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ALICE	at	the	LHC	
•  ALICE	is	the	

dedicated	
heavy-ion	
experiment	
at	the	LHC	
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The	largest	TPC	

•  5	m	x	5	m,	90	m3	

•  100	kV	in	CE	
•  ~90	µs	driQ	2me	
•  2x2x18	=	72	ROCs	
•  557568	readout	pads	
•  Gain	7000-8000	
•  Noise	~700	e-	
•  X/X0	=	3.5	%	near	η=0	
•  ~1	mm	posi2on	resolu2on	

=>	250	µm	matching	
resolu2on	with	inner	
tracker	
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The	largest	TPC	

•  5	m	x	5	m,	90	m3	

•  100	kV	in	CE	
•  ~90	µs	driQ	2me	
•  2x2x18	=	72	ROCs	
•  557	568	readout	pads	
•  Gain	7000-8000	
•  Noise	~700	e-	
•  X/X0	=	3.5	%	near	η=0	
•  ~1	mm	posi2on	
resolu2on	
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How	did	we	get	here?	



A	few	features	of	TPCs	
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PEP-4	TPC	

•  First	TPC,	with	many	innova2ons	
•  AGS	e+e-	collider	
•  Ar-CH4	(80-20)	at	8.6	bar	

☞  primary	sta2s2cs,	and	therefore	signal-
to-noise,	increase	with	p	

☞  If	E	scaled	accordingly,	diffusion	
decreases	as	∼1/p	

–  high	pressure	also	used	in	the	TOPAZ	
TPC	

•  Sense	wire	readout	for	dE/dx	
measurement	

–  interleaving	field	wires	
•  A	few	pad	rows	(circular	

arrangement)	for	posi2on	
measurement	

•  B	=	0.4	T	
•  σxy	~	300	µm	
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Ar-CH4:	Ramsauer	dip	and	diffusion	

•  	Chose	the	driQ	velocity	such	
that	the	average	electron	
energy	falls	in	the	Ramsauer	
dip:	minimum	elas2c	cross	
sec2on	
–  e.g.	∼100	V/cm	in	Ar-CH4	
(90-10)	

•  The	magne2c	field	then	helps	
focusing	the	electrons	

•  High	driQ	velocity	achieved	
like	this	
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ALEPH	TPC	
•  LEP	e+e-	collider	
•  Length	4.7	m	
•  Outer	radius	1.8	m	
•  43	m3	

•  Ar-CH4	(91-9)	at	
atmospheric	pressure	

•  Readout	sense	wires	
and	pads	(~50k	
channels)	

•  Op2mised	acceptance	
for	high	pT	tracks	

•  Op2mised	acceptance	
by	backwards	moun2ng	

•  Ga2ng	grid	
–  also	Delphi	

•  Excellent	momentum	
and	dE/dx	resolu2on	

•  Δp/p2	<	1	%	c/GeV	
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Ga2ng	grid	(Aleph	+	Delphi)	
•  electrons	reach	the	

chambers	–and	
amplifica2on	occurs-	
only	when	an	event	is	
triggered	upon	

•  Gate	is	open	during	
the	maximum	driQ	
2me	only	(te)	

•  Then	the	gate	closes	
to	prevent	ions	to	
invade	driQ	volume	
(tions)	

•  This	technique	opens	
the	gate	to	higher	
rates	and	mul2plici2es	
without	substan2al	
space-charge	
distor2ons	
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NA49	TPCs	

•  Heavy	ions	at	the	SPS	fixed	target	
•  FC	strips	suspended	on	rods	
•  Neon	introduced	as	alterna2ve	to	argon	

–  less	mul2ple	scalering	
–  less	space	charge	

•  CO2	introduced	as	quencher:	low	diffusion	
•  Full	pad	readout,	no	sense	wire	readout	

–  keep	the	field	wires	
•  Excellent	control	of	the	gas	quality	
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And	also:	
Efficient	ga2ng	
Op2mised	Pad	Response	Func2on,	
resul2ng	in	2ght	geometry	



CO2	as	quencher	

•  CO2	mixtures	
provide	low	
diffusion	
coefficients	
– Don’t	need	the	
Ramsauer	dip	!	
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•  In	addi2on,	CO2	has	3	crucial	advantages	over	CH4	
•  it	is	not	flammable	(safety)	
•  it	does	not	polymerize	(ageing)	
•  it	does	not	contain	hydrogen	(thermal	neutron	capture)	

•  But	has	disadvantages	
•  it	is	slow	
•  driQ	velocity	and	gain	highly	dependent	on	T	and	P	
•  It	is	not	a	very	good	quencher	

CO2	is	the	choice	
in	the	LHC	era	
(also	together	

with	N2)	



STAR	TPC	

•  Ar-CH4	(90-10)	
•  FC	voltage	divider	on	walls	made	of	a	

nomex	honeycomb		
•  Designed	for	a	HI	collider	
•  Al	strips	on	central	electrode	for	Vd	

calibra2on	with	a	laser	system	
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4	m	x	4.2	m	



CERES	TPC	
•  Fixed	target	HI	
•  Radial	driQ	field	
•  Chambers	on	the	

outer	cylinder	
•  Doube	O-ring	

sealing	of	
chambers:	
decouple	
alignment	from	
2ghtness	

•  Ne-CO2	(80-20)	
•  DriQ	field	up	tp	

600	V/cm	at	low	
radii	
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START	Forward	TPCs	

•  Another	example	of	radial	driQ	
•  Readout	chambers	are	truly	cylindrical	
•  High	precision	driQ	velocity	monitors	developed	for	these	

TPCs	now	(modified)	in	ALICE	
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The	current	ALICE	TPC	
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The	ALICE	TPC	Field	Cage	
•  Four	cylinders	made	with	

composite	material:	sandwich	of	
Nomex	honeycomb	between	two	
epoxy-fiber	glass	layers,	and	a	
Tedlar	foil	for	2ghtness	
–  Composite	materials	used	before	
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On	the	walls,	the	mechanics	–
rods-	to	hold	the	field-defining	
suspended	strips	are	installed	
with	high	precision	(O(100	µm))	



The	ALICE	Field	Cage	
•  400	V/cm	driQ	field	defined	by	

suspended	strips	held	by	rods	
•  Rods	used	also	to:	

–  circulate	the	gas	through	small	
holes	

–  introduce	laser	tracks	
–  house	water	cooled,	removable	

resistor	chains	for	voltage	
degrading	
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Central	Electrode	(aluminised	mylar,		
100	kV)	reflects	the	image	of	the		
Readout	Chambers	(IROCs,	OROCs)	

5	m	x	5	m,	~90	m3	



The	resistor	rods	

•  The	few	tens	of	
Wals	
dissipated	by	
the	resistor	
chain	is	water-
cooled	in	a	
removable	rod	
–  highly	

resis2ve	water	
–  ceramic	pipes	

with	Pla2num	
ends	

–  no	leaks!	
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Readout	chambers	

•  Adopt	a	2ght	
geometry	as	NA49	
–  rela2vely	small	pads:	
4x7.5,	6X10,	6X15	mm2	

•  No	field	wires	
•  Surround	chambers	
with	a	‘cover’	
electrode	to	avoid	
field	distor2ons	and	
avoid	leakage	of	ions	
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Other	features	

•  Inser2on	of	chambers	à	
la	ALEPH	
–  A	few	mm	clearance	
with	cri2cal	FC	
structures	

•  Double	O-ring	sealing	
•  Electronics	connected	
via	flexible	kapton	cables	
and	supported	by	an	
independent	structure	
(the	Service	Support	
Wheel)	
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Gas	

•  Started	opera2on	with	
Ne-CO2-N2	(90-10-5)	
–  N2	provides	further	

stability	against	
discharges	at	no	cost	
in	transport	proper2es	

•  Very	good	2ghtness	
leads	to	negligible	e-	
alachment	to	O2	

•  In	2011	N2	was	
removed	!	

•  Now	Ne	is	replaced	by	
Ar	

•  In	either	case,	max.	driQ	
2me	is	≲	100	µs	
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Thermal	insula2on	

•  Inner,	outer,	
and	endplate	
thermal	
screens,	in	
addi2on	to	
electronics	
and	RR	
cooling	

•  Goal	of	0.1	K		
temperature	
uniformity	
achieved	
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Vd	uniformity	
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Ne-CO2	mixtures	are	very	
sensi2ve	to	gas	density	
The	driQ	velocity	is	measured	
with	precision	via	the	signal	
produced	by	stray	laser	light	on	
the	aluminised	central	electrode	
(by	photoelectric	effect)	
The	driQ	2me	gradient	due	to	the	
pressure	grandient	is	observed	
(1	2me	bin	=	100	ns)	

ΔVd	~	0.35	%	per	K	
Δgain	~	1	%	per	K	



Momentum	resolu2on	
Or,	in	other	words:	

•  σpT/pT	≲	3.5	%	at	50	
GeV/c	

•  σpT/pT		≲	1	%	at	1	GeV/c	
•  Matching	to	external	
detectors	significantly	
improves	resolu2on	at	
high	pT	
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dE/dx	performance	

•  The	gain	of	
each	pad	is	
calibrated	
using	83Kr	
decays	in	
the	gas	(like	
NA49,	
CERES,	…)	

•  Achieve	
5.5%	in	pp	
and	7%	in	
Pb-Pb	
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Upgrade	with	GEMs	
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ALICE	UPGRADE	for	RUN	3	
•  Mo#va#on:	high	precision	measurements	of	rare	probes	at	low	pt	

"  cannot	be	selected	with	hardware	trigger	

"  need	to	record	large	sample	of	events	

•  Goal:	operate	ALICE	at	high	rate,	record	all	MB	events	

"  50	kHz	in	Pb-Pb	(~10	nb-1	in	RUN	3	and	RUN	4)	

"  no	dedicated	trigger,	reduce	data	size	(compression)	

"  preserve	PID	

•  Significant	detector	upgrades:	

"  e.g.	TPC	with	con#nuous	readout	

"  LHC	Long	Shutdown	2	(2019/2020)	

Outline 

• LHC schedule for heavy ion running 
• ALICE goals and upgrade strategy for the 

LHC Run 3 and Run 4 
• Upgrade plans 
• Expected physics performance 
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Upgrade	of	the	TPC	

•  In	2020	the	LHC	will	deliver	
50	kHz	Pb-Pb	collision	rate	

•  At	∼100	kHz/cm2	the	space	
charge	near	the	anode	wires	
would	affect	dE/dx	resolu2on		

•  With	a	ga2ng	grid,	only	3	kHz	
can	be	achieved	
–  GG	must	stay	closed	while	

ions	from	the	avalanche	reach	
the	wires,	otherwise	10%	of	
them	escape	and	would	
produce	∼1	m	distor2ons	in	
the	driQ	volume	
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– 13 –



Limita2ons	of	the	GG	system	
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Ga2ng	grid	open	Ga2ng	grid	closed	

•  Current	MWPCs	employ	ga2ng	grid	(GG)	to	neutralize	ions	produced	in	
amplifica2on	process	

–  otherwise	sizeable	distor2ons	due	to	space	charge	

•  GG	limits	opera2on	to	3.5kHz	
–  electron	driQ	(90	μs)		+	ion	blocking	with	GG		(	200	μs)	

•  Readout	rate	in	Pb-Pb	limited	to		300	Hz	



The	Ion	Back-Flow	challenge	

•  GEMs	are	good	at	blocking	
ions	from	invading	the	
driQ	volume,	but	this	
‘good’	is	not	good	enough	

•  We	aim	at	IBF	~	1%	at	gain	
2000	
–  ε	~	20	
–  Gas:	Ne-CO2-N2	(90-10-5)	

•  Then,	distor2ons	of	up	to	
20	cm	must	be	corrected	
for	
–  At	inner	radii,	near	the	

central	electrode	
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A	bit	of	homework	is	needed…	



Minimise	IBF	and	keep	energy	resolu2on	

•  Asymmetric	fields	above	and	below	a	GEM	foils	helps	trapping	ions	
–  a	quadruple	GEM	stack	is	used	to	best	arrange	this	trap	

•  Misalignment	between	holes	of	different	foils	also	helps	blocking	ions	
–  use	a	combina2on	of	Standard	and	Large-Pitch	GEMs	(140	and	280	µm)	

•  However,	the	more	ions	are	blocked,	the	more	electrons	are	lost	(same	
Maxwell	for	both),	the	laler	resul2ng	in	deteriora2on	of	dE/dx	
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GEM	performance	
(high	rate,	but	no	space	charge	distor2ons	here)	

•  GEMs	produce	no	PRF,	so	clusters	originated	near	the	chambers	induce	signals	in	
only	one	pad	

•  At	high	mul2plici2es	this	helps	occupancy	and	overlap	of	clusters	
•  No	need	to	replace	the	pad	geometry!	
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More	on	the	ALICE	TPC	upgrade	

•  dE/dx	resolu2on	not	to	be	
compromised	
– Maintain	excellent	par2cle	ID	

•  Robustness	against	discharges	
•  Large	sizes	(single-mask)	
•  QA,	QA,	QA	
•  Distor2on	correc2ons	
•  All	this	looks	good	
•  R&D	s2ll	ongoing	

–  discharges,	ageing,	…	
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Figure 3.21: Discharge probability of a triple GEM prototype measured for different HV settings (see text). Dashed lines
represent power law function fits. For the fit of the “standard” settings the data point at the highest gain was not
used.

TDR [1]). All available radiation sources (see Sec. 3.2.2) have been used. The gas mixture used in all
measurements is Ne-CO2-N2 (90-10-5) which is the baseline gas mixture for the ALICE TPC upgrade.
In measurements where collimated high-rate alpha sources were used, the alpha particles impinge on the
GEM foils at normal incidence.

Table 3.3 presents discharge probabilities measured with different sources for various quadruple GEM
stack configurations that are optimised for low ion backflow (IB), including the baseline settings for the
S-LP-LP-S stack (IB =0.63%, G=2000, see Sec. 3.1.1). For comparison, the result for a triple GEM
operated with “standard” settings, as extrapolated from measurements at higher gains (see Sec. 3.2.4)
is also shown. Most of the numbers quoted for quadruple GEMs are upper limits for the discharge
probability (indicated by ”<”), which means that during the time of measurement at a given setting no
discharge was recorded.

We find that the upper limit for the discharge probability of the baseline configuration (1.5⇥ 10�10) is
compatible with the result for a triple GEM detector operated in “standard” settings, which is used as a
reference to a system that has proven to work reliably under high-rate conditions. It should be noted that
all quadruple GEM configurations under study are more stable than the triple GEM stack optimized for
low ion backflow. In addition to the baseline solution, the S-LP-LP-S configuration was tested with HV
settings that provide very low ion backflow of IB =0.34% (but a poor energy resolution of 17% for 55Fe).
In Tab. 3.4 the results of a gain scan at baseline settings are shown. No discharge at all was detected
for gains below 4000, i.e. two times the nominal gas gain, which implies sufficient margin for a safe
operation of the detector.

In conclusion, upper limits for the discharge probability in quadruple GEMs that are operated with low
ion backflow settings are compatible with results for triple GEMs in “standard” settings, i.e. settings that
are optimized for operational stability. The results indicate that the addition of a fourth GEM results in a
significant improvement of the detector stability against discharge and recovers the increased instability
induced by optimization for low ion backflow.

The presented results obtained with alpha particles are very promising, however, in many cases only
upper limits could be extracted due to the moderate rate of the available sources. Improvement of the

Extensive	discharge	studies	
•  Influence	of	HV	se{ngs	

•  Different	HV	se{ngs	have	been	tested	with	
a	3-GEM	configura2on	

•  “Standard”	#	“IBF”	
–  Standard	–	op2mized	for	stability	

(COMPASS)	
–  IBF	#	op2mized	for	IBF	

•  Significant	drop	of	stability	while	using	IBF	
se{ngs	with	a	typical	3-GEM	configura2on	
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TPC Upgrade TDR Addendum 27

S-S-S S-S-S-S S-LP-LP-S
‘standard’ HV IB = 2.0% IB = 0.34% IB = 0.34% IB = 0.34% IB = 0.63%

G = 2000 G = 2000 G = 1600 G = 3000 G = 5000 G = 2000
220Rn

⇠10�10 < 2⇥10�6 < 7.6⇥10�7Ea = 6.4 MeV
rate = 0.2 Hz
241Am

< 1.5⇥10�10Ea = 5.5 MeV
rate = 11 kHz
239Pu+241Am+244Cm

< 2.7⇥10�9 < 2.3⇥10�9 (3.1±0.8)⇥10�8 < 3.1⇥10�9Ea = 5.2+5.5+5.8 MeV
rate = 600 Hz
90Sr

< 3⇥10�12Eb < 2.3 MeV
rate = 60 kHz

Table 3.3: Discharge probability measured for different quadruple GEM stack configurations and different radiation sources. As
a reference, the extrapolated result for a triple GEM operated in “standard” settings is also given. All measurements
were performed in Ne-CO2-N2 (90-10-5).

limits by one order of magnitude for the baseline settings at the gain of 2000 would require continuous
operation of the test setup for three months. Therefore, the present measurements are complemented by
discharge rate measurements at a high-rate beam facility. For this purpose, a large-size IROC prototype
was prepared and tested in a hadron beam at the CERN-SPS (see Sec. 4.2).

S-LP-LP-S
IB = 0.63%

G = 1000 G = 2000 G = 3300 G = 4000 G = 5000
239Pu+241Am+244Cm

< 3.1⇥10�9 5⇥10�9 (1.8±1.1)⇥10�8Ea = 5.2+5.5+5.8 MeV
rate = 600 Hz
241Am

< 1.1⇥10�8 < 1.5⇥10�10 < 7.1⇥10�10Ea = 5.5 MeV
rate = 11 kHz

Table 3.4: Gain scan of the discharge probability for the S-LP-LP-S configuration with baseline settings in Ne-CO2-N2 (90-10-
5). The baseline HV settings on all GEMs are scaled by the same factor to vary the gain.

3-GEM	

•  4-GEM	 configura#on,	
op2mized	 for	 energy	
resolu2on	and	 IBF	 is	also	
stable	 against	 electrical	
discharges	



GEMS	for	the	upgrade	
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IROC	

•  Large-size single-mask foils from CERN PCB workshop 

•  1 stack in IROC, 3 stacks in OROC 

•  Mass production started: installation in 2019-2020 

OROC	

� Validate production methods with large size 
detector
� Active GEM area = 0.6817 m²
9GEM production & framing
9Detector assembly
9QA protocols

9Milestone for the project

OROC PROTOTYPE

1912.10.2015

87 cm

Andreas Mathis - MPGD 2015 - Trieste

OROC stack
3

OROC stack
2

OROC stack
1

IROC



ROC	Material	Flow	
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GEM	Frame	
Ledges	

IROC	Alubody	
(UT	Aus2n)	

Padplanes	
(Europe)	

GEM	Frame	
Ledges	

GEM	framing	
(TU	Munich)	

GEM	framing	
(U	Bonn)	

GEM	framing	
(GSI)	

GEM	framing	
(WSU)	

OROC	body	assembly	
(U	Heidelberg)	

OROC	body	assembly	
(U	Frankfurt)	

IROC	body	assembly	
(U	Tennessee)	

OROC	assembly	+	tests	
(HPD	Bucharest)	

OROC	assembly	+	tests	
(GSI)	

IROC	assembly	+	tests	
(U	Yale)	

GEM	Produc2on	
(CERN)	

GEM	QA	
(Budapest)	

external	supplier	
WP1:	GEM	foils	
WP2:	IROCs	(USA)	
WP3:	OROCs	(Europe)	

OROC	Alubody	
(Europe)	

GEM	QA	
(Helsinki)	

Final	Test/Storage	
Integra2on	
(CERN)	



Conclusions	

•  We	did	our	bit	for	the	ALICE	TPC,	but	we	have	also	profited	from	30	years	
of	development	of	TPCs	
–  mechanical	precision	
–  gas	choice	
–  charge	ga2ng	
–  readout	techniques	
–  simula2ons	and	calibra2on	

•  We	are	doing	well	
•  Now	we	profit	from	≈15	years	of	GEM	development	and,	with	more	

people,	we	are	doing	another	bit	
–  ion	backflow	minimisa2on	
–  energy	resolu2on		
–  stability	against	discharges	
–  ageing	tests	

•  Produc2on	phase:	bookkeeping,	shipping,	QA,	QA,	QA	
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Backup	
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DriQ	velocity	in	an	electric	and	
magne2c	field	

Pad	Response	Func2on	
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Langevin	equa2on	

ω	=	eB/m	

σPRF	depends	on	the	
electrode	geometry	
only	



Performance:	pT	resolu2on	

•  For	2013	p-Pb	data	with	
Ne-CO2	(90-10):	
–  σpT

/pT	≲	3.5	%	at	50	GeV/c	

–  10%	degrada2on	in	Pb-Pb	
–  σpT

/pT	<	1	%	at	1	GeV/c	

•  Best	performance	with	
combined	TPC-ITS	tracks	
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Performance	of	the	ALICE	Experiment	at	the	
CERN	LHC,	Int.	J.	Mod.	Phys.	A	29	(2014)	
1430044	



Performance:	dE/dx	

2015	pp	data	at	B	=	0.2	T,	Ar-CO2	(88-12)	
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☞ 	Single-pad	gain	
calibra2on	with	83Kr	
decays	in	the	gas	

•  With	Ne-CO2:	
•  σdE/dx	≈	5.5	%	in	pp	
•  σdE/dx	≈	7	%	in	central	
Pb-Pb	
$  deteriora2on	due	to	

overlapping	clusters	

Current	TPC	



dE/dx	with	IROC	prototype	

dE/dx	for	π	and	e	at	
gain	2000		
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Separa2on	power	as	a	func2on	of	gain	



Expected	space-charge	distor2ons	
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Average	No	B	 B	=	0.5	T	

With	fluctua2ons	



Readout	electronics	

•  New	FE	ASIC	“SAMPA”	(130	nm	TSMC	CMOS)	
–  Posi2ve	or	nega2ve	input	
–  Programmable	conversion	gains	and	peaking	2mes	
–  Different	readout	modes:	triggered,	con2nuous	with	DSP,	con2nuous	with	DSP	by-pass	

•  For	required	Signal-to-Noise	ra#o	excellent	noise	figure	of	670e-	(as	currently)		is	needed	
•  All	ADC	values	are	read	out:	data	output	for	50	kHz	Pb-Pb	collisions	≈	3.28	TByte/s	(5	MHz	

sampling)	
•  Baseline	correc#on	and	data	compression	off	detector	
•  Use	CERN	developed	GBT	and	Versa#le	Link	for	readout	
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Serializer

Control

11
ADC
10 MSPS

Shaper

Shaping time control Gain controlFront-end card IOs

CSA

RF

CF

32 channels

SAMPA
pad

pad

pad

Cd

Cd

Cd

VREF+ VREF-

10bit 320Mbps
serial
links

The	con2nuous	readout	scheme	necessitates	the	development	of	electronics	that	can	
concurrently	sample	the	detector	signals	and	transfer	the	acquired	data	off	the	detector	


