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Abstract in Section Ill. Section IV is devoted to two different sources of

dqfst: emission from distributed ion pumps and pick-up from the

Squen drops of the beam I_|fet|m<‘e asa:nbed to the capture ol iom of the beam pipe. In Section V, the theory is applied to
positively charged macropatrticles (‘dust’) are observed at m Y-RA and predictions are made for PEP-Il and TRISTAN-II
high-energy electron storage rings. A trapped macropatrticle hﬁ_§ ’ '

a certain thermal lifetime due to energy transfer from the beam;e results are summarized in Section V1.

the interplay of_(_jiff_erent ionizing and discha_rging processes gives II. STABILITY AND CHARGE

rise to an equilibrium charge. The beam lifetime is reduced by ] i o
bremsstrahlung both in the field of the atomic nuclei and in the N Most electron storage rings, single-atomic ions are over-
macroscopic field of the highly charged dust particle. Recent dgcused and lostin a bunch gap [7]. Only macroparticles whose
servations at some storage rings can be explained by the capftellibrium mass-to-charge ratio is sufficiently large can be sta-
of a single macroparticle of about micron size, possibly ma@ trapped. The minimum ratio required, as determined by
from silicon dioxide. In the two B factories under constructiorsimulations, is of the ordef/Q ~ 10° — 10, for both HERA
PEP-Il and TRISTAN-II, trapped macroparticles will be therand the PEP-1I HER. Heré} denotes the mass of the macropar-
mally unstable and explode after a few tens of microsecond§le in units of the proton mass, andQ is the charge in units

thanks to the much higher beam current as compared with otRE¢he electron charge. We shall see that this condition is eas-
storage rings. ily fulfilled for the estimated masses and equilibrium charges in

HERA. A more difficult problem than the dynamic is the ther-
mal stability. Simulations indicate that, once a macroparticle
[. INTRODUCTION comes close to the beam and is trapped, its transverse oscilla-

Sudden beam loss phenomena, which are ascribed to QRQ is damped to amplitudes belowa}. y in less than a half

capture of positively charged macroparticles of typically micror‘?—e”oq of oscillation. The damping is due t_o |c_>n|zat|on and dis-
arging processes. The beam electrons ionize the atoms of the

size, have been observed in many electron and antiproton Sﬁgpt ticle and thereby d it nsiderable amount of en
age rings: for example in the TRISTAN accumulation ring [1 ust particie a ereby deposit a considerable amount of en-

in DCI and Super-ACO [2]; in CESR [3]; in the ESRF storag rgy.hBecadu(:jse f;|gh-t§r;er?etltc: s'eC(IJndary eltectrciﬂs ;as:[czlzlpe from
ring [4]; and in the CERN Antiproton Accumulator [5]. A dust € charged dust particle, for typical parameters, the total energy

problem is even reported from AdA as early as 1961 [6]. Mmdeeposited is about five times Ies_s than th_e naive es_timate based
recently, in 1992 and 1993, the HERA electron ring at DESY hgs (e Bethe-Bloch resuit, but still about five to ten times larger
suffered from regular sudden drops of the electron beam Iifeti%é”ln the_ effect of the |nC|de_nt synchrotron radiation. The energy
down to 15-60 minutes that have limited the beam current ?posmon from the beam is approximately

luminosity runs to values of about 20 mA. A similar phenomenon AE
has been seen at DORIS-III. While in HERA neither a coherent
nor anincoherent tune shift could be measured, the lifetime drops

coincided with strong localized losses of electrons as a result\,g),ﬁerep denotes the mass density of the partidRits radius,
bremsstrahlung in certain regions of the machine. The effec;,iéy the rms beam size\ the total number of beam electrons,
related to the operation of distributed ion pumps, suggesting that  the revolution frequency andlE/dX|min ~ 1.5 MeV cn?
macroparticles are generated and ejected from the pumps Whjeh the energy loss of minimum-ionizing particles. The initial
are illuminated by (scattered) synchrotron radiation. Both DES{¥mperature rise is exceedingly fast, of the ordé10° Ki/s.

rings are now being operated with positrons rather than electrgfig is not balanced by heat radiation, the dust particle explodes
and beam-lifetime drops are no longer observed. The succesgfHkn its temperature reaches the melting point, since it simul-
operation of B factories like PEP-II, under construction at SLAGaneously acquires a significant charge (see later). Assuming a

or TRISTAN-II, being built at KEK, requires electron currentqomogeneous surface charge, a molten particle is stable if
of 1 A or above adctor 50 higher than what has been achieved

in HERA. The higher current is an advantage since, unlike in R2 Q% or A rpCp

HERA, trapped macropatrticles are expected to melt and explodé” Ysurf = 87eoR Q2 -

within a few tens of microseconds. In this report, a possible

theory of dust trapping is described. Section Il discusses the ayherer, denotes the classical proton radigs, s the surface

namic and thermal stability of a trapped macroparticle as well @ision ¢ the velocity of light, angh the mass density of the dust

its equilibrium charge. The resulting beam lifetime is calculatggiirticle. Usually this condition is not fulfilled and thus particles

are thermally stable only when their equilibrium temperature is

*Work supported by Department of Energy contract DE-AC03-76SF00515below the melting point. The heat radiation of small particles is
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reduced, since, roughly, a particle radiates only at wavelengiftse termp ~ (Ec.max(b, h))/(cAp.) is the local bending ra-
smaller than its size. The absorption coefficient for simple gdius andAp;, ~ (2Q€)/(4meqC) - min(%, %) is the trans-
ometries can be calculated by Mie theory, for instance using therse momentum transfer for impact paramétehe average
program BHMIE of Ref. [9]. The calculation involves the comaumberN, (b) of emitted photons per electron and per revolu-

plex frequency-dependent dielectric constant of the respectiis time is N, (b) ~ z_f/éwAZ;b)/(l +Y()5): - %bh) where

material. The balance of energy deposition and heat radiatiga have multiplied the rate of photons per unit time [12] by
determines the equilibrium temperatdrevhich depends onthe A¢ ~ maxbh £or impact parametets smaller tharbmay de-
material, mass, and geometry. A larger surface-to-volume ragigeq by“f(bmax) — 0.02 the typical photon energy is so high
leads to a decreased temperature. At temperdiufe® evapo- that each photon emission leads to an electron loss. The beam
ration rateA of the particle and its thermal lifetimey, are given |ifetime 795 due to duststrahlung is

by
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andtm, = A/|A|, wherep(T) is the vapor pressure, amftom IV. ORIGIN OF DUST

the atomic mass of the material. A trapped macroparticle gets If charged macroparticles are generated by a vacuum arc
rapidly ionized by the beam, until discharging effects become tside the (horizontal) distributed ion pumps, they may be accel-
strong that some equilibrium is reached. For large value® oferated in the direction of the pump slots by the applied voltage

the ionization rate, due to escaping secondary electrons, is Up (@bout 5 kV in HERA). Dependent on their initial velocity
the macroparticles may or may not be trapped by the beam. One

Nep frevp ) 54 (4) condition for capture is that the particle has not fallen by more
Ox0y Q’ than about 8 verticat, when it reaches the horizontal beam po-
sition. (The factor 8 comes from a simulation.) For HERA, this

wherer, is the classical electron radiusy the electron mass, " . 0 -
Na Avogadro’s number, and Sl units are used. One dischargiﬁg{.‘OIItlontranSIates Int8/ Qo = 4101 Up/kV, whereQois the
ial charge. A second condition is that the particle is ionized

effect_ |s_the capture of photoelectrons which are crea_ted by prb?l’éhly enough during its first beam crossing. Again, for HERA,
toemission from the vacuum chamber wall [3]. For high charge h s s
and high temperature, a different discharging process will donfireadsA®s /Qg > 1.5 10"%(Up/ kV )z,
nate, namely the field evaporation of ions. It is described by the Three forcesactonadustparticle atthe bottom of the vacuum
equation [10] chamber: (1) the attractive force by the be&gam « Q is
Lo counteracted by (2) gravitfga, o< A and, for a conductive
Qe = — AatomMp87“R7Kg T2 exp(—u chamber surface, by (3) the image charge féfigge Q2/AS
h3 keT [3]. Due to the different dependences on mass and charge of
2./Q 1 Td1T 7, , the three forces, it is impossible for the beam to pick up any
m - k_B o T2 /O dT7Cp(T") ), (3 dust parti.cles from the bottom of the beam pipe in most existing
storage rings.

Qioniz ~ 4. 10125_1

whereC,, is the heat capacity at constant pressiuteand V

the ionization and vaporization energy, respectively, @ndhe V. HERA AND B FACTORIES
work function of the material. In HERA, most metal particles, e.g., those made from cop-
per or aluminum, will explode within a few milliseconds after
Ill. BEAM LIFETIME capture. Needle-shaped titanium particles do not explode, be-
If the beam loss is caused by bremsstrahlung in the field eguse of their high melting point, but evaporate within about 100
the nuclei of the macroparticle, the beam lifetimfeis [11] s. More stable is silicon dioxide, which was found in the HERA

5 5 pumps. Assuming the same complex dielectric constant as for
1 ( 16 In Ee n 183 ) ~ CA(Zatom) (6) Vitreoussilica[13], its heat radiation is strongly enhanced at high
78 3-137 AEe (Zuyom3/ Aatom2roxo,C temperature.
N . As an example, (see Fig. 1), for a mass= 10'* (or radius
where AEc/E. ~ 001 is the energy acceptancZaiom the R~ 2— 2.5 um), the thermal lifetime of a titanium needleis 17 s

Ztourﬁilgr?uunr??ﬁ;}agitﬁ ie rrll Zaggcﬁ n:)fg%r;(;ffai[sxldsgr:g?;éﬁ T ~ 1750 K), while that of a needle-like silica particle is 6 hours
q 9 9 an, 9 ~ 1440 K). An emissivitye ~ 0.5 is assumed. The lifetime

place in the electric field of the charged dust particle as a who Suilicais hi
. A - . Of silica is higher partly due to the smaller temperature and partly
This process is similar to the beamstrahlung in linear coIhdeg;

w " - ue to a much lower vapor pressure. Figure 1 demonstrates that
and may be called “duststrahlung.” It can be characterized e ; .
. . . e thermal lifetime increases for decreasing mass until it reaches
a dimensionless paramet¥r[12] which—for a needle-shaped

. ) i : amaximum aiA ~ 3-1017-10". For smaller mass, the lifetime
dust particle of transverse radit&sand lengthh, aligned in the . L
L ) is shorter due to the reduced heat radiation. The most stable
beam direction—reads:

silica particles of mas& ~ 3. 10'! are predicted to melt at a
fcy3  hye’Q min(b/h, 1) @) beam current of about 800 mA for a beam energy of 26 GeV, or
pEe - m2c32meg max(R, b)2 at 170 mA for 12 GeV. Equation (6) shows that a beam lifetime

T(b) ~
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Figure. 1. Thermal lifetimey, of trapped macroparticles in the
HERA electron ring as a function of mass.
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Figure. 2. Predicted beam lifetime in the HERA electron ring
as a function of macroparticle mass.

of 7' ~ 50 min. is caused by a trapped silica particle of mass
1.6- 10 (R =~ 3 um). After 0.3 s such a particle has acquired
its equilibrium charge of 4 1%, using Egs. (4) and (5). For
this charge the effect of duststrahlung is insignificant. Figure
2 shows the expected beam lifetime in HERA as a function of
the macroparticle mass. Due to the higher operating current
in TRISTAN-II and PEP-II, even a trapped silica particle will
melt after about 1Qus and 50us, respectively. FoA ~ 10

the acquired charge at this momeniQs~ 5 - 10/, so that the
particle will explode according to Eq. (2). In the current PEP-II
design, the slots of the distributed ion pumps are tilted so as to
reduce the incidence of scattered radiation into the pump and to
prevent the emission of macroparticles.

VI. CONCLUSIONS

A possible theory of dust trapping was described which
seems consistent with the observations at HERA. Application
of this theory to PEP-Il and TRISTAN-II suggests that dust trap-
ping will not be a problem in these storage rings. However,
most of the results presented are quite sensitive to material con-
stants at high temperature and to physical properties of charged
hot macroparticles which are either not readily available or not
exactly known.
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