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» Motivation

 Definition of the model

 Fits to Cu and St. St. data

» Applications
— time dependence of the dlen-cloud power depositian an LHC arc
dipole
— time dependence of the dlen cloud dissipation in tHeSR following
extraction of the beam

» Conclusions
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Our main focus

» Understand in detall the effects o
— details of the secondary electrpeld (SEY)
— details of the secondary electrenergy spectrum

« Simulations started in 199%ith G. Lambertson):
— PEP-II, LHC, APS, SPS, ...
— main input: SEY&) and secondary energpectrum (8/dE)
— obtained from lab measurements (R. KifBiYAC; N. Hilleret, CERN)
— also books bfdruining, Redhead et al, and vaumarticles in J. Appl. Peyand
other journals

 SEY model in the simulation ginally developed in 19D
— several refinements over past 1-1&axs (M. Pivi)
— some errors fixed (no major effect @sults)
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Details of the model Eo E1 .

E2

« event-by-event simulatit®)
— event=one electron-wall collision
— Iinstantaneous generatiohn A\ SN
secondaries (or absorption)
—includek, and6, dependence

e constraints for any single emt:
—E<E, k=1,2,...,n
—2 BBy
e constraints for the averageer many
events:
— 2 nP=3(E,,6,)=input data
—dd/dE=input data

(*) In our ECE simution codeall macroparticles have the same charge (and mass)

]
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Abstract

We provide n detailed description of o model and its computationnl algorithm for the secomcdary
electrom emission process that has been vsed for some time now in the simulations of the slectron cloud
effect [ECE). We provide the oumerical values for several parameters which have been obtained by Atting
this model to lnboratory messurements of the secondary vield and emitted energy spectrum.
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imply its endorsement, recommendation, or favoriog by the United Stabes GQovernapent or any agency
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Basic macroscopic phenomenology

o

SEY: 0 = % (steady-state currents) /
]

Cumulative energy spectrum: =
apply a retarding Wage E=eV

[Is]mmrg;:-.f = eV

I (]

S[:Ef_]] Ej -

Retarding-voltage spectrum:

ds\  8S(Eu,E) K e &
dE ) oy OF z
",
What we need for an event-bByent simulation is:
dP,
P n=1,2, -

~ dE[dO,dE2dQs - - dE,dQ,
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From P,, obtain any macroscopic gutity:

-Pn. — /[:dE:]n[dHt]ﬂ Pﬂ.: n :j ]

o

d = (n) = Z nP,

n—1

(ﬁ) = /[dEjﬂ[di’E)n PnY 6(Ex - E)
db RV n=1 k=1

We have constructed a phenomilegical model fol P,
» based as much as possible atadord anddd/dE
e not unige (use simplest assumptions whenever datat iavadlable)
* many adjustable parameters, fixedfiktyng o and @/dE to data
« satisfies the single-event constraints
—-E<E, k=1,2,...,n
-2 Bsk
« still evolving
» good agreement withata (by construction)
e some shortcomings

]
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Ignore for now the erwsion-angle distribution€., integrate over angles)

dP “
— —E.— E e U B (B0 Ey — E
b, (Eq 1 ]lkl;[lf( k)0 By )0 E k)
. dP,
/[ﬂdE,]n Zion = P,

Three components of enatt electrons:

backscattered: d. = I—E

Iy
Lj?

true secondarie 4;, =

rediffused: o, =

Its
IL'I

'.;hl ”" Lawrence Berkeley National Laboratory
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9e—(E—Eq)* /20

fl.l.E — H(E]H{Eﬂ — E] JE{ED:-gD] '\/EJE E]i'fl[ED{‘(\/EJE]
fir =0(E)0(Ey — E)o,(Ey,bn) [q;_gileq

fois = O(E)F,EPr—1 g=E/en

'ﬁeliED:-ﬂ} — Pl?e[m]l -+ {ﬁl,e — Pl?e{m]l]E_HED_E‘E”W}P‘IP

6 (Fo, 0) = Py (00) [ 1 — e~ Bo/B"]

Ots (B, b ) = S{HD}D{EG’(E{HD}] Diz) = 5 — ?I—l— TS

P (J.:rf)jjnl:l _P]M'—n:‘ D=n<M p= I::'i'l::ll,-'rﬂr"f = a;lsffﬂf

. ta

a_r o I[;_g _ 633
zEt_I,:,—IE.—JE’,, a 1—46, —d.
P.j:l—ZPn

n=1

’\ ‘ H 1 n
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. . lo l e
Exclusion assumption: | /’/I,
\“

* if n=1, electron can betber N
backscattered, rediffused toue secondary

o if N>2, electron can dybe true secondary

This is a simplifying assumption:
« allows to easily extract the energgtdbution functiond (E) directly from the
energy spectrurdd/dE

* no fundamental plsycal reason
e consistent with data af®/dE for E>50 eV or so, but not impligaly it
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Typical secondary emitted-electrons energy spect

1 I —— measured spectrum
—— true secondary component
---— complete model

—
=)

true sec.

=
I=

back-scattered ;

elastic ~ !

Intensity (arbitrary urits )
P
iy

—
[

re-diffused

a0 100 150 200 250 S00 S50
mecondary electron enersy (eV)
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Algorithm:

1. When an electron hits the wall, recéigand6,

2. Computed(E,,0,), 0,(E,,06,) andd(E,,98,)

3. ComputeP, n=1,2,...,M (typicallyM=10)

4. Generate a random integei{0,M] with probability dstribution {P.}
5

6

. If n=0, electron gt absorbed; continue with nartident electron
. If n=1, generate its ergy E with probability distriltion f, (E)+f, (E)+f,{E)
such thatE < Eg

7. If =2, generate &r energies, with probability distribtion f_,(E,) such
that 3 E, < E,
k=1

8. Generate the emission anglgsq) for k=1,2,...,n

9. Continue with next incident eleatr
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Fits to data:

» Copper (data courtesy N. Hilleret, CERN)
— sample: chemically cleaned buwttvacuum-bakecth situ

 Stainless steel (data courtesy R. Kirby, SLAC)
— sample: SLAC standard 304 rolled sheet, cbally etched angassivated
but not conditioned
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2.5

2.0

15

1.0

0.5

0.0

SEY for stainless steel, normal incidence
(data courtesy R. Kirby, SLAC standard 304 rolled sheet,
chemically etched and passivated but not conditioned)

M

g,
MM

S

" Eots=0 T
EOtspk=310
/ dtspk=1.22 i
powts=1.813
Plepk=0.5 EH&__
-~ ———Pleinf=0.07
EOepk=0 .
o ait powe=0.9
EOw=100 + delta_SS (Kirby data)
P1rinf=0.74 — delta_e
Ecr=40 ens — delta_r
gr=1 — delta_ts
— delta_er (=delta_e+delta_r)
— delta_tot
— delta_tsp
\"‘-—H_‘_‘E\_ﬁ_‘—
100 200 300 400 500 600 700 800 1000
EO [eV]

- ]

. A
frreeeee ‘m

BERKELEY Lam

Lawrence Berkeley National Laboratory
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2.5

| | | | —
SEY for Cu, normal incidence
(Data courtesy N. Hilleret for chemically
cleaned but not in-situ vacuum baked samples)
(macro hilleret_fit_mauro)
At —
2.0 = M\R
15 /é EOtspk=276.812 T~ T
' dtspk=1.8848
powts=1.54033 R\x
EOts=0 — delta_e
Plepk=0.496229 — delta_r
P1einf=0.02 — delta_ts
EOepk=0 — delta_er (=delta_e+delta_r)
powe=1 — delta_tot
1.0 A EOw=60.8614 ... — delta_tsp
P1rinf=0.2 + deltaCubhilleret
Ecr=0.0409225
qr=0.104045
0.5
N
0.0
0 100 200 300 400 500 600 700 800 900 1000
EO [eV]

- ]

. A
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0.08

0.06

0.04

0.02

0.00

Emission energy spectrum, EO=300 eV
stainless steel, normal incidence

(data courtesy R. Kirby, SLAC standard 304 rolled sheet,
chemically etched and passivated but not conditioned)

+ dde_300_ss_abs (Ki:rby data, renormalized to delta(300)=:2.04489)

— ddeRV_totp_bin

enpar[1]=3.9
enpar[2]=6.2
enpar[3]=13
enpar[4]=8.8
enpar[5]=6.25
enpar[6]=2.25
enpar[7]=9.2
enpar[8]=5.3

enpar[9]=17.8
enpar[10]=10

pnpar[1]=1.6
pnpar[2]=2
pnpar[3]=1.8
pnpar[4]=4.7
pnpar[5]=1.8
pnpar[6]=2.4
pnpar[7]=1.8
pnpar[8]=1.8
pnpar[9]=2.3
pnpar[10]=1.8

dele=0.0916988
delr=0.739591
delts=1.21947
deltot=2.05076
int_ddeRV_tot=2.06258
int_ddeRV_totp=1.83298
int_ddeRV_totp_bin=2.0676
delout=2.05075
delpout=1.81494
delpbinout=2.05076
deltsout=1.21947
deltspout=0.983654

maxsec=10
EO0=300 eV
pr=0.4

sige=-1 eV
sigee=1.88287

50

100

150

Esec [eV]

200

350

Ty
FrFrerer ﬂ
Y

Lawrence Berkeley National Laboratory
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0.3

0.2

0.0

Secondary energy spectrum
Cu, EO0=295 eV, normal incidence

—— fit
+ data (N. Hilleret)

I I T I T I TN N R NSy

40 g0 120 160 200 240 280

Secondary electron energy [eV]
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0.4

Secondary energy spectrum
Cu, EO0=30 eV, normal incidence

— %it
+ data (N. Hilleret)
R o o e et s
D*D | | +I++++=+++=+_4+F_+_I_
0 4 8 1z 16 20 24

Secondary electron energy [eV]

]

A
recceren] o
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1.0

0.8

0.6

0.4

0.2

0.0

I | | I | |
- Secondary energy spectrum | T )
Cu, EO0O=10 eV, normal incidence
— fit
+ data (N. Hilleret)
- s e pommmmmemeee pommmmmemeee e s pommmmmemeeee e e B —
‘Jb——‘t"l_'—j_ R R B TR P — I I

0 1 2 3 4 5 6 ! 8 9 10 11

Secondary electron energy [eV]

]

A
recceren] o
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Current parameter values findfits to data

Table 1: Made porometers.

u sIN=T nome
Emis=zion angular spactrim [See. 2315
i 1 1 PATESAC
Elastically backscattared oloctrons (Seo. 3.3)
P eloc) 002 nav Figinf
P, 0406 D5 Plapk
E [ov] ] a Enepk
W [ 0BG 100 Edw
P 1 na poee
ay |aW] a La EiEE
=1 026 0 apari
=g ! 2 Qparz
Rediffused alectroos (Sec, 4.3)
P i) 08 ow Firinf
£ [eW] 041 A EcT
r [.104 1 qr
q 0.6 D4 BT
ol 0.6 [T 51 rpari
ra a 1 Tparz
Tre secondary electroos (Sec, 3.4)
Aen L8848 1,19 dtspk
By V) TEE 310 E0Tspk
fa .64 1.513 poTE
f1 .66 LG tpari
ta OB (] Lparz
ty T oy Tpar:
ty 1 1 tpard
iy o a tpark
fg 1] a Tparh
Total SEY
E, v a7l =3
A 21 206 AToTpk

Tahble 3: Further mode] parameters far the true seeondary caompanent.

' POSINET name
o 26,3326 95 08 13 15 16 15 15 poparin}
e, [e¥ 1.6, 1.76, 1, & 76, B5, 11.5 2.6 3, 25 3 enpari{n}
55 POSINET name
Pn 16,2, 1.8 47, 1.8 2.4, 1.5 1.5, 2.3 1B popar{n}

op [0 A8, 6.2, 13, BE, 630, 200, 0.2, 5.3, 175, 10 enparin}

' Mote thet £y = By, and & = &, + P oloa) + P (ea) provided that £y, = B, E,.

]
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frreeeee ‘m

BERKELEY Lam
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Q: is the electron emitted spectriviaxwelliar?
A: only approximately.

definition of Maxwellianspectrum:

dN p2
—— Dexp(-E/KT), E=1
N g—'; 0 EY 2 exp(- E/KT) = EP exp(-E/e;)

U p,=3/2

Fits to data, however, impfy,~1.8-5, depending anand material
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Applications:

(1) time dependence tfe electron-cloud poweegosition in LHC arc dipole:
simulate injection of a 1Bunch train into an enypchamber,

* sensitivity to relative ratio ddiackscattered, rediffused atnde secondaries
e sensitivity tod(0)

(2) time dependence tfe electron cloud dissipatioalliowing extraction of the
PSR beam
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2.5

| | | | | | | | |
' ' ' ' ' SEY for Cu, normal incidence
(data courtesy N. Hilleret)
true secondaries only
20 .AW P (macro hilleret_fit_ mauro_TS_only) _
e N
+ ‘\F\
+ F\‘VN
-#- Ki— +
s M- + Il
15 EOtspk=276.812 o~
' + dtspk=2.1
+ powts=1.54033
EOts=0 — delta_e
+ Plepk=0 — delta_r
+ Pleinf=0 — delta_ts
+ EOepk=0 — delta_er (=delta_e+delta_r)
+ powe=1 — delta_tot
1.0 e EOw=60.8614 ... — delta_tsp
P1rinf=0 + deltaCuhilleret
T Ecr=0.0409225
qr=:0.104045
:IL_ H
0.5
N
0.0
0 100 200 300 400 500 600 700 800 900 1000

EO [eV]
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2.0

T T T T T | I
LHC arc dipole simulation
average line density

(Y'=0.05; phels. produced at outer edge only)

1.5
— - - curr (beam current, arb. units)
— avlineden_Cu (Copper)
— avlineden_SS (Stainless)
— avlineden_Cu_ts (Copper, true sec. only) [\
£
S 1.0
<
'l i | i
1 F 1
| ’ ;' 5
| ! ;' -'-
;I ! -| ,
, | !; I
0.5 !; | !; !
l ; I ;
;I : ;I !
;I ' i' !
| ii I ii | I
| ;i ! i' ' !
! ) ! i | |
| f; | I : ) X
0.0 bem——e=——l———= - ] - =
0 50 100 150 200 250 300 350x10
timeW [s]

]

- A
frreeeee ‘m

BERKELEY Lam
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100

) ) ) )
LHC arc dipole simulation
average power deposmon
80
time-averaged power deposition:
Copper:  0.59 W/m
Stainless: 5.7 W/m
Copper, TS: 0.01 W/m
60
— - - curr (beam current, arb. units)
c — avPD_sm_Cu (Copper)
§ — avPD_sm_SS (Stainless)
— avPD_sm_Cu_ts (Copper, true sec. only)
40
20 |
5 | | |
!I | | ?.
I :! | i!
| ! ) | |!
| '| I | !
0 ! L L . | . S ':42—-_.‘(’\—
0 50 100 150 200
time_sm [s]

250 350x10

“

. A
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2.0

! r T T TTT T |
i LHC arc dipole simulation :
power deposition

(Y'=0.05; phels. produced at outer edge only)

15 detailed view for copper only
time-averaged power deposition:
Copper:  0.59 W/m
Copper, TS: 0.01 W/m
£
S 1.0

— - - curr (beam current, arb. units)
| — avPD_sm_Cu (Copper)
— avPD_sn:_Cu_ts Copper, true sec. only)

0 50 100 150 200 350x10 "

time_sm [s]

- ]

. A
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2.0

LHC afc dipole simdlation
effective SEY

- - - curr

—— avSEY_sm_Cu (Copper)

— avSEY_sm_SS (Stainless)

15 p—— avSEY_sm_Cu_ts (Copper, true sec. only)

o
7

|

|

| i

| I' '

| ! ) i

| ! ! [ i

~ A AN

ﬂ /AN AN R

:I ,: r :I f

| o e

! L "L | 0 ’L
200 250 300 350x10 ”

time_sm [s]

- ]
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800

| | | | | | |
LHC arc dipole simulation
electron-wall collision energy
600
- = - curr (beam current, arb. units)
—— EO_sm_Cu (Copper)
— EO_sm_SS (Stainless)
—— EO_sm_Cu_ts (Copper, true sec. only)
% 400
| | | ! |
“ | ': I |
200 i ! i ' |
i : ! :, |
i | ! | |
I | ' | '
I f ' | 1
I i f | f
1l j ! | l‘ l
i \ ! i f
1 Il b | | i p
1 i :I ! " i I
1 i 0 ! §
I i h ! ! I
I I !
0 = B
0 50 100 150 200 250 300 350x10
time_sm [s]
— A : :
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T T T T T T T T T T
0.20 : : :
LHC arc dipole simulation
electron-wall collision energy spectrum
(unit normalization)
0.15
— iekOh_norm_Cu (copper)
— iekOh_norm_SS (stainless)
— iekOh_norm_Cu_ts (copper, true secs. only)
0.10
0.05 /
\&‘
0.00 = = —————— =
0 10 20 30 40 50 60 70 80 90 100
EO [eV]

“
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Dissipation of the electron clougbon extraction of thBSR beam (data courtesy
R. Macek)

complete SE model, 5{0)=06
complete SE model, s{0)=0.5
complete SE model, 5{0)=0.3
SE model true secondary only

s [ . po wall current

= %10 "_ @u) PSR experimental data (scaled)
§ [ N bunch profile {a.u.), 5§ pClpulse
J [

5 1x10'E:

E ? ,-'

o 1x10° k ' Macek-Bowman data
5 3 electron decay 3

o - / in PSR ]

) - .

z 1x10" - 4

c : ' 3

[w] L .

= =1

8 1107

T AV E

1}{10’3E . Ly

0 250 500 750 1000 1250 1500

Time (nsec)

]

A
\

reFerrerry m
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Conclusions

 constructed phenomengical model for secondagmission process

e consistent with data a{E,) anddd/dE (by construction)

« probabilitiesP, calculated self-consistentlie( o(E,) anddd/dE are reproduced

from theP,’s)
« still evolving; not enougdetailed data to pin down glirameters

» Applications
» power deposition in LHC dipoles exhga sensitivity to details of the

secondary emission spectruralétive ratio of backscattere@diffused and
true secondaries)

— however, this sensitivity may be lessmyunced when in steady state
« also sensitivity t@(0) (not new)
« for PSR, infe®4(0)=0.5-0.6 fron measured data on dissipatafithe

electron cloud following dxaction
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Sample comparison of simulativs. measurements at the APS

120 ! ! ! ! ! !

APS, positron beam

100 Detector Current vs. Bunch Spacing
N (10 bunches, 2 mA/bunch in all cases;
measurements courtesy K. Harkay, ANL)
80

£

(&)

< ;

i i

£ 60 0 regzion of BIM

% &‘ s g=d /(r ¢N), b<d<a

T

z T3 ‘{

s

8 40 A

Q

(]

o}

3 —— measured

- simulated

20
/ \\y\\\

\l\\\
0
0 10 20 30 40 50 60 70 80 90 100 110 120 130
bunch spacing [RF buckets]
—= A . .
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