
PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS, VOLUME 5, 114402 (2002)
Electron cloud instability in high intensity proton rings
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An e�p instability has been observed in some proton rings. The instability, which causes beam loss,
limits the performance of the ring. The instability may be serious for 3 and 50 GeV proton storage rings
in the Japan Proton Accelerator Research Complex (J-PARC). We study the e�p instability in several
high intensity proton storage rings operated in the world. This work informs J-PARC of the necessity to
cure the instability, for example, by applying a TiN coating on the chamber surface.

DOI: 10.1103/PhysRevSTAB.5.114402 PACS numbers: 29.27.Bd, 29.20.Lq
The facility, which is named the Japan Proton
Accelerator Research Complex (J-PARC), is equipped

by a bunch affects other bunches and causes the coupled
bunch instability. A perturbation induced by a part of a
I. INTRODUCTION

The electron-proton (e�p) instability has been dis-
cussed for a long time. The first work was done at
CERN-ISR [1,2]. An instability was observed in the
coasting beam operation and it was cured using clearing
electrodes. After that, an instability was observed for
bunched proton beam in a proton synchrotron ring at
Los Alamos National Laboratory (LANL-PSR) [3].
They reported that the instability was caused by an
electron cloud. An instability, which seems to be due to
e�p, has also been observed at the AGS booster [4].
In their scenario, primary electrons were produced by
proton losses at the chamber surface, and an electron
cloud was formed by the trailing-edge multipacting
[3,5,6]. Electrons, which are produced by the head part
of the beam, are accelerated by the body part of the
beam, and released at the trailing edge. The accelerated
electrons create secondary electrons at the chamber sur-
face. The secondary electrons are amplified at every
hitting of the chamber wall.

A high intensity proton accelerator facility has been
proposed in Japan as a joint project of KEK and JAERI.
TABLE I. Basic paramet

J-PARC
3 GeV

Symbol Inj. Ext. In

e L (m) 348.3 348.3 156
ctor � 1.4 4.2 4.2
tion Np��1013� 4.15 4.15 4.1
nches nb 2 2 8

mber H 2 2 9
es 
r (cm) 1.9 1.2 1.1

‘p (m) 110 82 82
read 
E=E (%) 0.6 0.7 0.7

or � �0:48 �0:047 �0:0
tune �s 0.0058 0.0005 0.00
dius R (cm) 12.5 12.5 6.5

1098-4402=02=5(11)=114402(9)$20.00 
with two proton rings: a 3 GeV rapid cycle synchrotron
and a 50 GeV proton synchrotron. The bunch population,
which is 4:15� 1013, is comparable with that of PSR. The
electron cloud instability may be serious for these two
rings of J-PARC. We discuss the electron cloud effects for
J-PARC mainly in this paper.

In the U.S., the Spallation Neutron Source (SNS),
which is equipped with a high intensity proton synchro-
tron, is under construction at ORNL. Many studies on the
electron cloud effects have been done for SNS [7–9].

The electron cloud instability has not been observed in
all high intensity proton rings. For example, the insta-
bility has not been observed at the rapid cycle synchrotron
ISIS in Rutherford Laboratory at bunch intensity compa-
rable with PSR. AGS has an intensity which is only
slightly different from that of J-PARC 50 GeV, but the
instability has not been observed. It is worthwhile to
compare these proton rings from the point of view of
the electron cloud instability. The parameters of these
rings are summarized in Table I.

The electron cloud causes both coupled and single
bunch instabilities. A perturbation of the cloud induced
ers of the proton rings.

50 GeV
j. Ext. PSR ISIS SNS AGS

7.5 1567.5 90 163 248 800
54 1.85 1.07 2.02 3.0

5 4.15 3 1.25 20.5 1.2
8 1 2 1 6
9 1 2 1 6

0.5 1.0 3.8 2.8 0.7
16 65 60 200 68

0.25 0.4 0.5 0.5 0.28
58 �0:0013 �0:187 �0:83 �0:204 �0:146
26 0.0001 0.0003 0.0036 0.0004 0.0017

6.5 5 8 10 5
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bunch affects another part of the same bunch and causes
the single bunch instability. In these rings, the bunch
length and the free space between bunches are both sev-
eral tens of meters. At first sight, the free space of several
10 m seems to be long enough to smear out perturbation
of the bunch. Hence, we focus on the single bunch insta-
bility in this paper.

We discuss formation of the electron cloud in Sec. II.
Electrons created by ionization and proton loss are taken
into account as the primary ones. Secondary electrons are
created by the original electrons hitting the chamber
wall. The electron cloud density of each ring is estimated
by a computer simulation considering the primary and
secondary electrons. Our simulations are performed in a
field-free region mainly, and the contribution of the mag-
netic field is also investigated. We study the instability of
the proton beam interacting with the electron cloud in
Sec. III. We analyze the instability with a tracking simu-
lation [10] and a wake field approach [11].
II. FORMATION OF ELECTRON CLOUD

We discuss electron production and formation of the
cloud. Many possibilities for primary electron production
are considered. Ionization of residual gas due to the pro-
ton beam creates electrons and ions. The ions create
electrons when they are absorbed at the chamber surface
[12,13]. Electrons are also created by proton absorption at
the beam chamber surface. H� injection is a direct elec-
tron source.

The yield of ionization electrons is determined by the
ionization cross section and the vacuum pressure in the
beam chamber. Electrons are produced along the beam
trajectory. Electron production at the chamber surface is
rather complex. It is not well known how many electrons
are produced by a proton beam, though there are many
candidates. Macek et al. measured the number of elec-
trons hitting the chamber wall using button electrodes at
PSR [3]. They observed a peak current of 400 �A=cm2

with a width of 50 ns at a revolution period of 350 ns with
a proton current of 20 A. In the positron machine, KEKB-
LER, we observed an electron current of 1–10 �A=cm2

(dc) at the positron current of 600 mA. These measure-
ments show that the number of electrons produced in high
intensity proton rings is comparable to that of positron
storage rings. In our first impression, it is surprising that
proton rings have such a highly efficient electron produc-
tion mechanism.

In KEKB, the electron current is understood to be due
primarily to photoelectron emission caused by synchro-
tron radiation. The probability for a positron to emit a
synchrotron radiation photon over a travel distance of
1 m is 0.15, and 10% of the photons create photoelectrons:
i.e., the electron production rate is Y1 � 1:5�
10�2e�=�m � e��. The observed current value agrees
well with simulations taking into account the electron
114402-2
yield, their motion, and the geometry of the button
electrodes.

To explain the observed current in a proton machine,
Macek et al. proposed electron production due to proton
loss at the chamber surface [3]. Furman et al. [6] use an
electron production rate of Y1 � 4:4� 10�6e�=�m � p�
on the chamber surface for a proton traveling at a meter.
They have observed proton loss of 4� 10�6 per turn at
PSR (L � 90 m). They assume that a proton creates
100 electrons per loss. Though this rate is still smaller
than that of KEKB, multipacting due to secondary elec-
trons makes up the difference. The number of amplified
electrons was consistent with the electron current
measurement.

Since we do not have clear information about the rate
for J-PARC, we use this primary electron yield, Y1 �
4:4� 10�6e�=�m � p�, in our calculation, although this
value may depend on energy, chamber geometry, surface
condition, etc.

We also investigate ionization electrons. These elec-
trons are produced by the ionization of residual gas in
the chamber. Ionization cross section for CO and H2 is
estimated to be 
�CO� � 1:3� 10�22 m2 and 
�H2� �
0:3� 10�22 m2 using the Bethe formula [14]. The
molecular density dm is related to the partial pressure
in nPa using the relation at 20 �C, dm�m

�3� �
2:4� 1011Pm (nPa). The electron production rate is 7:7�
10�9e�=�m � p� at 2� 10�7 Pa. The production rate is
7 orders of magnitude smaller than that of the photo-
electron in KEKB and is 3 orders smaller than that of the
proton loss in PSR.

Secondary electron production plays an important role
for electron cloud buildup in proton rings, because pri-
mary electrons are much less common than in positron
rings. Secondary yield, 2�E�, which is the number of
electrons created by an electron incidence with an energy
(E), is approximated by the formula [15],

2�E� � 2;max
E
Emax

1:44

0:44� �E=Emax�
1:44 : (1)

Figure 1 shows the secondary yield for 2;max � 2:1 and
Emax � 200 eV. These values are obtained for aluminum
by measurements [16].

In recent studies, an elastic reflection of electrons is
taken into account by 2�0� � 0:5	 0:8 [17]. In this
paper, we use the original formula, Eq. (1), therefore
2�0� � 0.

Simulation of electron cloud formation

Electron cloud formation is estimated by tracking the
motion of electrons produced by the primary and the
secondary electron emissions [15,18]. The motion of elec-
trons is calculated in the transverse plane. We consider
an electron cloud distribution at the position se. The
distribution and line density �e�z� is assumed to depend
114402-2
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FIG. 1. Secondary electron yield depending on incident elec-
tron energy for 2;max � 2:1 and Emax � 200 eV.
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only on z � se � vt, but to be independent on se for the
choice of independent variables �z; s�, where v is the
velocity of protons. We neglect the space charge force
between electrons in the present simulation, because the
average neutralization factor �e= ���p is of the order of 0.1
in our case as seen later, where �e and ���p are the electron
line density and the proton average line density, respec-
tively. Therefore the results shown below scale linearly
with the yield of primary electrons. However electron
motion during the absence of the beam may be important
for the surviving electrons, which are the seeds for the
electron cloud generated by the next bunch. We will in-
clude the space charge force in the near future. The
magnetic field may affect the electron cloud formation.
We first treat the electron cloud buildup for the field-free
region and then discuss the effects of the magnetic field.
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FIG. 2. Electron amplification factor. The proton beam profiles are
Electrons are produced at the chamber surface. (a) 3 GeV injection;
(e) PSR; (f) ISIS; (g) SNS; (h) AGS.
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The proton beam is sliced along the longitudinal di-
rection into equal-size steps. Each slice has a local proton
density ��zi�p, where ��zi�p is a periodic function of the
bunch period and is ��zi�p > 0 for 0< z< ‘p. Electrons
are tracked step by step along the passage of the proton
beam. The equation of motion for electrons is expressed
by

d2x�t�
dt2

� �2�p�se � vt�rec2FG
x�t��; (2)

where re is the classical electron radius. The force FG�x�
is expressed by the Bassetti-Erskine formula normalized
so that FG ! x=jxj2 as x ! 1. t is the time when the
beam slice at z � se � vt arrives at the electron position
se. The equation is integrated with the time step of the
slice width. We use 1000 slices for the proton beam in
this paper.

The electrons are produced at the chamber surface or at
the beam position, when the proton beam passes through
the longitudinal positions. The number of productions is
proportional to the local proton density. We produce pri-
mary macroelectrons of 1:0–1:5� 104 for a proton bunch
passage in this simulation. The longitudinal charge dis-
tribution of the proton bunch is expressed by a sinusoidal
function in our simulation as

#p �
$Np
2‘p

sin
$z
‘p
: (3)

The number of electrons in the chamber is calculated
during the passage of ten proton bunches.

We first discuss the cloud formation for the electron
production at the chamber surface. Figure 2 shows the
number of electrons as a function of s. The vertical axis is
the number of electrons which is normalized by the
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plotted by the dashed lines in the pictures with arbitrary units.
(b) 3 GeVextraction; (c) 50 GeV injection; (d) 50 GeVextraction;
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FIG. 4. Electron amplification factor. Electrons are produced
at the beam position. (a) 3 GeV injection; (b) 3 GeV extraction;
(c) 50 GeV injection.
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FIG. 3. (Color) Transverse electron distribution during the passage of the last (10th) bunch: (1st) 0 m; (2nd) 10 m; (3rd) 50 m; (4th)
100 m; and (5th) vertical distribution after 50 m passage. The electron density, N, is plotted with arbitrary units in the 1st to 4th
pictures.
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number of primary electrons produced by a bunch,
Ae�z� � �e�z�=�Y1Np�. Ae characterizes the amplification
factor due to secondary emission.

The electron cloud density gradually increases at the
beginning of the interaction and suddenly increases at the
bunch tail. This is due to the trailing-edge multipacting
[6]. The number of electrons decreases after the end of the
multipacting, but a considerable quantity of electrons
remains in the chamber at the arrival of the next bunch.
This quantity depends on the ring and beam parameters.
Electrons accumulate gradually again with a sudden leap
at the tail of the 2nd bunch. These processes, in which the
number of electrons increases and decreases, are repeated
at every passage of the bunches. The numbers of electrons
at the top and bottom reach an equilibrium value after the
passage of 5–10 bunches. The equilibrium value and the
number of bunch passages required to reach it depend on
the ring and beam parameters.

Figure 3 shows the transverse distribution of electrons
during the passage of the last (10th) bunch for J-PARC
50 GeV at injection. The figure shows that electrons are
distributed widely at the start of the interaction with the
bunch and are gathered at the beam position immediately
and splash after the interaction. The last picture shows the
vertical distribution of the electrons after 50 m passage.
The cloud size is comparable to the beam size.

We also investigated electron cloud buildup in the case
that initial electrons were produced at the beam position.
Electrons produced by the ionization correspond to this
case. The initial energy of the ionization electron is
114402-4
neglected. Figure 4 shows the amplification of electrons,
Ae. The number is far less than that produced at the
chamber. This means that electrons cannot get sufficient
energy to produce secondary electrons. The number
should be increased when the reflection of electrons is
taken into account. The contribution of electrons pro-
duced at the beam position can be regarded as the cor-
rection for the production efficiency at the chamber wall,
since the secondary electrons are produced at the cham-
ber wall.
114402-4
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FIG. 6. Electron amplification factor in bending magnets.
The amplification factors for the field-free regions are also
plotted for the comparison. (a) and (b) are obtained for 3 and
50 GeV injection at J-PARC, respectively.

TABLE II. Electron cloud buildup of the proton rings.

J-PARC
3 GeV 50 GeV

Variable Inj. Ext. Inj. Ext. PSR ISIS SNS AGS

Ae (bottom) 42.0 18.0 9.4 0.13 118.0 12.9 21.9 0.42
Ae (peak) 87.6 62.0 136.0 6.9 236.0 17.5 44.1 5.18
f (bottom) 0.020 0.0067 0.0035 0.00001 0.034 0.003 0.019 0.0001
f (peak) 0.042 0.023 0.05 0.0005 0.067 0.005 0.039 0.0015
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We now estimate the neutralization factor of the elec-
tron cloud for a proton beam. The proton and electron line
densities are functions of z. The neutralization factor is
defined as the electron cloud line density divided by the
average proton line density, f�z� � �e�z�= ���p, which is a
function of z. The neutralization factor is expressed by

f�z� �
Ae�z�Y1Np
Np=‘p

� Ae�z�Y1‘p: (4)

Table II shows peak and bottom values of the neutral-
ization factor for each ring. The neutralization factor
strongly depends on the parameters: beam size, chamber
size, bunch length, and bunch spacing. The results for PSR
and SNS are qualitatively consistent with previous works
[6,7,9].

We discussed the electron cloud amplification for
2;max � 2:1 so far. The secondary yield 2 can be im-
proved by surface treatments, for example, by applying a
TiN coating. Similar calculations were done for various
2;max to study how the secondary yield affects the elec-
tron cloud amplification. Figure 5 shows the electron
amplification factor for 2;max � 1:5, 1.8, and 2.1. We
find out that the surface treatment to reduce 2 is very
efficient to cure the electron cloud effects.

We obtained some characteristics concerning the elec-
tron cloud in this simulation. They are summarized as
follows: (i) The electron cloud reaches an equilibrium
density after the passage of approximately ten bunches
in most cases. (ii) The leading edge of the proton beam
passes through the electron cloud which is formed by
previous bunches. The electron cloud distributes all over
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FIG. 5. Electron amplification factor for the secondary yield.
The crosses and circles denote the peak and bottom values,
respectively. (a) and (b) are for 3 GeV injection and for 50 GeV
injection at J-PARC, respectively.
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the chamber. (iii) Electrons are gathered at the beam
position immediately at the passage of the leading edge.
(iv) The number of electrons suddenly increases by
2	 10 times depending on the beam and ring parameters
at the trailing edge of the proton beam. (v) The elec-
tron amplification strongly depends on the secondary
yield, 2.

We now discuss the electron cloud buildup in magnetic
field. The beam chamber is covered with various magnets
as bending, quadrupole, and higher order magnets in
actual rings. The field-free regions and bending magnets
occupied the biggest part of the rings. In bending magnets
with a strong dipole field, electrons undergo cyclotron
motion with a small radius (< 1 mm) and at a high
frequency ( > 10 GHz). Therefore we assume that elec-
trons move along the vertical axes and repeat the same
simulations. Figure 6 shows the amplification factor of
electrons as a function of s for 3 and 50 GeV injection at
J-PARC. In this calculation, dipole fields have the effect
of suppressing the electron buildup. In our calculation,
electrons are created uniformly at the chamber surface. A
considerable fraction of the electrons cannot approach the
beam in the model, therefore they do not get sufficient
energies for the multipacting. The result may depend on
the model. It may be possible that there is some special
mechanism to trap [19] or to amplify electrons.

III. INSTABILITY CAUSED BY ELECTRON
CLOUD

We discuss the instability caused by the electron cloud.
We estimate the instability for the assumption that the
114402-5
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whole of the ring is field free. The instability is studied by
simulation using beam tracking and the wake field ap-
proach. We study the transverse dipole mode instability,
in which the proton beam can have a dipole moment
�xxp�z; s�, where �xxp�z; s� is a function of z.
A. Simulation using beam tracking

The electron cloud is created and accumulated by the
passage of several bunches as shown in the previous
section.We study the motion of proton bunches interacting
with the electron cloud using a tracking simulation. For
simplicity, we use the characteristics of the electron cloud
summarized in the previous section. Electrons are as-
sumed to be always uniformly distributed with a certain
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FIG. 7. Vertical dipole moments for J-PARC 3 GeVand 50 GeV
rings at injection. The right-left correspond to the head-tail of a
bunch, respectively. Pictures (a) and (b) are obtained for 3 and
50 GeV, respectively.
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density in the vacuum chamber at the beginning of their
interaction with a proton bunch; that is, they do not have
memory of their interactions with previous bunches.
Similar tracking simulations have been done elsewhere
[20–22].

A proton bunch is represented by macroparticles which
are located along z with equal spacing. Each macropar-
ticle has a charge and a mass corresponding to the proton
line density. The macroparticle can undergo dipole mo-
tion with a dipole moment characterized by �xxp;i�zi; s� �
� �xxp; �yyp�, but the emittance (size) is kept constant. The
electron cloud is set at some position in the ring and is
represented by a large number of pointlike macroparticles
denoted by xe;a (a � 1; Ne). The electrons are initialized
as a uniform distribution in the transverse plane.

The equation of motion is expressed by
d2 �xxp;i
ds2

� K�s� �xxp;i � �
2rp
�

XNe
a�1

FG� �xxp;i � xe;a;���s� se�; (5)

d2xe;a
dt2

� �2rec
XNsl
i�1

�p�zi��zFG�xe;a � �xxp;i;��
t� t�zi; se��; (6)
where rp is the classical proton radius.
The motion of the macroelectrons and macroprotons is

tracked during the beam passage. After that, macropro-
tons are transported by the lattice magnets and then
interact with randomly initialized electrons again. This
procedure is repeated in every interaction of the bunch
with the cloud.

We performed the simulation for J-PARC 3 and 50 GeV
rings at injection. The neutralization factor was 2% and
4% for 3 and 50 GeV rings, respectively. These values are
the bottom values in Table II. Figure 7 shows the vertical
dipole moment of a proton bunch �yyp�zi; s� along the
longitudinal position z at s � 20� L. Excitations of a
dipole mode with the frequency !e is seen. We obtained a
similar signal for the horizontal moment.

Figure 8 shows the variation of the dipole moment, Jy,
where Jy is one-half of the Courant Snyder invariant, is
the maximum value along z. The growth rate T0=/g in the
revolution time, T0, is 0:2�< 0:1
r� 	 0:1�� 0:1
r� for
small amplitude in both cases.

To discuss the beam stability, we compare the growth
rate with the Landau damping rate. We take into account
the Landau damping caused by the longitudinal motion of
a bunch, which disturbs the coherence of the dipole
motion. The Landau damping rate is given by
!e�
E=E � !s!e
z=c for a long bunched beam [23].
The beam stability is estimated by these ratios, the
growth rate divided by the Landau damping rate.

U �

���
3

p

�!/g
�

���
3

p
T0=/g

2$�s!e
z=c
; (7)

where
���
3

p
is used as a normal stability condition.

For J-PARC 3 and 50 GeVat injection,U is obtained by
the growth rate as

U � 0:15	 0:07 3 GeV; (8)
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FIG. 8. Growth of the vertical dipole instability for J-PARC 3
and 50 GeV rings at injection. The right-left correspond to the
head-tail of a bunch, respectively. (a) and (b) are obtained for 3
and 50 GeV, respectively.
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U � 0:23	 0:12 50 GeV: (9)

U’s are less than 1, therefore the proton beams interacting
with the electron cloud are stable. Although the growths
in Fig. 8 are very fast, Landau damping suppresses the
instability because of large !e
z=c.

B. Wake field induced by electron cloud and beam
stability

Here we treat the instability with an analytic approach
using the wake field induced by the electron cloud. We
know that the electron cloud was gathered near the beam
114402-7
immediately at the beginning of the interaction with the
beam, and the beam interacted with the pinched electron
distribution during the passage through the cloud. The
size of the electron cloud is about the same as the beam
size. We regard the system as an interaction between the
coasting beam and the electron cloud with transverse
Gaussian distribution. We take the linear term of the
interaction. Similar analysis has been done in previous
works [2,8,20,21,24,25].

The motions of the beam and the electron cloud are
characterized by yp�s; z� and ye�s; t�, respectively. The
equations of motion for the beam and cloud are expressed
as follows:
d2yp�s; z�

ds2
�

�
!2;y
c

�
2
yp�s; z� � �

�
!p;y
c

�
2
fyp�s; z� � ye
s; �s� z�=c�g; (10)

d2ye�s; t�

dt2
� �!2

e;y
ye�s; t� � yp�s; s� ct��; (11)

where !2;y denotes the angular betatron frequency without electron interaction. The two coefficients !p;y and !e;y
characterize the linearized force between the beam and the cloud, and are given by

!2
p;y �

�erpc2

��
x � 
y�
y
; !2

e;y �
�prec2

�
x � 
y�
y
; (12)

where �e and �p are the line densities of the cloud and the beam, and 
x and 
y are the horizontal and vertical beam
sizes, respectively.

From Eqs. (10) and (11), an equation for the beam motion is obtained as follows:

d2yp�s; z�

ds2
�

�
~!!2
c

�
2
yp�s; z� �

!2
p!e
c3

Z 1

z
yp�s; z

0� sin
!e
c
�z� z0�dz0: (13)

Here ~!!2 � !2 �!2 is the angular betatron frequency
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FIG. 9. Wake field caused by electron cloud for J-PARC
50 GeV at injection.
2 2 p
including the frequency shift due to the electron cloud.
The right-hand side of Eq. (13) can be represented by a
wake function, which depends only on the longitudinal
distance. Integrated over the ring circumference L, the
wake function can be written as

W1�z�
m�2� � cRS=Q sin

�
!e
c
z
�
; (14)

where

cRS=Q �
�e
�p

L
�
x � 
y�
y

!e
c
: (15)

This wake field does not damp for z in this model, i.e.,
in the language of impedance, we would, say, that the Q
factor is infinite. Actually the frequency spread of !e
should be taken into account. We add a damping term
26ye in the left-hand side of Eq. (11). The damping factor
6 corresponds to the frequency spread of !e. The wake
field is now expressed by

W1�z� � c
RS
Q
!e
~!!
exp

�
6
c
z
�
sin

�
~!!
c
z
�
; (16)

where 6 � !e=2Q and ~!! �
������������������
!2
e � 62

p
. Note that z < 0

for the backward direction.
In this framework the frequency spread (6 or Q) is not

determined. The spread is caused by nonlinear interaction
with the beam, the proton distribution along z, and the
beam size modulation due to 2 function variations. An
estimation of Q caused by nonlinear interactions is given
in Ref. [11]. The wake field is calculated with the same
simulation method. Figure 9 shows the wake field for
J-PARC 50 GeV at injection.
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TABLE III. Wake field and stability for electron cloud instability.

J-PARC
3 GeV 50 GeV

Variable Inj. Ext. Inj. Ext. PSR ISIS SNS AGS

Z�!e�1;L=Q (M!=m) 0.29 0.24 0.68 0.019 0.46 0.0051 0.09 0.024
Z�!e�1;H=Q (M!=m) 0.61 0.83 9.7 0.96 0.90 0.0085 0.19 0.37

!e‘p=c 133 182 199 276 166 27 272 153
UL 0.07 0.23 0.11 0.02 1.6 0.007 0.30 0.004
UH 0.15 0.78 1.6 1.2 3.2 0.012 0.61 0.06
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The resonator parameters, obtained by fitting the fig-
ure, are as follows:

cRs
Q

� 1:9� 106 m�2 �1:1� 106 m�2�;

!e � 1:9� 109 s�1 �1:2� 109 s�1�;

Q � 13: (17)

The numbers enclosed in parentheses are the analytical
values given by Eqs. (12) and (15). cRS=Q and !e are
somewhat larger than the analytical ones. Q � 13 was
obtained with the simulation by taking into account the
nonlinearities of the beam-cloud interaction. TheQ value
is conjectured to be further reduced if one considers the
longitudinal proton distribution and the modulation of the
beta function.

Corresponding effective transverse impedance is given
by a Fourier transformation of the wake field.

Z1�!� �
c
!

RS
1� iQ�!e! � !

!e
�

�
�e
�p

L

y�
x � 
y�

!e
!
Z0
4$

Q
1� iQ�!e! � !

!e
�
; (18)

where Z0 is the vacuum impedance 377!.
We discuss the stability of a beam which experiences

the effective impedance. Since the bunch length is very
long, !e‘=c� 1, the coasting beam approximation is
used. The stability criterion is given by the dispersion
relation as follows [23]:

U �

���
3

p
�prp2!0

�!e�
E=E

jZ1�!e�j
Z0

�

���
3

p
�prp2

��s!e
z=c
jZ1�!e�j
Z0

� 1;

(19)

where 2 is a typical value of the beta function in a ring.
For U > 1, the beam is unstable. U for various rings are
calculated using Eq. (15) and the parameters in Tables I
and II. We use 5 and 10 m for Q and 2, respectively. The
results on the stability are shown in Table III.

The table includes two values of UH and UL, which are
the criteria for the peak and the bottom values of the
neutralization factor, respectively. The same applies for
Z1;H�L�.
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This result, which shows that the e�p instability
is serious for PSR but is not for ISIS, is consistent
with experimental results. In J-PARC, UH sometimes
exceeds 1.
IV. CONCLUSION

We discussed the electron cloud buildup and instability
in some high intensity proton rings shown in Table I. We
studied the electron cloud buildup using a computer simu-
lation. Primary electrons were produced at the chamber
surface or at the beam position. We considered electron
yields for a proton over a travel distance of 1 m, Y1;‘ �
4:4� 10�6=�m � p�, at the chamber surface. The electrons
appear due to proton loss, ion hitting, or other
mechanisms. The ionization yield was Y1;i � 7:7�
10�9=�m � p� (2� 10�7 Pa). The ionization electron can
be neglected for a vacuum pressure less than 10�5 Pa, if
we use the yield Y1;‘ from the chamber surface.

The primary electrons are amplified by the secondary
electron emission at the chamber surface. The electrons
experience the energy gain due to the beam force, create
secondary electrons, and cause multipacting. We calcu-
lated the amplification rate for field-free regions. The
amplification rates for some proton rings were estimated
to be of the order of 5–100 in the present model. The
neutralization factors for them are summarized in
Table II. We have to note that the rate depends on the
secondary yield, beam shape, and chamber geometry. It
must be kept in mind that Y1 is difficult to estimate in
individual machines.

In this calculation, the space charge force between
electrons and the elastic scattering (reflection) of elec-
trons [17] is not considered. It may be important, because
elastic scattering continues to supply electrons up to the
space charge limit.We should not discard the ionization as
an electron source [26].

The secondary electrons play an important role for the
electron cloud instability in proton rings. Application of a
TiN coating to reduce the secondary yield is a very
powerful cure for this instability.

The beam stability is estimated by tracking simula-
tions and the coasting beam model using the wake field
due to the electron cloud. The estimation is performed
114402-8



PRST-AB 5 K. OHMI, T. TOYAMA, AND C. OHMORI 114402 (2002)
under the assumption that the whole of the ring was
covered by a field-free region. The results are summar-
ized in Table III. The tracking simulation showed results
consistent with the coasting beam model. In our calcu-
lation, PSR was most severely affected by the instability,
while ISIS was safe. J-PARC 3 GeV and SNS are in
between PSR and ISIS. For large scale rings, AGS is
safe. J-PARC 50 GeV is more affected than AGS. Since
the stability criterion U exceeds 1 at the peak cloud
density for the 50 GeV ring and is close to 1 for the
3 GeV ring, we have to take care of the instability. We
should estimate the cloud density more carefully, includ-
ing the space charge between electrons, elastic scattering
of electrons, effects of lattice magnets, etc.

We investigated the electron cloud buildup in a strong
dipole field. The cloud density was suppressed to be about
1=4	 1=8 for that of field-free regions in our model. The
suppression may depend on the model. The beam electron
cloud interaction in a strong dipole field has been dis-
cussed for SPS and KEKB [27]. It reported that the dipole
field completely suppressed the horizontal instability and
slowed down the vertical one. Because of the suppression
of electron cloud buildup and of the interaction with the
beam, our results may be somewhat pessimistic, but pro-
vide a safety margin at the design of accelerators.
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