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Motivation for studies

* Main changes in the PSB after LS2 affecting the
longitudinal beam dynamics:

» Higher injection energy (LINAC4) and different injection
schemes.

» Higher extraction energy (new magnet power supplies).
»Higher acceleration rate (higher extraction energy).
»Higher beam intensities (~2 for LHC beam)

»New momentum programes.

»New RF systems.

» Different space charge effect and PSB impedance model.

» Larger controlled longitudinal emittance blow-up required for
the PS.
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BLonD main features (1/2) | B:,

* BLonD is a Beam Longitudinal Dynamics simulation code for synchrotrons
developed at CERN in the RF group: https://blond.web.cern.ch/

e All machines in the LHC injection chain have been simulated with BLonD
(SPS was the first one, Refs [1], [2]).

* Main features:
» Python and C++
» Single and multi-bunch options
» Acceleration, multiple RF systems, multiple RF stations in the ring
» Various RF manipulations (splitting, rotation, slip-stacking...)
» Collective effects in frequency and time domain (multi-turn wakes)
» Ring periodicity
» Low-power level RF options (loops, beam and cavity-based feedbacks...)
» Emittance BUP with phase noise or modulation
» Monitoring, plotting, data analysis



https://blond.web.cern.ch/

BLonD main features (2/2)
* Exmple o] § mdel adopted and code capablities + Code diagram
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Examples of benchmarking: with measurements

* Comparison with PSB measurements => good agreement
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Examples of benchmarking:
with another code PTC-PyOrbit

Peak line density

—PyOrtbitnos.c.
—PyOrbit with s.c.
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Examples of benchmarking: with Music code (1/3)

 BlLonD and MuSiC (M. Migliorati’ code) similarities:
» Macro-particle models used to treat high number of particles
» Same longitudinal equations of motion for single-particle dynamics

e BLonD and MuSiC differences:
» MuSIC calculates the exact V;,,4 in time domain from wakes generated by
resonant impedances. Only parameter: # macroparticles Ny,
» Slicing of the beam profile in BLonD, V;,,4 in time or frequency domain.
Parameters: Ny, finax (Or At), Af (or thax)-
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Examples of benchmarking: with Music code (2/3)

FIRST EXAMPLE: short-range wake field
Broad-band resonator impedance with f,. higher than the bunch spectrum cut-
off frequency is difficult to simulate in BLonD: fixed N,,, physical contributions
are lost if f,,,4, is too low and noise is included if f,,,5 is too high.
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Examples of benchmarking: with Music code (3/3)

e SECOND EXAMPLE: long-range wake field
» Narrow-band resonator impedance with f,- lower than the bunch spectrum cut-off
frequency is difficult to simulate in BLonD: wakefield can couple multiple revolution
turns and f,,,4 and Af (or At and t,,,,,) are not easily defined.
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PSB parameters under study

 Situation after LS2:
* Injection kinetic energy: 50 MeV => 160 MeV
» Extraction kinetic energy: 1.4 GeV (ISOLDE) or 2 GeV (HL-LHC), now 1.4 GeV
» Same cycle duration as now (1.2 s) => Higher acceleration rate
* RF systems: narrow-band ferrite => broad-band Finemet (Refs [7], [8], [9])

* Longitudinal simulations to predict beam stability: (Refs[10], [11], [12], [13])
* Realistic impedance model (cavities, ...)
* Reliable estimation of space charge (dominant impedance source)

* Realistic LLRF feedbacks modeling
* h=1orh=1&h=2

Relevant PSB parameters after LS2

1, 1 S Eyin: 160 MeV — 1.4 GeV — 2 GeV
N B:0.52 - 0.92 > 0.95
S y:1.17 - 2.49 - 3.13
T,e,:1008 ns - 570 ns - 552 ns
frev: 0.99 MHz — 1.75 MHz — 1.81 MHz

LED S
\@
' ,// ‘ fiyokV:1.68 KHz — 0.41 KHz — 0.26 KHz

: — Leir
Tone.d )

PS




Space charge impedance at 160 MeV:

rough estimations

* First estimation, on-axis potential
Impedance free space
Zsc ") Zo g
n 2By’ Zﬁy

b
(1 + 2log ) = 795.8 ()

* Second estimation, average potential over Ox,y

n 2,8)/

b
(05+210g >= 663.7 ()

(*) formulae valid for round
uniform beam in circular chamber

Oxy ~ 5.5 mm
30 mm is the lowest half-height of
all the PSB chambers
4
b = radius chamber =30 mm
a =2 dy, =radius beam =11 mm

* Third estimation, using measurement (S. Hancock et al.) g(100 MeV) = 2 and rescaling

Norm. transverse emittance

VN Zse  Zo
VB(Ew)y(Ey) n By? {

G(Ek) 1+ lln

By

2 [y(100 Mel)

} = 595.5()

=> Too wide range, more accurate estimation was needed!

Ref [14]
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Space charge impedance at 160 MeV:

more accurate calculations
» The code LSC developed at SLAC [7] was used

MAIN INPUT:

e Gaussian transverse
distribution
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Space charge impedance during cycle

» Scaling based on value of 633.14 () at 160 MeV => used in all simulations

Z Z 1 E FE
| SC|(Ek): 0 124 ~1n B(Ek)y(Ek)
n B(ER)y(FE)? 2 B(160 MeV )~(160 MeV)
- Spacg charge during cycle Loss of Landau damping in a single RF for HL-LHC beams
600 V(h=1) =8 kV, g, =1eVs V(h=1) =15kV, g, =1 eVs
= 0 z00f V(h=1)=8.0 kV 700 |- V(h=1)=15.0 kV
§ wo| N 0E12 00| NsoE1s
100 300f_threshold ha 0 threshold )

kinetic energy{GeV]

» Factor 8 reduction during
cycle, but the SC effect is in

fact increased due to bunch ==

length shrinking!

160 MeV - 2 GeV. 160 MeV — 2 GeV

I R FR—— | s P h P P L P n
0.3 0.4 0.5 0.6 0.7 0.8 0.3 0.4 0_‘5 O_‘G 0.7
Time (s) Time (s)

» Landau damping in a single RF is lost for the whole
:> cycle above ~3el12
» Dipole oscillations will be probably damped by phase

loop

0.8




PSB impedance model

* Includes space charge and
» Finemet cavities
» Extraction kickers
» Extraction kicker cables
» KSW magnets
» Resistive wall
> Steps (beam pipe discontinuities)

* Impedances in red depend on the
beam energy.

One
Finemet

p

courtesy
S. Persichelli

—

CST

|Z3T|/l'l [Ohm]

0.065

0.060

0.055

0.050

e
o
Y
[

0.040

0.035

0.038

Negligible compared
to space charge

courtesy
C. Zannini

0.5 1.0
kinetic energy [GeV]

impedance sources.

15 2.0

e
a co{;\rteW\
4 C. Zannini

7 Space charge and Finemet cavities are the main

16



Finemet cavity impedance

» Three Finemet cavities (36 gaps) will be installed in each ring for total V of 24 kV

» Three possible configurations:
» Short-circuited gap (green), gap with open loop (blue), gap with closed loop (next slide)

1 Re Z Im ?Z gap off
140 50
120
£100 g 0
2 S
N g0 N
& £ -50
60-
gap on, full Z, gap on, full Z,
40 -100
Courtesy
20 M. Paoluzzi
07 10° 10! 10° —150 101 10° 10* 10°
frequency [MHz] frequency [MHz]

> frey Varies from 0.99 MHz to 1.81 MHz mmmm) short-circuited impedance is very
small in beam-spectrum range of
frequencies

17



impedance [{1]
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Effect of the PSB impedance model
with Finemet cavities (closed-loop)
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>
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Finemet impedance is
reduced at first 8 (16) f
by LLRF feedback
(notches).

rev

In simulations notches are
reproduced using the
measured feedback
transfer functions.

Measurements

m—

-50

-100

0.5 MHz
~3 MHz

-0

—1MHz
5 MHz

'

Af [kHz)

0

—2MHz
—15MH:

3dB BW: ~ 16 kHz
(double sided)

~-30 dB reduction
in cavity impedance

50

100

Courtesy M. Paoluzzi

- Bunch profile (1 eVs) in a double RF (bunch

lengthening mode).

- Multi-turn induced voltage as the sum of space-
charge and Finemet voltage with reduction by

feedback (FB).

--- Finemet voltage without reduction by FB
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Acceleration cycles

Two different momentum programs and derivatives

Courtesy
 S. Albright

1. 160 MeV -> 1.4 GeV
K o N=1.6e13 (ISOLDE)

2.5

N
[=)

2. 160 MeV -> 2 GeV
o N=3.6e12 (HL-LHC)
o N =1.6e13 (high-intensity)
=> Most critical cases
(studied in simulations)

dP/dt (GeV/s)

Momentum (GeV/C)
-
wn

1.0}

300 400 500 600 700 800
C-Time (ms)

Cycle Injection

* Cycle length = 1.2s (the same as now): * Injectionat B >0
C275->C775 * No longitudinal painting

* Faster acceleration than now for HL-LHC * Bunch emittance = 1 eVs after
beams (and faster deceleration at the end) filamentation
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Beam-based feedbacks in simulations

»  The main goal of the phase loop is to damp the rigid-bunch dipole oscillations reducing the
difference between the beam and designed synchronous phases.

»  The aim of the radial loop is to maintain the beam orbit at the design one.

»  Realistic and phase and radial loops in simulations starting from PSB RF synoptic

(1)
Additional contributions, e.g. noise l l
sin Ag = sin(A@p f + Paad) mmm) (A = AV A + Gampl(B0 sin Ag™ + BY sin Ap™™ 1)

P 4
Beam phase measured at the
h=1 RF frequency and phase

(3)
n
AFIY = ATAAFY + Gaing (BYAR™ + BYAR™ ) | mmmmm | AR" _ Ay va Ve = 4.077
) ' Ri  figavi—v: Ra=25e3mm

fn+1 f:};; + Afn+1 f:};; FGPLgam Afn+1 FGRLgam Afn+1 ‘ V,'}Fl = V111+1 sin w;};l

Remarks:
* Insimulations A@y, ;. is obtained convolving the beam profile with the window-function
of the band-pass filter of the machine.
* In simulations estimate of AR using (3) instead of radial position pick-up measurements
* Two gains for phase loop and two gains for radial loop (one ‘global’ and one ‘local’)
* The ‘global gain’ is not seen inside (1) and (2)



New emittance blow-up
with band-limited RF phase noise

» Current blow-up: high harmonic phase modulation from dedicated RF system (C16)
=> difficult to set, control in operation and reproduce in simulations.
» Band-limited RF phase noise in h=1 can replace this method saving also RF voltage.

_ 14— flat (no phase loop) 1.0 _ 900 fSO

N 1.2 . axponential (with phase loop) / EN :

~1.0 / 110.8= : f

Fos - |06 3 850 Target ——» P
: 7 . :

506 ‘o4z f S emittance

<04 : <

7 0.2 | 02%

0.0 Siown 1.4 1.5 1.6 fslu fUPO.O

frequency [kHz]

Pnoise = IDFT(DFT (N(t)) R, frev S(f))

—=3.10

—3.11f+ GnOISe = Const

~
()]
o

fdown

Current
emittance

—,..chrotron frequency [Hz]
S
o

— no intensity effects
— with space charge

05 1.0 15 2.0 255 3.0 35 4.0
emittance [eVs]

> Synchrotron frequency distribution in single PSB RF.

> The bunch emittance increases from 1.8 to 3 eVs
applying phase noise in the band [725 — 875] Hz.

> Space charge lowers the synchrotron frequency (PSB
below transition) and the noise band should follow it.

—3.12}

—3.13}f

—3.14 -

—3.15}|

—3.16 -

—3.17 |

—3.18 n L L L L
200 300 400 500 600 700 800

cycle time [ms]

Vrf = V1 Sin(wrf,dt + (Pnoise) Refs [15]; [16] 21




Simulations LHC beams: constant 8 kV

Smooth momentum program

1) No blow-up, no intensity effects

3.0 i 14
1 1 — ¢ @C275 =0.46 eVs
o) : : T @ C275 =0.8eVs
&i., . . — ¢, @C275 = 1.2 eV;
3% High gradient here | | = e LT e
€20 Small voltage can : i .
o 1 v .
Cause particle losses yau <" Zero particle lost but
EL5 : : E 6 i
2 . | £° small margin for blow-up
[ 1 1
510 | | 4
E / ! ! 3 EVS
1 1
0 1 1 2
200 300 400 500 600 700 800 A -
Ctime [ms] gl . .
0 300 400 500 600 700 800
Ctime [ms] .
Here &; according to vcl definition to check critical Costant £, during ramp
points during the ramp (Liouville theorem)
14 12
— ¢ @C275=1.2eVs — bucket area 8 kV with intensity effects (12 Cl + 24 SH)
12| bucket area 8 kV with intensity effects — ¢ @C275=1.2eVs
— bucket area 8 kV without intensity effects‘ [ 10
10 /‘ With just 8 kV we can short-circuit
- 20 % particle lost 8 ?4 ga|:_)s. reducing significantly Re Z and
3 ) z increasing bucket area.
% Scenario not gOOd for o6 Zero particle lost but still small margin for
£ blow-up z blow-up.
. 4
3eVs / 3eVs
2 2
7 R
%00 300 400 500 600 700 800 2o 300 400 500 600 700 800

Ctime [ms]

2) No blow-up, with intensity effects
(open-loop for Finemet gaps)

Ctime [ms]
3) No blow-up, with intensity effezczts
and short-circuiting some Finemet gaps



Simulation LHC beams: constant 16 kV

1) No bIow-up, no mtens:ty effects

18
Bucket area Qi

16}
14t

€ vc5

12+

ot margin for blow-up

b — = — — estsevitoniirseresitatevine
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3 eVs
= 11.4evs

.« Revolution frequency
through the ramp

~ ~ factor 2 increase

200 300 400 500 600 700
Ctime [ms]

801

2) No blow-up, w:th mtens:ty effects

18
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Simulation LHC beams: constant 16 kV

3) With blow-up, with intensity effects, no feedbacks

g7 o bucketaren s v »  TARGET INTERVAL : C450-C600
. urket rea i s »  SPECTRUM BAND = [0.8 s, fio]

§5 * emittance Vi =16 kV ) * choosing 0.8 f,y the targeted matched area increases
=, - from 2 eVs to 3 eVs in [C450, C600], see Figures
E ) e every 5000 turns we generate a new sample of noise
g’ - e s to follow fzgy and fso

2’ revessespentes banoenen s’ * 5(0) is increased until the desired blow-up is obtained

1! SR . e S(t) =5S(0) fso_(O)’ spectrum amplitude rescaled with f,

300 400 500 600 700 fso(t)

synchrotron frequency [Hz]

cycle time [ms]

Few time margin for blow-up with 8 kV

to have the same rms g, s during the ramp

1eVs -> 3 eVs with 16 kV, no losses

2000 at 450 ms Synchrotron frequency at 600 ms .
. —" shift from space charge : fso
1800 \ fs 0 10 800
Pl
1 =2 4
1600 = go00
2.5 = l‘.:::.ll' —
1400 {j S 700 )
20 2 2
1200 0.8 [ Y £ 600 :
15 08 c , B
1000 = = =
2 £ s00 =
800 ! l w0 © £ 400 ;
E -1
=
600 f. Qr 03 “ 300
< .
o \ — emittance
0 100 200 300 400 500 600 700 00— 100 300 300 400 S00 2% "
At [ns] At [ns]



Simulation LHC beams: constant 16 kV

3) With blow-up, with intensity effects, no feedbacks
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More realistic simulations: setting up

LHC and high-intensity beams are studied. Maximum available RF voltage 20 kV.
First part of the ramp in double RF (bunch lengthening) to reduce space charge.
Controlled longitudinal emittance blow-up using phase noise in 550-650 ms.
Noise injected in the phase loop of the main RF (h=1) at a limited sampling rate.
I, is dropped after 650 ms to 8 kV to have the desired bunch length at extraction.
Lower available voltage for high-intensity beams (higher beam loading to
counteract).

CYCLE |
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— V¥, high-intensity
15 | — V. LHC and high-intensity
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More realistic simulations: LHC beams

*  For LHC beams (N = 3.6 X 10%?) no instability observed using CYCLE I.
e Blow-up from 1 eVsto 3 eVsin just 100 ms without losses.

* The phase and radial loops are applied also after emittance blow-up.
 Dipole oscillations significantly damped.
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More realistic simulations: high-intensity

impedance peak at 20 MHz.

larger than in CYCLE 1.

notches bandwidth

20 MHz component also visible from the phase space!
bucket area = 2.27 eVs

Instability (high frequency modulation and uncontrolled
longitudinal emittance blow-up) due to Finemet
———_—__—__—_——__—___________________________JKKN}
Increasing the number of revolution harmonics at which
the Finemet impedance is reduced delays the instability.
Instability delayed also in single RF during all cycle (V; =
16 kV, CYCLE 1), however at extraction the emittance is

Absence of instability seen using CYCLE2 and widening
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Phase noise in current machine (1/5)

First test (July 2017): LHC25ns beam, goal 2.8 eVs

» Noise applied in C600-C700
» Double RF 8+6 in bunch lenghtening
» Quadrupole oscillations excited (noise regenerated every 10000 turns to follow f; change)
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. — 500 —m————
N N
L. 800 1 & 25 I A / s
00—V T w 3 400 B
5 X 2.0 > 6 >
5 600 v 3 o,
L 500 15 § © 300 s
w“ c “— cC
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g 4001 105 g 2 g
= = 5 2001 2
S 3001 5 5 c
6 200 ] 0.5 6 1
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n 100 C6OO 0.0 n C7OO o
0 100 200 300 400 500 600 0 100 200 300 400 500

At[ns] At[ns] 30
» Feedback loops included in simulations but no intensitity effects.

» First version of LLRF model in BLonD was slightly different from what is in the RF
synoptics (e.g. no global gains, A@ instead of sin A for phase loop, AR in meters and
A''=1 for radial loop)

» This implied some calibration studies, including the choice of the rms amplitude of the
noise to be injected (different from what used in simulations). However...
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Phase noise in current machine (2/5)

Results from 15t test

SIMULATIONS
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Phase noise in current machine (3/5)

Second test (November 2017): LHC25ns beam, goal 1.4 eVs

» Noise injected through phase loop at C500-C570, double RF 8+6 in bunch-lenghtening

» Quadrupole oscillations excited (noise regenerated every 7 ms to follow f; change)

» Improved feedback loops model (in simulations exactly the same gains as in operation)

» Exactly the same noise program used in machine and simulations

» Space charge and impedances (C02, C04, resistive wall, ejection kickers and their cables,
transition steps) included in simulations
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Phase noise in current machine (4/5)

Bunch spectrum Profile and total induced voltage  Synchrotron frequency
and |Z|, Re(2) (space charge plus impedance) distribution and emittance
time: 490.0 ms le-9
SRR 1000000 600 [4:9, L1507
4001 |- as 1500
- 800000 Z 400 _
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» The C02 and C04 impedances dominate at low f (beam spectrum) while other components

dominate at higher frequencies (in simulation f;,,x = 100 MHz)

Space-charge induced voltage is the highest at C490, while at C800 the opposite is true

The C02 and C04 impedances generate multi-turn wakes (in simulation ~10 consecutive T;qy)

To be studied further: if the two peaks of the bunch profile have different heights (because of

intensity effects, noise and imperfect calibration between C02 and C04), then the synchrotron

frequency of the two internal lobes reaches f in single RF at 8 kV (f;, dashed line)

» The previously called ‘quadrupole band’ would be in fact both quadrupole and dipole for the
internal lobes, probably for that reason it worked so well for blow-up!

YV VYV



Phase noise in current machine (5/5)

Results from 2n9 test
SIMULATIONS MEASUREMENTS
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Fixed (RF) frequency injection (1/2)

» The PSB was conceived as an intensity booster for fixed-target physics (Ref [17]).

» No attempt was ever made to synchronize the turns injected into each ring as dozen of
turns were supposed to be injected and superposed longitudinally.

> Injection at C275 with B > 0, but f,¢ is kept constant for 1 ms (C275-C276) and then re-
joins the one synchronized with the magnetic field at C278.

» Simulations from C275 to C282 without intensity effects and feedback loops.

» Simulations for current machine, but the same principle will apply for the post-LS2

scenario.
— 0.67 ]
5 3501
% 345 | 0.66 actual fr
= 340 — 0.65 frr from B
= 335 = 0.64
o 3307 — 0.63/] linear function in C276-C278
S 325 —
L 0.62 1
g 3201 ' (
2 355 Momentum program 0.61 - 3l :
275 280 285_ 290 295 300 274 275 276 277 278 279 280
cycle time [ms] cycle time [ms]

> If B > 0and f.¢ = const, then the bunch experiences a deceleration with negative
synchronous phase given by (Ref [17])

_ _y® 2mRpdB
SN Qg = (VZ . ytz) % dt
>0 >0

<0



RF voltage [V]

Fixed (RF) frequency injection (2/2)

First simulations: capture in single RF (C02)
RF voltage program Frequency following B Fixed RF frequency
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» In the fixed-frequency case the bunch loses energy and go down in phase space relative to
the magnetic field reference AE = 0; then it comes back to AE = 0 when the actual
frequency is equal to the design one.

» Fixed-frequency injection helps to reduce particle losses since deceleration implies more
particles to be captured inside the expanding RF bucket.

» Periodicity important here: relative to the magnetic field reference frame, the bunch
reaches an equilibrium where it is split in two parts.
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Conclusion (1/2)

* The BLonD code is very useful for all PSB simulations.

* Several benchmarks with measurements, analytical formulae and
other codes give BLonD sufficient reliability.

* Longitudinal beam dynamics of the PSB beams in the post-upgrade
scenario after 2021, where there will be many important changes,
was studied using BLonD simulations.

* The full present PSB longitudinal impedance model has been used
with careful estimations of the dominant sources:
» Space charge and Finemet impedance (with LLRF feedback)

* Phase and radial loops have also been carefully included in
simulation.



Conclusion (2/2)

RF phase noise injection for longitudinal emittance blow-up has
been studied in simulations and ring.
Simulations of HL-LHC beam don't show any instability.
» It was possible to blow-up longitudinal emittance by factor 3 in
just 100 ms, injecting noise through the phase loop.

Simulations of high-intensity beams reveal micro-wave instability
caused by Finemet impedance.

» Possible cure: increase action of feedbacks (number of
harmonics, bandwidth of transfer function).
Comparison between measurements and simulations for current
situation shows very good agreement:
»Noise used to blow up the LHC25ns beam from 1 to 1.4 and

2.8 eVs.
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