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Abstract

Experimental measurements of beam halo diffusion dy-
namics with collimator scans are reviewed. The concept
of halo control with a hollow electron beam collimator, its
demonstration at the Tevatron, and its possible applications
at the LHC are discussed.

INTRODUCTION

Beam quality and machine performance in circular ac-
celerators depend on global quantities such as beam life-
times, emittance growth rates, dynamic apertures, and col-
limation efficiencies. Calculations of these quantities are
routinely performed in the design stage of all major accel-
erators, providing the foundation for the choice of opera-
tional machine parameters.

At the microscopic level, the dynamics of particles in
an accelerator can be quite complex. Deviation from lin-
ear dynamics can be large, especially in the beam halo.
Lattice resonances and nonlinearities, coupling, intrabeam
and beam-gas scattering, and the beam-beam force in col-
liders all contribute to the topology of the particles’ phase
space, which in general includes regular areas with reso-
nant islands and chaotic regions. In addition, various noise
sources are present in a real machine, such as ground mo-
tion (resulting in orbit and tune jitter) and ripple in the ra-
diofrequency and magnet power supplies. As a result, the
macroscopic motion can acquire a stochastic character, de-
scribable in terms of diffusion [1, 2, 3, 4, 5].

In this paper, we first address the issue of obtaining ex-
perimental data on the dynamics of the beam halo. It was
shown that beam halo diffusion can be measured by observ-
ing the time evolution of particle losses during a collimator
scan [6]. These phenomena were used to estimate the dif-
fusion rate in the beam halo in the SPS at CERN [7], in
HERA at DESY [6], and in RHIC at BNL [8]. A much
more extensive experimental campaign was carried out at
the Tevatron in 2011 [9] to characterize the beam dynam-
ics of colliding beams and to study the effects of the novel
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hollow electron beam collimator concept [10]. Recently,
the technique was also applied to measure halo diffusion
rates in the LHC at CERN [11]. These measurements shed
light on the relationship between halo population and dy-
namics, emittance growth, beam lifetime, and collimation
efficiency. They are also important inputs for collimator
system design and upgrades, including new methods such
as channeling in bent crystals or hollow electron lenses.

In the second part of the paper, we discuss the novel con-
cept of hollow electron beam collimation (HEBC), and how
it affects halo dynamics. The results of experimental stud-
ies at the Fermilab Tevatron collider are briefly reviewed,
with an emphasis on the effect of the hollow electron beam
on halo diffusion in the circulating beam. We conclude
with a summary of recent research activities aimed at a pos-
sible application of hollow beam collimation at CERN.

BEAM HALO DIFFUSION
As discussed in the introduction, particle motion in an

accelerator at the microscopic level is in general very rich.
Two main considerations lead to the hypothesis that macro-
scopic motion in a real machine, especially in the halo, will
be mostly stochastic: (1) the superposition of the multitude
of dynamical effects (some of which stochastic) acting on
the beam; (2) the operational experience during collimator
setup, which generates loss spikes and loss dips that often
decay in time as 1/

√
t, a typically diffusive behavior.

Experimental Method
A schematic diagram of the apparatus is shown in Fig. 1

(top). All collimators except one are retracted. As the
jaw of interest is moved in small steps (inward or out-
ward), the local shower rates are recorded as a function of
time. Collimator jaws define the machine aperture. If they
are moved towards the beam center in small steps, typi-
cal spikes in the local shower rate are observed, which ap-
proach a new steady-state level with a characteristic relax-
ation time (Fig. 1, bottom). When collimators are retracted,
on the other hand, a dip in losses is observed, which also
tends to a new equilibrium level. By using the diffusion
model presented below, the time evolution of losses can
be related to the diffusion rate at the collimator position.
By independently calibrating the loss monitors against the
number of lost particles, halo populations and collimation
efficiencies can also be estimated.
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Model of Loss Rate Evolution in a Collimator Scan
A diffusion model of the time evolution of loss rates

caused by a step in collimator position was developed [12].
It builds upon the model of Ref. [6] and its assumptions:
(1) constant diffusion rate and (2) linear halo tails within
the range of the step. These hypotheses allow one to
obtain analytical expressions for the solutions of the dif-
fusion equation and for the corresponding loss rates vs.
time. The present model addresses some of the limita-
tions of the previous model and expands it in the follow-
ing ways: (a) losses before, during, and after the step are
predicted; (b) different steady-state rates before and after
are explained; (c) determination of the model parameters
(diffusion coefficient, tail population gradient, detector cal-
ibration, and background rate) is more robust and precise.

Following Ref. [6], we consider the evolution in time t
of a beam of particles with phase-space density f (J, t) de-
scribed by the diffusion equation ∂t f = ∂J (D∂J f ), where J
is the Hamiltonian action and D the diffusion coefficient in
action space. The particle flux at a given location J = J′

is φ = −D · [∂J f ]J=J′ . During a collimator step, the ac-
tion Jc = x2

c/(2βc), corresponding to the collimator half
gap xc at a ring location where the amplitude function is βc,
changes from its initial value Jci to its final value Jc f in a
time Δt. The step in action is ΔJ ≡ Jc f − Jci. In the Teva-
tron, typical steps are 50 μm in 40 ms, and the amplitude
function is tens of meters. It is assumed that the collimator
steps are small enough so that the diffusion coefficient can

Beam

Collimator

Detector

Scattered
particles

0 2 4 6 8 10 12

1.
3

1.
4

1.
5

1.
6

1.
7

1.
8

1.
9

Time [min]

C
ol

lim
at

or
 p

os
iti

on
 [

m
m

]

−
4

−
2

0
2

4
6

L
os

s 
ra

te
 [

ar
b.

 u
ni

ts
]

Figure 1: Schematic diagram of the apparatus (top). Exam-
ple of the response of local loss rates to inward and outward
collimator steps (bottom).

be treated as a constant in that region. If D is constant, the
local diffusion equation becomes ∂t f = D∂JJ f . With these
definitions, the particle loss rate at the collimator is equal
to the flux at that location:

L =−D · [∂J f ]J=Jc . (1)

Particle showers caused by the loss of beam are measured
with scintillator counters or ionization chambers placed
close to the collimator jaw. The observed shower rate is
parameterized as

S = kL+B, (2)

where k is a calibration constant including detector accep-
tance and efficiency and B is a background term which in-
cludes, for instance, the effect of residual activation. Un-
der the hypotheses described above, the diffusion equation
can be solved analytically using the method of Green’s
functions, subject to the boundary condition of vanishing
density at the collimator and beyond. Details are given in
Ref. [12].

Local losses are proportional to the gradient of the dis-
tribution function at the collimator. The gradients differ in
the two cases of inward and outward step, denoted by the I
and O subscripts, respectively:

∂J fI(Jc, t) =−Ai + 2(Ai−Ac)P

(
−Jc

σ

)
+

2√
2πσ

· (3)
{
−Ai(Jci − Jc)+ (AiJci −AcJc)exp

[
−1

2

(
Jc

σ

)2
]}

∂J fO(Jc, t) =−2AiP

(
Jci − Jc

σ

)
+ 2(Ai−Ac)P

(
−Jc

σ

)
+

+ 2
AiJci −AcJc√

2πσ
exp

[
−1

2

(
Jc

σ

)2
]
. (4)

The parameters Ai and A f are the slopes of the distribu-
tion function before and after the step, whereas Ac varies
linearly between Ai and A f as the collimator moves. The
parameter σ is defined as σ ≡

√
2Dt. The function P(x)

is the S-shaped cumulative Gaussian distribution function:
P(−∞) = 0, P(0) = 1/2, and P(∞) = 1.

The above expressions (Eqs. 3 and 4) are used to model
the measured shower rates. Parameters are estimated from
a fit to the experimental data. The background B is mea-
sured before and after the scan when the jaws are retracted.
The calibration factor k is in general a function of collima-
tor position, and can be determined independently by com-
paring the local loss rate with the number of lost particles
measured by the beam current transformer. The parameters
(kDAi) and (kDA f ) depend on the steady-state loss rate lev-
els before and after the step. The diffusion coefficient D is
mainly influenced by the measured relaxation time and by
the value of the peak (or dip) in losses.

The model explains the data very well when the diffu-
sion time is long compared to the duration of the step. The
model can be extended by including a separate drift term
(from the Fokker-Planck equation) or a nonvanishing beam
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distribution at the collimator. With this technique (collima-
tor scans in small steps), the diffusion rate can be measured
over a wide range of amplitudes. At large amplitudes, the
method is limited by the vanishing beam population and by
the fast diffusion times. The limit at small amplitudes is
given by the level of tolerable loss spikes.

Results
Figure 2 shows a comparison of beam halo diffusion

measurements in the Tevatron and in the LHC. These data
sets refer to vertical collimator scans. All Tevatron mea-
surements were done on antiprotons at the end of regular
collider stores, either in collisions (dark blue) or with only
antiprotons in the machine (light blue). The LHC measure-
ments were taken in a special machine study at 4 TeV with
only one bunch per beam, first with separated beams (red)
and then in collision (orange). To account for the differ-
ent kinetic energies, diffusion coefficients are plotted as a
function of vertical collimator action J multiplied by the
relativistic Lorentz factor γrel. The continuous lines repre-
sent the diffusion coefficients calculated from the measured
core geometrical emittance growth rates ε̇: D(J) = ε̇ ·J. (In
this particular data set, the synchrotron-light measurements
were not sufficient to estimate emittance growth rates of
colliding beams in the LHC).

In the LHC, separated beams exibit a slow halo diffu-
sion, comparable with the emittance growth from the core.
This can be interpreted as a confirmation of the extremely
good quality of the magnetic fields in the machine. Colli-
sions enhance halo diffusion in the vertical plane by about
1–2 orders of magnitude. In the Tevatron, the data suggests
that beam halo diffusion is dominated by effects other than
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Figure 2: Measurements of halo diffusion in the Tevatron
and in the LHC.

residual-gas scattering and beam-beam forces, pointing to-
wards field nonlinearities and noise.

From the measured diffusion coefficients, estimates of
impact parameters on the primary collimator jaws are pos-
sible [6]. One can also deduce the steady-state density of
the beam tails, with a procedure that is complementary to
the conventional static model based on counting the num-
ber of lost particles at each collimator step.

COLLIMATION WITH
HOLLOW ELECTRON BEAMS

In high-power accelerators, the stored beam energy can
be large: about 2 MJ in the Tevatron, and several hundred
megajoules in the LHC at nominal energies and intensities.
Uncontrolled losses of even a small fraction of particles can
damage components, cause magnets to lose superconduc-
tivity, and increase experimental backgrounds. Contribut-
ing to these losses is the beam halo, continuously replen-
ished by beam-gas and intrabeam scattering, ground mo-
tion, electrical noise in the accelerating cavities, resonances
and, in the case of colliders, beam-beam forces. The beam
collimation system is therefore vital for the operation of
high-power machines. Conventional collimation schemes
include scatterers and absorbers, possibly including several
stages. Primary collimators are the devices closest to the
beam. They impart random transverse kicks, mainly due
to multiple Coulomb scattering, to particles in the halo.
The affected particles have increasing oscillation ampli-
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Figure 3: Schematic diagram of the beam layout in the
Tevatron hollow electron beam collimator.
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tudes and a large fraction of them is captured by the sec-
ondary collimators. These systems offer robust shielding
of sensitive components. They are also very efficient in re-
ducing beam losses at the experiments. A description of
the Tevatron and LHC collimation systems can be found in
Refs. [13, 14].

The classic multi-stage systems have some limitiations:
a fraction of particles is always lost around the ring (leak-
age); collimator jaws have an electromagnetic impedance
(wakefields); and high losses are generated during collima-
tor setup when the jaws are moved inward to scrape away
the halo. Another problem is beam jitter. The orbit of the
circulating beam oscillates due ground motion and other
vibrations. This translates into periodic bursts of losses at
aperture restrictions. Hollow beams are a novel technique
that addresses some of these limitations.

Concept
The hollow electron beam collimator is a cylindrical,

hollow, magnetically confined, possibly pulsed electron
beam overlapping with the beam halo [15, 16, 17, 10]
(Fig. 3). Electrons enclose the circulating beam. Halo par-
ticles are kicked transversely by the electromagnetic field
of the electrons. If the hollow charge distribution is axially
symmetric, the core of the circulating beam does not expe-
rience any electric or magnetic fields. For typical param-
eters, the transverse kick given to 980-GeV protons or an-
tiprotons in the Tevatron is of the order of 0.2 μrad. This is
to be compared with the multiple-scattering random kick of
17 μrad from the primary tungsten collimators in the Teva-
tron. With the hollow electron lens, one aims at enhancing
diffusion of the beam tails. This reduces their population in
a controllable way. It also decreases the loss spikes caused
by collimator setup, tune adjustments, and beam jitter.

A magnetically confined electron beam has several ad-
vantages. It can be placed very close to, and even over-
lap with the circulating beam. The transverse kicks are
small and tunable, so that the device acts more like a “soft
scraper” or a “diffusion enhancer,” rather than a hard aper-
ture limitation. At even higher electron currents (which
have not been demonstrated, yet) the electron beam could
become an indestructible primary collimator. If needed,
the electron beam can be pulsed to only affect a subset
of bunches, or the abort gap (for setup and alignment pur-
poses, for instance, or for abort-gap cleaning [18]). If faster
particle removal is needed, the electron beam can be pulsed
resonantly with the betatron oscillations. In the case of
ion collimation, there is no nuclear breakup. Finally, the
device relies on the estabilished technologies of electron
cooling [19] and electron lenses [20, 21, 22]. One dis-
advantage may be the relative cost and complexity of the
required components, such as superconducting solenoids,
high-voltage modulators, and cryogenics.

Beam Experiments at the Tevatron
The concept of hollow electron beam collimation was

tested in the Fermilab Tevatron collider. Experiments in

the Tevatron started in October 2010 and ended with the
shutdown of the machine in September 2011. Many ob-
servables such as particle removal rates, effects on the core,
diffusion enhancement, collimation efficiency and loss rate
fluctuations were measured as a function of electron lens
parameters: beam current, relative alignment, hole radius,
pulsing pattern, and collimator configuration. Preliminary
results were presented in Refs. [10, 23, 24, 25]. Here, we
summarize the main observations: (a) compatibility with
collider operations — the electron lens was routinely op-
erated during regular collider stores without loss of lumi-
nosity; (b) reliable and reproducible alignment of the elec-
tron beam with the circulating beam; (c) smooth halo re-
moval; (d) negligible effects on the core (no particle re-
moval or emittance growth); (e) suppression of loss spikes
due to beam jitter or tune adjustments; (f) increased colli-
mation efficiency, defined as the ratio between local colli-
mator losses and losses at the experiments; (g) transverse
diffusion enhancement.

In the context of this paper, we would like to focus on
the enhancement of beam halo diffusion. We are interested
in how the hollow beam affects diffusion. For this purpose,
new scintillator paddles were installed near one of the an-
tiproton secondary collimators. These loss monitors were
gated to individual bunch trains. With this device we could
measure diffusion rates, collimation efficiencies and loss
spikes simultaneously for the bunch trains affected by the
electron beam and for the control bunch trains.

Figure 4 shows a measurement of the diffusion coeffi-
cient using the collimator-scan technique described in the
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Figure 4: Effect of the hollow electron beam on the trans-
verse diffusion coefficient, as a function of vertical colli-
mator position. The gray lines represent the calculated ge-
ometrical projection of the hollow electron beam.
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first part of the paper. The measurement was taken at the
end of a regular collider store. The diffusion coefficient is
plotted as a function of the vertical collimator position (ex-
pressed in terms of the r.m.s. beam size σ ), for different
values of the electron beam current. One can see a clear
diffusion enhancement (up to 2 orders of magnitude for a
beam current of 0.9 A) in the region of transverse space
where the electron beam is present.

Applications to the LHC
Following the Tevatron experience, hollow electron

beams are being considered as a complement to the LHC
collimation system for operation at high intensities. The
main feature of this novel technique is a safe and flexible
control of beam tails. A first step towards this goal could
be the installation of one of the existing Tevatron electron
lenses in the SPS or in the LHC, where candidate locations
have been identified.

To elucidate the dependence of the electron lens effect on
the details of the machine, a campaign of numerical simu-
lations is being carried out [26, 27]. The main goals are to
understand the Tevatron observations, to develop comple-
mentary tools (Lifetrac and SixTrack), to check their con-
sistency, and to extend the simulations to test scenarios in
the SPS or in the LHC.

It is also desirable to develop larger electron guns, for
two reasons: to achieve larger currents, and therefore ex-
tend the reach of the hollow lens; and to operate at higher
solenoidal fields, improving the stability of the two-beam
system. For these purposes, a new 1-inch hollow electron
gun was built and is being tested at Fermilab.

CONCLUSIONS
Collimator scans are a sensitive tool for the study of

halo dynamics. They allow one to investigate beam dif-
fusion, populations, lifetimes, and collimation efficiencies
as a function of transverse amplitude. Measurements of
halo diffusion rates in the Tevatron and in the LHC were
presented, quantifying the role of the different mechanisms
dominating halo dynamics.

Hollow electron beams have been experimentally shown
to be a safe and flexible technique for halo control in high-
power accelerators. In this paper, their effect on halo dy-
namics in circular accelerators was emphasized. The char-
acteristics of each individual machine must be taken into
account to understand the details of their operation, but the
technique appears to be applicable to the LHC and other
accelerators.
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