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) Outline

= LHCb GEM operation vs gas mixture analysis
= R&D for GEM detector operation with gas recirculation
= @Gas recirculation system at LHCb and gas quality monitoring

= Conclusions

06/11/2023 3rd International Conference on Detector Stability and Aging Phenomena in Gaseous Detectors



CE/RW LHCb GEM gas mixture parameters

GEM detector gas volume
= <0.1m3
= Mixture composition
= Ar 45%, CO2 15%, CF4 40%
Mixture flow (2011)
= ~90 |/h
= Mixture cost
o 54 CHF/m3

= Operation cost
= ~50 kCHF/year

Mixture GWP e tCO2e

o CF4 GWP 7390
o 8150 tCO2e Runl

06/11/2023 3rd International Conference on Detector Stability and Aging Phenomena in Gaseous Detectors



) Outline

= LHCb GEM operation vs gas mixture analysis
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CE/RW
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Observation of gas gain changes in GEM detector

Several changes in the gain reported since beginning May 2012

May 4-6th ~ June 5th  July 5th August 25th
-40% +40% -20% -209
x : Oé\ : oé \ : : ZOA)\
“'E oF | | _ | | |
r
= 12—
a0% S0
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Possible causes:

-gas mixture

-gas supply

-detector properties
-enviromental conditions
-LHC luminosity
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CERN Effect on gas gain of mixture composition

vl

In order to measure the effect induced by change of gas mixture composition,
three test were performed during which the mixture was intentionally changed in step of 1%:

T e S

Until May 21st 18:36 0% 15 0% 0%
May 21st 18:36 — May 22nd 10:21 45 0% 16 +1% 39 -1%
May 22nd 10:21 — May 25th 10:45 46 +1% 15 0% 39 -1%

From May 25th 10:45 45 0% 15 0% 40 0%

e T It e s B T o P N SO R T
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CERN Effect on gas gain of mixture composition

---

Until May 21st 18:36 0% 0% 0%
May 21st 18:36 — May 22nd 10:21 45 0% 16 +1% 39 -1%
May 22nd 10:21 — May 25th 10: 46 +1% 15 0% 39 -1%
Results for one detector: May 25th 10:45 — toda 45 0% 15 0% 40 0%

GEM luminosity-normalized Currents - LHC Fill 2651 GEM luminosity-normalized Currents - LHC Fill 2663
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Effect on gas gain of mixture composition

@

The simulation composed of sections developed in:
GEANT4, Garfield++ and ANSYS APDL (the latter used to model the structure of the three foils and the electric field).
The output of the ANSYS model is then used as an input of the Garfield++ application for geometry and electric field.

Measurements performed on 10x10 cm2 GEM prototypes and frames (CERN PCB Workshop) with 3-1-2-1 gap configuration

Effects from main gas mixture components:

0.8
0.6

04—

06/11/2023
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Effect on gas gain of mixture composition

Effects from N2, 02 and H20 impurities and gas flow

Normalized Gain
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FR4 frame found to be permeable to air:
— Large contamination from 02, N2, H20
- High flow needed (also for mixture diffusion between GEM foils)
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) Effect on gas gain of mixture composition

vl

Changes of mixture composition of £1% are clearly detected with GC analysis
but they are not producing steps in the gain as important as the ones observed.

Which gas could be responsible for the changes? Only GEM detector is suffering from the problem.

Gas supply MWPC
Ar 45 40 70

CO2 15 55 28.5
CF4 40 5 .
02 . . 15

GEM was the detector using the largest amount of CF,!

Analysis of the CF4 supply were performed:
no contaminants found in the gas supply and also the level of 02/N2 was very low (< 200 ppm)

06/11/2023 3rd International Conference on Detector Stability and Aging Phenomena in Gaseous Detectors
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) Use premixed on one GEM side

\
Z/

We implemented a modification on the purge line allowing to operate one or both sides of the GEM system with premixed gas
(leaving the other side on the standard gas system).

Test performed on October 10, 2012 during LHC fill (one side left on premixed for 1 day):
A significant increase of the gain (+20%) was reported.
The gain decreased again when the normal gas source was restored on side C
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’ | \.‘:‘ CURRENT MONITOR [_ O]
- Z
[ | "l@ HVGEM .S]/Stem Current Monitor
5 Y
. Z00MIN | Z00MIN | Z00MIN
[ ] © N
~ B =
113~ Safety valve ES
[ 19 ek
..u R L e R R T R R RN AR
.!' 11:0000AM  120000PM L0000 A4 120000 PH 11.00:00AM  12:00:00PM 11:00004M  1200:00PM
— B
=1 -« S BT
L o=
5. A. Cardini
L s g
& Tl BEAM PIPE I =
ERR | 5= o
B.; RN 77"“‘&""‘1"“
L 1100004M 120000 FM 11.00004M  1200.00PM
.. 1 = [l
.. R B B
P =] 8= g =
= pi= "
A a = W B
—~ i . z =5 - )
i & Premlxe ottle P teral Tine e cartroler I =
- Q =1 T T T o T [ = -
: 51 2 1 1 I 1 | | =
— 110000AM 120000 FM 11000044 120000PM
5=
o]
B
- =5
B
o]
= =2
EES
S8 E
Illll“““‘llmrm““Ill‘lll““ ‘\|l\||||‘\|‘ ““‘Ill‘lll“
11:00:00AM 120000 PM 10000 AM  12:00:00 PM 11.00:00AM  12:00:00PM 11:00004M 1200:00PM
Z00MIN O | Z00MIN | Z00MIN O | Z00MIN O |

06/11/2023 3rd International Conference on Detector Stability and Aging Phenomena in Gaseous Detectors 11



CERN Gas gain vs CF4 Supp|y
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Some of the steps appeared to be in Gas gain changes
coincidence with the change over of CF4

cylinders, but not always. 50 /

g / /
Gas gain not affected ’ - / /

. 1/4 21/4 11 31/5 20/6 10/7 3017 19/8 89 28/9
time {day/month)

e Test with premixed bottle seems to indicate as a possible
cause the gas mixture

* Extensive GC analysis confined the possible fluctuations of
the mixture as below 1% which it is not sufficient to explain

gain changes of the order of 20-40%

* Some good correlation with change overs of CF4 cylinders

100702012 11:37:39 An 550

I system:LHBALKX_Pr_PT11411 PosSt 1042
o ility and Aging Phenomena in Gaseous Detectors 12
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R&D for GEM detector operation with gas recirculation
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CERN
7z

Motivation

=  Greenhouse gas emission and operational cost

m C2H2F4 m SF6 u CF4
70000

Development of new leaks
52500 / \

35000

Gas recuperation

Upgrade to gas
recirculation

/ Upgrade to gas
recirculation

2 17500

GHG emission in Run2 per year [tCO2e]

---Run1

Improvement of gas
recirculation and
recuperation systems

9000
8000 . .
7000
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0
2010 2011 2012

LHCb GEM vs years

tCO2e

06/11/2023

2013 2014
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European Union “F-gas regulation”

Limiting the total amount that can be sold
Banning the use of F-gases where alternatives available
Preventing emissions

More info tomorrow:
https://indico.cern.ch/event/1237829/contributions/5637221/

2016 2017 2018 2019
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CERN R&D study for GEM with gas mixture recirculation

vl

= GEM detectors were never operated in gas recirculation mode E
= R&D started in 2012

= Setup: @

Advantages:

- Reduction of gas consumption
Disadvantages:
- Complex systems
- Constant monitoring (hardware and mixture composition)
- Use of gas purifying techniques
10x 10 cm2 GEM

Mixture monitoring system
= Online 02, H20 sensors
s GC
= Single Wire Chambers
(detector design by EP-DT-DD/GDD)

"A portable gas recirculation unit" JINST 12 T10002

06/11/2023 3rd International Conference on Detector Stability and Aging Phenomena in Gaseous Detectors 15
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CERN Gas Recirculation for Triple-GEMs

GEM used for the test:

§ 3503—
- 10x10 cm? prototypes °E
300:_ Main
- 3-1-2-1 gap configuration (CERN PCB Workshop) 250 e
2005—
Measurement of amplification gain: woE
- Detector current, over full chamber surface "mé— g
50—
- Signal, to obtain pulse height spectrum Bt et N
0 500 1000 1500 2000 2500
Pulse Height [ADC counts]
Performance is characterized with HV scans:
- X-ray counting rate for gamma irradiation e
— Detection efficiency for Muon beam § i . E
[ /AvCO2 | ¥ Ar/CO2/CF4 3,
- —1s0
04— ,.. -. =
L —100
ool i
[ B
ob e ~o0
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CERN

Gas Recirculation for Triple-GEMs

Triple-GEMs Setup

Two 10x10 cm? detectors (3-1-2-1 mm)
Gas mixture Ar/CO,/CF, 45/15/40
Irradiated with 13/Cs and °°Fe

Closed Loop Gas System -

Small replica of LHC Gas Systems "

Purifier Module for H,0 and O, removal

Monitoring of gas quality with SWPC

Gamma Irradiation Facility (GIF++)
Test zone for large-area muon chambers,

137Cs source, 662 keV photons, 14 TBq
~ high radiation background

Variable source intensity
H4 Muon Beam (SPS)

performance characterization and aging tests

GEM Setu
- _ p GIF++ Bunker Ar CO,CF, Gas Zone
3 & - -
‘. T ‘{:;-"'-?"
Fresh
I Mixture
OO0 e |
N | _{Ej—‘: i’:ﬂ’ﬂ_‘r_‘"'m}__‘l -—ii A—ét.f‘-f E E
GEM ——{ Aosamm | ¢ Moa;
[ —=— O
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CE/RW Gas Recirculation for Triple-GEMs: long term irradiation

\
Z/

Test Conditions:
e Continuous irradiation at max rate 50 x 10® Hz/cm?, HL-LHC rate equivalent
e Tested Ar/CO, and Ar/CO,/CF, mixture, gas recirculating fractions 50%, 70%, 90%, 95%

e Monitoring detector current at working point + weeklv >>Fe signal snectrum
2 :

o

o

Accumulated Charge [mC/cm?]

£ L ! ! _]
8 Eo . AHCO2.| AtCO2CFA. ...y EN
Triple-GEMs performance is stable g ' i .
J R e s T L Tt L {14
e Ar/CO,/CF, with gas 2, 95% | 7
. . . s T b b —12
recirculating fraction up to 95% W _
1.2 -
e \Various background irradiation ~ prTTTempmemepem e s I P P 4 (A —]10
rates (max 50 x 106 Hz/cm?) AR AT T Y (WYY, | LI Al PN
e Total accumulated charge 0.8 : : 5 -
higher than 100 mC/cm? 06— I 1/ 1] I %
e Purifier module: O,, H,0 ~ 50 ppm I B A R T . -—40
stable concentration (<5%) ' | 2
0.2 CHARGE """""""""" | 1] - = 20
0 1 | | | | | | 1 | | 1 | | | | | | | | | | | 1 1 | | I_O
0 1000 2000 3000 4000 5000 6000
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O, Concentration [ppm]

vl

Gas Recirculation for Triple-GEMs: long term irradiation

Mixture monitoring during test:

H20 and 02 in the long-term irradiation campaign
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Working with low 02 concentrations could give rise to instabilities in Triple-GEMs performance
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EE/RW Gas Recirculation for Triple-GEMs: muon detection efficiency

L

. GEM
Test conditions MUON BEAM I I_. I

*  Muon beam from SPS + scintillators
» 137Cs source irradiation as background GIF++ GIF++
* Upgraded DAQ to readout 256x256 strips TRIGGER demXdem TRIGGER
* HV scans repeated at different SCINTILLATOR
gas mixture and irradiation conditions g L
s T
w [
Triple-GEM performance: _
0.8
* Reach 100% efficiency without background B
* Equivalent in open mode and gas recirculation 0.6— S
* Efficiency remains optimal (>90%) -
for background rate up to 10° Hz/cm? 04— 9. T MwnbeamnoBackgomd )
’ N ; —— Cs gamma, ABS 2200, 0.03 10° Hz/cm
*  Amplification gain at working point voltage i /? ——+— "Cs gamma, ABS 220, 0.3 10° Hz/en?
. . L ——— " gamma, ABS 100, 0.65 10° Hz/em?
(gain around 10* without background) 0.2 / B s qamma, ABS 46, 15 10° Haln?
constant regardless the irradiation rate - / *Cs gamma, ABS 22, 25 10 Hiziem’
B ; : —s— "Cs gamma, ABS 10, 4.5 10° Hz/cm®
i 1 1 1 ‘ | 1 1 | 1 1 | ‘ | 1 1 | 1 1 | ‘ 1 1 1 | 1
%6 38 4 4.2 44 46 48

High Voltage [kV]
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E/RW

il

Gas Recirculation for Triple-GEMs: gas mixture quality

CF, can break up in the electron avalanche
Highly reactive products: F-, CF;+, CF,+, ...

= Polymerized deposits (HF acid, if H,0 present)
= Material etching (GEM foils, readout electrode)

1
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lon Selective Electrode station (ISE)
more details tomorrow:
https://indico.cern.ch/event/1237829/contributions/5609569/

1=
| A— R T S . Ar/CO2/CF445/15/40 -
= : Rate 50 x 106 Hz/cm?

e
V.

00 10 20 30 40 50 60 70 80
Input Gas Flow Rate [vol/h]
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Gas Recirculation for Triple-GEMs: gas mixture quality

ad
Bigger electron avalanches, higher gain More avalanches but same amplification gain
Necessary better understandlng of CF, break up
T 08¢ = = = 180= = o5 : —900
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CERN

Gas Recirculation for Triple-GEMs: SEM analysis

Typical pattern observed
— No F-compounds found on GEM foils
— No extra impurities/compounds found on GEM foil

new irradiated

| 10pm EHT = 20,00 kv Mag= 1.00KX B ROATIANES (cin 'l, : 10 pm EHT = 20.00 kv Mag= 100KX Eiga GARCA TRRARES
‘ WD.".OQSTSOOOW Signal A = SE2 Do drreste W/ ‘ WO~ 9?‘,;:“.30001!"! Signal A = SE2 Duse 37 Put 09
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Gas recirculation system at LHCb and gas quality monitoring
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) Gas Recirculation for LHCb-GEMs

vl

LHCb-GEM operated with gas recirculation from 2016 to 2018

LHCb —Surface room

i i o D

Controls

module Purifier module:

- 2 x 24 liters

— Ni/AlI203 catalyst

- 02 and H20 removal
- <10 ppmV

Analysis Module
02/H20:
- before
- after purifier

Gas chromatograph:
- SG and US analysis

4 Fluoride analysis stations
- Before & after purifier in SG
- Return from GEM in US (two sides)

06/11/2023 3rd International Conference on Detector Stability and Aging Phenomena in Gaseous Detectors 25



CERN

Gas Recirculation for LHCb-GEMSs: gas mixture quality

Fluoride ion results:

Before Purifier sampling point vs LHC luminosity Before vs After Purifier sampling points
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) Conclusions

First experience on GEM detector operation with gas recirculation system

— Operational costs
— Reduction of GHG emission

Long term irradiation

—  Stable operation with recirculating fraction up to 95% and 100 mC/cm? of accumulated charge
—  Purifier module: same gas quality after recirculation (O,, H,0)

Muon Detection Efficiency
—  Efficiency remains >90% for background rate up to 10° Hz/cm?
Fluoride Impurities Production

- Operation parameters influence the production rate (HV, gamma rate, flow)
—  Purifier traps F-, no accumulation with gas recirculation (validated full-size system)
- Measurements performed on real system (LHCb-GEM)

06/11/2023 3rd International Conference on Detector Stability and Aging Phenomena in Gaseous Detectors
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CERN Conclusions

L
LHCb-GEM
mixture: CF, 40%, Ar 45%, CO, 15%
Detector volume: ~ 50 liters (but very high flow needed) = R&D for operation of GEM detector systems with gas recirculation

2013: Development of small gas recirculation 2015-(2019): 2016-2018:

systems for R&D Validation continued at CERN LHCb-GEM operated with gas recirculation
Started test in lab with radioactive source Gamma Irradiation Facility — I —

(GEM never operated in recirculation before) = /:,.Om
900/ RUI71 t
0 GHG o Run
redUCt' 2

Gas mixture purification studies

Original investment largely paid back by gas cost saving during operation

LHCb-GEM detector operation became more stable thanks to less frequent replacement of CF, cylinders
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