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Abstract oscillator of frequencyys ~ 1/8y; and a driving force that is
roportional to the distance of beam and ion centroids, and also to

Mutually driven transverse oscillations of an electron bea ) .
e number of generated ions and thus to an integral over the beam

and residual gas ions may result in a fast transverse instabili él'nsity,r‘(z) _ f—zoo »(2)dZ, normalized such that(co) = 1.

This effect arises either during a single pass of a train of electr; N o andinthe following. the term “ions” is understood as “ions
bunches or it is caused by ionization electrons oscillating withbr} eléctrons res ectivelg’" Finallv. the coefficidfis
a single positron bunch. In both cases, the beam oscillations  fesp Y- Y

grow ex_ponentially with an gxpong_nt propqrtional to the square K — 2Xion(Pgas)fe _ 4rion(Pgas)le
root of time. In this report, instability rise times are calculated = VS, Syt 5 y3oy(ox oy |

analytically and compared with computer simulations. The ef-

fect considered could be a significant limitation in many futurgnere ), denotes the relativistic factgr = E/(mc) for the
designs. beam,r. is the classical electron radius, amiy ~ goﬁy is
the sum of the squares of rms ion-cloud size and beanvgige

I. INTRODUCTION Assuming a cross section for collisional ionization of about 2

The effect we describe arises during the passage of a sing barns (corresponding to carbon monoxide at 50 GeV) the den-

electron bunch train or a single positron bunch; ions (or ionize  1ion offons per meter at the end of the bunch (or bunch train)
electrons) created by the head of the train (bunéh) via ionizatiFr‘ dion ~ 6N pyadtorr], whereN is the total number of particles
. y . " “AlUMhe beam angyasthe residual gas pressure in torr. The second
of the residual gas, perturb the tail. Under certain conditio :
a fast transverse beam-ion instability can develop. The ins?a—
bility mechanism is the same in linacs and storage rings where d2§ (s, t)
we assume that the ions are not trapped from turn to turn. It BT
differs from instabilities previously studied [4], where the ions,
usually treated as being in equilibrium and trapped over madgscribes the oscillation of a transverse slice of ions inside the
turns, interact with a circulating electron or antiproton beam. Byeam. It is here written as an equation in titér a fixed
contrast, the instability discussed in this report occurs in a tramsitions. The variabley; (s, t) is the vertical centroid of the
port line, linac, or a storage ring with a clearing gap to prevettansverse slice of ions.. For convenience, here and in the fol-
ion trapping. In this paper we outline the basic ideas. For mdmwving, the timet is quoted in units of length obtained from the
details we refer to Refs. [1] and [2]. actual time by multiplication with the velocity of ligist Ata cer-

In Section Il, instability rise times are calculated analyticallyain timet, beam particles at a distanze= t — s from the bunch
Section Il compares the results of computer simulations with tkenter reach the locatios Their centroid position is therefore
analytical prediction. In Section IV rise times are evaluated fos(S, t —S). The oscillation frequency; (t — S) = wj (2) is pro-
several operating or proposed storage rings and linear acceb@rtional to the square root of the beam dengityn the case of
ators. Section V is devoted to a brief discussion of possil#¢ectrons oscillating inside a single positron bunehis given

remedies. A summary is given in Section VI. by (4Np(2)re/ (3oy(0x + 0y))) 2 Forions and an electron bunch

Il. ANALYTICAL TREATMENT train we havew, = ((4Nyrp/(BLserpry (05 + ) A)) * where A

designates the atomic mass number of the iblgshe number of

The vertical motion of the beam and the ions or electropgticles per bunch, spthe bunch spacing, ang the classical
that are generated during the beam passage via ionization MY¥ton radius.

in Iine_ar approximation, be described by two equations of motion. The solution to Eq. (3) for a slice of ions generated at time

The first equation reads: t' = s+ 7 is denoted a§; (s, t|s+ Z)). The centroid of the ions
d2 yi (s, 1) (or electrons) used in Eqg. (1) is obtained by averaging

(— + wg) Yo(S, 2) = KI'(2) (Vi(S,S+2) — ¥u(S,2) . (1) ¥%(s, s+ Z) over all possible creation times:

(@)

+ 02t — 9% (s, 1) = 2@ Y(s,t =),  (3)

ds?

z N /
The coordinate denotes the longitudinal position along the beam yi(s, t) = S 420 @55, s + 2)

line or storage ring. Equation (1) represents the vertical motion [2 p(2)dz

of the beam centroigy(s, z) at a distance from the bunch (or S | L h b d far. Fori
bunch train) center. In our convention positive valueg oéfer everal approximations have been made so far. Forinstance,

to trailing particles. The motion is a combination of: a betatrdli© force between beam and ions is assumed to be linear. Any

oscillation due to external focusing, represented by a harmo"hﬁndau damping caused by the lattice is ignored. Itis supposed

thatinside a bunchtrain the ions are not overfocused, but that they
*Work supported by Department of Energy contract DE-AC03-76SF0051%re lost between different trains. lons generated by synchrotron

(4)



radiation are ignored. To further simplify the calculations, we E
will now approximate the longitudinal bunch densjtyz) by a 100 -
homogeneous rectangular distribution of length Z'he oscilla- 805
tion frequencyw; is then constant inside the bunch (or along the /,_.:::’_':':.";_._’:88;
bunch train). Equations (1), (3), and (4), can be combined intg, 4 =
a single integral equation for the beam centrgics, z) alone. < 10 E
The latter can be solved either as a perturbation seriéying > Z
[1] or by an averaging method [2]. The asymptotic solution for 5
large distances is 1074 1 =
1 1 203
s, 7))~ §—— eV sin(wz— wsS+0) , 5 5
yb( ) y4x/;n?11 ( 1 B + ) () 10_6 | ‘ | ‘ 3
where ¥ is the initial Fourier component at frequenay in 0 1000 2000 3000 4000
the longitudinal beam distribution, angs, z) denotes the di- ;. s (meter) 700681

mensionless functiom(s,z2) = (Kwi(z+ 20)?s/(wpl6z9)). . . , _ _ _
Asymptotically, the oscillation amplitude grows roughly aEigure. 1. Action of the vertical centroid as a function of distance
exp(\/mb, Wheretagymis the time at which the eXpommforevery twentieth bunch of a train of 90 bunches in the NLC-DR
2,/7 in Eq. (5) equals one. Note thatsymis not an e-folding with a pressure of 1C torr.

time because the exponent is proportional to the square root of

?onr]etfaillinn;hf)urggggsucg%h J:Zex’ptrgisizyri?]pttg:ﬁ:s; :r']fg?émbaﬁlamentation ofions: due, forinstance, to the variation of the ion
3illation frequency with horizontal position. Anapproximative
parameters as [1] analytical solution which takes this ion-decoherence into account
-1 [2] predicts a rise time which is about a factor 2 or 3 larger than
©) that of Eq. (6).

’ Figure 1 shows a simulation result for the NLC Damping
Ring (DR). The average actioa Jy(s, z) > is depicted as a
where N, denotes the number of particles per bunch apis  function of the distance for every twentieth bunch in the train
the number of bunches. All quantities, except for the pressu$20 bunches and a pressure of €orr. The initial amplitudes
are given in Sl units. A similar expression can be found for&e due to the finite number of macroparticles. From this figure,
single positron bunch. [1] In the asymptotic limit, ion and beadie rise time for the trailing bunches is about 170 ns; within the

3 11
6p[torr] NZn2rer g Liee

Tasyme-[S] ~ 3 3 1
voy (ox + oy)2 AZwg

motion are of similar amplitude and in phase. uncertainty of the simulation this is close to the estimate of 47
ns obtained from Eq. (6). In the NLC-DR an average vacuum
1. COMPUTER SIMULATIONS pressure of or below 10 torr has to be maintained, in order to

u's_uf“ficiently reduce the growth rate of the beam-ion instability;

To study this instability, we have written a computer simu-"". S . 4
lation. The simulation treats the beam, the ions, and the ioniz%'gi"tt&mce dilutions due to other gas or ion effects do not require

electrons as collections of macroparticles whose distributiofi®"€SSU"® below 16 torr.
are allowed to evolve self-consistently. Each bunch in the bea
is divided into slices in z. Each slice is then represented br)r/v RISE TIMES FOR SOME ACCELERATORS
macroparticles whose number is chosen to reflect a Gaussian Table | shows basic parameters and the asymptotic rise times
distribution betweent3s,. The initial macroparticle coordi- for several accelerators proposed or under construction at SLAC
nates are random with Gaussian distributions. At four locatioasd KEK: namely for the NLC Electron Damping Ring, the NLC
in each FODO cell, calculations are performed using a grid inmain linac, the PEP-II HER, and for the ATF Damping Ring.
andy centered at the bunch train centroid. As each beam slidae to its much higher vacuum pressure, the smallest rise time
passes, macroparticles are created at the grid points represensirexpected for the ATF Damping Ring. Values for the NLC
the ions and ionized electrons generated by collisional ionizati@ystems vary between 40 ns ang 4. If the initial perturbation
The beam and ion fields are mapped onto the grid and then inierpurely due to Schottky noise, it takes about 200 rise times
polated to the macroparticle positions. Ref. [1] presents detailstil the bunches oscillate at an amplitude comparable to the
of the simulations. beam size. Even with the additional factor 200, the growth times
Simulations have been performed for the PEP-II HER, tlae still very short.
SLC Positron Arc and the NLC Damping Ring, typically using A similar evaluation indicates that the beam-ion instability
about 160 000 macroparticles. The results are consistent wimot expected to occur in most of the existing accelerators [1].
the analytical calculation, and confirm the expected scaling of tRer instance, the estimated rise time for the SlHC@amping
amplitude growth with time, pressure, ion mass, and longitudiraing, is much larger than the synchrotron period, in which case
positionz. The absolute rise times found in the simulationthe instability cannot develop, while the predicted rise time in the
agree with the analytical result to within a factor 2 or 3, which IHERA electron ring at DESY is about a factor 1-2 larger than the
smaller than the spread of values obtained for different randatamping time of the transverse multi-bunch feedback. From all
seeds. The analytical solution, Eq. (5), does not include ttiee existing machines considered, only the ALS at LBL should



show a significant fast beam-ion instability with a rise time afynchrotron motion on the growth rate, the rise time in the pres-
about 2us for an average pressure of 2Qorr. Experience so ence of different ion species, the possible damping due to the
far is unclear. Transverse instabilities are observed, but theseraselinearity of the beam-beam interaction in circular colliders,

not necessarily caused by ions.

[ accelerator| NL.Ce—DR | NLCML | HER | ATF |
Nb 90 90 1658 60
Np 1.5.10% 15.1010 | 3.100 100
Bry [M] 05,5 8 15 05,5 [1]
ox [um] 62 35 1,060 22
oy [um] 4 35 169 7
20 19m 19m 1000 m 25m 2
E [GeV] 2 10 9 1.54 (2]
p [torr] 10°° 1078 109 | 6.108
Tasym 465 ns 46 ns 6 us 29 ns

3]

Table |
Parameters and rise times for some future accelerators.

[4]
V. POSSIBLE CURES

If the oscillation amplitude of the trailing electron bunches,
or positrons, saturates at about,ldue to the nonlinear character
of the coupling force—not included in the analytical treatment—
areduction of the design vertical emittance by a factor of 2 results
in about the desired projected final emittance after filamentation
[8]. However, it is not yet known if the beam will continue
to blow-up (though with decreasing growth rate) after partial
filamentation. A second possibility is to use an optical lattice j
which the product of the horizontal and vertical beta functions,
and thusw;, vary substantially. Third, if additional gaps argg)
introduced in the bunch train, the ions are over-focused betwge
the shorter trains [9]. As an example, 10 additional bunch gaps
in PEP-Il increase the instability rise time fromu5 to 0.5 ms, g
which is inside the bandwidth of the feedback system. Final%]
in linear accelerators the trailing bunches might be realigned by
use of fast kickers and feed-forward.

VI. SUMMARY AND ACKNOWLEDGMENT

The interaction of an electron bunch train or a single positron
bunch with ions orionization electrons can cause afast transverse
instability, which is characterized by an exponential growth of the
vertical amplitude. The exponent is proportional to the position
along the bunch train (or bunch) and to the square root of time,
andis inversely proportional to the 3/4th power of the beam sizes.

The expected rise time of the instability is exceedingly short.
For instance, for the various NLC rings and linacs, it varies be-
tween 40 ns and 800 ns, while, for the PEP-II HER, it is estimated
at5us.

The analytical model used is a linearized approximation and
does not include nonlinearities of the ion-beam force or the lat-
tice. However, these nonlinearities are included in the simula-
tions which, for the parameter regimes compared, yield rise times
that are in good agreement with the analytical model. In Ref. [2]
the linear model is extended to include Landau damping due to
the nonlinearity of the beam-ion force; this decreases the growth
rate by a factor of two. A large number of questions remain to
be answered; among them are the emittance growth due to fila-
mentation and detuning as the oscillation saturates, the effect of

and the study of coherent oscillation modes of higher order.

We thank A. Chao and S. Heifets for helpful discussions.
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