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IlpeAJiaraeTC51 MeTOA H OIIHChIBa10TC51 pe3yJihTaThl qffCJieHHOI'O MOAeJIHpO­
BaHH51 pa3AeJieHH51 pa3JIHqlibIX 3apg)KeHHblX qacTHI.I; C /3 < 0.9 B IIJIOCKOH )K~­
KOCTHOH HOHH3aD;HOHHOH KaMepe co BpeMeHeM Apeii:cpa HeCKOJibKO MHKpoce­
KYffA, IlpeAJiaraeTC51 HCIIOJib30BaTb cpopMy CHmaJia C BblXOAa rrpeAyCHJIHTeJI51, 
IIOAKJIIOqeHHOI'O K HOHH3all;HOHHOH KaMepe TOJIID;HHOH L > 2 CM, AJI51 HCKJI10qe­
HH51 HOHH3aD;HOHHblX IIOTepb AeJihTa-3JieKTpOHOB C 3Hepmeii: Bhlme HJIH IIOPMKa 
1 M3B. MeTOA aHaJIH3a cpopMbl CHmaJia II03BOJI51eT IIOJiyqHTb HeCKOJibKO 3Ha­
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Usage of Shape of Signal from Liquid Ionization Chamber 
for Rejection Delta Electrons and Multiple Measurement of dE/ dx 

The results of numerucal simulation of separation of different kinds of 
charged particles with f3 < 0.9 in the uniform ionization liquid medium chamber 
with a drift time of few microseconds is described. A waveform of the 
preamplifier output signal connected to a thick gap (L > 2 cm) ionization liquid 
medium chamber is proposed to be used for rejection of energetic delta electrons 
and for few measurements of dE/ dx inside one gap. Possibility of separating 

n - and k-mesons at the level of 2a in a 4 cm LKr medium chamber in the 
momentum range (0.5 N + 0.8) GeV /c is shown. 

The investigation has been performed at the Laboratory of Nuclear 
Problems, JINR. 
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1. Introduction 

Use of liquid '~edium ionization detectors is attractive d;;~ 
to the possibility of obtaining good energy and ·spatia_l· 

resolution. That is why they. are widely used in the fiel~ of 

elementary particles or astrophysics experiment (l]. Often, such a· , 
'' j • ' • ' 

detector consists of a set of parallel ionizing cham~ers, which 

allows multiple released energy information to be used for dE/dx 

analysis (2]. This ability of particle separation can improve the 

performance of the total setup. For separation one can use' the 

amplitude information· from f~w consec~tive layer~ along 'the 

particle track [ 2, 3] . But in the case of thick layers the total 

thickness of the medium. would be large enough to cause significant 

influence of the nuclear interaction. 

Usually the' fast electron component pulses from I the 

ionization.chambe~ are analyzed with a'low noise charge sensit,ive 

preamplifier followed by a shaper for amplification and shaping. 

The amplitude of the output signal of the integrating preamplifier 
is proportional to the total collected charge of free ·electrons, 

• . I • 

and it is roughly proportion~l· to the free electrons' charge 

released in the gap (4] (see Appendix A). But in principle stron'g 
' ·. , . '.· .,, . ·-·' 

proportionality occurs only in the case of uniform primary 

ionization. Otherwise the shape and amplitude at the output of the 
p~eamplifier 'depend on the ionizati'an distribution in the. gap, 'of 

the chamber. The possibility 1of ~rialysis of the·' shape of the 



-·preamplifier output signal for extracting few measurements 

dE/dx from one gap of a liquid medium ionization chamber 

discussed below. 

1.1 The influence of a-electrons 

of 

is 

For beginning, one have to point 'out that the problem of 

particle identification using few values of energy loss rates 

dE/dx for heavy charged projectiles is m~inly related to influence 

of energetic delta-electrons (oe-). The additional ionization 

caused by ae- is superimposed on that of primary particle. So the 
' \ 

right tail (as in Landau distribution) of the distribution of 

collected charge for relativistic particles (Fig. la) is 

determined by the rare energetic ae-. In order to obtain 

non-shifted estimation of the most probable dE/dx value for the 

main track one should "reject" the parts of the track inside a gap 

of the chamber which have significant additional ionization by the 

ae-. The .mean value of· dE/dx* at the rest path will have more 

symmetrical and. narrower distribution (Fig. lb) and therefore 

permits improving separation of the particle's with. nearly equal 

mean values of the energy loss rates. 
For the quantitative differenc_e in. energy loss rates for two 

particles at a 'given nii:>mentum the relative d_ifference in energy 

RDE=ABS(E1-E2)/MIN(E1,E2) has to be evaluated. Fig. 2a depicts the 

total and restricted [5] energy loss rates, when ionization. by 

a-electrons with energy over E is not taken into account. The 
- , max 

corresponding plots of the RDE and relative difference of the 
tot 

for few values of cutoff 

MeV) are shown in Fig. 2b. 
restricted energy loss rates RDE,.t 

energy of a-electrons (E =0. 1,' ·2. o max 
It is seen that significant part of the mean energy loss rates 

(about 30%) is produced by a-electrons, and the relative 

difference of restricted energy loss rates RDE is· higher than 
, , : 1 rat ( 

that for total energy loss rate RDEtot at low momentum. However at 
is saturated at lower meaning of the ratio higher momentum RDE 

: • rst . 
of restricted energy loss rates of two kinds of particles. so, 

rejection of the a-electron influence can improve particle 

separation at low momentum (below minimum of RDE,.t) but at higher 

momentum the separation becomes worse. 
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2. Review of the study 

Ionization yield of penetrating charged particles and 

secondary energetic a-electrons in medium of the chamber were 

simulated. After that information about space distribution of 

ionization density and simulated electronic noise was used to 

calculate the shape of the signal at the output of the integrating 

preamplifier. Then the output signal was "digitized" by Fast 

Analog to Digit Converter (FADC), and the "second derivative" of 

signal gave, finally, dE/dx information per few layers inside a 

gap of the ionization chamber. This approach permits one to find 

an algorithm of rejections of the energetic ae- influence. 

2.1 Assumption 

It is assumed that all tracks of the particles are orthogonal 

to the chamber plane, and its distance to the edge of electrode 

(and consequently the dimensions of the electrode) are supposed to 

be mach more than the thickness of the gap of the chamber. 

Otherwise the shape of the current signal from a pad is a 

complicated function of the track position. 

In this study the intensity of the recombination process of 

the ionization on the primary particle track and on the path of 

arising a-electrons is assumed to be equal. It is known [6] that 

the_ charge response measured with the 207Bi source in a parallel 

plate chamber depends significantly on the level of impurities. It 

can be less than 50% of the charge collected in pure krypton. In 

calculation of collected charge the v-value of liquid krypton was 

used to obtain the number of primary ionized pairs, then it was 

divided by fixed factor kw to calculate the number of free 

electrons available after recombination. 

The code is able to take into account the simple exponential 

model of free electron life time, but the following results were 

obtained for the large value of life time to drift time ratio. 

Similarly, transition time of preamplifier should be much smaller 
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' than the drift time. The liberated energetic 5e- with the energy 

larger than few MeV will travel a macroscopic distance before it 

is stopped and it produces additional ionizatio~ along its path. 

The angular distribution of 5e- was calculated according to 

kinematics of scattering of primary particle from the fixed 

electron, though, because of multiple scattering the current angle 

of electron would change later. As a measure of straight-line 

penetration distance of such 5e- the electron "practical range" 

was used [7]. 

In principle, the drift of the positive ions created in the 

ionization process should also contribute to the current. The 

positive ion mobility in liquid rear gases is, 

orders of magnitude lower than that for electrons 

current being similarly suppressed, and can 

neglected. 

however, five 

[8], with the 

therefore be 

The density effect in calculation of the restricted energy 

loss was neglected because it is significant at higher momentum of 

incident particles. So for n-meson momentum less than 2 GeV/c the 

decrease in dE/dx is less than 2.8% after taking into account the 

expression for the density effect (9). 

Krypton gas contains a small amount of the radioactive 

isotope 
85

Kr with a half-life of· 11 yr. It decays by beta decay 

with an endpoint energy of 670 keV and releases an average energy 

of 250 keV [10]. An electron that resulted from ~-decays of 85Kr 

was simulated for each event, too. 

2.2 Illustration of method 

Let us consider the time dependence of the chamber output 

current and the integrating preamplifier signal on a gap of the 

uniform ionization chamber for different distribution of primary 

ionization in an ideal case of large life time of free electrons. 

In the case of local ionization cluster, as for a low energy 

7-quantum (Fig. 3a,b), the output current (Fig. 3c) is constant 

for the total drift time. The drift time is proportional to the 

cluster distance to the anode. The output signal from the 

integrating preamplifier (Fig. 3d) is a linear function during 
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drift time and after that slowly decays with the constant time 

~=RC of preampiifier feed back. 

For uniformly spread primary ionization (Fig.4a, 4b) the 

output current (Fig. 4c) has a triangular shape and the 

corresponding signal at the preamplifier output (Fig. 4d) has a 

parabola-like shape. 

The superposition of uniformly spread primary ionization and, 

for example, of two local clusters (Fig. 5a,b) is illustrated in 

Fig. 5c,d. The main feature of this sample is presence of the 

"steps" in the current plot, time durations of which are 

proportional to the length of clusters along the direction of the 

electric field. The signal at the output of preamplifi,er (Fig. 5d) 

will differ from the parabola shape in this case. 

This illustration permits one to find the way how one can 

recognize significant additional ionization determined by 

energetic delta-electrons. 

integrating preamplifier 

In conclusion, if we have the ideal 

(without noise) then the second 

derivative of its output signal gives us the dE/dx distribution 

inside the gap of a uniform ionization chamber. 

As was mentioned before, the distance of the track to the 

edge of the signal electrode (pad) of the chamber (Fig. 6a) should 

be large enough not to distort significantly the shape of current 

(Fig. '6b) and corresponding dE/dx (Fig. 6c). For example, for an 

infinite chamber with a gap of L=2 cm and a signal pad 8*8 cm2 in 

size the area with distortion of dE/dx less than 3.6% (7.7%) has 
· 2 2 the size about 2*2 cm (3*3 cm) at the centre of the pad. 

2.3 General description of the Monte Carlo simulation 

The program code which simulates ionization corresponding to 

the restricted energy loss of a heavy projectile and produced 

energetic knock-on electrons was designed. It takes into account 

the "electronic noise" of the preamplifier, too. In numerical 

simulation a gap of a uniform ionization chamber L was divided 

into a large number N, of thin layers (dL=L/N
8
), and ionization 

yield in each layer with thickness dL was calculated as a sum of 

the constant term (restricted energy loss) and the statistically 

variable energy loss of delta-electrons. 
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The restricted energy loss rate (Fig. 2a) of a heavy 

projectile via all collisions which have energy transfer T such 

that T:sEmax«Tmax was calculated according to the formula (5): 

dE 1 Z p z 2 

(-):sE = _ D med med(~) 
dx max 2 A f3 med 

[ tn( E T ) 2C ] max 
2 

max _ 132_ 0 _ -; 

I med 

where o represents the density effect, it is non-negligible only 

for highly relativistic projectiles in denser media; and c is the 

correction for low speed projectiles. For a relativistic spinless 

charged particle the production of high energy o-electrons of 

kinetic energy Tis given with good approximation by the formula 

(11]: 

d 2 N 

dTdx 
_L D 

2 

Z Z 
2 

( 
med) ( Inc) F -- --p -· A {3 med T2 ' 
med 

for I« T :sTmax where the maximum energy 

T max 

2 m {32 .,.2 c2 
e 

m ( m )2 1+2.,.r+ r 
l n C In C 

F= 1 - ~ for a particle with spin= o 
max 

of oe- is 

Here H and Z are the mass and charge number of the 
Inc inc 

projectile; Zmed' Amed and pmed are the charge number, mass number 
and density of the medium. D=0.307 MeV cm2 g-1

, m is the mass of 

the electron and ra16 (Z ) 0
"

9 eV • e med 
The practical range of o-e was calculated according to the 

formula (7): Rp=AT{l-B/(l+CT)] with A=0.55 g cm-2MeV-l, B=0.9841 

and C=3.0 Mev-; where T MeV is the kinematic energy of oe-. 
As an illustration, Table 1 shows the values of the 

calculated mean rate energy loss, maximal energy and density of 

o-electrons (dN/dx) and their practical range (RP) in LKr medium 

for two kinds of projectiles. It is essential that the higher the 
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energy of oe-, the smaller the angle of oe- to the primary track. 

Table 1. Energy loss of rr- and k- mesons and characteristics of 

arising oe-

p dE/dx T 
tot max Toe- dN/dx Rp 

GeV/c MeV/cm MeV MeV 1/cm mm 

> 10 6.8E-4 > 22. 

0.5 3.44 12.77 > 7 3.6E-3 > 15. n > 4 1.5E-2 > 8.3 
> 1 13.E-2 > 1.7 

k 0.5 4.85 1.04 > 1 .9. 3E-3 > 1.7 

> 10 5.6E-3 > 22. 
rr 0.8 3.59 32.21 > 7 1.lE-2 > 15. 

> 4 2.6E-2 > 8.3 
> 1 15.E-2 > 1.7 

k 0.8 3.76 2.67 > 2 1.lE-2 > 3.9 
> 1 8.0E-2 > 1.7 

For simulation of the preamplifier noise the following 

approach was used. The noise property of a real preamplifier was 

estimated in few frequen?Y bands chosen according to the 

collecting time of the free electrons in the chamber with a 2 cm 

gap. Then the software generator was designed in order to obtain 

the same noise to signal ratio in the corresponding frequency 

bands. Unfortunately an available shaper had the maximal shaping 

time of 4 µs, so in lower frequency range the noise property of 

the preamplifier was not measured and the property of the software 

noise generator was not checked. 

The current signal for the model of the preamplifier was 

calculated according to the mean e_nergy loss of the minimum 

ionizing particle (MIP) in the 2 cm gap of the LKr chamber. Then 

its value and drift time T were used in measurement with a real dr 
preamplifier. The noise influence of the real preamplifier 

(ENC=550e at -r,h =lµs) was measured with a parabola-like 

calibration voltage signal at different values of the shaper time 

constant. The charge, corresponding to the predicted one for MIP, 

was injected into the preamplifier through a known test capacitor. ,, 
The signal duration was Tdr=6 µs, and the amplitude of the input 

signal was set at 28 mV. An additional capacitance (C
1
n =82 pF) was 
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• attached to the input of the preamplifier during the measurement, 

thereby keeping the capacitance seen by the preamplifier roughly 

equal to that during data taking. 

A software random noise generator was designed in order to 

obtain the same noise to signal ratio at the output of the 

software model of the amplifier-shaper for corresponding shaping 

time parameters. The. preamplifier was modeled as a charge 

integrating op-amp with a feedback capacitance. A simple RC-CR 

shaper model was used in the calculation. 

The following data shows an achieved agreement with the 

experimentally measured noise level. 

Table 2. The relative width of calibration spectra for a real 

preamplifier test and the result of simulation for 

different shaping time • 

Shaping time 

FWHMexp/Mean 

FWHM81 m/Mean 

0.25 µs 

3.65% 

3.63% 

LO µs 

1.56% 

1.55%. 

2.0 µs 

1.06% 

1.11% 

4.0 µs 

0.95% 

0.97% 

The code generated n- and k- mesons with the same "rate". The 

signals at the output of the integrating preamplifier has been 

calculated for the successive set of points with a time pitch 

dt=20ns. These signals were "digitized" by the model of the real 

FADC. The set (N
8
=TdJdt) of samples during drift time was divided 

into few groups (N =5+10), and the sum in each group was used for 
er 

consecutive analysis. As a result of the first subtraction, the 

set of (N -1) values of the "current" was available. The second 
& r . . 

subtraction gave (N -2) values of dE/dx (i) corresponding to 
Cr me• 

the efficient number of quasi-gaps N =(N -2). 
QI: Cr 

These values of dE/dx(i)m•• are different because of 

accidental appearance of a-electrons along the track and because 

of the preamplifier electronic noise disturbance. Few ways of 

exclusion of the samples with a large value of dE/dx(i)m•• were 

tested in order to obtain the best separation of two spectra. As a 

measure of particle separation, the percentage of pions overlapped 

(POO%) is used hereafter. It is equal to the ratio of the number 

of the particles in the left (pion) spectrum with deposited energy 
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larger than Ek
15 

to total number of particles in this spectrum. 

The meaning of Ek
15 

is equal to the threshold value at which the 

left tail of the kaon energy spectrum contains 15.83% of the total 

number of kaons. This measure of separation permits analysis of 

spectra with the non-Gaussian shape. 

For a 2 cm liquid krypton chamber and for incident n- and 

k-mesons with momentum (0.5+0.S)GeV/c 

which characterizes the feature of 

varies in the range x=(0.005+0.3). It 

the value of parameter x, 
Vavilov distribution (12] 

means that the distribution 

of energy loss has an intermediate shape between Landau (for 

n-meson) and Gaussian (fork-meson at 0.5 GeV/c). 

The most precise way to extract the information about the 

mass of the penetrating particle with the known momentum from 

multiple measurements of dE/dx(i) is to use the maximum 
• mes 

likelihood method comparing the measured distribution with the 

Vavilov distribution. But in this case one should perform 

complicated computations. A much simpler procedure, which is 

almost as accurate but uses much less computing time, is the 

method of the truncated mean (3,13]. This method rejects certain 

percentage of the lowest and highest of the N measured dE/dx(i)mes 

values from the calculation of the mean energy loss. The fraction 

of hits to be rejected is determined by optimizing the resolution. 

Usually the highest (30+40)% of the charges are truncated and no 

truncation is performed at the lower tail of the Vavilov (Landau) 

distribution. 

The resolution of the energy loss measurement, and hence the 

separation of particles, using the method of the truncated mean 

depends on the number N q, of samples used. This dependence has 

been studied by analyzing the mean values of 2 or 3 minimal 

dE/dx(i)m••· Another method was studied, which varies the number 

of selected 

the number 

calculation 

values of dE/dx(i)m••· The following formula describes 

of lowest values Nmn of dE/dx(i)m•• taken into 

of mean value of energy loss dE/dx* : 

Nmn =N qg -IFIX{ks (N-;,1) (dE/dxmax-dE/dxm1n) /dE/dXmtn} 

Ten values of ks were used in each calculation. Then the optimal 

value of ks=l.05 was determined by analyzing the results at the 4 
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• momentum values (Fig 7 a,b,c,d) for N,r=7. For another set of 

parameters the optimal value of ks is usually different. The 

minimal number of quasi gaps taken into account Nmn was limited: 

N :i::1. 
mn 

Fig. 8 a,b depict the distribution of Nmn for pion and kaon 

analysis in the case of the optimal value of ka. For the momentum 

range (0.5+0.8) GeV/c this method of flexible rejection gives 

better separation of n- and k- mesons than the method of truncated 

mean. 

2.4 Predictions on the particle separation 

The results presented here are centered around two ionization 

chamber geometries: one with 2 cm and the other with 4 cm gap 

width L of liquid krypton. Drift time was Tdr=6.6 µs and 13.2 µs 

respectively. Another essential parameter kw which describes the 

intensity of recombination is the ratio of the collected to 

primary released numbers of free electrons. The calculations were 

done mainly for Kw=l.25 (80% collection [4]) and for Kw=3.0 (33%). 

The l~tter value corresponds to the case [6] of non-purified Kr. 

Most of the following results were obtained using the model of a 

real 10 bit FADC with ±1/4LSB (least significant bit) integral and 

differential nonlinearity. 

Fig. 9 a,b depicts the dependence of separation (POO%) on the 

momentum of particles for few numbers of quasi-gaps (Nqc) when 

fixed numbers (2 or 3) of lowest dE/dx(i)mK were used for 

analysis. The POO% for raw amplitude spectra are also plotted for 

comparison; the curves hereafter are simple power-law fit lines. 

When the method of flexible rejection with a varied number of 

Nmn was used the particle separation under the same condition 

becomes better (Fig. 10a). If non-purified Kr is used, which 

causes significant loss of collected charge [6], then the 

calculated selection property of the chamber will degrade 

drastically (Fig. lOb). 

The improvement of selection capability of particle species 

can be obtained by increasing the thickness of the ionization 

chamber (increasing . Nmn at the same noise influence) or by 

IO 
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"decreasing" the noise influence. In the ideal case of zero noise 

level the best particle separation could be achieved using one 

lowest value of dE/dx(i) by increasing the number of quasi-
. mes 

gaps (i.e. decreasing its thickness). 

For real noise condition and for increased thickness of the 

gap L=4 cm the simulated result is demonstrated in Fig. lla. 

Calculation for a 6 cm gap (Tdr=l9.8 µs) gives P00%=9% at momentum 

O. 8 GeV / c. However no reference measurement of the real 

preamplifier noise in the range of frequency corresponding to such 

drift time was done, .so the prediction for long signal analysis is 

not reliable. 

The outcome of the Monte Carlo showed no significant 

degradation of particle separation when models of ideal (10 bit 

with ideal linearity) .and real (10 or 8 bit) FADC with .integral 

and differential nonlinearity equal ± 1/4LSB was used. For the 

8 bit model of real FADC with the same± 1/4LSB nonlinearity the 

separation capability changes slightly (Fig. llb), probably 

because of the particular nonlinearity of FADC. The values of 

drift time were varied in ±30% range and no significant change in 
. 85 

POO% was found either. The "turn off" of Kr /3-decay does not 

improve significantly the separation capability (relative 

improvement of POO% is about 5%). 

For the case of a double gap (2*2 cm) reading (when two 

successive gaps of the flat chambers ·are read by one preamplifier) 

the ionization sp~ce distributions are superimposed. Fig. 12 

depicts degradation of separation at 0.8 GeV/c in comparison with 

the same 4 cm thickness chamber (Fig. lla). 

3. Conclusion 

The described method of the signal shape analysis for 

rejection of energetic ~-electrons permits particle identification 

at relatively low momentum. The. predicted particle separation 

power for n- and k-mesons of 0.8 GeV/c momentum in a 4 cm gap of a 

LKr chamber is about 2u. At higher momentum the particle 

separation for the above mentioned geometry does not permit 

overcoming this level because of low value of RDE 
rat 
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In the case• of re.la ti vely small free electron life time one 

should normalize dE/dx(i)m•• to correct the systematic decay of 

the "second derivative". such normalization involving the 

cumulative distribution function for particular spectra 

dE/dx(i)m•• obtained in some narrow momentum range showed suitable 

result. 

The experimental measurement with a 2 cm LKr chamber was 

performed on the beam at CERN. Now data handling is in progress. 

Appendix A 

Because of non uniform space distribution of the ionization 

along the track the fast (electron) response of the chamber is not 

proportional to the energy released in the gap. It is known as 

"ballistic deficit" (14). In (4) this kind of distortion of the 

the energy resolution was called "the geometrical factor". The 

code permits one to calculate the output signal of an RC-2CR 

(RC-CR) shaper connected to an integrating preamplifier. The 

relative difference /:J.r of the shaper response tlsh and the value 

Uqo, proportional to the charge released in the gap, 

/:J.r= (Ush-Uqo) /Ush was calculated for different momenta and 

different shaper parameters. 

For this calculation the. preamplifier noise was "turned off" 

in order to see the influence of o-electrons alone. Fig. 13 shows 

that a decrease in shaping time improves. linearity of the 

response, but the signal also decreases while the noise grows (4). 

Therms of these distributions for single- and double-gap chambers 

and for various values of RC-2CR shaping time are shown below: 

Table 3. Relative nonlinearity of response /:J.r as a function of 

the shaping time for single (2 cm) and double (2*2 cm) 

chambers. 

-r (µs) 0.1 0.3 0.8 2.0 8.0 sh 

rms 4.24 6.77 9.08 10.08 7.92 
s 1 n e I e 

rms 
double 

3.48 5.65 7.76 8.36 6 •. 56 
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Fig. 3,4,5 The shapes of current at the input of 
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Fig. 11 Optimal particle (rr-K) separation (POO%) using method of 
flexible rejected mean. L=4 cm, Tdr=l3.2·µs, 
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It is known [4,15] that for MIP the free electron yield 

reaches the level of (80+94)% of the charge released in the gap of 

the ionization chamber. So one can conclude that the effect of the . . 
strong recombination near the end of the ~e- path does not cause a 

drastic decrease in nonuniformity of 
I 

spatial distribution of 

ionization, and hence does not significantly improve•linearity of 

the response of the read-out method. 
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