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Analytical estimation of ATF beam halo distribution *
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Abstract: In order to study the backgrounds in the ATF2 beam line and the interaction point (IP), this paper has

developed an analytical method to give an estimation of the ATF beam halo distribution based on K. Hirata and

K. Yokoya’s theory. The equilibrium particle distribution of the beam tail in the ATF damping ring is presented,

with each electron affected by several stochastic processes such as beam-gas scattering, beam-gas bremsstrahlung and

intra-beam scattering, in addition to the synchrotron radiation damping effects. This is a general method which can

also be applied to other electron rings.
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1 Introduction

The distribution function of an electron bunch, trans-
verse or longitudinal, is often assumed to be Gaussian.
Actually, however, due to stochastic processes, there al-
ways exists some deviation and hence charge distribu-
tions of accelerator beams can be separated into two
parts: the beam cores, which usually have Gaussian-
like distributions, and the beam halos, which have much
broader distributions than the beam cores. The central
part affects the luminosity of colliders, circular or linear,
and the brightness of synchrotron light sources,while the
halos can give rise to background in collision experiment
detectors and even reduce the lifetime if its distribution
is too large.

At the interaction point (IP) of ATF2 (Accelerator
Test Facility 2), an elaborately designed beam size mon-
itor based on laser interferometer technology, called the
Shintake monitor, is utilized to measure the sub-100 nm
electron beam size [1]. The photon background in the
IP section will influence the modulation of the Shintake
monitor, however, and hence degrade the resolution of
beam size measurements. Since beam halo scattering
with the beam pipe is the main source of background,
in order to study the charge distribution of the beam
halo along the ATF2 beam line and develop a collima-
tion strategy, we need to know the halo status at the
entrance of ATF2 and furthermore, how it is generated
in the ATF damping ring. So, in this paper, we try
to make an analytical estimation of the halo distribu-
tion in ATF due to several common stochastic processes,

based on the theory established by K. Hirata and K.
Yokoya [2]. Typical damping ring parameters are listed in
Table 1 [3].

Table 1. Typical ATF parameters.

energy E0/GeV 1.28

natural energy spread δ0 5.44×10−4

energy acceptance 0.005

average βx/βy/m 3.9/4.5

horizontal emittance/nm 1

vertical emittance/pm 10

transverse damping time/ms 18.2/29.2

longitudinal damping time/ms 20.9

2 Beam-gas scattering

The performance of accelerators and storage rings de-
pends on the many components of the accelerator, and
one very important component is the vacuum system.
Interactions between the accelerated particles and the
residual gas atoms may degrade the beam quality. The
lifetime may be reduced and/or the emittance may in-
crease. The beam halo is possibly generated because the
particles’ distribution deviates from a Gaussian distribu-
tion.

The deflection of an electron via the Coulomb inter-
action is described by Rutherford scattering. We assume
that this scattering is elastic and that the recoil momen-
tum of the residual gas is negligible. The differential
cross-section of the electron scattering with an atom is
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given by [4]
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We then need to get the probability density function
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For the elastic scattering, we assume that CO gas is
dominant for beam-gas scattering in ATF, so that the
total scattering probability in a unit time is

N =Qσtotc, (7)

where c is the speed of light and Q is the number of gas
molecules in a unit volume, given by

Q=2.65×1020nP, (8)

where n is the number of atoms in each gas molecule and
P is the partial pressure of the gas in pascals. Here for
ATF, Z=501/2 and n=2.

The collision probability of electron and gas atoms
during one damping time is

Nτ =Nτ, (9)

where τ is the transverse damping time for either the
horizontal or vertical direction.

Finally, one gets the beam transverse distribution as
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where Θ is the minimum scattering angle normalized by
angular beam size, which is defined by

θmin

σ′

0

(

σ′

0
=

σ0

β

)

,

and X denotes both horizontal and vertical normalized
coordinate. This formula tells us that the beam distri-
bution disturbed by the beam-gas scattering effect is de-
cided by only two parameters, the normalized scattering
frequency Nτ and the minimum normalized scattering
angle Θ. The transverse beam distributions according
to Eq. (10) are plotted in Fig. 1 and Fig. 2.

Fig. 1. Horizontal beam distribution with differ-
ent vacuum pressures (horizontal coordinate X is
normalized by RMS beam size).

From Fig. 1 and Fig. 2, we can see that due to the
beam-gas scattering effect, the beam distribution will de-
viate from a Gaussian distribution. A worse vacuum sta-
tus will give a larger beam halo and a smaller Gaussian
beam core. Also, it can be seen that the vertical dis-
tribution of a beam is affected more than the horizontal
distribution by the elastic beam-gas scattering because
σ′

y0
<σ′

x0
, so Θy>Θx.
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Fig. 2. Vertical beam distribution with different
vacuum pressures (vertical coordinate Y is nor-
malized by RMS beam size).

3 Beam-gas bremsstrahlung

As is well known, when charged particles are acceler-
ated, they emit electromagnetic radiation, i.e. photons.
In accelerators, an electron with energy E0, which passes
a molecule of the residual gas, is deflected in the electric
field of the atomic nucleus. The electron loses energy due
to the radiation emitted when an electron is deflected.

This bremsstrahlung will be very strong for relativistic
electrons. There is a certain probability that a photon
with energy ε is emitted and the differential cross-section
for an energy loss ε due to bremsstrahlung is given by [5]
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Then, one can get the total scattering frequency
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and the probability density function
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where Emax is equal to the ring energy acceptance and
Emin is an assumed value, which will be discussed later.

Also, using the same formulae given in Eq. (7) to
Eq. (9), we can calculate the total collision frequency.

Thus, the beam energy distribution due to beam-gas
bremstruhlung can be expressed by
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Fig. 3. Energy distribution with different vacuum
pressures and different minimum energy loss (the
horizontal coordinate E is normalized by the nat-
uralenergy spread).

Figure 3 shows the beam energy distribution based
on Eq. (14). It can be seen that the level of the beam

halo is decided by the purity of the vacuum. Lower vac-
uum pressure will give a smaller beam halo. Also, it
shows that minimum energy loss Emin is an important
parameter which can predict how long a tail we can get.
For the ATF case, if we set a value of Emin larger than 1
percent of the natural beam energy spread, we will not
get the distribution for the beam halo. It does not mean
there are no halo particles outside 7 σE ; it simply means
the distribution function ρ(E) for the energy larger than
7 σE becomes negative due to the calculation algorithm.
We therefore need to choose an appropriate Emin, keep-
ing in mind a balance of CPU computing time and halo
length.

4 Intra-beam scattering

Intra-beam scattering (IBS) is the result of multiple
small-angle Coulomb collisions between particles in the
beam, which is different from the Touschek effect. The
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Touschek effect describes collision processes which lead
to the loss of both colliding particles. In reality, however,
there are many other collisions with only small exchanges
of momentum. Due to the scattering effect, beam parti-
cles can transform their transverse momenta into longi-
tudinal momenta randomly, which leads to a continuous
increase of beam dimensions and to a reduction of the
beam lifetime when the particles hit the aperture. De-
tailed theories of intra-beam scattering have been devel-
oped in references [6–12]. However, the current theories
mainly discuss the rms emittance growth and the rise
time due to intra-beam scattering, which cannot give all
the particle distribution information because the beam
has a non-Gaussian distribution. In this paper, we will
focus on the IBS induced beam distribution for the lon-
gitudinal and vertical directions.

In the center-of-mass reference frame of two scatter-
ing particles, the differential cross section of Coulomb
scattering for electrons (or positrons) is given by the
Möller formula [13]
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where v is the relative velocity in the c.m. system, which
we will assume to be essentially horizontal because hor-
izontal momentum is much larger than vertical momen-
tum, and hence will contribute more to momentum ex-
change, and θ is the scattering angle. The bar denotes
the center-of-mass reference frame and the differential
cross section dσ̄ is evaluated in the center-of-mass sys-
tem.

At small angles (as is common for IBS), the Möller
formula for the differential cross section reduces to
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Considering the angular change of the momentum gives
a momentum component perpendicular to the horizontal
axis

p⊥=pxsinθ, (17)

and
dp⊥=pxcosθdθ≈−pxdθ, (18)

with
px=

m0v

2
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where m0 is the rest mass of the electron. Also consid-
ering

dΩ=2πsinθdθ, (20)

one can get
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where β̄ is the c.m. velocity of the electrons in units

of c
(
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and p⊥ is the momentum exchange from

the horizontal direction to the perpendicular directions
in the center-of-mass frame.

Furthermore, taking account of the fact that the
probability is the same for transfers occurring in the ver-
tical and longitudinal directions, we can get the differen-
tial cross section for longitudinal momentum growth in
the center-of-mass system

dσ̄=π
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where ε is the longitudinal momentum change due to the
IBS effect in the center-of-mass system. If we transfer the
longitudinal momenta back to the laboratory system, the
real longitudinal momentum growth will be γε.

Finally, for a single test particle, the total number
of events of momentum exchange from the horizontal
direction to the longitudinal direction per second and
the probability density function f(ε) can be written as
Eq. (23) and Eq. (24).

N =
4π

γ2

∫
β̄cP (~x1,~x2)

∫
∞

Emin

dσ̄

dε
dεd~x1d~x2

≈

cr2

e

6γ3

Ne

E2

min
σxσyσzσx′

, (23)

f(ε) =
1

σ̄tot

dσ̄

dε
=

2E2

min

ε3
. (24)

For the integration of Eq. (23), we have used the approx-
imate result in Ref. [10].

Thus, one gets the expression of beam energy distri-
bution due to the IBS process as
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where Nτ is the total scattering rate normalized by the
longitudinal damping rate (Nτ = Nτz) and Emin is the
minimum momentum increment in the longitudinal di-
rection during the IBS process. We have explained the
meaning of Emin and the principles for choosing its value

in Section 3.
Furthermore, using the same method of beam-gas

scattering, one can get the vertical distribution due to
IBS as
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where Nτ is the total scattering rate normalized by the
vertical damping rate (Nτ =Nτy) and Pmin is the mini-
mum momentum increment in the vertical direction dur-
ing the IBS process.

Figure 4 shows the beam energy distribution based
on Eq. (25). Here, we choose Emin equal to 0.01% of
natural energy spread. We can see that a larger beam
density gives a larger beam halo, which will also increase
the RMS beam size. Since the design bunch population
is 1×1010 for the ATF damping ring, from Fig. 4, the
beam energy distribution will deviate from a Gaussian
shape outside 8σE and the halo particles will have about
1×10−16 of peak beam density. Compared with Fig. 3,
it can be seen that in the ATF damping ring, the energy
distribution of the beam halo is dominated by the beam-
gas bremsstrahlung effect rather than the IBS effect.

Fig. 4. Energy distribution with different bunch
populations (the horizontal coordinate E is nor-
malized by the natural energy spread).

Figure 5 shows the vertical charge distribution based
on Eq. (26). Here, we choose Pmin of about 0.02% of the
natural energy spread. In the ATF damping ring, the

vacuum level is at the order of 10−7–10−6 Pa. Accord-
ing to Fig. 2, the charge intensity of the vertical halo is
about four orders of magnitude lower than at the beam
center in the ATF. So it seems that in the ATF damping
ring, the vertical distribution is dominated by beam-gas
scattering rather than by the IBS effect.

Fig. 5. Vertical distribution with different bunch
populations (vertical coordinate Y is normalized
by RMS beam size).

5 Conclusions and future work

Due to various incoherent stochastic processes in the
electron (positron) rings in an accelerator, the beam dis-
tribution will deviate from a Gaussian shape, generating
a longer beam tail and increasing the beam dimensions.
With the background issue, we have to study the halo
distributions and the mechanisms by which the halo par-
ticles are produced. For the RMS emittance growth, we
do have some mature theories and numerical codes to
use, while for the whole beam distribution, especially for
the halo part, there are few mature theories. Even using
simulations, it is difficult to get the vertical RMS emit-
tance and the halo distribution for three directions be-
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cause the beam halo includes much fewer particles than
the beam core. For the first time, we have analyzed
the whole beam distribution of the ATF damping ring,
including the halo section, looking at beam-gas scat-
tering, beam-gas bremsstrahlung and intra-beam scat-
tering, based on the existing theory of K. Hirata and
K. Yokoya. From our study, it seems that the trans-
verse halo in ATF is dominated by beam gas scatter-
ing while the longitudinal halo is dominated by beam
gas bremsstrahlung. The analytical method developed
in this paper is not specific to ATF and can be utilized
on any other electron ring.

For the next step, we will study the horizontal distri-
bution due to IBS, where a coupling effect between the
longitudinal direction and the horizontal direction exists
through horizontal dispersion. Also, we will study the in-
fluence of different ring emittances on the IBS process. A
smaller emittance will induce a higher collision frequency
but lower momentum exchange, so different emittances
may give different halo shapes. In addition, we plan to
develop a semi-theoretical method based on a random
generator to produce the combined Gaussian core and
halo distributions so that we can study the combined
distribution due to different stochastic processes.
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