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Abstract

The methods of calculation of electronic noise and radioactivity contri-
butions to an energy resolution of ionization calorimeter based on liquid
krypton are described. The results of calculations for LK1 calorimeter
of KEDR detector are presented. The possibility of improvement of the
resolution by means of multiply-sampled signals method is discussed.
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1. Introduction

The method of photons detection in a wide energy region by the ionization
calorimeter based on liquid krypton (LKr) is developed at Budker Institute
of Nuclear Physics during several years by a big group of authors. During
this time the most of effects determining the space and energy resolution
were analyzed, a several experiments with prototypes of calorimeter were
performed. The LKr calorimeter of K EDR detector for experiments in T -
meson family at VEPP —4M ete~ collider was designed and it is assembling
at present time [1]-[9].

The main factors determining the energy resolution of the ionization LKr
calorimeter at the moderate (< 100MeV) energies are the thermal noise of
the electronics, radioactivity of krypton and geometric factor. The last is
connected to the dependence of the response of ionization chamber on the
distribution of the deposited energy inside the gap. All these effects can be
calculated of course by traditional methods of Monte Carlo simulation, but
the obtaining of good accuracy requires a lot of computing time, and the
development of the analytical approach is interesting especially for the stage
of a calorimeter design.

In the present note, the method of calculation of the electronic noise
and radioactivity taking into account a finite life time of electrons in liquid
due to their capture by electronegative impurities is described. The main
formulae are given for the references and some specific results are presented



for illustration. The method of geometric factor calculation was developed
in ref.[10].

The described methods allow to minimize easy the contribution of these
effects to the energy resolution.

Moreover, the possibility of resolution improvement by means of multiply-
sampled signals method is discussed and the results of some specific calcula-
tions are presented.

2. Waveform of the useful signal

The electromagnetic LK r calorimeter of K EDR detector consists of ion-
ization chambers with the anode ~ cathode gap of 2 em width with thin elec-
trodes maid of foiled fiberglass (G10) and it is practically homogenous. Its
energy resolution is comparable with the resolution of the best calorimeters
based on heavy scintillation crystals when the electronics with a sufficiently
small noise level is used. The space resolution for high energy photons is
considerably better due to the possibility of measuring the coordinates of the
photon conversion point in a special stripped structure located in the first 5
radiation lengths of the calorimeter. The read out electrodes are divided into
rectangular pads, forming towers oriented to the interaction point.

Since the drift velocity of electrons in the field ~ 1 kV/cm is for several
order of magnitude higher than that of ions, the ionization chambers are
operated in an electron-pulse mode with a typical electron drift time of ~
10 ps. A charged particle crossing the gap of chamber produces the ionization
with more or less uniform charge distribution inside the gap therefore the
current waveform has a typical triangular shape. The inevitable presence of
electronegative impurities in LKr lead to the capture of a part of electrons
during a drift that is convenient to describe as a life time of electrons. The
current pulses for three values of life time are shown in fig. 1(a).

When the shower producing particles ( electrons or gamma-quanta) are
detected, one can assume in a reasonable approximation that the energy in
the calorimeter is deposited mainly by charged particles crossing the gaps
of ionization chambers. Thus the useful signal has in average a triangular
shape.

The fluctuations of the waveform are known as a geometric factor con-
tributing to an energy resolution. Its value can be calculated by Monte Carlo
method or, as it was shown in ref.[10], evaluated analytically.

Each tower of the calorimeter is connected to its own read out chan-
nel consisting of the charge sensitive preamplifier (CSP), shaper minimizing



noise-to-signal ratio and amplitude-to-digit converter (ADC) operating in
peak sensitive mode. To measure the absorbed energy of the shower it is
necessary to sum the pulse heights from several adjacent towers, and their
number depends on the energy.

As far as signal processing is concerned, the CSP is equivalent to the
integration cell with a time constant of several hundreds of microseconds.
As a shaper for LKr calorimeter of KEDR detector is used a symmetric
RC —2CR (one integration and 2 differentiations) chain of three independent
cells. So the most of the specific calculations were performed for this type of
shaper, although some more general cases are also considered.

The waveform-of the signal at the input of ADC can be obtained by
method of Laplace transformation for the shaper with arbitrary number of
RC and CR cells, but the expression is rather cambersome to present it here.
The formulae for RC' — CR, RC — 2CR and 2RC — CR shapers are given
in appendix. The waveforms of useful signal for these shapers are shown
in fig. 1(b-d) for different values of the life time of electrons and the time
constant equal to 1/10 of a drift time.

3. Electronic noise

For practical estimation of the contribution of electronic thermal noise to
the energy resolution of the calorimeter it is convenient to use the equivalent
noise charge (Qn) measured for the chosen shaper with the proper detector
capacitance. However, Q5 measured for one type of shaper can be recalcu-
lated to another one with a sufficient accuracy.

Although in the practical importance cases the main contribution is given
by the series noise, let us present more general formulae taking into account
the parallel noise too.

As it is well known [11}, Qn reduced to the input of CSP is determined
by the following way:

Q% = 2kT/R, - K, + 2kTR,K,(C + Cy)?,

where k is Boltzman constant, T-temperature, R, and R, are parallel and
series noise resistances, Cj is a ”cool” capacitance of CSP, C~detector capac-
itance. Kp and K, are so called parallel and series noise indices, determined
by the following way:
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where h(t) is the response to d-like current signal at the input of CSP.

The dimensionless values Ky /7 and K, depends on the shaper type only
(r-time constant of the shaper) and are given in table 1.

Table 1. Noise indices of RC — C R-shapers

Shaper | RC—CR [2RC-CR | RC-2CR
Ky/T 1.847 2.559 L 1.175
K,T 1.847 0.853 3.526

The values of Ry, R, and Cj are obtained by fitting of the experimental
dependence Q% () measured for several values of the detector capacitance.

As it was mentioned above, the main contribution at short time constants
gives the series noise that is equivalent to the random consequence of 4-like
signals at the input of shaper. In this case the equivalent noise charge is:

QN=Q0+QI'C)

where Qo and Q' for a given CSP depend on the shaper type only and
are proportional to \/K, that allows to do the simple recalculation from one
shaper type to another.

The energy equivalent of the noise can be obtained by normalization of
@~ (in units of fundamental charge) to the maximum of useful signal corre-
sponding to unit energy deposition:

U(MEV) = QN . whmaz/wmaz)

where w = 20.5 eV - mean energy necessary to produced one electron-
1on pair in LKT, Apmez, Wimes — pulse height at the output of the shaper for
unit charge at the input of CSP created by the d-like and real current pulse
respectively.

It is useful to note, that for short time constants QN ~ 1/\/T, Wnae ~T
and hence o(MeV) ~ r=3/2,



4. Radioactivity

The industry supplied krypton contains a small fraction of the PF-radioactive
isotope 85 Kr with a half-life of 10.5 years and the bound energy 0.67 MeV
[12]. The specific activity of LK r is 300 — 400 Bg/em3 [2, 13]. 1t leads to the
appearance of a random consequence of current pulses at the input of CSP
fluctuating on the magnitude and the duration effecting as an extra noise
source.

Its contribution (o) to the energy resolution corresponding to mean rate
f of decays can be obtained by averaging of the square of the output pulse
for B-decay over energy, point of decay and time after normalization to the
maximum of useful signal for unit energy deposition:

1 fe? i 7 1/2
or(n,r) = —'*—){?;/dTr/rz(t,n,T;Tr)dt} ,
0 0

Wmaz (Tl» T

where r(t,n,7;T;) - the response to signal from f-decay with an unit
energy deposition,

Wmaz (N, 7) — the maximum of the useful signal with an unit energy de-
position,

T4 — electrons drift time,

n ~ electrons life time,

7 — shaper time constant,

T: — duration of the radioactive current pulse,

[ — mean rate of B-decays,

€ =0.286 MeV - rms energy of the g - decay of 8 Kr.

The typical volume of LKr corresponding to one channel in the tower
structure of the calorimeter is 5000 cm® thus the rate of B-decays f = (1.5
2)-10° Hz. The formulae for r(t,n,7;T;) and w(t, n, 7) are given in appendix.
The contribution of the radioactivity increases with the time constant and at
small one is approximately proportional to VT

5. Geometric factor

Since the charge collected from the gap of ionization chamber depends
not only on the deposited energy but on its distribution inside the gap, its
value does fluctuate and contribute to an energy resolution. This effect is
known as a geometric factor that depends on the fraction of the collected
charge and decrease with decrease of the shaper time constant.



This effect can be simulated by means of Monte Carlo method by dividing
the gaps into thin slices in such a way the drift time through which should be
much shorter than time constant. This way is reliable enough but requires a
lot of computing time.

The analytical approach developed in ref.[10] simplifies considerably the
calculation of this effect. The results obtained for the KEDR calorimeter
are compared to each other in fig. 2. One can see from this figure that they
are in a.good agreement.

6. Time constant optimization

Since the contributions of radioactivity and geometric effect increase and
the electronic noise decreases with the shaper time constant increase , the
minimum of their common contribution exists obviously. The value of this
minimum and its position on the time constant depends on the shaper type
and the life time of electrons. It is interesting that the optimal life time is
not infinite, i.e. some level of impurities improves the resolution.

The calculation of discussed effects was performed for the K EDR calorime-
ter where CSP based on field-effect-transistor SN J1800D [4, 6] is used. The
equivalent noise charge (Qn) for this CSP was measured with RC — CR
shaper with time constant 3 s [14] and in units of fundamental charge can
be well approximated [15] by:

Qn =1.4-(C(pF) + 550).

The recalculation of Qu for other time constants and shaper types was
performed by the method described above (item.3). The necessary initial
data are given in table 2.

Table 2. Initial data for calculation of resolution

Energy of detected photon (MeV) 100
Specific radioactivity of LKr | (Bg/em®) | 300
Gap of ionization chamber (em) 2
Total drift time (us) 10
Tower electric capacitance (pF) 500
LK volume in a single tower | (cm?®) 5000
Number of summed towers 9

The electronic noise, radioactivity and geometric factor for RC-CR,2RC—-
CR and RC — 2CR shapers for life time of 1 us and oo at the photon energy



Table 3. Shaper RC — CR

T, 48 | tmaz, 48 | /S | N\MeV | RMeV G% | (N+R)s,% | (N+R+G)s,%
0.25 0.76 276 | 1.56 0.38 || 1.60 4.83 5.08
0.50 1.22 19.0 | 0.99 0.45 2.05 3.27 3.87
1.00 1.92 14.6 | 0.64 0.56 | 2.48 2.55 3.56
1.50 2.53 13.1 | 0.51 0.65 | 2.70 2.49 3.67
2.00 3.08 124 | 0.42 0.73 | 2.84 2.52 3.80
2.50 3.60 120 | 0.38 0.80 2.93 2.67 3.96

Table 4. Shaper RC — 2CR

Ty U8 | tmaz, US | h/S | N,MeV | RMev G,% | (N+R)9,% | (N+R+G)e,%
0.25 0.41 44.7 3.43 0.28 1.02 10.32 10.36
0.50 0.73 27.3 1.92 0.37 1.50 5.85 6.05
1.00 1.23 18.7 1.07 0.48 2.01 3.51 4.05
1.50 1.66 15.6 0.80 0.56 2.31 2.94 3.73
2.00 2.04 14.2 0.65 0.62 2.50 2.67 3.67
2.50 2.40 13.3 0.55 0.67 2.63 2.61 3.71

of 100 MeV are plotted versus time constant in figures 3-5.

More detailed information for life time of 1 ps is presented in tables 3-5,
where

T, U8 — time constant,
tmaz s 146 - time position of the peak of useful signal,
h/S - the ratio of pulse heights of §-like and
useful signals for the same input charge,
N,MeV — electronic noise for a single tower channel,
R,MeV ~ radioactivity for a single tower,
G, % - geometric factor,
(N + R)s,% — common contribution of noise and radioactivity
for sum of 9 towers,
(N+R+G)s,% ~ common contribution of all these sources

for sum of 9 towers.

One can see from these data that the usefu! signal has a maximum at
about 2 ps when the time constant is optimal. The common contribution of
the discussed effects is 3.6 + 3.8% and is almost independent of the shaper
type.



Table 5. Shaper 2RC - CR

T 1S | tmaz, S | h/S | N.MeV | R, MeV G% | (N+R)s,% | (N+R+G)e,%
0.25 1.04 22.3 1.06 0.40 1.79 3.39 3.84
0.50 1.75 16.1 0.71 0.49 2.27 2.58 3.43
1.00 2.90 131 0.48 0.62 2.69 2.34 3.57
1.50 3.98 12.1 0.38 0.74 2.89 2.49 3.81
2.00 5.00 11.7 0.31 0.83 3.00 | 2.67 4.02
2.50 6.00 11.5 0.29 0.92 3.07 2.91 4.23

The influence of electrons life time on the resolution is shown in a more
detailed way in figures 6-8. One can see that optimal life time is 1 + 2 (5.
Resolution improvement compared to infinite life time is 20% for RC — 2CR
shaper.

By chance the industry supplied krypton has a purity corresponding to
the electrons life time close to optimum. However it is unknown what it will
be at the real conditions in the calorimeter, so the presented data have rather
approximate character.

The final choice of the shaper parameters should be done after filling the
calorimeter by LKr and measuring its parameters — specific radioactivity,
drift and life time of electrons and recombination coefficient. It will be nec-
essary also to study situation with the pick up noise resulting in appearance
of noise correlation in towers.

In the next items the possibility of multiply-sampled signals method for
noise and radioactivity suppression is discussed.

7.  Multiple samples method

The multiple samples method was developed for high luminosity facilities
to suppress the pile — up noise connected with the random coincidences of
the events from different collisions in ref.[16, 17]. After some modifications
it can be used for suppression of common contribution of thermal noise and
radioactivity for LKr calorimeter.

Let the waveform of signal is measured at n points forming the vector
of measured values s; (¢ = 1,...,n), and w(t) is a response to an unit en-
ergy deposition. If the measurements are synchronized with signal formation
and w; - values of response at the same time points as s; then s; = Aw;
with accuracy to noise, where A is an energy deposition. The value of A
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and estimation of its standard deviation o4 one can find by minimizing the
expression:

x? = Z(si —~ Aw)Vij(s; — Aw;) = sVs — 2AwVs + AlwVw.
L)
Here sVs = 3 s;Vijs5, wVs =Y wiVis;, wVw =3 wViw;, Vij = Ri_j1
and R;; = R(t; — t;) — autocorrelation function of noise and radioactivity
that will be defined below. The values of A and ¢4 are:

A= wVs _[9%? _1_ 1
T wVw’ HA? T wVw'

If the measurements are shifted by some ¢ one has to find two values
~ energy deposition A and delay time §t. It is convenient to introduce two
parameters {16]: a3 = A oy = Aft, and to expand w into Taylor series
around the points of measurements ¢;:

w(t; + 0t) = w(t;) + w'(ty) - 6t

Then x? will be a function of a; and ay:
= Z(Si — yw; — aawi) Vi (s; — cqwj — azw;.) =
¥
sVs — 201wVs + alwVs 4+ o?wVw + 2w/ V' + 2010w Vw — 20,0/ Vs,
(denotes are obvious).
Solving the system of equations x?/8c; 3 = 0, one finds @; and ay:
_ (wVs)(W' V') — (w'Vs)(w'Vw)
] = A= s
A
(wVw)(w'Vs) — (w'Vw)(wVs)
A b
A = (wVuw)(w' V') — (w'Vw)?

and the correlation matrix:

ay = Ar =

11



L1 8% _1__ wVw wVuw _1_l w'Vuw —uw'Vw
P = 200i00;] — \ wVw w'Vu TA\ —wVw wWw )°

Le. 0} = w'Vw/A, 0}, = wVw/A.

8. Noise and radioactivity autocorrelation func-
tions

Let 0,,0, and o are noise, radioactivity and their common contribution
and Ra(t), Rr(t) and R(t) = Ra(t) + R.(t) are the corresponding autocorre-
lation functions.

Since a series noise gives a main contribution to the electronic noise, we
consider this one only. Then autocorrelation function is:

T (u + )b (u)du
Rall) = 020

)

(b (w))2du
0

where h'(t) = dh/dt, h(t) - the electronic response to é-like current pulse.
The formulae for h(t) for various types of shapers are given in appendix.

Calculation of R, (t) can be done by averaging on the energy and point of
B-decay like the calculation of oy, i.e.

T =)
71; I dT,fr(u-f—t;Tr)r(u;T,)du
0 0

Y

R.(t) = o2

bl

1 Ty o)
T bf dT,.Ofr(u,Tr)zdu

where r(t,T;) - response to signal from radioactivity of a duration 7.. The
formulae for it are also in appendix.

It is possible to show that the double integrations in the last formula can
be reduced to ordinary integrals of the response to useful signal, namely:

Tw(u + t)w(u)du
R.(t) = o2 2—;

[ w(u)2du
0

Use of this formula considerably saves the computing time in numerical

12



calculations.

9. Results of some specific calculations

Below are given some results of specific calculations performed by de-
scribed method that are assumed to be compared to the experiment in the
future.

The following values of initial parameters were taken: drift time Tq =
10 ps, tower capacitance C = 500 pF, tower volume V = 5000 cm?, electronic
noise for RC —2C R-shaper Q- = 1.4-(C+550)- (3/7)*/2.1.38 (the last factor
recalculates the noise from RC — CR to RC — 2CR shaper.) The results for
single measurement for two life times of electrons (m) are shown in table 6.
Time constant (7) was chosen optimal respective to noise, radioactivity and
geometric factor for 9 summing towers at photon energy E, = 100 MeV.

Table 6. Resolution at a single measurement

T, U | 7T, Us N9>% RQ)% (N+R)9)% G)% S)%
1 2.3 1.95 1.96 2.76 2.58 | 3.78
10 0.9 2.61 1.86 3.21 3.26 | 4.58

Here Ng, Rg, (N + R)g — noise, radioactivity and their quadratic sum for
9 towers, G — geometric factor, S - resulting contribution of all three factors.

The results obtained by method of multiply samples are shown in the
following figures. The waveform of useful signal (a), autocorrelation func-
tions for noise, radioactivity and their weighted sum (b — d) are plotted in
fig. 9. The noise and radioactivity versus the time interval between points
of measurements are shown in fig. 10,11 for life time 10 and 1 ps. The time
constant of shaper was fixed at the optimum value for a single measurement.

As one can see from these figures at long life time (7, = 10 ps) the relative
improvement of noise and radioactivity with 9 samples and the interval é; ~
0.3 ps is about 30% compared to a single measurement with an absolute
value of 0.8 M eV for single tower. An increase of the number of points rather
slightly improves the result. At the short life time (r, = 1 ps) the relative
improvement is considerably less while absolute value is practically the same
as one at 7 = 10 us.

13



The results for 1 and 9 measurements are shown as function of time
constant in fig. 12,13 when the time interval between samples was optimized
for each value of time constant. One can see from this figures that the
common noise and radioactivity contribution slightly depends on the time
constant in a wide region and is considerably improved compared to the single
measurement especially for short time constants. It allows to hope that the
geometric factor also can be considerably suppressed but this question needs
an additional study.

10. Conclusions

The described methods give the simple possibility for estimations of noise,
radioactivity and geometric effect contribution to an energy resolution of
lonization LKr calorimeter as well as for optimization of electrode structure
and electronic channel for single measurement by peak ADC. For the KEDR
calorimeter, in particular, was found the optimum of electrons life time = 1 Uus
at the drift time 10 ys.

The possibility of noise and radioactivity improvement, by multiply sam-
ples method has been studied and improvement of ~ 30% was found for
situation close to the K EDR LKr calorimeter.

In conclusion the authors express their sincere gratitude to V.M.Aulchenko,
S.G .Klimenko, A.P.Onuchin and Yu.A Tikhonov for the interest to work and
useful discussions.

The work is partially supported by Russian Foundation of Fundamental
Researches, grant N 94-02-03995.
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A Appendix

Here are given for references the formulae omitted for brevity in the main
text.

A.1 Response to a §-like current at the input of CSP

The input current [ = Qq-4(t) is transformed by C'SP with an equivalent
capacitance Cp into a step of power (neglecting difference between CSP time
constant and infinity) Up(t) = Qo/Co = Uy - 6(t) (8(t) = 1fort > 0 and 0
otherwise) being the input signal for the shaper.

The Laplace transformations at the input of shaper is Up(p) = Uo/p. The
transformations after integrating (RC) and differentiating (C'R) cells with
time constant 7 = RC = 1/p, are obtained by multiplication by po/(p + po)
and p/(p + po) respectively.

For three simplest kinds of shaper the response functions for Uy = 1 are:

hi1(z) = ¢ - exp(—z) for RC — CR,

ho(z) = S22 - ezp(~z) for 2RC — CR

his(z) = £(1 — /2) - exp(—z) for RC — 2C R-shaper; z = t/T

Obliviously, h1s = hi1 — hg;. Peaking times (45 ) of these functions are
given in table Al.

Table Al
Shaper | RC— CR | 2RC—-CR ;| RC-2CR
Lmaz 1 2 2 - 75
hmaz e~l=.368 | 2¢72=.271 | 0.231

The response to any input current /(t) is obtained by its convolution with
function A:

Ut) = / I{u)h(t — u)du = / I(t — u)h(u)du

15



A.2 Response to ‘rectangular’ and ‘triangular’ current
pulse

Neglecting a path of the electron from p-decay in liquid the corresponding
current pulse for unitary produced charge can be written as:

I:(¢) = 1/Tq-ezp(-t/n), 0<t< T,

where T is a drift time, m-life time of electrons, T,—current duration de-
termined by the point of B-decay in the gap of ionization chamber. When
n — 0o the current has a step-like shape of duration 7} — ‘rectangular’ pulse.

Assuming useful signal to be produced by the particles crossing whole gap
one has a current pulse for unit charge in the form:

li= o (L= 4/T) -exp(~t/m), 0<t<Ty
d

- ‘triangular’ pulse at infinite 7.
The formulae for signals after symmetric shapers are given below. Let 7
is time constant,

=nr/(n-7)a= 2 )(Tyr),z = t/7,

f(t) = ezp(—~t/7), P.(u) = —n! iu"/k!,
k=0

z = 0, ift < Tr,d
"T E-Ta)/r, it Thg

Grg = { exp(—t/n), ift< T4
nd = e:cp{—-(t - Tr,d)/'r - Tr,d/'rl}: ift> Trg -

16



Then signals from radioactivity have the form:
ru(t) = a{f(t)Pi(z) - g, (t) Pr(=,)},

ra(t) = ar'/Q21){f(t)Ps(z) - 9 (t) Po(z,)},
Tlg(t) = rll(t) — P21 (t),
and useful signals —
wii(t) = o{f(@)[P(2) (1 ~ t/Ta) + Po(2)r' /Ty -
9a(t)[Pr(za)(1 = t/Tu) + Pa(za)7 /Td)},
wa(t) = ar'/@r){f®)[Pa(2) (1 — t/Tu) + Ps(z)r /Ty~

9a(O)[Pa(za)(1 - t/Ta) + Ps(za)r' /Tu)},

wlg(t) = wn(t) - Wa1 (t)

These formulae are convenient for computations at any reasonable region

of parameters except of 7, ~ 7. This region requires an extra attention at
computations.

17
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Figure 1. Current pulse (a) and waveform of the useful signal for electronics
with RC' — CR (b), RC — 2CR (c) and 2RC — CR (d) shapers. An electron
life time: I-infinite, 2-10 us, 3-1 us.
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a time constant of RC — 2C R shaper for two values of electron life time —
100 ps (1) and 3 ps (2). Curves-analytical calculation, points—Monte Carlo
simulation results. A photon energy is 100 MeV.

20



> 8

()

=

© ¢
4
2
0

> 2

()]

=

o)
1
0

RC-CR

life time OO
>
L:N+R+G a >
: =
o o
r G
[ N+R
T R B
1 2
TS
>
L Cio
=3
- b
i N+R
" \R
L N
AL 1 I 1 l L 1 L 1 l 1 1 i 1
1 2
T, 1S

life time 1 usec

b

LBNLINL L S A RO A AL B [ S B O

N+R
G
L I L I i 1 1 L l L 1 1 L
1 2
T,US
— N+R
L R
N
i 1 1 I 1 1 1 1 [ 1 )] 1 1
1 2
7,48

Figure 3. An electronic noise (N), radioactivity (R) and geometric factor (G)

for RC' — CR shaper versus time constant. (a,c)-infinite electron life time

)

(b,d)-1 ps. (c,d)-N and R for one tower, (a,b)-N, R and G for sum of 9

towers.
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Figure 4. An electronic noise (N), radioactivity (R) and geometric factor (G)
for 2RC — CR shaper versus time constant. (a,c)-infinite electron life time,
(b,d)-1 ps. (c,d)-N and R for one tower, (a,b)-N, R and G for sum of 9
towers.
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Figure 5. An electronic noise (N), radioactivity (R) and geometric factor (G)
for RC — 2C R shaper versus time constant. (a,c)-infinite electron life time,
(b,d)-1 ps. (c,d)-N and R for one tower, (a,b)-N, R and G for sum of 9
towers.
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Figure 6. The sum of electronic noise, radioactivity and geometric factor for
RC — CR shaper versus time constant for a few electron life time (figure over
curve). The results is for sum of 9 towers.
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Figure 7. The sum of electronic noise, radioactivity and geometric factor for
2RC — CR shaper versus time constant for a few electron life time (figure
over curve). The results is for sum of 9 towers.
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Figure 8. The sum of electronic noise, radioactivity and geometric factor for
RC — 2CR shaper versus time constant for a few electron life time (figure
over curve). The results is for sum of 9 towers.
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Figure 9. A waveform of useful signal (a), autocorrelation functions of ra-
dioactivity (b) and electronic noise (c), common autocorrelation functions of
electronic noise and radioactivity (d) for RC' — 2CR shaper.

I-electron life time 10 us, time constant 0.9 us; 2-electron life time 1 ps,
time constant 2.3 us.
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Figure 10. Sum of electronic noise and radioactivity for 1,3,5 and 9 samples
(figure beside curves) versus time between samples for RC — 2CR shaper.
An electron life time — 10 us; a shaper time constant — 0.9 us.
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Figure 11. Sum of electronic noise and radioactivity for 1,3,5 and 9 samples
(figure beside curves) versus time between samples for RC — 2CR shaper.
An electron life time — 1 us; a shaper time constant — 2.3 US.
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Figure 12. Sum of electronic noise and radioactivity for one (1) and 9 (2)
samples versus a time constant of RC — 2CR shaper. An electron life time -
10 ps.
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Figure 13. Sum of electronic noise and radioactivity for one (1) and 9 (2)

samples versus a time constant of RC — 2CR shaper. An electron life time —
1 ps.
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