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Abstract

The dynamic apertures in several lattices for the low
ernittance of the PF ring have been investigated by a
simulation method using the code SAD. The dynamic
apertures in each lattice without and with machine
errors were obtained by a tune survey in the sim-
ulation. It was also shown how large are the dy-
namic apertures compensated after corrections of a
closed orbit distortions. The operating tunes in low-
emittance lattices can be obtained based on the view
point of dynamic apertures obtained from a tune sur-
vey. It is shown that a low-emitiance 90° cell lattice
provides sufficient dynamic aperture after a correc-
tion of the closed orbit distortion in the PF ring.

1 Introduction

The PF ring is a light source using the 2.5 GeV elec-
tron storage ring which has been operated since 1982.
A high-brilliance project at the PF ring is in progress.
By the project, the light source is designed to produce
smaller beam emittances that can provide more bril-
liant synchrotron radiation. The present beam ermnit-
tance of 130nm-rad in the PF ring was obtained by
changing the strenghts of the quadrupoles in 1986.
However, this emittance is still larger by ten times
than third generation synchrotron light sources; also
the brilliance of the synchrotron radiation beam from
the insertion devices is smaller by one or two orders
of magnitude[1,2]. A greater emittance reduction in
the PF-ring was required to compete with the third
generation synchrotron light sources. It was shown
that the beam emittance in the present PF-ring could
be reduced to 27 nm-rad by doubling the number
of quadrupole and sextupole magnets in the FODO
celis, which consist of the normal cell sections. This
can lead to a higher brilliance of the synchrotron ra-
diation. However, we are faced with the fact that the
strong quadrupole and sextupole magnets which are
necessary to provide small emittance can affect the
beam dynamics in this light source.

The focal properties of a FODO lattice depend on

the guadrupole’s strengths. Thus, the linear chro-
maticity due to the quadrupoles can become nega-
tively larger for a machine of low-emittance which
requires strong strenghts of the quadrupoles. 'This
fact is shown in Table-1. Here, the lattices for three
cases of phase advance (90°, 105° and 135°) for low-
emittance are considered, and medium means the
present optics in the PF ring. Two sextupole fam-
ilies are then used to compensate for these chro-
maticities in the horizontal and vertical planes. Com-
pensation of the chromaticity can be effectively per-
formed when the sextupoles are set to the positions
where the dispersion function and betatron function
are large. Thus, we set the focusing sextupoles(SF)
and defocusing sextupoles(SD)} near to the focus-
ing quadrupoles and defocusing quadrupoles, respec-
tively. However, sextupoles of strong strengths are
required, since the dispersion function and betatron
function are small in a low-emittance ring. The
strengths of the sextupoles for two families compen-
sation in the PF ring are also given in Table-1. Then,
it is necessary to notice the effects of a nonlinear mag-
retic field due to the strong sextupoles to compensate
for the chromaticity[3]. These effects can affect the
motions of a particle with large amplitude and large
momentum deviation. Thus, unstable motion can
suddenly occur in a particle with amplitudes higher
than any amplitude. This undesirable behavior leads
to beam loss and affects the beam lifetime. It may
greatly affect the machine operation.

Since low-emittance lattices in the PF ring re-
quire ten-times stronger sextupoles than the present
one, we can see that the dynamic aperture becomes
smaller. Accordingly, it 1s desirable to investigate the
dynamic apertures in low-emittance lattices which
are affected by strong sextupoles. It is necessary to
estimate how a sufficient dynamic aperture for beam
injection and storage into the ring can be obtained
in low-emittance lattices. This was a motivation of
this study. From predicting of the computer sim-
ulation using a model of an ideal machine without
alty errors, it was shown that we could obtain a low-
emittance lattice in which the dynamic aperture is



larger than the physical aperture[4). Since a real
machine has various imperfections, however, it is re-
quired to estimate the dynamic aperture in a machine
which includes various errors. Since closed orbit dis-
tortions(COD) are corrected by steering dipole and
bending magnets in the PF ring, it is also necessary to
investigate how large the dynamic apertures in low-
emittance fattices are compensated by corrections of
the COD.

Accordingly, we investigated in detail the dynamic
aperture for three lattices of low-emittance and a
medium ermittance by a simulation method. The
simulation was performed using the computer code
SADI5], which has been developed at KEK. The dy-
namic aperture in this simulation is defined as the
maximum initial amplitude to give a circulation of
1000 turns. The simulation first shows the dynamic
aperture for an ideal lattice without any errors. [t
then shows the dynamic aperture when some typical
machine errors are included to the lattices. Errors
due to the magnetic field, alignment, rotation, length,
kick of steering magnet and beam position monitor
are considered to be machine errors in the simula-
tion. The dependence of the dynamic aperture on
an individual machine error is also shown. We then
also investigate how large dynamic apertures due to
correcticns of the COD are recovered in each lattice.
The dynamic apertures are obtained by scanning the
betatron tunes within a specified tune space. Accord-
ingly, we can choose the operating tune in each lat-
tice from the dynamic apertures obtained by a tune
survey. Based on this estimation, we can fird low-
emittance optics whose dynamic aperture becomes
large enough for injection and storage of the beam
into the ring. As a result, the emittance which can
be achieved in the PF ring is determined in terms of
the dynamic aperture. In the next section, we give an
overview of the machines for low and medium emit-
tances of the PF ring. Sec.3 gives a general illustra-
tion of the dynamic aperture. The dynamic apertures
which result from a tune survey for several optics are
shown in Sec.4. The last section is devoted to a dis-
cussicn and the resulis.

2 Machine Overview

Let us overview the machine for both new and present
lattices[1,2). The basic lattice structure of the PF
ring is FODO. The normal cells, which occupy one
third of the ring and determine the beam emittance,
will be changed for higher brilliant synchrotron radia-
tion. The bending magnets will not be changed. This
would minimize the influence on the existing beam
lines of synchrotron radiation. The quadrupoles and
sextupoles in the normal cells are doubled in num-

ber and reinforced in strength by iwo and ten times,
respectively[4]. Thus, all of the quadrupoles and sex-
tupoles in the normal cells will be replaced by new
ones having higher field gradients. The maximum
field gradients are compatible with 3 GeV operation
with the lowest emittance optics. The sextupoles
have auxiliary windings for vertical steering. They
can be used to produce skew quadrupole fields to con-
trol the coupling constant.

The optics of the whole ring was designed for the
three cases of the horizontal phase advance: 90°, 105°
and 133°. In the case of 135°%, we obtain the lowest
emittance of 27 nm-rad. A higher brilliance of syn-
chrotron radiation at the present beam lines will be
given by a factor of 5 to 10 from these three optics.

Typical parameters in low and medium emittances
are given in Table-1. Here, 90°, 105° and 135¢ cell op-
tics are the new high brilliance optics. The medium
cell opties 1s the similar one before the emittance up-
grade. Here, H and V mean the horizontal and ver-
tical directions, respectively. The strengths(1/m?)
of the focusing and defocusing sextupole magnets to
correct the chromaticities are also given.

3 Dynamic Aperture

The dynamic aperture gives a description of the non-
linear effects arising from sextupoles to correct for
the chromaticity and field imperfections of the mag-
nets[8]. In this stage of the design, it is necessary to
estimate how large is the dynamic aperture of such
a machine and how large is the dynamic aperture
recovered by a correction of the COD. It is analyti-
cally difficult to obtain the dynamic aperture in the
presence of nonlinear fields and thus in general it is
obtained by a simulation method. The dynamic aper-
ture is determined in a stmulation as follows: first, set
the initial amplitude of the betatron oscillation and
track its amplitude through the ring’s components.
H the initial amplitude performs stable betatron os-
cillation within a region until given turns, we assume
that a particle with its amplitude can infinitely per-
form stable betatron oscillation. Whether the initial
amplitude can perform stable betatron oscillation un-
til the given turns or not, we call this boundary value
of its initial amplitude to the dynamic aperture. In
electron storage rings, because an initial large am-
plitude dampens its amplitude by synchrotron radi-
ation, we assume that 1000 turns is sufficient as a
condition of stable betatron oscillation. Accordingly,
we will investigate the dynamic aperture by tracking
1000 turns in our simulation.

Next, we discuss how we evaluate the dynamic
apertures which are obtained by a simulation method.
In the high brilliance lattices of the PF ring, the



horizontal and vertical directions are most limited
by the duct of the superconducting vertical wiggler-
VW 14 and the duct of multipole wiggler-MWP 16
at the long straight Hne, respectively. Accordingly,
the physical aperture is determined by these ducts
of insertion devices. When we consider the physical
aperture as sizes of these ducts, the physical aperture
m the PF ring becomes 15 mm and 7.5 mm at the
horizontal and vertical directions in the long straight
line, respectively. From a comparison of this physical
aperture and the dynamic aperture, which is obtained
by a simulation method, we can determine whether
the dynamic aperture provided by a lattice can lead
to stable motion of the beam or not.
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Figure 1: Tune variation in the tune survey to obtain
the dynamic apertures in 90° cell optics. The tune
scan starts from a tune (9.23, 4.25). The variation
in the tune is performed by 0.025 per a step in the
horizontal and vertical tunes, respectively.

4 Tune Survey

The dynamic aperture has a deep relation with the
betatron tune. It is difficult to obtain analytically
betatron tunes which enable us to provide a large
dynamic aperture. To obtain a betatron tune which
gives a large dynamic aperture, the only method is to
check the dynamic aperture by changing the betatron
tunes. Therefore, by changing the betatron tunes it is
possible 1o obtain a reasonable operating point which
gives a large dynamic aperture.

We perform tune survey for several optics. The fol-
lowing method is applied for this tune survey: 1)The

fractional tune is changed from the starting point,
which is given by (0.25,0.253). 2)The tune is fixed at
quadrupoles of the normal cell to make the phase ad-
vance constant, and is changed at the quadrupoles of
the straight line. In this way, matching of the op-
tics 1s perfermed. 3)}The variation in the tune is done
by 0.025 in a step. The tune survey is performed
over the range between 0.0 and 0.5 in the horizon-
tal and vertical directions, respectively. Accordingly,
the tune survey covers a rectangular region in tune
space (0 € v, £ 0.5and 0 < v, < 0.3). Within this
region we scan 21 horizontal tune values by 21 verti-
cal tune values. As an example, the tune survey in a
90¢ optics cell is performed as shown in Figure 1. 4}
The dynamic aperture is obtained by averaging five
points in the X-Y plane, as shown in Figure 2. The
tracking turn is 1000 turns.
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Figure 2: Survey of the dynamic aperture in the X-Y
plane. The dynamic aperture is obtained by averag-
ing these five points.

4.1 Low-Emittance 90° Cell Optics

Figure 3 shows the optics of a low-emittance 907 cell
and its optical functions. Figure 4.(a) shows the dy-
namic aperture in the case that machine errors are
not included. The magnitude of the dynamic aper-
ture is expressed in unit of beam size, and is shown as
the average value of five points in the X-Y plane, as
shown in Figure 2. The particle momentum is kept
at § P/ P=0 during tracking. The tune plots showing
the second-order, third-order and fourth-order reso-
nances are presented by the heavy line, straight line
and dashed lines, respectively, in Figure 4.(a). It is
shown that the dynamic aperture becomes small near
to the third-order resonance(31,=28, v,+21,=18).
It is well known that these resonances are strongly
generated when sextupoles are introduced into the
ring. Here, we can also check this fact by tracking.
Figure 4.(b) shows the dynamic aperture in the case



that the machine errors are included in Figure 4.(a).
The magnitudes of the errors considered in the sim-
ulation are listed in Table-2. The errors are assumed
to have a Gaussain distribution with the r.m.s values
given in Table-2, and have been truncated by 3¢ in
their distributions. Figure 4.(b) shows smaller dy-
namic apertures than those of the case without ma-
chine errors. The third-order structure resonances
are observed in the case without errors, while in
the case with errors, a structural sum resonance is
strongly excited. After corrections of the COD in
Figure 4.(b) are performed, we can see that signifi-
cant changes are observed in the performance of the
dynamic aperture, as shown in Figure 4.(c¢).

On the other hand, when the machine errors are in-
cluded into the lattice, we see that the tune is slightly
changed. After a correction of the COD is performed,
quadrupoles are adjusted to make a varied tune to the
initial tune in the case of Fig.4.(c). Figure 4.(d) shows
the dynamic apertures in the case that the tunes var-
ied by machine errors are not set to the initial values
after corrections of the COD. We see that Figures
4.(c) and (d) show almost the same result. This re-
sult 15 caused by the fact the tune variation due to
machine errors is very small.

We can obtain a comparative large dynamic aper-
ture around {1,=9.1, v,=4.1) in Fig.4.(a). However,
we notice that there is a v, — v, =3 resonance near
to this tune. By selecting 1.=9.13 and v, =4.19, we
investigated the dynamic aperture in the X-Y plane.
Figure 5 shows the dynamic apertures at this tune
at the center of a long straight section. Figure 5.(a)
shows the dynamic apertures without machine errors.
The dynamic apertures are shown in the cases of -1%,
0% and 1% momenta deviations. We can see that the
dynamic apertures decrease for off-momentum parti-
cles. The dynamic aperture for a 0% momemtum
deviation is larger than the physical aperture. The
dynamic apertures in -1% and 1% momenta devia-
tions show almost the same magnitudes as the physi-
cal aperture in the horizontal direction. Figure 5.(b)
shows the dynamic apertures with machine errors.
Figure 5.(¢) the shows dynamic apertures after cor-
rections of COD are applied in Figure 5.(b). It shows
that the dynamic apertures are larger than the physi-
cal aperture in the horizontal and vertical directions.
The COD in Figure 5.(¢) is adjusted to an r.m.s. error
of 0.37mm and 0.07mm in the horizontal and verti-
cal directions, respectively. The dynamic apertures
m Figure 5.(c) show the same tendency with Figure
2.(a}.

We next show the dependence of the dynamic aper-
ture on seeds of random numbers which are used for
distributins of machine errors. Figure 6 shows the
dynamic apertures when different seeds in random
numbers are used in the case of Figure 5.(¢). We find
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Figure 3: Low-emittance 90° cell and its optical func-
tions.

that they have a similar global structure in different
seeds.

It is important to show how large dynamic aper-
tures In a ring with machine errors are recovered by
a correction of the COD. Figures 7.(a} and (b) show
the closed orbit distortions in the horizontal and ver-
tical directions for the cases of 150 tunes in 90° optics,
respectively. The points are closed orbit distortions
when the machine errors are inciuded to the ideal lai-
tice. The circles are the closed orbit distortions after
corrections of the COD in points are performed. We
can see that the closed orbit distortions in the hor-
izontal and vertical directions are adjusted to r.m.s.
errers of 0.5mm and 0.2mm, respectively. It is shown
that corrections of the COD are better performed in
the vertical direction than in the horizontal direction.

From these results, we can expect that the PF ring
has a sufficent dynamic aperture after a correction of
the COD in the 90° cell optics, if the machire errors
are kept within the level given in Table-2.
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Figure 4: Dynamic apertures for a tune survey in 90° low-emittance cell optics. (a) Without machine errors,
(b} With machine errors, (c) and (d) after corrections of COD in (b). (c¢) The tunes which are changed by
machine errors are set to the initial values after corrections of COD. (d) The tunes are not set to the initial

values after corrections of COD.

Table-1: Principal parameters for low-emittance optics and medium-emittance optics

Cell Optlcs 90° 105° 135° Medium
Natural emittance(nmrad) 45.1 35.9 27.5 129.7
Betatron Tune(H/V) 9.15/4.95 0.66/4.25 10.83/423 | 8.36/3.21
Linear Chromaticity(H/V) -11.85/11.69 | -12.54/-12.29 | -16.04/-13.59 | -13.64/-8.40
Strength of Sextupole(SF/SD) | 6.39/-6.24 7.50/-7.39 9.69/-9.83 0.980/-1.58
RF Voliage (MV) 17 17 7 17

RF Bucket Height (%) 1.08 1.99 1.46 0.75
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Table-2: Machine errors in a lattice
Magnet Quadrupole | Bend | Sextuploe
Magnetic Field Error(RMS) (%) 0.1 0.1 0.2
Alignment Error(RMS) (A X/AY)(mm) | 0.2/0.1 0.4/0.2
Rotation Error(RMS) (mrad) 0.2 0.2 0.2
Length Error(rmm) 1 1 1

| Steering Magnet(0.01%), BPM Error(offset:0.1mm, resolution:0.01mm)

]

30

apertures when other seeds of random numbers, in machine errors are
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4.2 Low-Emittance 105° Cell Optics

Figure 8 shows the optics of a low emittance 1057 cell
and its optical functions. Figure 9.(a}) shows the dy-
namic apertures obtained from tune survev when the
machine errors are not included in the lattice. A tune
plot showing the resonances lines is also presented by
second order(heavy line), third order (straight line)
and fourth order (dashed lines). A strong resonance
is driven by the third order resonance(v,+2u,=18).
It is shown that the dynamic apertures become small
near to this resonance. Figure 9.(b) shows the dy-
namic apertures in a tune survey when the machine
errors are included in the lattice. Figure 9.(c) shows
the dynamic aperture after corrections of the COD
are performed in Figure 9.(b).

We can obtain a comparative large dynamic aper-
ture at around (v,=9.61, v,=4.26). At this tune,
we investigated the dynamic apertures in the X-Y
piane. Then, Figure 10 shows the dynamic apertures
at the center of the long straight section at this tune.
Figure 10.(a) shows the dynamic apertures without
machine errors. In the case that there is no deviation
in the momentum, the dynamic aperture is greater
than the physical aperture. The off-momenta, hori-
zontal aperiures have almost the same magnitude as
the physical aperture. Figure 10.(b) shows the dy-
namic apertures with machine errors. Figure 10.(c)
shows the dynamic apertures after corrections of the
COD are applied in Figure 10.(b). Large changes are
observed in the performance of the dynamic aperture.
However, the horizontal apertures after corrections of
the COD become even less than the physical aper-
ture, even if there is no deviation in the momentum.
The COD in Figure 10.(c}) is adjusted to an r.m.s.
error of 0.40mm and 0.08mm in the horizontal and
vertical directions, respectively. Totally, 105° cell op-
tics gives even smaller dynamic apertures than that
of 90° cell opties.

Figures 11.(a) and (b) show the closed orbit distor-
tions in the horizontal and vertical directions for the
cases of 150 tunes in 103° optics, respectively. The
points show the closed orbit distortions when the ma-
chine errors are included to ideal lattice. The circles
show the closed orbit distortions after corrections of
she COD in points are performed. We can see that
the COD in Figure 11 is adjusted to an r.m.s. error
of 0.5mm and 0.2mm in the horizontal and vertical
directions, respectively.

4.3 Low-Emittance 135° Cell Optics

Figure 12 shows the optics of low-emittance 1359 cell
and its optical functions. Figure 13.(a) shows the dy-
narmic apertures for a tune survey in the case that the
machine errors are not included in the lattice. Figure
13.(b) shows the dynamic apertures with machine er-
rors. Figure 13.(c) the shows the dynamic apertures
after corrections of the COD in Figure 13.(b). In
this optics the dynamic apertures are totally narrow.
Even if we choose the tune v,.=10.60 and v, =4.33,
which gives a comparative large dynamic aperture
the dynamic apertures in this tune are small, a
shown in Figure 14. Even if there is no variation in
the momentum, the dynamic aperture in the horigon-
tal direction after the COD correction is still smaller
than the physical aperture. Accordingly, we can see
that the beam lifetime is greatly limited by the dy-
namic aperture in the case of 135° cell optics.

In Figure 14.(b) the dynamic aperture shrinks to
0. Here, it is worth noting the dependence of the
dynamic aperture on the machine errors. Figure 15
shows the characteristic aspects that an individual
machine error affects the dynamic aperture. As an
example, Figure 15.{a) shows the dynamic aperture
when a steering error is excluded in Figure 14.(b). It
is shown from Figure 15.(f) that an alignment error
among the machine errors gives the greatest effect
to the dynamic aperture. Tt is also shown that the
length error and the BPM error almost have no an
effect on the dynamic aperture. Based on this sim-
ulation, it is critical to keep the misalignment error
small.
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Figare 11: (a) and (b) show the horizontal and vertical COD for the cases of 150 tunes in 105 optics,
respectively. Here, the points are the COD when the machine errors are included to the ideal lattice. The
circles are the COD after corrections of the COD in points are performed.
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Figure 16: (a) and (b) show the horizontal and vertical COD for the cases of 150 tunes in 135° optics,
respectively. Here, the points are the COD when the machine errors are included to an ideal lattice. The
circles are the COD after corrections of the COD in points are performed.
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The COD in Figure 14.(c) is adjusted to an rms. B Discussion and Conclusion

error of 0.40mm and 0.08mrn in the horizontal and
vertical directions, respectively.

Figures 16.(a) and (b) show the closed arbit distor-
tions in the horizontal and vertical directions for the
cases of 150 tunes in 135° optics, respectively. the
points are closed orbit distortions when the machine
errors are included to the ideal lattice. The circles are
the closed orbit distortions after COD corrections in
points are performed. We can see that the COD in
Figure 16 is adjusted to r.m.s. errors of 0.5mm and
0.2mm in the hortzontal and vertical directions, re-
spectively.

4.4 Medium-Emittance Cell Optics

Figure 17 shows the optics of a medium emittance cell
and its optical functions. Figure 18.(a) shows the dy-
narmic apertures for a tune survey in the case that
machine errors are not included into the lattice. Fig-
ure 18.(b) shows the dynamic apertures with machine
errors. Figure 18.(c) shows the dynamic apertures
after corrections of the COD are applied in Figure
18.(b). In this optics we can see that the dynamic
aperture is totally large compared with those of the
low-emittance optics.

Figure 19 shows the dynamic apertures at the cen-
ter of the long straight section at a tune v;=8§.45
vy =3.325, around which this lattice has a large dy-
narnic aperture.

The closed orbit distortions in Figure 19.(c) are ad-
justed to r.m.s. errors of 0.31mm and 0.08mm in the
horizontal and vertical directions, respectively. We
can see that this optics provides a comparative large
dynamic aperlures compared to low-emittance lat-
tices.

Figures 20.(a) and (b) show the closed orbit dis-
tortions in the horizontal and vertical directions for
the cases ol 150 tunes in medium optics, respectively.
The points are closed orbit distortions when the ma-
chine errors are included to the ideal lattice. The cir-
cles are the closed orbit distortions after corrections
of COD in points are performed. The COD in Figure
20 is adjusted to r.m.s. errors of 0.5mm and 0.2mm
in the horizontal and vertical directions, respectively.
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Synchrotron light sources for low emittance to pro-
duce a high brightness result in very strong sextupole
magnets to compensate for chromaticity. This in-
troduce strong nonlinear magnetic fields in the lat-
tices and affects the stable region in transverse phase
space. Then, one of the most tmportant issues in this
case is that the dynamic aperture becomes smaller
due to the fact that the sextupole felds become
stronger for the lower emittance optics. If the dy-
namic aperture is smaller than the physical aperture,
it is actually difficult to inject a beam into a ring,
which results in a bad beam lifetime. It is necessary
to estimate the dynamic aperture of the machine for
the successful operation of a ring. Thus, it requires
estimate of the effects on the dynamic aperture due
to strong sextupoles. Accordingly, we investigated in
detail the dynamic aperture for several low-emittance
optics in the PF ring. The results of this simulation
gtve an estimation for the requirement that the lat-
tice provides a sufficient dynamic aperture in the PF
ring. At the stage of operation, this can provide a
information concerning whether the dynamic aper-
ture in each lattice can be smaller than the physical
apertare or not. Then, the dynamic aperture in tune
space is obtained by particle tracking using the com-
puter code SAD.

Even if the dynamic aperture without machine er-
rors is larger than the physical aperture, beam injec-
tion in the starting state of operation may become
difficult in the case that the dynamic aperture be-
comes much smaller due to machine errors. On the
other hand, the dynamic aperture can be made larger
by performing a correction of the COD. However, a
measurement of the COD can only be performed at
the stage of beam storage. Accordingly, in a starting
state of ring operation, we can correct the steering
magnets by using orbit data from a single pass beamn
position momitor[7]. By performing this work on the
entire ring successively, we can correct the COD in a
ring and circulate a beam in the ring,

When we estimate the dynamic aperture by the
tracking method, the dynamic apertures in 90° and
medium optics with a correction of the CQD are con-
sidered to be sufficiently large for storage. That of
105° is almost as small as the dynamic aperture re-
quired for storage. On the other hand, the case of
135° optics totally gives a narrow dynamic aperture
and it will be difficult for storage. As a result, we find
that 90° cell optics after a correction of the COD pro-
vides a sufficient dynamic aperture in a low-emittance
PF ring. In this way, the emittance which can be
achieved in a new lattice will have a dependence on
the dynamic aperture. This means thal detailed Op-
eration points must be chosen based on the view point
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Figure 19: Dynamic apertures at the center of the long straight section in a tune of 1,=8.45 vy =3.325. (a)
Without machine errors, (b} with machine errors and (c) after corrections of the COD in (b)

of the dynamic aperture, {5] K. Hirata, An introduction to SAD, Second Ad-
It is shown that the horizontal emittance is 100 vanced ICFA Beam Dynamics Workshop, CERN
times larger than the vertical one, and less depen- 88-04 (1988).

dent on machine errors. It is also shown that the
vertical emittance is generated by machine errors; in

particular, the dymanic aperture is strongly affected 7] T.Honada et al., Proc. of the 5th Furo-

by the alignment error among machine errors. In pean Particle Accelerator Conference (EPACO6),
the simulation, we assurned that the machine errors Barcelona, 1966, p.1660

have a Gaussain distribution truncated by 3s. It is
shown that machine errors truncated by 1 ¢ in its
distribution give almost the same result as machine
errors truncated to 3¢ when we obtain the dynamic
aperture. It is shown that COD corrections can be
performed better in the vertical direction than the
horizontal direction in the PF ring.

[6] A. Ropert, CERN 90-04, 1990
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