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Beam halo is one of the crucial issues limiting the machine performance and causing radioactiva-
tion in high-intensity accelerators. A clear picture of beam-halo formation is of great importance for
successful suppression of the undesired beam loss. We present numerical and experimental studies
of transverse and longitudinal halos in the KEK Accelerator Test Facility. The observed general
consistency between predictions and observations in various conditions indicates that the Touschek
scattering is the dominant mechanism forming the horizontal and momentum halos.
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I. INTRODUCTION

Beam halo is one of the most critical issues limiting
the performance and potentially causing component ac-
tivation for high-intensity accelerators, especially high-
energy colliders at the luminosity frontier. The forma-
tion of beam halos is generally complicated and associ-
ated with various collective effects, nonlinearity, optics
errors, beam-beam interaction, secondary emission, and
so on [1-10]. To mitigate the undesired background in-
duced by halo particle loss, a robust collimation system
is an indispensable part of a high-intensity accelerator.
To accurately estimate collimation efficiencies and resid-
ual backgrounds, good knowledge of the primary driv-
ing mechanisms and adequate modeling is of vital im-
portance.

The Accelerator Test Facility (ATF) at KEK was ini-
tially constructed to demonstrate the feasibility of pro-
ducing low-emittance beams required at a future linear
collider and supply high-quality beams for the R&D ac-
tivities on beam dynamics, instrumentation and control
technology which will be needed at such facilities [11-
14]. Tt consists of a 1.3 GeV injector, a race-track style
damping ring (DR) and an extended extraction line. The
major parameters of the DR are listed in Table I. ATF
provides an excellent opportunity to investigate halo for-
mation towards future colliders. Compared with a high-
energy collider with typically high local chromaticity in
the interaction region and strong nonlinear beam-beam
interaction effects, the primary mechanisms driving par-
ticles into the halo region in a GeV-scale electron storage
ring are more straightforward, involving mainly beam-
gas scattering (BGS), Touschek scattering and nonlinear-
ity [10, 15-17]. However, the verification of such plausi-
ble driven mechanisms from direct observations has been
rarely reported. Prior beam halo studies in ATF have

*

renjun.yang@kek.jp

concentrated on the development of high-dynamic-range
halo monitors and analytical evaluations based upon
Campbell’s theorem [18-20]. Quantitative measurements
using diamond sensor based detector did show that the
vertical halo is dominated by the elastic BGS process [21].
However, the horizontal halos were much larger than pre-
dicted by BGS, and could not be fully explained. Given
the relatively large non-zero horizontal dispersion, it was
suspected that they were arisen from an inelastic scat-
tering process such as Touschek scattering, but a careful
check of this hypothesis could not be pursued due to the
lack of an adequate numerical simulation with all the
necessary physical processes and a powerful monitor for
both transverse and longitudinal halos.

In this article, numerical simulations of halo gener-
ation including a more complete set of scattering pro-
cesses in the presence of realistic machine parameters
are presented, followed by experimental observations of
transverse and longitudinal halos employing a combined
YAG/OTR screen monitor. The reasonable agreement
between these new simulations and the measurements
demonstrates the Touschek effect’s leading role in the
formation of horizontal and momentum halos.

TABLE 1. ATF main parameters [11, 12].

Beam energy [GeV] 1.3
Circumference [m)] 138.6
Bunch charge [nC] 0.16-1.6
Vertical emittance [pm] >4
Horizontal emittance [nm] 1.2

Energy spread [%)] 0.056 (0.08)*

Bunch length [mm] 5.3 (7)*
Number of bunches 1-20
Repetition rate [Hz] 3.12

a For a bunch charge of 1.6 nC.



II. SIMULATIONS

The simulation which is used includes three main
parts: mimicking of realistic beam parameters, genera-
tion of halo particles from stochastic processes, and par-
ticle tracking. The halo generator was developed based
on SAD [22]. It initially included only the BGS pro-
cess [21, 23], and has now been expanded to treat also
Touschek scattering.

Unlike the BGS process, Touschek scattering closely
depend on the particle density. To reproduce the op-
erational emittances, vertical dispersion and zy cou-
pling are deliberately introduced through local-dispersion
bumps and rotations of quadrupoles in the straight sec-
tions, respectively [24]. Chromaticity is controlled by
the corresponding sextupole families, while the beta-beat
and horizontal-dispersion errors are ignored. For high-
intensity beams, equilibrium emittances can also be sig-
nificantly diluted due to the intra-beam scattering (IBS)
process and are numerically evaluated with the beam-
envelope method [25, 26].

Both elastic and inelastic scatterings between parti-
cles and nuclei of the residual gas have been included,
as described in Ref. [21, 23]. For the sake of simplicity,
a uniform gas pressure with CO as major gas compo-
nent was assumed. For the Touschek effect, the theory
established by Piwinski [27] has been employed to eval-
uate momentum transformations and the relevant two-
dimensional (2D) particle distributions and variations of
beam envelopes in the presence of non-zero dispersion.
For a bunched beam with Gaussian phase-space distri-
butions, the rate of Coulomb scattering leading to a lon-
gitudinal momentum perturbation of [Ad;, Ads] can be
expressed as

R(A61,Ad) =

R(AS,00) — R(Ads,00) (1)

with

T?ch

240, . 5242 40,22
BTY2044/050, — TsNzlyTm

where r. is the classical electron radius, ¢ the veloc-
ity of light in vacuum, N, the bunch population, -y the
Lorentz factor, 7., the dispersion, o, the transverse
beam size, o5 the energy spread, o, the bunch length
and T, = B°A§%, with B the relative velocity of beam.
F(r,,) is an integration over the whole beam column, as
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FIG. 1. Equilibrium emittances evaluated by numerical cal-
culation in the presence of synchrotron radiation and IBS,
and tracking with one-turn damping and excitation matrices.
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where [y is the modified Bessel function, S5,
the beta function, 015 v the betatron beam sizes,
Ney = Oz yay + ﬁl My and & 52 + o372 - The
induced momentum perturbatlons :|:A5 are apphed to
two core particles, generated randomly based on the equi-
librium beam matrices. The local scattering rate is deter-
mined taking into account the distance to the closest up-
stream element and then integrated to give the total scat-
tering rate. These derivations assume a significant longi-
tudinal momentum change and special attention should
be paid to the choice of Ad. Here, the minimum mo-
mentum change is set to 304, while the maximum per-
turbation should be larger than the momentum accep-
tance (~1.2%) since some large off-momentum particles
might survive for a few turns and slip into the adjacent
RF bucket. For simplicity, the transverse heating due
to momentum transfers is not included, and therefore,
the transverse diffusion takes place only in the dispersive
regions.

Scattered particles are tracked element-by-element us-
ing the default symplectic tracking routine of SAD. Ra-
diation damping and diffusion from quantum excitation
and IBS are applied in a turn-by-turn manner utilizing
the corresponding matrices. In the ATF damping ring,
transverse emittances evaluated analytically are in agree-
ment with the tracking results, as shown in Fig. 1. The
scattered particles are typically generated and tracked
for two damping times to reach equilibrium. Thanks to



the randomness of quantum and IBS fluctuations, one
can accumulate halo particles over the last few turns
for sufficient statistics with a reasonable computing time.
The complete distributions are combinations of scattered
particles (more than 1x10%) and core particles obtained
through tracking in parallel.

III. MEASUREMENTS

A. Experimental setup

For fast halo diagnostics, a combined yttrium
aluminium garnet (YAG)/optical transition radia-
tion (OTR) monitor has been developed [28]. Four

0.5 mol% Ce:YAG screens with a central rectangular
opening are for visualizing core and halo profiles, and an
OTR target provides supplementary visualisation of the
dense beam core, for which the YAG image is deformed
owing to scintillation saturation, as depicted in Fig. 2.
The screens are placed on a holder actuated by an auto-
matic manipulator. For halo imaging, one must adjust
the YAG pads to allow core particles to pass through the
central opening. The YAG and OTR screens are at 45°
and 67.5° to the beam trajectory, respectively, to collect
light with a common optical system comprising filters, a
microscope lens and a 16-bit complementary metal-oxide-
semiconductor (CMOS) camera [29].

To avoid blooming effects, halo distributions are mea-
sured through one-dimensional scans of the YAG pads.
After taking a picture of the halo far from the beam core,
the YAG pads are moved toward the beam core step-by-
step and images are captured with light attenuation at
each step. Then, sliced halo images at different distances
to the center are cut out by trimming the parts near the
inner edge of the YAG, and overlapped with preceding
images. Combining the core and the sliced halo images of
the two sides, a complete core-halo distribution is eventu-
ally obtained, as illustrated in Fig. 2. Owing to this scan-
ning procedure, vertical and horizontal profiles have to be
captured individually. Using solely the YAG screens, a
dynamic range of about 1 x 10°, limited by the photon-
vield efficiency of the scintillator, background noise and
scintillation saturation, has been demonstrated [30].

For visualizing the momentum halo, the YAG/OTR
monitor has been placed downstream of a dogleg in-
flector in the extraction line. A large vertical disper-
sion (>200 mm) can be easily bumped using two skew-
quadrupoles located in the dogleg where the horizontal
dispersion reaches its largest absolute values but with
opposite signs [31], as shown in Fig. 3.

B. Transverse and longitudinal halos

The vertical halo was already shown in a previous
study to be driven by the elastic BGS process [21], there-
fore only the horizontal and momentum halo are pre-
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FIG. 2. Schematic of the YAG/OTR monitor including a 2D
core-halo image obtained through horizontal scanning of the
left and right YAG pads. The glare in the halo region result
from dust on the screen.
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FIG. 3. Beta-function and dispersion along the extraction
line. The colored marks represent the experimental data and
the lines denote the model optics. QS1X and QS2X are the
skew-quadrupoles for vertical-dispersion control.

sented here. As shown in Fig. 4 (a-b), the measured hor-
izontal halos are in reasonable agreement with the simu-
lations for different gas pressures (2x1077-1.2x107% Pa)
and beam intensities (0.16-0.96 nC). The horizontal halo
is not influenced by the DR vacuum but is instead en-
hanced for a higher beam intensity. Due to the consider-
able background noise near the edges of the camera sen-
sor, the measurements extend only to 810c. One may
see that the measurements away from the beam core are
already noisy, especially for a low bunch charge.

The momentum halos are imaged in the vertical plane
with a vertical dispersion of about 200 mm at the mon-
itor. The possible impact of the vertical betatron halo
must therefore first be checked. The observations at two
different gas pressures (2x107 and 1.2x107% Pa) show
good agreement with numerical simulations and insignif-
icant correlation with gas pressure, revealing a negligible
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FIG. 4. Normalized horizontal (a, b) and momentum (c, d) halos as a function of gas pressure and bunch charge. o represents
horizontal beam size for a bunch charge of 0.48 nC and o9 is the energy spread at a bunch charge of 0.32 nC. Besides, a bunch

charge of 0.48 nC is used for the vacuum-dependence studies.

contribution from the vertical betatron halo, as shown in
Fig. 4 (c¢). Notice that the momentum halo at 3-5¢ is
somewhat underestimated due to the absence of multiple
small-angle scattering process in simulation. For higher
gas pressures, some increase in the predicted momentum
halos in this region results from the inelastic BGS pro-
cess. However, such an increment is not observed in the
measurements. Although the observations show a weaker
intensity dependence than the numerical predictions, the
trends are consistent, as shown in Fig. 4 (d).

The reasonable general agreement between measure-
ments and simulations, together with the dependencies
consistent with expectations with respect to gas pressure
and beam intensity, clearly points to Touschek scatter-
ing as the dominating mechanism forming horizontal and
momentum halos. The residual discrepancies between
predictions and observations might be the result of an
imperfect extraction-kicker field or of inaccurate model-
ing of operational beam parameters. As shown in Fig. 5,
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FIG. 5. Horizontal halos versus extraction timing. The pro-
tuberances in the halo region arise from dust on the screen.
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FIG. 6. Horizontal and momentum halos versus vertical emit-
tance with a bunch charge of 0.96 nC. o0 and os50 are for a
vertical emittance of 10 pm.

the measured horizontal halos can become asymmetric
and slightly enhanced for inappropriate kicker timings.
Optimization of the kicker timing is generally conducted
before halo diagnostics, but the possible effects of resid-
ual timing errors might not be completely mitigated. The
numerical predictions are also influenced by the uncer-
tainties in vertical emittance measurements, errors in the
mimicking of the realistic machine parameters, and ambi-
guities in the calculations of beam emittances and diffu-
sion maps. A slight error on the model vertical emittance
can for instance lead to notable differences in equilibrium
beam sizes, Touschek scattering rate, and finally pre-
dicted horizontal and momentum halo distributions, as
shown in Fig. 6. An underestimated model vertical emit-
tance for the numerical predictions may thus partly ex-
plain the discrepancy found between the observations and
simulations at high beam intensity. More comprehensive
measurements of emittances, bunch length and energy
spread would therefore be needed as input to the sim-
ulations to improve the comparisons with the measure-

ments. Moreover, halo distributions may be affected by
resonances, chromaticity and nonlinearity, which should
also be considered for future investigations.

IV. CONCLUSION

The origin of the horizontal and momentum halos has
been theoretically and experimentally studied for the
KEK-ATF. A halo generator containing diffusion, BGS
and Touschek scattering processes has been developed
in a simulation approach based on realistic operational
beam parameters. For halo diagnostics, a combined
YAG/OTR monitor has been designed and installed in
places where the dispersion can be adjusted for acquir-
ing also the momentum-halo distribution. The reason-
able consistency between observations and simulations
for several gas pressures and beam intensities indicates
that the Touschek scattering dominates both horizontal
and momentum halos. Some observed residual discrep-
ancies are attributed to an imperfect extraction-kicker
field and remaining inaccuracies in the modeling of beam
emittances. Further simultaneous measurements of emit-
tances and beam halos employing an improved monitor
with a higher dynamic range (>10°) would be recom-
mended.

The observations provide a reliable benchmark of the
halo generator and validate its applicability to other
GeV-scale low-emittance storage rings. Moreover, the
importance of including multiple-scattering processes
and proper measurement based accelerator modeling has
been highlighted.
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