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Introduction 

To accomplish our task. of calculating the Cherenkov counter _efficiency, we 
c ' ' - ','. -. • • • • 

need to .know the number of photons produced per unit path length by a particle 
. . . . _., ··' . ' 

with charge Ze and per unit energy interval of the photons. We us~p[l,2]: 
. - . . ' ' ' / ' ·, ' ·.' ' ,' .·.' ; - ' ,· .. 

d 2 N aZ2 : . 2 a 2z2 - - 1 
.. --=-sm 0 =---(1- ) (1) 

dEdx lie · c r 111 c2 · /]2n2 (E) 
e e 

or. equivalently' per unit wavelength A.: 
r~, 

~~~2";t(r ~n~(,J (2) 
Where: 

3~'= arccos( lin B)- Cherenkov angie 

n - the refraction index; 

ct - fi~e~structure constant; 

r. - classiCalelectron r~diu~; 
' ~ ! 

me- electron mass. 
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For thi~ type of counters the fight produced in the radiator is 'usually collected 

by an optical-system formed-by sphe~ical ~rparabolic mirrors on~'pho~?multipli~r 
where it is transformed in an electric signal. In order to calculate the efficiency we 

have t~- evaluate the nun-ib~r of pllot~electrons c~llected. on the first dynode of the 

photo~ultiplier. 
•·; ,•.·' 

a2Z2 . . 

Np.=L -
2

I'lc(E)ccou(E)cdet(E)sm 2 Bc(E)dE· '(3) 
. rmc --• . 

where Lis. the path length in the radiator, Econ is the ·efficiency of collecting 
~ .' ' ' - . . . '. ' . ' ' . . . . . 

the Cherenkov light; l.:det is the quantum efficiency ofthe photocathode, llc(E) is 

the collection efficiency of the first stage of the photomultiplier..... · 
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To achieve a high efficiency for th~ whole counter one have to design an 

optical system with a very good collection efficiency Ecoll 0 For this purpose and to 

be able to calculate the arrangement of the mirrors and of the photomultipliers one 

have to simuhite'tlle optical s)'stem. The software extensively used for simulations 

in high energy physics, "GEANT" [3], does not handle with low energy photons. 

where .the photorimltipliers are sensitive~" and other programs for optics, such as 

"Ray Tracer", are not able to simulate the production of photons. For these 
. ' . ' 

reasons it was necessary to develop a program able to calculate the trajectory of 

particles and photons and to simulate the Cherenkov photon production. 

The structure of the software: 

The simulation program was written in the "C" language an~ developed at 

three levels. At the beginning we developed a library that includes stmctures and 

functions for the analytical geometry. The stmctures describe the basic elements: 

points, lines, planes and a· number of functions for constmcting intersections, 

parallels and perpendiculars. Other functions help to define different coordinate 

systems and to recalculate coordinates in these new systems. This library contains . . -. . . 
a~ound 2000 li~es of code. Based on this library,. some specific stmctures were 

- - ' . ~ (.. < ' . ' 

defined at the second level. These stmctures are intended to describe :mirrors, 

photomultipliers, entrance and exit windows of . the detector, particles and 
' . . ' 

photons. In order to have a model reasonably close to reali~, the description of 
•. 

the mirrors includes: 

- the focal length; 

- the coordinates of the focus; 

·- two angles whi'ch · describe the axis inclination relative to the coordinate 

system; 

- the reflection index of the surface; 

-the rectangular area covered by the mirror. 

2 

j 
j 

The photomultipliers arc described b~·: 

· -the coordinatcsofthc centre of the \,indo\v: 

- the useful diameter of tl~c photocathode: 

- a stmcturc which describes the window plane: 

- two angles that describe the il)clinaiioit rclati,·e to the coordinate system. 

At ti1c last lcYcl, all 'these entities were assembled and· ~ome additional 

functions for generation ofprirticlcs ~nd photons. fcirrcd~ction on the n.tirrors ~nd 
~ ~ •, j • • ' - ' • • : ' ' • • ' • 

for intersection "·ith the photomultiplier window were deYcloped. Until here w.c 

used oniy siri1plc instn1ctioits. i;tdepcndent or' the operating s~~tcm so these 
. . : i .: , - : ' : -. . . j ~ - ~ • 

libraries arc highly portable. 

Finall~· .. some .. fun~tions for . ittput-outp{lt. data handling and efficiency 

calcul~~i6;1 ~vcrc built. 
-.. !; 

·The input of tltc Jlrogram 

In order to describe a counter one haye to inpuf the coordinates of the 

entrance and exit windows. th~. number and the description of the niirrors ·and 

photomultipliers. The mirrors may be positioned by entering the' coordinates imd 

the axis inclination or using a function which calculates the. inclination to obtain 

the bcst.light collection on a giYen photomultiplier. The mirror scgmetitation for : 

one of our counters may be seen in Fig I. In this figure Z is the coordinate along 

the beam. Three photoniultiplicrs were used and it may be seci1 on which of them 

the mirrors arc collecting the ·light. The efficiency· may be calculated during the ; 

simulation.if the quantum efficiency of: the photocathode aYcragcd o\·er. the 

Cherenkov, spectra is inpt~t and if a threshold of detection (tr) in photoelectrons 

which reach the first dynode is gh·cn. 

A function. allows one to modi(v parts of ~he counter and another one. to. 

simulate for.a part of entrance window. A rotttinc was created to compute a .. map ... 

of efficiency on the entrance window. The entrance window is diYidcd into 
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rectangular bins: the_ simulation is carried out and the efficiency is calculated for 
' . ' 

each bin. Based on the output. ·the efficiency may be .calculated after the 

simulation for various thresholds tr and efficiency values of the photocathode. 

The simulation. Some aJll>roximations 

After some uniformity tests we decided to usc the random number generator 

available from the programming cm·ironmcnt (which has a period of 231
). but 

improved with the Bays-Durham algorithm [lA), 

The first step of the simulation is generation of the coordinates x. y where the 

particles enter the detector. The particles arc uniformly distributed in the entrance 

window and there is a correlation between the position of the particle and its 
' ' ' 

inclination according to the conditions of the .. DIRAC" experiment (5]. Let us 

consider the axis Oz of the detector. Then "'vcr" and "'hor'' arc the angles (in 

degrees) between Oz and the projections of the particle trajectory in a vertical and 

horizontal plane (xOz and yOz) as follows: 

ver = -1.5 +3(h- x) + rnd(-1:7, 1.7): 

hor = - 22 + 11 ( w - y ) + rnd(-: I. 7 , I. 7); 

where h and w arc the height and the width of the entrance window; rnd is a 

function which returns a random value uniformly distributed between :its. two 

arguments. 

After the . calculation · of the particle trajectories, the Chcrenkov photon 

production . is simulated. The specific conditions allow us to do some 

approximations. Because the radiator we intend· to use is the air at normal 

conditions, the maximum Chcrcnkov angie is rather small ( 1.5 "= 26 mrad). The 

electrons have quite a large momentum so we can suppose that all the photons' are 

generated at the maximum Chcrcnkov angle relative to the particle trajectory ( i.e. 

all electrons have (~=I). Because the light collection efficiency is sensitive to the 

4' 

., 
! 

') 

inclination of the photons, this first approximation leads us to a smaller efficiency 
' ' . . . .• ~ "' 

than in real life. 
' '~. , 

In our case the length of the radiator is about 3 m and the number of photons 
. : . '\ _. ' ~ . ' . ~ . . ' . ' ,. - ' 

that are generated is rather large (:=280 for 3 m of air).. For these reasons WI;! 

. could consider the . number of photons produced . as . a constant instead of a 

distribution. The coordinates of the places where the photons were produced were 
: ' ' ' ' ~. ' • ! ' f ' ~ - ' - • : ~ : c : • • • - • ~ - " ' • ' • 

calculated bydividing the pathofthe electron by the number of photons produced. 
·,. . .... . . . ·' " ' . . 

' The large number of photons generated also allow us to simulate the conversion in 
r '., ; ,. • < -',' •'. ,· ' '• ' 

photoelectrons using a binomial distribution with the probability p, where p is the 
. . • . '. . ' ,t -,. , • 

photocathode spectral sensitivity . Ske (E) multiplied by the number of photons 

produced per· unit energy interval, integrated over . the sensitivity domain of the 
' ,· • •i •, 

photocathode and divided by the total number of photons: 
'" ' . . ' 

'·P = _Ni>• =J SK.(E)sin
2
,BJE)dE 

N h r . J sin2 Bc(E)dE p oons 

For each generated photon its 'trajectory and' 'the coordinates of the 

intersection with the photonuiltiplier's window (if it hits· any ~window) are 

calculated. These coordinates are used to fill two dimension~! histograms 

(100*100 channels) \yhich will 'represent the light. distribution in. the 

photomultiplier window. 

The calculation of the efficiency 

. For each generated . particle and for each photomultiplier, ; the number of 

photons that reach. a photomultiplier is counted. For each photomultiplier. a 

histogram that contains the number of photons coming from one particle which 

hit its .window is filled. Not all the photons produced reach a photomultiplier 

window, that is why, in Fig 2, where a distribution for one of the photomultipliers 

is shown, we obtained .a long tail. · The number of photons reaching a 

photomultiplier window is decreased in correspondence with the mirror reflection 
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index. The number of photoelectrons emitted by the cathode is calCulated using ~ 

binomial distribution with the probability p and the number n of photons~ The 

photomultipli~rs employed . usually· have large windmvs. For this reason the 

collection of photoelectro~s on the. first dy~ode is ~mailer for those produ~ed. at 

the cathode's margins than for those coming from the centre. Tlie spe~trum' ~f 

electrons that reach th~ first dynode is):omputed. using a binoritial distrib~tion 
with probability d=0.8 (from [6]) applied ~o the ~mitted bh6toelectr6~ spectrum. 

The other 3-4 dynodes may also contribuieio los~es of events [7] . I~ our ~a~c we 
/ 

found enough to compute the photoelectron spectra applying a ·· Poisson 

distribution to the spectrum of the photoelectrons that reach the first dynode. but 

for other cases one have to employ single electron sp6ctra to find the coefficients 

of a Polya distribution which might be used several_ times. 

The e:fficie~cy may be computed for two ·cases, corresponding to two 

different ways of processing of the photomultiplier sig'nals. This is realised by an 

option named "Photoelectron sum". Whe~ this OJ>tion is. "yes", the ~ignal coming 

from the photomultipliers is summarised, if it is "no". only the largest' signal is . . ' . ~ - . . . . . 

c~nsidered. Another histogram is filled with ~the . total number, of the 

photoelectrons that reach .the first dynode (in .alL photomultipliers) if the. option 

"Photoelectron sum" is "yes" or with the maximum number of the photoelectrons 

that reach the first dynode (in one of the photomultipliers) if the option 

'Photoelectron sum" is "no". 

The distributions computed for our case are sho\vn in Fig 3, The 

corresponding efficiency computed for tr=3 is 99.62%. The effiCiency is computed 

as the probability for the number of photoelectrons to be greater than or equal to 

the threshold tr. In order to obtain a useful signal tr=l might be enough but for a 
' . 

good signal/noise discrimination tr=2 or 3 is needed .. Anyway, the histogram with 
' . 

the number of photoelectrons that reach the first dyriode in the photomultipliers is 
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p:ari ofth~''output. so ihe efficienc;· n1ay be. 'comput~d ~rter the 'simuhitio~ f~r 
vari6~s thresholds (tr): 

The. ouiput of the program 

The program ·creates a directory with a symbolic name, of the simul~ted 
detector and places all the files' there. If the_ detector is modified. then it is 

considered as a new one. The minimal output contains, a file with the extension 
' <"•' "t I _·. 

.stp ·which describes the parameters of ihc dctccto;· (mirror. PM wi.ndow): a 

"rcp~rt:; file with the .rep cxtcnsio;l·which prm'idcs a rc~ort ~f the sin1ulati,on' and 
! ' ' 1 

its'parai~ctcrs p.-tr. d.Thcrc arc 3 wa~:s to prescill the output and anyofthcni. can 

be selected at the sarric time. 

Tl.IcN~iuplc format. Thi: file "Namc.da{ co~taiils.a record for 'cach-~h~ton. 
This recciict tontaii1s ih~ -~~n1bcr of the 'clcct~on tl1ai piodllccd it'. 'the' n~ri1bcr ~f 
the mirror that reflected it the number of the photomultiplier reached. by the 

' ' . ,;• ; • .I <~ • ' 

photon and the coordinates of'thc intersection with the window. The information 
- • '1 ' 1,. . : ' • ' • ~ ' j • ; ' ' ; • • ., • • • ; '1 . } i . . i ' • 

is verv detailed. but the volume of the data is very large. This format is useful onlv 
( • • " :: , ~ , ,·.. :.' , ' , ' • ' , :; •' ; 1 , : . { • '.: : ;' f ,I '". , _ ' .. ': ·, ' , ; - ' , ; ',, ' ' •. • • 

if another program get this record bv a'pipeline and handles it.. 
' . ,.,_ . ' ' .. ' ,, ,; . .·,. 

The "ld" format is used for storage of ld histograms with the photon vicld in 
; ~ •l ' I :. > ' :' \ • ' • : •' ' ' ' ' < : ' ' .• < , "' ' 

the PM window and with the total photon yield presented abo,·e .. 

The "2d" format is used for storage of 2d. histograms _with . the .light 
> \ : ' • ' '< ' ' • ; > : ~ e • 0 ' ' < ' ' 

distribution for each PM window. The window is dh·idcd into I 00* I 00 bins:. for a 

photomultiplier with a large window (II em) the granularitY is _low enough 
, . . ' '", ' .• j ' • ; • • ' • ' • ' • ' ~ • 

( 1.1 * 1.1 mm\ An cxm~1plc is shown in Fig -t One can sec that the main part of 

the light falls on the central part of the photomultiplier. 

The simulation might be performed for different areas of the cntrai1cc window 

and-for each area (bin) the output may be stored ii1 one of these forms: the name 

of the files begins with thcnumbcr of the bin. A file called "identi(v.bin" contains 

the number of the bin and the coordinates of its area in the entrance window. 
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When the optical program creates a map of efficiency for the entrance window the 
• ,. ' • •• ' • ' ' ., jf • 

results arc stored in a file called ··cps. map··. Such a file was used to produce Fig 5: 
'. . ' i 

here the option .. Photoelectron sum·· was set .. No ... The inefficiency appears 

mainlv at the edges of the mirrors and where the light from one electron hits two . .. 
different phot~multiplicrs. 

All the results arc stored in a text mode to be accessible for an anal)·sis 

program as PAW. ~' 

We choose the ··c language mainly for the possibility of working with 

structures. The compiling options were set to produce the fastest code. This 
' . 

increases the size of the executable code which is anyway no larger than 150 KB. 
. I • • 

Some different compilations were done to generate instructions for 

microprocessors 386 and Pentium. When ':~Inning a Pentium -75 MHz: one can 

simulate -l.5 events/sec.: 10-12 hours arc enough to obtain a detailed result. 
I ' .· , '- , . .• •''•· •' • , 

· 'Conclusions 

The softwa~c allows·onc to describe easily and fa'st.differcht·arrangcmcnts of 

mirro;s arid PM's. 'If is possibie to compute the ~fficicncy d~rlng the 'simulation 

and to rccaicuiatc it for different parameters. Also, on6; may obtain thi!' light 

distribution on the PM window, this distribution helps 'to find the optimum 

position of the PM's. 

We successfully applied this software a~d developed a number of variants of 

threshold Chcrcnkciv counters for which 'the efficiency was calculated consideriilg 

different parameters.· 
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