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Motivation: CSC’s performance at HL-LHC 



For 10 Å insulating layer  
ΔV = 1V provides E = 107 V/cm 

 

Malter current effect (MCE) is secondary electron emission which 
appears when:  
1. an insulating layer exists on the cathode,  
2. the rate of ion build-up is higher than its removal from the  
    insulating layer, 
3. some ignition mechanism take place 

Malter current effect is … 

Manifestation of MCE:  
1. self-sustained discharge ignited by high  
     intensity irradiation and micro sparks;  
2. sustained O(1) A current independent  
    from external irradiation;  
3. spurious signals which hard to see in data  
    or DQM (can be too small, DAQ is LST driven). 

Curing is possible: 
  Make cathode again conductive by 

- Adding water/alcohol vapours  
       (not good for FR4 cathode strips); 
- Clean (etch) insulating layer with training at presence 
         of O,F and CF3  
 Wait until insulating layer rises up to 1 m (??) 
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I.  MCE curing procedure on the beam consists in 
keeping of the Malter current until it drops down at the 
level below of the HV trip threshold. For the training the 
threshold is specially raised up to ~40 A 

Malter currents   MUON LHCb: samples  
II. MCE curing procedure without  beam is similar to the previous 
with beam, but includes the training with inversed high voltage as 
well.  

During each long period for  access (>4 days) the most problematic 
gaps had been treated with negative polarity. 

 

• 47% gaps of MUON system passed in situ the training with 
HV(-). 

• In addition, 5 regions, M1R2 and M2/3 R1/R2, passed through 
the conditioning with HV(-) on GIF before installation (336 
gaps). 

• In total –2582 gaps (52.2%) 

“Criteria of goodness” : no dark current at HV(+)=+2.85kV and HV(-)=-2.3kV 

Oleg Maev  

MALTER CURRENTS   MUON LHCB: Ar /CO2 /CF4 (40 : 55 : 5) 

  

RECOVERY OF LHCB MUON CHAMBERS FROM MALTER 
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CSC LHCb, Ar/CO2/CF4 (40 : 55 : 5) 



 

 MALTER CURRENTS MUON LHCB  Malter currents   MUON LHCb: samples  Malter currents   MUON LHCb:  
recovery with 2% O2 adding 
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Reactions of oxygen impact dissociation and excitation significant 

for avalanche electron energy  1-15 eV:  

e- + O2 → O− + O••  (1) 

e- + O2 → *O2 + e-  (2) 

 

 O2 molecules (1) happens at electron energies ~5 eV,  

CO2 electron impact dissociation starts only at ~13 eV.  

 

The atomic oxygen, O••, and the excited molecular oxygen, *O2, are 

 chemically aggressive. 

Atomic oxygen O•• interacts with O2 molecules forming ozone:  

 

      O•• + O2→ O3
*                              (3). 

 

Ground state ozone, O3, can participate in the processes of plasma 

chemical etching on the cathode surface or recombines with free 

oxygen radicals: 

 

      О3 + О•• → 2О2  (4).        



 

 MALTER CURRENTS MUON LHCB  Malter currents   MUON LHCb: samples  

III. MCE curing procedure is similar to the previous without beam, 
but in Ar/CO2/CF4 (40 : 55 : 5)  2% of Oxygen is added.  

Removal of organic polymeric material  with oxygen containing plasma (H. Boeing, Plasma 

Sci.&Tech., page 281, (1987). 

 Cleaning of mirrors contaminating films by a glow discharge in oxygen plasma. (R. Gillette et al., 

Vac. Sci. Tech., 7(1070)534) 

 Recovery from the Malter effect deposits by Oxygen (A. M. Boyarski, Additives That Prevent Or 

Reverse Cathode Aging in Drift Chambers With Helium-Isobutane Gas, Nucl. Inst. And Meth. A515, 

190-195(2003). 

 M. Blom, I. Mous, and N. Tuning, Effects of adding oxygen to the outer tracker gas mixture,“  

LHCb, vol. 064, 2008 

 

Malter currents   MUON LHCb:  
recovery with 2% O2 adding 

D.Maysuzenko, O. Maev 
G.Gavrilov, PNPI, Gatchina, RF 

8 



Malter currents:   CSC CMS  

Summary: 
 
The number of the MCE touched chambers may increase at HL-LHC.  
 
We need an early diagnostic based on HV monitoring system. 
 
 From LHCb CSCs experience follows that recovery techniques for CMS CSC’s 

have to be developed.  
 
 Laboratory tests with small scale prototypes are actual for this purpose. 
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CSC’s Malter current and HL-LHC 

 1998 – Local aging test of first CSC prototype  (90Sr - Q~12 C/cm, 75 Volume/day+ Q~2 C/cm 1 
Volume/day); 

 1999 -  Aging test of 1m prototype on GIF (137Cs – Q=0.218 C/cm, 1 Volume/day); 

 2000-2001 -  Aging test of full-scale CSC chamber on GIF (137Cs – Q=0.35 C/cm, 1 
Volume/day); 

 2010 – First signs of MCE in the  full-scale ME1/1 (V.Perelygin DOC Report 25.04.2012). 

 From  2016 – Ongoing aging test of full-scale CSC chamber on GIF++ (137Cs -Q~0.1 C/cm, 1 
Volume/day); 

 2016 -  Local benchmark aging test of CSC prototype  (90Sr - Q~1.36 C/cm,  3.5 Volume/day). 

 15.09.2018 - Local benchmark aging test of CSC prototype  (90Sr - Q~ 356 mC/cm,  3.5 
Volume/day). 
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MCE historical summary at CSCs of CMS and LHCb: 
CSC CMS, Ar/CO2/CF4 (40 : 50 : 10) 

CSC LHCb, Ar/CO2/CF4 (40 : 55 : 5) 
 1998 – 2000, M1R2 and M2/3 R1/R2 - 5 regions, passed through the conditioning with HV(-) 

     on GIF before installation (336 gaps). In total –2582 gaps (52.2%); 

 2010 - 2018  Ongoing training procedures for recovering from Malter current. 

Oleg Maev, LHCb General meeting, 12 September 2016 

CSC’s aging study history 



 Local aging tests under 90Sr irradiation are performed with compact CSC prototype 
modules fed by standard  CSC gas mixture and modified gas mixture 
36.6%Ar+61.75%CO2+1.65%СF4; 

 Accumulated charge 1.36 C/cm is obtained with standard gas mixture and 0.39 C/cm with 
modified. The absence of amplitudes degradation matches with the previous tests;  

 Despite of the strong oxidation and presence of Si on cathodes surface,  no MCE 
manifestation have been detected 

Note 

The CSC’s of the CSC muon tracker in CMS mainly are under irradiation by the 
muons, neutrons (1 MeV) and electrons (1-10 MeV). 
 
There is no facility for laboratory aging tests providing the study of the effect of  
more than one radiation source. 
  
The solution consists in  study a separate aging effects from singular radiation source.  
90Sr -source with maximum E  = 2.28 MeV is capable provide both classical aging due  
to plasma chemistry processes and radiation damage of the cooper foil surface. 

         TARGETING AGING TEST IN PNPI 
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 2 planes,  each with 7  
  controlled anode wires;  
 50 m gold-coated anode wire; 
 285 x 270 mm2 sensitive area,  
    693 cm3 gas volume; 
 S = 3 mm ; 
 L = 4.5 mm ; 
 Identical geometry and  
    construction materials to CSC ; 
  Gas flow during  aging test  
    was 2.5 sccm   
that is  4 volumes per day ; 

 

BUT 

o   Readout  from anode wires; 
o  No gas mixture recirculation; 
o  HV applied to the cathode. 

 

CSC prototype for longevity tests in PNPI  
 

Gas gain 5104  
HV = 3750 V 



Disassembled detector after accumulation of  

Q=1.36 C/cm  with 40%Ar+50%CO2+10%CF4 
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Q= 0.0 C/cm 

Q=1.36 C/cm 

Damaged (toughed by oxidation) zone  
is 10 times bigger of irradiated spot (~6 cm2)  

Gas gain vs Acc. Charge 

Dark current vs Acc. Charge 

Bottom cathode plane  

Upper cathode plane  



Disassembled detector after accumulation of Q= 0.39 C/cm aged with 

36.6%Ar+61.75%CO2+1.65%СF4      
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Q= 0.39 C/cm 

Upper cathode plane  

Bottom cathode plane  

Gas gain vs Acc. Charge 

Dark current vs Acc. Charge 



MALTER CURRENT IGNITION TEST 
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  “SLOW” AGING TEST – SEARCH FOR MALTER    

 

 CSC prototype local aging test under 90Sr irradiation  with 40%Ar+50%CO2+10%CF4  
working gas mixture is in progress 

 Ionization current in the two per ~6 cm2 irradiated zones is 1.1 A that provides charge 
accumulation rate ~ 4 mC/cm per day 

 An accumulated charge per 1 cm of wire length in the prototype module is Q = 356 mC/cm 

 No signs of Malter effect have been obtained 



90Sr scan currents at HV=3950 V  

Fingerprints between B and E control points  Scan for ME with 90Sr at  ~3 cm height from prototype surface 

Point E 

Point C 

Point A 

Q = 103 mC/cm 

Gas inlet 

Rest currents after 90Sr irradiation I  5 
A   
at HV = 3950 V 



55Fe amplitudes measurements in the control points 

Monitoring parameters: 
- 90Sr irradiation current, correspondent pressure and temperature  

- 55Fe amplitudes in the control points A ….I 
- 55Fe count rated in the control points 
- Dark currents per plane and monitored wires 
- 90Sr scan per plane and control points looking for ME 
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DARK CURRENTS  



Study of Malter effect provoking mechanism  

e + CF4 → CF3
 + F + e; (1) 

e + CF4 → CF3
 + F; (2) 

e + CF4 → CF2
 + 2F + e; (3) 

e + CО2 → CO + O + e; (4) 

e + CО2 → CO + О; (5) 

e + CО2 → CО + O. (6) 

To remind: CF3
, F, O  are produced in avalanche  at 3 – 6 eV    

O + CF3
 → COF2

 + F; (7) 

O + CF2
 → COF + F; (8) 

e + COF2 → COF + F + e; (9) 

O + COF → CO2↑ + F . (10) 

Presence of O stimulates additional generation of  F   
which provides etching of Si and other organics  

4F + Si → SiF4↑;   

4F + SiO2 → SiF4↑ + O2↑; 

Si + CF3
 + F + 2O  SiF4 + CO2. 

To provide an effective cleaning from silicon and organic 
deposits a high current about of 20-40 A is needed 
 
Etching rate can be accelerated with adding O2 in the gas 
mixture. 
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MAP OF THE SAMPLES FOR 

ANALYSIS 
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Optical microscope 

DETAILED SEM/EDS OF AGED CATHODE SURFACE OF CSC 

PROTOTYPE  IN PNPI 

PR II 



CATHODE SAMPLES: 

E – CENTER OF THE IRRADIATED ZONE (4 GY) 

CSC accumulated dose: Q = 1.36 C/cm 
Cooper foil accumulated dose: ~4 Gy/cm2 

DETAILED SEM/EDS OF CATHODE SURFACE OF AGED CSC PROTOTYPE IN PNPI PR II 

Element Cu (wt%) O (wt%) C (wt%) F (wt%) Si (wt%) Ca (wt%) 

Sample B-I 84.5 ± 0.1 3.0 ± 0.0  12.3 ± 0.1 0.0 0.3 ±0.0 0.0 

Sample E 73.4 ± 0.1 11.5 ± 0.0 8.0 ± 0.1 4.6 ± 0.1 1.8 ± 0.0 0.7 ± 0.0 



CATHODE SAMPLES: 

H – APART FROM THE 

IRRADIATED ZONE 

CSC accumulated dose: Q = 1.36 C/cm 
Cooper foil accumulated dose: ~4 10-3 Gy/cm2 

 

DETAILED SEM/EDS OF CATHODE SURFACE OF AGED CSC 

PROTOTYPE IN PNPI 
PR II 



ANODE WIRE SAMPLE: 

E – CENTER OF THE IRRADIATED ZONE 

Accumulated dose Q = 1.36 C/cm 

PR II 



EDS OF FIB MILLED CROSS SECTIONS IN CU 

COATED CSC MUON CHAMBER PROTOTYPES 

Cu 

O 

High resolution EDS mapping revealed that this darker region has a lower 
concentration of Cu and a higher O concentration than the surrounding Cu. This 
suggests that the irradiation on the sample surface has resulted in the formation of 
copper oxide in the near surface region (3-4 μm). 
 

DOCUMENT PREPARED BY: DOCUMENT CHECKED BY: DOCUMENT APPROVED BY: 

A. J. G. Lunt EN-MME-MM 

Client: Katerina Kuznetsova EP-UCM 

F. Léaux EN-MME-MM F. Léaux EN-MME-MM 

CSC accumulated dose: Q = 1.36 C/cm 
Cooper foil accumulated dose: ~4  Gy/cm2 

 

PR II 



CSC accumulated dose: Q = 390 mC/cm 
Cooper foil accumulated dose: ~1.65 Gy/cm2 

 

Presence of evident damages of the cooper foil  
indicates that  besides of the intensive oxidation  
processes the cathode surface suffer from  
radiation damages, too. 

PR III 



SEM/EDS analysis was conducted on Jeo66l JSM-10LV with W and 
LaB6 electron source (U=0.3-30kV).   
Detectors: SE detector, BDE detector, CL detector 
EDS detector (X-Max Large Area Analytical Silicon Drift connected with 
INCAEnergy 350 Microanalysis System) 
 
- detection of elements Z ≥ 5 
- detection limit ~0.1 mas% 
- resolution 126 eV 
 

Maximal size of the sample: 20cm (width), 8cm (height), 1kg (mass)   
 

B-sample PR III 

CSC accumulated dose: Q = 390 mC/cm 

Cooper foil accumulated dose: ~0.2  10-3 Gy/cm2 

 



XRD (X-RAY DIFFRACTION ANALYSIS) 

Identified crystalline phases: Cu, Cu2O, Cu(OH)2H2O, Cu(OH)F 

B-sample PR III 

Analyzed area: ~15x15mm 
Penetration depth < 1mm 
Detection limit: 3% 
 

The X-ray diffraction analysis 
was conducted on Rigaku 
Smartlab automated 
multipurpose X-ray 
Diffractometer in θ-θ geometry 
(the sample in horizontal 
position) in parafocusing Bragg-
Brentano geometry using D/teX 
Ultra 250 strip detector in 1D 
XRF suppresion mode with 
CuKα1,2 radiation source (U = 40 
kV and I = 30 mA).  

 

2θ 



Irradiation geometry simulation with GEANT4  

Spectrum from 90Sr -source 

1. Int. J. Appl. Radiat. Isot. 34 (1983) 1241 

 Layer II: 137.7 ± 2.5 nGy 

 Layer III: 102.3 ± 2.1 nGy 

Model 2 Model 1 

The accumulated doses in the  
copper layers per second: 

Model 2 

Model 1 

 Layer 2: 1068.5 ± 7.8 nGy 

 Layer 3: 712.2 ± 6.3 nGy 

Samples of PRII 

PR II 
PR III 

PR IV 



Irradiation simulation with GEANT4  

Model 2 

PR II test with 10%CF4 gas mixture  
Time = 1,372,500 s (Model 1), I = 17 A 

 
PR III test with 1.65%CF4 gas mixture 
 Time = 2,194,000 s (Model 1), I = 4 A 
 

PR IV test with 10%CF4 gas mixture 
 Time = 6,200,000 s (Model 2), I = 1.15 A 
 

Accumulated dose distributions on the Cu foil at different irradiation models 

Profile of the 90Sr 
exposition on a photo film  

Model 1 

Flux of the electrons [Hz/cm2] versus the 
distance from the center of irradiation spot 

Cooper foil dose in the 
centre of zone (E): 

PR II  ~ 4 Gycm-2 

 
PR III ~ 1.65 Gycm-2 

 
 

PR IV ~ 0.124 Gycm-2 

 



AFM «Solver Next»  

 
EGP-10 Electrostatic 
Rechargeable Accelerator 

The samples from the aged CSC Prototype have been studied  
in the National Research Nuclear University MEPhI ( Sarov)   
Cathode FR4 samples from the points E-D, E-D, H, Ef  were analysed with  
- Atomic Force Microscope microscopy with “Solver Next” (Zelenograd, Russia); 
- Nuclear scanning microprobe analysis (Sarov, Russia). 





AFM & SEM images of the copper foil surface of not irradiated FR4  

Force microscopy of original FR4 
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Roughness profile has 
a depth of 0.4 m 



Sample of FR4 35 m cooper foil 

Irradiated FR4 35 m cooper foil, Dose ~ 1x10E-3 Gy/cm2 

AFM microscopy 

Blisters generation 
800 nm 

200 nm 
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The results of processing  with Grain 
Analysis program of AFM scanned image  
 

 Sample C, 
 DoseCu ~ 910-5 Gy/cm2 

Sample E-H, 
DoseCu ~ 0.34810-3 Gy/cm2 

Sample Eh, 
DoseCu ~ 1.65 Gy/cm2 

PR III 
36.6%Ar+61.75%CO2+1.65%СF4 
 

Peaks maximum  

Peaks maximum  

Peaks maximum  



Optical microscopy of FR4 cooper foil before and after irradiation 
x 400 x 800 

Samples of FR4 
cooper foil  

90Sr irradiated  FR4 
cooper foil  

x 200 x 400 

Blisters appearance is related with MeV electrons irradiation damaging 



   

Blisters 

Craters 

Flaking 

Whiskers ?  

Cathode radiation damages  

C– sample, Dose = 0.510-4 Gy/cm2    

E-H – sample, Dose = 0.3510-3 Gy/cm2    

Whiskers on the AFM phases scan 
have a different colour.  
Perhaps, this means oxidation at E-H sample 





Cooper cathode after Trichel discharges (<100 uA) 
 a) General view of the cathode (1,2 – nanocrystals, formed on the Cu-cathode as a result 
of recycling products corrosion)  
b) a crystal formed  30 um apart from the cathode end cup  
c) crystals formed  as a result of recycling on the collar of the peak. 

Materials Physics and Mechanics 19(2014) 88-95 
“Cooper oxide nanowhiskers: Method of production, 
structure specific, and mechanical properties.” 
A.N. Abramov et al. 

Growth of CuO  whiskers is related with 
annealing  at 400-700o C at  presence of oxygen 



Phase image of the sample. Dark colour  area   means 
an appearance of new material:  Cu oxides? = 0.5 

3-D image of the cooper foil in the irradiation zone. 
Craters and locally melted zones are seen. 



D-E point  



E - H point  



AFM MICROSCOPY STUDIES 
Scanning spreading resistance 

microscopy 

 

 

 
1.US Pat. 4992728. 

2.J. Vac. Sci. Techn. B, 20 (1), 471 (2002). 

 

АFM-scan, 10х10 um, profile 
Micro peak:  Max ~ 565 pA   Min ~ 69 pA   Average ~25 pA  

 In SSRM, a very small conductive tip is used to measure the local 

spreading resistance, which is linked directly proportional to the local 
resistivity, provided the tip pressure is high enough to locally induce a 
b-tin phase transformation under the tip.  
 
The basic principle is to apply a bias voltage between a back contact 
and the tip and to measure the current flowing through the sample 
using a logarithmic amplifier ~Fig. 1!.  
 
A spatial resolution set by the tip radius typically 10–15 nm! 



SUMMARY 

• Cathode surface definitely suffers from oxidation by the gas radicals, ions, 
and radiation damages. Besides of Cu  a presence of Si, O, F, C is observed, 
too. That might be:  SiO2,  Cu2O,  and Si. All of them are high resistive 
materials. 

• At the edges of the strips in the centre and apart of  the irradiated zone the 
signs of the FR4 chemical components are observed,  that is: Br, Ca, Si 
(crystals). 

• Three sources of self-sustained current emission are available: 

- autoemission from the whiskers; 

- gas ionization initialised by photons from Cu2O grains; 

- Malter effect from dielectric deposits.  
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SAMPLE EF Sample H 
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Ef 

H 

AFM image of the copper foil surface of FR4 after irradiation  

Presence of clear damages on the cooper foil surface indicates that  besides of 
the intensive oxidation processes cathode suffer as well from radiation damage.  



90Sr spectrum 
X 400 

X 200 

Образец облученной медной 
фольги на катоде прототипа  

AFM 



Td – energy available for damage; 
Ed  – threshold displacement  energy; 
Nd  – number of dislocations. 

 

Atomic displacement damage 
occurs ballistically through kinetic 
energy transfer. Displacement 
damage is due cumulative long-
term non-ionizing  damage from 
ionizing radiation. The particles 
producing displacement damage 
include protons of all energies, 
electrons with energies above 150 
keV, and neutrons. 

Td = 
𝟐 𝑬+𝟐𝒎𝒄𝟐

 
𝑬

𝑴𝒄𝟐   
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Flora M. Li et al., Low temperature (<100 °C) deposited P-type cuprous oxide thin films: 
Importance of controlled oxygen and deposition energy, Thin Solid Films 520 (2011) 
1278–1284 

Copper forms two types of oxides: cuprous oxide (Cu2O) and cupric oxide 
(CuO), each with unique material properties as highlighted in Table 1. Cu2O 
is a highly transparent, yellow, p-type semiconductor, while CuO is typically 
an opaque, more conductive material. Although Cu2O is the native oxide of 
copper, it is often difficult to form pure Cu2O films and requires precise 
control of the stoichiometry. Even moderate excess of oxygen and/or 
reaction energy tends to favour the formation of CuO instead of Cu2O. Fig. 
1 provides a simplified illustration of the oxidation pathway to form Cu2O 
and CuO from copper. 



   CSC CMS PROTOTYPE LONGEVITY 

TEST  
Photos of the disassembled detector after accumulation of Q=1.36 C/cm 

Centre of the irradiated zone 

Traces of liquid  
(plasticizers from FR4 ?) 
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In the range of E = 50-100 kV/cm light 
emission from the spots have been 
observed with wave length 660 nm. 
Most probable source Cu2O crystals or 
other semiconducting impurities on the 
cooper surface. 

hhh 


