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Abstract

Beam-beam forces and collision optics can strongly af-
fect beam lifetime, dynamic aperture, and halo formation in
particle colliders. Extensive analytical and numerical simu-
lations are carried out in the design and operational stage of
a machine to quantify these effects, but experimental data
is scarce. The technique of small-step collimator scans was
applied to the Fermilab Tevatron collider and to the CERN
Large Hadron Collider to study the effect of collisions on
transverse beam halo dynamics. We describe the technique
and present a summary of the first results on the depen-
dence of the halo diffusion coefficient on betatron ampli-
tude in the Tevatron and in the LHC.

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
colliders all contribute to the topology of the particles’
phase space, which in general includes regular areas with
resonant islands and chaotic regions. In addition, vari-
ous noise sources are present in a real machine, such as
ground motion (resulting in orbit and tune jitter) and rip-
ple in the radiofrequency and magnet power supplies. As
a result, the macroscopic motion can in some cases ac-
quire a stochastic character, describable in terms of diffu-
sion [1, 2, 3, 4, 5, 6, 7].

In studies for the Superconducting Super Collider [8],
the concept of diffusive dynamic aperture was discussed,
and how it is affected by beam-beam forces, lattice non-
linearities, and tune jitter. Detailed theoretical studies of
beam-beam effects and particle diffusion can be found, for
instance, in Refs. [4, 5, 6, 9, 10]. In Ref. [7], the effects
of random fluctuations in tunes, collision offsets, and beam
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sizes were studied. Numerical estimates of diffusion in the
Tevatron are given in Refs. [11, 12, 13].

Two main considerations lead to the hypothesis that
macroscopic motion in a real machine, especially in the
halo, may have a stochastic nature: (1) the superposition of
the multitude of dynamical effects (some of which stochas-
tic) acting on the beam; (2) the operational experience dur-
ing collimator setup, which generates spikes and dips in
loss rates that often decay in time as 1/

√
t, a typically dif-

fusive behavior.
It was shown that beam halo diffusion can be measured

by observing the time evolution of particle losses during a
collimator scan [14]. These phenomena were used to es-
timate the diffusion rate in the beam halo in the SPS and
Spp̄S at CERN [15, 16, 17], in HERA at DESY [14], and
in RHIC at BNL [18]. An extensive experimental campaign
was carried out at the Tevatron in 2011 [19] to character-
ize the beam dynamics of colliding beams and to study the
effects of the novel hollow electron beam collimator con-
cept [20]. Recently, the technique was also applied to mea-
sure halo diffusion rates in the LHC at CERN [21]. These
measurements shed light on the relationship between halo
population and dynamics, 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 elec-
tron lenses.

Halo diffusion rates were measured under various exper-
imental conditions. In this paper, we focus on the compar-
ison between colliding and separated beams, in an attempt
to expose the effects of beam-beam forces. After briefly
describing the method of small-step collimator scans, we
present data on the dependence of the transverse beam halo
diffusion coefficient on betatron amplitude in the Tevatron
and in the LHC.

EXPERIMENTAL METHOD

A schematic diagram of the apparatus is shown in Fig. 1
(top). All collimators except one are retracted. As the col-
limator jaw of interest is moved in small steps (inward or
outward), 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, typ-
ical 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,
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on the other hand, a dip in loss rates 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. With this technique, the
diffusion rate can be measured over a wide range of am-
plitudes. 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 toler-
able loss spikes.

MODEL

A diffusion model of the time evolution of loss rates
caused by a step in collimator position was developed [22].
It builds upon the model of Ref. [14] 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
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Figure 1: Schematic diagram of the apparatus (top). Exam-
ple of the response of local loss rates to inward and outward
collimator steps (bottom).

(diffusion coefficient, tail population gradient, detector cal-
ibration, and background rate) is more robust and precise.

Following Ref. [14], we consider the evolution in timet
of a beam of particles with phase-space densityf (J, t) de-
scribed by the diffusion equation∂t f = ∂J (D∂J f ), whereJ
is the Hamiltonian action andD the diffusion coefficient in
action space. The particle flux at a given locationJ = J′

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

c/(2βc), corresponding to the collimator half
gapxc at a ring location where the amplitude function isβc,
changes from its initial valueJci to its final valueJc f in a
time ∆t. The step in action is∆J ≡ Jc f − Jci. In the Teva-
tron, typical steps in half gap were 50µm in 40 ms; smaller
steps (10µm in 5 ms, typically) were possible in the LHC.
In both cases, the amplitude function was of the order of
a hundred meters. It is assumed that the collimator steps
are small enough so that the diffusion coefficient can be
treated as a constant in that region. IfD 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)

wherek is a calibration constant including detector accep-
tance and efficiency andB 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. [22].

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

∂J fI(Jc, t) =−Ai +2(Ai−Ac)P

(

−Jc

w

)

+ (3)

2
√

2πw

{

−Ai(Jci − Jc)+ (AiJci −AcJc)e
−(Jc/w)2/2

}

∂J fO(Jc, t) =−2AiP

(

Jci − Jc

w

)

+2(Ai−Ac)P

(

−Jc

w

)

+

2
√

2πw
(AiJci −AcJc)e

−(Jc/w)2/2. (4)

The positive parametersAi = − [∂J f ]J=Jci
and A f =

− [∂J f ]J=Jc f
are the opposite of the slopes of the distribu-

tion function before and after the step, whereasAc varies
linearly betweenAi andA f as the collimator moves. The
parameterw is defined asw ≡

√
2Dt. The functionP(x)



is the S-shaped cumulative Gaussian distribution function:
P(−∞) = 0, P(0) = 1/2, andP(∞) = 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 backgroundB is mea-
sured before and after the scan when the jaws are retracted.
The calibration factork 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 fit parame-
ters(kDAi) and(kDA f ) are the steady-state loss rate levels
before and after the step. The diffusion coefficientD de-
pends on the measured relaxation time and on the value of
the peak (or dip) in loss rates.

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
distribution at the collimator.

RESULTS

All Tevatron scans were done vertically on antiprotons,
either at the end of regular collider stores (0.98 TeV per
beam) or with only antiprotons in the machine at the same
top energy. Losses were measured with scintillator paddles
located near the collimators. (A detailed description of the
Tevatron collimation system can be found in Ref. [23].)

The LHC measurements were taken in a special machine
study at 4 TeV with only one bunch per beam, first with
separated beams and then in collision, with vertical cross-
ing in the first interaction point (IP1) and horizontal cross-
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Figure 2: Measurements of vertical halo diffusion in the
Tevatron and in the LHC.

ing at IP5 [21]. Losses were measured with ionization
chambers. Because of the negligible cross-talk between
loss monitors, it was possible to simultaneously scrape pro-
ton beam 1 vertically and proton beam 2 horizontally.

Figure 2 shows a comparison of vertical beam halo dif-
fusion measurements in the Tevatron and in the LHC, for
inward collimator steps. To account for the different ki-
netic energies of the two machines, diffusion coefficients
are plotted as a function of normalized vertical collimator
action I ≡ γrJ, whereγr is the relativistic Lorentz factor.
On the vertical axis, we plot the diffusion coefficient in nor-
malized action spaceDI ≡ γ2

r D, which stems from recast-
ing the diffusion equation as follows:∂t f = ∂J (D∂J f ) →
∂t f = ∂I (DI ∂I f ).

The dark blue filled points refer to the end of Tevatron
collider Store 8733 (13 May 2011). The light blue data
(empty circles) was taken during a special antiproton-only
fill (Store 8764, 24 May 2011). The LHC data was taken on
22 June 2012 and refers to beam 1 (vertical) with separated
beams (empty red squares) and in collision (filled orange
squares). The continuous lines represent the diffusion coef-
ficients derived from the measured core geometrical emit-
tance growth rateṡε : D = 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 exibited a slow halo diffu-
sion, comparable with the emittance growth from the core.
This fact can be interpreted as a confirmation of the ex-
tremely good quality of the magnetic fields in the machine.
Collisions enhanced halo diffusion in the vertical plane by
about 1 to 2 orders of magnitude. No significant diffusion
enhancement was observed in the horizontal plane. The
reason for this difference is not understood. In the Teva-
tron, the comparison between halo and core diffusion rates
suggests that single-beam diffusion at these large ampli-
tudes is dominated by effects other than residual-gas scat-
tering and intrabeam scattering, pointing towards field non-
linearities and noise (including tune modulation generated
by power-supply ripple). At the end of the store, collisions
enhance diffusion by about 1 order of magnitude.

From the measured diffusion coefficients, estimates of
impact parameters on the primary collimator jaws are pos-
sible [14]. One can also calculate the particle survival time
vs. amplitude. The diffusion coefficient is related to the
steady-state density of the beam tails, which can therefore
be deduced with a procedure that is complementary to the
conventional static model based on counting the number of
lost particles at each collimator step. These and other con-
sequences of beam halo diffusivity will be investigated in
separate reports.

CONCLUSIONS
The technique of small-step collimator scans was ap-

plied to the Fermilab Tevatron collider and to CERN’s
Large Hadron Collider to study transverse beam halo dy-
namics in relation to beam-beam effects and collimation.



We presented the first data on the dependence of transverse
beam halo diffusion rates on betatron amplitude. In the
Tevatron, vertical antiproton diffusion at the end of a col-
lider store was compared with a special store with only an-
tiprotons in the machine. Even with a reduced beam-beam
force, the effect of collisions was dominant. A comparison
with core emittance growth indicated that halo diffusion of
single beams was driven by nonlinearities and noise, and
not by residual-gas or intrabeam scattering. In the LHC,
horizontal and vertical collimator scans were performed
during a special machine study with only one bunch per
beam (no long-range beam-beam interactions). With sep-
arated beams, no significant difference was observed be-
tween halo and core diffusion, which indicated very low
noise levels and nonlinearities. In collision, horizontaldif-
fusion was practically unchanged; the vertical diffusion
rate enhancement was a function of action and reached
about 2 orders of magnitude. In general, it was confirmed
that collimator scans are a sensitive tool for the study of
halo dynamics as a function of transverse betatron ampli-
tude.
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