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Very tentative estimation of the Z-factory Crab Waist e+e-
collider with 45.6 GeV beam energy and 20.8 km orbit length.
Configuration, magnetic lattice, parameters.

Crab Waist Collision
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Motivation

On 2006 Pantaleo Raimondi proposed a novel
collision technology Crab Waist, which theoretically
promises luminosity of e+e- collider 1-2 order higher
then reached before.

Since that time all new circular e+e- colliders exploit
the CW method including SuperB and Super C-Tau
(Italy), Super C-Tau (Novosibirsk and China), FCC-ee
(CERN), CEPC (China), etc.

The method was tested at DA®NE (partially) and
Super KEKB.

Collaboration in fundamental physics between
Russia and Europe/US/Japan is suspended.

Russian Government has started new mega-science
program on particle physics.

There is a ready circular UNK tunnel in Protvino with
circumference enough for Z-factory.
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Goal

The goal is to study (very
preliminary!) parameters of
the e+e- collider in the UNK
tunnel with the maximum
beam energy 45.6 GeV (M, =
91.1876 GeV). To reach high
luminosity we apply the CW
collision.

As a fundamental limitation,
we put <50 MW SR power per
beam (like in FCC-ee and
CEPC).

For less SR power limit, we can reduce the
bunch number and luminosity drops linearly.

FCC-ee baseline (100 km)
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LEP

(LEP1)

beam energy [GeV] 45
beam current [mA] 1280
' number bunches/beam 10000
'bunch intensity [10'] 2.43
SR energy loss / turn [GeV] 0.0391
total RF voltage 400/800 MHz [GV] 0.120/0
long. damping time [turns] 1170
horizontal beta* [m] 0.1
vertical beta* [mm] 0.8
 horizontal geometric emittance [nm] 0.71
vertical geom. emittance [pm] 1.42
horizontal rms IP spot size [pm] 8
vertical rms IP spot size [nm] 34
| luminosity per IP [10%*4 cm2s-1] 182
total integrated luminosity / year [ab-'/yr] 4 IPs 87
beam lifetime (rad Bhabha + BS+lattice) 8
4 years
5x10127
LEP x 10°

(LEP2)
Circumference [km] 26.7 26.7
Bending radius [km] 31 31
Beam energy [GeV] 454 104
Beam current [mA] 26 3.04
Bunches / beam 12 4
Bunch population [1011] 1.8 42
Transverse emittance
- Horizontal [nm] 20 22
- Vertical [pm] 400 250

Momentum comp. [10~] 186 14
Betatron function at IP p*

- Horizontal [m] 2 12

- Vertical [mm] 50 50
Beam size at IP o* [um]

- Horizontal 224 182

- Vertical 45 32
Bunch length [mm]

- Synchrotron radiation 8.6 11.5

- Total 86 115
Energy loss / turn [Ge'V] 0.12 3.34
SR power / beam [MW] 03% 11
Total RF voltage [GV] 0.24 35
RF frequency [MHz] 352 352
Longitudinal damping time Tz [turns] 371 31
Energy acceptance RF [%5] 17 0.8
Synchrotron tune Qs 0.065 0.083
Polarization time T, [min] 252 4
Hourglass factor H 1 1
Luminosity/IP [10°* em™s™] 0.002 0.012
Beam-beam parameter

- Horizontal 0.044 0.040

- Vertical 0.044 0.040
Luminosity lifetime [min] 1750 434




Infrastructure

Alexandre Zaitsev gave us sketches
of the UNK tunnel, which we used

to accommodate the collider (many
thanks!).

We don’t have tunnel blueprints,
therefore results are very tentative.
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Head on vs

Luminosity limitation in head on collision

* Nonlinear force of the incident beam limits £ <0.07 (< 0.13 for round beams).
 Hour-glass effect limits "~ o, while high current and collective effects prevent

the bunch length shortening, single bunch luminosity drops down.
* “Parasitic” IPs reduce collision frequency and total luminosity.

Parasitic IP

Main IP Parasitic IP Bunches
separation




Head on vs

Experimental limitation of ¢, < 0.07 (flat beam)
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vs CW
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3. CRAB waist (CRAB sextupoles) suppress

coupling betatron and synchrobetatron
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1. P.Raimondi, 2°SuperB Workshop,

vs CW
2. P.Raimondi, D.Shatilov, M.Zobov,

physics/0702033

CW off

d?y
) = —m(s)xy = —K(s,x)y
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vs CW
2. P.Raimondi, D.Shatilov, M.Zobov,

physics/0702033
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vs CW

Crab Waist suppresses coupling resonances in the nonlinear interaction force.

0.26 | AVy i 0.26 _Avy | < BB footprint at the
Crab OFF Crab ON betatron tune diagram.
02T 1 T 1 Frequency Map Analysis
(FMA) distinguishes
022 b _ 5.5 L | stochastic motion areas (red)
from regular ones (blue,
green).
0.2 | =1 02 .
0.18 F 41 o8k | Stochasticity reduces growth
, : , Av, of £ and luminosity.
0.105 0.11 0.115 0.12 0.125 0.105 0.11 0.115 0.12 0.125

E.Levichev, D.Shatilov and E.Simonov,
e-Print: arXiV:1002.3733, also IPAC10, THPEOQO75



vs CW

Simulation gives the CW beam-beam parameter of ¢ ~ 0.18.

No Hour-glass effect; due to the short crossing area we can have at the IP 3" = 1 mm and
even less.

No parasitic crossings.

On paper, CW yields 50-100 times luminosity increase compare to the head-on collision.
BUT...

Low emittance lattice reduces dynamic aperture.

Strong Crab Sextuples reduces dynamic aperture.

Low emittance, short bunch length and high current led to the strong Intrabeam
Scattering and short beam lifetime (for low energy collider only!).

Very low IP beta = very high beta at the FF quads = FF quads nonlinearities suppress
the DA.

Very strong SC FF quads should be placed inside the detector as near as possible to the IP
= technical challenge.

High current, collective instabilities.



50 MW SR power limit: what follows?

Psp =1-Uy <50 MW —total SR power/ring

¢, ,[ds E*
Uy = V — o — SR loss per turn depends on the ring size (2ntp)
2T pc P
Sty P Szy

L =

P —
Zere ,By SR 3 B,

For the same SR power, energy, beam-beam parameter and beta at the IP,
the UNK luminosity will be

CFCC 100 km

Conr - = 5 less than for FCC-ee.




B (m), B (m)

/UNK lattice

CRAB: B, = 7.29810791104132, 8, = 1247.10540609207, K2(q;, = —4.99815236728314
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ZUNK |atti

Buz (muz), ﬁ_uz (muz)
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FF trajectory at E=45.6 GeV

Parameters of CCT quadrupole lens prototype:

Magnetic field gradient, T/m 40
Internal winding diameter, mm 29 | Trajectories at 17(5)( | g?=:‘733:|41:|;IM, E$=;g cm, A xn=$;1°m' EZZ:iﬁsu Gedv P
Outer winding diameter, mm 34 045 F 1 .ﬂ-.Dm;ﬂﬂ'l.ﬂDmIﬁ.ﬂn: - m': =2.5 om, A X;=13. I:I'I"I:, mrac, &,==. nm; a
Modulation amplitude in the longitudinal direction, mm  +/- 4 TE o e :
Diameter of superconducting wire, mm 0.92 01—
Distance between turns, mm 16 E
0.05 —
Number of turns per layer —
Lens length, mm [y
0.05 —
01—
0.15 =

0.02

" 0.01
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% -0 -0.02
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E - 30 | je dBx/dx

?:; j—dBde

g - 40

-4-32-10123 43567 89101112131415161718192021 22

Longitudinal coordinate, cm QDO G — _734 T/m’ L — 15 m’ Dap: 14 cMm

Superconducting CCT FF quad was successfully

tested at BINP (N.Mezentsev/V.Shkaruba) QF1: G=43.1 T/m’ L=1.5m, Dap= 2.5cm



/UNK lattice. Arcs
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/UNK Layout
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ZUNK Layout details <
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/UNK parameters

Parameter LEP FCC-ee CEPC ZUNK
Circumference (km) 26.7 91.1 100 20.8
Beam current (mA) 2.6 1280 803 232
Bunch No 12 10000 11951 332
Bunch intensity (10'?) 1.8 2.43 1.4 3
SR energy loss/turn (MeV) 120 39.1 37 216
RF voltage (MV) 240 120 120 250
Bunch length (mm) 8.6 12 8.7 11
Horizontal beta™ (m) 2 0.1 0.13 0.15
Vertical beta” (mm) 50 0.8 0.9 1
Horizontal emittance (nm) 20 0.71 0.27 4
Vertical emittance (pm) 400 1.42 1.4 40
Horizontal spot size” (um) 224 8 6 24.4
Vertical spot size” (um) 4.5 0.034 0.035 0.2
Long.damping time (turns) 371 1170 340 211
Beam-beam parameter 0.044 0.12 0.127 0.06
Luminosity/IP (10** cm™s™) 0.002 152 115 11.5

50 MW full SR power/ring.
BB parameter <0.07
Beta yatIP1mm
Emittances are not too low.
Coupling is not too small.



Dynamic Issues (radiation ON, fo7,, = 423)

Very first test of dynamic aperture: Crab Sextupoles, Chromatic Sextupoles, Quad fringe
field. No optimization.

6d-DA, yy = 0y,0, = 3.74¢ — 04m, 0, = 9.94¢ — 04

o7 At the azimuth of the DA plot
dl
i
6 . .
i B,=35.2m, By = 7.5 m, No dispersion.
ol o, =373.7um, 6, =17.2 um
~ It '|_'6GX
< +2 mm
2 Strong SR damping slightly increase the DA.
|
g A =+60, AE/E=+1.1%
. . -
S S :s33:535 £8gg=EE Not so bad for the first run.
PT

AE/E =11.1%



Main magnets

Arc dipoles: L=7.788 m, B=0.08 T, ¢=4.1 mrad
Arc quadrupoles: L=1 m, G=15.2 T/m,

Arc quadrupoles: L=1 m, G=-15.1T/m,

Arc sextupoles: L=0.5 m, S=-800 T/m~2

Arc sextupoles: L=0.5 m, S=400 T/m~A?2

Crab sextupoles: L=0.5 m, S=760 T/mA?2

RCSY sextupole: L=0.5 m, S=740 T/m”"2

LCSY sextupole: L=0.5 m, S=-711T/m~2

RCSX sextupole: L=0.5 m, S=288 T/m~A2

LCSX sextupole: L=0.5 m, S=611 T/m”"2

All magnets are simple and easy.



Injection

* 6 GeV linac system (like for the SILA light source).
* Full energy booster synchrotron inside the UNK tunnel.



Conclusion

e Zero approximation of the e+e- Z-factory in the UNK tunnel is
presented.

* A Crab Waist solution is matched the UNK tunnel more or less
well.

* At 45.6 GeV estimation shows ~103>cms! peak luminosity
with moderate beam parameters (x2 with aggressive ones).



Back up slides.



Cost (order of magnitude)

() Fee (2021):

FCC'ee and FCC'I NT COSt EStimates Double aperture single block FCC-ee magnts.
Domain Cost in
MCHF
Stage 1 - Civil Engineering s40l — Tunnels are expensive...
Stage 1 - Technical Infrastructure 2,200
Stage 1 - FCC-ee Machine and Injector Complex 000l — ZUNK = 1/ 4 X FCC-ee =100 BRUB??

Total construction cost FCC-ee (Z, W, H) amounts to 10.5 BCHF + 1.1 BCHF (tt)
- Associated to a total project duration of ~20 years (2025 — 2045)

Chinese CEPC costs about half of FCC-ee: 36.4 BRMB or USS5B.



Cost (order of magnitude)

20 km X (1.5collider + linjector)

CostUNK = Cost

For single ring light source.

Length
20 km : : .
CostUNK = Cost For double ring collider + injector.
Length
Project Length (km) |Cost (BRUB) | Cost ZUNC
SKIF 0.5 8 800
ESRF EBS 0.8 15 940
Super C-Tau! |1 33 660
FCC-ee 91 400 88(?)

U +Detector cost x20 BRUB|



3amMmeyaHus

* (CBeTMMOCTb OrpaHUYeHa
MOLLHOCTbIO
* HeobxoaAMMO yANMHATL NYYOK

Pe3oHaTop 3-e rapMOHUKMK
(UNKZ5)

MeHbLiada yactota BY
UNKZ3 n UNKZ5 otaunvatoTtca
rapmoHuKomn BY, cpaBHeHue

S T e

SN e

ST e

SN -

NN e+

ST

E, Gev 45.6 45.6 5.6 45.6 45.6 5.6
I, m 26797.7 20797.7 20797.7 20797.7 20797.7 20797.7
S, rad 5.623 5.623 5.023 6.023 0.023 0.025
fo,Hz 14414.7 14414.7 14414.7 14414.7 14414.7 14414.7
T.A T.49985 0.220999 ©.251616 ©.461846 0.228614 0.231154
N 3. x 10l 3. x 101t 1.883 x 1811 1.x 181 1.5x 182 1.43x1eM
ND 2165. 332. 1000, 2600, 66. 700.
] 27 740. 27 740. 27749, 27 749. 27 749, 15874,
Frf, Hz 3.99993x18° [ 3.99993x10° | 3.99993x10° | 3.99993x16° | 3.99993x 18° | 1.99989 x 10°
U8, Gev/turn 0.216234 0.216234 ©.216234 ©.216234 ©.216234 ©.216234
Vrf, Gev ©.25 ©.25 6.25 6.25 ©.236 .25
?S° 128.125 120.125 128.125 128.125 113.617 120.125
©.0000.646390 | 0.0000264030 | 0.0000264039 | £.0000264630 | 0.0000264030 | 0.0000264039
Vs 0.017/9125 0.01/9125 0.0179125 0.0179125 0.0155491 C.0126658
st ©.0149823 ©.0149823 ©.0149323 ©.0149823 ©.8101587 ©.0211886
oe ©.0011138 ©.0011138 ©.00100089 ©.00100083 ©.00122/64 ©.00100115
as 9.00543445 ©.00543445 ©.00488355 9.60488324 0.020/01 0.00690826
oX ©.00002441/5 | 0.00002441/5 | ©.00002441/5 | ©.00002441/5 | 0.00002441/5 | 0.0000244175
o 1.99368x 16/ | 1.99368x 10/ | 1.99368x 10/ | 1.99368x 10/ [ 1.99368x 16/ | 1.99368 x 10"
oxX" ©.000162/84 | 0.000162/84 | ©.900162/84 | ©.000162/84 | ©.000162/84 | 0.000162/84
oy ©.000199368 | 0.000199368 | ©.600109368 | ©.000199368 | ©.000109368 | ©.000199368
ex,m rad 3.97477x10°% | 3.97477x 107 | 3.97477x10°% | 3.97477x10°° [ 3.97477x18°° | 3.97477x 10°°
ey,m rad [3.97477 x10°11[3.97477 x10°11 |3.97477 x 1811 [3.97477 x 10711 [3.97477 x10-11 [3.97477 x 10" 11
cy/eX ©.01 9.01 ©.01 ©.01 9.01 9.01
BX,Mm ©.15 ©.15 6.15 6.15 2.15 9.15
By, m g.001 0.001 8.001 0.001 ©.001 ©.001
Tinc, m 9.00130565 ©.00130565 ©.00129997 9.60125997 0.00132858 ©.00131489
L1/IP,cm *s 1| 7.50267x 106> | 1.15053x 16" | 4.2959x10°* | 8.54899x10°* | 1.52164x 10" | 4.35982 x 18°*
Le/IP,cm s 1| 8.89136x 10 | 1.34968x 16> [ 5.03475x10°* | 1.ee1x10* |[1.79184x 10> |5.12235x10°*
[1/10 0.852445 0.852445 ©.853249 0.85305 0.840206 0.851138
Nip 1. 1. 1. 1. 1. 1.
£X 9.01391/5 9.01391/5 9.00571109 9.0056047 0.0049/138 9.004165081
Ty 0.0503721 0.0503721 0.0210532 0.0210288 0.0/93007 0.0222206
5.11986 5.11986 Z.60085 7.60056 19.5026 6.50836
VS/EX 1.28/05 1.28/05 3.13644 3.14547 3.12772 3.04101
Te, Turn 710.882 210.882 710.882 716.882 210.882 210.882
) ©.01 9.01 9.01 9.01 2.01 8.01
th, s 2.29367 x 18 2.29367 =18 5.57648 x 18 | 6.63566 x 18°° 90121.2 3.4733x 18°
T, S 5040, 77 T040.77 13595.1 13635, 3788.4 13369.
Uc/EN ©.000465/08 | ©.000465/08 | ©.00017/3266 | ©.0001/2/59 | ©.000611291 | ©.0001/4628
N 3.82457 %1872 |3.02457 %1071 [1.24404x 107 [1.04547 x10°°° | 7.69783x 107%° |1.99734 x 10°*%
D, m 9.90453 S.90453 26.6216 26.6998 7 .5457 26.4139
I2, m1 9.0035516 9.0035516 9.8035516 8.8035516 ©.8035516 8.8035516
I3, m2 2.29881x16°° | 2.29881x10°° | 2.29881x10-° [ 2.29881x106°° [ 2.29881x16°° | 2.29881x 10-°
AI2, mt ©.0000133094 | 0.0000133094 | 1.83428x10°° [1.82355x10°° | ©.000023334 |1.88463x10°°
AI3, m? 1.34377x10°° | 1.34377x10°° | 6.89019x 10" | 6.82982x10°° [ 3.89235x10°° | 7.13498x 10°°
12/ 12 0.00374693 0.00374693 0.000516394 | ©.000513373 D.00656307 0.000530568
713/13 ©.46527 6.46527 ©.6295428 ©.6292876 ©.881337 ©.03057/68
U8, Gev/turn ©.216234 9.216234 ©.216234 ©.216234 ©.216234 ©.216234
P, MW 325.488 45.9151 T0. 1021 95. 9042 45,7519 T0.0020




