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KaMamrn Jl B., Barnep B., Oprnenn X. -r. E13-97-305 
MeTO,u «BHyrpeHHeii» Ka.rm6poBKH Csl (Tl)-,ueTeKTopoB 

OnttcaH MeTO,[I «BHyrpeHHeH» :meprem'-IeCKOH KaJm6poBKII ,[leTeKTOpOB 
Ha 0CHOBe Csl (Tl) C qJOTO)'MHO:lKHTerreM. ,UJrn CIIMYJI51UIIII MaTpHUhl H,[leHTIIqJIIKaUIIH 
'-IaCTHU no MeTO,uy aHarrH3a cpopMbl HMilYJibCa npttMeHeHa npoCTa.51 3MilHpH'-IeCKa.51 
Mo,uerrh CUHHTHJIJI51UHOHHoro c11rnarra Kp11cTarrrra Csl (Tl) ,urr51 rrerK11x 3ap51:lKeHHhIX 
qacmu. ITpoue,uypa Karr116posK11 KpHcTarrrros Csl (Tl) 6orrhIIIOH nrroma,u11 cu11Hmrr­
JI51UHOHHOH o6orro'-IKH 4rt-,ueTeKTopa <l>OEOC ,[IJI51 HOHOB c Z < 4 np11 3Heprn51x 
HH:lKe 100 M3B Ha HYKJIOH OCHOBbJBaJiaCh Ha 3Heprn51X '-IaCTIIU B TO'-IKax CKB03HOro 
nporreTa '-IaCTIIU CKB03h CUHHTHJIJI51TOp Ha II,[leHTHqJHKauHOHHhIX MaTpttuax. 

Pa6oTa BbJilOJIHeHa B Jla6opaTOpHH 51,[l·epHbIX peaKUIIH HM. r. H. <l>rrepoBa 
mum. 
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Kamanin D. V., Wagner W., Ortlepp H. -G. E13-97-305 
A Method for the Intrinsic Calibration of Csl (Tl) Detectors 

A method for the intrinsic energy calibration of photomultiplier-coupled 
Csl (Tl) detectors is described. A simple empirical model of the scintillation light 
pulse-shape of Csl (Tl) crystals for light charged particles has been applied 
to simulate the particle identification matrix as it follows from the pulse-shape 
analysis method. The calibration procedure for the large-area Csl (Tl) detectors 
of the scintillator shell of the 4rt-array FOBOS for ions with Z < 4 at energies below 
100 AMeV is based on the energies of the particle punch-through points. 

The investigation has been performed at the Flerov Laboratory of Nuclear 
Reactions, JINR. 
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·. 1. Introduction 

The scintillation process has been studied, and photomultiplier-coup­
led scintillation detectors are widely used for the registration of ionizing 
radiation for about fifty years [1]. In particular, inorganic CsI(Tl) crystals 
have some anticipated features. They are mechanically rugged, plastic, 
easily machinable and only slightly hygroscopic. The relative compact­
ness·of CsI(Tl) counters due to the large stopping power of the scintillator, 
the high scintillation efficiency due to low quenching, and, last but not 
least, the medium ma.rket price make CsI(Tl) one of the most appropri­
ate scintillati~g materials for the detectioii of light charged particle~· arid 
medium mass'ioris in nuclear research [2, 3]. Mainly these reasons defined· 
the choice'of CsI(Tl) for the scintillator shell [4] of the 41r-array FOBOS --rsr.---- . . 

The light output' of CsI(Tl) evinces a strong dependence not only on 
the energy (E) of the incoming particles, ·but also on their atomic (Z) 
and ·mass number .(Ar Furthermore, the scintillation light pulse-shape is 
a complicate function of the stopping power dE/dx (cf. ref. [6] and refs. 
therein). 

Hence, much attention has already been paid to the proolem of de­
tector calibration. There are some common features in the scintillation 
light processing in ·spite of the different operation modes of the CsI(Tl) 
crystals ( e.g. utilizing them in the usual regime or in a phoswich 1combi­
nation with other scintillators'[7], in LiE(Si)-E(CsI) telescopes [6,;SJ, for 
the TOF-E(CsI) analysis [9, 10], applying photodiode read-out [11, 12] 
etc.). In particular, the pulse-shape analysis (PSA) method [6,·13] is used 
to search for the best. particle separation and energy resolution for light 
charged particles (LCP) in a wide dynamical range. 

The energy calibration ofthe responce is commonly based on the mea­
surement of the total light output, but the dependence on the shaping 
time has also been considered [14]. Often a few calibration points are 
obtained by a direct exposition of the detector to radioactive sources or 
ion beams, exploiting in this case addidional LiE(Si) or TOF information 
for further analysis. The energy calibration is then obtained by fitting· 
the data with sophisticated empirical functions for the light output L(E) 
[15, 16] or E(L) [7]. Such functions can also be the result of analytical 
calculations based on models for the energy deposition along the ion track 



in the scintillator and the luminescence process [17]. 
The aim of the present work is to perform an intrinsic· calibration of 

the CsI(Tl) detectors, used in the scintillator shell of FOBOS [4], for the 
LCP spectra in the absence of especially measured.reference points. The 
only available information is given by the punch-through points (PTPs) 
of different LCPs, and the corresponding energy values are .the maximal 
energies which can be deposited in the crystal by these particles. More­
over, the variant of PSA used at FOBOS for LCP separation does not 
deliver the total light output, i.e. the total integral of the light pulse, but 
only two partial ones. We, therefore, applied a rather simple model for 
the pulse-shape of the CsI(Tl) light pulse in depe~dence on ( Z, A) of the 
incoming ion and its energy ( E) and, further, on simulated the particle 
identification matrix (PIM) as it follows from the applicatio~ of the PSA 
method under the real experimental conditions. Scaling properties have 
been found which are very useful for the calibration procedure of the alto­
gether 210 CsI(Tl) detectors of FOBOS, In the follo~ing, the calibr?tion 
method is descr_ibed in -detail. A first attempt tp_ apply such a method 
has been publishe~ eadier i~ ref: [18].' ,· . . . . 

2. Experimental set-up 
·~~ - 111·-,ld, ,.,, l · · 

;;: The ;41r:-spectrometer FOBOS [5] is a logarithmic: detector device for 
the: studyuof 'heavy-fan induced reactions in the energy range of 10 -;-
100,AMeV. Jt, consists: of .three ~onsecutive shells of; particle detectors 
and a'more:granular,forward array [19]. -The·inner·two,detector shells 
consist of:30 position-sensitive avalanche. counters (PSACs) and 30.axial 
Bragg ion~zation chambers (BICs). Mosaic arrangements► each consist­
ing of 7 hexagonal-shaped CsI(Tl) crystals, are placed behind the BICs 
constituting the outer detector shell. One PSAC, one BIC and 7 CsI(Tl) 
counters form a detector module [20]. , 

A single CsI(Tl) detector unit .[21] consists of a large-area (260 cm
2 

or· 146 cm2) crystal (MONOCRYSTALREACTIV Company, Kharkov, 
Ukraine) and a hollow light guide coupled :to a spectroscopic photomul­
tiplier (SPM)· (type FEU-173, :0=170 mm or ,FEU-167, 0=120 mm; 
EKRAN Company, Novosibirsk, Russia); The front side of the crystal 
is polished and; in order to enhance the light output, covered with a 
1.5-;- 3 µm thick reflector.foil of aluminized Mylar mounted at a distance 
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of 3 mm from the surface. The rear side of the crystal is rough. The 
content of the Tl· activator amounts to 0.07 -;- 0.08% being found as an 
optimum, considering the scintillation efficiency and PSA properties for 
LCPs. The hollow light guide has a diffuse-reflecting (90% reflectivity) 
inner surface; and diminishes the position dependence of the light col­
lection to about 5%. The energy resolution for 5.5 MeV a-particles is 
typically 6 -;- 7% for collimated particles and 9%, if the entire surface of 
the crystal is illuminated [21]. 

The thickness of the .CsI(Tl) crystals in forward-positioned detectors 
at polar angles of rJ = 23° -;- 52° amounts to 15 mm, the other part of the, 
scintillator shell in the angular range of rJ = 53° -;-157° consists of 10 mm 
thick crystals. The total covered solid angle is 5.6 sr, but the effective 
solid angle amounts to about 4 sr beca~se of the limited transparency of 
the inner detector shells [5]." 

The current signals from the SPMs are split and integrated by 96-
charinel QDCs (C.A;E.N. CIAFB F683C) within two time gates in accor­
dance with the pulse processing necessary for the PSA [22]. Due to the 
particle- and energy-dependent decay constants of CsI(Tl) ([6, 13] and 
refs. therei~), the best LCP 'separation in the PIM is observed with the 
time gates !ltfast = 0 -;- 400 nsand fl tslow = 1600 -;- 4600 ns. Initial 
values for these gates were estimated by simulations like those made in 
ref. [6]. The realexperimental conditions (timing, trigger logics etc.) in 
measurements with the whole detector array may require some modifica-
tion. of these tim·e ga.'tes. . 

3. Calibration method 
' ' -

·Under the assumption that all CsI(Tl) crystals of the scintill?tor shell 
have similar properties ( that · was gua~anteed by the manufacturer), all 
SP Ms are operated in a linear regime, and all- signals, are processed in 
a unique manner, one expects that all PIMs look similar, and one can 
sum them up into one PIM after some linear· transfor~ation accm.intirig 
for different gain constants. Therefore, we scaled the-i:ridividmtl PIMs to 
each other. The summed PIM is shown in fig: 1. Indeed, resolved particle 
branches occur for the H and He isotopes, also for 6 He and 8 He. Fur­
thermore, particle branches ·or heavier particles are clearly seeri. Usually, 
these branches are very weak in the PIMs of the individual detectors due 
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Figur~· 1: Su~~~d p~rticle ide0:t,ificatio~ ~atrix (PIM} for the Csl(Tl} detectors posi­
ticined at rJ

1
ab = 2s0·~ 47°. (b..Q;, 0.4 sr): This PIM represents 40% of the entire data 

body recorded'for:the reaction 14N(53 AMeV) +232 Th. The energy scale extends to 

~ 300 MeV. 
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to low statistics. Note that the scaling procedure does not lead to loss of 
particle resolution. _ 

The maximal energies which can be deposited in the given Csl(Tl) 
crystals (PTPs) by H, He and_ Li isotopes . were calculated using the 
stopping power code STOPPOW [23], and are given in Table 1. Par­
ticles with higher energies are not' stopped in the crystals. They pen­
etrate them, and the deposited energy becomes successively lower with 
increasing incident energy. Hence, the particle branches, after reaching 
the PTPs, turn backward (cf. fig. 1 .) approaching the branch of low­
ionizing particles (electrons, ,~rays). The PTPs are well pronounced in 
the PIMs of forward-positi~ned detectors. 

The CsI(Tl) crystals are manufactured with precision of 0.1 mm. The-. , , 

refore, the PTPs can be treated as intrinsic energy reference points suit-
able fo~ calibration purposes. 

Table 1: Maximum energy losses of light ions in the Csl(Tl} crystals of.the scintillator 
shell of FOBOS (PTPs} 

Particle AMeV MeV 
10 mm 15 mm 10mm 15 mm 

p 51.0 64.5 51.0 64.5 
d '34.2: 43.2 68.3 86.4 
t ' 27.0 34.2 80.9 102.5 

3He 60.3 76.1 180.8 228.4 
4He · 

; 

, _51.1 · · 64.5 204.2 258.0 
6He 40.41 51.1 . 242.3 306.3 
8He : 273.4 ' ' 34.2 43.2 345.8 

- 6Li 64.6 81.5 387.3 "489:t 
7Li 59.1 74.6 413.4 522.1 

The clear indication that PTPs are really reliable is given in fig. 2. 
The relative error of the identification of the coordinates of the PTPs 
in the PIMs of individual detectors is typically about 2%. The scaling 
procedure, therefore, is based on PIMs with well pronounced PTPs; It 
brings the particle branches, and naturally also the PTPs, of all CsI(Tl) 
detectors to superposition. 
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Figure 2: Coordinates of punch-through points in individual Csl(Tl} detectors after appli­
cation of the scaling procedure. Solid symbols denote the coordinates L1a,t, open·symbols 
denote the coordinates L,1ow• 

Especially-in the detectors positioned in the backward hemisphere of 
FOBOS, the PTPs a~e weakly pronounced or absent at all. To add these 
PIMs to the summed PIM too, we applied the following method. We first 
constructed an "ideal" PIM out of such individual PIMs, _where a good 
particle resolution is observed and the PTPs (mainly those of the H iso­
topes) are clearly pronounced as well .. A special proced.ure was developed 

.. utilizing also the shapes ofthe 'particle branches in the PIMs for scaling 
purpose. It is b_~ed on the si'rnulaticm of the PIM as it followes from the 
application of the PSA niethod .. Simultaneously, .relative energy scales 
for the individual particle b~anche~ ,are g~ne~ated. The n~rmalization of 
the simulated ~ IM; at the PTPs then delivers the absolute energy scales. 
By a suitable v::i.i-iation of the energy- and particle-dependent parameters 
being ingredients of the model of the scintillation light pulse-shape, the 
experimentally observed shapes of the particle branches in the PIM can 
easily be generated> The obtained· relative energy scales can then be used 
for the scaling of the PIMs without PTPs for adding them to the "ideal" 
PIM. In the following, this method is described in detail. . -
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4. Simulation of the particle identification matrix 

The simulation of the PIM as it follows from the PSA method used 
is based on the approximation of the CsI(Tl) scintillation light pulse­
shape L(t) (eq. (1)) by three exponential functions with the characteristic 
time constants Ti ; a few hundreds of nanoseconds for the "fast" light 
component (Tfast ), a few thousands of nanoseconds for the "slow" light 
component (Ts/aw), and 10+100 ns to take into account the pulse rise-time 
(TJront)-

) hslaw ( t ) hfast ( t ) ··- hfront ( t ) L(t = --exp --- + --exp --- - --exp ---
Ts/aw Ts/aw Tfast Tfast Tfrm,t Tfront 

(1) 

htast and hslaw denote thE: magnitudes of the two light components. 
Coordinates of the PIM are the integrals Ltast and Lstaw of L( t) taken for 
the hardware-set time gates 11ti. We used values of !1tfast = 80 + 480 ns 
and 11tslaw = 920 + 3920 ns (fig. 3) .. The time constant Ts/aw is known to 
be nearly particle-independent, and takes values in the range of 4 + 7 µs. 
The ratio R = hsiaw/htast as well as the decay time constant of the-fast' 
component Tfast are-decreasing functions of the stopping power dE / dx 
([6] and refs. therein). The function Tfast shows some saturation effect 
near a stopping power of 1000 MeV /cm [24]. 

The properties of CsI(Tl) crystals strongly depend on their quality and 
Tl concentration. To get analytic expressions for the dependence of R and 
Tfa.st on _E and the type of particle (Z,A), we fitted appropriate empirical 
functions R(E, Z, A) and Tfast(E, Z, A) to the experimental data given in 
ref. [6]. The dependence on the type of particle is given in terins of the 
quenching parameter q = AZ2

• To limit the number of fitting parameters, 
the following expressions seemed to us to be suitable ~nes: 

Ro d 
R(E, q) = 

114 
[1 - exp(-

114 
EQ)] .... 

q q (2) 

_ T1 d Q] Tfast(E,q) - To+ q0_1834 [1- exp(- ql/
4

E ) (3) 

where the fitting parameters took values of To = 365 ns, T1 = 3323 us, 
Ro = 4, and d = 0.081. The parameter Q was found to be slightly 
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Figure 3: Calculated shape of a scintillation light pulse of "Csl(Tl), constrncted by super-
position of the fast and slow components of an a-particle of 50 MeV energy. The time 
gates are shown· as they were set in the experiment. 

dependent on q; For extrapolation purposes; we·expressed it also as a 
function of q 

Q(q) = 0.285[1- exp(--q-)]q0
·
102 

. . . 0.611 
. (4) 

--- . 
The functions R(E, q) and Tfast(E, q) mqst not necessarily represent the 
best fit for each particle type individually, but they describe the general 
trend,s.uffi~iently weli (fig. 4): .. • · , . · · · . · · . 

ff ;the ;atio of th~Hght components (R) is:given, the absolute values 
for hJ~st ,and hslow ~ap . be_ derived· from • the ·iiormalization of the _. total 
i~tegr~f of. L(t) to the t_cital_light output ~(E)_ . . 

cxf' 1 
• .• • , :· -· 

jL(t,E, Z,A)dt = hs~ow + hJast -hJrant• 
0 

The latter is set to be equal to the expression given in ref. [15], 

E 
L(E) = S[E - a(Z, A)ln(a(Z, A) + l)] 

(5) 

(6) 

where E is the energy deposited in the CsI(Tl) crystal, a(Z, A) is the 
quenching constant, and S is the scintillation efficiency: By the condition 
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Figure 5: Particle identification matrix Lstuw vs Ltast of a Csl(Tl) detector simulated for 
f::;.tfast = 80 -a- 480ns, f::;.tstuw = 920-a-3920ns, and !::;.Ts/ow= 4µ s. 

L(t = 0) = 0 the value of hJrant is connected with R and the time 
constants and it can be easily estimated. 

Performing the simulation of the PIM for given types of particles, inter­
vals of incident energy and time gates (Lltfast,Lltslmu), we simultaneously 
get the relative calibration curve~ LJast(E) and Ls1ii:U:(E) for every particle 
branch. The simulated P,IM is shown in fig. 5. Thenorrnalization of the 
simulated PIM to the "ideal" PIM (fig: 1},with reference to the positions 
of the PTPs delivers,the particle-dependent absolt~te energy scales. The 
shapes of the particle branches in the simulated PIM can principally be 
modified to approacli the experimentally observed ones (fig. 1) by slight 
variations of the parameters ofeqs. (2) and (3), accouting in this manner 
for the properties of the CsI(Tl) cryst~ls used. 

Since Llt fast < Lltstow, the contribution of noise in the measured values 
of LJast is significantly less than. in Lst~w-'· On the other hand, Lstow is 
less sensitive to small energies. We i.i.sed tfast(E) for. the calibration of 
the spectra of LCPs within the entire dynamical range. The calibration 
curves for both light components with respect to the time gates used are 
shown in fig. 6. · 

The energy losses of the particles on the flight path from the target to 
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Figure 6: Simulated calibration curves for the slow (upper left corner) and fast (lower 
right corner) PSA components recorded for time gates !::;.t fas{= 80 -a- 480 ns and f::;.t,1uw = 
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' . 
the Csl(Tl) crystals in the penetrated detector materials (i.e. the PSAC 
foils, the windows and the gas volume of the Bid, tµe Mylar reflector 
foil) were calculated using the codeSTOPPOW [23]. The dead layer at 
the surface of the Csl(Tl) crystal [25] is very thin and wa:s neglected. 
A useful empirical expression for the correction of the energy losses has 
been deduced (fig. 7), 

Et = [(Ed+ Eo)° + C0
]
110 

- Eo (7) 

where Et and Ed are the· energies· of the particles at the target and in 
the Csl(Tl) crystal, respectively, and E0, C and a are fitting parameters. 
The function Et(LJast) can be written in the form 

b C1X. CzX , f(x) =ax+-.-+--. (8) 
. . d1 + x d2 +x 

A special test measurement was carried out to check the reliability 
of the calibration procedure. In this measurement a BIC was used as 
LlE detector, and the Csl(Tl) scintillator measured the residual energy 
[22]. In spite of the special operation mode of the BIC, this test was more 
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qualitative than quantitative because of the large uncertainties due to the 
small LlE signals of a-particles, the limited dynamical range available, 
and the generally low registration efficiency of the BICs for LCPs. 

1600 
I ,:--

• ~J.J ~ • . 
1400 1-1 .6. A I 

I ♦ ◊ · He3 

-- + :::i 1200 pos.•o.5 
cli -~ 

~1000 

~ ..J 

800 

~ 
600~ 

600 800 1000 . 1200 1400 

Lfast . (a.u.) 

Figure 8: Comparison of the simulated coordinates of the punch-through points (solid 
symbols} with the measured ones (open symbols}. The points with larger error bars 
(except for 3He) correspond to a 10 mm.thick crystal. They were obtained applying the 
shape-scaling. The points for 3 He are, for convenience, multiplied by a factor of 0.5.' 

. An additional check was performed by comparing the results for the 
10 mm thick crystals with those of the 15 mm thick ones. Such compari­
son is efficient, if the,transparency·of the Csl(Tl) cryst,als is high enqugh. 
The P1M of the thick crystal was scaled to that, of ~he thinner one by 
means of a scaling procedure which considered the:shapes of the particle 
branches (see chap. 5). The result is shown in fig: 8. 

5. Shape-scaling method 

As already mentioned above, PTPs are not available in some cases. 
There are mainly two reasons for this. First, the energies of the particles 
emitted into the backward hemisphere (in the lab-system) are lower due to 
effects of transferred linear momentum in the nuclear reaction. Secondly, 
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a possible mismatch of gain adjustment can occur due to low counting 
rates. If the PIM is not distorted by other influences, it can be scaled to 
the "ideal" one by use of the shapes of the particle branches. The idea is 
demonstrated in the following. 

.Two lines of different curvature, e.g. 

Y = aiXb;, (9) 

can unambiguously be scaled to pass through two arbitrarily chosen . 
points in some area (x, y) by means of the transformation 

kyy = ai(kxxl; (10) 

where the coefficients kx and ky can be defined analytically. 
Such a transformation cannot be applied directly to the experimental 

PIMs, because the particle branches are crooked insignificantly. Thus 
small discrepancies of the shapes of the particle branches in the PIMs 
together with the effect of noise lead to intolerable uncertainties. Non­
linearities of such kind introduce variations of the coefficients bi of about 
13% and 26% for protons and a-particles; respectively. · 

Therefore, .we constructed a model of the "ideal" PIM using empirical 
functions for the description of the particle branches, 

F';,c1e(l1(L1ast,, L.,low,, Ai, Zi) = 0 (11) 

where the index i denotes the type of particle (Z, A). The coefficients 
k fast and kstow are found by minimization of a x2-like functional 

L F';,deat(kJastLfast,, ks1owLslmv,, Ai, Zi) = min (12) 
.i . 

Of course, a suitable choice of F';,Je"1 is important. Functions of the 
form like eq; (9) in general fit the particle branches well. But they fail in 
the region of low energy, that becomes critical for the PIMs of backward­
positioned detectors. Therefore, we used functions of the form of eq. (8) 
for Lflow and Lt"st• Then the correspondin~ functional becomes 

x2 = 1:(kyYj - F(kxX;)) 2 (13) 
j . 

where X and Y are the two components of the PSA, j denotes a point 
in the experimental PIM, and F represents any function X = F(Y, Z, A) 
of the type like eq. (11). 
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Figure 9: Coefficients obtained for the shape-scaling of the "ideal" particle identification 
matrix to itself. They are based on the particle branches of protons and a-partides. The 
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side of lower energy. The "real''._set was scanned as usual, and the "bad" set was scanned 
under the assumption of some oscillation of the points around the particle b~anch within 
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There is also another way to define the x2-like functional.. 

x2 ~ 1:(Yj - F(k.rX1)/ky)2 (14) 
j 

The points (X;, Yj) are arbitrarily but nearly eqidistantly scanned along 
the entire- particle branches of the PIM. The coefficients kx and ky are 
then obtaind numerically by setting the derivatives dx2./dkx and dx2 /dky 
equal to zero. 

The solutions of eqs. (13) and (14) are found to be identical for PIMs 
with well resolved particle branches. They also perfectly describe the 
PIMs with pronounced PTPs. Discrepancies with respect to less resolved 
PIMs or PIMs without pronounced PTPs are significantly larger for eq. 
(14) than for eq. (13), but a comparison of the coefficients 1obtained for 
PIMs with and without PTPs cannot prefer one of these equations. This 
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fact indicates some limits of such a procedure. Nevertheless, the precision 
of the shape-scaling methe>d _was estimated to be about 5% with respect 
to the energy scaJe. This is.illustrated in fig. 9. 

6. Discussion 

Finally, we estimated the precision of the calibration procedure de­
scribed in this work as being less than 10%, i.e. of the order of the 
energy resolution of the CsI(Tl) detectors .. This has been verified involv­
ing other intrinsic features, like the r~sulting shapes of the energy spectra 
of LCPs measured by different detectors but at the same polar angle, or 
the spectra of the ,-rays. 

In principle, the simulation of the PIM would require to carry out 
measurements of the scintillation light pulse-shapes for the CsI(Tl) crys;­
tals used, like it has been done in ref. [6], or with thin slices of the same 
CsI(Tl) scintillator material like in ref. .[24]. On the other hand, as 
has been demonstrated above, the measured. PIMs could . be reproduced 
by simulations even when based· on relatively rough approximations. for 
R(E, q) and Tfast(E, q), for example'with the expressions 

R(E, q) = 0.2227(E/q)1l3 

TJast(E, q) = 390 + 200(E/q)1l3
, 

(15) 

(16) 
and the precision of the energy scales· obtained for the LCP spectra is 
·comparable with the energy resolution of the CsI(Tl) detectors. 

The uncertainty of Ed is naturally largest for lowest particle energies. 
On the other hand, at th_e FOBOS detector, the energy losses of the LCPs 
in penetrated layers of other detector materials are in this case larger. than 
the residual energies Ed, Thus the necessary corrections for. the energy 
losses introduce the dominating part of uncertainty into Et(LJast) at small 
energies, and, the error of Ed can be neglected. \ 

· The limitation of the shaping time to 3 µs in the measurement of the 
total light output of CsI(Tl) in ref. [15] does not significantly affect the 
final result for energies larger than a few AMeV. At lower energies the 
slight distortions have been taken into account. 

The influence of the .rise-time of the scintillation light pulse . can be 
neglected (TJrant =· 0, hJrant = 0), if the time gate lltJast does not cover 
the initial part of the CsI(Tl) detector signal. As reported in ref. [6], the 
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rise-time for electrons is about 40 ns, and even shorter for high-ionizing 
particles, but the timing properties of the photomultiplier used have to 
be taken into account. 

As already mentioned, the actual properties of the CsI(Tl) crystals 
us~d may be slightly different from those crystals investigated in ref. ·[6], 
and tlie parameters in eqs. (2+4) may not ideally suit to our simulations. 
A general adjustment of these parameters was supposed _to be performed 
by fitting the simulated PIM to the measured one. It, however, turned out 
that this was not necessary on the level of accuracy required. Agreement 
of simulated· and measured PIMs was -achieved with Tst~ = 4 µs. Such 
a value'.for the slow decay constant has likewise been found for CsI(Tl) 
crystals_delivered by the same manufacturer [26]. · 

The calibration procedure developed has a number of_advantages: 
(i) Special calibration measurements are not necessary. 
(ii) It does not ;rely on measurement of the total light output. 
(iii) All 210 CsI(Tl) detectors can be calibrated in an unique manri~r by 
scaling the individual PIMs to an "ideal" PIM. 
(iv) It enables a high degree of automation for data processing. 
( v) Some visual inspection and check of data quality can be easily per-
formed during the d~ta processing. ' 

This method has been applied for the calibration of the CsI(Tl) detec­
tors of the scintillator shell of the FOBOS array in experiments carried 
out to investigate the decay of hot heavy nuclei produced in the reactions 
14N(53 AMeV) +232 Th and 197Au [27]. Calibrated a-particle spectra 
measured in these experiments [28] are shown for illustration in fig. 10. 
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