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Abstract

An e p instability has been observed in some proton rings.
Theinstability, which causes beam | oss, limits performance
of thering. Theinstability may be seriousfor 3 GeV and 50
GeV proton storage rings in Japan Hadron Facility (JHF).
We study thee ™~ p instability in several highintensity proton
storage rings operated in the world. Thiswork informs JHF
whether we haveto take measuresto cure theinstability, for
example apply a TiN coating on the chamber surface.

1 INTRODUCTION

The electron-proton (e~ p) instability has been discussed
for along time. The first work was done at CERN-ISR
[1,2]. Aninstability was observed at the operation of coast-
ing beam and it was cured using clearing electrodes. After
that, an instability has been observed for bunched proton
beam in a proton synchrotronring at Los Alamos National
Laboratory (LANL-PSR) [3]. They reported that the insta-
bility was caused by an electron cloud. In their scenario,
primary electrons were produced by proton losses at the
chamber surface, and an electron cloud was formed by the
trailing edge multi-pacting [3, 4]. Electrons, which are pro-
duced by the head part of the beam, are accelerated by the
body part of beam, and released at thetrailing edge. The ac-
celerated electrons create secondary electrons at the cham-
ber surface. The secondary electrons are amplified at every
hitting of the chamber wall.

A highintensity proton accelerator facility has been pro-
posed in Japan as ajoint project of KEK and JAERI. The
facility, which is named Japan Hadron Facility (JHF), is
equipped by two proton rings: a 3GeV rapid cycle syn-
chrotron and a50GeV proton synchrotron. The bunch pop-
ulation, whichis4.15 x 102, compares with that of PSR.
The electron cloud instability may be serious for these two
rings of JHF.

The electron cloud instability has not been observed in
all high intensity proton rings. For example, the instability
has not been observed at the rapid cycle synchrotron ISIS
in Rutherford Laboratory at the bunch intensity compara-
ble with PSR. AGS has an intensity which is only a small
factor different from that of JHF-50GeV, 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 1.

The electron cloud causes both the coupled and the sin-
gle bunchinstabilities. A perturbation of the cloud induced
by a bunch affects other bunches, and causes the coupled
bunch instability. A perturbation induced by a part of a

bunch affects other part of the own bunch, and causes the
single bunch instability. In these rings, bunch length and
free space between bunches are several 10 m both. At a
first sight, the free space of several 10m seemsto be enough
long to smear out perturbation of the bunch. Hence, we fo-
cus on the single bunch instability in this paper.

We discuss formation of the electron cloud in Sec.2.
Electrons created by ionization and proton loss are taken
into account as the primary ones. Secondary electrons are
created by hitting of the originary electrons on the cham-
ber wall. The electron cloud density of each ring is esti-
mated by a computer smulation considering the primary
and the secondary electrons. We study the instability of
proton beam interacting with the electron cloud in Sec.3.
We analyze the instability with a tracking simulation [5]
and awake field approach [6].

2 FORMATION OF ELECTRON CLOUD

We discuss el ectron production and formation of the cloud.
Many possibilitiesfor primary el ectron production are con-
sidered. lonization of residual gas due to proton beam cre-
ateselectronsandions. Theionscreate el ectronswhen they
are absorbed at the chamber surface [7, 8]. Electrons are
also created by proton absorption at the beam chamber sur-
face. H™ injection is adirect eectron source. We classify
the electron sources roughly into two categories for initial
condition of electrons: that is, the electrons produced at the
chamber surface and at the beam position.

The yield of ionization electrons is determined by the
ionization cross-section and vacuum pressure in the beam
chamber. Electrons are produced along the beam trajec-
tory. Electron production at the chamber surface is rather
complex. It is not well-known how many electronsare pro-
duced by proton beam, though there are many candidates.
R. Macek et. a. measured number of electrons hitting the
chamber wall using button electrodes at PSR [3]. They
observed a peak current of 400uA/cm? with the width
of 50ns at the revolution period of 350ns with the proton
current of 20A. In the positron machine, KEKB-LER, we
observed electron current of 1 — 10uA4/cm? in DC at the
positron current of 600mA. These measurements show that
the number of electrons produced in high intensity proton
rings is comparable with that of positron storage rings. It
is surprising that proton rings have such a highly efficient
€electron production mechanism.

In KEKB, the electron current is understood to be due
to photoel ectron emission caused by synchrotron radiation.
A probability for apositron to emit a synchrotron radiation
photon at the travel distance of 1 mis0.15, and 10% of the



Table 1: Basic parameters of the proton rings

JHF
variable symbol 3GeV 50GeV PSR ISIS AGS
inj. ext. inj. ext.

circumference L(m) 348.3 | 348.3 | 1567.5 | 1567.5 90 163 800
relativistic factor ¥ 14 4.2 4.2 54, 1.85 1.07 3.0
bunch population Np(x 10'3) 4.15 4.15 4.15 4.15 3 125 1.2
number of bunches | n, 2 2 8 8 1 2 6
harmonic number | H 2 2 9 9 1 2 6
rms beam sizes o.(cm) 19 12 11 05 10 3.8 0.7
bunch length £,(m) 110 82 82 16 65 60 68
rmsenergy spread | og/E(%) 0.6 0.7 0.7 0.25 0.25 0.28
dlippage factor n -0.48 | -0.047 | -0.058 | -0.0013 | -0.187 -0.146
synchrotron tune Qs 0.0058 | 0.0005 | 0.0026 | 0.0001 | 0.0003 | 0.0003 | 0.0017
beam piperadius | R(cm) 125 125 6.5 6.5 5 8 5

photons create photoelectrons. i.e., the electron production  mated by the formula,

rateisY; = 1.5 x 10=2e~/(m - e*). The observed current

value well coincides with simulations taking into account Y, =Y, ¥ E 1.44 (1)

the electron yield, their motion and geometry of the button
electrodes.

To explain the observed current at the proton machine,
R. Macek et. a. proposed electron production due to pro-
ton loss at the chamber surface [3]. M. Furman et.al. [4]
use electron production rate Y1 = 4.4 x 10=%~/(m - p)
at the chamber surface. They have observed proton loss of
4 x 105 per turn at PSR (L=90m). They assume that a
proton creates 100 electrons at its loss. Though thisrateis
gtill smaller than that of KEKB, multipacting due to sec-
ondary electrons makes up the difference. The number of
amplified electronswas consistent with the electron current
measurement.

Since we do not have clear information about the rate
for JHF, we use this primary electron yield in our calcula-
tion, although this value may depend on energy, chamber
geometry, surface condition, etc.

We dso investigateionization electrons. These electrons
are produced by the ionization of residual gasin the cham-
ber. lonization cross-sectionfor CO and H 5 isestimated as
0(C0) =1.3x10"*m 2 ando(H;) = 0.3x 10" 22m 2
using the Bethe formula[9]. The molecular density d,,, is
related to the partial pressurein nPaby therelationat 20°C,
dy (m™3) = 2.4x 10" P, (nPa). Theelectron production
rateis 7.7 x 10 % /(m - p) a 2 x 10~ "Pa. The produc-
tion rate is 7 orders at magnitude smaller than that of the
photoelectron in KEKB, and is 3 orders smaller than that
of the proton loss.

Secondary electron production plays an important role
for electron cloud build-up in proton rings, because pri-
mary electrons are much less than that of positron ring.
Secondary yield [10], which isthe number of electronscre-
ated by an electron incidence with an energy, is approxi-

Epaz 044 + (E/Epag )44

Fig.1 shows the secondary yield for Y; = 2.1 and E,,,4 =
200eV. These values are obtained for aluminum by mea-
surements [11].
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Figure 1. Secondary electron yield depending on incident
electron energy for Y, = 2.1 and E 4, = 200eV

2.1 S mulation of electron cloud formation

Electron cloud formation is estimated by tracking the mo-
tion of electrons produced by the primary and the sec-
ondary electron emission [10, 12]. The motion of electrons
is calculated in the transverse two dimensiona plane. We
consider electron cloud distribution at the position s.. The
distribution and line density \. (z) is assumed to be depen-
dent only on z = s, — wt, but to be independent on s,
for the choice of independent variables (z, s). We neglect
space chargeforce between electronsin present simulation,
because the average neutralization factor A/ 5\,, isof theor-
der of 0.1inour case asit is seen later, where \ . and /_\p are



the electron linedensity and the proton averageline density,
respectively. Therefore the results shown below are scaled
by theyield of primary electrons. However electron motion
during the beam passage absence is important for the sur-
vivor of electrons, which are the seeds of multipacting due
to the next bunch. We will include the space charge force
in the near future.

The proton beam is dliced aong longitudinal direction
with an equal step. Each dlice has a local proton density
A(z;)p- Electronsaretracked step by step along the passage
of the proton beam. Equation of motion for electrons is
expressed by

Px(t)  20(se —vt)rec?
a2 (00 + 0y)Ty

FG(m(t))v (2)

where the force F(x) is expressed by the Bassetti-
Erskine formula normalized so that F¢ — z/|z|* as
xr — oo. tistime when the beam diceat z = s, — vt
arrived at electron position s.. The equation is integrated
with the time step of the slice width.

The electrons are produced at the chamber surface or at
the beam position, when proton beam passes through the
longitudinal positions. The number of production is pro-
portional to the local proton density. We produce primary
macro-electronsof 1.0 — 1.5 x 10*e /NN, for a proton bunch
passage in this simulation. The longitudinal charge distri-
bution of the proton bunch is assumed to be expressed by a
sinusoidal function as

TN, . Tz

Pp = 20, sin E. 3

The number of electronsin the chamber is calculated dur-
ing passage of 10 proton bunches. Fig.2 shows the num-
ber of electrons as a function of s. The vertical axis is
the number of electrons which is normalized by the num-
ber of primary electrons produced by a bunch, 4.(z) =
Ae(2)/(Y1N,). A, characterizes the amplification factor
due to secondary emission.

The electron cloud density gradually increases at the be-
ginning of the interaction, and suddenly increases at the
bunch tail. This is due to the trailing edge multipacting
[4]. The number of electrons decreases after finishing of
the multipacting, but considerable quantity of electrons re-
mainsin the chamber at arrival of next bunch. The quantity
depends on the ring and beam parameters. Electrons accu-
mulate gradually again with a sudden leap at the tail of the
2nd bunch. These processes, in which the number of elec-
trons increases and decreases, are repeated every passage
of bunches. The numbers of electrons at top and bottom
arrive at certain values after 5-10 bunches passage. The ar-
rived values and the number of bunches to pass depend on
the ring and beam parameters.

Fig.3 shows the transverse distribution of electrons dur-
ing the passage of the last (10-th) bunch. The figure shows
that electrons distribute widely at the start of the interac-
tion with the bunch and are gathered at the beam position

100 T T T 80

60 -

40 -

Ae
Ae

20

(WANA!
1500

o RN L
0 200 400 600 800 10001200140016001800
s (m)

150 T T T 20 T T T
¢ @

L S

10

Ae
Ae

A A R A R R
0 500 1000 1500 0

Ae

0 200 400 600 800
s (m)

s (m)
Figure 2: Electron amplification factor and proton beam
density (arbit. unit). Electrons are produced at the cham-
ber surface. (a) 3GeV inj (b) 3GeV ext (c) 50GeV inj (d)
50GeV ext. (e) PSR (f) ISIS (g) AGS

immediately, and splash after the interaction. The last pic-
ture shows the vertical distribution of electrons after 50m
passage. Thecloud sizeis comparableor alittle larger than
the beam size.

We also investigated electron cloud build-up due to ion-
ization. Electrons are produced at the beam position. The
initial energy of ionization electron is neglected. If the en-
ergy of electron is high enough to escape the beam poten-
tial, the production yield contributes to Y; at the chamber
surface. Fig.4 shows the number of electrons A, for zero
initial energy. The number is far less than that produced at
chamber. Electrons can not get sufficient energy to produce
secondary electrons.

We now estimate neutralization factor of the electron
cloud for proton beam. The proton and electron line densi-
ties are functions of z. The neutralization factor is defined
as electron cloud line density divided by the average proton
line density, f(2) = Ae(2)/A,, whichisfunction of 2. The
neutralization factor is expressed by

o Ae (Z)Y1 Np o
flz)= N, b, Ac(2)Y14,. 4
Table 2 shows peak and bottom values of the neutraliza-
tion factor for each ring. The neutralization factor strongly
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Figure 3. Transverse electron distribution during the pas-
sage of the last (10-th) bunch (1-st) Om, (2-nd) 10m, (3-rd)
50m, and (4-th) 100m, and (5-th) vertical distribution after
50m passage.
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Figure 4: Electron amplification factor and proton beam
density (arbit. unit). Electrons are produced at the beam
position. (@) 3GeV injection (b) 3GeV extraction (c)
50GeV injection

dependson the parameters: beam size, chamber size, bunch
length, and bunch spacing.

We got some characteristics concerning electron cloud
in this simulation. The characteristics are used to estimate
instability in the next section. They are summarized as fol-
lows,

e Electron cloud arrives at an equilibrium density after
around 10 bunches passage.

¢ Leading-edge of the proton beam passes through the
electron cloud which is formed by previous bunches.
The electron cloud distributes al over the chamber.

e Electrons are gathered at the beam position immedi-
ately at the passage of the leading-edge.

e Number of electrons suddenly increases by 2 ~ 10
times depending on the beam and ring parameters at
the trailing-edge of the proton beam.

3 INSTABILITY CAUSED BY
ELECTRON CLOUD

We discusstheinstability caused by the electron cloud. The
instability is studied by simulation using beam tracking and
the wake field approach. We study the transverse dipole
mode instability, in which the beam can have dipole mo-
ment z(z, s), where z(z, s) isafunction of z.

3.1 Smulation using beam tracking

The electron cloud is created and accumulated by passage
of bunch by bunch as is shown in the previous section.
We study motion of proton bunches interacting with the
electron cloud using a tracking simulation. For simplic-
ity, we use the characteristics of the electron cloud sum-
marized in the previous section. Electrons are assumed to
be aways uniformly distributed with a certain density in



Table 2: Electron cloud build-up of the proton rings

JHF

variable 3GeV 50GeV PSR ISIS AGS

inj. ext. inj.

ext.

A, (bottom) | 42.0 | 180 | 94
A (pek) | 876 | 62 | 136.
n(bottom) | 0.020 | 0.0067 | 0.0035
n(peak) 0.042 | 0023 | 0.05

0.13 118. | 129 0.42

6.9 236. | 175 518
0.00001 | 0.034 | 0.003 |0.0001
0.0005 | 0.067 | 0.005 | 0.0015

the vacuum chamber at the beginning of interaction with
a proton bunch: that is, they do not have memory due to
interactions with previous bunches.

A proton bunch is represented by macro-particleswhich
are located aong z with equal spacing. Each macro-
particle has a charge and a mass corresponding to the pro-
ton line density. The macro-particle is free for dipole
motion with dipole moment characterized by &,(z;,s) =
(Zp,Yp), but the emittance (size) is kept to be constant.
Electron cloud is set at one or some positions of the ring,
and is represented by a large number of point-like macro-
particles. The electrons areinitialized by uniform distribu-
tion in every interaction with the beam.

The equation of motion is expressed by

2z, ; 2r
dsg, +K(s)Zp,; = _—p ZF@ (p,i — Te,a;0) (5)

x. , _
e = —2Xp(2)recFG(Te,q — Tpi;0). (6)

Motion of the macro-electrons and macro-protons is
tracked during the beam passage. After that, macro-protons
aretransferred by thelattice magnets, and theninteract with
randomly initialized electrons again. These procedures are
repeated in every interaction of the bunch and cloud.

We performed the simulation for JHF 3GeV and 50GeV
rings at injection. The neutralization factor was 2% and
4% for 3GeV and 50GeV rings, respectively. These value
are bottom values in the Table 2. Fig.5 shows the vertical
dipole moment of a proton bunch y ,,(z;, s) along the longi-
tudinal position z at s = 20 x L. Excitation of dipole mode
with the frequency w. is seen. We got similar signal for the
horizontal moment.

Fig.6 shows the variation of dipole moment, .J,,, where
Jy = (vy? + 2ayy’ + By'?) /2 ismaximum value along z.

To discuss the beam stability, we compare the growth
rate with the Landau damping rate. We take into ac-
count the Landau damping caused by longitudinal motion
of bunch, which disturbs the coherence of the dipole mo-
tion. Landau damping rateis given by w.nos = wsweo,/c
for along bunched beam [13]. The beam stability is esti-
mated by these ratios,
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Figure 5: Vertical dipole moments for JHF 3GeV and 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 GeV and 50 GeV, respectively.
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Figure 6: Growth of the vertical dipole instability for JHF
3GeV and 50 GeV rings at injection. The right-left corre-
spond to the head-tail of a bunch, respectively. Pictures (a)
and (b) are obtained for 3 GeV and 50 GeV, respectively.

where /3 is used as a normal stability condition.

For JHF 3GeV and 50 GeV at injection, the growth
rate Ty /7, for small amplitude is 0.2(< 0.10,) ~ 0.1(=
0.10,) inthe both cases. U is obtained as

U = 015~007 3GeV (8)
U = 023~012  50GeV. )

Although the growths in Figure 6 are very fast, Lan-
dau damping suppresses the instability because of large
weo/c.

3.2 Wake field induced by electron cloud and
beam stability

Here we treat the instability with analytic approach using

the wake field induced by electron cloud. We know that the

electron cloud was gathered near to the beam immediately
at beginning of theinteraction with the beam, and the beam



interacted with the pinched electron distribution during the
passage through the cloud. The size of 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 Gaussian distribution. We take linear term of
theinteraction. The motionsof the beam and electron cloud
arecharacterized by y, (s, z) and y. (s, t), respectively. The
equations of motion for the beam and cloud are expressed
asfollows,

Pyp(s,2) | (@)
152 + ( - ) Yp($, %)
w 2
= = (222) (p(s,2) = vl (s +2)/0)) (20)
d?y.(s,t)
dt?

where wg_,, denotes the angular betatron frequency with-
out electron interaction. The two coefficients w,, , and

we,y Characterizethe linearized force between the beam and
cloud, and are given by

= _wg,y(ye (Sv t) - yp(87 ct — S)): (ll)

9 AeTeC? 9 ApTe &

0% = w =

12
b,y 7(0I+0—y)0y7 e,y ’ ( )

(02 +oy)oy

where A, and )\, are the line densities of the cloud and
beam, and o, and o, are the horizontal and vertical beam
Sizes, respectively.

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

d?y,(s,z) @5\
# + <7ﬁ> yp(s, 2)

_ wiwe

3

/ Yp(s,2') sin %(z—z')dz'. (13)

Here 03 = wj + w; is the angular betatron frequency in-
cluding 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 thering circumference L, the wake function
can be written as

Wi(2)m %] = cRs/Qsin (Z2) . (14)
where \ I
e we
cRs/Q = N, 00 ¥ 0,0y ¢ (19)

Thiswake field doesnot damp for z inthismodel: i.e., in
theword of impedance, the () factor isinfinite. Actually the
frequency spread of w. should be taken into account. We
add a damping term 2ay . in the left hand side of Eq.(11).
The damping factor a: correspondsto the frequency spread
of w.. Thewake field is now expressed by

W(z) = 5 oy

};w p(%z)sin(%z), (16)

where o = w,./2Q and & = /w2 — 2. Notethat z < 0
for backward direction.

In this framework the frequency spread (« or @) is not
determined. The spread is caused by nonlinear interaction
with beam, proton distribution along z and beam size mod-
ulation due to 8 function variation. An estimation of )
caused by nonlinear interaction is given in Ref.[6]. The
wake field is calculated by the same simulation method.
Fig.5 shows the wake field for JHF-50GeV at injection.
The resonator parameters are obtained by fitting the figure
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Figure 7: Wake field caused by electron cloud for JHF 50
GeV at injection.

asfollows,
CSS — 19x105m~% (1.1 x 10%m~2)
we = 19x10%~" (1.2x10°s~") (17)
Q = 13.

The number enclosed in brackets is analytical value given
by Egs.(12) and (15). cRs/@Q and w. are somewhat larger
values than the analytical ones. Q=13 was obtained by
the simulation with the account of the nonlinearity of the
beam-cloud interaction. The ) value is conjectured to be
further reduced for considering the longitudinal proton dis-
tribution and modulation of the beta function.

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

Zi(w) =< fis (18)
w We W
(22
W we
AL wZ
_)\pay(oz+ay)w4ﬂ'<w we> 17
We W Q

where Z is the vacuum impedance 3772.

We discuss the stability of beam which experiences the
effective impedance. Since the bunch length is very long,
wel/c > 1, the coasting beam approximationis used. The



stability criterion is given by the dispersion relation as fol-
lows[13],

VBAproBwo [Z1(we)l _ V3AproB | Z1(we)l

U= =
YWeNos Zy YWsweo./c Lo

=1

(19)
For U > 1, the beam is unstable. U for various rings are
calculated using EQ.(15) and parametersin Table 1 and 2.
The @ value is 5. The results on the stability are shown in
Table 3.

Thetable includestwo values of Uy and Ur,, which are
the criteriafor the peak and bottom values of neutralization
factor, respectively. It is the same meaning for Z g 1,).

This result, which shows that the e~ p instability is seri-
ous for PSR but is not for 1SIS, is consistent with experi-
mental results. In JHF, some of Uy exceed 1.

4 CONCLUSION

We discussed the electron cloud build-up and instability in
some high intensity proton rings shown in Table 1. We
studied the electron cloud build-up using a computer sim-
ulation. Primary electrons were produced at the chamber
surface or at the beam position. We considered the yields of
Y1 ¢ = 4.4x107%/(m-p) at the chamber surface. The elec-
trons appear due to proton loss, ion hitting or other mecha
nisms. TheionizationyieldwasY; ; = 7.7 x 107%/(m - p)
(2 x 10~ "Pa). Theionization electron can be neglected for
the vacuum pressure less than 10 ~5Pa, 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. The ampli-
fication rate was estimated to be an order of 100 in the
present model. The neutralization factors for some proton
rings are summarized in Table 2. We have to note that the
rate depends on the secondary yield, beam shape and cham-
ber geometry. It has to be kept in mind that Y7 is difficult
to estimate in individual machines.

In this calculation, the space charge force between elec-
trons and the elastic scattering (reflection) of electrons[14]
are not considered. These may be important, because elas-
tic scattering continues to supply electrons up to the space
charge limit. We should not discard the ionization as the
electron source[15].

The beam stability is estimated by atracking simulation
and coasting beam model using the wake field due to the
electron cloud. The results are summarized in Table 3.
The tracking simulation showed consistent results as the
coasting beam model. In the results, PSR was the most se-
vere for the instability, while 1SIS was safe. JHF-3GeV is
medium between PSR and I SIS. For large scale rings, AGS
is safe. JHF-50GeV is more severe than AGS. Since the
stability criterion U exceeds 1 at the peak cloud density for
50GeV ring, and is closed to 1 for 3GeV ring, we have to
take care of the instability. We should estimate the cloud
density more carefully, including the space charge between

electrons, elastic scattering of electrons, effects of lattice
magnet, etc.

The secondary electrons play important roles for the
electron cloud instability in proton rings. Application of
the TiN coating to reduce the secondary yield isavery pow-
erful cure for thisinstability.

The authors thank A. Valishev for reading this
manuscript.
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Table 3: Wake field and stability for electron cloud instability

JHF
variable 3GeV 50GeV PSR | ISIS | AGS
in. | ext. | inj. ext.

Z(wo)r/Q(MQ/m) | 0.29 | 0.24 | 0.68 | 0.019 | 0.46 | 0.0051 | 0.024
Z(we)u/Q(MQ/m) | 061 | 083 | 9.7 | 0.96 | 0.90 | 0.0085 | 0.37
wely/c 133 | 182 | 199 | 276 | 166 | 27 | 153
UL 007 | 023|011 | 002 | 1.6 | 009 |0.004
Un 015|078 | 16 | 1.2 | 32 | 014 | 0.06




