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Abstmct

CBETA, a 4-pass clectron Energy Recovery Linac
2 (ERL) is presently under construction at Cornell University
§ and is a collaboration between Brookhaven National La-
£ boratory (BNL) and Cornell University. Beam commis-
2 sioning began in March 2019 with a single pass ERL con-
& figuration. Commissioning of the complete 4-pass ma-
Z chine is scheduled to begin in fall 2019. The fixed field
E alternating gradient (FFA) return loop for CBETA uses
; Halbach permanent magnets with a common beam pipe for
£ seven different energy beams (4 accelerating energies and
'S 3 decelerating energies). One of the most challenging re-
z quirements for the CBETA BPM system is to inde-
E pendently measure the position of each of these beams. The
5 +% overall design of the CBETA BPM system and the tech-
Bnlques planned to measure the position of each energy
£ beam will be presented.

INTRODUCTION

The full CBETA machine layout is shown further in this
2 document (figure 4). The 6 MeV beam from the injector is
T accelerated by 36 MeV with each of 4 passes through the
Z Main Linac Cryomodule (MLC) up to 150 MeV. The beam
a’is then decelerated for 4 additional passes down to 6 MeV
2 S when the beam is sent to the dump line. Four splitter lines
@ are provided on each end of the MLC, one for each of the
3 5 4 energies (42, 78, 114, 150 MeV), and are used to provide

path length matching back to the MLC. The 150 MeV
= sphtter path length includes an extra half RF period to
= cause the beam to begin the deceleration sequence through
% the next 4 MLC passes. Each loop of the beam travels
O through the common FFA beam pipe section [1].

BUNCH PATTERN

Before describing how the BPM system will measure
g each energy bunch, an explanation of the bunch pattern
2 must first be provided. A bunch is injected every 31 1300
5 MHz RF periods, resulting in an injection rate of 1300/31
§= 41.935 MHz. For splitters 1 (42 MeV), 2 (78 MeV) and
3 3 (114 MeV), the number of RF periods per turn is 343.
: With injections every 31 RF periods, 11 bunches are in-
2 Jected each turn with an injection turn rate of 341 RF peri-
& ods resulting in a newly injected bunch preceding the
£ bunch injected on the previous turn by 2 RF periods. For
3 splitter 4 (150 MeV) the number of RF periods per turn is
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345.5 resulting in a bunch spacing of 4.5 RF periods be-
tween the 150 MeV bunch and the decelerating 114 MeV
bunch. Figures 1-3 provide images of this explanation.
Figure 4 shows the layout of the CBETA machine.
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Figure 1: Bunch spacing within and between typical bunch
trains as seen from the perspective of the MLC. Each
bunch train is a group of accelerating and decelerating
bunches. Three trains are shown here.
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Figure 2: One full turn of all 11 CBETA bunch trains.
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Figure 3: Number of RF periods between turns for a single
bunch making 8 passes through the MLC, traversing
through all of the accelerating and decelerating energies.
Note that the number of periods between turns 4 and 5 is
2.5 more than the others. This is where the beam passes
through splitter 4, which has a longer path length.
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Figure 4: Layout of the CBETA machine. The machine circumference is 79m.

POSITION MEASUREMENT METHOD

For the typical 2 RF period beam separation (1.5 ns), the
bunch signals overlap and are therefore not usable for
measurement of one selected energy. Therefore, one of the
11 bunch trains will provide larger bunch spacing specifi-
cally for BPM measurements. This dedicated bunch train
includes one accelerating bunch and one decelerating
bunch with a spacing of 10.5 RF periods (8.1 ns). This
pattern is generated by injecting only one bunch every 4
turns for that bunch train only, resulting in 4 different en-
ergy pairs that repeat every 4 turns.

A bunch spacing of 8.1 ns still presents challenges for
BPM measurements. The common technique of under-
sampling a ringing band-pass filter signal is not an option
since typical band-pass filters ring for 50 ns or more.

The technique selected for CBETA BPM measurements
is to acquire a single sample on the peak of the selected
energy bunch. This requires a low jitter analog to digital
converter (ADC) clock that is locked to the RF system, and
ADC clock timing adjustments with adequate resolution to
trigger on the peak of the bunch signal. This was first suc-
cessfully tested during the fractional arc test in April and
May 2018 [2].

THE BPM HARDWARE

The BNL designed V301 BPM board has been selected
for the CBETA BPM system [3]. This is a VME form fac-
tor module based on the Xilinx Zynq gate array and TI
ADS5474 400 MSPS ADC converter. A custom low-pass
filter was designed to broaden and smooth the incoming
electron signal from the buttons. Figure 5 provides a block
diagram of the RF front end and Fig. 6 provides a photo of
a fully populated chassis. The complete system includes
over 160 modules distributed in 12 VME chassis.
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Figure 5: CBETA V301 BPM module analog signal chain
(1 of 4 channels shown).
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Figure 6: Photo of fully populated VME chassis with 1
clock distribution board (V310) and 16 BPM modules
(V301). The four SMA connectors on each V301 are for
the 4 button signal inputs per BPM. The bottom RJ45 con-
nector on each V301 (ENET?2) is for control system Ether-
net communication. The RJ45 Ref 1 signal on the V310 is
for the RF clock and BPM trigger input, and the RJ45 Ref
2 signal on each V310 is for future data synchronization
triggers to the V301 modules.

An RF locked 41.935 MHz clock (1300/31) and BPM
trigger are fanned out to a V310 clock and trigger distribu-
tion board located in each VME chassis. These signals are
distributed on the VME backplane to each V301 module
via a P2 overlay board.

An AD9517-4 phase lock loop (PLL) on each V301
module uses the 41.935 MHz RF locked clock to generate
a 398.387 ADC clock (41.935 * 38/4). This ADC clock
rate was selected because it is near the 400 MHz max rate
for the ADS5474 and it allows perfect alignment to every
other 41.935 MHz bunch.

The BPM trigger will occur synchronously with the in-
jection of each BPM measured bunch, which is typically
once every 4 turns. After configuring timing to the peak of
the selected energy bunches, the selected bunch for posi-
tion measurement is defined by a programmable number of
ADC clocks after the BPM trigger occurs.
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MEASURING EACH ENERGY

Each energy is measured by changing the programmable
= timing settings for the selected energy; so up to 8 different
&.settings must be managed within each V301 BPM module.

% The configurable timing settings to align the RF locked
3 398.387 MHz (1300/31 * 38/4) ADC clock to the peak of
£ the selected energy bunch consist of:

e ADC trigger delay: ADC sample number after the
BPM trigger is detected. Each count =~2.5ns.

e VCO delay: This is common to all 4 ADCs and is a
register on the PLL component. (range: -9 to +9, ~110
ps/count, total range = ~2 ns).

PLL clock phase: This is an independent value for
each of the 4 ADC clocks and is configured with reg-
isters on the PLL component. (range: 0-47,
~12ps/count, total range = ~550ps).

sher, and D

A single ADC measurement is acquired on the peak of
3 the selected energy bunch typically every 4 turns. Several
‘g samples are used to generate an average position measure-
E ment. The non-linearity of the standard difference/sum po-
Z sition calculation will not be feasible for CBETA, espe-
= cially in the FFA loop where the horizontal beam positions
£ of the various energies is expected to span +/-24mm in the
£ 70mm diameter chamber. The computation described in
% [4] is planned to be implemented in the V301 hardware and
g the Poisson method [5] is planned to be implemented in
£ higher-level software.
The present plan is to implement automatic switching
5 between all energy bunches at a 10 Hz rate via VHDL gate
Zarray code on the V301.

TIMING TO THE BUNCH

Configuring the timing for each energy bunch will be
< performed with a profile scan. This is accomplished by
% sweeping the V301 ADC trigger timing through the ~2.5
=ns ADC clock period in increments of about 12 ps using
S the VCO delay and PLL clock phase settings and inter-
> spersing all data samples to provide a scope-like trace. For
o each timing setting a programmable number of values are
o - acquired and averaged. This sweep generates about 210
= S samples between each ADC clock period, which provides
° sufficient timing resolution. A typical profile scan is
shown in Fig. 7. Note that this profile scan required about
3 5 420 BPM injection triggers (210 different VCO delay/PLL
= clock phase settings * 2 sample average for each setting).
The peak timing settings are determined by noting the
= VCO delay and PLL clock phase values used for the peak
z 2 of the desired bunch. Two additional arrays are acquired
2 durmg the scan — the VCO delay and the PLL clock phase
%settmg After finding the array element of the peak of the
E desired bunch, the VCO delay and PLL clock phase set-
5 tings are determined by reading the same array element
E value in the respective arrays.
£ Raw ADC data for the 41.935 MHz bunch train after set-
g 5 ting the timing values per the profile scan are shown in
bl Flg 8.
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Figure 7: FFA BPM profile scan during beam tests on May
7,2019. ADC clock is stepped in ~12ps increments to fill
in data between 2.5 ns ADC clock periods, resulting in
~210 samples between ADC clock periods.
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Figure 8: FFA BPM raw ADC data during beam tests May
7, 2019 after aligning the ADC clock to the bunch peak.
Number of bunches is 20. Time between samples is one
ADC clock (2.5 ns). The time between bunches is ~23.8
ns (41.935 MHz bunch rate). Since a bunch is detected
every 9.5 ADC clocks only every other bunch is detected
at an interval of 19 ADC clocks. The small positive peaks
are the in-between bunches.

SUMMARY

Although the BPM system for CBETA presents several
significant challenges, a solid plan has been developed and
initial beam tests have been very successful. Locking the
ADC clock to the RF locked clock has proven to be very
stable and reliable.

Specific code development for sequencing through the
different energy bunches is in progress and is expected be
tested with multiple energy beams in the fall of 2019.
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