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1 Introdu
tion

The aim of the NEMO 3 [1℄ simulation program is to predi
t as pre
isely as possible the

response of the dete
tor to the o

urren
e of various physi
al pro
esses. Simulated events

are used to test the re
onstru
tion (pattern re
ognition) and analysis (event sele
tion)

programs. They are also used to study the a

eptan
e of the dete
tor to ba
kgrounds and

rare pro
esses.

In an early stage, during the design of the experiment, this program was used for the

observation of what happens to various events inside the dete
tor, to 
ompute a

eptan
es

and so to reveal possible weaknesses of the setup. An important parameter in the sear
h

for rare events su
h as �� de
ays is the 
ontribution of ba
kground events faking real

events. Therefore the ability to simulate all relevant ba
kground pro
esses using a pre
ise

des
ription of the various materials and geometry of the dete
tor is mandatory.

This note des
ribes in detail some parts of the 
ode developed in the framework of

GEANT [2℄ for the simulation of events in the NEMO 3 dete
tor:

- the geometry of the experimental setup des
ribed by a set of geometri
al volumes


hara
terised by parameters relating to the material �lling these volumes. Some of these

volumes are 
onsidered as sensitive dete
tors giving a response when hit by parti
les;

- the generation of the initial kinemati
s of the events. This part of the program

provides the possibility to generate all various double beta de
ays (0�, 2�, Majorons) for

most of the nu
lei 
andidates for that pro
ess. Also internal ba
kground events (events

originating from the foil made of the material under study) as well as external ba
kground

events (de
aying nu
lei lo
ated inside or outside of the dete
tor or external 
uxes of

elementary parti
les) may be generated;

- the transport of parti
les through the various regions of the setup. Although this is

the task of the 
ode developed by the authors of GEANT, important features useful to

understand the behaviour of the events are inter
epted by the user part of the program

during the stepping of the parti
les through the setup (intera
tions of the parti
les with

wires, tra
ks hitting the sour
e foil for example);

- the re
ording of tra
ks produ
ed by parti
les hitting sensitive dete
tors and the

des
ription of the response of these dete
tors. This part involves the modeling of ele
troni


signals (pulse shapes for example) leading to the digitisations after analog to digital or/and

time to digital 
onversion;

- the visualization of the dete
tors. The possibility to observe the real parti
le traje
-

tories together with the resulting digitisations is a helpful tool for the interpretation of

the dete
tor response. Creation and modi�
ation of tra
ks by pi
king up digitisations on

the s
reen is very useful when testing pattern re
ognition programs and to res
ue some

of the pathologi
al events.
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2 The model of NEMO 3 used for the simulation

The des
ription of the NEMO 3 devi
e was done using the available drawings produ
ed

for the 
onstru
tion of the dete
tor, 
reated with the EUCLID industrial software [3℄, and

the EUCLID{GEANT interfa
e [4℄. In this way it was possible to retrieve dire
tly on the

s
reen the dimensions, positions and rotations of the EUCLID obje
ts, to 
reate the 
or-

responding GEANT volumes and to pla
e them in 
orre
t positions using all possibilities

of EUCLID to manipulate obje
ts. Some 
omplex EUCLID obje
ts had to be divided

into several parts be
ause of the restri
ted number of shapes available in GEANT (EE

s
intillator blo
ks for example). In addition to the geometri
 information, the des
rip-

tion of materials, tra
king media and the hierar
hy of volumes have been added. The

EUCLID{GEANT interfa
e gave also the possibility to 
he
k the overlap between obje
ts

and 
omplete in
lusion of daughter volumes into mother volumes.

As a result, the ASCII �le 
ontaining the NEMO 3 model 
onsists of 2615 lines of

des
ription and in
ludes 485 basi
 obje
ts, 33 divisions, 525 rotation matri
es; 40 materials

and 16 tra
king media are des
ribed, some of them { for future use (foils with various

double beta emitters). The full number of obje
ts in the model is about 100000; of them,

1940 are s
intillator blo
ks for energy measurements and 39820 wires for parti
le tra
king.

Fig. 1 shows the full NEMO 3 model and �g. 2 represents one of the 20 se
tors. All the

se
tors are identi
al ex
ept for the sour
e foils whi
h 
an be pla
ed in any desired position

of the dete
tor.

3 The event generator

The event generator, named GENBB, gives the initial kinemati
s of parti
les in

an event: the number of parti
les emitted, their types (e

+

, e

�

, 
, � et
.), momentum


omponents and time of emission.

3.1 Double beta pro
esses

GENBB des
ribes double beta pro
esses (2�

�

and 2�

+

de
ays, ele
tron 
apture

with emission of positron "�

+

and double ele
tron 
apture 2") for 16 nu
lides, the most

promising 
andidates from the full list of 69 [5℄. 2� transitions to the ground state (g.s.)

as well as to a few ex
ited 0

+

and 2

+

levels of the daughter nu
leus are allowed:

48

Ca!

48

Ti 2�

�

g.s., 2

+

1

, 2

+

2

58

Ni!

58

Fe 2"; "�

+

g.s., 2

+

1

, 2

+

2

76

Ge!

76

Se 2�

�

g.s., 2

+

1

, 0

+

1

, 2

+

2

74

Se!

74

Ge 2"; "�

+

g.s., 2

+

1

, 2

+

2

82

Se!

82

Kr 2�

�

g.s., 2

+

1

, 2

+

2

94

Zr!

94

Mo 2�

�

g.s., 2

+

1

96

Zr!

96

Mo 2�

�

g.s., 2

+

1

, 0

+

1

, 2

+

2

, 2

+

3

92

Mo!

92

Zr 2"; "�

+

g.s., 2

+

1

, 0

+

1

100

Mo!

100

Ru 2�

�

g.s., 2

+

1

, 0

+

1

, 2

+

2

, 0

+

2

106

Cd!

106

Pd 2"; "�

+

; 2�

+

g.s., 2

+

1

, 2

+

2

, 0

+

1

114

Cd!

114

Sn 2�

�

g.s.
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NEMO 3

Figure 1: The model used in GEANT for the NEMO 3 installation. The dete
tor and the


oil are surrounded by an iron shield.
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NEMO 3

Figure 2: One se
tor of NEMO 3 as des
ribed in the geometry banks used by GEANT.

The wires of the Geiger 
ells are not represented.
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116

Cd!

116

Sn 2�

�

g.s., 2

+

1

, 0

+

1

, 0

+

2

, 2

+

2

, 2

+

3

130

Te!

130

Xe 2�

�

g.s., 2

+

1

136

Xe!

136

Ba 2�

�

g.s., 2

+

1

, 2

+

2

, 0

+

1

148

Nd!

148

Sm 2�

�

g.s., 2

+

1

, 2

+

2

150

Nd!

150

Sm 2�

�

g.s., 2

+

1

, 0

+

1

, 2

+

2

, 2

+

3

, 0

+

2

Transitions to all levels of daughter nu
lei, for whi
h experimental results are known

[5℄, are available in GENBB.

If 2� de
ay o

urs to an ex
ited level of a nu
leus, the deex
itation pro
ess with

emission of 
 quanta, 
onversion ele
trons and e

+

e

�

pairs follows (see se
tion 3.2 for the

des
ription of nu
lear deex
itation pro
ess).

For ea
h transition to the ground or an ex
ited level, various modes (with emission

of two neutrinos or Majoron, neutrinoless de
ays due to nonzero neutrino mass or right-

handed admixture in the weak intera
tion et
.) and me
hanisms (two-nu
leon 2n and

�-isobar N

�

) of double beta de
ay are possible. Below we give the theoreti
al formulae

for the energy and angular distributions used in GENBB to sample the energies and angles

of emitted ele
trons or positrons. The Primako�-Rosen (PR) approximation for the Fermi

fun
tion, whi
h takes into a

ount the in
uen
e of the ele
tri
 �eld of the nu
leus on the

emitted parti
les, is not used anymore in GENBB (it was used in earlier versions [6℄)

to des
ribe a

urately the energy spe
tra not only of ele
trons in 2�

�

de
ay but also

positrons in 2�

+

and "�

+

de
ays. See [7℄, [8℄ and [9℄ for 
omparison of exa
t distributions

with those 
al
ulated in the PR approximation.

The sampling of energies and angles of e

�

or e

+

is based on 3-dimensional distributions

�

12�

(t

1

; t

2

; 
os�), where t

i

is the kineti
 energy of the i-th e

�

or e

+

(all energies in this

se
tion are in units of the ele
tron mass m

0




2

) and � is the angle between the parti
le

dire
tions, from whi
h 2-dimensional energy distributions �

12

(t

1

; t

2

) and 1-dimensional

distributions �

1

(t

1

) are 
al
ulated:

�

12

(t

1

; t

2

) =

Z

�

0

�

12�

(t

1

; t

2

; 
os�) d(
os�); (1)

�

1

(t

1

) =

Z

t

0

�t

1

0

�

12

(t

1

; t

2

) dt

2

: (2)

In these expressions t

0

is the energy available in the 2� pro
ess: for 2�

�

de
ay t

0

=Q

��

�

E

level

, for 2�

+

de
ay t

0

=Q

��

� 4�E

level

, for "�

+

de
ay t

0

=Q

��

� 2�E

B

�E

level

and for

2" de
ay t

0

= Q

��

�E

B

1

�E

B

2

�E

level

, where Q

��

is the energy release (mass di�eren
e

between parent and daughter atoms [10℄), E

level

the energy of ex
ited level of daughter

nu
leus, and E

B

j

the binding energies of ele
trons on the atomi
 shell.

The energy of the �rst e

�

or e

+

is sampled in a

ordan
e with (2), after the energy

of the se
ond parti
le is sampled from (1) with �xed t

1

and �nally the angle � is sam-

pled from �

12�

(t

1

; t

2

; 
os�) with �xed t

1

and t

2

(supposing isotropi
 emission for the �rst

parti
le) [11℄. The GENBB distributions �

12�

(t

1

; t

2

; 
os�) are based on works [12℄, [13℄,

[14℄, [15℄ and [16℄ (the PR approximation in [12℄ was removed). Without the PR ap-

proximation, the integrals (2) for some modes 
annot be derived analyti
ally, so they are


al
ulated numeri
ally in GENBB. Analyti
al expressions for 2� distributions in the PR

approximation 
an be found in [5℄.
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The momentum of the i-th ele
tron, p

i

, whi
h appears in the formulae below is given

by p

i

=

q

t

i

(t

i

+ 2) (in units of m

0


) and its velo
ity, �

i

, by �

i

= p

i

=e

i

(in units of 
)

where e

i

= t

i

+ 1. The Fermi fun
tion is de�ned as

F (t; Z) = 
onst � p

2s�2

exp(��) j �(s+ i�) j

2

; (3)

where s =

q

1� (�Z)

2

, � = �Ze=p, � = 1=137:036, Z is the atomi
 number of the

daughter nu
leus (Z > 0 for �

�

and Z < 0 for �

+

de
ay) and � the gamma fun
tion.

In the PR approximation F (t; Z) � e=p, whi
h is adequate only for Z > 0 (�

�

and 2�

�

de
ays).

1. 0�2�

�

de
ay with neutrino mass, 0

+

� 0

+

transition, 2n-me
hanism

�

12�

(t

1

; t

2

; 
os�) = e

1

p

1

F (t

1

; Z)e

2

p

2

F (t

2

; Z)Æ(t

0

� t

1

� t

2

)(1� �

1

�

2


os�); (4)

�

12

(t

1

; t

2

) = e

1

p

1

F (t

1

; Z)e

2

p

2

F (t

2

; Z)Æ(t

0

� t

1

� t

2

): (5)

2. 0�2�

�

de
ay with right-handed 
urrents, 0

+

� 0

+

transition,

2n-me
hanism

�

12�

(t

1

; t

2

; 
os�) = e

1

p

1

F (t

1

; Z)e

2

p

2

F (t

2

; Z)(t

1

� t

2

)

2

Æ(t

0

� t

1

� t

2

)(1 + �

1

�

2


os�); (6)

�

12

(t

1

; t

2

) = e

1

p

1

F (t

1

; Z)e

2

p

2

F (t

2

; Z)(t

1

� t

2

)

2

Æ(t

0

� t

1

� t

2

): (7)

3. 0�2�

�

de
ay with right-handed 
urrents, 0

+

� 0

+

and 0

+

� 2

+

transitions,

N

�

-me
hanism

�

12�

(t

1

; t

2

; 
os�) = p

1

F (t

1

; Z)p

2

F (t

2

; Z)[2p

2

1

p

2

2


os

2

� � p

1

p

2


os�f(e

1

+ e

2

)

2

+ (8)

+4(e

1

e

2

+ 1)g+ 3(e

1

e

2

+ 1)(p

2

1

+ p

2

2

)℄Æ(t

0

� t

1

� t

2

),

�

12

(t

1

; t

2

) = p

1

F (t

1

; Z)p

2

F (t

2

; Z)[2p

2

1

p

2

2

+ 9(e

1

e

2

+ 1)(p

2

1

+ p

2

2

)℄Æ(t

0

� t

1

� t

2

): (9)

The formulae for 0

+

� 0

+

and 0

+

� 2

+

transitions in this mode of de
ay are the same but

the value of t

0

di�ers by E

level

.

4. 2�2�

�

de
ay, 0

+

� 0

+

transition, 2n-me
hanism

�

12�

(t

1

; t

2

; 
os�) = e

1

p

1

F (t

1

; Z)e

2

p

2

F (t

2

; Z)(t

0

� t

1

� t

2

)

5

(1� �

1

�

2


os�); (10)

�

12

(t

1

; t

2

) = e

1

p

1

F (t

1

; Z)e

2

p

2

F (t

2

; Z)(t

0

� t

1

� t

2

)

5

: (11)

5. 0�2�

�

de
ay with emission of Majoron, 0

+

� 0

+

transition,

2n-me
hanism

For 0�2� de
ay with emission of Majoron [17℄

�

12�

(t

1

; t

2

; 
os�) = e

1

p

1

F (t

1

; Z)e

2

p

2

F (t

2

; Z)(t

0

� t

1

� t

2

)(1� �

1

�

2


os�); (12)
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�

12

(t

1

; t

2

) = e

1

p

1

F (t

1

; Z)e

2

p

2

F (t

2

; Z)(t

0

� t

1

� t

2

): (13)

6. 0�2�

�

de
ay with double Majoron emission, 0

+

� 0

+

transition,

2n-me
hanism; de
ay with 
harged L = �2 Majoron and

massive ve
tor Majoron

For both de
ay with double Majoron emission [13℄ and de
ay with emission of Majoron

with lepton number �2 [14℄

�

12�

(t

1

; t

2

; 
os�) = e

1

p

1

F (t

1

; Z)e

2

p

2

F (t

2

; Z)(t

0

� t

1

� t

2

)

3

(1� �

1

�

2


os�); (14)

�

12

(t

1

; t

2

) = e

1

p

1

F (t

1

; Z)e

2

p

2

F (t

2

; Z)(t

0

� t

1

� t

2

)

3

: (15)

For the de
ay with emission of a ve
tor Majoron with mass m [15℄

�

12�

(t

1

; t

2

; 
os�) = e

1

p

1

F (t

1

; Z)e

2

p

2

F (t

2

; Z)[(t

0

� t

1

� t

2

)

2

�m

2

℄

3=2

(1� �

1

�

2


os�): (16)

In the m = 0 
ase this distribution (and all subsequent ones) redu
es to the distribution

for double Majoron emission.

7. 0�2�

�

de
ay with right-handed 
urrents, 0

+

� 2

+

transition,

2n-me
hanism

�

12�

(t

1

; t

2

; 
os�) = p

1

F (t

1

; Z)p

2

F (t

2

; Z)[3p

2

1

p

2

2


os

2

� � p

1

p

2


os�(10(e

1

e

2

+ 1)+ (17)

+p

2

1

+ p

2

2

) + 5(e

1

e

2

+ 1)(p

2

1

+ p

2

2

)� p

2

1

p

2

2

℄Æ(t

0

� t

1

� t

2

),

�

12

(t

1

; t

2

) = p

1

F (t

1

; Z)p

2

F (t

2

; Z)(e

1

e

2

+ 1)(p

2

1

+ p

2

2

)℄Æ(t

0

� t

1

� t

2

): (18)

8. 2�2�

�

de
ay, 0

+

� 2

+

transition, 2n- and N

�

-me
hanism

�

12�

(t

1

; t

2

; 
os�) = e

1

p

1

F (t

1

; Z)e

2

p

2

F (t

2

; Z)(t

1

� t

2

)

2

(t

0

� t

1

� t

2

)

7

(1 +

1

3

�

1

�

2


os�); (19)

�

12

(t

1

; t

2

) = e

1

p

1

F (t

1

; Z)e

2

p

2

F (t

2

; Z)(t

1

� t

2

)

2

(t

0

� t

1

� t

2

)

7

: (20)

The formulae for the N

�

-me
hanism in this mode of de
ay are the same as for the 2n-

me
hanism.

9. 0�K�

+

de
ay, 0

+

� 0

+

and 0

+

� 2

+

transitions

Only K-shell ele
tron 
apture is 
onsidered in GENBB. In 0�K�

+

de
ay a monoen-

ergeti
al positron is emitted (with energy t

0

= Q

��

� 2 � E

K

� E

level

). The hole in the

atomi
 K shell, 
reated in the K-ele
tron 
apture, results in emission of an X ray with

energy E

K

. Both parti
les are emitted isotropi
ally without any angular 
orrelation.
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10. 2�K�

+

de
ay, 0

+

� 0

+

and 0

+

� 2

+

transitions

This pro
ess is similar to usual �

+

de
ay but two neutrinos are emitted instead of one.

The distribution for a 
ontinuous positron energy spe
trum is given [16℄ by

�

1

(t

1

) = e

1

p

1

F (t

1

; Z)(t

0

� t

1

)

5

: (21)

An X ray with energy E

K

is also emitted (as in the previous se
tion).

11. 0�2K de
ay, 0

+

� 0

+

and 0

+

� 2

+

transitions

Be
ause no neutrinos are emitted, it is supposed that all energy release is taken by

one 
 quantum with energy t

0

= Q

��

� 2E

K

� E

level

. Two X rays with energy E

K

are

also emitted; no angular 
orrelation is supposed between the parti
les.

12. 2�2K de
ay, 0

+

� 0

+

and 0

+

� 2

+

transitions

Two X rays with energy E

K

are emitted without angular 
orrelation. In the 
ase of a

transition to an ex
ited level of the daughter nu
leus, additional parti
les (
, 
onversional

e

�

and e

+

e

�

pairs) will be emitted.

3.2 De
ay of natural radioa
tive nu
lides

The presen
e of admixtures of natural radioa
tive nu
lides in the foil under investigation

is very dangerous: in their de
ay, events 
ould be produ
ed whi
h imitate double beta

de
ay. In the last pro
ess two e

�

(or e

+

) are emitted at the same pla
e and time with

spe
i�
 energy and angular distributions (see se
tion 3.1). In de
ays of nu
lides from the

natural radioa
tive 
hains two e

�

(e

+

) 
an also be emitted (pra
ti
ally) simultaneously

and (pra
ti
ally) in the same pla
e: in general the �rst e

�

(e

+

) is emitted in a � de
ay

(most of these nu
lides are � de
ayers); the se
ond e

�


an be 
reated after M�oller (Bhabba)

s
attering of the �rst e

�

(e

+

), or, if an ex
ited level of the daughter nu
leus resulted from

the � de
ay, in nu
lear deex
itation when a 
onversion ele
tron or e

�

e

+

pair is emitted

instead of a 
 quantum. Compton s
attering or photoe�e
t of a deex
itation 
 quantum

in the neighbourhood gives also a se
ond ele
tron. Su
h events will result, if not in a full

imitation of 2� de
ays, at least in a two ele
tron ba
kground. Therefore simulation of the

de
ay of dangerous nu
lides is ne
essary to know the eÆ
ien
ies and response fun
tions

of the NEMO 3 dete
tor for the 
orresponding 2e events. Des
ription of nu
lide de
ays

should be very detailed and pre
ise [18℄ remembering that the NEMO 3 experiment is

aimed at sear
hing for extremely rare pro
esses (4.2 2�0� de
ays o

ur in 10 kg of

100

Mo

per year if T

0�

1=2

= 10

25

y).

The event generator also provides the possibility to generate events from the de
ay of

some arti�
ial isotopes whi
h are used as 
alibration sour
es { to simulate the 
alibration

of the dete
tor and 
he
k with good statisti
s the simulated eÆ
ien
ies and spe
tra shapes.

The 
urrent list of ba
kground and 
alibration isotopes in
ludes 26 nu
lei:

228

A


152

Eu

214

Pb

207

Bi+

207m

Pb

154

Eu

106

Rh
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208

Bi

146

Gd

90

Sr

210

Bi

182

Hf

182

Ta

212

Bi+

212

Po

40

K

207

Tl

214

Bi+

214

Po

22

Na

208

Tl

60

Co

234m

Pa

88

Y

137

Cs+

137m

Ba

211

Pb

90

Y

147

Eu

212

Pb

All probabilities for � and � de
ay modes, values of energy release, energies of ex-


ited nu
lear levels and probabilities of transitions to lower levels are taken from [19℄.

Energies are rounded o� to 1 keV and probabilities to 0.001% (de
ays and transitions

with probabilities less than 0.001% are not taken into a

ount). To des
ribe the deex-


itation pro
ess in the daughter nu
leus, full nu
lear s
hemes as des
ribed in [19℄ were

used, without any approximations or simpli�
ations (for

152

Eu and

154

Eu, models were


onstru
ted in a

ordan
e with the new edition of the "Table of Isotopes" [20℄ and with

the 
orresponding issues of Nu
lear Data Sheets). Su
h an approa
h leads sometimes to

quite 
omplex des
riptions:

- for de
ay of

154

Eu, 31 levels of

154

Gd (

154

Eu �

�

de
ay), 2 levels of

154

Sm (

154

Eu EC

de
ay), and 164 di�erent 
 quanta are taken into a

ount in the model;

- for de
ay of

214

Bi, 48 levels of

214

Po (

214

Bi �

�

de
ay), 3 levels of

210

Tl (

214

Bi � de
ay)

and 105 di�erent 
 quanta are in
luded;

- for �

�

de
ay of

228

A
, the model 
ontains 44 ex
ited levels of

228

Th and 166 di�erent


 quanta.

Some simpli�
ations were made only in a few 
ases: for

234m

Pa (99.7% of the possible

de
ay paths are des
ribed), for

214

Po (99.989%) and for

106

Rh (99.32%).

For ea
h transition from an ex
ited nu
lear level to one of the lower levels, all three


on
urrent pro
esses are taken into a

ount in the models: (1) to emit a 
 quantum;

(2) to emit a 
onversion ele
tron instead of a 
; (3) to emit an ele
tron-positron pair (in

this 
ase the energy of the transition must be greater than 1.022 MeV). Su
h an approa
h

allows automati
ally to 
onsider the emission not only of one but of two or more 
onversion

ele
trons and/or e

+

e

�

pairs, whi
h is espe
ially important from the point of view of 2�

de
ay imitation.

Experimental data of [19℄ and [20℄ were used for 
oeÆ
ients of 
onversion of 
 quanta

to e

+

e

�

pairs; if su
h data were unavailable, graphs from [21℄ were used as a sour
e of

theoreti
al values. Emitted in internal pair e

+

and e

�

are supposed to have equal energies

and the same dire
tion [22℄.

For values of 
oeÆ
ient of 
onversion of 
 quanta to 
onversion ele
trons, the experi-

mental data [19℄, [20℄ were used when available; if not, the values were determined from

the theoreti
al 
urves in [23℄.

Only 
onversion from the K atomi
 shell was assumed in all 
ases when the transition

energy was suÆ
ient; if not, L (or even M) 
onversion was assumed. As a result of


onversion, an ele
tron with energy E

e

�

= E




� E

B

and an X ray with energy E

B

are

emitted; Auger ele
trons are not 
onsidered (here E




is the energy of the 
orresponding


 quantum, and E

B

the binding energy of an ele
tron on the shell).

For

207

Bi+

207m

Pb de
ay, a more sophisti
ated model was 
reated taking into a

ount

the 
onversion from K, L and M atomi
 shells, emission of K, L and M X rays and K and

10



L Auger ele
trons.

Angular 
orrelations between 
 quanta in a 
as
ade of nu
lear transitions are not 
on-

sidered; all 
, 
onversional e

�

and e

+

e

�

pairs are independent and emitted isotropi
ally.

Non-zero half-life of ex
ited levels leading to a delay in parti
les emission is taken into

a

ount.

All � de
ays to the ground and ex
ited levels of the daughter nu
leus are 
onsidered

as allowed, and only the Fermi 
orre
tion fa
tor to the shape of the energy spe
trum of

� parti
les is taken into a

ount: �(t) = epF (t; Z)(t

0

� t)

2

; where e; p; F; t; Z are de�ned

as in se
tion 3.1 (now t

0

is equal to Q

�

�E

level

for �

�

and Q

�

�E

level

� 2 for �

+

de
ay).

3.3 Spe
ial events

In addition to 2� de
ays and de
ays of radioa
tive nu
lei, some spe
ial events 
an also

be produ
ed.

Compton s
attering of external 
 quanta or M�oller s
attering of external e

�

are sim-

ulated by GEANT itself but their o

urren
e in some 
ases (for a thin foil for example)

is very low and the simulation of a prohibitive number of events must be done to obtain

some spe
tra with suÆ
ient statisti
s. The event generator provides the possibility of

generating the kinemati
s of su
h events (for energy and angles of the initial 
 or e

�

in

some given range) speeding up in this way the 
omputations. In this 
ase the absolute

eÆ
ien
y must be 
al
ulated by the user himself.

Arti�
ial events with emission of up to 10 � parti
les, e

+

e

�

pairs or any kind of parti
le

[2℄, in
luding 
, e

�

, e

+

, �

�

, �

+

, � et
., 
an be produ
ed. The ranges for their energies

and dire
tions are 
hosen by the user.

4 The tra
king of parti
les

In GEANT tra
king of a parti
le through a geometry of obje
ts 
onsists in 
al
ulating

a set of points in a 7-dimensional spa
e (x, y, z, t, p

x

, p

y

, p

z

) whi
h is 
alled the traje
tory

of the parti
le. This is a
hieved by integrating the equations of motion over su

essive

steps from one traje
tory point to the next and applying 
orre
tions to a

ount for the

presen
e of matter. The simulation of parti
les traversing the setup has to take into

a

ount the intera
tions of those parti
les with the material of the dete
tor. GEANT is

able to simulate the dominant pro
esses whi
h 
an o

ur in the energy range from 10 keV

to 10 TeV for ele
tromagneti
 intera
tions whi
h are relevant in our 
ase.

In our appli
ation it is supposed that a parti
le whose energy falls below the 10 keV

limit is stopping. The sele
ted pro
esses whi
h a

ompany the propagation of a parti
le

through the material of the dete
tor are:

Pro
esses involving photons:

e

+

e

�

pair 
onversion,

Compton s
attering,

Photoele
tri
 e�e
t,

Rayleigh s
attering;

11



Pro
esses involving e

�

, e

+

:

Multiple s
attering,

Ionization and Æ-rays produ
tion,

Bremsstrahlung,

Annihilation of positron.

Note that photo �ssion of heavy elements (no material with A>230 is present in our

dete
tor), generation of

�

Cerenkov and syn
hrotron radiation are negle
ted but 
ould be

in
luded without diÆ
ulty.

In addition to the physi
al e�e
ts the 
onstraints of a geometri
al nature lead to a set

of toleran
es in
uen
ing the tra
king step size. These quantities 
an be 
al
ulated by the

program itself but in order to avoid una

eptable losses of a

ura
y some of them have

been �xed to the values listed in the appendix A.

At ea
h step during the tra
king of a parti
le the following a
tions are taken:

1. The se
ondary parti
les produ
ed are stored for further tra
king.

2. For ele
trons hitting a s
intillator blo
k some information is re
orded:

- the 
oordinates of the point where the parti
le enters the blo
k or where it is 
reated

inside the volume (by Compton s
attering for example);

- the time of 
ight and the kineti
 energy of the parti
le at the entry into the volume

or the time of its 
reation (time 0 
orresponds to the moment when the primary de
ay

o

urred);

- the energy loss of the parti
le inside the s
intillator blo
k.

3. For 
harged parti
les entering or 
reated in a Geiger 
ell an average number of

ionization ele
trons produ
ed is 
al
ulated a

ording to the energy lost in the 
ell. The

a
tual number of ele
trons is taken from a Poisson distribution and their position is

distributed randomly along the path of the parti
le. When the parti
le leaves the Geiger


ell (or stops in it) the following information is stored:

- the 
oordinates of the ionization ele
tron produ
ed 
losest to the anode wire and its

distan
e to that wire;

- the time when this ele
tron was produ
ed;

- the kineti
 energy of the parti
le at its entry into the 
ell or at its 
reation point (for

a Compton e

�

or a Æ ray for example);

- the total energy lost by the parti
le inside the 
ell.

4. The information listed above is used in a latter stage for the simulation of the

dete
tor digitisations. In order to go into the details on how the dete
tor behaves, it is

interesting to 
at
h some additional information not (or at least not easily) a

essible in

the real experiment (intera
tions of the parti
les with the foil or with wires for example)

su
h as:

- the 
oordinates of the point where the parti
le is starting or entering in the foil;

- the 
oordinates of the point where the parti
le is leaving the foil or stopping;

- the energy lost inside the foil;

- the momentum of a parti
le when it hits a wire;

- the momentum of that parti
le when it quits the wire or stops;

- the kineti
 energy of the parti
le hitting a wire;

- the energy lost by the parti
le inside the wire.

12



These quantities were helpful to optimize the thi
kness of the foil and to study the

e�e
ts resulting from the diameter and material of the wires [24℄.

5. Finally the 
oordinates of the spa
e points generated during the tra
king are stored.

This information 
an be used latter for debugging purposes and for graphi
al representa-

tion of the parti
le traje
tories.

5 The dete
tor response

The simulation of the dete
tor response requires digitisations for ea
h dete
tor element

to be de�ned. These digitisations are 
omputed after 
omplete tra
king of ea
h event.

This is done by using the hits re
orded during tra
king time to keep tra
e of the intera
tion

between parti
les and dete
tors (see appendix B for the des
ription of the 
ontent of the

hit banks). The NEMO dete
tor generates digitisations originating from the s
intillators

hit and digitisations indu
ed by the Geiger 
ells hit.

1. Digitisations originating from the s
intillators. These are:

- a dete
tor identi�er giving the address of the s
intillator blo
k hit (16 bits);

- a 12 bit word 
ontaining the value given by the ADC of the 
orresponding ele
troni



hannel;

- a 12 bit word 
ontaining the value given by the TDC of the 
orresponding ele
troni



hannel;

- a 
ag indi
ating if the signal was above the higher threshold level of the dis
riminator

(the dis
riminators of the NEMO 3 have two levels of dis
rimination: the high level is

used for triggering purposes and the low level allows the information from s
intillators

�red by X rays to be re
orded if the event is a

epted by the trigger).

2. Digitisations originating from the Geiger 
ells. These are:

- a dete
tor identi�er giving the address of the Geiger 
ell hit (16 bits);

- a 12 bit word 
ontaining the value given by the fast TDC of the 
orresponding anode

wire;

- a 12 bit word 
ontaining the value given by the slow TDC of the 
orresponding anode

wire. This information is only registered in the presen
e of a hit delayed by more than 4

mi
rose
onds with respe
t to the referen
e time (the referen
e signal (trigger) is supposed

to be available about � 50 ns after the o

urren
e of a signal from the �rst s
intillator

passing the high level dis
rimination);

- a 12 bit word 
ontaining the value from the TDC of the ele
troni
 
hannel of the


athode at the bottom of the (verti
al) Geiger 
ell;

- a 12 bit word 
ontaining the value from the TDC of the ele
troni
 
hannel of the


athode at the top of the Geiger 
ell.

Both types of digitisations are 
oded in two 32 bit words as des
ribed in appendix B.
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5.1 S
intillator digitisations

1. Energy information.

The hit information bank re
orded during tra
king time 
ontains the energy deposited

by a parti
le entering the s
intillator blo
ks. Some blo
ks, of 
ompli
ated shape (not

available as a GEANT volume), are des
ribed by the union of two di�erent sensitive

volumes. For ea
h blo
k, the sum of the energy deposited by all parti
les is performed

(for blo
ks des
ribed by two volumes the energy sum deposited in them is 
al
ulated).

The energy resolution is 
al
ulated from the relation: FWHM(E)=E = K=

p

E with the

energy E expressed in MeV (K is the resolution at 1 MeV) and the energy sum distorted

a

ording to a gaussian resolution fun
tion. The resulting quantity is 
onverted into a

ADC 
hannel number (2 keV/
hannel). The values of K depend on the size of the blo
k

and on the phototube used to 
olle
t the light; they vary from 0.120 for the outer wall

blo
ks to 0.145 for the inner wall blo
ks a

ording to measurements done in the laboratory.

2. Time information.

In 
ontrast to double beta de
ays, where all parti
les are emitted iso
hronously (only

for de
ays to an ex
ited level of the daughter nu
leus some parti
les are emitted after a

short delay) and are thus visible in a single event, some nu
lei de
aying in 
as
ade 
an

produ
e parti
les during a large interval of time. Su
h pro
esses are treated as follows.

The �rst mse
 of the pro
ess is 
onsidered as an event in its own. After this �rst mse
,

parti
les produ
ed during a �xed interval of time (
orresponding to the dead time of the

dete
tor) are ignored. After that dead time the next parti
le produ
ed restarts a new

event lasting again a maximum of one mse
. This algorithm is repeated until 
omplete

deex
itation of the last nu
leus of the de
ay 
hain o

urs. Thus an de
ay may lead to

several separate dete
ted events.

In the experiment, s
intillator timing information is used to reje
t external events. It

is therefore important for the simulation to reprodu
e rather a

urately all instrumental

e�e
ts a�e
ting the timing and o

urring between the moment when a parti
le hits the

s
intillator and the time when the signal is a
tually re
orded.

2.1. Transit time 
u
tuations.

The following formula is used to des
ribe the varian
e of the transit time 
u
tuations

inside the phototubes:

�

2

= (�

2

t

+ �

2

tt

)(1 + �

2

pmt

)=n

phe

(E); (22)

where �

2

t

is the varian
e of the de
ay time (�

2

t

= �

2

is used where � is the de
ay time


onstant of the s
intillator), �

2

tt

is the varian
e of the transit time for one photoele
tron,

�

2

pmt

is the relative varian
e of the PMT gain (
al
ulated from the 
olle
tion eÆ
ien
y and

the gain of the phototube), n

phe

(E) is the number of primary photoele
trons (n

phe

(E) is

approximated by (2:36=K)

2

�E from the relation above giving the resolution).

The �g. 3a illustrates the variation and the 
u
tuation of the transit time as a fun
tion

of the energy deposited in the s
intillator blo
ks.
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2.2. The signal rise time.

The shape of the pulse generated at the anode of the PMT is modelled a

ording to

the formula:

V

a

(t) =

q

a

C

�

�

� � �

� [exp(�t=�) � exp(t=�)℄; (23)

where q

a

is the 
harge of the avalan
he (the PMT gain is adjusted su
h that E = 2 keV

is equivalent to q

a

= 0:25 pC), � is the ele
troni
 time 
onstant, C = �=R, where R is the

resistan
e of the integrating 
ir
uit.

If the amplitude of the signal 
al
ulated in this way is below the lower threshold of

the dis
riminator (V

th

) the s
intillator hit is ignored. On the 
ontrary for a larger signal

the hit is 
onsidered as dete
ted and the time when the signal rea
hes the threshold (t

s

)

is 
al
ulated (V

a

(t

s

) = V

th

). Fig. 3b illustrates the variation of t

s

as a fun
tion of the

energy deposited.

The time when the signal is dete
ted is thus given by:

t

signal

= tof + t

s

+ tt; (24)

where tof is the time of 
ight of the parti
le in the dete
tor before rea
hing the s
intillator

blo
k, tt is the transit time generated randomly on a Gaussian 
urve with varian
e given

by relation (22). Time t

signal

shifted by a 
onstant delay (introdu
ed by the trigger logi
)

is then 
oded into a TDC 
hannel number (0.10 ns/
hannel).
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5.2 Geiger 
ell digitisations

During the pro
ess of tra
king of a 
harged parti
le through the Geiger 
ells, ionization

ele
trons are generated randomly along the traje
tory in the helium gas at a mean rate

of one ele
tron per 50 eV energy loss. Delta rays are 
onsidered as parti
les produ
ing

themselves ionization ele
trons. Inside ea
h 
ell the ionization ele
tron produ
ed 
losest

to the anode wire is 
onsidered as responsible for the �ring of the wire and its 
oordinates

are stored. In the 
ase of a multiple hit (more than one 
harged parti
le 
rossing the same


ell) the ele
tron lo
ated nearest to the anode is supposed to �re it.

1. Anode time information.

1.1. Ele
tron di�usion.

While the ele
tron drifts towards the anode wire it su�ers longitudinal di�usion with

varian
e:

�

2

= �

l

� d; (25)

where d is the drift distan
e and �

l

{ the longitudinal di�usion 
oeÆ
ient for He.

At T = 300 K and E=P = 1:6 V � 
m

�1

� torr

�1

, �

l

= 0:0026 
m [25℄ (E=P is the

ele
tri
 �eld over pressure ratio).

1.2. Ele
tron drift velo
ity.

The ele
tron velo
ity during the drift towards the anode is a 
omplex fun
tion of E

and of the mean time between elementary 
ollisions (whi
h itself depends on E). In a

Geiger 
ell the ele
tri
 �eld varies as a fun
tion of the distan
e to the anode wire, therefore

the mean drift velo
ity for a drift distan
e d has been approximated by the relation (R

0

is the radius of the wire):

w = k �

(R

0

+ d) +R

0

R

2

0

(R

0

+ d)

2

: (26)

It is known from the literature [25℄ and from the NEMO prototype [26℄ that w = 1 
m/�s

for d = 1:5 
m. This allows the value of the 
onstant k to be estimated (k = 3:74 � 10

�8


m

4

/s).

The drift time t

d

is evaluated from the drift distan
e modi�ed by the drift 
u
tuations

due to the di�usion and from the mean drift velo
ity. Fig. 4a presents the distribution

of t

d

as a fun
tion of the drift distan
e for simulated events. This distribution is 
lose to

the one obtained from the NEMO 2 experiment [26℄.

The time when the signal is dete
ted t

signal

= tof + t

d

is shifted by a 
onstant delay

(4 �s) and 
oded into a TDC 
hannel number (20 ns/
hannel). If the signal o

urs after

the delay, the time signal is 
oded by means of a slow TDC at 500 ns/
hannel (this

information allows the dete
tion of delayed � parti
les).
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2. Cathode time information.

The plasma 
reated by the avalan
he on the anode propagates towards the extremities

of the wire at 
onstant velo
ity W (W = 7 
m/�s) indu
ing signals on the 
athode rings

lo
ated there. The 
u
tuation of the drift velo
ity is supposed to be of the order of 1% as

measured in the NEMO 2 prototype and is taken into a

ount. The time signals of both


athodes (t

kb

and t

kt

) are 
oded into TDC 
hannels with a time bin of 20 ns/
hannel. In

the situation where two parti
les 
ross the same Geiger 
ell, two avalan
hes are supposed

to be produ
ed on the same wire and the smallest drift distan
es on both sides of the

wire are used to 
al
ulate the plasma drift times. This e�e
t produ
es a small asymmetry

(illustrated in �g. 4b) in the W = L=(t

kb

+ t

kt

) distribution (here L is the anode length)

whi
h agrees with the observations made in NEMO 2.

6 Visualization of events

The event visualization part of the program, based on the GEANT drawing pa
kage

[2℄, allows the NEMO 3 
omponents, parti
le traje
tories, hits re
orded in the sensitive

elements of the set up, dete
tors digitisations and �tted tra
ks to be visualized. It is

espe
ially useful and 
onvenient when used in intera
tive operation to 
hange the dete
tor

representation, understand the behaviour of the events, see the 
orresponding digitisations

and debug pattern re
ognition programs, but 
an be also used in bat
h (to draw some

spe
ial type of events for example).

Besides the general possibilities of visualization whi
h are provided by the intera
tive

version of GEANT and by PAW, some additional possibilities have been added to o�er to
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the user useful tools to analyse events (in the future, real data 
oming from the experiment

may be analysed with the same program).

Owing to the 
reation of view banks 
ontaining some drawings of the dete
tor the

visualization of hits, tra
ks et
. is parti
ularly fast (quasi instantaneous on a 
omputer

su
h as an ALPHA workstation) thus making the operator's work spe
ially pleasant.

The 
urrent version of the program allows:

- to draw a top view (view along the Z axis) together with a side view (view along

the Y or X axis at will) of the dete
tor. The s
intillator blo
ks �red are represented

with thi
k red lines and the energy deposit is indi
ated. In the top view the Geiger


ells hit are represented as 
ir
les 
entered on the 
orresponding anode wires and of

radius proportional to the drift time registered by the TDC's. In the side views a hit is

represented by a segment whose length is equal to two times the estimated error on the

Z 
oordinate;

- to zoom any parts of the �gures des
ribed above. Ea
h zoom operation is always

relative to the status of the 
urrent zoom parameters whi
h are: the zoom fa
tor and

the 
oordinates of the 
enter of the region to be zoomed simply given to the program by

a 
li
k by mouse on the s
reen;

- to superimpose on the drawing the real traje
tories taken by the parti
les. These are

represented by the hits re
orded during the tra
king of the parti
les (see se
tion 4). It is

possible to 
hange the traje
tory representation by a 
ontinuous line (sometimes needed

for more 
larity);

- to list the information from the kinemati
s generated for the event;

- to list the information from the digitisations generated for the event (information

des
ribed in the banks (see appendix B) and translated into physi
al quantities);

- to asso
iate digitisations into tra
ks by 
li
king on Geiger 
ell hits present on the

s
reen (a spe
ial 
li
k ends the a

umulation of digitisations). A helix �t is performed

through the points 
olle
ted and the �tted line drawn on the pi
ture;

- to determine the 
harge of a parti
le from the 
urvature of its �tted tra
k (the

starting point of the tra
k must be given);

- to modify the asso
iation of hits de�ning a tra
k by adding or removing digitisations.

After modi�
ation, the tra
k �t is automati
ally redone with the new asso
iated hits);

- to kill a tra
k;

- to draw the digitisations asso
iated into tra
ks;

- to list all information relative to the tra
ks 
reated.

Fig. 5 presents typi
al zoomed pi
tures of a simulated 2�0� de
ay from

100

Mo. The

relatively low energies of the parti
les involved lead frequently to events where the traje
-

tories are more 
ompli
ated. Fig. 6 shows an example of a moderately 
omplex topology

obtained from a 2�0� de
ay from

100

Mo.
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Figure 5: Zoomed pi
tures of a simulated 2�0� de
ay from

100

Mo: two ele
trons

emerging in opposite dire
tions from the sour
e foil (represented in green) are visible.

The pi
tures on the left (right) are proje
tions on a horizontal (verti
al) plane.

The real traje
tories followed by the ele
trons are represented on the top pi
tures

together with the simulated digitisations. The s
intillators hit are drawn using thi
k red

lines and the energy deposited (in keV) in ea
h of them is indi
ated. The Geiger 
ells hit

are represented as 
ir
les with radii equal to the drift distan
e of ionization ele
trons to

the anode wire in the horizontal proje
tion and as segments in the verti
al proje
tion.

On the bottom pi
tures, traje
tories obtained by an helix �t through the Geiger 
ell

digitisations are represented. The relatively poor �t of tra
k e

�

2

is due to a small angle

s
atter of the ele
tron e

2

per
eptible on the top pi
tures.
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Figure 6: Example of a 
omplex event initiated by a 2�0� de
ay from

100

Mo. The

de
ay point in the foil is visible on the bottom part of the top view (the verti
al magneti


�eld oriented upwards turns the negative parti
les anti
lo
kwise). Ele
tron e

1

s
atters

ba
k from the Mo foil and then stops in a s
intillator blo
k of the inner wall (top left of

the view). Ele
tron e

2

hits a s
intillator of the inner wall where it deposits an energy of

about 1.2 MeV and s
atters ba
k before stopping in the foil (bottom right of the view).
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Appendix A

Presently used parameters in
uen
ing the tra
king step size

The results of the simulation depend 
riti
ally on the 
hoi
e of the tra
king medium

parameters [2℄. These parameters in
uen
ing the tra
king step size are listed below for

all tra
king media used in the NEMO 3 model. Beside these, the maximum turning angle

due to the magneti
 �eld permitted in one step was limited to 5

o

.

The parameters DEEMAX, EPSIL and STMIN given below are de�ned as follows:

DEEMAX { maximum fra
tional energy loss in one step;

EPSIL { boundary 
rossing pre
ision (
m);

STMIN { minimum value for the maximum step imposed by energy loss, multiple

s
attering and magneti
 �eld e�e
ts (
m).

A value marked by "*" is 
al
ulated by GEANT itself.

Tra
king medium DEEMAX EPSIL STMIN

Air * 0.00010 *

Iron * 0.00010 *

Copper * 0.00100 *

Helium * 0.00010 *

Lightguide * 0.00010 *

Pmtglass * 0.00010 *

Magshield * 0.00100 *

S
intillator * 0.00010 *

Anode wire 0.05000 0.00010 0.00001

Field wire 0.05000 0.00010 0.00001

Window * 0.00010 *

Copper tube * 0.00010 *

Iron shielding * 0.00010 *

Lead shielding * 0.00010 *

Mylar wrapping 0.00500 0.00001 0.00001

Te
on wrapping 0.00500 0.00001 0.00001

Poly
arbonate 0.22000 0.00200 0.02000

100

Mo foils 0.00500 0.00001 0.00001

48

Ca foils 0.00500 0.00001 0.00001

76

Ge foils 0.00500 0.00001 0.00001

82

Se foils 0.00500 0.00001 0.00001

96

Zr foils 0.00500 0.00001 0.00001

116

Cd foils 0.00500 0.00001 0.00001

130

Te foils 0.00500 0.00001 0.00001

150

Nd foils 0.00500 0.00001 0.00001
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Appendix B

Contents of the HIT banks

Dete
tor sets "FOIL" and "WIRE" are not used for the 
reation of digitisations but

for spe
ial studies su
h as interse
tions of parti
le tra
ks with the sour
e foils or di�usions

of parti
les on wires et
...

S
intillators (dete
tor set 'CALO')

1 X X 
oordinate of the tra
k (M.R.S.) at the entry into the volume or at


reation point (
m)

2 Y Y 
oordinate of the tra
k (M.R.S.) at the entry into the volume or at


reation point (
m)

3 Z Z 
oordinate of the tra
k (M.R.S.) at the entry into the volume or at


reation point (
m)

4 FLAG Flag used during digitisation (1: normal hit, 0: hit has been 
ombined

with another hit to form 1 digitisation)

5 U X of the 
enter of the entran
e side of the volume (M.R.S.)

(side fa
ing the 
enter of the dete
tor)

6 V Y of the 
enter of the entran
e side of the volume (M.R.S.)

(side fa
ing the 
enter of the dete
tor)

7 W Z of the 
enter of the entran
e side of the volume (M.R.S.)

(side fa
ing the 
enter of the dete
tor)

8 TOF T.O.F. of the parti
le at the entry into the volume or at 
reation point (ns)

9 E Kineti
 energy of the parti
le at the entry into the volume or at


reation point (GeV)

10 ELOS Energy loss of the parti
le inside the volume (GeV)

Geiger 
ells (dete
tor set 'TKCH')

1 XELE X 
oordinate of the ionization ele
tron nearest to the anode wire

(M.R.S.) (
m)

2 YELE Y 
oordinate of the ionization ele
tron nearest to the anode wire

(M.R.S.) (
m)

3 ZELE Z 
oordinate of the ionization ele
tron nearest to the anode wire

(M.R.S.) (
m)

4 FLAG Flag used during digitisation (1: normal hit, 0: hit has been 
ombined

with another hit to form 1 digitisation)

5 XWIR X 
oordinate of the anode wire hit (M.R.S.) (
m)

6 YWIR Y 
oordinate of the anode wire hit (M.R.S.) (
m)

7 DMIN Distan
e of the nearest ionization ele
tron to the wire (
m)

8 TOF T.O.F. of the parti
le at (XELE, YELE, ZELE) (ns)

9 E Kineti
 energy of the parti
le at the entry into the volume or at


reation point (GeV)

10 ELOS Energy loss of the parti
le inside the volume (GeV)
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Foil (dete
tor set 'FOIL')

1 PX/P At starting or entran
e point in the foil (INWVOL=1) or where the tra
k

is leaving (INWVOL=2) or stopping (INWVOL=0)

2 PY/P At starting or entran
e point in the foil (INWVOL=1) or where the tra
k

is leaving (INWVOL=2) or stopping (INWVOL=0)

3 PZ/P At starting or entran
e point in the foil (INWVOL=1) or where the tra
k

is leaving (INWVOL=2) or stopping (INWVOL=0)

4 FLAG 1000*ISTAK + 100*EFLAG + 10*INWVOL + ISTOP

with EFLAG=1 if the 
harge of the tra
k is -1, else EFLAG=0

5 X X of the point where the tra
k is leaving the foil (INWVOL=2) or

stopping (INWVOL=0) (
m)

6 Y Y of the point where the tra
k is leaving the foil (INWVOL=2) or

stopping (INWVOL=0) (
m)

7 Z Z of the point where the tra
k is leaving the foil (INWVOL=2) or

stopping (INWVOL=0) (
m)

8 TOF0 T.O.F. of the parti
le at the point where it enters the foil or at


reation point (ns)

9 EXYZ Kineti
 energy at point (X, Y, Z) (GeV)

10 ELOS Energy loss in the foil (GeV)

Wires (dete
tor set 'WIRE')

1 PX/P At entran
e point into the wire (0 if the tra
k is 
reated in the wire)

2 PY/P At entran
e point into the wire (0 if the tra
k is 
reated in the wire)

3 PZ/P At entran
e point into the wire (0 if the tra
k is 
reated in the wire)

4 FLAG 1000*ISTAK+100*EFLAG+10*INWVOL+ISTOP

with EFLAG=1 if the 
harge of the tra
k is -1, else EFLAG=0

5 PX/P At the point where the tra
k is leaving the wire (INWVOL=2) or

stopping (INWVOL=0)

6 PY/P At the point where the tra
k is leaving the wire (INWVOL=2) or

stopping (INWVOL=0)

7 PZ/P At the point where the tra
k is leaving the wire (INWVOL=2) or

stopping (INWVOL=0)

8 TOF0 T.O.F. of the parti
le at the point where it enters the wire or at


reation point (ns)

9 EXYZ Kineti
 energy at point (X, Y, Z) (GeV)

10 ELOS Energy loss in the wire (GeV)

M.R.S. { Master Referen
e System

ISTAK { sta
k tra
k number

INWVOL { 0: tra
k is inside a volume; 1: tra
k has entered a new volume or it is a

new tra
k; 2: tra
k is exiting 
urrent volume; 3: tra
k is exiting the setup

ISTOP { 0: parti
le will 
ontinue to be tra
ked; 1: parti
le has disappeared (de
ay,

inelasti
 intera
tion et
.); 2: parti
le has fallen below the 
uto� energy or has intera
ted

but no se
ondaries have been generated
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Contents of the DIGITISATION banks

S
intillators number of bits for 
oding:

1 DETI Dete
tor identi�er (=0) [1℄

2 SECT Lo
ation: se
tor number (from 0 to 19) [5℄

3 IOBT 0=inner wall, 1=outer wall, 2=bottom, 3=top [2℄

4 FCLL For iobt=0 or 1 : 0=�rst 
olumn, 1=
entral 
olumn [2℄

(outer wall only), 2=last 
olumn

For iobt=2 or 3 : 0=�rst 
rown, 1=se
ond 
rown,

2=third 
rown, 3=fourth 
rown (starting from the


enter of the dete
tor)

5 BLOC Blo
k number (from bottom to top or anti
lo
kwise) [5℄

6 ADC ADC 
ontent for the BLOC [12℄

7 TDC TDC 
ontent for the BLOC [12℄

8 FLAG Set to 1 if the signal is above the high threshold (0 otherwise) [1℄

Geiger 
ells

1 DETI Dete
tor identi�er (=1) [1℄

2 SECT Lo
ation: se
tor number (from 0 to 19) [5℄

3 IO 0=
ell lo
ated on the inner side of the sour
e foil, [1℄

1=
ell lo
ated on the outer side of the sour
e foil

4 ABCD Cell layer: 0 for layer A, 1 for layer B, ..., 8 for layer I [4℄

(starting from the foil)

5 CELL Cell number (from 0 to N 
ounted anti
lo
kwise) [5℄

6 TDCF Fast TDC 
ontent for the 
ell [12℄

7 TDCS Slow TDC 
ontent for the 
ell [12℄

8 TDC1 TDC 
ontent for 
athode 1 (bottom) [12℄

9 TDC2 TDC 
ontent for 
athode 2 (top) [12℄
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