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Notation

In order to facilitate the reading, the magnitudes and constan ts more fre-

quen tly used in the follo wing are compiled here, together with their abbreviated

notation and t ypical units.

letter magnitude t ypical units

A mass n um b er -

A in�uenced area p er a v alanc he mm

2

Ag area of the glass plate cm

2

A A cceptance (also activit y) - (mC)

a q- V constan t pC/k V

� T o wnsend co e�cien t mm

� 1

� �
e�ectiv e T o wnsend co e�cien t mm

� 1

B magnetic �eld T

b prompt to total c harge ratio -

b impact parameter fm

� v elo cit y normalized to c -

C capacitance pC/k V

c sp eed of ligh t cm/ns

D di�usion co e�cien t mm

2
/ns

D cell length cm

D lepton detection probabilit y -

d thic kness of the resistiv e plate mm

� probabilit y of electron extraction

at the catho de

-

E electric �eld k V/cm

E total energy Me V

Ekin kinetic energy Me V

Ew w eigh ting �eld cm

� 1

e electron c harge pC

� energy of a particle from the

sw arm

e V

� o v acuum dielectric constan t F m

� 1

� r relativ e dielectric constan t -

" detector e�ciency -

� attac hmen t co e�cien t mm

� 1

� densit y g/cm

3

� , � rate Hz/cm

2

� lab azim uthal angle in `lab' -

12



letter magnitude t ypical units

g gap size mm


 relativistic factor -

I primary in tensit y Hz, ions/s

I mean excitation energy e V

i; I electric curren t nA

k Boltzmann constan t e V/K

K , K � in trinsic time resolution -

K T in trinsic time at maxim um -

K rate capabilit y Hz/cm

2

� relativ e rate capabilit y -

� compressibilit y of n uclear matter Me V

� pro jected angle in the plane YZ -

L separation distance cm

L ideal electron detection probabil-

it y

-

� ionization mean free path mm

M mass Me V/c

2

m a v alanc he gain -

mt e c harge threshold -

me electron mass Me V/c

2

� i ion mobilit y V

� 1
m

2
/s

N n um b er of gaps -

NA A v ogadro n um b er -

No n um b er of primary clusters -

n a v erage o ccupancy -

no a v erage n um b er of primary clus-

ters

-

n0
o a v erage n um b er of e�ectiv e pri-

mary clusters

-

P pressure bar

p momen tum Me V/c

q; qtotal total c harge pC

qp , qprompt prompt induced c harge pC

qinduced total induced c harge in the gap pC

R resistance 

� resistivit y 
 cm

S a v alanc he gro wth co e�cien t ns

� 1

� T time resolution ps

T kinetic energy Me V

T temp erature K

t time s

teq stabilization time s

to time at maxim um ns

� g; � relaxation time (also in trinsic

time)

s (-)

� lab p olar angle -
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letter magnitude t ypical units

V �
reduced v oltage k V

Vth threshold v oltage for Space-

Charge regime

k V

ve electron drift v elo cit y cm/ns

vprop propagation v elo cit y of signal cm/ns

w cell width cm

X lab x co ordinate in `lab' cm

x x co ordinate in lo cal tRPC sys-

tem

cm

X o radiation length cm

Ylab y co ordinate in `lab' cm

y y co ordinate in lo cal tRPC sys-

tem

cm

Z imp edance 

Z c harge of the atoms of the media -

Z lab z co ordinate in `lab' cm

z z co ordinate in lo cal tRPC sys-

tem

cm

z c harge of the primary particle -
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Chapter 1

Motiv ation

The dev elopmen t of RPCs in 1981 ga v e a c hance to op erate gaseous detec-

tors under parallel geometries at v ery high electric �elds, pro viding a v ery fast

and narro w time resp onse and, what is more imp ortan t, a v oiding the detec-

tor breakdo wn. Due to the uniform electric �eld, the a v alanc he m ultiplication

starts immediately after the �rst electron-ion pair is pro duced at any p osition

within the gas gap. This represen ts a fundamen tal di�erence when compared to

the cylindrical geometries used in prop ortional detectors, where the free c harges

m ust drift up to the m ultiplication region. As a consequence, the �uctuations in

the time measured with an RPC are link ed to the a v alanc he �uctuations during

the pro cesses of primary ionization and m ultiplication of electrons in the gas:

they ultimately regulate the �uctuations in the size of the signal induced in the

read-out electronics, resulting in di�eren t crossing times at the threshold of the

comparator, and yielding its c haracteristic time resolution. On the other hand,

the v ariations on the p osition of the �rst in teraction cause a high indep endence

of the released c harge from the collected one (con trary to the case of prop or-

tional detectors), resulting in a p o or estimate of the energy lost b y the primary

particle.

P ossibly it w as the realization of the imp ortance of the tolerances in narro w

gaps that allo w ed, in y ear 2000, to impro v e the RPC time resolutions up to the

lev el of 50 ps, b eing comp etitiv e with presen t `state of the art' fast scin tillators

and pro viding, as a b ene�t, a reduced price p er c hannel and magnetic �eld

compatibilit y . Suc h tec hnology has b een named timing RPCs or simply tRPCs.

There are sev eral w orks that demonstrate that op eration of RPCs, in an y of

their more usual con�gurations, tak es place under a v ery strong Space-Charge

e�ect, resulting from an a v alanc he self-�eld of the order of the applied electric

�eld. There is a classical argumen t for wide gaps due to Raether, that links

Space-Charge with the apparition of streamers. Notably , RPCs can b e op erated

in a region of �elds where Space-Charge is strong but streamers are absen t. The

presence of the last w ould result in, at least, a w orsening of the rate capabilities,

limiting the maxim um reac hable v oltage in man y applications and therefore

resulting in an o v erall w orsening of the p erformances.

As in the case of the RPCs dev elop ed in the 80's, yielding time resolutions

at the lev el of 1 ns, the recen t in tro duction of timing RPCs in 2000, with time

resolutions at the lev el of 100 ps, has op ened the p ossibilit y of application in

n uclear and particle ph ysics.
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16 CHAPTER 1. MOTIV A TION

This thesis represen ts a small part of a pro ject that is aimed at co v ering

the region at the lo w er p olar angles of the HADES sp ectrometer placed at GSI

in Darmstadt, German y . Suc h tRPC w all represen ts an upgrade of the curren t

sp ectrometer, that will allo w to explore hea vy ion collisions of Au + Au up to

1.5 Ge V/A, increasing our understanding of the prop erties of hadronic matter

at densities more than t wice larger than in ordinary conditions.

The tRPC w all pro ject, in ternally called ESTRELA (Electrically Shielded

Timing RPCs Ensem ble for Lo w Angles) is based on recen t encouraging dev el-

opmen ts of similar concepts, but incorp orates the features that mak e HADES

to b e an unique en vironmen t. Among its more demanding requiremen ts, the

follo wing m ust b e men tioned: the tRPC w all m ust pro vide: a) a high m ulti-hit

capabilit y and b) w orking rates up to almost 1 kHz/cm

2
with c) an homoge-

neous time distribution at the lev el of 100 ps. The exp erimen t is dev oted to

prob e dense media through the measuremen t of lepton pairs coming from ligh t

pseudo-v ector mesons; the lo w branc hing ratio of the pro cess ( 10� 5
- 10� 4

) re-

quires also a v ery high detection e�ciency and geometric acceptance, to pro vide

reasonable statistics. The design presen ted in c hapter 5 has b een devised to

meet those requiremen ts.

Successful tests of a concept based on electrically shielded cells to ok place in

spring 2003 and a detailed analysis is presen ted in c hapter 6 , together with the

main `pros' and `cons' of the approac h. Recen t results (No v em b er 2005) on a

new tRPC protot yp e are out of the scop e of the presen t w ork but can b e found

elsewhere [1].

In view of the recen t in terest in reac hing higher and higher primary rates,

c hapter 8 is dev oted to the study of a tec hnology that allo ws for an extension of

the rate capabilit y in one order of magnitude, based still on ordinary �oat-glass,

but mo derately w armed. Also a more general description of rate e�ects on this

kind of detectors, b ey ond a simple DC mo del, is prop osed in c hapter 9 , and

used to describ e the data from c hapter 6 . Aiming at a quan titativ e comparison,

a w a y for obtaining exp erimen tally the parameter of the sw arm S = � � ve is

accomplished in c hapter 7 for a n um b er of di�eren t gas admixtures.



Chapter 2

Pro cesses in ionization gas

detectors

2.1 Electromagnetic in teractions with matter

Of the four kno wn fundamen tal in teractions, the electromagnetic one is the basic

principle of almost all the detector systems that are no w ada ys used in exp eri-

men ts of n uclear and particle ph ysics. Among the main reasons, the follo wing

can b e men tioned: a) it is w ell understo o d, b) most of the particles of in terest

ha v e electromagnetic c harge, and therefore they in teract electromagnetically

1

,

c) the electromagnetic in teraction probabilit y is large ev en for v ery thin media.

Despite this, b oth the energy and c harge released in a detector via electro-

magnetic in teractions are usually undetectable. The ampli�cation of the few

released c harges to sizable signals b ecomes a tec hnical problem, whose solution

results in di�eren t detector families. Moreo v er, not alw a ys detection tak es place

through the ionization of the media, b eing also p ossible to mak e use of exci-

tation and de-excitation pro cesses (scin tillators), Cherenk o v emission (RICH

2

),

transition radiation (TRD

3

) or all of them (electromagnetic calorimeter). F rom

those who resort to ionization, the most widely used detector geometries are:

a) the v ery fast parallel geometries as PP A Cs

4

and RPCs

5

, b) the cylindri-

cal/prop ortional ones p opularized for trac king in Wir e Chamb ers . Other detec-

tors that are w orth to men tion and that also mak e use of the ionization are the

GEMs (Gas Electron Multipliers), TPCs (Time Pro jection Cham b ers) or solid

state detectors p opularized for trac king (silicon) or 
 detection (germanium).

As the aim of this w ork is the study of timing RPCs, the electromagnetic

in teractions will b e describ ed under the p ersp ectiv e of ionization and excitation

pro cesses in the follo wing. Sections 2.2 and 2.3 are dedicated to the prop erties

of ionized gases sub ject to external electric �elds; in particular, the case where

the �eld is constan t will b e implicitly considered, b eing this a feature of the

parallel plate geometries.

1

Notable exceptions are neutrons and neutrinos.

2

Ring Imaging Cherenk o v.

3

T ransition Radiation Detector.

4

P arallel Plate A v alanc he Cham b ers.

5

Resistiv e Plate Cham b ers.
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18 CHAPTER 2. PR OCESSES IN IONIZA TION GAS DETECTORS

2.1.1 Hea vy particles

The Bethe-Blo c h curv e

When a mo derately relativistic hea vy c harged particle tra v erses a medium,

it loses energy mainly through ionizations and excitations of the constituting

atoms/molecules. The pro cess can b e describ ed in the framew ork of quan tum

electro dynamics under the Born appro ximation [2], resulting in an a v erage en-

ergy loss p er unit length giv en b y the Bethe-Blo c h form ula [3]:

�
1
�

dE
dx

= Kz 2 Z
A

1
� 2

�
1
2

ln
2mec2� 2
 2Tmax

I 2 � � 2
�

(2.1)

The con tribution of the medium is condensed in the ratio of its atomic to mass

n um b er Z=A , the densit y � and the me an excitation ener gy I . In eq. 2.1 me is

the electron mass, z the c harge of the inciden t particle in units of the electron

c harge and � its v elo cit y , 
 the relativistic factor and K is a constan t giv en b y:

K = 4 �
NA

mec2

�
e2

4�� o

� 2

= 0 :307075Me V g

� 1
cm

2
(2.2)

e is the electron c harge, � o the v acuum dielectric constan t and NA the A v ogadro's

n um b er. Tmax is de�ned as the maxim um kinetic energy that can b e transferred

in an encoun ter with a free electron, due to momen tum conserv ation:

Tmax =
2mec2� 2
 2

1 + 2
m e=M + ( me=M )2 (2.3)

where M is the mass of the particle. The recommended v alues for the mean

excitation energy I ha v e v aried with time, but no w ada ys the v alues giv en in

ICR U[4] are widely used. Due to the logarithmic dep endence of eq. 2.1 on this

parameter, rough parameterizations as the describ ed in [5 ] can b e used for man y

purp oses:

I = 16Z 0:9
e V for Z > 1 (2.4)

The magnitude � 1
�

dE
dx is usually referred as the `stopping p o w er' and, re-

mark ably , it dep ends on the primary particle mainly through � and z , disre-

garding an y in�uence of its mass. The immediate consequences are: a) once the

time of �igh t of a hea vy c harged particle along a certain path is determined,

and kno wing the prop erties of the tra v ersed material, the a v erage energy loss

can b e calculated, b) taking adv an tage of this feature, it is useful to express the

energy loss as a function of the kinematic v ariable p=Mc = 
� (�g. 2.1 ) and

c) the time of �igh t and the energy loss of a hea vy c harged particle are highly

redundan t observ ables at in termediate energies.

Except for the case of h ydrogen, the curv e of stopping p o w er as a function

of 
� sho ws a minim um at 
� ' 3, corresp onding to

1
�

dE
dx ' 1- 2 Me V g

� 1
cm

2

(�g. 2.1 ). P articles with energy losses close to the p oin t of minim um ionization

are denoted as MIPs (Minim um Ionizing P articles).

Close and distan t collisions

The a v erage energy loss can b e formally written as:

�
dE
dx

=
X

i

� i

X

n

Z 1

o
Q

d� n;i

dQ
dQ (2.5)
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Figure 2.1: Energy loss from the Bethe-Blo c h form ula for a n um b er of elemen ts and particle

sp ecies as a function of 
� [3].

b eing � n;i the inelastic cross section for leading an atom (or molecule) of t yp e i
to a lev el with an energy En;i ab o v e its ground state, Q the energy transferred

and � i the densit y of atoms (or molecules) of t yp e i . The deriv ation of eq. 2.1

from 2.5 is usually p erformed through the description of t w o regimes:

� Distant c ol lisions: collisions that tak e place at large impact parameters

b > bmin (con v ersely lo w energy transferred Q < Q min ). They are re-

sp onsible for the excitations of the atoms (molecules) of the medium. The

sc heme of energy lev els of the atom (molecule) pla ys an imp ortan t role,

b eing syn thesized in the a v erage parameter I [2 ].

� Close c ol lisions: collisions that tak e place at small impact parameters

b < bmin (con v ersely , at large energy transferred Q > Q min ). They are
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resp onsible for ionizations. The binding energy can b e neglected and the

ionizing particle together with the electron from the medium can b e re-

garded as free particles. F or that reason, the scattering amplitudes are

obtained from the QED calculation for di�eren t spins of the particles.

Ev en tually , close collisions are resp onsible for the kno c k-out of energetic

electrons ( � -electrons), resulting in large �uctuations of the energy released

and therefore deviations from the a v erage form ula 2.5 .

It can b e said that:

�
dE
dx

=
X

i

� i

X

n

Z Qmin

o
Q

d� n;i

dQ

�
�
�
�
dist

dQ +
X

i

� i

Z 1

Qmin

Q
d� i

dQ

�
�
�
�
clos

dQ (2.6)

The ev aluation of 2.6 can b e p erformed analytically in the t w o regimes and

later group ed together, yielding the Bethe-Blo c h form ula (eq. 2.1 ). Details on

this last step are extensiv ely discussed in [2].

Energy loss curv e

It is remark able the high degree of generalit y and the accuracy of the Bethe-

Blo c h form ula (an agreemen t with exp erimen tal data at the lev el of 1% is ob-

serv ed in the range 0:6 < 
� < 60 for some cases [3]). Ho w ev er, its applicabilit y

is only v alid at in termediate energies, failing in b oth the high and lo w energy

regimes o wing to the follo wing reasons:

1. Eq. 2.1 la ys on the assumption that the v elo cities of the atomic electrons

can b e neglected as compared to the ones of the particle tra v ersing the

media. The v alidit y of suc h assumption b ecomes w eak in the limit of lo w

energies of the primary particle. This e�ect is accoun ted for b y the so-

called shel l c orr e ction , a term of the form C=Z that is usually included in

the brac k ets of eq. 2.1 .

2. The electric �eld transv ersal to the mo v emen t of a particle increases with


 [6], b eing theoretically p ossible to ionize at in�nite distances whenev er


 tends also to in�nite. Ho w ev er, an y media reacts to an electric �eld

through the p olarization of its constituting atoms or molecules, resulting

in the screening of the �eld at large distances that yield smaller losses as

compared to the Bethe-Blo c h prediction (�g. 2.2 ). This so-called `densit y

e�ects' can b e describ ed in the framew ork of classical electro dynamics [7],

[8], and are often parameterized b y a term of the form � �=2 in the brac k ets

of eq. 2.1 .

A t ev en higher energies the radiativ e losses due to bremsstrahlung start

to dominate, gro wing linearly with E . The energy at whic h this happ ens

is denoted as critic al ener gy E c .

The stopping p o w er for � +
on copp er o v er nine orders of magnitude in

momen tum is sho wn in �g. 2.2 , including a) the lo w energy regime where the

atomic structure b ecomes relev an t, b) the Bethe-Blo c h regime, c) the regime

where p olarization e�ects starts to a�ect the energy loss and, �nally , d) the

regime where bremsstrahlung radiation dominates.
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Figure 2.2: Energy loss for � +
in copp er o v er 9 orders of magnitude in momen tum [3 ].

Delta ra ys

It m ust b e stressed that particle detectors are sensitiv e to the energy dep osited

on them, not to the energy lost. This subtlet y is imp ortan t in case a sizable

amoun t of energy can b e transferred to energetic � -electrons that are able to

abandon the detector b efore b eing stopp ed. As the distance a � -electron can

tra v el is related to its energy , it is in teresting in general to de�ne the ` r estricte d

stopping p ower ' as:

�
1
�

dE
dx

�
�
�
�

T <T cut

= Kz 2 Z
A

1
� 2

�
1
2

ln
2mec2� 2
 2Tupper

I 2 �
� 2

2

�
1 +

Tupper

Tmax

��
(2.7)

where Tupper = min (Tcut ; Tmax ) . Expression 2.7 agrees with 2.1 in the limit

where Tcut is larger than the maxim um energy transferable b y momen tum con-

serv ation, Tmax .

On the other hand, the energy distribution of � -electrons with kinetic energy

I � T < T max can b e appro ximated b y [9 ]:

1
�

d2N
dT dx

=
1
2

Kz 2 Z
A

1
� 2

1
T 2 (2.8)

and their angle of emission is giv en, in a free-electron appro ximation, b y:

cos� =
T
p

pmax

Tmax
(2.9)

that results in emission p erp endicular to the particle trac k, whenev er T � Tmax .

Ho w ev er, elastic scattering in the medium quic kly randomizes the direction of

motion of � -electrons [10 ]. When dealing with electrons, it is customary to de�ne
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a practical range R p , that can b e up to 3 times shorter than the total range.

F or energies b elo w some h undreds of k e V, it is w ell describ ed b y [11 ]:

R p[g cm

� 2] = 0 :72
�

T
1 Me V

� 1:72

(2.10)

Energy loss �uctuations

It m ust b e recalled that the Bethe-Blo c h form ula (eq. 2.1 ) pro vides a me an

v alue. As the pro cess of energy loss has a sto c hastic nature it will sho w, in

general, a c haracteristic distribution whose mean v alue is giv en b y eq. 2.1 . Due

to the sizable probabilit y of emission of high energy � -electrons, the distribution

of energy losses di�ers from a Gaussian exp ectation as long as the released

energy is smaller than the energy of the particle ( thin me dia ). A ccording to

a classical form ulation giv en b y Landau, the energy loss distribution on a thin

medium of thic kness �x can b e written as:

dN
d�

=
1

p
2�

e� 1
2 ( � + e� � )

(2.11)

b eing � the deviation from the most probable energy loss in non-dimensional

units:

� =
� E � � Emp

K Z
A

�
� 2 �x

(2.12)

Eq. 2.11 is rather distinct from the Gaussian exp ectation, sho wing tails

to w ards large v alues of � due to the con tribution of one or more � -ra ys. The

result has practical consequences, indicating that the measuremen t of the energy

lost in thin media b y a single trac k do es not represen t, usually , a reliable estimate

of the a v erage energy loss.

Energy loss in comp ounds

A mixture or comp ound can b e though t as constituted b y pure elemen ts w eigh ted

in the righ t prop ortion (the so-called Bragg additivit y rule):

dE
dx

=
X

j

wj
dE
dx

�
�
�
�
j

(2.13)

and wj is the fraction of elemen ts of t yp e j in the comp ound. Care m ust b e

tak en when applying the Bragg rule to magnitudes lik e I or � (the densit y e�ect

term), as the v alues of the comp ound can b e totally di�eren t o wing to the v ery

di�eren t electric prop erties (see [3]).
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2.1.2 High energy electrons

In most materials, at the scale of tens of Me V, electrons start to lose energy

in matter mainly b y bremsstrahlung (at the same scale where e+ e�
pro duction

also dominates the photon energy losses). The c haracteristic distance for these

t w o pro cesses is the radiation length X o , de�ned as: a) the distance o v er whic h

an electron losses in a v erage 1/e of its energy and b) the mean free path for

pair pro duction b y a high energy photon [3 ]. It is also a con v enien t scale for de-

scribing high energy electromagnetic cascades. The follo wing parameterization

is published in [3 ]:

X o[g cm

� 2] =
716A

Z (Z + 1) ln(287 =
p

Z )
(2.14)

and the adequate expression of the Bragg's rule m ust b e used for describing

mixtures or comp ounds. The t ypical energy loss for electrons and p ositrons is

sho wn in �g. 2.3 as tak en from [3].

Figure 2.3: Energy loss in units of the radiation length for e+ =e�
in lead, o v er 4 orders of

magnitude in energy . Ab o v e 10 Me V the radiativ e losses b y bremsstrahlung already dominate

[3].

.
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2.1.3 
 photons

Photons can in teract with matter in sev eral manners. F rom them, the more

relev an t are usually three:

1. Photo ele ctric e�e ct: at energies comparable to the binding energies of

electrons in the atom (up to some k e V for the inner shells) the photon

transfers all its energy , resulting in an ejected electron with energy equal

to that of the photon min us the electron binding energy:

Ee = h� � K (2.15)

where K is the binding energy and h� the energy of the photon.

The pro cess is strongly enhanced for large v alues of Z , b eing the follo wing

parameterization suggested in [12 ]:
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(2.16)

where n tak es v alues b et w een 4 and 5.

2. Compton e�e ct: at in termediate energies, the electrons can b e regarded as

free, and the kinematics of the in teraction can b e ev aluated b y imp osing

energy and momen tum conserv ation, yielding an electron energy:

Ee =
(1 � cos� )�

1 + (1 � cos� )�
h� (2.17)

with � = h�
m e c2 and � b eing the angle b et w een the photon and the electron

after the in teraction. F or the purp ose of 
 -ra y detection it is customary to

de�ne the Compton edge as the maxim um energy carried b y the electron,

corresp onding to � = � . Roughly sp eaking, the Compton edge represen ts

the maxim um energy released in the activ e medium b y Compton in terac-

tion.

Compton scattering can b e solv ed in QED, yielding the Klein-Nishina

form ula:
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(2.18)

3. Pair pr o duction: when a 
 -ra y exceeds in energy a v alue equal to t wice

the electron mass ( 2me ' 1:02 Me V) the pro cess of pair ( e+ e�
) pro duc-

tion (also called 
 -con v ersion) b ecomes energetically p ossible. The energy

in excess o v er 2me is shared in kinetic energy of b oth the electron and

p ositron. There is no simple expression for the probabilit y of pair pro duc-

tion but its magnitude v aries appro ximately as the square of the atomic

n um b er of the medium [26 ].

The strength of the three men tioned in teractions as a function of the energy

of the photon is sho wn in �g. 2.4 .
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Figure 2.4: Cross sections for photons in carb on and lead [3 ]. � nuc and � e stand for

the probabilit y of pair pro duction in the �eld of the n ucleus and atom, resp ectiv ely . Other

pro cesses sho w little con tributions.
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2.2 A v alanc hes in gases

In 1910 T o wnsend [14 ] measured the curren t b et w een t w o parallel electro des

when a small n um b er of electrons w as released at the catho de, observing an

exp onen tial gro wth as so on as the applied v oltage b et w een them w as increased

ab o v e a certain v alue. Suc h phenomenon w as in terpreted as the result of a

m ultiplication pro cess, originated b y the drifting electrons and ions, when they

ac hiev e the energy required to induce further ionizations.

T o wnsend's in terpretation is no w ada ys kno wn to b e essen tially correct, and

the term avalanche has b ecame p opular for describing the increase of curren t

due to the men tioned cascading pro cess. The a v alanc he phenomenon in gases

has b een used since then to pro duce measurable signals out of a relativ ely small

n um b er of primary ionizations, �nding a widespread application in the detection

of c harged particles.

2.2.1 Main pro cesses

The microscopic pro cesses ruling the electromagnetic in teractions in gases at lo w

energies are k ey for describing the a v alanc he prop erties. This is so b ecause it is

the sw arm of lo w energy secondary electrons and ions whic h ultimately regulates

the a v alanc he pro cess, and no accurate description can b e ac hiev ed as long as it

is not w ell describ ed the w a y they in teract with the molecules and atoms of the

medium. Curren tly there are transp ort co des that predict some of the relev an t

parameters of the sw arm (describ ed later) lik e for example, MA GBOL TZ [15 ],

IMONTE [16 ] or HEED [17 ], and they ha v e found, indeed, remark able success

in in terpreting a n um b er of features observ ed in RPC detectors (see [18 ] and

section 3.2.1 ).

It is customary to sp eak ab out inelastic or elastic collisions, dep ending

whether the kinetic energy of the colliding particles go es or do es not go to

di�eren t degrees of freedom (ionizations, excitations, molecular vibrations...),

resp ectiv ely . Among them, the pro cesses of ionization and excitation are sp e-

cially relev an t; but also photon absorption, electron attac hmen t and ionization

b y ion impact or photo electric e�ect are w orth b eing considered (a detailed

discussion can b e found at [19 ]).

2.2.2 Energy distributions of the sw arm

In the absence of electric �elds, a free c harge in a gas will lose its energy b y

m ultiple collisions un til reac hing the a v erage thermal distribution of the consti-

tuting molecules and atoms. The kinetic theory of gases pro vides the thermal

distribution of energies

6

:

dN
d"

=
2
p

"
p

� (kT )3=2
e� "=kT

(2.19)

with an a v erage energy �" = 3
2 kT ' 0:04 e V under normal conditions ( T ' 25� C ).

Whether this thermal equilibration is still e�ectiv e or not when an external �eld

is applied, results from the balance b et w een the energy lost b y collisions and

6

Usually denoted as `Maxw ellian'.
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the energy regained o wing to the electric �eld during the mean free path of the

particle ( eE� ).

The fraction of energy transferred in an elastic electron-molecule (atom) col-

lision is of the order of the ratio b et w een the masses ( 10� 5
for Ar), b eing the ionic

losses close to 50% under similar conditions, allo wing for a fast thermalization

of the last ev en in the presence of v ery high electric �elds. The case for electrons

is v ery distinct, existing b oth n umerical [20 ] and analytic [21 ] descriptions based

on the kinetic theory of gases, but taking in to accoun t the con tribution of the

inelastic pro cesses and the electric �eld. G. Sc h ultz deriv ed the follo wing ex-

pression under the assumption that only vibrational and rotational excitations

comp ete with elastic collisions:

dN
d"

= C
p

" exp

�
�

Z
3�( " )"d"

[eE� e(" )]2 + 3�( " )"kT

�
(2.20)

�( " ) =
2me

M
+

X

i

" i � i (" )
"� e(" )

(2.21)

where � e and � e are the mean free path and cross section for elastic collisions, re-

sp ectiv ely , " i is the energy lost to the degree of freedom i (ascrib ed to rotational

or vibrational states in the prop osed deriv ation) and � i is the inelastic cross

section for that pro cess. The function �( " ) stands for the fraction of energy lost

in eac h collision, or inelasticity .

F or su�cien tly small �elds suc h that:

[eE� e(" )]2 � 3�( " )"kT (2.22)

the electron thermalization can tak e place and its energy distribution b ecomes

Maxw ellian. Otherwise, its a v erage energy will b e t ypically larger than the

exp ected in thermal equilibrium.

2.2.3 Relev an t parameters of the sw arm

The drift v elo cities ve and vi

Electrons and ions drift parallel to the electric �eld, with a t ypical v alue resulting

from the a v erage o v er the distribution of p ossible energies:

ve( i ) =
Z

cos�

s
2"

me( i )

1
2�

dN
d"

d" d cos� (2.23)

denoting b y � the angle b et w een the particle v elo cit y and the direction of the

electric �eld

7

. It is customary to expand the energy distribution in the presence

of an electric �eld b y using the Legendre p olynomials [21 ]:

dN
d"

=
dN
d"

�
�
�
�
o

+
dN
d"

�
�
�
�
1

cos� + ::: (2.24)

b eing

dN
d"

�
�
o the energy distribution in the absence of electric �elds.

7

Eq. 2.23 is nothing but the a v erage of the v elo cities in the direction of the electric �eld.
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In the limit where the sw arm is thermalized and the �eld is negligible, the

ev aluation of eq. 2.23 naturally pro duces a n ull result, while in the presence of

sizable electric �elds it can b e re-expressed as [10 ]:

ve( i ) =
2
3

eE
me( i )

Z
"� e(" )

@(
q

m e( i )

2"
dN
d"

�
�
o)

@"
d" (2.25)

Expression 2.25 can b e analytically solv ed b y assuming a constan t v alue for � e

and a thermal distribution, pro ducing:

ve( i ) '
2
3

r
me( i ) e2

2kT
� eE = � e( i ) E (2.26)

where � e( i ) is de�ned as the electronic (ionic) mobilit y . The mean free path

is prop ortional to the in v erse of the gas densit y; therefore, under the assump-

tion that the gas has ideal b eha vior, it is exp ected that � e(P) = � e(Po)Po=P ,

resulting in:

ve( i ) = � e( i ) (Po)
E
P

(2.27)

and suc h linear b eha vior pro vides, indeed, a reasonable description of the ion

drift in gases. A t high �elds, the calculation of the electronic drift ma y require

the use of the exact non-thermal distribution in the particular case.

The di�usion co e�cien t D

In a one dimensional medium, a lo calized cluster of No particles di�uses through

m ultiple collisions as:

dN
dx

=
Nop
4�Dt

e� x 2 =4Dt
(2.28)

I.e., a Gaussian distribution whose width increases in time as � x =
p

2Dt . The

result can b e extended to d dimensions ( d = 1 ; 2; 3), pro viding:

� d =
p

2dDt (2.29)

In fact, the di�usion pro cess is go v erned b y a single parameter, namely , the

di�usion co e�cien t D , that can b e obtained according to the kinetic theory of

gases [20] as:

D =
1
3

Z
� e(" )

r
2"
m

dN
d"

d" (2.30)

and for the ionic (thermalized) case, the solution of eq. 2.30 is:

D i =
� i kT

e
(2.31)

In the presence of electric �elds it is usual to distinguish b et w een the longitu-

dinal and transv ersal di�usion co e�cien ts, dep ending on whether the di�usion

is considered in the direction of the �eld or p erp endicular to it.
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The m ultiplication co e�cien t �

Ev en tually , particles reac h enough energy to start to ionize. The �rst T o wnsend

co e�cien t � is the c haracteristic magnitude that describ es the pro cess, b eing

related to the in v erse of the mean free path for ionization � . F or the case of

electrons from the sw arm, its v alue is giv en b y:

� =
1
ve

Z
� (" )� 1

r
2"
m

dN
d"

d" (2.32)

There are no general rules for estimating the b eha vior of the �rst T o wnsend

co e�cien t, despite some analytic expressions ha v e b een devised under certain

conditions [10].

2.2.4 A v alanc he propagation

The equations for the ev olution of the electron and ion densities in a region

where an electric �eld exists, can b e describ ed in terms of the parameters of the

sw arm ve , vi , De , D i , � , follo wing [22 ]:

@ne(x; y; z; t )
@t

= �n ejvej � r (neve) + Der 2ne (2.33)

@ni (x; y; z; t )
@t

= �n ejvej � r (ni vi ) + D i r 2ni (2.34)

where the presence of electronegativ e comp onen ts has b een neglected. The

equations accoun t for the m ultiplication during the drifts of the carriers, plus

their spatial di�usion.

In the simple case where No electrons w ere released at instan t t = 0 at a

p oin t placed somewhere in the catho de (tak en as zero p osition):

ne(0) = No� (t)� (x)� (y)� (z) (2.35)

ni (0) = 0 (2.36)

and making the simplifying assumptions that the transv ersal and longitudinal

di�usion co e�cien ts are equal, and the parameters of the sw arm are constan t

during propagation, the solution of eqs. 2.33 and 2.34 is giv en b y [23 ]:

ne(x; y; z; t ) = Noe�v e t 1
(4�D et)3=2

exp (�
x2 + y2 + ( z � vet)2

4Det
) (2.37)

Therefore, in a �rst approac h, the a v alanc he can b e describ ed b y an exp onen tial

gro wth of the c harges e�v e t
, di�using in space with an a v erage radius that gro ws

with the square ro ot of the di�usion time as r D �
p

Det .

After collection at the ano de (assumed to b e separated a distance g from the

p oin t where the a v alanc he started), the a v erage increase in the initial n um b er

of particles is giv en b y m = e�g
, usually referred as the avalanche gain .

2.2.5 A v alanc he statistics

Primary �uctuations

The n um b er of primary ionizing collisions k pro duced within a gap of width g
follo ws a P oisson distribution with a v erage no = g=� ( � the mean free path for
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ionization of the primary particle):

P(k) =
nk

o

k!
e� n o

(2.38)

Also di�eren t n um b er of electrons can b e ejected in a single ionization, con-

stituting the so-called cluster size distribution: according to [24 ], ionizations

releasing more than one electron can amoun t to 10% of the total in a t ypical

gas lik e iso-C 4 H 10 .

Multiplication �uctuations

It m ust b e recalled that, as for the in teraction of the primary particle, the

ionizing probabilit y of the electrons (ions) of the sw arm has also a sto c hastic

nature. The relativ e con tribution of the e�ect is small whenev er the n um b er

of released electrons (ions) is v ery large, but will a�ect the a v alanc he gain if it

con tributes in the early stages of a v alanc he dev elopmen t. When the sw arm is

thermalized, the b eha vior of its constituting particles b ecomes indep enden t from

the details of previous in teractions

8

. In that case, the distribution of a v alanc he

gains after a certain distance follo ws an exp onen tial distribution, kno wn as

the F urry la w [25 ]. The distribution of gains o v er a distance g for a v alanc hes

initiated b y a single electron is, therefore, giv en b y:

dN
dm

=
1
�m

e� m= �m
(2.39)

b eing �m = e�g
the a v erage gain. F or increasing �elds, deviations from the

simple F urry la w are exp ected, a regime where the so-called P oly a la w pro v ed

to b e more accurate:

dN
dm

=
1 + �

�(1 + � ) �m

�
m(1 + � )

�m

� �

e� m (1+ � )= �m
(2.40)

� is the Euler Gamma function and � is a free parameter that dep ends on the

�eld (at � = 0 eq. 2.40 coincides with the F urry la w).

2.2.6 Streamer propagation

Dep ending on the conditions, at v ery high �elds the a v alanc he formation can

precede the dev elopmen t of a luminous �lamen t b et w een ano de and catho de,

resulting from a fast increase of the released c harge. Suc h increase can b e as-

crib ed to the onset of new phenomena, di�eren t than the normal propagation of

the a v alanc he, and it is usually referred as str e amer . The nature of suc h pro cess

is not understo o d in full detail, despite di�eren t mo dels ha v e b een devised, pro-

viding an adequate in terpretation of some of the observ ations [27 ], [28 ], [29 ]. In

general, it is accepted that the conditions for a streamer to dev elop are b ound

to the distortions of the electric �eld when the self-�eld of the a v alanc he is com-

parable to the applied �eld (a concept also denoted as Sp ac e-Char ge e�e cts ).

Successful quan titativ e attempts ha v e b een made [27 ], [28 ], b y assuming that

the increase of curren t c haracteristic of the streamer dev elopmen t is related to

8

Sometimes it is said that the particles lost their memory .
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the presence of short-range UV photons that are able to ionize the gas in re-

gions of high electric �elds. The main shortcoming for c hec king the v alidit y

of an y realistic description of the streamer pro cess is that calculations rely on

estimates of a n um b er of parameters of the sw arm, that are usually di�cult to

access exp erimen tally .

Despite the uncertain ties, it is w ell established since the 60's, thanks to

Raether [29 ], that an exp erimen tal limit exists for the maxim um gain attainable

in wide gap gaseous detectors b efore the streamer can progress:

m = e�g ' e20 = 5 108
(2.41)

that is called R aether limit .

Figure 2.5: Sim ulated b eha vior of the longitudinal comp onen t of the electric �eld created

b y the a v alanc he, as a function of the p osition along the gap z and the radial distance r . The

a v alanc he has b een started b y a single electron at z = 0 (catho de) in a gas mixture based on

C 2 H 2 F 4 /SF 6 /iso-C 4 H 10 (85/10/5) at an applied �eld E ' 93 k V/cm [24].

Catho de streamer

In �g. 2.5 the sim ulated b eha vior of the a v alanc he self-electric �eld is sho wn

according to the w ork of C. Lippmann and W. Riegler [24 ], that will b e used
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for illustration. In the streamer mo dels prop osed in [13 ], [27 ], [28 ] it is assumed

that UV photons are generated during a v alanc he formation. Being emitted

isotropically , they can tra v el to w ards the catho de up to the head of the ion tail,

where the �eld is higher, and there induce new a v alanc hes. F or this pro cess

to end in a streamer, the onset of the Space-Charge regime is required. In

suc h a case, a w a v e of successiv e ionizations in the direction of the catho de can

progress, resulting in the so-called `catho dic streamer'.

Ano de streamer

A similar pro cess can tak e place in the electron fron t. Ho w ev er, it m ust b e noted

that the ano de streamer do es not require from UV photons to propagate. The

higher densit y of electrons in that region results on higher �elds as compared

to the ion fron t. In that case, [28 ] predicts the formation of a streamer arising

from the in teraction b et w een the electron fron t of the a v alanc he and the ano de.

The di�eren t origin of ano de and catho de streamers suggests that b oth fron ts

of the streamer (ano dic and catho dic) can tra v el at di�eren t v elo cities. Suc h

b eha vior has b een rep orted under some conditions [30 ].

2.3 Breakdo wn in parallel plate geometries

It is denoted b y breakdo wn a pro cess that pro duces a high conductivit y b et w een

catho de and ano de, ev en tually leading to a violen t sp ark that results in the drop

of the v oltage across the gap. T w o pro cesses are assumed to b e the more frequen t

ones in leading a detector to the breakdo wn.

2.3.1 T o wnsend mec hanism

T ogether with direct ionization of molecules (atoms) of the gas, that is describ ed

b y the �rst T o wnsend co e�cien t, there are other pro cesses that con tribute to

the release of secondary electrons. Among them, the more relev an t are b oth

the photo electric e�ect (from photons emitted during the dev elopmen t of the

a v alanc he) and electron extraction b y ion collisions at the catho de. The ejected

electrons are accelerated bac k to w ards the ano de, resulting in the generation of

succeeding a v alanc hes.

This feedbac k mec hanism is exp ected to b ecome self-sustained whenev er the

a v erage n um b er of electrons ejected at the catho de exceeds the a v erage n um b er

of primary electrons released b y the primary particle. Assuming an ejection

probabilit y � , and a certain gain �m , the a v erage n um b er of primary electrons

no is related to the n um b er of electrons ejected at the catho de through:

n� = no �m� (2.42)

Therefore, as long as �m� & 1, the n um b er of new ejected electrons n� coming

to w ards the ano de b ecomes larger than the no released b y the primary particle.

This situation corresp onds to the app earance of a self-sustained curren t, that

extends to the whole gap after a certain time, and leads to the breakdo wn. The

condition:

�m� & 1 (2.43)
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is denoted as `T o wnsend Breakdo wn Criteria'. Due to the necessit y of further

a v alanc hes, this mec hanism is rather slo w as compared with the a v alanc he for-

mation itself, lasting some tens of � s, dep ending on the case.

2.3.2 Streamer mec hanism

It is an exp erimen tal fact that, after a streamer dev elops, a path of conducting

ionized plasma is left through the gap, allo wing for the progress of a violen t spark

b et w een the electro des, that leads to the breakdo wn of the applied v oltage.

Apart from its di�eren t origin, the streamer mec hanism is m uc h faster than

the T o wnsend one, as it is started immediately after the �rst a v alanc he is pro-

duced in the gas. A mixture of the t w o breakdo wn mec hanisms describ ed is

p ossible. It is, for example, probable that the �rst stage of the T o wnsend mec h-

anism precedes the creation of a streamer in, let's sa y , the 10th
generation, that

�nally causes the breakdo wn.

It m ust b e men tioned that, in the case of the streamer mec hanism, the

a v alanc he statistics can mak e the conditions for breakdo wn p ossible ev en if the

Raether condition is not ful�lled. This phenomenon requires the gases used in

detectors to b e `quenc hed', that is, to ha v e a lo w ligh t emission.





Chapter 3

Timing RPCs

3.1 Historical in tro duction

3.1.1 PPCs

A P arallel Plate Cham b er (PPC) consists in 2 parallel metallic electro des op er-

ated at high v oltage, th us pro viding an uniform electric �eld across the v olume

that they delimit. When a c harged particle crosses the space b et w een the elec-

tro des, it creates electron-ion pairs with a certain densit y; in a later stage, and

if the �eld is high enough, the released electrons are accelerated to w ards the

ano de, regaining enough energy for inducing further ionizations in a cascading

pro cess called a v alanc he (see section 2.2 ). In this simple w a y it is p ossible to

pro duce a measurable c harge from a reduced n um b er of initial c harges. The

v ery fast drifting electrons pro duce a prompt signal that can b e used for timing

purp oses, whereas the ions drift to the catho de at m uc h smaller v elo cities, due

to their higher mass.

The �rst application of a parallel plate geometry for timing dates bac k to

1948, and w as called Keu�el Spark Coun ter after its in v en tor [31 ]. It sho w ed a

time resolution at the lev el of 1 ns but, due to the enormous amoun t of c harge

released b y the spark created, a large reco v ery time of some milliseconds w as

required, limiting the rate capabilit y of the device.

The op eration of parallel geometries with electro des co v ered b y high resis-

tivit y materials, prev en ting the v oltage breakdo wn, w as pioneered in 1971 [32 ]

and consolidated in 1981 [33 ] with the adv en t of the Resistiv e Plate Cham b ers

(RPCs).

In 1971, the P esto v's group [32 ] made use of a highly resistiv e material (glass)

for limiting the progress of the spark. The so-called `P esto v coun ter' is able to

ac hiev e ultimately a time resolution at the lev el of 25 ps . Ho w ev er, the coun ter

is c haracterized b y its high tec hnical complexit y: i) its gap is as small as 100

� m wide, therefore aiming for a high e�ciency it m ust b e op erated at around

12 bar; ii) it is required the use of a sp ecial kind of glass with � � 5 109 
 cm

(called `P esto v glass'); iii) at last, the requiremen ts concerning mec hanics are

v ery demanding.

35
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3.1.2 RPCs

The R esistive Plate Chamb er (RPC)

1

w as dev elop ed b y R. San tonico and R.

Cardarelli in 1981 [33 ] with the in ten tion of o v ercoming the di�culties inheren t

to the P esto v coun ter [32 ], while k eeping its more fundamen tal virtues (namely ,

the p ossibilit y of w orking at v ery high �elds b y a v oiding the breakdo wn of the

detector).

The �rst RPC consisted in t w o parallel copp er electro des co v ered with high

resistance plates made of a phenolic resin kno wn as Bak elite, with a v olume

resistivit y � ' 1010 
 cm. The ensem ble delimited a `wide' gap of 1.5 mm �lled

with a gas mixture of Argon/iso-C 4 H 10 (iso-butane) in a prop ortion 1:1 (�g.

3.1 left)

2

. The main adv an tage as compared to the P esto v coun ter is that the

gas circulates at atmospheric pressure along a wide (1.5 mm) gap. A ccording

to the con v en tion used no w ada ys, it can b e said that the detector w as op erated

in streamer mo de

3

, allo wing a high simpli�cation of the electronics (see section

3.1.4 ).

Under the conditions men tioned, the dark rate of the coun ter w as consid-

erable, con tributing to a decrease in the observ ed e�ciency . F or a v oiding this

e�ect, the plates w ere pain ted with linseed oil and, remark ably , this tec hnique

has b een k ept since then for Bak elite-based RPCs.

The signal w as measured with pic k-up strips, separated from the HV foil

through PV C

4

, a v oiding the use of coupling capacitors. The HV has to b e

applied through a non-p erfect conductor (p o orly conductiv e pap er foil) in order

to b e transparen t to the induced signal, otherwise a fraction of it will b e lost.

The basic op eration principle of an RPC is already describ ed in the original

pap er and not m uc h has c hanged since then:

1. The signal induction time, around 10 ns for the electron (prompt) comp o-

nen t, is m uc h smaller than the time constan t of the R C circuit formed b y

the resistiv e plate, � = R C ' �� ' 10 ms [34 ]. This means that, from the

p oin t of view of the signal induced in the read-out electronics, the resistiv e

plate b eha v es as a p erfect dielectric ( R = 1 ).

2. F rom the p oin t of view of the ph ysical phenomena in v olv ed, the situation is

v ery similar to the PPC case, just b ecause the resistiv e plate is essen tially

transparen t to the induced signal. Ho w ev er, op eration of PPCs at the

t ypical high �elds of RPCs is di�cult in practice, b ecause the c harge �o w

required for breakdo wn is not limited b y resistiv e plates.

3. F or a v oiding the presence of self-sustained disc harges that ma y arise from

the T o wnsend mec hanism (see section 2.3.1 ), the c hoice of a standard UV

quenc her (iso-C 4 H 10 ) w as adopted.

4. The rate capabilit y of an RPC is ultimately related to the a v erage c harge

p er a v alanc he and the reco v ery time of the plate � or, equiv alen tly , to the

a v erage ohmic drop in the resistiv e plates

�Vdrop = �q=C�A� , b eing C the

1

It m ust b e said that, in the original pap er, the letter C w as used for `Coun ter', but the

more generic w ord `Cham b er' b ecame later more p opular.

2

Iso-C 4 H 10 is an UV quenc her, while Argon is a noble gas w ell suited for applications with

gaseous detectors, due to its high densit y .

3

In the original pap er, the w ord `disc harge' is preferred for describing the signal.

4

P olyvin yl c hloride.
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Figure 3.1: Left: example of a 1-gap RPC [33] and righ t: a symmetric 2-gap RPC [34], b oth

dra wn according to their original designs. The HV capacitors are a v oided b y the use of a PV C

la y er and a lo w conductivit y pap er foil for applying the HV (a graphite coating w as used in

the 2-gap design). Details are giv en in text. The dimensions are not realistic, in particular

the gap has b een enlarged.

capacit y of the RPC, � the primary rate and A the area of the plates

(section 3.2.7 ).

5. Regarding timing, the situation is more fa v orable in a parallel plate ge-

ometry ( E � constan t) than in a cylindrical one ( E � 1=r ) commonly

used for prop ortional detectors. The parallel geometry allo ws to extend

the `m ultiplication region' to all the detector (the �eld is high enough for

inducing an a v alanc he at an y p oin t), while in prop ortional detectors it

is required a propagation time along the `drift region' b efore the m ulti-

plication can tak e place, a�ecting the timing prop erties. Con v ersely , the

sensitivit y to the energy released b y the primary particle is m uc h higher

in the case of cylindrical geometries as compared to the parallel ones, due

to the fact that the m ultiplication region is w ell delimited.

In its �rst design, the RPC tec hnology ac hiev ed v ery promising p erfor-

mances, reac hing 97% e�ciency and a time distribution of 1.2 ns FWHM, b e-

coming an a�ordable alternativ e to the use of plastic scin tillators.

3.1.3 Double gap RPC

The double gap structure w as in tro duced in 1988 [34 ] and the gap width in-

creased up to 2 mm, whic h is the v alue commonly used no w ada ys. The setup

w as symmetric with the ground electro de in the cen ter and the HV applied o v er

the outer la y ers (�g. 3.1 ).

The 2-gap con�guration allo w ed for an increase in e�ciency and con�rmed

that the time resolution w as w ell at the lev el of � T ' 1 ns.

3.1.4 Op eration mo des

Streamer mo de

As said in section 2.2.6 , a streamer is a pro cess of a di�eren t nature than

a v alanc he m ultiplication, releasing a high amoun t of c harge as compared to

the one of a normal a v alanc he. Therefore, the rate capabilit y is a p oten tial

problem for RPCs op erated in streamer mo de. Despite this dra wbac k, it has

found wide application in exp erimen ts that w ork at lo w rates, as in the case of

BELLE at KEK that op erates b elo w 1 Hz/cm

2
[35 ], or BaBar at SLA C [36 ].
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The b ene�t of this op eration mo de is that the read-out electronics is simpli�ed

as compared to the a v alanc he mo de. Because of these c haracteristics, RPCs in

streamer mo de are sp ecially w ell suited for cosmic ra y exp erimen ts as AR GO

at Y angBaJing [37 ].

This mo de w as also called `spark mo de' [38 ] but it is probably not a go o d

c hoice: the formation of a spark requires an enormous curren t that is limited,

in fact, b y the presence of the resistiv e plates. So, the term `streamer mo de'

b ecame more p opular [39].

A v alanc he mo de

The in tro duction of the a v alanc he mo de of op eration to ok place in 1993 [40 ]

as an attempt to impro v e the rate capabilit y b y reducing the c harge released

p er a v alanc he, while using dedicated electronics for ampli�cation (an in teresting

comparison b et w een streamer and a v alanc he mo de can b e found in [38 ]). F or

this purp ose, a highly electronegativ e gas (CF 3 Br) w as used and, since then,

a n um b er of di�eren t electronegativ e mixtures w ere tried, including CH 2 F CF 3 ,

C 2 H 2 F 4 and SF 6 .

RPCs op erating in a v alanc he mo de ha v e found application in high energy

ph ysics (lik e A TLAS or CMS at LHC, see [41 ], [42 ] for instance) and are of-

ten called `trigger RPCs', allo wing for rate capabilities in the range 100-1000

Hz/cm

2
.

The a v alanc he mo de of op eration w as also called `prop ortional mo de' [39 ]

whic h is probably a bit am bitious in view of the follo wing: on one hand, the

c harge of the collected signal is not prop ortional to the c harge released b y the

primary particle as it dep ends on the p osition of the �rst cluster; on the other

hand, the gro wth of the a v alanc he is kno wn to b e a�ected b y Space-Charge

e�ect, a regime where the correlation with the c harge initially released is v ery

small. Therefore, the more general term `a v alanc he mo de' prev ailed [38 ].

3.1.5 Multi-gap RPC (MRPC)

A new design app eared in 1996 [43 ] due to the e�orts of M.C.S Williams' group,

consisting in a triple set of Bak elite plates separated b y gaps of 3 mm, that

allo w ed, according to its in v en tors, for a similar time resolution as a single-gap

2 mm c ham b er while reducing the dark curren t and increasing the e�ciency

plateau.

It can b e roughly exp ected that the m ulti gap allo ws for an increase in the

e�ciency as:

" = 1 � (1 � " N )N
(3.1)

where N stands for the n um b er of gaps and " N denotes the e�ciency p er single

gap. Expression 3.1 is exact under the assumption that, for detection, at least

one of the gaps m ust pro vide a detectable signal with indep endence of the others.

This assumption is not true, as t w o indep enden t induced signals falling b elo w

the detection threshold can yield a total signal that is ab o v e; therefore the

e�ciency represen ted b y eq. 3.1 represen ts a lo w er limit to the one exp ected

in realit y . On the other hand, the time resolution sligh tly increases, in a �rst

approac h, as:

� T =
� T;Np

N
(3.2)
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whic h is the exp ected, if the time resp onse is Gaussian. The details on the

appro ximate statemen t 3.2 are discussed in c hapter 9 .

It has b een observ ed rep eatedly that the time resolution dep ends on the gap

width, t ypically impro ving for small gaps [44 ]. It can b e argued, therefore, that

a m ulti-gap con�guration can pro vide a go o d timing, as c haracteristic of narro w

RPCs, while k eeping the e�ciency at high lev els, as c haracteristic of wide RPCs.

Multi-gap tec hnology has a v ery in teresting feature: the inner resistiv e plates

can b e left �o ating and they will tak e in a v erage the v oltage drop exp ected due

to electrostatics. The argumen t is the follo wing: in the electrostatic situation

the v oltage drop in eac h of the N gaps is directly VN = V=N . If no w a par-

ticle ionizes in t w o neigh b oring gaps, it can release di�eren t c harges, inducing

di�eren t v oltage drops in the gaps corresp onding to b oth sides of the plate. In

this w a y the plate is c harged up. Ho w ev er, the next a v alanc he will see a lo w er

�eld in the gap where more c harge w as pro duced, whereas in the other gap the

situation will b e the opp osite. As a result, the c harges of the next a v alanc hes

that are collected at eac h side of the resistiv e plate will comp ensate from those

c harges of the previous a v alanc hes, balancing the �eld in the neigh b oring gaps.

This e�ect suggests that the grounding of the resistiv e plates is not exp ected to

b e a fundamen tal issue, as it has b een con�rmed exp erimen tally .

See �g. 3.2 for t ypical examples of m ulti-gap con�gurations.

3.1.6 Timing RPC (tRPC)

The realization of the imp ortance of the mec hanical uniformit y of the gap in re-

lation with high precision timing (see c hapter 9) together with the dev elopmen t

of fast ampli�cation electronics, made p ossible to op erate a m ulti-gap RPC in

a v alanc he mo de with thin gaps of 0.3 mm and glass electro des, at �elds as high

as 100 k V/cm. Suc h step w as accomplished in the y ear 2000 b y P . F on te, A.

Smirnitski and M.C.S. Williams [45 ], op ening a new branc h in the �eld. This

�rst dev elopmen t ac hiev ed a time resolution at the lev el of 120 ps, although

so on after that, the p ossibilit y of going do wn to the lev el of 50 ps for small de-

tectors [46 ] w as pro v ed. The applicabilit y of the tec hnology in large size tRPCs

w as later con�rmed [47 ], pro viding resolutions comfortably b elo w 100 ps, with

reasonable homogeneit y . The gas mixture originally used w as C 2 H 2 F 4 /SF 6 /iso-

C 4 H 10 (85/10/5) based on results for wide-gap RPCs [48 ] and called since then

`standard mixture' in the con text of timing RPCs. The addition of a small frac-

tion of SF 6 seems to impro v e the stabilit y , to increase the e�ciency `plateau'

and to reduce the amoun t of streamers. Similar mixtures (90/5/5) ha v e b een

also tried, sho wing a sligh t impro v emen t according to [49 ].

So on after the �rst dev elopmen t, it b ecame p opular the use of standard

windo w glass in RPCs, also called so da-lime-silica glass or just �oat glass [47 ],

[50 ]. It is widely a v ailable, a�ordable and still with a resistivit y � ' 1012� 13


 cm, allo wing for op eration at rates up to around 500 Hz/cm

2
.

As `timing RPCs' is the cen tral issue of the presen t w ork, its description

will b e dev elop ed in more detail in forthcoming sections. Ho w ev er, most of

the c haracteristics men tioned in the follo wing can b e extrap olated to standard

RPCs.
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Figure 3.2: Examples of m ulti-gap RPC. In the left, the original 3-gap design of [43]. In the

righ t, the 4-gap timing RPC protot yp e studied in c hapter 6.

3.2 Timing RPC ph ysics

The RPC �eld has liv ed a fast theoretical gro wth in the past 10 y ears, allo wing

for descriptions of di�eren t asp ects. The results summarized in the follo wing

can b e group ed in three main topics:

1. Sp ac e-Char ge and dete ctor physics:

M. Abbrescia [51 ] (M.C. for c harge sp ectra and e�ciency), M. Abbrescia

[52 ] (M.C. implemen ting Space-Charge in a `crude' w a y), P . F on te et al.

[53 ] (analytic description of Space-Charge), G. Aielli et al. [54 ] (analytic

description of Space-Charge), P . F on te et al. [55 ] (analytic description of

timing prop erties), A. Mangiarotti et al. [56 ] (analytic description of the

e�ect of Space-Charge on timing), C. Lippmann and W. Riegler [57 ] (full

M.C. sim ulation of RPC ph ysics in 2D including exact calculation of the

Space-Charge).

2. Fluctuations of the applie d �eld:

G. Carb oni et al., D. González-Díaz et al. [58 ], [59 ] (mo del for the a v-

erage e�ect of rate), M. Abbrescia [60 ] (M.C. for rate e�ects on RPC

p erformances), A. Blanco et al. [61 ] (analytic description of mec hanical

inaccuracies on timing), D. González-Díaz et al. [62 ] (analytic descrip-

tion of rate e�ects on timing, M.C. description of c harging-up pro cess), C.

Lippmann and W. Riegler [63 ] (M.C. description of rate e�ects on timing).

3. Ele ctr ostatics:

W. Riegler [64 ] (exact form ulas for the w eigh ting �eld), W. Riegler and D.

Burgarth [65 ] (electrostatic calculation of crosstalk, induction and losses)

3.2.1 E�ciency and primary ionization

The e�ciency of an RPC is related to the a v erage n um b er of ionization clusters

pro duced p er unit length no=g = 1 =� , b eing no the a v erage n um b er of clusters,

g the gap width and � the mean free path for ionization of the primary particle.

In the ideal limit where an y cluster is detected, the in trinsic e�ciency of the

device is reac hed:

" int = 1 � e� g=� = 1 � e� n o
(3.3)
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and, b y analogy , the e�ciency measured in lab is:

"exp = 1 � e� n 0
o

(3.4)

The measured e�ciency is smaller than the theoretical one b ecause of t w o main

reasons:

1. The lo w est v alue ac hiev able for the threshold of the comparator is limited

b y the noise lev el. Therefore, the a v alanc hes that induce signals compati-

ble with noise can not b e measured.

2. There is alw a ys a probabilit y that the electrons in a cluster are attac hed

and no electron signal is collected.

As a result of these e�ects, the v alue of n0
o measured from the e�ciency in

lab is smaller than no that could b e estimated, for example, with a sim ulation

co de. In particular, it has b een observ ed that no is t ypically a factor 2 bigger

than n0
o for di�eren t gap sizes [55 ] when comparing with the v alue obtained from

sim ulations (HEED [17 ]). This discrepancy is often in terpreted as the fact that,

for practical purp oses, only a fraction n0
o=no of the gap is activ e. In a v erage,

a cluster pro duced b ey ond this distance will not reac h the threshold. In this

natural w a y it can b e in tro duced the concept of `dead' and `activ e' regions.

It is useful to tak e an analytic description of the e�ciency in lab " lab [66 ],

[52 ] based on the assumption that the �rst non-attac hed cluster closer to the

catho de dominates the b eha vior of the e�ciency:

"exp = 1 � e� (1 � �
� )n o

�
1 +

(� � � )
Ew

mt

� n o
�g

(3.5)

where � and � are the m ultiplication and attac hmen t co e�cien ts, resp ectiv ely .

mt e is a c harge threshold (related to the threshold of the comparator) and Ew

is the w eigh ting �eld that, according to the Ramo theorem, is related to the size

of the induced signal (see section 3.2.6 ). Eq. 3.5 is just an appro ximation that

pro v ed to describ e reasonably w ell the e�ciency of timing RPCs [18 ], [66 ] and

con tains the t w o e�ects already men tioned at the b eginning of the section. As

exp ected, in the limit � ! 0 (no attac hmen t) and mt ! 0 (zero threshold) it

coincides with the in trinsic e�ciency " int , eq. 3.3 .

It w as the merit of C. Lippmann and W. Riegler [66 ] to sho w that, indeed,

the eq. 3.5 (and also detailed M.C. calculations) allo ws for an explanation of the

di�erence b et w een no and the measured n0
o , just resorting to standard ph ysics

of gaseous detectors. The analytic expression 3.5 fails when m ultiple clusters

are pro duced, b eing inaccurate for wide gap RPCs.

3.2.2 Time resp onse

There is a v ailable a mo del [55 ] that reasonably catc hes the main dep endencies

of the in trinsic time resp onse of an RPC, and whose h yp othesis are describ ed

in detail in c hapter 9. The mo del allo ws to obtain the time resp onse function

in terms of n0
o (related to the measured e�ciency) and the gro wth co e�cien t

S = ( � � � )ve ( ve is the drift v elo cit y):

� T (t) =
n0

o

en 0
o � 1

e( � th � St ) � exp( � th � St )
p

n0
oe( � th � St )

I 1

�
2
q

n0
oe( � th � St )

�
(3.6)
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where � th = ln [ mt (1 � �=� )] and I 1 is the mo di�ed Bessel function. The rms

5

(time resolution) can b e extracted from eq. 3.6 to b e:

rms T =
K (n0

o)
S(V)

(3.7)

K (n0
o) has an analytic expansion as a function of n0

o that can b e found elsewhere

[67 ], whereas its functional dep endence is presen ted in �g. 9.1 .

The relev an t feature of eq. 3.7 is that the time resolution can b e separated

in t w o di�eren t con tributions: the �uctuation due to the primary and m ultipli-

cation statistics K (n0
o) that dep ends on the primary in teracting particle on one

hand, and the gro wth co e�cien t of the gas S that dep ends on the applied �eld

and the particular gas mixture on the other hand. It m ust b e noted that the

t w o magnitudes n0
o and S are not completely indep enden t

6

, but expression 3.7

pro vides considerable insigh t in the timing prop erties of an RPC as a function

of the ph ysics in v olv ed.

It is apparen t in expression 3.6 that the e�ect of � th (equiv alen tly , the thresh-

old of the comparator) is just a global shift that will not a�ect an y momen t of

order larger than one around the mean of the distribution, in particular the time

resolution. This e�ect is w ell kno wn exp erimen tally [46 ] and is also repro duced

b y the n umerical calculations of [57 ].

Limitations for timing

The maxim um �eld applied in a timing RPC is limited b y the apparition of

streamers, that start to deteriorate the capabilities due to the large c harge

released. In a �rst approac h, this situation can b e iden ti�ed with the Raether

condition �g ' 20 (eq. 2.41 )

7

. Therefore, replacing � in eq. 3.7 , it is p ossible to

infer that the b est time resolution ac hiev able in a giv en con�guration b eha v es

as:

rms T

�
�
min �

K (n0
o)

ve
g (3.8)

The dep endence on the gap size is also presen t through the n um b er of primary

clusters released n0
o but, b eing this dep endence relativ ely small (�g. 9.1 ), the

dominan t e�ect is that the time resolution w orsens with the increase in the

gap size. This e�ect is w ell established exp erimen tally [44 ], sho wing deviations

for v ery small gaps ( g < 0:3 mm). A complete picture requires to understand

deeply the Space-Charge ph ysics and the Raether criteria.

Eq. 3.6 has tails to w ards dela y ed times, b ecoming Gaussian for high n0
o .

In this limit, K (n0
o) b eha v es appro ximately as K=

p
n0

o according to �g. 9.1 .

Therefore, in the limit where n0
o is large, it is p ossible to rewrite expression 3.8

5

Ro ot Mean Square.

6

F or example: if the v oltage c hanges, S will c hange, but also the e�ciency , and therefore

n0
o . Ho w ev er, the in�uence of the v oltage o v er n0

o is only logarithmic while linear o v er S (see

c hapter 7 ).

7

In fact, the Raether limit w as exp erimen tally obtained for wide gaps with widths at the

lev el of cm. The quan titativ e justi�cation for the limit deriv ed in [29 ] w ould b e also mo di�ed

in case of narro w gaps. Ho w ev er, what is required for the argumen t presen ted in the text is to

assume that �g ' ctan t represen ts a practical limit with indep endence on g, for t ypical RPC

sizes.
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in a more transparen t w a y as a function of fundamen tal v ariables:

rms T

�
�
min /

1
ve(E )

r
�g
N

(3.9)

b eing ve the drift v elo cit y at the �eld corresp onding to the b egining of the

pro duction of streamers, g the gap size, N the n um b er of gaps and � the mean

free path for ionization.

3.2.3 Time-c harge correlation

Equation 3.6 stands for the in trinsic resp onse of the RPC and no attempt is

done to describ e the extra jitter coming from non-ideal electronics. Besides

the una v oidable electronic jitter, a systematic shift of the tof 8

measured at

�xed v elo cit y of the primary particle is alw a ys presen t, and it dep ends on the

a v alanc he size. This `w alk' can b e subtracted, if the c harge is measured, through

a pro cedure often called in the literature `the slewing correction'.

There is a part of the time-c harge correlation coming from electronics, cer-

tainly , but it has b een suggested that there is also an in trinsic correlation coming

from the a v alanc he ph ysics [47 ], an e�ect not fa v oured b y M.C. calculations [57 ].

It is not the ob jectiv e of this w ork to discuss the nature of the time-c harge

correlation in timing RPCs. Ho w ev er, it m ust b e said that the slewing correction

allo ws to t ypically impro v e the time resolution b y 20-60 ps (see table 3.1 at the

end of the c hapter). An example of ho w this correlation lo oks lik e is sho wn in

�g. 6.15 .

3.2.4 Space-Charge

Space-Charge is kno wn to b e crucial for in terpreting the c harge sp ectra and

e�ciencies of b oth standard RPCs [48 ] and tRPCs [53 ], [57 ].

Let's assume the follo wing v ery naiv e image: a) the a v alanc he gro ws un til

reac hing a critical n um b er of electrons, b) suc h critical n um b er is related to

the situation where the a v alanc he self-�eld is comparable to the applied one,

resulting in a reduction of the e�ectiv e �eld in a large region of the a v alanc he

dev elopmen t (see �g. 2.5 ), c) further ionizations are highly reduced for a large

fraction of the secondary electrons, whic h drift to w ards the ano de almost unaf-

fected (see �g. 3.3 ), d) the a v erage �eld created b y the a v alanc he is prop ortional

to the n um b er of carriers (neglecting di�usion e�ects):

�Eavalanche / �ne / �q (3.10)

On the other hand, according to the assumptions made, the a v alanc he will

gro w up to the p oin t when the lo cal �eld is equal to the applied �eld E , i.e.

�Eavalanche = E . This implies that �q / E . In a parallel geometry E / V and

therefore:

�q / V (3.11)

F or lo w v oltages, i.e., b efore the onset of the Space-Charge regime, the gro wth of

the a v erage c harge �q with V will b e the one exp ected for a prop ortional coun ter:

�q / e� (V )g
(3.12)

8

Time of �igh t.
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Figure 3.3: Figures inspired in [54], for trigger RPCs. The left picture corresp onds to the

semi-empirical la w �q(V ) = K ln(1 + ea( V � Vth ) ) that describ es w ell the exp onen tial and the

linear regions observ ed exp erimen tally . Vth is related to the onset of the Space-Charge e�ect.

The dashed line sho ws the region where the linear b eha vior is a reasonable assumption. In

the righ t, the Space-Charge e�ect is illustrated according to the v ery naiv e mo del of text.

F or high �elds, the b eha vior of � as a function of V can b e appro ximated b y a

linear trend [66 ], so the gro wth of the a v erage c harge with V is w ell describ ed

b y an exp onen tial.

Despite its simplicit y , the view prop osed for describing Space-Charge is in

agreemen t with the observ ations made on tRPCs [68 ] (quoted as a transition

from an exp onen tial region to a `sub-exp onen tial' region) and standard 2 mm

RPCs [54 ] [58 ].

A nice attempt to repro duce the transition from the exp onen tial to the linear

regime consists in comparing this situation with a self-regulated system suc h as

a biological p opulation in an en vironmen t with limited resources [54 ]. In this

case the role of the `resources' is pla y ed b y the �eld observ ed b y the electrons in

the a v alanc he, whic h are the activ e p opulation. The electrons `eat' electric �eld

up to when it is exhausted and then further gro wing is stopp ed. This mo del

predicts in a natural w a y an exp onen tial `prop ortional' regime follo w ed b y a

`saturated' regime where the b eha vior is linear (�g. 3.3 ).

Space-Charge reduces the released c harge b y sev eral orders of magnitude as

compared to the exp ected from a prop ortional regime. Moreo v er, it allo ws to

reac h v ery high v alues of � b efore streamers start to b e imp ortan t, resulting

in a v ery narro w time resp onse (eq. 3.7). F or illustration: taking the a v erage

v alue � ' 90=mm obtained in lab at E = 100 k V/cm under op eration with

the standard mixture [69 ] it w ould b e exp ected �g = 25 , yielding for a tRPC

w orking in a prop ortional regime a total c harge giv en b y:

�qtotal ' e e�g ' 104
pC (3.13)

whic h is orders of magnitude ab o v e the t ypical c harges observ ed in tRPCs (at

the lev el of few pC).

It is kno wn that a parallel geometry do es not represen t an adequate c hoice

for measuring the energy released b y the primary particle, b ecause of the un-

certain t y in the p osition of the �rst in teraction. In RPCs, due to the presence

of Space-Charge, the correlation b et w een the released c harge and the collected

one is ev en smaller, b ecause all the a v alanc hes are do omed to a similar end.
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3.2.5 Prompt c harge vs induced c harge

The c harge induced during the drift of the electrons along the gap is denoted

as prompt/electronic c harge qprompt , a pro cess that tak es place t ypically in the

�rst 3 ns after cluster formation ( ve ' 100 � m/ns [69 ], g=ve ' 3.0 ns). The

drift time of the ions is considerably larger, b eing at the lev el of �s . The term

induc e d char ge qinduced is used here to denote the c harge induced during b oth

the drifts of the electrons and the ions in the gap.

The total c harge released cannot b e accoun ted for b efore the �o w in the

resistiv e plates tak es also place (at the scale of its relaxation time). In a natural

w a y , this c harge is denoted as the total char ge qtotal or simply q.

The a v erage ratio �qprompt =�qinduced is often ev aluated, as it has a clean dep en-

dence in the case of a parallel plate c ham b er in the prop ortional regime:

�qprompt

�qinduced

'
1

�g
(3.14)

indicating that most of the collected c harge is induced during the ions drift, as

these are mainly pro duced close to the ano de, drifting along the whole gap g.

In the presence of Space-Charge the ratio is mo di�ed, and di�eren t descriptions

of this regime can b e ev aluated (see [53 ], [54 ] for instance).

3.2.6 Signal induction

The signal induced in the read-out electronics is usually expressed b y follo wing

the Ramo theorem [70 ]:

i (t) = ~Ew � ~ve(t)nee (3.15)

where ne is the n um b er of carriers, e the electron c harge and ~ve the drift v elo cit y .

Therefore, the measured curren t is related to the c harge drifting inside the gas,

through a quan tit y

~Ew that is called the `w eigh ting �eld'. The w eigh ting �eld

is not really an electric �eld, ha ving units of [L

� 1
]. It is de�ned as the electric

�eld when the signal electro de is set to a v oltage of 1 (no units) and all the

other electro des to 0 (a detailed theoretical discussion can b e found in [64 ]).

In App endix B it is deriv ed that, for a parallel geometry with in�nite plates:

qtotal =
C

Cgap
qinduced (3.16)

where C is the total capacit y of the RPC, qinduced is the c harge induced during

the drift in the gas and qtotal is the c harge released (see previous section). On

the other hand, also for in�nite plates, the w eigh ting �eld is giv en b y:

Ew =
1
g

C
Cgap

(3.17)

The exact analytic expression of the w eigh ting �eld, coming from the ev al-

uation of the generalized Ramo theorem in the presence of resistiv e materials,

can b e found exhaustiv ely studied elsewhere [64 ]. Ho w ev er, expressions 3.16 and

3.17 pro vide a reasonable description in man y practical cases, as long as edge

e�ects are small and the in�uence of the resistiv e material can b e neglected.
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3.2.7 Rate capabilit y

The rate capabilit y dep ends mainly on the v olume resistance of the plates and

the a v erage c harge released p er a v alanc he. Ho w ev er, as indicated in [38 ], the

surface conductivit y m ust ha v e also a role, and a part of the e�ect is to enlarge

the area a�ected b y the a v alanc he [60 ].

A description of the pro cess can b e attempted b y assuming that the a v erage

c harge �q released in an a v alanc he is dep osited on the resistiv e plate, in�uencing

a transv erse area A and inducing an a v erage drop

�Vaval = �q=C ( C is the capacit y

of the glass). The ph ysical pro cess is appro ximated b y an R C circuit coupled

to a noise generator (the RPC) with a t ypical relaxation time � g = RC ' 1s

(see c hapter 9 for a detailed description). Let's assume, for simplicit y , that at a

time � g after an a v alanc he is pro duced the glass is already reco v ered and tak es

its nominal p oten tial. Naming b y � the primary rate in units of [L

� 2
T

� 1
] it

can b e reasoned that the condition for rate e�ects to start to con tribute is:

�� gA ' 1 (3.18)

This means that the a v erage o ccupancy of the area illuminated b y the forthcom-

ing a v alanc hes is 1. Ho w ev er, eq. 3.18 do es not con tain an imp ortan t ingredien t:

the a v erage drop p er a v alanc he. F or including this e�ect, let's assume that a

certain drop in the v oltage � V is required for w orsening the RPC p erformances

(let's sa y a v oltage drop necessary to induce a 5% drop in e�ciency , for exam-

ple). The a v erage drop p er a v alanc he is

�Vaval = �q=C, therefore the condition

for not in�uencing the RPC p erformances can b e written as:

�� gA
�q
C

. � V (3.19)

In particular, the left hand side of eq. 3.19 is the ohmic drop in the resistiv e

plates (

�Vglass =

�IR = �� gA �q=C). W orking on expression 3.19 :

�� gA .
� V
�q=C

(3.20)

� .
� V
�d �q

(3.21)

As natural, if the a v alanc he drop �q=C is equal to � V , the expression 3.18 is

reco v ered. Eq. 3.21 sho ws the condition for rate e�ects not to b e imp ortan t;

it can b e inferred from it that the rate capabilit y of an RPC is go v erned b y

the a v erage a v alanc he c harge �q, and the `column resistivit y' �d (where d is the

total thic kness of the resistiv e plates divided b y the n um b er of gaps and � is the

electric resistivit y). In a �rst appr o ach, the r ate c ap ability is indep endent fr om

the ar e a of in�uenc e of the avalanche A . This is so b ecause a larger area means

a higher n um b er of ev en ts p er a�ected region, but also a lo w er drop induced p er

ev en t, due to the larger capacit y .

The ab o v e reasoning pro vides a rule of th um b. Ho w ev er, it can b e sho wn

that the �uctuations of the �eld in the gap around its a v erage v alue dep end on

A , in fact. Under certain conditions this e�ect could b e ev en dominan t for the

RPC p erformances, and it is discussed in detail in c hapter 9 .

The maxim um rate ac hiev able b efore the ohmic drop in the plates results

in a deterioration of the p erformances is referred in the follo wing as the r ate
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c ap ability K (in units of �ux), k eeping in mind that, in a �rst approac h, it

scales as:

K /
1

�d �q
(3.22)

If either the r esistivity, the aver age char ge, or the thickness of the r esistive

plates is de cr e ase d by a c ertain factor, the r ate c ap ability wil l impr ove by the

same amount .

It is v ery imp ortan t to realize that an un biased estimate of the rate capabilit y

requires that data w ere tak en during t ypical times tspill larger than � g . This

is required for the stabilization of the v oltage drop (c hapter 9). If the spill is

m uc h shorter than the relaxation time � g , the v oltage drop will b e signi�can tly

smaller than the corresp onding to the stabilized situation, leading to an o v er-

estimation of the p erformances. The e�ect has b een pro v ed in short spills of

0.25 s as commonly used at CERN PS [71 ].

3.2.8 T yp e of conductivit y

There are natural questions regarding the w a y the c harge �o ws through the

plates. If the conductivit y has ionic origin it will decrease in time with the

amoun t of c harge deliv ered, exactly as in the case of a battery , while if the con-

ductivit y is electronic it will b e stable. The former is the case of Bak elite, whose

conductivit y seems to b e related to the mo v emen t of H

+
ions [72 ]. Ho w ev er, for

glass RPCs suc h a decrease w as not seen. This led to some authors to argue

that the conductivit y is electronic, but `hopping' [73] in con tradiction to the

exp ected ion conductivit y [74 ], [75 ].

The microscopic c haracteristics of the resistivit y are therefore called to pla y

a role in the stabilit y of the RPC op eration along time, directly related to the

rate capabilit y and dark curren t.

3.2.9 Aging

Aging in RPCs has no w ada ys a n um b er of features, with a reasonably degree of

understanding. Most of the e�ects rep orted regarding RPC-aging are related to

the prop erties of the resistiv e plates, but also some of them ha v e to do with the

gas mixture. Bak elite, for example, has a resistivit y whic h is t ypically increasing

with time, presumably due to the loss of ionic carriers. This increase can b e

correlated with the absence of H

+
ions (see previous section) and therefore

dep ends on the drying of the gas. It has b een seen that a partial reco v ery of

the resistivit y can b e obtained via the addition of small amoun ts of w ater v ap or

[76 ], [77 ]. This idea has b een implemen ted for CMS c ham b ers sho wing a high

stabilit y of the rate capabilit y [42 ]. A total reco v ery seems to b e also p ossible

just b y in v erting the �eld [78 ] whic h is probably not a practical solution.

Another source of deterioration for Bak elite plates is related to the `curing'

of the linseed oil. It is signi�cativ e the case of the BaBar exp erimen t, where

real `oil stalagmites' w ere formed in the detectors, decreasing signi�can tly its

e�ciency b y more than 10% [79 ]. No w ada ys, only a v ery thin and w ell cured

la y er of linseed oil is applied. As oil is a p oten tial source of aging e�ects, some

studies are b eing p erformed in the direction of non-oil Bak elite RPCs [80 ].

A t last, the necessit y of monitoring the concen tration of F

�
radicals that

app ear in the mixture after the a v alanc he pro cess has b een p oin ted out [81 ].
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These radicals ma y b ound forming the v ery corrosiv e HF. A particular unfa v or-

able situation w ould b e that of closed gas lo ops; ho w ev er, the addition of smalls

amoun ts of w ater v ap or, that react with HF, impro v es the situation [82 ].

The situation regarding aging seems to b e b etter in the case of glass RPCs.

On one hand, timing RPCs op erated in a v alanc he mo de during an equiv alen t

time of 8.5 y ears at a t ypical maxim um rate of 300 Hz/cm

2
didn't sho w an y

degradation for a wide set of con�gurations as sho wn in [83 ] and also [49 ]. In [83 ]

a small dep osit w as found at the glass catho de, indicating that some c hemical

pro cess had tak en place, but without in�uence on the p erformances.

In the con text of glass RPCs, sev eral tests w ere p erformed for studying the

dep endence on en vironmen tal factors lik e h umidit y or temp erature. F or the

case of wide RPCs, no sizable degradation w as found with the temp erature

[73 ], but a strong dep endence w as observ ed with the p ercen tage of h umidit y

[84 ], apparen tly related to the presence of freon in the mixture (CH 2 F CF 3 w as

used in this case) and the formation of HF acid [72 ]. The e�ect v anishes when

cleaning up the c ham b er with a �o w of ammonia [73 ].

Putting ev erything together some con tro v ersy is apparen t, claiming for a

clari�cation of the in�uence of w ater v ap our on the formation of HF acid and

ageing.

3.2.10 Electronics

Due to the fast tRPC signals, ha ving rise-times at the lev el of ns (c hapter

3.2.5 ), v ery fast amplifying electronics are required, with a bandwidth up to 1

GHz. Despite b eing a crucial part in an y fast tRPC dev elopmen t, the detailed

description of the acquisition electronics is out of the scop e of the presen t w ork

and therefore only the t w o designs that ha v e b ecame more p opular are brie�y

discussed: the NINO ASIC

9

of the ALICE group [85 ] and the T A QUILA b oard

of the F OPI group [86 ].

The NINO c hip has a di�eren tial input and it is c haracterized b y its v ery

lo w p o w er consumption of 40 m W/c hannel. It implemen ts a measuremen t of

the time-o v er-threshold (TOT) of the signal, for p erforming the slewing correc-

tion: the TOT width is sampled with a HPTDC of 25 ps bin that allo w for a

measuremen t of b oth the leading and trailing edge. The design pro v ed to b e

fully adequate, k eeping the time resolution of a 10-gap tRPC at the lev el of 50

ps with a large e�ciency plateau.

The T A QUILA b oard is only a part of the electronic c hain, namely , it w orks

with the digital signals after the discrimination stage. It is a 16 c hannel b oard

started b y an y of the c hannels and common-stopp ed b y a free running 40 MHz

clo c k, yielding a v ery lo w jitter of � T = 12 � 2 ps. The FEE electronics stage

rises the jitter up to � T = 33 � 4 ps, still within the requiremen ts for op erate a

timing RPC. The c harge for the slewing correction is measured with a QDC.

In the framew ork of the HADES tRPC pro ject, that is describ ed later, de-

v elopmen ts are ongoing regarding fast and compact lo w-noise FEE electronics

that use the TOT information for the slewing correction [87 ].

9

Application-Sp eci�c In tegrated Circuits.
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3.3 Some timing RPC systems

In this section, the di�eren t timing RPC w alls, in construction stage or already

�nished that ha v e b een dev elop ed so far, are describ ed. Fiv e are the exp erimen ts

that are applying this tec hnology to the �eld of n uclear and particle ph ysics:

HARP [88 ], [89 ], ALICE [90 ], ST AR [91 ], [92], [93 ], F OPI [86 ], [94 ] and HADES

[95 ], [96 ], [97 ] although some others lik e CBM [98 ] are foreseen for the future.

3.3.1 HARP

Lo cated at the CERN-PS, the tRPC w all of the HARP exp erimen t has the

merit of b eing the �rst timing RPC w all to op erate in a high energy ph ysics

exp erimen t ( and the only one �nishe d so far ). The design and construction of

the electronics together with the whole set of cells (368 c hannels) to ok 4 months

b et w een Decem b er 2000 to April 2001. It is based on the original design of [45 ],

consisting in 4 gaps, 0.3 mm wide, op erated at 3 k V/gap, with resistiv e plates

made out of standard �oat glass (Glab erv el) in a double la y er con�guration,

for a v oiding geometric losses. It is �lled with a gas mixture similar to the

`standard', C 2 F 4 H 2 /SF 6 /iso-C 4 H 10 in a prop ortion 90/5/5. Due to the lac k of

space, it w as necessary to mac hine the glass with a thic kness of 0.7 mm o v er an

area of 192 � 10.6 cm

2
. This is the area p er tRPC mo dule, b eing eac h mo dule

divided in 64 pads, group ed in 8 strips p er electronic c hannel. A dra wing of the

exp erimen t together with a sc hematic diagram of a mo dule are sho wn in �g.

3.4 .

The requiremen ts in terms of rate capabilit y are not sev ere, as the t ypical

rates stand b elo w 1 Hz/cm

2
. T ypical e�ciency is at the lev el of 99% and time

resolutions around 150 ps, that can b e reduced to 105 ps for a single pad. The

requiremen ts of the exp erimen t w ere " � 99% (for an error lo w er than 1-2% in

the determination of the cross-section [88 ]) and � T < 200 ps (for PID

10

).

Although rate capabilit y w as not a tigh t requiremen t, a test w as p erformed

at � =2 kHz/cm

2
at CERN-PS, observing a sligh t deterioration of the p erfor-

mances.

Crosstalk w as rep orted b elo w the lev el of 10%.

3.3.2 ALICE

The construction of the ALICE tRPC w all w as foreseen in 2000 in the framew ork

of the new hadron collider facilit y at CERN (LHC). It pro vides the b est p erfor-

mances so far. The authors ev en indicate that they are close to the maxim um

resolution ac hiev able with the device, due to the fact that the larger con tribution

to the time jitter comes from the electronics, not from the detector.

ALICE tRPC is a h uge pro ject for co v ering 150 m

2
with 160000 electronic

c hannels and a time resolution b elo w 100 ps, with a high o v erall e�ciency . The

catho de is segmen ted in pads with areas of 9 cm

2
appro ximately , and the design

exploits the m ulti-gap concept up to a total of 10 gaps with an applied v oltage

V = 2.5 k V/gap. Note that the v oltage is lo w er than HARP b ecause the gap

is also sligh tly smaller (0.25 mm) requiring less v oltage for getting the t ypical

op erating �elds of 100 k V/cm. The glass is as thin as 0.4 mm. A la y out of a

t ypical cell is sho wn in �g. 3.5 .

10

P article IDen ti�cation.
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Figure 3.4: HARP sp ectrometer (up) and detail of the HARP tRPC w all (do wn) [88].
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Figure 3.5: ALICE sp ectrometer (up) [99] and zo om of the Alice tRPC cell (do wn) [90].
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The results of the ALICE tRPC tests ha v e sho wn to ful�ll the commissioning

requiremen ts, pro viding resolutions w ell b elo w 50 ps and e�ciencies up to 99.9%.

The rate capabilit y w as estimated to b e around 1 kHz/cm

2
.

3.3.3 ST AR

The tRPC w all for ST AR at RHIC w as b orn, in fact, at CERN, some of their

mem b ers coming from the ALICE tRPC group. It is in an adv anced stage and

one of the �nal 120 tra ys foreseen has sho wn already satisfactory p erformances.

Its main tec hnical requiremen t is to pro vide a time resolution b elo w 100 ps o v er

a large area of 60 m

2
. The detector is constituted b y mo dules of 9.4 � 21 cm

2
,

pic king-up the signals in pads of 6.3 � 3.15 cm

2
. It is made out of 6-gap tRPCs of

thin glass (0.5 mm) and v ery narro w gaps of 0.22 mm, allo wing for op eration at

� 7.5 k V b et w een the electro des. The e�ciency is at the lev el of 95-97%, plus

additional 5% losses due to geometric ine�ciency . Regarding time resp onse,

60-70 ps of resolution w ere ac hiev ed, ful�lling the requiremen ts. A picture of

the design is presen ted in �g. 3.6 .

A ccording to the authors, measuremen ts p erformed under a pulsed b eam (0.3

ms) at CERN-PS suggest a rate capabilit y higher than 500 Hz/cm

2
, pro viding

a safe op erating margin for the t ypical rates around 10 Hz/cm

2
exp ected for the

ST AR exp erimen t. Recen t `in-b eam' measuremen ts for p-p and d-Au collisions

ha v e sho wn also go o d p erformances [93 ].

3.3.4 F OPI

F OPI detector is lo cated at GSI-SIS in Darmstadt-German y . There, a tRPC

w all is under dev elopmen t to surround the cen tral trac king c ham b er. It w as

a m ulti-step dev elopmen t, from P esto v coun ter to 4-gap tRPC to 6-gap tRPC

(0.3 mm gap), that seems to o�er the b est p erformances, reac hing e�ciencies of

97 � 3% and time resolutions of 73 � 5 ps. It uses the standard mixture and is

really a m ulti-strip design in the sense that the pitc h b et w een pic k-up strips is

as smal l as 3.44 mm , b eing 90 cm long.

Its p erformance has b een tested under di�eren t conditions: Co

60
, proton

and deuterium at rates of 50-100 Hz/cm

2
, whic h are a factor 2 larger than the

exp ected in the exp erimen t. An inhomogeneit y of the cells regarding systematic

shifts of the time distribution has b een rep orted; ho w ev er, it can b e corrected

o�-line. There are also plans to impro v e the mec hanics [94 ].

F OPI design has the remark able particularit y that the imp edance of the

cell coincides with the imp edance of the read-out cables and �nally the FEE

electronics with a v alue Z = 50 � 1 
 [86 ]. This a v oids re�ections inside the

detector, making easier the handling of the induced signal. A picture of the

cells is sho wn in �g. 3.7 .
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Figure 3.6: ST AR sp ectrometer [100] and the ST AR w all [91 ].
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Figure 3.7: F OPI cell [86 ].

3.3.5 HADES

ESTRELA-HADES also at GSI-SIS is the y ounger of the timing RPC w alls,

and it is the topic of the presen t w ork. ESTRELA is the acron ym for Ele ctri-

c al ly Shielde d Timing RPC Ensemble for L ow A ngles in HADES

11

. Only the

main results are summarized here, as an extensiv e description of the detector

will follo w: the w all is equipp ed with 4-gap cells with alumin um electro des for

impro ving the rate capabilit y , whic h is a tough requiremen t for the HADES

collab oration. It m ust b e said that HADES sp ectrometer is already success-

fully w orking under ligh t primary b eams (see c hapter 4 ). ESTRELA represen ts

an upgrade for pro viding adequate gran ularities in order to handle hea vy ion

collisions up to Au+Au at 1.5 Ge V/A.

By design, the cell o ccupancy is k ept at the lev el of 20% in the case of

cen tral ( b < 4 fm) collisions of Au + Au at 1.5 Ge V/A, and time resolutions

b etter than 100 ps- � together with a high e�ciency are required. The maxim um

op erating rates are as high as 700 Hz/cm

2
for the lo w er p olar angles, in the

most unfa v orable situation (see c hapter 5). Suc h rates are, in fact, close to the

op erational limit of t ypical tRPCs (see [47 ], [90 ], [96 ]).

The p erformances under in-b eam illumination with secondaries from C

12

collisions in April 2003 sho w ed the p ossibilit y of op erate the tRPCs with resolu-

tions b elo w 100 ps and losses of 10% in e�ciency at 700 Hz/cm

2
. F or impro ving

the b eha vior, and in the framew ork of the CBM R&D

12

for high-rate tRPCs, a

new concept w as dev elop ed, allo wing to increase the rate capabilit y in one order

of magnitude, b y just a mo derate w arming of the detector. This is the sub ject

of c hapter 8 and can b e found in [59 ].

11

Inciden tally , 'estrela' means `star' in P ortuguese and Galician languages, just b ecause,

when the pro ject started, only groups from these t w o regions w ere in v olv ed, namely LIP-

Coim bra (P ortugal) and USC-San tiago de Comp ostela (Galicia/Spain). No w ada ys, a n um b er

of institutions: JU-Kraco w (P oland), GSI-Darmstadt (German y), CIEMA T-Madrid and IFIC-

V alencia (Spain), UP-Leiría (P ortugal) ha v e joined.

12

The R&D programme of the foreseen Compressed Barionic Matter exp erimen t at GSI.
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After the 2003 test, `pros' and `cons' w ere found in the design. The main

`pro' is that the cross-talk b et w een neigh b oring strips w as reduced to 0.5% due

to the shielding b et w een the cells, as compared to previous results at the lev el

of 80% [47 ]. The detector also pro v ed to b e highly homogeneus o v er an area of

60 � 2 cm

2
and, furthermore, the parameters required for p erforming the slew-

ing correction could b e obtained from an y p osition. As the main `con', it m ust

b e men tioned that the shielding requires dead regions b et w een cells, that w ere

estimated to b e around 15% p ercen t of the total area for p erp endicular trac ks.

Therefore, the m ulti-hit capabilit y is guaran teed at the price of some loss in

geometric acceptance. The last can b e o v ercame b y a double la y er con�gura-

tion [101 ]. The di�culties of this approac h are not negligible: on one hand it

increases the n um b er of c hannels b y around 20% due to the necessary o v erlap,

pro viding, as a b ene�t, the p ossibilit y of self-calibration of the device [97 ]; on the

other hand the material budget is increased and a dep endence of the geometric

acceptance with the angle of incidence is also in tro duced. The �rst problem

(the increase in the material budget) is mitigated b y the fact that the only de-

tector placed do wnstream the tRPC w all is a sho w er detector whic h pro v ed to

b e quite insensitiv e to the amoun t of material placed upstream. The second

problem requires a detailed design guaran teeing that all the particles within the

`relev an t angles' of incidence o v er the tRPC w all are handled. Discussions on

these issues are p ostp oned to c hapter 5.

A photograph of the protot yp e tested in April 2003 can b e found in �g. 6.1 .

3.3.6 F eatures of tRPC w alls

A summary of the main c haracteristics of eac h tRPC w all is presen ted in table

3.1 . The table in tends to b e a comprehensiv e compilation of data that allo ws

to compare the p erformances of eac h timing w all. Some of the �elds require ex-

planation: the `e�ciency' do not include geometric ine�ciency , it stands for the

in trinsic e�ciency of the device. In the case of the curren t HADES protot yp e

the ine�ciency is, in fact, dominated b y the geometric losses due to shielding.

The `cell size' is de�ned as the area p er pic k-up pad/strip and stands for the t yp-

ical v alues. The v alues rep orted for the `column resistivit y' �d are based on the

estimates giv en b y the authors. The space resolution is usually not published:

it is follo w ed the con v en tion of taking one � for the p osition resolution along

the direction of signal propagation and w=
p

12 in the transv ersal direction ( w is

the cell width)

13

. Finally , some of the en tries in the table are empt y , meaning

that the magnitude is considered as recommendable for in ter-comparisons but

has not b een pro vided b y the authors.

The rate capabilit y is di�cult to obtain: in the case of HADES and ALICE

it has b een de�ned as the rate required for a 5% drop in e�ciency , and HARP

and ST AR are just reasonable estimates from data. Only HADES used long

spills with durations ab o v e 5 s.

Besides the commen ts ab o v e, not all the measuremen ts w ere tak en under the

same conditions. F or example: HARP v alues really come from the �nal barrel

already installed, ALICE represen ts the p erformances under sp ot illumination,

ST AR tested a single tra y under realistic conditions, F OPI is ready to start

13

I.e., for the resolution in the transv ersal direction, the rms of a �at distribution across the

cell width w as assumed.
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Detector HARP ALICE ST AR F OPI HADES

Ngaps 4 10 6 6 4

gap size [mm] 0.3 0.25 0.22 0.3 0.3

gas[C 2 F 4 H 2 /SF 6 /C 4 H 10 ] 90/5/5 90/5/5 90/5/5 85/10/5 98.5/1/0.5

electric con�guration cat-an-cat cat-an-cat an-cat cat-an-cat cat-an-cat

cell size [cm � cm] 22 � 10.6 2.5 � 3.7 6.3 � 3.1 90 � 0.34 60 � 2

detector size 10 m

2
150 m

2
60 m

2
5 m

2
8 m

2

N channels 368 160000 ' 30000 5000 ' 2100

HV /gap 3.0 k V 2.4 k V 2.35 k V 3.3 k V 3.2 k V

" 99% 99.9% 95-97% 97 � 3% > 95%

plateau length 300 V 2000 V 500 V 600 V & 200 V

� T - 90 ps 120 ps - 100 ps

� T (after slewing corr.) 150 ps 40 ps 60 ps 73 � 5 ps 70 ps

cross-talk/neigh b or < 10% - - - < 0:5%
3- � tails - - - < 2% 6%
space resolution [cm

2
] - - - - 0.6 � 0.6

exp erimen t rates 1 Hz/cm

2
50 Hz/cm

2
10 Hz/cm

2
50 Hz/cm

2
700 Hz/cm

2

dark rate [Hz/cm

2
] < 0.1 - < 0.3 < 1 2 � 3

rate capabilit y [Hz/cm

2
] � 2000 � 1000 - - 350

� d [10

12 
 � cm

2
] 10 � 0.105 - � 0.04 5 � 0.055 - � 0.15 5 � 0.1

�q - 2 pC - - -

�qprompt - - - - 0.7 pC

material budget ( x=X o ) - - - - 12- 24%

resistiv e material �oat glass �oat glass �oat glass �oat glass �oat glass

T able 3.1: Di�eren t timing RPC w alls and some of their c haracteristics.

mass pro duction and HADES is at the second protot yp e (results on the last

protot yp e are not included here but can b e found in [1]).

As a conclusion from table 3.1 , the situation of the RPC tec hnology is rather

exciting, with sev eral exp erimen ts ready to tak e data. There is a n um b er of dif-

feren t RPC sp ecies, and the particular c hoice is determined b y the requiremen ts

of the exp erimen t, regarding mainly the required rate capabilit y , gran ularit y

(cell size), e�ciency , cross-talk, space and time resolution, and material budget.

By no w, some common features ha v e also emerged: a) �oat glass is widely used

in timing RPCs, b) the gas mixtures adopted are similar, using a certain amoun t

of C 2 F 4 H 2 , SF 6 and iso-C 4 H 10 in a prop ortion around 85/10/5 (the standard

mixture), c) the gaps la y in a narro w range from 0.22 to 0.3 mm, allo wing for

t ypical �elds around 100 k V/cm, d) the rate capabilit y is limited to some h un-

dreds of Hz/cm

2
and e) all the tRPC w alls ha v e 4 gaps or more allo wing for

e�ciencies w ell ab o v e 95%.



Chapter 4

Nuclear ph ysics at HADES

4.1 Relativistic hea vy ion collisions

There are, at least, t w o imp ortan t reasons for studying hea vy ion collisions at

relativistic energies:

1. T o understand the prop erties of n uclear matter, mainly its Equation of

State (EoS).

2. T o establish the presence of in me dium e�ects on the prop erties (mass,

deca y width, reaction cross section) of hadrons surrounded b y a dense

n uclear medium.

The latter is the paramoun t scop e of the HADES construction at GSI-SIS

(Darmstadt, German y) and in particular of the upgrade to the tRPC w all at lo w

p olar angles ( � < 45�
). The w all has b een devised to study hea vy ion collisions

up to Au + Au at kinetic energies Ekin = 1 :5 Ge V/A and is the sub ject of the

presen t w ork.

4.1.1 The Equation of State of Nuclear Matter

With the term n uclear matter it is usually mean t an in�nite (to neglect surface

e�ects) medium, made of n ucleons at global mec hanical, c hemical and thermal

equilibrium, where the con tribution to the energy p er n ucleon W of the Coulom b

in teraction can b e ignored. As suc h, n uclear matter can b e considered mainly a

theoretical ob ject. Some cases are (w ere), ho w ev er, presen t in nature, as neutron

stars or the early phases of the Big-Bang. On earth, the closest p ossible situation

is the �re-ball formed in cen tral hea vy ion collisions: at b om barding energies of

1- 2 Ge V/A, barionic densities of 2- 3 times � o
1

can b e reac hed. Unfortunately ,

suc h conditions last merely 15 fm/c and the degree of equilibration ac hiev ed in

suc h a short time is op en to questions.

T ypically , the EoS is represen ted through the energy p er bary on W and ex-

pressed as a function of t w o thermo dynamic v ariables: the temp erature T and

1 � o ' 0:17 n ucleons/fm

3
is the saturation v alue in the core of hea vy n uclei.

57



58 CHAPTER 4. NUCLEAR PHYSICS A T HADES

the densit y � . It is usually decomp osed in a thermal part WT and a compres-

sional part WC [102 ]:

8
>>><

>>>:

W (�; T ) = WC (� ) + WT (�; T ) + Wo

Wo = W (� = � o; T = 0)

WC (� ) = W (�; T = 0) � Wo

WT (�; T ) = W (�; T ) � W (�; T = 0)

(4.1)

The energy p er n ucleon can b e expressed in di�eren tial form as:

dW = T ds � P dv (4.2)

where v and s are the v olume and en trop y p er n ucleon, and the pressure can b e

therefore expressed as:

P = �
�

@W
@v

�

s
= � 2

�
@W
@�

�

s
(4.3)

The EoS is c haracterized b y three fundamen tal constrain ts:

1. The v alue of Wo giv en b y the n ucleon mass min us the v olume term in the

liquid drop mass form ula Wo ' (938� 15) Me V/A = 923 Me V/A.

2. The condition of stabilit y for ordinary n uclei (i.e. W m ust ha v e a minim um

at � = � 0 ): 8
>>><

>>>:

�
@WC

@�

�

� = � o

= 0

�
@2WC

@�2

�

� = � o

> 0
(4.4)

3. The v alue of the compressibilit y � [102 ]:

� = 9
�

@P
@�

�

s
= 9 � 2

�
@2W
@�2

�

s
(4.5)

A high compressibilit y ( � . 200 Me V) will lead to high densities in cen tral

hea vy ion collisions and the corresp onding EoS is called `soft', while a

lo w compressibilit y ( � & 250 Me V) will lead to lo w densities and the

corresp onding EoS is called `sti� '.

Historically , the study of particle pro duction in hea vy ion collisions w as

started with the motiv ation of reac hing an indep enden t estimate of � , but no w a-

da ys has a vigorous life of its o wn with the in v estigation of p ossible in me dium

e�ects (see next section).

Pion pro duction w as b eliev ed to b e a go o d observ able to extract � [103 ]:

their yield p er collision is prop ortional to the fraction of initial b eam energy

that is con v erted in to thermal excitation ( ' WT ) and is higher for a sti�er

EoS

2

. Ho w ev er, pions in teract strongly with n ucleons and are easily absorb ed,

2

Smaller densities are reac hed in the �re-ball and less energy is stored in compressional

form ' WC .
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so their total n um b er is a�ected also b y the details of the expansion phase of

the �re-ball.

J. Aic helin ans C.M. K o had then an idea that c hanged the scop e of the

�eld: the use of sub-threshold K +
pro duction ( NN ! K + � N requires E lab >

1:6 Ge V) as a promising prob e for � [104 ]: in fact strangeness is conserv ed

in strong in teractions and K +
absorption (due to the presence of a s quark)

is negligible in n uclear matter

3

. This idea seemed ev en more attractiv e: at

sub-threshold energies the pro duction in direct n ucleon-n ucleon collision is v ery

unlik ely , requiring of a t w o step pro cess in v olving bary on-bary on or bary on-

pion collisions. An exp erimen tal con�rmation of this co op erativ e mec hanism

is giv en b y the almost quadratic dep endence of the K +
m ultiplicit y on the

n um b er of participan ts [105 ]. F or pions, that are ab o v e threshold at the same

energies, a simple linear dep endence is found. The probabilit y of the t w o steps

to happ en in cascade is exp ected to b e in�uenced b y the v olume of the �re-

ball, that is in turn, for a giv en cen tralit y , a�ected b y � . This qualitativ e

conclusion has b een con�rmed b y detailed transp ort mo del calculations [106 ].

Unfortunately , this apparen tly clear situation is obscured b y the p ossibilit y of in

me dium e�e cts on the K +
mass, that is predicted to increase with the densit y

inside the n uclear matter (see next section). So, a giv en v alue of � will a�ect

also the K +
pro duction b y c hanging the in me dium threshold and in tro ducing

more uncertain ties in the theoretical calculation. The determination of the EoS

from the measured K +
yield b ecomes therefore more di�cult. Recen tly , this

obstacle has b een atten uated b y the use of the K +
m ultiplicit y ratio b et w een a

hea vy system (Au + Au) and a ligh t one (C + C):

(M K + =A)Au + Au

(M K + =A)C + C
(4.6)

Studying the b eam energy dep endence of this magnitude in the range from 0:8
Ge V/A to 1:6 Ge V/A, the KaoS collab oration has established that a soft EoS

( � = 200 Me V) is compatible with data, while a sti� one ( � = 380 Me V) is not

[107 ].

The v alue of � has also imp ortan t astroph ysical consequences. In the core

of a neutron star the gra vitational force is coun terbalanced b y the resistance of

n uclear matter to compression. So, dep ending on the EoS, only certain regions

of the mass-radius parameter space are p ossible [108 ]. In particular, a sti�er

EoS ( � & 200 Me V) w ould allo w higher stellar masses ( M & 2M � ).

4.1.2 In me dium e�ects

A section on the theoretical description of in me dium e�ects la ys out of the

scop e of the presen t w ork. Ho w ev er, it should b e appreciated in the follo w-

ing that a clear dic hotom y exists in the theoretical mac hinery devised to treat

pseudo-scalar ( � , K ) or pseudo-v ector ( � , ! , � ) mesons, that are widely used as

exp erimen tal prob es of in me dium e�ects.

3

Strangeness exc hange is presen t and so a complete measuremen t w ould require the c har-

acterization of K o pro duction.
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Figure 4.1: Compilation of sev eral calculations for the K + =K �
e�ectiv e masses at zero

temp erature [109 ].

K + =K �

A systematic comparison [109 ] b et w een di�eren t calculations of the in me dium

k aon mass is repro duced in �g. 4.1 for the case of in�nite n uclear matter in

equilibrium at zero temp erature. The e�ectiv e mass of the K +
rises with densit y

while that of the K �
decreases, b oth in an appro ximately linear w a y . In more

fundamen tal terms, K +
and K �

are sub ject to a repulsiv e and an attractiv e

p oten tial, resp ectiv ely . All approac hes agree qualitativ ely and, for example, at

� ' � 0 a ' 10% rise and a ' 20% drop are predicted for the e�ectiv e mass of

the K +
and of the K �

, resp ectiv ely .
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� , ! , �

Based on argumen ts dealing with the symmetries of the QCD Lagrangian, G.

E. Bro wn and M. Rho in tro duced in 1991 what is no w ada ys kno wn as the

Bro wn-Rho scaling [110 ]:

m?
!

m!
'

m?
�

m�
'

f ?
�

f �
(4.7)

where the star indicates in me dium quan tities, f � is the pion deca y constan t

and m� and m! refer to the masses of the corresp onding pseudo-v ector mesons.

They w ere also able to link the pion deca y constan t f � with the c hiral condensate

[110 ]:

h0? jqqj0?i
h0jqqj0i

=
�

f ?
�

f �

� 3

(4.8)

F or illustration, a recen t calculation of the c hiral condensate as a function of

the densit y and temp erature in in�nite n uclear matter at equilibrium is repro-

duced in �g. 4.2 [113 ], normalized to the v alue at � = 0 , T = 0 . In particular,

the decrease of h0? jqqj0? i =h0jqqj0i at � ! 1 and/or T ! 1 is link ed to the

partial restoration of c hiral symmetry of the QCD Lagrangian. Suc h a symme-

try is brok en explicitely b y the �nite masses of the quarks and sp on taneously

b y the non-zero v alue of the c hiral condensate.

In 1992, Hatsuda and Lee [111 ] con�rmed the conclusions of [110 ] using in

me dium QCD sum rules to connect hadronic and quark degrees of freedom. A

later reexamination of QCD sum rules b y F. Klingl, N. Kaiser and W. W eise

[112 ] lead to the disco v ery that the same rules can b e satis�ed b y a completely

di�eren t mo del in whic h the in me dium masses are una�ected but widths greatly

increase with densit y and/or temp erature. The t w o scenarios are commonly

referred as ` dr opping mass ' and ` melting '.

4.2 Leptonic prob es of in me dium e�ects

The exp erimen tal e�orts to establish the presence of in me dium e�ects ha v e

follo w ed three main approac hes: hadronic prob es in hea vy ion collisions, leptonic

prob es in hea vy ion collisions and elemen tary on n ucleus collisions. A tten tion

is fo cused here only on the leptonic prob es as to their detection the HADES

sp ectrometer is mainly dev oted. The main ideas b ehind lepton sp ectroscop y

can b e summarized as follo ws:

1. The particles are studied through the deca y c hannels of pseudo-v ector

mesons in to e+ e�
or � + � �

pairs. This has a double b ene�t as: a) on one

hand the lifetimes of the pseudo-v ector mesons are small enough to allo w

for a strong in�uence of the high densit y stages of the �re-ball, while b)

di-leptons from the deca y in teract only feebly with n uclear matter, b eing

p ossible to determine directly the in v arian t mass sp ectra of their paren ts.

T able 4.1 sho w the main prop erties of ligh t pseudo-v ector mesons.

2. The main disadv an tage is the lo w branc hing ratio in to di-leptonic c hannels

(for the pseudo-v ector mesons � 10� 5
- 10� 4

). Moreo v er, man y pro cesses

can con tribute signi�can tly to the bac kground, lik e � 0 , � Dalitz deca y and


 con v ersions for di-electrons, or pion and k aon deca y for di-m uons.
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Figure 4.2: Ev olution of the normalized quark condensate h0? jqqj0? i =h0jqqj0i as a function

of densit y and temp erature, tak en from [113].

Meson Mass Width c� [fm ] Main c hannel e+ e�
BR � + � �

BR

[ Me V

c2 ] [ Me V

c2 ]
� 775.8 150 1.3 �� 4:67� 10� 5 4:55� 10� 5

! 782.6 8.49 23.4 � + � � � 0 7:14� 10� 5 9 � 10� 5

� 1019.5 4.26 44.4 K + K � 2:98� 10� 4 2:85� 10� 4

T able 4.1: Ligh t pseudo-v ector mesons life times and branc hing ratios [3].

4.2.1 CERES

A hea vy ion program has b een running since the 90's at the CERN SPS. The

b eam energies ( 50- 200 Ge V/A) are so high that, indeed, the atten tion is fo cused

on the searc h of a p ossible Quark Gluon Plasma phase. In particular, hadron

pro duction is highly ab o v e threshold and in me dium e�ects are exp ected to pla y

a minor role on it. Ho w ev er, some evidences ha v e b een rep orted on p ossible hin ts

of in me dium e�ects as discussed in the follo wing.

CERES [114 ], [115 ], [116 ], [117 ] w as optimized to measure e+ e�
pairs in an

in v arian t mass range from ' 10 Me V to ' 1 Ge V. A t ypical sp ectra in cen tral

Pb + Au collisions at 158 Ge V/A is repro duced in �g. 4.3 after com binatorial

bac kground w as subtracted. The sp ectrum is unfortunately missing a distinc-

tiv e feature with a clean in terpretation (i.e. a � p eak displaced at a lo w er v alue,

for example) and its understanding requires, �rst, the iden ti�cation of the con-

tributions from all kno wn usual sources: the Dalitz deca ys of the � 0
, � , � 0

and

! and the e+ e�
deca y of the � , ! and � . F or this reason a sp ecial Mon te-Carlo

program, called GENESIS, has b een dev elop ed o v er the y ears.

Comparison b et w een data and mo del is sho wn in �g. 4.3 , indicating a clear

excess in the data whic h, for the in v arian t mass region 0:2 Ge V � mee � 0:6
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Figure 4.3: Di-electron in v arian t mass sp ectrum, after com binatorial bac kground subtrac-

tion, obtained b y the CERES collab oration for Pb + Au at 158 Ge V/A [117]. The thin lines

represen t the con tribution from kno wn sources according to the GENESIS co de. The thic k

lines include the extra con tribution of pion annihilation (eq. 4.9) with di�eren t assumptions

on the prop erties of the in termediate � in the propagator (see text).

Ge V, amoun ts to 2:73 � 0:25[stat] � 0:65[syst]� 0:82[decays][117 ]. It actually

dep ends on cen tralit y and rises up to ' 4 if the most cen tral collisions in �g. 4.3

are isolated.

When the same pro cedure is applied to p + A data, all the sp ectrum can b e

describ ed with kno wn sources (�g. 4.4 ). The last �nding suggests to place the

origin of the observ ed enhancemen t for Pb + Au collisions in a pro cess happ en-

ing during the lifetime of the �re-ball. The main resp onsible of the observ ed

discrepancy is b eliev ed to b e pion annihilation in the dense �re-ball, mediated

b y the � resonance:

� + � � $ � ! e+ e�
(4.9)

Since (4.9 ) is a t w o b o dy pro cess, it is exp ected to b e prop ortional to the square

of the pion densit y in the �re-ball. The observ ed stronger than linear increase

with the n um b er of participan ts (i.e. cen tralit y) seems to con�rm the presence

of this mec hanism.
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Figure 4.4: The same as �g. 4.3 but for p + B and p + Au at 450 Ge V/A [115 ].

Nev ertheless, all attempts to describ e reaction 4.9 with the v acuum prop-

erties of the � meson ha v e failed to explain data (thic k dashed line of �g. 4.3 )

b ecause they predict an increase only in the region of the free ! mass. If a

dropping mass scenario is added for the � according to the Bro wn-Rho scaling,

the calculations (thic k dot-dashed line in �g. 4.3 ) can repro duce the data. Ho w-

ev er, the data can also b e explained if the � in me dium prop erties are mo di�ed

accordingly to the sp ectral functions approac h of [118 ] (thic k con tin uous line

of �g. 4.3 ), and there is no explicit connection with the Bro wn-Rho scaling or

c hiral symmetry restoration. The t w o scenarios (Bro wn-Rho scaling, sp ectral

functions) repro duce the lo calization of the enhancemen t at in termediate mee ,

therefore no clear statemen t on in me dium e�ects can b e done. Remark ably ,

b y measuring Pb + Au collisions at 40 Ge V/A with an impro v ed setup [116 ], an

enhancemen t ev en larger than at 158 Ge V/A w as found.

4.2.2 NA60

Indications that fa v or one of the t w o scenarios for in me dium e�ects ha v e b een

rep orted b y the NA60 collab oration [119 ], [120 ], [121 ], also at CERN SPS. Un-

lik e CERES, di-m uon pairs w ere selected as prob es. NA60 is based on a 17 m

long m uon sp ectrometer constructed for the NA35/NA50 exp erimen ts, sepa-

rated from the target b y a 5:5 m long hadron absorb er ( > 70X 0 ) made mostly

of Carb on. Under suc h conditions, essen tially only m uons can surviv e degra-

dation. The �nal signal distribution after bac kground subtraction is sho wn in

�g. 4.5 .

In the analysis of [121 ], the �nal excess in the � region is isolated b y sub-
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Figure 4.5: Di-m uon in v arian t mass sp ectrum measured b y the NA60 collab oration for In + In

collisions at 158 Ge V/A [121 ]. The op en sym b ols are the data after bac kground subtraction.

The con tin uous lines represen t the con tribution from kno wn sources except the � . The close

sym b ols are the di�erence, yielding a shallo w p eak at the � mass.

tracting, in a conserv ativ e w a y , all kno wn con tributions, except the � , using the

same GENESIS generator as CERES. The ev olution of the enhancemen t with

cen tralit y is displa y ed in �g. 4.6 . T w o main features can b e observ ed: a) for

semi-p eripheral collisions there is almost no enhancemen t as compared with free

space (con tin uous line) and b) for the most cen tral collisions, a strong enhance-

men t is presen t but c) it remains clearly cen tered at the v alue of the � mass in

free space. Suc h fact is therefore clearly in fa v our of a 'melting scenario'.

4.2.3 DLS

A t a lo w er energy scale of the order of Ge V, di-electrons from pseudo-v ector

mesons coming from the �re-ball w ere studied b y the DLS collab oration at

BEV ALA C in the 90's [122 ], [123 ]. Whereas the in v arian t mass sp ectra ob-

tained for p + p in teractions could b e reasonably w ell describ ed b y theoretical

calculations neglecting in me dium e�ects, a v ery distinct situation arose ev en in

ligh t systems as C + C and Ca + Ca at 1 Ge V/A. Under suc h conditions neither

calculations assuming free di-electron deca ys nor those including in me dium ef-

fects could describ e the observ ed sp ectra. In particular, an enhancemen t ab o v e
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Figure 4.6: Ev olution with cen tralit y of the di-m uon in v arian t mass enhancemen t estimated

as for �g. 4.5. The con tin uous line is the con tribution from the � with the same prop erties as

in free space. The dashed line is an estimate of the op en c harm con tribution [121 ].

a factor 2 w as seen in the in v arian t mass region 150- 500 Me V according to

di�eren t transp ort mo dels [124 ] (BUU) and [125 ] (R QMD).

The description giv en in [125 ] is sho wn in �g. 4.7 , pro viding the b est the-

oretical description ac hiev ed so far. Ho w ev er, a discrepancy of a factor 2 still

remains unexplained in the in termediate in v arian t mass region. Since y ears, this

unsolv ed discrepancy b et w een exp erimen t and mo del has b een denoted as `DLS

puzzle'.
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Figure 4.7: In v arian t mass sp ectra obtained from C + C and Ca + Ca collisions at 1 Ge V/A

b y the DLS collab oration, together with di�eren t theoretical descriptions [125].

4.3 The HADES exp erimen t

In order to pro vide an answ er to the `DLS puzzle' and to further study in me dium

e�ects up to Au + Au collisions at Ekin = 1 :5 Ge V/A, the High A cceptance

Di-Electron Sp ectrometer HADES w as conceiv ed and built at GSI, Darmstadt,

German y [95 ], [126 ]. Therefore, it is a second generation exp erimen t in di-lepton

sp ectroscop y that aims at measuring the in v arian t mass of the ligh t pseudo-

v ector mesons � , ! , � with precisions as go o d as � M=M = 1% (10 times b etter

than DLS) and an acceptance for e+ e�
pairs at the lev el of A = 35% (100 times

more than DLS) [95 ].

A high hadron rejection capabilit y and tolerance to high rates is mandatory

pro vided that the fraction of in teresting di-lepton pairs is as small as 1 p er

million [127 ]. The tec hnical sp eci�cations are that a primary b eam in tensit y

of I = 108
ions/s impinging o v er a target with a thic kness equiv alen t to 1%

in teraction probabilit y should b e a�ordable b y the exp erimen t in terms of rate

capabilit y for Au + Au up to 1.5 Ge V/A [95 ].

Fig. 4.8 sho ws an sc hematic view of the HADES sp ectrometer, where its

c haracteristic hexagonal symmetry can b e appreciated.

The story of an ion collision in HADES is as follo ws: (1) an ion b eam comes

from the SIS18 at t ypical energies Ekin ' 1 Ge V/A and is deviated to HADES

ca v e (coming from the left on picture 4.8 ); (2) b efore and after in teracting with

the target, a coincidence/an ti-coincidence system (start/v eto) pro vides a signal

indicating that an in teraction to ok place; (3) the outgoing sub-pro ducts cross

a threshold RICH blind to hadrons; (4) high precision wire c ham b ers (MDCs)

trac k the particle b efore the toroidal coils of the magnet; (4) after the magnet,

t w o more trac king MDCs are presen t and (5) a TOF w all is devised for lepton

iden ti�cation after the magnetic �eld; (6) at lo w p olar angles a sho w er detector

impro v es the rejection capabilit y of fast pions.
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 Beam

Figure 4.8: Up: 3D view of the HADES sp ectrometer. Do wn: side view, indicating the

constituting detectors.



4.3. THE HADES EXPERIMENT 69

Figure 4.9: GSI's accelerator.

4.3.1 The SIS18 accelerator

The accelerator system consists in a linear accelerator (UNILA C) injecting ions

in to a 60 meter diameter sync hrotron (SIS18), from where the b eam can b e ex-

tracted to the F ragmen t Separator (FRS), to the Electron Storage Rings (ESR)

or to the exp erimen tal areas.

The UNILA C w as built in 1975 and upgraded in 1999 thanks to the dev el-

opmen t of a new high curren t injector, called HSI. It pro vides an increase in the

b eam in tensit y that is able to �ll the sync hrotron up to almost its sp ac e char ge

limit for all ions ( I ' 1011
ions for C b eam and I ' 109

ions for Au b eam).

After stripping and c harge state separation, the b eam from the HSI is matc hed

to the UNILA C, whic h accelerates the n uclei (without an y signi�can t particle

loss) up to a few Me V/A, feeding the SIS18.

The SIS18 consists in 24 b ending magnets and 36 magnetic lenses, with a

v acuum lo w er than 10� 11
T orr in the b eam line. The acceleration tak es place in

t w o resonance ca vities diametrically opp osed, reac hing kinetic energies up to 2

Ge V/A in the case of C b eam and 1.5 Ge V for Au b eam. In order to reac h the

higher energies with Au b eams, an exceptional op eration is required: a) highly

ionized Au atoms (

197
Au

63+
) are accelerated in SIS18 up to 0.3 Ge V, b) then

extracted and fully stripp ed, c) injected in to the ESR and co oled b y electron

co oling, d) �nally injected in to SIS18 and accelerated up to 1.5 Ge V/A. The

length of the cycle is 25 s. Ho w ev er, t ypical op eration allo ws for spills of 5-10 s

duration with roughly 50% of dut y cycle.

A picture of the curren t SIS18 is sho wn in �g. 4.9 . There are prosp ects of an
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imminen t upgrade to w ards the so-called SIS100/300 within the pro ject F AIR

(F acilit y for An ti-proton and Ion Researc h). It will b e able to ultimately reac h

in tensities as large as I ' 1012
ions/spill and energies up to 30 Ge V/A for hea vy

ions [128 ].

4.3.2 The start and v eto detectors

T w o iden tical diamond detectors are placed 75 cm upstream (start) and do wn-

stream (v eto) the target. The system is aimed at w orking suc h that a v alid

signal on start detector and n ull on v eto results in a v alid start signal, that

m ust b e deliv ered faster than 1 MHz

4

. The detector-electronics con�guration

yields a time resolution as go o d as 29 ps b eing rate resistan t b ey ond 108
ions/s

p er c hannel for meeting the HADES requiremen ts [129 ]. The detector is con-

ceiv ed to pro vide a v eto e�ciency " > 96:5%, o v er an area A = 2 :5 cm � 1:5 cm

(larger than the b eam sp ot).

4.3.3 The RICH

The RICH [130 ] is the �rst detector found b y the pro ducts of the primary

in teraction, as it is lo cated surrounding the target. It is a crucial detector

for lepton iden ti�cation, b eing totally blind to hadrons while pro viding a v ery

lo w m ultiple scattering and 
 con v ersion probabilit y , due to its gaseous lo w Z
radiator, namely C 4 F 10 (the equiv alen t thic kness x=X o is at the lev el of 1%).

The lo w refraction index of the radiator gas pro vides a threshold for Cherenk o v

emission 
 th = 18:2, sensitiv e to electrons with momen ta ab o v e 10 Me V. On the

other hand it is blind to pions up to energies of around Ekin ' 2:5 Ge V, whic h

is b y far ab o v e the maxim um kinetic energies a v ailable at SIS18. Therefore the

hadron blindness is ensured.

The Cherenk o v radiation is v ery softly atten uated b y absorption within an

UV windo w corresp onding to 145< � < 190 nm. The tra v ersing UV photons are

re�ected on a spherical carb on �b er mirror (2 mm thic k) to the bac k part of the

system where they are detected. F or this last step, the radiation gas is separated

through a CaF 2 windo w from a m ulti-wire prop ortional c ham b er op erated in

pure CH 4 . It has a pic k-up pad structure placed b ehind a photosensitiv e CsI

la y er for enhancing the probabilit y of photon detection. A t ypical ring-lik e

pattern is at that p oin t registered. F or on-line trigger purp oses (see section

4.3.7 ), the full ev en t pattern information of 28272 pads m ust b e transferred

within 10 � s (100 kHz), allo wing for ring iden ti�cation capabilities at the lev el

of 90%.

Fig. 4.10 sho ws a picture of the RICH detector.

4.3.4 The MDCs and the magnet

The Multi-wire Drift Cham b ers (MDCs) [129 ] are in total 2 � 2 � 6 c ham b ers,

namely , t w o groups of t w o MDCs (b efore and after the magnet), 6 sectors,

designed to pro vide trac k reconstruction b efore and after the magnetic �eld with

space resolutions b elo w 140 � m [131 ]. This extremely high p osition resolution

4

Resulting from around 1% primary in teractions at the maxim um SIS18 in tensit y .
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Figure 4.10: The RICH detector.

allo ws to obtain a momen tum resolution � p=p ' 1% and therefore � M=M '
1% for the in v arian t mass, ful�lling the requiremen ts of the tec hnical prop osal

5

.

Eac h c ham b er is constituted b y six la y ers of sense wires at di�eren t angles,

with cell sizes ranging from 5� 5 mm

2
(inner plane) to 14� 10 mm

2
(outer plane).

A cell o ccupancy not larger than 30% w as determined from sim ulated Au + Au

cen tral collisions at 1 Ge V/A, as is necessary to cop e with the am biguities in

trac k reconstruction.

In order to pro vide a high momen tum resolution it is mandatory to minimize

the e�ect of m ultiple scattering: it dominates the p osition resolution for mo-

men ta b elo w 400 Me V. An adequate c hoice of the materials allo w ed to reduce

the thic kness of the c ham b ers to x=X o = 0 :2%, comparable with the con tri-

bution of the v olume of air b et w een the target and the outer MDC. The gas

mixture used is based on He/iso-C 4 H 10 .

The MDCs are n um b ered starting from the target, do wnstream, therefore

5

Not all the MDC c ham b ers are fully installed y et and therefore the curren t momen tum

resolution is still at the lev el of � p=p ' 8% [135 ].
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I and I I are the inner ones (b efore the magnetic �eld) and I I I and IV stand

for the outer ones. In b et w een, a sup erconducting magnet consisting of 6 coils,

pro duces an inhomogeneous magnetic �eld whic h reac hes a maxim um v alue of

B ' 3 T near the coils, do wn to B ' 1:5 T in the acceptance region.

The �eld is mostly con�ned to the region b et w een the t w o groups of MDC

c ham b ers, whose frames are placed in the region corresp onding to the shado w

of the magnet coils (see �g. 4.8 ).

4.3.5 The TOF w all

TOF and TOFino are time of �igh t detectors aimed at pro viding a high res-

olution timing for separation of leptons from fast pions, and are required for

implemen ting the m ultiplicit y condition to select di�eren t cen tralities of the

primary collisions.

Figure 4.11: The TOF w all.

The TOF detector is made out of plastic scin tillator ro ds (BC408) read at

b oth ends b y EMI 9133B photo-m ultipliers. Therefore, an un biased estimate of

the time of �igh t and impact p osition can b e obtained, yielding � T ' 100- 150 ps

and � x ' 1:5- 2:3 cm. The pad pro�le is a 2:0 � 2:0 cm

2
rectangle for the inner

four sets and 3:0 � 3:0 cm

2
for those at larger p olar angle. They are group ed

in sets of eigh t, with eigh t suc h sets p er sector, co v ering the lab oratory p olar

angles 45� < � lab < 85�
. A photo of the TOF w all is sho wn in �g. 4.11 .

A t p olar angles b elo w 45�
the TOFino detector is temp orary placed in order
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to ful�ll the minim um requiremen ts that allo w to explore ligh t en vironmen ts up

to Ca + Ca, pro viding a reasonable m ultiplicit y trigger still. TOFino is consti-

tuted b y four scin tillator ro ds with single read-out and time resolution � T ' 350
ps [132 ] after correcting for the p osition of the in teraction (see �g. 4.12 ).

As said, in order to cop e with the high m ultiplicities presen t in t ypical

Au + Au collisions at 1.5 Ge V/A, the TOFino will b e replaced b y a tRPC w all

with a gran ularit y 80 times larger and time resolutions w ell b elo w 100 ps, b eing

this the cen tral sub ject of the presen t w ork.

4.3.6 The sho w er detector

A ccording to [132 ], fast pions will em ulate di-leptons ( fake ) b y an amoun t of

2-3 p er ev en t in Au + Au collisions at Ekin = 1 Ge V/A, for a time resolution

of � T = 100 ps. The e�ect is reduced for the large p olar angle region, where

less than 1 fak e p er ev en t is exp ected. Because of this fact, it w as decided to

place an electromagnetic sho w er detector b ehind the TOFino w all, in order to

increase hadron rejection.

Figure 4.12: The sho w er detector and the TOFino [133].

Eac h sector of the sho w er detector is constituted b y three sensitiv e planes

of wire c ham b ers with signal pic k-up in pads of squared shap es, ranging in

heigh ts from 3 to 4.5 cm. The sizes ensure an o ccupancy b elo w 5% for Au + Au

collisions [133 ]. Bet w een the activ e la y ers, t w o lead con v erters of thic kness 2X o

eac h are in terp osed, aiming at inducing an electromagnetic sho w er with a high

probabilit y , but still k eeping the probabilit y of hadronic in teraction at lo w lev els.

The in terp osition of lead con v erters de�nes naturally the so-called Pre-sho w er,

P ost-sho w er1 and P ost-sho w er2 sub-detectors. Cham b ers are op erated in Self

Quenc hing Streamer mo de.

The pads of the three mo dules are pro jected to w ards the target, resulting

in a one-to-one corresp ondence b et w een pads in a particular ro w and column in

all three detectors. A `sho w er condition' can b e de�ned through the ratio of the
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c harge collected in eac h of the t w o P ost-sho w er detectors to the one collected in

the Pre-sho w er, allo wing to iden tify leptons.

A picture con taining the sho w er detector la y out, together with the TOFino,

is sho wn in �g. 4.12 .

4.3.7 The trigger sc heme

F or primary in tensities of I � 108
ions/s impinging o v er a 1% in teraction prob-

abilit y target, 106
primary collisions p er second m ust b e handled. As said, the

branc hing ratio for the di-electron deca y of ligh t pseudo-v ector mesons is of the

order of 10� 4
, therefore most of the ev en ts are of no in terest for di-electron

sp ectroscop y . Moreo v er, pro cessing all the ev en t information corresp onding to

suc h a large n um b er of primary collisions is imp ossible in practice. In order to

enhance the `in teresting' ev en ts and reduce the collected data to a manageable

set, a strategy based on 2 trigger lev els is accomplished:

1. The �rst level trigger (L VL1) is giv en b y a v alid signal in the start/v eto

detector together with a m ultiplicit y condition in the TOF+TOFino w alls.

It is exp ected from sim ulation that, in Au + Au collisions, this m ultiplic-

it y/cen tralit y condition leads to a selection of only 10% of the total n um b er

of collisions, reducing the rate of candidate ev en ts to 100 kHz.

2. The se c ond level trigger (L VL2) p erforms a selection of lepton candidates

b y lo oking at an y ring in the RICH that can b e matc hed in an angular

windo w with a hit in the system TOF+sho w er detector. A conserv ativ e

windo w in time of �igh t is selected and a sho w er criteria applied [134 ].

After the matc hing, the b ending in the magnetic �eld can b e estimated

from the p osition information of the RICH and the sho w er detector, al-

lo wing for a cut in particle momen tum; �nally , electrons and p ositrons are

com bined. This task is p erformed in the Matc hing Unit (MU). F or not

losing ev en ts, the L VL2 decision m ust b e tak en in less than 10 � s, allo wing

for a reduction in the candidate trac ks up to a factor 100, and yielding

an ev en t �o w of 100 kHz. Recen t results on C + C at 2 Ge V/A with a

conserv ativ e matc hing windo w, indicate a reduction of a factor 12, with

92% bac kground rejection and e�ciency ab o v e 70%.

4.3.8 O�-line analysis

Owing to its hadron blindness, the RICH is the k ey detector for lepton iden ti-

�cation. Whenev er it pro vides a ring, it is matc hed with a reconstructed trac k

from the inner MDC planes within a certain angular windo w. Later on, and

due to the absence of the outer drift c ham b ers in the ph ysics runs corresp onding

to the data analyzed so far, the p osition at TOF and Pre-sho w er is matc hed

with a v alid trac k. Finally , the sho w er condition is applied, plus an extra cut

in time-of-�igh t. An illustrativ e example of this pro cedure, tak en from [135 ], is

sho wn in �g. 4.13 .

The extreme capabilit y of hadron rejection is apparen t, b eing the a v erage

m ultiplicit y of the lepton trac ks as lo w as 2 � 10� 2
p er L VL1 ev en t.
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Figure 4.13: Left: � vs p distribution for all the reconstructed particles (L VL1). Righ t: the

same plot after imp osing all the cuts for rejecting hadrons. The last cut, namely , a cut in the

time of �igh t of the particles, is graphically sho wn.

Figure 4.14: Left: con tributions of the bac kground and the signal to the in v arian t mass

sp ectra. Righ t: in v arian t mass sp ectra of di-leptons and comparison with sim ulation [135 ].

4.3.9 The bac kground rejection

Once lepton iden ti�cation has b een accomplished, the next step consists in mak-

ing an adequate com bination of e+ e�
candidates. Ho w ev er, a large fraction of

the created e+ e�
pairs comes from 
 con v ersion in the target and the RICH

radiator but also � o deca ys. Suc h pairs can b e iden ti�ed, in principle, b ecause

their relativ e angle of emission is v ery small. Ho w ev er, v ery often one of the

leptons of a close pair is strongly b ended b y the magnetic �eld, lea ving his com-

panion free for randomly com bine with other leptons, creating 'fak e' pairs. `The

rejection of this com binatorial bac kground is one of the most di�cult problems

in di-electron sp ectroscop y' [127 ], b eing required to devise adequate algorithms

for reducing their con tribution. The remaining fak es con tribute to the in v arian t

mass sp ectra as bac kground, that is estimated from the sp ectra of lik e-sign pairs
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and also using the ev en t mixing tec hnique, b eing subtracted afterw ards.

The �rst distribution of e+ e�
in v arian t mass obtained in HADES for C + C

collisions at 2 Ge V, not corrected b y acceptance and e�ciency , is sho wn in �g.

4.14 after the close pair rejection algorithm is p erformed and the bac kground is

subtracted as men tioned ab o v e. The signal-to-bac kground ratio is on a v erage

4:1 for M inv < 100 Me V/c

2
and 1:2 for higher masses. Latest results can b e

found in [136 ].



Chapter 5

The HADES tRPC w all

5.1 In tro duction

5.1.1 Co ordinate system and notation

The follo wing lines are dev oted to in tro duce the notation that will b e thoroughly

used within the presen t c hapter. F or that, in �g. 5.1 a lateral pro�le of one of

the six HADES sectors is sho wn, with atten tion fo cused on the detectors close to

the foreseen tRPC w all, namely: a) the outer drift c ham b er (MDC IV), b) the

large angle scin tillator TOF w all and c) the three planes of the sho w er detector.

The v alues 12

�
and 45

�
ha v e b een extracted from the geometry implemen ted in

the HADES sim ulation pac k age

1

.

T w o reference systems can b e distinguished:

1. The `lab oratory' reference system. Its origin is placed at the nominal

target p osition (v ertex), with Z de�ned along the b eam axis, b eing p ositiv e

in the do wnstream direction, and Y de�ned p erp endicular to the �o or,

up w ards. The v ariables referred to that system will b e denoted in capital

letters and lab eled with `lab'. The HADES geometric acceptance in this

reference system can b e expressed in spherical co ordinates as:

18� < � lab < 85�
(5.1)

together with roughly 360

�
co v erage on the azim uthal co ordinate, group ed

in six sectors: 30� < � lab < 90�
, 90� < � lab < 150�

, ... , � 30� < � lab <
30�

( 1; 2; :::; 6).

2. The `lo cal' tRPC reference system. F or designing purp oses, it is v ery

useful to sp eak ab out lo cal co ordinates, that will b e denoted in lo w er

case, without lab el, in the follo wing. T aking, for simplicit y , the sector 1

( 30� < � lab < 90�
), the origin of the lo cal reference system can b e de�ned

b y the in tersection of three planes: a) the Ylab - Z lab plane ( y - z plane), b)

a plane parallel to the larger face of the sho w er detector, placed at the

tRPC p osition ( x - y plane), and c) the plane p erp endicular to the y - z and

x - y planes that con tains the v ertex ( x - z plane); the z axis is de�ned to b e

1

In particular, they w ere obtained from the limits of the activ e v olume of the TOFino w all

that is placed temp orary at the tRPC p osition.

77
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Figure 5.1: Reference system and con v en tions used in this c hapter.

p ositiv e in the region tRPC do wnstream and y is p ositiv e in the direction

of increasing � lab .

The origins of the t w o reference systems are represen ted b y circles in �g. 5.1 .

It is sho wn in the follo wing that the tRPC w all m ust co v er, indeed, p olar

angles � lab from 12�
to 45�

in order to meet HADES geometric acceptance.

The small angle 12�
(see eq. 5.1 ) arises from the necessit y to measure p ositiv e

c harged trac ks that are b en t to w ards lo w � lab .

It is v ery useful to de�ne the angle pro jected o v er the y - z plane. This is

de�ned for an y trac k as the angle b et w een the z axis and the pro jection of the

trac k o v er the y - z plane. It is denoted b y � and can b e expressed in spherical

co ordinates as:

tan � = tan � sin � (5.2)

� ' � sin � (5.3)

and an analogous de�nition for the case of � lab .
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5.1.2 Sp eci�cations of the TOF w all

The pro cess of optimization of a large detector can b e de�ned as a m ulti-v ariable

problem that pro vides a fe asible c ompr omise b etwe en physics r e quir ements and

dete ctor p erformanc es . Some of the implications of this observ ation m ust b e

noted:

1. Sev eral designs and ev en tec hnologies ma y ful�ll the same ph ysics require-

men ts, pro viding di�eren t c hoices for optimization.

2. Optimization can ev olv e in time o wing to an y c hange in the ph ysics re-

quiremen ts or in the detector p erformances.

3. The k ey w ord in an y realistic design is fe asibility . An optim um solution

m ust b e, implicitly , feasible.

F or understanding the pro cess of optimization follo w ed in this w ork, it m ust b e

recalled that the ph ysics requiremen ts w ere discussed elsewhere, along earlier

studies ab out the feasibilit y of the HADES sp ectrometer itself [95 ], [132 ], [139 ],

but also more recen t discussions will b e explicitly men tioned when necessary .

Suc h ph ysics requiremen ts will not b e revisited in this w ork, but simply compiled

within the follo wing paragraphs.

The design of the HADES-TOF w all at lo w angles m ust b e optimized for

handling the highest rates and m ultiplicities foreseen at the HADES sp ectrom-

eter, for the maxim um energies a v ailable at SIS18

2

. On one hand, this means

that the w all m ust b e op erational for Au b eam in tensities up to I = 108
ions/s

impinging o v er a Au target with 1% in teraction probabilit y , according to the

tec hnical prop osal [95 ] (a requiremen t that w as later relaxed do wn to I = 2 107

ions/s, b ecause of tec hnical reasons [140 ]). On the other hand, the detector m ust

ha v e enough gran ularit y to cop e with the highest m ultiplicities foreseen (cen tral

Au + Au collisions

3

with a kinetic energy Ekin = 1.5 Ge V/A

4

). T ec hnical sp ec-

i�cations [95 ] suggest an o ccupancy p er cell at the lev el of 20%, but later on it

w as adviced to go b elo w 10% for lepton detection [141 ]. Requiremen ts concern-

ing gran ularit y and rate capabilit y are completely di�eren t in essence: while the

�rst one can b e alw a ys virtually met b y increasing the total n um b er of cells,

the second one m ust b e pro vided b y the TOF tec hnology used: for glass timing

RPCs, rates higher than 500 Hz/cm

2
in long spills are hardly reac hable without

a sizable degradation of the p erformances, and mor e c el ls wil l not impr ove the

situation .

Other `imp ortan t' requiremen ts that the TOF w all m ust ful�ll are:

1. High time resolution ( � T ' 100 ps) for separating e+ e�
pairs from fast

pions [132 ], [139 ].

2. Robust m ulti-hit capabilities.

3. High geometric acceptance, close to 100%.

2

The p erformances at higher energies, as exp ected in SIS100, are brie�y discussed at the

end of the c hapter.

3

`Cen tral' is de�ned in the follo wing b y the condition b < 4 fm for Au + Au collisions,

corresp onding to the 5-10% of more cen tral ev en ts.

4

1.5 Ge V/A is the larger energy attainable for hea vy systems at SIS18, 2 Ge V/A can b e

ac hiev ed in ligh ter systems due to the larger Z/A ratio.
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4. High in trinsic e�ciency , close to 100%.

5. Highly un biased m ultiplicit y estimate for cen tralit y selection on the pri-

mary collisions.

6. It m ust not a�ect the detectors placed tRPC do wnstream.

7. It m ust �t to the a v ailable space.

8. It m ust b e equipp ed with fast, lo w noise, compact and robust FEE for

op erating a large n um b er of c hannels under stable conditions (the status

of the electronics can b e found elsewhere [87 ]).

A t last, other `in teresting' features of the TOF w all w ould b e:

1. Lo w cross-talk.

2. Easy cabling.

3. P ossibilit y of pro viding iso c hronicit y of the tRPC cells through in ter-

comparisons b et w een them.

4. P ossibilit y of pro viding iso c hronicit y of the tRPC cells through in ter-

comparisons with other high resolution timing detectors (Start detector

and/or TOF w all at large angles).

5. Mo derate tails to w ards dela y ed times.

The results concerning the estimate on the timing required for lepton iden-

ti�cation can b e found in [95 ], [132 ], [139 ]. There, a v alue for � T = 100 ps is

deriv ed, based on studies with Au + Au cen tral collisions. F or the sak e of consis-

tency , some basic �gures ab out particle iden ti�cation capabilities based on tof
will b e pro vided: the time of �igh t of a particle tra v eling along a distance L is

related to its momen tum through:

t =
E
pc

L =
L
c

s

1 +
�

mc
p

� 2

(5.4)

When measured o v er the same distance L , the tof of t w o particles (1, 2) with

masses m1 and m2 will di�er b y an amoun t �t , according to:

�t =
L
c

0

@

s

1 +
�

m1 c
p

� 2

�

s

1 +
�

m2 c
p

� 2
1

A
(5.5)

Let's assume that the tof measuremen t is p erformed b y a detector with a Gaus-

sian time resp onse of width � T : the degree of admixture k = �t=� T can b e

therefore de�ned. It is sho wn in �g. 5.2 that, as long as k & 2, it is p ossible to

resolv e the con tributions of b oth p eaks. If, for illustration, the criteria for b e-

longing to eac h resp ectiv e p opulation is de�ned at the in tersection b et w een b oth

distributions, the detection e�ciency and degree of admixture can b e obtained:

k = 2 e� = 84% admixture = 16% (5.6)

k = 4 e� = 97:5% admixture = 2 :5% (5.7)
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Figure 5.2: Example of the admixture of t w o Gaussian distributions as a function of the

mathematical de�nition of admixture k = �t=� T .

that are, indeed, complemen tary probabilities. Eq. 5.5 , together with the ad-

mixture k = �t=� T , allo ws to de�ne the momen ta pthreshold at whic h a certain

degree of admixture is presen t, as a function of the time resolution of the de-

tector, for di�eren t sp ecies of in terest (�g. 5.3 ). The in terpretation of the

admixture acording to eqs. 5.6, 5.7 is true whenev er the p opulations of b oth

sp ecies are the same, that is not the presen t case. A �nal ev aluation of the PID

capabilities requires to p erform a full sim ulation [95 ],[139 ].

5.1.3 Sim ulation

In the follo wing, the ev en t generator UR QMD(1.2) [142 ] w as used for describing

n ucleus-n ucleus collisions, and the outgoing pro ducts are propagated through

the HADES sp ectrometer (implemen ted with the HGean t/Gean t transp ort co de

[137 ], [138 ]), �nally pro ducing a distribution of particles o v er a plane at the

tRPC w all p osition. This `virtual' plane has b een de�ned to b e parallel to

the plane of pads of the Pre-sho w er detector, but ha ving a larger activ e area

and b eing placed few cm upstream in the direction p erp endicular to the Pre-

sho w er. The c hoice of this `virtual' plane is natural since: a) b oth detectors

will b e mec hanically attac hed to the same frame and b) the tRPC+Pre-sho w er

set m ust pro vide the same acceptance that the Pre-sho w er alone; therefore, the

activ e area of the tRPC w as c hosen to b e larger than the one of the Pre-sho w er,

in a �rst approac h, and later reduced as m uc h as p ossible to �t to the Pre-sho w er

acceptance (section 5.2.1 ).

Dep ending on the purp ose, di�eren t sim ulations w ere p erformed:
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Figure 5.3: Threshold momen ta as a function of the time resolution for HADES-TOF lev er

arm ( L ' 2:3 m), considering di�eren t degrees of admixture and di�eren t t ypical cases. The

v ertical line stands for � T = 80 ps.

F or physics studies :

1. 103
cen tral ( b < 4 fm) Au + Au collisions

5

, Ekin = 1 :5 Ge V/A, magnetic

�eld scaled do wn to B = 0 :72Bmax , with Bmax pro viding a maxim um

v alue of B ' 1:5 T in the acceptance region

6

. The target is considered

to b e p oin t-lik e and the geometry of the sp ectrometer is the standard one

(no misalignmen ts), b eing denoted as `ideal geometry' from no w on.

2. 103
minim um biased Au + Au collisions at an in tensit y I = 2 107

ions/s,

p oin t-lik e target of thic kness equiv alen t to 1% in teraction probabilit y ,

Ekin = 1 :5 Ge V/A, B = 0 :72Bmax , ideal geometry .

`Minim um biased' means that the collisions are considered at all p ossible

impact parameters, w eigh ted prop ortionally to b.

F or studies on ge ometric ac c eptanc e :

1. 106 e+ e�
pairs w ere generated, according to an isotropic distribution in

the lab oratory system ( 0 < � lab < 90) and �at in 1=p from p = 100
Me V to 1000 Me V (mass of the � ) and propagated along a magnetic �eld

B = 0 :72Bmax .

5

Appro ximately 2 105
trac ks o v er the tRPC.

6 B = 0 :72B max is the t ypical �eld used so far in HADES.
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In order to explain the reasons for selecting this distribution, let's de�ne

� � as the v ariation in angle su�ered b y a particle ha ving momen tum p
in a magnetic �eld B . As sho wn in [143 ], [144 ], in a �rst approac h b oth

magnitudes are related through:

p /
1

2 sin(� �= 2)
'

1
� �

(5.8)

Therefore, an uniform distribution in 1=p pro vides roughly all p ossible

de�ections � � within the HADES acceptance, with equal w eigh t for all of

them.

In the follo wing, the three sim ulations describ ed will b e denoted as c entr al ,

minimum biase d and al l tr acks .

The soft w are digitizer

Usually it is denoted b y digitizer a `dictionary' that allo ws to go from the

distribution of particles o v er a detector, as obtained from a ph ysics sim ulation

pac k age, to a realistic situation, after taking in to accoun t the detector resp onse

(see �g. 5.4).

Figure 5.4: Sc heme of the `sim ulation plus digitization' in its presen t stage. It m ust b e

noted that digitization and design are p erformed in a single step.

The digitizer assumes that eac h tRPC cell is constituted b y 4 gaps with an

e�ciency " = 0 :75/gap (for MIP's [68 ]) with indep endence from the p osition

of the cell, the inclination of the particles, and the primary ionization. These

assumptions can b e considered as reasonable due to the small dep endence of the

p erformances on the primary ionization (see section 3.2.4 ), and assuming that

edge e�ects can b e neglected.

The e�ciency w as assumed to b e " = 1 /gap for hadrons and " = 0 :75/gap for

leptons in order to pro vide a `w orst case' scenario regarding lepton detection.

The time and p osition resolution w ere not implemen ted in the digitizer for

presen t purp oses, and they will b e explicitly men tioned when necessary .
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5.2 Characteristics of the tRPC w all

5.2.1 Determination of the tRPC w all acceptance

The geometric acceptance of the HADES sp ectrometer at the tRPC p osition has

b een de�ned b y generating al l p ossible tr acks o v er it, as describ ed in previous

section, imp osing the condition that suc h trac ks pro vide a v alid hit in all the

MDCs

7

and the Pre-sho w er (ideal MDC and Pre-sho w er resp onse is therefore

assumed).

The distribution obtained o v er the tRPC is sho wn in �g. 5.5 . As said, the

tRPC area has b een c hosen in sim ulation to b e larger than the activ e area of

the Pre-sho w er detector. In the left side of �g. 5.5 , the distribution of al l tr acks

o v er the tRPC can b e seen, while, in the righ t side, the same distribution is

sho wn after imp osing the condition of ha ving a v alid hit in the 4 MDC planes

and the Pre-sho w er, therefore de�ning the limits of the geometric acceptance at

the tRPC p osition.
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Figure 5.5: Left: �gure sho wing the area illuminated for acceptance estimates under a

primary distribution that con tains all the p ossible trac ks within the sp ectrometer. Righ t:

the same distribution as in left but requiring a v alid hit in all the drift c ham b ers and the

Pre-sho w er, pro viding an estimate of the acceptance at the tRPC p osition (thic k line).

In order to accoun t for p ossible, una v oidable, displacemen ts of the HADES

detectors, it ma y b e required to adopt the conserv ativ e assumption of co v ering

an area larger than the true tRPC acceptance. F or ev aluating suc h p ossibil-

it y , the HADES geometry obtained from the No v em b er 2002 b eam time after

alignmen t of the detectors

8

, w as implemen ted in sim ulation and the acceptance

obtained is sho wn in �g. 5.6 (left) together with the estimate for the case of ideal

geometry . The only e�ect of suc h misalignmen ts seems to b e related, indeed, to

a small decrease of the geometric acceptance at the tRPC p osition: therefore

the ideal geometry pro vides a conserv ativ e upp er limit to the acceptance.

Fig. 5.6 also sho ws (lines) the acceptance estimated from Au + Au cen tral

collisions at 1.5 Ge V/A, de�ning essen tially the same acceptance that �g. 5.5 .

In particular, the distribution of al l tr acks has lost the azim uthal symmetry .

This e�ect can b e explained b y a sizable magnetic kic k o v er the azim uthal angle

that b ends the lo w p trac ks to w ards the middle of the sector. The depletion at

lo w p olar angles � lab in the case of the Au + Au distribution is created b y the

7

This is done b y requiring a hit in eac h of the 6 wire planes of the 4 MDC c ham b ers.

8

Soft w are alignmen t.
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Figure 5.6: Left: distribution of al l tr acks o v er the tRPC plane for the HADES geome-

try presen t in the No v em b er 2002 exp erimen t. Also sho wn (lines) the geometric acceptance

estimated for the ideal geometry (statistics are a factor 3 smaller than in �g. 5.5). Righ t: dis-

tribution corresp onding to Au + Au cen tral collisions after imp osing the condition of v alid hit

in MDCs + Pre-sho w er. The distribution obtained la ys in the acceptance (lines), as exp ected.

presence of the MDC frames.

The dimensions of the HADES geometric acceptance obtained from �g. 5.5

are sho wn in �g. 5.7 , together with its p osition in the `lab oratory' reference

system. F or design purp oses, the follo wing con v en tion is adopted: the ge ometric

ac c eptanc e is de�ne d at the plane of the for ese en last gap of the tRPC in the

downstr e am dir e ction .

Figure 5.7: HADES acceptance at the tRPC in the lab oratory reference system.

There is a natural question on ho w to distribute the cells o v er the tRPC

acceptance. The co v erage can b e accomplished, for example, with a) v ertical

or b) horizon tal strips, or c) squared cells, d) ha ving di�eren t orien tations with
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resp ect to the impinging particles, placed on e) one or f ) sev eral la y ers. Here,

using the kno wledge accum ulated in previous studies [139 ] and [145 ], an ap-

proac h based on an arra y of long cells extended along the x direction will b e

follo w ed. The b ene�ts are, among others, a high homogeneit y of the distribution

of particles o v er the cell, due to the appro ximate azim uthal symmetry , and the

p ossibilit y of placing the FEE (F ron t End Electronics) under the shado w of the

magnet coils (the region close to the slan ting sides of the trap ezium that de�nes

the acceptance).

Ha ving this in mind, the distributions of in terest o v er the tRPC, regarding

o ccupancies and primary rates, will b e expressed as a function of the y co ordi-

nate, after in tegrating (or a v eraging) o v er the x co ordinate. As men tioned, the

exp ected large homogeneit y of the distributions of particles as a function of x
justi�es the approac h.

5.2.2 Rate of particles

The primary in tensit y considered is I = 2 107
ions/s, corresp onding to the max-

im um v alue exp ected in HADES for a hea vy ion en vironmen t. The in teraction

probabilit y in the target is set to 1% according to HADES prop osal [95 ] and

primary minim um biased Au + Au collisions at 1.5 Ge V/A are transp orted. The

rate exp ected at the tRPC w all as a function of y (a v eraged o v er x ) is sho wn in

�g. 5.8 .

Figure 5.8: Rate o v er the tRPC w all for the most unfa v orable en vironmen t exp ected in

HADES: minim um biased Au + Au collisions, E kin = 1.5 Ge V/A, I = 2 10 7
ions/s, Pint =1%,

B = 0.72 B max . A maxim um v alue � = 700 Hz/cm

2
is reac hed at the lo w er p olar angles.

It can b e observ ed that the distribution is p eak ed to w ards lo w v alues of y
(lo w p olar angles � lab ) due to the Loren tz b o ost. The strong dep endence of the
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rate with y 9

, suggests that di�eren t kind of tRPCs could b e used within the

same exp erimen t [98 ], for the co v erage of di�eren t p olar angles.

A ccording to previous w orks on glass timing RPCs (for instance [47 ], [147 ])

and c hapter 6, the exp ected maxim um rate ( � ' 700 Hz/cm

2
) is already at the

limit where glass timing RPCs can o�er go o d p erformances. The implications

of suc h a w orsening are quan titativ ely discussed in the next sections.

F requency of particles

Besides the rate limitation, that has to do with the accum ulation of c harge o v er

the resistiv e plates (see section 3.2.7 ), w orking at high rates also results in an

increased probabilit y of piling-up of the tRPC signals. F or an estimate of the

e�ect, it m ust b e recalled that the tRPC signal extends in time up to around

� Tsignal � 1 � s, mainly due to the ion tail. Therefore, if the frequency of hits

o v er the tRPC cell is higher than 1=� Tsignal � 1 MHz, the pile-up b ecomes

sizable, resulting in a w orsening of the timing p erformances. F or the highest

rates exp ected at lo w p olar angles ( � = 700 Hz/cm

2
) and the t ypical cell sizes

foreseen for that region (around 15� 2 cm

2
)

10

, the frequency of hits is k ept as

lo w as 0.020 MHz, that guaran tees a safe op eration with pile-up at the lev el of

2%. In case of higher frequencies of hits, the p ossibilit y of �ltering out the ion

tail should b e considered.

5.2.3 Occupancy

The a v erage n um b er of trac ks o v er the tRPC acceptance p er primary in teraction

p er unit length (namely , the o ccupancy densit y) along the y direction is sho wn

in �g. 5.9 . It has b een obtained for the highest m ultiplicit y scenario exp ected in

HADES under curren t SIS18: cen tral Au + Au collisions at Ekin = 1.5 Ge V/A,

yielding N = 30 � 6 c harged particles o v er the tRPC w all.

A ccording to �g. 5.9 , HADES requiremen ts of 10-20% o ccupancy p er cell

can b e ful�lled, at lo w y , b y strips ha ving widths in the range 3- 6 mm. A

similar approac h has b een follo w ed b y F OPI exp erimen t, where the pic k-up

electro des are segmen ted b y long strips of 3:44 mm pitc h; ho w ev er, the large

cluster sizes observ ed require dedicated m ulti-hit studies [148 ]. The cluster sizes

can b e reduced virtually to one b y w orking with electrically isolated tRPC cells,

but the feasibilit y of pro ducing long cells with sub-cm widths is mec hanically

questionable.

So, it w as decided to k eep the cell width at the cm scale, and the required

o ccupancy lev els can b e met b y an additional segmen tation of the sector in

small sub-sectors or p etals (in �g. 5.10 di�eren t p ossibilities are illustrated).

Moreo v er, the adv an tages of a mo derate segmen tation (therefore wider cells),

are considerable, as sho wn in sections 5.2.4 and 5.3.2 .

Eac h segmen tation pro duces an ine�cien t region due to the separation b e-

t w een the tRPC p etals, that reduces the geometric acceptance; therefore a large

n um b er of p etals is not advisable. On the other hand, b y symmetry , an ev en-

fold segmen tation places an ine�cien t region at the middle of the sector, a

zone where a fraction of the lo w momen tum particles is strongly fo cused at the

9

A factor � 10 reduction is observ ed from the lo w er v alue of y ( � lab � 12�
) to its maxim um

v alue ( � lab � 45�
).

10

See next sections.
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Figure 5.9: Occupancy densit y on the tRPC w all (full line) for the highest m ultiplicit y

en vironmen t exp ected in HADES: cen tral Au + Au collisions ( b < 4 fm), E kin = 1.5 Ge V/A.

The con tributions of protons (dashed), pions (dotted) and others (dash-dotted) are sho wn,

b eing the latter dominated mainly b y electrons. The reduction of the n um b er of protons at

lo w y is caused b y the MDC frames.

Figure 5.10: Natural segmen tations in 1-4 p etals, that k eep constan t the area of the cell

and pro vide, in a �rst approac h, equiv alen t o ccupancies (and gran ularities) of the tRPC w all.



5.2. CHARA CTERISTICS OF THE TRPC W ALL 89

tRPC plane (see section 5.2.4 and also [143 ]) due to the inhomogeneities of the

magnetic �eld.

The in terpretation of the o ccupancy

F or lo w o ccupancies, and assuming that the p ositions of the particles o v er the

tRPC are not correlated among themselv es, the statistical distribution of trac ks

o v er a region � y at the tRPC follo ws P oisson statistics. Therefore, b y taking

the a v erage o ccupancy of the cell n = dn
dy � y , the probabilit y that the cell is

empt y ( Po ), that it has 1 hit ( P1 ), etc, can b e de�ned:

Po = e� n ' 1 � n (5.9)

P1 = ne� n ' n(1 � n) (5.10)

� � �

Pk =
nk e� n

k!
'

nk

k!
(1 � n) (5.11)

Due to expression 5.9 , the probabilit y that the cell is o ccupied (1- Po ) is often

appro ximated b y the a v erage o ccupancy n . While the last has no upp er b ound,

the former is a true probabilit y , taking v alues b et w een 0 and 1.

Num b er of electronic c hannels

In a one la y er design, once the maxim um assumable o ccupancy is imp osed b y the

exp erimen t requiremen ts, the n um b er of required cells b ecomes a �xed n um b er;

it is just a geometric (and tec hnical) problem to c hose the adequate arrangemen t

and the shap es of the cells. F urthermore, the details of the o ccupancy densit y

b ecome irrelev an t for calculating the total n um b er of electronic c hannels.

Let's assume, for illustration, the n um b ers coming from the sim ulation of

cen tral Au + Au collisions at 1.5 Ge V/A: N = 30 c harged particles o v er eac h

sector of the tRPC w all. It m ust b e recalled that sim ulations at a lo w er energy

Ekin = 1 Ge V/A and b = 0 pro vide N = 20 [139 ], [145 ]. If the o ccupancy is

set to 20% b eing uniform o v er the w all, the n um b er of required cells can b e

obtained as:

Ncells = 6 sect � 20=0:2 = 600 Au + Au, b = 0 fm, 1.0 Ge V/A (5.12)

Ncells = 6 sect � 30=0:2 = 900 Au + Au, b < 4 fm, 1.5 Ge V/A (5.13)

Using a double-end read-out for ha ving un biased estimates of the time-of-

�igh t, 1800 ele ctr onic channels w ould b e required (and 1200 at 1 Ge V, in qual-

itativ e agreemen t with earlier prop osals [139 ] (1440 c hannels) and [145 ] (1320

c hannels)).

5.2.4 Num b er of p etals

Di�eren t p ossibilities of segmen tation will b e discussed, through the study of

three e�ects: volume e�e cts , double hits and azimuthal magnetic de�e ction .

The �rst t w o are general issues, while the third is c haracteristic of the HADES

magnetic �eld.
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V olume e�ects

The requiremen ts that allo w to neglect the thic kness of the detector for o ccu-

pancy calculations can b e extracted b y lo oking at the situation illustrated in

�g. 5.11 . An activ e v olume with dimensions d � D � w (thic k, long, wide)

and an a v erage angle of incidence � , pro jected o v er a plane parallel to the face

d � w , ha v e b een assumed. In that simple case, the volume e�e cts can b e ev al-

uated through the ratio of the particles impinging from the side to the particles

impinging on the surface:

n =
dn
dy

w (5.14)

nside =
dn
dy

dj tan � j (5.15)

nside

n
=

d
w

j tan � j (5.16)

Figure 5.11: Simpli�ed situation where the v olume e�ect, namely the fraction nside =n , can

b e directly ev aluated.

It has b een assumed that the only `v olume' con tribution comes from the

face d � D , that is enough for the presen t discussion and true in general for

long cells ( D � w ). As a consequence, when nside =n & 1, the increase in

the gran ularit y will not help to reduce the o ccupancy , b eing dominated b y the

particles impinging from the side.

In HADES, a v alue for � can b e obtained from geometric considerations,

as most of the hadrons tra v el through almost straigh t lines due to their large

momen tum. Fig. 5.12 sho ws the b eha vior of the pro jected angle � as a function

of the lo cal tRPC p osition y :

tan � =
y
L

(5.17)

b eing L is the distance from the target to the cen ter of the sector.

The geometric exp ectation giv en b y eq. 5.17 is sho wn in �g. 5.13 , together

with the observ ed y vs � distribution for cen tral Au + Au collisions at 1.5 Ge V/A.

Most of the particles are v ery close to the geometric prediction, b eing sligh tly
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Figure 5.12: Figure sho wing the direct relation b et w een the angle pro jected on the y - z plane

( � ) and the lo cal p osition y o v er the tRPC.
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Figure 5.13: Lo cal co ordinate y as a function of the pro jected angle � for cen tral Au + Au

collisions at 1.5 Ge V/A. Most of the particles la y close to the geometric exp ectation in the

case of straigh t trac ks (dashed line).



92 CHAPTER 5. THE HADES TRPC W ALL

de�ected to w ards lo w v alues of � , corresp onding to an a v erage do wn w ards de-

�ection � � ' � 1:5�
. The p oin ts scattered out of tan � ' y

L are mainly leptons

and particles pro duced out of the v ertex.

Let's assume, for illustration, that the design is p erformed to pro vide an

o ccupancy n = 20% ; then, a) according to �g. 5.9 , the cells m ust ha v e the

follo wing widths at lo w y : w = 0 :6 cm for a 1-fold segmen tation, w = 1 :2 cm

for a 2-fold segmen tation and so on; b) at lo w y , � ' � 20�
is obtained from

�g. 5.13 ; c) the activ e thic kness is assumed to b e d = 0 :72 cm (four 0.3 mm

gas gaps and three 2 mm plates). With these v alues, the v olume e�ect can b e

quan ti�ed for di�eren t con�gurations through the magnitude nside =n, as sho wn

in �g. 5.14 .
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Figure 5.14: Left: nside =n (v olume e�ect) as a function of the n um b er of segmen tations

(the o ccupancy w as set to n = dn
dy � y = 20% ). Also sho wn (righ t) the comparison b et w een the

ev aluation of form ulas 5.16 , 5.17 and the sim ulated v alues of nside =n for the la y out prop osed

in section 5.3.1.

F or a 1-fold segmen tation and 20% o ccupancy , the v olume con tribution is

already 40%, b eing around 10% for a 3-fold segmen tation. The magnitude of

the e�ect for a 3-fold segmen tation, with the cell sizes prop osed in section 5.3.1 ,

is also sho wn, together with the result of the ev aluation of eq. 5.16 (triangles),

indicating a reasonable m utual agreemen t, not exceeding the v olume e�ect a

10%.

The v olume e�ect can b e reduced b y inclining the detector cells suc h that

straigh t trac ks coming from the v ertex are impinging p erp endicularly at an y

p osition of the TOF w all. This option w ould lead to a completely di�eren t

assem bling of the cells in the gas b o x as compared to the one prop osed here,

but m ust b e considered as a reasonable c hoice.

Azim uthal de�ection in the magnetic �eld

By construction, HADES magnetic �eld is aimed at pro viding a momen tum kic k

along the p olar angle. Ho w ev er, a residual azim uthal kic k is presen t, tending

to fo cus (de-fo cus) the particles to (from) the middle of the sector

11

, dep ending

on their c harge. This e�ect has b een recen tly c haracterized in some detail [143 ],

pro viding an explanation of wh y b oth the fo cusing and the de-fo cusing pro cesses

11 y - z plane.



5.2. CHARA CTERISTICS OF THE TRPC W ALL 93

lead to an enhancemen t of the lepton p opulation close to the middle of the sector

at the tRPC p osition.

F or illustrating the e�ect, the distribution of particles along the x direction is

sho wn in �g. 5.15 at the lo w er p olar angles ( � 66 cm < y < � 65 cm, � lab ' 12�
),

as it w ould b e exp ected for cen tral collisions and for a 1=p di-lepton distribution.

-40 -30 -20 -10 0 10 20 30 40
0

0.02

0.04

0.06

0.08

0.1

0.12

x [cm]

leptons, (all tracks)

AuAu, (central collisions)

P
ro

ba
bi

lit
y 

[ i
n 

2 
cm

 b
in

]

Figure 5.15: Distribution o v er x at � lab = 12 �
, obtained for leptons and cen tral Au + Au

collisions. The �gure sho ws the fo cusing observ ed for leptons (mainly p ositrons in the plotted

region) to w ards the middle of the sector, while a large homogeneit y is presen t in the ev en ts

coming from Au + Au cen tral collisions.

While the distribution corresp onding to cen tral collisions is roughly uniform,

as exp ected due to the azim uthal symmetry , the leptons tend to fo cus to w ards

the middle of the sector, due to the azim uthal magnetic kic k. Therefore, to

a v oid p ossible losses of geometric origin, a segmen tation in an ev en n um b er of

p etals is not advisable.

In�uence of the propagation time

It is v ery imp ortan t to tak e in to accoun t that a particle is not detected un til

the a v alanc he signal has b een induced and propagated along the cell up to the

FEE electronics. If a di�eren t particle arriv es to the cell b efore the collection of

the signal has �nished, suc h a signal will b e distorted

12

. Otherwise, the second

particle will arriv e to the same cell but will not a�ect the �rst. This represen ts

a fa v orable situation whenev er the particle of in terest is faster than a t ypical

particle from the bulk, as is the presen t case. Therefore, when dealing with

leptons, the scenario pro vided b y the o ccupancy giv en in �g. 5.9 is exp ected to

b e more fa v orable.

The situation can b e describ ed from a simple p oin t of view, in order to

ev aluate the e�ect: a) t w o particles arriv e to the cell separated in time b y

� t and b) the distribution along the cell is homogeneous. Let's consider that

12

Let's note that for a v elo cit y of propagation vprop = 2 =3c and a t ypical cell size D = 20
cm the propagation time from one of the cell ends to the other is 1 ns.
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the �rst particle arriv es at a p osition x and that the distance tra v eled b y the

corresp onding induced signal when the second particle arriv es is � x = vprop � t
( vprop is the v elo cit y of propagation of the signal). Under these assumptions,

the probabilit y that the second particle impinges on a region where the signal

induced b y the �rst has already arriv ed, can b e regarded as the probabilit y

of ha ving a clean signal from the �rst, without an y kind of in terference coming

from the second. Suc h probabilit y can b e written as a function of the probabilit y

that b oth signals in terfere ( Pinterf ) according to:

1 � Pinterf (x; � t; D ) =
1
D

[� x �( D � (x + � x)) + � x �( x � � x)] +

1
D

[(D � x) �(( x + � x) � D ) + x �(� x � x)] (5.18)

with � b eing the step function, x the p osition of incidence of the �rst particle

and D the length of the cell. The in tegral in terference probabilit y Pinterf of eq.

5.18 for all the p ositions of the �rst particle can b e obtained as:

1 � Pinterf (� t; D ) =
1
D

Z D

o
(1 � Pinterf (x; � t; D )) dx =

1
D 2

� Z D � � x

o
� xdx +

Z D

� x
� xdx +

Z D

D � � x
(D � x)dx +

Z � x

0
xdx

�
(5.19)

that results in the simple expression:

Pinterf (� t; D ) =
�
1 �

vprop � t
D

� 2
(5.20)

Naturally , the in terference probabilit y increases with D , pro viding a strong ar-

gumen t against v ery long cells (lo w segmen tations). F or illustration, the mag-

nitude Pinterf (� t; D ) is sho wn in �g. 5.16 for the lo w p olar angle region and

di�eren t segmen tations, assuming � t = 0 :1, 0:25, 0:5 ns.

Eq. 5.20 m ust b e a v eraged o v er the time distribution of the sp ecies of in ter-

est, yielding

�Pinterf (D ) . Therefore, the e�ectiv e o ccupancy can b e de�ned, in

general, as:

nef f = n �Pinterf (D ) (5.21)

If

�Pinterf (D ) ! 1 all the hadrons con tribute to the e�ectiv e o ccupancy .

Algorithm for reco v ering double hits

In general, leptons with high tof are alw a ys presen t, corresp onding to lo w mo-

men tum and therefore large de�ections (see �g. 5.18 , for instance). In suc h a

situation, it exists a c hance that the lepton signal is completely hidden, b ecause

a fast hadron crossed the same cell. This case will b e referred as `total in terfer-

ence'. Therefore, the concepts of `total' and `partial' in terference can b e de�ned,

as describ ed in �g. 5.17 , and denoted b y P interf [2] and P interf [1] , resp ectiv ely

13

.

In �g. 5.17 (up), it exists partial in terference and, as a result, induced sig-

nals coming from di�eren t particles are collected at b oth tRPC ends, pro viding

a biased estimate of the p osition. F ortunately , HADES has t w o accurate means

13

In previous section, the in terfering probabilit y w as referring to the case of partial in ter-

ference P interf [1] .
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Figure 5.16: Probabilit y of in terference exp ected at lo w p olar angles as a function of the

n um b er of segmen tations (therefore the cell length), and the tof di�erence � t .

Figure 5.17: P artial (up) and total (do wn) in terference. The arcs sho w the w a v e fron t of

the induced signal at �xed time. The p osition reconstructed b y the tRPC (biased) is sho wn,

together with the ones resulting from an ideal auxiliary detector system.

for determining the true p osition o v er the tRPC: the MDC trac king system

and the Pre-sho w er detector (that is attac hed to the tRPC). Therefore, a par-

tially in terfering double hit can b e iden ti�ed b y the t ypical pattern describ ed

in �g. 5.17 (up) (I.e.: a mismatc h b et w een the p osition estimated from the

tRPC, xRP C = ( tL � tR )vprop =2, and the t w o p ositions reconstructed b y the

trac king. Inciden tally , the biased tRPC p osition la ys alw a ys b et w een the t w o

reconstructed p ositions, making a clean pattern).

If the true p ositions of the double hits are kno wn with the help of external
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information, the times of �igh t of the t w o particles (t 1 , t 2 ) can b e estimated

through:

t1 = tR �
D � xR

�
�
ext

vprop
(5.22)

t2 = tL �
xL

�
�
ext

vprop
(5.23)

� 2
T

= ( � T

�
�

RP C
)2 +

�
� x

�
�
ext

vprop

� 2

(5.24)

with x starting from the left end of the cell. Assuming a propagation v elo cit y

vprop = 2
3 c (section 6.5.3 ) and a reasonable v alue of � x

�
�
ext

< 1 cm

14

, a con tri-

bution of 50 ps is obtained when accoun ting for the resolution of the trac king

system (still smaller than the in trinsic tRPC resolution).

It m ust b e noticed that, in case of double hits, the c harge information is

corrupted

15

. Ho w ev er, a time resolution � T = 100 ps can b e obtained ev en

in the absence of slewing correction as sho wn in section 6.4.2 . Therefore, the

exp ected time resolution for double hits is:

� x
�
�
ext . 1 cm ! � T � 100 ps (5.25)

Note that, if the algorithm for reco v ering double hits can b e implemen ted in

practice, it w ould suggest, against the conclusion of previous section, to build

v ery long cells so that the probabilit y of partial in terference P interf [1] is enhanced

and the total in terference P interf [2] reduced virtually to zero. Ho w ev er, it is

advisable at the presen t stage to try to minimize in terference and k eep the

length of the cells at reasonable v alues.

The time of �igh t of leptons

The fact that the e+ e�
pairs tra v el at the sp eed of ligh t indicates that their time

of �igh t and momen tum are correlated only due to the de�ection in the magnetic

�eld. Before studying suc h correlation it is necessary to remo v e from the sample

of lepton trac ks those with unreasonable times of �igh t due to erratic paths along

the magnetic �eld that are, an yw a y , hard to reconstruct for the trac king system.

The more critical cases can b e iden ti�ed b y lo oking for correlations b et w een tof -

� lab and tof - � � ( � � is de�ned as the di�erence b et w een the pro jected angle in

lab at the tRPC p osition and the pro jected angle at v ertex): lo oping leptons or

those with v ery long paths are iden ti�ed as disconnected regions in an y of these

t w o represen tations (�g. 5.18 up). F urthermore, �g. 5.18 (up-righ t) indicates

that particles with zero de�ection ( � � = 0 ) can ha v e v ery large times of �igh t,

an e�ect that can b e only explained b y the erratic mo v emen t of lo w momen ta

electrons in regions of high �eld, yielding � � = 0 just b y c hance. Suc h leptons

w ere remo v ed from the sample through the cuts indicated b y the lines in �g.

5.18 .

14

The nominal precision of the HADES trac king system is at the lev el of 0.1 mm at the

plane of the drift c ham b ers.

15

Large shaping times of some tens of ns are commonly used for c harge measuremen ts,

therefore resulting, in case of double hits, in the analog sum of the c harges pro duced b y b oth

particles.
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Figure 5.18: (Up-left) Time of �igh t of e+ e�
pairs as a function of the pro jected angle

in the `lab' system. (Up-righ t) Time of �igh t of e+ e�
pairs as a function of the v ariation

b et w een the pro jected angle at the tRPC and v ertex. (Do wn) Relation b et w een time of �igh t

and momen tum for e+ e�
pairs.

Finally , the plot 5.18 (do wn) sho ws the correlation b et w een tof and p for

e+ e�
pairs (the t w o observ ed branc hes at lo w momen tum corresp ond to the

di�eren t paths of e+
and e

�
within the sp ectrometer). The follo wing obser-

v ations can b e made: a) most of the leptons with momen tum p > 100 Me V

ha v e tof < 8:5 ns (not more than 1.1 ns later than the fastest lepton) while b)

p > 200 Me V implies tof < 8:0 ns (less than 0.6 ns later than the fastest lepton).

Fig. 5.18 has b een obtained for the t ypical �eld applied in the sp ectrometer,

but the relations a) and b) will also hold, in general, for lo w er �elds.
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5.3 Design

5.3.1 1-la y er la y out

A ccording to the argumen ts presen ted, a 3-fold segmen tation with cells electri-

cally isolated, eac h of them featuring a width that pro vides an homogeneous

o ccupancy n ' 20% in the most unfa v orable scenario exp ected in HADES,

constitutes a reasonable c hoice, b ecause of the follo wing reasons:

1. The electric isolation pro vides robust m ulti-hit p erformances b y construc-

tion (cross-talk lev els b elo w 1% w ere obtained for the �rst protot yp e tested

in 2003, as sho wn in c hapter 6 ).

2. The width of the cells can b e k ept at the lev el of � y ' 2 cm for the lo w er

p olar angles, ful�lling the o ccupancy criteria ( n ' 20%) and pro viding

enough sti�ness.

3. The v olume e�ect, nside =n, pro duced b y inclined particles is as small as

10% (�g. 5.14 ).

4. The shorter lengths as compared to the case of single segmen tation reduces

signi�can tly the probabilit y that a coinciden t particle in terfere with the

lepton signal. Moreo v er, the probabilit y of ha ving a clean lepton signal is

b etter than 90% for the con�guration presen ted (see next sections).

5. There are no geometric losses in the e�ciency to w ards the middle of the

sector.

Length of the columns

Due to the azim uthal symmetry of the exp erimen t, the distribution of secondary

particles is rather homogeneous o v er x . Ho w ev er, an exact symmetry in � lab

do es not imply total homogeneit y in x , as can b e inferred b y lo oking at �g. 5.19 ,

where the o ccupancy densities o v er the inner and the outer columns are sho wn.

A decrease in the length of the inner column suc h that D inner = 0 :93Douter ,

pro vides the same o ccupancy o v er the three columns (�g. 5.19 righ t). Despite

the small di�erence, this feature is included in the prop osed design.

Figure 5.19: Left: con tribution to the o ccupancy for eac h of the columns, assuming an exact

3-fold segmen tation. Righ t: con tribution to the o ccupancy for eac h of the columns, after the

re-scaling D inner = 0 :93D outer .
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Design parameters

As said, once the o ccupancy is �xed, the cell sizes can b e obtained. A p ossible

con�guration is sho wn in �g. 5.20 , with the cell sizes c hosen to ful�ll the o ccu-

pancy requiremen ts b y means of commercially a v ailable alumin um pro�les (for

instance, [146 ]).

-60 -40 -20 0 20 40 60

2

2.5

3

3.5

4

4.5

5

ce
ll 

w
id

th
 w

 [c
m

]

2.2 cm

2.7 cm

3.0  cm

3.8 cm

4.7 cm

2.5 cm´3

cell (width)

2.5 cm´4

2.5 cm´4

2.5 cm´5

2.5 cm´6

y [cm]

 height)´shielding profile (width 

-60 -40 -20 0 20 40 60
10

15

20

25

30

35

40

45

50

y [cm]

ce
ll 

le
ng

th
 [c

m
]

 1.09)´central column (side columns = 

-60 -40 -20 0 20 40 60

1

1.5

2

2.5

3

y [cm]

se
pa

ra
tio

n 
be

tw
ee

n 
ac

tiv
e 

re
gi

on
s 

[c
m

]

Figure 5.20: Up: cell width as a function of y for k eeping the o ccupancy at 20%. Do wn-left:

cell length for the cen tral column. Do wn-righ t: separation b et w een the activ e region of the

cells along the y direction.



100 CHAPTER 5. THE HADES TRPC W ALL

Double hit probabilities

The magnitudes used for ev aluating the design are de�ned in the follo wing:

1. Po : probabilit y that the cell is empt y when a lepton arriv es.

2. P1 : probabilit y that the cell is o ccupied b y one particle when a lepton

arriv es.

3. Pclean : probabilit y that the cell is o ccupied b y one particle to o slo w to

a�ect a lepton. A clean lepton signal will b e collected in that case.

4. Pinterf = Pinterf [1] + Pinterf [2] : probabilit y that the cell is o ccupied b y

one particle fast enough to in terfere with a lepton signal.

5. Pinterf [1] : probabilit y that the cell is o ccupied b y one particle fast enough

to mo dify the lepton signal collected in one of the cell ends. The t w o

trac ks can b e partially reco v ered o�-line.

6. Pinterf [2] : probabilit y that the cell is o ccupied b y one particle so fast that

mo di�es the lepton signal collected in b oth ends. The lepton is lost.

7. P> 1 : probabilit y that the cell is o ccupied b y more than one particle (disre-

garding their arriv al times). In this case, it will b e assumed, conserv ativ ely ,

that the lepton signal is lost.

8. Plost = Pinterf [2] + P> 1 : probabilit y that a lepton is lost.

No w it m ust b e recalled that, leptons with p > 100 Me V ha v e times of �igh t

t < 8:5 ns and, similarly , p > 200 Me V implies that t < 8:0 ns. Aiming at a

conserv ativ e estimate, the double hit probabilities de�ned in previous paragraph

ha v e b een ev aluated for a `dumm y' coinciden t lepton with time of �igh t t = 8 :5
ns ( p > 100 Me V) and equal probabilit y of impinging at an y p osition x along the

cell. The resulting probabilities are sho wn in �g. 5.21 for the case of Au + Au

collisions at 1.5 Ge V/A.
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Figure 5.21: Left: probabilit y that the cell is o ccupied 1- Po , that it has 1 particle when the

lepton arriv es P1 , and that it has more than 1 particle P> 1 . Righ t: di�eren t p ossibilities when

the cell is o ccupied b y one particle P1 , namely: a) Pclean (the lepton is cleanly detected), b)

Pinterf [1] (b oth induced signals in terfere), c) Pinterf [2] (the lepton signal is hidden b y a fast

particle and is lost). A costan t arriv al time t = 8 :5 ns is assumed for the coinciden t lepton.
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Figure 5.22: Probabilit y that the cell is o ccupied ( 1- Po ) for the prop osed design as a function

of the lo cal co ordinate y (circles). Also sho wn the probabilit y that the lepton signal is lost for

di�eren t times of �igh t 8.0 ns (triangles) and 8.5 ns (squares). The asterisks sho w the practical

limit to lepton detection, giv en b y the probabilit y of ha ving sim ultaneous coincidence in the

same cell b et w een the lepton and more than 1 trac k coming from the bulk of particles.

The probabilit y of losing the lepton is sho wn in �g. 5.22 for t w o di�eren t

times of �igh t ( 8:0 ns, 8:5 ns). The main conclusion is that, for leptons with

tof = 8 :0 ns ( p > 200 Me V), the probabilit y of not b eing detected tends to:

Plost = Pinterf [2] + P> 1 ' P> 1 ' n2 � 0:04 (5.26)

that represen ts a practical limit to lepton detection under the conserv ativ e as-

sumption that leptons in coincidence with more than 2 trac ks are unreco v erable

in a giv en cell. The �nal lepton detection p erformances are presen ted in the

next section.

Exp ected detection probabilit y

It is useful to de�ne the total detection probabilit y for leptons, D , as the com-

bination of three strongly uncorrelated factors:

1. The intrinsic e�ciency " . It is a prop ert y of the detector itself and sta ys

at the lev el of 99% for 4-gap tRPCs [88 ], under lo w rates. The decrease

of the e�ciency as a function of rate has b een parameterized in c hapter 6

under t ypical HADES conditions, pro viding, appro ximately:

� " ' � 1:5%
�

100 Hz/cm

2 (5.27)

Assuming the op erating rates obtained from the sim ulation of Au + Au

collisions at the highest in tensities (�g. 5.8 ), it is p ossible to extrap olate

the b eha vior of " as a function of y to that conditions, as sho wn in �g.

5.23 . An increase of a factor 2 in the rate capabilit y can b e easily obtained
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b y a prop er selection of the glass (di�eren t �oat glasses are compiled in

[59 ]), still featuring a decrease of around 5%.

2. The ge ometric ac c eptanc e A . The main geometric losses come from the

regions b et w een neigh b oring p etals/columns (along the y direction) and

also from the regions b et w een the neigh b oring cells (along the x direction),

b oth due to the space required for the shielding pro�les. On one hand,

it has b een estimated that the activ e region of the columns can b e k ept

within a separation of 0.5 cm, still pro viding electric isolation; the resulting

ine�ciency due to that regions can b e straigh tforw ardly ev aluated for the

most unfa v orable case of p erp endicular incidence, represen ting less than

2.5% losses in the HADES acceptance (�g. 5.23 ). On the other hand, the

ine�cien t region due to the separation of the cells can b e as high as 15%

for p erp endicular incidence, as estimated in section 6.5.1 . The latter is

the main incon v enien t of a 1-la y er design.
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Figure 5.23: Left: b eha vior of the in trinsic e�ciency from eq. 5.27 extrap olated to Au + Au

collisions at the highest in tensities exp ected. An increase of a factor 2 can b e roughly ac hiev ed

b y an adequate c hoice of the glass, therefore increasing the e�ciency up to a 95%. Righ t:

geometric losses in the region b et w een neigh b oring p etals for p erp endicular incidence, in the

case of a 3-fold segmen tation in columns.

3. The ide al lepton dete ction pr ob ability L . It is pro vided b y the c hosen design

and stands for the probabilit y that the lepton signal is collected when

considering the o ccupancy of other particles within the same tRPC cell.

It dep ends on the time of �igh t of the leptons and can b e obtained through

the probabilities de�ned in previous sub-section. The �nal result is plotted

in �g. 5.24 for the prop osed design under Au + Au cen tral collisions at 1.5

Ge V/A, assuming for the coinciden t lepton tof = 8 :5 ns ( p & 100 Me V)

and tof = 8 :0 ns ( p & 200 Me V).
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Figure 5.24: Lepton detection probabilit y , L , in case of ideal detector resp onse for di�eren t

times of �igh t (8.5 ns and 8.0 ns), corresp onding to momen ta ab o v e 100 Me V and 200 Me V,

resp ectiv ely . In more than 90% of the cases a clean signal is collected, while ' 5% of the double

hits can b e additionally reco v ered o�-line with the pro cedure describ ed in section 5.2.4.

5.3.2 2-la y er la y out

As said, a 1-la y er la y out constituted b y electrically isolated cells requires some

spacing b et w een the activ e v olumes of eac h cell for placing the necessary shield-

ing. Suc h an approac h has b een implemen ted through the use of alumin um

pro�les, and the results are sho wn in section 6; they indicate that the loss in

geometric acceptance can b e almost 15% for p erp endicular incidence, ev en in

the v ery tigh t con�guration c hosen, where the activ e regions w ere separated b y

only 3 mm.

The o v erlap b et w een la y ers

F or a v oiding dead regions, the use of a double la y er con�guration is prop osed.

The o v erlap required is giv en b y the angle of incidence of the particles at the

tRPC p osition (see �g. 5.25 ). It has to b e tak en in to accoun t that optimizing

the detector for certain angles of incidence will bias the sample of detected

particles, dep ending on their momen tum. F or a v oiding this dra wbac k, a general

solution is prop osed: the o v erlap w as determined in suc h a w a y that all the

p ossible trac ks within the sp ectrometer that come from the v ertex and ha v e

a momen tum b et w een 100 Me V and 1000 Me V go through at least 4 tRPC

gaps (pro viding " & 99%). The distribution for generating al l tr acks has b een

describ ed in section 5.1.3 , allo wing to obtain all the p ossible angles of incidence

� as a function of the lo cal co ordinate y (�g. 5.26 ). Therefore, the maxim um

and minim um angles � at eac h p osition y within the tRPC w all pro vide the

required o v erlap (see �g. 5.25 ):

bdownwards (y) = ( d + h) tan [ � min (y)] (5.28)

bupwards (y) = ( d + h) tan [ � max (y)] (5.29)

where d is the activ e thic kness of the detector (region comprised b et w een the

t w o outermost gaps of eac h 4-gap cell, d = 0 :72 cm) and h the separation

b et w een activ e v olumes of di�eren t la y ers (assumed to b e 1 cm due to mec hanical

constrain ts).

A y vs � scatter plot is sho wn in �g. 5.26 (left) for al l tr acks , compared with

the distribution coming from Au + Au cen tral collisions at 1.5 Ge V/A (righ t),
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Figure 5.25: Relation b et w een the extreme v alues of the angle of incidence at the p osition

of the tRPC w all and the required o v erlap.

Figure 5.26: Relation b et w een the p osition of the cell y and the angle of incidence � . It has

b een obtained for al l tr acks coming from target (left) and for Au + Au cen tral collisions at 1.5

Ge V/A (righ t) after imp osing that the trac ks come from the v ertex. As exp ected, the ph ysical

distribution (righ t) is con tained in the non-ph ysical distribution of all the trac ks (lines).

imp osing the condition that the particles come from the v ertex. Clearly , the

'ph ysical' Au + Au distribution is con tained in the distribution of al l tr acks , as

exp ected (see lines).

Due to the asymmetric distribution of the angles of incidence, the o v erlap is

b etter c haracterized b y an o v erlap `up w ards' and `do wn w ards' (in y direction)

as sho wn in �g. 5.27 (up). F or simplifying the design, a con v enien t parameter-

ization is also sho wn: in the lo w er part of the sector, the c hange in the o v erlap

as a function of y can b e implemen ted as a global shift of 1 mm of all the cells

in one la y er ev ery 10 cm along the y direction.

Ev aluation of the o v erlap

The o v erlap con�guration can b e ev aluated b y MC. In this case, the e�ciency

p er gap w as set in the digitizer to b e " ' 0:75 according to the exp erimen tal

v alues. Being just a pure geometric optimization that dep ends mainly on 2

v ariables ( y , � ), it is not required to generate ev en ts through a full sim ulation:

it pro v ed to b e v ery con v enien t to randomly generate trac ks at the surface of the

detector at di�eren t angles of incidence � and p osition y , allo wing to determine

the e�ciency of the tRPC w all o v er a large region in the y vs � space. The

results are sho wn in �g. 5.27 (do wn) indicating the regions where more than 4

gaps are crossed " & 99:5% (left) and also " & 95% (righ t). By comparison with
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Figure 5.27: Up: o v erlap (do wn w ards and up w ards) as a function of the lo cal co ordinate

y , together with the v ery con v enien t parameterization c hosen. Em ulated e�ciency , sho wing

the 99.5% e�cien t region, corresp onding to 4 gaps crossed (left) and 95%, corresp onding to

appro ximately 3 gaps crossed (righ t).

�g. 5.26 (left), it can b e seen that the region with " > 99:5% in �g. 5.27 (lines)

is conserv ativ ely larger than the region of in terest.

E�ciency p erformances

F rom the discussion of previous sections, a con v enien t design w as made based

on �gs. 5.20 (cell dimensions) and 5.27 (o v erlap b et w een la y ers), that is pre-

sen ted in table 5.1 . F or illustration, the arrangemen t of the cells is sho wn only

for one of the six columns/p etals, taking as reference the acceptance of �gure

5.5 ; it corresp onds to the column/p etal placed in the second la y er, righ t hand

view ed from the target. F or simplicit y , the use of commercially a v ailable alu-

min um pro�les w as imp osed, yielding only six groups of cell sizes. The other �v e

columns/p etals are analogous to the one in table 5.1 , and the relativ e p ositioning

of the t w o la y ers ful�lls the o v erlap determined in �gure 5.27 .
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cell y[cm] x[cm] D inf [cm] D sup [cm] cell w [cm] tub e w [cm] � [

�
] � [

�
]

1 0 6.6 13.0 13.7 2.2 3.0 7.8 24.5

2 3.5 7.0 14.1 14.8 2.2 3.0 7.8 24.5

3 7.0 7.5 15.2 15.9 2.2 3.0 7.8 24.5

4 10.6 8.0 16.4 17.1 2.2 3.0 7.8 24.5

5 14.1 8.5 17.5 18.2 2.2 3.0 7.8 24.5

6 17.6 8.9 18.6 19.3 2.2 3.0 7.8 24.5

7 21.2 9.5 19.8 20.5 2.2 3.0 7.8 24.5

8 24.7 9.9 20.9 21.6 2.2 3.0 7.8 24.5

9 28.2 10.4 22.0 22.7 2.2 3.0 7.8 24.5

10 31.8 10.9 23.1 23.8 2.2 3.0 7.8 24.5

11 35.3 11.4 24.3 25.0 2.2 3.0 7.8 24.5

12 38.8 11.9 25.4 26.1 2.2 3.0 7.8 24.5

13 42.4 12.3 26.5 27.2 2.2 3.0 7.8 24.5

14 45.9 12.8 27.6 28.3 2.2 3.0 7.8 24.5

15 49.4 13.3 28.7 29.8 3.2 4.0 7.8 24.5

16 54.7 14.0 30.5 31.3 2.7 4.0 7.8 24.5

17 59.7 14.7 32.0 32.9 2.7 4.0 7.8 24.5

18 64.8 15.4 33.7 34.5 2.7 4.0 7.8 24.5

19 69.8 16.1 35.3 36.1 2.7 4.0 7.8 24.5

20 74.9 16.8 36.9 37.9 3.0 4.0 7.8 24.5

21 80.2 17.5 38.6 39.5 3.0 4.0 7.8 24.5

22 85.4 18.2 40.2 41.2 3.0 4.0 7.8 24.5

23 90.7 19.0 41.9 43.1 3.8 5.0 7.8 24.5

24 96.9 19.8 43.9 45.1 3.8 5.0 7.8 24.5

25 103.2 20.7 45.9 47.1 3.8 5.0 7.8 24.5

26 109.3 21.5 47.9 49.1 3.8 5.0 7.8 24.5

27 115.5 22.4 49.8 51.1 3.8 5.0 7.8 24.5

28 121.6 23.2 51.8 53.3 4.7 6.0 7.8 24.5

29 128.4 24.1 54.0 55.5 4.7 6.0 7.8 24.5

T able 5.1: Arrangemen t of the cells in the prop osed design. The adopted con v en tions are

de�ned in �g. 5.28. It m ust b e noted that y and x refer to the lo cal co ordinates but with y
starting at the b ottom of the geometric acceptance.

Figure 5.28: Con v en tions used in table 5.1 .

Therefore, the �nal n um b er of cells required is:

Ncells = 29 cells � 6 p etals � 6 sectors = 1044 (5.30)

Nchannels = 29 cells � 6 p etals � 6 sectors � 2 sides = 2088 (5.31)
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The lepton detection capabilities of the design can b e ev aluated: taking the

conserv ativ e n um b ers for the in trinsic e�ciency " & 95% (w orst scenario), the

geometric acceptance A & 98% (w orst scenario), and the design v alue L & 95%
( p > 100 Me V), a v alue for the total lepton detection probabilit y for leptons

with momen tum ab o v e 100 Me V D ( p > 100 Me V) can b e obtained as:

D = L � A � " & 88:5% (5.32)

and for the detection of lepton pairs:

D = ( L � A � " )2 & 78:2% (5.33)

determined for Au + Au cen tral collisions, b < 4 fm and Ekin = 1 :5 Ge V/A

16

.

If further impro v emen ts related to the mo derate increase of the temp erature of

the glass are �nally accomplished, " could b e increased up to a v alue close to

99% (see the encouraging results [73 ], [59 ] and [1]). On the other hand, the

ideal detection probabilit y for leptons L , for p > 200 Me V, is at the lev el of

97%, as long as double hits can b e reco v ered with the algorithm prop osed in

section 5.2.4 .

First lev el trigger p erformances

The �rst lev el trigger p erformances will b e a�ected b y the lev el of o ccupancy

of the cells (some trac ks are lost) but also b y the o v erlap (trac ks can pro duce

more than one v alid signal). Both e�ects are tak en in to accoun t b y the digitizer

and, therefore, the m ultiplicit y measuremen ts can b e ev aluated and compared

with the true m ultiplicit y . This is done in �g. 5.29 for Au + Au cen tral collisions

(all sectors), indicating that a small increase with resp ect to the true m ulti-

plicit y tak es place, indeed, at the lev el of 20%. Despite this, the ratio � N =N
is roughly constan t and therefore the e�ect can b e corrected b y re-de�ning the

trigger condition, without losing p erformances. The result of �g. 5.29 and the

previous remark p oin t to the fact that, in cen tral Au + Au collisions, the initial

�uctuations due to the c haracteristics of the in teraction ha v e a dominan t role on

the m ultiplicit y distribution measured, reducing the impact of design c hoices.

5.3.3 3-D design

A detailed picture of the 3D design corresp onding to the lo w er p olar angles is

sho wn in �g. 5.30 , together with some of the cells that ha v e b een recen tly tested

in No v em b er 2005 [1]. The asymmetric o v erlap is visible in the dra wing. The

natural w a y-out of the cables to w ards the FEE (placed at the sides of the gas

b o x) is summarized in �g. 5.30 (do wn).

16

Also B = 0 :72B max , p oin t-lik e target at origin and ideal HADES geometry is assumed.
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Figure 5.29: Sim ulated m ultiplicit y at the tRPC w all (all sectors) as exp ected for the

prop osed design (righ tmost distribution), under cen tral Au + Au collisions at 1.5 Ge V/A. The

true m ultiplicit y is giv en b y the leftmost p eak. Both distributions are �tted to a Gaussian,

sho wing a sligh t increase in the �rst case due to the o v erlapping regions that pro duce double-

coun ting.

Figure 5.30: Up: 3D dra wing of a detail of the prop osed design at lo w p olar angles. In the

lo w er part, the shielding pro�les that surround the detector cells are sho wn, indicating also

the distribution of the signal cables.
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5.4 Other issues

5.4.1 Ev aluation of the impact o v er other detectors

Geometric constrain ts

17

Geometric in tegration is a crucial issue. Moreo v er, most of the details regard-

ing the �nal shap e and dimensions of the gas b o x and also of the electronic

c hannels, ev en the dimensions of the screws or the thic kness of the gas b o x, the

materials used, etc... w ere discussed along coun tless meetings of the mem b ers

of the ESTRELA pro ject. A full description of all these topics is out of the

scop e of the presen t w ork. On the other hand, geometric in tegration constitutes

a b oundary (or compromise) b et w een ph ysics requiremen ts and practical feasi-

bilit y; therefore, a part of the arisen problems m ust b e discussed, ev en if rather

sup er�cially , here. More on geometric in tegration can b e found at [149 ].

There are three ma jor geometric constrain ts:

1. F or not coming in to con�ict with MDC IV frame at the lo w er p olar angles,

the tRPC gas b o x m ust b e not thic k er than 10 cm. F ortunately , in the

prop osed 2-la y er con�guration, constituted b y 4-gap cells + shielding, the

thic kness can b e k ept at the lev el of 8-10 cm without big e�ort. Moreo v er,

the pro ximit y of the frame of the MDC IV and the tRPC gas b o x is

not lik ely to represen t an y p oten tial mec hanical problem, due to the high

robustness of b oth elemen ts.

2. There w as a problem due to the high pro ximit y b et w een the TOF pho-

tom ultipliers and the tRPC gas b o x at in termediate p olar angles ( � lab '
45�

). The t w o main alternativ es considered for pro viding a safe separa-

tion from them w ere: a) to p erform a do wnstream displacemen t of the set

tRPC+sho w er detector or b) to cut the gas b o x; b oth solutions result in

the decrease of the geometric acceptance. The t w o p ossibilities w ere ev al-

uated based on CAD designs [149 ], that pro vided the sp eci�cations for the

minim um cut and also the minim um displacemen t required for o v ercoming

the problem (�g. 5.31 ).

The acceptance w as estimated as describ ed in section 5.2.1 for b oth pro-

p osed solutions, yielding a similar loss in geometric acceptance (ev aluated

at the nominal tRPC p osition for easier comparison), at the lev el of 3-4%,

distributed in the region of � lab = 40 - 45�
. Due to the similar consequences

of b oth approac hes, it w as decided to cut the gas b o x b ecause of practical

reasons. The cut gas b o x together with a CAD picture of the geometric

in tegration in HADES are sho wn in �g. 5.32 .

17

In collab oration with H. Álv arez-P ol.
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Figure 5.31: Figures sho wing the losses in the acceptance at the nominal tRPC p osition for

t w o di�eren t approac hes: a) do wnstream displacemen t of the set tRPC+sho w er detector (left),

9 cm along the direction of the rails where the frames are placed (this is the only mo v emen t

allo w ed), and b) cut in the region where the TOF photom ultipliers are presen t (righ t).

Figure 5.32: Up: gas b o x used in No v em b er 2005 tests, featuring a cut in the region close

to the TOF photom ultipliers. Do wn: detail of the region where the gas b o x and the TOF

photom ultipliers are closer. The cut in the gas b o x is needed for a v oiding that the t w o detector

systems are in ter-p enetrated.
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3. The ro om for the FEE electronics: FEE will b e placed at a region that

is shado w ed b y the magnet coils. This region results from the pro jection

of the coils o v er the tRPC p osition, and is of no in terest from the p oin t

of view of the acceptance. Ho w ev er, after ful�lling all the mec hanical

constrain ts

18

, the a v ailable ro om renders as small as V ' 4 � 3 � 1 cm

3

p er c hannel. It w as decided to place the FEE b oard parallel to the slan ting

sides of the gas b o x, allo wing for an easier co oling of the electronics

19

. In

that case, the a v ailable area p er c hannel is appro ximately 1� 4 cm

2
in the

lo w p olar angle region (see �g. 5.33 ).

Figure 5.33: View of the tRPC cells, pro jected o v er one of the slan ting sides of the sector.

The distribution of cells corresp onds to the design prop osed at the lo w er p olar angles, where

the densit y of c hannels is higher.

In order to �t to the a v ailable space it w as decided to place some of the

necessary electronic comp onen ts, as v oltage regulators, D A C thresholds,

test signals and trigger logic in a di�eren t b oard that is placed in an

orthogonal fashion (�g. 5.34 ) still placed mostly under the shado w of the

magnet.

The electronic b oards are denoted b y DBO (Daugh ter b oard) and MBO

(Mother b oard), resp ectiv ely . The �rst p erforms ampli�cation, discrimina-

tion and c harge measuremen t

20

while the second ensures the distribution

and stabilization of the p o w er supply , the distribution of the thresholds of

the comparators and the test signals, and a basic trigger logic that m ust

b e used for the m ultiplicit y trigger of the exp erimen t. Details on this

approac h can b e found in [87 ].

18

Mainly arising from the sizes of the �ltering capacitors and the necessary structure for

in terfacing the signal to the FEE itself.

19

F or example, with fans blo wing from � lab = 12 �
to � lab = 45 �

or vice-v ersa.

20

Through the time o v er threshold of the in tegrated signal.
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Figure 5.34: Dra wings sho wing the p ositioning of the MBO+DBO setup with resp ect to

the gas b o x. The t w o pins in the righ t of the gas b o x in terface the signal from the inside.

Therefore, the area of the gas b o x m ust b e large enough to co v er the HADES

acceptance at tRPC p osition (�g. 5.7 ), but resp ecting the TOF photom ultipli-

ers, and ha ving a total thic kness smaller than 10 cm in order to not touc h the

MDC IV frame. Last, but not least, it m ust pro vide enough ro om to w ards the

limit of the sector for placing the electronics.

Sho w er detector p erformances

The sho w er condition. As said in section 4.3.6 , the sho w er detector pro vides

hadron rejection b y pro ducing an electromagnetic sho w er on t w o lead con v erters

of 2X o thic kness eac h. Whether a tRPC w all placed in fron t of it will alter or

not its p erformances m ust b e studied.

The dev elopmen t of the sho w er is sampled b y three planes of wire c ham b ers

featuring the so-called Pre-sho w er, P ost-sho w er[1] and P ost-sho w er[2]. Let's

denote b y Q the c harge collected at the Pre-sho w er and Q1 , Q2 the c harges

released in the P ost-sho w er[1] and [2], resp ectiv ely . T w o di�eren t conditions for

discriminating an electromagnetic sho w er that are curren tly used in HADES

data analysis, w ere studied:

Condition 1 :

Q1

Q
> 2 or

Q2

Q
> 2 (5.34)

Condition 2 :

Q1

Q
> P 1(p) or

Q2

Q
> P 2(p) (5.35)

where P1(p) and P2(p) are p olynomials of third order, and pro vide a sho w er

condition that dep ends on the reconstructed momen ta of the particle. Also

di�eren t algorithms for estimating the c harge Qi w ere studied (called alg 1 and

alg 2 )

21

.

F or ev aluating the in�uence of the tRPC w all o v er the p erformances of the

sho w er detector, a w all made of solid glass w as de�ned in sim ulation, with a

thic kness ranging from 1.4 to 2.6 cm

22

. The primary distributions used di�ered

sligh tly from the used in previous sections: a) Au + Au, b = 0 fm, Ekin = 1

21

They w ere used for data analysis b efore and after No v em b er 2001, resp ectiv ely .

22

Equiv alen t to 7-13 glass la y ers 2 mm thic k.
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Ge V/A and b) isotropic distribution in the c.o.m.

23

of di-leptons coming from

the deca y of the � meson, b o osted to a b eam energy E kin =1.5 Ge V.

The radiation length. Both the dev elopmen t of an electromagnetic sho w er

and the de�ection of a c harged particle due to m ultiple scattering in a medium

are related to the radiation length X o . These t w o e�ects are exp ected to mo dify

the sho w er detector p erformances, as a function of the total n um b er of radiation

lengths of the material placed in fron t ( x=X o ):

1. If an imp ortan t fraction of the electromagnetic sho w er dev elopmen t tak es

place already at the tRPC w all, conditions 5.34 and 5.35 can c hange.

2. The �nal distribution of angles after m ultiple (electromagnetic) scattering

is giv en, appro ximately , b y a Gaussian distribution with sigma � � giv en

b y:

� � =
13:6Me V

�cp

p
x=X o [1 + 0:038 ln(x=X o)] (5.36)

according to [3 ]. If the n um b er of radiation lengths in the tRPC w all is

v ery large, the scattered angle can result in a wrong estimate of the c harge

in the pads of the P ost-sho w er detectors and ev en the loss of the particle

within the acceptance of the sho w er detector.

The equiv alen t thic knesses in radiation lengths of the detectors under study are,

appro ximately:

x
X o

�
�
�
�
T OF ino

'
0:5
42:4

= 0 :012 (5.37)

x
X o

�
�
�
�
RP C

.
2:6
12:3

= 0 :21 (5.38)

x
X o

�
�
�
�
P ost � shower

= 2 (5.39)

(5.40)

What matters for the follo wing discussion are orders of magnitude: therefore,

the alumin um used for the electro des ( X o ' 8:9 cm) and the glass ( X o ' 12:3)

are regarded as if they w ere the same material.

There is a signi�can t increase in the fraction of radiation lengths for the

tRPC w all as compared to the curren t TOFino w all ( � 20) but still m uc h smaller

than the 2 radiation lengths of an y of the P ost-sho w er lead con v erters. This

p oin ts to a small e�ect o v er the sho w er conditions 5.34 and 5.35 .

On the other hand, larger scattered angles are also exp ected as compared

to the TOFino w all, but still at the lev el of � � . 3:5�
for p > 100 Me V (eq.

5.36 ). This fact, added to the high pro ximit y b et w een the sho w er detector and

the tRPC, suggests that the in�uence of the m ultiple scattering is small.

Results. The PID capabilities are compared in �g. 5.35 for the presen t

TOFino w all (dashed) and a 1.8-2.6 cm thic k w all made of glass. The result is

rather conclusiv e: the in�uence of the material budget in fron t of the sho w er

23

Cen ter of mass frame.
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detector has little in�uence on its PID capabilities, despite a marginal w orsening

at lo w momen ta for hadrons. This, in fact, impro v es the situation, b y reducing

the amoun t of fak es.

Figure 5.35: Sho w er iden ti�cation e�ciency and fak e probabilit y (namely , sho w er PID

capabilities) for leptons, pions and protons b y using di�eren t algorithms for estimating the

c harge Q (alg 1 or alg 2 ) and also di�eren t `sho w er' conditions (cond 1 or cond 2 ). The t w o lines

sho ws the resp onses for the TOFino (dashed) and for a w all of glass 1.8 cm thic k (thic k line).

Also sho wn is the in�uence of a thic kness of 2.6 cm on the proton fak e probabilit y (alg 1 ,

cond 1 ), where a tin y e�ect can b e appreciated at lo w momen ta.

In �g. 5.36 the fraction of trac ks that crossed the tRPC but could not b e

matc hed to an y hit in the Pre-sho w er are sho wn, and compared with the TOFino

case. The in�uence on the Pre-sho w er ine�ciency for lepton detection is at the

lev el of a few p ercen t.

As a conclusion, the replacemen t of the TOFino b y the tRPC w all do es not

seem to p erturb signi�can tly the p erformances of the sho w er detector.
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Figure 5.36: Decrease of the fraction of trac ks that sho w a v alid hit in the tRPC w all

and Pre-sho w er, with resp ect to the case of the TOFino (0.5 cm of plastic scin tillator). The

situation for hadrons coming from Au + Au in teractions (upp er set of p oin ts) and leptons (lo w er

set of p oin ts) is compared.

5.4.2 Au + Au 8 Ge V/A

24

In view of the p ossible application of HADES within the foreseen SIS100

facilit y , some studies w ere p erformed regarding Au + Au and C + C collisions at

8 Ge V/A. In particular, the situation corresp onding to the maxim um energy

attainable at SIS18 (1.5-2 Ge V/A) w as compared with the t ypical exp ected

at SIS100 (8 Ge V/A). The primary rate o v er the tRPC is sho wn in �g. 5.37

for the same b eam in tensit y and in teraction probabilit y as considered for SIS18

( I = 2 107
ions/s, 1% in teraction probabilit y). The observ ed increase of a factor

3 w ould require a considerable increase in the tRPC rate capabilit y .

Ho w ev er, the more constraining requiremen ts at SIS100 are related to the

gran ularit y of the detector, due to the higher m ultiplicities as compared to the

presen t SIS18. Sim ulated o ccupancy densities for Au + Au and C + C en viron-

men ts at t ypical energies of b oth facilities are sho wn in �g. 5.37 . The observ ed

increase of a factor 4 in the cell o ccupancy is exp ected to mak e the presen t de-

sign hardly usable for 8 Ge V/A Au + Au collisions at SIS100; nev ertheless, the

enhancemen t in the region � lab ' 40�
is only a factor 2 larger than in the case

of 1.5 Ge V/A, for whic h the presen t design has b een optimized.

On the other hand, the 8 Ge V/A C + C en vironmen t pro duces o ccupancies

smaller than Au + Au at 1.5 Ge V/A b y a factor 5. More sim ulations are required

to settle the range of applicabilit y of HADES-tRPC in the new SIS100 facilit y ,

but from presen t results it seems to b e suited for studying in termediate systems

lik e CaCa or NiNi (more detailed results can b e found in [150 ]).

24

In collab oration with M. Golub ev a.
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Figure 5.37: Up: sim ulated rate o v er the tRPC as a function of y for minim um bias Au + Au

collisions at I = 2 10 7
ions/s and Pint = 1% . Do wn: sim ulated o ccupancy o v er the tRPC as a

function of y for cen tral Au + Au ( b < 4 fm) and C + C ( b < 3 fm). In all the cases, the energies

corresp ond to t ypical SIS18 and SIS100 energies.

5.5 Conclusions

In this c hapter, a design aimed at co v ering the lo w p olar angle region of HADES

18� < � lab < 45�
has b een presen ted. The gran ularit y , together with the in trinsic

e�ciency of the detector and the geometric acceptance ha v e b een designed to

pro vide a detection probabilit y for leptons around ' 90% ev en in the w orst

scenario exp ected at SIS18 (cen tral Au + Au collisions, Ekin = 1 :5 Ge V/A), with

a highly un biased measuremen t of the m ultiplicit y for �rst lev el trigger purp oses

in that case. The cell sizes are set so that the o ccupancy p er cell (double hit

probabilit y) is homogeneous along the whole w all, at the lev el of n ' 20%. F or

that, eac h sector is divided in 3 � 2 p etals, allo wing for reasonable cell sizes.

The arra y is constituted b y 1044 4-gap tRPC cells electrically isolated. F or

a v oiding the dead regions due to the shielding, a 2-la y er sc heme has b een c hosen,

with o v erlaps determined b y the requiremen t that all p ossible trac ks coming

from target and impinging o v er the tRPC w all cross at least 4 gaps. This

sc heme pro vides a v ery high geometric acceptance, dominated b y the losses in

the regions b et w een adjacen t p etals ( A & 98% of the total HADES acceptance

for 18� < � lab < 45�
).

Some of the more relev an t constrain ts regarding geometric in tegration ha v e
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b een discussed, together with the solutions for eac h case.

Preliminary studies on the feasibilit y of the presen t tRPC w all within the

forthcoming SIS100 accelerator ha v e b een discussed, suggesting that op eration

at in termediate n uclei masses is p ossible, but further sim ulations are required.

The maxim um exp ected rates at HADES in Au + Au collisions at 1.5 Ge V/A

( � = 700 Hz/cm

2
) are sligh tly ab o v e the ones a�ordable b y ordinary glass timing

RPCs. A practical solution to this p oten tial problem, based on the mo derate

w arming of the glass, is giv en in c hapter 8.

A m uc h more detailed do cumen t, including full mec hanical in tegration and

detailed design, constitutes the T ec hnical Design Rep ort of the ESTRELA-

HADES pro ject and it can b e found elsewhere.





Chapter 6

P erformance of HADES

tRPCs

6.1 In tro duction

A previous w ork of the group of P . F on te [47 ] sho w ed the viabilit y of building

timing RPCs of large sizes ( 160� 5 cm

2
), with a time resolution in the range

50-75 ps � and an e�ciency ab o v e 95% up to rates of 140 Hz/cm

2
, sho wing

a reasonable homogeneit y along the detector length. The p erformances w ere

sligh tly w orst than previous designs [46 ] based on small cells, p ossibly due to

the higher mec hanic complexit y and also to the increase in the propagation

distances. Ho w ev er, the o v erall p erformances sho wn in [47 ] could b e considered

as a pro of of principle for a timing RPC w all based on long cells.

It m ust b e recalled that, for the measuremen ts p erformed in [47 ], a pulsed

mono c hromatic pion b eam w as used at CERN PS (0.3 s p er spill, spaced a

few seconds) of Ekin = 3.5 Ge V ( 
� ' 30)

1

. Despite the relativ e success of the

dev elopmen t, some dra wbac ks and questions w ere already p osed b y the authors:

1. Cr oss-talk : cross-talk ab o v e 80% b et w een neigh b oring cells w as observ ed.

2. F avor able envir onment : the tRPC op eration w as facilitated due to the

use of a mono-energetic b eam. T ypical exp erimen ts in particle and n uclear

ph ysics deal with a broad range of energies and particle sp ecies, resulting in

di�eren t ionizations. This represen ts a p oten tial source of problems, that

could result in an undesirable increase of streamers or a lo w er e�ciency ,

if not b oth

2

.

3. Pulse d b e am : the short duration of the b eam spill (0.3 s) is smaller than

the t ypical time constan t of �oat glass, � g � s. It is sho wn in c hapter 9

ho w this fact in tro duces a bias in the observ ed p erformances, imp eding a

direct extrap olation to equal instan taneous rates but longer spills

3

.

1

Ab o v e the MIP's dip. Due to the v ery slo w gro wth of the Bethe-Blo c h ionization curv e,

they are denoted as MIPs in [47].

2

An increase in the fraction of streamers w ould w orsen the tRPC rate capabilit y . The

problem can b e solv ed b y decreasing the applied v oltage but then the tRPC p erformances are

partially sacri�ced.

3

T ypical spills in HADES are 5-10 s long.

119
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6.1.1 Cross-talk

A detailed study on electromagnetic propagation on resistiv e plate c ham b ers

can b e found in [65 ]. There it is argued that, for high lengths, a tRPC cell

can b e considered as an inhomogeneous transmission line

4

. In suc h a case, if

the pic k-up strips are not in terconnected and a fast ampli�er with lo w input

resistance is used, the mo dal disp ersion of the signal propagated increases with

the distance from the ampli�er, resulting in a p erfectly bip olar cross-talk signal

(zero induced c harge). This observ ation is in agreemen t with the measuremen ts

of [47] ( D =160 cm), where a large bip olarit y is observ ed on the cross-talk signals,

not transp orting sizable c harge.

The e�ect is di�eren t from the one observ ed in con�gurations with segmen ted

electro des, where the same a v alanc he induces curren t (and net c harge) o v er

t w o or more pic k-up strips at the same time. In fact, a general situation will

ha v e con tributions with b oth origins (induction during a v alanc he formation and

induction during signal propagation) .

In [47], around 80-90% of the hits induced cross-talk on the neigh b oring

cell. As a consequence, the e�ectiv e o ccupancy of the system is increased,

rising doubts ab out the p ossibilit y of application in a multi-hit envir onment

5

.

F or illustration, let's consider the a v erage n um b er of hits in a cell p er primary

in teraction (o ccupancy) to b e n , and let's also assume that the distribution of

the n um b er of hits o v er the cell follo ws a P oisson distribution (see section 5.2.3 ),

the cross-talk probabilit y is denoted b y Pcross and N is the n um b er of neigh b ors

p er cell. Then, the probabilit y that a cell is empt y (able for detection) is giv en

b y:

P0 = e� n
(6.1)

If N neigh b ors are inducing cross-talk with a probabilit y Pcross , the e�ectiv e

o ccupancy of the cell will increase, yielding:

P0 = e� n (1+ NP cross )
(6.2)

T ypical design criteria is n = 20% and N = 2 (see c hapter 5 ). Therefore, for

80% of cross-talk, a decrease in P0 from 82% to less than 60% will b e exp ected.

As said, the imme diate e�ect of cross-talk is to arti�cially increase the o c-

cupancy . Ho w ev er, there is another more `subtle' e�ect that tak es place ev en

if cross-talk is not high enough to trigger the comparator. In that case, the

o ccupancy will not b e increased, but cross-talk will still in tro duce �uctuations

on the signal base-line of the neigh b or cell, p ossibly mo difying the timing of a

hit that arriv es sligh tly after.

A w a y to reduce cross-talk e�ects w as suggested b y F OPI collab oration

[86 ]; they minimized the signal re�ections b elo w 2% b y setting the detector

imp edance to 50 � 1 
 , exactly as for the electronic stage. Ev en if imp edance

matc hing do es not mak e cross-talk disapp ear, it reduces its in�uence. Ho w ev er,

imp edance matc hing is not an easy option in a situation where di�eren t cell

widths (namely , di�eren t imp edances) are in v olv ed.

4

I.e., the faster comp onen ts of a signal induced on the tRPC electro de ha v e amplitudes

c hanging signi�can tly within a giv en propagation line of length D (i.e.: � . D ). In particular,

for GHz comp onen ts, and assuming a propagation v elo cit y vprop = 2 =3c, the cell can b e

considered as a transmission line if D & 20cm.

5

I.e., sev eral neigh b oring cells �ring sim ultaneously within the same primary collision.
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F or reducing the cross-talk, a v ersatile and robust solution is prop osed in

this w ork, based on the electric isolation of the tRPC cells [101 ]. In this case

there is also a price to b e paid: the presence of dead regions due to the electric

isolation b et w een cells require a dedicated design in order to pro vide a high

geometric acceptance (see section 5.3.2 for details).

6.2 Exp erimen tal setup

6.2.1 The protot yp e

In spring 2003, a �rst tRPC protot yp e constituted b y 3 cells w as tested [96 ], [97 ],

resem bling the exp ected �nal ones to b e installed at the HADES sp ectrometer

(�g. 6.1 ) . The cells had 4 gas gaps in a symmetric con�guration and w ere made

out of standard �oat glass (electrically �oating [43 ]) and alumin um electro des,

placed inside rectangular shielding pr o�les in order to reduce the cross-talk. The

appro ximate dimensions w ere 60 � 2 � 1:1 cm

3
(long/wide/thic k). They w ere

inspired in the design prop osed in c hapter 5 : the cell length w as of the order of

the maxim um length exp ected (50 cm), for testing homogeneit y , mec hanics and

signal propagation; the width w as of the order of the thinnest cell exp ected (2.2

cm); the thic kness of the cell had its main con tributions coming from the glass

and alumin um plates ( 60� 2 � 0:2 cm

3
), that w ere c hosen as a compromise b e-

t w een thic kness and mec hanical sti�ness. F or practical reasons, the gas mixture

used w as 98.5% C 2 H 2 F 4 + 1% SF 6 + 0.5% iso-C 4 H 10 at atmospheric pressure

and am bien t temp erature, b eing sligh tly di�eren t from the so-called `standard

mixture' (85% C 2 H 2 F 4 + 10% SF 6 + 5% iso-C 4 H 10 ). The c hoice w as sho wn to

ha v e little e�ect on the p erformances (a short discussion on the main e�ects of

the v ariation of the gas prop erties is presen ted in c hapter 7).

Figure 6.1: Dra wing of the tRPC protot yp e tested in 2003 in HADES ca v e.

Regarding the electric con�guration, the outer alumin um electro des are

grounded while the inner one is fed at 5.2-6.8 k V, th us pro viding a V=gap in the

range 2.6-3.4 k V. A sc hematic dra wing of the protot yp e is sho wn in �g. 6.1 .



122 CHAPTER 6. PERF ORMANCE OF HADES TRPCS

The previous description is general and do es not include a n um b er of small

di�erences b et w een the 3 tRPC cells tested:

1. tRPC I : glass electro des. 1.9 cm wide.

2. tRPC II : alumin um electro des. 1.7 cm wide.

3. tRPC III : alumin um electro des. T wice the densit y of spacers (test of the

mec hanics). 1.9 cm wide.

The cells w ere insulated from the w alls of the shielding pro�les with PV C

tap e. F or tRPC II (inner), a copp er strip w as in terp osed in a `sandwic h'

tap e + copp er + tap e, whose read-out is shap ed, ampli�ed and sen t to an ADC.

The idea of this con�guration w as to estimate the e�ect of the signal induced

to the w alls as compared with the induction o v er the electro des. This e�ect is a

kind of `edge e�ect' describ ed in [101 ] as loss of induc e d char ges , and could b e

of imp ortance when the a v alanc he is pro duced close to the shielding w alls (see

section 6.6.1 for the analysis of these data).

A fron t and side picture of the protot yp e is sho wn in �g. 6.2 . Eac h cell is

carefully accommo dated inside the shielding pro�le to a v oid unnecessary stress

o v er the glass. Inside the gas b o x, a capacitor of 1 nF is placed in order to �lter

the signal induced, that is later on in terfaced to the outer part of the b o x, where

the F ron t End Electronics (FEE) is directly attac hed.

6.2.2 The acquisition system

The description of the FEE stage is sho wn in �g. 6.3 (more details can b e found

elsewhere [151 ]). The tRPC signal go es through 2 ampli�cation stages and then

it is split for discrimination (timing) and bu�ering (c harge measuremen ts).

The FEE b oard is terminated at 50 
 , and referred to the ground of the

b o x itself (common ground). The double-end lecture ( tL = tLef t , tR = tRight )

allo w ed for a p osition indep enden t estimate of the time of �igh t and p osition of

the impinging particle:

t =
tL + tR

2
� to (6.3)

x =
tL � tR

2
vprop (6.4)

where vprop is the v elo cit y of the induced signal and to the reference time.

The FEE w as placed at one end of the gas b o x, and the furthermost end of

the cell deliv ered the signal through a long cable up to the part where the FEE

is placed

6

. The analog tRPC signal and the digital signal from the comparator

are then deliv ered to a 2249W Lecro y ADC (200 ns windo w) and a fast 2228

Lecro y TDC (50 ps bin) based on the CAMA C standard.

The cell is not adapted to the FEE electronic stage, resulting in the ap-

p earance of re�ections with p erio dicit y 2D=vprop ( D =60 cm is the cell length),

whic h are able to re-trigger the comparator sev eral times b efore falling b elo w

threshold, therefore p erturbing the system. F or a v oiding these spurious con tri-

butions but also p ossible re-triggerings coming from the ion tail, a dead-time

of 1� s is implemen ted in the comparator. A t the t ypical op erating v oltages of

around 3 k V/gap, the threshold of the comparator w as set close to 10 m V.

6

See c hapter 5 for a description of the cabling in the latest design.
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Figure 6.2: F ron t view of the 3-cell protot yp e. The left-most cell w as replaced b y one ha ving

glass electro des (RPC I). In the lo w er photograph the tRPC cells are sho wn b efore placing

inside the shielding pro�le.

Figure 6.3: Figure sho wing the full electronic c hain. F urther details can b e found in [151].
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6.2.3 The trigger system

1. The p osition within the sp e ctr ometer : for this test, it w as decided to co v er

a region at the lo w est p olar angles of the foreseen tRPC w all, b ecause

of the higher rates exp ected there (�g. 5.8 ). A dra wing sho wing the

orien tation of the exp erimen tal setup in HADES can b e seen in �g. 6.4 ;

�nally , the tRPC w as placed at appro ximately 20

�
from the b eam line,

taking as reference the nominal target p osition.

2. The telesc op e : the trigger line w as de�ned with the help of t w o fast Bicron

scin tillators (BC-420) with dimensions 8� 2� 3 cm

3
, placed orthogonally at

b oth sides of the tRPC gas b o x as sho wn in �g. 6.4 . They are denoted b y

scin 1 (tRPC upstream, p erp endicular to it) and scin 2 (tRPC do wnstream,

parallel to it), de�ning a trigger area of, appro ximately , 2� 2 cm

2
. In order

to reduce the probabilit y of random coincidences, a third coincidence with

a scin tillator of cylindrical shap e and radius r = 1 :25 cm ( scin 3 ) w as

required, pro viding the trigger condition T :

T = T1 
 T2 
 T3 (6.5)

The reference scin tillators 1 and 2 allo w to obtain a time resolution as

go o d as � T = 35 ps for MIPs [47 ], and they w ere placed in a symmetric

con�guration with resp ect to the tRPC gas b o x, a decision discussed along

the follo wing p oin ts.

3. The on-line p ositioning : it w as made use of a telescop e moun t [152 ] whose

orien tation could b e de�ned remotely b y �xing 2 angles (declination and

righ t ascension), that allo w to de�ne a straigh t line for astronomic obser-

v ations. The setup w as mo di�ed from its original purp ose, as illustrated

in �g. 6.4 and 6.5 , and the rotations along the 2 angles w ere used to de�ne

a trigger line p oin ting to the target. This situation, where the trigger line

p oin ts to the target, w as iden ti�ed b y c hosing di�eren t orien tations and

lo oking for that one yielding the maxim um n um b er of triggers.

4. The r efer enc e scintil lators : for a v oiding e�ects due to the time spread

of the bulk of particles, the in trinsic time resp onse of the t w o reference

scin tillators w as estimated b y placing them as close as p ossible. It w as

imp osed a soft qualit y cut for selecting `go o d scin tillator ev en ts', namely

cuts 1 (p osition) and 2 (c harge) according to the con v en tions of section

6.4.1 . The scin tillator time resp onse obtained under these conditions is

sho wn in �g. 6.6 , yielding a com bined resolution � T

�
�
scin = 50 ps (namely ,

� T

�
�
scin =

p
352 + 352

ps) in accordance with [47 ].
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Figure 6.4: Up: p osition of the setup relativ e to the HADES sp ectrometer. Do wn: sc heme

of the di�eren t mo v emen ts that are allo w ed within the setup used. `Global' stands for common

mo v emen ts of the telescop e and the tRPC, whereas `RPC' stands for indep enden t mo v emen ts

of the tRPC.
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Figure 6.5: tRPC gas b o x (left) and in-b eam setup (righ t). In the latter, the telescop e

moun t is sho wn, after adapted to handle the gas b o x and the trigger line de�ned b y the refer-

ence scin tillators. Also sho wn the fast rectangular scin tillators scin 1 and scin 2 (blac k, tRPC

upstream) and the cylindric one scin 3 (grey , tRPC do wnstream). In the �nal con�guration

the fast scin tillators w ere placed symmetrically resp ect to the gas b o x, as sho wn in �g. 6.4.
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Figure 6.6: Time resp onse of the reference scin tillators.
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5. The time distribution of the bulk of p articles : a t ypical tof distribution of

the particles impinging o v er the tRPC is sho wn in �g. 6.7 . It has b een

obtained with the reference scin tillators, measuring o v er a distance of 18

cm b et w een scin tillator cen ters. The condition of a v alid hit in the tRPC

has b een also imp osed.
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Figure 6.7: Time of �igh t sp ectrum measured with the reference scin tillators for a separation

of 18 cm b et w een cen ters. The distribution has b een shifted to ha v e the zero at the p osition

of the p eak.

The time spread of the bulk of particles w as m uc h larger than the in trin-

sic tRPC time resp onse, requiring a dedicated setup for the estimate of

the timing p erformances. F or that purp ose, a symmetric con�guration is

c hosen, b eing the reference scin tillators placed symmetrically at the same

distance from the tRPC (making in total L = 18 cm b et w een cen ters).

In that case, the a v erage tof b et w een them can b e compared with the

tof measured b et w een one scin tillator and the RPC, pro viding a highly

un biased estimate of the time resolution:

� tscin � RP C = ( tRP C � t1) �
t2 � t1

2
= tRP C �

t2 + t1

2
(6.6)

� 2
T

= � T

�
�2

RP C
+

1
4

� T

�
�2
scin (6.7)

and the in trinsic time resp onse of the tRPC, � T

�
�

RP C
, can b e determined

from the measured � T and the com bined resolution of the reference scin-

tillators � T

�
�
scin

= 50 ps.

In the follo wing sections it is sho wn that the p eak in �g. 6.7 corresp onds,

actually , to particles tra v eling at the sp eed of ligh t. Therefore, the times
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lo w er than zero m ust come from the time resolution of the reference scin til-

lators. As indicated in the �gure, a v alue of � T ' 100 ps is obtained from

a direct �t, indicating that some extra con tribution ma y b e presen t in the

timing reference, when measuring in that situation ( L = 18 cm b et w een

cen ters). When substituted in eq. 6.6, the di�erence b et w een considering

� T

�
�
scin = 50 ps or � T

�
�
scin = 100 ps on the estimate of the tRPC resolution

is around 10-15 ps, for t ypical measured v alues of � T = 85 ps

7

. In the

follo wing, the conserv ativ e con v en tion of taking, as reference, the nominal

scin tillator resolution at zero distance � T

�
�
scin = 50 ps (�g. 6.6 ) will b e

adopted.

6.3 The particle en vironmen t

The b eam of primary n uclei w as constituted b y C n uclei at E kin = 1 Ge V/A,

exp ected to impinge o v er a C target with a thic kness equiv alen t to an in teraction

probabilit y of 5%. Ho w ev er, a prop er fo cusing of the b eam o v er the target could

not b e guaran teed.

Measuremen ts of the time distribution of the particles w ere p erformed b y

placing the scin tillators at di�eren t distances (0, 4, 14, 20, 31 cm), allo wing for

an estimate of the distribution of v elo cities of the particles. F or that purp ose,

a Gaussian �t at the maxim um of the tof distribution w as p erformed, and the

time at maxim um and width of the distribution w ere represen ted in �g. 6.8 as a

function of the distance b et w een scin tillators. Fig. 6.8 sho ws a linear trend, as

exp ected, indicating that the Gaussian �t pro vides a reasonable estimate of the

maxim um. Moreo v er, the �t yielded a propagation v elo cit y of � = 0 :97� 3 for

the particles at the p eak. It is also sho wn ho w the width of the scin tillator time

resp onse increases fast with L (distance of separation) from the v alue � T = 50
ps, measured at L = 0 cm, up to � T = 200 ps, at L = 30 cm, due to the di�eren t

particle v elo cities. This observ ation justi�es the use of a symmetric trigger, as

describ ed in previous section.

6.3.1 � and 
� distributions

Once � is estimated at maxim um, it is p ossible to obtain the � distribution

of all the particles and compare with the exp ectations from sim ulation. F or

the latter, 3 scin tillating plastics of 3 cm thic kness and an area of 40� 40 cm

2

w ere sim ulated at the p osition of the exp erimen tal setup, according to �g. 6.4 ,

with a separation of 18 cm b et w een cen ters. The large used areas pro vide high

statistics o v er the region of in terest, reducing enormously the computing time.

F or the generation of C + C collisions at 1 Ge V/A a v eraged o v er all p ossible

impact parameters, UR QMD(1.2) w as used [142 ]. The distribution generated

w as propagated through the HADES geometry implemen ted with the transp ort

co de HGean t/Gean t [137 ], [138 ].

The output of the sim ulation w as ev aluated for t w o scenarios:

1. Distribution exp ected o v er the tRPC (minim um biased).

7

Decreasing the e�ect for higher v alues.
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Figure 6.8: Time of �igh t at maxim um as a function of the distance b et w een the scin tillator

edges. The time at zero distance is de�ned as zero. F rom the slop e of the �t, the v elo cit y

of propagation of the particles p opulating the p eak of the time distribution can b e obtained.

Squares sho w the width ( � ) of the time distribution indicating a broadening due to the di�eren t

particle v elo cities.

2. Distribution exp ected o v er the tRPC after ful�lling the trigger require-

men ts (v alid signal in the three scin tillating plastics), and con v oluted with

a scin tillator time resp onse of � T

�
�
scin = 50 ps.

The comparison b et w een data and sim ulation is sho wn in �g. 6.9 . The t w o

curv es to b e directly compared are the full and dashed ones. In the measured

data (full line) there is an excess to w ards � = 1 , that can b e attributed to leptons

from secondary pro cesses (as 
 con v ersion), resulting from a bad fo cusing of the

b eam. Some features are common to sim ulation and data: b oth distributions

are cut at � . 0:4 due to the energy lost in the �rst t w o scin tillators; on the

other hand, a prominen t p eak is presen t at � � 0:7 � 0:8 that is dominated b y

protons according to sim ulation, and presumably also in data. In b oth cases, the

correlation observ ed b et w een the c harge released and the reduced momen tum

p=M = 
� is in qualitativ e agreemen t with a Bethe-Blo c h distribution at lo w

v alues of 
� , as exp ected for hea vy particles (�g. 6.10 ), while large v alues of �
are m uc h more scattered regarding energy dep osition, suggesting that they are

dominated b y electrons and p ositrons. The large p opulation of leptons w ould

also p oin t to the observ ation of rates higher than exp ected, an e�ect discussed

in the next section.

It m ust b e stressed that �g. 6.9 also indicates that there are di�erences

b et w een the minim um biased distribution of hits o v er the tRPC and the dis-

tribution of triggered ev en ts. Whereas this fact a v oids to estimate the tRPC

resp onse for particles with � < 0:4, it do es not in tro duce an y imp ortan t bias

regarding the distribution of ev en ts that truly impinge o v er the tRPC. In other
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Figure 6.9: � distribution obtained with the reference scin tillators and comparison with

sim ulation p erformed under trigger conditions and minim um biased.

Figure 6.10: Charge in scin tillator 2 as a function of 
� (left). In the righ t, the energy

dep osition is sho wn as a function of the 
� of the particles, as exp ected from sim ulation (the

scin tillator time resp onse is included).

w ords, exp ectedly , highly ionizing particles with � < 0:4 are detected in the

tRPC, despite the trigger selection remo v es them.

A t last, the a v erage b eam in tensit y w as monitored during the runs and

therefore the exp ected rate o v er the tRPC could b e ev aluated b y taking the

nominal in teraction probabilit y at the carb on target, Pint = 5 %. This is sho wn

in �g. 6.11 for t ypical cases: a) measured (see next section), b) sim ulated, c)

sim ulated in Au + Au, 1.5 Ge V/A cen tral collisions for the lo w er p olar angles,

with Pint = 1% .

The high rates observ ed when compared with sim ulation can b e explained b y

assuming a bad fo cusing, that w ould result in an increase of secondary electrons
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from in teractions along the HADES structure. This in terpretation is qualita-

tiv ely supp orted b y �g. 6.9 and �g. 6.10 .

In fact, the exp erimen tal situation w as v ery con v enien t for testing purp oses:

the rates w ere so high that they reac hed the maxim um v alues exp ected in

HADES, whereas the distribution of 
� of the primary particles (and there-

fore, their ionizations) is reasonably similar to the exp ected C + C en vironmen t

(�g. 6.9 ).
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Figure 6.11: Relation b et w een the rate measured and the SIS18 in tensit y for C + C collisions

at 1 Ge V/A. The large discrepancies p oin t to a bad fo cusing. Also sho wn the exp ectations for

the maxim um HADES rates o v er the tRPC for Au + Au collisions at 1-5 Ge V/A at lo w p olar

angles. A linear �t to the measured p oin ts is also sho wn.

6.3.2 Primary rate

A t the high rates presen t during the tests, the D A Q system sho w ed a saturation

due to its dead-time. Therefore, the use of an auxiliary scaler (Caen 145 quad

scaler) w as required for un biased rate estimates (obtained with scin tillator 3 ).

On the other hand, the fact that the b eam w as pulsed, with roughly 50% dut y

cicle, and the necessit y of a certain n um b er of spills for a reasonable amoun t of

data, indicates that monitoring rate v ariations within a giv en run is imp ortan t.

On top, the exact time of eac h triggered ev en t is kno wn through a free running

clo c k in tegrated in the acquisition system. F or rate estimates, it is con v enien t

to represen t the a v erage n um b er of triggered ev en ts p er spill as a function of the

rate o v er the tRPC. In principle, b oth magnitudes m ust sho w a linear correlation

but, due to the D A Q dead-time, a b etter �t is ac hiev ed b y using a second order

p olynomial

8

(�g. 6.12 ). The parameters from the �t together with the clo c k

8

F or consistency , the indep enden t term is set to zero in the �t, imp osing that b oth v ariables

tend to zero.
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Figure 6.12: Left: curv e sho wing the correlation b et w een the a v erage n um b er of ev en ts p er

spill and the primary rate. Righ t: spill structure.

allo w to monitor the rate and spill structure within a giv en run, as sho wn in �g.

6.12 for one of the more in tense illuminations ( � = 1240 Hz/cm

2
in a v erage).

The a v erage spill duration is around 6 s.

6.3.3 Spill time pro�le

It is imp ortan t to understand the c haracteristics of the spill pro�le as a function

of time. The t w o more frequen t cases are sho wn in �g. 6.13

9

.

Both sets of data corresp ond to an a v erage rate of � ' 1200 Hz/cm

2
. The

�rst (left) sho ws a relativ ely uniform distribution of the spill while in the second

there is a rate reduction with the spill time. Despite the di�erences, the analysis

p erformed in the follo wing sections has pro v ed to b e quite insensitiv e to the

shap e of the spill.
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Figure 6.13: T w o di�eren t spill pro�les for the same a v erage primary rate of � � 1200
Hz/cm

2
.

9

Unstable runs with highly v ariable rates w ere also observ ed, standing for less than 5% of

the total. They are disregarded.
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6.4 Analysis

Around 2 millions of ev en ts w ere tak en under di�eren t conditions, and the in�u-

ence of the v ariables V (v oltage), � (rate) and x (p osition) o v er the three tRPC

cells w as studied. Moreo v er, dedicated runs with high statistics w ere p erformed

at �xed v alues of these parameters, allo wing studies on multi-hit capabilities,

p erformances for highly ionizing p articles , signal losses and self-c alibr ation , that

are the sub ject of some of the follo wing sections.

Unless sp eci�ed, the cuts used are mainly related to the reference scin til-

lators, denoted as external cuts (see next section). They m ust b e p erformed

in order to reject random coincidences, inclined particles or edge e�ects, that

w ould w orsen the scin tillator time resp onse. These cuts allo w for the b est tim-

ing p erformances of the reference scin tillators, yielding the distribution sho wn

in �g. 6.6 , with � T = 50 ps.

A tten tion is fo cused on the follo wing observ ables: � T , 3- � tails, " , qprompt

and Pstreamer (time resolution, ev en ts out of � 3� from the time at maxim um,

e�ciency , prompt c harge in 200 ns and fraction of streamers, resp ectiv ely).

6.4.1 Cuts

External cuts (reference scin tillators)

1. Ov er�o ws in the TDC as w ell as p edestals in the ADC for the signals of

an y of the scin tillators are remo v ed.

2. P articles within � 2� around the p eak of the scin tillator p osition distri-

bution are selected, determined through the time di�erence b et w een b oth

scin tillator ends. The cut reduces the fraction of inclined trac ks (see �g.

6.14 ). In the follo wing, y and x are used for referring to the p osition in

scin 1 and scin 2 , resp ectiv ely .

3. P articles within � 2� around the p eak of the c harge distribution are se-

lected. The cut allo ws to get the b est timing, allo wing to reduce edge

e�ects in the scin tillators, that v ery lik ely pro duce small amoun ts of ligh t.

See �g. 6.14 .

Internal cuts (tRPC)

1. After external cuts, the o v er�o ws in the TDC and the c harge p edestals in

the ADC con tribute to the measured ine�ciency of the detector and they

are remo v ed

10

.

This set of cuts is called soft cuts . An impro v emen t w as seen on timing

prop erties (sp ecially a drastic reduction in timing tails) b y p erforming a cut in

the tRPC p osition at � 1� around the p eak. The impro v emen t can b e ascrib ed

to the presence of a small fraction of inclined trac ks or random coincidences in

the trigger. This set of soft-cuts plus one on the tRPC p osition is denoted b y

har d cuts ; the last are used only in section 6.6.2 in order to pro vide an idea of

the nature of the tails.

10

The di�erence b et w een time e�ciency and c harge e�ciency w as v ery small, ha ving a

con tribution coming from cross-talk ev en ts.
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Figure 6.14: Up: qualit y cuts p erformed on the scin tillator p osition distribution (in con-

tin uous line is the selected region). Do wn: qualit y cuts p erformed on the scin tillator c harge

distribution (in con tin uous line the selected region). They are sho wn after the p edestal has

b een subtracted and the distributions re-scaled for sho wing an equiv alen t gain.
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6.4.2 q-t correlation

As usual for tRPCs, the most imp ortan t correlation w as observ ed b et w een the

measured time � tscin � RP C (eq. 6.6 ) and the a v alanc he prompt c harge qprompt .

The correction for these `a v alanc he size' e�ects allo w ed, in the presen t case, for

an impro v emen t of 20-30 ps in the resolution. Suc h a correction is denoted as

slewing c orr e ction and here it w as p erformed, if nothing is said, as follo ws:

1. The c harge distribution is divided in 12 bins and the a v erage is p erformed

o v er � tscin � RP C and qprompt in that regions.

2. The time-c harge p oin ts obtained are in terp olated b y 1st
order p olynomials.

3. The a v erage time as a function of the c harge, parameterized as describ ed

ab o v e, is subtracted from the measured time.

The pro cedure is represen ted in �g. 6.15 , and t ypical time distributions

b efore and after the `slewing correction' are sho wn in �g. 6.16 for tRPC I at

V =3.1 k V/gap and � ' 100 Hz/cm

2
.

Figure 6.15: T ypical c harge-time correlation measured (left). The righ t plot sho ws the same

�gure after applying the `slewing correction'.
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6.4.3 Time w alks

Electronic w alks m ust b e con v enien tly monitored for long term op eration [153 ].

In the presen t setup, runs w ere short enough so that the e�ect of w alks w as

generally small and it w as not necessary to correct for it. Ho w ev er, systematic

shifts to w ards large times and small c harges w ere observ ed, b eing correlated with

the arriv al of eac h spill (�g. 6.17 ). The e�ect is imp ortan t for the higher rates

studied, and it is sho wn in c hapter 9 that it can b e ascrib ed to the c harging-up

time of the resistiv e plate, that tak es place at the scale of seconds.

Inciden tally , the correlation app ears in data also as a time-c harge correlation

and its e�ect is therefore reduced after the `slewing correction' is p erformed.
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Figure 6.17: E�ect of the arriv al of the spill o v er the c harge and the time of �igh t measured,

as a function of the irradiation time. The a v erage rate w as � = 1200 Hz/cm

2
and V = 3 :1

k V/gap.
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6.5 Detector p erformances

6.5.1 In trinsic e�ciency

F or a determination of the in trinsic tRPC e�ciency , it is useful to study the

b eha vior of the e�ciency as a function of the p osition ( x , y ) in the reference

scin tillators. The study w as p erformed for tRPC II , V =3.1 k V/gap, � ' 100
Hz/cm

2
(the lo w est rates studied) without any cut. The 2-D pro�le of the

triggered ev en ts, together with the e�ciency pro�le, are sho wn in �g. 6.18 . The

high statistics of the run allo w to state the follo wing facts:

1. Fig. 6.18 do wn: the pro�les of the three tRPCs can b e clearly seen in

the 2 dimensional scan, sho wing ine�cien t regions due to the shielding

b et w een cells.

2. Fig. 6.18 up: the trigger line w as not crossing exactly the cen ter of the

tRPC II (as in tended), but shifted around 1 cm.

3. Fig. 6.18 up: the p osition distribution of the triggered ev en ts had a ma jor

con tribution coming from a region A ' 2� 2 cm

2
, that w ould b e exp ected

if all the selected particles tra v el in straigh t line and the p osition resolution

of the scin tillator is not con tributing. The presence of sizable tails out of

these regions indicates that, with some probabilit y , inclined trac ks ful�lled

the trigger requiremen ts.

In �g 6.19 , an enligh tening 1-D plot of the e�ciency as a function of the

p osition in scin tillator 1 ( y ) is presen ted.

F rom the cen tral p eak, an in trinsic e�ciency ab o v e " = 95% p er cell can

b e inferred. The p eaks with high detection probabilit y out of the inner � 1 cm

are due to inclined trac ks that cross tRPC I or III ; on the other hand, the

v alleys with e�ciencies around " = 60 � 70% are pro duced b y the dead regions

of around 3 mm required for the shielding pro�les. It is observ ed that, due to

the presence of inclined trac ks in the trigger, the ine�cien t region extends along

' 2 cm p er side. If only straigh t trac ks w ere selected, the exp ected dead region

w ould b e as small as 3 mm (see �g. 6.1 ), sho wing a clean zero v alue for the

e�ciency .

Despite the large in trinsic e�ciency , the o v erall tRPC e�ciency obtained for

all the triggered ev en ts is " = 75% , dominated b y the dead regions. Due to

the fact that the ine�cien t regions are shared with the neigh b ors, the follo wing

con v en tion w as adopted: the tRPC c el l e�ciency is estimated b y considering

only the con tribution of one half of the ine�ciency measured (in the absence of

cuts). In this w a y , an estimate of the tRPC c el l e�ciency of " ' 87%, including

geometric e�ects, is obtained, as compared with the intrinsic tRPC e�ciency

at the lev el of & 95%. The estimate of the in trinsic e�ciency requires of enough

statistics to p erform a meaningful study as a function of the scin tillator p osition

and, moreo v er, do es not represen t a true estimate of the e�ciency of this tRPC

system. Therefore, the tRPC c el l e�ciency is preferred in the follo wing.

The in trinsic e�ciency determined is still smaller than the v alues close to

99% measured with similar detector con�gurations ([153 ], for instance). It m ust

b e recalled that, with the setup used and due to the presence of a small fraction

of inclined trac ks, it w as not p ossible to get an un biased measuremen t of the

in trinsic e�ciency , but rather a lo w er limit.



138 CHAPTER 6. PERF ORMANCE OF HADES TRPCS

0

50

100

150

200

250

300

350

-4 -3 -2 -1 0 1 2 3 4
-4

-3

-2

-1

0

1

2

3

4
y 

[c
m

]

x [cm]

events

0.4

0.5

0.6

0.7

0.8

0.9

1

-1.5 -1 -0.5 0 0.5 1

-4

-2

0

2

4
RPC I

RPC III

RPC II

y 
[c

m
]

x [cm]

eff

Figure 6.18: The upp er picture sho ws the distribution of the triggered ev en ts as a function

of the p osition x (scin tillator 2) and y (scin tillator 1). In the lo w er picture, the e�ciency

pro�le is sho wn, suggesting the presence of three tRPCs with dead regions b et w een them.
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Figure 6.19: E�ciency distribution as a function of the y p osition along the v ertical scin-

tillator ( scin 1 ). The maxim um of the triggered ev en ts is at y ' 0.

6.5.2 Scan in v oltage: working p oint

The 'cell e�ciency' and time resolution for tRPC I as a function of the HV

p er gap are sho wn in �g. 6.20 for � ' 100 Hz/cm

2
. A small impro v emen t of

the time resolution with the applied v oltage is visible, as exp ected, whereas the

tRPC cell e�ciency increases up to a plateau at around " = 87% , dominated

b y geometric losses.

The streamers b egin to b e sizable as so on as the e�ciency plateau is reac hed,

an e�ect that could b e due to the small concen tration of SF 6 in the gas mixture

used. Ho w ev er, a con tribution b elo w 5% seems to b e still a�ordable regarding

p erformances.

F or the dedicated studies on tRPC p erformances describ ed in the follo wing

c hapters, the w orking p oin t w as set to V = 3 :1 k V/gap, where the e�ciency

plateau b egins and the fraction of streamers is still small.

6.5.3 Scan in p osition: homo geneity

V elo cit y of propagation of the induced signal

The p osition of the impinging particle can b e obtained through the time dif-

ference b et w een the left and righ t ends of the tRPC (eq. 6.4 ). In the presen t

setup it w as p ossible to shift the tRPC p erp endicularly to the trigger line via a

motorized translation stage, that allo ws precisions b elo w the mm. The kno wn

displacemen ts of the tRPC could then b e compared with the exp ected from time

di�erence measuremen ts. A ccording to eq. 6.4 , the v elo cit y of propagation of

the tRPC signal along the electro des can then b e obtained from the measured

p osition as sho wn in �g. 6.21 , yielding vprop = 2
3 c with residuals b elo w 2 mm.
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Figure 6.20: Plot sho wing the cell e�ciency and the time resolution for tRPC I (glass

electro des). The e�ciency plateau observ ed at high v oltages is dominated b y geometric losses.

On the other hand, a con tribution around 5% of streamers seems to exert no e�ect.

Figure 6.21: Time di�erence (left-righ t) for the tRPC II as a function of the p osition. The

slop e of the linear �t allo ws to extract the v elo cit y of propagation of the signal, pro viding

vprop = 2 =3c.
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P osition resolution

If the trigger area is small enough, the illumination o v er the tRPC can b e

considered as `p oin t lik e' for practical purp oses, and the spread of the time

di�erence b et w een left and righ t pro vides an un biased estimate of the tRPC

p osition resolution. Indeed, the `p oin t lik e' condition can b e in terpreted as

the limit where the trigger area is signi�can tly smaller than the tRPC p osition

resolution.

The histogram of tRight � tLef t is plotted in �g. 6.22 , sho wing a highly Gaus-

sian b eha vior with � = 60 ps. It m ust b e recalled that, when plotting the time

di�erence b et w een b oth tRPC ends, the �uctuations due to a v alanc he formation,

that are common, are subtracted. Therefore, the resulting time distribution b e-

comes rather indep enden t from the details of the a v alanc he formation, b eing

dominated b y the electronic jitter � T;el :

� pos �
vprop

2
� T;el (6.8)

The v alue obtained from �g. 6.22 for the com bined electronic jitter

11

, 60

ps, is larger than the one measured in lab oratory under `p oin t lik e' illumination

� T;el ' 30� 40 ps. The reason for the discrepancy can b e attributed to the large

trigger area.

Finally , b y using eq. 6.4 and the v elo cit y determined in previous section,

the p osition resolution translates in to � pos = 60 ps � vprop =2 = 6 mm (in fact,

the rms of a �at trigger distribution extending o v er 2 cm is 5.5 mm, suggesting

a con tribution of the trigger area to the measured p osition resolution).
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Homogeneit y

The homogeneit y of the main features of the tRPC is of great imp ortance for a

long detector, allo wing for a direct ev aluation of the construction concept. The

time resp onse b efore and after the slewing correction is sho wing in �g. 6.23 ,

featuring a highly homogeneous b eha vior for b oth (all the p oin ts are scattered

b y less than 10 ps around the a v erage v alue). The fraction of streamers and the

a v erage prompt c harge are represen ted in �g. 6.24 .

A small decrease in the fraction of streamers is visible to w ards the inner

region of cell III , at the lev el of a 3%; despite b eing reasonable this could b e

a signature of non-p erfect mec hanics for that cell. Due to the in�uence of the

streamers, the a v erage prompt c harge is also sligh tly di�eren t in the inner region

than close to the edges. Ho w ev er, according to �g. 6.20 , a 5% of streamers is

p erfectly assumable.
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Figure 6.23: Figure sho wing the time resolution b efore (left) and after (righ t) the slewing

correction. Suc h a correction allo ws, t ypically , for an impro v emen t around 25 ps, b eing rather

uniform along the detector.

Figure 6.24: A v erage prompt c harge (left) and fraction of streamers (righ t) for tRPC II and

III as a function of the p osition. In the absence of streamers the v alue for the induced c harge

is qprompt ' 0:7 pC and it is increased in 30% if they are presen t.
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6.5.4 Scan in rate: r obustness

The degradation of the p erformances, due to the accum ulation of c harge in the

resistiv e plate, is a cen tral feature of tRPCs. F or sho wing the e�ect, all runs ha v e

b een group ed together in �g. 6.25 , sho wing the cell e�ciency " , time resolution

� T and 3- � tails for di�eren t V = 3 :1 � 3:4 k V/gap. The p erformances are also

represen ted as a function of the equiv alen t rate in units of the maxim um rate

exp ected in the HADES exp erimen t ( � = 700 Hz/cm

2
), that corresp onds to the

lo w er p olar angles (see �g. 5.8 ). Denoting b y � the primary rate, the curv es

can b e roughly parameterized as straigh t lines:

" = 87% � 1:5%
�

100 Hz/cm

2 (6.9)

� T = 67 ps + 4 :7
�

100 Hz/cm

2 (6.10)

3- � tails = 6 :7% + 0:6%
�

100 Hz/cm

2 (6.11)

A m uc h more detailed analysis on rate e�ects, together with a theoretical

in terpretation can b e found in c hapter 9.
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Figure 6.25: Beha vior of the tRPC p erformances as a function of the primary rate. Also

sho wn the equiv alen t rate in times the maxim um rate exp ected in HADES at the tRPC w all

p osition.
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6.6 Sp eci�c issues

6.6.1 Induction to w alls

Sim ulation

One dra wbac k of the use of shielding pro�les is the loss of signal due to induction

to the w alls. In the presen t protot yp e, it w as tried to minimize the geometric

losses, therefore the transv ersal distance from the cell to the w alls w as reduced

do wn to 1 mm. F or ev aluating the in�uence of the w alls, dedicated sim ulations

(�g. 6.26 ) w ere p erformed for the same geometry as cell II (tak en from [154 ]).

Figure 6.26: Up: con�guration o v er whic h the w eigh ting �eld is calculated. Do wn: results

of the induced curren t, tak en from [154 ], as obtained with the F emlab soft w are [155 ]. The

curren t is in arbitrary units: lines can b e iden ti�ed b y its asymptotic b eha vior to w ards the

cen ter of the cell (ground is 1, strip(w all) is 0, signal is -1). The �rst t w o plots corresp ond to

the induction of a v alanc hes from di�eren t gaps, whereas the last corresp onds to the case of

t w o a v alanc hes at the same time.
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The study w as done for the �rst 2 gaps (the other 2 are symmetric) as

a function of the transv ersal separation from the w all (placed at distance=0),

taking, for illustration, a c harge at a distance y = 2 =3g from the catho de. In �g.

6.26 , the exp ected induced curren t, I = ~Ew �~vd (see section 3.2.6 ) is represen ted

in arbitrary units. The w all is referred as `strip' b ecause the c harge has b een

measured through pic k-up strips co v ering the w all (see next sub-section).

Being the glass a symmetry elemen t, the w eigh ting �eld of the w all sho ws

di�eren t signs dep ending on the gap, and therefore it is exp ected that the curren t

induced can sho w di�eren t signs. If all the gaps pro duce the same c harge, the

induction to the w alls is balanced, and the net e�ect is small.

Data

As said, pic k-up strips w ere placed o v er the shielding w alls for ev aluating the

signal losses to the surroundings. F or most of the a v alanc hes, the signals induced

o v er the strips are t ypically m uc h smaller than in the case of direct induction

o v er the electro des, therefore the signal has b een shap ed and largely ampli�ed

for pro viding measurable v alues.

First, correlations of the c harge in the strip with the time measured in the

main cell w ere studied. Naturally there is an e�ect, that comes from the q-

t correlation itself, but once the slewing correction is p erformed no residual

correlation remains b et w een the c harge in the strip and the measured time.

Another p ossible e�ect is the loss of ev en ts that w ould b e detected normally

but fall b elo w threshold after inducing in the shielding w alls. F or ev aluating

this, the shap e of the c harge p edestal of the strip (obtained from ev en ts un-

correlated with the trigger) m ust b e compared with the shap e of the c harge

distribution of the strip for those triggered ev en ts that ha v e not b een detected.

If the induction to the w alls causes an e�ciency loss, it should result in a dif-

ference b et w een b oth distributions. The result of the analysis is presen ted in

�g. 6.27 . The c harge induced to the w alls is sho wn for all the triggered ev en ts

(dot-dashed line), together with the c harge p edestal of the strip (con tin uous)

and the c harge distribution of the strip for non-detected ev en ts in the tRPCs

(dashed). Di�erences in shap e b et w een the dashed line and the con tin uous line

w ould indicate the presence of ev en ts that ha v e not b eing detected in the tRPC

cell but induced a sizable curren t on the w alls. The �gure is v ery conclusiv e:

no e�ect ab o v e 1% seems to b e resp onsible for e�ciency losses, ev en in the v ery

tigh t con�guration c hosen here, with w alls placed 1 mm close to the tRPC cells.

Still remains the question of ho w the ADC deals with the negativ e induced

c harges. It is natural to exp ect that a negativ e c harge will lead to an en try

b elo w the p edestal, and indeed that e�ect is presen t in �g. 6.27 (up). A t last,

the correlation b et w een the c harge induced to the w alls and the c harge induced

to the electro des is sho wn in �g. 6.27 . T w o branc hes are visible when the c harge

collected in the tRPC cell increases; this fact lik ely indicates that, as exp ected,

b oth p olarities are induced o v er the shielding w alls.

T o conclude: the induction to the w alls, despite b eing measurable, could not

b e correlated with an y degradation of the tRPC p erformances.
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Figure 6.27: Up: c harge induced to the w alls b y all the a v alanc hes (dot-dashed) and non-

detected ev en ts in the tRPCs (dashed) together with the c harge p edestal of the strip (con-

tin uous). Do wn: correlation b et w een the c harge induced to the w alls and the c harge induced

to the electro des, sho wing t w o branc hes. This fact can b e considered as an indication of the

presence of t w o di�eren t p olarizations of the induced signal.
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6.6.2 Timing tails

As the timing tails of this protot yp e are signi�can tly larger than other similar

designs [47 ], a dedicated study w as dev oted to this feature. It w as observ ed

that a fraction of the timing tails app eared also as tails in the tRPC p osition

distribution. As the p osition distribution is largely indep enden t from the details

of the a v alanc he formation (section 6.5.3 ), this is an indication that a fraction

of the tails ha v e a geometric origin, most probably coming from inclined trac ks.

Therefore, the in�uence of a cut in the tRPC p osition at � 1� around the cen ter

of the p osition distribution (called har d cuts in section 6.4.1 ) w as studied.

The results are represen ted in �g. 6.28 , sho wing a drastic reduction on

tRPC III tails from 7.1% to 1.2%, in b etter agreemen t with previous w orks [47 ]

and recen t results on similar protot yp es [1]. In the case of tRPC II , a sizable

amoun t of tails remains after the har d cuts , an e�ect that can b e considered as

an indication there is ro om for impro ving the mec hanics. In particular, tRPC

II had half the densit y of spacers than tRPC III .
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Figure 6.28: 3- � tails of tRPC II and III with soft cuts (only external) and hard cuts (extra

cut in tRPC p osition). The impro v emen t is signi�cativ e.

6.6.3 Multi-hit capabilit y

The feasibilit y of w orking in a m ulti-hit en vironmen t is discussed in this sec-

tion. F or that purp ose, it w as ev aluated the in�uence of cross-talk during signal

propagation, that ma y degrade the tRPC p erformances when sev eral cells are

�red at the same time.

On one hand, it is relev an t to kno w ho w often a tRPC cell, out of the trigger

line, registers a v alid time but zero c harge, whic h is the signature of a cross-

talk signal correlated with an ev en t crossing the main cell. But, at the end,

the m ulti-hit capabilities are giv en b y the p erformance of a cell when a hit is

sim ultaneously registered in its neigh b or (`coinciden t' hit). If there is no c hange

in the tRPC resp onse for that case, it will pro v e that the e�ect of cross-talk

has no practical consequences. F or easier treatmen t, the cell situated across the

trigger line is denoted as `main' while `neigh b or' to an y other.

In the presen t exp erimen tal situation, the ligh t b eam used (carb on) pro vided

small o ccupancies of the tRPC cells, requiring a large amoun t of data in order

to pro vide reasonable statistics for ev aluation of m ulti-hit p erformances.
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As said, a cr oss-talk event is de�ned b y the conditions q � qpedestal (zero-

c harge) and t < t overf low (v alid time). With the shielded con�guration pro-

p osed, cross-talk is k ept at a v ery lo w lev el of around 0.5% p er neigh b or. In

particular, the cross-talk of cell I o v er II is 0.16% whereas II o v er I is 0.4%

and II o v er III is 1.1%, indicating a sligh t asymmetry of the e�ect.

Lo oking at the time di�erences (left-righ t) in the `neigh b or' cell, the p osition

distribution of the induced cross-talk along the `neigh b or' can b e represen ted

for signals triggered at a �xed p osition p osition in the `main' cell (cen ter), as

sho wn in �g. 6.29 (left). The distribution of the cross-talk induced extends

up to t wice the detector length ( � 60 cm) that could b e due to re�ections in

the detector. Also, in �g. 6.29 (righ t) the fraction of cross-talk for di�eren t

p ositions of the trigger along the `main' cell is represen ted. Within the p o or

statistical signi�cance of the �gure (less than 20 ev en ts con tribute p er p oin t) it

seems that a sligh t increase is seen, in fact, to w ards the cen ter of the cell as it

w ould b e qualitativ ely exp ected from the calculations of [65 ].
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Figure 6.29: P osition distribution of the cross-talk induced, obtained through to the time

di�erence at the `neigh b or' cell (left). In the righ t, the cross-talk probabilit y is sho wn as a

function of the p osition in the `main' cell.

F or a b etter understanding of cross-talk, the c harge sp ectra in the `main'

cell is sho wn in �g. 6.30 , together with the `coinciden t' hit probabilit y and the

`cross-talk' probabilit y as a function of c harge.

The study is p erformed at V = 3 :1 k V/gap and � ' 100 Hz/cm

2
for tRPC

cell I and II as the `main' cell and II and I the `neigh b ors', resp ectiv ely . It

is clearly seen a high correlation of the cross-talk with large c harge ev en ts in

the `main' cell (increasing from 0.1% to 10% with the c harge of the a v alanc he).

As exp ected, the `coinciden t' hit probabilit y do es not dep end on the c harge

in the `main' cell. A sligh t asymmetry on the detector gain is also apparen t,

b eing the presence of streamers more lik ely in cell II , but still b elo w 1%. This

can b e ascrib ed to the fact that tRPC I has glass electro des while tRPC II
has metallic ones, b eing the �rst more sensitiv e to rate e�ects, due to the larger

total resistance. Suc h an e�ect w ould result in a decrease of the e�ectiv e v oltage

in the gap and, therefore, a lo w er gain.

A t last, the p erformances are ev aluated for the case where t w o hits are

presen t sim ultaneously in the `main' and `neigh b or' cell

12

(`coinciden t' hit). In

12

`Sim ultaneously' m ust b e understo o d in the sense of `within the TDC time windo w' (1 � s).
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Figure 6.30: Charge sp ectra for cells I and II in the trigger line (`main' cell) together with

the `coinciden t' hit and `cross-talk' probabilities on the `neigh b or'.

order to study the nature of the `coinciden t' hits, their p osition distribution

in the `neigh b or' cell is sho wn in �g. 6.31 (tRPC I is the `main' cell and II

is the `neigh b or'). In the absence of correlation b et w een the `coinciden t' hits,

and due to the exp ected largely homogeneous irradiation along the x direction

(see c hapter 5), a homogeneous distribution of `coinciden t' hits should arise.

Instead, a shallo w p eak is sho wn at x = 0 , correlated with the trigger p osition.

The same study w as p erformed for the cell II in the trigger line (`main') not

sho wing a p eak ed distribution. This suggests that the e�ect is not due to a

ph ysical pro cess of the bulk of particles but more lik ely to inclined trac ks that

cross b oth cells (`main' and `neigh b or') in the same triggered ev en t. Ho w ev er,

in order to b e safe from trigger correlated e�ects, those ev en ts are remo v ed from

the sample (�g. 6.31 ), and the remaining ones are k ept for m ulti-hit studies.
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Figure 6.31: Distribution of `coinciden t' hits in the `neigh b or' cell. The ev en ts at x = 0 are

correlated with the trigger p osition, probably due to inclined trac ks that cross the `main' and

`neigh b or' cell sim ultaneously . They are remo v ed from the analysis (dashed line).

The time resp onse for this situation ( truly 100% multi-hit ) is plotted in �g.

6.32 for cell I , not sho wing an y signi�cativ e degradation. The same analysis

w as carried out for cell II , and a small degradation seems to b e presen t, in fact,

sligh tly increasing the presence of tails. Results are compiled in table 6.1 .
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most unaltered time resp onse as compared with the single-hit situation (see table 6.1) suggests

that the cell design pro vides robust m ulti-hit capabilities. The con tribution of the reference

time (25 ps) is included.

It should b e noted that a hit in the `neigh b or' cell can in�uence a sim ulta-

neous hit registered in the `main' cell only in the case that it arriv es �rst. F or

ev aluating this, � tscin � RP C (eq. 6.6) in the `main' cell is plotted as a function of

� tscin � RP C in the `neigh b or' (�g. 6.33 ) not sho wing an y left-righ t asymmetry .
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Cross-talk Coinciden t hit

main RPC I ! II II ! I II ! III fraction � T � �
T

tails tails

�

I 0.16% - - 0.94% 70 ps 74 ps 5.0% 6.5%

II - 0.4% 1.1% 0.87% 82 ps 81 ps 6.0% 10.0%

T able 6.1: Results of the ev aluation of the m ulti-hit p erformances. The star( � ) denotes the

result obtained under m ulti-hit conditions; without star stands for the result under single-hit

conditions (the con tribution from the reference time has b een subtracted).

6.6.4 High and lo w ionizing particles

It is of in terest to analyze the time resp onse for fast and slo w particles sepa-

rately . The presence of the latter ma y limit the p erformances in similar ph ysical

en vironmen ts. On one hand, the dep endence of the time resp onse with primary

ionization is relativ ely mo dest (see eq. 3.7 ); ho w ev er, on the other hand, large

primary ionizations ma y result in an excess of streamers, ha ving imp ortan t con-

sequences on the rate capabilit y and the o v erall tRPC p erformances.

F or this study , `slo w' particles are de�ned as ha ving � < 0:75 and `fast'

as � > 0:75. The separation is done b ecause at that v elo cit y a signi�cativ e

di�erence in the primary ionization is visible in the reference scin tillators (�gs.

6.9 and 6.10 ). With this de�nition, only 4% of the triggered particles can b e

considered as `slo w' in the presen t en vironmen t. F or not biasing the study , the

qualit y cut on the scin tillator c harges w as p erformed only to w ards small c harges,

otherwise the ev en ts under study w ould b e strongly suppressed

13

. Applying this

mo di�ed qualit y cut and selecting fast particles, it w as obtained for tRPC II

� T = 82 ps and 3- � tails = 6.0%, in agreemen t with the v alue rep orted in table

6.1 where the qualit y cuts had b een p erformed as usual. This is due to the fact

that p erforming a cut at lo w � is roughly equiv alen t to cut large scin tillator

c harges. When selecting the slo w particles � < 0:75, a sligh t w orsening of

� T = 90 ps and 3- � tails = 6.0% is observ ed (see table 6.2 ).

Natural sources of the di�erence observ ed in the time resp onse b et w een fast

and slo w particles can b e either a systematic e�ect in the scin tillator resp onse

as a function of the c harge released, or the tRPC resp onse itself. Ho w ev er, the

small observ ed increase has no practical consequences and will not b e discussed

here. Inciden tally , the time resp onse for streamers has b een studied, and is

summarized in table 6.2 . Despite the sizable w orsening appreciated, it ma y b e

of in terest for future applications, b ecause the time resolution is still at the lev el

of 100 ps

14

.

A t last, the tRPC prompt c harge w as studied as a function of the v elo cities

of the impinging particles, determined with the reference scin tillators, and it

is sho wn in �g. 6.34 . As a consequence of op eration in Space-Charge regime,

only a small correlation is presen t b et w een the a v erage prompt c harge and the

v elo cit y (ionization) of the particles.

13

Due to the larger c harges released b y lo w � particles.

14

A direct extrap olation to the op eration in streamer mo de is, ho w ev er, not p ossible, due

to the v ery lo w thresholds used in a v alanc he mo de as compared to that case.
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reference scin tillators. The streamer region app ears as a disconnected region at qprompt > 4
pC.

As said, more critical w ould b e that the large primary ionizations result in

an excess of streamers. This is studied in �g. 6.35 , indicating that, in fact, a

noticeable increase of the fraction of streamers is presen t to w ards small v alues

of � , but still reasonable.
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Figure 6.35: F raction of streamers in the tRPC as a function of the particle v elo cities,

determined with the reference scin tillators. The increase to w ards lo w v elo cities is apparen t.
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� > 0:75 � < 0:75 Streamers

main RPC � T tails � T tails � T tails

II 82 ps 6.0% 90 ps 6.0% 107 ps 4.0%

T able 6.2: Time resp onse for fast and slo w particles.

6.6.5 Calibration (slewing correction)

Calibration from a reference p oin t

In timing RPCs, the measured time m ust b e corrected for the time-c harge cor-

relation that is alw a ys presen t. A dditionally , in an y system, all timing signals

m ust b e guaran teed to b e iso c hronous b y adequate comparisons among them-

selv es. All these pro cedures together will b e called c alibr ation .

If the tRPC has a high homogeneit y , it is exp ected that the calibration

parameters can b e obtained from an y p osition and used elsewhere. Along the

previous sections the slewing correction has b een routinely p erformed as an

a v erage o v er c harge slides (section 6.4.2 ). Despite b eing an accurate metho d, it

is hard to parameterize. On the other hand, the q- t correlation is w ell describ ed

b y a t w o-segmen t linear �t when represen ting `t vs log(q)':

t = t1 + b1 log (q) if q < qc (6.12)

t = t2 + b2 log (q) if q � qc (6.13)

In fact, this metho d for applying the slewing correction has pro v ed to b e

as accurate as the `standard metho d' used in previous sections. Therefore, it

w as tried with this simple description and the parameters w ere tak en from a

reference p osition ( x = � 7 cm) to p erform the slewing correction at an y other

p osition along the detector. Di�eren t calibration pro cedures are summarized in

(�g. 6.36 ), all sho wing a reasonable homogeneit y of the time resolution after

the calibration.

The parameters obtained from the logarithmic 2-piece linear �t are repre-

sen ted in �g. 6.37 as a function of the p osition. There is still a 4th indep enden t

parameter that accoun ts for the o v erall time o�set that is of no in terest and

essen tially constan t.

It is remark able that b2 and qc are rather homogeneous, whereas b1 is more

�uctuating, due to the smaller amoun t of ev en ts in the region q < qc . The

simple parameterization prop osed can b e of in terest for on-line purp oses.



154 CHAPTER 6. PERF ORMANCE OF HADES TRPCS

-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30
0

10

20

30

40

50

60

70

80

90

100

110

X [cm]

s
T
 [p

s]

s charge correlated
s uncorrelated (standard)
s uncorrelated (2 piece-linear)
s uncorrelated (2 piece-linear with parameters from X = -7 cm)

75 ps 

RPC II 

95 ps 

Figure 6.36: Time resolution b efore and after calibration. There are sho wn di�eren t ap-

proac hes that lead to similar results.
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Self-Calibration

`Self-Calibration' is de�ned as the pro cedure that allo ws to get the calibration

parameters from t w o tRPCs that share information. In particular, this is the

situation when a certain o v erlap exists b et w een the tRPC cells so that an im-

pinging particle can cross t w o of them during its �igh t. In the presen t case, the

second tRPC had to b e em ulated. F or that, the time di�erence b et w een the

times measured with t w o di�eren t tRPCs in t w o di�eren t runs is represen ted in

�g. 6.38

15
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Figure 6.38: T w o dimensional picture used for obtaining the calibration parameters in a

system RPC-RPC.

Let's tak e the time and c harge information from t w o di�eren t tRPCs, de-

noted as RP C1 and RP C2 . In order to deriv e the time-c harge calibration for

RP C1 , for instance, only a narro w range of Q2 is k ept close to the maxim um of

the c harge distribution and the p oin ts � t(Q1; Q2) are �t b y a mosaic of t w o bi-

linear patc hes, yielding the required linear correction segmen ts for RP C1 . The

parameters for the self-calibration pro cedure w ere used at di�eren t p ositions of

RP C1 (in this case tRPC III ), yielding the output sho wn in �g. 6.39 .

Therefore, it seems p ossible to use this pro cedure in the HADES tRPC w all,

where o v erlapping regions are presen t. In practice, if there is an external w a y

to select `reference' particles with a w ell de�ned time of �igh t, as photons or

leptons, the iso c hronicit y can b e obtained ev en in the absence of o v erlapping re-

15

This is a reasonable appro ximation to the situation where t w o cells detect the same

particle, b ecause in timing RPCs the time resp onse of t w o o v erlapping cells is, indeed, largely

uncorrelated.



156 CHAPTER 6. PERF ORMANCE OF HADES TRPCS

-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30
0

10

20

30

40

50

60

70

80

90

100

110

X [cm]

s
T
 [p

s]

s  charge correlated
s charge uncorrelated (standard)
s charge uncorrelated ('self calibrated') 

81 ps 

RPC III 

95 ps 

Figure 6.39: Result of the self-calibration pro cedure for tRPC III .

gions. The prop osed metho d is, ho w ev er, straigh tforw ard, ha ving the adv an tage

of b eing completely stand-alone.

6.7 Conclusions

The feasibilit y of op erating a timing RPC w all in a m ulti-hit en vironmen t, with

secondaries coming from n uclear collisions has b een sho wn. The timing resolu-

tion of the protot yp e w as at the lev el of � T = 75 � 85 ps, featuring an in trinsic

e�ciency ab o v e 95% and a robust design, with high homogeneit y of the timing

prop erties.

The protot yp e allo ws for op eration at the higher rates exp ected in HADES

with 10% degradation in e�ciency and 25 ps w orsening in time resolution. Ho w-

ev er, further dev elopmen ts, as prop osed in c hapter 8 , are exp ected to impro v e

the b eha vior at the highest rates.

Timing tails at the lev el of 6% are presen t mostly to w ards dela y ed times,

not represen ting a problem for lepton iden ti�cation in HADES. A study has

b een p erformed on the nature of the tails, suggesting that the situation can b e

impro v ed in the future, reducing them do wn to 1-2%.

The presence of shielded cells is a robust solution, reducing the cross-talk to

less than 1%, mainly triggered b y streamers. The necessary shielding requires

the presence of geometric v oids that reduced the e�ciency do wn to 87% for

p erp endicular incidence. It is b ecause of this reason that, aiming for a complete

geometric co v erage, the �nal design will ha v e 2 la y ers (section 5.3.2 ).



Chapter 7

Measuremen t of the gro wth

co e�cien t

7.1 In tro duction

As men tioned in section 3.2.2 , the a v ailable mo dels for describing RPC time

resp onse agree in that it is go v erned b y the gro wth co e�cien t S = � � ve [55 ],

[66 ]. The star stands for `e�ectiv e', b eing � � = � � � , i.e., the �rst T o wnsend

co e�cien t after corrected for electron attac hmen t, and ve is the electron drift

v elo cit y . S dep ends only on the prop erties of the gas and the applied v oltage,

and it is hence an in trinsic time scale directly determined b y the gro wth dy-

namics of the a v alanc he. In fact, b efore Space-Charge starts to in�uence the

m ultiplication pro cess, the n um b er of primary carriers gro ws, in a v erage, as:

Ne(t) = NoeSt
(7.1)

where No is the n um b er of primary electrons that con tributed to the a v alanc he.

The larger the co e�cien t is, the faster the a v alanc he gro ws and the earlier it

reac hes the threshold of the FEE comparator. Inciden tally (as in tuitiv e) the

faster an RPC is (in the sense of S b eing large) the narro w er its time resp onse

function and so the b etter the timing. This assertion is discussed in detail in

c hapter 9.

F or an adequate in terpretation of a part of the results discussed in this

thesis, it w as necessary to determine the b eha vior of S as a function of the

applied v oltage for a n um b er of mixtures. T w o w a ys for doing it can b e found

in literature:

1. The v alues of � �
and ve are obtained from sim ulation pac k ages, as for

example MA GBOL TZ [15 ] ( ve ) and IMONTE [16 ] ( � , � ).

2. Using the fact that a linear electronic system do es not a�ect the gro wth

co e�cien t of an exp onen tial signal [151 ], S can b e measured after the

ampli�cation stage just b y setting t w o thresholds at di�eren t v oltages and

measuring the dela y b et w een the outgoing digital signals. The metho d

requires that Space-Charge is not imp ortan t at the lev el of the comparator.

157



158 CHAPTER 7. MEASUREMENT OF THE GR O WTH COEFFICIENT

It m ust b e said that curren tly a con tro v ersy exists regarding some of the

parameters of the sw arm obtained from sim ulation and data [57 ].

An elegan t, although indirect, w a y of ev aluating the timing prop erties of an

RPC consists in studying the b eha vior of the time resolution � T as a function of

the p eak dela y to of the time distribution [156 ], [157 ]. It is natural to exp ect that

b oth magnitudes are related as, in fact, the curren tly a v ailable mo dels suggest

[156 ]; therefore the � T vs to plots allo w to ev aluate the RPC time resp onse with

some indep endence of the parameters of the sw arm. A t ypical � T vs to plot is

used, for example, in c hapter 8, where the relation is exp ected to b e indep enden t

from the v alue of S . The main short-coming of the approac h is that it requires

to kno w the o v erall o�set of to and, for this, an estimate of S is ne c essary to

some extent .

7.2 The exp erimen tal tec hnique

F or the measuremen ts, t w o fast ampli�ers and t w o comparators w ere required

and, therefore, they w ere retriev ed from the FEE describ ed in section 8.2.2 .

The RPC signal w as split and deliv ered to t w o electronic c hannels with

comparator thresholds set at di�eren t lev els. If the signal is discriminated in

the exp onen tial regime, it is then v eri�ed that:

mt 1 = NoeSt 1
(7.2)

mt 2 = NoeSt 2
(7.3)

ln(mt 1 =mt 2 ) = S(t1 � t2) (7.4)

F or simplicit y , mt 1 = 2 mt 2 w as c hosen and a factor ln 2 is regained. The setup

used consisted in an UV lamp illuminating the catho de of a 1-gap RPC (0.3 mm

wide) through a quartz �b er (�g. 7.1 ). F or reducing the in ternal re�ections,

the imp edance of the detector w as matc hed to the imp edance of the FEE. It

is v ery imp ortan t to ensure that the in tensit y of the lamp is not high enough

to p erturb signi�can tly the �eld in the region of the gap under illumination.

In order to eliminate an y dynamic e�ect, S w as measured at �xed v oltage as a

function of the in tensit y of the lamp: when the v alue stabilizes, it indicates that

the p erturbation of the �eld pro duced b y previous a v alanc hes is negligible.

An o v erall o�set due to cabling is presen t, b eing required to p erio dically

determine it b y setting b oth thresholds to the same v alue. This is the more

delicate p oin t: if there is some en vironmen tal noise or w alks in the c hannels,

the o�set ma y c hange within the same run, making di�cult to get a precise

measuremen t. Suc h instabilities w ere observ ed.

The distribution of t1 - t2 measured w as recorded with a fast TDS7104 os-

cilloscop e (T ektronix), and the a v erage extracted. This is done sev eral times,

aiming for an estimate of the error of the measuremen t.
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Figure 7.1: Setup used for the measuremen t of S . The ligh t from the lamp is collected with

the guide and driv en to the RPC catho de.

7.3 Results

The prop osed study consists in determining the gro wth parameter S for di�eren t

gas mixtures as a function of the applied v oltage. T w o of the mixtures considered

had b een previously used for the studies presen ted in c hapters 8 (F reon/SF 6 ,

80/20) and 6 , 9 (F reon/SF 6 /iso-C 4 H 10 , 98.5/1/0.5) but also F reon/SF 6 at 90/10

and pure iso-butane w ere measured for comparison. Results are sho wn in �g.

7.2 .

It w as observ ed that ab o v e a certain �eld, o wing to the app earance of stream-

ers, the drop in the resistiv e plates prev en ts further gro wth of S . Therefore, the

v alues of S are represen ted up to the p oin t where the v oltage drop starts to

b e imp ortan t, sho wing a roughly linear b eha vior. It m ust b e stressed that the

largest ac hiev able v alue of S represen ts an imp ortan t qualit y �gure for a timing

gas.
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Figure 7.2: A v alanc he gro wth co e�cien t S measured as describ ed in text for di�eren t mix-

tures. Although the error bars are large, all the curv es seem to indicate a linear b eha vior.

The b est �t is also sho wn.

7.4 Conclusions

The a v alanc he gro wth co e�cien t S has b een measured for a n um b er of mixtures,

suggesting a linear b eha vior, in qualitativ e agreemen t with the exp ectation from

sim ulation [57 ]. The b eha vior of S vs V is in agreemen t with v alues measured

b efore for the standard mixture (see [57 ] for example), indicating that S c hanges

little for small v ariations of the gas concen trations around the standard mixture.

An excess of SF 6 seems to w orsen the p erformances (in accordance with [49 ]) and

iso-butane sho ws the w orst timing prop erties of the mixtures studied. Ho w ev er,

the statistical signi�cance of the data is p o or in the presen t setup and further

in v estigation is required after impro v emen ts on the stabilit y of the system.

The follo wing parameterizations w ere obtained:

S[ns

� 1] = (8 :4 � 1:0)V [k V ] � 14:8 � 2:8 F r/SF 6 (90/10) (7.5)

S[ns

� 1] = (4 :3 � 1:0)V [k V ] � 5:3 � 2:7 F r/SF 6 (80/20) (7.6)

S[ns

� 1] = (6 :0 � 1:2)V [k V ] � 7:2 � 3:1 F r/Is/SF 6 (98.5/0.5/1) (7.7)

S[ns

� 1] = (8 :4 � 2:4)V [k V ] � 15:8 � 6:6 Is (7.8)

A b etter c haracterization of the studied gases, in view of a realistic applica-

tion, w ould require to determine the ionization mean free path � (equiv alen tly ,

the a v erage n um b er of ionization clusters p er gap no = g=� ), that is not acces-

sible with the presen t setup.



Chapter 8

Increase of rate capabilit y

with T

8.1 RPC b eha vior at high rates

8.1.1 The DC mo del

It is w ell kno wn that the rate limitation of RPCs is related to the total resistance

of the plates. Roughly sp eaking this means that, when an a v alanc he is pro duced

inside the detector, the �eld is lo cally p erturb ed during a c haracteristic time

� g � RC ( R and C are the resistance and capacit y of the plates, resp ectiv ely).

The p erturbation a�ects the forthcoming a v alanc hes, and mimics, in a v erage,

a situation where the electric �eld is lo w er than the applied one. It has b een

sho wn in the in tro duction (section 3.2.7 ) that, in a �rst approac h, it is enough

for describing rate e�ects to consider the a v erage ohmic drop in the resistiv e

plates, according to the Ohm's la w [158 ]:

�Vgap = V � �IR (8.1)

that can b e rewritten as:

�I = Ag"� i �q (8.2)

� i stands for the irradiation o v er the RPC in units of [L

� 2
][ T � 1

], " is the

probabilit y of inducing an a v alanc he p er incoming particle, Ag is the illuminated

area and �q the a v erage c harge released p er a v alanc he

1

.

When w orking with MIPs, " is close to 100%. Ho w ev er, in the particular

case of illumination with 1 Me V 
 photons it is t ypically as small as 1% [158 ].

Besides that, the c haracteristic c harge sp ectra of 
 's for m ulti-gap RPCs do es

not exhibit a shallo w p eak as in the case of MIPs, b eing rather exp onen tial

instead (�g. 8.4 ). As the minim um threshold reac hable in the comparator is

limited b y the noise lev el, it is di�cult to a v oid that an imp ortan t fraction of

the a v alanc he sp ectra is not detectable in that case.

The remark is imp ortan t b ecause quite often, and in particular for the mea-

suremen ts p erformed along this c hapter, Na

22
or Co

60 
 -emitters are used for

1

F or simplicit y , the total c harge is denoted just b y q and the prompt c harge b y qp in the

follo wing.
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testing RPCs. It is not the purp ose of this c hapter to pro vide an estimate for " ,

th us the impinging rate times the e�ciency is simply re-de�ned as the primary

r ate o v er the RPC � p = "� i , i.e., able to pr o duc e an avalanche :

�I = Ag � p �q (8.3)

So, eq. 8.1 can b e expressed as:

�Vgap = V � � p �d �q (8.4)

where d is the resistiv e plate thic kness p er gap and � its resistivit y .

On the other hand, in the absence of dynamic e�ects in the plates and once

the prop erties of the gas ( P , T , gas admixture) and the size of the gap are �xed,

the a v erage c harge is related to the v oltage in the gap through a char acteristic

curve :

�q = F (Vgap ) (8.5)

that can b e extrap olated to a dynamic situation as:

�q ' F ( �Vgap ) (8.6)

This relation establishes a `feedbac k' in the drop pro cess giv en b y eq. 8.4 . Let's

assume for illustration that V is constan t and the only free parameters are � ,

� p and d. Therefore, w orking on expression 8.4 :

�Vgap = V � � p �dF ( �Vgap ) (8.7)

V � �Vgap

F ( �Vgap )
= G( �Vgap ) = � p �d (8.8)

�Vgap = G� 1(� p �d ) = f (� p �d ) (8.9)

As a conclusion, if the p erformance of the RPC is ruled b y the a v erage

e�ectiv e �eld

�Vgap , then an y RPC observ able O is just a function of � p �d for a

constan t applied �eld: OjV = OjV (� p �d ) . This is denoted as the DC mo del .

As the rates attainable are imp osed b y eac h particular application, the only

quan tit y left for optimization is the `column resistivit y' �d . Therefore, to op erate

an RPC at high rates requires to reduce �d as m uc h as p ossible within practical

limitations (for a complete discussion on what `practical' means see, for instance,

[98 ]).

It is con v enien t to de�ne the r elative r ate c ap ability as � = � o do
�d so that

OjV = OjV (� p=� ) : if � is increased b y a factor N , then the RPC can w ork at N
times the nominal op erating rate with equiv alen t p erformances (this is, indeed,

a natural de�nition for the relativ e rate capabilit y).

Unfortunately , the simple DC mo del could b e not ev erything. An RPC

observ able ma y b e also sensible to the �uctuations of the �eld in the gap, i.e.

to rms V gap
[60 ], [61 ]. This represen ts a delicate p oin t, as the time resolution is

a second momen t and therefore a dir e ct estimate of the �uctuations .

Along the presen t c hapter, the RPC b eha vior is studied b y assuming that

the DC mo del is accurate enough to repro duce the observ ables, and a dedicated

study of the �uctuations is giv en separately in c hapter 9. In order to apply the

DC mo del it will b e useful to follo w the descriptions of [54 ] and [58 ] for trigger
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RPCs, and the observ ations on timing RPCs [56 ], [68 ], and therefore assume

that the `c haracteristic curv e' �q vs Vgap of a tRPC under strong Space-Charge

is reasonably w ell describ ed b y a linear trend:

�q = a(Vgap � Vth ) (8.10)

Vth stands for the v oltage at whic h Space-Charge starts to dominate; b elo w it,

the RPC en ters in the prop ortional regime, so the gain go es exp onen tially to

zero and the RPC is `switc hed o� '. Inserting the relation 8.10 in eq. 8.7 :

�q
a

+ Vth = V � � p �d �q (8.11)

and solving the equation:

�q =
a(V � Vth )
1 + a� p �d

=
�q(V; � p = 0)
1 + a� p �d

(8.12)

inspired b y G. Carb oni et al. [58 ].

8.1.2 RPC b eha vior under temp erature v ariations

It is kno wn that the resistivit y of man y ion conductors follo ws the Arrhenius-

Rasc h-Hinric hsen la w [74 ]:

ln � = a +
b
T

(8.13)

whic h can b e con v enien tly represen ted for narro w temp erature ranges as:

� = � T o
10(To � T )=� T

(8.14)

In particular, the relation has b een pro v ed for glasses that con tain a certain

fraction of some alk ali metal [74 ]. It is exp ected that standard �oat glass sho ws

an ion conductivit y related to the �ux of Na

+
ions. They are presen t in the

form of NaO 2 (so dium dio xide or so da) with t ypical concen trations of 15% (SiO 2

(75%) + NaO 2 (15%) + CaO and others (10%))[74 ]. As exp ected, the glass used

for the construction of the tRPCs tested along this c hapter has a resistivit y that

follo ws the la w 8.14 , as sho wn in �g. 8.1 (tak en from [59 ]).

A ccording to the ideas dev elop ed in previous sections, it seems that it can b e

made use of the exp onen tial decrease of the resistivit y with the temp erature to

exp onen tially increase the rate capabilit y � = � o do
�d . This fact has b een already

demonstrated b y C. Gusta vino et al. [73 ], in the case of trigger RPCs w orking

with MIPs (cosmic ra ys) o v er 16

�
C v ariation, sho wing no aging up to 30

�
C

v ariation. In this w ork, an extension to timing RPCs of this earlier w ork is

prop osed, v arying the temp erature in 42

�
C.

It m ust b e tak en in to accoun t that, when c hanging mo derately the temp er-

ature or pressure of a gas, its densit y scales as:

� /
P
T

(8.15)

On the other hand, the prop erties of ionized gases are kno wn to dep end on

the reduced electric �eld E=� (see c hapter 2 ). F or coping with c hanges of the

densit y of the gas, the reduced v oltage is de�ned as:

V � = V
� o

�
= V

Po

P
T
To

(8.16)
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Figure 8.1: Resistivit y as a function of the temp erature for the glass used. The b eha vior is

describ ed b y � = � T o
e� ( T � To ) =� T

, with � T o
= 10 :5 1012 
 cm, To = 293 K, � T = 25 K.

and, b y analogy:

�q = a(V �
gap � Vth ) (8.17)

V �
gap = ( V � Ag � p �qR)

� o

�
(8.18)

F or taking in to accoun t the v ariation of the gas densit y when c hanging T ,

the reduced v oltage applied V �
has b een k ept constan t along the measuremen ts.

In this w a y , the RPC p erformances are not exp ected to c hange, as long as the

ohmic drop in the glass is negligible.

Equation 8.12 can b e no w re-written as:

�q =
a(V � � Vth )

1 + ad� p � (T ) � o
�

(8.19)

The c ham b er w as op erated at a pressure sligh tly ab o v e the atmospheric one,

for allo wing the circulation of the gas. In the follo wing it is assumed that P is

not c hanging imp ortan tly during the data tak en. Therefore:

�q =
a(V � � Vth )

1 + ad� p � (T ) T
To

(8.20)

as a function of V (applied �eld), � p (primary rate) and T (temp erature). Using

eq. 8.18 , the b eha vior of the reduced v oltage in the gap can b e also deriv ed:

V �
gap = Vth +

(V � � Vth )
1 + ad� p � (T ) T

To

(8.21)

and the relativ e increase of the rate capabilit y as function of the temp erature is

giv en b y:

� =
� (To)
� (T )

To

T
(8.22)
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8.2 The exp erimen t

8.2.1 Goal

Merging the ideas discussed in previous sections, one could aim to describ e the

b eha vior of a timing RPC under temp erature v ariations of some tens of degrees,

and c hec k that the increase in the rate capabilit y matc hes the exp ected from the

measured b eha vior of the glass resistivit y (�g. 8.1 ). The observ ables studied

are the time resolution � T , p eak time to , e�ciency " , prompt c harge �qprompt and

dark coun ting rate. The time di�erence b et w een b oth ends of the detector allo ws

for a direct determination of the p osition x , that is also used in the follo wing.

The ultimate goal is to sho w that the op eration of a timing RPC under

mo dest v ariations of the temp erature is feasible and that an impro v emen t on the

rate capabilit y up to an order of magnitude in 25

�
C can b e ac hiev ed (according

to �g. 8.1), while k eeping unaltered the p erformances.

8.2.2 Setup

The tRPC c ham b er w as describ ed in section 6.2.1 , in particular tRPC I (glass

electro des) has b een used. The HV sc heme is sho wn in �g. 6.1 , v arying from 2.6-

3.2 k V/gap, and the gas mixture w as constituted b y C 2 H 2 F 4 and SF 6 (80/20).

The FEE b oards w ere dev elop ed in the framew ork of the HADES exp erimen t

[159 ], and they w ere put at b oth ends of the cell for pro viding the p osition and

the time of �igh t of the impinging particles.

The main di�erences b et w een the FEE used here and previous designs [151 ],

w ere that a) the dead-time of 1 � s at the lev el of the comparator w as imple-

men ted through 2 �ip-�ops and a digital dela y , b) the electronic comp onen ts

had b een also up dated to a Philips BGA-2712 pre-ampli�er and a dual com-

parator AD96685, c) the top ology w as completely di�eren t o wing to HADES

space constrain ts. A picture of the FEE b oard is sho wn in �g. 8.2 and details

can b e found in [159 ].

The analog signal w as bu�ered after ampli�cation and later shap ed b efore

going to a 2249W Lecro y ADC that pro vided the c harge in tegrated o v er 200 ns.

F or the digital part, a 2228 Lecro y TDC with 50 ps bin width w as used. All

mo dules are CAMA C based. The threshold of the comparator w as set to 10

m V.

The tRPC gas b o x w as placed inside a sleev e that could b e heated at will.

F or pro viding an adequate and con trolled heating system it w as made use of

the w ell kno wn PT100 sensors (Platin um Resistance Thermometers). They are

a�ordable, easy to use, and allo w to measure temp erature v ariations in the scale

of a fraction of degree, as it w as required. A picture of the setup is sho wn in

�g. 8.3 .

High primary rates o v er the tRPC w ere ac hiev ed b y illumination with a

Na

22
source together with a Co

60
source of similar in tensit y , b oth `p oin t-lik e'.

A ccording to [160 ] Na

22
deca ys in a � +

pro cess, follo wing:

Na

22 ! Ne

� 22 + e+ + � e (8.23)

Ne

� 22 ! Ne

22 + 
 (1:274) (8.24)

and the resulting 
 sp ectrum con tains photons coming from p ositron annihila-

tion ( E = 0 :511 Me V) and from Neon de-excitation ( E = 1 :274 Me V).
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Figure 8.2: Picture sho wing a 2-c hannel b oard as the one used for these tests. The larger

comp onen t is the digital dela y , regulators are visible in the lo w er-righ t part. The small c hips

to w ards the left of the b oard (input signal) are the ampli�ers.

Figure 8.3: Sc heme sho wing the exp erimen tal setup. It allo ws for a measuremen t in self-

trigger mo de (for e�ciency) or in coincidence mo de (for timing) using as reference a fast

scin tillator with a resolution of 110 ps � for 1 Me V 
 -photons.
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Co

60
is a � �

source whose daugh ter n uclei deca ys through a double transition

with almost 100% branc hing ratio. The emited photons are not completely

colinear but follo w an angular distribution p eak ed at 180

�
[160 ]:

Co

60 ! Ni

� 60 + e� + �� e (8.25)

Ni

� 60 ! Ni

60 + 
 (1:173) + 
 (1:332) (8.26)

F our di�eren t sources with di�eren t activities A and distances L to the tRPC

w ere used:

1. Source 1: A = 0.61 mC (Co

60
) + 0.46 mC (Na

22
), L ' 5 cm.

2. Source 2: A = 0.61 mC (Co

60
) + 0.46 mC (Na

22
), L ' 5 cm + 2.5 cm.

3. Source 3: A = 0.46 mC (Na

22
), L ' 5 cm.

4. Source 4: A = 0.046 mC (Na

22
), L ' 5 cm.

Due to the exp onen tial c harge sp ectrum observ ed (�g. 8.4 ), it w as not

p ossible to reac h an e�ciency plateau. This m ust b e compared with the case of

MIPs where, in 4-gap tRPCs, a shallo w p eak is visible in the c harge distribution

and the e�ciency `plateau' is w ell de�ned (see [68 ] and also c hapter 6 ).

It m ust b e said that, for the case of 1 Me V 
 -photons, the tRPC e�ciency

is related to the electron extraction probabilit y (mainly Compton) from the

electro de, that brings the follo wing consequences:

1. The angular and energy distributions of the ejected electrons giv e an extra

con tribution to the time jitter, whic h is not presen t in the case of MIPs

[161 ], suggesting that:

� T ( 
s ) > � T (mips ) (8.27)

2. The absolute e�ciency is dominated b y the extraction probabilit y in the

electro de and not b y the ionization probabilit y in the gas. This implies:

" ( 
s ) � " (mips ) (8.28)

3. Due to the lo w energy of the extracted Compton electron, it will b e v ery

lik ely stopp ed b efore crossing the follo wing gap. On the other hand, under

strong Space-Charge, the collected c harge q is rather indep enden t from the

primary ionization. Therefore, for a 4-gap tRPC:

�q( 
s ) �
1
4

�q(mips ) (8.29)
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Figure 8.4: Charge sp ectra for di�eren t applied v oltages and � p < 20 Hz/cm

2
( V �

gap ' V �
).

The �t is p erformed o v er the �rst 600 ADC c hannels. The exp onen tial �t describ es v ery w ell

the observ ed sp ectra (note that the scale is logarithmic); ho w ev er, for high v oltages, a small

p opulation of streamers can b e observ ed. A t qth =30 a p eak is presen t, caused b y the threshold

of the comparator.

8.2.3 Data acquired

55 di�eren t runs w ere p erformed in order to study the e�ects of rate, temp er-

ature and v oltage o v er the reduced a v erage v oltage in the gap

�V �
gap or, equiv a-

len tly , the detector gain. These runs are group ed as follo ws:

� 4 sets of runs for ev ery source (1, 2, 3, 4) at a �xed reduced v oltage

V � = 3 :2 k V/gap for 7 temp eratures (21, 27, 33, 37, 43, 55, 63

�
C). 28

runs .

� 3 sets of runs for 2 di�eren t sources (3, 4) at 9 v alues of the reduced v oltage

V �
(2.6, 2.7, 2.8, 2.9, 3.0, 3.1, 3.2, 3.3, 3.4 k V/gap) and 2 temp eratures

(21, 33

�
C). 27 runs .

The curren t w as monitored after an y temp erature v ariation, for guaran teeing

that the thermal equilibrium w as reac hed (the curren t stabilizes). It could b e

estimated that the thermal equilibrium w as reac hed at a short time scale of

min utes. Ho w ev er, it is kno wn that some c onditioning is needed at the time

scale of hours [162 ] that reduces the con tribution of parasitic curren ts. Owing

to practical limitations, the studies are restricted to the thermal equilibrium

stage and it w as not tried to reac h a full conditioning of the tRPC. In an y case,

the dark rate estimated in the absence of a full conditioning represen ts an upp er
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limit to the dark rate, b eing still m uc h smaller than the t ypical w orking rates

(see section 8.3.4 ).
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Figure 8.5: Data tak en for source 1 (more in tense) at V �
= 3.2 k V/gap at di�eren t temp er-

atures: rate (up left) and prompt c harge (up righ t). Also sho wn the data for source 4 (less

in tense) at T =21

�
C and di�eren t v oltages: rate (do wn left) and prompt c harge (do wn righ t).

Examples of the data tak en are sho wn in �gs. 8.5 and 8.6 . The `single' rate

stands for the rate in self-trigger mo de (the tRPC is triggered b y an y a v alanc he

that �res the threshold of the comparator). The tRPC cell w as 60 cm long, so

that its p osition distribution extended up to roughly � 30 cm (see for instance

�g. 8.14 ); ho w ev er, only the inner region ( � 7.5 cm), where the uncertain ties

on the primary rate are smaller, w as studied in the follo wing. It is sho wn in

�g. 8.5 ho w the e�ect of the increase in temp erature is h uge for the single rate

(in source 1, a factor 15 reco v ery is seen in the coun ting rate when going from

21 to 54

�
C); ho w ev er, the v ariations in the a v erage prompt c harge are rather

mo dest (around a factor 2). The explanation for this apparen t inconsistency

la ys in the fact that the shap e of the c harge distribution is exp onen tial and, as

a consequence, the e�ciency is v ery sensitiv e to ev en v ery small v ariations of

the gain.

In �g. 8.5 , some cen tral features are illustrated: when lo oking at source 1 at

�xed temp erature, a dip around the p osition of the source ( x =0) is seen; this

is not strange if the �eld is signi�can tly reduced due to the drop in the glass

plates. When the temp erature is increased, the �eld in the gap starts to reco v er,

and b oth the single rate and a v erage prompt c harge gro w. Also b y lo oking at
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Figure 8.6: T ypical time of �igh t distribution obtained using a scin tillator reference of 110

ps � . The time-c harge correction has b een already applied. As compared to MIPs (c hapter

6 ) the � of the distribution is signi�can tly larger (around 90-100 ps). The distribution sho wn

corresp onds to V �
= 3.2 k V/gap, T =21

�
C, source 4 (lo w rate).

source 4 (less in tense, V �
gap ' V �

) it can b e realized that the c harge and single

rate increase at once as a function of the reduced v oltage V �
, as exp ected.

It has to b e noted that, for some of the runs, the p osition distribution ap-

p eared globally shifted b y 1-2 cm, t ypically . This corresp onds to a di�erence in

time of 100-200 ps b et w een c hannels and can b e ascrib ed to electronic w alks. It

w as subtracted after imp osing that all the distributions w ere cen tered at x = 0 .

Fig. 8.6 sho ws the t ypical time resolution obtained in case of illumination

with 1 Me V 
 photons b y using a reference scin tillator with a time resp onse

width of 110 ps. The resulting tRPC resp onse is at the lev el of 90-100 ps � .

8.3 Single rate

8.3.1 Determination of the primary rate pro�le

Due to the absence of a `plateau', the e�ciency w as de�ned b y using as reference

the coun ting rate observ ed at a certain op erating v oltage, in the limit V �
gap ' V �

(lo w drop). F or this purp ose, the w eak er source, 4, at V � = 3 :2 k V/gap w as

used. Ho w ev er, it w as required to mak e a partial use of the e�ect to b e measured,

b ecause ev en for the source 4 the v oltage drop in the plates w as not negligible.

So, the temp erature w as increased up to reac h a situation where the observ ed

rate b ecomes indep enden t from it, that can b e considered as an indication that

the drop in the plates is not a�ecting the measuremen ts ( V �
gap ' V �

), and the

observ ed pro�le w as tak en as reference.
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Figure 8.7: Rate pro�le for source 4 at the reference v oltage V �
= 3.2 k V/gap. The

op erating temp erature w as increased up to 44

�
C to guaran tee that the ohmic drop in the

glass is negligible. Data are �tted to the functional dep endence of eq. 8.30.

It can b e deduced that the pro�le of a p oin t-lik e source illuminating a strip-

lik e detector at a distance L is describ ed b y a Cauc h y-Loren tz distribution.

Therefore, the primary rate pro�le o v er the tRPC, for eac h source k =1, 2, 3, 4,

can b e compactly expressed as:

� p;k (x) =
Nk

2�Lw
1

1 + ( x=L)2 (8.30)

where Nk is the total n um b er of coun ts p er unit time that w ould b e observ ed

for source k o v er an in�nite strip-lik e detector, and w is the width of the tRPC

(1.9 cm). The primary rate pro�le of source 4 in the absence of drop in the

plates, together with the b est �t to eq. 8.30 are plotted in �g. 8.7 , pro viding

N4 = 4 :8 kHz, L = 4 :2 cm. Once N4 and L are determined, the v alues for N1

and N3 can b e obtained just re-scaling b y the coun ts measured b y the reference

scin tillator

2

.

In the case of source 2 (source 1 displaced 2.5 cm apart from the tRPC) the

decrease of solid angle had to b e included [163 ]:

" 
 =
arctan[ w

2(L +2 :5) ]

arctan[ w
2L ]

(8.31)

Therefore:

N2 = N1" 
 (8.32)

2

These sources (1, 3) are so in tense that it w as not p ossible to obtain the tRPC primary

rate in the absence of v oltage drop in the glass, so the information of the scin tillator w as used.

The problem of this approac h is that, apart from Na

22
, the source 1 has also photons coming

from Co

60
that ha v e, in principle, a di�eren t detection e�ciency . It is still p ossible to use the

scin tillator information as long as the ratio of the scin tillator to the tRPC e�ciency is similar

for Na

22
and Co

60
sources. This approac h is reasonable due to the small dep endence of the

shap e of � int;
 (E ) (atten uation mean free path for photons) with resp ect to the material, in

the Compton region [3].
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Source Nk [kHz] L [cm] " 


1 90 4.2 1

2 57 6.7 0.63

3 46 4.2 1

4 4.8 4.2 1

T able 8.1: Sources used, together with its normalization factor, distances to the tRPC and

geometric correction.

D A Q dead-time

The rates studied w ere so high that the D A Q system w as limited b y its dead-

time. T o o v ercome the problem an external reference, a Caen 145 quad scaler,

w as used for translating from the D A Q coun ting rate to the real tRPC coun ting

rate.

FEE dead-time

There is still a tin y e�ect to b e accoun ted for: the tRPC coun ting rate in the

scaler is sligh tly biased b y the dead-time of the FEE itself ( 1� s). A correction

m ust b e applied b y follo wing [12 ]:

N real =
N

1 � N�
(8.33)

b eing N the frequency of ev en ts measured b y the scaler and � the dead-time of

the FEE. This expression is exact for a non-p ar alyzable measuring device [12 ],

as is the case for the dead time of the comparator

3

. The correction giv en b y eq.

8.33 is in practice not larger than 5% for the highest rates.

The v alues �nally obtained for Nk are summarized in table 8.1 and the

primary rate pro�les for eac h source are sho wn in �g. 8.8 , together with the

data tak en at di�eren t temp eratures.

8.3.2 A mo del for the e�ciency to 
 ra ys

It can b e dev elop ed a simple mo del that con tains all the relev an t features of

a timing RPC irradiated with 
 photons, based on the assumptions describ ed

next:

1. The DC mo del describ es the b eha vior of �q, �qp and " .

2. In the regime studied, the a v erage total c harge �q is prop ortional to the

reduced v oltage in the gap V �
gap .

3. The prompt c harge sp ectrum

dN
dqp

is w ell describ ed b y an exp onen tial:

dN
dqp

=
1
�qp

e
�

qp
�qp

(8.34)

3

Non-paralyzable means that the detection device is not registering an y other ev en t during

a �xed dead-time after the �rst ev en t arriv es.
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Figure 8.8: Figures sho wing the data tak en for the 4 sources used (1, 2, 4 and 3, read

clo c kwise from the upp er-left corner) and di�eren t op erating temp eratures. The reduced

applied v oltage w as V � = 3.2 k V/gap. The con tin uous line sho ws the rate o v er the tRPC in

the absence of ohmic drop in the glass (determined as explained in the text). The data tends

asymptotically to the curv es when T increases, as exp ected.

Under this h yp othesis, the observ ed primary rate � p is related to the true

primary rate � p (able to pro duce an a v alanc he) through a constan t "o < 1,

that accoun ts for the part of the sp ectrum that falls b elo w threshold:

� p = � p="o (8.35)

that, in the case of an exp onen tial sp ectrum can b e written as:

� p = � pe
qth
�qp;o

(8.36)

b eing �qp;o the char ge at 3.2 kV/gap , where the e�ciency is referenced, and

qth is the c harge at threshold, after subtracting the ADC p edestal. See

�g. 8.9 for a clari�cation of this issue.

Remark ably , eq. 8.34 has the same form as the F urry la w [25 ]. This is the

empirical la w for the �uctuations of an a v alanc he started b y an electron

inside a gaseous detector, when the applied �eld is lo w enough to allo w for

an equilibrium of the secondary electrons (see c hapter 2 ). It ma y turn to

b e useful to deeply understand the underlying ph ysical pro cesses in this

case, although a full description of the phenomenon requires a sim ulation
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Figure 8.9: Example of exp onen tial sp ectra normalized to one, for di�eren t v alues of the

mean. Also sho wn the relation b et w een the n um b er of ev en ts ab o v e the threshold (`observ ed')

to the total.

of the a v alanc he under photon illumination, that is not a v ailable at the

momen t.

4. The a v erage total c harge �q is related with the a v erage prompt c harge �qp :

�qp ' b�q (8.37)

and the constan t b is indep enden t from the v oltage in the gap. Di�eren t

descriptions of this relation can b e found in [53 ], [54 ], where it is suggested

that, in fact, b dep ends on V. It m ust b e recalled that the prompt c harge

measured with the presen t setup refers to the c harge in tegrated in a 200

ns windo w, while the pure prompt-electronic comp onen t w ould corresp ond

only to the �rst few nanoseconds of signal induction. Therefore the prompt

c harge measured has a con tribution coming from the induction of the ions.

The assumption is k ept and its v alidit y discussed at the end.

No w, a global mo del that describ e the data can b e prop osed. The a v erage

prompt c harge for eac h p osition is describ ed b y the expression:

�qp(x) =
ab(V T

To
� Vth )

1 + ad="o� p(x)� (T ) T
To

(8.38)

whic h is nothing but eq. 8.20 , 8.36 and 8.37 put together.

The e�ciency of an exp onen tial c harge distribution for a detection threshold

placed at qth is giv en b y:

" (x) =
Z 1

qth

dN
dqp

dqp = e
�

qth
�qp ( x )

(8.39)

and, recalling 8.36 , the observ ed rate is giv en b y:

� (x) = " (x)� p(x) = " (x)="o� p(x) (8.40)
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The required functional dep endences for the mo del are giv en b y eq. 8.30

(observ ed primary rate � p ), eq. 8.38 (a v erage prompt c harge �qp ) and eq. 8.40

(observ ed rate � ).

The free parameters are �p= { ab, Vth , a="o� (T ) }, i.e., 2 + 6 (one for eac h

temp erature studied) = 8 parameters. They w ere obtained from a global �t to

45 curv es, excluding those runs at T > 55�
C (the dark coun ting rate b ecomes

imp ortan t) and V � > 3:2 k V (the fraction of streamers b ecomes imp ortan t). A

� 2
minimization of the follo wing functional w as p erformed:

� 2(qik ; � ik ; �p) =
X

k

X

i

[(
qik � q(�p)

wq; ik

)2 + (
� ik � � (�p)

w�; ik

)2] (8.41)

where qik and � ik are, resp ectiv ely , the prompt c harge and observ ed rate for

eac h p osition i and run k . q(�p) and � (�p) are the exp ectations of the mo del as a

function of the set of parameters �p. The a v erage c harge qik is obtained from an

exp onen tial �t in eac h of the p osition slides within the �rst 600 ADC c hannels

(�g. 8.4 ). The w eigh ts used w ere the pure P oissonian w eigh ts in the case of

w�; ik (square ro ot of the n um b er of coun ts), and the uncertain t y obtained from

the exp onen tial �t in the case of wq . It w as seen that to m ultiply wq b y 2

impro v es the description of the prompt c harge data; due to the di�eren t nature

of the errors this seems to b e reasonable.

The �t to the mo del, together with the data, are sho wn in �gs. 8.10 and 8.11 .

The o v erall agreemen t suggests an adequate in terpretation of the underlying

ph ysical pro cesses. A detailed ev aluation of the results is giv en in the next

section.

8.3.3 In terpretation of the results

Of the eigh t parameters of the �t �p={ ab, Vth , a="o� (T ) }, 6 can b e directly

in terpreted:

� The increase on the rate capabilit y � is related to the parameters g(T) =
a="o� (T ) . In particular, � can b e referred to To =21

�
C, th us pro viding

� = T
To

� (To )
� (T ) = T

To

g(To )
g(T ) (eq. 8.22 ).

� The v oltage at whic h Space-Charge starts, Vth , is obtained directly from

the �t.

The other t w o parameters, a0 = ab and g(To) = a="o� (To) , are not relev an t

for the purp oses of this w ork and hardly comparable with kno wn data. Ho w-

ev er, a rough estimation of a can b e pro vided, b y taking the v alue of � (To)
from �g. 8.1 and assuming an exp onen tial b eha vior of the primary sp ectrum

b elo w threshold (for estimating "o ), yielding a = 1 :144 pC/k V, whic h is not

unreasonable. F urther comparisons on this issue require an impro v ed setup.
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Figure 8.10: Comparison b et w een mo del and data for di�eren t temp eratures (21

�
C � -, 27

�
C �� , 33

�
C - -, 38

�
C � -, 44

�
C �� , 54

�
C - -). The study w as done for di�eren t sources (1, 2,

4 and 3 clo c kwise from up-left corner) and the reduced v oltage w as k ept constan t at a v alue

V � = 3 :2 k V/gap.
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Figure 8.11: Comparison b et w een mo del and data for di�eren t v alues of the reduced v oltage

V �
/gap (2.6 k V - -, 2.7 k V � -, 2.8 k V �� , 2.9 k V - -, 3.0 k V � -, 3.1 k V �� , 3.2 k V - -). The study

w as done for di�eren t sources (3, 4, 3) and temp eratures (21, 21, 33) (clo c kwise from up-left

corner).
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Figure 8.12: Comparison b et w een the b eha vior of the rate capabilit y from indep enden t

measuremen ts of the resistivit y (eq. 8.1) in dashed line, and the output of the mo del (dots).

The con tin uous line is the b est �t to the p oin ts.

The increase of rate capabilit y relativ e to To = 21 �
C is sho wn in �g. 8.12

together with the exp ectations from lab oratory measuremen ts of the glass re-

sistivit y (�g. 8.1 , [164 ]). F rom the �t, the co e�cien t � T that regulates the

b eha vior of the resistivit y (eq. 8.14 ) can b e obtained. The result of the �t

is � Tf it = 24.5 � 1.5 to b e compared with the v alue obtained in the lab oratory

� Tlab = 25.0 � 0.3 (�g. 8.1 ). Therefore, it seems to b e strongly supp orted b y

the data the fact that the increase of the rate capabilit y is compatible with the

increase of the glass conductivit y , as exp ected from the DC mo del.

On the other hand, the v alue obtained for Vth is 2.15 k V/gap, that is in

qualitativ e agreemen t with the measuremen ts of [68 ] for the standard mixture.

F or an easier in terpretation of the mo del, it is b etter to group all the curv es

in t w o `Univ ersal curv es' of e�ciency and c harge as a function of � p=� (see

section 8.1.1 ). By lo oking at �g. 8.13 it is p ossible to in terpret the results:

� As exp ected from eq. 8.9 , all the p oin ts for di�eren t temp eratures nicely

sup erimp ose, con�rming that the mo del prop osed pro vides the `increase

on rate capabilit y' � . Complemen tary , �g. 8.12 con�rms that, indeed, the

rate capabilit y is prop ortional to the glass conductivit y .

� The fact that the curv e is not repro ducing exactly the b eha vior of data

indicates:
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Figure 8.13: Figures for ev aluating the go o dness of the �t in a global view. It is sho wn

the b eha vior of the e�ciency and prompt c harge at V �
=3.2 k V/gap as a function of rate

for di�eren t temp eratures (21, 27, 33, 38, 44, 54

�
C from b ottom to top). Also sho wn the

b eha vior of the same magnitudes when all the curv es are fused in a single one, after re-scaling

the primary rate b y 1=� .
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� Deviations in the e�ciency plot could indicate deviations from the

exp onen tial la w of the c harge sp ectrum (in particular a small e�ect

is seen for the lo w er rates).

� Deviations in the c harge plot could indicate that some of the h yp oth-

esis are wrong in the deriv ation of the functional dep endence of the

prompt c harge. In particular they can b e due to the fact that b (that

relates the prompt and the total c harge) is not exactly a constan t but

dep ends on V �
gap and therefore on rate. A wrong description of the

c harge will also b e related to a wrong description of the e�ciency .

Despite the discrepancies b et w een data and mo del, the �t is generally b etter

than 10% and not w orser than 30% for an y p oin t.

8.3.4 Dark rate

An anomalous increase of the dark coun ting rate has b een observ ed at 63

�
C,

resulting in a deterioration of the tRPC p erformances. The e�ect is visible ev en

when the source is illuminating the tRPC (�g. 8.14 ).

The observ ed dark coun ting rate is plotted in �g. 8.15 for source 3, sho wing

an e�ect similar to the rep orted for trigger RPCs [165 ], i.e., a linear increase

follo w ed b y an exp onen tial increase. The di�erence is that here the transition

is observ ed at 55

�
C while in [165 ] it w as seen at 30

�
C. When lo oking at

the fraction of streamers, an increase with the temp erature is apparen t. This

is exp ected b ecause the �eld in the gap is reco v ering, and a certain lev el of

streamers w as presen t in the absence of v oltage drop in the plates. This explains

the b eha vior up to 55

�
C, where the fraction of streamers is similar to the v alue

obtained for the source 4 at V �
gap ' 3:2 k V/gap, b eing appro ximately 5% of the

ev en ts. Ho w ev er, ab o v e 55

�
C, the fraction of streamers doubles, suggesting

that a di�eren t pro cess starts in the gap.
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Figure 8.14: P osition distribution of hits o v er the tRPC. There are t w o main e�ects ab o v e

54

�
C: a) the rate at maxim um decreases, indicating that some kind of saturation e�ect is

presen t, lik ely related to the increase in the dark rate, b) the distribution close to the ends of

the detector sho ws p eaks that are not related to the source.
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Figure 8.15: The left-most �gure sho ws the dark coun ting rate at V � ' V �
gap = 3 :2 k V/gap.

T w o separated regions are seen: one, up to 50

�
C, where the v ariations are v ery small, and

then a sudden increase up to 2 orders of magnitude. In the righ t, the fraction of streamers is

sho wn as a function of T for source 3, at V � = 3 :2 k V/gap.

8.4 Time resp onse

F or measuring the tRPC time resp onse as a function of temp erature v ariations,

one of the fast reference scin tillators already describ ed in section 6.2.3 has b een

used, yielding a time resolution of � T = 110 ps for 1 Me V 
 photons (and

Gaussian resp onse). Both the Na

22
and Co

60
sources pro duce an ti-parallel si-

m ultaneous photons and the time di�erence b et w een them, b eing �xed, can b e

used for time resolution estimates. Therefore, as sho wn in �g. 8.3 , for the pur-

p ose of timing measuremen ts the source has b een placed in b et w een the tRPC

and the reference scin tillator.

A coincidence w as de�ned b y t w o signals arriving within a time windo w

Tw =200 ns, coming from one end of the tRPC and one end of the scin tillator.

The time width of the distribution has b een c haracterized b y p erforming a

Gaussian �t in an in terv al of � 1.5 � around the cen ter of the distribution, as

describ ed in [47 ].

8.4.1 Scin tillator time resp onse to photons

The reference scin tillator used for timing pro vides a resolution of � T = 35 ps for

ionizing particles. The smaller amoun t of ligh t t ypically collected in the case

of illumination with photons do es not allo w for a v ery go o d timing, yielding

� T = 110 ps.

As argued in section 8.2.2 , the tRPC time resp onse under 1 Me V 
 illumi-

nation is t ypically w orst than in the case of ionizing particles. F or example, a

t ypical v alue of � T ' 90 ps has b een already measured under similar conditions

[161 ], as compared with � T ' 50� 80 ps for similar detectors when illuminated

with ionizing particles.

The setup used for determining the scin tillator time resolution consisted

in t w o iden tical scin tillators placed p erp endicularly and 20 cm apart. A Na

22

source is placed in b et w een, stic k ed to one of the detectors. The signals pro duced
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are discriminated through a Philips 715 CFD

4

.

F or ac hieving the b est resolution, it is necessary to apply a cut in ev en ts

that pro duce `enough ligh t'. This condition is sho wn in �g. 8.16 and it can

b e translated roughly as a cut at the 60% of the Compton edge for photon

annihilation. This cut mainly rejects the in teractions close to an y of the edges

of the scin tillator that are lik ely to pro duce small amoun ts of ligh t and therefore

larger time �uctuations. A region of � 2:5 cm around the p eak of the p osition

distribution w as also selected. The time sp ectra obtained after the cuts is sho wn

in �g. 8.17 , yielding a c haracteristic time resolution � T = 110 ps.
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Figure 8.16: Charge distribution observ ed in the reference scin tillators when illuminated

with a Na

22
source. A p eak can b e seen at lo w c harges and also the Compton edge for photons

coming from p ositron annihilation. The �rst p eak has an unclear origin and the b est timing

requires to cut it. A t high c harges the con tribution of the 1.2 Me V photon is also visible.
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8.4.2 Cuts and data analysis

After the external cuts are applied to the reference scin tillators (previous sec-

tion), the in ternal cuts and the more imp ortan t correlations observ ed m ust b e

discussed:

1. A region of � 1 cm w as selected around the maxim um of the tRPC p osition

distribution. This eliminates the jitter due to the di�eren t path lengths,

that can b e estimated from �g. 8.18 to b e less than:

� t = tmax � tmin = 26 ps (8.42)

b eing essen tially in visible when compared with the 110 ps of the reference

scin tillator.

Figure 8.18: T w o geometric e�ects are describ ed: in the left, the maxim um geometric

jitter exp ected after the cut in tRPC p osition. In the righ t, the �gure sho ws ho w the time

distributions of sources con taining Na

22
and Co

60
are displaced b y 70 ps due to mec hanical

constrain ts, a�ecting the p eak of the time distribution ( to ).

The cut also guaran tees that the primary rate o v er the tRPC is reasonably

constan t in the region of study (see in �g. 8.10 the primary rate pro�le),

allo wing for a cleaner in terpretation of the results.

2. In the case of sources 3 and 4, most of the ev en ts are b elo w the Compton

edge for annihilation, but coincidences with 1.2 Me V photons from Ne

22

de-excitation ma y also tak e place (�g. 8.16 ). Due to the fast deca y of Ne

22

(3.7 ps, see [160 ]), and the t ypical dela y times for p ositron annihilation (at

the lev el of h undred ps), it is p ossible that the presence of this photon in

the trigger in tro duces a certain time jitter. It is recalled that the presence

of the 1.2 Me V photon w as highly suppressed under trigger conditions due

to its isotropic c haracter. In order to ev aluate the e�ect, its presence w as

enhanced on purp ose b y selecting large c harge ev en ts in one of the scin til-

lators, and it did not exert an y e�ect o v er the time resolution. Therefore,

no extra cut is p erformed for remo ving 1.2 Me V photons.

3. The geometry of the sources 1 and 2, that con tain Co

60
, is sligh tly di�eren t

from 3 and 4. In sources 1 and 2, Co

60
and Na

22
are b oth presen t, and

separated b y � y = 1 cm, i.e., � t = 2� y=c= 70 ps at the sp eed of ligh t.
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Moreo v er, in the case of source 2, it is displaced 2.5 cm from the tRPC as

compared to source 1, resulting in an extra o�set � t = (2 :5 � 2)=c= 170
ps.

Aiming for a clean description, when lo oking for an in terpretation of the

tRPC timing prop erties under 
 illumination, sources 1 and 2 will not b e

considered.

4. Times of �igh t out of a � 1 ns in terv al, coming from random coincidences,

are remo v ed.

5. A t least 1000 ev en ts m ust remain after cuts for guaran teeing a reasonable

c haracterization of the time sp ectra. If the n um b er of ev en ts fall b elo w

1000, the run is rejected.

6. The slewing correction is p erformed as describ ed in section 6.4.2 , allo wing

for a t ypical impro v emen t of 40-50 ps.

With these cuts p erformed it w as observ ed that, for the same op erating

conditions, the v ariation in the time resolution b et w een di�eren t runs w as still

at the lev el of 5-10 ps, that can b e considered as the exp erimen tal accuracy of

the timing measuremen ts, within the curren t setup.

8.4.3 Time resp onse measuremen ts ( � )

An analytic expression for the tRPC time resolution has b een already in tro duced

in section 3.2.2 :

� T =
K �

S
(8.43)

b eing K � =0.75 a reasonable v alue for MIPs in a single gap tRPC [67 ]. A

similar functional dep endence can b e exp ected for the case of illumination with


 photons. Therefore, according to the DC mo del dev elop ed in previous sections,

a decrease in the reduced �eld causes a reduction in S and therefore a w orsening

in the timing p erformances. The e�ect should visible in an y of the V and T scans

p erformed, whose data are sho wn in �g. 8.19 . The time resolution observ ed is at

the lev el of 90-100 ps, in agreemen t with previous observ ations of [161 ], ho w ev er

it sho ws a remark able indep endence from the �eld in the gap, unlik e the b eha vior

for MIPs.

8.4.4 Time resp onse measuremen ts ( to )

A deep er insigh t can b e obtained from the study of the p eaking time of the

time distribution ( to ). It drifts from da y to da y , due to electronic w alks, requir-

ing to mak e in ter-comparisons b et w een di�eren t da ys, for the same op erating

conditions. Its functional dep endence can b e appro ximated b y (section 3.2.2 ):

to =
K T

S
(8.44)

In the particular case where the a v alanc he is initiated b y a single electron, it can

b e straigh tforw ardly deriv ed that K T = ln( mt ) where mt is the gain necessary

to reac h the threshold, whic h is assumed to b e mt � 105
(usual thresholds in

timing RPCs).
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Figure 8.19: Figures sho wing the b eha vior of the time resolution as a function of v oltage

and temp erature. The b eha vior is essen tially �at at the lev el of 90 ps.
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Figure 8.20: Figures sho wing the b eha vior of the p eak time as a function of v oltage and

temp erature. It b eha v es as exp ected, decreasing with the increase of V �
and T , indicating

that the �eld in the gap is also increasing.

Being precise, to refers to the distribution of times from the a v alanc he for-

mation un til the threshold of the comparator is reac hed. Ho w ev er, the time

measured con tains a certain o�set tOF F that comes from the geometry , cables

and electronics. Therefore, the measuremen ts of to are sho wn in �g. 8.20 ,

with a time o�set tOF F arbitrarily set to 1 ns for V �
gap = 3 :2 k V; the prop er

determination of the o�set is p ostp oned.

The b eha vior observ ed in �g. 8.20 is in qualitativ e agreemen t with expression

8.44 : when the �eld in the gap increases, also S do es, and to b ecomes smaller

(the detector faster). Ho w ev er, no signi�cativ e e�ect is seen o v er the time

resolution (see �g. 8.21 ).
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8.4.5 � vs to

It is arguable that the analytic expression 8.43 m ust b e applied b y k eeping the

c harge-time correlation that ma y b e in trinsic of the detector [55 ]. Therefore the

uncorrected time resolution is also studied in the plot � T vs to sho wn in �g.

8.22 . Both time resolutions sho w a �at b eha vior as a function of to .
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Figure 8.22: Plot sho wing the time resolution as a function of the p eak time for all the runs

analyzed. The plot is consisten t with a �at b eha vior b oth for the corrected and uncorrected

resolutions, in disagreemen t with the simple description prop osed.
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8.4.6 Description of the time resp onse to 
 ra ys

Lo oking at the b eha vior of to in �g. 8.20 and its functional dep endence giv en

b y eq. 8.44 , it is tempting to try a simple description:

1. Let's assume that to is describ ed b y eq. 8.45 :

to =
K T

S(Vgap )
(8.45)

where K T = ln( mt =n0
o) Although n0

o is not kno wn for a Compton electron

with an energy of some h undreds of k e V emitted under 
 illumination,

the assumption is not critical, as K T dep ends only logarithmically on n0
o ,

b eing helpful to consider the simpler case ( n0
o = 1 ).

2. The b eha vior of S as a function of the �eld in the gap w as obtained for

the gas mixture used as describ ed in c hapter 7:

S[ns

� 1] = (4 :3 � 1:0)Vgap [k V ] � 5:3 � 2:7 (8.46)

3. The DC mo del applies.

4. There is a linear relation b et w een c harge and reduced v oltage.

5. The last t w o items allo w for an estimate of V �
gap (�; V � ; T ) , whose param-

eterization is obtained from the �t p erformed in section 8.3.2 .

6. The unkno wn o v erall o�set tOF F is left as the only free parameter.

7. Only measuremen ts with source 3 and 4 (Na

22
sources) are considered.

The results of the �t are sho wn in �g. 8.23 , where the v alue of tOF F has b een ob-

tained and already subtracted for all the data sets. The agreemen t is reasonable,

despite the scattering of the p oin ts, seeming to b e rather conclusiv e in indicat-

ing that the v ariations of to can b e explained through the v ariations of S within

the prop osed mo del. Mo del and data also repro duces the fact that the ohmic

drop on source 4 is v ery small, in agreemen t with the e�ciency measuremen ts

of section 8.3.2 .

A t last, �g. 8.22 ( � vs to ) w as re-obtained, but taking only data from sources

3 and 4, and subtracting to to the o�set determined from the �t. The results

are sho wn in �g. 8.24 .

By using eqs. 8.43 and 8.44 , the functional relation b et w een the resolution

and the time at maxim um can b e deriv ed:

� T =
K �

K T
to (8.47)

predicting a linear dep endence in �g. 8.24 . The natural in terpretation of the �at

b eha vior of � is that, in the case of photons, the width of the time distribution is

dominated b y a pro cess di�eren t than a v alanc he formation and gro wth (p ossible

explanations are discussed in the next section).
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corresp onding to sources 3 and 4. The time o�set tOF F has b een already subtracted. The

b eha vior is consisten t with a �at trend b oth for the corrected and uncorrected resolutions.
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8.5 Conclusions

1. The increase of the op erating temp erature of a timing RPC in 25

�
C is

not high enough to mo dify signi�can tly the prop erties of the gas, apart

from the exp ected c hange in densit y that can b e comp ensated b y k eeping

constan t the reduced v oltage V � = V T=To . This fact can b e seen b y

examining the case of source 4, where V � ' V �
gap , and the observ ables " ,

� T and to are not dep ending on the temp erature.

2. On the other hand, the increase of the temp erature causes an exp onen tial

increase of the glass conductivit y , allo wing for a faster reco v ery of the

plates. The e�ect can b e quan ti�ed b y de�ning the relativ e rate capabilit y

� = � (To )
� (T )

To
T . F or the glass used, an increase of the rate capabilit y in a

factor 10 o v er 25 degrees w as demonstrated.

3. The b eha vior of qp (a v erage prompt c harge) and " (e�ciency) as a func-

tion of the applied �eld V , primary rate � p and temp erature T , can b e

describ ed within the follo wing h yp otheses:

(a) Both magnitudes dep end on the a v erage reduced v oltage

�V �
gap (DC

mo del).

(b) F or strong Space-Charge e�ect, the relation b et w een a v erage c harge

and the reduced v oltage in the gap is reasonably w ell describ ed b y a

straigh t line.

(c) The c harge sp ectrum c haracteristic of illumination b y 1 Me V 
 pho-

tons is w ell describ ed b y an exp onen tial.

4. The b eha vior of the p eak-time to as a function of V , T and � can b e

in terpreted as the result of the v ariation of S = � � ve with the �eld in the

gap. Ho w ev er, under the same conditions, no v ariation w as observ ed in the

time resolution b oth for the corrected and uncorrected time distributions.

This suggests that the time resolution can not b e ascrib ed to the a v alanc he

pro cess, as in the case of to , but is probably shado w ed b y another source

of �uctuations. Natural sources of this extra jitter could b e:

(a) P ositron annihilation dela y: if the `parasitic' 1.2 Me V photon coming

from the almost instan taneous deca y of Ne

22
(3.7 ps) en ters in the

trigger, it will b e sensitiv e to the v ariations in the p ositron annihila-

tion dela y (tak en as reference), in tro ducing a time jitter. Despite this

photon is geometrically disfa v ored due to the isotrop y of Ne

22
emis-

sion, they can b e selected from the scin tillator c harge distribution,

sho wing the same time resp onse as for annihilation photons.

(b) Compton electron dela y: the Compton electron pro duced in the elec-

tro de is mo derately relativistic so that it can sp end some time b efore

lea ving it, dep ending on its energy and p oin t of emission. Preliminary

Gean t sim ulations indicate that the jitter coming from this e�ect is

at the lev el of 10 ps [166 ].

(c) In the case of illumination with photons o v er a 4-gap tRPC with

metallic electro des, the pro cess of extraction of the electron sho ws an

asymmetry . It means that the electron can b e emitted either from a
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metallic or a resistiv e catho de, dep ending on the gap. Ho w ev er, in

accordance to what is said b efore, the jitter due to Compton emission

seems to b e negligible.

(d) Random coincidences: random coincidences in the time windo w will

arti�cially mak e the time resp onse broader. This e�ect should b e

more visible for the more in tense sources, that is not the case.

(e) Geometric jitter: due to the pro jection of the solid angle o v er the

detectors di�eren t trac k lengths are p ossible within the trigger ac-

ceptance. The cut used in the tRPC p osition ( � 1 cm) reduces it to

b e less than 30 ps.

(f ) The angular spread of the Compton electrons w ould pro vide an ex-

planation for the larger time jitter observ ed (90-100 ps as compared

with 50-80 ps for MIPs). Ho w ev er in that case the jitter should de-

p end on the a v alanc he formation pro cess and, therefore, it should b e

sensitiv e to c hanges in S .

As a result, it is v ery di�cult to ascrib e the in v ariance of the timing

resolution observ ed for irradiation under 1 Me V 
 illumination to an y

of these e�ects. The �nal explanation is rather puzzling and requires

probably a full sim ulation.

Based on the strength of the DC mo del, the data analyzed in c hapter 6 can

b e extrap olated to the exp ected b eha vior under 25

�
C increase in temp erature,

as sho wn in �g. 8.25 . The exp ected impro v emen t has b een recen tly pro v ed,

qualitativ ely , in [1].

Figure 8.25: Left: �gure sho wing the b eha vior of the tRPC cells tested in HADES as a

function of the rate (see c hapter 6). Righ t: exp ected impro v emen t under 25

�
C temp erature

increase, extrap olated from the results of this c hapter under 
 illumination. The v ertical

dashed line indicates the maxim um rates foreseen in HADES.
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As a summary: it has b een sho wn that timing RPCs can b e op erated under

mo dest v ariations of the temp erature up to 25 degrees, without loss of the

p erformances. Moreo v er, the heating of the glass allo ws for an increase in the

rate capabilit y of a factor 10. Under 
 illumination, the observ ables to , " , qp , are

w ell describ ed b y assuming that they dep end on the a v erage reduced v oltage

in the gap (DC mo del), with exception of the time resolution, that remains

unaltered.

A w orsening in the p erformances is observ ed ab o v e 25

�
C increase, connected

to an `anomalous' exp onen tial increase of dark coun ting rate and streamers with

temp erature. A similar e�ect has b een also rep orted for trigger RPCs, despite

there is no explanation for it a v ailable at the momen t.





Chapter 9

Analytic description of rate

e�ects

Aiming for a general description of the RPC time resolution in a dynamic situa-

tion, lik e the one taking place under high irradiation, it is necessary to accoun t

not only for the aver age dr op of the electric �eld ( DC mo del ), but also for its

�uctuations . The treatmen t prop osed in the follo wing sections w as in tro duced

in [61 ] and dev elop ed in [62 ]; it la ys on the fact that the a v alanc he time t can

b e factored out as t = �=S [55 ], [67 ]. On one hand, the non-dimensional time �
dep ends on primary and m ultiplication statistics, whereas S is the gro wth co-

e�cien t of the gas, that dep ends on the electric �eld. Hence it is exp ected that

the �uctuations of the �eld in the gap a�ect the time resp onse mainly through

the v ariations of S .

9.1 An analytic mo del for the RPC time resp onse

The mo del dev elop ed through [55 ] and [67 ] mainly b y P . F on te, A. Gobbi and A.

Mangiarotti is summarized here. It aims to describ e the RPC timing prop erties,

based on a set of assumptions:

1. The n um b er of e�ectiv e primary clusters k created inside the gap follo ws

a P oisson distribution with a v erage n0
o :

P(k) =
(n0

o)k

(en 0
o � 1)k!

(9.1)

where n0
o is related to the detection e�ciency:

n0
o = � ln(1 � " ) (9.2)

2. The a v alanc hes are initiated, in �rst appro ximation, b y a single electron,

and the m ultiplication statistics follo ws the F urry la w.

3. The curren t induced o v er the pic k-up electro de b y the mo v emen t of the

electrons is:

i (t) = Ni eeSt
(9.3)

193
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b eing i e the curren t induced b y a single electron and N the n um b er of

electrons estimated in previous items, where all the �uctuations b elonging

to the a v alanc he pro cess are already included.

4. An exp onen tial signal deliv ered through a linear electronic net w ork do es

not exp erience an y c hange on its gro wth co e�cien t ( S for the presen t case)

[151 ] but just on its amplitude. Therefore, the threshold v oltage at the

comparator is related to an equiv alen t threshold curren t at the ampli�er

input.

5. In the prop osed deriv ation, it is implicitly assumed that the a v alanc he

gro wth is not a�ected b y Space-Charge b elo w the lev el of the comparator.

In this sense, for the timing prop erties, the signals are regarded as if they

w ere pro duced under a prop ortional regime.

An extensiv e discussion on this assumption can b e found in [56 ], where it

is sho wn ho w, ev en if Space-Charge is presen t already at the lev el of the

comparator, the feedbac k mec hanism c haracteristic of the m ultiplication

pro cess will preserv e the time resolution unaltered, making the presen t

description still v alid. The conclusion from [56 ] is in agreemen t with the

detailed sim ulations from [57].

By using these assumptions, it is p ossible to obtain the distribution of

a v alanc he times, i.e., time that tak es from the cluster formation up to when

the threshold of the comparator is �red:

� � (� ) =
n0

o

en 0
o � 1

e( � th � � ) � exp( � th � � )

p
n0

oe( � th � � )
I 1

�
2
q

n0
oe( � th � � )

�
(9.4)

b eing � = tS a non-dimensional time in units of 1=S, I 1 the mo di�ed Bessel

function and � th = ln[ mt (1 � �=� )] . The last is de�ned as a function of the

threshold mt and the m ultiplication and attac hmen t co e�cien ts, � and � , re-

sp ectiv ely .

The rms of the distribution of non-dimensional times � giv en b y eq. 9.4 w as

obtained in [67 ] as an analytic function of the e�ectiv e n um b er of clusters n0
o ,

denoted b y K (n0
o) within this w ork. Therefore, the �nal time resolution can b e

expressed as:

rms T =
K (n0

o)
S

(9.5)

Since n0
o is giv en b y the detector e�ciency , it is p ossible to relate K (n0

o) , the

in trinsic time resolution in units of 1=S, to the e�ciency of the detector, in a

single `univ ersal' curv e, that is sho wn in �g. 9.1 .

9.1.1 Conditions for comparison with data

F or an appropriate comparison of the mo del with data, the follo wing p oin ts ha v e

to b e stated:

1. The p df

1

9.4 is not Gaussian, ha ving tails to w ards dela y ed times. The

usual exp erimen tal pro cedure of �tting in an in terv al of � 1:5� around

1

Probabilit y Distribution F unction.
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Figure 9.1: Univ ersal curv e sho wing K (n0
o) (the in trinsic time resolution) as a function of

the e�ciency of the detector (equiv alen tly , the n um b er of e�ectiv e primary clusters). The

squares corresp ond to the rms of expression 9.4, K , whereas the triangles corresp ond to the

Gaussian width from a �t in a � 1:5� in terv al, that m ust b e used for comparison with data

( K � ). The p oin ts corresp ond to [55] (1-gap 0.3 mm RPC, square) and [47] (4-gap 0.3 mm

RPC, cross). The �gure has b een tak en from [61]. Also sho wn (dashed line) the appro ximate

1=
p

n0
o scaling.

the maxim um of the time distribution m ust b e p erformed, allo wing for

an estimate of K � (n0
o) , also sho wn in �g. 9.1 . Note that, in this w a y ,

K � (6= K ) is de�ned for an adequate description of the data.

2. The w alk of the electronics for the lo w er c harges is not included in the

mo del and m ust b e subtracted. Ho w ev er, the correlation for the in terme-

diate c harges is arguable to b e in trinsic of the detector resp onse [157 ].

A v oiding the discussion on the nature of the q- t correlation, in the follo wing

it w as preferred to cut the distribution at the lo w er c harges, where the

con tribution of the electronics is more apparen t, but without applying the

slewing correction, for k eeping the p ossible in trinsic correlation.

3. Eq. 9.4 stands for the in trinsic resp onse of the detector. The e�ects of

imp erfect mec hanics are not included.
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9.2 Data analysis

9.2.1 Data set

The atten tion w as fo cused on the data analyzed in c hapter 6 for ionizing parti-

cles. Data collected with tRPC II (inner), made of alumin um-glass-alumin um

in a symmetric con�guration (see �g. 6.2 ) w as c hosen b ecause sev eral rate and

v oltage com binations w ere a v ailable.

A total of 35 di�eren t runs w ere selected, corresp onding to a scan in rate

from 100 Hz/cm

2
to 1300 Hz/cm

2
at 4 di�eren t v oltages (3.1-3.4 k V/gap). The

observ ables " , to , � T and �qprompt (e�ciency , time at maxim um, resolution, a v-

erage prompt c harge in 200 ns) w ere studied. The e�ciency w as obtained after

correction for the geometric losses estimated in c hapter 6 .

The statistics w ere large enough to allo w for a division of eac h run in small

sub-runs, pro viding an estimate of the uncertain t y of the observ ables. If only

one run is a v ailable for a certain set of op erating conditions, this is the more

reasonable w a y for estimating the error. The minim um sub-run considered

statistically signi�cativ e m ust con tain at least 1000 ev en ts, otherwise it w as

rejected. The uncertain t y of the observ ables under these conditions in a single

run w as determined to b e around � 3 ps for time measuremen ts and � 0:5% for

e�ciency estimates, caused b y the TDC/ADC binning.

The �nal v alue of a giv en observ able w as obtained from the a v erage of all

the runs/sub-runs with similar op erating conditions. The 68% con�dence lev els

w ere obtained from the standard deviation of the a v erage v alue, after adding

quadratically the e�ect of the TDC/ADC binning. It w as assumed that all the

errors ha v e a Gaussian origin and a correction for small n um b er of ev en ts w as

applied [167 ]:

�
�
�
�x (68% C.L. ) = �

�
�
�x tp (9.6)

Namely , the 68% con�dence b ounds for the a v erage v alue �x , obtained o v er N
measuremen ts of the magnitude x , are giv en b y the estimator of the uncertain t y

of �x after m ultiplication b y the correction factor tp ; the last dep ends on the

n um b er of measuremen ts (degrees of freedom) that con tribute [167 ], b ecoming

1 when N ! 1 .

After this analysis is p erformed, the initial set of data w as reduced to 18

p oin ts with their corresp onding uncertain ties.

9.2.2 Cuts applied

External (Reference scin tillators):

1. Time o v er�o ws in an y c hannel of the reference scin tillators are remo v ed.

2. P articles with � < 0:75 are eliminated, b eing � determined as sho wn

in c hapter 6 . In this w a y , particles with similar energy dep ositions are

selected, close to the MIP dip (�g. 6.9 ).

3. Charges in the reference scin tillators within � 2� around the v alue cor-

resp onding to the most probable energy dep osition w ere selected. This

a v oids edge e�ects due to inclined trac ks.

4. P osition in the reference scin tillators w as selected within � 2� around the

maxim um. This cut reduces the presence of inclined trac ks also.
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Internal (tRPC):

1. Measured times corresp onding to the TDC o v er�o w as w ell as c harges

compatible with the ADC p edestal w ere cut. They con tribute to the

detector ine�ciency , de�ned b efore the external cuts ha v e b een applied.

2. A cut of � 1 � around the maxim um of the tRPC p osition distribution

w as p erformed. This has a sligh t e�ect o v er the time resp onse, reducing

the fraction of inclined trac ks.

3. Ev en ts with a registered c harge lo w er than 200 fC w ere purged. This cut

reduces the in�uence of the electronics in the time resp onse ( q- t correla-

tion), lea ving the in trinsic tRPC time resp onse.

4. After a sudden high irradiation, it tak es a certain time b efore the glass

plate reac hes a stationary situation, of the order of its relaxation time,

indeed. Although this e�ect is of practical imp ortance, it w as skipp ed in

order to allo w for a clean comparison with the mo del, and will b e discussed

at the end. It w as c hec k ed that it is enough to cut the �rst 2 s of eac h spill

for guaran teeing that the plate is reasonably stationary . The men tioned

e�ect is sho wn in �g. 9.2 for � = 1200 Hz/cm

2
and a v oltage V = 3 :2

k V/gap, together with the b eha vior of the a v erage c harge. It m ust b e

said that �qprompt in the absence of rate e�ects w as around 150 ADC units;

therefore, the c harging-up time is a phenomenon relativ ely fast for the

acquisition system and only the latest stages of the pro cess (from q � 50
to q � 15 ADC units) can b e cleanly elucidated.

5. Cut in `spill qualit y'. The stabilit y within a spill w as reasonable but still

some runs sho w di�eren t spill pro�les. Ho w ev er, no signi�can t di�erences

w ere appreciated on the observ ables obtained under illumination with dif-

feren t kind of spills (see �g. 6.13 for illustration). A marginal n um b er

of runs sho w ed instabilities from one spill to the next; they are excluded

from the analysis.

Spurious c orr elations

1. After all the cuts are p erformed, the p ossible w alks of the FEE electronics

w ere studied for the time distribution measured (�g. 9.3 ). In the follo wing,

� tscin � RP C denotes the measured scin tillator time min us the tRPC time

(eq. 6.6 ), that w as used to ev aluate the timing p erformances. It is sho wn

that, after a cut in the �rst 2 seconds in-spill, the e�ect of the c harging-up

of the plate is mostly eliminated, and the resulting cut distribution do es

not sho w an y systematic e�ect, indicating that the presence of drifts of

electronic origin is small within the same run.

9.3 DC description

9.3.1 Time at maxim um ( to ) and e�ciency ( " )

The main problem for ev aluating the time resolution using the mo del describ ed

in eqs. 9.4 and 9.5 is to obtain the true v oltage in the gap as a function of the
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Figure 9.3: Ev olution within the spill for a run tak en at V = 3 :2 k V and � = 580 Hz/cm

2
.

The time measured with the tRPC is represen ted as a function of the D A Q en try . In the

upp er plot the spill structure can b e seen, b eing c haracterized b y a drift from fast-negativ e

times (the glass plate is c harge depleted) to w ards slo w er times (the plate is c harged-up); after

a few seconds this drift is stopp ed. In the lo w er plot it is sho wn the same situation after a

cut in the �rst 2 seconds of eac h spill: no remanen t correlation is presen t (the con tin uous line

sho ws a linear �t to the p oin ts), indicating that no signi�cativ e drift is presen t along the run.
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rate. This can b e accomplished b y resorting to the DC mo del, that pro v ed to

b e adequate for describing the b eha vior of " , qprompt and to (see c hapter 8 ).

F ollo wing the steps of c hapter 8, the �eld in the gap as a function of the rate

� w as appro ximated b y expression 8.21 as:

Vgap = Vth +
(V � Vth )
1 + ad��

(9.7)

where the only free parameters are a and Vth . F or testing the v alidit y of the

DC mo del, it w as c hosen the time to corresp onding to the maxim um of the time

distribution and the e�ciency " . The b eha vior of to can b e determined from

expression 9.4 to b e:

to =
K T

S(Vgap )
(9.8)

K T = ln( mt =n0
o) (9.9)

b eing n0
o obtained from the measured e�ciency . The deriv ation of eq. 9.8 is

giv en in App endix A .

On the other hand, the v alue of S as a function of Vgap has b een measured

in c hapter 7 for the gas mixture used:

S(Vgap ) [ ns

� 1] = (6 :0 � 1:2)Vgap [k V ] � 7:2 � 3:1 (9.10)

The e�ciency as a function of V gap has b een also parameterized

2

, assuming

a F ermi-lik e function, that pro v ed to b e accurate for describing the e�ciency

close to the `plateau' ([41 ], for instance):

" (Vgap ) =
"o

1 + e� � (Vgap � Vref )
(9.11)

n0
o(Vgap ) = � ln(1 � " ) (9.12)

where "o = 0.995 is the plateau e�ciency for a 4-gap tRPC extrap olated from

[68 ], Vref is the v oltage at `half-plateau' and � the parameter that regulates the

sharpness of the distribution.

Kno wing the dep endence of the v ariables " and to with the �eld in the

gap Vgap (eqs. 9.8 and 9.11 ), and the dep endence of Vgap itself with the rate

� and v oltage V (eq. 9.7 ), it is p ossible to p erform a global �t to the data

under di�eren t op erating conditions, and to ev aluate the DC mo del. The �tting

pro cedure used is similar to the one describ ed in c hapter 8 , namely , a w eigh ted

� 2
minimization where the w eigh ts are giv en b y the uncertain ties of the p oin ts.

The results of the �t are represen ted in �gure 9.4 , indicating an o v erall go o d

agreemen t. In particular, the obtained �q(V ) c haracteristic curv e is describ ed b y

the parameters a=2.9 pC/k V and Vth =2.1 k V, that are in qualitativ e agreemen t

with the curv es �q vs V rep orted in [68 ], but for a di�eren t gas admixture. The

b eha vior obtained for Vgap as a function of the primary rate � is sho wn in �g.

9.5 .

2

This is not required, ho w ev er it pro vides a smo oth b eha vior of e�ciency and therefore of

n0
o .
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Figure 9.4: Results of the DC mo del applied to the description of to and " for 4 di�eren t

op erating v oltages (3.1 k V (circles), 3.2 k V (up-triangles), 3.3 k V (squares), 3.4 k V (left-

triangles)). Uncertain t y bars stand for 68% CL (Con�dence Lev el) b ounds.
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Figure 9.5: Beha vior of the a v erage v oltage as a function of the rate is sho wn, obtained

from the DC mo del.

9.3.2 Time resolution ( � T )

Once the parameters of the DC mo del are determined, the analytic expression

for the time resolution 9.5 (replacing K b y K � ) can b e ev aluated.

The time resolution is a delicate observ able, more sensitiv e than to to in-

spill e�ects, en vironmen tal �uctuations or small v ariations on timing tails. As

a consequence, the uncertain t y bars obtained are larger than in the case of to

and " . F or pro viding a statistically signi�can t set of data, some of the p oin ts

w ere group ed and those where less than t w o runs had b een used for determining

the CL w ere neglected. This reduced set of data (7 p oin ts) pro vides reasonably

small 68% CL b ounds and is compared in �g. 9.6 with the exp ectation from the

DC mo del.

It is remark able that the lines in �g. 9.6 , corresp onding to the prediction of

the DC mo del, are indep enden t from an y parameter (they w ere obtained from

the �t to " and to ). The go o d description indicates that at high r ates the main

e�e ct on the time r esolution c omes fr om the ohmic dr op in the r esistive plates .

The p oin ts (op en) without applying a cut in the �rst 2 s in-spill are also sho wn:

this indicates that the ohmic drop is the dominan t e�ect o v er an in�nite time

duration spill, but, due to the �nite c harging-up time of the plate, the situation

is more complicated in general.

F or b etter ev aluating the consequences of the dominance of the ohmic drop

and the e�ect of the c harging-up time of the plate, it w as dev elop ed a formalism

that starts from the individual a v alanc he shots o v er the plate to w ards the �nal

distribution of instan taneous �elds on the gap, whose a v erage v alue is giv en b y

the DC mo del. The follo wing sections are dedicated to this study .
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text. Also sho wn (op en squares) the p oin ts at 3.3 k V without cutting the con tribution coming

from the c harging-up time of the plate.
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9.4 Fluctuations in the time resp onse

9.4.1 Static non-uniformit y of the electric �eld

It is said `static' for referring to �uctuations that are always presen t, as it is

the case for v ariations in the gap size due to, for example, spacers, mec hanic

stress, edges, rugosit y of the plates or dust. This study is, in principle, of no

big in terest for our presen t purp oses; ho w ev er, the problem has a relativ ely easy

treatmen t, that allo ws to in tro duce the formalism required for dealing with the

�uctuations of the �eld in a dynamic situation.

In a parallel-plate geometry , the v ariations of the gap size are directly related

to the �uctuations in the �eld:

rms E

E
=

rms g

g
(9.13)

b eing g the gap size. As the a v alanc he time is giv en b y:

t =
�
S

(9.14)

the extra time jitter coming from the �uctuations of the gap size can b e deriv ed

from eq. 9.5 , follo wing the standard `error propagation' form ula:

rms

2
T

=

"
K 2

S2 +
�� 2

S2

�
E
��

d��
dn0

o

dn0
o

dE
�

E
S

dS
dE

� 2 �
rms E

E

� 2
#

E = �E gap

(9.15)

where

�Egap is the a v erage �eld across the gap, �� the a v erage in trinsic time and

all the other magnitudes ha v e b een already de�ned. Eq. 9.15 applies if the

�uctuations of the �eld are relativ ely small, but the exact deriv ation of the

form ula can b e found in App endix A. It can b e seen that, for t ypical v alues of

the parameters, the second term in the righ t hand side is v ery small as compared

to the third, indicating that the relativ e v ariation of the in trinsic a v erage time

�� with the �eld is m uc h smaller than the relativ e v ariation of S 3

. Therefore:

rms

2
T

=

"
K 2

S2 +
�� 2

S2

�
E
S

dS
dE

� 2 �
rms E

E

� 2
#

E = �E gap

(9.16)

In the case where �uctuations ha v e a mec hanic origin, it is natural to con-

sider that the a v erage �eld

�Egap in eq. 9.16 is giv en b y the applied v oltage

(

�Egap = V=d). By recalling eq. 9.13 , the form ula can b e ev aluated for di�eren t

con�gurations as a function of the �uctuations in the gap size, as sho wn in �g.

9.7 .

It is remark able that 4% inhomogeneities in the gap size corresp onds to

a w orsening of 20% in the resolution of a 1-gap timing RPCs for the usual

threshold mt = 105
(15 fC). The result giv es a tight limit for the toler anc es

r e quir e d on the surfac es that fac e the gap .

A �rst attempt to generalize the result to the m ulti-gap case is devised.

It m ust b e noted that there is no formalism a v ailable that allo ws to study the

3

A qualitativ e argumen t can b e pro vided b y realizing that �� (the a v erage time in units

of 1=S) is w ell describ ed b y expression 9.9, sho wing a logarithmic functional dep endence, as

compared with the linear dep endence of S .
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Figure 9.7: Pictures sho wing the exp ected w orsening of the time resolution in units of 1=S
for di�eren t v alues of the threshold m t = 10 6

(dashed line), m t = 10 5
(full), m t = 10 4

(dot-

dashed). The b eha vior for 1-gap (left) and 4-gap (righ t) tRPCs is compared. Also sho wn the

in trinsic con tribution (dotted) and the con tribution o wing to mec hanics (straigh t lines).

�uctuations on eac h gap in an indep enden t w a y; therefore the follo wing approac h

is prop osed: a) the N gaps con tribute in a similar w a y to the time resolution, b)

the �uctuations are indep enden t gap to gap and c) reasonably Gaussian. Under

these assumptions, the con tribution of the �uctuations is exp ected to decrease

with

p
N :

rms

2
T;N

=

"
K 2

N

S2 +
1
N

�� 2

S2

�
E
S

dS
dE

� 2 �
rms E

E

� 2
#

E = �E gap

(9.17)

and �� stands again for the a v erage time asso ciated to the single gap. As K N

sho ws also a 1=
p

N scaling for large n um b er of gaps, the r elative con tribution of

the mec hanics is, in a �rst approac h, not dep ending on N . Ho w ev er, the absolute

con tribution of the mec hanics is exp ected to b e smaller for the m ulti-gap. The

exp ectations of the prop osed description are sho wn in �g. 9.7 .

9.4.2 Dynamic non-uniformit y of the �eld

This section is cen tral for the description of rate e�ects. First of all, let us note

that eq. 9.16 is general enough to cop e with dynamic e�ects (rate e�ects). This

is so b ecause the c haracteristic time scales of the �uctuations of S (seconds) and

� (nanoseconds) are 9 orders of magnitude apart, so that their v ariations can

b e considered as decoupled

4

. Therefore, expression 9.16 still holds in a dynamic

situation.

The dev elopmen t of an analytic mo del for dealing with the �uctuations under

these conditions is the sub ject of the follo wing c hapter. The harder step to b e

accomplished consists in dev eloping a general expression for rms V gap
, that will

b e ruled as natural, b y the c harge sp ectra of the a v alanc hes and their time

in terv al distribution.

4

In the situation discussed S c hanges at the scale of the relaxation time of the glass.
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Figure 9.8: Picture sho wing the region considered for mo deling the b eha vior of the tRPC.

In tro duction to noise theory

The problem of the �uctuations in the �eld is studied b y resorting to the w ell

established theory of noise in electronic devices [168 ], [169 ]. In a certain sense,

the c harge released b y the a v alanc he pro duced in the detector can b e treated

as if it w ere an instan taneous shot at the surface of the resistiv e plate. This

is so, again, due to the fact that the di�usion through the plates, that is the

pro cess to b e c haracterized, tak es place at a time scale m uc h larger than the

a v alanc he formation. The main strength of the approac h la ys in the p ossibilit y

of accoun ting for the �uctuations through related magnitudes, not requiring a

detailed description of the c harge sp ectra of the `noise'. A t �rst sigh t, the esti-

mate of the �uctuations in the �eld requires to kno w the shap e of the a v alanc he

c harge sp ectra: for eac h a v alanc he, there is a probabilit y that the �nal c harge

tak es an y v alue from the c harge distribution; dep ending on its v alue, the �eld in

the gap will b e a�ected in a di�eren t w a y and so the c harge of the forthcoming

a v alanc hes. It wil l b e shown how to obtain rms V as a function of �q and rms q

to gether with the shot r ate � , without r e quiring to know the exact shap e of the

avalanche char ge sp e ctr a .

Electric mo del

The in�uenced region p er a v alanc he is appro ximated b y a cylinder of area A ,

with t ypical dimensions of the order of square mm follo wing M. Abbrescia [60 ].

The selected cell A can b e represen ted b y the equiv alen t electronic circuit sho wn

in 9.9 , allo wing for the adoption of tec hniques used in electric noise analysis.

In order to compare with the data from c hapter 6, the case where one of the

electro des is metallic needs to b e considered.

De�nitions

Some of the necessary theorems that can b e found in [168 ], [169 ] will b e brie�y

in tro duced here without pro of, for the sak e of consistency:
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The auto c orr elation function of a giv en random v ariable x(t) is de�ned as:

ax (t) = lim
T !1

1
2T

Z T

� T
x(t0)x(t0+ t)dt0

(9.18)

The asso ciated sp e ctr al density is Sx (! ) = jX (! )j2 , b eing X (! ) the F ourier

T ransform of the v ariable x(t) :

X (! ) =
Z 1

�1
x(t)e� j!t dt (9.19)

x(t) =
1

2�

Z 1

�1
X (! )ej!t d! (9.20)

The magnitude Sx (! ) is in teresting b ecause it is related to the mean squared

magnitude X through the Parseval's the or em :

X 2 =
Z 1

0
Sx (! )d! (9.21)

It is relev an t for the prop osed description to kno w the Wiener-Khintchine

the or em , that relates the sp ectral densit y with the F ourier T ransform of the

auto correlation function:

Sx (! ) = 2
Z + 1

�1
ax (t)e� j!t dt (9.22)

Shot-noise

As said, it is assumed that the c harge released p er a v alanc he causes an `instan-

taneous' curren t at Cgap (see �g. 9.9 ):

I (t) =
X

k

qk � (t � t k ) (9.23)

consisting in shots of di�eren t c harges qk and arriv al times tk . The distribution

of the n um b er of shots p er unit time is assumed to b e P oissonian with an a v erage

rate � . W orking in the frequency domain:

I (! ) =
X

k

qk e� j!t k
(9.24)

This instan taneous curren t causes a drop in the v oltage V (t) at Cgap that

can b e calculated b y solving the equiv alen t circuit sho w ed in �g. 9.9 .

The A C resp onse of the circuit is sho wn in �g. 9.10 , and the v oltage V(! )
is giv en b y the F ourier transform of the shot curren t through the imp edance

Z (! ) :

V(! ) = I (! )Z (! ) (9.25)

Z (! ) =
R

1 + j!CR
(9.26)

Z (! ) =
R

1 + j!� g
(9.27)
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Figure 9.9: Equiv alen t electric circuit for the pro cess of c harge �o wing through the glass

plates in the case of metallic electro de.

where C = Cglass + Cgap . In the time domain:

V (t) =
X

k

qk

2�
R
� g

Z 1

�1

1=�g

1=� 2
g + ! 2 ej! ( t � t k ) (1 � j!� g)d! (9.28)

V (t) =
X

k

qk

C
e�

t � t k
� g �( t � t k ) (9.29)

b eing � the step function. Eac h shot induces a drop qk =C in the gap, going

do wn to zero with the time constan t � g of the circuit. A deriv ation of the last

step can b e found in App endix A .

The exact expression for � g can b e calculated in the con�guration with one

metallic and one glass electro de:

� g = RC = �� o

�
� r +

d
g

�
(9.30)

b eing d and g the glass thic kness p er gap and the gap width, resp ectiv ely . In

the presen t con�guration, recalling the b eha vior of the resistivit y (�g. 8.1 )

at a T = 25 �
C and preliminary estimates of � r (! = 0) ' 6 from capacit y

measuremen ts:

� g ' 5 s (9.31)

It m ust b e said that there is exp erimen tal evidence that the electric prop-

erties of the glass plates ma y ha v e a complicated b eha vior, sp ecially regarding

its relaxation time [170 ] and therefore the role of � r ; the in�uence of the surface

conductivit y (see [38 ] for phenolic plates, for instance) m ust b e also parameter-

ized.

Along this w ork, the electric prop erties of the glass w ere obtained just from

measuremen ts of � and � r under DC conditions; there is still a (unkno wn) free

parameter A that con tains, among others, the e�ect of the transv erse di�usion

of the c harge o v er the plates.
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Figure 9.10: A C resp onse of circuit 9.9. The instan taneous drop V (t) is caused b y the shot

I (t ) .

Uncorrelated shot-noise mo del

The case of c harge shots that are not correlated in magnitude is treated �rst,

since it can b e dealt with analytically . The v alidit y of the assumption is dis-

cussed at the end.

In the absence of ev en t-b y-ev en t correlations, the auto correlation function

of I (t) can b e calculated follo wing eq. 9.18 as:

aI (t) = lim
T !1

1
2T

Z T

� T
I (t0)I (t0 + t)dt0 = A� q2� (t) (9.32)

and the deriv ation is addressed in App endix A. Note that � is the rate in units

of [T � 1][L � 2] so that �A is the frequency of ev en ts in the cell. The sp ectral

densit y SI can b e deriv ed b y using the Wiener-Khin tc hine theorem (eq. 9.22 ):

SI (! ) = 2
Z + 1

�1
aI (t)e� j!t dt = 2 A� q2

(9.33)

whic h do es not dep end on the frequency (white noise), sho wing that no corre-

lation is presen t. In order to obtain the �uctuation of the v oltage, the curren t

m ust b e con v erted to v oltage in the frequency domain through the complex

imp edance, Z (! ) (eq. 9.25 ). Using the P arsev al's theorem (eq. 9.21 ):

SV (! ) = SI (! ) jZ (! )j2 (9.34)

rms

2
V gap

=
1

2�

Z 1

o
SI (! ) jZ (! )j2 d! (9.35)

=
R2

�
A� q2

Z 1

o

d!
1 + ! 2� 2

g
(9.36)

=
R2

2� g
A� q2

(9.37)

As a function of fundamen tal quan tities, the last expression can b e rewritten

as:

rms

2
V gap

=
� 2d2

2� g

�
A

�q2

 

1 +
rms

2
q

�q2

!

(9.38)

whic h is a form of the Campb el theorem [168 ] for uncorrelated shot-noise. F ol-

lo wing the Campb el theorem, the e�ect of the c harge sp ectra o v er rms V gap
is

parameterized trough �q, rms q and � .
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Eq. 9.38 can b e expressed in a compact form as a function of the macroscopic

v ariables ruling the shot-noise phenomenon:

rms

2
V gap

=
1
2

�Vdrop �Vshot

 

1 +
rms

2
q

�q2

!

(9.39)

b eing

�Vdrop = R�A �q the a v erage v oltage drop in the glass o v er time, and

�Vshot =
�q=C the a v erage instan taneous drop created b y a single shot.

It is a consequence of the correlation b et w een the v oltage in the gap and

the a v alanc he c harge (not included in the Campb el theorem) that, the larger

the instan taneous drop pro duced b y an a v alanc he, the smaller the size of the

forthcoming shot. A p ossible w a y of in tro ducing it consists in replacing �q in eq.

9.38 b y its appro ximate b eha vior:

�q =
a(V � Vth )
1 + ad��

(9.40)

In this w a y , the aver age e�e ct of the c orr elation is in tro duced and denoted b y

`Campb el theorem with drop'. It do es not represen t an ev en t-b y-ev en t corre-

lation, that is discussed in next section, but an appro ximation more accurate

than the simple `Campb el theorem'.

MC for shot-noise

The expression for rms V gap
obtained from eqs. 9.38 and 9.40 is an appro ximation

to the real problem where ev en t-b y-ev en t correlations are presen t. F or ev aluat-

ing the v alidit y of the analytic description, a MC calculation of the shot-noise

pro cess including the correlations has b een dev elop ed.

F or simplicit y , it is assumed in the follo wing that the shap e of the char ge

sp e ctr a is not changing with the �eld in the gap . The appro ximation is reasonable

according to the measuremen ts on the c harge sp ectra for 
 photons (c hapter 8 )

but it w as observ ed to b e also a reasonable assumption in the case of ionizing

particles, as long as streamers do not con tribute to the c harge sp ectra (see �g.

9.11 ). In the follo wing, when comparing with data, rms q / �q=0.7 is assumed

and the e�ect of the streamers at the lo w er rates w as neglected; this leads to

rms q / �q=1.4 when extrap olated to the relativ e �uctuations p er gap.

The correlation w as in tro duced b y recalling the relation:

�q = a(Vgap � Vth ) (9.41)

with parameters a and Vth obtained from the �t p erformed in section 9.3 . A t

last, the MC sim ulation is p erformed according to the follo wing steps:

1. The time is sampled in tN random in terv als.

2. An initial c harge q is selected from a distribution

dN
dq

�
�

�q
with a certain

a v erage �q.

3. The c harge pro duces a drop uk = qk
C of the v oltage in the gap.

4. The v oltage starts to reco v er in time to w ards its initial v alue follo wing

uk (t) = qk
C e� t=�

.
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Figure 9.11: rms q=q as a function of the primary rate � , sho wing a �at b eha vior at around

0.7 in the absence of streamers.

5. A t an instan t t i , tak en from a random time distribution with a v erage

(�A )� 1
, a new shot is pro duced. It �nds a v oltage giv en b y V (t i ) =

V �
P i � 1

k uk (t i ) , b eing i - k the n um b er of previous shots. Therefore, the

a v erage c harge of the distribution c hanges to �q(t i ) = a(V (t i ) � Vth ) .

6. The c harge of the new shot is sampled from the new c harge distribution

dN
dq

�
�

�q( t i ) .

7. The pro cess is rep eated from step 4.

The shot-noise pro cess is repro duced in �g. 9.12 . In this approac h, the

a v erage v oltage can b e computed at the end, but also its instan taneous v alues

at times t i , and the distribution of v oltages V (t i ) can b e therefore obtained.

Fig. 9.13 sho ws the distribution of v oltages in the gap for A = 1 mm

2
, using

as input a �at c harge sp ectra and an applied v oltage of V =3.2 k V/gap, for 10

di�eren t rates.
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Figure 9.12: Graphical represen tation of the shot-noise pro cess o v er the resistiv e plates.

The a v erage drop of the v oltage w as only 25 v olts in this case.
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Figure 9.13: Histograms of the v oltage in the gap V (t i ) for an applied v oltage V =3.2 k V

and A = 1 mm

2
. The distribution of c harge shots used as input is �at.
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The time to reac h equilibrium, teq

The �rst observ ation that can b e made with the MC is that it tak es a �nite

time to reac h the stationary situation, where the resistiv e plate is `c harged-up'

(�g. 9.14 ). The concept has b een �rst in tro duced in section 9.2.2 and it m ust

b e considered for a correct in terpretation of data (see �gs. 9.2 and 9.3 ). The

time to reac h equilibrium can b e de�ned in a general con text: assuming that

there are in�nite cells of area A p er detector, the a v erage v oltage drop on the

detector plates as a function of the time of illumination is giv en b y:

�Vdrop (t) = lim
N !1

1
N

NX

i =1

Vcell;i (t) (9.42)

where Vcell is the v oltage drop in a single cell as a function of time, obtained

from the MC.
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Figure 9.14: Charging-up time of the cell (left) at high rates. In the righ t the a v erage

b eha vior of the v oltage drop as a function of time is sho wn (in tegrated o v er a large n um b er of

cell histories), for three di�eren t v alues of the area of in�uence of the a v alanc he. The curv es

are rather indep enden t from that parameter and sho w a t ypical stabilization time of the order

of the relaxation time of the tRPC.

�Vdrop (t) is represen ted in �g. 9.14 (righ t) for three v alues of the in�uenced

area and � =1200 Hz/cm

2
. The �gure can b e also in terpreted as what one ma y

see b y monitoring the curren t driv en b y the tRPC as a function of time, as

�Vdrop (t) = �I (t)R . It is remark able that the stabilization time do es not dep end

on the in�uenced area. In particular it tak es a v alue close to the relaxation time

� g . The stabilization time teq can b e de�ned from eq. 9.42 as the time it tak es

to reac h a certain fraction f of the a v erage drop corresp onding to the stationary

situation

�Vdrop :

�Vdrop (teq) = lim
N !1

1
N

NX

i =1

Vcell;i (teq) = f �Vdrop (9.43)

In the limit of lo w rates (and lo w drop), only one shot p er cell con tributes

to the in�nite sum in 9.43 , and it can b e re-expressed in a simple w a y as:

�Vdrop (teq) = A�
Z t eq

0

�Vshot;o e� ( t eq � t 0)=� g dt0
(9.44)
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b eing

�Vshot;o the a v erage shot at zero rate. Therefore, the equilibration time in

the lo w rate limit can b e obtained as:

�Vdrop (teq) = A� �Vshot;o � g[1 � e� t eq =� g ] = f �Vdrop (9.45)

�Vdrop (teq) = A� �Vshot;o � g[1 � e� t eq =� g ] ' f �Vshot;o A� � g (9.46)

[1 � e� t eq =� g ] = f (9.47)

teq = � ln(1 � f )� g (9.48)

In the lo w rate limit, the c harging-up time m ust b e related to the relaxation

time � g . Therefore, the follo wing con v en tion is adopted for the fraction of drop

f at whic h teq is de�ned:

f = 1 � 1=e= 63% (9.49)

that pro vides teq ' � g . The functional b eha vior of the stabilization time teq for

high rates is deriv ed in App endix A under a set of simplifying assumptions. In

a v erage, teq has a �at b eha vior for in termediate rates follo wing teq ' � g and

starts to decrease when the drop of the �eld is high:

teq =
� g

ad��
ln(1 + ad�� ) (9.50)

Expression 9.50 indicates that teq is highly indep enden t from the in�uenced

area. The in tuitiv e explanation for this fact is that, the larger is the in�uenced

area, the higher the n um b er of ev en ts impinging o v er it, but the smaller the

drop p er shot (the capacit y is higher). These t w o e�ects balance, leading to a

smo oth dep endence of teq with A , as sho wn in �g. 9.15 , where the v alues of the

a v erage time teq obtained from MC are represen ted.

The MC estimate of teq from eq. 9.43 is sho wn in �g. 9.15 , together with

the analytic expression 9.50 . Remark ably , the trend has a similar b eha vior to

that rep orted in [170 ], without requiring to assume an y c hange in the electric

prop erties of the glass with rate.
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Figure 9.15: Stabilization time normalized to the relaxation time, represen ted as a function

of rate for three v alues of the area of in�uence. Also the analytic approac h giv en in eq. 9.50

is sho wn.

Therefore, it can b e said with generalit y that, as long as the time duration

of the spill is smaller than � g , the tRPC is not completely c harged-up. This
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e�ect leads to an o v er-estimation of the e�ciency capabilities (as sho wn in [71 ],

for instance) and has to b e tak en in to accoun t when comparing b et w een sets of

data that are measured at di�eren t spill lengths.

Once the curv e

�Vdrop (t) is obtained (�g. 9.14 ) from MC, the exp ected b eha v-

ior of observ ables lik e to(t) can b e ev aluated. Due to the small dep endence of the

in�uenced area on the c harging-up pro cess, the estimate of to(t) is essen tially

parameter-free ( A = 1 mm

2
has b een tak en, for instance). The comparison is

sho wn in �g. 9.16 and the estimate of to in data w as obtained as the a v erage

o v er time in terv als con taining 200 ev en ts. F or an adequate description of data,

a v alue of � ' 2:5 m ust b e assumed, r esulting in a r elaxation time twic e smal ler

than the me asur e d in DC (e q. 9.31 ) . The description obtained in this w a y is

rather reasonable, although an accurate determination of to as a function of the

spill time requires m uc h higher statistics than presen tly a v ailable. As in the

case of the a v erage c harge (�g. 9.2 ), the small fraction of triggered ev en ts as

compared to the total allo ws to observ e the c harging pro cess only at its �nal

stage.
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Figure 9.16: Example of the c harging-up pro cess observ ed from data (circles) and compar-

ison with the shot-noise mo del dev elop ed.

After the go o d description obtained in �g. 9.16 for the c harging-up pro cess,

it is tempting to extrap olate the RPC b eha vior to short spills (as CERN-PS,

for example). F or that, the a v erage drop

�Vdrop (t) at the end of the spill is

represen ted in �g. 9.17 , and compared with the stationary situation. The MC

description p oin ts to a high o v er-estimation on e�ciency and timing capabilities

when testing at CERN-PS, coming from the fact that less than 1/3 of the drop
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corresp onding to the stationary situation is reac hed during the spill.
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Figure 9.17: Extrap olation of the drop at the end of the spill

�Vdrop (� t ) in the presen t

protot yp e to the CERN-PS (dot-dashed) and comparison with the t ypical GSI-SIS conditions

(dashed).

Comparison b et w een the MC and analytic approac hes

As it has b een thoroughly discussed, for comparisons b et w een mo del and data

it is preferable that the stationary situation has b een reac hed; therefore the �rst

2 seconds corresp onding to the most of the c harging-up time are cut.

It m ust b e noted that the sp ectrum of v oltages in the gap is highly Gaussian

(see �g. 9.13 for instance). This b eha vior dep ends, in fact, on the v alue of A ,

and it is giv en b y the condition:

(� A)� 1 � � g (9.51)

Therefore, if the frequency of ev en ts is v ery high as compared with the relax-

ation time, the cen tral limit theorem causes the distribution of �elds to b ecome

Gaussian. F or the v alues discussed here, the Gaussian assumption is p erfectly

reasonable.

With the MC dev elop ed, the magnitude of in terest, rms V gap
, has b een cal-

culated as a function of the primary rate, for three di�eren t c harge sp ectra:

dN
dq / 1,

dN
dq / 1=q,

dN
dq / e� q=�q

. In the three cases, the shap e of the distri-

butions has b een c hosen so that it yields the same v alues of �q and rms q=�q. In
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Figure 9.18: The distribution of c harges (shots) used in the MC calculation. They are

natural c hoices for testing the analytic description of shot-noise: 1=q is exp ected for an uniform

distribution of the �rst cluster in the gap [51], e� q
is the F urry la w, and `�at' is a reasonable

appro ximation if Space-Charge is imp ortan t [53].

particular, their a v erage corresp onds to the v alue determined at V =3.2 k V/gap

(recalling eq. 9.40 ) with rms q=�q = 1 =
p

3 ' 0:6, that is the v alue corresp onding

to a �at sp ectrum extending from zero.

The studied sp ectra of shots are plotted in �g. 9.18 . The upp er and lo w er

limits of the distributions are de�ned to pro vide the same �q and rms q=�q.

The results of the MC are represen ted, together with the Campb el theorems,

in �gure 9.19 . The follo wing conclusions can b e dra wn:

1. F or lo w drops in the �eld, the Campb el theorem 9.38 repro duces the data,

indicating that correlation is still not imp ortan t.

2. The Campb el theorem is completely wrong if the drop of the �eld is high.

3. The `Campb el theorem with drop' (9.38 and 9.40 ) o v er-estimates the true

rms V gap
b y a factor 2 at the higher rates considered. Despite this, the

b eha vior is reasonably similar to MC.

4. The results for the rms V gap
are indep enden t from the shap e of the c harge

distribution as long as the rms q and �q are the same. This indicates that

an extension of the Campb el theorem to the case where the ev en ts are

correlated ma y b e ac hiev able.

Lo oking at �g. 9.19 and ha ving in mind the functional b eha vior of the

Campb el theorem (eq. 9.38 ), it is reasonable to think that rms V gap
(� ) dep ends

only on the area A in�uenced p er a v alanc he once the parameters rms q and �q
of the c harge distribution are �xed. Therefore, the relativ e con tribution of the

�uctuations can b e studied for di�eren t sizes of the in�uenced region A , with

the v alues rms q and �q �xed from data. This is done in �g. 9.20 , where the

b eha vior of

rms V gap
�Vdrop

is plotted as a function of � . In fact, from eq. 9.39 it can
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Figure 9.19: rms V gap
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sidered. Also sho wn the di�eren t v ersions of the Campb el theorem discussed in the text.

b e seen that the ratio

rms V gap
�Vdrop

is giv en b y the la w:

rms V gap

�Vdrop
=

s
�Vshot

2�Vdrop

�
1 +

rms

2
q

�q2

�
=

vu
u
t

�
1 +

rms

2
q

�q2

�

2A�� g
(9.52)

It indicates that the relativ e con tribution of the �uctuations is decreasing

with the larger area A and the higher rate � as long as the shap e (related to

the factor

h
1 +

rms

2
q

�q2

i
) is roughly constan t.

Fig. 9.20 sho ws the appro ximate 1=
p

A�� g scaling, deviating at high rates in

agreemen t with �g. 9.19 . The monotonic decrease with the rate and in�uenced

area is exp ected, as A�� g is just the a v erage n um b er of shots con tributing p er

a�ected region, b eing smaller the �uctuations as that n um b er increases.

9.5 Constrain ts from the mo del

Com bining the DC mo del (eq. 9.7 ) and the estimate of the magnitude of the

�uctuations (rms V gap
) from the MC, it is p ossible to ev aluate the time resolution

under rate e�ects from eq. 9.17 in this, more general, scenario. Although it has

b een sho wn that the b eha vior of the time resolution as a function of rate can b e

explained b y a simple DC mo del (�g. 9.6 ) there are t w o reasons for pursuing a

comparison that includes the �uctuations:

1. Curren t a v ailable data do not allo w to clearly state an e�ect at the lev el

of 10-20%, that ma y b e originated b y the �uctuations of the �eld.
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appro ximate 1=
p

A� scaling describ ed in text is also sho wn.

2. Instead, it is p ossible to set upp er b ounds to the parameters that go v ern

those �uctuations.

The starting p oin t is the generalized v ersion of eq. 9.17 , including dynamic

(rate) and static (mec hanics) e�ects. F or simplicit y , the a v erage time ��=S p er

gap is appro ximated b y the p eaking time to (see App endix A ), and written, in

the follo wing as:

rms

2
T

=

"
K 2

N

S2 +
t2
o

N

�
E
S

dS
dE

� 2
 

rms

2
E

E 2

�
�
�
�
static

+
rms

2
E

E 2

�
�
�
�
dynamic

!#

E = �E gap

(9.53)

As the �eld is dropping with the rate, it is natural to exp ect that the con tri-

bution of the mec hanics b ecomes smaller at high rates. Kno wing the dep endence

of the �eld in the gap with rate from eq. 9.7 , it is straigh tforw ard to deriv e that:

rms E gap

�
�
static =

rms E

�
�
static

1 + ad��
(9.54)

It is also in teresting to ev aluate the quan tit y

rms E gap
�E drop

:

rms E gap

�Edrop

�
�
�
�
static

=
rms g

g
V

(V � Vth )ad��
�

1
�

(9.55)

where g is the gap width. This m ust b e compared with the appro ximate scaling

1=
p

� for the dynamic con tribution (eq. 9.52 ). Therefore, it is exp ected that

at high r ates, the �uctuations due to r ate e�e cts dominate over those due to

me chanics .

As said, in the situations considered, it is reasonable to assume that the

dynamic �uctuations are Gaussian at high rates. F or comparison with data is
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Figure 9.21: Results of the comparison with data for the t w o di�eren t sources of �uctuations

b y assuming static (left) and dynamic (righ t) origin. Di�eren t v alues of the parameters are

sho wn.

therefore preferable to use K � (in trinsic Gaussian width in � 1:5� ) instead of K
(true rms) in eq. 9.53 .

The results of the ev aluation of eq. 9.53 are presen ted in �g. 9.21 for t w o

di�eren t v alues of the parameters rms g=g and A , that go v ern the �uctuations

of `static' and `dynamic' origin resp ectiv ely .

It is sho wn ho w v alues of rms g=g = 5% and A = 1 :5 mm

2
still allo w for a

reasonable description of data, while rms g=g = 10% and A = 0 :3 mm

2
are in

complete disagreemen t. Therefore, a conserv ativ e limit can b e set from data to

the parameters, yielding rms g=g < 10% and A > 0:3 mm

2
. Clearly , it is easy to

distinguish b et w een b oth origins for the �uctuations b y studying the b eha vior

at v ery lo w rates ( � < 100 Hz/cm

2
), but no data w as acquired in that regime.

9.6 Conclusions

An analytic framew ork has b een dev elop ed based on electric noise tec hniques,

that allo ws to study the time resp onse of RPCs under high irradiation in an

easy w a y . This framew ork, together with the DC mo del in tro duced already in

c hapter 8, has b een used to describ e exp erimen tal data.

The follo wing can b e considered as the cen tral conclusions of the presen t

w ork:

1. The time resolution as a function of rate and v oltage is reasonably w ell

describ ed b y a simple DC mo del once a stationary situation is reac hed. It

indicates that the b eha vior under rate e�ects is ruled b y the a v erage ohmic

drop in the resistiv e plates. If con�rmed in forthcoming w orks, it w ould

op en the p ossibilit y of RPC op eration at high rates b y just increasing the

applied v oltage. The required o v er-v oltage is far from b eing mo dest: for

the presen t protot yp e it can b e inferred that around 2:5 k V/gap increase

w ould b e necessary at the rates � = 1200 Hz/cm

2
for ha ving the same

a v erage v oltage in the gap than at zero rate.

2. The data can b e used to set limits on the con tributions of the �uctuations

of the �eld. In particular, scenarios with an a v alanc he area of in�uence
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A < 0:3 mm

2
can b e excluded.

In fact, presen t estimates of this magnitude based on electrostatic consid-

erations [63 ] and cluster size measuremen ts [148 ] p oin t to v alues at the

scale of mm

2
.

3. A general limit to the degree of gap uniformit y required for op erating

timing RPCs has b een set: an uniformit y b etter than a 4% is required for

an e�ect smaller than 20% on the time resolution.

4. The con tribution of the dynamic �uctuations has b een accoun ted b y a MC

that follo ws eac h c harge shot individually . The analytic mo del prop osed

(denoted as `Campb el theorem with drop') sho ws an accuracy b elo w a

factor 2 for the higher rates considered, but p ossesses scaling prop erties

similar to the MC.

5. It has b een p oin ted out that a time close to the relaxation time � g is

required in order that the RPC arriv es to a stationary situation. If the

duration of the spill is smaller, the glass is not fully c harged-up and the

net result could b e an o v er-estimation of the rate capabilities, sp ecially re-

garding e�ciency measuremen ts, an e�ect that has b een already rep orted

in literature [71 ]. This stabilization time pro duced, con v ersely , a w orsen-

ing in the timing p erformances in the presen t situation. Ho w ev er, it will

result also in an o v er-estimation if tspill � � g .

6. Remark ably , the predicted stabilization time is in reasonable agreemen t

with the one estimated from resistivit y and p ermittivit y measuremen ts

in lab under DC conditions. Ho w ev er, the b est description is obtained

assuming a v alue for � r that is 2.4 times smaller than the measured one,

pro viding � g = 2 :5 s.

7. The con tribution of the �uctuations resp ect to the a v erage drop of the

�eld scales as 1=
p

A�� g . This is natural, since the a v erage n um b er of

shots con tributing p er cell is

�N = A�� g . The larger the n um b er of shots

p er in�uenced region, the smaller the �uctuations of the �eld around its

mean v alue.

8. F rom the previous p oin t it can b e concluded, in general, that the larger

the area a�ected p er shot, the smaller the �uctuations and the b etter the

b eha vior. This could b e coun ter-in tuitiv e, but certainly the larger area

implies also a lo w er drop of the �eld p er c harge shot and, therefore, for

the same a v erage ohmic drop the �uctuations will b e smaller. An yho w,

for the case of timing RPCs the e�ect of the �uctuations seems to ha v e a

minor role in the p erformance at high rates.

9. The a v ailable data allo ws for an estimate of a lo w er b ound on A , but

b etter data is required including impro v ed statistics, absolute e�ciency

measuremen ts and curren t monitoring; regarding the mo del used, an im-

pro v ed study of the m ulti-gap is still lac king.



Chapter 10

Conclusions and outlo ok

As eac h of the c hapters of this thesis has its o wn set of c onclusions , only the

more relev an t features will b e men tioned here.

The main con tribution of the presen t w ork is to dev elop a robust concept

of a timing RPC w all for the HADES exp erimen t at GSI, based on the electric

isolation of the cells. The design predicts detection e�ciencies for leptons close

to 90% with highly un biased �rst lev el trigger p erformances, ev en in the w orst

scenario exp ected in HADES under curren t SIS18. By construction, m ulti-hit

capabilities w ere exp ected and later con�rmed on a realistic protot yp e, due to

the v ery lo w lev els of cross-talk.

F or pro viding su�cien t rate capabilit y , the practical p ossibilit y of a mo derate

w arming of the detector has b een explored, allo wing for an increase of one order

of magnitude in the rate capabilit y eac h 25

�
C, b y using still standard �oat

glass.

The ultimate p ossibilities of impro v emen ts on RPC rate capabilit y w ere ex-

plored b y follo wing an analytic mo del that includes explicitly the e�ect of the

�uctuations of the �eld in the gap o v er the time resolution. The formalism

allo ws to isolate the main v ariables ruling the �uctuations.

The pro cess of c harging-up of the resistiv e plates has b een describ ed in an

easy w a y and compared with data, pro viding a simple explanation for the o v er-

estimation observ ed on rate capabilities for short spills. This c harging-up pro-

cess tak es place, in a natural w a y , at the scale of the relaxation time of the

glass.
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App endix A

A compilation of useful

results

A.1 Deriv ation of the time at maxim um to

The time at maxim um can b e extracted from the in trinsic time resp onse 9.4 b y

deriv ation:

� � (� ) =
n0

o

en 0
o � 1

e( � th � � ) � exp( � th � � )

p
n0

oe( � th � � )
I 1

�
2
q

n0
oe( � th � � )

�
(A.1)

Let's consider the non-dimensional units � = St and therefore the time at

maxim um can b e denoted b y � o . F or simplicit y , let's de�ne x = 2
p

n0
oe( � th � � ) ,

then:

d� �

d�
= � � [e( � th � � ) � 1] + � �

I 2(x)
I 1(x)

dx
d�

= 0 (A.2)

Using that

dx
d� = � 1

2 x , and � � nev er v anishes, it can b e obtained:

[e( � th � � ) � 1]I 1(x) + �
1

2x
I 2(x) = 0 (A.3)

Relation 31.46 in [171 ] allo ws to rewrite eq. A.3 as:

I 1(x)
x

e( � th � � ) �
1
2

I o(x) = 0 (A.4)

that can b e exactly solv ed in t w o limits:

In the limit x ! 0 ( n0
o ! 0), substituting I 1 and I 0 b y the �rst term of their

T a ylor expansions:

1
2

e( � th � � ) �
1
2

= 0 (A.5)

and then � o = � th = ln mt .

In the limit x ! 1 ( n0
o ! 1 ) then I 1 � I o :

I o(x)
x

e( � th � � ) �
1
2

I o(x) = 0 (A.6)

1
x

e( � th � � ) =
1
2

(A.7)
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Figure A.1: Beha vior of the ratio

I 1 ( x )
I 0 ( x ) as a function of x .

whose solution is � o = ln mt � ln n0
o , that is used in text. The accuracy of the

expression dep ends on the condition I 1 � I o . F or ev aluating the e�ect, it is

plotted the ratio I 1=Io as a function of the indep enden t v ariable x in �g. A.1.

It is sho wn that the accuracy of the appro ximation is ab o v e an 80% if x �
2n0

o > 3. This corresp onds to n0
o > 1:5, i.e., " & 80%.

A.2 In�uence of the dead region

A ccording to [67 ], if the dead region is v ery large, the assumption that the

e�ectiv e n um b er of clusters follo ws a P oisson distribution is not true an ymore,

and an extra correction m ust b e added to the time resp onse. F ollo wing [67 ], the

correction for a dead region smaller than 70% is still around 10% on the time

resolution K (n0
o) . T aking the v alue of � � 1 = 9 clusters/mm from [66 ] and the

minim um e�ciency observ ed in the presen t data " = 75% , the dead region x t

can b e estimated to b e, in the w orst case:

x t

g
=

n0
o

no
=

� ln (1 � 0:75)
0:3� � 1 ' 85% (A.8)

There is no a v ailable analytic expression of the time resp onse for including the

e�ects of the dead region, but the observ ables K (n0
o) (in trinsic time resolution)

and �� (n0
o) (in trinsic a v erage time) can b e ev aluated with the series giv en in

[67 ]. Here these magnitudes are used to estimate the e�ect o v er the observ ables

of in terest � o(n0
o) (in trinsic time at maxim um) and K � (n0

o) (in trinsic Gaussian

width).

Fig. A.2 sho ws the comparison. In the case of the a v erage time, no signi�can t

e�ect is seen b ey ond 10%, while the parameterization of the time at maxim um
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Figure A.2: In trinsic a v erage time (left) and time resolution (righ t) as a function of the

e�ectiv e n um b er of clusters. Also sho wn the appro ximation follo w ed in text for the time at

maxim um, namely to ' ln( m t =n0
o ) .

follo w ed in this w ork to ' ln(mt =n0
o) , is also p erfectly consisten t within the same

error. The discrepancy for n0
o ! 1 is exp ected as ln(mt =n0

o) div erges, but this

extreme situation w as nev er reac hed under the presen t exp erimen tal conditions.

In the case of the time resolution K (n0
o) , the e�ect of a dead region around

an 85% is more signi�cativ e. Ho w ev er, if only the �eld in the gap is mo di�ed,

a larger dead region also implies a smaller n um b er of e�ectiv e clusters, in par-

ticular in our case " � 75% implies that x t =g � 85% but also n0
o � 1:4, and for

this v alue of n0
o the e�ect is k ept at a lo w lev el.

A.3 F ormal deriv ation of the e�ect of �uctuations

Eq. 9.15 is deriv ed here in a completely general w a y

1

. Let's start b y assuming

that the a v alanc he time is giv en b y:

t =
�
S

(A.9)

The indep enden t random v ariables are � , a�ected b y the a v alanc he �uctuations,

and E a�ected b y static (mec hanics) or dynamic (rate) sources of jitter. Ev en

if E is c hanging dynamically it v aries at a time scale m uc h larger than the time

scales of the a v alanc he formation, so that these v ariations can b e considered as

decoupled. Therefore, the probabilit y distributions for this 2 random v ariables

can b e factored out. Calling F to the 2-D p df of the random v ariables E and � :

F (�; E ) = � � (� ) � � E (E ) (A.10)

The rms T is giv en b y:

rms

2
T

=
Z Z

� E � �

h�
S

i 2
d�dE �

� Z Z
� E � �

�
S

d�dE
� 2

(A.11)

rms

2
T

=
Z

� E

h�
S

i 2
dE �

� Z
� E

��
S

dE
� 2

(A.12)

1

That equation aims at including the �uctuations of the �eld o v er the time resp onse.
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�� and S are expanded in T a ylor series around the a v erage v alue of the �eld Eo .

Calling � E to E � Eo it is obtained, up to second order in the expansion:

1
S

=
1
So

�
1

S2
o

dS
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�
�
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The last expression is obtained under the assumption that

dK
dE ' 02

b eing K =

rms � . The expansions allo w to calculate

��
S and

� 2

S2 that can b e substituted in to

eq. A.12 and the in tegral p erformed. The linear terms in � E go es to zero after

the in tegration. Doing some algebra, the follo wing expression can b e obtained:

rms
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=
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K 2
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(A.17)

The follo wing facts can b e appreciated:

1. The �rst ro w is the result exp ected from the standard error propagation,

that essen tially k eeps the �rst order in the deriv ativ es and �uctuations

(rms), and is the result already discussed in c hapter 9.

2. The second ro w is still �rst order in deriv ativ es but second in the �uctu-

ations, so it go es to zero as long as they are not v ery large.

3. The third ro w includes the second order deriv ativ es, a term that is v ery

small in general, due to the linear b eha vior of S(E) for the �elds of in terest.

2

In an exact w a y , it is necessary to assume that all the deriv ativ es of K resp ect to the

applied �eld E are small. The assumption that the in trinsic width K is v ery sligh tly dep en-

den t on the �eld E is reasonable, as this dep endence is related to the dep endence of n0
o or,

equiv alen tly , to the e�ciency . Therefore, as long as the e�ciency is not c hanging enormously

the appro ximation men tioned is v alid.
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A.4 Deriv ation of the instan taneous ohmic drop

V (t)

Let's tak e the expression of the F ourier transform of V (! ) as the starting p oin t.

This expression has b een deriv ed in section 9.4.2 :

V (t) =
X

k

qk

2�
R
� g

Z 1

�1

1=�g

1=� 2
g + ! 2 ej! ( t � t k ) (1 � j!� g)d! (A.18)

It remains to solv e the prop osed in tegral. F or that it is necessary to use the

F ourier T ransform of an exp onen tial function:

e� ajx j =
1

2�

Z + 1

�1

2a
p2 + a2 eipx dp (A.19)

Therefore, the �rst part of the in tegral is immediate:

V (t) =
X

k

qk R
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that can b e rewritten as:
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The F ourier transform is again immediate:
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V (t) =
X

k

qk

C
e�

j t � t k j
� g

(A.24)

that is the result used in section 9.4.2 .

A.5 Deriv ation of the auto correlation function for

white noise

Let's assume a shot-noise curren t of the form:

I (t) =
X

k

qk � (t � t k ) (A.25)
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and the magnitude of the shots qk is not constan t in general. The auto correlation

function is giv en b y:

aI (t) = lim
T !1

1
T

Z T=2

T=2

X

K

X

K 0

qK q
K 0 � (t0 � tK )� (t0 � t

K 0 + t)dt0
(A.26)
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3
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(A.28)

The second term, when the F ourier transform is calculated, leads to a sum of

random phases with zero result in the limit of man y pulses (i.e. T ! 1 ).

Therefore, the only relev an t term is the �rst one, leading to:

aI (t) = A� q2� (t) (A.29)

b eing r = A� the frequency of ev en ts, A the in�uenced area p er a v alanc he and

� the primary rate.

A.6 Deriv ation of the stabilization time teq

A simple description of the RPC c harging-up pro cess is devised here. Let's

assume a train of k shots arriving at di�eren t times. Eac h shot tak es an a v erage

v alue from the instan taneous v alue of the �eld Vo � V (t) (applied �eld min us

drop of the �eld):

Vshot (t) =
a
C

(Vo � V (t) � Vth ) (A.30)

The n um b er of shots k necessary to reac h a certain v alue of the a v erage drop

�Vdrop can b e calculated. F or this, it is tak en in to accoun t that, the larger the

v alue of V , the smaller the next shot:

Vshot;o =
a
C

(Vo � Vth ) (A.31)

Vshot; 1 =
a
C

(Vo � Vshot;o � Vth ) = Vshot;o

h
1 �

a
C

i
(A.32)

Vshot;n = Vshot;o

h
1 �

a
C

i n
(A.33)

where the exp onen tial deca y of the equiv alen t R C circuit has b een neglected for

the sak e of simplicit y . The condition required is:

�Vdrop =
kX

i =0

Vshot;o

h
1 �

a
C

i i
= Vshot;o

1 � (1 � a
C )k

a=C
(A.34)

that can b e rewritten as:

k =
ln(1 �

�Vdrop

Vshot;o

a
C )

ln(1 � a
C )

(A.35)
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The n um b er of shots k necessary to reac h

�Vdrop is nothing else than:

k = �At eq (A.36)

therefore:

teq =
1

�A

ln(1 �
�Vdrop

Vshot;o

a
C )

ln(1 � a
C )

(A.37)

F or the v alues used here it is reasonable to assume that

a
C is small so that:

teq =
C

aA�
ln[(1 �

�Vdrop

Vshot;o

a
C

)� 1] (A.38)

A t last, the expression for

�Vdrop from eq. 9.7 is used:

�Vdrop = Vo � Vth +
(Vo � Vth )

1 + aA�
C � g

(A.39)

arriving to:

teq =
C

aA�
ln(1 +

aA�
C

� g) (A.40)

teq =
� g

ad��
ln(1 + ad�� ) (A.41)

b eing � g = RC .

The condition for applicabilit y of eq. A.40 is that the a v erage drop induced

p er shot is b elo w the a v erage drop. This condition is equiv alen t to ask for k > 1
(more than one shot). It can b e written as:

Vshot;o < �Vdrop (A.42)

a
C

(Vo � Vth ) < (Vo � Vth )
�
1 �

1
1 + aA�R

�
(A.43)

a
C

<
aA�R

1 + aA�R
(A.44)

and �nally:

1
A�

< � g(1 �
a
C

) (A.45)

as said, a=C is signi�can tly lo w er than one for the v alues considered here. There-

fore, it is enough to consider, in a �rst approac h, that:

1
A�

< � g (A.46)





App endix B

The w eigh ting �eld

Here, a direct w a y for ev aluating the w eigh ting �eld in some usual RPC con-

�gurations is prop osed. F or illustration, let's tak e a stac k of materials with

p ermittivities � 1; � 2; � 3 , as sho wn in �g. B.1 . The starting p oin t is the relation:

i (t) = ~Ew � ~ve(t)nee (B.1)

F or calculating the v alue of Ew in the simple geometry giv en in �g. B.1 it is

required to put 1 v olt across the electro des A and B and to ev aluate the �eld.

But form ula B.1 can b e also written as:

i (t) =
Ew

� Vw
ve(t)nee (B.2)

b eing � Vw a generic v oltage drop applied b et w een A and B electro des (see also

[66 ]). Under these conditions the �eld on material i is giv en b y:

E i =
� Vi

di
(B.3)

and the w eigh ting �eld:

E i

� Vw
=

1
di

� Vi

� Vw
=

1
di

Qw

Ci

C
Qw

=
1
di

C
Ci

(B.4)

The c harge Qw is the same b ecause the 3 materials b eha v e as capacitors in

series. In that w a y , the w eigh ting �eld can b e related to the ratio b et w een the

total capacit y C and the capacit y of the material Ci .

Figure B.1: Example of an RPC-lik e con�guration with 3 la y ers of di�eren t p ermittivities.

231
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Using eq. B.4 and in tegrating eq. B.2 in time, the relation b et w een the

c harge released and the c harge induced during the drift through material i can

b e extracted:

qinduced =
C
Ci

q (B.5)

as is used in text. F or the particular case of material 2, the ev aluation of the

w eigh ting �eld giv es:

Ci =
� i A
di

(B.6)

Ew2 =
1
d2

C
C2

(B.7)

Ew2 =
� 1� 3

� 1� 2d3 + � 1� 3d2 + � 2� 3d1
(B.8)

Exactly as deriv ed in [64 ]. Eq. B.7 can b e extended to an arbitrary n um b er of

la y ers with p ermittivities � 1 : : : � n .



App endix C

Resumo

C.1 In tro ducción

O desen v olvimen to das cámaras de placas paralelas resistiv as (RPCs) no ano

1981 [33 ] abriu a p osibilidade de op erar detectores gaseosos de xeometrías para-

lelas a camp os eléctricos tan altos como 100 k V/cm [45 ]. A principal v an taxe con

resp ecto á tecnolo xía de placas paralelas con v encionais (PPC) é que calqueira

pro ceso que precise do fornecemen to dunha grande can tidade de carga, como p or

exemplo descargas con tin uadas ou faíscas, non p o derá ter lugar den tro dunha

RPC, na que a taxa de fornecemen to de carga (ou corren te), está limitada p ola

resistividade das placas. Ó mesmo temp o, a elev ada resistividade dos mate-

riais frecuen temen te utilizados ( � � 109 � 1012 
 cm) non afecta á inducción

de sinal nin á física das a v alanc has pro ducidas, fenómenos resp ecto ós cales a

RPC é equiv alen te a unha PPC. Unha característica habitualmen te atribuída ás

RPCs é a presencia de 'UV-quenc hers' ou aten uadores de fotóns ultra violeta, os

cales p o derían lev ar á delo calización transv ersal da a v alanc ha de mo do similar a

como acon tece n un detector Geiger. Men tres que a delo calización transv ersal é

un efecto aceptado, a relación dos fotóns UV de p equeno p ercurso cos c hamados

`streamers'

1

cató dicos [28 ] precisa, nem bargan tes, de ser v eri�cada exp erimen-

talmen te. En xeral, o uso de mesturas baseadas en moléculas complexas, como

é de praxe com ún en RPCs, p o derá ser particularmen te fa v orable en vistas á

reducción destes efectos.

P ouco a p ouco estase establecendo que, o feito da m ultiplicación ter lugar

inmediatamen te desp ois da primeira ionización, represen ta unha diferencia esen-

cial da xeometría paralela en comparación coa xeometría cilíndrica empregada

a cotío en detectores prop orcionais. É p or isto que se acostuma decir que as

�uctuacións na resp osta temp oral do detector v eñen determinadas únicamen te

p olas �uctuacións no pro ceso de formación e m ultiplicación de carga (a v alanc ha)

[55 ].

A observ ación, no ano 2000, da extrema imp ortancia da b oa de�nición da

distancia de separación en tre electro dos, p ermitiu mellorar as resolucións tem-

p orais ata o niv el dos 50 ps, resultando as RPCs comp etitiv as cos cen telladores

mais rápidos do momen to e tendo ademais a grande v an taxe de prop orcionar un

1

Grandes a v alanc has que transp ortan cargas 10-100 v eces maiores que unha a v alanc ha

normal e que unen os electro dos a tra v és dun �lamen to luminoso.

233
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precio p or canle moito menor, sendo asimesmo máis robustas fren te a camp os

magnéticos elev ados.

Hai n umerosos traballos que mostran que a op eración de RPCs, en calquera

das súas con�guracións máis usuais, ten lugar baixo un grande efecto Espacio-

Carga [56] debido a in teracción en tre as pares ión-electrón lib erados e o propio

camp o da a v alanc ha. Existe un argumen to clásico debido a Raether que predí

unha forte relación en tre o Espacio-Carga e a aparición de `streamers' [29 ]. No

caso das RPCs tal vínculo parece ser máis feble, sendo p osible atinxir v alores

elev ados do camp o para os que o efecto de Espacio-Carga e imp ortan te mais

non hai a p enas `streamers'. Este efecto é particularmen te b ene�cioso, p ois a

presencia destes últimos resulta n un emp eoramen to da capacidade de taxa da

RPC, limitando p or tan to a máxima tensión atinxible en moitas aplicacións.

Unha explicación adecuada da orixe dos streamers non existe aínda.

Como acon tecera no caso das RPCs standard con resolucións temp orais ao

niv el de 1 ns, desen v olvidas nos anos 80, a in tro ducción das RPCs de temp o

de v o o ou 'timing RPCs' no ano 2000, acadando resolucións abaixo dos 100 ps,

ten ab erto a p osibilidade de aplicación en div ersos exp erimen tos de física de

partículas a enerxías altas e in termedias [89 ].

O traballo recollido nesta tese represen ta unha p equena parte dun grande

pro xecto que pretende cubrir a rexión in terna (baixos ángulos) do esp ectrómetro

HADES

2

no cen tro GSI en Darmstadt, Alemaña. O tal m uro RPC represen ta

unha mellora do esp ectrómetro actual, que p ermitirá estudar colisións de ións

p esados ata Au + Au a enerxías cinéticas p or v olta de 1 Ge V/A, aumen tando o

noso coñecemen to das propiedades da materia hadrónica a densidades máis de

dúas v eces sup eriores ás presen tes na materia n uclear ordinaria.

O pro xecto dun m uro de RPCs para HADES tense baseado en recen tes de-

sen v olvimen tos de conceptos e aplicacións similares, p ero incorp orando aqueles

detalles que fan de HADES un en torno singular. Os requerimen tos máis esixen-

tes inclúen unha alta capacidade m ulti-traza para taxas cercanas a 1 kHz/cm

2
,

xun to cunha resolución temp oral homo xénea á v olta de 100 ps cunha presencia

mo derada de caudas. HADES foi concebido para sondar materia n uclear densa

a tra v és de pares de di-leptóns pro ceden tes do decaemen to de mesóns v ectoriais

lixeiros. A p equena probabilidade de dito pro ceso ( 10� 5
- 10� 4

) require dunha

elev ada e�ciencia de detección e aceptancia xeométrica, para prop o cionar unha

estatística razoab el.

En vistas ao recen te in terese p or acadar taxas cada v ez máis elev adas, unha

parte da tese esta adicada ao desen v olvimen to dunha tecnolo xía que p ermite

extender a taxa de con taxe n unha orde de magnitude, sempre empregando vidro

normal de v en tana. Nesa dirección, prop onse neste traballo unha descrición

teórica dos efectos de taxa neste tip o de detectores, que v ai alén dunha simple

descrición DC, e p ermite in tro ducir explícitamen te na resp osta temp oral o efecto

das �uctuacións do camp o eléctrico orixinadas p olo carga dep ositada no vidro.

O c hamado pro xecto ESTRELA (`Electrically Shielded Timing RPCs En-

sem ble for Lo w Angles', traducido: sistema de RPCs te temp o de v o o isoladas

eléctricamen te para baixos ángulos) ev olúe con rapidez, e unha parte deste tra-

ballo ten sido inevitab elmen te sup erada, mesmo se o espíritu inicial con tin úa

vixen te.

2

High A cceptance Di-Electron Sp ectrometer: esp ectrómetro de alta aceptancia para di-

electróns.
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Figure C.1: Detalle do m uro ESTRELA a baixos ángulos p olares, deseño 3D (arriba) e

disp osición das celdas na caixa de gas (abaixo). As liñas v ermellas represen tan o camiño dos

cab os que recollen a sinal.

A presen te tese tamén pretende prop orcionar unha visión xeral do cam bian te

camp o das RPCs desde o pun to de vista do autor, o cal p o derá ser utilizado como

referencia, p ero non considerado máis alá dunha simple descrición da situación

actual, a esp era de no v os a v ances e desenrolos que están xa a vir.

C.2 Deseño

O m uro de RPCs ESTRELA foi optimizado para prop orcionar unha probabi-

lidade total de detección da orde do 90% para leptóns pro ceden tes do blanco,

tendo ao mesmo temp o unha grande aceptancia xeométrica. A principal carac-

terística do m uro é o isolamen to eléctrico das celdas, o cal pretende prop orcionar

b oas prestacións no caso de existir trazas sim ultáneas en celdas pró ximas (en-

torno m ulti-traza). A prop osta natural para prop orcionar a blindaxe necesaria

consiste en colo car as celdas no in terior de p erfís rectangulares, segundo se

mostra na �gura C.1 . Debido ao espazo morto creado p olos p erfís, foi prop osta

unha xeometría en dous pisos (na �gura C.1 móstrase un detalle do m uro na

zona de baixo ángulo) e o solap e é �xado de maneira que to das as trazas de

in terese pro ceden tes do blanco atra v esan p olo menos 4 o cos de gas, garan tindo

e�ciencias in trínsecas preto do 99% [68 ].

Resulta útil de�nir a e�ciencia do detector para leptóns, D , en base a tres
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magnitudes indep enden tes:

1. A e�ciencia intrínse c a " . É unha propiedade do propio detector, sendo

preto do 99% para RPCs de 4 o cos [88 ], a taxas baixas.

2. A ac eptancia xe ométric a A . Unha v ez o solap e é escollido adecuadamen te,

as zonas ine�cien tes p ermanecen p or debaixo dun 2% para incidencia p er-

p endicular.

3. A pr ob abilidade de dete c ción ide al p ar a leptóns L . Fica �xada p olo deseño.

Refírese á probabilidade de que o sinal inducido p olo leptón sexa recollido

p ola electrónica, tendo en con ta a probabilidade de o cupación da celda p or

outras trazas den tro do mesmo ev en to. P ara esta estimativ a considerouse

a situación máis desfa v orable esp erada en HADES, isto é, colisións de

Au + Au a 1.5 Ge V/A. O resultado estimado é D > 95% para momen tos

do electrón maiores que 100 Me V.

A probabilidade de detecctión esp erada para pares e+
/ e�

v en dada p olo

pro ducto destes 3 factores indep enden tes, resultando para o deseño prop osto:

D = L � A � " > 88:5% (C.1)

C.3 V eri�cación do concepto

Na prima v era do ano 2003 foi probado na ca v erna de HADES baixo un feixe

de Carb ono a 1 Ge V/A un no v o concepto de m uro tRPC baseado en celdas

eléctricamen te isoladas [96 ], [97]. A �nalidade do teste foi a v aliar o concepto

desde o pun to de vista mecánico xun to coa p osibilidade de op erar tRPCs n un

en torno m ulti-traza con partículas de diferen tes v elo cidades e esp ecies e, p or

tan to, diferen tes probabilidades de p erda de enerxía den tro do detector. As

dimensións das tres celdas estudadas foron de 2 � 60 cm

2
, inspiradas no deseño

de�nitiv o, e móstranse na �gura C.2.

A demáis de v eri�car a p osibilidade de op eración do detector con normalidade

para tensións da orde de 3 k V/gap, a demostración de�nitiv a das capacidades

'm ulti-traza' consistiu en estimar a resp osta temp oral para aqueles casos nos que

existía unha traza sim ultáneamen te en algunha das celdas v eciñas. O resultado

deste estudio móstrase na �gura C.3. O que é mellor, foi v eri�cado que o `cross-

talk'

3

en tre celdas v eciñas estaba abaixo dun 1%, aumen tando coa carga do

sinal.

Non puido ser feita unha medida absoluta da e�ciencia do detector, debido á

presencia de trazas inclinados en tre os seleccionados para o estudo, p ero puido

determinarse que era sup erior ao 95% cara o cen tro do detector.

3

Inducción de orixe electromagnético que ten lugar en tre conductores que están pró ximos

cando se aplica un camp o eléctrico sobre un de eles.
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Figure C.2: Vista dian teira do prototip o coas tres celdas no seu in terior. A celda máis

cara á esquerda foi substituída p or outra de electro dos de vidro. Na fotografía de em baixo

móstrase unha das celdas RPC an tes de ser in tro ducida na blindaxe.
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Figure C.3: Distribución temp oral baixo condicións m ulti-traza (a celda v eciña tamén re-

xistrou unha traza den tro dese mesmo ev en to). A distribución observ ada é esencialmen te a

mesma que no caso de única-traza, suxerindo que o deseño prop orciona capacidades m ulti-

traza moi robustas.
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C.4 RPCs mornas

P ara aumen tar a capacidade de taxa de RPCs feitas con vidro de v en tana nor-

mal, prop onse o aquecemen to do detector. O uso de RPCs de temp o de v o o

mornas [59 ] ( W arm Timing RPCs ) orixina v ariacións típicas da resistivididade

n unha orde de magnitude p or cada 25

�
o que, den tro do mo delo DC que se acos-

tuma usar para a descrición de efectos dinámicos en RPCs [59 ], p ermite esp erar

melloras dunha orde de magnitude tamén nas taxas atinxibles p olo detector.

Este resultado ten sido con�rmado recen temen te [1 ].

Sempre den tro do mo delo DC, foi p osible describir as medidas feitas baixo

iluminación con fon tes 
 in tensas, a diferen tes temp eraturas. O mo delo p er-

mite obter de maneira simple que a e�ciencia " e a carga rápida media �qprompt

dep enden da can tidade � =� sendo � = � (To )do

� (T )d ( � a resistividade do vidro, d
o esp esor do vidro) a capacidade de taxa referida a T = To . Desta maneira é

p osible relacionar a capacidade de taxa coa resistividade medida directamen te

en lab oratorio sobre o vidro.
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Figure C.4: Comparativ a en tre o comp ortamen to da taxa de con taxe estimada a tra v és de

medidas da resistividade (en trazo discon tin uo), xun to co resultado do mo delo (pun tos). A

linha con tin ua mostra o melhor axuste aos pun tos, indicando un b o acordo.

Os resultados da descrición do mo delo móstranse na �gura C.5 e o v alor da

capacidade de taxa así obtida p ermite inferir un v alor para a resistividade do

vidro moi semellan te ao medido no lab oratorio (�gura C.4 ).
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Figure C.5: Figuras represen tando o axuste ao mo delo DC. Móstrase o comp ortamen to da

e�ciencia e carga rápida a V T=To =3.2 k V/gap como función da taxa na RPC para diferen tes

temp eraturas (21, 27, 33, 38, 44, 54

�
C de abaixo a arriba). T amén se mostra o comp ortamen to

das mesmas can tidades cando to das as curv as se funden n unha soa tras re-escalar a taxa

primaria p or 1=� .
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C.5 Un tratamen to analítico das �uctuacións

Neste traballo ten sido prop osta unha extensión analítica do mo delo DC que p er-

mite in tro ducir na resp osta temp oral da RPC o efecto das �uctuacións do camp o

eléctrico debido ao pro ceso de conducción no vidro [61 ], [62 ]. É mostrado que

a imp ortancia das �uctuacións dep ende críticamen te da can tidade A� g , sendo

A a rexión afectada p or a v alanc ha e � g o temp o de relaxación da RPC. O re-

sultado analítico obtido para as �uctuacións do camp o apro xima a correlación

en tre sucesiv as a v alanc has de forma promediada, o cal causa diferencias da orde

dun factor 2 con resp ecto ao cálculo M.C. que describ e o mesmo pro ceso. Nem-

bargan tes, am bas descricións presen tan comp ortamen tos similares en función

do n úmero promedio de a v alanc has na zona afectada do vidro (

�N = A� g � ), na

forma:

rms V

�Vdrop
=

vu
u
t

�
1 +

rms

2
q

�q2

�

2 �N
(C.2)

sendo

rms V
�Vdrop

a razón das �uctuacións na tensión no gas resp ecto ao v alor promedio

da caída de tensión no gas. A descrición prop osta foi comparada cos datos de

[96 ], [97 ] na �gura C.6 , den tro do mo delo DC, mostrando un b o acordo.
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Figure C.6: Resolución temp oral obtida a partir do mo delo DC para to do o conxun to

de datos. Os pun tos e o mo delo corresp onden a 3.1 k V (círculos, liña con tin ua), 3.2 k V

(triángulos, liña a trazos), 3.3 k V (cadrados, liña a pun tos e trazos). As barras de erro

refírense aos in terv alos de con�anza do 68%. T amén se mostran (cadros baleiros) os pun tos a

3.3 k V an tes de cortar a con tribución debida ao temp o de carga do vidro.
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Figure C.7: Efecto do pro ceso de carga do vidro observ ado sobre o temp o medio medido

(círculos), comparado cos resultados segundo o mo delo desen v olvido.

P or tan to, den tro da situación exp erimen tal actual, o efecto das �uctuacións

do camp o parece ser p equeno sobre unha tRPC que op era a altas taxas. Este

feito p ó dese utilizar para constrinxir o v alor da área de in�uencia A , resultando

que v alores menores que A . 0:3 mm

2
están en desacordo cos datos.

O M.C. desen v olvido tamén p ermite describir o efecto de amon toamen to da

carga das a v alanc has na sup er�cie do vidro, ata que se acada unha situación

estacionaria, describindo b en a ev olución da resp osta da RPC en función do

temp o de iluminación, segundo se mostra na �g. C.7. Desta maneira p ó dense

in terpretar de maneira simple as sobre-estimacións da e�ciencia de RPCs an te-

riormen te publicadas para feixes moi curtos temp oralmen te e taxas altas [71 ].
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C.6 Conclusións

As principais ap ortacións deste traballo enmárcanse den tro do camp o das RPCs

de temp o de v o o, unha tecnolo xía emerxida no CERN hai ap enas 6 anos. Máis en

concreto, ten sido probada a súa aplicabilidade ao exp erimen to HADES no GSI,

Alemaña, mostrando b oas prestacións n un en torno m ulti-traza característico de

colisións n ucleares a enerxías in termedias p or v olta de 1 Ge V/A. Presén tase

tamén un deseño realista para tal en torno, prop orcionando probabilidades de

detección pró ximas ao 90% para as partículas de in terese (electróns e p ositróns).

O pro xecto para a construcción dun m uro de RPCs de temp o de v o o para

HADES, denominado ESTRELA (Electrically Shielded Timing RPCs Ensem ble

for Lo w Angles), está xa n un estado a v anzado e esp érase que sexa completado

nos pró ximos anos.

Neste traballo móstrase tamén cómo a capacidade de taxa se p o de incre-

men tar enormemen te (unha orde de magnitude) e de maneira práctica a tra v és

dun mo derado aquecemen to da RPC (unha tecnolo xía que ten sido denominada

RPCs mornas p ar a temp o de vo o ).

As p osibilidades últimas de mellora da capacidade de con taxe das RPCs

foron exploradas a tra v és dun mo delo analítico que inclúe de maneira explícita

o efecto das �uctuacións da tensión no gas sobre a resolución temp oral. O

pro ceso de carga do vidro foi descrito tamén de maneira simple e comparado

cos datos, mostrando que acon tece, de maneira natural, na escala temp oral do

temp o de relaxación da RPC, � g .
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F rases célebres

�F ac er unha RPC é c omo fac er unha tortil la.� (O catedrático) .

�F ac er unha tese non é c omo fac er unha tortil la.� (O b olseiro) .

�Che ga un momento na vida no que hai que fac erse un mo delito.�

(O catedrático) .

�F ac er unha b o a tese r e quir e plantexarse ab andonala p olo menos

nun p ar de o c asións.� (O b olseiro) .

�L ast night I had a dr e am...� (O sup ervisor) .

�Non me cr e o iso.� (O sup ervisor) .

�Pois... agr anda as b arr as de err o!� (O día an tes de en viar o

artículo) .

�Nunc a l le fagas c aso ó teu sup ervisor.� (O sup ervisor) .

�Eu cr e o que é ne c esario desc ansar p olo menos 8 hor as diarias...�

(O b olseiro) .

�Ok, pr ep ár ao p ar a o luns.� (O v enres p ola tarde) .

�Non, hoxe tamp ouc o p o do que dar.� (O b olseiro) .

�A h, p er o ti tamén tr ab al las nisto?� (Ó compañeiro de grup o) .

�Por qué non or ganizamos r eunións semanais e c ontamos o que

fac emos...?� (Ese v ello soño) .

�Bos dias!, c omo madrugamos hoxe eh?.� (A noite an tes do

de ad line ) .

�A lgún doutor na sala quer e formular pr e guntas?� (A derradeira

pregun ta da tese) .

�Hai que aumentar a sinerxia.� (O catedrático) .

243
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�rm -rf *� (A crise) .

�Que fermoso!. Que é?.� (O sup ervisor) .

�Os datos nunc a están mal. O que p o de fal lar é a te oría. (O b o

físico exp erimen tal)

�Este é o mo delo. Se fan b en o exp erimento deb en ser c ap ac es de

r epr o ducilo.� (O b o físico teórico)

�Eu tr ab al lo na c asa.� (O catedrático) .

�Ola!, tr ab al lando no �n de semana?.� (De b olseiro a b olseiro,

o �n de semana.) .

�Os xap oneses tr ab al lan mentr as durmen e os esp añois durmen

mentr as tr ab al lan.� (O c ho que de civilizacións) .

�Sí, sí.� (O insconcien te) .

�Non te pr e o cup es p ola tese p or que ninguén as lé.� (O prag-

mático) .

�Se gmentation violation, c or e dump e d.� (O compilador) .

�Moi b o a ide a, p or qué non o fas ti?� (A dúbida) .

�O pr oblema é que o c ó digo está mal do cumentado.� ( O pr o-

blema ) .

�A físic a é así.� (A causa última de calqueira frustración) .
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