Proceedings of the 2003 Particle Accelerator Conference

STUDY OF EP INSTABILITY FOR A COASTING PROTON BEAM IN
CIRCULAR ACCELERATORS

K. Ohmi, T. Toyama, M. Tomizawa
KEK, 1-1 Oho, Tsukuba, 305-0801, Japan

Abstract

We discuss interactions between a coasting proton beam
and electrons. The electrons, which are created near the
beam position, are considered in this paper. A coasting pro-
ton beam trapsthe electrons eternaly, if thereis not pertur-
bations nor diffusion mechanisms. Therefore electrons are
accumulated and their density could arrive above a thresh-
old value for the instability, finally: i.e., a coasting proton
beam is always unstable. However the instability affects
both of the beam and electrons. Electrons may be diffused
by the instability, in which the beam still has a small oscil-
lation amplitudes, with the result that the beam amplitude
may be kept in the small level, and may be stable in actual
operations of accelerators. We study the ep instability with
focusing the el ectron diffusion using a computer simulation
method.

INTRODUCTION

We study ep instability for a coasting beam, in which
the charged distribution is uniform along the longitudinal
axis z. A static electric potential isformed by the coasting
beam, when there is no transverse motion. Electrons cre-
ated near the beam are trapped eternally, while electrons
created at the chamber wall are absorbed with the same en-
ergy as those at the creation. Proton beam, which ionizes
residual gas, creates electrons near the beam. The elec-
trons, which aretrapped, are accumulated, and their density
arrives a threshold of the ep instability. Above the thresh-
old, both of the beam and electron cloud become unstable.
To be precise, amplitude of electrons is much larger than
that of the beam, as is shown in later. The beam-electron
forceis strongly nonlinear. The electrons with alarge am-
plitudes due to the instability are smeared by the nonlinear
force. The size of the electron cloud is enlarged, and elec-
trons are absorbed into the chamber wall.

Electronsarealso created at the chamber wall dueto pro-
ton beam loss and secondary electron. The energy of the
electrons is the order of 10 eV, except some portion with
an energy equal to incident one. Therefore the multipact-
ing does not devel op naively in the coasting beam, because
theinitia energies of electrons are kept at their absorption.
The beam with a perturbation traps the electrons created at
the chamber during a short period or accelerates them to
higher energy than initial one. Therefore the multipacting
may be important even in the coasting beam. This s the
same physics in the meaning of the transition between the
trapping and diffusion.

We focus the ionization electrons and their diffusion in
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this paper, and will discuss somewherethe extension to sur-
face electrons and multipacting for the coasting beam.

lonization cross-section for CO and H- is estimated to
be ¢(CO) = 1.3 x 10722 m? and o(H2) = 0.3 x 10722
m? using the Bethe formula[1]. The molecular density d.,,
is related to the partia pressure in nPa using the relation
at 20°C, d,,(m=3) = 2.4 x 10! P,, (nPa). The electron
productionrateis 7.7 x 10 =%~ /(m-p) a2 x 10~ 7 Pa.

The instability is characterized by the frequency of elec-
tron in the potential of the coasting beam,
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Landau damping, which is caused by the longitudinal slip-
page, is conjectured to be very strong, since the frequency
isvery rapid, n = we /wo > 1.

Linear theory is reviewed in Sec.2, and beam stability
and the electron diffusion using a particle tracking method
isdiscussed in Sec.3.

LINEAR THEORY AND THRESHOLD OF
THE INSTABILITY

We survey linear theory of ep instability [2], and esti-
mate the threshold at some high intensity proton ringsin
the world. The interactions between the beam and electron
cloud isrepresented by awake force[3]. Thewakeforceis

expressed by
Wi(z) = c%& exp (gz) sin <92> , 2
w C C
where
CRs/Q = 3o . ©

in the language of impedance, we would say that the Q fac-
tor isinfinite. Actualy the frequency spread of w. should
be taken into account. By taking into the frequency spread
of ions, Aw,. = w,/2@Q, theimpedanceis given by
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where Z is the vacuum impedance 37712.
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We discuss the stability of abeam which experiencesthe
effectiveimpedance. The stability criterion for the coasting
beam is given by the dispersion relation as follows[4],
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where 3 is a typical value of the beta function in a ring,
and r, is the classical proton radius. This formulais the
same asthat given by Keil and Zotter for e-p instability [2].
For U > 1, the beam is unstable. The thresholds of the
neutralization factor are given by
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We put 5 and 10 m for Q and 3, respectively, and the
threshold values for various rings are shown in Table 1.

fin (6)

SIMULATION USING BEAM TRACKING

Before going to beam tracking we study electron motion
trapped in the beam potential. Fig. 1 shows samples of
electron trgjectoriesfor (a) static beam potential and for (b)
including a perturbation due to a coherent motion of beam.
Motion of three samples of electrons are depicted in Fig.
1(a). It shows that electrons are trapped in the potential.
Fig. 1(b) depicts motion of an electron in a perturbed po-
tential. The amplitude of the electron gradually increase as
time goes by.
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Figure 1: Trajectory of electrons. (a) Three electrons are
tracked without perturbation. (b) An electrons are tracked
with perturbation. Green and blue points are phase space
coordinate of electron during 10 turns and 100 turns, re-
spectively. Red points are those without perturbation as a
reference.

We study the motion of proton beam interacting with the
electron cloud using a tracking simulation.

A coasting proton beam is represented by macro-
particles which are located along z with equal spacing.
Each macro-particle has a charge and amass corresponding
to the proton line density. The macro-particle (proton) can
undergo dipole motion with a dipole moment characterized
by Z,.(z,s) = (Zp,7p), but the emittance (size) is kept
constant. The number of macro-protons should be more
weL /¢, because electrons in the cloud oscillate smoothly
by the force from the macro-protons. The electron cloud is
created at some positionsinthering, andisrepresented by a
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large number of point-like macro-particlesdenoted by x .
(e = 1, N.). The electrons are created in every passage
of the proton beam. The transverse position of electronsis
randomly generated with the same rms size as the beam.

The motion of the macro-electrons and macro-protonsis
tracked during the beam passage. After that, macro-protons
are transported by the lattice magnets. This procedure is
repeated in every interaction of the bunch with the cloud.
Electrons are absorbed at the chamber wall surface. The
number of macro-electronsincreases except their disappear
at thewall.

We take into account the Landau damping caused by the
longitudinal motion, which disturbs the coherence of the
dipole motion. The Landau damping rate per one revolu-
tionisgivenby a = nnagE/E/\/g for the coasting beam,
wheren = w, /wy. In the simulation, the Landau damping
istreated by asimple way as

i!p’i = (1 — Oé)ip’i. (7)

We performed the simulation for JPARC 50 GeV rings
at the flat top. The damping rate is 1.1 x 1073, The
threshold line density is A\. = 4.5 x 10® m~!. Elec-
tron production rate per one revolution time Ty is 7.7 x
107%~ /(m-p) x 21.2 x 1010 x 1567 = 2.5 x 105 m~ 17"
for P = 2 x 1077 Pa. The production rate linearly de-
pends on the vacuum pressure. The build up time up to
the threshold is 180 turns (0.9 ms) in linear theory. We
put 10 interaction points in the ring. The dipole motion
is assumed to be periodic for the 1/10 divided part of the
wholering: that is, the beam (macro-protontrain) with /10
length is tracked. The beam (1/10 part) is represented by
1000 macro-protons. w.L/10c = 774 is> 1 and < 1000.

The simulationswere performed for several electron pro-
duction rates. Amplitudes of each macro-proton (J,(y)q),
electron linedensity (\.), electronrms. size (o.), €tc. were
obtained by the simulation. There was no significant result
for the productionrate of 2.6 x 10° m*lTofl, correspondto
P =2x10"7 Pa. Fig. 2 shows )., maximum amplitude of
\/Jz(y) @d o for the electron production rate, 2.6 x 106
m~! (P = 2 x 10~ Pa). All of them increase and is sat-
urated at 3000 turn. The saturation of the beam amplitude
is 0,/100. We may not observe the instability due to the
small amplitude.

Fig. 3 shows electron line density A, and maximum
amplitude /.J,,(, for various electron production rates of
2.6 x 107 m~'T;!, 2.6 x 108 m~ 7y and 2.6 x 10°
m~1T, . Converting to the vacuum pressure, the rates are
P =2x10"°Pa 2 x 107* Paand 2 x 1073 Pa, re-
spectively. The saturation levels are ¢,./30, ¢,./10 and o,
respectively. If we can observe the instabilities with a res-
olution of 10% of o,., the production rate should be more
than 10° m~'T, !, which corresponds to 10~* Pa. This
valueistoo high for the vacuum pressure.
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Table 1: Basic parameters and threshold of the neutralization factor of the proton rings

variable symbol JPARC-MR | KEK-PS | PSR ISIS | AGSBst. | AGS | FNAL-MI
circumference L (m) 1567.5 339 90 163 202 800 3319
relativistic factor | 54. 12.8 185 | 1.07 12 3.0 128
beam linedensity | A,(x10'%) m~! 21.2 0.74 333 | 184 82.7 8.75 0.90
rms beam sizes o, (cm) 0.35 0.5 1.0 3.8 1 0.7 0.17
rms energy spread | o5/ (%) 0.25 0.3 0.4 05 0.5 0.28 0.03
transitionenergy | v« 31.64 6.76 3.08 | 5.07 4.88 85 21.8
slippage factor n -0.0013 0.016 |-0.187 |-0.83 | -0.652 |0.0122 | 0.0020
wel/c 7740 225 195 69 226 2012 6930
Threshold fin(%) 0.21 4.0 25 | 45 15. 2.6 0.06
% .l % il .‘ﬁ § 1e+10 - ne=2.567 m~ ] ig il /ﬂdﬂ |
g det09 8 5e-06 {(: sqrt(emx)=1.4e-3 - E sev0s | . ] g 2051 ,r/f"' )
Zemz I Thres‘hold ; ; o ) ) ) ) o Threshold le'oz | i / ‘sqrt(emx):‘l.Aera |
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Figure 2: Evolution of line density of electron cloud (A, g st | nezseoma o oooss | sa(emy=14e3 |
[m~1]), maximum amplitude of beam (Jl(/2 [m!/2]) and S el < ol
. z(y) : 5 [ 3
size of electron cloud (o, [m]) for the eletron production Eoaml 1 E ol o
rate of 2.6 x 106 m~17; . | —— L

CONCLUSION

We have studied ep instability for a coasting proton
beam. Electrons created by ionization are treated in this
paper. The instability is not caused by electron cloud for
slow production rate. Production rate is important whether
the instability grow to visible amplitudes. The production
rate more than 108 m~17; ! is required to be unstable for
JPARC-MR ring. The rate correspondsto 10 ~* Pa, which
is quite nonsense. lonization may not be adirect candidate
of theinstability. Electron sourceswith ahigher production
rate, for example, proton loss and/or multipacting have an
essential role even for the coasting beam instability.

Similar analysis and discussion can be extended to the
beam-ion instability in electron storage rings straightfor-
wardly.

The authors thank the members of the electron-proton
instability working group of JPARC, N. Hayashi, S. Kato,
K. Satoh, S. Machida, K. Oide K. Yokoya for fruitful dis-
cussions.
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Figure 3: Evolution of line density of electron cloud
(A\e [Mm™1]) and maximum amplitude of beam (J;(/;)
[m!'/2]) for the eletron production rates of 2.6 x

10" m™ 17,1, 2.6 x 103 m~' 7, and 2.6 x 10° m~ 1T, "
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