Detection and Identification Methods
in
Nuclear and Particle Physics
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Motivation

Exotic nuclear structure &
dynamics relevant for nuclear
astrophysics

t =15 billion years

T=3K (1meV) May nucleus-nucleus collisions
N probe the physics of this epoch
Galaxy formatien thiS QPOCh & neutron stars

Epoch of gravita tional collapse

Today

Solar system

Recombination
Relic radiation decouples (CBR)

Matter domination
Onset of gravitational ins bility

t =3 minutes

Nucleosynthesis
Light elements created - 0. He, Li

Quark-hadron
transition

t=1 second

t=10%sec
T=1 GeV A NEUTRON STAR: CE and INTERIOR

CRUST:

Electroweak phase transition
Electomagnetic & weak nuclear B
forces become ditierenfated: T=10"GeV . > | \

SUB)RSUL2)xU(1] > SU(EIxU(1) ) .——- ATMOSPHERE

ENVELOPE

The Particle Desert INNER CORE

Axions, supersymmetry?

Grand unification transition
G > H > SUBJxSU(2)xU(1)
Inflafian, baryogenesis,
monopoles, cosmic strings, elc.?

The Planck epoch



Theory < Experiment



(Theory < Experiment)

Calibration and Analysis

(Software & Hardware)

Experimental devices Experimental facilities pit :

Electronics @l Data processing and acquisition [
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Detectors’ aim

Determination of:
* position
* energy
°* momentum

e particle identification (charge & mass)

Experimental techniques in high-energy nuclear and particle physics

T. Ferbel, World Scientific 1991



A. Detectors relying on ionization and excitation:

e Gaseous detectors: - Ionization Chambers,
- Proportional Counters,
- Drift Chambers
- Streamer chambers

- Spark chambers

- Flash tubes
- Avalanche Counters (PPAC)
- Resistive Plate Counters (RPC)

* Liquid detectors: - Bubble chambers
- Ionization chambers
* Semiconductor detectors - hodoscopes, pixel, drift, microstrips and CCDs

Ll AE, E, Z, A, position, Time-of-Flight measurements,
momentum measurements in a magnetic field

* Scintillator counters and photomultipliers

[J PID, n-y discrimination, Time-of-Flight measurements



B. Coherent effects for charged particles:

e Cherenkov radiation and Cherenkov detectors:

- threshold

- ring imaging
* Transition Radiation Detectors (TRD)

C. Interaction of electrons and photons with matter:
* Bremsstrahlung

* Photo-electric effect

e Compton scattering

* e‘e pair production



D. Electromagnetic calorimetry:

* Electromagnetic showers and energy measurement

E. Hadronic calorimetry:

° Hadronic showers
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Interaction of charged particle with the matter

B _paZ L [1) e e 8(5)
dx S A2 |2 Iz 2
- Energy loss due to ionization depends on By -
typically [ 2 MeV/cm p/(g cm™) 8

Lliquids, solids: few MeV/cm
Lgases: few keV/cm

= =]

= o

- Primary ionization: charged particle kicks electrons
from atoms
- In addition: excitation of atoms (no free electron)

—dE/dx (MeV g~ lem?)
o

)

[JOn the average W. (ionization energy) needed to

o A ]. |||||| 11 ||||||| i .|||||| i b jaii
fo create a e - 10n pair 0. 10 100 1000 10000
. fry = p/Me
W. typically 30 eV AT ERTITY BT BT BT
. . 1.0 10 100 1000
[ O 2000eV/30eV = 60 e-ion pairs/(cm of gas) Hranes momenkbnth (e ie)
. . . e . 0.1 1.0 10 100 1000
minimum ionizing particles MIP Pion momentum (GeV/c)
J—I—I—I—LIJJII—I—I—I—LIHJ]—I—I—I—IJ-HII—I—I—I—LIHII—I—I—I—IJHI
0.1 1.0 10 100 1000 10000

Proton momentum (GeVic)
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* Gaseous detectors:

- are based on the ionization process produced by charged particles as
they pass through matter

- free electrons and positive ions are produced along their tracks

- The strength of applied field determines the working regime,
therefore the detector type, i.e:

- Jonization Chambers - small electric field = the collected signal is the

(IC) original produced charge
- Proportional Counters - larger electric field = secondary ionizations
(PC) but the final charge is

still proportional with
the initial one

- Drift Chambers (DC)
- Time Projection Chambers (TPC)

12



* Gaseous detectors (cnt’d):

- Streamer chambers - electric field further increased
(SC) - secondary ionization increase [] saturation
- electrons-ions recombination [] visible
streamers

- Spark chambers - electric field very large and longer voltage pulse
the photons produced by recombination produce
secondary avalanches [] discharge spreads over

the whole counter

- Flash tubes — spark mode maintaining the spatial resolution

13



Gain characteristics

n W Streamer
Saturation Breakdown

. Multiplication

Collection

Attachmenti

. IONIZATION . PROPORTIONAL !
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»
»

Voltage

Produced signal [0 0V = (q/CV)E-0x



Electron drift velocity

Argon—Co,

Driftf velocity [cm/usec]
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IC-Examples

Large area position sensitive IC

4 ns LC between
adjacent wires

with FG
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O-Gitter ﬂ '

e ew

* position resolution ¢, [0 2.45 mm
0 o, O 0.175°
(*2Cf — fission fragments)

* Energy resolution FWHM 3.37%
(*2Cf - E0=6.11 MeV)

Kathode
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IC-Examples

DRACULA experimental device
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IC-Examples

Position information

I using
diagonally split anodes
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IC performance - Examples
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IC-Examples

25 S0 75 100 125 150 175 200 236 260

Bragg geometry 1C Eq(a.u.)
ionizing|particle i CH,
) ‘e J- p=300 torr
w.llk ; ro: 3|l NE115 L6 ™ -
r - e T — N U,=1100 V
_ i Cnml | U,=525 V
2em

* Energy resolution FWHM 3.1%
(*°Pu - Ea=5.114 MeV)

DRACULA



IC-Examples

Sampling mode

: /N
N TN
/ % |
= B
R x [] (Td-td)
Bragg geometry IC
ionizin; particle | %{‘ _
wllx po‘éi NEA J-‘ PM 84
G |l L, | ~
‘ , 1A lon ml

L
A

Heavy ion range (A,Z,)

Bragg peak amplitude (Z)
Specific ionization (Z,(3)

Integral over the curve

DRACULA 5
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PC-Signal development

Axial symmetry
Cathode coaxial with the thin anode wire

Electric field:

1/r

Y

Avalanche development around central thin anode:

F. Sauli, IEEE-NSS 2002 lecture 3



PC-Signal development

- Close to the anode wire the field is high ~ some kV/cm

[] e gain enough energy [] further ionization

L] exponential increase of e-ion pairs

dn = andx
n=ne?®* or n=ne®* q: first Townsend coefficient

(e - ion pairs/cm)

a=1/A A: mean free path

I‘C
M =n/n, = exp U a(r)dr] - Gain
a

24



PC-Signal development

Gas selection:
Dense noble gases — energy dissipation mainly by ionization —
high specific ionization

ARGON (1997)
1‘]‘] E P W T | a a3 aassal i p auasal a i vaisal
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De-excitation possible only via photon emission, e.g. 11.6 eV Ar
This is above the ionization threshold of metals, e.g. Cu 7.7 eV !!!



&

PaVaVava: Cu

cathode

=

PC-Signal development

[] new avalanches [J permanent discharges !!!

Solution:
Add poly-atomic gases as quenchers

Photons absorption in a large energy ranlge
(many vibrational and rotational energy levels)

Energy dissipation by collisions or dissociation
into smaller molecules
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CM**2

* 10**-16

X SECTION

PC-Signal development

Methane — absorption band 7.9 — 14.5 eV

METHANE 1994

100 k

.01
.01

. L | T |

1 . I“”'I[}i . I””1”{;D. l.”'I"{.:FDD
ENERGY EV.

ELASTIC
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IONISATION
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PC-position sensitive
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Applied Radiation and Isotopes 52(2000)943

D. Ohsawa et al.



cathode signals

PC-position sensitive

1 wire plane + 2 segmented cathode planes

cathode signals (upper plane) lower cathode plane

™ T SEREALTNE

B b"'_!n. ; —
- RN NN o
- NG 3 v
o NN B -l
1‘%‘: “\ﬂ“-?:\ H‘:{m td =  cathode signals
E oy 1 T o ~
é % T v~  (lower plane)
WHH H U—
' , H‘x ~. '
& NAYA N VA NAY by
NMNRENNAN —
]

I a4

anode signals

upper cathode plane

analog readout of cathode planes [1 ¢ [1 100 pm
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PC-Examples

Position sensitive - resistive anode wire
- charge division method

Ni-Cr 12 pm wire - ~10 kQ/m

e position resolution FWHM [ 300
Hm
(**Am - E_=5.479 MeV)

* Energy resolution FWHM 15.7%
(*°Fe X ray — 5.9 keV)

DRACULA experimental device 5,
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PC-Examples

YF+7Al E,,=111.4 MeV X-ray, *°Fe E=5.9 KeV
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DIOGENE - Pictorial Drift Chamber

DC-Examples

Yoke

Sector structure

Printed cicut board | equipotential
fa coppered kapton strips

= 1
- - " Pressure
: e N
= Pictorial = - vessel

—+ Target —— S

= 1 Onft ]
F-— = thamber ——-

— Mulbeplicity
trigger — "

Upstream
end plate

Connectors
@
Downstream
. — end plate
Potentialy .
Anode  J™ires
-

Wire holder
{\ Strip strefchers

Patential wire

Nucl. Instr. And Meth. A261(1987)379
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Hadron calorimeters
and return yoke

[

Forward
detector

DC-Examples

Muon
detectors

Electromagnetic
calorimeters

\

Jet
chamber

Vertex
chamber

Microvertex
detector

Z chambers

Solenoid and
pressure vessel

Presampler
Time of flight
detector

Silicon tungsten
luminometer

24 sectors

R,,=185 em, i,;,,=—25 cm

L=400 cm

160 sens wires W (Au), 25 pm

160 pot wires Cu-Be, 100 ym

cathod wires (3.3mm sp) Cu-Be 100 pym,
88% Ar, 9.4% CH,, 2.6% i — C:H;
Psrare=10"" bar

gascrch.rae=060 m*/day

Stable cond. after 10 compl. circ. of the gas vol !
O, content few ppm

1m HEL'TRO'ﬂLASTlc WALL
cbe

BARREL

16 sectors

R,=90 em, F;;,=20 cm

L,y =192 cm L;,=76 cm

60 sens wires W(Au), 20 pm

60 pot wires Cu-Be, 100 ym
100pm,(6.8mm sp) Cu-BelOOym
88% Ar, 2% CHy, 10% i — CyHg
Pstar¢=o0utside atm. cond.

gascechrae=1.44 m” /day
l-?

O, content 10*few ppm
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DC-Examples

Real - mirrored trajectory discrimination
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FOPI CDC

x-y plane io'a 7 Event 712311
root scaling g t‘ Run 5126
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DC-Examples
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FOPI

DC-Examples

Neutral Particles
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Duter Fiold Cage
& Support Tube —
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TPC-Examples
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ALI C E TP C TP C_E Xamp I és Outer containment volume

Inner containment volume

Central

electrode End-plate

o 18 sectors on two sides.
o MWPC read out.

o 2 types of chambers:
Inner (IROC) and outer
(OROCQ).

o IROC + OROC = sector.

o Drift length: 2 x 2.5 m.

chargod pertica track o 845 <r <2466 mm.

mN:::.‘r,;::-*.'::‘.“:.:"*" o ~ 92m?3 of gas:

S~ Ne, CO2, N2 (90/10/5).
o Drift Field: 400V /cm.
o 557568 readout channels.

Read-out chamber

https://edm.cern.ch/t]cuent/398930/1

= |t time




TPC-Examples

.'_u'..'III|||||5 IR

(A .ut-‘-."tﬁh'

ALICE TPC
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IV Ol )A ALICE TPC
Pb+Pb 5.5 TeV Laser tracks Cosmic shower

3D view

Ny
i

~p+Pb Pb+Pb 2.76 TeV




IV Ol )A ALICE TPC

Example of PID performance of
ALICE ITS subdetector

pp @\ =7 TeV

~ 200
& 180
160
140
120
100 :;_ |

60

40 l. _ i I_. = I i . N ' | _'E

a.u

.':I‘I.L By H g .':
Ferfarmanca
2011-05-18

TPC dE/dx

_"-[.II|I||||||1[|||||1||||1
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Low pressure PPAC-Examples

cloud chamber-avalanche chamber:

®
O‘

0
Og® 0

:8'%‘ v
i Useful gap
H. Raether

Electron avalanches and breakdown in gases
(oo == =3 (Butterworth 1964)
=
I\® - Multiplication factor or Gain

a F. Sauli lecture IEEE-NSS 2002




Low pressure PPAC-Examples

How to measure the Townsend coefficient ?

L] PPAC voltage-curent
10 ! g
2 PPAC
Radiation £ 40! |_25mm GAP
— i — t | A-CH 83-17 /
@ 4
G 10°
Wg— 100 . /

—
e
i
[
I
I
I
I
[
[
I
)
I
I
I
[
I
I
I
I
I
I
I
\
I

0 10° 110° 2 10° 3 10° 4 10° 5 10° 610°

v Voltage (/)

F. Sauli lecture IEEE-NSS 2002
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Low pressure PPAC-Examples

D- DE LI I

0.05}

e -,
Percentage of
Methane
in Argon
1-0
2-1.98

11| 3- 16.6

16 4-32.4

5-44.8

G- 55.6

7 -65.4

B-74.0

8-B82.2

10-583.3

11- 100

b oy

10 15 20 25 30 35 40 45
EAp (W cm "Torr 1]

A. Sharma and F. Sauli, Nucl. Instr. and Meth. A334(1993)420 44



Low pressure PPAC-Examples

-Two thin metalized foils - parallel to one other
- close distance — 1-2 mm
- strong homogenous electric field ~ 500 V/mm
- 5 — 10 torr gas pressure
- [J very high reduced field strength E/p
(several hundred V/cm-torr)
-[J] FWHM ~ 180 psec [ o [1 75 psec

F
I
|
|
|

-800V
Cathode

| < (gas window)

I ‘ <«+—— Xwireplane 0 V
‘ <«— Anodeplane 700V

«4—— Y wire plane oV

Cathode
n (gas window)

-800V
Structure of a position sensitive PPAC

Nucl. Instr. and Meth. in Phys. Research A481(2002)160 45



PPAC-Examples

" S File Edit_Ctrl Sel Main Display Analysis Uarious

COMMANG. T PROGAAM IDENTIFICATION

W? 783 B93I2D3... Usreien 1.9 €E17994910
Uiz S@avs 1 U6 eLer o

F+77AIF,  =111.4 MeV

O 9:56:11PM £
s 12/ 8/95

SPECTRA
- i LNS.DATA__ACQUISITION SYSTEM

1125

e

373

P — filoe o %

SPE_35UM 1.10E+05  D2TL K171 SPL_45UM 840E:04  DITL K 171
T —

BNi + ®Ni, Ee = 29.3 MeV,/u

o
o
o

dE/dx [] MZ*/E

DE1 (channels)
N
3

102

v?=2E/M

200

L B e

100 —

50

L - e L B
}, Z=6

PR T o4 "1 7% W Wk B e o b a1
60 80 100 120 140 160 180 200
TOF(channels)

DRACULA experimental device
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PPAC-Examples

- ToF

- Position information [ flight path

V(m,) (i=1,4)

Kinematic coincidence set-up UNILAC
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PPAC-Examples

PPAC - position sensitive

BG-IC
|
T
(a1
0]
(@)
O
I
'——
L
I
'—
HIPO

280 60 40 -20 O 20 40 60 80
THETASINPHI

Kinematic coincidence set-up UNILAC
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Pestov Counter

'
pressume vesse read out spark gaps
{12 baard :clliTu i Il'l'l:tZ_’\'.l_rn
[

RPC-Examples

Y.V.V. Pachomchuck et al. ,
Nucl. Instr. And Meth. A
93(1971) 269

P.Fonte et al.,

CERN-EP
27/9/99

Advantages:
-Very good 0O, (~25 ps)

- Position information: x, y

Drawbacks:

- high pressure operation

- tails in the time spectrum
- needs special glass

Advantages:
- Very good O, (~44 ps)

- commercial glass

- 1 atm pressure operation
Drawbacks:

- edge effects

- unrealistic for large area
configuration

Single Cell RPC

MGRPC - pad
rows readout

Resistive plates 0.5 mm Al4 glass
5 gaps of 220 pm

60 mm

ALICE
TOF - TDR
— —» CERN /
LHCC
Advantages: 2000-12

- Very good 0O, (~60 ps)

- commercial glass

-1 atm pressure operation
Drawbacks:

- edge effects, cross talk

- no position information
over the pad sizes; tracking
device is needed for position
dependence correction
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RPC-Examples

First prototype , 30 cm length, built and tested in 2000 with °Co source

HY; HYV cathode

- commercial glass
- atmospheric pressure operation

- position information: x, y

= b

W

—_—— %
—— | PO
\ — — S.
1 — i\ =
————————————— R I

—
e e

Spécers

M Multistrip anodes

*Time measurements

*Amplitude measurements

FEE
FEE - FTA (GSI 80’s generation) +CF4000
- Fast Charge Amplifier + Shaping Discriminator
Amplifier (0.25 U s) Plastic scintillator (NE102)
Digitization - XP2020 PM+ - CF4000 Discriminator
- Ortec AD811 ADC Digitization

- LeCroy 2228A TDC
NIHAM
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30 cm length
prototype

30

FEE

20!

FTA420

10

RPC-Examples

S

Count

3000
2500 |7

90 cm length
prototype

FEE

FTA810

.
O =93 ps
S
’
.05 ')
~\oo o.:’ |
:‘?ﬂl’ 610 620 630 640 650 660 670
T (channels (61ps/ch))
30
25
! o =90 ps
[ ]
10
L ]
5
[ X ]
hat b |
190 200 210 220 230 240 250

AT (channels (61ps/ch))

Plastic
scintillator
O =125 ps
0 . d. \ |

AT (channels (61ps/ch))

NIHAM
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90 925 95 97.5 1'I.'II.‘I 1025 105 1875 110 112.5 11200
———

RPC-Examples

RPC 20b 90cm-8Gaps-165trips

100 )/;=l=l—(— 100 %] 180
I — 95 %
Proton Beam 2 AGeV . * J4s0
I B ;e ]
LLIF B gReg __140
| LT ] ]
1120

Efficiency (%)
(=11
(=]
T

O A
100 pa —d——mfbmmmmnn 2l e <1100

. 180
mg_}f’}m =

Double hit 100 ps
Single hit 78 ps

“ m _
50 ps —> - E_ | b ; % Start 50 ps
20 , : 1% RPC, + Start <96 ps
FEE-Gain 160 | P Start <78 ps
L 100 HZJ’CITIE RPC <56 DS
Yo 33555 975 i0b 1085 06 175 o 15 i1k RPC P

Field (kViem)
01.03.2006

A. Schiittauf et al. NIM, A533(2004)65
M. Kis et al, NIM, A646(2011)27



— 1 s
(4
-
. [ ;
Plastic Wall ¢ °° "
— Helitron a . »
1m Barrel 06 w?
Q. 04 b
L
O "
= 0.2 -
plastic Barrel 2 O '
e 20 30 RPC Barrel ‘
v (ecm/ns) " Ty(emls)”

RPC-Examples

Magnes Zero Degree

- M. Petrovici et al., NIM 487A(2002)337
- M.Petrovici et al., NIM 508A(2003)75

Example of PID performance of

5 TR S S .s — ALICE TOF subdetector
p/z (GeV/c)
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High counting rate RPC-Examples

Compressed Barionic Matter (CBM) — Experiment @ FAIR

I:
B
-

P

%
A
(|

‘Interaction rate 10’Hz (~1000 tracks/event)

‘TOF wall at 10 m from 3° to 27°

L[] large area (~150 m?)

‘Rate from 1 kHz/cm? (27°) to 20 kHz/cm? (3°)
[] large counting rate

‘Hit density from 6-:10-%/dm? to 1/dm?

L] huge number of cells for <5% occupancy

CBM Experiment Technical Status Report,
Darmstadt, February 2005

http://www.fair-center.eu/for-users/experiments/cbm.html

Muon detection system

particle

n

S/B

ratio

0.13

0.05

0.002

THAPETAY

p— ] )

Efficiency %

1.8

3.8

0.9

0.3

0.11

0.008

Efficiency %

1.6

3.5

0.8
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High counting rate RPC-Examples

Compressed Barionic Matter (CBM) — Experiment @ FAIR

Construction Details

Single-ended — strip readout Pestov glass RPC
Gap size =300 um
Active area 300 mm x 40.6 mm

Cathodes
{Aluminium) Pestov Glass Electrodes
C | NNl
\ ‘ S
B \\a—
| \ // h |

Signal Srrips: Gaps and Spaters 2

pitch: 2.54 mm, 1.10 mm width, 1.44 mm gap

*
=

~1
=

Time resolution (ps)
th )

&
=)

Differential — strip readout Pestov glass RPC

1-2.Pcb up and down strip
readout elettrodes
3.Mylar foil
L4.Up and down HV-strip electrodes

D. Bartos et al., 2008 Nuclear Science Symposium
19-25 October, Dresden, Germany

5.Central strip readout electrode
6.Pestov glass electrodes

7Up and down strip readout signal
8.Central strip readout signal

M.Petris et al, NIM A661(2012)S129

lower strip-readout
electrode

100
90

~ 80
£70
60
50
40
30
20
10
0

time resolution

lower strip-HV electrode

upper strip-readout
electrode

central double sided
strip-readout electrode

Yy

4

N

Towards higher granularity

strip no.

- 1000
? — 800 [ -
- H i
= = 600 [
- : 2
[ ] ~
s 3 ; 400 [ -
E, a 200 |- '
- -
- rod
N P P R N N T P P
3 7 8 9 10 02 04 06 08 1 12 14 L6
strip no. Beam current (LA)
140
— 120}
vl
&
g 100
= 3 {
=] 3 =
80
8
(5]
g 60|
[l
401
Il Il Il | 1 | Il 1
0O 2 4 6 8 10 12 14 16
Counting rate (kHz/cmz)
100¢
90 -
80|
g 70
= 00~
5 %0
8 40F-
& YE
= 30f
20}
10} ‘ ‘ i ‘ ‘
g 9 92 94 96 9.8 10 10.2 104

Applied Voltage (V)
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High granularity, differential, strip read-out,

multi gap, timing RPC

central double sided
strip anode

—

2x7 gaps
HV symmetrical

signal exit connector bod
{18x16=288 signals)

Z
[ ] 0.55mmx 4 6mmx200mm
-;‘ glass elecfrodes

elecfrodes
140 miu gas gap

i g _f |
P A o . ;L ] S R R R R
T YeY SNSSS SO S — SRS : |
g SO 14 | 6 S
B0 ) S I R N S I g ;
= ‘ ‘ ‘ | 13 | ] T
£ 00— I 1';)) | i A 4 i A
(B} r | | | i I |
8 50 ooy oo Z B S R A B o
= g ‘ ‘ ® ¢ [ a sfrp12 |
A0 [ oo [ oo e s S e e
5 i ‘ ‘ ‘ | X [ A strip 13 |
. L L L TRTE BRI L .
& 5 2 3 2 g 2072 4 6 & 10 12 14
2 2 2 2 2 = = = - N
position along the x direction (mm)
1011121314
x[0]-{x[0]+x[1]+x[2]}/3) Constant  159.1 x[1]-{x[0]+x[1]+x[2])}/3) I Constant 2775 x[2]-(x[0]+x[1]+x[2]}'3) I Constant 143.2
-‘g 280 B Si::‘a 0:4033 g 280 T I‘I I :i:::‘n -::::: g ““;I A Si::‘ﬂ - ;).4515
In —In >
. Qi Qus ™ 404 pm = 21 pmy T 452 pm
2(]HQL—1_2]n QL+]IIQL+1) P ot
where: e [ "_ - }h\
w : .1
(ToT)Q, = the charge of the most significant strip j [ .
t 4 / \i M.Petrovici et al,
(ToT)Q, , = the charge of the left adjacent strip Y AN 3 A JINST 7(2012)P11003
x[mm] x[mm] x[mm]

(ToT)Q,,, = the charge of the right adjacent strip
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80— .
70 3
60F ]

o E + 3 1 ]

& 50f ’ 8 : ]

o B ]
40F .
30 F @ (90%)C F,H,+(5%)SF +(5%)C H,,

- (90%)C_F,H,+(10%)SF 1
TN A PRI AU IRV SN R A
200 1 2 3 4 5 6 7 8

strip number

CBM-TOF
inner zone architecture

Efficiency(%0)

100
95
90
85
80
75
70
65
60
55
50

m '(90%)'c2|=4HZ+(5%)SFE{1-1(_%_)_C;_HN

............ i (90%)C2F4Hz+(1c'%]5F“'“'“""“""é‘"""""'

6

PANREANY BEARNLRALY LERY RALEA RERRELRAEN RLRLN RS

85 9 95 10 105 11 115 12

Applied voltage across 5 gaps (kV)

sis 100

RPC resolution [ps]

70

o0
a
L

(=2}
o
!

[
a
L

T
20

% 0
Particle rate [kHz/cm’]
SIS 300

T
50

60



CBM - Progress Reports:

CBM - Collaboration Meetings:

Time table (Idico view) — especially TOF sessions

58


http://www.fair-center.eu/en/for-users/experiments/cbm/cbm-documents.html
https://indico.gsi.de/categoryDisplay.py?categId=134

UAS5 — SPS experiment
pp collision

Acta Physica Polonica B19(1988)307
H.G. Pugh

SC-Examples

NA35 — SPS experiment
160 + Pb 200 GeV/u
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* Liquid detectors:

- Bubble chambers :

- super heated, above boiling point - liquid hydrogen
- nucleation centers are formed along the particles’
trajectories
- via a piston the pressure is slightly decreased,
bubbles develop along the particle tracks
- dfter a couple of msec, bubbles a large enough
that a flash photograph can be taken by several

cameras for stereo information
- the piston moves back to collapse the bubbles and
prevent the boiling
- ~0.1 mm spatial resolution
- bubble density ~ primary ionization
L] Poison rather than Landau distribution with
long tail
[] m and K separation up to ~0.9 GeV/c
and m and p up to ~1.6 GeV/c
- 6 Um space resolution can be achieved with
holographic recording for small chambers
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* Liquid detectors:

Performances:

- Bubble chambers (cnt’d):

[] m and K separation up to ~0.9 GeV/c
and it and p up to ~1.6 GeV/c

[] 6 um space resolution can be achieved with
holographic recording for small chambers
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* Liquid detectors: - Bubble chambers (cnt’d):

Drawbacks:

- film measurement and event reconstruction is slow
(this limits experiments to 10° to 10° events)

- The sensitive period is quite long [/ the beam intensity
must be limited

- [ difficult to search for and study very rare events
- the liquid in the chamber acts as target and detector

[/ bubble chambers cannot be used with modern
colliding-beam machines.
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Bubble chambers

(cnt’d);

pp — prt K n n" K'n

N

Stanford 1 m hydr

5

ogen bubble chamber, 8.8 GeV/c antiprotons
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Liquid detectors (cnt’d):

Liquid Argon Neutrino and Nucleon Decay Detector

Gas

Liquid

Igas

valence Electron
Levels

v

positive ions

v

electrons

, Vo |

s

Evae

+liquid

/T i il s i B

P

~6.1- 10*cm?V-1sec!

~ 500 cm?V-lsec!

[IRelaxation time required

to avoid space charge effect

0.1 ppb O,

arXiv:astro-ph/0105442v1

00 - v A e La A

soran eio oo 10w o Liquid TPC

BARREL IROM RETURN YOKE
CoIL

CATHODES (N® 5)

WIRE CHAMBERS (N® 4)
FIELD SHAPING ELECTRODES

S —

CRYOSTAT total absorption tracking calorimeter

LANNDD — 70-kton .,



Liquid detectors (cnt’d):

IRON YOKE

LAr TPC CRYOSTAT

/.
'

EEAM

|
u‘“&_ ] _ T

\/ : COIL WINDING S

Simulation of electromagnetic showers of 2.5 GeV electrons 1T transverse magneticfield

ULANNDD - 60x60x280 cm’, horizontal 38 cm

FOWER
CONNECTIONS

WATER COOLING

rt 1- magnetic field



http://www.hep.princeton.edu/~mcdonald/nufactuL@CERN_LOI.pdf
http://www.hep.princeton.edu/~mcdonald/nufact/bnl_loi/argonprop.pdf

http://neutrino.kek.jp/jhfnu/loi/loi_JHF cor.pdf
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e Semiconductor detectors
Silicon
- velocity: p,=1450 cm2/Vs,

1,=505 cm2/Vs,
- 3.63eV per e-h pair [ ~11000 e-h pairs/100pm of silicon.

- however:
- free charge carriers in Si @ T=300 K: n = 1.45 x 10!/ cm3

- only 33000 e-h in 300 um produced by a high energy particle

L]

Why do we use Si as a solid state detector ?
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e Semiconductor detectors

06 6

current can flow due to movement of

06 6
06 6

doping
06 6
06 6

electrons and holes

increase concentration of free electrons

int
—
Depletion

O reduces holes concentration

n-type silicon

06 6

o6 6
o 0 6

increase concentration of holes
O reduces concentration of free electrons

p-type silicon

0 6.6

Electron

Positive 1on from removal of
electron in n-type impurity
= Negative 1on from filing in
p-type vacancy

Hole

+

Reversed bias increases the
barrier potential — more difficult
for electrons and holes to diffuse
across junction
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e Semiconductor detectors

e Al
SR
: ) ;
ity o
Single detector p* stop

semiconductor ionization chamber

Double sided strip detector

69



e Semiconductor detectors

Pixel detector
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e Semiconductor detectors

Drift detector

hole bias current

bias HY divider

hole dark current g

L

N

drift
cathodes

-

N gz;::;

.f. el-:cl:ro

drift cathodes \

pull-up
ionizing particle cathode

electrons

semiconductor TPC

Example of PID performance of
ALICE ITS subdetector

ITS dE/dx (keV/300pm)

LI
T T T T T T

ALICE
PERFORMANCE
02/06/2011
- Pb-Pb {5,,=2.76 TeV

07 0.1

3 45
p (GeV/c)

- Potential

X

Silicon Detectors for Particle Physics
P. Hopman, 1997 IEEE NSS Short Course
On Detectors for High Energy Physics
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* Scintillator counters and photomultipliers
[ PID, n-y discrimination, Time-of-Flight measurements

Scintillator counters are based on atomic and
molecular excitations produced by the passing

charged particle

De-excitation L] emission of light — [ {1702 ed1 o3

- inorganic, i.e. Nal — doped with Thallium activator

- organic, plastic — polystyrene or plexiglass (C.H,O,)_
doped with wavelength shifter (WLS)

u.v photons [ longer wavelength light
greatly reduced absorption

photommltplier |

Photomultiplier:

" Converts optical signal [J electrical one

’ it i -
photocathode "dvnodes " anode
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Scintillator counters: reference time — start detector

SONTIAATOR EOL Sedihel
KE 024, 10-20m N\

£LLIPSGIOAL_MIRROR

PHOTACATHIDE

Figure 1: Schematic view of the detector.

Real 48065s - Deadd0% 1

Energy
68687.2
kel

1 victortt

printina hardconu... press anu keu to ston
Scint. Start : NE 102 A ( Spessore 20pm)
Rivelatore : Specchio Vetro
PM Start : EMI 9814 B ( Bias =- 1800 V)
Distanza : 66 _cm
Distanza 1°-2° : SEEESSEENEES | - )5 ps
Distanza 2°-3° : SESHEERSERSIEINS . 4
P 3 a——— Uo0 p4 5 480 P4 LT
PM Stop : EMI 9954 QA (Bias=- 1800 V)
Scint. Stop : NE 102 A, diam. = 2”; Spess. =2 mm
Sorgente : Alfa Tre Picchi : (*°Pu, > Am, *Cu; 5155, 5484, 5806 Kev)
Perdita Energ. : NE102A 20um 1°5.155 Mev - 2.126 Mev = 3.029 Mev

2°5.484 Mev - 2.001 Mev = 3.483 Mev
3°5.806 Mev - 1.897 Mev = 3.909 Mev

Lab Rivel.
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— 180

3
& 150
3 w0
w
= 120
100
80
80

5

0

\ ihi]
Z3

FOPI — Plastic Wall & Plastic Barrel

Au+Au E=150 AMaY

15 20 25
Velocity (cmins)

Scintillator counters: Time-of-Flight measurements

Au+Au E=150 AMeV

1.33 AGEW NN
1R

BE
3. [CaVic]

Bethe-Bloch «cpg

Vakgiy [cims]

P = M~ (CDC-TOR)

] 15

1.93 AGeV FNi+PNi—<-X
e

Yield

20 25 0
Velocity (cm/ns)

Au+Au E=1 %J AMeV

a0 -
-

w15 A =
Velocily femins)

5
8§ 07

8 10
Z (atu.)

a a ia

15
Z (al.u.)

Nucl. Instr. and Meth. A324(1993)156

A. Gobbi et al. 74



* Scintillator counters and photomultipliers

[J PID, n-Yy discrimination, Time-of-Flight measurements

G/ =37 ns

% 2 Foms

-/,

- Y
At =A/t’ 9* A€

oE
. Y, =t (%)

A/a, -‘/(5/;5 /%)
n— p

r—ve

-«
~ L £ 1526 F
a 74 = 20 keVee | 74 = 150 keVee

5698

2492

Pdp /34

3

7 52- Jo (nln 2 Vo

50 59 68 Hi4 86 40 120 40
Channels

CAMAC

F+7AlE,, =111.4 MeV

U—{
™
DC|AdC|ADC
{

312

252Cf

DRACULA .,



MAGHNETIC FIELD
REGHON
{ vocuum}

* Magnetic spectrometers :

HEAYY JON
Bp ;~ mv/q
Working principle:
MASNETIC FIELD
REGION
[with gas)
Scintillators MUSIC - Fl;.'.ﬂl ; ' ——
, ToF AE 3
Beam monitor {Boh =36 m g |
: \ # \ / |
Heavy ion H W : =
O ‘ , || 1".. \.\l .' -10C
rengres Target S,\ B9, S, wol . WK ]
light ion Degrader 098 0 99 100 101

(A/Q)rq

*Lect.Notes Phys. 178(1982)80
*Ann.Rev.Nucl.Sci 25(1975)167
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B. Coherent effects for charged particles:

e Cherenkov radiation and Cherenkov detectors:

-Moving charge in dielectric medium

-Wave front comes out at certain angle

cosf. = (1/n3)
tand, = v/32n? — 1
~ /2(1—1/n3)

///
~
5 /
N g,
e
\‘ Ve
i e
/>-\(.2
s e
) // (("
N, R
// // (\J},‘
‘:J 7 , [i/
7 \ /\."/[,,
S N
~3
// e‘( n Q’?{
f ~,

Particle velocity v = Be

| dw

[ _
— (wtan 6, }]
wo

I _ ,, dn _
tan @, + 82w n(w) 7 cot HC,]
! wo
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Cherenkov radiation and Cherenkov detectors:

How many Cherenkov photons are produced ?

2

N,=L-22_ g(E)sin*60,(E)dE
r,m,c
2
I
=122 _ &) 1-—— dE
r.m,c n
IN 1-—
0 - )
B*(n’)

with &(F) = Efficiency to detect photons of energy £
L = radiator length

r, = electron radius
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Cherenkov radiation and Cherenkov detectors:

* Threshold Detectors

~ Yes/No on whether the speed is f>1/n
* Differential Detectors

= P> B> B
* Ring-Imaging Detectors

- Measure 5
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Cherenkov radiation and Cherenkov detectors:

Mmirror
- > radiator (e.g. gas)
TP

<— photomultiplier

Threshold N

cylindrical mirror

radiator

Differential —



Cherenkov radiation and Cherenkov detectors:

detector surface

radiating medium

spherical mirror

particle

Ring imaging detectors

30

20 -

(b}

160
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Cherenkov radiation and Cherenkov detectors:

Complex geometry:

two radiators — one photon detector

particle Example of PID performance of
ALICE HMPID subdetector

PERFORMANCE
30/09/2011 e
pp \s=7TeV

HMPID Cherenkov angle (rad)
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B. Coherent effects for charged particles:

Transition Radiation Detectors (TRD)

- TR is created when a charged particle crosses boundary of different dielectric constants

- fields have to be reajusted
= some are emitted as TR

@ Transition Radiation

@ AL similar with:
Medium Vacuum

B.Dolgoshein, NIM A326 (1993) 434

P. Piot, PHYS 571 — Fall 2007

Chitrlada Settakorn, SLAC-Report-576, August 2001
X1-Experiment — Mainz

R. Agustsson, UCLA Part.Beam Phys. Lab.

e¥ (image charge)




B. Coherent effects for charged particles:

Transition Radiation Detectors (TRD)

I = my = m/(1-3%)'? - intensity of produced TRD
6 = 1/y - angular distribution

E [](2/3)ayhw,,,, - total energy radiated by a single foil

lasma

<N> [0 ayhw,,/ (h<w>) - the average number of radiated photons

lasma

o -fine structure ct. - 1/137
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B. Coherent effects for charged particles:

Transition Radiation Detectors (TRD)

Radiators:

- periodically arranged of large number of foils — gaps
lithium, polyethylene or carbon
- randomly spaced radiators

foams, granules or fibre mats
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TRD-Examples

cathode pads

1
=3 %

electron

A
|amplification

region

4 o
Pad number

3 =

Radiator

-

ampilification anade
region wires ™~
cathode 7
wires .
cathode __too
g 75
5
0 50
drift f
region
[
S
€
primary | ||| L
clusters | [T+ ber
entrance i
window", | ;
. = I y
Radiator
z / —,.y

-~

/
pion TR photon electron

— 1 20 [T T 1T [ 1T T 1T T 171
= ¥e, 00, (15%)
E . I L electron P2 e
= 100 i O o ey
10 1 ewen N
@ { | & .= \
= ! = t
% 80 : | & - 4+ﬂ,_-w |
_g_ | [ = \utﬁ'l'”d—’_g_ |I'|
o 60 @ %
=] | & %
o [ (] ooy )
S a0 | R i
< ' HI* b
Z : &
20 |II p=1 GeVic %Q_MEE‘H:F
I =2
[ il' Sandwich radiator {fibres/HF71) e
ool
0 0.5 1 1.5 2 2.5 3

Drrift time (ns)

electron

ALICE
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TRD-Examples

(R W R =p- g BTN ER Y]

= T T T TRt —]
o .
-
10 . A TMO -
= ® L-Q
h 3] -
= L-QX
2
10 .
90% e eff. "'“----._5_.
10 o layers -
| _
0.5 1 15 £

Momentum [(GeV/c)

http://www-alice.gsi.de/trd ALI CE 87



TRD-Examples

Purpose:
- electron ID in central barrel p>1GeV/c
Parameters:
- 18 supermodules segmented in
6 layers, 5 stacks
- 540 modules ~ 750m?
- Lenghth: 7m
- X/X,~15%
- 28 m? Xe/CO, (85:15)

- 1.2 million channels

- 15 TB/s on-detector badwidth

ALICE
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TRD-Examples

Mapping L3C1-21 - Deviatia maxima = 14.2 %

| Rezolutia energetica | Energy
Entries 89584

@ ——{ L3C1-21 Ii Mean 288.5

& 4500 f I 5 RMS 61

£ : | ' Constant 3693+ 17.4

£4000 i Mean  3075:0.1

? Sigma 28741009

3500 i

L

=

3000
2500
2000
1500
1000

500

i ‘ Energy Resolution = 9.34 % (U= 1500V ) |

fl i t I N
B iyl iy T {0

http://niham.nipne.ro/detlab4.html

b 100 200 300 400 500 600 700
Energie(canale)




High counting rate TRD-Examples

double face  anode tathode cathode
ignal pad plane plane plane grounding
si )
flat cable \ \ \ \ \ anode HV
7 2
=\ A
T \ \
= \]\ thod
X tathode
- grounding
22
. 7
] . -
™ v o iz
. = u

-pad plane: 250 miu pc board;

-anode plane: 20 miu Wo+Au wire;

-cathode plane:Alu covered 25 miu
Kapton foil;

~-frames: 3 mm thick pc board

Readout electrode

pad size: 5 x 10 mm?

NIHAM
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High counting rate TRD-Examples

log(p./P;)
High Counting Rate Effect o ern
o |
XB,COZ(IS%), p-1.5 GeV/c g i B rohocell U = 1800V
£ : W rohacell U= 1700V
3 | b ® foils U= 1700V
5 | -
~200 £ i Ao
> & | .
3180 : ey
-~ 160 5 |
0140 e % 1 . % n
120 | i
100 | . .
80 | \, .
60 - 1800 V '
40 | *
20 15%C02+85%Xe
2 1 | i |
10 10 0 1 yd 3 4 5 6 7 8
Rate(kHz/cm?) TRD layer
[0 1800 V, foils, ~ 0.7 % Tt rejection
Nucl. Instr. and Meth. in Phys. Research A579(2007)961 20/500/120 [0 20/200/220, 1.4 better

Nucl. Instr. and Meth. in Phys. Research A581(2007)406

Nucl. Instr. and Meth. in Phys. Research A585(2008)83 NIHAM o1



pion misidentification probability [%6]

High counting rate TRD-Examples

(7.3+0.2)x72-0.2=539.8 m

uill \ AR
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:
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u
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-

-
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100 100

@p=3GeV/c —&— Central position (column 5)
—@— [ntermediate position (column 3)
—&— Marginal position (column 1)

10

107 @ p =3 GeV/c

0.1 1| —@— Reg?2 (regular foil radiator)
—O— Fiber radiator

—&@— Foam radiator
—(O— Without radiator

~ 1 % with 6 TRD layers for
Reg?2 in front of TRD3
0.01 T T T T T T T T T T 0.1 T T T T

pion misidentification probability [%56]

0 1 2 3 4 5 6 7 8 9 10 1 0 1 2 3 4 5 B 7
Number of TRD layers Number of TRD layers



y[0]

60

50

40

30

20

10

Y

High counting rate TRD-Examples

X-y position reconstruction

Ay

VA AY
[Yrec |
<
% rec >
X’ Xrec ?

Ol i | rseey

5

10 15 20 25 30 35

45 50

xgas[0]

across the pads

o)
k= AX
g I Mean 0.1308
025 )
- RMS 0.7461
: Censtant 17.01=0.45
L hean 0.05323 = 0.01705
20 i Sigma 0.5877 = 0.0202
' I ~420 pm
15
10 L X l
O _I 11 111 | | } 1| \’ 1 1| 1 J 1 | -] 111 111
-0 8 6 -4 -2 0 2 4 6 8 10
Ax [mm]
% 200 E Ay
g 180 ‘ Mean -15.87
0 M RMS 5128
160 | Constant ~ 180.3 £ 86
r ﬁ Mean 17174012
140 ’ l Sigma 2256 % 0.191
120
i: '} ~1.6 mm
80F \1[
60F j \
40F J \+
20k | t }
- t Py
0_\ | I Il | - Ll \"T+ JL+1+-LA-1‘-A-T‘-HO—O—I—4I4 L1l I
-40 -30 20 -10 0 10 20 30 40
Ay [mm]

M. Tarzila et al., https://indico.gsi.de/conferenceOtherViews.py?view=standard&confld=2054
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High counting rate TRD-Examples

CBM-TRD

inner zone architecture

..l-l\.\ V12 2L g 7 7 ]
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= p g —
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‘\.\..\ﬁsn\.b..x\.\

M N T

i F ey 7
A — = -

...\.\\\b‘\\h\i
[ 7 7 A
I /777 7 k77 /

A — A

VAR AR

=
g
<

CBM - Progress Reports:

CBM - Collaboration Meetings:

94

Time table (Idico view) — especially TRD sessions


http://www.fair-center.eu/en/for-users/experiments/cbm/cbm-documents.html
https://indico.gsi.de/categoryDisplay.py?categId=134

Electromagnetic Calorimetry

-electrons undergo bremsstrahlung producing photons

-photons undergo pair production L[] electrons and positrons

— Elektron/Positron
N Photon
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Hadronic Calorimetry

Involved processes:

- spallation
(most probable for high energy hadrons)

- core excitation

einfallendes
Hadron

ionization
~ 0.5 ns

intra-nuclear cade .
tra-nuclear cas intra-nuclear cascade

- production of mesons I
. (spallation) ~ 10%s) - v (spallation) ~ 10%)
(->decay into two photons->em shower) intra-nuclear cascade

- fission
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-Homogeneous Detectors:

- lead glass (55% PbO, 45% Si02), radiation length of 2.36 cm

resolution O/E is about 5%/E'? ([E] GeV)

- sodium iodide crystals, radiation length of 2.6 cm
resolution o/FE of about 1.5%/E-4
- crystal calorimeters, i.e. BGO

-Heterogeneous or Sampling Calorimeters Detectors:

medium responsible for the showering is separate from that used in detection — sandwich

alternate high-Z passive layer of converter, i.e. lead (X0 of 0.56 cm)
and
active detecting layers:

- plastic scintillator
- liquid ionisation chambers

- proportional wire chambers

O/E ~ (5-15)%/E2

shower
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C. Interaction of electrons and photons with matter:

* Bremsstrahlung

* Photo-electric effect

e Compton scattering . 108
105 rast ? Ge Shell i
. . rast Sequence & Tracki .
* e'e pair production Ziot|  in'%Dy T | 5
= (Intensity 2+ 0% = 1) / —10° 3
C I = o
£ 10°| 8 Gammasphere o
o T Euroball ’ =
o o c
Z 102 o B * —
2 2 o N - —104 %
101 L n
S TV / o)
:100 + Compton- 'I
R 0 . Suppression S
Spin: ) & HPGe —102
Discovery of / g
Radioactivity . =
Small Arrays G
Geiger-Muller Nal Ge(Li) —100 ©
Absorbers | | |
1900 1925 1950 1975 2000 2025
Year

IEEE 1(2007)536
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C. Gamma ray spectrometry:

BGO

e ~10—7 %
(M,=1 —M =30)
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C. Gamma ray spectrometry:

Gamma ray tracking principle

Compton shielded Ge —

Ge sphere

Ge tracking array
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C. Gamma interaction/reconstruction mechanisms:

~ 100 keV ~ 1 MeV ~10 MeV  y-ray energy
@ s
Ey
4 Ey- 1022
o2 511
Photoelectric Compton scattering Pair production
isolated hits angle/energy patern of hits
Highly segmented ;-
HPGe Pulse shape £ Track
deTectors . analysis => (% 5E,0) = reconstruction
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C. Gamma interaction/reconstruction mechanisms:

Improved resolution for fast moving source v~0.5c

20000
: AGATA
Elm—
| |
0= | S | |
0 500 1000 1500 2000 2500
E, (keV)
1500
] EUROBALL
1000 Crystal Ball

0 500 1000 1500 2000 2500
E, (keV)
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A few examples of exprimental dvices based
on the detection and identification methods
presented above

FAIR Baseline Layout in 2006

Technical Proposals with more
than 2100 authors

rrrrrr
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DRACULA device




Kinematical coincidence experiment - UNILAC
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CHIMERA — LNS

a 47 experiment based
on Si & Csl telescopes

e
- T
v,
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A 47 experiment based on PPAD, IC and plastic scinillators GANIL
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140 celts AMPHORA - SARA .

Figure 1 : Schematic view of the 4 x detector

* Photomuitiplier

Optical gum

nevtron

charged
Fa.rt\'clv.

N

\Glass
Csi(Th)

Figure 2 :
Exploded view of one of the forward wall ceil, as mounted for light particle and newtron detection
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4 MiniBall - NSCL

/ff /Zo:wr'CI de?é’c/or:

40 - A2 porm P8

;& w3
EO - $00 w3
/"L/—;

FIG. 1: Half-plane section of the Miniball array. Individual detector rings
are labeled 1 through 11; numbers of detectors per ring are given in
parentheses.

F1G. 2: Schematic of threc-dimensional detector geometry.

3 4
*0 [FO

7
2o

o D

]
@

B

FIG. 3: Frontviews of diffcrent detector shapes. The detectors arc labeled
by their ring number; numbers of detectors per ring are given in

parentheses.
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41 Detector - Bevalac

]
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47 Detector — DIOGENE - Saturne
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GAMMASPHERE

40 éry; (ompton - suppressedd Ge detectors
4%0 BCo defectors
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AGATA Demonstrator

1 symmetric cluster

4 asymmetric clusters
36-fold segmented crystals
540 segments

555 digital-channels

Eff. 3-8 % @ My=1

Eff. 2 -4 % @ My= 30
Full ACQ

with on-line PSA and y-ray
tracking

Operational in 2007

Cost ~ 5 M€
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sodeno i caber plastic wal inner plastc wall

S

FORWARD WALL
MAGHET | =

7/ NN RN NN NN

il
'-l;".l I . ;. l:H]-:
QUTER INMER
BARREL ©CDC HELITRON PARABOLA WALL ROSACE VAL L

FOPI
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Size: 16 x 26 meters
Weight: 10,000 tons

PHOS

TPC




CBM @ FAIR  TOF ECAL
TRD i = Al

RICH
MVD+STS
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Space-time Evolution of the Collision

Freeze-out

QQ [ J [ ]
o Hadronization
&

QGP

Pre-equilibrium

space

' ' Pb Pb



Temperature T [MeV]

M
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-

100

Fm f
Q
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e
I l » Hadrons %
:,.-; ’ f,‘zj_._.
— ol
A K
.
%,
o,
Color Super-
Neutron stars  conductor?

Nuclei Net Baryon Density
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Dedicated Facilities ~ LHC: Collider
Pb+Pb 2760 AGeV

FAIR: Fixed Target
(Ec.m.=2.7-8.3AGeV)

NICA: Collider
(Ec.m.=4-11 AGeV)

SPS: Fixed Target
Pb at 158 AGeV
(Ec.m.=17.3 AGeV)

;/

AGS: Fixed Target
Au at 11.7 AGeV

Fixed Target

1-2 AGeV

(Ec.m.=4.86 AGeV) T
. . . 200_ —
B e Val ac \l .// | P g o
H‘;_ AGS to RHIC line (ATR) % O ° 12
= 150 40 -
" = S=0 & Q/B=0.4 30
: = 9 : ] RHIC -
e RHIC BES: Collider Z100f o ran ;
: L - _—""5
() |
UNILAC g' [ Hadronic freeze-out
® 5o} ]
— L J. Randrup & J. Cleymans
[Phys. Rev. C74 (2006) 047901]
L M L 1 " L 1 " L " 1 M 1 "
0.00 0.04 0.08 0.12 0.16

Net baryon density pg (fm ")
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