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General view

Consider concept of three depolarizer system at FCC-ee: Bunch #1
. . . . RD kicker #1
1. Two RD kickers are for energy calibration with resonant Sunch #2
unc
depolarization of pilot bunches (“pair scanning”) y ./ RD kicker #2
2. Third kicker, “Iron” kicker, is designed to eliminate the polarization Pilot
bunches

|”

of “physical” bunches
3. Each of RD kickers, simultaneously with another RD kicker,
selectively affects one of two pilot bunches. Selectivity resolution
is better than minimum bunch spacing (i.e. < 10 ns)
Colliding bunches
4. “lron” kicker signal is strobbed in such a way that it affects all collidi "Iron" kicker
bunches at once and doesn’t affect pilot ones.
5. “lron” frequency is regularly tuned in accordance with change of energy
and its drift rate which are measured every ~15 minutes using RD kickers in “pair-scanning” mode

6. Attenuation of “Iron” signal in time intervals corresponding to pilot bunches at level of 102



Pair scanning modes

Kicker 1 “catching up” Spin Kicker 2 “being chased”

V1> Vyrine Varist V, < Vyrie

Kicker 1 “catching up” Spin Kicker 2 “oncoming”

Vl > Vdrlft ’ ! Vdrlft V .

Drive-by scanning. Most suitable if you
already know the direction and
approximate speed of the energy drift,
as well as where the resonance might
be. Kickers scan in the same direction
relative to each other, but in opposite
directions relative to the spin drift

Counter scanning . Suitable for
preliminary determination of spin
resonance position at certain time as
well as direction and rate of drift.
The result is needed to stabilize the
energy using a feedback system
based on tuning of RF resonator
frequency . Kickers differ from each
other in the direction of scanning.

Kicker linewidth is known and less than assumed linewidth of spin (Fine scanning).
Spin linewidth is much less than distance between synchrotron modulation resonances (“isolated resonance”).

Spin linewidth and other sought parameters is determined from fitting model curve to measurement data.



Compared to the use of a single depolarizer, pair scanning will make it possible to determine
the direction and drift rate of the spin resonance, while its position at a certain moment of
time is found with an error (< 10 keV) much smaller than the spin half- line width of ~100 keV
at Z pole.

The measured paired RD diagrams are fitted with curves obtained on the basis of an analytical
model that takes into account the shapes of the spin and depolarizer spectra, as well as the
scanning and energy drift processes. The sought quantities are the parameters of the model

The model uses the solution of the Froissart-Stora equation for the case of fast uncorrelated
spin resonance crossings. In this sense the model is not phenomenological

At drift rate << 1 keV/s (for example, ~ 100 keV/h) the Pair-Scanning method becomes
practically model independent: depolarization diagrams at counter scanning are mirror
symmetrical and the spin resonance position is found as an average between them

The possibilities of Pair Scanning are explored using Monte Carlo simulations taking into
account the possible errors in polarization measurement



LINE WIDTH IN SPIN AND DEPOLARIZER SPECTRA (partially renewed)

£v~v(H”(02 + a,gy)) broadening of spin line due to sextupoles [turn]

Oy Vy o-v/ Vy ﬂ’y/ 21 & Eqife a5
spin tune spread synchrotron modulation radiation due to due to Spin line
due to energy spread tune index decrement non-linearity radiative diffusion half- width
[turn] [turn?] [rad] [turn] [turn?] [keV]
VEPP-4M 1.85 820 0.0015 ~0.01 ~0.015 1.8e-6 ~4e-6 2.7e-7 ~le-6 ~2
4.73 0.0098 0.015 ~0.7 3.0e-5 ~le-4 2.1e-5 ~le-5 ~40
LEP 45.6 11 0.061 0.083 0.73 4.7e-4 - 3.4e-4 ~3e-6 ~140

2e-4 ~2.3e-6 ~108

FCC-ee 456 3 0.039 0.025 156 125e-4 ~7.3e-5
80 0.120 0.051(0.080 ) 2.37/1.50 ) 6.8¢-4 ] 1.6e-3/1.0e-3) 8.8e-6/(5.6e-6) 7087450 )

Frequency resolution of the FCC-ee depolarizer synthesizer should be not worse than 10 Hz

Ofq ~/dfg/dt [Hz] broadening of depolarizer line when scanning rate of df, /dt
= % = v%o =0.007 [Hz/keV] ratio of frequency interval to energy interval (v = ya)

dfy/dt « (100 p)? =~ 0.5 [Hz/s] needed rate to provide depolarizer linewidth much smaller than that of spin
If necessary, depolarizer line can be expanded in artificial way using synthesizer, maintaining rate of scanning



ANALYTICAL MODEL OF FINE SCANNING

V. Blinoy, E. Levichey, S. Nikitin and I.Nikolaev. Eur. Phys. J. Plus (2022) 137:717
Based on the Froissart—Store equation as applied to the case of fast uncorrelated intersections

of the isolated spin resonance, taking into account the shape of spin and depolarizer spectra

as well as the time dependence of resonance detuning because of scanning and energy drift
Spin spectrum Depolarizer spectrum

9@ = -exp (— 15) h(@) = -exp (— 1)

2o;
®  Quantity q is detuning in relative to center of spin spectrum written in energy units

ViMoo,

m  Ratio of half-widths of spectral lines recommended for scanning: o, (spin) = a4 (depolarizer)

" Convolution of spectral distribution functions: G(q) = (g = h)(q)

A fspin .. : . - . :
a2l ’ depolarization time in specific case when narrow depolarizer line

is inside spin spectrum band of width Af.,;,, =20,-9;, 0= v%ﬂ= 0.007 [Hz/keV] ratio of frequency

" Time parameter usedis Tg~

and energy intervals (v = ya); @y = 2rf, revolution frequency; |wy| spin harmonic amplitude

" When detuning changes with rate of § = dq/dt, polarization { decreases according to equation

L g7 GqD) o (a) ~ Goexp|-mo, (L7,) " [1, G dg]

®  Accounting for both scan rate and energy drift: q(t) = q(0) + f[f(qdep + qdrift)dt



MODEL VS FINE SCANNING EXRERIMENTS AT VEPP-4M

Simulation model taking into account spin line half-width estimated as 1 keV at 1.85 GeV VEPP-4M (due to sextupoles)

reasonably corresponds to results of Fine-Scanning (high resolution) experiments using Touschek polarimeter
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The typical experimental result on FS (|w,|~5-10%).
Depolarizer half-linewidth ~0.06 keV .
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Presumably, slow field oscillations of 1 keV and a
period of a few hundred seconds.



Conditions of polarization “measurement”
with laser polarimeter in Monte — Carlo simulation

« E=45 GeV

« Number of electrons in pilot bunch =101°

» Counting rate N =105 Hz

« Beam polarization degree 10%

« Polarization effect (asymmetry) A=0.3x10% = 3%
« Total measurement time t__., =~ 1000 s
 Counttime perpoint T=10s



Asymmetry

“Counter” scanning under extreme energy drift

— wmmmsaa | Gatting:
n.mi—%{—-h‘:—ﬂ:_q_ I e Energy drift rate = +12.5 keV/s
sassE ToF emiemw | “Catching up” kicker: dE"/dt=+14 keV/s, |w|=4-10"
o — “Oncoming” kicker: dE¥/dt=-14 keV/s, |w|=4-10"5
“"”5%‘ | “oncoming” + “catching up” Spin spectrum line width sigma =100 keV (0.7 Hz)
EOTE Kicker spectrum line width sigma = 24 keV (0.17 Hz)
U ot Start positions: ET(t=O)= - 400 keV,; E¢(t=0)= + 400 keV
n.mg_u | N T TR TR N TR TR TN TN N TN SN TN TN NN |’-|[_‘-1_‘I PR T T |
Time scale [sec] o Fit: o
B Deviation of result from expected energy = -27.65 + 13.77 keV
m_ I i1 T “catching up” Energy drift. rate = 12.61 +0.13 keV/s (vs setting 12.5 keV/s)
poesE- U ﬂj\\ Sigma of spin linewidth = 85.67 £ 6.91 keV (vs setting 100 keV)
s |
I:.IIEDE— |
|:.n15;— , . | \ Note:
naeE oreeming L! Due to too fast relative oncoming scanning (14+12.5=26.5 keV/s vs
“'“‘“'é‘f T B 14-12.5=1.5 keV/s for catching-up), the depolarization is incomplete.
e AP It indicates the direction of drift. In realty, the found drift parameters

E. ke can be used for stabilizing energy through the RF-based feed back

Frequency-energy scale [keV] 9



Asymmetry
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“Counter” scanning under moderate energy drift

_Count rate = 1.0ee05 Hx
[dE &dt, dE"Fdt) = [+ 1.4, -1.4) keVis

P “«
i

(E"T0), E'T07) = {-200, +800) ke

EE-:q:I =-2.80 = 270 ke

oncoming” GE, it = 1.35 + 0.08 kewis

x o Iwf® = 10044 & 000 kel
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Energy scale [keV]

Setting:

Energy drift rate = +1.3 keV/s

“Catching up” kicker: dET/dt=+1.43 keV/s, |w|=2-10"5
“Oncoming” kicker: dE¥/dt=-1.43 keV/s, |w|=2-10"
Spin spectrum linewidth sigma =100 keV (0.7 Hz)
Kicker spectrum linewidth sigma =7.1 keV (0.05 Hz)
Start positions: E'(t=0)= - 200 keV; E¥(t=0)= + 400 keV

Fit:

Deviation of result from expected energy =-2.40 % 2.76 keV
Energy drift rate = 1.36 + 0.03 keV/s (vs setting 1.3 keV/s)
Sigma of spin linewidth = 99.73 £ 2.46 keV (vs setting 100 keV)

10



Asymmetry

“Drive-by” scanning under extreme energy drift
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Setting:

Energy drift rate = +13 keV/s

“Catching up” kicker:
“Being chased” kicker:

dE,dt =+14 keV/s, |w|=2-10°
dE,/dt= -11.5 keV/s, |w|=2-10"

Spin spectrum linewidth sigma =100 keV (0.7 Hz)
“Catching up” kicker linewidth sigma =24 keV (0.17 Hz)
“Being chased” kicker linewidth sigma =22 keV (0.15 Hz)
Start positions: E; (t=0)=- 900 keV; E, (t=0)= + 900 keV

Fit:

Deviation of result from expected energy =-2.80 + 4.10 keV

Energy drift rate = 13.0 £ 0.01 eV/s

(vs setting 1.3 keV/s)

Sigma of spin linewidth = 94.95 + 4.20 keV (vs setting 100 keV)

Error in energy [keV] vs parameter p
of depolarizer efficiency at scanning

Optimal value p=1.5+2

Error is minimized at a certain ratio of harmonic
squared and relative scan rate in the parameter
_2m?|w?| - fo[Hz] - 440648 [keV]
|Earift—Ekicker|[keV/s]
The kickers have the same harmonics and
relative scan rates. Example: p=1.5 at

|Edrift - Ekickerlzl keV/s, |W|=7.6e-6.

11



“Iron”. How strong?

Transverse component of polarization axis in order of magnitude due to vertical CO

distortions (v = ya ; WIECO) , k amplitude and number of main spin harmonic):
(CO)
il
nL k—v

Longitudinal polarization at IP:
PH"“"P ' ?’IJ_, P"“"g ' 0.92,
g < 1 —natural depolarization factor of magnetic structure with imperfections.

w9l ~ 1073,

At Z-pole, |k — v|~0.5 and P~0.5 at critical resonant harmonic

S. Nikitin. Polarization issues in circular electron—positron super-colliders, International Journal of Modern Physics A 35(15n16):204100 (2020) DOI:

10.1142/50217751X20410018

Expected “natural” P;~0.001 .

To reduce this value to the level Pj~ 107, it is necessary to apply the "Iron" kicker, which
reduces the total equilibrium degree of polarization to P ~1073. "lron" acts immediately on <

all "physical” bunches in two possible options:
a) during full time in collision ON mode

b) during short time ™ 1 min in collision OFF mode in pauses between collision runs.

N1

12



Continuous “lron” at Z pole (collision ON)

Enforced depolarization time 7=1000 sec
Steady-state polarization degree P~ 1073
Longitudinal polarization P,~10~

Spectrum line is of order of uncertainty in position of spin resonance which is due to energy
drift and broadening of spin line (o, half-width). For example, ~3c, =300 keV or Af ~2.1 Hz

Kicker harmonic amplitude |w|~(Af 12rn7)Y? / fo~5-10°

From time to time frequency of “Iron” is tuned in accordance with the energy and its drift rate
measured with help of RD kickers

In continuous mode, “Iron” eliminates polarization, but may spoil luminosity (needs to clarify).

13



Pulse-periodic “Iron” (collision OFF mode)

Spin resonance position refined after every scan

/ ~ 15 min
|

/

¢ \
Paired scan on i-th pilot bunch pair | Paired scan on j+1-th pilot bunch pair
time
~1 min
collision ON collision ON
c | c | c
21 2] 2
] time

collision OFF

RS

ELO

000041

00002

Upper limit on polarization

of colliding bunches

F =051 —exp(—t/7]]
T = 0.5 T5_p=7500 min

P=0001expi=t /T4

P

? 4 ] 2 1 12

I min
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Width of “Iron” spectral line is of order of uncertainty in position of spin resonance which is due to energy

drift and broadening of spin line.

For example, ~300 keV (or Af ~ 2.1 Hz);

effective “Iron” harmonic amplitude |w|~(Af/2nz,)Y?/ f,~ 5-107;

characteristic depolarization time assumed is 7,~12 second.

14

Tg=0.2 min
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Lattice option with two IPs
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TEM-BASED DEPOLARIZER

Strip-line-based kicker

VB lg ., 280
w = :—FV
Wil = 52 1FY] =5 IR
TAf
Tqg =
w§ Wy |2

The parameter 7, is the depolarization time for the two
selected cases with no scanning. In one case (RD Kicker),
after tuming on the depolarizer, its line is inside the band
A of the spin spectrum. In the other, Iron") the spin

ling s inside the kicker spectrum band. (g = 21,

' angular frequency of particle revolution)

Conceptual parameters for scaling

Beam energy E =456 GeV
spin harmonic amplitude |wy | e m;‘ffvl
strip-line length lj=1m;
verticalgap between plates d =20mm
amplitude of signal from amplifier =100V
amplitude of voltage between plates U =200V

spin response factor |[F¥| =5
deflection angle in one passage ¢, =22-1077
spin rotation in one passage’ v, =2.3- 1073
spin harmonic amplitude lw,|=1.8-107°
spin spectral band Af =14Hz
characteristic relaxation time T; % 38 second

The conceptual data shown are for scaling. For example,

with I; & 3 m, |wg|? is 10 times larger. Our conditions are for
complete or partial depolarization (without adiabatic spin flip).
This is the case of fast uncorrelated crossings in spectral band.
We studied it in the Fine-Scanning experiments at VEPP-4:

v2 2 1,(Af)?/fy, "uncorrelatedness” (T,=5-T time);
(Af/fo)? > |wy|?, “rapidity” of resonance crossing.

Note that for the same | F¥| and voltage U, amplitudes of spin harmonics |w,| at 45 and 80 GeV are equal 15



ON INFLUENCE OF SYNCHROTRON MODULATION ON DEPOLARIZER STRENGTH

Without diffusion, modulation gives a line spectrum. As a consequence, the
depolarization rate at the main spin resonance with allowance for synchrotron
modulation (k = ¢ /v modulation index) perbenev et al. Part.Acc. V.8, n.2 (1978)

= o |w |21 ( 2)4&—:-}{[} (—5—1’2) where _
Td el o Yy vy E [GeV] vy 0, | K= Js/vy |Wk|effz|wk|
lwy | = v% |F”| determined by kicker parameters; | 45 | 0.025 | 0.039 | 1.56 0.53

o2 80 0.08 | 0.120 1.50 0.54
Wiclerr = |wk|\/10 exp( W) this “works”.

True if the condition 1{2/1 Ky, is met. This condition is fulfilled well

on FCC-ee in the mode of physical experiments::
E=45 GeV, k = 1.56, /1}, = 1/1273 turns™, v, = 0.025 —5 0.0019 << 0.025

E=80 GeV, kK = 1.50, /1}, = 1/236 turns?, v, = 0.080 — 0.0096 << 0.080
Compare: E=80 GeV, Kk = 2.45, Vy = 0.051 — 0.0254 < 0.051
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Conclusions

System of three kickers seems to fully meet task of precision measurement of masses on FCC-ee using RD.

Two kickers are to exclude influence of energy drift and decrease uncertainty in position of spin resonance.

At Z pole, the maximum achievable accuracy is of the order of several keV with reference to a certain point in time.
Scan cycle is about 15 minutes.

Third kicker (Iron) suppresses possible parasitic longitudinal polarization of physical bunches to level of 10-.

The continuous mode of Iron operation requires a voltage amplitude an order of magnitude smaller than the
pulse-periodic mode. But it still requires periodic frequency adjustment. It is necessary to study its influence

on luminosity. Pulse-periodic mode seems to be more reliable (total polarization killed just after calibration
does not grow higher 103 in next 15 min) .

Estimated parameters of kickers on Z pole are in Table:

Type la u/2 |FY| | wi| | Wi | etf E d
m Volt GeV | cm
Iron | Pulse-periodic | 3 ~180 5 9.6 107 5-107
Continuous 3 ~20 5 1.1-10° 5.6-10° 45 2
RD kickers 5 | #10+200 | 5 10~+2-10* 5-10°+10*




