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Abstract
This work reports the results of performing a scan of

the beam energy during the CBETA Fractional Arc Test
(FAT) [1,2]. The CBETA machine is a multi-pass SRF ERL
featuring a non-scaling FFA return loop. The FFA arc con-
sists of identical doublets that are designed to have an energy
acceptance from 42 to 150 MeV, with a betatron phase ad-
vance (i.e., tune) per cell and periodic orbit position that
depends on energy. In the CBETA fractional arc test, we
transported beam through 4 such cells (the first girder), with
energies as high as 59 MeV. By creating betatron oscilla-
tions in the arc, we compute the phase advance per cell and
periodic orbit position as a function of energy within that
range.

INTRODUCTION
The Cornell-BNL Energy recovery linac Test Accelera-

tor (CBETA) [3], a 4-pass, 150 MeV ERL utilizing a Non-
scaling Fixed Field Alternating-gradient (NS-FFA) perma-
nent magnet return loop [4], is currently under design and
construction at Cornell University through the joint collabo-
ration of Brookhaven National Lab (BNL) and the Cornell
Laboratory for Accelerator based Sciences and Education
(CLASSE). The spring of 2018 saw the first major commis-
sioning period for CBETA. Known as the Fractional Arc
Test (FAT), this experiment bought together for the first time
elements of all of the critical subsystems required for the
CBETA project: the injector [5, 6], the Main Linac Cry-
omodule (MLC) [7, 8], the low energy (S1) splitter line
which includes several new electromagnets, a path length
adjustment mechanism, and a new BPM system, as well as
a first prototype production permanent magnet girder [9]
featuring 4 cells of the FFA return loop with its own corre-
sponding vacuum system and BPM design. A schematic of
the FAT layout is shown in Fig. 1.

MEASUREMENTS
For energies ranging from 38 MeV to 59 MeV the beam

was kicked using two linear combinations of the last two S1
splitter dipoles and the last two vertical correctors. These
linear combinations were chosen to correspond to a betatron
oscillation with a maximum amplitude at the FFA BPMs
of 1 mm. The two linear combinations were chosen to give
betatron oscillations that were 90◦ apart in betatron phase.
Each linear combination was multiplied by a factor which
was scanned from -2 to 2 in unit steps. Only one setting
vector was scanned at a time. For each setting, the beam

position on the four FFA BPMs were recorded. This pro-
cedure was automated and tested with the online CBETA
Virtual Machine before use. While taking the final measured
data, the BPM readings were sampled 10 times at 5 Hz, and
the average value and standard deviation saved for offline
analysis. A single second pause was used between magnet
set-points to allow the beam to stabilize.

Our measurements at the mth BPM and the nth energy
were fit in the least squares sense to the following functions:
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s(1,2)x,y are the scale factors of the kick, scanned from −2 to +2
in unit steps with only one of the four being nonzero. A(1,2)

x,y,n

are the unit amplitudes of the two kicks used in each trans-
verse plane at each energy; if our model is perfect they will
be 1 mm. B(1,2)

x,y,n is the amplitude of the betatron oscillation
with no additional kicks; if the orbit found by hand were the
periodic orbit, these would be zero. Cx,y,m are the (energy
independent) BPM offsets. Dn is the (energy dependent)
horizontal periodic orbit position; the vertical periodic orbit
is known to be zero, so this term only appears in the hor-
izontal function. ϕ(1,2)x,y,n are phase offsets of each betatron
oscillation; ϕ(1)x,y and ϕ(2)x,y will differ by π/2 if out model is
perfect. Finally νx,y,n are the tunes per cell of the periodic
orbit at energy En. The initial guess for A(1,2)

x,y,n coefficients
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Figure 1: Schematic of the CBETA machine highlighting
the components installed for Fractional Arc Test.
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was set to 1 mm. Similarly, the initial guesses for B(1,2)
x,y,n,

ϕ
(1,2)
x,y,n, and, Cx,y,m were set to zero, and the initial horizontal

periodic orbit positions Dm guesses set to roughly 15 mm.
The phase advance per cell νx,y and horizontal periodic

orbit terms Dn are intrinsic to the arc design; they give
a measure of how accurate our model of the FFA arc is.
Cx,y,m give an estimate of the BPM offsets. Note that in
the horizontal plane, there is a redundancy between Cx,m

and Dn; one can add a given constant to all of the Cx,m

and subtract that same constant from the Dn. We adopt the
convention that the average of the Cx,m is zero. For full
turn energy recovery operation, in particular for 150 MeV
energy recovery where we pass through the arc with four
different energies, having an estimate of the BPM offsets will
be extremely helpful for orbit correction since they will help
distinguish between orbit offsets caused by magnet errors
and position reading errors arising from BPM offsets. Thus
a similar energy scan and fit will be performed for the full
ring to obtain an estimate of the BPM offsets using a similar
method.

Figures 2 and 3 show example horizontal and vertical fits
to the BPM data for the two applied kicks in each direction,
respectively.

Fitting to this data was performed globally over all en-
ergies, resulting in the determination of the coefficients in
Eqn. (1) and (2). The resulting horizontal and vertical phase
advance per cell νx,y are shown in Fig. 4 along with the pre-
dicted values from particle tracking through 3D fieldmaps.

The agreement between the experimental results and sim-
ulation data is quite good. A close inspection of the simula-
tion and measured curves indicates even better agreement
is possible if one allows for a systematic scaling of all the
measured energy values by 1.02, indicating there may be
an overall systematic discrepancy between the simulated
quadrupole fields and/or the energy, and the measured data.
The result of scaling the measured energies by 1.02 is shown
in Fig. 5.
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Figure 2: Horizontal BPM response on the BPMS in the
fractional arc for each of the applied kicks at 42 MeV.

Table 1: Estimated BPM Offsets (mm)

BPM X Offset (Cx) (mm) Y Offset (Cy) (mm)

IFABPM01 −0.40 ± 0.02 0.70 ± 0.04
IFABPM02 −0.43 ± 0.02 0.34 ± 0.04
IFABPM03 0.28 ± 0.03 0.45 ± 0.04
IFABPM04 0.54 ± 0.02 −0.28 ± 0.04

In addition to the phase advance per cell, the fitting
method also determines the periodic orbit position, shown
in Fig. 6 along with the simulated values. Here again we see
a systematic difference between the measured and predicted
data.

In particular, the horizontal periodic orbit position shown
has an average systematic error with respect to the theo-
retical prediction for the orbit position of roughly 1.5 mm.
This could arise from a nonzero average in the BPM offsets
(though it is unlikely to be this large), non-linearity in the
BPM response, a systematic difference between the modeled
and as-built magnets, and possibly other effects.

Finally, the fitting method in principle also gives an es-
timate of the energy independent BPM offsets. The values
returned by the fitting routine are shown in Table 1. Unfor-
tunately, we must report that subsequent simulations using
the CBETA Virtual Machine online model have shown that
the fitting procedure here is not robust enough to correctly
determine the BPM offsets when their are both BPM and per-
manent magnet quadrupole offsets present in the lattice. As
this is most certainly the case for the FAT measurements, we
can not make any quantitative conclusions about the BPM
offsets presented here.

CONCLUSION
A method for determining the phase advance per cell and

horizontal periodic orbit position in the FFA permanent mag-
net return loop of the CBETA machine as been developed
and tested during the CBETA Fractional Arc Test. Data
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Figure 3: Vertical BPM response on the BPMS in the frac-
tional arc for each of the applied kicks at 42 MeV.
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Figure 4: Comparison of the horizontal (blue) and vertical
(red) phase advance per cell as a function of the beam energy
with 3D field map tracking (dashed).
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Figure 5: Comparison of the horizontal (blue) and vertical
(red) phase advance per cell as a function of the beam en-
ergy with 3D field map tracking (dashed) with the measured
energy values scaled by 1.02.

40 45 50 55 60

Energy (MeV)

11

12

13

14

15

16

17

18

H
o
ri
z
o
n
ta

l 
O

rb
it
 P

o
s
it
io

n
 (

m
m

)

Fit

theory

Figure 6: Comparison of the measured and simulated hori-
zontal periodic orbit as a function of energy.

was taken for energies ranging from 38–59 MeV. Measure-
ments of the betatron phase advance per cell via induced
betatron oscillations around the periodic orbit show very

good agreement with theoretical predictions from tracking
particles through 3D fieldmaps. Closer inspection of the
the data suggests an overall energy scale factor of 1.02 may
improve the agreement between the measured and simulated
phase advance per cell as a function of beam energy. This
alight difference could arise from an unknown systematic
discrepancy between the 3D field maps for the permanent
magnets and the fields in the magnets themselves or from
an error in our energy calibration. Testing of the algorithm
described here indicated improvements are necessary to ac-
curately estimate the energy independent BPM offsets. Work
is currently underway to address this issue by forcing the
periodic orbit terms D and the phase advance per cell to
be smoothly varying functions of energy, thus reducing the
number of required fit parameters. The updated procedure
will be tested both with simulation and during CBETA beam
commissioning measurements currently underway at this
time.
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