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Transverse beam stability with an “electron lens”
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This article is devoted to stability analysis of the antiproton beam interacting with an electron beam in an
“electron lens” setup for beam-beam compensation in the Tevatron collider. Electron space charge forces
cause transverse “head-tail” coupling within antiproton bunch which may lead to a transverse mode coupling
instability (TMCI). We present a theory, analytical studies, and numerical simulations of this effect. An
estimate of threshold longitudinal magnetic field necessary to avoid the instability is given. Dependence of the
threshold on electron and antiproton beam parameters is stli8i£063-651X99)10203-4

PACS numbds): 41.75.Lx, 29.27.Bd

I. INTRODUCTION _
| By 201+ Bo)deL el

gi'y% A

<P )

. . . . €UedeYp

Proton and antiproton beams in the Tevatron collider in-

teract via their electromagnetic forces at two collision point ere r=e?/(M=c?)~1.53<10"18 m is the (antjproton
. . p_ p -~ .

ﬁotﬁgdszg;sr\gssS#]mcer:g;sbgcsjlﬁ(;z atlrc]);lg f\iZ?r;tifsi Oerglﬁassical radiusyy is relativistic antiproton factory .= cp,

. . y A iS electron beam velocityp, , is the beta function at the
other. Such an interaction causes betatron oscillation tunget_up location for horizontal.y for vertica). For example
shift and tune spread in both beams. The tune shift and the _ 5" long set-up with) —15 A current of 10 kV elec-
tune spread are supposedly much larger in the antiprotoggnS (8.=0.2) installed aiﬁx=100 m can shift the hori-
beam than in the proton one, because the proton intensity L

X Yontal tune of the 1 TeV antiprotons B~ —9.1x10 3 if
several times larger, and can reach values of about 0.01-0.Qg, ajectron beam radius &=1 mm. Strong longitudinal
in the Tevatron luminosity upgrade project TEV33]. '

_magnetic field plays a significant role in maintaining stability
These effects are expected to be a problem for the maching poth electron and antiproton beafie. It also suppresses

operation if uncorrected. Compensation of the beam-beanhe electron beam current distribution distortions and, there-
effects in the Tevatron with use of a high current, low energyore, the electron space charge force distortigfs
electron beam was proposed in Reff2&—4]. The electron Low energy electrons can create significant transverse im-
beam travels in the direction opposite to the antiproton bearmedance comparable with intrinsic impedance of the Teva-
and interacts with an antiproton bunch via its space charggon ring, that can result in collective instabilities of the an-
forces. The proton beam has to be separated from the eletiproton bunch. The electron beam is generated by an
tron and antiproton beams. Implementation of the proposatlectron gun cathode, transported through the interaction re-
are (1) the “electron lens” with modulated current to pro- gion, and absorbed in the collector. Therefore, each portion
vide different linear defocusing forces for different antipro- of electrons passes through '[Ed)eam only once, and only
ton bunchegthe bunch spacing is=132 ns in the TEV3B  short distance transverse wake fields are of interest. The most
in order to equalize their betatron frequencies which are noimportant collective effect is similar to the “strong head-
naturally equal due to proton-antiproton interaction in nu-tail” interaction, considered, e.g., if8]. It is assumed that
merous parasitic crossings along the ring; é2idthe “elec-  the Tevatron ring chromaticity can be made close to zero, so
tron compressor,” that is nonlinear dc electron lens to comthe increments of so-called “weak head-ta{l8] instability
pensatdon averaggthe nonlinear focusing due to the proton are negligible.
beam. In this article we study “strong head-tail” instability in
The electron beam setup is to be installed away from théhe p beam caused by wide band impedance due to the elec-
proton-antiproton interaction points at BO and DO and couldron beam. The phenomenon takes place if, for example, the
look much like an “electron cooler'{see, e.g[5]), except centroid of the bunch head collides off the electron beam
electrons collide with antiprotons. The negative tune shift ofcenter. Electron-antiproton repulsion causes electron motion
the antiprotonsﬁs) due to a round, constant density electron@nd; as aresult, the electron beam acquires a displacement at
beam with total currend,, radiusa,, interacting with anti- the moment when it interacts with the tail of tipebunch.
protons over a length,, is equal to[3] Thus, the impact of the electron beam on the following an-
tiprotons depends on the transverse coordinate of preceding
ps. The effect is similar to what is observed in electron stor-
*On leave from Budker Institute of Nuclear Physics, Novosibirskage rings where short range wake fields due to vacuum

630090, Russia. chamber discontinuities can lead to transverse mode cou-
"Present address: Oak Ridge National Laboratory, Oak Ridgepling instability (TMCI) [8]. The TMCI in electron rings
Tennessee 37831-8218. limits the maximum single bunch current. In our case, the
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source of the coupling is the electron space charge which is a eq
basic mechanism for the beam-beam compensation and, thus, Apy(s)=— F(WS(S)AX_l—Wd(S)Ay)u (4)
can not be avoided. The way to counteract the instability is
to increase the electron beam rigidity, to make its motio
during the collision smaller. Naturally it can be done using
strong longitudinal magnetic field in the interaction region.
Theoretical analysis of the “head-tail” stability in a two
mode model is presented in Sec. Il of this article. In Sec. Il
we analyze synchro-betatron modes of the antiproton bunc{h
motion. Section IV is devoted to numerical simulations of

theﬁs dynamics in the Tevatron with the “electron lens.”
Finally, a brief summary is given in Sec. V.

"Where we introduced direct wake functia¥y(s) and skew
aWs(s) wake function;

Wqy(s)=Wsin(ks), Wy(s)=W(L-cogks)), (5)
1.s(8)=0, if s<0, and

_477'neLe B Je ke o
“TBaZ 0 "eTmak, T+ goc

(6

Il. TWO MODE MODEL Depending on the parameters, one or the other of the two

A. Direct and skew wakes wake functions(5) can give a dominant influence on the

. . R ... antiproton beam stability. As we will show below, the direct
Conventionally, the analysis of relativistic beam stabllltyWake effects are suporessed if there are manv Larmor oscil-
relies on the wake function concept, see, €.8], Electro- PP y

magnetic fields excited in accelerator vacuum pipes varyations periods over thg bunch lengthos, while the skew
over transverse distances of about the pipe apebiurgnich ~ Torce impact decreases with increasing xg detuning.

is usually much larger than the beam radasThat allows To be precise, the influence of the space charge due to the
higher order terms over the small parametft). sideration when we calculate the wake functions. Radial

The situation is different for the case under study. Thefléctric and azimuthal magnetic fields of the antiproton
electron beam space charge fields excited by antiprotorRUNChE,,Hy cause slow azimuthal drift of electron Larmor
have about the same transverse extent asptheam, that circles(3) around the antiproton beam axis. The typical drift

complicates the analysis. However, the interaction can bgngl|e_| Oygr the_;a\lrlt}r:/rg_tonB /rmszblzwch length 652[(E5h
described by the conventional approach for a specific casé PeHp)/Brlos=Ny/y2m(B/e)a”. As a consequence the

—= irect wake function acquires nonoscillating term. Under pa-
when bothp and electron bunches are homogeneous an a g P

bounded bv th di N lact meters of interest;=6x 10, a=1 mm, B=20 kG,
ounded by € same radias=a,=4,. Now elecromag- - y,q angle is smalWy=0.05. The drift effect will be neglected

netic wake fields have a S'”.‘p'e radial structure, they can b the two-mode analysis becausg is much smaller than
easily calculated and used in the conventional formalism o .
i he skew-coupling parameter \vs/(v,— v,)=0.3 (see be-
the wake functions. . . . .
low). Nevertheless, numerical simulations in Sec. IV are free

To find the dipole wake function, let us consider a thin S .
. . : of such a simplification and take the effect into account.
antiproton slice with a chargg and transverse offsekx

traveling through the electron beam. After interaction with _
the slice, electrons acquire a transverse velocity B. Mode coupling

Let us write down single particle equations of motion

2egAx (2)  along the accelerator orbit:

Ve e
_ . d?x d?y
wherem is the electron mass. Such a kick causes transverse ~ — +Ky(0)x=Fy(0), —+k, (0)y=F () (7)
Larmor oscillations in a longitudinal magnetic fiel and df do

after a time intervat, the resulting electron transverse offsets ) ] ] ]
are here 6=s/R= wot is azimuth coordinateR is the average

ring radius, andwy=c/R is the revolution frequency. The
Uye . Use accelerator focusing lattice is represented by tekms The
Xe=—=SiN(w1); yeZw—(l—Coi w 1)), (8)  forcesF,,(#) are due to additional fields on the antiproton
- L orbit. Equation(7) can be presented in terms of slow ampli-

where w, =eB/(y,mc) stands for the Larmor frequency, tUdesX,Y determined as

and y.= 1/\/1—,862. Numerical simulation of these oscilla-

tions of the electron beam are presented below in Sec. IV; X=X exg —i je dé'R fec

see Fig.4. One can see that the originally horizontal displace- By(6) o

ment Ax resulted in both horizontal and vertical displace-

ments. Taking into account the possibility of a vertical offset ,

y, we conclude that antiprotons at the distasdsehind the dx/do=—iX R exol —i fﬂ do'R tcc., (8

slice will experience momentum changes equal to Bx(0) By(6") ’

__©q _ and similarly iny direction. Hereg, ,(6) are horizontal and

Aps)= c (Wq(8)Ax=Ws(s)AY), vertical beta-functions. Assuming ythe forcég, being lo-



PRE 59 TRANSVERSE BEAM STABILITY WITH AN “ELECTRON LENS” 3607

calized within a small azimuthal interval where beta func- = dy (1ol dy’ . .
tions areB,,, we get from Eq.(8) the equations for the Cmn_j > Eexp(ﬂmwﬂm//’).
amplitudesX, Y: mmem Il

dX B, . dy ig, _ The matrix elements are presented below:

ﬁ_ﬁFx expliv,6), @_ﬁ':y explivy6), (9 L /1_(_1)n+m L (e

Con= +
wherev, =7 [d6'R/B,,(6')] are the betatron tunes. ™ 2720l ntm n—m
For the typical parameters of the electron compressor, the

Larmor phase advanegg, over the rms pbar bunch lengah for n#0,£m,
is very large. For example, takifg=10 kG, B.=0.2, o
=30 cm, one getg) =ko~23X27. As we will estimate 1—-(—1™
later, the fast oscillating terms in the wake ford&s give Cmo=— PR for m#0, (14)
insignificant effect in the slow amplitudes, and we can limit
our consideration with only steplike terdvy(s)=W. Using C.—0. for n=+m=0
the “hollow-beam” model[8] which assumes the same syn- mn '
chrotron oscillation amplitude for all particles, we get the Coo=1/2.

following expressions for the forces:
Generally, Egs(13) may have unstable solutions when
i ' ' the coherent interactiom F is strong enough to couple the
Fx(0)==3p(0)F | y(y')dy’, g enoug ple.
=14 unperturbed synchrotron modes. There are possibilities to
couple a pair of modes which belong to the same plare

_ |41 , , tical or horizontal or to different planes. For example, if
Fy(6)= 0¢( B)Jff_lpx(a// )dyr, (10 vy<wy, then, with an increase of the interaction parameter
F, the first pair of the same polarity modes to couplgyi3)
WrNR and|yl). The motion inx plgne may be considered as a
—nsyswm, F= T’y_ forced motion at the frequenay,, which makes the equa-
p

tion (13) independent on the sought-for frequencySubsti-

wherey is the synchrotron phase asd(6) is the periodics tution of thex equation(14) into they equation yields
function with [T _&p(0)d6=1. Equationq9) can be solved

with the substitution (vy—v+nvdyn+avsd, Gumym=0,
m
d/d6= 3136+ vedl (12)
where v, is the synchrotron tune. a=F?ByByl(AR?Avvy), Gnm:EI ChniCim, (19

The result of the integration depends on the vicinity of the
synchrobetatron resonances® vy + kvs=1, wherek, lare —\yhere A=y, — 1. Neglecting the contribution of all the
integer nu.mbers. If the numbdagrof the nearest sum reso- ,54es apart from the coupled on®),|y1) results in a
nance is high enough, then the influence of the resonance cyagratic equation on the eigenfrequencies. The solutions of

be neglected. It is equivalent to a drop of the complex conyye equation are real when the following threshold condition
jugated terms in Eq(8). The solutions are expanded Now g gatisfied:

over the unperturbed synchrotron modes:
a<ag=(1/4+2/m?— 4lm*) " 1~2.43 (16)

X=exp(i7/x0)m;m Xm €Xp(ime), that leads to

® F<Fs=2RVasAvvg/(ByBy)~3.1RVAvvs/(ByBy)-
Yexp(—iv,6) _2 v, exping), (12) (17

This condition can be also expressed in terms of threshold
where v, , stand for fractional parts of the tunes. Below, magnetic field:
these modes are referred to psm),|yn). Eigenvectors
Xm,Yn>exp(—ivéd) and eigenvalueg to be found from the eW\/?éry

following set of algebraic equations: BZBth%lBaZT\/TvS' (18
F — = — 0o, _ _
‘e L For &=£,=0.01, N;=6X10%, »,=0.001, Av=0.01, a

=1 mm it comes ouB;,=12 kG.
Other solutions of Eq913) are associated with the cou-
7B pling of x andy modes. The most dangerous case is realized
=————1 > Cux, (13)  in the vicinity of the resonance,+ mvs=v,+nv; then the
2R(vy—v+nvg) T quadratic equation for the eigenfrequency is as follows:

- 2R(v—v+myg)n

Yn
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- - —;rz,gx,gy Then, the awaken electron velocity undergoes the Larmor
(V—Vx—mvs)(v—vy—nvs)=Tcmncnm- rotation:
(19 - A -
ve(t)=T(t)ve(0), (26)

The stability condition reads ] . ) )
with the rotation transformation matrix of

(vx— Vy_mVs_nVs)ZB(J:ZBxBy/RZ)CmnCnm- (20) A cogw t) —sin(w.t)
Apart from Cyy, all nonzero matrix element€,,, (14 ()= sifw.t) cow.t) | (27)
change sign after the transposing, thus, the right hand side of

only |x0)—|y0) coupling can result in an instability. To = [tdto(t), it comes out

avoid it, the interaction constatff has to be small enough: ol

F=2RIAVIIVBLB, (21) pe=—NV - 0(0)siNw t)/ o, —Te(t)-VNe. (28

This stability condition can more stringent than the previous! N€ first term in the right hand side of the last equation leads
one (17) if |Av|<agvs. The corresponding instability does to the oscillating direct wake function. It is determined by
not involve head-tail modes, does not depend on the Synt_he electron density at the location of the antiproton beam
chrotron tune, and is a single particle dynamics effect. and is not influenced by the remote boundary of the electron
The fast oscillating direct wake function,(s) (5) gives beam. So it may be concluded that the oscn!atmg direct wake
the matrix elements suppressedral(ka). As a result, the does not depend on the electron beam radius when the elec-
threshold value of the interaction paramefefor the direct ~ ron density is fixed. Equatio(b) gives an estimate for this

instability 7, occurs to be much higher then the skew one'Va@ke function.

Fe: The second term in Eq28) contains the non-oscillating
drift part re=v4(0)X® /w? and, actually, describes the
FolFs=kog\vs/Avs1. (22 constant part of the skew wake. Mostly, the electron bound-

Therefore, it is the constant skew wake that plays a ma'o‘;’lry contributes to this term as it bsﬁne. To see its scaling
. ' . play 1%ith the electron beam radig,, one notes that the field of
role in the mode coupling.

the dipole perturbation drops quadratically with the radius

E;(r)=1/r2. Consequently, the constant wake function goes
down the same way

Let us consider an electron beam with radius larger than
the antiproton beam radiug>a;. To find out how the W,xn./aZ. (29
direct and skew wake functions scale with the electron beam
radius, we start with the continuity equation for the electronThus, an increase of the electron beam radius can be used to
media; suppress the skew instability.

C. Scaling with electron beam radius

Ipe - -
%Jrv,meve):o, 23 lll. MULTIMODE ANALYSIS

The two mode model presented in the previous section
wheren, andp, are the electron density and its perturbation,a”O.WGC.j to derive analytical formulas for the TMCI threshold
v, is the electron velocity. Dealing with the antiproton slice 2King into account only the constant skew component of the

of chargeq and offsetAx which causes; and corresponding wake force due to the electron beam and just two coupling
D= modes. More general numerical algorithm for calculating the
the electric fieldg; , we get

mode coupling developed in Rg] allows to avoid such
Axxq dn, simplifications and consider many modes and general wake
—8(s), form, and, important, deals with nonaveraged motion. For
rodr that the antiproton bunch is divided into several radial and
azimuthal parts in the synchrotron phase space, and conse-
V. f dsE(s)= —47ref dspi(s), (24)  quently, a series of synchrobetatron modes can be seen. The
wake force kick changes the backward particles angles,
while the rest of the accelerator is represented by a linear
f ani(F)= 1, r2=x2+y? transformation matriXrotation in phase spageEigenvalues
(eigentunes of the resulting transformation matrix can be
R calculated numerically. Complexity of the calculations is
and all the vectors, includingv, are transverse two- squared the number of modes, so, for calculations with
dimensional ones. MATHCad software one has to limit the number.

Just after the kick, the electron velocity(0) is We divide the bunch in 1 radidl.e., the same synchro-
tron oscillations amplitude for all particleand 7 azimuthal
parts for both vertical and horizontal degrees of freedom, so
it is possible to see the behavior of the first 1 radial and 7

pi(X,y,s)=

59(0)=cref dsE(s)/e. (25)
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0.000 0.005 0.010 FIG. 2. Threshold antiprotons tune shéff (vertical axig due to

g the electron beam versus the difference of antiproton horizontal and
. . . . vertical tunesAv=v,—v,. B=10 kG, v4=0.001, andN,=6

FIG. 1. Eigenfrequencie&unes of the antiproton bunch oscil- o Ty Vs P

lation modes versus the antiproton betatron tune shift due to elec-

tron beamé, (horizontal axi$. Vertical scale on the left is for — . .
fractional part of the tunes Re (upper series of lingsthe right The p beam is represented as a number of macroparticles

side scale is for imaginary part of the tunes inflower series of  (typically in the range fronM = 128 to maximum 2048 The

lines). particles have equal chargesANy=eN;/M. Numerical
] ) ] _ procedure to generate the longitudinal phase space distribu-
azimuthal synchrobetatron modes in horizontal and verticafion starts with pairs of numbers;(u;),i=1,... M uni-

motion with taking into account their coupling. Complete formly distributed in a unit circle, then the longitudinal po-
expressions for the linearized direct and skew transversgiion of ith particle 7, and its derivative v;=dr, /(dt

wake func_:tions Eq(5) are used. _ _ - vywg) are derived as

Numerical parameters used in these calculationsNgre

=6x10' the rms size of round Gaussian antiproton beam 1-(1-2—u)¥tem
<n,vi>=L<ti,ui>\/ >

is op=1 mm, the longitudinal magnetic field is equal to
10 kG. Figure 1 shows the eigentunes versus the linear be-
tatron tune shift¢é, due to interaction with electron beam
while the fractional part of the betatron tune for the horizon-where 4 is the maximum bunch length, and the parameter
tal motion is equal ta,,=0.556 and for the vertical ong,  u determines the bunch shape. The smoothed density in lon-
=0.555, the synchrotron tune is 0.001, therefore, the betagitudinal phase space is proportional 10*¢ 7>— v?)#, and

tron tunes difference is exactly the synchrotron tuneélf the corresponding line density is proportional td.?(
=0.0, then the eigenfrequencies of the azimuthal modes are 72)u+1/2. Figure 3 shows an example of the longitudinal
equal tov, +kvs, where integek has 7 values in the range distribution of 1024 particles generated with use of(E.

of —3,...3 andrepresents the number of modulation peri-with ;,=1.5.

ods in the synchrotron phase space. Some of the modes are pjtia| distribution of particles transverse coordinates and
coupling with increase of, real parts of their tunes Re  \¢|qcities does not play a big role in the development of the
(see upper series of curves in Fig. Hecome equal, while g piact instability, and usually we either assign the same

imaginary parts Imv become one negative and another posi-yisnjacement to all particles or use 2D Gaussian numbers for
tive. The latter evidently means instability in the motion. In

our case, the first merging of modes takes place¢at
~0.0017; the next merging of higher modes occurst at 120
~0.0045, etc.

Next Fig. 2 shows the tune shift threshad for the first
coupling modes versus the tune split in units of the synchro-
tron tuneAv=(v,—»,) while the vertical tune is equal to
0.555. The threshold grows linearly unty~(2—2.5)vg
and then is approximately proportional ti\v, in a good
agreement with the two mode model formu(a$) and(21).
Note, that completely adequate consideration of the fast os-
cillating parts of the wakes would require many more modes
~kog=30-100 to be taken into account.

o )
I I

Particle distribution
[~
[~
Al

T T T [ T T T 1
0.0

IV. SIMULATIONS Longitudinal coordinate
A. The code FIG. 3. Longitudinal distribution of 1024 macroparticles in an-
Three dimensional numerical simulations of the effectstiproton bunch generated according to E®0) with w=1.5.
have been done with ECWAKE code written in FORTRAN. Dashed line is for [(?— 72)#+1/2,
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FIG. 5. Antiproton oscillations spectra with different solenoid

FIG. 4. Electron beam motion due to displagedlice in sole-  field B=18, 20, 40, and 400 kG.»,=0.585, v,=0.575, vs
noid magnetic field 0B=1, 4, and 20 kG. =0.001, {,=—0.01, sv=0, N;=6x10'% and p beam o,

=0.7 mm.

Xi,YiUxi Uy (in the latter case, unstable motion starts from _ _ .
noisa. During the simulation, the longitudinal variables are tribution discussed in Sec. JlAs a result, the angular kick
updated once per turn using a rotation with angtev, due to the electron beam depends on the macropatrticle posi-
while the horizontal and vertical variables are rotated bytion 7
2mvy; and 2wy, respectively. Generally, the transverse
tunes are not the same for all particles—instead, one can AXA(r)=— 478e

I ) . . - )
distribute them uniformly with maximum deviation of 5v p By
around mean values of, , . _ o o _

At every turn the particles collide with an electron beam,With a similar formula for they plane;&. is given in Eq.(1).
and, therefore, excite Larmor motion of the electron beam. IF\t every turn we use a standard fast algoritfit] for sort-
simulation, the electrons’ angular kick due to antiprotons igng the valuesr; so thatrj<r;,,. It is based on “doubling
used in linear approximation: strategy” and require$! log, M operations. Calculation of

the kicks Eq.(32) needs accumulation of Larmor perturba-
A*peL ANpre - — tions of the electron beam to obtaig( ) that is done with
yemcﬁe%_ veB cﬁz(rp_re)’ 31 a_no}her fast algorithnfof Fhe order o_ﬂ\/l log, M operationg
eep similar to phasor technique described, e.g.[811]. The

. . : . llow rack all variables involv .g. rdin
whereg; is the rms size of round Gaussian antiproton beam?Ode allowed to track all variables involved, .g. coordinates

r,=2.82x10"%° m is electron classical radius, and vectors©f any macroparticle ang beam centroid coordinates, mo-
tion of the electron beam parts, etc.

I'sI'e denote positions of antiproton slice and electron beam We have tested the code with a specific analytical model

cen.troi(.j, respectively. Every such a kick results. in Larmorof the TMCI with constant wake function where the kick is
oscillations of electrons. Note, that due to Gaussian dlstrlbuéqua| to

tion function, the kick(31) has no numerical factor 2 as in
Eqg. (2) andoj; is used instead od. W,
Figure 4 demonstrates the electron beam displacement Axi’zﬁE X; .

Xe,Ye behind the only macroparticle at tlﬁebunch headat =

s=—30 cm) displaced i plane in longitudinal field 0B |t 5| macroparticles have the same synchrotron amplitude
=1,4 and 20 kG. One can see, that amplitude and period Qbften called “hollow” beam modé| then theory[12] pre-
the Larmor oscillations are both inversely proportionaBto  jicts threshold value owghr%:m_vs for small synchrotron
Iarger amplitude oscillations are f@=1 kG, the ;mgllest tunesv <1 which does not depend on the bunch length —
amplitude is seen for 20 kG, and the 4 kG solenoid field Cas€nd that is what we have revealed with our code.
is intermediate. The motion iy plane has nonzero mean
component if the original displacement is inplane (and
vice versa—that is the skew impedance source discussed in
Sec. Il. Figure 5 presents spectra of horizontal motion of the an-
All preceding macroparticles contribute to the electrontiproton bunch centroid over 16 384 turns. Several curves
beam displacement which is seen by a subsequent macropaerrespond to solenoid fielB while antiproton parameters
ticle. (In particular, this is the reason of the slow drift con- are the same: number of macropartics= 1024, constant

(Xe(7) =Xp(7)), (32

Af=

B. Simulation results
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Threshold solnoid field (kG)
Threshold solenoid field B (kG)

0 lIlllIIlliIllIIlIIlilllllllllillllllllli 0.000 o.001 0.002 0.003 0.004 0.005
0.000 0.005 0.010 0.015 0.020 Syncrotron tune
Tune shift due to e-beam FIG. 7. Threshold magnetic field vs synchrotron tune Solid

o _ line is for By, =12.4kG]/\vs. v,=0.585, »,=0.575, &=
FIG. 6. Threshold solenoid fielB,, vs tune shift due to elec- ~0.01, 6v=0, Ng:GXlOlO, andop=0.7 mm.

trons | &,/ at different bunch populationsi;=1, 6, 10<10%. Fo-
cusing lattice tunes,=0.585, »,=0.575, synchrotron tuneg
=0.0012, maximum tune spredd =0, and the rms size gf beam
0p=0.7 mm.

tude over the first 10 000 turns. One can see, that the field is
approximately proportional to botf, andNj; in accordance
with theoretical prediction Eq18).

- o . _ Dependence of the threshold on the synchrotron tune
longitudinal charge distributioi30) with u=—1/2 andL is depicted in Fig. 7. Dots are simulation results with

— — 0 - .
=70 cm, N;=6X 10'°, ¢05=0.7 mm, unperturbed lattice v, = 0.585, v, = 0.575, £, = —0.01, v = 0.002, N;=6

tunes are close to the Tevatron onesvyf(vyo) X10',6,=0.7 mm. The solid line represents a By,

=e(0.585,0.575), nominal tune shift due to electron beam_ 17.9kG]/\/»0.001 in line with the two-mode prediction
&xy=&e=—0.01, synchrotron tunes=0.001, and no beta- Eq. (18).

tron tune spreadv=0. o Contour plot ofB,,, over range of synchrotron tunes
The wake field strengthV from Eq. (6) is inversely pro-  _q 9002 0.002 and|£,|=0.002-0.02 is shown in Fig. 8

portional toB, thus, the spectrum corre_spon.ding to the high'(vX:O.585, »,=0.575, other parameters are the same as
est B=40 T—see the lowest curve in Fig. 5—the only ahoyy One can see thd,, varies from 12 kG to 48 kG

strong line atv,~ o+ &.~0.5644 and several weak lines qyer the parameter space. In order to evaluate the importance
are shifted on integer number of synchrotron tunes, in par-

ticular, the first upper synchrotron side-band gt+ vs.

Weaker magnetic field leads to stronger wake because large 0.002 ' l ' '
Larmor motion of electrons is exited. As a result, synchro- 0.0015 |
tron side-bands become stronger—see next two curves on

above another in the figure, correspondin@te 4T and 2T, 00016 |
respectively. Simultaneously, frequencies of some modes T &

e.g., v, and v, + v shift toward each other. At the threshold
value ofB,,,~1.8 T, these lines merge, see the upper spec-
tra in Fig. 5, the amplitude of the motion becomes very high,
and any further decrease Bfwill lead to instability which

chrotron Tune
16

0.00141 -
Q0
0.0012 3
0.00104 '
it

develops over less than 16 384 turns to unacceptably higt 8
amplitudes for numerical tracking. g J «

It is revealed, that although thebunch motion is essen- @ 00008 Yo I

: gh the

tially two-dimensionalsince the wake is 2] the instability 0.0006 ,\[/f |
starts in that plane where the original lattice tune is closerto
half integerv=1/2, e.g., in horizontal plane for the example  ; 4g04 ¢ g sxVUgVa B 1
discussed above. I ’ ! l ’ m !m

Next Fig. 6 shows the threshold strength of solenoidal ¢ goo2 . . . — /\ ' .
magnetic fieldB,,, vs electron beam intensity parametgr 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020
for antiproton bunch population equal tbi,=(1,6,10) Tune due to e-beam
X 10*°%—lower, middle and upper curves, respectively. We
define the threshold as the valueB®fwvhich results in more FIG. 8. Contour plot of the TMCI threshold magnetic field vs

than 10-fold increase of the initial centroid betatron ampli-synchrotron tune and tune shift due to electrons,|.
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o ) FIG. 10. TMCI threshold magnetic field vs maximum betatron
FIG. 9. Threshold magnetic field vs horizontal tune Dashed e spreadsy in the antiproton beamAv=|v,— vy|=0.585

line corresponds tdBthr"clMon_ vyl »y=05751s=0.001, &  —0.575-0.01 for the upper curve; andly=0.595-0.575=0.02
=—0.01, 6v=0.0, N;=6x10", ando,=0.7 mm. for the lower curve. Synchrotron tung=0.0012, tune shift due to

o electronsé,= —0.01, N;=6x10', and rms size op beamo;,
of the oscillation part of the wakes E(), we performed —-g7 mm.

similar scan without the constant part of the skew wake, i.e.,
with Wy(s)=Wsinks) and W,(s)=—Wcosks) and found Neither two-mode theory nor multimode analysis in Secs.
that about 5 times smaller solenoid field is required for stadl and Ill, respectively, deal with tune spread in théunch,
bility. It confirms the decisive role of the constant part of though a general guess is that it has to ease the instability. In
skew wake that is a basic assumption of the two-mode modélumerical simulations presented in Fig. 10, we trackéd
in Sec. . =256 macroparticles each having slightly different vertical
It is found that the TMCI threshold greatly depends onand horizontal tunes spread in intervalsv around th_eir
operation pointv, , v, . Figure 9 presents results of scanning mean values,, ,=(0.585,0.575), see the upper curve in the
of the horizontal tunes, from 0.52 to 0.63 while the vertical figure, andr, ,=(0.595,0.575), see the lower curve. In both
tune is»,=0.575. In close vicinity of the coupling resonance €@Ses the tune spread helps to stabilize the TMCI and, e.g., if
AV:lyx_ Vy|$151/5 the threshold magnetic field depends 5V:|AV| then the required,;, is 1.5—-2 times less than in

; p the case ofSv=0. We need to note, that while macropar-
on vg approximately as: 1/|Av|*, where 2/5< k<1/2. Awa , . . L .
frorzs thpepre);lonanc)é the|bevs|t fi\'zvpower:dsf;IS The chur?e ticles differ from each other by their longitudinal positions,

' P : : the way we introduce the tune variation is equivalent to the
|dAe Er?sdﬁwn;ri ?hna;hiﬁting Oslp5“t_I'_Sh:'tf;?;r;togog?s?gge'; up tune spreadlongthe bunch. In the Tevatron it can be caused
near half-integer resosnan.(ngIO.S. by direct space charge in a bunched beamp®fThe corre-

In order to compare with the two mode model, one can fitSpondlng tune spread is about 0'00.1 at injection energy of
B, in the form similar to Eq(18): ’ 150 GeV, and, thus, comparable with synchrotron twge
thr q ' ~0.001-0.002, but is negligible at the collision energy of

0.9-1 TeV as it scales asl/yj.

=~ 2095e—l\rp.§e Theoretical analysis made in R¢i.3] predicts a signifi-
o |vy— vyl vs cant suppression of the TMCI due to Landau damping,
caused by the tune spreadrossthe beam if the latter is
(17.5 kGN,/6X 109 &,/0.01 comparable or larger than synchrotron tune. That condition
; (33 can take place in the Tevatron collider where the spread is

= — > iy
(o [mmD)/0.7)°5/0.00344{/0.01 due to beam-beam interaction and the nonlinearity of focus-

ing lattice. Correct macroparticle tracking would require
many particles in each macro slice, and, thus, a different

There is a difference in numerical factors between Eq'code and presumably much more CPU time. This is a subiect
(33) and Eq.(18) which is probably because ¢&) the kick P oYY o : .asubj
. - .of further work. With our existing code we can mimic an
(31) due to Gaussian beam has no numerical factor 2 as iNe f decoh d by th d
Eqg. (2), ando;, is used instead of; (b) oscillating parts of effect of decoherence caused by the transverse tune spread,
e p ' . : simply by introduction a decrement of betatron oscillations
the wake forces and the effects of the drift of electrons in the o o .
. . . 9. The resulting instability threshold can be described by a
space charge fields of the antiproton beam are taken int

H 2
account in simulations in contrast to the two modes modelﬁt Eq. (33) if one replacess— v+ 6%

(c) more than two modes play a role in the computer tracking
because of large number of macropatrticles. At the same time,
there is an excellent quantitative agreement with results of We have considered “strong head-tail” instability of the
multimode analysis presented in Fig. 2. Tevatron antiproton bunch due to the beam-beam compensa-

see also dashed line in Fig. 9.

V. CONCLUSIONS
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tion set-up. The “head-tail” interaction takes place when theproportional to the produat’’? v,— vy|, k~1/2 in the vicin-
electron beam is not rigid enough and can be displaced trangy of the coupling resonance,— v,=integer, (3) a tune
versely by the bunch head particles. The resulting direct angpread comparable or larger thag can lead to substantial
skew wake forces act on the “tail” particles and, thus, cansyppression of the instability.

lead to the instability. We pursue three approaches to study Rough estimates have shown that having the electron
the instability: a simple twomode coupling theoretical model,p oo m transverse sizg several times wider than the antipro-

more sophisticated multimode analysis which requires NUion rms beam sizer, results in lower threshold magnetic

merical solution of eigenmode equations, and stralghtforﬁeld Bthr‘x(UE/ae)z-

ward macroparticle computer simulation. The results coin- We plan fo continue investigations of the instability in

cide qualitatively and rather well quantitatively agree with order to clear some inadequacies of the present studies. In

each other. For the parameters of the planned TevatrOBarticular, the following effects have to be taken into consid-

beam-beam Ocompgnsation.expﬁariment phunch intensity  gration: (1) nonlinear forces with general current distribu-
eN,=6x10'"and its rms sizer,=0.7 mm, the tune shift {jgns in the electron and antiproton beant@) instability
due to electron bea,= —0.01, the distance to the coupling gyppression due to betatron and synchrotron tune spreads:

resonanceA v=|v,—,[=0.01, and the synchrotron tune and(3) higher order transverse mode coupling.
vs=0.001, the instability takes place if the longitudinal mag-

netic field in the setup is below threshold of abdgy,,

=17.5 kG. Essential features .of the i_nstability ate the _ ACKNOWLEDGMENTS
constant skew wake plays a major role in the mode coupling;
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