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High Energy Colliders: Present/Future

PARAMETERS

Center of Mass Energy
[TeV]

Dipole Fields [T]
Circumference [Km]
Beam-Beam Interactions
Lattice Elements
Beam Current [A]
Bunch Intensity [10'1]
Bunch spacing [ns]
RMS bunch length [cm]
Luminosity [103*cm2s1 ]
Events/bunch crossing
Stored Energy [GJ]

p* [m]
Transverse beam size [um]

L

ECOLE POLY TECHNIQUE
FEDERALE DE LAUSANNE

14

8.33
27
120 LR + 4 HO

23000
0.58 - 1.12
1.15-2.2

25
7.55 — 8.1

1-5
27 - 135
0.36-0.7

0.55-0.2
3.75-2.5




High Energy Colliders: Present/Future

PARAMETERS

Center of Mass Energy
[TeV]

Dipole Fields [T]
Circumference [Km]
Beam-Beam Interactions
Lattice Elements
Beam Current [A]
Bunch Intensity [10'1]
Bunch spacing [ns]
RMS bunch length [cm]
Luminosity [103*cm2s1 ]
Events/bunch crossing
Stored Energy [GJ]

p* [m]
Transverse beam size [um]

L

ECOLE POLY TECHNIQUE
FEDERALE DE LAUSANNE

14 27
8.33 16
27 27
120 LR +4 HO ||120(600) LR + 4 HO
23000 30000
0.58 - 1.12 1.12
1.15-2.2 2.2 (0.44)
25 25 (5)
7.55 - 8.1 7.55
1-5 25
27 - 135 800 (160)
0.36 - 0.7 1.3
0.55 - 0.2 0.25
3.75-2.5 2.5 (0.5)




High Energy Colliders: Present/Future

PARAMETERS

Center of Mass Energy
[TeV]

Dipole Fields [T]
Circumference [Km]
Beam-Beam Interactions
Lattice Elements
Beam Current [A]
Bunch Intensity [10'1]
Bunch spacing [ns]
RMS bunch length [cm]
Luminosity [103*cm2s1 ]
Events/bunch crossing
Stored Energy [GJ]

p* [m]
Transverse beam size [um]

L

ECOLE POLY TECHNIQUE
FEDERALE DE LAUSANNE

14 27
8.33 16
27 27
120 LR +4 HO || 120(600)LR + 4 HO
23000 30000
0.58 - 1.12 1.12
1.15-2.2 2.2 (0.44)
25 25 (5)
7.55 - 8.1 7.55
1-5 25
27 - 135 800 (160)
0.36 - 0.7 1.3
0.55 - 0.2 0.25
3.75-2.5 2.5 (0.5)

100
16
100
352 LR + 4 HO (1764)
100000
0.5
1 1(0.2)
25 25 (5)
7.55
5 30
170 1k (200)
8.4
1.1-0.3
2.2 (0.4)



High Energy Colliders: Present/Future
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Can we control such beams? Which losses can we allow? How
can we make predictions?
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Collider collision schemes

mmm | DS
mmm L_sep
EXp mmm | arc
Inj. + Exp Inj + Exp.
1 4 km
J I I B-coll  «— 28Kkm — extractlon
1.4 km
l o-coll
Exp. =
’
G F

IPA and IPG main high luminosity experiments:

Goal =2 maximum luminosity with good lifetimes = maximum integrated luminosity
IPL and IPB low luminosity IPs:

Goal = in shadow on main IPs where possible = will define luminosity operation

(L Feoy) (@
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Collider beam-beam interactions

L. A B
' _!::l_-_--
Exp. TV aN

Inj. + Exp. I Inj. + Exp

N/

1.4 km

J “ B-coll  «— o8Kkm — extractlonil D
1 4 km From 120 to maximum 1750 parasitic long-
range interactions depending on bunch
o- CO|| . .
~ spacing choice 25 vs 5 ns
\ /’

IPA and IPG main high luminosity experiments:

Goal =2 maximum luminosity with good lifetimes = maximum integrated luminosity
IPL and IPB low luminosity IPs:

Goal = in shadow on main IPs where possible = will define luminosity operation

(L Feoy) (@
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Parameter evolutions
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X. Buffat & D. Schulte

Due to strong radiation damping we have quite
some different regimes from beam-beam point of

view:

1) LHC/HL-LHC beam-beam dynamics
E,, =0.06—0.01
LHC experience and long-range effects

2) Head-on driven dynamics with beam-beam
parameter §,, = 0.01-> 0.02
plus 2 low luminosity IPs §,, = 0.04

Need R&D in LHC and HL-LHC

3) Mixed status, radiation damping and possible
operational scenarios
Need new developments in models
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Parameter evolutions
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Due to strong radiation damping we have quite
some different regimes from beam-beam point of

view:

1) LHC/HL-LHC beam-beam dynamics
E,, =0.06—0.01
LHC experience and long-range effects

2) Head-on driven dynamics with beam-beam
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plus 2 low luminosity IPs §,, = 0.04

Need R&D in LHC and HL-LHC
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3) Mixed status, radiation damping and possible
operational scenarios
Need new developments in models
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Time [h]

X. Buffat & D. Schulte

3) Mixed status, radiation damping and possible
operational scenarios
Need new developments in models

All cases with 25 ns bunch spacing
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Ultimate case Round Optics: IPA and IPG

FCC New Lattice

10 .
1=0.8 1011 ppb | LHC criterion: Dynamic Aperture

9| =33 18 ggg : 1 should be larger or equal than

g L : 1 the mechanical aperture defined

o LTCP Collimators aperture 7.2~~~ . Dythe collimation system (TCPs):
- _ P . forLHC 6.00
% s A
f 5+ . A ]
G ! ) For FCC-hh case TCPs at 7.2 ¢

4r ; ’ ! 7 M. Fiascari et al. @IPAC2016

o f— ]

1 i : l : E 1 DA Z 702 O-

50 60 70 80 90 100
0/2[urad]

* Crossing angle 180 purad needed only from beam-beam non linearities
* Intensity fluctuations = requires roughly 5-10 urad for 10-20% fluctuations

(L Feoy) (@
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Crossing Schemes: HV versus HH and VV

10 T T T T
9| HVY — | 0.325 |
HH —— 0.32
8 r VV — 1 g 0315}
—_— 7 e ernp@rrnnanannsl 031 |
E, - : Vipr-Hips
< 6 B - 0.305 |- Hip1-Hips
o o Vip1-Vips
— 45°)p1-45%ps
~ 03 L
E 5 B 7] 0.285 0.29 0.295 0.3 0305 031 0315 0.32
- 4 ’ Q
< | | [ ]
- 3t : - Hor/Ver crossing in place to
2 | i profit of passive
i | compensation of pacman
1 :
u |
0 effects (tune shifts and

chromaticity)

100 120 140 160 180 200
O[urad]

* HH Crossing seems equivalent to HV in terms of DA for nominal bunches

* VV not acceptable at the (0.31-0.32) working point due to strong impact of 3 order
resonance effect 2 Mirrored tune will solve the problem

* Moving on the mirrored tunes inverts the situation where then HH pushes particles on
the 37 order resonance
Tilted angle scheme still to be analyzed

.(l A Feoy) (@
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T weliE PACMAN Bunch
ol HVPACMANI—-—A unc eS
ol | 0.33 —— . . . . .
0.325 |
0.32 |
g 0315t
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Blurad] 0.31 ¢
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HH PACMAN | —e— 0.305 P11 1P5
2 | o ViP1Yips
0.3 45 IP1-45 |IP5 ﬂi 1 1 1
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: %
O100 1;0 1‘20 1230 1;10 1;';0 1‘60 1‘70 180
olurac) e For all crossing schemes the major impact of long-
T T range effects are on the nominal bunches
2l YV PRGNANT == ] « PACMAN bunches always show a better dynamic
ol < aperture, DA is defined by nominal bunches
sl Alternative crossing schemes are possible to support
2f ] energy deposition constrains (l. Besana and Cerruti)
0 VAN |
100 110 120 130 140 150 160 170 180

) O[urad]
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High Chromaticity operation: IPA and IPG

Chroma=3' ——
Chroma=10

8 | Chromaz1s = o, ovoni..... Dueto severe stability

: : : : limitations we are forced to
7 | 3533888838800 "" 388 ,',',,,',,',,,',',,,',,',,,','é,',f,,',',,',,',,,',',,',f,,',',,',f,,', ??',f,!f,',,',ff,',,',,',f,',,',,',f,%',,',,',,, ,,',',,?,,',,',,',,E,,',,',' keep margins for Very high
CoIIimatbrs aperturﬁe chromaticity and Landau

S e damping octupoles
operation at a design stage

DAmin,106[0]
(&)

50 60 70 80 90 100
0/2[urad]

High Chromaticity operation will be needed for stability reasons!
5-10 urad for 15-20 units chromaticity

Will need to add margins to the crossing angles to allow for high chroma and higher spreads

(. Foy) (@
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mpact of Landau Octupoles

—— Octupoles + BB LR
—— Octupoles + BB LR + BB HO

Collimators aperture

Stability needs

5.0

4'—51.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Oct. Int. strength [m ]

Landau octupoles for FCC give compensation of long-range effects
Global compensation of long-range beam-beam effects from earlier design stage

- Explore other sources of Landau damping (collisions, elenses as Landau damping objects

A proposal by V. Schiltzev et al.) .@; y
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71 03 8 0.3 8
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E °
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o 4 = © 031 S_@—% :6 g 03t \ N :6
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3 | 0/2=295urad == — )
9/2:275urad —— 0.285 0.29 0.295 ga 0.305 0.31 0.315 0.285 0.29 0.295 gs 0.305 0.31 0.315
o | 8/2=250qrad A T T T I A ” “
-1600 -1400-1200 -1000 -800 -600 -400 -200 O 200 400 600 HL-LHC study case
loct [A] CERN-ACC-NOTE-2017-0035
* Octupole magnets are used/needed to provide tune spread for Landau damping.
* They have very negative effect on DA if not used with care.
* If installed at right location they could help compensating long-range effects!

B
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FCC should allow for these option, design with multipolar compensation as proposed in
past from Shi et al. and recently studied for the LHC and HL-LHC




Low Luminosity Experiments: IPL and IPP

The long-range effects of
.weeeep.  IPLand B will impact
bunches differently (no
passive compensation)

Reduce the impact of
secondary experiments

I:)Amin,1 oblo]

LRs IPB
: i LRsIPL =
10 20 30 40 50 60 70 80 90 100

672, yiymilurad]

* Long-range: to keep effects weak = larger beam-beam separations
* Head-on: clear limit from the energy deposition studies (M. Besana et al.)

* From beam-beam studies = apply separation leveling = limit on integrated
luminosity per year of run!

A =oY) @0
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Long Range Experiments

Bunch losses for different families of Long- Beam-Beam separation at first LR
Range encounters

100145 (17 d . e 6*
T 96 87 49 /2 sep = XA\ T
e 72 €
0.99 e 65
Nb of LRs Vs %::&\ 1
0.98 \
16 d,=60 i\\ :
- 18 Small crossing angle = small
% 097 separation
5 20 -
= 0.96 22 : . .
= ’ At small separations particles
T 05 24 motion becomes chaotic and
26 N particles are lost.
0.94 28 \ The loss rate depends on
30 number of long range
0.93 2012 \ :
32 encounters and separation

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time [h from 2012-06-21 05:14:00.500]

The on-set of losses has been em?irically related to the reachof 4 o
dynamic aperture = for DA equal or below this value losses appear

W. Herr et al.
(L G @)
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Long Range Experiments

Bunch losses for different families of Long- Beam-Beam separation at first LR
Range encounters
1.00 p 145
T — 117 = -
=20 87 19 /2 dsep =
0.99 TSm—a2 65 58
Nb of LR N
b of LRs / \ag::\h: 51
0.98 16 d =66 NN
_ B sep . Small crossing angle = small
=0.97 ‘ ' :
g 20 separation
£0.96 22 . .
< ; At small separations particles
% 0.95 24 \u motion becomes chaotic and
26 particles are lost.
0.94 28 ; The loss rate depends on
. 30 2012 \ number of long range
0 32 encounters and separation

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time [h from 2012-06-21 05:14:00.500]

Not all losses are relevant for operation and integrated luminosity: it is
always a balance between luminosity gain and allowed losses

(il G @
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2015 and 2016 experiments were done differently to understand the longer term losses to

Long Range Experiments

extrapolate the beams lifetimes

2000
1800
1600
1400
1200
1000
800
600
400
200

Beam Loss (p)

Evaluate the beam lifetimes and correlate to losses expected from dynamic aperture as a

— -
N’
o

B1: Horizontal \‘

B1: Vertical ||

B1: Off-momentum |

\
310 prad 280 urad

J[II T T R,

. W& et

\
\'\. i

—r

J#I‘lll’lll“ll‘lll‘l\\’lll‘III’III‘IHM

| S— | 1 1

07: 40 0008:00:0008:20:0008:40:0009:00:0009:20:0009:40:0010:00:0010:20:«(
Time (HH:MM)

function of the different beam-beam separations

Distinguish between fast transient losses and long-term losses
Using the method proposed by M. Giovannozzi Phys Rev Spec Top-AB, 15(2):024001, 2012
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Long Range experiment of 2016: intensity decays

Beam 1

— )t ) )k

bbb Intensity Decay Constant [Hrs‘1]

final ||

initial ||

COO0000O000 ===
O=NWPRUDN®DO—==NWAG

2000 220 240 260 280 300
Crossing Angle [ u rad]

Angles range 370-280 prad:

dsep -

6*
€x,y/Y

¢

310

280

270

260

250

240

230

210

190

1. Fast losses at first time window of 5 min increases with long-range pattern,
2. Slower losses after 10-15 minutes at new angle negligible

- Transient effect due to change of conditions
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Long Range experiment of 2016: intensity decays

bbb Intensity Decay Constant [Hrs‘1]

COO0000O000 ===
O=NWPRUDN®DO—==NWAG

— )t ) )k

Beam 1

final

initial

220 240 260 280
Crossing Angle [ u rad]

200

300

Peak luminosity (10* cm2s!)

180 , :

@ ATLAS A
160} a cms (y
140H O ALICE

PRELIMINARY A '

A I
120 4 ﬁﬁﬁ 4
(0]
100 A
A@ Lo ®a
80 §§ ® °a , o
(o] e (0]
2]
60 ? 8
40
6 6 6
° o b o
20 S - o
& NP Y
Apr May Jun Jul Aug Sep Oct Nov

LHC 2016 RUN (6.5 TeV/beam)

Month in 2016

Gain of 16% peak luminosity and beam lifetimes above 20
hours in 2016, sets the LHC RUN Il luminosity reach!
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Long Range experiment 2016: intensity decays

Beam 1 P

— 1 -55 : ;k ! (]Zé;ffz9 pr— (25
"o ]g : " Minal [ €x.y/Y
L. 1.0 7.6 0 N tial |
= 1.2
% 11+ : b
2 ool I 310
Sos 280
%0.8*
g 0.7 270
0O 0.6 260
%’0.5* 250
5 05l 240
So2 230
o) 0.2* =
:Eg ().1 [ = :2]_()

0 ‘ — ‘ ‘ ‘ 190

200 220 240 260 280 300

Crossing Angle [ u rad]

Moderate beam-beam effects with visible impact on transients
losses as a function of angle and as a function of number of long-
range interactions.
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Long Range experiment 2016: intensity decays

/3*
Beam 1 dsep —
1.5 ‘ ‘ ‘ ‘ Ex,y/’Y

- 1.4f
213+

= 1.2} o
C L

g 1-17 310

5 280
0.9

%0.8* 270

S 82 260
0 0.6r

2 0.5} 250

% 0.4} 240

£ 0.3 230
o 0.2f
8 0.1}
0

260 2é0 l 2210 260 2éO 360
Crossing Angle [ u rad]
Below 230 prad:
1. Fast losses at first time window of 5 min increases
2. Slow losses increase and do not improve after 15 minutes
- Transient effect + strong deterioration of intensity lifetimes




Can we translate losses in dynamic aperture?

5

48| LHC DATA

- Using the method of M.Giovannozzi

46 ' Phys Rev Spec Top-AB, 15(2):024001, 2012
i) | :
<
A 3.8 )
3.6 ]
3| \W‘%“\ | D(N) = \/ZZ()QAI
3.2 ]
; B
0 1 2 3 4 5 6
N x10°
(| Feoy) (@
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Can we translate losses in dynamic aperture?

> | | | Using the method of M.Giovannozzi
48" LHC DATA 1
46 | Phys Rev Spec Top-AB, 15(2):024001, 2012
4.4 1 We applied to beam-beam experiments
— 4.2 after 1M turns | .
43 4T / | M. Crouch Manchester PHD Thesis 2017
A 3.8 ,
3.6 7] 4.4 : : : : : : :
3.4+ : 4.0 +Head.—on i
3.2r 1 4l —e—Nominal| |
3 | ‘ ‘ ‘ 3.8 f
0 1 2 3 4 5 6 I e -
N x10° ?3'6
©34;
aﬂ 3.2}
3 L
2.8
06! Measured DA |
2.4+ Vs Crossing angle -
2.2 :

180 200 220 240 260 280 300 320
Crossing Angle [ p rad ]
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Can we translate losses in dynamic aperture?

> | | | Using the method of M.Giovannozzi
48" LHC DATA 1
46 | Phys Rev Spec Top-AB, 15(2):024001, 2012
4.4 1 We applied to beam-beam experiments
34?{ e - M. Crouch Manchester PHD Thesis 2017
S8
3.6 | 4.4
3.4+ : 4.0 +Head.—on i
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3 | ‘ | ‘ 38"
0 2 3 4 5 6 -« e T e, o — 2
N x10° — 36/
©34;
, Long-range dependency =32
4:2* = 20 22
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@%3_2 5 2'%80 200 220 240 260 280 300 320
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Can we translate losses in dynamic aperture?

5
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, Long-range dependency
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5 330 335 340 345 350 355 360 365 370

Using the method of M.Giovannozzi

Phys Rev Spec Top-AB, 15(2):024001, 2012
We applied to beam-beam experiments
M. Crouch Manchester PHD Thesis 2017

4.4 w w ‘ ‘ ‘ ‘ ‘
40! —e—Head-on | |
' —e— Nominal |

4t

3.8/ W

36"
©34)

3,

06 Measured DA

2.4+ Vs Crossing angle -

22 1 1 1 1 1 1 1
180 200 220 240 260 280 300 320

Crossing Angle [ p rad ]

Head-on colliding bunch and nominal have
similar losses at larger angles

For separation below 8.3 o long-range effects
take over



Head-on Beam-Beam effects
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a = 155 prad | |
o = 140 prad
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a =125 prad | |
o = 120 prad
o= 115 purad | -
a = 105 prad
o = 95 purad
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Head-on alone cannot justify the

losses observed!

Losses are much larger than
those expected by collimation cut

@IPAC 2017 THPABO56
Manchester Thesis 2017



Head-on Beam-Beam Effects
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Head-on Beam-Beam Effects
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* Head-on with magnets multipolar errors can partially justify the losses measured on
colliding beams
 Stilll missing some contributions
* Minima DA is conservative, average should be the the right figure of merit with standard
deviation over seeds!
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Long-range beam-beam Effects
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Long-range behave like scrapers (losses well defined by DA) for small separations = no
emittance blow-up
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Long-range beam-beam losses
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Linear Coupling has an effect for angles were long-range is not dominating = larger
angles
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Long-range beam-beam losses
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Multipolar Errors have a non negligible impact and can represent the losses observed.
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Long-range beam-beam losses
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Possible only with the LHC@home volunteers
. LXBATCH (300-1000 CPUs) = 8.3 - 2.5 days
. LHC@HOME (4000 CPUs) - 0.63 days
_
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Long-range beam-beam losses
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Extremely Demanding computationally factor 3-10 in
computing steps (lattice, BB elements...)
. LXBATCH - 41-12.5 days

(A . LHC@HOME - 3.15 days == y
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Summary and Outlook

FCC-hh dynamic aperture studies have started using the criterion to keep DA beyond the
machine aperture and looking for the largest DA

Different scenarios are under investigation

Design of the lattice is done to make use of compensation of beam-beam long-range with multipolar
magnets

Margins are allocated to allow the use of strong non-linear elements (Landau damping and high
chromaticity) for coherent stability purposes (C. Tambasco)

Understanding and modeling the LHC case is fundamental to possibly extrapolate to the
FCC machines and beams

Big effort has been made to benchmark the LHC data, model keep improving but needs
more work:

Beam beam dynamic aperture alone cannot explain the observed losses in weak regime

Linear coupling, multipolar errors... have an important impact on DA

The head-on interaction is still difficult to model: what are we missing? Newer model will include
emittance blow-up from noise sources

To model the particle phase space (minimum 60 x/y particles) we need large scale computing facilities
(LHC@home) for FCC this will become extremely challenging

To design HE-LHC or FCC will be challenging from computational point of view!
We need to explore the possibility of applying more modern computational techniques

(L Feoy) (@
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- speed-up calculations, simplify the collider description without loosing precision
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Thank youl!
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Flat versus round tune space
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Simulation Set-up

* Use experiment parameters
* 60 x/y particles (normally 19)

 Amplitudes from 0 to 10 o in steps
of 0.2 0

* Apply:
* Beam-Beam
* Linear Coupling (4x103)
* Multipolar errors (60 seeds)

e Scan beam-beam separations

 Track 10° turn
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Measurements versus simulations: Dynamic Aperture
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Dynamic Aperture simulations at larger angles (370->250 prad) are not
representative of the machine! Losses are not dependent on crossing angle!

For smaller angles, separations below 8-8.5 c Beam-Beam long-range
dominates!

(L Feoy) (@
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Octupoles and chromaticity knobs
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Octupoles and chromaticity knobs can be used to improve beam intensity lifetimes
At the minimum angle: Reducing chromaticity =2 intensity lifetimes improve

e Reducing octupoles 2 intensity lifetimes improv@
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Tune shifts and un-compensated long-range

Compensated Long Ranges Un Compensated Long Ranges
7 Nk D — rorRines N Y NN T — e

- Uncompensated long-ranges in Vertical plane? (smaller crossing angle in
ATLAS than in CMS) - breaking passive compensation 17% differences
between the V and H long-ranges

— Test on machine: angles measurement at IP1&IP5 and/or compensate for

g hift! G @)
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