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Abstract

A simulation method to obtain beam tail distribution and
beam lifetime in electron storage rings has been applied to
the 2.5 GeV Pohang Light Source. The simuations were
performed to obtain transverse and longitudinal tail distri-
butions due to beam-residual gas bremsstrahlung, beam-
residual gas scattering and intra-beam scattering at the Po-
hang Light Source. The beam lifetime that is obtained by
the simulation is estimated to be around 19 hours in beam
current of 180 mA. It is shown that the simulated beam
lifetimes well agree with those of on normal operation.

INTRODUCTION

The distribution of particles in a bunch can be divided
into two regions: the core region at small amplitudes and
thetail region at large amplitudes. The core distribution de-
termines the brilliance in the synchrotron light source and
the tail distribution may affect the beam lifetime. A sim-
ple and fast simulation method was proposed to obtain the
beam tail due to rare random processeq[1][2]. The simu-
lation method investigates the beam tail distributions gen-
erated by rare and large-amplitude processes from the core
distribution. In this paper, the same simulation method was
applied to the 2.5 GeV Pohang Light Source (PLS). To see
the effects of beam tails in the transverse and longitudi-
nal distributions, we considered the cases of beam-residual
gas scattering, intra-beam scattering and beam-residual gas
bremsstrahlung. The beam lifetime at the PLS is also esti-
mated in asimulation and the beam lifetimes obtained from
the simulation show good agreements with those of on nor-
mal operation.

DESCRIPTION OF THE SIMULATION
METHOD

This section reviews the simulation method which fol-
lows from earlier work[1][2]. The simulation starts with n,
macroparticles that are given randomly with specified vari-
ances in six-dimensional phase space. Each macroparticle
(7) has aparticle number (IV;). Let p be the probability that
an electron undergoes a random process during one turn.
Once an electron in a macroparticle undergoes this process
( the probability P is N;p), we create a new macroparti-
cle (n + 1)th. This new macroparticle has one particle
(N;41 = 1) and the macroparticle which has undergone
arandom process now has a number of particles (V; — 1).

We assume that the variation in the random variable
due to a random process is limited to a range between
a minimum and a maximum value. To obtain the vari-
ation, first, calculate the probability (P), and generate
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one uniform random number (0 < o < 1). If 2 <
P, arandom process occurs for the macroparticle. Sec-
ond, generate a uniform random number (6;) in the inter-
val between the minimum value (6.) and the maximum
value (6,,) and one uniform random number in the in-
teval 0 < y < (do(0)/d0)mas, and compare y and
(do(0)/d0)g—e,. Here 6 is the scattering-angle random
variable and (do(0)/df)g—¢s is the cross section corre-
sponding to ¢'. If y < (do(#)/df)s—e,, a random vari-
aion corresponding 6, is given to an electron. If y >
(do(0)/dB)g—e,, discard these #; and y, and generate new
61 and y until therelation y < (do(0)/df)g—e, holds.

Each macroparticle in the simulation is tracked as fol-
lows:

1. Input We use the following mormalized variablesin
tracking:
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Here, the 07, oy, 3. and 3, are nominal horizontal beam
size, nominal vertical beam size, horizontal and vertical be-
tatron functions, respectively. E,, 02,0 and€e'(= E—E,)
are the nominal beam energy, nominal bunch length, rela-
tive energy spread and energy deviation due to a random
process, respectively.

2. Random process When atransverse random process,
such as beam-residual gas scattering, occurs, the momenta
of aparticle are varied by

b g=q- 2. &)
g

P=P-— p
z y
Here, the scattering angle () is given by values between
the minimum cutoff angle and the transverse aperture of
the beam. o, = 07 /3, and oy, = oy /3.
3. Betatron oscillation
4. Synchrotron oscillation
5. Synchrotron radiation

In the simulation program, it is assumed that new
macroparticles do not undergo the random processes and
are not tracked after they are produced by the random pro-
cesses, although the original macroparticles are continu-
oudly tracked. CPU time at this simulation can be reduced
by this method, and we can perform long-term runs.
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BEAM TAIL DISTRIBUTIONSBY A
SIMULATION MODEL

It was shown that there is no great differences in their
equilibrium statesif we track over around 20000 macropar-
ticles. We performed a weak-strong simulation with 30000
macroparticles in the phase spaces.

Beam-Residual Gas Bremsstrahlung

The differential cross section for an energy loss due to
bremsstrahlung between E and E' + dE isgiven by[4]
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where Z, « and r, denote the atomic number, the fine-
structure constant and the classical electron radius, respec-
tively. If we expand Eq.(5) by 5 and take first-order term,
we obtain
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We assume that one type of molecule uniformly existsin
thering.

Beam-Residual Gas Scattering

The cross section of the elastic scattering with an atom
is given by[4]
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where Q) is the solid angle, 6 the scattering angle, 7
the atomic number, r. the classical electron radius, v the
Lorentz factor and the screening of the atomic electronsis
accounted by the angle 6,,,;, .

To obtain scattering angle, first, caculate the
probability(P) that is scattered at higher angles 6 than
minimum scattering angle 6,, and generate one uniform
random number (0 < z < 1) each turn to decide whether
the scattering occurs or not. If x < P, the scattering angle
is defined by

6 =0,/ VR, (7)

where R (0< R <1) isthe other uniform random number.
On the other hand, beam-residual gas scattering causes the
changes of momenta of a particle in the horizontal and the
vertical directions. Then, third random number is used to
define azimuthal angle ¢ which is the angle between the
horizontal and scattering planes. To obtain the changes
of momenta due to the scattering in the normalized mo-
menta, we have to multiply 6, = 6 cos ¢ and §,= 0sin ¢
with thevalue 3, /o, 3, /0, respectively, taken at the po-
sition where the elastic scattering takes place. We use 4 m
and 5.5 m as the average values of 3, and 3, in the ring,
respectively.
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Intra-beam Scattering

The Touschek effect describes collision processes which
lead to loss of both colliding particles. In reality, however,
there are many other collisions with only small exchanges
of momentum. Due to a scattering effect, two particles can
transform their transverse momenta into longitudinal mo-
menta. If the new longitudinal momenta of the two par-
ticles are outside the momentum acceptance, the particles
will be lost. The differential cross section for Coulomb
scattering of two particleswith equal but opposite momenta
in the non-relativistic approximation is given by the Mdaller
formula[5]:

o r2
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where v istherelative velocity in the center of mass system
and 6 is the scattering angle. Note that the scattering an-
gleis measured in the laboratory system, while intra-beam
scattering cross section is evaluated in the center of mass
system. Accordingly, in order to obtain the scattering angle
in the center of mass system, we have to perform a Lorentz
transformation of the momentum and energy of a particle
from laboratory system to the center of mass system. Then
the new momenta are transformed back to the laboratory
system.

Fig.1 shows the horizontal, vertical and longitu-
dinal beam distributions due to beam-residual gas
bremsstrahlung, beam-residual gas scattering and intra-
beam scattering, respectively.

BEAM LIFETIMESASA FUNCTION OF
APERTURES

We obtain the lifetime by using average 3, ,, in stead of
B(s) inthering. The pressure-levelsin total beam currents
of 180 mA and 120 mA on normal operatoin at the PLS
are 0.6 x 1072 Torr and 0.45 x 10~? Torr, respectively.
The number of bunches on the operation is 400. Table 1
shows simulated beam lifetimes due to the bremsstrahlung
as afunction of the energy apertures. The lifetimes are ob-
tained when the horizontal and the vertical apertures are set
to 10007, and 1000, , respectively. Table 2 shows the smu-
lated beam lifetimes that result from the beam-residual gas
scattering and intra-beam scattering as a function of ver-
tical aperture. The lifetimes are obtained when the hori-
zontal and the energy apertures are set to 10007, and 1.5%,
respectively.

Comparison with operational beam lifetime

If we estimate the beam lifetime due to above considered
three random processes, it gives the beam lifetime around
18.9 hours in the single bunch with beam current of 0.45
mA under of vacuum pressure of 0.6 <10~ Torr for the
transverse gpertures of 10007, 1000, and energy apeture of
1.5%. Fig.2 showsthe beam lifetimesasafunction of beam
current on normal operation at the PL S which includes 400
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bunches. It is shown that the beam lifetimes obtained from
the simulation show good agreements with ones obtained
on normal operation.

DISCUSSION AND CONCLUSION

We have established the simulation method to obtain
beam tail distributions due to the incoherent random pro-
cesses. This simulation method provides a simple and fast
means to obtain the tail distributions due to various ran-
dom processes in the storage rings. Intra-beam scattering
at the PLS more affects transverse tails than the beam-
residual gas scattering. The tail distributions due to the
beam-residual gas and intra-beam scatterings are obtained
by considering relative large angle scatterings for the case
of the PLS. These relative large angle scatterings only con-
tribute a tail of large amplitude particles and do not affect
the core of the beam distribution. Random processes influ-
ence the lifetimes as well as the tails of the beam distribu-
tion. The simulation study on the lifetime was performed
as a function of the apertures. This simulation method for
beam tails is also used to obtain the beam lifetime. This
simulation showed good agreements with the operational
beam lifetime.

REFERENCES

[1] Eun-San Kim, Part. Accel. 56, 249 (1997).
[2] Eun-San Kim, Part. Accel. 63, 13 (1999).
[3] Pohang Light Source Design Report (1992).

[4] Heilter, W., The Quantum Theory of Radiation, Oxford
Univ. Press (1995).

[5] A.Piwinski, DESY 98-179 (1998).

Table 1. Lifetimes due to the beam-residua gas
bremsstrahlung
Energy aperture | 1.2% | 1.5% | 1.8%
Lifetime(h) 2974 | 461 | 797.6

Table 2: Lifetimes due to the beam-residual gas scattering
and intra-beam scattering.

Vertical aperture 800, | 1000, | 1200,
Gas scattering(h) 319 | 4874 731
Intra-beam scattering(h) | 19.4 20 20.5
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Figure 1: (a) Horizontal, (b) vertica and (c) longitu-
dinal beam distributions due to the beam-residua gas
bremsstrahlung, beam-residual gas scattering and intra-
beam scattering after 560,000 turns. The horizontal axes
are X and Y, the distance normalized by the nominal hori-
zontal and vertical beam sizes and F, the energy deviation
normalized by the relative energy spread. The vertical axes
represent the distribution in X, Y and E measured using
the logarithmic scale.
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Figure 2: Circles show the simulated beam lifetimes that
are obtained from the tracking of the beam-residual gas
bremsstrahlung, beam-residual gas scattering and intra-
beam scattering. Black line shows the beam lifetime verse
beam current on normal operation.



