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Fractional Arc Layout

Main Linac (MLC)

Injector (6 MeV)

Merger

Diagnostics S1 Splitter Line

FFA Fractional Arc (FA)

First time combining:
1. Injector
2. MLC
3. Splitter Magnets (Elytt Energy)
4. FFA Permanent Magnets

“The CBETA Fraction Arc Test” (CBETA Note 032)

Modeling:
1. GPT for Injector – MLC
2. BMAD afterwards (or for
strictly single-particle effects)
3. CBETA-V online model
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Beam to end of Splitter (6 MeV)
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Set splitter magnets to (scaled) nominal settings: 
beam essentially already on viewscreen 
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MLC Commissioning with Beam: Energy Gain

Cavity 6, Initial Energy = 6 MeV
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CBETA FAT Report

defocusing gradient dipole. It begins with a half-length defocusing magnet, and then four cells
of the periodic FFA arc lattice, each of which consists of a focusing and a defocusing magnet
in a doublet configuration. There are four BPMs throughout the girder in periodic positions
centered in the shorter drift of the cell, all of which were instrumented for the FAT, and four
total viewscreens: two viewscreens within the arc (centered in the long drifts between cells
1 and 2, and 3 and 4), and one viewscreen at both the entrance and exit to the arc. The
horizontal and vertical corrector dipoles that are wound around the permanent quadrupole
magnets were installed but not powered during the FAT test.
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Figure 1.1.1: Layout of the injector, merger, linac, and diagnostic sections of the FAT experi-
ment. The beam begins in the gun section (“A1”), accelerates to 6 MeV in the
Injector Cryomodule (“A2”), and then merges into the Main Linac Cryomodule
(“B1”, “D1”).

1.1.2 Modeling

The majority of the CBETA lattice design was done using BMAD, primarily within the Tao
simulation environment [18, 19]. In order to avoid complications from space charge, the
design lattice begins after the MLC, where the beam has reached a su�ciently high energy
that space charge can be safely neglected. This allows the simulation to be calculated quickly,
but then adds the complication that the beam’s initial Twiss parameters after the MLC are
undetermined. So, the Twiss parameters at that point were allowed to be free parameters,
and eventually chosen to best complement the rest of the CBETA lattice.
Modeling from the cathode up to that Twiss matching point was performed in General

Particle Tracer (GPT) [20, 21] in order to include e↵ects from space charge and has been well
documented in previous work [5], including details of the user interface connecting the injector
EPICS control system to the space charge simulations.
For online simulation of the single particle dynamics, we developed a new online model,

called the CBETA Virtual Machine which combines the functionality of the TAO environment
with the ability to communicate with EPICS [22]. When running, this software creates its
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D1 BPMMLC Cavity Energy Gain: 
• Fix voltage 
• scan cavity phase 
• measure ∆" on downstream BPM

2.2 Main Linac Beam Commissioning

Unfortunately, the FAT layout features a sector magnet just after the MLC. Use of a sector
magnet as a spectrometer requires control of the beam orbit entering the dipole, as the inte-
grated field through the magnet depends on the incoming beam position. This is di�cult in
the FAT layout as there is only a single BPM before this magnet. As an alternative, we opted
to use the change in beam arrival phase on the first BPM after the MLC (ID1BPC01) as a
measure of energy via the beam’s average velocity.

In general, the phase on the BPM downstream of the cavity is given by

� =
!

c

bpmZ

cav

ds

�(Vc,�b, E0)
+ �o↵set, (2.2.1)

where � = �(s) is the velocity of the beam along the trajectory from cavity to BPM determined
by the cavity voltage Vc (defined as the on-crest energy gain of a speed of light particle), phase
relative to the beam �b, and initial beam energy E0. The term �o↵set represents an unknown
BPM specific o↵set. In this expression, the path length di↵erential depends on the beam’s

instantaneous transverse angles with respect to the beamline axis: ds = dz
q

(1 + x02 + y02).

Note that the beam pipe aperture e↵ectively limits the size of the angle terms. Assuming a 200

pipe diameter and minimum drift length from the last cavity to the BPM of roughly 2 meters
e↵ectively limits the angle terms to roughly x0 . 25 mrad. This implies that the correction to
the beam phase from the angle terms is on the order of ��(x0) . 10�3. For a (maximum) beam
phase change of 360o this corresponds to a correction of about 0.36o, which is within noise
level of the BPM phase reading (0.3o for nominal operation), and justifies the approximation
ds ⇡ dz. Forming the phase change with respect to the on-crest beam arrival phase gives:

�� =
!

c

bpmZ

cav

dz

✓
1

�(Vc,�b)
� 1

�(Vc,�b = 0)

◆
, (2.2.2)

In general, accurate evaluation of this expression requires particle tracking through the MLC
cavity fieldmap (scaled for a desired cavity voltage and phase) and correct drift length from
cavity to BPM.

Fig. 2.2.1 shows the phase change computed numerically as a function of cavity voltage
Vc and beam phase �b for a 6 MeV beam entering the first (RD1CAV06) and last cavity
(RD1CAV01), respectively. While not shown, similar results for the other MLC cavities
demonstrate that the phase change accurately scales with the distance from cavity to BPM.
For the examples shown, this implies that the data in Fig. 2.2.1b should be approximately
given by scaling the data in Fig. 2.2.1a by roughly 9/2, which one can see holds true by
examining the maximum in the each plot.

Inversion of Eq. (2.2.2) 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 �� for each cavity. The two cavity
parameters Vc and �b in this expression suggest two methods for changing the energy gain
through each cavity and thus the BPM �� for fitting: ramping up the cavity voltage at
constant phase, or changing the cavity phase at constant voltage. The voltage scan method
su↵ers from the fact that it implies knowledge of the beam phase �b at each cavity setting,
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Model: Runge-Kutta tracking of on-axis particle from cavity entrance to BPM (E0, Vc, L, "off):
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Beam to end of Fractional FFA Arc @ 42 MeV!
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S1 Splitter Line: Path Length AdjustmentDRAFT CBETA Design Report

Figure 0.3.5: The splitter line S1 fine time of flight adjustment.

Figure 0.3.6: Measurement results of the position and electrons time of flight.
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0.3 Splitter S1 magnets

Figure 0.3.7: Three positions of the S1 splitter line sliding joins for the fine tim elf flight adjustment.
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Orbit Response (42 MeV)
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Dispersion and R56 @ 42 MeV
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Scan voltage on last MLC cavity by ±200 kV, measure positions on all downstream BPMs
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R56: measure phase on FABPM01

Ideally, dispersion is periodic in the FA section
Target value @ 42 MeV = -11 mm

Initial measurements gave -400 to 250 mm,
and not periodic
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Energy Scan: Dispersion, R56, Betatron Oscillations

Goals: 
• Demonstrate capabilities of MLC
• Determine FA BPM offsets
• Verify optics properties vs. Energy 

Procedure:
• Set MLC cavities for desired energy (E)
• Use pre-determined S1 settings @ E from model 
• Steer on to periodic orbit
• Measure dispersion, R56, FA orbit response to 

Betatron Oscillations
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MLC provided up to roughly 53 MeV energy gain 
1.5 X the required 36 MeV!
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Betatron Oscillations vs. Energy: BPM offsets and Tunes
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Recall: MLC cavities set, S1 Quads + Dipoles set (tweaked for periodic orbit)

• 2 Linear combinations of the last two S1 Dipoles, Vertical Correctors 
• In model: 2 betatron oscillations 1/2 phase apart, amplitude ~1 mm in FFA
• Scan each kick from -2 to +2 in unit steps

Guess for A’s ~ 1 mm
Guess for B’s ~ 0 mm
Guess for C’s ~ 0 mm
Guess for D’s from 3D tracking
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Betatron Oscillations vs. Energy: BPM offsets and Tunes
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MLC Vertical Offset(s)

Centering the beam in the cavities by hand seemed to show ~5 mm offset of MLC

CBETA FAT Report

defocusing gradient dipole. It begins with a half-length defocusing magnet, and then four cells
of the periodic FFA arc lattice, each of which consists of a focusing and a defocusing magnet
in a doublet configuration. There are four BPMs throughout the girder in periodic positions
centered in the shorter drift of the cell, all of which were instrumented for the FAT, and four
total viewscreens: two viewscreens within the arc (centered in the long drifts between cells
1 and 2, and 3 and 4), and one viewscreen at both the entrance and exit to the arc. The
horizontal and vertical corrector dipoles that are wound around the permanent quadrupole
magnets were installed but not powered during the FAT test.
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Figure 1.1.1: Layout of the injector, merger, linac, and diagnostic sections of the FAT experi-
ment. The beam begins in the gun section (“A1”), accelerates to 6 MeV in the
Injector Cryomodule (“A2”), and then merges into the Main Linac Cryomodule
(“B1”, “D1”).

1.1.2 Modeling

The majority of the CBETA lattice design was done using BMAD, primarily within the Tao
simulation environment [18, 19]. In order to avoid complications from space charge, the
design lattice begins after the MLC, where the beam has reached a su�ciently high energy
that space charge can be safely neglected. This allows the simulation to be calculated quickly,
but then adds the complication that the beam’s initial Twiss parameters after the MLC are
undetermined. So, the Twiss parameters at that point were allowed to be free parameters,
and eventually chosen to best complement the rest of the CBETA lattice.
Modeling from the cathode up to that Twiss matching point was performed in General

Particle Tracer (GPT) [20, 21] in order to include e↵ects from space charge and has been well
documented in previous work [5], including details of the user interface connecting the injector
EPICS control system to the space charge simulations.
For online simulation of the single particle dynamics, we developed a new online model,

called the CBETA Virtual Machine which combines the functionality of the TAO environment
with the ability to communicate with EPICS [22]. When running, this software creates its
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Figure 2.2.3: Dependence of the arrival phase at BPM ID1BPC01 on the hardware phase of
the first (a) and second (b) MLC cavity. The lower initial beam energy going into
the first cavity results in larger BPM phase changes, and thus provides su�cient
accuracy for the on-crest phase determination.

2.2.2 Main Linac Vertical O↵set

Initial attempts at steering the beam through the center of the main linac cavities indicated
an o↵set of the MLC with respect the BPMs on either side of the linac (IB1BPC03 and
ID1BPC01). In particular, manual alignment of the beam in the first cavity suggested a
vertical o↵set of roughly 5 mm. Consequently, more detailed measurements were performed
to better quantify these observations. These measurements proceeded as follows: each cavity
was turned on individually, with all other cavities turned o↵. In each transverse direction a pair
of corrector magnets was used scan the beam’s transverse position on the BPM just upstream
of the MLC while keeping the corresponding beam’s angle constant. For each incoming beam
position in this scan, the phase of the cavity was then scanned from 0o to 360o in steps of
30o, and the transverse positions on the downstream BPM (ID1BPC10) measured (sampled
5 times). We attribute any phase dependent di↵erence in the beam position on the BPM
downstream to o↵-axis cavity focusing. More specifically, for a specific input beam o↵set, the
variance of the final beam positions over all phases provides a rough estimate of the beam
o↵set relative to the cavity. Using this as our initial guide, we first performed scans in the
horizontal direction in order to minimize any horizontal beam o↵set going into each cavity.
The scanning procedure was then repeated for the vertical direction for each cavity.
Fig. 2.2.4a shows the vertical position on the downstream BPM as a function of the vertical

upstream BPM position for the various values of the first cavity (RD1CAV06) phase and a
cavity voltage of 500 kV (all other cavities were measured at 1000 kV). For a given cavity, the
data clearly imply a linear relationship between BPM readings. The linear relationship in the
data suggest analysis of the problem using linear beam transport. Assuming no x-y coupling,
the vertical position yf on the downstream BPM takes the form

yf (�) = m33(�)yi +m34(�)y
0
i + (1�m33)ycav. (2.2.3)
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2.2 Main Linac Beam Commissioning
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Figure 2.2.4: Example vertical position and phase scan data for the first main linac cavity:
(a) shows the linear relationship of the incoming beam position to the beam
position after the cavity for various cavity phase settings, while (b) shows the
phase dependence of the slopes in (a) and the resulting fit using Eq. (2.2.4).

wherem33 andm34 are elements of the transfer matrixmi!f from the upstream to downstream
BPM, � is the cavity phase, and ycav is the vertical o↵set of the cavity. In this expression the
initial beam position at the upstream BPM yi = yi(I) depends on the current I in the paired
correctors. Linear fitting to the data in Fig. 2.2.4a directly determines the phase dependent
slope term m33 in Eq. (2.2.3). To determine the cavity o↵set, we assume the angular term is
small, and fit both the m33 and residual o↵set term (1 �m33)ycav globally to two sinusoidal
functions with a common phase o↵set:

m33 = A cos(�+ �0) +B, (2.2.4)

(1�m33)ycav = C cos(�+ �0) +D.

Here A, B, C, D, and �0 are the fit parameters. Fig. 2.2.4b shows the resulting sinusoidal
best fit for the slope m33(�). Equating the cosine terms in these equations results in an
expression for the cavity o↵set: ycav = �C/A. Repeating this procedure for the data for
each cavity results in the estimated cavity o↵sets shown in blue in Fig. 2.2.5. Also shown
(in orange) are the initial cavity o↵set estimates based on minimizing the spread of phase
dependent vertical downstream BPM positions for each incoming beam position. Note the
agreement between the two methods. These measurements result in an average cavity o↵set of
roughly 5.5 mm. To justify these results further, we computed them33 andm34 transfer matrix
elements from upstream to downstream BPM with using field maps of the MLC cavities scaled
to corresponding cavity voltages used in the o↵set measurements. From these results, we judge
that the analysis presented above requires the angle term y0i < 1 mrad. We estimate the angle
to be somewhere on the order of 0.1 � 1 mrad, justifying this method. As a consequence,
further surveying of the beamline, BPMs, and MLC are planned, and pending the results of
these measurements, movement of the linac cryomodule may be called for.
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Conclusion

Achievements/Concerns

o Injector
• Best performance shows suitable match
• Level of agreement shown not reproduced during FAT

Solutions

New settings via MOGA optimization

o MLC
• Cavity energy gains calibrated (to ~0.5%)
• Energy gain up to 53 MeV (1.5 X required 36 MeV)
• At 6 MV, field stability of 10-4 for several hours (no trips*)
• Developed phasing procedure, but not automated
• Cavities offset vertically by 5.5 mm (average)

Script development
Analysis of original survey, re-survey

o Splitter
• Demonstration of Elytt magnets
• Analysis of quad data underway
• BPM non-linearity quantified
• Successful path length adjustment test

o Fractional Arc (Prototype FFA girder)
• Threaded beam to the end of FFA section
• Tunes vs. energy (agree with 3D tracking @ % level)
• Did not quantify FA BPM non-linearity 3D RF simulations

o Misc:
• Measured machine wide corrector-BPM response matrix
• Successful tests of online model/virtual machine
• Didn’t significantly test correction algorithm(s) Tested SVD with online model after FAT
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Dispersion and R56 vs. Energy
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Quad scaling factor to make 
model agree with measurement:

Splitter Line – FA

Model agrees to within a few % -
GOOD for first set of 
measurements

For future, need dispersion
response matrix for finding 
periodic value
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S1 Splitter Line
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FAT Virtual Orbit Correction Tests


