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Motivation




Motivations

Questions still unanswered about Higgs boson properties

Post-LHC era requirements

Upcoming beamstrahlung effects

FCC proposal opportunity

Monochromatization for high center-of-mass energy resolution



Objectives




Objectives

Present a review of the field of accelerator physics and future proposals
Characterize beamstrahlung at the FCCe+e-

Obtain the self-consistent energy spread and self-consistent emittance
Optimize the IP parameters to produce opposite dispersion

Develop a monochromatization scheme for the FCCe+e-

Describe the modification to the lattice design and the final focusing system



Accelerator Physics




Storage Ring A Qualitative Description

 Particles are injected into a vacuum chamber until the beam is stored.
e The guide field provides focusing capabilities driving particles toward the ideal designed.
e Stored particles loss energy by synchrotron radiation, compensated in average by the RFS.
e The periodic accelerating field collects the particles into circulating bunches.
e Energy loss by synchrotron radiation leads into damping of all oscillation amplitudes.
* Amplitude excitation occurs as an effect of the quantum nature of radiation.

e A balance between radiation damping and quantum excitation is reached.



Monochromatization principle A “simple explanation”

Standard collision Dispersion has the same sign in the IP

E+AE_ E+AE




Monochromatization principle A “simple explanation”

Standard collision Dispersion has the same sign in the IP
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Monochromatization Dispersion has opposite sign in the IP
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After doing this we get an Enhancement of energy resolution, and
sometimes increase of the relative frequency of the events at the centre of of
the distribution.



Monochromatization principle In Optical Terms

» A special arrangement of elements or modification of the available ones is required
* In the context of this proposal, exploration of the current FCCee design 1s needed

* In literature, insertions to implement this idea is known as monochromator

Monochromatization Dispersion has opposite sign in the IP
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Lattice Design Courant-Snyder Theory

Hill Differential Eauation

' + K(s)z=0

Ansatz

ox

' —K(sly=0, K(s)=— (3By)(s) K(s+C) = K(s)

(Bp)

z(s) = Aw(s) cos(d(x) + do)

Courant-Snyder Parameters

/B(S) — w k(:S) a(s) = —%,Bl(s) ’}’(S) = 1_;(;“8)(8)

Courant-Snyder Invariant

W = 7(s)2*(s) + 2a(s)z(s)z’(s) + B(s)z"(s)

W = A?



Lattice Design Dispersion

Off-Momentum Particles

P = Po ( 146 ) Relative Momentum Deviation
_Ap

Do

Momentum Contribution

z(s) = wg(s) + z5(s) Dispersion Function

zs(s) = D(s)d Approximations
rLp K1

Dipole Contribution

0%z
W + (1 —n)m — p(5

Dispersion Contribution

z(0) = Acosv1—mnb + Bsiny1 —nb + P_s

1—n




Lattice Design Lattice Parameters

General Contribution
) Dispersion Contribution

'+ K(s)z = —
p(s) z(s) = C(s)xg + S(s)xy + D(s)do

Dispersion Function

D(s) = S(s) /O W) o) /0 REIUPR

p(T) p(T)

Area of the Ellipse
e =W = my(s)a>(s) + 2a(s)z(s)z (5) + B(s)x *(s)]

Size of the Distribution

OrMS = \/ €8 (S) Normalized Emittance
EN = Br7r€



Synchrotron Radiation




Synchrotron radiation Energy Deviation Effects

Off-Energy Particles
E=E;+e Off-Energy Contribution

T =28+ T Radius of Curvature

G(s) =p~'(s)
Equation of Motion for Off-Energy Particles
=—-Kyz+G ( E0>
Ultrarelativistic Limit
E > mc?
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Synchrotron radiation Off-Energy Equation of Motion

Off-Energy Contribution

z. = D(s)e/ Ey Dispersion Equation
D"(s) = —KD(s) + G(s)

D Ki =0 G=0  D(s)=D'(sy)s+D(s0)
FQ Kl 75 0 G — 0 D(S) - ACOS(\/—K_,BQZ—I— if Kl <0

DQ K;=0 G#0 D(s) = Acosh(vK,z +0) if K1 > 0.

BM D" = —G? (D _ —)



Synchrotron radiation Dilation Factor

Length Increment le = fdl = ?{(1 + G(s)ze)ds = L + 0l

ole = ]{G(s)weds = Eio fG(s)Dw(s)ds

. ol 1
Dilation Factor 7= aEio a=z fG(s)Dw(s)ds

Ratio Orbit Length Revolution Time
L L + 0l L ( 1 0T 5l)
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Relative Revolution Time Increment
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Synchrotron radiation Energy Oscillations

Azimuthal Displacement

z(t) = s(s) — sc(s)

RF Energy Supply
eV (1) =U,s(ts — 7)

Time Displacement

s(s) — sc(s)

C

T =

Energy Change

oU =eV(m) —

Time Displacement Evolution

5 € . dr €
— —o— — = —0—
*T YR, dt E,
Urad(e)
Energy Evolution
de _ i( Vo — De)

dt ~ Ty



Synchrotron radiation Energy Oscillations

Time Displacement Evolution

d?r dT o D aeV
- = — e O
gz TRy +T=0 ac=op ToEq

Time displacement

7(t) = Aexp~®* cos(Qt — 6y) If a < €

In Complex Notation

e(t) = ce (@it T(t) = Fe(ae—i)t €
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Synchrotron radiation Quantum Radiation Effects

Instantaneous Power

P, = dw—/ /
v 0 dQ dew

Spectrum Function

dP, Py () = Py s ( w ) Critical Frequency
dw We We
3 cy3
e o, S(€)

Photon Spectrum Rate
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Synchrotron radiation Quantum Radiation Effects

Statistical Properties
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Synchrotron radiation Quantum Radiation Effects

Energy Deviation Oscillation

€ = Agexp®t(t—to) Photon Emission
€ = Ag exp™t—t0) _y expi®(t—ti) € = A; exp™?(t—t)
New Amplitude
A3 = A% +u? — 240 cos Qt; — to) Probable Amplitude Change

< A% >=< A2 — A2 >=1u?
Probable Amplitude Squared

dA?\ d(A®) 4N, ,  d(A?) (A?) oy _ 1 _dNy ,
<W>_ a  dt a2 T <A>_ZT€ dt "

For Sinusoidal Energy Oscillation
A?) 1 dN
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Beamstrahlung




Beamstrahlung Sokolov-Ternov Theory

Lorentz Invariant
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Beamstrahlung Sokolov-Ternov Theory

Photon Emission Rate

dN, Be/h qw., p Average Emitted Photons
— = — dw
dt 0 o 12 areNp 12 ar.Np
n’y ~ ~

/20,40, /2 o,

Relative Energy Loss
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Statistical Properties
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Beamstrahlung Sokolov-Ternov Theory

Photon Emission Rate

dN. Ee
1B / (dW., /dw)dw
dt 0

Statistical Properties
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Beamstrahlung Self-Consistant Energy Spread

Excitation Term

rd N3 v2 ~ 199 Tels 7~ rS NPy
ao?(ogy + 0y)3 0203
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Total Energy Spread
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Beamstrahlung Self-Consitant Equations

Self-Consistent Equations
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Monochromatization




Beam Parameters Distributions

Transverse Displacement

€
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Phase Space Distribution
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Without Monochromatization Colliding Beams

Collision Energy Spread

o 'w- = \/§E00 € Beam Energy Spread
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Without Monochromatization Standard Monochromatization

Baseline Scheme
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Monochromatization factor A(Dx *, Bx* =0.25 m)

Standard Monochromatization
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Figure 6.1: Monochromatization factor versus D at fixed 8} = 0.25 m, for
constant emittance and energy spread.



Monochromatization factor A(Dx+=0.11 m, Bx*)

Standard Monochromatization
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Figure 6.2: Monochromatization factor versus 3} at fixed D} = 0.11 m, for
constant emittance and energy spread.
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Beamstrahlung Effects on Monochromatization

Baseline Monochromatization D}, =-D;_ =D

T

Self-Consistent Equations
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Baseline monochromatization

E,. [GeV]

62.5

scheme e Width of standard model Higgs 4-5 MeV requires A > 10

I, [mA 4083

e 108.3 Np =3.3x1010 n, = 25760 B,* =2 mm

e [1] 25760

nrp [1] 2

B [m] 1.0 . .

5 ll[rmf] 2 Monochromatization Factor
* [m 0.22

€z,5R [nm] 0.17

€z,tot [DIM] 0.21

€y,SR [pm] 1

Oz,sr [pm] 132

Uz,tot [,um] 144

oy [nm] 45

0, sr [mm] 1.8

Uz,tot [mm] 1.8

o5,sr (%] 0.06

os,tot |%0) 0.06

6. [mrad] 0

circ. C [km] 100

ac [10_6] 7

fer [MHZ] 400

Ve [GV] 0.4

UO,SR [GCV] 0.12

Up,Bs [MeV] 0.01

TE/Trev 509

Qs 0.030 0.05 0.1 0.15 02 0.25

T nax [10_4] 0.3 D *[m]

Tave [1074] 0.1 . e

6. [mrad] 0 s

£, [1072] 1 8 10 12 14

€, [1077] 1

A 9.2 15 5 1

Loy, Lo Y :A=92,L=1x10% cm>s

0w [MeV] 5.8




Baseline monochromatization

E,. [GeV]

62.5

scheme m.c.
basel.
Iy [mA] 408.3
Nj [1019] 3.3
np (1] 25760
nrp [1] 2
B [m] 1.0
B; [mm] 2
Dy [m] 0.22
€z,5R [nm] 0.17
€z, tot [nm] 0.21
€y,SR [Pm] 1
Oz,sR [pm] 132
Oz tot (pm] 144
oy [nm] 45
0, sr [mm] 1.8
Uz,tot [mm] 1.8
o5,sr (%] 0.06
05,10t (%) 0.06
0. [mrad] 0
circ. C [km] 100
ac [10_6] 7
frf [MHZ] 400
Vie [GV] 0.4
Up sk [GeV] 0.12
Uo,Bs [MeV] 0.01
TE/Trev 509
Qs 0.030
Trax [1077] 0.3
Yave [1074] 0.1
0. [mrad] 0
£ [1072] 1
& [10-7] 4
A 1] 9.2
L [10% 1.0
cm~2s71
0w [MeV] 5.8

Width of standard model Higgs 4-5 MeV requires A > 10
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Failed “pushed” monochromatization

Monochromatization Factor

Pushed monochromatization:

Ny = 8.5x1019
ny, = 10000
By* =1 mm

0.05 0.1 0.15 0.2 0.25

D, ml
e '
1.5 2 25

3 35 4 45 55 6

Y :A=23,L=7.5x10% cm3s’!



Failed “pushed” monochromatization

Luminosity contours
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Optimized Monochromatization Luminosity max and A

Monochromatization Factor

S=[0.1,3], T=[0.1,3]

Box = 1.0 m, Boy = 1.0 mm

DOX = 022 m

S[1]

Nob = 3.3x10'°, nop, = 25760

BX:BOX*SZ, Dx *=Dox * S

Nb=Nob/ T, no=nep * T

Y Ao =10.17321



Optimized Monochromatization Luminosity max and A

S=[0.1,3], T=[0.1,3]
Box = 1.0 m, Boy = 1.0 mm

DOX = 022 m
Nob = 3.3x10'%, ngp, = 25760
BXZBOX>X< Sz, Dx *=Dox * S

Nb=Nob/ T, no=nep * T

v :

3 .
2.5
§wn 4
z-ﬁg %
® X
0O+ ¥ %
. |gxe
= % >
w 158 2,
%
< 9
= -99
(S (]
13 2 ¢ % e
% ’ig\‘.’ Lo
ﬁ‘@ (?%QX‘P x\%\ 7@ 999
) i ]
G % B 435 o434
0.5 B, %
& 9% 2 1
5 46840435 826435 -
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Optimized Monochromatization Luminosity max and A

i I ' vask‘
16x103°
S=[0.1,3], T=[0.1,3] )
12
Box = 1.0 m, Boy = 1.0 mm
@ A
wg o
DOx:0.22m .—é
-4 86
Nob = 3.3x101, ngp = 25760 ¢ Rl PN
i B M\\

BX: BOX * SZ) Dx * = Dox

Nb=Nob/ T, no=nep * T

* 0
S 1 2 3 4 5 6 7 8

Lmax VS 7\,

Y :=10.17321, L~ 1 x 10°% cms"!



Luminosity max and A

Monochromatization Factor

S=[0.1,3], T=[0.1,3]

Box = 1.0 m, Boy = 1.0 mm

DOX = 022 m

S[1]

Nob = 3.3x10'°, nop, = 25760

BX:BOX*SZ, Dx *=Dox * S

Nb=Nob/ T, no=nep * T

Y A=5.07,=1.96 m, Dx=0.308 m, L =3.736 x 10°> cm™s"!



Conclusions




Y :A=5.07,=1.96 m, Dx=0.308 m, L=3.736 x 10°> cm-2s"!

E. [GeV] 45.6 62.5 62.5 62.5 80
scheme CW h.-o. m.c. m.c. CW
basel. opt’d
I [mA] 1450.3 408.3 408.3 408.3 151.5
N, [1010] 3.3 1.05 3.3 11.1 6.0
ny [1] 91500 80960 25760 7728 5260
nrp [1] 2 2 2 2 2 . . )
g; Fn] | Lo * Monochromatization scheme can be implemented.
* Imm
D" [m] 0 0 022 0308 0
2. 0.09 0.17 0.17 0.17 0.26
oo {ﬁﬁ 009 017 o021 om o2 ° Beamstrahlung effects may be controlled.
€y,sr [pm] 1 1 1 1 1
s [um] 9.5 9.2 132 1857 16
Oz,to [,um] 9.5 9.2 144 188.5 16 PY 3 - 1 1
Tuter U pra e S Simulation supports predictions.
0.sr [mm] 1.6 1.8 1.8 18 20

Owtor [mm] 38 18 18 18 31 . ) C ey :
oem % 004 006 o006 o006 oor © Lattice designed is still in progress and the required
510t (%] 0.09 006 006 006 0.10

9, [mrad] 30 0 0 0 30
cire. € [km] = 100~ 100 100 100 100 modification should be possible.
ac [107¢] 7 7 7 7 7
frf [MHZ] 400 400 400 400 400
Vit [GV] 02 04 04 04 08

Uose [GeV] 008 012 012 o012 033 * Theory confirmation could be achieved at the FCCe+e-
Uops [MeV] 05 005 001 001 021

T/ Trev 1320 509 509 509 243
Qs 0.025 0.030 0.030 0.030 0.037

Tmax 1074 1.7 08 03 085 40
Tawe 1074 07 03 01 035 17

9, [mrad] 30 0 0 0 30
¢, [102] 5 12 1 222 7
£, [10-2] 13 15 4 676 16
A 1 1 92 508 1
L [10% 90 22 10 374 19
cm 2571

0w [MeV] 58 53 58 1044 113
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