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1 IntroductionThe synchrotron radiation in the LHC creates a continuous ow of photo-electrons. Theseelectrons are accelerated by the electric �eld of the bunch and hit the vacuum chamber on theopposite side of the beam pipe where they create secondary electrons which are again acceleratedby the next bunch. In the �eld free regions, the accelerated electrons move radially towardsthe beam center and the particle dynamics is a one-dimensional problem. In the strong dipole�eld, the electron motion is e�ectively con�ned to a motion along the vertical �eld lines andthe energy gain of an electron during the bunch passage does not only depend on its radialdistance from the beam but also on its horizontal position inside the beam pipe. Consequently,the average energy gain of the electrons in the �eld-free regions during a bunch passage is largerthan in the regions with strong dipole �eld. On the other hand, it is also much easier to inuencethe electron motion with external �elds in the �eld free regions than in the regions with strongdipole �elds. For example, one can eliminate the electrons in the �eld free region with a smallsolenoid �eld of only 10 to 50 Gauss [1]. Inside a strong dipole �eld such a small perturbationhas no visible e�ect on the electron motion and it is more di�cult to cope with the electrons inthese regions. The following study concentrates only on the heat load in regions with a strongvertical dipole �eld, which covers approximately 65 % of the machine circumference.Depending on the photo yield for the production of photo-electrons, the secondary emis-sion yield and the reectivity, the heat load can vary from 0:1W=m to more than 15 Watt/meterinside the dipole magnets. The current budget of the cryogenic system is based on an electroncloud-induced heat load of 0:2 W=m and can not tolerate a heat load of more then 0:5 W=m.Thus, the design of the beam screen must assure a heat load which is smaller than this amount.Because the heat load depends on the reectivity, photo and secondary yield of the beamscreen, it is mandatory to get accurate estimates for these parameters before any feed-back canbe given to the design of the beam screen. Currently there are two di�erent programs which areused for estimating the heat load in the LHC beam screen due to photo-electrons: one code fromM. Furman which was developed at LBL [2] and one based on a program by F. Zimmermann[3] which was further developed at CERN in order to study the heat load in the beam screen. Ina previous note, we presented �rst numerical simulations for the beam-induced electron cloudin the LHC beam screen using the second program [4]. Since then, the simulation program hasbeen modi�ed to incorporate the e�ect of image charges on the vacuum chamber induced bythe passing beam and the electrons in the chamber. Furthermore, the modules for the spacecharge calculation and the generation of secondary electrons have been replaced by new routineswhich better model the three-dimensional dynamics of the electrons in the vacuum chamber.New measurements of the photon yield and reectivity of di�erent surface materials at CERN[5] are taken into account and heat load estimates are given for the new parameters.The availability of two independent simulation programs for the heat load generation inthe beam screen has proven to be extremely useful. A continuous comparison of the resultsgenerated by the two programs indicated several weak points in the algorithms and �nally ledto an improvement of both programs. While the results initially disagreed by more then a factorof two, they now di�er by less then 20%, giving us good con�dence in the results.The following work summarises the simulation results obtained at CERN and looks atpossible cures for the heat load in the beam screen. The paper is structured as follows: First, wewill briey summarise the main assumptions in the simulation program and discuss the mainparameters relevant for the heat load. Next, we introduce the notion of a critical secondary1



emission yield which divides the parameter space in two qualitatively di�erent subspaces. Thefourth section presents results for the heat load in the LHC beam screen for di�erent sets ofparameters. The �fth section discusses potential cures and improvements for the heat load andthe results are summarised in a �nal section.2 Simulation Model and Beam ParametersIn all simulations we assume a Gaussian longitudinal bunch distribution and cut the bunchinto 50 slices. Electrons close to the beam will oscillate in the beam potential and cutting thebunch into slices allows a proper modelling of the electron motion during the bunch passage.With less then 50 slices per bunch the simulation can not properly reproduce these oscillations,leading to an overestimate of the energy gain of the electrons during the bunch passage. Alarger number of slices does not further improve the simulation results.During the bunch passages we generate new photo-electrons. The total number of photonsemitted by a charged particle per radian is given by [6]N = 52p3�; (1)where � is the �ne-structure constant and  the Lorenz factor. For protons at 7 TeV the criticalenergy of these photo-electrons is Ecrit: = 3�hc2� � 3 (2)= 44 eV (3)and the total number of photo-electrons with energies larger than 4 eV (the work function ofCu) is approximately Nbunch � Y � 0:17 (4)photons per bunch where Nbunch is the number of protons per bunch and Y the photo-electronyield. For all calculations we assumed a Gaussian energy distribution of the photo-electronsaround 7 eV and a width of �pe = 5 eV . However, the �nal energy distribution of the photo-electrons is mainly determined by the energy gain during the bunch passage and the initialdistribution has only a small inuence on the �nal results.In the simulation program the electrons are modelled by macro-particles which initiallycarry the same charge. In all simulations we generate between 1000 and 5000 macro particles perbunch. The number of macro-particles generated per beam slice is proportional to the numberof protons inside the slice. For each slice we �rst generate the new photo-electrons and thenevaluate the force of the beam slice on the electrons. Thus, newly generated photo-electronsexperience only a fraction of the full beam kick, depending on whether they are generated nearthe head or the end of the bunch. On the other hand, secondary electrons from a previous bunchwill always experience the full beam kick. For a non-circular beam pipe the image charges ofthe beam on the vacuum chamber are included in the beam kick on the electrons.The gap between two bunches is again divided into 50 steps, allowing a proper modellingof the particle motion under the inuence of space charge and detecting the electron losses atthe proper positions. However, the recalculation of the space charge �eld is very time consumingand, unless otherwise stated, the space charge �eld is calculated only once right after the bunch2



passage. For the space charge �eld calculation we assume a four-fold symmetry of the electroncloud and map all electrons into one quadrant of the transverse plane. In a second step, wecalculate the horizontal and vertical electric �eld components of the electron cloud on a 25 times25 mesh and store the results on a two dimensional matrix for tracking. An additional optionallows the generation of image charges which lead to a equipotential surface at the vacuumchamber.Once an electron reaches the boundary of the vacuum chamber the program calculatesthe secondary emission yield of the incident electron as a function of its energy and incidentangle with respect to the surface normal. The charge of the emitted macro particle is given bythe product of the initial charge and the secondary emission yield � (E; �). For the secondaryemission yield we assume [7]� (E; �) = �max � 1:11 � � EEmax��0:35 �  1� exp"�2:3 � � EEmax�1:35#! =max (cos �; 0:2) ; (5)where � is the angle of the incident electron with respect to the surface normal, E the electronsenergy, Emax the energy for which the secondary emission yield has a maximum and �maxthe maximum secondary emission yield for normal incidence of the electron. In the followingwe assume Emax = 400 eV for all simulations and limit the value of cos � to values largerthen 0.2. Fig. 1 shows the secondary emission coe�cient for normal incident and �max = 1:4.The � dependence of the secondary yield implies an inuence of the shape of the vacuumchamber on the electron cloud density. In the following, we look at two di�erent geometries: anelliptical vacuum chamber and an LHC-type chamber with a at section on top and bottom.Both geometries are shown in Fig. 2 and the corresponding dimensions are given in Table 1.However, the calculation of the image charges is based on an elliptical boundary in both cases.hor. diameter dh vert. diameter dvLHC-type chamber 44 mm 36 mmElliptical chamber 44 mm 36 mmTable 1: Horizontal and vertical diameters of the vacuum chambers.The energy distribution of the emitted macro particle is determined by a Monte Carloalgorithm which, in principle, can generate an arbitrary distribution. However, at this point,the initial energy distribution of the secondary electrons in the LHC beam screen is still anunknown parameter and we studied the dependence of the heat load on this parameter byassuming a half Gaussian distribution around 0 eV with the distribution width �se being a freeparameter. The distribution is cut at 5�se. Currently there is an ongoing e�ort at CERN tomeasure the energy distribution of the secondary electrons for di�erent surfaces. First resultsindicate that most secondary electrons are emitted at low energies (between 0 eV and 2 eV) [5],but an accurate measurement of the distribution function is not yet available. In the followingwe will consider di�erent Gaussian distributions with �se between 0 eV and 20 eV. Essentially,the value of �se determines how many secondary electrons remain inside the vacuum chamberbefore the next bunch arrives. Because of their small initial energy, all secondary electronswhich reach the vacuum chamber before the next bunch arrives are lost and do not contributeto the heat load in the beam screen. 3
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not change much for energies larger then 400 eV . The secondary yield varies approximatelylinear with energy only for energies smaller then 200 eV and lowering the bunch intensitybelow Nb = 1:05 � 1011 increases the value of SEYcrit:. Thus, in order to obtain large values forSEYcrit: it would bene�cial to have a larger bunch spacing and to compensate the correspondingreduction in luminosity by a higher bunch current. For example, doubling the bunch spacing andincreasing the bunch current by a factor p2 gives SEYcrit: > 2:5 while keeping the luminosityconstant. This value is still larger than typical values of the secondary emission coe�cient �maxfor copper surfaces [12]. Unfortunately, such a scenario still reduces the �nal luminosity of an'ultimate' beam in the LHC with a bunch current of Nb = 1:6 �1011 and it is preferable to keep anominal bunch spacing of bs = 25 ns. However, it is still desirable to have this scenario at leastas a fall-back option for the LHC operation in case one encounters higher losses than foreseen.The right-hand side of Fig. 7 shows the SEYcrit: as a function of the vacuum chamberradius (assuming a round chamber). We assume again �se = 10 eV and all other parameters areas in Table 2. In this case SEYcrit decreases with an increasing beam pipe diameter implyingthat the heat load due to the electron cloud might be particularly large for sections in theLHC with large pipe radius. For example, the maximum radius in the experimental insertionsis larger than 3 cm implying that SEYcrit: will be smaller than 1.2.When we estimated SEYcrit: as a function of the initial energy distribution of the sec-ondary electrons (�se), we neglected the e�ect of space charge (with space charge, we will neverobserve an exponential increase of the electron density) and saw that SEYcrit: decreases with�se. However, the total number of electrons which actually remain in the beam pipe until thenext bunch arrives can be signi�cantly reduced by space charge forces for small values of �se.We will discuss this point in more detail in the Section 4.6.4 Heat load in the LHC Beam ScreenIn this section we look at di�erent cases where �max is smaller/larger then SEYcrit: andestimate the heat load in the beam screen as a function of the photon yield Y. Each case ispresented in a separate sub-section.4.1 Nominal beam parameters, high reectivity and �max = 0Neglecting the secondary yield, the heat load in the beam screen is entirely determinedby the energy of the photo-electrons. For the nominal LHC parameters, the average kineticenergy of the photo-electrons after the bunch passage is< Epe >� 80 eV: (8)Assuming a photo yield of Y = 0:2, and the nominal LHC bunch population (Np = 1:05 �1011) one expects approximately 3:5 � 109 photo-electrons per bending magnet and bunch (seeEquation (4)). The average heat load generated by the photo-electrons is given byWpe = Nbunch � Y � 0:17� < Epe >bs � bl : (9)Inserting (8) into (9) one obtainsWpe(Y = 0:2) = 0:128 W=m: (10)10
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Photon yield YFigure 11: The heat load in the LHC-type chamber for a bunch spacing of 50 ns and 1:48 � 1011protons per bunch. In both cases we assumed a Gaussian initial energy distribution of thesecondary electrons with �se = 10 eV .Left: �max = 1:066. Right: �max = 1:8.4.3 Large bunch spacing and bunch current and high reectivityFig. 10 and Fig. 11 show again the heat loss for an elliptical and the LHC-type vacuumchamber. But this time with a bunch spacing of 50 ns and a bunch population of 1:48 � 1011protons per bunch. This con�gurations gives still the same luminosity but clearly a smaller heatloss in the beam screen than the nominal LHC beam parameters. Assuming again a photonyield of Y = 0:2 we obtain a heat loss of 0:65 W=m for a secondary emission coe�cient of�max = 1:066 and 1:5 W=m for a secondary emission coe�cient of �max = 1:8. Both values arestill larger than the value tolerable by the vacuum system but the heat loss for �max = 1:8 isclearly smaller than the value for the nominal beam parameters.4.4 Nominal beam parameters and low reectivityIn order to account for a small reectivity, we generate 90% of the synchrotron lightphotons with a Gaussian angular distribution with �� = 22:5o at one side of the vacuumchamber. 10% of the photo-electrons are still uniformly distributed in the transverse plane.The left-hand side of Figure 12 shows the opening angle of the photo-electrons in the LHC-typevacuum chamber and the right-hand side shows the angular distribution of the photo-electronsaround the horizontal plane.Fig. 13 shows the corresponding heat loss for an elliptical vacuum chamber. The left-handside of Fig. 13 shows the heat load for a secondary emission yield of �max = 1:066 and a Gaussianinitial energy distribution of the secondary electrons with �se = 10 eV . The right-hand sideshows the heat load for a secondary emission yield of �max = 1:8. The lower curves show theheat load versus the photon yield for the new photo electron distribution. For comparison, thetop curves show again the heat loss for a high reectivity.
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Assuming again a photon yield of Y = 0:2 we obtain now a heat loss of 0:08 W=m for�max = 1:066 but still obtain a heat load of 7 W=m for �max = 1:8. As we mentioned earlier,a secondary emission coe�cient of �max = 1:8 is larger than the critical value of SEYcrit = 1:4for the nominal beam parameters. In this case, the heat load is mainly determined by thesecondary yield and even a small number of photo-electrons is su�cient to trigger the buildup of an electron cloud. Thus, the 10% of the photo-electrons which are uniformly generatedin the transverse plane give the same heat load as in the case of a high reectivity. The onlydi�erence is that it takes now approximately 20 bunch passages until the electron cloud densityreaches its space charge limit compared with approximately 10 bunch passages for the case of ahigh reectivity. If we suppress the 10% back-ground of uniformly distributed photo-electronsin the transverse plane, the heat load becomes smaller than 0:1 W=m in both cases. However,this scenario requires the absorption of all photo-electrons outside the Gaussian distribution inFig. 12.4.5 Large bunch spacing and bunch current and low reectivityIn this section we assume a bunch spacing of bs = 50 ns and a bunch intensity of Nb =1:48 � 1011 particles per bunch. We account again for a small reectivity by generating 90% ofthe photo-electrons with a Gaussian distribution with �� = 22:5o at one side of the vacuumchamber. Fig. 14 shows the corresponding heat loss for an elliptical vacuum chamber. Theleft-hand side of Fig. 14 shows the heat load for a secondary emission yield of �max = 1:066and a Gaussian initial energy distribution of the secondary electrons with �se = 10 eV . Theright-hand side shows the heat load for a secondary emission yield of �max = 1:8. The lowercurves show the heat load versus the photon yield for the new photo electron distribution. Forcomparison, the top curves show again the heat loss for a high reectivity.Assuming again a photon yield of Y = 0:2 we obtain now a heat loss of 0:074 W=m for�max = 1:066 and 0:14W=m for �max = 1:8. Both values are now smaller than the limit imposedby the vacuum system. As we mentioned earlier, SEYcrit = 1:4 increases with increasing bunchspacing. For a bunch spacing of bs = 50 ns we have SEYcrit = 2:6 and both secondary emissionyields in Fig. 14 are smaller than this value.4.6 Nominal beam parameters, high reectivity, and small values of �seIn the above discussion, we emphasised the e�ect of the initial energy distribution of thesecondary electrons on the critical value �max. The analysis in Section 3 suggested a particularlyhigh heat load for small values of �se. However, electrons with small energies are also more easilya�ected by external forces then electrons with higher energies. For example, very small magnetic�elds from the vacuum pumps can a�ect the measurement of the energy distribution at lowenergies [5]. In the same way, low energetic secondary electrons will be a�ected by their ownspace charge �eld. In [10] it was suggested that the importance of space charge forces can beestimated by the Debye radius of the electron cloud [11]�D = 740 �vuut �Ene ; [cm] (11)where �E is the average kinetic energy in the cloud in eV and ne the electron density in cm�3.Equating Equation (11) to the pipe radius rp one can estimate the maximum electron energy15
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Assuming �max = 1:8, Y = 0:2 and �se = 10 eV one has to limit the bunch intensity toNb = 0:4 � 1011 (17)particles per bunch for a heat loss of less than 0:2 W=m. For smaller values of �se the requiredreduction of the bunch current should be smaller (see Fig. 15). The discussion in Section 4.3showed that one can further improve the heat loss by increasing the bunch spacing in the LHC.Taking a bunch spacing of 50 ns and a bunch population of 1:48 � 1011 protons per bunch andY = 0:2 we obtained a heat load of 1:5 W=m for a secondary emission coe�cient of �max = 1:8.Assuming a cubic scaling of the heat loss with the bunch intensity, one has to reduce the bunchintensity by a factor 1:95 in order to keep the heat loss below 0:2 W=m. In this case, the totalluminosity would be reduced by almost a factor of four, part of which could potentially berecovered by a smaller emittance (the reduced intensity of Nb = 0:76 � 1011 protons per bunchis smaller than the nominal design value).5.2 Synchrotron light absorptionThe discussion in Sections 4.4 and 4.5 showed that the heat loss in the dipole magnetscan be signi�cantly reduced by generating the photo-electrons only on one side of the vacuumchamber in the horizontal plane. Because of the strong vertical magnetic �eld in the dipoles,the electrons are bound to a motion along the vertical �eld lines and electrons generated at thevacuum chamber near the horizontal plane can never reach the center of the vacuum chamber.Thus, the energy gain for these electrons is proportional to sin�, where � is the angle of theposition of the electron with respect to the horizontal plane. Without a strong vertical magnetic�eld, the spatial distribution of the photo-electrons has no e�ect on the heat load.Generating new photo-electrons only on one side of the vacuum chamber in the hor-izontal plane implies either a very low surface reectivity or the utilisation of synchrotronlight absorbers. Fig. 18 shows the heat load as a function of the opening angle in which thephoto-electrons are generated (see Fig. 12). In both cases we assumed Y = 0:4, �max = 1:5 and�se = 10 eV . The space charge �eld was recalculated 10 times during the bunch gap. For the left-hand side of Fig. 18 we generated 90% of the photo-electrons with a Gaussian angle distributionat one side of the vacuum chamber. 10% of the photo-electrons are still uniformly distributedin the transverse plane. For the right-hand side of Fig. 18 we generated all photo-electrons witha Gaussian angle distribution with at one side of the vacuum chamber. Generating only 90%of all photo-electrons with a Gaussian distribution with �� < 50o at one side of the vacuumchamber is already su�cient for reducing the heat load to less than 0:2 W=m. For a uniformdistribution of the photo-electrons in the transverse plane we get a heat load of 1:7 W=m.Generating all photo-electrons with a Gaussian distribution with �� < 50o at one side of thevacuum chamber reduces the heat loss to less than 0:02 W=m. Therefore, obtaining a reliableestimate for the opening angle of the photo-electrons in the LHC beam screen would providean important input parameter for the heat load estimate. So far, most estimates assumed aworst case scenario where the photo-electrons are uniformly generated in the transverse planeof the vacuum chamber.5.3 Solenoid �eldOne proposal for avoiding the build up of an electron cloud is to generate a weak solenoid�eld which bends newly generated secondary electron back to the wall of the vacuum chamber.20
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5.5 Vertical electrostatic �eldEven a weak vertical electrostatic �eld can signi�cantly reduce the heat load in the dipolesby pulling the low energetic secondary electrons back into the vacuum chamber [4]. However,cutting the beam pipe in two electrically isolated parts and applying a DC-voltage betweenthe two parts is di�cult to realise and implies other problems for the transverse impedance.An alternative method could be to use stretched wires at the corners of the beam screen. Theleft-hand side of Fig. 20 shows the position of the wires used in the simulations and the right-hand side shows the corresponding electric �eld lines in an elliptical vacuum chamber for anegative DC-bias of the wires. A �rst analysis of such a solution for secondary electrons with aGaussian initial energy distribution with �se = 5 eV shows that one can reduce the heat loss inthe dipole magnets by more than one order of magnitude. The e�ciency of this solution shouldincrease with decreasing values of �se and more simulations and experiments are required forrealistically judging the e�ect of this method. Fig. 21 shows the heat loss in the beam screenas a function of di�erent voltages between the wires and the beam screen surface. In all caseswe assumed nominal LHC beam parameters with Nb = 1:05 � 1011 particles per bunch and abunch separation of bs = 25 ns, a photon yield of Y = 0:2 and a secondary emission yieldcoe�cient of �max = 1:8. A voltage of only 20 Volt decreases the heat loss in the beam screenfrom approximately 6 W=m to less than 0:2 W=m. However, it is not clear if such a solutioncould be realised from the hardware and aperture point of view. Nevertheless, it illustrates howthe low energetic secondary electrons are inuenced even by very small external perturbations.22
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Figure 20:Left: Stretched wires inside the vacuum chamber.Right: The corresponding electric �eld lines in an elliptical vacuum chamber.

0

2

4

6

8

10

12

14

16

-20 -10 0 10 20 30

He
at 

los
s [

W
/m

]

Voltage between wire and liner [Volt]Figure 21: The heat loss in an elliptical chamber versus the voltage between a stretched wire inthe chamber and the chamber wall. In all cases we assumed Nb = 1:05 �1011 particles per bunch,bs = 25 ns, �se = 10 eV , Y = 0:2 and �max = 1:8. 23



6 SummaryThe numerical simulations for the beam induced electron cloud show that the resultingheat loss in the dipole magnets can vary between 0:01 W=m and more than 15 W=m dependingon the input parameters. The most important surface parameters are the photon yield Y , thesecondary emission coe�cient �max, the initial energy distribution of the secondary electronsand the surface reectivity R for the beam screen inside the dipole magnets. The photon yieldhas been recently measured at CERN for di�erent Cu surfaces and we assume Y = 0:2 for mostof our estimates. Another important parameter is the secondary emission coe�cient �max whichdetermines how many secondary electrons are generated per incident electron. If the secondaryemission coe�cient of the vacuum chamber is smaller than a critical value SEYcrit:, the heat losswill be proportional to the synchrotron light illumination and the photon yield. If it is largerthen this value, the heat loss will be determined by the value of �max and even a small numberof initial electrons is su�cient to trigger the build up of an electron cloud. The value of SEYcrit:depends on the beam parameters, the energy distribution of the secondary electrons and thevacuum geometry. Clearly, when designing a beam screen for the LHC vacuum chamber it isimportant to achieve a secondary emission coe�cient which is smaller then the critical yieldvalue. For the nominal LHC parameters and secondary electrons with a Gaussian distributionfor the initial energy with �se = 10 eV , the critical secondary emission yield is SEYcrit � 1:4.By doubling the bunch spacing in the LHC and increasing the bunch intensity in order tokeep the luminosity constant, the value of SEYcrit can be increased to SEYcrit > 2:5. Thesecondary emission coe�cient of most materials available for the LHC beam screen is largerthan �max = 1:8.The value of SEYcrit decreases with �se making it di�cult, if not impossible, to �nda surface material with �max < SEYcrit for low energetic secondary electrons. Fortunately,for distribution widths with �se < 5 eV the secondary electrons are a�ected by their ownspace charge �eld and newly generated electrons are repelled into the vacuum chamber. In thiscase, the heat loss decreases with decreasing �se for all values of �max and it is not anymoreimportant that the secondary emission coe�cient of the surface material is smaller than thecritical secondary emission yield SEYcrit.Thus an accurate estimate of the heat loss depends on an accurate measurement of thedistribution function of the initial energy of the secondary electrons. First measurements of thedistribution of the initial energy of the secondary electrons indicate a distribution with mostlylow energetic electrons. Unfortunately, the measurement of low energetic electrons is ratherdi�cult and an accurate estimate for the distribution function is not yet available. The di�cultyof measuring the distribution function of low energetic electrons illustrates how easily theseelectrons are inuenced by an external �eld and indicates several possibilities for eliminatingthe newly generated secondary electrons. For example, small solenoid or electrostatic �elds candeect or redirect the secondary electrons in the LHC beam screen back to the beam pipebefore the next bunch arrives.The reectivity of the surface material in the beam screen is another important input pa-rameter for estimating the heat loss. However, while it is rather straightforward to measure thereectivity for a given surface and synchrotron light spectrum, it is rather di�cult to estimatehow this reectivity a�ects the initial spatial distribution of the photo-electrons in the vacuumchamber. For example, the �nal spatial distribution of the photo-electrons depends also onthe orbit of the proton beam. Again, we can only estimate the resulting heat loss for di�erent24
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