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Interaction between Beams and Vacuum
System Walls.

* Phenomenology:

What happens to the Vacuum beam pipe in presence of the
beam!?

> Synchrotron radiation: Heat Load, Photo-electrons
and electron induced desorption

° lon induced desorption and associated instability.
> Desorption yields and conditioning.
> “Electron cloud” effects and associated instabilities

o Additional materials =2 | Addendum
» Mitigation strategies
e Conclusion

CAS, Glumslov, Sweden. 12 -6 -2017 R. Cimino Lﬁﬁc‘@ (Qq



One real example to see what the

beam does to Vacuum:
8-10-2010

450 GeV - 150 ns bunch spacing:
Merged vacuum @ LHC
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Exotic Vacuum behavior @ LHC:
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450 GeV - 150 ns bunch spacing: Merged vacuum
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f Solenoids
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Solenoids have effect on pressure!!!

1.00E-07
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Solenoids have effect on pressure!!!

Evidence for:
e-Cloud
Instabilities
due to the interaction
between beams and

e[mbar]

eam [p]

2} o
INFN

e 0O

.t
| Vacuum system walls
Remove multipacting o ‘l
Still primary electrons oo
Time [sec]
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Vacuum in new generation accelerators
is much “more” than a technical issue!

e Let us see what may cause such beam

and/or pressure instabilities.

e The case of the:

LHC arcs
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Cold Bore @ 1.9 K Static

C DIPOLE : STANDARD CROSS-SECTION

ALIGNMENT TARGET
___ MAIN QUADRIPOLE BUS-BARS
HEAT EXCHANGER PIPE
\ __—— SUPERINSULATION
_ SUPERCONDUCTING COILS
— BEAM PIPE
_— VACUUM VESSEL
BEAM SCREEN
AUXILIARY BUS-BARS
SHRINKING CYLINDER / HE I-VESSEL
b N THERMAL SHIELD (55 to 75K)

T NON-MAGNETIC COLLARS

=3 e N - IRON YOKE (COLD MASS, 1.9K)
T~ DIPOLE BUS-BARS

SUPPORT POST

Extreme High Static Vacuum (<< 10-'3Torr)

) ®
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Radial Distance

. Static

Cold Bore @ 1.9 K

Need of a Beam Screen
@ 5K<T <20K

to reduce heat load (SR,
Eddy current, Impedance,

etc...) on Cold bore for
thermal load issues ="

T=0, without beam
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Dipole cold bore at 1.9 K

Cooling tubes Dia. 50/53 mm

Dia. 3.7/4.8 mm

Beam screen
5-20K
Dia. 46.4/48.5 mm

stripes pumping

A Photons

36.8mm

Desorbed
molecules

Pumping slots
shields

Cu layer

“Saw teeth”

Pumping slots

The Beam Screen is a
complex technological

FUNCTION

Reduce beam-induced
cryogenic loads

Increase development
time of transverse
resistive-wall instability

product!

PROCESS

Limit residual heat load
to cold mass

Intercept synchrotron
radiation

Limit resistive wall
impedance

Resist eddy-current o
———| Structural material with
forces at magnet quench high resistivity
Preserve field quality in N Low-permeability
magnet aperture materials
Maintain good beam .| Provide pumping from
vacuum “| shielded cold surface
Limit development of Limit reflectivity and SEY
electron Eloud —7| of beam screen surface
7 1
INFN
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DESIGN FEATURE

Low-conduction supports

High-conductivity copper
plating

Cooling at low
temperature

Austenitic stainless steel
structure

Pumping slots

Avoid temperatures
favoring desorption of
common gas species

Sawtooth absorber

Beam scrubbing
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Static coid Bore @ 19K

Let us see what happens
during operation and beam
passage to:

» The vacuum system —"

Radial Distance

> the Beam screen Surface

A 4

T=0, without beam
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4 Beam - Gas Interactions

CB
BS P‘@w@«
N The beam interacts with the residual gas: '
{é .. dl *Where:
p= dl = —Iondx =» dt —Inv o < is the cross section i.e. the probability the
g O beam interacts with the atoms of target
5 Cg%@;@ o °| is the beam intensity
+++1+1+++ * n is the atomic density of
—_— +Epe O O\&o a target of thickness dx
S .\ C%O *v is the beam velocity
t [ ] L ] °
S P _ This define:Vacuum
I=Le Beam Life time (1)
1
T =
nov
1 1 1 1 1 1
For a vacuum system: — = + + + +
U T2 TcHa TH20 Tco Tco2

The vacuum life time must be much larger (i.e. >> 24 h) than other life times
such as e.g. the particle loss due to the collisions
) ©
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¢+ Beam - Gas Interactions: ion production

CB
BS

lonisation cross section is a function of the speed & the charge of the

- Q . :
Ol °© 0 O  projectile and of the nature of the residual gas
e
(q] ’ ’ ’ lonisation cross section for proton beam
.Z === Qo Qo %% 1.E-21
- %@ E —
o H
g S '\ +Ca4 .
> i H20 g8
o'l ‘» ‘} “y S My, g7 |-cCO
& i ' ——02
O O 1E-23 ooz

1 10 100 1000 10000
Beam energy (GeV)

-3 Heavy gas must be avoided
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, lons interact with accelerator wall: lon desorption yield

CB Varies with:
*the material,

BS °the ion energy
ONG! *and ion species

o ©
P17 —
=== OO OO . - stainless steel : q

= N2+

Radial Distance
k% E;Eg
ETA (molecules / ion)

®
®
O

o 0 500 1000 1500 2000 2500 3000
Energy (eV)

O : Ozi : ; l A.G. Mathewson, CERN ISR-VA/76-5

*Several molecules can be desorbed per ion =» Sputtering

» lonised gas will hit the Accelerator wall and induce ion desorption.
» Pressure and beam ion interaction will increase, increasing desorption
» Such a resonant phenomenon will cause Vacuum instability and there will be a
critical beam current, at which the pressure increases to infinity.
7} @
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Radial Distance

. lons interact with accelerator wall: lon desorption yield.

Conditioning and implantation

CB
S T
@) O o <o 7 keV, Cu Baked, CO*
O o | B
? 17 1

V —CH4

L \,\ —C2H4
n \\_V—’—"'_M.
P 001 | ; co
++ | \M
+ O _ ! —cC2H6

—C02

0.0001
1E+12

1E+13 1E+14 1E+15 1E+16 1E+17

lon dose [em2]

O z OE i t G. Hulla, PhD Thesis, Vienna Tech. U, 2009

O

* In the LHC : the maximum flux is about 3 108 ions/(cm2.s) i.e.a dose of 3 10'> ions/(cmZ.year)

* In the LHC, there is no conditioning due to ion bombardment

A ®

INF (Qf)
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A

Static coid Bore @ 19K

Let us see what happens
during operation and beam
passage to:

» The vacuum system

Radial Distance

> the Beam screen Surface /

o
»

T=0, without beam
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Radial Distance

18

¢ Synchrotron Radiation

C B
BS

Time=0

calculation

P o g

* A charged particle which is accelerated
) produce radiation
N * The power of the centripetal radiation is
+++++
+

+ie larger than the longitudinal radiation (factor y?)
* For a relativistic particle, the radiation is
highly peaked (opening angle ~ 1/y)

o
»

Critical energy: divide the

3
Electrons : & [eV] = 2.21810° ElGevl”

power spectrum in two equals |¢ 3 he 77 plm]
P u | WO qu T — ,
22w . 3 L E[GeV]
parts P Protons: ¢, [eV] =3.583510 —p[m]
4/j &)
INFN
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Radial Distance

t Synchrotron Radiation: E_ =44 eV @ LHC

C B
BS g “@*#«
— 10'% ' mmmm——
S R
== 3 : *
N 85 - K
+++I+I+++ W ; 10 é_ L' H ' C ' “l
+++++ E Nm :_ ll
++ 2 E E . l“
S EE 107 E, \
i i el L 1:111111 [ A AN
— 1 10 100 1000
Photon energy (eV
L]
Tlme — O E4 s
*The average power emitted by the beam per unit length is: |P, oc — loc B°E”l
For LHC: P.,= 0.17 Wimlapert. P

3 o
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$ PhOtO-deSOI"ptiOI‘l: SR & Surface Science

) A
O
c
(4]
&
%)
a .
alaialaah +++ %+
s gi%
-6 P CARBON LAYER
(qv]
o’ ¥
O.F.H.C.
COPPER | g CO or CO2
20
OXIDE LAYER
Tl me — 2 ns Fig. 6. Tentative Microscopic Model for PSD

from OFHC Copper.

O. Grobner et. al. EPAC 1992

) 5
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Radial Distance

21

t Photo-desorption: SR & Surface Science

BS 1x102 .
okl
. 1110'3 E:::: :;:-—. .
% . :% --
[ ey 209 5
. " ey b o L]
The dynamic pressure : ot o iR -
- - L%
. decrease by several orders of ¢ [ T N
+ + . . 1x10%
iy magnitude with photon dose: % z .
tip+ » LR 4 2o,
photon conditioning -
P 1x10% 3
v BRI B
| The photo.n desorption yield wo'L- Cu baked at 15
is characterised by 1,6c0n :
lxIlJ's T T T T s
1510 pae®  wio? bae® wxae® ag¥
Photon dose (photons/m)
O. Grobner et al.
J.Vac.Sci. 12(3), May/Jun 1994, 846-853

Time =2 ns
See: talk from O. Malyshev
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BS

1.E-02

:
:

(\SJ £iem
T

+ ;15-54
+ + i
+++ 4+ 8
+ z
+++ + 5

+ + S 1E08

Radial Distance
+ O

A Initial yield, g, are smaller
han at room temperature

T 1002

T L0ED3

% )
i %
SIS
} }
P i
%
J
” T:ﬂmeralumlil = : =

V. Baglin et al., Vacuum 67 (2002) 421-428

t Photo-desorption at LT:

Average removal coefficient (molecules/photon)

SR & Surface Science

BUT at LT: fﬁﬁ
esence of physisorbed molecdl

I
1
IN |0 .o e 5 @

@ac
0.1 -
.
ah A
o
L N
0.01
© ° A
'A
L]
°© me ®
L]
A
e}
0.001 N e CO2-~68K @ H23K []
m  C025520K A H2[4]
s COS55-15K o H2[3]
o CH455-20K
0.0001 i I
1015 1016 1017 1013 10[9 1020

Average coverage (molecules/cm?)

V.Anashin et al, Vacuum 53 (1-2), 269, (1999)

Time =2 ns

See: talk from V. Baglin

22
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+ Photons induce Heat load:

CB
BS

PP Parameters LHC H-L LHC

U c.m. Energy [TeV] 14
C Schematic of an 80 - 100 km long tunnel
m 4 Circumference C[km] 26.7 -
| Dipole field [T] 8.33 16 (20)
U) Injection energy [TeV] 0.45 h h
O
Q Peak luminosity [10** cm™s™] 1.0 5.0 5.0
+1- Stored beam energy [GJ] 0.392 0.694 8.4 (7.0)
— R SR power per ring [MW] 0.0036 0.0073 2.4 (2.9)
+ + + +
.(3 ++ Arc SR heat load [W/m/aperture] 0.17 0.33 28.4 (44.3
-U Critical photon energy [keV] 0.044 4.3 (5.5
P o~
m Version 1.0 (2014-02-11) ;
o ¥ <20

1.8K-166 W

4.5K-65.7W

20K-14W

Power to dissipate
S
o

TTK-29W

Time =2 ns 12 5 10 100 300

Temperature of the cold surface [K]

Credits: R. Kersevan -- Beam Dynamics meets Vacuum, Collimations, and Surfaces 2017

= ®
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SR & Surface Science

A

CB
BS

Photon reflectivity:

D)
U g 0.8-: v 1.2x10° - 4x10°+
% ] go.s
4 |5}
+J 0.6 5 04 7 3
(Vs ] R
O ‘>“ : I R AL R >
g ] 120 140 160 2 '
5 ] 0 s 120 140 160
Q S 044 . 8 24 0,
i 1 %
R @ ] @
o aw\toot
3 -

0 50 100 200

0

—

Zahnhghe 38.6 ym \\ rjRefletionswinks 100.1°8

N. Mahne et al. App. Surf. Sci. 235,221-226,(2004). === [\/ —_—

i IR S B M S0 WL S5, S S e T S R e YA D vl

Time =2 ns

PS: reflected photons do NOT induce HL.
See: R. Cimino V. Baglin and F. Schafers PRL 2015
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Photon reflectivity: where photons go?

In the dipoles we are in presence of a strong Magnetic field

Photoelectrons
contributing to
e-cloud build-up
mainly from
scattered photons

Fraction of photons
per side

1

0.1 ¢

0.01 ¢

0.001 ¢

0.0001

bot sides top

CAS, Glumsldv, Sweden. 12 - 6 - 2017  R. Cimino
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Photoelectrons

from direct
impacts
See:
» L. Mether, et al. In FCC-Berlin 2017

Mainly electrons produced by photons absorbed on the top
and bottom of beam screen can seed e-cloud build-up in
dipoles and BS is optimized to reduce them.

PS: Reflected photons do NOT produce photoelectrons.
See: R. Cimino V. Baglin and F. Schafers PRL 2015

A ®
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Photoemission:(vs. hv, Q, E,T, B) SR & Surface Science

Radial Distance

26

C B

o
I U
NS

Intensity (a.u)

Kinetic Energy (eV)

R. Cimino,V. Baglin, I. R. Collins. Phys.Rev. ST-AB 2 63201 (1999).

Time =5 ns
Produced e (PY): very important for single beam
instabilities (K.Ohmi and F. Zimmermann PRL 2000)
Y ®
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Radial Distance

27

SPS

Even in absence of SR: Observation

e” from ionization of residual gas... etc

MD - LHC type Beam (25/08 18H - 26/08 14:00)

LOE-06 T ;0000 2.5E+13
——30060 °
(M.Jimenez)
——52060 + 2E+13
—@— Proton:
e (15000, ol LHC type beams (25 ns) R
1.0E-07 < >
- + + z SPStypebeams | 15e.13§
++ + + E (5 ns)
+ + I + + £ &
++ 4+ + §
+ + £
+ T1E+13 3
P R WAV
% M& S5E+12
1.0E-09 ! T 0 T T T T 0
0.25 0.45 0.65 0.85 1.05 1.25 1.45 1.65 1.85
Time (hours) LHC Division / Vacuum Group
J.M. Jimenez
SPS MD 26/08/99

o
»

Time =5 ns
Beam induced multipacting is observed in SPS where

no e” are photoemitted.
=9 ®

C o L0

The CERN Accolerator School
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¢+ Beam induced el. acceleration simulation

CB
BS : —_—
: 8 \ oy (F. Zimmermannx
0.05
g | at momemt Q@remoqment Of
57 creation
D I+ +
.T_ﬁ +
ks -‘
a'd afte ARG NG dad
‘L [ M= M AR A st destn s

10=-40=60-80-1 00 Energ

A 4

Time = 10 ns
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Radial Distance

29

A

e- induced e emission Surface Science: SEY
CB
BS

Fully scrubbed Cu

0 total

Contribution
of secondaries

1.0'1

. 080 | to o
‘ . s 0 o060 [
+ + + + L
+ + I + +
++ + + L
4 * 0.40
020 [ —_—
I Contribution of reflected
- electrons to o
00 | —
TN T T NS T TN AN NN T N T ST AT T T A N Y T B A

0 50 100 150 200 250 300
rimary Energy (eV)

R. Cimino et al Phys. Rev. Lett. 93, 14801 (2004).
Time = |5 ns

.. 29
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¢+ e induced e emission vs. E Surface Science

4 Epefgy Distribution Curves as function a"Ep\
AN
Ep=11 eV | |[Secondarie Ep=3.7eV\
Secondaries ﬂ
Reflected F;?;L‘iff,‘;ﬂ
‘ . electrons

L x Kin. En. (eV) Kin. En. (eV)

R. Cimino et al Phys. Rev. Lett. 93, 14801 (2004).

CB
BS

Q
O
5
(4]
)
3
O
.
O
(qv)
a'd
30

Time = 20 ns

) ®
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Radial Distance

31

A

BS

e” cloud Build-up

t 1 t
W

4 f E

e,

o

[

+ + + + —
+4+ 4+ 4+ +++4+ 7
++++++ +++++ @
++++ o + on
++ ++++ -

+ + o

s

o

=

P P\ 3
o

+ 3]

I

m

=

ra

o

E- cloud simulation

C B

TS
| 8= 1.3 sl A0
tu=1/— 515 [ Sufl O J
My 1ages=11210" p

J

w/o sutellit?_j [—j
1 ot
ot i

N =2x j{g}f

FJ i e
— 4ﬁfu . T
Cor . - [
G
100 200 300 400 500 1]

(F. Zimmerman

Time structure vs.
Simulations.

CAS, Glumslov, Sweden. 12 -6 -2017 R. Cimino
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Radial Distance

32

CB

e induced heat load Simulation

SEY
| 1.0y}
31 0s] ’,' 7
I 0.6 ‘_' 7
! i 7’
| 04 P
02 o
B2 10005 0 50 200 250 A
g I Primary Energy (eV)
+ + - |
++ + + 3 e
+++++ = /
+ A
+++ + © /
++ 1 /
i 4
b 7/
P | ’
+ 0 ! .—‘_‘//—-——'h./_‘
510" 110" 1.510" Nb

R. Cimino et al Phys. Rev. Lett. 93, 14801 (2004).

Time = 25 ns

e cloud build up causes Heat load!

- 0
INFN

(./ @ The CERN Accelerator School
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Radial Distance

33

t e induced gas desorption

CB
B

Surface Science
and simulation

Dynamic
pressure
increase !!!

Desorbed gas ]

See: talk from O. Malyshev

Time = 25 ns

It is a beam/Vacuum issue!

CAS, Glumslov, Sweden. 12 -6 -2017 R. Cimino



Radial Distance

34

CB

Beam blow up

E- cloud simulation

Time structure vs Simulations.

+
++
++
)
A

o

"PAC2012

It affects beam quality!

Time = 25: ns

CAS, Glumslov, Sweden. 12 - 6 - 2017
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Electron cloud in accelerators

* The Surface Science properties of relevance:
v SEY (Secondary Electron Yield);

v
v
R. Cimino and T. Demma
o “Electron cloud in Accelerators’
Int. J. Mod. Phys. A 29 (2014)
. 1430023 (pag. 65).

3 ®
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Secondary ElectronYield (SEY)

As raceived

Sanidans clastically reflected 35+ LT, ;#:;n;iigi;mgﬁ%
true secondary rediffused 34 S ‘e . ngaﬁﬁﬁggggg
\ /. ; . ‘. ., « TiN
;E T o im)xx . T e,
> ; 15__:!“ xX‘::"*':igiifixx, ¢ ‘.
energy transfer killed E 1__;**‘* ......fffx'flffsz’:‘g::
Xx [ I ]
secondary electron emission os
three-step process: N
Y PrOduction Of SES a.t a depth Z 0 260 460 6(50 BfIJO 1OI00 12‘00 14:30 16‘00 18IOO 2000
e transport of the SE toward the surface @€ heat load vs. intensity, 25 ns spacing, ‘best’ model
e emission of SE across the surface barrier heat load R=0.5
delta max=1.1
6 7= delta max=1.3
It depend on the surface ;| ~dwumos
- E - delta max=1.7
type and condition:has a  Z:| —coolingcapaciy
Y ° ) [ ] g 3
big impact to simulations :
. a2
(see calculation for LHC). |
. H H 0
See: R. Cimino andT. Demma’ 0.0E+00 5.0E+10 1.0E+11 1.5E+11 2.0E+11
“Electron cloud in Accelerators” Nb caleulation for 1 batch
Int. Jou. of Modern Physics AVol. 29,1430023 (2014). heat oad for quadrupols igher

A o
36 CAS, Glumslov, Sweden. 12-6-2017  R. Cimino Py A 00

The CERN Accelerator School



Need of “state of the art” Surface Science systems to study SEY

" ”' (-"

e t;‘
The XPS system 1“ |

Chamber
for
reactions

®
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The CERN Actolerator School




i Measure of Secondary e Yield: 2 methods

SECONDARY ELECTRON
COLLECTOR (cage)

PRIMARY

ELECTRON GUN
(0-3 KV)

ELECTRONS ’
Ep,Ip =
+ Vbias
SECONDARY
ELECTRONS
Is (~—
Tout ' <>
() - | *
J_ N '
= Vcage =
) o
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Addendum

2" method: Measure of Secondary e Yield

* Ina py-metal chamber

e sample manipulator (also
at Low T)

e Sample well insulated (to
measure small current | )
*A Faraday cup—
°A Low energy electron -
gun

0
64 65 66 67
Beam Position (mm)

e e beam Stable between 30 - 500 eV

* Currents from few nA to pA (20puC/h/mm?-
20mC/h/mm?2)

* Intense spot (¢ < 0.5 mm) with low background

39 CAS, Glumslov, Sweden. 12- 6-2017  R. Cimino Py A Jeo'e)



Addendum

Measure of Secondary e Yield: 2 methods

.. and L. (N. Hilleret) Isample and 1,
Advantages: Advantages:
* Simultaneously measure § at * Gun close to sample.
each energy: very fast. * Reduce noise for low current
« Effective also for “dispersive measurements (i.e. insulators)
samples” (i.e. Sponges) « LE-SEY accessible!?!
Disadvantages Disadvantages
* Gun far from the sample * Gun need to be very stable
(difficult to control LE e) (takes time)
 Big(er) spot and no LE-SEY « More work (2 separate runs)
* Loose Normal emitted e
=9 ©
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Measure of Secondary e Yield

2.0

DELTA

Cu as
received

At each Primary energy we measure !
Igun (with the Faraday cup) and 1.5
Isample.

1.0 20s0ece00ees
Ep=312 eV Ep=41 eV Ep=11 eV
— Secondaries | Cu fully scrubbed
electrons Reflected
Reflected / electrons ‘.o‘
electrons \ 0.50 i
RN NS
0 80 160 240 320 ¢ 60 120 0 4 8 12 16
Kin. En. (eV) Kin. En. (eV) Kin. En. (eV) 0.0
0 100 200 300 400
* Each pointin 0 is the integral of the energy Primary energy (eV)

distribution of the emitted electrons

R. Cimino et al. Phys. Rev. Lett. 93, 14801 (2004).
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SEY of LHC Cu @ Low energy

Integrating the curves gives
the Percentage of Secondaries
and Reflected electrons

To separate “true
secondaries from “re-diffused
electrons is arbitrary and has

not been considered in this R e B T R
anaIYSiS. y Kinetic Energy (eV)
o total
10 ks
We observe that the i Contribution

0.80 |

contribution to [ 1 of the

reflected electrons at very low | ~°“|
primary eneragy is, in this Mo
material, very high. o

electrons to §

of secondaries

Contribution of reflected

to o

00 |

R. Cimino et al. Phys. Rev. Lett. 93, 14801 (2004). 0 50 100 150 200

250 300 350

Primary Energy (eV)
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Addendum |Such Low energy part of SEY was, up to recently,

somehow controversial.

Total secondary electron yield of Cu as a function of incident electron energy. |. from the letter for fully
scrubbed Cu (T=10 K). 2. Experimental data for bulk Cu after heating in vacuum (room temperature).

d
1.0 1. R. Cimino, et al, Phys. Rev. Lett. 93, 014801
0.1 (2004).
081 2. 1. M Bronshtein, B. S Fraiman. Secondary
071\ 4 Electron Emission. Moscow, Russia: Atomizdat, p.
0.6 408 (1969).
0,54
] Other measurements reported the reflection
712 coefficient of about 7% for incident electron energy
"] below few electron volts for most pure metals.
Z: |.H. Khan, J. P. Hobson, and R.A. Armstrong, Phys. Rev.

0o 5 _1'0 15 20 25 30 35 129, 1513 (|963)
Primary energy (V) H. Heil, Phys. Rev. 164, 887, (1967).
From: A.N.Andronov.A. S.Smirnov, 1. Z- Yakubova and N.A. Gorbatyi, Russian Physics

D. Kaganovich, E.A. Startsev, Y. Raitses, JOUI’naL 13 1477 (|970)-

andV. |. Demidoyv, (in Proceedings of

ECLOUD’12 (2013), CERN-2013-002, See: R. Cimino et al. PR ST 18,051002 (2015)

p. 161) — 5
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Addendum Setting the energy scale. Expected Setup limitations at Low energy

- Vacuum : 07 R
A Gun © field free "oy If Eg<Vyi,s — Ay - FWHM, 2
E : region : e I 21~025~1

Ek + vlenses= Eg S\ E IS
l,? § z >t| 1. -_ .__+|+ —_
/ Hy : z ]F - . Vpias -
/1 Vienses : WHM, Faraday Cup
P :
ce - r_ - _"' ___________ L . T Vigs— Ay FWHVIR<E< Vi, - Ay, +FWHVI2
lE, i ———r ] 212912982 }71 -
twe : : = ] W’i“ =
E, : FWHM,
an | WEG> Vi, - Ay + FWHM,2
&
o I
Cﬁ‘lodﬁ g =11+ S
E 21,8 correct — }7 -__
z ] i Vbias -
FWHM,
Clean Polycrystalline Cu '
1.4 7—6 ————————————————— -
pl ™ » Study in identical conditions (same
i Clean Polycrystalline Cu | o
* geometry etc.) atomically clean
] | .
1 ol k ] (XPS) Cu obtained by cycles of Ar*
>~ . .
= 08 | sputtering of the “as received” Cu.
2 °r A =0.85 eV FWHM ] . iy . ’
os | > i< | » Compare it to “as received” Cu
| | samples.
0.4 - .l E =4.65eV (Polycristalline Cu W ) | - > “AS received” iS NOT a weII
0.2 | oL e ] defined chemical state!
Primary Energy above EF [eV]
0 S R S RS RSO
0 200 400 600 800 1000 See: R. Cimino et al. PR ST (2015)

Primary Energy above E [eV]
¥ 7} @
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Addendum

SEY

0.5

R. Cimino et al.
PR ST (2015)

“As received” vs. Clean Cu

1.5

Cu OFHC "As Received" |

Cu LHC "As Received"

Clean Polycrystalline Cu

0 S0 100 150 200 250 300 350

Primary Energy above EF (eV)

=
INFN
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400
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Addendum

“As received” vs. Clean Cu

'll'-'

F
0.8 Cu LHC "As Received"
0.6 -
0.4} Cu OFHC "As Received"
0.2} Clean Polycrystalline Cu
0
2 i I 5 10 15 20 25
.Cimino et al. P
PR ST (2015) Primary Energy above EF (eV)

3 o
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Addendum

For the LHC: test HL simulations.

g
o

-
&)

5 | | = Usual
""""""""""" D —— Cosine |-
| : | = Flat

.
o

Secondary Electron Yield
o

O
o

200 400 600 800 1000
Energy [eV]

)

R. Cimino et al. PR ST (2015)
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Addendum

For the LHC: test HL simulations.

—
(@)

24,4l R=SO)=08 =
> in all cases
51_2 S S SR o N S
S
m 1 0 ...........................................................................................................
-8 08 ...................... — Usual
o, % | .
o6\ S~ Cosine | |
2 —  Flat

0.4 -

20 40 60 80 100
Energy [eV]

-

R. Cimino et al. PR ST (2015)
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Addendum

For the LHC: test HL simulations.

Flat ——Cosine —e— Usual
0
10
€
=
©
-2
‘_g 10 16
© 1.2
- 0.8
4 0.4
10 ¢ 0 20 40 60 80 100
Energy [eV]
1 1.2 e 1.6 18
R. Cimino et al. PR ST (2015) max
) @
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Electron cloud in accelerators

v

v PY (Photo Yield);
v R (photon Reflectivity)

CAS, Glumslov, Sweden. 12 - 6 - 2017

R. Cimino

“Electron cloud in Accelerators’

R. Cimino and T. Demma

’

Int. J. Mod. Phys.A 29 (2014)
1430023 (pag. 65).

3 8
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Why?

e Not only to study the input parameters
used in simulations of multipacting and e-
cloud build-ups, related instabilities

e But also to simulate and prevent single
bunch instabilities just connected to the
mere existence of a certain density of e

in the accelerator chambers.
(K. Ohmi and F. Zimmermann PRL 2000)
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HZB...... Experimental set up to measure R & PY @ BESSY Il - Optic Beamline and Reflectometer

Zentrum Berlin

R= 339578

600 /mm ,
176° horiz. 3.6 d R=82662
tOp V|ew - _ oriz. 3.6 mra p=52.8

horiz. 2.33mrad Q) PM PG

A.ASokolov,et al,Proc.of SPIE92060)-1-13(2014)

See: Eliana La Francesca @ FCC Week 2017, Berlin

) 5
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Reflectivity and PY Measurements

e Photon Energy range 35-+-1800 eV
« Beam height h=0.3 mm Photo Yield:
« Incident Beam measurement PY= N./Ny

e GaAsP Photodiodes (4x4mm) (1.2*4mm)

» Incidence angle 0.25, 0.5 deg

o Reflectivity measurement‘

Specular Reflectivity

Scattered Light

Specular Total

See: Eliana La Francesca @ FCC Week 2017, Berlin

) o
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Specular Reflectivity VS Photon energy

6, =26,
Light
208 Cu | CulA -, : 77 Y.
= — 0 e
8
20.6 ]
@
(v
% 0.4 R_=10 nm ]
o a
1] #.=0.25 deg
»0-2¢ 0.=0.5 deg 1
0 1 1 1 1 1 1 | 1
200/, 400 600 800 1000 1200 1400 1600 1800
Photon energy (eV)
1 . ; ; . .
Cu+CC
R_=10 nm 4
a
—6,=0.25 deg 1
—0,=0.5 deg E
CulA +CC

200 400 600 800 1000 1200 1400 1600 1800
Photon energy (eV)

eEnslincidencelgiely At high energy reflectivity

e ninants are © - Sy is significantly enhanced
influencing Cu Reflectivity

See: Eliana La Francesca @ FCC Week 2017, Berlin
7} @
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Total Reflectivity VS Specular Reflectivity

0.025
Spec. Reflectivity — Cu
2 0.02] —Cu+CC
2
90015, Ra: 10 nm
E 0.01° 0i=0.25 deg
S
= 0.005 hv=1500 eV
P— .
00 05 1 15 > specular reflection
Reflection angle 0_(deg) \
100
10ty S R,=0.5 nm
Specul;?.r'. Total - 2102]  124ev 0,= 5 deg -
Reflectivity | Reflectivity HEERRE
3 4' small angle wide angle
Cu IA 0.6l 0.73 = 10%0 scatter scatter
X 105
CulA+CC 0.78 0.90 o6 h‘

Scattered photons goes top & bottom

CAS, Glumslév, Sweden. 12 - 6 - 2017

5

10 15
twotheta (deg)

See: Eliana La Francesca @ FCC Week 2017, Berlin

R. Cimino
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Photo Yield VS Incidence angle

0-5""""'I""""'I""""'I""""'I""""'
[ ] Light
oal hv= 1800 eV | o
T | | |
!
< 0.3 - PY= N./Ny
g \ ———
[ , —
202 /" CulA+CC
(a P NN ]
0.1- ;7/ TN CulA | Sample need to be
: Cu2A+CC “‘"“-«»“_______ ] normalised to Ny
O T .
0 ; 5 3 A s to be aYield

Incidence angle 0. (deg)

Preliminary Results:
* little dependence on roughness
* Carbon coating seems to reduce PY

Cu 0.47 0.46
Cu+CC 0.23 0.15

See: Eliana La Francesca @ FCC Week 2017, Berlin
) ®
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Electron cloud in accelerators

NN X o

R. Cimino and T. Demma
“Electron cloud in Accelerators’

* Mitigation strategies Int.). Mod. Phys. A 29 (2014)
1430023 (pag. 65).

’

o
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Towards mitigation Strategies....

v" Understand their profound nature to:

v We measure and feed material parameters (R, PY, and SEY) into simulations.

v' Optimize chemical (mech.) processes to reduce their detrimental influence on beam.

v Search for new material / coatings with intrinsically “good” parameters.

LHC

Cis

as received

fully scrubbed

10eV

fully scrubbed

500 eV
_'_II‘—__I—IA

290 288 286 282
Binding energy (eV)

58
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LHC-Cu flat

Q/2Q

——15/3
——3/6
——5/10

Normalized Reflectivity

100 200 300 400
Primary energy (eV)

R. Cimino

1200

Photon energy (eV)

=
o
=

Photo Yield (mumber of ¢ per Photons)

0.040

INFN

C @

SR Reflectivity and PY (@BESSY-II)

012}

CuLHC

L]
‘.

A
. ,W\e_
\, "

.'\ \

500 1000 1500
Photon Energy (eV)
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Most of the existing and planned accelerator machines base
the reaching of their design parameters to the capability of
obtaining walls with a SEY ~|.3 or below!

Mitigation Strategies

External solenoid field Electrodes in the lattice

Surface Scrubbing Intrinsically low
(or conditioning) SEY material

Geometrical modifications

) ®
59
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Externﬁlelsdolenmd N Not always possible. ..
Electrodes in the
lattice.

- > If possible...
i (Impedance, costs.)

-Efficienc
(or conditioning) » (time & final SEY)...

Intrinsically low
SEY material

Geometrical > Impedance. Space,

~ Scrubbing

Stability and material
= choice...

-
S

modifications Machining costs.

) o
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Externfaillelsdolenoid Not always possible. ..
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Presented at 31st ICFA Beam Dynamics Workshop: Electron Cloud Effects (ECLOUDO04) , SLAC-PUB-10750
19-23 Apr 2004, Napa, CA

SOLENOID EFFECTS ON AN ELECTRON CLOUD

L. Wang, BNL, Upton, NY 11973, USA
S. Kurokawa, H. Fukuma, S.S. Win, Tsukuba, KEK, Japan
A. Chao, SLAC, Menlo Park, California, USA

100

50

Y [mm]
Y [mm]

100 50 0 50 100
X [mm]
250 30
R .
—200 =2 .
= > . .
- @ . 2 o' -

= . = 20 - P

o fie KRR ARy
2 . ® o°° 215 . LI S <
= . = oo - ee o ©
® 100 * © Y - N ‘f
> 3 LI *
3 . S 10 e 8
2 o 2 ¢ NI =
w 50 LR w &

) ’ ) I e
. . .
. T .
800 400 500 600 700 800 400 500 600 700
Time [ns] Time [ns]

o
£

Adopted solution
for SuperKEK

Figure 2: Electron orbit (top row), energy at the wall bellows
(middle row), and electron-cloud distribution (bottom

row) with 0 G (left column) and 60G (right column)

solenoid fields in the SNS’s accumulator drift region

0.g
50

} 0
&, - <&
"y 50 O

-100 -100

3 o
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Electrodes in the If possible...
lattice. (Impedance, costs.)
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Electrodes at DAONE

D. Alesini et al. Phys. Rev. Lett. 110, 124801 ( 2013)

) o
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Electrodes at DAONE

@) -
— 10| a—————.
A _
ST

10 —_—V =0 —V =100V i V=250V ——V =300V E
el el el el E
| | l time [ns]

100 150 200 250

e — 500 mA

— 800 mA |

== 1000 mA

... ¢electrode voltage [V]

1 1 | | = -
0 50 100 150 200 250 300 350 400 450 500

(@) Evolution of the averaged cloud density for different values of the
electrode voltage. (b) e— cloud density at the end of the bunch train.

D. Alesini et al. Phys. Rev. Lett. 110, 124801 ( 2013)
65 i -
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Scrubbing -Efficiency
(or conditioning) » (time & final SEY)...

| CAS, Glumslov, Sweden. 12-6-2017 ~ R. Cimino
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The Beam “scrubbing” effect is the ability of a
surface to reduce its SEY after e-

bombardment.
from LHC PR 472 (Aug.
200 I): 2.6 —&— DELTA MAX 23-03
“ ...Although the,, TN N e s
.. . R.\I\ DELTA MAX EPA 99V
phenomenon of conditioning —
has been obtained — S
reproducibly ~ on  many \\\\\\
samples, the exact 5
mechanism leading to this \’.‘\\
effect is not properly’ T___| 1T 1 T _\(‘T__
understood. This is of course'’ =
Lo |
nOt a Comfortable S’tuatlon as‘ll‘(l).E-OS 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-'02
the LHC operation at nominal Dose (C/mm2)
intensities relies on  this V.Baglin et al, LHC Project Report 472, CERN, 2001.
effect... ” = .
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Addendum

X-ray photoelectron spectroscopy,

—N°
emiss_o
KE
KE=hv-BE-d  |C1s
Er
> Valence electrons hv=400 eV
hvmu*\____x Core electr ®KE: kinetic energy <
> Secondary elect -
E,. — ry elsctrons FWHM = 250 meV
_ (I): work function
Er e
> Valence band
F ...... Core level T T T 1 I
287 286 285 284 283
binding energy (eV)
electron ///'.;:\\\ hv=1253.6 eV
analyzer N,

5e FWHM = 0.95 eV

| | | | |
287 286 285 284 283
binding energy (eV)

3 ®
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Addendum

XPS spectroscopy of technical samples

Meal  (OXOOOOOOOOCCOOOO0

(Rb)

125 123 121 119 117 115 113 111

3d;, and 3 dg),
binding energy (eV)
) ®
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Addendum

XPS spectroscopy of technical samples

oxygen

125 123 121 119 117 115 113 111
binding energy (eV)

) ®
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Addendum

XPS spectroscopy of technical samples

©)
hydrogen
o O
oxygen carbon
metal
Cls
T T T T 1
290 288 286 284 282
binding energy (eV) binding energy (eV)
71 ) @
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Addendum

XPS spectroscopy of technical samples

e
hydrogen

290 288 286 284 282
binding energy (eV) binding energy (eV)

) ®
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Addendum

XPS spectroscopy of technical samples

e
hydrogen

125 123 121 119 117 115 113 111

290 288 286 284 282
binding energy (eV) binding energy (eV)
73 ) @
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Addendum

XPS spectroscopy of technical samples

O
hydrogen
O O
oxygen carbon
Y8

Z\

Y
metal ‘

125 123 121 119 117 115 113 111

290 288 286 284 282
binding energy (eV) binding energy (eV)
74 ) @
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Addendum

XPS spectroscopy of technical samples

®
hydrogen

O
carbon

290 288 286 284 282
binding energy (eV) binding energy (eV)
75 ) @
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Smax

{ 1 I 0 9 W as received i 1.0
iy - gt 0.0

2.2

1.8

1.4+

1.0

i 1.0
fully scrubbed p? Smax=1-1
500 eV .
e
{ o 500 / 0.0

co-laminated Cu for LHC: fully scrubbed

R. Cimino et al. PRL sp3 CIS 20

LHC 1 S . ..=2.2

0.0

SEY (arb. units)

Energy (EV)

1.0 —7';“ ,,—,"(:'::::‘:\:\'\'\'\' 33X

T\/\I TTTTTT] T T T T T T T T T T T T T T T TT HOPG i
0 10° 10° 10" 10° 102 °F
0.0 T T T T

— 1 ' 1 T ' 1T ' 1 0 100 200 300 400
290 288 286 284 282

Binding energy (eV)

SEY and XPS are directly related

Dose (C/mmz)

Primary energy (eV)

) o
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e- beam induced surface reactions

. R.Cimino et al. PRL (2012) & R. Larciprete PR ST (2013)

Cu-O dissociation.— ©O>

. oxide reduction
reaction )

C-H dissociation—" H>

sp3—>sp? conversion
L O,

3 p Sp2

S Sl P
C-O dissociatio C film : i 0 ==
n\ ! C !

C O growth Cc =
Cu

the contribution of all electron-induced surface

reaction reduces o, . from 2.2 to |.|

) ®
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co-laminated Cu for LHC beam screen

R. Cimino et al. PRL 109 064801 (2012)
_\/\

e” Beam energy counts!

normal incidence

Sm ax
1

Energy (EV)

1.4 - o 10
-e- 20
o 50
o 200
~@— 500

o m after 10°C/mm? @ 200 eV

T\/\' L L L L L L L

0 10°® 107 10™ 10° 107

Dose (C/mmZ)

1.0 -

) ®
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co-laminated Cu for LHC beam screen

sp? Cls R. Cimino et al. PRL
: o C-H 109 064801
| as received (20 \ 2)
‘@g.c=0 CO
< = 0.0
>
£
8 1.0
2 fully scrubbed 3 5 2
2 10 eV SP } *P E
'.q_.‘) -
= £
< | 8 0.0
fl
2 U)
fully scrubbed
500 eV ;
sp
sp?
HOPG
o 0 100 200 300 400
290 288 286 284 282 _
Binding energy (eV) Primary energy (eV)
) ®
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Table 1: Parameters used for ECLOUD simulations.

parameter units value

beam particle energy Gel 7000 . L IT - N -1 6xlO”l
bunch spacing ns 25;50; 75 o1l L s0eV b Pk

bunch length m 0.075 3R

number of trains N; - 4 -

number of bunches per train Ny - 72;36; 24 % o001 |

bunch gap N, - 8 =

no. of particles per bunch 100 10; 3.0 %

length of chamber section m 1 0.001 L

chamber radius m 0.02

circumference m 27000

primary photo-emission yield - 798.107* 1o~ L - - - -
maximum SEY 8,0z - 1.2(0.2)2.0 0 200 400 600 800
energy for max. SEY E,,.. eV 237 E[ev]

FIG. 3 (color online). Calculated electron energy distribution
at the LHC accelerator wall. The number of electrons below and
above 20 eV (dotted line) is nearly equal.

optimize the “scrubbing” process @
LHC with beam parameters
enhancing the presence, in the cloud,
of higher energy el.

Give a more reliable estimate of the
needed scrubbing time.

y[mm]
=}

=10

=20

R. Cimino et al. PRL 109 064801 (2012) =3 ~
CAS, Glumslov, Sweden. 12 - 6-2017  R. Cimino O 00
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Beam scrubbing effect with photon

ﬂ OFE Colaminated Copper

— A s received surface; PY=0.103
(dose<1 min. LHC operation)

— After ~ 1 day LHC operation; PY=0.063

Intensity (a.u.)

-2 0 2 4 6 8 10 12 14
Electron energy above the vacuum level (eV)

See: R. Cimino et al Phys. Rew.AB-ST 2 063201 (1999)
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Intrinsically low Stability and material
SEY material choice...
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C films on polycristalline Cu

a-C films
magnetron sputtering @ RT

. C film thickness 2-3 nm
p(Ar)= 102 mbar At = 2min

Cls 12

0.8 —

Ols Cu3s
Cu3p

Cl/poly-Cu

0.4 - Cu substrate

C film
T I I I I I 0.0- I I I I I
500 400 300 200 100 0 0 100 200 300 400
Binding Energy (eV) Ep (eV)

R. Larciprete et al, App. Surf. Science 2015
) o
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C films on polycristalline Cu

the graphitization of the C films corresponds to a lower SEY

' 0
' Cls valence band v=40.8 eV i
FWHM (eV) N\ hv=1253.6 eV 2p-c

- 1 -

1.0 H

. 5 ©
; p- 2 I,
n -
. / %

06— 92
EF
: e

RT P 0.2
460 °C
— 700 °C :
[ [ T [ [ LI L Y N L L Y [N L L Y L N B B B | | | | |
288 286 284 282 12 8 4 0 0 100 200 300 400
Binding energy (eV) Binding energy (eV) Ep (eV)

a-C bases its stability on its low reactivity

R. Larciprete et al, App. Surf. Science 2015
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25

If condensed gas s at LT: Kuzucan et al JVSTA 30, 51401 (12)
physi-sorbed on a cold 2':%“

the surface the (% LTYYVRR S .
resulting SEY will be 5 | "t ¢ :
the one of the | o
contaminant layer. SO,

0 1 1 L 1 1 ] 1
Argon on Clean Cusampleat [IOK o s 0 5 2 2 2 35

Coverage [ML]
(see M.Angelucci et al: EuroCirCol coll and

@ Beam Dynamics meets Vacuum, Collimations, and Surfaces 2017)
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If annealing (@ ~ 200 °C) is possible: TiZrvV

Scheuerlein et al.

20 e, . AT
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X ®
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x3ee
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Y QQQQQQQQQQQ O0ooog
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PE energy (eV)

Activated NEG: It pumps, low SEY, stable: ideal mitigator

... If Resistive Wall Impedance is acceptable.
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http://cds.cern.ch/ejournals.py?publication=Appl.+Surf.+Sci.&volume=172&year=2001&page=95

Geometrical Impedance. Space,
modifications Machining costs.
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Geometrical Mitigation:
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Impedence?

See:.A. Krasnov,Vacuum 73, 195 (2004).
M.T.F. Pivi et al,, . Appl. Phys. 104, 104904 (2008).
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Impedance enhancement factor

(Code : Finite Element Method, PACO7 THPASO067, L Wang)

h — Z groovedsurface OH dS [\W
Z smoothsurface

The total impedance enhancement= n * percentage of grooved surface

p=1.25mm (period)

d=2.5mm (depth) h — 1-64

t=0.125mm (thickness)

e 1=1.42

Figure 1: a)—detail of the grooved vacuum chamber wall:
dimensions shown are period p and fin thickness #; b)}—
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micro/nano geometrical effects

laser treatment for ecloud mitigation

Investigation at STFC includes:
* Laser scan speed
* Laser wavelenght

snEniy,
18 /.F . ol
. T
] .-
186 !r TR S—
144
—
> 12 R .
& 1.0 i —4—1—4
A4 i I e —
P R e e
0.8 ‘1‘.:““: i &— untreated |
1 “‘.." ”-”' ® - 180 mms’
0.6 S'c‘).w A 120 mms”|
¥ 90 mms’
0.4+ ..."‘ 460 mms’ |
—4— 30 mm-s”
0.2 T T T T 1
0 250 500 750 1000

Primary Electron Energy (eV)

=100 pm—

See: R.Valizadeh, O.B. Malyshev, S.Wang, T. Sian, M. D. Cropper and N. Sykes. Reduction of Secondary Electron Yield for E-
cloud Mitigation by Laser Ablation Surface Engineering. Appl. Surf. Sci. 404 (2017) 370-379

See also: 185. 1. Montero et al.,in Proc. ECLOUD’ 12, CERN-2013-002
=3 ®
: imi e 00
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Conclusion

> The beam interact with the accelerator wall and
the accelerator wall interact with the beam.

> Electron-Cloud is and will be an important issue
in circular accelerators in years to come!

»> Numerical simulations are able to predict
observed effects.

> Mitigation techniques are developing.

> Synergic efforts, dedicated Surface,
Material and Vacuum science laboratories
are required to reach desired
performances.

> Still a lot of interesting R&D!

CAS, Glumsldv, Sweden. 12 - 6 - 2017 R. Cimino Llﬁf@ cm



Acknowledgements

/‘) M.Angelucci INFN-LNF, Frascati (RM), Italy
Mario Commisso, INFN-LNF, Frascati (RM), Italy
IN | Theo Demma, INFN-LNEF Frascati (RM), Italy
L/ stiwto Nazionale - Davide Remo Grosso, INFN-LNF, Frascati (RM), Italy
difsicatiudeze  Eliana La Francesca INFN-LNF, Frascati (RM), Italy
Dafne-L and Dafne Accelerator group.

g siwo  Rosanna Larciprete and Antonio Di Trolio,
E I compees CNR-ISC, Roma, Italy

complessi

Reiner Wanzenberg, Desy, Hamburg, Germany

\/ V. Baglin, M. Jimenes, M. Taborelli, P, Chiggiato, G. Rumolo, G.
ladarola, F Zimmermann etc... CERN, Geneva, Switzerland

— Y| | Wolfram Fischer, Brookhaven Nat. Lab., USA

Felativistic Heawy lon Collider

H/B.. .. Franz Schafers,A. Sokolow Institute for Nanometre Optics
Zentrum Berlin and Technology (INT) Berlin

A ®
92
CAS, Glumslév, Sweden. 12 - 6 - 2017  R. Cimino O (A’)



/‘) M.Angelucci INFN-LNF Frascas=
i Mario Commisso, INFN-L»"
INF-N Theo Demma, INFNL2&
| L-/ Istituto Nazionale Davide Remo Ll
di Fisica Nucleare Eliana La FI:,. - ‘

itute for Nanometre Optics
T) Berlin

y (IN

efeic A ®
ov, Sweden. 12 -6 -2017 R. Cimino L'f ’:EB (m

The CERN Accolerator School

93



) M. Angelucci INFN-LNF Frasco= e - ®
Mario Commisso, INFN-LP" =S\ .-
INFN Theo Demma, INFNl<E2

Davide Remo Gres@ig®e “ |

Istituto Nazionale
di Fisica Nucleare

istituto
dei sia

94 '
ov, Sweden. 12-6-2017 R. Cimino L'f ’:ED m



