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Abstract

This paper reports the recent progress in the design studies
of longitudinally polarized colliding beams for the Circular
Electron Positron Collider (CEPC). The overall design con-
cept is outlined, followed by more detailed descriptions of
the polarized beam generation, polarization maintenance in
the booster, and spin rotators in the collider rings.

INTRODUCTION

The Circular Electron Positron Collider (CEPC) [1, 2] is
a next generation electron-positron circular collider, work-
ing at center-of-mass energies of 91 GeV (Z-factory), 160
GeV (W- factory), 240 GeV (Higgs-factory), upgradable to
360 GeV (ttbar energy), and aiming at ultra-high precision
measurements and probe into new physics beyond Standard
Model. The resonant depolarization technique (RD) [3] is
essential for precision measurements of the mass of Z and W
bosons, this requires transversely polarized e* and e~ beams
with at least 5% to 10% beam polarization. Meanwhile,
probing the spin dimension with longitudinally polarized
colliding beams can be very beneficial to enhance particular
channels, reduce background and facilitate searches for be-
yond Standard Model chiral new physics. This application
requires 50% or more longitudinal polarization (for e- beam
alone, or for both beams) at the Interaction Points (IPs) as
well as a high luminosity. These applications demand a care-
ful study of the polarized beam generation and maintenance
as well as spin manipulation in the collider rings.

Top-up injection will be adopted in the CEPC collider
rings, to maximize the integrated luminosity. In this opera-
tion mode, the time-averaged beam polarization P,yg of the
colliding beams contains two different contributions, one
is from the Sokolov-Ternov effect [4] in the storage ring,
characterized by the equilibrium beam polarization Ppg, the
other is from the injected beam polarization Pjy;,

Pipj

1+ Tb/TDK

Ppk
1+ TDK/Tb

P avg = (D
where 1y, is the beam lifetime, which is mainly limited by the
radiative Bhabha effect and is correlated to the luminosity.
Tpk is the polarization build-up time, T]511< = T];SIK + Td‘e; ,
where 7gsk and 7qep are the time constants characterizing
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the Sokolov-Ternov effect and the radiative depolarization
effect [5], respectively. The equilibrium beam polarization
Ppk [6] can be approximated by

Po

1 TBKS
TDK

~

Ppk ~

2)

where P is the equilibrium beam polarization taking into
the orbital imperfections, but disregarding the radiative de-
polarization effect, Po, = 92.4% in an ideal planar ring, and
is generally lower in an imperfect ring.

If a highly polarized beam is injected into the collider
ring, and in the case of 1, < Tpk, the time-averaged beam
polarization of the colliding beams can be evaluated by

P4 .
1nj (3)

Pan ~ T Po

78ks Ppk

this indicates that a very low level of Ppkx would reduce
Pys. In Table 1, we assume Pj,j = 80%, and calculate the
required minimum Ppg to reach P, > 50%. Given the
relative ratio between 1, and 7gks, a larger Ppk is required
at a higher beam energy, which poses a greater challenge in
the mitigation of the radiative depolarization effect in the
collider rings. Nevertheless, injection of highly polarized
beams into the collider rings, has the potential of reaching a
high level of P,y besides a high luminosity, and is essential
to realize longitudinally polarized colliding beams.

Table 1: CEPC Beam Parameters Related to Pyyg

Beam energy 45.6 GeV 80 GeV 120 GeV
V/ W Higgs
T (hour) 2.5 1.4 0.43
ks (hour) 256 15.2 2.0
PDK, min 0.6% 5% 11%

In addition, pilot non-colliding bunches might be nec-
essary for RD measurements, since the beamstruhlung of
colliding bunches substantially increases the rms beam en-
ergy spread and could limit the achievable accuracy of RD
measurements. These pilot bunches operate in the decay
mode, and the Sokolov-Ternov effect [4] can be used to
generate the required polarization for RD measurements,
where asymmetric wigglers [7] are required to boost the self-
polarization process at Z-pole [8]. Nevertheless, injection
of highly polarized beams into these pilot bunches could be
a viable alternative approach for RD measurements as well.

Figure 1 shows the envisaged modification of the CEPC
accelerator complex to implement polarized beams. Elec-
tron beam with over 80% polarization can be generated from
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Figure 1: The envisaged modification of the CEPC accelera-
tor complex to implement polarized beams.

the polarized electron source [9], while polarized positron
source is more technically challenging [10]. We propose to
implement asymmetric wigglers [7] in the positron damping
ring, this would generate over 20% beam polarization within
10 minutes, sufficient for RD measurements. Then, the po-
larized beams are transferred through the injection chain,
though it is worried that severe depolarization could occur in
the booster where many spin resonances are crossed during
the acceleration process, our study shows that the highly
periodic lattice structure features weaker spin resonances
than expected, and the depolarization could be manageable.
We’ve also implemented a pair of spin rotators around each
IP in the CEPC collider ring for the Z-pole energies, which
is essential for longitudinally polarized colliding beams.

POSITRON DAMPING/POLARIZING RING

In the injector design in the CEPC CDR [1], 3 nC un-
polarized positron bunches are converted from the interac-
tion of a 4 GeV, 10 nC unpolarized primary electron bunch
with a target, after pre-acceleration, they are injected into
a positron damping ring to reach the desired beam quality
for later transportation. By default, 4 positron bunches will
stay in the positron damping ring for 20 ms, to satisfy the
needs to fill the colliding bunches, In this case, the extracted
bunches are unpolarized. The possibility to polarize the
positron bunches using the Sokolov-Ternov effect [4] in the
positron damping ring [11] or another dedicated ring of sim-
ilar size [12] have been considered before. This requires
very strong asymmetric wigglers to polarize all the positron
bunches and satisfy the timing needs to fill all colliding
bunches, which is very challenging. However, it is more
feasible to generate polarized positron bunches to satisfy the
needs of RD measurements. Assume we store one or two
positron bunches in the positron damping ring for a longer
time, say 10 min, in addition to the other bunches that supply
the top-up injection. If we aim at generation of over 20%
beam polarization, we need to achieve a self-polarization
build-up time mpk of about 30 min.

Figure 2 shows the layout of a candidate lattice of the
positron damping ring. In this design, the blue region rep-
resents the lattice sections that can hold up to 24 m total
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Figure 2: A schematic plot of a candidate lattice of the
positron damping ring.

length of asymmetric wigglers. Some tentative parameters
are summarized in Table 2. The magnetic fields of the in-
ner and outer parts of an asymmetric wiggler are 1.8 T and
-0.36 T, respectively. More detailed evaluation of the influ-
ence of the wigglers to the lattice performance is under way.
This scheme is compatible with the top-up injection timing
needs for the injector, and could supply one or two polarized
positron bunches every 10 min for RD measurements in the
positron collider ring.

Table 2: Beam Parameters of Positron Damping Ring

Parameter Value
Beam energy, Gy 1.542 GeV, 3.5
Circumference 145 m
Wiggler magnetic field B, /B_ 1.8 T/0.36 T
Wiggler total length 24 m

P, w/ wigglers 90%
TBKS W/0 wigglers 52 min
ks W/ wigglers 34 min
Store time 10 min
Polarization of extracted beam 22%

POLARIZED BEAM ACCELERATION

As the beam energy ramps in an electron (positron)
booster ring, so is the closed orbit spin tune vy and the
amplitude-dependent spin tune v; among beam particles
since v & vy =~ ay, a = 0.00115965 for electron and
positron, y is the Lorentz factor. This leads to crossing
of the underlying spin resonances and could lead to beam
depolarization. The polarization loss during crossing of a
single, isolated spin resonance can be estimated with the

xlel?

Froissart-Stora formula [13]: Ps/P; = 2e” 2a — 1, where
P; and P are the beam vertical polarization before and af-
ter crossing the resonance, € is the spin resonance strength,
a = % is related to the energy ramping rate. There are
three parameter regimes of |e|/+/a: the “adiabatic crossing”
regime, if |€|/v/& > 1.84, then the depolarization is less
than 1% but with a “spin-flip”’; the “fast crossing” regime,
if |€|/+v/a < 0.056 then the depolarization is also less than
1%; the “intermediate” regime, 0.056 < |e|/va < 1.84, a
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stronger depolarization occurs. There are two families of
important spin resonances in this context: the imperfect reso-
nances vg = k, k € Z, mainly driven by horizontal magnetic
fields due to vertical orbit offsets in quadrupoles and dipole
roll errors, and the intrinsic resonances vo = k £ vy, k € Z
with vy the vertical betatron tune, driven by the horizon-
tal magnetic field due to vertical betatron oscillations in
quadrupoles. Adjacent imperfection resonances are spaced
by 440 MeV, and it is clear hundreds of spin resonances
of these two families will be crossed in the acceleration of
CEPC booster from injection energy at 10 GeV to extraction
energies of 45.6 GeV, 80 GeV and 120 GeV.

Previous studies suggested using Siberian snakes [12, 14]
in these 100 km electron boosters to mitigate the depolar-
ization. However, the practical implementations of snakes
using either bending magnets or solenoids are cumbersome
in size and costs. A concept of “spin-resonance free electron
ring injector” [15] was proposed in the study of the Electron
Ton Collider [16]. A booster lattice with a high effective
periodicity of 96 was designed, so that supper strong spin
resonances are all beyond the top energy at 18 GeV, while
the other spin resonances are generally weak, well within
the “fast crossing” regime and severe depolarization is thus
avoided. This work emphasizes on the importance of the
spin resonance structure.

We carefully examined the spin resonance structure of the
CEPC CDR booster lattice. It features a super-periodicity
of P = 8 with interleaved arc and straight sections. Each arc
section contains M = 99 FODO cells with 90 degree beta-
tron phase advances, the vertical betatron tune is vy, = 261.2,
and the total contribution from all arc sections to the vertical
betatron tune is vp = 198. A similar model ring lattice was
studied in Ref. [17], where analytical estimations of the spin
resonance strengths and their structure were obtained. It
was shown that the contributions from all arc FODO cells
add up near super strong spin resonances. The super strong
imperfection resonances are located at vo = nPM + [vg],
while the super strong intrinsic resonances are located at
vo = nP £ vy near nPM =+ [vg], where [x] denotes the
integer part of x. However, regular spin resonances away
from these conditions are generally weak due to cancella-
tion. Application of this theory to the CEPC booster lattice
indicates that it has effectively a very large super-periodicity
of PM = 792, and the first super strong resonances are lo-
cated near vy = [vg] = 198, other super strong resonances
are well beyond the working beam energies of the CEPC
booster.

To verify this analysis, we calculated the spin resonance
spectrum of the CEPC booster lattice in the working beam
energy range, as shown in Fig. 3. The DEPOL code was
employed to calculate the intrinsic spin resonance strengths
at a vertical normalized emittance of 107mm - mrad. The
super strong intrinsic resonances are near Gy = 198, be-
tween the working energies for W and Higgs, other reso-
nances are much weaker. To evaluate the imperfection spin
resonance spectrum, we introduced magnetic field errors
and misalignment errors to dipoles, quadrupoles and sex-
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tupoles. The main contribution of closed orbit distortion is
from the 100 um rms misalignment error in quadrupoles,
we then implemented closed orbit corrections and beta-
tron tune corrections. For this study, we use a imperfect
lattice seed after correction with a vertical rms closed or-
bit distortion of about 100um. We numerically evaluated
the strength of the imperfection resonance vo = k via
e ~ 2T [py.o(sn2) = pyo(sn)]e* @t where
we replace the integral by a sum over M magnet elements
in the lattice, 5.1 and sp,» are the longitudinal positions of
the entrance and the exit of the /-th magnet, respectively,
Dy,0 is the vertical canonical momentum on the closed or-
bit, ©(s) = % fos %ds. The imperfection resonance
strengths generally increase with energy besides the super
strong resonance near ay = 198. Apart from the super
strong intrinsic resonance and a few imperfection resonances
at higher energies, the resonance crossings of most spin res-
onances are well within the “fast-crossing” regime so that
depolarization is very small.

250 300

i
\M “‘H
il
100 150

ay
(a) Intrinsic resonances

200

250

(b) Imperfection resonances

Figure 3: The spectra of intrinsic (upper) and imperfec-
tion (lower) spin resonances of an imperfect seed of the
CEPC CDR booster lattice. The intrinsic resonances are cal-
culated for a vertical normalized emittance of 107mm - mrad.
The three vertical dashed lines indicate the three extraction
energies.

We launched simulations of the beam polarization trans-
mission in the energy ramping process using the long term
tracking capability of Bmad [18]. A cosine shape energy
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ramping curve was adopted, E(f) = Ej, + M(l -
cos(ﬁ)). The booster injection energy was fixed to
10 GeV, and the ramping time #ay,p Was set to 1.9's,3.3 s
and 5.0 s for the acceleration to the extraction energy
45.6 GeV (Z), 80 GeV (W) and 120 GeV (H), respectively.
The RF voltages and phases are set to compensate for the
synchrotron radiation energy loss, as well as maintain a fixed
synchrotron tune of 0.1, 0.1, and 0.13 for the three extraction
energies, respectively. The injected beam is modeled with
1000 particles in a 6D Gaussian distribution. Following the
CEPC CDR parameters [1], the rms horizontal and vertical
emittances are set to 80 nm and 40 nm, respectively. The rms
energy spread and bunch length are set to 0.16% and 1 mm,
respectively. The beam particles are initialized with a 100%
vertical polarization, during the tracking the vertical polar-
ization of the beam is calculated as the ensemble average of
the vertical spins of the particles. Fig. 4 shows the evolution
of the vertical beam polarization in the acceleration to the
three different extraction energies. In both the cases of Z
and W energies, the polarization loss is less than 5%. In
contrast, in the case of Higgs energy, there is almost 40%
polarization loss when crossing the super strong intrinsic
resonance near vy = 198, and another 10% polarization loss
due to resonance crossings at even higher beam energies. In
principle, the impact of the super strong intrinsic resonance
can be partially mitigated by a dedicated correction of the
vertical equilibrium emittance, or improve the lattice design
so that the first super strong resonances are beyond the whole
working energy range.

These preliminary studies suggest it is possible to largely
maintain the beam polarization in the acceleration process
to 45.6 GeV and 80 GeV, without Siberian snakes. More
detailed study of the influence of machine imperfections is
under way.

SPIN ROTATORS IN THE COLLIDER
RING

To realize the longitudinal polarization at IPs in the elec-
tron collider ring, a pair of spin rotators need to be inserted
around each of the two IPs. This helps maintain vertical
polarization in most part of the collider ring, and thus avoids
significant depolarization. The detailed design of the spin
rotators is reported elsewhere [19]. Here, we’ll summarize
the main results, and focus on the case that the spin rotator
is only implemented in the electron collider ring.

Each spin rotator consists of a bending magnet section
and a solenoid magnet section. The total spin rotation angle
in each bending magnet section from the IP to each solenoid
section needs to be an odd multiple k of 7/2 to rotate the
spins from the longitudinal to the radial direction, which cor-
responds to an orbital bending angle of at least 15.18 mrad at
45.6 GeV. Then, the solenoid section need to rotate the spin
from the radial to vertical direction. The required solenoid
integral strength is about 240 T-m to rotate the spin vector
by /2 at a beam energy of 45.6 GeV. This corresponds to a
total length of 30 m for superconducting solenoid magnets
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Figure 4: Simulated evolution of the vertical beam polar-
ization in the acceleration to Z (upper), W (middle) and
Higgs (lower) energies.

of 8 T. The solenoid magnets are interleaved by quadrupoles
to compensate for the transverse coupling [20]. The lay-
out of a pair of spin rotators around one IP is illustrated in
Fig. 5. The S-shape geometry in the interaction region is
utilized in the arrangement of the spin rotators, which are
just placed out of the interaction region [14, 21]. The half
crossing angle at the IP is 16.5 mrad, addition bending mag-
net sections (A8 and A8,) are required in both spin rotators,
next to the solenoid sections. In the counterpart region of
the positron collider ring, the solenoid sections are replaced
by straight sections with quadrupoles to match the optics.
The circumference increases by about 2 km, the betatron
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Figure 5: Geometry of the electron and positron collider
rings near one interaction region [19], with solenoid spin
rotators (RotatorU and RotatorD) for the electron beam, and
compensating straight sections (SS) for the positron beam.

tunes increase by 10 units, while other beam parameters
almost remain unchanged. Simulations also indicate there
is only a moderate shrink of dynamic aperture, which can
be recovered via dedicated optimizations.
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Figure 6: Longitudinal projection of ng at the IP for different
beam energies, for the lattice with magnet errors.
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Figure 7: Comparsion of the equilibrium beam polarization
for the lattice with spin rotators in the presence of magnet
errors, simulated using the SLIM algorithm in Bmad and
the Monte Carlo simulation in PTC, respectively. The step
size Aay = 0.02.

We also numerically evaluated the performance of the
spin motion using the BMAD/PTC code [18, 22]. In a re-
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alistic storage ring, the solenoid magnetic field may be not
perfectly compensated due to magnets’ errors. These magnet
errors also drive spin resonances and lead to a reduced equi-
librium beam polarization. We introduced in the solenoid
sections relative field errors for solenoids and quadrupoles
with a root-mean-squared value of 0.05%, and relative roll
errors for quadrupoles with a root-mean-squared value of
0.01%. Fig. 6 shows the simulated longitudinal projection
of the 7ip-axis at one IP, for different beam energies. Such
an “anti-symmetric” spin rotator design is not very sensi-
tive to a variation of the beam energy. Fig. 7 shows the
simulated equilibrium beam polarization using the SLIM
algorithm [23] in BMAD [18], and Monte-Carlo simulations
implemented in PTC [24]. These simulations show clear
depolarization near major spin resonances, the Monte-Carlo
simulations also indicate the influence of higher-order syn-
chrotron sideband spin resonances, absent from the SLIM
simulations. Nevertheless, there are still sufficient safe space
with fractional part of ay near 0.5, where the equilibrium
beam polarization is very high. These simulations shows
the robustness of the “anti-symmetric” spin rotator design
against machine imperfections.

Next, we’ll introduce other kinds of machine imperfec-
tions into the lattice with spin rotators, and evaluate the
influence on the performance of the orbital and spin motion.

CONCLUSION

This paper summarizes the recent progress in the design
studies of longitudinally polarized colliding beams at the
CEPC. Generation of polarized beams from the source and
injection into the collider rings are studied. It is proposed
that positron bunches with over 20% polarization can be
generated in the positron damping ring, to fit the needs of
resonant depolarization. Our studies suggest beam polariza-
tion could be well preserved in the booster up to 45.6 GeV
and even higher energies, without Siberian snakes. Spin
rotators have also been implemented in the collider rings
at Z-pole with promising performance. More technical as-
pects of these studies and potential extension to higher beam
energies are under way.

Note that injected polarized electron and positron beams
could also benefit RD measurements. Compared to the ap-
proach using self-polarization [8] with the help of asym-
metric wigglers, the polarization level can be much higher,
there is no initial dead time for physics, RD measurements
can be conducted more frequently for at least the electron
beam. It is also possible to carry out RD measurements on
colliding bunches, especially at lower bunch charge. More
quantitative evaluation of these aspects is planned.
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