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Electron cloud in accelerators

* Phenomenology:

What happens to the Vacuum beam pipe in presence of the
beam? (LHC Example)

e Numerical model

» The Surface Science properties of relevance:
v SEY (Secondary Electron Yield);
v PY (Photo Yield);

v R (photon Reflectivity)

R. Cimino and T. Demma
“Electron cloud in Accelerators”

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

i 1430023 (pag. 65).
e Conclusion
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Electron cloud in accelerators

* Phenomenology:

What happens to the Vacuum beam pipe in presence of the
beam? (LHC Example)

°
°
v
v
v

R. Cimino and T. Demma
° “Electron cloud in Accelerators”

Int.J. Mod. Phys.A 29 (2014)
1430023 (pag. 65).
°
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Beam dynamic experts design a complex and high
performing machine and than somebody will design a
metallic shell around it: It is a technical issue!!! with:

» Pressure better than 10 mbar rapidly reached and stable
» Few pumps, no bake out (typically no space nor budget),

» Very low desorption yield

» High thermal conductivity

» High electrical conductivity

> No effect on the magnetic field!!

» Mechanically robust

» .....And, of course, cheap!

But:Vacuum interact with the beam!

CAS, Warsaw 6-10-2015 R. Cimino
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One real example to see it:

8-10-2010

450 GeV - 150 ns bunch spacing:
Merged vacuum @ LHC

CAS, Warsaw 6-10-2015 R. Cimino U e

Exotic Vacuum behavior @ LHC:
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Easily solved: Installation of Solenoids

CAS, Warsaw 6-10-2015
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Solenoids have effect on pressure!!!
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Solenoids have effect on pressure!!!
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Electron-cloud history . ‘
G. BudRer et al
1965 INP PSR Transverse instability & beam loss weily-
1971 ISR e-p, 1977 Beam induced multipacting
1988 LANL PSR vertical instability &beam loss
1988 KEK PF multibunch instability L S
Since 1996 BEPC IHEP-KEK collaborati KEK PF, 1988
1997 LHC crash program launched 1o T T T ]
1997 CESR  “anomalous anti-damping” explaine
1997/98 APS e cloud study start o
Since 1998 SPS e cloud with LHC beam S e T
2000 PS e cloud with LHC beam M. Izawa, Y. Sato,
T.Toyomasu
Since 1999 e cloud at KEKB and PEP-I| m
. . B 1w K. Cornelis,
Since October 2001 evidence for e cloud at RICH N o i§
Since december 2002 e cloud at TEVATRON 0 ,..J“.J‘J,VJ‘%A‘:‘LI[II:‘{ it n
Etc etc... -
g
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Vacuum in new generation accelerators
is much “more” than a technical issue!

* Let us see what may cause such beam and/

or pressure instabilities.

e The case of the:

LHC arcs

H CAS, Warsaw 6-10-2015 R. Cimino S

Cold Bore @ 1.9 K Static

\HC 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
THERMAL SHIELD (55 to 75K)
NON-MAGNETIC COLLARS

- IRON YOKE (COLD MASS, 1.9K)

DIPOLE BUS-BARS

SUPPORT POST
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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

CAS, Warsaw 6-10-2015 R. Cimino

Radial Distance

Static coid pore @ 19k

Let us see what happens to
the Beam screen Surface ™
during operation

T=0, without beam

CAS, Warsaw 6-10-2015 R. Cimino
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Radial Distance

Synchrotron Radiation:E_ =44 eV @ LHC
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Radial Distance

CB
BS
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Photon reflectivity:
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Photoemission:(vs. hv, Q, E, T, B) SRS S
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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)
IN;P
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Even in absence of SR: Observation
e from ionization of residual gas... etc
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no e are photoemitted. —
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Beam induced el. acceleration
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simulation
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e  induced e emission Surface Science: SEY
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R. Cimino et al Phys. Rev. Lett. 93, 14801 (2004).
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e induced e- emission vs. E

Surface Science

C I | —
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R. Cimino et al Phys. Rev. Lett. 93, 14801 (2004).
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e” cloud Build-up
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Time = 25 ns
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Radial Distance

e induced heat load Simulation

250 A
0,
e

0 50 100 150 200
Primary Energy (V

-

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

Time =25 ns
It causes Heat load! SN
23 INFN FCC
CAS, Warsaw 6-10-2015 R. Cimino )
ph. and/or e" induced desorption Surface Science
CB and simulation
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O
c
<
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A i\ N A AN VT i Dynamic
«© pressure
= increase !!!
o
Time =25 ns
It is a beam/Vacuum issue! -
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Radial Distance
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E- cloud simulation
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Time structure vs Simulations.

Time =25 ns

It affects beam quality!
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Electron cloud in accelerators
[ ]
e Numerical model (G.Rumolo UPAS Lectures 2015)
[ ]
v
v
v

R. Cimino and T. Demma
° “Electron cloud in Accelerators”
Int. J. Mod. Phys.A 29 (2014)
1430023 (pag. 65).

[ ]
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Numerical model of electron cloud effects

I I

i N

i j
P —

1t i

L

S
I Multi-bunch beam

Primary and
secondary electron
production, chamber
properties

Equations of
motion of the
beam particles

/A Excloud build up

I x

The instability I\ The build up
problem problem
see: G. Rumolo UPAS Lectures 2015 )
Y]  Ke=
27 CAS, Warsaw 6-10-2015 R. Cimino U e
Numerical model of electron cloud effects
e Coupled bunch electron cloud instability naturally needs a self-consistent
solution of the electron cloud problem
° A broad time scale to cover, currently working on the problem
¢ For the moment we simulate the two branches separately (similar to what
is done for impedances):
> Electron cloud build up
Multi-bunch
Usually single passage, single turn or just few turns
o Electron cloud instability
Single bunch
Multi-turn, or even multi-kick multi-turn
Information on how many
ECLOUD, PyECLOUD, electrons interact with abunch:  HEADTAIL, PyHEADTAIL,
« central density CMAD, PEHTS, ...
POSINST, CSEC, ... * detailed distribution
(see: G. Rumolo UPAS Lectures 2015)
28

CAS, Warsaw 6-10-2015 R. Cimino

10/2/15

14



Numerical modeling: e” cloud build up
t=t+At

{

Generate seed e
\ Y,

Y

Evaluate the electric field of beam
at macroparticles’ location

|

Evaluate the e space charge
electric field

|

Move macroparticles (t > t+At)

s

| i/ J
( )
Detect impacts and generate
secondaries
L I J
(see: G. Rumolo UPAS Lectures 2015)
=CC
CAS, Warsaw 6-10-2015 R. Cimino
Numerical modeling: e cloud build up
t=t+At
( i )
Generate seed e
. ¢ J
( R
Evaluate the electric field of beam at
L macroparticles’ location ) Evaluate the number of seed e to be
»l« generated during the current time step and
{ R
Evaluate the e space charge generate macroparticles:
electric field
L J
i * Residual gas ionization and
( R
. photoemission are implemented
Move macroparticles (t > t+At)
. J
J{ * Theoretical/empirical models are used to
( ) . .
Detect impacts and generate determine macroparticle space and
L secondaries ) energy distributions
| ~
30 INFN
CAS, Warsaw 6-10-2015 R. Cimino S
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Numerical modeling: e cloud build up

t=t+At

{

Generate seed e
\ J

¥

s N
Evaluate the electric field of

beam at macroparticles’ location
| J

v

e a
Evaluate the e space charge
electric field
| i J
s a

Move macroparticles (t 2> t+At)

Y

Detect impacts and generate

secondaries

CAS, Warsaw 6-10-2015

E log(normalizad magnitude) - with image charges

T 2

E

> -3
4

20 40 60

x [mm]

* The field map for the relevant chamber
geometry and beam shape is pre-computed
on a suitable rectangular grid and loaded

from file in the initialization stage

* When the field at a certain location is
needed a linear (4 points) interpolation
algorithm is employed

R. Cimino

Numerical modeling: e* cloud build up

t=t+At

{

Generate seed e

Y

Evaluate the electric field of beam at
macroparticles’ location

l

Evaluate the e space charge
electric field

|

Move macroparticles (t > t+At)

Y

Detect impacts and generate
secondaries

32 CAS, Warsaw 6-10-2015

P(xy) [C/m?]

)610'
-0.5

= -1

£

> -1.5
2
-2.5

Use of PIC (Particle in Cell) algorithm for e” space

charge field: Poisson equation:

2 p(@,y)
Vig(r,y) = ———
€o
with @(x,y) = 0 on the boundary
The electric field, given by:

—

E(l‘, y) = —V¢(£L’, y)

is calculated on the grid points and interpolated

at the macroparticles’ positions

R. Cimino
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Numerical modeling: e” cloud build up

t=t+At

{

-
Generate seed e

; v

-

Evaluate the electric field of beam at
macroparticles’ location

K |
P
Evaluate the e space charge
electric field
k {
-

Move macroparticles (t 2> t+At)

The equation of motion is integrated to update

macroparticles’ position and momentum:

Ccil_f — e [E(F(t),t) + U(t) x E(F(t))]

Boris tracker is used for efficiently and

~ ¢ accurately dealing with fast cyclotron motion
( : and slow drift in presence of magnetic
Detect impacts and generate
L secondaries gradients
33 A
CAS, Warsaw 6-10-2015 R. Cimino
Numerical modeling: e” cloud build up
t=t+At
, v
Generate seed e
) !
-

Evaluate the electric field of beam at
macroparticles’ location

; |
-
Evaluate the e space charge
electric field

\ |
-

Move macroparticles (t > t+At)
: I
-

Detect impacts and generate
L secondaries
34

CAS, Warsaw 6-10-2015

*  When a MP hits the wall the SEY model is
employed to generate charge of emitted
charge. Energy and angle also come from

theoretical/experimental models.

* According to the number of emitted
electrons, macroparticles can be simply

rescaled or new are generated.

G

R. Cimino
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Numerical modeling: e” cloud build up

25 T T T I
Simulated

—_
- o N
T T T

Bunch energy loss [mJ/Turn]
o
2
T

OO

25 ns slot

¢ Example: determine the bunch-by-bunch phase shift and compare it with
machine measurements

(see: G. Rumolo UPAS Lectures 2015)
35
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Numerical modeling: electron cloud instability

So
|

Electron Cloud (EC)
interaction station

51
s, Mo l @
e
=
Beam made of macroparticles is

S transported from one EC
interaction station to the next one

EN
T T T

dN,/dy (10° m™)
N

T

0 5 0 5 10
y/o,

=]

y

At EC interaction station, beam is sliced
and slices interact sequentially with
electron cloud, made of macroparticles

\
(see: G. Rumolo UPAS Lectures 2015) %) @ (FoOY
36 o u" &

CAS, Warsaw 6-10-2015 R. Cimino
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Numerical modeling: electron cloud instability

So

M My V1
M ! N
sy 7 12
-
53
3 l
The mutual force between beam —
and electrons is computed using e [
the same module as for the build up o 4T
and kicks are applied to both o o111 =z r MI‘/J\M
[ T T T 2
[ > ¢ /l/f‘” \""\\
= L
s [
oYL AP I I I
-0 -5 0 5 10
/o,
1 1 1 1 I y y
1 1 1
1 1 1
) \
R ) GD)
37 CAS, Warsaw 6-10-2015 R. Cimino (O -

Numerical modeling: electron cloud instability

38 CAS, Warsaw 6-10-2015

R. Cimino
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Sample result, LHC = Interaction of bunch with e-cloud causes
coherent instability and emittance growth, cured by chromaticity
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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
° “Electron cloud in Accelerators”
Int.J. Mod. Phys.A 29 (2014)
1430023 (pag. 65).
L4 S—
- LB =
INFN ) FcC
- CAS, Warsaw 6-10-2015 R. Cimino Co N Q
Secondary ElectronYield (SEY)
il clastically reflected 3 - Aluminium 99.5%
true secondary rediffused SE T el  Sramess e
energy transfer if killed g Ij
secondary electron emission os
three-step process: ,
° production of SEs at a depth z 0 20 400 60 B0 1000 1200 1400 1600 1800 2000
* transport of the SE toward the surface @¢ heat load vs. intensity, 25 ns spacing, ‘best’ model
* emission of SE across the surface barrier | | heat load R=0.5
delta_max=1.1
6 1 -=delta_max=1.3
It depend on the surface ;| -wumis o
.. o = - delta_max=1.7
type and condition:has a 2+ \—coins capeiy /
big impact to simulations  ;’ A
(see calculation for LHC). = —
A e S
see: R’ Cimino and-r' Demma’ 0?0]:'00 5.0E+10 1.0E+11 1.5E+11 2.0E+11
‘“Electron cloud in Accelerators” Nb o for 1 batch
Int. Jou. of Modern Physics AVol. 29, 1430023 (2014). =~ ‘et
NN W GECE@
40 CAS, Warsaw 6-10-2015 R. Cimino L M Q
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Need of “‘state of the art” Surface Science systems to study SEY

Sample
Prep.
Chamber
for

reactions

41 CAS, Warsaw 6-10-2015 R. Cimino

Measure of Secondary e Yield: 2 methods

SECONDARY ELECTRON
COLLECTOR (cage)

SAMPLE

1

+ vbias
SECONDARY
ELECTRONS I
s
Tout
Q -1t
N |

Veage

Va

ELECTRON GUN PRIMARY
(0-3KV) 3 ELECTRONS
Ep,Ip

\

||||—

|- ((F52))

W/

(- 3

t

42 CAS, Warsaw 6-10-2015 R. Cimino
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2"d method: Measure of Secondary e Yield

¢ In a py-metal chamber

e sample manipulator (also
at LowT)

» Sample well insulated (to
measure small current |)

*A Faraday cup.
°A Low energy electron
gun

e beam Stable between 30 - 500 eV

Currents from few nA to pA (20pC/h/mm?-
20mC/h/mm?)

Intense spot (¢ < 0.5 mm) with low background

0
64 65 66
Beam Position (mm)

o J GD)

43 CAS, Warsaw 6-10-2015 R. Cimino
Measure of Secondary e Yield: 2 methods
I, and L, (N. Hilleret) Isampie and |,
Advantages: Advantages:
* Simultaneously measure 3 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)
IN;? J @)
44 CAS, Warsaw 6-10-2015 R. Cimino Co B
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45

Measure of Secondary e Yield

,o [DELTA
Cuas
received
At each Primary energy we measure
Igun (with the Faraday cup) and 1.5
Isample.
1.0 100000000ess
Ep=312eV [Secondaries | Ep=41 eV ___ Ep=tiev
e fe Cu fully scrubbed
electrons Reflected ,'
electrons "i
electrons \
& \ 0.50 ﬁi‘

\

“ 80 160 240 330 o 5 20 [ S ST
Kin. En. (eV) Kin. En. (eV) Kin. En. (eV) 00 Lol by b nabinns binaa il
0 100 200 300
* Each point in d is the integral of the energy Primary energy (eV)

distribution of the emitted electrons

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

CAS, Warsaw 6-10-2015 R. Cimino

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 02040 e 80

anaIYSis Kinetic Energy (eV)

L L
100 120

We observe that the
contribution to 0 of the
reflected electrons at very low
primary energy is, in this M
material, very high. ot

electrons to &

Contribution
of secondaries
to 3

d total

Contribution of reflected

R. Cimino et al. Phys. Rev. Lett. 93, 14801 (2004). 0 /;"
INFN

CAS, Warsaw 6-10-2015 R. Cimino
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Recently A. N. Andronoyv, A. S. Smirnoy, I. D. Kaganovich, E. A. Startsev, Y.
Raitses, and V. I. Demidov, (in Proceedings of ECLOUD’I2 (2013),
CERN-2013-002, p. 161) questioned this result based on the fact that:
Long (forgotten) history of secondary electron emission
studies suggests otherwise.

- Theoretical
— Quantum diffraction from potential barrier

- Experimental

— Difficulties of measurements at low incident
electron energy

— Previous careful measurements showing contrary
observation

—Probe measurements in plasma will not work

CAS, Warsaw 6-10-2015 R. Cimino

While | will leave the theoretical aspects
to others....

CAS, Warsaw 6-10-2015 R. Cimino
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Previous careful measurements showing contrary
observation

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
0] 1. R. Cimino, et al, Phys. Rev. Lett. 93, 014801
091 (2004).
081 2. 1. M Bronshtein, B. S Fraiman. Secondary
071 \4 Electron Emission. Moscow, Russia: Atomizdat,
061 p. 408 (1969).
0,5
4 Other measurements reported the reflection
el2 coefficient of about 7% for incident electron
°*] energy below few electron volts for most pure
*n metals.
0 TE o 15 2 2 30 % I.H. Khan, |. P. Hobson, and R.A. Armstrong, Phys.

Primary energy (V) Rev. 129, 1513 (1963).

From: A.N.Andronov,A.S. Smirnoy, |. H. Heil’ Ph)’S. Rev. |64‘ 887’ (|967)
D. Kaganovich, E.A. Startsev,Y. Raitses, ~ Z.Yakubova and N.A. Gorbatyi, Russian Physics

and V. |. Demidoyv, (in Proceedings of Journal, 13 1477 (|970)_
ECLOUD’12 (2013), CERN-2013-002,

p. 161) &;430 (( Fce ))

CAS, Warsaw 6-10-2015 R. Cimino

Previous careful measurements showing contrary
observation

Total secondary electron yield of Mo as a function of incident electron energy after
degassing by prolong heating of target.

Total secondary electron yield of Ge.

2| '

7 /4 20 - £p, o8

== e Puc. 2.8. 3asucu >
7 P 7 7 7 . 2.8, yoetr r (Ep) (1) u
275 2250828 6 (Ep) (2) ana  wanomaensoro cios

bp, 90 repmanns [704] u o (Ep) (8) aas rpa-

Puc. 2.9. BTopuHO-3MHCCHORRIE XapaKTepHCTHKE MOTHGeHA [596]. un (100) ~‘40flm[‘(P’;‘‘3]1'3"1“a FepManns
34
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SEieesnp R

I. M Bronshtein, B. S Fraiman.

Secondary Electron Emission. Moscow,
From: A.N.Andronov,A.S. Smirnov, |. D. Russia: Atomizdat, p. 60 (1969).
Kaganovich, E.A. Startsev, Y. Raitses, and V. .

Demidoyv, (in Proceedings of ECLOUD’12

(2013), CERN-2013-002, p. 161) &% D
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Thanks to this contribution we decided to address in
details the capability of our setup to study LE-SEY.

* Setting the energy scale.
» Expected Setup limitations at Low energy

 Study in identical conditions (same geometry
etc.) atomically clean (XPS) Cu obtained by
cycles of Ar* sputtering of the “as received” Cu.

» Compare it to “as received” Cu samples.

* Warning:“As received” is NOT a well defined
chemical state!

) ((GE=D))
CAS, Warsaw 6-10-2015 R. Cimino U e

Setting the energy scale for metals

Vacuum

A Gun D field free At Sa}nple
E © region Surface
Ei* Vienses= Eg /:—A S—

§il

' 30
i Vlenses
1
v

e Gun Metallic
Cathode Sample

R.Cimino et al. PR ST (2015)

) D)
CAS, Warsaw 6-10-2015 R. Cimino U el
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Expected Setup limitations @ low energy

Wiy b B=1-L,
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)
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I FWHM,
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g L
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R. Cimino et al. PR ST (2015 .
i o B
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Clean (Ar* Sputtered) Polycrystalline Cu

Clean Polycrystalline Cu

>~
=
72
0 S S R
0 200 400 600 800 1000
Primary Energy above EF [eV]
R. Cimino et al. PR ST (2015
( ) IN;? FeC
CAS, Warsaw 6-10-2015 R. Cimino S
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Clean (Ar* Sputtered) Polycrystalline Cu

; \ Clean Polycrystalline Cu
IT _
0.8 | i
= e A =0.85 eV FWHM ]
7 —>| -
04 | 4
|
02 L E0 =4.65 eV (Polycristalline Cu WF) |
0 M- , | - e R

5 10 15 20
Primary Energy above EF [eV]

R. Cimino et al. PR ST (2015 SN
{ ) IN;P (( FeC ))
CAS, Warsaw 6-10-2015 LoD B

R. Cimino

“As received” vs. Clean Cu

Cu OFHC "As Received" |

15 Cu LHC "As Received"

SEY

Clean Polycrystalline Cu

0.5

0 50 100 150 200 250 300 350 400

R. Cimino et al.
PR ST (2015)

Primary Energy above EF (eV) m;P @
CAS, Warsaw 6-10-2015 OB ~—
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“As received” vs. Clean Cu

081 Cu LHC "As Received"

0.6]
0.4 Cu OFHC "As Received"
0.2} Clean Polycrystalline Cu
0
R. Cimino et al. S5 10 15
PRST (2015)  Primary Energy above EF (eV) =
CAS, Warsaw 6-10-2015 R. Cimino —

For the LHC:; test HL simulations.

g
o

-
(@)

Secondary Electron Yield
o

—  Usual
0.5 — Cosine |
— Flat
0.0 : : : ‘
0 200 400 600 800 1000

Energy [eV]

R. Cimino et al. PR ST (2015)
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For the LHC: test HL simulations.

1.6

 R=30)=08 =~ |

o
214
> in all cases
512 ’
3
1.0
g :
o 0.8 | = Usual
Q I .
306\ " Cosine | |
n | = Flat
0.4 ; ; ; .
0 20 40 60 80 100
Energy [eV]

R. Cimino et al. PR ST (2015)
CAS, Warsaw 6-10-2015

R. Cimino
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For the LHC:; test HL simulations.
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Energy [eV]
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Electron cloud in accelerators

[
v
v PY (Photo Yield);

7 R (photon Reflectivity) R. Cimino and T. Demma

“Electron cloud in Accelerators”
Int.J. Mod. Phys.A 29 (2014)
1430023 (pag. 65).

CAS, Warsaw 6-10-2015 R. Cimino

62

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)

CAS, Warsaw 6-10-2015 R. Cimino
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Proceedings of IPAC2014, Dresden, Germany WEPME034

SOFT X- RAY REFLECTIVITY AND PHOTOELECTRON YIELD OF
TECHNICAL MATERIALS: EXPERIMENTAL INPUT FOR
INSTABILITY SIMULATIONS IN HIGH INTENSITY ACCELERATORS"*

R. Ciminof, LNF-INFN, Frascati, Italy and CERN, Geneva, Switzerland
F. Schifers, Institute for Nanometre Optics and Technology, HZB BESSY-II, Berlin, Germany

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 18, 040704 (2015)

Measurements of x-ray scattering from accelerator vacuum chamber
surfaces, and comparison with an analytical model

G.F. Dugan and K. G. Sonnad
CLASSE, Cornell University, Ithaca, New York 14853, USA
R. Cimino
INFN, Laboratori Nazionali di Frascati, P.O. Box 13, 00044 Frascati, Italy
T. Ishibashi
KEK, I-1 Oho, Tsukuba, Ibaraki 305-0801, Japan
F. Schifers

Helmholtz Zentrum Berlin (HZB), Berlin, Germany
(Received 6 September 2014; published 30 April 2015)
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Photon energy:
20-1600 eV

a low grating (150 I/
mm)

is used for 20-150 eV

a high grating (1228.1
I/'mm) is used for?
130-1600 eV
Samples: aluminum,

copper, and stainless &
a
steal

Spot size:

0.25 mm in vertical,

Reflecitivity

Reflectivity

I.1 mm in horizontal

—
K 1000 eV

N

= . e T
Incidence angle (°)
Photon energy (eV)

Figure 2 Reflectivity R;and R, of a perfect Au-coating

Figure 3: Fresnel-reflectivity of a smooth Fe surface as as function of incidence angle in the UV and soft x-ray
function of photon energy for various incidence angles. Tange.
)
INFN
64
CAS, Warsaw 6-10-2015 R. Cimino L

32



Reflectometer at BESSY I

REFLECTOMETER

mmmmmmmmm 00
BESSY o
¢ ) in-plane sean epven _——— .
o i A L HL &

. UHV 1| n e a
| stepper motor \ \ -

1 | "qrg 4 » ~— \
.

<& |
. | A 1
"; 245 Wy 4 . goniometer

- Figure 7: The soft x-ray optics beamline for at-
2 wavelength metrology at BESSY-II [44]

detector 4

Figure 9: Geometry in reflectometry experiments.

&% GD)

- CAS, Warsaw 6-10-2015 R. Cimino —
Samples and Sample holder
*During the preliminary beam period, we
measured different samples:
- as example here we show CU from LHC beam screen
- The samples are isolated from the sample holder
by Kapton to also measure the photo yield.
66
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Reflectivity from LHC Cu

v.4v
b LHC-Cu flat
0.30 [
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Z r 0/20
2 E
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& 020F[ ——3/6
T r —=—5/10
i
= o
g
S 0.10F
z b
ol N
L ! ! L | ! !
0 600 1200
Photon energy (eV)

Figure 10: Reflectivity of LHC-Cu sample
representative of the flat part of the beam screen, as
function of photon energy for various incidence angles
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e
010 [ %%,
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Figure 14: Normalized Reflectivity of LHC- Cu Flat
sample as function of incidence angles © and emission
angle 20, for two photon energies of 150 and 300 eV,

© and emission angle 2 ©. respectively.
)
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Roughness produce scatter light

10° T
LHC Cu Flat sample
o=3
0t L " hv=150 eV
.- '.-... -
R =
r 107¢ . 2
% . - @
E .
200 n
10* . . | , , )

20 (deg)

10
twotheta®

15

Figure 11: Normalized reflectivity of LHC- Cu Flat

sample as function of emission angle 20, for a given
>hoton energy hv=150 eV and incidence angle of ©=3°.

68

CAS, Warsaw 6-10-2015

Figure 12: Scattering from a quasi-perfect Si mirror
surface taken at 5° incidence angle and at 124 eV (10
nm). Data taken with a 4x4mm photodiode.
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Cu LHC

=
o
T
.

0.12 L 4 .

0.040 L L

Photo Yield (oumber of ¢ per Photons)
&
/
I

Photo Yield

0 500 1000

Photon Energy (eV)

1500

Figure 15: Photo yield (number of electron emitted
per incident photon) from a Cu Technical surface of
LHC beam screen, as function of photon energy at

different incidence angles.
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Electron cloud in accelerators
°
°
°
v
v
v
R. Cimino and T. Demma
. . . . “Electron cloud in Accelerators”
* Mitigation strategies Int. ). Mod. Phys. A 29 (2014)
1430023 (pag. 65).
° p—
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Towards mitigation Strategies. . ..

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

v' Understand their profound nature to:

v Optimize chemical (mechanical) process to reduce their detrimental influence on beam.
V' Searct, for new material / coatings withi intrinsically ‘good” parameters.

SEY SR Reflectivity and PY (@BESSY-I1)
0.40

=
o
S

XPS
Cls | 20 LHC-Cu flat ol CuLkic

tHe 8ax=22 F k ;
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. 0

/20 : 2 0=3
fully scrubbed i \ 8nax=1-35 B

10eV a\
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o 2l 4 '-\\.w’-
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Binding energy (eV) Primary energy (eV) Photon energy (eV) P 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 ~1.3 or below!

Mitigation Strategies

Electrodes in the lattice

External solenoid field

Surface Scrubbing
(or conditioning)

Intrinsically low
SEY material

Geometrical modifications

- &% GD)

CAS, Warsaw 6-10-2015 R. Cimino =
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External solenoid

» Not always possible...
Electrodes in the N If possible...
lattice. (Impedance, costs.)
Scrubbing -Efficiency
(or conditioning) > (time & final SEY)...
Intrinsically low Stability and material
SEY material » choice...
Geometrical S Impedance. Space,
modifications Machining costs.
o
.i GED
- CAS, Warsaw 6-10-2015 R. Cimino Co Q&)
External solenoid » Not always possible...
field.
e ,
B
B
) 1
. CAS, Warsaw 6-10-2015 R. Cimino
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75

Presented at 315t ICFA Beam Dynamics Workshop: Electron Cloud Effects (ECLOUDO4) ,

19-23 Apr 2004, Napa, CA

No field

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

H
[

8

Energy atthe wal V]
g
Energy atthe waleV]

£

8o -n P

Figure 2: Electron orbit (top row), energy at the wall
(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

SLAC-PUB-10750

60 Gauss
solenoid
field

o)
INFN
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Electrodes in
lattice.

If

(Impedance, costs.)

CAS, Warsaw 6-10-2015

R. Cimino

possible...
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Electrodes at DA®NE

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

- L:ﬁ% @)

CAS, Warsaw 6-10-2015 R. Cimino —

Electrodes at DAD®NE

T T

= 1 o2 y
£ E
a | 11 1
10 |_v =0 ——V =100V —V_=250V ——V =300v|
el el el el 3
1010 ) ) ) 3 time [ns] ]

0 50 100 150 200 250

x10
15 T T T T T T T T T
—500 mA

— 10 —800 mA i

OPE =—=1000 mA
Q. 5 n
electrode voltage [V]

0 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)
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CAS, Warsaw 6-10-2015 R. Cimino =

10/2/15

39



B
| B
Scrubbing -Efficiency
(or conditioning) > (time & final SEY)...
B
B
79 .
CAS, Warsaw 6-10-2015 R. Cimino
The Beam “scrubbing” effect is the ability of a
surface to reduce its SEY after e-
| bombardment.
from LHC PR 472 (Aug.
., 200 I): 26 —&— DELTA MAX 23-03
! “...Although the,, e rcmon o messsea o
phenomenon of conditioning,, [ 1—— =
has been obtained, T
reproducibly on many \\\;%i
samples, the exact A o
mechanism leading to this"’ fﬁk
effect is not properly" N
understood. This is of course'’ |
hot a Comfortable situation as11o£—os 1607 1E6  1E05  TE0I  1E03  1E02
the LHC operation at nominal Dose (C/mm2)
intensities relies on this V.Baglinetal, LHC Project Report 472, CERN, 2001.
effect...” we - @€
80 CAS, Warsaw 6-10-2015 R. Cimino C | =
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Beam scrubbing effect with photon

OFE Colaminated Copper

— As 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 8 100 12 14
Electron energy above the vacuum level (eV)

See: R. Cimino et al Phys. Rew.AB-ST 2 063201 (1999)

8 I INFN
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Study the Chemistry governing the SEY reduction
(scrubbing) with X ray photoelectron spectroscopy

SEY

Atomically clean surface 204
secondary electrons

escape
depth

0.0

T T
o) 100 200 300 400

Primary energy (eV)
» the effective SEY of the metal is strongly modified by the surface contamination

SEY

units)

“As received” surface

secondary electrons

escape
depth

= (o] 100 200 300 400
5 Primary energy (eV)

» SEY is very Surface sensitive and XPS is a powerful tool to

study its chemistry dependence )
82 INFN FcC
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X-ray photoelectron spectroscopy,

KE
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BE: binding energy

Core level
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XPS spectroscopy of technical samples

125 123 121 119 17 115 113 1

binding energy (eV)
)
84 s ) @E=)
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XPS spectroscopy of technical samples

oxygen

125 123 121 119 17 115 113 "

binding energy (eV)

CAS, Warsaw 6-10-2015 R. Cimino

O
hydrogen
(@ o
oxygen carbon
Cls
125 12 121 19 417 15 113 11 T T T T !
290 288 286 284 282
binding energy (eV) binding energy (eV)
)
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XPS spectroscopy of technical samples

o
hydrogen
© o
oxygen carbon
M-O

125 128 121 119 117 115 113 IR f ! 1 f T
290 288 286 284 282

binding energy (eV) binding energy (eV)
=)
INFN FcC
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o
hydrogen
© o
oxygen carbon
M-O

125 123 121 119 117 115 118 111 T T T T 1
290 288 286 284 282

binding energy (eV) binding energy (eV)
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XPS spectroscopy of technical samples

o
hydrogen
@ @)
oxygen carbon
3

125 12 121 19 417 15 113 11 T T T T !
290 288 286 284 282

binding energy (eV) binding energy (eV)
) \
INFN (E==))
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o
hydrogen
(& o)
oxygen carbon
3

> . B e e e
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binding energy (eV) binding energy (eV)
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co-laminated Cu for LHC beam screen

g
o

T
T T T
s R ?33) 200 0 ) . ] 0 100 200 300 400
g energy Cu —‘As received” technical surface Primary energy (eV)

SEY (arb. units)
o =
o o

Understanding chemistry (XPS) and SEY

7 CAS, Warsaw 6-10-2015 R. Cimino
co-laminated Cu for LHC: fully scrubbed
R. Cimino et al. PRL o 2 o

: C-
109 064801 (2012 as received 10
- —e= 0.0
e 3 N\
2.2 / normal incidence 10 5 =135
fully scrubbed z ; max
N 106V o2
- 0.0

.
: L ) ’
£ 1 \ 1.0
G Eneta] (=V) \ fully scrubbed p? Oa=11
144 o 500 eV -
. = 4
°
o / 5 L .

Intensity (arb. units)

SEY (arb. units)

~o- 500

1 . o
1.0+
/M HOPG
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SEY and XPS are directly related

INFN
C

Primary energy (eV)
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e~ beam induced surface reactions

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

Cu-O dissociatiom” O

oxide reduction
co N . Coz
reaction -~
sp3—sp? conversion
C-H dissociation_—~ H,

CO S?
\ C-O dissociatio %
n\ Cfln

(—‘\CO

the contribution of all electron-induced surface
reaction reduces 0,,,, from 2.2 to I.]

) A~
93 INFN FCC
CAS, Warsaw 6-10-2015 imi LD e

R. Cimino

» The chemical origin of the scrubbing
is now clear: it is due to Electron
induced surface graphitization!

» It occurs (with small differences) for
many technical surface like Cu, SS,
TiN etc. (noticeably not for Al)

» BUT: it is a phenomenon which
intrinsically need energy to
occur: do all electrons induce it?

P
94 INFN FCC
CAS, Warsaw 6-10-2015 imi LD Nl

R. Cimino

10/2/15

47



week endin;

PRL 109, 064801 (2012) [PHYSICAL REVIEW LETTERSJ 10 AUGUST 2012

Nature of the Decrease of the Secondary-Electron Yield by Electron Bombardment and its
Energy Dependence

R. Cimino,! M. Commisso,' D.R. Grosso,' T. Demma,? V. Baglin,® R. Flammini,"* and R. Larciprete'*
'LNF-INFN, Via E. Fermi 40, 00044 Frascati (Roma), Italy
2Laboratoire de I’Accélérateur Linéaire, CNRS-IN2P3, Université Paris-Sud 11, Orsay, France
3CERN, Geneva, Switzerland
ACNR-IMIP Istituto Metodologie Inorganiche e Plasmi, Via Salaria Km. 29.300, 00019 Monterotondo Scalo (RM), Italy
SCNR-ISC Istituto dei Sistemi Complessi, Via Fosso del Cavaliere 100, 00133 Roma, Italy
i\ il : lis] N

‘We performed a combined secondary electron yield (SEY) and x-ray photoelectron spectroscopy study
as a function of the electron dose and energy on a Cu technical surface representative of the LHC
accelerator walls. The electron bombardment is accompanied by a clear chemical modification, indicating
an increased graphitization as the SEY decreases. The decrease in the SEY is also found to_depend
significantly on_the kinetic energy of the primary electrons. When low-energy primary electrons are
employed (E = 20 eV), the reduction of the SEY is slower and smaller in magnitude than when higher-
energy electrons are used. Consequences of this observation are discussed mainly for their relevance on
the commissioning scenario for the LHC in operation at CERN (Geneva), but are expected to be of interest
for other research fields.

DOI: 10.1103/PhysRevLett.109.064801 PACS numbers: 29.20.—c, 79.20.Hx, 07.30.—t, 29.27.Bd

CAS, Warsaw 6-10-2015 R. Cimino
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co-laminated Cu for LHC beam screen

s’ Cls R. Cimino et al. PRL|
LHC c 109 064801
as received a (2 ol 2)
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Table 1: Parameters used for ECLOUD simulations.
parameter units value
beam particle energy GeV 7000 _ N = 1.6x 10!
bunch spacing ns  25;50;75 o1 20ev — Tp=>50n5; Ny =1.6x10
bunch length m 0.075 T
number of trains N; - 4 n
number of bunches per train N - 72;36;24 § 001
bunch gap N, - 8 =
no. of particles per bunch 101 10;3.0 §
length of chamber section m 1 0.001
chamber radius m 0.02
circumference m 27000
primary photo-emission yield - 7.98-1071 107
maximum SEY 6,40 - 1.2(02)20 0 200 400 600 800
energy for max. SEY E,,q.. eV 237 Elev]
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.
H : [ : 43
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
20 -10 0 10 20 . .
i) needed scrubbing time.
R. Cimino et al. PRL 109 064801 (2012 70
98 ( ) INFN ) (( [F==D)
C @ e

CAS, Warsaw 6-10-2015
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@
:

External solenoid

field.

Electrodes in the
lattice.

Scrubbing

or conditioning)

Intrinsically low
SEY material

Stability and material
» choice...

Geometrical S
modifications
CAS, Warsaw 6-10-2015 R. Cimino

C films on polycristalline Cu

a-C films

magnetron sputtering @ RT

p(Ar)= 102 mbar At = 2min

C film thickness 2-3 nm

C1s 12 amax=1'3gog 00009
2] 20goTT000000000,,
Ooogo% 900000,
-@8 o . O =117
08—~ o
o
Clpoly-Cu g
0.4 4 § ©- Cu substrate
f4 o Cfim
A A 10
0.0+
T T T T T T T T T T T
500 400 300 200 100 0 0 100 200 300 400
Binding Energy (eV) Ep (eV)
R. Larciprete et al, App. Surf. Science 2015
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C1l1s valence band hv=40.8 eV ® R
FWHM (eV) hv=1253.6 eV
- - 1.0 -
0.6
Er
RT 3 02
RT : ’
LI T T g Y T T T T
288 286 284 282 12 8 4 0 0 100 200 300 400
Binding energy (eV) Binding energy (eV) Ep (eV)
R. Larciprete et al, App. Surf. Science 2015 =
> ﬁECEE
CAS, Warsaw 6-10-2015 R. Cimino Co b S—

C films on polycristalline Cu
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the graphitization of the C films corresponds to a lower SEY
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a-C bases its stability on its low reactivity

SERur e © If, on any surface,
bttt condensed gas is chemi or
14 } ’ . .
il . He X R physi-sorbed the resulting
. ‘
wl & oo b SEY will be the one of the
0.8 3 g : X
‘ contaminant layer.
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If annealing (@ ~ 200 °C) is possible: TiZrvV

Scheuerlein et al.
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Impedance enhancement factor

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

2
n= z groovedsurface f H dS /\W
- - 2
z smoothsurface H, 0 w

The total impedance enhancement= v * percentage of grooved surface

p=1.25mm (period)
d=2.5mm  (depth) T] = 164

t=0.125mm (thickness)

p=1.25mm
d=2.5mm 77 = 1 .42
t=0.25mm Figure 1: a)—detail of the grooved vacuum chamber wall:
dimensions shown are ’penod p and fin thickness £: b)—
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CAS, Warsaw 6-10-2015 R. Cimino S

Sponge materials:
R. Cimino, A. Romano, S. Petracca, I. Masullo, M. Taborelli etc: (IPAC 2014)
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Sponge materials:
R. Cimino, A. Romano,S. Petracca, I. Masullo, M. Taborelli etc: IPAC 2014)
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Sponge materials:
R. Cimino, A. Romano,S. Petracca, I. Masullo, M. Taborelli etc. (IPAC 2014)
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Sponge materials:
R. Cimino, A. Romano,S. Petracca, 1. Masullo, M. Taborelli etc. (IPAC 2014)
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A Impedance, vacuum behavmur, '-4

'_ desorption properties 4
5 are still under study
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Not only low SEY, PY and R

Pumping slots FUNCTION PROCESS DESIGN FEATURE
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Conclusion

> 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.
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