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Hollow Electron Beam Collimation

Hollow electron beam studies for LHC collimation part of US-LARP since
2009:

Hollow Electron Beam Collimation is the enhancement of diffusion of halo particles
through the use of the transverse electric fields of a hollow electron beam.

Technigue aimed at improving current system (hierarchy remains)
O Fully compatible with present and future systems

Installation point is flexible
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VERTICAL POSITION (mm)

Hollow Electron Beam Collimation

Align hollow electron beam coaxial with beam core
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Hollow Electron Beam Collimation

1 I.L(1=£B.5,)

Transverse kick on halo particles with Rj<r <R, © = 5— rBepc? (Bp)yp

Enhances diffusion rate of halo particles -> Deplete tails
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Actual cleaning done by standard collimators

O HEBC creates buffer zone between core and collimators
O Control over when tails are cleaned

O HEBC funes impact parameter slightly

Source: FERMILAB-CONF-11-506-AD-APC 8



HEBC Experience at the Tevatron

Approx. 10 years of stable Tevatron Electron Lens operation for abort

gap cleaning

HEBC Experiments at Tevatron from 2010-2011 for LHC collimation

studies

Observations:
O Effects on beam core were neg

igible

Curcial for luminosity production in the collider

O Confrol of scraping of beam ha

O possible

O Loss-spike fluctuations due to beam jitter reduced

Rely on Tevatron experience

2 new designs for LHC
O Implementation studies

O Conceptual Design Report (November 2013)



Focus of this work

My task: Characterizes a new 1-inch Hollow Electron Gun (HGI1b)
for use at LHC (1-1 implementation)

O Opfimal operation parameters
O Yield studies

O Beam evolution

O Transverse fields

Completed first full 3D simulations of HG1b in Tevatron electron lens
test stana

Input for Conceptual Design Report in November 2013
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1 inch Hollow Electron Gun (HG1Db)

Bigger gun for higher beam currents
Hollow cathode: Tungsten impregnated with 3BaO:1CaO:1Al,O,
B, =254 mm, J;=13.5 mm

Veathode | 0.9-8 kV
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Tevatron Electron Lens Test Stand (TELTS

Used for all measurements part of this work

Data collection:
O Pinnhole collector
O Toroids &

Similar to TEL2
O No bends
O No superconduc-

oscilloscope ting main solenoid
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Thermionic Emission
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- Beam evolution
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3D simulations
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Optimal Operating Parameters

Innerradius 3 0 <R, <6 O
(0=4.7x10* m)

Magnetic compression (R=40)
O Facfor11.5

O B=0.43-5-0.43T

Cathode potential of HG1b

O 3-4 kV for similar current as
Tevatron experiments

Optimal filament current
O Up fo now: 2.25 A
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HG1b Yielo

Before transport

Improvement:
O Yield: 4.22(3)x10°¢ perv . — =
. . . 1 egen
O Consistent with Previous + 23052013 5.36e—06 perv
measurements + 22.05.2013 5.27e—06 perv
. + 21.05.2013 5.36e—06 perv
O Slow degradation of gun <1, 47052013 4.2e—06 perv
+ 20.02.2013 4.23e—-06 perv
Yield at collector 70% of = | * 14122012 4.22¢-06 perv
gun § ach
O Biggest Gun yetl! S
o
After transport =7
improvement: =
O Yield: 5.3(1)x10¢perv —

Produces 5 A at 10 kV
O 15% of SAM simulations

O .
O 65% more yield than HGO6 2000 4000 6000 3000 10000
Electron Gun Voltage [VA{3/2}]
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Transverse Profiles

Current density profiles by moving Profiles sorted by B
beam over pinhole

Profiles mjec’red m’ro 3D mmulo’non
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Rough Emittance Growth Estimates

Electric field strength in x—y plane

Calculation of electric fields using WARP

0.02

Emittance growth given by:
2
EioiqgF, L m
Ae = 0% = | —ietd=r— [ } o
bEi, — E§ turn

Rough estimate through mean Gaussian <
weighted RMS field in center of beam

-0.02 0.00 0.02

Current LHC emittance growth rate = 1 x10~ s

EGR [X 10_5%] Cathode Voltage kV]
Radius [mm] | B,,.. [kG] 500 1000 2000 3000
4 0.089 0.246 1.11 97.8 (3125 V)
44 3.2 0.025 0.093 29.3 48.7
2.4 0.010 4.59  18.9 227
2.4 1.34 4.54 144 -

Indication of no extra emittance growth -> Luminosity
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First Full 3D simulations

First 3D simulation of HEBL
using WARP

Aimed at extracting kick

0.02

map for SixTrack or Lifetrackx=oo

simulations

Two injection methods
Implements

Issues to be solved:

O Implementation of TEL2
bends

O Heavy computing power
needed

O Further diagnostics tools
need to be mplemented

Continued by myself for
conceptual design report
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Conclusions

Useful technique for enhancing current collimation systems
O Active control of losses

O Less dependent on loss spikes

O Increases impact parameter

Determined optimal operating parameters for LHC
O Factor 11 compression

O 8.5 A Filament Current

O 3-4 kV Cathode Potential

Transmission upgrade through magnetic compression in TELTS
Significant yield improvement of HG1b: 5.3(1)x10¢ perv

VVa
Transverse profile scaling X B

Emittance growth rates are acceptable compared to current growth rates

First Full 3D simulations

23



e
Questions

Thank Youl!

Availability:
Fermilab Library: FERMILAB-MASTERS-2013-02 (www.inspirehep.net)

CERN Library: CERN-THESIS-2013-126 (www.cds.cern.ch)

24
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LHC & Collimation System

Beam continually cleaned through T W
multi-stage collimation system
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Tevatron Electron Lens 2

O Gun & collector outside tube O Only one beam

O 3 main solenoids O Pierce through edge

hollow L|tLllUlI beam

4336
Superconducting solenoid

A\ ry m"j L
,r —=TEM @antlprotons

& ()llow clcctron bedmg ‘ \

~N O
/Y
L "\JJYJ
—
~ ' ) . .
{ erinr en allaly
(AU LIA W AN - JINJ /
v \
»
r N\
\
\

pr()t()ns ol ;

antiproton core &

VERTICAL POSITION (mm)

proton core

-10 -

| |

-~10 -5 0 5
HORIZONTAL POSITION (mm)




Gun solenoid

\

\

Conceptual Straight HEBL Design

Main SC solenoid

\

Collector solenoid
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e-gun

Source: Gennady Kuznetsov
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Thermionic Emission

Electron 4 E=0
Energy l A Energy Profile
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Cathode Temperature

T= 17657 R —-462.29
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1600
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e
Time Structures

Rise Time: 200 ns

Bunch spacing Tevatron: 400 ns
Bunch spacing LHC: 25 ns
Possible to obtain bunch by bunch manipulation in LHC.

Aim Is To obtain furn-by-turn excitation.

Valentina achieved 75% cleaning in 20s using AC beam mode

34



Generalized Perveance

K = 1 — 23 _ Amwegme® _ LA
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SAM Simulations

SAM_U4.00 24-01-2012 11:36 b_B5kg_135/10kv_jan_23_2012 SAM_U4.00 10-01-2012 12:00 jan_09_2012_3kv_ad)

R(nn ) LJ' R(nn )
/Jailrllf,'-'\l'.;i',:-l.l',l\"l“l ,
18.41 | —  Electric Field 18.41 o
l\‘ |;’ —  Electron Beam —  Electric Field
il - RN
| | ‘.r..:u..:':\; —  Gun Conductors Electron Beam
3.8 | I - 13.8 | Gun Conductors
9.2 | aa .
-
4.6 ‘ 1.6 )\
EMAX(kU/cn )=2. 477 EMAX(kU/cn )=2. 434
BMAX(GS)=500. 1 BMAX( S )=3208
0 S kb i Vol L
-10 11.8 33.6 9.4 /7.2 Zlnn ) -10 11.8 33.6 9.4 /7.2 Zlmm )
B=0.05T V=5 kB B=05T



Background Gases

lons formed per cm - mbar
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Transverse Profiles
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Beam Evolution

Angle of rotation around beam axis (derived from dioctron frequency)

2
o — PEyLA\V, | R; rad)
o 2(R2 _ P2

dregec?(R2 — R;)B r
Dependence on r = slippage
Scaling law = angle of rotation must be constant

B x VvV

Angle of rotation at outer cathode radius
Angle of rotation [°] Acceleration Potential kV]
Magnetic Field [T] 1 2 3 4 5 6 7 8
0.40 72 | 101 | 124 | 143 | 160 | 175 | 189 | 202
0.32 89 | 127 | 155 | 179 | 200 | 219 | 237 | 253
0.24 120 | 169 | 207 | 239 | 267 | 292 | 316 | 337
0.16 179 | 253 | 310 | 358 | 400 | 438 | 473 | 506
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Beam Evolution

Profile evolution with V at B= 0.8-3.2-0.8 kG

(9)4 kV h)5 KV ()6 KV )7

Profile evolution WlTh V at B=0. 8 3.2-0.8 I<G

kV k)8 kV

main —1 6 kG main —24 kG C main —3 2 kG main —4 kG
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Transverse Electric Fields at 500 V

Charge density in x-y plane Electrostatic potential in x-y plane
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Transverse Electric Fields at 8 kV

Charge density in x-y plane Electrostatic potential in x-y plane Electrostatic potential in x-y plane
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Derivation — Angle of Rotation

2meg B(R2 — R2)c2eV, (E%Eiﬁ%‘z)) r

B IEyL ©

Y7 2ne0B(R2 — R2)2¢%eV, Ho
PE,L 7 R;

_ R 7

14 47‘(‘6062(R8 — Rz) 8 ( r ) ( )
Va ) ’
= 2.7 x 107722 1-( ) . VYR, <r<R, (8)
r
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Ty
Derivation — Electric Field Equations

# .49 — Qenclo (1)
619 =0
)27y’ Ldr
E-2mrL = o # 507”“ i (2)
/
r'dr’
o fo " (3)
eEor
R =0 (4)
p(r* — R7) IL(r* — R;)
i =T < R L — - ’
Ry >r < R (T) 2e0T QWUngr(Rg o R’?) ( )
2 _ R2 1L
Ro Z T E(T) — IO(RO RZ) — (6)
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Derivation — Emittance Growth Rate

p. tan(d) = ¢E, (3)
E,
— tan(f) = 25rt (4)
Pz
qE, L
tan(6) =
— tan(0) P (5)
EoqE, L
— tan(f) = i Oq2 (6)
Dz
EipiqE,. L
— tan(f) = (E;; : o (7)
:> 19 L Etth_E’I“L (8)



Derivation — Emittance Growth Rate

Ln Ln
< /—|-1> — M < / )
xn—l—l Sl?n
€ = 75‘772z+1 T 204517n+1$%+1 + ﬁm,’fﬂ — 7%2% + Zaxnx,’n T 6:13;3
jn—l—l . Ln 0
(57;&1) - (37;%) i <79>

e =Ty q + 2080 1Ty BT = Y+ 20@ 1 (240 +9) + B +0)°

(4)

/N N/
L) (\W) —
N— N NN

Ae = 20(p i1 + B, q) + B (5)
L 2 EtothrL ?
ae =0 =3 (15 ) 0
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-
WARP — Implemented Gun
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e
WARP - Electric Fields

Ez in z—x plane
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e
WARP - Electric Fields

Emagnitude in z—x plane
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