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Abstract sponding transit time to the opposite wall is about 5 ns,

Synchrotron radiation from proton bunches in the LHC cre:S- Significantly less than the 25 ns bunch spacing. When

ates photoelectrons at the beam screen wall. These pl%? next bunch arrives, there is a relatively uniform distri-

toelectrons are accelerated towards the positively chargB'dt'on of photoelectrons (plus secondary electrons) in the

proton bunch and drift across the beam pipe between suRsreen cross section: the energy gain can reach a few keV

cessive bunches. When they hit the opposite wall, they geﬁ?d dtheir?e Ifa:zt ;;arrtlcles h'tn\ée? qucI::yr:he: c\:veevn rwf Ilrs,
erate secondary electrons which can in turn be accelerafg@21cIng 'oWw ENErgy secondary electrons. However, for a

by the next bunch if they are slow enough to survive Wgorrect modelling of the electron motion during the bunch

summarize the results of an intensive research program fgssage [6.] one has to C.Ut.th? bunchiinto several transverse
ices (typically 50). This is important for electrons near

up at CERN and discuss recent multipacting tests as w e beam axis. when the ener ain in kick aporoxima-
as the importance of several key parameters, such as pho ' 99 PP

ton reflectivity, photoelectron and secondary electron yieIé'.ﬁrlézelr?{%?gu%iegﬁ:tg??:]idI’_Hagde'lzcatlrgre]ydgg(;eg'enr:n'f
Then, based on analytic estimates and simulation resulfs y
we discuss possible solutions to avoid the fast build-up df

5[9, 10, 11, 15, 18].
an electron cloud with potential implications for beam sta- The average number of secondary electrons emitted
bility and heat load on the cryogenic system.

when a primary electron of energ@y hits a metal surface
with incidence anglé from the normal can be written [20]

1 INTRODUCTION dspy (W,0) = Smaxp (%) where the maximum yield
dmax, COrresponding to a primary electron eneigjy typ-
The linear photon flux due to synchrotron radiation in thgcally around 400 eV, is a characteristic of the metal while
LHCis &, = % ay% ~ 107 pfm%s; wherea is  h is a universal function having the phenomenological ex-
the fine structure constant, ~ 7000 the Lorentz factor pression(¢) = 1.11¢=0-3 (1 - 6_2'351'35)- In addition
for protons at 7 TeVN;, = 10'* the bunch population, to the maximum yield,,.x, a key ingredient for the possi-
p ~ 2784 m the bending radius angl., = 25 ns the time  ble build-up of an electron cloud is the energy distribution
separation between subsequent bunches. The critical @fithe secondary electrons.
ergy of these photons is, = 3/2+°hc/p ~ 45 eV, i.e., The initial estimated surface properties for a copper
well above the work function (a few eV); photoelectrongoated beam screen (by colamination onto stainless steel)
are thus created at the beam screen wall and pulled towaiglgre: reflectivity? ~ 1, photoelectron yield,. = 0.2,
the positively charged proton bunch. A first estimate [3hnd maximum secondary electron yielma = 1.8.
of the corresponding heat load on the beam screen, basgskuming a half-Gaussian energy distribution of the sec-
on a photoelectron yield. ~ 0.02 and an average energy ondary electrons with characteristic enefgy = 10 eV,
gain from the proton bunc{i¥’) ~ 700 eV (in the absence the corresponding heat lodd = 7 W/m obtained by sim-
of magnetic field and for a uniform electron cloud distri-ulation for nominal LHC beam parameters exceeds by far
bution), gave a linear powd? = ®.,4,.(IW) ~ 0.2 W/m  the cryogenic budget of about 1 W/m allowed by the cool-
comparable to the heat load due to synchrotron radiatioihg capillaries. Therefore an intensive research program
This estimate does not include a possible electron clouths been set up at CERN to measure the relevant physical
build-up associated with secondary emission, which cajuantities, to validate analytic estimates and simulation re-
significantly increase the power deposition and, accordingults, and to propose effective remedies: a fairly complete
to earlier simulations [2], can lead to a very fast horizontadccount of the contributions to this ‘crash program’ can be
multi-bunch instability. found in Refs. [1]-[19].
In kick approximation, i.e. neglecting the electron mo-

tion during the passage of the proton bunch, the maximum 2 EPA IRRADIATION TESTS
energy gain of an electron initially at rest with radial offset
a from the beam axis is independent of the bunch lengtiRor high surface reflectivity, the measured photoelectron
and given byena = 2me.c®Ny?r2/a?, wherec is the vyield perincidentphoton may differ significantly from the
speed of light,m, the electron mass and its classical relevant yield peadsorbedphoton [4] (sooner or later all
radius. For a photoelectron starting at the wall- 2 cm  photons are adsorbed by the beam screen). Therefore both
of the LHC beam screen,.x ~ 200 eV and the corre- measurements of photoelectron yield and forward scattered
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reflectivity, at a grazing incidence angle of 11 mrad, havendary electron yield by a strong magnetic field over most
been performed at CERN using synchrotron light from thef the outer tube surface, away from the region where the
EPA machine with critical energy of 45 eV. Recent refield is parallel to the metal surface.

sults [7] for copper coatings with different surface prepa- A weak solenoid field of about 50 Gauss (or less, de-
rations indicate a photoelectron yield per adsorbed phot@ending on kinematic conditions) is usually sufficient to
dve =~ 0.05+0.11, however the reflectivity drops from 81% stop the multipacting, but the same longitudinal field is in-
for a smooth colaminated surface with average roughnesffective in presence of a strong dipole field. Moreover a
of 0.2 um down to about 5% for an electroplated surfacgubstantial decrease of the multipacting threshold has been
with average roughness of 1u8n and to 2% for a ‘ribbed’ observed when the dipole magnetic field has an intensity
wall, due to the nearly perpendicular incidence of the phasuch that the electron cyclotron frequency is equal to the
tons. resonant frequency of the coaxial cavity.

3 CRITICAL SECONDARY YIELD 5 POSSIBLE REMEDIES

With some simplifying assumption, it is possible to solveFor a uniform illumination of the beam screen, correspond-
analytically the Vlasov equation describing the free drift ofing to high surface reflectivity, the average energy gain
secondary electrons along the vertical magnetic field ling$?’) in a dipole magnet is half of that in a field-free re-
in a bending dipole [14]. Combining this with the energygion, since only the vertical component of the beam force
gain from the next bunch in kick approximation and withis effective in accelerating the electrons. Indeed they spiral
the secondary yield curve, one gets the ‘second generatiaibng the vertical magnetic field lines with typical Larmor
electron density: when the latter is larger than the initiatadii of a fewum and perform about a hundred cyclotron
density, build-up of the electron cloud will take place. rotations during a bunch passage. On the other hand, the
This defines a critical valu&,,, weakly dependent on the heat load in a dipole magnet is drastically reduced if the
horizontal position along the beam screen cross section, fecreen reflectivity is much smaller than unity: in this case,
the maximum secondary electron yield:jf. is smaller photoelectrons and secondary electrons are produced only
than the critical value, there is no spontaneous amplificaear the horizontal plane, where the vertical component of
tion of the electron cloud density. The space charge for¢be beam force is very small.
weakens the contribution of very slow secondary electrons, Assuming for example that only 10% of the photons are
with energy below about 1 eV, that are pushed back into theniformly distributed on the beam screen, the heat load cor-
wall. For nominal LHC parameters and assuming a typicaksponding to a photoelectron yiedde = 0.2 and to a
secondary electron enerdy; = 10 eV, one finds a min- maximum secondary yieldl,,.., = 1.2, for a characteristic
imum ¢, of about 1.35, in agreement with simulation re-secondary electron energy of 5 eV, is only 0.2 W/m [15].
sults [15, 18]. Such a low value féy,,,. may not be easy to However, for a maximum secondary yiefd,., = 1.8
achieve, especially in the initial phase of operation until thabove the critical value, the heat load remains 5.2 W/m in-
surface has been exposed to a sufficiently large photoelespite of the lower reflectivity.
tron dose. Howevedr., increases significantly for larger A simple geometrical solution to reduce both the photo-
bunch spacings and has a weak dependence on the bustdttric yield and the forward scattered reflectivity, is to ar-

population. range near perpendicular incidence of the photons. A struc-
ture which has been studied is a ribbed, sawtooth shaped
4 MULTIPACTING TESTS Cu surface in the median plane where photons impinge at

near perpendicular incidence. A photoelectron yield per
Multipacting tests have been successfully performed aidsorbed photon af,. ~ 0.05 and a forward scattered
CERN using a coaxial resonator in presence of a solenojthoton reflectivity of about 2% were measured from this
and a dipole magnetic field [13]. We have developed aurface, corresponding to a heat load of about 10 mW/m
simple and reliable technique, based on amplitude modassuming a linear scaling with. andR [7]. The expected
lation of the input signal, to detect electronically the onsesuppression of the photoelectrons due to a magnetic field
of multipacting and to monitor the field and power level inparallel to the surface exposed to the synchrotron radiation
the resonator. We observe a negative low-frequency sigrizs been confirmed by measurements and in order to take
superimposed on the ‘resistor probe’ RF signal from the irfull advantage of this effect, it is considered to replace the
ner conductor, indicating that the latter acquires a negatiwiform circular screen shape in the median plane by two
electric charge during multipacting: after removing thidlat sections over approximately 10 mm. The correspond-
charge, it is more difficult to start multipacting again. Al-ing reduction in the horizontal axis will not affect the useful
though the sign of this low-frequency signal becomes posperture. The beam coupling impedence of such a structure
itive with a strong magnetic field, the multipacting levelsis the subject of theoretical and experimental studies.
at room temperature are similar to those measured duringThe required reduction of the secondary electron yield
cold tests, with a dipole magnetic field up to about 7.5 Tbelow the critical value of about 1.3 will be obtained by
This seems to exclude any significant reduction of the seappropriate surface treatments. A promising method which
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has been studied is #0°C ex-situbakeout in air for 5 [5] I. Bojko, J.-L. Dorier, N. Hilleret and Ch. Scheuerlein,
minutes, which produces a thick oxide surface layer [5].  “Lowering the secondary electron yield of thechnical copper
An alternative may be a thirpm) film coating, such as surfaces by strong oxidation”, CERN LHC Vacuum Techni-
TiN or TiZr. To obtain the required low secondary electron ~ cal Note 97-19 (June 1997).
yield in a vacuum system which can be bakeditudoes [6] J.S. Berg, “Energy gain in an electron cloud during the pas-
not pose a problem. This applies to the room temperature ~Sage of a bunch”, CERN LHC Project Note 97 (July 1997).
sections in LHC which will have to be baked to guaranteel?] V. Baglin, I.R. Collins, and O. Gifiner, “Photoelectron
vacuum stability by ion induced desorption. For the cold yield and photon reflectivity from candidate LHC vacuum
arcs of the LHC it will, however, not be possible to bake ~ chamber materials with implications to the vacuum cham-
the beam screen. Here, it is proposed to achieve the clean- P design”, contribution to these Proceedings.
up of the surface and the lowering of the secondary electroff] A-V- Burov and N.S. Dikansky, “Electron-cloud instabili-
yield byin-situ conditioning with beam in the same way as €S in Proc. Intemational Workshop on Multibunch In-

. stabilities in Future Electron and Positron Accelerators
proposed for the PEP2 B-factory vacuum system. Prelim-

: - S . . (MBI97), Tsukuba, 1997, edited by Y.H. Chin, KEK Pro-
inary estimates indicate that it would require less than 200 ceedings 97-17 (1997), pp. 200—220.

hours of operatlon to condition _the surface. . O[9] F. Zimmermann, “Electron-cloud instability and beam-
As a possible back-up solution, one could envisage t induced multipacting in the LHC and in the VLHC”, SLAC-

increase the LHC bunch Spacing: this would substantially PUB-7664 (October 1997), in Proc. MBI97 (see Ref. [8]),
increase the critical secondary yield at the cost of machine pp. 221-233.

performance. Specifically, the critical yield becomes 2.8,51 M.A. Furman. “Comments on the electron-cloud ef-
for nominal bUnCh intensity and 50 ns Spacing, but the ma- fect in the LHC d|p0|e bending magnets", LBNL-
chine luminosity would be reduced by a factor two. Dou-  40914/CBP Note 241 (October 1997), in Proc. MBI97 (see
bling the bunch spacing and increasing the nominal bunch  Ref. [8]), pp. 234-246.
intensity by a factor/2 would guarantee the same lumi-[11] 0. Brining, “Simulations for the beam-induced electron
nosity and still increase the critical secondary yield to a  cloud in the LHC liner”, CERN LHC Project Note 102 (Au-
value around 2. This option is still compatible with the gust 1997).
maximum beam-beam tune spread of 0.015 achieved in tfi] I.R. Collins, A.G. Mathewson, and R. Cimino, “VUV
CERN $pS collider [21], but would increase the number  synchrotron radiation photoemission investigation of pro-
of events per crossing by a factor two. posed materials for the vacuum chambers of the Large

In addition to solenoid fields (effective only in the drift ~ Hadron Collider’, CERN LHC Vacuum Technical Note 97-
spaces), another possible remedy is to apply one or a few 24 (September 1997), presented at ECASIA9D{dBorg,
narrow metallic strips on a thin insulating layer (e.g. Kap- Sweden, 16-20 June 1997. ) _
ton), biased at some20 V relative to the beam screen. [13] fM(:l?Spetr_S‘ Jt'_Mt. '-a_Lt’k:e“t' M. MO{V'”O' _"’“I‘d Ft R,U%JEFE‘:\]
Th woul t learing electr for the low ener ultipacting tests with a resonant coaxial setup”, CER

ese would act as clearing electrodes for the low e 1ergy LHC Project Note 110 (September 1997) and contribution
secondary electrons and would reduce the heat load in the .

. - to these Proceedings.
bending magnets to about 0.2 W/m [15]. The impedan 61\ . o
f . . . C[ 4] G. Stupakov, “Photoelectrons and multipacting in the LHC:

of such clearing electrodes is currently being estimated.

. . . . electron cloud build-up”, CERN LHC Project Report 141
To improve the predictive power of simulations, a better (October 1997).

knowledge Of. the.fractlon of photons diffused away fro 15] O. Bnining, “Simulations for the beam-induced electron
the forward direction and of the secondary electron energy cloud in the LHC beam screen with magnetic field and im-
distribution is required. This information should be exper-  54¢ charges’, CERN LHC Project Report 158 (November
imentally accessible in future irradiation and multipacting 1997 and contribution to these Proceedings.

tests and in further secondary emission studies. [16] F. Zimmermann, “Electron cloud effects in high-luminosity

colliders”, SLAC-PUB-7735 (January 1998), presented at
6 REFERENCES the Advanced ICFA Workshop, Frascati, October 1997.
[17] F. Ruggiero, “Electron cloud in the LHC", CERN LHC
Project Report 166, (February 1998), presented at the Ad-
vanced ICFA Workshop, Frascati, October 1997.

[18] M.A. Furman, “The electron-cloud effect in the arcs of the
instability and beam induced multipacting in the LHC”, LHC?, CERN LHC Project Report 180 (May 1998), also

CERN LHC Project Report 95 and SLAC-PUB-74g5 _ Published as LBNL-41482/CBP Note 247.
(February 1997) [19] L. Vos, “Electron cloud: an analytic view”, to appear as a

CERN LHC Project Report (July 1998).

[1] F. Ruggiero, World-wide web page on “Electron
Cloud in the LHC", http://wwwslap.cern.ch/
collective/electron-cloud/

[2] F. Zimmermann, “A simulation study of electron cloud

[3] O. Grdbner, “Beam induced multipacting”, CERN LHC 0l H. Seiler. “S d lect ission in th .
Project Report 127 (July 1997), presented at the IEEI{':2 ] H. Seiler, “Secondary electron emission in the scanning

Particle Accelerator Conference (PAC97), Vancouver, May electron microscopg", J. Appl. Physs, 11 (198_3)' o
1997. [21] J. Gareyte, “Requirements of the LHC on its injectors”,

in Proc. LHC96 Workshop, Montreux, 1996, edited by

[4] J.B. Jeanneret, “Photoemission in LHC—A simple model”, O. Brining and E. Keil, Part. Acceb8, 5361 (1997).

CERN SL/Note 97-48 (AP) (June 1997).

361



