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Abstract

This work reports on results of experiments performed

during the CBETA Fractional Arc Test (FAT) [1]. These

include the recommissioning of the Cornell photoinjector,

the first full energy operation of the main linac with beam,

as well as commissioning of the lowest energy matching

beamline (splitter) and a partial section of the Fixed Field

Alternating gradient (FFA) return loop featuring first pro-

duction Halbach style permanent magnets. Achieving these

tasks required characterization of the injection beam, cali-

bration and phasing of the main linac cavities, demonstration

of the required 36 MeV energy gain, and measurement of

the splitter line horizontal dispersion and R56 at the nominal

42 MeV. In addition, a procedure for measuring the tune per

cell in the periodic FFA section via scanning the linac energy

and inducing betatron oscillations around the periodic orbit

in the fractional arc was developed and tested.

INTRODUCTION

The Cornell-BNL Energy recovery linac Test Accelera-

tor (CBETA) [2], a 4-pass, 150 MeV ERL utilizing a Non-

scaling Fixed Field Alternating-gradient (NS-FFA) perma-

nent magnet return loop [3,4], 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 featur-

ing 4 cells of the FFA return loop with its own corresponding

vacuum system and BPM design [9].

MEASUREMENTS

Figure 1 highlights the portions of the CBETA machine

installed and used during the FAT. The first goal of the frac-

tional arc test was tune up of the injector for a 6 pC commis-

sioning bunch charge. We note that while the design Twiss

values are specified at the end of the main linac, their only

direct measurement is located in the EMS in the diagnostic

line, which is equivalent to a measurement at the entrance to

the first main linac cavity. Figure 2 and 3 display the mea-

sured beam sizes and emittances in the injector compared

to the corresponding beam sizes and emittances computed

using GPT.

After setting up the injector, the beam was then passed

through the main linac, where the cavities required calibra-

tion. This was accomplished by measuring the time of flight

of the beam after passes through a single cavity (all other

voltages zeroed). The change in phase at a BPM downstream

BPM takes the form:

∆φ =
ω

c

∫ bpm

cav

dz

(

1

β(Vc, φb)
− 1

β(Vc, φb = 0)

)

, (1)

Inversion of Eq. (1) in the least squares sense provides a

simple way of determining the cavity energy gain calibration

Vc , as well as the initial beam energy entering the cavity E0

(if not known) from the measured BPM phase change ∆φ for

each cavity. Scanning the cavity phase φb (the on-crest phase

is found by including it as another fit parameter) provides

significant measured BPM phase change ∆φ, particularly

when decelerating the beam. Using this method, each main

linac cavity was calibrated by first setting the voltage to a

fixed value of roughly 2-4 MeV, and then slowly changing

the cavity phase from 0-360o. An example set of data for the

first main linac cavity is shown in Fig. 4. In the figure, the

trend for the best fit energy calibration is shown, along with

energy gains 5% higher and lower, to give a sense of the

measurement sensitivity. From the random error in the BPM

phases, we estimate an error of approximately 0.4% for the

final cavity calibrations. Assuming this represents the most

significant source of error, this implies an overall error in

the total main linac energy gain of roughly
√

6 · 0.4% ≈ 1%

for any given machine setting.

After setting up the injector and main linac correctly, de-

tailed measurements of the single particle dynamics through

the rest of the experimental set-up were performed. The first

of these was Measurement of the orbit response matrix pro-

vides as this provides a basic verification of various magnet

Main Linac (MLC)

S1 Splitter Line

Merger

Injector

Fractional Arc (FA)
Diagnostics

10 m

Injector
        Cryomodule (ICM)

CBETA Fractional Arc Test Layout

Figure 1: Schematic of the CBETA machine highlighting

the components installed for Fractional Arc Test.
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Figure 2: Comparison of measured horizontal/vertical beam

size (blue/orange) to GPT beam sizes in the injector and

diagnostic line.
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Figure 3: Comparison of measured horizontal/vertical nor-

malized emittance (blue/orange) to GPT emittances in the

injector and diagnostic line.

strength calibrations, and allows for comparison with the

online simulation model. Additionally, use of the response

matrix features prominently in various feedback routines

such orbit correction. The procedure for measuring the orbit

response on each BPM begins by scanning the corrector and

dipole currents over a broad range (the full range in the case

of correctors), and recording the beam position and inten-

sity on all downstream BPMs. For each BPM, the data was

truncated to include only those points within a small region

around the BPM center, to best avoid BPM nonlinearity, and

with intensity above a user defined BPM specific thresholds,

to avoid cases of lost or partially scraped beam. The slope of

each line yields the corresponding orbit response in [mm/A].

Figure 5 shows an exmample response function measurment,

along with the prediction from the CBETA online model.

In addition to measuring the orbit response to dipole mag-

nets, the dispersion through the splitter line and the R56

enter the fractional arc were also measured. This was ac-

complished by scanning the last main linac cavity voltage.

Figs. 6 and 7 show the resulting measured dispersion as well

as comparison to the CBETA online model. To get this level
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Figure 4: Change of the arrival time of the beam (shown as

a phase change with respect to the RF clock) as a function

of main linac cavity 6 phase set-point at a constant cavity

gradient. Measured points are shown compared to the best

fit model, and models that have ±5% energy gain.
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Figure 5: Example comparison of the measured horizon-

tal orbit response from one of S1 dipoles to the simulated

response (red line).

of agreement required adjusting the quadrupole settings in

the model by a few percent.

The last day of beam running during the FAT saw data

taken in the fractional arc as a function of energy by scan-

ning the energy gain from main linac. In order to determine

the phase advance per cell in the frational arc, the beam

was kicked using two linear combinations of the last two S1

splitter dipoles and the last two vertical correctors energies

ranging from 38 MeV to 59 MeV. 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. For each setting, the

beam position on the four FFA BPMs were recorded. This

procedure was automated and tested with the online CBETA

Virtual Machine [10] before use. In Fig. 8 the dashed lines

show the corresponding prediction for the tunes, determined

by tracking particles through 3D fieldmaps of the FA mag-

nets and solving for the closed orbit, and displays good quan-

titative agreement. The agreement between the experimental
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Figure 6: Comparison of the measured dispersion (points)

to the online model (line) through the S1 splitter line and

fractional arc.

20 25 30 35

s position (m)

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

r5
6
 (

m
//

)

R56 at 42 MeV

Figure 7: Comparison of the measured R56 (points) to the

online model (line) through the S1 splitter line and fractional

arc.

results and simulation data is quite good. A close inspection

of the simulation 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 simu-

lated quadrupole fields and/or the energy, and the measured

data.

CONCLUSION

The CBETA fractional arc test provided invaluable expe-

rience testing and commissioning many of the most critical

CBETA subsystems. Full beam commissioning of the main

linac yielded beam energies up to roughly 60 MeV, nearly a

factor of 1.6 times the 36 MeV necessary for the CBETA de-

sign. Reaching these energies required development of many

important measurement procedures including a method for

cavity energy gain calibration using BPM time of arrival.

Similarly, commissioning of the low energy splitter line saw

development of procedures for testing non-linearity correc-

tion of the splitter BPMs and the first successful test of the

path length adjustment mechanism. Additionally, we suc-
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Figure 8: Comparison of the horizontal/vertical (blue/red)

phase advance per cell in the fractional arc to the simulated

values from tracking through 3D field maps.

cessfully transported the beam through the main linac and

splitter, and ultimately injecting the beam onto the periodic

orbit in the fractional arc. We succeeded in measuring the

phase advance per cell and the periodic orbit location in that

arc over a broad energy range. The results in Fig. 8 represent

a significant milestone for the CBETA project. Many of

the measurement techniques developed in this work will be

used for commissioning the full return loop. The FAT also

proved extremely helpful in developing the CBETA Virtual

Machine online modeling software. The simulation results

here demonstrate its usefulness as a tool for not only display-

ing useful physics data to operators in real time, but also

for debugging and testing measurement procedures before

putting them to use in the real machine.
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