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INFLUENCE OF INHOMOGENEITIES IN SCINTILLATING
FIBRE ELECTROMAGNETIC CALORIMETER
ON ITS ENERGY RESOLUTION

P.Stavina1, S.Tokdr1, JA.Budagov2, I.Chirikov-Zorin2, D.Pantea3

The specific aspects related to the discrete structure of the scintillating fibre electromagnetic
calorimeter are investigated by means of Monte-Carlo simulation. It is shown that the structure
inhomogeneity leads to an additional contribution to the systematic term in the energy
resolution parametrization formula which weakly depends on energy and to the distortion of
the Gaussian form of response distribution. The investigation was carried out for small tilt
angles and for the absorber-to-fibre ratio 4:1.

The investigation has been performed at the Laboratory of Nuclear Problems, JINR.
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MTO HeoaHopoaHOCTb cTpyKTypbi BeaeT K aonojimrrejibHOMy BKJiaay B cncTeMa™necKHH MjieH B
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HCKajKaeT rayccoBy cpopMy pacnpeaeJieHnsi OTiciHKa. HccjieaOBaHHa 6buiH BwnojiHeHbi ana He-

6ojibuiHX ymoB HatuoHa » OTHOiueHHa nornoTHTejib—BOJIOKHO 4 : 1 .

Pa6oTa Bbino-iHena B J la6oparopnH siaepHHX npo6JneM OH5IH.

Introduction

Scintillating fibre calorimeters (SciFi) belong to the class of heterogeneous calorime-

ters. In addition to the common characteristics that SciFi calorimeters share with other

heterogeneous calorimeters (e.g., the sandwich ones), they have some specific features

stemming from peculiarities of the SciFi calorimeter structure.

The SciFi calorimeters are usually operated in such a way that the directions of par-

ticles to be detected are nearly parallel to the direction of the fibres. Depending on the

impact point position on the calorimeter surface the shower development will start under
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different initial conditions. Hence, the mean calorimeter response, and thereby the energy
resolution, is expected to fluctuate depending on the place of incidence (fibre or absorber).
By calorimeter response we understand the energy released in the active material
(scintillating fibres). It was shown [1,2] that the energy resolution of the electromagnetic
SciFi calorimeter is better when only particles (electrons) entering lead were taken into
account. A similar calorimeter dependence on the incident particle impact point was also
observed at the liquid Argon electromagnetic «accordion-like» calorimeter [3]. This sug-
gests separate investigation of two situations:

• The impact point position is fixed and then the calorimeter response is Gaussian
distributed. Its mean value and standard deviation are different depending on the
place of incidence, i.e., either fibre or absorber.

• No distinction on the impact point position is made and the calorimeter response
is distributed as a sum of Gaussians with different mean values and standard de-
viations.

Moreover, due to the SciFi calorimeter structure (fibres whose diameter is usually
1 mm or less and which are imbedded in a matrix of the absorber) the energy flow of delta
electrons through the contact surface between the active and passive media could play an
important role.

The above-mentioned circumstances should be taken into account in the Monte Carlo
(MC) simulations and the interpretation of the test beam SciFi calorimeter energy resolution
measurements.

In the present paper we have investigated a possible effect of the discrete structure of
the SciFi calorimeter on its energy resolution using the MC method. The manifestation of
the calorimeter discrete structure should be seen more clearly at high passive-to-active
material volume ratios and small tilt angles. Most of the simulations were done for the tilt
angle 3° and the volume ratio approximately 4:1, assuming a mixture of lead and glue as
the passive material. The 4:1 ratio was chosen because it was the highest ratio used in
practice [4]. In our study we concentrated on the influence of the calorimeter discrete
structure on the energy resolution constant term and on the response function shape. It is
very important to understand the nature of the constant term as fluctuations connected with
this term govern the energy resolution at high energies, where the role of sampling fluc-
tuations is diminished.

The energy resolution is usually parametrized by the formula:

The coefficient a = 'Va1 +a^ has a statistical nature and represents the combined effect

of sampling (a^ and photostatistics (a ) fluctuations. The coefficient b characterises the

systematic effects connected with structure inhomogeneity, energy leakage [5], light atte-
nuation in fibres [6,7], calibration procedure and nonuniformity of active medium [8], etc.
The operation © means that the stochastic (« / \ £ ) and the systematic (b) terms are sum-
med quadratically. Sometimes in the literature [4] these terms are added linearly. In our
treatment the quadratic addition of the stochastic and systematic terms appears naturally and
has a neat physical interpretation. Note that the photostatistics fluctuations are not taken
into account (a. = 0) in this paper.
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Following the arguments presented above, the average response of the SciFi calorimeter
can depend on the incident point. For clarity, we defined the global and local energy
resolutions. The former corresponds to the calorimeter response distribution obtained for a
beam where incident points are scattered over a large (compared to fibre-to-fibre distance)
area of the calorimeter surface (global response distribution). The latter corresponds to the
response distribution for a fixed incident point (local response distribution).

The present paper is organised as follows. In section 2, we analyse the relation between
the shape of the global and local responses of the SciFi calorimeter. In section 3, we
describe the Monte Carlo (MC) method employed for studying the SciFi calorimeter inho-
mogeneities and present the results of this study. Conclusions are given in section 4.

2. Shape of Global Response Distribution

We can understand the role which the SciFi calorimeter discrete structure plays in its
energy resolution from the study of the relation between the global and local responses of
the calorimeter, i.e., what happens with the calorimeter response when the beam spot dia-
meter on the calorimeter front face becomes large (in the sense mentioned above) and when
this diameter is shrinking to zero.

If one uses a wide-spot beam for the study of the SciFi calorimeter energy resolution,
the result is a global response distribution. This distribution is built up from the responses
for different impact points scattered over the calorimeter surface. Each of the incident
points can be characterised by its own response distribution (local response distribution)

which is a Gaussian with the mean value £(., the average local response, and the cor-

responding standard deviation a (i is the index of the impact point).

One can express the global response distribution, w j , for N impact points in the

following form:

N

1vt)=",f1^
cxp

2O. 2 (2)

For this distribution we can calculate its global mean value (£) and variance (o ):

N

4i^ (3)

/ = i

IYEA. (4)

Note that the variance of this distribution consists of two componen t s :

° 2 = a 0 2 + CVon <5>
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with

and i= i

N / N

i = l I i = 1
(6)

The value of the average local response E. depends on the position of the impact point on

the calorimeter surface. The standard deviation c characterises the fluctuations of E. over
non i

the calorimeter surface due to inhomogeneity of the SciFi calorimeter. It was found [9] that
at first stage of shower development (first 2—3 XJ the secondary particles are produced
very collimated in the direction of the shower parent particle. For a small tilt angle almost
all of these particles are contained in lead or in fibres depending on the incident point
position, and E., the mean energy released in the active medium, is accordingly lower or

higher.
Looking at the structure of the two terms present in the expression of global variance

a given by (4), one can notice that the sampling fluctuations are contained in CTQ through
the standard deviations related to each impact point position. The second term, c*non, char-
acterises only the spread of released mean energy values, which is a systematic effect due
to calorimeter inhomogeneity. This effect is expected to be independent or to show weak
dependence on the incident energy.

One must notice that the quadratic addition of the two terms in (4) stochastic (aQ) and

systematic (^non), appeared in our treatment in a natural way. From the above, it follows
that the global response distribution is wider than the local one. In addition, one can expect
that the former should have a non-Gaussian shape with a tail towards the high energies. The
reasons for such behaviour stem from the Poissonic nature of the process of energy de-
position in active medium. Taking into account the Poissonic nature of the process one can
express a. as

a. = const \ E. = a l + A , (7)

' "{ °« J_
where a = const V E and one could expect that o = aQ, E is defined as before and

A = const/(2v £) is an asymmetry parameter.

The increase of O. with the mean deposited energy £. brings about a right tail in the

global response distribution w 5 (£). The from of this distribution could be expressed

analytically using expressions (2) and (7) and provided that the average local response £.

has Gaussian distribution (see appendix A).
In the next section it is shown that the simulation data support this behaviour.
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3. Results of SciFi Response Simulation

The effect of the calorimeter inhomogeneity was investigated by Monte-Carlo simu-
lation. The simulation of the SciFi calorimeter was made with a code based on the GEANT
package [10]. The structure of the simulated calorimeter, the definition of axes, the tilt
angle, azimuthal angle, and the size of a calorimeter module are shown in Fig.l. The
scintillating fibres were placed in a hexagonal matrix with each fibre equidistant to its
neighbours. The absorber-to-fibre volume ratio used in the calculations was 4.17:1 as-
suming a mixture of lead (= 99%) and glue (= 1%) as an absorber. To investigate the effects
originating in the discrete structure of the SciFi calorimeter we assumed that no other
systematic effects are present, i.e., the fibres are ideal (no fibre-to-fibre response fluc-
tuations and no light attenuation) with the same diameters and the same fibre-to-fibre dis-
tances. The energy leakage is negligible for this calorimeter (~ 56 radiation lengths).

To take into account a possible effect of the delta electrons (see introduction) the
energy cut-offs [10] for all types of particles were set to 10 keV and above this threshold
the delta electrons were generated explicitly. It was found that the explicit treatment of delta
electrons leads to higher values of the samp-
ling fraction which is in better agreement
with experimental data.

In order to investigate in detail the inho-
mogeneity effect, the scanning of the local
calorimeter response was done from the
central fibre to its neighbour as is shown by
the dotted line in Fig.2. The dependence of
the SciFi calorimeter response mean value
on the impact point was investigated in this
case. To demonstrate the effect we simulated
the calorimeter response at the tilt angle 1°,
where significant oscillations could be ex-
pected. The results of the simulations are de-
picted in Fig.3, where these oscillations are
visible. This effect was seen experimentally
by the SPACAL collaboration [2]. The
period of these oscillations is approximately
3.8 mm as expected (see Fig.2). A shift of
the maximum position by about 0.5 mm
from the true position of the fibre centre is
due to the tilt angle. An additional local
maximum at around 2.4 mm from the central
fibre is caused by the closest fibres neigh-
bouring columns. Note also the same
0.5 mm shift as before. The dependence of
the average response on the azimuthal angle Fig.2. Direction of the local calorimeter response
is weak [7]. s c a n

Fig.l. Structure of the simulated scintillating fibre
calorimeter

3.8 mm
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In Fig .4 a typical response function
is plotted for 10 GeV electrons and a

wide (1 x 1 cm ) beam. From this figure
one can see that the response distribution
has a non-Gaussian shape with the right
tail enhanced, which is in good agree-
ment with (A.2) and clearly manifests the
response nonuniformity connected with
the calorimeter structure. Note that the
same behaviour of response distribution
was observed experimentally by the
SPACAL collaboration [4].

To study the SciFi calorimeter res-
ponse variation due to structure inhomo-
geneity we carried out a set of calori-
meter response simulations for different
fixed impact points at three incident
energies 5, 40, and 120 GeV. At each
incident energy 100 different impact
points were randomly generated with a
uniform distribution in an 1 x 1 cm2 area
around the module centre. At each im-
pact point 1000 events were simulated
for the energy 5 GeV and 500 events for
the energies 40 and 120 GeV. This ap-
proach provided us with the local respon-
se distributions (corresponding to fixed
impact points) and local energy resolu-
tions for each of the 100 impact points.
The simulation was carried out for the
passive-active material ratio 4:1, fibre ra-
dius lmm and tilt angle 3°.

The results of the simulation are pre-
sented in Tables 1,2 and Figures 5—7.

Table 1 summarizes the basic results obtained for three incident energies (£. = 5, 40, and

120 GeV). For each energy Table 1 contains the average local response of the SciFi calo-

rimeter (£) , the standard deviation (caused by nonuniformity) of the average local response

distribution (a?on), the average standard deviation (caused by sampling fluctuations) for

local response distributions (cQ), the energy resolution calculated as V(cn
2
Qn + oQ

2) / £ , and

the energy resolution for the wide beam (ewb). For comparison, in Table 1 we also present

the values of the systematic term calculated on the basis of a theoretical model presented

below (see (9) and comments therein). The comparison of the calorimeter global energy

3

2 10

100 150 200 250
Energy [ MeV ]

300 350

Fig.4. Simulated response function of the scintillating
fibre calorimeter for the 10 GeV incident particle at
the tilt angle 3°
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Table 1. Influence of the SciFi calorimeter structure inhomogeneity on the calorimeter energy

resolution (the simulation results). Einc is the incident energy, E is the average local response

of the SciFi calorimeter; anon is the standard deviation (caused by nonuniformity)

of the average local response distribution; a^n is the standard deviation calculated

on the basis of the second term in (9); a() is the average standard deviation (caused by sampling

fluctuations) for the local response distributions; ewb is the energy resolution for the wide beam

* , n c

E

non

non

°0

V(c2 + a 2 ) /£
x non 0 "

£wb

[GeV]

[MeV]

[MeV]

[MeV]

[MeV]

[%]

[%]

5

116.710.4

4.510.3

5.310.2

8.18+0.07

8.010.5

8.1210.20

40

936.212.7

27.211.3

30.610.8

25.310.2

4.010.3

4.5810.20

120

281218

80 + 6

80.4012.10

47.910.5

3.310.2

3.1410.10

Table 2. Average response and energy resolution for the wide beam (global)
and for the beam with the fixed impact point (local), obtained by MC simulation

E [GeV]
inc L '

1

2

5

10

20

40

80

120

200

Average

local

24.32

44.88

115.12

232.71

471.71

936.05

—

2878.61

4813.00

response [MeV]

global

23.31

46.45

113.75

232.91

467.38

933.28

1862.18

2798.07

4661.55

Energy

local

13.1910.21

10.5710.24

6.9710.11

5.1410.08

3.7610.08

2.6510.06

—

1.5310.03

1.17+0.04

resolution (%)

global

15.2810.24

11.3210.25

8.1210.20

6.1010.10

4.8010.11

4.0410.09

3.42+0.08

3.1410.10

2.89+0.06
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Fig.5. Local response simulation results for 5 GeV incident par-
ticles and the fixed impact points scattered over the 1 x 1 cm" area;
distribution of: a) local average responses; b) R.M.S. of local res-
ponse distributions; c) local energy resolutions; d) local R.M.S. vs.
local average response

resolution determined by the method of wide beam simulation (ewb) and that determined on
the basis of the local response distribution characteristics (oQ, Onon) leads to good agree-
ment between these two approaches. In Table 2 the responses and resolutions, obtained by
MC simulation, are shown for the wide beam and the beam with a fixed incident point for
a set of incident energies (1—200 GeV). The fixed point in the latter case was chosen as
the point with the average local response equal to the average global one at the incident
energy 10 GeV.

In Fig.5a the distribution of the average local responses for the incident energy 5 GeV
is presented. The distribution of the local standard deviations is given in Fig.5b and that of
the local resolutions is depicted in Fig.5c. In Fig.5d the dependence of the local standard
deviation on the average local response is presented as a two-dimensional «box» plot,
where the box size is proportional to the number of cases. From Fig.5d one can see that the
standard deviation of the local response (cr ) has a tendency to grow approximately linearly

with the average local response £(., which is in good agreement with (7). Fitting the
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Fig.6. SciFi calorimeter response for 5 and 40 GeV incident particles at two different tilt
angles (1° and 3°)

histograms in Fig.5d, as well as the analogous histograms for 40 and 120 GeV, by means
of (7) we obtained A « 0.16 for 5 GeV, A = 0.05 for 40 GeV and A = 0.036 for 120 GeV.
The nonzero A measures the deviation of the global response shape from the Gaussian form.
From the fitted values of A we see that the distortion decreases with increasing incident
energy. In the case of the SciFi calorimeter the distortion could be especially large for high
passive-to-active material ratios (>4:1), small tilt angles (< 3°), and large fibre diameters
(> 1 mm). The above-mentioned effect is demonstrated in Figs.6a-d, where the simulated
global responses for two incident energies 5 and 40 GeV and two tilt angles: 1° and 3° are
shown. From Figs.6a and 6c, where the responses for the incident energy 5 GeV and
40 GeV and tilt angle 1° are presented, it is obvious that the response distribution has a
Gaussian-like shape with an enhanced right tail. The distortion of the Gaussian shape of the
response at higher energies and higher tilt angles (Figs.6b-d) is not so impressive and hence
we can conclude that the distortion decreases with increasing tilt angle and increasing
incident energy. For these conditions the response tends to a Gaussian form with the stand-
ard deviation a = \ ^Q+<^^on- The fact that a is a quadratic sum of aQ (sampling fluctua-
tions) and anon (response nonuniformity) confirms correctness of using formula (1) for
energy resolution parametrization.

The presented results stress the significant role of the calorimeter structure inhomo-

geneity. The ratio a n o n / £ , i.e., the nonuniformity contribution to the energy resolution, is
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3.8 ±0.2% at 5 GeV, 2.9 ±0.2% at 40 GeV, and 2.8 ±0.2% at 120 GeV. Consequently, this
ratio exhibits only weak dependence on the incident energy and thereby will effectively
influence only the constant term. This fact makes us conclude that the structure inho-
mogeneity contributes to the constant term b if the energy resolution is parametrized by
means of formula (1). Using this formula to fit the dependencies in Table 2 for the wide
and narrow beams we obtained the following values of the parameters: a = 15.91 ±0.17 and
b = 2.89 + 0.05 (wide beam) and a= 15.90 + 0.14 and b = 0.43±0.07 (narrow beam). In

both cases % are bad, 6.34 and 3.35, respectively. The bad % suggests that the weak energy

dependence of the anon/E ratio plays a role in this case. To unravel the problem we looked

at this dependence more carefully. The main issue is that the size of the electromagnetic
shower increases with incident energy, which makes the elements of the calorimeter struc-
ture relatively smaller as compared with the effective size of the shower. In general, it
means that the inhomogeneities will be less important if the incident energy increases. To

estimate the dependence of Gnon/E on energy we define the effective volume of the

shower as

V= const (In (£/£ ( h r))3 , (8)

where E is the incident energy and £(hr is the threshold energy, which can be chosen as the

energy at which an electromagnetic shower starts, i.e., the energy of pair production
(1 MeV). Assuming that the response fluctuations connected with inhomogeneities

(On /E) are proportional to 1/Vv\ which corresponds to the Poissonic nature of the fluc-

tuations, we can parametrize the energy resolution as

£thr

For better understanding of the assumption anon - W used in (9) some qualitative

arguments can be given. The number of the active calorimeter elements involved in the
shower (neff) is proportional to the effective shower volume V and it is natural to suppose

that ngff obeys the Poisson law, which immediately leads to Gnon ~ ^V.

It should also be noted that the choice of E. as the pair production energy is, to some

extent, arbitrary and other choices could be taken, e.g., the critical energy can be taken as
£ t h r . Also, the second term in (9), reflecting the calorimeter inhomogeneity, is only one of

possible parametrizations of the inhomogeneity term which are based on the idea that the
manifestation of inhomogeneity will diminish as a function of the incident energy
logarithm.

In Fig.7, the energy resolution is presented as a function of the energy for a wide

( l x l cm ) beam and for the beam with a fixed impact point fitted by two different para-
metrization formulae (9) and (1). In Fig.7a the simulated data for the wide beam were fitted
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Fig.7. a) Energy resolution for the wide beam
(solid squares) fitted by (9) (dashed line) and local
energy resolution for one fixed impact point (open
squares, full line), b) Energy resolution for the
wide beam fitted by (1) (dashed line) and local
energy resolution for one fixed impact point
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using formula (9). The fit was good with

X2 = 0.44 and parameters a =14.03 + 0.22

and fe = 115.9+1.7. The inhomogeneity
term should not be present in the fixed im-
pact point data, but superimposing these data
on the sampling term line (14.03/VzF) we „
can see that the data are slightly scattered
around the line.

We note that the fixed impact point was
chosen as the point with the average local
response equal to the average global one at
the incident energy 10 GeV. The fact that
the fixed impact point data are «scattered»
can be explained if we realise that at the
incident energy different from 10 GeV the
average local response can be shifted against
the global one. It means that at energy other
than 10 GeV the sampling fraction for the chosen fixed point is not equal to the mean
sampling fraction at this incident energy. The latter statement is well demonstrated in
Table 2, where the data concerning the local and global data are compared. Hence, one can
conclude that in the case of a fixed impact point the constant term is consistent with zero
in the error limits. The inhomogeneity term in formula (9) is also in good agreement with
the calorimeter inhomogeneity data mentioned above ( a n o n / £ ) , as can be seen from Table 1

comparing <Jnon and a^JV Agreement is very good at 40 and 120 GeV and a slight over-
estimation is seen at 5 GeV. It is remarkable that two different approaches, one based on
the wide beam resolution, and the other based on the average local responses, comply with
each other. This fact makes the inhomogeneity term parametrization to be proper.

Note that the second term in formula (9) tends to zero if the incident energy goes to
infinity, hence the fluctuations connected with inhomogeneity vanish as £->«>. On the
other hand, for the energies below 1 TeV the constant term effectively exists for the wide-
spot beam and its value is about 2.9%,which is the result of the fit with function (1) - see
Fig.7b. Moreover, in a real case there are also other sources of fluctuations as the fluc-
tuations corresponding to energy leakage, light attenuation in fibres, etc. The former ones,
if compared with the fluctuations originated in inhomogeneity, have just opposite tendency
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of behaviour with the increasing incident energy. Therefore one can expect that in real cases
the constant term is present. Formula (9) should be treated as a formula for an idealised
case, where only sampling fluctuations and those connected with structural inhomogeneities
are present.

4. Summary and Conclusions

The mode of operation of SciFi calorimeters, where particles enter at small tilt angles
in respect to the direction of the fibers, makes them feel the inhomogeneous structure of the
calorimeter. Due to narrowness of electromagnetic showers at the initial stage, the effect of
inhomogeneity is not completely averaged after the shower completion and manifests itself
as dependence of the calorimeter mean signal on the impact point position on the calo-
rimeter surface. The effect is more pronounced for:

• small tilt angles;
• high absorber-to-fiber volume ratios;
• small incident energies.

This effect has visible consequences at the interpretation of the results from the SciFi
calorimeter modules tested in beams which obviously have the transverse spread greater
than the fiber-to-fiber distance.

In this paper it is shown on the basis of Monte-Carlo simulation that:

1. The calorimeter response distribution is additionally broadened due to dependence of
the calorimeter mean response on the position of the impact point. This is the main source
of the systematic term in the energy resolution parametrization formula. In our treatment it
is demonstrated on the basis of general statistical arguments that the two terms (stochastic
and systematic) in the parametrization formula must be added quadratically. In the literature
one can often find a formula where they are added linearly.

2. The calorimeter signal for the case with the beam spot greater than the fiber-to-fiber
distance is no more Gaussian distributed. In addition, its distribution exhibits an asymmetry
with a tail towards the high-energy part.

3. Both the asymmetry and the systematic term have a tendency to decrease slowly with
the incident energy. Based on intuitive arguments, parametrizations of this dependence for
the asymmetry and the systematic term were found.

Appendix A

Analytical expression for the calorimeter global response. Assuming that the average

local response E. has Gaussian distribution with the average E and the standard deviation

Gnon, we can replace the summation in expression (2) by integration:
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; dE. exp
2oJ

exp
2a.

(A.I)

Using (7) for a. and the Taylor expansion in the parameter of the second exponent

under integral (A.I) we obtain

exp
(E-E)

1+A/,
E-E Af

' 2

E-E (A.2)

where c^.= \cs} + a2 is the full standard deviation when the asymmetry is not present
T 0 non J J r

(A = 0) and the functions / . (e) can be expressed analytically. For simplicity, we give only

the function / . (e):

(A.3)

The fact that/ ((e) is antisymmetric, positive for £ > V ^ a n d negative for e < - V3" brings

about the asymmetry of the global distribution (w j(£)) with an enhanced right tail. We note

that /2(e) is symmetric (/2(e) = cQ + c (e
2 + c2e4 + c3e , where ĉ . are polynomials of <J 0 /o r )

and therefore does not contribute to the asymmetry but only increases the width of the
global distribution.
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