INITIAL BEAM RESULTSFROM THE CORNELL HIGH-CURRENT ERL
INJECTOR PROTOTYPE

I. Bazarov, S. Belomestnykh, E. Chojnacki, J. DabbB. Dunham, R. Ehrlich, M. Forster, C.
Gulliford, G. Hoffstaetter, H. Li, Y. Li, M. LiepeX. Liu, F. Loehl, D. Ouzounov, H. Padamsee, D.
Rice, V. Shemelin, E. Smith, K. Smolenski, M. Tigné Veshcherevich, CLASSE, Cornell
University, Ithaca, NY 14853, U.S.A.
H. Sayed, TINAF, Newport News, VA 23606, U.S.A

Abstract number of accelerator-related technology and phkysic

Cornell University has built a high average curren@reas: to identify the physics limits to the maximbeam
electron injector for use with an Energy Recoveiyac.  brightness achievable from high current photoimget
The injector is capable of up to 100 mA averageesdrat Operating in the space-charge dominated regime;agan
5 MeV (33 mA at 15 MeV) and is expected to prodinee laser technology; photocathodes; superconducting RF
ultra-low emittances needed for an ERL. An overvigiw frontiers including efficient damping and removditbe
the initial performance of this injector, the stanf beam unwanted higher order mode beam induced power from
commissioning, and a summary of experiments beir§e cryogenic environment, low-level RF field cad
undertaken to demonstrate low emittance and higfiC., see [2].

average current Operation are presented The projeCt received funding from the NSF in 2005,
which led to the construction of the injector ptgpe
INTRODUCTION currently in commissioning. Here we summarize beam

An Energy Recovery Linac light source is beingexperlments undertaken as a part of the projetbgate

planned at Cornell University [1]. This approacbrpises ;nd preTen]:[ ourlfshort-';ﬁrm fﬁ“:r? pIaPs towﬁrg?eag;rg
diffraction-limited quasi-continuous synchrotroriation € goal of realizing he pholoinjector suitable” 1he

in the hard X-ray spectral range and a picosecond E%L light source. ts add . tstandi ions f
shorter pulses for the X-ray scientific use comriyuri €am expernments adaressing outstanding quesons

number of challenges must be overcome beforng—emittance high-current beam production havenbee
construction of the ERL, including demonstration af carried in two different accelerator beamlines: l@awv

: Lo in the DC gun beamline operational betwaén |
suitable source capable of delivering 100 mA awera nergy n the . ;
current low emittance beam as well as the preréquis 006 and spring 2008, and in the 5-15 MeV photciog

high-efficiency CW supercoducting RF structures.e Th*/Nch is under commissioning since summer 2008,
realization of these challenges led us to propos2001 DC Gun Beamline

an ERL prototype (also known as Phasela) seeking to_. . :
address these questions. Figure 1 shows the DC gun beamline used in several

_ ) studies such as photocathode characterization,r lase
Table 1: Cornell ERL Prototype Requirements shaping, and space charge measurements in the gun

Beam energy 5-15 MeV vicinity.
Max average current 100 mA E —— | S ST
solenoid Rfcz\'itl\s' cooiy  Gitiftance space charge: 1.244 m b
Max beam power 0.5 MW " s || messsrdem =
“ Fa\rada} cup | . > solenoid
Bunch length 2-3 psrms \g % \:‘g‘g‘“ 1 ﬁj \ cathode
\ - / 1l beamscanner

RMS normalized <2 pum at 77 b ] T' : @ ' % o =W ) \
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Operating Frequency 1.3 GHz (CW)

Figure 1: DC gun diagnostics beamline.
The set of main parameters incorporated into the ER

prototype injector is shown in Table 1. The initigdal is
to demonstrate @m rms normalized transverse emittanc
at 77 pC per bunch, and to develop a roadmap t@ava
achieving much reduced values eventually.

The beamline is equipped with adequate beam
énstrumentation and diagnostics enabling the above
entioned studies: transverse phase-space
characterization system (emittance measuremenrgrayst
a scanning wire, various viewscreens, and a time-
PROJECT OVERVIEW resolving deflecting RF cavity. The beamline is
terminated by an aluminium beam dump capable of

In addition to demonstrating a practical electroarse disposing 75kW beam power during high current
suitable to drive the ERL light source, the projgetks to operation.

establish mastery and expand one’s understanding in
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Figure 2: The layout of Cornell prototype ERL irjgc Beam direction is to the left.

10 MeV Injector
Figure 2 shows the 5-15 MeV injector prototype The merger section introduces additional challerajes
Various subsystems and their operational status baen possible chromatic mixing in the space charge datauh

. . - beam, which may lead to additional emittance growth
detailed elsewhere [3]. The accelerator is equippiti a N .
suite of interceptive beam diagnostics capable A:flnally, the high average current effects, suchloag

assessing 6 phase space dimensions, as well dsgthe range wakefields and ion neutralization of the beased

average power compatible beam instrumentation, rwhiénc: :ESEQ?SE?SE ;ll?de m'g?%t:gt;? r?:"f:ma.smlﬁgleo a
includes two flying wire setups for transverse peof nj ) Xperi prog IS undeyw

measurements and a THz spectrometer for IongitUdinE) ﬁ?ir?:tserzgi bﬁ)?lvmeﬁ2¥s|cchcl:§:§£fsar|3|ngsrclz-!tss
profile characterization. Only the beam instrumgate 9 y 9y '

not requiring high average beam currents has be@hotocathode Sudies

successfully commissioned to date. Photocathodes are of paramount importance as their

properties dictate operational characteristics, thaylaser
BEAM STUDY AREAS wavelength and power required, the vacuum condition
On a fundamental level, the maximum beam brightness well as set the limit on the smallest emittaocé¢he
out of a photoemission gun producing short duratioshortest pulse duration achievable from the gunhdie
pulses is limited by the available acceleratingdgrat at conducted several studies of negative electromibffi
the cathode and the transverse thermal energy ef tphotocathodes, namely, GaAs, GaAsP, and GaN, inhwhi
emitted photoelectrons [4]. A number of additionalve have evaluated their potential as a photocattufde
measures are necessary in order to preserve the hahoice in the ERL photoinjector. Both the thermadmgy
brightness available from the photoguns, namelgnd the response time have been measured in a wide
controlling the space charge forces through apjmter selection of laser wavelengths [5-6].
laser shaping techniques and appropriately chosenWe find that GaAs remains the best material of the
external focusing downstream of the gun, gradualchu several candidates looked at by us so far. Neverhge
compression in the injector without increase in th&om an operational point of view, an ideal photbcae
transverse emittance, understanding the effectRIBf yet remains to be identified. E.g. in the case aA§
focusing and minimizing any emittance diluting effe despite its low thermal energy, we have observed a
arising from time-dependant nature of the RF fields presence of a long photoemission tail at 520 nrerlas
wavelength depending on the quantum efficiency (QE)
the activated crystal (see Figure 3). The quantum
efficiency need to be made lower on purpose (< 6%0)
order to avoid the tail and minimize the beam lssse
elsewhere in the accelerator.

——QE=10%
——QE =5%

Laser and Beam Shaping

The laser 3D distribution impinging on the
\ photocathode must meet stringent requirementsatizee
i A the smallest emittance. The need to produce arrefec
Pl ‘ \\\‘ beam distribution that linearizes the space chéwgees
A in the gun vicinity leads to a desired laser disttion
which for our parameters resembles a flattop
esstt S ‘ N longitudinally and an elliptical distribution trarersely.
-10 -5 0 5 10 Achieving the necessary laser intensity profilegetber
with the desired high efficiency of the shaping hoet
Figure 3: Temporal response obtained from GaAstedci represents an active area of research for the
by 1 ps rms 520 nm laser pulses. The dashed lioessh photoinjectors. We have demonstrated a simple alnast
the resolution of the measurement. method of achieving the needed temporal profileugh

intensity

time (ps)



pulse stacking using a set of birefringent crysfd]lsand indicated by the core emittance and fraction valoebe
performed the necessary characterization of thetrele figure.

beam using a very low charge per bunch beam [glrEi cora =031 um, core fraction = 60%
4 shows the result of the measurements showing bc = o fpeemfrnemn e SRR
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Figure 4: Laser pulse (top) and electron bunchtgoat . .
temporal profile measurement after three shapigstals. The_5-15 MeV injector has beep in initial stages of
operation for less than a year with several imptrta

Laser cross correlation shows the intensity of thve . ) .
orthogonal polarizations (dashed and dot-dashed) affistrumentation areas such as BPM system e}ptlvated
their sum (solid line). Wlth!n_ this per|_0d. Work_remalns t(_)_be_done_ in biig
the injector to its operational specifications,lirding an

The flattop transverse distribution can be gendratémproved laser and an additional RF input coupler
using commercially available refractive shapersprocessing to reach 100 mA average beam curreneths
However, our experience has shown that the veigtstras to generate a stable beam with minimal losshe. T
alignment requirements for this type of shapersiotbe commissioning plan seeks to address 4 differenasare
easily met in our laser transport system and amditi summarized below.
measures are required to stabilize the laser spsitign . . .
for a steady output shape. A simple circular aperig Linear Optics and Beam-Based Alignment
used in the meantime while the work continues i tw Despite the space-charge dominated nature of thm be
directions: to stabilize the laser position andetgplore dynamics in the injector, the first step in setting the
more robust alternative methods of laser shaping. accelerator is to understand and control the beduih, @

. step that requires a firm grasp of linear optics.
Space-Charge Code Benchmarking FurFt)hermore, fghe emittance cogr]npeﬁsation procesdgnee
Space-charge dominated nature of beam dynamics particular optics settings, which can be readilgeased
our injector leads to a highly non-linear behaviand a and verified through beam orbit and response matrix

need to rely on space charge modelling tools ireotd measurements. Finally, a low emittance beam ndaéssi

find suitable optics solutions that provide the reaith  beam-based alignment in the optical elements ttebet

the desired characteristics. Therefore, it is d&eto  than 1 mm requiring calculation and/or measureneént

establish the validity of space charge modellimjdaised the relevant transfer matrix elements. The simoifatools

in design of the injector. A careful study was umaken for this purpose should include the ability to wawkh

in the DC gun beamline where the number of var@bleield maps for RF cavities, the DC gun, and oveslag

controlling the beam dynamics is reduced to a mimim splenoid lenses, be lightweight and provide intégna

The results of this study are presented elsewh@e [with the control system. Such tools have been dpesl

Figure 5 shows the measured phase space distrisitio  and are starting to be used in the project [10].

two bunch charges: 80 pC and 20 pC. The measured

transverse rms normalized emittance is+0.8 and Longitudinal Phase Space Dynamics

0.43t0.05 mm-mrad for the two cases respectively. Note The beam in the injector undergoes bunch compnessio

the presence of a bright core in the beam, which By about a factor of 6 due to the buncher cavibated
after the gun and the 1st SRF cavity operated at a



substantial off-crest angle. To minimize the emite&a operational stability of various subsystems is ssagy to
growth in the merger it is important to have beaithw realize low loss running necessary for good lifetiof the
minimum energy spread entering the achromaphotocathode. There are several outstanding questio
Additionally, it is important to cancel RF-inducedwith regard to the high average beam running ommerat
emittance growth due to time-dependent focusinghef namely, the ion neutralization of the electron bgamich
cavities, which can be accomplished through thwill lead to significant changes in the betatronagh
appropriate choice of off-crest phases. Longitudiease advance experienced by the beam, and the effettieof
space diagnostics, a key to meeting these spdaifica long-range wakefields on a 1.3 GHz train of 77 pC
has been successfully commissioned and provdainches. Numerical simulations suggest that thesffact
indispensible in phasing the RF cavities. Neveabsglwe will be particularly significant and may requireditibnal
still have to demonstrate a robust procedure fiimgeup measures such as clearing electrodes for reliabénb
the buncher cavity and operating the five SRF ts/iat production. Finally, the accelerating RF structused.00
their optimal (not on-crest) phases. Part of thallehge mA will operate with a very strong coupling and the
is due to non-ultrarelativistic beam energies ire thcorresponding changes of the field distribution the
beginning of the injector, which makes the propesiging input coupler region potentially introducing asyniriee
dependent on the setting of the upstream elements. guad-like RF focusing fields. This effect will netal be
Space Charge Emittance Measur ts g??gzcitnﬁgégi prior to demonstrating 100 mA curntt

The accelerator is equipped with two emittance

measurement systems at the full energy (5-15 MeV), HIGH CURRENT STATUS
which allow direct measurements of transverse phase_ .. . .
Reliable production of 100 mA represents a major

space distributions in both planes before and atfier challenge for high-brightness photoinjectors.

merger achromat section (B1 line in Figure 2). &oim . S
the gmaximum brightness( as set bygthe ghotoczgthogexpe”memal data_fro_m TINAF suggests that maimtgin
thermal energy and the gun accelerating gradientires excelle_nt_vacuum inside the gun s the key to mm_g_| a
a very high degree of space charge emittan ood Ilfetl_me out of the_z photopathode. 'I_'he operatidth
C laser in the gun diagnostics beamline has alfous

compensation and RF-induced emittance grovvto achieve 20 mA average current. The currentisxadase
cancellation. The beam diagnostics downstream ef t 9 '

. . as limited by the gas backstreaming from the ahiumi
cryomodule allows simultaneous mapping of 4D phas .
space variables (two transverse and two longitudin ump located about 5 m from the gun. The corretatio

variables, sections Ad and C2 in Figure 2), whichud etween the gun vacuum and the photocathode lietim

: o P : : . confirms the previous experience of the ion-
provide ad(_jltlonal insights into the_ phy_S|cs of #arice b ckbombardmer?t being the mgin mechanism limitiea t
compensation. The merger section ltself presents lifetime of photocathodes in this type of systems.
number of challenges. Simulations show that -the The 5-15 MeV accelerator has so far achieved 4 A o

emittance growth in that section is a function woitial average current as limited by the radiation lodisei set
Twiss parameters and the energy spread. A series bferad y

measurements are planned to evaluate the effethieof for the personnel protection in the experimentadaar

merger on the transverse emittance and establigbepr (which shares the space with CHESS user stations).

beam setup procedures with 4-quad telescope f0u§§veral of the chgllenges for producing_ stable beam
downstream of the cryomodule included an excessive HV power supply ripple and ou
Given the thermal load difficulties encounteredhitie limited ability at setting up low loss beam opevati

o Since then, modifications in the HV power supply
full repetition rate laser system (1.3 GHz) andfdw that . o
none of the diagnostics being used in the diresph resulted in voltage peak-to-peak variations of ald& V

space measurements can handle more than aboutdf kV\gVer;t?:n birc]i%\?t/ilg:\glo\tvgrlld?sz raet :ﬁ;’; dCLtjcr)regrt]ngvbQA)
beam power, a second laser system operating attid M P ' q

has been constructed, which has all the desireglesin operation of the HV power supply at higher currents
bunch properties. The train of pulses from thisdlais
further reduced in its duty factor by passing ibtigh a ONGOING WORK
Pockels cell unit and will be used in the experitaen Investigations of the beam orbit inside the injecto
requiring the full bunch charge beam. The 50 MHsefa cryomodule have revealed the presence of stray atiagn
will be used interchangeably with the 1.3 GHz lasefields which thwart beam-based alignment methodsrwh
system switching between the pulsed full chargenbeathe RF fields are turned off, or the cavities aminb
running and the continuous 1.3 GHz train required f turned on one by one. Further evaluation is undgrea
reaching the high average current. determine whether these stray fields will preclude
. satisfactory beam operation with the RF accelenatio
High Average Current Phenomena which case the cryomodule will be opened to idgraiid
Operating the full beam current requires matureemove the source(s) of unwanted magnetic fields.
understanding and control of both the orbit andnbea So far we have been operating the beam with a low
envelope in the space charge dominated regime. Goweltage in the DC gun due to experiencing problevith
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The injector prototype at Cornell has been prodycin
beam for about 1.5 years in the DC gun commiss@ni
beamline (September 2006 till March 2008), and fo
about 10 month after the completion of the 5-15 Mexlel
accelerator since July 2008. A number of bea
experiments have been performed to address outstand
guestions of space charge characterization, phibioda
physics, and the high beam brightness productidnobu
the photogun. An active commissioning effort fog 815 9]
MeV injector is underway to demonstrate thé
specifications required for the ERL light sourc
envisioned at Cornell  University.  Additional
improvements to the gun, the laser, as well ashtam
experiments have been proposed as a part of the nex
stage in the ERL injector development project.



