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Figure 1. Overall layout of the FCC-ee collider layout with a zoomed view of the trajectories
across interaction point PG [1]. The FCC-ee rings are placed 1 m outside the FCC-hh footprint in
the arc. The main booster follows the footprint of FCC-hh. In the arc the e+ and e� rings are
horizontally separated by 30 cm. The interaction points are shifted by 10.6 m towards the outside
of FCC-hh. The beam trajectories toward the IP are straighter than the outgoing ones in order to
reduce the synchrotron radiation at the IP [4].

physics coasts, making it sensitive to a number of time-dependent systematic effects that
have been identified and understood only after completion of data taking.

Already in the early studies [7], the importance of beam polarization and the possibility
of precise energy calibration had been stressed. It is expected that beam polarization will
build up naturally for energies where the natural beam energy spread �E/E ' E

4
/⇢ is

small (<60 MeV) compared to the spacing of 440 MeV in beam energy between the integer
spin resonances (⇢ is the radius of curvature of the storage ring). As can be seen in Table 1,
this is the case for non-colliding beams at the Z and WW runs, where precision will be
most essential for the measurements of the Z and W mass and width, and for the precise
measurement of forward-backward asymmetries, which all involve measuring quantities that
depend strongly on the centre-of-mass energy. The requirements on precision at the Z and
WW energies are elaborated in Sections 3.1 and 3.2, where it is shown that in addition to
the average beam energy, the energy spread must be known with great precision. At higher
energies, the e+e� ! Z�,WW,ZZ processes provide centre-of-mass energy calibration from
the knowledge of the Z and W masses.

The physics of beam polarization and the prospects for obtaining it in FCC-ee are
described in Section 4, including simulations of spin motion in the FCC-ee optics, the use
of wigglers, and the necessary corrections for optics imperfections and for the detector
solenoids correction system.
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EIC Electron Polarimeter Map and Requirements

Mott Polarimeters

Rapid Cycling Synchrotron 
Compton polarimeter Electron Storage Ring Compton 

polarimeter
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RCS ramps electrons to full energy à injects into storage ring
à Storage ring will have “top-off” injection
à ESR polarimeter will function in counting mode (~ 1 

backscattered photon/crossing)
à RCS polarimeter will function in multi-photon mode 

(~1000 backscattered photons/crossing)

ESR Compton Requirements:
à Bunch-by-bunch measurement of polarization
à Simultaneous measurement of both PL and PT

à Measurement fast enough to achieve 1% statistics for 
each bunch

à Systematics dP/P = 1% or better

RCS Compton Requirements:
à Polarization averaged over several bunches
à Rapid measurement to facilitate accelerator setup
à Modest requirements on absolute precision (~few %)
à Transverse polarization measurement only



EIC and FCC-ee comparisons

• EIC Electron Storage Ring
－P=75-85% à electrons fully polarized at 

injection
－E = 5, 10, 18 GeV
－Beam current = 2.5 A (5, 10 GeV), 0.26 A 

(18 GeV)
－Bunch spacing = 10 ns (5,10 GeV), 40 ns 

(18 GeV)
• EIC Rapid Cycling Synchrotron
－Accelerates bunches from 400 MeV to full 

energy in storage ring (5, 10, 18 GeV)
－Bunch injection frequency à 2 Hz (76 kHz 

in ring)
－Bunch charge à up to 28 nA
－Ramping time = 100 ms

• Polarimeter functions
－High precision absolute polarization 

measurements for ESR (experiment)
－Modest precision absolute polarization 

measurements in RCS (beam tune-up)

• FCC-ee
－P=10% to ? à polarization from 

Sokolov-Ternov effect
－E = 45.6, 80, 120, 182.5 GeV
－Beam current = 1390, 147, 29, 5.4 mA
－Bunch spacing = 19.6, 163, 994, 3396 

ns (colliding bunches), 3 kHz (pilot 
bunches)

• Polarimeter functions
－Relative polarization of pilot bunches 

for Resonant Depolarization (RDP) 
measurement or Free Spin 
Precession (FSP)
－Monitor longitudinal polarization of 

colliding bunches à stringent upper 
limits
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Polarization Measurement via Compton Polarimetry

Compton longitudinal and transverse analyzing powers
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Generic Compton Polarimeter
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Fig. 21. Key components in a Compton polarimeter including the laser system, photon detector,
and electron detector. One or more steering magnets are required to deflect the electron beam
away from the photon detector as well as momentum-analyze the scattered electrons.

While Compton polarimetry has been used to measure the transverse polarization
of electron beams in storage rings, the technique relies on measuring the spatial
dependence of the asymmetry, hence high precision is di�cult to achieve.

The unpolarized cross section and longitudinal analyzing power are shown in
Fig. 20. These figures assume a 532 nm (green) laser colliding with electron beams
from 1 to 27 GeV. The unpolarized cross section shows only a modest dependence on
beam energy, while the longitudinal analyzing power changes rather dramatically.
At the kinematic endpoint, E� = Emax

� , the analyzing power grows from 3.5% at
1 GeV to 58.8% at 27 GeV.

4.2. Apparatus and Measurement Techniques

The key components required for a Compton polarimeter are a laser system and a
detector for either the backscattered photon or the scattered electron. The require-
ments on these components depend on the accelerator in which the polarimeter is
deployed. A cartoon of a “generic” Compton polarimeter is shown in Fig. 21.

4.2.1. Laser system

The choice of laser system depends crucially on the accelerator environment. Stor-
age rings generally operate at high average electron beam current (on the scale of
mA) so that rapid polarization measurements can be made using commercial lasers
operating at ⇠1-10 W. In addition, typical storage ring bunch structures (short
bunches at relatively low repetition rates) mean that low average power lasers op-
erated in pulsed mode result in high instantaneous luminosities, which in turn lead
to a built-in suppression of beam-related backgrounds (primarily Bremsstrahlung
radiation). In this case, the polarimeter must be operated in “multiphoton” mode,
which will be discussed later.

Key systems:
à Laser
àPhoton and electron detectors
àDipole

Beam interfaces:
à Vacuum chambers, windows
à Beam diagnostics à size, trajectory
à Background mitigation à collimators, synchrotron 

absorbers

Mode of operation determines detailed design
• Low intensity at JLab requires high gain Fabry-Perot cavity to increase effective laser power

• Higher intensities in storage rings allow single-pass laser systems
• Longitudinal measurements can rely on energy-dependent asymmetry (photons)

• Measurement of scattered electrons requires position sensitive detector 
• Transverse measurements require measurement of spatial dependence of asymmetry



Polarization Measurement Methods
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Actual extraction of polarization can be achieved in a variety of ways:
Longitudinal

Fit the asymmetry energy spectrum (photons 
or electrons)
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Fig. 10. (a) Sum and (b) difference distributions for a polarized 
positron beam at 3.60GeV. The resulting value of .4ex p is 
(2.55___0.14)%. 

circular polarization is switched from left to rigth at 
a frequency of about 20Hz by switching the 
voltages on the Pockels cell. However, before 
serious data taking, the voltage settings of the 
Pockels cell must be empirically checked to deter- 
mine that (a) maximal left and right circular polari- 
zation are obtained, and (b) false asymmetry effects 
due to residual linear polarization are minimized. 

Preliminary voltage settings were determined 
with the aid of a Babinet-Soleil compensator. Using 
these settings as starting values, the detector is 
operated with the beam at an energy known to 
yield zero polarization. Defining V s = V+ + V and 
V ~ = V + - V _ ,  where V+ and V are the Pockels 
cell voltages which nominally yield right and left 
circular polarization, the final settings of the cell 
voltages are then obtained by varying V s and V~ 
while accumulating vertical profile data for the two 
polarization states. The difference between the two 
profiles is made zero by an appropriate choice of V~, 
and V s is later chosen to optimize the observed 
asymmetry on a genuine polarization signal. 

3.4. ASYMMETRY MEASUREMENTS 
AS shown in section 1, a non-zero positron beam 

polarization results in an up-down asymmetry in 

the backscattered gamma ray vertical distribution. 
During a data run, vertical distributions are accu- 
mulated separately for right and left circular polari- 
zation settings of the Pockeis cell. An individual 
run lasts typically 2-3 rain, preceded and followed 
by 10 s laser-off runs. With - 15 kHz backscattered 
rates, approximately 106 events are normally accu- 
mulated in each distribution. The actual width of 
the distribution is dependent on the beam energy. 
The difference between distributions for left and 
right circular polarization is shown in fig. 9b for an 
unpolarized positron beam at an energy of 
2.05 GeV, and in fig. 10b for a polarized beam at 
3.60 GeV. 

The experimental asymmetry Aexo is obtained 
online by the following procedure: 

a) The left (L) and right (R) distributions are 
added together and the most probable bin is 
determined. 

b) Individual up-down asymmetries are calcu- 
lated, defined as 

U -  D = AL,R ' 
U--+D L.R 

where U, D refer to sets of bins above and 
below the most probable bin, and are chosen 
to maximize the statistical precision of the 
measurement. The experimental asymmetry is 
then defined as Aex0= (AL--AR)/2. This com- 
bination eliminates false asymmetries due to 
inexact centering of the U, D regions or other 
systematic effects. 

A 3 min run typically yields a value of Aexp with a 
statistical error of _0.001. 

4. Results 
Fig. 11 shows an example of asymmetry mea- 

surements as a function of time during a single 
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Fig. 11. Measured asymmetry versus time with 3.7 GeV posi- 
trons in SPEAR. 
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“S” d&ct,ors have 16 horizontal strips with 2 mm pitch. 
The Si,z,s strip planes measure the vertical y-profile and 
the S4 the horizontal one. The first Sr detector just behind 
0.5 radiation lengths is intended to monitor the profile of 
the synchrotron radiation since any change of the mean 
value indicates a change of the beam position. The other 
detectors are installed after a 2 r.1. of tungsten. 

The resolution of the polarimeter is proportional to the 
number of photons from Compton scattering which can 
vary in a wide range according to the luminosity of the 
laser-beam interaction. To cover this range strip detectors 
Sz and Ss are equipped with preamplifiers of different gain 
and they can be chosen according to the photon flux. 

The five full plane “F” detectors are meant to moni- 
tor the deposited energy of the scattered photons. Three 
of them have preamplifier gains chosen to measure single 
photon energies while the other two measure the energy of 
multiphoton bursts. 

A movable lead absorber is installed in front of the silicon 
calorimeter to shield the detector against the synchrotron 
radiation from LSSl. Absorber thicknesses of Ot5 r.1. can 
be selected according to the beam intensity. 

I I 
( Si /W Calorimeter 1 

Figure 1: Schematic of the Si/W photon detector. 

5 Data acquisition 

The front end of the data acquisition system is based on a 
commercial VME board (CES8150) containing a Motorola 
DSP56001 Digital Signal Processor. Integrate-and-hold 
modules on a daughter board digitize the analog charges 
from the Si detectors by means of four ADC’s. A 5 MHz 
sequencer on the DSP board controls the data flow from 
the daughter board to the DSP. 

The data acquisition system has also been modified to 
improve speed and flexibility and data processing on each 
laser shot will be possible at a - 30Hz rate. 
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Figure 2 : Vertical profile of backscattered photons. 

6 Commissioning results 

Backscattered photons have been observed in the Si/W 
detector after e- closed orbit correction at the LIR to steer 
the backscattered flux through the Al-window defining a 
f40 prad vertical and a fll0 prad horizontal acceptance. 

The optimum thickness of the lead absorber to reduce 
the synchrotron radiation flux was determined at a beam 
energy of 45.6 GeV. 

The overlap at the LIR was optimized by varying the 
horizontal photon position and the synchronization be- 
tween the laser pulse and the e- bunch to the best signal 
at the detector. A typical vertical y-profile at the Sl strip 
plane is shown in Fig. 2. 

Special care has been devoted to the control of the po- 
larization state of the laser photons. The op2ical section 
installed on a bench at the laser output was used to con- 
trol the light polarization. A rotating X/2 plate and a X/4 
plate can produce any elliptical light state, from linear to 
circular, Linear light has proved useful to the setting up of 
the polarimeter since in this case the Compton cross sec- 
tion does not depend on beam polarization (1). A “push- 
pull” X/2 retarder introduces an additional r phase-shift, 
thus reversing once more the handedness. This provides a 
simple way to correlate the observed sign reversal in the 
measured mean-shift to the polarization signal. 

The ellipticity of the light at the LIR was controlled in 
the optical section (Fig. 4) by timing the angular position 
of the rotating plate w.r.t. the laser pulse to compen- 
sate for depolarizing effects (reflections, birefringence etc.) 
from optical elements in the transport line which would 
spoil an initially perfect circular light. 

The laser light is analyzed downstream the LIR by a 
combination of a X/4 retardation plate and a dichroic po- 
larizer. To evaluate the amount of circularly polarized light 
a two dimensional angle scan (Bxi4, B,,r,) is used to deter- 
mine the light minima and maxima. The measurement is 
done at the focus of a converging lens to avoid light inten- 
sity fluctuations from beam displacements. To be indepen- 
dent from shot by shot variations a non-polarizing prism 
splitter is used and the ratio of both light branches, with 
and without the plates, is considered for the calibration. 

1214 
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EIC ESR Compton Polarimeter Laser System
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Average of 1 backscattered photon/bunch crossing 
will allow Compton measurements on the ~1 minute 
time scale à can be achieved with pulsed laser 
system that provides about 5 W average power at 
532 nm

Gain switched seed

Fiber amplifier

Long fiber to tunnel

Clean up polarizer

PBS/analyzer

HWPQWP

Beam pipe Window

Insertable mirror

Back-reflected light
Pockels
cell

5. The laser system should also include the ability to precisely control the laser polarization at the interaction
point and flip the laser helicity rapidly - this latter requirement can be accomplished with a fast pockels cell.

The above requirements are most easily accomplished using a gain-switched seed laser, amplified by a fiber
amplifier. Such systems are available at 1064 nm - if a green laser beam is desired, a frequency doubling crystal
(either PPLN or LBO) will be required as have been routinely put in operation at Je↵erson Lab (LERF).

The gain switched seed laser consists of a low power diode laser, biased with a DC voltage close to lasing
threshold (the design is based on [5] and can be seen in figure 10). The application of an additional RF voltage
results in pulsed output at the frequency of the applied RF. Pulse widths can vary with diode laser, but widths on
the order of a few to 10s of ps are typical. In our case, the output of the gain switched seed requires pre-amplification
before being sent to a high power fiber amplifier. Both the pre-amplifier and high power amplifier are commercially
available products with several viable vendors. The gain switched system proposed here is modelled on the laser
system that has been in use for several years at the JLab polarized electron source. The main di↵erences are related
to the wavelength (1064 nm for the seed) and the overall power desired. The latter requirement is achieved simply
by obtaining a higher power fiber amplifier for the final stage.

Figure 10: Schematic of the CEBAF injector fiber-based laser system. (Figure 1 of [5] DFB is a distributed
feedback Bragg reflector diode laser; ISO is a fiber isolator; SRD is step recovery diode; L is a lens; PPLN is a
periodically-poled lithium niobate frequency-doubling crystal; DM is a dichroic mirror.)

In addition to the laser system itself, it is crucial to be able to reliably determine the degree of circular polarization
of the laser in the beamline vacuum. While it is relatively straightforward to measure laser polarization, such
measurements in vacuum can be challenging. It is not su�cient to measure the laser polarization outside the
vacuum system and assume that it is the same in the beam pipe - birefringence in the vacuum window can change
the laser polarization, and even worse, the birefringence changes under mechanical stress, i.e., when flanges are
tightened and under vacuum stress.

Fortunately, the laser polarization inside the beamline can be constrained using an optical reversibility theorem.
This is illustrated in Fig. 11. Linearly polarized light (✏1) is transformed to a general elliptical state (✏2) via
polarization modifiying optics, which may include wave plates and other birefrignent elements (including the vacuum
window), and is represented by a matrix ME . Upon reflection, the light with polarization (✏3) passes through the
same birefringent elements in reverse order (represented by (ME)T ). The optical reversibility therorem states
that for initial linear polarization (✏1), the final resulting polarization (✏4) is linear and orthogonal to the initial
polarization, if and only if the polarization just before the mirror (✏2) is 100% circular [7]. This scheme was
successfully employed in experimental Hall C at Je↵erson Lab, where the DOCP of the laser was set to 100% with
an uncertainty better than 0.2%. In the Hall C setup (which would be replicated here), the DOCP was maximized
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JLab injector laser system

Proposed laser system based on similar system used in JLab injector and LERF 
1. Gain-switched diode seed laser – variable frequency, few to 10 ps pulses @ 1064 

nm
à Variable frequency allows optimal use at different bunch frequencies (100 
MHz vs 25 MHz)

2. Fiber amplifier à average power 10-20 W
3. Optional: Frequency doubling system (LBO or PPLN)
4. Insertable in-vacuum mirror for laser polarization setup

Polarization in vacuum set using “back-
reflection” technique
à Requires remotely insertable mirror 
(in vacuum) Prototype system under development at JLab (C. Gal, D.G., Shukui Zhang JLab)  



Laser systems for FCC-ee
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Q-switched laser meets requirements for pilot bunches, but mode-locked Yb offers ability to measure 
both pilot and (a subset of) the colliding bunches
à Mode-locked laser solution is similar to the EIC gain-switched solution à gain-switched system may 
offer more flexibility, no need to change phase to sample all bunches

Collide with ~100 
bunches – change 
phase to sample 
all bunches in ring

Laser param. 1 pilot
(1.6nC)

1 pilot v2
(1.6nC)

colliding bunches
(38nC, at Z)

Repetition rate 3 kHz 3 kHz 30 kHz

Pulse energy 1 mJ 1 mJ 10x0.5mJ

Pulse duration 5 ns 5 ps 5 ps

Average power 3 W 3 W 150 W

Scattering rate 2x105/s 3x105/s 4x108/s
Scattering rate per bunch 2x105/s 3x105/s 4x106/s

Aurélien Martens (IJCLab Orsay), FCC E-POL meeting, March 6, 2023

Note: very high rates



Laser Entrance/Exit Window Effects
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Key systematic uncertainty is polarization of laser at 
collision point
à No easy way to measure laser polarization in vacuum
à Must rely on measurements before and after vacuum 

windows
à Mechanical effects, vacuum stresses can impact window 

birefringence
à Tests at JLab (Hall C) – measured exit line polarization before 

and after connecting/bolting flanges, while pumping down

Laser measurement points



Constraining Laser Polarization using back-reflection à EIC and FCC?
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Laser ME

Steering mirrors, 
vacuum entrance 
window, half and 
quarter wave plates

(ME)T

ε1 ε2

ε3

ε4

Mirror

Propagation of light through the vacuum window to the IP can be described by matrix, ME
à Light propagating in opposite direction described by transpose matrix, (ME)T
à If input polarization (ε1) linear, polarization at cavity (ε2) circular only if polarization of reflected light 

(ε4) linear and orthogonal to input*

ε2=MEε1
ε4=(ME)Tε3

ε4=(ME)TMEε1
*J. Opt. Soc. Am. A/Vol. 10, No. 10/October 1993

Laser polarization at a mirror 
(inside vacuum) can be 
set/determined by monitoring the 
back-reflected light in a single 
photodiode

à Used this technique at JLab to 
constrain laser polarization to 
~0.1%

à FCC will require 0.01% level 
precision to meet requirements 
for minimizing PL

Includes vacuum window



Detectors
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LEP Transverse Compton Detector

“S” d&ct,ors have 16 horizontal strips with 2 mm pitch. 
The Si,z,s strip planes measure the vertical y-profile and 
the S4 the horizontal one. The first Sr detector just behind 
0.5 radiation lengths is intended to monitor the profile of 
the synchrotron radiation since any change of the mean 
value indicates a change of the beam position. The other 
detectors are installed after a 2 r.1. of tungsten. 

The resolution of the polarimeter is proportional to the 
number of photons from Compton scattering which can 
vary in a wide range according to the luminosity of the 
laser-beam interaction. To cover this range strip detectors 
Sz and Ss are equipped with preamplifiers of different gain 
and they can be chosen according to the photon flux. 

The five full plane “F” detectors are meant to moni- 
tor the deposited energy of the scattered photons. Three 
of them have preamplifier gains chosen to measure single 
photon energies while the other two measure the energy of 
multiphoton bursts. 

A movable lead absorber is installed in front of the silicon 
calorimeter to shield the detector against the synchrotron 
radiation from LSSl. Absorber thicknesses of Ot5 r.1. can 
be selected according to the beam intensity. 

I I 
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Figure 1: Schematic of the Si/W photon detector. 

5 Data acquisition 

The front end of the data acquisition system is based on a 
commercial VME board (CES8150) containing a Motorola 
DSP56001 Digital Signal Processor. Integrate-and-hold 
modules on a daughter board digitize the analog charges 
from the Si detectors by means of four ADC’s. A 5 MHz 
sequencer on the DSP board controls the data flow from 
the daughter board to the DSP. 

The data acquisition system has also been modified to 
improve speed and flexibility and data processing on each 
laser shot will be possible at a - 30Hz rate. 
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Figure 2 : Vertical profile of backscattered photons. 

6 Commissioning results 

Backscattered photons have been observed in the Si/W 
detector after e- closed orbit correction at the LIR to steer 
the backscattered flux through the Al-window defining a 
f40 prad vertical and a fll0 prad horizontal acceptance. 

The optimum thickness of the lead absorber to reduce 
the synchrotron radiation flux was determined at a beam 
energy of 45.6 GeV. 

The overlap at the LIR was optimized by varying the 
horizontal photon position and the synchronization be- 
tween the laser pulse and the e- bunch to the best signal 
at the detector. A typical vertical y-profile at the Sl strip 
plane is shown in Fig. 2. 

Special care has been devoted to the control of the po- 
larization state of the laser photons. The op2ical section 
installed on a bench at the laser output was used to con- 
trol the light polarization. A rotating X/2 plate and a X/4 
plate can produce any elliptical light state, from linear to 
circular, Linear light has proved useful to the setting up of 
the polarimeter since in this case the Compton cross sec- 
tion does not depend on beam polarization (1). A “push- 
pull” X/2 retarder introduces an additional r phase-shift, 
thus reversing once more the handedness. This provides a 
simple way to correlate the observed sign reversal in the 
measured mean-shift to the polarization signal. 

The ellipticity of the light at the LIR was controlled in 
the optical section (Fig. 4) by timing the angular position 
of the rotating plate w.r.t. the laser pulse to compen- 
sate for depolarizing effects (reflections, birefringence etc.) 
from optical elements in the transport line which would 
spoil an initially perfect circular light. 

The laser light is analyzed downstream the LIR by a 
combination of a X/4 retardation plate and a dichroic po- 
larizer. To evaluate the amount of circularly polarized light 
a two dimensional angle scan (Bxi4, B,,r,) is used to deter- 
mine the light minima and maxima. The measurement is 
done at the focus of a converging lens to avoid light inten- 
sity fluctuations from beam displacements. To be indepen- 
dent from shot by shot variations a non-polarizing prism 
splitter is used and the ratio of both light branches, with 
and without the plates, is considered for the calibration. 
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the S4 the horizontal one. The first Sr detector just behind 
0.5 radiation lengths is intended to monitor the profile of 
the synchrotron radiation since any change of the mean 
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be selected according to the beam intensity. 

I I 
( Si /W Calorimeter 1 

Figure 1: Schematic of the Si/W photon detector. 

5 Data acquisition 

The front end of the data acquisition system is based on a 
commercial VME board (CES8150) containing a Motorola 
DSP56001 Digital Signal Processor. Integrate-and-hold 
modules on a daughter board digitize the analog charges 
from the Si detectors by means of four ADC’s. A 5 MHz 
sequencer on the DSP board controls the data flow from 
the daughter board to the DSP. 

The data acquisition system has also been modified to 
improve speed and flexibility and data processing on each 
laser shot will be possible at a - 30Hz rate. 

c 
p/C-- 

-O- 
0 I ILL I 

-16 -12 -a 4 0 4 8 12 16 
y/h4 

Figure 2 : Vertical profile of backscattered photons. 

6 Commissioning results 

Backscattered photons have been observed in the Si/W 
detector after e- closed orbit correction at the LIR to steer 
the backscattered flux through the Al-window defining a 
f40 prad vertical and a fll0 prad horizontal acceptance. 

The optimum thickness of the lead absorber to reduce 
the synchrotron radiation flux was determined at a beam 
energy of 45.6 GeV. 

The overlap at the LIR was optimized by varying the 
horizontal photon position and the synchronization be- 
tween the laser pulse and the e- bunch to the best signal 
at the detector. A typical vertical y-profile at the Sl strip 
plane is shown in Fig. 2. 

Special care has been devoted to the control of the po- 
larization state of the laser photons. The op2ical section 
installed on a bench at the laser output was used to con- 
trol the light polarization. A rotating X/2 plate and a X/4 
plate can produce any elliptical light state, from linear to 
circular, Linear light has proved useful to the setting up of 
the polarimeter since in this case the Compton cross sec- 
tion does not depend on beam polarization (1). A “push- 
pull” X/2 retarder introduces an additional r phase-shift, 
thus reversing once more the handedness. This provides a 
simple way to correlate the observed sign reversal in the 
measured mean-shift to the polarization signal. 

The ellipticity of the light at the LIR was controlled in 
the optical section (Fig. 4) by timing the angular position 
of the rotating plate w.r.t. the laser pulse to compen- 
sate for depolarizing effects (reflections, birefringence etc.) 
from optical elements in the transport line which would 
spoil an initially perfect circular light. 

The laser light is analyzed downstream the LIR by a 
combination of a X/4 retardation plate and a dichroic po- 
larizer. To evaluate the amount of circularly polarized light 
a two dimensional angle scan (Bxi4, B,,r,) is used to deter- 
mine the light minima and maxima. The measurement is 
done at the focus of a converging lens to avoid light inten- 
sity fluctuations from beam displacements. To be indepen- 
dent from shot by shot variations a non-polarizing prism 
splitter is used and the ratio of both light branches, with 
and without the plates, is considered for the calibration. 

1214 

PAC 1991

• EIC ESR Compton will operate in single-photon mode with 
short times between bunches

• EIC RCS will operate in multi-photon mode with many 
backscattered photons between bunch crossing

• In both cases, need to measure position dependent 
asymmetry to extract transverse polarization

FCC-ee polarimeter will operate in multi-photon mode like RCS, 
but with bunch separation similar to ESR Compton

Both EIC-RCS and FCC-ee will use some sort of pixel or strip 
detector, operating in integrating mode
à Perhaps common detector technology possible



Position Sensitive (strip or pixel) Detectors

“The state of the art silicon strip and pixel detectors used at experiments at LHC retain close to 100% detection 
efficiency for minimum ionizing particles at hadron fluences in excess of 1015 cm−2 and ionization doses of 1 MGy. “
-Solid State Detectors for High Radiation Environments, Gregor Kramberger 

Key requirement for EIC is time response (~10 ns) and segmentation (100-400 µm)
à Silicon detectors (e.g. AC-LGADs) can easily meet these requirements and are planned for use in several 

systems in EIC main detector
à Compton polarimeter will see much higher event rates than main detector and receive higher radiation dose

EIC electron detector in storage ring will receive 1 MGy dose in 
about 1-2 weeks
à Diamond has higher radiation hardness, adequate time response
à Used successfully at JLab (Hall C) à improved system under 

development for use in Hall A and C
à New “FLAT32” ASIC will allow low noise, high efficiency readout, 

with very fast time response



Improved Diamond Electron Detector @ JLab à EIC
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JLab Hall C diamond detector

Strip number

Primary drawback of first JLab diamond detector was trip-to-strip 
variation in efficiency à needed high thresholds to suppress noise
à Diamond signals were not large, signals propagated to electronics far 

from detector (outside the vacuum chamber)
à New diamond detector will have amplifier-discriminator electronics 

mounted on carrier board à FLAT-32

FLAT-32 development by SenseIC
à 32 channel version of CALYPSO electronics
à Low noise, fast
à Choice of analog or LVDS output

Testing underway at 
SenseIC 

To be deployed in next 
couple years à may 
already meets EIC needs
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2 fC

10 ns

FLAT32 response (SenseIC)



EIC Photon Detectors
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• ESR photon detector must measure longitudinal and 
transverse polarization

• Same timing requirements as electron detector – 10 ns 
spacing

• PL from energy spectrum à need high resolution crystal 
calorimeter
• BaF2 or PbWO4? Slow components and radiation 

hardness an issue
• PT from spatial asymmetry (left-right/up-down)

• 10 ns bunch spacing à diamond strips (x-y)
• 100-200 µm strips to allow “self calibration” – fit 

asymmetry and offset

• RCS will primarily measure transverse polarization
• Larger bunch spacing – so can be slower than ESR 

detectors
• Like ESR, need 100-200 µm segmentation, operated 

in integrating/multi-photon mode Fit to simulated “ideal spectrum” à offset 
allowed to float



Detector Requirements – FCC-ee
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order of 500 keV. The conceptual design of the Compton polarimeter may be found in [36, 37] and
the same setup is considered here. Table 2 contains the list of simulation parameters which will be

Table 2. Simulation parameters. All designations have been defined in the text above.
Y0 = 45.6 GeV W = 89237 nG = 270 pm rad VG = 100 m !1 = 117 m
_0 = 532 nm ^ = 1.6279 nH = 1 pm rad VH = 20 m !2 = 100 m
l0 = 2.331 eV o0 = 190.44 \0 = 2.1341 mrad ⇡G = 25 mm fW/W = 0.001

identical in all numerical experiments below. Bunch revolution frequency at FCC-ee is 3 · 103 s�1

while the rate of Compton scattering events is estimated as 2 · 106 s�1. The parameters of the pixel
detectors for photons and electrons are presented in Table 3.

Table 3. Detectors: geometry, number of pixels, size of pixels.
Detector Size (- ⇥ . ) #pix (- ⇥ . ) Pixel size (- ⇥ . )
Photons 10 ⇥ 10 mm 100 ⇥ 100 100 ⇥ 100 `m
Electrons 400 ⇥ 4 mm 1600 ⇥ 80 250 ⇥ 50 `m

2.2.1 Experiment I
The goal of the first numerical experiment is to verify the above formulae for the cross sections and
check the fitting procedure. The subject of this study is the trivial case when the Stokes vector of laser
polarization is [b1, b2, b3] = [0, 0, 1] and the electron beam is unpolarized ZG , ZH , ZI = [0, 0, 0].
Figure 3 shows the distribution of scattered photons at the detector obtained with 107 Monte-Carlo
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Figure 3. Photon spot at the detector. Number of bins is reduced for better visualization.

events. In FCC-ee conditions [37] this amount is available within 5 s measurement time with
approximately 1.5 · 104 collisions between laser pulse and electron bunch.

The fit function for the scattered photons distribution is based on eqs. (1.11) with nine fit
parameters -0, .0, fG , fH , b1, b2, b3ZG , b3ZH , b3ZI representing the spot center position, blur e�ect
from electron beam emittance and five independent polarization components. The tenth parameter

– 10 –

Table 6. Photon spot fit results.
-0 = �213.539 ± 0.002 mm .0 = 0.000 ± 0.001 mm
fG = 246 ± 4 `m fH = 13 ± 70 `m
b1 = 0.102 ± 0.002 b2 = 0.100 ± 0.001
b3ZG = 0.095 ± 0.007 b3ZH = 0.247 ± 0.006
b3ZI = 0.105 ± 0.002 j

2/NDF = 9935.8/9990

The distribution of recoil electrons in figure 5 looks di�erent mainly due to the new location
of the detector, the results of the fit are presented in table 7.
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Figure 5. Recoil electrons at the detector. Number of G-bins is reduced to 100 for better visualization.
Electrons detector is shifted in - by 15 mm away from the beam coordinates - = 0,. = 0.

Table 7. Scattered electrons ellipse fit results.
-1 = 0.013 ± 0.007 mm -2 = 347.632 ± 0.004 mm
.1 = �1.0682 ± 0.0001 mm .2 = 1.0684 ± 0.0001 mm
fG = 319.6 ± 4.3 `m fH = 27.15 ± 0.03 `m
b1 = 0.100 ± 0.001 b2 = 0.100
b3ZG = 0.099 b3ZH = 0.246 ± 0.002
b3ZI = 0.099 ± 0.001 j

2/NDF = 50152.7/51245
Y0 = 45.5959 ± 0.0025 GeV

The fitting was performed in the same way as in our previous experiment, except that the
parameters b2 and b3ZG are fixed according to the results obtained from the photons distribution.
We see that the accuracy of determining parameters -1 and -2 is almost the same now. The
transverse beam sizes fG and fH are in perfect agreement with the results of the first experiment.
The polarization parameters b1, b3ZH and b3ZI are determined with absolute accuracy of 0.1%, 0.2%
and 0.1%. The beam energy Y0 is “measured” with relative accuracy of about 5.5 · 10�5 and di�ers
from the true value by a little less than two standard deviations. The accuracy is worse than in the
first experiment cause the electrons detector is shifted away from the electron beam by 15 mm and
-1 parameter is now determined by extrapolation of the shape of distribution.
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Simulations of photon/electron distributions exist:
For example, N. Yu. Muchnoi, JINST 17 (2022) 10, P10014

Expect 40-60 backscattered photons/scattered electrons 
per laser-beam bunch crossing à must operate in 
integrating/multi-photon mode

Required segmentation requires further study, but easily 
achievable pitch sizes appear adequate

à Less stringent timing requirements à maximum laser 
repetition rate 30 kHz

à Similar radiation hardness issues as EIC? à 400 MHz at 
45.6 GeV

à Diamond also preferred for FCC?



ESR Compton Beamline Design and Synchrotron Radiation
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Zhengqiao Zhang and Daniel Marx (BNL)

IP6

2080 60Distance (m) 40 0

Laser IP

                                       bending angle         length
D6                                     11.9 mrad            2.726 meters
D5, D4                                1.5 mrad            2.726 meters
D3                                     13.0 mrad            2.726 meters
D2                                    -11.7 mrad            2.726 meters
D1                                      -1.5 mrad            0.89 meters

Lastest version
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D4 D3
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Beam 
Energy PL PT

5GeV 99.3% 11.8%

10GeV 97.3% 23.0%

18GeV 91.4% 40.5%

Detector1

Photon Detector

Detector2

• Placing the electron detector before Q5 allows us to detect 'zero-crossing' at all energy levels 
including 5GeV in our current lattice setup. 

• However for 18GeV, the wide spread of recoil electrons may lead to significant detection loss due to 
quadrupole aperture limitations. Hence, we're considering positioning the detector before Q6 to 
better capture 'zero-crossing' for 18GeV and 10GeV. 

• After collaborating with Daniel, we've determined that using a single detector before Q6 is not 
feasible for capturing the 'zero-crossing' for 5GeV. We are now considering a two-detector 
configuration, positioning one detector each before Q6 and Q5. 

• For synchrotron radiation in our current setup, a 1.0mm tungsten shield is required, just as we 
expected. 

• We have finalized the lattice setup for our polarimeter at ESR. The latest files are available on 
Github (TwissFiles) https://github.com/ZhengqiaoZhang/ComptonPolarimeter.git

IP6

High electron beam currents (2.5 A @ 5,10 GeV, 0.26 A @ 18 GeV) imply large amount of synchrotron radiation
à Beamline in Compton area recently re-designed
à Synchrotron mitigated by inserting weak bending dipoles before stronger dipoles to reduce synchrotron with line-of-
sight to the photon detector

D4 and D5: bend = 1.5 mrad
D6: bend = 11.9 mrad
D3: bend = 13.0 mrad

L=2.726 mDipoles near Compton: 
Only ~ 1 mm of tungsten shielding 
needed for photon detector 

1.5 mrad



Rapid Cycling Synchrotron (RCS) Compton Polarimeter
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RCS properties
• RCS accelerates electron bunches from 0.4 GeV 

to full beam energy (5-18 GeV)
• Bunch injection frequency à 2 Hz
• Bunch rotation frequency à 76 kHz
• Bunch charge à up to 28 nA
• Ramping time = 100 ms

Polarimetry challenges
• Analyzing power often depends on beam 

energy 
• Low average current
• Bunch lifetime is short

RCS Compton will operate very differently than ESR Compton
à Measurement of bunch-by-bunch polarization not practical
à Measurements will be averaged over several bunches – can tag accelerating bunches to get information on bunches at 
fixed energy
à Requires measurement in multiphoton mode (many backscattered photons/electron bunch)

Laser IP
Photon detector

Bijan Bhandari - BNL



Summary

• Despite significant difference in energy regime, several common issues faced by EIC 
and FCC polarimeters
－Beam structure: short times between bunches in some cases
－Synchrotron radiation issues
－Laser diagnostics

• Use of laser back-reflection (HERA à JLab à EIC) eliminates nearly all uncertainty in 
determination of laser circular polarization at interaction point

• EIC planning to use diamond detectors in ESR Compton
－Fast response (new ASIC), segmentation, radiation hard

• Careful design of ESR Compton region has mitigated synchrotron radiation issues
－Even larger issue at FCC due to higher energy

• Not addressed today: beamline diagnostics (beam size, position, direction, intensity) 
crucial for accurate polarization measurements
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Extra
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EIC Beam Properties and Polarimetry Challenges

20

EIC will provide unique challenges for electron polarimetry
à 10 ns between electron/hadron bunches at high luminosity 

configuration (~40 ns at higher CM configuration)
à Intense beams (0.26 to 2.5 A)

à Large synchrotron radiation

Requirements:
à Bunch-by-bunch measurement of polarization
à Simultaneous measurement of both PL and PT

à Measurement fast enough to achieve 1% statistics for 
each bunch

à Systematics dP/P = 1% or better 

Electron energies = 5, 10, 18 GeV

Figure from C. Montag (BNL)

B P
Refilled every 1.2 minutes

B P
Refilled every  3.2 minutes

Pav=80%

Pav=80%

Re-injections

P∞= 30%
(conservative)

Re-injection
Bunches will be replaced 
about every 50 minutes at 
5 and 10 GeV
à 1-3 minutes at 18 GeV

Sets requirement for 
measurement time scale



Electron Storage Ring (ESR) Compton Polarimeter

Compton polarimeter will be upstream of upstream of detector IP 

At Compton interaction point, electrons have both 
longitudinal and transverse (horizontal) components
à Longitudinal polarization measured via asymmetry as 

a function of backscattered photon/scattered electron 
energy

àTransverse polarization from left-right asymmetry

21

Beam polarization will be fully longitudinal at detector IP, but accurate measurement of absolute 
polarization will require simultaneous measurement of PL and PT at Compton polarimeter

EIC Compton will provide first high precision measurement of PL and PT at the same time 

Beam energy PL PT

5 GeV 99.3% 11.8%
10 GeV 97.3% 23.0%
18 GeV 91.4% 40.5%

Polarization Components at Compton
(December 2023 lattice)



EIC and FCC-ee Polarimetry: areas of overlapping interest

• The Electron Ion Collider (EIC) at BNL and FCC-ee will operate in different 
energy regimes, but face some common issues with respect to electron 
polarization measurements

• Compton polarimeters are very sensitive to beam properties
－Beam size and stability
－Beam-related backgrounds (synchrotron, Bremsstrahlung, halo-induced)

• Laser technologies and polarization measurement techniques
• Detectors
• Simulations

22



Polarimeter Simulations
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Figure courtesy Ciprian Gal (Miss. State U./JLab)

Hadron beamline
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D2EF4 
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electron beamline

Compton IP 
(before quad)

eDet
(front of quad)

gDet
(front of quad)

Sim axes 
at Q9EF

EIC has GEANT4 simulation of ESR Compton, including Compton event generation, beamline geometry, and detectors
à Framework could be easily adapted for other polarimeters à in use for some KEKb related simulations (U. Manitoba)

Has been used for studies of beam-related backgrounds, beam size sensitivity, detector requirements, etc. 

Older lattice – simulation geometry has been updated



Compton polarimetry – lessons from previous devices

• Longitudinal polarimetry
－Electron detector – needs sufficient segmentation to 

allow self-calibration “on-the-fly”
－Photon detector – integrating technique provides most 

robust results – perhaps not practical at EIC? à lower 
the threshold as much as possible

• Transverse polarimetry
－Remove h-y calibration issue – use highly segmented 

detectors at all times
－Calorimeter resolution à integrate over all energy?
－Beam size/trajectory important – build in sufficient 

beam diagnostics
• Common to both
－Birefringence of vacuum windows can impact laser 

polarization à use back-reflected light (optical 
reversibility theorems)
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Figure 11: η(y) transformation function as determined from Silicon calorimeter combined
data. Points are measurements, the line represents the description for converted photons
used in the parametrised Monte Carlo. The bottom plot shows the deviations between the
points and the fit.

depositions in the upper and the lower half of the calorimeter and thus the η(y) function
as well as the total energy response EU + ED.

In the Silicon detector only photons which converted in the lead converter in front of
the Silicon detector can be measured. Photons which do not convert do not leave a
signal. The electromagnetic shower of converted photons however is slightly different
from the one of unconverted photons, resulting in small differences for both the η(y)
transformation as well as the total energy response for both classes. In the polarisation
measurement all data are accumulated, being a mixture of converted and non-converted
photons.

The η(y) function determined from data combining both Silicon detector and the
calorimeter for converted photons is shown in Fig. 11, the total energy response as
determined from the same data is shown in Fig. 12. A combined fit to both data sets
is used to determine all relevant parameters of the analytical model.

• The analytical physical model of the electromagnetic shower used to measure the η(y)
transformation for converted photons from the Silicon calorimeter combined data al-
lows for the extrapolation to the one of non-converted photons as described in more
detail below. The difference between the two curves is confirmed by detailed GEANT3
simulations [11], as is indicated in Fig. 13.

• The energy resolution of the calorimeter has been tuned between measurements from
Silicon calorimeter combined data and detailed GEANT3 simulations. Resolution cor-
relations between the two calorimeter halves need to be taken into account as the two
halves share the same shower. The resolution correlations do not influence the reso-
lution of the total response EU + ED but have an impact on the η resolution. The
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