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Agenda:

« Vacuum for accelerators: a primer
« Synchrotron radiation and vacuum: a primer

« Beam instabilities due to effects happening in vacuum: impedance, e-
cloud, ion-instabilities, ion-induced desorption, etc...

* p-p circular colliders: FCC-hh, HE-LHC

« e-e+ circular colliders: FCC-ee

« e-e+ linear colliders: CLIC

* Future plasma-wake accelerators? AWAKE - what has vacuum technology to do with it?
« e-p colliders: LHeC

« Summary and conclusions
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Vacuum for accelerators: a primer

Definition of vacuum: “a given space
or volume filled with gas at pressures
below atmospheric pressure”;

Mean-free path: average distance
travelled by a molecule before hitting
another molecule;

At STP conditions (101325 Pa, 1013.25
mbar, 760 Torr, 1 atmosphere, 0 °C), in

air, the average molecular separation
and distance are 3.3 nm and 93 nm,
respectively

Model of an ideal gas at STP (760 mmHg pressure, 0C)

The mean free path is 310 times the nominal atomic
| diameter and 28 times the average molecular separation.

Perspective of mean free path
compared to average molecular o0
separation. (Individual molecules e e ® 0 o
are exaggerated in size by a e o ® 0% "*® .0 LR

factor of about 5) ® o _© 0

Mean free path 93 nm

r —_— _— —_— \
Average molecular
I. separation IPerspective of molecular size
3.3nm ® Jcompared to average
— — molecular separation.

\ The average molecular
separation is about 10x
the atomic diameter.

° > | |-
Nominal
atomic diameter
0.3 nm
L
o )

http://hyperphysics.phy-astr.gsu.edu/hbase/Kinetic/menfre.html
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Vacuum for accelerators: a primer
« Mean-free path (MFP) A: average

The effective
collision area

. IS
distance travelled by a molecule before A=l
hitting another molecule;

Aboren o G center location
[erm - mbar] of target molecule
aseoee o A —_ Mz A\ -
H, Hydrogen 12.00 - 107 \‘ . 5
He Helium 18.00 - 102 O ) . 2 S
Me Hean 12.30 - 1077 : : Volume = v
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Kr Kryplon 4.80 - 0 R Molecular i
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N, Hitrogen g.10 - 10 v
HCI Hydrochioric acid 435107 N GensnereRiddeeeRseR AP Ry
co Carbon dioxide 395107 ~ : . -
H;»{J? Waler vapor 3.05 - 107 N Mean free path - R=8.3145 J/K/mole
MH, Ammonia 4.60 - 0 R~ — .
C,H.OH Ethznol 21010 -
I:IZ2 : Chiorine 305 - 107 . ~ 4 RT\
AIr At 567 - 103 :{ > \
Table I Msan fee path | \V 27td N l P
'f%'l'JEﬁ i tha J.:r\‘.'guﬁ.' n'_m‘r.'.»e magn Feg DA b | sod DIEEune o or vantus Qases al e A a e mta G ./. Aoy s .:
20 2o aln Fig. 11) i = o
http://hyperphysics.phy-astr.gsu.edu/hbase/Kinetic/menfre.html
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« Vacuum for accelerators: a primer Flow regimes:

In gas dynamics literature flow regimes are defined by the so-called “Knudsen number?”,

which is defined as: 2
Kn=—
D
And the different flow (pressure) regimes are identified as follows:
FREE MOLECULAR FLOW ; Kn >1
TRANSITIONAL FLOW :0.01<Kn< 1
CONTINUUM (VISCOUS) FLOW: Kn< 0.01

Practically all accelerators work in the free-molecular regime i.e. in a condition

where the MFP A is bigger than the “typical” dimension of the vacuum chamber (e.g.its
diameter, for a circular tube), and therefore intra-molecular collisions can be neglected.
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« Vacuum for accelerators: a primer Flow regimes:

82| 4 Gas Flow In molecular flow regime, molecules move
Fig. 4.2 Different types of gas flow. Top: molecular flow. around randomly (diﬁUSion pl’OCGSS): the
Below and further down: different types of viscous flow: . ] . . ‘g
gas-dynamic (intake flow], laminar, and turbulent. probability of being re-emitted in a specific

direction follows the cosine distribution (or
IMPORTANT: in molecular flow Lambertian distribution). The azimuthal
regime, the absence of collisions || | @n9lé ¢ about the normal to the point of
between molecules translates || | desorption follows a uniform distribution,
into the fact that high-vacuum || | while 6 follows the cosine one:

pumps DO NOT “SUCK” GASES,

they simply generate some
= | probability s that once a

b molecule enters into the pump it %
is permanently removed from >
—— == = | the system. 0./
—_——— —E oo e ¢
So5==*,|S can be identified as the ~
(d) equivalent sticking coefficient. r4




e \/acuum-for-accelerators: Condiicta ance:

VUIIUU\JL L]

In molecular flow regime, the concept of conductance is a very important one. It is a geometric
property of a vacuum system related to the distribution of the gas load and the pumping
system. It tells us how “easy” molecules move from point A to B;

For single vacuum components, like a tube or a valve, typically it is explained in terms of the
transmission probability for molecules entering from one side (the inlet -4) and being removed

from another side (the outlet JB):

OA/Y/\/ z

N, molecules are generated according to the cosine distribution in A and the ratio of those
which reach (are transmitted to) the outlet B, N;g, Ptr=N:r/N;or is called the transmission
probability;

The conductance C+x in I/s is given by C;r = Pt -A(cm?) - 11.77 : this expression is valid for a
mass 28 gas (like CO or N,) at 20 °C (ie 293.15 K); for different gas mass M or temperature
T, C1g should be scaled with |{T4e3 15234

A higher T and smaller M givesa bigger C;g




« Vacuum for accelerators: Pressure profiles;

« All future high-energy colliders will have very
large bending radii, and therefore a first-
guess model of their pumping system can
be thought of as having lumped pumps S
installed at (possibly large) equal distance L
from each other (in order to minimize the
number of such pumps);

« The large radius of curvature in the dipoles
will also mean a rather “constant” synchrotron
radiation-induced outgassing rate (if present,

AglL=gas load Q
along one
segment L of
the accelerator

see below);
* In this case, a simple analytical model for the 00
pressure profile is the following P(x )_ (LX x2)+ AgL

Paverace = IP(X)dX = Aql—(_"‘ ) AqL(]'/SEFF)

,_—_—~

Puax = AqL(— + —); AgL = Q1 Seer = (— + —)_1 l Ref. : R. Kersevan, CAS School Vacuum Technol., 2017, Glumslov (SWE),
8¢c S 12¢c S https://indico.cern.ch/event/565314/timetable/
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« Vacuum for accelerators: a primer

° The effective pump|ng Speed Seff vsS the EFFECTIVE PUMPING SPEED VS PUMP SEPARATION
installed pumping speed S, is limited by the ~ FOR DIFFERENT PUMPING SPEEDS
specific conductance, i.e. the size and shape :
of the vacuum chamber cross-section;

« There is a conflict between the vacuum need to
have a large cross-section (to maximize S_; by
maximizing the conductance) and the need for
compact magnets with small inscribed
circles(especially true for the p-p colliders due
to the large cost increase vs SC coil diameter);

* For a given specific conductance c (in this case .
20 I'm/s, Sz vs Land S, is as follows ->: 10° N S S I N Y

107! 10° 10" 10°

L(m
Paverace = IP(X)dX Aql—(_"‘_) AgL(1/ Sge) (m)

_—_—~

SPECIFIC CONDUCTANCE
C =20 (I'm/s)

Setf ( I'm/s )

Sess = (L/12C+1/8,) 7!

Lesson: It doesn’t “pay” to install large pumps, as
Puax = AqL(—+ ) AdL = Q:l Sep = (— g)‘ll C limits S vacuum_—wi_se, all particle accelerators
\ I are “conductance-limited systems?”;




« Synchrotron radiation and vacuum: a primer

« Synchrotron radiation (SR) affects vacuum directly and indirectly: directly via
photo-desorption, indirectly via photo-electron emission and the chain of
events which may be originated by it (e.g. e-cloud, pressure bursts with ion-
trapping or ion-induced desorption and related instabilities, etc...);

* SR can be expressed with simple formulae as a function of the relativistic
factor vy, 7:1/\/1_2 , valid for both e-e+ and p-p colliders:

Integrated Photon Flux, F F =4.1289-10% - - 1 (MA) -k, (ph/s/mA)
Integrated Photon Power, P: P=6.0344-10‘”~pf—;)~I(mA)-kp (W/mA)
Critical Energy, e, L e =2-9596~10"~pf—;) (eV)

ki, k, = fraction of photons with energies above given threshold (typically 4 eV);

cw
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« Synchrotron radiation and vacuum: a primer
Typical textbook representation of the radiation cone

Introduction and Overview 9 e ltis usually assumed
that most of the

power is generated
Electron Orbit Aocslermtion within a narrow
- cone y=1/y;

. 2| Accelerates, «  While this is not too
far from reality for
¢ >—- SR power, it is
Case ;Lo rather inaccurate
Casel: ¥ <1 L " for SR flux (see next

L™ slide);
Figure 1.5. Emission patterns of radiation from electrons in circular motion; Case I at a low velocity
compared to the velocity of light; and Case II: approaching the velocity of light.

cw
.

N




« Synchrotron radiation and vacuum: Vertical distribution of SR

. Re'd/blge symbols:. MC.data (SYNRAD+); Calculated with SYNRAD+
» Thick lines: Gaussian fits and extrapolations https://molflow.web.cern.ch/content/synrad-downloads
Vertical Distribution of SR Power and Flux (Dipole) Vertical Distribution of SR Power and Flux (Dipole)
107 = e-l0eV
. 10” ¢
107! B _— - £-10eV
B - i
507 L I I
o 3 x
v a3l = 1
10 E a 1 o
b £ n 10 5"
= - ~ E
S © L
o 10 E 0
) . r do- i
107 & 0 I
-6 -
10 : -2
i ~ N 10 IV - %
-10 -5 0 5 10 -4 -3 2 -1 0 1 2 3 4
2 ralent Rectangle 2 2 o123 3 2 2 o i
i Equivalent R el ' Y (mrad) MC Data Fitted to y=exp(-x /20 ) { | EatientiRectangle A Y (m ad) MC Data Fitted to y=exp(-(x )/25 ) {

- The SR power distribution in the vertical direction is approximated rather well by a Gaussian\/onlv within |[y¥|<1;
- The SR flux distribution is_not well approximated even within that small angular range; ~ 50% of the photon flux is generated outside of [y¥|<1,;



https://molflow.web.cern.ch/content/synrad-downloads

« Synchrotron radiation and vacuum: Vertical distribution of SR

Vertical Distribution of SR Power and Flux (Dipole) Distribution of the Synchrotron Radiation
10° & o106V Fan vs Vertical Angle
- 100 —r=
10t ! g g0 E_ | Dashed: Flux | ____7,=£_J|____
E _________ : 80 Biissrmema ety _,,_____ PR
X 20 ] et | e B O\ . N | Rema, || ] | M EEEEEziizizoziiicaiiiiscizazcacegfitaZheiilcind” ]
0\? 10 ? '?—--—-‘E_ 0 — — — — —— —l——’%—~|6mn¢dwifhslth>+|»
) = R ® Ernnim A s s Pt
5\3 E =__ PP S, _Fe R b (R LR 7 SR, _I,ii;k
s F paeeEe|E
2 107 L o o 4 Eoopmmmglnmumammgfidaaaiinnannnnnaany S
oY E - o HE
m E aa —
. F S NE A — — — — — BRI
N e
10 E 3 2 ______________l___
r E |
10° —— —— O s 5 YT (mrad) SR hana
10 0 1 1 1--F-§-1-} 1 1 1 1 1 | S I | 1
o=l | T T T T T T LR B T T T T T 1
'Y ’ lIJ (mrad) MC Data Fitted to )=exp(-x2'2n'2) { . 0.01 0.1
- W ( mrad ) FcC-ee 175 GeV)

The vertical distribution of the SR fan is extremely collimated (~1/y for power): for the T-pole at 175 GeV the vertical
footprint at 20 m distance is only ~ £0.2 mm (ideal, zero-emittance beam); Extremely high SR power/flux density follows




Synchrotron radiation and vacuum: a primer

Example: FCC-ee vs FCC-hh vs LHC

Spectra calculated with SYNRAD+
https://molflow.web.cern.ch/content/synrad-downloads

Flux ( ph/s/m/0.1%BW )

—

<
—
(53

—

[=]
—
=

—

[=]
—
)

12

—
(=]

Comparison of SR Photon Spectra of FCC-ee Z (45.5 GeV, ;1-28 m?’&p,
LHC (7 TeV, 580 mA), FCC-hh (50 TeV, 500 mA)

LHC FCC-hh FCC-ec Z

Eeri=4269 6V E_;=21334 ¢V

- i

:, -thx@s-‘m)-Powz\Wmh IR} —T— ______
Elrcceez 7198417 812 | \

T FCC-lh  148E+17 354 |

Lliac s21E+16 omsa A\ o

— —_— L | L}
SEem s |
C [ \ |
\IIHl | | \\HH‘ | || |||‘ |
10! 10° 10° 10° 10° 10
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« Synchrotron radiation and vacuum: a primer Spectra calculated with SYNRAD+

. https://molflow.web.cern.ch/content/synrad-downloads
Example: FCC-ee vs FCC-hh FCC-pp:
.. . - ener
‘ FCC-ee: full energy injection rampi%]yg FCC-hh: SR Flux Spectra
0 FCC-ee SR Flux Spectra E vs Beam Energy (5, 10, 20, 30, 40 50 r‘feV) |
— 10 é : 10" i [=500 mA |
% 1013 j// "/x\ g 1013 4%\ 10 . - | -/
=) E / = \ o | A‘rc-m.
'é. 1012 :/— jr/ o Q\g 1012 :\\ \ :fml LHC |
= = = E < A
\é 1011 B // \ \ Q 1011 é \ \ \\ mL// R R R R
3 S A E & 10’ .
-g_‘ 1 010 Machin( ECHt(kGV} FILIX (ph/s/m) \ \ \ % 1 010 ; \ \ \ \ \ ] 10000 ZUULI.‘"U(GL-\'E)UUUU 40000 50000
~— E V4 19.5 10E+17 E T
5 100 L wl 1055 136817 \ \ \ \ e i \ \ \ \ FCC-hh does not
= = 1 3561 j_o9E+16 \ \ \ \ P = \ \ \ experience PSD or PE
10° [ T Q12528 F17E116 10° L effects at the 3.3 TeV
: g ‘ ‘ ‘ \ \ \ \ . F \ \ \ injection energy, since the
10 Ll [N [T [ EEET [ R T [ TN I 10 LLLLL L LI L L L LLIL T corres Ondil‘l e |S Onl
10! 10° 10° 10* 10° 10° 107 10! 10° 10° 10 1 oy P 9 Ceri y
Eon (eV) Eon (v

The W, H and T versions of FCC-ee have much higher critical energies than the FCC-hh'’s: very penetrating gamma rays!
The photon flux of the Z-pole is 2.5 orders of magnitude higher than that of the T-pole: Z is high current!
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 Vacuum for accelerators: SR and vacuum

Synchrotron radiation (SR) in a particle accelerator generates molecules, the so called photon-
stimulated desorption effect (PSD) (see below);

PSD coefficients vary from material to material, and also depend on the surface treatment
(bake-out, roughness, thin-film coatings, photon angle of incidence, etc...), photon energy, angle
of incidence, and more...;

PSD is usually determined experimentally: many data exist in literature; a typical PSD curve
looks like this > o

It can be modelled as a power-law dependence vs
accumulated photon dose (in ph/m), see fits

Red diamonds, X: H,
Solid: Be-filter, Al, R=0.01
Open: Be-filter, Al,0,, R=0.01
X: no filter, Al, R=0.01

It is evident that photons clean the surface with
time and generate a decreasing amount of gas;

UNLLILLL U L IIIII|'|T|$II\II|'|'|'|‘:) LU AL AL

Yield n (molecules photon-1)

Theoretically, PSD is believe to be mediated by
emission of photo-electrons (PE);

A co
v 60,
o CH,
o Hy

These PEs are one of the seeds of the e-cloud effect, e
the other source being beam ionization o T o
see below): 0% 10 1020 102 102 10| pranveamimea

Accumulated Photons (m™1)

Ref.: JVST A 14 no.3 (1996) p1273-1276
3
o,

106

OFHC - Cu test chamber

FiG. 3. Molecular desorption yields for the APS extruded storage ring cham-
ber. Filled gas molecule symbols indicate that the beryllium filter was in the
photon beam path.



« Vacuum for accelerators: Interfacing with the magnets

Given the size of the FCC-ee machine, in order to reduce the number of pumps to reasonably small

numbers one would need to use some “distributed pumping”, like done in the past for LEP;

Unfortunately FCC-ee is a twin-ring machine, while LEP was a single-ring one: a chamber-

antechamber design like LEP is not compatible with the intra-beam distance (300 mm) and the
shape of the common-yoke dipoles and quadrupoles proposed for FCC-ee:

Fig1- CROSS - SECTION OF THE DIPOLE VACUUM CHAMBER

Mounhng _ frame

Beam chamber cross-section: 131x70 mm?2 ellipse

We propose a (coupled) twin quadrupole, saving 50% power
(at equal A/mm?) with respect to a traditional design, at the
same time putting the coil far from the midplane radiation

We propose for FCC-ee twin dipoles with an | layout, with two|
aluminium excitation bars

LEP dipole extrusion: NEG strip in
antechamber gives distributed
pumping (few 100s I/s/m)

Beam chamber cross-section: 70 mm ID with “winglets” (SUPERKEKB-type)
FCC-ee: cross-section of dipoles (left) and quadrupoles

(right) with SUPERKEKB-type vacuum chamber profiles
(A. Milanese, CERN)




« Vacuum for accelerators: FCC-ee vacuum chamber concept
The SUPERKEKB e+e- B-meson collider vacuum chamber geometry has been identified as a good

starting point

Schematics of beam chamber extrusions
(OFC copper): 70 mm ID with “winglets”
(SUPERKEKB-type);

Discrete water-cooled absorbers are
placed along the external winglet, in order to
intercept 100% of the primary SR fans;
total power absorbed 4~7 kW,

A pumping port is connected via slots
machined on the opposite winglet (see
next slide);

If the surface of the absorber is vertical (as
in this draft) then the power density is too
high (almost 19 kW/cm? for the T-pole at
175 GeV);

A “V”-shaped surface (not shown) is
machined on the absorbers’ face in order to
increase the surface and reduce the aerial
power density to reasonable levels



* Vacuum for accelerators: FCC-ee: coupled MC simulations
Coupled montecarlo ray-tracing along %2 cell of FCC-ee: SR (SYNRAD+), and molecular flow (Molflow+)

1S L3970 205) [FCCoeWinged AN CU 2 SABS iyl
P St ToskFacu Ve Ve Tesh

o | e

FCC-ee: SR-Induced Pressure Profiles, Copper, 10 h conditioning

0 5 10 Z(m) 15 20 25
e

5 / M 1oses

o )
ol

B e ) 5 [P 1

Rt 2 G

_ _ _ * The average pressure is ~ 1/77 of the one without
Y% cell model: 2x 10m-long dipoles with 60 cm-long drift distributed pumps: very effective!

between them and 4.4 m-long quad/sextupole drift; 5 lumped

_ _ Comparison of pressure profiles with only 1 lumped
SR absorbers intercept 100% of the primary SR photon fan;

pump and with pump plus NEG strips (like in

the 4 parts are connected to each other, sequentially SUPERKEKB)




« Vacuum for accelerators: example FCC-ee twin-ring vacuum chamber prototype
Design of a prototype of SUPEKEKB-type vacuum chamber with lumped SR absorber and pumping port:

CAD models:
M. Gil Costa,
CERN/CIEMAT

Conductance pumping slot
+ pumping plenum: ~110 I/s
(28 a.m.u. gas, 20 C)
Se=100 I/s

Pumping
plenum

NEXTorr D-1000
NEG pump
(large pumping
capacity),
nominal speed
1000 I/s




Vacuum for accelerators: e-cloud in the LHC

Depends on bunch
spacing, bunch
charge, secondary
electron yield (SEY),
surface cleanliness
(especially carbon
layers), magnetic
field, and other
machine parameters.

LHC mechanism

h 20 ns

Schematic of electron-cloud build up in the LHC beam pipe.

F. Ruggiero et al., LHC Project Report 188 1998, EPAC 98




« Vacuum for accelerators: e-cloud in the LHC vs Future Colliders
» Total number of photoelectrons per particle per meter Np, =N, -Y

. : T Q Photoelectron Yield Y (-~ - \
factor which accouns for . — 2 NUberof S8 photons per paricle per metent 1 =721 |
the fraction of SR ILHC  FCC-hh  FCC-ee” — — — ~ -
photons capable of E [GeV] 7000 50000 45.6
extracting photoelectrons; Y 7400 53300 89236

« The cut-off photon p [km] 28 UL 2
energy is typically 4 eV, Ny/p*m 0.028 0.05 0.085

I.e. the work function of

metfals gsed for the Q Photon reflectivity R
fabrication of vacuum Q Electrons from direct photons : Nppg = Npp, - (1 — R)
components, see next Q Electrons from scattered photons: Npp = Npn - R

slide; > No experimental data for photoelectron yield and photon reflectivity
v ScanofY and R

» Photoelectrons produced by scattered photons

Ref.: “Trapped modes and Electron Cloud in the Interaction Region of FCC-ee”, E. Belli et al., FCC-ee MDI Workshop 2017,
https://indico.cern.ch/event/596695/contributions/
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« Vacuum for accelerators: SR photon cut-off vs beam energy LHC case

4 eV FLUX
CUT-OFF %

2.5 TeV~97% < sy LAk
35 TeV~86% el e e e
40 TeV~ 80% sty L L ESL R
i Al =e,,le 122
i /?,(e)(,um) =1 239842/e(eV) 55
7.0 TeV~ 52% R R R
165 IQW\L’" 230/0 2o’€u
(@HE-LHC, 20 T magnets) |
L:Tj—r} R, 'f w’l- 1| ”‘, l_hl:"- iﬁi"ﬁ“ P ] R H L gt
10 A 100 1600

LHC CritEnergy(eV) -—> 20 55 8.2 438 573.9
Ref.: R. Kersevan, Tutorial 2 on Synchrotron Radiation, JUAS 2018, https://indico.cern.ch/event/683638/timetable/
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Vacuum for accelerators: SR-induced (PSD) pressure rise in the LHC vs beam
energy at ramping
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c o iTg ; 3 Beam £
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The pressure gauges start reacting to the energy ramp as soon as E,,,=2~2.5 TeV, i.e. e, ;;>1~2 eV
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« Vacuum for accelerators: FCC-ee e-cloud strategy

FCC-ee e-cloud strategy

Wednesday 5 Jul 2017, 16:00 — 18:00 Europe/Zurich

(Fco)

Q@ 6-R-018 - ABP Meeting room (CERN)

& Frank Zimmermann (CERN)

Arc Quad QD1

films is envisaged (see next
slide);

E. Belli, K. Ohmi

single-bunch e-cloud instability threshold ~4x101° m-3

possible mitigation: solenoid in drifts, antechamber, photon stops, coatings, etc.

|
|
L=l — 17:00 FCC-ee e-cloud strategy | Centl'a| eIECtron 2 a Photoemission +
S ——— 7, cloud density vs SEY 3 [onization
I:;]clt:(ud d:‘nsty in I;C‘f:-?rcs, mlcruwavethr?shuldf . B I: y % D Trains Of 230 bunches
eakers: Fleonora Belli (Sapienza ersita e INFN, Roma , Fran! Immermann (CER g
I (3 receemacnineva. | [ Foceemachineba. FCCWeek2017_Bell I| 10 Asc Dt .g *+ 150ns gap
\ ________________ J a é aIcIO
Comments on scrubbing, antechamber, solenoids, photo-electron yield 1 % ° =7 -
q Speaker: Roberto Kerseva‘: ERN P ! I % e g T dnft 1 1
§ g £s | 7
| = % 4 /
« The amount of photo-electrons D Sy
“seeding” the e-cloud mustbe 1} . W R
. . . . . . 1 : = —
minimized (see beam-ionization | e line density =
and PSD effects); I vs time s
. . | [ -7
* The use of “anti e-cloud” thin | K o
I ;
I U
|
|
|
|
|
[




« Vacuum for accelerators: FCC-ee impedance instabilities and contributions

THPAB020 Proceedings of IPAC2017, Copenhagen, Denmark “Impedance model and collective
effects for FCC-ee”, E. Belli, FCC
Week 2017, Berlin

In the following, we will focus on the main single bunch 400 MHz single cell cavities SR absorbers
effects due to the RW on the beam dynamics, by considering ~55 ~ 10000
a 35 mm radius vacuum chamber with three layers (a first = ,

layer of copper with 2 mm thickness [5], then 6 mm of
dielectric and finally iron with resistivity p = 107'Qm) and

COUPLING IMPEDANCES AND COLLECTIVE EFFECTS FOR FCC-ee

/7
i Amorphous Carbon (AC)
thk = 200 nm, p = 107 Qm [5]

* Non-Evaporable Getter (NEG)
thk = 1pm , p = 107 Qm [6]

¢ Titanium Nitride (TiN)
thk = 200 nm, p = 0.5 - 107° Qm [7.8]

|
|
|
|
|
|
|

1




« Synchrotron radiation and vacuum
Special case: polarization wigglers for FCC-ee

This is a first magnetic concept, which keeps some of the
ideas of the LEP design, in particular the “floating” poles

narrower (200 mm) central main coils
lateral poles

side trim coils wider (300 mm)
central pole
mafs = 4 tons

1

0.5
— Bl ——3g 1}
> -1
-1.5
) Orbit

<9 0 e
[m]

Model and field data: A. Milanese, CERN
https://indico.cern.ch/event/616602/

personal commun.
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Note: Flux curve above for wiggler is for entire 5
m length, not normalized to 1 m; Total flux over 5
m equivalent to ~80 m of dipole radiation

Spectra, orbits and critical energy calculated with SYNRAD+
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Synchrotron radiation and vacuum
Special case: polarization wigglers for FCC-ee
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1.5 MW/5m segment: careful design of all vacuum

components downstream of such wigglers mandatory;

Wigglers were one of the major sources of downtime due
to vacuum leaks during LEP operation (see ref. -2);

The beam current during LEP 1 times at 45 GeV was
limited to few 10s mA: FCC-ee Z-pole aims at 1390 mA,
almost 2 orders of magnitude more.

EPAC-98 conference:

SYNCHROTRON RADIATION EFFECTS AT LEP

R. Bailey, B. Balhan, C. Bovet, B. Goddard, N. Hilleret, J.M. Jimenez, R. Jung, M. Placidi,
M. Tavlet, G. von Holtey, CERN, Geneva, Switzerland

Table 1 - Emitted synchrotron radiation power from various sources in LEP, for a 6mA beam at 93GeV

Magnets Bending Radius | dP/ds Magnetic Length P Number of Ptot
[m] [kW/m] [m] [kW] Magnets [kW]
Weak arc dipole 30960 0.0066 6 0.04 64 2.536
Standard arc dipole 3096 0.6604 6 3.96 3376 13377
Injection dipole, octant 1 1548 2.6416 6 15.8 32 507.2
Quadrupole (QL6, QS4) 4500 03126 2 0.63 16 10
Damping wigglers 282 79.599 0.8 63.7 254.7
Emittance wigglers 282 79.599 0.8 63.7 254.7
Polarisation wigglers 227 122.84 0.75 92.1 12 i 1106
miniwigglers 1223 4.2321 2.12 8.97 2 17.94




Synchrotron radiation and vacuum
Special case: focusing doublets at IP

Even for the 175 GeV T-pole, [m===

the SR generated along the
2 focusing doublets is
extremely hard;

The screen-shot on the right
shows the SR photon power
density of each quadrupole
magnet, ray-traced onto 4x2
cm? screens at 63 m
distance from the IP (shown
side by side for clarity, in
reality the fans would overlap
each other);

The critical energy is
above 2 MeV (>>pair-
creation and Compton edge);

Cw
3 2/27/2018

| SynRad+ 1420 (Nov 30 2017) [beam1_Spectra_Quads_F1P1_F2P2_ F3P3_FPasyn7z]
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Spectra, ray-tracing, and orbits calculated with SYNRAD+
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« Synchrotron radiation and vacuum: masking photons in the Interaction Region

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH

CERN - SL DIVISION
CERN SL/91-23 (DI) CERN-SL-98-058 (EA)

Presentation 39 Synchrotron Radiation Power

from Insertion Quadrupoles onto LEP Equipment
rroceEpiNGs oF THE | Particle Backgrounds at LEP

FIRST WORKSHOP ON D
etectors
LEP PERFORMANCE A. Butterworth, G. Cavallari, M. Jimenez,

Chamonix, January 13-19, 1991 G. von Holtey

By G. von Holtey
Edited by
J. Poole |

Abstract

The synchrotron radiation photon background is much more difficult to estimate. The Hot spots and leaks at vacuum transition pieces in the experimental straight

H sections at high beam energy have been shown experimentally as well as by

number Of radl&t&d phOtDl'IB a.nd Ihe photon energy SPECtrum depend strongly on the beam EIIGI'S}'. simulation to be due to synchrotron radiation from the low-beta

ﬁrthermore, as most O[ the background stems f],'om SR in qua,drupole ﬁEIdB, the rate Of photons quadrupoles. The transition pieces can be effectively protected by

. " . . . . 1limators. H r, wh losed. th 1limators th 1 e hit b

at the detectors becomes a strong function of the transverse beam dimensions, in particular in very igh D of synchrotson. sadiation. photims, smoumting to seversl

the horizontal plane. In addition, elastic and inelastic scattering of SR photons along the LEP hundreds of Watts per mA of beam current. The power seen by the

R . . . . collimator jaw surface is strongly dependent on the horizontal closed orbit

vacuum chamber walls and on collimator surfaces must be taken into account. A SPGCI&] simulation amplitude through the quadrupoles. Upper limits for asymmetric horizontal

program has been developed for this purpose [4]. Simulations for the LEP I optics have shown that e e o e & veth it order 1o Keep the incldent power onto
the collimator protection system must provide photon reduction factors of the order of 107 in order
to reduce the very high photon flux to an acceptable level. Due to the complexity of the problem
and the fact that most of the photon background is radiated by electrons populating the edees of
the gaussian beam core (the beam halo), absolute predictions of photon rates are very difficult to

obtain and could be wrong by an order of magnitude.




Synchrotron radiation and vacuum: masking photons in the Interaction Region

Given the much increased beam current in FCC-ee with respect to LEP, the issue of masking the

IR will be even more important; An ad-hoc working group on Machine Detector Interface looks at
this: https://indico.cern.ch/event/694811/timetable/?view=standard

Workshop on the mechanical optimisation of the FCC-ee MDI

" CAD model is based on the M. Sullivan design (FCC 2017, May 2017) | RIS

10 T
2 cm thick Cen(ral beam
Qc1 pipe +/-12.5 cm
inZ r 15 mm
s /

Z-projections

NEG pump

HOM Abs

Central
detector SA
+i 150 mrad

-10

] A 1
: a%’

LumicCal =

50-100 mrad Qc1

from exiting

axis

] ] H
m 2

o CAD model: M. Gil Costa, CERN/CIEMAT
Ty —ON A. Novokhatski 2/1/18 4 |
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« FCC-ee SR and beam-gas scattering radiation damage and tunnel activation

» FLUKA simulal » FLUKA simu|» FLUKA sin{ » FLUKA simulal» FLUKA simulations (contributed by M.I. Besana, F. Cerutti, CERN)
In Inte External Beam
The dose | top view, -5 cm|  Less problematic case! P
Celltop v ol «  The dosd Synchrotron radiation emitted towards the
2x 1% celld MGy tunnel wall o
periodical [ Peak power density on the pipe is the same asin
o vel the case of internal beam %
= the The dose on the coils is lower than before: E o
pla — the dose on external coils reaches 250 MGy due to
reflection
— the dose on the internal coil is a factor 100 lower
o prg The dose in the tunnel is slightly lower than
ab before:
‘ T - — synchrotron radiation is emitted towards the
N - tunnel wall, but the absorbers protect it

Beam-gas scattered radiation and SR can cause ji

activation of components, ozone formation (which can _|

lead to corrosion), and neutron production in water === —— o

cooling pipes among other things...

The geometry of the vacuum system and its
performance are very important

Old, superseeded v




Vacuum for accelerators: Beam lonization (Bethe theory)

LHC-VAC/AGM

Beam-t

At energies greater than 100 keV the ionisation cross section o for a gas by a
particle of charge Ze is given by:
AVl

o= 4’:22(.1;] F(M%{ + C) m2 2)

where © is the ionisation cross section for the gas molecule (mz)
¢ is the speed of light=2.998 108 (m s

v is the speed of the ionising particle {m s1y
P=v/c=0.99999998203 for 7.0 TeV protons

m is the mass of the electron=9.109 10-31 (kg)

M2 and C are constants depending on the molecule

and the function x is given by:

x= 1n{£;]_ﬁz @)

since B is ~1 this expression is more useful in the following form:
x=21n(y)-p? (@
where

__B
T

and v is the ratio of the energy of the proton relative to its rest mass
the rest mass of the proton =0.9383 GeV
and the rest mass of the electron =5.11 MeV

M2, C from Rieke and

LI ! Prepejchal, Phys. Rev.
c=187410 B—Z(M X+ C) m A6, 1507 (1972)
Table 2
=] c M2+C
Ha 0.695 8.115 LHC 7 Te¥ |[FCC-hh 50 TeV | FCC-ee Z
19.82 22.55 23.27
51 Lo L 20.23 2319 2396
Chy 4.23 41.85 113.06 129.59 134.06
0 3.70 35.14 97.43 111.98 115.79
o ppm prp 15272 17533 181 26
Table 4
Gas Calculated Calculated Correction Corrected
o x10-18 em2 | ¢ x 10-18 em2 Factor o x 10-18 cm2
(26 GeV) (7 TeV) (7 TeV)
Hz 0.226 0.371 12 0445
He 0.225 0.382 12 0458
CHy 1.23 2.12 1.5 3.18 .
© 105 1.83 15 275 Pgas/KT=n (gas density)
CO2 1.66 2.86 15 4.29
——
‘P e.g. LHC arc: I~ 20 nA/m at
1" gas, : P :
I = o p'WnI b nominal current and density
| R Dedm 1015 H,/md)

Scaling the 20 nA/m linear ionization current density of LHC with beam current and molecular density n=2-1014 H,/m? for

FCC-hh and n=1.24 -10*? H,/m? for FCC-ee (e.g. at a pressure of 5.0 -10-° mbar, 20 °C), we estimate 3.43 nA/m for FCC-hh and
60 pA/m for FCC-ee Z: negligible




 Vacuum for accelerators: nuclear scattering on residual gas

Ref.: O. Grobner, CAS School “Vacuum in Accelerators”, 2006,
Platja d’Aro, Spain

Power loss by nuclear scattering

Particles lost by nuclear scattering along the arcs of a
machine can not be collimated and their losses occur
uniformly distributed around the arcs

Pow/m)=1E 093—"(14)’5(’](11)‘"3‘/)

LHC design requires a nuclear-scattering life time of ~ 100h

LHC -> 0 | W/m for two beams at ultimate current required

Each Watl1.9K ~500W at RT & Carnot Efficiency |

The saw-tooth profile minimizes the photon
scattering/reflection probability and localizes the
resulting photon-stimulated desorption and photo-
electron production

This is why we need to intercept the SR in FCC-hh at a
relatively higher temperature than that of the cold-
bore (1.9 K): a dedicated beam-screen has been

devised; SR load at LHC ~ 0.18 W/m/beam

|

$00 um ~
CERN TENVSC
Zavhibe 130 e, | ol RS e

Courtesy N. Kos CERN TENVSC

“—ﬁam

LHC Design
Sawtooth profile (CERN LHC Vacuum grlip)

+ Perforated Cu colaminated beam screen to intercept the SR power protecting
the 1.9 K cold bore and to allow a distributed pumping

Ref.: V. Baglin, JUAS 2018, Lecture 4




« Vacuum for accelerators: Carnot efficiency: why is it important?
What does it mean to transfer 30 W/m from 1.9 K to 300 K in FCC?

p =300 399 1 5 85000m~ 36w o~ 56w
— — . —— — N ~ -
w m 1.9 03 m el

The electricity bill
of CERN would be
unmanageable!




« Vacuum for accelerators: Why do high-energy pp colliders need a beam-screen?
Beam Screen functions

bore (m’

sorbed ’

' °ge“'°. Main Functions
and

MF1 : Intercept beam induced synchrotron power and transfer it to cryogenic cooling fluid ConStraintS
MF2 : Hide the cryopumped gas from beam induced photon impingement —_—

MF3 : Provide sufficient pumping speed of desorbed gas toward the cold bore
C1: Withstand the Lorentz’s forces during a quench

C2: Fulfil impedance requirements

C3: Minimise the heat loads to the cold bore <4—
C4: Mitigate electron cloud

C5: Maximize the beam aperture Ref: C. Garion, FCC Week 2016, Rome




« Vacuum for accelerators: counteracting the e-cloud in the LHC
Beam screen in an LHC dipole

Strip with saw tooth

ELECTRON CLOUD SCREEN (addition)

COOLING TUBES < LHC BS temperature:
MOLECULES (inlet 5 K, outlet 20 K)

BEAM SCREEN
5-20K

SCATTERED PHOTONS

. PUMPING SLOTS

4 MAGNET COLD BORE
19K

BANDS OF CLOUD ELECTRONS

Ref.: O. Grobner, CAS School “Vacuum in Accelerators”, 2006,
Platja d’Aro, Spain




Orsay 09/2015
3th WP4 meeting 5t WP4 meeting

Conceptual design with antechamber
(2013)
% N
2 ]
40~60 K
SC He cooling

Vacuum for accelerators: FCC-hh beam-screen design evolution
Barcelona 11/2016

%

o

\\“\\\\\\\»\)\»)\)\\\\\)‘-_\\““&
February 2018:
oS ohp_tlc‘J_ton deflector, saw-tooth prof|I (@ channel:
T &~ Improved
) Carnot
Efficiency

pumping slots
along ante-
chamber;
minimized
impedance
effect




« Vacuum for accelerators: FCC-hh BS design — Mechanical Stress During Quench

» Variation of magnetic field at quench
produces currents all along the beam
screen.

* These currents produce Lorentz forces
that have to be correctly withstand by
the beam screen.

3D simulations are carried out taking into account the Joule effect coupling magnetic field and temperatures (pCp% —V(kVT) = Q, = JE).

Magnetic field decay at quench Total Lorentz Force
18 100
16 90
:14 80
= 12 "
] 60
it 10 £
2 E s0
- s ~
V] =
D=O 6 40
1]
30
2,
20 . .
2 Electrical current density
10 . 2
0 0 Jy (A/m*)
0 0.1 0.2 0.3 0.4 0.5 0 001 002 003 004 005 006 007 008 009 0.1

Time (s) Time (s)




« Vacuum for accelerators: Trapped ions and beam stability

Ion stability in a bunched beam

8 Positive ions can be trapped in a bunched y _wml”

§  electron beam-> successive bunches give y y

©  Kkicks to the ions after before

3 . 1 )1 0O : . :
¢ a attractive kick given by a bunch, n M =( )( ) Future circular collider with
€ ¢ number of bunches, T revolution time 0 INa 1 e- beams will need a

S Q . * . :

3% oo 4ty 1N, 2cr 1N, Drift * Kick | careful design so as to
. b(a+b)An & An 2 <TrHM)<2 reduce/eliminate the ion-
2s ' {01 i : trapping effect;

55 The ion motion is stable if ppIing

g Tons with masses larger than a _1<(1_aT)<1 =>ac=4n’ Mlnlmlz_lng the number
2 .. n T |ofionsis done by

s  critical mass A_ accumulate minimizing the residual
8_ LHC: A, ~10 -> electrons are ejected o N T RN | 9as density and its

% LEP: 4 intense e- bunches A > 200 A = 2(;2 fg = Tt aznz lonization by the beam;
B e rings all require a ‘clearing gap’




Linear colliders: CLIC: high-voltage discharge inside an accelerating cell

A factor limiting the performance of the RF

cavities is the breakdown rate occurring at
high gradients (typically of the order of 100
MV/m).

The breakdown is due to high surface electric
field that can lead to the development of an
electrical arc and therefore to alocal
melting and a degradation of the cavity
surface.

From an operational point of view, a
breakdown releases a large amount of gas
in the cavity.

To avoid disturbing the beam, it has to be
pumped before the next bunch of particles
comes.

The amount of gas released has been
estimated at 2-10'2 H, molecules.

The time between two bunches is 4 ms.

The maximum pressure, 4 ms after a
breakdown, is limited to 10 Pa.

Finite-Elements method analysis

Vacuum 84 (2010) 774276

Contents lists available at ScienceDirect

VACUUM

Vacuum

Typical dimensions of the cavity are 3 mm
. s o
and 10 mm_for the inner and outer radlusx)f\

journal www.elsevier. m

the iris, respeclively. N ‘ o -
~ N |Monte Carlo method implemented in a finite element code with application
e ~ ™ dynamic vacuum in particle accelerators
~
~ i C Garionay, 3 N
~ o Furpean Organiaation Magiciear Research, RN, 1711 Genews 23, Switzeriand
‘. < =
= > = ~
Vacuum manifold - @ A

IRY/ P'umping surface

Fig. 2. Mesh geometry of the CLIC accelerating structures.

Ref. “Monte Carlo method implemented in a finite element code with application to dynamic

vacuum in particle accelerators”, C. Garion, Vacuum 84 (2010) 274-276




Linear colliders: CLIC: high-voltage discharge inside an accelerating cell

Pumping
surface

Time-dependent Test-
Particle Montecarlo
simulation (Molflow+):
the aim is to ascertain
whether the gas burst
generated by (e.g.) an
RF discharge can be
pumped before the next
bunch comes in and it is

affected (4 ms); OK [T

Screencast-O-Matic.com

CERN
\:Dl 2/27/2018 Beam Dynamics and Technologies for Future Colliders — Vacuum Challenges — R. Kersevan 43



Future plasma-wake accelerators? AWAKE — what has vacuum technology to do with it?

CERN NEUTRINOS TO GRAN SASSO
A| m: Underground structures at CERN

SPS/ECA4

accelerating

I Concreted

fields of M Decay ube
~1 GV/m

SPS tunnel

LHC/SE AWAKE experiment

Target -
chamber Service gallery
LEP/LHC tunnel

,/“—
ions '
aons / J

// Decay tunnel

Hadron stop
and first muon detector

muons A
neutrinos%

Second muon detector

Connection gallery
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* Future plasma-wake accelerators? AWAKE — what has vacuum technology to do with it?

- AWARE—
O R, TAGA1 - ACCESS GALLERY

400 GeV
Proton beam (SPS)
-~

~

Laser to
Rb cell




* Future plasma-wake accelerators? AWAKE — what has vacuum technology to do with it?

electron-source, klystron

~

laser-proton-
merging

installed at the downstream part of the proton beam-line.

e
electron- TL_

proton-merging

Figure 2: Integration of the AWAKE experiment in the experimental area. The 10 m lo

dlagn stics
Table 1: Baseline Parameters of the AWAKE Beams

MOPRI00S

THE AWAKE EXPERIMENTAL FACILITY AT CERN

Proceedings of IPAC2014, Dresden, Germany

The rubidium plasma cell is at
the heart of the experiment;

Relative energy spread

Ap/p=0.5%

Proton Beam

Beta function

p*c=p*, =04 m

Momentum

400 GeV/c

Dispersion

D* =D*,=0

Protons/bunch

3 Ell

Laser Beam to Plasma Cell

< > S >
> < > <« >

Bunch extraction frequency

0.5 Hz (ultimate:
0.14 Hz)

Bunch length

0,=0.4ns (12 cm)

Bunch size at plasma entrance

Oy = 200 um

Normalized emittance (r.m.s.)

3.5 mm mrad

20m 10m 15m
EOS [CJe~ spectrometer
diagnostics

= proton
‘\\ . - > »| beam
La Y \ dump

3PS ey Resgae s laser

protons SMI  acceleration dump
OTR, CTR
diagnostics
Fig. 2. Baseline design of the AWAKE experiment at CERN.

ose or Esc Key

Relative energy spread

Ap/p =0.35%

Beta function

B =By =49 m

Laser type Fiber Ti:Sapphire
Pulse wavelength ho =780 nm
Pulse length 100-120 fs

Pulse energy (after compr.) 450 mJ

Laser power 2TW

Focused laser size Oyy=1mm
Energy stability +1.5% r.m.s.
Repetition rate 10 Hz

Laser Beam for Electron Source

Dispersion D¥,=D*,=0
Electron Beam
Momentum 16 MeV/c

Electrons/bunch (bunch charge)

1.2 E9 (0.2 nC)

Bunch length

0,=4 ps (1.2 mm)

Laser type Ti:Sapphire Centaurus
Pulse wavelength 2o =260 nm

Pulse length 10 ps

Pulse energy (after compr.) 32l

Bunch size at focus

Oy = 250 pm

Electron source cathode Copper

Normalized emittance (r.m.s.)

2 mm mrad

Quantum efficiency 3.00E-5

Energy stability

+2.5% r.m.s.




* Future plasma-wake accelerators? AWAKE — what has vacuum technology to do with it?

10P Publishing

Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 51 (2018) 025203 (10pp) https://doi.org/10.1088/1361-6463/aa9dd7 ° TPMC and DSMC StUdy Of the Rb

A rubidium vapor source for a plasma plasma source;

source for AWAKE e DSMC is TPMC with molecular
collisions

We present the scheme for a rubidium vapour source that is used as a plasma source in the AWAKE plasma
wakefield acceleration experiment.

The plasma wakefield acceleration process requires a number of stringent parameters for the plasma:
- electron density adjustable in the (1+10)x10 cm™3 range;
- 0.25% relative density uniformity;
- sharp (<10 cm) density ramps at each end;
- density gradient adjustable from -3 to +10% over 10 m;
- %-level density step near the beginning the plasma column;

We show with analytical and direct simulation Monte Carlo results that the rubidium density in the proposed
source should meet these requirements.

Laser ionization then transfers the above neutral vapor parameters to the plasma.




Future plasma-wake accelerators? AWAKE - what has vacuum technology to do with it?

10P Publishing

Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 51 (2018) 025203 (10pp)

https://doi.org/10.1088/1361-6463/aa9dd7

A rubidium vapor source for a plasma

source for AWAKE
Expansion Volumes
n I kT K [mkgT
4 " Vardp  pV 2m
- Vapor \\ Source o | ]
// M 3/2 kaTE

Rubidium Reservoirs Orifice

Figure 1. Schematic of the AWAKE vapor source. The orange
arrows indicate the Rb vapor flow from the Rb reservoirs to the
expansion volumes (not to scale).

Rb plasma cell:
L=10 m; Dia.= 4 cm;

At a temperature of 500 K, with the Rb atom mass
m=1.419 x1072°kg and diameter d=496 pm, the viscosity is
p=2.3 x10-5 Pa - s;

The mean free path for a density of 7x1014 cm3 is thus
Amp =1.31 mm;

We are in the so-called “transition regime”, where
molecular collisions cannot be neglected;

TPMC method may not be accurate enough, DSMC has
been used;

=
(=]

o
e

M, r =0.896mg/s ‘// Mg, r, =0.997mg/s
‘_|_ . Mpc =0.0178mg/s | N
A\ I
Il // Il
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* Future plasma-wake accelerators? AWAKE — what has vacuum technology to do with it?

i e * Therequired density gradient
Density, 10%m* 8 oensiy. 20%m* | With sharp rise/fall at both
o B @ & o b 0@ @ o & 5 al extremities can be obtained as
T IIIIIIIIIIIIIIIIIIIII ll[lllI|I|IIIIIIIIHIIIIIII ) B .
5 shown in this figure;
4
3 » The sharp rise/fall can be obtained
=3 4 S using expansion chambers with
0 L e P S ,reduction orifices (10 mm dia.);
X, . . .
i /V l |+ The Rb density in the various
R[ | ! I & parts of the plasma cell is
/ | I precisely controlled by local
Z | \ / ] temperature variations;
oF ] 7_0_10_"771‘3 P e £
e 7.00 x 102°m > 3 8 * Therefore, the plasma cell must be
I [ extremely well characterized in
" 9.51 x 102°m" ! terms of its temperature
& ; 1043 x 102°m //5 distribution:
I % e _
] 4 Nuclear Instruments and Methods in ﬁ
) / ° Phy51cs Research A T
) - —— ?}
g E.;_ I A novel Rb vapor plasma source for plasma walkefield accelerators @’""““
3 15 d I 2
2 g

Z‘D ‘ 30
Distance (cm)



« e-p colliders: LHeC

“Mixed” colliders, where an electron beam is brought into collision with a proton beam, like HERA was at DESY, or
LHeC is designed to be, will face vacuum problems mainly in the experimental areas, where the electron beam
Is deflected and focused by the final-focus quadrupoles and dipoles (and eventually stray fields of the
experiment’s main solenoid), thus creating powerful fans of high critical energy synchrotron radiation;

S8 RR LHeC: exit hole for T \ P —T] exit hole for
; new ring electrons & non- 0.2 \ Aisibthrhides electrons &
in LHC tunnel, colliding protons N raciatic for non-
With bypasses 0.15 N ) colliding
LH amun.d \
. @Xperiments 0.1 N\ protons
2 0.05 \
. ( \(,\>\| E 0
LR LHeC: e RR LHeC x i
recirculating el S i s e 0.
linac with N > SN fﬂéi\‘l- o 0.1
B % i 10 min. filling time " y a8 i
recovery ok / = I . -0.15
(=] \ r L I—
A il 4" ~+ < Fig. 6: Cross section of final two proton quadrupoles of -0.2
8 ‘ () emimiim the linac-ring LHeC with parameters as listed in Table 3
- - - [S. Russenschuck] colliding -30 -20
Fig. 1: Schematic of a Large Hadron electron Collider|[*>: 3 proton beam
(LHeC) based on the LHC: option | consists of a new
lepton ring in the LHC tunnel together with a 10-GeV
injector complex (green color), option 2 of a Racetrack- Fig. 5: Schematic of linac-ring 3-beam LHeC IR
shape multiple-pass recirculating energy-recovery linac including synchrotron radiation fan from detector-
placed in a new, smaller separate tunnel (red). integrated dipole magnet [R. Tomas].

Ref. “LHeC and HE-LHC: Accelerator Layout and Challenges”, F. Zimmermann, Chamonix 2012,
https://indico.cern.ch/event/164089/timetable/#all.detailed
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Summary, main points

In high-energy colliders, vacuum is affected by several physical phenomena, and it affects the
performance of the machines

Keeping the residual gas density as low as possible is important in order to reduce these detrimental
effects, such as e-cloud, ion-trapping, nuclear gas scattering and energy deposition on SC
magnets, radiation damage and activation of components, radiation dose to personnel, etc...
Future pp collider of higher beam energy are characterized by copious generation of synchrotron
radiation, with power levels orders of magnitude higher than today’s LHC

The main vacuum element of pp colliders will be the beam-screen: a careful analysis and design of its
characteristics must be carried out

High energy e-e+ colliders are characterized by extremely strong synchrotron radiation, large
photon fluxes and/or critical energy, and high power densities on lumped absorbers; for high-current rings
(e.g. FCC-ee Z-pole) the vacuum conditioning time may be long compared to the experimental program
duration (- this pushes for a reduced-PSD coating, like NEG, in order to speed-up the commissioning);
Considering the large sizes of the future colliders, new fabrication technologies and materials capable
of reducing the capital costs are sought

In parallel, computational tools must be developed and improved in order to allow proper simulation
of all vacuum effects




