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Damping ring layout

o o Parameter FCC_ee DR
g . ' Circumference 239.2 m
B L I e m—— Harmonic number 319
| Hl Eqg. Emittance (x/y/z) | 1.01 nm/ -/ 1.46 pm
k I I t | Dipole length, Field 0.21 m, 0.66 T
e | :: :| Wiggler #,Lenght, Field 4,6.64m,1.8T
H Cavity #, Lenght, Voltage 2,1.5m,4 MV
Z I "HlllHHHIIHHHHHHIIIHHIIIHINHIHHWHUI‘ ::
';2 . n:umnmn:mnuuxu:nmnum‘llmmun1:1lw | mlnnmmmlnmmnmlumummlnulmunuln 5 Bunch Stored #, Charge 18 , 4.0 nC
®betr i s [m] Damping Time (x/y/z) 10.8/10.8/5.4 ms
"r,,,, bety [m] \\\\“\‘ .
) Store Time 42.5 ms
hhh"""""llllll o o I 1111 I 1 Illl“““‘“‘ Energy IOSS per turn 0.227 MV
SR Power Loss (WGL) 15.7 kW
Current DR shopping list:
* 232 BEND (21 cm each) in the arcs
e 258 QUADRUPOLE (20 cm each mostly in the arcs)
» 232 SEXTUPOLE (8 cm each mostly in the arcs)
« 4 WIGGLER (6.7 m each: 44 poles of 5 cm each)
e 2 Straight section hosting RF Cavity and Injection/Extraction equipments
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Damping Ring acceptance
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Transverse emittance @ pLINAC (Jan23)
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Simplified Energy Compressor optimization
5t =tg — tres

£ 2500—
E . 0 EC
Op2 pz Tef 3 - pZ — pz—l_pz
_ _ 2000[-
R, + zero-crossing cavity transform: a
o 5p. 1500
ts6 = 0t + Rse - :
BC . 1000
p;~ = Verpsin(2r frrtse) -
500 -

900 700 800 900 1000 1100 1200 130 00

pT [MeV]

V.. and R, parameter scan:

Maximize the fraction of particle
within 2% of the central energy.

Result (only analytical):

V__ =100 MV
R, =-0.35m
Results with Elegant simulation
0757720 40 60 80 100 120 140 160 180 slightly different.
V_RF [MV]
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Tracking input distribution
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To increase the statistics EC distruibutions have been resampled. The central energy and
time are assumed to be “free to be adjusted”.

Cut on the tails have been applied (8% loss)

Comparison between EC(analytical) and EC(Elegant) shows some difference

Simulations with EC(Elegant) distributions are on-going (no major difference expected)
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Initial distributions are

strongly asymmetric Damping Ring acceptance
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Energy distribution evolution

After 8 ms

I
o A B
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Turn

10k turns

The larger is the deviation of the energy

the distribution as expected (see plot).

Global acceptance:

(TOT) = 0.939x0.917 =

fACC

Most of the losses are concentrated in the tail of

86.1%
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IBS impact evaluation
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Emittance evolution with IBS
PDR: g, time evolution

3 < The IBS has been evaluated using
= N MAD-X module.
E 103 N — w/o IBS
N — wIBS The initial emittance is 3 mm mrad
-\ The bunch charge is 4 nC
10° N,
N e (ext) = 1.29 nm rad
BN ey(ext) =1.03 nm rad
10 \“\
"\\\
N
1 X

0 5 10 15 20 25 30 35 40
Time from injection [ms]
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Conclusions @ LNF Injector Meeting

* Transverse emittance of the pLINAC beam is confirmed
to be very large (~3 mm mrad)

* Energy Compressor allows for reasonable energy spread at
Injection (~2%)

 Damping Ring acceptance for EC beam is larger (~92%)

e |IBS does not limit the extraction emittance
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DR optics
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DR optics details
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betx, bety, dx [m]

Straight section details.
Two of the four wigglers are

shown.

Straight sections are designed

to host RF cavities

and Injection/Extraction

equipments.

O T T T T T T

0 0.2 0.4 0.6 0.8 1.0 1.2
s [m]

@ betx

@ bety

@ dx

T T T T 1
1.4 1.6 1.8 2.0 2.2

16/40



Tune diagram

+

Tune variation as a function of
energy for the nominal lattice
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DR longitudinal acceptance
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:R((ps) = [2 COS @gq + (2@5 - ﬂ:) sin (;USJ

If an energy acceptance of the order of

()-

(ﬂE
E

Energy Acceptance at injection for e* beam

—)=2p |—

aCES

6 %

is requested in injection

SC RF cavities working at 400 MHz and
providing at last 4 MV are considered.

—— R(ps)

Ve = 8.53 MV

AE/E %

=J

400 MHz
f/// _________ = 0.001535
__.-". h =319
- E; = 1.54 GeV
4 6 8 o
V_(MV)

Minimum RF cavity voltage request to compensate the energy lost per turn is

Er=0.225 MV
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DR Beam Dynamics Parameters

_ V= 8MV V=6MV V=4MV V=2MV

U, [KeV] 227.1
DE/E, 0.71 102
Relying on DR parameters: Q [KHz] 25313 21.918 17.888 12.618

E. =154 GeV To [usec] 0.79801

L =239.2628817 m @, [s? rad] 7.87 10°

ac= 0.001535 v, 0.003215 000278  0.002272 0.0016

h =319 Ly ynch[M] 0.00207 0.00239  0.00293 0.00415
@, [rad] 0.0283967 0.0378663 0.0568164 0.113817
(E-E,) [GeV] 0.124 0.107 0.0862 0.058
AQ [unit of ] 18 1.7769 1.7269 1.6016
LouckedlM] 0.6788 0.6664 0.6476 0.6006

Short bunch length can be an issue for:
lifetime,
injection must be carefully tuned,
impedance and bunch lengthening must be evaluated,
Beam coupling with RF system
CSR,
IBS,
beam instability impact
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Separatrix

W - @representation, canonical coordinates 1 do . 2mc | 2mhingy,
Q. dt L _|E.eV cos @
W L eVE;
" mhe 2rhier The area of the bucket is an adiabatic
2m invariant, longitudinal acceptance
App =2 f Wde =8W,, Bunch area is longitudinal emittance
0 &=4no: 0, [eVsec]
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002 | h = 319
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DR dynamical aperture
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DR dynamical aperture: Tracking study

32 — 995 991 4
w — 1452 1432 1 1 1 17
[L@] 8 T L

— 1958 1916 4 1 1 2 34
N 2632 | 2096 80 19 12 14 4 1 406
— 3248 1881 178 97 62 15 2 1013
A= 3978 | 1837 342 83 1 3 3 1699
— 4630 1729 112 18 4 3 2 1 2761
o [ 197 81 24 11 8 1 3911
— 5772 851 79 22 7 1 4812
= 5808 = 571 36 20 4 1 6 3 1 5256
— 5806 579 a5 10 8 3 1 2 6 5152
- s678 764 73 23 8 1 2 1 1 4805
2 s 1067 73 29 7 8 a 1 4128
— 4605 1584 120 20 8 a 2 2867
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U 2516 1896 84 24 15 21 2 474
— 1989 1989
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— 1444 1444
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Tracking has been performed with PTC (MAD-X interface) for 10k turns.
Initial distribution are Gaussian with nominal emittance (CDR ¢ :1.29 g :1.22 10°m rad).

Complete tracking has been performed, including radiation loss and RF effects.

In the table the numbers refers to the particles lost at a given turn (1k width). The first column
Is the number of initial particles. The range of energy considered is quite large in order to
estimate the acceptance as a function of the energy deviation.
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DR dynamical aperture
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Tracking has been performed with PTC
(MAD-X interface).

2000 turns has been tracked (~15%
damping time). The estimated loss of
accuracy is below 1% at the nominal
energy.

The phase space have been sampled
up to 3x3 cm? in the transverse plane.
Only on-axis particles have been
simulated (x'/y’=0).

Radiation damping has been neglected
allowing a much faster tracking of the
DR.

The stability region in the transverse plane have been evaluated for different energy deviation,

in the range between +2%.

Contours represents regions where at leas 90% of the initial conditions leads to a succesfull
tracking. A probability definition is needed in order to take into account the average value over

the surface.
21 April 2023
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DR dynamical aperture
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Tracking has been performed with PTC
(MAD-X interface).

2000 turns has been tracked (~15%
damping time). The estimated loss of
accuracy is below 1% at the nominal
energy.

The phase space have been sampled
up to 3x3 cm? in the transverse plane.
Only on-axis particles have been
simulated (x'/y’=0).

Radiation damping has been neglected
allowing a much faster tracking of the
DR.

For larger energy variations (x4%) the stability region shrinks considerably and it is clearly not
symmetric w.r.t. the energy variation itself in the transverse plane being considerably smaller
at higher energy (blue) w.r.t. lower energies (red). For reference the stability region at the

nominal energy has been reported.
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DR acceptance probability

pDR: acceptance density @ Ebeam = 1.54 GeV pDR: 55-95% Aperture @ Ebeam = 1.54 GeV
— 4 — 4
3 - 09 E n 0.9
< 3 > 3
E 0.8 E 0-8
2 07 2" 0.7
- - 0.5
of 05 o
- 0.4 - 0.4
-1 —1F
- 0.3 C 0.3
-2 —2F 0
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—3r 0.1 3L @CDR nominal emittances —0.1
_ :\ L1 L1 | L1 1 L1 | L1 1 L1 1 L1 1 L1 1 L1 1 L1 1 _ | _ :I L1 L1 1 ‘ L1 1 ‘ L1 1 ‘ L1 1 ‘ L1 | ‘ L1 1 ‘ L1 | ‘ L1 1 ‘ L1 1 _
0 8 6 -4 -2 o0 2 4 6 8 10 © 0 8 6 -4 =2 o0 2 4 6 8 10 ©°
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inj inj

DR acceptance probability has been evaluated starting with nominal CDR beam at the
injection: Gaussian profile with nominal width at the injections (¢ ~ 2mm in both planes).
The energy distribution has been assumed Gaussian with 5% resolution.

The color map represent the projection of the survival probability associated to the different
position in space: horizontal and vertical, respectively as a function of energy deviation.

A full matrix in phase space is available to reshape particle distribution at the positron
source.
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DR: particle loss distribution
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w ™ =
< 3500f _ _
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3000F /
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Azimuth [m]
Tracking has been performed starting with nominal CDR beam at the injection: Gaussian
profile with nominal width (c ~ 2mm in both planes). The energy distribution has been
assumed Gaussian with 5% resolution.

The plot shows the distribution of losses around the ring (lattice on top)
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Collective effects
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Collective Effect estimates for the “after CDR” Design

Collective effects can limit the ultimate performance of
any accelerator. In this respect, an analytical estimation
of intensity thresholds and impedance budgets have been
performed for the current DR design.

Based on the analytical estimations, No major
limitations are expected due to IBS, TMCI and CSR.

Concerning the SC, the tune shift at the equilibrium state
might be an issue.

The Boussard criterion is below the longitudinal
impedance assuming a vacuum chamber radius of 10
mm. 35 mm radius is needed (need discussion with
expert).

It was shown that the neutralization density exceeds
the e-cloud instability threshold for the equilibrium
state. This should be investigated with
comprehensive simulations.

The fast rise times of the Fll can be compensated with a

feedback system, provided a vacuum pressure of
10-° mbar are achieved for the DR.

4/21/23

Parameters accounting for

Parameters Collective Effects

6Qyy- @inj. (e) 0.004/0.003
@y- @inj. (e*) 1.8x10%/1.04x10°
Ex&&— @eq. {e'and e7) 0.01/0.09
Emit. growth by IBS @inj. (&) [%)] 78
Emit. growth by IBS @inj. (e*) [%] 6

2o [0] 1
(2o!!/n)m [Q] - @in;. (e) 14
(Zo!!/n)e [Q] - @inj. (e*) 2585
(2ol l/n)m [Q) - @eq. 0.1

Ze4 [MQ/m] 0.95

R [MQ/m] @in]. for e 12.06

Ren [MQ/m] @in]. for e* 3.54

Rt [MQ/m] @eq. 3.78
6Qion @inj./@eq. 0.003/<<
Tinst [trev] @iN]./eq. 770/14
prewr[1077/m?] 125.06
pu [10"/m?] @inj. 1634

pwn [10"/m3] @eq. 22.06
btupakov parameter @eq. 3.18
b/b @eq. 0.73
P-5pA T (m)@eq. 065
p2(m) @eq 0.003
Gtupakov parameter @inj. e’ /e* 0.22/0.0001
b/b @inj. e /e’ 0.73
P-5pA T (m) @inj. e /e’ 33.8/>>

z(m) @inj. e/e*

0.001/0.0034

29




Injection/Extraction timing scheme
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Injector current general layout

~100 m

”

Electron

SPS (PBR) or
EC  HE Linac

v

~400 m

L J

source
6 GeV

——————

Common Linac

! DR
~100 m £

F 3

1.54 GeV
: Stored time 40ms | 53m
Positron source
NEW Common linac: repetition rate 1 Common linac: repetition rate 2
200 Hz Common linacat 400 Hz 200 Hz Common linac at 200 Hz .
Vrf A positron 200Hz + 200 Hz electron Vﬂ“ pogitron + e|ectr0n CDR-LI ke
] | A
II 'Ill | * 1 ||“ ll
) T 40 10 50 )
t [ms] t [ms] Same RF pulse but fast pulsed
correctors (magnets)

New baseline for FCC_ee Injector complex is under evaluation.
In the current scheme two low energy linac’s are used for electron and positron and only the

high energy linac is common.
DR should allow to damp the beam and delay extraction to allow single species operations for

the coommon linac.
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Timing: DR Injection

N, LINAC pulse (2 bunch per pulse) stored in DR

/\
- N\

1 1 1 [ 1 1 1 |

#pls O 1 2 3 4 [...] np-1 np

#bkt O Ab 2Ab  3Ab [...] 0=h Ab

Ay, =INT|h/N,] Space between first bunch for each pulse

__ - Gun has been phased with DR RF so that the
Loun =17 + ApTrp(i70np) “first” gun pulse arrives at the DR in the #bkt=0

ATpr = (N, — 1)T1 > m7y, Store time

To store for at least N, > 9 = Ay < 35

4 damping times

L . | With A_ = 35 the last filled bucket is the 281 38 bucket
h%NP 7 0= Ay = Ab(l) before the 319"
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Timing: DR Extraction

AN

#pls O 1 2 3 4 [...] np-1 np
#bkt O Ab 2Ab 3Ab [...] O=h Ab
#Hext - - - [...] 0 1

Text =|Toun + ATpr|+HTs/2 H|1o — AT

Arrival + Storage time Phasing with “empty” L2

Half turn to reach the pulses. _
time from DR to L2
Time is measured in T units
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Timing: Extraction kickers details

Unaltered bunches . Ty Flat top
T,; : Rise Time:

/I_

e i —

Tgb = 1OTRF( 29 IlS) Ab — 35TRF(87 IlS)

Kicked bunches

Time differences between the two bunches of the same pulse (25 ns) and between
different pulses stored (87.5 ns) has the following implications on kickers pulses:

Ta+1r <35Irr N 1IF > 19

Tg <62 ns I'r > 15, = 25 ns

Reasonable values could be: T, =50 nsand T_= 30 ns
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Timing: Booster positron\filling

L2 HEL

BR

6 GeV 20 GeV

1.54 GeV

ATpp : Time from DR to BR
TE : DR Revolution period: ~ 1 us
TZ : BR Revolution period: ~ 300 us

Extracting from the DR at the “nominal” delay time of 42.5 ms will fill, conventionally,

the bunch “0” (actually the first pair of buckets).
Varying the turn of extraction allows to fill other buckets.
The homogeneous filling of the BR with all the 10k bunch at Z pole could require large

time difference in extraction.
The impact on the common LINAC have to be considered.
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Conclusions @ IJCLab Meeting

DR Longitudinal acceptance

* RF requirements to allow largest energy acceptance have been evaluated.
Assuming SC RF cavity, two cells are needed.

* Large energy acceptance imply short bunch length. Potential issue

DR Dynamical aperture:

* Tracking has been performed with PTC

* The maximal aperture is 3.5 sigma of the injected beam

* At the nominal injected beam emittance (CDR) a reduction of 50% is expected

Timing:

* DR filling scheme allows to have extracted pulses after 42.5 ns.

* The scheme of L2 at 400 Hz Rep Rate is feasible

Tunability of L1 effective repetition rate is requested to be within 0.8 ps O(10%)
Tunability of L2 effective repetition rate is requested to be at least 150 ps

DR KCK'’s time requirement have been defined and seems not prohibitive
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Separatrix

AE - AY representation

016 [T T

0.1
a.= 0.001535

0.05 [

~ h =319
& V =8 MV
e
w” E. =1.54 GeV
wo 0. = 0.028 rad
015 ———— ' ' :
-1 0.5 0 0.5 1 1.5

w—tpu (in unit of x)
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Separatrix vs. VRF
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Timing: Some definitions
R1(7T1) : Repetition rate (Period) L.1: 200 Hz
Ra(T3) : Repetition rate (Period) L2: 400 Hz
RF(Tgrr) : DR Radio Frequency (RF Period): 400 MHz

AT, : Delay between Electron Gun an DR injection

Tg : DR Revolution period: ~ 0.8 us
h: DR harmonic number: 319

N, : Number of LINAC pulses stored (2 bunch each)
Tz /y - Damping time: ~10.8 ms
Ay : Number of bucket delay between first bunch for each pulse

T9, : Time differece between two bunch in the same pulse

The number of stored pulses depends on the time needed to damp the
incoming positron beam.
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Timing: Booster ring filling

+1 DR turn time difference : 0.8 ps

AN
IInnm
LY_)

10 Trr( 25 ns) Ay = 35TRrr (87 ns)

Intermediate bunches

To fill the intermediate bunch more than 1 turn of BR (~300us) is needed
How many depends effectively in the ratios between DR and BR revolution period
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