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ABSTRACT

Eifects determining the energy and spatial resolution
of a calorimeler based on liquid krypton have been
studied. By read-out from the cathode strips of 10 mm
width the spatial resolution of 0.4 mm was obtained
with cosmic rays. The energy resolution of the calori-
meler (0.4 tons of krypton) has been measured with
positrons. The energy resolution (rms) of 579% al
E=130 MeV and 1.7% atl £=1200 MeV was achieved.
The measurements are compared to Monte-Carlo simu-
lations.
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1. INTRODUCTION

An electromagnetic calorimeter based on 35 tons of liquid
krypton [1] is developed for the KEDR detector [2] which will be
used at the e*e -collider VEPP-4M with the maximum beam
energy of 6 GeV. Use of LKr is attractive due to possibility to ob-
tain a good energy resolution (the same, as with Nal and Csl calo-
rimeters) and better spatial resolution for the photons. The possibi-
lity to obtain the better spatial resolution is due to fine granularity
which can be simply realized in LKr calorimeter. In this case it is
possibly to measure the photon conversion point in contrast to
crystal calorimeters, where the photon position is determined by the
shower center of gravity,

A longitudinal segmentation of LKr calorimeter provides impor-
tant information for the particle identification.

Main effects, determining the energy and spatial resolution of
the LKr calorimeter, have been studied by a Monte-Carlo simula-
tion. A small prototype (7 kg of LKr) and prototype with 0.4 tons of
LKr have been built to measure the spatial and energy resolution.
The measurements are compared to Monte-Carlo simulation.

2. MAIN PROPERTIES OF LIQUID KRYPTON

Main paramelers of liquid krypton as detector media for the
calorimeters, compared to other materials, are presented in Tables 1
and 2.



Table
Properties of the materials for calorimeters
Nal(Tl) Csi(Tl) BGO BaF, LAr LKr 1.Xe
Density, g/cm? 3.67 4.53 7.13 488 | 1.40 | 245 | 3.06
Radiation
length, cm 2.59 1.85 1.12 203 1135 | 460 | &77
Moliere
radius, cm 4.31 3.76 2.70 10,0 | 6.66 | 5.71
Nuecl. interac-
tion length, ecm 41 84 22 30 84 i) 55
{.{IL‘;L{’X.} mine
MeV /cm 4 85 5.60 9.20 [ 2.31 3.45 | 3.89
Radiation |
resistance satis. salis. satis. | good | line fine | fine
Table
Physical properties of LAr, LKr and LXe
LAr LEr LXe
Atomic number Z 18 36 54
Atomic mass A 40 84 131
T (boiling), K B87.1 119.6 164.9
T (melting), K 83.6 115.8 161.2
!'I.’q;:idf’pgas T84 541 519
V,, mm/ps "
at 1(b) £V /cm 1.8(3.0) 2.4(4.0) 2.2(2.7)
W, eV pair 24 .4 20.5 15.6

*) data from Rel. [3].

The radiation length of LKr is equal to 4.6 ¢cm and required lon-
gitudinal size of a LKr electromagnetic caloriineter is about 70 cm
for the energy E,<C5 GeV.

Krypton is radioactive due io the pB-decay of Kr® isotope. A
maximum energy of electrons is (.67 MeV, an average energy is
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0.25 MeV and half decay time is 11 years. Our measurement of the
radioactivity with several samples of industrial krypton showed,
that 300 B-decays/sec occur in 1 em® of LKr in agreement with mea-
surements performed by P. Lebedev and A. Bolozdynya (privite
communications).

Industrial krypton is sufficiently pure (contamination of the
electronegative impurities is below 1077), so that no further purifi-
cation is needed.

3. POSITION RESOLUTION FOR MINIMUM IONISING PARTICLES

3.1. Calculation of Spatial Resolution

In the ionization chambers the charge distribution at the cathode
and anode has some peculiarities which depends on many parame-
ters. For simplicity let’s consider a case, when a particle moves per-
pendiculary to the plane of electrodes and produces uniform ioniza-
tion. In this case the time dependence of the current is

[(t) =(Qo/T4) (1 —1/T4)

where Qg is a produced charge, T, is total driit time of electrons in
the gap. To obtain the current distribution i(x, {) over coordinate at
the electrode, it is convinient to use the formula from Ref. [4] for
the distribution of the linear density of charges induced at the elect-
rode by a point charge. Signal distribution Q({x) over coordinate at
the elecrode can be obtained by integrating the current i(x, T) over
time. The shape of the signal distribution on the electrodes depends
on the integrating time ;.

In the case of total charge collection (1> Ty) the distribution of
the charge at the anode is strongly peaked with opposite sign
«tails». The distribution at the cathode is less peaked with the
«tails» of the same sign.

Charge distribution at the anode (A) and cathode (C) strips
with a width (S) of 10mm and with chamber gap (d) of 10 mm is
shown in Fig. 1 as a function of the track distance from the strip
centre.

In the simplest case, when a charge of one sign only is measu-
red at the anode, the coordinate is determined by strip number and

the position resolution is o,=S/1/12.
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Fig. 1. The charge distribution at the cathode (C) and anode (A4) for dilierent track
distance from the strip centre. The strip width is 10mm and the gap is 10 mm.

Much better accuracy can be achieved if the strip charges at the
cathode are measured. (In principle the same resolution one can
obtain by anode read-out with bipolar ADC.) "*&iru:e the distribution
is narrow, main information is provided by 2-3 strips. In this case
the track position can be determined by the charge centre ol gra-
vity. When the track is perpendicular to the plane of electrodes, the
main contribution to the resolution comes from the electronics noise,
One can show, that the accuracy of the centre of gravity determina-
tion is

2 \324 ;:’_{1)

of=sZqfi—2X(1-%), of

for read-out from 2 and 3 stirips respectively. Here x. is the centre
of gravily position, measured frem the strip centre, d is the .rrz-:_p
width, A is the total pulse height, . is the electronics noise in e:
channel. If the signal to noise ratio 0,/A=50 (what can be E*-?!E-Lif}-'
achieved in practice), one can obtain ¢~ S/50=0.2 mm

The centre of gravity position sligily differs from the particle
coordinate due to discrete measurements. In Fig. 2 the centre ol
gravity coordinate measured by 2 and 3 strips is shown versus the

ﬂ}
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Fig. 2. The dependence of the coor-
dinate of the centre of gravily on
the real track position for read-oul

from 2 and 3 strips,

Fig. 3. The contribution of the noise
to the spatial resolution wversus
track position for, read-out from 2

and 3 strips.

Particle position (mm)

Noise contriBbution (ar®ibr. units)

Particle position (mm)




real particle coordinate, The noise contribution to the position reso-
lution depends on track position. This dependence is shown in
Fig. 3. The best resolution can be obtained in the region 0.8 —5 mm
irom the strip centre, using the information Irom two strips.

When only a small fraction ol the charge is collected, (<€ Ty)
the distribution oi the charge on the cathode and anode is very nar-
row and the spatial resclution is determined by strip width

(0x=8/4/12) for read-out irom anode or cathode

3.2. Experiment with Cosmic Muons

To study experimentally the position resolution, a prototype with
4 ionization LKr chambers has been built., Iis lay-out is shown in
Fig. 4. The total amount of LKr was about 7 kg. For thermosiabili-
zation the operating krypton was loaded in LKr bath. A liquid nit-
rogen in heat-exchange tube was used for cool down and cooling
during the experiment.

Chamber electrodes, fabricated from foiled fiberglass plates,
were discs with a diameter ol 15cm and a 1 mm thickness. The
total number of electrodes was 9. The gap of [0 mm between elect-
rodes was fixed by capron spacers. Each signal electrode had five
strips of 10 mm width, connected to individual preamplifier. The
other paris of signal electrodes were grounded. Preampliliers were
placed on the top flange of the vessel.

The charge sensitive preamplifiers with RC-CR shaping were
used. The time constants were 3 ps, a drift time of electrons in LKr
gap was 4 us. The capacilance ol each channel was about 50 pF.
The noise of one electronic channel was 1000 electrons on the ave-
rage. When the high voltage of 1.8 kV was supplied, the noise grew
up to 1600 electrons. A peak ADC was used for the pulse height
neasurement,

Measurements were periormed with cosmic muons. An energy
threshold was 600 MeV to suppress multiple scattering. The covered
angle range was 4 15°. -

In the case of the read-out from anode the measured position
resolution was 2.8 mm, in good agreement with expected one. .

Fig. 5 shows the experimental result with read-out from catho-
de: Ax is a difference Between measured coordinate in any chamber
and «true» coordinate, determined by least-square method using
another three chambers. In this case 6, =FWHM/2.36 =0.4 mm.

The noise contribution, averaged over the pulse height spectrum,
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Fig. 4. A cross-section ol the 7 kg liquid krypton prototype:

{ —higuid krypton; 2— high voltage electrodes; 3— Read-out electrodes; 4— Stainless steel vessel;
5 — Plastic foam.
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Fig. 5. The position resolution of LKr chamber measured with cosmic rays,



is equal to 0.3 mm, the contribution of the multiple scattering is
0.1 mm, besides that for nonzero incident angles there is a contribu-
tion from the fluctuation of the ionization losses (~0.7-tg8, mm)
giving in average (.1 mm. Thus, the experimental resolution is in
agreement with estimated one,

4. ENERGY RESOLUTION

4.1. Calorimeter Prototype Construction

Fig. 6 shows a cross-section of the liquid krypton calorimeter
prototype, constructed for study ol the energy resolution. Disign
parameters ol the prototype are given in Table 3.
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Fig. 6. The 0.41 liquid krypton calorimeter:
[ —vacuum tank; 2—copper screen; #—liquid krypton vessel, 4—read-out and high voltage
electrodes; S5— feed-throughs; 6, 7— liquid nitrogen tubes.
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Eable 3
Main parameters of the 0.4t liquid krypton calorimeter

Gap width of liquid krypton 20 mm
Thickness of read-out and
high voltage electrodes 0.5mm G1042-35um Cu
Lengh of calorimeter 16.4 Xo (76 cm of LKr)
Diameter of calorimeter 9.5 Xy (42cm of LKr)
Number of read-out cells 19
Capacitance of an unit cell 240 pF (with LKr)
Thickness of entrance window 0.13 Xy (2mm Fe)

The cryogenic tank consists ol inner and outer vacuum vessels.
In the gap between vessels the copper screen of 2mm and superin-
sulator (10 layers of aluminized mylar) were placed. Alter cool
down by LN:; up to 120 K a gaseous Kr was liquefied in the inner
vessel., The lilling time was about 34 hours. The heat flow into LKr
during operation was 25 W and temperature raise was 2 K/12
hours., For coeling a LN: was used (twice a day), total LN con-
sumption was 50 1/day.

Processing of signals from the calorimeter consists of amplifica-
tion by charge-sensitive amplifier and digitizing by peak ADC. The
preamplifiers and shapers were located on the flange of cryostat
and signals are transported to ADC by coaxial cables.

4.2. Monte-Carlo Calculation

We have calculated the contribution of dilierent eifects in energy
resolution. A special Monte-Carlo method taking into account the
space distribution of the ionization in the calorimeter gap has been
developed to get the shape of the current pulse. Then the processing
of the current pulse by electronics was simulated.

The main elfects, determining the energy resolution, are discus-
sed below and results of the calculations for the 0.4t of LKr pro-
totype are presented.

|. Fluctuations of the energy deposited in liquid krypton. These
fluctuations are determined by transverse and rear leakage from the
calorimeter, energy loss in material ol an entrance window and in
material ol electrodes. Design considerations require the electrode
thickness to be not less than 0.5 mm ol G-10. Fig. 7 shows the con-
tribution of these eiiects to energy resolution (curve /1),

2. The geometrical factor. The integrated charge on the input ol

11



the preamplifier depends on space distribution of the ionization in
the gap. This dependence is decreased with the charge collection
time however, the signal is also decreased and contribution of the
electronics noise grows. The calculation shows that collection of
0.05—0.1 from the {otal charge is close to optimal. The contribution
of this effect to the energy resolution is shown in Fig. 7 (curve 2).
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Fig. 7. Calculated contributions of different efiects to energy resolution of the 0.41
liquid krypton calorimeter:

f —fluctuations of the enerpy deposited in liquid krypton; 2— the geomeirical faclor: 3— radioac-
. | : g -
tive and electronic noise; 4— quadratic sum of all effects.

3. Electronics and radioactive noise. Krypton radioactivity is a
noise source. To reduce this noise, a short shaping time is neces-
sary, but in this case electronics noise raises. The calculation taking
into account the krypton radioactivity, electronics noise and geomet-
rical factor shows that if we use the preamplifier based on the FET
SNJ-903L, the RC-2CR shaping with time constants of 0.8 pus is clo-
se to optimal. In this case we collect 5% of the total charge. The
unloaded noise of an electronics channel is about 750 electrons
(rms) and the noise slope is 3.2 electrons/pF. The capacitance of
one LKr read-out cell is 240 pF and noise from one electronics

12

channel! is [300 elecirons. The calculated energy equivalent of the
electronics noise (irom 19 channels) is 1.9 MeV. The calculated con-
tribution of the radioactive noise to the energy resolution is
2.5 MeV. Total calculated energy equivalent of the noise (radioac-

tive and electronics) is 3 MeV. The measured noise of one channel
in the calorimeter was about | MeV and noise contribution from all
19 channels was 4.5 MeV. The dillerence between calculated noise
and measured one is probably due to pickup noise. Curve 3 in

Fig. 7 shows the experimental noise contribution to the cnergy reso-
lution.

4. Variations of the gaps. We have calculated the contribution of
the gap variations to the energy resolution in the assumption, that
the fluctuations ol the electrode positions are random. In this case
at £=100 MeV the énergy resolution is 1.29 at oy=1mm (rms).
In constructed calorimeter the measured gap variation was 0.23 mm
(rms) and contribution of this effect to energy resolution is equal
0.4% at E=100MeV (energy dependence is 1/+4/E), i. e. it is negli-
gible comparing to other effects,

Curve 4 in Fig. 7 shows the energy dependence of the calculated
eniergy resolution (quadratic sum of the above-mentioned effects)
Energy resolution is 1.59% at E=1GeV and 4.6% at E=100 MeV.
At low energy the resolution is mainly determined by electronics
neise and radioactivity of krypton. The accuracy of the periormed
calculation is estimated to be 5—10%.

4.3. F_;p{trimenta] Results

In August 1988 the LKr calorimeter was tested in the positron
test beam at VEPP-3 storage ring. The range of positron momen-
tum was 130— 1200 MeV/c. The momentum resolution of the test
beam was:

Op [ LI o 0ah % = B
— = "\V“f{'[].su’)-F G A
P eV,

Fig. 8 shows dependence of the pulse height on the applied high
voltage. The pulse height depends on the drift velocity, attenuation
length (due to electronegative impurities) and on recombination of
electrons. We have not yet exact analysis of these effects. All below
presented results were obtained at high voltage of 1.08 kV.

The response of the calorimeter is linear in the energy region of
130 — 1200 MeV: nonlinearity is below 0.5%.
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in order to reduce the influence of the relative uncertainty of the
calibration of the electronics channels we have optimized the calib-
ration constants. They were varied to minimize FWHM, The improv-

ment ol the resolution due to this optimization is about 10— 15Y%,.

Maxumnum varia

a

riation of the calibration constants is 10%. The results
are given in Table

4 and are shown in Fig. 11.
Table 4

Energy resolution of the 0.4 tons LKr calorimeter: o ./F, %

Energy. ! .
B liske ; Caleulation

MeV na oplimization | optimization
|

132 6.12 4+ .61 | 5.734 .40 ! 4824 .39
217 4.35-+.05 3.95+.12 3.42+ .2

430 3.25 4+ .08 2744 .13 PR A
G40 2.6] +=.04 2.3 14 1.91 4 .09
840 2504 .04 - .04 . 1.70+ .09

+
1190 1.664.15 ’ 147+ 08
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Alter experiments with 0.4 tons prototype calorimeter during one
month we performed the measurement of the drift velocity and atte-
nuation length of electrons with three samples of krypton in special
small device. One sample was used in 0.41 calorimeter during |
month, another two were not used. The results of the measurement
are given in Table 5. The accuracy of the performed measurement is
estimated to be 109%. One can see no visible degradation of krypton
during a long time in the calorimeter with construction materials

(several types of G '
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Fig. 10. A L}'picﬁi distribution of the difference between energy measured by the calo-

rimeter and beam energy. The solid line is 2 Legendre polinomial fit.
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Table 5
Drift velocity and attenuation length of electrons in LKr '
Aa—, MM Ve, mm/us
ﬂﬁ:::;le elactrie lHeld , &V fem :_-rm-trn:r field , kV/ocm
A6 833 208 Al6 B33 2.08
NI 11.4 18.6 41.7 1.59 2.08 2.40
N2 9.6 8.5 2.0 I.60 1.93 2.43
N3 11.1 26.6 41.7 1.56 1.83 2.26

Nl —was used in 0.4t LKr calorimeter N2, N3— were not used

5. CONCLUSION

Effects determining the energy and spatial resolution of homo-
geneous LKr calorimeter have been studied. At small LKr prototype
by read-out from cathode strips the spatial resolution of 0.4 mm
was obtained with minimum ionization particles.

A LKr calorimeter (0.4t of LKr) was constructed to investigate
the energy resolution and its performance was measured with posit-
ron beam of 130— 1200 MeV. The energy resolution of 1.7% (rms)
was achieved for 1200 MeV positrons. This value is comparable with
an energy resolution of the best crystal -calorimeters for
Crystal-Ball and CLEO-2 detectors. e -

The results and experience obtained with the LKr prototypes are
used in the construction of the 35 tons LKr calorimeter for KEDR
detector at VEPP-4 in Novosibirsk.
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