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Resistive Plate Chambers (particle triggers and TOF)

RPCs, gaseous detector, are typically used for triggers of high-energy particles in high-energy and nuclear physics
experiments. In many large scale experiments, RPCs are installed inside the magnetic field to measure the hit and time
information and the rough positions of particle tracks for the momentum selection.

- Like plastic scintillators

What to detect? - All high-energy charged particles (but also neutrons and gammas for other purposes)
RPCs are composed of thick detector materials. Therefore, RPCs are not sensitive to low-energy charged particles or X-rays.

Provides fast time information in time
— Best time resolution in the world (o ~ 40 ps for TOF and ~ 1 ns for trigger RPCs)

Provides rough positions in space

— Position resolution depends of the strip width and
the electronics In trigger RPCs, o ~ a few mm ~ a few cm
But it could be ~ 0.2 mm if ADCs are used.

In 1981, by R. Santonico (Italy) {NIMA 187 377 (1981)}

RPCs were designed by a modification of Parallel
Plate Chambers (equipped with a spark-gap and

trigger scintillators).

In general, we use RPCs for particle triggers. The RPCs were originally operated in a spark mode.

No role for tracking in large scale experiment. But, the avalanche-mode operation was adopted to
So, a relatively poor position is accepted and used obtain the higher particle-detection capability.
for momentum selection of particles. (LHC experiments NIMA 315 92 (1992) )
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The role of the resistive plates of RPCs

Effectively suppress spontaneous discharges from the surfaces of the conductive electrode to the gas volume due to the
high electric field intensity.

What to use?

Historically, phenol plates (called Bakelite: phenol resin + paper layers) have been used for the resistive plate of the RPCs.
v The bulk resistivity ranges from 1019 to 1012, (CMS, ATLAS, LHC-b, PHENIX etc...)

v Cheep but we have to apply water vapor to suppress further polymerization.

Glass plates: often used to build trigger RPCs and multigap (timing) RPCs (time resolution as low as 40 ps).

v The bulk resistivity of the typical floating glass plates lies between 101! and 1013, (BELLE, ALICE, FOPI, INO, CBM etc...)
v Poor rete capability due to the high resistivity. Moreover, Freon can not be used due to aging.

Low resistive glass: amorphous mixture of floating glass + iron oxide (with mixture of ?)

v The bulk resistivity ~ 101° (CBM/FAIR)

v Too expansive!

Ceramic plates for high particle rate

v The bulk resistivity ~ 1010

v" Too expansive!
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Gas mixture:
In the beginning, Ar +iC,H,, (for instant, 50:50) for the typical gas mixture for the RPCs

In many large scale experiments like LHC and PHENIX experiments, a tetrafluoroethane-based (TFE, R134 Freon) gas
mixtures are open used. There are two advantage of using Freon: first the gas gain of the Freon mixture is larger than
the Ar mixture due to the higher gas density. The other advantage is that the portion of use of the flammable
guencher is relatively much smaller than the Ar mixture, which ensures the safety for many underground experiments.

Trigger RPCs (TFE): 95.2% C,H,F, + 4.5% iC,H,, + 0.3% SF..
Multigap RPCs (TFE) ~ 90.0% C,H,F, + 5.0% iC,H,, + 5.0% SF.

Eco gas mixture using HFO1234ze: The global warming potential (GWP) for this new Freon gas (GWP=6) is significantly
lower than the conventional TFE (GWP=1430).

For instant, 95.0% HFO1234ze + 4.5% iC4H10 +0.5% SF6 JINST 11 C07016 (2016)
Other Freon gases to try; HFO1234yf, HFC-245fa, HFC-32, HFC-152a

Atmospheric F

G licime WP TFE CHiF, o ke
(years) F F HoC g

R-134A 13.8 1430

gy FF
|sobutane 774 3.3 F—C—C—H FoF
SFg 3200 22300 | HFO-1234yf (flam) HFO-1234ze
Argon 87 0 F H (CsH2F4) (CsH2F4)
CO, variable 1 (reference) GWP 4 GWP 6

GWP 1430
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Operation modes: pickup electrode

+HV
RPCs were originally designed for the Geiger-Muller mode operation
(streamer mode). But a limited proportional mode operation has been Bakelite electr ode
accepted to enhance rate capability of particle detection. We called this
operation mode the ‘avalanche mode’ (limited proportional mode). 6060606660600668
N 88~
The avalanche mode has been firstly adopted in many large scale experiments. Sebded e odlag e
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Operation modes for gaseous detectors

1) Recombination region (region | in the figure)

If the applied voltage is not strong enough, the electrons and positive
ions, created by a radiation will be recombined and be neutralized,
before they arrive to the electrodes.

—> No ionization current or signal (useless)

2) lonization region (region Il in the figure)

If the applied voltage is strong enough to prevent the recombination,
the electrons and positive ions arrive to the electrodes and create
ionization current.

The amount of the radiation-induced current represents the number of
positive ions or electrons

— Number of incident radiations

In the detector working in the ionization mode, the detector current is
independent to the applied voltage.

— The current can be read by an electronics to measure the amount of
the radiation.
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3) Proportional region (region Ill + 1V in the figure)

If the electric field intensity is strong enough, the primary
electrons are accelerated and drifting along the electric field
provided by the applied voltage, and collide the atoms in the
gas, creating secondary electrons and positive ions.

The secondary ionization process keeps going on

-» lonization avalanche and cause an amplification for the
radiation signal.

The typical gain of amplification in the detectors working in
the proportional region is 10% < Gain < 10%. But the gain
increases as the applied voltage.

The integration of the charges induced by the avalanche
process of the radiations is proportional to the energy deposit
in the detector by the incident radiation. Therefore, we call
this operation mode

-> 'Proportional mode' - Proportional counters

2019-01-04 2019 RO|HX| =2 AtE=7| <t

%

Log ##

o O
O = N W

O R N W A U O g 00 ©

|
|
I
i
|
1
|
|
I

~200 ~800 ~1000

AolE A<k

Ionization avalanche



4) Limited proportional mode

At the region V in the figure, the gain reaches ~ 107 before entering
a Geiger-Muller mode. In this region, the size of a pulse is NOT
proportional to the deposited energy by the incident radiation any
more. The limited proportional mode is often used in the high-
position resolution drift chambers in virtue of the large gas gain.

— Thin drift chambers in precision spectrometers

— Resistive plate chambers in avalanche mode

5) Geiger-Muller region (for GM counter, region VI in the figure)

If the applied voltage is strong enough, the ionization avalanche by
the incident radiation can create a series of secondary avalanches
right after.

— Streamer tubes for particle trigger and 1D

— Resistive plate chambers in avalanche mode
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How we get pulses in the RPCs?

The Shockley-Ramo theorem allows one to easily calculate the instantaneous electric current induced by a charge
moving in the vicinity of an electrode. It is based on the concept that current induced in the electrode is due to the
instantaneous change of electrostatic flux lines which end on the electrode, not the amount of charge received by the
electrode per second.

pickup electrode

e,: electrons charge, W e
E N(t): number of electrons presented at time t G 7 2
i(t)=—=ve,N(t) v:electron drift velocity 1 0 0
V., E,, (weighting field): the electric field in the gap when V77727
V,, is set the pickup electrode \
2 Ew
Ww = bE; + dE>(= Ey) + bE3(= Ey) ek = E>(= Ey) = €E3 (= Ey) |
pickup dectrade , ' ! ' - ! : ! |'
E, £ + ,
Thenl we get — = T Palalic secioce 3 ' " Bakelite electrode /77 i D
Vi 2b+de , 3 7
L oround I
The Ramo theorem gives us 9§ e B
]
I J b4 O(x) is the step function, it indicates when
. : )y — X .
i(t,x) =— eove(a f?)w@( —1) the glectrons reach Bakelite surface and then,
y V Dokl slechode the induced current suddenly stopped.

ground
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Assuming an ideal Townsand avalanche (exponential growth with the drifting path length), the induced charge

" I o. Townsand coefficient
0" (d—x)=|i(t,x)dt = w e, (e 1) n: attachment coefficient
0 . -
) V,(a—n) a —n;: effective Townsand coefficient

Avalanche pulses

Qind €
— (a_n)(d_x) — = 01
=eq (e 1
Quot = €0 ( ) Qtot (2b + de)(a —m) e s e T S &
s :1 ‘ | lylI
For instant in a typical avalanche mode using the typical TFE based gas, o L =
e~4,a—n~95 and b =d =2 mm for current CMS RPCs — Q,,,/Q;,; = 0.0351 "-;,,,J *
Qig ~ 2.5 pC at WP (Th = 150 fC) -
— Qe ~ 70 pC PP
e~4,a—n~130,and b =d = 1.4 mm for new CMS IRPCs — Q;4/Q,; = 0.0366
Q.,y ~ 0.6 pC at WP (Th ~ 20 fC) i e
po i'; .i") | b ]

— Qo ~ 16 pC

For typical streamer pulses, Q;,4/Q;,; > 0.5
11
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Drift ion molecules in gas

Charges produced by an ionizing particle event quickly lose their energy
in multiple scattering (collisions) with gas molecules in the chamber gas
and are thermalized with a Maxwell distribution in energy.

For molecule ions (not electrons) in a Maxwell distribution,
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Drift velocity of ion molecules
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Classical mean free path, velocity, diffusion coefficients,

and mobility for molecules, under normal conchtmns]8 2Y)
Gas A u D* ut
(cm) (cm/sec) (cm?/sec) | (cm? sec™® V™1)
H, |1.8x107% |2 x10° 0.34 13.0
He |2.8 x 10~° | 1.4 x 10° 0.26 10.2
Ar |1.0x 10°° | 4.4 x 10" 0.04 1.7
0, |1.0x 107% | 5.0 x 10" 0.06 2.9
H,0 |1.0 x 1075 | 7.1 x 10" 0.02 0.7
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Drift of electrons in gas
107151

In contrast to positive ions, the mobility is not simple except for very low
electric field. Because of their small mass, the electrons quickly obtain kinetic o
energies by acceleration in electric field and lose the energies by collisions with ﬁ

gas molecules. A simple formula for the drift velocity of electrons is oo

€
w= — Er -
2m 10—!7 L1

[ | 1 o R S SO SR S 1 3 o | 1
0’ 1 10
€ (eV)

where, 7 1S the mean time between collisions and is, in general, a sensitive function
of the electric field E. The collision cross section of the electrons with gas molecules is very sensitively varies with their
Kinetic energy. We call this effect ‘Ramsauer effect’.

t is a sensitive function of E (so, Kinetic energy). This is the reason why drift velocity of the ionized electrons is very
sensitive to the particular choice of gas mixture.

In a high electric field (in general we use an electric field intensity of 1 kV/cm for drift chambers and MWPCs used in
nuclear and particle physics experiments), the typical drift velocity 50 mm/us at 1 atm.

For typical trigger RPCs working with the TFE base gas, the drift velocity ~ 0.1 mm/ns

The time resolution for RPCs depends on the diffusion of the drift electrons in the gas. If you wish to get a high time
resolution, you need short drift times in the gap — Multigap (timing) RPCs

o,= V2Dt ,o,= V6Dt



RPC pulses

For a typical double-gap RPC, the induced charge on the strips is
the addition of the pickup charges from two independent gaps.

The (o — #)d for the avalanche mode lies just below the Rather
condition (20). So, actually, the pulse height developed in an
avalanche in the RPC gaps does not follow the exponential growth
with E field because of space charges formed during the dense
ionization (limited proportional mode).

— The model using a logistic function, i.e.,

Anodeelectrode plate

Anode Time
AJIE S DAV KO s - -
—_ a(V _V) Space Ch o - - - -
Qitor = KIn(1 4+ e*V¥w™ Y0)) NIMA 508 6 (2003) Eleciric Fiekd Er || , "+ 4. . .
-::\i + f',:f:.'-_- e i -
External an 658 \ :+—— R
Electric Field + L d SR
av “* Secondary o T . W@, e U, o
Eo - Electron P - - o
« + Avalanche + % - o -
Previously by assuming the exponential growth (valid only for low E field) P b % B ©* ™"
......... : :-PE * o + SRR
— (a—-n)(d=x) _ ) o b (Viyy—Vp) T 5 g MR
Qtot - eO (e ...... 1 _) Qtdt K e .:-0- Initial Electron + y + : + :
........... /S Avalanche + + e
Qina € T A ic i Y i
= e ctually this is not a constant, =
Qtot (2b + de)(a —77) ~~~~ but a function of E field WARGOR b c d
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Rather condition: transition from an avalanche mode to a streamer mode: (« — ) d ~ 20

In the avalanche mode for the present CMS RPCs we use (a —#) d ~ 19.5.

For CMS iRPCs, it would be ~ 18 (?) — (& — #) ~ 130 / cm

Avalanche pulse at FADC
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Streamer pulse at FADC

d. ~ 60 pC — the precursor pulse is comparable to the secondary pulse.
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For a 1.6-mm double-gap RPC

v’ Gas =95.1% TFE + 4.5% iC,H,, + 0.4% SF,
v" Measured with no zero-suppression
* g.=20pC - limit of the avalanche mode

e Transition region between the avalanche and streamer
regions lying in 20 pC< q, < 50 pC.
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RPCs can be used for many different purposes

1. Trigger RPCs

Fast data for high-energy particles (tracking provided by tracker like DTs, CSCs, etc..)

v Time resolution ~ 1ns

v’ Position resolution ~ 1 cm
v" In general, provide 1 dimensional data (now 2D for iRPCs for CMS and ATLAS)

CMS RPC system (double-gap 1D RPCs)

2019-01-04

j™ initial

9 ll" jonization cluster

ATALS RPC system (single-gap 2D RPCs)

X readout Grounded
i plane

A Polycarbonate Graphite
strips spacer  electrodes

Ionizing particle
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ALICE TOF

2. Timing RPCs Cross section of double-stack MRPC - ALICE

J o\

Timing RPCs : highest time resolution o < 50 ps ;
e——active area 70 mm ——!
— TOF measurements and particle ID in high-energy and nuclear physics . iIIIIIii!lIIIIIIIIIII m

o~ 1/d, d: thickness of each micro-gap A g

For CMS RPCs, d =2 mm — o~ 500 ps (intrinsic resolution) . Paeeyoom pa
Ford=0.2mm — o ~50 ps o 1o e o PCB with cathode

external glass plalos

Cathode strips : positive polarity

LSS LSS intemal glass platos
MULTIGAE/ RESISTIVE PLATE CHAMBER ' s
|| | YA A, . S, . anode pickup pads

of 250 micron
external surfaces (all internal

|
"\ Signal electrode : N : Mylar film
Cathode -10 kV Stack of equally-spaced resistive Cross section of X \ {250 micron thick
A athode - plates with voltage applied to ALICE detector o

F ] ] (-8 kV) plates electrically floating) NS G o PCB wi':h cathode
fishing-line spacer
k % Pickup electrodes on external - Honeycomb panel
Z | A (-6 kV) surfaces (resistive plates % \ (10 mm thick)
transparent to fast signal) = X connection 1o bring cathode signal ls&lioon sealing nd
f ] (-4kV) D |___tocentral read-outPCB |
l Internal plates take correct voltage [/ A\
- initially due to electrostatics but "
[ i I (-2kV) kept at correct voltage by flow of e = S)(]’ A ““‘{“”f
electrons and positive ions - pads per strip
Anode 0V feedback principle that dictates l“ ////
node equal gain in all gas gaps LA )
_\xli Signal electrode TOF ARRAY arranged as a barrel i g /
‘ =

capn wheTe @ e 1 Divided into 18 sectors

120 cm ¢

Anode strip : negative polarity
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TOF Performance - PID

pp collisions

TOF measured particle B vs. signed
momentum in pp collisions @ 7TeV

B = y &
tc
S
piz (GeV/c)
PbPb collisions
10'.'— @
10° LEJ .?_ § 10?

ALIC
ALICE Performance
15/05/2011

TOF PID - Pb-Pb.\/s,, =2 76 TeV. min. bias

35 -

4.5 5
mass (GoVic?)

|
D
ﬁ

10

Different species are
clearly visible

Mass distribution in one
single PbPb collision!

| run 137161 - ALICE DATA Nov/2010 |

chunks = 10000137161031.770
timestamp = 1289268078
bunch cross number = 346
orbit = 3730265

mass_spectrum
Integral 1027

TOF
i ”l,“P

]
LI

}mn I,

mass (GoVIcz)_

6/02/2012 RPC2012 - rvwwor
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3. Trigger/Tracking RPCs Proposal: arXiv:1504.04956 (2015)

SHiP (Search for Hidden Particle) experiment Trigger RPCs for SHiP
CERN beam dump experiment to search BSM HNL, dark photons, Axino, etc...

Cathode + anode strip RPC
e Cathode signals: positive

Inside view of

e Anode si Is: ti the magnet
node signals: negative In the magnetized
Two orthogonal strip readouts for 2D trigger measurements i ;eglCOI;allS o RPC interleaved
(anode strips for x and cathode strips for y) target trackers, Wigiren
Expected position resolution of 3 ~ 4 mm in both directions followed by
tracker stations.
Outside the magnet:
PET spacers Insulator PET film > Muon detector
(200 pm thick) Read-out strips (copper) Muon detector
—
2 mm Neétits /.SHiP
............... eudreltl::(;tzr Hidden Sector/ dSHi1P detector
Zmm p Muon shield ~30m '
400 GeV
%

Resistive electrode plates

B Vacuum vessel ~50m I
A I' 1 L | S 1

i

!h-
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o~100 kQ/0O

HV electrodes Graphite painted L
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4. Muon radiography
POS(EPS-HEP2017) 609

Muon
L Plane 4
Y plane \’//
//
/ = = .

X plane
Y plane

Plane 3

| Container

X plane

Y plane Plane 2

X plane

Y plane Plane 1
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fh Beatty JJ, Westerhoff S, 2009,
Annu. Rev. Nucl. Part. Sci. 59:319-45
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Inspection of reactor cores

| ——CR standpipe
RPV
Upper shield block

Permanent
reflector block

.oﬂﬂo
%00%00

0.
QO

S, % Replaceable
reflector block

Core restraint
mechanism

Fuel element
Hot plenum block

Support post
Lower plenum block

Annals of Nuclear Energy 78
166 (2015)

Used plastics scintillators.
The coincidence detector
system should be relatively
handy and movable.

Azimuth angle

—> Count Measurement
- = = => Not count direction

21m

Fuel handing hole

e

Scintillator 1

Scintillator 2

-30 -15 0 15 30

Core support plate Fuel kernel 600 £ m Dowel pin
Giie SO i High density PyC .. Plug R
Auxiliary helium gas {ow doriity B CSJIC ' Fuel “ 5

Ow aensi compa 2
tue yPy 920 tm P .
Primary helium gas ! Graphite =

o Coated fuel
Side shielding particle <30 -15 0 15 30 =0 El 4 15 90
block 39mm Azimuth angle (° ) Azimuth angle (° ) Azimuth angle (° )
e B g
\ ‘ -30 o -30 =15 © 15 30
B\ Fuel element f ~ g
34mm - Dowel socket'
Replaceable ~26mm- 360mm == =
Reflector block Y b4
4 © ©
Permanent & 5 | |
= p = T
reflector block Fuel Fuel Fuel § E 10 15 20 25 30
CR guide block compact rod assembly Surface density
(hg/cm?)
CR : Control rod 30 o0 -30 -15 0 15 30
RPV : Reactor pressure vessel Azimuth angle (° ) Azimuth angle (° )
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What do we need for the RPC R&D?

1. Radiation sources
v" Muon beams (~ 100 GeV at CERN H4)
v" Cosmic muons (~ 1 GeV)

v’ 137Cs gamma sources

~ 5.0 GBq at B117 Korea U

2019-01-04

13.9 TBq CERN GIF++ at H4 beam line

Preparation
zone

turnstile

—_— | | Service zone

T -
| - L
1=

2019 1OoHX|=2| |XA=7| <L 23



Partition A ¢
ot | e

FEBNo. 71 ¢ Partition B S

: FEB No. 6 v | Partition C

*® " FEBNo.5

Installation of iRPCs in the GIF zone

strip 96

Y :
&

q\' é@@ﬁﬂp‘_ﬁhﬂbs

‘ e Sgpice Aga
_;g\. ,'c‘\:" ; d= <o

-1
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2. Reference detectors

Tri : Plastic scintillators .
rISEers ¢ scintl RPC hit measurement

Positioning: Pad chambers

Coincidence

S » Discriminator >

i i | logic (AND)
(Th=30mV) > Croy 365AL)

Common start

3. Electronics | -
Multi-hit TDCs and ADCs cables

Coincidence logics

LVDS
(twist-pair 64-channel
cables) multi-hit TDC

HV power supplies (~10 kV)
RPC pickup-charge measurement

» Discriminator >  Coincidence
- 5 logic (AND)
(Th=30mV) ™ (LeCroy 365AL)

Common start

e =, Two 4-channel

bl fresh ADC
(common-stop
mode)

cables

2019-01-04 2019 DO X| 22| QUXRIAS7| &tm o5



4. Gas systems
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What to do on R&Ds for trigger RPCs?

The detector will be designed to fit the physics requirement.

Tests of detector performance using radiation source

Efficiency and the uniformity, strip multiplicity, rate capability, noise, current stability

Time resolution, position resolution (1D or 2D)

/

-
(=
(=]

—>

F1 e = €max J’ _____
N 14+ e AHVeg—HVsow) | /
80 J 7 '

Efficiency (%)

Emax

The variation of the environmental
pressure P in all sites are taken into
account by rescaling the HV to the

chosen reference values (P, = 965 mbar)

4( de
Slope = Gy = 2

20

HVes(P,T) =HV-— . —

Po T
P Ty

|jL

Ly |

| 9800 10000\ 10200

400 8600 8800 ’ 9000 6200 9400 9600

: ' eV |
v v15|:| '

Working
point

HV, HV,

5

2019-01-04

HV .. (kV)

2019 10X =2| EAE=E7| <t

The operational high voltage can be found
using a sigmoidal function.

€m
oAV —HV50)

€
ooy

en - maximum efficiency
HV, : HV,« yielding a 50% efficiency

/. slope parameter of the sigmoidal response
function at HV,,.

We define Working Point HV = HVy; + 150 V
WP efficiency ~ 97%
Strip multiplicity at WP ~ 2

27
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Threshold dependence of Efficiency

Measured for a 1.2-mm double-gap RPC using current sensitive FEBs

Threshold 0.25 mV ~ 45 fC
Threshold 1 mV ~ 180 fC

in a charge sensitive mode FEB

Efficiencies
® AtTh=250puv
O AtTh=500pnVv

(7 At Th = 1000 pV

L

Ll

li‘ll lli‘lll

6.25 6.5
HV_, (kV)

Efficiencies
® AtTh=250uVv
O AtTh=500pnVv

1 AtTh= 1000 pV
/
P(/Q\.,»l>6) P /% 7/ %

—10.16

—0.14

—H0.12

0)d

0.1 £

(9<

0.08
10.06
—0.04

Ho.02
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Threshold dependence of efficiency with presence of gamma background

Measured for a 1.2-mm double-gap RPC using current sensitive FEBs

Threshold 0.25 mV ~45fC  in a charge sensitive mode FEB
Threshold 1 mV ~ 180 fC

| ] ] 1 1] 1 1 1 1 1] | ] 1 1 1 |800 I 1 1 1 1 T ] 1 1 I I T i 4000
] O oV m : l B L. o000 L]
- =095 - - - - - - - - Sot——r g OEmly————— L £,.=095 - - st E—tme—————
g, =095 11600 7 (i
Efficiencies ) Efficiencies [
0.8} 11400 0.8 s ]
® AtTh=250pV ] o ® AtTh=250pV 3000
i O AtTh=500puV - 5 O AtTh=500pV
i AtUTh = 1000 pV i 0 O AtTh=10000V 5560
0.6 ] (<] 0.6 + ¢ =3
- {1000 & s A 1
«_,,f_ §>¢, e g o ¢f’ 2000
| oAty 18 L ;
0.4 o P i 800 £ o4 P ¢/ R
5 /,/ /9” /fr; : ;:E /’r /Q//’ ﬁlSOO
4 i 1090 g Kl =2
/ / / : . -~
0.2 Q7 2 Gamma Cluster Rates | - 0.2 ez 11000
i ¥ 400 i D, ]
2 ] Gamma Strip Rates 1
- 500
/ 0 7 7 - 2 . /s -
0 - //Q// ) - 00 0 » 6 | - d
|- . -~ d P 4 ~ % | |~ D
A’ | o‘ 1 D ’\ | | | | | | | | | | | 1 | ] 0 L 1 1 | 1 1 I 1 1 I L 1 ] ()
5.8 6 6.2 6.4 6.6 58 6 6.2 6.4 6.6

HV,. (kV) HV_; (kV)
2019-01-04 2019 104X =2 YAAE7| S 29
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Threshold dependence of efficiency with presence of gamma background

Measured for a 1.2-mm double-gap RPC using current sensitive FEBs

Threshold 0.25 mV ~ 45 fC
Threshold 1 mV ~ 180 fC

| T T T T T T =
e, =095, e
0.8 AtTh=250pV -
| ® Withy !
%0 O Without vy -
N -
0.4 8
0.2 :
<CW> E
0 5
. [ e 2
6 6.5
HV_ (kV)
2019-01-04

0.8

0.2

®
@)

At Th = 500 pV

With vy -
Without y e

llllIl

Illll

HV,, (kV)

2019 1O X| =2 AtEE7| =t

')
p—

At Th = 1,000 uV

With y
Without y

|

|

|

IIIIII

IIIII

HV., (kV)
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45

Variation of WP efficiency with gamma
background Avalanche charge +

Qy measured for 35

® AtTh=250pV
1.2- and 1.4-mm o il
Double gap RPCs AtTh = 1000 pV

1.2-mm double-gap RPC

Measured for a 1.4-mm double-gap RPC using current
sensitive FEBs

028
kS
Threshold of 0.30 mV ~ 50 fC 5 F @t
o s «c»*}
Isf- o
| | I o o -0 O -0
0
v e P e -o
0.99 0.99 ?
# + O() 250 SO0 750 1000 1250 1500 1750 2000 2250 2500
¢ ¢ R, (Hzem %)
0.98 0.98
10
N ) 9 1.4-mm double-gap RPC
2 097 Jr 2097 Jr . + +
E gt
0.96 0.96 6
i i g .
i § - Threshold of 0.30 mV
095~ €,=0.95 095 €,=0.95 .
3
94— 0.94 bl Sy )
0 500 1000 1500 2000 0 1000 2000 3000 4000 1
R, (Hz cm’:) R, (Hz cm'z)

0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
2019-01-04 2019 14 X|=2| YAtH=7| st R, (Hzem™) 31



CMS RPC system

SUPERCONDUCTING CALORIMETERS

COIL ECAL HCAL

Scintillating Plastic scintillator/hrass
sandwich

IRON YOKE

TRACKER

Silicon Microstrips

. [ KODEL, Korea University, | | Pixels
Republic of Korea '
BRI g

Total weight : 12,500 t

ON BARRE CAPS
e S e
H 0 M
Magnetic field : 4 Tesla Chambers (DT) Chambers (RPC)

2019-01-04 2019 1o X|Z2| YXtA=7| &l
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In the muon detector section

DTs and CSCs
for tracking

RPCs for
triggers g isolator

Endcap/RPCs
. e
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Barrel RPCs Endcap RPCs
Current RPCS - 6 stations (layers) - 2 wings (RE+, RE-)

SJStem in the CMS - Fully coveringupton =0.8 - 4 stations in each wing

- Partially covering up ton ~ 1.2 - Covering 0.92 < 1 <2.4(5)
n 01 02 03 04 05 06 0.7 0.8 0.9 1.0 1.1
8° 843° 786° 731° 67.7° 625° 575°  528°  484°  443° 40.4° 36.8° n e
= 8 T —F T T F - T T T 4 12 335°
E DT:
- Endcap RPCs & cscs
1 z = RPCs | 1.3 30.5°
GEMs
"j':.l _ — ]]']_ M . iRPCss |
2 | | _ L 14217
Pl —PL i ‘
- 15 252°
» 1= —lIn [tan 2 % 16 28
V—>C 2 7 1.7 207°
4 18 188°
19 17.0°
T]= ~ Solenoidmagnet 77 = 20 154°
3 = : 21 140°
=0.88 PR oy
o=00° ren I e
- 25 94°
=2 44 ) A‘Sritl'icor;' . = ';j w0
e=109_/"n ’ | tracker 1 I 3
0=0>—>1=>° - - Station 1 Sl 40 21
B S S R SR et e el ettt s sttt ' "~ 50077
0 1 2 3 4 5 6 7 8 9 10 1 12 z (m)
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What data do we need for the RPC trigger?

In the typical large-scale experiment, The pulses are just digitized to
provide logic pulses (LVDS) in front-end-electronics (<- threshold).

— Times and rough Hit positions to reconstruct the particle tracks

For CMS (as well as in many other experiments), the RPCs find
important muon tracks among high-level background hits

— Pattern Comparator Trigger (PACT) using PAttern Comparator ASIC

v’ Searching muon tracks

v Roughly measuring the momenta

CMS RPC system

NEGATIVE The CMS BARREL is made of wheels

END CAP

-2, -1, 0, +1, +2

216 RPCs with 480 RPCs detectors installed

POSITIVE
END CAP

216 RPCs

912 RPCs

NEW RE4 (1) DISKs

144 RPCs
in the upgrade

1056

RPCs

+ 72 iRPC by 2025 = 1128 RPCs

2019-01-04 2019 DO X| 22| QUXRIAS7| &tm

upton=24
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High Pt Muon
pattern: (0,0.0)

defined on 4 layers
code: (1,1,F)
RPC Muon Station 4 C————— 1 0, hits'bx/chamber | [
C T [ T T T T T T T T T T [ T [ T T T T [ T T T T T T T T T | | / K / C———— 7 (03 hitsfbx/cham ber B
{ | ) 0.010 hits/bx/chamber |~
| | | | [ | X | / | N (), 050 hits'bx/chamber |
RPC Mtion Station 3 I . . . . 0,100 hits/bx/cham ber _Xgl]
| -
. |
| [ 600
MB3 | T
| = :Sfﬁ_
MB 2 11 TN ol
MB 272 i =1
. - -
i MB1_1T [ 400
RPC Muon Station ]'-".o \E 1:1! — =
L s‘ T ;_:-o-'-

) ) . ) e ot
Medium Pt Negative Muon ., Medium Pt Positive Muon | L oo
pattern: (2,-1,-1) spattern: (-4,4.4) | - f;;
defined on 4 layers —~, defined on 3 layers P o
code: (1,1,A) <:/ code: (0,0.A) - :::_..-_: ZEm

code bit (5) - quality bit set to 1 if Muon ,,/‘/ 7 -_ - - Lok
defind on hits from 4 chamber; , / G ==

code bit (4) - Muon sign bit; I| ,"/ == = ENDCAP

code bits (3..0) - Muon Pt code L e T T T T R R B O S A

- I+ - 20y Sidy “on S00 L0y 1200
fem]

Interaction point
@
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Installation of
RPCs in the CMS

2019-01-04
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* Peak luminosity

RPC System Upgrade for Phase-2 LHC runs

In Phase-2 (2025-), the LHC luminosity up to maximum - 406034 A a

5(7.5) x 103* cm2 st

1. CONSOLIDATION of the present system

The current RPCs cover 0<|#|<1.8 with 1056 RPCs.
We should maintain the excellent performance of the .
detector system in the HL-LHC conditions (rates and Y en s

longevity).

2. EXTENSION at high eta (1.8 < |n| < 2.4)

We improve the CMS RPC system with new 72 RPCs

with improved technology.

v Better position & time resolutions

v' Capable of 2 dimensional measurement
v Higher rate capability (> 2 k cm2)

3. ECOGAS

R&Ds for RPC operation gases with a lower GWP(Global

Warming Potential)

2019-01-04

SingleMu efficiency vs. n, no P, cut, 10 < GEN p, < 200 GeV

&

Efficiency (no P, cut)
2
&

o SingleMu
or CSC-only
o7 CSC+RPC
085 S 'w'a‘G'E;“::‘é:ﬂ'h‘

DoubleMu efficiency vs. n. no p_cut. 1D<GENpY<ZODGeV

DoubleMu
o.s:_ -------------------------- CSC-OH-I—Y -------
omE CSC+RPC
Ow:_ 12 13 114 |.15l 16 1.7 1L! 11{9
GEN muon |

IS 171892021 22

=integrated luminosity

90%

Integrated luminosity [fb)

EE
g .....................................
§ 08
06
M 4-station
02 CSC-only
CSC+RPC
¥ |2‘ ' “!3‘ = l"“ ' .1{5‘ ' -|.s‘ ) 17 ! |.s‘ “ ‘I.B‘
GEN muon nf
, 3-/4-hit efficiency vs. . no p_ cut, 10 < GEN pT<zoocev
gL
s T
2
Soes—
(T oak] TEREEELLEETTELTEETTET L LERTEES I £ CF TEEEEEE
mf 3-/4-station
F CSC-only
08— CSC+RPC
e e o

90%

90%



The non-exponential nature of the avalanche charges becomes
stronger with the higher electric field.

The Rather condition is fixed at ~ 20.

As we decrease the thickness of the gas gap, the operational electric
field that allows us the condition, (¢ —n) d < 20, becomes stronger.

At the higher E field, the charge screening effect due to the space
charges are stronger.

— Wider operational width in the operational electric field

— Can choose a lower value of (¢ —n) d ~ 18 (should be demonstrated)
to obtain a lower streamer probability.

- For CMS, we have chosen 1.4 mm / 1.4 mm electrode / gap for iRPCs
instead of 2.0 mm / 2.0 mm because of this reason.

— We can effectively lower the operational voltage for a better
electrical safety for the new CMS iRPCs.

- TDR for PHASE-2 CMS muon system

2019-01-04
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CONSOLIDATION

The RPC system has been certified for 10 years of LHC (at nominal luminosity of 1034 cm=2s1) at maximum rate of 300 Hz/cm? and 50
mC cm™. The CMS RPC system has to be certified for the future HL-LHC running (luminosity of 5 x1034 cm2s1)

10° CMS preliminary L=5x10**cm2.s", (5=13TeV
2 Encea .
& L = Barrel P Mean 0.0705 Rate
5 - Std Dev  0.04625 5
> | Max 02769 = 600 Hz/cm? (safety factor of 3)
§ 102 > Barrel chambers factor 2 less
=
2

Int. charge of
= 840 mC/cm? (safety factor of 3)
» Barrel chambers factor 2 less

10

CMS Preliminary GIF++
) 1C 120 =
2 1 £ E b =
10 10 21 “E 09 E 18 —
Extrapolated average integrated charge (C/cm®) T = _ § 5
. . . ) ) . ) % 0.8 ;—I—— REZ2-2 IRR Noise Rate i S
A dedicated irradiation test at GIF++ is ongoing since E F 1
. O = - 3 =]
2016 with four RPC chambers: g p & RE22IRRDarkCurrent 11
. . 06 & -]
> One RE4 and one RE2 always at HV on: “irradiated” - 12
0.5 E -
> One RE4 and one RE2 always off: “reference” - 110
04 &= i -
1. Monitoring detector currents and noise rates 03 E ;/4 }'\. =
2. Detector performance (efficiency, cluster size, etc) 02 -
. . . 5_‘ 1 V e 4
measured 3-4 times/year with muon beam with and 0.1 C - 4,
without presence of gamma background. 0 Fomghogrsghong o b beoole
- N Integrated Charge [mC/cm?]
2019-01-04 2019 nO|HX| =2 YAHEE7| <
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EXTENSION at high eta (1.8 < |n| < 2.4) 96 strips (0.2083°)

Design #1 for the CMS iRPCs in the Phase-2 LHC runs ———o—

Reading ¢-r position (2D) 'l On-getectorStrip

i

» 1.4-mm thick double-gap RPCs =
WP efficiency ~ 0.97 @ HV=7.3 kV Off-detector Strip

Mean C,at WP ~ 2.5

» Reading signals from both ends of strips 96 strips (0.2083°) B

Signal propagation speed in the strips=18.4 cm/ns @ Z=50 Q ) resolution ~ 3 mm a(R)=v(18.4 Crzlgszr: O'(tL-tR)/ 2 (ns)
Front-end electronics: PETIROCASIC + TDC ) _ Cosmic-ray test of a small prototype o
» 32 channels “F 8
> low noise " -
> gain 25 -> lowest digitzation threshold ~ 801C B, 1 [p-msmmmm/TER T (T 6
» fast pre-amplifier and fast discriminator in SiGe S ~ ”—__‘—: “‘- ‘?I:' ‘ o’ '

technology = time resolution (jitter) <100 ps . _ ---------------------------------- 2

b I
i L | | | | | | i

2019-01-04 2019 RO|HX| =2 AtE=7| <t 41



Test of real-sized prototype iRPCs CERN @H4/SPS

Test with cosmic muons Test with muon beams @H4 beam line of SPS/CERN

HE

@’ i ‘_T'
T |

=

2019-01-04 2019 DO 4K 22| AXFHZ=7| st
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0.7
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0.6:— -{-#- RATE~895 ome
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- H
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6800 7000 7200 7400 7600 7800 8000 8200
HVeff, V

On-detector Strip

Off-detector Strip

R=L/2-vx( -tg)/2
o(R) =v (18.4 cm/ns)x oy _xy/ 2 (NS) ~2.0 cm

efficiency

Muon Efficiency vs gamma Rate: RETURN prototype GlIF++

- CMS
1 Preliminary
0.98—
B Rate,,, . 1941:324.1 HZ,
096 em
B ]
0.94f !
os2 |
O-Q‘F\Illllll\\lllw \lll\\lll\\ \ll |
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Hz
cm?
Along-strips resolution: RETURN prototype GlF++
P :
< CMS
250 Preliminary
200—
-
c,: 225 ps
1501
100
50
{Il_ - — i
14 12 10 8 6 2 0

4
AT =Tyg - Tin(ns)
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Design #2 for the CMS iRPCs in the Phase-2 LHC runs

Reading ¢ coordinate only (1D) but there are 4 strip sectors in r
—> Structure-wise same with the existing CMS RPCs

» 1.4-mm thick double-gap RPCs
WP efficiency ~ 0.97 @ HV=6.9 kV

Mean C,at WP ~ 2.5

» Reading signals from one ends of the strips in each strip sector

SUPERCONDUCTING
COIL

TRACKER

Silicon Microstrips
Pixels

Drift Tube

Chambers (DT)

2019-01-04

CALORIMETERS

ECAL HCAL
Plastic scintillator/brass

IRON YOKE

Fta partitions of RE3/1 chamber
|

- 2Overall dimensions of the RE3/1 chamber

Resistive Plate
Chambers (RPC)

2019 104 X| 22| LRA=7|

2 R
g e iy,
& ' e g i g

. e

o Nin & — I SAS

4 - ~— - —_———

o eln 0 Ty § §§ ‘
| ! ! i, | P
Beam line
9775
=13m]| 44



Design #3 for the CMS iRPCs in the Phase-2 LHC runs

ATALS & SHiP-like design but with a double-gap model
Anode strips for x and cathode strips for r (2D)

wENaGINGEE

Cu

Stri S —
EXtra O.Z‘mmt |Ck ET—

» 1.4-mm thick double-gap RPCs
WP efficiency requiring both x (¢) and y (r) strip signals > 0.95

» Atthe WP, mean C,~ 2.5 for ¢ and ~ 1.5 for r

» Position resolutions: 4 mm for ¢ and ~ 7 mm for r mm (LU GND

Xstrips o § § 1 8 § 8 § B8 3§ B8 3§ B8 § 8§ | |

1+
i Cosmic muon test with a small prototype
0.8 ’; y(ch),1ch=2.0cm 200
. = n = 7 g H 2
= — ; T T ™ T T 175
i : 150
55 0.6’_ - - - - 125 eet
g | . == oy ==s z s
5 & ~ 5~ e 2 100 -
i ® x (double), HV,,, =7.255kV r = = « w9 - aw I
= 2 . = -8 - --- -- ~ 75 -
& ® &y, =0981 = Al b = 2=2S 2
0.4 ’ SRR Sss 5 b 3
i Oy (single), HVy, , =7.264 kV _F §= === = 352 < 2
O gyp,=0962 -~ : - === .
_ :T 12 ‘zm LN am L, .r‘m N .;n LN
02 [0 x-y AND, HVy,  =7291kV Y i Y
/
o L l B
6.6 6.8 7 T2 7.4 7.6 < s 8 3 5 & g
HV,, (kV)
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» Proposed to use sensitive INFN FE electronics
Gain 2 mV/fC in a charge sensitive mode
- lowest digitization threshold ~ 1 fC (~ 0.015 mV)
Optimal threshold for CMS iRPCs = 10 ~ 20 fC
— Time resolution (jitter) < 200 ps for 100 fC signals

Previous Front-end electronics
i X

2019-01-04 2019 104 X| 22| LRA=7|

Discriminator chip

Discriminator chip will be reused.
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Construction of Real-sized iRPC for a November beam test @H4 beam line at SPS/CERN

Readout strip panels for 2D readout logic

A- partition

[ Strips ¢ Strips

Longitudinal strip panel
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Conclusions

In high-energy physics, RPCs are essential for particle measurements.
» RPCs are capable of providing data in 4D space-time coordinates.
» RPCs are trigger detectors with a reasonable spatial resolution (a few mm) and with a best time resolution.
» RPCs are relatively less expensive
— the best solution for large scale collider experiments, and experiments for hidden sectors and cosmic rays.
» RPCs are gaseous detectors also sensitive to high-energy gamma rays.

» Keeping the base technology and the facilities is advantageous to Korean high-energy society because of many

reasons discussed in this talks.

R&Ds of iRPCs for the Phase-2 CMS/LHC
» A new detector technology has been adopted to achieve the goal of iRPCs
— a bit challenging and provocative to the existing society

» But, the CMS RPCs group has a confidence for the new development.
v Have increased the detector sensitivity by a factor 8
v Have applied the 2D signal readout to the detectors
v A better time resolution by factor 3 (~ 500 ps)

» Construction of RE3/1 and RE4/1 iRPCs from January 2020.

2019-01-04 2019 DO X| 22| QUXRIAS7| &tm
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