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iiAbstractA high power infrared free-electron laser (IRFEL) facility driven by a recirculating superconduct-ing accelerator has been built and commissioned at Thomas Je�erson National Accelerator Facility.The system is principally composed of a 10 MeV photoinjector capable of delivering a high charged(60 pC) short bunch (1 ps) electron beam which is injected in a superconducting linac and accel-erated up to 48 MeV prior to the lasing system consisting in a planar wiggler whose spontaneousradiation is ampli�ed with a resonant cavity.The present report details the diagnostics that have been developed and implemented in the IRFELdriver-accelerator for characterizing both transverse and longitudinal phase space. We also reporton the use of the developed instrument and related techniques to study and try to understand someBeam Dynamics problems in the driver-accelerator. When possible, we have tried to benchmarkmeasurements with numerical simulations.Keywords: Electron beam dynamics, Phase space, Emittance, High-brightness beam, Free-electronlaser, Bunch length characterization, Coherent radiation, Optical transition radiation.|||||{R�esum�eUn laser �a �electrons libres infrarouge (IRFEL) utilisant un acc�el�erateur supraconducteur avec sys-t�eme de recup�eration d'�energie a �et�e construit et r�ecemment mis en route �a Thomas Je�ersonNational Accelerator Facility. Le syst�eme se compose principalement d'un injecteur, dont la sourced'�electrons est bas�ee sur l'e�et photo�electrique. Cette source peut produire des paquets d'�electronfortement charg�es (60 pC) ultra-court (1 ps), ayant une �energie de l'ordre de 10 MeV. Ces �elec-trons sont ensuite inject�es dans un acc�el�erateur lin�eaire o�u ils sont acc�el�er�es jusqu'�a une �energiepouvant atteindre 48 MeV. Le syst�eme de production de lumi�ere se compose d'un onduleur plandont l'�emission spontan�ee est ampli��ee grâce �a une cavit�e optique r�esonnante.Le pr�esent rapport d�ecrit les diagnostics qui ont �et�e developp�es a�n de caract�eriser les espaces dephase transversaux et longitudinal du faisceau d'�electron de l'acc�el�erateur. Nous d�ecrivons aussiles applications de ces diagnostics �a quelques probl�emes de dynamique de faisceau. Quand cela futpossible nous avons tent�e de comparer les r�esultats de nos mesures avec des simulations num�eriques.Mots-Clefs: Dynamique de faisceau d'electrons, Espace de phase, Emittance, Faisceau d'�electrons�a forte brillance, Laser �a �electrons libres, Mesure de la longueur de paquets d'�electrons, Rayon-nement coh�erent, Rayonnement de transition optique.|||||{
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Chapter 1IntroductionIn recent years, there has been a growing interest in coherent light sources driven by electron (orpositron) accelerators. Such light sources have proven to be capable of generating photon in deepUV domain and are planned to generate X rays. They have found many applications rangingfrom fundamental sciences (biology, crystallography, etc...) to industrial applications (e.g. nano-electronics).The generic con�guration consists of, e.g., an electron beam accelerator that generates and prepares(i.e. accelerates, bunches and transversely shapes) the electron beam before sending it in a periodicmagnetic �eld created by an undulator magnet which causes the electrons to oscillate transver-sally. As an electron bunch oscillates, it creates a (spontaneous) synchrotron radiation pulse thatmirrors its characteristics (i.e bunch length, shape,..). Two schemes are generally used for suchlight sources: the storage ring and the free-electron laser (FEL). In the former case, the particlebeam is stored in a ring and periodically goes through an undulator magnet, while in the lattercase the beam is generated by a linac and passes though the undulator once. The free-electronlaser has generated much more interested in the recent years because of their unequaled ability toproduce high brightness photon beam compared to storage ring. Furthermore brightness of storagering tends to worsen at low energy, due to Touschek intra-beam collision, and high energy becauseof the importance of quantum uctuations. In a resonator-based FEL the undulator magnet isinserted between two mirrors which constitutes a resonant optical cavity that recirculates the pho-ton pulse coincidently with the next incoming electron bunch. It ideally generates a photon pulsecoherently superimposed to the former photon pulse. In such an oscillator FEL the mechanism isquite similar to conventional laser, the \free" electrons acts as medium that ampli�es a sponta-neous radiation created via synchrotron emission. In a SASE (self ampli�ed spontaneous emission)FEL, the undulator is made long enough so that lasing arise \naturally" from self ampli�cationof the incoherent synchrotron emission. This latter type of FEL is especially suited to generateultra-short wavelength (e.g. X-rays) coherent light since for such wavelengths a mirror might notbe available thereby preventing the resonator con�guration. A main feature of the FEL-based lightsource is their ability to provide laser light over a continuous tunable range of wavelength, that canbe substantial, by varying the magnetostatic �eld of the undulator or the energy of the incomingelectron beam.Generally the driver accelerator consists in room temperature cavities that do not allow simultane-1



CHAPTER 1. INTRODUCTION 2ously high accelerating gradient and high electron bunch repetition rate. Hence the common lightsource can produce high peak power because of the high charge that can be stored in a bunch, butcannot easily produce high average power light needed by certain application such as power beam-ing, micro-machining, etc... An alternative scheme, that has been used in the driver-acceleratorconsidered throughout this thesis, is to use superconducting accelerating cavities which o�er lowwall losses via Joules e�ect thereby allowing the operating of the cavities at high continuous wave(cw) gradient. A comparison of the average power that can be produced by such superconduct-ing linear accelerators (e.g. the IRFEL from Je�erson Lab), with conventional high average powersource generally used (e.g. excimer and carbon lasers) is depicted in Figure 1.1. A maximum outputpower of the order of 2 kW can be expected from the Je�erson Lab superconducting free-electronlaser, and recently we achieved 1.7 kW experimentally.Another concern that has arisen, especially in our project where the main motivation is to developa light source for industrial application, is cost e�ciency. This cost is mainly impacted by the inputpower demand to accelerate the beam. This demand was reduced in the JLAB IRFEL by recir-culating and decelerating the beam using the same linac. The deceleration-induced voltage in thecavity directly supplements the input power provided by the klystron to accelerate higher averagecurrent electron beam for a given beam energy thereby reducing the demand on input power fromklystron.
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Figure 1.1: Comparison of the expected power of the IR cw free-electron laser of Je�erson Lab withcommon high average power source.The superconducting FEL that served as experimental platform for this thesis is dedicated to studythe possible application of high-power cw FEL's. It is an infrared demo FEL capable of provid-ing continuous photon beams in the infrared spectrum (3�m-6�m) with high-average power ofapproximately 1 kW. Though this FEL is an user-oriented facility, it is also devoted to study thetechnologies required for high-power free-electron lasers especially the beam dynamics aspects inthe driver-accelerator.The driver-accelerator needs to provide a high-brightness, ultra-short bunch, low transverse-emittance,electron beam. Because of the high-charge concentrated in the bunch of electrons, e�ect such as



CHAPTER 1. INTRODUCTION 3space-charge in the low energy regime, and wake�eld (for short bunch) can lead to beam instabil-ity. Another potential problem that can arise with such beam parameters is the self interaction ofa bunch via coherent synchrotron radiation (CSR) emitted as the bunch passes through dipoles.CSR leads to an increase in energy spread which in turn couple via dispersion to the transversephase-space yielding an emittance growth in the bending plane.The beam parameters we need to measure acurately are: the bunch length, the beam transversedensity, the transverse emittance and the beam energy spread. The present report deals with severalaspects concerning the development of the Beam Instrumentation required to properly characterizethe electron beam and perform some Beam Physics studies in the Je�erson Lab IRFEL. In ChapterTwo we will review radiations emitted by electrons and explain the principle of FEL oscillator byusing as an example the IRFEL and try to understand what are the speci�cation on the IRFELelectron beam parameters. Chapter Three presents the FEL-driver accelerator along with some op-tical lattice characterization that were crucial for understanding and setting up the energy recoveryscheme. In Chapter Four, we describe the transverse phase space instrumentation we have devel-oped to characterize beam in both emittance and space-charge-dominated regime. The ChapterFive presents our work for characterizing ultra-short (sub-picosecond) bunch. In Chapter Six wewill present some beam dynamics studies of the injector, and in the recirculator with an attemptto measure the emittance growth in the recirculation arc of the IRFEL. We will then conclude ina Chapter Seven.



Chapter 2Electron Radiation and Free-ElectronLasers2.1 IntroductionThere are many processes among which electrons can emit radiation. Most of them are due tochange in the electron environment. To name few of them, synchrotron, transition, Smith-Purcel,and di�raction radiations have been widely studied in literature. Though these types of radiationcan be used to generate intense light pulse over large domain of wavelength, they can also be usedto infer certain characteristics of the electron beam that produced them. In the present Chapterwe will recall few properties of the two types of radiation that will be considered in this report:synchrotron and transition radiation. We will then discuss undulator radiation and its ampli�cationin free-electron lasers such as the one used as experimental platform in the report. In a last sectionwe will present the required electron beam parameter to drive the desired FEL.2.2 Single Particle and Multi-particle EmissionIn this section we derive the expression for the total radiation emitted by an ensemble of particleand introduce the bunch form factor.Radiation emitted by electrons depends on the electron's density distribution. For pure continuousbeam (DC), no radiation is theoretically emitted (the �eld Fourier transform R E(t) exp(�i!t)dtis zero). Indeed, experimentally there is an incoherent radiation resulting from Schottky noisethat induces temporal uctuation dependence on the electron motion. In high energy particleaccelerator, acceleration is provided by radio-frequency wave: the beam must consist of a series ofbunches and therefore electromagnetic waves can be radiated.When an electromagnetic �eld is radiated by a collection of electron, the total �eld detected by anobserver located in P (see �gure 2.1) is the superposition of the �eld at this point generated by4



CHAPTER 2. ELECTRON RADIATION AND FREE-ELECTRON LASERS 5each electron [2, 3] 1: �!E T (P ) = Xj=1:::N �!kj ^ (�!kj ^ �!Vj)j�!kj ^ (�!kj ^ �!Vj)j j�!E 1e(k)je�i�!kj�!Xj , (2.1)where kj Vj and Xj are respectively the wavevector of the electric �eld emitted by the j-electron,�!V j its the velocity, and �!X j is the position vector that locates the j-th electron with respect to thebunch center.Under the far-�eld approximation, we can, without signi�cantly changing the results, replace the
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retarded timeFigure 2.1: Geometry of the problem. In the case of synchrotron emission (A), the optical pulsereference coordinate are the one of the electron bunch at the retarded time. For backward transitionradiation (B), the reference coordinates are the specular reection of the electron bunch coordinateas it stroke the aluminum radiator.wave vector kj by 2�bn=� = !=c where � (resp. !) is the wavelength (resp. frequency) of observationand bn is the unit vector pointing from the center of the charge distribution toward the point ofobservation P . Introducing the normalized velocity, �j , the former equation takes the form:�!E T (P ) = Xj=1:::N bn ^ (bn ^ �!�j)jbn ^ (bn ^ �!�j)jE1e(k)e�i�!kj�!Xj (2.2)The total density power radiated at the location P is then ETE�T ; it writes:d2P (!)d!d
 = E1e(!)E�1e(!)8<:N + Xj;k=1 j<k bn ^ (bn ^ �!�j)jbn ^ (bn ^ �!�j)j � bn ^ (bn ^ �!�k)jbn ^ (bn ^ �!�k)je� i!c bn(�!Xj��!Xk)9=; (2.3)The �rst term, proportional to the number of particle in the bunch, is the incoherent contribution tothe power. It can be written as the product N �d2P=(d!d
)j1e where d2P=(d!d
)j1e is the powerspectrum generated by a single electron. The second term describes the coherent contribution.Henceforth, we shall only concentrate on this latter \coherent" contribution that we will designateas coherent power. Let's introduce the function  of the reduced velocity: �! (�!�j) = bn^(bn^�!�j)jbn^(bn^�!�j)j ,1In this report the vectorial product is designated with ^ symbol



CHAPTER 2. ELECTRON RADIATION AND FREE-ELECTRON LASERS 6then the coherent power simply rewrites as:d2P (!)d!d
 = "d2P (!)d!d
 #1e Xj=1:::N e� i!c bn�!X�! (�)�(�!X ��!Xj)�(� � �j) (2.4)� Xk=1:::N;k<j e� i!c bn�!X 0�! (�0)�(�!X 0 ��!Xk)�(�0 � �k)where we have used the properties of the Dirac �-functions. Let's consider the spatial and angulardistributions respectively S(�!X) = (1=N)Pj=1:::N �(X�Xj) and A(�!� ) = (1=N)Pj=1:::N �(���j).Using these de�nitions, we can rewrite the previous expression for the coherent power as an integralover the continuous extension of S and A. Therefore the ratio �(!; bn) of coherent power over singleparticle emission power is:�(!; bn) = d2P (!)d!d
hd2P (!)d!d
 i1e = N(N � 1)j Z +1�1 S(�!X)e� i!c bn�!Xd�!X j2j Z +1�1 A(�!� )�! (�!� )d�!� j2 (2.5)This latter equation de�nes the bunch form factor (BFF): f(!; bn) def= �(!)=(N(N � 1)). It isworthwhile to mention the two limits of �(!; bn) assuming that the factor j R+1�1 A(�!� ) (�!� )d�!� j2 isunity2: lim!!0�(!; bn) = N(N � 1) (N�1)' N2, and, lim!!+1 �(!; bn) = 0 (2.6)Hence the coherent power is proportional to N2 for practical number of electron in a bunch, andcoherent enhancement is observable in the high frequency limit. In this coherent regime, the bunchradiates as a \particle" of charge Ne. Using the above notation we can write the total poweremitted by a collection of electrons with a continuous density distribution S(�!r ) is:"d2P (!)d!d
 #total = "d2P (!)d!d
 #1e � (N +N(N � 1)f(!; bn)) (2.7)This formula was �rst introduced by Nodvick and Saxon [4].2.3 Transition RadiationTransition radiation is used throughout this report to measure di�erent properties of an electronbeam. We briey remind the essential properties of this radiation in the present section. Transitionradiation (TR) is produced when uniformly moving charged particles experience a discontinuity ofdielectric constant of the surrounding environment, e.g. when crossing a boundary between twomedia with di�erent electric properties. TR was �rst predicted and �rst studied by Ginsburg andFrank [5]. The use of transition radiation as particle beam diagnostic was �rst demonstrated byWarsky [6] to measure beam transverse distribution and beam energy. Qualitatively transitionradiation is emitted because the electric �elds in the two di�erent media have di�erent properties,and somewhere, i.e. at the interface, the electric �eld needs to reorganize.For the most general case, i.e. the emission of transition radiation as an electron crosses the2this assumption will be discussed when we will treat the longitudinal phase space characterization in Chapter 5.



CHAPTER 2. ELECTRON RADIATION AND FREE-ELECTRON LASERS 7boundary between vacuum and a medium of relative dielectric permittivity � = �absolute=�0 (where�0 is the vacuum electric permittivity), the problem consists of solving the scalar and vector potentialequation r2 " ��!A #� 1c2 @@t " ��!A # = � 1��0 e " �(�!r ; t)�!� �(�!r ; t) # (2.8)in the two media i.e. vacuum (by letting � = 1) and in the media with permittivity �. The homo-geneous solution of the latter equation gives the radiation �eld (�photon;�!A photon). The obtainedelectromagnetic �eld solution of Eqn.(2.8) must be matched with the proper boundary conditionat the media interface: the following components of the electromagnetic �eld must have continuity:Ek, B?, Hk, and D? (\k" and \?" corresponds to the components parallel and perpendicular tothe interface surface). Moreover the electric �eld solution of the homogeneous equation (i.e. theradiation potentials) must satisfy r:�!E radiation = 0 everywhere. When solving this problem twotypes of radiation are found: a forward radiation which is emitted in the direction centered aroundthe direction of motion of the electron, and a backward radiation emitted around the specular axisof reection of the interface. The most general expression for the transition radiation emitted inthe backward direction by an electron moving from vacuum to a medium of permittivity � withan angle of incidence  (de�ned in the plane x� z) with respect to the interface normal directionis [7]:d2Wkd!d
 = Z0e2�2z cos2(�)j�� 1j24�3 [(1� �2x cos2(�x))2 � �2x cos2(�)]2 sin(�) �j�1� �2z + �zq� � sin2(�)� �2z � �x cos(�x)� sin2(�)� �x�z cos(�x)q� � sin2(�)�1 + �zq� � sin2(�)� �x cos(�x)��� cos(�) +q� � sin2(�)� j2(2.9)d2W?d!d
 = e2�2x�4z cos2(�y) cos2(�)j�� 1j24�3 [(1� �x cos(�x))2 � �2z cos2(�)] sin2(�) �1j�1� �zq� � sin2(�)� �x cos(�x)��q� � sin2(�) + cos(�)� j2 (2.10)Z0 = 120� 
 is the vacuum free space impedance, and the di�erent angles are presented in �g-ure 2.2. The dependence on  is in �x = � sin( ) and �z = � cos( ) and �x;y are the angles betweenthe direction of observation and the x or y axis. These angles are de�ned by cos(�x) = sin(�) cos(�)and cos(�y) = sin(�) sin(�), � is the azimuthal angle in the x-y plane and  is the incidence anglereferenced w.r.t. the z axis.A priori transition radiation spectrum has no direct dependence on the frequency ! of observation;in reality this dependence is coming from the electric permittivity � = �(!).Under normal incidence, i.e.  = 0 (�x = �y = 0), only the "k" component remains, and thespectral energy distribution emitted in the backward direction via transition radiation reduces to:d2Wd!d
 = e2�2 sin2(�) cos2(�)�2c(1� �2 cos2(�))2 j (�� 1)�1� �2 + �q�� sin2(�)��1 + �q� � sin2(�)��� cos(�) +q� � sin2(�)� j2 (2.11)
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Figure 2.2: De�nition of the angles used in equations (2.9) and (2.10).This case is of importance for our discussion on the elaboration of a non interceptive TR-baseddensity measurement where we used carbon to produce transition radiation.Finally, another important case is the one of a perfect conductor (i.e. �(!) ! 1, 8!). For suchclass of material, and under normal incidence, the latter Eqn.(2.11) reduces to the well knownrelation 3: d2Wd!d
 = Z0e2�2 sin2(�)4�4c(1� �2 cos2(�))2 (�1;��1)! Z0e24�3 �2(�2 + �2)2 (2.12)The Eqn.(2.12), in the limit of an ultra-relativistic electron (i.e.  ! 1) is also valid in the casewhere the electron incomes on the interface with a 45 deg incidence; the angle �, in this case, beingreferenced with respect to the specular axis.The con�guration generally used to generate transition radiation in a particle accelerator is tointercept the electron beam with very thin foil. In our case, the foil is made of aluminum or car-bon. This type of con�guration allows to generate both backward (at the vacuum-to-aluminuminterface) and forward (at the aluminum-to-vacuum interface) transition radiation. A typical an-gular distribution of backward TR, for the case of an aluminum interface, generated by an electronunder normal incidence is presented in �gure 2.3(A) for three di�erent values of the Lorenz factor. As the electron energy increase, the maximum of the angular distribution get larger and occurat smaller angle since it is 1=(�)2. In the extreme case where  = p2 the maximum occurs atangle of 90 deg w.r.t. the specular axis. In �gure 2.3(B), we compare the renormalized (comparedto its maximum value) TR angular distribution emitted by in the forward direction by an electronnormally incident on a carbon and aluminum foil. Typical radiation pattern are presented in theantenna diagram in �gure 2.4 for the case of normal and 45 deg incidence of the electron beam onthe foil. In the case of normal incidence, the pattern is symmetric with respect to the electron axis.3In fact this relation can be derived directly, without solving the wave equation, by using the method of imagecharge usually use to render easier the treatment of boundary values problem. In the present case, the problem of anelectron moving toward an in�nite perfectly conducting plane can be reduce to an electron and its electromagneticimage traveling toward each other. The passage from the electron into the perfect conductor is then equivalent to thecollision of the electron with its image, formalism to treat such \collapsing dipole" is readily available (see reference [8]Chap.(15)).
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Figure 2.3: Distribution of forward TR radiation for di�erent value of  (mentioned close to theappropriate curve) as an electron passes from the interface vacuum-aluminum (A). Comparison ofthe renormalized TR forward angular distribution emitted by an electron passing through a vacuum-aluminum (solid line) and vacuum-carbon (dashed line) interface (B). For carbon the permittivityis assumed to be 5.7. (Carbon or more exactly graphite has two di�erent electric permittivity for itstwo di�erent crystal direction. The 5.7 value is the smallest permittivity. Private communicationfrom Goodfellow Inc., London, U.K.).However in the case of non-normal incidence there is a dis-symmetry in the lobes amplitude. Thisdis-symmetry tends to be reduced as the electron energy is increased, and becomes insigni�cant,in the case of 45 deg incidence, for ultra-relativistic electrons. Let's study how the radiation, interm of energy, is distributed around its maximum. For such a purpose we need to evaluate theintegrals:dWd! = Z d
 d2Wd!d
 = Z 2�0 d� Z �0 d� d2Wd!d
= �� + (1� �2)argtanh(�)2� +2�(�2 � 1) cos(�) � (1 + �2)argtanh(� cos(�))(�2 + 2�2 + �2 cos(2�))2�(�2 + �2 + cos(2�)) (2.13)Therefore the total energy radiated in the hemisphere is obtained setting the upper limit of theabove angular integral to � = �=2:�dWd! �tot = �� + (1 + �2)� 2 log�1+�1���2� (2.14)Firstly we note that for ultra-relativistic electron the total energy emitted in the hemisphere has alogarithmic dependence on the energy in log(42).In �gure 2.5(B) we present the dependence of the fraction of the total energy encompassed in the1=-cone versus the energy of the incident electron. We note that for ultra-relativistic electrons,most of the energy is located outside this 1=-cone. Despite transition radiation has a sharpmaximum located at the 1=-cone, its power is not, like for instance for synchrotron radiation,
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Figure 2.4: Polar plot of the normalized radiation pattern for an aluminum foil with an electronunder normal incidence (i.e.  = 0 deg in Eqns.(2.9) and (2.10)) (A) and with a 45 deg incidence(B) (i.e.  = 45 deg in Eqns.(2.9)) and (2.10). For these plots the Lorentz factor was chosen tobe  = 10 for clarity of the �gure, and the equations (2.9) and (2.10) were renormalized to theirmaximum value.located within this cone: most of the power is in fact in the tail of the distribution. Thereforewe should be careful when detecting transition radiation to optimize the angular acceptance of thedetection system as a function of the electrons energy that produce the radiation. For such purposewe have plotted in �gure 2.5(A) the fraction of the total energy versus the angular acceptance forthe di�erent electron energy we will consider in the present dissertation.2.4 Synchrotron RadiationThe electromagnetic radiation emitted by a charged particle with non-zero acceleration is histor-ically termed \synchrotron radiation" after its �rst visual observation nearly �fty years ago in asynchrotron accelerator. Such radiation is typically emitted in presence of a magnetic deecting�eld such as the one generated by dipole magnets, because of the centrifugal acceleration associatedwith uniform circular orbit. Synchrotron radiation (SR) and the associated energy loss has �rstbeen known as a limitation to operate circular accelerators above the 100 GeV regime to accelerateelectrons. Nowadays it is a common mechanism on which accelerator-based light source are work-ing. Also, since SR is generated \for free" in accelerator, examination of the SR properties emittedby a electron bunch can reveal information on the bunch properties as we will see in Chapter 5.The purpose of this section is to expose few basic properties of SR. Since it has been widely treatedin many textbook (e.g. see [8]), we will not derive any of its properties and only reproduce theresults we feel necessary for the present discussion.An important quantity is the spectral angular distribution of the synchrotron radiation which isgiven by (extended from [8]):" d2Wd!d
#1e = 3rcmec2Z0216�3c !2!2c � (1 + 2�2)2 � "K22=3(�) + 2�21 + 2�2K21=3(�)# (2.15)
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CHAPTER 2. ELECTRON RADIATION AND FREE-ELECTRON LASERS 12where Ptot is the instantaneous total SR power emitted: in practical units (GeV/s), Ptot = 8:8575�10�5cE4=(2��2), where the numerical factor is the Sand's de�nition of the radiation constant Eand � are the electron energy in GeV and the radius of trajectory curvature in meters. S(x)in Eqn.(2.16) is the so-called Universal function, S(x) = 9p38� x R1x K5=3(x)dx, which is plottedin �gure 2.7. It is worthwhile to mention that the point x = 1 is the mid-total integral point:R 10 S(x)dx = R11 S(x)dx = 1=2 R10 S(x)dx.
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cFigure 2.7: Plot of the Universal function S(!=!c). The frequency distribution of the total syn-chrotron radiation is proportional to the Universal function.2.5 Rudiments on FEL-oscillator TheoryDespite the fact the present report does not speci�cally deal with the photon beam generatedby the IRFEL, we briey explain the bases of FEL theory since they will enable the reader tounderstand better the requirements on the driver-accelerator electron beam parameters. First ofall, we should note that the word free in free-electron laser does not mean that the electrons arefree, indeed it means they are unbounded (contrary to conventional laser) but there are con�ned ina magnetostatic region since the free electrons will not radiate unless they are experiencing somekind of acceleration.As in a conventional laser, FEL consists in three main processes: (i) a spontaneous emission isprovided by synchrotron radiation emitted as electrons wiggle in a magnet; (ii) the so-generatedradiation is recirculated in a resonator; (iii) and is ampli�ed as it copropagates with the electronbeam (stimulated emission).2.5.1 Undulator RadiationIn a FEL, the spontaneous emission is generated as the electrons are injected into a wiggler,a magnet that generates a spatially periodic magnetostatic �eld. In the case of the IRFEL ofJe�erson Lab, the undulator is a planar one: it consists in two rows of Nu permanent magnetsof opposite polarities stacked together with a period �u; the row are separated by a �x gap as
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Electron
Beam

Resonant Cavity Length = 8.02 m

Photon Beam

λ
uFigure 2.8: FEL-oscillator principle (Courtesy J. Martz, Je�erson Lab).schematically described in �gure 2.8. In such con�guration the generated magnetostatic �eld istransverse with respect to the electron velocity. As electrons travel in the wiggler, they are slightlydeected alternatively up and down (see Figure 2.8) and thereby spontaneously emit synchrotronradiation that is linearly polarized (in the case of a planar wiggler).In the case of IRFEL, the undulator produces a weak magnetostatic �eld of typically 0.4 Tesla.The electron trajectory when it is located within the undulator poles is described by:y = �a cos(2�z=�u) (2.17)dydz = 2�a�u cos(2�z=�u)The force on the electron at the maximum curvature � corresponds to the peak value of themagnetic �eld �!B : � = me�c=(eB). It is common to characterize the undulator magnet by the socalled deection parameter K de�ned as K = dy=dzjmax = 2��ua. Together with the relation(2�=�)2a = eB=(mec), K takes the form:K = eB�u2�mec (2.18)this deection parameter is the maximum angular excursion of the beam in units of 1=. It isinteresting to compute the maximum amplitude in the case of the IRFEL: a = K�u=(2�)' 60�mwhich is smaller that the electron beam sizes at this location (�x ' �y ' 200�m).The wavelength of the radiation emitted by the undulator is determined by the time contractionfactor dt=dt0 = 1�� cos �, t being the time reference in the moving frame whereas t0 is the laboratory(i.e. undulator) time. In the electron rest frame, the electron \sees" the Nu periods of the wiggler



CHAPTER 2. ELECTRON RADIATION AND FREE-ELECTRON LASERS 14as an Nu counter-propagating radiation �eld with a Lorentz-contracted wavelength �0u = �uu . Thusit oscillates Nu times along a vertical line perpendicular to the wiggler axis, thereby emitting aradiation pulse of length Nu�0u. centered on the wavelength �0s ' �0u. In other terms, the electronacts as a relativistic mirror and reect the incoming radiation via Compton back-scattering. In fact�0s is also shifted by the Compton wavelength, but this shift is negligible for relativistic electronsprovided we observe wavelength that are larger than the Compton wavelength �Compton = hcmc2 ,a good assumption in the case of IRFEL. Therefore the fundamental wavelength of the undulatorradiation is: �1 = �u(1� h�i cos �) (2.19)where � is the angle of observation referenced to the axis of the undulator.Using the average z-velocity �hcos	i = �(1� K242 +O(K4)) (	 is the trajectory deection angle),one �nds that the fundamental wavelength is:�1 = �u22 (1 + K22 + 2�2) (2.20)In fact all the harmonic are also present i.e. the wavelength �n = �1=n with n 2 N. Thewavelength represents the wavelength of the �eld component that interfere constructively. Otherwavelengths are suppressed. If the undulator would have a in�nite number of period, the linewidth will have the limit��=�! 0 Since the electron only makes Nu oscillations in the undulatorthe generated radiation contains the same number of wavelengths and therefore the duration ofthe pulse is T = Nu�=c. The Fourier transform of a plane wave truncated after Nu oscillationsis sinc-function4 , hence the frequency spectrum of the spontaneous undulator radiation has thefrequency dependence: d2Wd!d
 / sinc2��Nu! � !n!n � (2.21)Which means the radiation is peaked at the frequency !n = 2�c=�n. The width of the spectrumis about �!! = 1Nu . It is important to note that in the case of the FEL-oscillator, since only theon-axis (� = 0) component is of interested, i.e. is ampli�ed, the fundamental wawelength reducesto: �1 = �u22 (1 + K22 ) (2.22)Finally we need to elaborate the power density spectrum. We have qualitatively explained thesinc dependence but there are many other properties that have been derived (see for instancereference [9]) and are worth mentioning in the present discussion. The optical wave generated froman undulator can be well approximated, if Nu is large enough, by a pure TE wave. In such case,the on-axis radiation only contains odd harmonic. The power spectral angular distribution is ofthe form [9]:d2Wd!d
 / mK�(1�K�2=2) hJ(m+1)=2(mK�2=4)� J(m�1)=2(mK�2=4)i2 def= Q (2.23)with K� def= K=p1�K2=2.The latter equation is plotted in �gure 2.9 for the two di�erent values of K that are considered4The cardinal sinus function is de�ned as: sinc(x) = sin(x)x



CHAPTER 2. ELECTRON RADIATION AND FREE-ELECTRON LASERS 15for the IRFEL operation (K = 1:00 and optionally 1:39). In this �gure one sees that spontaneousemission associated with the third harmonic can be almost as powerful as the emission at �rstharmonic with proper choice of the K value which can be set by changing the undulator gap5.Such feature is very interesting for producing shorter wavelength light. In the IRFEL operation atthe third (� = �1=3) and �fth (� = �1=5) harmonic has been achieved.
0 2 4 6 8 10

Harmonic Number 
0

0.1

0.2

0.3

0.4

0

0.1

0.2

0.3

0.4

0.5

In
te

ns
ity

 (
a.

u)

K=1.00

K=1.39Figure 2.9: Normalized power of the on-axis undulator radiation for the two di�erent value of Kconsidered for the IRFEL.2.5.2 Ampli�cation of the Spontaneous Undulator RadiationOnce a radiation pulse at the wavelength given in Eqn.(2.22) has been established via the interac-tion of an electron bunch with the magnetic �eld of the undulator, it is recirculated in a resonatorcavity that consists in two spherical dielectric mirrors. One of them is a total reector while theother is a partially reector and out-couple radiation through a small aperture with a diameterof the order of the wavelength. The spacing between the two mirrors is chosen so that the pulsewill copropagate with the next incoming electron bunch and therefore the length of the cavity isL = c=(2�) (where � is the temporal spacing between two consecutive electron bunches) and shouldbe a sub-multiple of 8:003m in the case of the IRFEL. For electrons injected at the resonant energyr = 12q�u�s (1 +K2) , the relative phase between the electrons and the copropagating radiationpulse will, in principle, remain constant. Since the electron beam velocity has a non zero com-ponent parallel to the optical pulse electron �eld, the scalar product of an electron velocity andradiation electric �eld (�!v :�!E ) is non-zero and slowly varying so that there can be a net exchangeof energy between the electron and the radiation. Hence, depending on the value of the relativephase, each electron in the bunch can (i) give energy to the �eld and decelerate, that is \stimulatedemission"; (ii) take energy from the radiation �eld and accelerate, that is, \absorption". Thus if weconsider a bunch of electron whose center energy is resonant energy, we could easily imagine that5The K value dependence on the gap d is of the form K / exp(��d=�u)



CHAPTER 2. ELECTRON RADIATION AND FREE-ELECTRON LASERS 16half of the electron is decelerated while the other half is accelerated resulting in a null ampli�cation.This is true in the �rst period of the wiggler but in very short time, the more energetic electronscatch up to the less-energetic, introducing an energy modulation within the electron bunch which,in turn, leads to a longitudinal density modulation or micro-bunching: the electron beam thathas an initial distribution depending on the previous dynamics, soon consists in a sub-bunches ofelectrons spaced at the spontaneous wavelength. It turns out that if the electron energy is slightlyhigher than the resonant energy it results in a net gain i.e. an ampli�cation of the light pulses.This simple model assumes that electrons within a bunch do not interact each with other, that issingle-particle-dynamics model is valid. When such a model is valid, like in the case of the IRFEL,the FEL is said to operate in the Compton regime.2.5.3 FEL GainThe ampli�cation of the spontaneous emission is quanti�ed by the gain that corresponds to theratio of the energy transmitted by the electron beam to the copropagating electromagnetic waveto the initial energy of the copropagating electromagnetic wave. The gain6 is de�ned as:G def= �mc2�W0 (2.24)where � is the reduced energy transmitted by the electron beam to the electric �eld of the opticalmode and W0 is the energy of the optical mode considered (i.e. the one which is supposed to beampli�ed). The derivation of analytic formula for the FEL gain has been performed in reference [11]and is beyond the scope of this thesis. However it seems worthwhile to study the e�ects of theelectron beam parameters on the FEL-gain by considering the approximate 1D model that hasbeen discussed by S. Benson [12]. The gain can be parametrized as:g = 0:0004IQNuN2��~"��f�� (2.25)where  and I are the electron beam energy and peak current. Q is a factor that has been de�nedin Eqn.(2.23). The �'s coe�cients in Eqn.(2.25) represent degradation factors of the gain.� is the gain degradation due to energy spread and is a result of the non-mono-energetic characterof the incoming electron beam: since electrons in a bunch do not all have an energy exactlycorresponding to the resonant energy; this factor is de�ned as:� = 1�1 + 4p2hNu�=�2 (2.26)where � is the reduced rms-energy spread of the incoming electron bunches, and h, as before, isthe harmonic number.�~" is the degradation due to beam non-zero transverse emittance. This degradation also dependson the � coe�cient: �~" = 1q1 + �(4�2~"N�=�)2 (2.27)6In this dissertation, gain designates the so-called \small signal gain" in the FEL literature since it is the quantityof importance when considering the startup of FEL interaction, our primary concern in the present section.



CHAPTER 2. ELECTRON RADIATION AND FREE-ELECTRON LASERS 17Parameter Value UnitNu 40 �Bu (rms) 0.28 T�u 2.7 cmGap 12 mmK2 0.5 �Table 2.1: Parameters of the chosen wiggler for the IR-Demo FEL.where ~" is the beam transverse rms-emittance and N� is the number of betatron oscillations alongthe wiggler. �f is the gain reduction due to the �lling factor for the optical mode; it simply resultsfrom the nonintegral overlap of the electron bunch and the radiation pulse and is approximated by:�f = 11 + 4�~"=� (2.28)�� is the gain reduction due to slippage :�� = 11 + hNu�3�z (2.29)where �z is the rms-longitudinal bunch length.From Eqn.(2.25) we see that the gain is proportional to peak current which in turn is proportionalto the charge per bunch and inversely proportional to the longitudinal bunch length. Hence FELs,to be more e�cient, require high-charge, ultrashort-bunch electron beam. We now present thebeam parameters required to drive the IRFEL.2.6 Characteristics of the IRFEL driver-acceleratorTo discuss the characteristics required for the electron beam generated by the IR-Demo driveraccelerator, we list in Table 2.1 the speci�cations on the wiggler magnet which have been derivedfrom the requirements on photon beam parameters de�ne by the experimentalists. In the JLab FELIR-demo [15] (see �gure 2.11), the charge per bunch was initially chosen to be 60 pC, the maximumvalue that yields a tolerable emittance growth due to space-charge. The average current should beas high as possible to maximize the average power of the laser. It is a function of the charge perbunch, and the bunch repetition that depends on the photocathode driver-laser which in turn mustbe a sub-harmonic of the superconducting linac operating frequency (1497MHz). The maximumbunch repetition rate is 74:85MHz and it is limited by the electron source. The repetition rateof the electron bunch was indeed initially set to 37:425MHz which mean the maximum averagecurrent that can be reach is approximately 5mA.Since the energy does not a�ect the gain, and its only implication is on FEL wavelength: the IR-demo is foreseen to initially lase in the region 3�m-6�m range7 (later this range will be extended7Theoretically the output wavelength only depends on energy. Hence we could, in the IRFEL operate at anyarbitrary wavelength by choosing the proper energy. Experimentally, the output wavelength is limited to a certainrange that depends on the FEL-optical cavity mirror. For instance the mirror used to lase at 3 �m are not the sameas the one used to lase with an output wavelength of 6 �m



CHAPTER 2. ELECTRON RADIATION AND FREE-ELECTRON LASERS 18to 100�m wavelengths); this implies the maximum electron beam energy should be in the range38-48MeV.The transverse normalized emittance speci�cation are set by the wavelength at which we wish tooperate the laser: the electron beam emittance should be less than the optical beam emittance:~"n <  �4� (2.30)The factor �=(4�) is the transverse phase space area of the optical beam assuming it can be welldescribed by Gaussian optics.For the laser wavelength and energy of operation (i.e. �1 '3�m and  ' 77) the Eqn.(2.30) yieldsa normalized emittance for both transverse plane that must be smaller than ~"n ' 19 mm-mrad toenable the operation of the laser at the fundamental wavelength. In fact this value is an \edge"value: it was assessed from numerical simulation of the FEL gain that the emittance should be lessthan 8.7 mm-mrad to also enable the laser to produce light at the third harmonic with su�cientgain8.The energy spread of the electron beam �= should be less than 15Nu i.e. �= < 0.5 % Using theabove parameters as guideline we presents in �gure 2.10, typical sensitivity of the small signal gainversus bunch length and transverse emittance.
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Figure 2.10: An example of variation of the gain versus the bunch length (A) and the transverseemittance (both x and y plane) (B) (these plots were computed using the very simple 1D modelexposed in the previous section).8S. V. Benson, private communication



CHAPTER 2. ELECTRON RADIATION AND FREE-ELECTRON LASERS 192.7 The Je�erson Lab IR projectThe purpose of the consortium gathered around Je�erson Lab is to develop the technologies neededto realize high-power free-electron laser in a cost e�ective frame. The long term project is to builda 20 kW infrared free-electron laser As a starting point it was decided to build the IRFEL that isused as experimental platform throughout the present report.In the built IRFEL (see top view in �gure 2.11), the electron beam is generated by a 350 keV pho-toemission electron gun and accelerated by two superconducting RF CEBAF-type cavities (5-cellscavity operating on �-accelerating mode) mounted as a pair in the so-called \quarter cryounit"which provides a beam energy gain of approximately 10 MeV. The beam is then injected intothe main linac which is composed of one cryomodule, containing 8 superconducting CEBAF-typesuperconducting RF cavities. The linac can currently accelerate the beam up to approximately48MeV. This cryomodule is followed by two 4-bends chicanes that bypass the FEL optical cavitiesand provide additional longitudinal phase space manipulation. The IR undulator (see parametersin Table 2.1) is located between the two aforementioned chicanes. After the FEL interaction, the\spent" beam is recirculated with a quasi-isochronous recirculator with variable momentum com-paction and path length up to the entrance of the cryomodule with the proper time of arrival sothat the electron bunches are on the decelerating phase of the radio-frequency wave. The secondarybeam is thereby decelerated down to 10 MeV and separated from the primary beam before beingdumped in the \energy recovery dump" by the mean of the \extraction chicane". The energyrecovery scheme allow the recovery of almost all the energy provided to the beam by the main linacduring the acceleration phase.The FEL light is directed in an optical room where it can be diagnosed and sent to one of thesix user laboratories. The experiments that have been run to date, include standard pump-probeexperiment to measure the gold reectivity in the IR region, the observation of laser light e�ect ona plasma, and some preliminary tests in micro-machining.
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Figure 2.11: An actual top view of the \as built" IRFEL driver accelerator.The electron source [14] is a DC-photo-emission gun presented in �gure 2.12. It consists of aGallium Arsenide (GaAs) photocathode illuminated by a laser system capable of providing 5W.



CHAPTER 2. ELECTRON RADIATION AND FREE-ELECTRON LASERS 20The wavelength is chosen so that the photon energy is above the work function of the GaAs.Once the photoelectrons are extracted from the GaAs crystal they are rapidly accelerated by thehigh DC electric �eld (approximately 4MV=m) applied between the photocathode and the anodewhich are separated by 14:63 cm. The choice of a photoemission gun was driven by its capability toachieve high current density simultaneously with ultrashort bunch length compared to conventionalthermionic electron source.The cathode illumination system was designed to be exible so that it can be used to vary severalcharacteristics of the electron beam: the charge of the electron micro-bunches, their frequencyand the macropulse frequency and width. The illumination system consists of a mode-locked,frequency doubled, Nd:YLiF4 laser commercially available from Antares c [13] producing a wave-length � =527 nm. The optical pulse achieved is 23 ps (RMS) at a repetition rate that can bevaried up to 74:85MHz. This frequency corresponds to the 20th sub-harmonic of the fundamentalfrequency of the linear accelerator radio-frequency system: 1497MHz; it thereby insures the bunchto bunch acceleration. The maximum power that can be achieved by such photocathode driver laseris approximately 6 Watts. It can be adjusted by modulating the laser beam using two electro-opticscrystal. The choice of using simultaneously two electro-optics cell is driven by the desire to achievea high extinction ratio.The electron bunch charge can be varied from 0 to 135 pC by attenuating the laser beam thanksto a rotational polarizer located between the two electro-optics cells.Hence the optical pulse on the photocathode generally consists in a series of 23 ps width \mi-cropulses" occurring at a frequency fm. The micropulse produced during a certain time tM con-stitute a macropulse. Hence the micropulse frequency can only take the value fm = 74:85=h MHz(with h 2N).The transverse beam spot on the photcathode can be shaped by using a mask to make it looks moresquare or gaussian. The former distribution has been shown experimentally to reduce nonlinearitiesin the space charge forces [14].
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Incoming Laser Beam
Tunnel

Optical Room

AttenuatorFigure 2.12: Simpli�ed schematic of the electron source: A 527 nm laser beam that can be modu-lated by two electro-optics cell (EO1 and EO2) and attenuated by a rotational polarizer illuminatesthe GaAs photocathode. Ejected photo-electrons are accelerated through to the accelerating voltageof nominally 350 kV between the photocathode and the anode.



Chapter 3The FEL driver accelerator: LatticeStudy3.1 IntroductionThe present Chapter deals with the optical lattice of the IRFEL driver-accelerator. After brieyreviewing the accelerator magnetic optics with the help of a numerical model, we present fewexperimental results obtained as we tried to characterize the lattice and compare it with a numericalmodel.3.2 A Brief Overview of the FEL Optical LatticeIn this section we describe the FEL optical lattice for the main accelerator only. It has been designedby D. Douglas and it is also described in numerous reference (see for instance reference [16]). Forthe purpose of the present discussion, the driver-accelerator can be divided into �ve parts:1. A 10 MeV injector and the injection transfer line2. A 48 MeV superconducting radio-frequency (SRF) linear accelerator (it is used both to ac-celerate the �rst pass beam and to decelerate the second pass beam); this linac is also termed\cryomodule" hereafter,3. A wiggler insertion region,4. A recirculation ring,5. A reinjection transfer line.In this section we will only concentrate on the high energy lattice (E'48 MeV) that is items 3, 4,and 5 in the list above.The �rst region encountered by the beam at the exit of the SRF linac is a \matching" region. It22
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Figure 3.1: Dispersed overview of the main ring of the driver accelerator corresponding to �g-ure 2.11. The path of the electron beam is indicated with arrows.insures the beam lattice functions are properly matched to the desired value at the undulator center.This region consists of two quadrupole telescopes disposed upstream and downstream an achromaticchicane. The telescopes consist each of three quadrupoles. These two telescopes provide six freeparameters (the strength of the quadrupoles) to adjust the four Twiss parameters (�x, �y , �x, �y)while insuring the beam size can still be contained within the vacuum chamber with acceptably lowparticle loss via scraping. The �-functions are supposed to be zero at the wiggler center whereasthe betatron functions are matched to the wiggler \natural" betatron function eigenvalue of anin�nitely long wiggler �w = �w=(2�p2K), with �w the wiggler period and K the undulatorparameter (see Chapter 2). The \upstream" by-pass chicane provide further longitudinal phasespace rotation because of its non isochronicity (momentum compaction1 R56 = �28 cm).After the wiggler, two additional telescopes each composed of quadrupole triplets are used to matchthe optical lattice functions to the desired values at the injection point. Longitudinally, furtherphase space rotation is provided by the \downstream" by-pass chicane which is identical to theupstream chicane.The recirculation loop is composed of two arcs linked by a straight line section, termed \backleg"1Throughout this report the momentum compaction is de�ned as the transfer matrix element R56 = �z�E=E in thetransport formalism. This de�nition is di�erent from the usual de�nition (generally for closed orbit accelerator)where it is de�ned as the ratio of relative path length change for a relative energy change � = �L=L�E=E



CHAPTER 3. THE FEL DRIVER ACCELERATOR: LATTICE STUDY 24Parameter Value�x -0.178�x (m) 8.331�y -0.124�y (m) 3.979Table 3.1: Twiss parameters downstream the cryomodule expected from simulations with the codeparmela.that consists of six period of a FODO lattice.The arcs are based on the MIT-Bates accelerator design [17]; they provide each a total bending angleof 180 deg. They include four wedge-type dipoles, each bending the beam by an angle of '�28 degalternatively, installed in pair symmetrically around a 180 deg dipole. Furthermore providing thedesired rotation, the arcs are also used to adjust the total beam path length of the recirculatedbeam in a such way that the electron bunches have the proper timing to be on the deceleratingphase of the SRF linac, a very important parameter for energy recovery. For such a purpose,the arc is instrumented with a pair of horizontal steerers located upstream and downstream the180 deg dipole to vary the reference orbit path length inside the 180 deg magnet. Two familiesof quadrupoles (the trim quadrupoles) and sextupoles are installed in the arc to provide bothlinear and quadratic energy dependent path length variation that are necessary in the \energy-compression" scheme needed to properly energy recover the beam [18] i.e. to precisely adjust themomentum compaction R562 (linear dependence of longitudinal position with relative energy) andthe nonlinear momentum compaction T566 (quadratic dependence). When the quadrupoles andsextupoles are not powered, the arc is operating in a non-isochronous mode (R56 = 13:124 cm).However under nominal operation, i.e. when the FEL is operating and the linac is in energy recoverymode, because of the need of energy compression, the sextupoles and quadrupoles of one familyare excited to proper values in order to provide the required R56 between the wiggler exit up tothe linac entrance.The backleg transport line consists of thirteen quadrupoles. Nominally it is operated as a F0D0lattice with a phase advance per cell � = 90 deg, but we have demonstrated its operation witha phase advance of � = 60 deg needed during emittance measurement based on multi-monitortechnique. Its total transfer matrix is -I for both transverse plane: it images the lattice opticalfunctions at the �rst arc exit into the �rst arc entrance accordingly to � ! � and �! ��.The reinjection line consists of a telescope composed of four quadrupoles that is used to adjust thebeam lattice function to achieve reasonable beam envelope at the entrance of the SRF linac.As the electron bunches go for the second times through the SRF linac, they are decelerated andinduce voltage in the cavity via beam loading. This induced-voltage is at the proper mode to serveto accelerate the next bunch in the acceleration phase which is in the neighboring RF bucket. Thewasted beam, once decelerated (i.e. at approximately 10 MeV), bifurcates into a dump.Typical lattice functions, computed with the second order optics code dimad, are shown in�gure 3.2. The initial conditions (see Table 3.2) that are used, have been computed using theparmela code since it include space charge e�ects in the low energy region and also have a verydetailed model of the SRF cavities. For the �gure presented, the undulator magnet is installed.2Rs0!s56 = R ss0 = R16(x)�(x) dx, where �(x) is the local bending radius. So since the presently mentioned quadrupoleare located in a dispersive region, i.e. R16 6= 0, so that R56 can be varied.
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Figure 3.2: Horizontal Dispersion (top graph) and transverse betatron functions (bottom graph)for the nominal settings of the magnetic optics.3.3 Measurement of the Transverse ResponseThough the driver-accelerator design is essentially speci�ed via numerical simulations, there aremany factors that can cause the real machine to be di�erent from the numerical model. Among thecauses of these discrepancies, the most usual are alignment errors, magnet disfunctions, etc... Henceit is of prime importance, in the �rst phase of commissioning of the accelerator, to diagnose thesedefects and potentially �x or understand them to match as close as possible the numerical modelto the \as built" accelerator. In this section we report on measurement of the transverse latticeresponse of the driver accelerator along the recirculator. In this report, we have only concentratedon two types of measurements: (1) try to verify that the �rst order transfer matrix used in themodel is close to the machine, (2) measure precisely the dispersion (i.e. the transverse positiondependence on energy) function in the back-leg transfer line.



CHAPTER 3. THE FEL DRIVER ACCELERATOR: LATTICE STUDY 263.3.1 Theoretical BackgroundThe purpose of measuring the transverse response of the optical lattice is to get some insights on the�rst order transport and potentially �nd out problems with the lattice i.e. magnets corrupted ex-citation, optical elements misaligned. We have performed two types of measurement: (1) responseof the lattice for a given angular excitation by mean of correctors and (2) energy dependence of thelattice i.e. measurement of the dispersion.In a dispersion-free region, the position and divergence centroid of a beam (x(0); y(0)) at an arbi-trary position 0, is propagated to another position, under the assumption of �rst order transportvalidity, accordingly to:  x(s)x0(s) ! =  R0!s11 R0!s12R0!s21 R0!s22 ! x(0)x0(0) ! (3.1)The observable that can easily be measured is a beam centroid position at the downstream locationx(s). Hence a technique to measure the transverse response is distort the orbit by using a pertur-bative angular kick on the beam trajectory at the position x(0) i.e. x0(0) ! x0(0) + �x0. In suchan event, the \perturbed" beam position downstream now writes:xperturb(s) = R0!s11 x(0) +R0!s12 (x0(0) + �x0) (3.2)That is the displacement of the beam position at s, �x(s) def= xperturb(s)� x(s) is only dependenton the angular perturbation at 0: �x(s) = R0!s12 �x0 (3.3)Moreover, for a dipole we can relate the angular kick to the beam momentum: �x0 = 1=(3:3356�p) � R Bdl where R Bdl represents the �eld integral (in T.m), and p is the beam momentum (inGeV).Hence a very simple way to check if the \real world" machine is performing as predicted by �rstorder transfer matrix model, is to measure the beam position along the beam line for di�erent per-turbations (angular kick values but also position of the kicker magnet used). It is worth mentioningthat this technique allows directly to measure the R12 transfer matrix element. The measurementof R11 requires more elaboration: one needs to create a perturbation that is exactly 90 deg out ofbetatron phase with respect to the kick intended to measure the R12; in such way one can computeto what position displacement it corresponds.The other type of measurement is the energy dependence of the optical lattice. This measurement isvery similar to the transfer matrix response aforementioned: it is know that after magnetic elementsystems such as dipoles there can be position dependence on energy, i.e. the position x(s) writesas x(s) = x�(s) + �(s)�(0), where x�(s) is a pure betatron induced position and the product of�(s), dispersion function at s, with �(0), energy o�set at 0, represent the dispersive contributionto the orbit. Note that �(s) � R0!s16 . Therefore by varying the energy of the bunch centroid (i.e.� ! � + ��) and measuring the associated position change downstream the beamline �x = ���we can get an estimate of the dispersion function �.



CHAPTER 3. THE FEL DRIVER ACCELERATOR: LATTICE STUDY 273.3.2 Experimental MethodTo determine experimentally the lattice response due to either kick excitation (pure transverseresponse) or energy change (dispersion), we only have to measure the beam position, the onlyobservable we can easily access. The beam position is measured by means of electromagneticpickup called beam position monitors (BPMs) [25]. These BPMs consist of a number of pick-upantennae distributed around the diameter of the vacuum chamber that detect the Coulomb �eldassociated with an electron bunch as it propagates along the beamline. Based on the asymmetryof the signal on each antenna, the beam centroid coordinates can be inferred. Two types of BPMsare installed in the IRFEL accelerator. In the measurement presented hereafter, we have onlyused the so-called stripline BPMs whose cross section is depicted in �gure 3.3. This type of BPMconsists of four strip-like pickup antennae oriented at 90 deg from each other. This type of geometryfor the pickup antennae has the advantage to minimize the beam quality deterioration because ofwake�eld. The beam centroid coordinate is a simple function of the electric potential (VR, VL, VD,
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Figure 3.3: schematic cut of a beam position monitor (BPM).VU)induced by the beam on each antenna [19] of the BPM (R, L, D, U on �gure 3.3):x / VR � VLVR + VLy / VU � VDVU + VD (3.4)The electronic system used to process the signal is the so-called Switched Electrode Electronics(SEE) [24]. The signal of peripherical electrodes is multiplexed to the same processing electronicssystem. And the beam position is inferred using the standard technique from this signal. Anadvantage of this electronic is that it can be used to acquire beam position at very high ratetypically 30 Hz to study potential time dependent beam position uctuation.The practical method to measure the response of the lattice is as follows: (1) For the nominalcondition, measure the beam position on all the desired BPMs fx0; y0gi=1:::N (the subscript i is theBPM index); (2) impress the desired distortion (i.e. energy change for dispersion measurement orangular kick for R12 measurement); (3) measure the new beam position on theN BPMs fx; ygi=1:::Nand compute the displacement (or di�erence orbit) of the beam centroid along the beamline at the



CHAPTER 3. THE FEL DRIVER ACCELERATOR: LATTICE STUDY 28location of each BPMs f�x;�ygi=1:::N : �x�y !i=1:::N =  xy !i=1:::N �  x0y0 !i=1:::N (3.5)For a transverse response lattice measurement, the transverse matrix elements are numericallycomputed using the lattice set-up used during the measurement; the beam centroid induced by theangular perturbation are computed using the R12 transfer matrix element.For dispersion measurement, the energy change is impressed using the last pair of cavities in the cry-omodule. Unfortunately this method does not provide valuable information (see the experimentalsection for more explanation) and we had to use another technique to perform such measurement.In the �rst place dispersion always results in a non-zero local R16 transfer matrix element e.g. dueto the presence of a dipole magnet. After it has been generated, it can propagate in region with nomagnetic �eld; for instance if at the exit of the dispersion generator the dispersion and its derivativeare �0 and �00, then at a downstream location, the dispersion can be computed from the knowledgeof the transfer matrix between the dispersion generator exit and the considered location:� = R11�0 + R12�00 (3.6)Note that in the case the dispersion generator is achromatic, we have �0 = 0 and �00 = 0 so that� � 0.Because in the dispersion generator the beam momentum p is related to the magnetic �eld of thedipole B (B� = ecp), we have after di�erentiation (�p)=p = (�B)=B. Hence a transverse o�setdue to a relative energy change is equivalent to a relative magnetic �eld variation:�x(s) = �(s) �dpp �0 � �(s) �dBB � (3.7)where the subscript 0 indicate the energy changed is impressed before the magnetic system, andthe hdBB i is the relative magnetic �eld variation of the magnetic system downstream which thedispersion is measured.3.3.3 Results on Transverse ResponseFrom the aforementioned technique to assess whether the optical lattice is performing accordinglyto the model, we need to have an accurate knowledge of the angular excitation provided by a cor-rector magnet. In order to estimate such angular kick and since all the corrector magnets are of thesame type, we have use a corrector located in the backleg transport line with the next upstreambeam position monitor. The quadrupoles in between these two elements were not powered. Sothe transfer matrix between the element is the one of a drift space of length 2.80 m. For di�erentcorrector excitation, we measured the beam position as presented in �gure 3.4. The beam positionis linearly dependent on the corrector strength in the range in position the BPM was used [-4 mm,+4 mm]. A linear interpolation of the data presented in the �gure, along with the knowledge ofthe transfer matrix between the BPM and the corrector yields an angular kick provided by thecorrector magnet of approximately 0:64mrad=(100�Gauss:cm) this value is very close, within 3%,
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Figure 3.4: Example of calibration of a corrector. The slope of the linear interpolation is0:0183mm=(G:cm) which corresponds to an angular deection of 6:54�rad=(G:cm)of the calculated value deduced from the corrector magnetic �eld map measurement3 which give akick of 0:65mrad=(100� Gauss:cm)Practically, the corrector strength is set de viso by looking at the on-line histogram plot of theBPM value along the beam line, in such a way that the kick provide a signi�cant position changealong the beam line; typical value used during the acquisition of di�erence orbit measurement areapproximately 100G:cm. For a given corrector change Bnom+�B, (Bnom is the nominal magneticexcitation of the corrector) all the BPM readbacks along the beamline are acquired three times(to quantify the beam position jitter). Then the corrector is set to the value Bnom � �B. Thislatter operation allow to validate the measurement, since for the latter corrector setting, becauseof linearity of the system, the BPM readback should be the opposite of the one measured for the�rst measurement. Therefore the computation of the sum of the two measurements should givezero for all the BPMs.The use of only one corrector to study the response of the lattice is not su�cient since it only \probe"the lattice at location that have a relative betatron phase advance of approximately 90 deg4. Henceit is preferable to use at least two correctors separated by the proper phase advance so that theyprobe di�erent part of the lattice. In our present study, we use six di�erent correctors: threefor the horizontal plane (2F00H, 2F04H and 2F08H) and three for the vertical plane (2F00V,2F04V and 2F08V). The correctors are chosen so that the relative betatron phase advance between3G. H. Biallas, private communication, June 994In the general Twiss transfer matrix formalism one has: Rs0!s12 =p�(s)�(s0) sin(��) where �� = �(s)� �(s0)is the relative betatron phase advance between the points s and s0.



CHAPTER 3. THE FEL DRIVER ACCELERATOR: LATTICE STUDY 30each other is approximately 60 deg so that one can accurately probe the whole period of thebetatron excitation as pictured in �gure 3.5. An example of measurement for the six corrector
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Figure 3.6: Comparison between the measured and simulated lattice response for the six correctorsused during the di�erence orbit measurement (100 meters corresponds approximately to the end ofthe back leg beamline).beam6. Because this RF-induced deection is inversely proportional to the beam energy it can be aproblem for the operating energies of the IRFEL: simulations indicates the induced deection due togradient change is signi�cant and can be of the order of few tens of mrad. We have experimentallyveri�ed such result in our preliminary measurement of dispersion in the back-leg transfer line byvarying the cavity gradient. We present in �gure 3.8 the beam position o�set along the beamlineand compare it with the case where we operate the cavity at their nominal gradient and used acorrector at the linac exit to simulate potential RF-induced steering: the same type of pattern(which is in fact the R12-induced pattern) is reproduced. This result con�rms our suspicion thatdispersion measurements performed using RF-gradient variation is not valid. Next we present , in�gure 3.9, a measurement of dispersion obtained by varying the magnetic �eld in all the dipoles ofthe recirculation arc. We note that the maximum traverse displacement of the beam centroid isapproximately 500� 100�m for a magnetic �eld variation of 1% insuring the spurious dispersionis lower than 5 cm in absolute value. This is an important result for emittance measurement as weshall see in Chapter 4.6A detailed study of this e�ect is presented in Chapter 6
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Figure 3.7: Comparison between the experimental data after correction and the simulated latticeresponse for the six correctors (100 meters corresponds approximately to the end of the back legbeamline).3.3.5 Summary of the Transverse Response MeasurementsWe have demonstrated that the numerical model describes with high con�dence the transverseproperties of the as-built recirculating accelerator. We have measured the dispersion in the backlegtransfer line when the trim quadrupoles and sextupoles in arc 1 are not excited and have discoveredthe spurious dispersion has an amplitude smaller than 5 cm.3.4 Measurement of the Longitudinal Response3.4.1 MotivationIt was demonstrated in Reference [18] how important, for energy recovery purpose, the energycompression scheme was. It enables to handle the large momentum spread induced as the laseroperates. The basics idea is to set the longitudinal lattice, in the recirculation, in such a way
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Cavity Gradient PatternFigure 3.8: Comparison between an energy change induced beam displacement along the latticeand the response to an angular perturbation.that during the deceleration phase, for energy recovery purpose, the relative momentum spread isreduced. Under the assumption of single dynamics �rst order optics this is simply because afterthe linac, the energy o�set �i for an electron can be written as a function of its energy o�set �0 andlongitudinal position z0 at the wiggler exit as:�i = Rlinac65 z0 +Rlinac65 Rwiggler!linac entrance56 �0 (3.8)The R65 transfer matrix element of the linac is generally �xed: since the linac is setup to provide theproper energy for lasing. Therefore the only parameter that can a�ect the energy spread at the linacexit after energy recovery is the R56 of the recirculation from the wiggler exit to the linac entrance.An example of the importance in settings the energy recovery transport is shown in �gure 3.10where we present simulation of the energy recovery scheme: the parmela code is used as a skeletonto simulate the acceleration and deceleration of the beam (i.e. RF-induced curvature and phaseslippage due to the non-relativistic nature of the beam are taken into account); the recirculationtransport is simply simulated by tracking particles using the longitudinal transformation7.zi = zi + R56�i + T566�2i +O(�3i ) (3.9)�i = �iFor sake of simplicity and in order to expedite numerical simulations, we have turned o� spacecharge routine in parmela. The proper phase to achieve the shortest bunch at the wiggler in-sertion is approximately �8 deg o� crest. The beam is recirculated and re-injected �8 + 180 dego� crest in the cryomodule so that it is decelerated and the electromagnetic energy stored in thecavity via beam loading is directly used to supplement the available power for the acceleratingmode. We present the obtained results in 3.10, the longitudinal phase space at the linac exit (after7In this numerical analysis, neither longitudinal wake�eld induced in the accelerating structure and various beam-line component, nor space charge collective force are taken into account
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Figure 3.9: Beam displacement in the backleg transport for a relative variation of 1% of the magnetic�eld of the �rst recirculation arc.acceleration), the downstream and upstream the wiggler are presented in the �rst row. The e�ectof the wiggler was numerically simulated by generating an energy o�set of :5MeV and the energyspread of the particle was set to: �i ! �i + 1=2�E� rand(�1; 1) where \rand" randomly generatea number in [-1,1] interval. The longitudinal phase space after the recirculation for di�erent valuesof R56 and T566. The corresponding phase space after the deceleration in the linac are presentedin the bottom row. It is seen (bottom right) that with proper choice of R56 and T566, the resultingenergy spread can be greatly reduced, yielding a beam that can be transported through the dumptransfer line.The optimum point for operation of the linac in terms of both phase and accelerating voltage mustbe related to the momentum compaction of the transport from the linac exit to the wiggler in orderto achieve the right longitudinal phase space slope at the entrance of the linac. In fact the linacvoltage and phase are dictated by the fact that one needs to match the longitudinal phase to the R56of the compressor chicane by ful�lling the relation: �56=�55 = �1=R56 (�56 and �55 are the beamsigma matrix elements). This matching condition is required to insure one can produce the shortestpossible bunch length at the point where the FEL-interaction takes place. This minimum bunchlength, when the matching condition is veri�ed, is �MINz = R56~"z=�0z where the rms longitudinalemittance ~"z and the bunch length �0z are taken at the linac exit.From parmela optimization8 and recent experimental operation, the linac accelerating voltage isabout 38 MeV and is operated at approximately -8 deg o�-crest.The by-pass chicanes have their momentum compaction �xed by design to �28:8 cm and the onlyfree system to adjust the R56 are the end-loop arcs of the recirculation transport by varying the trimquadrupoles as we have already mentioned. An example of variation of the momentum compactionof one arc with respect to the second family quadrupoles excitation is shown in �gure 3.11. In the�gure we also plotted the non linear term T566 for the quadrupole but also for di�erent sextupoles8B. C. Yunn, updated parmela input �les for the IRFEL driver-accelerator, private communications
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Figure 3.10: Energy compression scheme: The �rst row (from left to right) presents the longitudinalphase space at the linac exit, after the compression chicane, and just after the wiggler interactionhas taken place; the second row show longitudinal phase space at the entrance of the linac justprior to deceleration for three di�erent choice of R56 and T556 ( for (A) -0.2 and 0. m, for (B) 0.2and 0 m and for (C) 0.2 and 3.0 m). The result for the three cases after deceleration are shown inthe third row.excitation (in this latter case the trim quadrupoles are unexcited). Note that the momentumcompaction as a function of the quadrupole strength can be parameterized by a quadratic regressionto give the \handy" formula:R56(kq) = 0:1436� 0:5496kq � 0:05255k2q (3.10)Experimentally this formula can be used to quickly check the R56 of an arc and compare withmeasurement.3.4.2 Theoretical BackgroundThe longitudinal lattice characterization is very similar to the transverse response measurementpreviously detailed: the method again consists of impressing a known variation of the beam initialcondition and measuring the corresponding response downstream the section one wishes to char-acterize. There are two types of longitudinal measurement that can be done very easily in theIRFEL: the compression e�ciency (or phase-phase correlation) and the momentum compaction (or
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Figure 3.11: Momentum compaction and nonlinear momentum compaction for one arc versus thesecond family of trim quadrupoles excitation strength (kq). nonlinear momentum compaction versusthe second family sextupoles strength ks (for this calculation, the trim quadrupoles are unexcited).phase-energy correlation). In these measurements, the bunch is considered as a macroparticle andthe time-of-ight (TOF) of its centroid is measured between the locations where the variation isimpressed and a point where the time of arrival can be estimated.Compression E�ciencyThe phase-phase correlation, h�inj�outi requires the measurement of time-of-ight (TOF) of thebunch centroid versus a variation of its \injection phase" in the section we wish to study. In theFEL driver-accelerator, this quantity is only measured starting from the photocathode since it isthe only location the \injection phase" �in can be varied orthogonally with respect to the injectionenergy by varying the phase of the photo-cathode drive laser that illuminates the photocathodewith respect to the master oscillator (and all the RF-element settings are kept constant). The phasevariation an arbitrary location downstream the photocathode ��out as a function of the injectionphase perturbation ��in writes:��out = @�out@�in ��in def= h�inj�outi��in (3.11)Therefore by varying in a known fashion the injection phase and measuring the associated responsedownstream, we obtain the phase-phase response of the section comprised between the perturbationand the measurement station. From this phase, using the standard notation of the transport



CHAPTER 3. THE FEL DRIVER ACCELERATOR: LATTICE STUDY 37lattice code9, we have:h�inj�outi��in = (R55 +Xk<5T5k5rk)��in + T555(��in)2 + (3rd order terms) (3.12)where rk is k-th co-ordinate of the vector r = (xin; x0in; yin; y0in; �in; �in) Therefore, nonlinear �t ofthis phase-phase transfer map yields the arbitrary order transfer matrix element h�inj�outi.Momentum CompactionThe R56 measurement involves the variation of beam energy. Such operation can be performedby varying the gradient of an rf cavity. The beam injected in this cavity must be relativistic toavoid phase slippage e�ects. If the measurement occurs in a dispersion free point, the same kindof relation as Eqn.(3.12) can be written:h�inj�outi�in = (R56 +Xk<6T5k6rk)�in + T666(�in)2 + (3rd order terms) (3.13)Hence again a nonlinear �t of this energy-phase transfer map can theoretically provide informationson the linear and nonlinear terms of the Taylor expansion in the transport formalism.3.4.3 Experimental MethodWe have seen that knowing both compression e�ciency and momentum compaction relies on themeasurement of the time of arrival. Such measurement is performed by detecting the amplitudesignal produced by the TM010 waves excited as the electron traverses a resonant stainless steelcavity [20, 21] The cavity has a resonant frequency of 1.497 GHz. The principle of the TOFmeasurement is to measure the phase of beam induced voltage since it is in phase with the bunch.The phase of the RF signal coming from the cavity (VRF cos(!t+�RF )) is mixed with the referencesignal phase shifted by means of a programmable phase shifter (V0 cos(!t+�0)). The signal at themixer output, after removal of high frequency component with a low pass �lter, is:Vout = VRFV02 sin �� (3.14)where �� def= �RF � �0 is a measure of the relative time of ight.The coe�cient (VRFV0)=2 is initially determined during a calibration procedure that consists invarying the phase shifter to �nd the two zero-crossings of the pickup cavity, i.e. the phase forwhich the signal Vout is zero and measure the dependence of Vout for slight variations of�� (so thatsin(��) ' ��)). Once the measurement is calibrated, the phase shifter phase �0 is set so thatfor the nominal conditions of the machine the cavity is operated at zero-crossing. Hence a changein the TOF induced by varying the phase of the photo-cathode drive laser (for phase-phase mapmeasurement) or by an energy change (for energy-phase map measurement) gives a change of �RFwhich in turn induces a change of Vout. Practically only the change in Vout is directly measuredbut because one knows the coe�cient VRFV0 one can infer �RF i.e. the relative TOF of the bunch.9hence forth we refer this notation as transport formalism



CHAPTER 3. THE FEL DRIVER ACCELERATOR: LATTICE STUDY 38Experimentally the calibration coe�cients are stored in software, the voltage Vout is digitized byan ADC card, and a data analysis program directly output the TOF in unit of RF-deg (1 RF-Degis 556�m at 1.497 GHz).In the driver accelerator four cavities have been installed; their locations are shown in �gure 3.12.In this section we will only consider measurement performed by the pickup cavities 2, 3, and 4,the measurement from the cavity #1 requiring some deeper analysis as we shall see in chapter 6.It is worth noting that contrary to what we have implicitly assumed in the previous discussionthe measurement is not a single bunch measurement. Because of the needed signal to achievegood enough signal over noise in the time of ight measurement, the cavity signal corresponds toa macropulse that consists of 4675 electron bunches (the characteristics of the macropulse used forthe measurement are: a width of 250�sec, a micro-bunch frequency of 18:7MHz and a macropulsefrequency of 60Hz).To expedite the measurements, the quantity varied (i.e. laser phase for h�inj�outi transfer map
Gun

Pickup #3 Pickup #4

Pickup #2 Pickup #1

Figure 3.12: Location of the pickup cavities along the transport line in the FEL driver accelerator.and cavity gradient for h�inj�outi transfer map), is indeed modulated with a frequency of 60 Hz(see again �g. 3.13). The modulation is performed with a triangular waveform generated by afunction generator used to vary the proper quantity (phase of the photo-cathode drive laser orcavity gradient). The choice of a triangular modulation was done to uniformly populate the transfermap. Moreover sinusoidal modulation is also planned (but was not used during the work reportedhereafter) in order to use the Tchebytchev-polynomial- based analysis that has been developed byG. Kra�t for the CEBAF injector [22] at Je�erson Lab.3.4.4 Simulation of h�inj�outi transfer mapAs aforementioned the measurement of phase-phase transfer map provide important information onhow the bunching process is performing and can give some insights on the bunch length. Becausethe map is measured between the photocathode and the pickup cavities (see �g. 3.12 for their loca-tions), we cannot use standard single dynamics relativistic codes such as TLie or dimad but needto use particle tracking code such as parmela which include nonrelativistic e�ects such as phaseslippage e�ects in accelerating cavities. The technique we have used to compare measurement withnumerical simulation is as follows.We use the parmela code to generate uniform macroparticle distribution over a given extent in
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Figure 3.13: Block diagram of the compression e�ciency R55 and momentum compaction R56measurement.phase at the photocathode surface. The corresponding phase of emission �iin of the i-th macropar-ticle at the photocathode surface is recorded and the macroparticles populating this uniform distri-bution are \pushed" along the beamlines. During tracking the space charge subroutine in parmelais turned o�, and each macroparticle is assimilated to a bunch centroid of bunches emitted at dif-ferent drive-laser phase. We then record the phase of arrival �iout at the desired pickup cavities inthe simulation. The couple f�iin, �ioutgi=1;:::;N gives the phase-phase transfer map and can readilybe compared with the experimental data.3.4.5 Measurement of h�inj�outi transfer mapNominal Set-up MeasurementWe will not treat measurement of phase-phase correlation function in the injector since they willbe presented in Chapter 6. The �gure 3.14 presents a measurement of phase-phase beam transferfunction between the drive laser photocathode and the three di�erent pickup cavities aforemen-



CHAPTER 3. THE FEL DRIVER ACCELERATOR: LATTICE STUDY 40tioned. From the transfer function in Fig. 3.15 we can deduced by performing non-linear �t, an
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Figure 3.14: phase-phase beam transfer function between the photocathode surface and the threedi�erent pickup cavities: pickup #2, #3, and #4.estimate of the transfer matrix element the results of the non-linear �t are gathered in Table 3.4.5.The measurement of the linear part are in very good agreement with the simulation except forthe cavity #4, we believe the discrepancy comes from a bad centering of the electron beam on themagnetic axis of the trim quadrupoles and sextupoles in the arc 2.E�ects of the QuadrupolesWe have experimentally investigated the e�ects of the second family trim quadrupoles on thephase-phase transfer map. In �gure 3.16 we present measurement of the phase-phase correlationfor di�erent cases. The study has only been carried out using the pickup cavity #3. For suchmeasurement we have measured the beam phase-phase correlation with the trim quadrupoles setto their nominal values. Then we iterate the measurement for both the trim quadrupoles turned o�and with their value opposite to nominal. The measurements are gathered 3.16(A). Since no timewas spent to re-measure the transfer map along the linac and iterate the same procedure as before,i.e. set the model such that the same transfer map is achieved at the linac exit, and then use themodel to predict the change at cavities #3 and #4, the disagreement is quite important. However,if we look at what is the relative change, i.e. by calculating the di�erence h�outj�iniQuad Settings�h�outj�iniNominal Settings for both the experiment (see �g. 3.16(C)) and the numerical model (see�g. 3.16(D)) the agreement is satisfactory. Though in the present case the method does not allowto extract quantitative number for R55 and T555, it shows that this map does evolve the same way
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Figure 3.15: Comparison of the phase-phase beam transfer function between the photocathodesurface and the three di�erent pickup cavities (pickup #2, #3, and #4) (bottom row) with theone simulated using parmela (top row).both experimentally and in the model when we try to perform a perturbation-type measurement.This also suggest that the same \di�erence orbit" technique we use for the transverse plane couldbe performed in the present case, if the motivation was not to extract matrix elements.E�ects of the FEL on the Phase-Phase mapAssessing the e�ect of the FEL on the beam has been studied only experimentally. We will attemptto provide a qualitative explanation. In this experiment we have set the laser phase modulationamplitude to 40 deg, since it corresponds the full bunch length at the cathode surface. Firstly weprevented the laser to run by detuning the optical cavity and recorded the phase-phase transferfunction. Then we tuned the optical cavity, i.e. adjust the length to match the time of ightof electron bunches inside the cavity, and recorded the phase-phase transfer map. The other



CHAPTER 3. THE FEL DRIVER ACCELERATOR: LATTICE STUDY 42Pickup Linear Coe�cient Quadratic Coe�cientExperiment# 2 0.1172 0.0008# 3 -0.0801 0.0016# 4 0.0911 0.0006Simulation# 2 0.1070 0.0007# 3 -0.0834 0.0003# 4 0.0256 0.0004Table 3.2: Comparison of coe�cients obtained from the non-linear �t of the measured andparmela-simulated phase-phase transfer map.measurements were performed at various stages of the detuning curve of the optical cavity. Theobtained transfer maps are gathered in �gure 3.17. For the case where the laser is turned o� (see�g. 3.17 (A)), the transfer map looks as usual, mainly linear with a small parabolic behavior dueto T555 contribution. However when the laser is turned on (see �g.3.17 (B)), and optimized toextract a maximum output power, the fold-over is substantial, bunches emitted with phase closeto the \nominal phase" have a larger time of ight because now they are contributing to the laserprocess and therefore are less energetic. At various stage of detuning curves the phase-phase mapfold-over due to the non-linear e�ect introduced by the laser interaction is less important. Wehave succeeded in operating the laser at the limit of its turn-o� point by properly adjusting thecavity, in this region, (see �g.3.17 (E)) we can notice that the phase-phase transfer map has twocontributions: for bunch centered around the zero-crossing phase (i.e. �10 < �in < +10 deg), thetransfer map has the same fold-over as when the laser is optimized for maximum output power (see�g.3.17 (B)), however for bunches emitted with phases j�inj > 10 deg, the transfer map has thesame behavior has the transfer map measured when the laser interaction is turned o�, indicatingthat in this region, the bunches are no more taking part to the laser interaction. This observationremains to be studied with numerical simulations.3.4.6 Simulation of h�inj�outi transfer mapSince the h�inj�outi transfer map measurement is only performed in the 48 MeV energy region,we can use relativistic single dynamics code. We computed �rst and second order transfer matrixelements (R56 and T556) using the dimad code. In order to generate energy-phase transfer mapwe have used the arbitrary high order code TLie [23] code10. The energy o�sets experimentallyachieved when modulating the gradient of the last cavity encountered by the beam during itsacceleration is used as input in the TLie code from which we can generated by using the trackingoption the phase of arrival at the desired pickup cavity. The couple (f�iin, �ioutgi=1;:::;N) will givethe energy-phase correlation and again can be readily compared with the experimentally generatedtransfer map.10This code is based on Lie di�erential algebra technique to compute transfer map in an accelerator lattice
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Reversed−NominalFigure 3.16: Demonstration of longitudinal di�erence-orbit: phase-phase transfer map measured(A) and simulated (B) for three di�erent settings of the trim quadrupole. Plot (C) and (D) corre-spond to di�erence of the measured map presented in the top raw for respectively the experimentand the simulation.3.4.7 Measurement of h�inj�outi transfer mapE�ects of the Trim QuadrupolesThe trim quadrupole family has two e�ects on the energy-phase correlation. Firstly it modi�esthe momentum compaction, R56. Since the quadrupole introduce a path length variation linearlydependent on the energy o�set. Also via its second order coe�cient, the trim quadrupoles alsointroduced a quadratically energy o�set dependent path length variation which results in a modi-�cation of the nonlinear momentum compaction T566 = h�outj�20i.We have measured, using the nominal optical lattice setup the energy-phase transfer map at bothpickup cavities located downstream arc 1 and 2 (pickup cavity #3 and #4) on the �gure 3.12.The results are presented in �gure 3.18: a linear �t of the measured transfer map has been per-



CHAPTER 3. THE FEL DRIVER ACCELERATOR: LATTICE STUDY 44formed and is compared in this �gure with the expected momentum compaction computed usingthe magnetic optic code dimad. We have performed the measurement at both location with thetrim quadrupole in arc 1 both powered and turned o�. It is seen the level of agreement is excellent.Typical R56 measured and expected for the whole recirculation, i.e. from the cryomodule exit upto its entrance is approximately -20 cm for the nominal setup used at that time (February 1999).From these both measurement it is possible to deduce the R56 of the by-pass chicanes: Using thenominal settings measurement we �nd: Rchic56 '�29:60 cm and Rarc56 '23:51 cm, again we can notethe very good agreement, with 2 cm between the measured R56 for the chicanes and its designvalues of �28 cm. We have attempted to quantify the R56 dependence on the trim quadrupolesexcitation by systematically varying the quadrupoles strength and each time measuring the mo-mentum compaction from the linac exit up to the pickup cavity #3. The results are presented in�gure 3.19 where we compared the measurement with numerical simulation using the dimad code;the code seems to be a very good tool to predict the R56 evolution around the recirculation.E�ects of the SextupolesWe have carried a qualitative study of the sextupole e�ect on the energy-phase transfer function.The experiment consisted of measuring the h�inj�outi transfer function using the pickup cavitynumber 3. During the measurement the trim quad are un-powered. In �gure 3.20, we present themeasured transfer functions. Quantitatively there is some disagreement between the simulated andmeasured data. However it is seen that the sextupole have the same e�ect: when turn on they tendto introduced a positive non-linear (quadratic) curvature. Again one can use the same scheme aswe used before and compare not the absolute transfer map, but relative transfer map i.e. comparethe algebraic di�erence h�inj�oution � h�inj�outioff for the simulated and measured set.3.4.8 Concluding Remarks on the Longitudinal Response MeasurementIn this section we have showed that:1. phase-phase �rst order map and nonlinearities measured can be rather well reproduced withthe parmela code. Also it can be used to deduce both the compression rate between the pointof measurement (pickup cavity locations) and the photo-cathode surface; of course this is alattice compression rate, practically, and especially in the low energy region, where the beamis in a space-charge-dominated regime, the compression is strongly inuenced by collectivespace charge force.2. phase-phase map can be used to set the lattice i.e. to operate in isochronous mode, e.g. bymaking sure the map before and after a section is approximately the same3. energy-phase transfer map, can give with fairly good accuracy the momentum compaction of asection. We have measured the momentum compaction of the recirculation to approximatelyR56 ' �12 cm from the cryomodule exit to the arc 3F. Which give the for the section wigglerto linac entrance R56 ' +16 cm very close to the desired value of 20 cm.4. energy-phase transfer map can also be used to characterize, with high accuracy the e�ectof the sextupole on the longitudinal dynamics, also in the present work we were not able



CHAPTER 3. THE FEL DRIVER ACCELERATOR: LATTICE STUDY 45to precisely extract the T566 term probably because of mis-centering in the arcs transport,it could be use for such purpose to ease the path length correction required by introducinglinear and high order energy chirp.



CHAPTER 3. THE FEL DRIVER ACCELERATOR: LATTICE STUDY 46
.

.

.

.
.

.

.

.

..

.

.

.

.
.

.

.

.

.
.

.

..

.

.
.

.
.

.

.
.

.

.

.

..

.

.

.

. .

.

.
.

.

.

.

..

.

.
.

.

.

.

..

.

.

.

. .

.

.
.

.
.

.

..

.

.
.

.
.

.

..

.

.

.

..

.

.

.

.
.

.

.

.

.

.

.

.

.

.

.
.

.

.

.

..

.

.

.

.
.

.

.

.

.
.

.

..

.

.

.

.

.

.

.
.

.

.

.

..

.

.

.

.
.

.

.

.

.

.

.

.
.

.

.
.

.

.

.

..

.

.

.

. .

.

.

.

.
.

.

.
.

.

.

.

.
.

.

.
.

.

.

.

..

.

.

.

.
.

.

.
.

.

.

.

..

.

.
.

.

.

.

..

.

.

.

.
.

.

.
.

.
.

.

..

.

.

.

.

.

.

.
.

.

.

.

.

.

.

.

.

.
.

.

.
.

.

.

.

.
.

.

.
.

.

.

.

.
.

.

.

.

.
.

.

.

.

.
.

.

. .

.

.

.

.

.

.

.
.

.

.

.

..

.

.

.

.
.

.

.

.

.

.

.

.
.

.

.
.

.

.

.

.
.

.

.

.

. .

.

.

.

.
.

.

.
.

.

.

.

.
.

.

..

.

.

.

..

.

.

.

. .

.

.
.

.
.

.

.
.

.

.
.

.

.

.

..

.

.

.

. .

.

.

.

.
.

.

. .

.

.
.

.
.

.

.
.

.

.

.

..

.

.

.

.
.

.

.
.

.

.

.

.
.

.

.
.

.

.

.

..

.

.

.

.
.

.

.

.

.
.

.

. .

.

.

.

.

.

.

.
.

.

.

.

..

.

.

.

.
.

.

.

.

.

.

.

..

.

.
.

.

.

.

..

.

.

.

. .

.

.

.

.
.

.

. .

.

.

.

.

.

.

.
.

.

.

.

..

.

.

.

.
.

.

.
.

.

.

.

.
.

.

.
.

.

.

.

..

.

.

.

. .

.

.

.

.

.

.

. .

.

.

.

.

.

.

.
.

.

.

.

..

.

.

.

.
.

..

-4

-3
-2

-1

0
1

2

3
4

O
U

T
(d

eg
)

. .

.

.

.

.
.

.
.

.

.

.

.

.
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
.

.

.

.

.

.

.

.

. .

.

.

.

.

.

.
.

.
.

.

.

.

.
.

.

.
.

.
.

.

.

.

.

.

.

..

.

.

.

.

.

..
.

.

.

.

.
.

.

.

.

..

.
.

.

.

.

.

..

.

.
.

.

.

.

.
.

..

. .

.

.

.

..

.

.

.

.

.

.
.

.

.

.

..

.
.

.

.

.

.

.

.
.
. .

.

.

.

.

.

.

.

.

.

.

.

.
.

.

.

.

.
.

.

.
.

.

.

.

..

..

.

.

.

.

.

..

.

.

.

.

.

. .

.

.
.

..

.
.

.

.

.

.

.

.

.
.

.

.

.

.

.

.

..

. .

.

.

.

..

.

.
.

.

.

.

.

.

.

.
.

.
.

.
.

.

.

.

.
.
.

.

.

.

.

.
.

.
.

..

.

.

.

.

.

.

.

.
.

.

. .

.

.

.

.

.

..

.
.

.

.

.

.. . .
.

.

.

.

.

.

.

.
.

.

.

.
.

.

.

..

.

. .

.

.

.

.

.

.
.

. .

.

.

.

.
.

.

.

.

.

.

. .

.

.

.

.
.

.
.

.

.

.

.

.
.

.

. .

.

.

.

.

.

.
.

.
.

.

.

.
.

.

.

.

.

.

.

. .

.

.

.

.
.

..

.

.

.

.

.

..

. .

. .

.

.

.

.

.

.
.

.

.

.

.

.

.

.

.

.

..

.

. .

.

.

.

..

..

.

.

.

.

.

.
.

. .

.

.

.

.

. .

.

..

.

.

.
.

.

.

.

..

.
.

.
.

.

.

.

.
.

..

.
.

.

.

.
..

.
.

.

.

.

.

. ..

.

.

.

.

..

.
.

.

.

.
.

.

.
.

. .

.

.

.
..

.

.

.

.

.

.
.

.

.

.
..

..

.
.

.

.

. ..

.
.

.

.

.

.

. .
.

.

.
.

.

..

. .
.

.

.

.

.

.
.

.

.

.

.

.
.

.

.

.

..

.
.

.
.

.

.

.

.
.

.

.

.

.

.

.

.
..

.
.

.
.

.

.

. ..

.
.

.

.

.

.
.

. .
.

.

.
.

.

.
.

.

.
.

.

.
..

.

.

.
.

.

.

.
.

.

.

.

.
.

..

. .

.

.

.
.

.

.

.

.

.

.

.

.
.

.

.

.

.
.

.
.

. ..

.

.

.
.

..

.

.

.

.

.
.

.

.

.

.

.
.

.

.
..

.

.

.

.

.

..

.
.

.

.

.
..

.
.

.
.

.

.

. ..

.

.

.

.

.

.
..

.

.

..

..

. .
.

.

.
.

.

.

.

.
.

.

.
.

.

.

.

..
..

.
..

.

.

.
.

.
.

.

.

.

.

. .
.

.

. .

.

.

.

. .
.

.

.

.
.

.

.

.

.

.

.

.

..

.

.

.
.

.

.

.
..

.

.

.

.

.

.

.

.

.

.

. .

.

.
.

. .

.

.

. ..

.
.

.

.

.

.

.
..

.

.

..

..

.
..

.

.

.
.

.
.

.

.

.

.
.

. ..

.

.

.
.

..

.

..

.

.

.

.

.
.

.

.

.

.

. .
.

.

.

..
.

.

. .
.

.

.

.

.

.

..

.
.

.

.

. ..

.
.

..

..

-4

-3
-2

-1

0
1

2

3
4

O
U

T
(d

eg
)

. .
.

.

.

.

..

.

.

.

.

.

.

.

.

.

.

.

.

.

. .

.

..

.

..

.

.

.

. .

.

.

.

.

.

.

.

.
...

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
.

. ..

.

.

.

.

.

.

.

.

.

.

.

.

.

.
.

.

..

.
.

.

.

.

.

..

.

.

.

.

.

.

.

.

..
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
.

.

.
.

.
.

.

.

.

.

.

.
.

.

.

.

.

.

.

.

.

.

.
.

.
.

.

.

.

.

.

.

.

.

.

.

.

.

.
.

.

.

.

...

.

.

.

.

.

.

.

.

.

.

.

.

.

. .
.

..

.

.
.

.

.

.

. .

.

.

.

.

.

.

.

.

..
.

.

.

.

.

.

.

.

.

.

.

.

.

.

. .

.

.

.

.
..

.

.

.

.

.

.

.

.

.

.

.

.

.

. ..

.
.

.

.
.

.

.

.

.

.

.

.

.

.

.

.

.

.
.

...

.

.

.

.

.
.

.

.

.

.

.

.

.

.

. .
.

..

.
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

..
.

.

.

.

.

.

.

.

.

.

.

.

.

.

. .

.

.
.

.
..

.

.

.

.

.

.

.

.

.

.

.

.

.

.
.

.

.

.

.

..

.

.

.

..

.

.

.

.
.

.

.

.

.
..

.

.

.

.

.

.

.

.

.

.

.

.

.

.
..

..

.

.
.

.

.

.

. .

.

.

.

.

.

.

.

.

...

.

.

.
.

.

.

.

.

.

.

.

.

.

. .
.

.

-30 -20 -10 0 10 20 30
IN (deg)

.

.

.

.
.

.

.

.

.

.

.

.

.

.
.

.

.
.

.

.

.

. .

.

.

.

.

.

.
.

.

.
.

.

.

.

.
.

.

.

.

.

.

.

.

.

..

.

.

.

.

.

.

.

.

..

.

.

.

.

.

.

.

..

.

.

.

.

.
.

.

.

.

.
.

.

.

.

.
.

.

.

.

.

.

.

.

.

.

.
.

.

.

.

.

.

.

.

..

.

.

.

. .
..

.

.

.
.

.

.

.

..

.

.

.

.

.

.

.
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

..

.

.

.

.

.

.

.

.

.

.

.

.

.

.
.

.

..

.

.

.

.

.
.

..

.

.

.

.

.

..

.

.

.

.

.

.

.

.
.

..

.

.

.

.

.

.

.

.

.

.

.

.

.

.
.

.

.

.

. .

.

.

.

.

..

.

.

.

.

.

.

.
.

.

..

.

.

.

.

.

.

.

.

.

.

.

.

.

.

..
.

.

.

.

.

.

.

.

..

.

.

.

.
.

.

.
.

. .

.

.

.

.

.

.

.

.

.

.

.

.
.

.

. .

.

.
.

.

.

.
.

.

..

.

.

.

.

.

.

.

.

..

.

.

.
.

.

..

.

.

.

.

..
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
. .

.

.

.

.

.

.

.

.

.

.

.

.
.

.

.

.

.

.

.

.
.

.

.

.

.

.
.

.

.

.

.

.
.

..

.

.

.

.

.
.

.

.

..

-30 -20 -10 0 10 20 30
IN (deg)

-4

-3
-2

-1

0
1

2

3
4

O
U

T
(d

eg
)

(A) (B)

(D)(C)

(E)

Figure 3.17: Phase-phase transfer functions for di�erent settings of the optical cavity length. In(A) the optical cavity is completely detuned so that the laser does not operate. In (B) the cavityis precisely tuned to maximize the FEL output power. In (E) the cavity is tuned so that the laseroperate at the limit of its turn o�. In (C) and (D), the phase-phase transfer map is measured fordi�erent detuning of the optical cavity case (B) and (E).
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Chapter 4Transverse Phase SpaceCharacterization4.1 IntroductionThe present Chapter is intended to discuss the emittance measurement that we have developedin the IRFEL. Techniques to measure both emittance-dominated1 and space-charge-dominated 2beam are described. Because beam pro�le measurement is an integral part of an emittance mea-surement we describe the OTR-based beam density monitor that have been installed in the IRFEL.Before discussing in great detail the techniques we use to measure the transverse emittance andphase space parameters, and because of the di�erent de�nitions that vary from source to source inthe contemporary beam dynamics literature, we �nd it imperative to settle the de�nition of beamemittance that we will use throughout this dissertation.4.1.1 Beam, Hamiltonian Dynamics and Liouville's TheoremBy de�nition, a beam is a collection of particles that are contained within a �nite region of the phasespace. In the most general case, the phase space is a 6-dimensional space [26] and the particles(assumed to be point-like) are represented by their position vector (x; y; z) and kinetic momentumvector (px; py; pz), and occupies a six-dimensional hyper-volume generally referred as �6. Thisrepresentation concerns the simplest case: in other cases, additional coordinate such as spin, forpolarized beams, or charge and mass, for multiple-species beams, might be required. The notionof a beam also entails the existence of a privileged direction, the direction of propagation, alongwhich the kinetic momentum is much greater than the momentum in the two other directions. Thechoice of (x; y; z) and (px; py; pz) as coordinate is simply coming from the Hamiltonian descriptionof the particle system which requires canonically conjugate variables. In the six-dimensional phase1emittance dominated beam means that the beam evolution is driven by external forces (e.g. external focussing)2emittance dominated beam means that space-charge forces dominates the beam evolution (i.e. Coulombianrepulsion) 49



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 50space a beam that consists of N particles, is best described, at a given instant, in terms of adensity function n6(x; y; z; px; py; pz). The number of particles in an element of phase space volumed�6 = dxdpxdydpydzdpz in the vicinity of the point (x; y; z; px; py; pz) is:d6N = n6(x; y; z; px; py; pz)d�6 (4.1)The total volume in �6 occupied by the beam, at a given instant is:V6 = Z Z Z Z Z Z d�6 (4.2)This quantity, generally referred as 6D-hyper-emittance, is well de�ned provided the density func-tion n6 is a compact function.A useful simpli�cation, when describing a beam, occurs when each degree of freedom is independentof the two other degrees of freedom. Then the since Hamiltonian write as the sum of uncoupledsub-hamiltonian corresponding for each of the three degree of freedom, the density distributionfactorizes as: n6(x; y; z; px; py; pz) = n2;x(x; px)n2;y(y; py)n2;z(z; pz) (4.3)In such case, the beam dynamics can be studied separately in each of the three two-dimensionprojected phase space. The main properties of the particle trajectories in these planes can besummarized as follow:� The trajectories depend on the initial values of the coordinate and the time. An importantconsequence is that two trajectories with di�erent initial condition cannot intersect. Alsonote that a trajectory at a given time can have several value thereby yielding phase-spacebifurcation.� A boundary in the phase space that enclose a given number of particle at a given time t willmap into a boundary at a time t0 which enclose the same group of particles.� In linear phase space transformations, ellipses map to ellipses, straight lines to straight lines.Such geometry might be appropriate to limit phase space density.Generally the phase space density function, n6(x; y; z; px; py; pz) is Liouvillian i.e. it satis�es Liou-ville's theorem which states that the density of particle in the appropriate phase space is invariantalong the trajectory of any given point. This theorem can also be expressed in terms of the invari-ance of the phase space hyper-volume enclosing a chosen group of points as they move in the phasespace. The ensemble of particle behaves as an incompressible uid:dVdt = 0 (4.4)We should insist that Liouville's theorem applies to conservative Hamiltonian systems i.e. systemsin which the forces can be derived from a potential. In the case of charged particle beam, Liouvilletheorem cannot be applied when:� Emission of electromagnetic radiation (e.g. synchrotron)� Non negligible self interaction (e.g. space charge force, coherent synchrotron radiation,...)� Quantum excitation e�ect are non negligible



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 514.1.2 Phase Space and EmittanceHenceforth, we will only concentrate on the transverse phase-space, x� px and y � py and assumethere is no coupling between these two sub phase-spaces. Therefore we will consider the horizontalphase space x� px, similar discussion is valid for the vertical phase space y � py .Firstly it is always preferable to work in the trace space which is the plane x�x0 where x0 = px=pzis the renormalized horizontal momentum or the particle divergence. The variables x and x0 are nomore canonically conjugate but the phase space properties exposed previously are still applicable inthe trace space. For sake of simplicity, the phase space distribution is generally arbitrarily boundedby ellipses since they have the good properties to map into ellipses under canonical transformation.Such ellipse is generally referred as the phase space ellipse. It can be fully speci�ed with threeparameters, the emittance ", the betatron function �T and the �T function; its equation is givenby3: Tx2 + 2�Txx0 + �Tx02 = " (4.5)where T is de�ned as T = 1+�2T�T . In this previous equation, the emittance is generally namedgeometric emittance and corresponds to the area of the ellipse:Zellipse dxdx0 def= �" (4.6)The bilinear form expressed in Eqn.(4.5), can be rewritten in a matrix form�!x ��!x T with �!x = (x; x0)and � being the beam matrix:� def=  �T � ��T ���T � T � ! def=  �11 �12�12 �22 ! (4.7)Despite this de�nition of emittance is the one generally used by experimentalist, it su�ers frommanyproblem especially in presence of non-gaussian phase space distribution or when nonlinear e�ectsare present in the transport channel (chromatic aberration, wake�eld, space charge,...). Thesenonlinear processes generally yield non linear distortions of phase space which render the geometricemittance concept di�cult to quantify a phase space which shows a great deal of structure (e.g.�lamentation).A convenient way is to statistically characterize the phase space using the �rst, hxi, hx0i and secondorder, hx2i, hx02i, hxx0i, moments of the phase space distribution. Then we can de�ne a root meansquare emittance [27] as:~"x = hh(x� hxi)2ih(x0 � hx0i)2i � h(x� hxi)(x0 � hx0i)i2i1=2 (4.8)It is also common to �nd in the literature the e�ective emittance which is the de�ned as 4 timesthe rms emittance. Also, most of the time one rather normalized the emittance with respect to themomentum and de�ne the normalized rms emittance as:~"nx = �~"x (4.9)3In this Section the Twiss parameters are indexed with the subscript T to avoid confusion with other variables.Later, where confusion cannot occur, we will omit this subscript.



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 52This de�nition of emittance is practical since it does not vary if the forces are linear.As for the geometric emittance one can de�ne Twiss parameters from the �rst and second ordermoments: 8>>>><>>>>: �T = h(x� hxi)2i~"x�T = �hxx0i�hxihx0i~"xT = 1+�2T�2T (4.10)Introducing the rms beam size, �x, and divergence, �0x, it is possible to have a simple expressionfor the rms emittance: ~"x = �x�0xq1� r212 = �x�0x1 + �2 (4.11)Where r12 is a correlation coe�cient de�ned as r12 = hxx0i�x�0x ; it is a measure of the trace space slope.Therefore, measuring a transverse emittance ~"x always reduces to the measurement of beam densityalong x-axis (i.e. beam size measurement) and along x0-axis (i.e. beam divergence measurement).As we will see, both of these measurements indeed reduce to the measurement of a beam trans-verse density pro�le. Therefore we shall �rst concentrate our discussion on this latter type ofmeasurement. We will then discuss the emittance computation.4.2 Measurement of Beam Pro�le Using Transition RadiationAs we have seen in the previous section, measurement of transverse trace space generally requiresmeasuring the beam pro�les i.e. the transverse particle density along the horizontal or vertical axis.Several techniques are commonly used for such a purpose depending on the beam. For instance inthe IRFEL driver-accelerator, the transverse beam distribution are measured by:� a uorescent screen: a ceramic plate is inserted in the beam path, and the light emitted via theuorescence e�ect is observed with a camera since the uorescence occurs in the optical regionof the spectrum (see �g. 4.1 b). These types of beam pro�le monitor are usable for quantitativemeasurement only for extremely low average beam current of typically 10 nA. It is only usedas a qualitative beam transverse section measurement in the low energy (350 keV) regionof the injector to observe low current beam. The use of these type screens for quantitativemeasurement of higher average beam current is not possible: the ceramic does not have alinear response and can saturate resulting in erroneous beam density measurements.� a wire scanner: the beam is intercepted by a thin (20�m) moving tungsten wire. As thewire scan the beam in the transverse plane, the potential across its ends is proportional tothe beam current intercepted. Therefore the measurement of this electric potential versusthe position of the wire gives the transverse beam density along the direction perpendicularto the wire (see �g. 4.1 b). Despite this type of technique can achieved very high resolution,depending on the diameter of the wire and the steps of the scan, it as few inconvenient: itis a very slow measurement, because of its generally large diameter (more than 20�m), the



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 53wire can yields a large loss of particle that can hit the vacuum chamber or other beamlinecomponents and potentially damages electronics system.� several synchrotron radiation monitors: as the beam is bent in dipole magnets, it emitssynchrotron radiation. In the IRFEL this radiation is emitted in the infra-red region of theelectromagnetic spectrum and is imaged on a very sensitive CCD detector (see �g. 4.1 c). Thispro�le monitor has the advantage of being non-invasive (it does not yield beam degradation)and it can be used to measure beam distribution at very high current. However it is not wellsuited for emittance measurement: the beam pro�le is measured in a bend i.e. at a dispersivelocation and therefore the emittance computation, requires a somewhat tedious analysis sincewe need to deconvolved the dispersion contribution to the beam pro�le.� many transition radiation monitors: thin aluminum foil are inserted into the beam pathand transition radiation (see the Introduction chapter) is detected with a CCD detector.Generally the foil makes a 45 deg angle with the beam direction and backward transitionradiation is detected (see �gure 4.1 d). This con�guration requires the foil material to havea good reection coe�cient. Since very thin foil are available, this type of devices can standhigh current beam without yielding signi�cant beam degradation.Among the techniques listed above, transition radiation was chosen to provide the quantitativemeasurement of transverse distribution required for measuring the emittance in the IRFEL. Thischoice was principally driven by the reliability, the speed and the low cost of this type of instrument.Before the IRFEL was built we study many aspect of this type of apparatus: what are the averagebeam current limit, what are the beam transverse phase space degradation after an OTR screen.Such studies, experimentally carried in the CEBAFmachine at Je�erson Lab, helped with the choiceof the type of screen (aluminum). During these studies we also developed a quasi non-interceptivescreen that was used to measure the beam pro�le of the high power beam of the CEBAF accelerator;also we did not implement this type of monitor in the IRFEL short term plan, it might be sometimeimplemented to continuously monitor the electron beam quality without signi�cant impact onthe beam itself. In the following sections we discuss the limitations of transition radiation-baseddiagnostics and the development of the non interceptive pro�le monitor.4.2.1 The limitation of Transition Radiation MonitorAs we have mentioned in Chapter 2, when we discussed electromagnetic radiation emitted by movingcharged particles, that transition radiation can be observed whenever a charged particle experiencea discontinuity in the electric properties of its environment. A common way of observing transitionradiation is to intercept the beam trajectory with a thin metallic foil (or TR radiator). Suchmethod allows the observation of the TR produced as the beam crosses the boundary vacuum/foil(backward TR) or foil/vacuum (forward TR). As the beam is intercepted by the foil some concernsmight arise:Firstly because of the dE=dx of the material the beam deposits some energy in the TR radiatorthereby increasing its temperature. Therefore we must study the thermal e�ect of the beam on theTR radiator.Secondly when the electrons that constitute the beam pass through the foil material, they undergoscattering on the nuclei that can potentially degrades the beam emittance and therefore will notresult in a non-interceptive diagnostics. On the other hand, the divergence induced via scattering
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Figure 4.1: Schematics of principle for the di�erent type of beam pro�le density measurementdevices.can be so large that some of the electron can be lost. If the percentage of lost particles exceedsa certain threshold it can trigger the Machine Protection System (MPS) which will turn o� themachine, also even if the MPS is not armed, losing a large fraction of the beam is always a concern.The protection system threshold depends on the machine, and insures that one cannot damageany piece of hardware (vacuum pipe, electronics,...) that is located in the tunnel enclosure. In thefollowing we consider the behavior of three kinds of TR radiator: aluminum, gold and carbon foil.4.2.2 Thermal StudiesThe primary concern, as we previously emphasized, is due to the energy the beam deposits in thefoil. The energy deposition is mainly due to ionization losses of the relativistic electrons minus theenergy carried on by secondary electrons; it was computed using the EGS4 (Electron and GammaShower 4) code4 distributed by Stanford Linear Accelerator Center. If the only mechanism of heattransfer is conduction, the temperature of a body in which power is deposited is described by theheat transfer equation: �cp@T@t � kappa52 T = @P@V (4.12)where T is the temperature, � the density, cp, the speci�c heat, � the thermal conductivity, V thevolume of the body, and the deposited power.This equation can be numerically integrated by several �nite-element program. In the case ofbody with high emissivity, heat evacuation via radiation is an important mechanism that should be4Private Communication from P. K. Kloeppel, November 1995



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 55incorporated in the computations. Typically for a given deposited power, a temperature gradientwill result. A given surface of the body dS whose local temperature is Ts will radiate and lose powerat a rate proportional to T 4dS. More precisely, the power radiated is given by Stefan-Bolztmanrelation: dPS = 2��dS(T 4S � T 40 ) (4.13)where � is the Stefan constant (� = 5:670� 10�8Wm�2K�4), � is the emissivity of the body, andT0 is the ambient temperature of the canonical system the body is located in (in our case vacuumat a temperature assumed to be 300K henceforth).To compute the temperature rise due to power deposition in the steady state case, we use thefollowing numerical iterative method. Firstly, let's assume (and this is indeed the case) that theTR radiator consists in a circular foil of radius r and thickness t whose normal makes an angle �with the beam axis. In a such case, the power is evacuated radially via the conduction mechanism.We can divide the foil by a series of annuli of outer and inner radii ri and ri+1 (see �g. 4.2).Therefore the temperature of the ith annulus is related to the temperature of the i-1 th crown by:
Rn Rn-1 Rn-2 R3 R2 R1

Tn Tn-1 Tn-2 T3 T2 T=300K

Pext

beam edge

beam and screen center
screen edge

rxry

rn-1

rn-2Figure 4.2: Methodology to compute temperature rise in a cylindrically symmetric TR radiator.Ti = Ti�1 + RiPi (4.14)where Ri = 12��t ln � ri+1ri � is the thermal resistance (� is the thermal conductivity of the foil materialand t its thickness, and Pi is the total power coming from the i th crown. Part of the power is heatradiated and the remaining is transmitted via conduction to the next element. The radiated poweris: Pi = Pi�1 + 2��(T 4� 3004)(r2i � r2i�1) (4.15)To compute the temperature rise at the beam edge crown, we introduced the parameter Pextthat represent the evacuated power. Hence varying the value of this parameter and iterating theEqns. (4.14) and (4.15) from the edge of the foil up to the edge of the beam allows to determinethe temperature at the beam center and the deposited power (from which we can get the beamcurrent) using the equations [29]: Tcenter = Tn + 14��tPn (4.16)



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 56and I = Pn�Et cos � (4.17)Eqn. 4.16 relates the temperature at the beam center and the temperature at the beam edge. It isvalid under the assumption of a uniformly populated beam. Using this method we have computedMaterial Melting Point Thermal Conductivity dE=dx(K) W=m:K eV=�mAluminum 933 237 410Gold 1337 317 6380Carbon 3700 333 130Table 4.1: Physical properties of the considered material for OTR screens.the maximum beam current di�erent foils can stand versus the equivalent beam size de�ned asprxry where rx and ry are the full beam size respectively in the horizontal and vertical direction.The considered material with their properties are gathered in Table 4.1. The results are presentedin the �g. 4.3 which depicts the maximum average current that can be reached for a given beamradius assuming the TR-radiator has a 0:8�m thickness5. For instance, we can see that with thetypical beam size expected in the free-electron laser, aluminum foil can easily withstand averagecurrent up to 500�A even with a beam of 300�m radius. Even in the low-emittance CEBAFaccelerator the maximum design of 200�A can be reached without melting the foil for typicalenvelope of 200�m.Obviously, we can notice in �gure 4.3 that carbon is the best choice as far as thermal aspectsonly are considered. Unfortunately the main drawback of carbon, as we will see later, is its lowcoe�cient of reection in comparison to aluminum or gold which does not facilitate its use toobserve backward TR.Finally we note that despite its higher thermal melting point compared to aluminum, gold doesnot stand higher beam average current due to its higher dE=dx coe�cient. In �gure 4.4 we presentthe steady state temperature versus the incoming beam average current for di�erent aluminum foilthickness and a beam of 2mm.4.2.3 Study of Multiple Scattering in Aluminum foilWe now turn to the study of beam degradation due to scattering in the TR radiator. In this section,we present an experiment devoted to study scattering of a 45MeV electron beam on very thinaluminum foils. The experiment was performed in the CEBAF injector region (for a description ofthe injector see Reference [28]). We compared the data with a semi-empirical model and numericalsimulations.5this thickness is an optimum value: it corresponds to the thinnest foil we can have (in order to minimize beamdegradation) still having a good surface reection coe�cient. Also thickness is limited by the frame on which the foilis mounted: too thin foil could not be mounted on our holding support because they would anymore self-support.
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CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 58

0 100 200 300 400 500 600 700
Average Beam Current ( A)

300

400

500

600

700

800

900

1000

Te
m

pe
ra

tu
re

(o
K

)

0.5 m
1 m
2 m

Melting point

�����
�����
�����
�����
�����
�����
�����
�����
�����
�����
�����
�����

�����
�����
�����
�����
�����
�����
�����
�����
�����
�����
�����
�����

1 micron
2 micron
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 an electron experiences as it pass through thefoil:� simple scattering (
 � 1),� plural scattering (1 � 
 � 20),� multiple scattering (
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Figure 4.6: Angular scattering distribution experimentally measured for three di�erent thicknessesof Aluminum foil.for a given mean number of collisions 
 as a function of the reduced angle �s is given by:F (
; �s) = e�
 
Xk=0m�kXl=0 CkmCm�kl � bk1Bl2 � lc1 � kc2((c1l + c2k)2 + �2s)3=2 (4.20)where the coe�cents c1 and c2 are constant that where determined from experiment. The meannumber of collision 
 is a function of the atomic weight A, the atomic number Z, and the thicknessof the foil: 
 = 8:83� 103 tA Z4=3�2 (4.21)where � is the reduced velocity.The reduced angle, �s, in the latter equation is related to the projected angle via the relation:�s = �� (4.22)where the critical angle is de�ned as � = 4:23Z1=3E , E being the energy of the incident electronsin MeV. It is worthwhile to note that the work of Keil (as Moli�ere) was to show that the angularscattering distribution in the plural scattering regime does not exactly follow a gaussian distribution



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 61material Be C Mg Al Ti Fe Cu Ag Au# of collision per �m 7.5 8.7 8.3 13.6 28 51 62 90 127thinnest foil available 0.25 0.25 0.5 0.5 1 0.5 0.25 0.25 0.1corresponding 
 1.9 2.2 4.2 6.8 28 26 15 22.6 22Table 4.2: Survey of materials commercially available for monitoring intense beams with TR ra-diators; we excluded the materials with low thermal conductivity and mean number of collisiongreater than 30 in their smallest thickness.(since the average number of collision is too low to ful�ll the validity of the central limit theorem).The gaussian character of the distribution especially deteriorates at large angle, where large tailtend to develop. It also breaks down for small angle where the scattering distribution has a dirac-likebehavior corresponding to the case k = 0 and l = 0 in the Eqn.(4.20).Numerical SimulationsTo complete are studies, we have performed numerical simulation using the monte-carlo codeGEANT from the CERNLIB which is a popular simulation tool in the Particle Physics com-munity. This code has a scattering routine that uses the Moli�ere model. However if the parametersare so that the Moli�ere model is not applicable, GEANT will simulate a series of single Coulombscatterings. We have used this code to simulate each of the foils used in the previously describedexperiment.A Comparison between Experiment, Theory and SimulationWe summarize the results given by the experiment, the theory and the numerical simulation in�gure 4.7 where the di�erent curves show the e�ect of the foil thickness on the semi-angle containing70%, 95% of the beam. Clearly, the Keil model and the numerical simulation agree within 50% inthe worst case. However both of them are overestimations of the measurement by factor of 5 in theworst case. Therefore it seems we can use the numerical simulations or the Keil model to predict,with a safety margin, the fraction of the beam we may lose as the beam pass through a thin foil ofmaterial.4.3 The Possible Use of Carbon as TR radiatorWe have surveyed the commercially available very thin material that may be used as TR radiator.In table 4.3 we gather several material that could be used and can self support on a 10mm diameterholder, with the corresponding mean number of collision. The best candidates are beryllium andcarbon; they are equivalent but we prefer the latter because of the chemical toxicity of beryllium.Another advantage of carbon is its capability of withstanding very high current because of itsvery high melting temperature. Using the GEANT code we estimated the angular scattering
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Figure 4.7: Comparative results of experiment with Keil's semi-empirical theory and geant com-putation for thin aluminum foils.distribution for carbon. In �gure 4.8 we present the projected scattering angle (normalized to theenergy) containing 70%, 95% and 99.5% of the beam versus the mean number of collision for inthe case of relativistic electron traversing very thin foils. Using this plots and knowing the machinedynamics acceptance, we can compute the fraction of the beam we can lose as the foil is insertedinto the beam path.4.3.1 A non-interceptive TR beam pro�le monitorIn an attempt to check our previous estimations we have developed a prototype for measuringbeam pro�le. The experiment was performed in the CEBAF accelerator and located in one of thetransfer lines to one of the nuclear physics experimental end station.Experimental setupThe backward TR depends on the reection characteristics of the surface. There are several prob-lems that arise with very thin foils: surface inhomogeneity makes their coe�cient of reectionnonuniform, and it is also di�cult to stretch them enough to obtain a very at surface. These
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70 %Figure 4.8: geant computation for thin carbon foils.problems disappear with forward TR since it is emitted in cone centered on the beam axis regard-less of the angle or reection properties of the TR radiator. There are two additional advantages tothe forward over backward TR with a 45 deg foil: (i) the depth of �eld e�ect becomes negligible, (ii)a beam normally incident on the radiator has a shorter path in the material which in turn reducesthe scattering angle. Based on these considerations, we built a prototype that uses the forwardTR emitted from a 0:25�m thick carbon foil presented in �gure 4.9 (A). The foil is mounted on asupport which is U-shaped and open on the side crossing the beam path, so that it can be insertedwithout obliging the beam to be turned o�. A mirror collects part of the TR radiation. Withthe TR that is strongly directional in a 1= cone, we need to collect the light emitted at smallangles from the beam axis. We did this by locating the mirror on the same insertion mechanismas the foil. The mirror is 175mm downstream from the foil; this insertion mechanism brings itsedge 4mm close to the beam trajectory. The mirror sends the collected light to a charge coupleddevice (CDD) via two achromatic lenses. The lenses image the foil plane onto the CCD array witha magni�cation of 1=2 which yields a pixel size of approximately 20�m in the object plane.Experimental ResultsWe tested our prototype at the highest beam current deliverable in CW mode by the CEBAFaccelerator: 200�A at an energy of 3:2GeV (i.e. beam power of 640 kW). The carbon foil was not
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Horizontal axisFigure 4.9: Overview of the carbon foil based OTR experiment (Courtesy from S. Spata) (A) anda typical beam density measured with such device (B).damaged, as predicted by our thermal studies.On �gure 4.9 (B) we show typical measured beam density. The beam size (de�ne as the rmsvalue), obtained performing a nonlinear �t of the transverse pro�les with a Gaussian distribution,are 255�m and 130�m for respectively the horizontal and vertical directions. These values arecompatible with the one expected using the magnetic optics code DIMAD. We also compare theserms beam size with the one obtained using the wire scanner in close proximity and obtained thesame beam width within the uncertainty tolerance as shown in Table 4.3.1.To the best of our knowledge this is the �rst time TR was used to measured beam size of hundreds ofmicrons for an ultra relativistic beam ( ' 6300). This measurement is the proof of the nonvalidityof a common argument in the beam instrumentation community according to which TR cannotbe use to measure micron-sized beam pro�les for relativistic beams. The hypothetical limit inresolution that had been claimed was that for a given reduced energy  the minimum rms beam sizethat could be resolved by detecting TR at the wavelength � is of the order of the product �=(4�).In our case such criterion would set, at a wavelength of observation of 500�m, the smallest rmsbeam size we could observed to approximately 250�m rms, i.e. approximately 2 times larger thanthe smallest beam size we measured. Resolution issues concerning OTR have been discussed innumerous paper [33]. In brief, the aforementioned criterion concerning the minimum rms beam size�x we can resolve originates from the di�raction limit which states that the rms divergence �0 of asource and its extent � are bounded by the relation ��0 > �=(4�). In the case of TR, the commonmistake is to write �0 ' 1= which �nally yield to the relation �0 < �=(4�). Indeed, TR contraryto SR, is not collimated within a 1=-cone: for instance the TR emission associated with a 1 GeVelectron has only 30% of its total power contained within a cone of 10� 1= !In collaboration with the nuclear team of one of the experimental end station we investigated theimpact of the foil on the electron beam. The test was aimed to see whether the foil is \transparent"to the nuclear physics detectors. The detector used was the High Resolution Spectrometer (HRS),an electron spectrometer located in one of the hadronic experimental end stations of the CEBAF
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(A) (B)Figure 4.10: Comparison of the Missing mass spectra obtained using one of the experimental hallspectrometer with (A) and without (B) the beam being intercepted by the carbon foil (Courtesyof P. Gu�eye, Hampton University, VA USA).horizontal direction vertical directionwire scanner 0:204� 0:050mm 0:082� 0:050mmOTR-monitor 0:255� 0:060mm 0:130� 0:060mmSimulation 0:250mm 0:114mmTable 4.3: Comparison of the pro�le measurements with the wire scanner and OTR-monitor.accelerator. The experiment consisted of setting the angle and the dipoles of the spectrometer toobserve the recoil electron issued from the scattering of the electron beam on a hydrogen target.Namely we were observing the reaction e + p ! e0 + p0 in the elastic scattering. A criterionto determine whether the foil has signi�cant impact on the nuclear physics measurement was tolook at the missing mass spectrum. In this missing mass spectrum, we have a peak centered onthe proton mass (945MeV=c). Due to the �nite resolution of the detector, the emittance of theincoming electron beam that hits the target, this peaks as a nonzero width. One straightforwardexperiment with the carbon foil is to determine if the fact of inserting the carbon foil in thebeam path downstream the target yield an enlargement of the peak width. Hence two sets ofmeasurements were performed: In a �rst one we inserted the carbon TR radiator and acquireddata with the spectrometer while in a second set data were acquired without inserting the carbonfoil. Figure 4.10 shows the missing mass spectra in the two cases. In both cases, the rms width ofthe elastic peak was similar well within experimental noise. This measurement were performed at3GeV. Latter in collaboration with another experimental Hall, the similar experiment was iteratedat lower energy 800MeV yielding a similar conclusion. Therefore, at least at energy higher than800MeV, the prototype we built constitutes a noninvasive beam pro�le monitor.



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 664.3.2 Pro�le Monitor Con�guration in the FELExperimental SetupAlthough the carbon foil monitor is very useful as a noninterceptive device, we decided, for theshort term, to use as beam density monitor in the FEL driver, aluminum foils in the popular con-�guration as pictured in �gure 4.11. This choice is in part due to the di�culty to reliably mountvery thin carbon foil on large support. Also in the case of the FEL, the laser itself can serve todiagnose the beam quality in a continuous and non intrusive fashion.The system we use consists of 0:8�m thick aluminum foils mounted on a circular frames of 19mmdiameter that makes a 45 deg angle w.r.t. the beam direction. The foil can be remotely in-serted/withdrawn from the beam path by the means of an air cylinder actuator. In this con�gura-tion the backward transition radiation emitted at 90 deg with respect to the beam axis shines outof the vacuum chamber through a silica optical window. It is then collected by a planar mirror andsent to an optical system composed of a commercially available telephoto lens (optimized to reducechromatic and spherical optical aberration) and a high resolution CCD camera whose video outputsignal is digitized by a VME-based DATACUBE image processing board that can be externallytriggered. The system is set to image the foil plane on the CCD array detector with magni�cationof approximately 1=3. The choice of the magni�cation ratio is dictated by the need of achievingthe highest possible resolution with a reasonable �eld of view. The circular frame on which the foilis mounted determines the �eld of view: this 19mm diameter frame is used to accurately calibratethe image and thereby determine what is the conversion factor between the CCD array pixels andreal distances in the foil plane.To avoid damaging the aluminum foil, and since the beam dynamics is only dominated by sin-
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control systemBeam SyncFigure 4.11: Standard con�guration of the OTR-based pro�le monitor in the FEL-driver accelera-tor.gle bunch e�ect, i.e. the beam phase space density only depends on the charge per bunch andnot on the bunch repetition rate, the beam average current is decreased to approximately 0:5�A.There are four independent parameters that can inuence the beam average current: the chargeper bunch, the bunch repetition rate in a macropulse, the macropulse width and the macropulserepetition rate. Since only the charge per bunch a�ects the phase space and consequently the beam



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 67density pro�le, by acting on the other three parameters it is possible to reduce the beam currentwithout a�ecting on the phase space distribution. Naturally the fact we have to use a reducedbeam current during the measurement of the beam parameter impacts on the FEL operation andsubsequent experiments. Therefore such a measurement is invasive. As we have seen in Chapter 2,
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Figure 4.12: Raw data beam pro�le (top graph) and beam pro�le after processing (backgroundsubtracted, ghost pulse contribution removed,...).each macropulse contains bunches (whose charge can be arbitrary varied from 0 pC to 135 pC 6)at a repetition rate up to 74:85MHz. All the beam structure is generated by a master oscillatorwhich also synchronously generate a 5V rectangular pulse whose width and repetition rate are thereplica of the macropulse. Such signal called the \beam sync" is available from the control systemto trigger data acquisition systems.In the present case, we trigger the image processing board to grab only the video frame that con-tains the beam image. For such a purpose we use the following setup: the \beam sync" is delayedby 0:435ms before being sent to the \external trigger" input of the image processing board. Thedelay is set so that the digitizer is triggered at the next incoming pulse.The digitized data stream at the image board output consists of a 660�484 array matrix, I(x; y).Some primary operations on this data stream can be directly performed by the CPU of the imageprocessing board in real time [39]. Such operations include the calculation of:6In the results presented in this report the maximum charge used is approximately 60 pC



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 68� the beam centroid position de�ned as x0 = R xdxI(x; y)� the beam spot the rms width de�ned as � = R (x� x0)2I(x; y)dx� and the Hough transforms (i.e. projection) along horizontal and vertical axis (i.e. P (x) =R I(x; y)dy)Along with these implemented operations, some signal processing functions such as �ltering, back-ground subtraction, etc..., are available.During our preliminary measurements we have noticed that directly computing the variance of thebeam pro�le computed on the raw data matrix was yielding erroneous values for the rms beamsize. This was traced back to be due to the so-called \ghost pulse" e�ect: along with the mainmacropulse that contains a series of electron bunches, whose transverse density is the quantity ofinterest for our measurement, there are parasitic bunches called \ghost bunches" that consists ofphoto-electron emitted as the drive laser pulse if o�. These \ghost bunches" are indeed due to theinability to have a perfect extinction ratio of 0 between drive laser pulse that serve to create \real"bunches. Physically this is due to the electro-optics cell that are used to switch the laser pulse onand o� on the photocathode. Therefore we modi�ed our acquisition algorithm to take into accountthis e�ect by using the following steps during a measurement:1. reduce macropulse width to 100 ns to only detect \ghost" pulses,2. acquire the pixel matrix Mghost and store it in a memory bu�er,3. increase the macropulse to the appropriate width4. acquire the pixel matrix Mbeam+ghost and store it in the current bu�er5. mathematically perform the operation Mbeam =Mghost �Mbeam+ghost6. compute parameter using the matrix MbeamThe results of this operation is graphically shown in Figure 4.12. We have also veri�ed that thismethod yields reasonable results.In the above step 3, we need to clarify the meaning of \appropriate" macropulse duration: itdepends on the beam size, and it is experimentally determined by insuring the CCD array is stilloperated in its linear domain. Typically the power surface density, dP=dS, on the pixel array, scaleswith the transverse rms beam size image, �x and �y, and with the power of the emitted radiation,P , according to the relation: dPdS / P � 1�x�y (4.23)During our experiments, for each measurement station, the macropulse width was experimentallydetermined for typical beam size on each of the beam pro�le measurement station. It is then au-tomatically recalled when a measurement is performed. Also to accommodate potential operatingcondition changes we can use the scaling law of the latter equation to re-adjust the macropulsewidth dynamically.



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 69Resolution of beam size measurementIt is very important to have a precise knowledge of the systematic error on a beam size measurementsince we will have to include these errors and propagate them to �nd the error bar due to systematicerrors on the transverse emittance computation.There are principally two types of e�ects that enter in the resolution of this type of imaging devicessystem we use: optical resolution and electronic response. The former e�ect can be evaluated inour case since our system is optimized to minimize spherical and chromatic aberration, the opticaldegradation of resolution is essentially due to the depth of �eld e�ect that results because theplane we are imaging, the foil, makes a 45 deg angle with respect to the CCD array. The bestway to characterize the resolution of the whole system i.e. including optical and electronic transferfunction, is to image via this system a sharp edge [43]. For such a purpose a target image thatconsists of an sharp edge between an optically black and optically white region is positioned atTR radiator location. The derivative of the corresponding digitized image will provide informationon the impulse response of the system and its width can be used to quantify the resolution ofthe system. Typical resolution measured were at maximum 1:5 times the pixel size in the objectplane. For typical magni�cation we use, the pixel size in the object plane is about 40�m whichgives a typical rms resolution of 60�m well below the typical beam size measured (of the order ofapproximately 1 mm rms).4.4 Measurement of Emittance in the 38+ MeV Region4.4.1 General ConsiderationsThe method to measure emittance in the high energy region of the FEL is the usual envelope�tting technique. It assumes that the beam can be �rst order transport, that there is no couplingbetween the horizontal and vertical planes, and that the dispersion is negligible at the location ofthe measurement. If the latter assumptions are ful�lled then one can use transport formalism to�nd the relation between beam parameters at two di�erent locations in the beamline knowing thetransfer matrix between them R �(i) = R�(0)RT (4.24)Expanding the above matrix relation (recall � is the beam matrix) we can relate the RMS beamsize at the location i with the RMS divergence, beam size and beam correlation of the beam at thelocation 0. Hence varying the transfer matrix for a given set of initial values in 0, provides di�erentbeam size at the station location i. Therefore one can easily get a (generally over determined)system of N equations (corresponding to N di�erent transfer matrices) with only 3 unknowns. Suchsystem is traditionally inverted by the means of the least square method: Given the N squared-beam size measurements, one needs to �nd the set of parameter (�(0)11 , �(0)12 , �(0)22 ) that minimizesthe �2: �2 = NXi=1 h�(i)� (R211(i)�(0)11 +R212�(0)22 +R11R12�(0)12 )i2�(i)2 (4.25)



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 70where �i is the error on the ith beam size measurement.It is well known [40] that the value of �0 that minimized the �2 satis�es:0BBB@ PNi=1 R211(i)�(i)�2(i)PNi=1 2R11(i)R12(i)�(i)�2(i)PNi=1 R212(i)�(i)�2(i) 1CCCA = 0BBB@ PNi=1 R411(i)�2(i) PNi=1 2R311(i)R12(i)�2(i) PNi=1 R211(i)R212(i)�2(i)PNi=1 2R311(i)R12(i)�2(i) PNi=1 4R211(i)R212(i)�2(i) PNi=1 2R11(i)R312(i)�2(i)PNi=1 R211(i)R212(i)�2(i) PNi=1 2R11(i)R212(i)�2(i) PNi=1 R412(i)�2(i) 1CCCA0BB@ �(0)11�(0)12�(0)22 1CCAc, b = C�0 (4.26)The 3x3 matrix is named curvature matrix. The solution for �0 is obtained inverting the previousmatrices equation. It is worth (for software implementation) to note that the curvature matrix hasthe following form: C = 0B@ A 2B C2B 4C 2BC 2B E 1CA (4.27)which yields a very tractable form for its inverse, the error matrix:E = 1jCj 0B@ 4(CE �D2) �2(BE � CD) 4(BD � C2)�2(BE � CD) (AE � C2) �2(AD � BC)4(BD � C2) �2(AD � BC) 4(AC �B2) 1CA (4.28)where jCj denotes the determinant of C:jCj = 4(ACE �AD2 �B2E + 2BCD � C3) (4.29)The elements of the error matrix are the variance and covariance numbers on the computed �(0)matrix element namely: 8>>>>>>><>>>>>>>: ��11 = pE11��12 = pE22��22 = pE33��11;�12 = E12��11;�22 = E13��12;�22 = E23 (4.30)Using the standard error propagation theory [40] one can estimate the errors on the computedTwiss parameters at the location (0). Let � be the computed parameter i.e. the emittance or theTwiss parameters. Then the error on � is given by:(��)2 = � @�@�11�2 (��11)2 + � @�@�12�2 (��12)2 + � @�@�22�2 (��22)2 + (4.31)+2 @�@�11 @�@�12 (��11;�12)2 + 2 @�@�11 @�@�22 (��11;�22)2 + 2 @�@�12 @�@�22 (��12;�22)2The partial derivative in the error propagation formulae are given by:@~"@�11 = T2 , @~"@�12 = �T , @~"@�22 = �T2 , (4.32)@�T@�11 = 2� �TT2~" , @�T@�12 = ��T�T~" , @�T@�22 = �2T2~" ,@�T@�11 = ��TT2~" , @�T@�12 = �1 + �2T~" , @�T@�22 = ��T�T2~" . (4.33)



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 71Finally after a bit of algebra one can compute the uncertainties on the emittance, and the �T and�T parameters: (�~")2 = 1~"2 ��212(��12)2 + �2124 (��11)2 + �2114 (��22)2 (4.34)��12�11��22�11 + �11�222 ��11�22 � �12�22��11�12�(��)2 = 1~"6 ��212�211(��12)2 + ��11�122 � �212�2 (��11)2 + �4114 (��22)2 (4.35)+ ��212�211 � �311�112 � �212�2��22�11 + ��212�211�22 � 2�312�11���11�12 � �12�311��11�22�(��)2 = 1~"6 ��222�211(��12)2 + �212�2114 (��11)2 + �212�2224 (��22)2 (4.36)��12�11�212��12�11 + �212�11�222 ��11�22 � �12�211�222 ��11�12�Therefore by building the curvature matrix we can get an estimate of the uncertainties on thecomputed elements of the �-matrix and then propagate these uncertainties on the estimated valuesfor the emittance and Twiss parameters. Lastly the value of �(i), the error on beam size measure-ment, is taken to be equal to the measured resolution of the beam pro�le measurement system i.e.�(i) = 60�m :4.4.2 The quadrupole scan methodOne way of varying the transfer matrix between a reference point and the measurement is to changethe strength of a quadrupole and observe the variation of beam size on an OTR screen upstream.Although this method is generally easy to implement special care must be taken:� the maximum beam spot size in both direction must be smaller that the dimension of theOTR screen� the minimum beam size should be chosen to be large with respect to the resolution of thebeam size measurement and large enough not to produce any saturation on the CCD camerathat is used to measure the beam size.One question that arises is how to set the optics downstream the quadrupole that is being varied toget the wanted beam size variation on the pro�le monitor? Such problem has been studied in thecase where the quadrupole and the pro�le monitor are separated by a drift (see reference [34]). Ina more general case where the transfer matrix between the quadrupole exit and the pro�le monitoris R, we can derive a similar criterion on the lattice functions at the pro�le monitor location: the�x;y and �x;y Twiss parameters at the entrance of the quadrupole being varied should be relatedby: �x = �R11R12�x (4.37)�y = �R33R34�y



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 72The �x;y in the previous relation are the minimum �-function one wishes to achieve at the pro�lemonitor station. The choice of the minimum �-function has two implications.Let's assume the thin lens approximation to be valid7 . Then the transfer matrix between theentrance of the quadrupole and the pro�le monitor is:R =  R11 R12R21 R22 ! 1 0�1=f 1 ! (4.38)Hence the betatron function at the OTR location can be expressed as a function of the initialbetatron function at the quadrupole entrance (for instance in the horizontal plane):�x(k) = R212f2 �x;0 + R212�x;0 (4.39)where we have use the fact that �x;0 = �x;0=L when one has taken care of setting the upstreamoptics to satisfy the relation derived previously in Eqn.(4.37).Introducing the focal length (1=f = k1l) and recalling that R12=�x;0 = �x(k = 0) yields:�x(k) = �x(0) + R412k21l2�x(0) (4.40)whose derivative with respect to the quadrupole strength k1 is:d�x(k)dk = 2R212k21l2�x(0) (4.41)with the same kind of relation in the vertical plane (replacing x index by y and R12 by R34). Thelatter equation shows that the choice of �x;0, which we have suggested earlier to be as large aspossible to reduce the error on the beam size measurement, directly a�ects the slope of the beamsize variation on the pro�le monitor: a too large �x;0 will give a \at looking" variation. Thereforethere is an optimum beam value for �x;0; this optimum should be determined via an iterativeprocess using numerical simulations.4.4.3 The multi-monitor methodAnother way of varying the transfer matrix between the reference point where one wishes to computethe beam parameters and the beam pro�le measurement station is to measure the beam pro�le atdi�erent position along the beamline which are separated by non-dispersive optics. This methodrequires at least three monitors but one should use more of them for redundancy. An advantageof this measurement is that no element has to be varied. However to get a precise measurement adedicated optical lattice setting generally need to be elaborated.Let analyze quantitatively the method. The beam size on a pro�le station k and l are related tothe Twiss parameters at the reference point by Eqns.(4.24). Indeed, we need to make sure thatthese two equations are not redundant, namely that:j R211;k R212;kR211;l R212;l j6= 0, j R211;k �2R11;kR12;kR211;l �2R11;lR12;l j6= 0,and j �2R11;kR12;k R212;k�2R11;lR12;l R212;l j6= 0 (4.42)7This is a false statement if we consider the whole range of the magnetic strength for the quadrupoles (�20 < k1 <20) but it provides easier analytical results and does not change signi�cantly the physics of the present discussion.The treatment of the full problem including the thick lens transfer matrix is done via numerical modeling.



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 73These three determinants yield the same equation (assuming the R11 and R12 to be di�erent fromzero): R11;kR12;l �R12;kR11;i 6= 0 (4.43)which implies, using the general formulation of a beam transfer matrix in term of betatron phaseadvance �� between k and l: sin(��) 6= 0 (4.44)Hence in order the latter equation to be veri�ed, one must take care to set the optical lattice sothat the betatron phase between the viewers being used in the measurement is di�erent from n�(with n 2 N).Another care that has to be taken is to make sure that at the pro�le measurement station the beamis not at a waist; this will enlarge the error bars on the measurement (one should make the beamas large as possible compared to the error on the beam size measurement).4.4.4 Simulation of Emittance Measurement in the IRFELAfter the decompressor chicane, the beam line consists of a quadrupole triplet and is instrumentedwith two OTR viewers. For the simulation of the emittance measurement using the quadrupolescan method, we use the OTR monitor located in the dump beamline 3.43 m downstream the exit ofthe last quadrupole of this triplet quadrupole. Therefore in this case we have investigated whetherthis quadrupole could be use to vary the transfer matrix while observing beam size variation onthe pro�le monitor. To perform such measurement optimally we need to set the upstream optics tomake sure we can have a \right" beam size variation over the quadrupole excitation range. Typicallywe use the magnetic optics code dimad to �t the upstream quadrupoles to satisfy Eqn.(4.37) atthe OTR location (such optimization will be discussed in more detail in Chapter 5). After havingproperly tuned these upstream quadrupoles, we have numerically studied the variation of beamsize for two di�erent minimum �-functions at the location of the OTR viewer. A typical beamsize variation is presented in �gure 4.13. The deduced uncertainties on the emittance for these twodi�erent values of the minimum betatron function versus the errors on beam size measurement isplotted in Figure 4.14. From this �gure one can obviously notice that the choice of the largestminimum betatron value at the OTR location minimizes the error bars on the deduced emittance(and on the other deduced Twiss parameters). It is seen that 6 m is a reasonable number for whichthe systematic errors achieved on emittance measurement can be well within the desired 10% level.To fully simulate the whole measurement and benchmark our data analysis algorithm, we propagateusing the dimad code the expected parameter at the linac exit (as computed with parmela) up tothe entrance of the varying quadrupole (i.e. last quadrupole of the triplet aforementioned). Thenwe simulate the measurement: we vary the quadrupole strength and for each setting propagate theparameters up to the location of the OTR monitor where we compute and record the beam size.In table 4.4 we compare the results obtained on the computed beam parameters at the quadrupoleentrance face with the dimad initial parameters: the results are in excellent agreement. We alsocompare the error bars obtained with our error analysis with the error bars statistically computedon a set of 200 simulations of the measurement in which the beam size is randomly generated alonga normal density centered on the beam size computed with the optics code with a variance equal tothe rms resolution (60�m). The conclusion is that the error propagation agrees with the variances



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 74obtained via the statistical analysis. The uctuation from measurement to measurement using theMonte Carlo technique is presented in �gure 4.15.When the undulator magnet is installed onto the beamline, the two �rst triplet are use to matchParameter DIMAD Error Propagation Monte-Carlo Simulation~"x (mm-mrad) 0.17000 0:16993� 0:00479 0:16990� 0:00431�x (m) 5.56 5:56� 0:18 5:56� 0:17�x 1.39 1:39� 0:05 1:39� 0:04~"y (mm-mrad) 0.14960 0:14964� 0:00449 0:14969� 0:00441�y (m) 5.56 5:56� 0:19 5:56� 0:19�y 1.39 1:39� 0:05 1:39� 0:05Table 4.4: Simulation of the emittance measurement using the quadrupole scan method prior tothe �rst recirculation arc. The parameters presented are all at the entrance face of the quadrupolebeing used during the measurement.the lattice function at the middle of the wiggler in such a way to obtain a waist at the undulatorcenter with a value for betatron function of approximately 0.5 meters (depending on the beamenergy and the wiggler parameter) in both planes. Such matching is realized by the mean of thetwo upstream quadrupole triplets that can adjust the four beam parameters (�x, �x and �y , �y)while keeping the beam envelope within the machine aperture. After the wiggler two other tripletsare use to match the beam to the recirculation transport. We have implemented an optics to tryto measure emittance in this region: unfortunately we found di�cult in simulation to achieve largebetatron function on the viewer used in the undulator chamber. This point is illustrated in thetable below where, as before, we validate the error propagation for the multi-monitor technique:the error bars are much larger than those generally obtained with quadrupole scan technique.Parameter DIMAD Error Propagation Monte-Carlo Simulation~"x (mm-mrad) 0.17000 0:17005� 0:01233 0:16753� 0:01268�x (m) 5.48 5:48� 0:46 5:58� 0:53�x 1.25 1:25� 0:19 1:27� 0:20~"y (mm-mrad) 0.14960 0:14660� 0:01186 0:14726� 0:01214�y (m) 3.09 3:08� 0:30 3:17� 0:31�y -0.13 �0:13� 0:13 �0:15� 0:14Table 4.5: Simulation of emittance measurement using the multi-monitor method in the undulatorregion. The parameters presented are all at the exit face of last dipole of the decompressor chicane.4.4.5 E�ect of spurious Dispersion on Emittance MeasurementUp to now we have assumed the beam pro�le measurement, for the subsequent estimation oftransverse emittance, is performed in a dispersion free region. Practically this assumption is nota fortiori true: especially after large bending systems such as the recirculation arcs (when set tooperate in achromatic mode) in the IRFEL. In such a system because of potential misalignmentof magnetic elements, the dispersion may not exactly vanish after the arcs. Hence it is very
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Figure 4.13: Comparison of beam spot size variation versus quadrupole strength for two di�erentsetting of the upstream optics to achieve two di�erent minimum betatron value, 3 and 6 m.important to assess what are the tolerance on the value of this \spurious" dispersion to have aninsigni�cant impact on the transverse measurement performed with beam pro�le monitor locatedin these regions. Then prior to measuring emittance, the dispersion should be measured andeventually corrected so that spurious dispersion is within the tolerated value. To establish suchcriterion, we write the beam rms spot size as �x = p�~" � (1 + �2) where � is a dimensionlessconstant (�2(�E=E)2)=(�~") (�E is the rms energy spread). We simulate the beam size at a givenbeam pro�le measurement station by using a magnetic optics code and superimpose the e�ects ofspurious dispersion for di�erent values of �, and then compute the emittance. In �gure 4.16 wepresent the relative emittance increase due to the dimensionless spurious dispersion �. From this�gure, we �nd that in order for the spurious dispersion to have insigni�cant e�ect on the emittancemeasurement, say induce less than 1% emittance growth, we should insure that � < 1=100. Thisgive an upper limit on the spurious dispersion � < 1=p(100)p�~"=(�E=E), in the most criticalcase, i.e. assuming an energy spread of �E '0.5% and a betatron beam spot of 1 mm, it gives thecondition on the dispersion: � < 6 cm.4.4.6 Experimental MethodIn the early stage of the IRFEL commissioning we attempted both quadrupole scan and multi-monitor methods to measure the emittance. The latter was somehow di�cult to implement es-pecially in the undulator region where we experimentally �nd it di�cult to achieve the proper
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quadscan with min=3m -x directionFigure 4.14: Relative error on computed emittance for the two cases presented in �gure 4.13 versusthe relative error on beam size measurement.betatron function variation. Because we �nd we could not reliably set the accelerator optical lat-tice to achieve desired betatron function variation for optimizing the error bars on the multi-monitormeasurements and since we desired to have the same method to measure emittance everywhere inthe accelerator, we decided to only use the quadrupole scan technique. We totally automatedthe emittance measurement by coding the measurement procedure [35], data acquisition and dataanalysis in a C program with a Tcl/Tk user interface. From this program the user de�ne thequadrupole and viewer she/he desires to use for the measurement and few other parameters. Theprogram then automatically scan the quadrupole strength. For each quadrupole setting, the beamsize on the OTR pro�le monitor, the transfer matrix between the quadrupole entrance and thepro�le measurement station are computed and stored in a �le. Once the program has completedthe quadrupole scan, it computes the emittance using the algorithm detailed above. This programcan also be used to propagate the beam parameters along the accelerator and observe the beamenvelope, useful information e.g. to quantify lattice mismatch.The program can be divided into three parts: (1) a user interface from which the user enters pa-rameters and read results of data analysis, (2) a machine model, Artemis8, that is automaticallyupdated to reect the current accelerator settings (magnet strength, cavity gradient,...); and (3)a control toolbox that contains a series of epics-protocol sequences used to control the machinesubsystems (i.e. vary quadrupoles, insert transition radiation screen into the beam path,...).A typical emittance measurement, performed in the backleg transport line for a charge per bunchof 40 pC, using the quadrupole scan method is presented in �gure 4.17. It shows the variation of8the on-line Model Server Artemis was implemented in the FEL by Sue Witherspoon and Bruce Bowling
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α (no units)Figure 4.15: Monte-Carlo simulation of 200 emittance measurements. The plots (from top) are theun-normalized rms emittance, the �-function, the � parameter.beam spot size versus the quadrupole excitation.4.5 Measurement of Emittance in the Injection Transfer LineThe envelope �tting technique exposed in the previous section relies on the validity of single par-ticle dynamics. In the Injection transfer line, the beam energy is approximately 10MeV in thisregime, the space charge collective force (i.e. Coulombian repulsion between electron in the bunch)are signi�cant for a 60 pC charge per bunch. Therefore, the beam envelope cannot be propagatedusing the single particle formalism based on transfer matrix. In the case where space charge forcesare signi�cant the beam envelope must be described with a di�erential equation: the Sacherer rmsenvelope equation [37]. Propagation of the beam through a magnetic element then requires theintegration of this equation; generally speaking this integration has to be performed using numer-ical methods but in some case one can use perturbative theory to �nd good approximation of theenvelope. In any case the envelope �tting are di�cult for characterizing, e.g. measuring emittance,of such space-charge-dominated beam. An alternative method is based on the so called phase spacesampling techniques [36]. This latter type of measurement can also be used to directly measure thetrace-space density.The technique consists of intercepting the space-charge-dominated beam by a series of aper-tures 4.18. The beamlet generated by each aperture retains the transverse temperature of thebeam. It is drifted through a free space up to a beam pro�le monitor. The drift length is chosen so
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Figure 4.16: Relative emittance error versus dimensionless spurious dispersion contribution to beamsize �.that the transverse momentum imparts a signi�cant contribution to the transverse pro�le. Hencethe measure of the beamlet pro�les on the uncorrelated transverse momentum spread.The di�erences among the various apparatus based on this interceptive technique is the shapeof the selecting aperture (hole, slits or matrix of aperture), and the kind of pro�le monitor useddownstream to analyze the beamlets (wire-scanner, uorescent viewer, optical transition radiationscreen).In the present case, the selecting aperture we chose is composed of parallel slits [38] that samplesthe beam in the direction we wish to perform the measurement. This choice was essentially doneto perform very fast measurement with a simple and robust data reduction algorithm.Mathematically, the e�ect of the slits can be seen as a sampling: If before the slits the density inthe spatial plane (x; y) is R R �4(x; x0; y; y0)dx0dy0, where �4(x; x0; y; y0) is the four dimensional tracespace density, then the projection in the x-x0-plane after the slits is:i=nXi=1 Z xi+w=2xi�w=2 dx�2(x; x0) ' i=nXi=1 w�2(xi; x0) (4.45)where n is the number of slits.If the projection is observed after a drift of length L, the multi-beamlet pro�le is:�(�) = i=nXi=1 w�2(xi; �=L) (4.46)where � is the horizontal coordinate in the beamlet observation plane. It is instructive to considerthe simple case of a normal distribution in the trace-space:�2(x; x0) = 1p2�N exp "�Tx2 + 2�Txx0 + �Tx022~"2 # (4.47)
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βy=1.44 mFigure 4.17: An example of transverse emittance measurement in the high energy region of theIRFEL using quadrupole scan method. The two plots present variation of the horizontal (top)and vertical (bottom) rms beam size versus the excitation of the quadrupole. The dashed linesare obtained with the least square �t technique. The reported number are the beam parametersdeduced from the �t. The charge per bunch was approximately set to 40 pC.where N is the number of particles in the beam. For such a distribution, the projection writes:�(�) = Nw2� i=nXi=1 exp24� 4�22L2~"  22�xi + �!235 exp �� 1~"L2�2� (4.48)Hence each beamlet width yields a measure of the width of the transverse divergence at the cor-responding slit (i.e. uncorrelated divergence), whereas the beamlets centroids give information onthe slope of the transverse phase space (i.e. the correlated divergence distribution).As we underlined previously, one advantage of such device is to be able to measure the emittance ofa space-charge-dominated beam. In fact, in the Eqn.(4.46) the replacement of the divergence x0 by�=L is permitted provided the beamlets can be �rst-order transported. Otherwise the divergenceshould include the angular spread 	SC induced by space-charge force:� = Lx0 + Z dsd	SCds (s) (4.49)If the incoming beam on the multislit mask is emittance-dominated, 	SC will be insigni�cant withrespect to x0. However, in the case of a space-charge-dominated incoming beam, the slits widthshould be optimize so that the beamlets become emittance-dominated.A criterion to determinate the needed slit width can be derived by introducing the Debye length�D, a fundamental parameter in Plasma Physics that can also be by applied to Beam Physics:
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Tele-photo lensFigure 4.18: Overview of the phase space sampling technique. An incoming A multislit maskintercepts the incoming space-charge-dominated beam. The beamlets issued from the slits areemittance-dominated.qualitatively, this length characterize the region centered around a test particle in which the po-tential introduced by this test particle is screened due to reorganization of the neighbor charges.For an electron beam, �D writes �D = s�0kBTbe2n (4.50)where  is the Lorenz factor, kB the Boltzman constant, Tb the beam temperature, measured in thebeam reference frame, n the particle density and �0 is the dielectric constant of vacuum. Dependingon the magnitude of �D versus the inter-distance particles within the beam linter and the beamsize �, there are two main regimes:� If �D > � the Debye screening will be ine�ective and single particle dynamics will dominate� In the case �D < � the collective e�ect due to self-�eld play an important role. Dependingon the Debye length compared to the inter-particles distance: If �D > linter, smooth functionfor the charge and the self-�eld may be used; If �D ' linter then a particle is more sensibleto its nearest neighbors than to the collective �eld of the beam distribution as a whole.Therefore transverse space-charge contribution is insigni�cant if �D >> �eq, �eq being the equiv-alent beam radius (�eq = [�x�y ]1=2). For the simple case of a K-V distribution the transversetemperature is given by [41]: kBTb = 8mc2~"2n�2eq (4.51)Where ~"n denotes the normalized emittance.Introducing the Alfv�en current IA = 4��0mc3e , the peak current Ip = Ne�c�z (with �z being the bunch



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 81length and N the number of particles within a bunch N ' n�2eq�z) yields for the expression of theDebye length: �2D = 2�~"2n� IAIP (4.52)Hence a measure of the degree of self-�eld dominance over single particle dynamics is deduced fromthe ratio R = �2eq=�2D: R ' I2IA � �2(�)(~"2n) (4.53)where � is the beam size (assumed to be round).Collimating the beam with a slit will scale R by �, de�ned as the ratio of the slit rms-width (�=p12)to the rms-beam size �: � �! ��I �! �2I" �! �" (4.54)Therefore, in the case of a round beam, and under the assumption � << 1 the space charge toemittance ratio follow the scaling law: R �! �2R (4.55)Hence with an estimate of the beam size at the location of the slits, it is straightforward to choosethe slits width to minimize the space charge contribution to the beam envelope.4.5.1 Design of the slits assemblyOverviewThe �nal design of the multislit assembly has two sets of thirteen slits that allow x and y transverse-emittance measurement. When the slits are removed from the beam path, a radio-frequency shield-ing insures beam-pipe continuity to minimize the wake�eld impedance, an important parameterfor such high charge (up to 135 pC) ultra-short (< 8 ps) bunch in the injection line. The slits havebeen machined with a numeric command milling machine, after unsuccessful attempt on traditionalmilling machine.Choice of the geometrical parametersTo determine the characteristic parameters for the slit, namely the slits width w, the slits spacingd, and the distance L between the slits assembly and the screen, we writes the three followingconditions:



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 82� The Reduction of the Space Charge condition:This condition is directly deduced from ratio of space charge term and emittance contributionin the K-V equations exposed previously in this note. If u is the considered direction (u=xor y), the ratio R0u after the slits writes:R0u = Ru � � dp12�u�3� The non overlapping condition:The observed pattern in the screen, as we already show, consists in peaks associated to eachslits. We must insure in choosing the drift length L and � that the peaks do not overlap, i.e.:4�uL < d� The resolution condition:To optimize resolution on the emittance, we must have the same resolution on the spatialaxis and on the angular axis. Introducing the transverse resolution of the detector R (whichis assumed to be the same in x and y direction), we must satisfy:�d = L�0RThis relationship can simplify if we are at a beam waist to:d = � � RLFor a design normalized emittance of about 8 mm-mrad at 135 pC, we determined from the previousset of conditions, the geometric parameters of the multislits should be approximately:w ' 50�md ' 1mmL ' 55 cmIn fact due to mechanical constraint L = was set to 620mm . Also we wish to measure the emittanceover a dynamic range going from approximately 3 mm-mrad up to 20 mm-mrad. For this reasonwe optimized the slits' geometric parameters with the parmela code. Using this code we retraced3000 macroparticles through the whole injector for di�erent set of parameters (w , d, L). From theso generated trace-space at the multislit mask, we generated via a monte-carlo method over 100000particles and use linear transfer matrix to retrace each of them up to the transition radiation viewer(such large number of particle was needed since the transmission of the multislit mask is only ofthe order of 5%). A typical simulated OTR-image is shown in Figure 4.19. We used this particledistribution in the x-y plane to try to reconstruct the phase space and calculate the transverseemittance using an algorithm that will be detailed later. We gather for the di�erent set we studied,the measured emittance in Table 4.6. From these simulations we retained as design parameters forthe apparatus w=75�m and d=1:5mm; for these speci�c parameters we have simulated the erroron the computed parameters and insured the emittance and Twiss parameters can be computedwithin 15% accuracy (assuming 5 beamlets can be generated). We also compare the reconstructedphase-space obtained after simulating the measurement, with the initial phase-space generated withparmela in �gure 4.20. This reconstructed phase-space iso-contour represents with accuracy themacroparticle phase-space distribution of parmela.



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 83~"n w=100�m w=100�m w=75�m w=50�m(mm-mrad) d=2mm d=1:5mm d=1:5mm d=1:0mm3.4354 19.56 14.93 13.27 9.666.8709 3.12 20.38 18.26 10.1720.6127 9.91 7.96 5.79 41.24Table 4.6: Typical error in percent on the computed emittance for di�erent set of parameters (d,w)and for various emittance.4.5.2 Mechanical ConsiderationsIn order to avoid using any cooling system, we have opted to make the slits out of copper and havea thermal bridge that quickly dissipates the heat toward the exterior of the vacuum chamber. Inorder to reduce the deposited power below the damage threshold of 3W we will use a low dutyfactor beam mode for emittance measurement, which is possible since the physics of our beam isonly dominated by single-bunch e�ects (bunch spacing is 8:02m). The multislit mask thickness is acompromise between noise and angular acceptance: if the mask is not thick enough, electrons thatgo through copper can contribute to the OTR pattern. On the other hand, increasing the thicknesswould imply more stringent tolerance on the slit alignment with respect to the beam axis.For 10MeV electron ( ' 20), the main process of interaction with matter is ionization, brem-sthralung being the second main process. In the case we only consider the ionization process wecan have an estimate of the stopping power knowing the dEdx :Ls = EdE=dx (4.56)E is the incident kinetic energy in MeV, dE=dx for copper is about 12:5MeV=cm yielding a stoppingpower of about 8mm. Practically we do not need a such thick support because (i) of the energylosses due to bremsthralung production and (ii) the multiple-Coulomb scattering of the electron onthe copper nuclei. The latter phenomenon spread the beam angular divergence, it can be quantifyusing the Moli�ere theory: according to this model, the scattering distribution can be approximatewith a normal curve whose standard deviation is given by [42]:�0 = 13:6�cps XX0 �1 + 0:038 ln XX0� (4.57)X is the material thickness, X0 its radiation length (1:43mm for copper), and p is the momentum inMeV/c of the incident electrons. A thickness of 5mm was chosen; this implies �0 ' 800mrad thisnumber is much larger than the angular acceptance of the viewer ( � = 15620 '24mrad). Thereforethe electron passing through the copper plate will only contribute in the beamlet analysis plane asa uniform background.On the other hand, setting the thickness to 5mm yields an angular alignment tolerance of ap-proximately 1:7mrad. For this incidence angle, only 10% of the electrons are lost because of edgescattering (see Fig. 4.21). Alignment of the multislit mask within this tolerance can be done easily,furthermore, using downstream magnetic steerers it is also possible to adjust the electron beamincidence angle to correct for eventual misalignment.
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Figure 4.19: Simulated multi-beamlets pattern on the optical transition radiation radiator4.5.3 Emittance Calculation & Trace-Space ReconstructionFrom the OTR image of the multi-beamlet pattern, a projection is generated. This projectionconsists, as we have previously discussed, in a suite of peaks. Each peak is automatically identi�edusing a \recognition algorithm" [39].From the projection, the beam average position hxBi can be calculated and used as the referencefor x-axis. The beamlets are then referenced to a slit and thereby to a position (with respect to thebeam average position) accordingly to:xi = w � i� hxBi (4.58)where i is an index that can be positive or negative and identify the slits and w is, as previously,the slits width.Measuring the average position of each beamlet also give information on the correlated spreadin the divergence which in turn give information on the �-Twiss parameter. Form the beamletdistribution wi;j we can deduced the beam divergence distribution x0j at the speci�c position xiusing the relation: x0j = �j � xiL � hx0Bi (4.59)
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Figure 4.20: Comparison of the expected phase-space, generated via particle retracing ( each greydots represent a macroparticle), with the retrieved phase-space (represented with back line iso-contours) using the simulated beam pattern on the optical transition radiation presented �gure 4.19where hx0Bi is the average divergence of the beam computed from the beamlet: x0B = PiPj wi;jx0jPiPj wi;j .From all the previous calculations it is then straightforward to compute the emittance and Twissparameters: hx2i ' Pi x2i Pj wi;jPiPj wi;jhx02i = PiPj x02j wi;jPiPj wi;jhxx0i ' Pi xiPj x0jwi;jPiPj wi;j (4.60)As we already pointed out it is also interesting to have access to the trace-space distribution. Thetrace-space distribution iso-contour can be deduced from the beamlet pro�le since this latter corre-sponds to sample of the distribution in position (�2(xi; x0)). Unfortunately under normal operationthe number of sample in position does not exceed 5 and therefore some �ne detail on the distribu-tion could be missed. Indeed it is possible to move the beam on the multislit mask by means ofupstream magnetic steerers, and for each setting of this magnet record the beamlets' projection. Insuch a case it is possible to �ll the trace-space completely; of course this rely on a perfect stability
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Figure 4.21: Fraction of incident electron that scatters on the slits edge versus the beam incidentangle with respect to the normal axis of the multislit mask. The depth of the slits is 5mm. Amisalignment of the mask of 1:2mrad compare to the beam axis yields approximately the interactionof 10% of the incident electron with the material.of the electron beam.The acquired data, in our case a projection that contains the beamlet pro�les, is digitized bythe frame grabber and then transferred to an IOC on which VxWorks routines have been imple-mented [39]. After identifying each beamlet pro�le and the slit it comes from, the code computesthe emittance and Twiss parameters. The results can then be accessed from any X-station viathe EPICS channel-access protocol. We developed X-window based screens that display emittance,Twiss-parameters and possibly phase-space isocontours. The achieved speeds are, respectively,about 1 and 2 sec for updating parameters and plot refresh, a speed that allows observing thephase space parameters in real time while tuning the injector. Storing raw data and projections isalso possible at each stage of the process for more detailed o�-line analysis, e.g. using (time andCPU consuming) powerful image processing tools.



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 87~" �~"=~" (%) ��=� (%) ��=� (%)0.2040 19.9 19.9 20.90.3956 9.9 9.9 10.41.1597 2.5 2.6 2.6Table 4.7: Typical systematic error on emittance and Twiss-parameters for the nominal emittancevalue and two extreme cases.4.5.4 Error AnalysisError PropagationThe error propagation is quite tedious to perform analytically since direct calculations requirea lot of approximation and assumptions, especially since the trace-space distribution does not apriori follow any kind of analytical function. For these reasons we perform this error propagationnumerically. Following previous derivation [45], it is straightforward to compute the systematicerror on the rms-emittance as a function of the second-order moments:(�~")2 = 1~"2 � 0@hxx0i2 ��hxx0i�2 +  hx02i24 !2 ��hx0i�2 hx2i24 !2 (�hxi)21A (4.61)The error on the hxx0i is given by:(�hxx0i)2 = Pi hPj w2i;jx2i (�hx0i)2 +Pj w2i;jhx0i2i (�x)2iPiPj wi;j (4.62)Where the uncertainty on the average the divergence is simply �hx0i ' �x0. The error on hx2i is:�hx2i = Pi h2Pj wi;j�(x0j)i2PiPj wi;j (4.63)Similarly, the error on hx02i writes:�hx02i = Pj hPi 2wi;j�x0ji2PiPj wi;j (4.64)Where the error on the divergence is estimated to �x0 = 1Lq�2 + D2(�L)2L2 where �, the resolutionof the OTR monitor ('60�m), has been added in quadrature. The uncertainty on the drift length�L, is approximately 5mm. All the previous formulae have been gathered in a program that allowsto compute errors on di�erent sets of data. Typical uncertainties associated with the emittance andTwiss parameters are presented on Table 4.7 for the nominal expected emittance and two extremecases; as expected, this error increases as the emittance value decreases.Other Source of ErrorsAs mentioned in reference [44], the slits (directed along y axis) will reduce the x-transverse space-charge �eld. this e�ect is due to the fact that when an electron bunch get very close to the slits



CHAPTER 4. TRANSVERSE PHASE SPACE CHARACTERIZATION 88(say one bunch length), the transverse self �eld is short-circuited. This e�ect is considered to beinsigni�cant in our experiment.Another source of error is the e�ect of non-zero space-charge force in the beamlets. Such e�ect hasbeen studied numerically for the maximum charge per bunch (135 pC) and was observed to enlargethe beamlets width on the OTR-monitor by approximately 12�m (4-�). This enlargement is lessthan the resolution of the monitor and therefore is neglected.4.5.5 First Experiment in the Injector Test StandWe chose to commission the multislit assembly in the injector test stand (ITS) of Je�erson Labsince this o�-line facility was instrumented with another emittance measurement system that wecould use to compare the results obtained with the multislit mask. The con�guration consists in aphotocathode gun, a solenoid, and a diagnostic beamline than incorporates a transverse emittancemeasurement based on the one-slit and wire-scanner method [14]. The gun energy can be vary upto 500 keV and the maximum available charge can be set to approximately 135 pC. Since the maskacceptance is ranging from 0:6mm-mrad to 1:1mm-mrad (unormalized rms emittance) we had tolower the charge per bunch accordingly to parmela numerical simulations to achieve an adequateemittance; initially the charge was vary from 5 pC up to 10 pC to perform our test. The gun energywas arbitrary set to 250 keV.Preliminary test and cross check with the monoslit methodAs mentioned above, the injector test stand is equipped with one-slit and wire-scanner apparatusto perform very accurate emittance measurement for a wide range of charge. The technique is, asthe multislits, based on phase space sampling method: a movable slit selects a position and thegenerated emittance-dominated beamlet is analyzed downstream by the mean of a wire scannerpro�le monitor. The advantage of this \one slit and collector" technique is its ability to resolve thephase space distribution for a wide dynamical range in emittance by adjusting the slits positionssteps. Such system has been successfully used to fully characterize the emittance of the beamproduced out of the photoemission gun. Unfortunately this method is time consuming: the timerequired to perform one emittance measurement is typically 45mins and therefore rely on theassumption of perfect beam stability over this time. During our tests we �nd the beam not sostable over this large time.For a �rst test, we set the charge to 10 pC and acted on the solenoid strength (the only parameteron which we can play on-line) to try to illuminate with the electron beam as many slits as wecould. Unfortunately because of technical problem we were only able to illuminate up to four slits.A typical beamlets pro�le obtained performing our tests is presented in �gure 4.22 along with atypical reconstruction of trace-space whose iso-contour density plot is pictured in �gure 4.23.The table 4.8 presents the results of our cross check between the two methods. Both techniqueagrees at the 15 percent level.
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Figure 4.22: An example of 2D beam distribution on the analyzer screen downstream the multislitmask. The projection onto the x-axis is also displayed.~"x (mm-mrad) ~"x (mm-mrad) Di�erence (%)multi slit method one-slit-one harp method0.5594 0.4859 150.5607 0.5070 110.4669 0.5071 8Table 4.8: Comparison of the rms transverse emittance measurement performed with the multislitsand the one-slit and one-harp techniques.Measurement of Emittance in the Injector Test StandWe then varied the solenoid strength from 237:5G up to 307:5G to see how was evolving theemittance value for di�erent settings of the �rst solenoid. The emittance presents a gap at valuesaround 280G (see Fig. 4.24) as observed in numerical simulation. The �-function presents asexpected a minimum corresponding to the beam waist. Charge was varied using the laser attenuatorand the bunch charge was measured using a beam dumped equipped with a Faraday cup. As it canbe seen in �gure 4.25 below, the emittance was found to be dependent on the macropulse width. Infact this was due to problem with the optical switch of the photocathode laser yielding a light leakcreating low emittance \ghost pulses": extinction ratio (ratio between the intensity of the light atthe output of the switch when it is close or open) was not optimized and then even when closed,the number of photon was still high enough to produced unwanted electrons (see our comment inChapter 1). The number of produced electrons depends on the selected width for the macropulse.
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Figure 4.23: An example of reconstructed phase space iso-contour density.4.6 SummaryIn this chapter we have presented the techniques we have developed to perform emittance measure-ment in the injector transfer line, a region where the beam is still in the space charge regime, and inthe 38+ MeV linac and recirculation region. We have shown that under the expected experimentalcondition both measurement could be performed with systematic error of the order of 10%.
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Figure 4.25: Emittance as a function of the charge per bunch for two di�erent macropulse width(10�sec and 50�sec).



Chapter 5Longitudinal Phase SpaceCharacterization5.1 IntroductionAs mentioned earlier, in Chapter 2, the FEL gain strongly depends on the bunch length andenergy spread achieved in the vicinity of the undulator magnet. Hence it is of prime importance toproperly instrument the driver-accelerator in order to measure these quantities at critical point ofthe bunching stage.The bunching process, along the beam transport, is controlled by several elements: a warm bunchercavity, SRF-cavities located in the injector and in the main linac, and the injection and by-passchicanes. In order to make sure the bunching process is performing adequately, it is worthwhile tohave many longitudinal diagnostics that can provide information on how the bunching is performing.Also they can be useful to identify at which stage the bunch dynamics is not as expected andtherefore can allow to isolate a problem or monitor drifts in the system. For such a purposeseveral diagnostics have been developed. These diagnostics include frequency domain methods,which consists in estimating the bunch properties by detecting coherent radiation emitted from thebunch, and time-based methods.Along with bunch length measurement, the longitudinal phase space emittance can be estimated,under certain conditions, provided one can measure the intrinsic energy spread.Both measurements are described in this chapter, after discussing the longitudinal phase spacemanipulation in the driver accelerator.5.2 The Longitudinal Phase Space Manipulation in the IRFELIn the IRFEL, bunch formation starts at the electrons' emission from the photocathode which isilluminated by a driver-laser whose optical pulse is approximately 47 psec (FWHM), as measured byautocorrelation technique 1. Therefore at the cathode surface, the electrons are gathered in bunchof approximately 47 psec (FWHM), if we ignore the bunch lengthening due to the GaAs wafer time1M. D. Shinn, private communication 93



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 94response. The evolution of the longitudinal phase space from the electron bunch emission up tothe end of the magnetic decompressor is best described in terms of sequences of parmela runsshown in �gure 5.1. In the following we only concentrate on the case of 60 pC charge per bunchwith lasing turned o�.1. The length of the electron bunch after emission via photoelectric e�ect and acceleration to350 keV in the DC-gun structure is approximately 15 ps (RMS) (see Fig. 5.1(A)).2. The �rst element that signi�cantly a�ects the longitudinal bunch distribution is the bunchercavity. This cavity is operated at zero-crossing so that the average arrival time of the bunchcoincides with a zero accelerating �eld. The electrons arriving sooner (i.e. that belong to thebunch head) are decelerated whereas the late electrons (i.e. that are located in bunch tail) areaccelerated (see Fig. 5.1(B)). Hence the principal e�ect of this cavity is to provide an energyramp across the bunch. This energy modulation translates as the bunch propagates thougha drift space to a \bunching" of the electrons: because of the electrons' average energy ofapproximately 350 keV, which make them nonrelativistic, their propagation in a drift spaceof appropriate length will bunch the electrons (mathematically this traduces to the nonzerovalue of the momentum compaction of a drift space of length L: R56 = �L=2).3. After drifting through a longitudinally free space, the bunch enters the �rst accelerating�ve-cell CEBAF-type SRF-cavity with a nominal average accelerating gradient of 11MV=m.The cavity is operated for maximum energy gain (which does not mean, because of the non-relativistic nature of the electron, that the bunch is injected in phase with the maximumaccelerating electric �eld). There is a strong compression occurring in the �rst two cellsof the cavity (that acts as a capture section), then the bunch length is frozen and remainsconstant up to the cavity exit while the relative energy spread is greatly reduced.4. Approximately 7 cm after the exit of the previous cavity, the bunch enters a second SRF-cavity with a nominal average accelerating gradient of 9MV=m. This cavity is operated o�the maximum energy gain phase, so that it provides further bunch compression. Indeed thechoice of the phase is made to impress the longitudinal phase space with the proper slopeneeded to match the slope desired at the entrance of the upstream achromatic chicane foroptimum bunching through this chicane. At the cavity exit, the parameters are: 1.2 ps forthe bunch length, 4% for the relative energy spread and approximately 10MeV for the beamaverage energy.5. The electrons then drift through an achromatic three-bend chicane. This latter can reducethe bunch length by means of magnetic compression that is based on the fact that path lengthinside bends is energy dependent.6. Then the bunch is injected in the SRF linac. The gradient of each cavity and the overall phaseof the linac is adjusted to give precisely the desired energy (which will determine the FELwavelength) and to adjust the incoming bunch length and energy spread in the compressorchicane.7. The compressor chicane will compress the bunch down to 120�m (RMS) to achieve theminimum bunch length at the wiggler location.8. After the wiggler a second chicane that acts as a decompressor chicane lengthens the bunchlength.



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 959. The beam is then recirculated.The beam dynamics in the recirculation will be described later. In the present chapter we onlyconcentrate on the beam parameters in the undulator vicinity, which are of importance to startupof the FEL process and quantify few of its properties.
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(G) (H) (I)Figure 5.1: Sequences of parmela runs demonstrating the bunching process in the IR FEL. Thelongitudinal phase space is plotted at the exit of the gun (A), the buncher (B), the SRF-cavity #1(C), the SRF-cavity #2 (D), the achromatic chicane (E), the SRF-linac (F), the bunch compressorchicane (G), the bunch decompressor chicane (H), the arc # 1 (I). Note that electrons with positive�� belong to the bunch tail while the one with negative �� are in the bunch head.5.3 Theory of Bunch Length Measurement using Frequency DomainWe presented in Chapter 2 the formalism associated to the emission of electromagnetic wavesby a multi-particle distribution. We have seen that the total spectral angular power emitted(d2P=(d!d
)) by such system has a contribution that is proportional to N2, where N is thenumber of electrons in the multi-particle system. This contribution is also proportional to the socalled bunch form factor (BFF) f(!; bn) that in turn can be written as the product of two factorsnamed the spatial and angular BFF. In the next section we study both BFFs and show how it ispossible from the latter to extract information on the longitudinal bunch distribution.



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 96The Angular BFFThe second term in Eqn.(2.5) in Chapter 2 is the dependence of the coherent emission with respectto the angular beam properties. It is interesting to note that this term is wavelength independentand therefore is not going to inuence the spectrum of the radiation: it acts as a multiplicativefactor that can reduce the total power emitted by a bunched beam. Its expression from Eqn.(1.5)is: ~A(bn) def= j Z A(�!� ) (�!� )d�!� j2 (5.1)It is relatively di�cult to evaluate this factor for an arbitrary bunch distribution. However under theassumption of transverse cylindrically symmetric bunches, and introducing the angles � = 6 (bn; b�),� = 6 (bnyz ; bz),  = 6 (bn; dbz), and � = 6 (bnxy ; dbz) it reduces to [2]:~A(�) = j Z d Z d�A( )cos� sin cos� � sin � cos sin � j2 (5.2)which in turn can be expressed as a complete elliptic integral (extended from Ref. [2]) if we assumethe angular distribution writes as a Gaussian distribution: A( ) = 1=p2��02 � exp(� 2=(2�02)~A(�) = j �2�02 Z �=(2�)0 x[(1� x)K(2x1=21 + x) + (1 + x)E(2x1=21 + x)] exp[� �22�02x2]j2dx (5.3)where the complete elliptic integral of the �rst kind, K(u), and second kind, E(u), have beenintroduced2. The numerical integration of Eqn.(5.3) is presented for di�erent RMS width of theangular distribution in �gure 5.2. It is noticed that typically this integral is unity in the case wherethe beam divergence �0 is much smaller than the angle of observation. In the case of transitionradiation, the spectral power has its maximum at angles of the order of � ' 1= and since the RMSdivergence is of the order of �0 ' 1 mrad, we satisfy the relation �0 � � ' 1= for the nominalenergy of 38 MeV (i.e.  ' 77). Henceforth we will assume, except when explicitly mentioned, thatthis factor is always unity for our typical beam parameters.The Spatial BFFThe Eqn.(2.5) is written in a vector form. We will work in Cartesian coordinates to make thisequation more explicit. If bnyz is the projection of the bn unity vector in the (y; z) plane, let� = 6 (bn; bz) and � = 6 (bnyz ; bx) then the argument of the exponential function in Eqn.(2.5) writesbn�!X = (x sin � sin �+ y sin � cos�+ z cos �), and this equation rewrites:~S(!; bn) def= j Z Sx(x)Sy(y)Sz(z) exp�� i!c (x sin � sin� + y sin � cos�+ z cos �)� (5.4)where we have assumed we could factor the 3D-spatial beam density distribution S as the productof the 1D projections Sx, Sy and Sz .In order to use frequency-domain analysis to deduce information on the bunch longitudinal distri-bution, it is necessary that the !-dependence come only from longitudinal coordinate z. From the2The elliptic integral of the �rst and second kind are respectively de�ned as K(u) = R �=20 [1 � u2 sin2(�)]�1=2d�and E(u) = R �=20 [1� u2 sin2(�)]1=2d�
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Figure 5.2: Angular BFF for three di�erent value of the RMS beam divergence.latter equation, we can de�ne the e�ective coordinates xeff = x sin � sin�, yeff = y sin � cos� andzeff = z cos �; and derive a criterion on the rms beam size to ensure the wavelength dependence ismainly due to the longitudinal distribution:zeff � hx2eff + y2effi1=2 (5.5)or z � tan � hx2 sin2 �+ y2 cos2 �i1=2 (5.6)which can be expressed in term of RMS quantities without loss of generality:�z � tan � h�2x sin2 �+ �2y cos2 �i1=2 (5.7)If this latter criterion is ful�lled we can use the line charge approximation, i.e., treat a bunch as a linewith a 1D charge distribution. In such case, analysis of the coherent emission of the bunch revealsinformation on the bunch longitudinal distribution and is not contaminated by the transverse e�ectaforementioned, and we can write the BFF as it is generally written in the literature:~S(�) = j Z +1�1 Sz(z) exp (�2i��z)dzj2 (5.8)where as before Sz(z) is the longitudinal bunch density along the longitudinal axis z moving alongwith the bunch. We have introduced the wavenumber � = 1=� = !=(2�c) for convenience.The computation of the BFF for a normal distribution or a square distribution is simple; the resultsare presented in Fig. 5.3 where we have assumed the bunch is a continuum and its RMS extent is300�m. For both types of distribution, the BFFs suddenly take o� at wavelength of the order of



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 98the bunch length. Hence measuring the coherent radiation power at wavelength comparable to thebunch length, i.e. where the coherent enhancement occurs, can provide information on the bunchstructure and length. Also we can notice that the square distribution, and generally all type ofdistribution with sharp edge, induces BFF with low wavelength (high frequency) components. It
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Figure 5.3: Bunch form factor computed for a 300�m (RMS) square (dash line) and gaussian(solid line) bunches.is interesting to numerically compute the BFF using a Monte-Carlo simulation technique, for a�nite number of macro-particles in the bunch. In �gure 5.4 we present computation of bunch formfactor for 106 macro-particles. In the case of the bunch charge we are interested in i.e. 60 pC, themacro-particle represents 375 electrons. The choice to simulate only 106 macro-particle instead ofthe whole number of electron i.e. 3:75�108 was imposed by the desire to economize CPU time andexpedite simulations. The Monte-Carlo generated distribution can be written as a Klimontovichdistribution: S(z) = i=NXi=1 �(z � zi) (5.9)and the associated bunch form factor, under the line charge assumption, reduces to a sum:~S(�) = i=NXi=1 �j sin 2�zi� j2 + j cos 2�zi� j2� (5.10)We see in �gure 5.4 that because of the �nite number of particles, the bunch distribution andthe BFF cannot be treated as continuum. These features should be kept in mind even if in thefollowing we will assume the bunch distribution to be continuum.If one uses standard beam parameters experimentally achieved in the IRFEL accelerator, i.e. trans-verse beam size of approximately 1mm, minimum bunch length of 140�m, Eqn.(5.7) is not a fortiori
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Figure 5.4: Monte-Carlo simulated bunch form factor (right) with 106 macroparticle for threetypes of bunch longitudinal distribution (left).satis�ed: transverse e�ect can yield non-negligible contribution to the bunch form factor. Fortu-nately we are also helped by the directionality of the radiation: in the case of both transition andsynchrotron radiation most of the power resides in a cone that is of the order of 1=: In the FELcoherent radiation setup the collecting optics has an angular acceptance of 0:3 rad. We study thee�ect of transverse beam spot size numerically by performing the integration:�P (!) = Z 1:1!0:9! d! Z d
d2P1e�(!)d!d
 (5.11)For simplicity, let's assume that the bunch is cylindrically-symmetric i.e. �x = �y def= �r. Theresults of the numerical integration of Eqn.(5.11) is depicted in Fig. 5.5 where we compare thee�ect of the transverse beam size on the bunch form factor. The total TR and SR power spectraldensity is computed for three typical bunch shape: a line charge bunch (�r = 0), an ellipsoidal bunch(�r = 10�z), and a \pancake" bunch (�z = 0). Beam size signi�cantly a�ects the region of coherentenhancement in the BFF: if one use the thereby computed BFF to retrieve the bunch length, the



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 100transverse beam size e�ect leads to an underestimate of the bunch length by a approximately afactor of 2. However, the e�ect of the beam spot size is very small on the CSR and CTR spectrum.In the case of ellipsoidal bunch, i.e. the worst case that can happen in the IR FEL, the error is atthe 10% level.Hence, we will assume the measurement of CTR or CSR in the IR FEL is directly related to the
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Figure 5.5: E�ect of transverse beam size on the 3D-BFF. For three di�erent type of bunch (ellip-soidal, pancake and line charge bunch), the BFF (A), the CTR (B) and CSR (C) power spectrumare numerically computed. The power spectrum are computed assuming an angular acceptance of0:3 rad and are given for a 20% frequency bandwidth.longitudinal bunch distribution, without any \contamination" coming from the transverse beamsize e�ect or from the angular bunch form factor.5.3.1 The use of the BFF to compute and monitor the bunch lengthUnder the \line charge" assumption mentioned earlier, the BFF only depends on the bunch length.In this section, we derive a simple relation, without making any assumptions on the bunch densityfunction, that allows one to compute the rms bunch length from the bunch form factor. Let's startwith the BFF de�nition, by introducing the wavelength number � = 1=� for convenience, and byreplacing the exponential function in the Fourier transform by its Taylor expansion:



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 101exp(�) = 1Xn=0 �nn! (5.12)The equation 5.8 yields:f(�) = j Z +1�1 1Xn=0 (2i��z)nn! �(z)dzj2 = j 1Xn=0 (2i��)nn! Z +1�1 znS(z)dzj2 (5.13)De�ning the n-order moment �n as �n = Z +1�1 znS(z)dz (5.14)Eqn. (5.13) becomes: ~Sz(�) = j 1Xn=0 (2i��)nn! �nj2 (5.15)In case we are at high � we can approximate the series by its �rst three terms only. In such case,the previous equation reduces to:~Sz(�) = j1 + 2i���1 + (2i��)22 �2 + O(�3)j2= 1� 4�2�2�2 + O(�3) (5.16)where we have introduced the variance �2 = �2 � �21(def= �z).From Eqn. (5.16) we note that it is straight forward to extract the bunch length, �, by �ttingthe bunch form factor with a parabolic function at high frequency. This result is a generalizationof the gaussian distribution exp ��z2=(2�2)� case: for such a distribution the form factor writesexp ��4�2�2�2� whose Taylor expansion at small frequency is also given by Eqn. (5.16). It isvery informative to develop the BFF to higher order to see whether we can extract information onthe higher moments of the bunch longitudinal distribution. Performing such derivation yields thegeneral form of the BFF [46] (with � = 2��):~Sz(�) = j 1Xn=0 (�1)n�2n(2n)! �2n + i 1Xn=0 (�1)n�2n+1(2n+ 1)! �2n+1j2=  1Xn=0 (�1)n�2n�2n(2n)! !2 +  1Xn=0 (�1)n�2n+1�2n+1(2n+ 1)! !2= 1Xn=0 �4n((2n)!)2�22n + 2 1Xn=0 Xm<n (�1)n+m�2(n+m)(2n)!(2m)! �2n�2m ++ 1Xn=0 �4n+2((2n+ 1)!)2�22n+1 + 2 1Xn=0 Xm<n (�1)n+m+2�2(n+m+1)(2n+ 1)!(2m+ 1)! �2n+1�2m+1 (5.17)From Eqn. (5.17) it is possible to obtain a system of n equations with 2n unknowns. Fittingthe bunch form factor with high degree polynomial only allows to determine unambiguously thevariance of the bunch distribution; it does not give access to higher-order moments (but only tocombination of these moments). This indetermination is in fact related to the measurement, a



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 102power measurement, yielding the loss of phase information.We have also noticed from experiment using a particle pushing code that the �ne structure of theBFF is a�ected di�erently depending on how the bunching process is performed. For instancein �gure 5.6 we plot the BFF computed from numerical simulation for di�erent settings of radio-frequency elements that play a key role in the bunching process. Though the bunch length does notvary signi�cantly, we can notice that each element a�ects the BFF at di�erent wavelength. Suchfeatures can be experimentally used to determine which element is not operated at its nominal op-eration point (e.g. because of drift,...). Before its application we will need to perform experimentalparametric studies by systematically varying each RF-elements.
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Figure 5.6: E�ect of di�erent key elements in the bunching process of the electrons on the BFF.The BFF corresponding to the nominal settings for the RF elements (solid line) is compared withthe cases where the buncher (dotted line), the �rst cavity in the injector (grey line) and thephotocathode drive laser (dotted line) are operated +3 deg o� their nominal settings.5.3.2 Retrieval of the Bunch Distribution by Hilbert Transforming the BFFAs we mentioned earlier, the only observable we can measure is the power of the coherent radiationi.e. the square amplitude of the electric �eld; all the phase information is lost. However, it is stillpossible to get some insight on the phase information using the so-called dispersion relations 3 thatare commonly used in Solid State Physics e.g. for reconstructing the imaginary part of the refrac-tive index of a material from from knowledge of the real part. This technique has been �rst appliedto the present problem by Lai et al. [48]; however in the literature there is no clear derivation thatproves the use of the dispersion relation for retrieving the phase of the BFF is legitimate. We3Also referred as Kramers-Kronig's relations



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 103present an outline of this proof below, and a detailed proof in Appendix C. From the de�nition ofthe bunch form factor we can write: ~S(�) =Ŝ (�) Ŝ� (�) (5.18)� is the wave number and Ŝ (�) is the Fourier transform of the bunch longitudinal distribution; itcan be written as: Ŝ (�) = q ~S(�)� exp(i (�)) (5.19)where  (�) is the phase associated to the Fourier transform. The method is discussed in standardmathematics textbooks (see for instance [50]) and can be applied to S(�) to calculate its imaginarypart knowing its real part because S(�) is a square integrable function. In the present case, theproblem is slightly di�erent: we know the modulus of S(�) and need to compute the phase. Bytaking the logarithm of the latter equation, we come back to the determination of the imaginarypart of the function log[S(�)] from the knowledge of its real part log[jS(�)j]:log(Ŝ (�)) = log(q ~S(�)) + i (�) = 1=2� log(j ~S(�)j) + i (�) (5.20)Now, log(Ŝ (�)) is not square integrable and the Cauchy integral on log(Ŝ (�)) does not converge(� = � + i�0 is the complex wavenumber):I log(Ŝ (�))� log(Ŝ (�))� � � j�j!1�! Z �0 log(Ŝ (�))� !�1 (5.21)Let's introduce the function �(�) de�ned as:�(�) def= log[Ŝ (�)]� log[Ŝ (�)]� � � (5.22)�(�) is not singular at � = � and is square integrable. We can then derive a set of \modi�ed"dispersion relations for Ŝ (see Appendix C for a detailed derivation), and �nally the phase of Ŝtakes the form:  (�) =  (�0)� 1� (� � �0)P Z +1�1 log[j Ŝ (�)j]� log[j Ŝ (�)j](� � �)(� � �0) d� (5.23)where P designates the Cauchy principal value for the integral.Letting �0 = 0 and using the fact Ŝ (�) =Ŝ (��) we �nally �nd: (�) =  (0)� 2�� P Z +10 log[j Ŝ (�)j]�2 � �2 d� (5.24)This latter equation is widely known, in the literature, and is sometimes referred as dispersionrelation. Once the phase  (�) is computed we can recover the initial distribution by using theinverse Fourier transform: S(z) = Z 10 Ŝ (�) cos (2��z �  (�))d� (5.25)Two facts should be emphased about Eqn.(5.24) (1) the  (0) term is unknown and is assumed tobe zero, and (2) this equation is applicable provided log[S(�)] is analytic in the upper half-part ofthe complex plane. If it has singularities then, in virtue of the residue theorem, there are othercontribution to the phase that must be considered. In the following we will not consider such casesby assuming the standard bunch distribution is analytic in the upper half-plane (a fully detaileddiscussion is provided in Appendix C).



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 1045.4 Observation of Coherent Transition RadiationIn the early stage of the IRFEL commissioning, the experimental setup described in �gure 5.12 wasused to image the CTR beam emission source produced by the electron beam as it passes throughan aluminum foil onto a Golay cell detector. The Golay cell (see Fig. 5.7(A)) is a thermal detectorwith a nearly uniform energy response from the ultraviolet up to the microwave region. The de-tector consists of a gas-�lled cell enclosed by two membranes. The incoming radiation is absorbedby a thin aluminum layer deposited on the \input" membrane. The aluminum �lm thickness ischosen so that the corresponding surface impedance yields the maximum absorption of radiationover a broad range of wavelengths. The absorbed radiation heats the gas which in turn increasesthe pressure inside the cell and distorts the second (exible) membrane. The distortion is sensed bya photodetector cell that detects a light beam reected from the membrane. This e�ect is ampli�edby two large grids arranged so that initially, i.e. when no radiation is detected, the lines of one gridare imaged on the space of the second grid resulting in no light detection by the photodetector.When the membrane is distorted, the image of the �rst grid shifts, allowing signi�cantly more lightto reach the photodetector. This grid system is in fact a mechanical means of enhancing the e�ectof small displacements of the membrane. The output analog signal from the photodetector in theGolay cell setup is electronically processed as described in Fig. 5.7(B): First, it is ampli�ed by afactor 10 using a simple operational ampli�er located in the accelerator tunnel enclosure, then thesignal is brought in the service building located upstairs the tunnel where it is shaped using a noise�lter. Afterward, it is fed into a Analog to Digital Converter (ADC) where it is digitized, at asample rate equal to the beam macropulse repetition rate. The digital signal is broadcast via aVME input/output controller (IOC) to the Ethernet network so that it can be accessed from anywork station communicating to the control system.It is possible to verify the nonlinearity of the radiation versus the bunch charge as pictured in
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(B)(A)Figure 5.7: Simpli�ed schematics of a Golay cell (A) and the associated signal acquisition elec-tronics (B).�gure 5.8. The quadratic dependence of the CTR signal versus the charge per bunch is not verypronounced compared to the one measured in the CEBAF accelerator [20] for example. This is



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 105due to the method we use to vary the charge: we use a rotational polarizer to attenuate or increasethe drive laser power on the photocathode that also signi�cantly a�ects the beam dynamics in themachine (especially in the low energy region where the beam dynamics is strongly dependent, viaspace charge forces, on the charge). Therefore varying the charge also a�ects the bunch length,and therefore the CTR signal since it is dependent on both the charge and the bunch length. Bycontrast in the CEBAF machine, varying a slit aperture opening in a chopper cavity varies thecharge per bunch. For all the practical slits openings, the beam is never space-charge dominatedand so the slit opening does not signi�cantly a�ect the bunching process.Figure 5.9 depicts the dependence of the CTR signal versus the overall phase of the main linac:
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Figure 5.8: Scaling of coherent transition radiation power versus charge per bunch. The chargeper bunch is changed by varying the intensity of the photocathode drive laser. The circles arethe experimental data point and the dash line is the result of a quadratic interpolation of theexperimental point.during this experiment the machine settings were kept constant and only the linac \gang" phase 4was varied. The maximum acceleration phase, determined experimentally by maximizing the en-ergy, is �4 deg and the expected phase for maximum bunching (i.e. minimum bunch length) isapproximately 6 deg which is in good agreement with the phase value for which the maximum CTRsignal is observed in �gure 5.9 ('6:3 deg).A last experiment consisted of varying the beam spot size on the TR radiator and each timerecording the CTR signal. The variation of this signal versus the equivalent beam radius we de�neas p�x�y is presented in �gure 5.10. At this point it is di�cult to tell whether the decrease of totalpower detected is due to the spatial or the angular BFF.4the \gang phase" knob allows to shift all the accelerating cavities in the linac by the same phase compare to theother radio-frequency elements in the IRFEL (see Appendix D)



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 106
2 4 6 8 10

SRF−Linac Gang Phase (RF−deg)

0

1

2

3

C
oh

er
en

t T
ra

ns
iti

on
 R

ad
ia

tio
n 

S
ig

na
l (

V
ol

t)

Crest Phase is −4 deg

Figure 5.9: CTR signal versus the SRF linac overall phase. As the linac phase is varied the bunchlength at the undulator vicinity is changed.5.5 The Michelson Polarizing Interferometer5.5.1 Overview of the experimental setupOne way of accessing the frequency spectrum of an electron bunch longitudinal distribution is toperform an interferometric measurement. In addition to providing the energy spectrum of theradiation emitted, it can also give an estimate of the bunch length directly from the interferogram.Such estimates must be taken with care as we will see in the following. We equipped the IRFELaccelerator with two \polarizing" Michelson interferometer built by the Department of Physics andAstronomy of the University of Georgia. The location of the devices are:� the injector front end, to verify the bunching process in the injector is correct,� the wiggler insertion region, to check the bunch length is adequate to get the FEL lasing.The adjective \polarizing" refers to the nature of the beam splitter used in the interferometer: it isa dichroic polarizer that has a preferred direction. It reects the polarization of the incoming �eldthat is parallel to this preferred direction and transmits its orthogonal component.Because electrons in an accelerator are randomly distributed from bunch to bunch, autocorrelationof radiation at wavelength smaller than the bunch length will not provide any information on thebunch structure. Hence the wavelength of observation must be chosen to be comparable or largerthan the bunch length: this is the regime of coherent emission and this insures bunch-to-bunchcoherence of the radiation.In the IRFEL, this interferometer is used to measure the autocorrelation function of coherent
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Figure 5.10: CTR signal versus beam equivalent transverse spot size p�x�y. The error barscorrespond to the variance of �ve consecutive measurements.transition radiation (CTR) pulses emitted as the electron bunches pass through a 0:8�m thick,and 50:8mm diameter aluminum foil. Though the use of CTR is a destructive measurement as wehave previously discussed, it was preferred to CSR because the TR power spectrum is frequencyindependent in the region of interest whereas the CSR spectrum depends on the frequency (/ !3=2)and therefore is somewhat more di�cult to analyze.The backward CTR emitted from the foil directly shines out of the vacuum chamber through anoptical window located at 90 deg with respect to the beam trajectory. This optical window is madeof single crystal quartz so that it can transmit far infrared radiation without signi�cant losses.The window thickness is 4:826mm. After the window, a plano-convex lens with a focal lengthin the FIR domain of 125 mm is used to collimate the CTR beam to parallel rays (the lens isapproximately located 125 mm far from the point of emission on the foil). The collimated beam issent to the Michelson polarimeter via one planar mirror M0 (see Fig.5.11). The optical beamlineand the interferometer can be �lled with nitrogen so that the measurement is not contaminatedby water absorption in the microwave region of the spectrum. In the polarimeter components are:two beam splitters, two planar mirrors, one o�-axis parabolic reector, and a Golay cell detector:� The beam splitters are made of parallel tungsten wires of 20�m diameter spaced by 50�m.Being metallic, the tungsten wires provide high conductivity for electric �elds parallel tothe wires. Such �elds produce electric currents in the wires, and the energy of the �elds isconverted to energy of the current. The latter is then converted to heat, because of the smallbut signi�cant electrical resistance of the wires. Hence to obey the boundary condition atthe wire, the �eld parallel to the wires is reected. However, because of the non-conductingspaces between the wires, no current can ow perpendicular to them. Hence the electric �eldcomponent perpendicular to the wires produce no currents and lose no energy, therefore it istransmitted.
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Figure 5.11: Overview of the optics to guide the coherent transition radiation emitted from analuminum foil to the entrance of the interferometer.� The planar mirrors are standard optical circular mirrors of 50:8mm diameter. The movablemirror (M1) is mounted on a micropositioner that can translate by 1�m steps. Two picomo-tors are also mounted on the mirror gimbal mounts that can be used remotely to adjust thehorizontal and vertical inclination of the mirror to make sure it is coplanar with the image ofthe �xed mirror (M2) through the beam splitter.� The parabolic reector is used to focus an incoming collimated beam onto the detector sen-sitive area. It is an-o� axis gold-sputtered reector with a focal length of 10 cm.� The Golay cell (see Fig. 5.7) and its acquisition system have been described previously.5.5.2 Theory of OperationThe polarizing interferometer is depicted in Fig 5.12: Let's �rst analyze how a polarizing interfer-ometer works in the simplistic (usual) case of a plane TEM wave. Afterward, we will re�ne thisanalysis including the e�ect due to TR electric �eld.� Let �!E (t) be the electric �eld incoming into the interferometer. When this �eld enters the
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Figure 5.12: Simpli�ed schematics of the Michelson polarizing interferometer.Michelson interferometer it �rst encounters a polarizer P1 whose wires are oriented at 45 degwith respect to the horizontal plane. The e�ect of this polarizer is only to transmit the �eldpolarization whose direction is parallel to the wires. Therefore in the standard horizontal-vertical, bu and bv, coordinate system (see �gure 5.11 for detail), the electric �eld after thepolarizer can be written as: �!E0(t) = bu+ bvp2 E0(t) (5.26)� Then a second polarizer P2, located at approximately 130mm from P1,that plays the roleof beam splitter, intercepts the optical beam. Since its wires are horizontal, the horizontalpolarization of the electric �eld get reected in the variable length arm (1) (�!E1) whereas thevertical polarization is transmitted to the �xed arm (2), (�!E2).� In the variable length arm (1): the reected �eld writes:�!E1(t) = Rp2E0(t)bu (5.27)and propagates up to the mobile mirror M1 where it is reected. The reected �eld �!E 01 is(the reection introduces a factor exp(�i�):�!E01(t) = � Rp2E0(t+ �)bu (5.28)where � is a time delay introduced by the mirror. By convention, � = 0 when the mirror M1is at the same distance from the beam splitter as M2. The electric �eld �!E 01 back-propagatesto the beam splitter and is reected a second time on P2. Finally at the exit of the arm (1)the electric �eld writes: �!E001 (t) = R2p2E0(t+ �)bu (5.29)



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 110� In the �xed length arm (2): the transmitted �eld writes:�!E2(t) = Tp2E0(t)bv (5.30)and propagates up to the �xed mirror M2 where it is reected. The �eld �!E 02 after reectionwrites: �!E 02(t) = � Tp2E0(t)bv (5.31)The electric �eld �!E 02 back-propagates to the beam splitter and is transmitted a second timethrough P2. Finally, at the exit of the arm (2), the resulting electric �eld is:�!E 002 (t) = � T 2p2E0(t)bv (5.32)� After re-combination of the electric �eld issued from the two arms of the interferometer, thetotal electric �eld writes:E00(t) = 1p2 ��R2E0(t+ �)bu� T 2E0(t)bv� (5.33)This �eld is the total electric �eld incident on the P1 polarizer. This polarizer reects electric �eldwith component / (bu� bv)=p2 and transmit the components / (bu+ bv)=p2. Hence only the latterpolarization component is transmitted to the Golay cell after reection and focusing on the o�-axisparabolic mirror; it takes the form:EG(t) = R2p2 �R2E0(t+ �)� T 2E0(t)� (5.34)If we assume the polarizer to be perfect conductor, then R2 = T 2 = 1=2 and the �eld detectedreduced to: EG(t) = R2p2 [E0(t+ �) + E0(t)] (5.35)Indeed the Golay cell is sensitive to the average power hjEg(t)j2it which is:I(�) / 2hjE0(t)j2it � [E0(t)E�0(t+ �) + E�0(t)E0(t+ �)] (5.36)which can be expressed in the integral form:I(�) / 2 Z +1�1 jE0(t)j2dt| {z }baseline � 2< �Z +1�1 E0(t)E�0(t + �)dt�| {z }autocorrelation: �(�) (5.37)It is important to insist that in virtue of the superposition principle, the electric �eld is proportionalto the longitudinal bunch distribution and therefore measuring the properties of this radiationelectric �eld will provide information on the electron bunch. The \autocorrelation" term gives theinformation on the bunch structure, it can be written as:�(�) = 12  I(�)� limj� j!1 I(�)! (5.38)



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 111In the following we will replace the time delay, � , by an optical path di�erence (OPD), �,(= c�).Finally it is interesting to note that Fourier-transforming Eqn.(5.37) gives:I(�) / 2 Z +1�1 jfE0(!)j2d! � 2< �Z +1�1 fE0(!)fE0�(!)ei!�d!� (5.39)Therefore the autocorrelation part can be written (since eE(!) = eE�(�!)):�(�) = Z jfE0(!)j2ei!�d! (5.40)which mean that the autocorrelation is the Fourier transform of the energy spectrum of the incom-ing radiation. This result in fact constitutes the well-known Wiener-Kintchine theorem in signalprocessing.In the previous explanation we assumed the electric �eld was a TEM plane wave, i.e. we assumedit had the form: E(z) = E0e�ikzSuch �eld has a planar front and the �eld value is constant in the plane. In the case of TR, suchdescription is not a fortiori a good description. The electric �eld associated with TR in the timedomain writes [7]: �!E (t; �; r) = 2�NeS(t)r(1� �2 cos2 �) b� exp(�ikr) (5.41)where S(t = z=c) is the longitudinal density of the bunch, and r is the distance from the point ofemission (or its image). So it deviates from the previous assumptions:1. It is not a plane wave because of the phasor dependence exp(�ikr). The use of the plano-convex lens however makes the wave front planar to �rst order and under the Fresnel approx-imation; under such an approximation, the phasor is multiplied by the phasor introduced bythe plano-convex lens of focal length f : exp(�ik(x2 + y2)2(1=f)=2), the resulting phasor isexp(�ikz) (which is a planar wave front).2. It is not a TEM wave, for a given wavefront plane (after the plano-convex lens) the �eld isstill not constant in the within front.Henceforth we assume the wavefront to be a plane wave after the plano-convex lens, a valid as-sumption under the Fresnel approximation. However we shall consider the case where the lens donot perfectly image the TR source at in�nity. Then the variable r in the Eqn.(5.41), is the distancebetween the point of observation and the position of the TR source through the plano-convex lens.In such case, the autocorrelation writes:I(�) / hjS(t+ �)r1 � S(t)r2 j2ib� (5.42)where r1 and r2 are respectively the distance between the image of the TR source and the mirrorsM1 and M2; the angle vector b� is assumed to have the same direction for both �eld, a validassumption under the Fresnel approximation.



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 112With r1 = r + c� (� = �=c where � is the mirrors relative position), r2 = r, Eqn.(5.42) takes theform: I(�) / 1r + c� ��(0)� �(�) + c�r (�(0)� �(�))� (5.43)It is important to note that the quantity �, in the above equation, is of the order of the bunchlength (i.e. at maximum 500�m for the present case). A 10% error in the location of the focalplane with respect of the point of emission will result in a value of r, the distance between TRimage and the �xed mirror, of the order of 1m; hence replacing r + c� in Eqn.(5.43) with r is a5 � 10�4 e�ect. Therefore, without introducing signi�cant error the intensity on the detector canbe written as for a TEM wave, that is I(�) / (�(0)� �(�)); and the standard analysis presentedabove can be used to extract information from a transition radiation interferogram.5.5.3 Relating an InterferogramMeasurement to a Bunch Length MeasurementBy measuring the full-width half-maximum (FWHM) of the autocorrelation, one can very easilyget an estimate of the bunch length. Let's analyze how the FWHM is related to the RMS valuesof two typical particle distributions: a normal distribution that is characterized by its rms value(variance) �z and a square distribution whose characteristic length is its full width w. Table 5.1relates FWHM, RMS and equivalent length for these distributions.Distribution Equ. Length RMS FWHMGaussian p2��z �z 2�zpln(2)Square w w=p12 wTable 5.1: Relationships between \equivalent", "RMS" and "FWHM" lengths for a gaussian andsquare longitudinal bunch density.Case of a Gaussian distribution:S(z) = 1=p2��2z exp (z2=(2�z)). For such distribution, the autocorrelation is �(�) = 1=(2p��z) exp (�2=(4�2z)).Hence the RMS value of the convolution is p2 times the RMS value of the distribution. UsingTable 5.1, we deduce that FWHMautocor = q8 ln(2)�z (5.44)Case of a Square distribution:We write this distribution as:S(z) = ( (1=w) if � w=2 < � < w=20 elsewhere (5.45)



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 113Its autocorrelation is: S(z) = 8><>: (1=w2)[�� + w] if � w < � < 0(1=w2)[� + w] if 0 < � < w0 elsewhere (5.46)The FWHM of the autocorrelation is exactly the width w of the distribution.FWHMautocor = w (5.47)Arbitrary Distribution:Contrary to a typical circular accelerator in which damping and statistical uctuations lead to agaussian phase space corresponding to thermal equilibrium, there is no reason in linear acceleratorsto invoke the gaussian assumption. Hence it is not rigorous to perform some kind of �t with a nor-mal distribution. The philosophies we use to get an estimate of the bunch length are as follows: (1)We can give an estimate of limits for the bunch length by assuming the bunch length is a comprisebetween the bunch length given by the gaussian and square-like distribution; (2) we can also usemultiple particle numerical simulation code to obtain a model for the numerical distribution and usethis distribution to relate numerically the coe�cient that relates the FWHM of the autocorrelationwith the RMS value of this numerical distribution; (3) �nally, we can also estimate the bunch distri-bution, solving the phase retrieval problem exposed previously, and directly compute its RMS value.5.5.4 Extracting the bunch form factorThe derivation of the bunch form factor from the energy frequency spectrum is a nontrivial problem:there are limiting factors that must be taken into consideration due to the �nite bandwidth of some\optical" components in the interferometer.A �rst limitation comes from the detector itself: because of the �nite diameter of the Golay cellentrance window of approximately 5mm diameter, it acts as a low frequency �lter via di�ractione�ects. Typically such e�ects can be simply estimated using the theory of Franhaufer di�raction ofplane wave by a circular aperture. This would yield a transmission factor for the Golay cell havingthe dependence: / R d�[J1(2��a sin �)= sin �]2. This factor is plotted in �gure 5.13 as T [E]gc. Thecut-o� wavenumber is estimated to be approximately � '8 cm�1 (i.e. frequency '0:1THz).On the other hand, there is a high frequency cut o� that is induced by the grid polarizers. Typicallysuch polarizers do not work when the wavelength of the incoming �eld is greater that the wirespacing (50�m). The reection coe�cients for both the electric component parallel and orthogonalto the wires are given by [51]:R[Ek]wg(�) = 11 + �2d� log d2�a�2 , and .R[E?]wg(�) = �2�2a2�d �21 + �2�2a2�d �2 (5.48)where a is the wire radius, and d the distance between the wire centers. Using the plot of thesereection coe�cients presented in Fig.5.13, we estimate the bandwidth of the autocorrelator to beapproximately 8 cm�1< � <500 cm�1.
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Figure 5.13: Limitation of some optical components in the Michelson polarizing interferometer.R[Ek]wg is the reection coe�cient of the wire grid for the electric �eld component parallel to thewires, R[E?]wg is the reection coe�cient of the wire grid for the component perpendicular to thewires, and T [E]gc is the transmission coe�cient of the Golay cell entrance window.The energy spectrum can be derived by Fourier transforming the autocorrelation deduced from theinterferogram. However, we cannot perform an exact Fourier transform and have to use standardFast Fourier Transform algorithm (FFT) [47] because of the sampled nature of the experimentaldata. Since the Fourier transform of a sampled function with sampling interval �t is a 1=�t-periodicfunction, the frequency resolution will be of the order of 1=(2N�t) if N is the number of samplingsacquired. Again note that �t = �=c is related to the OPD and therefore, for an interferogramacquired with mirror steps of �, the frequency spectrum resolution is 1=(4N�).5.5.5 Experimental Results Using an Autocorrelation TechniqueA �rst set of measurements was performed in the period prior �rst lasing of the IRFEL. Typically, itwas found that the Golay cell could easily detect, with a fairly good signal over noise, the coherenttransition radiation power generated as the electron beam was in low duty cycle mode (the so-calledtune-up mode); signals with amplitude of the order of 1V were seen in this case.



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 115Autocorrelation measurementFigure. 5.14(A) and (B) depicts two autocorrelation measurements performed the same day, itcorresponds to the longitudinal phase space setup used for the �rst FEL light generation. The dif-ference between Figures (A) and (B) comes from the ghostpulse background. In (B) the ghostpulsewas not cautiously minimized by properly setting the electro-optics crystal of the photocathodedrive laser whereas in (A) ,such operation was properly performed. Figure. 5.14(C) which repre-sent the algebraic di�erence between the two measurements, shows that the only di�erence betweenthe two aforementioned measurements resides in the presence of a DC o�set for the case where theghostpulse is not minimized. Therefore the autocorrelation itself is not at all contaminated by theghostpulse.From these interferograms we can also notice other features: (1) The autocorrelation is not sym-metric and does not vanish when the path length in the two arms are identical. This fault wasinitially thought to be due to a non perfect orthogonality between the two mirrors in the twoarms; we tried to correct for it by installing piezoelectric picomotors on the movable mirror sothat its tilt can be adjusted remotely while performing a measurement. Unfortunately we nevermanaged to get the interferogram to vanish at this location. (2) There are secondary bumps locatedat approximately �1800�m that probably corresponds to reections in the system (the distance1800�2 =3600�m corresponds to the distance between the optical vacuum window and the plano-convex lens).In Fig. 5.15(A) we present a �ne scan (mirror step size for the displacement is 5�m) of the cen-tral peak of the interferogram shown in Fig. 5.14(A). From this peak we can deduce the rms width('110�m) and also distinguish whether the core of the beam longitudinal distribution is a gaussian-like or square-like bunch distribution. For such a purpose we have plotted on the same �gure theequivalent gaussian and square distribution that have the same FWHM and the same integral.Neither of these standard distributions really �t the interferogram core. However a distributionthat consists of the sum of the two previous distributions better matches the interferogram core.Dependence of the interferogram on the beam transverse size on the TR screenA second set of experiments we performed was to study how sensitive the bunch length measurementwas with respect to the beam transverse size on the TR radiator. The procedure consisted invarying an upstream quadrupole triplet to vary the beam spot size at the point of bunch lengthmeasurement. For each setting of the triplet we measured, at the same time, the beam transversespot size and then the bunch length. For such purpose we can direct the transition radiation tothe interferometer or a CCD camera by moving the \switcher mirror". The images recorded by theCCD camera are processed accordingly to the description of Chapter 3 and the beam transversepro�le and rms width are then computed. The results of the measurements for �ve di�erent settingsof the upstream optics are presented in �gure 5.16 while the FWHM of the interferogram alongwith the corresponding transverse beam sizes are gathered in Tab. 5.5.5.



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 116Case Interferogram �x �y p�x�yFWHM (�m) (mm) (mm) (mm)(a) 200 0.4215 0.3415 0.3794(b) 240 0.5316 0.3987 0.4604(c) 240 0.7843 0.5763 0.6723(d) 320 1.2554 1.1164 1.1839(e) 280 1.4667 1.6240 1.5433Table 5.2: Measured bunch length and transverse beam dimension for the cases reported in Fig. 5.16.Computation of the longitudinal bunch distributionUsing the methodology previously exposed, we have developed an o�-line analysis code that allowsthe computation of the bunch longitudinal distribution.Because the experimentally obtained interferogram is not perfectly symmetric, its Fourier trans-form, i.e. the energy spectrum, will not be real. Hence the �rst step consists of symmetrizing theFourier transform. We have implemented three methods: we can either use only the left part ofthe interferogram, or the right part; we can also symmetrize the interferogram by computing theaverage of the left and right part of the interferogram. The autocorrelations so-obtained and theircorresponding Fourier transforms are presented respectively in Fig. 5.17-A and Fig. 5.17-B. We cannotice that there is not much di�erence between the computed spectra. The method we will usehenceforth is the \average" method.Moreover, the interferogram (and therefore the autocorrelation) can be measured for arbitrarymirror displacement. However the information contained at large displacement might not be rele-vant to compute the energy spectrum. To verify such assumption, we have used di�erent length ofthe central part of autocorrelation presented in �gure 5.14: we used 64, 128, 256, and 512 points;note that because we used an FFT algorithm that employs a radix-2 algorithm, the number ofpoints in the sequence must be a power of 2. From our previous discussion we noticed that thestep size in the Fourier plane (i.e. the energy spectrum) increases inversely to the number of pointsin the standard plane (i.e., the interferogram). Therefore a naive argument would be, for a givenmirror displacement step, to measure the interferogram over a large range. Practically there aretwo arguments against this fact: (1) the measurement can take up to one hours (depending onthe mirror displacement step size) and (2) for large values of the displacement the two TR pulsesassociated with the electron bunch do not overlap anymore and therefore the interferogram doesnot provide any information for the power spectrum (i.e. the autocorrelation is theoretically zero).From �gure 5.18 we see that indeed there is a compromise on the number of points; if this numberis too small, the �ne structure of the spectrum is lost and the reconstructed bunch distribution issmoothed. On the opposite, if the number of points is too large, because points corresponding tolarge displacements consists only of noise, this noise propagates on the spectrum and a great detailof fake structure appears. A proper choice is to \manually" cut ad viso the autocorrelation at thepoint it seems to vanish. In our case typical values are �1:5mm.Experimentally we can clearly distinguish, for a wavenumber of approximately 10 cm�1, the lowfrequency cut o� induced by the �nite aperture size of the Golay cell detector entrance window.This low frequency part of the spectrum must somehow be reconstructed, otherwise the experi-mentally computed energy spectrum cannot be used to recover the bunch longitudinal distribution.For such a purpose we extrapolate this low frequency region of the spectrum using the fact that



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 117for large frequency (i.e. low wavelength), the bunch form factor has a quadratic dependence onthe frequency; the CTR spectrum has the same dependence. Hence, using the general polynomialexpansion of the BFF derived in this chapter, the spectrum can be extrapolated using the equation:I(�) = a0+a2�2+O(�3). The point of attachment of this parabola is chosen to be in the neighbor-hood of the low frequency cut o�. The coe�cient a2 and a0 are computed by using the continuityconditions at the cut o� point: we assume both the spectrum and its local derivative with respectto wavelength are continuous. In �gure 5.19 we perform di�erent low frequency extrapolations ofthe energy spectrum by varying the parameter a2 and using only the continuity of the spectrumat the cut-o� point to compute the coe�cient a0. The inuence of these di�erent extrapolationson the recovered longitudinal bunch distribution is shown in �gure 5.20. It is interesting to notethat one way to reject unphysical distribution is to reject all the parabolic extrapolations that givea signi�cant number of negative values in the bunch longitudinal distributions.5.6 Zerophasing Technique for Bunch Length Measurement5.6.1 Basis of the MethodThe so-called zerophasing (or backphasing) technique has proven to be a very powerful method.It has been demonstrated to resolve bunch length in the subpicosecond regime [52]. Therefore weinvestigated the possibility of its application to measure the bunch length in the IRFEL accelerator.The zerophasing method uses RF accelerating cavities phased �90 degrees o� crest i.e. in sucha way that the bunch centroid coincides with a zero accelerating electric �eld. Hence the cavitiesinduce a longitudinally dependent energy ramp along the bunch. Then, by means of a spectrometer,the energy distribution is mapped into the transverse direction, and the beam transverse densityis measured with a beam pro�le station located in the dispersive region. Therefore to implementthis method we only need accelerating cavities and spectrometers. There are two spectrometersreadily available to perform such measurements: we can use the energy recovery dump line or the�rst 4-bend chicane. Preliminary considerations have shown that the latter is not easily workable:the dispersion in the chicane at the beam pro�le measurement station is about 2 times less thanthe one at the OTR pro�le monitor located in the energy recovery dump.Despite the fact that the energy recovery dump has been chosen as a spectrometer, it is notan optimum choice: the maximum beam energy that can be deected into the dump is about24 MeV 5 which implies that the four last cavities of the cryomodule must be turned o� and/orused as zerophasing cavities. The non-zerophased cavities are operated under their nominal settings(accelerating gradient 7.33 MV/m, phase -9.6 deg) giving a beam energy of 23.74 MeV. At such anintermediate energy, the dynamics of 60 pC bunches is not emittance dominated, requiring a studyof space charge e�ects on the measurement.In the FEL, the energy recovery dump line consists of a quadrupole and an OTR pro�le monitor.The dispersion at the OTR location when the quadrupole is turned o� is expected to be �=75 cm;this latter value can be reduced, if needed, using the upstream quadrupole.It should be stressed that the measured bunch length is the bunch length at the exit of the fourthcavity i.e. in the middle of the SRF-linac (the parmela predicted bunch length and phase spaceslope at this location are 370 �m and -48.74 MeV/m respectively).Following notation of Reference [52], we write the horizontal position x on the beam pro�le5Private communication from R. Legg, January 1998



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 118measurement station of one electron with longitudinal position z with respect to the bunch centeras: x = x� + �2�eVRF�RF + dEdz � �E0z def= x� + (C0 + C1)z (5.49)where C0 is the contribution from RF-induced energy spread and C1 is the sum of initial intrinsicenergy spread and the space charge energy spread induced as the beam drifts. x�, VRF , �RF , � andE0 are respectively the pure betatron contribution to the position, the total accelerating voltage ofthe cavities used during the measurement (i.e. operated at zero-crossing), the RF-wavelength (for1497MHz it is 20:05 cm), the dispersion at the beam pro�le measurement location, and the averagebeam energy at the entrance of the �rst cavity operated at zero-crossing. dEdz is the longitudinalphase slope; it can be expressed using the beam matrix element as dEdz = ��56=(�2z) where �56 isthe energy position correlation i.e. �56 = �hzEi.Let �0x, ��x , be the beam sizes measured after the spectrometer dipole on the OTR pro�le moni-tor, with the cavities respectively turned o� and turned on at their �90 deg zero-crossing point.Since the beam pro�le on the pro�le monitor is the convolution of pure betatron contribution i.e.transverse and longitudinal phase space, these beam sizes can be expressed as:(�0x)2 = �2� + C21�2z (5.50)(��x )2 = �2� + (C1 � C0)2 �2z (5.51)�� is the horizontal betatron contribution to the beam spot size.Because the sign of the product 2C0C1 is alternated as the cavities are operated at �90 deg, thisquantity can be eliminated and by computing the pure dispersive contribution due to the energyspread induced by the cavities at �90 deg i.e.6 (X�RMS)2 = (��x )2 � (�0x)2, it is straightforward todeduce an analytical expression for the bunch length:�z = h(X+RMS)2 + (X�RMS)2i1=2p2jC0j (5.52)Finally we can also estimate the coe�cient C1, which can provide information on the phase spaceslope, using the formula: C1 = jC0j2 (X+RMS)2 � (X�RMS)2(X+RMS)2 + (X�RMS)2 (5.53)Note that in the case of small energy spread these formulae reduce to the one derived in refer-ence [52].From Eqn.(5.53) the longitudinal phase space slope is:dEdz = �VRF�RF (X+RMS)2 � (X�RMS)2(X+RMS)2 + (X�RMS)2 (5.54)In summary, the measurement of bunch length (and potentially phase space slope) reduces to threebeam pro�le measurements for three di�erent settings of the zerophasing cavities (�90 deg, and0 deg).6The beam transverse density at the pro�le measurement station is a convolution of the betatron distribution withthe energy distribution. The rms value of a function g = f � h (� is the convolution product) is hg2i = hf2i + hh2i



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 119Transverse Space Charge E�ectsAs a �rst approximation, we can estimate transverse space charge using the K-V envelope equationsby calculating the ratio of the emittance term with the space-charge term (we assume the beam iscylindrical-symmetric): R = 14 IpI0 2(�)3 ��x�x �2 (5.55)where Ip is the peak current, I0 the Alfv�en current (17000 A for electrons), � and  are the usualrelativistic factors. For the expected values obtained via numerical simulation we estimated R tobe approximately 0.6 at the cavity #5 exit. Therefore space charge and emittance terms are of thesame order in driving the transverse beam envelope.In equation 5.51, one must insist that �� contains the transverse space charge e�ect. In orderto validate the derived equations to compute the bunch length and phase space slope, we mustmake sure that �� , as it is implicitly assumed in the previous section, remains the same as thezerophasing cavities phased are turned on and phased at their two zero crossing7. We have veri�edsuch assumption using the parmela code: the beam envelopes along the beamline are plotted in�gure 5.22 for di�erent cases (di�erent number of zero-phasing cavities used): each case is treatedwith the parmela space charge routine turned on and o�. The e�ect on the beam size before thespectrometer, in all the cases, remains the same and increases the beam rms size by approximately36 �m. Therefore the transverse space charge contribution to the beam size on the OTR is includedin �� which is measured when the cavities are turned o�. Also it remains the same as the cavitiesare turned with their phase set at �90 deg. Hence the transverse space charge contribution isindeed deconvolved unambiguously when one uses the Eqn.(5.52) to compute the bunch length.Longitudinal Space Charge E�ectThe longitudinal space charge tends to induce bunch lengthening which in turn rotates the longitu-dinal phase space. Hence one way of assessing the associated e�ect is to study how the phase spaceslope evolves as the cavities are zero-phased. One can conceive that because of the space chargethe slope at the dipole entrance is approximately:dEdz = �dEdz �init + �dEdz �SC (5.56)where hdEdz iinit is the phase space slope upstream the �rst zerophasing cavity, and hdEdz iSC representsthe space charge induced phase space rotation.Again we need to justify that jC1j remains the same as the zerophasing cavities settings are changed:namely we must make sure that the space charge induced slope is the same in the di�erent cases.This can be understood since the zerophasing cavities are not providing energy. We have checkedthis using parmela: the slope evolution for the di�erent cases of zerophasing are presented in�gure 5.24. For each case we compare the slope computed with the space charge routine turned7There is another e�ect that can signi�cantly a�ect the transverse beam size on the pro�le monitor: the cavityfocusing e�ect. Such e�ect is investigated later in this dissertation and was anyway found to be very small for thepurpose of the present discussion; therefore we ignore it for sake of simplicity.



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 120# zero. cav 1 2 3 4C0 3.7028 7.4057 11.1085 14.8114C1 1.1656 1.0873 1.0056 0.8991Slope (Mev/m) 36.1706 33.7412 31.2067 27.9008X+RMS (mm) 1.8434 3.2860 4.7258 6.1368X�RMS (mm) 0.8789 2.4282 3.9352 5.4319�z (mm) 0.3900 0.3901 0.3915 0.3913Table 5.3: rms beam horizontal size simulated with the parmela particle pushing code on theenergy recovery transfer line pro�le measurement station.on and o�. It is noticed that the variation of the slope due to space charge is the same for all thecases and we have estimated this variation for the normalized slope d�dz to 0.54 %/m.5.6.2 Numerical Simulation of the MethodWe have numerically performed a bunch length measurement for the nominal settings using therelations derived above. We have done such measurement using 1, 2, 3, and 4 zerophasing cavities tocheck the constancy of the method. Table 1 summarizes the results we obtained. For the nominalbunch length of 370 �m the computed bunch length is always overestimated by about 20 �m.On the other hand the coe�cient C1 is dependent on the number of cavities (in fact on the driftdistance). The beam size measured at the OTR location are shown in �gure 5.25, for the two zero-phasing values �90deg, versus the number of zero-phasing cavities. In the �gure we also simulatethe measurement with the parmela space-charge routine turned o� to verify again our previousstatement that we could unambiguously deconvolve transverse space charge e�ect contribution tothe beam size. In �gure 5.26, we present the beam distribution in the transverse plane along withthe horizontal beam projection, in the case where four cavities are used as zerophasing cavities.5.6.3 Experimental ResultsDuring the early stage of the commissioning of the linac, we attempted a bunch length measurementusing the zerophasing method. We tried to zerophase di�erent numbers of cavities and since thebunch length was larger than expected we needed only to use two cavities.During our experiment, the gradient of the two zerophasing cavities was set to 7:33MV=m, thetotal energy of the incoming beam was estimated to be 23.75 MeV; with such value the constantC0 de�ned in Eqn.(5.49) is approximately C0 ' 7:19.The rms size of the horizontal projection of the beam spots, presented in �g. 5.27, recorded duringthe zerophasing experiment are respectively: �0x ' 3:5 mm, ��90x ' 5:8 mm and �+90x ' 4:0 mm;these values yield X�RMS ' 1:9 mm and X+RMS ' 4:7 mm.Using Eqn.(5.52) we get an rms bunch length estimate of �z '488� 112�m and the longitudinalphase space slope dEdz '�82MeV=m. Both of these values are in disagreement with the parameterspredicted with parmela. These discrepancies were not relevant at the time the measurementwas performed: the injector beam dynamics was not yet fully understood and the settings notoptimized. Also note that the error bar on the bunch length measurement is obtained using the



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 121error propagation 8 theory applied on Eqn.(5.49), assuming an uncertainty of 10% on �, VRF , andthe beam sizes measurement, and a relative error of 2% on the beam energy inferred from the dipolemagnet strength.5.7 Intrinsic Energy Spread Measurement5.7.1 MethodThe estimation of the beam energy spread is performed by measuring transverse beam pro�le in aplane where there is signi�cant dispersion. In the case of the IRFEL, several locations can be usedto measure the energy spread. Typical high-dispersion point are, symmetry points of the chicaneand various location in the recirculation arc. In the plane where dispersion occurs, i.e. in thehorizontal plane in our case, the rms beam size is written:�x = h(��)2 + �~"i1=2 (5.57)This commonly used relation is valid as long as nonlinearities in the transport is negligible. Typ-ically, for the nominal energy (without lasing) spread in the IRFEL (0.2% RMS) it can be used.From Eqn.(5.57) we see that to deduce the energy spread we must know the dispersion function,�, but also the betatron contribution �~" to the beam size. Though the former can be easily mea-sured or estimated via magnetic optics code, the latter requires an emittance measurement (in adispersion free region) and the propagation of the Twiss parameters to the dispersive region whereenergy spread is to be measured. Indeed we can avoid the emittance measurement9 by varying thestrength of an upstream quadrupole while observing the beam size on the dispersive location, untilthe beam size is minimum. At that point the betatron term contribution to the beam size is thesmallest possible. In �gure 5.28, we present the beam size variation for two scenarii of energy spread(i.e. the case were the laser is o� i.e. �� ' 0:2% and on i.e. �� ' 2%). For the lowest energy spreadthe minimum beam rms size simulated with dimad is comparable to the quantity ��. However forlarger energy spread, we observe discrepancies between the value computed from dimad and theone derived from Eqn.(5.57). This disagreement comes from the non-negligible nonlinear dispersionat the location of the beam size measurement which renders Eqn.(5.57) di�cult to use (because itonly contains linear dispersion): Let x0;0, x00;0 be the position and divergence of an electron at theentrance of a magnetic system, with a zero-energy spread, and let x0;�, x00;� be the same coordinatesassociated to an electron with an energy spread �. Inside the bending system that generates energyspread, we will have: xf;0 = R11x0;0 + R12x00;0 (5.58)xf;� = R11x0;� +R12x00;� + R16� + T166�28The systematic error, ��z, on the bunch length computation is:(��z)2 = �2RF �(X+RMS)2 + (X�RMS)2�8�2�2V 2RF (�E0)2 + E20�2RF �(X+RMS)2 + (X�RMS)2�8�4�2V 2RF (��)2 +E20�2RF �(X+RMS)2 + (X�RMS)2�8�2�2V 4RF (�VRF )2 + E20�2RF �16(�0x)2(��0x)2 + 4(��x )2(���x )2 + 4(�+x )2(��+x )2�32�2�2V 2RF �(X+RMS)2 + (X�RMS)2�9Suggestion from D.R. Douglas



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 122= xf;0 + R16� + T166�2Therefore we can de�ne an orbit o�set with respect to the \reference orbit", i.e. the orbit of theelectron with no energy o�set � = 0, as:�x def= xf;� � xf;0 = R12x00;� +R16� + T166�2 (5.59)Hence the energy spread can be expressed as a function of �x by solving the second degree equationin � and taking the physical solution:� = � R162T166 "1� �1 + 4T166R216 (�x)2�1=2# (5.60)In the case of practical value in the bending systems of the IRFEL, a third-order Taylor expansionis largely su�cient, therefore the energy o�set of an electron at position �x with respect to thereference orbit is: � = ��xR16 + T166(�x)2R316 � 2T166(�x)3R516 (5.61)As an example we shall consider an energy-spread measurement performed using a beam pro�lemonitor located in the center of one of the by-pass chicanes: Using the second order magnetic opticscode dimad, we computed transfer the matrix elements to be R16 ' �42 cm and T166 ' 45 cm.5.8 Estimate of Longitudinal Emittance in the Undulator VicinityAn important parameter to permit the laser to turn on, as we will discuss in detail in Chapter 6,is the longitudinal emittance. We de�ne it as:~"�� = qh�2ih�2i � h��i2 (5.62)where � is the longitudinal coordinate expressed in units of RF-degree and � is the momentumspread.At the undulator location, the longitudinal phase space is at a longitudinal waist i.e. the correlationcoe�cient h��i vanishes and therefore the emittance is simply the product of rms bunch length andenergy spread. At the undulator location we can measure the bunch length using CTR methods(see �g. 5.29). However an energy spread measurement can be performed only in a high dispersionpoint i.e. in the middle of one of chicane thanks to an OTR pro�le monitor (see �g. 5.29). It istherefore important to check how the measured energy spread relates to the energy spread at thebunch length measurement station. Under the validity of linear transfer matrix formalism, it isclear that energy spread should be the same over the whole region provided the FEL is turned o�.However, we must be cautious about the applicability of linear optics: there are a few e�ects thatcan signi�cantly spoil the energy spread. The principal e�ects are the longitudinal space chargeforce and wake�eld e�ects. The former has been studied by performing numerical simulations usingthe code parmela. As pictured in �gure 5.30, where we compare the longitudinal phase space atthe wiggler insertion and the one at one potential point of measurement, namely the downstreamchicane midpoint, the energy distribution change is insigni�cant. The degradation of energy spread



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 123induced by space charge is not a concern in the present discussion.The second mechanism that can potentially deteriorate the beam energy spread is due to wake�eldgeneration as the beam encounters discontinuities in the vacuum chamber. Between the point ofbunch length measurement and the energy spread measurement station, the largest discontinuity isintroduced by the beam pipe size variation close the wiggler magnet: there is a transition betweenthe standard beam vacuum chamber, that has a circular section of 50.8 mm diameter, and theundulator vacuum chamber which has a rectangular section of 48�9mm2.Wake�eld forces are due to the change in boundary conditions surrounding a particle, which obligatethe Coulomb �eld to reorganize. An electron in the head of the bunch can cause an electric �eldat the location where the boundary condition changes. An electron behind can interact with thiselectric �eld and thereby modify its orbit. Typically wake�elds are described by wake functions.For an electron traversing a structure with an o�set (x; y), with its velocity parallel to z, the wakefunction writes: �!W (x; y; s) = 1e Z 1�1 dz ��!E (x; y; z; t) + cbz ^ �!B (x; y; z; t)� (5.63)If we assume all the electrons are centered in the structure, i.e. x = y = 0, the principal e�ectof wake�eld is to introduce energy variation along the bunch which in turn can spoil the rmsenergy spread. The rms energy spread induced by this e�ect is purely coming from the longitudinalwake�eld, Wk; it writes: ��;wake = e2 �Z 1�1 ds�(s)W 2k (s)� k2k�1=2 (5.64)where �(s) is the bunch distribution function, and kk def= �1=e R1�1Wk(s)�(s)ds is the total lossfactor.In the present case the computation of the wake�eld is estimated by using a 2D code tbci which alsoassumes the bunch is a rigid line charge distributed along a gaussian distribution. The expectedenergy spread increase to the wake�eld e�ect is presented in �gure 5.31: it is noticed that theassociated energy spread is, in the worst case 25 times less than the beam intrinsic rms energyspread (of typically 50 keV at 38 MeV as achieved in numerical simulations). Hence it is notexpected to have a signi�cant contribution since the total energy spread is the quadratic sum of theintrinsic and wake�eld induced energy spread. Moreover the step transition between the wigglerand the circular vacuum chamber has been smoothed by introducing a \trumpet" shaped copperpiece.Hence under the assumption that there is no mechanism to spoil signi�cantly the energy spread ofthe beam, when the longitudinal envelope is at a waist close to the undulator location (.e. h�zi ' 0),the longitudinal emittance reduces to ~"z ' �z�� (where �z is the bunch length measured in theundulator vicinity and �� is the energy spread measured in one of the high dispersion locations inthe chicanes). Typical bunch length and energy spread measured during the commissioning of theIRFEL, in the period just prior to �rst laser light production, are respectively �z =110� 30�mand �� =0:25� 0:05% which yield a longitudinal emittance of approximately 18:8� 5:5 deg-keV.This is much larger than the expected value from the parmela code (11:7 deg-keV) but still withinthe speci�cation 33 deg-keV.



CHAPTER 5. LONGITUDINAL PHASE SPACE CHARACTERIZATION 1245.8.1 ConclusionIn this chapter we have developed techniques to measure bunch length. Theses techniques in-clude both a frequency-based method that consists of measuring the energy spectrum of coherenttransition (and potentially synchrotron) radiation, and a time-based method. Both techniques arecapable of resolving picosecond-time-scale bunch lengths. Along with bunchlength measurement,some insights on the longitudinal phase space can be obtained by measuring the energy spread fromwhich, knowing the bunch length, the longitudinal emittance can be computed.
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Figure 5.14: Complete interferograms taken few minutes apart: In (A), the ghost-pulse was nottotally suppressed while in (B) it was. (C) gives the di�erence between the two previous plots(A)-(B) .
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Figure 5.17: Symmetrization of the autocorrelation by di�erent methods (A) (see text for detail)along with the corresponding power spectrum (B).
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Figure 5.26: Beam spot on the dispersive OTR monitor for the three phases of the zero-phazingmeasurement.
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Figure 5.27: Typical zerophasing based measurement. The 2D false color image represents thebeam spot measured on the dispersive viewer in the spectrometer line whereas the right plot is theprojection onto the horizontal axis. Measurement for the case where all the \zerophasing" cavitiesare o� (top line), are phased -90 deg w.r.t. the maximum acceleration phase (middle line) and arephased +90 deg w.r.t. the maximum acceleration phase (bottom line).
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Figure 5.30: Comparison of the longitudinal phase space at the CTR foil (grey dots) and thedecompressor mid-point (black dots). The energy distribution are exactly the same while thebunch length at the CTR foil is smaller (dashed lines) than at the chicane mid-point (solid lines).
0 200 400 600 800 1000

Bunch Length σz (µm)

10
−2

10
−1

10

1

10

E
ne

rg
y 

S
pr

ea
d 

∆E
 (

ke
V

)

Figure 5.31: rms energy spread induced by wake�elds generated as a 60 pC bunch of electron travelsthrough the vacuum chamber transition at the undulator location.



Chapter 6Beam Dynamics StudiesIn the present Chapter we would like to present few applications of the diagnostics we have previ-ously described. Essentially, to the present date, these instruments have been helpful in trying tooptimize and understand the photoinjector. They have been used to optimize the bunching scheme,and verify that the beam parameters close to the undulator insertion are within the speci�ed val-ues. Recently we started to study transverse emittance growth to assess if we could relocated theundulator in the back leg transport as it is presently envisioned for the IRFEL Upgrade.6.1 Study of the PhotoinjectorThe beam generation and low energy transport is probably one of the most crucial issue for thedriver-accelerator; every care must be taken to prevent any beam degradation and insure the beamparameters remain within the speci�ed values. Since the injector transports low energy, high chargebunches, e�ects such as space charge have to be taken into account.A few features of the DC photoemission-based injector, especially the beam generation using theGaAs photocathode, have been described in Chapter 1. Here we shall only concentrate on the beamtransport from the gun exit up to the front end.The injector beam linepro is pictured in �g. 6.1; it can be divided into three main regions:1. The 350 keV transport line that consists of two solenoid lenses and a warm buncher cavity,2. The high gradient accelerating structure, composed of two CEBAF-type superconductingcavities capable of accelerating the beam up to a total energy of approximately 10MeV,3. The 10 MeV region that can be subdivided into two parts: a quadrupole telescope that isused to match the transverse phase space into the main linac and an achromatic injectionchicane that consists of three bends arranged in a \staircase" con�guration.In this section we will study each region, try to provide a simple model of beam evolution, we willcompare with simulations, and when possible, benchmark with experimental results and providetentative explanation of discrepancies. However, we will not describe the photoemission processand acceleration in the gun chamber since it has been treated in Reference [14].137
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pickup cavityFigure 6.1: Simpli�ed schematic of the IRFEL photoinjector (see text for explanation).6.1.1 IntroductionThe numerical modelThe injector has been subject to extensive integrated modeling using several codes. The parmelaparticle pushing code is used as skeleton for the simulation [53], the electrostatic �eld in the gunand in the solenoid lenses are computed with the poisson code, whereas the electromagnetic �eldin the RF cavities are obtained from a 3D model using the mafia family code. The injectorparameters have been set after many iterative optimization runs using parmela. The resultingrms beam transverse and longitudinal envelopes throughout the injector transport, optimized fora gun voltage of 350 keV are presented in �gure 6.2.6.1.2 The 350 keV regionThe beam is generated with a DC photocathode gun aforementioned. The accelerating voltagebetween the photocathode and the anode can reach 500 kV. Ideally one would like to maintainthe highest accelerating voltage to minimize the space-charge-induced emittance growth since thisforce is proportional to 1=2. Unfortunately because we encountered technical di�culties (e.g. �eldemission of the cathode support) during the gun commissioning, we had to operate the gun witha lower accelerating voltage of 350 keV (and sometime 330 keV). It was assessed via numericalmodeling that even with this lower accelerating voltage, we could still �nd adequate settings toprovide the required beam parameters at the undulator location. As a bunch is emitted andaccelerated in the gun, its rms transverse (i.e. radial) beam size is strongly diverging and thebunch is elongating as pictured in �gure 6.2. To correct for the strong divergence and collect allparticle of the bunch, a solenoid lens has been located immediately downstream the anode plate.
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CHAPTER 6. BEAM DYNAMICS STUDIES 140equation that require some initial conditions, that we will take to be at the emittance solenoid exit.Let �r and �z be respectively the rms transverse and longitudinal beam envelope. It is well know(e.g. see reference [54]) that one can describes the evolution of the beam envelope via the so-calledcoupled rms envelope equation that write (extended from reference [54]):@2�r(s)@s2 + k20�r(s)� 310p5 Nrc�2030 1�r(s)�z(s)  1� g2 �2r20�2z !� ~"2r�3r = 0 (6.1)@2�z(s)@s2 + k20�r(s)� 310p5 Nrc�2050 g�z(s)2 � ~"z(s)2�z(s)3 = 0where g = g(�z=�r; b=�r) a function of the beam rms size and the vacuum pipe diameter b, de-scribes the e�ect of the bunch interaction with its image on the beam line vacuum chamber;rc = e2=(4��0mc3) is the classical radius of an electron and 0 is the bunch reduced energy (fromnow on we will assume an energy of 350 keV, i.e. �0=0.8048 and 0=1.6849. To convince ourselveson the necessity of using the above equation system, we can study the dependence of the \spacecharge over emittance ratio". For the longitudinal direction we de�ne this ratio as:Rr def= 310p5Nrc30 g�z(~"nr )2 (6.2)The same kind of factor can be de�ned for the transverse direction:Rz def= 310p5Nrc0 �2r(~"nz )2�z  1� g2 �2r20�2z ! (6.3)The evolution of these ratios along the beam line using rms envelope numerically computed withparmela are shown in �gure 6.3. In the 350 keV line it is seen that space charge contribution inthe envelope equation can be a factor 100 larger than the emittance term contribution. Even inthe 10 MeV region, there is still a predominance of space charge term by a factor 10 except in thebunching chicane where dispersion increase transverse beam size and therefore locally reduce spacecharge force. On the other hand, the longitudinal ratio is signi�cantly larger than unity only inthe 350 keV region. It is strongly damped as the beam is accelerated in the 10 MeV structure anddownstream the cryounit the longitudinal envelope equation is only driven by the emittance term.To apply the rms envelope equation to the di�erent elements we can use the following steps:� for a drift space, the external focusing parameters, kr and kz are set to zero.� the buncher cavity is modeled as a \slope impulse": z0 buncher! z0 + 2��RF eVmc2�23�z� the solenoid external focusing parameter is estimated using the relation k0 = eB02mc� where B0is the integrated magnetic �eld, which we have estimated using a poisson generated magnetic�eld pro�le.6.1.3 The high gradient structureIn this section we would like to discuss few interesting e�ects induced on the transverse beamdynamics by the CEBAF-type accelerating cavities. The discussion will enable the reader to un-derstand experimental results presented in the next section.



CHAPTER 6. BEAM DYNAMICS STUDIES 141
0 200 400 600 800 1000 1200

Distance from the Photocathode (cm)

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

Sp
ac

e
C

ha
rg

e
ov

er
E

m
itt

an
ce

R
at

io
(n

o
un

it)

Rr

RzFigure 6.3: \space charge over emittance ratio for the transverse (Rr) and longitudinal (Rz) direc-tion.Energy GainThe acceleration in accelerating cavities is provided by the longitudinal component of the electric�eld of the fundamental mode. Such �eld can be written approximately:Ez = E0 cos(kz) cos(!t+ �) = E02 (cos(!t+ �� kz) + cos(!t+ � + kz)) (6.4)E0 is the peak �eld, z is the position with respect to the cavity center, and � is the o�set phasebetween the particle and the RF-wave. Because of their energy at the �rst cavity entrance, 350 keV,the electrons are not relativistic and therefore one electron is not going to keep the same relativephase with respect to the RF-wave, such e�ect is named phase slippage. Let's de�ne the phase	(z) as: 	(z) def= !t� kz � � = k Z z0  p2 � 1 � 1!dz + � (6.5)Moreover the normalized energy gain is:d(z)dz = � eE02mc2 � 1� (cos(	(z) + 2kz) + cos(	(z))) (6.6)The Eqns.(6.5) and (6.6) together form a coupled di�erential equation system that can be solvednumerically using standard technique. Figures 6.4 presents the energy gain in the two cavity with



CHAPTER 6. BEAM DYNAMICS STUDIES 142an electron beam of initial energy of 350 keV. It is notably seen that maximum energy gain providedby the �rst cavity (cavity #4) is not obtained by injecting the bunch with a relative phase � = 0w.r.t. the RF-wave. This fact is a consequence of phase slippage between the RF wave and thebunch which is not yet relativistic. In fact to obtain the maximum possible energy at the exit ofcavity #4, one needs to inject the bunch with � ' �40 deg.
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CHAPTER 6. BEAM DYNAMICS STUDIES 143numerical solution [56]. This approximate solution is written in term of transfer matrix (e.g. inthe x-x0 phase space) as:M = 0@ cos(�)�p2 cos(�) sin(�) p8i0 cos(�) sin(�)�0i � cos(�)p2 + 1p8 cos(�)� sin(�) if �cos(�) +p2 cos(�) sin�� 1A (6.9)where i;f are the initial and �nal reduced Lorentz factors, the angle � is � = 1p8 cos(�) ln(f=i)and � is, as usual, the phase of the injection of the particle with respect to the on-crest phase. 0is the averaged (over the RF structure) energy gradient:  0 = eGmc2 cos(�). The focal length can beestimated in a straight forward fashion: using �rst order matrix formalism, the �11 beam matrixelements at the exit of the cavity of the cavity are related to the beam matrix element at the cavityentrance by: �(f)11 = m211�(0)11 , �(f)12 = �m11m21�(0)11 , �(f)22 = �m221�(0)11 (6.10)After a drift along a distance l, the beam size writes:�ff11 = �(f)11 � 2l�(f)12 + l2�(f)22 (6.11)Since the focal length is de�ned by the length f where we have d�(ff)11 =dl = 0, it yields:f def= �(f)11�(f)22 = �m11m12 cos�� p2 cos� sin�� 0f � sin�p2 +q18 1cos�� sin � (6.12)Unfortunately this model is derived assuming perfect axi-symmetric RF structure which is generallynot the case: in the CEBAF-type cavities, for instance, there are asymmetries in the vicinity ofthe high order mode (HOM) and the forward power (FP) couplers. These asymmetries, in turn,induced transverse electromagnetic �elds. Thus it requires a complete 3D model to accuratelystudy the e�ect of these couplers on the beam dynamics. Such a 3D model is readily availableand has been implemented in the Je�erson Lab version of parmela using 3D electromagnetic �eldmap generated with the eigensolver mafia [64]. In order to characterize the focusing e�ect of thecavity we generate a hallow sheet beam in the x� y spatial coordinate space with zero divergence(i.e. x0 = y0 = 0 for all macroparticle in the beam). The properties of this kind of beam has abeam size that is equal to the hallow radius, and zero-emittance. After the accelerating cavities theparameter �f11 and �f22 are computed and the focal length is deduced using the equation 6.12. Theresults computed for the two cavities in the injector, taking into account non-relativistic e�ect, arepresented in �gure 6.5.Radio-Frequency induced SteeringIn a similar fashion we have studied, for the injector cavities, the RF-kick e�ect on the beam cen-troid. The kick imparted due to the presence of transverse �eld in the accelerating structure versusthe phase of the electron bunch with respect to the RF-wave are plotted in �gure 6.6.The RF-induced kick due to the presence of the forward power and High order mode couplers canyield emittance dilution via two e�ects: the head tail e�ect and the skew coupling. The former is
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Figure 6.7: Comparison of the transverse beam density measured at the exit of the acceleratingstructure (A) with particle pushing numerical simulation (B).beam axis. Such hypothesis has been inferred from other observations during the commissioningof the injector including a noxious orbit that could not be straightened3 out. In the �gure 6.8, themisalignment curve was generated by steering the beam by 50mrad upstream the cryomodule. Inour desire to obtain a more realistic model of the IRFEL electron beam transport, we included themisalignment in parmela and get emittance values closer to what we experimentally measured.Energy SpreadThe energy spread can be estimated by measuring the horizontal beam pro�le at the high dispersionOTR (see �gure 6.1). At this location the dispersion is computed to be � ' 42 cm and therefore ameasurement of the rms horizontal beam size gives access to the quantity:�x = s�x~"x + ���EE �2 (6.14)Using the routinely measured rms horizontal emittance (~"x '5-6 mm-mrad and beta function�x � 5 m) we deduce that the dispersive contribution to the beam horizontal size is dominant,this latter statement is indeed also veri�ed via numerical simulation using the code parmela. In�gure 6.9 we present the e�ect of the buncher electric �eld on the beam OTR image recorded onthe high dispersion OTR density monitor. From these images we compute the rms values for thehorizontal (energy axis) projection and compare their values with the one expected from numericalsimulation in �gure 6.10. The agreement is seen to be reasonable, i.e. within 30%, except for largebuncher voltage, though in this range we believe the beam was scraping on the beam line vacuumchamber upstream the location of the measurement.3Unfortunately because of time constraints this problem was not addressed
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Figure 6.9: Beam density measured on the high dispersion OTR monitor for nine di�erent bunchgradient settings (the images (A) to (I) corresponds to the points presented in �g. 6.10 startingfrom the low gradient values)the CEBAF cavity: a 3D mafia model (which includes the coupler-induced e�ects) and a 2D-cylindrical symmetric superfish model. The results are presented in �gure 6.11, which shows thatthere is not signi�cant di�erence between the generated transfer maps except some broadening inthe case the of the map generated from the 3D mafia model (which incorporates the RF-kick dueto couplers). In the same �gure we also compare the phase-phase correlation pattern generated ifthe cavity was located downstream the cryounit after a drift of similar length to its present locationin the injector chicane; since the calculation corresponds to a dispersion-free drift, this transfer mapgives insights on the e�ects of the �RF in the above equation. We can clearly observe that thise�ect does not wash out the TOF variation due to energy changes; small e�ects are observableonly for large photocathode drive laser phase. Despite the fact that the e�ect is small, it preventsus from extracting quantitative information from the map (i.e. by performing nonlinear �ts asin Chapter 3). In fact, we can use a similar technique to the one already in use in the CEBAFaccelerator [22] that consists of comparing the phase-phase pattern experimentally measured withone numerically generated for an ideal setup.An application of this type of measurement was to �nd the proper operating point of the buncher
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CHAPTER 6. BEAM DYNAMICS STUDIES 153
0 500 1000 1500 2000 2500 3000 3500 4000

Distance from photocathode (cm)

10
-1

2

5

10
0

2

5

10
1

R
M

S
bu

nc
h

le
ng

th
(m

m
)

Injector Chicane

W
ig

gl
er

 L
oc

at
io

n

Chicane

Figure 6.14: rms bunch length evolution along the IRFEL from the photocathode up to the exit ofthe second chicane.plot (B)); for completeness we also include in �gure 6.15(D) the total CTR power detected. We �ndthat the bunchlength predicted via numerical modeling has a less pronounced variation comparedto the measured variation.6.3 Beam Parameters Measurement Prior to \First lasing"As we mentioned in the very beginning of this report, one motivation, for operational purpose, ofthe diagnostics developed herein is to verify the electron beam quality is within the speci�cationsto enable the FEL to lase. In the early stage of the commissioning of the IRFEL, the undulatormagnet was removed, the main reason being that during this \tuning period" we could havedamaged the undulator because of radiation showers induced as the electron beam "scrapes" onthe vacuum chamber. In table 6.3 we present some of the beam parameters required along withthe experimentally achieved and the numerically expected values. It is seen that we have achievedsu�cient beam quality to enable the FEL to operate however the achieved parameters are somewhatlarger than the one that could be theoretically reached as predicted from numerical modeling, exceptfor the bunch length. With the above parameters �rst light was achieved at low duty cycle within acouple of hours after we installed the undulator magnet, and two days later we were able to operatethe FEL with an output power of 150 W (cw), thereby demonstrating the quality of the electronbeam. On the Beam Physics point of view it is interesting to try to understand the discrepanciesbetween the numerical model and the achieved parameter.



CHAPTER 6. BEAM DYNAMICS STUDIES 154
−0.4 −0.2 0 0.2 0.4

z (mm)

0

1

2

3

4

B
un

ch
 P

op
ul

at
io

n 
(a

.u
)

−15 −10 −5 0
∆φ  (Deg)   (parmela)

0.1

0.2

0.3

0.4

σ z (
m

m
)

5 6 7 8 9
∆φ  (Deg)   (experiment)

0

1

2

3

C
T

R
 s

ig
na

l (
V

ol
ts

)

5 6 7 8 9
∆φ  (Deg)   (experiment)

0

0.1

0.2

0.3

0.4

σ z (
m

m
)


Simulation

Measurement

(A) (B)

(C) (D)

Figure 6.15: Variation of the bunch length versus the linac accelerating phase per parmela simu-lation (A) and measured (B) ["measured" means the bunch distribution was recovered from theCTR autocorrelation using the technique mentioned in Chapter 5]. Comparison between the ex-perimental and simulated bunch longitudinal distribution (C). Total CTR power signal measuredduring plot (B) experiment (D).6.4 Study of Potential Emittance GrowthIn this last section we would like to report on an attempt to measure emittance (and to a lesserextent energy spread) degradation in the bending system of the IRFEL. For such a purposes weneed to consider in the few following sections what are the mechanisms that can lead to an increaseof the emittance. It seems we can divide such mechanism into two categories: the �rst one are dueto the lattice (betatron mismatch, �lamentation, chromaticity); the second type are due to bunchself interaction (because of Coulomb �eld or radiation �eld).A growth of emittance comes from an increase of one of the position and/or divergence, i.e. x or x0in the x-x0 phase space. Let's start with an initial emittance at the entrance of a beam line section~"0: 8 ~"0 = �hx20ihx002i � hx0x00i2�1=2 (6.17)If we assume, that due to perturbation in the beam line section, the position and divergence of aparticle change accordingly to: x0 ! x0 + �xx00 ! x00 + �x0 (6.18)8We voluntary omit the subscript x for the emittance.in this section



CHAPTER 6. BEAM DYNAMICS STUDIES 155Parameter Required Achieved ExpectedEmittances (mm-mrad) ~"x;y < 8:7 ~"x ' 7:5 ~"x = 5:16~"y ' 7:1 ~"y = 3:77Bunch Length (mm) �z < 0:3 0.110 0.137Energy Spread (%) �E=E < 0:2 0.25 0.140Longitudinal Emittance (deg-keV) < 33 18.8 11.7Charge/Bunch (pC) Q = 60 > 60 �Kinetic Energy (MeV) E = 38 > 38 �Table 6.3: Comparison of the achieved, required and simulated beam parameters (the beam pa-rameters are speci�ed for a charge per bunch of 60 pC).then, at the beam line section exit, we can compute the emittance as:~" = �h(x0 + �x)2ih(x00 + �x0)2i � h(x0 + �x)(x00 + �x0)i2�1=2 (6.19)Which, expressed as a function of the initial parameters, takes the form:~"2 = ~"20 + �h�x2ih�x02i � h�x�x0i�+ hx20ih�x02i+ hx020 ih�x2i � 2hx0x00ih�x�x0i+ cross terms(6.20)6.4.1 ChromaticityBecause a bunch does not consist in a mono-energetic distribution of electron, i.e. it has an energyspread �E, and since focusing in the optical lattice also depend on momentum it can spoil thetransverse emittance. To quantify the lattice e�ect on the transverse phase space, one generallyde�nes the so-called chromaticity. For a beam line section it is de�ned as the ratio of betatronphase advance �� change with the given energy change, �E:�x;y = ��x;y2��E (6.21)Therefore, even under the linear optics approximation, the transfer matrix in the transport codeformalism is dependent on � = �E=E. Because of this dependence there is potential emittancevariation that can be generated.The technique we used to study the chromatic aberrations consisted of raytracing a few points onthe initial beam ellipse in the transverse phase space at the cryomodule exit. This raytracing isperformed for a variety of energy spread with a span of �1% and was computed with the TLie codeusing expansion of the transfer map up to the third order. The results for two di�erent locationsalong the beam line (after the decompressor chicane and in the middle of the backleg transferline) are presented in �gure 6.16. The phase space distortion is very small; to further quantifythis statement we studied the emittance growth due to this e�ect in the backleg transfer line; forsuch a purpose we tracked an initial Gaussian distribution in the 6-D phase space and vary therms relative energy spread of the distribution in the longitudinal plane. The result is presented in�g 6.17. For the nominal (measured) rms relative energy spread of 0.25% the emittance growthdue to chromaticity is less than 2%, even in the case of energy spread of the order of 1% (whichcan be reached depending on the linac accelerating phase) the expected growth is approximately5%. Hence it seems in the IRFEL emittance growth due to chromatic aberration is not a concern.
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Figure 6.16: Phase space distortion due to chromatic aberration at the decompressor chicane exit(top plots) and the arc 1 exit (bottom plots).6.4.2 RF-e�ectsIn the high energy region, we have investigated the change in parameters due to variation ofaccelerating phase since we will attempt to measure the transverse horizontal emittance versus thelinac gang phase9. The simulations were performed with parmela; and the results showing thedependence of the beam parameters versus the linac phase are presented in �gure 6.18; the linacenergy during these simulations was set to 38 MeV and the gang phase that provide minimumbunch length at the undulator location is �� ' �9:5 deg. Both horizontal and vertical emittancesat the linac exit do not depend on the accelerating phase.6.4.3 Energy Spread induced in a Dispersive regionThe general class of e�ects that can lead to energy spread are bunch self interaction via self �eld(space charge) or radiation �eld (wake�eld due to vacuum chamber irregularities, synchrotronradiation). We have already briey considered longitudinal wake�eld at the end of Chapter 5 and9A reminder that in Appendix D we provide a schematics of the RF-control system
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Effect of Energy Centroid OffsetFigure 6.17: Emittance growth due to chromatic aberration versus the momentum spread andenergy o�set of the beam.have show that it is very small for our beam parameters. In fact all the beamline components havebeen speci�ed in such a way that the total longitudinal loss factor is within some impedance budgetso that the potential beam degradation is very small [65].In this section we would like to show how energy spread generated in a dispersive region (i.e. abends system) can couple to the transverse plane and yield emittance degradation. The linearizedequation of motion of an electron in a bend, assuming no external focusing and no coupling betweenthe two transverse phase spaces, for the bending plane (the x-x' plane in the case of the IRFEL)is [59]: d2xds2 + x�2x = ��x (6.22)where s is the longitudinal position referred w.r.t. the entrance of the bending system, �x is theradius of curvature of the trajectory and � is the relative energy o�set w.r.t. the reference orbit.Let's assume, for simplicity, that the mechanism generates an energy spread that is only dependenton the curvilinear coordinate s10, i.e. � = �(0) + �(s). Under such an assumption, the latterequation takes the form: d2xds2 + x�2x = �(0) + �(s)�x (6.23)10generally speaking the mechanism is also dependent on time, for a complete treatment see [69]
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yFigure 6.18: Evolution of beam parameters (bunch length �z, rms energy spread �E, transverseemittances ~"x;y, and rms beam sizes �x;y) versus the operating accelerating phase of the linac.which can be solved using the standard Green function perturbative technique [59]11 The solutionof the above equation is:x(s) = cos(s=�x)x(0) + �x sin(s=�x)x0(0) + �x(1� cos(s=�x))�(0) + Z s0 ��x sin(~s=�x)�(~s)d~sx0(s) = �1=�x sin(s=�x)x(0) + cos(s=�x)x0(0) + cos(s=�x)�(0) + Z s0 cos(~s=�x)�(~s)d~s(6.24)the latter equation clearly shows that, compared to the constant energy spread equation, there isan increment in angle and position of:�x(s) = Z s0 ��x sin(~s=�x)�(~s)d~s�x0(s) = Z s0 cos(~s=�x)�(~s) (6.25)To compute the emittance growth we need to compute the second order moments (hx2i, hx02iand hxx0i) and substitute them in the eqn.(6.20). It is interesting to note that in the case of anachromatic bending system, the achromatic character is broken because of Eqn.(6.25). Anotherinteresting point is that depending on the bending system design, one can conceive a way of makingthe above integral very small (or ideally zero) so that the net emittance growth is negligible. Sucha method has been discussed in detail in references [60] and [61].11If we consider the right hand side of the previous equation as a perturbation term p(t; s) the solution of thisequation writes x(t) = R t0 p(~t)d~tG(t; ~t) where G(t; ~t) is a Green's function that can be constructed from the twoprincipal solutions (S(t) and C(t)) accordingly to:G(t; ~t) = S(t)C(~t)�C(t)S(~t)



CHAPTER 6. BEAM DYNAMICS STUDIES 1596.4.4 Bunch Self Interaction via Coherent Synchrotron RadiationCSR is a long standing topic in several subjects, especially in Accelerator Physics. The �rstcomprehensive study was performed by J.S. Nodvick and D.S. Saxon [4] in 1954. These authorsstudied the interaction of charged particle moving on a curved path between to perfectly conductingplane and showed how CSR emission could be partially suppress at a given wavelength by the meansof the two conducting plane that act as a shielding. Indeed, to the best of our knowledge, CSR e�ecton the Beam Dynamics, and CSR emission, have never been observed in storage ring or circularaccelerator. It is a consequence of the generally long bunch that are circulating in such accelerator:as we will see in this chapter, CSR emission occurs at wavelength comparable to the bunch length.Therefore, for bunch length of the order of centimeters (as it is current in circular accelerator),the emission of CSR should occur in the microwave region: unfortunately, the size of the vacuumbeam pipe chamber, which serve as a waveguide for the CSR propagation, are also of the order ofcentimeters and so is their cut o� wavelength. Therefore the CSR emission is \shielded" by thebeam pipe, i.e. it does not propagate. In fact, only very recently, CSR emission in the far �eldregion, and in the far-infra-red wavelength has been observed in a 100 MeV linear accelerator ofthe Tohoku University by T. Nagazato [66]. This group showed experimentally how it was possibleto infer the bunch length and bunch structure using the frequency spectrum of CSR, using thesame technique we presented in Chapter 4 for the transition radiation. They also demonstratethe possible shielding of CSR emission using two parallel conducting plane with variable gap [67].However the anticipated e�ects of CSR on the Beam Dynamics, i.e. transverse emittance dilution,has never been observed up to now.A simple model: steady state in free spaceWe outline in the present section a simple picture of the CSR phenomenon. For such a purpose westart with the Li�enard-Wietchert retarded electric �eld [8]:�!E = e " bn��!�2(1� bn:�!� )3R2#ret + ec 24bn ^ (bn��!� ) ^ �!_�(1� bn�!� )3R 35ret (6.26)�!R is a vector from S 0 to S, and 1� bn�!� = 1� � cos(��=2) and �� = 6 (��!OS 0;�!OS) (see �gure 6.19).The subscript ret means that the quantities inside the brackets must be evaluated at the retardedtime t0. Because of causality the retarded t0 and present t times are related by t = t0 + R(t0)=cor equivalently by �� = �� � 2�� sin(��=2) with �� being the angle between the two electronsin the moving frame, � the radius of curvature, and �� the angle between them in the laboratoryframe.The problem has been treated in several references (e.g. Ref.[69]), it �rst consists of calculating theelectric �eld emitted at the retarded time and location S 0 at the present time and location S. Thiselectric �eld induces an energy change on S, V (s�s0), that depends on the relative positions, s ands0, of the two particles. In essence CSR is very similar to wake�eld: it yields an energy redistributionalong the bunch. The energy change of a reference particle S is given by the superposition of theradiation force of all the back particles:dEd(ct) = Z s�1 �(s0)V (s� s0)ds0 (6.27)



CHAPTER 6. BEAM DYNAMICS STUDIES 160In the case of a rigid line charge with a Gaussian distribution �(s) = N=p2��2z exp ��s2=(2�2z)�,one obtains for the energy change [68]:dEd(ct) = 2Ne2(2�)1=231=3�2=3�4=3z F (s=�z) (6.28)with the function12 F de�ned as F (�) = R ��1 d�0(���0)1=3 dd�0 e��02=2 A plot of this energy change ispresented in �gure 6.20 along with simulation results using a modi�ed version of parmela thatincludes a simple model for CSR bunch self interaction (see Appendix B). Contrary to standardwake�eld where the trailing electrons in the bunch generally lose energy, CSR e�ects yield an energygain for electrons located in the head of the bunch.
Trajectory
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OFigure 6.19: Schematics of CSR self interaction of a bunch.Limitations of the previous modelThe model of CSR bunch self interaction briey outlined in the previous section is oversimpli�edin two ways: (1) it assumes the bunch has been orbiting on a circular path for ever (steady stateassumption) and (2) it assume the bunch is in free space. Both of this assumptions are not true inpractice: (1) an accelerator (even circular) consists of straight sections joined by bending elementstherefore a more realistic picture of CSR should include the transient CSR, i.e. the passage fromthe straight section to the bend section. (2) the bunch propagates in metallic (e.g. stainless steel)vacuum chambers and therefore CSR can be shielded (i.e. not allow to propagate because of thecut-o� frequency associated with the geometric parameters of the vacuum chamber).12sometime termed as \overtake" function



CHAPTER 6. BEAM DYNAMICS STUDIES 161
.

.

.

.

.
.

.

..
.

.

.

.

.
.

.

.

.

.

.

.

.

.

.

.
.

.

.

.
.

.

.

..
..

.

..

..

.

.
..

.
.
.

.

.

.

.
.

.

.

.

.
.

.

.

.

..

.

.

.

.
. ...

.

.

..

.

.

.

.

.

.

.
.

..

.

.

.

.

..
.

.

.

.

.

.

.

..

..

..

.

.

.
.

.
.

.

.

.

.

.

.

.

.

.

.

. ..
..

.
. .

.

.

.

.
.
.

.

.

.

.

.
.

.

.

.

.

.

. .

.
.

.

.

.

. ..

.

. .

.
.

..

..

.

.

.

..
..
.

.

.

..

.

.

.
.

.

.

.

.

.

.

.

.

.
..

.

.

.

.

.
. .

.

.

.

.. .

.

..

.

.
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
.

.

.

.
...
.

.

.

.
.

.

.

.
. .
.

.

.

.

.

.

.

.

.

.

.
.

..
.

.

.

.

.

.

.

.
.

.

.

..

..

.
.

.

. ..

..

.

.

.

.

.

.

.

.
.

.

.

..

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
(deg.)

-100

-50

0

50

100

.
..
.

...

.
. .

.
..

.

.
. .
..

.

.. ..

.

.

. ..

.
.

..
.

.

.

.... .

.

..
..
. .. ..

.
.

..

..

....
.

.
.

.
.

.. .
.

.. .

..
.

. .

..
.

...
..

.. .

. . .
.

.
.. . ....

..

.

.

..

..

.

.
.

.
.

.

.
.

.

...
. .

.
. . .

..
.

.

.
.

..

.
.

.

.
.

.
.

..

.

.

.

.
. .

. .

.

.

.

.
..
.

. ..
.

. .. .

.
..

. .. .. .... . .. ... ... ... ...
.

. ....
.

..... ... .. .
..

.
. .. . .

.
.

.
.

.

. .. ..
.

. .
.

.. . .. .... .. . ..

.

.... .
.

. . ... ....... .
.

.
.

..
..

.
.

.. . ..
.

. ..
..

.
.. .

.... .. ..

-100

-50

0

50

100

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

E
(k

eV
)

(B)

(A)

Figure 6.20: Analytical computation for CSR-induced energy loss along a gaussian bunch andprediction using a simple numerical model in a modi�ed version of the sc parmela code for 200�m(A) and 100�m (B). The system considered is a simple achromatic chicane (macroparticle with�� > 0 are in the bunch tail).6.5 Preliminary Experimental Results on Emittance and Energy Spread Mea-surementsThe primary purpose of the experiment that was attempted in the IRFEL is to measure whetherthe transverse horizontal emittance is signi�cantly degraded after the recirculation arc 1. The rea-son is to con�rm the viability of the envisioned Upgrade IRFEL in which several wigglers will belocated in the backleg transport.Another motivation was to try to setup the IRFEL optics so that we could generate emittancedegradation and perform some parametric studies.The experimental setup to measure emittance follows our discussion of Chapter 3.The experiment was attempted in two series of runs. During the �rst run, we varied the linacaccelerating phase and measured the emittance before and after the arc 1. In the second seriesof run, because the emittance was found to be large (technical problem with the injector), weconcentrated on measuring the energy spread measurement only.



CHAPTER 6. BEAM DYNAMICS STUDIES 1626.5.1 Emittance MeasurementA �rst experiment consisted in varying the bunch length at the undulator location and measuringthe horizontal emittance after the decompressor chicane. A typical plot obtained is presentedin �gure 6.21. The emittance seems to go through a maximum for a minimum bunch lengthin the undulator vicinity (as inferred from the maximum CTR signal). From a simplistic modelimplemented in parmela we found that at such point the emittance increases compared to the casewhere CSR is not included in the calculation is approximately 10%. At the time of the measurementwe operated the gun with a very poor photocathode and could not extract more that 20 pC chargeper bunch, a too low charge to unambiguously measure potential e�ects from CSR bunch selfinteraction, if those are present. A fully self-consistent code, written by R. Li of Je�erson Lab [70],ran for 60 pC and a nominal emittance of approximately 7 mm-mrad yielded a 20% increase inemittance13.We also attempted to compare the transverse horizontal emittance before and after the arc 1. In thecase corresponding to the nominal operation of the linac, which corresponds to a minimum bunchlength in the undulator vicinity, no emittance growth was observed within the error bars (transversehorizontal emittances measured were approximately 18 mm-mrad normalized at 38 MeV).
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CHAPTER 6. BEAM DYNAMICS STUDIES 1636.5.2 Energy Spread MeasurementIn the second series of run, we were able to extract high charge per bunch from the photocathode(typically 60 pC) but we were never able to establish su�ciently low transverse emittance in theIRFEL 14 to provide a low enough signal-to-noise to see de�nitively a potential emittance growthat the arc exit. In the case of energy spread, it was generally di�cult to convince ourselves that wehad removed all transverse e�ects of transport from the viewer images, something that needs to bedone to be sure only energy spread is being observed on the viewers. However, for a few select casescorresponding to short bunchlengths close to the undulator, we believe we have good data, andwithin the resolution of these measurements, they show no increase in energy spread as pictured in�gure 6.22. This result is consistent with simulation performed with the JLab self consistent codewhich indicates the energy spread increase between the compressor chicane midpoint and the arc1exit should be of the order of 5% 15.
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Figure 6.22: Energy distribution measured along the beam line, at the chicane midpoint (A) and(B) and entrance of the arcs (C) and (D) [the horizontal axis of these plot represent the relativeenergy spread (no units)]. The bottom plot presents the rms relative energy spread computed fromthe distributions.14the reason is still not understood at the present time15R. Li, private communication



CHAPTER 6. BEAM DYNAMICS STUDIES 1646.5.3 ConclusionOur experiment on CSR was not very successful because of bad beam quality during the periodwe tried to performed the measurements. However a preliminary conclusion would indicate thatCSR is not a signi�cant e�ect in the IRFEL, in the sense that no tremendous growth of thetransverse emittance or the energy spread was observed even at 60 pC. Only one measurement hasbeen performed and there might be optical lattice setups that may provide a larger energy spreadand emittance growth. At minimum we can conclude that with the nominal setup of the IRFELaccelerator neither signi�cant emittance dilution nor energy spread generation were measured. Inthe future, once the beam dynamics in the machine is fully optimized, one should try to transporthigher charge (e.g. the full 135 pC required for the Upgrade IRFEL), and attempt to generate andmeasure beam degradation due to bends.



Chapter 7ConclusionThe work presented in the present report describes in detail the implementation of di�erent types ofdiagnostics for a relatively high brightness electron beam and the applications of these diagnosticsto study some beam dynamics problems. This work had a signi�cant contribution in the success ofcommissioning, understanding and operating the �rst high average power (kW-level) infra-red freeelectron laser oscillator that has been built at Thomas Je�erson National Accelerator Facility.The recirculator transverse response functions, the lattice dispersion, and the longitudinal transferfunctions R56 and R55 (along with nonlinearities) have been measured and compared with a mag-netic optics code such as dimad and particle pushing code such as parmela.We have implemented two transverse phase space characterization techniques to study the phasespace density of the electron beam as it is still in the space-charge dominated regime, but also inthe emittance dominated regime. The former technique based on transverse phase space samplingusing a multislit mask has allowed some preliminary parametric studies of the phase space of 60 pCcharge per bunch beam produced at the front end of a 10 MeV photoinjector and has been capableto resolve emittance as low as 1 mm-mrad in a test injector stand.Along with the transverse phase space, a full six-dimensional characterization of the phase space hasbeen attempted by measuring both bunch length and energy spread of the electron beam. Becauseof the ultra-short beam required to drive a free-electron laser (typically <0.5 picosecond rms bunchlength), we have instrumented the driver-accelerator with Michelson interferometers that detectcoherent transition radiation produced by the bunched electron beam. This interferometer has alsobeen used to perform parametric study of the bunch length evolution versus some radio-frequencyelement that play a key role in the bunching scheme.Finally a full model based on multiparticle simulation of the IRFEL has been elaborated and com-pared when possible with experiments. A tentative experiment to measure energy spread generationin the recirculation arc of the driver accelerator, along with emittance dilution has been performed.The results yields the observation of emittance growth that is correlated with bunch length in the165



CHAPTER 7. CONCLUSION 166undulator vicinity. We have not managed, up to the present date, to unambiguously demonstratewhether this e�ect was due to coherent synchrotron radiation. A second series of runs were per-formed, where we concentrated on the measurement of energy spread along the transport channel,resulting in no observation, within the precision of the measurement, of energy spread generation(also this data were taken for one operating point of the linac only).We can conclude, at a minimum, that it should be possible set up a beam that will transport aroundthe Bates arc without signi�cant growth in energy spread (which translates to no signi�cant growthin emittance), and therefore for the FEL Upgrade it seems reasonable to plan on putting the FELsystems in the back leg transfer line - a bunch charge of 135 pC (versus the 60 pC used for themeasurement reported in this report) would roughly double the e�ect provided all else were equal,but then it still would not be signi�cant. Once the lattice design of the IRFEL Upgrade has ma-tured, then one should be able to use the IR Demo to set up a beam at the entrance to the �rstBates bend that mimics the IRFEL Upgrade beam parameters, and try to perform the same typeof measurements (emittance and energy spread) the 135 pC case.
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Appendix AAbbreviations� BFF : bunch form factor.� BPM : beam position monitor.� CCD : charge coupled device.� CSR : coherent synchrotron radiation.� CTR : coherent transition radiation.� CW : continuous wave.� FFT : fast fourier transform.� FWHM : full width half maximum.� FP coupler : forward power coupler (on accelerating cavities).� HF : high-frequency.� HOM coupler : high order mode coupler (on accelerating cavities).� IRFEL : infrared free-electron laser.� ISR : incoherent synchrotron radiation.� ODP : optical path di�erence.� OTR : optical transition radiation.� RF : radio-frequency.� RMS : root mean square.� SC : space charge.� SR : synchrotron radiation.� SRF : superconducting radio-frequency. 172



APPENDIX A. ABBREVIATIONS 173� TEM : transverse electric magnetic.� TOF : time of ight.� TR : transition radiation.



Appendix BBeam Dynamics: Notes & ToolsB.1 Linear and Second Order Transport: ConventionB.1.1 Transfer MatrixIn the present report we work in the coordinate system (x; x0; y; y0; �; �) where:� x, y, � are the coordinate in the standard 3D position space (note that � = 2�z=�RF repre-sents the longitudinal position of the particle in unit of the RF wavelength of the accelerator(within a factor 2�))� x0 and y0 are the divergence in the transverse plane� � is the relative energy o�set of the particle with a reference particle (which is in the presentreport coincident with the energy average of the bunch).To propagate a vector �!r in along a section of beam line, we use, provided the second-order approx-imation of the equation of motion is applicable:rout;i =Xj Rijrin;j +Xk Xj>k Tijkrin;jrin;k +O(r3) (B.1)Rij is the �rst order matrix and Tijk are the second order terms.B.1.2 Beam MatrixThe beam or � matrix, e.g. for the x-x0 phase space is de�ned as follows:�x def= �1j2 def=  �11 �12�12 �22 ! =  hx2i hxx0ihxx0i hx02i ! (B.2)The same matrix can be de�ned for the y-y0 phase spaces (�3j4) or �-� longitudinal phase spaces(�5j6). we have the following de�nitions/properties:174



APPENDIX B. BEAM DYNAMICS: NOTES & TOOLS 175� the transverse rms emittance is the determinant det(�z)� We de�ne the slope of the phase space as: dx=dx0 = hxx0i=hx02iB.2 A note on space chargeWe have already mentioned that charged particle beam are subject to space charge force thatoriginates from Coulomb repulsion between electrons within a bunch. Space charge tends to induceemittance growth. In this section, we would like to show that these forces are only a concern forlow energy beam, in our case (Q ' 60 pC the space charge collective e�ect is only important inthe injector beamline. For such a purpose we consider a very simple model of a uniformly chargedbeam or radius a and longitudinal charge density �(z) 1. For such a simple case the electric andmagnetic �elds inside the beam, and in the beam reference frame, can easily be computed from theMaxwell equation and are (for r < a) (in the bunch frame):E 0r(z) = 14��0 2Q�(z) ra2 (B.3)The longitudinal �eld can also be computed considering the beam inside a pure metallic cylindricalpipe of radius b is: E 0z = Q4��0 12g(a0; b0)�l0 (B.4)where g(a; b) is a geometric factor that will be discussed later.The electromagnetic �eld in Eqns.(B.3) and (B.4) are valid in the moving frame. The can betransformed in the laboratory frame using the Lorentz transformation:Er = E 0r, Ez = E 0z (B.5)Furthermore in the laboratory frame, the beam radius and length are related to their equivalent inthe bunch frame by l = l0 and a = a0. Hence in the laboratory frame, these �eld dependance are:Er / 1=, and, Ez / 1=2 (B.6)which in turn yield the following dependance for the forces:Fx = e(Ex � �cBy) = e / 1=2, and, Fz = eEz / 1=2 (B.7)Therefore we �nd, using this simple uniform beam model, that the space-charge induced defocusingforce damps as 1=2 and eventually because negligible for high enough energy beam. Indeed wewill derive a criterion, in the next section, from the rms beam envelope equation to determine whenthe space charge e�ect is not a concern.1A. W. Chao, Physics of Collective Beam Instabilities in High Energy Accelerators, John Wiley & Sons, (1993)



APPENDIX B. BEAM DYNAMICS: NOTES & TOOLS 176B.3 The Simulation ToolsB.3.1 DIMADThe program DIMAD 2 studies particle behavior in circular machines and in beam lines. The tra-jectories of the relativistic particles are computed according to the second order matrix formalism.It does not provide synchrotron motion analysis but can simulate it. The program provides the userwith the possibility of de�ning arbitrary elements to tailor the program to speci�c uses. DIMAD,like its predecessor DIMAT, is the result of many years of experimenting with several di�erentcharged particle computer codes.B.3.2 TLIETlie 3 is a general 6D relativistic design code with a MAD compatible input language. Theparticularity of TLie is its ability to compute transfer map at an arbitrary order and not only upto second order like dimad. The Physics behind this code is based on the use of the Lie Algebraoperator to propagate transfert map along a beamline section. A Lie algebra is an algebra (i.e. avector space with a product � verifying the properties (1) �(x � y) = (�x) � y = x � (�y) and (2)y�(x1+x2) = y�x1+y�x2) that also veri�es the Jocobi identity: x�(y�z)+y�(z�x)+z�(x�y) = 0.The Lie algebra operator used in Beam Dynamics is the Poisson bracket de�ned as: [f; g] =Pi @f@qi @g@pi � @g@qi @f@pi where g and f are functions of the generalized variables pi and qi. The reasonfor such a choice is the fact that with the help of the canonical Hamilton equations, we can writefor a function f(pi; qi): dfdt = @f@t + [f;H ] (B.8)where H is the Hamiltonian that governs the evolution of the distribution f in the conjugate space(pi; qi). In standard notation, the Poisson bracket operator is often written : f : g = [f; g] where: f : is a Lie operator. To illustrate how the Tlie code works, let's assume, for the time being,that f is not an explicit function of time i.e. @f@t = 0 in Eqn.(B.8). Then Eqn.(B.8) becomes:dfdt = [f;H ] =: f : H = � : H : f , and using purely symbolic equation we have in term of operator:ddt = � : H : so the Lie operator : H : reduces to a simple time derivative. The solution of thisdi�erential equation is e�:H :f where the exponentiation of Lie operator is de�ned as the seriese:H :f = f + [H; f ] + 1=2[H; [H; f ]]+ :::.The beauty of Lie Algebra technique resides in that the computation of the function f at a timet = t0 + � , knowing the function f at time t0, just consists of computing ft = e�� :H :ft0 ; suchcalculation can be carried at any order by computing the Poisson bracket series at the desiredorder, this is the principle on which Tlie is based: the hamiltonian H along with the correspondingoperator e:H : are computed for each beam line piece and are concatened using the Campbell-Baker-Hausdor� theorem, that states e:HA!C: = e:HA!B :e:HB!C :, to obtain the Lie operator for a wholebeam line section [A,C].2R. Sevranckx, K. L. Brown, L. Scachinger, and D. Douglas, \Users Guide to the Program DIMAD", SLACREPORT 285 SLAC - Stanford University CA-USA (1985)3The code was written by Johannes van Zeijts and Filippo Neri



APPENDIX B. BEAM DYNAMICS: NOTES & TOOLS 177B.3.3 PARMELAFeatures of Je�erson Lab Version\Phase and Radial Motion in Electron Linear Accelerators." It is a versatile multi-particle codethat transforms the beam, represented by a collection of macroparticles, through a user-speci�edlinac and/or transport system. It includes a 2-D space-charge calculation and an optional 3-Dpoint-to-point space-charge calculation. PARMELA integrates the particle trajectories throughthe �elds. This approach is especially important for electrons where some of the approximationsused by other codes (e.g. the "drift-kick" method commonly used for low-energy protons) wouldnot hold. PARMELA works equally well for either electrons or ions. PARMELA can read �elddistributions generated by either FISH for rf problems or POISSON for magnet problems.Modi�ed Space charge algorithmAt Je�erson Lab, a modi�ed version of parmela has been produced by H. Liu. It incorporates a 3Dpoint-by-point space charge algorithm from K.T. Mc. Donald 4. An outline of the algorithm is asfollows. parmela use a two-step method to generate a space charge impulse on each macroparticle:(!) it determines the net electromagnetic space charge �eld at the location of each macroparticledue to all other macroparticle, (2) apply the space charge impulse to each macroparticle. Thentrack the macroparticle through a slice (width de�ned by the user) of the beam line (for simpleelement the tracking is performed using second order transfer matrix, but the user can if desiredde�ne the 3D map of the electromagnetic �eld. In such case the equation of motion is integrated ineach slice). This space point-by-point algorithm is very simple but because of the 1=r2 dependence(which can lead to singularity or numerical noise) it must be implemented carefully. For instance inthe eventuality two macroparticles come very close to each other the charge of the macroparticlesin the algorithm is reduced. The algorithm to reduce the macroparticle charge is discussed in detailelsewhere 5A simple model for Coherent Synchrotron RadiationThe implementation of the CSR interaction into the PARMELA code closely follows the methoddescribed by Carlsten 6where the electric �eld generated at a retarded angle �0 by a line i of uniformcharge Qi and length �i orbiting on a circular trajectory of radius Ri detected at the present timeby an observer electron j derived and expressed as:Ei;j = Qi�i " 1r(1��!�i bnij) " 12i � �2i xjRi + �2i (1� cos(�0))##�f�r (B.9)4K. T. Mc Donald, IEEE Trans. Elect. Dev. 35 p 2052 (1988)5H. Liu,\Concept of Variable Particle Size Factor for a Point-by-Point Space Charge Algorithm", CEBAF reportTN-94-040, Je�erson Lab, Newport News, VA-USA (1994)6B. E. Carlsten,\Calculation of the noninertial space-charge force and the coherent synchrotron radiation forcefor short electron bunches in circular motion using the retarded Green's function technique" Phys. Rev E54 num 1,pp 838-845 (1996)



APPENDIX B. BEAM DYNAMICS: NOTES & TOOLS 178where �i, i are the usual Lorentz factors for the orbiting line i, bnij is the normed vector along thedirection from the line center and the observer electron. The quantity in bracket must be evaluatedfor the present angles �rij (resp. �fij) that corresponds to the angle between the rear (resp. front)of the line charge and the observer electron. The retarded angle �0 is related to the present angle� by a transcend equation derived from geometrical consideration. For instance for the line chargei and the observer j we have:�2iR2i (� 0 � �)2 = �2j + 2Ri(Ri + xj)(1� cos(� 0)) (B.10)where �j is the total transverse displacement of the observer electron with respect to the trajectoryof the line charge.The denominator of Eqn.(B.9) can also be expressed as a function of the retarded time using geo-metrical consideration.The extension to a bunch of electron described by a macroparticle model is straight forward: theline charge can be replaced by a macroparticle which carry, as in PARMELA, a uniform charge.Therefore the total electric �eld produced by the bunch of macroparticle at a retarded time on anobserver macroparticle at the present time simply writes as the sum:E totalj = NXi=1Ei;j (B.11)where N is the number of macroparticle in the model.In fact this \point by point" type macroparticle algorithm has already been implemented in theJLab PARMELA version to simulate macropaticle interaction via space-charge force. Hence wecan easily modify the existing algorithm to simulate CSR self interaction.The retarded angle is evaluated as described by Carlsten using an iterative process to solve thetranscendent equation Eqn.(B.10). The model described in the previous section as been imple-mented in the JLab version of PARMELA (both a HP9000 and a Cray C90 versions). Pratically,when the bunch enters a bend in which the user wish to include CSR interaction, the radius of thetrajectory of each macroparticle is ealuated and then, based on geometrical consideration, all theparameter in Eqn.(B.9) are computed and the �eld due to bunch on a macroparticle is evaluated.This operation is performed for each macroparticle and therefore a large number of iteration isneeded. Typical CPU time needed to run one FEL chicane is approximately 1hr wall clock. Ablock diagram of the PARMELA code is presented in Fig. B.1. The modi�cation performed areshown in grey: �rstly we have introduced a new card BENDCSR which follow the same syntax as theBEND card. This card must be used to indicate the bending magnet where the user wish to simulateCSR interaction. Secondly, we have modi�ed the program PARMDYN so that when the electrons arein the BENDCSR card the subroutine csr is called.
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Figure B.1: Parmela simpli�ed algorithm.



Appendix CDispersion Relations for BunchedBeam DistributionsC.0.4 IntroductionDispersion relations to compute the phase associated to the electric �eld generated via coherentemission from a bunched electron beam have been used by many authors. However we believethe mathematical proof is not always properly derived: these dispersion relations are applied tofunctions which cannot be expressed as Cauchy integrals. In the present addendum we presenta derivation of such relations and discuss the fact that these dispersion relation do not a fortiorigive the phase, but only one term contributing to the phase (depending on the bunch longitudinaldistribution properties).C.0.5 BackgroundThere are many ways electrons can emit radiation as their environment is modi�ed. It has beenshown in the case of bunched electron beam that if the emitted radiation is observed at wavelengthcomparable or larger that the bunch length, the electrons in the bunch emit coherently. In such acase, the spectrum of the radiation writes as:Etotal(!) = qN(N � 1)qj Ŝ (!)jE1e�(!) (C.1)where Ŝ (!) is the Fourier transform of the longitudinal distribution S(t). The problem that hasbeen studied is to use the power spectrum, which is proportional to the modulus of the Fouriertransform of the electric �eld, to compute the bunch form factor phase.In the many papers, the function log(Ŝ (!)) is de�ned and the complex part of this function (whichis the phase of Ŝ (!)) is calculated using the standard dispersion relations. However we shall seebelow that log Ŝ (!) does not have the \right" properties and cannot be generally written as aCauchy integral and more care should be used when trying to recover the imaginary part of thelog Ŝ (!) function. 180



APPENDIX C. DISPERSION RELATIONS FOR BUNCHED BEAM DISTRIBUTIONS 181C.0.6 The Dispersion Relations for Ŝ (!)When S(t), the bunch distribution has the \right" properties, its Fourier transform has someinteresting properties: its imaginary and real part are Hilbert conjugate, i.e. they are related viaHilbert transformation. The \right" properties S(t) must satisfy are as follows:� R+10 S(t)dt <1 i.e. the integral converge,� limt!1 S(t) = 0 and S(t)! 0 faster than 1=t,� S(t) = 0 8t < 0.The last item insure S(t) is a causal function and the two other are equivalent to S(t) 2 L2, theensemble of square integrable functions. The bunch distribution indeed satis�es all of the aboveitems. Moreover because of item (1) its Fourier transform is bounded.Let's extend the Fourier transform into the complex plane. Let � = !+i!0 be the complex frequencythen the Fourier transform writes:Ŝ (�) = Z 10 S(t)ei�tdt = Z 10 ei!te�!0tdt (C.2)If we only consider the upper half-plane Ŝ (�) is analytic since in this region of the complex planethe function exp(�!0t) is a purely decaying function (because of causality t � 0). Because ofanalyticity we can write Ŝ (�) as a Cauchy integral:Ŝ (�) = 1i�P Z +1�1 Ŝ (�)�� � d� (C.3)from which, after identifying Ŝ (�) = <[Ŝ (�)] + i=[Ŝ (�)] and using the fact that S(��) = S(�),we get the standard dispersion relations:<[Ŝ (�)] = 2�P Z 10 =[Ŝ (�)]� � � d� (C.4)=[Ŝ (�)] = � 2�P Z 10 <[Ŝ (�)]� � � d�C.0.7 The Dispersion Relations for log[Ŝ (!)]When detecting the power spectrum of coherent radiation emitted by a bunched beam with aninfrared detector we only have access to the modulus of Ŝ (!) (see Chapter 5 of this report).A natural choice is to de�ne the function � def= log[Ŝ (!)] whose real and imaginary part arethe modulus and phase of Ŝ (!) 1 . Such function has been de�ned by several authors and the1we write Ŝ (!) = j Ŝ (!)j exp(�i	(!))



APPENDIX C. DISPERSION RELATIONS FOR BUNCHED BEAM DISTRIBUTIONS 182dispersion relations have been applied to this function to retrieve its imaginary part (i.e. the phaseof Ŝ (!)).Unfortunately log[Ŝ (!)] cannot be expressed as a Cauchy integral because log[Ŝ (!)] is not ananalytic in the full upper half-plane. Moreover:I log[ ~S(�)]� � � j�j!1�! Z �0 log[ ~S(�)]� 6= 0 (C.5)Obviously log[Ŝ S(�)] is not a \good" function! A commonly used ruse is to de�ne the function�(�) def= log Ŝ (�)� log Ŝ (�)� � � (C.6)where � is an arbitrary point of the upper half-plane where log[ ~S] is analytic (note that �(�) is notsingular at � = �).The dispersion relations applied to �(�) yields:i��(�) = P Z +1�1 �(x)dxx� � (C.7)Using Eqn.(C.6) we get:i� log[Ŝ (�)] = i� log[Ŝ (�)] + (� � �)24P Z +1�1 log[Ŝ (x)]dx(x� �)(x� �) � P Z +1�1 log[Ŝ (�)]dx(x� �)(x� �)35 (C.8)which expands to:i� log[Ŝ (�)] = i� log[Ŝ (�)] + (� � �)24P Z +1�1 log[Ŝ (x)]dx(x� �)(x� �) � log[Ŝ (�)]P Z +1�1 dxx� �+ log[Ŝ (�)]P Z +1�1 dxx� �� (C.9)The two far RHS terms are zero, so that we �nally get:log[Ŝ (�)] = log[Ŝ (�)] + � � �i� P Z +1�1 log[Ŝ (x)]dx(x� �)(x� �) (C.10)By identifying the real and imaginary parts we obtain the dispersion relations for log[Ŝ (�)] whichrelate log[j Ŝ (�)j] to the phase of Ŝ (�), 	(�):log[j Ŝ (�)j] = log[j Ŝ (�)j] + � � �� P Z +1�1 	(x)dx(x� �)(x� �)	(�) = 	(�)� 1� (� � �)P Z +1�1 log j Ŝ (x)j � log j Ŝ (�)j(x� �)(x� �) dx (C.11)which after taking into account the symmetry of Ŝ (Ŝ (�) =Ŝ (��) yields for � = 0:	(�) = 	(0)� 2�� P Z 10 log j Ŝ (x)jdxx2 � �2 (C.12)



APPENDIX C. DISPERSION RELATIONS FOR BUNCHED BEAM DISTRIBUTIONS 183	(0) can be estimated because the Fourier transform at ! = 0 is the integral of S(t); it givesŜ (0) = 1 2 R, since S(t) is a real function normalized to unity; therefore 	(0) = 0. So �nally wehave: 	(�) = �2�� P Z 10 log j Ŝ (x)jdxx2 � �2 (C.13)However it should be noted that we have assumed from the beginning that Ŝ (�) is analytic inthe upper plane. Unfortunately it does not imply log[Ŝ (�)] has the same region of analyticity; inparticular the point where Ŝ (�) = 0 will give singularity on �(�) which in turn must be taken intoaccount in the phase by, when writing �(�) as a Cauchy integral, taking in account the contributionto the integral via the residue theorem.In the �gure (�gure C.1) below we present results for a simple bi-modal distribution that consistsof a sum of two normal distributions: we have generated three types of distribution (a) (c) and(e) and for each of them we compare the phase calculated directly from the computation of theFourier transform of the distribution with the phase retrieve using Eqn.(C.13). On this very simpleexample we notice that this equation does not a fortiori reproduce the veritable phase of the Fouriertransform of the distribution.
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(f)Figure C.1: Example of phase retrieval for a bi-gaussian-like bunch distribution. Three type ofbi-modal distributions (a), (c) and (e) are presented along with the exact phase of their Fouriertransform (dash lines on plot (b), (d), and (f)) and the recovered phase using the dispersion relation(crosses) on the same former plots.
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