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INTRODUCTION

The main purpose of a forward calorimeter is to contribute to the measure-
ment of missing Pt by covering high | rj \ regions and tagging very forward
jets, 'lihis determines the goals for forward calorimeter performance in future
SuperColliders. They are | 77 | coverage of (3 — 4.5), measuring the smallest
possible Pt, more or less modest energy resolution (at a level 100%/>/£••!< ТЯ)
and granularity, excellent time response (< 25ns) and the ability to operate
after being exposed to a huge radiation dose of up to 1 MGy/year [1].

Baseline designs of the forward calorimeters for future collider devices usu-
ally cover I 77 I = 3 -r 5 at a distance of 5 - 20 meters from the bunch crossing
point. Their depth is no less than 10Л and the number of readout channels per
side is about 1000. The main goals of the designs are the following (see, e.g.
[2-4]):

- transverse momentum sum measurement to select events with high miss-

ing Pt',
- transverse momentum sum measurement to reconstruct events with sig-

nificant missing Pt (like Higgs —* тт, e.g.);
- jet determination; e.g., select events with heavy Higgs production through

virtual W or Z exchange in the reaction pp —> jet + jet + Higgs-
- hermeticity of the whole device (Eiot,Et conservation);
- reliability.

Most of these demands are satisfied with ionization pressurized gas calorime-
ters. Such detectors and their usefulness for future hadron colliders have been
widely discussed during last years [5-16].

In this paper we give results on electron beam tests for pre-prototype mod-
ules of a Very Forward Calorimeter (VFC) for the LHC device ATLAS. High



pressure gas ionization tubes in "S.PACAL like" geometry were chosen as an
aoive iiifiJia for the calorimeter,because they are relatively simple and reliable
devices.

1. MODULES DESCRIPTION

Fig.l shows the schematic views of a module . The module consists of a
-miformly positioned set of 8 x 8 = 64 thin wall stainless steel tubes with their
axis parallel to the beam direction. Two modules of slightly different sizes were
completed, a "fine" and a "coarse" one. The inner diameter of the tubes is
7 nun, the outer one is 8 mm, their centers are 9.5 (12.0) mm apart . The
edges of the tubes are welded to two gas collector plates. The space between
tubes is filled with lead. The lead volume of the module has dimensions of
SO x 80 x 400mm3 (100 x 100 x 700mm3). The final module length will have to
be of the order of 2000 mm. The anodes are stainless steel rods with a diameter
of 4.0 (3.0) mm and are kept in place with spacers. All that results in a gas
gap between the anode and cathode of no more than 1.5 (2.0) mm.

All the anodes are multiplexed in fours within the gas collector volume
and connected to the outside with special connectors capable to hold the high
pressure and high voltage required. The impedance of each channel equals
8.5(12.5)£2. Such a scheme gives 1G channels or elementary cells per module
with a, cross section of 19 x 19mm2 (24 x 24mm2).

Jn average the radiation and interaction lengths for both modules are equal:
Xo « 1.1cm and A « 23.cm.

Close to a module there is a box containing resistors, blocking capacitors
and connectors forming the inner circuits of the channels. Gas mixture inlet
and outlet go through the box and add to the module length no more than 150
т ш . /

The volume of the gas per module does not exceed l/4th of the total one.
Gas mixture of argon and some amount of other gases like methane {СЩ) or
freon-14 (CF4) at 20 - 40 Atm pressure were used as an active media.

j

This type of construction has the following advantages:

- excellent electrodynamical properties of the coaxial tubes (i.e. no signal
dispersion, cross-talks, etc), which enables us to work with short signals;

- it is safer to have many small volumes under high pressure than a bigger
one;

- it is easy to design, handle and repair a modular device; broken modules
can be replaced.



2. ELECTRONICS

Each signal channel consists of a 3 m long connecting cable (we used four
50ft impedance cables connected in parallel to have 12.5ft), an amplifier, a 75
ш long 50ft cable to the control room, and an ADC. The ADC has a sensitivity
of 0.25 pC/digit and a 12 bit range. During the run different gale widths
were tested and a 20 ns gate was chosen. All the amplifiers were calibrated
simultaneously between accelerator spills by feeding small signals from a row
of calibrated capacitors into their inputs. The test signal responses as well as
the ADC pedestals were recorded on the DST and used for calibration and
correction off-line.

The amplifier circuit diagram is shown in Fig.2. The input transistor is
used in Common-Base (CB) configuration without feed-back. Such a scheme
was chosen because:

- neither CB nor Common-Emittei (CE) schemes with feed-back give good
coupling to a low impedance cable (in our case it is 8 ~ 12ft ); the chosen
circuit is best matched.

- the nonlinearity of the head stage can be partly compensated by the
nonlinearity of the oirtput stage, if it has an opposite sign.

- the resulting small nonlinearity gives a small contribution to the overall
measurement error but simplifies the scheme significantly.

The main features of the amplifier used are:

- adjustable input impedance of 12.5ft; adjustment is done with the supply
current of the head transistor (resistor Rl),

- semigaussian shape of pulse response with 10 ns base-to-base time dura-
tion and without any afteroscillations,

- amplitude conversion of ~ lfjiV/е for 6-shape signal,
- current gain of ~ 1000,
- integral nonlinearity of ~ 0.6% for an output signal equal to 20 mA,
- equivalent noise charge (ENC FWHM) of ~ 20 • 103e with a 3 m long

cable at the inp'K of the amplifier.

The noise level fov thr cable coupling between the detector and amplifier has
L sen analyzed in detail in Refs. [17-21].

Here we should remark that at LHC energies the gain might be reduced
significantly (because of higher energy deposition) and the last stage of the
amplifier might be replaced with a linear summator (in the case of all elementary
celis of a module being multiplexed together).



3. SET-UP

The calorimeter modules were tested with electron beams of 10, 20 and 30
GeV at the IHEP U-70 accelerator. Electrons were produced on an inner target
and separated from hadrcms and unions with Cherenkov counters.

The calculated value of Д Р / Р < 1%; the contamination of the beam with
hadrons, unions and wrong energy electrons was no more than 10%. The beam
position was known with an accuracy of better than a ~ 0.6mm on the face of
the calorimeter.

The response of the devices was studied in dependence on high voltage, gas
mixture and pressure, beam impact position X,Y and angle a, ADC gate delay
ond duration, etc.

4. TIME RESPONCE. SIGNAL DEPENDENCE ON
HV

Л calorimeter channel electrically acts like a bunch of four coaxial lines that
are connected to an amplifier with a cable having nearly the same impedance.
The amplifier response time to a 5-shape signal is of no more than 10 ns.
Therefore, the output signal length is determined by the electron drift time
wilbm the gas gap of no more than 1.5(2.0)mm.

Three different gas mixtures were used during the tests: Ar •+ х%С1-Ц,
Ar 4- x%CFi and pure CF4. Each of them has some special features useful for
caiorimetry in general and for very forward calorimetry in particular [22-24].

The first mixture generally can improve electron-to-hadron (e/h) ratio due
to the presence of hydrogen in the gas (the so called compensation effect). A
rather significant СЩ concentration is needed while the radiation hardness of
methane as a media is questionable. Moreover, the drift velocity is not as high
as desired.

The second one has a higher electron drift velocity (up to 12an/(isc.c) but
needs a stronger electrical field.

And ibe last, one, pure CF4 has, in principle, an additional advantage of
higher density, hence a better signal-to-noise ratio.

Fig.3a shows the signal shape for the.mixture Ar + 20%СЩ at 4.0 Atm
and an electrical field of 840 V/1.5mm. The duration of the signal agrees with
the predictions, it is 25 ns base-to-base. The signal afteroscillation might be
explained by a bad detector to cable impedance matching (8.5Q to 12.5fi) and
rather high inductance of the electrical connection. Remember that the ADC
gate width was 20 us.



Fib.lJb shows the signal shape for Ar + 10%CF.i at 20 Atm and the volt-
cigf •:<: 1G00 V/l.omiu (drift velocity ~ \2cm/j.is). The duration of the signal
bfisc-to-b-'.se Ь less 'ban 20 us. which agrees with the calculations. For a real
module 1GO-200 cm Ion? the sipnai width may increa.se up to 25 ns according
fo longitudinal shower development, but. this is still within LHC bunch crossing
I > i. vies.

Л signal magnitude depending on applied voltage for Ar + 20%C#4 at 40
Aim is shown in Fig.4a. At 1300 V a. maximum is reached that corresponds to
the maximum drift velocity. The line in the picture is a simple polynominal fit.
Tin- collected diarge agrees with the calculated value within 15%.

Fig.41) shows the dependence of the signal amplitude on the applied voltage
tor pur-> CF4 at the pressure of 20 Atm. An asymptotic behaviour of the
depvudHice is clearly visible and the maximum is twice as high as for the
A/ •• \\)%CF/\ mixture under the same conditions and is almost equal to the
amplitude for A; + 21ЖСЯ4 at 40 Arm (previous picture).

5. "GEOMETRY"' EFFECTS

't i.u rxpected that the energy deposition in a calorimeter cell may depend
on the electron entry point that is seen in Fig.5. The data shown was obtained
with the "fine" structure device. The input particle positions are plotted for
events depositing energy above a chosen threshold. Four patterns corresponding
to different, input angles of the. electron are shown.

The pulseheight distribution for the area consisting of two by two elementary
calorimeter cells (38 x 38mm2) is given in Fig.6(a). Fig.6(b) gives the average
pulseheight in the same area measured in small pixels of the area (each of the
four cells was partitioned into 10 x 10 pixels). The r.m.s. of the last distribution
is clearly connected with the geometric characteristics of the device and we will
call it "Geometry Inhomogeneity Factor" (GIF) from now on.

The GIF gives the main contribution to the energy resolution constant term
and that is why we consider it so important.

Fig.G(c-h) shows average pulseheights as well as their r.m.s. over the pixels
a,- a function of X for slices in Y. Zero means the center of the 2 x 2 cell region.
The angle of the incident electron is a = 3.6°. Irregularities in the distributions
;.?v dually visible and match the structure of the calorimeter cells.

For Mu "coarse" structure calorimeter the corresponding distributions are
••Ivr.vi' in Fig.7(a-h). The comparison between these two devices shows that
rather small differences in ''roughness'" give a significant change in the geomet-
vi'-a,] factor and energy resolution values.



Here we have to mention that at small angles (up to 6°) and energies below 30
GeV the effect of the geometrical factor on the resolution is small as compared to
sampling fluctuations. Fig.8(a,b) illustrate this statement by giving the energy
resolution as well as the GIF in dependence on the beam entry angle for both
types of structure. The energy resolution for the "fine" structure calorimeter
varies from 25% at the angle of 0.7° (|»? | = 5.0) to less than 18% at the angle
of 5 7° (| TJ | = 3.0). The resolution for the "coarse" one is much worse.

The influence of the geometry factor can be reduced by installing a converter
far enough in front of the calorimeter to spread the shower particles over a wide
enough area. As a test we placed converters of 1 to 4 XQ « 20cm in front of
the calorimeter module. The results are shown in Fig.9(a,b).

The GIF drops almost linearly with the converter thickness for both struc-
tures. For a converter of 4Л'о the GIF reduces by 40%. It follows that the same
reduction can be expected for the constant term. For small thickness the total
energy resolution improves with the converter thickness, so does the GIF. How-
ever, for the "fine" structure it begins to rise agaiu for thick converters (4̂ Yo).
Probably it happens either due to energy loss fluctuations in a thick converter
or shower energy leakage. In both cases the stochastic term increases.

All this supports that the geometric factor is only a small contribution to
the energy resolution at input electron energies below 30 GeV.

The performance of the calorimeter for high energy hadrons and jets might
be better. The showers in such a case have bigger transverse dimensions, wider
spread and more numerous electromagnetic debris which makes the GIF de-
crease.

6. ENERGY DEPENDENCE OF THE RESOLUTION

Fig.l0(a,b,c). shows the energy resolution and GIF values for the "fine"
structure calorimeter measured at 10, 20 and 30 GeV beam energy for angles of
0.7°, 2.2°, 3.6°. It is rather evident that there is a very small energy dependence
of the GIF.

The curves in the pictures represent the fit to the data with a dependence
like:

С

С was determined as a value corresponding to the noise level of the calorime-
ter and is equal to 1.0 GeV for Ar + 10%CF4 at 30 Atm pressure. Both the
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stochastic and constant terms decrease with the beam angle and for a — 3.C0-
are: A=0.49, B=0.19.

CONCLUSION

Ths tested modules of a "SPACAL" type pressurized gas calorimeter have
shown good performance in ал electron beam at low energies and the "fine"
structure module can be used as a pre-prototype for a forward calorimeter. A
calorimeter made of such modules would have all the properties required for
ths usage hi the future LHC detector ATLAS:

- short, signals (< 25ns) matching LHC bunch crossing time,
- good enough energy and spatial resolution,
- simple and reliable construction which does not require high technology

and can easily be mass-produced,
- radiation hardness depending only on the properties of such parts as spac-

ers, blocking capacitors, cables etc.,
- modular structure allowing of convenient service and safe operation,
• having no internal amplification it has "self calibration properties" (elec-

trical calibration). '
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Figuie 1. Schematic module view. The sizes are given for a "fine" structure and for a "coarse"
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Figure 3. Sig/.a! shape after an amplifier. H.U.=IO ns/div, V.I7.=0.05 V/div.
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