bias. The filter filed intensity and the voltage bias of the PG with respect to BP and source must be
properly set: the simultaneous presence of magnetic field and voltage gradients (given by the BP and
the plasma sheath on the PG) produces a drift of the plasma; besides, the bias voltage can reduce not
only the amount of coextracted electrons but also slightly the amount of negative ions[10].

After the ions have passed through the apertures of the PG, they are accelerated up to the desired
energy by the electric field produced by a number of grids. These are set at increasing negative voltages,
up to the Grounded Grid (GG) which is at 0 V. Many are the issues connected to the acceleration stage:

* To reduce the fraction of coextracted electrons accelerated with the negative ions, the charged
particles exiting the PG apertures are first accelerated by the so called Extraction Grid (EG), which
has permanent magnets embedded around its apertures. The magnetic field intensity is such that
the trajectory of the ions is slightly deviated whereas the electrons are dumped on the EG surface.
The voltage of the EG is normally kept below 10 kV to limit the acceleration of the electrons and

therefore the power carried by them.

¢ To mantain the thermal load of the beam line components within safety levels it is necessary that
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divergence of the beamletsﬂ produced by the grids” apertures is as low as possible. The trajectory
of the ions is determined by the lens effect of the electric field produced by the grids. More specif-
ically, the electric field is determined by the voltage of the grids, the distance between them and
the shaping of their apertures, but also by the current of the beamlets. The geometry of the electric
field in the region between PG and EG is the most determinant for the divergence of the beamlets.
At the PG, the intensity of the electric field and the plasma density define the shape of the menis-
cus, i.e. the surface at which the negative ions are at 0 V with respect to the plasma. Figure
shows the simulation of the trajectories of the ions in a system composed by 2 grids. In case a) the
plasma density and the current of extracted ions are so low that there is a depletion of negative
ions at the aperture of the PG. The meniscus is then strongly concave, with the consequence that
the focal point of the beamlet is too close to the PG. The result is a too divergent beamlet. In case
c) the plasma density and then the extracted current are instead so high that the curvature of the
meniscus is minimal; the beamlet diverges too much also in this case. The lowest divergence is
obtained in case b), whose conditions are intermediate between those of cases a) and ¢). The 3 situ-
ations shown in figure [1.9|could have been obtained by keeping the beamlet current constant and
decreasing the voltage difference between the grids from case a) to case b). The optic determined
by PG and EG can be parametrized by the perveance

Iext
U3/2

ext

P =

(1.5)

where Ly is the extracted current and U,y is the extraction voltage, i.e. the voltage difference
between EG and PG. To compare the values of P between different machines the perveance is
often normalized with respect to its value Py given by the Child-Languir law, i.e. when the flow of
the beam particles is limited only by their space charge:

2
4 2e R
Py = —megy/ = (1.6)
0 9 0 m (dgrids>

where ¢ is the dielectric constant, e and m are the charge and the mass of the electron, R is the

radius of the grid holes and d,4; is the spacing between the grids. The lowest value of diver-
gence is obtained for a certain value of P/Py; in the cases a) and c) of figure [1.9| the perveance is
respectively lower (under perveant condition) and higher (over perveant condition) with respect
to the best value. The extraction voltage must then be adjusted according to the extracted current,
but also according to the isotope used: as shown in eq. Py o m~1/2. Tt must be remembered,
however, that the final divergence of the beamlets depends from the whole acceleration chain, and
therefore by the voltages of all the grids.

Figure 1.9: AXCEL-INP simulation of a system of 2 grids, assuming increasing values of plasma density from
case a) to case c), but keeping the same voltage drop[l14].

4 A beamlet is defined as the beam produced by a single aperture, while the term beam is generally used to indicate the sum of
all the beamlets exiting from the grids of the accelerator.
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¢ The shaping of apertures and the geometry of the electric field must minimize the production of
the so called halo, a component of the beamlet at higher divergence respect to the normal. The
halo is generated by the aberrations of the optics of the grids, but also by the deposition of cesium
on the downstream face of the apertures of the PG [15][16]]; the ions produced in those points have
a higher transversal speed, giving the halo a higher divergence.

* The pressure of the gas between the grids must be kept as low as possible: the molecules of the gas
could hit the H /D" ions and strip their excess electron, and the resulting neutral particles would
be no longer affected by the electric field of the grids. The result of this process are the so called
“stripping losses”, a component of the beamlets at lower energy and higher divergence (because
of the incomplete focusing). The stripping reactions produce electrons, too, increasing the fraction
of coextracted electrons and therefore the thermal load on grids and beam line components. The
most critical point is the region between PG and EG, because of the gas flux coming out from the
source through the PG. For this reason the pressure inside the ion source must be limited.

* The shape of the apertures and their relative position between the various grids must be adjusted
in order to compensate the mutual repulsion of the beamlets and the spurious effects of the mag-
netic filter fields. The deflection of the beamlets caused by the magnetic fields depends also on
the hydrogen isotope used, because for a given acceleration energy the mass of the particles deter-
mines their speed, and in turn the speed influences the Larmor radius of the particles.

* At the exit of the grids the beamlets could cause the ionization of atoms in the background gas.
This is positive because the positive ions compensate the space charge of the beamlets and there-
fore avoid an increase of the beamlets’ divergence along their trajectories. Some of the positive ions
however can enter the GG and be accelerated in the opposite direction towards the ion source. The
heat load of the backstreaming ions could reach several tens of MW /m? in small spots at the bot-
tom of the plasma drivers, causing damages to the bottom surface of the driver. Another negative
consequence is that the copper on the surface can be sputtered and deposit on the PG, burying
the Cs layer. The solutions to the problem consist in a careful design of the active cooling of the
driver and in coating the endangered surfaces with materials which have a low sputtering yield,
like molibdenum [17, [18].

1.3.2 The neutralizer

After exiting the GG the beamlets enter the neutralizer, in which the negative ions get neutralized by
charge exchange with the background gas. Inside the neutralizer the gas density is obviously higher
than in the surrounding component of the NBI. To obtain this the gas is injected in the center of the
neutralizer and pumped away once it comes out from the neutralizer. In the case of ITER NBIs the
volume inside the neutralizer is vertically divided in 4 sections to reduce the conductance and then
the required gas flow. The neutralizer is kept at proper distance from the accelerator stage to avoid
increasing the gas pressure between the grids. The pumping around the neutralizer but also the other
beamline components is performed mainly by cryopumps at the sides of the vacuum vessel.

1.3.3 The residual ion dump

The beam exiting the neutralizer cannot be injected directly into the plasma because of the still high
fraction of ions present. These ions would be deflected by the magnetic field of the tokamak and dam-
age the first wall. The ions are therefore removed in the RID (Residual Ion Dump) by means of an electric



1.4. SPIDER 15

or a magnetic field. In the case of the ITER NBI the beam enters a volume vertically divided into 4 re-
gions, whose vertical surfaces have voltages alternated between 0 V and —20 kV to create the deflecting
electric field. The collection of the ions creates an important flow of gas, which must be removed by the
surrounding pumping system. After the RID, indeed, the gas density must be kept as low as possible to
prevent the reionization of the neutral beam.

1.3.4 The calorimeter and the duct

The produced neutral beam now is ready to be injected through a duct towards the plasma of the reactor.
For maintenance or diagnostic purposes the beam can be absorbed by a calorimeter just after the RID.
In the NBI of ITER the calorimeter is composed by two panels forming a V shape; the cooling circuits
are arranged in such a way that is possible to get a rough power deposition profile of the beam. To let
the beam pass the panels are simply moved at the sides of the vacuum vessel, opening the V. Between
the calorimeter and the duct a fast shutter and an absolute valve are mounted. The fast shutter is a light
gate which can rapidly (~ 15) isolate the NBI from the tokamak, to prevent the flow of tritium towards
the NBI or the flow of gas towards the tokamak during the regeneration of the cryopumps in the NBI.
The absolute valve instead is more robust and can be used in rare cases of extraordinary maintenance,
in which either the NBI or the reactor must be vented at atmospheric pressure.

1.4 SPIDER

source

calorimeter

STRIKE

Figure 1.10: 3D model of the SPIDER experiment [19].

The prototype of the NBI for ITER will be built and operated in the PRIMA (Padova Research on Megavolt
Accelerator) test facility. The building of this prototype will be preceded by the construction and oper-
ation of the experiment SPIDER (Source for Production of lons of Deuterium Extracted from an Rf plasma).
SPIDER (figure reproduces the negative ion source for the ITER NBI, except for using a reduced
number of grids and accelerating the H /D" ions to the lower energy of 100 keV. The produced beam is
then absorbed by a calorimeter similar to what described in sec. or optionally by the diagnostic
calorimeter STRIKE (Short-Time Retractable Instrumented Kalorimeter Experiment)[20].



16 Chapter 1. Introduction

The source is composed by 2(h)x4(v) plasma driversﬂ open on a unique expansion region. The ions
are extracted and accelerated by a system of 3 grids: PG (=100 kV), EG (~ —90kV) and GG (0 V). The
grids have 1280 holes of 7 mm diameter, spaced 20 mm horizontally and 22 mm vertically. The holes
and therefore the beamlets are divided in groups of 5(h)x16(v). The complete scheme of the apertures
is shown in figure The whole acceleration stage is open at the sides to allow the pumping system
to more efficiently remove the gas exiting the PG. In the end, the beamlets follow straight horizontal
trajectories towards one of the calorimeters.
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Figure 1.11: Layout of the apertures of the GG. All the distances are in mm [21]].

5The plasma driver is the alumina cylinder with the Faraday shield and the RF coil, as shown in ﬁgure
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The performances requested for the SPIDER beam source are listed in table

Source H, /D, pressure < 0.3 Pa
Energy of the ions 100 keV
Extracted current density 285 A/m? (D),
350 A/m? (H)
Accelerated current 40 A (D),
46 A (H)
Pulse duration >>:i1%00055 (%)))
Beam homogeneity > 90 %
beamlet divergence € (e-folding) < 7mrad
halo divergence (e-folding) < 30 mrad
current density ratio je/jp- <1
of electrons to ions accelerated je/ju- < 0.5

Table 1.1: Target performances of the SPIDER negative ion source[21),22]].

The operation of SPIDER will be monitored by several diagnostics[23], checking all the components
of the facility. The plasma in the source is monitored by 84 Langmuir probes placed on the bias plate
and the PG; the probes will measure the electron density (1,) and temperature (T,), besides the plasma
homogeneity next to the PG. A more complete characterization of the plasma parameters is performed
by the Optical Emission Spectroscopy (OES) system[24] 25], based on the study of the light emitted by
the plasma [26} 27]. The instrumentation collects the light along Lines of Sight (LOSs) which are parallel
and close to the PG; some of them are instead perpendicular to the PG and cross the plasma drivers
to monitor the ignition of the plasma. For the calculation of many quantitites the OES technique uses
collisional-radiative (CR) models[26) 27, 28] to link the spectra of the observed emissions to the plasma
parameters. The quantities observed by OES are listed in table together with the measurements
taken as input of the calculations; all the results are line-integrated along the LOSs.

Plasma parameters Experimental data
Driver ignition Plasma light
Cs density and density Absolute line intensities
of impurities (O, Cu,...)
(Te), (ne) ratio of Balmer lines

vibrational and rotational

temperature of molecules

dissociation degree of Hy /D> | Hy/Hryicher, Dy /Drulcher
negative ion density Hy/Hg, Dy /Dg

Fulcher band spectrum

Table 1.2: Quantities measured by OES, together with the data used as input [24] 25]].

Parallel to the LOSs of OES there are also the lines of sight of Cavity Ring Down Spectroscopy (CRDS)
[29], a diagnostic able to measure the line integrated density of negative ions. The technique is based
on the repeated absorption of part of a laser pulse traveling between 2 mirrors; more details on this
diagnostic can be found in chap. ??. PG, EG and GG are monitored by thermocouples to control the
thermal dilatation and avoid damages caused by excessive thermal loads. Downstream the grids, the
uniformity and the divergence of the beamlets are measured by Beam Emission Spectroscopy (BES),
which exploits the doppler effect undergone by the light emitted by the beam as it interacts with the
background gas. This diagnostic is one of the topics of the thesis, all the details are reported in chap.
The power density profile of the beam will be measured by tomographic techniques, collecting the Hy
radiation emitted by the beam along 3000 LOSs [30]. The power density profile can also be measured
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with a high spatial resolution (2 mm) by the intrumented calorimeter STRIKE; it is composed by 16 CFC
tiles, whose back side is observed by IR cameras to measure the thermal footprint; STRIKE however
cannot stand the power load of the beam for more than 10s [20]. The shape of the beam will be measured
also by the main calorimeter, by detecting the neutrons emitted in the DD fusion reactions between the
beam particles and the deuterium atoms implanted in the materials[31]].

1.5 MITICA

The experience on negative ions sources gained with the SPIDER and ELISE test facilities will be ex-
ploited in MITICA (Megavolt ITer Injector Concept and Advancement)[17]. MITICA is the prototype of the
full NBI for ITER; its features follow what explained in sec. The negative ion source and the accel-
erator have the same prescription indicated for SPIDER in table except for the energy of the ions
which is 870 keV for hydrogen and 1 MeV for deuterium. Moreover, the system of grids follows the
MaMuG (Multi-aperture Multi-Grid) configuration, developed by JAEA in Japan [32]: the extraction of
the ions happens between the PG and the EG, while the acceleration of the ions is completed by 4 grids,
the last of which is the GCﬁ (figure . The difference of voltage between adjacent grids downstream
the EG is 200 kV. The EG and the intermediate grids have magnets to deflect the electrons; the effect of
the magnetic field on the beamlets is better compensated with the shaping of the apertures and by using
special configurations for the positioning of the permanent magnets [33]. The aperture of the grids will

be shifted in order to steer the beamlets according to a specific scheme.

Okv -200kV -400 KV -600 kV -800 kV

Figure 1.12: 3D representation of the ion source and acceleration stage in MITICA[34].

®The intermediate grids are conventionally named AG1, AG2, AG3.
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Figure 1.13: Scheme of the directions of the beamlets, projected on the horizontal (a) and vertical (b) plane[9].

As shown in figure the beamlets are divided in 4x4 groups of 5(h)x16(v) beamlets each. Pro-
jecting the directions of the beamlets in the horizontal plane (figure [I.13p), it can be seen that the each
beamlet group is pointing towards a position at a distance of 25.4 m from the GG, corresponding to the
duct exit of the NBIin ITER. In each beamlet group the columns of beamlets intersecate at the exit of the
RID, i.e. at 7.2 m. The result is that each one of the 20 columns of beamlets composing the beam has a
specific direction in the horizontal plane.

In the projection on the vertical plane (figure [I.13p) it can be seen that the beamlet groups point at
the exit plane of the beam at 25.4 m from the GG; in this case, however, within each beamlet group the
rows of beamlets proceed parallel. On the whole, the beamlets can have only 4 directions in vertical
plane: 23.3 mrad, 7.77 mrad and their opposite. The vertical and horizontal directions of the beamlets
allows the beam to pass safely through the beam line components and at the same time it increases the
uniformity of the beam itself.

At last, the source and the grids are connected to the vacuum vessel by a couple of hinges, in such
a way that the beam can be titled 49 mrad downwards. This was foreseen for the ITER NBI to off-axis
deposit the power of the beam in the plasma.

The diagnostics in MITICA will be the same as in SPIDER, with few differences. The ion source won't
have the system of electrostatic probes and there won’t be an instrumented calorimeter like STRIKE.
On the other side, lines of sight of BES and tomography[35] will be present between the GG and the
neutralizer, between the neutralizer and the RID and between the RID and the calorimeter. Obviously
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the temperature of all the beam line components will be kept under observation to prevent damages
caused by excessive thermal loads.

1.6 The ion sources at IPP

The RF negative ion source chosen as reference for the ITER NBI have been developed at IPP Garching
as an alternative solution to the filamented arc sources. These, indeed, need to be opened regularly to
replace the tungsten filaments; this would obviously be a problem since the whole NBI will be activated
by tritium. Moreover, tests showed that the tungsten vapors produced by the filaments deposit on the
PG, reducing the effectiveness of Cs in helping the formation of negative ions and then increasing the
consumption of this substance[36].

The IPP facilities based on on negative in sources and considered in this thesis are BATMAN (BAvar-
ian Test M Achine for NegAtive ions), MANITU (Multi Ampere Negative lon Test Unit) and ELISE (Extraction

from a Large Ion Source Experiment).

1.6.1 BATMAN

BATMAN has the IPP prototype ion source with one driver. The source [37, 11} [10] has one plasma
driver, and the ions are accelerated by means of 3 grids (PG, EG, GG) up to 18 < 25 keV (figure[1.14). The
shape and the positioning of the apertures of the grids follow the LAG (Large Area Grid) scheme[10].
The GG apertures have a diameter of 8 mm, for a total area of about 70 cm?; the beamlets exiting the GG
have a divergence of some degrees.
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Figure 1.14: 3D representation of the BATMAN sourcel38].

Aim of of the experiment was to demonstrate that a RF driven source was able to produce negative
ions, both H™ and D-, with a ratio of coextracted electrons below 1 and with an accelerated current
density as high as expected for the NBI in ITER, i.e. 200 A/m? or D™ and 300 A/m? for H[9,39]. Both
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the goals were reached and the produced current density was even higher than requested [11]. The
duration of the extraction phase is of about 4 s. The main characteristics and achievements of this source

are listed in table[T.3]
Parameter BATMAN MANITU ELISE
Accelerated 230 A/m* (D7) | 120 A/m? (D7) | 200 A/m? (D" ,expected)
Current density | 330 A/ m? (H) | 250 A/m? (H") | 300 A/m? (H, expected)
Source pressure 0.3 Pa 0.3+0.4 Pa 0.3 Pa
Je/ju- <1 <1 <1
je/ - < 0.5 ~1 (expected)
Extraction area 0.007 m? 0.019 m? 0.1 m?
Energy of ions ~ 20keV ~ 20 keV < 60keV
< 36005 (D) 10s extraction
Pulse length <4s < 800s (H) at interv. of 3 min

Table 1.3: Results of the test beds BATMAN, MANITU and ELISE [18113]140,[39].

The ion source is monitored by langmuir probes [41], OES [26] and CRDS[42]. To control the Cs
density instead the laser absorption tecnique was used [43]: it consists in measuring the intensity and
shape of a specific line of the Cs absorption spectrum. The beam is characterized by the BES diagnostic,
which in the past had two lines of sight; recently the optical system has been upgraded, with 5 LOSs in
total[44] (more details can be found in sec. 2.5). The negative ion beam is then absorbed and studied at
the calorimeter, composed by a copper plate equipped with 29 thermocouples placed as a cross. Further
measurements of the beam power density profile have been provided by the mini-STRIKE calorime-
ter, composed by 2 CFC tiles monitored on the rear side by an IR camera [20, 45]. Mini-STRIKE has
been used also to validate the design of the STRIKE calorimeter. The optic heads of BES and the two
calorimeters are shown in fig.

Copper
calorimeter

Mini-STRIKE

Figure 1.15: View of the BES optic heads and of the two calorimeters (seen on the rear side) used in BATMAN][45]].
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1.6.2 MANITU

Respect to BATMAN, MANITU was projected and built to have a larger extraction area and to produce
the ion beam for much longer pulses (table[1.3); the source instead is the same as in BATMAN. The beam
extraction time was extended to 1 hour, in agreement with the requirements of the ITER NBI (tab [1.1));
the final current density and the electron to ion ratio were respectively lower and higher than desired.
The diagnostics of MANITU are substantially the same used in BATMAN, except for the absence of
mini-STRIKE. The BES diagnostic had a much higher number of LOSs, 7 in the vertical plane and 13
in the horizontal plane (further details in sec. 2.5). This allowed to study the beam uniformity under
various operating conditions [46]. Now MANITU is no longer in operation.

1.6.3 ELISE

ELISE (figure is the ion source test facility which should satisfy both the ITER requirements re-
garding the current density and the duration of the beam (table [1.3)[13, 40, 39]. . The source has half
the dimensions of that in the ITER NBI; it is composed by 4 plasma drivers, open to a common expan-
sion region. Because of the dimensions of the system the filter field is produced by a current flowing
vertically in the PG, solution which allows also to optimize the magnetic field intensity to the operating
conditions. The extraction area is half the one foreseen for the ITER NBI; having the same current den-
sity, the total current produced should be 20 A for deuterium. The grids have 640 apertures, which have
a diameter of 14 mm and are 20 mm far from each other both in vertical and horizontal direction. The
apertures are grouped as one vertical half of the scheme shown in figure[T.11} Because of limitations of
the high voltage power supply the extraction of the ions can be performed in intervals of 10 s separated
by 3 min, while the plasma in the source can be sustained up to 1 h.

Figure 1.16: 3D representation of the source and the acceleration system in ELISE[18].

The source is monitored by OES[47] and langmuir probes, while the beam is examined by 3 diagnostics[39]
(figure[1.17) with the main aim of studying its uniformity. The first one is the W-wire calorimeter, placed
at 1.8 m from the GG and composed by 50 vertical and 50 horizontal tungsten wires, 0.2 mm thick and
20 mm spaced one from each other. The wires become more or less incandescent according to the power
density profile of the beam. Collecting the light produced by the wires with a simple CCD camera, it
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is possible to measure the beam shape. The second one is beam emission spectroscopy, which has 16
horizontal and 4 vertical LOSs, 2 m far from the GG. The third diagnostic is the calorimeter, placed at
3.5 m from the GG; it is composed by 4 copper plates whose surface is slotted in order to create square
elements 4 cm wide. The thermal conductivity between these elements is low, in order to preserve the
spatial resolution of the thermal footprint taken by the IR camera.

Diagnostic
calorimeter

Grounded grid

BES horizontal LoS

Figure 1.17: The diagnostics dedicated to analyze the beam in ELISE: beam emission spectroscopy and the two
calorimeters [48].

1.7 NIO1
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Figure 1.18: Scheme of the NIO1 source [49)].

The NIO1 (Negative Ion Optimization 1) facility has been projected and built jointly by Consorzio REX
and INFN-LNL [49] 50, 51]]. It has a small RF negative ion source, designed to have a high degree of
flexibility in the hardware configuration; indeed, aim of the experimentation on NIOL1 is to optimize the
functioning of negative ion sources; the facility will be used also to test part of the materials and the
instrumentation foreseen for SPIDER and MITICA. The scheme of the source is shown in figure [1.18}
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the main differences with respect to the IPP ion sources are the absence of the Faraday screen and of
the expansion region. The inner surface of the source is made of copper except in the middle where
an alumina cylinder isolates the region in vacuum from the RF coil. To protect the inner surfaces and
reduce the plasma losses a set of permanent magnets is mounted in the source body[51] (also around
the RF coil) in order to create a magnetic bottle. Similarly to ELISE, the magnetic filter field is generated
by a current flowing in the bias plate and the plasma grid. The grids of the acceleration stage are 3
(PG, EG, PA-post acceleration grid) plus a repeller (REP) grid, to stop backstreaming positive ions and
to influence the space charge compensation of the beam. The 9 apertures have a diameter of 7 mm and
are 9, spaced 14 mm one from each other both vertically and horizontally, according to a square lattice
of 3x3. The source will operate only in hydrogen and the ions will be accelerated up to 60 keV, to form
a beam of maximum 130 mA. The current density should then reach the target value for the ITER NBL
The power supply and the cooling of the system were dimensioned in order to allow the continuous
(> 1000 s) operation of the source.

There are many diagnostic in the NIO1 facility [52,/53]: the properties of the plasma in the source and
the density of negative ions and Cs next to the PG will be monitored by OES, CRDS and laser absorption;
these diagnostics will share the small viewports parallel to the PG, as well as the 4 viewports looking
longitudinally from the rear of the source (figure ﬂ The beam will be characterized by

¢ a fast emittance scanner (FES) of Alison type, to measure the ion distribution in the position and
velocity spaces;

* beam emission spectroscopy, with LOSs intercepting the rows and the columns of beamlets (more
details in sec. [3.1));

* a tomography system observing the Hy light emitted by the beam;

¢ The copper calorimeter, with 13 independent vertical cooling circuits to measure the vertically in-
tegrated profile of the beam. For a better measurement of the power density profile the calorimeter
has a lattice of holes, through which the beam passes to reach a scintillator coupled to a CCD cam-

era.

All the beam diagnostics are mounted in or on the diagnostic chamber (figure [1.19b), which hosts also
the pumping system.

da

PG flange

pressure measurements & gas inlet
OESICRDS

OES/laser absarption

OES

’The inner diameter of the ports looking parallel and perpendicularly to the PG is respectively of 8 mm and 12 mm.
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IR and visible camera FES pump

—

BES and visibe camera tomography

Figure 1.19: a) Assignment of the viewports of the source to the diagnostics dedicated to it. b) Positioning of the
beam diagnostics in the NIO1 diagnostic chamber. [52]].
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Chapter 1. Introduction



Chapter 2

Beam Emission Spectroscopy and the
dBES code

As mentioned in the previous chapter, Beam Emission Spectroscopy is a key diagnostic to measure the
beamlets’ divergence, crucial for the safety of the beamline components, and the beam uniformity, which
defines the quality of the produced beam itself. Most of the work of thesis was dedicated to complete
and improve the design of the BES diagnostics in SPIDER and MITICA, which have to be capable to
measure the divergence of beamlets, expected to be in the range 3 < 7 mrad, with an error below 10%,
and the beam uniformity, expected to be above 90%, with an error within 10%. A code (dBES) was de-
veloped whose principal aim is to simulate the signal (i.e. the beam emission spectra) as acquired by
a real BES diagnostic. Thanks to this approach it was possible to study the impact of each diagnostic
technical specification in the overall diagnostic performances. To check the validity of its results dBES
was benchmarked against the BBC-NI code (both in its simple and advanced versions) [12], developed
at IPP with an analogous purpose. The benchmark helped pointing out strengths and weaknesses of
dBES, nevertheless confirming its usefulness to address the ultimate design of SPIDER and MITICA
BES diagnostics. This work was accompanied by the analysis of the spectra collected by the BES diag-
nostics in the BATMAN, MANITU and ELISE test facilities, in order to check the correspondence of the
simulations with the experimental data. This analysis was carried out using part of dBES routines since
the code can be used both in predictive mode (data simulation) than in deductive mode (data analysis).

2.1 Principles of operation of BES

Beam Emission Spectroscopy is based on the interaction of the energetic beam particles with the molecules
of the gas present in the vacuum vessel of the facilities. The collision with the molecules can excite the
beam particles with a subsequent emission of radiation. In the frame of reference of the laboratory, the
wavelength of this radiation is Doppler shifted according to the following formula:

A= pg i Poose 21)

V1-p?
where A’ and A are the observed and the nominal transition wavelength, B is the ratio between
the speed of the ions and the speed of light, « is the angle between the beam particles velocity and the
direction of the emitted photons. A’ is blue or red shifted according to the value of «. The relativistic

Doppler formula has been used due to the high energy of the particles, since  can reach 1.5% in SPIDER
and 4.3% in MITICA.

27
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For hydrogen or deuterium beams, the most convenient line emission to observe is Hy /D, radiation
(Ap = 656.2793 nm for H, Ay = 656.1032 nm for D), being the most intense line in the visible spectrum.
The Hy/D, photons are produced by the de-excitation to the n = 2 level of H/D atoms previously

excited to the n = 3 level by the following reactions:

H, +H, = Hj, +H-+te (2.2)
Hypeam + Hy = Hj,, +H (2.3)
H,. +Hy = Hj, +Hf (2.4)

Hypp +H2 = Hpean +H+H* +e (2.5)

Hpeam + Hy =  Hpyeg + H+ H* (2.6)

H) . +H = H} +H+H* 2.7)

where the neutrals and the positive ions of the beam where produced in the interaction of the beam
itself with the background gas. The first 3 reactions lead to the excitation of the fast beam particles: the
wavelength of the resulting photons is Doppler shifted according to eq. A typical spectrum of Dy
radiation emitted by a beam and acquired in counter beam direction (¢ < 90°) using a high resolution
spectrometer is shown in figure The peak at lowest wavelength corresponds to the blue shifted
Dy radiation produced by the beam particles at full energy. The small peak at 654.8 nm corresponds to
the Doppler shifted emissions of the stripping losses, i.e. ions neutralized before exiting the GG and
therefore not fully accelerated by the electric field of the grids. The contribution of the stripping losses
to the spectrum is usually peaked at the wavelength corresponding to the extraction energy, since the
neutralization of the ions depends on the gas pressure, which is higher in the region between the PG
and the EG. The peak at A is the result of the reactions and in which one of the atoms of the
D, molecules is excited; in this case the speed of the emitting particles is so low that A" & Ag.
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Figure 2.1: A typical spectrum of Dy radiation emitted by a deuterium beam and collected by a BES diagnostic.

From the analysis of a BES spectrum several information on the beam can be deduced, in particular:

* The beam direction, in terms of the angle « between the beam itself and the direction along which
the Hy /Dy photons are collected. « is calculated by means of eq. knowing B from the full
acceleration voltage and measuring the wavelength separation between the main Doppler peak
and the unshifted Hy /D, peak.

e The beam divergence, i.e. the width of the angular distribution of the beam particles’ trajectories
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around their main direction given by a. Through formula [2.1| fluctuations of « are translated in
fluctuations of A’, which are globally observed as a broadening of the main Doppler shifted peak.

* The fraction of stripping losses with respect to the full energy beam particles, by comparing the
integral of the part of the spectrum occupied by the stripping losses with the integral of the main
Doppler peak. The comparison must take into account the energy dependence of the excitation

cross sections.

All the BES diagnostics described in this thesis have a similar design. The beam H, /D, emission is
collected by several optic heads looking at the beam through viewports the vacuum vessel. The optic
heads are distributed along the horizontal and vertical dimensions of the beam to characterize the beam
itself with a certain spatial resolution. Optical fibers carry the light from the optical heads to one or more
spectrometers, usually of Czerny-Turner type, to obtain the BES spectra. The ends of many fibers are
vertically piled in front of the entrance slit of the same spectrometer; as many spectra are produced at
the spectrometer exit port, which can be simultaneously acquired by a 2D CCD camera.

2.2 Other phenomena involved in BES

To reproduce the spectra collected by a BES diagnostic it is necessary to take into account two fundamen-
tal aspects. The first is that the shape of a BES spectrum mainly depends on the statistical distribution
of the angle between the trajectory of the beam particles and the direction of the photons collected by
an optic head. This angular distribution is determined by the divergence of the beamlets, in addition to
their position and orientation with respect to the optic head. The second aspect is the calculation of the
rate of photons collected by a BES diagnostic, which is given by the integral

n n 03— | v—dx 2.8
/VLos beam 45 < 1 A3,1 + A3,2 47 ( )

where Vipg, is the volume of the line of sight of a given optic head, 1y, is the density of the beam
particles, g5 is the density of the gas in the vacuum vessel of the test facility, 07 3 is the cross section of
the reactions which excite H/D atoms to the n = 3 level, v is the speed of the beam particles respect to
the gas molecules and () is the solid angle under which the emitting particles see the clear aperture of
the optic head. A3z, = 4.41 - 107 s~ and Az1 = 5.58- 107 s~ ! [54] are the transition probabilities from
the n = 3 excited state to the states n = 2 and n = 1; the two de-excitation channels are related to the
Balmer-o and Lyman-{3 line emissions. The quantities involved in the integral must be treated carefully;

more specifically:
* Vios is determined by the configuration of the optic heads.

®* Npeam depends on the divergence of the beamlets, but also on the position and orientation of the

beamlets with respect to the volume of a LOS.

¢ The density of the gas could not be uniform in the volume of the vacuum vessel; the gas den-
sity profile however cannot be measured, therefore it must be calculated by means of dedicated

numerical codes [12,55].

* As indicated in sec. there are many reactions which excite the atoms to the n = 3 level, and
each one has its specific cross section. The negative ions, the neutrals and the positive ions of the
beam are involved in different reaction, therefore it’s necessary to know the ion composition of the
beam to weight the contributions of the various reactions. The ionic composition is not constant
in space, but depends on the distance from the GG along the beam axis.
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* 03 and v depend on the energy of the beam particles, which is not unique; the integral 2.8 must
then take into account the energy distribution of the beam particles.

A secondary aspect related to the production of H, /D, photons is the non zero lifetime of the n = 3
excited state. Taking into account the fine structure of the quantum levels is unfeasible, because also the
population rate of the specific sublevels should be considered. From the transition probabilities of the
de-excitation channels n = 3 — 2 (Balmer-o) and #n = 3 — 1 (Lyman-$3) , it results that the decay time of
the n = 3 state is T = 10 ns. The typical distance between the points of excitation and the de-excitation
is 2.4 cm for hydrogen atoms at 30 keV/, or 13 cm for hydrogen at 870 keV. The consequence of this is
that the terms inside the integral 2.8l must be convoluted with the exponential decay of the excited states
along the beam path.

The only way to keep into account all the mentioned issues, in particular those connected to the

elevated number of beamlets and their geometry, is the use of numerical codes, like dBES.

2.3 Simulation Codes: dBES

The dBES code was developed to simulate the spectrum that would be acquired by a BES diagnostic,
keeping the phenomena described in the previous section into account. To calculate the amount and the
angular distribution of the photons collected by an optic head an analytical approach was adopted. The
simulation codes are also accompanied by routines dedicated to the analysis of the spectra (simulated
or real). The physical and numerical models adopted in dBES are now described.

2.3.1 The beamlets

The angular distribution of the beamlets’ particles follows the model adopted in the ITER DDD 5.3 [21]],
which foresees that the power density distribution of a beamlet is Gaussian:

:i-gf(gf L-e_(g)z
I (19) / Timax - (X€)2 + - (Xe/)2 (2.9)

where I,y is the power density (W/m?) at the beamlet axis, 6 is the angle of the considered position
respect to the beamlet axis, f is the fraction of halo composing the beam, X is the distance along the
beamlet axis from the GG, ¢ and €’ are the e-folding divergence respectively of the main part of the
beam and of the halo. It was implicitly assumed that the divergence doesn’t increase with X because of
insufficient space charge compensation or because of the collisions with the background gas molecules.
It can be easily calculated that I (¢) = E - 1.y, (0) v (E is the energy carried by a single particle), there-
fore also the transverse profile of the beamlets” density is Gaussian. To be precise, the mean density ngg
of the beamlets at the GG apertures is given by

I
neg = N+ (2.10)
T holes * eﬁc
where I is the beam current downstream the GG, N is the number of apertures in the G and 7po7es
is the radius of the apertures of the GG. In a frame of reference with x as axial coordinate of a beamlet

(starting at the GG) and y,z as transverse coordinates, the beamlet density as function of space is given

1With gaussian distributions, the e-folding widths correspond to the “sigma” widths multiplied by v/2.
2The GG has 126 apertures in BATMAN, 262 in MANITU, 640 in ELISE, 9 in NIO1, 1280 in SPIDER and MITICA.
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b
y P22
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where 0 and o[ are the radii corresponding to € and €’ at the GG. In addition to the distinction
between core and halo of the beamlets, it must be remembered that the beamlets are made of fully
accelerated particles and stripping losses. In dBES each beamlet is modelled as the sum of many com-
ponents, all having a Gaussian power density distribution but different particles” energy, divergence
and intensity. What distinguishes each component from the others are the fraction of the beam which
is represented, the energy of the particles, the divergence and og; moreover, each component can have
a different direction with respect to the nominal beamlet axis. Subsequently, each beamlet produced by
the GG is virtually positioned in the space, in a frame of reference (x, y, z) with the origin in the center of
the G The x axis corresponds to the axis of the whole source/NBI, while the y and z axes are oriented
horizontally and vertically in the plane of the GG. If it is foreseen by the operation of the machine, all
the beamlets are oriented according to the desired scheme (the case of MITICA is shown in figure
and according to the tilting of the grid’s system. Anyway, the beamlets can be set singularly to undergo
additional rotations, useful to study the effects of real deviations of the beamlets caused by the magnetic
field of the EG.

2.3.2 The LOSs

The photons emitted by the beamlets” particles are spread isotropically in all directions, but only part
of them is effectively collected by the optic heads This fraction can be quantified in terms of a solid
angle (), which is a function of the position with respect to the considered telescope. To calculate () it is

considered a model in which the lens of the telescope creates an image of the fiber head at a distance Q

(figure[2.2).

FIBER L

IMAGE OF FIBER HEAD
Figure 2.2: Scheme of the optical simulation of the LOSs.

According to the laws of optics, Q is related to the focal length f of the lens and the distance P

_Pf
Q= P ¥ (2.12)

3In MITICA, the origin is taken assuming that the GG is not tilted downwards.

between the fiber and the lens:




32 Chapter 2. Beam Emission Spectroscopy and the dBES code

By adjusting the value of P it’s possible to set Q so that the beamlets are present at an intermediate
distance between the lens and the image. The radius W of the image depends on the diameter d;;, of
the core of the fiber (400 pm in all the considered diagnostics):

_Q i

144
P 2

(2.13)

The LOS can be represented as a truncated cone, whose bases are the aperture of the lens, of radius L,
and the image of the fiber head in Q. To calculate the solid angle () at every LOS point, it is used the
property that a light ray departing from the image is conveyed into the fiber at the condition that the
ray passes also through the lens aperture. () comprises all the directions that intercept both the image
and the lens. A generic section of the cone at a distance p from the lens (0 < p < Q) is divided in small
areas according to polar coordinates ), ¢; the same operation is done for the area of the image, using the
polar coordinates r, 8. Now let’s consider a small element A of the section in p and another one B in the
image: by placing the origin of the (cartesian) coordinates in the center of the disk in p, the coordinates
of the two elements are

A = (0; x cos @; x sin ) B = (Q— p;rcosb;rsin®) (2.14)

where the first coordinate is along the beamlet axis. The trajectory of a light ray passing through the two
point can be parametrized as follows:

F(ty=0t+A  G=B-A (2.15)
In particular, the trajectory hits the plane of the lens in F (t;) , where

h=-5", ii . (2.16)

This “direction” belongs to () if
Ff () +F3(t) < L2 (2.17)

Using eq. .14 2.15|and 2.16] the formula 2.17]becomes

2
{— (rcos@—xcosq))QL_p+xcosq)] +

(2.18)
+ [—(rsm()—xsm(p)Q—_p—i—XSln(p} <L
If the condition is satisfied, the solid angle d(2 with which A observes B is calculated:
2 —
d0 = TEA/2 0. QP (2.19)

1712 19

Keeping the element of A fixed and scanning all the elements of the image, it is possible to obtain the
total solid angle of collection from that specific element of A. This operation is repeated for all the
elements of the disk in p, subsequently all the calculation is repeated for disks at other distances p. The
result is a map of () with respect to the axial and radial ()) coordinates.
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2.3.3 Gas density and ionic composition of the beamlets

Knowing ¢, in the space occupied by the beam is fundamental for the simulation to calculate the inten-
sity of the spectra, but also for the analysis phase, when the spectra of LOSs placed in different positions
are compared. In the simulations of dBES regarding BATMAN, MANITU and ELISE the background
gas density is assumed to be uniform, it’s calculated by the pressure measurements of each specific
pulse and in the hypothesis that the gas is at room temperature (300°K). In NIO1 and SPIDER, 71445 can
be assumed constant at 1.21 - 10'° m 3 (corresponding to 0.05 Pa at 300°K), instead in the case of MITICA
the gas denity is not uniform; the AVOCADO program[56] showed that the main variations of n gas are
function of the distance from the source. The variations of 7445 in the plane perpendicular to the beam
amount to ~ 5% and to ~ 22%, respectively for the LOSs upstream and downstream the neutralizer.
These variations are not considered in the code, the profile of ng,s varies only along the main axis of

MITICA (figure[2.3).
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Figure 2.3: Profile [56] of nges along the main axis of MITICA, assuming that the gas is at a uniform room
temperature (300°K) and that the gas is introduced at half the length of the neutralizer, with a throughput of
25Pa-m~3/s for H,19 Pa-m~=3/s for D.

The profile of ng,s is important also to calculate the evolution of the ionic composition of a beamlet
along its path. This can be calculated by solving the following set of differential equations

e —0-10—0-11 0 0 n-
0
e = Ngas (X) 7-10 —0p1 010 n? (2.20)
dnt _ +
ax x r-11 001 00 /lg \ 1 X

where n~, n° and n" are the densities of H-, H and H respectively, X is the coordinate along the axis
of the beamlet and E is the energy of the beamlet particles. The cross sections are related to the reactions
of ionization and neutralization of the ionic species; the subscript index indicates the initial and final
charge of the beam particles. The dependency of these cross sections on E is shown in figure
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lonization / electron capture cross sections
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Figure 2.4: Cross sections of the reactions through which the beam particles (H-/H’/H*) interact with the back-
ground gas and change their charge. The couples of numbers next to the curves indicate the initial and the final
charges of the fast particle. The data are taken from the pages A-28, E-6, F-8 and F-10 of ref. [57]].

The solving of the differential equations is performed with a Runge-Kutta 4" order method. The
resulting composition of the beamlets, assuming that they are all parallel to the machine axis, is shown
in figure figure [2.6{and figure [2.7| for NIO1, SPIDER and MITICA respectivelyﬁ The results depend
on the used isotope of hydrogen, because for the same value of energy the speed of the projectile particle
is different. The shaded areas/vertical lines indicate the intervals of distance from the grids at which the
LOSs intersect the beamlets. A first prediction that can be made, for example, is that in MITICA there
will be a difference of 12% (H) / 23% (D) between the intensities of the Doppler shifted lines of the LOSs
of the first section (GG-neutralizer) and the second (neutralizer-RID) section.

NIO1 - H - main beam composition
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Figure 2.5: Fractions of H", H? and H* composing the beamlets of SPIDER. The shaded areas indicate (from left
to right) the distances at which the horizontal LOSs and the bottom vertical LOSs intersect the beamlets. It is
assumed that ngss = 1.21-10' m=3 (gas at 0.05 Pa and 300°K) uniformly.

4The situation in the IPP test facilities is not shown because 11445 varies from pulse to pulse.
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SPIDER - H - main beam composition
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Figure 2.6: Fractions of H/D", H’/D" and H*/D* composing the beamlets of SPIDER. The shaded areas indicate
(from left to right) the distances at which the horizontal LOSs and the bottom vertical LOSs intersect the beamlets.
It is assumed that nges = 1.21 - 10" m=3 (gas at 0.05 Pa and 300°K) uniformly.
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MITICA - H - main beam composition
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Figure 2.7: Fractions of H//D", H/D° and H*/D* composing the beamlets of MITICA. The shaded areas indi-
cate (from left to right) the distances at which the LOSs between grids and neutralizer and the LOSs between
neutralizer and RID intersect the beamlets.

In the case of MITICA the profiles displayed in the figure must be projected to the actual direction
of the beamlet, therefore the solution of the differential equations must be performed for each beamlet.
This approach should be extended in general to all the test facilities, because even if the beamlets were
parallel to the machine axis their intersection with the LOS is not at the same distance from the grids.
Anyway, it has been checked that only in the case of SPIDER the variation of the ion composition from
beamlet to beamlet is not negligible and must then be taken into account. For the stripping losses the
evolution of the ionic composition must be calculated for each energetic component. The calculation
is not performed for each beamlet because this choice would slow down too much the program in
comparison to the benefits. The ionic composition of the stripping losses is therefore calculated for only
one direction, assuming the axis of the beam as trajectory.
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2.3.4 The emission cross sections

The ionic composition of the beamlets, calculated as described in the previous paragraph, allows to
treat separately the reactions which lead to the excitation of the beam particles to the n = 3 level.
Figure 2.8/shows the cross sections of these reactions as function of the energy of the beam particles; the

values shown in the figure are already multiplied by the branching ratio r of the H, radiation:

Asp

r=—_—_
Az1+ Azn

(2.21)
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Figure 2.8: Cross sections of the reactions related to the production of Hy photons, as function of the energy of
the beam particles. The legend indicates the reactions which produce the excited atoms responsible for the Hy
radiation. The data are taken from the pages B-12, C-12 and C-56 of ref. [57]].

H /D" and H/D are treated together because there are no specific data for the cross sections related
to the negative ions over a sufficient interval of energy; moreover, the binding energy of the excess
electron is much lower than the level of the involved energies. The maximum energy for which there
are available data is 100 keV for reactions and 1 MeV for the reaction 2.4 and 400 keV
for the reaction To cover the whole range of energies up to 1 MeV the missing part of the curves
was extrapolated from the last two available points. The values of the cross sections for the reactions in
deuterium can be obtained by the same data, but considering only half the particles” energy.

2.3.5 The spectral broadening of the H, radiation

To correctly simulate the BES spectra it is necessary to take into account the spectral broadening under-
gone by the Hy /D, radiation. The model adopted to calculate these broadening effects is based on ref.
[58]; the same model is at the base of the algorithms used to measure the beamlets” divergence € from
the width of the main Doppler peak in simulated or experimentally acquired spectra. It is assumed that
each contribution to the spectrum is a gaussian, whose centroid is determined by the Doppler-shift for-
mula 2.1 The photons emitted in the particles’ de-excitation are collected by a lens of finite dimensions.

As a consequence the observation angle « has a statistical fluctuation w, that causes a broadening of the
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components of the BES spectra. w can be calculated in first approximation as

w = arctan (L) (2.22)
Lios

(L is the radius of the lens and [}, is the distance between the point of emission and the lens). This

formula is useful during the phase in which the design of the telescopes is not decided. Once the optical

configuration of the telescopes is established, it’s possible to perform the optical simulation described

in par. and obtain the solid angle of collection () as function of space. From () it is then possible to

calculate w more accurately:

Q
W = arccos <1 - 271) (2.23)

The value of w to be associated to a beamlet must be averaged over the volume of intersection between
the beamlet itself and the LOS. In practice, dBES calculates the values of w for each of the volume
elements of the integration in eq. the averaging is then computed weighting the values of w with
the contribution of each volume element to the integral. E]

In a perfectly similar way to w, the angle of obsevation « may also vary because of the angular
distribution of the beamlet particles (figure 2.9). The quantity which statistically quantifies the angular
spread of the particles’ trajectories is the divergence €. Because in the propagation of the errors all the

fluctuations are considered in terms of standard deviation, the quantity o = €/+/2 will be used.

Figure 2.9: Representation of the angles used in the formulas.

Another cause of broadening of the emitted line are the voltage fluctuations oy on the grids, that
alter the energy of the negative ions and so f; the worst case is in MITICA, in which the voltage ripple
could reach 5 % of the working tension [59]. At last, the width of the line would be different from
zero also in absence of the previous factors, since the Hy /D, radiation has an intrinsic spectral width
a1 ~ 0.0132 nm and is broadened by the spectrometer (0)s). This last term can be calculated from
the FWHM of the diagnostic system instrumental function, that in a good spectrometer can be roughly
calculated as the ratio between the spectrometer entrance slit width F and the detector pixel size (psizeﬂ

SSubstancially, w is weighted with the intensity of the H, radiation produced in the volume element and collected by the
optics.
©This assumption is valid for a spectrometer with magnification 1.
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This parameter can be converted in a spectral width by using the plate factor (or dispersion) d of the
optics:

- Fd
AS = o /=
2V2In2 - psize

The total (sigma) broadening o) tort is obtained summing all the contribution according to the propaga-

(2.24)

tion of errors:

2 2
B
OATOT = \/U/%["'U'/%S (?92) (w? + 02) (aAﬁa ) oy

(2.25)

ABsina

2 2
= \/U/%I—HT%S—F(W) (w2+0€2)+(%(/§—cosa)> o?

where e and m are respectively the charge and the mass of the electron.

2.3.6 The intersection between beamlets and LOSs

Given a certain LOS, to calculate the amount of collected photons it is necessary to integrate the parti-
cles’ density of the beamlets within the volume of the LOS itself. Firstly, dBES searches for the beamlets
whose axes are close enough to the LOS; to save computational time dBES searches the beamlets effec-
tively crossed by the selected LOS, calculating the distances between their axes. The axes of the LOS
and a beamlet (figure can be thought as two vectors 7 and W laying on the lines L (for the Line
of sight) and B (for the Beamlet) and starting respectively from the points L (the centre of the lens) and
By (the centre of the aperture in the GG).

Lz

B0

'\

s

B {beamlet)

Figure 2.10: Calculation of the distance between a beamlet and a LOS.

The two vectors are calculated from L, and B, , two points given together with Ly and By by the
routines which define the position and the aiming of beamlets and LOSs:

F=1,— L @ = By — By (2.26)

Once having defined the vector @ = Ly — By , the distance s between the axes is obtained by exploiting
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the properties of the triple product:

’ﬂ |vT y?urj | @27)

After having normalized o and W, L, and B; are calculated with the following formula:

Li = Lo+p0
(2.28)
Bi = By+9w

where:

(2.29)
a-

Y = (5 w)z

For MITICA L, and B; can be used to evaluate how much the density of the background gas varies
within the intersection region: the routines showed that the difference between the densities in those
points is less than 5% , so the density can be assumed constant in all the space of the intersection. B
and 7y are very important, too, because they are the distance of the intersection from respectively the
lens and the hole of the beamlet; in fact, the transversal dimensions of the LOS and the beamlet at the
intersection points can be obtained by the aperture of the former, the divergence of the latter and these
two distances. The intersection is calculated only if the distance between the axes of LOS and beamlet is

less than the sum of their transversal dimensions (t;ps and tpe,,,; , respectively):

8 < t1os (L1) + tpeam (B1)
fos (I) - = L+ %7-p (2.30)
theam;i (B1) = GG + 77 - tan ‘z’%

where the quantities L, W, g, og; are defined as in the par.s and This condition is checked
separately for each i-th component of the beamlets (par. [2.3.)), since each one can have a different value
€; of divergence; as consequence, all the calculations that follow are carried out separately for each
component.

Once having recognized a valid intersection, the code calculates the angle & E}

& = 7T — arccos (E) (2.31)

ol [@]

At this point the origin of the axes is moved to the center of the lens and the axes are rotated in order to
make the z axis coincide with the axis of the line of sight (figure case on the left): in this reference
frame, the x’ and y’ limits of the intersection volume correspond to those of the LOS

X2 4y = [t1os (L1)) (2.32)

In the formula it has been (reasonably) assumed that the aperture angle of the LOS is too low to signifi-

cantly vary t;pg within the intersection volume.

7Tt must be remembered that the direction of the photons is not T but—7.
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i B LOS)

B (beamlet)

Figure 2.11: Transformations used to find the outermost values for z.

To calculate the outermost values of z’ it is considered the case of the maximum intersection volume,
in which d = 0; in practice, it is supposed that the axis of the beamlet passes in L; and not in By, so Ly,
Bj and L lay in a same plane. The reference frame undergoes a new temporary rotation around the z’
axis, so that the y/ and z’ axes lay in the new plane; the transformation is sketched in figure case on
the right.

beamlet

1

1

1

Zmax ! g -p
1
1

(0; Y"B0; Z"B0)

v

>
L

Figure 2.12: Intersection of LOS and beamlet in the plane X"Y”Z".

Thanks to this rotation the problem of finding the minimum and maximum values of z’ is reduced
from 3 to 2 dimensions: on the plane, the edges of beamlet and line of sight can be represented by
straight lines (figure 2.12); in particular, the dimensions of the beamlet are given by the triple of its
divergenc (as sigma, i.e. €/v/2) to avoid missing a not negligible fraction of the beamlet. z/ . and z},,,,

are the minimum and maximum z’ coordinates chosen between those of the points of intersection of the

8 A subsequent check showed that a wider limit doesn’t give perceptible changes in the results.
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edges (white points in the figure). These values for z are

Zl] = ZILI;O + [*tLOS (Ll) - ygo} tan gsup
le = Z,L;O + [tLOS (L1) — y’éo} tan Csup
(2.33)
7z = ZII;O + [_tLOS (L1) — y/éo] tan Gy ¢
zy = Z,éo + {tLOS (L1) — y}éo] tan Gy, ¢
where
a— 7+ 71f3/30<0 DC—%—Tf]/BO<O
gsup = ginf = (2.34)
g—a—%ify30>0 f—oc+\[1fy30>0

The reference frame is then brought back to X’ Y’ Z’; considering the i-th observed component of a
certain beamlet and the j-th reaction for the excitation n = 1 — 3, the corresponding photon emission
rate DPj; is calculated as follows:

I |
pj = / ngas (L1) gini (x';y';2") bj(rjrvimxiig'z)dx’dy’dz’ (2.35)

Vios

where g; is the fraction of the beamlet represented by its i-th component, #; is the density of the beamlet
particles according to the model of formula and adopting the divergence ¢; of the i-th component, b;
is the fraction of the particles (H" /D", H/D, H* /D*) involved in the j-th reaction, 0 is the cross section of
the j-th reaction that produces n = 3 excited atoms, r is the branching ratio of the H, /D, de-excitation,
v; is the speed of the particles of the i-th component of the beamlets and (2 is the solid angle under which
the photons are collected (par. 2.3.2). In practice, the calculation is split into two levels, the first of which
estimates the integrals

2
L= / @] (X/,' ]//}Z/) "gasTholes . _e—(x2+y2)/(UGG—O—Z’-tanel-)zdx/dy/dZ/ (2.36)
v 4r (0gG + 7' - tane;)

LOs

The integration is carried out in cylindrical coordinates:

anllY

2
Nogs? 2 32
dz/ d /d 845" holes . e P/ (0gc+ztane;) (2.37)
/ Pam 4 pae (0cc + z - tane;)?

Wlll/l

To speed up the calculation, the Simpson 1/3 integration method was adopted to lower the number of
steps required. By default the effect of the non zero de-excitation time of the n = 3 level is not taken into
account, being the de-excitation length short respect to the possible gradients in the gas density profile.
Optionally, if this effect is considered the estimation of I; becomes

Zmax

G i

ZWU”

in the approximation that €; < 1 and therefore /z% + p? ~ z; in this way the decay length BctT can
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be compared not the single particle trajectories (linked to the transversal distribution of the beamletﬂ
but directly to the coordinate z.
The second level of the calculation completes the evaluation of the terms P;; for the considered beam-
let:
Pij = I; - gingguirbjo; (v;) (2.39)

The calculations are performed for all the beamlets which have some of their components crossed by
the LOS.

Finally, to find the signal effectively acquired by a BES diagnostic each term P;; must be multiplied
by an attenuation factor / that represents the optical losses introduced by the lens, the fibre, the spec-
trometer and the couplings between each optical component, by the exposure time t,y, of the CCD and
by a factor Q that combines the quantum efficiency and the amplification of the CCD. The resulting con-
tributions expressed in ADC counts are then distributed on the spectrum as Gaussian profiles, whose
centroids are calculated by means of formula[2.1{from &, v; and the type of reactio The width o) roT
of the Gaussians is calculated as in eq. [2.25]. The final signal is given by the sum of all these Gaussians;
the Poisson noise is added to the signal, too.

2.3.7 Analysis of the spectra

Besides simulating the spectra of the BES diagnostics, dBES has routines also to analyze the spectra and
derive the desired quantities. For the measurement of the average divergence on observed beamlets,
the width o)ror of the main Doppler peak is obtained by a numerical fit of the spectral line profile;
subsequently, the divergence is calculated by inverting formula

Je = (%) lU)Z\TOT — 03— 035 — (%) oG+
(2.40)

_ (r% (B— cosac))%ﬁ%} :

To carry out the calculation various data are requested in input: o, is known, )¢ can be measured
preliminarly during the setup of the diagnostic, B is known from the voltage measurements on the

grids, while « can be obtained from the spectral separation between the main Doppler peak and the

unshifted H, /D, line:
1 A
_ (4 _ 'y
X = arccos [ﬁ (1 /\0\/1 B )} (2.41)

This esteem has obviously an error; oy is derived with the standard propagation rules considering the
measurement error oy, on the total acceleration voltage Vj (which determines ) and the error in the
determination of A’. The wavelength of the main Doppler peak is measured from the reading of the
CCD, which gives an array of counts as function of the pixels:

N =20+ (Paop = po) d (2.42)

where pj,, and py are the centroids (in pixels) of the fits of the main Doppler peak and the unshifted
H, /Dy line. Both the centroids are determined with an error, o, which was roughly estimated as
0.05 pix in typical acquisition conditions. The plate factor d is usually measured as the ratio between

9The term (oG + s - tan e)2 is kept inside the convolution operation because it affects the density along the beamlet axis.
0As explained in sec. in some reactions the excited particle is a fast particle of the beam, in others the H, /D, radiation is
produced by slow particles deriving from the dissociation of the gas molecules.
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the difference of two known wavelengths and the difference of the respective positions in pixels on the
CCD:

joM—M (2.43)
p1— P2
Assuming that oy = 0p = 0, itis
0y = \@L)‘ZZUG _ V2dog ~0.002d  if p;—py =100 (2.44)
(1 —p2) P1— P2

The propagation of errors showed that in all the considered BES diagnostics oy is in the order of
1073 rad. The error in the measurement of a propagates in formula therefore also the measure of
divergence has an error, X El However, 0 is not the only source of error; the instrumental broadening
has an error X5 because of the uncertainty on d and because in real diagnostic F is determined by the
width (in pixels) of test lines in the spectrum:

2

2
d 2 F
s2 (4 Ve (__F ) 2.45
AS (2@) © (2\/211‘12'}%1‘2@) ! 24

Analogously, oyror has an error 2,101 because of the uncertainty of d and the error in the fit of the
Doppler peak:
OATOT = OATOTpixel)d =

_ [ny2 2 2_ [no2 . 2 2
YatoT = \/ XX rorppive) T TaTOT% = \/ 470G T Oxr01%

w is another delicate input parameter for formula it varies within the intersection volume of each

(2.46)

beamlet with the LOS, but also from one intersection volume of a beamlet to another one. The value of
w is obtained by simulating the spectrum to be analyzed with dBES. The code keeps track of the value
of w in each volume element of the integration in formula the average and the standard deviation
of w were calculated for each beamlet weighting the single values of w with the contribution of each
volume element to the integration. The mean value of w over the observed beamlets is then computed.
To calculate the error X, in the estimation of w the following procedure is adopted: the extreme values
of w within each beamlet are considered, i.e. w — Z,.peamier ANA W + X, peamier, Where X poamier is the
standard deviation of w for a specific beamlet. The minimum and the maximum of these values were

used to calculate X,;:
Zw _ max (w + z‘w;beumlet) — min (w - Z“w;beumlet) (2.47)
2v3
where v/3 was inserted roughly assuming that the values of w are uniformly distributed in the interval
set by the numerator of formula It resulted that in the considered test facilities %, is within the

range 15 <+ 25%.

At last, the error X, on the measurement of the divergence is influenced by the errors oy, and Zy,
with which the total acceleration voltage and the voltage ripple are respectively measured. The complete

propagation of errors for X is shown in the following formula:

2 2 2
2 _ 30, 2 30, 2 a0 \2 2
Ye = (aU;;OT) Xiror + (afw) g+ (ago) Oat
(2.48)

2 2 2
90, 90, 90,
(781‘7/) o+ (fa‘;) 5+ (fag‘/) s

1 The symbol X was adopted to not confuse this quantity with oc.
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where the appearing partial derivatives are:

-1
90, _ N -1/2
dror  — UATOT (W) [---] ,
with [-++] = 02, r — 02, — 03¢ — a—)‘/zaz— a—NZUZ
— YATOT Al AS dug w IV Vo
doe _ ) ! [...]—1/2
aU’AS - O'AI o
AN ~1/2
20 - —w (aa%) Y (2.49)
—1 2
Jo, _ oA N -1/2
g - o) W)
-2 -1
a0, _ N 2N 1/2 oA —=1/2 | 20\ 92\’ 2 9\ 92\
% = _(W> ol —<W) [-] [wWaazJF“vwm
-2 -1
a0, _ N 2\ 1/2 oA =1/2 [ 20A" 92\ 2 9N 2N
v = *(W) avax I *(W) [--] [w S avax T OV GV vz
The first and second derivatives of A’ with respect to « and V are
9N __ AgBsina 2\ ApBcosa 92\ _ eAgsina
o /1-p2 onz \/1,}32 owdV = mpP
(2.50)
N _ edg 1 _ cosw 2N __ eAgsina 2N _ e%Agcosa (1 . 2)3/2
WV = m B aVox —  mp VI = g2 p

The main input parameter of this calculations is ) 1o, which can be obtained with a Gaussian fit of the
main Doppler peak. If the angle a between the beamlets and the considered LOS vary strongly from
beamlet to beamlet, the main Doppler peak will be distorted. If these fluctuations were not symmet-
rically distributed around the average value « it could be possible to notice an asymmetrization of the
main Doppler peak. If instead the variations of « are much higher than € multiple Doppler peaks would
be observed , more or less overlapped between them. In this case a fit with multiple Gaussians can be
performed. Another issue are the stripping losses, whose emissions are partially superimposed to the
Doppler peak, changing its shape. This problem affects more the low energy side of the Doppler peak,
while the other side can be exploited for the fit.

Besides measuring the direction and the divergence of the beamlets, a BES diagnostic should be able
to characterize the uniformity of the beam. This could be done by comparing the integral of the main
Doppler peak in the spectra collected by different LOSs; an absolute calibration should be obviously
done on the optical systems. The integrals of the Doppler peaks, however, depend on the number of
observed beamlets and their proximity to the LOS, conditions which are practically different for each
LOS. The integrals should therefore be weighted using the values of P;; obtained by dBES using input
parameters which reflect the real condition. To calculate the terms P;;, the position of the LOSs with
respect to the beamlets has to be known; this information can be retrieved by tomographic systems or by
the calorimeter, but with a precision which could not be sufficient. An alternative method to measure the
beam uniformity [12] simply consists in measuring the horizontal and vertical trends of the divergence
in the beam: as described in par. the divergence of the beamlets is determined by the optics of the
grids, which in turn are influenced by the extracted current density. Beamlets carrying different values
of current have therefore different values of divergence, and vice versa. It was estimated [12] that to
obtain measures of uniformity with a relative error below 10% the divergence should be measured with
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an error below 5%. Necessary conditions for a comparison of this type is that different LOSs mustn’t
observe beamlets in common, and that a LOS mustn’t receive light from beamlets with different values
of divergence. In practice, the dimensions of the beamlets (determined by the divergence) at the point
of observation and the characteristic length of the gradients of divergence (e/Ve) must be shorter than
the spacing of the LOSs. Moreover, it must be proved that in the considered operative conditions €
depends linearly on the current density, or anyway an exact relation between the two quantities must
be determined in order to correctly weight the variations of €.

2.4 IPP BES diagnostics and codes for the benchmark of dBES

To be able to give realistic indications for the future diagnostics, a model or a code must be validated
by experimental results. A benchmark was made possible at IPP Garching, where BES diagnostics have
been installed and are (or have been) operative on the BATMAN, MANITU and ELISE test facilities.
To simulate the BES spectra dBES was coupled to the codes BBC-NI-advanced (Bavarian Beam Code for
Negative Ions) [12] and EAMCC (Electrostatic Accelerator Monte Carlo simulation Code) [60, 61]]. The spectra
generated by dBES were compared to the experimental ones and to those simulated by the code BBC-
NI in both its “simple” and “advanced” configuration. Moreover, dBES was modified in 2 optional
versions, dBES-2 and dBES-3, to take into account alternative algorithms of effects neglected in the
standard version. The information on the BES diagnostics of the IPP test facilities is now presented,
together with the details of the codes which supported the benchmark of dBES.

2.4.1 The BES diagnostic in BATMAN

The BES diagnostic in the BATMAN has not been the same during all the lifetime of the test facility, but
has been upgraded in 2013 [62]. Before the upgrade the diagnostic was equipped with two horizontal
LOSs, observing the beam from a viewport of the vaccum vessel. The main characteristics of the diag-
nostic (in the old configuration) are listed in table[2.1] Differently from the setup described in par.
inside the 2 optic heads the end of the fiber is placed at the focal distance (30 mm) of the lens. It was
verified a posteriori that the LOSs created by these optic heads is not cylindrical but slightly diverges
with angle of about 0.6° [12]. The image of the fiber head is therefor virtual, on the same side of the
fiber respect to the lens; the distance between fiber and lens is about 29.7 mm. The optic simulation
described in par. gave the solid angle Q) of collection of the photons, as function of the axial and
radial coordinates of the LOS (figure 2.13).
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Quantity value
typical range of measured values of € (e-folding) 20 < 150 mrad
« (LOS 1/ LOS 2) 63.58°/61.06°
Distance of LOSs from the GG along the beam axis (x) 1.5m
Horizontal distance of LOSs from the beam axis (y) 0.6m
Vertical distance of LOSs from the beam axis (z) —5cm (LOS 1)
1.5 cm (LOS 2)
Clear aperture of the lenses (2L) 20 mm
Focal length of the lenses 30 mm
Diameter of fiber core 400 um
Plate factor of the spectrometer (d) 7 pm/ pix
Entrance slit width of the spect. (F) 70 ym
o5 (sigma width of instrumental function) 0.018 nm
Pixel size of CCD (pgjze) 13 um
Number of pixels in the CCD 1024x1024

Table 2.1: Characteristics of the BES diagnostic in BATMAN. The double values refer to the 2 LOSs singularly
[12,l63].
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Figure 2.13: Solid angle (in srad) of collection of the optic heads in BATMAN and ELISE, as function of the
longitudinal and radial distances respect to the axis of the LOS (beware the different units used in the axes of the
plot).

Following the procedure indicated in par. the information of table[2.T)and figure 2.13|was used
in preliminary runs of dBES to get the plane angle of observation of the lens w and its variation X,.
It resulted that w = 5.7 mrad and £, = 0.79 mrad (14%). In principle w could vary according to the
divergence and the positioning of the beamlets; the simulations of dBES however indicated that these
variations are well within X, for both the LOSs and in the range of the measured values of €.

With the upgrade of the BES diagnostic (12 44] the configuration of the optic heads was not
changed, therefore the results of the optic simulation are the same of figure however, the optic
heads were installed inside the vacuum chamber and their number was increased to 5. All the optic
heads are oriented in horizontal direction; figure[2.14a shows the optic heads installed inside the vacuum
chamber, whereas figure shows the vertical position of the axes of the LOSs with respect to the
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apertures of the GG. The radius of the LOSs at the center of the GG is of about 16 mm.
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Figure 2.14: a) Position and numbering of the LOSs for the new BES diagnostic in BATMANI64]. b) Height of
the axes of the LOSs with respect to the apertures of the GG. At the center of the GG the radius of the LOSs is of
about 16 mm. The values indicated in the Cartesian axes are in meters.

With the upgrade of the system the spectrometer and the CCD camera were changed, too. Their
properties and those of the new BES diagnostic are listed in table[2.2] As it is shown, the plate factor of
the spectrometer is not constant along the acquired portion of the spectrum.

Quantity value
typical range of measured values of € (e-folding) 20 = 150 mrad
o 57°
Distance of LOSs from the GG along the beam axis (x) 1.2m
Horizontal distance of LOSs from the beam axis (y) 0.5m

Clear aperture of the lenses (2L) 20 mm
Focal length of the lenses 30 mm
Diameter of fiber core 400 um
Plate factor of the spectrometer (d) 15 pm/ pix @A,
(Apin = 647.7 nm, Ay = 661.6 nm) 12 pm/ pix @A 04
Entrance slit width of the spect. (F) 70 ym

o) s (sigma width of instrumental function) 0.045 nm
Pixel size of CCD (psize) 26 um
Number of pixels in the CCD 1024x255

Table 2.2: Characteristics of the BES diagnostic (latest setup) in BATMAN. Ay, and Ayax are the outermost

values of wavelength observed by the CCD camera[12].

The information of figure and table[2.2]were used in preliminary simulations of dBES to estimate
the values of w and ¥,; it resulted that w = 4.9 mrad and %, = 0.7 mrad (14%). It was verified that the
position of the LOSs and the beamlets” divergence cause variations of w well within the interval given

by Z.

The measures of divergence are obtained by the BES spectra by means of the so called IPP standard

evaluation method: this consists in fitting the main Doppler peak with a Gaussian curve to get its (sigma)

widthoyror; the fit is applied on the upper part of the peak, from the 30% of its height. The divergence
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(in e-folding) is obtained by the formula

2 2
02 — O
AtoT ~ 938
€ = \/§

(A= Ap) tana| (251)

The fraction of stripping losses f;;p instead is measured by comparing the integral of the contribution
of the stripping losses Iy, with the integral I;;,5;,, of the main Doppler peak:

f o Istrip /o (uext)
strip Istrip /o (uext) + lynain/ 0 (ufﬂt)

(2.52)

where ¢ is the comprehensive cross section for the production of Hy /D, photons, calculated at the
extraction energy (Uxt) and at the full acceleration energy (Utot). Lstrip is measured by integrating the
signal of the spectrum in an interval of +0.25 nm around the wavelength corresponding to the extraction

voltage [12].

2.4.2 The BES diagnostic in MANITU

In MANITU the beam was observed along 13 horizontal LOSs and 7 vertical LOSs, arranged as shown
in figure 215} the optic heads used in the diagnostic had the same characteristics of those used in BAT-
MAN. The key parameters of the whole BES diagnostic are listed in table

As in BATMAN, using the data of the optical simulations and the information on the diagnostic it
was possible to calculate that w = 5.5 mrad and £, = 1.0 mrad (18%).

The methods of analysis to measure the divergence and the fraction of stripping losses were the same
used in BATMAN.

H_Doppler:
horizontal LoS

Figure 2.15: Positioning and orientation of the LOSs of the BES diagnostic in MANITU [46]. The positioning of
the LOSs of the OES diagnostic next to the PG is shown, too.
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Quantity value

€ (e-folding) expected 20 =+ 100 mrad
« (horizontal /vertical LOSs) 56°/60°
Distance of all LOSs from the GG along the beam axis (x) 1.7m
Distance of horizontal LOSs from the beam axis (y) 0.3m
Vertical separation between adjacent horizontal LOSs (z) 4cm
Distance of vertical LOSs from the beam axis (z) 0.3m
horizontal separation between adjacent vertical LOSs (y) 4.6cm
Clear aperture of the lenses (2L) 20 mm
Diameter of fiber core 400 ym
Plate factor of the spect. (d) 7nm/ pix
Entrance slit width of the spect. (F) 70 um
Pixel size of CCD (Psize) 13 um
Number of pixels in the CCD 1024x1024

Table 2.3: Characteristic of the BES diagnostic in MANITU [46) 39, 60].

2.4.3 The BES diagnostic in ELISE

The BES diagnostic in ELISE [12] has 20 LOSs, 4 vertical and 16 horizontal, oriented as shown in figure
[2.16p; the projection of the axes of the LOSs on the vertical plane is shown in figure 2.16p, together with
the positions of the apertures in the GG. The spectrometer and the CCD camera of the diagnostic are the
same used in the first version of the BES diagnostic in BATMAN. With the same procedure of adopted
for BATMAN and MANITU, it was calculated that w = 3.9 mrad and %, = 0.9 mrad (18%). The position
of the LOSs with respect to the beamlets and the divergence can influence the value of w, but always
within the range set by Z,.

The algorithms used by the BES diagnostic to measure the beamlets’ divergence and the fraction of
stripping losses is the same used in BATMAN and MANITU.
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Figure 2.16: a) Positioning and orientation of the BES LOSs in ELISE with respect to the GG and the other beam
diagnostics (the calorimeter and the W-wire calorimeter) [12]]. b) Position and numbering of the LOSs with respect
to the apertures of the GG (the units of the axes are in meters).
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Quantity value
typical range of measured values of € (e-folding) 20 + 150 mrad
o 130°
Distance of LOSs from the GG along the beam axis (x) 2m
Distance of horizontal LOSs from the beam axis (y) 0.8m
Distance of vertical LOSs from the beam axis (z) 09cm
Clear aperture of the lenses (2L) 20 mm
Focal length of the lenses 30 mm
Diameter of fiber core 400 um
Plate factor of the spectrometer (d) 7 pm/ pix
Entrance slit width of the spect. (F) 70 uym
o) s (sigma width of instrumental function) 0.018 nm
Pixel size of CCD (psize) 13 um
Number of pixels in the CCD 1024x1024

Table 2.4: Characteristics of the BES diagnostic in ELISE [12]144].

24.4 BBC-NI

The code BBC-NI [12] was developed at IPP Garching with the main purpose of identifying the physical
aspects which determine the BES spectra and support the analysis of the data collected by the BES dag-
nostic. Whereas dBES is adopts analytical algorithms to retrieve the amount and the angular distribution
of the photons collected by BES, BBC-NI is based on a Monte Carlo approach, i.e. the code simulates the
trajectories and the interactions of a certain number of beam particles. BBC-NI was developed in two
versions: BBC-NI advanced and BBC-NI simple.

2.4.4.1 BBC-NI advanced

In the advanced version the code considers a laminar flow of a number (< 10%) of negative ions at the
meniscus of the apertures of the PG. BBC-NI-advanced then calculates the evolution of the particles’s
trajectories through the whole acceleration stage. The calculation takes into account the electric field
produced by the grids and by the charge of the ions themselves; the map of the electric field is calculated
by the subprogram KOBRA3-INP [65] for a single grids” aperture and is then applied to all. BBC-NI-
advanced takes also into account the collision of the particles with the gas molecules, together with the
possible emission of secondary particles (eg electrons); the density profile of the gas molecules inside
the acceleration system is calculated by the EXCELSTRIP [12] program. For the benchmark the magnetic
field instead was not considered, because it hadn’t been fully implemented in the code yet.
Downstream the GG, BBC-NI-advanced simulates the excitation of the particles by the random col-
lision with the gas molecules of the background gas. The code then selects the points of emission of
the photons which are inside the LOS volume, simulating the isotropic emission of multiple photons
from each positiorEzl The photons which hit the surface of the lens give rise each one to a Gaussian
in the simulated spectrum, whose central wavelength is given by speed and direction of the de-excited
particle, and whose width is the same of the spectrometer instrumental function. This algorithm allows
to take into account 3 phenomena which distort the shape of the main Doppler peak with respect to a

Gaussian curve:

1. The volume effect, due to the fact that the solid angle of collection of the optics falls with the
distance from the optic head. The light emitted by the sides of the beamlets closer to the optic
heads is more efficiently collected respect to the light coming from the opposite sides. If a < 90°,
the low energy side of the main Doppler peaks is higher with respect to the high energy one; the

12Multiple photons are emitted from each single point to reduce the calculation time and improve the statistic of the simulation.
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situation is reversed if & < 90°. This effect is more pronounced if the beamlets are closer to the
optic head, or if the volume shared by beamlets and LOS is more elongated; this last case happens
at high divergences or at values of o far from 90°.

2. The area effect, which consists in the fact that the section of the LOS can vary with the distance
from the optic head. This effect, as the volume one, is sensible to the elongation of the beamlets
inside the LOS and therefore is influenced also by & and €. As result the full energy component

becomes asymmetric, in the opposite way with respect to the volume effect.

3. The origin effect, based on the fact that a LOS intercepts a beamlet with a given distance between
the axes of LOS and beamlet. For certain angular distributions of the beamlet particles, the angular
distribution of the collected photons varies whether the core or the tail of a beamlet is observed.
In other words, the photons received by a optic head are produced by a group of particles whose
angular distribution is distorted with respect to the one of the whole beamlet.

With respect to BBC-NI-advanced, dBES keeps these effects into account only in the calculation of the
amount of collected photons, but not in the angular distribution of the photons themselves.

2.4.4.2 BBC-NIsimple and the parametrization method

In the simplified version of BBC-NI the extraction and the acceleration of the beamlets’ particles are not
simulated. A bunch of negative ions is considered directly at the exit of the GG for each aperture, the

direction of the ions is set according to the azimuthal and polar angles (7,4, 7p):
Yo =€-erf ! (z1); Yp = 2722 (2.53)

where z; and z; are two random numbers uniformly distributed in the interval [0,1]. The random
excitation of the beamlets’ particles, the emission of the photons and the generation of the BES spectrum
is the same as in BBC-NI-advanced. Also BBC-NI simple is therefore able to fully take into account the
volume, area and origin effects.

An important difference between dBES and BBC-NI simple is that in dBES the power density distri-
bution of the beamlets follows a Gaussian function, while in BBC-NI simple it’s the angular distribution
of the particles which follows a Gaussian. In the second case, the power density of the particles with an
angle between 0 and 6 + df is proportional to the number of particles divided by 26d6. In comparison to
dBES, the power density profile corresponding to the model used in BBC-NI-simple is much narrower
and with more pronounced tails at the side. This difference clearly influences the angular distribution
of the particle observed by a LOS. In particular, these two angular distributions are differently affected
by the 3 distorsion effects mentioned in par. In the case of dBES, the origin effect does not affect
the BES spectra: to demonstrate it, let’s consider an horizontal LOS, infinitely thin, which observes a
beamlet perpendicularly and off-axis; a representation of this is shown in figure
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Figure 2.17: Scheme of an horizontal LOS passing perpendicularly near a beamlet with a Gaussian power density
profile.

Adopting a Gaussian power density profile (white area in figure 2.17), the beamlet density has a
Gaussian dependence from the distance from the beamlet axis. This dependence can be easily decoupled
along the coordinates y,z of the plane perpendicular to the beamlet axis. Since the points belonging to
the LOS have the same vertical coordinate zy, the variation of the density along the LOS is controlled
only by y. The density profile of the beamlet’s particles along the LOS is then a Gaussian curve, whose
width is € and whose integral is reduced of a factor k = exp (—z3/X?e?) with respect to the case with
zo = 0. Because the amount of collected Hy /D, photons is proportional to the density of the beamlet’s
particles along the LOS, the angular distribution of the photons with respect to the LOS direction is
a Gaussian of width €. The real LOSs have an intrinsic width, therefore on the plane yz they can be
represented by a sum of nearby lines. Each one will give a Gaussian of different intensity but of the
same width, therefore the total sum will be a Gaussian of width €. This result however is only valid if

the angle of obervation « is equal or close to 90°, and the volume and area effects are still present.

With the particle distribution of BBC-NI-simple, instead, what happens is different: the angular
distribution of the collected photons depends also on the relative distance between the axes of LOS
and beamlets. Using the same scheme of figure it can be seen that at high values of |zg| the only
particles which can be observed by the LOS have large angles with respect to the axis, which are however
small if projected on a horizontal plane. This phenomenon happens also with the distribution adopted
by dBES, but in this case the width of the angular distribution is not conserved. It happens that the
spectral contributions of beamlets with their axes far from the LOS are narrower than those of the closer
beamlets; the final result of BBC-NI simple is a full energy component with a narrow core and broader
tails, similarly to what often happens in the experimental spectra.

To take the volume, area and origin effects into account in the measurement of the divergence from
the BES spectra, the so called parametrization method was developed at IPP[12} 44]. It consists in using
BBC-NI simple to simulate BES spectra for different input values of divergence, extraction voltage Uy
and acceleration voltage U,c.. The sets of values for these parameters are chosen in order to cover the
typical operative scenarios of the considered test facility. For each produced spectrum the main Doppler
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peak is fitted with a user defined function F to measure its spectral width w (which clearly depends
on the definition of F); the Lorentzian function was found to best fit the shape of the main Doppler
peak in the spectra collected at BATMAN. At this point an empirical function g is determined so that
€ = g(w, Uext, Ugee). After some preliminary studies ¢ was defined as three nested linear functions:
e = mw + t, with coefficients m and t which linearly depend on U,y according to coefficients linearly
dependent on U,e.. The final form of g has constants which are fitted to the inputs (g, Uext, Ugec) and
the outputs (w) of the simulations of BBC-NI simple. The values of these constants are different from
LOS to LOS, because the distribution of the photons collected by the optic head depends on the position
and the orientation of the optic head itself. At last, when an spectrum is acquired by a BES diagnostic
the full energy peak is fitted with the function F: the measured value of w, together with U,y and Ugc
(known from the operational settings), is given in input to the function g to get the divergence. Further
details and results of this analysis method can be found in ref. [12].

24.5 EAMCC

The EAMCC code [60,[61] simulates the trajectories of the beam particles inside the acceleration system,
with the aim of optimizing the optics of the apertures of the grids and estimate the power deposition
of the beam particles on the grids themselves. Analogously to BBC-NI advanced the program simu-
lates the interaction of the negative ions with the gas molecules and the grids’ surfaces, keeping track of
the trajectories of the possible secondary particles produced; for this task, the gas density profile inside
the acceleration system is calculated separately by the AVOCADO program[66]. The electric field is
obtained by the SLACCAD program, whereas the magnetic field is calculated by PerMag[67]; the mag-
netic field however was not considered in the simulations performed for this benchmark. To reduce the
computation time EAMCC simulates just one beamle@ applying periodic boundary conditions.

24.6 dBES-2

dBES-2 is a modified version of dBES, created to fully reproduce the volume, area and origin effects
on the shape of the main Doppler peak. The program considers a single beamlet with Gaussian power
density profile, placed at the center of the GG. In the same horizontal plane in which the beamlet lays
an optic head is considered, with the positioning and orientation of the real optic heads. The frame of
reference has cylindrical coordinates (/,0,¢), where [ is the coordinate along the LOS axis and p and ¢ are
the polar coordinates of a LOS section perpendicular to the axis. The LOS is considered as a truncated
cone, where the minor base is the lens of the optic head. The beamlet instead is considered as a cone
whose surface corresponds to 3e/ V2 (3 sigma); the minimum and maximum values of ! for which the
beamlet falls inside the LOS are calculated. In this way the volume of intersection between beamlet
and LOS is defined as a truncated cone, which is further discretized along the 3 coordinates in 40° cell
element The intensity of Hy, radiation produced inside each cell element is calculated and weighted
with its solid angle. The corresponding contributions to the simulated spectrum are Gaussians centered
on the wavelength given by the values of « of each cell element. The width of these gaussians was
determined with formula setting € = 0 and using the specific values of « and w E] of each cell
element.

To better study the 3 distorsion effects the position of the beamlet with respect to the optic head can
be varied, moreover all the beamlets composing the beam can be simulated at once.

131n the cases in which the magnetic field is kept int account EAMCC simulates two adjacent beamlets, with opposite fields at
the EG.

141t was verified a posteriori that a finer discretization does not change the shape of the simulated spectrum (but increases the
calculation time according to a N3 law).

154 is calculated using formula
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24.7 dBES-3

dBES-3 is another modified version of dBES, which mimics the Monte Carlo algorithms of BBC-NI-
simple to study the angular distribution of the particles observed by the LOS and of the collected pho-
tons. Similarly to dBES-2 the code considers a beamlet emitted from the center of the GG, together an
horizontal LOS at the same height of the beamlet. The position of the beamlet with respect to the optic
head can be varied, optionally all the beamlets can be simulated. For each beamlet a number (10°) of
particles starts from a defined point of the GG and propagates according to eq. The particles whose
trajectories fall in the LOS volume are selected analytically; for these ones the points of intersection be-
tween the trajectory and the “surface” of the LOS volume are determined. In this way for each observed
trajectory a segment is selected, within which 6 equidistant points are determined. Each one of these
points contributes to the spectrum with a Gaussian function, whose central wavelength is calculated
from the angle a between the lines which connect the point to the center of the beamlet at the GG and to
the center of the lens. The width of the Gaussians is calculated with formula neglecting the broad-
ening caused by the divergence and using the values of « and w of the considered points. The integrals
of the Gaussians are proportional to the length of the segment to which the points belong.

2.5 Benchmark of dBES on BATMAN and MANITU

The first benchmark of the dBES code was performed comparing the results of its simulations with the
spectra acquired by the BES diagnostic of BATMAN before the upgrade and by the the BES diagnostic
of MANITU. To produce the BES spectra dBES has been fed with the measurements of the extracted
and accelerated voltages, the accelerated current density, the tank pressure and the stripping fraction
of a specific pulse. The input values of € and o (radius equivalent to € at the GG) were obtained for
BATMAN and MANITU by means respectively of the codes BBC-NI-advanced[12] and EAMCC [60] 61]].
The two codes calculated the trajectories of the beamlets’ particles from the PG up to a distance of 3.5 cm
downstream the GG. At this position dBES divided the full energy particles from the stripping losses
and calculated their relative fraction. Separate values of 0 and € were calculated for the two types of
particles. ogg was estimated as /2 times the distance from the beamlets axis within which the 68% of
the beamlet’ particles is present; € is obtained by a Gaussian fit applied to the angular distribution of the
beamlet particles with respect to the axis of the LOS.

The spectra simulated by dBES were finally compared to those acquired by the BES diagnostic, not
only qualitatively, but in terms of the divergence measured on the spectra themselves. To perform this
comparison the measurement algorithm of dBES (par. was used. In the case of BATMAN, the
spectra generated by dBES were compared also to the ones calculated by BBC-NI-advanced.
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2.5.1 Benchmark on BATMAN

The work of simulation and analysis was concentrated on 7 particular pulses in hydrogen, realized
before the upgrade of the BES diagnostic: 84966, 84967, 84968, 84969, 84971, 84972 and 84973. For
simplicity only the spectra of the LOS 1 were used; this LOS should be close to the center of the beam,
because in the selected pulses the magnetic filter filed caused a shift of the beam downwards. The
specific characteristics of these pulses required in input by dBES are listed in table the normalized
perveance is indicated, too. The selected pulses represent a scan in perveance of the source.

Pulse | U,y (KV) jacc (A/mz) P/P, Ugee (V)
84966 8.66 260 0.073 ~13.14
84967 7.75 254 0.084 || Tank pres. (Pa)
84968 6.73 240 0.098 ~9.1.1072
84969 5.74 227 0.118

84971 4.73 213 0.148

84972 3.73 195 0.194

84973 2.72 145 0.233

Table 2.5: Main parameters of the considered BATMAN pulses [63]]. jac. is the accelerated current density.

Figure shows the spectra generated by dBES coupled to BBC-NI advanced for the pulses 84966
and 84973, compared to the spectra acquired by the BES diagnostic; the background of the real spectra
was previously detected and removed. The figure shows also the spectra directly generated by BBC-NI-
advanced. Since there wasn’t an estimation of the optical losses in the diagnostic for dBES, the intensities
of all the spectra were normalized respect to the height of the Doppler shifted peaks.
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Figure 2.18: Comparison of the spectrum acquired by the BES diagnostic (black) with those simulated by BBC-
Nl-advanced (red) and dBES. The two cases are referred to pulses 84966 and 84973, LOS 1.

The main differences between the spectra obtained by the two simulation codes and the experimental
data are substantially 4: firstly, the intensity of the H, unshifted peak is underestimated by both codes
by a factor 2; the extra Hy radiation is due to a reflection of light coming from the ion source. Secondly,
the intensity of the part of the experimental spectrum related to stripping losses is higher with respect
to the simulations; this can be due to an incorrect estimation of the H, density profile in the acceleration
stage. The discrepancy can be better observed in figure which gives an enlarged view on the base
of the spectra of figure It can be noticed also that the curves of the three spectra corresponding to
the stripping losses have completely different shapes. Last but not least, the H, shifted peak of the real
spectrum exhibits two large tails at the base, perhaps due to the origin effect and/or to the halo (not
reproduced by the codes).
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Figure 2.19: Zoom at the base of the spectra acquired by the BES diagnostic (black) and of those simulated by
BBC-NI-advanced (red) and dBES. The two cases are referred to pulses 84966 and 84973, LOS 1.

The last highlighted problem is of particular importance for its effects on the measurement of the
beamlets” divergence: this quantity is indeed determined by the shape of the peak, through a Gaussian
line fitting procedure. However, as shown in figure 2.20h, a simple Gaussian curve cannot reproduce
the shape of the Curvﬂ The solution adopted by the IPP standard evaluation was to ignore the part
of the peak below 30% of the height of the peak itself. An alternative solution was tried, consisting in
fitting the Doppler peak with the sum of two Gaussians having different widths and integrals but the
same centroid (figure E In this case the divergence is calculated from the width of the narrower
Gaussian, which is “above” the wider one. Both the methods with 1 or 2 Gaussians were tested, applying
the fit to the whole peak except a part on the low energy sidﬂn order to avoid the overlapping with
the contribution of the stripping losses. The fit with two Gaussians better reproduces the experimental
data, but it is not clear what the source of the wider contribution is. It could hardly be the halo of the
beamlets, because it must be considered that the integral of the wider Gaussian is more than the half of
the integral of the whole peak!
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Figure 2.20: Two different methods to fit the Doppler shifted peak. In a) the BES spectrum (black curve) is fitted
with a Gaussian (red dotted curve), in b) instead the fitting function is the sum of two Gaussians with the same
centroid (plus a constant). In case b) the green dashed line represents the wider Gaussian, whereas the red dotted
line is the sum of the Gaussians. In both the plots the analyzed spectrum was acquired by LOS 1 during the pulse
84966.

The values of divergence obtained with these two methods (single and double Gaussian fit) are
compared in figure the single Gaussian fit was applied to the experimental spectra (blue solid

16The fit routines are applied always after the removal of the background of the spectrum.
17This solution was adopted also in [68]
18The fitted part of the peak is exactly the one shown in figurg2.20)
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line) and the spectra obtained by dBES (red curve) and BBC-NI-advanced (green curve), whereas the
double Gaussian fit was applied to the spectra acquired by the BES diagnostic (blue dashed line). In all
the cases the divergence is calculated from the considered spectral width using the analysis algorithm
of dBES, described in par. It was verified that the trends of the data series shown in the figure
don’t vary by slightly changing the fitted range of the Doppler shifted peak. The first interesting fact is
that the divergences obtained by the simulated spectra are quite different, though dBES takes the input
values of divergence from the data of BBC-NI-advanced. Secondly, the values of divergence retrieved
by the spectra of BBC-NI-advanced are in good agreement (except one point) with the values of the
experimental spectra analyzed with the method of the two Gaussians. In third place, the values obtained
by the experimental spectra with a single Gaussian fit are higher than all the others (except one point)
but seem to have the same trend of the values of dBES, as if there were an additive constant between the
two data series.
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Figure 2.21: Values of divergence measured on the spectra acquired in BATMAN (blue) and on the spectra
simulated by dBES (red) and BBC-NI-advanced (green). The values are showed as function of the normalized
perveance of their respective spectra. The solid line represent data obtained with a single gaussian fit on the
spectrum, instead the dashed line represents values of divergence calculated from a double Gaussian fit, using the
width of the narrower Gaussian.

2.5.2 Benchmark on MANITU

The benchmark of dBES against the data of the MANITU test facility followed the same procedure
applied for BATMAN. For simplicity a single horizontal LOS (the sixth from the bottom, i.e. the LOS
observing the center of the beam) was chosen for all the simulations.

The pulses which were object of the study are those from 87850 to 87860, all operated in deuterium;
the characteristics of the pulses which are needed in input by dBES are listed in table[2.6} The normalized
perveance of of the pulses is indicated, too; the sequence of pulses represents a scan in perveance, below
the best value of P/ Py to get the mimum beamlets’ divergence.
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Pulse | U,y (KV) jacc (A/m2) P/Py Ugee (KV)
87850 2.54 44 0.119 ~15.43
87851 3.45 68 0.113 || Tank pres. (Pa)
87852 447 94 0.105 ~6.5-107%
87853 5.48 109 0.089

87854 5.99 115 0.082

87855 6.49 119 0.075

87856 6.99 122 0.069

87857 7.49 125 0.064

87858 7.91 128 0.060

87859 851 131 0.056

87860 9.03 134 0.052

Table 2.6: Main parameters of the considered MANITU pulses [63].

The spectra simulated by dBES were compared to those actually collected by the diagnostic. One
example is shown in figure ; similarly to BATMAN, the background of the experimental spectra
was previously removed.
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Figure 2.22: Comparison between the spectrum acquired by the BES diagnosticin MANITU (red) and the one
produced by dBES (black) (a). The considered case refers to the pulse 87860 and the LOS 6. The view of the same
curves was enlarged on the plot b) to better observe the parts related to the stripping losses.

As in BATMAN, the experimental unshifted H, peak is underestimated by the code. This is quite
surprising, because in MANITU the inner surface opposite to the optic head was blackened exactly to
suppress possible light reflections into the LOS; it is clear that the difference must come from another
source with respect to the reactions exploited by BES. Other interesting facts are that the contribution
of the stripping losses is stronger in the experimental spectrum than in the simulation, and that the
background shows a sort of pedestal in an interval including the two main peaks.

The values of divergence measurable on the dBES spectra were compared to those obtained from
the experimental data. The Doppler peak on the dBES spectra was fitted with a single Gaussian; the re-
sulting values of divergence are shown in figure (red line) as function of the normalized perveance.
For the spectra acquired by the BES diagnostic the Doppler peak was fitted with a single Gaussian and
with the sum of two Gaussians; the fit has been applied only to the low energy side of the peak, roughly
at 30% of its height. The values of € calculated with the two methods are shown in figure respec-
tively with the green and blue lines. It is evident that for MANITU the complication of fitting the peak
with the sum of two Gaussians is not necessary. It emerges also that EAMCC and dBES, apart from a
malfunction of dBES at pulse 87859, reproduce correctly the trend of the divergence of the experimental
values, apart from an additive constant.
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Figure 2.23: Comparison of the values of divergence obtained by the analysis of the real spectra (green and blue

lines) and of the spectra created by dBES (red line). The values have been obtained fitting the Doppler peak with

a single Gaussian, except for the data of the blue line: in that case the two Gaussian fit was used, € was then

calculated from the width of the narrower Gaussian.

2.5.3 Discussion of the results

The dBES code was succesfully coupled to the codes BBC-NI advanced and EAMCC, the spectra pro-
duced by the simulations were compared to those acquired by the BES diagnostics in BATMAN and
MANITU. In the case of BATMAN, the spectra of dBES were compared also to those calculated by the
BBC-NI advanced code. The consideration which can be drawn by the comparison of the spectra are the

following:

¢ For BATMAN the spectrum produced by BBC-NI-advanced is sometimes completely different

from the one created by dBES, even if the data of the test particles exiting the GG are the same.
This difference is noticeable also in the values of divergence measured on the spectra simulated
by the 2 codes (figure 2.2T). The most plausible explanation is that dBES calculates 0 and € as
global parameters from the spatial and angular distribution of the particles simulated by BBC-NI
advanced, neglecting position and direction of each single particle. This loss of information could
be at the base of the discrepancies between the outputs of dBES and BBC-NI advanced.

In the spectra acquired in the BES diagnostic in BATMAN the full energy peak has large tails at
the base. A fitting model based on two Gaussians was tested and gave results in agreement with
those of BBC-NI-advanced (figure 2.21)), but not with those of the single Gaussian fit method nor
with those of dBES. Moreover it is unrealistic to think that the cause of the wider Gaussian is
the halo. The better agreement with the data could be simply given by the increased number of
parameters in the fit. Comparing the spectra of BATMAN and MANITU, it can be noticed that for
similar values of divergence the effect of the tails at the base of the Doppler peak is much more
pronounced in BATMAN than in MANITU: a proof of this is that in the analysis of the spectra of
MANITU there is no need to fit the main Doppler peak with a double Gaussian. Another example
is given by the spectra of pulses 84966 in BATMAN (figure 2.18|on the left) and 87860 in MANITU
(figure[2.22), for which the measured divergence is about 4°. The LOSs chosen for the benchmark
in BATMAN and MANITU are observing respectively the center of the lower half of the beam and
the center of the beam. It is therefore unlikely that the only origin effect is sufficient to explain the

broadening of the base of the peak.
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¢ The values of divergence obtained with a single Gaussian fit by the experimental spectra of BAT-
MAN and MANITU follow the same trend of those given by dBES. The systematic difference
between the two values series can have two sources: a wrong estimation of the broadening factors
for the spectrum in dBES or a bad modelization of the space charge compensation in BBC-NI-
advanced/EAMCC. Numerical studies with KOBRA3-INP [69] and dedicated experimental tests
[44] verified that the space charge compensation and its modelization in the codes have a central
role in the prediction of the beamlets” divergence. To check the validity of the analysis algorithm
of dBES the values of divergence measured by BES could be compared with those obtained by the
calorimeter; necessary conditions for this comparison are that the calorimeter must be able to mea-
sure € with enough spatial resolution, and that the gas pressure in the vacuum vessel of the test
facilities must be high enough to ensure a full space charge compensation of the beamlets between
the BES LOSs and the calorimeter.

2.6 Study of the volume, area and origin effects

The second benchmark carried out at IPP for dBES had the aim of determining the predictive limits of
the algorithms adopted in code. Since dBES doesn’t take into account the volume, area and origin effects
in the calculation of the angular distribution of the photons collected by the optic heads, it is necessary
to quantify the impact of these effects on the measurements of divergence. In addition, it must be
established whether the broadening of a beamlet can be better described with a Gaussian power density
distribution (dBES) or with a Gaussian angular distribution of the beamlet particles (BBC-NI simple).

To clarify these issues the spectra acquired by the upgraded BES diagnostic in BATMAN and by
the BES diagnostic in ELISE were compared with those generated by dBES and BBC-NI-simple. dBES-
2 was used to numerically investigate the influence of position, direction and divergence of the single
beamlets on the shape of the BES spectrum; dBES-3 was used instead to better study the physical models
implemented in BBC-NI simple.

These numerical studies were accompanied by the analysis of the spectra acquired by the BES diag-
nostics in the BATMAN and ELISE test facilities, to better characterize the consequences of the volume,

area and origin effect on the measurements of divergence.

2.6.1 Inputdata

The characteristics of the pulses of BATMAN and ELISE considered in the benchmark are shown in
tables [2.7] and all the selected pulses are in hydrogen. The spectra of the LOS 2 in BATMAN and
of the LOSs 3 and 11 in ELISE were selected for the benchmark; their positioning is shown in figure
and the LOS 2 of BATMAN and the LOS 3 of ELISE observe the lower section of the beams,
while the LOS 11 monitors the upper section of the beam. Other LOSs have been considered during
the benchmark, too. The divergence measured on the spectra by means of the IPP standard evaluation
method was used as input for dBES, dBES-2, dBES-3 and BBC-NI simple. In the case of ELISE, it can
be noticed from table that the divergence measured on the upper section of the beam is slightly
higher that what measured in the lower section. The dBES code also reproduced the contribution of the
stripping losses to the spectrum, using the values of stripping fraction measured with the IPP algorithm
(par. and assuming that all the stripping losses are accelerated at the extraction energy.
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Pulse | Upnt (KV) | Usee (V) | juce (A/mi2) I;;,”Zt‘;‘fl) d];zsei f;‘;‘l_‘zplﬁ‘:;'
97721 4.7 15.1 158 52 3.74
97386 4.6 13.2 155 61 2.51
97368 4.6 11.2 162 65 2.71
97843 8.4 13.3 190 93 2.02
97835 | 85 132 183 103 2.03
98075 8.6 13.1 170 124 2.20

Table 2.7: Main parameters of the considered BATMAN pulses [63]. The values of divergence have been calculated
with the upgraded BES diagnostic, applying the IPP standard evaluation method to the spectra of the LOS 2.

. € (mrad) LOS 3 | € (mrad) LOS 11 | Tank pres.
Pulse | Uext (kV) | Usce (kV) | jace (A/m?) IPP standard ev. | IPP standard ev. (10_2pPa)
6314 4.54 25.1 127 32 34 2.60
6673 6.42 30.1 211 35 39 3.01
6674 7.38 30.1 221 43 47 2.92
6675 8.33 30.1 229 50 54 2.84
6677 9.36 30.1 240 59 63 2.67
6678 9.80 30.1 243 62 66 2.72
6682 9.81 30.1 249 71 73 1.21

Table 2.8: Main parameters of the considered BATMAN pulses [63]. The values of divergence have been calculated
with the upgraded BES diagnostic, applying the IPP standard evaluation method to the spectra of LOS 2 and LOS
11.

2.6.2 dBES and BBC-NI-simple

The spectra simulated by dBES were compared to those simulated by BBC-NI simple and those acquired
experimentally by the diagnostic. As example, figure shows the experimental spectrum and the 2
simulations, in BATMAN (a) and in ELISE (b). As already found in sec. the codes are not able to re-
produce the shape and the intensity of the unshifted H, component, and the fraction of stripping losses
is lower than expected. Moreover, the profile of the full energy component is slightly asymmetrical and
has broader tails than in a Gaussian curve. BBC-NI-simple seems however to better reproduce the shape
of the main Doppler peak, especially for BATMAN. The difference between the 2 codes lies in the fact
that BBC-NI simple takes into account the volume, area and origin effect, and uses a different model for
the angular distribution of the beamlet particles. For this reason the two issues (deformation effects of
the Doppler peak and model of the beamlets) were then decoupled and further investigated by means
of the dBES-2 and dBES-3 codes.
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Figure 2.24: Comparison between the spectra simulated by the dBES code and the BBC-NI-simple code, plus the
spectrum acquired by the real BES diagnostic. The example a) is referred to the LOS n°3 and the pulse 97721 of
BATMAN, while the case b) is referred to the LOS 6 and the pulse 6673 of ELISE. The irregularity of the unshifted
H,, peak in case b) is due to the high intensity of the peak itself.

2.6.3 Simulations of the volume, area and origin effects

dBES-2 is a version of dBES capable of simulating the volume, area and origin effects on the shape of
the full energy peak, still using a Gaussian power density profile for the beamlets. With this code it
was possible to study how the 3 effects are affected by the position and the divergence of the beamlets.
dBES-2 was initially set to simulate just one beamlet at the center of the GG and a horizontal LOS
looking exactly at the same height. The ELISE facility and more precisely the pulse 6675 was chosen as
reference case. The divergence of the beamlet was varied from 4 mrad to 100 mrad to check the distortion
of the Doppler peak at different values of €. The result of the simulation at € = 100 mrad is shown in
Figure 2.25h. As expected the distortion of the shape of the full energy component increases with the
divergence, its peak position is shifted at higher wavelengths (affecting the measurement of «) and its
right side has a higher slope with respect to the left one. To quantify the distortion of the peak the
divergence was measured on the simulated spectrum by fitting only one side of the peak; the high
energy side was chosen, cutting the part of the signal below the 20% of the height of the Doppler peak.
Applying this method, it results that the measures of € are underestimated with respect to the values
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given in input to the simulation (85 mrad instead of 100 mrad in the case of figure ) ; as better shown
in figure[2.25p, this systematic error grows with €. The most interesting fact however is that the measures
of € saturate at low values of divergence. The most plausible explanation is that the photons emitted
by a particle along its trajectory inside the LOS arrive at the center of the lens with different angles; it’s
an effect specular to the one for which the photons emitted at a certain point can enter the lens within a
finite solid angle. If real, this systematic error cannot be corrected analytically because the contributions
in photons from the points of the trajectories must be weighted with the solid angle of observation. The
easiest solution is to use the inverse function of the trend of points in figure to correct the values
of € measured by the diagnostic.
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Figure 2.25: a) Simulation of the main Doppler peak (black curve) in the case of the ELISE pulse 6675, assuming
€ = 100 mrad. The red dashed curve represents the shape of the undistorted peak. The orange curve represents
the Gaussian fit on the right side of the black curve above the 20% of the peak height. The whole Gaussian built
on the result of the fit is represented with the green dashed line. b) Comparison between the values of divergence
fitted on the simulated spectra and the values used in input for the simulation. The black dashed line is the linear
fit of the points, while the blue dashed line represents the ideal correspondence between the input values of and the
measured values of divergence.

Since the volume and area effects distort the two sides of the peak in opposite ways, it should be
possible to reduce the deviations of € by applying the fit to an interval of the spectrum symmetric with
respect to the center of the peak. For example, with this method the fit on the case at 100 mrad of figure
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2.25a would yield € = 98 mrad instead of 85 mrad. As shown in figure with a symmetric fit the
measured divergence is generally closer to the input value.
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Figure 2.26: Comparison between the values of divergence fitted on the simulated spectra (fit of both the sides of
the spectra, above the 20% of the peak height) and the values used in input for the simulation. The black dashed
line is the linear fit of the points, while the blue dashed line represents the ideal correspondence between the input
values of and the measured values of divergence.

After these calculations it was studied how the distance between the beamlet axis and the LOS axis
influences the shape of the Doppler peak. The divergence of the (single) beamlet was kept at 50 mrad and
the beamlet was shifted away vertically from the LOS. What results is that this offset doesn’t significantly
affect the measures of ¢; it was observed however that the offset between beamlet and LOS produces a
shift of the position of the full energy peak (figure[2.27).
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Figure 2.27: Simulation performed with a single beamlet, shifted 0.6 m above the axis of the LOS. The red dashed
curve is the undistorted peak, the orange curve is the Gaussian fit of the simulation on the right side and above
the 30% of the height of the peak, while the green dashed curve is a Gaussian built on the results of the fit. The
systematic error on the measure of € is substantially due to the distortion generated by the divergence itself, i.e.

the effect described in figure[2.25]

This effect however is of little importance in the real spectra, because it becomes relevant at so high
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values of offset that the amount of light received by the LOS is totally negligible. This confirms what
discussed in par. i.e. that the origin effect is negligible if the beamlets have a Gaussian power
density distribution.

A similar test was performed by keeping the beamlet at the middle height of the GG, but varying
the distance from the optic head according to the real positions of the apertures in the GG. The resulting
values of € show very small deviations, of maximum 1 mrad over 50 mrad.

Coherently with the two last tests, the spectrum calculated with one beamlet is not substantially
different from the one obtained considering all the beamlets produced by the grids. This result is in
contrast with the distortion of the Doppler peak noticed in the spectra generated by BBC-NI simple.
The different modelization of the beamlets could then explain the differences between the results of
dBES and BBC-NL

In figure the output of dBES-2 for the pulse 6675 is compared to the spectrum acquired by
the LOS n°3 (see figure 2.16p). The value of € given in input to the program was obtained from the
IPP standard evaluation method applied to the experimental spectrum. More correctly, by means of
the results of figure it was determined the value of € to be given in input to dBES-2 to get the
same divergence measured on the experimental spectrum. The full energy component of the spectrum
simulated by dBES-2 results to be too distorted on the high energy side with respect to the real one.
A possible explanation of this difference could be that the power density profile of the beamlets is not

Gaussian, or it’s Gaussian but a non negligible component of halo is present.
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Figure 2.28: Comparison between the experimental spectrum (black curve) of the LOS 3 at the pulse 6675 of ELISE
and the distorted curve simulated by the program (red dashed curve).

2.6.4 The angular distribution of the beamlets

Differently from dBES-2, dBES-3 is a Monte Carlo code in which the particles of the beamlets follow
the same distribution used by BBC-NI simple. dBES-3 was then benchmarked against BBC-NI simple
to verify that the 2 codes give equivalent results. dBES-3 could then be used in combination to the
other codes to establish which model for the trajectories of the beamlets’ particles better reproduces the
experimental data; this is of particular importance for the design of the BES diagnostics in SPIDER and
MITICA.

dBES-3 was applied to reproduce the case of the pulse 6673, LOS 6 (¢ = 36 mrad). Figure[2.29|shows
the angular distribution of the particles simulated by dBES-3 and effectively observed by the LOS; the
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angle of observation of the LOS (« = 130°) corresponds to 0° in the plot. The red histogram is the angular
distribution given by a single beamlet, aligned at the center of the GG and with an horizontal LOS placed
at the same height; the blue curve instead represents the angular distribution of the particles observed
by the LOS 6, simulating the presence of all the beamlets in ELISE. The same two cases were simulated
by BBC-NI simple: the corresponding resulting angular distributions are the yellow one (single beamlet)
and the black one (all the beamlets). All the curves are normalized to their peak height.
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Figure 2.29: Distributions of the angles with respect to the LOS axis of the particles observed by the LOS 6 at pulse
6673 in ELISE, according to the results of BBC-NI simple and dBES-3. The angle 0° corresponds to o = 130°.
All the distributions are normalized to their peak value. The black and orange curves were obtained by BBC-NI
respectively considering all the beamlets or just one at the same height of the LOS. The corresponding results
obtained by the code n°2 are shown with the blue and red curves.

As expected, in the results of dBES-3 the angular distribution of the particles coming from a single
beamlet has large tails respect to a Gaussian (red curve), but in absolute terms the width of this distribu-
tion is much smaller than the reference Gaussian (black dashed curve). Summing the contributions of
all the beamlets broadens the distribution (blue curve), but just slightly. On the other side, the angular
distribution for one beamlet in BBC-NI simple is very wide, however this seems to be caused by the low
number of particles effectively observed by the LOS. Anyway, the distribution calculated by BBC-NI
simple considering all the beamlets (black curve) is wider than the one (blue curve) calculated by dBES-
3 for the same case. The results of dBES-3 are therefore not in agreement with those of BBC-NI-simple;
further investigations are in course to determine the cause of this discrepancy.

2.6.5 Characterization of the data collected by BES

The study on the simulation codes for the BES diagnostics was closely related to the analysis of the
spectra acquired experimentally in the BATMAN and ELISE test facilities. The IPP standard evaluation
method fits all the Doppler peak from the 30% of the height of the peak itself. To quantify the degree
of asymmetrization of the Doppler peak, the values of divergence obtained by the IPP standard method
were compared to those obtained by the dBES analysis codes, fitting only the high energy side of the
Doppler peak in the same spectra (i.e. avoiding the contribution of the stripping losses). The spectra
acquired by the BES diagnostic were interpolated on an array of 1024 equally spaced wavelengths, since
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in BATMAN the plate factor varied so much along the spectrum that it was necessary to renormalize
the content of the CCD bins according to their spectral width. After having subtracted the background
signal, the experimental spectra were smoothed by means of a Savitzky-Golay filter of degree 3 and a
total width of 21 points in order to reduce the irregularities caused by noise; it was verified that such
a filter doesn’t broaden the shape of the peak. The centroid was then measured taking the maximum
of the Doppler peak. The gaussian fit was applied to the high energy side of the curve, from the top of
the peak down to the 20% of the height of the peak itself; in the fit the centroid was kept fixed at the
previoulsy calculated value.

Figure shows the values of divergence obtained with this method for the LOS 2 in BATMAN,
comparing these results with those obtained by the IPP standard evaluation.
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Figure 2.30: Values of divergence (e-folding) obtained with the IPP standard evaluation method and with dBES,
fitting only the high energy side of the Doppler peak from the 20% of its heigth. The analyzed spectra were acquired
by the LOS 2 in BATMAN, during the pulses listed in tabld2.7]

As it can be observed, the values of divergence obtained by the dBES analysis codes are higher
that the ones given by the IPP standard evaluation method, however at high values of divergence the
agreement between the values calculated by the 2 methods is much better. This phenomenon can be
understood by observing the analyzed spectra, shown in figure The experimental data are the
black curves, the orange ones represent the Gaussian fit on the selected segment of the Doppler peak;
the red curves show the Gaussian function calculated according to the results of the fits. Atlow values of
divergence the Doppler peak is highly asymmetrical, with a width on the high energy side lower which
is lower than the one of the other side. This behavior is in contrast to what found in the simulations
of dBES-2 (par. 2.6.3). Moreover, at high values of divergence the asymmetry of the Doppler peak
disappears and also the tails at the base of the peak are less pronounced. In general, the shape of the
Doppler peak at high divergence is much closer to Gaussian curve. This is again in contrast with the
behavior expected for the volume, area and origin effects. A possible explanation is that the directions
in the horizontal plane of the observed beamlets is randomly deviated because of the repulsion of the
beamlets themselves; another source of misalignment for the beamlets could be the alternated magnetic
fields of the magnets embedded in the EG. The effect of the variations of the beamlets” directions on the
shape of the peak would be visible at low divergence, whereas it at high values of € the broadening of
the peak would hide it.
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Figure 2.31: Spectra (black curve) acquired by the horizontal LOS n°2 during the pulses considered in BATMAN.
The orange curves are the Gaussian fit applied on the selected interval of the experimental data. The red curves are
Gaussians calculated according to the results of the fits. The measured values of divergence are indicated in the
legends of the respective plots. The spectra are ordered for increasing divergence.

The same analysis was repeated for the spectra acquired by the LOS 3 and the LOS 11 in ELISE.
The obtained values of divergence are reported in table together with those calculated with the
IPP standard evaluation method. The table reports also the values of divergence measured by the IR
thermography at the heights correspondent to LOS 3 and LOS 11 [48]. According to the results of the
IPP standard evaluation, the divergence measured on the upper part of the beam (LOS 11) is higher with
respect to that on the lower part. This relation instead is reversed on the results of the dBES analysis for
the first four listed cases. This could be due to the asymmetry of the Doppler peak.

The values of divergence reported in table [2.9| are plotted in figure according to the LOS and
the pulse number. In the case of LOS 3 the measures of € obtained with the 3 fitting methods are in
agreement within a tolerance of 10%. The reason is shown in figure where the Doppler peaks of
all the considered spectra of LOS 3 are shown: the experimental data fit well to a Gaussian curve, in

particular at high values of divergence.
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Pulse € (mrad) LOS 3 € (mrad) LOS 11
IPP Calorimeter | dBES high IPP Calorimeter | dBES high
stand. ev. | IR thermog. | energy side | stand. ev. | IR thermog. | energy side
6314 32 34 35 34 39 30
6673 35 39 36 39 43 34
6674 43 47 44 47 52 42
6675 50 54 53 54 61 48
6677 59 61 60 63 71 61
6678 62 64 64 66 76 66
6682 71 - 70 73 - 74

Table 2.9: Values of divergence measured at LOS 3 and 11 in the pulses of ELISE listed in table The divergence
was measured with the IPP standard evaluation method and with dBES, fitting only the high energy side of the
Doppler peak down to the 20% of its heigth. It is reported also the divergence measured by the IR thermography at
the heights of the diagnostic calorimeter corresponding to LOS 3 and 11.
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Figure 2.32: Values of divergence measured by IPP standard evaluation and dBES on the spectra of LOS 3 (left)
and LOS 11 (right) in ELISE. The divergence measured by the IR thermography on the calorimeter for the lower
and upper parts of the beam is shown, too.

As regards the divergence measured from LOS 11, the values obtained by the IR thermography are
systematically higher than those obtained by BES. The values obtained by dBES follow the trend of data
of thermography, apart from and additive constant. Figure shows the spectra of LOS 11 and the fit
operated by dBES. Contrarily from what observed in the spectra of BATMAN, the spectra corresponding
to the highest values of divergence are the most asymmetric. It’s interesting to notice that the asymmetry
doesn’t seem to grow smoothly with the divergence: the asymmetries are substantially present only in
the 3 spectra corresponding to the highest values of divergence. Further investigations are needed to
understand this behavior.
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Figure 2.33: Spectra (black curve) acquired by the horizontal LOS n°3 during the pulses considered in ELISE.
The orange curves are the Gaussian fit applied on the selected interval of the experimental data. The red curves are
Gaussians calculated according to the results of the fits. The measured values of divergence are indicated in the
legends of the respective plots. The spectra are ordered for increasing divergence.
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Figure 2.34: Spectra (black curve) acquired by the horizontal LOS n°11 during the pulses considered in ELISE.
The orange curves are the Gaussian fit applied on the selected interval of the experimental data. The red curves are
Gaussians calculated according to the results of the fits. The measured values of divergence are indicated in the
legends of the respective plots. The spectra are ordered for increasing divergence.
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At this point also the spectra collected by the vertical LOSs in ELISE were studied, in particular, the
LOS 18 was chosen for its central position with respect to the beam. Figure compares the values
of divergence obtained with the IPP standard evaluation from the spectra of LOSs 3 and 18. The values
of divergence measured by LOS 18 are slightly lower than those of LOS 3: this could be explained
by the fact that possible deviations of the beamlets, which would cause a broadening of the Doppler
peak and therefore an overestimation of €, should be present mainly on the horizontal plane because
of the orientation of the magnets in the EG. Anyway, the values of divergence of the 2 data series are
compatible within a 10% margin, apart from the two pulses at lowest divergence. Figure shows
instead the divergences measured on the spectra of LOS 3 and LOS 18, fitting only the high energy side
with dBES. The intermediate values of divergence of LOS 18 are higher with respect to those of LOS 3.
Observing the spectra of LOS 18 in figure it can be noticed that the Doppler peak is asymmetrical
in the spectra corresponding to the anomalous points of figure 2.35p. The degree of asymmetry of the
Doppler peak is therefore not always linked to the beamlets” divergence. Moreover, the asymmetries
shown in figure[2.36|are difficultly referable to deviations of the beamlets, because the fluctuations of the

beamlets’ directions in the vertical plane are much smaller if not negligible with respect to the horizontal
deviations.
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Figure 2.35: Comparison between the values of divergence obtained by the (horizontal) LOS 3 and the (vertical)

LOS 18 in ELISE. The measures displayed in the plot a) are obtained by the IPP standard evaluation while the
results of the plot b) are produced by dBES.
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Figure 2.36: Spectra (black curve) acquired by the vertical LOS n°18 during the pulses considered in ELISE. The
orange curves are the Gaussian fit applied on the selected interval of the experimental data. The red curves are
Gaussians calculated according to the results of the fits. The measured values of divergence are indicated in the
legends of the respective plots. The spectra are ordered for increasing divergence.
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At last, it was checked whether, as expected by the origin effect, there is a correlation between the
shape of the Doppler peak and the relative position of LOSs and beamlets. Figure[2.37)shows the analysis
of the spectra of all the LOSs monitoring the lower row of beamlet groups in ELISE; all the curves refer
to the pulse 6675 and are ordered according to the position of the optic heads from the bottom. The
degree of asymmetry of the full energy component seems not follow a logical order, contrarily to what

expected.
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Figure 2.37: Gaussian fits (red dashed curves) of the spectra (black curves) acquired by the LOSs 1-8 of ELISE
during the pulse 6675. The spectrum obtained by the LOS 4 is not reported because the signal is too low. The
orange curves are the Gaussian fit applied on the selected interval of the experimental data. The red curves are
Gaussians calculated according to the results of the fits. The measured values of divergence are indicated in the
legends of the respective plots.

2.6.6 Discussion of the results

The benchmark of dBES showed that the volume, area and origin effects have a non negligible effect

both in the simulation of the BES spectra and in the measurement of the beamlets’” divergence. dBES-2
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showed that, assuming that the beamlets have a Gaussian power density profile, the distortion of the
Doppler peak is mainly driven by the beamlets” divergence. The values of divergence measured on
the spectra simulated by dBES-2 saturated at low divergence (< 10 mrad); this result requires further
investigation, being also SPIDER and MITICA’s divergences expected to be lower than 10 mrad.

The code dBES-3 tried to simulate the spectra collected by the BES diagnostic assuming that the
angular distribution of the particles of each beamlet is Gaussian, exactly as in the model used in BBC-NI
simple; the results of dBES-3 and BBC-NI simple were not however in agreement between them.

The experimental spectra showed that the presence of asymmetries and tails on the full energy com-
ponent does not follow clear rules; the spectra of LOS 2 in BATMAN and LOS 3 in ELISE showed that the
asymmetry and the tails of the Doppler peak tend to reduce at high divergence, leading to the hypoth-
esis that the cause of the distortion of the peak are deviations of the beamlets’ direction because of their
mutual repulsion and because of the magnetic fields in the acceleration system. The asymmetrization of
the peak was however observed at the spectra of LOS 11 for high values of divergence, and it was ob-
served also in a vertical LOS, i.e. in a direction along which no significant deviations of the beamlets are
foreseen. In general, it is clear that the volume, area and origin effects cause a distortion of the Doppler
peak, however the observed distortions don’t follow the behavior of these effects (increase of the distor-
tion with the divergence, dependence of the shape of the peak from the relative position beamlets-LOS).
Moreover, because of this it was not possible to decide which one of the angular distributions used dBES
and BBC-NI simple for the beamlets better reproduces the experimental data.

The analysis of both simulated and experimental spectra confirmed that the Doppler peak should be
fitted in a wavelength interval symmetric to the centroid of the peak itself, in order to compensate the

effects of possible asymmetries.

In future it will be necessary to identify the causes of the distortion of the Doppler peak, because
the measurements of the divergence could undergo non negligible systematic errors, in particular if the
measured values of divergence are very low as in SPIDER and MITICA (3 = 7 mrad). The shape of the
Doppler peak in the BES spectra should be correlated with all the operative conditions of the test facility
in which the BES diagnostic is mounted. The spectra in which the Doppler peak has large tails or a
high degree of asymmetry could be extensively compared to the simulations of BBC-NI simple. It is also
necessary to experimentally quantify the deviations of the beamlets” directions, to understand whether
they have a significant role in the asymmetrization of the Doppler peak. To do this, there should be
diagnostics capable of characterize the single beamlets, and the number of beamlets observed by a LOS
should be reduced as much as possible. An opportunity is represented by the NIO1 test facility, whose
extracted beam has only 9 beamlets, with a divergence between 5 mrad and max. 40 mrad. The origin
effect should then be less important. Moreover, NIO1 will be equipped with

¢ a mini-STRIKE diagnostic which could discriminate the individual beamlets, not possible on BAT-
MAN because of the high divergence and of the distance between the GG and the BES diagnostic

or the calorimeter;

e a fast emittance scanner close to the GG to study the distribution of the particles in the space of
the position and of the velocity.



Chapter 3

The BES diagnostics for NIO1,SPIDER
and MITICA

In this chapter the studies carried out to define the design of the BES diagnostics dedicated to the NIO1,
SPIDER and MITICA test facilities will be presented. The diagnostics’ main parameters have been cho-
sen in order to reach the target performances in terms of precision in the measurement of divergence
and beam uniformity. dBES was used to verify the design of the diagnostic and simulate the spectra
that would be acquired by the BES system according to the design itself. The analysis of the simulated
spectra confirmed the capability of measuring the beamlet divergence with the desired precision. The
feasibility of the measures of beam uniformity was instead performed studying the effects of the align-
ment between beamlets and LOSs on the intensity of the simulated spectra. The diagnostics” design
was accompanied by tests on the available instrumentation (in particular the spectrometer and the CCD
camera), and by the design and test of the optic heads; these experimental activities are reported in chap.
4]

3.1 Study and design of the BES diagnostic in NIO1

3.1.1 Design of the diagnostic

As anticipated in sec. the negative ion source NIO1 will produce a beam of 130 mA composed by
negative hydrogen ions accelerated at 60 keV. The beam is composed by a square lattice of 3x3 beamlets.
To monitor the divergence and the uniformity of the beam, the BES diagnostic will be equipped with 6
telescopes, 3 oriented horizontally and 3 oriented vertically. According to the position of the viewports
in the diagnostic chamber (figure [1.19), the distance of the telescopes from the GG will be 0.874 m and
1.374 m for the vertical optic heads and the horizontal ones, respectively. The LOSs will be aligned with
the 3 rows and the 3 columns of beamlets. The divergence of the beamlets is expected to be in the range
5 <+ 40 mrad [50], however the design of the diagnostic was focused on the measurement of the lowest
values of divergence, between 5 mrad and 10 mrad. Similarly to what requested to the BES diagnostics
in SPIDER and MITICA, the BES system in NIO1 has been designed with the target of keeping the
divergence relative error below 10%.

As explained before, many factors contribute to the line broadening, so to derive the divergence from
the total line width, all the other contributions must be properly evaluated and subtracted. Firstly, the
measurement of the € depends on the uncertainty o with which the width of the Doppler peak can
be measured: lacking experimental data for NIO1, a value of 0.05 pixels has been used, derived from

77
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the analysis of real spectra acquired in REX-mod experiment with a similar diagnostic at similar S/N
ratio. The ripple in the acceleration voltages was set by the design of the accelerator stage at about 0.2%
[70], while the entrance slit width of the spectrometer can be reasonably set at 100 pm. Unfortunately the
plate factor of the spectrometer could not be chosen, but had to be fixed according to the available instru-
ments: a CCD camera similar to that foreseen for SPIDER, with pixels of 13 um size, but a spectrometer
with different focal length and grating groove density. The spectrometer available for BES on NIO1 has
a focal length of 500 mm (instead of 750 nm in the case of SPIDER/MITICA), a grating of 1200 gr./mm
(1800 gr./mm in SPIDER/MITICA); this results in a plate factor of 1.8 - 102 nm / pix.

What could be optimized differently from SPIDER are instead the diameter and the focal length of
the lenses in the optic heads. In particular, the lens diameter determines the plane angle 2w with which
the emitting particles see the lens, a parameter which contributes to the line broadening. The value of
this angle is not unique, because the distance between lens and emission point changes along the LOS.
w was preliminarly calculated for all the beamlets using the approximated formula w = arctan (L/1},s),
where L is the radius of the clear aperture of the lens and /., is the distance between the optic head and
the point of emission of the photons. Considering that the viewports on which the optic heads should
be mounted are 30 cmn far from the axis of the diagnostic chamber [71], and assuming that & = 75° as
in SPIDER, it resulted that on average /;,; = 31 cm. %, i.e. the standard deviation of w in the volumes
of the beamlets intersected by the LOS, was roughly estimated as the difference of the values of w
at the outermost positions of the beamlets inside the LOS. In the calculation it was assumed that the
average distance of the optic heads from the post acceleration grid is 1.1 m, that the horizontal/vertical
spacing between the axes of the beamlets is 14 mm and that € = 7 mrad. It resulted that X, /w < 7.1%,
independently from the chosen value of L. Using the model of par. the relative error of the
divergence estimates was related to L and /;,5, as shown in figure It must be considered that the
viewports are 30 cm far from the axis of the diagnostic chamber .
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Figure 3.1: Dependence of the relative error of the divergence on the diameter of the lens and on the distance beam-
optic head. The red lines indicate the chosen values for the diameter of the aperture of the optic head and for the
distance between the optic heads and the center of the beam.
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The correlation between w, L and [j,s rules the relative error of the divergence estimate, but also
the amount of light collected by the diagnostic: a low w should allow more accurate measurements of
€, but in practice the S/N ratio could become insufficient to make a good analysis of the spectrum. A
reasonable compromise was found setting the diameter of the clear aperture of the lens at 4 mm; the
chosen diameter is indicated in figure with a red line, together with the average value of /.
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Figure 3.2: Dependence of the relative error of the divergence on w and on the angle of observation (with € =
7 mrad). The red lines indicate the chosen values of a and w.

Another diagnostic parameter that could be optimized was the observation angle &, by considering
its effect on the relative error of the divergence estimate (figure 3.2). Once that w has been fixed to
6.5 mrad according to the selected lens diameter, it resulted that « = 75° chosen for SPIDER could
be adequate also for NIO1. A smaller angle, in fact, would only worsen the error of the divergence,
whereas a larger one would bring the shifted peak too much close to the H, lineﬂ With these settings,
the relative error for the divergence should be about 15%: it falls outside the 10% target but it’s still
acceptable. Starting from these conditions, the design of the telescopes was carried out as described
in sec. the lenses adopted for the optic heads have a focal length of 50 mm, a diameter of 10 mm
but a clear aperture of 4 mm as desired. The head of the fiber will be imaged at 55 cm from the lens, a
distance still internal to the vacuum chamber and higher than the typical distance of the beamlets from
the lens. This choice is such that the image of the fiber head has the same size of the clear aperture of the
lens, in practice the LOSs have an about cylindrical shape. The effective solid angle of collection () was
calculated as described in par. figure [3.3| shows () as function of the axial and radial coordinates
of a LOS.

The optical simulation allowed to better define w and X, which depend on ). At the distance from
the GG at which the beamlets and the LOSs intersecate (about 1.3 m) the transversal dimensions of the
beamlets are greater than those of the LOSs. The lines of sight are then completely filled transversally,
and as figure[3.3shows ) and then w vary radially. To find the most realistic values for w and X, a first
run of dBES was performed, setting an horizontal LOS observing the central row of beamlets. Following
the procedure described in par. and by eq. and it has been estimated that w = 4.3 mrad

1For a > 85° the lines join together.
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and £, = 0.7 mrad (17%).

With a better estimate of w the divergence relative errore was recalculated. The results are shown

Chapter 3. The BES diagnostics for NIO1,SPIDER and MITICA

in figure 3.4} the performances expected with the chosen of « and clear aperture diameter remain un-
changed with respect to the first estimate shown in figure 3.2} the main change is that now the value of
« could be in principle lowered down to 60° without affecting the measurement error of e.
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Figure 3.3: Solid angle (in srad) of collection of the telescopes in NIO1, as function of the distance from the lens
and of the radial distance to the axis of the LOS
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Figure 3.4: Dependence of the relative error of the divergence on w and on the angle of observation, assuming
€ =7 mrad and X, = 17%. The red lines indicate the chosen values of « and w.

It must be remembered that these results are valid only for € = 7 mrad: as shown in figure [3.5| the
relative error could reach 30% at the minimum expected divergence (5 mrad). A possible solution could
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be to reduce the clear aperture of the lenses, but at the expense of the signal intensity.
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Figure 3.5: Relative error of the divergence as function of the divergence itself and of the angle of observation. The
red lines indicate the chosen angle of observation and the lowest value of divergence.

Another critical issue is the plate factor: figure[3.6shows that this quantity does not affect the error of
the measurement up to a value of about 0.02 nm/ pix, the chosen plate factor (0,018 nm/ pix) is close to
this limit. In case a lower plate factor is required, a denser grating (e.g. 1800 gr/mm) could be installed
instead, but it is not currently available.
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Figure 3.6: Relative error of the divergence as function of the plate factor d and of the angle of observation. The
red lines indicate the chosen values of w and d.

During the commissioning of NIO1, operatins at lower acceleration voltages are foreseen; figure
shows that the BES diagnostic in NIO1 can still give acceptable measures for energies down to 25 keV'.
Finally, figure [3.8|shows that the BES diagnostic is not substantially influenced by the ripple of the high
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Figure 3.7: Precision of the divergence as function of the energy of the ions and of the angle of observation. The
red line indicates the chosen value of a.
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of observation. The red line indicates the chosen values of «.

2To be precise, the ripple at its normal level is not the dominant broadening factor for the shifted line in the spectrum.
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3.1.2 Simulations

The dBES code was exploited to simulate the spectra that would be obtained by the BES diagnostic in
NIO1. The values chosen in the previous paragragh for the parameters of the diagnostic were used as
input. It was assumed also that the gas density in the vacuum chamber is uniform at 1.21 - 101 m 3
(corresponding to 0.05 Pa at 300°K). The amount and the energetic distribution of the stripping losses
was calculated from the data shown in figure taking into account the width of the grids and the
spacing between them; it was also roughly assumed that the electric field is uniform between the grids

and 0 inside their apertures.
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Figure 3.9: Fraction of not stripped ions within the acceleration system in NIO1, as function of the distance from
the source-facing side of the PG (courtesy of P. Veltri).

Regarding the optics, it was estimated that the fibers cause negligible losses; the coupling between
the fibers and the spectrometer should be responsible for a loss of 50%, whereas the reflectivity of the
grating of the spectrometer was estimated to be 50% (as in the preliminary design of SPIDER [72]). The
quantum efficiency of the CCD was set to 80%, the conversion factor between electrons and ADC counts
at 0.4ﬂ the minimum exposure time ¢, at 100 ms.

Two LOSs have been considered, a vertical one (called NI_V_A_1) and an horizontal one (NI_0_SX_1);
for simplicity their lenses have been virtually placed in the center of the viewports dedicated to BES.
Figure shows the spectra simulated by dBES for the 2 LOSs with € = 7 mrad. The spectrum of
the horizontal LOS is clearly less intense because NI_0_SX_1 is farther from the grids than NI_V_A_1:
at longer distances the beamlets are larger and so less dense. The contribution of the stripping losses

is barely visible between the Doppler peak and the unshifted H,, peak. To study the losses inside the

3This value was measured on the the CCD camera Andor iKon-M 934, set at amplification 2x (see sec. .
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accelerator the exposure time should be increased of about one order of magnitude.
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Figure 3.10: Spectra simulated by dBES for the vertical (left) and horizontal (right) LOSs in NIO1. teyx, was set
at 100 ms.

Figure shows the spectra simulated by dBES for the horizontal LOS at € = 20 mrad and € =
40 mrad, respectively; it is clear that ¢y, should be increased also at higher values of divergence. An al-
ternative could be to slightly increase the clear aperture of the lens, considered also that the relative error
on the measurement of € would still remain low in that range of divergences. However, the nominal
configuration of the telescopes should be restored as soon as low values of divergence are foreseen.
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Figure 3.11: Spectra of the light collected by the LOS NI_0_SX_1, assuming € = 20 mrad (left) or € = 40 mrad
(right).

The BES diagnostic can detect misalignments between beamlets, because normally the shifted peak
is the sum of the contributions of only 3 beamlets. It is not possible to establish which beamlet of the
three intersected is misaligned, unless the signals from horizontal and vertical LOSs are compared. Only
rotations modifying « (i.e. rotations on a plane which contains also the LOS) are able to produce multiple
peaks in the spectrum , otherwise a simple weakening of the line is observed. Small fluctuations of «
are however not observable, because they simply produce a broadening of the full energy component;
since this broadening is indistinguishable from the one induced by the divergence, it causes a systematic
overestimation of the measureaments of €. To get an estimate of the minimum detectable misalignment
a simulation was performed by dBES for the horizontal LOS in the case of € = 7 mrad; the outermost

columns of beamlets where deviated by plus and minus a certain angle in the horizontal plane. For
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a deviation of +20 mrad (figure [3.12p) the Doppler shifted peak is deformed and less intense, but still
unique; the measure of divergence on the spectrum gave € = 29 mrad. Eventually, for a deviation of
+40 mrad (figure 3.12b) the Doppler shifted peak is split in 3 partially overlapped peaks.
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Figure 3.12: Spectra simulated for the LOS NI_0_SX_1, assuming that the first and third columns of beamlets are
deviated horizontally of 20 mrad (a) or £40 mrad (right).

dBES allowed to study also the precision with which the optic heads should be aligned to avoid too
large systematic errors in the measurements of beam uniformity. Similarly to the SPIDER BES diagnos-
tic, the target in NIO1 is to measure values of beam uniformity above 90% with a relative error below
10%. Figure shows, according to the simulations of dBES, how much the amplitude of the Doppler
peak varies if the LOS is translated perpendicularly to the viewport and to the axis of the chamber.
NI_V_A_1 was chosen for this study because it gives more restrictive limits: it is nearer to the grids,
therefore the beamlets are smaller and it’s more difficult to intercept them. The maximum allowed shift
depends on the divergence of the beamlets, because it influences their dimensions; figure shows 3
cases with different values of divergence: € = 5mrad , € = 10 mrad and € = 20 mrad. In the plots the
intensity is normalized with respect to the maximum reached level. A minimum value > 0 in the case
€ = 5mrad indicates that already at the minimum divergence adjacent beamlets mix partially together.
At € = 10 mrad the contributions of the 3 beamlets is barely distinguishable, while at € = 20 mrad the
LOS observes a unique beam.

The BES signal level is not critical for the measurements of divergence and to monitor the tempo-
ral relative variations of density between LOSs (if the mountings of the optics are mechanically stable).
Instead, the precision and the stability of the positioning of the LOSs are crucial for the measurements
of beam uniformity. To avoid signal lossesﬂ higher than 10% the optic head must be placed with an
accuracy of £1.3 mm (if € = 5 mrad); this alignment could be achieved, but it must be remembered that
this tolerance is linked to the relative position not between LOSs and vacuum chamber, but between
beamlets and LOSs. NI_V_A_1 intercepts the beamlets at 0.8 m from the GG, therefore a horizontal devi-
ation of the beamlets of only 1.6 mrad would be enough to alter the signal intensity of 10%. On the other
side, for € > 10 mrad the alignment of the beamlets is not a problem. However, it must be considered
that when the beamlets overlap too much then each LOS is not able to distinguish a row/column of

beamlets; the effective spatial resolution of the diagnostic is therefore reduced.

4The beam uniformity is measured comparing the integrals of the Doppler peaks in spectra of different LOSs. The Doppler
peaks of the spectra simulated for figure have all the same width, therefore the comparison is on the height of the peaks.
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Figure 3.13: Variation of the level of the Doppler peak obtained in NIO1 by translating the vertical LOS hori-
zontally. In the 3 cases the divergence of the beamlets was set to 5 mrad, 10 mrad and 20 mrad, respectively. The
intensity of the peak is normalized with respect to the maximum reached amplitude.

A similar analysis was made tilting the optic heads in perpendicular sense with respect to their plane
of observation. With the same criterion used for the translation, it can be deduced from figure that
the LOSs cannot be tilted for more than +4 mrad if € = 5 mrad, while for values of divergence above
10 mrad the alignment is not an issue for the measures of uniformity.

At last, dBES was used to simulate spectra with input divergences between 5 mrad and 10 mrad.
The spectra were then analyzed applying a Gaussian fit on the whole Doppler peak, the width (and its
uncertainty) resulting from the fit was used as described in par. to get a measure of €. As figure
B.15|shows, the errors of € (black solid line) measured on the spectra produced by dBES are in agreement
with what foreseen (red dashed line) by the model described and used in par. and[3.1.1} Moreover,
the relative differences (blue dotted line) between the measured values of € and the ones given in input
to dBES are smaller than the measurement errors.
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Figure 3.14: Variation of the level of the Doppler peak obtained in NIO1 by rotating the lens of the vertical LOS in
the plane perpendicular to the axis of the chamber. In the 3 cases the divergence of the beamlets was set to 5 mrad,
10 mrad and 20 mrad, respectively. The intensity of the peak is normalized with respect to the maximum reached
amplitude.
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3.1.3 Summary of the results

NIO1 BES diagnostic was designed in order to measure the divergence in the range 5 + 10 mrad with
a relative error below 10%. With the available instrumentations and according to the characteristics
of NIO1, the design of the diagnostic would allow to measure € in the indicated range with an error
between 7% and 28%. The values of divergence measured on the spectra simulated by dBES differ for
less than 10% respect to those given in input to the simulations. To reduce the measurement error of €
the diameter of the optical aperture of the lenses should be reduced with respect to the present value of
4 mm, but this seems to be too risky for the intensity of the collected spectra. In the measurement of €
it must be taken into account also that fluctuations in the direction of the beamlets up to 20 < 30 mrad
could not be noticed and result in an overestimation of €.

Regarding the measurements of beam uniformity, the simulations showed that at the lowest values of
divergence the dependence of the intensity of the spectra on the alignment between LOSs and beamlets
is too strong. In other words, the alignment between the opticheads and the beamlets is too delicate
and would introduce systematic errors in the comparison between the intensities of spectra belonging
to different LOSs. For divergences equal or greater than 10 mrad this problem is not present, however
the effective spatial resolution of the BES diagnostic is reduced: each LOS, indeed, would receive a non
negligible amount of light by beamlets which are observed also by the adjacent LOSs.

3.2 Study and design of the BES diagnostics for SPIDER

The design of the BES diagnostic for the SPIDER test facility has started before the beginning of the PhD
[72]. As anticipated in par. the target is to measure the divergence of the beamlets and the beam
uniformity according to the specifications listed in table

Quantity | Target Performance | Target precision
Uniformity > 90% < 10%
Divergence < 7mrad < 10%

Table 3.1: Limits and measurement precision desired for the quantities monitored by BES.

Keeping these goals as reference, the design of the diagnostic was completed and then validated by
means of the dBES code with exactly the same approach adopted in the case of the NIO1 (sec. 3.1).

3.2.1 Design of the diagnostic

According to SPIDER BES diagnostic design [72], the beam will be sampled by 40 LOSs, whose optic
heads will be placed on 4 viewports at the left side of the vacuum vessel (looking towards the GG), 4 on
the right side and 4 at the bottom. All the telescopes are oriented so that & = 75° ; the orientation of the
horizontal LOSs can be observed in figure 3.16]
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Figure 3.16: View of the horizontal LOSs inside SPIDER [I72]].

For the simulations with dBES one telescope is virtually placed in the center of each viewport, except
for possible corrections needed to improve the intersection with the beamlets; the lines of sight were
named with an abbreviation following this convention: the first two letters (SP for SPIDER) identify
the test facility. The next two letters indicate whether the LOS is horizontal or vertical (0 or V) and in
what side of the vessel the lens is mounted (A for top, B for bottom, SX and DX for left and right looking
towards the GG). The final number is given by counting the viewports dedicated to BES on the side of
the vessel, from the bottom to the top or from the left to the right. The position of the viewports and
then of the LOSs is presented in tablein terms of x,y, z coordinates (defined as in par. .

LOS name | x (mm) | y(mm) | z(mm) LOS name | x (mm) | y(mm) | z(mm)
SP_0_SX_1 917 -2120 -593 SP_0_DX_3 917 2120 297

SP_0_SX_2 917 -2120 -297 SP_0_DX_4 917 2120 693

SP_0_SX_3 917 -2120 99 SP_V_B_1 1430 -260 -2089
SP_0_SX_4 917 -2120 495 SP_V_B_2 790 -80 -2089
SP_0_DX_1 917 2120 -495 SP_V_B_3 790 80 -2089
SP_0_DX_2 917 2120 -99 SP_V_B_4 790 260 -2089

Table 3.2: Coordinates (in mm) of the viewports’ centers and therefore of the virtual optic heads set in the simula-
tions of dBES for SPIDER (courtesy of M. Tollin).

The parameters [21} 72} 58] regarding the experiment and the BES diagnostic which are required by
dBES are listed in table[3.3]

5The x axis is parallel to the one of the vacuum vessel and points towards the calorimeter, whereas the y and z axes lay on the
GG and are respectively horizontal (rightwards) and vertical (upwards); the origin of the axes is in the center of the GG.
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Quantity value

€ (e-folding) foreseen 3+ 7mrad
Observation angle « 75°
Total acceleration voltage (Vo & oy;) 100kV +£1%
Voltage ripple (oy £ Xy) 1kV +£10%
Error of linewidth from gaussian fit (o) 0.05 pix
Diameter of fiber core 400 um
Plate factor of the spectrometer (d) 6.7 nm/ pix
Entrance slit width of the spectrometer (F) 100 pum
Pixel size of CCD (psize) 13 um
Number of pixels in the CCD 1024x1024

Table 3.3: Information on SPIDER and the BES diagnostic required by dBES [72,58]].

The initial design of the optic heads [72] foresaw lenses with a focal length of 120 mm and a clear
aperture of 10 mm diameter, imaging the fiber head at 3 m from the lens. After some tests on the proto-
type of the optic heads (described in sec. [f.2]and [£.3) the focal length was increased to 150 mm and the
clear aperture was reduced to 8 mm, keeping the distance of the image of the fiber head unvaried. The
optical simulation of the optic head gave the solid angle of collection as function of the axial and radial
coordinates of the LOS (figure [3.17).
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Figure 3.17: Solid angle (in srad) of collection of the telescopes in SPIDER, as function of the longitudinal and
radial distances respect to the axis of the LOS (beware the different units used in the axes of the plot).

The irregularities in the plot of the figure are an effect of the limited discretization of the image and
test planes (par. 2.3.2), which is not negligible when the two planes are too close. Following the method
described in par. using the data of figure[3.17)it was possible to establish that w = 1.57 mrad +20%
Figure shows that for this value of w, assuming € = 5 mrad and using the model of par. the
error in the measurement of the divergence is below 10%.

6w = 1.65 mrad + 14% for horizontal LOSs and w = 1.48 mrad + 26% for vertical LOSs; the average value is used.
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Figure 3.18: Dependence of the measurement error of the divergence on w and on the angle of observation, assum-
ing that € = 5 mrad and that SPIDER is working with deuterium. The red lines indicate the chosen values of «
and w.

It must be taken into account that the relative error on € tends to increase for decreasing values of €.
Figure shows the dependence of the relative error of € on € itself and on the observation angle in
the case of SPIDER: the threshold of 10% could be exceeded for € = 3 mrad.
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Figure 3.19: Measurement error of the divergence as function of the divergence itself and of the angle of observation,
assuming that SPIDER is working with deuterium. The red lines indicate the chosen angle of observation and the
extreme values of divergence.

Figure shows instead that for « = 75° the plate factor can be varied without influencing signifi-
cantly the relative error of €, unless it exceeds ~ 1.5 - 1072 nm / pix.
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Figure 3.20: Precision of the divergence as function of the plate factor of the spectrometer and of the angle of
observation, assuming that € = 5 mrad and that SPIDER is working with deuterium. The red lines indicate the
chosen values of w and d.

Figure shows the dependence of the measurement error of € on the total acceleration voltage:
for « = 75° the voltage can be lowered to 25 kV without affecting the precision of ¢; at last, the influence
of the voltage ripple on the relative error the divergence is shown in figure for &« = 75° the error of
€ is below 10% if the voltage ripple doesn’t exceed 2.6%.
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Figure 3.21: Measurement error of the divergence as function of the total acceleration voltage and of the angle of
observation, assuming that € = 5 mrad and that SPIDER is working with deuterium. The red line indicates the
chosen value of «.
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Figure 3.22: Measurement error of the divergence as function of the voltage ripple and of the angle of observation,
assuming that € = 5 mrad and that SPIDER is working with deuterium. The red lines indicate the chosen value
of « and and the foreseen level of voltage ripple.

3.2.2 Simulations

The data of the design were given in input to dBES to simulate the spectra acquired by the diagnostic. It
was assumed that the gas density in the vacuum chamber is uniform at 1.21 - 10! m 2 (corresponding
to 0.05 Pa at 300°K). For the amount and energy distribution of the stripping losses the profile shown in
figure [3.23 was adopted. The figure shows the fraction of negative ions not neutralized as function of
the distance from the source-facing side of the PG; it is shown also the profile of the energy reached by
the ions inside the acceleration stage, in the rough assumption that the electric field is constant between
the grids and null inside their apertures.
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Figure 3.23: Fraction of not stripped ions within the acceleration system in SPIDER, as function of the distance
from the source-facing side of the PG [73]]. For the same spatial coordinate the energy reached by the negative ions
is shown. The two plots refers to operations in hydrogen and deuterium, respectively.

The optical losses in the fibers which connect the optic heads to the spectrometers were estimated to
be around 30%, caused mostly by the connections between the patch chords [72] which compose each
fiber. The reflectivity of the grating of the spectrometer was set to 50%, and the quantum efficiency of
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the CCD was set at 80%. The conversion factor given by the amplification and the sampling of the CCD
was set to 0.4 counts/e as in the CCD camera for NIO1. After some preliminary trials, the exposure
time of the CCD was set to 50 ms. Two examples of spectra produced by dBES are shown in figure
belonging respectively to the horizontal LOS SP_0_SX_2 and the vertical LOS SP_V_B_1. As it can
be seen, the intensity of the spectrum of the vertical LOS is roughly 3 times higher than the one of the
horizontal LOS; this is due to the fact that the horizontal LOS crosses 20 beamlets, while the vertical LOS
crosses 64.
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Figure 3.24: Spectra simulated by dBES for the horizontal LOS SP_0_SX_2 and the vertical LOS SP_V_B_1,
assuming that the source is operating with deuterium and that texp = 50 ms.

dBES was used also to understand the maximum deviations of the beamlets which cannot be de-
tected by BES and which could cause a systematic overestimation of €. For this check an horizontal LOS
was selected and one column of beamlet groups was deviated horizontally of a certain angle; another
column of beamlet groups was deviated with the same angle, but in opposite way. The minimum an-
gle for which the contributions of the deviated beamlets are distinguishable in the spectrum is about
15 mrad: figure shows the spectrum simulated by dBES exactly in this condition.
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Figure 3.25: Spectrum simulated by dBES for the horizontal LOS SP_0_SX_2 and with the source operating in
deuterium. Two columns of beamlet groups were deviated horizontally of +15 mrad and —15 mrad respectively.
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To guarantee the accuracy of the measurements of beam uniformity it was studied how much the
intensity of the BES spectra is influenced by the alignment of the LOSs with respect to the beamlets.
Figure shows how the intensity (and therefore the integral) of the Doppler peak varies if the optic
head is shifted vertically. The data shown in the 2 plots were obtained using respectively € = 3 mrad
and € = 7 mrad as input for dBES. The values of amplitude of the Doppler peak are normalized with
respect to the maximum value. What results from figure[3.26]is that a vertical shift of -1 mm of the optic
head from the optimal position could cause a 10% systematic error in the measure of beam uniformity.
Considering that the distance between the LOSs and the GG is about 35 cm at the center of the beam, a
vertical shift of £1 mm is equivalent to a vertical deviation of the beamlets of 3 mrad.

Figure shows instead the results of an analogous calculation, in which the variation of the am-
plitude of the Doppler peak is due to a rotation of the horizontal LOS in the the vertical plane. In order
to avoid systematic errors greater than 10% in the measurement of the beam uniformity, the optic heads
should not be tilted with respect to their optimal direction for more than £0.5 mrad.
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Figure 3.26: Variation of the intensity of the Doppler peak obtained in SPIDER by translating an horizontal LOS
vertically. In the plots on the left and on the right the divergence of the beamlets was set to 3 mrad and7 mrad

respectively. The intensity of the peak is normalized with respect to the maximum reached amplitude.
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Figure 3.27: Variation of the intensity of the Doppler peak obtained in SPIDER by rotating an horizontal LOS
vertically. In the plots on the left and on the right the divergence of the beamlets was set to 3 mrad and7 mrad
respectively. The intensity of the peak is normalized with respect to the maximum reached amplitude.

At last, dBES was used to simulate BES spectra corresponding to values of divergence within the

range 3 mrad <+ 7 mrad. The Doppler peak of the simulated spectra was fitted with a Gaussian and the
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measure of its width was used as described in par. to get a measure of €. The relative errors of
the measures of divergence obtained by fitting the Doppler shift of the simulated spectra are shown in
figure (black line), as function of € itself. The trend of the relative error is in agreement with that
calculated by the model described in par. (red dasched line). The measurement error of € will be
lower than 10% in all the interval of divergence foreseen in SPIDER, except for values close or equal
to 3 mrad. The relative differences (blue dotted line) between the measured values of € and the ones
given in input to dBES are within the relative errors. The smooth trend of the blue line as function of €
indicates that a (small) systematic error is present in the measures of divergence and must therefore be
corrected.

The same calculation of figure[3.28| was repeated assuming that 15% of the beamlets’ current is given
by the halo, with e = 30 mrad [21]. The analysis of the spectra simulated by dBES gave values of
divergence substantially unaltered with respect to the previous case without halo.
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Figure 3.28: Relative error of the measurements of divergence (black solid line) in SPIDER as function of the value
of € given in input to dBES. The red dashed line indicates the relative error of € calculated as in par. while
the blue dotted line represents the relative deviation of the measures of € with respect to the input value used for
the simulation.

3.2.3 Summary of the results

The tests carried out by means of dBES confirmed the design of the BES diagnostic for SPIDER, in
particular with the new configuration of the optic heads (sec. and [.3). The analysis of the spectra
generated by dBES confirmed that it is possible to measure the beamlets’ divergence within the range
3 mrad =7 mrad with an error below 10%. At the same time, however, it must be kept into account that
small deviations (up to ~ 15 mrad) of the beamlets’ direction could broaden the Doppler peak causing
an overestimation of €. In SPIDER it is estimated [74] that the horizontal deflections of the beamlets
could reach about -4 mrad because of the magnetic field produced by the EG.

About the measurements of beam uniformity, the precision required to align the optic heads with
respect to the beamlets (offset and tilt less than respectively £1 mm and +0.5 mrad) is difficult to achieve,
but other diagnostics (e.g. STRIKE) can support this task.

At last, the intensity of the BES spectra is so sensitive to possible misalignment of the optic heads
(and to deviations of the beam) that, to keep the spectra at a sufficient SNR, it would be advisable to
mount the optic heads on remotely adjustable supports. The optic heads will be indeed placed just
outside the vacuum vessel of SPIDER, which will be inaccessible during the operation of the source
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because of radiations.

3.3 Study and design of the BES diagnostic for MITICA

As for SPIDER, the target for the BES diagnostic is to measure the divergence of the beamlets and the
beam uniformity according to the specifications listed in table [75, [76]. The dBES code has been
widely used to verify the conformity of the design of the diagnostic with the expected performances.

3.3.1 Design of the diagnostic

The BES diagnostic will monitor the beam in 3 sections [77,[75] of the test facility: between the GG and
the neutralizer (section “GN”), between the neutralizer and the RID (section “NR”) and between the RID
and the calorimeter (section “RC”). The position of the 3 sections in MITICA is shown in figure[3.29 In
the section GN the LOSs will be installed in 11 viewports: 4 on each vertical side, 2 on the top and one
at the bottom. The viewports of the section NR (shown in figure [3.30] looking upstream) are 9: 3 on each
vertical side, 2 on the top and 1 at the bottom. The section RC has 9 viewport, placed similarly to section
NR.

—
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BES section Rg section\dNR section GN

N SOURCE

Er

-

Figure 3.29: View of the sections of MITICA in which the optic heads of the BES diagnostic will be mounted
[77,175]. The direction of the LOSs is indicated, too.

For the simulations of dBES a LOS was virtually positioned at the center of each viewport. The
LOSs were identified with codes similar to those used in SPIDER: the first 2 letters indicate the section
(GN/NR/RC), it follows the orientation (O, horizontal, V vertical) and the side (SX left, DX right, A
top, B bottom) on which the optic head is mounted; at last, a progressive number distinguishes the optic
heads on the same side, from the bottom to the top and from left to right (looking upstream the beam).
As example, the codes of the LOSs of the NR section are shown in figure [fig:NR]. The x ,y ,z coordinates
(par. [sub:The-beamlets]) of the centers of the viewports and therefore of the LOSs are listed in table[3.4}



98 Chapter 3. The BES diagnostics for NIO1,SPIDER and MITICA
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Figure 3.30: View of the section NR, looking upstream the beam. The direction of the LOSs is indicated with
yellow parallelograms departing from the viewports. The codes used in dBES to indentify the LOSs are shown,
too.

LOS name x (mm) | y(mm) | z(mm)
GN_O_SX_1 1429 -1834 -995
GN_O_SX_2 1429 -1834 -540
GN_O_SX_3 1429 -1834 -95
GN_O_SX_4 1429 -1834 375
_A1 1359 -200 1094
GN_V_A_2 1359 200 1094

GN_O_DX_1 | 1430 1834 -755

GN_O_DX_2 | 1430 1834 -345

GN_O_DX_3 | 1430 1834 155

GN_O_DX_4 | 1430 1834 585

GN_V_B_1 1430 0 -2219
LOS name x (mm) | y(mm) | z(mm) LOS name x (mm) | y(mm) | z(mm)
NR_O_SX_1 5202 -1834 -930 RC_O_SX_1 7452 -1834 -930
NR_O_SX_2 5202 -1834 -465 RC_O_SX_2 7452 -1834 -465
NR_O_SX_3 5202 -1834 385 RC_O_SX_3 7452 -1834 385
NR_V_A_1 5305 -150 1438 RC_V_A_1 7446 -75 1438
NR_V_A_2 5305 150 1438 RC_V_A_2 7446 75 1438
NR_O_DX_1 | 5202 1834 -1125 RC_O_DX_1 | 7452 1834 -1125
NR_O_DX_2 | 5202 1834 -345 RC_O_DX_2 | 7452 1834 -345
NR_O_DX_3 | 5202 1834 -140 RC_O_DX_3 | 7452 1834 -140
NR_V_B_1 5163 0 -2296 RC_V_B_1 7512 0 -2296

Table 3.4: Coordinates (in mm) of the viewports’ centers and therefore of the virtual optic heads set in the simula-
tions of ABES for MITICA (courtesy of M. Tollin).
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The parameters needed for the simulation of the BES diagnostic in MITICA are listed in table

Quantity value
€ (e-folding) foreseen 3+ 7mrad
Observation angle « 85°
Total acceleration voltage (Vo £ o) 870kV £ 1% (H)
1MV +1% (D)
Voltage ripple (oy +2Zy) 44 kV +10% (H)
50kV +10% (D)
Error of linewidth from gaussian fit (c) 0.2 pix
Diameter of fiber core 400 ym
Plate factor of the spectrometer (d) 6.7 nm/ pix
Entrance slit width of the spectrometer (F) 100 pum
Pixel size of CCD (ps;ze) 13 um
Number of pixels in the CCD 1024x1024

Table 3.5: Information on SPIDER and the BES diagnostic required by dBES[75].

As in SPIDER, the initial design of the optic heads [75] [76] foresaw lenses with a focal length of
120 mm and a clear aperture of 10 mm diameter, imaging the fiber head at 3 m from the lens. The tests on
the prototype of the optic heads (described in sec. |4.2land led to increase the focal length to 150 mm
and reduce the clear aperture to 8 mm. In practice, the optic heads used in MITICA will be the same
used SPIDER. The dependence of the solid angle of collection () on the axial and radial coordinates of
the LOS is the same shown in figure 3.17). Preliminary runs of dBES for the LOSs of the section GN
allowed to esteem that w = 1.52 mrad =+ 24% for the vertical LOSs and w = 1.64 mrad £ 23% for the
horizontal ones; these values change negligibly for the LOSs of the other sections.

Figure shows the estimates of the measurement error of the divergence as function of the diver-
gence itself and of the angle of observation «, using the model described in par. and assuming that
MITICA is operating with deuterium. The relative error of € should exceed 10% for values of € around
3+ 4mrad.
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Figure 3.31: Measurement error of the divergence as function of the divergence itself and of the angle of observation,
assuming that MITICA is working with deuterium. The red lines indicate the chosen angle of observation and the
extreme values of divergence.
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Figures 3.32] [3.33] [3.34] and [3.35| show how much the measurement error of € is effectively sensitive
to the angle of observation & and w, the plate factor of the spectrometer, the total acceleration voltage

and the voltage ripple. In all the cases it is assumed that € = 5 mrad. It results that in agreement with
the target of keeping the measurement error of € below 10%:

¢ the diameter of the aperture of the lenses in the optic heads can be increased if necessary, but w
mustn’t exceed 2 mrad;

¢ the plate factor should remain below 0.02 nm / pix;

¢ the total acceleration voltage and the voltage ripple are not critical parameters for the measure-
ment of €.

The design of the diagnostic seems therefore to be robust and to reach the desired performances.
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Figure 3.32: Dependence of the measurement error of the divergence on w and on the angle of observation, assum-
ing that € = 5 mrad and that SPIDER is working with deuterium. The red lines indicate the chosen values of «
and w.
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Error of divergence (%) D
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Figure 3.33: Precision of the divergence as function of the plate factor of the spectrometer and of the angle of
observation, assuming that € = 5 mrad and that MITICA is working with deuterium. The red lines indicate the
chosen values of o and d.
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Figure 3.34: Measurement error of the divergence as function of the total acceleration voltage and of the angle of
observation, assuming that € = 5 mrad and that MITICA is working with deuterium. The red lines indicate the
foreseen values of w and total acceleration voltage.
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Figure 3.35: Measurement error of the divergence as function of the voltage ripple and of the angle of observation,
assuming that € = 5 mrad and that MITICA is working with deuterium. The red lines indicate the chosen value
of « and and the foreseen level of voltage ripple.

3.3.2 Simulations

To better verify the design of the BES diagnostic in MITICA, the dBES code was used to simulate the
spectra acquired by the diagnostic. In addition to the data presented in the previous paragraph, the gas
density profile shown in figure [2.3| was adopted. Moreover, the energetic distribution of the stripping
losses was calculated from the data shown in figure The figure shows the fraction of the beam still
not neutralized as function of the distance from the source-facing side of the PG; it is shown also the
profile of the energy reached by the ions inside the acceleration stage, assuming that the electric field is
constant between the grids and null inside their apertures.
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Figure 3.36: Fraction of not stripped ions within the acceleration system in MITICA, as function of the distance
from the source-facing side of the PG [73]]. For the same spatial coordinate the energy reached by the negative ions
is shown. The two plots refers to operations in hydrogen and deuterium, respectively.

The optical losses of fibers and spectrometer were estimated to be the same as in SPIDER (65% in to-
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tal); the quantum efficiency of the CCD was set at 80%, and the conversion factor given by amplification
and sampling of the CCD was set to 0.4 counts/e. The minimum exposure time of the CCD was set to
150 ms.

Figure[3.37shows the spectrum simulated by dBES for the horizontal LOS GN_0_SX_2 and the vertical
LOS GN_V_A_1, assuming that the beam is in deuterium. The appearance of the two spectra is quite
different, because of the geometry of the beamlets adopted in MITICA (sec. [L.5). In the horizontal
plane, the beamlets are not parallel but each one of the 20 columns of beamlets has a specific angle
with respect to the beam axis; as consequence, in the BES spectrum there are 20 Doppler peaks, so
overlapped to compose a unique wide peak. The angles in the horizontal plane between the beamlets
and the beam axis range from —15mrad to 15 mrad [21]. In this condition anomalous deviations of
the beamlets in the horizontal plane, estimated to be about £3 mrad [78], cannot be detected and would
affect the width of the “comprehensive” Doppler peak negligibly. In the spectrum acquired from vertical
LOSs instead 4 partially overlapped Doppler peaks are present: in the vertical plane, indeed, each row of
beamlet groups forms a specific angle with respect to the beam axis [21]]. The 4 Doppler peaks therefore
correspond to 4 different beamlet groups, which can be monitored separately. The vertical fluctuations
of the directions of the beamlets are negligible [78].
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Figure 3.37: Spectra simulated by dBES for the horizontal LOS GN_0_SX_2 and the vertical LOS GN_V_A_1,
assuming that the source is operating with deuterium and that texp, = 150 ms.

The LOSs considered in figure [3.37|belong to the section GN, which is the closest to the GG. At the
farther section the beamlets will be broader and then less dense, with a consequent reduction of the
intensity of the spectra. Moreover, the LOSs at the RC section receive even less light because part of the
beam particles was removed upstream by the RID. Figure 3.38|shows the spectra simulated by dBES for
the horizontal LOSs NR_0_SX_2 and RC_0_SX_2.

As mentioned in sec. [2.2|the speed of the beam particles in MITICA is so high that the distance cov-
ered by an excited particle during the de-excitation time is not negligible. The longest decay length is
reached when the beam is composed by hydrogen particles at 870 keV. Taking into account the decay
time of the excited particles (i.e. using formula instead of 2.37), it resulted that the intensity of a
horizontal LOS of the section GN is 10% higher than what obtained by dBES with the standard calcula-
tions. Analogously, the spectra of horizontal LOSs in the sections NR and RC result to be 66% and 50%
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higher. The effect of the finite de-excitation time on the intensity of the spectra is then not negligible.
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Figure 3.38: Spectra simulated by dBES for the LOSs NR_0_SX_2and RC_0_SX_2, assuming texp = 150 ms and
that the beam is in deuterium.

The target of measuring the beam uniformity with an error below 10% imposes to align the LOSs
with respect to the beamlets with a certain precision. By means of dBES the spectrum of an horizontal
LOS was simulated for slightly different vertical positions of the optic head. A LOS of the GN section
was chosen because it gives the most restrictive limits: the GN section is the closest to the GG, therefore
the beamlets are smaller and it's more difficult to intercept them. Figure shows how the intensity
of the Doppler peak (normalized with respect to the maximum achievable amplitude) and therefore its
integral vary with the vertical offset, assuming € = 3 mrad and € = 7 mrad respectively for the 2 plots.
A fall of 10% in the intensity of the peak can be obtained by an offset of about £1.5 mm and +3 mm
respectively for the cases at € = 3 mrad and € = 7 mrad. The considered LOS intercepts the beamlets at
an average distance from the GG of 1.3 m, therefore the effects of a shift of the LOS of +1.5 mm can be
due also to a deviation of the beamlets of +1.2 mrad.

Figure shows how much the amplitude of the Doppler peak can vary if the optic head is tilted
vertically: in the cases with € = 3 mrad and € = 7 mrad the maximum allowed tilt is about £0.8 mrad
and £1.7 mrad respectively.

€=3 mrad €=7 mrad
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Figure 3.39: Variation of the intensity of the Doppler peak in the spectrum of LOS GN_0_SX_ 2 when the optic head
is translated vertically. In the plots on the left and on the right the divergence of the beamlets was set to 3 mrad
and7 mrad respectively. The intensity of the peak is normalized with respect to the maximum reached amplitude.
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Figure 3.40: Variation of the intensity of the Doppler peak in the spectrum of LOS GN_0_SX_2 when the optic head
is translated vertically. In the plots on the left and on the right the divergence of the beamlets was set to 3 mrad
and7 mrad respectively. The intensity of the peak is normalized with respect to the maximum reached amplitude.

To test the effective precision with which the beamlets” divergence can be measured dBES was used
to simulate BES spectra for € between 3 mrad and 7 mrad. The analysis method is different for the
spectra of horizontal and vertical LOSs. In the case of the horizontal LOSs a Gaussian fit is applied
to the Doppler peak to establish the angle a between the LOS and the beam. « is added to the 20
angleeﬂ the beamlets form with the beam main direction The Doppler peak is then fitted with the sum
of 20 Gaussians, all with the same amplitude and the same width, and whose centroids are given by
the previously calculated angles. From the width of the 20 Gaussians the average divergence of the
observed beamlets can be calculated. Figure.41|shows the measurement error (black line) of divergence
as function of the value of € given in input to dBES to simulate the analyzed spectrum. For € > 3 mrad
the relative errors from the measurements follow the trend (red dashed line) foreseen by the model of
par. The relative differences between the measured values of divergence and the ones given in
input to dBES are in some cases higher than the relative error; this is probably due to the complexity of

the fit applied to the Doppler peak.

7Tt is not possible to measure these angles, therefore the values foreseen in the design [21] of MITICA are adopted.
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function of the value of € given in input to dBES. The red dashed line indicates the relative error of € calculated
as in par. while the blue dotted line represents the relative deviation of the measures of € with respect to the
input value used for the simulation.
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Figure 3.42: Average of the relative errors of the measurements of divergence (black solid line) obtained by the 4
Doppler peaks in the spectra of a vertical LOS in MITICA. The relative errors are shown as function of the value of
€ given in input to dBES. The red dashed line indicates the relative error of € calculated as in par. while the
blue dash-dot line represents the maximum relative deviation among the measures of €, with respect to the input
value used for the simulation.

In the case of the vertical LOSs 4 Doppler peaks are present in the BES spectra, even if partially
overlapped. The curve of the spectrum is fitted with the sum of 4 Gaussians, so that it is possible
to measure the integral and the width of each one separately. Figure shows the relative error of
these measurements of divergence (the black line indicates the average of the 4 relative errors of each
spectrum) in comparison to the values foreseen by the model of par. (red dashed line). The
measurement errors of € are lower than expected because the error of the fit in the estimation of the
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widths of the 4 peaks is lower than the value of ¢ used in the calculation of the red curve. Figure
shows also the relative difference (blue curve) between the measured values of € and those given in
input to dBES. For precision, the blue curve indicates the maximum relative deviation (in modulus) of
the 4 obtained by the fit. For € > 7 mrad the measured values of divergence are not compatible with the
input values of €. With the increase of the divergence, indeed, the 4 Doppler peaks broaden more and
more, increasing the overlapping of the peaks themselves and therefore compromising the stability of
the fit.

To check the influence of the beamlets’ halo on the measurements of €, the spectra of both horizontal
and vertical LOSs were simulated assuming as worst scenario [21] that the halo is the 15% of the beam
and has a divergence of 30 mrad. The measurements of divergence were not significantly affected.

3.3.3 Summary of the results

The simulations of dBES confirmed that with the current design of the diagnostic and the updated
configuration of the optic heads it will be possible to measure the beamlets’ divergence in the foreseen
interval 3 mrad <+ 7 mrad with an error below 10%. Particular attention must be paid to the stability
of the fit algorithm. Possible deviations of the beamlets in the horizontal plane, foreseen in the order
of 3 mrad [78], shouldn’t affect the shape of the Doppler peak neither the consequent measures of
divergence. This is due to the particular shape of the Doppler peak in the spectra of the horizontal LOS,
which is already broadened because of the 20 different directions of the observed beamlets with respect
to the beam axis.

As in SPIDER, it is not feasible to align the LOSs with the beamlets with such a precision to avoid
systematic errors larger than 10% in the measures of uniformity. This is at least what was determined
from the LOSs of the section GN. The farther LOSs give less stringent conditions on the alignment of the
optic heads, but the effective spatial resolution of the diagnostic is reduced because of the overlapping
of the beamlets.

At last, to counteract excessive misalignments of the beamlets with respect to the LOSs it would be
preferable to mount the optic heads on remotely adjustable supports. As in SPIDER, indeed, the optic

heads won't be accessible during the operation of the test facility.
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Chapter 4

Experimental activities

A number of experimental activities were carried out to test or design the instrumentation for the OES
and BES diagnostics in NIO1, SPIDER and MITICA. Most of them was focused on the CCD camera for
the BES diagnostic and on the optic heads (sec. for both OES and BES.

4.1 The camera for the BES diagnostics

A possible candidate as detector of the BES spectra in NIO1, SPIDER and MITICA is the CCD camera
Andor iKon-M 934. The main features of this instrument are summarized in table

Number of pixels 1024x1024
Pixel size 13 um
Pixel readout rates 0.05,1,3,5 MHz
Digitization 16 bit
Vertical clock speed 57,11.3,22.5,44.9,67.3 us
QE @ H, 95%
Gain 1x, 2x, 4x
Full well capacity 100 ke
Readout noise 2.9¢, 6.6¢, 11.6¢, 18¢
at respectively 0.05, 1, 3,5 MHz
Min. temperature —70°C (air cooling),—100°C (water cooling),
Binning options no binning, full vertical binning (FVB),

multitrack (definable by the user)
single scan, accumulation (sum), kinetic, fast kinetic
Acquisition modes kinetic (sequence of single scans),
fast kinetic (frame transfer)
USB, 12C, Fire and shutter signals

Connections (CMOS output on SMB/B), ext. trigger signal
(CMOS/TTL input on SMB/B)
Other characteristics The CCD is backilluminated.

Shutter’s times to open/close are separately selectable.

Table 4.1: Main features of the camera Andor iKon-M 934.

Since the camera has to reach a given time resolution, the first tests done aimed to verify its readout

time. The parameters that influence it are:

¢ the ADC readout rate, the time needed to convert the charge collected by a single pixel into digital

counts;
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¢ the vertical shift time, i.e. the time it takes for the charge to be transferred to the nearest row while

moving towards the exit register;

¢ the readout pattern, i.e. the scheme with which the charge collected by adjacent pixels must be
summed together before being read. In spectroscopy the vertical dimension of the collected spectra
carries no useful information, so their pixels can be added together. In particular, 9 spectra will
have to be simultaneously acquired from the spectrometer dedicated to BES in NIO1 (sec. B.I); in
the BES diagnostics of SPIDER and MITICA up to 20 spectra will have to be acquired by each CCD
camera [72,[79] .

The readout time was measured varying the ADC readout rate and the vertical shift time; the CCD
sensible area was vertically binned into multiple (10/20) tracks, adjacent or separated by some rows of
pixels. It resulted that vertical binning greatly improves the time resolution of the camera, reaching less
than 20 ms for reading 20 tracks of 1024 pixels (at ADC readout rates > 3 MHz and vertical shift time
5.7 us). The readout time is lower if no pixels are left between each track; at last, doubling the number
of tracks from 10 to 20 does not increase the readout time for more than 10 ms.

The camera mustn’t be only fast enough for the diagnostic, but has also to be reliable in measuring
the image received by the spectrometer. In fact, a too strong reduction of the row shift time may affect
the efficiency in the charge transfer resulting in data smearing and loss of linearity. To test the presence
of smearing effects, the camera was coupled to a CINEL 780/0.5 spectrometer (dedicated to the BES
diagnostic in NIO1), illuminated by a mercury lamp. No evident increase in the smearing has been
noticed lowering the rowshift time down to 5.68 us. The shutter operations may also produce smearing
effects: it was noticed that the acquired mercury spectra were smeared, unless the time tgj,,,1,, left to the
shutter to open or close, weren’t above a certain value f,,051014. It Was verified that this #4,,es1,014 depends
on the readout rate and slightly on the exposure time t,;. To explain this, it must be considered that each
shutter has two intrinsic characteristic times, the time to open t, and the time to close t, only roughly
known. In programming the functioning of the CCD shutter two parameters have to be selected, that
play the role of £, and f.: the time t,., between the start of the opening of the shutter and the beginning
of texp, and the time f.,5, between the start of the shutter closing and the beginning of the readout
operation. Since these two parameters can be chosen different from ¢, and ¢, , unwanted effects may
result. If, for example, ¢ .5 Wwere lower than t., then the CCD would be still partially illuminated during
the readout. The smearing of the image is then greater for quicker readingsﬂ as with higher readout
rates.

The fact that the camera is collecting light during the shutter opening and closing, may affect the
linearity test, since the amount of light received does not only depend on t.yp. In addition, if topen is
lower than t,, then part of t.;, would be used to complete the opening process. But also if top; exceeds
to then part of t,,.;, would contribute to texp (once the shutter is open, all the time that follows contributes
to the charge collection). For this reason a linearity test represents a method for measuring t, and t.. A
set of measurements was performed, monitoring the a spectral line of Cd at texy = 2ms, frame rate
3 MHz, vertical shift time 11,3 us, t¢,5, = 50 ms and increasing values of t,pe;. The total counts of the
line grow linearly with tope, only if topen > 60 ms. This limit represents a measure of the shutter opening
time ¢,.

A lower limit should exist for f.,s as well as for t,pe,. In this case the integral of the same spectral
line was measured for increasing values of ., , leaving t,pe; at 50 ms and the other acquisition options
unchanged. The integral saturated at t.,5, = 50 ms, this is therefore the time t. required by the shutter
to close.

IThe smaller the readout time, the higher the fraction of the readout time itself in which the unwanted illumination is present.
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Another important parameter that was tested is the readout noise; this quantity is usually expressed
in electrons, so a conversion coefficient k between counts and electrons must be used. k is useful also for
dBES to determine the intensity of the BES spectra acquired by the camera. The technique to measure
k consists in taking acquisitions at different intensities of a uniform light source, from total darkness to
saturation, without varying the exposure time. This was achieved exposing the camera to the light of
the room and covering the entrance hole with a paper diffuser and a variable number of objects which
absorb light (opaque plastic, paper or plastic sheets,etc). The standard acquisition parameters were:
readout rate 3 MHz, vertical shift time 11 ys, temperature —60°C, texp = 0ms, topen = tejose = 50 ms.
Figure |4.1f shows one of this acquisitions; the corners of the image are darker because they remained
covered by the shutter for a longer time.

Figure 4.1: Example of acquisition of a uniform illumination field, texp, = 0ms, topen = tejpse = 50 ms.

Fixed pattern noise is also present, it’s recognizable as a series of oblique bands. Since the calculation
of k is based on the measurement of the shot noise, this other type of noise must be eliminated. For this
purpose two images were acquired for each level of illumination, and the difference between them was
computed. The variance of the signal was calculated over a 100x100 pix areaEl in the most illuminated
point of the CCD; the variance was divided by 2 since it was computed on the subtraction of two images.
Let’s define 77 the number of collected electrons; it’s easy to understand that the variance is proportional
to (ky/7) 2 = k%1, whereas the signal level is proportional to k7. To get k it is sufficient to plot the variance
against the average of the signal (always in the selected area) and calculate the slope of the linear trend.
This was done for each of the 3 available amplification levels (1x,2x,4x) The measured values of k are

reported in table .2} their ratios give the effective values of gain, shown in the same table.

Amplification | k (counts/e) real gain
(declared) (respect to 1x)
1x 0.207+0.001 1)
2x 0.411+0.003 1.99+0.02
4x 0.851+0.007 4.11+0.04

Table 4.2: The value of the conversion factor k between counts and electrons, for different levels of amplification.
The real amplifications calculated on the values of k are reported, too.

2The chosen dimensions of this area were the largest possible to have a flat signal profile.
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The readout noise of the CCD camera was then measured as the standard deviation of a not illumi-
nated image. Table 4.3|shows the measured values of noise (converted in electrons thanks to the values
of table as function of the readout rate and the gain factor. The levels of noise are higher than those
declared by the producer (table[4.I) and are just compatible with the specifications requested by the BES
diagnostic (noise < 10e at 1 MHz readout frequency [72]). As expected, the noise increases with the
readout frequency, but unexpectedly it falls with the gain; this latter dependency might be caused by

the additional noise induced by the amplification stage.

Readout noise (st. dev., electrons)
rate (MHz) | amp. 1x | amp. 2x | amp. 4x
0.05 4.7 3.6 3.2
1 10.5 7.6 6.8
3 17.3 12.1 11
5 26.6 17.0 14.4

Table 4.3: Dependence of the background noise on the amplification level. The CCD was at —60°C, with vertical
shift time 11, 3 us; the standard deviation was calculated on an area of 1024x1024 pixels.

At last, a rough estimate of the dark current was obtained: for this purpose the mean value of a bias
frameﬂ was subtracted to the average of a long (texp = 2000 s) acquisition with the shutter closed; the
result was then divided by ¢.y,. The obtained values of dark current are so low that they don’t represent
a concern for acquisitions with the typical exposure times required by BES.

4.2 The optic heads for the OES and BES diagnostics

As already mentioned in par. a BES optic head (figure[4.2) consists of a lens installed in a cylindrical
support and a fiber holder which keeps the optical fiber on axis with the support and at the right distance
from the lens. Two different types of fiber holders were designed and built: one with 2 cylindrical
stoppers, one of rubber and one of plastic, through which the fiber passes (fiber holder in figure[4.2} case
A), and one with a side lid which compresses a piece of rubber on the central fiber (same figure, case B).
The axial position of the fiber holder can be adjusted by means of a sliding screw to vary the distance
lens-fiber input. The optic head indeed must be focused at a proper distance so that the lens creates
an image of the fiber head beyond the furthest emitting position, along the LO The variables which
characterize this optical system are: the clear aperture C, and the focal length f of the lens, the distance
lens-fiber P and the diameter d ¢, (400 pm ) of the fiber core.
The choice of the values of these variables is limited by some constraints:

e the F/# = f/C, filling the fiber should be compatible with the fiber NA and with the spectrometer
F/#

* atoo high F/# limits the collected light resulting in a low SNR;

¢ atoo high C, could spoil the spatial resolution of the measurements; in the case of BES, excessive
values of the clear aperture would have a detrimental effect on the precision of the divergence

measurements;

e the positioning of the fiber from the lens should not be critical, so that it’s possible to easily adjust
the position of the sliding screw;

3 A bias frame is an acquisition with the shutter permanently closed and texp = 0s.
4Tt was chosen that the image of the fiber must be formed at 3 m (SPIDER/MITICA) / 55 cm (NIO1) from the lens (sec. [3.1and
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¢ the external diameter of the cylindrical support should not exceed the minimum distance between
LOSs [71}, 25| [79]on the same window.

¢ In the case of the OES diagnostics for SPIDER/MITICA, the LOSs look at the plasma through holes
of 6 or 10 mm diameter [24], 25], drilled on the source case; the LOSs of OES in NIO1 instead must
pass through pipes of 8 or 12 mm diameter. In both cases the diameter of the LOSs must be limited
to avoid vignetting.

The initial design of the OES and BES diagnostics [25] [72] led to the adoption of lenses with diameter
15mm, f = 120 mm and C, = 10 mm. For the OES and BES diagnostics in NIO1 a lens of diameter
10 mm, f = 50 mm and C, = 4mm was chosen.

Figure 4.2: Schematic view of a telescope. Two alternative designs of the fiber holder are shown.

4.2.1 Tests

To validate the optical configurations with the two types of lenses, two prototype telescopes were re-
alized, with 194 mm length, 25 mm diameter and 95 mm length, 20 mm diameter, respectively. To test
different values of C, thin rings with internal diameters of 4,6,8,10 mm were built; these rings could be
inserted next to the lens to reduce its aperture. Lenses of different type and slightly different focal length
(table[d.4) were tested, too.

Type f (mm)
Plano-convex 120
SPIDER/MITICA | Achromatic doublet 120
Plano-convex 150
NIO1 Achromatic doublet 40
Plano-convex 50

Table 4.4: Characteristics of the lenses tested with the prototype supports.

The telescopes were mounted trying both types of fiber holder; the one with the side lid was chosen
as default design because it was easier to mount the fiber and because this was kept fixed more stably.
The following tests were aimed to studying the width of the LOS along its axis, when a certain lens is
used and the image plane is set to the established distance. To do this a short fiber of 400 um diameter
was connected to the fiber holder on one side and illuminated by a lamp on the other. Through trial and
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error, the fiber holder was fixed in the right position to have the image of the head of the fiber at 3 m
(SPIDER/MITICA) or 55 cm (NIO1) from the lens. At this point a screen made of graph paper was placed
at various intermediate distances from the lens to measure the width of the light spot (corresponding to
the width of the LOS).

As expected it resulted that in the case of NIO1 the LOSs determined by the lens with f = 50 mm are
narrower than those with f = 40 mm. The former lens therefore seems more suitable to pass through the
10 mm apertures of OES. Analogously the f = 150 mm lenses for SPIDER/MITICA should be preferred
over the ones with f = 120 mm. From the data it resulted also clear that there is no significant benefit in
using a doublet instead of a simpler and cheaper plano-convex lens.

4.2.2 Simulation of the LOSs

The width measurements of the LOSs were used not only to properly select the lenses to mount for OES
and BES, but also to benchmark the algorithm of dBES calculating the shape of the LOS (par. 2.3.2). The
case shown in figure |4.3|is the result of a simulation for f = 40 mm, C; = 6 mm and the image plane
at 550 mm from the lens: the solid angle () has not a flat radial profile over the section of the LOS. The
irregularities of the profile at the distance 567 mm are due to the fact that when the analyzed planeE] and
the image plane are too close the effects of the discretization are not negligible.
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Figure 4.3: 2D and radial profile of the solid angle of collection for planes at various distances from the lens
(f =40mm, C; = 6 mm, image plane is at 550 mm,).

The setup simulated by the code was reproduced in laboratory, and the width of the LOS was mea-
sured detecting the edge of the light spot by eyes at different distances from the lens. These measure-
ments could be compared to the simulations, being the intensity of the LOS sections proportional to ().
Since the eye sensibility was not known a priori, the code calculated the spot dimension for different
threshold levels. This method was preliminarily applied to a case of a lens with f = 40mm, C; = 6 mm;
the results are shown in figure

Sthe plane at distance p in ﬁgure
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Figure 4.4: Estimations of the LOS width along the optical axis for different values of threshold of the solid angle.
The experimental width of the LOS is drawn (blue) for comparison. The case is referred to a lens with f = 40 mm,
C, = 6 mm, image plane at 55 cm.

The best agreement with the experimental data was reached with 1/500 of the maximum value of (2
reached in the LOS. The largest differences between the curves are found substantially in the intermedi-
ate position between the lens and the image plane, where the radial profile of solid angle has the lowest
slope.

Once having chosen the threshold of 2,5 /500 as edge of the LOS, the simulations were performed
also for the other optical configurations. The comparison between experimental data and simulations is

shown in figure
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Figure 4.5: Comparison of the width of the LOS measured experimentally (blue points) along the optical axis and
the results of the simulations (pink points), for various values of f and C,. It was empirically estimated that the
width measurements have an error of about =1 mm.

The agreement between the experiment and simulations is good. The algorithm can then be used to

make predictions for optical configuration which were not tested and make further comparisons. For
example, figure |4.6| compares the test on the lens with f = 40 mm and C, = 4 mm with the simulation
for a lens of f = 50 mm and same C,. Figure[4.7/instead compares the test on the lens with f = 120 mm
and C, = 6 mm with the simulation for a lens of f = 150 mm and same C,. Once more the lenses with

the narrower LOSs are those with f = 50 mm and f = 150 mm in the respective cases.
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Figure 4.6: Comparison of the LOS width simulated for the cases of the doublet with f = 40 mm (experimental
data) and of the lens with f = 50 mm , both with C, = 4 mm.
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Fiqure 4.7: Comparison of the LOS width simulated the cases of the doublet with f = 120 mm (experimental data)
and of the lens with f = 150 mm, both with C, = 6 mm.
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4.2.3 Mechanical tests

As previously mentioned, in the case of the OES diagnostic for SPIDER the LOSs have to pass through
holes of 10 mm diameter, drilled on the source walls. The LOSs must not only enter the source but
also exit at the opposite side . This allows to illuminate the LOSs from the viewports opposite to the
telescopes, for example for the absolute calibration. Another advantage is that the alignment of the
LOSs can be checked by backilluminating the fibers connected to the telescopes. To reach such strict
alignment requisites it is not sufficient to properly choose the characteristics of the lenses (and therefore
the dimension of the LOSs), but also a great care must be given to the design and the realization of
the supports for the telescopes. Since a SPIDER viewport could host up to 7 optic heads, it had been
explored the possibility to prealign them before the installation on the viewport. A first prototype of
the support (figure was tested in 2014. It should keep all the telescopes in position without further
adjustments.

Figure 4.8: Prototype of the support for the optic heads dedicated to the OES diagnostic in SPIDER.

The telescopes designed for SPIDER have the dimensions indicated in figure When inserted in
the support, they stop at the disk-like protrusion on their external surface ; they then can be fastened
with particular metal washers, visible in the photo of figure ??, which are screwed on the main block.
The support was tested by mounting the telescopes on all the apertures; the fibers of the telescopes were
backilluminated so that the LOSs are made visible as light spots. The position of the light beams was
checked at the distance corresponding to the exit of the LOSs from the source case. It resulted that the
LOSs were too much misaligned respect the limits imposed by the apertures in the source. To eliminate
the misalignments the telescopes were rotated and exchanged between the available apertures of the
support, but in vain.
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Figure 4.9: Scheme and realization of the prototype of the telescopes for the OES diagnostic in SPIDER.

It was noticed also that even small forces applied perpendicularly to a telescope can produce not
negligible (even if reversible) deviations of the LOS. This is mainly due to derlin, the plastic material
with which both the support and the telescopes are built. It is therefore clear that in to reach the neces-
sary alignment the telescopes shouldn’t be fastened in static positions defined by the construction of the

support.

During the tests the optical fibers frequently broke at the point in which they exit from the fiber
holder. As countermeasure the fibers were enclosed in thin plastic tubes, fastened by the fiber holder.
This solution however didn’t give the desired results; as alternative the fibers will be connected to the
fiber holder (and protected ) by means of FC or SMA connectors. This solution will be adopted for all
the telescopes of the OES diagnostic. For example, the upgraded design of the telescopes for NIO1 is

shown in figure
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Figure 4.10: Upgraded scheme of the prototype of the telescopes for the OES diagnostic in SPIDER. The fiber is
fastened by means of a SMA connector.
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4.3 Discussion of the results

The reported tests provide useful information about the performances and the best use of the considered
components for the OES and BES diagnostics. The camera Andor iKon-M 934 can be used in NIO1,
SPIDER and MITICA for BES. A readout rate of 3 MHz and a vertical shift time of 11.3 us can be used as
reference parameters for the normal operation of the camera; however, to maintain the noise level under
10 e the readout rate should be lowered to 1 MHz. The only issue to care about is the time required by
the shutter in order to have reliable measurements. Assuming that tpen = 62ms, tcjo5 = 50 ms, that tey
should be at least 50 ms in the case of SPIDER (sec. [3.1jand and that the readout process may require
about 35 ms, then the maximum frame rate for BES would be of about 5.1 fps. This value reduces to
4.0 fps in the case of NIO1, for which tex, > 100 ms (sec. , and to 3.4 fps in the case of MITICA, for
which tey, > 150 ms (sec. .

The tests on the prototypes of the optic heads confirmed their functionality, in particular the pos-
sibility of adjusting the position of the fiber by hand to reach the correct focusing. The design of the
fiber holder was chosen in order to ensure the best stability of the position of the fiber. The comparison
between the shapes of the LOSs produced by lenses with different focal length and clear aperture led to
the choice of adopting the following lenses:

Diagnostic | f (mm) | C, (mm)
SPIDER OES 150 8
& MITICA BES 150 8
OES 40 6
NIO1 OES 50 4
(2™ choice)
BES 50 4

Table 4.5: The values of f and C, chosen for the lenses of the optic heads.

The simulations of the optic heads in the various configurations are in good agreement with the
measurements; this provided a first validation of the algorithm used in dBES to calculate the solid angle
of collection of the optic heads. At last, the tests on the prototype of the support for the telescopes of
the OES diagnostic in SPIDER suggested that the telescopes must not be mounted all together in a fixed

position, but it should be possible to finely adjust the alignment of each one of them.
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Summary

Aim of the PhD research activity has been to design a BES diagnostic for the NIO1 test facility and to
improve the design of the BES diagnostics for the SPIDER and MITICA test facilities. Beam emission
spectroscopy will allow to measure the divergence and the direction of the beamlets produced in the
test facilities; monitoring the divergence and the orientation of the beamlets is crucial to prevent an
excessive thermal load in the beam line components. BES will also measure the beam uniformity, which
is requested to be higher than 90%. The design of the BES diagnostics was performed with the ultimate
goal of allowing the diagnostics to measure divergence and beam uniformity with an error below 10%.

To support the design of the BES diagnostics the dBES code was developed: the program simulates
the spectra acquired by the diagnostics, keeping into account the geometry and the divergence of the
beamlets, besides the optic properties of the devices which compose the diagnostic. dBES has also
routines to analyze the BES spectra acquired by a diagnostic or simulated by dBES or other codes.

The validity of dBES as tool for the design of BES diagnostics was checked by benchmarking the
results of the simulations against the BES spectra experimentally acquired at the BATMAN, MANITU
and ELISE test facilities of IPP Garching. dBES was benchmarked also against the Monte Carlo codes
BBC-NI simple and BBC-NI advanced, developed at IPP Garching to study the spectra acquired by
of the BES diagnostic and to support advanced methods of analysis of the spectra themselves. It was
possible to check in which conditions the volume, area and origin effects on the the shape of the Doppler
peak are not negligible and can significantly alter the measurements of divergence. The dBES code, in
its standard version, doesn’t consider the 3 just mentioned effects in the calculation of the shape of the
Doppler peak, therefore it was necessary to check when this approximation is valid. Assuming that the
beamlets have a Gaussian power density profile, it was calculated that the distortion of the Doppler
peak is mainly driven by the beamlets’ divergence, while the origin effect is negligible. To partially
compensate the effects of the distortions of the Doppler peak on the measurement of € it is necessary to
fit the Doppler peak in an interval of wavelengths symmetrical with respect to the centroid of the peak
itself.

The analysis of the experimental data and of the spectra simulated by dBES and BBC-NI simple
didn’t allow to establish whether the beamlets have a Gaussian power density distribution or if the
angular distribution of the beamlets’ particles with respect to their axes is Gaussian.

The analysis of the spectra acquired by the BES diagnostics in BATMAN and ELISE showed that the
Doppler peak in the spectrum deviates from a Gaussian shape especially at low values of divergence,
contrarily to what expected from the volume, area and origin effects. This behavior was not however
found in all the experimental data considered in the analysis. A plausible hypothesis is that the asymme-
tries of the Doppler peak are due to deviations of the beamlets, in turn caused by the mutual repulsion
of the beamlets and by the alternated magnetic filter fields of the magnets embedded in the EG. This

121
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hypothesis would be supported by the evidence that the divergence measured from the spectra of the
vertical LOSs is slightly lower than the values given by the horizontal LOSs; the deviations of the beam-
lets due to the EG magnets are indeed expected to be in the horizontal plane, not in the vertical one.
Non negligible asymmetries were however observed also in the Doppler peaks of spectra acquired by
vertical LOSs. Anyway, the possible deviations of the beamlets” direction from the nominal one repre-
sent a serious issue for the measurements of divergence, because the broadenings of the Doppler peak
caused by the divergence and by (slight) random deviations of the beamlets cannot be distinguished.

The dBES code has been used to design the BES diagnostic in NIO1 employing the available in-
strumentation. It is foreseen that the BES system will be able to measure the beamlets” divergence in the
range 5 mrad < 10 mrad with an error between 7% and 28%. Values of divergence from 10 mrad to 40 mrad
will be measured with an even lower relative error. It must be considered that unwanted deviations of
the beamlets can cause non negligible systematic errors, especially when low values of divergence are
measured.

The simulations of the dBES code confirmed that the BES diagnostics in SPIDER and MITICA will
be able to measure the beamlets’ divergence with an error below 10%. In the case of the BES spectra
simulated for MITICA the particular shape of the Doppler peaks required to develop specific fitting
procedures to measure €; the stability of these algorithms must be monitored, especially if the contri-
bution of the stripping losses were important and overlapped with the Doppler peak. It was verified
instead that the beamlets” halo shouldn’t represent a concern for the measurements of divergence. The
simulations of dBES for MITICA showed that in this case the finite de-excitation time of the beam parti-
cles must be taken into account to correctly reproduce the intensity of the BES spectra.

With dBES it was possible to estimate the precision with which the LOSs should be aligned to the
beamlets in order to keep the systematic errors of the measures of beam uniformity below 10%. It re-
sulted that measuring the beam uniformity by comparing the integrals of the Doppler peak of spectra
acquired by different LOSs is a too inaccurate method. The alignment of the optic heads could be im-
proved with an iterative process, trying to maximize the intensity of the acquired spectra. Alternatively,
the measures of uniformity could then be performed as it is currently done at IPP Garching, i.e. by
considering the divergence profiles of the beam in horizontal and vertical direction, which are related to
the analogous profiles of extracted current.

It was demonstrated that in the case of SPIDER and MITICA the intensity of the spectra collected by
BES are particularly sensitive to the alignment of the optic heads with the beamlets. Since the position
and the orientation of the optic heads cannot be adjusted manually during the operation of the test
facilities, the supports on which the optic heads are mounted should preferably be remotely controllable.

The work of simulation and design was accompanied by experimental tests on the instrumentation
dedicated to the BES diagnostics. The tests on the camera which will be used in the BES diagnostics
allowed to establish the best temporal resolution achievable by the diagnostics: from 3.4 fps in the case
of MITICA to 4.0 fps in the case of NIO1 and 5.1 fps in the case of SPIDER. The tests on the optic
heads for the BES and OES diagnostics allowed to optimize their optical configuration, in particular to
minimize the vignetting caused by the holes which should allow the LOSs to enter the ion source. The
data collected during the tests gave a first validation of the optical simulations used in dBES to calculate
the solid angle of collection of the photons.

To improve the analysis of the BES spectra it will be necessary to establish how and how much the
volume, area and origin effects really influence the measurements of divergence. The distortion of the
peak caused by these effects must be decoupled from the angular distribution of the particles in each
beamlet and by the effective direction of these beamlets. To do this, the number of beamlets intersected
by each LOS should be as low as possible, and the analysis of the BES spectra must be supported by other
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diagnostics capable of resolving the properties of the single beamlets (like the mini-STRIKE diagnostic).
The NIOL1 test facility seems to have all the characteristics to perform these further studies.
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