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Abstract

Forty-four kilometers of the LHC beam vacuum system [1,2] will be equipped with a
perforated co-axial liner, the so-called beam screen. Operating between 5 K and 20 K,
the beam screen reduces heat loads to the 1.9 K helium bath of the superconducting
magnets and minimises dynamic vacuum effects. Constructed from low magnetic

permeability stainless steel with a 50 pm inner layer of high purity copper, the beam
screen must provide a maximum aperture for the beam whilst resisting the induced
forces due to eddy currents at magnet quench. The mechanical engineering challenges
are numerous, and include stringent requirements on geometry, material selection,
manufacturing techniques and cleanliness. The industrial fabrication of these 16 metre
long UHV components is now in its prototyping phase. A description of the beam
screen is given, together with details of the experimental programme aimed at
validating the design choices, and results of the first industrial prototypes.
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Abstract stainless steel cooling tubes, which maintain lbeam

Forty-four kilometers of the LHC beam vacuum systeniCré€n temperature between Safid 20 K arepositioned

[1,2] will be equipped with gerforatedco-axialliner, the to optimise the availablaperture [3]. Anominal annula}r
so-called beam screen. Operating between &g 20 K, 9aP of 1.5 mmbetween coldbore and beam screen is

the beamscreenreducesheat loads tahe 1.9 K helium Proposed to avoithermal shortsand to accomodate the
bath of the superconductingmagnets and minimises OW thermal conductivity spring supporticated at
dynamic vacuum effects. Constructed fréow magnetic 1.7 metreintervals. Pumping slqts on the flabnes of
permeability stainless steel with a fén inner layer of (e beamscreenbody, representingome 4.4% of the
high purity copper, the bearacreen must provide a "Ner surface area, have a randomised pattern which repeats
maximum aperturefor the beamwhilst resisting the €Very 500 mmt 10 mm.

induced forces due to eddy currentsvatgnet gench. The
mechanical engineering challengase numerous, and
include stringent requirements ongeometry, material
selection, manufacturingchniquesand cleanliness. The
industrial fabrication of these 16 metieng UHV
components is now in its prototyping phase.
description of the bearacreen isgiven, together with
details of the experimental programme aimed at validating
the design choicesand results of the first idustrial
prototypes.

1 INTRODUCTION

The LHC layout isdefined bythe existing 27 km LEP
tunnel geometry. The two TeV counter-rotating proton
beams are separated horizontally in the arcschadnelled
through twin-bore superconductingmagnets. The two
beam vacuum tubes, ocold bores, are thenterface

between the 1.9 K magnet bathssofperfluid helium and
the ultra high vacuum system. Synchrotroadiation

power emitted by the proton beams (up to 0.32 W/m pé&1 Material Selection

Figure: 1 The LHC beam screen

3 TECHNICAL REQUIREMENTS

beam), together with aomparable power dissipated by, minimise

beam image currents, woulgpresent an excessiveat
load to the 1.9 K cryogenic system. In addition, an
unacceptable gas density, and helneam lifetime,would
result from the dynamic equilibriutpetween cryopumped
and desorbeqphoton and ion induced) gas. Thebeam
screen overcomes these problems by interceptinhehe
loads at ahigher and more thermo-dynamicallefficient
temperatureAlso, by shielding the 1.9 Kryopumping
surfaces fromsynchrotron radiation, gas in thieeam
aperture may be effectively cryopumpedvia holes
(pumping slots) in the beam screen wall.

2 DESCRIPTION

The present design of the beaareen(Figure 1) isbased
on a 1 mm thick, ultra-low magnetipermeability
stainless steel tubeoated onits inner surfacewith a
50 um layer of high electrical conductivityCu. Two

resistive wall lossesand coupling
impedancethe innersurface ofthe beamscreen must be
of high electrical conductivity material [4]High purity
Cu with a relative resisitivity ratio (RRR) of
approximately 100 iproposed. However, thiarge eddy
current forcescreatedduring a magneguench (section
3.2), imply that this Cuayer must be minimised and
have excellentadherence to &igh strength support
structure, the beam screen body, which in turn rhase
an optimum thickness to maximid®am aperture. For
the given geometry, it haseenshown that amagnetic
permeability of less than 1.005 (in tkemperatureange
5 K to 20 K) is required [5] t@void significant magnetic

field distortions. Conventional AISI 300 series stainless

steelshave permeabilitiesvell in excess of this value.
Several other vacuum compatible materials héeen

discounteddue to their low temperature characteristics
which showferro-magnetidransitions ( Ni superalloys -



inconel, monel, etc.), fragility (titanium), or low strength3.4 Interconnections

(aluminium). Grades ofaustenitic stainless stealloyed Beam screensill be joined at magnet extremities by

with Mn and '.\“’ having magnetic permeabilities 005 flexible RF sleeves which allow alignmeand thermal
at the operatingemperature othe beam screen, such as

Armco Nitronic 40, Ugine UNS 21904, Aubert Ruval contraction displacements. For security, helium to
X20MD are commercially available (typically 4 to 995 VACUUM welds have been prohibited the beamvacuum

Mn, 7 to 10% Ni). However, laser weldingrials have system andhe seamless cooling tubes mirstverse the

. : cold bore envelopéanto the insulation vacuum atach
shownunacceptabléevels offerrite formation [6] due to ; .
. S . ...magnet interconnect. Thermal transiemsply that the
nitrogen depletion in the weld bath. In collaboration with_ .
. . .. cpoling tubes mustaccept largemovements (up to
the steel industry, experimental batches of optimise imm) with respect to the cold bore
higher alloyed grades(12% Mn, 11% Ni) have been P '
produced and tested, showing excelleastenitic stability 4 MANUFACTURE
and ferrite free welds [7].

1.8e-2 .

The method of constructiomust considerthe technical
constraints as well as the necessity to economically
produce 44 km obeamscreen inlengths of 16 metres.
316 L For each step in the manufacturing process, many
different techniques arpossible. Figure 3 shows the
methods of construction that have been retained.
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Figure: 2 Magnetic susceptibility of various stainless [reck28roSa s | [ dunsrgerdie |
steels as a function of temperature.
3.2 Quench forces
. . . . IExtrus\on of Cooling Tub4 I Machining of Half Shells I |’ube Forming and Weldlml
A rapid decay ofthe 8.4 T magnetic field in the
superconducting dipolmagnetsoccurs during a resistive
transition (quench) ofthe magnet windingsLarge eddy
currents are induced in the beam screen Cu layer, resulting 1 |

Cooling Tube Attachment I

in horizontaloutwardforces. The beanscreen Cu layer I |
must remain undamagedafter repeated quenches. The
maximum horizontal elastic deflection of the bestreen
body must noexceedthe annular gapetween itand the Figure: 3 Methods of construction
cold bore, as the latter is simultaneousybjected to
large external helium pressures [8]. Finite element quen
calculations show apd agreementwith experimental
beam screens (prior geometmjth 304L stainlesssteel
body) tested inl metre long model magnets [9,10].
Further testing ofL1 metre beam screens itthe LHC
Prototype Half-Cell [11], together with thdata from
material testing will beused to optimise the stainless
steel wall thickness.

I Mounting the Beam Screen Supports I

é1 key issue in the manufacturing process is the
application of the Cu layer. It habeen shown that
prolonged heat treatment efectrodeposited Clayers on
stainless steel substrates ab®&d °C will reduce the
RRR to unacceptablealues[13].Therefore, onc¢he Cu
layer has been applied, higamperaturéorazing,welding
with large heainput (TIG) or high temperature vacuum
degassing arexcludedfrom the manufacturing process,
and extreme care is necessary to avoid mechatdoshge
3.3 Geometrical Tolerances or contamination of this soft Cu layer.

The manufacture tolerances specififat the beamscreen 4.1 Attachment of the copper layer
x-section (0.2 mm), straightness (0.5mm/amd twist
betweenextremities (%), are target valuedasedupon
manufacturing techniqueandresults of prototypes. Loss
of beamaperturedue toconcentricity errors betweerold
bore and beam screen have been estimated [12].

Two methods araunder investigation; electrodeposition
and colamination (or roll-bonding). Théormer may be
performed on both a closed geometry or a flat sheet.



4.1.1 Electroplating 4.3 Pumping slots

Cu electroplating using a Ni strike increases riegnetic
permeability of the beanscreen; a0.5 pum Ni layer
remains acceptableéElectrodeposited Cdayers on 1.2
metre beam screens have bebaracterised14]. Eleven
metre long prototype beamscreens have been
manufactured and installed at the Prototype Half-Cell.

Colaminated sheetan be on-line punched prior to
forming. Thenarrowslot width (1.5 mm), highstrength
steel and limited lubrication choic@gHV compatibility)
present challenges. Trial punching from the €ide of
colaminatedsheet has shown fullguctile shearing with
limited burr formation. For sloproduction on finished
beam screen bodies, alternative methods (laser, laser with
water jet, abrasive watefjet, chemical etching,spark
erosion) have also been evaluated [16].

4.1.2 Colamination

The colamination of stainless steel with Cu idaoted
by cold rolling, followed by heat treatment to improve
adhesion. First trials using UNS 21904resulted in
blistering of the Culayer due to aluminium oxide Good thermal contact is required betweendbeling tube
contaminants at the stainless/@erface. Particleffom  and beam screen. Intermittent laserelding has been
the abrasive belts used to grind the stainless steel prioritwestigated (-500 spots/m)producing ferritefree welds
colamination, had becomambedded irthe surface of the with no measurabldeformation tothe beamnscreenbody
high strength alloy (R ~ 800 MPa).Subsequent trials or visible damage to the Cu layer.

have shown that the elimination of the grinding step

produces acceptable colaminated mateBalting theheat 5 CONCLUSIONS

treament cycle (which alsmoderateshe.steelproperties) The LHC bearscreen desigeontinues to be optimised.
the RRR peaks at > 18tefore decreasingharply. Glow g jitaple materialhiave beerdeveloped andhe joining

dischargeoptical spectroscopy has shown a diffusion Ofgchniques mastereBrogress has beenade on each of

Mn into the Cu [15]. A compromisbetween Cu heat {he manufacturingechniques to be employeBrototype
treatmen{RRR ~ 60)and stainless steel annealing R 16 m pheam screens have been ordered from industry.
0.2 ~ 600 MPa) is possible using a short heat treatment

cycle (7.5 mins at 920C). Thefinished productshows 6 REFERENCES
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