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Abstract

Liquid argon calorimetry is a mature technique. However, adapting it to the challenging envi-
ronment of the SSC requires a large amount of R k D. The advantages of the liquid argon approach
are summarized and the issues being addressed by the R k D program are described.

Introduction

The liquid argon(LAr) approach to calorimetry has a
long history beginning with the pioneering work of Willis
and Radeka(l). A number of large devices have been built
and done physics (Mark II at SLAC, ISR806, E706 at
Fermilab, and NA31 and HELIOS at CERN). Some very
large collider based systems are presently being installed
and tested (SLD at SLAC, D0 at Fermflab, and Hi at
HERA). These systems constitute an invaluable base of
experience upon which to design a detector for the SSC.
However the SSC will push the designs further in many
directions.

This paper will summarize the recent progress in LAr
R&D much of which was presented at this symposium.
This will be done in the context of a list of the advantages
of the LAr approach and the issues (sometimes called
problems) being actively worked on. Much of this work
has been organized in the U.S. via the Major Subsystem
Proposal(2l.

I. Advantages

A. Gain = Unity - Calibration straight forward
Calibration in ionization chamber calorimeters (ar-

gon, warm liquid, or silicon) is predicated on controlling
the tolerances in the sampling fraction with careful me-
chanical design, monitoring the purity of the liquid (or
effect of radiation damage in the case of silicon), and fi-
nally monitoring the gain of the electronics chain with
precision pulsers. This pulser calibration needs careful
attention in the design, but once implemented, the cal-
ibration becomes a straight forward exercise. Typically

channels show the same response to within a few percent
even without calibration. This can be contrasted to the
system requiring the measurement of light which typi-
cally has large variations in the response of each channel,
and from channel to channel.

B. Linearity over full dynamic range (> 10s)

Linear response over the full dynamic range is an
important requirement in doing physics at the SSC. On
the high end of the energy scale, the electromagnetic
(EM) calorimeter must search for Z' —k ee up to masses
of 8 TeV for a luminosity of lO^cm"2^"1. Depending
on the transverse size of the EM towers and the number
of longitudinal subdivisions, most of this energy may at
times fall into a single channel - perhaps 5 TeV. The
low end of the energy scale is specified by one of two
conditions. First if optimizing for H—» 77, the design
would probably aim for energy resolution of ^7^ . In
that case, the least count should not contribute to the
energy resolution so the low end of the energy scale
should be below 0.3 GeV (for a 20 GeV 7). The second
condition is that the least count not compromise the
position resolution for EM showers. When the shower is
nearly centered in a tower, the small energy in adjacent
towers must be measured with sufficient accuracy (ssO.025
GeV). This leads to a dynamic range > 10s. This
dynamic range is not possible to achieve with state of
the art photomultiplier tubes. It is not easy to achieve
in ionization calorimeters, but preamplifiers do have that
dynamic range.
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C. Uniformity
All ionization chamber calorimeters whether using

liquids or silicon can have a uniform response over the re-
gion of a single tower or the entire calorimeter. However,
in order to achieve the type of performance demanded for
the discovery of a low mass H —»"n(< 0.5%) all mechan-
ical tolerances of the fabrication need to be controlled to
this level. This has been achieved, for example, by the
NA31 collaboration at CERN[3]. In a scan with electrons
across the 1.8 m face of their calorimeter with 30 GeV/c
electrons, the variation in the mean measured energy was
< 0.2%.

D. Good Energy Resolution
The energy resolution for EM showers depends

mainly on the thickness of the absorber plates. In order to
achieve better resolution, the thickness must be reduced.
For example NA3l[3] has achieved ^§- = ^ © 0.5%.

A new concept in calorimetry dubbed the accordion
has been developed in Europe [4]. The signal boards
serve as the conduit for connecting the calorimeter lon-
gitudinally allowing the fastest signal transfer to the
preamps and maximizing the hermeticity. This allows a
low inductance connection to be easily achieved. The EM
prototype tested at CERN this past summer had extraor-
dinary performance. The energy resolution for 1.8 mm
lead plates clad with 0.1 mm stainless steel for electrons
was measured to be 10.2%±0.5%/\/i? © 0.03% ± 0.05%.
The position resolution at 125 GeV for electrons was
0.700 ±0.015 mm. The signal/noise for minimum ioniz-
ing particles was 30/1. All of this was achieved with 100
ns shaping. There are plans for further testing next year
and a large group is active in Europe developing various
aspects of this design.

Another aspect of energy resolution in the hadronic
response is the famous e/V ratio. Measurements by
the HELIOS collaboration for 3.4 mm uranium plates
and G10 signal boards separated by 2 x 2 mm argon
gaps have shown e/n to be in the neighborhood of 1.1
decreasing with energy with 100 ns shaping time [5]. This
is in a similar range to the recent SPACAL results [6],

Part of the work of the Subsystem group is to be
able to predict the e/n response of a calorimeter with
simulation programs. At this Symposium, results were
shown by the Oak Ridge/Tennessee/Mississippi collabo-
ration which uses CALOR89 and HETC [7]. Data taken
by the D0 collaboration were compared to the Monte
Carlo and show good agreement.

E. Minimal systematic variations
Once a large LAr system is cold and operating,

there are minimal changes in the response. For example,
the NA31 collaboration has shown variations of less
than 0.2% in the average pulse height over months of
operation[3]. The variations would have been even less
if the precise temperature changes would have been

unfolded from the data. The monitoring of the liquid
is typically done with a few radioactive sources. The
inherent stability of the argon atom is what comes into
play. There are always suggestions for improving LAr
performance by adding various materials. However one
must always insure that such additions do not harm
the stability. For example, photosensitive dopants may
improve the e/x response [8j. In the case that this does
help, one must make sure that the dopants are uniformly
mixed as a function of time and not susceptible to
radiation damage.

F. Small Fluctuations in the waveform
Since there are w 106 electrons produced per GeV

(depending on the sampling ratio), the waveform from
LAr does not suffer from statistical fluctuations. This
means that the trigger can sample a very small fraction
of the waveform and still accurately predict the energy.
Also since neutrons have little impact on LAr, the prompt
signal is representative of the final e/ir. This case can be
contrasted with the scintillator case where there are much
fewer photons/GeV and the" e/jr has a time dependence
which implies that a fast trigger will have a different
value for the energy than the final measurement.

G. Easy to segment
Towers are usually defined with arbitrary shapes in

either protective or slightly non-projective arrays. The
ganging together of the signal in depth can present a
problem if it interferes with the mechanical details or
introduces dead area or cracks.

H. Hermeticity
The physics performance of a liquid argon calorime-

ter is dependent on the impact of the dead material on
the hermeticity. Although many large devices have been
engineered in the last few years (DO, SLD, and Hi), none
of them addressed the scope of a 5000 ton LAC as sug-
gested in the LBL study of 1987 [9]. A recent study
of this problem has found that with the proper design,
no significant deterioration in the physics performance of
such a large calorimeter is necessary [10].

The study was guided by input from the community
in two workshops - Boulder, Co. in Dec. 1988 jllj and
Tuscaloosa, Alabama in March, 1989(12]. An integrated
design, modeling and analysis package was used to allow
rapid iteration of the 3D model as well as to provide the
ability to trace rays through the design to keep track of
the live and dead material in great detail. Several re-
quirements guided the design: maximum hermeticity for
|»j| < 3; access to the central tracking; provision for 1 m"
of space to allow tracking cables to exit; meeting ASME
Division II code; making sure the assembly, installation,
cable routing are sensible; and self-supporting modules
less than 10 tons.

After several iterations, a baseiine design, while not
unique, evolved which met these requirements. This was



inspired by the SLD structural design. It features in-
dependent barrel and endcap modules, shell and washer
assemblies with self-supporting modules, fiat heads on the
barrel vessels, elliptical heads on the endcap vessels, and
aluminum throughout. In particular the use of aluminum
in this design allows there to be < 1 radiation length in
front of most of the electromagnetic calorimetry and less
than a few radiation lengths of dead material in the path
of any shower. This gus. antees excellent hermeticity and
physics performance. The energy resolution is calculated
taking into account the dead material encountered for
each ray in r\. Although this energy resolution distribu-
tion is not a constant, the deviation from a smooth curve
does not change the response of the calorimeter enough
to affect :-he missing energy distribution.

The results of this study show that a liquid argon
system for the SSC can be built from a mechanical
engineering standpoint and that such a device would
achieve excellent physics performance.

I. Radiation Hard
All the normal components in a LAr system are

radiation hard. Even the preamps have been tested with
60Co and neutron exposures. For example for doses of up
to 12 Mrad or up to 1013 neutrons/cm2, silicon JFETs at
77°K suffered no deterioration in their performance [13].
The accordion [4j used such JFETs and also some GaAs
FETs which have intrinsically even better performance.
The extreme forward calorimeter is a special concern due
to the Grad exposures for small radii. There extensive
testing of all components will be required.

J . Experience with large systems
There is a wealth of experience from the design, fab-

rication and installation of NA31 and NA34 at CERN,
DO, SLD, E706 at Fermilab, Hi at HERA. Each of these
experiments has focused on slightly different specifica-
tions and construction techniques.

II. Issues (Problems)

A. Speed
New results were presented in this Symposium which

showed the excellent performance that can be achieved
with liquid argon if certain procedures are followed.
The important steps are: using low inductance leads to
gang the signals together; coupling the electrodes to the
preamps with a transformer, particularly the hadronic
sections; locating the preamps close to the electrodes; us-
ing appropriate bipolar shaping and sampling the shaped
signal every 16 ns. The shaping time would be normally
fixed for the highest luminosity e.g. 1034cm~23~1. As
the shaping time gets longer, the signal to noise improves.
However, the pileup noise also increases with increasing
shaping time. Therefore, the optimum is to balance the
thermal noise and pileup noise for each luminosity as de-
scribed by Cleland et al (14). One would probably choose

a short fixed shaping time, 50 ns. However when running
at lower luminosity one can achieve the performance of a
longer shaping time by adaptive signal processing of the
16 ns samples in the neighborhood of the bucket of the
event. This adaptive signal processing would be accom-
plished by the dedicated low level computing before the
data reaches level 2. A figure of merit is the total noise
within a cone of AR = 0.2 which is important for deter-
mining if leptons are isolated. The recent calculations
show this number to be ss 1.3 GeV at 1033 and 2.6 GeV
at 1034 including both thermal and pileup noise. This is
sufficient for finding isolated electromagnetic showers (e
or if].

B. Detailed electrode structure

The challenge is to design an electrode structure that
uses low inductance longitudinal ganging and does not
introduce cracks and dead space. The accordion concept
described above accomplishes these constraints. Also,
traditional sandwich designs as used in DO or SLD could
be modified so that the cracks between modules become
totally non-projective. This might lead to the adding
together of signals from adjacent modules into towers
which are projective electrically but not physically.

C. Cooling of preamps, and feedthroughs design

The preamps designed with a dynamic range oi 10s

have a power dissipation of 75 mW. If no transformer
is used, the heat dissipation will be higher by at least
a factor of 2. If all this heat is concentrated in a
small volume, tests have shown that with no argon head
pressure, boiling will occur [15]- However, it is possible
that by mounting the preamp to an appropriate heat
conductor so that the heat is dissipated over a larger
area, no active cooling will be required. This will be
studied as part of the Subsystem proposal [2j.

The large detectors being designed for the SSC
have hundreds of thousands of channels. Since the
preamp is located in the liquid argon, the signal lines
from the preamp to the shaping circuits can be 100 fi
twisted pair line. Still, the design of a high density cold
feedthrough may need some attention. SLD has achieved
1.6 connections/cm2 while Hi has 6.5/cm2.

D. Absorber material

The Liquid Argon Subsystem proposal is exploring
various choices of absorbers (2,16). This work is build-
ing on the data and experience of the NA34 (HELIOS)
calorimeter which measured e/jr ~ 1.1 with uranium ab-
sorber and 100 nsec shaping time. For an SSC detector,
the use of uranium may prove to be too costly, so it would
be useful to make an accurate measurement of the per-
formance of a lead liquid argon calorimeter. Some EGS
studies have suggested that e/ff will more nearly equal
one if a 12 mm lead plate is used instead of a 6 mm plate
[17). It is also suggested [17] that thin iron cladding of



the lead may reduce e/v even further. A stack 100 cm x
100 cm is being built with .. lepth of 7.5 A. It will be seg-
mented transversely into 40 X alternated with 40 Y strips
and divided longitudinally into 3 sections. Each unit cell
will consist of 1 lead plate followed by a 2 mm argon gap
followed by a 1.6 mm G10 printed circuit signal board
and then another 2 mm argon gap. The interleaving of
the X and Y strips in depth provide information about
the transverse profile of the shower and a direct mea-
surement of the sampling fluctuations. The connection
scheme will follow closely the HELIOS method of achiev-
ing low-inductance charge transfer to the preamplifiers.
The preamplifers will be the same type that were used in
HELIOS which operated in the liquid argon.

The electronics external to the cryostat also follows
the HELIOS chain (16]. First there is an intermediate
amplifier attached to the outside wall of the cryostat,
very close to the signal feedthroughs. A good electrical
and mechanical connection between the vessel and the in-
termediate amplifier housing defines a Faraday cage. The
output of the intermediate amplifier drives a balanced
line using a transformer which connects to a variable gain
amplifier. These amplifiers are adjusted to a fraction of
a percent by using the results of the calibration system.
Bach channel can be adjusted separately so that the con-
tribution to an analog energy sum is equalized. Each
channel can also be turned off to measure the cross-talk.
Fast sums of all the channels are made with separate
shaping amplifiers. These will be built for shaping (peak-
ing) times of 50, 100, and 200 ns to be able to measure
the variation of e/ir with the shaping time. The stack
will be exposed to a beam of electrons and it's at the
AGS with momentum in the range from 0.5 GeV/c to
ss 20GeV/c. The intensity of the beam can be as high
as 107 particles/sec. This will allow the study of pileup
effects directly. These beam tests will be carried out in
1991.

E. r )>5

In the forward calorimeter, radiation levels exceed 3
Grad for a small region [18]. This region may stress any
of the materials that would be used - for example the
resistive epoxy, the signal boards, or any cables. Tests of
all materials used obviously need to be done.

F . Redundancy in electronics increases cost

Since the preamps will be located in the liquid,
their reliability needs to be assured. They would be
treated like electronics going on a space Sight • lots
of testing plus adding redundancy. The NA34 hadronic
calorimeter used 572 preamps which survived in the liquid
for several cooldowns, without any preamplifier failures.
This demonstrates that there is experience with having
preamps survive in the liquid. However, one would
likely also insist on redundancy. The simplest method
of redundancy involves the separate readout of alternate

signal boards. This interleaving doubles the number of
separate channels that otherwise would be required. A
related consideration is that in order to minimize the
time dispersion of the signal for a longitudinal section, it
is necessary to keep the physical longitudinal depth of a
module from exceeding 50-60 cm. If the section becomes
longer than that, the accuracy of the determination of
which bucket a large signal is in would be compromised.
Therefore, several longitudinal (interleaved) channels are
required at least in the hadronic sections which increases
the number of channels. These additional channels
probably do not dominate the cost of the calorimeter,
but need to be kept in mind.

Conclusion

The prospect of using liquid argon calorimetry for an
SSC experiment is extremely viable. The vast experience
already available gives confidence that large systems can
be built mechanically and electrically. New results from
beam tests and calculations show that the signal/noise
and physics performance of properly designed systems is
excellent for the SSC. Some issues require further R&D.

This Research has been supported by the U.S. Dept.
of Energy under Contract #DE-AC02-76CH00016. We
gratefully acknowledge the contributions of Veljko Radeka
to much of the work described here.
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