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1. INTRODUCTION 

It has become increasingly clear that the success of experiments at the SSC will 

depend to a large extent on the quality of the available calorimetry. The calorimeters 

will have to fulfill the following tasks: 

1) Provide triggers that select the potentially interesting events. Since these represent 

only a tiny fraction of the total number of interactions (< 10 -8), extraordinary 

requirements on trigger selectivity, efficiency and reliability have to be met. 

2) Provide the experimental information needed for the analysis of hadron production 

in the pp collisions (jet physics). In this respec, calorimeter data will be the only 

thing available. 

3) Provide crucial information on lepton production. Both the identification of leptons 

(e,i/) and the measurement of their 4-vectors (e,i>,/x) will rely heavily on calorime

ter data. This is also true for leptonically decaying particles, like intermediate 

vector bosons. 

In order to be able to properly fulfill these tasks, SSC calorimeters should respond 

to showering particles with a signal that is fast, independent on the type of particle or 

its impact point, and narrowly distributed as a Gaussian around a mean value that is 

proportional to the particle energy. It should be possible to distinguish electromagneti-

cally interacting particles (e/y) from hadrons with a high degree of reliability by means 

of the shower profile, and the noise should be sufficiently low to measure muons. 

The performance of SSC calorimeters will, therefore, crucially depend on (in random 

order of importance): 

a) The hermeticity 

b) The granularity 

e) The energy resolution 

d) The c/h signal ratio 
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e) The uniformity of the response 

ƒ) The signal formation time 

j/) The noise level 

h) The signal stability 

Because of the harsh environment in which the calorimeters will have to operate, 

their components and in particular the active material and the electronics mounted 

inside the sensitive volume, should be able to sustain high radiation levels. Although the 

calorimeters should be sufficiently large to make the effects of shower leakage negligible, 

they should be as compact as possible in order to limit the size of cosily downstream 

equipment (magnet, muon detector). 

The latter requirement calls for the use of high-density shower absorption mate i-

als, although also the cost and other properties of such materials have to be taken into 

account. The desire to do excellent electron identification naturally favours high-Z ab

sorbers. The ratio between the nuclear interaction length and the radiation length, the 

relevant parameter in this respect, is for materials like uranium and lead a factor of three 

larger than for copper and iron. 

In this talk I will briefly describe the state of the art, and our present understanding 

of the basic limitations in hadron calorimetry. I will review the various options for SSC 

calorimeters, and suggest R&D needed for the ones that I consider most promising. 

2. RECENT PROGRESS IN HADRON CALORIMETRY 

Thanks to the efforts by many people, considerable progress has recently been made 

in hadron calorimetry, and in our understanding of the mechanisms that determine the 

performance of these devices. I will illustrate that with three examples. 

The HELIOS Collaboration at CERN, who operate a 3 mm U/2.5 mm plastic-

scintillator calorimeter, amongst others for studying heavy-ion collisions with a fixed 
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target, have measured hadrons with an energy resolution a/E better than 2% ' . This 

result, shown in fig. 1, was obtained ai running conditions. Oxygen-16 ions at 3.2 TeV 

were sent on a tungsten target at a rate of 106 per burst (2.4 s). The trigger asked for 

highly inelastic collisions (Ej > 100 GeV). Figure 1 shows the total calorimeter signal 

distribution recorded for the events fulfilling this requirement. Apart from the beautiful 

energy resolution, also the signal linearity is remarkably good. Based on calibration with 

8 - 7 0 GeV electrons the nominal ion beam energy, two orders of magnitude higher, is 

reproduced to within 2%. 

The second example comes from ZEUS, who have tested a 10 mm Pb/2.5 mm plastic-

scintillator calorimeter, as part of their R&D program 3 . This rather onorthodox 

detector (thick lead, thin scintillator) measured hadrons in the energy range 3 — 75 GeV 

with a resolution a/E = 44%/y/E (fig. 2) , much better than the results obtained with 

a "standard", more frequently sampling lead/scintillator calorimeter (5 mm Pb/5 mm 

plastic), or any other non-uranium device. 

The third example illustrating the progress in this field is shown in fig. 3. This figure, 

taken from ref. 3, shows that the odd lead/scintillator result mentioned above, confirms 

the prediction that a resolution of 42%/y/Ë could be achieved for this configuration. 

Although the authors of ref. 2 do not mention this prediction, it was of course the one 

and only reason why this test calorimeter was built. 

What can we conclude from from this? 

The first result shows that it is not unrealistic to aim for hadron calorimetry at the 

1% precision level in the SSC era. What this may mean for the quality of experimental 

results is illustrated by fig. 4, taken from the same HELIOS 1 60 exposure. The figure 

shows the total energy recorded in the calorimeter for minimum bias events. The beam 

contains a very small contamination of other even-mass ions due to dissociated 1 6 0 nuclei. 

Owing to the good energy resolution, the hadron calorimeter acts as a perfect mass 

spectrometer. And a perfect mass spectrometer is precisely what is needed to discover 

new particles and determine their properties. At SSC energies hadron calorimetry with 

the precision of nuclear 7-ray spectroscopy seems feasible, and it seems feasible with 
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plastic-scintillator readout. 

The second result suggests that one doesn't need uranium for such good performance, 

and the third result shows that we now understand how to achieve this goal. In the next 

section, the improved understanding of hadron calorimetry that lead to this prediction 

is briefly described 

3. THE PHYSICS OF HIGH RESOLUTION HADRON CALORIMETRY 

3.1 The role of the e/h signal ratio 

In a given calorimeter, the energy resolution with which hadronic showers are de 

tected is worse than for electromagnetic ones. This is, among others, due to the fact 

that in hadronic showers fluctuations occur in the fraction of the initial energy that is 

converted into kinetic energy carried by ionizing particles. Shower leakage and, much 

more importantly, the energy needed to release nucleons from the nuclei in which they are 

bound, may consume on average up to 40% of the incident energy, with large fluctuations 

about this average. 

As a consequence, the signal distribution for pions is wider than for electrons at the 

same energy, and has in general a smaller mean value (e/n > 1). The calorimeter response 

to the electromagnetic (em) and non-em components of hadron showers is similarly 

different (e/h > 1). Since the event-to-event fluctuations in the fraction of the energy 

spent on ir° production (/em) are large and non-Gaussian, and since < /em ^ increases 

(logarithmically) with energy, the following effects have to be expected if e/h / 1: 

»') The signal distribution for mono-energetic hadrons is non-Gaussian. 

ü) The fluctuations in /e m give an additional contribution to the energy resolution. 

w ) The energy resolution o/E does not improve as E~1/2 with increasing energy. 

iv) The calorimeter signal is not proportional to the hadron energy (alinearity). 
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v) The measured e/n signal ratio is energy dependent. 

Because of the latter effect I prefer the energy-independent quantity e/h. The dif

ference between e/h and e/ir is in practice small, and vanishes at low energies and for 

e/h close to 1. All these effects have been experimentally observed (fig. 5), and 

can be simulated with a simple Monte Carlo. At increasing energies, deviations from 

e/h = 1 (the compensation condition) become rapidly a dominating factor for the (lack 

of) calorimeter performance, e.g. through the constant term that they add to the energy 

resolution a/E (fig. 5a). Signal alinearities of ~ 20% over one order of magnitude in 

energy have been observed, both in overcompensating {e/h < 1) and undercompensating 

(e/h > 1) calorimeters (fig. 5b). But perhaps the most disturbing consequence of a non-

compensating calorimeter for operating in an SSC experiment is the non-Gaussian line 

shape (fig. 5c), which will cause severe problems if one wants for example to trigger on 

transverse energy. It will be extremely hard to unfold the steeply falling Ej distribution 

and the response function. Moreover, severe trigger biases are likely to occur: If e/h < 1 

(> 1) one will predominantly select events that contain little (a lot of) em energy from 

7T°'S. 

Several experiments have developed weighting schemes in an attempt to get rid of 

the mentioned consequences of e/h ^ 1, using the details of the measured shower profile. 

Although some improvement can be obtained in this way, it turns out not to be possible 

to optimize simultaneously on energy resolution, signal linearity and line shape. In 

addition, even the best energy resolutions obtained with such schemes are at least 50% 

worse than results obtained with compensating calorimeters. 

In view of the calorimeter tasks and because of the large energy range covered by 

particles produced in collisions at the SSC, compensating calorimeters will turn out to 

be an essential advantage. It should be emphasized that other sources of experimental 

uncertainty, like calibration errors, will produce effects similar to the ones caused by 

deviations from e/h = 1. Therefore, it is not necessary that e/h be 1.0000. It has been 

estimated * that for resolutions at the 1% level, e/h = 1 ± 0.05 is good enough. 
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3.2 The factors determining e/h 

The response of a sampling calorimeter to a showering particle is a complicated is

sue, that depends on many details. This is particularly true for hadronic showers. It has 

become clear that showers can by no means be considered as a collection of minimum 

ionizing particles (mip's) that distribute their energy to absorber and active planes ac

cording to dE/dx. The calorimeter signal is to a very large extent determined by very soft 

particles from the last stages of the shower development, simply because these particles 

are so numerous. There are many observations that support this statement. Simulations 

of high energy em showers in lead- or uranium sampling calorimeters show that ~ 40% of 

the energy is deposited through ionization by electrons softer than 1 MeV. Measurements 

of pion signals in fine-sampling lead/plastic-scintillator calorimeters revealed that there 

is almost no correlation between the particles contributing to the signal of consecutive 

active layers. This proves that the particles that dominate the signal travel on average 

only a very small fraction of a nuclear interaction length indeed. 

In order to evaluate the e/h signal ratio of a given calorimeter one must, therefore, 

understand in detail what goes on in the last stages of the shower development, i.e. anal

yse the processes at the nuciear and even the atomic level. It turns out that the particles 

that decisively determine the calorimeter response are soft photons in the case of em 

showers, and soft protons and neutrons from nuclear reactions in non-em showers. Since 

most of the protons contributing to the signal are highly non-relativistic, the saturation 

properties of the active material for densely ionizing particles are of crucial importance. 

Apart from this, there are many other factors that affect the signals from these shower 

components, and thus e/h. Among these, there are material properties like the Z values 

of the active and passive components, the hydrogen ~ontent of the active media, the 

nuclear level structure and the cross section for thermal neutron capture of the absorber; 

and detector properties like the size, the signal integration time, the thickness of the 

active and passive layers and the ratio of these thicknesses. 

For a given combination of active and passive material, the calorimeter response (sig-
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nal per GeV) to the important shower components may be quite different. In calorimeters 

with high-Z absorber and low-Z active material, the response to em showers is suppressed 

relative to mip's by about 30 — 40%, since the low-energy if's from the shower get almost 

completely absorbed by the absorber because of the photo-electric effect. On the other 

hand, the response to the spallation protons from hadron showers may be somewhat 

larger than for mip's because of the dE/dx characteristics for non-relativistic particles, 

although this effect is counterbalanced by self-absorption in the passive layers and signal 

saturation in the active ones. 

Since neutrons are themselves not ionizing, the calorimeter response to these parti

cles depends completely on nuclear physics details. Relative to mip's, the response to 

soft neutrons (i.e. those which do not produce charged particles through inelastic nu

clear reactions) may be anything from very small to very large. A crucial ingredient in 

this respect is the presence of a significant fraction of hydrogen in the active material. 

Hydrogen is very effective in absorbing the kinetic energy of these neutrons, and the re

sulting recoil protons fully contribute to the calorimeter signal, although saturation may 

considerably reduce the size of this contribution. In the absence of hydrogen, neutrons 

will only contribute through the nuclear if's that they generate by inelastic scattering or 

capture. As mentioned before, high-Z sampling calorimeters are inefficient in detecting 

such IT'S. 

For a given combination of absorber and readout materials, the relative calorimeter 

response to the various shower components and, therefore, the e/h signal ratio can be 

varied within certain limits, making use of the characteristics described above. For 

example, the n° response may be selectively reduced by inserting thin low-Z foils in 

between the high-Z absorber material and the readout layers. It is predicted that e/h can 

be reduced by at maximum ~ 10% in this way. Very interesting possibilities for tuning 

e/h would obviously be opened up if the saturation properties of the active material could 

be affected, e.g. by varying the strength of the electric field in ionization chambers. 

The most important handle on e/h is provided by the neutrons, in particular for 

calorimeters with hydrogenous readout media. In this case, the fraction of the kinetic 
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neutron energy transferred to recoil protons in the active layers varies much more slowly 

with the ratio of the amounts of passive and active material than does the fraction of 

the energy that mip's deposit in the active layers. Therefore, the relative contribution of 

neutrons to the calorimeter signal, and hence e/h, can be varied through the sampling 

fraction. A smaller sampling fraction enhances the relative contribution of neutrons. 

It is estimated that in compensating lead- or uranium-scintillator calorimeters neutrons 

make up for ~ 40% of the non-em signal, on average. The lever arm on e/h provided by 

this mechanism may be considerable. It depends on the energy fraction carried by soft 

neutrons (favouring high-Z absorbers), on the hydrogen fraction in the readout media, 

and on the signal saturation for densely ionizing particles (favouring materials with a 

low value of Birk's constant &#). 

Figure 6 shows an example of the results of calculations on e/h for uranium calorime

ters. For hydrogenous readout materials (plastic scintillator, warm liquids) the e/h value 

sensitively depends on the relative amount of active material, and in any case a config

uration can be found with e/h = 1. Experimental results clearly confirm the tendency 

predicted for scintillator readout. For non-hydrogenous readout (LAr, Si) the mecha

nism described above does not apply. Here the neutron response and hence the e/h ratio 

can be changed through the signal integration time, taking more or less advantage of 

the considerable energy released as Ys when thermal neutrons are captured by nuclei, a 

process that occurs at a time scale of ~ 1 us. The calculations predict a 15% increase of 

e/h if the signal integration time is reduced from 1 /xs to 100 ns, for detectors sufficiently 

large to thermalise the neutrons. At the SSC one would certainly want to work with as 

fast a signal as possible. 

Experimental results obtained so far seem to confirm the prediction that it will be 

hard to achieve compensation with liquid-argon readout. Ideas to bring e/h down closer 

to 1 include the insertion of low-Z foils in between the absorber and the argon, mixing 

methane into the argon, adding cadmium to enhance the 7-yield from neutron capture, 

and choosing the field polarity such as to maximise the signal from soft spallation protons 

stopping in the liquid (central anode). 
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The calculations indicate that compensation should not be too hard to achieve for 

uranium calorimeters with silicon readout (fig. 7). When each Si plane is sandwiched in 

between thin hydrogenous foils, e/h can be tuned over a comfortable range through the 

thickness of these foils, owing to two effects: Suppression of the em signal, as discussed 

before, and amplification of the non-em signal through detection of recoil protons from 

elastic neutron scattering in the foils. The absence of signal saturation in Si is essential 

in this respect. 

Detectors with gaseous readout media (e.g. proportional wire chambers) offer a 

convenient way to tune e/h to the desired value, i.e. through the hydrogen content of 

the gas mixture. This has been experimentally demonstrated by the L3 Collaboration T 

The curves for TMP calorimeters given in fig. 6 are based on the assumption that 

the signal saturation in this liquid is equal to either liquid argon or PMMA plastic 

scintillator. Experimental data, although not completely conclusive, indicate that the 

signal suppression for soft protons in warm liquids is considerably larger, and perhaps 

dependent on the electric field strength and the particle's angle with the field vector. 

Figure 8 shows how the e/h signal ratio depends on fc# for TMP calorimeters with either 

uranium or lead absorber. Clearly, a detailed knowledge of the recombination phenom

ena in warm liquids is absolutely crucial for predicting the parameters of compensating 

configurations. 

In contrast to what has been thought for a long time, compensation is not a phe

nomenon restricted to uranium calorimeters. It has become clear that it is the readout 

medium rather than the absorber material that determines the possibilities in this re

spect. Compensation is easier to achieve with high-Z absorbers because of the large 

neutron production and the correspondingly large leverage on e/h. But even materials 

as light as iron allow compensation, if used in combination with e.g. plastic scintillator, 

be it with impractically thick absorber plates. 

The neutron production in lead is considerably smaller than in uranium. In order to 

bring e/h to 1 for lead/scintillator detectors, the neutron signal has therefore to be more 

amplified relative to mip's than for uranium/scintillator; as a consequence, the optimal 
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sampling fraction is smaller for lead. The calculations predicted e/h to become 1 for 

lead plates about 4 times as thick as the scintillator, while for uranium a thickness ratio 

of about 1:1 is optimal. This prediction was confirmed by the ZEUS tests mentioned in 

sect. 2. They found e/h = 1.05 ± 0.04, a hadronic energy resolution scaling with E~ll2 

over the energy range 3 — 75 GeV, and no deviations from a Gaussian line shape. 

A final word should be said about fully sensitive hadron calorimeters. The mecha

nisms that are described in this section and that make compensating calorimeters possi

ble, are based on the fact that we are dealing with sampling calorimeters: Only a small 

fraction of the shower energy is deposited in the active layers, and by carefully choosing 

parameters one may equalise the response to the em and non-em shower components. 

This does not work for homogeneous devices like the liquid xenon detector proposed at 

this workshop * . In the non-em shower part inevitably losses will occur that cannot 

be compensated for, e.g. the binding energy required to release protons and nucleon 

aggregates from Xe nuclei. Also the binding energy needed to liberate neutrons, which 

eventually might be gained back when these neutrons are captured again, will have to 

be considered as lost when one wants fast signals. Therefore, the e/h signal ratio will 

always be considerably larger than 1 for such detectors. 

Measurements performed so far with homogeneous hadron detectors support this 

conclusion, both for what concerns the e/h ratio' , and the resulting alinearity, non-

Gaussian response and poor energy resolution (a/E > 10% at 150 GeV)'101 . In the case 

of liquid Xe, the estimated nuclear binding energy loss amounts to ~ 35% of the non-

em shower component. Therefore, the smallest possible value for e/h is 1/0.65 ~ 1.54, 

which corresponds to e/ir ~ 1.37 at 10 GeV. Any inefficiency in detecting the energy 

of the hadronic shower particles, e.g. due to saturation, albedo neutrons or decaying 

pions, will increase this value. Also a combination of a front section of this type with 

a compensating backup part will probably not perform anywhere close to what can be 

achieved for hadron detection with a compensating calorimeter of uniform structure. 
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3.3 The energy resolution 

The deviation from a purely statistical improvement of the energy resolution at 

increasing energies induced by e/h ^ 1, was already discussed in sect. 3.1. It should be 

emphasized once more that similar effects, which limit the high energy performance, may 

result from uncertainties in the calibration, non-uniformities in the detector structure or 

in the signal formation, etc. It is believed that for well-designed detectors these effects 

can be limited to the 1% level, and the result shown in fig. 1 supports this belief. 

Nevertheless, this will be one of the main challenges for SSC calorimeters. 

For perfect, compensating calorimeters the precision of the measured energy is de

termined by two factors: The sampling frequency and the intrinsic resolution. Since the 

fluctuations resulting from these sources add in quadrature, it does not make sense to re

duce the contribution of sampling fluctuations far below the intrinsic limit. The intrinsic 

resolution of compensating calorimeters is dominated by the event-to-event fluctuations 

in the nuclear binding energy losses, a consequence of the large variety of possible nuclear 

reactions. Efficient neutron detection may considerably reduce the effect of these fluctua

tions, since the kinetic neutron energy is strongly correlated with the binding energy loss, 

particularly in high-Z materials. The calculations yield intrinsic limits close to 20%/y/Ë 

for compensating calorimeters with hydrogenous readout. This was recently experimen

tally confirmed for the compensating lead/plastic-scintillator calorimeter. Therefore, the 

already impressive ZEUS result (fig. 2) is completely dominated by sampling fluctua

tions, and a fine-sampling device should be able to reach a/E = 30%/\/Ë or better. 

Because of the observation that the calorimeter signal is largely dominated by particles 

that travel only a fraction of a centimeter, one should expect the sampling fluctuations 

to be determined to a large extent by the total surface of the boundary between the 

absorber and readout media. This favours structures with fibres surrounded by absorber 

rather than the standard sandwich geometries. 

In compensating calorimeters where the neutrons deposit only a small fraction of 

their kinetic energy directly in the active layers, like U/Si, the damping of the nuclear 

binding energy fluctuations does not work; as a consequence, the intrinsic limit on the 
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energy resolution is much larger (~ 40%/y/Ë) for these devices, and one should not 

expect total resolutions much better than o/E = 50%/y/Ë. 

4. CALORIMETERS FOR THE SSC 

In the previous section I have given arguments as to why detectors with e/h — 

1 ±0.05 should be strongly preferred when it comes to choosing a calorimeter for an S3C 

experiment. As was outlined in sect. 1, this is by far not the only criterion that counts, 

and maybe not even the most important one. I will now briefly discuss the various 

options, limiting myself to compensating calorimeters, or calorimeters that expectedly 

can be made compensating, in view of the other criteria imposed by the physics and the 

circumstances at the SSC. 

So far, compensation has been experimentally demonstrated for three types of sam

pling calorimeter: 

a) Uranium/plastic scintillator 

6) Lead/plastic scintillator 

c) Uranium/gas 

There is a reasonable expectation that it can be achieved with 

d) Uranium/warm liquid 

e) Lead/warm liquid 

ƒ) Uranium/silicon + polyethylene 

g) Lead/gas 

And if one is lucky with 

h) Uranium/liquid argon + methane 
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There are of course more possibilities, involving other high-Z absorbers like Hg, 

Au, W, Pt, etc., but for various reasons these are much less practical than the ones 

listed. Anyone who has ever built a uranium calorimeter will agree that it would be a 

major advantage if one could avoid this nasty material. If only because of this reason, 

the lead alternatives deserve a very serious study. It is interesting to notice that the 

effective nuclear interaction length is the same for compensating uranium/scintillator and 

lead/scintillator calorimeters (20 cm), due to the different optimal sampling fractions. 

So in spite of its much larger density, uranium does not allow constructing more compact 

calorimeters in this case. 

Gas calorimeters 

Gas sampling calorimeters employing wire chambers or proportional tubes for read

out, enable a sufficiently fine three-dimensional segmentation. They are easy to con

struct, cheap, and allow a rather hermetic structure. 

Disadvantages of this readout technique include the fact that it is very hard to make 

the response sufficiently uniform over the entire calorimeter volume, and to maintain 

the required stability over an extended period of time. In addition, present experience 

indicates that gas calorimeters will considerably suffer from radiation damage at the 

SSC. 

Of greatest concern, however, are the effects introduced by the extremely small sam

pling fraction, typically 10~4 - 10"5 for mip's. Because of the virtual absence of satura

tion effects, densely ionizing particles may simulate energy deposits orders of magnitude 

beyond reality. For example, in a calorimeter with a sampling fraction of 10~4 a recoil 

proton from elastic neutron scattering in the gas, will appear as a 10 GeV local energy 

deposit if the proton stops in the chamber. Such effects ("Texas towers") have been 

observed at CDF and cause very serious problems. If only because of this reason, gas 

calorimetry does not seem a likely candidate for the SSC. 
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Silicon 

Similar effects, due to the combination c f a very small sampling fraction and the 

absence of signal saturation for densely ionizing particles, may also affect the performance 

of hadron calorimeters with silicon readout, be it at a lower level (sampling fraction 

~ 0.5%). Silicon offers some major advantages: Very fine segmentation, fast response, 

excellent uniformity, calibration and stability. In combination with uranium or tungsten 

it would make possible extremely compact calorimeters (seven interaction lengths per 

meter). 

On the other hand, crystalline silicon is known to be particularly vulnerable to slow 

neutrons, which are definitely not going to be lacking in the SSC environment. Mea

surements have shown1"' that on average 40-50 neutrons per GeV are produced when 

non-em showers develop in uranium, depending on the detector configuration. It is 

feared that the small fraction of the neutrons that leak backwards through the front 

face of the calorimeter (albedo) might yield a major problem for any electronics installed 

in front of the calorimeter ; yet another reason to prefer calorimeters with lead ab

sorber, where the soft neutron production was measured to be a factor of 3 lower than 

in uranium "' , owing to the absence of nuclear fission. Before embarking on a program 

for Si-calorimetry at the SSC, the radiation hardness should be seriously studied under 

realistic circumstances. 

Although somewhat outside the scope of this review, the greatest obstacle to the 

massive use of silicon in SSC calorimeters may well turn out to be cost. Even if one 

is very optimistic in this respect, a calorimeter with Si readout for the Large Solenoid 

Detector seems at least an order of magnitude beyond affordability. 

I will now discuss the more serious candidates, although it should be emphasized 

that none of these is without problems and that a vast R&D effort will be needed before 

one can justify any particular choice. 
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Plastic scintillator readout 

As for silicon, a big advantage of plastic scintillator is the fast response and charge 

collection time. Since compensation relies on detecting the kinetic neutron energy 

rather than on the 7's released in the capture process, it can be achieved within 100 ns. 

Inspired by the beautiful ZEUS result mentioned before, Jenni et a/. " have proposed 

a new type of hadron calorimeter, based on scintillating plastic fibres embedded in lead 

at a ratio appropriate for achieving compensation. The fibres are oriented (roughly) in 

the direction of the entering particles. The same technique has already successfully been 

applied in detectors for em showers. 

Apart from the excellent energy resolution envisaged for such a detector (30%/y/Ë 

for jets, 15%/y/E for em showers), this scheme offers some crucial advantages relevant 

to the SSC. Among these, the arbitrarily fine lateral segmentation possibilities and the 

excellent hermeticity achievable with this technique should be mentioned. On the other 

hand , longitudinal segmentation, important for electron identification, is not trivial. 

Several ideas exist on paper, but should be tested in practice. Because of the strong 

correlation between longitudinal and lateral shower information, very fine longitudinal 

segmentation is unlikely to be essential for achieving the desired degree of e/V separation, 

once a fine-grained lateral structure is available. 

Other issues needing a careful evaluation are signal uniformity and stability. In this 

respect the result shown in fig. 1, obtained with plastic scintillator, is encouraging since 

the spaghetti calorimeter is expected to be more uniform and stable than the HELIOS 

detector. 

Like for all proposed detectors, radiation damage should be a major worry. Radiation 

stability is certainly not the strongest point of this option. However, built-in redundancy 

like a long light attenuation length, semi-continuous calibration monitoring and trans

mitting at long wavelengths might basically eliminate the problem up to ~ 1 MRad, 

a level which will never be exceeded in a large fraction of any SSC calorimeter. Close 

to the beam pipe one would either have to replace some modules regularly, or choose a 

different technique. 
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Liquid argon 

Liquid argon is in many ways an ideal active medium for reading out sampling 

calorimeters, and several experiments have successfully used this beautiful technique for 

detecting (mainly em) showers. Among the advantages relevant to SSC experimentation 

can be mentioned the excellent uniformity of the response, both in space and in time, 

achievable with this technique. Also the segmentation needed to achieve the desired 

degree of electron identification from the shower profile should in principle be no problem. 

Unfortunately, there are some serious disadvantages as well. First of all, there is 

the slow response; the charge collection time is typically ~ 1 /is in most calorimeters. 

At a luminosity of 1033, with an event frequency of 100 MHz, this is at best marginal 

and, generally, faster sampling media are considered highly desirable. An interesting 

development comes from HELIOS, who considerably reduced the capacitance , and thus 

the pulse shaping time by placing the preamplifiers very close to the gaps, in the cryostat. 

In this way they obtain 100 ns signals. 

This has two drawbacks. Firstly, it makes the detectors vulnerable to radiation dam

age (neutrons, see silicon), thus giving up the nice feature that the argon itself is highly 

radiation resistant. Secondly, according to the calculations it will further deteriorate the 

e/h ratio, which is already marginal for long pulse shaping times (see fig. 6). 

Perhaps the most serious difficulty is that of attaining an acceptable hermeticity, 

arising from the fact that the detector has to be operated cryogenically. No one has yet 

been able to show what a 4n calorimeter that meets the SSC requirements on hermeticity 

and uniform solid angle coverage should look like. 

Warm liquids 

Warm liquids offer potentially similar advantages as liquid argon, in terms of seg

mentation, uniformity, stability and radiation hardness of the liquid, without the need of 

operating in a cryostat. Therefore, this option is in principle very attractive. However, 
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the experience with these liquids is still limited, and serious problems have to be solved 

before one might design a large reliable detector based on this technique. 

Compensation has yet to be demonstrated. As was pointed out in sect. 3.2, the signal 

saturation due to recombination is absolutely crucial in this respect. In my opinion, 

detailed measurements of Birk's constant and its dependence on the electric field vector 

should be the first priority of any R&D program on warm-liquid calorimeters. 

As for all other ionization chambers, the signals are slow. At moderate drift fields 

(10 kV/cm) the electron mobility and also the ionization yield (signal/noise!) are consid

erably lower than in liquid argon. At high fields the situation may drastically improve, 

especially for TMS. Schemes to push the pulse shaping down to the 100 ns regime a 

la HELIOS, will have to face the jeopardy of radiation damage of the electronics by 

neutrons. 

Because of the safety aspects, it would be a major advantage if lead absorber could 

be used. This question is closely linked to the compensation issue (fig. 8). Maybe there 

are other, safer liquids that offer the advantages of TMS with respect to electron mobility 

and ionization yield (TMSn?). 

The signals from warm liquid chambers are extremely sensitive to electron-trapping 

impurities. The statement that this technique provides excellent signal uniformity and 

stability is only correct if such impurities can be controlled at the ppb level, which is far 

from trivial for a large system. 

Perhaps none of the listed problems will turn uut to be insurmountable, but clearly 

a lot of work is needed to find out. 

5. SUMMARY 

At this point in time it is clear that one cannot decide what is the best calorimeter 

composition for experiments at the SSC. Given the requirement that the detector should 
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be sufficiently compensating, there remain only 2 serious candidates, and 2 that I'm 

willing to give the benefit of the doubt. 

The most promising candidates are 

a) Lead/scintillating fibre. The questions needing answers concern radiation hardness, 

e/ir separation, signal uniformity and stability. 

6) Lead (or uranium)/TMS (or other warm liquids). The R&D program should con

centrate on compensation questions, purity control, high drift fields, safety and 

signal speed. 

The other candidates are 

c) Uranium/liquid argon, where primarily the hermeticity and compensation prob

lems need satisfactory solutions, and 

d) Uranium (or tungsten)/silicon, where the radiation damage and cost issues need 

clarification. 

In any case a vast R&D program will be needed to find out to what extent the 

challenging requirements of SSC experimentation can be met. 
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FIGURE CAPTIONS 

1. The total energy distribution for the reaction products from I 6 0 + W central 

collisions at 3.2 TeV, measured with the HELIOS uranium/plastic-scintillator 

calorimeter. 

2. The hadronic energy resolution a/y/E as a function of E, measured with a 10 mm 

Pb/2.5 mm plastic-scintillator calorimeter. Data from ref. 2. 

3. The total energy resolution and the various factors contributing to it, for detec

tion of 10 and 100 GeV hadrons in Pb/PMMA calorimeters, as a function of the 

thickness of the lead plates. The thickness of the scintillator plates is 2.5 mm. 

4. The HELIOS calorimeter as a high-resolution mass spectrometer. Total energy 

measured in the calorimeter for minimum bias events showing the composition 

of the SPS heavy-ion beam. 

5. Experimental observation of the consequences of e/h ^ 1. Energy resolution 

(a), signal per GeV (b) and signal distribution (c) for pion detection in under-

compensating (ref. 5), compensating (ref. 1) and overcompensating (;ef. 6) 

calorimeters. 

6. The signal ratio e/h for uranium calorimeters employing different readout mate

rials, as a function of the ratio of the thicknesses of absorber and readout layers. 

Results of experimental measurements are included. 

7. The response of uranium/silicon/polyethylene calorimeters to the em and non-

em components of hadron showers, as a function of the thickness of the polyethy

lene foils. The various contributions to the non-em component are shown as well. 

The vertical scale is normalized to the mip-response, the horizontal scale is lin

ear in the square root of the foil thickness (a). The e/h signal ratio as a function 

of the thickness of the polyethylene foils, for 4 mm U-plates (b). 

8. The e/h signal ratio as a function of Birk's constant kg, for TMP calorimeters 

with uranium (a) or lead absorber (b). The liquid gaps are 2.5 mm wide. 
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