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Abstract

In particle accelerators with intense positively charged bunched beams, an electron cloud may in-

duce beam instabilities and the related beam induced electron multipacting (BIEM), result in an un-

desired pressure rise and, in a cryogenic machine such as the Large Hadron Collider (LHC), intro-

duce addition heat loads.  When present, synchrotron radiation (SR) may generate a significant

number of photoelectrons, that may play a role in determining the onset and the detailed properties

of the electron-cloud related instability. Since electrons are constrained to move along field lines,

those created on the accelerator equator in a strong vertical (dipole) field cannot participate in the e-

cloud build-up. Therefore, for the LHC there has been a continuous effort to find solutions to absorb

the photons on the equator. The solution adopted for the LHC dipole beam screens is a saw-tooth

structure on the illuminated equator. SR from a bending magnet beamline at ELETTRA, Italy

(BEAR) has been used to measure the reflectivities (forward, backscattered and diffuse), for a flat

and a saw-tooth structured Cu co-laminated surface using both white light SR, similar to the one

emitted by LHC, and monochromatic light. Our data show that the saw-tooth structure does reduce

the total reflectivity and modifies the photon energy distribution of the reflected photons. The im-

plications of these results on the LHC arc vacuum system are discussed.

PACS:

29.27.Bd Beam dynamics; collective effect  and instabilities
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The LHC will provide two counter-circulating proton beams with colliding energies of nominally

14 TeV in the centre of mass, requiring superconducting bending magnets operating in super-fluid

helium at 1.9 K. In order to reduce the cryogenic power consumption at 1.9 K in the arcs, the heat

load induced by the beam will be intercepted on a beam screen, which operates between 5 and 20 K.

In the arcs of the machine, desorbed molecules will be pumped through the pumping slots, distrib-

uted along the length of the beam screen, onto the surrounding cold bore held at 1.9 K.

The emitted synchrotron radiation (SR) from the circulating protons, with a critical energy of 44.1

eV, is a major consideration for the design of the vacuum system. Its radiated power, induces a heat

load of 0.2 W/m at 7 TeV per beam and may i) stimulate gas desorption of weakly and tightly

bound gases from the walls of the vacuum system either directly by photons or mediated by elec-

trons [1,2], ii) create photoelectrons [3] which can be accelerated, to an average energy of 90 eV

[2,4,5], towards the opposite wall by the positive space charge of the bunched beam leading to ad-

ditional gas desorption and heat loads on the cryogenic system, iii) create secondary electrons

which may contribute to electron multipacting [2, 4, 7]. This latter phenomenon is a resonant effect

where a cloud of secondary electrons oscillate, in phase with the bunched beam, between opposite

walls of the vacuum chamber, which may eventually limit LHC performance. The former manifes-

tations of an electron cloud have been observed in the low energy positron rings of the B-factories

(KEKB, PEP II) [6] and the Super Proton Synchrotron (SPS) [7,8]. In the B-factories the seed of

electrons is dominated by photoelectrons created by synchrotron radiation (SR), in the SPS by re-

sidual gas ionisation. Those observations suggest that e-cloud related problems may be expected to

occur at LHC, where photoelectrons will indeed be present.

In the arcs, synchrotron radiation with a beam divergence of 0.55 mrad for 5 eV photons will illu-

minate the beam screen at a mean incidence angle of 4.5 mrad. Specular photon reflection from per-

fectly smooth surfaces, at such energies and incidence angles, might be expected to be close to

100% [9]. Calculations at a given angle of incidence, predict that the low energy photons (VUV) are

reflected more readily than the higher energy photons (soft X-ray). Photons in the UV energy range

can be reflected significantly from polished surfaces even when impinging at near normal inci-

dence. Real surfaces with a finite roughness are far from being perfect reflectors in the VUV and a

certain percentage of the incident photons will be adsorbed and/or diffused.

Therefore, one may speculate that a significant intensity of diffusely scattered UV light exists from

a real surface. Experiments using monochromatic light are required to measure the photon reflection

to produce a realistic estimate of the intensity and spectral distribution of the reflected and/or dif-

fusely scattered photons. Moreover, it is expected that the spectrum of reflected and/or diffused

white light (WL) will not resemble that emitted by the beam, but will be more skewed toward the

deluc
2



low energy. Finally, if a significant number of photoelectrons are created by reflected and/or dif-

fused photons, such photoelectrons will not necessarily be created in presence of the proton beam.

Their relevance, depending on their number, should be addressed in the BIEM codes where the

photoelectrons are presently created synchronously with the passage of the proton beam.

Thus, the study of light distribution is important, not only as emitted from the proton beam (SR),

but also after different reflections, which will occur in the vacuum pipe. A very important fact is the

presence, in the arcs, of a magnetic field of 8 T perpendicular to the orbit. Hence the electrons

photo-emitted on the orbital plane, will be affected by the magnetic field, and constrained to move

along the field lines, thus they will not be able to cross the vacuum chamber and gain energy from

the beam. On the other hand, an electron emitted perpendicular to the orbital plane (hence parallel

to the magnetic field) will only spiral along the field lines, participating more efficiently to secon-

dary electron production and, eventually, to multipacting. This simple reasoning implies that it will

be extremely beneficial to adsorb most of the SR on the orbit plane, where the created electrons

cannot participate in the multipacting, rather than having them reflected on the top and bottom parts

of the beam pipe. To this end, the LHC beam pipe has been designed and produced with a “saw-

tooth” structure on the equator where the photons first impinge, so as to offer to such a grazing in-

cident SR a close to normal incidence impact, hence reducing its reflectivity.  Indirect measure-

ments performed at CERN [10] and at BINP, Novosibirsk [11] on such saw-tooth chambers, with

40 mm high and 500 mm pitch, clearly indicate a strong reduction in the forward reflectivity, as de-

sired, so that this structure is now part of the base-line design of the machine. The existing meas-

urements give only an estimate of the reduction (increase) in the forward (diffuse) reflectivity, but

they do not give any insight on the energy distribution of the reflected photons. This work aims at

studying the photon reflectivity for energies between 8 and 200 eV from industrial materials that

will be used in the construction of the beam screen for LHC arcs. To correctly simulate the effect of

SR emitted by the beam, a quantitative estimate in energy and number of the photons producing

photo-electrons has been made.

The samples studied were all part of the final production of co-laminated copper on stainless steel

for the LHC beam screen (BS), including all cleaning stages, and surface preparation (both for the

flat and the saw-tooth surface). One half of the analysed sample was flat while the other presents the

saw-tooth structure. This double structured sample allowed one to directly compare the two sur-

faces, in identical experimental conditions.

The reflectivity measurements were performed at the BEAR beamline at ELETTRA in Trieste. This

is a bending magnet beamline, which can provide a monochromatic beam with energies from 8 to
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1400 eV with a resolving power between 2200 and 5800 [12], and a white light with a spectral dis-

tribution similar to that of the LHC.

The experimental chamber provides five degrees of freedom for the positioning of the sample.  It is

equipped with an electron analyser and two photon detectors, mounted on a two rotation axes go-

niometer. A schematic view of the experimental set-up, together with the description of the avail-

able rotation axes and translation movements, is presented in fig.1. With the described configuration

it was possible to measure incident light directly on the sample, the forward scattered and the dif-

fused light. Light impinged onto the sample with 26 mrad incidence angle, the smallest grazing an-

gle obtainable to guarantee full sample illumination within the experimental set up used. A tungsten

mesh, calibrated with the directly illuminated photon detector, was used to constantly measure the

incoming flux.

The photon detector used was a photodiode AXUV100 by IRD. It provides good response and line-

arity in the employed energy range. The detector active surface is 10x10 mm2 and it could rotate

along QA and FA keeping a constant distance to the sample of about 70mm. In this geometry, the

light collected at each photodiode position is the one emitted in a 8°x8° solid angle.  The set-up al-

lows to determine the space distribution of the scattered light by computer controlled movements of

the detector over the entire space above the sample with the exception of the small region (close to

QA = 180° and FA = 0°) where the diode would have intercepted the incoming light.  The complete

solid angle above the sample has been divided in three different regions: the forward scattering re-

gion, 8°x8° around the centre of the geometrical reflection, the backscattered region, 36°x36°

around the incoming light direction; the diffused region which sums up all the emitted photons out-

side the two aforementioned regions. Such separation, although useful to analyse the data and their

impact to the study of LHC - BIEM related simulations, is somehow artificial and is made consid-

ering experimental constraints such as the photodiode physical dimensions and the expected spread

and beam divergence.

In the first part of the experiment, the grating on the beamline was used as an inefficient mirror,

which produced white light with a spectral distribution similar to that of LHC.

In figure 2, the photon reflectivity as a function of the azimuthal position QA of the photodiode on

the scattering plane is shown. The blue box shows the reflectivity of the as-received flat Cu sample,

while the red box shows the data collected on the saw-tooth Cu sample. Each box represents a sin-

gle measurement of the drain photocurrent measured by the diode (which covers 8° in the azimuth

angle of the scattering plane) and normalised to the incident light. In case of the flat Cu surface,

most (80%) of the reflected light is collected by the photodiode when placed around the geometri-

cally defined specular (i.e. forward) direction and only a very small part of the incident light is back
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reflected or diffused (less than 2 %). Probably part of the diffused component, being measured close

to forward reflection, is produced by the intrinsic divergence of the reflected beam due to the

roughness of the sample surface. These data are in agreement with previous measurements [13, 14].

The sum of all the measured reflectivity, with the photodiode spanning over the whole solid angle

above the irradiated flat Cu sample, allow us to extract the total reflectivity of 82 % i.e. 18  % of the

incoming light is absorbed.

On the other hand, the forward scattering measured from the saw-tooth sample is only about 4 %

while the total reflectivity, over the entire space, is around 10 % i.e. 90 % of the incoming light was

absorbed. This also agrees with previous experiments [10, 11]. The residual forward scattering re-

flectivity of the saw-tooth structure may be explained by the presence of flat surface in the “crest”

of the saw-tooth, which essentially act as the flat sample, but with a reduced active surface. The dif-

fused and back-scattered components, on the other hand, are due to persistent reflectivity even close

to normal incidence, as expected theoretically. Also in this case the diffused component measured

closer to the geometrical specular reflection is probably due to a significant increase in beam diver-

gence of the reflected beam caused by roughness and imperfection of the saw-tooth structure sur-

face.

From the available data, the values of the measure white light reflectivity in the two cases studied

are given in Table 1.

The reduction of the total number of reflected photons by using the saw-tooth structure is signifi-

cant, and only apparently increases the light diffused or backscattered. Given the horizontal and

vertical divergence of the beam impinging on the wall, if no saw-tooth structure were foreseen, the

vacuum chamber would be evenly illuminated by the forward reflected light after a few reflections,

giving a diffused photon background between 40 to 60 %, that is much higher than that resulting

from back and diffused scattering from the saw-tooth structure.

In order to determine the spectral composition of the reflected light, measurements have been per-

formed with monochromatic light. The chosen photon energies were spanned in the range 8 to

200eV. The dependence of the reflectivity of the analysed samples versus photon energies is shown

in Figure 3. The three curves represent the spectral distribution when the diode was placed: i) on the

geometrical specular reflection, to measure the photon energy dependence of the forward scattered

light (black line); ii) as close as possible to the impinging light direction (on the azimuth plane and

with QA=162°), where the saw-tooth structure showed a maximum in the back-scattered light inten-

sity (see fig.2) to measure its energy dependence; iii) and with the photo-detector on the scattering

plane along the normal to the sample surface, to measure the energy variation of reflectivity in a

representative position where diffused light is expected (green line). The blank intervals in the plots
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of figure 3 are due to the presence, in some of the data collected, of electrical noise that was domi-

nating the physical information. Such data points have been rejected, without affecting the overall

information presented here. The forward reflectivity of both the Cu co-laminated flat and the saw-

tooth sample, even if different in absolute value, is almost constant, i.e. the spectral shape of the

forward reflected electrons is very similar (up to 200 eV) to the one of the impinging photon energy

distribution. This confirms that the origin of such component in the saw-tooth structure must be due

to flat portions of the sample present in the “crest” of the saw-tooth. On the other hand, the diffused

and back-reflected photons, have only quite low energies (below 20 eV), confirming that they de-

rive from close-to-normal incidence reflectivity on the saw-teeth, or on high-angle scattering due to

imperfections on the flat Cu surface. At such high angles of incidence only low-energy photons are

expected to be significantly reflected. The implication of these observations in terms of expected

number of photoelectrons produced by the reflected light is extremely important. Not only, the saw-

tooth structure decreases the number of photoelectrons produced simply due to the close to normal

incidence photon illumination, but also to the reduced energy of the photons reflected by its struc-

ture. The first mechanism for photoemission reduction is simply based on the fact that close to nor-

mal incidence photons have less probability to create a photoelectron close to the surface region,

where electrons can escape into the vacuum. Photons impinging with a very grazing angle, on the

other hand, travel further in the close-to-the-surface region, hence have a higher probability to pro-

duce photo-electrons. The second mechanism is related to the strong absorption of photons with en-

ergy higher than 20 eV from the saw-tooth structure. Low-energy photons are obviously less effi-

cient in producing a secondary cascade within the solid, hence inducing photoelectrons emission.

Even if the photo-electron distribution over the entire space in both cases, needs to be experimen-

tally studied with greater detail, our data imply that from an industrially prepared flat Cu surface

one expects a high reflection of high-energy photons (between 20-200 eV) which can create a sig-

nificant number of photoelectrons. On the other hand, in the case of the saw-tooth sample, we

measured a reduced reflectivity, mainly of low-energy photons which will not significantly partici-

pate to the creation of photoelectrons as compared to the high-energy ones.

With these reflectivity measurements not only we confirmed the measurements on the forward re-

flectivity previously performed [10, 13, 14] or preliminary measurements of diffuse reflectivity

[11], on the Cu flat and saw-tooth co-laminated sample but we also quantified the reflectivity in

backwards and diffused directions.

The measurements performed with monochromatic light allowed the determination of the spectral

distribution of the reflected/diffused light. It is demonstrated that, in the case of the saw-tooth sam-

ple, the back-reflected and diffused light consist almost entirely of low-energy photons, while the
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forward-scattered light has an energy distribution very similar to that of the flat sample, indicating,

as expected, that this sample behaves in forward direction as a very low efficiency flat mirror sur-

face.

Considering the beam divergence in the closed system of the LHC, the saw-tooth structure reduces

the number of photons impinging on the wall synchronously to the proton beam (the forward re-

flected photons) by more than a factor 20, and significantly reduces the diffused light, which in the

saw-tooth case mainly derive from backscattered photons, while in the flat surface case, would de-

rive from multiple reflections of the naturally divergent forward-scattered beam. Our data confirm

the validity of the adopted solution for LHC arcs beam screen and produce quantitative estimates of

photon reflectivity to be used in BIEM calculation.
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Figure captions:

 Figure 1: Schematic view of the experimental set-up showing the degrees of freedom

for the positions of the sample and of the photon detector.

Figure 2: Measured reflectivity, on the scattering plane, from a flat Cu sample (blue

empty bars) and from the saw-tooth sample (red bars). Each point measure the reflec-

tivity collected by the diode (whose angular dimension in the scattering plane was 8°).

Figure 3: Reflectivity of the measured flat and saw-tooth Cu surface versus impinging

monochromatic photon energy between 8 to 200 eV.
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Figure 1
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Flat sample Saw-tooth sample

Forward scattering 80 % 4 %

Back scattering 0 % 2 %

Diffused

Total

2 %

82 %

4 %

10 %

Table 1: Measured values of the forward scattering, back scattering and diffused light expressed in

percentage of the incoming light.
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