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ABSTRACT 

Hadron caloiimetry with silicon may provide crucial capabilities in experiments 
at the high luminosity, high energy colliders of the future, particularly clue to 
silicon's fast intrinsic speed and absolute calibration. The important underlying 
processes of our understanding of hadron calorimeters are reviewed to set the 
framework for the presentation of recent calculations of the expected performance 
of silicon detector based hadron calorimeters. Such devices employing uranium 
are expected to achieve the compensation condition (that is, the ratio of the 
most probable electron signal to hadron signal (e/h) is « 1.0) based on the 
understanding that has been derived from the uranium-liquid argon and uranium-
plastic scintillator systems. In fact, even lead-silicon calorimeters are found to 
achieve the attractive value for the e/h ratio of 1.16 at 10 GeV. An experimental 
test of these predictions is underway at CERN by the SICAPO Collaboration. 
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1. INTRODUCTION 

The physics results of future high luminosity, high energy colliders (eg. SSC or 
LHC) will depend on having very good calorimeters, which have been designed 
and constructed using the latest state of the art techniques. Many reviews 
have summarized the existing knowledge of calorimeter physics.1-'1 However, the 
understanding of the fundamental processes which limit calorimeter performance 
has undergone a significant advancement in recent years. It will be crucial to apply 
this understanding in the best ways. The present understanding has evolved through 
an interchange between theoi jtical calculations and experimental test programs, as 
the conclusions drawn from the theory in the calculations have been tested and 
found to be fundamentally sound. In this paper we will apply this understanding 
to assess the prospects for hadronic calorimetry with silicon and report on the 
experimental test underway at CERN. 

Four year? ago a new understanding of the underlying mechanisms of 
compensating calorimetry was introduced.5-10 At that time the following critical 
points were realized: 

1. prior to later experimental confirmation, it was argued that current designs of 
uranium liquid argon calorimeters were not fully compensating5-9; 

2. the importance of the hydrogen content in the active medium to couple the low 
energy neutrons to the output signal was stressed5-9; 

3. the significant role of "electromagnetic sampling inefficiencies" (which are the 
result of preferential photon absorption11 and electron multiple scattering in the 
high-Z inactive material6'9) in reducing the ratio of electron to hadron response 
was explained5-9; 

4. the importance of the saturation of signal in the regions of high density energy 
deposition was emphasized5-9; and 

5. these new understandings led us to "predict that a lead calorimeter may also 
give EM/HAD w 1 "12, where EM/HAD is the ratio of average electron to 
hadron response for the same incident kinetic energy, hereafter referred to as 
the e/h ratio. In other words, a compensating lead calorimeter was predicted. 
At the time this new understanding was introduced in 1984, it was not generally 

accepted and met with much scepticism in the community. As a result of much 
experimental testing in the past four years, this scepticism has evolved to a general 
acceptance by the community. Shortly after the new understanding of compensation 
was announced, the experimental test programs of DO at Fermilab and SLD at 
SLAC presented new data which supported the partial compensation expected for 
uranium liquid argon calorimeters. The predictions of the Monte Carlo calculations 
agreed very well with the new measurements.9 Furthermore, the interpretation of 
the fundamental processes driving this behaviour had been determined and was 
presented at that time. The understanding of the role of hydrogen was expanded 
with the introduction of a prediction by Bruckmann13 of "tuning" of relative 
electron and hadron response by varying the ratio of uranium plate thickness to the 
scintillator thickness. Test beam studies of uranium scintillator calorimeters have 
confirmed the expected trends from the model of "tuning".14 Considerations of the 
role of "tuning" in non-uranium scintillator calorimeters led to a specific design 
of a lead-scintillator compensating calorimeter with the ratio of lead thickness to 
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scintillator thickness of approximately four; it was subsequently built and found 
to have e/h = 1.05 ± 0.04.15 Recently an activation analysis16 of calorimeter-like 
stacks at CERN has confirmed the details of neutron-hydrogen coupling7,8 which 
were key to the new understanding of calorimetry introduced in 1984. This new 
understanding has now been generally accepted and serves as the foundation of 
recent reviews of the phenomenology of compensating calorimeters.17,18 

The challenge of doing physics at the next generation hadron colliders will be 
great. Event rates are being planned at the 100 MHz level, meaning that fast 
calorimeters must be built to minimize pileup. The experience at the SppS of the 
importance of nearly full event containment (i.e. hermeticity) will be repeated. 
Many searches for new particles will demand good reconstruction of missing energy, 
for example the search for additional intermediate bosons such as W' —> cv. 
Excellent energy resolutions with good linearity and Gaussian resolution functions 
are required for many experiments, such as the search for compositeness at the tens 
of TeV energy scale.19 The search for such structure in the high-px jet signature will 
test the best calor»meters. While all these performance characteristics are necessary, 
they must exist in a very hostile radiation environment.20 Neutron fluxes in excess of 
1012 c m - 2 yr - 1 and doses of greater than 103 Grays/year in calorimeters situated 
at a radius of two meters from the interaction point are anticipated at the next 
generation of hadron colliders. These requirements of performance and survivability 
will test the present understanding of calorimeter physics and designers' ingenuity 
in building radiation hardened equipment. The understanding of all fundamental 
processes is essential to a successful program. 

The option of employing silicon detector diodes as the sampling medium 
in hadron calorimeters has been suggested in a number of previous works.21,22 

Successful devices have been constructed and tested using silicon diodes in 
electromagnetic calorimeters.23 The advantages of extending this success to hadron 
calorimetry are numerous.24 As an ionization sampling calorimeter, a silicon readout 
calorimeter would be a system of absolute gain. Silicon is a nearly nonsaturating 
medium so that sources can be used to get an absolute calibration of an energy scale. 
These devices can be operated at room temperature, eliminating the need for bulky 
and space wasteful cryostats required for other options. The signals have been shown 
to be relatively insensitive to magnetic fields. In principle the calorimeters can be 
made very compact due to the very thin sampling gaps required; since silicon diodes 
produce an electron-hole pair for every 3.7 eV deposited at room temperature, they 
require a much smaller sampling gap than most other systems. The technology 
of silicon diode fabrication makes fine lateral and longitudinal segmentation of 
silicon calorimeters easy and feasible. Finally, the property that provides the most 
promising feature of silicon diode readout is the speed of response. The intrinsic 
speed of normal diodes of thicknesses of 300 /im or so, is about 20 nanoseconds. 
Therefore, the speed of the front-end electronics is likely to limit the speed of 
response. However, achieving the optimal physics results at the future high rate 
colliders may well require calorimeters which exploit this intrinsic speed as fully as 
possible. It is for many of these reasons that the SICAPO Collaboration is working 
on the development of silicon hadron calorimeters.25 



2. F U N D A M E N T A L PHYSICS OF 
COMPENSATING CALORIMETERS 

2.1 B A S I C I D E A S 
Before one is able to assess the prospects for hadron calorimetry with silicon, it is 

essential to understand the details of compensating calorirnetry. This begins with an 
appreciation for the original motivation of the inventors of the technique.26 It must 
be realized that hadronic cascades which contain large amounts of electromagnetic 
energy have less losses of energy due to nuclear break-up than those which contain 
little electromagnetic energy and therefore a large number of hadronic interactions. 
This comparison is illustrated in Fig. 1. Figure l a shows the situation for 
noncompensating calorimeters. The overall distribution is created by summing a 
variety of different types of events. The two extremes, here called type A and type 
B, result in quite different responses. The type A events have a large fraction of the 
incident hadron energy converted to 7r° and other forms of electromagnetic energy, 
and therefore there are few hadronic nuclear interactions. Since the 7r° yield an 
observed signal which is comparable to the response of the calorimeter to incident 
electrons of the same energy and there is little energy lost to the breakup of nuclei, 
the e /h ratio for such events is nearly one, as shown in Fig. la. Type B events in such 
noncompensating calorimeters, on the other hand, show large amounts of lost energy 
in the nuclear break up resulting from the many hadronic nuclear interactions. 
This includes nuclear binding energy losses, as well as losses from heavy fragment 
production, neutrino production, and low energy nucleon generation. All of these 
processes result in a reduction in the detectable energy in the calorimeter. These 
type B cascades have a minimal amount of generated electromagnetic energy and 
the resulting e /h ratio is much less than one. Combining all types of hadronic 
cascades, from type A to type B and everything in between, leads to a very broad 
distribution of responses, and a resulting poor resolution for the measured energy 
deposition. 

Figure lb illustrates the situation for compensating calorimeters where the 
response to events of type A and type B have been equalized by a cleverly designed 
calorimeter. This is the basis for the original ideas as presented in Ref. 26. It can 
be seen from the figure that type A events respond with a signal nearly equal to 
an electron signal. However, the type B events also give an average response that 
is nearly comparable to the response of an electron. The nuclear breakup energy 
has been compensated for, by designing the calorimeter to preferentially respond 
to the low energy neutron component of the shower, which is correlated with the 
lost nuclear breakup energy. As will be shown later, it is not necessary to fully 
recover all of the nuclear breakup energy as the electromagnetic response is also 
suppressed in high Z materials due to processes occurring at the very low energy 
portion of the electromagetic shower. The role of these sampling inefficiencies which 
result from the preferential photon absorption11 and the electron multiple scattering 
in the inactive material6'9 has a very stong effect on the calorimeter response. A 
proper balance of the electromagnetic suppression and the preferential sampling of 
low energy neutrons leads to this equalization of the average response of type A and 
type B events. As a result, the sum of all the types of events, from A to B, yields a 
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narrower dii-tribution; that is, the energy resolution is greatly improved. This is the 
motivation for examining the ratio e/h as a measxire of the degree of compensation. 

2.2 B I N D I N G E N E R G Y LOSSES 
In previous studies of the detailed processes occurring in hadronic cascades, 

extensive use has been made of the CALOR code system (HETC, EGS, MORSE, 
MICAP, SPECT, LIGHT, etc.- see the Appendix for details).27 Figure 2, for 
example, presents the calculated distribution from HETC of energy lost through 
the release of nuclear binding at the first interaction of a 5 GeV it~ in a uranium 
scintillator sampling calorimeter composed of alternating three millimeter uranium 
plates and scintillator sheets. An average energy loss of 380 MeV occurs at the first 
interaction sites. This represents 7.6% of the incident hadron's energy removed 
from the cascade at the first interaction. For lower energy interactions the loss 
is naturally going to be smaller, but only somewhat since for the same calorimeter 
HETC predicts an average loss of 200 MeV at the first interaction of 1 GeV incident 
neutrons. Notice that this represents twenty percent of the incident hadron kinetic 
energy. For lighter target materials, such as iron, the value will be somewhat less.28 

As the shower progresses many additional interactions lead to an accumulated 
energy loss. Figure 3 shows the distribution of the number of nuclear interactions 
(excluding elastic collisions) in HETC for the incident 5 GeV on this uranium 
scintillator stack. There are an average of 24 collisions,29 while some showers 
terminate as the pion decays in the stack (note three of these 500 showers had no 
nuclear collisions). Integrating the binding energy loss over these many interactions 
yields the distribution ( r binding energy lost for the entire showers as shown in 
Fig. 4. On average 32% of the incident kinetic energy is lost in binding energy 
associated with the ejection of nucleons (primarily low energy) from the nuclei. A 
total of 1600 MeV has been lost in the form of binding energy, but one remaining 
effect is the large number of low energy neutrons created in the nuclear disruption. 
Figure 5 shows the correlation of the energy content of the low energy spallation 
and evaporation neutrons (kinetic energy below 20 MeV) with the binding energy 
lost in each of the hadronic cascades. Events with small binding energy losses 
naturally have disrupted the nuclei to the smallest extent and have transferred the 
least energy to low energy nucleons. Events with large binding energy losses have 
resulted from a large number of very disruptive collisions, resulting in large amounts 
of energy being carried by the low energy nucleons. These trends are very evident 
in Figure 5. It was this strong correlation which motivated the first attempts at the 
construction of compensating calorimeters.26 It was reasoned that by increasing the 
neutron content through the fission process in the calorimeter, the binding energy 
losses could be overcome in a fashion which was proportional to the losses, thereby 
leading to an improved resolution. To achieve this end, uranium was employed as 
a radiator material. 

2.3 N E U T R O N S 
The key to successfully capitalizing on this correlation is through the coupling 

of these low energy neutrons to the sampling medium. Eventually, most of these 
low energy neutrons are captured by 238U, yielding approximately eight MeV per 
neutron capture in prompt gammas. In addition, prompt fission gammas are 
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produced in the fission process. Unfortunately, the sampling medium is very 
inefficient to sampling these soft gammas due to the effects mentioned earlier 
regarding preferential absorption in the high Z material. Also the time scale 
associated with thermalization of the neutrons is too long fisec). Therefore, 
the signal from the neutrons must come from their direct interaction in the active 
medium.30 Figure 6 shows the observed neutron energy which our calculations 
predict will be sampled by the plastic scintillator in the three millimeter uranium-
scintillator stack. This distribution results from detailed calculations which were 
performed with the Oak Ridge Monte Carlo Codes HETC and MORSE (see the 
Appendix for details.) The solid line drawn on this figure represents the average 
energy carried by the spallation neutrons before transport; this is the same line as 
is shown on Fig. 5. Notice that a sizeable fraction of the original neutron energy 
(even after the effects of saturation have been taken into account) has been observed 
(~ 12%). This is due to neutron amplification by fission of the uranium and the 
very efficient transfer of neutron energy to the hydrogen, which will be discussed 
later. For comparison, the fraction of electromagnetic energy observed is about 6%. 

Since the transfer is so complete in the hydrogenous plastic scintillator, the 
relative contribution of the total signal can be varied by changing the relative 
thickness of the sampling layer and the uranium radiator, as was pointed out first 
in Ref. 13. This is illustrated in our calculations shown in Fig. 7. A calorimeter 
composed of three millimeter uranium plates and 3 mm plastic scintillator plates 
gives approximately the correct fraction of neutron coupling to bring the e/h ratio 
to 1.0. When the radiator thickness is increased to 6 mm, the scintillator thickness 
must be considerably greater than 6 mm to achieve e/h = 1.0. The neutron energy 
has been significantly reduced by the first 3 mm of scintillator and therefore the 
doubling of thickness does not double the neutron coupled energy. 

It is important to understand in detail the fission processes which take place in 
the calorimeter stack. Recent activation analysis measurements16 have confirmed 
the basic level of fissions calculated with the CALOR code system.31'32 Recently, 
calculations33 were carried out to determine the numbers of fissions induced by 
neutrons of kinetic energies below 20 MeV for the two stacks studied experimentally 
as reported in Ref. 16. Reasonable agreement has been obtained for the massive 
uranium stack case (5.6 ± 0.3 /GeV calculated compared to the experimental 6.4 
± 0.7 /GeV), but the size of the measured number of fissions for the uranium-
scintillator case remains a puzzle (2.4 ± 0.2 /GeV calculated compared to the 
experimental 5.1 ± 0.7 /GeV.) One would expect the number to drop by a larger 
fraction than measured ELS the coupling of the neutrons to the hydrogen in the plastic 
scintillator rapidly drops the neutron energies below the fast fission threshold of 238 U 
at approximately 1 MeV. 

Accurate predictions of performance also require a knowledge of the relative time 
of response for the various components of the calorimeter signal. The temporal 
response functions for the fission and neutron capture processes expected in an 
infinite natural uranium system were presented in Ref. 31. Since the capture 
energy will be inefficiently transferred to the signal, the majority of the hadronic 
response of uranium calorimeters occurs in the first 50-100 nanoseconds. 
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2.4 E A R L Y C A L C U L A T I O N S 
All of the effects mentioned above were included in our earlier studies of 

compensating calorimeters. A review of these earlier calculations is useful to 
understand the new results to be presented later. Figure 8 shows comparisons 
between calculations7 and AFS measurements34 for various ratios of iron (copper) 
and uranium in the calorimeter. Note that for these comparisons, the differences 
between iron and copper do not alter the basic results and conclusions. As the 
data and calculations show, the compensation resulting from increasing fractions of 
uranium radiator is well understood. 

In this same study, the response of a uranium-liquid argon calorimeter wss 
found to be less compensating. The selection of events can alter the conclusion on 
the degree of compensation by reducing the e/h ratio and narrowing the energy 
distribution. References 7 and 8 pointed out this selection bias, and the importance 
of selection in the analysis was confirmed by the experimenters.35 

2.5 H Y D R O G E N O U S M E D I A 
This very different response of uranium calorimeters employing different 

readout media was interpreted7,8 to yield the new understanding of compensating 
calorimetry. The underlying phenomena responsible for the significant difference 
H'ere explained in terras of three basic differences of the sampling materials.8 First, 
the neutron cross sections in hydrogen continue to rise below 1 MeV, while the 
crcs--. sections in argon are falling (see Fig. 9. This in itself means that a larger 
fraction of the soft neutron energy will be deposited in the plastic scintillator 
than in the liquid argon. Secondly, the kinematic constraint on the energy 
transferred in a neutron-nucleus collision highly favors the transfer of energy to a 
lighter nucleus. The maximum possible recoil energy (.Efl|m«x) transferred from an 
incoming nonrelativistic neutron of kinetic energy En to a recoil nucleus of atomic 
weight A can be shown36 simply from conservation of momentum and energy to be 

This means that in neutron-hydrogen collisions, the full energy of the neutron can 
be transferred, while in neutron-argon collisions the maximum energy which can be 
transferred is ten percent of the neutron energy. Thirdly, the energy coupling is 
even more suppressed in liquid argon due to the saturation which occurs in regions 
of dense energy loss. In scintillators this phenomenon has been studied for many 
years and was modeled by Birks37 in a form that has come to be known as Birks' 
Law: 

where is the light yield per unit path length, ^ is the specific energy loss for 
the charged particle, S is the normal scintillation efficiency, and the kB parameter 
describes the quenching which occurs for high density ionization. Typical kB factors 
for scintillators are 0.01-0.02 gm c m - 2 MeV- 1 . Following the suggestion of Ref. 7, 
it has become customary to express the columnar recombination38, which results 

max (1) 

dE ' 
dr 
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Fig. 8. T h e comparison of the simulation of the dependence of hadron energy resolution 
with uranium purity with the experimental measurements of the A F S Col laborat ion. 3 4 . 



16 

in saturation in liquid argon ionization sampling calorimeters, also in the form 
of the Birks' Law. In this form thr equivalent kB factor for liquid argon is about 
0.005 gm cm - 2 MeV - 1 , which is less saturating than scintillator. While the intrinsic 
saturation in liquid argon is less than in scintillator, the kinematic constraint on the 
energy transfers in neutron-nucleus collisions leads to a greater suppression of the 
transfer of neutron energy to observable signal. In liquid argon the highly ionizing 
recoil nuclei receive only one-tenth the relative energy of the less highly ionizing 
recoil protons in scintillator. 

Qualitatively it is easy to see why the saturation has so much more of an effect 
by examining the calculations of Refs. 7 and 8. The 5 GeV protons studied in 
those calculations were found to deposit 402 MeV into the liqtiid argon gaps of 2.0 
millimeters (the uranium thicknesses were 1.7 mm). However, due to saturation, 
only 308 MeV was detectable. The effect of this was to raise the e/h ratio to 1.2 
from a potential value of 0.9 in the absence of saturation.39 Of the 94 MeV lost to 
saturation, 72 MeV comes from collisions of the low energy ( < 2 0 MeV) neutrons. 
Therefore, the saturation of the energy delivered to the liquid argon has reduced 
the degree of compensation from an over-compensation condition to a value of 1.2. 
Note that this calorimeter was restricted in transverse dimension, particularly the 
uranium portion, and therefore a larger device would be expected to obtain smaller 
values of e/h. Furthermore, these calculations of e/h were subsequently confirmed 
by the experimenters.35 

2.6 E L E C T R O M A G N E T I C S A M P L I N G 
It is important to recognize the significant effects of reduced electromagnetic 

response in calorimeters composed of high Z radiator structures.11 These 
"electromagnetic sampling inefficiencies" have been explained as resulting from the 
preferential absorption of low energy photons (< 1 MeV) in the high Z material 
and the effective electron path length stretching in the inactive media resulting 
from enhanced multiple scattering in the high Z material.6,9'13 Figure 10 displays 
how the preferential absorption of the low energy photons in the high Z materia 
occurs. Here the photon mass attenuation coefficient multiplied by the fraction of 
primary photon energy loss for argon and for lead can be seen.40 Clearly, in the 
high Z material, the relative absorption at low energy, say ~ 100 keV, is much more 
effective in stopping the photons. The role of multiple scattering has also been 
clearly demonstrated by examining the effect of turning off multiple scattering in 
the electron-gamma shower program EGS.41 Such calculations for 1 GeV electron 
showers in uranium liquid argon sampling calorimeters show an increase of 10% 
in the signal deposited in the liquid argon as the electron path length stretching 
disappears.6'9 The magnitude of this "electromagnetic sampling inefficiency" is 
often measured by comparing the response of a calorimeter for incident electrons 
to that anticipated for minimum ionizing particles. The ficticious fully contained 
minimum ionizing particles can be measured by scaling up the response of the 
calorimeter to muons. Such measurements find the ratio of average electron pulse 
height to the pulse height for the minimum ionizing particle to be roughly 0.6 
to 0.7 for calorimeters constructed with high Z radiators. The magnitude of this 
effect led us to the prediction "that a lead calorimeter may also give EM/HAD 
« l."13 This prediction has now become reality. A lead-scintillator compensating 
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Fig. 9. Comparison of the neutron total cross sections in hydrogen and argon. The argon 
cross section represents the average value in the regions of much structure. (These are approximate 
curves presented only for comparison.) 
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calorimeter has been built and tested with scintillator thicknesses of one-fourth the 
lead thicknesses, a ratio designed to give the optimal electron to hadron ratio.15 The 
reported e/h ratio for this device is 1.05 ± 0.04 for energies over 10 GeV. Caution 
should be exercised, however, since this analysis is based on events selected by 
energy deposition. This selection could emphasize the electromagnetic parts of the 
hadronic shower and yield a biased e/h ratio. 

The understanding of the underlying phenomenology of compensating 
calorimeters is on solid ground and calculations can be done reliably. The 
requirements of the future hadron colliders demand that wise use be made of this 
understanding. 
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Fig. 10. Comparison of the photon mass attenuation coefficients multiplied by the fraction of 
primary photon energy loss for polystyrene, silicon, argon, lead, and uranium. 



3. CALCULATIONS OF SILICON 
HAD HON CALORIMETERS 

The understanding that now exists concerning compensating calorimeters can be 
applied to the silicon detector calorimeters. The fundamental question that needs to 
be addressed is what the e/h ratio for these silicon based calorimeters will be. One 
property of silicon that plays an important role in this study is the extreme linearity 
of silicon up to very large stopping power.42 That is, silicon exhibits very little 
saturation. It has been demonstrated that saturation prevents full compensation 
in currently designed uranium-liquid argon calorimeters, so this could be a very 
important factor in silicon calorimeters. Naively, it is expected that very good 
results can be obtained for silicon calorimeters. 

The linearity of response of silicon to large energy deposition densities is 
summarized in Fig. 11. This figure shows the relative response of a recoil ion 
of maximal energy in neutron scattering.43 One sees that even for silicon ions as 
low as 100 keV nearly one-half of the deposited energy is detected as observable 
output signal. Given these evidences of very limited saturation in silicon detectors 
a very good response to some components of the low energy development of hadronic 
showers can be expected. 

It is pedagogically useful to consider the differences between the response 
of silicon and liquid argon, since except for the saturation in liquid argon, full 
compensation could possibly be achieved. The three critical factors which were 
reviewed earlier to compare the neutron coupling to scintillator and liquid argon 
are useful to compare again here. First, the neutron cross sections44 are compared 
in Fig. 12. It can be seen that the cross section in argon falls for energies below a 
few MeV, while the cross section in silicon remains large and even rises below 500 
keV. This will result in a larger energy depostion by low energy neutrons in silicon 
than is observed in liquid argon. The typical neutron energy spectrum which has 
been calculated in these studies33 is also shown in this figure and illustrates the 
importance of the cross sections at the lowest energies. Secondly, the effect of 
the kinematic limitation on neutron energy transfer can be considered. Equation 
1 shows that while only one-tenth of the neutron energy can be transferred in 
liquid argon collisions, the restriction on energy transfer is somewhat less restricted 
in silicon, being limited to about 13 percent. This should lead to an additional 
increase in the energy transferred to the silicon. Finally, the very limited saturation 
which occurs in silicon will enable these increased neutron depositions to be more 
observable. 

The potential for compensation with silicon certainly seems better than for 
liquid argon. To make quantitative predictions it is necessary to make use of a 
Monte Carlo code27 system which takes into account all of the basic processes and 
examines the details of the shower development. As in our earlier studies, the Oak 
Ridge system CALOR has been applied to this problem. The details of this system 
are described in the Appendix. It has been assumed that the effective kB parameter 
in Birks' law is equal to 0, an approximation which should be very good for these 
studies. The e/h ratio will be only slightly underestimated in these calculations. 

Figure 13 shows the calculated response distribution for 10 GeV ir~ incident on 
a silicon calorimeter with 5 mm thick uranium radiators and 400 fJ.m fully depleted 
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Fig. 11. Pulse height produced by a Si recoil atom relative to that of an electron of the same 
energy in Si as a function of Si recoil energy. The incident monoenergetic neutron energy necessary 
to produce the denoted recoil energy is shown in parenthesis. (From Ref. *13.) 
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silicon detectors sandwich between two layers of 5 mm thick GlO. Therefore, the 
total layer thickness is 15.4 mm and the depth of the stack extends for 150 readout 
and radiator layers. The transverse dimensions of the stack have been taken to be 
100 x 100 cm2. The charge collection is cut off after 50 nanoseconds. The resulting 
energy resolution ( a / E ) is 21.5% and the e/h ratio is 1.07, close to compensation.45 

In fact, the two layers of GlO in this stack are increasing the value of e/h as the 
neutron energy from the uranium is being deposited in the GlO through the large 
energy transfers via hydrogen. Additionally, significant transfers occur to the carbon 
and oxygen in the GlO. 

Figure 14 presents the event by event correlation of the energy detected in the 
silicon from the low energy (<20 MeV) neutrons to the binding energy lost in the 
hadronic cascade. While the correlation is strong, this figure shows much larger 
fluctuations in detected energy than was seen in Fig. 6 for the uranium-scintillator 
calorimeter. This fluctuation depends on the number of neutrons actually detected. 
Given the very thin detection layers, the number of neutrons actually detected 
is small. Unlike the normal shower fluctuations which vary as \/tceH and are 
dominated by the thickness of the radiator, the fluctuation on neutron response 
is dominated by the thickness of the silicon (tsj), and scales as Therefore, 
the sampling fluctuations for the charged hadrons in the hadron cascades will be 
similar to any other readout medium, but the additional larger fluctuations on the 
neutrons will add to the width of the energy distribution, preventing excellent low 
energy resolution even for perfectly compensating calorimeters. 

Figure 15 presents a series of calculated results for calorimeters constructed 
with 2 mm uranium radiators, followed by a layer of GlO of varying thickness and 
a 400 fim fully depleted silicon detector. As before, kB = 0, the time cut is 50 
nanoseconds, and the transverse size is taken to be 100 x 100 cm2. The stacks 
contain 330 layers of uranium, GlO, and silicon. It can be seen that with no GlO 
the condition of overcompensation is obtained due to the sensitivity of the silicon 
detectors to very low energy particles. As the GlO is added, the e/h ratio increases 
due to the removal of neutron energy by the GlO, meaning less energy is available to 
be deposited in the silicon. Naively, one might expect that the neutrons interacting 
in the GlO would contribute to the response of the silicon by knocking protons 
into the detectors. It has been proposed7 that coupling a hydrogenous material to 
liquid argon, for example, would be a possible method for restoring its potential 
for compensation. However, the efficiency and range of the protons produced in 
the GlO is not large enough to have much of an effect on the total response of 
a detector of 400 fim thickness.46 It can also be seen in Fig. 15 that the energy 
resolution reaches a minimum at approximately the point where the e/h ratio passes 
through one, as would be expected for a compensating calorimeter. The value of 
this resolution is not as small as the values achieved in scintillator because of the 
larger sampling fluctuations involved here, as described previously. 

Several cases of silicon calorimeters have also been studied with different radiator 
materials, specifically one employing lead and one employing iron. For a lead 
calorimeter with 3 mm thick radiators and 400 fim fully depleted silicon detector 
with no air gaps and the same transverse geometrical constraints and time cuts as 
before, the calculated results yielded an expected e/h ratio of 1.16 with an energy 
resolution of = 47% for 10 GeV 7r~. For an iron calorimeter with 7.5 mm 



U r a n i u m / s i l i c o n ( 5 m m / 5 m m / 0 . 4 m m ) 
50 

10 

30 

I 20 

10 

0 
0 2000 4000 6000 0000 10000 

Energy(aib. units) 

i i i i | i i i i j i i i i | i i i i j i i i i 
HETC/EGS/MORSE Calculations i 
10 GeV TT~ (kB = 0.0) 

_ e / n = 1.07 o / E = 0.215. 

H ' H ' H 

Fig. 13. The calculation of the measured hadron energy distribution for 10 GeV 7T- incident 
on a uranium-silicon calorimeter with 5 mm thick uranium radiators and 400 ^ m fully depleted 
detectors imbedded in 5 mm thick G10 supports. 
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radiators, followed by a 1.3 mm air gap, a 1 mm GlO layer, 400 fim of fully depleted 
silicon, a 1 mm GlO layer, and another 1.3 mm air gap, the e/h ratio increases to 
1.29. For the 10 GeV ir~ the resolution is ^ = 02%. Even for the iron, the role 
of low energy detection efficiency can be seen in the e/h ratio, and for the lead, the 
e/h ratio of 1.16 is within reach of the values which have been touted as acceptable 
for future "compensating" calorimeters.47 

In connection with these calculations, the attractiveness of a low-Z radiator 
material such are iron should be pointed out. Iron has several advantages compared 
to uranium, for example. In iron, less binding energy loss in inelastic collisions is 
realized, and this factor therefore contributes less to the energy spread than in 
calorimeters employing higher Z radiators. Secondly, connected with this is the fact 
that fewer neutrons are produced in these collisions and the produced neutrons are 
a source of radiation damage at high luminosity colliders. Thirdly, uranium is more 
expensive than iron.48 Finally, uranium is difficult to obtain and to work with. In 
spite of these advantages for low Z over high Z, it is difficult to anticipate a practical 
design of a compensating iron calorimeter. As we have seen, the electromagnetic 
sampling inefficiencies are an important factor in achieving compensation. These 
effects are small in iron due to the small value of the charge of the iron nucleus. 
As a result, the response of an iron calorimeter to electromagnetic and non-
electromagnetic energy deposition is much different, yielding large fluctuations 
in the pulse height distribution. The small binding energy losses are overcome 
by the fluctuations between electromagnetic and nonelectromagnetic energy. It 
is conceivable to imagine a combination of low-Z and high-Z material which will 
combine the advantages of each material and approach a resolution determined by 
the small binding energy losses of iron. 



4. EXPERIMENTAL TEST OF S I / U 

The above Monte Carlo studies have predicted compensation in uranium silicon 
hadron calorimeters. If the experimental results should show that this cannot 
quite be achieved, further signal-equalization may be obtained with a silicon 
readout by tuning the electromagnetic component of the hadronic shower.49-52 

The experimental work of the SICAPO Collaboration at CERN is addressing this 
prospect. A reduction of the energy sensed in electromagnetic showers, caused by 
the fiberglass (GlO) supports of the silicon mosaic, was observed by running the 
electromagnetic section of a full hadronic calorimeter using uranium absorbers and 
0.25 m2 of silicon active area dtiring 1986.51 To investigate this observation further, 
a systematic study of a silicon calorimeter response to electromagnetic shower was 
performed with small area Si/W and Si/U calorimeters. The measurements were 
performed at the CERN-PS, with incoming electrons of 2, 4 and 6 GeV, during 
1987.52 Figures 16 and 17 show the mean energy sensed by the calorimeter for 
Si/W and Si/U respectively, as a function of the incoming electron energy. From 
these figures it can be seen that in the case of the 5mm GlO absorber (located 
on the rear side of the detector), the electromagnetic visible energy is reduced by 
about 29%. The reduction of visible energy (which is energy sensed by the silicon 
detectors) is greater than the 10% reduction one expected by the addition of the 
GlO plates. 

This 29% reduction in the response of the calorimeter to electromagnetic showers 
(when 5 mm GlO plates are located on the rear side of the silicon detectors), can be 
compared to the 10% reduction expected for a purely hadronic shower in the same 
setup, resulting in a decrease in the value of e/h up to 18%. Thus the compensation 
condition for Si/U calorimeter is likely to be achieved. On this principle, a perfectly 
compensating calorimeter of the size needed for LHC/SSC projects is feasible 
using silicon detectors as active material. The SICAPO collaboration has built 
a prototype of a Si/U hadronic calorimeter which is 6 interaction lengths deep 
(Fig. 18). The silicon mosaic active samplers (500 cm2 active area, but with the 
possibility to double it as seen in Fig. 19) are located next to 10 mm thick uranium 
plates. Experimental measurements are expected to start during winter 1988/1989. 
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Fig. 16. Mean energy deposited in S i / W calorimeter as a function of the incoming electron 
energy, from top to bottom: 

o no absorber in front of detector 
• 0 .5mm of G10 in front and rear of detectors 

A 1.0mm of G10 in front and rear of detectors 
A 1.5mm of G10 in front and rear of detectors 
O 3.0mm of G10 in front and rear of detectors 
• 4 .0mm of G10 in front and rear of detectors 
O 5 .0mm of G10 in front and roar of detectors. 
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Fig. 17. Mean energy deposited in S i /U calorimeter as a function of incoming electron energy, 
from top to bottom: 

o no absorber in front of detector 
• 0 .5mm of G10 in front and rear of detectors 

A 1.0mm of G10 in front and rear of detectors 
A 1.5mm of G10 in front and rear of detectors 

o 3 .0mm of G10 in front and rear of detectors 
• 4 .0mm of G10 in front and rear of detectors 
O 5 .0mm of G10 in front and rear of detectors. 
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Fig . 18. S i l i c o n / U l i a d r o n i c c a l o r i m e t e r of S I C A P O c o l l a b o r m ion at C KRIS' P S . 
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5. DISCUSSION OF POTENTIAL LIMITATIONS 

It is important to keep in mind some of the other unsolved problems 
of silicon readout hadron calorimeters. One very important concern is the 
tolerance, or potential lack thereof, of silicon to the radiation environment that 
the future high luminosity, high rate colliders will present. Recent work in this 
area has illuminated the situation and shown that it is not as dismal as was 
earlier feared. The improvement in tolerance to neutrons which is expected 
to occur with higher resistivity materials53 has been demonstrated.54 Strong 
self-annealing effects have been observed following the exposure of such devices 
to intense neutron sources.55,56 Finally, a study of the expected effects of the 
radiation environment of the SSC20 on the operation of an imagined detector 
(the compact solenoidal detector) employing silicon calorimeters,57 including the 
best understanding of these resistivity dependence effects and self annealing, has 
concluded that such an operation appears practical.58 Preliminary results from the 
SICAPO Collaboration55 using a DLTS analysis show that the concentration of 
trapping centers (generated by evaporative neutrons from 252Cf) is negligible with 
detectors annealing at about 150° C. Further radiation effects tests are called for, 
but the situation looks manageable. 

The second major area of concern is in the cost of providing the detectors for 
such a project. The total area of silicon required for the calorimeter of the compact 
solenoidal detector is 20 million cm2. To make such a project realizable means that 
devices must be available for about two dollars per cm2. Presently, devices are 
being ordered for 6-12 dollars per cm2 so that an improvement of a factor of 3-6 is 
needed. The prospects for such an improvement for a detector of the scale of the 
compact solenoidal detector look good, however.59 

One final issue of concern must be mentioned and that is the problem of how 
to read out the detectors while preserving the intrinsic speed. Radeka and Rescia 
have noted the design constraints on speed for ionization sampling calorimeters.60 

Achieving calorimeter responses of ~20 nanoseconds requires that the product of 
detector capacitance and inductance of the connections be kept below 4 nsec2. 
For a cell of one nanofarad this means the inductance of the connections must be 
kept below 4 nanoHenries, which requires less than a centimeter of lead for practical 
means. The compact solenoidal detector design, in fact, proposes about 1 nanofarad 
per layer of silicon detectors in the hadron calorimeter. Therefore, preserving the 
intrinsic speed will probably require the mounting of active elements on every layer. 
While this involves millions of transistors, it appears achievable. The combining 
of pads in series is also a possible means to achieve reduced capacitance and is 
being pursued by the SICAPO Collaboration for the prototype silicon-uranium 
calorimeter. They will be controlling the noise in the experimental program of 
silicon-iron with detector pads of about 5.5 cm2 and individual VLSI(BICMOS) 
preamplifier readouts. Some noise penalty must be accepted to preserve the speed, 
but it can be sufficiently limited by these procedures. This may prevent calibration 
of the calorimeter with muons, but shouldn't limit the energy resolution of real 
physics signatures. 
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6. CONCLUSIONS 

The new understanding of compensating calorimeters which was introduced 
four years ago has now been experimentally confirmed in numerous tests. One 
important element of that understanding was the role of saturation in uranium-
liquid argon calorimeters. High rate, high energy colliders are going to demand 
compensating, fast, finely segmented calorimeters. The calculations presented here 
indicate that the near absence of saturation in silicon should lead to compensation. 
Silicon's other attractive features (speed, ease of segmentation, and absolute gain 
calibration) make it an extremely attractive approach. An experimental program 
by the SICAPO Collaboration is underway at CERN to test these expectations. 
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A P P E N D I X 

T H E M E T H O D O F C A L C U L A T I O N 

The calculations reported here have been performed with the CALOR 
computer code system following approximately the procedures used in previous 
calculations.61,31,7,8 The three-dimensional, multimedia, high-energy nucleon-meson 
transport code HETC62 was used, with modifications to obtain a detailed 
description of the nucleon-meson cascade produced in the devices considered in 
this paper. The source distribution for the electromagnetic cascade calculation is 
provided by HETC. The transport of the electrons, positrons, and gammas from 
these sources is carried out using the EGS system.41 Neutrons which are produced 
with energies below 20 MeV are transported using the MORSE63,64 Monte Carlo 
transport code. Gamma rays (including those from capture, fission, etc.) produced 
during this phase of the calculations are stored for transport by the EGS code. The 
nonlinearity of the light pulse or charge collected (L) due to saturation effects is 
taken into account by the use of Birks' law:37 

dx l + W J i f ( 3 ) 

where kB is the saturation constant. Further details of these calculations can be 
found in the Appendix of Ref. 32. 
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