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Abstract
The Cornell-Brookhaven Energy-recovery Linac Test Ac-

celerator is a four-pass, 150-MeV electron accelerator with
a six-cell 1.3 GHz superconducting-RF linear accelerator
and a fixed-field alternating-gradient (FFAG) return loop
made up of Halbach-style quadrupole magnets. The optics
matching between the linear accelerator and the return loop
is achieved with a conventional magnet system comprised
of 50 dipole magnets and 64 quadrupole magnets in four
beamlines at each end of the linac. The 42-, 78-, 114- and
150-MeV electron beams are separated into independent
vacuum chambers in order to allow for the path-length ad-
justment required by energy recovery. We report on the first
beam tests of the initial installation of the splitter/combiner
section at the exit of the linac. The vacuum system of the
42-MeV S1 line was installed during the first week of April.
Nine dipole and four quadrupole magnets were installed and
surveyed into position the following week, and the water
cooling system was commissioned. A 6-MeV beam passed
through the line on April 11 with no need for adjusting
pre-set magnet excitation currents. One week later, time-
of-flight measurements were used to calibrate and phase
the individual superconducting RF cavities. The S1 magnet
settings were then scaled up to achieve 5-cavity, 42-MeV
operation through the first nine FFAG permanent-magnet
quadrupoles. This initial Fractional Arc Test will conclude
onMay 18, when the installation of the remaining seven split-
ter/combiner lines and the return loop will begin. CBETA
operations are scheduled to begin in early 2019.

INTRODUCTION
The Cornell-Brookhaven Energy-recovery Linac Test Ac-

celerator [1–4] is under construction at the Cornell Labora-
tory for Accelerator-based ScienceS and Education. When
it is completed in 2019, beams will be accelerated and de-
celerated four times through the six-cell super-conducting
main linear accelerator to produce an maximum energy of
150 MeV. The four beamlines in the splitter/combiner sec-
tions at each end of the linac serve to place the beams on the
design orbits through the permanent-magnet quadrupoles of
the fixed-field alternating gradient (FFAG) cells in the return
loop. The splitter lines also serve the purpose of adjusting
path lengths to ensure energy recovery in the main linac.
Following installation of the first downstream splitter line

and the first FFAG nine-magnet girder in April, 2018, a 42-
MeV beamwas successfully commissioned in this Fractional
Arc Test (F.A.T.) We briefly describe the initial operational
experience with the S1 electromagnets.

SPLITTER MAGNET DESIGN AND
FABRICATION

The spatial constraints on the four splitter lines upstream
and downstream of the main linac are quite severe (see Fig. 1)
and dictated many aspects of the electromagnet design. The
four beam momenta from the linac are initially separated
by a “common magnet” (not shown here). The first mag-
net of the 42-MeV S1 line installed for the F.A.T. is a 5-
cm-long corrector dipole. Two of the six 16-cm-long inter-
nal dipole magnets are shown. The first two of the eight
quadrupoles are shown. For the F.A.T. so far, only the cen-
tral four quadrupoles were available. Initial design studies

Figure 1: Schematic diagram of the upstream half of the split-
ter section SX downstream of the main linac. Dipole mag-
nets are shown in gray/orange; the quadrupoles are shown
in gray/blue. The areas in pink will be occupied by septum
magnets.

were performed at Cornell University [5, 6]. Refinements
of this design, the engineering design, and fabrication were
undertaken by Elytt Energy [7]. Figure 2 shows F.A.T. S1
line magnets in place prior to the installation of the vac-
uum system. Note the narrowing of the dipole steel at beam
height, saving crucial space for the future installation of the
S2 line. The poles of these magnets are only 7.66 cm wide,
but can accommodate bend angles as high as 31 degrees
with a transverse uniformity of ±0.05% through the use of
precision chamfers on the ends of the poles [6]. The first six



Figure 2: Two S1 quadrupoles (blue) and three S1 dipoles
(orange) shown on their adjustable mounting fixtures prior to
installation of the vacuum system, viewed from downstream.

dipoles, four quadrupoles and four vertical corrector mag-
nets arrived at Cornell from Elytt/Neureus Technologies by
March 26.

FRACTIONAL ARC TEST
Figures 3 and 4 show the layout of the beamline compo-

nents for the F.A.T.

Figure 3: Splitter and FFAG cell beamline components of
the Fractional Arc Test. A survey arm placement is also
shown.

Table 5 shows the operating parameters at 42-MeV for the
magnets in the S1 line.

Figure 6 shows a schematic diagram of the S1 layout and
the twiss functions for the preliminary four-quadrupole op-
tics. For this first optics test, the design rectangular common
magnets were replaced with available sector dipoles. The
strong quadrupole component of these magnets was com-
pensated in the four Elytt quadrupoles. This optics does not
constrain the value of r56, which requires the full comple-
ment of eight quadrupole magnets.
The three sections of the vacuum system were welded,

baked, installed and pumped down by the end of the first
week in April. The support tables, S1 and FFAG magnets
were surveyed into place to an accuracy of approximately
0.2 mm during this time as well. The cooling water mani-
folds and connections to the dipole magnets were pressurized
on the evening of April 16. Operations began the following

Figure 4: View from upstream of the splitter S1 line and the
Splitter and FFAG cell magnets for the Fractional Arc Test.

evening, when five of the six the linac cavities were initially
calibrated and phased using time-of-flight measurements be-
tween beam position monitors at each end of the linac. With
no linac acceleration, the gate valve to the S1 line was opened
with the linac and the 6-MeV beam from the injector was
visible on the view screen at the end of the S1 line. Each of
the five cavities was then powered and the non-accelerating
phase found by finding the beam on the view screen. The
cavity phase was then moved 90 degrees, the S1 magnet
settings scaled by the calibrated value of the summed accel-
erating gradients and finally fine-tuned to place the beam
with sub-mm accuracy. These final adjustments were at the
0.2% level, testifying to the accuracy of the cavity calibra-
tions and to that of the S1 dipole magnets, which had not yet
been mapped. At a beam energy of 36 MeV, a spurious limit
in the S1 magnet supply voltages was reached. The follow-
ing evening, the procedure was repeated to achieve 42 MeV,
the gate valve to the FFAG magnet array was opened, and
the beam was observed on the view screen at the end of the
F.A.T. line (see Fig. 7) following minor steering adjustments.
The RMS size of the beam was 0.39 mm horizontally and
0.25 mm vertically, approximately round as expected.

SUMMARY

Initial commissioning of the first CBETA split-
ter/combiner line at 42 MeV has concluded. The design
calibration of the dipole magnets was verified at the level of
0.2%. Four additional quadrupoles will be installed during
the first week of May, enabling the implementation of the
full design optics. This Fractional Arc Test will continue
through May 18, providing detailed measurements of the
field quality of the dipoles, quadrupoles and vertical cor-
rectors. Operation of CBETA with eight splitter/combiner
lines and the full FFAG return loop will begin in early 2019.



Figure 5: Operating parameters of the S1 magnets for the 42-MeV electron beam

Figure 6: Twiss functions for the four-quadrupole S1 line
optics.
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Figure 7: First 42-MeV beam spot observed at the end of
the F.A.T. line.
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