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1 Abstract

Effects of the head-tail instability caused by the electron cloud and of the
coherent synchrotron radiation (CSR) on the possible upgrade of the PEP-
IT B-factory are studied. The wake field of the cloud derived analytically
taking into account the finite size of the cloud and nonlinearity of the electron
motion.
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2 Introduction

The goal of the paper is to estimate two relatively new effects, of the electron
cloud and of the coherent synchrotron radiation (CSR), on the possibility of
upgrading PEP-II B-factory to higher luminosity [1]. We do not consider
other obvious effects of higher beam currents such as additional heat load.
The main effect which may limit the luminosity is degradation of the trans-
verse beam emittance which was observed at KEK B-factory and explained [3]
by the head-tail instability driven by the beam-electron cloud interaction. To
study this effect, we derive, first, analytic expression for the effective trans-
verse wake field caused by this interaction. This result includes the frequency
spread in the cloud, the main effect of the nonlinear motion of electrons in
the cloud. With this approach, we are able to calculate the @-factor of the
wake and study the tune spread in a bunch. The wake then applied for cal-
culation of the threshold of the head-tail instability for several scenarios of
the upgrade. In the last section, we discuss another effect, effect of the CSR
recently observed at Brookhaven [4] and considered in our paper [5].

3 Density of the electron cloud

The main uncertainty in the theory of the beam-electron cloud interaction
is the density of the electron cloud. The density depends on the beam cur-
rent, the bunch transverse rms o, ,, the rms bunch length o, the bunch
spacing s, = 2w R/n;, the beam pipe aperture b, and material of the walls.
The density is dynamic parameter which depends itself on the beam-cloud
interaction.

There are two mechanisms of accumulation of the electrons.

First, electrons maybe trapped in the field of the beam. An electron at the
distance r from the beam gets a kick from a bunch v/c = 2r,N,/r, where r,
is the classical electron radius. Then, it can reach the wall or remains within
the beam pipe. Trajectory of the electron in the last case is complicated but,
generally, it makes several oscillations around the beam line due to the kicks
of the following bunches before it goes to the wall. Such, at least a temporary
trapping, may take place if

Lyoarn < ecbz/(resg), (1)

or Iyeam < 1.8A for b = 2.5 cm and s, = 240 cm. An electron, trapped in the
close vicinity to the beam, oscillates with frequency defined by the average
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< QO > 2Nb’re
)? = (2)

c SpOL0y

(

At higher currents, an electron, generally, goes wall-to-wall in one pass. Such
swiping by the passing bunches reduces the electron density at the beam line.



These arguments do not take, however, into account the finite length of
a bunch. The oscillations of an electron trapped by the beam are changed in
the field of a bunch. For a long bunch, the frequency changes from < €2y >
to €2,
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where the bunch length [, = o,v/27. If Qyl,/c << 1, then the interaction of
the electron with the bunch produces a kick considered above. If, however,
Qoly/c >> 1 then interaction is adiabatic. The amplitude of oscillations
decreases while the frequency of oscillations increases but then both come
back to the initial values. The electron in this case remains trapped. The
adiabatic trapping takes place, first, for electrons in the close vicinity of the
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This criterion corresponds to Ipynen = 0.5 mA at 0,0, = 810* em?,0, = 1
cm, and 27R = 2.2 km. For electrons with large initial amplitudes, the
adiabatic trapping takes place at larger Ily,,., and the density at the beam
line increases. The pinching of electron trajectories additionally increases
the density in the bunch-cloud interaction. If there is a gap in the train, the
adiabatic trapping is one-turn effect.

It seems that the minimum density can be achieved for the beam current
higher than in Eq. (1) and for the bunch current lower than in Eq. (4). Both
conditions are consistent for the bunches with

[bunch > ec

0,0, (2m)3?
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The second (main) mechanism leading to the build up of the e-cloud
density is the production of secondary electrons. Electrons kicked to the wall
can produce secondary electrons if the yield of the walls and the energy of
the incoming electrons are large enough. The later gives a weak limit on the
bunch current of the order of 0.1 mA. Usually, the secondary electrons come
out of the wall too late to see the parent bunch. Their motion is defined
then by the space charge of accumulated electrons. The average density of
the cloud n, produces potential U = me?n.b? at the wall which can prevent
the secondary electrons with the typical energy F,.. ~ 5 eV to get out of the
wall provided U > FE,,.. This limit the cloud density n, ~ 1.810% ¢m 3 for
b = 2.5 cm. The limit in this case is independent of the beam current.

Electrons which do get a kick vy/¢c = 2Nyre/b from the parent bunch
will be returned to the wall by the space-charge force before the next bunch
arrives if cosh(€Q,sp/¢) — (v9/b2,) sinh(sy/¢) > 1, where Q,/c = \/2mn.r..



This requires somewhat higher density, n. > (1.4/6.0) 107 ¢cm? for s, = 240
cm and b = (4.5/2.5) cm.

The usual estimate of the average density is given by the criterion of
neutrality: the average in time field of the beam FEy(b) = 2elyeqm/(ech) at
the wall is equal to the average space-charge field E.(b) = 2mn.b. This gives

o Ibeam

ne = o (6)

where S = 7b? and ec = 4.8107° A cm.
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Figure 1: The estimate of the average electron cloud density per cm? as

function of beam current.

For typical parameters of the B-factories, S = 60 ¢m?, and for the beam
current, Iyeqm =~ 1Amp, n, ~ 310% 1/em3, cf. Fig. 1, in a reasonable agree-
ment with simulations. We use this estimate in this paper. However, it is
worth to underscore again that temporary and spatial variation of the cloud
affect the density at the beam line.

4 Wake field of the cloud

Derivation of the effective wake field induced by the electron cloud is compli-
cated by the substantial nonlinearity of the motion of electrons in the cloud.
A simple estimate of the wake field is known [2], [3], and was recently used
to study the emittance blow up [6]. The wake was obtained in a linear ap-
proximation and for equal transverse sizes of the beam and of the cloud what
is, certainly, wrong in reality. The estimate is based on an assumption that
the wake is defined, mostly, by the electrons in the close proximity to the
beam. This argument is correct but not obvious because the roll-off of the



force of interaction at large distances from the beam may be compensated
by the large number of distant electrons. In this paper the wake is derived
in somewhat more rigorous way which, hopefully, may clarify validity of the
assumptions assumed in the linear approximation. Our derivation is valid
for the arbitrary ratio of the size of the cloud to the rms size of the bunch,
allowing us to define the Q-factor of the wake, and to study the tune spread
induced by the e-cloud.

Let us consider a flat Gaussian bunch with transverse rms o, >> o, and
the bunch rms length o,. A slice at the distance z > 0 from the head of
the bunch is at s = ¢t — z in the ring at the moment ¢. Let us use notation
y(t, z) for the vertical displacement of a positron in a slice z and Y (¢, s) for an
electron at location s. The bunch can be flat or round. Equation of motion
of an electron of the cloud in the first case is

d?Y (t, s)

= 2roc?\y(s — ct) BE(X,Y — y.(t, ct — s5)), (7)

where 7y is the classical radius of a particle of the cloud, Ay(2) is the linear
bunch density, y.(t, 2) is the displacement of the centroid of a slice z = ¢t — s,
and X can be considered as a constant defined by initial location of the
electron. For a round beam, Y can be understood as the displacement of a
particle along the radius. The X dependence in this case should be omitted.

The explicit form of the vertical force BE produced by a Gaussian bunch
is given by Bassetti-Erskin formula [7],

BE(a?a y) = hﬁRe [W(u + ivp) — W(pu + iv)e_(l_pz)(“2+vz)],
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where W (z) = Erf[—iz]le *". It is convenient sometimes to use the integral
representation,

Y
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Note that Sy(0,0) = 1 and S(r) = 203,,/r? for a round beam.

Motion of a particle in a slice z of a bunch is described by a similar
equation. This equation, averaged over the transverse Gaussian distribution
of the slice, describes the betatron motion of the slice centroid:



2r.c? dN,
ds

d*y.(t, z)
dt?

/ dXdY BE(X, ye(t, 2) =Y ) ps(X, Y, 1, ct—2).
(11)

Here the density ps of electrons in the cloud can be obtained from the nor-
malized to one distribution function

+w§yc(t, z) =

ps(X,Yts) = [dXaV ps(X, X, Y,V 1,9), (12)

where px (X, X,Y,Y,0, s) is Gaussian initial distribution with the rms X, ,.

The amplitude of the bunch centroid is always small compared to the
dimensions of the cloud. In the linearized Eq. (11), the term given by the
expansion of the factor BE over y. gives the tune shift

rec? dN,
ywg ds

OBE(X,Y)
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Aws = — / dXodYo( )y v, Y (X0, Y5,0,5),  (13)

where s = ¢t — 2z, pg))(Xo,Y{),O,s) is the cloud density at ¢ = 0, and Y}, =
Yir(Xo, Yo,t,5) is a trajectory of an electron of the cloud with the initial
conditions Xy, Yy at ¢t = 0. Eq. (23) defines G,
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In the following, we will neglect this effect and put y. — 0 in the argument
of BE in the right-hand-side (RHS) of Eq. (11). The RHS is defined then by
the distribution function of the cloud ps (X, X,V Y.t s), which satisfies the
continuity equation

dp

. Ops; by
+ F; —+(X=>Y)=0, 16
v ) (16)
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where Fy is the RHS of Eq. (7). Let us linearize Eq. (16) expanding the force
Fy over y, and taking ps(t,s) = p (¢, s) 4+ pM). The first part, p(® describes
a perturbation of the cloud density by the bunch with the zero offset. Note
that p(® is an even function of Y provided the initial distribution function
is even. Because BE(X,Y) is odd function of Y, p(® does not contribute to
Eq. (11). The equation for the second part, p() (Y, Y, t, s), is

ooV 0pM 0 0p 9p© oFY
v FOL oyt et — ) LY 17
g PV oy Ty Tl =T (17)



where
FY = 27y \y(ct — s)BE(X,Y). (18)

Introduce new variables Yj, YO,

Y =Yy (Yo, Yo, t,8), Y =Yy (Yo, Yo, t, 9), (19)
and the function f(Yp, Yy, , s), which is related to p®) by

pM(Y,Y 1, 5) = (Yo, Yo, £, 8) [vomyin (vi—ts)- (20)
The function f satisfies equation

of 2p® GF
ar = Yelbret = )8Y I

(21)
The arguments Y and Y in the RHS have to be expressed in terms of Yy, Yo
using Eq. (19). Then, the RHS is a function of Yy, Y and can be written as
Poisson brackets yc{Féo), p(o)}yy = yc{Féo), p(o)}Yo,Yo' Thus, for t >ty = s/c,

. t . .
f(Yba )/07 ta S) = /t dt,yc(tla Ct,_s){F)E'O) [Y;fr (Yba Yba tl_t07 S)a Ct,—S], P(g?) D/Oa Yba 07 S]}YoyYO'
0

(22)
Here we used the identity: p©@ [V, (Y, Yo, t', s),t',s] = pg)) (Y5, Y0, 0, s].
Eqs. (22, 20) define the RHS of Eq. (11):
RHS = =224 [ 4X,dYod XodY) [y dt’yc( et —t) + 2)
BE[X, Y, (Yo, Yo, t, s)]{Fy [Yir (Yo, Yo, ' — to, 5), ct’ — s], pO[¥0, 5,0, ]}y, 23)

Integrating by parts and changing variable ¢’ to 2/, t' =t + (2’ — 2)/c, it
can be transformed to the form

RHS = —2ecdlieorc? [Fdz'y,(t + 222, 2 ) M(2') [ dXodYod XodYop Yo, Yo, 0, 5]
{BELX, Y, (Y0, Yo, 2, 8)), BE[Y:r (Yo, Yo, t + 2, 9)]y, o (24)

where s = ¢t — z. Let us compare Eq. (24) with the standard form of the
force due to the transverse wake field per unit length W:

!

d2 c ta -
ye(t, 2) Vet + z

dt?

(21, (25)

+ wéyc(t, z) =

where \y(2) is the linear density of a bunch normalized to the bunch popu-
lation, [dzXy(z) = N,. Comparison defines the effective wake of the cloud
per unit length:



W(z,2') = 47“00% deOdYOdXOdYOpg))[%,YO,O, s]
{BE[Xa Y;T()/O? )./07 Z/Ca S)]7 BE[Xa Y;T(Yb) Y.ba Z,/C7 S)]}YO,YO‘ (26)

This formula gives the wake in terms of the trajectories of electrons in
the field of a bunch with the zero offset.

Let us calculate the effective wake neglecting anharmonicity of the oscil-
lations in the cloud but taking into account dependence of the frequency on
amplitudes. This will allow us to calculate the Q)-factor of the wake. In this
approximation,

Yy (Yo, Yo, 1, s) = Yy cos[y] + %Sin[z/)], (27)

where di/dt = Q(Xy, Yy, ct — s). The Poisson bracket can be easily calcu-
lated:

{BE[X,Y (Yo, Yo, t,8),t, 5], BE[X, Yy, (Yo, Yo, t 4+ 252, ), 1, 8] by, v

= [Sin[w(Z)g}szS[w(z )] Sin[w(zgg](gf))swz)]](fglgf)z(g%‘?)Z,, (28)

Here di(z)/dz = Q(z) /e, (3BE) and (3BE)Z/ have arguments Y;, (Yp, Y5, z/¢, s)
and Y, (Yy, Yo, 2 /¢, s), respectively.

After substitution of Eq. (28) into Eq. (26), the initial velocity Yj can
be put to zero. This is justified because the potential well of an electron in
the field of a bunch is deeper than the average potential well of a beam by a
large factor equal to the ratio of the bunch spacing to the rms o,.

The frequency Q in 1D case is derived from the Hamiltonian H(Y, Y, ¢, s) =
YTQ+U, where U(X,Y,t, s) is related to the force F' = —(0U/0Y") = 2roAp(s—
ct)c*BE(X,Y). We can distinguish two extreme cases: a sharp edge bunch
(low bunch current), Qyo,/c << 1, and a adiabatic bunch Qqo,/c >> 1
where () is frequency of linear oscillations,

o 2O (29

c oy(0y +0y)

(

In the first case, the energy H and Q are defined by initial Y and Yj,

QO 290 Yo
= 30
! V20(%) - U(v)] .

In the second case, the adiabatic-invariant J(H) = f(dY/27r)\/2[H —U(Y,1)]
is constant, and dJ/dH is again given by Eq. (30).

It is worth notlng that electrons of the cloud after interaction with a
sharp edge bunch change their velocity and are accelerated to the speed

8



above the average velocity before interaction. For adiabatic bunch it does
not take place. For this reason, the maximum energy of the electrons does
not increase proportional to the beam current but is limited by the condition
Qo,/c~1.

Eq. (30) can be simplified noticing that the main contribution to the
integral is given by coordinates Y in the vicinity of Yy. Expanding U(Y}) —
U(Y') around Y, we get

Qz) _ b

Here \y(0) is the maximum linear density of a bunch, A\, (0) = N,/(0,v/27).

The first factor, /So(X,Yp), is shown in Fig. 2. The error introduced by
this approximation was checked numerically and is small, AQ/Q ~ 0.2.

Figure 2: Frequency /Sy vs initial amplitudes 0 < X/o, < 3,0 < Y/o, < 5.

Eqgs. (26), (28), and Eq. (31) define the wake per unit length as a function
of ¢ = Qy(2' — z) /¢, proportional to the distance between leading and trailing
slices, and (y = Qz/¢, the position of the leading slice from the head of the

bunch: g Q
no_ Te 200
W(Z7Z) - )\b(1+p)( c )Weff(<7C0)' (32)

Here,

2

Wop(z, ) = J2° da J3° dye™ P~ (5) slu(e)ICosu()] _ sinfu()[Coslu(a)]

9(2)/% (") /%
[So(@,y2) = yZSu(z, y2)][So (@, ) — yZSi(x, 1)), (33)

where y, = ycos[y(2)], and y, = y cos[tp(Z)].




In the integrals we used dimensionless x = X/o,, y = Y/o,. The func-
tions Sy(z,y) and S;(z,y) in this variables are

l—i—p) %0 dp efﬁgf%‘j%;)[l roy
20 0 (L )21 pfp?

1+ p

(34)

The wake Eq. (33) is a weak function of parameters p, z, and the ratio

Y2y/0sy. The wake W.pr Eq.(31)-(34) calculated for parameters 2’ = 0,

p=0.2,3%,/0, =%,/0, =5 is shown in Fig.4. The calculations were carried

out with MATHEMATICA interpolating functions Sp; and Q(X,Y") and,
then, carrying out double integrals in Eq. (33).

So1(X,Y) = (

s | ]

0 5 10 15 20
Omegazc

Figure 3: Effective wake Wesr((,0) of the cloud as function of ( = Qoz/c.

Parameter Symbol Value
average radius R.m 350
bend radius, LER Pe,M 13.752
relat.factor 0% 6.103 103
momentum compaction « 1.2310°3
emittance,nm €y 49.5/1.2
tune Qy.z» 38.57/36.6
average x beta, m Be 9.370
average y beta,m By 12.47
synchrotron tune Vg 0.0251
vertical half gap b cm 2.5

Table 1: Main Parameters of the PEP-II

For the nominal LER PEP-II parameters, Table I, the average cloud
density n, = 4.7510°, Q, /(27) = 14.0 GHz, the number of oscillations within
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the bunch rms Q,0,/(2m¢) = 0.6, and the amplitude of the wake field is 695
V/pC/em what corresponds to the shunt impedance 4.7 MOhm/m. This
should be compared with the resistive wall transverse wake

460 |27R
Wa(s) = b—go\/ — (35)

where ¢ is the skin depth at the revolution harmonics. For PEP-II parame-
ters, 0p ~ 0.17 mm, and W, = 2.0 V/pC/em at s = 1 cm.

The wake, see Fig. 3, can be approximated by the wake of a single mode
with frequency puf),

) _uc
Werr(¢) = Winaw sin(u¢)e 22, (36)
Dependence of the factor Weff(C, 0) on parameters is illustrated in Figs.4-6.

1.25 |

12}

wmax

1.15 |

Figure 4: Dependence of Wes(C,0) on p for the fizred ¥y, /04, = 5.

The best fit in all cases was for p = 0.9.

The wake shown in Fig. 4-6 was calculated for a long bunch Qyo, /¢ >> 1
and for the leading slice at the head of the bunch, 2z’ = 0. For a short bunch,
the wake is mostly linear. Fig. 6 shows wakes generated by a leading slice
2" = 0 for several values of Qo /c. Initial slope is the same in all cases. Fig.
7 shows wake for different positions of the leading slice within a bunch.
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Figure 5: Dependence of Wesr(C,0) on X, /04, for fized p =0.2.

4.1 Effect of the cloud on the beam stability

The simplest effect of the cloud would be the direct resonance of oscillations
in the cloud with the bunch separation frequency, Qgs,/(2wc) = integer.
Such resonances may take place at certain beam currents, but, probably
they are suppressed by the strong nonlinearity of the cloud oscillations.

Other effects are the tune shift and the tune spread caused by the e-
cloud, see Eq.(10). For the PEP-II nominal parameters, lpeqm = 1.45 A,
ne = 4.7510° 1/em?, the tune shift AQ,/G = 0.046 is comparable with the
beam-beam tune shift. The factor G(€yz/c) in Eq. (10) describes variation
of the tune shift along the bunch due to pinch of the cloud. The factor G
defining the tune spread along the bunch is shown in Fig. 8 vs 2/c¢ where
z is the distance from the head of a long bunch, Qy0,/¢ >> 1. Note that the
tune variation along the bunch is of the order of the tune shift and can cause
the transverse emittance degradation and set some particles on the betatron
resonances.

The coherent signal, which drives the instability, is dominated by the
contribution of electrons with small amplitudes. Contrary to that, the tune
spread is produced by all electrons in the cloud because the growing phase

12



Omega_0 sigma_z ¢

Figure 6: W,r((,0) for several values of Qoo,/c. p=10.2, ¥;,/04, = 5.

volume of remote electrons compensates decreasing force of interaction at
large distances.

Variation of the tune on z does not lead to the chromatic head-tail effect.
This is well known for the linear variation of the tune along the bunch [10]
but remains valid for arbitrary dependence @Q),(z) what is easy to see in the
two-particle model.

Another dynamics effect of the cloud is the strong head-tail instability
due to the effective transverse wake of the cloud [3]. The head-tail instability
driven by the beam interaction with the cloud differs from that driven by the
geometric wake because the effective wake of the cloud itself depends on the
beam current.

The e-cloud wake obtained above allows us to estimate the threshold of
the head-tail instability [8] in the high-current upgrades of the B-factory. The
main uncertainty here is the density of the cloud. As it was mentioned above,
this parameter is set, generally speaking, by the beam-cloud interaction and
only in the sharp-edge regime can be defined in simulations which models a
bunch train as a set of point-like macro particles.

The Satoh-Chin’s formalism [9] is used to define the threshold of insta-
bility. The coherent shift A = (Qn — ws)/ws and the increment of the
head-tail instability 7 = 1/Im[Qcon], Im[Qeon] > 0, can be defined from the
determinant

Det[éh,l + Ch,lGh—l—l()\)] =0, (37)
where h,l = 0,1, .., and

_ [bunchﬁy & & Ol \htl Bh()\)
8m(E/e)vs Q “wo' V2R \/h!l!(l _ 1/4Q2)'

Chy (38)
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Figure 7: Wers(C, Zhead) for several values of o2’ /c, where 2’ is location of
the leading slice. Other parameters are: Qyo,/c =5, p=0.2, ,,/0,, =5.

Here wy = ¢/R, parameters 3o(A) = 1/X, Bi(\) = 20/(A\? — 1), etc. The
wake field parameters: the resonance frequency w,, the shunt impedance R,
and the ()-factor, are related to the parameters of the wake field defined
above: w, = ufy,

& . QZgne
Q  mpX(l+p)

Parameters W,,,.., = 1.2 and ) = 5, see Fig. 5, were used in calculations.
Functions G,,(A) in Eq. (37) are given by the sums

Winazs 2o = 120rOhm. (39)

> 2 2 1 1
G, = Z e (p—p1) [ _
p=—o00 p+p- p+Dp+

(P —p1)™, (40)

where s = 0, /R, p1 = {/a—Avs—vg, pr = Avs+va+(wr/wo)[£4/1 — 1/4Q%+
i/2Q)]. To simplify calculations, we derived and used the identity

e—s2(p—p1)?

S T = me P cot[mpo] + iExf[is (po + pi)]
4T (—1)ke@R/9? [ dre=2” sin[2s(py + p1)x + 2mkpy].  (41)

For small s << 1, only the first two terms are needed to be taken into
account. Eq. (2.36) speeds up calculations by several orders of magnitude.
Functions G,,, m > 0, can be obtained as derivatives of Eq. (41).

Results of calculations are illustrated in Fig. 9 for upgrades of the PEP-II
LER at the zero chromaticity £ = 0. Parameters of the B-factory upgrades [1]
(I)-(IV), see Table 3, are different from the nominal parameters mostly by
the beam current and the rms bunch length. The frequencies of the modes

14



Parameter  Description Value

E (Gev) beam energy 3.1

By (m) average X beta 9.370
By (m) average y beta 12.47
€; (nm-rad) x emittance 24.0

€y (nm-rad) y emittance 1.50

o, (cm) bunch length 1.30

op relative energy spread 0.00077
Vg X tune 0.649
Vy y tune 0.564
Vs synchrotron tune 0.0251
C (m) circumference 2200
N, # of positron charge  1.0x10'!

Table 1: Parameters for the Low Energy Ring (LER) positron beam

Parameter Description Value (e*/e™)

ny number of bunches 692 692

I Beam current, (A) 1.450 0.8

o, rms length, cm 1.30 1.3

do relative energy spread 7.7107* 6.11074
N,107'*  bunch population 0.96 0.53

Table 2: Nominal Parameters

m = 0 and m = —1 shift with the bunch current and cross at the threshold
current Iy, The threshold currents in all cases are comparable.

It is worth to remind that the lattice chromaticity combined with the
e-cloud wake leads to the chromatic head-tail effect, which does not have a
threshold.

5 Effect of the coherent synchrotron radia-
tion

Recently, the coherent radiation with the wave length much smaller than the
bunch length, A << oy, was observed experimentally [4]. A similar effect was
noticed also by other groups. The radiation may indicate a micro-structure
within a bunch. A coherent synchrotron radiation (CSR) was proposed as a
possible cause of such micro-structures [5]. The micro-bunching in this model
with the density modulation 6n(z, s) = én(0)e™**=*¥/¢ where k = 27/, and
Q) is coherent frequency, is a result of the longitudinal microwave instability
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Figure 8: Variation of the tune shift along a long bunch. p =0.2, ¥, /04, =

d.

Parameter (I) (1) (I11) (IV)

np 750 1658 3400 3492

I, 1.750/0.95 4.0/1.4  10.0/3.3  18.0/6.2
Lyunen/mA, LER  2.33 2.41 2.94 5.15

o8 1.1/1.19  0.8/0.8 0.5/0.5 0.13/0.14
a, 1073 1.23/2.41  1.23/241 2.41/1.23  2.41/1.23
50,1074 7.7/61  77/61  T7/61  1.7/6.1

Ny1071t 1.07/0.58  1.1/0.387 1.35/0.445 2.36/0.814

Table 3: Parameters for upgraded PEP-II (LER/HER)

driven by the CSR impedance Z(k). The CSR impedance of a bend with the
radius R is [11], [12]
Z(k) = iA(i)l/?’ A=1.63i —0.94 (42)
) . .94.

The instability produces a micro-structure within a bunch. The CSR
radiation of the micro-structure supports the instability in a self-consistent
way. As usually, the threshold of instability can be defined from the dis-
persion relation (DR). For a wave length of modulation small compared to
the bunch length, the answer can be obtained considering a coasting beam
with the linear beam density \, = N,/1/270? equal to the linear density of
a bunch. The dispersion relation for a Gaussian bunch takes in this case the

form AA 1 p
1= 4 2/3/ PP —p22 A
NorATa LA .t (43)
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Figure 9: The threshold of the head-tail instability for upgrades of the PEP-
II. In the left column: the tune shift Q/ws vs. bunch current. In the right
column: the dimensionless growth rate 1/(wsm) = Im(Q/ws). The rows are
for the II, III, and IV upgrade parameters, see Table 3, respectively. The
density of the cloud is scaled proportional to the beam current. Parameters
of the wake are explained in the text.

Here, Q0 = Q/(ckndy), and

Ao

- mn&

depends on the slip factor n and the rms energy spread 9.
Numerical solution of Eq. (43) shows that the growth rate of instabil-

ity I' = Im[Q2] becomes positive and the instability takes place for A >
1.6(kR)?/®. The growth rate 1/7 of the instability above the threshold is

A (44)

L A Mmooy e
— = SR (45)
Note that the threshold is minimum while the growth rate is maximum at
the lower wave lengths.
For a bunch in a beam pipe with the half-gap b, the screening effect has
to be taken into account: the CSR occurs only at kR > (mR/2b)*?. Let us

introduce parameters
S = (kR)(mR/2b) %%, = 1.6A(kR) /3. (46)

The CSR instability in a beam pipe can take place if both parameters are
larger than one. These parameters as functions of the wave length of mod-
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ulation is shown in Fig. 10 for the upgrade (III) and two scenarios of the
upgrade (IV) (for two values of the momentum compaction number). Only
in the case (IV) the instability is possible. In all other cases (including the
nominal parameters and the cases (I-II), not shown in Fig. 10) both param-
eters S, p are smaller than one for the modulation with the wave length less
than oj.

L=8. E34 upgrade PEPI |
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0.8 nmupar 0.8} | scrn
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L=E36; sigl=1.4 nm al pha=1.2E-3

\ e+ e-
1 1
0.8 0.8
0.6 0.6
0.4 0.4 par
par scrn scrn
0.2 0.2
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
wave | ength cm wave | ength cm

L=E36; sigl=1.4 mm al pha=0.4E-3

[\ e / e

1 1

0.8 0.8

0.6 0.6

0.4 0. 4y nupar

mupar scrn scrn
0 0.2
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
wave | ength cm wave | ength cm

Figure 10: Parameters S and p, for high-luminosity upgrades. In the last
case, the CSR instability is possible.

Above the threshold, the amplitude of the density modulation increases,

in the linear approximation, exponentially. Due to nonlinear effects, the
amplitude saturates at some finite amplitude dn,,,,. The estimate gives [13]

52
Smas ~ %(kl%)?/:‘. (47)

To
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6 Summary

The wake field induced by the beam interaction with the electron cloud
can cause the head-tail instability. The threshold of instability depends on
the density of the electron cloud on the beam axis. We discuss different
mechanisms defining the density and ways to minimize it. The adiabatic
trapping described in the first section shows that tracking of a train as a chain
of point-like macro particles may not be good enough to define the density
and the effect of the finite bunch length has to be included in simulations.
The effective wake of the e-cloud is given in terms of electron trajectories in
the filed of the beam with the zero offset. Neglecting anharmonicity of the
motion but taking into account the amplitude dependence of the frequencies
of electron oscillations, we obtain expression for the effective wake driven by
the e-cloud. Dependence of the wake on the beam parameters is in a good
agreement with the tracking simulations [3]. The wake allows us to calculate
the tune variationn along the bunch and to determine the threshold of the
head-tail instability for several scenarios of the B-factory upgrades. In the
last section, we discuss effect of the CSR on the beam dynamics. It is shown,
that this effect can be noticeable only for the last scenario with the highest
luminosity.

References

[1] Proposed upgrade of the B-factory, Snowmass, 2001

[2] K. Ohmi, “Beam-Photoelectron Interactions in Positron Storage Rings,”
Phys. Rev. Lett. 75 1526 (1995).

[3] K. Ohmi and F. Zimmermann, EPAC 2000, Vienna, Austria, June 2000.

[4] J.B. Murphy, Workshop on Broadband Impedance Measurements and
Modeling, SLAC, Stanford, February 2000

[5] S. Heifets, G. Stupakov, Microbunching by Coherent Synchrotron Radi-
ation, SLAC-PUB-8988, August 2001.

[6] K. Ohmi, F. Zimmermann, E. Perevedentsev, Study of the fast head-tail
instability caused by electron cloud, CERN-SL-2001-011 AP, presented
at HEACC2001, Tsukuba, March 2001

[7] M. Bassetti and G. Erskine, CERN ISR TH/80-06 (1980).

[8] K. Ohmi and F. Zimmermann, “Head-Tail Instability Caused by Electron
Clouds in Positron Rings,” Phys. Rev. Lett. 85 3821 (2000).

19



[9] K. Satoh and Y.H. Chin, “Transverse Mode Coupling in a Bunched
Beam,” Nucl. Instr. Meth. 207, 309 (1983).

[10] A. W. Chao, Physics of Collective Beam Instabilities in High FEnergy
Accelerators (Wiley-Interscience Publication, New York, (1993).

[11] J.B. Murphy, S. Krinsky and R. Gluckstern, Proceedings of 1995 IEEE
PAC (1995),

[12] Ya.S. Derbenev, J. Rossbach, E.L. Saldin, V.D. Shiltsev, Microbunch
Radiative Tail-Head Interaction, Preprint TESLA-FFI 95-05, September
1995.

[13] S. Heifets, G. Stupakov, Nonlinear stage of the microwave instability,
SLAC-PUB-8758, August 2001.

20



