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Abstract—High-energy physics experiments are currently en- “classical aging effects,” well known since the advent of wire
tering a new era that requires the operation of gaseous particle chambers, lead to the formation of deposits, conductive or in-
detectors at unprecedented high rates and integrated particle g ,51ing, on the electrode surfaces and manifest themselves as a

fluxes. Full functionality of such detectors over the lifetime of d f1h in due to th dificati f electric field
an experiment in a harsh radiation environment is of prime ecrease ol the gas gain due to the modification of electric ield,

concer to the involved experimenters. New classes of gaseougXcessive currents, self-sustained discharges, or sparking. Tra-
detectors such as large-scale straw-type detectors, micropattern ditionally, the aging rate has been parameterized as a normalized
gas de;ectors, and related deteqtor types with their own spe- gas gain lossk = —(1/G)(dG/dQ)(% per C/cm), wheré is

cific aging effects have evolved since the first workshop on wire (e initial gas gain and is the loss of gas gain after collected

chamber aging was held at LBL, Berkeley, in 1986. In light . .
of these developments and as detector aging is a notorioustChargedQ per unitlength [3]. However, the assumption that the

complex field, the goal of the International Workshop on Aging ~ading rate is only a function of the total accumulated charge has
Phenomena in Gaseous Detectors was to provide a forum for in- not been confirmed for gaseous detectors operated in high-rate
terested experimentalists to review the progress in understanding environments. In reality, the rate of polymer formation depends
of :%'ng gﬁr?]%tqsaran; ttr?eemxghr??gse I{gcaenné :Xp:rr.f:g::'re orteg UPON Many microscopic variables such as cross-sections of elec-
at the I200? worksyhop is preéente(;l, with thexgoz;I of provi?:ling a tron and photon processes "?‘”d thei-r energy qiStribUtionS in gas
avalanches and molecular dissociation energies, as well as den-

systematic review of aging effects in state-of-the-art and future V¢ ' !
gaseous detectors. sities of electrons, ions, and free radicals. Consequently, one

Index Terms—Electrode etching, materials, matter discharge, M&Y _expect that the aging rate CO“"?' a[so _be gffected Py macro-
plasma chemistry, polymerization. scopic parameters, such as gas gain, ionization density, and ra-
diation intensity, which are directly related to the basic micro-
scopic variables. Several results presented at the 2001 workshop
. INTRODUCTION clearly indicate that such dependencies do exist.
GING effects in proportional wire chambers, a perma- Some of the conclusions from the 1986 workshop are still

nent degradation of operating characteristics under siyglid in 2001. However, the dramatic increase in charge (up
tained irradiation, has been and remains the main limitation® 1.0 C/cm wire per year), which is expected to be accumu-
their use in high-rate experiments [1]. Although the basic phiated on sensing electrodes in the new high-rate experiments,
nomenology of the aging process has been described in an RRse€s much more stringent constraints on the radiation hard-
pressive variety of experimental data, it is nevertheless difficlless of materials and gas mixtures, assembly procedures, and
to understand any present aging measurement at a microscmﬁic rules for construction and operation of gaseous detectors
level and/or to extrapolate it to other operating conditions. Marifan previously encountered. Only a limited choice of gases
chemical processes are expected to occur simultaneously infigge been demonstrated to tolerate such doses. Moreover, re-
gaseous discharges surrounding the wire. Consequently, a qm experience with straws and honeycomb drift tubes revealed
titative description of aging effects, which would require as #at chemical etching processes leading to a dramatic damage
minimum a detailed analysis of all gas-phase and gas-surf&egold-plating on wires could occur in nonpolymerizing .CF
reaction products, is currently not available. There is much exixtures at exceedingly high current densities. These new de-
perimental information, well summarized in [2]-[4], that sugvelopments since the 1986 workshop raise a question about the
gests that wire chamber lifetime may be extremely sensitive@dequacy of using GFbased mixtures for long-term high-rate
the nature and purity of the gas mixture, different additives a@éplications.
trace contaminants, materials used in contact with the gas, geThe scientific program of the 2001 workshop addressed
ometry of electrodes, and configuration of electric field. Thepecific questions that, as reported by many authors, are of a
primary interest: classical aging effects, models and insights
from plasma chemistry, materials for detectors and gas sys-
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[l. GENERAL CHARACTERISTICS OFAGING PROCESSES Self-sustained discharge (Malter effect) [14], which is due to
a thin insulating layer deposited on a conducting cathode by a
A. Classical Aging Effects polymerization mechanism, is one of the most devastating phe-

nomena of all aging effects. The resistivity of the insulating

The “classical” aging effects are the result of chemica@yer defines the maximum rate capability of the detector be-
reactions occurring in avalanche plasmas near anodesfdfe the onset of field-emission of electrons from the cathode,
wire chambers, leading to formation of deposits on electrogich starts if the rate of ionic charge neutralization across the
surfaces. During gas avalanches, many molecules break di@lectric film is smaller than the rate of ion charge buildup
in collisions with electrons, deexcitation of atoms, and uf15], [16]. There exists evidence that certain metal oxide coat-
traviolet (UV)-photon absorption processes. Whereas mas§s on the cathode and/or simply the cathode material itself
ionization processes require electron energies greater tharyd@., carbon-loaded polycarbonate foil) may not be conducting
eV, the breaking of covalent molecular bonds and formati&hough and could cause Malter-like breakdowns in the presence
of free radicals requires only 3—4 eV and can lead to a highgf |arge localized ionization densities [3], [16], [17]. Several
concentration of free radicals than that of ions in the gaseasther factors may facilitate its ignition, such as highly ionizing
discharges. Consequently, free-radical polymerization is fgarticles, sparks, sharp points on electrodes causing corona dis-
garded as the dominating mechanism of wire chamber agiR@arges, or thin anode wires [15]. It is easy to ignite Malter cur-
Since free radicals are chemically very active, they either Wilnts in a detector operating with hydrocarbon gases at elevated
recombine to form the original molecules or other volatilﬁigh voltages [18] or forcing chambers to breakdown [19]-[21],
species or may start to form new cross-linked molecular strugnd in a detector, that has been previously exposed to TMAE gas
tures of increasing molecular weight. When the polymerizgd2]. The CRID RICH detector [23] with an excellent three-di-
chain becomes large enough for condensation to occur, it Willensional single electron reconstruction capability allowed the
diffuse to an electrode surface. firstimaging of the onset of the Malter effect, which starts from

It is worthwhile to mention that one has to distinguish besporadic bursts of single electrons from a localized cathode spot
tween formation of polymers in the gas avalanche near the an¢gi2]. Such a positive feedback between electron emission at the
wire and their deposition on electrode (anode or cathode) suathode and anode amplification will lead to high ionization
faces. The polymer deposition mechanism can be viewed dihsities at distinct chamber locations. This, in turn, can initiate
a phenomenon that occurs whenever the gaseous species flagsproduction of new reactive species at much larger rates, thus
to bounce back after a collision with an electrode surface, ipromoting more deposits to form at the same cathode spot to
cluding a surface layer of molecules previously formed in then extent sufficient to establish a classical self-sustained Malter
gas discharges. Initially, the polymer could be attached to ti&charge. The most dangerous consequence of this phenomena
surface very weakly, unless some additional chemical reactidsshat the Malter effect could easily spread over a large area if
take place between the polymer atoms and atoms of the witrgoes undetected for a long period of operation, thus causing
material. Moreover, many free radicals are expected to have pefeparable damage to the chamber.
manent or induced dipole moments, so that electrostatic attracMany experiments have demonstrated that the addition of
tion to a wire can also play a significant role in the polyme#,O or alcohols—after the insulating layer at the cathode is
deposition process. For the inert gold-plated anode wires, thieeady formed—tends to stabilize the detector operation but
probability for polymers to stick to the surface is rather smatiot to cure the Malter effect [2], [3]. When these additives
until the creation of the first monolayer of deposits, which magre removed, usually the chamber suffers from Malter effect
significantly increase further deposition. The influence of suagain. Recently, it was discovered that the addition of oxygen
face wire quality on anode aging and a model of polymer fili0.02—0.05%) or C® (5%) to the damaged chamber, which
growth is proposed in [6]. The importance of reactions betweghowed a self-sustained dark current with4dgH,, (80:20),
the electrode material and polymers produced in avalanchesdould revert or cure a Malter breakdown in the presence of
the deposition mechanism can be illustrated by the followirligh current density [18]. When the oxygen is removed, the
examples. chamber can still operate at a high ionization level (although it

1) Nongold anode wires react with fluorine radicals prowill start to age again without additive). It is also worthwhile to
duced in an avalanche to form resistive metal fluorige8ention that the possibility of reanimation of anode wires aged
Many studies have demonstrated excellent aging prop-nydrocarbon gases by means of sputtering was demonstrated
erties, up to 10 C/crwire, of CF,/iC4H,o (80:20) gas N Ar/O, (99:1) and Ar/CQ (93:7) [24], [25]. Thege .effects
avalanches [7]-[9], which also have the ability to etcUPPOrt results from plasma chemistry, where it is known
silicon-based and hydrocarbon deposits on previou§@at oxygen react_s with hydrocarbon molecules and the end
aged gold-plated wires [10], [11]. However, extensivBroducts are volatile CO, GOH,O, and H.
deposition was observed on unplated wires irradiated in
CF4/iC4_H10 (80:20) [11], [12]. . B. Wire Chambers Versus Plasma Chemistry

2) Exceedingly large aging rates were observed in pure CF
and in Ar/CR/O (50:40:10) [11]-[13], which are typical ~While the specific reactions responsible for wire chamber
etching gases and reluctant to polymerize. This effect waging are extremely complex, some qualitative approach to
related to the chemical processes at the cathode, whtdte aging phenomena in different gases could be obtained
trace fluorocarbon deposits were found, resulting in alof®m similarities between chemical processes in plasmas of
of gas gain and not in a self-sustained Malter dischargegjas avalanches [2], [3], [11], [12] and those that occur in the
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better understood low-pressure Torr) radio-frequency (13.6 has been found to effectively suppress polymerization
MHz) plasmas [26], [27]. Although many parameters (electric effects [38], [39], to prevent Malter breakdown [18],
field, gas pressure, electron density, power density) are vastly [40], [41], or even to restore the original operation in
different between the two regimes, the electron energies are aged counters [42], [43]. There is more than one mecha-
not so different. Also, in both cases, the free radicals are most nism by which HO/alcohols can help in wire chambers
likely the active species involved in polymer formation. [15], [44]. Because of the large dipole moment, these
In plasma polymerization, the overall mechanism of “com- molecules will tend to concentrate near the electrode
petitive ablation and polymerization” proves to be a basic prin-  surfaces, where polymerization takes place. Water has an
ciple that describes reactions occurring in a plasma polymeriza-  additional advantage in wire chambers since it increases
tion system. Considerable fragmentation of the gas molecules the conductivity of the partially damaged electrodes—a
or rearrangement of atoms occurs in the plasma. The extent of property that can have adverse effects in a microstrip gas
the process and the dominating mechanism vary with the types counter (MSGC) [4].
of gases and the discharge conditions. The most important con2) In plasmas, the characteristic polymerization rate of Si is
cept here is that both polymer-forming species and species that higher than for C [28]. From the viewpoint of wire aging,
cause ablation (physical or chemical etching) of materials are  even minor traces of Si-pollutants in the gas have a much
created in the plasma of the original gas. The significance of  higher tendency to create deposits than similar amounts
this concept is fully established in perfluorocarbon plasmas, of hydrocarbon molecules.

which represent the most extreme case of ablation competingt has to be stated, though, that the absence of corresponding
with polymer formation. Actually, CEbased gases are usedystematic studies in plasma chemistry with parameters similar
for both etching and deposition processes, the distinction bei[fagwire chambers (atmospheric pressure, power densities, gas
made by the gas and its concentration with which Gfnixed. mixtures) do not allow any quantitative comparisons between

In general, the addition of oxygenated species shifts the cheiffe plasma chemistry and wire chamber processes.
istry of CF; plasmas toward etching, while the addition of hy-

drogenated species shifts the chemistry toward polymerization
[26], [28]. In the former case, the dissociative products of CF 1.

and G are the most desirable active species for the etching pro-Qver the last few decades an impressive variety of experi-
cesses in plasmas [29]—{32]. For the latter case, in the absefgtal data has been accumulated from laboratory tests and
of hydrogen, products of the GRlischarge could act as an efdetectors installed at high-energy-physics facilities. However,
fective etching gas especially for Si-based deposits, which reggére are many contradictory experiences obtained in seemingly
with fluorine to form volatile Sikz. The addition of hydrogen identical conditions, which means that we do not always con-
atoms or molecules to GFscavenges F atoms by the formationrol all parameters that influence aging effects. It is now well
of more stable HF and produces a mixture with carbon-enrichggtablished that—even if a low aging rate can be obtained in
(CF3, CR;, CF) residues. As the ratio of F/C decreases, perflthe laboratory with very pure gas and otherwise clean condi-
orocarbons polymerizes readily, i.e., the balance shifts from alons—large-area detectors using the same mixture can fail due
lation to polymerization [28], [33]-[35]. For instance, very fasto severe aging after a relatively small beam exposure. However,
polymer formation was observed insks and GH»F4 plasmas  experience from the laboratory, where operating conditions are
[28]. On the other hand, hydrofluoric acid can chemically attagiyuch better controlled, can be used to understand some general
HF-soluble materials existing in the system. Under certain coprinciples and might help to implement these results success-
ditions, Si-etching can be accompanied by the polymerizati@flly in large chambers.
of the etching gas Cfon the Si-substrate [29], [36], [37]. There are many experiments that clearly indicate premature
Correspondingly, recent results from wire chamber operati@@ing in Ar/CH, mixtures exposed to intense radiation [38],
also show that both polymerization and etching phenome[m;]_[49]_ Moreover, the aging rate in Ar/QH(QOlO) was
can occur in Ck-based gases (see Section V). Particularifpund to be mainly a function of current density, i.e., the product
using the same experimental setup, a lack of apparant aging bkradiation rate and gas gain, independently from electrode
been observed in GEC4H1o (80:20) and Cl/iC4H10 (50:50) material and purity of methane [50], [51]. This observation
mixtures, whereas heavy carbonaceous deposits were obsefygitates that CHlitself polymerizes in the avalanche plasma
on the gold-plated wires in GFEC4H10 (95:5), CR/iC4Hi0 due to the hydrogen deficiency of radicals and their ability
(20:80) and CE/C>H,4 (95:5) gases [11]. to make bonds with hydrocarbon molecules [3], [26], and
Two other examples, where conclusions from plasmgmilarly for all hydrocarbon gases. Under certain conditions
chemistry are qualitatively applicable to wire chambers, are g aging rate in Ar/GHg with alcohol can be strongly reduced
follows. [52], [53]. However, noble gas/hydrocarbon mixtures are not
1) In plasma chemistry, most organic compounds witlustworthy for long-term high-rate experiments. To suppress
oxygen-containing groups are generally reluctant feolymerization of hydrocarbons, oxygen-containing molecules
form polymers. For example, water in plasmas couldan be added to the mixture. For Ar/GIEO,, measurements
act as an efficient modifier of the polymer chain-growttinave shown that sensitivity to aging decreases with decreasing
mechanism by reacting with polymer precursors ardH, and increasing C@content [24].
forming volatile species (up to 50%3 was added to  Dimethylether (DME) appeared in the 1986 workshop as a
the plasma feed gas) [26]. In wire chambers, the additiggpod quencher and a reasonably good radiation-hard gas for
of water (a few hundred to a few thousand ppm efHl wire chambers operated at high intensities. The aging rate in

E XPERIENCEFROM LABORATORY R & D EXPERIMENTS
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DME tends to be lower than the polymerization rate of ordiwhole period or running. Basic rules for the construction
nary hydrocarbons [2], and several groups reported the abseand operation of these detectors are known. Moreover, many
of aging effects in wire chambers up to large values of accof the large wire chambers were built and demonstrated to
mulated charge [6], [50], [51], [54]. However, the aging effectwork [2], [3], [72]. Nevertheless, recent experience with large
in DME appear to be highly sensitive to traces of pollutants gystems still shows the appearance of aging effects associated
the ppb level, which are difficult to keep under control in largenainly with hydrocarbon polymerization and with presence of
detectors. There is also evidence of high chemical reactivity péllutants in the gas system.

DME, which requires a careful material selection for detector A time expansion chamber filled with GOIC,H;, (80:20)
assembly and gas system components [55]. mixture successfully operated as a vertex detector of the L3
Attempts were made to replace organic quenchers with agi@gperiment at the LEP collider at CERN. After an accumu-

resistant ones, like CO The Ar(Xe)/CQ gases could be in |ated charge of 10* (C/cm wire) collected during 11 years of
principle absolutely radiation resistant under clean conditiongjnning, there was no sign of aging [73]. Classical aging ef-
up to now, there is no well-established mechanism that coultts (Malter effect or/and sense wire deposits) have been ob-
lead to the formation of anode deposits in these mixtures. Stablgyed in the H1 Central Jet Chamber operated with A#C
operation up to-1 (C/cm wire) was reported for A/CO2], - (50:50) + 0.1% H,O and in the ZEUS Central Tracking De-
[3], [56], [57] and up to~5 (C/cm wire) for Xe/CQ MIXIUres tgctor filled with Ar/CO,/CoHg (83:12:5) 4 0.5% CoH;OH at

[58]. However, a gradual decomposition of &€an also occur, 1he HERAep-collider. In the former case, the replacement of

and the resulting pure carbon can be deposited specificallyoai% H,O with 0.8% of ethanol cured the Malter effect and sta-

the cathode [24], [S9]. Sometimes this carbon layer does rlgjzed the detector operation [74], while for the latter case, the

affect the performance of drift tubes [24]. Recent systematic, ing problem was alleviated by the addition of®[75]. In

aging tests were performed for th? _A_‘TLAS muon alumlnurBoth systems, there was no clear indication that polymerization
drift tubes. To guarantee reproducibility of the results and %%;fed" by the presence of impurities in the gas system, indi-

study aging behavior under different operating conditions, : . :
tubes with Ar/CQ (93 : 7)+600 ppm HO mixture have been ting that hydrocarbons are the likely source of chamber aging.

- . 1 An abundance of literature exists describing the dramatic
irradiated with an Ari*! source up to an accumulated charge . . . ;

| . . effect of certain gaseous constituents, which may be either
of ~1.3 (C/cm wire), and 47 tubes with Ar/C0(90:10) gas . L :

. due to the contaminants initially present in the gas system or
were exposed to a E¥ source up t0~0.6 (C/cm wire) [25], result from outgassing of construction materials upon the agin
[60], [61]. All tubes were 100% efficient at the end of thes? £ wir % mbgr Several examol f Ipr tgmg
aging runs. However, these measurements represented an ¢ © € chambers. several examples Ol large Systems,

ere the presence of pollutants increased the aging rate many

erage performance of the wire over a length of 3 m and were : )
sensitive to local inefficiencies. It should be mentioned that tfi&"€S: have been reparted in [76] and [77]. While laboratory

aging performance of Ar/C&s sensitive to traces ofimpurities.tests with a prototype chamber indicated negligible aging rates

Si-based pollutants are one of the sources of aging in Af/CG# < 10 %/C/cm), a much larger aging rate (1000%/C/cm)
probably due to the production of nonvolatile Si{57], [60], WaS observed in the Iarge central track_lng chamber of _the
[62], [63]. Several other experiments also observed aging effe&gllider Detector at Fermilab (CDF) experiment operated with

in Ar/CO.; however, the reasons for the gain reduction were nf/C2Hes (50:50) + 0.1% alcohol. The analysis of the aged
identified [6], [25], [64], [65]. sense wires showed the presence of C, O, and Si elements.

The identification of radicals and fragments formed in th@fter cleaning the gas system components and making changes
electron avalanches is a means to understand and eventu@lyeduce aerosols emanating from an alcohol bubbler, the
overcome the problems related to the aging of gaseous detecB§Hi§d rate was greatly reduced, allowing the detector to operate
[3], [66]-[68]. A recent investigation of avalanche products hatithout dramatic loss in performance. The presence of Si is
shown that 17 new compounds were identified in the effluent gt be pointed out here since silicon has been systematically
stream from an irradiated proportional counter with AfA; ~ detected in analysis of many wire deposits, although in many
(50 : 50) mixture [69]. Some of the observed species (aliphafi@ses the source of Si-pollutant has not been clearly identified.
hydrocarbons) contained double or triple bonds, which, sifkhe Si-compounds are found in many lubricants, adhesives
ilar to plasma polymerization, can be easily “opened” in th@nd rubber, encapsulation compounds, silicon-based grease,
discharges and polymerize very aggressively. The systematgious oils, G-10, RTV, O-rings, fine dust, gas impurities,
analysis of light emission spectra in proportional counters maglluted gas cylinders, diffusion pumps, standard flow reg-
also provide useful information about basic physics processdators, and molecular sieves, and their presence may not

in electron avalanches [70], [71]. necessarily be noted in the manufacturer's documentation [2],
[3], [51]. Because of a high specific polymerization rate, Si

V. EXPERIENCEWITH “STANDARD RADIATION LEVEL” molecules should be avoided in the detector system at all cost.

DETECTORS Consequently, if there is a question of whether or not some

device may incorporate silicon compounds, the device should
be subjected to additional aging test. Another example is the DO
For a long time, classical wire chambers of various desighi$AMUS muon drift chambers, which suffered fast anode aging
with many thousands of wires have been used for large-angben operated with an Ar/GFCO, (90:6:4) mixture. Here,
tracking detectors in the “standard radiation levels” expeithe source of the contaminant was outgassing of glass-steel
ments, i.e., with total collected charge50 mC/cm for the polyester epoxy resin used in the construction. A cold-trap

A. Classical Wire Chambers
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added to the gas recirculating system reduced the aging rateR&D studies related the BaBar RPC problem to the lack of
a factor of ten, while the extreme method of quickly heatingolymerization of the linseed oil and formation of oil droplets
the wires just below their melting point (“zapping”) succeedednder the influence of high temperature and high currents [80].
in blowing hardened sheaths of outgassing products off of tRerther efficiency deterioration mechanisms that may play an
wires, thus completely cleaning the aged gold wires in-sitmportant role in BaBar's RPCs have been proposed by Va'vra
[77]. [15]. He suggested that this problem could be due to an electro-
The chosen examples underline the importance of havingemical change of resistivity of fresh linseed oil, modulated
control over all detector parameters, but often it is quite difficuliy the presence of water in the RPCs. A positive example is
to draw final conclusions since nominally identical detectothe L3 RPC at LEP, which operated at a very low particle flux
connected to the same gas circuit may perform very differentiyer eight years without significant loss of efficiency [81]. In
[74], [77]. In some cases, it might be possible to eliminateontrary to RPCs used in streamer mode at the Belle, BaBar,
harmful impurities by installing appropriate filters or coldand L3 experiments, the future Large Hadron Collider (LHC)
traps in the gas system [76], [77]. Many helpful guidelines faxperiments will operate RPCs in proportional mode, which
construction and operation of classical wire chambers at “lovis desirable in terms of total accumulated charge per particle.
rates, which have been compiled over the past 40 years, Bi@vever, much higher particle fluxes at the LHC require more
summarized in [78] as follows. systematic R&D studies of the RPC technology, since many

1) Create a moderately clean environment during detecf§?c€35€S could degrade thei_r performance under high-rate
) y v urng pdmons. Recent results of aging tests for ATLAS, CMS, and

construction and clean the gas system components r‘&% - . .
9 y P P LHC-B RPCs indicate that under the right circumstances, an

to start of operation. . .
2) Avoid the presence of “bad” molecules in contact witll$PC can withstand large integrated doses [82]-[84]. .
t should be stressed, though, that the problems with Belle

active gas (Si, halogens, sulphur, plasticizers, outgassin _ .
2] I\f3]g (i g uiphur, plasticiz Ui Ia d BaBar RPCs are not “classical aging effects” but rather un-

3) A huge variety of gases can be successfully used (nolglregdictable surfac_e effects3 related to the specific choices of ma-
gases, hydrocarbons, GFC,HsFs, CO,, DME, HyO, terials and operating conditions.
alcohols, “magic gas,” etc.

4) Hydrocarbons are the most likely source of aging (ef. Gaseous Photodetectors
fect is more pronounced in presence of contamination

or under discharges, sparks, or Malter effect). Even Wim]Gaseous photon detectors used in high-energy-physics exper-

the additi f water/alcohol . the i ¢ i ents must ensure an efficient way of converting UV photons
i %a (;|_?r_1 0 Wsler atc_:oto, e_lypr%vemfen i_arﬁ mt}belectronswith a subsequent detection of single photoelectrons
ited and 1t 1S problematic to consider them for high-ra F85], [86]. For gaseous converters, systematical aging studies

applications. have been carried out with TMAE and TEA vapors [87]—-[89],

5) If aging effect; are obseryed despi.t(.a taking all .Of t Which are added to the carrier gas to provide photoionization
above precautions, add suitable additives and/or ident

h ¢ pollut dcl th ‘ pability [90]. TMAE is the best material in terms of quantum
€ Source ot pofiution and clean the gas system. efficiency; however, the main obstacle of using TMAE at high

rates is an exceedingly rapid gas gain loss due to deposits on
the anode wires [86], [91]-[94]. Several studies have indicated
that anode wire deposits can be removed by heating the wires

In the 1990s, resistive plate chambers (RPCs) were propo¥éth elevated currents [89], [95]; unfortunately, this recovery is
as an economical and proven technology ideally suited fsHlowed by a quick drop in gain [96], [97]. In addition, all pho-
large-area detection systems. For example, both the Belle 4@@€ensitive materials, and, most probably, their various aging
BaBar experiments have instrumented their flux returns wiifoducts, are good insulators and may excite Malter self-sus-
RPCs operated in streamer mode. However, high cham#@iped currents when deposited on the cathode [86]. System-
currents started to show up in Belle’s RPCs almost immediate{ic studies with TMAE and TEA also allowed establishment
upon installation. This problem was related to the presence@fbasic dependencies between the aging behavior and dissoci-
high levels of water42000 ppm) in the gas, which permeatedtion energy or wire diameter [91]:
through the walls of the polyethylene tubing. Operating the 1) aging rate for TMAE is larger than for TEA (TMAE mol-
RPCs with Ar/GH;0/CoHsF4 (30:8:62) plus water in streamer ecule is more fragile than TEA);
mode led to the formation of hydrofluoric acid that etched 2) aging rate for TMAE and TEA is inversely proportional
the electrodes made from ordinary glass. This resulted in the to the anode wire diameter;
creation of emission points, triggering chamber currents. Theat low rates, the possibility to use gaseous photon
problem was finally solved by replacing the plastic tubes witfletectors on a very large scale over the long term with hy-
copper ones (KO < 10 ppm) [79]. drocarbon/TMAE gases has been demonstrated for large 4

In the BaBar RPCs, the electrodes are made of Bakeldevices (e.g., SLD CRID and DELPHI RICH) [86]. It is
coated with linseed oil. After an initial period of successfulorthwhile to mention that the high reactivity of TMAE with
operation with an Ar/GH,¢/C2H2F, mixture, the RPCs started oxygen and other substances necessitates a very high degree
to show a permanent reduction in efficiency and an increasedh cleanliness and leak-tightness for gas systems in these
dark current. The main conclusion of the subsequent extensiletectors.

B. Resistive Plate Chambers
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In recent years, there has been considerable work in the fi®l@-10 tests, an outgassing box, placed upstream of the strongly
of photon imaging detectors by combining solid photocathod&sadiated wire counter, was used to introduce samples of mate-
(Csl) and wire chambers or gaseous electron multipliers. Hovials into the gas stream, thus allowing a systematic study of
ever, several aging tests also revealed degradation of Csl phatiatgassing effects on the chamber lifetime. Furthermore, the
cathode quantum efficiency for very high-rate environments. gas flowing from the chamber was analyzed with a gas chro-
collection of existing aging data for these can be found in [86patograph (GC) and mass spectrometer (MS) or electron cap-

[91], [92], and [98]-[101]. ture device. While for some materials only outgassing proper-
ties were verified and materials releasing detectable pollutants
V. AGING EXPERIENCEWITH HIGH-RATE DETECTORS were rejected, for other radiation-hard materials, full evidence

of suitability was obtained in long-term aging tests of a vali-
o ) dated clean detector. The long list of candidates recommended
The most recent developments in high-energy physics requigg yse in the construction of gaseous detectors can be found
a dramatic increase of the radiation intensity encountered #p,y[z]_[4], and [102]-[105] and was summarized at the 2001
gaseous detectors: from mC/cm/wire for the “standard radiati%rkshop [51]. The effect of outgassing from materials on the
level” detectors up to C/cm/wire for the new high-rate expefjifetime of gaseous detector can be illustrated by several exam-
ments of the LHC era (HERA-B, LHC). Among the most C”t'cajggs: Araldit AW103 epoxy mixed with HY991 hardener did not
items that affect the lifetime of gaseous detectqrs (apartfrom thgyce any detectable gas pollutants in the GC/MS and was also
gas mixtures) are the materials in contact with gas, assempligated by irradiating the wire chamber. It is presently used as
procedures, gas mixing and distribution systems, and tubing.dr@ue for the construction of ATLAS straws [105] and triple
Section V-A we discuss the outgassing properties of several mags electron multiplier (GEM) stations of the COMPASS ex-
terials and general rules for _assembly of high-rate gasequs%%rimem [106]. The GC/MS analysis of another popular epoxy,
tectors and gas systems, while Section V-B to D summarize (Rgy|dit106 and HV953 U, extensively used in the assembly of
recent experience with aging problems in gaseous detectors grer multiwire proportional chambers, revealed traces of heavy

OF THELHC ERA

erated at extremely large particle fluxes. hydrocarbon molecules in the effluent gas stream, which could
_ _ be partially responsible for the observation of aging reported in
A. Choice of Materials for Detectors and Gas Systems [17] and [60]. In fact, this glue has shown the largest outgassing

The increasingly challenging requirements for building ani@te among all tested glues in [105]. Interestingly, outgassing
testing the next generation of large-area gaseous detectts also be due to an incorrect ratio of hardener to resin or even
have demanded a concerted effort toward finding adequégufficient curing time; both factors may largely increase the
materials for detectors and associated gas systems. M&gg contamination [51], [107].
nonmetallic “good materials” successfully used in the standardGas tubes used for the supply of the active gas have always
radiation-level detectors might nevertheless outgas at a snk@en the object of primary attention when analyzing aging
level, thus causing fast aging under high-rate conditions. TR#ects in wire chambers. Electropolished stainless steel and
lifetime studies of MSGC in high-intensity environmentshydrogen-fired copper gas pipes are the best choices for gaseous
which also had the greatest impact on the understandingdstectors operated in high-rate environments, since they are
aging phenomena in all types of gaseous detectors, demonsti@@ of outgassing and ensure zero gas permeability. However,
that the amount of po"utants in the gas system p|ays a maﬂ#e to their hlgh price and concerns for the material budget
role in determining the aging properties of the detector [4] the active area of the detector, many experiments often
Consequently, the outgassing from materials, epoxies, joinés€ cheaper plastic tubes, although these are susceptible to
tubing, etc., has to be carefully controlled. For obvious reaso@éitgassing, have high gas permeability, and can consequently
the use of glues, plastics, and many organic materials Gause severe aging. Particularly, polyvinyl chloride (PVC),
unavoidable in particle detectors. It is therefore very importah€flon, and neoprene rubber tubes contain halogen atoms in
to choose materials suitable for the practical mechanical af@lecular chains, which are known to increase drastically the
electrical assembly of a gaseous detectors, in terms of tha@ing rate [2], [3]. Polyethylene tube outgasses water, large
possib|e outgassing effects and radiation robustness. alcanes, and substituted aromatics [67] One of the classical

It is suggested to start by searching for low-outgassing magxamples, cited by many authors, shows that the introduction
rials in a NASA database, which was originally developed fé&f PVC pipe can initiate a gain reduction, which continues
Se|ecting Spacecraﬁ materials [5.]]]_ contains more than 1600 with the same rate even after the PVC tube is replaced with the
entries for adhesives, 500 entries for rubbers and elastomers, @fginal stainless-steel tubes [20]. This indicates a potentially
800 entries for potting materials. This list can help to presele¢@ry serious problem: one can cause permanent damage to a
assembly materials before doing tests matching the specific @&tector by the wrong choice of material even for a limited
quirements of each detector. period of time. Therefore, one should use as much steel as

A large amount of outgassing data for epoxy compounds, apssible for gas supply lines, especially in parts exposed to
hesive tapes, leak sealers, rigid materials, O-rings, and pla&tigh radiation doses.
pipes have been accumulated in the framework of the RD-10Up to now, there has been no strong objection to the use of
project at CERN, which afterwards was merged with the moFylon (polyamide, RILSAN) tubes if they are not too long. How-

specific research on MSGC within the RD-28 project. In th@ver, plastic pipes usually introduce water to the gas due to the
natural outgassing and/or due to the diffusion of air humidity

Ihttp://epims.gsfc.nasa.gov/og/index.cgi. through the walls: as much asl 700 ppm of water can be added
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to the gas by placing 20 m of nylon pipe at the chamber inletithout degradation has been also observed for triple-GEM and
[51]. Particularly, nylon tubes were used to introduce water iIMICROMEGAS-GEM detectors operated with Ar/GQL22],
directly to the chamber for curing Malter breakdown [40]. Howf123]. Unfortunately, Ar/CQ mixtures have worse quenching
ever, the presence of water can cause bad surface chemistrypraperties and are more prone to discharges than Ar/DME.
described above, and is therefore extremely dangerous for d@mtection against sparking can be significantly improved by
tain RPC and MSGC detectors. adding a small amount{0.3% of H, O to the MSGC. However,
The general recommendations concerning the choice of asntrary to wire chambers, such an addition of water led in one
sembly materials and rules for the mechanical construction cdse to massive coating on the anode strips in both Ary/DME and
high-rate detectors, which include adequate assembly proge/CO, mixtures [4], [115]. These observations underline the
dures, personnel training, quality checks, and final testing msportance of careful selection of materials and gas mixtures
part of fighting against the aging, have been reported at tfa high-rate applications and of treating micropattern detectors
workshop in [51] and [78]. There are clearly many bad arak delicate devices during production and running phases.
many usable materials. However, a specific material is either ) ]
adequate or not for a particular detector type and operating cén- Choice of Gas Mixtures
ditions—one has to do tests matching the specific requirements-uture high-energy and high luminosity experiments pose a
of the experiment. Finally, no spontaneously chosen materiakéw challenge for gas mixtures, raising the requirement for their
should be installed in the detector or gas system in the lagtliation hardness up tel (C/cm wire) per year. Under these
minute before the start of real operation. constraints, only a limited choice of gases is available, and from
the conventional mixtures, only Ar(Xe)/GQs demonstrated
to tolerate such doses. Unfortunately, these mixtures are quite
Future high-luminosity experiments have prompted a seritk|ansparent for photons and have a low electron drift velocity,
of inventions of new high-rate gaseous detectors: MSGC, Mihich limits their possible application for high-rate detectors
CROMEGAS, GEM, and many others [108], [109]. The sysand large drift distances.
tematic research of the physical parameters used to manufacturdbout 20 years ago, GFwas proposed as the most attrac-
and operate MSGCs, such as substrate and assembly matetisits candidate for high-rate environments [124]-[126]. This is
metal for the strips, and type and purity of the gas mixturegtimarily due to the high-drift velocity, high primary ioniza-
play a dominant role in determining their long-term stabilityion, low electron diffusion, and resistance to aging [13], [127],
[4],[110], [111]. Despite the promising performance of MSGCHEL28]. Within the broad spectrum of gas mixtures, there is no gas
(high rate capability, good space accuracy, and excellent muttiixture without Ck that is able to tolerate doseslO (C/cm
track resolution), there are several major processes, particulaviye). It is believed that when CFdissociates in the gaseous
at high rates, leading to operating instabilities: chargeup of sutischarges into highly reactive Gfand F radicals, the atomic
strates, destructive microdischarges, and surface depositiorilabrine is very effective in suppressing polymerization effects.
polymers [4]. However, Ar(Xe)/CE mixtures have rather poor energy and
The influence of glass conductivity has been verifiedpatial resolution due to the dissociative electron attachment
for MSGCs: the use of borosilicate glass as a substrgtecesses in CH129]-[131]. Moreover, the CFmolecule has
results in rate-dependent modification of gain due to thamall quenching cross-sections of metastable Ar-states [132],
radiation-induced variation of surface resistivity. Use of ele@nd excited CEmolecules emit photons from the far UV to the
tron-conducting or diamond-coated glass solves the problemisible [134]. This results in an intolerable level of afterpulsing
of short- and long-term instabilities for detectors made on iR Ar/CF, gases even at moderate gas gains. The advantage of
sulating support [4]. The problem of microdischarges, inducélde enhanced drift velocity of GRor high-rate applications has
by heavily ionizing particles and destroying the electrodeeen realized by the addition of one of the common quenchers
structure, turned out to be a major limitation to all single-stage.g., CQ, CH,) to CF, or to Ar/CF,. This can also “cool” elec-
micropattern detectors in hadronic beams [112], [113]. The rt@ens to the extent that attachment does not occur.
ture and resistivity of the strip material affect the development _
of sparks [114]. Aluminum electrodes are more robust agairldt Le€ssons Learned From Detector Operation at
gas discharges than gold. However, the use of Al electrodes [2igh lonization Densities
to the appearance of bubbles or craters on the cathode stripaccelerated aging tests, often carried out with radioactive
even at modest collected charges, while no aging effects wetsirces or X-rays to emulate the long-term lifetime properties
observed with strips made from gold [115]. of the detector, can be extrapolated to the real experimental con-
Microstrip chambers have been operated with a large variefitions directly only if the aging rate depends on the total col-
of gases; to prevent fast aging at high rates, convincing eiécted charge and not upon the current density, particle rate, or
dence suggests again to avoid hydrocarbons in the gas [1%fs gain at which the dose was accumulated. In reality, many
[117]. Under optimal laboratory conditions, the absence of afgboratory studies have demonstrated severe gain losses at lower
degradation of MSGC performance with Ar/DME has beecharge accumulation rates, other conditions being held constant
demonstrated by many groups up to large accumulated charp@s[7], [20], [42], [48], [50]. The lower polymerization rate for
[4], [111], [117]-[120]. However, MSGC-GEM detectors ophigher current densities is attributed to the onset of space-charge
erated with Ar/DME show fast aging under X-rays, if the sizeffects, which reduce the electron energies in the avalanche,
of the irradiated area is large enough, while identical chambehsis decreasing the density of ions and radicals in the avalanche
with Ar/CO, showed no aging [115], [121]. Long-term survivaplasma.

B. Micropattern Gas Detectors
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The new generation of high-rate detectors of the LHC eegjing properties on high voltage, irradiation rate, length of irra-
has not only to cope with high dose rates but also to survidéation, and gas flow rate also has been observed in the ATLAS
in a hostile presence of heavily ionizing particles with an awauon drift tubes operated with Ar/CN2/CO, (94:3:2:1)
erage energy deposition 10—-1000 times larger than for mininja#], [25], [60], [61]. Here, the systematic R&D studies have
ionizing particles. An exposure of large-scale gaseous detsbown a nearly exponential dependence of chamber lifetime on
tors over the full area in such a harsh radiation environmemgh voltage and on the counting rate within the experimentally
at high ionization densitiesx(100 nA/cm) can result in greatly investigated parameter range. Unfortunately, the high voltage is
enhanced polymer formation: an abundance of aggresive raudt the physical quantity directly responsible for aging in wire
cals will diffuse for rather long times~{ hours) within the ir- chambers. Therefore, these aging effects could be classified as
radiated chamber and will react with other avalanche-producegepending on the gas gain and/or current density, which are re-
polymer fragments. According to this naive picture, this mechkated to the density of ions and radicals in the avalanche plasma.
nism could significantly accelerate polymerization in large sys- Dependence of polymer formation on the energy input is well
tems, whereas in small-scale laboratory tests, the aging ragtablished in plasma polymerization. Nearly all organic com-
typically decreases with increasing gas flow [3], [7], [8], [25]pounds, regardless of their chemical nature, can be polymer-
Furthermore, polymer deposition in wire chambers likely starised under certain conditions. The structure of plasma poly-
from localized spots and then can spread over the entire irragtiers formed from the same monomer is highly dependent on
ated region. Since in large, mass-produced systems an extrentiedyactual conditions of polymerization: the energy input level,
high quality for electrode surfaces and cleanliness of the ga® size (cross-sectional area) of a tube, and even the position
systems is hard to reach, any imperfections—in the presencengthin the reactor [26]. The experimental dependence of wire
high currents—could easily trigger sparks, discharges, or Mal@ramber lifetime on ionization density, gas gain, and irradia-
currents, which will in turn dramatically increase the polymetion rate, which are also related to the total dissipated energy
ization rate. in the detector from ionizing particles, indicates that the aging

Recent systematic research clearly demonstrates that the li@havior cannot be solely explained on the basis of the mole-
tial stage of radiation tests usually performed in the laboratocyle ratios in the mixture (gas composition) without taking into
may not offer the fullinformation needed to estimate the lifetimaccount the actual operating conditions. These results illustrate
of the real detector. Strong dependence of aging performarke need for studying the aging performance of a detector under
upon the size of the irradiated area, current density, high voltagenditions as close as possible to the real environment.

(gas gain), irradiation rate, particle type, and energy have beemhe dependence of the detector lifetime on the size of the
observed in high-rate environments. irradiated area, in particular, and the increase of the aging rate
Severe anode and cathode aging effects were found in prdtothe direction of the serial gas flow means that aging should
type honeycomb drift tubes operated with{0&H,, (80:20) and be viewed as a nonlocal and intensity-dependent phenomenon.
Ar/CF4/CH, (74:20:6) mixtures in the high-rate HERA-B envi-These observations seem to be the most critical when trying
ronment (secondaries from interactions of 920-GeV proton with extrapolate the aging behavior from laboratory tests to
target nucleus) after a few mC/cm of accumulated charge [1L&rge-scale detectors. Some of the long-lived aggressive radi-

[17], [134]-[136]. This effect was surprising, since chambeisls may diffuse in the direction of the gas flow and react with
had previously been proven to be immune to very large X-ra¢her avalanche-generated contaminants, thus enhancing aging
doses up to 5 C/cm. An extensive R&D program, carried oeffects with increasing usage of the gas. Here it is important
at ten different radiation facilities to resemble HERA-B condito note that due to the increased aging in the direction of the
tions, revealed that X-rays or electrons were not able to trigggais flow, it is worthwhile to avoid gas distribution systems that

Malter currents, while in the large-area modules, irradiated wigupply many chambers by a serial flow.

hadrons above a certain energy, the Malter effect appeared vers reported above, polymer deposition can occur in
rapidly. The aging effects in these honeycomb drift tubes we@,/CH, mixtures, as suggested by plasma chemistry. Simi-
traced to a combination of several problems. A solution that udesgly, the aging properties of Ar(Xe)/GFCO, gases, which by
gold-coated cathode foils and a Ar/@EQO, (65:30:5) mixture analogy with plasma experiments should have excellent etching
was found to survive in a high-rate hadronic environment up operties, have been widely investigated over the last few
~1 (Clem wire) [17]. years. Using Ar/CI/CO, mixtures under optimal operating

The aging performance of the HERA-B muon proportionalonditions, no observable drop in gain due to polymerization
chambers has been studied with Arf@EH,, CF,/CH,, and has been found for the HERA-B honeycomb drift tubes up to
Ar/CF4/CO; mixtures in a variety of conditions [137]-[140].1.5 C/cm [17], HERA-B aluminum proportional chambers up
The aging rate in Ar/CE/CH, was found to be more than twoto 0.7 C/cm [137], CMS cathode strip chambers up to 0.4 C/cm
orders of magnitude higher in hadronic beams than in the labofg42], 13 C/cm [63], LHCb multiwire proportional chambers
tory studies with radioactive sources. In addition, strong depeaup to 0.25 C/cm [143], COMPASS straw tubes up to 1.1 C/cm
dences of the aging properties on high voltage and progresdié4], and HERMES drift tubes up to 9 C/cm [145]. Moreover,
deterioration of the gas gain in the direction of the serial gas fldvoneycomb drift tubes initially aged with Ar/GFCH, were
have been observed for large-scale prototypes irradiated wattherwards successfully recovered in Ari@EO, [17]. How-
Ar/CF4/CH, (67:30:3) in the harsh HERA-B environment.ever, an analysis of the cathode surfaces at the end of operation
Aging effects increasing in the direction of the serial gas flowith Ar/CF,/CO, revealed in some cases the presence of
(even outside the irradiation zone) also have been reported floorine-based deposits on the cathodes, which fortunately
a Ar/CG,/CoH2F4 mixture [141]. A strong dependence of thalid not result in self-sustained currents [63], [137], [142].
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Since dissociative products of Ckeact violently with many
materials and the resultant polymer films at cathodes cot
provoke aging effects, one should seriously consider usi
materials in high-rate detectors that are very robust tq.CF
Gold-plated electrodes [17] or straw cathode materials [14
fulfill this requirement.

A further advantage of CFbased mixtures is additional re-
sistance against Si-polymerization. This suggestion is based
experiences from plasma polymerization, where discharges
CF,4/H, are successfully used for Sj@tching, while CE/O,
plasmas selectively etches Si [29]. Extensive studies perforrr
for the ATLAS straws partially confirm this hypothesis: Si-de
posits have not been observed in irradiation area for large ¢
rent densities$1 pA/cm). On the other hand, SiO/SiQle-
posits were found at the edges and even outside of the irradiated
area. The resulting balance between Si polymerization and C
etching processes was found to be very sensitive to the Si-soL
intensity and ionization density [146].

In the most recent investigations at extremely high curre
densities £1-5 pA/cm) in Ar(Xe)/CFJ/CO; mixtures, a
new aging phenomenon has appeared—the damage of
gold-plating of wires in straws and honeycomb drift tube: |
Several years of intensive research at CERN with straw tuk
under different conditions and for different types of wire:
indicate that the main components responsible for gold wi
damage in Xe/CHCO, (70:20:10) are harmful radicals,
products of Ck disintegration in connection with40D. (It was
suggested that HF acid could be responsible for destruction [
gold-plating and formation of WO deposits.) No wire damag =5
effects have been observed for water concentrations bel =
0.1% up to 20 C/cm [146]. Dedicated studies with straw
tubes performed at PNPI with Xe/GEO, (70:20:10) and Fig. 1. Various manifestations of damage to the gold-plating of wires: (a)
Ar/CF,/CO, (60:30:10) mixtures demonstrated that under hiq}/f”orphous WO deposits [146]; (b) long piece of gold peeled away from the

. . Ire surface [147].
dose rates, the gold-plating of the wire was cracked, the wire
diameter increased and a large amount of oxygen was observed
on the tungsten in gold cracks [147]-[149]. Similar effect§hese electronegative radicals could be also responsible for
have been observed for wires irradiated in a Arf8@QH,F, the so-called transient aging effect observed at high rates in
mixture [141]. The authors propose a model to explain the r&e/CF,/CO, [153], Ar/CF,/CO, [150] and Ar/CR/CH, [137].
sults—an anode wire “swelling” mechanism, where the forcéstransient aging effect is a temporary gain reduction, which
causing the damage to the wire surface develop under the godoh be restored by an appropriate increase of the gas flow. The
layer of the wire [148]. Fig. 1 shows examples of a variety ofery high aggressiveness of dissociative products of &l
wires with damaged gold-plating from [146], [147]. Contrarghe dynamic modification of the gas composition requires more
to the experience with straws, in one test with honeycomb drifetailed studies to evaluate the possible consequence of these
tubes irradiated with Ar/CFCO, (65:30:5), the destruction effects on the long-term performance and stability of large-area
of gold coating and even the rupture of anode wires have bagaseous detectors. In view of the aging results described here,
observed only for water concentrations below 50 ppm, whittne can see that the presence of large amounts gfitCthe
for H,O > 400 ppm, gold wire damage effects were avoidethixture does not necessarily ensure good aging properties
[150], [151]. Further study remains to fully understand thautomatically.
exact mechanism of gold wire damage during operation atThe challenge to avoid aging in the new generation of
high ionization densities. Although no F-based deposits wengh-rate experiments not only requires a very careful choice
observed on the anode wires in any of the tests, the chemicalfyall detector materials but also forces the gas systems to be of
reactive dissociative products of €host probably initiate the previously unnecessary quality and cleanliness. However, a real
destruction processes of gold-plating. system will always contain some degree of imperfection and

Studies of straw proportional tubes with Xe/ZEO, pollution—despite all precautions. It has to be stressed here that
mixture revealed another phenomenon that might degradeclosed-loop recirculation systems, which are required for de-
detector performance in high-rate experiments. The gas cometors operated with expensive gases (Xe,)C&ll impurities
position was found to be modified in the avalanche plasma and reactive radical fragments will remain in the gas until they
a strongly irradiated straw, presumably due to the productiane removed by a purification system or deposited elsewhere.
of some long-lived and highly electronegative species [15Z[herefore, for the construction of large-area gaseous detectors,
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the maximal cleanliness for all processes and quality checks
for all system parts are of primary importance. Examples of
“clean” gas systems currently used for high-rate detectors!!
are presented in [154] and [155]. Certainly, the definition of
the word “clean” has changed considerably since the 19862]
workshop. .

VI. SUMMARY [4]

Aging phenomena obviously constitute one of the most com-
plex and serious problems that could limit the use of gaseoud®
detectors in unprecedently severe radiation environments. Opyg)
eration in high-intensity experiments of the LHC era demands
not only an extraordinary radiation hardness of constructionm
materials and gas mixtures but also appropriate assembly pro-
cedures and quality checks during detector construction and
testing. Since the 1986 workshop, considerable progress halé!
been made on the understanding of general principles that might
help to prevent or at least to suppress the aging rate to an ac-
ceptable level. However, a quantitative description of the aging[g]
processes, which would require a detailed knowledge of the re-
action cross-sections of all chemical species in the avalancho]
plasma, is still not available.

After many years of intensive research and development of rgz 1
diation-hard gaseous detectors, an impressive variety of experi-
mental data has been accumulated. The radiation hardness atdl
outgassing properties of the various materials used for the cofs)
struction of detectors and gas systems are among the most cru-
cial items affecting the lifetime of gaseous detector. However[1 4]
the observed dependences of aging performance on the nature
and purity of the gas mixture, different additives and trace conf15]
taminants, construction materials, gas flow, size of the irradiated
area, irradiation intensity, ionization density, high voltage, angig)
particle type and energy make quantitative comparisons of aging
properties under very different conditions very difficult. Conse- 17]
guently, these data can serve only as a guideline before the stgrt
of long-term studies under conditions as close as possible to the
real environment of the experiment. Such radiation tests should®!
include an extended study of large-scale final prototype cham-
bers, exposed over the full area to a realistic radiation profilé19]
(particle type and energy, ionization density, irradiation rate). l&zo]
is of primary importance to vary the operating parameters sys-
tematically in order to investigate their possible influence on
the aging performance. To exclude statistical fluctuations of unf?1l
known nature and to provide a reliable estimate for the detector
lifetime, the radiation tests should be carried out with severalP?2]
detectors irradiated under identical conditiéns. [23]

ACKNOWLEDGMENT
[24]

The authors are especially grateful to A. Schwarz (DESY)

J. Va'vra (SLAC), and M. Capeans (CERN) for many helpfultzs]
discussions and careful reading of this paper. [26]

2This paper is based on the results reported at the DESY workshop and also
briefly discusses other experience with gaseous detectors relevant to the pres{f]
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are available at the workshop’s Web site (http://www.desy.de/agingworkshop)29]
The proceedings of the workshop will be published in a special volunhuef
clear Instruments and Methods: Section A.
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