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1 Introduction

The construction of a high energy, high luminosity, polarized Electron-Ion Collider (EIC)
remains one of the highest priorities for the nuclear physics and accelerator communities and
continues to drive research and development of many state-of-the-art accelerator technologies
[1, 2]. These include (but are not limited to): high-brightness, high current electron sources
capable of delivering both polarized and unpolarized electrons, various electron-ion cooling
schemes, as well as (multi-pass) Energy Recovery Linacs (ERL). In fact, both the electron -
Relativistic Heavy Ion Collider (eRHIC) under design at Brookhaven National Lab (BNL), and
the Je�erson lab Electron-Ion Collider (JLEIC) under design at Thomas Je�erson National
Accelerator Facility (TJNAF) require high current electron beams for use in electron ion
cooling, making the use of an ERL design attractive [3]. Both designs require signi�cant
development of the underlying accelerator technologies, as well as investigation of possible
cost reducing schemes. In the case of the eRHIC design(s), the use of Fixed Field Alternating-
gradient (FFA) recirculating loop(s) may provide signi�cant cost reduction by reducing both
the length of the linac, and the number of recirculating loops required.

As part of this development e�ort, the Cornell-BNL Energy recovery linac Test Acceler-
ator (CBETA) [3], a 4-pass, 150 MeV energy recovery linac (ERL), utilizing a Non-scaling
Fixed Field Alternating-gradient (NS-FFA) permanent magnet return loop, is currently under
design and construction at Cornell University through the joint collaboration of Brookhaven
National Lab (BNL) and the Cornell Laboratory for Accelerator based Sciences and Education
(CLASSE). Building on the signi�cant advancements in high-brightness photoelectron sources
and SRF technology at Cornell [4{9], as well as the FFA magnet and lattice design expertise
from BNL, CBETA will establish the operation of a multi-turn SRF based ERL utilizing a
compact FFA return loop with large energy acceptance (a factor of roughly 3.6 in energy),
and thus demonstrate one possible cost-reduction technology under consideration for the eR-
HIC design. Moreover, successful completion of the CBETA project requires the study and
measurement of many critical phenomena relevant to designing the EIC: the Beam-Breakup
(BBU) instability, halo-development and collimation, growth in energy spread from Coherent
Synchrotron Radiation (CSR), and CSR micro bunching, and thus should provide valuable
insight to the EIC and ERL communities [3].

In order to demonstrate the viability of the CBETA design, the Fractional Arc Test (FAT)
was added to the CBETA commissioning sequence. Completed in the spring of 2018, this
test brought together for the �rst time elements of all of the critical subsystems required for
the CBETA project: the injector, the Main Linac Cryomodule (MLC), the low energy (�rst)
splitter line which includes several new electromagnets, a path length adjustment mechanism,
and a new BPM system, as well as a �rst prototype production permanent magnet girder
featuring 4 cells of the FFA return loop with its own corresponding vacuum system and BPM
design. Consequently, the main technical goals of the FAT included: recommissioning of the
injector, full energy commissioning of the main linac with beam, commissioning of the S1
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splitter line including beam-based calibration of the S1 magnets and diagnostics, testing of
the splitter path length adjustment mechanism, calibration of the S1 and FA BPM designs,
and beam based characterization of the permanent magnets in the Fractional FA arc. Fig. 1.0.1
shows the �rst 42 MeV beam passed through the entire FAT beamline to the viewscreen just
after the FFA section. While in some sense symbolic in nature, the taking of this image

Figure 1.0.1: First measured transverse beam pro�le for a 42 MeV beam on the last viewscreen
after the fractional arc section.

represented a major milestone for the FAT experiment, as well as the CBETA project as a
whole. The remainder of this work describes in detail both the beam measurements performed,
as well as the measurements and experience gained operating the main linac with beam at
full energy during the FAT commissioning period. This description begins with a discussion
of the FAT experimental layout.

1.1 Experimental Set-up

Construction of the CBETA machine at Cornell began in earnest with the disassembling and
removal of the injector [4{7, 10] from its original experimental hall in early 2015. At this
time, the Injector Crymodule (ICM) was temporarily removed for maintenance, and a short
beamline constructed to study high current operation (up to 45 mA) from the original Cornell
DC gun in the CBETA experimental hall. Between 2016-2017, after the maintenance on the
ICM was completed, the injector was rebuilt and recommissioned, now with the Cornell Mark
II DC gun, which features a segmented insulator design [11{13]. Additionally, during that
time the Main Linac Cryomodule was installed and tested without beam [9] in the CBETA
experimental hall before being moved to its �nal location for CBETA. Finally, installation
of the lowest energy splitter line and the fractional FFA arc were completed in early 2018 in
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anticipation for beam tests that spring.

1.1.1 Layout

Together, Fig. 1.1.1 and 1.1.2 show the beamline layout of the CBETA fractional arc test
(FAT). In particular Fig. 1.1.1 shows the Cornell injector, merger section, diagnostic beamline,
and Main Linac Cryomodule (MLC). For these measurements, the Cornell DC gun used in
this layout was high voltage processed up to roughly 350 kV using similar procedures as
described in [11]. However, given the limited number of photocathodes currently available for
the CBETA project, the gun voltage was limited to 300 kV for all measurements in this work
to ensure no photocathode damage occurring from occasional vacuum activity when operating
at higher voltages. The photocathode used exclusively in this work was a NaKSb cathode with
roughly 4.5% QE. Grown on a polished steel puck, this cathode is very similar to the one used
previously in the injector to set the record for highest average current from a photoinjector
[4]. While the MTE of this cathode was not measured directly, similarly grown cathodes in
the past typically have MTE around 140 meV. The drive laser used in conjunction with this
cathode is the same 50 MHz, 520 nm laser system [14] used previously for low emittance/high
bunch charge measurements [5{7]. This laser produces roughly 1 ps long pulses, which are
shaped longitudinally using four rotatable birefringent crystals set to produce a roughly 
at-
top distribution with a 9.3 ps RMS duration. The use of a pulse picking Pockels cell following
this pulse shaping allows further reduction of the average beam power. Typical operation
would create pulse trains between 0.3-1.0 microseconds long, at rates from 0.3-2.0 KHz.

In the FAT, much of the injector layout following the gun remains the same as described
before [5]: the beam is compressed transversely and longitudinally using a normal conducting
1.3 GHz bunching cavity and two emittance compensation solenoids located in the beamline
immediately after the gun (labeled as \A1"), before being accelerated to the CBETA injection
energy of 6 MeV in the injector cryomodule (ICM). Following the ICM the beam is passed
through a four-quad telescope (\A3") and a merger section comprised of a conventional three-
dipole achromat (\B1"), and matched into the linac (\D1"). For characterization of the
injector beam and to verify this matching, the FAT layout features a diagnostic beamline
line (\B2") comprised of a separate merger mirroring the merger into the linac, followed by
suite of diagnostics including the Cornell injector emittance measurement system (EMS). The
placement of the EMS at roughly the corresponding position of the �rst MLC cavity allows
for detailed characterization of the beam entering the MLC. The EMS installed here makes
use of the same two-slit direct phase space measurement system described in detail in [15, 16],
and features a vertical de
ecting cavity [17] for time resolution of the vertical phase space.
Following the EMS is dipole spectrometer, which combined with the de
ecting cavity allows
for the direct measurement of the longitudinal phase space of the beam.

Beams sent to the linac nominally receive a total of 36 MeV from the combined voltage of
the six 7-cell 1.3 GHz SRF cavities of the MLC before being passed into the CBETA low energy
splitter line (labeled \S1"). Through the settings on its 8 dipoles and 8 quadrupole magnets,
the S1 splitter line will prepare the beam's parametersf x; y; x 0; y0; � x;y ; � x;y ; � x ; � 0

x ; r56g to the
values needed in the FFA. In addition, through the use of path length adjustment stages and
bellows, the length of the S1 line is tunable in order to correctly time the return of the beam
for energy recovery in future CBETA experiments.
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