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iiiAbstratThe emission proesses of eletron beams from Cs2Te photoathodes have beenexperimentally studied at the photoinjetor test faility at Zeuthen (PITZ) andthe results have been ompared with simulations. Low harge eletron beams havebeen generated in order to minimize the spae harge inuene. Drive-laser pulseswith a short length have been used to generate the bunhes in order to maximizethe emission phase sensitivity. As a funtion of emission phase and rf gradient,the Shottky e�et, the thermal emittane variation, and the seondary eletronemission proesses have been investigated. The results for the low harge beamshave been extended to analyze the beam dynamis for typial operating onditionsof PITZ. Charateristi �eld emission soures for dark urrent and its dynamiswith respet to the rf gradients and the solenoid �eld on�gurations have beenstudied. Eletron multipating ourring at the photoathode has been measuredsystematially and the multipliation proess has been numerially modeled. Finally,the thermal emittane of the beam, dark urrent and multipating for the X-ray freeeletron laser (XFEL) gun have been estimated.
ZusammenfassungDie Emissionsprozesse von Elektronenstrahlen aus Cs2Te Photokathoden wurdenam Photoinjektor Teststand in Zeuthen (PITZ) experimentell untersuht und dieErgebnisse wurden mit Simulationen verglihen. Elektronenstrahlen mit geringerLadung wurden erzeugt, um den Einuss der Raumladung zu minimieren. ZurErzeugung des Strahls wurde ein Photokathodenlaserpuls mit einer kurzen Pulsl�angeverwendet, um die Emp�ndlihkeit der Dynamik zur Emissionsphase zu maximieren.Der Shottky-E�ekt, die �Anderung der thermishe Emittanz und die Emissions-prozesse von Sekund�arelektronen wurden als Funktion der Emissionsphase und desHF-Gradienten untersuht. Die Ergebnisse mit niederenergetishen Strahlen wur-den erweitert, um die Strahldynamik f�ur typishe Betriebsbedingungen von PITZzu analysieren. Charakteristishe Feldemissionsquellen von Dunkelstrom und ihreDynamik hinsihtlih der HF-Gradienten und der Feldkon�guationen der Solenoidenwurden untersuht. An der Photokathode auftretendes Elektronenmultipating wurdesystematish gemessen und der Vervielfahungsprozess wurde numerish modelliert.Abshlie�end wurden die thermishe Emittanz des Strahls, Dunkelstrom und Mul-tipating f�ur die Elektronenkanone des Freie-Elektronen-R�ontgenlasers (XFEL) ab-gesh�atzt.
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Chapter 1IntrodutionWhen harged partiles with a relativisti speed travel on a urved path, eletro-magneti radiation is emitted into the tangential diretion of the trajetory. Thisis known as synhrotron radiation. Eletrons irulating in a storage ring with anenergy higher than about 2GeV, produe intensive radiation over a broad range ofwavelengths extending from the infrared to hard X-rays in the eletromagneti spe-trum (for instane, PETRA II at DESY, BESSY II, PLS at PAL, SLS at PSI, et.).Synhrotron radiation is a powerful tool for studies in moleular biology, surfaesiene, mediine, geology, hemistry, physis, and also for tehnologies like X-raylithography, miro-mahining, and nano-struture analysis. Very narrow spetra anbe ampli�ed by an undulator inserted into the storage ring.In Free-Eletron Lasers (FELs), an eletron beam radiates photons by transverseosillations in an undulator and interats with the radiation emitted by the beamitself. In the proess of oherent interations between the beam and the radiation,the radiation beomes highly diretional and is stimulated into a narrow frequenyband. In ombination with a linear aelerator (lina), an FEL an generate shorterand brighter radiation by self-ampli�ed spontaneous emission (SASE), beause linasdo not have a limitation of the beam emittane aused by quantum utuation [1℄.In SASE FELs, the ahievable wavelength of the oherent radiation is de�ned bythe beam emittane [2℄.Photoathode rf guns have been proven to be exellent eletron soures for veryhigh quality beams required for vauum ultra-violet (VUV) and X-ray FELs [3, 4℄.In photoathode rf guns, eletron beams are generated at the photoathode by thedrive-laser pulses and they are aelerated immediately by the rf �eld in the gunavity. Sine the eletron bunhes after emission from the photoathode are of veryhigh density and have a veloity lose to zero, the beam quality gets worse due tothe high spae harge fore. The beam quality an be optimized by means of alaser pulse with a well-de�ned three-dimensional (3D) pro�le, whih is omposedof the two transverse and one temporal diretions. Therefore, the expansion andnon-linearity of the eletron bunh in the phase spae an be minimized with theoptimized initial eletron distribution. The initial pro�le of the beam after extration1



2 CHAPTER 1. INTRODUCTIONfrom the athode undergoes a modi�ation under the rf and the solenoid �elds aswell as the spae harge fore.The eletron beam dynamis after extration from the athode an be under-stood analytially [5, 6℄ and numerially with simulation odes like ASTRA [7℄ andPARMELA [8℄. On the other hand, eletron emission proesses from the Cs2Te pho-toathode under the rf gun operation onditions are not fully understood beausethe emission proesses must be studied with a strong eletri �eld of the order of10MV/m but there is no state-of-the-art instrument for that purpose yet. Sine theemission proesses annot be monitored diretly in the gun avity, the properties ofthe aelerated beams have been studied in order to extrat the information of theemission proesses of the beam.Due to the strong aelerating �eld in the gun avity, eletrons an be �eld-emitted from the opper avity surfae and the photoathode. This is alled darkurrent. Dark urrent at the gun an be aelerated together with the eletron beamsand make severe hazards, radiational ativation and even mehanial damage, tovauum omponents like diagnosti systems and undulator setions. The amount ofdark urrent an be redued with rf onditioning. Nevertheless, due to a maximumrf pulse length of several hundreds �s, the amount of dark urrent emitted with1.3 GHz might be omparable to the eletron beam whih has a repetition rateof only 1 MHz in the rf pulse. Even after onditioning, a new �eld emitter anappear. For example, exhanging the athodes may make new srathes on the sideof the athode plug and the srathes behave as new strong �eld emitters. Anyunexpeted dusts on the front surfae of the athode may be strong �eld emitters aswell. Therefore, ritial dark urrent soures and the dark urrent dynamis haveto be investigated.During gun operation, multipating peaks are found at the beginning and/or atthe end of the rf pulses. The multipating depends strongly on the solenoid �eldpro�le. In order to ontrol the multipating, the point where the multipating takesplae and the multipliation proess have to be found.In this thesis, e�etive eletron emission proesses in the photoathode rf guns atPITZ are disussed. In Chap. 2, the experimental setup for the beam generation anddiagnostis is desribed. In Chap. 3, three eletron emission proesses from solid,i.e. �eld emission, photoemission and seondary emission, are reviewed.In Chap. 4, e�etive photoemission and seondary emission proesses in the pho-toathode rf gun avity are studied. First, in order to ompare the measurements tosimulation, single eletron dynamis is numerially studied. Seond, the informationof the single eletron dynamis is applied to the analysis of the eletron beam whihhas a short initial pulse length and a small bunh harge. With the small bunhharge, the spae harge fore inuene on the beam dynamis an be minimized.With the short bunh length, the emission phase sensitivity an be maximized, wherethe emission phase is de�ned as the rf phase when eletrons are emitted from thephotoathode. With these onditions, seondary eletron emission, the Shottkye�et and thermal emittane of the Cs2Te photoathode are disussed. Finally, theresults of the low harge beams studies are extended to analyze the beam dynamis



3for typial operating onditions of PITZ.In Chap. 5, measurements of dark urrent are shown in order to �nd the har-ateristi soure. The dark urrent strength is measured with hanging mahineparameters like the rf gradient and the solenoid �eld on�guration. The dependeneon the photoathode and on the gun avity are also shown.In Chap. 6, eletron multiple impating (multipating) ourring in the pho-toathode rf gun is measured systematially. Then, the multipliation proess ismodeled numerially.In Chap. 7, the thermal emittane of the beam, dark urrent and multipatingfor the XFEL gun are estimated with onsidering the disussion of the previoushapters.



4 CHAPTER 1. INTRODUCTION



Chapter 2
Experimental setup
The experiments presented in this thesis have been performed at the Photo InjetorTest Faility at DESY in Zeuthen (PITZ) [9℄. The aim of PITZ is to developeletron soures whih an produe high density eletron beams with small transverseemittane and short bunh length as required for FEL operation. The gun and thedownstream beamline with the diagnosti omponents are shematially shown inFig. 2.1. The setup onsists of a 1.5 ell rf Cu gun avity, a oaxial rf oupler, twosolenoids for emittane preservation, a photoathode with a athode plug made frommolybdenum, a drive-laser with a wavelength of 262 nm, and various diagnostisomponents. The Mo athode plug is partially overed with a photoemissive Cs2Te�lm on the front surfae. The transversal and temporal pro�les of the drive-laserbeam pulse are adjustable.
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6 CHAPTER 2. EXPERIMENTAL SETUP2.1 Components for eletron beam generation2.1.1 RF avityA 1.5 ell opper avity is used to aelerate the eletrons emitted from the photo-athode. The geometry of the PITZ gun avity is shown in Fig. 5.2 with the rf �elddistribution. The gun avity is operated at a resonane frequeny of 1.3 GHz. Therf input oupler transfers rf power from the klystron (through the waveguide) intothe gun avity. The gun avity and the oupler omponents are designed to havea perfet ylindrial symmetry in order to avoid dipole or higher order �elds in theavity. Asymmetry of the rf �eld may inrease the beam emittane [10℄.The �rst PITZ gun avity named prototype #2 was used in 2002 and 2003. Theavity was ommissioned to operate with 900 �s long rf pulses at 10 Hz repetition rateand an rf gradient at the athode of 42MV/m. This avity has been installed and ispresently used for the operation of the VUV-FEL at the TESLA Test Faility (TTF2)at DESY in Hamburg. A seond rf gun avity dating from an earlier prodution withalmost same geometry (alled prototype #1) has been installed at PITZ in January2004 and it is being ommissioned to further progress toward the European X-rayFree Eletron Laser (XFEL) requirements (an rf pulse length about 700 �s at 10 Hzrepetition rate and an rf gradient at the athode of 60MV/m).2.1.2 PhotoathodeIn photoathode rf guns, the athode emits eletrons when illuminated by the drive-laser. The �gures of merit for the photoathode haraterization are the operativelifetime, the ahievable urrent density, the extrated harge, the quantum eÆieny(QE), and the uniformity of the emissive layer [11℄. At present, the best photoath-ode for PITZ is thought to be esium telluride (Cs2Te) [14℄ for the following reasons:Cs2Te is less sensitive to gas exposure than other alkali semiondutors, it an gen-erate a high urrent density eletron bunh when deposited on a metalli substrate,and it an also provide a reasonable QE of the order of 1%. Cs2Te has a band gapenergy of 3.3 eV and an eletron aÆnity of 0.2 eV. Sine Cs2Te is almost \blind"to visible light, UV light is required for photoemission. Therefore, dark urrentphotoemitted from the athode by visible light bakground is negligible.The photoathodes used at PITZ have been prepared at INFN Milano-LASA [12,13℄. The athode plug is made from pure molybdenum (Mo) in order to minimizeinteration between the emissive materials and the metal substrate [15℄. It onsistsof a ylindrial rod with a diameter of 16 mm. The front surfae of the Mo plug isleaned and polished to optial quality. The edge of the plug is rounded to avoidstrong �eld emission. Thin layers of Tellurium (Te) and Cesium (Cs) are, one afterthe other, deposited onto the polished plug surfae through a mask (with a diameterof 5 mm or 10 mm) in ultrahigh vauum. During the deposition, the athode plugis heated to 120ÆC so that Te and Cs reat to produe Cs2Te. The geometry of theathode is desribed in Se. 5.1.2.



2.1. COMPONENTS FOR ELECTRON BEAM GENERATION 7The main reason to hange athodes during the aelerator operation was thegrowth of dark urrent to high values at the �rst phase of the TESLA Test Faility(TTF1) [11℄ (see Se. 5.5 for more disussions) or mehanial damage of the Cs2Te�lm at PITZ (see Appendix A). Even with the mehanial damages, the athodesshowed a QE of about 0.5% after the �nal use. The parameters of the photoathodesused at PITZ are summarized in Appendix A.2.1.3 Drive-laserIn photoathode rf guns, the drive-laser system plays a signi�ant role for the ele-tron beam quality, beause the 3D distribution of the eletron bunh emitted fromthe photoathode is determined by the 3D pro�le of the laser pulse.Figure 2.2 shows the layout of the laser system of PITZ in 2004, whih hasbeen developed by Max-Born-Institute (MBI). The laser material is Neodymium-doped Yttrium-Lithium-Fluoride (Nd:YLF). Its uoresene bandwidth supportsthe generation of pioseond pulses with a duration down to 1.5 ps. Even thoughNd:YLF has a relatively low thermal ondutivity and a low stress frature limit,it is still able to support the requirement on long trains of laser pulses. Sine theNd:YLF lases at 1047 nm, two nonlinear rystals are used in order to generate thefourth harmonis (� = 262 nm) [16℄. A at-top temporal laser pulse pro�le, requiredto minimize the transverse emittane of the generated eletron beams, is ahievedwith a pulse shaper.

Figure 2.2: Layout of the laser system (from Ref. [17℄).



8 CHAPTER 2. EXPERIMENTAL SETUPTo transport the laser pulse to the photoathode, a telesope system is used.In the telesope system, a beam-shaping aperture is mounted. The aperture seletsthe entral part of the laser pulse so that the aperture an hange the laser spot sizeand produe a trunated Gaussian pro�le in the transverse diretion as well.2.1.4 SolenoidsAround the rf gun two solenoids are mounted for the ompensation of the spaeharge indued emittane growth [6℄. The enter of the main solenoid is loated0.276 m downstream from the athode. The peak �eld of the main solenoid Bz;mainhas a relation to the solenoid urrent Imain as: Bz;main = 5.86 �10�4 Imain [ T/A ℄.The power supply of the main solenoid provides a maximum urrent of 500 A. Atypial peak solenoid �eld for PITZ is about 0.17 T.Sine the tail of the main solenoid �eld extends to the athode position, thebuking solenoid has to be used in order to ompensate the remaining �eld at theCs2Te athode. When the remaining �eld exists at the athode, the eletron beamhas an angular momentum whih inreases the emittane. Sine the veloity ofthe eletrons around the athode is very small, the inuene of the weak remainingmagneti �eld to the beam dynamis is strong.The peak of the buking solenoid �eld is loated 0.037 m upstream from the
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2.2. DIAGNOSTICS 9athode and has the opposite polarity of the main solenoid �eld. The peak �eld ofthe buking solenoid Bz;buking has a relation to the urrent Ibuking as: Bz;buking =5.35 �10�4 Ibuking [ T/A ℄. In order to get vanishing magneti �eld at the athodefront surfae, the buking solenoid urrent has to be hosen as Ibuking = 0.076 Imain.The solenoid �elds have been measured with a Hall probe and the �eld distributionsare shown in Fig. 2.3 [18℄.2.2 Diagnostis2.2.1 Drive-laser measurementLaser energyThe energy of the laser pulses has been measured with a pyroeletri detetor (New-port model 818J-09) and a power/energy meter (Newport model 1825-C). The dete-tor is lithium tantalate based and provides a mirojoule to millijoule measurementapability in the spetral range from 0.19 to 20 �m [19℄. Sine some energy is lostin the laser beamline, from the laser room to the vauum window in front of theaelerator, the energy measurement has been performed just before the vauumwindow.Transverse pro�leA harge-oupled devie (CCD) amera (JAI model CV-M10 RS) has been installedin an image plane (alled virtual athode) whih has the same distane and optisto the laser soure as the photoathode in order to monitor the transverse pro�le ofthe laser pulse. Using a beam splitter, a small part of the laser pulse is guided tothe CCD amera and the other part is guided to the photoathode. Therefore, anin situ monitoring of the laser transverse pro�le is possible.Longitudinal pro�leThe temporal pro�le of the laser pulse is monitored with a streak amera. A smallintensity fration of the laser pulse is transported to the streak amera. The Hama-matsu streak amera module onsists of a C5680 streak unit, an M5675 synhrosansweep unit with a C4742-95 digital amera, and an M5679 dual time base extenderunit. The streak unit provides a measurement range from X-rays to near infraredwith a temporal resolution of 2 ps [20℄.2.2.2 Eletron beam measurementsCharge measurementTwo integrating urrent transformers (ICTs) (Bergoz model ICT-120-070-20:1) havebeen installed 0.9 m and 6.3 m downstream from the athode (see Fig. 2.1). BothICTs are working passively and have a sensitivity of 1.25 V�s/C. The voltage signal



10 CHAPTER 2. EXPERIMENTAL SETUPis onneted to the data aquisition system and to an osillosope in the ontrolroom. The ICT allows non-destrutive measurements of the bunh harge, but isnot sensitive enough for harges below 100 pC. The working ondition of the ICT isoptimized for 1 nC bunh harge whih is a typial harge of PITZ.A Faraday up at the diagnosti ross (0.78 m downstream from the athode) isused to measure low beam harges and dark urrent. The signal from the Faradayup is sent to an osillosope in the ontrol room. The Faraday up has an exellentsensitivity down to less than 1 pC. However, measured bunh harge was about 30%lower than the harge determined by the ICT. It might ome from sattering ofeletrons or seondary eletron generation at the Faraday up. Another possibilityis that during the transport from the Faraday up to the osillosope, some part ofthe signal might be reeted somewhere.Momentum measurementThe momentum of the eletron beam is measured by means of a spetrometer dipole3.45 m downstream from the athode. A Yttrium-Aluminum-Garnet (YAG) sreen isinstalled 0.7 m downstream from the dipole. The sreen is installed in the dispersivearm whih is inlined by an angle of 60Æ to the main beamline. A speial ontrolsoftware [21℄ makes it possible to ombine images taken at various dipole urrents inorder to e�etively inrease the momentum aeptane of the spetrometer. Moredetailed information on momentum measurement an be found in Ref. [22℄ and [23℄.Emittane measurementAmong several tehniques for transverse emittane measurements, a single slit maskhas been used. A small slie of the beam (beamlet) passes through the slit maskloated 1.6 m downstream from the athode. To get information on the divergeneof the beam, the size of the beamlet is measured at a YAG sreen loated 1.01 mfurther downstream from the slit mask. The slit position has been sanned over thebeam in order to get the divergene at di�erent transverse positions of the beam.The emittane measurement proedures an be found in Ref. [24℄.



Chapter 3Physis of eletron emission3.1 Field emissionField emission of eletrons is the main soure of dark urrent in photoathode rf guns.Field emission is de�ned as a liberation of eletrons from the surfae of materialsby high eletri �elds [25, 26℄. The �eld emission urrent density inreases with thesurfae eletri �eld strength and depends on the material harateristis as well asthe ondition of the surfae.Field emission from metalsIn metals, the ondution band is �lled up to the Fermi level at room temperature,while all the higher energy levels are almost empty. Hene, in ase of �eld emissionfrom metals, eletrons near the Fermi level esape from the surfae to the vauum.The eletrons have to overome a surfae potential barrier. The form of the potentialbarrier is, in some distane of the surfae, desribed by the interation between theeletron loated at +x outside the metal and an image harge loated at �x insidethe metal (mirror harge). Thus, the potential barrier has the form �e2=(16��0x)as shown in Fig. 3.1. Very near to the surfae the form of the potential barrier hasto hange due to the divergene of the mirror harge potential [27℄. The detailedform is not known but anyhow irrelevant for our purpose. The external �eld withstrength F in the �x-diretion is desribed by a potential �eFx outside the metal.Therefore, the e�etive potential is written as [28, 29℄V (x) = �� eFx� e216��0x; (3.1)where � is the work funtion of the metal and �0 is the dieletri onstant in vauum.For example, to derease the height of the potential barrier by 1 eV, an external �eldof 0.7GV/m is neessary.Fowler and Nordheim [25℄ solved the Shr�odinger equation with the Wentzel-Kramer-Brillouin (WKB) approximation in order to alulate the transmission o-eÆient through the triangular potential barrier. The Fowler-Nordheim equation11



12 CHAPTER 3. PHYSICS OF ELECTRON EMISSION
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Figure 3.1: E�etive potential at �eld emission of an eletron.gives the magnitude IF of the �eld emission urrent in A as [29, 30, 31℄IFN = e38�h Ae F 2� t(y)2 exp � 43 (2m)1=2e~ �3=2 v(y)F != 1:54� 10�6 Ae F 2� t(y)2 exp � 6:83 � 109�3=2 v(y)F ! (3.2)where Ae is the e�etive area of �eld emission in m2, � is the work funtion (ineV) of the emitting surfae assumed to be uniform over the emitting surfae andindependent of the external �eld, F is the �eld strength in V/m, e is the eletronharge in C, m is the eletron mass in kg, and h is Plank's onstant. t(y) and v(y)are tabulated funtions, where y is the Nordheim parameter [32℄ (see Appendix B).Here, an empirial �eld enhanement fator ��eld has to be introdued in order toaount for the observation that �eld emission takes plae already at a �eld strengthof the order of 10MV/m instead of 1GV/m. The �eld enhanement fator ��eld isrelated to the topology of the loal emission site. With the �eld enhanement fator,the �eld strength F is re-written as F = ��eldE, where E is the surfae eletri �eldin V/m. With the approximation va(y) of v(y) obtained in Appendix B, the Fowler-Nordheim equation (Eq. 3.2) an be simpli�ed asIFN = 1:54 � 10�6 exp(9:35��1=2)Ae (��eldE)2� t(y)2 exp � 6:32� 109 �3=2��eldE ! : (3.3)



3.1. FIELD EMISSION 13Assuming t(y) ' 1, the simpli�ed equation (Eq. 3.3) does not inlude the Nordheimparameter y.The dependene of the �eld emission urrent on the rf phase is determined by the�eld emission urrent (Eq. 3.3) orresponding to the �eld strength at the rf phase andthe tunneling time for the �eld emission. The emission urrent IFN orrespondingto the �eld strength at the rf phase �rf is written asIFN � (E0 sin�rf)2 exp�� 1E0 sin�rf� (3.4)where E0 is the amplitude of the sinusoidal marosopi surfae �eld in V/m. Thetunneling time for the �eld emission depends on the height and thikness of thetriangular potential barrier and has the following relation [33℄:T = p2mIe��eldE ; (3.5)where I is the height of the ontat Fermi potential written asI = ��s e3 F16� �0= �� 1:897 � 10�5F 1=2 [eV℄ : (3.6)At the typial operating ondition of PITZ (F = ��eldE � 4 GV/m) the tunnelingtime is estimated to be about 2 fs, whih is negligible ompared to the rf yle (769ps). Therefore, the phase dependene of the �eld emission urrent an be drawn likeFig. 3.2.Figure 3.2 shows that the �eld emission is onentrated on the maximum eletri�eld region of an rf yle. Therefore, the �eld emitted eletrons produed on theathode are preferably aelerated in the forward diretion by the rf eletri �eld.The average �eld emission urrent during one rf yle is desribed as [34, 35℄�IFN = 1T Z T0 IFN dt= 5:79� 10�12 � exp(9:35��1=2)Ae (��eldE0)5=2�1:75 exp �6:32� 109�3=2��eldE0 ! ;(3.7)where T is the period of an rf yle. In this step, t(y) has been set to 1 sine it islose to 1 and ontributes just linearly to �IFN.Fowler-Nordheim plots are useful to extrat the �eld enhanement fator and thee�etive area of the �eld emitter. The plots an be made with an equation derivedfrom Eq. 3.7: d log10 ��IFN=E05=2�d (1=E0) = �2:71� 109 �3=2��eld : (3.8)



14 CHAPTER 3. PHYSICS OF ELECTRON EMISSION

rf phase (deg)

rf
 f

ie
ld

 a
nd

 f
ie

ld
 e

m
is

si
on

 (
a.

u.
)

-1.5

-1

-0.5

0

0.5

1

1.5

0 90 180 270 360
  

rf field
 = 100fieldβ
 = 200fieldβ
 = 400fieldβ

Figure 3.2: Normalized intensity distribution of �eld emission in omparison withthe rf �eld for one rf yle. The �eld emission urves have been omputed usingthe simpli�ed Fowler-Nordheim equation (Eq. 3.3) with � of molybdenum (4.6 eV)assuming various ��eld values of 100, 200, and 400.As explained in Eq. 3.3 and 3.7, the �eld emission urrent density depends notonly on the surfae eletri �eld but also on the work funtion of the material. Mainmaterials in the gun avity are Cu for the avity, Mo for the athode plug, andCs and Te for the photoemissive �lm (Chap. 2). The work funtions of the mainmaterials for a polyrystalline state in the gun avity are shown in Table 3.1 [36℄.Table 3.1: Work funtions for the main elements in the gun avity.element � (eV)Cu 4.65Mo 4.6Te 4.95Cs 2.14When the eletri �eld is so high that the top of the potential barrier is nothigher than the Fermi level of the solid material, eletron emission does not oursolely by tunneling but by diret emission over the barrier. It is alled the �eld-



3.1. FIELD EMISSION 15indued ballisti eletron emission [29℄ and y � 1 applies in this ondition. The �eldstrength Fb when ballisti emission ours is approximately written as [29℄Fb=(V nm�1) � 0:6945 � (�=eV)2: (3.9)For Mo, Fb = 14.7 �109 V/m. Assuming ��eld = 100, the ballisti emission takesplae at E = 147 MV/m. For Cs, Fb = 3.18 �109 V/m. Assuming ��eld = 100, theballisti emission takes plae at E = 32 MV/m. In a range of the rf �eld strength inL-band rf gun avities (up to 60 MV/m), the ballisti emission from metal materialsin the gun avity will not take plae. If elementary Cs stays without hemialombination with Te, for instane at the boarder of a photoemissive Cs2Te �lm, itmay be a soure of the ballisti emission.Field emission from semiondutor photoathodesIn semiondutors at room temperature, the Fermi level is loated in the forbiddenband between valene and ondution bands and the ondution band is rarelyoupied. Therefore, eletrons an be emitted only from the valene band. WhenkT � EG, where T is the temperature and EG is the band-gap energy of thesemiondutor, the ondution band is empty. In that ondition, �eld emissionours by tunneling from the valene band to the vauum if the applied �eld ishigh enough. Sine eah emitted eletron leaves a positive hole in the surfae of thematerial, the emission urrent will be balaned by the ondution provided by theholes [28℄.Figure 3.3 shows a simpli�ed energy band diagram of Cs2Te [37℄. In Cs2Te, peakdensities of the states loate at 0.7 eV and 1.4 eV below the maximum of the valeneband [38℄. When the external rf �eld is applied to the material surfae, the vauumlevel, i.e. the potential barrier, is deformed to be triangular like for metals. Throughthe triangular barrier, eletrons in the valene band an leave to vauum. For theemission, eletrons will be supplied from the state at 0.7 eV below the maximum ofthe valene band beause the state is of uppermost maximum density. Consideringthe energy band gap (EG = 3.3 eV) and the eletron aÆnity (EA = 0.2 eV), theeletrons in the state at 0.7 eV below the valene band maximum will feel a potentialbarrier of 4.2 eV.
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Figure 3.3: A simpli�ed energy band diagram of Cs2Te [37℄. The maxima of thedensity of states are painted in dark. This band diagram has been onstrutedaording to the measurements by Powel et al. [38℄.



3.2. PHOTOEMISSION 173.2 PhotoemissionThe proess of photoemission an be onisely desribed in a three-step model [39℄(1) the absorbed photons deliver their energy to eletrons inside the material(2) the energized eletrons move through the material to the surfae, losing someenergy(3) the eletrons esape over the surfae barrier (eletron aÆnity) into the vauum.Not all photons inident on a photoemissive material ause eletron emission.When photons strike a photoemissive material, some part is reeted from the sur-fae and only a fration an impart the energy to the eletrons in the material. Asimpli�ed photoemission proess is illustrated in Fig. 3.4. The ratio of the numberof emitted eletrons to the number of inident photons is de�ned as the quantumeÆieny (QE). The QE is always less than unity beause the photon absorptionis less than one, some fration of energy is lost at eah stage of the photoemissionproess, and the generated eletrons an move into the material1. Dominant fatorsdetermining the QE are the wavelength of the inident light and the omposition,thikness, and topology of the photoemissive material.
solid
vacuum

electrons

photons

Figure 3.4: photo eletron generation proesses.Metals are highly reetive. Semiondutors or insulators have a low reetionoeÆient and absorb the photon energy more e�etively. The absorption oeÆientdepends on the energy of the photons and on the band struture of the material. Inmetals, it is possible for eletrons in the ondution band to be exited by photonsand to be emitted into the vauum if the photon energy is greater than the workfuntion �. In semiondutors, the absorption of the inident photons is very high1This is true exept if seondary eletrons are generated during the photoemission proess insidethe material at very high photon energies [40℄.



18 CHAPTER 3. PHYSICS OF ELECTRON EMISSIONfor Ephoton > EG, where EG is the width of the band gap. The major part ofthe inident photons is absorbed within a few tens of nanometers [41℄. For photonenergies less than EG, the absorption dereases rapidly.The probability that an exited eletron will be emitted depends on the energyloss proess governing its passage to the surfae. This proess is di�erent for metalsand semiondutors. In metals, the ondution band is partially oupied by freeeletrons. An eletron exited in the ondution band will lose its energy mainlythrough ollisions with free eletrons and hardly propagate to the surfae. Therefore,the esape depth is only a few nm. In semiondutors, the ondution band isalmost empty and the probability of ollisions with other free eletrons is very rare.Therefore, the exited eletrons an travel relatively long distanes through thematerial provided their energies are lower than 2EG. If the eletron energy is higherthan 2EG, it may lose energy by the reation of eletron-hole pairs.As disussed above, exited eletrons in a metal lose energy by the ollisionswith other free eletrons. When the eletron barely arrives the surfae, its energymust be greater than the work funtion of the material. On the other hands, in
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Figure 3.5: QE measurements vs. photon energy. The measurements have been per-formed with an UV lamp using di�erent wavelengths of band pass �lters. (Courtesyof P. Mihelato, L. Monao, and D. Sertore)



3.2. PHOTOEMISSION 19semiondutors, an eletron whih has an energy lower than 2EG an quite freelypropagate to the surfae barrier. When the eletron energy is higher than EG+EA,where EA is the eletron aÆnity of the material, the eletron an overome thepotential barrier. This energy region between EG+EA and 2EG is alled the magiwindow [39℄. Espeially for semiondutors whih have a large band gap EG anda small, or even negative eletron aÆnity EA, the esape length an reah several�m [42℄.The QE of the Cs2Te athode as a funtion of the photon energy has been mea-sured by Mihelato et al. at INFN Milano-LASA (see Fig. 3.5). At the measurement

Figure 3.6: Energy distributions of the photoemitted eletrons (from Ref. [38℄). Asphoton energy inreases, the peak P1 appears in the energy distribution urves atthe same energy 4.05 eV. The peak omes from a maximum density of state in theondution band loated 4.05 eV above the valene band maximum. The peak P2appears for a photon energy higher than 5.1 eV and omes from a maximum den-sity of state in the valene band loated 0.7 eV below the valene band maximum.The peak P3 appears for a photon energy higher than 6 eV and omes from a max-imum density of state in the valene band loated 1.4 eV below the valene bandmaximum [38℄.



20 CHAPTER 3. PHYSICS OF ELECTRON EMISSIONwhen the athode was just deposited, a steep derease of the QE with the photonenergy happens of about 3.5 eV photon whih orresponds to the threshold energyfor photoemission de�ned by EG (3.3 eV) + EA (0.2 eV). At the measurementthree weeks after the deposition, the steep derease of the QE moved to about 4.0eV, whih means the threshold energy has inreased. Meanwhile, the athode wastransferred from the preparation hamber to an analysis hamber for a time-of-ightmeasurement to determine the energy of the emitted eletrons [43℄.In the Cs2Te athode, eletrons exited by the UV laser (� = 262 nm or �h = 4.75eV) are most probably loated 0.75 eV above the ondution band minimum, or 4.05eV above the valene band maximum (see Fig. 3.6) beause eletrons annot jumpto the seond struture of a maximum density of state at 4.9 eV above the valeneband maximum. Therefore, the kineti energy of the eletrons photo-exited is 0.75eV in Cs2Te. When the eletrons are emitted into the vauum, the free eletronshave an energy of ertain level (vauum level). The energy di�erene between thevauum level and the ondution band minimum is alled eletron aÆnity.Figure 3.7 shows the kineti energy spetrum of eletrons photoemitted from aCs2Te athode obtained with a time-of-ight measurement by P. Mihelato et al. atthe INFN Milano-LASA [44℄. For photoemission, UV light with � = 264 nm hasbeen used. In Fig. 3.7, a peak of the spetrum is loated at 0.42 eV, whih meansthe eletron aÆnity of the Cs2Te athode is 0.33 eV.

kinetic energy (eV)Figure 3.7: Kineti energy spetrum of eletrons photoemitted from a Cs2Te athodeobtained with a time-of-ight measurement (from Ref. [44℄). A photon wavelengthof 264 nm has been used.



3.2. PHOTOEMISSION 21When the emissive material is thik, the eletrons are in thermal random motionand lose their energy little by little by eletron-phonon sattering. When the ele-trons reah the material-vauum interfae, only the eletrons with a kineti energy,atually the longitudinal omponent of momentum, higher than the surfae vauumlevel an be emitted into the vauum. From the above point of view, the responsetime �ph of photoemission an be estimated with the following relation [42℄ when noexternal eletri �eld applied: �ph = Ek�Ep lpva ; (3.10)where Ek is the kineti energy of eletrons above the surfae vauum level, �Ep is theaverage energy loss per eletron-phonon ollision, lp is the eletron-phonon satteringlength, and va is the average speed of the eletron over its omplete trajetory.Aording to the work by Ferrini et al. [45℄, lp is 3 nm and the orresponding �Epis 5 meV. With the average thermal veloity2 va = 3:6 � 105 m/s, �ph � 0.9 ps isestimated. In reality, this alulation overestimates the delay time beause Eq. 3.10aounts for total emission time. In Ref. [45℄, �ph has been estimated to be about0.1 ps by means of a Monte Carlo simulation as used at PITZ, or a 20 nm Cs2Te�lm on a Mo substrate.Under the inuene of an external eletri �eld, the drift veloity of the eletronsplays a dominant role in the response time (see Fig. 3.8). At a �eld strength belowabout 1 MV/m, the drift veloity inreases linearly with the �eld strength. But atan eletri �eld higher than about 1 MV/m, the drift veloity vdr is saturated ataround 105 m/s [46, 47℄. This means that the emission time by the drift, �dr, anbe estimated as �dr = lCs2Te=vdr; (3.11)where lCs2Te is the penetration depth of the UV photons into the Cs2Te �lm. If weassume lCs2Te = 30 nm, �dr is of the oder of 0.1 ps.

2Assuming the mass of the exited eletron in the material is equal to the rest mass of an eletron,the average thermal veloity is obtained with the relation, 0:75 eV = ( � 1)m02.
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Mo plugFigure 3.8: Trajetories of exited eletrons in a Cs2Te �lm. (a) When no externaleletri �eld is applied, the eletrons are in thermal random motion between olli-sions. (b) When an external eletri �eld E is applied, the eletrons drift to theopposite diretion of the �eld.



3.3. SECONDARY EMISSION 233.3 Seondary emissionWhen a primary eletron strikes a solid material, it may penetrate the surfae andgenerate seondary eletrons. The origin of seondary eletrons is separated intothe following three ategories [48℄: When the primary eletron is reeted o� thesurfae, it is alled \bak-sattered eletron". If the eletron penetrates the surfaeand satters o� one or more atoms and is reeted bak out, it is a \redi�usedeletron". If the eletron interats inelastially with the material and releases moreeletrons, \true seondary eletrons" are generated. These seondary generationproesses are skethed in Fig. 3.9.
primary electrons

vacuum

solid

true secondary
electrons

back−scattered electrons

rediffused electrons

Figure 3.9: Seondary eletron generation proesses.When the primary eletrons have an energy of more than several keV, the trueseondary eletrons are dominant beause bak-sattering and redi�using of ele-trons hardly our at suh high impat energy [48℄. In the rf gun avity, the pri-mary eletrons typially have a high energy over several hundreds keV beause ofan rf �eld of the order of 10 MV/m. Therefore only true seondary eletrons areonsidered here.The main features of true seondary emission are qualitatively understood bymeans of the three-step model similar as for photoemission [49℄:(1) prodution of internal eletrons by bombardment of the primary eletrons,(2) transport of the internal seondary eletrons toward the surfae, whih is aom-panied by some energy loss due to inelasti sattering, and(3) esape of the eletrons through the solid-vauum interfae.The seondary eletron emission proess shows great similarities to the photoe-mission proess whih is disussed in an equivalent three step model. Di�erenesarise due to the primary proess (penetration depth of (�eV) photons ompared tothe penetration depth of (�keV) eletrons) and di�erenes of the seondary eletron
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2Figure 3.10: An example of measured seondary eletron emission yield urves (fromRef. [51℄)and photoeletron energies, respetively. When a UV photon energy of 4.75 eV isapplied to Cs2Te, photoeletrons are produed into the so-alled magi window, i.e.,their energy is too low to produe eletron-hole pairs by eletron-eletron satteringand hene they don't loose energy during the transport to the surfae. Seondaryeletrons, on the other hand, start with higher energy but loose e�etively theirenergy on the way to the surfae until they reah the magi window. Despite thesedi�erenes, good photo-emitters are in general good seondary emitters [50℄ andthe surfae properties whih a�et the photoemission an also a�et the seondaryemission.The seondary eletron emission yield Æ is de�ned as the ratio of the number ofemitted eletrons to the number of inident eletrons to the solid. One approah tothe haraterization of the seondary emission properties of solids is the plot of Æ asa funtion of Ep, the kineti energy of the inident (or primary) eletrons.Figure 3.10 shows an example of measured seondary emission yield as a funtionof the impat energy of primary eletrons. For the metals, the seondary yieldsinrease up to 1.5 � 3.5 and then derease with the impat energy. At impatenergies of several hundreds eV, the seondary yields reah the maximum.For numerial alulation of seondary emission a simpli�ed model for Æ(Ep), theseondary emission yield depending on the energy of the primary eletron from thesurfae [48℄, an be presented as:Æ(Ep) = Æmax � EpEp;max � ss� 1 + (Ep=Ep;max)s ; (3.12)
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Figure 3.11: Seondary eletron emission yield urves aording to Eq. 3.12.where Æmax is the maximum seondary yield, whih ours at the primary eletronenergy Ep;max and s is a �t parameter, larger than one, whih desribes the form ofthe seondary emission yield urve. Fig. 3.11 shows the relative seondary yield forvarious s.At impat energies lower than Ep;max, the eletron penetration depth inreaseswith Ep and the generated seondary eletrons are within the range of the esapedepth. As the impat energy inreases beyond Ep;max, the penetration depth exeedsthe esape depth so that the generated seondary eletrons annot reah the surfaeand the seondary yield dereases with Ep.Æmax, Ep;max, and s are widely varying parameters depending on the kind ofsolid material and on the state of the solid surfae. Values of Æmax range from 0.5to 1.8 for metals and from 1 to 24 for semiondutor or insulators. Correspondingvalues of Ep;max range from 100 to 1000 eV for metals and from 250 to 1800 eV forsemiondutor or insulators [52℄.For p -type semiondutors like Cs2Te, the average number of internal eletronsprodued by the primary eletrons (Step 1) is proportional to the impat energy ofthe primary eletrons divided by the energy required to make an eletron-hole pair[53℄. The probability of the transport toward the surfae (Step 2) is related to thepenetration depth of the primary eletron and the mean free path of the seondaryeletrons, while the probability that an eletron whih reahes the surfae esapesfrom the solid (Step 3) is a funtion of the energy of the eletron divided by theeletron aÆnity of the emissive material [53℄.For metals, the esape depth is less than 10 nm due to the strong eletron-



26 CHAPTER 3. PHYSICS OF ELECTRON EMISSIONeletron interation in the ondution band. Due to the short esape depth, thegenerated seondary eletrons disappear while approahing the surfae and a verylow (Æmax � 1) seondary emission yield is typial.For this thesis, ASTRA [7℄ has been upgraded in order to generate and trakseondary eletrons. When an eletron hits a geometrial aperture in ASTRA, theprogram generates a random integer number of seondaries aording to this modelfuntion using a Poisson generator. The energy of the seondaries is assumed to havea Gaussian distribution with a few eV width [54, 55℄. However, the initial energy aswell as the emission angle of the seondaries does not a�et the beam dynamis inthe gun avity beause the energy is relatively small ompared to the energy gainby the aelerating �eld at the athode.In the model, the time delay of the seondary emission is assumed to be negligiblysmall in omparison with the rf yle of the avity [56℄. The inidene angle e�etof the seondary emission yield is not onsidered beause eletron bombardment atthe avity is almost normal diretion to the surfae espeially for the bakplane ofthe avity.To the author's knowledge, no measured data for the seondary eletron emissionproperties of Cs2Te are published yet. But the parameters an be estimated fromthe data of similar materials suh as CsI. CsI has a maximum seondary yield of17.23 at a primary eletron energy of 2.15 keV [57, 58℄. This high seondary yieldis explained by the high eletroni band gap of 6.3 eV and low eletron aÆnity of0.1 eV [57℄.Cs2Te has a band gap of 3.3 eV and an eletron aÆnity of 0.2 eV [38, 59℄.Therefore, Cs2Te is expeted to have similar seondary emission properties as CsI.Atually, the seondary emission yield is strongly dependent on the surfae stateof the emissive material, i.e., hemial ontamination and topology of the emittedsurfae. The dependene of the seondary emission yield on athode parameters isdisussed in Se. 4.1.3.



Chapter 4E�etive emission mehanismsHigh gain FELs demand high quality eletron beams with an emittane below1mmmrad at 1 nC as disussed in Se. 7.1. This emittane is lose to the lowerlimit given by the thermal emittane whih is de�ned by the kineti energy distri-bution of the eletrons emitted from the photoathode. In order to derease thelimit, a detailed understanding of the proesses at the athode is essential. Theparameters haraterizing photoemission are the quantum eÆieny (QE), the ki-neti energy of the photoeletrons, and the response time between the impat of thedrive-laser photon and the extration of the photoeletrons. Seondary emission anbe parameterized in terms of seondary yield and response time between primaryand seondary eletrons.In photoathode rf guns, the emission mehanisms at the photoathode playa ruial role in the overall beam dynamis. The eletron distribution in the sixdimensional phase spae, onsisting of the two transverse oordinates and momentaas well as the longitudinal oordinates and momentum, is determined by the threedimensional spatial pro�le of the drive laser and the eletron emission properties.The emission properties are governed by the image harge e�et of the emittedeletrons to the material, the spae harge fore of the eletrons in a bunh, and theShottky e�et, i.e. emission urrent inrease with the eletri �eld strength.Even though the emission parameters of Cs2Te photoathode are partly known [60℄,these parameters are not onstant during gun operation but modi�ed by the rf �eldstrength as well as ontaminations of the surfae. Therefore, the e�etive emissionmehanisms under gun operation onditions are studied in this hapter.4.1 Low harge beam dynamisEletron beams with a low bunh harge allow to study the emission mehanismswith a small inuene of the spae harge fore and the sensitivity of the beamdynamis to the emission phase an be inreased with a short drive-laser pulselength. With this ondition, photoemission and seondary emission mehanismsare studied by means of the beam dynamis depending on the emission phase, i.e.27



28 CHAPTER 4. EFFECTIVE EMISSION MECHANISMSthe rf phase when the eletron leaves the athode. Assuming that the eletron isemitted by the drive-laser without delay time, the emission phase an be de�ned,for simpliity, as the relative phase of the gun rf �eld to the laser pulse.In this setion, the dynamis of a single eletron, depending on the emissionphase, is numerially simulated and ompared with experimental results. Using thebeam dynamis in the gun avity, the photoemission and the seondary emissionmehanisms are disussed.For Se. 4.1.2 and 4.1.3, experiments have been performed with the followingonditions: A short drive-laser pulse with a Gaussian distribution (2.3 ps rms)was used in order to observe learly the rf phase dependene of the eletron beamdynamis; a very low harge (�5 pC) eletron bunh was generated with the laserpulse to get rid of the spae harge e�ets; and a relatively low rf �eld (21.6 MV/m ofmaximum �eld at the athode) was applied in order to redue the impat energy ofthe photoemitted primary eletrons, i.e. the UV-laser indued photoeletrons, andto generate a relatively large number of seondary eletrons. The main and bukingsolenoids were swithed o� during harge measurement to simplify the eletron beamdynamis and a athode with a thik Cs2Te �lm (athode #500.1, 60 nm thikness)was inserted to maximize the seondary eletron prodution. These parameters aresummarized and ompared to the normal operating onditions of the �rst stage ofPITZ in Table 4.1. Table 4.1: Mahine parameters.Low harge study Normal operation of PITZLongitudinal laser pro�le 2.3 ps rms Gaussian �20 ps at-topBunh harge �5 pC 1 nCMaximum rf �eld 21.6 MV/m �40 MV/mMain solenoid �eld at peak 0 T �0.17 TCs2Te thikness 60 nm 30 nm
4.1.1 Single eletron dynamisThe longitudinal eletri �eld distribution on the z{axis inside the rf gun avity isshown in Fig. 4.1 with the geometrial aperture of the gun avity. The gun avityand the rf oupler are ylindrially symmetri with respet to the z axis. At theathode, the longitudinal rf �eld osillates as E(�) = E0 sin�, where E0 is themaximum �eld and � is the rf phase. When � has a value between 0Æ and 180Æ, theeletrons are able to be extrated out of the athode by the rf �eld.Figure 4.2 shows the momentum of a photoemitted eletron in the 1.5 ell rfavity with the maximum rf �eld Emax = 21:6 MV/m at the athode as a funtionof the emission phase. The orresponding aelerating gradient at the athode isshown together with the simulation. Sine the eletrons start with a veloity lose
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Figure 4.1: Longitudinal eletri �eld (full line) and avity aperture (dashed line,transversally in arbitrary units) used in the simulations.to zero at the athode, a strong phase slippage ours, whih is responsible for thefuntional dependene shown in Fig. 4.2.Figure 4.3 shows the rf phase, !t � kz + �0 [5℄, at three loations, i.e., theentrane, the enter, and the exit of the full ell as a funtion of the emission phase�0, where ! and k are the rf frequeny and the wave number, z is the observationposition, and t is the arrival time of the eletron at the position. Eletrons startingat 0Æ reah already a phase of 65Æ at the enter of the full ell. They are heneeÆiently aelerated in the half and the full ell. Aeleration at a phase of 90Æat the enter of the full ell ours at a starting phase of 48Æ, but when eletronsreah near the exit of the gun avity they experiene a deeleration due to the phaseslippage (see Fig. 4.3). Therefore, this phase annot be optimum for eletrons to gainhighest momentum. Partiles starting at �95Æ slip further to a phase of ineÆientaeleration in the half ell and end up at 180Æ in the full ell. At a phase larger than�95Æ partiles are deelerated in the full ell and are eventually stopped. Eletronsstarting between �95Æ and �113Æ an move forward and bakward in the gun, whilethe phase may slip over several rf yles. These eletrons may hit the athode, oran aperture, or ow out of the avity at spei� phases.
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Figure 4.2: Longitudinal eletri �eld on the athode (red, dotted line) and momen-tum gain for a single eletron (blak, full line) vs. rf phase. The simulation has beentraked up to the 1st Faraday up position, 0.78 m.
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4.1. LOW CHARGE BEAM DYNAMICS 31If the eletron travels bakward and hits the Cs2Te photoathode it an generateseondary eletrons. If the eletron, however, hits the opper avity or the molybde-num athode plug it mostly disappears beause Cu and Mo have seondary emissionyields below one exept for a primary impat energy between several hundreds eVand a few keV. Seondary emission from the avity surfae exept the Cs2Te pho-toathode is ignored in this study beause suh a low impat energy hardly oursin a avity with high rf �eld.The simulation result of the seondary emission yield in dependene on the emis-sion phase of the primary eletron is shown in Fig. 4.4. For this simulation 10 000primary eletrons are traked to generate seondary eletrons, so that statistial u-tuations due to the random generation of integer numbers (as disussed in Se. 3.3)of the seondaries are minimized. While the number of generated seondary ele-trons dereases in the phase range of 108Æ to 113Æ, the momentum of the seondariesinreases as shown in Fig. 4.5.The two parameters responsible for this dependene are the rf phase at whih theprimary eletron hits the athode (impat phase) and the primary eletron energy.In this study, the launh phase of the seondary eletron is assumed to be same asthe impat phase of the primary eletron, i.e. the seondary eletron starts withoutdelay. Figure 4.6 shows both impat phase and energy parameters for the emissionphase range of 108Æ to 113Æ of the primary eletron. Around 108Æ, the impat phaseof the photo-emitted eletrons is �60Æ so that the generated seondary eletrons
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Figure 4.6: A simulation of the primary eletron energy and the impat rf phase asa funtion of the primary emission phase.



34 CHAPTER 4. EFFECTIVE EMISSION MECHANISMS4.1.2 Eletron beam dynamisFigure 4.7 shows measurements of the beam harge and the mean momentum asa funtion of the emission phase in omparison to an ASTRA simulation. For theharge measurement, the Faraday up loated 0.78 m downstream of the athodehas been used. For the momentum measurements, the spetrometer dipole 3.45 mdownstream and the YAG sreen in the dispersive setion have been used.Compared to the single eletron dynamis disussed in Se. 4.1.1 additional ef-fets have to be taken into aount:(i) The temporal length of the laser pulse wipes out sharp strutures in the de-pendene of parameters on the emission phase. Fine strutures in the phase rangebetween 100Æ and 120Æ an not be resolved. Around 0Æ the tail of the eletron bunhwhih is generated by the laser pulse an already be extrated, while the head annotesape from the athode yet.(ii) The quantum eÆieny of the athode shows a gradient dependene due to theShottky e�et [61℄, therefore the harge extration inreases somewhat within thephase range of 0Æ to 90Æ.(iii) For high phases above 90Æ the transverse rf fousing tends to over-fous theeletron beam and a fration of the eletrons gets lost due to the limited apertureof the beam pipe.
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Figure 4.7: Beam harge and momentum as a funtion of the emission phase.



4.1. LOW CHARGE BEAM DYNAMICS 35For the simulations of Fig. 4.7 a at-top transverse laser pro�le with an rmsradius of 0.47 mm and a Gaussian temporal laser pro�le with an rms size of 2.2ps were used in order to generate the photoemitted eletron beam for the partiletraking simulation. The measured transverse laser size was 0.44 mm rms for thehorizontal diretion and 0.51 mm rms for the vertial diretion. The transverselaser pro�le was measured with a CCD amera in an image plane whih has thesame distane and optis to the laser soure as the photoathode. The temporallaser size was measured to be �2.3 ps rms with a streak amera whih has 2 psresolution. For the beam harge dependene on the rf phase, a Shottky e�et wasmodeled with the formula [61℄: Q / (4:0+0:045 �Erf+s [MV/m℄) [pC℄, where Erf+sis the atual eletri �eld (rf + spae harge) in the enter of the athode.Figure 4.8 displays beam trajetories at harateristi emission phases in the aseof maximum �eld of 21.6 MV/m. At 5Æ the eletron beam an be fully extrated, dueto the laser pulse length of �2.3 ps (�1Æ in the rf phase) rms Gaussian, and smoothlyaelerated beause it is synhronized to the rf �eld in the full ell and hene gains itsmaximum momentum. At 90Æ the eletron beam is deelerated and then aeleratedagain in the full ell. At this phase the transverse rf fousing is optimal to send thebeam down the beam line. At 96Æ eletrons are further deelerated and over-fousedby the rf �eld, therefore about a half of the eletrons get lost at an aperture. At 104Æall emitted eletrons return and disappear in the bakplane of the avity. At 108Æa fration of the eletrons moves bak to the athode, to disappear or to produeseondary eletrons, depending on the impat energy. The other fration of theprimary eletrons whih have a small di�erene in emission phase and trajetory,barely survives and ows out of the avity with seondary eletrons.
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Figure 4.8: Beam trajetories at harateristi emission phases.



4.1. LOW CHARGE BEAM DYNAMICS 374.1.3 Seondary emission in eletron dynamisThe seondary emission yield is strongly dependent on the surfae status of theemissive material. During the gun operation, a quantum eÆieny hange of theCs2Te photoathodes from �7% to �0.5% was observed. Measurements presentedhere are done at a quantum eÆieny of �1.5%. For the measurements in thefollowing setion athode #500.1 [12℄ has been used. The maximum seondary yieldÆmax in Eq. 3.12 and the orresponding primary eletron energy Ep;max are assumedto be 7.0 and 2.2 keV, respetively. The �t parameter s is set to 1.5. With theseparameters the measurement results obtained with athode #500.1 an be nielymathed as will be shown below.As disussed in Se. 4.1.2 (Fig. 4.7 and 4.8), the harge bump appearing between100Æ and 120Æ is omposed of both, primary and seondary eletrons. Figure 4.9shows the bump in more detail in order to distinguish the eletron soures learly.The simulation for the sum of the primary and seondary eletrons was �t to themeasurement with optimizing the seondary emission parameters. From the simu-lation result, the primary eletrons range from about 103Æ to about 111Æ and theseondary eletrons from about 105Æ to about 115Æ.
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Figure 4.9: Beam harge at the bump. In the simulation, the primary eletrons andthe seondary eletrons are distinguished.



38 CHAPTER 4. EFFECTIVE EMISSION MECHANISMSThe momentum distributions of the bump as a funtion of the emission phasewas investigated experimentally. A main solenoid �eld of 0.075 T (peak value) wasapplied in order to fous the eletron beam onto the YAG sreen in the dispersivesetion. The measured momentum distributions at a series of phases are plotted inFig. 4.10. Two harateristi momenta were deteted. For the lower phases (105Æand 106Æ) the beam momentum is �2.37 MeV/. For the higher phases (111Æ { 114Æ)�2.74 MeV/ has been measured. Between 107Æ and 109Æ, a ontinuous transition ofthe height of the two peaks from the lower momentum peak to the higher momentumpeak has been observed.Simulations were made to study this splitting of the two peaks in the momentumdistribution (Fig. 4.11). The simulations show that the lower momentum peaks
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Figure 4.10: Series of momentum measurements for the phase range of 105Æ to 114Æ.Cathode #500.1 was used for this momentum measurement.



4.1. LOW CHARGE BEAM DYNAMICS 39have their origin in eletrons produed diretly by the laser pulse and the highermomentum peaks originate from the seondary eletrons. These seondary eletronshave a higher momentum beause the emission phases of the seondary eletrons,(i.e., impat phases of the primary eletrons with the assumption of no delay time)orrespond to the rf phases for maximum momentum gain (see Fig. 4.6). Broaderpeaks in the momentum measurements than in the simulations result mainly froman rf power jitter of about 2% [62℄ during the aumulation of the eletron beamimages on the YAG sreen. For eah measurement the images of 50 eletron bunheswere integrated on the YAG sreen.
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Figure 4.11: Simulation of the momentum distribution in the phase range of 105Æto 114Æ. The eletrons generated by the laser pulse (blue, dashed lines) and theseondary eletrons (red, full lines) are shown separately.



40 CHAPTER 4. EFFECTIVE EMISSION MECHANISMSDependene on athode parametersIn order to study the dependene of the seondary emission properties on athodeparameters, another athode, #61.1 [12℄, has been used for additional harge andmomentum measurements. Cathode #61.1 has been produed following the sameproedure and with the same geometry as athode #500.1 exept for the Cs2Te �lmthikness whih is only 20 nm as ompared to 60 nm for athode #500.1. The quan-tum eÆieny of athode #61.1 was about 0.5% (�30% of the quantum eÆieny ofathode #500.1) during the measurements disussed here. To ompensate the di�er-ene in the quantum eÆieny for the two athodes, the energy of drive-laser pulsehas been adjusted so that the bunh harge in the phase range whih is independentof the seondary eletrons, between 0Æ and 90Æ, was the same for both athodes.The measurements for the two athodes are plotted in Fig. 4.12. There is a greatsimilarity exept for the bump whih is lower for athode #61.1 than for athode#500.1.Figure 4.13 ompares the measurements of both athodes in the phase range ofinterest and shows a simulation mathed for athode #61.1. For the simulation the
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Figure 4.12: Comparison of the bunh harges depending on the emission phase forathode #61.1 and athode #500.1. The energy of drive-laser pulse has been adjustedto get the same bunh harge for the two athodes in the phase range between 0Æand 90Æ.
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Figure 4.13: Comparison of the bunh harges at the bump for athode #61.1 andathode #500.1.maximum seondary emission yield Æmax was redued from 7.0, as it was used inthe simulations disussed above, to 4.5 while keeping the other parameters (for theseondary eletron generation and also for the operating ondition of the gun) �xed.Momentum measurements for athode #61.1 (as shown in Fig. 4.14): The prini-pal harateristis are idential to athode #500.1, but the measured intensity at thehigher momentum peak, orresponding to seondary eletrons, is lower for athode#61.1.The athode with the thiker Cs2Te oating is expeted to have a higher se-ondary emission yield espeially for primary eletrons with impat energies higherthan 1 keV [63℄. The lower quantum eÆieny of athode #61.1 may be related tothe athode thikness, whih is in the order of the photon absorption length as wellas the eletron esape depth, but may also be inuened by the surfae status ofthe athode. Cs2Te has a low eletron aÆnity of �0.2 eV, whih allows the photo-exited eletrons to easily overome the potential barrier at the surfae. Adsorbateson the athode surfae, whih built up due to the vauum onditions in the gun, aninrease the eletron aÆnity and hene redue the quantum eÆieny. As disussedin Se. 3.3, the eletron aÆnity plays an important role in the seondary emissionproess as well.
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Figure 4.14: Series of momentum measurements for athode #61.1.Dependene on gun gradientAt impat energies below Ep;max, the eletron penetration depth inreases with theimpat energy of the primary eletron Ep and seondary eletrons are generatedwithin the range of the esape depth. As the impat energy inreases further beyondEp;max, the penetration depth exeeds the esape depth so that some of the generatedseondary eletrons annot reah the surfae and the seondary yield dereases withEp. This behavior is found in Fig. 4.15. At the lowest gradient (22.9 MV/m) thebump omposed of the photoemission and the seondary emission is relatively high,whih means the impat energy of the primary is lose to Ep;max. As the gradientinreases, the impat energy beomes larger than Ep;max. As the result, the heightof the bump beomes lower.
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44 CHAPTER 4. EFFECTIVE EMISSION MECHANISMS4.1.4 E�etive photoemission for low harge beamsBeause of the rf �eld at the athode during eletron emission, the propertiesof the athode hange. The properties hange makes the eletrons generated bythe drive-laser pulse hange with the rf �eld strength as well. Here, a limitation inmeasurement of the delay time of photoemission is disussed shortly. And then, oneattempt to estimate the eletron aÆnity variation with the rf �eld is disussed withthe extrated bunh harge and the kineti energy of the eletrons.Delay time of photoemissionIn the harge measurement as a funtion of the emission phase (see Fig. 4.7 and4.15), the harge variation around 0Æ inlude, in priniple, information about thetemporal pulse shape of the drive-laser [64℄ and the delay time of the photoemission.From the disussion in Se 3.2, the emission time of the photoeletrons generatedby the drive-laser is muh shorter than a time (2.14 ps) orresponding to 1Æ of therf phase. This means that the delay time does not inuene the initial pro�le of theeletron beam extrated from the athode.Shottky e�et - bunh harge inrease with the rf gradientFigure 4.15 shows beam harge measurements as a funtion of the emission phasefor di�erent rf gradients. The measurements were performed with athode #43.2when the athode had no damage in November 2004. A short (3 ps rms) Gaussianlaser pulse was used to produe a small bunh harge (max 9 pC) in order to reduethe spae harge fore. The bunh harge has been measured with the Faradayup 0.78 m downstream from the athode and the data have been read with anosillosope in the ontrol room. Due to the small signal-to-noise ratio for lowharge measurements, the error is of the order of several perent of the averagevalue at eah measurement point. The beam harge was measured as a funtion ofthe emission phase by sanning the timing of the laser pulse with respet to the rfphase.Around 0Æ, the inrease of the bunh harge is mainly aused by the pulse shapeof the drive laser [64℄. The rf phase instability of about 2Æ [62℄ redues the slopesomewhat. The bunh harge inreases slowly up to an rf phase of �90Æ. After �90Æ,the eletrons annot be e�etively aelerated by the rf �eld due to a strong phaseslippage and they hit apertures, omposed of the gun avity, the oaxial oupler,and the beampipe, and disappear.The orresponding simulation (dotted blak line in Fig. 4.15) inludes the pho-toemitted eletrons as well as the seondary eletrons. The seondary eletrons(solid red line) are also shown separately.With an inrease of the rf �eld strength at the Cs2Te athode, a potential barrierde�ned by the eletron aÆnity EA is lowered and, as the result, the probability ofeletron extration is inreased. This is alled the Shottky e�et.



4.1. LOW CHARGE BEAM DYNAMICS 45Spier has derived a relation for the photoemissions [39℄ based on a three-stepmodel. The �eld dependene of the photo-emitted bunh harge is predited to be:Qbunh = G [h� � (EA +EG)℄ 32[h� � (EA +EG)℄ 32 + � ; (4.1)where EG is the band gap energy and G and � are �t parameters to be determinedfrom the experimental data. The photon energy h� of the drive-laser pulse is 4.75eV in this study. In the original appliation of Eq. 4.1 by Spier, the QE has beenmeasured by hanging the photon energy h� while keeping EA and EG onstant. Inthis study, the photon energy and EG are kept onstant and EA is searhed with a�t. The e�etive eletron aÆnity hange during the gun operation is illustrated inFig. 4.16. the QE of Cs2Te athodes monotonially dereases down to �1 %. It anbe explained by an inrease of the eletron aÆnity by (� � 1)EA;0, where EA;0 isthe eletron aÆnity when a athode is very fresh and � is a parameter introduedto desribe \poisoning". The poisoning parameter � is lose to 1 when the athodeis fresh and beomes greater with poisoning.On the other hand, under the inuene of an rf �eld, the Shottky e�et lowersthe eletron aÆnity EA by an amount of q e34��0 �phEemit [28℄, where Eemit is the
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Figure 4.16: E�etive eletron aÆnity hange during the gun operation. a) inreaseof the potential barrier by (��1)EA;0 due to poisoning. b) derease of the potentialbarrier by q e34��0 �phEemit under the inuene of an rf �eld.
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Figure 4.17: Beam harge vs. the rf �eld strength at the time of emission. Theemitted beam harges have been olleted by sanning the emission phase at severalrf input power levels. A �t has been made using Eq. 4.1 and 4.2.rf �eld strength at the time of emission, and �ph is the �eld enhanement fator forphotoemission. �ph inludes geometrial e�ets and the polarization of the Cs2Te�lm. Therefore, EA in Eq. 4.1 is expressed asEA = �EA;0 �s e34��0 �phEemit : (4.2)For the emission phase between 10Æ and 80Æ at the four di�erent rf strength asesin Fig. 4.15, the beam harges were olleted and plotted in Fig. 4.17 to �nd the �tparameters, �, �ph, G, and � in Eqs. 4.1 and 4.2. The �t has been made using Eq. 4.1and 4.2: � = 2:2, �ph = 3, G = 11.7, and � = 0.59. In Fig. 4.17 the �t line is extendedto zero eletri �eld. It shows that the inrease of the bunh harge in the 0 { 4MV/m range is �8 % with 262 nm photon wavelength. Coleman [65℄ reported �13% inrease at the same �eld strength range with 254 nm photon wavelength. Thisdisrepany is possibly due to a slightly di�erent Cs-Te omposition or a di�erentstatus of the surfae. The large measurement error and missing data points at thelow rf �eld strength an ontribute to the disrepany as well.Kineti energy distribution { Thermal emittaneAn eletron in the material an be emitted into the vauum when the eletronhas an energy higher than or equal to the vauum level (Eva in Fig. 3.3). In theCs2Te athode, eletrons exited by the drive-laser are loated 0.75 eV above theondution band minimum with the highest probability (see Se. 3.2). When theeletron is emitted into the vauum, the energy of the eletron shifts from the highest



4.1. LOW CHARGE BEAM DYNAMICS 47probability state (0.75 eV above the ondution band minimum) to the vauum levelwhih is same as the eletron aÆnity (0.2 eV above the ondution band minimum ofCs2Te). Therefore, the kineti energy of the eletron in the vauum will be equal tothe energy di�erene between the two levels, i.e. Ekin = 0.75 eV { 0.2 eV = 0.55 eV.The thermal, or initial, emittane of an eletron beam determines a lower limitfor the normalized emittane of the beam generated by a photoinjetor [37℄. Thethermal emittane haraterizes the phase spae area oupied by the eletron beamimmediately after the emission. The normalized rms emittane for a transversediretion, here x-diretion, is de�ned as [66℄"n;rms = 1m0phx2ihpx2i � hx pxi2; (4.3)where h i de�nes the seond entral moment of the partile distribution and m0 isthe rest mass of an eletron. At the athode, there is no orrelation between theoordinate and the momentum of the emitted eletrons, hene the term hx pxi inEq. 4.3 is zero. Therefore, the normalized rms emittane an be simpli�ed as [66℄"n;rms = xrms px;rmsm0 : (4.4)For an eletron with total momentum p, the transverse momentum px is givenby px = p sin � os�; (4.5)where � = [0; �max℄ and � = [0; 2�℄ are the polar and the azimuthal angles, re-spetively. The rms value of the transverse momentum an be alulated with thefollowing relation: px;rms =sR R px2 sin � d� d�R R sin � d� d� : (4.6)Sine the kineti energy of the emitted eletron is of the order of 0.55 eV as disussedabove, the emitted eletron is non-relativisti. Therefore, the momentum an beapproximated as p = m0r2Ekinm02 : (4.7)When it is assumed that the eletrons are emitted isotropially into the half-sphere over the athode, the maximum polar angle �max is set to �=2. The thermal(normalized rms) emittane is written as [66℄"thermn;rms = rrmsr2Ekinm02 1p3 ; (4.8)where rrms is a generalized oordinate for a transverse diretion, i.e. either xrms oryrms.



48 CHAPTER 4. EFFECTIVE EMISSION MECHANISMSFrom the emittane measurement with minimized spae harge emittane andrf emittane, the thermal emittane an be obtained. The measured thermal emit-tane gives an information on the kineti energy of the emitted eletron, that is, onthe potential barrier de�ned by the eletron aÆnity of the emissive material. Themeasurement proedure of the thermal emittane is desribed in detail in Ref. [24℄.When the rf �eld is applied at the athode, the vauum level is bent downward(see Fig. 3.1 and 4.16). Therefore, the potential barrier dereases and the kinetienergy of the emitted eletrons gets higher. The thermal emittane, as the result,inreases with the rf �eld strength at the athode (Fig. 4.18). During the rf gunoperation, the Cs2Te athode is exposed to a non-ultrahigh vauum environmentbeause of the �eld emission indued by the rf �eld. Therefore, the eletron aÆnityinreases and the kineti energy of the eletron dereases.The measurement has been performed with a small harge (3 pC) eletron beamgenerated by a short laser pulse (3 ps rms Gaussian), in order to redue the spaeharge emittane as well as the rf emittane. The spae harge emittane is de�nedas a ontribution of the spae harge fore whih expands the phase spae volumeof the eletron bunh by the interations of the eletrons in the bunh. The rfemittane omes from the inhomogeneity of the rf �eld in the gun avity and alsofrom the �nite range of the emission phase.The measured emittane "meas (blak irle in Fig. 4.18) inludes the aboveontributions as"meas =q("thermmeas )2 + ("rf)2 + ("s)2 + �"sys:errorslit:meas�2; (4.9)where "thermmeas is the measured thermal emittane, "rf is the rf emittane, "s is thespae harge emittane, and "sys:errorslit:meas is possible systemati error in slit measure-ments.The measured thermal emittane "thermmeas is divided into a theoretial thermalemittane "thermtheory de�ned by Eq. 4.8 and a disrepany parameter �,"thermmeas = � "thermtheory: (4.10)� parameterizes the disrepany between the measurements and the theoretial val-ues. For the theoretial alulation with Eq. 4.8, the kineti energy of the emittedeletrons Ekin is assumed to be the value de�ned by the energy di�erene betweenthe highest probable state in the ondution band of Cs2Te and the vauum level.But, in reality, the kineti energy has a ertain distribution. The disrepany pa-rameter � may also ome from mehanial roughness and non-uniform QE of theathode surfae, laser jitter (intensity and position at the athode), measurementerrors of the laser spot size, and rf jitter (power and phase). In this study, � hasbeen �tted to be 1.34 as shown in Fig. 4.18.The rf emittane "rf originates from the �nite size of the eletron bunh in therf �eld. In Fig. 4.18, "rf has been numerially alulated with ASTRA with themahine parameters for eah measurement points assuming that the enter of the



4.1. LOW CHARGE BEAM DYNAMICS 49beam perfetly oinides the eletrial enter of the gun avity. At PITZ, a beambased alignment within 0.2 mm error is always performed before starting emittanemeasurements [67℄. The ontribution of suh a misalignment to the emittane isnegligibly small, about 1%, aording to ASTRA simulation.The spae harge emittane "s an be ignored when a very small beam hargeis used. In this study, 3 pC harge has been used.The systemati error in the slit measurements "sys:errorslit:meas is hard to learly separatefrom �. In this study, it has been set to 0.2 mm mrad aording to an analysis ofthe position jitter of the beamlets.In Fig. 4.18, one line from the theoretial alulation using Eq. 4.8 is shown.For this alulation, the eletron aÆnity hange due to poisoning (inrease) andthe Shottky e�et (derease) is ignored and the disrepany parameter � is notinluded. The theoretial thermal emittane (0.46 mm mrad) an be ompared tothe measurement with a time-of-ight spetrometer by Sertore et al. [60℄.
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Figure 4.18: Transverse emittane at 0.55mmrms size of the laser pulse and 3 pCbunh harge vs. the rf �eld strength. For the measurement, the gun gradient washanged and the emission phases �emit was optimized in order to ahieve the highestmomentum for eah gradient. The rf �eld strength was obtained by multiplying thegradient with sin�emit. The rf emittane "rf (4) has been numerially alulatedwith ASTRA and subtrated quadratially from the measured emittane "meas ()in order to �nd a orreted emittane "orretedmeas (2). This orreted emittane in-ludes the measured thermal emittane "thermmeas and possible systemati error in slitmeasurements "sys:errorslit:meas. A theoretial estimation "thermtheory ( -�-� ) has been analytiallyalulated using Eq. 4.10. In order to make a �t to the measurement ("thermmeas ), adisrepany parameter � has been multiplied to the theoretial value ("thermtheory) andthe result "therm�t has been plotted. The �nal �t "therm+error�t ( - - ) has been made withonsidering "sys:errorslit:meas. Another theoretial value using Eq. 4.8 with �xed EA (�EA;0= 0.44 eV) is shown (����) for omparison.



4.2. BEAM DYNAMICS FOR NORMAL OPERATING CONDITIONS 514.2 Beam dynamis for normal operating onditionsSine PITZ aims to produe high quality eletron beams with a small transverseemittane in parallel with a short bunh length as required for FEL operation,1 nC eletron beams are normally generated for the haraterization of the beamparameters. Eletron beams with 1 nC bunh harge are strongly inuened by thespae harge fore when the beams are not in the relativisti regime. In order toredue the spae harge fore, the eletron bunh length is about 20 ps immediatelyafter emission from the photoathode and the short bunh length is ahieved withbunh ompressors after a further aeleration. The initial temporal pro�le of theeletron bunh is ontrolled by the pro�le of the drive-laser pulse. Therefore, inaddition to the emission mehanism depending on the emission phase, the spaeharge fore and the �nite laser pulse length should be onsidered when the eletronbeam dynamis is studied. In this setion, the eletron emission proesses and thebeam dynamis at the normal operating onditions are studied with athode #500.1(60 nm Cs2Te thikness).4.2.1 Beam dynamis dependene on emission phaseFor high harge beams, the dynamis dependene on the emission phase is moreompliated than for low harge beams. Figure 4.19 shows measurements of thebeam harge and the mean momentum as a funtion of the emission phase. AS-TRA simulations are shown as well. The beam harge has been measured with the�rst ICT (0.9 m downstream) and beam momentum has been measured with thespetrometer dipole. The measurement methods for the harge and the momentumare desribed in Se. 4.1.2. The transverse pro�le of the drive-laser pulse was mea-sured to be at-top with an rms size of 0.57 mm for the x-diretion and 0.59 mmfor the y-diretion. The temporal laser pro�le was a at-top with a full-width-of-half-maximum (FWHM) of 18.5 ps and a rising/fall time of 8.4 ps. For the hargeand momentum measurements, the energy of the laser pulse was optimized to get1 nC of bunh harge at a referene emission phase and was kept onstant for themeasurements at the other emission phases. At PITZ, the referene emission phaseis de�ned as the phase whih allows a maximum momentum gain [67℄.Sine the laser pulse has a �nite length, eletron beams start to ome out froman emission phase around �10Æ (see Fig. 4.19). The beam harge inreases steeplyup to about 35Æ, and then inreases slowly up to about 90Æ. Above about 90Æ, thebeam harge starts to drop down and beomes strongly dependent on the solenoidurrent and on the aperture de�ned by beampipes. The steep inrease results fromthe spae harge fore and the mirror harge fore indued by the beam itself. Theemission proess of high density beams will be disussed in Se. 4.2.2. The slowinrease after about 35Æ an be explained with the Shottky e�et. Above about90Æ, the transverse rf �eld over-fouses the eletron beams and the over-fousedbeams get lost due to the aperture (more disussion in Se. 4.1.2). Therefore, thebeam harge above 90Æ depends strongly on the solenoid urrent and the aperture.
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Figure 4.19: Bunh harge and mean momentum vs. emission phase for athode#500.1 at 45 MV/m of maximum rf �eld at the athode. For the harge measurement,the main and buking solenoid urrents were set to 320 A and 24 A, respetively.For the momentum measurement, the solenoid urrents were optimized in order tofous the beam to the dispersive arm sreen.Aording to the simulation, seondary eletrons are generated at emission phasesaround 0Æ (produed during photoemission dominated by the spae harge foreand the mirror harge fore) and around 120Æ (produed by hitting the athodeafter some trajetory of the photoemitted eletrons as disussed in Se. 4.1.3) butthe fration of seondary eletrons to photoemitted eletrons is very small.The transverse emittane of the beam has been measured as a funtion of theemission phase and the result is plotted in Fig. 4.20. The measurements have beenperformed with the single slit loated 1.6 m downstream from the athode andthe YAG sreen loated 1.01 m further downstream from the slit. In the �gure,the mean momentum of the beam is also shown in order to show the emissionphase dependene. The minimum of the transverse emittane an be ahieved atan emission phase around the referene phase (i.e., the emission phase providing ahighest momentum gain) for the operating onditions desribed above. For theseemittane measurements the energy of the drive-laser pulse has been adjusted toget 1 nC beam for eah emission phases beause the beam harge has a strongontribution on the emittane.
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Figure 4.20: Mean momentum and transverse emittane vs. emission phase forathode #500.1. To get a minimum transverse emittane at 45 MV/m of maximumrf �eld at the athode, the emission phase has to be set to about 37Æ.4.2.2 E�etive eletron emission for high harge beamsEven if the laser pulse energy is kept onstant, the bunh harge extrated fromthe athode varies with the rf �eld strength. Figure 4.21 shows the bunh hargemeasured as a funtion of the gun gradient with two di�erent energies of the laserpulse. The beam harge has been measured with the Faraday up 0.78 m downstreamfrom the athode. For the measurements, a laser pulse with a radial transverse pro�leof about 0.47 mm rms and a at-top longitudinal pro�le of about 21 ps FWHM wereused. The emission phase was optimized to extrat the maximum harge at eahmeasurement point. In order to guide the extrated harge to the Faraday up, thesolenoid urrent was also optimized for eah measurement point.When eletrons are emitted from the athode, the eletrons see the mirror im-age inside the material, with the same harge but an opposite polarity, at the samedistane but the opposite diretion from the athode surfae (see Fig. 4.2.2). Themirror harge pulls the eletrons bak to the athode surfae. In addition to the mir-ror harge fore, the eletron beam expands by itself after emission due to the spaeharge fore. As a result, a fration of the eletrons emitted from the athode maymove bakward to the athode where they disappear or produe seondary eletrons.Sine the impat energy of the eletrons hitting the athode surfae is high (typi-ally on the order of 10 keV), the number of seondary eletrons produed during
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Figure 4.21: Bunh harge vs. rf gradient in the gun; two di�erent energies of thedrive-laser pulse were used for athode #500.1.the emission is very small (typially less than 1� of the photoemitted eletrons).Figure 4.2.2 illustrates the fores a�eting the eletron bunh during emission: Thefore generated by the rf aelerating �eld, the spae harge fore and the mirrorharge fore.4.2.3 E�etive emission at the optimum phaseThe eletron beam emitted from the athode does not have exatly the same pro�leas the drive-laser pulse. The spae harge fore as well as the mirror image forehave a strong e�et on the beam pro�le (see Fig. 4.23). Sine the length of the laserpulse ranges about 10Æ in the rf phase, the Shottky e�et and/or the spae hargefore introdue an inlination on the temporal pro�le within one bunh as well [68℄.For a typial operating ondition of PITZ (1 nC and about 46 MV/m of rfgradient), the optimum phase is about 37Æ (see Fig. 4.20). Aording to the bunhharge urve in Fig. 4.19, the eletron bunh emitted at 37Æ feels the inuene ofthe three fores. This means that the emission proess for the head and the tailpart of one bunh might be dominated by di�erent fores. Therefore, a more �neadjustment for the laser pro�le has to be made for real operating onditions.
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(a)

(b)Figure 4.23: Temporal bunh pro�le after emission simulated with ASTRA (b) andthe laser pulse pro�le (a). The bunh pro�le has been numerially alulated at 5mm from the athode.



Chapter 5Dark urrentIn photoathode rf guns, dark urrent is de�ned as \unwanted eletrons generatedin the absene of the drive-laser pulse". Sine the VUV FEL and the EuropeanXFEL demand high gradients and long rf pulses at the gun, the amount of darkurrent is omparable to the eletron beam and an be a hazard to the downstreamomponents like diagnostis, ryogeni modules and undulators. Most of the darkurrent is ut by beam pipes and ollimators, but dark urrent starting lose to theenter of the athode an be aelerated together with the eletron beam. Therefore,
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Figure 5.1: Typial dark urrent measured with the Faraday up 0.78 m downstreamfrom the athode (full red line). The rf forward power into the gun (dotted blueline) is shown as well. 57



58 CHAPTER 5. DARK CURRENTunderstanding the soure loations as well as the dynamis of dark urrent is ruialto prevent vauum omponents from radiational ativation and damage.An example of dark urrent generated by the high rf �eld is shown in Fig. 5.1.The main part of the dark urrent inreases slowly with the start of the rf pulse anddereases quikly after the end of the rf pulse beause the rf power in the avityhas a �nite �ll/deay time and the amount of the �eld emission follows the relation,Iemit � E2 exp(�1=E) (Eq. 3.7). Two sharp peaks are visible in the �gure. Thepeaks ome from multipating at the athode, whih will be disussed in the nexthapter.In this hapter, the ruial soures of dark urrent are haraterized and thebehavior for several athodes and two gun avities at di�erent onditioning situationare disussed.5.1 Dark urrent soure5.1.1 Trajetories of the �eld-emitted eletronsThe amount of the �eld emission inreases with the loal eletri �eld aording tothe Fowler-Nordheim relation as disussed in Se. 3.1. Therefore, the most sensitiveregions for dark urrent an be estimated from the rf �eld alulation in the avity.The three dimensional rf �eld in the gun avity and a part of the oaxial rf inputoupler has been alulated using the ode MICROWAVE STUDIO [69℄ and the am-

Figure 5.2: RF eletri �eld alulation in the avity.



5.1. DARK CURRENT SOURCE 59plitude of the alulated �eld is shown in Fig. 5.2. From this simulation, a strongsurfae �eld is present at the irises and the athode area.The beam dynamis of the dark urrent from the high �eld strength region hasbeen studied by means of ASTRA and is presented in Fig 5.3. The simulation showsthat eletrons starting at the athode area (the Cs2Te �lm, the Mo athode plug,and the Cu bakplate near the athode) an be aelerated downstream and anbe measured with the Faraday up. The �eld emitted eletrons from other soures,like the iris or the entrane to the oupler, annot leave the gun avity, beausethey annot be aptured by the aelerating rf eletri �eld. However, they are ableto loally heat up the avity surfae and may reate seondary eletrons. In orderto suppress vauum problems indued by �eld emission from the avity surfae, aareful onditioning is neessary [70℄.
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Figure 5.3: Example trajetories of the eletrons emitted from the high �eld strengthregions: (a) the athode area, (b) the �rst iris in the half ell, () the �rst iris in thefull ell, and (d) the seond iris in the full ell. A gun gradient of 42 MV/m and amain solenoid urrent of 300 A have been used for the simulations. The eletronshave been traked up to 0.4 m downstream taking into aount apertures of the gunavity and the beam pipe.



5.1. DARK CURRENT SOURCE 615.1.2 Empirial approah of soure haraterizationIn this setion, the dark urrent image is ompared to the athode geometry inorder to �gure out the dark urrent soure loations. A photography of the athodefront surfae is shown in Fig. 5.4. The photography has been taken through thevauum window in the athode hamber. The athode has been positioned usingthe manipulator in the load-lok hamber. The polished Mo athode plug (8 mmradius) is oated with a thin Cs2Te �lm (2.5 mm radius) at the enter of the frontsurfae (Fig. 5.4 a). The wire surrounding the athode in Fig. 5.4 a is an anodeinstalled for QE measurements of the athode in the athode hamber. With aUV lamp, the QE of the athodes an be measured in the athode hamber withoutinuene of the rf as well as the aperture e�ets. On the Mo plug surfae in Fig. 5.4 a,the reeted image of the vauum window is visible. The Mo plug is polished andhas a nearly optial surfae quality. In order to make an eletri ontat in the gapbetween the Mo plug and the Cu avity, a CuBe spring is used [13℄.Dark urrent traes on the YAG sreen 0.78 m downstream from the athodehave been investigated. Figure 5.5 a shows dark urrent for a main solenoid urrentof 360 A and a buking solenoid of 70 A when a maximum rf �eld of 40 MV/m isapplied at the athode. This solenoid on�guration makes the dark urrent image belearer at the sreen even though the magneti �eld at the athode is not zero (seeSe. 2.1.4). The steerer before the sreen was swithed o� during the measurementsto avoid that eletrons with di�erent energy bend by di�erent amounts. A good
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(b)(a)Figure 5.4: Geometry of a athode. (a) The front surfae of the athode in theathode hamber. Thin �lm of Cs2Te is visible. The irular wire in front of theathode plug is used to measure the QE and installed only in the athode hamber.(b) A shemati ross setion of the athode and the bakplane of the Cu avity.



62 CHAPTER 5. DARK CURRENTorrespondene between the geometry of the athode front surfae (Fig. 5.4 a) andthe dark urrent image (Fig. 5.5 a) an be found: the two ring-shape images mightbe orresponding to the boarder of the Cs2Te �lm and the edge of the Mo athodeplug. The spiral pattern outside the three rings is thought to be from the edge of thehole in the Cu avity bakplane beause the pattern is not hanged at all with therotation of the athode plug. The dark rossing lines in Fig. 5.5 a are grids markedon the sreen. The intervals between two lines are 1 m. The elliptial bright line isthe boarder of the YAG sreen.When the drive-laser with a transverse pro�le as shown in Fig. 5.5 b hits theeletrial enter of the athode, the eletron beam produes an image at the enterof the dark urrent image as shown in Fig. 5.5 . For this measurement, a drive-laserwith a low energy (eletron bunh harge � 2 pC) and a spot size of 0.44 mm rmswas used in order to make the brightness of the beam omparable to that of thedark urrent and also to make the beam image size optimal as will be shown below.The struture of the eletron beam (Fig. 5.5 d) is similar to the transverse pro�le ofthe drive-laser (Fig. 5.5 b), whih means that the low harge eletron beam an beimaged onto the sreen without loss of pro�le information.Figure 5.6 ompares the dark urrent images for three athodes (one Mo and twoCs2Te athodes). The pattern of the images are the same for the three athodes,but the intensity of the inner ring is di�erent. The ring pattern might ome froma fousing e�et by the rf �eld and the solenoid �eld, and the Cs2Te �lm seemsto ontribute for the higher intensity of the inner ring. The inner ring ould bemeasured far downstream together with eletron beams as well.The emission loation of the beam was sanned by moving the drive-laser spoton the athode (see Fig. 5.7). The laser spot was moved vertially by 1 mm stepswith the mirror loated at the end of the telesope system between the laser soureand the view port of the aelerator vauum tube. In the �gure, the beam movementtakes plae horizontally beause the solenoid �eld rotates the eletron beam by 90Æ.Due to the large QE di�erene between the Cs2Te �lm (& 1%) and the Mo plug (.0.01%), the boundary between Cs2Te and Mo an be estimated.When the whole part of the laser hits the Cs2Te area, a bright irular image ofthe eletron beam is shown at the enter of the dark urrent image. With movingthe laser spot to the boarder of the Cs2Te �lm, a part of the irular image is gettingut. When the laser spot loation is moved out of the Cs2Te area, the beam imageompletely disappears. The eletron beam is ut by about a half of the size at x =0 mm and y = {3 mm and at x = 0 mm and y = 2 mm. The distane of the twopoints orresponds to the diameter of the Cs2Te �lm (5 mm).
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(b)

(d)

(a)

(c)Figure 5.5: Images of a dark urrent, drive-laser, and eletron beam. Cathode #33.2was used for these measurements. A main solenoid urrent of 360 A and a bukingsolenoid urrent of 70 A were used in order to fous the dark urrent and the beamwhen a maximum rf �eld of 40 MV/m is applied at the athode. (a) Dark urrentimage at the sreen 0.78 m downstream from the athode. (b) The transversepro�le of the drive-laser at the virtual athode (see Se. 2.2.1 for the measurementproedure). Clear di�ration patterns are shown. () Dark urrent and eletronbeam. The drive-laser has been positioned at the eletrial enter of the athodein order to produe the eletron beam. (d) Enlarged view of the eletron beam in(). The harge distribution of eletron beam shows a similarity to the di�rationstruture of drive-laser pro�le.
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(a) athode #56.2 (Mo)

(b) athode #54.2 (Cs2Te) () athode #58.1 (Cs2Te)Figure 5.6: Dark urrent images for one Mo athode and two Cs2Te athodes fora main solenoid urrent of 320 A and a buking solenoid urrent of 80 A when amaximum rf �eld of 42 MV/m is applied at the athode. The dark urrents wereimaged on the sreen 0.78 m downstream from the athode. The images for all threeathodes were taken when the athodes were used for the �rst time.
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x = 0 mm, y = −4 mm x = 0 mm, y = −3 mm x = 0 mm, y = −2 mm

x = 0 mm, y = 0 mmx = 0 mm, y = −1 mm x = 0 mm, y = 1 mm

x = 0 mm, y = 2 mm x = 0 mm, y = 3 mm x = 0 mm, y = 4 mmFigure 5.7: Eletron beam movement inside the dark urrent image. The sameathode (#33.2) and the same mahine onditions were used as in Fig. 5.5. Thebeam movement was driven by ontrolling the laser spot position on the athode.



66 CHAPTER 5. DARK CURRENT5.2 Momentum spetrumFigure 5.8 displays momentum spetra of dark urrent and eletron beam. Themomentum spetra have been measured with the spetrometer dipole 3.45 m down-stream from the athode and the YAG sreen in the dispersive arm setion. In orderto over a wide range of momenta, the urrent of the dipole has been sanned and aseries of the projeted beam images have been olleted in order to realize the atualmomentum distribution. As disussed in Se. 3.1, dark urrent, generated by thestrong rf �eld, is �eld-emitted around 90Æ in the rf phase (see Fig. 3.2). The eletron
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(b)Figure 5.8: Momentum spetra of dark urrent and eletron beam: (a) measurementwith a spetrometer dipole and (b) simulation assuming 46.5 MV/m maximum �eldat the athode. The vertial axes show relative intensities.



5.3. DEPENDENCE ON THE SOLENOID FIELD 67beams were produed at the emission phase (�35Æ) providing the maximum meanmomentum.The initial distribution for the dark urrent simulation was on�gured by takingaount of the disussion in Se. 3.1 and 5.1. The dark urrent soure was assumedto be the athode itself and the surrounding area. The time struture of the �eldemission urrent was made to be a Gaussian distribution around 90Æ in the rf phasewith a spread of 14Æ (�30 ps) rms. In the simulations, dark urrent and eletronbeam have been traked up to the dipole position onsidering apertures omposedof the gun avity, the oaxial rf input oupler, and the beam pipe. When an eletronhits any aperture, the eletron is lost in the traking simulation.For the momentum measurements, steerers had to be used to guide the eletronsto the dipole and to the sreen in the dispersive arm. For the simulations, thesteerer e�et has been ignored and, as the result, the atual aperture e�et is under-estimated in the simulation. Therefore, the intensity of the simulated dark urrentbelow about 4.8 MeV is higher than that of the measured one.The high momentum part of the dark urrent is overlapping with the eletronbeam to a small extent. Aording to simulation results, the overlapping part on-sists of seondary eletrons produed at the athode as well as �eld-emitted ele-trons [71℄ (see Se. 4.1). Beause the major part of the �eld-emitted eletrons annotbe aelerated downstream due to the emission phase, the eletron an hit the ath-ode and generate seondary eletrons. When the seondary eletron is generatedthe rf phase is lose to the zero phase, therefore seondary eletrons an get a highmomentum like eletron beams.5.3 Dependene on the solenoid �eldIn this setion, the dark urrent dependene on the solenoid �eld for athodes withdi�erent Cs2Te �lm thiknesses is disussed. In the �rst half of the setion, the darkurrent dependene on the main solenoid urrent is disussed keeping the bukingsolenoid urrent to be zero. In the seond half, the dark urrent dependene onombinations of the main and the buking solenoid urrents is disussed.Dependene on the main solenoidFigure 5.9 shows the measured dark urrent for Mo athode #47.3 as a funtion ofthe main solenoid urrent together with an ASTRA simulation. The buking solenoidurrent was kept to be zero. In the simulation, the same soure loation and timestruture of the �eld emission urrent was used as in Se. 5.2.The amount of dark urrent reahing the Faraday up depends on the strengthof the magneti �eld of the main solenoid. The irises in the gun, the oaxial oupler,the beam tube, and the mirror reeting the laser pulse onto the photoathode playa role as apertures for the dark urrent beam. A fore indued by the main solenoid�eld and the rf �eld guides the dark urrent through these apertures.
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Figure 5.9: Dark urrent measurements with athode #47.3 (Mo) vs. main solenoidurrent at several maximum rf �elds: at 42 MV/m (4), 40 MV/m (2), and 37 MV/m(). A simulation (line) is ompared with the measurement for the 42 MV/m ase.
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Figure 5.10: Dark urrent measurements with athode #61.1 (20 nm Cs2Te thikness)vs. main solenoid urrent at several maximum rf �elds: at 42 MV/m (4), 40 MV/m(2), and 37 MV/m ().
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Figure 5.11: Dark urrent measurements with athode #35.2 (40 nm Cs2Te thikness)vs. main solenoid urrent at several maximum rf �elds: at 42 MV/m (4), 40 MV/m(2), and 37 MV/m ().
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Figure 5.12: Dark urrent measurements with athode #500.1 (60 nm Cs2Te thik-ness) vs. main solenoid urrent at several maximum rf �elds: at 42 MV/m (4), 40MV/m (2), and 37 MV/m ().



70 CHAPTER 5. DARK CURRENTThe dark urrent dependene on the main solenoid urrent is shown in Figs. 5.9 {5.12 for the athodes with a di�erent thikness of the Cs2Te �lm, a distint di�erenewas found at the low main solenoid urrent region. For the athode with a thikerCs2Te �lm, a higher dark urrent is observed at small solenoid �eld. The athodes#61.1, #35.2 and #500.1 have a Cs2Te �lm with a thikness of 20 nm, 40 nm and 60nm, respetively (see Appendix A for a more detailed athode information). Thedark urrent dependene on the main solenoid urrent for the Mo athodes showeda similar behavior as for athode #61.1, but the behavior was loser to what anbe expeted from the simulation. The di�erent behavior for the athodes withdi�erent Cs2Te �lm thikness is not expeted from beam dynamis simulations,whih means that the di�erene originates from a di�erent emission proess forthe di�erent thikness athodes. Field emission from the Cs2Te athode under theinuene of a magneti �eld must be studied in detail.Dependene on the main and the buking solenoidsFor the thinnest athode, #61.1, the dark urrent at zero main solenoid urrent isabout 200 �A and does not depend on the buking solenoid urrent (Fig 5.13 a).For the thikest athode, #500.1, on the ontrary, the dark urrent strongly varieswith the buking solenoid urrent (Fig 5.13 b). A hill of the dark urrent appearsfollowing a line satisfying the relation: Ibuking � 0:25 � Imain. The inlination of thehill line is higher than for the ompensation ondition of the magneti �eld at theathode: Ibuking = 0:0764 � Imain [18℄. This hill annot be explained with a beamdynamis simulation and might be related to an emission proess itself.In Fig. 5.14, the dark urrent measurements with two Faraday ups at di�erentdistane from the athode are shown. Cathode #60.1 with a Cs2Te �lm thiknessof 30 nm shows a buking solenoid dependene with a strength in between thedependene of athode #61.1 (20 nm) and #500.1 (60 nm) (Fig. 5.14 a). For theFaraday up loated 5.7 m downstream from the athode, a fousing e�et beomesdominant and the major part of the dark urrent gets lost exept near 200 A of themain solenoid urrent. Above a main solenoid urrent of 270 A, no dark urrentwas measured at the seond Faraday up. For the dark urrent measurement atthe seond Faraday up, an eletron beam emitted at the optimum emission phase(about 35Æ) was sent to the Faraday up by help of steerers. The steerers hadto be optimized to send the beam without the loss of beam harge beause theaelerator beamline was mis-aligned with an error of several mm. Therefore, thedark urrent loss was due to an over-fousing of eletrons and due to misalignmentof the beamline.
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(b)Figure 5.13: Measured dark urrent vs. main and buking solenoid urrent; (a)#61.1 (20 nm Cs2Te thikness), (b) #500.1 (60 nm Cs2Te thikness). The sales inthe right bars are in �A.
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(b)Figure 5.14: Measured dark urrent vs. main and buking solenoid urrent for #60.1(30 nm Cs2Te thikness). The measurements have been made with the Faraday upsat di�erent loations: (a) at 0.8 m and (b) at 5.7 m. The sales in the right barsare represented by �A.



5.4. DEPENDENCE ON THE STATES OF CATHODES AND CAVITIES 735.4 Dependene on the states of athodes and avitiesFigure 5.15 shows Fowler-Nordheim plots (Eq. 3.8) for di�erent gun avities and on-ditioning states. Until November 2003, the �rst PITZ gun avity named prototype#2 was used. This gun avity showed a low dark urrent after a long onditioningtime. At present, this gun avity is used as the injetor of the VUV FEL in Ham-burg. When we started to use the seond PITZ gun avity named prototype #1 inJanuary 2004, a large amount of dark urrent was measured sine the inner surfaequality of the gun avity was muh worse that that of gun avity #2 [70℄. Afterseveral months of operation inluding onditioning e�orts, the avity showed a darkurrent level even less than the previous avity (see Fig. 5.17).
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Figure 5.15: Fowler-Nordheim plots showing a avity dependene. Cavity prototype#2 was used till November 2003 at PITZ. Cavity prototype #1 has been installedin January 2004 and is in operation. During the exhange of the gun avities thephotoathodes were kept in the ultra-high vauum in the separated athode hamber.



74 CHAPTER 5. DARK CURRENTThe �eld enhanement fator ��eld and the e�etive areas Ae were found fromthe data in Fig. 5.15 using Eq. 3.7 and 3.8. The results are summarized in Table 5.1.When we ompare the measurements between two avities at di�erent onditioningstatus in the autumn of 2003 (well onditioned avity #2) and in the spring of2004 (not well onditioned avity #1), the �eld enhanement fators beame slightlysmaller but the e�etive areas beame larger by several orders of magnitude. Theresult might imply that the number of hot spots, whih are strong soures for �eldemission, were redued by rf onditioning.Table 5.1: Field enhanement fator ��eld and e�etive area Ae derived from thedark urrent measurements in Fig 5.15.avity athode measured time ��eld Ae (m2)#2 #60.1 Otober 2003 214 1.25�10�15#2 #61.1 September 2003 273 2.34�10�16#2 #500.1 Otober 2003 327 7.45�10�17#1 #60.1 May 2004 184 4.16�10�14#1 #61.1 May 2004 166 7.95�10�14#1 #500.1 May 2004 177 4.64�10�14Figure 5.16 shows dark urrent measurements in avity #2 for �ve athodes.Two athodes, #34.3 and #500, show a large dark urrent immediately after the�rst insertion into the avity ompared to the measurements after several months ofoperation. In ase of #60.1 suh an e�et is not visible beause the �rst measurementin April 2003 was made only after 3 weeks of operation. For athode #34.3, boththe �eld enhanement fator and the e�etive area dereased slightly. For athode#500.1, the main origin of the dark urrent redution was a derease of the e�etivearea.Table 5.2: Field enhanement fator ��eld and e�etive area Ae for the dark urrentmeasurements in Fig 5.16.athode measured time ��eld Ae (m2)#34.3 (Mo) January 2003 203 3.83�10�15#34.3 (Mo) April 2003 179 2.61�10�15#60.1 April 2003 185 4.96�10�15#60.1 Otober 2003 214 1.25�10�15#47.3 (Mo) September 2003 217 6.67�10�15#61.1 September 2003 273 2.34�10�16#500.1 September 2003 321 1.03�10�16#500.1 Otober 2003 327 7.45�10�17
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Figure 5.16: Fowler-Nordheim plots for di�erent status of the athodes in avity #2.Sine the inner surfae of avity #1 was not very lean when it was installed,the onditioning was not straightforward but time onsuming [70℄. After a longtime onditioning work, the dark urrent beame even lower than for avity #2(Fig. 5.17). This avity has been used for a high rf power test and higher gradienthas been applied in the avity.Aording to the measurements shown above, the amount of the dark urrentdoes not relate to the Cs2Te thikness. The amount of the dark urrent depends onthe onditioning status of the gun avity and the athode and also on the athodeindividual, possibly related to the preparation proedure.
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Figure 5.17: Fowler-Nordheim plots for di�erent Cs2Te athodes in avity #1 aftera long-time onditioning.Table 5.3: Field enhanement fator ��eld and e�etive area Ae for the dark urrentmeasurements in Fig 5.17.athode measured time ��eld Ae (m2)#41.1 (Mo) Otober 2004 203 1.36�10�15#500.1 April 2005 179 5.10�10�15#43.2 November 2004 185 2.78�10�15#43.2 April 2005 214 3.65�10�15#56.2 (Mo) May 2005 217 1.51�10�16#54.2 June 2005 273 2.20�10�15#58.1 June 2005 303 2.99�10�15



5.5. DARK CURRENT HISTORY 775.5 Dark urrent historyA long-term olletion of the dark urrent measurements at the PITZ gun is shownin Fig. 5.18. Immediately after the installation of gun prototype #1 at PITZ (Spring2004), a dark urrent of higher than 1 mA was observed for several athodes. Withtime going on, the amount of dark urrent dereased for all athodes. At the PITZoperation, the main reason of requiring new Cs2Te athodes were damages of theCs2Te �lm. The damages were learly visible (see Appendix A.2). It might omefrom bombardments of ions to the athode surfae. Beause the surfae quality ofgun avity prototype #1 was not of the best one and a leak of the ooling waterexisted, the vauum in the gun avity was not always good as below 10�10mbar.
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Figure 5.18: Dark urrent measurements in the PITZ gun prototype #1. The pa-rameters were following: 40 MV/m gun gradient, 280 A main solenoid urrent, and20 A buking solenoid urrent. The data have been olleted from the PITZ logbookby L. Monao.
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Chapter 6MultipatingMultipating (multiple impating) is an undesired explosive inrease of the numberof eletrons. Multipating an be initiated by a �eld emission due to the rf-induedsurfae �eld at the athode, the oaxial oupler, or the gun avity surfae. Multi-pating may ause rf power loss, lead to vauum breakdown, and even damage thesurfae inside the avity. Under the eletromagneti �elds given by the rf and thesolenoids, the number of eletrons an be multiplied by a proess of seondary ele-tron generation when eletrons impat a material with a seondary emission yield(SEY) larger than one. One speaks of multipating if the proess is repeated andthe number of eletrons inreases. The multipating proess depends on the impatenergy and the rf phase.Single-side multipating at a metal avity surfae ours under alternating ele-tromagneti �elds if an eletron hits the departing point at the same rf phase afternext rf yles as when it started and if the seondary eletron emission yield of thematerial is greater than one [73, 74, 75, 76℄. Multipating from metal surfaes anbe suppressed by reduing the SEY with a areful onditioning proess.The following multipating soures an exist in the photoathode rf guns.a) RF oupler: At the surfae of the oaxial oupler, a strong rf �eld is applied,and, moreover, the oupler is under an inuene of the main solenoid. Therefore,the rf oupler an be a position for multipating. In this ase, multipating willbe strongly dependent on the main solenoid �eld but must be independent of thebuking solenoid �eld beause the rf oupler is far from the athode or the bukingsolenoid. Sometimes, this multipating has been deteted at PITZ as well as TTF2.This multipating shows up as \dead zone" between �20 A and �50 A of themain solenoid urrent independently of the rf gradient. When it happened, weould not operate the gun due to vauum breakdown. After onditioning work, thismultipating has vanished.b) Cavity surfae made from opper: Multipating will our with a ombination ofthe solenoid �eld and the rf �eld. If multipating takes plae at the avity surfae,the multipating should not depend on the athode material, i.e. whether Cs2Te orMo. 79



80 CHAPTER 6. MULTIPACTING) RF window: The buking solenoid is loated far from the rf window of the gunoupler. Therefore, the buking solenoid urrent should not inuene to multipatingourring at the rf window.d) Photoathode: Multipating ourring at the photoathode will be dependent onthe main solenoid �eld as well as strongly dependent on buking solenoid �eld. Themultipating will be sensitive to the rf �eld at the athode as well. But, �rst of all,athode material will be most ruial for multipating at the athode.In priniple, other soures of multipating exept at the Cs2Te photoathodean be inhibited by blowing up the hemially ontaminated layers of the material,whih may have a seondary emission yield higher than one, or by rounding outvolano-like strutures whih may allow a high �eld enhanement.In this study, a new type of single-side multipating is introdued. The multipat-ing takes plae at a single-side, i.e. at the front surfae of the Cs2Te photoathode,but with possibly di�erent phase between the emission phase of the primary and theseondary eletrons. Unfortunately, the single-side multipating ourring at thephotoathode, annot be suppressed beause a high QE is unavoidably related to ahigh SEY.



6.1. MEASUREMENTS 816.1 Measurements6.1.1 General desription of observations of multipatingDepending on the operating ondition, either two sharp strong peaks at the be-ginning and the end of the rf pulses or one of them are present (see Fig. 5.1 andFig. 6.1). The peaks do not show up for Mo athodes and their behavior is sensi-tive to the solenoid on�guration. Similar behaviors have been reported at other rfguns [72, 77℄. The front multipating peak appears immediately after the start ofthe rf pulse and the rear peak has a delay of the order of some �s after the end of therf pulse. This observation implies that the multipating happens when the gradientin the avity is lower than its maximum value. Assuming that the multipating o-urs at the same gradient in the avity for a ertain athode and a ertain solenoidpro�le, the multipating ondition an be found with the following relation for thefront peak EMP = Emax [1� exp(�tfront=�)℄ (6.1)and also for the rear peakEMP = Emax exp(�trear=�); (6.2)where EMP is the rf �eld at the enter of the athode when the multipating ours,Emax is the maximum �eld of the rf pulse, tfront is the delay between the start of therf pulse and the beginning of the front multipating peak, trear is the delay betweenthe end of the rf pulse and the beginning of the rear multipating peak, and � isthe �ll/deay time of the rf �eld in the avity. Only the rear peak is disussed indetail beause the time di�erene between the start of the rf pulse and the �rstmultipating peak is muh less than 1 �s and hard to be measured.In the atual rf system, the rf �eld in the avity is not zero but at a ertain,very small level when the klystron is running but no low level input is fed into theklystron. Inluding the bakground rf term, Eq. 6.2 an be rewritten asEMP = (Emax �EBG) exp(�trear=�) +EBG; (6.3)where EBG is the rf bakground when the low level rf input is not applied. FromEq. 6.3, the delay time an be expressed as a funtion of Emax,trear = � ln(Emax �EBG)� � ln(EMP �EBG): (6.4)The digital signal proessing system and the preampli�er of the klystron are adjustedin order to minimize the bakground level [62℄. The atual bakground power levelis on the order of 100 W and negligible ompared to the normal operating ondition(> 3 MW) when disussing the photoeletron beam dynamis. For the multipatingproess, however it an not be negleted.



82 CHAPTER 6. MULTIPACTING6.1.2 Dependene on the maximum rf �eldThe multipating behavior dependene on the maximum rf �eld is shown in Fig. 6.1.For these measurements, athode #43.2 was used (when it was new) and the solenoidurrents were 400 A in the main solenoid and 30A in the buking solenoid. At40MV/m of the maximum rf �eld (Fig. 6.1 a), the rear multipating peak appearsafter the strong main dark urrent whih orresponds to the pulse length of the rfforward power into the gun. As the maximum rf �eld dereases the level of the maindark urrent gets lower. On the ontrary, the height of the multipating peak doesnot hange visibly (Fig. 6.1 b). As the maximum rf �eld dereases further, the frontmultipating peak newly appears (Fig. 6.1 ). From those observations, one an

(a) (b)

() (d)Figure 6.1: Signals measured with the Faraday up 0.78 m downstream for gradientsof (a) 40 MV/m, (b) 33 MV/m, () 2.7 MV/m, and (d) 2.4 MV/m. The signalswere transported through a 50 
 rf able to the osillosope in the ontrol room.The distane of grids are 5mV in the vertial sale and 20�s in the horizontal sale,respetively. Cathode #43.2 was used for this measurement when it was fresh. Thesolenoid urrents were 400 A in the main solenoid and 30 A in the buking solenoid.



6.1. MEASUREMENTS 83onlude the following: The peak gradient does not a�et the multipating proessof the rear multipating peak. For the front multipating peak, the multipliationof the number of eletrons ould our due to the slower inrease of the rf �eld. Therf �eld range required for the multipating keeps up long enough to generate themultipating.If the maximum rf �eld dereases to a ertain threshold, the multipating takesplae over the entire region of the rf pulse with an osillatory feature (Fig. 6.1 d).Below the threshold, the beam loading indued by the multipating disturbs theinrease of the rf �eld strength in the gun avity, i.e. the �eld strength provided bythe rf power annot be fully ahieved in the gun avity.The position and the amplitude of the rear multipating peak were observed
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Figure 6.2: Rear multipating peak with respet to the end of the rf pulse as afuntion of the maximum rf �eld at the athode.



84 CHAPTER 6. MULTIPACTINGas a funtion of the maximum rf �eld in the avity as shown in Fig. 6.2. Themeasurements have been made with the Faraday up 0.78 m downstream from theathode. The delay time dereases with lowering the maximum rf �eld but the hargein the multipating peaks does not hange. This result shows that the multipatingis independent of the maximum rf �eld and the multipliation proess takes plaeat a low rf �eld during the deay of the rf �eld.Three series of measurements for di�erent states of two di�erent athodes havebeen performed and the results are shown with �ts in Fig. 6.3. �-square �ts havebeen made to �nd the multipating �eld EMP, the rf bakground EBG, and �ll/deaytime � using Eq. 6.4, where EMP and EBG are ompletely unknown values and �should be lose to the measured one. The �t results are summarized in Table. 6.1.The two di�erent athodes show di�erent multipating �elds EMP. The possiblereason for the di�erene will be disussed in the following setions. The �tted rf�ll/deay times are in good agreement with the �lling time of 2.78 �s obtained fromthe rf measurements of the avity [78℄.When the measurements were made, athode #60.1 was strongly damaged butthe entral part of the athode had still emissive material (Cs2Te) (see Fig. A.3 ain Appendix A). Cathode #43.2 was fresh exept for the small mehanial damageat the upper left orner whih had not existed just after preparation (see Fig. A.1 aand Fig. A.1 b in Appendix A).
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6.1. MEASUREMENTS 85Table 6.1: Fit results for the multipating measurements in Fig. 6.3.athode #60.1 #43.2measured time Mar. 04 Sep. 04 Apr. 05EMP (MV/m) 2.70 1.04 1.07EBG (MV/m) 0.36 0.18 0.31� (�s) 2.80 2.83 2.836.1.3 Dependene on the solenoid settingThe longitudinal magneti �eld along the z-axis is shown in Fig. 6.4 together withthe rf �eld distribution and the gun aperture. The solenoid �eld distribution isdisplayed following the �eld measurement with a hall probe [18℄ (see Se. 2.1.4 formore detail).When the buking solenoid swithed o�, the magneti �eld at the front surfae ofthe athode is not zero. For example, when the main solenoid urrent is 400 A, thebuking solenoid urrent of 30.5 A is neessary to make the solenoid �eld zero at theathode. Without the buking solenoid urrent, the remnant �eld at the athode is0.012 T.While the maximum rf �eld a�ets only the delay time of the multipating peak,a hange of the solenoid �eld distribution varies the shape and the harge of the
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Figure 6.4: The solenoid �eld and the rf �eld with the gun aperture at PITZ.
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Figure 6.5: Measurements of the delay time between the end of the rf pulse and thestart of the rear multipating peaks as a funtion of buking solenoid urrent forseveral main solenoid urrents.multipating peak.In order to see the dependene of the multipating behavior on the solenoid �elddistribution, a set of measurements were made with athode #43.2 in November2004. The delay time for the rear peak was measured as a funtion of the bukingsolenoid urrent for several main solenoid urrents. At a buking solenoid urrentof between 18 A and 26 A as well as higher than 35 A, no multipating has beendeteted with the Faraday up. With the inrease of the main solenoid urrent upto 400 A, the delay time beomes shorter. The maximum rf �eld of 39 MV/m atthe athode was used. From the measurements in Fig. 6.5, the multipating �eldEMP has been alulated by using Eq. 6.3 with keeping the bakground �eld EBGand the �ll/deay time � to be onstant. The results (see Fig. 6.6) show that themultipating takes plae at gradients of less than 1 MV/m.The harge ontained in the multipating peak is shown in Fig. 6.7. The max-imum harge reahes above 1 nC. The plots of the multipating �eld EMP and theharge, as a funtion of the buking solenoid urrent, show a similarity. Aordingto the above measurement, the multipating does not take plae at the typial op-eration ondition of PITZ (a main solenoid urrent of about 320 A and a bukingsolenoid urrent of about 24 A at a rf gradient of 42 MV/m).Figure 6.8 shows the variation of the peak shape with di�erent buking solenoidurrents while keeping the main solenoid urrent to be 400 A. At a buking solenoid
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6.2. MODEL OF THE MECHANISM 896.2 Model of the mehanismWhen a primary eletron bombards the photoathode, it an generate seondaryeletrons beause the Cs2Te photoathode has a SEY larger than 1 (Se. 3.3). Thenumber of seondary eletrons is desribed by Eq. 3.12.The eletron multipating is illustrated in Fig. 6.9. In this simulation, a seedeletron starts at an rf phase of 90Æ and at an rf �eld strength of 5.0 MV/m. A highrf �eld has been seleted for a better visualization of the eletron multipliationproess. 400 A of the main solenoid urrent and 30.5 A of the buking solenoidurrent have been seleted.When a seed eletron, whih is �eld-emitted from the athode, starts at 0.04 mmfrom the eletrial enter of the athode in the radial diretion, the eletron hitsthe athode again and generates seondary eletrons (1st generation). For a learillustration, only one seondary eletron is shown in the �gure. The 1st generationeletron moves for several rf yles and hits the athode again to produe the 2ndgeneration eletrons. After several generations, the number of eletrons an inreaseexponentially and the multipating an take plae. The multipating takes plae atthe front surfae of the athode, therefore it is a single side multipating.Detailed proesses to produe the multipating at the athode will be disussed

field−emitted electron

1st generation
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Figure 6.9: One example of eletron trajetories for multipating in the rf gun.



90 CHAPTER 6. MULTIPACTINGin the following setions. In these disussions, the multipliation is de�ned as thenumber of \ative" eletrons per seed eletron after a spei�ed number of rf yles.Here, \ative" means an eletron whih is not lost by hitting the inative apertures(Mo or Cu) or dead after produing seondary eletrons but an eletron whih isstill able to produe the next generation of seondary eletrons.6.2.1 Eletron dynamis at low rf �eld strengthThe equation of the eletron motion under the rf �eld in the rf avity is desribedas dpdt = eE0(r) os(!t) + e! v � [r�E0(r)℄ sin(!t); (6.5)where E0(r) is the amplitude vetor of the rf �eld and r is the vetor indiatingthe 3D oordinates of the eletron. Due to the shape of the Cu avity, an analytiapproah is not available. In this study, numerial alulations with ASTRA havebeen made with a 3D rf �eld pro�le.

max rf field (MV/m)
1 2 3 4 5 6 7 8

ph
as

e 
(d

eg
re

e)

10

20

30

40

50

60

70

80

90

100

110

120

130

m
ul

tip
lic

at
io

n

0

2

4

6

8

10

12

14

Figure 6.10: Eletron multipliation as a funtion of the maximum rf �eld and theemission phase without solenoid �eld. Eletron trajetories and seondary eletrongeneration have been traked for 100 rf yles.



6.2. MODEL OF THE MECHANISM 91When the maximum rf �eld is smaller than about 10 MV/m, eletrons starting atan emission phase of around 90Æ annot ow out of the avity due to their big phaseslippage. Eletrons emitted in this phase range either travel bak to the athodeand an generate seondary eletrons or they are trapped by the rf �eld to oat bakand forth inside the avity. In the gun avity, multipating hardly ours withoutsolenoid �eld beause the rf trap of eletrons is not strong enough to generate themultipating. Even though no multipating has been observed without solenoid�eld, a possible multipliation has been numerially alulated (see Fig. 6.10).In the Fig. 6.10, the multipliation of eletrons in the rf avity is signi�antlysensitive to the phase as well as to the amplitude of the gun rf �eld at the athodewhen the eletron emission happens. In this simulation, 500 seed eletrons havebeen generated in order to redue the error in the random generation of the numberof the seondary eletrons.6.2.2 Eletron dynamis at low rf �eld strength and solenoid �eldWith the solenoid �eld, the equation of motion is modi�ed asdpdt = eE0(r) os(!t) + e! v � [r�E0(r)℄ sin(!t)+ev �Bsol(r); (6.6)where Bsol(r) is the magneti �eld generated by the solenoids, whih is not homo-geneous.When the inhomogeneous solenoid �eld is applied, the eletrons in the avityexperiene a magneti on�nement. In order to follow the energy onservation law,the longitudinal omponent of the momentum whih was aquired from the rf �eld,is onverted into a transverse omponent in order to satisfy the relation:e jv �Bsol(r)j = m jvj2jrj : (6.7)If the kineti energy of the eletron is low enough, the eletron is not able to pene-trate through the maximum magneti �eld region and is reeted bakward (to theathode) under the inuene of the magneti �eld (so-alled \magneti mirror").Due to the bakward fore indued by the solenoid �eld, the eletrons have higherhane to hit the photoathode and to produe seondary eletrons.When the buking solenoid is applied, the slope of the magneti �eld gradient atthe athode is hanged (see Fig. 6.4). Figure 6.11 shows simulation results for thesolenoid on�guration to ompensate the magneti �eld at the athode. The area,where the multipating an be generated, is larger than that for Fig. 6.10.Multipating at TTF1Between the guns in operation at TTF1 and TTF2 exist two main di�erenes: Thetype of the rf input oupler and position of the main solenoids. At TTF1, the rf
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Figure 6.11: Eletron multipliation as a funtion of the maximum rf �eld and theemission phase when the main and the buking solenoid urrents are set to 400 Aand 30.5 A, respetively. Eletron trajetory and seondary eletron generation havebeen traked for 100 rf yles.input oupler was installed at the side of the full ell of the gun avity and two mainsolenoids were loated 0.105m and 0.2m downstream from the athode. At TTF2and PITZ, the oaxial rf oupler is installed in the forward diretion of the full ellof the gun avity in order to make a ylindrial symmetry in the avity and the mainsolenoid position moved to 0.278 m from the athode in order to adapt the phasespae of the beam to the injetor booster position.In Fig. 6.12, the magneti �eld distribution at TTF1 is shown together with therf �eld distribution and the gun aperture. The magneti �eld ompensation at theathode was aomplished with a buking solenoid with the same size as the mainsolenoid installed behind the athode. Beause the main solenoid was loated nearto the athode, the slope of the solenoid �eld strength was steeper than at TTF2and the inuene of the magneti mirror to the multipating generation ould bestronger. A simulation for the multipating at TTF1 was made with assumingthe three solenoid urrents to be 250 A. Figure 6.13 shows the multipliation ofthe eletrons, by means of the seondary eletron generation at the athode, as a
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Figure 6.12: The solenoid �eld and the rf �eld with the gun aperture at TTF1.funtion of the emission phase and the rf �eld of the seed eletron. The area inwhih multipating an take plae is muh larger than in the TTF2 or PITZ ase,and the strength of the multipliation is also greater.6.2.3 Multipliation of the �eld-emitted eletronThe atual multipating onditions integrate the e�ets due to the emission phaseand the 3D distribution of the eletrons, i.e. the 2D transverse and the temporaldistribution of the seed eletrons. In order to simulate the atual multipatingproess ourring in the gun avity, realisti distributions have to be used for theinitial parameters.For three di�erent solenoid distributions, the multipliation has been numeriallyalulated as a funtion of the maximum rf �eld at the athode for the onditionsat PITZ. For these simulations, the time duration orresponding to 140 rf yles(0.11 �s) has been used to alulate the eletron generation and the dynamis. Themain solenoid urrents have been seleted to be 0 A and 400 A. At 400 A, a maxi-mum solenoid �eld of 0.235 T is present 0.276 m downstream from the athode. Thesolenoid �eld on�guration has been hanged by ontrolling the buking solenoid ur-rent. For the PITZ on�guration, the e�et of the longitudinal �eld at the athodeis small beause the �eld of the main solenoid at the athode is only 5% of thepeak �eld (see Fig. 6.4). Nevertheless, the solenoid �eld at the athode has a stronginuene on the multipating.The simulation results in Fig. 6.14 show that the multipliation is strong at
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Figure 6.13: Eletron multipliation at TTF1. The urrents of the three solenoidshave been set to 250 A for this simulation. Eletron trajetories and seondaryeletron generation have been traked for 100 rf yles.the ompensation ondition (Ibuking = 30.5 A) and negligibly weak at the otheronditions (Fig. 6.14). In these simulation, 1000 seed eletrons have been startedwith the same distribution used for the dark urrent simulation in Chap. 5. For thealulation of the multipliation, the time orresponding to 140 rf yles has beenused for the eletrons traking.In Fig. 6.15, 1000 initial eletrons have been numerially traked for the timeduration of 300 rf yles with the rf �eld amplitude deaying with a deay timeof 2.78 �s starting from 0.6 MV/m of the maximum �eld strength. The solenoidurrents have been on�gured as 400 A for the main and 30.5 A for the bukingsolenoids. For this simulation, the parameters for the seondary emission have beenhosen as follows: Æmax = 20, Ep;max = 1 keV, and s = 2.2. The simulation with theabove parameters shows, on the average, an exponential inrease of the number ofeletrons. Note, however, that the multipliation takes plae in steps separated bymany rf yles. An estimation of the exponential growth rate requires the simulationof many rf yles and is limited by the available omputing power.In Fig. 6.8, the multipating peak grows up to the maximum of the peak during
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Figure 6.15: Multipliation for 300 rf yles under the deaying rf �eld. The termof \total eletrons" means the number of eletrons whih are either \ative" ordisappeared after hitting an aperture or generating seondary eletrons.



Chapter 7XFEL gunIn this hapter, expetations of the thermal emittane, the dark urrent, and themultipating at the rf gun for the European XFEL projet are made aording tothe disussions in the previous hapters.7.1 RequirementsThe parameters of eletron beams required for the European XFEL are summarizedin Table 7.1.Table 7.1: Parameters of eletron beams for the XFEL (from Ref. [79℄).parameter valuebeam energy 20GeVnormalized emittane 1.4mmmradeletron bunh harge 1 nCeletron bunh length 80 fsunorrelated energy spread 2.5MeV rmsThe values in Table 7.1 must be ahieved at the entrane of the undulator inorder to produe self-ampli�ation of spontaneous emission (SASE) FEL radiation.At the injetor, tighter beam parameters are required beause the eletron beamwill be degraded while passing though aelerator omponents, e.g. bunh ompres-sors. The beam parameters required at the injetor have been proposed by Ferrarioet al. [80℄ and are summarized in Table 7.2. In Ref. [80℄, a onstant kineti energyof 0.55 eV for photoemitted eletrons was assumed for the thermal emittane alu-lation. In order to ahieve the beam parameters, the onditions of the rf gun havebeen optimized by Ferrario et al. [80℄ and the result is shown in Tabel 7.3.97



98 CHAPTER 7. XFEL GUNTable 7.2: Parameters of eletron beams for the injetor (from Ref. [80℄).parameter valueeletron bunh harge 1 nCnormalized emittane 0.9 mm mradTable 7.3: Parameters of the photoathode rf gun for the XFEL (from Ref. [80℄).parameter valuelaser spot size (rms) 0.75 mmthermal emittane 0.74 mm mradlaser pulse length 20 psmaximum �eld at the athode 60 MV/memission phase 44Æ7.2 Thermal emittaneThe operating parameters for the XFEL gun were proposed by Ref. [80℄: the rmssize of the laser spot is 0.75 mm and the emission phase is 44Æ when the maximum�eld at the athode is 60 MV/m.For the gun parameters proposed in Ref. [80℄, the thermal emittane "thermmeas an beestimated with the disussions in Se. 4.1.4 and will be 0.99 mm mrad from Eqs. 4.2and 4.8 when taking into aount the disrepany parameter � (Eq. 4.10). Thisthermal emittane is already higher than the emittane 0.9 mm mrad after the gun.Considering the disussion so far, the gun parameters for the XFEL injetor must bere-optimized. The thermal emittane may be dereased with seleting a smaller laserspot size or perhaps with a new preparation proedure of the photoathode. Forexample, when the laser spot size is taken to be 0.45 mm rms, the thermal emittane"thermmeas is expeted to be 0.60 mm mrad. If we apply an improved treatment to reduethe surfae roughness of the Mo plug and ahieve a higher homogeneity of the QEof the emissive �lm, the disrepany parameter � may derease.7.3 Dark urrentAssuming that the same type of gun avity and photoathode used for the PITZor TTF2 guns will be used again for the XFEL gun, the dark urrent at the gunis estimated to be muh higher than at the PITZ or TTF2 guns. Using Eq. 3.7,one expetation of the dark urrent for the XFEL gun has been made with anextrapolation of the measurement at the PITZ gun (Fig. 7.1). The dark urrent
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Figure 7.1: Dark urrent estimation for the XFEL gun with an extrapolation of themeasurement at the PITZ gun.measurement was performed with athode #43.2 in avity prototype #1, when boththe athode and the gun avity were onditioned well (see the measurement inNovember 2004 in Fig. 5.17). The extrapolaton shows that the dark urrent at theXFEL gun will be as high as several mA. In this extrapolation, possible derease ofthe dark urrent with rf onditioning was not onsidered.Strong dark urrent may damage vauum omponents, e.g. the photoathode,the gun avity, the diagnostis, and the undulator magnets. A large fration ofdark urrent emitted at higher gradient an propagate downstream together withthe eletron beam. The optimum emission phase, satisfying the ondition to makeminimal transverse emittane, shifts to a higher phase for an inreasing rf gradientbeause the phase slippage beomes smaller for higher rf gradients. The momentumgain of the eletron beam for the two rf gradients are shown in Fig. 7.2 togetherwith the normalized intensity distribution of �eld emission.
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7.3. DARK CURRENT 101Compared with the present PITZ gun, the optimum emission phase for the high-est momentum gain, i.e. for the smallest transverse emittane, shifts nearer to anrf phase of 90Æ, where there is a highest hane for �eld emission. In addition, theemission phase of the dark urrent beomes broader for higher gradient (see Fig. 7.2).Therefore, a larger fration of the dark urrent an overlap with the eletron beamin the momentum spetrum (Fig. 7.3). The overlapping part an reah the �rst a-eleration setion and an be aelerated together with the eletron bunhes. Thisdark urrent an a�et the vauum omponents downstream.
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(b) 60 MV/mFigure 7.3: Simulated momentum spetra of dark urrent and eletron beam for tworf gradients. For the beam simulations, the design parameters of the laser pulse forthe XFEL gun have been used [80℄: a laser spot size of 0.75 mm rms, a laser pulselength of 20 ps assuming a rise/fall time of 2 ps.



102 CHAPTER 7. XFEL GUN7.4 MultipatingSine the main solenoid for the XFEL gun will be moved farther from the athode(0.4m) [80℄, the tail of the main solenoid �eld at the athode will be small. Therefore,the buking solenoid urrent will be dereased for the solenoid �eld ompensationat the athode. As the result, the multipating taking plae at the athode will beweaker than for the PITZ gun.



Chapter 8ConlusionEletron emission proesses from the Cs2Te photoathode hange signi�antly theirproperties during the operations of rf gun avities. Sine the strong rf �eld dereasesthe potential barrier for the eletron emission, or the eletron aÆnity, the eletronesape probability and the kineti energy of the emitted eletrons inrease withthe rf �eld strength. The inrease of the eletron esape probability with the �eldstrength alled the Shottky e�et is modeled in ASTRA as a linear inrease withthe �eld strength. The model explains suessfully measurements of bunh hargeas a funtion of the emission phases. In order to relate the Shottky e�et to theeletron aÆnity variation, an improved model has been used and the oeÆients inthe equation have been found. With the improved model, the thermal emittanemeasurement data ould be analyzed and the thermal emittane for the XFEL gunhas been estimated.A seondary eletron emission algorithm has been modeled and implementedinto ASTRA. The seondary emission model explains suessfully the eletron beamdynamis for eletron bunhes with low harge and short length. The measurementondition, low harge and short length beam, has been seleted in order to reduethe spae harge fore and to study the dependene on the emission phase. For thenormal operation ondition of PITZ, an rf gradient over 40 MV/m and an emissionphase about 35Æ, seondary emission does not inuene the beam dynamis due tothe high gradient. At suh a gradient, the primary eletron energy is too high togenerate seondary eletrons when impating the athode.The dark urrent at the photoathode rf guns has the main origin in �eld emissionfrom the photoathode and the surrounding bakplane. The amount of the darkurrent depends strongly on the status of not only the athode but also the gunavity. After onditioning of the avities, the dark urrent has been redued byabout one order of magnitude. The dark urrent soures have been investigatedwith the images on a sreen downstream. The geometry of the athode plug hasbeen imaged on the sreen learly and the dimension of the dark urrent has beensaled by means of moving the laser spot position on the athode front surfae.The multipating peaks appear at the beginning and at the end of the rf pulse.103



104 CHAPTER 8. CONCLUSIONThe multipating appearing at the end of the rf pulse has been measured system-atially and analyzed with ASTRA simulation. At very low rf gradient, about 1 � 2MV/m or even lower, the number of eletrons an inrease with seondary eletrongeneration at the Cs2Te photoathode beause the athode has a seondary emissionyield greater than one. The solenoid �eld builds up a magneti mirror and pusheseletrons bak to the athode to inite the multipating. Thus, the multipatingbehavior hanges depending on the solenoid on�guration.The European XFEL demands a hallenge on the eletron beam quality. In orderto reah the requirement, a higher rf gradient is neessary. Aording to the modelintrodued in this thesis, the optimized gun parameters at present might indue toohigh thermal emittane due to the large laser spot size. Therefore, an improvedoptimization should be made with keeping the laser spot size smaller. The darkurrent at the gun will inrease by one order of magnitude ompared to the PITZgun or the TTF guns. More detailed work to haraterize the dark urrent soure ison going with a ollaboration with INFN Milano-LASA. The multipating ourringat the athode will be smaller at the XFEL gun beause the main solenoid will beloated farther from the athode and will be less e�etive to the athode.



Appendix ACathodes parametersA.1 Spei�ationsThe photoathode used at PITZ and TTF are made at INFN Milano-LASA. Whenthe athodes are produed, all informations of the preparation proesses and the�rst QE measurement with a UV lamp are reorded at the athode informationwebsite [12℄. Some important information of the athodes is summarized in Ta-ble A.1.Table A.1: Photoathodes used at PITZ sine 2003. The thikness tCs2Te and thediameter �Cs2Te of the Cs2Te oating on the Mo plug front surfae are summarized.The QE is measured at 254 nm of the photon wavelength. The \�rst to last use"indiates when the athode was used at the �rst and at the last time.athode type tCs2Te (nm) �Cs2Te (mm) �rst to last use QEMilan (%)34.3 Mo { { Jan. '03 - Apr. '03 {60.1 Cs2Te 30 10 Apr. '03 - May '04 4.647.3 Mo { { Sep. '03 - Aug. '04 {61.1 Cs2Te 20 5 Sep. '03 - Aug. '04 1.435.2 Cs2Te 40 5 Sep. '03 - Aug. '04 11500.1 Cs2Te 60 5 Sep. '03 - Apr. '05 9.641.1 Mo { { Sep. '04 - Apr. '05 {43.2 Cs2Te 30 5 Sep. '04 - Apr. '05 10.733.2 Cs2Te 30 5 May '05 - 7.756.2 Mo { { May '05 - {58.1 Cs2Te 30 5 May '05 - 8.454.2 Cs2Te 30 5 May '05 - 7.9105



106 APPENDIX A. CATHODES PARAMETERSA.2 Aging of athodesWhen a Cs2Te athode is stored in the athode hamber or in the athodepreparation hamber under ultra-high vauum on the order of 10�11, the QE doesnot derease remarkably. When a Cs2Te athode is used for gun operation, theCs2Te �lm starts to be ontaminated with moleules in the gun avity and the QEdereases immediately. Aording to the study by di Bona et al. [15℄, CO2 and O2have a poisoning e�et reduing the QE. These moleules an be emitted from thesurfae of the Cu avity when high rf power is applied to the avity surfae.The QEs of two athodes in the athode hamber did not hange within mea-surement error during a delivery from Milan to Zeuthen (see Table A.2). For themeasurements a UV lamp with a 254 nm band pass �lter was used for these mea-surements. The athodes have been stored in the athode hamber under ultra-highvauum.Table A.2: QE measurements of two athodes (#54.2 and #58.1) at Milan (22 De-ember 2004) and at Zeuthen (11 April 2005).athode QE at Milan QE at Zeuthen# 54.2 8.1% 7.5%# 58.1 10.2% 10.5%In addition to the hemial poisoning e�et of the Cs2Te �lm, mehanial dam-ages on the Cs2Te �lm as well as on the front surfae of the Mo plug have beenobserved (see Fig. A.1 b). The photographies have been taken by a digital amerathrough a view-port of the athode hamber. In the athode hamber, the athodesare stored for a next use. With a manipulator, the athodes an be seleted andmoved from the athode hamber to the gun avity.After several months in use, the Cs2Te athodes beame damaged mehaniallyas well as poisoned hemially. Two photographies of athode #61.1 and #500.1 areshown in Fig. A.2. The photographies were taken after the last use at PITZ. A largepart of the Cs2Te �lm has disappeared with remaining holes and several pits havebeen made on the Mo plug (see Fig. A.2).Figure A.3 a shows a damage of athode #60.1 after one year use at gun proto-type #2 and one week use at gun prototype #1. After two weeks operation at gunprototype #1, the athode was damaged to a state whih annot be used to produeeletron beams with a good quality anymore (Fig. 3 b). When athode #60.1 wasused, onditioning of gun prototype #1 started and the inner surfae of the opperavity was not ready for a stable operation.Figures A.4 b and  show damages of Mo athodes. Cathode #47.3 has beenused for onditioning of gun prototype #1 and for a high rf power test at the same
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(a) (b)Figure A.1: Photography of the front surfae of athode #43.2 (a) taken just afterthe Cs2Te deposition at INFN Milano-LASA (in May 2004 at Milan) (b) after severalmonths of use for produing eletron beams in gun prototype #1 (in February 2005).The mirror-like Mo plug surfae reets the images of the view-port and the angeof the athode hamber. The metal wire whih is visible in the pitures is the anodeinstalled for quantum eÆieny measurement in the athode hamber.gun. Cathode #41.1 has been used also at the same gun but after the gun had beenonditioned.
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(a) (b)Figure A.2: Photography of the front surfae of athode #61.1 (taken in Otober2004 at Milan) and #500.1 (in February 2005) after the last use at PITZ.

(a) (b)Figure A.3: Photography of the front surfae of athode #60.1 taken (a) in Marh2004 and (b) after the last use. (The seond photography was taken at Milan).
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(a) (b)

()Figure A.4: Mo athode damage; (a) #47.3 when fresh (Marh 2004), (b) #47.3 on-taminated with Copper olor material (July 2004), () #41.1 mehanially damaged(February 2005).
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Appendix BAn approximation of theNordheim parameterThe Nordheim parameter y is de�ned by [29℄y � � e34��0�1=2 (��eldE)1=2� = 3:795 � 10�5 (��eldE)1=2� : (B.1)The expression for v(y) is [32℄v(y) = 2�1=2 h1 + (1� y2)1=2i1=2 nE(k2)� y2K(k2)= h1 + (1� y2)1=2io ; (B.2)whereE(k2) = Z �=20 �1� k2 sin2 ��1=2 d� and K(k2) = Z �=20 �1� k2 sin2 ���1=2 d� ;k2 = 2 �1� y2�1=2 = h1 + �1� y2�1=2i :In Table B.1, an approximation is made for v(y) with a simpler form, va(y) =0:9632 � 1:065 y2. This approximation �ts well for y = 0:25 � 0:65, whih is theworking range of an L-band rf gun (assuming ��eld � 100). A di�erent approxima-tion an be found in Ref. [30℄.
111
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Table B.1: Nordheim parameters with an approximation, va(y) = 0:9632� 1:065y2.y v(y) va(y) t(y)20.00 1.0000 0.9632 1.00000.05 0.9948 0.9605 1.00210.10 0.9817 0.9525 1.00710.15 0.9622 0.9392 1.01400.20 0.9370 0.9206 1.02240.25 0.9068 0.8966 1.03170.30 0.8718 0.8673 1.04190.35 0.8323 0.8327 1.05300.40 0.7888 0.7928 1.06470.45 0.7413 0.7475 1.07710.50 0.6900 0.6969 1.08970.55 0.6351 0.6410 1.10290.60 0.5768 0.5797 1.11630.65 0.5152 0.5132 1.13010.70 0.4504 0.4413 1.14430.75 0.3825 0.3640 1.15890.80 0.3117 0.2815 1.17330.85 0.2379 0.1936 1.18820.90 0.1613 0.1004 1.20320.95 0.0820 0.0019 1.21821.00 0.0000 -0.1020 1.2336
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