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Why ? The Challenge of HL-LHC

Original LHC detectors built ~2000 — 2010 targeting LHC conditions
with emphasis on unprecedented center-of-mass energy
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High-luminosity (HL) LHC ultimate scenario:

* Instantaneous luminosity up to 7.5 x 1034 cm= s
° pi|e_up up to 200 CMS Simulation, 140 pile-up events

* Integrated luminosity up to 4000 fb!

Aging test

Target value

8 C/cm?

* More radiation also for muon chambers

% Higher particle and track densities Related to 150 kHz at the hottest point of

most forward muon chambers in CMS
Phase-2 geometry. From Fluka simulation.



What to Measure? Triple GEM

Kapton foil with copper cladding
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Amplification inside the holes
where field strength is high

Drift cathode

Readout PCB
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/ Segmented readout

Amplifier

Primary
ionization

Moderate gas
amplification per
stage

Signal creation
through induction

Purchased a triple - GEM detector from CERN MPT

* GEM foil single-mask technology with symmetric holes (70 —50 — 70) um

* About one m? surface area

* Chamber built without glue (= no silicon), foils are stretched onto a frame
with slight tension

* Operated with 70% Ar + 30% CO,
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How to? Irradiate the Chamber

Testbeam or GIF++ not easily available.

Concept: Use mini X-ray source from Amptek/Newton Scientific.
At fixed HV, measure readout current (I, ) while irradiating chamber
with X-rays to measure relative gas gain fluctuation.

Energy spectrum
Source emits 22 keV photons = absorbed by the drift copper cathode

- 8 keV fluorescence photons entering gas volume

Mini-X Silver (Ag) X-Ray Tube Output Spectrum
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Use mini X-ray source from Amptek/Newton Scientific

* High photoelectric cross section

* High duty factor with cooling of source

* Intensity of X-ray emission can be steered with X-ray HV.

] > 10 15 20 25 30 33 40 45 30 53

Enerey (keV) 10 W power = 15 mC/cm?/day
Target = 8 C/cm? = about 1.5 years of continuous irradiation




N aVERarY Setup at Aachen Lab

Main components

e Large copper box (3 x 1.5 x 1 m3) with safety interlock
 Support structure and grounding

« HV:NHQ205M [ISEG] with high resolution and stability
e 2 channel Pico-ammeter [Keithley]

|| gk

Mini-X Angular Response
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Dearees

110° cone irradiation angle
@12 cm distance
- Irradiated area =17 cm in diameter.
Non-irradiated area for comparison

Source in front of drift
PCB,

last amplification step in
GEM-3 with maximum
electron density




b LR Setup at Aachen Lab

e  Temperature monitoring with precision £1K -+ HVPower
(&  Supply
er . . . o .. NHQ205M
*  Pressure monitoring with precision £1.5% &
*  High-purity gas mixing Ar (99.9992%) and CO, (99.995%) I—
ToPC [ T,p

*  Gas mixed in-situ to 70% Ar/30% CO, with precision £0.4 % &= rs232HUs

AA

 Gas flow 5 Itr/hour [Bronkhorst]

IN-LINE Filter

Serie M-411 RS Keithley 2614B

2 channels each
@)
—p

Mass Flow Controller
F-201CV-200-RGD-33-E




Measurements

Before the aging and after, characterized chamber performance: CMS Muon Preliminary _ RWTH Aachen Lab
. . 2.00[ | | | | ‘:] 2621092&;
* Energy resolution (with Cd-109 source) ; i 20220329
1.75F J ] 20230516
e Gas tightness of the chamber - (
: ; “_ Energy resolution
* |V characteristic curve =t | measured in 09/21,
. ook i 03/22, 05/23
* Gas gain N H‘ /22,05/ _
0.75f | | -
0.50; Tbﬂw 3 .
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During irradiation keep chamber at constant gas gain of 2 x 10* e

For monitoring of chamber performance during 1.5 years of

irradiation perform weekly measurement of gas gain



Accumulated Charge (C/cm?)

Irradiation Progress

CMS Muon Preliminary RWTH Aachen Lab
- Dec-21  Apr22  Aug-22  Dec22  May-23
~ Oct-21

- Gas Mixture: Ar/CO2 (70/30) - 5 L/hr
— Gap Configuration 3/1/2/1 mm
- 22 keV X-ray
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Operating Time (week)

Accumulated charge as function of operating week.

Irradiation Oct 2021 - May 2023

Halted for weekly gas gain measurement

—> operating time = “real irradiation time” .

Duty factor of about 85%



Regular Gas Gain Measurement

Monitoring quantity for chamber performance = gas gain. Measured weekly in the irradiated area.

IRO —_ IRO

_Nef

Gain = ;

input

where

* |, =readout current directly measured at the readout board
* N = number of primary electrons released per photon

* e = elementary charge
« f =rate of photons impinging on the detector (steered by

X-ray current and including geometrical acceptance)

CMS Muon Preliminary ~ RWTH Aachen Lab
e

| -+ 20210928
20220404 L4
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Effective Gas Gain
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19800 2900 3000 3100 3200 3300 3400
VDrift (V)
Weekly measurement of gain curve as a

function of applied voltage (Vp,z)-
For long term monitoring show only one gain

for fixed Vs, of 3400 V.

10



Correcting Gain by Temperature &
Pressure Variations

CMS Muon Preliminary _ RWTH Aachen Lab
Over the irradiation time of 18 month, variations in temperature (T/T,) 700001~ | ‘ “Temperature

Pressure

and pressure (p,/p) despite air condition s0000|- 1

50000 .

Determined correction exponents a, b before engaging in aging.

40000}

b 30000
iGN
p To :

HV while T, p change
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| . I Geff = A E.Xp B VDTlft ( - E
d Measure effective } ,
I . 1 10000 .
: gas gain G« : : |
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I Repeat N times, with same | Normalized
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Variations in Temperature and pressure
over 1.5 years

Fit all data-points, Find a,b for which the

I
|
I a b . 2 . . .
, Do T fit x%is minimum
|
|
|

Ty & Ar/CO, mixture a b ‘

with an exp() func

Use for correction (70/30) 0.4510110.405,0.482]  0.44701[0.433,0.442]

Loop over a,b



Monitored Gas Gain 10/2021 - 05/2023

¢ CMS Muon Preliminary RWTH Aachen Lab
% 10 — Gap Configuration 3/1/2/1 mm
O - Gas Mixture: Ar/CO2 (70/30) - 5 L/hr
%) 22 KeV X-ray
(4]
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Data corrected for temperature and pressure fluctuations

Error bars reflect the uncertainty on the
readout current.

No drop in gas gain observed.

Oct-21 Dec-21 Apr-22 Jul-22 Oct-22 Dec-22 Apr-23
Date
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Inspection after 1.5 years Irradiation

Opened chamber after 1.5 years of irradiation

Optical
Inspection

All foils, here shown GEM-3, were still shiny
— no oxidation

K. Hoepfner, RWTH Aachen Aging 2023 conference, November 2023
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Inspection after 1.5 years Irradiation

Opened chamber after 1.5 years of irradiation

Optical
Inspection

* Performed a measurement of the hole
(inner & outer) diameter Goal: spot
systematic distortions in the hole
diameters when comparing Irradiated vs
Non-Irradiated regions of the SAME foil

* Based on =5000 GEM holes per foil.

* Analysis based on https://diplib.org/

All foils, here shown GEM-3, were still shiny
— no oxidation

- No difference observed, no damage to
hole shapes or diameters

K. Hoepfner, RWTH Aachen Aging 2023 conference, November 2023 14


https://diplib.org/

Optical Inspection GEM

Opened chamber after 1.5 years of irradiation

All foils, here shown GEM-3, were still shiny
— no oxidation

GEM-1 Irradiated

Observed small regions ~size of 1 hole with different
surface pattern > Marked for SEM inspection

15



Optical Inspection GEM-1 Irradiated

All foils, here shown GEM-3, were still shiny
— no oxidation R

GEM-1 Irradiated

Observed small regions ~size of 1 hole with different
\00(\ surface pattern > Marked for SEM inspection
7\
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Optical Inspection GEM-1 Irradiated

On a large stitched image (~4 cm?2) of GEM-1 GEM-1 Irradiated

Irradiated, found 27 areas with “rough surface”. Observed small regions ~size of 1 hole with different

Same area has ~24000 holes » 27/24000 = 103 surface pattern > Marked for SEM inspection

K. Hoepfner, RWTH Aachen Aging 2023 conference, November 2023
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Optical Inspection GEM-1 Non-Irradiated

GEM-1 Non-Irradiated

Same foil as before but regions outside
irradiation

In non-irradiated area no observation of
rough-surface spots or other strange
behaviour.

K. Hoepfner, RWTH Aachen Aging 2023 conference, November 2023



Optical Inspection GEM-2 & 3 Irradiated

GEM-2 & GEM-3 Irradiated

Second and third foil in the stack where
electron density is higher.

In GEM-2 & GEM-3 no spots or rough-surface
spots observed. On a ~cm? large area.

The overall roughness of the surface seems
different but it was observed on non-irradiated
foils as well. Most likely manufacturing effect.

K. Hoepfner, RWTH Aachen Aging 2023 conference, November 2023 19



Inspection after 1.5 years Irradiation

Detailed studies at CERN‘s Metallurgy lab
» Optical inspection with high-resolution optical microscope
» Inspection of selected ares with scanning electron

microscope (SEM)

» Material analysis with energy-dispersive X-ray spectroscopy

(EDS)

Sample of GEM foil on
sample plate

.

Studied irradiated and non-irradiated areas

CERN EN-MME-MM section (Engineering Department (EN) -
Mechanical and Materials Engineering Group (MME) - Materials,
Metrology and NDT Section (MM))

Operator: Aleksandra Bartkowska

LTI

GEM-1 was facing the source

. GEM-3 where electron density is maximal

K. Hoepfner, RWTH Aachen Ageing 2023 conference, November 2023, CERN
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* Inspection focused on the rough-surface spots.
* Very difficult to find in SEM, similar contrast.

* Appears as an ablated region.

EHT =15.00 kv Aleksandra Bartkowska

WD=168mm  Sample ID = GEM1_lrr_Bottom_  Date: 19 Sep 2023 @
Signal A = SE2 Mag= 250X

21



SEM Inspection GEM-1 Non-Irradiated

Element analysis of non-irradiated foil

M spectrum 1

Electron Image 3

Element Line Type Apparent Concentration k Ratio W1t%

C K series 0,56 0,00557 1,15 \
Cu L series 270,96 2,70958 98,85 \

Spectrum 2

M Spectrum 2

W1t%

Element Line Type Apparent Concentration k Ratio W1t% Sigma
C K series 0,45 0,00451 0,92 0,3
Cu L series 274,64 2,74636 99,08 0,3




Element Analysis GEM-1 Irradiated

Component analysis with EDS (by measuring characteristic X-rays) on several locations affected by the
problem. Comparison with unaffected regions. Penetration depth =400 — 500 nm.

Bl spectrum 4

Electron Image 7

Spectrum 6
Wt% Spectrum 4’y
Element Line Type Apparent Concentration k Ratio Wt% Sigma
O K series 3,13 0,01052 0,76 0,1
Cu L series 267,61 2,67612 99,24 0,1

Wt%

Element Line Type Apparent Concentration k Ratio W1t% Sigma
0] K series 2,94 0,00991 0,71 0,1
Cu L series 267,43 2,67428 99,29 0,1




Element Analysis GEM-1 Irradiated

Component analysis with EDS (by measuring characteristic X-rays) on several locations affected by the
oroblem. Comparison with unaffected regions. Penetration depth =400 — 500 nm.

Bl spectrum 6
= Electron Image 7

Spectrum 6 '

40

Spectrum«’y

Wt%

Element Line Type Apparent Concentration k Ratio W1t% Sigma
0] K series 3,52 0,01185 0,83 0,1
Cu L series 274,42 2,74417 99,17 0,1

Bl spectrum 7

Element Line Type Apparent Concentration k Ratio
(0] K series 3,08 0,01037
Cu L series 278,16 2,78159 x 50pm

Surface analysis (< 500 nm) = 99% copper

in all areas. No signs of Carbon deposits.
5 um thickness of copper layer sufficient.




Element Analysis GEM-1 Irradiated

Component analysis with EDS (by measuring characteristic X-rays) on several locations affected by the
oroblem. Comparison with unaffected regions. Penetration depth =400 — 500 nm.

Bl sSpectrum 6

Electron Image 7

Element Line Type Apparent Concentration k Ratio W1t%
0 K series 3,52 0,01185 0,83
Cu L series 274,42 2,74417 99,17

i
.

According to MPT (Rui de Olivera) these are known
manufacturing defects. Plain accidental that it affects
the irradiated area.

50pm

Surface analysis (< 500 nm) = 99% copper

IS
[a]

in all areas. No signs of Carbon deposits.
5 um thickness of copper layer sufficient.
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CMS Muon Preliminary RWTH Aachen Lab

£ 10° r Gap Configuration 3/1/2/1 mm
u m m a ry 8 [ Gas Mixture: Ar/CO2 (70/30) - 5 L/hr

W | 22 KeV X-ray

[4+]

o L

.02)105,—
jl'nplg-GEM ghamber with Ar/CO, gaszmlxture was g loc/em?  4c/om? 8 C/cm?
irradiated with photons up to 8 C/cm? accumulated charge. b A A e e P
No degradation of gas gain observed. 3
No oxidation of copper observed when opening. i

1 03 E Data corrected for temperature and pressure fluctuations

Oct-21 Dec-21 Apr-22 Jul-22 Oct-22 Dec-22 Apr-23

Foil samples extracted both from irradiated and non- Date
irradiated areas for analysis at CERN EN.

No change in material composition after irradiation. No
carbon, no silicon or other “new” materials.

GEM-1 (foil with lowest electron density) irradiated area
shows small areas with rough surface (~7 areas / cm?).
Manufacturing defect?

GEM-3 (with max electron density) shows no defects

EHT =15.00 kv Aleksandra Bartkowska

WD=168mm  Sample ID = GEM1_Irr_Bottom_  Date: 19 Sep 2023 @
Signal A = SE2 Mag= 250 X

100 um




