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Physics and Chemistry of Aging – Early Developments+

J.Va'vra*

Stanford Linear Accelerator Center, Stanford, CA 94309, USA

Abstract
The aging phenomena are very complex physical and chemical processes. The author attempts to qualitatively

discuss various physical processes contributing to aging. The satisfactory quantitative explanation is not presently

available. In this sense, there is little progress made since the 1986 LBL Aging Workshop. However, what was

accomplished during the past decade is a heightened awareness from the research and management sides to pay more

attention to this problem, and as a result a number of aging tests have increased in quantity and quality. These efforts

will undoubtedly yield some new results in the future. Examples in this paper are mainly from a “pre-LHC and pre-

HERA-B era of aging,” where the total charge dose is limited to much less than one C/cm.

1. Introduction
When I talk about aging, I refer to the general deterioration of the detectors during their operation;

i.e., I do not restrict to usual wire aging which typically creates anode wire coating. The aging

phenomenon is very complex. A multi-layer structure of an onion is a good model to describe it,

where each particular process is on a separate layer. There are simply too many variables in the

problem, and therefore, it is too naive to expect that one can express the aging rate using simple-

minded variables, such as the accumulated charge per length of wire, etc. The correct variables

include the cross-sections, the electron or photon energies, the electrostatic forces, the dipole

moments, the chemical reactivity of atoms and molecules, etc. Presently, we do not know the

relationship between the microscopic and the macroscopic variables we can control. Therefore, it is

difficult to truly understand any aging measurements quantitatively from the physics point of view.

At best, we can describe it qualitatively and measure some systematic dependencies. The aim of this

workshop is quite modest, as we want to find a simple practical remedy for each particular process

on a single layer of an onion, even if we might not understand the full problem.

Plasma chemistry is the closest branch of science which can shed some “practical” light on the

detector aging phenomena. This was already realized before the 1986 LBL Aging Workshop [1],

and a search was under way to correlate the aging phenomena with plasma chemistry observations

(see, for example, references 2 and 3). Apart from similarity of the energy range of electrons, the

operating parameters are quite different [2], and therefore it would appear that one couldn’t share

                                                
+ Invited talk at the International Workshop on Aging Phenomena in Gaseous Detectors, DESY, Hamburg, Germany, October 2-5,2001
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the experiences significantly. Yet, in retrospect, some plasma chemistry conclusions proved to be

directly applicable to our field, at least qualitatively. Some examples include a beneficial role of

oxygen, oxygen-based molecules such as water or alcohol or DME, CF4, etc. Still, one cannot apply

them religiously, because additives in some applications simply do not work, or may be even

harmful. It seems to me that if plasma chemistry is to contribute directly to the high-energy physics

detector field, it may have to allocate more time to operate tests under very similar conditions, i.e., at

one bar of pressure instead of at a few Torr, using similar gases, etc.

2. Important Physics Processes Involved in Aging Phenomena
I will discuss qualitatively some of the most typical physical processes, which play an important

role in the aging phenomena.

2.1. Production of γ’s
Photons are responsible for the secondary electron emission processes, which can result in the

positive feedback mechanisms or avalanche growth (avalanche breeding). Typical processes

responsible for the photon production are:

- electron-atom collisions in the avalanches (e-+A  → e-+A* → e-+A+ γ),

- positive ion-electron recombination at the cathode (A+ + Cathode (e-) → A + γ,

Eγ = Eioniz.potential - Ework function),

- positive ion-electron recombination in the avalanches (e- + A+  →  A* + γ , Eγ = Ee + (Ei – Ek)).

2.2. Secondary Electron Emission
The secondary electron emission processes are responsible for the creation of positive feedback

mechanisms. These processes are especially devastating as they can rapidly increase the total

deposited charge dose in the advanced stages of aging. The secondary electrons can play a similar

role as the secondary neutrons in the U235 fission. Their typical examples and characteristic

signatures are (the way in which we can recognize them, for example, on an oscilloscope):

- photons, generated during the ion-electron recombination at the cathode, produce secondary

electrons through photoeffect or via a photosensitive film developed on the cathode (signature:

the primary pulse is followed by secondary pulses, which are delayed by a long delay due to

the slow drift of positive ions);

- avalanche photons, caused for example by carbon excitations (e- + C → C* + γ , Eγ ~ 156, 166,

193 nm), interacting with the cathode surface (signature: the primary pulse is followed by

secondary pulses with a short delay);

- avalanche photons interacting with the gas; for example, CF4 gas mixed with TMAE (e- + CF4
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→ (CF3
+)*  or + (CF4

+)* → γ , Eγ ~ 160 nm, and Eγ + TMAE → TMAE+ + e- [4,5])

(signature: the primary pulses start growing in amplitude and time);

- emission on sharp points on the cathode (signature: a very steep gain-voltage characteristic with

a steep threshold behavior),

- the Malter effect [6], which is a “classical” positive feedback established between the

amplification and the secondary electron emission from the cathode (signature: the current starts

as single electrons and can grow up to hundreds of nA. The effect is very localized. It can be

persistent even after the source of radiation is removed, if the positive feedback is strong).

Although one can observe the secondary effects with an oscilloscope, a quantitative statistical

method to recognize onset of the secondary effects is to measure the single-electron pulse height

spectra using a UV lamp creating photoelectrons off the electrodes. A chamber suffering from a

large rate of the cathode secondary effects will show excessive tail in such distribution [4]. To

illustrate this phenomenon, I will quote an example of such behavior using CF4 gas, which is known

to scintillate very efficiently hard UV photons near 160nm [5]. The single-electron pulse height

spectrum in CF4 is very broad, probably because of the electron attachment during the avalanche (7-

35 kV/cm at 1 bar) [7]. For example, adding TMAE to CF4 will trigger avalanche breeding,

resulting in a long tail in the single-electron pulse height spectrum [4]. This is because TMAE can

be easily photo-ionized by the 160nm photons. To stop the secondary effects in this case, one

needs to add 20-30% of iC4H10 . Aging in CF4+TMAE gas with a strong Fe55  source in a small

diameter tube chamber can also reveal another interesting effect: the current steadily increases as a

function of the charge dose as the photosensitive film builds up on the cathode surface. To return to

a “normal aging behavior,” where the current decays away, one needs to add ~20% of iC4H10 .

However, the photosensitive film remains on the cathode and the chamber will remain

photosensitive even if TMAE is removed [4].

The Malter effect, which is the most devastating of all secondary electron emission effects, needs

three conditions to be established: (a) an insulator on the cathode, (b) a rate of ion buildup higher

than its removal from the insulating layer, and (c) some ignition mechanism.

Examples of how to establish the insulating layer are (a) avalanche producing polymers, (b) glue

on electrodes, (c) gas pollutants, (d) insulating deposits left from sparks, (e) corona on a sharp point

of the cathode, (f) allowing the Malter currents to go on undetected even for a few minutes, (g) poor

plating, (h) resistive oxides, (i) photosensitive molecules such as TMAE, TEA, etc., (j) poorly

conducting “conducting epoxies,” (k) poorly conducting carbon composite materials, (l) etching a

conducting layer away from the cathode, (m) finger prints, etc.

Examples of the ignition mechanisms are (a) highly ionizing heavy ions or slow protons, (b) X-

rays, (c) sparks, (d) sharp points on electrodes causing corona, (e) thin anode wires to help the
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ignition, (f) background muons aligned with the TPC electric field direction, (g) running out of gas,

etc.

By the 1986 LBL Workshop [1], many of us believed that the Malter current jumps immediately

to rather high magnitude (ten to hundreds of nanoamperes). However, Ref. 8 showed that it could

occur as a train of single electrons by providing first images of the Malter effect ever observed

using the CRID RICH detector, which had an excellent 3-D single electron imaging capability [8].

Large currents, which would trip the HV power supply never occurred (trip level was set to 300nA).

The single electron pulses came in bursts every 10-15 minutes, and in the location of UV fibers,

which were used for calibration. Such a long time constant would be consistent with a very high

cathode film resistance of ρV ~ 2x1015  Ω.cm. Such a high value rarely occurs, and it may probably

happen only in a very tight gas system with a very low humidity, and with a vacuum distilled

TMAE, which aims to remove water from TMAE. In addition, because of charge exchange, TMAE

ions are delivering a charge to cathode, and thus provide a fresh deposition of an insulating film.

One should mention that prior to the very first appearance of the Malter effect, the UV fibers were

producing a continuous photoelectron rate of ~10 Hz/cm of wire length for ~ 2 years. This was

apparently enough to create an insulating film on the cathode in locations corresponding to the fiber

positions only. The Malter effect was observed both on the high voltage cathode (~1.2 m away),

and the detector cathode (a few mm away). Fortunately, because of vigilance, the problem was

diagnosed early and could be corrected simply by reducing the UV fiber rate by a factor of ~2000.

In this case, reducing the supply of charge would be enough to stop it. The SLC accelerator never

produced large enough background densities to ignite the effect during the physics running

(perhaps, we would not be so lucky near a hadron accelerator). However, we did observe the Malter

effect on one detector during the gating operation in early period (the gating wires serve as cathode

when the gating pulse is on, which prevents ions from drifting into TPC volume), creating a

standing current of 5-10 nA even after the beam went off. Based on that experience, we decided to

switch off the gating circuit during the entire SLD operation. The most important lesson learned in

this example is that the Malter current can consist of single electron pulses, it is localized, and it can

go easily undetected if the detector does not have a single electron detection sensitivity. It is very

important to catch it early before thick cathode deposits develop and consequently larger persistent

currents are triggered causing a real damage to electrode structure.

Subsequent laboratory tests revealed that it is indeed very easy to ignite the Malter effect in any

chamber that either has been or is exposed to TMAE [8], and it works equally well if one uses a

high intensity UV Mercury lamp, or a Fe55  source. However, when similar tests were done with a

CsI-based MWPC photodetector, it was not possible to ignite the Malter current.1 A possible

explanation may lie in the fact that the test was done on a detector exposed to air for ~10 minutes. A

                                                
1 During author’s visit of A. Breskin group, Weizmann Institute, Israel.
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typical volume resistance of the CsI layer is ρV ~ 107 Ω.cm, if exposed to air for ~10 minutes,

which is usually the case (just after evaporation,  is ρV ~ 1010  Ω.cm) [9]. It is believed that the

volume resistance of TMAE prepared with a vacuum distillation method is much higher by at least 5

orders of magnitude. If true, it would mean that superbly prepared CsI photocathode with no

contact to air may be closer to the Malter effect ignition than one exposed to air for a few minutes.

One should add, however, that given a good ignition source, such as provided by HERA-B, for

example, one could excite the Malter effect even in the CsI-based detectors [10].

In two following examples we show that certain materials are not conducting enough on a

microscopic scale even though a simple-minded DVM test would pass. HERA-B experience with a

polycarbonate foil doped with graphite (Pokalon-C) showed that it is not conducting enough from

point of view of the Malter effect [11]. A chamber made of this material died in a few hours of

operation at HERA-B, despite having survived long-term tests in X-ray setup. A likely explanation

is that the real hadron beam produced very localized charge deposits such as ions or slow protons,

which were not present in the X-ray beam. In this case, the problem was solved by coating the foil

with ~90nm thick Cu/Au layer. Similarly, author’s experience with a Fe55  source-doped silver

conducting paint applied on the jet chamber potential wires was equally negative [12]. This paint

was applied to study the pulse propagation along the long wires. In a week, the Malter effect was

observed. White deposits were observed on many neighboring potential wires in a perpendicular

direction to wires. After careful cleaning of the deposits, the chamber was operated again. However,

the Malter effect returned shortly. This experience points to a danger of propagation of the problem

from one wire to next. Therefore it is important to segment the wire structure so one can switch off

a given segment if necessary.

The next example shows the Malter effect caused by simply running out of gas in straw

chambers. The gas was CF4-based mixture. The trip setting was rather high (~10µA), and after

several hours of allowing large currents, the inner copper conductor was gone, all etched away [13].

It is clear from the above examples that there is a relationship between a chance to trigger the

Malter effect and the cathode film resistance. Let’s consider an insulating film on cathode with

resistance ρV, relative dielectric constant εr. Let’s also consider the time domain only (neglect gain

and spot along the wire variation). The time constant describing the neutralization of the positive

charge is RC ~ εr  ε0  ρV. Let’s assume that the charge is deposited in one spot with a meantime

period of T, i.e., with a rate of r = 1/T. To prevent the charge build up, one needs: RC < 0.1 T.

Therefore, the maximum rate is: rmax  ~ 1/(10 RC) = 1/(10 εr  ε0  ρV). For  εr ~ 4, ε0 = 8.87 pF/m, ρV ~

2.8 x 107 Ω.cm: rmax  ~ 10 kHz, and for ρV ~ 2.8 x 1012  Ω.cm: rmax  ~ 0.1 Hz.

One may conclude this section by listing suggestions on how to prevent, or at least detect, the

Malter effect:

- Run at the lowest gas gain possible (<2x104).
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- Pay keen attention to single electron signal activities.

- Monitor currents to a nA sensitivity.

- Segment HV as much as possible to have a chance to observe the effect in measured current.

- Have the HV trip setting as low as possible.

- Shut off voltages of the gas flow stops.

- Develop “clever” software, which can:

a) look for the single electron activity on a single wire,

b) look for any remnant activity in the chamber, when the beam is switched off,

c) switch off the HV power supply automatically, if a sign of persistent current occurs.

- Be vigilant.

In chapter 2.5 we will mention a possibility to cure the Malter effect with additives. In chapters 2.6

and 2.7 we will discuss other effects, which can alter the resistance of the electrodes.

2.3. Molecular Dissociation
The formation of molecular fragments is a necessary precursor for polymerization. Molecular

fragments are formed by (a) electron or photon impact, or (b) by heat [14]. Electrons and photons

in a typical avalanche have large enough energy to break the typical molecular bonds. Generally,

EThermal dissociation  < EElectron impact  < EIonization  energy , as detailed in Table 1. The avalanche is probably too

short to create thermal dissociation, except, possibly, during the Malter effect, which is a very

repetitive process.  

The ideal goal would be to utilize the charge exchange mechanism to send only ions of such

molecules towards the cathode, which do not polymerize easily. Based on the ionization energies

listed in Table 1, one can conclude that (remember that the charge is carried by molecules with the

lowest ionization energy in a given gas mix):

a) Water is less capable of performing the charge exchange when compared to DME or alcohol.

b) TMAE mixed with any gas will always deliver charge to a cathode and thus be subject to

possible damage during the ion recombination process, which can produce hard photons (note

that TMAE molecule can easily polymerize).

c) Water will deliver the charge to the cathode when mixed with Ar /CO2 gas mix (note that water

does not polymerize).
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Table 1: Dissociation & ionization energies [14].

ATOM Thermal

Dissociation

Dissociation

by electron impact

Ionization

Energy

Ar         -              -        15.8 eV

Xe         -              -        12.1

 H2        4.5 eV              8.8 eV        15.43

 O2        5.1              8        12.06

 H2O        4.83        12.6

 CO2        7.8        13.77

 CH4        4.3              4.5        12.6

 CF4        5.35              5.2

 C2H6        3.6        11.5

 Iso-C4H10        3.2               7        10.57

 Methylal        3.2        10.0

 Ethanol        3.2        10.49

 Iso-propanol        3.2        10.15

 DME        3.2        9.98

 TMAE        2.7        5.6

2.4. Polymerization of Molecules
The polymerization of hydrocarbon molecules is often preceded by production of, for example,

CH2: radical, which is a typical precursor [15] for production of the polyethylene, an excellent

insulator. The CH2: radical has a large dipole moment and will stick preferentially to electrode

surfaces. The CH2: can be produced, for example, in the reaction e- + CH4 → CH2: + H2 + e-.

Gases, such as a mixture of argon and CO2, will not produce similar reaction unless there is

hydrocarbon contamination. Therefore, there is indeed some logic to avoid hydrocarbons in high

rate applications (above ~0.5-1C/cm).

2.5. Prevention of the Polymerization
In some cases there are some additives preventing polymerization. For example, adding the

following additives in the plasma chemistry processes tends to eliminate the CH2: radical by

forming stable, volatile products, which impedes the polymerization process [15]: CH2: + H2  →
CH4, 2 CH2 : + N2 → 2HCN + H2, CH2 : + O2 → CO2 + H2, CH2 : + O2 → CO + H2O, CH2 : +
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H2O → CO + 2H2, CH2 : + CO2 → 2CO + H2, CH2 : + CF4 → C2H2F4. More generally, atomic

oxygen reacts with hydrocarbon radicals and the end-product of this reaction are volatile molecules

such as CO, CO2, H2O and H2, which are more stable, and can be removed by a sufficient gas flow.

Furthermore, organic compounds with oxygen containing groups –COOH, -CO-, -OCO-, -OH, -O-

, -C=O are generally reluctant to form polymers in the plasma environment [16]. Examples of such

molecules are shown in Table 2.

Table 2: Examples of usual additives to prevent polymerization [14].

     Additive   Chemical formula   Dipole Moment
Water        H-O-H         1.85 D

Alcohols:        R-O-H         ~1.7 D
   a) Methanol        R ≡ CH3         1.70 D
   b) Ehanol      R ≡ CH3CH2         1.69 D
   c) Iso-propanol      R ≡ (CH3)2CH         1.66 D
Methylal:      R-O-R’-O-R

R ≡ CH3 , R’ ≡ CH2

Ethers         R-O-R’
DME: R ≡ R’ ≡ CH3

        1.30 D

The above mentioned additives help to prevent the polymerization through the following

processes:

- high electronegativity of oxygen.

- molecular charge exchange (avalanche-produced positive ions, which would produce higher 

energy photons during the recombination process, are exchanged with ions, which have lower

ionization potential and does contain oxygen in its molecule. For example, if one can charge

exchange into an ion of water, there is a benefit since water does not polymerize),

- molecular dipole moment (therefore they stick to anode or cathode surfaces, and therefore, the

oxygen-based molecule tends to help right where it is important),

- oxygen has the freedom to make double bonds, which are stronger and allow to make more

stable volatile molecules, which can be removed by gas flow (CO, CO2, etc.),

- etching of the deposits (this effect competes with the deposition rate [17]).

Since water and alcohol are typical additives, we would like to present specific arguments why we

think they are helpful. First, let’s discuss water: (a) water prevents the start of polymerization, when

introduced at the beginning through the reaction: CH2: + H2O → CO + 2H2. (b) If water is

introduced after the deposits are formed, it tends to stabilize the operation and prevent the Malter

effect. (c) A water molecule may perform the charge exchange with some avalanche hydrocarbon

ions, which will tend to avoid their polymerization during the charge recombination at the cathode.
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(d) Water by itself does not polymerize. (e) Water will help to increase the conductivity of the

insulator. (f) Its large dipole moment cools electrons with less than ~1 eV (it is actually the best

“cool” gas available, if we would manage to prevent a condensation). Good examples of detectors

where water works well are the SLD drift chamber (25%Ar+71%CO2+4%C4H10+3000ppm H20),

and the BaBar drift chamber (80%He+20%C4H10+3500ppm H20), where ~85% of the gas re-

circulates through a O2 palladium getter. However, water additives are best suited to metal-only-

designs, such as the classical large wire chambers. In applications involving dielectrics operating at

high electric surface gradients, such as the anode wire supports or GEM amplifying structure, large

amounts of water may cause surface breakdowns [18]. It can also cause a problematic chemistry in

the CsI and TMAE-based, the RPC detectors, or CF4-filled chambers (see chapter 2.7).

Second, let’s discuss alcohol: (a) Alcohol molecules have large dipole moments, and therefore,

they will be attached directly on the electrodes. (b) Alcohol molecules will perform the charge

exchange more readily than water. (c) If alcohol is introduced once the deposits are formed, it tends

to stabilize the operation and prevents the Malter effect [19]. (d) Alcohol molecule absorbs UV

photons. (e) However, alcohol can be broken, at least in principle, to formaldehyde CH2 = O, which

can polymerize. However, the rate of this polymerization is slower compared to the rate of the

ordinary hydrocarbons, and therefore, the addition of alcohol can be considered as beneficial. (f)

Various dissociation byproducts, such as CH2O2, C2H4O or C2H4O2 can react with aluminum and

nickel and create oxides that are highly resistant [20]. (g) Last, but not least, alcohol is a solvent and

can cause swelling and expansions of some plastic material, such as Mylar or Kapton, which may be

important for straw tubes.

A. Boyarski showed that the Malter deposits in a form of whiskers could actually be removed by

adding 200-1000ppm of oxygen to 80%He+20%iC4H10  gas and allowing large current [19]. It

appears that the damaged chamber could be cured by this method. However, one should point out

that the curing was done on artificially created whiskers, which have very high gradient; one has to

repeat it with an oil film deposited on a cathode wire. If proven, this would be the first result in our

field, which supports the tests previously reported by plasma chemists, and also by astronomers

who clean the mirrors in the oxygen plasma [21].

Unfortunately, the oxygen additive is not going to help with the Si deposits, because the

equivalent molecule to CO2 is SiO2, which is not volatile. One way to remove the Si deposits is to

operate with the CF4 gas, and form gaseous SiF4 in avalanches. However, one has to be prepared to

face the fact that CF4 introduces a very complicated chemistry, such as a possible formation of (a)

HF when water or hydrocarbons are present [22], (b) resistive metal fluorides on nearby electrodes

[23], (c) long-lived electronegative ions F- and CF3
- [24]. In addition, CF4 is producing hard UV

photons in the avalanches (~160nm) [5], which may trigger the secondary electrons on nearby

electrodes. A better way to deal with the Si deposits might be to remove the source of the silicone.

Known sources are (a) O-rings with Si-based grease, (b) valves with Si-based grease, (c) G-10
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boards, (d) molecular sieves, (e) general pollution of the system, (e) possibly copper tubing, which

may be produced with a help of Si-based grease, etc. One way to protect against the Si pollution is

to use the semiconductor industry quality gas system.

Despite certain dangers involved in using CF4 gas, a temptation to use it is strong because it is a

very fast gas suitable for high rate applications at future high luminosity accelerators. According to

Plasma Chemistry, CF4 gas is an excellent etching additive equal to O2 [14], and therefore it should

help to remove possible polymerization deposits, which can be present due to a presence of

hydrocarbon impurities. A nice example of this effect is the work of Openshaw and his co-workers

in Ref. 25. Several chambers were aged in 50%Ar+50%C2H6 and 50%Ar+50%C2H6+0.2%

Ethanol, causing a pulse height reduction of 25-30% and visible deposits on the anode wire. After

switching to 80%CF4+20%C4H10 , the pulse height and currents recovered to greater than 98% of

their initial values. The authors stress that all of the recovery tests have been done with

80%CF4+20%C4H10  gas mixture and that introducing different components or even changing the

relative proportions of CF4 and C4H10  could totally change the chemical reactions. Wise, Kadyk

and Hess studied the aging properties of CF4/C4H10  gases and have found two regions of higher

anode depositions, one in the region of low concentration of CF4 (0-20%) and one in the region of

high concentration of CF4 (85-100%) [23]. The existence of the second region was not expected. In

addition to this complexity, Kadyk reported an amazingly rapid aging rate of ~123000%/C/cm in

50%Ar+40%CF4+ 10%O2 (with a gold-plated anode wire) [3,23], a mixture expected to be

strongly etching. No wire deposit could be seen under am optical microscope. In this case, one is

likely dealing with resistive metal-fluoride film deposits on the cathode (see further discussion in

chapter 2.7 and Ref. 23). Gold-plated wires do not age in CF4 in this case (see chapter 2.7 for other

aspects through). Because of the formation of resistive metal-fluoride films, the current drawn in

accelerated aging test is not a reliable indicator of anode aging for CF4-rich gases. Instead, one

should use the pulse height measurement and an analysis of deposits. I would like to add that an

understanding of these details shows the difficulty of the detector aging science. Nevertheless, as I

said, despite certain dangers, a gas mix 95%Ar+5%CF4 is a current candidate for gaseous detectors,

such as Micromegas, to operate at high rate [26]. Because there is no quencher of hard UV photons

in this gas, one should operate at very low gas gain, which may eliminate the single electron

detection capability. In addition, the electrodes should be gold plated, and the system should have

low hydrocarbon contamination.

2.6. Electrolytic Processes in the Insulators
By electrolytic processes we mean that current is made of ions rather than electrons, as we are

used to in metals or simple resistors. This subject was not discussed during the 1986 LBL Aging

Workshop, and not much even during the DESY workshop. It is a new subject in the detector

physics, and it is becoming more and more relevant mainly because of high luminosity operations,
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which are being planned. With the introduction of RPC, CsI-based and micro-strip detectors,

questions can be asked what role the ionic currents play in the aging effects. This is a very

complicated question, because the chemistry of ionic currents in glass, Bakelite (Phenol-

Formaldehyde polymer), Linseed oil and other materials is not well understood, especially from

the point of view of changes in the volume resistance as a function of the accumulated charge.

These materials are not simple resistors as one could naively assume. Because of a relative novelty

of this type of aging, I will spend a bit more time on this topic.

(a)

(b)

Fig.1.  (a) Electrolytic current in CsI on a Micro-strip detector surface under influence of external voltage. Iodine ions

move to anode, cesium ions to cathode [9]. This process will alter the resistance distribution in the CsI layer.

(b) A similar electrolytic current is expected in the operating MWPC chamber under an influence of the

gain and the photon flux.
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(a)

(b)

Fig. 2. (a) Ionic current in a Linseed oil-filled Bakelite RPC requires the charge exchange among three different ions

of the gas, the Linseed oil and the Bakelite. (b) Although the glass-based RPC seems to be more simple

from the ionic current point of view, a long term behavior of the float glass resistance is poorly understood

at present.
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(a)

(b)

 

Fig. 3. (a) Proposed equivalent model of the electrolytic process in the Linseed oil [30]. (b) Volume resistance of the

fresh new liquid Linseed oil as a function of accumulated charge density. The electrodes were ~1mm apart and

a potential between them is at 3 kV. The current is not much sensitive to a voltage reversal; however, it is

very sensitive to day-to-night humidity variation and to water addition. After ~11 Coulombs, the viscosity of

the Linseed oil became like thick honey, full of surface wrinkles.

The current through evaporated layer of CsI is carried by the Cs+ and I- ions [9]. In fact, this

phenomenon can be observed visually if one arranges a simple test according to Fig.1a. Fig. 1b

shows a MWPC chamber with a CsI layer on its cathode. When exposed to a gain and a high

photon flux, a photocurrent through the CsI layer brings iodine ions to the cathode surface and the

cesium ions in contact with the pad electrodes, where they might react chemically. The iodine on the



14

surface alters its quantum efficiency and the resistance, because it is very resistive (ρ ~ 1.3x109

Ω.cm). On the other hand, Cesium is very conductive ρ ~ 2x10-5 Ω.cm. As we mentioned above, a

typical volume resistance of the CsI layer is ρ ~ 107 Ω.cm, if exposed to air for ~10 minutes, which

is usually the case (just after evaporation,  it is ρ ~ 1010  Ω.cm) [9]. The iodine migration to the top

of the surface is a possible mechanism to increase the resistance of the CsI layer, and therefore

increase a chance of the Malter effect ignition.

Changes in conductivity of the ordinary glass were observed in the Micro-strip detectors, which

prevented a successful operation, and forced the designers to choose a special expensive electron

conducting glass for the substrate [27]. The conductivity of the standard glass is due to the

movement of the alkaline ions. However, during the long-term operation, the alkali ions, such as

sodium, migrate towards the cathode by a force of the electric field and leave a depleted layer close

to anode. This leads to a permanent increase of the surface resistance. The ionic glasses therefore

suffer from long-term instability. It is therefore expected that the Belle RPCs will suffer from the

same phenomenon, although at this point they did not reach this particular limit yet. To use the

electron conducting glasses on such a large scale, as the typical RPC size requires, is out of the

question. It is interesting to point out that the BaBar/DIRC photomultiplier glass started to corrode

in the presence of ultra-pure water [28]. Such water, hungry for ions, acted as a “vacuum pump”

removing the sodium from the glass, which resulted in subsequent glass corrosion. Luckily for the

DIRC group, the corrosion rates are slow and the detector is expected to operate for up to ten years.

The BaBar RPCs are using Bakelite electrodes covered with the Linseed oil. Again, the current is

due to ionic motion, which may be even more complicated than in the glass, because both the

Linseed oil and the Bakelite are more complex substances. Ionic current in such RPC requires a

delicate charge exchange among different ions of the gas, the Linseed oil and the Bakelite - see

Fig.2a. A model of the Belle glass-based RPC ionic current is shown on Fig.2b. The Linseed oil,

made from pressed seeds, is a very complex organic compound [29]. We will simplify the

complexity involved by proposing the following simple model – see Fig. 3a. One could safely

assume that the initial “cocktail of molecules” also contains water. The water can also get into the

Linseed oil layer either from the gas or from the Bakelite, which is known to have affinity to water.

Pure water does not conduct; however, when mixed with acid, it does conduct very well through the

ionic carriers. A molecule, which may facilitate current conductivity in the “uncured” Linseed oil, is

the fatty acid R-COOH — an organic acid molecule. A possible sequence is as follows: (a) R-

COOH + potential → H+ = R-COO−; (b) R-COO− ion delivers the charge to anode and R-COO

returns to the fluid; (c) H+ ion delivers the charge to the cathode, where it forms an H2 molecule and

escapes; (d) R-COO + H2O →  R-COOH + OH, which returns the fatty acid back into the cycle;

(e) 2OH → H2O + 2O, and 2O → O2, which delivers oxygen near the anode.
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(a)

(b)
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(c)

Fig. 4. (a) Proposed equivalent model of the electrolytic process in the Bakelite [30]. (b) Volume resistance of the

Bakelite sheet as a function of accumulated charge density. In one case the Bakelite sheet was in air of 55-

65% relative humidity variation, and in the second case a different sheet was placed in dry flowing boil-off

nitrogen of less than 200-300ppm of water. (c) The Bakelite resistance can be modulated with a water in the

surrounding gas: open circles (nitrogen with <200ppm of water), open diamonds (air of relative humidity of

55-65%), open triangles (nitrogen with <200ppm of water), black dots (nitrogen with 1500-2000 of water)

and open squares (air of relative humidity of 55-83%).

The important point is that water modulates conductivity. If we remove water, R-COO- will only

deliver the charge, R-COO will just plate on anode, but it will not return R-COOH back into the

current forming cycle; i.e., the current will slowly stop. Adding water back should restart the

conduction. In fact, this was exactly what was observed in a simple bench-top electrolytic

experiment that was conducted by the author [30]. Figure 3b shows the author’s measurement of

the volume resistance increase of the fresh liquid Linseed oil. One should also point out that the

liquid had some bubbles at the end, indicating a trapped gas, and after ~10 Coulombs the liquid

turned to a thick honey-like substance.

One can propose a similar electrolytic model for the Bakelite conductivity – see Fig. 4a. Figure

4b illustrates the author’s measurement showing that the Bakelite volume resistance increased by a

factor of five after ~0.7C/cm2, if the Bakelite sheet is in humid air. However, the same resistance

increase occurred after only ~0.15C/cm2, if it is in dry flowing boil-off nitrogen of less than ~200
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ppm of humidity at room temperature. Figure 4c indicates that one can indeed modulate the Bakelite

volume resistance by varying the humidity of surrounding gas. This is consistent with the

electrolytic model. The dependency in air appears to be complicated and perhaps even nonlinear

with an appearance of a threshold behavior. In principle, it is possible to have a threshold in the

resistance increase if ions, responsible for the conductivity, are all used up. In fact, if several types

of ions are involved, one could have several thresholds. A value between ~0.15 and ~0.7C/cm2 is a

very high accumulated charge density, which will be relevant only at very high rate applications, or

localized breakdowns. In addition, there is a dependency on temperature. For example, one week at

40oC in air increases the Bakelite volume resistance by a factor of ~3 [30]. Combining all these

effects may increase the Bakelite resistance significantly. For example, if it would increase by a

factor of 50-100, it would start affecting the efficiency due to the voltage division effect, and one

may also drive the RPC into a Malter effect.

However, in addition to the above general comments, the BaBar RPCs have additional very significant

problems. One is related to a poor drainage of the Linseed oil during the chamber construction, which

resulted in “over-oiling” of some areas [31]. High voltage operation in C2H2F4 gas while allowing

large currents at elevated temperature resulted in a chemical reaction resulting in a very low resistance of

such modified Linseed oil (ρV ~ 2x108 Ω.cm compared to a nominal value of the fresh Linseed oil: ρv ~

8 × 109 Ω.cm). Each button covered with such modified oil represents effectively a short [30], which

affects the efficiency nearby, especially if the Bakelite electrodes are also covered by a thick Linseed oil

film. Marcello Piccolo discovered that running high currents in the damaged RPCs filled with Argon

gas allows a partial or full recovery of the efficiency in these regions [32]. Subsequent author’s tests

showed that the resistance of the fresh Linseed oil is steadily increasing as more charge passes through,

which is also accompanied with an increase of the oil viscosity with subsequent full polymerization.

Further tests showed that the resistance of the Linseed oil-covered buttons, which were removed from

the bad RPC regions, can be increased substantially (a factor of >100) by allowing a large current

through with a total charge of ~0.5-1.5 C/button, essentially independent of polarity. That is already too

much for the Bakelite resistance nearby, I think. Unfortunately, while a portion of the current flowing

through the Lexan buttons covered by the Linseed oil helps to increase their resistance, a portion of the

current flowing through the Bakelite electrode increases its resistance, which is bad. Because the flow

of current is generally non-uniform, one may end up with a non-uniform distribution of the electrode

resistance.

Many of these difficulties were supposed to be solved by a new treatment of the Linseed with a

solvent to make it less viscous. However, many new problems emerged, such as sparking along the

chamber edges and buttons, sparking from droplets of Linseed oil located on the cathode, etc. At a time

of writing of this article, it is clear that one needs much more R&D to understand these devices.
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2.7. Chemistry of Gases and Nearby Electrodes
I will choose three examples. The first example shows a rapid aging in CF4 gas after a charge

dose of a few mC/cm [23]. These results were obtained with a 99.999% pure CF4 gas, with or

without Nanochem filter. Addition of 20% of iC4H10  stopped the rapid aging rate. This effect was

explained by a formation of the resistive metal-fluoride film on the non-gold plated surfaces near

avalanche (either anode or cathode, or both). The formation of such resistive layers on the cathode

may then easily trigger the subsequent Malter effect, although, the resistance of such film is

presently not known. It may be important to gold-plate electrode surfaces of the MICROMEGAS

or GEM detectors, if CF4 gas is considered.

The second example is from the Belle experiment at KEK, Japan. Their RPC detector electrodes

are made of ordinary float glass. After a successful start at full efficiency, the RPCs started to

deteriorate rapidly. A massive R&D effort was initiated, which resulted in formulating the following

model [33]. Freon gas (C2H2F4) together with water, in the presence of plasma formed HF acid

which etched the glass surface. This in turn increased the current and the detection efficiency drop.

It was found that initially the chambers operated with a large volume of water in gas (~2000 ppm).

The water permeated through the Polyflow gas tubing. The solution to suppress the formation of

HF was to reduce water fraction from 2000ppm to <10ppm, by installing copper tubing (it may still

form using hydrogen from the hydrocarbon, but this rate seems to be acceptable).

The third example is a swelling of anode [34], observed in straw tube tests operating with

70%Xe+10%CO2+20%CF4. A wire diameter increased by 20% after an accumulated charge of ~9

C/cm. A very complex chemistry model, involving reaction products of tungsten, oxygen and

fluorine, was proposed to explain the phenomenon. Water may have played also a part to form HF

molecule.

2.8. Gas system consideration
I will chose only one example. The measurement by Kothaus showing that even a temporary

replacement of stainless steel tubing with a PVC tubing triggers a high rate of aging, and that the

deterioration continues even when the original stainless steel tubing is restored [35]. It is interesting

to point out the PVC tubing contains molecular chains involving CH2 molecular fragment [2]. The

measurement of Kothaus is now accepted as a classical example showing the importance of

choosing a high quality gas tubing. Yet, it appears that people continue to select “smelly” valves

and low-quality plumbing materials (for example, a copper, tubing which was not even cleaned in

hydrogen oven). Similarly, they use Si-based molecular sieves without adequate mechanical filters

preventing Si to get into the active areas of the detector, detectors full of G-10, etc. The usual

argument of the management is the cost of the gas system, of course. However, usually, the cost of

a possible detector replacement is not included in such discussions. The semiconductor industry

did not learn about their plumbing specification by accident. It is an expensive endeavor even for
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them; however, alternatives are even more expensive. This point was already argued at the 1986

LBL aging workshop.

2.9. Micro-pattern detectors
There are two major sources of degradation of the Microstrip detectors: substrate charging and

deposition of polymers. It has been demonstrated [36] that the polymerization can be avoided up to

at least ~120 mC/cm of collected charge, which is equivalent to ten years of operation at LHC.

Authors also show that one should avoid using Borosilicate glass to prevent long-term modification

of gain due to charging caused by the sodium migration. Use of electron-conducting glass solves

the problem (see also Ref. 27).

Based on tests with the 8.9 keV X-rays for the Compass experiment, the GEM detectors are

doing well; i.e., no loss of energy resolution or gain was reported up to a charge dose of

~7mC/mm2 [37].

Tests with MICROMEGAS detector are also in progress. So far, no gain loss was reported up to

a charge dose of 2-3 mC/mm2 with Ar+5%CF4 or Ne+10%C2H6+11%CF4 gases [26].

Conclusions
The most devastating of all aging effects are the secondary electron emission processes, such as

the Malter effect. These effects can be very localized, and can proceed undetected because the small

currents are involved, at least in the early stages before a thick film develops on the cathode. The

detection of such processes is difficult because the single electron sensitivity is required, often in a

presence of large background. Clever software approaches may be needed to catch such effects

early enough before they do damage. More frequent use of oscilloscopes would help. To clean the

insulating deposits periodically either in oxygen or CF4 plasma needs more studies to dare to apply

it in large systems.

Although the CF4-based gases are promising from several point of views, they may have

complicated chemistry resulting in possible severe electrode corrosion. Before any large experiment

decides to use such gas we recommend extensive long-term testing. For example, such gases cannot

use water additive or be mixed with hydrocarbon molecules because of a formation of HF, and all

electrodes should be gold-plated to prevent a formation of resistive metal fluorides.

Detectors operating at high luminosity, which use insulators, may face a new domain of aging:

changes in resistance of the electrodes and supporting structure due to ionic currents. This subject

is relatively new and not yet fully understood in case of the RPC detectors, although it is already

recognized in the Microstrip detectors.

It is important to worry about material choice and cleanliness of the system. We do not

understand the precise role of impurities and their relationship to a particular gas mix. In some

cases they matter; in some other cases they do not seem to. One probably should generate a well-
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equipped centralized facility employing a dedicated pair of chemist and physicist, both serving the

entire community, which would support it financially and intellectually. Perhaps, after 5-10 years,

repeating systematically all significant aging tests reported in literature up to this point, under

conditions which are better understood, may yield some understanding. To duplicate such facility in

many places would be a mistake.

The aging science is still in its infancy, if we insist on quantitative explanations. Many new things

will be learned by the time the LHC finishes. The benefits from Plasma Chemistry would be greater

if there are more tests with similar conditions as in our field.
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ABSTRACT

High Energy Physics experiments are currently entering a new era which requires

the operation of gaseous particle detectors at unprecedented high rates and integrated

particle fluxes. Full functionality of such detectors over the lifetime of an experiment in

a harsh radiation environment is of prime concern to the involved experimenters. New

classes of gaseous detectors such as large-scale straw-type detectors, Micro-pattern Gas

Detectors and related detector types with their own specific aging effects have evolved

since the first workshop on wire chamber aging was held at LBL, Berkeley in 1986. In

light of these developments and as detector aging is a notoriously complex field, the

goal of the workshop was to provide a forum for interested experimentalists to review

the progress in understanding of aging effects and to exchange recent experiences.

A brief summary of the main results and experiences reported at the 2001 workshop

is presented, with the goal of providing a systematic review of aging effects in state-of-

the-art and future gaseous detectors.
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1 Introduction

Aging effects in proportional wire chambers, a permanent degradation of operating characteristics

under sustained irradiation, has been and still remains the main limitation to their use in high-rate

experiments [1]. Although the basic phenomenology of the aging process has been described in an

impressive variety of experimental data, it is nevertheless difficult to understand any present aging

measurement at a microscopic level and/or to extrapolate it to other operating conditions. Many

chemical processes are expected to occur simultaneously in the gaseous discharges surrounding

the wire, and consequently a quantitative description of aging effects, which would require as a

minimum a detailed analysis of all gas-phase and gas-surface reaction products, is currently not

available. There is much experimental information, well summarized in [2]-[4], which suggests that

wire chamber lifetime may be extremely sensitive to the nature and purity of the gas mixture,

different additives and trace contaminants, materials used in contact with the gas, geometry of

electrodes and configuration of electric field. The ’classical aging effects’, well known since the

advent of wire chambers, lead to the formation of deposits, conductive or insulating, on the electrode

surfaces and manifest themselves as a decrease of the gas gain due to the modification of electric

field, excessive currents, self-sustained discharges, or sparking. Traditionally, the aging rate has

been parameterized as a normalized gas gain loss: R = − 1
G

dG
dQ

(% per C/cm), where G is the initial

gas gain, dG is the loss of gas gain after collected charge dQ per unit length [3]. However, the

assumption that the aging rate is only a function of the total accumulated charge has not been

confirmed for gaseous detectors operated in high-rate environments. In reality, the rate of polymer

formation depends upon many microscopic variables such as cross-sections of electron and photon

processes and their energy distributions in gas avalanches, molecular dissociation energies, as well

as densities of electrons, ions and free radicals. Consequently, one may expect that the aging rate

could also be affected by macroscopic parameters, such as gas gain, ionization density and radiation

intensity, which are directly related to the basic microscopic variables. Several results presented at

the 2001 workshop clearly indicate that such dependencies do exist.

Some of the conclusions from the 1986 workshop are still valid in 2001. However, the dramatic

increase in charge (up to 1.0 C
cm wire

per year), which is expected to be accumulated on sensing

electrodes in the new high rate experiments, poses much more stringent constraints on the radiation

hardness of materials and gas mixtures, assembly procedures, and basic rules for construction and

operation of gaseous detectors, than previously encountered. Only a limited choice of gases have

been demonstrated to tolerate such doses. Moreover, recent experience with straws and honeycomb

drift tubes revealed that chemical etching processes leading to a dramatic damage of gold-plating on

wires could occur in non-polymerizing CF4 mixtures at exceedingly high current densities. These

new developments since the 1986 workshop raise a question about the adequacy of using CF4-based
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mixtures for long-term, high-rate applications.

The scientific program of the 2001 workshop addressed specific questions which, as reported by

many authors, are of a primary interest: classical aging effects, models and insights from plasma

chemistry, materials for detectors and gas systems, lessons learned from detector operation at high

radiation intensities, new aging effects, experiences with large systems and recommendations for

future detectors. About 100 detector experts attended the 4 day workshop, and 10 invited talks,

31 contributed talks and 9 posters were presented in 7 sessions [5].

2 General Characteristics of Aging Processes

2.1 Classical Aging Effects

The ’classical’ aging effects are the result of chemical reactions occurring in avalanche plasmas

near anodes in wire chambers leading to formation of deposits on electrode surfaces. During gas

avalanches many molecules break up in collisions with electrons, de-excitation of atoms, and UV-

photon absorption processes. Whereas most ionization processes require electron energies greater

than 10 eV, the breaking of covalent molecular bonds and formation of free radicals requires only

3-4 eV, and can lead to a higher concentration of free radicals than that of ions in the gaseous

discharges. Consequently, free-radical polymerization is regarded as the dominating mechanism of

wire chamber aging. Since free radicals are chemically very active they will either recombine to form

the original molecules or other volatile species, or may start to form new cross-linked molecular

structures of increasing molecular weight. When the polymerized chain becomes large enough for

condensation to occur, it will diffuse to an electrode surface.

It is worthwhile to mention that one has to distinguish between formation of polymers in the gas

avalanche near the anode wire and their deposition on electrode (anode or cathode) surfaces. The

polymer deposition mechanism can be viewed as a phenomenon that occurs whenever the gaseous

species fails to bounce back after a collision with an electrode surface, including a surface layer

of molecules previously formed in the gas discharges. Initially, the polymer could be attached to

the surface very weakly, unless some additional chemical reactions take place between the polymer

atoms and atoms of the wire material. Moreover, many free radicals are expected to have permanent

or induced dipole moments so that electrostatic attraction to a wire can also play a significant role in

the polymer deposition process. For the inert gold-plated anode wires the probability for polymers

to stick to the surface is rather small until the creation of the first monolayer of deposits, which may

significantly increase further deposition. The influence of surface wire quality on anode aging and a

model of polymer film growth is proposed in [6]. The importance of reactions between the electrode
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material and polymers produced in avalanches for the deposition mechanism can be illustrated by

the following examples:

• Non-gold anode wires react with fluorine radicals produced in an avalanche to form resistive

metal fluorides. Many studies have demonstrated excellent aging properties, up to 10 C
cm·wire

,

of CF4/iC4H10 (80:20) gas avalanches [7]-[9], which also has the ability to etch silicon-based

and hydrocarbon deposits on previously aged gold-plated wires [10,11]. However, extensive

deposition was observed on unplated wires irradiated in CF4/iC4H10 (80:20) [11,12].

• Exceedingly large aging rates were observed in pure CF4 and in Ar/CF4/O2 (50:40:10) [11]-

[13], which are typical etching gases and reluctant to polymerize. This effect was related to

the chemical processes at the cathode, where trace fluorocarbon deposits were found resulting

in a loss of gas gain and not in a self-sustained Malter discharge.

The self-sustained discharge (Malter effect) [14], which is due to a thin insulating layer deposited

on a conducting cathode by a polymerization mechanism, is one of the most devastating phenomena

of all aging effects. The resistivity of the insulating layer defines the maximum rate capability of

the detector before the onset of field-emission of electrons from the cathode, which starts if the rate

of ionic charge neutralization across the dielectric film is smaller than the rate of ion charge build-

up [15,16]. There exists evidence that certain metal oxide coatings on the cathode and/or simply the

cathode material itself (eg. carbon-loaded polycarbonate foil) may not be conducting enough and

could cause Malter-like breakdowns in the presence of large localized ionization densities [3,16,17].

Several other factors may facilitate its ignition, such as highly ionizing particles, sparks, sharp points

on electrodes causing corona discharges, or thin anode wires [15]. It is easy to ignite Malter currents

in a detector operating with hydrocarbon gases at elevated high voltages [18] or forcing chambers to

breakdown [19]-[21], and in a detector, which has been previously exposed to TMAE gas [22]. The

CRID RICH detector [23] with an excellent 3-dimensional single electron reconstruction capability

allowed the first imaging of the onset of the Malter effect, which starts from sporadic bursts of single

electrons from a localized cathode spot [22]. Such a positive feedback between electron emission

at the cathode and anode amplification will lead to high ionization densities at distinct chamber

locations. This, in turn, can initiate the production of new reactive species at much larger rates,

thus promoting more deposits to form at the same cathode spot to an extent sufficient to establish

a classical self-sustained Malter discharge. The most dangerous consequence of this phenomena is

that the Malter effect could easily spread over a large area, if it goes undetected for a long period

of operation, thus causing irreparable damages to the chamber.

Many experiments have demonstrated that the addition of H2O or alcohols – after the insulating

layer at the cathode is already formed – tends to stabilize the detector operation, but not to cure

the Malter effect [2,3]. When these additives are removed, usually the chamber suffers from Malter
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effect again. Recently, it was discovered that the addition of oxygen (0.02-0.05 %) or CO2 (5 %) to

the damaged chamber, which showed a self-sustained dark current with He/iC4H10 (80:20), could

revert or cure a Malter breakdown in the presence of high current density [18]. When the oxygen

is removed, the chamber can still operate at a high ionization level (although it will start to age

again without additive). It is also worthwhile to mention that the possibility of reanimation of

anode wires aged in hydrocarbon gases by means of sputtering was demonstrated in Ar/O2 (99:1)

and Ar/CO2 (93:7) [24,25]. These effects support results from plasma chemistry, where it is known

that oxygen reacts with hydrocarbon molecules and the end products are volatile CO, CO2, H2O

and H2.

2.2 Wire Chambers vs Plasma Chemistry

While the specific reactions responsible for wire chamber aging are extremely complex, some qual-

itative approach to the aging phenomena in different gases could be obtained from similarities

between chemical processes in plasmas of gas avalanches [2,3,11,12] and those that occur in the

better-understood low-pressure (< 1 Torr) rf (13.6 MHz) plasmas [26,27]. Although many param-

eters (electric field, gas pressure, electron density, power density) are vastly different between the

two regimes, the electron energies are not so different. Also, in both cases the free radicals are most

likely the active species involved in polymer formation.

In plasma polymerization, the overall mechanism of ‘Competitive Ablation and Polymerization’

proves to be a basic principle that describes reactions occurring in a plasma polymerization system.

Considerable fragmentation of the gas molecules or rearrangement of atoms occurs in the plasma

and the extent of the process and the dominating mechanism vary with the types of gases and

the discharge conditions. The most important concept here is that both polymer-forming species

and species that cause ablation (physical or chemical etching) of materials are created in the

plasma of the original gas. The significance of this concept is fully established in perfluorocarbon

plasmas, which represent the most extreme case of ablation competing with polymer formation.

Actually, CF4-based gases are used for both etching and deposition processes, the distinction being

made by the gas and its concentration with which CF4 is mixed. In general, the addition of

oxygenated species shifts the chemistry of CF4 plasmas towards etching, while the addition of

hydrogenated species shifts the chemistry towards polymerization [26,28]. In the former case, the

dissociative products of CF4 and O2 are the most desirable active species for the etching processes

in plasmas [29]-[32]. For the latter case, in the absence of hydrogen, products of the CF4 discharge

could act as an effective etching gas especially for Si-based deposits, which react with fluorine to

form volatile SiF4. The addition of hydrogen atoms or molecules to CF4 scavenge F atoms by

the formation of more stable HF and produces a mixture with carbon-enriched (CF3, CF2, CF )
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residues. As the ratio of F/C decreases, perfluorocarbons polymerizes readily, i.e. the balance

shifts from ablation to polymerization [28,33]-[35]. For instance, very fast polymer formation was

observed in C6F6 and C2H2F4 plasmas [28]. On the other hand, hydrofluoric acid can chemically

attack HF -soluble materials existing in the system. Under certain conditions, Si-etching can be

accompanied by the polymerization of the etching gas CF4 on the Si-substrate [29,36,37].

Correspondingly, recent results from wire chamber operation also show that both polymerization

and etching phenomena can occur in CF4-based gases (see section V). Particularly, using the

same experimental setup, a lack of apparant aging have been observed in CF4/iC4H10 (80:20)

and CF4/iC4H10 (50:50) mixtures, whereas heavy carbonaceous deposits were observed on the

gold-plated wires in CF4/iC4H10 (95:5), CF4/iC4H10 (20:80) and CF4/C2H4 (95:5) gases [11].

Two other examples, where conclusions from plasma chemistry are qualitatively applicable to

wire chambers are:

• In plasma chemistry, most organic compounds with oxygen-containing groups are generally

reluctant to form polymers. For example, water in plasmas could act as an efficient modifier

of the polymer chain-growth mechanism by reacting with polymer precursors and forming

volatile species (up to 50 % H2O was added to the plasma feed gas) [26]. In wire chambers,

the addition of water (a few hundred to a few thousands ppm of H2O) has been found to

effectively suppress polymerization effects [38,39], to prevent Malter breakdown [18,40,41],

or even to restore the original operation in aged counters [42,43]. There is more than one

mechanism by which H2O/alcohols can help in wire chambers [15,44]. Because of the large

dipole moment, these molecules will tend to concentrate near the electrode surfaces, where

polymerization takes place. Water has an additional advantage in wire chambers since it

increases the conductivity of the partially damaged electrodes - a property that can have

adverse effects in a MSGC [4].

• In plasmas, the characteristic polymerization rate of Si is higher than for C [28]. From the

viewpoint of wire aging, even minor traces of Si-pollutants in the gas have a much higher

tendency to create deposits, than similar amounts of hydrocarbon molecules.

It has to be stated, though, that the absence of corresponding systematic studies in plasma

chemistry with parameters similar to wire chambers (atmospheric pressure, power densities, gas

mixtures) does not allow any quantitative comparisons between the plasma chemistry and wire

chamber processes.
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3 Experience from laboratory R & D experiments.

Over the last few decades an impressive variety of experimental data has been accumulated from

laboratory tests and detectors installed at high energy physics facilities. However, there are many

contradictory experiences obtained in seemingly identical conditions, which means that we do not

always control all parameters that influence aging effects. It is now well established that – even if a

low aging rate can be obtained in the laboratory with very pure gas and otherwise clean conditions

– large-area detectors using the same mixture can fail due to severe aging after a relatively small

beam exposure. However, experience from the laboratory, where operating conditions are much

better controlled, can be used to understand some general principles and might help to implement

these results successfully in large chambers.

There are a lot of experiments that clearly indicate premature aging in Ar/CH4 mixtures ex-

posed to intense radiation [38,45]-[49]. Moreover, the aging rate in Ar/CH4 (90:10) was found to be

mainly a function of current density, i.e. the product of irradiation rate and gas gain, independently

from electrode material and purity of methane [50,51]. This observation indicates that CH4 itself

polymerizes in the avalanche plasma due to the hydrogen deficiency of radicals and their ability

to make bonds with hydrocarbon molecules [3,26], and similarly for all hydrocarbon gases. Under

certain conditions the aging rate in Ar/C2H6 with alcohol can be strongly reduced [52,53]. How-

ever, noble gas/hydrocarbon mixtures are not trustworthy for long-term, high-rate experiments.

In order to suppress polymerization of hydrocarbons, oxygen-containing molecules can be added

to the mixture. For Ar/CH4/CO2, measurements have shown that sensitivity to aging decreases

with decreasing CH4 and increasing CO2 content [24].

Dimethylether (DME) appeared in the 1986 workshop as a good quencher and a reasonably good

radiation-hard gas for wire chambers operated at high intensities. The aging rate in DME tends

to be lower than the polymerization rate of ordinary hydrocarbons [2] and several groups reported

the absence of aging effects in wire chambers up to large values of accumulated charge [6,50,51,54].

However, the aging effects in DME appear to be highly sensitive to traces of pollutants at the ppb

level, which are difficult to keep under control in large detectors. There is also evidence of high

chemical reactivity of DME, which requires a careful material selection for detector assembly and

gas system components [55].

Attempts were made to replace organic quenchers with aging resistant ones, like CO2. The

Ar(Xe)/CO2 gases could be in principle absolutely radiation resistant under clean conditions; up

to now, there is no well-established mechanism, which could lead to the formation of anode deposits

in these mixtures. Stable operation up to ∼ 1 C
cm wire

was reported for Ar/CO2 [2,3,56,57] and up

to ∼ 5 C
cm wire

for Xe/CO2 mixtures [58]. However, a gradual decomposition of CO2 can also occur

and the resulting pure carbon can be deposited specifically at the cathode [24,59]. Sometimes this
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carbon layer does not affect the performance of drift tubes [24]. Recent systematical aging tests

were performed for the ATLAS muon aluminum drift tubes. In order to guarantee reproducibility of

the results and to study aging behavior under different operating conditions, 26 tubes with Ar/CO2

(93:7)+600 ppm H2O mixture have been irradiated with an Am241 source up to an accumulated

charge of ∼ 1.3 C
cm wire

and 47 tubes with Ar/CO2 (90:10) gas were exposed to a Cs137 source

up to ∼ 0.6 C
cm wire

[25,60,61]. All tubes were 100 % efficient at the end of these aging runs,

however, these measurements represented an average performance of the wire over a length of 3 m

and were not sensitive to local inefficiencies. It should be mentioned, that the aging performance

of Ar/CO2 is sensitive to traces of impurities. Si-based pollutants are one of the sources of

aging in Ar/CO2, probably due to the production of non-volatile SiO2 [57,60,62,63]. Several other

experiments also observed aging effects in Ar/CO2, however, the reasons of the gain reduction were

not identified [6,25,64,65].

The identification of radicals and fragments formed in the electron avalanches is a means to

understand and eventually overcome the problems related to the aging of gaseous detectors [3,66–

68]. A recent investigation of avalanche products has shown that seventeen new compounds were

identified in the effluent gas stream from an irradiated proportional counter with Ar/C2H4 (50:50)

mixture [69]. Some of the observed species (aliphatic hydrocarbons) contained double or triple

bonds which, similar to plasma polymerization, can be easily ’opened’ in the discharges and poly-

merize very aggressively. The systematic analysis of light emission spectra in proportional counters

may also provide useful information about basic physics processes in electron avalanches [70,71].

4 Experience with ‘standard radiation level’ detectors.

4.1 Classical Wire Chambers.

For a long time, classical wire chambers of various designs with many thousands of wires have been

used for large-area tracking detectors in the ‘standard radiation levels’ experiments, i.e. with total

collected charges < 50 mC/cm for the whole period or running. Basic rules for the construction and

operation of these detectors are known. Moreover, many of the large wire chambers were built and

demonstrated to work [2,3,72]. Nevertheless, recent experience with large systems still shows the

appearance of aging effects associated mainly with hydrocarbon polymerization and with presence

of pollutants in the gas system.

A time expansion chamber filled with CO2/iC4H10 (80:20) mixture successfully operated as

a vertex detector of the L3 experiment at LEP. After an accumulated charge of 10−4 C
cm wire

col-

lected during 11 years of running, there was no sign of aging [73]. Classical aging effects (Malter

effect or/and sense wire deposits) have been observed in the H1 Central Jet Chamber operated
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with Ar/C2H6 (50:50) + 0.1 % H2O and in the ZEUS Central Tracking Detector filled with

Ar/CO2/C2H6 (83:12:5) + 0.5 % C2H5OH at the HERA ep-collider. In the former case, the

replacement of 0.1 % H2O with 0.8 % of ethanol cured the Malter effect and stabilized the detec-

tor operation [74], while for the latter case the aging problem was alleviated by the addition of

H2O [75]. In both systems there was no clear indication that polymerization is ‘fed’ by the presence

of impurities in the gas system, indicating that hydrocarbons are the likely source of chamber aging.

An abundance of literature exists describing the dramatic effect of certain gaseous constituents,

which may be either due to the contaminants initially present in the gas system or that result from

outgassing of construction materials upon the aging rate of wire chambers. Several examples of

large systems, where the presence of pollutants increased the aging rate many times, have been

reported in [76,77]. While laboratory tests with prototype chamber indicated negligible aging rates

(R < 10 %/C/cm), a much larger aging rate (1000 %/C/cm) was observed in the large Central

Tracking Chamber of the CDF experiment operated with Ar/C2H6 (50:50) + 0.1 % alcohol. The

analysis of the aged sense wires showed the presence of C, O and Si elements. After cleaning

the gas system components and making changes to reduce aerosols emanating from an alcohol

bubbler, the aging rate was greatly reduced allowing the detector to operate without dramatic loss

in performance. The presence of Si is to be pointed out here since silicon has been systematically

detected in analysis of many wire deposits, although in many cases the source of Si-pollutant has not

been clearly identified. The Si-compounds are found in many lubricants, adhesives and rubber,

encapsulation compounds, silicon-based grease, various oils, G-10, RTV, O-rings, fine dust, gas

impurities, polluted gas cylinders, diffusion pumps, standard flow regulators, molecular sieves, and

their presence may not necessarily be noted in the manufacturer’s documentation [2,3,51]. Because

of a high specific polymerization rate Si molecules should be avoided in the detector system at

all cost. Consequently, if there is a question whether or not some device may incorporate silicon

compounds it should be subjected to additional aging test. Another example is the D0 WAMUS

muon drift chambers, which suffered fast anode aging when operated with an Ar/CF4/CO2 (90:6:4)

mixture. Here, the source of the contaminant was outgassing of glass-steel polyester epoxy resin

used in the construction. A cold-trap added to the gas recirculating system reduced the aging rate

by a factor of ten, while the extreme method of quickly heating the wires just below their melting

point (‘zapping’) succeeded in blowing hardened sheaths of outgassing products off of the wires;

thus completely cleaning the aged gold wires ‘in-situ’ [77].

The chosen examples underline the importance of having control over all detector parameters,

but often it is quite difficult to draw final conclusions since nominally identical detectors connected

to the same gas circuit may perform very differently [74,77]. In some cases it might be possible to

eliminate harmful impurities by installing appropriate filters or cold traps in the gas system [76,77].

Many helpful guidelines for construction and operation of classical wire chambers at ‘low’ rates,
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which have been compiled over the past 40 years, are summarized in [78] as follows:

• Create a moderately clean environment during detector construction and clean the gas system

components prior to start of operation;

• Avoid the presence of ‘bad’ molecules in contact with active gas (Si, halogens, sulphur, plas-

ticizers, outgassing) [2,3];

• A huge variety of gases can be successfully used (noble gases, hydrocarbons, freons, CO2,

DME, H2O, alcohols,‘magic gas’,...);

• Hydrocarbons are the most likely source of aging (effect is more pronounced in presence of

contamination or under discharges, sparks, Malter effect). Even with addition of water/alcohol

the improvements are still limited and it is problematic to consider them for high rate appli-

cations;

• If aging effects are observed despite taking all of the above precautions, add suitable additives

and/or identify the source of pollution and clean the gas system.

4.2 Resistive Plate Chambers.

In the 1990’s, Resistive Plate Chambers (RPC) were proposed as an economical and proven technol-

ogy ideally suited for large-area detection systems. For example, both the Belle and BaBar experi-

ments have instrumented their flux returns with RPC’s operated in streamer mode. However, high

chamber currents started to show up in Belle’s RPC’s almost immediately upon installation. This

problem was related to the presence of high levels of water (∼ 2000ppm) in the gas, which perme-

ated through the walls of the polyethylene tubing. Operating the RPC’s with Ar/C4H10/C2H2F4

(30:8:62) plus water in streamer mode led to the formation of hydrofluoric acid that etched the

electrodes made from ordinary glass. This resulted in the creation of emission points triggering

chamber currents. The problem was finally solved by replacing the plastic tubes with copper ones

(H2O < 10ppm) [79].

In the BaBar RPC’s the electrodes are made of Bakelite coated with linseed oil. After an initial

period of successful operation with an Ar/C4H10/C2H2F4 mixture, the RPC’s started to show a

permanent reduction in efficiency and an increase in dark current. The main conclusion of the

subsequent extensive R&D studies related the BaBar RPC problem to the lack of polymerization

of the linseed oil and formation of oil droplets under the influence of high temperature and high

currents [80]. Further efficiency deterioration mechanisms, that may play an important role in

BaBar’s RPC’s have been proposed by J. Va’vra [15]. He suggested that this problem could be

due to an electrochemical change of resistivity of fresh linseed oil, modulated by the presence of

water in the RPC’s. A positive example is the L3 RPC at LEP, which operated at a very low
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particle flux over 8 years without significant loss of efficiency [81]. In contrary to RPC’s used in

streamer mode at the Belle, BaBar and L3 experiments, the future LHC experiments will operate

RPC’s in proportional mode, which is desirable in terms of total accumulated charge per particle.

However, much higher particle fluxes at the LHC require more systematic R&D studies of the

RPC technology, since many processes could degrade their performance under high-rate conditions.

Recent results of aging tests for ATLAS, CMS and LHC-B RPC’s indicate that under the right

circumstances RPC can withstand large integrated doses [82]-[84].

It should be stressed though that the problems with Belle and BaBar RPC’s are not ‘classical

aging effects’, but rather unpredictable surface effects, related to the specific choices of materials

and operating conditions.

4.3 Gaseous Photodetectors.

Gaseous photon detectors used in high energy physics experiments must ensure an efficient way of

converting UV photons to electrons with a subsequent detection of single photoelectrons [85,86].

For gaseous converters, systematical aging studies have been carried out with TMAE and TEA

vapors [87]-[89], which are added to the carrier gas to provide photoionization capability [90].

TMAE is the best material in terms of quantum 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

with elevated currents [89,95]; unfortunately this recovery is followed by a quick drop in gain [96,97].

In addition, all photosensitive materials, and, most probably, their various aging products are good

insulators and may excite self-sustained currents when deposited on the cathode [86]. Systematic

studies with TMAE and TEA also allowed to establish basic dependencies between the aging

behavior and dissociation energy or wire diameter [91]:

• aging rate for TMAE is larger than for TEA (TMAE molecule is more fragile than TEA);

• aging rate for TMAE and TEA is inversely proportional to the anode wire diameter;

At low rates, the possibility to use gaseous photon detectors on a very large scale at long-term

with hydrocarbon/TMAE gases has been demonstrated for large 4π devices (e.g. SLD CRID and

DELPHI RICH) [86]. It is worthwhile to mention, that the high reactivity of TMAE with oxygen

and other substances necessitates a very high degree of cleanliness and leak-tightness for gas systems

in these detectors.

In recent years, there has been considerable work in the field of photon imaging detectors by

combining solid photocathodes (CsI) and wire chambers or gaseous electron multipliers. However,

several aging tests also revealed degradation of CsI photocathode quantum efficiency for very high

rate environments; a collection of existing aging data for these can be found in [86,91,92,98]-[101].
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5 Aging Experience with High-Rate detectors of the LHC

era.

The most recent developments in high-energy physics require a dramatic increase of the radiation

intensity encountered by gaseous detectors: from mC/cm/wire for the ‘standard radiation level’

detectors up to C/cm/wire for the new high-rate experiments of the LHC era (HERA-B, LHC).

Among the most critical items that affect the lifetime of gaseous detectors (apart from the gas

mixtures) are the materials in contact with gas, assembly procedures, gas mixing and distribution

systems, and tubing. In section III.A we discuss the outgassing properties of several materials and

general rules for assembly of high-rate gaseous detectors and gas systems, while sections III.B-D

contain the summary of the recent experience with aging problems in gaseous detectors operated

at extremely large particle fluxes.

5.1 Choice of Materials for Detectors and Gas Systems

The increasingly challenging requirements for building and testing the next generation of large-area

gaseous detectors has demanded a concerted effort towards finding adequate materials for detectors

and associated gas systems. Many non-metallic ‘good materials’ successfully used in the ‘standard

radiation level’ detectors might nevertheless outgas at a small level, thus causing fast aging under

high rate conditions. The lifetime studies of Microstrip Gas Chambers (MSGC) in high intensity

environments, which also had the greatest impact on the understanding of aging phenomena in all

types of gaseous detectors, demonstrate that the amount of pollutants in the gas system play a

major role in determining the aging properties of the detector [4]. Consequently, the outgassing

from materials, epoxies, joints, tubing, etc. has to be carefully controlled. For obvious reasons,

the use of glues, plastics and many organic materials is unavoidable in particle detectors. It is

therefore very important to choose materials, which are suitable for the practical mechanical and

electrical assembly of a gaseous detectors, in terms of their possible outgassing effects and radiation

robustness.

It is suggested to start by searching for low-outgassing materials in a NASA database, which

was originally developed for selecting spacecraft materials [51,102]. It contains more than 1600

entries for adhesives, 500 entries for rubbers and elastomers, 800 entries for potting materials. This

list can help to pre-select assembly materials before doing tests matching the specific requirements

of each detector.

A large amount of outgassing data for epoxy compounds, adhesive tapes, leak sealers, rigid

materials, O-rings, and plastic pipes have been accumulated in the framework of the RD-10 project

at CERN, which afterwards was merged with the more specific research on MSGC within the
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RD-28 project. In the RD-10 tests, an outgassing box, placed upstream of the strongly irradiated

wire counter, was used to introduce samples of materials into the gas stream, thus allowing a

systematic study of outgassing effects on the chamber lifetime. Furthermore, the gas flowing from

the chamber was analyzed with a Gas Chromatograph (GC) and Mass Spectrometer (MS) or

Electron Capture Device (ECD). While for some materials only outgassing properties were verified

and materials releasing detectable pollutants were rejected, for other ‘radiation hard materials’ full

evidence of suitability was obtained in long-term aging tests of a validated clean detector. The long

list of candidates recommended to be used in the construction of gaseous detectors can be found

in [2]-[4],[103]-[106] and was summarized at the 2001 workshop [51]. The effect of outgassing from

materials on the lifetime of gaseous detector can be illustrated by several examples: Araldit AW103

epoxy mixed with HY991 hardener did not induce any detectable gas pollutants in the GC/MS

and was also validated by irradiating the wire chamber. It is presently used as a glue for the

construction of ATLAS straws [106] and triple-GEM stations of the COMPASS experiment [107].

The GC/MS analysis of another popular epoxy, Araldit106 and HV953 U, extensively used in the

assembly of older MWPC’s, revealed traces of heavy hydrocarbon molecules in the effluent gas

stream, which could be partially responsible for the observation of aging reported in [17,60]. In

fact, this glue has shown the largest outgassing rate among all tested glues in [106]. Interestingly,

outgassing can also be due to an incorrect ratio of hardener to resin or even insufficient curing time;

both factors may largely increase the gas contamination [51,108].

Gas tubes used for the supply of the active gas have always been the object of primary attention

when analyzing aging effects in wire chambers. Electro-polished stainless steel and hydrogen-fired

copper gas pipes are the best choices for gaseous detectors operated in high-rate environments,

since they are free of outgassing and ensure zero gas permeability. However, due to their high price

and concerns for the material budget in the active area of the detector, many experiments often

use cheaper plastic tubes, although these are susceptible to outgassing, have high gas permeability

and can consequently cause severe aging. Particularly, PVC, Teflon and neoprene rubber tubes

contain halogen atoms in molecular chains, which are known to increase drastically the aging

rate [2,3]. Polyethylene tube outgasses water, large alcanes and substituted aromatics [67]. One

of the classical examples, cited by many authors, shows that the introduction of PVC pipe can

initiate a gain reduction, which continues with the same rate even after the PVC tube is replaced

with the original stainless steel tubes [20]. This indicates a potentially very serious problem: one

can cause permanent damage to a detector by a wrong choice of material even for a limited period

of time. Therefore, one should use as much steel as possible for gas supply lines, especially in parts

exposed to high radiation doses.

Up to now, there is no strong objection to the use of nylon (polyamide, RILSAN) tubes if

they are not too long. However, plastic pipes usually introduce water to the gas due to the
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natural outgassing and/or due to the diffusion of air humidity through the walls: as much as

∼ 1700 ppm of water can be added to the gas by placing 20 m of nylon pipe at the chamber

inlet [51]. Particularly, nylon tubes were used to introduce water indirectly to the chamber for

curing Malter breakdown [40]. However, the presence of water can cause ‘bad’ surface chemistry

as described above and is therefore extremely dangerous for certain RPC and MSGC detectors.

The general recommendations concerning the choice of assembly materials and rules for the

mechanical construction of high-rate detectors, which includes adequate assembly procedures, per-

sonnel training, quality checks, final testing as part of fighting against the aging, have been reported

at the workshop in [51,78]. There are clearly many ‘bad’ and a lot of usable materials. However, a

specific material is either adequate or not for a particular detector type and operating conditions -

one has to do tests matching the specific requirements of the experiment. Finally, no spontaneously-

chosen materials should be installed in the detector or gas system in the last minute, before the

start of real operation.

5.2 Micro-pattern Gas Detectors.

Future high-luminosity experiments have prompted a series of inventions of new high-rate gaseous

detectors: MSGC, MICROMEGAS, Gas Electron Multipliers (GEM) and many others [109,110].

The systematic research of the physical parameters used to manufacture and operate MSGC’s, such

as substrate and assembly materials, metal for the strips, and type and purity of the gas mixtures

play a dominant role in determining their long-term stability [4,111,112]. Despite the promising

performance of MSGC’s (high-rate capability, good space accuracy, and excellent multi-track resolu-

tion), there are several major processes, particularly at high rates, leading to operating instabilities:

charge-up of substrates, destructive microdischarges, and surface deposition of polymers [4].

The influence of glass conductivity has been verified for MSGC’s: the use of borosilicate glass

as a substrate results in rate-dependent modification of gain due to the radiation induced variation

of surface resistivity. Use of electron-conducting or diamond-coated glass solves the problems

of short and long-term instabilities for detectors made on insulating support [4]. The problem of

microdischarges, induced by heavily ionizing particles and destroying the electrode structure, turned

out to be a major limitation to all single-stage micro-pattern detectors in hadronic beams [113,114].

The nature and resistivity of the strip material affects the developments of sparks [115]. Aluminum

electrodes are more robust against gas discharges than gold. However, the use of Al electrodes led

to the appearance of ‘bubbles’ or ‘craters’ on the cathode strips even at modest collected charges,

while no aging effects were observed with strips made from gold [116].

Microstrip chambers have been operated with a large variety of gases; to prevent fast aging at

high rates, convincing evidence suggests again to avoid hydrocarbons in the gas [117,118]. Under
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optimal laboratory conditions, absence of any degradation of MSGC performance with Ar/DME

has been demonstrated by many groups up to large accumulated charges [4,112,118]-[121]. How-

ever, MSGC-GEM detectors operated with Ar/DME shows fast aging under X-rays, if the size

of the irradiated area is large enough, while identical chambers with Ar/CO2 showed no ag-

ing [116,122]. Long-term survival without degradation has been also observed for triple-GEM

and MICROMEGAS-GEM detectors, operated with Ar/CO2 [123,124]. Unfortunately, Ar/CO2

mixtures have worse quenching properties and are more prone to discharges than Ar/DME. Pro-

tection against sparking can be significantly improved by adding a small amount (∼ 0.3 %) of H2O

to the MSGC. However, in contrary to wire chambers, such an addition of water led in one case

to massive coating on the anode strips both in Ar/DME and Ar/CO2 mixtures [4,116]. These

observations underline the importance of careful selection of materials and gas mixtures for high-

rate applications and of treating micro-pattern detectors as delicate devices during production and

running phases.

5.3 Choice of Gas Mixtures.

Future high energy and luminosity experiments pose a new challenge for gas mixtures, raising

the requirement for their radiation hardness up to ∼ 1 C
cm wire

per year. Under these constraints

only a limited choice of gases is available, and from the ‘conventional mixtures’ only Ar(Xe)/CO2

is demonstrated to tolerate such doses. Unfortunately, these mixtures are quite transparent for

photons and have a low electron drift velocity, which limits their possible application for high-rate

detectors and large drift distances.

About twenty years ago, CF4 was proposed as the most attractive candidate for high-rate envi-

ronments [125]-[127]. This is primarily due to the high-drift velocity, high primary ionization, low

electron diffusion and resistance to aging [13,128,129]. Within the broad spectrum of gas mixtures,

there is no gas mixture without CF4 that is able to tolerate doses ∼ 10 C
cm wire

. It is believed

that, when CF4 dissociates in the gaseous discharges into highly reactive CFx and F radicals, the

atomic fluorine is very effective in suppressing polymerization effects. However, Ar(Xe)/CF4 mix-

tures have rather poor energy and spatial resolution due to the dissociative electron attachment

processes in CF4 [130]- [132]. Moreover, the CF4 molecule has a small quenching cross-sections

of metastable Ar-states [133] and excited CF4 molecules emit photons from the far UV to the

visible [134]. This results in an intolerable level of afterpulsing in Ar/CF4 gases even at moderate

gas gains. The advantage of the enhanced drift velocity of CF4 for high-rate applications have been

realized by the addition of one of the common quenchers (e.g. CO2, CH4) to CF4 or to Ar/CF4.

This can also ‘cool’ electrons to the extent that attachment does not occur.
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5.4 Lessons learned from detector operation at high ionization densi-

ties.

Accelerated aging tests, often carried out with radioactive sources or X-rays to emulate the long-

term lifetime properties of the detector, can be extrapolated to the real experimental conditions

directly only if the aging rate depends on the total collected charge and not upon the current

density, particle rate, or gas gain at which the dose was accumulated. In reality, many laboratory

studies have demonstrated severe gain losses at lower charge accumulation rates, other conditions

being held constant [4,7,20,42,48,50]. The lower polymerization rate for higher current densities is

attributed to the onset of space charge effects, which reduce the electron energies in the avalanche,

thus decreasing the density of ions and radicals in the avalanche plasma.

The new generation of high-rate detectors of the LHC era has not only to cope with high dose

rates, but also has to survive in a hostile presence of heavily ionizing particles with an average en-

ergy deposition 10-1000 times larger than for MIP’s. An exposure of ‘large-scale’ gaseous detectors

over the full area in such a harsh radiation environment at high ionization densities (> 100 nA/cm)

can result in greatly enhanced polymer formation: an abundance of aggresive radicals will diffuse

for rather long times (∼ hours) within the irradiated chamber and will react with other avalanche-

produced polymer fragments. According to this naive picture, this mechanism could significantly

accelerate polymerization in large systems, whereas in small-scale laboratory tests the aging rate

typically decreases with increasing gas flow [3,7,8,25]. Furthermore, polymer deposition in wire

chambers likely starts from localized spots and then can spread over the entire irradiated region.

Since in large, mass-produced systems an extremely high quality for electrode surfaces and clean-

liness of the gas systems are hard to reach, any imperfections – in the presence of high currents –

could easily trigger sparks, discharges or Malter currents, which will in turn dramatically increase

the polymerization rate.

Recent systematic research clearly demonstrates that the initial stage of radiation tests usually

performed in the laboratory may not offer the full information needed to estimate the lifetime of

the real detector. Strong dependence of aging performance upon size of the irradiated area,

current density, high voltage (gas gain), irradiation rate, particle type and energy have

been observed in high-rate environments.

Severe anode and cathode aging effects were found in prototype honeycomb drift tubes operated

with CF4/CH4 (80:20) and Ar/CF4/CH4 (74:20:6) mixtures in the high-rate HERA-B environment

(secondaries from interactions of 920 GeV proton with target nucleus) after a few mC/cm of

accumulated charge [16,17,135–137]. This effect was surprising since chambers had previously been

proven to be immune to very large X-ray doses up to 5 C/cm. An extensive R&D program,

carried out at 10 different radiation facilities to resemble HERA-B conditions, revealed that X-rays
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or electrons were not able to trigger Malter currents, while in the large-area modules, irradiated

with hadrons above a certain energy, Malter effect appeared very rapidly. The aging effects in

these honeycomb drift tubes were traced to a combination of several problems; a solution which

uses gold-coated cathode foils and a Ar/CF4/CO2 (65:30:5) mixture was found to survive in a

high-rate hadronic environment up to ∼ 1 C
cm wire

[17].

The aging performance of the HERA-B muon proportional chambers has been studied with

Ar/CF4/CH4, CF4/CH4, and Ar/CF4/CO2 mixtures in a variety of conditions [138]-[141]. The

aging rate in Ar/CF4/CH4 was found to be more than two orders of magnitude higher in hadronic

beams than in the laboratory studies with radioactive sources. In addition, strong dependences of

the aging properties on high voltage and progressive deterioration of the gas gain in the direction

of the serial gas flow have been observed for large-scale prototypes irradiated with Ar/CF4/CH4

(67:30:3) in the harsh HERA-B environment. Aging effects increasing in the direction of the

serial gas flow (even outside the irradiation zone) have been also reported for a Ar/CO2/C2H2F4

mixture [142]. A strong dependence of the aging properties on high voltage, irradiation rate, length

of irradiation and gas flow rate has been also observed in the ATLAS muon drift tubes operated

with Ar/CH4/N2/CO2 (94:3:2:1) [24,25,60,61]. Here, the systematic R&D studies have shown

a nearly exponential dependence of chamber lifetime on high voltage and on the counting rate

within the experimentally investigated parameter range. Unfortunately, the high voltage is not

the physical quantity directly responsible for aging in wire chambers, therefore, these aging effects

could be classified as depending on the gas gain and/or current density, which are related to the

density of ions and radicals in the avalanche plasma.

Dependence of polymer formation on the energy input is well established in plasma polymeriza-

tion. Nearly all organic compounds regardless of their chemical nature can be polymerized under

certain conditions. The structure of plasma polymers formed from the same monomer is highly de-

pendent on the actual conditions of polymerization: the energy input level, the size (cross-sectional

area) of a tube and even on the position within the reactor [26]. The experimental dependence of

chamber lifetime on ionization density, gas gain and irradiation rate, which are also related to the

total dissipated energy in the detector from ionizing particles, indicates that the aging behavior can

not be solely explained on the basis of the molecule ratios in the mixture (gas composition), without

taking into account the actual operating conditions. These results illustrate the need for studying

the aging performance of a detector under conditions as close as possible to the real environment.

The dependence of the detector lifetime on the size of the irradiated area, in particular, and the

increase of the aging rate in the direction of the serial gas flow means that aging should be viewed as

a non-local and intensity-dependent phenomenon. These observations seem to be the most critical

when trying to extrapolate the aging behavior from laboratory tests to large-scale detectors. Some

of the long-lived aggressive radicals may diffuse in the direction of the gas flow and react with other
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avalanche generated contaminants, thus enhancing aging effects with increasing usage of the gas.

Here it is important to note that due to the increased aging in the direction of the gas flow it is

worthwhile to avoid gas distribution systems that supply many chambers by a serial flow.

Figure 1: Various manifestations of damage to the gold-plating of wires: a) amorphous WO de-

posits [147]; b) long piece of gold peeled away from the wire surface [148].

As reported above, polymer deposition can occur in CF4/CH4 mixtures, as suggested by plasma

chemistry. Similarly, the aging properties of Ar(Xe)/CF4/CO2 gases, which by analogy with

plasma experiments should have excellent etching properties, have been widely investigated over

the last years. Using Ar/CF4/CO2 mixtures under optimal operating conditions, no observable

drop in gain due to polymerization has been found for the HERA-B honeycomb drift tubes up to

1.5 C/cm [17], HERA-B aluminum proportional chambers up to 0.7 C/cm [138], CMS cathode

strip chambers up to 0.4 C/cm [143], 13 C/cm [63], LHCb multi-wire proportional chambers up

to 0.25 C/cm [144], COMPASS straw tubes up to 1.1 C/cm [145] and HERMES drift tubes up to

9 C/cm [146]. Moreover, honeycomb drift tubes which were initially aged with Ar/CF4/CH4 were

afterwards successfully recovered in Ar/CF4/CO2 [17]. However, an analysis of the cathode surfaces

at the end of operation with Ar/CF4/CO2 revealed in some cases the presence of fluorine-based

deposits on the cathodes, which fortunately did not result in self-sustained currents [63,138,143].

Since dissociative products of CF4 react violently with many materials and the resultant poly-

mer films at cathodes could provoke aging effects one should seriously consider using materials

in high-rate detectors which are very robust to CF4; gold-plated electrodes [17] or straw cathode

materials [147] fulfill this requirement.

A further advantage of CF4-based mixtures is additional resistance against Si-polymerization.

This suggestion is based on experiences from plasma polymerization, where discharges of CF4/H2

are successfully used for SiO2 etching, while CF4/O2 plasmas selectively etches Si [29]. Extensive

studies performed for the ATLAS straws partially confirm this hypothesis: Si-deposits have not

been observed in irradiation area for large current densities (> 1 µA/cm). On the other hand,

SiO/SiO2-deposits were found at the edges and even outside of the irradiated area. The resulting

balance between Si polymerization and CF4 etching processes was found to be very sensitive to
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the Si-source intensity and ionization density [147].

In the most recent investigations at extremely high current densities (∼ 1 − 5µA/cm) in

Ar(Xe)/CF4/CO2 mixtures a new ‘aging phenomenon’ has appeared - the damage of the gold-

plating of wires in straws and honeycomb drift tubes. Several years of intensive research at CERN

with straw tubes under different conditions and for different types of wires indicate that the main

components responsible for gold wire damage in Xe/CF4/CO2 (70:20:10) are harmful radicals,

products of CF4 disintegration, in connection with H2O. (It was suggested that HF acid could be

responsible for destruction of gold-plating and formation of WO deposits). No wire damage effects

have been observed for water concentrations below 0.1 % up to 20 C/cm ! [147]. Dedicated studies

with straw tubes performed at PNPI with Xe/CF4/CO2 (70:20:10) and Ar/CF4/CO2 (60:30:10)

mixtures demonstrated that under high 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 [148]-

[150]. Similar effects have been observed for wires irradiated in a Ar/CO2/C2H2F4 mixture [142].

The authors propose a model to explain the results - an anode wire ‘swelling’ mechanism, where

the forces causing the damage to the wire surface develop under the gold layer of the wire [149].

Fig. 1 shows examples of a variety of wires with damaged gold-plating from [147,148]. In contrary

to the experience with straws, in one test with honeycomb drift tubes irradiated with Ar/CF4/CO2

(65:30:5) the destruction of gold coating and even rupture of anode wires have been observed only

for water concentration below 50 ppm, while for H2O > 400 ppm, gold wire damage effects were

avoided [151,152]. Further studies still remain to be done to fully understand the exact mechanism

of gold wire damage during operation at high ionization densities. Although no F -based deposits

were observed on the anode wires in any of the tests, the chemically reactive dissociative products

of CF4 most probably initiate the destruction processes of gold-plating.

Studies of straw proportional tubes with Xe/CF4/CO2 mixture revealed another phenomenon,

which might degrade detector performance in high rate experiments. The gas composition was

found to be modified in the avalanche plasma of a strongly irradiated straw, presumably due to

the production of some long-lived and highly electro-negative species [153]. These electro-negative

radicals could be also responsible for the so-called ‘transient aging effect’ observed at high-rates

in Xe/CF4/CO2 [154], Ar/CF4/CO2 [151] and Ar/CF4/CH4 [138]. A ‘transient aging effect’ is a

temporary gain reduction, which can be restored by an appropriate increase of the gas flow. The

very high aggressiveness of dissociative products of CF4 and the dynamic modification of the gas

composition requires more detailed studies to evaluate the possible consequence of these effects

on the long-term performance and stability of large-area gaseous detectors. In view of the aging

results described here, one can see that the presence of large amounts of CF4 in the mixture does

not necessarily ensure good aging properties automatically.

The challenge to avoid aging in the new generation of high-rate experiments requires not only
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a very careful choice of all detector materials, but also forces the gas systems to be of previously

unnecessary quality and cleanliness. However, a real system will always contain some degree of

imperfection and pollution – despite all precautions. It has to be stressed here that in closed-loop

recirculation systems, which are required for detectors operated with expensive gases (Xe, CF4)

all impurities and reactive radical fragments will remain in the gas until they are removed by a

purification system or deposited elsewhere. Therefore, for the construction of large-area gaseous

detectors 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 [155,156]. Certainly, the definition of the word ‘clean’ has changed considerably since

the 1986 workshop.

6 Summary

Aging phenomena obviously constitute one of the most complex and serious problems which could

limit the use of gaseous detectors in unprecedently severe radiation environments. The operation

in high-intensity experiments of the LHC era demand not only an extraordinary radiation hardness

of construction materials and gas mixtures, but also appropriate assembly procedures and quality

checks during detector construction and testing. Since the 1986 workshop, considerable progress

has been made on the understanding of general principles which might help to prevent or at least

to suppress the aging rate to an acceptable level. However, a quantitative description of the aging

processes, which would require a detailed knowledge of the reaction cross sections of all chemical

species in the avalanche plasma, is still not available.

After the many years of intensive research and development of radiation-hard gaseous detectors,

an impressive variety of experimental data has been accumulated. The radiation hardness and

outgassing properties of the various materials used for the construction of detectors and gas systems

are among the most crucial items affecting the lifetime of gaseous detector. However, the observed

dependences of aging performance on the nature and purity of the gas mixture, different additives

and trace contaminants, construction materials, gas flow, size of the irradiated area, irradiation

intensity, ionization density, high voltage, particle type and energy, make quantitative comparisons

of aging properties under very different conditions very difficult. Consequently, this data can serve

only as a guideline before the start 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 chambers, exposed over the full area to a realistic radiation profile

(particle type and energy, ionization density, irradiation rate). It is of primary importance to

vary the operating parameters systematically in order to investigate their possible influence on the

aging performance. In order to exclude statistical fluctuations of unknown nature and to provide
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a reliable estimate for the detector lifetime, the radiation tests should be carried out with several

detectors irradiated under identical conditions.

This paper is based on the results reported at the DESY workshop, and also briefly discusses

other experience with gaseous detectors relevant to the present aging problems. Transparencies and

videos of presentations from the ‘International Workshop on Aging Phenomena in Gaseous Detec-

tors’ (DESY, Hamburg) are available at the workshop’s web-page (http://www.desy.de/agingworkshop).

The proceedings of the workshop will be published in a special volume of Nuclear Instruments and

Methods: Section A.
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Abstract 

The results of ve years of development of the inner tracking system of the HERA- 
B experiment and rst experience from the data taking period of the year 2000 
are reported. The system contains 184 chambers, covering a sensitive area of about 
(20 x 20) cm2 each. The detector is based on microstrip gas counters (MSGCs) 
with diamond like coated (DLC) glass wafers and gas electron multipliers (GEMS). 
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The main problems in the development phase were gas discharges in intense hadron 
beams and aging in a high radiation dose environment. The observation of gas 
discharges which damage the electrode structure of the MSGC led to the addition 
of the GEM as a rst ampli cation step. Spurious sparking at the GEM cannot be 
avoided completely. It does not a ect the GEM itself but can produce secondary 
damage of the MSGC if the electric eld between the GEM and the MSGC is above 
a threshold depending on operation conditions. We observed that aging does not 
only depend on the dose but also on the spot size of the irradiated area. Ar-DME 
mixtures had to be abandoned whereas a mixture of 70% Ar and 30% COz showed 
no serious aging e ects up to about 40 mC/cm deposited charge on the anodes. 
X-ray measurements indicate that the DLC of the MSGC is deteriorated by the gas 
ampli cation process. As a consequence, long term gain variations are expected. The 
Inner Tracker has successfully participated in tlie data taking at HERA-B during 
summer 2000. 

Key words: MSGC, MSGC-GEM, Gas aging, Discharges, HEM-B 
PACS: 29.40.G, 29.40.C, 07.85.F, 81.4O.C, 52.80 

1 Introduction 

The HERA-B experiment [l] was designed with the goal to measure CP violation in the 
B-system. It started operation at DESY, Hamburg in spring 2000. Neutral B-Mesons 
are produced by interactions of 920 GeV protons on a stationary nuclear target followed 
by a magnetic spectrometer. Since the B cross section is very low, the experiment was 
planed for an interaction rate of 40 MHz to obtain an acceptable B production rate. The 
detectors therefore were designed to withstand the corresponding high particle rates and 
high radiation levels. IC 

To cope with the high particle fl~u which drops roughly as one over the distance from 
the beam axis squared, the main tracking system has been subdivided into two parts 
with different rate capabilities: the Inner Tracker (ITR) near the beam pipe and at  larger 
distance the Outer Tracker (OTR) consisting of drift chambers composed of honeycomb 
structures. 

The outer dimensions of the sensitive area of the ITR are given by the requirement that 
the occupancy per channel of the OTR does not exceed a critical value of 20%. The high 
intensity area can be covered by four MSGC detectors with wafer size of 25x25 cm2 which 
can be realized in industry. The basic geometry of a MSGC detector is shown in Figure 
1. The detectors have a round recess which permits to position four MSGCs around the 
beam pipe. They have to sustain a particle flux of up to 2.106/cm2/s and radiation doses 
of up to 1 Mrad/year. These requirements are very similar to those of the inner tracking 
in the ATLAS and CMS experiments for LHC and are a big challenge for the tracking 

* Work supported by Bundesministerium fur Bildung und Forschung, Deutschland, and the 
Swiss National Science Foundation. 
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Fig. 1. Sketch of a MSGC chamber indicating size and shape of the wafer. 

detector technology. 

The total HERA-B ITR system requires 46 detector planes, each consisting of four cham- 
bers. Each of the 184 chambers has 752 anode strips leading to a total of about 140000 
readout channels. This basic design has remained unchanged, the detector technology, 
however, had to be modified several times as a consequence of R&D work and, especially, 
the results of beam tests. 

At the time of approval of the experiment in 1995, the MSGC technology was claimed to 
be ready for high rate applications [2-41. Very promising test results had been obtained 

operated at high rates with good stability and homogeneous response. Moreover, aging 
tests with Ar-DME (argon-dimethylether) mixtures and clean gas systems were reported 
which were interpreted to demonstrate that these detectors can survive up to 10 years of 
LHC operation (equivalent to about the same time at HERA-B) without severe problems. 
Finally, the production of large size wafers with small error rate at rather low cost was 
promised. 

and published with the claim that MSGCs on ordinary borosilicate glass wafers can be - 

The construction of an inner tracker for HERA-B based on the MSGC technology therefore 
looked rather straight forward when the experiment was approved. In the course of our 
development work we faced however several serious and unexpected problems: 

The production of large size MSGC wafers 25x25 cm2 with acceptable quality and a 
small fraction of broken anodes and cathodes turned out to be difficult. After extensive 
R&D at the company IMT ' , series production of these wafers now has high yield with 
less than 5% interrupted anodes and no shorts. 
hlSGCs based on bare glass (DESAG 263) wafers as proposed were unable to satisfy the 

IMT, Greifensee, Switzerland 
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requirements on gain homogeneity, rate stability and radiation tolerance. These prob- 
lems were solved by the introduction of “diamond like coating” (DLC) which provides 
a well defined electronic surface conductivity of the substrate. 

0 MSGCs with DLC exhibit gas discharges between anodes and cathodes when operated 
in a hadron beam at the required high gas gain. Every discharge damages electrodes 
and in the long run this effect leads to an intolerable number of broken anodes. This 
problem could be solved by the introduction of an additional amplification step using 
the GEM technology [ 5 ] .  

0 The MSGC/GEM technology is vulnerable. We have experienced a series of problems 
with gas discharges at the GEM which subsequently lead to damages of the MSGC 
electrodes. 

0 Moreover, we were repeatedly faced with aging problems due to traces of impurities 
which are very hard to avoid reliably during production of a large series and during 
long term operation. Above all, the Ar-DME mixture originally foreseen as counting 
gas in most MSGC developments showed rapid aging in large area X-ray and test beam 
illumination of detectors. Finally, an Ar-C02 mixture had to be used. 

In the following, major development steps and the most important results are described. 

2 The MSGC detector 

2.1 Detector g e o m e t y  

The electrode structure chosen for the MSGC (type A) has a pitch of 300 m, anode 
width of 10 m and an anode cathode gap of 60 m. 48 chambers (type B) located at the 
downstream end of the tracking have to cover a larger sensitive area. They have a pitch of 
350 
pitch is a compromise between cost of the electronics and maximum tolerable occupancy. 
The relatively large anode width was chosen to minimize the number of anodes interrupted 
during production. The maximum length of an anode in the experiment is 23 cm. The 
height of the drift gap was chosen to he 3.3 mm. This guarantees that all primary electrons 
have reached the anodes within 60 ns even for slow Ar-DME mixtures and that the anode 
signal occupies only one bunch crossing. Subsequent bunch crossings are 96 ns apart. 

m allowing to use the same readout configuration as for the smaller chambers. The 
_I_ 

The high voltage is distributed via a resistor network to groups of 16 cathodes. In this 
way, a short between an anode and a cathode strip leads to an inefficient region of about 
2 % of the total chamber area. 

2.2 Wafers and coating 

Experience with first prototypes of MSGCs [6] showed that bare glass with its relatively 
low ionic conductivity cannot be used in a high rate and high dose environment. Local 
gain variations up to a factor of three were found even at low counting rates. The gas 
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gain was rate dependent and the detectors did not survive an X-ray dose equivalent to  
about half a HERA-B year. Glass with electronic conductivity was excluded both by 
cost and its short radiation length. The obvious solution was to coat the surface with an 
electronically conducting compound. Many different coatings have been tested by various 
groups. Finally, DLC proved to be adequate. 

DLC surfaces had been developed simultaneously by the CERN group together with the 
company SURMET , and by the Siegen group together with a Fraunhofer Institut . The 
two coatings are very similar in their chemical composition. They consist of mixtures of the 
elements C, Si, H, N deposited on the glass by chemical vapor deposition (CVD) using gas 
mixtures of CH4, SiH4, N2. In fact, the coating consists mainly of amorphous carbon and 
has very little diamond content, if any. The relative abundance of nitrogen and hydrogen 
and the production temperature determine the electric conductivity. Silicon improves the 
adhesion of the coating layer which has a typical thickness of 80 nm. The resistivity of the 
coating can be increased by tempering the wafers. Tempering also increases the stability of 
the resistivity with time. Wafers coated by SURMET were delivered with typical resistivity 
of 1015 R=n whereas the resistivity of the Fraunhofer coating was originally lower by one 
to two orders of magnitude. 

The SURMET coating had reasonable electrical properties and very good chemical sta- 
bility. The mechanical quality of the large area coating was however not satisfactory most 
likely due to problems in handling and cleaning. For the main series production the DLC 
was therefore produced by the Fraunhofer Institut on AF45 glass (alkali “free”, produced 
by DESAG ). This type of glass with little alkali content was chosen to reduce the risk 
of electrolytic modifications of the substrate, caused by the continuous alkali ion current 
over several years [7]. The coating has an average surface conductivity of 1014 s2=0 which 
varies over the area by about 20 %. 

The lithographic production of the electrode pattern was realized by the company INIT 
on the coated wafers of 0.4 mm thickness and outer dimensions of about 30x30 cm2. 

To avoid overlapping hits in subsequent bunch crossings, we have to avoid electronic 
broadening of the signals propagating along the anode beyond about 50 ns. The signal 
shape at the amplifier input depends on the distance of the avalanche to the amplifier 
end of the anode and on the product of anode-cathode resistivity and capacitance. Delta 
shaped voltage pulses generated at the far end of the anode produce exponentially de- 
caying signals at the amplifier input with a time constant = 4RC= 2 ,  with R the total 
anode resistance and C the anode cathode capacitance. Thus the signal width is propor- 
tional to the strip length squared. For the given anode strip length of 23 cm and anode 
cathode capacitance of 20 pF an anode material of resistivity4 below 250 R/cm is re- 
quired. This requirement excludes nickel and chromium and points to aluminium or gold. 
Aluminium is preferable for lithography and has also rather good resistance to sparks (see 
Section 2.4). Aging tests with aluminium wafers however were discouraging (see Section 
4).  The aluminium option was therefore abandoned. A 500 nm thick gold MSGC pattern 

yc 

SURMET Corporation, Burlington, MA, USA. 
Fraunhofer Institut fur Schicht- und Ober achentechnik, Braunschweig, Germany. 
The actual resistivity of lithographically produced electrodes is usually much higher than the 

nominal table values for bulk material. 
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material AF45 CVD 

glass substrate coating 
titanium gold 

adhesion layer electrode structure 

After major improvements of the spinning techniques, of cleaning and etching processes 
' and semi-automatic handling of the wafers, IMT was able to produce with high yield 

wafers with less than 5 % broken anodes. The number of faults was measured by a specially 
designed electrical test station [Si. If a short was found, the wafer was repaired by etching 
away the short. Accepted wafers had no shorts and an average of 2 % interrupted anodes. 

thickness 

2.9 Operation characteristics 

400 pm 0.080 pm 0.050 pm 0.500 pm 

Small size prototypes 10 x 10 cm2 of MSGCs with coated wafers were systematically 
tested. The homogeneity of the gas gain over the full area showed variations of less than 
20 %. During a long series of aging tests, chambers operated with an argon dimethylether 
mixture of 50 % Ar and 50 o/c DME (Ar-DME 50/50) were illuminated with X-rays over 
typical areas of up to 113 mm2. The chambers showed constant gain up to charge deposi- 
tions of 80 mC/cm corresponding to more than 10 years of HERA-B operation. Rate tests 
demonstrated that the detectors could be operated at gas gains of 3500 up to rates of lo5 
absorbed X-quanta /mm2/s with a loss of pulse height of less than 40%. In laboratory 
measurements with a source, efficiencies above 99% were achieved. This type of MSGCs 
therefore promised good performance for HERA-B. - 
In the year 1996 a beam test at PSI with intense hadron beams was performed to measure 
absolute efficiencies for MIPS and the spatial resolution in a realistic environment. The 
test used small size 10 x 10 cm2 detectors and a pion beam with momentum of 150 MeV/c 
which allowed particle fluxes in the beam spot up to 3000 particles/mm2/s. 

Already the very first day of operation we observed a severe problem which was not 
encountered in the laboratory. The cathode current showed large spikes, at the same time 
anodes got lost and sometimes pre-amplifier channels were destroyed. Inspection of the 
electrode structure in the laboratory under the microscope showed characteristic defects. 
In the area of the beam spot marks are found on the gold electrodes where the gold is 
evaporated both from the anode and from the cathode just opposite to each other. A 
typical photograph is shown in Figure 2 .  Obviously gas discharges had occurred which 
sometimes were so intense that they cut an anode strip completely. The lifetime of the 
chambers in the HERA-B environment with the foreseen technology would have been only 
months. 

Paul Scherrer Institute, Villingen, Switzerland. 
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Fig. 2. Photograph of MSGC electrodes after operation of the chamber in a pion beam. Char- 
acteristic defects are observed at the electrode borders. 
Since discharges had never been observed in intense X-ray beams at exposures with much 
higher charge deposition rate, it was suspected that the origin of the discharges were 
strongly ionizing particles like nuclear fragments produced in hadronic beams through 
interaction with detector material. 

A series of laboratory tests where large local ionization was created by 
carried out to study this effect. 

particles was 

2.4 Gas discharges by strongly ionizing particles 

The observed sparking phenomena in MSGC and MSGCIGEM detectors have partially 
_h 

been published [9,10]. Here a summary of the results is given. Systematic measurements 
are difficult because the sparking process damages the electrodes and thus modifies the 
operation conditions during a measurement. Repeating measurements with the same de- 
tector often is impossible. 

In order to get ionization by heavy particles the counting gas was guided through a 
stainless steel volume filled with thorium powder. Thorium decays into radium which 
is transported with the gas into the MSGC gas volume where it emits particles. A 
typical particle counting rate of 10 Hz could be achieved this way. The MSGC detectors 
were operated at nominal voltages and could also be illuminated in addition with an 
intense X-ray beam. Gas discharges were detected by detection of large induced signals 
on the cathodes. Alternatively, direct irradiation with a collimated -source through a 
thin window was used to measure local effects. 

A characteristic result from the second method is presented in Figure 3 which shows 
the spark rate as a function of the cathode and drift voltages measured with a 0.15 m 
thick chromium structure and with 1 m thick aluminium electrodes. We observe a strong 
exponential rise of the spark rate with the cathode voltage which is responsible for the 
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Fig. 3. Spark probability per N particle as a function of the cathode and drift voltages measured 
with a 0.15 pm chromium and a 1 pm aluminium structure. 

field near the surface and a much weaker dependence on the drift voltage. At fixed gas 
gain, high drift fields are favorable. 

The effect of the width of the anode cathode gap was studied by increasing it by a factor 
two to 120 m. At fixed gain the spark rate is smaller (see Figure 3), but this positive 
effect is more than compensated by the more severe damage per spark observed with the 
wide gap, where the energy stored in the anode-cathode capacitance is much larger. 

The high sparking rate of the coated MSGCs is explained by the nearly constant electric 
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field component parallel to the surface near the surface, whereas bare glass produces a 
strongly decreasing field near the anode, which suppresses streamer discharges [11,12]. The 
electric fields between the electrodes computed for a coated and an uncoated substrate 
are shown in Figure 4. Even though dynamical effects from the space charge created by 
the avalanche are neglected, the simulation illustrates the qualitative difference between 
the two configurations. 

The explanation for the reduced sparking threshold for coated wafers was confirmed by 
experimental evidence that sparks were predominantly induced by ionization near the 
surface and is supported by the favorable effect of high drift fields at fixed gas gain. 

1 1 .  anode - standard MSGC 
MSGC mth diamond like coating t I  

lo2 

lo1 
0 10 20 30 40 50 60 

position [ pm 1 

Fig. 4. Simulation of electric eld for coated and uncoated MSGC. 

- The spark rate should mainly depend on the electric field configuration and the geometry 
and be rather independent of the electrode material but we expected a different robustness 
of various electrode metals against sparking. The hope was that elements with high melting 
points and high binding energies like rhodium or tungsten would be less vulnerable than 
gold. However, we did not observe any substantial difference between Au, Cr ' , W and 
Rh and only a slightly better performance of A1 for a given resistivity of the anode [13]. 
Aluminium electrodes which can be produced with higher thickness than gold or rhodium 
sustained a somewhat higher number of sparks before they break but this metal is excluded 
because of its rather bad aging properties. Anodes with high electric resistivity inhibit 
discharge of the full anode cathode capacitance in a single spark. They show sequential 
discharges of low charge. The first spark discharges a few centimeters and produces a 
local potential drop. A subsequent spark occurs after the potential has again reached 
a critical value. This process repeats itself until the total charge stored in the anode 
cathode capacitance drops below a certain minimum. This process limits the total energy 
release in the discharge and explains the fact that chromium structures can survive more 

Chromium was excluded as a possible electrode material because its resistivity is too high. 
However, it is well suited for systematic studies of discharges in MSGCs. 
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than lo6 sparks without being destroyed. The sequential discharges are well described by 
simulations of the electric circuitry [10,13]. 

Unfortunately, as explained in Section 2.2, anodes of high electric resistance are incompat- 
ible with the requirement of short readout pulses. The geometry of the HERA-B detectors 
with long strip lengths and the correspondingly high capacitance per channel of 25 pC 
(including the contribution from the connections) leads to a white noise of the readout of 
2250 electrons per channel. Given our amplifier characteristics, a total gas gain exceed- 
ing 4000 is required to get good efficiency. With such a gas gain the discharge rate is 
unacceptably high in intense hadron beams such that MSGC detectors of the HERA-B 
geometry cannot be operated. 

Ne-DME mixtures were reported to have higher primary ionization [14]. However, our tests 
have shown that the sparking probability at fixed gain cannot be significantly improved 
within the uncertainties of the measurement of about 20 %. 

The sparlung problem could only be solved by introducing a gas electron multiplier (GEM) 
foil [5] as a first amplification step and thereby reducing the gain requirement for the 
MSGC. 

3 MSGC-GEM detectors 

3.1 Detector geometry 

The GEMS used for the ITR were produced at the CERN workshop using a wet etching 
.A 

technique. They were made out of 50 m thick polyimide (Kapton) foils coated with a 
15 m copper layer on each side. In a final etching step the thickness of the copper layers 
was reduced to about 7 m. The conical holes have diameters of about 50 m in the 
Kapton and 100 m in the copper. Photographs of the GEM and of its cross section are 
shown in Figures 5, 6. The holes are arranged in a hexagonal lattice with a hole distance 
of 140 m from center to center. 

The introduction of the GEM foil required a complete re-design of the chambers. Figure 
7 illustrates the construction. The frames which provide the mechanical stability to  keep 
the GEM at constant distance from the MSGC and distribute the gas, consist of two 
hollow epoxy pieces. The drift gap above the GEM and the transfer gap below are 3.0 
mm and 2.8 mm wide, respectively. 

The geometrical parameters of the detector are summarized in Table 2. 

CERN Surface Treatment Workshop, Geneva, Switzerland 
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Fig. 5. Photographs of a GEM with di erent enlargements 

M S G C  

active area, type A 

active area, type B 

wafer thickness 

anode width 

anode cathode gap 

pitch, type A 

pitch type B 

GEM 

GEM thickness 

thickness of GEM electrodes 

hole diameter at center 

hole diameter at electrodes 

Frame 

height of drift gap 

height of transfer gap 
Table 2 
Summary of the geometrical detector parameters. 
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528 cm2 

589 cm2 

400 pm 

10 pm 

60 pm 

300 pm 

350 pm 

64 pm 

7 Pm 
50 pm 

100 pm 

3 mm 

2.8 mm 



! . .  

Fig. 6. Cross section of GEM foil before and after nal etching step. 

3.2 Operation characteristics 

Splitting of the gas amplification into two steps allowed to operate the MSGC at moderate 
voltage. Typical voltage settings during the testing phase were Ucath = -520 V, AUGEM = 
420 V, = 2:5 kV which correspond to gas amplification factors of about 35 for the 
GEM and 250 for the MSGC. For comparison to reach the same amplification with a 
single MSGC structure, one would have to apply about 100 V higher cathode voltages. 
The detectors were tested intensively in the laboratory and at hadron beams at PSI and 
in the HERA-B experiment. 

The GEM shows the characteristic behavior of devices containing dielectric materials. 
After switching on the HV, the gas amplification of the GEM rises by a factor of about two 
within a few hours and stabilizes after a few days, when the polyimide is fully polarized. 
The gain is rather uniform. It varies by less than 20 % over the full area of the chamber. 
During irradiation the polyimide charges up and the gain increases by up to 20 %. The 

they are not critical for the operation at HERA we avoided the complication, risk and 
cost of an additional production step. 

With the GEM alone, gas amplification up to lo3 could be obtained with photon irradi- 
ation before sparking started. 

A part of the ITR chambers are located inside the spectrometer magnet with a field of 
0.85 T. Initial worries that the GEM functionality would suffer in moderate magnetic 
fields were not confirmed by a test at the nominal HERA-B field perpendicular to the 
hole axis. No decrease of the gain was observed within 5 % [18]. 

gain variations with time and rate can be inhibited by coating the GEM foils [15]. Since I_ 

3.3 GEM sparks inducing secondary sparks 

First laboratory tests at the PSI pion beam in 1998 of four MSGC/GEM chambers o p  
erated with Ar-DME 50/50 at a GEM gain of about 50 gave satisfactory results [16]. A 
second test one year later, however, was similarly disastrous as our first MSGC tests at 
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Fig. 7. Schematic view of a MSGUGEM detector (top) and cross section showing the frame 
(bottom). 

a hadron beam. GEM sparks were observed which induced secondary sparks at the mi- 
crostrip structure, and sometimes led to discharges between the GEM and the microstrip 
structure or between GEM and the drift electrode. The electrodes of the MSGC were 
severely damaged. 

In extensive laboratory studies the secondary sparking was reproduced and investigated. 
The details of the complex sparking process were never fully understood. However, it is 
obvious that a discharge of the GEM with its high capacitance generates a huge amount 
of ions and electrons. Even a small fraction of the electrons drifting towards the MSGC, 
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GAS: Ar I DME 

Fig. 8. Spark rate as a function of the cathode voltage and the voltage between GEM and the 
anodes. A transfer eld of 2.5 kV/cm corresponds to 

with additional gas amplification there, are likely to produce secondary sparks. Thus the 
rate of those strongly depends on the strength of the transfer field. This was confirmed 
by laboratory measurements presented in Figure 8 and it explained also the different 
behavior of the chambers at the two PSI tests which were performed at slightly different 
HV settings. 

A significant dependence of the secondary spark rate on the cathode voltage has not been 
observed (see Figure 8). 

With the voltage between anodes and lower GEM plane limited to below 1250 V in 

hadron flux without suffering from fatal damage by discharges (see Section 5). 
the HERA-B experiment, the MSGC/GEM detectors were able to cope with the intense _I 

4 Choice of counting gas and aging studies 

Two gas mixtures were systematically studied, Ar-DME 50/50 and Ar-CO2 70/30. The 
DME mixture has better quenching properties hence less problems with gas discharges. It 
had also been extensively tested with respect to aging properties by several groups, which 
consistently reported no aging problems up to large charge depositions on the strips 
corresponding to many years of LHC or HERA-B operation [17]. Compared to Ar-C02 
70/30 it also has larger primary ionization, 24 primary electrons in average for a minimum 
ionizing particle in the 3 mm gas gap for Ar-DME compared to 18 for Ar-CO2 which has 
also significantly larger transverse diffusion. However, there are also disadvantages of Ar- 
DME: The Ar-DME mixture is flammable and constitutes therefore a safety risk. DME 
is not commercially available with guaranteed purity. Thus every bottle would have to  be 
checked carefully in aging tests to ensure that the detectors are not polluted. In addition, 
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Fig. 9. Discharge rate induced by a-particles in a MSGC versus gas gain (arbitrary units) for 
two gas mixtures Ar-DME and Ar-CO2. 

we realized that DME is absorbed by Kapton leading to a reduction of the GEM tension 
with time. After flushing the chamber for 2 weeks, we observed a sag of a foil by 800 m. 
The original tension could be recovered by changing the gas [18]. The use of DME would 
have required additional constructional efforts to keep the GEM foil in place. 

Comparative sparking tests in the laboratory with particles in the gas indeed demon- 
strated that the spark protection of Ar-CO2 is significantly worse for the same gas gain. 
This is illustrated in Figure 9 which shows the spark rates for Ar-CO2 and Ar-DME ver- 
sus gas gain. The result cannot be safely extrapolated to the low operation voltages in 
a MSGC/GEM detector. It is nevertheless obvious that Ar-C02 offers less safety with 
respect to gas discharges than Ar-DME. Protection against sparking can be strongly im- 
proved for Ar-CO2 by adding small amounts of water to the gas. However, as discussed 
below, the addition of water led to fast gas aging and was therefore ruled out for HERA-B. 

4.1 Experimental method for  gas aging tests 

Big efforts have been made by several groups to study gas aging phenomena in MSGCs [2]. 
These studies are difficult and hard to reproduce because gas aging depends on a multitude 
of different parameters. It was however clear from the beginning that the MSGC structures 
are very vulnerable and that even tiny amounts of pollutions by organic materials can 
cause fatal deposits on the anodes. Therefore, most of the counting gases which have been 
used in wire chambers involving organic quenchers cannot be used in MSGCs for high 
rate applications. Moreover, we made a very careful selection of materials like composites, 
glues and applied elaborated cleaning and outgassing procedures to avoid pollution of the 
counting gas. The gas system was entirely based on stainless steel tubing. The sealing 
rings were made of Kalrez 8 ,  materials like Teflon were avoided. All materials were also 
tested for out-gassing both using gas chromatography and by exposing large surfaces of 
them to the input stream of counting gas used in gas aging tests of MSGC detectors. 

Dupont Dow Elastomers, Belgium. 
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An X-ray tube with copper anode was used to produce a high flux of photons. The X-rays 
were collimated by a lead collimator such that a round area of 113 mm2 was irradiated. 
The detector was operated at a total gas gain of about 3500. The gas flow was arranged 
such that the gas in the detector was exchanged twice per hour. The typical counting rate 
was about 100 kHz/cm strip length. One X-ray count led to an average avalanche size 
of about 840000 e- and this rate corresponds to a charge deposition rate per cm strip 
length which is about 20 times higher than that of the hottest region at HERA-B. This 
acceleration factor was varied between 1 and 40 for different tests but the large integrated 
charge depositions with illuminations over several months used acceleration factors of not 
more than 20. The position of the Cu K, line was evaluated in regular intervals during 
these measurements to track possible changes in the gas gain. 

Aging tests were carried out with a large number of detectors over a period of three years. 
With the full size HERA-B MSGC/GEM pre-series detectors we observed neither for 
Ar-DME nor for Ar-CO2 any significant change of the pulse height up to an integrated 
charge of 45 mC/cm which corresponds to about 6 years of HERA-B operation. This 
result was supported by optical inspection of the irradiated areas which showed no sign 
of depositions on the anodes. This result was interpreted as sufficient reassurance for 
our choice of counting gas and constructional materials to start mass production of the 
detectors in spring 1998. It should be noted that our result was in line with similar 
measurements of other groups [17]. All their results were obtained with small irradiated 
areas of sometimes only 7 mm2. 

4.2 Observation of gas  aging for  Ar-DME mixtures 

In autumn 1998 a beam test was carried out at PSI with two full size MSGC/GEM 
detectors using Ar-DME 50150 as counting gas. The goal was twofold: during daytime 
the pion beam was used to study efficiencies, resolution and the performance of our 
trigger chain. During night time the detectors were exposed to an intense proton beam to 
accumulate a higher charge dose. The beam spot had a Gaussian profile with a typical full 
width at half maximum of 5 cm. Within few days a total accumulated charge of 2 mC/cm 
was reached in the center region. We observed a rather fast reduction of the drift current 
during proton irradiation for constant beam current. This was even seen online as shown 
in Figure 10 for a 12 hour period of proton running at maximal intensity (about 20 times 
HERA-B charge deposition rate). The detectors were subsequently investigated in the 
laboratory. Within the illuminated area the detectors still showed acceptable gas gain but 
outside the illuminated area they did not count at all. Optical inspection showed severe 
deposits on those anodes which were connected to ground and therefore experienced the 
nominal electrical field. Disconnected anodes showed no deposits. Depositions were found 
both in the irradiated area and over the rest of the detector. Parts of an irradiated wafer 
were sent to the Fraunhofer Institut fur Schicht- und Oberflachentechnik which carried 
out a surface analysis shown in Figure 11. The anodes in the irradiated area were covered 
by a layer of 80 nm pure carbon. A picture of these deposits as seen with an electron 
microscope is shown in Figure 12. The areas outside, which were not irradiated were 
covered by an insulating layer of about 35 nm composed of hydrogen and carbon. 

_c 

16 



19/10/199E Oh 19/10/1998 09h 

Time 

Fig. 10. Drift current (arbitrary units) as measured in the MSGC/ GEM detector versus operation 
time during intense proton irradiation at PSI. The beam current was kept stable during the 
exposure.The gaps correspond to beam losses. 
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Fig. 11. Concentration of elements as a function of depth for the anode area in the irradiated 
region. A layer of carbon of 80 nm thickness is covering the gold surface. 

This unexpected result prompted a series of new laboratory aging tests. The final outcome 
is very surprising. The Ar-DME gas mixture shows gas aging under X-ray irradiation if 
the area which is irradiated is large enough. This fact is illustrated in Figure 13 which 
shows the gas gain versus irradiation time for a collimator with an area of 113 mm2 as 
used before compared to one with an area of 900 mm'. The large area was irradiated at 
half the local intensity of the smaller one. Identical chambers operated with Ar-COZ show 
no aging independent of the size of the irradiation area. 

Apparently, irradiation of a large area with Ar-DME as a counting gas leads to fast aging 
and visible deposits on the anodes. These deposits are not limited to the irradiated area. 
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Fig. 12. Photograph (electron microscope) of anodes in the irradiated area of the MSGC after 
beam test at PSI. 
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Fig. 13. Gas gain versus irradiation time for a MSGC/GEM detector using Ar-DME 501.50 
and two di  erent sizes of the irradiated area. The detector was irradiated with X-rays using a 
charge deposition rate corresponding to  10 respectively 20 times the maximal rate expected at 

We therefore have to draw the conclusion that gas aging effects depend strongly on the 
size of the irradiated area. All evidence supports the assumption that the origin of these 
deposits is the DME itself. We have no explanation for this experimental fact but it 
invalidates all aging tests done before. 

HERA-B . 

Subsequently Ar-COz was chosen as the main candidate for the counting gas. 

As this gas mixture has low primary ionization and large transverse electron diffusion lead- 
ing to large cluster width in the detector, we tested several other gas mixtures without 
hydrocarbons. These were Ne-C02, Kr-CO2 and HeC02 mixtures. The results were un- 
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Fig. 14. Development of the pulse height for a gas mixture of Ar-DME with 0.3% of water and 
without water as function of the irradiation time. 

fortunately discouraging. Measurements with MSGCs showed that for the same avalanche 
charge on the anodes these gases led to comparable cluster widths but poorer performance 
with respect to discharge protection. We therefore chose the Ar-CO2 70/30 gas mixture. 

4.3 Aging results for different materials and counting gases 

As explained in Section 3, the safety against gas discharges became a major concern. We 
therefore tested different combinations of electrode materials and counting gases which 
promised better protect ion. I__ 

The operation characteristics of a NISGC can be significantly improved by adding small 
amounts of water, typically 0.3%, to the counting gas. This avoids discharges near insu- 
lators e.g. near the detector frames and anode ends and improves the overall protection 
against sparking, probably by reducing the surface resistivity of plastic materials which 
tend to absorb water. Addition of water to the counting gas shows however very severe 
and fast gas aging for both, Ar-DME and Ar-CO2. This is shown in Figure 14 which 
compares the pulse height as a function of accumulated charge for Ar-DME with and 
without an admixture of water. For the gas with water admixture the pulse height drops 
by a factor three for an accumulated charge of less than 3 mC/cm. Moreover the anodes 
show deposits in the irradiated area. 

We also tested MSGCs with aluminium electrodes. Aluminium electrodes are easier to 
manufacture and sparking tests showed that the electrodes are more robust against dis- 
charges than gold but aluminium is known to introduce aging in MSGCs [19]. Our aging 
tests with aluminium MSGC/GEM detectors confirmed that this material cannot be used 
with Ar-DME or with Ar-CO2. In both cases we observed a fast reduction of the pulse 
height by more than 20% for an accumulated charge of only 2.7 mC/cm. Moreover, the 
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Fig. 15. Thickness of the coating layer across the cathode anode gap after strong irradiation. 
The anode starts at 60 pm. 

electrodes were severely damaged. Especially the cathodes showed bubbles and craters in 
the irradiated area. 

A rather interesting phenomenon was observed for very long irradiation times for chambers 
operated with gas mixtures without indication for gas aging like Ar-C02 and Ar-C02-CF4 
which is used in the Outer Tracker of HERA-B. After a stable period corresponding to 
about one HERA-B year these chambers show a strong increase of pulse height with time of 
up to a factor four. For some intermediate time the gas gain becomes very inhomogeneous, 
changing locally by more than a factor two. After an exposure corresponding to about five 
years of HERA-B operation the gain becomes stable again but is about four times higher 
than at the beginning. The gain in this state depends strongly on the counting rate which 
indicates that the surface near the anodes has become insulating such that charging-up 
affects the gain. The origin of these effects was clarified by a detailed surface analysis. 
The intense plasma which is created during the aging tests destroys the DLC layer near 
the anodes. It is gradually etched away up to the point that there is an insulating strip 
near the anode edges. This is illustrated in Figure 15 which shows the measured thickness 
of the coating as a function of the distance between anode and cathode for an area where 
a charge of 40 mC/cm was accumulated. The coating is etched away almost completely 
near the anode and is reduced over the whole gap compared to the starting thickness of 
about 80 nm. With Ar-C02 this effect is relatively slow under the conditions of our aging 
tests, for a gas mixture including CF4 the effect is much faster such that the coating would 
be destroyed completely for a collected charge of only 2 mC/cm. This gas can therefore 
not be used. The observed etching effect is of course likely to depend strongly on the local 
current and plasma density and could be very different for the running conditions of the 
HERA-B experiment. It is therefore impossible to predict if and how fast such a change 
would appear at HERA-B. The final beam test at PSI in 1999 using low energy protons 
was used to accumulate a deposited charge equivalent to 1/3 year of HERA-B operation. 
During this relatively small exposure no signs of gas aging or damage of the DLC were 
observed. 

.- 

... 
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5 Operation at HERA-B 

5.1 Treatment of the detector components before installation 

I 

During production, the different parts of the ITR went through several tests: 

The wafers were checked at Zurich directly after production (see Section 2.2). Interrupted 
anodes were recorded. 

All GEMs were tested in Heidelberg before chamber construction. The GEMs had to 
sustain 500 V in a hitrogen atmosphere for 12 hours. 

The individual chambers were transported to Siegen for bonding of the electronics. At 
Siegen they were flushed with the final chamber gas and put to high voltage. Within a 
period of 24 hours the voltages were ramped up to 520 V for the cathode and to 410 V 
across the GEM. All currents were recorded and put into a reference file. About half of the 
chambers showed anode cathode shorts. These shorts were eliminated by disconnecting 
the anode. In 10 chambers fatal GEM shorts were observed. 

Chambers fulfilling the requirements went back to Heidelberg. There the stations were put 
together and fully assembled stations were shipped to DESY. Before installation another 
high voltage test similar to the one at Siegen was performed. The required voltages were 
490 V for the cathodes and 400 V across the GEMs. In 12 out of 144 tested chambers an 
anode cathode short was detected. One chamber showed a GEM short. 

Apparently, each construction or transportation step introduced some damage to part 
of the detectors and the intermediate high voltage tests could not exclude additional 
problems occurring later in the hadron beam of HERA-B. 

5.2 Operation conditions and observed problems 

During the period from July 1999 to May 2000 a total of 150 chambers were installed 
and operated at HERA-B. The first few months of the year 2000 were mainly devoted to 
commissioning of the detectors. Data were routinely taken from Aprjl to the end of the 
running period by August 2000. The maximum operation time of 1100 hours was reached 
by 56 chambers. During the last two months 90 % of the installed chambers were routinely 
participating in data taking without major problems. 

The interaction rate at the target varied between 3 MHz and 40 MHz. Most of the data 
were taken at 5 MHz. A typical distribution of the hit density in a detector is shown in 
Figure 16 for 5 MHz interaction rate. The hit density is about 0.006 per anode and event. 
The shape of the distribution is determined by the beam recess of the MSGC wafer (see 
Fig. 1) and the radial decrease of particle density. 

The raw pulse height distribution cannot be used to determine the gas gain because it is 
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Fig. 16. Hit density as a function of the horizontal distance to the beam axis. 

dominated by soft signals which do not belong to tracks. We therefore need to reconstruct 
tracks first to measure a signal over noise distribution and the efficiency. Since at the 
beginning of the run the track reconstruction program was not yet well tuned, it was 
possible only for the chambers in front of the magnet to estimate during running the 
efficiencies which have to be known in order to adjust the high voltage. Typical voltage 
settings were -510 V for the cathode and 420 to 450 V for the GEM. Individual GEM 
voltage settings were necessary to correct for the gain variations of up to a factor 2.5 from 
GEM to GEM which are caused by slight alignment imperfections of the copper holes at 
the two sides of the GEM. The high voltage settings for the remaining chambers could 
not be adjusted and therefore the chambers were operated at GEM voltages below 440 V 
and correspondingly more moderate gain. 

While at the end of the data taking period running was rather smooth, several problems 
occurred after installation: 

I_ 

0 Four GEMs developed conductive paths between their two copper surfaces. The resis- 
tivity dropped to values of the order of MR, values which effectively short the two GEM 
electrodes. 

0 In 43 '% of the chambers the hilSGC electrodes showed one or two short circuits between 
anode and cathode strips. 

These problems occurred shortly after installation and were probably due to spurious dust 
or production defects. 

5.2.1 GEM sparks 

Sparking in GEMs cannot be avoided completely, but under normal conditions the rate is 
quite low, of the order of a single spark per day (see Figure 17), a rate which is tolerable. 
Only six chambers showed sparking at rates above ten per day. 
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Fig. 17. Number of chambers as a function of their average spark rate. Most chamber show rates 
below two sparks per day at  an average target rate of 5 MHz. 
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Fig. 18. Spark rate versus GEM voltage averaged over all chambers with rates below six per 
day. The error bars include systematic uncertainties. 

The spark rate increases exponentially with the GEM voltage rising from 1 to 5 sparks/day 
when the GEM voltage is increased from 400 V to 450 V. This is shown in Figure 18 for 
chambers behaving normally. Chambers with exceptional high rates are excluded in this 
Figure to avoid a biased picture. As expected, the sparking rates increased with the beam 
intensity. Similar results have been reported in Refs. [20,21] where a linear dependence 
of the sparking probability on the beam intensity and a strong dependence on the beam 
composition has been observed. 

While under normal conditions the spurious sparking does not disturb the performance of 
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the detectors, in some cases continuous sparking produced GEM %harts" by carbonizing 
the polyimide surface in the hole. 

In some cases when the resulting conductivity across the GEM was low, the “short” could 
be burned away by applying a short current pulse which evaporates the copper near the 
affected hole. When this was not possible, the whole chamber ‘was lost. 

At one occasion, the damage of a GEM could be correlated to a spike in the target rate. 

5.2.2 Anode cathode shorts 

A total of 79 anode cathode shorts were observed during the run period in 2000. Due to 
the HV grouping of the cathodes this corresponds to a loss of 1.1% of all anode strips. 
Out of the total, 29 shorts were produced already within the first 10 hours after switching 
on and only 16 occurred in the second half of the running period. Most of the late shorts 
coincided with an increase in the high voltage. 

Inspection of the chambers during the HERA luminosity upgrade shut-down revealed 
that some shorts are correlated to anodes with lithographic defects. Interrupted anodes 
show a tenfold higher probability to produce a short than perfect anodes. Interrupted 
anodes have now been disconnected electrically from ground to avoid this problem. The 
corresponding loss in efficiency is completely negligible. 

5.2.3 Consequences 

Most problems occurred at the beginning of the operation in the beam. They can be 
avoided or at least reduced to a tolerable level by the following measures: 

0 operating the detectors for some days at overvoltage before installation, 
0 carefully’ training the chambers in the HERA-B beam before applying the full high 

0 HV control based on monitoring of the currents and on spark detection, 
0 applying a coordinated ramping of the different chamber high voltages, 
0 avoiding unstable beam conditions. 

voltage, 

During the 2000 running period a training procedure has been worked out which has led 
to a considerable improvement of the reliability of the detectors. The voltages are raised 
slowly in ten steps over a period of two to four weeks (400 hours beam time) depending 
on the chamber behavior. Very few problems were observed with chambers treated in this 
way. 

A control system based on microprocessors inside the high voltage distribution boxes 
has been optimized. It continuously monitors the drift and cathode currents and the 
GEM voltages. In addition, it detects sparking through rapid voltage changes. When a 
spark occurs, the voltages are decreased thereby avoiding sequential sparks. After some 
delay, the voltages are automatically ramped up again. The behavior of all chambers is 
continuously monitored online. 
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Fig, 19. Signal over noise distribution. 

Meanwhile all damaged chambers have been exchanged. Cathode groups have been re- 
activated by cutting the anode responsible for the short. Extrapolation from the experience 
gained last year indicates that we should be able to operate the ITR with less than. l% 
of channels lost per year. 

5.3 Performance 

The detectors show a noise distribution with a mean value of 2500 electrons. This value 
is well compatible with the estimate from the strip capacitance and the amplifier input 
resistor value. A signal over noise (S/N) plot is shown in Figure 19. 

Efficiencies of the chambers in front of the magnet could be determined during running 
using well reconstructed tracks extrapolated from the vertex detector. They are presented 
in Figure 20 as a function of the GEM voltage. The efficiencies are above 90 % which is 
sufficient for tracking. 

As mentioned above, there are considerable variations in the GEM performance from 
chamber to chamber which are compensated by adjusting the GEM high voltage which 
can be individually set for each chamber. The local gain variations across a single chamber, 
however, are quite small, namely below 10 %. 

The strip multiplicity distribution shown in Figure 21 corresponds to a mean value of 2.6 
for a threshold of 5000 electrons, which is twice the average noise level. This rather high 
value is compatible with the large transverse diffusion in Ar-CO2 along the long drift path 
of the electrons. 

The ITR chambers have been geometrically aligned using an iterative fitting method. 
A residual distribution for fitted tracks of particles with momenta between 35 and 50 
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Fig. 21. Distribution of cluster width. 

GeV/c is presented in Figure 22.  In average 15 chambers contribute to one track. From 
a comparison of the observed root mean error of 105 m with a Monte Carlo simulation 
we conclude that the intrinsic spatial resolution of the detectors is better than 110 m. 
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6 Conclusions 

After many unexpected difficulties the development of the ITR for HERA-B has led to 
a detector which is working to the required specifications. Efficiencies greater than 90% 
were achieved for part of the chambers and are expected for the full detector during the 
next running period. Extrapolation of the present experience indicates that inefficiencies 
due to anode cathode shorts will remain below the 1% level. 

Irradiation with X-rays have revealed that aging for Ar-DME gas mixtures depend strongly 
on the size of the irradiated area. Measurements with Ar-CO2, 70/30 did not show the 
same behavior and indicate that our detectors would adequately perform for more than 
six HERA-B years. Irradiation also affects the DLC which is etched away starting from 
the anode borders. This leads to gain variations with time and beam intensity. 

The MSGC with the dimensions necessary at HERA-B and the beam conditions of HERA 
cannot be operated reliably without the addition of a GEM. At the gas amplification 
required to obtain sufficient efficiency the spark rates would be lethal. The situation 
here is different from that at LHC where with much smaller detectors simpler solutions 
would have been possible [ 2 2 ] .  Our system is quite fragile and expensive and requires a 
complicated HV steering. With the knowledge gained in the last few years, it has become 
clear that new, more robust devices like multi GEM detectors [23,20,24] are better suited 
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for harsh beam environments than MSGC based systems. 
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Aging of Gaseous Detectors: assembly materials
and procedures

M. Capeans*

CERN

Abstract

Aging of gaseous detectors is known as the degradation of their performance under the exposure to ionizing
radiation. It is a complex phenomenon that depends on many parameters. Among others, aging depends on the
gas mixture and may be enhanced by the presence of pollutants in the gas. The origin of the impurities is diverse
and includes outgassing from assembly materials and the gas system components, and contamination of the
detector during the assembly process. Systematic studies on this topic have been carried out. Methods used to
ascertain the outgassing properties of materials are described and compared. Materials that might be used for
assembling gaseous detectors and associated gas systems are catalogued according to their outgassing rate. Some
factors affecting the aging rate in some fast gases are presented. Finally, a set of recommendations to build and
operate gaseous detectors in high luminosity experiments is given.

1. Aging of gaseous detectors

Gaseous detectors have been used for many decades in modern high energy physics
experiments for particle detection and tracking. Soon after their development, it has been
common to find problems associated with their long-term exposure to radiation, limiting their
useful time. The observed phenomenology included the appearance of local and permanent
damages detected as self-sustained discharges, excessive currents, gradual loss of energy
resolution and decrease and non-uniformity of the gas gain. These observations led to the
association of the problem to the presence of layers on the electrodes, possibly induced by
pollution released by materials used in the gas system or chamber construction, or impurities
in the gas itself. A branch of Chemistry called Plasma Chemistry studies processes with
certain qualitative analogies to those that take place in the plasma surrounding the anodic wire
in a gaseous detector, which might be considered as a dc plasma at 1 atmosphere. Plasma is a
mixture, initially overall neutral, of positive and negative ions, neutral species, and chemically
active free radicals; radicals can recombine back to the origin molecules or new ones.
Polymerization is thus the process by which some monomer radicals associate in subsequent
chain reactions to form a very large molecule, frequently of high molecular weight. Created
polymers are solid, highly branched and cross-linked, have excellent adhesion to surfaces, are
resistant to most chemicals and insoluble in most solvents. Deposits observed in aged
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chambers seem to have similar properties. During operation of a gaseous detector, formed
molecules will be removed by the gas flow if they are light enough, or be deposited or react
with electrode materials inducing typical aging processes. The chemistry of the process has
not been deeply studied; thus a rigorous explanation of why certain chambers age and others
do not cannot be yet discussed with certainty. In addition, information gathered form
experiments, as distinct from controlled tests in laboratory, is sometimes contradictory and
renders extrapolation to other cases difficult. The approach to the aging problem is still in
most cases purely experimental. A summary of principal results until 1986 may be found in
the Proceedings of the first Workshop on Radiation Damage to Wire Chambers [1]. Since
then, aging has been extensively studied and even more in the last decade in view of the
imminent high luminosity experiments [2, 3, 4, 5]. Observations are difficult to compare
and/or extrapolate between one another. This work compiles existing data and systematic
observations with the aim of determining a set of operating conditions, such as gas choice,
purity and cleanliness of the system, detector assembly materials and procedures, additives
and level of impurities under which gaseous detectors do not age up to reasonable levels of
radiation.

2. Contributions to the aging process

The mechanisms leading to aging of gaseous detectors can be summarized as follows:

- Polymer formation in the avalanche plasma from the cloud of ions and radicals of the
gas filling. This is the case of hydrocarbon molecules used in detectors exposed to
large particle fluxes. Pollutant molecules may trigger or accelerate the polymerization
process for a given gas mixture.

- Direct deposition on the surface of electrodes and insulators of pollutants, which are
transported with the gas flow and deposited thanks to electrostatic forces. Their origin
is diverse: i) outgassed vapours from organic materials. ii) Some reactive gases can be
incompatible with chamber materials and plumbing. Dymethyl ether is a sample case.
iii) Materials might also follow structural changes induced by the effect of ionizing
radiation; new outgassed pollutants may promote polymerization.

- Some initially neutral gases become reactive because of the species created around the
wire in the avalanche process. The created species are reactive enough to remove
concurrently layers of some materials, mechanically damaging the detectors and
polluting the filling gas. Tetra fluoride radicals are capable, for example, of removing
thin layers of deposits on coated wires. This capability might on the other hand turn
into a serious problem when the active species attack assembly materials.
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Fig. 1 Contribution of materials and gas to the aging processes.

 

Fig. 2 Aging rate measured for two identical MSGC plates (Cr strips on DESAG 263) assembled with different
materials. Very rapid aging is measured for the plate assembled with conventional MWPC materials, such
as fibreglass, Araldite 106 epoxy and rubber O-rings.

The probability of all these mechanisms to occur depends on a large number of factors. Gas
flow, gas gain, the geometry and electric field configuration, presence of additives and others
play an important role. The contribution of materials and gas pollution to trigger aging
processes is shown schematically in Fig. 1. The importance of materials selection is
manifested in Figs. 2 and 3. Fig. 2 [6] shows the dramatic effect of the choice of materials
used to assemble Micro Strip Gas Chambers (MSGC). The rate of aging increases orders of
magnitude simply by using some organic elements in the assembly, a conventional choice for
low rate multiwire proportional chambers. Fig. 3 [4] shows different aging rates measured
with the same MSGC connected to two different gas systems: the ultra clean system is
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assembled and equipped with components following ultra high vacuum standards (VCR
connections, welded electropolish stainless steel piping, long metallic exhaust pipe, etc) and
the minimal quantity of possibly polluting components (one Viton and one Kalrez joints in the
electronic mass flowmeters); the second gas system is assembled with the minimal possible
sources of pollution, but standard metal valves and few rubber O-rings and sealants.

Fig. 3 Gain dependence on charge measured with the same MSGC operated in a ultra clean gas system and a
clean system containing few rubber O-rings, valves with Teflon joints and few spots sealed with Torr-Seal.

A systematic search aimed to find possible pollutants in the standard set-up identified few
ppm of C2Cl4F2 released at each manoeuvring of the metal valves as capable of significantly
accelerating the aging rate of the MSGC [7]. The source of pollution could be the Teflon joint,
some lubricant or any residual cleaning product used during the assembly of the valve. Once
the source of pollution was identified, all valves were removed from the gas mixer and cleaned
just by baking them at around 100 oC for few hours. Further aging tests carried out in this set-
up confirmed the excellent degree of cleanliness.

By suitably choosing the operating conditions, gaseous detectors work satisfactorily up to
collected charges equivalent to many years running in high luminosity experiments. We will
show that an adequate choice of materials for detectors and gas systems and assembly
procedures seems mandatory to minimize aging effects.

3. Outgassing tests

The use of new materials with attractive mechanical, electrical and radiation resistance
properties is conditioned by their outgassing properties when in contact with a given mixture.
We describe in this section some methods used to determine the rate of outgassing of some
assembly materials and parts for gas systems.
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3.1. Gas analysis

A method to determine the outgassing properties of certain material is the analysis of a gas
sample that is in contact with the material. A basic test consists of flushing clean gas through a
box where the material under investigation has been introduced and analyzing the gas as it
flows out. The surface of each individual sample and the gas flow should be kept constant to
allow comparative studies. The material can be heated up in order to increase the rate of
possible outgassing, so that relative large amounts of pollutants can be produced in a few days,
thus increasing the sensitivity of the measurements (unfortunately the scaling factor is
unknown). Still impurity detection has the intrinsic limitations of the analysis station: i) the
incapacity to detect substances below some given quantity, and ii) the inability to separate,
thus identify, certain compounds. Another drawback is that even if outgassing is detected, the
particular pollutant might not be harmful for the gaseous detector operated at high rate.
Data presented here has been obtained analyzing the gas composition and possible pollutants
using a Gas Chromatograph1 (GC) and two associated detectors: a Mass Spectrometer2 (MS)
and an Electron Capture Device3 (ECD). The GC is simply an oven with a capillary column
capable of separating gas substances depending on their interaction properties with the
column. A signal appears for each separated compound at some retention time, defined by the
column and temperature profile. In the MS detector a 70 eV electron source ionizes and
fragments molecules. A quadrupole mass filter sorts the resulting ions according to their mass
over charge (M/Z) ratio.  Signal appears as ion abundance as function of retention time in the
column or M/Z ratio. As a result, identification of each molecular compound is possible,
having detection sensitivity up to the ppm level. The ECD is the second detector connected to
the GC. Its operation is based on the fact that at normal temperature and pressure some gases
behave as perfect insulators. Consequently, the presence of very few charged species
(electronegative molecules such as halogens and halocarbons –freons-) can be readily
observed by amplification in an electric field. There is no information other than signal
amplitude versus retention time, and a specific calibration has to be made for each compound
to attain pollutant identification. Its advantage is the extreme detection sensitivity, better than
ppb.

3.2. Gas analysis and aging test

A positive result obtained with the method described in the previous section should be
considered as necessary although not sufficient for a material to be used for assembling a
detector. The definite test should consist of an aging test. Comparable from a qualitative point
of view is the answer obtained monitoring the gas gain of a clean, validated gaseous detector,
which is connected downstream the outgassing box where the material under test is
introduced, and strongly irradiated. This test allows correlating the presence of impurities in
the gas with aging effects in the detector. In this case the response is more extensive than the

———
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2 Hewlett Packard Mass Selective Device 5971 A
3 Hewlett Packard G1223 A
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simple gas analysis, but unfortunately the irradiation conditions (high dose rates) make it
difficult to extrapolate the results to the final running conditions and lifetime scale of the
experiments. Thus existing data obtained either from systematic outgassing studies or
experience gained with detectors has only a pre-selective character when designing new
detectors.

3.3. TML and CVCM tests

A quick method to search for low outgassing materials was developed by NASA in the
early 60s. The method consists of testing micro-quantities by condensing the volatile products
to determine the amount of volatile condensable materials. This method gives a much faster
answer than the detailed analysis of gas samples, where specific quantitative and qualitative
calibrations have to be done to determine each detected pollutant and its concentration. In the
so-called TML and CVCM tests a number of samples can be tested at one time. Each sample
is placed into an aluminium foil boat. Following a 24-hour pre-conditioning at 25 °C, 50%
relative humidity and standard atmospheric pressure to ensure that the samples receive
common preliminary treatment, the individual samples are weighed. The samples are then
loaded into individual compartments in a solid copper bar that can be heated. A cover,
requiring that all volatile materials escape only through a small diameter exit port, closes each
compartment. The sample is heated to 125° C by conduction and radiation for 24 hours. This
causes the volatile materials to be driven off. A significant portion of the escaping volatiles
collects on a disk if the condensation temperature is 25° C or above. The mass loss of the
sample is determined from the weights before and after the 125° C exposure, and the
percentage loss is calculated to provide the Total Mass Loss (TML). In a similar manner, the
difference between the weight of a clean collector and of the collector having condensed
materials will provide the mass of condensables. This mass of condensables is calculated as a
percentage of the starting mass of the sample, and stated as CVCM. Materials having TML
and CVCM equal to or lower than 1.0% and 0.1% respectively are considered as low
outgassing.

The outcome of such testing is limited, as the resulting information does not identify
pollutants. However, the existing list of low outgassing materials catalogued with this method
is enormous and its outcome compatible with the more exhaustive tests carried out by
irradiating counters. The accessible NASA database [8] contains more than 1600 entries for
adhesives, 500 entries for rubbers and elastomers, 800 entries for potting compounds, etc. It
can help pre-selecting assembly materials before doing more time-consuming tests.

4. Outgassing rate of some assembly materials

4.1. Room temperature curing epoxy compounds

Epoxy compounds that polymerize at room temperature are very attractive because they
make it possible to assemble detectors having materials with very different expansion
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coefficients. Table 1 shows the list of epoxy compounds curing at room temperature and
labelled as low outgassing.

Table 1 Low outgassing epoxy compounds curing at room temperature. Both gas analysis and aging test have
been carried out to characterize these glues.

As for subsequent tables, it is shown if any outgassing has been detected with the analysis
station described in Section 3.1, and the effect of the outgassed pollutants, if any, in the
monitored gain of a strongly irradiated gaseous detector. For materials considered as low
outgassing the gas analysis should not reveal the presence of pollutants in the gas; the gas gain
of the irradiated counter stays constant (measured with about 1% accuracy) up to accumulated
doses above 0.5 C/cm of wire. The TML and CVCM values classify all the tested epoxies as
low outgassing except Stycast 1266 and Araldite 103. However, these two-epoxy compounds
have been thoroughly tested and validated irradiating counters. All components shown in the
table are presently employed by different experiments. Stycast 1266 (parts A and B) has been
widely used to assemble MSGCs. It has good moisture resistance, electrical properties and
good adhesion to metal, glass and plastics. Yet its long curing time (>16 hours) forced the
Outer Gaseous Tracker of the Hera-B experiment [9] to try a new hardener suggested by the
producer: catalyst 9 mixed with Stycast part A. The new combination decreases the curing
time by a factor 3 while keeping excellent outgassing properties. The inner tracker of Hera-B,
a set of hundred detectors based on the MSGC and GEM technology [10] makes use of
Eccobond 285 in the assembly steps where room temperature curing is mandatory. Araldite
AW 103 mixed with HY 991 hardener is presently used as sealing glue for the straws of the
Transition Radiation Tracker (TRT) of ATLAS [11] and for construction of the triple-GEM
stations of the COMPASS experiment [12]. Tra-Bond 2115 is used in specific parts of the
TRT assembly, where its excellent capillary effect helps the construction procedure.

ATLAS/TRTNONOTRABOND 2115

CERN/GDD
ATLAS/TRT

NONOARALDITE AW103
(Hardener HY 991)

HERA-B/ITRNONOECCOBOND 285

Out of production

HERA-B/OTR

CERN/GDD

Used by

NONOHEXCEL EPO 93L

NONOSTYCAST 1266 (A+Catalyst 9)

NO

Effect in Detector

NOSTYCAST 1266 (A+B)

OutgasEpoxy
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Table 2 List of epoxy compounds curing at room temperature for which the GC detects some pollutants at the
ppm level. For some epoxy compounds, an aging test of a validated gaseous detector has been carried
out. Permanent gas gain variations have been detected.

Table 2 lists the low temperature curing epoxy compounds for which the gas analysis station
detects some pollutants at the ppm level. For some of them an aging test of a validated
detector has been additionally carried out [13]. In such cases, permanent gas gain variations
have been detected. A sample case is Araldite AW106 (and hardener HV 935 U). This epoxy,
cured at room or higher temperatures, has been commonly used for gaseous detector assembly
due to the excellent mechanical, electrical and radiation resistance properties. Aging tests and
several gas analyses have been performed to ascertain its possible effect on aging. During the
aging test the gas gain of the irradiated counter, connected downstream the box containing the
sample, decreases when the Araldite AW106 is heated up to speed up the rate of pollutants
outgassing (Fig. 4). Removing the sample from the gas stream slightly recovers the gain but it
never reaches the original value. The counter response remains degraded even after flowing
clean gas for several days, indicating a permanent damage. Fig 5 shows the M/Z spectrum of
the analyzed gas flowing out of the heated box containing the Araldite 106 [14]. The
outgassing is present at low temperatures but increases significantly if the sample is heated.
Pollutants such as butane, hexane, trimethyl pentane and trimethyl butane are detected and
identified with the MS detector. The values for TML and CVCM are 3.26% and 0.02%
respectively [15], classifying this epoxy as non-low outgassing according to NASA standards.

4.2. High temperature curing epoxy compounds

Some epoxies curing at temperatures above 50 oC have been tested and they are listed in
Table 3. For some epoxies it is possible to find that detection of outgassed compounds does
not imply a bad effect in the response of an irradiated counter. This, for instance, is the case of
Epotecny E505.  This epoxy has been extensively used in the construction of MSGCs, which

YESYESARALDITE AW 106
Hardener HV 935 U

CERN/GDD
ATLAS/TRT

-YESEPOTEK E905CERN/GDD

-YESNORLAND NEA 123CERN/GDD

-YESTECHNICOLL 8862
Hardener 8263

CERN/GDD

-YESNORLAND NEA 155CERN/GDD

CERN/GDD

CERN/GDD

CERN/GDD

Source

YESYESDURALCO 4525

-

YES

Effect in Detector

YESHEXCEL A40

YESDURALCO 4461

OutgasEpoxy
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Table 3 List of investigated epoxy compounds curing at temperatures above 50 oC.

Figure 4 Normalized gas gain as a function of accumulated charge when the operating gas, Ar-DME (90-10), is
in contact with Araldite 106 (and hardener HV 935 U) samples. The temperature of the sample along
the test is also shown.
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hexane

trimethyl
pentane

tr imethyl
butane

butane

Figure 5 M/Z spectrum of the gas analyzed as it comes out of the box containing the Araldite 106 sample heated
up to 60 oC. Several compounds are detected being their quantity some tenths of ppm.

have successfully followed numerous, successful, long-term aging tests. Epotek H72, used for
the assembly of MSGC+GEM detectors presently running in Hera-B, slightly pollutes the
operating gas in the firsts hours of contact with it. Though the irradiated counter shows very
stable behaviour under irradiation, indicating that the detected pollutant might be volatile and
it is easily removed from the system thanks to the gas flow.

4.3. Other adhesives

Table 4 shows the conductive epoxies that have been tested. All of them have not induced
detectable gas pollution. During aging tests performed with the final detectors no aging effect
could be correlated with the use of these conductive epoxies. Table 5 shows the outgassing
rate of adhesive tapes.

Some sealing materials might contaminate the interior of an otherwise clean and
contamination-free detector. Table 6 lists the results observed when testing some sealants for
detectors and gas systems. Varian Torr seal is often used as leak sealer in ultra high vacuum
applications due to the known low outgassing rate. Even if some outgassing is detected one
should note that this components are usually employed in very small quantities to fix small gas
leaks. This would explain why for instance the pollution outgassed from DOW CORNING
R4-3117 RTV does not affect the response of the irradiated detector where few leaks have
been potted with few milligrams of this sealant [16]. Besides, as we shall see in section 4.6,
silicone-containing compounds should be generally avoided for the construction of high rate
gaseous detectors.

Time [min.]

Abundance
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Table 4. Outgassing tests of conductive epoxies.

Table 5 Gas analyses of adhesive tapes.

Table 6 Outgassing tests carried out for some sealants used for fixing small gas leaks in chambers and gas systems.

OKNONOTRABOND 2902ATLAS/TRT

HERA-B/OTR
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Source

OK

OK

Global
Result
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NOTRADUCT 2922

OutgasEpoxy

YESTESAFIX 4388HERA-B/OTR

HERA-B/OTR
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YESSCOTCH 467 MP

OutgasName

HERA-B/OTR

CERN/GDD

CERN/GDD
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OK ?NO
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YESSilicone basedDOW CORNING
R4-3117 RTV

BAD-YESPolyurethane-basedLOCTITE 5220

OK ?NO
in very  small quantities

NOCaoutchouc Silicone RTVRHODORSIL CAF4

NO
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OKNOSolvent-free epoxy resinVARIAN Torr-Seal
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Table 7 Rigid materials tested for outgassing.

4.4. Rigid assembly materials

The selection of rigid materials for use in detector assembly is a very important part of the
design. Not only must the material be capable of being fabricated into required components
but it must stand up to the environmental conditions. For high rate detectors, low pollutant
outgassing should be considered as one of the deciding factors. Table 7 lists the rigid materials
that have been tested. Gas pollution to the ppm level is detected for standard fibreglass
materials. A replacement candidate is Stesalit 4411W (epoxy without filler glass fibre mat). It
has good machining, excellent mechanical and electrical properties and proved low outgassing
properties [13]. Rigid materials such as ULTEM, Polycarbonate, VECTRA and Ryton have
the advantage that can be moulded into assembly pieces. Ryton has shown large rate of gas
pollution accompanied by a dramatic effect on the gas gain of an irradiated counter [13].
VECTRA is a low outgassing plastic of smetic (or liquid crystal) structure with interesting
properties [14]; for example, two Vectra pieces can be welded with a heating plate providing
after polymerisation homogenous leek proof connections. PEEK is a new high performance
thermoplastic with excellent radiation resistance, resilient to most chemicals and relatively
inexpensive. Amorphous PEEK (type Victrex) shows some degree of outgassing as well as
mechanical changes and discoloration if tested with DME. However, if the material is
thermally annealed to produce crystalline PEEK, this plastic seems to be an excellent choice.

OK-NOC-fibrePOLYCARBONATEATLAS/TRT

BAD-YESPolyetherether ketonePEEK AmorphousCERN/GDD

OK-NOC-fibreC-FiberATLAS/TRT

OK-NOPolyetherimideULTEMATLAS/TRT

OKNOYESLiquid Crystal PolymerVECTRA 150CERN/GDD

OKNONOPolyeteherether ketonePEEK CrystallineCERN/GDD

OKNOYESFibreglassSTESALIT 4411WCERN/GDD

Polysulphur phenylene

Fibreglass

Fibreglass

Type

BAD-YESFIBROLUX G10HERA-B/ITR

BADYESYESRYTONCERN/GDD

HERA-B/ITR

Source

BAD

Global
Result

YESYESHGW 2372 EP-GF

Effect in
Detector

OutgasMaterial
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Figure 6 Response of an ion analyzer for two samples of Nuvovern LW, a two-component Polyurethane [15].
The sample showing heavy outgassing has been processed using the component hardener few days
after the recommended expiration date.

One should take into account that high-temperature and pressure-moulded plastics are not free
of surface contaminating materials. If they are not moulded with exactly the right process
conditions some outgassing can be expected. This can occur even if the mechanical properties
meet specification requirements. Another source is the mould release agent. Many of them are
silicone-based.

4.5. Accidental contamination

A source of contamination usually underestimated turns up from the incorrect processing of
materials by incorrect weighing, mixing or use of an insufficient or incorrect cure cycle. Fig. 6
[15] shows the response of an ion analyzer for two samples of Nuvovern LW, a two-
component Polyurethane. Both samples have been processed under identical conditions; for
one of them the hardener was used a few days after the recommended expiration date. The
spectrum shows for both samples outgassed volatile components such as oxygen, water, CO
and CO2, probably adsorbed by the polyurethane during the mixing process. The sample
improperly processed shows in addition some hydrocarbons of high molecular weight and
heavy aromatic components typical of components that have not properly cured.

An adhesive will outgas more while it is being cured than after it is cured. Glue curing
under clean gas flow will help removing reaction products released during room temperature.

4.6. Silicon contamination

Silicone has been systematically found coating aged chambers, although in many cases the
origin of the pollutant has not been clearly identified. Probably the pollutant was part of the
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assembly materials or components in the gas system. Possible sources are silicone rubber
sealants, potting and encapsulation compounds, silicone adhesives, silicone vacuum grease
used to lubricate O-rings, mould-release agents, polluted gas cylinders, detergent residues
(sodium metasilicate), glass and related products such as glass fibres used for reinforcing
resins, silicone oil commonly used in bubblers and diffusion pumps. Fig. 7 shows the
unambiguous effect of a silicone bubbler placed downstream an irradiated MSGC, as
compared to the response of the same detector connected to a long, clean exhaust line.
Silicone can polymerize both with hydrocarbons and oxygen to form rather heavy polymers,
thus not easily removable by the gas flow. It should be taken into account that silicone has a
high natural affinity for most materials and the tendency to migrate. It is relatively inert
chemically and unaffected by most solvents, therefore among the most difficult surface
contaminants to remove. It has recently been found that silicone can be etched away by F-
species created in the gas avalanche [17] and spread out in the system, thus triggering
polymerization processes.

5. Detector assembly procedures

Contaminates during assembly can make the best-designed detector to fail. As a general
rule, the assembly area must be isolated from other manufacturing areas, and usually

Figure 7 Lifetime of a MSGC irradiated in a clean gas system in Ar-DME (90-10) and the unambiguous effect
of a silicon bubbler placed downstream the counter.

following clean room standards. Some equipment should be avoided or protected. Examples of
contamination are tools with lubricated shafts, soldering or brazing equipment that requires
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heating of volatile fluxes, motors and vacuum pipes with outgassing oils. Another important
source of contamination is the personnel. The people in the production should know the reason
why something must be done in a certain manner; hence careful and exhaustive training is
needed. Examples of contamination are street clothing; hair, make-up, fingernail and
fingerprints are source of oil and particulates and many creams and cosmetics contain
silicones. Proper education will greatly decrease problems in the manufacturing.

The assembly process has to be well specified and stable. It should be rechecked
periodically and only include proved improvements result of a careful observation of the
process. A good assembly process includes procedures about cleanliness of assembly
components and its verification. Tracing capability is also an important feature, especially
when building very large systems.

6. Gas system components

Components used to build gas systems have to be selected with care to avoid unexpected
pollution of an initially clean gas mixture. The components choice should include the selection
of materials which are low outgassing and chemically compatible with the gas mixture. These
principles should be used to assemble, not only the final gas mixer, but also any system
supplying gas during the assembly process and testing of detectors in the laboratory.
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Figure 8 Effect of pollutants released by a standard flowmeter assembled with lubricated joints and needle valve
on the gain of a ATLAS/TRT straw tube.

Fig. 8 shows the response of an irradiated ATLAS/TRT straw tube operated in a clean gas
system supplying Ar-CF4-CO2 [63-10-27]. When a standard flowmeter, constructed with a
lubricated valve and few greasy Viton O-rings, is inserted in the gas stream after about 70
hours of continuous irradiation, the gain of the straw falls very fast due to immediate
polymerization processes triggered by released pollutants. A procedure to clean the flowmeter

Time [hours]
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[18] consists of disassembling and cleaning all parts in a series of ultrasonic baths4 of
isopropyl alcohol, followed by a clean distilled water bath. A new alcohol volume is used for
each bath. The parts are then heated to 70 oC before the flowmeter is remounted. Fig. 9 shows
the normalized gas gain of three straws irradiated under the same conditions as shown in Fig.
8, but with the cleaned flowmeter in the gas system.  This practice should be used if any doubt
would exist about the cleanliness of other parts of the system, such as pipe connectors. Other
complex components, such as valves and cylinder pressure regulators are also potential
polluting sources. Components used for ultra high purity applications are usually assembled
following strict cleanliness requirements. However, a careful selection of joints still has to be
made in terms of gas compatibility and outgassing. Table 8 shows the results of some tests
carried out for some commonly used O-rings. Viton, one of the most common materials, has
shown some outgassing at the ppm level, though it has been satisfactorily used in very clean
gas systems.

Table 8 Results of tests carried out for some commonly used O-rings.

———
4 The ultrasonic bath should be performed following some basic rules: the components to clean are placed in a small volume of solvent in a
beaker made out of glass or stainless steel, with a flat bottom. The beaker is suspended in water, that acts as a sonic coupling medium. Fluid
levels in the tank and container should be more or less matched, and the volume of parts to be cleaned should be limited to less than about
25% of the fluid volume. For complex parts, several changes of orientation may be required for careful cleaning. Cleaned items should be
removed from solutions while the unit is still operating, to provide a thorough rinsing action.
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Table 9 Outgassing properties of some plastic piping.
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Figure 9 Response of three ATLAS/TRT straw tubes irradiated in a validated clean gas system, which is
modified to insert a Voegtlin flowmeter after it has been disassembled and thoroughly cleaned in a
series of ultrasonic baths to remove lubricants.

Plastic piping is often used because of its insulating properties, elasticity, low density and
price as compared with the reliable, electropolished, stainless steel pipes. In order to obtain the
desired physical characteristics, these complex materials are frequently modified chemically
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or with additives. As a result, they are often made more susceptible to outgassing. Table 9
shows the list of some plastic pipes that have been tested. Generally plastics should be kept to
a minimum due to their high gas permeability. At test laboratories, nylon piping can be used,
for instance, as a clean and simple way of adding a small concentration of water to the gas
mixture, due to the natural outgassing of water from or diffusion through the tube walls.

A major problem when selecting clean gas components is the difficulty to find complete
specifications and product descriptions; usually they do not contain enough information. Even
more, once an adequate product has been found and successfully tested following a strict
validation process that includes long-term aging tests of counters, it is difficult to trust the
cleanliness conditions for larger quantities. The golden rule to obtain a reliable gas system
seems to be the definition of the cleanliness requirements by understanding precisely the effect
of particular pollutants in the detector, to avoid pollution during the assembly process, and to
flush gas through the open system as much and as soon as possible to clean up possible
pollutants.

7. Some factors affecting aging rate in some gases

The operational parameters of gaseous detectors such as gas gain, discharge probability,
signal characteristics and others have been optimized for different gas mixtures. Nowadays
there is still some controversy about the choice of the optimal gas mixture, first because the
selection depends on the particular experiment, and second, for high rate experiments the
aging of the detector has to be kept to a minimum. Few gases have proved to be stable under
such harsh conditions. We shall see the factors that might degrade the detector response for
few of the commonly used gases.

7.1. Hydrocarbon mixtures

The use of hydrocarbons as quenching gas in proportional counters has been a rather
popular choice because it gives an excellent energy resolution and small variations in gain.
These advantages counteract its known tendency to polymerize [19, 20] and the fact that it has
been often found that this gas does not provide very long lifetimes. However, as aging of
gaseous detectors depends on a large number of parameters, several tests with Ar-CH4 90-10
have been done varying material of the electrodes of the counter, gas purity and radiation
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Figure 10 Aging rate characterized by the R’ value in (C/cm)-1/2 against the initial current in nA/cm of wire
drawn. All counters have operated in P10 varying some conditions.

dose, in order to discern which parameters play an important role in the aging process [21].
This study serves as a sample case as probably the observations apply to any hydrocarbon-
based mixture. Fig. 10 shows, for the totality of tests with this mixture, the level of aging
characterized by the R’ value in (C/cm)-1/2 [9], against the initial current in nA/cm of wire
drawn in the counter, mainly defined by the product of gain by particle rate. R’ is defined as

Gr = a e(−R' Q)

being Gr the gas gain relative to the initial one and Q the accumulated charge expressed in
C/cm. The R’ value does not depend on the particular dose accumulated in the aging run.

Several conclusions might be extracted from Fig. 10:

- Independently of the materials of the electrodes and, more importantly, of the purity of
methane, the rate of aging for P10 does not vary considerably for a given set of initial
conditions. This would suggest that the methane itself polymerizes in the avalanche
plasma and produces deposit layers on the wire surface.

- The rate of aging normalized per unit of charge and length is not constant, but depends
on the charge collection rate during the aging test. In plasma chemistry it is known that
radiation-induced polymerization is a function of the square root of the dose [1]. At
large irradiation rates, the density of ions and radicals will be lower due to space-
charge effects. This weakens the field and the avalanche extends over larger regions;
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the rate of polymerization would decrease, and in turn, so would the concentration of
deposits on the wire. This tendency permits to suppose that in real experiments, where
the irradiation conditions are not as drastic as in the laboratory tests, a faster aging rate
can be expected.

- The rate of aging improves if water (at % level) is added. This is in accordance with
the generally accepted idea that oxygen containing molecules, among others, prevent
to some extent the polymer chains growing. It might also be that water gives some
electrical conductivity to thin insulating films deposited on the wires. However, for
these tests, the improvement is still limited to consider this mixture as an operative gas
in high luminosity experiments.

7.2. Dimethyl ether

Dimethyl ether appeared in the 1986 Aging Workshop as a reliable quencher for gaseous
detectors operated at high rates. Since then, many groups have studied the aging behaviour of
DME-based mixtures. Fig. 11 [21] compares the lifetime of identical irradiated counters under
Ar-CH4 and Ar-DME in proportions 90-10. The counter in DME accumulates a large dose
without major degradation of its properties. However some gain reduction is still observed in
aging tests with DME. This may be probably due to a progressively larger amount of
pollutants in the gas mixture as the DME cylinder is being used. Fig. 12 shows the aging rate,
expressed by the R’ parameter, as function of DME used in the cylinder during the tests.
Certain impurities present in the liquid DME enter in the gaseous phase through a selective
process called Rayleigh distillation. For the tests shown in the figure, the pollutants detected
by gas chromatography when the DME cylinder has been used around 25% are freon 11 and
12 and few hydrocarbons. Their concentration stays anyhow at the ppm level. The triangle
point corresponds to the addition of water to the gas mixture that seems to prevent the aging
process. The solution is simple but might not be applicable to all kind of detectors; water
concentration should probably be adjusted for the running conditions of each particular
detector.

DME has proved to work for high rate detectors. Yet it has a very high sensitivity to traces
of pollutants at ppb level, which are difficult to control. In addition, being a rather reactive
gas, time-consuming studies have to be performed to check the resistance of DME to some
common materials used in chambers. For instance, and as it is shown in Table 10, the
immersion for 2 hours of conventional detector assembly materials in liquid DME shows some
degradation, measured in this case as percentage of swelling. Even if laborious laboratory
work is done to find a set of adequate assembly materials, it remains to be verified if these
clean conditions can be maintained in complex systems. DME has been widely replaced by
CO2, which seems to be less sensitive to small pollution and non-flammable, the cost being the
increase of operating voltage and the larger energy of discharges, with all the consequences on
chamber operation.
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Figure 11 Comparison of the response of a clean single wire proportional counter irradiated in Ar-DME and Ar-CH4.

Material Swell (%)

LDPE (foil) - 0.6

VECTRA 0.0

PEEK Crystalline (pipe) + 0.3

KALREZ (joint) + 1.6

PE  + 1.8

Kel-F (joint) + 4.0

PCTFE (joint) + 4.0

PVDF (joint) + 5.0

Kapton (foil) + 5.4

PEEK (Amorphous (pipe) +8.7

Table 10. Effect of the exposure of some conventional materials used in detectors or gas systems to 2 hours of liquid DME.
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Figure 12 Aging rate for several tests carried put with Ar-DME (90-10) expressed as R’ as function of the use
of the DME cylinder. The triangle point corresponds to the rate of aging measured when 0.8% of
water is added to the gas mixture.

7.3. CF4

The use of CF4, known as an aging preventing agent even for small concentrations in
the mixture, has progressively been adopted for most gaseous detectors operated at high rates
and needing high electron drift velocities. A balance between polymerization and etching
processes is established depending on the charge density (particle rate and gas gain), the
relative concentration of gas components and maybe the gas flow. The right balance permits
achieving lifetimes above tenths of C/cm for the straw tubes of the ATLAS experiment [17]. It
appears, however, that in gaseous detectors etching is the favoured process: CF4 dissociates in

rather stable species, F and CFx radicals. They have enough energy to break chemical bonds
in polymers which are then reduced to stable, volatile products. These products are probably
removed from electrodes by the gas flow. Few years ago this belief led to thinking that using
CF4-based mixtures would allow the requirements for cleanliness in experiments to be relaxed.
Presently, it has been shown that these mixtures are still sensitive to pollutants, as the balance
between deposition-polymerization greatly depends on the species added to the CF4. Detailed
studies have been performed to find wires resisting etching in CF4 mixtures. It has been found
[22] that non-golden wires react with fluorine radicals produced in the avalanche to form
metal fluorides, which may promote further deposition. Gold wires are essentially inert and
have therefore good aging properties. However, strong etching effects have been observed in
presence of water quantities above 0.1%. The magnitude of the etching destruction depends,
too, on the wire production technology and gold thickness [17].
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Figure 13 Pulse height measured in a single wire proportional counter (3 cm drift distance), which is gently
irradiated but connected downstream a small diameter straw tube in Xe-CF4-CO2 (50-30-20). When
the straw tube is strongly irradiated the large energy pulses (continuous line) are suppressed due to
the effect of electronegative species created in the avalanche.

Fig. 13 shows the pulse height measured in a single wire proportional counter, which is
gently irradiated but connected downstream a 4 mm diameter straw tube flushed with Xe-CF4-
CO2 (50-30-20). When the straw tube is strongly irradiated, the wire counter pulse height is
dramatically modified. Pulses with larger amplitude are suppressed suggesting that the gas
composition is modified by some relatively stable species created in the avalanche. Some
neutral but electronegative radicals reach the counter, with a drift distance between electrodes
(around 30 times bigger than in the straw) large enough to capture electrons. This dramatic
effect would put under question if this gas, despite the excellent results in terms of aging,
might be used for detectors operating over the long-term. Many non-metallic components of
the gas system and assembly materials could be affected.

It has been also pointed out [23] that F-compounds are able to react with silicone
compounds. It was suggested that CF4 could be use to clean up traces of silicone in large
systems. Presently, it is observed that this effect might be a real danger for large systems,
because the silicone compounds are effectively removed but distributed ubiquitously polluting
the detector and promoting heavy polymerization.

8. Conclusions and summary

The present knowledge about aging of gaseous detectors does not allow us formulating a set
of definite guidelines to avoid degradation of detectors under large radiation loads. Experience
from experiments or laboratory, where conditions are better controlled, allow nevertheless to
set some general principles that might help if not to prevent, to minimize aging effects. Such a
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multi-parameter process can only be understood after an efficient R&D phase has defined a set
of working conditions, which are particular to each type of detector and its conditions of use.
Among the parameters to identify, the following should be clearly understood: selection of the
gas mixture, gas gain and gas purity, which implies a careful selection of gas system
components, assembly materials and procedures. The long-term capability can then be
evaluated and extrapolated to real conditions if final prototypes are tested under conditions as
close as possible to the final ones, and strictly controlled. Among these parameters, it seems
mandatory to irradiate large areas with a charge density as close as possible to the one
expected in the final experiment. Space charge effects and discharges should be avoided as
they hide or increase respectively polymerization processes.

Summarized in tables we present the outgassing results for several materials that can be
used to assemble gaseous detectors and gas systems. A list of low outgassing assembly
materials exists, that includes epoxy compounds, rigid materials, sealants, elastomers, etc. The
effect of materials that outgas at the ppm level has to be tested for each particular case. That is
the case for materials such us Viton, Teflon, Polyurethane, etc. In general, there is no good or
bad material. A material is adequate or not for a very particular type of detector and conditions
of use. Existing data, obtained either from systematic outgassing studies or experience gained
with detectors, has only a pre-selective character that can help designing a detector before
carrying out more time-consuming tests. Once the material selection appears to be adequate,
the ultimate validation consists of irradiating the detector assembled with the chosen materials.
It seems, on the other hand, rather universal that silicone compounds that easily migrate
(lubricant-type) should be meticulously avoided, especially with some gas mixtures. One
should note that the sources of silicone contamination are enormous and hard to find.

Mixtures of noble gas and hydrocarbon are not trustable for long-term high rate
experiments. Hydrocarbons tend to polymerize by themselves. It is only a question of time
when polymers will deposit on the electrodes with enough thickness to disturb detection
efficiency. It is accepted that oxygen-containing additives can improve detector lifetime in
such mixtures. DME (CH3-O-CH3) has proven to give long lifetimes. However, a careful
material selection for detector assembly and gas system components is required due to the
high reactivity of this gas. Halogen contamination at ppb level shortens detector lifetime under
DME. Such low pollution levels are difficult to monitor and to keep under control. CO2 seems
to be the conventional replacement as an easy-to-use mixture. CF4-containing mixtures are
very attractive in terms of aging due to the fine polymerization-deposition balance
phenomena. It is expected that radical and ions issued from the avalanche process are
chemically reactive, competing with any polymerization process promoted by pollutants in the
gas. The competition between these two processes might slow down conventional aging
effects.  Unfortunately contradictory effects have been observed with CF4 mixtures. Being a
promising radiation hard mixture, detailed studies are necessary to set the conditions under
which a particular detector might satisfactorily work. They need strict control of pollutants
(specially water and may be oxygen) to avoid shifting the fine etching-deposition balance. F-
radicals are rather active. They clean up aged wires, but also are they able to attack some
materials used in the assembly. They are capable, for instance, of etching away Si-compounds
that may promote strong polymerization processes. Supporting this idea, semiconductor
industry uses CF4 to etch silicone and silicon-oxide substrates. Chemical processes involved in
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this type of gas mixtures are very complex, and probably highly sensitive to minor impurities.
This means that all possible precautions should be taken when designing detectors and
associated gas systems.
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