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1.

Abstract

Materials used in vaauum systems of accéerators are described. In the first
part, general properties of materials ach as the mechanicd strength,
thermal and eledricd condictivity and transparency are discussd. In the
seand p@rt the most important materials: stainless $ed, aluminium, copper
and ceramics are described, followed by details of the joining d different
materials.

INTRODUCTION

Particle accéerators are operated in the 10" mbar presaure range in the case of hadron storage rings
and 10’ in the cae of eledron storage rings where ahigh gas load is caused by synchrotron radiation
induced gas desorption. In arder to get such alow presaire, the main criteria ae alow gas desorption
rate and no penetration d gases from the outside. The desorption and penetration d gases are the
subjed of separate ledures within these procealings. In addition to these properties the material
shoud fulfil some further criteriawhich are the subjea of thisledure:

Used as vaauum envel ope, the material must withstand the amospheric presaure. This favours a
material with a high moduus of elasticity and high medhanicd strength.

Since Ultra High Vaauum (UHV) systems are baked, the materials used shoud have a
negligible equili brium presaure at the foreseen baking temperatures (150°C —35C0°C). Thus
metals like znc, magnesium or lead, a alloys containing these, which have a significant
vapou presaure & relatively low temperatures, shoud nd be used. Vapou presaires as a
function d the temperature ae given in the gpendix.

Obvioudly gases shoud nat penetrate through the envelope of the vaauum system. There is
some penetration d He and H, through dasses and some metals at higher temperature
(palladium can be used as a filter for hydrogen) but for most materials discussed here,
penetration is negligible. Gases can penetrate throughelastomers guch as Viton generally used
for seding High Vaauum (HV) systems.

The materials shoud be essy available, which favours materias of general use in induwstrial
applicaion, for chemicd plants, for buil ding ships or agoplanes.

The materials $houd be easy to form medchanicdly by macdhining, turning, folding a dee
drawing and ke eay to join bywelding a brazng.

For some speda applications the material shoud be agoodthermal or eledricd condctor in
order to dstribute the hea load o to reduce the impedance of the system. For other
applicaionsit shoud be non or lesscondwcting in order to reduce aldy currents or for eledric
isolation.

For an interadion region a for windows, the material shoud be most transparent for radiation,
while normally it shoud shield radiation as much as possble.

But increasingly the choice of the material is determined by econamic aiteria, it shoud fulfil
its purpose & aminimum price

Concerning the ewvelope, the most used materials are stainless $ed, aluminium and copper.

For small systems the material of choiceis often a standard off -the-shelf solution, stainless sed. For
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larger systems and spedal requirements other materials become interesting sincethe wsts that are put
into their development and testing often pays off.

2. PHYSICAL RESTRICTIONS

2.1 Mechanical stability

Some important material properties will now be explained bu for more detail s the reader is referred
to a text book such as Ref. [1]. The main criteria for a material used as an envelope for a vaaium
system isits mechanicd stability under atmospheric presaure. If apresaire or stress(forceper areg) is
applied to a material it will be deformed by a cetain strain (change in length per length). The
behaviour of a material under stressis diown in Fig. 1.For small strains the deformationis elastic, it
recvers when the stress is released and the strain is propational to the stress The fador of
propationality iscdled Young' s modulus or the modulus of elasticity.

For large strans the
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_ 400 | 800 [ SiTe strength stresgstrain relation is no longer
€ 200 | € ol - - linea. The stress value for which
2 / = ' the stresdstrain function crosses
g 200 - 7 g o doncaion AN Offset of 0.002 ¢ the linea
% 0 L S % ol ’ behaviour is defined as the yield
, Yield strength strength. For further incresse of

0 .0 V.O‘O4‘ .(;08‘ .(;12 ° 0 .(;5 ‘1 .‘15 .2‘0 the Stra!n,the stressmg:reas%_untll

002 gtrain strain a maximum value is adieved

Fig. 1 Definition of moduus of elaticity, yield and tensile strength which is defined as the tensile
and eloncgtion. strength. For further strain, less

stress is needed and the material
will rupture when a maximum elongetion is readed. Materials which can be deformed by several
percent until rupture ae cdled pastic or ductile (most metals), materials which canna be deformed
plasticaly are cdled brittle (ceramics). The strain a which the material ruptures is cdled the
elongation.

From a medhanicd point of view the aiticd parts of a vaauum chamber are the non-circular
chambers: flat chambers like thase in a dipade or an unduator, schematicdly shown in Fig. 2. The
defledion (dy) is propational to the fourth order of the width dvided by the third order of the
thicknesstimes the moduus of elasticity. The stressis propational to the seaond ader of the width
divided bythe second ader of athickness Obviously materials with a high moduus of elasticity are
favoured bu a difference in the moduus of easticity by afador 3 (aluminium compared to stainless
sted) can be mmpensated by a dlightly larger thickness of 1.45. Thus the design d chambers
bewmmes important and the design has to be gpropriate to the material. It shoud be noted, that the
formulas given are only roughestimates. For redistic values of deformation and stress finite dement
programs like ANSY S shoud be used.
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2.2 Hardness

The hardness of a material is another important mechanica property for the seding d a vaaium
system by a flange gasket system. It describes the resistance of a material to a locd plastic
deformation. For the flanges a hard material is used, mostly stainless $ed. If auminium is used for
flanges an aloy with high herdnessis sleded and, in addition, the surfaceis often hardened by a
spedal coating. For the gaskets a week material is sleded like copper, duminium, gdd, silver or
indium.
There &ist several measuring methods for the hardness The Brinell hardnessis measured by

pressng atungsten carbide ball (Diameter: D[mm)]) with a standard load (F[kp]) into the test piece
The diameter of the imprint is measured (d[mm]) and the Brinell hardnessis cdculated as foll ows:

Hg:= 2F/(mD(D-(D2 + d?)1/2))
The hardnessis roughy propational to the tensile strength T_[Gpa] ~ 3.5H,.

2.3 Hardening

As mentioned in 2.1,a large stress applied to a material causes plastic deformation. The reason for
this behaviour is explained by the structure of the metals that consist of grains with a non-perfea
crystal structure. The failures or dislocations in the structure can easily move within the grains and
cause their deformation. Since the movement of the dislocations is limited by the grain boundry, a
small grain sizeincreases the strength of amaterial.

An important possbility for increasing the strength is work hardening a cold working. If a
material is cold-worked, i.e. by dawing a folding, additional dislocations are produced in the grains.
The increased number of dislocaions cause more friction since the dislocaions hinder eat aher’s
movement. The increased strength is rown in Fig. 3for OFHC copper asafunction d the cold work.
Starting from 70 M Pafor anneded copper, ayield strength of upto 300M Pa can be atieved.
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The process of cold working can be reversed when the material is heaed. At the anneding
temperature dl streses in the material are relessed and the grain size begins to grow. This
temperature is relatively low, abou 1/3 of the melting temperature in [K]. The anneding temperature
for some materials are given in Table 1.

Tablel
Anneding temperature for seleded elements.

Material: Al AlCuS Cu OFHC Stainless $ed

Annedingtemp. [°C] 100 250 110 450

A further method for hardening some dloys is precipitation hardening. The strength of an
aloy is generaly higher since the particles introduced reduce the movement of dislocaions. Some
spedal alloys like Al Cu (5) Si (1) can be further hardened. The dloy is heaed to a temperature of
400°C at which the mpper is completdly disolved in the duminium. Rapid codling freeze this date
at room temperature. (Normally the dloy consists of grains with aluminium and gains with Al-Cu.)
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If the temperature is increased to 100to 200 °C Al-Cu islands are formed within the duminium
grains. These islands constitute friction for the movement of dislocaions and thus increase the
strength of the dloy. The increased temperature must not be gplied for too long since the strength
will be reduced again. This behaviour is cdled over ageing. The temperature of the process as a
function d the time andthe yield strength as afunction d the ageingtime and temperature ae shown
inFig. 4.
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Fig. 4 Predpitation hardeningi.e. the duminium copper system.

2.4 Thermal conductivity

When a high hed load has to be transported materials with a high thermal condctivity are used. Thus
the main lumped absorbers of synchrotron radiation sources are made from copper. When the hea
load is diredly absorbed onthe wall of the eavelope of the vaauum system aluminium (LEP) or
copper (HERA, B fadory) is used. For windows beryllium, beryllium-oxide or diamond are good
candidates sncethe energy losses are small in these materials and the thermal condctivity is high.
The maximum temperature & the hea sourceisthe sum of the temperature step in the material (which
increases with distance and the thermal conductivity) and the temperature step at the interfacefrom
the metal to the water (which deaeases with the distance due to increased areafor the hea transfer to
the water). The situation d an absorber is demonstrated in Fig. 5and the foll owing estimates can be
made:

Tc
™ | Tw (TM-TC) ~ (P) In(wit) / A A @ thermd condiutivity
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Fig. 5 Conductivity of thermal load in an absorber.

As in the cae of the deformation and stress the given formulas are only for rough estimates, the
exad temperature behaviour and stress fioud be cdculated by pogramslike ANSY S.

Obvioudly the temperature of the water duct shoud be kept below the bailing pant of the water
(the bailing temperature increases by 10 °C for ead bar over-presaure). In addition the maximum
temperature & the hea source shoud be low enoughto prevent fatigue fail ure or even melting. The
parts of the material which are & higher temperature try to expand bu are hindered by the bulk of the
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material, thus a stressoccurs which can lead to cradks and rupture of the material. Since the stressis
cyclic, fatigue failures occur at a much lower level than gven by the tensile strength. The thermal
stressis correlated to the strain that is given by:

S=a AT,

where a is the expansion coefficient of the material, AT the temperature diff erence between the bulk
and the maximum temperature. This rupture depends on the number of cycles and the anournt of
stressfrom the temperature. Figure 6 shows this behaviour for copper [2] and GLIDCOP [3]. For 10*
cycles (the asumed lifetime of an absorber in a synchrotron radiation source) the strain shoud be
kept below 0.002in the case of OFHC copper.
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Fig. 6 Fatigue behaviour of copper.

This gresscan be reduced by careful design. If the parts at higher temperature ae dlowed to
expand (at least partially) the stressis reduced. For the aotch absorbers for ANKA and the SLS, the
absorbers are split into two halves with comb-like structure and dlightly separated. Each tooth can
expand at the edges which reduces the stressby abou afador of two [4].

2.2 Eledrical conductivity

Obvioudly high conductivity material namely copper is used wherever high currents have to be
transported.

The vaauum impedance of a storage ring depends on the conductivity of the chamber material
and the gap o the chamber. For insertion device dambers with extremely small gaps (5mm) the
vaauum impedance can make asignificant contribution to the total impedance Thisis one reason for
preferring aluminium as the material for the vaauum chamber of an insertion device or stainless sed
with copper plating. Copper-plated stainless sed is also used for the LHC vaauum system [5] to
reduce the resistive losses from the mirror currents and thus liquid helium consumption for coding
the hea load. A low-conducting sted al oy was chosen as the bulk material, since ahigh-condicting
material (copper, aluminium) would cause destruction d the beam duct by the large forces from eddy
currents when a super conducting field quenches.

In order to reduce the eddy currents, low-conductive materials are used for vaauum chambers
which are situated in rapidly changing magnetic fields such as a Booster Synchrotron (operated in the
1-10 Hz range), Kickers (operated at abou 1 MH2z) or, as mentioned abowe, in the vicinity of
superconducting magnets (LHC). Eddy currents cause magnetic fields oppasite to the gplied ores,
reducing their effed. In addtion they hea up the material. The dependency on frequency,
condctivity and geometry is srownin Fig. 7.

The aldy currents are propational to the dedricd conduwctivity. Thus low-conducting
materials like stainless $ed, inconel or even ceramics are used, depending onthe frequency of the
magnetic field. The dowve etimates are only valid if the thickness of the material is nat large
compared to the skin depth which isgiven by. d,, = (1T, p, 0 &)™.
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Fig. 7 Influenceof eddy currents
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Kickers are interesting since their vaauum envelope is generally ceramic in order to avoid eddy
currents, but a conducting layer is also needed in order to condwct the mirror currents of the particle
beam, to preserve the impedance and to enclose the high field of the particle bean (500 MHz —
1GHz) to prevent hedaing d the ferrites. Thus a thin (abou 2 ym) condcting titanium layer is
sputtered orto the inner surface to shield the field. The thickness of the layer is a compromise
between the rise time of the magnetic field and the eddy current losses, which favour a thin layer, and
the resistive losses of the mirror currents and the need for a homogenous layer which favour a thick

layer [6].

Obvioudly isolating materials are needed for eledric feedthrougts like beam paosition monitors,
kickers or septum magnets pasitioned in the vaauum, RF cougding loops etc. While plastics do their
jobfor HV systems, espedally materials like Vespel or Peek that can be baked upto 200°C, for UHV
applicaion andin radiation environment ceramics must be used.

2.6 Radiation penetration

At the interadion region d a llider the allision poduwcts $odd easily penetrate the wall of the
vaauum chamber. Since most scatering processes depend ona higher order of the Z of the target
material, alow Z and high mecdhanicd strength are favoured. This was the reason that at the CERN
SPSvaauum tubes made from carbon compaosite were developed for the 13-m longinteradion region.
For the shorter interadion region d the B fadories and at DAFNE beryllium will be used. Beryllium
is also used as windows for the synchrotron radiation in beam lines that separate the ultra-high-
vaauum region d the storage ring from the user region. The left side of Fig. 8 shows the radiation
lengths for seleded elements[7].
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Fig. 8 Left side: Radiation length of synchrotron radiation. Right side: Residual adivation o diff erent materials.

In the normal region d a storage ring penetration d radiation is unwanted. Scattered and lost
high energy particles and their readion products canna be shielded by the vaauum chamber. One-
meter thick concrete walls or the ejuivalent in leal are neaded. But in the cae of high energy e
storage rings the amitted synchrotron radiation can also be high enoughto penetrate the vaaium
chamber if a light (Al) material is sleded. This had been ore reason for using copper (Z = 29)
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instead of aluminium (Z = 13) at the B fadories or at HERA. At LEP a lead (Z = 82) shield was
soldered orto the outside of the duminium chamber to get a shielding effed.

2.7 Activation

Activation d material (by neutrons or ions) might be anuisance for quick accessto the accéerator
after switching df, or by creding niwclea waste. Light materials, i.e. aluminium, (but take cae of the
other elements (Pb) in the dloy) are of advantage, as can be seen from Fig. 8, right side [8], the
adivation level is snaller and decays more rapidly. Obviously, adivation also causes damage in
materials, hardly in metals, but strondy in plastics which are not normally part of a UHV system. But
cables for presaure gauges and eledronics (often integrated into the gauges), turbo pumps and dastic
or rubber water lines are indiredly part of the vacauum system and will be damaged. A list of the
radiation resistance of the most used plasticsisgivenin Table 2.

Table2
Radiation damage of seleded materials.

Material | Polyuretan | Kapton, Peek | Polyethylene, PVC | Viton | Polyamide | Teflon

Dose [gray] 10 10 0.5 10 10 10° 10

3. SELECTED MATERIALS

3.1 Stainless sed

Stainless sed is the standard material for most vaauum comporents. Many manufadures have
experience with this material. The medhanicd strength (200 GPa yield strength) is sufficient for
constructing cedicated vacuum systems. It is easy to weld. It is a standard material, generally used in
construction work and easily available on the market. The high hardness (190 HB) proteds flanges
from scratches and le&s. The outgassng rates are low. Stainless $ed can be baked in situ (150to
350°C) to remove the water from the surface ad it can be fired (at 900°C) to reduce the H, from the
bulk of the material. Since aistenitic steds are non-magnetic they can be used within magnets. A
survey of the properties of stainless ¢ed and its applicdion to vacuum techndogies is given in
Ref. [9].

Sted aloys become @rrosion resistant if the dloy contains more than 13% chrome, typicdly
abou 18%, sinceit produces a protedive film of chrome oxide & the surface The aldition d nickel,
typicdly 10%, maintains the austenitic structure (a facecentred cubic iron) at room temperature and
iSnot magnetic.

Commonly the austenitic types 304 (Fe Cr(18)Ni(9)C(0.07)), 304 (Fe Cr(18)Ni(11)C(0.03),
316L (Fe Cr(18)Ni(14Mo(3)C(0.03), 318N (Fe Cr(18)Ni(14)Mo(3)N(0.2C(0.03) are used. The L
stands for low carbon (lessthan 0.03%6) which isimportant for conserving corrosion resistance when
fired or welded. The N denates the aldition d nitrogen that increases the strength and the hardness of
the sted. Within this text the dhemicd compasition d aloysis given bythe chemicd elements of the
alloys with its weight comporent in %, with the exemption d the main comporent. Concerning the
medhanicd properties austeniti c steds are ductile with arelative low yield strength (200 GPa) and a
high elongation (70%). The yield strength and also the hardness can be improved (300 GPa) by
adding ritrogen to the dloy.

Hydrogen is the main gas comporent of UHV vaaium systems. While water is concentrated
rather at the surface hydrogen is dislved in the bulk of the material (due to the production process.
The hydrogen can be mnsiderably reduced when the material is heaed to 900C. Thus the vaaium
chambers of many accéerators are vacuum fired, partly before and partly after their manufadure.
Since the high temperature dso reduces the hardnessthe stronger alloy 316N is mainly used when
the material isfired.

When austenitic steds are fired o welded care must be taken to avoid the formation d carbide
which can cause micro cradks and reduce the @rrosion resistance. Carbonis normally completely
dissolved in the dloy, bu if the dloy is heaed to temperatures higher than 600°C and the mdingis
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later nat dore rapidly enough,carbon dff usesto the grain boundry to alarger extent than the chrome
and the dirome cntent can fall below a aiticd limit. The formation d carbide can be avoided if the
caboncontent of the dloy islow (lessthan 0.03%) and the aiticd temperature range (600 — 750C)
ispassd in lessthan an hou [9].

Due to the prodwction pocess s$ainless $ed contains a high amount of impurities and
inclusions (mostly sulphides and oxdes). When the iron is cast into ingas the relatively lighter
impurities colled at the surfacebut partly penetrate into the inga when coaled. These impurities are
the reasons for cradks and micro le&s. Forming the ingats into sheds and bars will further distribute
them. The anount of impurities can be reduced considerably if the material is remoulded by an
eledro-slag refining process schematicdly shown in Fig. 9. The impurities are clleded at the top o
the inga which will be ait away. In addition the homogeneity of the sted can be improved if the
ingas are hot forged. If the sted is machined to flanges etc the surface parts (3-5mm) of the bars
shoud na be used.

Impurities (sulfides, oxides)
penetrate ingot when cooled Eledro Slag Refined (ESR)

E j / R slag j
v molt

Hot forged for increased homogeneity

— 1]
Figure 9: Quality improvements for stainless sed.

The sted quality is defined by the number of inclusions and the wrn size These items are
determined by comparing a sted probe with standard probes. The @rn sizeis classfied by gain size
numbers, the higher the number the small er the grain size. The number isinversely propationa to the
root of the grain size A grain size number of 1 corresponds to a grain dameter of 0.25mm. The
inclusions are dassfied acarding to sulphides (A), oxides (B), silicaes (C) and dobuar oxides (D).
For eat a severity level between 0.5and 3can be given. The more inclusions the higher the number.
For UHV application alevel of maximal 1 for inclusions (A, B, C), 1.5for D and a grain size number
of minimal 4 shoud be fulfill ed.

Tubes and wes=ls are normaly made from cold-rolled plates. Cold refers to the
reaystalli zation temperature which is abou 400°C for stainless $ed. Cold-rolled plates have afiner
surface

While duminium and copper are often formed by extrusion a machining from blocks, stainless
sted is formed mainly by rolling, folding and deg drawing o sheds. Welding shoud be dore
withou filler. Welding d long straight seams is normally dore by e-beam while the flanges are
welded by DC TIG (tungsten inert gas). TIG welding can lead to a distortion o the material
(reduction in length and increase of the thicknessclose to the weld seam) due to the smaller energy
density compared to e-bean welding. This distortion is in the order of the thicknessof the weld and
has to be taken into acourt for the dimensioning kefore welding. If the welding is not symmetric the
whole vaauum chamber can be cnsiderably deformed as experienced with the ANKA prototype
vaauum chamber, when the suppating ribs were welded at the outer side of the chamber, seeFig. 10.
Such a distortion can be removed by teding upthe chamber at the oppdasite side, bu has to be dore
by experienced workers to get acceptable results.
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3.2 Aluminium

Aluminium has been used as the material of many eledron synchrotrons (PETRA, TRISTIAN,
LEP, LEAR, ALS, SRRC, APS LEP, Pohang, Spring8. A summary of aluminium techndogy is
givenin Ref. [8]. The main reason for using aluminium has been that long keam tubes including the

shrinking

welding

i ﬁ shrinking deformation
A

[ firing to reverse deflection

Fig.10 Weld distortion d the ANKA prototype chamber.

antechambers for distributed pumps and coding ducts can econamicdly be produced by extrusion.
Furthermore complex chambers can be macdined from solid blocks. Figure 11 showsthe adoss ®dion
of the LEP vaauum chamber made from extruded aluminium [10] and the aoss dion d the ALS
vaaium chamber at a quadrupde which was madined from thick plates. The good thermal
conductivity of aluminium alows an easy distribution and codling d hed load. Thus the power
density of the synchrotron radiation can be dsorbed dredly onthe chamber wall if the power is not
to high. In addition the ading diwcts can be onveniently used for mild baking (150°C) by wsing
presaurised water. Standard parts (tubes, fittings, T and crosspieces) are now avail able from industry
[11]. Additional advantages are that it is completely nonrmagnetic, has alow adivation cross £dion
and arapid decay of radioadivity.

ALS (machined)

-

LEP (extruded)

Fig. 11 Aluminium vaaium chambers of LEP and ALS.

However, aluminium has sveral disadvantages. Initially at leat, it has an order of magnitude
higher desorption Vyield compared to stainless $ed or copper. The mechanica properties (E modue,
hardnes9 are weeker compared to stainless $ed and have to be compensated by an appropriate
design. Furthermore it is not so essy to make welds vaauum tight compared to stainless $ed. A high
hea load must be gplied in order to break the thick oxide layer but the hea is rapidly diffused duwe to
the goodthermal condictivity. Thus the design d the weld shoud be dore in such a way that only a
minimum hed load is needed by dang small welds and introducing gooves close to the weld to
confine the exposed area The AC TIG method telps to remove the oxide layer more dficiently.

Both the high desorption yield and the difficulties with welding are related to the relatively
thick oxide layer (15 nm) onthe surface In arder to reduce this problem all extrusion and machining
processes were dore under argon atmosphere & KEK [8]. As aresult a 3 nm low-porous oxide layer
was obtained. For the same reason al macdining was dore with ethand lubricant at SRRC[12]. At
APSweld leaks were reduced when afill er wire extruded in argonwas used [13)].
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For tubes the dloy 6063(Al Mg(0.7)Si(0.4)) ismainly used, which can be extruded andis less
expensive. For aluminium flanges, screws and nus the harder 2219AI1 Cu(6.3)Si(0.3) is preferred. In
order to enhancethe surfacehardnessof aluminium flanges a 2-um TiN coating can be gplied.

Conreding d auminium chambers s partly dore by using aluminium flanges, partly by using
auminium/stainless $ed transitions and stainless $ed CF flanges. Seding is dore with pure (1050
aluminium Conflat gaskets or diamond-formed gaskets in combination with aluminium screws and
nuts. Also the Helicoflex system is used when aluminium flanges are mnreded to stainless sed
flanges. The variety of these techniques, shown in Fig. 12, émonstrates that the seding d an
auminium system isnat as reliable & the standard stainless $ed system with copper gaskets.

719 2w L
U M E@@
6063 1010 6063 CQu 6063 1010

Al-Sed bording _ Heli coflex
CF (AI-Al) Diamond (Al - Al)

Fig.12 Seding d aluminium vaaum systems.

3.3 Copper

Copper is used for the vacuum system at HERA [14] (DESY) and at the B fadories[15, 1§. In nealy
all accéerators it is used as an absorber for synchrotron radiation. The profile of the KEK B fadory
vaaium chamber is iown in Fig. 13.Normally OFHC copper is used. At HERA copper-tin (3%)
bronze was used in order to have ahigher stiffnessand to avoid softening duing lrazng. Compared
to auminium large bean tubes can be produced by extrusion, bu only with ore duct. Therefore the
antechamber for distributed pumps and the wading duct have to be extruded separately and e-beam
welded or brazel to the beam chamber. Thus the production processis more cmplex and expensive.
Since @pper vaauum systems are only used for storage rings with large radius in the dipdles, the ac
sedions can be formed by stretching them axialy and bending them over a pre-shaped mandrel.

ebeanwdt KEK B-Fadory

Fig. 13 Profile of the mpper vaauum
chamber of the KEK B fadory.

Comparable to aluminium, the high thermal condctivity all ows the dhamber wall to be used as
the ebsorber for the SR power. In contrast to aluminium the desorption yields are low comparable to
stainless sed, abeit the diff erences between macdhined and extruded surfaces, as shownin Fig. 14.
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Of disadvantage is the fad that reliable joints can
only be made by e-beam welding a brazng. At DESY different brazng techniques are used for
joining copper to copper or copper to stainless $ed [14]. If the brazng is dore in a vacuum oven an
additional cleaning is achieved. Seding the @pper vaauum system is dore by using copper-to-
stainlesssted transition deces and the reliable CF system with stainless $ed flanges and copper
gaskets. These transiti ons are made by explosion bondng, roll bondng, e-bean welding a brazng.

The main absorbers of most SR sources are made from OFHC copper blocks with brazel water
lines or drill ed codling dicts. Since the temperature of an absorber is not homogeneous thermal stress
occurs leading to cradks and failure & described in Sec. 2.4.1n order to avoid fail ures when the hea
load is too high for OFHC copper, GLIDCOP a @pper aluminium oxide Cu Al,0,(0.3) alloy which
alows more stressis used [13, 17. But GLIDCORP is rather expensive and krazing it to copper is not

easy.

Copper gaskets are standard for seding. Mainly OFHC copper is used. For baking temperatures
higher then 200C a pper-silver alloy (0.1%) shoudd be used which has an increased
reaystali zation temperature and prevents flowing d the cpper. In addition a silver coating can
prevent sticking d the gasket.

3.4 Carbon-fibre composite material

Vaaum chambers made from carbonfibre mmpasite have been developed for the allider region o
the Super Proton Synchrotron (SPS at CERN [18]. For this region (length 13 m) the material of the
vaauum tube has to be highly transparent for the llision products on their way to the detedor.
Therefore amaterial with low Z and hgh strength shoud be used. Beryllium would have been the
best choice, bu it is rather expensive epedaly for a 13m long tean duct. As a wmparable
dternative a cabonfibre tube (thickness 1 mm) with an inner aluminium layer (40 um) was
developed, having a comparable transparency to beryllium but only abou 15% of the wst. The
auminium layer was needed as a barrier for gas diffusion throughthe wmpasite in order to oltain a
low outgassng rate and to shield the detedors eledromagneticdly from the high frequency field o
the stored beam. The chambers were designed for 1.5 kar presaure difference One chamber was
tested to 1.95 far before imploding.

Several techniques have been tested in co-operation with induwstry (Dornier System GmbH
Friedrichshafen, Germany). The final technique is £hematicdly shown in Fig. 15.For the production
of the final tubes 20 um thick 40 mm wide duminium ribbors were wound and dued with 50%
overlap around a mandrel. Liners with thickness larger than 100 m lead to adherence problems
during curing a baking dwe to the different thermal expansion d the cabon composite and the
auminium liner. Thin layers deform plasticdly withou bresing the bond letween the layers. The
long spira glue line did nd contribute significantly to the outgassng rate. Prestressed carbonfibre
bundes (overal diameter 0.1 mm) were woundin several liners around the duminium layer after
having passed throughabath of liquid resin. The tubes were then cured at 15¢° — 200 C. The metalli ¢
end peces were glued to the inner surface of the compaosite tube with a glue airing at room
temperature, in order to avoid thermal stress
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100 pum carbon bundles, several layersin diff erent orientations
passed through resin bath

R -

U 20 um Al foil - to prevent gas penetration

Fig. 15 Produwction o the CERN
- to shield detectors from field of the stored beam cabonfibre vaauum tubes.

Chambers without an aluminium liner had a penetration rate for He (10° mbar I/(s cm’)) and
water pressure. Chambers with an aluminium liner had a He penetration rate of 10° mbar I/(s cm?). An
outgassng rate of 10" mbar I/(s cm?) could be obtained after two 24-h 120C bakes.

3.5 Ceramics

Ceramics (mostly aluminium oxide which can be produced withou porosity) are used as insulators
(feadthrougts, breeks) and for vacuum chambers in rapidly changing magnetic fields (kickers) where
condwcting material cause unacceptably high eddy currents. Compared to dass ceramic has the
advantage of better medhanicd strength. In addition the compressve strength is higher by a fador of
ten compared to the tensile strength. Therefore the design d ceramic systems $oud ony foresee
compressgve stress Ceramics are formed ou of a day (oxide powder with water) which is moulded to
fine particles, pressed in forms or extruded and left to dry. After drying, macdhining is posdble. Then
the parts are sintered at 2000°C. During this processthe material shrinks by upto 20% in length. The
sintered parts can then ony be processed by damondtoals[19].

Most ceramic comporents are mwnreded to metal (flanges) by brazng. For the standard brazng
procedure the ceamic surface foreseen for brazng is metalized by a MoMn o titanium hydride
coating kefore sintering. Metals, preferably with an expansion coefficient comparable to the ceamic
(nickel iron, rickel cobalt iron, titanium, molybdenum) can then be brazed to the ceamic. Copper-
silver eutedic is used asfill er. The interfacemetal can then be mwnneded to stainless sed flanges by
ededron beam welding. In order to get areliable mnnedion dfferent designs are used, as own in
Fig. 16.For roundceramics athin metal is brazed from the outside like a o©llar. If the metal is brazed
to the ais of the caamic the metal part is andwiched between ceramic to have asymmetric stress or
athin transition metal is used which is more flexible.

collar sandwiched thin meta
flange

LN OO N

XXX N

ceramic  trangtion meta
Fig. 16 Ceramic metal transition for Kicker chambers.

3.6 Magnetic materials

Normally, magnetic materials (ferrites, high piron, permanent magnets) are not used inside aUHV
vaauum, sincethey all show a considerably higher outgassng rate compared to stainless $ed. Due to
the production processthey might be porous and/or sensiti ve to corrosion. But since the performance
of insertion devices increases with reduced gap some alditional strength is gained by dadng the
magnets inside the vacuum. This is often acampanied by the installation d a high pumping speel to
compensate the higher gas load.
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Laminated sili coniron Fe Si(3) was used for the high field in the vaauum septum of ELETTRA
[20] and BESSY IlI. The large surfacedue to the high number of thin (0.2 mm) laminations required
caused considerable outgassng.

Ferrites are used for the pulsed magnetic fields foundin kickers for example. Their relative
permedbility is abou 1000 upto 10MHz and a maximum field of 0.3 T. The general compositionis
(NizZn) Fe,O,. The production processis the same & for ceramics apart from the lower temperature of
1200°C for sintering [21].

Most unddators are built with permanent magnets. As material for unduators FeNbB is used
for the permanent magnets and soft iron a cobalt iron for the yoke. For the production d the
permanent magnets a powder of the basic materials is milled to small sizes (2um) and then pressed
into a die in the presence of a magnetic field. Then the parts are sintered at abou 1100 °C. This
processleals to areduction d 20% in length. The magnets must then be magnetised in a strongfield
with the same diredion as during the pressng process [22]. FeENbB magnets are very sensitive to
corrosion and shoud be nickel-plated for vacuum application. Further disadvantages are the low
demagnetisation temperature of 100°C that does not allow a baking, and a low resistance to
radioadivity. As an dternative, permanent magnets made from cobalt samarium can be used. They
can be baked and are less ®nsitive to radiation damage but are more expensive and have asdlightly
lower remanent field.

3.7 Glass

Glasswas the standard vaauum material in the yeas before the transistor replaced the dedronic tube
[23]. Nowadays its use is mainly restricted to windowvs (and some spedal eledronic tubes
(thyratrons)). Useful are sili con-oxide glasses either pure (quartz) or borosili cate (Pyrex: 81% SiO,,
13% B,0,), soda glass(72% SiO,, 16% Na,0), or lead gasses (56% SiO,, 30% PbO,) if shielding o
gamma radiation is required. Glass is a mmpound which after fusion cods to a solid withou
crystalli sation, it has no spedfic melting pant but its viscosity deaeases urtil it becmes fluid. The
temperature & which streses are released is cdled the anneding pant (Quartz: 1000°C, Pyrex:
500°C). Borosili cae and soda glasses can be formed at abou 1000°C (working pant). Quartz has a
very low thermal expansion coefficient and a high working temperature range and is resistive to
thermal shock. The surfacedesorptionrate is low but helium and hydogen can penetrate throughthin
glasstubes, espedally quartz and to alessextent pyrex. The main dsadvantage is its high fragility.
Furthermore joints and transitions to metals are hard to make since the thermal expansion d the
materials must be matched very closely.

3.8 Beryllium

Beryllium is used in vacuum systems wherever a highly transparent material is needed. At DAFNE a
0.7-m long tube with 90mm diameter and a sphericd middle part of 200mm diameter with a
thicknessof 0.5 mmwill be used [24]. The main applicaion d Be & synchrotron radiation sources is
for windows to separate the UHV vaoauum of a storage ring from the UV or atmosphere of a beam
line. A 0.5-mm thick Befoil absorbslessthan 1% of 10 keV X-rays.

Beryllium has ome interesting mechanicd properties. It has a high moduus of easticity and a
high yield strength superior to stainless $ed and a high therma conductivity comparable to
auminium. But it israther brittl e with an elongation d 3% at room temperature. This makes it hard to
form (pradicd only at high temperatures 700°C), but macdhining and extrusionis possble [25].

Vaauum tight conredion d the Be fail to stainless $ed or aluminium can be adieved by
eledron-beam welding a brazng. The brazng can be improved (diffusion lrazed) when presaureis
applied to the partsto be jointed duing the brazng process

Beryllium-containing materials pase ahedth risk when improperly handed. Inhalation d air
born beryllium particles (with a size of less than 10 pn) can cause serious lung dsorders,
contamination can cause skin disease, produwction d cancer is also pasdble. Thus the maximum
permissble exposure limit for a working areais 2 ugm®. Machining is mostly dore in water or in a
highly-ventil ated environment.
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3.9 Further materials

Inconel, anickel alloy Ni Cr(16)Fe(8), is used as an alternative material to stainless $ed in pused or
oscill ating magnetic fields i.e. boaster synchrotrons in order to reduce aldy currents, sinceits eledric
conductivity is snaller than stainless $ed and the walls can be made thinner due to higher
medhanicd strength [26].

A titanium aloy, Ti Al(6),V(4), is used for an unduator chamber at the SRS [27]. It can be
macdhined as easily as aluminium and hes a wnsiderably high yield strength (threetimes higher than
stainless sed) allowingto design vaauum chambers with thin walls.

Martensitic stainless sed, AM350 Fe Ni(17)Ni(4)Mo(3), is magnetic but has higher strength
than austenitic sted. It is used for bellows in regions were asignificant relative permeability is
allowed i.e. bellowsin phdon beam lines.

For the LHC beam duct a relative permeability of lessthan 1.003was needed at 10 to 20K.
This could be obtained by wsing an iron-mangan aloy [5].

4. BONDING

Explosion bondng, roll bondng and inertia bondng are processes by which dsamilar materials that
canna be welded together are joined. Bringing dssmilar materials together enables one to benefit
from the different properties of both materials. A thin, eledricdly-high-condwcting material for
surface arrrents can be combined with a low-conduwcting material for the envelope to reduce aldy
currents. Thermal high-condicting material (copper) can be joined to stainless ¢ed in order to
disperse ahea load onthe mpper with the benefit of stainless s$ed for the vaauum system. Extruded
aluminium or copper tubes can be joined to stainless $ed to permit use of the more reliable CF
stainlessflanges.

For explosion bondng [28], schematicdly shown in Fig. 17,the two materials are paositioned at
a defined distance The upper material is covered by an explosive which is detonated from one end.
During a @ntrolled explosion a plasma jet is formed at the impad zone of the two materials which
scrubs off severa layers of both materials leaving virgin material at the interface The bond line
usually has awavy form that increases the strength of the joint. The quality of the bondng depends on
the anourt of explosive and the initial distance of the materials. In some caes (aluminium to
stainless ¢ed) an interlayer hasto be used to get goodresults[29].
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wave pattern explosive
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Fig.17 Explosion bondng.
plasma jet removes surface

Inertia bondng can be gplied for joining cylindricd parts of different materials together. One
part is rotated at high spead then the other nonrotating part is moved against it. Due to the high
friction hea the materials are melted at the interface With additional presaire the rotating part is
decderated and the two materials fuse.

5. CORROSION

A summary article &ou corrosion in vaauum systems can be foundin Ref. [30]. Corrosion is an
eledrochemicd processbetween an eledrolyte and the metal surface Thin walls, bellows, bimetalli ¢
contads, brazngs and welds and feeadthrouglhs are mostly at danger. Atmospheric corrosion is the
most usual and namally arelative humidity of more than 60% is neaded. It shoud be noted that close
to a wding line the relative humidity can be mnsiderably higher than in the remaining bulding.
Furthermore the presence of radioadivity enhances corrosion considerably due to the formation o
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freeradicdsin the dar. Ozone, nitrogen oxides, and subsequently adds, are formed with the moisture
films onthe surfaces.

Ancther source of corrosion is caused by spurious free dilorine ions from irradiated halogen-

containing products (cable, tapes) or residuals from cleaning processes or brazng flux. Thus vaauum
comporents sioud be thorougHy rinsed. Nitrogen oxides can aso be formed by spurious discharges
of high eledric fields (i.e. feadthroughs for ion pumps, DESY has developed a spedally designed
plug to avoid this problem). Corrosion also occurs when materials with dfferent eledro-chemicd
patentials are conreded (copper water pipe to an auminium vaauum chamber). The @rrosionis aso
enhanced bythe speed of the water and impurities.
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APPENDI X
Table3
Materia properties of seleded materials[1].
Material Densty Méet Therm. Eled. exp. E- Yield Tensle Elonga-
pt cond. cond. coeff. modul strength strength  tion
10kg/m’  °C  W/(mK) 10/(Qm) YK 10Pa 10Pa 10°Pa %
Al6063 2.8 507 192 29 23 72 250 300 12
Alumina 4.0 2050 30 10"/(Qm) 8 393 - 270 0.1
Aluminium 2.7 659 231 36 24 69 17 55 25
Beryllium 19 1280 216 24 12 303 270 350 3
BrassCu-Zn 85 915 120 16 20 110 75 303 68
Bronze Cu-Sn 8.8 880 62 8 18 110 152 380 70
Diamond 35 2000 1 1000 - 800 0.1
Copyper 8.9 1083 398 58 17 110 152 220 45
GlidCop-15 8.9 1083 365 54 17 130 330 420 25
Fused silica 22 13 10”/(Qm) 0.5 75 - 110 0.1
Iron 7.9 1558 12 10 12 207 130 260 45
304 7.8 1370 16 14 16 193 207 552 60
AM350 7.7 1500 25 2 10 210 1000 1500
Magnesium 17 650 122 17 27 45 41 41 14
Molybdenum 10.2 2610 142 19 4.9 324 565 655 35
Nickel 8.9 1454 80 12 13 207 138 483 40
Inconel 8.4 1400 15 1 11 157 1200
Pyrex 22 14 10"/(Qm) 3.3 69 70 0.1
Silver 105 961 418 56 19 76 55 125 48
Titanium 45 1670 17 2 9 107 240 330 30
TiAI(6) V(4 4.4 1600 6 0.6 8 110 900 1000 14
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Table4

Vapou presaure & afunction o the temperature for diff erent elements [23].

Element Meltingpt 10°Torr 10' Torr 10°Torr  10° Torr
Ag 1234 800 899 1030 1195
Al 932 906 1015 1155 1355
Au 1336 1020 1150 1260 1365
Ba 983 510 583 690 810
Be 1556 925 1035 1175 1365
C - 1845 2030 2250 2520
Ca 1123 524 590 675 790
Cd 594 328 368 422 494
Ce 1077 1175 1325

Co 1768 1130 1265 1435 1650
Cr 2176 1055 1175 1335 1540
Cs 302 241 273 319 383
Cu 1357 945 1060 1215 1415
Fe 1809 1105 1230 1380 1595
Ge 1210 1030 1150

Hg 234 190 214 245 289
In 429 716 812 943 1110
Ir 2727 1755 1960 2070 2380
K 336 276 315 364 435
La 1193 1220 1375

Mg 923 432 487 560 655
Mn 1517 734 827 970 1125
Mo 2890 1770 1975 2260 2650
Na 371 328 370 431 511
Ni 1725 1145 1270 1415 1660
Pb 601 580 656 760 900
Pd 1823 1050 1185 1430 1660
Pt 2043 1480 1655 1875 2180
Re 3453 2100 2350

Rh 2239 1470 1640

Sb 903 526 582

Se 490 317 356

Sn 505 900 1020 1155 1365
S 1043 483 546 615 729
Ta 3270 2120 2370 2470 3080
Th 1968 1610 1815 1959 2272
Ti 1940 1265 1410

W 3650 2270 2520 2872 3280
Zn 963 374 421 481 563
Zr 2128 1665 1855 2110 2460
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