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FIG. 2. Layout of thehollow electron lens for HL-LHC. (Courtesy of CERN EN-MMEmechanical engineering group.)

FIG. 3. Illustration of the hollow electron beam charge distribution
(blue), of the magnitude of the transverse kick experienced by the
proton beam (red), and of the position of the primary collimators
(gray).

I I . HOLLOW ELECTRON LENSFOR HL-LHC

A. General overview

Electron lenses are based upon continuous or pulsed low-
energy, magnetically confined electron beams [14–16]. The
electron beam isgenerated in anelectron gun, guided andcon-
fined by strong solenoids and finally dumped in a collector.
Asan example, theconceptual design of theHL-LHC HEL is
shown in Fig. 2.
Thecirculating beam (protons in the LHC case) is affected

by the electromagnetic field of the electron beam. For the
application of active halo control, the electron beam needs
to generate an electromagnetic field only at the location of
the halo particles. This field distribution can be achieved,
for instance, by using a hollow charge distribution in radius
r =

p
x2+ y2, uniformly distributed between inner radiusR1

andouter radiusR2 (Fig. 3). In thiscase, thecirculating proton

TABLE II. HL-LHC design parameters at top energy [4] and param-
eters relevant to the HEL. Optics parameters at the HEL are based
on a position of − 40 m for Beam 1 (B1) and + 40 m for Beam 2
(B2) from the interaction point IP4, using HL-LHC opticsV1.3 with
b⇤= 0.15m [12].

Beam parameters Value Unit
B1 B2

Beam energy, Ep 7 TeV
Number of bunches, nb 2748
Bunch population, Nb 2.2⇥1011
Normalized emittance, eN,x/ y 2.5 µm
Bunch spacing 25 ns
Optics parameters at HEL (B1)a

bx at HEL 197.5 280.6 m
by at HEL 211.9 262.6 m
Dispersion Dx at HEL 0.0 0.0 m
Dispersion Dy at HEL 0.0 0.0 m
Proton beam size s p,x at HEL 0.26 0.31 mm
Proton beam size s p,y at HEL 0.27 0.30 mm
Scaleof scraping positions

s p = max(s p,x,s p,y) 0.27 0.31 mm

a As theTwiss parameters at IP4 do not changeduring theentire squeezeof
theoptical functions, and IP4 and theHEL areonly separated by adrift
space, theTwissparameters stay constant also at theHEL during the
squeeze.

beam experiences the following radial kick q(r):

q(r) = f (r)
(r/ R2)

·qmax, (1)

where f (r) is a shape function with
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The hollow electron lens
Ø Since 2020, the hollow electron lens (HEL) is in the HL-LHC baseline:

Ø Regarding impedance & stability, several potential impacts:

q Depletion of transverse distribution tails, reducing Landau damping
⟶ taken into account in all stability predictions (tails cut at 3.2σ)

q Impedance of the physical device

q Impedance from the electron beam

From D. Mirarchi, WP2/WP5 15/09/2020

https://indico.cern.ch/event/945851/


3

Impedance of the physical device

Provided by Antti Kolehmainen from CERN/EN-MME
Ø New design (August 2020):

Comments from Impedance Working Group:
- Bellow / pump should be shielded.
- Copper coating should be applied.
- Y chamber volume could be reduced.
- Beam-Gas Curtain (BGC) design not yet available + request to have two additional 

bellows around it ⟶ to be studied (under discussion with EN-MME).

C. Zannini and B. Salvant, 
WP2/WP5 23/02/2021
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https://indico.cern.ch/event/992836/
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Geometric impedance of the hollow electron lens:

Design not yet finalizedBeam direction

Y-chamber BPM

ZG-elens≈ 2*Ychamber + 2*BPM + BGC

Impedance of the physical device

Ø Simulation model:
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Longitudinal impedance

BPM

Y-Chamber

- First mode at 2.86 GHz (18 kOhm
and Q=18,000 if copper coated, 2 
kOhm and Q= 2800 if not)

- Im(Z/n)eff ~ 0.02 mOhm for 1 Y 
chamber (vs. 90 mOhm for full LHC)
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- The shunt impedance of the modes
is well below the longitudinal 
stability threshold (200 kOhm). 



6

Transverse impedance - HL-LHC stability

Horizontal

Ø Broadband impedance less than 2% for the full broadband part of the model (itself a 
small part of the total impedance).

Ø Large margin on the shunt impedance for the three main HOMs:
Vertical

Ø Caveat: the impedance of the BGC remains unknown.
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Ø The issue: electrons in the HEL are kicked by displaced protons 
and will in turn kick the following protons.

Ø To give an idea of the order of magnitude of the effect (from G. 
Stancari et al, CERN-ACC-2014-0248):

• Charge density in the HEL ~ 6.5 mC/m3 

• corresponds to ~ 4.1016 electrons / m3 

• same number of electrons per unit area as an e-cloud of 
1.5 1012 electrons / m3 over the full LHC circumference, 
but over a length of 3 m.

Ø The issue was studied, within the impedance framework, by 
A. Burov et al in 1999:

Ø This study is partly reproduced in V. Shiltsev’s book, and is the 
basis of what we will show now.
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Electron beam Impedance

Transverse beam stability with an ‘‘electron lens’’

A. Burov,* V. Danilov,† and V. Shiltsev
Fermi National Accelerator Laboratory, Batavia, Illinois 60510

~Received 29 July 1998!

This article is devoted to stability analysis of the antiproton beam interacting with an electron beam in an
‘‘electron lens’’ setup for beam-beam compensation in the Tevatron collider. Electron space charge forces
cause transverse ‘‘head-tail’’ coupling within antiproton bunch which may lead to a transverse mode coupling
instability ~TMCI!. We present a theory, analytical studies, and numerical simulations of this effect. An
estimate of threshold longitudinal magnetic field necessary to avoid the instability is given. Dependence of the
threshold on electron and antiproton beam parameters is studied. @S1063-651X~99!10203-4#

PACS number~s!: 41.75.Lx, 29.27.Bd

I. INTRODUCTION

Proton and antiproton beams in the Tevatron collider in-
teract via their electromagnetic forces at two collision points
B0 and D0, and at numerous locations along separated orbits
in the same vacuum chamber where they near miss each
other. Such an interaction causes betatron oscillation tune
shift and tune spread in both beams. The tune shift and the
tune spread are supposedly much larger in the antiproton
beam than in the proton one, because the proton intensity is
several times larger, and can reach values of about 0.01-0.02
in the Tevatron luminosity upgrade project TEV33 @1#.
These effects are expected to be a problem for the machine
operation if uncorrected. Compensation of the beam-beam
effects in the Tevatron with use of a high current, low energy
electron beam was proposed in Refs. @2–4#. The electron
beam travels in the direction opposite to the antiproton beam
and interacts with an antiproton bunch via its space charge
forces. The proton beam has to be separated from the elec-
tron and antiproton beams. Implementation of the proposal
are ~1! the ‘‘electron lens’’ with modulated current to pro-
vide different linear defocusing forces for different antipro-
ton bunches ~the bunch spacing is t5132 ns in the TEV33!
in order to equalize their betatron frequencies which are not
naturally equal due to proton-antiproton interaction in nu-
merous parasitic crossings along the ring; and ~2! the ‘‘elec-
tron compressor,’’ that is nonlinear dc electron lens to com-
pensate ~on average! the nonlinear focusing due to the proton
beam.
The electron beam setup is to be installed away from the

proton-antiproton interaction points at B0 and D0 and could
look much like an ‘‘electron cooler’’ ~see, e.g. @5#!, except
electrons collide with antiprotons. The negative tune shift of
the antiprotons ( p̄s) due to a round, constant density electron
beam with total current Je , radius ae , interacting with anti-
protons over a length Le , is equal to @3#

jx ,y
e '2

bx ,y

4p

2~11be!JeLer p̄
eveae

2g p̄
, ~1!

here r p̄5e2/(Mp̄c2)'1.53310218 m is the ~anti!proton
classical radius, g p̄ is relativistic antiproton factor, ve5cbe
is electron beam velocity, bx ,y is the beta function at the
set-up location (x for horizontal, y for vertical!. For example,
Le52 m long set-up with Je51.5 A current of 10 kV elec-
trons (be50.2) installed at bx5100 m can shift the hori-
zontal tune of the 1 TeV antiprotons by jx

e'29.131023 if
the electron beam radius is ae51 mm. Strong longitudinal
magnetic field plays a significant role in maintaining stability
of both electron and antiproton beams @6#. It also suppresses
the electron beam current distribution distortions and, there-
fore, the electron space charge force distortions @7#.
Low energy electrons can create significant transverse im-

pedance comparable with intrinsic impedance of the Teva-
tron ring, that can result in collective instabilities of the an-
tiproton bunch. The electron beam is generated by an
electron gun cathode, transported through the interaction re-
gion, and absorbed in the collector. Therefore, each portion
of electrons passes through the p̄ beam only once, and only
short distance transverse wake fields are of interest. The most
important collective effect is similar to the ‘‘strong head-
tail’’ interaction, considered, e.g., in @8#. It is assumed that
the Tevatron ring chromaticity can be made close to zero, so
the increments of so-called ‘‘weak head-tail’’ @8# instability
are negligible.
In this article we study ‘‘strong head-tail’’ instability in

the p̄ beam caused by wide band impedance due to the elec-
tron beam. The phenomenon takes place if, for example, the
centroid of the bunch head collides off the electron beam
center. Electron-antiproton repulsion causes electron motion
and, as a result, the electron beam acquires a displacement at
the moment when it interacts with the tail of the p̄ bunch.
Thus, the impact of the electron beam on the following an-
tiprotons depends on the transverse coordinate of preceding
p̄s. The effect is similar to what is observed in electron stor-
age rings where short range wake fields due to vacuum
chamber discontinuities can lead to transverse mode cou-
pling instability ~TMCI! @8#. The TMCI in electron rings
limits the maximum single bunch current. In our case, the

*On leave from Budker Institute of Nuclear Physics, Novosibirsk
630090, Russia.
†Present address: Oak Ridge National Laboratory, Oak Ridge,
Tennessee 37831-8218.
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Ø If a proton passes by with an offset, it kicks the electrons which are at the 
same longitudinal position.

Ø The electrons start spiraling under the action of the solenoid field.

Ø At a later time, a “test” proton behind the initial one, will in turn see 
offset electrons and receive a kick (in both the x and y directions ⟶
coupling).
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Electron beam impedance
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Ø Assuming both proton and electron beams are uniform and of same 
radius !", and looking only at the first order perturbation of the beams 
space-charge fields (i.e. keeping everything linear),

Ø electrons are kicked by a displaced proton slice, then move transversely 
under the sole effect of the solenoid field (Larmor oscillations), and 
finally kick the protons behind, at a later time.

⟹we get wake functions: for a source proton displaced by Δ% and Δy

with
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A simple model for the wake

See A. Burov et al, PRE 59, 3 (1999) 
(converted to SI units and using 
PyHEADTAIL sign convention)

'( = '*+, -. /% −' 1 − cos -. Δ5

'6 = ' 1 − 78* -. /x +'*+, -. /y

' = −
1

4<=>

? 4@"A"
!"BC"7?D

1 + CEC"
?

CE + C"
,

- = GH
IJKIL M

, NO =
PD
Q"R"

@" = 3m, 
A" = 5 A,

R" = 1 − C"?
UV
W = 1.029 (15 keV e-), 

CE ≈ 1 (top energy)
D = 5 T 
!" = 2.9mm (9.4 σ with 2.5 μm emittance).

Coupled 
terms

Absent from 
original formula (Parameters from D. Mirarchi )



10

Ø Comparing the total wake of the HL-LHC model (latest update, retracted 
collimators, see WP2 28/07/2020) with the electron-beam wake model:

⟹ significantly smaller than the dipolar total wake (x or y) within the bunch,

⟹ but coupled terms much stronger than the rest of the wake.
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Electron beam wake vs. total budget

“Standard” 
dipolar x wake

Coupled dipolar 
x-y wakeBunch length
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Ø The wake extends up to ~52 ns ⟶ potential multibunch effects.

⟹ coupled terms at 25 ns are stronger than standard dipolar impedance.

⟹ potential impact on multibunch stability (ongoing simulations, still 
inconclusive).

N. MOUNET ET AL – PROGRESS ON HEL IMPEDANCE – HILUMI ANNUAL MEETING 21/10/2021

Electron beam wake vs. total budget

Very high frequency intrabunch
oscillation around an average 
value higher than total HL wake.



12

Ø Checking the TMCI threshold with PyHEADTAIL, in terms of B field (at 
fixed intensity N= 2.3 1011 p+/bunch, with only e-beam impedance):

!"#$ ≈ 0.077 T ⟹ comfortable margin w.r.t. nominal B=5 T.
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E-beam TMCI with PyHEADTAIL
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Ø In a standard operational configuration (Q’=15, 100 turns damper), 
adding the wake from the electron beam on top of the full HL-LHC 
model (both dipolar and coupled terms):

⟹ no strong impact on the most unstable plane (y), even at a lower B field 
and at a lower x-y tune difference (rise times stay within ~10%).
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Impact of e-beam on single-bunch stability
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Ø The geometric impedance of the HEL device is a priori not a concern

! … but the BGC remains to be evaluated

Ø The electron beam also exhibits an impedance:

§ simple wake model shows that coupled terms in the e-beam wake are larger 
than those of the full HL-LHC model, and this effect is even stronger at
distances corresponding to the inter-bunch spacing (25 ns).

§ In single bunch:

ü Strongly unstable without B field (TMCI-like) at Q’=0 with 2.3 1011 p+/b.

ü Strong mitigation of TMCI from e-beam alone with as low as B=0.1 T.

ü Single-bunch instabilities in a standard operational configuration 
(Q’=15, damper 100 turns) are not strongly affected by e-beam.

§ Still to be addressed:

! shortcomings of the wake model,

! potential multibunch effects.
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Conclusion
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Appendix
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Ø In absence of chromaticity and of any other kind of impedance, a simple 
formula can be found for the transverse mode coupling instability 
threshold, in terms of B field:

with the figures of merit of the e-lens defined as

Ø In HL, one gets stability as soon as

B > #$%& ≈ 0.07 T

Even multiplying by the extra factor found 1 + -.-/
0

(see previous slide), 
one gets #$%& ≈ 0.1 T.

⟹ comfortable margin w.r.t. the nominal # = 5 T.
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A simple model for the TMCI

From A. Burov et al, PRE 59, 3 
(1999) (converted to SI units)#$%& ≈ 39

67. 898:

;/
0 <= <9 − <:

,

89 =
@ABC&DEC FG@C

0HIC
JKD/@CL

, 

-9 = -: = 280m, 
<= = 2.1×10PQ,
|<9 − <:| = 0.01,
7. = 2.3×10FF p+/bunch,
S. = 1.535×10PFT m,

U. = 1 − -.
0
PF
0 = 7460.52,

89 = 8: = 1.8×10PQ.

8: =
@XBC&DEC FG@C

0HIC
JKD/@CL
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Ø Comparing the total wake of the HL-LHC model (latest update, retracted 
collimators, see WP2 28/07/2020) with the electron-beam wake model:

⟹ significantly smaller than the dipolar total wake (x or y) within the bunch,

⟹ but coupled terms much stronger than the rest of the wake.
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Electron beam wake vs. total budget

“Standard” 
dipolar y wake Coupled dipolar 

y-x wake
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Single bunch stability (HOMs from device)
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Single bunch stability (HOMs from device)
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