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Secondary electron emission due to the -
Malter effect (L Malter, Phys. Rev. 50(1936)) 2 e Currents observed in Run 1 and Run 2

— ME1/1: 1=2 pA per 10** cm3s?
— ME2/1 (HV#1): 1=5 pA per 103** cm™3s?

ANODE — Current per lumiis about the same at 8 and 13 TeV

Build up of positive charge

CATHODE

Necessary condition for electron emission: Ext ra pO I a ﬁO Nn towa I‘d H L L H C L - 5)( 1034 C m'ZS' 1
a) Localized primary ionization deposit.
b) An insulator on the cathode. — ME1/1: lHL-LHC = 10-15 IJ.A

c) A rate of the charge build up is higher than its

removal rate. — MEZ/]_ (HV#]_): IHL-LHC = 25 I_,lA

G.Gavrilov, d) Excessive field cathode gradients help to trigger it.
¢) To start the effect, it needs an ignition.
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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

Manifestation of MCE:

1. self-sustained discharge ignited by high
intensity irradiation and micro sparks;

2. sustained O(1) pA 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 F
of Oe,Fe and CF,e 'cathode

» Wait until insulating layer rises up to 1 um (??)

insulating layer

G.Gavrilov, PNPI, Gatchina, RF 11/8/2018 4



Malter currents: CSC CMS

cscs Malter currents StatUS: n 0.1 0z 03 0.4 05 0.6 0y 08 09 10 11
‘3;’ 2% (9 Out Of 432) MEl/l Layer.S 8" IB-:.ZT‘ I'.;’BE’ ?;3|1' | ?T.IT’ 3525: ?7.5"' -52.8“I .)48.4‘: 44 3 404 36.8%

E=mET
DTs

are operating with lowered HV: e i
ME-1/1/02 L6 (-100V) | | | " [| et
ME-1/1/04 L3 (-100V)
ME-1/1/05 L2 (-200V)
ME-1/1/07 L1 (-100V)
ME-1/1/09 L1 (-50V)
ME-1/1/09 L2 HV=off
ME-1/1/25 L4 (-100V)
ME-1/1/25 L6 (-100V)
ME-1/1/01 L5 HV=off

6% (25) of the remaining Layers
occasionally show the Malter

Fill 5068 Lumi=8.1x1033 cm-2 sec-1

» 71% (21 out of 72) of ME1/2 chambers showed O ME1/1, ME1/2, ME2/1, ME3/1
HV instabilities d '@HC 5068 fill and ME4/1 show Malter-like HV
~25% (9 out of 36)%f ME2/1 chambers instabilities.

(in 3 chamb%th’e classic Malter effect was observed). [ NS SRR E T SRR
8% (3 out of 36) ME3/1 rings - showed single spikes. ignited in ME1/1, ME1/2, ME2/1
ME4/1 rings - 1 HV channel showed 1 current spike and extinguishes at B=3.8 T (???)

A | I T




RECOVERY OF LHCB MUON CHAMBERS FROM MALTER

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 pA

Inem™0.3mlcA

Vnom=2550V

ot o

oy :'_H"'""::il'""""I.':::"l'"'_H""""J."”'f""l""
“Criteria of goodness” : no dark current at HV(+)=+2.85kV and HV(-)=-2.3kV

— [ = [ T

IF WS -'-1-E|_|:.. APE

G.Gavrilov, PNPI, Gatchina, RF

Il. 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%)

CSC LHCb, Ar/CO2/CF, (40 : 55 : 5)

11/8/2018 6



Malter currents

MUON LHCDb:

recovery with 2% O, adding

Reactions of oxygen impact dissociation and excitation significant
for avalanche electron energy 1-15eV:
e+0,—-0 +0" (1)
e+0,>70,+e (2)

O, molecules (1) happens at electron energies ~5 eV,
CO, electron impact dissociation starts only at ~13 eV.

The atomic oxygen, O™, and the excited molecular oxygen, “O,, are
chemically aggressive.
Atomic oxygen O™ interacts with O, molecules forming ozone:
0"+ 0,— 0;" (3).
Ground state ozone, O,, can participate in the processes of plasma
chemical etching on the cathode surface or recombines with free

oxygen radicals:

0, + 0" — 20, (4).

G.Gavrilov, PNPI, Gatchina, RF
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Malter currents MUON LHCDb:
recovery with 2% O, adding

[1l. MCE curing procedure is similar to the previous without beam,
but in Ar/CO2/CF4 (40 : 55 :5) 2% of Oxygen is added.

M5RA4 #22C

—+—Befor training

Currents from Sr*° along the chamber, GAP A

-o~After 6h of training with

[DETECTED MALTER nominal gas mixture
5600 nA —— After 4h of training with

|ZONES Oxygen.

2706 nA / /

2500 2600 2700 2800
HV,V

Curing process of CMB M5R4#22C

HV 2600-=2750

HV trip threshold

h([\ MJ\\A /f\-f‘v "

Sci.&Tech., page 281, (1987). MY/
——| nominal mix

Coordinate along sensative aria,cm

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

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

-=| Oxygen

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

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

Reverse Cathode Aging in Drift Chambers With Helium-Isobutane Gas, Nucl. Inst. And Meth. A515, HV 2700->2850

190-195(2003).

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

LHCb, vol. 064, 2008 G.Gavrilov, PNPI, Gatchina, RF




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.

G.Gavrilov, PNPI, Gatchina, RF 11/8/2018 9



MCE historical summary at CSCs of CMS and LHCb:
CSC CMS, Ar/CO2/CF, (40 : 50 : 10)
= 1998 — Local aging test of first CSC prototype (°°Sr - Q~12 C/cm, 75 Volume/day+ Q~2 C/cm 1

Volume/day);

= 1999 - Aging test of 1m prototype on GIF (3’Cs — Q=0.218 C/cm, 1 Volume/day);

= 2000-2001 - Aging test of full-scale CSC chamber on GIF (3/Cs — Q=0.35 C/cm, 1
Volume/day);

= 2010 - 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++ (13/Cs -Q~0.1 C/cm, 1
Volume/day);

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

= 15.09.2018 - Local benchmark aging test of CSC prototype (°°Sr - Q™ 356 mC/cm, 3.5

Volume/day).
CSC LHCb, Ar/CO2/CF, (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
G.Gavrilov, PNPI, Gatchina, RF 11/8/2018 10



@ TARGETING AGING TEST IN PNPI

Local aging tests under 2°Sr irradiation are performed with compact CSC prototype
modules fed by standard CSC gas mixture and modified gas mixture
36.6%Ar+61.75%C0,+1.65%CF,;

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

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.
035r B-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.

G.Gavrilov, PNPI, Gatchina, RF



2 planes, each with 7
controlled anode wires;

50 um gold-coated anode wire;
285 x 270 mm? sensitive area,

693 cm3 gas volume;
S=3mm;
L=45mm:

Identical geometry and

construction materials to CSC ;
Gas flow during aging test

was 2.5 sccm

that is ~ 4 volumes per day
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Disassembled detector after accumulation of @
Q=1.36 C/cm with 40%Ar+50%CO,+10%CF,

Gas gain vs Acc. Charge Q=1.36 C/cm

{ Q=0.0C/cm
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MALTER CURRENT IGNITION TEST
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(L a'SLOWZAGING.TEST.— SEARCHFORMALTER

] CSC prototype local aging test under %°Sr irradiation with 40%Ar+50%C02+150%CF4
working gas mixture is in progress

( lonization current in the two per ~6 cm? irradiated zones is 1.1 pA that provides charge
accumulation rate ¥~ 4 mC/cm per day

(d 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
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Monitoring parameters:

Gas gain, a. u

%0Sr irradiation current, correspondent pressure and temperature
>>Fe amplitudes in the control points A ....|

>>Fe count rated in the control points

Dark currents per plane and monitored wires

90Sr scan per plane and control points looking for ME

Mean 319.86 Sigma 43.39 Channel selector = ADCChannel (ch 1)

100 200 300 ] 500

T
20
channel fC Amplitude



DARK CURRENTS

Wires Dark Current vs Dose

—M—wire 83

——wire 86

=—J=—wshole plane

Dark current, pA
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=—0=—0=0.0mC/cm
s ) = 10.77 mC/cm
w0 = 32.2 mCfcm
== =53.2 mC/cm
== 0 = 67 mC/cm
== =01 2 mCfcm
s = 103.3 mCcm
= 0=123.7 mC/cm
O=0=151 mC/cm
O=0=182.2 mC/cm
== 2106 mC/cm
0=2674mC/cm

—f— 0= 2961 mC/cm

Plane dark current, pA

1000 2000 3000 4000 5000 O Q=356 mC/cm
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@ Study of Malter effect provoking mechanism

To remind: CF;°®, F*, O°® are produced in avalanche at3 -6 eV

e +CF, > CF*+F +e7;

(1)

e +CF, > CF;*+F;

(2)

O° + CF;* - COF,* + F*;

(7)

e +CF,> CF,*+2F +e;

(3)

0° + CF,* - COF* + F*;

(8)

e +C0O,>CO*+0°+e7;

(4)

e+ COF, > COF* +F* + e7;

(9)

e +CO, > CO*+0;

(5)

0°* + COF* > CO, M +F*.

(10)

e +CO, > CO +0°.

(6)

4F° + Si - SiF,1;

4F* + Si0, - SiF, 1 + O,1;

Si + CF,* + F* + 20 — SiF,T + co,T.

G.Gavrilov

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

To provide an effective cleaning from silicon and organic
deposits a high current about of 20-40 uA is needed

Etching rate can be accelerated with adding O2 in the gas

mixture.

08/11/2018
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MAP OF THE SAMPLES FOR
ANALYSIS




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

» Small (<0.1cm?) samples from E and B-I (most irradiated and “reference”)

» Zeiss XB540 FIB/SEM with Oxford Instruments X-Max Silicon Drift Detector

* Use of FIB="Focused lon Beam” for milling a x-section am p e E - Sur ace

Optical microscope

§

3
‘ '\4
Wt hE iy
R o o
3
1

PRI | &
i &SP

o 250 uyp,scale

Co> Si

250pm

B it

* The spots are formed from Si, F and O

» Fis also presented inside the groove

» C?... only one place




PRI

DETAILED SEM/EDS OF CATHODE SURFACE OF AGED CSC PROTOTYPE II

CATHODE SAMPLES:

E — CENTER OF THE IRRADIATED ZONE (4 GY)

EHT =20.00 kV
WD =16.5 mm
Signal A = SE2

Sample ID = E/

Anite Perez Fontenla
Date :15 Sep 2016
Mag= 27X

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

Element Cu (wt%)

Sample B-I 84.5+0.1

Sample E 73.4+0.1

O (wt%)
3.0+£0.0

11.5+0.0

C (wt%)
12.3+0.1

8.0+0.1

Si (wt%)

image 1

10000

2000

4000



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

CATHODE SAMPLES: CSC accumulated dose: Q = 1.36 C/cm
H - APART FROM THE Cooper foil accumulated dose: ~4 x10-2 Gy/cm?2
IRRADIATED ZONE

£
k. 4 \
> '3 % 2 o+
o~ . & :
,» ‘ B . J
: 1/ % 5 g o
i Y- & g3 \
AT : l b i
y N L '
=
4
4 3 p X
& .
¥ : : l/ ‘ s ‘
A 5 i - . EHT = 20.00 kv
’ : » ; . WD = 9.4 mm Sample ID = H/ Date :15 Sep 2016
§ % 3 : Signal A = SE2 Mag= 5.00 KX
" ¢ (4 ‘
% Vi 1 :
s - ) | L’ b
EHT = 20.00 kV Anite Perez Fontenla

WD = 9.4 mm Sample ID = H/ Date :15 Sep 2016

Signal A = SE2 Mag= 1.00KX



PRI

ANODE WIRE SAMPLE:
E - CENTER OF THE IRRADIATED ZONE

Accumulated dose Q = 1.36 C/cm

EHT =20.00 kV/ ) Anite Perez Fontenla
WD =11.0 mm Sample ID = Wire E/ Date :15 Sep 2016 @

Signal A = SE2 Mag= 1.00KX




EDS OF FIB MILLED CROSS SECTIONS IN CU
PRIOATED CSC MUON CHAMBER PROTOTY RESuateddose: a-1.36 cfem

Cooper foil accumulated dose: ¥4 Gy/cm?

Electron Image 12 Cu Kal

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 um).

DOCUMENT PREPARED BY: DOCUMENT CHECKED BY: DOCUMENT APPROVED BY:
A. J.G. Lunt EN-MME-MM F. Léaux EN-MME-MM F. Léaux EN-MME-MM
Client: Katerina Kuznetsova EP-UCM




Results: Cathode E_top- SEM Results: Cathode E_bottom- SEM

General appearance AsB detector SE2 detector

AsB detector
g ¢ T . 3 3 URTTRA
m[nnrmrnw e B A . 35 ; % R N 19 20 21
13,14 151647 Ty R : = > ; s 3 v 2 ; R

Less oxidized Oxidized (clear Oxidized (dark : Less oxidized Medium oxidized Higher oxidized
(white) grey) grey) ; (white) (clear grey) (dark grey)
ol : i :

Presence of evident damages of the cooper foil

\ . indicates that besides of the intensive oxidation
Cooper foil accumulated dose: ~1.65 Gy/cm processes the cathode surface suffer from

CSC accumulated dose: Q = 390 mC/cm

radiation damages, too.




Cu Kal

F Kal_ 2

Si Kal

FDS 1 ayered Image 1

B-sample PR IlI

CSC accumulated dose: Q = 390 mC/cm
Cooper foil accumulated dose: ~0.2 x 10 Gy/cm?

: SEM/EDS analysis was conducted on Jeo66l JSM-10LV with W and
, e , : LaB6 electron source (U=0.3-30kV).

- o 'R i Detectors: SE detector, BDE detector, CL detector

3404 N ' . EDS detector (X-Max Large Area Analytical Silicon Drift connected with

o . N INCAEnergy 350 Microanalysis System)

“ e - detection of elements Z 25
- v 6.28 Py - detection limit ~0.1 mas%
- resolution 126 eV

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

22kV" X2,000 10pm




Intenaity (counts)

XRD (X-RAY DIFFRACTION ANALYSIS) B-sample PR Il

2. 0e+0057

1.5e+005

1.0e+005H

5.0e+004+

0_0e+000

IMeas. data:detekbor 8_Theta_2-Theta ——

|

U

el

Copper, syn, Cu, 00-004-0236

Copper Hydroxide Hydrate, Cu ( O H 2 H2 O, 00-042-0748

Copper Hydroxide Fluoride, Cu { O H ) F, 01-074-3527

100

120

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 8-6 geometry
(the sample in horizontal
position) in parafocusing Bragg-
Brentano geometry using D/teX
Ultra 250 strip detector in 1D
XRF suppresion mode with
CuK,, , radiation source (U = 40
kV and | =30 mA).




Model 1

The accumulated doses in the
copper layers per second: Model 1

° Layer 2: 1068.5 t 7.8 nGy
° Layer 3: 712.2 £ 6.3 nGy
Model 2

° Layer Ill: 137.7 £ 2.5 nGy
° Layer lll: 102.3 £ 2.1 nGy

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

Source (Sr)

Steel

Number of point| Cooper foil dose, Gy/cm?
like objects
C 153 1.2 x 10
E-D 261 1.6 x 103
H 277 4 x 104
E-H 284 1x103
Ef 216 4.0




Flux of the electrons [Hz/cm?] versus the
distance from the center of irradiation sp
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Profile of the 90Sr
exposition on a photo film
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15
Distance, cm

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

PRIl ~ 4 Gy-cm™

PRIl ~ 1.65 Gy-cm™

PRIV~ 0.124 Gy-cm

15
Distance, cm

PR Il test with 10%CF4 gas mixture
Time =1,372,500 s (Model 1), | =17 pA

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

PR IV test with 10%CF4 gas mixture
Time = 6,200,000 s (Model 2), 1 =1.15 pA




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).

EGP-10 Electrostatic
Rechargeable Accelerator

Nuclear scanning microprobe setup (ACM3

- E=14 MeV H*beam with not less of +300 um spot on the target

— Scanning rate from point-to-point 200 us.
— Time of positioning less of 40 ps.

1L
=3
L




Nuclear scanning microprobe analysis of the CSC samples
Vary of concentration of the Oxygen in the Cooper foil with a depth of the analysed layer for

@

90
different samples %0
(=]
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VI & SEIM images of the copper foi ace of not i ‘ R "

Scanning probe microscopy

el
%

Principle of A
Forces:

Van der Waals force
electrostatic force
Honin ! Magnetic force
2 Chemical force
ERICTION Pauli repulsive force

When the tip is brought into proximity of a sample surface, forces between the tip and
the sample lead to a deflection of the cantilever according to Hooke's law.

This deflection is characterized by sensing the reflected laser light from the backside of
cantilever with the position sensitive photodiode.

10 ' - i o e W ¢
20 - — .\"," o KEB.@ = 5@,&:‘-”1 EBB : ! : Because force signal (including Van der Waals force, electrostatic force, Pauli
- '-"'bﬁ:‘.‘%‘ # : . . repulsive force) is measured, various samples including insulator can be imaged in

. L Ko 88 . i
microns o RN S

Sy Sl




AFM microscopy I Sample of FR4 35 um cooper foil

Blisters generation
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PRI
36.6%Ar+61.75%C0,+1.65%CF,

MaxZ

The results of processing with’Grain
Analysis program of AFM scanned image
- l- sample G,
o Dose®'™~ 9x10° Gy/cm?
Peaks maximum
@
o
=
3
&
> . -~
P

© Sample E-H,

el Dose® ~ 0.348x1073 Gy/cm?

Peaks maximum

“ III'-..-- Sample Eh,
0.45 0.

0.55 0ES Dose® ~ 1.65 Gy/cm?

Peaks maximum




Optical microscopy of FR4 cooper foil before and after irradiation
x400

Samples of FR4
cooper foil

%0Sr irradiated FR4 §* 4
cooper foil

Blisters appearance is related with MeV electrons irradiation damaging



Blisters
* (Y Craters

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

Flaking




Whiskers at room temperature and in space

Electrical Behavior of Whiskers @

@ Human Hair vs. Metal Whisker Nasa
Metal Whiskers are commonly * Variations expected in whisker resistance
. & . L L
The Art of Metal Whisker Appreciation: 1/10 to <1/100 the thickness of a human hair - REp =Py
A Practical Guide for Electronics Professionals — pis metal resistivity, L is whisker length, d is whisker thickness
Optical comparison of SEM comparison of — Since both length and thickness vary, so does resistance
Human Hair vs. Tin Whisker Human Hair vs. Metal Whisker

Lyudmyla Panashchenko * Whiskers are coated with insulative oxide layers

L — Mechanical contact with a whisker does not mean electrical
NASA Goddard Space Flight Center ' ) contact
lyudmyla.p@nasa.gov “

Tin, Zinc, Cadmium — Whisker Family Albunmi™

— Dielectric breakdown of insulative layers required for
conduction to occur

* Whiskers will melt with enough current through them!

— How to protect circuits under failure analysis from burning out a
whisker?

The Art of Metal Whisker Appreciation

/ ) .
April 17, 2012 IPC Tin Whisker Conference

Tin Whisker Resistance at Room Temperature &%

for Different Lengths and Thicknesses
The Miracle of Whisker Initiation @ 10.00 &

All of these theories were proposed back in 1950s and 1960s.
No clear proof yet exists for any of them.

April 17, 2012

1.000
Stress? Dislocations? T
Sn whisker Cd whisker Zn whisker E
. . : = 0.100
Metal Whiskers on Components Entropy? &
a
-
Relays 8l Computer Room Flooring D-Sub Connector ‘ RecrySta”ization? ‘ itiaa? < 0.010
Tin Whiskers Zinc Whiskers Tin Whiskers 2
: ! Inclusions? =
¥ . . 0.001
Whiskers are making a mockery of 60 years of research.
0.00

1E-04 1E-03 1E-02 1E-01 1E+0 1E+01 1E+02 1E+03 1E+04
Whisker Resistance (Ohm)



000000 TR MOTH — 2013 —Tou5 N1

YK 537.52
A. A. Ilempos™?, P. X. Amupos®, E. B. Kopocmuwaes®, H. C. Camotinos’

i L @uzpraeckmit nHCTETYT M. HH Jlebenesa PAH Matenals PhySiCS and MeChar"CS 19(2014) 88-95
“MockoBcKHI (PH3HKO-TeXHUYECKUI MHCTHTYT (IOCYyJapCTBEeHHBIH YHHBEPCHTET) 0 C . d h c k M th d f d t
ooper oxiae nanowniskers: iviethod or production,

306menuHenLIfi HHCTATYT BHICOKUX Temmeparyp PAH
structure specific, and mechanical properties.”
A.N. Abramov et al.

NccnemoBanue 3po3un KaToJa B OTPUIIATEIBHOM KOPOHHOM
pa3pgae

WD | mag HV HFW e 20 pm ——

um

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.

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



3-D image of the cooper foil in the irradiation zone. Phase image of the sample. Dark colour/area means
Craters and locally melted zones are seen. an appearance of new material: Cu oxides?
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Section Analysis This module calculates Profles from Image in certain Orientationes

AFM MICROSCOPY STUDIE|jfiiis

Scanning spreading resistance
microscopy

Scanning spreading resistance microscopy and spectroscopy for routine and
quantitative two-dimensional carrier profiling

P. Eyben, M. Xu, N. Duhayon, T. Clarysse, S. Callewaert, and W. Vandervorst

1.US Pat. 4992728.
2.J. Vac. Sci. Techn. B, 20 (1), 471 (2002).

(10-12-104 A)

conductive AFM probe e
7 - log(I) X Axis

X 24723

1FIprAFM []
Amount of sampling 256
Length 10,048

bias voltage e A,
MaxZ 564,58 ph
50-500 mV Pezk o Pesk £33.24 pA
backcontact ( ) Average E.151 pA
Root Mean Square, 5 49,717 ph
Awerage Roughness, Sa 25,288 pA

FiG. 1. Basic scheme of SSRM. [ ok | [cece | b |

AFM-scan, 10x10 um, profile In SSRM, a very small conductive tip is used to measure the local

Micro peak: Max ™~ 565 pA Min~ 69 pA Average ~25 pA 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, Cis observed,
too. That might be: SiO,, Cu,0, 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 Cu,O grains;

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

G.Gavrilov 08/11/2018



THE BEHAVIOUR OF COPPER IN VIEW OF RADIATION DAMAGE IN

THE LHC LUMINOSITY UPGRADE
E._ Flukiger. T. Spina. CERN. Geneva. Switzerland

Table 1: Radiation sources and track length fraction in
LHC upgrade and approximate energies at the maxinum
of distribution

——
.

Table 2: Mean energy, flux and dpa, averaged over four
hot spots (data from Mokhov [10])

Flux DPA T DPA (%)

Fartiche j

0.018
0.077

Sub-thresh.

Yelds, a.u.

had

0Sr spectrum

Obpaseu 0b61y4eHHOU MeaHo M
donbrun Ha Katoge NPoToTUNA




Table 2.4. values of threshold and average displacement energies

Element

Crystal structure

Threshold Eq (eV)

Average Ea (eV)

Al

FCC

16 [Jung, 1981]

27 [Lucasson, 1975]
25 [ASTMES21]

19 <110> [Vajda, 1977]

19 <100> [Vajda, 1977]

45 <111> [Vajda, 1977]
19 [Jung, 1981]

29 [Lucasson, 1975]
30 [ASTMES21]

22 <110> [Vajda, 1977]

35 <100> [Vajda, 1977]

60 <111> [Vajda, 1977]
23 [Jung, 1981]

33 [Lucasson, 1975]
40 [ASTMES21]

23 <110> [Vajda, 1977]
24 [Jung, 1981]

39 [Lucasson, 1975]

36 <110> [Vajda, 1977]

36 <100> [Vajda, 1977]

36 <111> [Vajda, 1977]
34 [Jung, 1981]

43 [Lucasson, 1975]
40 [Vajda, 1977]

12.5-15 [Jung, 1991]

19 [Lucasson, 1975]
25 [ASTMES21]

23 <110> [Vajda, 1977]
30 <100> [Vajda, 1977]

FCC

39 <110> [Vajda, 1977]
37 <100> [Vajda, 1977]
34 [Jung, 1981]

44 [Lucasson, 1975]

FCC

34 [Jung, 1981]

41 [Lucasson, 1975]

FCC

35 [Jung, 1991]

44 [Lucasson, 1975]

Diamond cubic

14 [Corbett, 1966]

18 [Loferski, 1958]
20 [Poulin, 1980]
30 [Vitovskii, 1977]

Diamond cubic

13 [Corbett, 1966]
13 <111> [Loferski, 1958]

C (diamond)

Diamond cubic

32 <110> [Steeds, 2011]
27 <100> [Steeds, 2011]
34 <111> [Steeds, 2011]

40 [Zinkle, 1997]

C (graphite)

HCP

25 [Corbett, 1966]

30 [Zinkle, 1997]

39 <110> [Vaj, 77]

30 <100> [Vaj, 77]

35 <111> [Vaj, 77]
25 [Jung, 1981]

40 [ASTMES21]

Exitine Atomic displacement damage
Particle 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.

@ Interstitial
Incident {.+ Vacancy
Particle

_2(E+2mc*)E
B Mc?

Ty

Ty— energy available for damage;
E, — threshold displacement energy;
N4 — number of dislocations.
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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 -

t
y ] . . ? Power Ratio (LP/TP).
Copper forms two types of oxides: cuprous oxide (Cu,0) and cupric oxide 9; o
(Cu0), each with unique material properties as highlighted in Table 1. Cu,0 3 fatio = 1.
. . ) ; : ! 7 st
is a highly transparent, yellow, p-type semiconductor, while CuO is typically 2
g g o g g ['4
an opaque, more conductive material. Although Cu,0 is the native oxide of 3
. . . . . . . oS ll t i E
copper, it is often fjlfflcult to form pure Cu,O films and requires precise 9 Sputerterge 5 e
control of the stoichiometry. Even moderate excess of oxygen and/or © Gasring a
. ; " A © Rotat le st S 0.1
reaction energy tends to favour the formation of CuO instead of Cu,0. Fig. © 13.56 MHz 1f power supply 30 40 50 60 70 80 90
n . o q q q A O Matching network 0, Gas Flow (sccm)
1 provides a simplified illustration of the oxidation pathway to form Cu,O © Mass flow controllers
0O valves
and CuO from copper. © Turbo pump

@ Rotary pump
@ Launch electromagnet
& Steer electromagnet

Increasing Oxygen (02 ® rf Antenna
@ dc power supply

& Shutter
200———p 20u+0 —pCuz0 ——p Cuz20+0- —-n0p Cul

Fig. 2. Schematic illu a HiTUS sputtering system, with a remote plasma
chamber where the sul nple is removed from the sputtering plasma.
Illustration adapted fr 3].

Fig. 1. Simplified illustration of the oxidation reaction of copper for the formation of
Cuz0 and CuO.

Table 1
Comparison of the different oxides of copper [3,6]. Copper(l1) oxide

Name Molecular formula IUPAC name z (eV) Resistivity ({1-cm) Type Crystal structure Appearance

Cuprous oxide Cu,0 Copper (1) oxide 2.0-2. 10°-10% P Cubic Yellow/Red, semi-transparent
Cupric oxide CuD Copper (II) oxide 2-1. 0.01-1 N/P Monoclinic Darker colour

G.Gavrilov 08/11/2018 51



Centre of the irradiated zone

Traces of liquid
(plasticizers from FR4 ?)
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LETTER TO THE EDITOR

Electroluminescence produced by high electric fields at the
surface of copper cathodes

RE Hurley and PJ Dooley
General Electric Company Limited, Hirst Research Centre, Wembley,
Middx HA9 7PP

Received 20 June 1977, in final form 15 August 1977

Abstract. Spots of light have been observed on the surface of oFHC copper cathodes
following the application of high electric fields. The spectrum of the radiation shows a
sharp peak at about 640 nm and its intensity obeys the Alfrey-Taylor relationship for
electroluminescence. Within the light-emitting regions, discharges have been seen which
it is believed are caused by the breakdown of dielectric inclusions trapped at defects in
the crystal structure, Observations are consistent with the inclusions having semiconduct-
ing propemes and em;ttmg light by recombination of conductlon electrons with holes
4 hei

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 Cu,O crystals or
other semiconducting impurities on the
cooper surface.
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Figure 1. Experimental arrangements,

%1077 10

Ay
£
=
=
<]
2
=]
=
<]
=
-
a
=%
=]
=%
=
(=]
=
R=y
-

L £ e e —— S |
400 600 800 1000
Wavelength (nm}
Spectrum of light emitted from a single cathode spot: 4-8 mm gap, 61 kV pc.

The emitted light intensity obeys the Alfrey~Taylor relationship which
represents strong evidence that lattice atoms or emission centres are ionized by the
acceleration of conduction electrons. The source of these electrons may be Cu which will
form junctions with CugO or other semiconducting impurities, or alternatively it may be
donor levels existing near the conduction band, Assimos and Trivich (1974) have shown
that surface donor levels can exist in single crystal CuzO and in addition there is the
possibility that the substitution of n-type impurities can occur at Cu atom sites—for
example, Fe which has more valence electrons than Cu and is a known impurity in
orHC Cu (see table 1).




