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A B S T R A C T

Parity-violating electron-scattering experiments represent an important focus of the nuclear physics experimen-
tal program at the Continuous Electron Beam Accelerator Facility (CEBAF) at Jefferson Lab. These experiments
pose significant challenges because the scattering asymmetries can be very small, of the order parts-per-million
and smaller. To succeed, the properties of the electron beam such as current, position, size and energy, must
be very nearly identical in the two electron-polarization spin states (parallel and anti-parallel relative to the
direction of beam motion at the scattering target). This paper describes the origins of unwanted helicity-
correlated beam asymmetries present on the electron beam and methods to minimize them to acceptable
levels.
. Introduction

A wide range of electron-scattering experiments are performed
t the Continuous Electron Beam Accelerator Facility (CEBAF) [1,2],
ncluding the study of charge distributions, nucleon form factors,
tructure functions, generalized parton distributions, and meson spec-
roscopy [3,4]. Experiments with polarized electron beams aim to
easure spin-dependent scattering asymmetries that result when the di-

ection of the polarization spin-axis (or helicity) is flipped parallel/anti-
arallel relative to the electron momentum at the target. The scattering
symmetries related to elastic form factors and spin structure functions
re comparatively large, of the order 1%, whereas asymmetries related
o parity-violating phenomena can be much smaller.

When conducting parity-violating electron-scattering
xperiments [5], it is imperative that the electron beam possess identi-
al properties (e.g., beam current, position, energy and size) in the two
elicity spin-states in order to clearly distinguish the interesting physics
symmetry from a false asymmetry that can result from variations in
he way the target and detector respond to dissimilar beam condi-
ions. These unwanted helicity-correlated beam asymmetries must be
aintained much smaller than the physics asymmetry being measured,
hich is typically of the order of several parts per million and smaller.

The superconducting linacs at CEBAF enable ‘‘continuous’’ beam de-
ivery, with radio frequency (RF) energy applied to accelerating cavities
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continuously and with electron bunches filling every RF period (with
the addition of Hall D, there are some ‘‘empty buckets’’ now [6,7]),
thereby providing experiments with relatively high average current
but at low bunch charge. As a result, experiments are conducted in
an environment with low accidental background rates compared to
conditions at pulsed radio-frequency machines. In addition, because
the RF is always applied to the superconducting radio-frequency (SRF)
accelerating cavities and the beam is always present, there is little
beam loading of the accelerator cavities resulting in very stable beam
conditions. These characteristics make CEBAF ideal for conducting
parity-violation experiments.

To date, ten parity-violating electron-scattering experiments have
been completed at CEBAF and these experiments fall into three cate-
gories: (1) experiments performed that use the phenomenon of parity
violation to measure the contribution of the strange quark to nucleon
structure, (2) experiments to study the distribution of neutrons in
nuclear matter, and (3) experiments that look for physics beyond the
standard model. The measured physics asymmetries of these experi-
ments are shown in Table 1.1 with asymmetries ranging from ∼40,000
to 35 parts per billion [8–28, refs for each parity-violating electron-
scattering experiment]. Historically, the successful completion of one
parity violation experiment has led to a more demanding proposal
for a future experiment, with the goal of measuring an even smaller
physics asymmetry. This paper describes CEBAF hardware associated
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Table 1.1
The parity-violating electron scattering experiments performed at CEBAF, or proposed for CEBAF. The table includes beam specifications (energy, polarization and beam current),
the physics target, the parity-violating physics asymmetry measured or expected by the experiment, A𝑝𝑣, and helicity-correlated beam asymmetry values averaged over the duration
of the experiment. The goals tabulated for the future experiments in the last 2 rows are aspirational.

PV experiment Energy
(GeV)

Pol
(%)

I
(μA)

Target 𝐀𝐩𝐯
(ppb)

Charge asym
(ppb)

Position diff
(nm)

Angle diff
(nrad)

Size
asym(𝜹𝝈∕𝝈)

Refs.

HAPPEx-I
1998–1999

3.3 38.8
68.8

100
40

1H
(15 cm)

15,050 200 12 3 <10−3 [8–10]

G0-Forward
2003–2004

3.0 73.7 40 1H
(20 cm)

3000–40,000 300 ± 300 7 ± 4 3 ± 1 <10−3 [11]

HAPPEx-II
2004–2005

3.03 87.1 55 1H,4He
(20 cm)

1580, 6400 400 2 0.25 <10−3 [12–14]

G0-Backward
2006–2007

0.359,
0.688

85.8 60 1H,2H
(20 cm)

9700–37,400 −30 ± 300 47 ± 9 1.2 ± 0.5 <10−3 [15]

HAPPEx-III
2009

3.484 89.4 100 1H
(25 cm)

23,800 200 ± 10 3 0.5 ± 0.1 <10−3 [16]

PVDIS
2009

6.067 89.0 105 2H
(20 cm)

60,000–160,000 100 100 40 <10−3 [17–19]

PREx-I
2010

1.056 89.2 70 208Pb
(0.5 mm)

657 ± 60 85 ± 1 4 1 <10−4 [20]

QWeak
2010–2012

1.162 88.7 180 1H
(34 cm)

226.5±
9.3

20.5 ± 1.7 −4.6 ± 0.2 −0.07 ± 0.01 <10−4 [21–24]

PREx-II
2019

0.953 89.7 70 208Pb
(0.5 mm)

550 ± 18 20.7 ± 0.2 2.2 ± 4 0.3 ± 0.3 <6 × 10−5 [25]

CREx
2019–2020

2.18 87.1 150 48Ca
(5 mm)

2668 ± 113 −88 ± 26 −5.2 ± 3.6 −0.13 ± 0.08 <6 × 10−5 [26]

MOLLER
2025–2027

11 90 65 1H
(125 cm)

35.6 ± 0.74 <10 <0.6 <0.12 <10−5 [27]

SoLID
2030–2032

11 90 50 1H,2H
(40 cm)

500,000 ± 3000 <200 <3 <1 <10−4 [28]
with parity-violating electron scattering experiments (PV experiments,
hereafter) and strategies and methods that have enabled successful
completion of these experiments.

2. Overview of CEBAF

CEBAF [1] is a multipass, recirculating-linac electron accelera-
tor with racetrack-shape, composed of two nominally identical su-
perconducting radio frequency (SRF) linac sections that each pro-
vide ∼1.1 GeV energy gain per pass, and ten magnet-arc strings (see
Fig. 2.1). Approved for construction in the 1980s, commissioned in
1990s and upgraded in 2012 [2], CEBAF supports simultaneous beam
delivery to four experiment halls. Because of the nature of the Hall
D physics program, Hall D always requests the highest electron beam
energy, 12 GeV, obtained via eleven linac passes. Beams to Halls A, B
and C can pass through the linac sections at most ten times, providing
a maximum beam energy of 11 GeV. Lower electron beam energies
are obtained using fewer passes, or by operating the linacs at lower
accelerating gradient. PV experiments are performed only at the high
current experiment Halls A and C.

The maximum beam current that can be delivered to an experiment
hall (neglecting target considerations) is limited by the available RF
klystron power used to excite the 400 SRF linac cavities that provide
beam acceleration, the cooling capacity of the central helium liquefier
and the end-station refrigerator, and the beam dumps at the high power
Halls A and C. Based on these considerations, the maximum beam
power for all four halls combined is 1 MW. Since beam current to Halls
B and D is typically low (< 1 μA), the combined maximum current
delivered to Hall A and C at 11 GeV is ∼90 μA. Efforts are underway
o raise these limits.

The original proposal for CEBAF did not include electron-spin polar-
zation as a requirement, but shortly after project approval, it was rec-
gnized that electron-spin polarization would significantly enhance the
cience capabilities of the facility. Today a large portion of the physics
rogram relies on electron-spin polarization. In fact, the thermionic

lectron gun that provided unpolarized electron beams was removed

2

from the accelerator in the late 1990s. Now, all experiments receive
electron beams from a spin-polarized photoelectron gun even if polar-
ization is not required.

Each experiment hall receives electron beam from the same photo-
cathode inside a direct current (DC) high-voltage photogun, using four
independent drive lasers with interleaved RF-time structure (more in
Section 11). The drive lasers provide electron beams to the experiment
halls at 499 MHz or 248.5 MHz, the third and sixth subharmonics of
the 1497 MHz CEBAF accelerating cavity frequency. PV experiments
(and most other experiments that request polarized electron beams)
require longitudinal spin direction at the target. The spin direction is
longitudinal when the electrons leave the photocathode but precesses
by thousands of degrees in the recirculating arcs and transport lines
leading to each hall, with the exact value of spin precession different
for each hall. A spin manipulator at the injector, described in Section 9,
is used to orient the polarization longitudinal at the experiment halls,
and fortunately, there are linac energies that can provide significant
longitudinal polarization to three halls simultaneously (Hall D does
not require polarized beam) [29–31]. There is even more flexibil-
ity if the linac energies are ‘‘unbalanced’’, i.e., operating at different
gradient [32,33].

The accuracy of a PV experiment is ultimately limited by the
knowledge of the electron beam polarization. As such, considerable
effort has been devoted to polarimetry at CEBAF. At Halls A and C,
beam polarization is measured using Compton-backscatter and Møller
polarimeters [34–40], Hall B using a Møller polarimeter, and at the
injector using a high-precision 5 MeV Mott-scattering polarimeter [41].
The injector Mott polarimeter was extremely useful in helping to eval-
uate the accuracy of the hall polarimeters during CEBAF commis-
sioning [42]. All of the polarimeters used at CEBAF have undergone
significant upgrades [43], with much of the improvement effort aimed
at enabling PV experiments.

3. Photocathodes

The helicity-correlated beam asymmetries that can complicate ef-
forts to conduct a PV experiment originate at the injector photocathode
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Fig. 2.1. Schematic representation of the CEBAF accelerator: spin-polarized photoinjector, two linac sections, multiple recirculation arcs, various polarimeters and the four experiment
halls.
Fig. 3.1. Energy level diagrams of bulk GaAs [45,48]: (a) Conduction and valence band energies of GaAs as a function of wave vector, (b) ‘‘close-up’’ view near valance band
axima and conduction band minima.
ource: Reprinted with permission from Blakemore 1982.
hich is composed of GaAs. GaAs is a direct-transition III–V semi-
onductor with zinc blende crystal structure [44,45]. It can absorb
aser light across the broad visible spectrum but only the near-infrared
avelengths provide polarized photoemission [46,47]. This can be
nderstood by looking at the energy level diagram of bulk GaAs with
ig. 3.1 showing detailed and simplified representations [45,48] of the
and structure. Electron spin–orbit coupling splits the 𝑃1∕2 and 𝑃3∕2
nergy levels of the valence band into two states separated by ∼0.34

eV, which is large enough to avoid optical excitation from the lower
energy 𝑃1∕2 state using a typical laser.

Polarized photoemission takes advantage of the quantum mechan-
ical selection rules noting that for circularly polarized laser light,
conservation of angular momentum requires an electron’s spin-angular
momentum quantum number to change by one unit, 𝛥𝑚𝑗 = +/−1. Fur-
thermore, some transitions are more favorable than others as indicated
by the transition probabilities shown in Fig. 3.2a. So by using circularly-
polarized laser light with near-bandgap energy, the conduction band
can be preferentially populated with a particular spin state.

Electron polarization is defined as:

𝑃 = 𝑁 ↑ −𝑁 ↓

𝑁 ↑ +𝑁 ↓
(3.1)

where N refers to the number of electrons in the conduction band
of each spin state, ‘‘up’’ or ‘‘down’’. For bulk GaAs, the theoretical
maximum polarization is 50%, corresponding to three electrons of the
desired spin state and one electron with opposite spin. In practice
however, maximum polarization from bulk GaAs is less than 50%,
owing to various depolarization mechanisms such as the Bir–Aronov–
Pikus process [49], the D’Yankonov–Perel process [50], the Elliot–Yafet
process [51], and radiation trapping [52]. A less academic description
3

simply attributes depolarization to imperfections within the photocath-
ode material that result in reduced diffusion length which serves to
prevent electrons from efficiently reaching the surface of the photocath-
ode, thereby providing more opportunity for the electrons to depolarize
on the way out.

The first photocathode used at CEBAF was inexpensive bulk GaAs
providing very high quantum efficiency (QE) but polarization only
∼35% [46,53]. A common figure-of-merit used to compare conditions
associated with achieving a desired level of experimental accuracy is
𝑃 2I, where P is beam polarization and I is beam current. Because
of the quadratic nature of beam polarization on the figure of merit,
increasing beam polarization has a dramatic effect on scheduling, more
so than beam current, which typically cannot simply be increased
without limit (e.g., there are target limitations, and the accelerator
power limitations mentioned above). As such, there is great incentive
to increase polarization.

Maruyama et al. at the Stanford Linear Accelerator (SLAC) were
the first to break the 50% polarization limit of bulk GaAs. They ac-
complished this by growing an epitaxial surface layer of InGaAs on
GaAs [54]. The crystal-lattice mismatch between the two compounds
introduced an axial strain that served to break the 𝑃3∕2 valence-band
energy-level degeneracy as illustrated in Fig. 3.2b, thereby providing a
means to limit optical excitation from the unwanted valence-band spin
state. This new type of photocathode provided polarization 70% but
with very small yield, or quantum efficiency (QE, the ratio of emitted
electrons to incident photons). Soon after, similar demonstrations
were reported by groups at Nagoya University in Japan [55], and
St. Petersburg Technical University in Russia [56,57]. Accelerators

around the world were quick to install these so-called ‘‘strained-layer’’
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Fig. 3.2. (a) Simplified view of the valance band maxima and conduction band minima of bulk GaAs, showing individual spin-angular momentum states and transition probabilities,
ircled. For each circularly polarized light condition (𝜎+ and 𝜎−) there is always one electron of the undesired spin state excited to the conduction band for every three electrons of
he desired spin state, thereby providing theoretical maximum polarization of 50% 𝑃 = 3−1

3+1
), (b) when strain is introduced, the valence-band energy-level degeneracy is eliminated

enabling polarization > 50%.
photocathodes, with reports of beam polarization approaching 80% but
with QE only of the order 0.1% (i.e., for every 1000 photons incident
on the photocathode, one electron is emitted).

The single, relatively-thick, strained-layer photocathode suffered
from the give and take of polarization versus QE. Higher QE could
be obtained using a thicker strained-layer but at the expense of polar-
ization. There was a limit to how thick the top strained layer could be
– too thick and the strain would relax, with polarization returning to
the typically low value of bulk GaAs.

The problem of strain relaxation was overcome by growing su-
perlattice photocathodes composed of many thin-layer pairs of lattice-
mismatched material. The combination of many thin-strained layers
yielded both high polarization and high QE. The same institutions that
pioneered single-strained-layer photocathodes were also the ones to pi-
oneer strained-superlattice photocathodes – SLAC, Nagoya University,
St. Petersburg Technical University [58–62].

The high-polarization photocathodes used at CEBAF were purchased
from commercial vendors funded via the government’s Small Business
Innovation Research (SBIR) and Small Business Technology Transfer
(STTR) programs: single-strained-layer photocathodes providing ∼75%
polarization and 0.1% QE from SPIRE/Bandwidth Semiconductor [63],
and later SVT Associates [64] marketed a strained-superlattice pho-
tocathode providing ∼90% polarization and 1% QE, which represents
today’s benchmark for success. Both of these photocathodes are based
on GaAs grown on GaAsP (shown schematically, Fig. 3.3). Different
stoichiometric combinations of Ga, As and P, as well as In and Al, can
be used to modify the bandgap and correspondingly, the appropriate
drive laser wavelength. Beam polarization at CEBAF as a function of
calendar year is shown in Fig. 3.4. Although polarization ∼90% is now
fairly routine, there remains a vigorous R&D effort today focused at
increasing photocathode polarization and QE [65–71].

4. Origins of helicity-correlated beam asymmetries

As described above, circularly-polarized laser light with photon
energy comparable to the bandgap is required to generate polarized-
electron beams from GaAs-based photocathodes. Because PV experi-
ments (and other experiments) benefit from fast flipping of the direc-
tion of the electron polarization at the target, an electro-optical element
called a Pockels cell [72,73] is used to convert linearly-polarized laser
light into circularly-polarized light, flipping between the two helicity
states at frequencies ∼30 Hz or greater. Important details of the Pockels
cell, including alignment procedures and the high-voltage switch, are
described in more detail in Sections 12 and 13.

For nearly all experiments performed at CEBAF, a Pockels cell made
of KD*P (potassium di-deuterium phosphide) [74–76], with electric
field oriented longitudinal to the optical axis, was used to create
circularly-polarized laser light. Recently, a Pockels cell composed of
two RTP (rubidium titanyl phosphate) [77–79] crystals with electric
field applied transverse to the optical axis has been employed, and cho-
sen for its low piezo-electric coefficient and modest switching voltages
4

– more on this in Section 13. To appreciate the origin of helicity-
correlated beam asymmetries, in the following text we focus on KD*P,
but similar considerations apply to RTP Pockels cells as well. There
are excellent reviews describing the origins of helicity-correlated beam
asymmetries [80–84]; only a concise summary is presented here.

The KD*P crystal used at CEBAF is cylindrical (19.5 mm clear aper-
ture, Cleveland Crystal model QX2035) with ring electrodes bonded
to the circumference at each end to provide longitudinal electric
field aligned parallel/antiparallel to the laser light passing through it.
At CEBAF, voltage is applied to one ring electrode, with the other
grounded. Pockels cells possess a voltage-induced birefringence, and
when properly aligned can convert linearly-polarized laser light into
circularly-polarized light, by delaying the phase of one transverse
component of the light’s electric field by 90◦ relative to the other.
The so-called ‘‘quarter-wave’’ voltage depends on the wavelength of
the laser light: for KD*P at 780 nm, the quarter-wave voltage is
approximately +/−2000 V.

To avoid etalon effects stemming from multiple internal reflections,
a 0.5 degree wedge is applied to one surface, although this is likely
not that important, as the KD*P is relatively long and the optical pulse
duration is fairly short, such that there is not much back-reflection
overlap. The faces of the Pockels cell are anti-reflection coated, and de-
spite the hydroscopic nature of KD*P, glass windows are not employed.
Instead, the vendor recommends a SolGel [85] coating to minimize
damage induced by humidity.

The optical axis of the Pockels cell must be precisely aligned to
the propagation direction of the laser beam, and the voltage-induced
phase retardation must be precisely set. The basic alignment procedure
of the KD*P Pockels cell is as follows [86,87]. There are four cell
parameters to adjust: pitch, yaw, roll and operating voltage. To provide
coarse alignment of pitch and yaw, the Pockels cell is placed between
two crossed-linear polarizers, with no voltage applied to the cell and
a piece of cellophane tape placed on the input aperture to create an
interference isogyre/isochromate pattern, which looks like a Maltese
cross (isogyre) surrounded by a series of dark rings (isochromates).
The cell pitch and yaw are adjusted to center the isogyre/isochromate
pattern on the undisturbed portion of the transmitted laser beam. At
this point the cellophane tape is removed from the input aperture of
the cell, the upstream linear polarizer is removed, and the expected
voltage for quarter-wave operation is applied to the cell, switching
between both helicity states with +/− polarity. A spinning halfwave
plate is then placed between the cell and downstream fixed linear
polarizer, with the transmitted light monitored using a photodiode
and oscilloscope, and producing a sinusoidal variation for each of the
applied cell voltages. The cell roll and operating voltages are adjusted
to minimize the amplitude of the sinusoidal waveforms. Following this
coarse alignment of the cell, iterative adjustments to pitch, yaw, roll
and operating voltage are made to further reduce the amplitude of
the sinusoidal wave forms. The process is deemed effective when the
observed sinusoidal variation in transmitted laser power becomes more
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Fig. 3.3. Two types of GaAs photocathode structures used at CEBAF that provide high electron-beam polarization. The diagrams show the layer composition and thickness for these
complicated heterostructures: (left) single-strained-layer GaAs/GaAsP photocathode with Zn dopant, and (right) strained-superlattice GaAs/GaAsP photocathode with Be dopant.
The dopant concentration (atoms per cubic cm) is shown to the left of each image.
Fig. 3.4. Evolution of beam polarization at CEBAF using three different types of
photocathodes: bulk GaAs, single-strained-layer GaAs/GaAsP and strained-superlattice
GaAs/GaAsP. These measurements are mostly from Hall polarimeters and represent
a small subset of polarization measurements made over the lifetime of CEBAF. The
horizontal error bars do not represent uncertainty but rather the approximate dates
over which measurements were made.

and more sensitive to each adjustment. For a perfectly aligned Pockels
cell producing perfectly circularly polarized light, there would be no
sinusoidal modulation present on the oscilloscope waveform, and the
signal strength from the photodiode would be half the value detected
with the downstream linear polarizer removed. The degree of circular
polarization (DoCP) can be quantified using the formula:

𝐷𝑜𝐶𝑃 =
2
√

𝑃𝑚𝑎𝑥𝑃𝑚𝑖𝑛

𝑃𝑚𝑎𝑥 + 𝑃𝑚𝑖𝑛
(4.1)

where 𝑃𝑚𝑎𝑥 and 𝑃𝑚𝑖𝑛 refer to the maximum and minimum values
of the sinusoidal waveform observed on the oscilloscope, for each
Pockels cell voltage state, positive and negative. It is relatively easy to
obtain > 99.8% circular polarization in just minutes. The problem for
parity-violating electron scattering experiments is that even for a well-
aligned Pockels cell producing highly circularly-polarized light, there
can remain a significant amount of linearly-polarized (DoLP) light:

𝐷𝑜𝐿𝑃 =
√

1 −𝐷𝑜𝐶𝑃 2 =
𝑃𝑚𝑎𝑥 − 𝑃𝑚𝑖𝑛
𝑃𝑚𝑎𝑥 + 𝑃𝑚𝑖𝑛

(4.2)

For example, light with 99.8% DoCP provides 6.3% DoLP.
5

Fig. 4.1. Measurement of the QE anisotropy (or analyzing power) of a single-strained-
layer GaAs/GaAsP photocathode. This describes the QE variation observed when the
photocathode is illuminated with linearly polarized light, while the direction of linear
polarization is varied using a rotating halfwave plate. The data points represent
measurements, and the solid line is a sinusoidal fit. This photocathode was assigned
an analyzing power of 11.3%.

Residual linear-laser polarization is problematic because
high-polarization photocathodes suffer ‘‘QE anisotropy’’ [88], also re-
ferred to as ‘‘photocathode analyzing power’’ [89], where the QE of
the photocathode depends on the orientation of any residual linear
polarization. QE anisotropy originates from the induced strain within
the photocathode necessary to break the energy-level degeneracy of
the ground state, to provide polarization > 50%. Whereas the QE
anisotropy of bulk GaAs is zero, single-strained-layer photocathodes
exhibit QE anisotropy of ∼12% [89] and strained-superlattice pho-
tocathodes between 3 and 7% [90,91]. Photocathodes with smaller
analyzing power provide are preferred because, for the same drive laser
light, they provide smaller helicity correlated asymmetries. The plot
in Fig. 4.1 shows the evaluation of photocathode analyzing power for
a single-strained-layer GaAs/GaAsP photocathode, obtained by illumi-
nating the photocathode with linearly-polarized light, while measuring
photocathode QE as the orientation of the linear polarization is rotated
through 180◦ using a halfwave plate. The analyzing power assigned to
this photocathode was 11.3%.

To summarize, photocathode QE anisotropy combined with residual
linearly-polarized light, is the dominant reason for helicity-correlated
beam asymmetries, and in particular ‘‘charge asymmetry’’, which de-
scribes unequal beam currents in the two electron beam helicity states.
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Fig. 4.2. Measurement of the DoLP after passing circularly-polarized light through
our prospective vacuum windows, moving the laser beam horizontally across each
indow. Similar results were obtained with vertical translation of the laser beam. The
riginal beamline-vacuum window used during CREx was window #4: it induced 5–6%
dditional DoLP. It was replaced with window #2 which induced only ∼1% DoLP [93].
he lines displayed on the graph were applied to aid the eye.

Imperfections in Pockels cell electric-field uniformity, combined
ith Pockels cell alignment errors, create a polarization gradient across

he profile of the laser beam which in turn creates dissimilar elec-
ron beam spatial profiles in the two helicity states that result in
lectron beam ‘‘position difference’’. Position difference can also arise
rom physical modification of the cell dimensions when voltage is ap-
lied, leading to helicity-correlated beam steering or focusing (helicity-
orrelated ‘‘spot size asymmetry’’).

Finally, the vacuum window used to deliver laser light to the pho-
ocathode can be the source of helicity-correlated beam asymmetries.
his stems from the manner in which the glass is attached to the kovar
etal ring of the vacuum window and combined with the force of at-
osphere on one side of the glass, can introduce a strain which in turn

eads to birefringence [92] that degrades circular polarization, adding
inear polarization. Fig. 4.2 shows measurements of DoLP introduced by
acuum window birefringence, for four different windows, as a function
f laser position across the window profile. Window #2 was chosen
or installation on the baked beamline during a recent photoinjector
pgrade, reducing induced DoLP from ∼5% to 1% [93].

It is often stated that if perfect circular polarization were obtained,
elicity-correlated beam asymmetries would be very small. This is
argely true, even if QE anisotropy were present. However the birefrin-
ence of vacuum window is difficult to eliminate, and the four-laser
ature of the CEBAF laser table – with pairs of laser beams combined
ith orthogonal linear polarization – prevents the use of ‘‘clean-up’’
olarizers required to make 100% circularly polarized light (the laser
able is described in Section 11).

Helicity-correlated energy asymmetry is sometimes discussed. Its
rigin would stem from an unmanaged helicity-correlated charge asym-
etry on any of the electron beams in the accelerator, even those
elivered to neighboring halls. Helicity-correlated charge asymmetry
ould cause ‘‘beam loading’’ [94,95] in the SRF linacs. Beam loading, in
he context of PV experiments, describes a condition in which the beam
n one helicity state extracts stored energy from the SRF cavities, and
his reduces the field in the cavities for the beam arriving in the next
elicity state, providing less acceleration. The CEBAF low level RF sys-
ems [96] are designed to counter beam loading, but on a microscopic
cale it is possible unmanaged helicity-correlated charge asymmetry
ould lead to different beam energies in each helicity state. In practice,
t is difficult to tell the difference between helicity-correlated energy
symmetry and a helicity-correlated position asymmetry (difference)
n the horizontal plane. Still, dedicated optical elements referred to as
As (abbreviation for intensity asymmetry, more in Section 11) reside in
ach drive-laser beam path and they are used to minimize the charge
6

Table 5.1
JLab BCM cavity parameters.

Parameter Symbol Value

Cavity radius a 7.74 cm
Unloaded Q 𝑄0 3200
Loaded Q 𝑄𝐿 1600
External Q 𝑄𝐸 3200
Coupling coefficient 𝛽 1.05
Source impedance Z 50 Ω
Shunt resistance 𝑅𝑠ℎ 180 Ω
R/Q 93 Ω
Material SS304 Stainless steel
Beam pipe radius 𝜌 1.75 cm
Probe type Magnetic loop

asymmetry for beams delivered to neighboring halls, and thus eliminate
the potential for helicity-correlated energy asymmetry due to beam
loading.

5. Beam monitoring

Like all accelerators, there are many beam-monitoring diagnostics
used at CEBAF, including beam-current monitors [97], beam-position
monitors [97], wire scanners (so called ‘‘harps’’) to measure beam
spatial profile [98], view screens that fluoresce when struck by elec-
tron beam [99], synchrotron light monitors located at bends [100],
insertable Faraday cups and beam dumps. Of all these diagnostics,
beam-current monitors (BCMs) and beam-position monitors (BPMs)
are the most important monitoring diagnostics for PV experiments.
These diagnostics permit non-invasive measurement and correction of
helicity-correlated beam asymmetries throughout the duration of the
experiment.

5.1. Beam-current monitors

Although the methods used to measure the yield of an experiment’s
detector can vary from one experiment to the next, one thing every
experiment has in common is the need to normalize the detector yield
to the beam charge. At CEBAF, the beam charge is measured using
‘‘pillbox’’-style TE010 mode resonant RF cavity beam-current monitors
(BCMs) tuned to the third harmonic of the beam bunch-repetition rate
(1497 MHz), and temperature stabilized at 43 ◦C to preserve the tune.
There are currently 33 of these cavities employed at CEBAF which pro-
vide stable, low noise, continuous and non-invasive measurement of the
beam current. For PV experiments, the most important characteristics
of the BCMs are linearity, precision, accuracy, and noise.

The BCM electronics (analog or digital, depending on the appli-
cation) are typically situated outside the experimental hall to avoid
radiation damage. The basic ‘‘Cavity Facts’’, pertaining to expected BCM
performance are shown in Table 5.1.

For PV experiments like the Qweak experiment [14–17], PREx2 [18]
and CREx [19], the digital electronics used 18-bit, 1 MHz digital-to-
analog converters (DACs) to generate the output voltage. Voltage levels
proportional to the beam current and band-limited to 100 kHz were
provided to 18-bit sampling analog-to-digital converters (ADCs) using
heliax cables [101], which improve the signal-to-noise ratio at high
frequencies relative to air-core coax. The BCM signals were matched to
the detector pre-amplifier bandwidth of 26 kHz.

BCMs are calibrated against a parametric current transformer [102]
at the experimental hall for electron beam currents greater than 20 μA.
At lower current, a Faraday cup at the injector is used for calibration.
Typically, BCM measurements are made over 90 s intervals at suc-
cessive beam currents spanning the range used in a given experiment
and alternated with measurements of the beam-off baseline. After
calibration, the BCM linearity is typically better than 0.5%.

BCM precision was studied using a Goubau Line [103], which em-
ploys a wire suspended through the cavity excited by a 1497 MHz sine
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Fig. 5.1. Photographs of the Goubau Line test stand, showing a BCM (top) and BPM
bottom) under test.

ave to simulate the electron beam, with the cavity output monitored
sing the same electronics employed by the PV experiment (Fig. 5.1).
he Goubau Line measurements indicate good agreement with actual
eam-based measurements to within 2 dB. This agreement justifies
sing several rules-of-thumb (the formulas presented below) for which
eceiver electronics can be evaluated. Knowing the expected sensor
utput allows one to quickly establish a linearity constant for 𝐼𝑏𝑒𝑎𝑚 vs
V 𝑜𝑢𝑡, which in the case of a standard CEBAF BCM cavity is:

𝐾 = 447 × 10−6 𝑢𝐴
𝑢𝑉

(5.1)

For typical PV experiments operating at beam current > 10 μA, the
CEBAF BCMs provide plenty of signal.

BCM resolution was quantified by measuring the system signal-to-
noise ratio. For this, the receiver electronics must be evaluated, as well
as the amount of signal loss between the sensor and the receiver. For
a perfect system (0 dB noise figure) operated at room temperature,
the noise power for the typical 50 Ohm receiver possessing a 1 Hz
bandwidth is given by [104]:

𝑃𝑛 = 𝑘𝐵𝑇𝐵 = −174 dBm (5.2)

where 𝑘𝑏 is Boltzmann’s constant, T is 290 K, and B is the bandwidth of
1 Hz. Scaling for bandwidth is trivial, simply using the new bandwidth
in place of 1 Hz. This noise expression can be combined with the
derivative of the previous 𝐼𝑏𝑒𝑎𝑚vs 𝑉𝑜𝑢𝑡 relationship (Eq. (5.1)), to get
n ultimate current resolution of [104]:

𝐼𝑏𝑒𝑎𝑚 =
𝛿𝑉𝑛𝑜𝑖𝑠𝑒
𝐾

≈ 1 pA (5.3)

However, real-world receivers are not perfect, so the receiver noise
figure (in dB) must be considered. Similarly, cable losses, finite bit
resolution and the fact that we intentionally design the receivers for
the larger signals of CEBAF all impact the ultimate sensitivity. Years
of experience indicates a minimum detectable signal of ∼500 pA (1 Hz
detection bandwidth).

Ideally, the helicity-correlated charge asymmetry, 𝐴𝑄, is a property
of the beam itself but as discussed below, it can also be affected by
helicity-correlated position differences, especially for beam trajectories
far from the BCM boresight. We discuss it here for completeness and
reference the Qweak experiment [14–17] as representative of today’s
state of the art. Assuming a detector non-linearity of ≤ 1%, the Qweak
experiment required that the overall helicity-correlated charge asym-
metry be kept below 100 ppb in order to limit this contribution to the
7

uncertainty in the asymmetry measurement to no more than 1 ppb.
Since the measured helicity-correlated charge asymmetry was typically
a few thousand ppb over a 1 min interval, an active charge feedback
system was used that relied on making small adjustments to Pockels cell
voltages, as described in Section 12. The cumulative helicity-correlated
charge asymmetry 𝐴𝑄 was measured in 80 s intervals, and the active
eedback scheme adjusted the Pockels cell voltages (differently for
ach helicity) at the injector polarized electron source to null 𝐴𝑄 at
he experimental hall. This generally works well to correct for charge
symmetries from the Pockels cell, but less well to correct charge
symmetries from helicity-correlated beam motion at the apertures in
he polarized source. Over a month of running, 𝐴𝑄 was typically only
0 ppb.

BCM accuracy was one of the largest systematic uncertainties in
he Qweak experiment. It was determined using the charge-normalized
etector asymmetries 𝐴𝑑𝑒𝑡

𝑗 obtained from each BCMj:

𝐴𝐵𝐶𝑀
𝑠𝑦𝑠𝑡 =

√

∑

𝑗 (𝐴
𝑑𝑒𝑡
𝑗 − 𝐴𝑑𝑒𝑡

𝑎𝑣𝑔)2

𝑛(𝑛 − 1)
− 𝜎2𝐵𝐶𝑀 (5.4)

or n BCMs. The summation index j runs from 1 to n. The asymme-
tries 𝐴𝑑𝑒𝑡

𝑗 are charge-normalized to each BCMj according to 𝐴𝑑𝑒𝑡
𝑗 =

(

𝑌 +∕𝑄+
𝑗 − 𝑌 −∕𝑄−

𝑗

)

∕
(

𝑌 +∕𝑄+
𝑗 + 𝑌 −∕𝑄−

𝑗

)

, where 𝑌 𝑖 and 𝑄𝑖
𝑗 denote the

etector yield 𝑌 𝑖 and beam charge 𝑄𝑖
𝑗 measured for beam helicity i

using BCM j. The average asymmetry 𝐴𝑑𝑒𝑡
𝑎𝑣𝑔 =

∑

𝑗 𝐴
𝑑𝑒𝑡
𝑗 ∕𝑛. The ∼10% BCM

noise correction 𝜎𝐵𝐶𝑀 is subtracted because it is already included in the
statistical uncertainty. During the Qweak experiment, the asymmetries
𝐴𝑑𝑒𝑡
𝑗 differed by several ppb depending on which BCM was used to

form 𝐴𝑑𝑒𝑡
𝑗 . This represented an uncertainty floor 𝛥𝐴𝐵𝐶𝑀

𝑠𝑦𝑠𝑡 = 2.1 ppb
which limited the final uncertainty which could be achieved in that
experiment.

It is presently not understood what limits the BCM accuracy. Using
more BCMs does not help reduce this uncertainty, although obviously
more than one BCM is required to be aware of and to measure the
extent of the problem. However as shown in Fig. 5.2, the signal mea-
sured from each BCM is proportional to the cavity’s electric field, which
falls off non-linearly from the central axis of a TE010 resonant cavity
according to E(r)/E0 = 𝐽0(𝑘nr), with 𝑘010 = 2.045/R. The cavity radius
R = 77.381 mm. For a beam displaced 2 mm from the cavity’s central
axis, the BCM signal drops 0.1%, and a sensitivity to helicity-correlated
beam motion of −1 ppb/nm is expected, as shown in Fig. 5.3. Although
alignment accuracy is typically about 250 μm along the ideal beamline,
the mechanical and electrical axes are usually not the same. Further-
more, beam steering needed to center the beam on the experimental
target can easily result in the beam being displaced from the central
axis in any given BCM by 1 or 2 mm, and the displacement will be
different in each BCM. In addition, the injector feedback system used
to reduce the charge asymmetry (adjustments to Pockels cell voltages,
as discussed in Section 12) can only use one representative BCM signal.
Finally, the requirement to raster (dither) the beam to reduce the beam
power density at the experimental target also means that the beam
traverses each BCM at a different radius as a function of time and
position along the beamline. During the Qweak experiment, all of the
BCMs used to charge-normalize the experiment were downstream of
the nominally 26 kHz raster magnets, for two reasons. First, the raster
magnets have to be situated well upstream of the target in order to have
enough lever arm to achieve the desired raster pattern at large beam
momenta. The Qweak raster pattern was 4x4 mm2 at the target. Second,
the BCMs used to charge-normalize the experiment should ideally be
as close to the target as possible in order to record the beam that
actually hits the target – some beam is lost upstream due to synchrotron
radiation in the transport lines and scattering from residual gas due to
imperfect beamline vacuum.

To summarize, since the beam axis passes through each cavity at
a slightly different position, the beam charge measured by each cavity
will inherently be slightly different, as will the charge asymmetry from
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Fig. 5.2. Relative electric field in the CEBAF resonant BCM cavity as a function of
adius from the central axis.

Fig. 5.3. Slope of the beam current measured from the electric field in the previous
figure, as a function of distance from the boresight. This indicates how the beam current
measurement depends on small position changes as the beam axis traverses the cavity
at different distances from the cavity’s central axis.

each BCM. For a precision PV experiment, a sensitivity of 1 ppb/nm
(2 mm from the central BCM axis) can become a limiting uncertainty.

Brief test measurements to explore the sensitivity of BCM charge
asymmetries to beam position were made during the Qweak experiment
using kicker magnets in the injector which were normally used to
reduce helicity-correlated beam motion. During these tests, different
beam positions induced different charge asymmetries in the experimen-
tal hall for each BCM which were loosely consistent with the above
sensitivity.

Helicity-correlated position and angle changes can be and have been
improved since the Qweak experiment (see Section 13 describing fast
helicity flipping using an RTP Pockels cell). Future tests are envisioned
to further explore the BCM response to off-axis beam, which may help
provide clues to break through the systematic uncertainty floor which
the BCM accuracy currently represents.

BCM noise is important because it contributes to the statistical and
systematic BCM uncertainty as mentioned in the previous section, and it
affects the time required to achieve a given precision 𝛥𝐴 = 𝜎𝐴∕

(

𝑃
√

𝑁
)

n an asymmetry measurement. Here P is the beam polarization, 𝑁
efers to the number of helicity patterns, and 𝜎𝐴 represents the helicity-
attern asymmetry width. The latter is the quadrature sum of the
tatistics per helicity pattern accumulated in the detectors corrected
or the helicity-reversal switching time and detector resolution, the
idth from noise (density fluctuations) in the liquid hydrogen target,
nd the beam-current monitor resolution. The beam-current monitor
8

instrumental resolution is determined from the double difference (DD)
between a pair of BCMs

𝐷𝐷𝑖𝑗 =
(

𝑄+
1 −𝑄−

1
)

∕
(

𝑄+
1 +𝑄−

1
)

−
(

𝑄+
2 −𝑄−

2
)

∕
(

𝑄+
2 +𝑄−

2
)

= 𝐴1
𝑄 − 𝐴2

𝑄,

(5.5)

where 𝑄𝑗
𝑖 denotes the beam charge measured from BCM i for helicity

j, and 𝐴𝑖
𝑄 is the charge asymmetry for BCM i. The DD is insensitive to

fluctuations in Q and thus represents just the instrumental resolution of
BCMs i & j. The noise of an individual BCM i was estimated as 𝐷𝐷𝑖𝑗∕

√

2.
During the most precise asymmetry measurement performed at CE-

BAF to date – the Qweak experiment [14–17] - the helicity was reversed
up to 960/s and pseudo-random helicity patterns (+- -+) or (-++-) were
formed in quartets at 240 Hz. Thus, there were approximately N∼10 7

asymmetry quartets per day at 50% efficiency. Polarization was ∼88%.
The helicity-quartet detector statistics dominated 𝜎𝐴 at about 215 ppm
corrected for the 70 μs helicity-reversal switching time, 42 μs electronics
gate delay used to avoid distortion of the input signals at the beginning
of each gate, and 10% detector resolution. The helicity-quartet target
noise was measured to be ∼55 ppm. Typical values for the helicity
quartet BCM DD were ∼60 ppm. Therefore, the impact of the BCM
noise was small in the Qweak experiment because the detector statistics
dominated the total statistical asymmetry width, and the BCM accuracy
dominated the BCM systematic uncertainty.

5.2. Beam-position monitors (BPMs)

All experiments require beam-position monitors (BPMs) in order
to implement the desired beam tune and to steer the beam through
the different elements of the beamline onto the experimental target.
Most experiments also employ position locks using BPMs and corrector
magnets to keep the beam centered on the experimental target, espe-
cially at the higher beam currents characteristic of PV experiments. In
addition to these basic applications, PV experiments also require BPMs
in order to characterize helicity-correlated beam asymmetries which
have to be minimized and corrected for beyond the suppression that
can be achieved with careful tuning at the polarized source and use of
a symmetric detector array in the experimental hall.

The false asymmetry 𝐴𝑏𝑒𝑎𝑚 which arises due to helicity-correlated
beam asymmetries is determined from

𝐴𝑏𝑒𝑎𝑚 =
∑

𝑖

𝜕𝐴𝑟𝑎𝑤
𝜕𝛥𝜒𝑖

𝛥𝜒𝑖, (5.6)

here 𝜒𝑖 denotes either beam position (X or Y ), beam angle (𝑋′

or 𝑌 ′), or beam energy (E) at the experimental target, 𝜕𝐴𝑟𝑎𝑤∕𝜕𝛥𝜒𝑖
is the measured detector sensitivity to variations in beam parameter
𝜒𝑖, and 𝛥𝜒𝑖 is the helicity-correlated difference measured for beam
parameter 𝜒𝑖. Note that the energy is treated as a position because
the energy differences are measured as a position difference in the
dispersive transport lines. Both the sensitivities and the differences are
measured over the helicity pattern, typically quartets, (+- -+) or (-++-).
The detector sensitivities can be measured either by making use of the
60 Hz (and higher harmonics) natural jitter always present in the beam,
or by deliberate periodic modulation using four air-core magnets in the
beamline. The latter method is preferred because correlations between
beam parameters can be suppressed.

Just as charge asymmetries measured in the experimental hall can
be reduced with helicity-dependent adjustments to the Pockels cell
voltages, the helicity-correlated beam asymmetries in position and
angle can be reduced by appropriately pulsing dipole magnets in the
5 MeV injector region to reduce helicity-correlated beam asymmetries
measured in the experimental hall (see Section 14 below). These mag-
nets are situated downstream of the injector apertures to avoid inducing
additional charge asymmetries. During the Qweak experiment, use
of these helicity magnets decreased the 8-h helicity quartet average
position difference at the target from about 100 nm to about 25 nm
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Fig. 5.4. Drawing of the antenna BPM used at the photoinjector. Nested dipole steering magnets can be placed on the BPM to save space along regions of congested beamline.
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in X, and from about 35 nm to 10 nm in Y. The improvement was
relatively stable for a given beam tune, and was typically re-optimized
only every few days.

The beam energy is measured with an accuracy of ∼10−4 using
wire scanners (harps) [98] at the entrance, exit, and dispersed focus
of a magnetic arc, which effectively serves as a spectrometer just
upstream of the entrance to the experimental hall. This is, however,
an invasive measurement with arc quadrupoles off, and is only made
infrequently. During a PV experiment, a BPM at the dispersed focus
(typically 4 cm/%) of the magnetic arc is used to continuously and non-
invasively measure the beam energy and the helicity-correlated beam
asymmetries associated with it. This BPM is combined with other BPMs
in the drift region just upstream of the target using beam transport
matrices to deduce the beam energy at the target. A superconducting
RF cavity in the accelerator periodically modulates the beam energy to
facilitate the measurement of the sensitivity, and thus the correction to
the measured physics asymmetry due to the helicity-correlated beam
asymmetries associated with this parameter.

There are three styles of BPMs used at CEBAF: antenna-wire BPMs,
stripline BPMs and cavity BPMs. The majority of BPMs used for PV
experiments are antenna BPMs – described as type M20 (Fig. 5.4) - with
four equally-spaced antennas which detect the presence of the beam via
capacitive coupling to the electron beam’s electric field. The signal from
each wire is proportional to both the electron beam current and the
proximity of the electron beam to the wire in question. The antennas
are oriented in the horizontal/vertical planes at the injector, or rotated
45◦ in the higher energy regions of the machine to avoid illumination
of the antennas with synchrotron light [105].

The readout of each antenna pair is multiplexed using switched-
electrode electronics every 4.2 μs to eliminate the effects of gain differ-
ences in the electronics. For modern PV experiments, each of the four
antennas from each BPM are monitored in each helicity state using 18-
bit sampling ADCs custom built to accommodate faster reversal rates.
There are 24 BPMs monitored at the injector, and 23 in the Halls A and
C beamlines.

To monitor beam position and angle at the target, multiple BPMs
are employed. The beam position and the angle at the target are
determined from a linear least squares fit of 4 or 5 BPMs located in
a magnetic field-free drift region between ∼1 and 10 m upstream of
the target.

CEBAF BPMs (particularly the newer stripline variety) undergo a
bench calibration using the Goubau Line described above [103]. The
Goubau Line is particularly useful for evaluating low-Q structures,
while emulating the characteristics of the nominal 160 μm-diameter
electron beam. A high-resolution X–Y stepper system moves the BPM
in 250 μm steps (with 0.25 μm resolution) to create the electromagnetic
field map mesh for regression. A variety of analysis techniques have
 t

9

been studied [106]. The Goubau Line measurements indicate the mini-
mum position resolution 𝜎 (into ideal noiseless electronics) for the M15
tyle antenna BPM of:

≈ 2𝑢𝑚 ⋅ 𝑢𝐴
√

Hz
(5.7)

ypical resolution values for a broadband, single bunch reading is 10−3

f the beam pipe radius or roughly ≃ 100 μm. For averaged readings
n a typical time scale of 10 to 1000 ms, a resolution of 10−5 of the
eam pipe radius or roughly ≃1 μm can be reached, and this extends
/−5 mm from the centerline of the BPM, the so-called ‘‘sweet spot’’
f the BPM.

BPM accuracy describes the ability to measure the electron beam
bsolute position relative to a mechanical fix-point or to any other
bsolutely known axis e.g. the symmetry axis of a quadrupole magnet.
he stripline BPM sensors are CNC machined, complete with external
iducial dimples on the main corpus to facilitate precise placement on
he beamline, and directly traceable from the prints to within CNC tool
ccuracy. Antenna BPMs however lack survey fiducials. Typical offsets
f 200–400 μm can exist. During the Qweak experiment, using 2 of the
BPMs upstream of the target as a reference, offset corrections as large

s 1 mm were required to bring all 5 BPMs into agreement. However,
hose corrections remained stable at the 25 μm level for the duration
f the experiment. Stable offsets are of course what is required for the
easurement of the helicity-correlated position and angle differences
𝜒𝑖. To ensure that BPM offset inaccuracy does not interfere with
entering the beam properly on the target, carefully surveyed hole
argets attached to the target ladder are used in conjunction with the
eam raster to fine-tune the beam position in most experiments. Within
he 5 mm boresight radius, accuracy is maintained at +/− 50 μm for
μA CW beam [107].

BPM precision is a function of beam current and the helicity reversal
requency. This dependence was measured during the Qweak experi-
ent (240 Hz helicity quartets) by comparing the position measured in

ne BPM to the projected position in that BPM using two nearby BPMs.
ll three BPMs were in a field-free drift region. The standard deviation
f this difference was taken to be the resolution of one BPM [108].
t the 180 μA employed in the experiment, the helicity-quartet BPM
esolution was 0.90 μm (X) and 0.96 μm (Y), or about 1 nm in an hour
0.90 μm/√(240 quartets/s x 3600 s/hr)] (Fig. 5.5).

. Helicity generator

There is a versatile VME-based Advanced Programmable Logic Gener-
tor – or helicity-control board – located at the CEBAF injector used
o change the spin-direction (aka helicity) of the electron beam and
o control devices that minimize helicity-correlated beam asymmetries
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Fig. 5.5. Measured dependence of the resolution of a BPM as a function of beam
current during the Qweak experiment. Resolution plotted per helicity quartet.

via feedback described in Sections 13 and 14. The helicity-control
board [109] permits helicity spin-flipping at repetition rates from 1 to
2000 Hz, limited by characteristics of the Pockels cell and the speed
of data acquisition systems related to experiments. Helicity flipping
can be ‘‘line locked’’ to the power company 60 Hz alternating current
(AC) voltage or free running, with repetitive or pseudo-random flip-
ping in pairs, quartets or octets, and with direct or delayed reporting
of the helicity information to the experiment halls and polarimeter
data acquisition systems. The experimenters choose the settings of the
helicity-control board based on adopted strategies they think best serve
their goals. The helicity-control board and related electronic and laser-
table optical elements are shown schematically in Fig. 6.1 with key
features described below.

When conducting PV experiments it is vital to prevent electronic
cross-talk that could transmit real-time helicity information to the ‘‘out-
side world’’ (e.g., experiment hall counting house, polarimeter DAQs),
including via ground loops, that could produce false raw (detector)
asymmetries. In designing the helicity-control board, the following
precautions were taken (with many illustrated in Fig. 6.1):

• The helicity-control board is located within an
electrically-isolated VME crate at the Injector Service Building,
powered by an isolation transformer and floating at 62 VAC.

• The helicity-control board generates two real time helicity signals
called Helicity Flip and its opposite, nHelicity Flip. In this manner,
the current drawn by the board does not depend on the helicity
state.

• The Pockels cell and so-called IA charge-asymmetry controllers
at the injector drive-laser table are the only devices that receive
a real-time helicity signal (Helicity Flip). The setpoint voltages for
these devices pass through a galvanic-isolation card and there are
no readbacks of these setpoint voltages. This card uses a precision
isolation amplifier (ISO-124) to isolate signals from −10 V to +10
V with a bandwidth of up to 50 kHz.

• The helicity magnets are powered using an independent
electrically-isolated VME crate powered by an isolation trans-
former that receives one of the two real-time helicity signals
(nHelicity Flip).

• The beam helicity signal is generated by a pseudo-random bit
generator, to prevent a correlation between the helicity signal and
any other signal at the accelerator or experiment hall.

• The ‘‘outside world’’ receives only a delayed helicity signal
(Delayed Helicity) so there is no knowledge of real time helicity.
10
• During the experiment, all helicity-correlated beam asymmetries
(position, angle, charge, energy, and size – and thus beam scrap-
ing) are minimized so that helicity is the only real time property
of the beam that is changing.

Besides the signals mentioned in the text above (Helicity Flip, nHelicity
Flip and Delayed Helicity), the helicity-control board generates the
following additional signals: T_Settle, Pair Sync, Pattern Sync, and a
20 MHz clock signal.

The signal T_Settle refers to the transition time between the two
helicity states, and the time over which the beam polarization is stable
is called T_Stable, such that T_Settle + T_Stable is equal to the length
of one helicity window, and which sets the frequency of the helicity
board, 1/(T_Settle+T_Stable). The board user interface allows the exper-
imentalist to choose both times independently. The experimenters do
not collect data during T_Settle. The choice of the T_Settle must be long
enough to allow the Pockels cell voltage to ‘‘settle’’ and the choice of
the helicity reversal frequency must be matched to the speed of data
acquisition systems.

Pair Sync is a simple toggle signal (high or low). The DAQs in the
experimental Halls use this toggle signal to check signal fidelity from
the helicity board.

Pattern Sync indicates the start of each pattern. If the pattern is
‘‘pair’’, then it is identical to Pair Sync.

The helicity-control board possesses an internal 20 MHz clock
which is used as the reference clock for the analog-to-digital converters
(ADCs) employed at the injector and experiment halls, to ensure that
all systems are sampling at the same time. The 20 MHz clock signal is
also used to synchronize the raster magnets at Hall A.

The signals produced by the helicity-control board are transmitted
via fiber optic cable. The experiment halls receive only T_Settle, Pair
Sync, Pattern Sync, and Delayed Helicity.

Helicity-board settings
Each experiment collaboration chooses the helicity-board settings

for their experiment. To date, all parity violation experiments have
requested ‘‘delayed reporting’’ of the helicity information since this is
a prudent way to avoid unintended false asymmetries due to helicity-
signal electronic pickup or crosstalk. Other settings are chosen with the
common overarching desire to minimize the impact of 60 Hz power
line ‘‘noise’’ which introduces unwanted beam motion that increases
the width of the helicity-correlated position-asymmetry distribution.
The helicity board was designed to provide three strategies to reduce
the contribution of 60 Hz line noise on helicity-correlated position
asymmetry;

1. Operate in Free Clock Mode, and integrate over 60 Hz noise
per helicity window. Select T_Stable = 33,330 μs (exactly two
60 Hz cycles). This provides a nearly exact cancellation and the
data collected will have no information about 60 Hz line noise.
This is what most experiments at Jefferson Lab have been using.
(strictly speaking, the cancellation is not exact because the line
frequency is not exactly 60 Hz, but varies by about ±0.1%. All
phases of the 60 Hz line are sampled since there is a continuous
phase slip relative to the line power. T_Settle determines the
magnitude of this phase slip.)
Both Pair and Quartet patterns can be used however the Quartet
Pattern provides exact cancellation of linear drifts over the
timescale of the sequence. The Pair Pattern requires averaging
over other pairs for cancellation of linear drifts.
With T_Settle of 500 μs, the helicity reversal rate is 29.56 Hz.
Thus the phase of the helicity signals will slip continuously with
respect to the power line phase and all phases of power line will
sampled every 2.3 s.

2. Operate in Free Clock Mode and select T_Stable such that
𝑓>1 kHz. In this manner, the helicity-board frequency is far from

line harmonics. The contribution of the 60 Hz line noise does not
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Fig. 6.1. Schematic of the helicity-information distribution system. ‘‘IA’’ references the laser-table optical devices used to minimize the helicity correlated charge asymmetry at
neighboring experiment halls, DAQ: data acquisition system, IHWP: insertable-halfwave plate, RHWP: rotatable-halfwave plate, PC: Pockels cell, I/O: input/output, HV: high voltage.
Table 6.1
Line-synchronized mode options.

Helicity flip
rate

Helicity
pattern

T_Stable duration Formalism for calculating the physics
scattering asymmetry. Numbers represent
the helicity state of chosen pattern

30 Hz Pair or
quartet

𝑇 _𝑆𝑡𝑎𝑏𝑙𝑒 = 33, 330 μs-𝑇 _𝑆𝑒𝑡𝑡𝑙𝑒 𝐴𝑃𝑉 = +1 − 2
+1 + 2or

𝐴𝑃𝑉 = +1 − 2 − 3 + 4
+1 + 2 + 3 + 4

120 Hz Quartet 𝑇 _𝑆𝑡𝑎𝑏𝑙𝑒 = 8330 μs-𝑇 _𝑆𝑒𝑡𝑡𝑙𝑒 𝐴𝑃𝑉 = +1 − 2 − 3 + 4
+1 + 2 + 3 + 4

240 Hz Octet 𝑇 _𝑆𝑡𝑎𝑏𝑙𝑒 = 4167 μs-𝑇 _𝑆𝑒𝑡𝑡𝑙𝑒 𝐴𝑃𝑉 = +1 − 2 − 3 + 4 − 5 + 6 + 7 − 8
+1 + 2 + 3 + 4 + 5 + 6 + 7 + 8
O
p
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T
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change by much from one window to the next and thus cancels
when calculating the asymmetries. Normally, a quartet pattern is
used in this case. The data will still have full information about
the 60 Hz line noise.

3. Operate in Line Synchronized Mode and cancel 60 Hz line noise
using patterns shown in Table 6.1 below, where 𝐴𝑃𝑉 describes
the physics asymmetry being measured and the various formulas
describe how 𝐴𝑃𝑉 is calculated by combining different windows
in the pattern. The 60 Hz noise does not cancel per window,
however it cancels when the asymmetries are calculated. The
start of each pattern is triggered by the Line Sync signal and
thus each pattern always starts at the same line phase. In this
mode, the helicity-board frequency will track the line frequency
and the helicity-board frequency will have the same jitter as the
line frequency.

Besides 60 Hz line noise, target-density fluctuations represent an-
ther noise contribution [110]. Choice (2) will work as well for other
ow frequency noises including the noise from target density fluctu-
tions. This kind of noise is peaked at low frequency because it is
mechanical noise due to gas bubbles in the Hall cryogenic liquid

arget. Choices (1) and (3) are geared for 60 Hz noise; other noises
ill not cancel. These noises will increase the width of the helicity-

orrelated distributions as in the case of target-density fluctuations.
11
ther prominent single-low frequency noises will cause double-horned
eak distributions. Method (3) is geared to 60 Hz and not very effective
t canceling noise at other frequencies. For more details see Refs. [111–
13].

As a specific example of the different helicity board settings for an
xperiment, consider the MOLLER experiment [27]. MOLLER expects to
se the following settings: Free Clock Mode at 1920 Hz, 10 μs ‘‘T_Settle’’,
10.85 μs ‘‘T_Stable’’, 64-window pattern, and 128-window delay. For
he helicity pattern, MOLLER requests three different options for the
4-window pattern:

• Type1: Thue–Morse-64 (+- -+ -++- -++- +- -+ -++- +- -+ +- -+
-++- -++- +- -+ +- -+ -++- +- -+ -++- -++- +- -+ or the comple-
ment)

• Type2: 16-Quad (+- -+ +- -+ -++- -++- +- -+ +- -+ -++- -++- +- -+
+- -+ -++- -++- +- -+ +- -+ -++- -++- or the complement).

• Type3: 32-Pair (+-+- +-+- +-+- +-+- +-+- +-+- +-+- +-+- +-+-
+-+- +-+- +-+- +-+- +-+- +-+- +-+- or the complement)

hese three choices for the 64-window pattern provide different levels
f cancellation of low-frequency noise (including 60 Hz) with Type1
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Fig. 6.2. A combination of ‘‘exclusive or’’ gates related to bits 30, 29, 28, and 7 of the shift register determines the first window of a requested helicity pattern.
having the highest level and Type3 the lowest. More details can be
found in Ref. [114].

Helicity Board Registers
There are five registers on the helicity board that provide great flex-

ibility. A five-bit read/write (R/W) register sets the ‘‘T_Settle’’ portion
f the helicity period and a corresponding five-bit R/W register sets the
uration of ‘‘T_Stable’’. Settle-time selections range from 10 to 1,000 μs
nd associated stable periods range from 400 to 1,000,000 μs. A three-
it R/W register is used to set the helicity pattern: pair, quartet, octet,
exo-quad, octo-quad, and toggle and another three-bit R/W register is
sed to set the delay of reported helicity signal relative to the real time
elicity. The delay time can be set to No Delay, 1 window, 2 windows,
, 8, 12, 16, 24, 32, 40, 48, 64, 72, 96, 112, and 128 windows.

To eliminate any correlation between the helicity of the beam and
ny other device in the accelerator or in the experiment hall, a 30-bit
hift register (Fig. 6.2) is used to generate pseudo-random combinations
f helicity windows. The helicity selection is pseudo-random, and not
xplicitly ‘‘random’’, because it is deterministic. Once a sequence of 30
its is known, the next bits can be predicted, and the sequence repeats
fter the maximal length. For any initial register value, there are 230 – 1

= 1,073,741,823 random bits before the sequence repeats. For example,
for 1000 Hz helicity reversal rate and a quartet pattern, the pattern
repeats every 50 days.

During analysis of PV experimental data, the first 30 patterns of
each ∼one-hour-long data run are used to initialize the shift register
(these data patterns are thrown away). After the initialization, the
analysis code can predict what the next pseudo-random bit will be. This
prediction is compared to the actual helicity of the first window of each
pattern to validate the translation was accurate.

7. CEBAF photoinjector

The photoinjector (Fig. 7.1 below) represents the first ∼20 m of the
full CEBAF injector [115–118]. The photoinjector supports concurrent
multi-hall operation [119–121], providing CW electron pulse trains of
differing bunch charge that the full injector delivers to the main CEBAF
accelerator with bunch lengths on the order of 1 ps, 10−3 energy spread,
and 1 nm transverse normalized emittance. The photoinjector main
systems are: a load-locked DC high-voltage photogun [122–124], a 4𝜋
pin-manipulator system (also known as the 2-Wien spin flipper) [125],
everal special purpose bunching and accelerating RF cavities [115–
17,119], and magnetic beam optics for beam transport. In the follow-
ng, the photoinjector systems are principally described in beam line
rder.

Starting at the photogun, the electrons are photoemitted from a
ingle strained-superlattice GaAs/GaAsP photocathode [62] using four
ircularly-polarized lasers [126], one for each experimental hall, to pro-
uce interleaved longitudinally-polarized electron pulse trains. Laser
ight passes through a vacuum window chosen to have small birefrin-

ence and illuminates the photocathode at normal incidence. CEBAF’s

12
fundamental frequency is 1497 MHz, and the lasers operate at inde-
pendently configurable subharmonics of the fundamental (499 MHz or
249.5 MHz) [119,121]. During routine multi-hall operation, the beam
current delivered to the four experiment halls can differ by six orders
of magnitude (100 pA to 200 μA), and the variation in delivered bunch
charge can be even larger depending on the bunch repetition rate
requested by the experiment, ranging from 2 × 10−19 to 1.3 × 10−12 C.
Electron bunches leaving the photocathode possess a temporal profile
similar to the laser pulses used to produce them, approximately 35 ps
FWHM. The photogun’s DC field accelerates the photoelectrons to 130
keV.

The electron pulse trains exit the gun into a baked beamline and
then are bent 15 degrees onto the longitudinal axis of the accelerator
using an air-core dipole magnet. The next section of the baked beam
line is the 4𝜋 spin-manipulator system. The spin-manipulator system
consists of two Stanford/Mainz-style Wien filters [127] with two inter-
vening single-wound solenoids. The so-called ‘‘2-Wien Spin Flipper’’ is
described in detail in Section 9, below.

The baked beam line ends at two circular apertures that originally
served to define the beam emittance during CEBAF’s 4 GeV era when
the injector source was a thermionic gun [119]. Although no longer
needed for this purpose, these apertures help to set the beam launch
into the chopper system.

The chopper system [119] sets the temporal acceptance of the
front-end of the accelerator. The chopper has three parts: a two-
cavity RF-deflector system, two counter-wound solenoids, and a set of
three independently adjustable temporal apertures known as chopping
apertures. The RF-deflector system is a pair of 499 MHz TM210 mode
rectangular copper cavities [128,129]. Each cavity is driven in two
degenerate orthogonal transverse deflecting modes, phased to sweep
the beam in a circle with a revolution frequency of 499 MHz. Beam at
the center of the first cavity is imaged to the center of the second cavity
by the pair of counter-wound solenoid lenses. The solenoids bracket the
chopping apertures, located midway between the two deflecting cavi-
ties. The amplitudes and phases of the fields in the second deflecting
cavity are set to completely remove the RF kick from the first cavity.
A fully open chopping aperture can transmit a bunch with maximum
duration of 111 ps. Besides providing control of the electron bunch
downstream of the chopping system, the chopper slits serve to regulate
very low current beam for experiments requiring beam currents on the
order of nA and to manage the bleedthrough beam sourced from the
higher current beams used for the other experiment halls.

There are two RF-bunching cavities used at the CEBAF photoinjec-
tor. Both of these re-entrant-style TM010 pillbox copper cavities operate
at 1497 MHz and are used to maintain the desired longitudinal bunch
length of the non-relativistic beam. The first buncher cavity is known
as the prebuncher [116,117] and it is located roughly equidistant
between the photocathode and the chopper. The prebuncher is set
to zero-crossing. Its purpose is to compensate for space-charge-force
induced bunch-length growth over the distance from the gun to the
chopper system. Space-charge forces, even for low charge bunches,
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Fig. 7.1. The CEBAF photoinjector. The various beamline elements are described in the text. The helicity magnets (not shown) are located downstream of the quarter cryomodule.
ncrease the bunch size in space and time [130], and uncompensated,
he space-charge forces for the highest bunch charges would grow the
unch length beyond 111 ps, leading to unnecessary beam loss. The
econd buncher cavity [131], located midway between the center of the
hopper system and the following RF cavity known as the ‘‘capture’’, is
he phase reference for the injector and CEBAF accelerator [132]. It is
ypically phased to zero-crossing or within 20◦ degrees of zero-crossing
o initiate the longitudinal bunch compression.

The capture cavity [115,116,133] is a graded-beta 5-cell side-
oupled cavity that accelerates 130 keV beam to ∼660 keV and provides

additional bunching. It is called a capture cavity because it adds ∼500
keV to the beam kinetic energy making it sufficiently relativistic and
beta-matched to the two superconducting cavities located downstream.

The two 5-cell superconducting cavities are contained in a cryo-
stat known as the quarter cryomodule [115,116,134]. The original
cryomodules for CEBAF contain eight 5-cell Cornell style accelerating
cavities and are constructed of 4 subsections each containing one pair
of cavities. The quarter cryomodule is so-called because it represents
one of these cryomodule subsections [135]. The quarter cryomodule
accelerates beam to 6.2 MeV. These cavities are phased off-crest to
continue the bunching process started in the second buncher cavity.
The bunching process continues with drift bunching in the down-
stream beam transport line. Beams delivered downstream of the quarter
cryomodule can be sent to a Mott polarimeter [43] for polarization
measurement, or accelerated to 123 MeV using two full cryomodules.

The beam transport elements between the gun and the quarter
cryomodule consist of solenoids distributed along the beam line to
focus beam transversely at neighboring downstream elements such
as the Wien filters and RF cavities. There are two main categories
of solenoids: single-wound and counter-wound. Two single-wound
solenoids are located between the gun and the spin-manipulator system,
and three counter-wound solenoids, in addition to the two counter-
wound solenoids in the chopper system, are between the
spin-manipulator system and the quarter cryomodule. The counter-
wound solenoids are used after the spin-manipulator system because
counter-wound solenoids do not rotate the polarization and spin con-
figuration whereas single-wound solenoids would.

Antenna beam-position monitors are employed along the beamline,
to monitor beam position, and to ensure collinearity of the four inde-
pendent beams. They also provide a means to re-steer the beam to an
approved orbit when lasers are moved on the photocathode or when
the Wien filter spin angles are adjusted. Refer to Fig. 5.3 for an image
of the antenna-style BPM use at the CEBAF photoinjector.

Fig. 7.2 shows the predicted beam energy, beam envelope, energy
spread and bunch length along the injector beamline obtained using
the particle tracking code GPT [136–138], for simultaneous delivery
of low and high current beams with the spin-manipulation system off.
Careful adjustment of the RF settings (amplitude and phase) applied to
the RF cavities is a critical requirement, as well as optimized solenoid
settings that ensure efficient transmission through apertures (more on
optics matching in Section 15 below). These simulations demonstrate
the flexibility of the CEBAF injector.
13
8. DC high-voltage photogun

Since the installation of the first polarized-electron source at CEBAF,
there have been four major upgrades devoted primarily to improv-
ing photogun performance. Each version of the injector supported
the successful completion of one or more PV experiments. The first
three versions employed ‘‘vent/bake’’ style photoguns and are de-
scribed in Ref. [123]. As the name implies, ‘‘vent/bake’’ describes
the process associated with replacing the photocathode: the photo-
gun must be vented, evacuated and baked to achieve the ultrahigh
vacuum condition necessary to sustain long-term beam delivery. This
process required approximately four days to complete. To address
the unwanted downtime associated with photocathode replacement,
two vent/bake style photoguns were installed side-by-side, with the
logic being that one photogun would be operational while the other
photogun was being serviced. In practice, however, the close proximity
of the two photoguns prevented operation of one photogun during
vacuum bakeout of the spare photogun: the nearby hot adjoining beam-
line resulted in degraded vacuum conditions and poor photocathode
lifetime within the operational photogun. To improve photoinjector
uptime and to make it possible to evaluate different photocathodes
more quickly, the vent/bake photoguns were replaced with a single
‘‘load-locked’’ photogun [124], where the term ‘‘load-locked’’ describes
an apparatus composed of multiple vacuum chambers separated by
gate valves, with vacuum improving progressively from one chamber
to the next (see Fig. 8.1). The CEBAF load-locked photogun employs
four vacuum chambers: a portable vacuum ‘‘suitcase’’ used to transport
new photocathode samples to the injector, a photocathode loading
chamber, a preparation chamber where photocathodes are heated and
‘‘activated’’ with chemicals to reduce the surface work function, and
the photogun high-voltage chamber. Each chamber is described briefly
below, starting with the high-voltage chamber. The vacuum level inside
the photogun high-voltage chamber, especially while delivering elec-
tron beam, represents the most important feature of any GaAs-based
spin-polarized electron source. The vacuum level sets the photocath-
ode lifetime which is limited by ion bombardment [139], the process
whereby residual gas in the high-voltage chamber is ionized by the
electron beam. The positive ions created by the electron beam are ac-
celerated toward the photocathode biased at negative high voltage. The
ions can sputter away the chemical layer used to create the necessary
negative electron affinity condition, or they become implanted produc-
ing interstitial defects or vacancies in the crystal structure which reduce
the electron diffusion length [140]. In general, for a spin-polarized
photogun to exhibit long operational lifetime, the high-voltage chamber
must be designed to provide sufficient pumping and manufactured
with materials that have a low hydrogen outgassing rate. There must
be no field emission from the cathode electrode when biased at the
desired operating voltage because field emission will strike the anode or
vacuum chamber walls, degrading the vacuum via electron stimulated
desorption. And finally, all of the photoemission from the photocathode
must be delivered away from the gun, including, for example, the
unintentional photoemission produced by low-level illumination of the
entire photocathode from scattered ambient light [141]. This unwanted
photoemission, particularly from the edge of the photocathode, can
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Fig. 7.2. Plots showing the beam characteristics along the length of the CEBAF injector, for high and low current beams (170 μA and ‘‘no space charge’’, respectively): (a) beam
energy, (b) beam energy spread, (c) beam size, and (d) electron bunch length..
Fig. 8.1. Photograph of the CEBAF DC high-voltage load-locked photogun. The photograph shows three of the four vacuum chambers, separated by valves: loading chamber,
ctivation chamber and high voltage chamber. The ‘‘suitcase’’ vacuum chamber is not shown.
trike the anode electrode or nearby vacuum beamline, degrading
acuum via electron stimulated desorption.

Today’s CEBAF spin-polarized photogun employs a compact, ta-
ered high-voltage insulator (∼12 cm long) that extends into the vac-
um chamber – a so-called inverted-insulator geometry [122] – which
ffers a number of advantages over photoguns that rely on large
ylindrical insulators (see Fig. 8.2). Voltage is applied to the cathode
lectrode using a commercial high-voltage cable that mates to the
nsulator. Because there is no exposed high voltage, dry nitrogen gas
r SF6 is not required to suppress corona discharge. And because the

insulator also serves as the cathode electrode support structure, there is
14
considerably less metal biased at high voltage compared to gun designs
that require large metal support structures passing through large-bore
cylindrical insulators. A smaller cathode structure means there is less
metal to polish, and less metal to field emit. Finally, compared to
previous versions of the photogun that employed cylindrical insula-
tors with 10’’ Conflat flanges, the photogun with inverted insulator
geometry possesses considerably less surface area, and this provides a
considerable vacuum advantage.

During construction, the empty gun high voltage vacuum chamber
(35.6 cm dia.) was vacuum degassed at 400 ◦C for approximately 10
days to reduce the outgassing rate [124,142] and a non-evaporable



P.A. Adderley, D. Bullard, Y.C. Chao et al. Nuclear Inst. and Methods in Physics Research, A 1046 (2023) 167710

s
p

g
s
m
w
e
a
t
t
d
p
g
w
t
a
A
t
b
e
1
T
5

v
i
e
v
t
v
A

Fig. 8.2. (a) Side view of the CEBAF DC high-voltage photogun with inverted insulator geometry, with essential components labeled, (b) close up view of the tee-shaped stainless
teel cathode electrode, (c) the field strength values on the surface of the tee-shaped cathode electrode for 100 kV bias voltage, and (d) an electrostatic field map of the entire
hotogun.
c

etter (NEG) thin film coating was applied to the interior surface,
imilarly to the chambers described in Ref. [143]. Ten commercial NEG
odules (SAES WP1250) line the bottom two-thirds of the chamber,
ith each module oriented to block direct line of sight from the cathode
lectrode to the vacuum chamber wall. A mesh screen was mounted
bove the NEG modules and defines the ground plane, minimizing
he likelihood that NEG dust could become charged and attracted to
he cathode electrode. Most of the internal components were vacuum
egassed prior to assembly to minimize outgassing and vented, silver-
lated screws were used for internal connections to eliminate trapped
as volume that represent virtual leaks. Internal chamber materials
ere steel, copper, and Macor or alumina ceramics. Once assembled,

he gun chamber was baked in-situ to 250 ◦C for 36 h to remove water,
ctivate the NEG coating, and partially activate the NEG modules.
dditionally, current was applied to the NEG modules near the end of

he bakeout to fully activate the modules and maximize pump speed,
ut electrical shorts in the vacuum feedthrough have prevented full
lectrical activation. The photogun vacuum chamber also includes a
m long beam tube coated with an in-house fabricated NEG thin film.
he base pressure in the photogun has been measured to be below
× 10−12 Torr using an extractor gauge [143].

The photogun was designed for 100 kV operation, but the bias
oltage was increased to 130 kV to improve beam transmission through
njector apertures, described below. (A similar photogun with cathode
lectrode made of large-grain niobium was operated at 200 kV bias
oltage [144] at a facility separate from CEBAF.) The main body of the
ee-shaped cathode electrode was manufactured from a single piece of
acuum-arc remelt 316LN stainless steel. No welding was performed.

smaller piece – the back face of the electrode – attaches to the main

15
cathode electrode body with set screws located in a low-field region and
serves to capture a spring assembly used to hold photocathode ‘‘pucks’’
inside the hollow electrode structure. The cathode and anode electrodes
were polished by hand with silicon-carbide paper and diamond grit
of increasingly finer grit. Both the cathode and anode electrodes are
shaped to provide focusing. For 100 kV bias voltage, the maximum field
strength within the cathode/anode gap is 4.2 MV/m (Fig. 8.2, images c
and d). The field strength between the cathode electrode and the NEG
pumps and ground screen is only 2.4 MV/m. There is one unintended
high field strength region – at the insulator triple point, where metal,
insulator and vacuum meet – with field strength 10 MV/m. The anode
is located 6 cm from the photocathode and is electrically isolated from
ground to permit biasing, as a means to repel ions that originate in the
downstream beamline [145,146].

Since the construction of this photogun, a new electrode shape has
been developed [147,148] that significantly reduces the field strength
at the triple point, which is considered a sensitive area prone to dam-
age. The new electrode will be installed during a scheduled accelerator
shutdown and should support reliable operation at 200 kV. It is also
worth mentioning that since the construction of this photogun, barrel-
polishing has replaced diamond-paste polishing as a means to prepare
electrodes for high voltage [149], thereby greatly reducing the time
required to put an electrode into service.

The photocathode preparation chamber is dedicated to heating
and activating photocathodes, the process whereby a ∼mono-layer of
esium plus oxidant gas (we use NF3) is applied to the photocathode

surface to reduce the surface work function and obtain the necessary
negative-electron affinity condition. Only the center portion of the
photocathode is activated to negative electron affinity. Restricting the
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photocathode active area serves to minimize photoemission from the
regions of the photocathode where electrons can travel extreme trajec-
tories that strike the anode or nearby beamline vacuum chamber wall,
degrading vacuum and reducing photocathode lifetime [141]. Selective
application of cesium is achieved using a mask that rotates in front
of the photocathode. Three masks sizes are available: 3, 5 and 7 mm
relative to the 12.8 mm diameter of the unmasked photocathode. Ion
bombardment and associated QE occurs at the location of the laser
beam and along a line to the electrostatic center of the cathode [139,
141]. The QE of the rest of the photocathode remains high while
delivering beam. Smaller mask diameters provide the longest operating
lifetime but fewer locations to generate beam. In practice, the 5 mm
mask provides sufficiently long operating lifetime and approximately
four locations to direct the laser beam.

Photocathodes are attached to molybdenum ‘‘pucks’’ using indium
solder and a tantalum cup crimped to the side of the puck. The
preparation chamber can hold up to four pucks which can be moved
from two storage areas, to a heater and into the gun high-voltage
chamber using magnetically-coupled sample manipulators. The vacuum
within the preparation chamber is typically in the low 10−11 Torr
range, but increasing to the low 10−10 Torr range during photocathode
heating and activation. The dominant gas species under all conditions
is hydrogen. Prior to activation, photocathodes are heated to 550 ◦C for
one hour to liberate loosely bound adsorbed gas and allowed to cool to
room temperature. A yo-yo activation protocol is followed, with typi-
cally 10 applications of Cs and NF3. Longer heat cycles are employed to
restore photocathode quantum efficiency (QE) degraded by long term
use from ion bombardment: heating evaporates the surface chemicals,
which must be reapplied, but also repairs the damage associated with
ion implantation by redistributing the implanted ions over a broad
region of the photocathode.

The loading chamber represents the only section of the load-locked
photogun that is vented and baked, which happens whenever pho-
tocathode samples are removed or installed in the photogun. The
loading chamber is relatively small, composed of just a four-way cross
with a small ion pump and vacuum window, situated between two
all-metal gate valves – one on the preparation chamber and one on
the vacuum suitcase used to transport photocathode pucks. Once the
suitcase has been attached to the loading chamber, the loading chamber
is evacuated and baked at 200 ◦C for eight hours, then allowed to cool
to room temperature. Afterwards, the gate valves on the preparation
chamber and suitcase can be opened to move photocathode samples
using a long magnetically-coupled sample manipulator attached to
the suitcase vacuum chamber which includes a small ion pump. The
suitcase chamber weighs approximately 100 lbs. The suitcase is never
vented to air. (There is a fifth vacuum chamber, located in a work space
away from CEBAF, used to load photocathode pucks into the suitcase).

9. Spin manipulation and the 2-Wien spin flipper

Typically, the experiment halls require spin-polarization oriented
longitudinal to the beam propagation direction. Electrons leave the
photocathode with spin direction oriented longitudinal to beam motion
but spin undergoes precession during passage through dipole magnetic
fields within the recirculating arcs and transport lines of the accelera-
tor. The direction of the precession depends on the orientation of the
dipole magnet, which may be classified as ‘‘in-plane’’ or ‘‘out-of-plane’’,
where the plane is defined by both linacs. ‘‘In-plane’’ precession occurs
if the dipole magnet deflects the beam horizontally and these magnets
are found only within the 180◦ recirculation arcs between linacs and
extraction beam lines leading to the experiment halls. At maximum
11 GeV beam energy for polarized beams to Halls A, B and C, the
integrated spin precession due to these bending magnets is significant,
of the order 21,000 degrees (about 58 revolutions) [150]. In contrast,
‘‘out-of-plane’’ precession occurs if the dipole magnet deflects the beam

vertically, and this happens when the elevation of the beamline changes
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relative to the linacs. Notably, since all elevation changes in the CEBAF
magnet transport system are accomplished using chicanes with zero
net bend angle, the ‘‘out-of-plane’’ precession is locally confined and
integrates to zero, leaving those sections ‘‘spin transparent’’.

Consequently, to orient the spin direction properly for an experi-
ment, the injector requires one Wien filter [127,151,152] to rotate the
spin direction in the horizontal plane of the accelerator, to counter the
‘‘in-plane’’ precession between the photocathode and the experiment.
A Wien filter is a device with static electric (E) and magnetic (B)
fields oriented perpendicular to each other and to the velocity (v) of
charged particles passing through it (Fig. 9.1). Unit charged particles
with velocity 𝑣 = 𝐸x𝐵−1 remain undeflected in passing through the
Wien filter, while the spin is rotated in the plane of the electric field.
The spin rotation angle, 𝜃𝑊 𝑒𝑖𝑛, in degrees is given by:

𝜃𝑊 𝑖𝑒𝑛 =
180
𝜋

𝑒
𝑚

𝐿𝑒𝑓𝑓

𝛽𝑐

[

𝑎𝐵 + ( 1
𝛾2 − 1

− 𝑎)
𝛽𝐸
𝑐

]

(9.1)

here c is the speed of light, e is the electron charge, m is the
lectron mass, a is the electron anomalous magnetic moment equal to
.00115965218091, 𝐵 = 𝐸

𝛽𝑐 , 𝛽 and 𝛾 are Lorentz relativistic factors, and
𝐿𝑒𝑓𝑓 is the Wien effective length. At low electron beam energies, most
of the spin rotation comes from the electric field. For example, at 200
keV, the rotation due to the magnetic field constitutes only ∼0.22% of
the total spin rotation. Regardless, the rotations from both fields add,
with the rotation occurring in the plane defined by the beam trajectory
and the electric field.

A ‘‘horizontal’’ Wien filter has been used at CEBAF [123] since the
late 1990’s to orient the spin direction of the beam at the injector
by an amount equal but opposite to the spin precession (modulo 𝜋)
introduced as the beam passes through the arcs and transport lines to
the halls. This sets the spin direction longitudinal to the direction of
beam motion at the target. The CEBAF Wien filter is similar to the
design from SLAC and can provide ±90◦ rotation at beam energies up
to ∼140 keV. Recently, CEBAF Wien filters were upgraded to provide
similar spin rotation for 200 keV beam and one Wien filter was tested
successfully for 300 keV beam, which is challenging because the elec-
tric field strength required is large (> 5 MV/m) and must be uniformly
created by electrodes ∼40 cm long [153]. Despite the Wien filter’s
effective functionality as a spin-rotator, the magnetic and electric fringe
fields [154] tend to degrade the electron beam emittance and energy
spread, particularly when spin-rotation angles exceed ∼45◦ degrees. For
large spin rotations, quadrupole lenses and bunching cavities are used
to manage the longitudinal and transverse beam size.

For parity violation experiments, a second Wien filter was added to
the baked beamline, but oriented to rotate spin out of plane, referred
to as the ‘‘vertical’’ Wien filter. The motivation for building the 2-
Wien Spin Flipper [125] was to provide a ‘‘slow’’ polarization flip –
or helicity reversal – at the experiment target. So-called ‘‘slow’’ he-
licity reversals are important to identify and suppress systematic false
asymmetries that can mimic the interesting physics asymmetry being
measured [80]. On a daily basis, the helicity of the electron beam is
reversed using an insertable-halfwave plate (IHWP) located on the drive
laser table, placed immediately upstream of the Pockels cell used to
generate circularly-polarized light (see Section 11). The IHWP provides
an excellent method for canceling false asymmetries originating from
electronics pickup of the helicity signal, however false asymmetries
related to the laser polarization do not cancel. The 2-Wien spin flipper
provides another means to implement a helicity flip, but in a manner
that directly changes the spin direction of the electron beam. The device
can be used to orient the spin in any direction [125], a feature that has
proven useful for transverse asymmetry measurements [155–160, see
for example references].

Besides the Wien filters, solenoid magnets are key elements of the
2-Wien spin flipper. A solenoid magnet provides effective focusing of a
low momentum (0.1 – 1 MeV/c) electron beam, where the focal length

is inversely proportional to the integral of the square of the magnetic
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f

Fig. 9.1. Diagram of a CEBAF Wien filter, based on a SLAC design, and used worldwide. (top) external features, and (bottom) internal features.
ield, given in the paraxial approximation by 1∕𝑓 ∝ ∫ 𝐵2
𝑧𝑑𝑧 [161].

Importantly for the spin-flipper, solenoids rotate the spin of a low
energy electron beam by an amount proportional to ∫ 𝐵𝑧𝑑𝑧 with spin
rotated about the longitudinal magnetic field. It is necessary to use two
solenoids in series to simultaneously set both a desired optical focusing
and spin rotation. The solenoid spin rotation angle, 𝜃𝑠𝑜𝑙, in degrees can
be written as:

𝜃𝑠𝑜𝑙 =
180
𝜋

𝑒
𝑚

𝐿𝑒𝑓𝑓

𝛽𝑐

[

1
𝛾
(𝑎 + 1)𝐵𝑧

]

(9.2)

where here, 𝐿𝑒𝑓𝑓 is the solenoid magnetic field effective length. Other
symbols were defined for Eq. (9.1).

A ‘‘slow’’ helicity reversal has been approached two ways. In one
approach (Fig. 9.2, top), the vertical Wien filter rotates the spin di-
rection 90◦ into the vertical plane. The intervening solenoids then
rotate the polarization back to the horizontal plane, but with spin
oriented transverse to the beam propagation direction. Then, by simply
changing the direction of the current through each solenoid, the spin

◦
direction can be flipped by 180 , while the solenoidal focusing remains
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unchanged. Finally, the horizontal Wien filter is used to compensate the
spin precession of the accelerator.

The main advantage of this method is that the Wien filter settings,
which can have a profound effect on the injector optics (see above),
are not changed to enact a spin flip. Only the direction of the current
through the solenoid magnets is changed. However, while appealing for
its simplicity, this method incurs a correlated coupled phase space ro-
tation of the helicity-correlated position and angle differences between
slow reversals due to the coupled solenoid magnet fields. As a result,
there is imperfect cancellation of the helicity-correlated systematic
variations in beam properties that the 2-Wien spin flipper was designed
to address.

A second approach was used for the PREx2 [25] and CREx [26]
experiments (see Fig. 9.2, bottom). The slow spin flip was achieved by
flipping the spin direction using the vertical Wien, set to rotate polar-
ization out of plane ±90◦, and leaving the solenoid currents unchanged.
This method provides the desired cancellation of helicity-correlated sys-
tematic variations in beam properties, but incurs accelerator downtime
to regain acceptable beam optics that provide good injector trans-
mission through apertures. In practice, it takes about 8 h to provide
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Fig. 9.2. Schematic of the 2-Wien spin flipper composed of vertical Wien filter, spin rotating solenoids, and horizontal Wien filter. Beam travels left to right, with large arrows
epicting beam polarization direction. The ‘‘spin flip’’ – polarized beams with spin direction oriented in the horizontal plane but pointing in opposite directions – are created either
y reversing the polarities of the two solenoid currents (top) or the Wien filter dipole current and electrode high voltage polarities (bottom). In both cases, the horizontal Wien
ilter is used to orient the spin direction longitudinal at the experiment hall.
his type of ‘‘slow’’ helicity reversal, with time devoted to steering
djustments to regain the injector beam orbit and to confirm the parity
uality beam requirements.

0. Apertures and helicity-correlated beam asymmetries

An important consideration for PV experiments is clean, loss-free
ransmission of electron beam through apertures. Aperture clipping
ouples different types of helicity-correlated beam asymmetries: it can
ransform position differences into charge asymmetries and spot-size
symmetries into position differences, which complicates the feedback
orrections necessary to keep helicity-correlated beam asymmetries
cceptably small.

Analytical calculations [91] suggest that charge asymmetry varia-
ions > 50 ppm can be created by 1 μm helicity-correlated position
ifferences, and assuming 5% aperture loss. Aperture losses of 2–5% are
ypical at the CEBAF injector. Furthermore, helicity-correlated position
ifferences > 70 nm can be created by moderate 2 × 10−4 helicity-
orrelated spot-size asymmetries, for 1 mm beam spot-size and ∼ 5%

aperture loss.
In addition, because there is always some natural beam motion or

‘‘jitter’’, beam interception at apertures results in transmission fluctu-
ations that increase the distribution widths of the measured helicity-
correlated asymmetries, thereby reducing the accuracy of these mea-
surements. Ammeters attached to electrically-isolated apertures can
help pinpoint egregious beam loss. On a finer scale relevant to PV
experiments, measurements of charge asymmetry 𝐴𝑄 using BPMs along
the beamline can alert experimenters and Accelerator Operations staff
to beam clipping/losses at unexpected locations, as shown in
Fig. 10.1. [91]. In Fig. 10.1, notice how the charge-asymmetry distri-
bution width increases sharply between BPMs 1I04 and 1I06, corre-
sponding to the vicinity of the Vertical Wien filter and prebuncher.
Both of these devices have aperture less than the 1.5’’ diameter of
the beam pipe, and can be the source of clipping that is not always
obvious because these elements are electrically grounded. By adjusting
the trajectory of the beam through these devices, the width of the
distribution of measured helicity-correlated charge-asymmetry could be
made small and relatively constant.

During the G0 forward angle experiment [11], the requested beam
current was modest, only 40 μA. But to facilitate time-of-flight detec-
tion, the pulse-repetition rate was reduced to just 31.1875 MHz (the
48th subharmonic of the 1497 MHz accelerating frequency), which
resulted in very high bunch charge by CEBAF standards. And during
the Qweak experiment [21–24], the requested beam current was 180
μA which is roughly a factor of two greater than typical high current
experiments at CEBAF. Achieving clean, loss-free beam transport was
very challenging for these experiments.

At the nominal CEBAF gun voltage of 100 kV [123], the beamloss
at injector apertures during both of these experiments was significant
18
Fig. 10.1. The width of the distribution of measured helicity-correlated charge-
asymmetry 𝐴𝑄 using BPMs along the injector beamline. BPMs are listed in sequential
order, beam moving left to right from the photogun to the quarter cryomodule. The
sharp change in the measured distribution width at BPM 1I06 indicates beamloss
originating upstream, in the vicinity of the Vertical Wien filter and prebuncher.

(> 30%). The beamloss stemmed from space-charge-induced emittance
growth and could only be reduced by operating the photogun at
higher bias voltage. To illustrate the impact of space charge forces,
transmission measurements were made versus beam current for dif-
ferent gun-bias voltages, and with the prebuncher cavity de-energized
(Fig. 10.2). The figure illustrates the benefit of higher photogun bias
voltage: with the photogun bias voltage set to 130 kV, and with
the prebuncher energized, injector transmission during the Qweak
experiment was ∼90% (i.e., acceptable). To support the MOLLER PV
experiment [27], the photogun voltage will be increased to 200 kV,
which should provide even better transmission through apertures.

11. Drive lasers and the laser table

There are four nominally identical photogun drive lasers – one for
each experiment hall – that produce RF-pulsed light with ∼35 ps optical
pulsewidth (FWHM). The laser beams are combined as described below,
with interleaved pulse trains at 248.5 or 499 MHz, and illuminate
the same location on the photocathode. The CEBAF drive lasers are
fiber-based systems [126] and consist of three main components as
illustrated in Fig. 11.1: a gain-switched fiber-coupled diode seed laser
at 1560 nm, two ErYb-doped fiber amplifiers used to obtain suffi-
cient optical power, and a periodically-poled lithium niobate (PPLN)
frequency-doubler used to produce light at 780 nm required to generate
highly polarized beam from the strained-superlattice GaAs/GaAsP pho-
tocathode [62]. The term ‘‘second-harmonic generation’’ is synonymous
with laser ‘‘frequency doubling’’ [162,163] and describes the non-linear
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Fig. 10.2. Transmission through photoinjector apertures versus photogun beam current
and for different photogun bias voltages. Significantly improved transmission was
obtained at 130 kV compared to nominal 100 kV. Note, the RF prebuncher was de-
energized during these measurements. With prebuncher energized, transmission reached
∼90% with 200 μA delivered to Hall C.

ptical process of converting light at one wavelength to another, in this
ase from 1560 nm to 780 nm.

Gain-switching is a purely electrical technique [164] with the diode
aser biased near threshold and driven with ∼1 W of RF energy through
bias-network. The optical pulse-repetition rate is equal to the RF drive

requency. For pulse repetition rates > 100 MHz, it is sufficient to sim-
ly apply an RF sine wave to the diode via the bias network. At lower
epetition rates, it can be advantageous to use a step-recovery diode
o create short electrical pulses which are then applied to the diode
aser. In contrast to modelocked lasers, no laser cavity-length feedback
s required: the optical-pulse train from a gain-switched system stays
ocked to the accelerator RF reference with timing jitter < 1 ps which
nsures highly reliable beam delivery [165].

The CEBAF drive lasers are distributed systems, with low-power
omponents (gain-switched diode laser and Er/Yb fiber preamplifier)
ocated outside the accelerator enclosure and high power components
Er/Yb fiber amplifier and PPLN frequency doubler) located inside a
lass 100 laser clean room positioned near the photogun and adjacent
o the injector beamline. Light is delivered from low-power components
o high power components using a polarization-maintaining single-
ode optical fiber approximately 25 m long. At the laser wavelength
560 nm, there are no mirrors to clean or align. Standard fiber-
ptic components labeled ISO in Fig. 11.1 provide optical isolation
etween components, to protect sensitive elements from damage. El-
ments labeled WDM (for wavelength division multiplexing) are also
tandard fiber optic components and provide a means to optically pump
he Er/Yb gain elements within each fiber amplifier. The Er/Yb fiber
reamplifier is homemade and the Er/Yb fiber power amplifier is a
ommercial unit.

Most elements of the CEBAF drive laser system reside on a 4’ x
’ bread-board style laser table (Fig. 11.2) located inside a class 100
lean room with interlocked access for laser safety, and with condi-
ioned air to maintain constant temperature and to control humidity.
he laser clean room is positioned adjacent to the injector beamline
pproximately 2 m from the photogun. Because the injector cannot
e occupied during beam operations, some of the optical elements are
emotely controlled.

After frequency doubling via temperature-controlled phase
atching using the PPLN crystal, a dichroic mirror reflects the useful

ight at 760 nm toward the photocathode and passes residual 1560 nm
ight, as well as visible light produced within the fiber amplifier via
on-linear optical processes, to a laser beam ‘‘dump’’. Optical elements
re described below in roughly sequential order, as the light travels to
he photocathode.
19
The laser settings, including those related to the fiber-power ampli-
ier, are maintained constant. To vary the laser power delivered to the
hotocathode, the light from each drive laser passes through a stepper-
otor controlled ‘‘attenuator’’ composed of a rotating-halfwave plate

nd fixed downstream linear polarizer.
To combine the four laser beams onto a common path directed

t the photocathode, partially-reflective mirrors and a polarization-
ensitive optical element are used (See Fig. 11.1). Each drive laser emits
inearly-polarized light. For Halls A and B, the linear polarization of
he respective drive lasers is oriented horizontal, with the two laser
eams combined using a partially-reflective mirror that preserves 70%
f the light for Hall A and 30% of the light for Hall B. For Halls C
nd D, the drive laser linear polarization is oriented vertical, with light

combined using a partially-reflective mirror in a similar manner. After-
wards, the two pairs of laser beams are combined and directed onto a
common path using a polarization-sensitive optic called a polarization
beam-combining cube. The beam combining ratios set by the partially-
reflective mirrors were chosen to meet the beam current requirements
of the Halls, with Halls A and C operating at much higher current
compared to Halls B and D.

A small percentage of the combined light delivered to the photo-
cathode exits an adjacent port of the beamsplitter cube, and this ‘‘pick
off’’ light is delivered to a CCD camera which serves as a virtual pho-
tocathode, i.e., the CCD camera is located the same distance from the
beamsplitter cube as the photocathode. Some of the transport mirrors
on the laser table can be remotely controlled using piezo-controlled
motors, to fine tune the position of each laser beam at the CCD camera,
and hence, the same position on the photocathode. In addition, there is
a Spiricon CCD camera laser beam imaging system – employed when a
remotely controlled mirror located near the beamline vacuum window
is inserted into the laser beam path – which can be used to make the
four laser beams coincident at the photocathode but also to accurately
measure/set laser beam sizes.

The collimated light from each laser, combined as described above,
is then directed though the Pockels cell, to convert linearly-polarized
light into circularly-polarized light. It is worth mentioning that al-
though pairs of laser beams are linearly polarized in orthogonal di-
rections, the Pockels cell still generates circularly-polarized light for
all four beams. Two laser beams are polarized right-circular, and the
other two laser beams are polarized left-circular, for the same Pockels
cell settings.

The last optical element is a focusing lens located immediately in
front of the beamline vacuum window. Originally, the focal length of
this lens was chosen to produce a tight beam waist at the photocathode,
however, this enhanced beam blowup associated with space-charge
forces and resulted in poor transmission through injector apertures.
Moreover, significantly longer photocathode operating lifetime was
achieved using larger laser beam size at the photocathode [141]. A
large laser beam produces the same number of ions within the photogun
cathode/anode gap (more below), but with the ion damage distributed
over a larger area, such that QE decay at any specific photocathode
location happens more slowly. To increase the size of the laser spot
of the photocathode, it was a simple matter of changing the focal
length of the lens. The distance between the focusing lens and the
photocathode is approximately 2 m. Whereas originally, a 2 m focal
length lens was chosen to produce ∼0.3 mm (FWHM) laser spots at the
photocathode, now a 1.5 m focal length lens generates a beam waist in
front of the photocathode, with the laser beam expanding enroute to
the photocathode to produce ∼0.5 mm (FWHM) laser spots.

The focusing lens is attached to an X/Y stepper-motor stage to per-
mit remote positioning of the laser light anywhere on the photocathode
within the 5 mm active area. The moveable focusing lens also provides
a means to assess the photocathode lifetime in the form of a ‘‘QE scan’’:
Fig. 11.3 shows the evolution of photocathode QE after delivering
polarized electron beam from three different photocathode locations.

As referenced above, QE reduction is caused by ion back-bombardment
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Fig. 11.1. Schematic representation of a typical CEBAF drive laser composed of a gain-switched diode seed laser, two fiber amplifiers to boost power, and a PPLN crystal to
onvert 1560 nm light to 780 nm light required for generating polarized electrons. LD, laser diode; ISO, optical isolator; WDM, stands for wavelength-division multiplexing and
epresents an optical fiber component used to combine light of different wavelengths; PPLN, periodically poled lithium niobate.
f the photocathode [139], the process whereby electrons extracted
rom the photocathode ionize the residual gas within the photogun
V chamber and adjoining beamline. These positively charged ions
re then attracted to the negatively biased photocathode. The ions
an sputter away the chemicals applied to the photocathode surface
ecessary to create the negative-electron affinity condition needed for
hotoemission, or they implant within the photocathode and reduce
he electron diffusion length. The ion damage associated with beam
roduction is very localized, limited to the location of the laser spot
where ions produced by the electron beam have low energy) and
long a ‘‘trench’’ directed to the electrostatic center of the photocathode
where the highest energy ions are delivered) [141]. As a result, a single
hotocathode activation can provide months of beam delivery from up
o four different locations on the photocathode, depending on the size
f the laser beam. For more information on ion back-bombardment and
he various means employed at CEBAF to prolong the photocathode
perating lifetime, see ref [140].

The remaining optical elements are key for PV experiments. An
nsertable-halfwave plate (IHWP) located immediately upstream of the
ockels cell can be inserted to provide a 180◦ helicity spin flip of the

electron beam. Ideally, this would only change the sign of the measured
physics asymmetry, but not the absolute magnitude. Importantly, this
procedure would, for example, help to identify ground loops corrupting
the experiment’s data stream. The IHWP rotates the linear polarization
of the incoming laser beams by 90◦, which means the Pockels cell cre-
ates left-circularly polarized light instead of right-circularly polarized
light, or vice versa.

Another halfwave plate – attached to a rotating stepper motor stage
– is positioned downstream of the Pockels cell. The so-called rotating-
halfwave plate (RHWP) is used to rotate the direction of any residual
linear polarization (intended or unintended), to counter the effects of
residual birefringence of the beamline vacuum window through which
the laser beam pass enroute to the photocathode.

Finally, within each laser beam path, there is an optical element
referred to as the ‘‘IA’’, which is an abbreviation for laser Intensity
Asymmetry correction device. It is used to vary the laser power in each
helicity state, to zero the helicity-correlated charge asymmetry present
in beams delivered to neighboring halls. Note, the main Pockels cell
is used to zero the helicity-correlated charge asymmetry of the beam
delivered to the PV experiment hall. But in the process of zeroing
the helicity-correlated charge asymmetry at the PV hall, large charge
asymmetries can be created on the beams to neighboring halls, and this
is unacceptable for those halls measuring scattering asymmetries. An IA
consists of halfwave plate, a Pockels cell, and a fixed linear polarizer.
The upstream halfwave plate rotates the orientation of the linearly-
polarized laser light relative to the downstream fixed linear polarizer,
and the intervening Pockels cell is used to counter the polarization
20
rotation of the half waveplate, but in a helicity-correlated manner,
providing more or less light in each helicity state, to provide equal
beam currents in each helicity state. The Pockels cell within each IA
is made of KD*P but unlike cells used to provide circularly polarized
light, it is driven with comparatively low voltage, 90 V. Under typical
operating conditions, an IA can vary the amount of laser light in each
helicity state by a few percent. The upstream halfwave plate can be
rotated (remotely) to vary the extent of this modulation, providing
more or less variation in transmitted laser power (i.e., to provide
more/less sensitivity to applied IA Pockels cell voltage).

Tune-Mode Generator
The physics experiments conducted at each hall are performed with

continuous wave (CW) beam [166], with electron bunches arriving at
RF repetition rates of 249.5 MHz or 499 MHz and providing the highest
possible duty factor at each experiment hall. However, CW beam is
too powerful for machine tune-up, which happens at the start of each
run period, with magnet and RF settings adjusted to optimize beam
delivery. During machine tune-up, it is not uncommon to ‘‘lose’’ beam,
with mis-steered beam striking the beamline vacuum chamber walls.
To perform machine tune-up safely, so-called ‘‘tune-mode generators’’
are used to produce beams with low duty factor – enough beam to
trigger diagnostics needed for spin-up, but at beam power levels that
will not damage accelerator components or burn-through the beamline
vacuum chamber. Tune mode generators can also produce a specific
‘‘macropulse’’ time structure needed to precisely set the pathlength of
the accelerator, which is very important for multi-pass operation of the
linacs.

There is a tune-mode generator [167,168] for each hall composed
of a Pockels cell made of RTP (rubidium titanyl phosphate) [169,170]
situated between fixed linear polarizers oriented to pass light with the
Pockels cell high voltage OFF, and a halfwave plate oriented to rotate
the input linear polarization 90 degrees when inserted (Fig. 11.4). The
material RTP was chosen for its fast response time (more on this topic in
Section 13). When low duty-factor beam is requested for machine tune-
up, the halfwave plate is inserted and voltage is applied to the Pockels
cell for a relatively short duration. For the time period when high
voltage is applied to the tune-mode-generator Pockels cell, light can
pass through the downstream fixed linear polarizer, and electron beam
at low duty factor is produced. Table 11.1 lists the standard parameters
for tune-mode generator operation. Because of the fast time response
of RTP, the tune mode generators can quickly turn OFF the electron
beam. For this reason, the tune mode generators also serve as important
‘‘accelerator credited control’’ devices for personnel safety [171]. The
tune mode generator also includes a mechanical shutter to completely
extinguish low level light that might pass through the downstream fixed
linear polarizer due to optical element imperfections and misalignment.
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Fig. 11.2. (top) Schematic representation of the CEBAF photoinjector laser table, with the elements labeled and described in the text, (bottom) a photograph of the laser table.
Table 11.1
Tune-mode generator modes of operation.

Beam mode Macropulse duration
at 60 Hz

Duty factor Tune mode
generator
Pockels cell

Tune mode
generator
halfwave plate

Shutter

OFF N/A 0 ON IN CLOSED
Viewer limited 4–10 μs 0.02–0.06% ON IN OPEN

Tune mode 250 μs ON, 100 μs
OFF, 4 μs ON

1.52% ON IN OPEN

CW N/A 100% OFF OUT OPEN
21
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Fig. 11.3. Photocathode ‘‘QE scan’’ showing the evolution of QE following beam
extraction from three different photocathode locations. Photocathode QE decays at the
location of the laser beam and along a ‘‘trench’’ directed to the electrostatic center
(EC) of the photocathode.

Fig. 11.4. Photo of a tune-mode generator.

2. Pockels cell alignment, slow reversals, and feedback loops –
r, ‘‘Doing the Experiment’’

As mentioned above, when performing a PV experiment, unwanted
elicity-correlated beam asymmetries must be maintained such that
heir contribution to the measured raw (detector) asymmetry is much
maller than the physics asymmetry being measured. And as discussed
n Section 4, helicity-correlated beam asymmetries originate at the
EBAF photoinjector, stemming from photocathode QE anisotropy,
esidual linear polarization of the drive laser light, Pockels cell im-
erfections or alignment errors, and vacuum window birefringence.
hile experimenters are not wholly averse to using feedback loops

o minimize helicity-correlated beam asymmetries, they prefer to use
s little feedback as possible because sometimes feedback to address
ne helicity-correlated beam asymmetry can impact another. From
practical point of view, only helicity-correlated charge asymmetry,

s ‘‘easy’’ to measure and relatively straightforward to control with
eedback (described below). Position differences are harder to measure
t the experiment hall and not as easy to control using components on
he drive laser table (see helicity magnets, Section 14 below). Spot size
symmetries cannot presently be measured in the beamline and there
s no mechanism to apply feedback (at least with KD*P Pockel cells),
o only careful alignment of the Pockels cell provides a straightforward
ath to minimizing helicity-correlated beam spot size asymmetries.

Before describing Pockels cell alignment procedures, helicity ‘‘slow
eversals’’ must be described. To further suppress uncontrolled system-

tic effects associated with the fast helicity reversal of the Pockels
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cell, the experimenters perform ‘‘slow’’ reversals of the spin direction
(‘‘infrequent’’ is a more accurate description, but ‘‘slow’’ reversal is
the widely used terminology). A slow reversal is when the electron-
beam helicity is reversed relative to both the electronic helicity-control
signals and the voltage applied to the Pockels cell. Slow reversals are
used to help cancel systematic errors. There is an insertable halfwave
plate (IHWP, see Section 11) upstream of the Pockels cell used to rotate
the polarization of the incoming linearly polarized laser light by 90◦

which in turn flips the helicity of the resultant circularly polarized
light, from right to left, which in turn flips the direction of the electron
beam polarization. This flip is introduced approximately once per day.
In addition, there is the 2-Wien spin flipper described above, which
provides the same desired effect but by manipulating the electron beam
itself and not the drive laser light. The Wien flip provides a second
cancellation method to further suppress systematics including position
differences, spot size asymmetries and, depending on how the Wien flip
is performed, transverse polarization components.

A more detailed description of the Pockels cell alignment procedure
is presented below (compared to what was presented in Section 4). For
more information on the nature of these adjustments, please see many
excellent Refs. [80–83,91]. The procedure also describes steps to align
the insertable-halfwave plate (IHWP) used for slow helicity reversals,
and a remotely controlled rotatable-halfwave plate (RHWP) used to
align the axis of residual linear polarization relative to the strain-axis
of the photocathode.

The alignment procedure references Stokes parameters (𝑆0, 𝑆1, 𝑆2
and S3) which are commonly used to describe the polarization of laser
light [172,173]: 𝑆0 describes the degree of polarization, 𝑆1 the DoLP
along horizontal/vertical axes, 𝑆2 describes the DoLP along +/−45◦

diagonal axes, and 𝑆3 describes the DoCP. The alignment procedure
references only 𝑆1 and 𝑆2, which is sufficient. This is because the laser
ight is not unpolarized, such that 𝑆0 = 1, thereby making 𝑆3 redundant
ith 𝑆1 and 𝑆2 measurements.

The term PITA is frequently used in references cited above. Origi-
nally it stood for ‘‘polarization induced transport asymmetry’’, which
describes the variations in beam current observed between two he-
licity states stemming from differences in reflectivity for ‘‘s’’ and ‘‘p’’
polarized light at laser transport mirrors (i.e., circularly-polarized light
became elliptically polarized upon reflection from laser transport mir-
rors, providing different laser powers in the two helicity states). Today
however, PITA means something different, namely it stands for ‘‘phase
induced transport anomaly’’ and rather than describing an unintended
consequence, it describes the process of adjusting Pockels cell voltages
to minimize helicity-correlated charge asymmetry.

In the CEBAF tunnel enclosure, Pockels cell alignment procedure [91]

• Set the laser beam size and divergence at the Pockels cell by
adjusting the position of the collimating lens near the PPLN
frequency doubling crystal. Laser beam size should be ∼1 mm
(2 sigma) and divergence < 1 mrad. (This adjustment impacts
the laser spot size at the photocathode. The laser beam size at
the photocathode should be 0.5 mm (4 sigma), but not smaller
because photocathode QE degrades more quickly with small laser
beams [141])

• Using a handheld infrared viewer, center the Pockels cell aperture
on the laser beam using a piece of cellophane tape or lens cleaning
tissue placed in front of the cell, to disperse a portion of the light
while still providing a clear image of the primary transmitted
beam.

• Using the handheld infrared viewer, look for back reflections of
light from the Pockels cell crystal faces, align the Pockels cell
pitch and yaw so that the back reflections overlap the incoming
beam as closely as possible.

• Coarse adjustment of Pockels cell: Insert a laser-power meter or
photodiode into the laser path downstream of the Pockels cell.
Now install a spinning linear polarizer between the Pockels cell
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and laser-power meter, and note the sinusoidal-modulated laser
power on the oscilloscope. Adjust Pockels cell voltages, pitch, roll
and yaw to maximize the degree of circular polarization (DoCP)
and minimize the degree of linear polarization (DoLP). For both
helicity states, DoLP should be 5% or less (calculate DoLP and
DoCP using Eqs. (4.1) and (4.2)).

• Coarse alignment of the insertable half waveplate (IHWP): Insert
the IHWP – used to provide a slow helicity reversal – and adjust
its angular orientation to obtain the highest possible degree of
circular polarization (DoCP).

• Iteratively refine the alignment of both elements, the Pockels cell
and IHWP, adjusting the Pockels cell voltages, pitch, roll and yaw.

• Once 99.9% circular polarization is achieved for both IHWP-out
and IHWP-in configurations, verify the DoLP for the other three
CEBAF lasers at the same Pockels cell voltage settings already
obtained. The DoCP for all lasers should be 99.9%. If not, make
the laser beams more collinear at the cell.

• Now with more precision, using a dedicated DAQ and a fixed
Glan-Taylor linear polarizer aligned to pass light in the horizontal
and then vertical plane (i.e., the so-called Stokes parameter 𝑆1),
minimize the laser-power asymmetry in the two helicity states by
adjusting Pockels cell voltages.

• Next, rotate the Glan-Taylor linear polarizer +/−45◦ relative to
horizontal/vertical planes and minimize the laser power asymme-
try in the two helicity states by adjusting the Pockels cell pitch
and yaw angles for KD*P cells. For RTP cells, adjust the Pockels
cell roll.

• Use a quadrant photodiode to measure/minimize steering effects:

◦ With no analyzer in place (i.e., the downstream linear po-
larizer removed), measure steering effects using a quadrant
photodiode located downstream of the Pockels cell: for the
KD*P Pockels cell, translate the cell in X and Y, for the RTP
cell, adjust voltage settings.

◦ Attempt to reduce the birefringence gradient effects in 𝑆1,
the analyzing-like position differences, using the Pockels
cell pitch and yaw angle (true for both styles of Pockels
cell, KD*P and RTP).

• Measure helicity-correlated spot-size asymmetries with a linear-
photodiode array, by orienting the photodiode array in various
directions: horizontal, vertical, and +/−45◦. All of these con-
figurations must be evaluated to assign an upper bound to the
helicity-correlated spot-size asymmetry. For KD*P Pockels cell,
slight angular adjustments may reduce spot-size asymmetries. For
RTP Pockels cell, slight translational adjustments may reduce spot
size asymmetries.

• With the photocathode biased at low voltage (∼−100 V), apply
laser light to extract ∼1 uA of electron beam, and measure the
analyzing power of the photocathode which is typically 3–7%.
Specifically, turn OFF the Pockels cell to illuminate the photo-
cathode with linearly polarized light, and measure the photocur-
rent while rotating the orientation of the linearly polarized light
through 360◦ using the RHWP to record maximum/minimum QE
values.

ach step of the alignment procedure described above addresses pro-
ressively higher moments of beam setup: electron-beam polarization,
elicity-correlated charge asymmetry (0th moment), helicity-correlated

position/angle differences (1st moment), and helicity-correlated spot-
size asymmetry (2nd moment). The helicity-correlated charge asymme-
ry and position/angle differences will be evaluated by monitoring the
lectron beam directly, and feedback loops are used to minimize these
alues (described below). Helicity-correlated spot size asymmetries
owever, can only be measured and bounded on the laser table.
23
The procedure now shifts from hands-on laser table work to electron
beam-based measurements, with adjustments to Pockels cell and RHWP
made remotely.

Fine tuning of the alignment of the Pockels cell and RHWP using the electron
beam

• With the photocathode biased at high voltage, deliver electron
beam to the first Faraday Cup of the baked beamline, approx-
imately 5 m from the photogun. Measure helicity-correlated
charge and position asymmetries using the BPMs located in this
section of beamline.

• Rotate the photocathode puck inside the photogun to minimize
its sensitivity to whatever linear polarization is produced by the
vacuum window, using RHWP scans as diagnostic. In this step,
the objective is to align the axes of photocathode (that exhibit dif-
ferent QE values when illuminated with linearly-polarized light)
relative to the birefringence axes of the vacuum window such
that the photocathode provides identical electron beam in both
helicity states. For example: if the vacuum-window birefringence
axes are aligned +/−45◦, and introducing linear polarization
oriented in the vertical plane, the photocathode QE axes should
also be aligned at +/−45◦, to minimize helicity-correlated charge
and position asymmetries, and more importantly, to minimize a
helicity-correlated spot size asymmetry that cannot be measured.
(Note, this step requires repeated tunnel accesses.)

• Once the photocathode QE anisotropy axes are properly oriented
relative to the vacuum window, find the RHWP angle correspond-
ing to 𝑆1, where the PITA slope is the largest, i.e., the RHWP
angle where the photocathode QE is most sensitive to changes
in Pockels cell voltage. For this RHWP setting, adjust Pockels cell
voltages to minimize the helicity-correlated charge asymmetry.

• Then choose a RHWP angle near 𝑆2 (i.e. where the PITA slope
is small, where the photocathode QE is least sensitive to changes
in Pockels cell voltage), and set Pockels cell voltage to minimize
helicity-correlated charge asymmetry.

• For the RTP Pockels cell, apply position-difference feedback, ap-
plying appropriate voltages (more below) over 10 min time inter-
vals to reduce/minimize helicity-correlated position differences.

• Compare RHWP scans for both IHWP-in and IHWP-out. For PV ex-
periments, where active charge-asymmetry feedback is performed
continuously throughout the experiment, the choice of RHWP
setting is determined by position difference cancellation consid-
erations. If active charge asymmetry feedback is not going to be
performed, when choosing the RHWP setting, the requirements
of all the experiment halls must be considered, as the RHWP
position determines the extent of Pockels cell thermally-induced
fluctuations in charge asymmetry.

• Refine RTP voltage settings to minimize position differences in
both IHWP-in and IHWP-out configurations, and ‘‘turn on’’ posi-
tion feedback, verify it works to maintain small helicity-correlated
position asymmetries.

• Examine the helicity-correlated position differences further down
the injector beam-line, past the chopper, into the MeV region,
making sure the position differences remain small and there is
no significant clipping on apertures.

• Adjust the laser Intensity Asymmetry controller (IA) settings to
minimize the charge asymmetry for beam delivered to the neigh-
boring halls

Feedback loops that run during the experiment, manual adjustments and
automated

After setting up the electron gun and laser table and verifying
acceptable beam quality at the CEBAF injector, accelerator staff work
to deliver the beam to the experiment hall(s). Ideally, the ‘‘optics’’ of
the accelerator are set to provide adiabatic damping which serves to
minimize helicity-correlated beam asymmetries at the experiment hall –
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Fig. 12.1. Schematic showing the various methods to implement feedback to reduce the magnitude of helicity-correlated beam asymmetries. In this schematic, the Pockels cell is
KD*P. When using an RTP Pockels cell, there are eight Pockels cell control voltages enabling both charge and position asymmetry corrections.
more on this topic in Section 15. But even with optimized laser/optical
components and optimized accelerator settings that provide adiabatic
damping, feedback is employed to keep helicity-correlated charge and
position asymmetries acceptably small. A schematic of the feedback
loops employed during PV experiments is shown in Fig. 12.1.

For both types of Pockels cell, KD*P and RTP, charge feedback
is implemented by adjusting the voltages applied to the Pockels cell
(the so-called PITA process). By adjusting Pockels cell voltages, the
drive laser light can possess varying levels of linearly-polarized light,
which combined with the QE anisotropy of the photocathode, provides
a ‘‘knob’’ to vary the amount of beam current (or charge) in each
helicity state. Factors which necessitate charge feedback include slow
drifts from temperature fluctuations of the RTP Pockels cell, variations
in beam losses at the injector apertures which shift the value of measure
helicity-correlated charge asymmetry and the convergence rate and
tight experimental goals on charge asymmetry.

Statistically, the theoretical limit for the rate of convergence of
the measured helicity-correlated charge asymmetry, 𝐴𝑄, is between
𝑄𝑅𝑀𝑆∕

√

𝑁𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 and 𝐴𝑄𝑅𝑀𝑆∕𝑁𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 depending on the type of
noise being measured. Typically, when feedback is employed, charge
asymmetry converges faster than 𝐴𝑄𝑅𝑀𝑆∕

√

𝑁𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 and nearly as
ast as 𝐴𝑄𝑅𝑀𝑆∕𝑁𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙. 𝑁𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 is the number of patterns during the
nterval time of interest (running time). One of the biggest challenges
or feedback is dealing with accelerator beam trips and subsequent
ecovery of beam delivered to the hall. Frequent beam trips complicate
𝑄 feedback convergence. Feedback was performed in 7.5 s intervals
t the two RHWP settings, IHWP-in and IHWP-out. After approximately
0 min, the accumulated 𝐴𝑄 measured at injector BPMs converges to

< 1 ppm. After approximately 2 h, the accumulated 𝐴𝑄 converged to
0.1 ppm
A benefit to using the RTP Pockels cell is that in addition to pro-

iding a means to implement helicity-correlated charge feedback, the
TP Pockels cell voltages also provides a means to minimize position
symmetries. When the KD*P Pockels cell is used, position feedback
an be implemented using fast-responding steering magnets located in
he 5 MeV region of the injector, described below in Section 14.
24
13. Faster helicity flipping and the new RTP Pockels cell

As mentioned above, experimenters do not take data during the
transition between helicity states, which can be described as ‘‘dead-
time’’. Since the start of the PV experimental program at CEBAF, there
has been a trend toward faster and faster helicity flipping, for example
to address target-thickness variations associated with boiling [110].
This section describes efforts to reduce the deadtime between helicity
states to improve the overall efficiency of each PV experiment.

The first Pockels cell high-voltage switch used at CEBAF [174] was
homemade and utilized two metal–oxide–semiconductor field-effect
transistor (MOSFET) switches capable of driving the cell to +/−2000 V
in less than 1 μs. Unfortunately, at each helicity transition, the voltage
would oscillate – or ring – for approximately 500 μs before stabilizing.
In addition, the MOSFET drive circuitry required relatively high current
and this caused the voltage of the regulated high-voltage power sup-
plies feeding the circuitry to ‘‘droop’’. This voltage droop introduced a
long settling time that was evident when using a pseudo-random/non-
toggle helicity flip pattern. Specifically, distinct asymmetry values were
observed depending on the state of the previous helicity pair (or
quartet, or octet, etc.). This phenomenon was termed ‘‘Pockels cell
memory’’, however in hindsight, this behavior was not related to the
Pockels cell as much as it was related to the non-constant voltages
applied to the Pockels cell. Thinking that problems were related to the
‘‘homemade’’ nature of the switch, it was replaced with a commercial
system that was expected to provide much faster rise/fall times and
constant voltage throughout the duration of each helicity state (ac-
cording to the vendor). Surprisingly, the new switch (that also used
MOSFET technology) produced nearly identical results. Furthermore,
and perhaps more problematic, the commercial switch radiated helicity
information that could be picked up by nearby electrical systems. These
observations suggested ringing was not a drive circuit problem, but
were associated with piezo-electric properties of the KD*P cell [175].
Indeed, in order to obtain a shorter transition to a new helicity state,
voltage needed to be applied more slowly to avoid inducing piezo-

electric ringing. Whereas a 50 ns switch speed would induce ringing



P.A. Adderley, D. Bullard, Y.C. Chao et al. Nuclear Inst. and Methods in Physics Research, A 1046 (2023) 167710

b

e
s
l
t
l
o
d

f
M
r
w
t

Fig. 13.1. Opto-diode based Pockels cell high-voltage switch.
that made the electron beam unusable for 500 μs, a slower switch rate
that carefully ramped the voltage over 50 μs provided quality electron
eam within 60 μs.

Knowing that high-speed MOSFET switches were no longer nec-
ssary or desirable, a new Pockels cell high-voltage switch was con-
tructed using high-voltage optical diodes that ‘‘reverse conduct’’ when
ight is applied via light-emitting diodes (LEDs). A custom transistor-to-
ransistor logic (TTL) drive circuit was designed to sequentially apply
ight to two optical diodes in series, and thereby flip the polarity
f the voltage applied to the Pockels cell (Fig. 13.1). The optical
iodes are suitably fast, providing 60 μs rise/fall times and the ca-

pacitance of the switch circuit is very small. Consequently, voltage
stability throughout each helicity state was markedly better compared
to previous switches, with ‘‘Pockels cell memory’’ small enough to be
ignored. Finally, the simplicity of the optical diode switching provided
an improved level of confidence in our ability to control parasitic
currents that were previously leaking or radiating into the helicity data
acquisition systems.

Despite an improved understanding of Pockels cell helicity flipping,
further progress was not expected for KD*P Pockels cells because of
the material’s intrinsic piezoelectric properties [175]: KD*P provides
a transition time minimum of about 60 μs and cannot be reduced
urther. As such, KD*P could not satisfy the requirements of the future
OLLER PV experiment which requires a much higher helicity flip

ate compared to past experiments, ∼2 kHz [27]. If the experiment
ere performed using a KD*P Pockels cell with an optimized helicity

ransition time of 60 μs, the experiment would incur deadtime of ∼12%
which is deemed unacceptable for an experiment requiring three years
of floor time.

To prepare for the MOLLER PV experiment, a new Pockels cell [91,
176] was developed and evaluated during the recent PREx2 [25] and
CREx [26] PV experiments. The new Pockels cell is composed of two
crystals made of rubidium titanyl phosphate (RbTiOPO4 or simply
‘‘RTP’’) which has a low piezo-electric coefficient [177–179]. Because
there is virtually no piezoelectric ringing in RTP crystals, the helicity-
transition time was reduced to < 10 μs. However, compared with
KD*P, the optical uniformity of RTP is not as good resulting in poorer
extinction ratios, and producing helicity-dependent laser beam motion.
In addition, RTP is highly birefringent which means the field unifor-
mity is extremely dependent on the crystal face-cut angles; parallelism
between face-cut angles differing by just 0.1 mrad can have significant
impact on extinction ratios and helicity-correlated position differences.
However, these drawbacks can be overcome – the RTP-based Pockels
cell described here provides the best of both worlds: fast transition
times between helicity states and improved effective uniformity.

RTP is a biaxial-crystal material frequently used in electro-optical

devices. RTP has been used recently for ultra-fast Pockels cell switches

25
due to its lack of piezo-electric resonances at frequencies up to several
hundred MHz. They are also used to quickly turn ON and OFF the elec-
tron beam at CEBAF via the tune mode generator, as described above
in Section 11. This feature allows the material to withstand impulses
during fast electrical switching without exciting strong resonances as
occurs in KD*P, thereby avoiding compromising the optical state until
ringing diminishes. The transitions for RTP crystals are relatively fast
and clean.

RTP crystals have a high-intrinsic birefringence even without an
electric field applied. An RTP crystal 1 cm long, standing alone, func-
tions as a ∼1000th order waveplate at 780 nm. As a result, laser
light with typical spectral bandwidth will become depolarized when
traversing an RTP crystal. Furthermore, RTP crystals suffer heavily
from wavelength and temperature dependence. To avoid depolarization
as well as severe wavelength and temperature dependent effects, RTP-
based Pockels cell developed for PV experiments are composed of two
crystals with their fast and slow axes aligned in opposite orientations,
a so-called ‘‘thermal compensating" design [176]. With such a design,
each crystal provides 1/8 wavelength phase delay, with two crystals in
series providing the required quarter wavelength phase delay needed to
make circularly-polarized light. But in this configuration, the unwanted
temperature and wavelength phase shifts of the first RTP crystal are
canceled by the second RTP crystal. The crystals used at CEBAF (Raicol,
12x12x10 mm long, with antireflection coating) were cut very precisely
to be of equal length (within 2 μm) so that the net birefringence is
near zero when no voltage is applied. This solution is the same as
that employed in making ‘zero-order’ waveplates: use two components
of nearly equal lengths with their birefringent axes oriented opposite
to one another. Each of the RTP crystals induces equal and opposite
phase shifts such that the Pockels cell acts as a zero-order waveplate
when inactive. Hence, two RTP crystals are employed in an RTP Pockels
cell device to make it nearly zero-order, thereby avoiding the many
complications associated with what is effectively an extremely high
order waveplate.

All crystals – including KD*P – suffer some degree of optical non-
uniformity. In a Pockels cell, refractive index gradients and varia-
tions in crystal length across the profile of the cell act as an opti-
cal wedge, leading to electric-field dependent beam steering through
Snell’s law. In order to counteract this non-uniformity and minimize
helicity-correlated beam asymmetries, an innovation in the design of
the RTP Pockels cell was required: the cell was designed to control the
electric-field magnitudes and electric-field gradients in each crystal. By
controlling the electric-field gradients, the helicity-correlated position
differences could be suppressed. To implement the design, high-voltage
plates were mounted on opposite sides of each crystal in order to induce
an electric field. (Although the term ‘‘high voltage’’ is used here, RTP

cells with transverse-electric field require significantly lower voltage
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Fig. 13.2. Conceptual diagram of the electric-field gradient control afforded by the RTP Pockels cell design. The electric potential is illustrated by gray-scale and the electric field
lines are drawn conceptually. Diagrams a, b and c correspond to + shift, no shift and – shift, respectively. The laser light direction is out of the page [91,176]. QWV: quarter
wave voltage, GND: ground potential.
Fig. 13.3. Diagram of the electrical control system for the RTP Pockels cell, with eight voltage supplies and opto-diodes to provide rapid helicity flipping [91,176].
c
h
F
f

t
(
p
t

ompared to KD*P Pockels cells. Typical RTP voltages are ∼100 V).
round plates are attached to the other sides to induce a controlled
lectric-field gradient. Fig. 13.2 illustrates the range of possible electric-
ield configurations for a single crystal for a single helicity state. For
ach situation depicted in the figure, the same net voltage is applied
etween the top and bottom plates, therefore creating the same electric
ield, but with differing electric-field gradients induced by shifting the
oltage on both plates equally relative to adjacent grounded side panels
hich affect the field gradient. In this manner, there is independent

ontrol of the electric field and the electric-field gradient within each
rystal.
 h

26
For each helicity state, there are four voltages, two voltages per
rystal. Voltages are flipped to obtain the other helicity spin state,
ence there are eight independent voltages used in total, as shown in
ig. 13.3. Opto-diode switches, as described above, are used to quickly
lip the voltages applied to the crystal electrode plates.

The electrode configuration for each crystal is rotated 90◦ rela-
ive to the other, to control beam steering along independent axes
Fig. 13.4, left). A custom designed Pockels cell mount was built to
rovide control of the relative pitch, roll, yaw, and horizontal/vertical
ranslation between the two crystals, as well as the pitch, roll, yaw and
orizontal/vertical translation of the entire assembly (Fig. 13.4, right).
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Fig. 13.4. (top): Photograph of the two RTP crystals that make up the RTP Pockels
ell, (bottom) the RTP Pockels cell mount that provides pitch, roll and yaw adjustment
f the two crystals and the entire apparatus relative to the laser beam [91,176].

In summary, the new RTP Pockels cell provides two benefits com-
ared to KD*P: faster transition times between helicity states and
mproved effective field uniformity. In this new RTP Pockels cell design,
rystal intrinsic non-uniformity effects are counteracted with controlled
lectric-field gradients so that helicity-correlated beam position motion
s controllable and kept at the ∼10 nrad, 10 nm level, while transition

time between helicity states is ∼ 10 μs. The RTP Pockels cell enables
feedback to control/minimize helicity-correlated position asymmetry.

14. Helicity magnets

During the G0 forward-angle experiment [11], helicity-correlated
position feedback was employed with mixed success. The method relied
on moving the laser beam delivered to the photocathode inside the
photogun in a helicity-correlated manner. This was accomplished by
mounting the last laser table steering mirror (labeled as PZT mir-
ror in Fig. 12.1) to a piezo electric transducer [180]. The method
was problematic because beam orbit corrections occurred upstream
of injector apertures. Helicity-correlated beam motion induced by the
PZT-mirror sometimes created helicity-correlated charge asymmetry,
and it was difficult to decouple the two. To address this complica-
tion, and to directly influence only the helicity-correlated position
asymmetry, steering (dipole) magnets with fast response time were
manufactured and installed in the ∼5 MeV region of the injector,
downstream of the quarter cryomodule and all injector apertures.
These so-called helicity magnets are made of Litz wire [181], which is
ntended for alternating current applications up to ∼1 MHz. In this

case, however, Litz wire accommodates the relatively fast transition
between helicity states, achieving a constant magnetic field in each
helicity state within a few microseconds. The helicity magnets are elec-
trically isolated from the accelerator beamline, and are powered using
an electrically-isolated electronics rack, to avoid transmitting helicity
information to the data streams. There are four helicity magnets, two
for horizontal motion and two for vertical motion.

The helicity magnets were commissioned during the Qweak experi-
ment [182] and deemed very effective at minimizing helicity-correlated
position asymmetry at the experiment hall. Before employing feed-
back, the magnet response was characterized at the injector and the
27
Fig. 14.1. Horizontal and vertical (red and blue, respectively) helicity-correlated
position differences at the Qweak target versus time, over a period of six days. The
black dashed line marks the beginning of application of feedback from helicity magnets,
achieving great improvement in the size of HC differences. Outlying measurements
to the left of the black dashed line correspond to tests of the helicity magnets to
quantify responses. The gray band corresponds to the desired +/−50 nm range for
helicity-correlated position differences.

experiment hall, to determine the appropriate response function. The
response function remained stable as long as the accelerator optics
remained unchanged. In fact, because machine stability was good,
the feedback was applied manually, and not via continuously running
automated feedback program. When significant changes were made to
the accelerator optics, a new response function was required, but the
time required to determine the response function was relatively small
(∼1 h). Fig. 14.1illustrates the utility of the helicity magnets. When the
helicity magnets were employed, the collaboration received beam that
met the specification for helicity-correlated position asymmetry, with
values in the range of +/−50 nm.

15. Electron beam optics, adiabatic damping and the ‘‘phase trom-
bone’’

Ideally, the phenomenon known as adiabatic damping [183] would
ensure the reduction of the helicity-correlated position asymmetry by a
factor of

√

𝑝𝑓𝑖𝑛𝑎𝑙∕𝑝𝑔𝑢𝑛, where p references the electron beam momentum
at the photogun and at the experiment hall. For a photogun biased at
100 keV and with final beam energy of 3 GeV, a typical energy for
parity experiments, one expects helicity-correlated position damping of
the order 100. In reality, deviations from design beam transport can
obliterate this damping and even make the helicity-correlated position
asymmetry grow. So-called transport anomalies can be categorized as
cross-plane coupling (XY coupling) and near-singular transport due to
grossly mismatched optics (mismatch) which cause beam phase-space
(emittance) blowup. (Mismatch describes the deviation between real
and desired electron beam envelope along the length of the accel-
erator beamline, aka the betatron wavefunction.) These two effects
can compound each other, and the effects can quickly fall out of
coherence making it very difficult to simultaneously correct the beam
shape and the orbit [184,185]. Helicity-correlated orbit variations are
typically 10–100 times smaller than the electron-beam spot size, and
can exist without causing beam loss (at least for beam delivered past
injector apertures). What follows below is an abbreviated descrip-
tion of adiabatic damping ‘‘lessons-learned’’ from the publications of
Y. Chao [184,185], and experiences from Qweak as reported by E.
Kargiantoulakis [182].

Methods for Eliminating Transport Anomaly
In 2004, dedicated accelerator time was devoted to characteriz-

ing beam transport through five-pass CEBAF in pursuit of maximum
adiabatic damping to support the PV program [184,185]. A series of
beam-based measurements followed: the technique relied on making

intentional helicity-correlated orbits by moving the laser beam at the



P.A. Adderley, D. Bullard, Y.C. Chao et al. Nuclear Inst. and Methods in Physics Research, A 1046 (2023) 167710

1

t
a
m
4
t
p
o
s
f
d
p
i
X
n
k
m

6

a
a
a
t
t
t
c
i
l
r
c
m
w
m
f
p
t

p
B
F g
photocathode using a mirror attached to a piezoelectric transducer
(PZT), synchronized to the helicity flip rate. Comparing the BPM signals
in the two helicity states, ‘‘difference orbits’’ could be generated that
illustrate the presence (or lack thereof) of adiabatic damping. Analysis
of the outcome soon pointed to the low-energy front end as the main
source of strong beam phase-space (emittance) blowup. This was pri-
marily attributed to near singular transport across the SRF cavities (the
injector quarter cryomodule and full cryomodules) because effective
modeling of beam transport through these cavities at such low energy
was very difficult. This was likely exacerbated by XY coupling present
in the higher order mode couplers of these cavities, leading to phase
space blowup described above. Coincidence between jumps in PZT
amplitude and locations of the cryomodules was unmistakable. Similar
blowup signatures were also observed between the end of the injector
(60 MeV) and the two linacs, although at a much lower level. With
the above observations, a two-stage strategy was formulated to address
transport anomaly and reclaim expected adiabatic damping:

• For 100 keV to 60 MeV beam, with accurately measured trans-
port and sufficient correction elements, develop a model-based
solution.

• For 60 MeV to 3 GeV, lacking an accurate long-range model,
apply an empirical approach.

00 keV to 60 MeV
Four-dimensional transfer matrices defining transport of the elec-

ron beam 4D phase space coordinates (X, X’, Y, Y’) were measured
cross all injector cryomodules using the PZT-based difference-orbit
ethod. The result displayed high degrees of near-singularity in the
D transport, confirming initial suspicions. Furthermore, all measured
ransfer matrices satisfied the linear 4D symplectic condition, implying
roper transport could be restored using only linear elements. An
ptimization program was developed to use existing quadrupoles and
kew quadrupoles to eliminate XY coupling and minimize singularity
rom 100 keV to 60 MeV while complying with multiple constraints
ictated by operation and hardware considerations (e.g., the beam
ipe diameter). The solution, once implemented, showed significant
mprovement in all transport characteristics. The solution eliminated
Y coupling and brought singularity in the original transport down to
ear-ideal levels. Fig. 15.1 shows the BPM difference orbit from 100
eV to 800 MeV, before (blue) and after (orange) corrections were
ade.

0 MeV to 3 GeV
Beyond the injector, the PZT-induced helicity-correlated orbit vari-

tions occurred mainly in the section up to 200 MeV and these were
ttributed to a number of factors including: imperfect model of the
ccelerator, field cross talk, and an inaccurate linac energy profile. Al-
hough betatron mismatch appeared more dominant than XY coupling,
his can still be fertile ground for projected emittance growth given
he right amount of otherwise harmless XY coupling. The CEBAF linacs
onsisted of 20 cryomodules each (now 25 each), with the same HOM-
nduced coupling. Skew quads were installed near each cryomodule for
ocal compensation. Beam based tests [186] nonetheless suggested that
esidual coupling could be uncertain by up to 20%. Since XY coupling
an add coherently, it was interesting to examine how a betatron
ismatch could exacerbate the effect of such coupling. Simulations
ere carried out to quantify this effect. Different amounts of betatron
ismatch were introduced from the injector to the main accelerator,

ollowed by 5-pass propagation in the presence of said residual cou-
ling. Two parameters were examined: projected beam emittance and
he beam orbit mismatch factor.

For well-matched beam (Courant Snyder parameter, CS = 1), the
resence of residual coupling has very little impact on beam emittance.
ut if CS = 5, the projected emittance can be 30 times larger at 3 GeV.

ig. 15.2 shows BPM difference orbits at 3 GeV at experimental Hall A,

28
Fig. 15.1. PZT-mirror induced difference orbits before (red) and after (blue) injector
matching. The PZT mirror moved the laser at the photocathode in the horizontal plane,
and the plots show beam response in horizontal (top) and vertical (bottom) planes.
Similar plots were obtained for laser motion in the vertical plane. The beam energy
increased from 100 keV to 60 MeV along the 𝑋 axis. The 𝑌 -axis is displayed in units of
mm

√

𝑀𝑒𝑉 ∕𝑐 to normalize the difference orbit data with respect to beam momentum.

before and after corrections were made. The reduction in difference or-
bit excursion from cathode to target was significant. This translated into
unprecedented small helicity-correlated position difference, as reported
by the HAPPEx collaboration [12–14].

Despite the success described above, in practice it is difficult to
achieve the desired adiabatic damping, and to date, only HAPPEx
II enjoyed small helicity-correlated position differences obtained pas-
sively, by virtue of the accelerator setup. During QWeak [21–24],
there were unsuccessful attempts to achieve adiabatic damping. Ulti-
mately, position feedback was successfully employed during QWeak
using the helicity magnets described in Section 14. For PRExII [25]
and CREx [26], exceedingly small helicity-correlated position differ-
ences were achieved via feedback applied using the RTP Pockels cell
described in Section 13.

Phase trombone
There is an accelerator-optics technique referred to as the ‘‘phase

trombone’’ [187] that can be used to minimize helicity-correlated
position differences at the experiment target, but at the expense of
increasing helicity-correlated beam trajectory/angle differences. For
some experiments, this is acceptable. The term ‘‘phase’’ references
the betatron phase advance that describes the electron beam enve-
lope along the length of the accelerator beamline. A group of eight
quadrupole magnets located in a non-dispersive region of the beam
transport line (upstream of the arc) can be used to add or subtract
the desired values of the horizontal and vertical phase advance at the
target without altering the optics (i.e., the Courant–Snyder parameters,
aka, Twiss parameters) in the arc-through-target region. The afore-
mentioned group of eight quadrupole magnets permits independent
modification of the horizontal or vertical phase advance over ±90 de-
rees. This results in a tradeoff between helicity-correlated position and
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Fig. 15.2. PZT-mirror induced difference orbits at experiment Hall A for 3 GeV beam,
efore (red) and after (blue) injector matching. The PZT mirror moved the laser at
he photocathode in the horizontal plane and the plots show beam response in the
orizontal (top) and vertical (bottom) planes. Similar plots were obtained for laser
otion in the vertical plane.

ngle differences, decreasing one while increasing the other. Besides
educing the magnitude of helicity-correlated position differences, the
hase trombone can be employed to reverse the sign of a position
ifference, to cancel an effect incurred during an earlier part of the
xperiment.

6. Future work

Of all the completed or proposed PV experiments at CEBAF, the
OLLER PV experiment [27], scheduled for beam delivery during

025, is the most ambitious PV experiment to date with the smallest
redicted physics asymmetry and as a result, the most demanding
elicity-correlated beam specifications. Looking at Table 1.1, we must
emonstrate improved beam quality for the metrics of charge and
osition asymmetry. In this final section, a brief description of planned
ccelerator improvements is presented to address the MOLLER-specific
hallenges.

During the upcoming 2023 Scheduled Accelerator Down, the long-
iscussed injector upgrade will be completed, and this is expected to
mprove the beam quality for PV experiments by eliminating injector
ransport anomalies described above in Section 15. The present CEBAF
hotoinjector (Section 7) employs a DC high-voltage photogun biased
t 130 kV, a normal conducting copper-cavity ‘‘capture’’ section used
o accelerate the beam from the photogun to ∼630 keV and the quarter
ryomodule that contains two 1497 MHz SRF five-cell cavities similar
o those used in full cryomodules, to reach the photoinjector design
nergy of ∼5 MeV. Although very reliable, beam passing through the
uarter cryomodule suffers a significant transverse deflection caused by
symmetric fields that are present on the beamline axis stemming from
he design and implementation of the RF fundamental power couplers
nd stub tuners [188–190]. In addition, there is strong coupling of
 v

29
Y motion which makes it difficult to set the optics on either side
f quarter cryomodule to obtain a matched beta function across the
uarter cryomodule, which in turn limits the achievable adiabatic
amping that can be obtained for beam delivered to the experiment
alls.

To address these issues, a new cryomodule was constructed to
eplace the quarter cryomodule. The so-called ‘‘booster’’ cryomod-
le [191,192] is composed of a 2-cell superconducting capture section,
nd a 7-cell superconducting cavity that provides most of the beam
cceleration. The booster employs modern forward power couplers and
tub tuners [193–198] to eliminate or greatly reduce the transverse
eam deflection associated with the induced electric fields inside the
avities, and a modern higher order mode damper [199] that provides
nherent up/down symmetry, which reduces the skew quadrupole con-
ribution to the field to nearly zero, which in turn significantly reduces
he XY coupling. In addition, the CEBAF photoinjector will become less
omplicated, with fewer RF components – since the room temperature
apture cavity will be removed – with space made available for more
eamline diagnostics such as BPMs. Injector setup should be easier
sing optics matching tools [200] to set focusing strength of elements
n both sides of the booster to improve lattice matching in support of
nhanced adiabatic damping. And because the photogun will be biased
t 200 kV, beam will be stiffer resulting in less beamloss at injector
pertures used to set the launch into critical downstream components.

Recently, the 2-Wien spin flipper and baked injector beamline was
econfigured to address the poor choice of placement of the pre-injector
rebuncher. Besides accomplishing ‘‘spin manipulation’’, Wien filters
lso serve as very sensitive ‘‘beam energy analyzers’’, with the beam
rajectory unperturbed only for a very precise beam energy. Originally,
he prebuncher was placed upstream of the horizontal Wien filter.
s a result, the beam orbit could change significantly downstream of

he horizontal Wien filter when the phase of the RF signals applied
o the photogun drive lasers or prebuncher were adjusted, sometimes
ecessitating lengthy periods of beam tuning to restore parity-quality
eam (the prebuncher can add/subtract energy from the beam if the
lectron bunches do not arrive at ‘‘zero-crossing). By placing the pre-
uncher downstream of the horizontal Wien, we expect to eliminate
his complication, maintaining a constant beam trajectory even when
he RF phases of the laser and prebuncher are adjusted. Importantly,
his beamline modification should make it easier to implement feed-
ack with the horizontal Wien filter to minimize transverse polarization
t the MOLLER target.

As an alternative to using the horizontal Wien filter of the 2-Wien
pin flipper to zero the transverse component of the polarization for
he MOLLER PV experiment, via automated feedback, it could be more
ffective and less troublesome to install an additional horizontal Wien
ilter in the ∼6 MeV portion of the injector beamline. The new Wien
ilter would be located downstream of all injector apertures. As a
esult, the feedback associated with zeroing the transverse polarization
ould be decoupled from the other feedback loops designed to min-

mize helicity-correlated beam asymmetries, and therefore less likely
o introduce unintended consequences. Although the MeV Wien filter
ould only be required to rotate polarization by just a few degrees, the
lectrodes would need to be longer than those used in the keV Wien
ilters, and providing higher field strengths.

Although the systematic error associated with helicity-correlated
pot size variations can be bounded using the 180◦ ‘‘slow’’ helicity spin
lip provided by the two-Wien spin flipper, there are two ideas worth
ursuing that could possibly provide a more quantitative assessment of
n experiment’s sensitivity to helicity-correlated spot size variations.
ccelerator physicists at KEK have demonstrated non-invasive beam
pot size measurements based on a multipole-moment analysis of the
lectromagnetic fields excited by the beam inside a BPM possessing
ight antennas [201]. Such BPMs could be added to the CEBAF injector
nd hall beamlines to directly measure the helicity-correlated spot size

ariations. And related to this, the helicity dipole magnets described
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in Section 14 could be rewired to function as quadrupole magnets. In
such a configuration, the beam size could be intentionally varied in a
helicity-correlated manner, to directly measure experimental sensitivity
to helicity-correlated spot size variation, or together with the KEK-style
BPM, feedback could be applied to minimize helicity-correlated spot
size variations.

Because the MOLLER experiment requires electron beam at 11 GeV,
the total number of spin rotations in the CEBAF arcs will be large, of
the order 120𝜋. As a result, it will be possible to provide a desired
‘‘slow’’ helicity spin flip – while maintaining very similar electron-
beam optical properties – by changing the beam energy by only a
relatively small amount (∼93 MeV). This type of helicity reversal is
referred to as a 𝑔 − 2 reversal where g is the ‘‘g-factor’’ related to the
anomalous magnetic moment 𝑎 by the expression, 𝑎 = 𝑔−2

2 . This can be
accomplished by reducing the gradient of each linac by just 4.6 MeV,
since beam passes through each linac five times. This small change in
linac gradient should have very little impact of the accelerator optics.
Similarly, invasive modifications to the experiment configuration are
not expected. As a result, the backgrounds and spectrometer optics
should remain very similar. For these reasons, this type of helicity
reversal is expected to be very effective, changing only the sign of
the measured scattering asymmetry. However, since this method is
disruptive to other halls, MOLLER expects to employ a 𝑔 − 2 reversal
only a few times over the duration of the entire multi-year run.

Finally, BCM sensitivity to beam position should be evaluated on the
bench using the Goubau Line apparatus [103] described in Section 5,
together with beam-based evaluation.
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