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lay, Irfu/SPhN, 91191 Gif sur Yvette, Fran
eMay 18, 2010Abstra
tA Geant4 simulation of a Mi
romegas dete
tor in hadron beams is presented.Very large energy deposits are observed, resulting from the produ
tion of highlyionizing parti
les in nu
lear intera
tions of in
oming hadrons with di�erent partsof the dete
tor. Assuming a spark is indu
ed by a lo
al, large energy deposit, we�nd that the spark rate grows as a power law with the gain of the dete
tor, asobserved experimentally. Using measurements with alpha parti
les, or alternativelythe well known Raether limit, our simulation gives a 
orre
t estimate of the sparkrate observed in hadron beams. A few experimental tests are proposed to 
he
k thevalidity of this simulation.1 Introdu
tionMi
ro pattern gaseous dete
tors, and in parti
ular the Mi
romegas [1℄, play an importantrole in modern physi
s experiments. Besides their ex
ellent spatial resolution, their fastion 
olle
tion allows them to 
ope with high parti
le rates. At very high �uxes, however,these dete
tors su�er from the multipli
ation of dis
harge pro
esses, appearing when thetotal 
harge in the avalan
he ex
eeds 107-108 ele
trons, the so-
alled Raether limit [2℄. Atransition to a streamer mode then o

urs, leading to a breakdown in the ampli�
ationregion. The resulting drop of the dete
tor's gain therefore yields dete
tion ine�
ien
y,not to mention possible damage to the dete
tor itself.Even if extensive experimental studies have been performed to measure the spark ratewith di�erent sour
es (hadron beams, alpha parti
les) [3, 4℄, many aspe
ts involved in theorigin and the development of a dis
harge remain un
lear. Before our study, the sparkrate in hadron beams, as well as its dependen
e on the gain of the dete
tor or on thegas mixture, 
ould only be derived from experiments. In this paper, we present a Geant4simulation showing that the produ
tion of Highly Ionizing Parti
les (HIPs) 
an naturallyexplain the observed spark rate as well as its dependen
e on the dete
tor gain.Se
tion 2 is dedi
ated to the des
ription of the Geant4 simulation of the dete
tor. Wethen study in Se
tion 3 the produ
tion of HIPs with hadron beams, and the resultingtail of the deposited energy distribution. Assuming a dis
harge is produ
ed by a lo
al,large energy deposit, we derive the spark rate in Se
tion 4, and study the e�e
t of the gasmixture in Se
tion 5. Finally, we try to estimate the spark rate for a bulk Mi
romegas,and propose a few experimental tests to 
he
k the validity of our simulation.1



2 Geant4 simulation of the dete
torWe simulated the Mi
romegas used in [3℄ for the �rst measurements of the spark rate inhadron beams, its geometry is shown in Figure 1. The dete
tor is based on a 400 µm thi
kPrinted Cir
uit Board (PCB) equipped with 7 µm thi
k 
opper readout strips. In thesimulation, we did not implement the stru
ture of the strips, but rather reweighted thedensity of the 
opper �lm by taking into a

ount the width (250 µm) and the pit
h (317
µm) of the strips. The 100 mi
ron thi
k ampli�
ation gap is separated from the 2.45 mmdrift gap by an ele
troformed ni
kel mi
ro-mesh, 4 µm thi
k with 37 µm square holesevery 50 µm 1. A similar mesh has been used for the drift ele
trode, but with holes every100 µm. The gas is a mixture of argon and isobutane (89-11) at atmospheri
 pressure, butwe also tried a neon-based mixture. Finally, we did not implement the pillars maintainingthe distan
e between the anode strips and the mi
ro-mesh.We used the latest version of Geant4 available at that time (4-09-02) [5℄, from the pa
kagedeveloped for CLAS12 simulations, Gem
 [6℄. The standard physi
s list 2 we used isQGSC_BERT, one of the most reliable lists around 10-15 GeV (see Se
tion 3.2). Systemati
studies have been performed to investigate the e�e
t of the produ
tion threshold or theintegration volume for the deposited energy (Se
tion 4.2). Be
ause of all these systemati
studies, as well as the very small probability of events we were looking for, more than 20billion events have been generated in total.3 HIPs produ
tion and deposited energy with hadronbeams3.1 HIPs produ
tion and originWe �rst simulated the intera
tion of 15 GeV π+'s in the Mi
romegas dete
tor, i.e. atthe energy used to measure the spark rate at CERN [3℄. In an argon-isobutane (89-11)mixture, around 98.73% of the events 
ontain only the in
ident pion whi
h deposits anenergy of the order of 1 keV that is the expe
ted value for this parti
le. For 1.26% ofthe events, this pion 
reates a se
ondary ele
tron in the gas volume, but this does notsigni�
antly 
hange the deposited energy. In the remaining 0.01%, however, intera
tionsbetween the pion and the material of the dete
tor produ
e several se
ondary parti
les, asshown in Figure 2. We see that the produ
tion probabilities of all these parti
les roughlyvary from 10−8 to 10−4, indi
ating they 
an appear in large quantities at high luminosity.They usually have small momentum, as illustrated for α parti
les in Figure 3 (left), thusbeing highly ionizing. These parti
les are mainly produ
ed by nu
lear intera
tions withthe drift ele
trode, the strips, and the mi
ro-mesh, as shown in Figure 3 (right), the total
ontribution from the gas itself being relatively small. We will see, however, that if we1In our simulation we a
tually used round holes, with the 
orre
t opti
al transparen
y.2A physi
s list is a set of models for the various 
ross se
tions of every parti
le, as well as 
orrespondingenergy ranges. 2



Figure 1: (Left): stru
ture of the simulated Mi
romegas in Geant4. From left to right, thePCB, the strips (not visible on this pi
ture), the ampli�
ation gap, the mi
ro-mesh,the 
onversion gap and the drift ele
trode. (Right): stru
ture of the mi
ro-mesh withits holes.only sele
t parti
les with very large energy deposits, the fra
tion of se
ondaries 
omingfrom the gas is not negligible anymore.
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Figure 2: Left: number of parti
les depositing energy in the dete
tor per event. Right: pro-du
tion probability for all se
ondary parti
les.The distribution of the highest energy deposit per event in the dete
tor is shown inFigure 4, and as expe
ted, exhibits a very long tail 
oming from the HIPs. The depositedenergy is integrated over �xed (tra
k independent), square parallelograms in the dete
tor,of size 300µm×300µm× the drift gap. If a parti
le deposits 100 keV in one parallelogram,and 120 keV in another one, only the 120 keV deposit appears in the displayed distribution.3
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Figure 3: Left: momentum distribution for α parti
les. Right: vertex positions of the HIPs.The three main peaks 
orrespond to the drift ele
trode, the mi
ro-mesh and the anodestrips respe
tively.We see that energies of the order of 1 MeV 
an be lo
ally deposited in the dete
tor, witha probability around 10−8. Around 42% of the parti
les depositing at least 0.2 MeV areprodu
ed in the drift ele
trode, 22% in the gas itself, 10% in the mi
ro-mesh, and 23% inthe strips (see also Figure 11 for 
omparisons with di�erent geometries).Figure 5 shows an example of a pion intera
ting with the drift ele
trode of the dete
tor,produ
ing many se
ondary ele
trons and photons, and a low energy proton.
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Figure 4: Tail of the lo
al deposited energy in a Mi
romegas dete
tor using a 15 GeV π
+ beam,normalized to the total �ux of pions. We integrated the deposited energy over �xedparallelograms of size 300µm×300µm× the drift gap.4



Figure 5: Example of an intera
tion between the in
ident pion (
oming from the right) and thedrift ele
trode. Besides se
ondary ele
trons and photons, a low energy proton is emit-ted. Large energy deposits (represented by dots) are visible all along its traje
toryin the 
onversion gap.3.2 Choi
e of the physi
s list and energy dependen
eBefore relating the tail of the deposited energy distribution with the spark rate, we need toinvestigate the e�e
t of the Geant4 physi
s list 
hoi
e. The available and re
ommended [7℄lists are based on:
• string formation models at high energies: QGSP [8℄ (valid above 12 GeV), QGSC (above8 GeV);
• 
as
ade models at low energies: Bertini (below 10 GeV), Binary (below 1.3 to 10GeV, depending on parti
les);
• parametrizations: LEP (valid below 55 GeV).5



A Geant4 physi
s list often makes use of a 
ombination of these models, to 
over a largeenergy range. Figure 6 shows the fra
tion of events with large energy deposits for variousphysi
s lists, as a fun
tion of the pion beam energy. At 15 GeV this fra
tion 
an varyby an order of magnitude due to large dis
repan
ies in se
ondary parti
le 
ross se
tionsbetween the various physi
s lists. These large dis
repan
ies 
ome from a la
k of data atthese energies, however pion produ
tion on Copper at 12 GeV - i.e. very 
lose to oursimulation - 
learly favours the QGSC model whi
h is able to reprodu
e both the 
rossse
tion and the momentum distribution of the se
ondary pions [9℄. In the following, wewill therefore use the QGSC_BERT physi
s list, the Bertini part beeing almost useless atour energies. Note that the spark rate does not exhibit a strong experimental dependen
ewith the beam energy in the range 3-15 GeV [3℄. Anti
ipating the 
orrelation betweenlarge energy deposits and sparks, this observation supports our 
hoi
e of the physi
s list,as QGSC_BERT indeed exhibits the smallest variation at these energies.
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Figure 6: Fra
tion of events with large energy deposits for di�erent Geant4 physi
s lists, as afun
tion of the in
ident pion energy.
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4 Spark rate4.1 Estimation of the spark rate as a fun
tion of a normalizedgainAs already mentionned, the spark rate evolution with the average gain has been studiedexperimentally [3℄, and turned out to exhibit a power law dependen
e. This dependen
e
annot be explained simply by the gain �u
tuations. Indeed, the gain is known to followa Polya law [10℄, and the integration of the 
orresponding distribution's tail 
annot leadto a power law shape. It is therefore natural to assume that the sparks are due to largeenergy deposits in a small volume of the dete
tor, generating a large number of ele
tronsin the 
onversion gap, and leading to a spark on
e multiplied in the ampli�
ation gap.Assuming the number of ele
trons 
reated in the 
onversion gap is dire
tly proportionalto the deposited energy, we 
an then derive the spark rate evolution with a normalized,average gain of the dete
tor: if a deposited energy of 1 MeV 
reates a spark at a gainequal to unity (normalization), then a 500 keV deposit will produ
e a spark at a gain of2. The normalized gain Gn needed to 
reate a spark 
an then be expressed as:
Gn(Edep) =

1 MeV

Edep

, (1)where Edep is in MeV. Thus, the integration of the tail of the deposited energy will dire
tlygive the spark rate S at a given gain Gn:
S(Gn(Edep)) =

∫
∞

Edep

f(X)dX, (2)where f is the deposited energy distribution. The result is shown in Figure 7, wherea power law dependen
e is 
learly observed, that is qualitatively 
ompatible with theexperiments.4.2 E�e
t of the Geant4 produ
tion threshold and the integrationvolumeThe amplitude of the spark rate shown in Figure 7 may depend on two important param-eters:
• the produ
tion threshold: this determines the minimum energy at whi
h Geant4stops to propagate the primary parti
les. When this minimum is rea
hed, no addi-tional se
ondaries are produ
ed, and the primary is 
ontinuously tra
ked down tozero energy. To take into a

ount di�eren
es of material, this threshold is a
tuallya distan
e in Geant4. In our simulation, we set it to 300µm that 
orresponds to aminimum proton momentum of about 40 MeV/c in argon gas;7
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Figure 7: Simulated spark rate with 15 GeV pions and protons obtained by integrating the longtail of deposited energy, as a fun
tion of a normalized gain (see the text for details).
• the integration volume for the deposited energy: as mentionned previously, we in-tegrated the deposited energy in boxes of size 300µm×300µm× the drift gap. Thetransverse size of these boxes should somehow re�e
t the transverse size of a spark:it would make no sense, for example, to integrate the deposited energy within 1 mm2,as a spark is a mu
h more lo
al phenomenon, usually involving only one strip. Onthe other hand, as we do not simulate the transverse di�usion of ele
trons in the gas,it would be meaningless to integrate over sizes mu
h smaller than this transversespread.Figure 8 shows the e�e
t of these two parameters on the spark rate: no signi�
ant de-penden
e is observed on the produ
tion threshold (the spread at small gain is due tostatisti
s), but as expe
ted, the spark rate in
reases signi�
antly when we integrate thedeposited energy over larger boxes. However, for small enough boxes, the spark rate doesnot vary a lot, supporting the idea that large energy deposits are very lo
al, as it shouldbe for HIPs stopped in the gas.In the following, we will use the same value for the produ
tion threshold and the integra-tion volume, i.e. 300 µm.
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tionthresholds. Right: same, with di�erent integration volumes.4.3 Comparison with experimental dataThe next step is to make a quantitative 
omparison between the observed spark rate andthe simulated one. Therefore, we need to relate our normalized gain to a realisti
 one.There are essentially two ways to do it:
• by using the Raether limit, indi
ating that a spark appears when the total numberof ele
tron ex
eeds 2×107; however this limit is a very rough approximation, thespark probability being a smooth fun
tion of the total 
harge (see for example [4℄);
• by using the measured spark rate yielded by a 241Am sour
e (produ
ing α parti
lesat 5.5 MeV). This spark rate is 
lose to an Erf fun
tion of the gain, as expe
ted fromthe nearly Gaussian amplitude distribution of the α's. As we know pre
isely what isthe mean deposited energy for these parti
les, the 
orresponding gain - i.e. neededto produ
e a spark for this deposited energy - is simply the gain for whi
h the sparkprobability is 0.5. A

ording to measurements from [4℄ (Figure 4), performed witha dete
tor identi
al to [3℄, this gain is around 2500. The mean energy deposit of αparti
les in this dete
tor being around 400 keV, a gain of 1000 is required to sparkwith a 1 MeV deposit.The result of these normalizations is shown in Figure 9, and are 
ompared with experi-mental measurements of the spark rate. Taking into a

ount the un
ertainties from thenu
lear intera
tions at these energies, our estimate of the spark rate is in reasonableagreement with the data.5 E�e
t of the gas mixtureAnother important experimental observation is the strong dependen
e of the spark rateon the used gas mixture [3℄. Dete
tors used with light gases are indeed known to get lesssparks than with heavy ones. The fa
t that only a small fra
tion of HIPs are 
reated in9
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Figure 9: Comparison between simulated and measured spark rate with 15 GeV pion beam,using the two proposed normalizations for the gain. Data are extra
ted from theFigure 8 in [3℄.the gas is not in
ompatible with this observation, as the gas will also play a role in theway these parti
les deposit their energy: in lighter gas, the mean free path is longer, andwill lead to a spread of the 
harge, as well as to a de
rease of the lo
al ele
tron density.But before 
omparing the spark rates with di�erent gases, we need to address two issues:
• the mean energy required to 
reate one ele
tron-ion pair (wi) depends on the gas:for example, it is around 36.3 eV in neon, and only 26 eV in argon. So, if a 1 MeVdeposit 
an indu
e a spark in argon gas (by produ
ing around 1 MeV/ 26 eV =38,500 ele
trons) at a given gain, the same deposit in neon will produ
e 1 MeV /36.3 eV = 27,500 ele
trons, meaning it will produ
e a spark only with a gain (36.3/ 26) times larger;
• this gas gain normalization a
tually assumes that the spark is indu
ed by the samedensity of ele
trons in the ampli�
ation region, whatever the gas is. This is probablynot the 
ase in general, as gas have di�erent diele
tri
 strengths. However, it turnsout that this diele
tri
 strength is roughly the same for argon and neon [11℄. In thefollowing, we will therefore only 
ompare argon and neon mixtures, assuming thespark is indu
ed by the same ele
tron density in both 
ases. This is supported bythe observation that dete
tors spark when the Raether limit is rea
hed, a limit that10



is almost independent of the 
hoi
e of gas (argon or neon).Figure 10 shows the spark rate for argon and neon-based mixtures, with the gain nor-malized as in Se
tion 4.3, and reweighted by the wi ratios. Neon mixtures are found tohave a spark probability that is signi�
antly smaller than argon mixtures. However, thedi�eren
e between argon and neon in the experimental data is even larger, and it is likelythat intrinsi
 properties of the gas that are not taken into a

ount in this simulation,su
h as the spread of the 
harge through the transverse di�usion or the drift velo
ity,do a�e
t the spark probability. Figure 11 summarizes the 
ontributions of the di�erentparts of the dete
tor to energy deposits larger than 200 keV. We see that the use of aneon mixture lowers ea
h 
ontribution by almost a fa
tor of two. These simulations thusseem to indi
ate that the strong e�e
t of the gas on the spark rate is not due to nu
learintera
tions with the gas itself, but rather to stopping power di�eren
es (and a higherionization energy wi for neon gas).
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Figure 10: Comparison between measured and simulated spark rate as a fun
tion of the gainfor argon and neon mixtures. Data are extra
ted from the Figure 8 in [3℄.6 Comparison between a standard and a bulk (wovenmesh) Mi
romegasThe fa
t that a non negligible part of the HIPs are produ
ed on the mi
ro-mesh maybe problemati
 in the 
ase of a bulk Mi
romegas, where the woven mesh used is mu
h11
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Figure 11: Contribution of the di�erent parts of the dete
tor to the produ
tion of energy de-posits larger than 200 keV for various geometries.thi
ker (30 mi
rons of stainless steel) than meshes of standard Mi
romegas (4 mi
rons ofni
kel). We therefore investigated the importan
e of the material and thi
kness of themi
ro-mesh. The results are shown in Figure 12 and indi
ate that the e�e
t of the mi
ro-mesh is relatively small. In parti
ular, we predi
t that the bulk Mi
romegas should notspark signi�
antly more than Mi
romegas equipped with thin ni
kel mesh. This is dueto a partial 
ompensation between HIPs 
oming from the mesh and the strips. Indeed, athi
ker mesh will produ
e more HIPs, but will also absorb more HIPs 
oming ba
k fromthe strips. This e�e
t is illustrated in Figure 11, where we see a de
rease of the strip
ontribution by a fa
tor of two.7 Experimental tests to 
he
k our simulationWe now propose a few experimental tests that would help to 
he
k the validity of ourinterpretation. As mentioned before, the 
omparison of the spark rate between standardand bulk Mi
romegas would be a very good test. Another simple 
he
k would be to tiltthe dete
tor with respe
t to the beam axis. The beam parti
les would therefore 
rossmore material in the dete
tor, leading to a higher spark rate, as illustrating in Figure 13.However, these predi
tions 
ould not help to determine the 
ontributions of the HIPsprodu
ed through intera
tions with the gas or with the drift ele
trode of the dete
tor.A test that would unambiguously 
he
k our interpretation would be to use two identi-12
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Figure 12: Simulated spark rate for di�erent types of mi
ro-mesh, with an argon-isobutanemixture (89-11).
al dete
tors, one equipped with an aluminized mylar for the drift ele
trode, and oneequipped with a thi
k, woven mesh. As shown in Figure 14 a signi�
antly smaller sparkrate is expe
ted with the �rst dete
tor. Figure 11 indi
ates that an aluminized mylar 
ande
rease the 
ontribution of the drift ele
trode by roughly an order of magnitude.Tests have been performed re
ently at CERN within the RD51 
ollaboration, using a 150GeV pion beam, with standard and bulk Mi
romegas, as well as with di�erent types ofdrift ele
trodes. These tests were primarily performed to measure the spark rate in atransverse magneti
 �eld, and study the dependen
e with the Lorentz angle [12℄, but theanalysis of the data taken will also allow us to 
he
k our predi
tions.8 Con
lusionWe presented a Geant4-based study of the origin of the sparks in a Mi
romegas dete
torhit by hadron beams. Highly ionizing parti
les are produ
ed by nu
lear intera
tions ofhadrons with the drift ele
trode, the gas, the mi
ro-mesh and the strips of the dete
tor.Within this interpretation, we were able to explain qualitatively the two main observationsobtained with hadron beams: i) the gain dependen
e of the spark rate, and ii) the stronge�e
t of the gas mixture, that seems to 
ome essentially from stopping power di�eren
es.Using a gain normalization from sparks with an alpha sour
e, our simulation gives a 
orre
t13
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Figure 13: Simulated spark rate for di�erent 
rossing angles of 15 GeV pion beams, with anargon-isobutane mixture (89-11).estimate of the spark rate in hadron beams. Several tests were proposed to experimentally
on�rm this interpretation, namely the spark rate dependen
e with the in
ident angle ofbeam parti
les, the in
rease of the spark rate by using a thi
k mesh for the drift ele
trode(instead of an aluminized mylar), or the spark rate 
omparison between a standard anda bulk Mi
romegas.9 A
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