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ABSTRACT 

Experiments at the high luminosity, high energy colliders of the future are 
going to demand optimization of the state of the art of calorimetry design 
and construction. During the past few years, the understanding: of the basic 
phenomenology of hadron calorimeters has advanced through paralleled theoretical 
and experimental investigations. The important underlying processes 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, e/h M 1.0) 
based on the understanding that has been derived from the uranium-liquid argon 
and uranium-plastic scintillator sys terns. In fact, eT-en lead-silicon calorimeters are 
found to achieve the attractive value for the e/h ratio of 1.16 at 18 GeV. 

V 





I. INTRODUCTION 

The physics results of future high luminosity, high energy colliders (ea. 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.’-4 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 theoretical calculations and experimental test programs, as 
the conclusions drawn from the theory in the calculations have been tested and 
found to be fundamentally sound. 

Four years ago a new understanding of the underlying mechanisms of 
compensating calorimetry was in t rod~ced .~~’ ’  At  that time the following critical 
points were realized: 

1. prior to later experimental confirmation, it was pointed out that current designs 
of uranium liquid argon calorimeters were not fully c~nipensa t ing ;~-~  

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

3. the significant role af “electromagnetic sampling inefficiencies” (which are the 
result of preferential photon absorption’’ and electron multiple scattering in the 
high-Z inactive material6>’) in reducing the ratio of electron to hadron response 
was e ~ p l a i n e d ; ~ - ~  

4. the importance of the saturation of signal in the regions of high density energy 
deposition was ernphasi~ed;~-’ and 

5 .  these new understandings led us to “predict that a lead calorimeter may also 
give EM/HAD M 1,”” 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. Table 1 shows the comparison of calculations with results 
presented at the Caltech Workshop on Compensated Calorimetry in 1985.’ As is 
seen, the predictions of the Monte Carlo calculations agreed very well with the 
new measurements. FLirthcrmore, the iritexpretation of the fundamental processes 
driving this behaviour had been determined and was prescnted at that time. The 
understanding of thc role of hydrogen was expanded with the introdnction of a 
prediction by 13riieckmann13 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 expectec? 
trends from the model of “tuning”.14 Considerations of the role of “tiinirig” in 
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nonuraniurn scintillator calorimeters led to a specific design of a lead-scintillator 
compensating ca.1orimeter with the ratio of lead thickness to scintillator thickness 
of approximately four; it was subsequently built and found to have e/h = 1.05 
f 0.Q4.15 Recently an activation analysis16 of calorimeter-like stacks at CERM 
has confirmed the details of neutron-hydrogen ~ o u p l l i n g ~ ~ ~  which were key to the 
new understanding of calorimetry introduced in 1984. This new understanding has 
now been generally accepted and serves as the foiindation of recent reviews of the 
phenomenology of compensating calorimeters. l7>l8 

Table 1 
The comparison of CALOR calculations with SLD and DO measurements.* 

M o n t e  
C a r l o  Data M o n t e  

Car lo  Data 

11 GeV Pb/G10 SEX) 18.7 21 1.24 1.28 
11 GeV U / Fe / G 10 SED 18.4 19 1.26 1.27 

11 GeV u/u 
11 GeV U/Pb SLD 21.4 20 1.20 1.30 

SLD 18.2 20 1.17 1.22 
1.14* DO 19 18* 1.1 10 GeV IJ 
...._...... _.............~..._ I_.__. . . _.._. .__ 

*These were presented at the Workshop on Compensated Calorimetry.' 

The challenge of doing physics at the next generation hadron colliders will be 
great. Event rates are being planned at the 100 MIIz level, meaning that fast 
calorimeters must bc built to minimize pileup. The experience at the SppS of the 
importance of nearly full event containment (ie.  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' --f eu. 
Excellent energy resolutions with good linearity and gaussian resolution functions 
are required for many experiments, such as the search for compositcness at the tens 
of TeV energy scale.1g The search for such structure in the high-plr jct signature will 
test the best calorimeters. While all these performance characteristics are necessary, 
they must exist in a very hostile radiation Neutron fluxes in excess 
of 10l2 cm-2 yr-' and doses of greater than lo3 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 requirenients of performance and survivability 
will test the present understanding of calorimeter physics and designers' ingenuity 
in bidcling radiation hardened equipment. The understanding of all fundamental 
processes is essential to a successful program. 



2. FUNDAMENTAL PHYSICS OF 
COMPENSATING CALORIMETERS 

2.1 BASIC IDEAS 

The understanding of compensating calorimeters begins with the appreciation 
for the original motivation of the inventors of the technique.21 It must be realized 
that hadronic cascades which contain large amounts of electromagnetic energy 
have less losses of energy due to nuclear breakup than thosc which contain little 
elcctromagnetic energy and therefore a large number of hadronic interactions. This 
comparison is illustrated in Figure 1. Figure la illustrates the situation for non- 
compensating 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 i ros and other forms of electromagnetic energy, 
and therefore there are few hadronic nuclear interactions. Since the 7ros yield an 
observed signal which is comparable to the response of the Calorimeter to incident 
electrons of the same energy and thcre is little energy lost to thc breakup of nuclei, 
the e/h ratio for such events is nearly one, as shown in Figure la. Type B events 
in such non-compensating calorimeters, on the other hand, show large amounts 
of lost energy in the nuclear breakup 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 
deposit ion. 

Figure l b  illustrates the situation for compensating calorimeters where the 
response to events of type A and type B has been equalized by a cleverly designed 
calorimeter. This is the basis for the original ideas as presented in Ref. 21. 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 c o m p m s a t e d  for, by designing the calorimeter to preferentially respond 
to the low energy neutron componcnt 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 2 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 absorption" and the elcctron multiple scattering 
in the inactive material6>' 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, thc sum of all the types of events, from A to €3, yields a 
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Fig. (lb) An illustration of the origin of e/h M 1 in compensating calorimeters. This 
underlying role of electromagnetic and binding-energy losses to the fluctuations in energy 
distributions was described in Kef. 21 to motivate the development of compnsating calorimeters. 



narrower distribution; that is, the energy resolution is greatly improved. This is the 
motivation for examining the ratio e/h as a measure of the degree of compensation. 

2.2 BINDING ENERGY LOSSES 

In previous studies of the detailed processes occurring in hadronic cascades, 
extensive use has been made of the CALOR code systern(RETC, EGS, MORSE, 
MICAP, SPECT, LIGHT, etc. - -  see the Appendix for deta,ils).22 Figure 2, for 
example, presents the calculated distribution froin HETC of energy lost through 
the release of nuclear binding at the first interaction of a 5 GeV T- in a uranium 
scintillator sa,mpling calorimeter composed of alternating three milliineter 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 somewha.t 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.23 

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 IT- on this uranium 
scintillator stack. There are an average of 24 co l l i~ ions ,~~  while some showers 
terminate as the pion decays in the stack (notice three of these 500 showers had no 
nuclear collisions). Iiitegrating the binding energy loss over these many interactions 
yields the distribution of binding energy lost for the entire showers as shown in 
Figure 4. Ox?. average 32% of the incident kinetic energy is lost in binding energy 
associated with the ejection of nucleons (primarily low energy) from the nuclei. 
The 1600 MeV has been lost, but one rexnaining 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 neutrons (kinetic energy below 20 MeV) 
with the bincling 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 nuxiiber of very disruptive collisons, 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.2f It was reasoned that 
by incrmsing 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 NEUTRDNS 

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 
produced in the fission process. Unfortunately, the sampling medium i s  very 
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Fig. 2. The distribution of binding energy lost in the first collision of a 5 GeV K -  on a 
uranium-scintillator calorimeter made of 3 mm uranium plates and 3 mm scintillator sheets as 
calculated by HETC. The average value is 380 MeV. 
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Number Of Nuclear Collisions In Shower 

Fig. 3. The distribution of the number of nuclear interations by a 5 GeV T- on a uranium- 
scintillator calorimeter made of 3 mrn uranium plates arid 3 mm scintillator sheets as calculated 
by IIETC. The neutrons in the cascade are cutoff for this count at 20 MeV. The average number 
of collisions is 24. 

Fig. 4. The distribution of total binding energy losses per shower from a 5 GeV r- on a 

urariium-scintillii.t~r calorimeter made of 3 mm uranium plates and 3 in111 scintillator sheets as 
calculated by IIETC. The average eriergy lost is 1600 MeV, 32% of the incident particle energy. 
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Fig. 5. The correlation of energy carried by neutrons below 20 MeV to the binding energy lost 
in showers from 5 GeV T-  on a uranium-scintillator calorimeter made of 3 mrn uranium plates 
and 3 mm scintillator sheets as calculated by HETC. The distribution is presented both for the 
evaporation neutrons and the spallation neutrons. The solid line shows the average trend of the 
data and is plotted for comparison with Fig. 6. 



inefficient to sa.mpling these soft gammas due to the effects described earlier 
regarding preferential absorption in the high Z material. h o  the time scale 
a,ssociated with thermalization of the neutrons is too long ( - 3  ,u s). Therefore, 
the signal from the neutrons must come from their direct interaction in the active 
medium.25 Figure 6 shows the observed neutron energy which our calculations 
predict will be ssnpled 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 
a s  is shown on Figure 5. Notice that a very la.rge fraction of tEie original neutron 
energy (even after the effects of saturation have been taken into account) has been 
observed ( w  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 sanipling layer and the uranium radiator, as was pointed out first 
in Ref. 13. This is illustrated in our calculations shown in Figure 7.  A calorimeter 
composed of three millimeter uranium plates and three millimeter 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 six millimeters, the 
scintillator thickness must be considerably greater than six millimeters to achieve 
e/h = 1.0. The neutron energy has been significantly reduced by the first three 
millimeters 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 measurenients16 have confirrned 
the basic level of fissions calculated with the CALOR code system.26 In the early 
work of Ref. 26, two fission numbers were presented as a basis for studying the 
cascade process. One was the calculated number of fissions expected for an infinite, 
natura.] uranium system with no cutoff in time. Naturdly this yields an upper limit 
of the expected number of fissions. These results are shown in Table 2. For 2 and 
5 GeV kinetic energy protons, one finds - 24 fissions per GeV. When the stack is 
restricted to a geometry similar to that of the ea.rly test device of Ref. 21 and a time 
cut of 50 nanoseconds is applied, the number of fissions drops to 6 per GeV. As Table 
2 shows, this is consistent with the recent measurements of Ref. 16. Recently, for 
the Task Force on Radiation in the SSC Interaction Regions, cadc~la t ions~~ were 
carried out to determine the numbers of fissions induced by neutrons of kinetic 
energies below 20 MeV for the two stacks studied experimentally by Ref. 16. These 
results are presented in Table 2. Reasonable agreement has been obtained for the 
massive uranium stack case, but the size of the measured number of fissions for the 
uranium-scintillator case remains a puzzle. One would expect the number to drop 
by a larger fraction than measured as the coupling of the neutrons to the hydrogen 
in the plastic scintillator rapidly drops the neutron energies below the fast fission 
threshold of 238U at approximately 1 MeV. 
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Fig. 6. The correlation of energy detected in the scintillator from the neutrons with energy 
below 20 MeV to the binding energy lost in showers from 5 GeV 7r- on a uranium-scintillator 
calorimeter made of 3 mm uranium plates and 3 inm scintillator sheets as calculated by HETC 
and MORSE. The solid line shows the average trend of the data in Fig. 5 .  Comparison of the 
solid curve and the trend of the data in this figure shows that the fraction of neutron energy which 
has been detected is very large. This results from the uranium amplification of the neutron signal 
and the very efficient transfer of neutron energy to the hydrogen in the scintillator. 

Accurate predictions of performance also require a knowledge of the relative time 
of response for the various coInponents of the calorimeter signal. Figure 8 shows 
temporal reponse functions for thc fission and neutron capture processes expectcd 
in an infinite natural uranium system as presented in Ref. 26. The time-dependence 
of these rcsponscs for other uranium calorimeters will be somewhat modified due 
to the effects of other materials and system sizcs, but the basic time-dependence 
will remain similar. 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. 

2.4 EARLY CALCULATIONS 

compensating calorimeters. 
All of the effects mentioned above were inclitded in our ea,rlier studies of 

A review of these earlier calculations is useful to 
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Fig. 7.  The variation of e / T  with scintillator thickness for a set of uranium-scintillator 
calorimeter calculations for incident 5 GeV T- . This figure illustrates the “tuning” possible with 
scintillator, first noted in Ref. 13. 
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Table 2 
Comparison of calculations of the numbers of fissions with the experimentally 
deduced values. 

Calculations Experiment I‘ 

infinite, 
massive natural 

no time cut 
(2 & 5 GeV protons) 

uranium with 24 / GeV2 

U/liquid argon 
restricted hexagonal 
calorimeter geometry 6/GeVZ5 

of Ref. 21 
with time cut of 50 nsec 

(2,5,10,&20 GeV p) 

massive depleted 

with no time cut 
(591 MeV protons) 

uranium., 20x120 cm2 5.6~k0.3/GeV~~ 6.4f0.7/GeV 

U/scintillator 

with no time cut 
(591 MeV protons) 

20x120 cm2 2.4f0.2/GeV26 5.1 f0 .7 /6eV 

In each case the number of fissions has been normalized per GeV of incident particle energy. 
The reader is cautioned that the normalization of the data to energy deposition, as presented 
in Ref. 16, is done differently as those authors ‘‘correct” for some ineffective energy losses. 
Since the nornialization is donc: here in the same way for both data and calculations, the 
comparison between calculations and experiment is direct. 

understand the new results to be presented later. In Fig. 9, the response of a 
simulation7 of the AFS calorimeter tests2* i s  given. This stack was less than 4 
interaction lengths deep, so that a fraction of the energy in the hadronic showers 
was not fully contained. This leads to the low energy tail on the calculated pulse 
height distribution and was also apparent on the experimental data. For the set of 
parsmeters presented in Fig. 9 an e/h ratio of 1.02 was calculated for the all uranium 
case. Figure 10 shows comparisons be twecn calculations7 and AFS 
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. 
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Fig. 9. The calculated pulse height distribution of the uranium-scintillator calorimeter 
(simulating the AFS Collaboration calorimeter) as presented in Ref. 7. 
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with uranium purity with the experimental measurements of the AFS Collaboration. 

In this same study, the response of a uraniuni-liquid argon calorimeter was 
found to be less compensating. This is demonstrated in Fig. 11. As Fig. 11 shows, 
the selection of events can alter the conclusion on the degrce 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 e~pe r imen te r s .~~  

2.5 HYDROGENOUS MEDIA 

This very different, response of uranium calorimeters employing different 
readout media was interpreted in Refs. 7 and 8 to yield the new understanding 
of compensating calorimetry. The underlying phenomcna responsible for the 
significant difference were explained in terms of three basic differences of the 
sampling materials.8 First, the neutron cross sections in hydrogen continue to rise 
bclow 1 MeV, while the cross sections in argon are falling (sce Fig. 12). This in 
itsclf nicans that a larger fraction of the soft neutron energy will be deposited in 
the plastic scintillator than in the liquid argon. Secondly, the kineiliatic coiistraint 



17 

ORNL-DWG 84-H524 
HEXAGONAL URANIUM-IRON-LIQUID ARGON CALORIMETER 

5 GsV PROTONS 

160 

>u 920 
W 

40 

0 

00 

9, 

c 
z W 
5 
W 

40 

20 

0 
0 1 2 3 4 5 

ENERGY (GeV) 
A-FIRST INTERACTION IN MODULE A 

F22.7i GeV, ~ ~ 0 . 5 7  GeV, df.0.21 
NUMBER OF EVENTS 1425 

Ea3.00 GeV, ~ ~ 0 . 5 0  GeV, v/L*0.16 
NUMBER OF EVENTSr462 

6-FIRST INTERKTION IN MODULE 8 

Fig. 11. The simulation7 of the measured hadron energy distribution for the hexagonal 
uranium-liquid argon calorimeter of Ref. 21. 



18 

n 
D 
b 
v 

Fig. 12. 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.) 

on the energy transferred in a neutron-nucleus collison highly favors the transfer 
of energy to a lighter nucleus. The maximum possible recoil energy (ER I m a z )  
transferred from an incoming nonrelativistic neutron of kinetic energy E, to a recoil 
nucleus of atomic weight A can be simply from conservation of momentum 
and energy to he 

(1) 

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 modelled by Birks3’ in a form that has come to be known as Birks’ 
Law: 
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where 2 is the light yield per unit path length, is the specific energy loss for 
the charged particle, S is the normal scintillation ehciency, arid the kB parameter 
describes the quenching which occurs for high density ionization. Typical kB factors 
for scintillators are 0.01-0.02 grn/cmA2 MeV-l. Following the suggestion of Ref. 
7, it has become customary to express the columnar recombination32 which results 
in saturation in liquid argon ionization sampling calorimeters also in the form of 
the Birks’ Law. In this form the equivalent kB factor for liquid argon is about 
0.005 gni/cm-2 MeV-’, that 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 thc 
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 liquid argon gaps of 
2.0 millimeters (the uranium thicknesses were 1.7 millimeters). 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 tbe absence of ~ a t u r a t i o n . ~ ~  Of the 34 MeV lost 
to saturation, 72 MeV comes from collisions of the low energy (< 20 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/b were subsequently confirmed 
by the e~perimenters.~’ 

2.6 ELECTROMAGNETIC SAMPLING 

It is important to recognize the significant effects of reduccd electromagnetic 
response in calorimeters composed of high Z radiator structures.” These 
”electromagnetic sampling inefficiencies” have been explained as resulting from the 
preferential. absorption of low energy photons (< 1 MeV) in the high 2 material and 
the effective electron path length stretching in the inactive media resulting from 
enhanced multiple scattering in the high Z ~ r i a t c r i a l . ~ ~ ~ J ~  Figure 13 displays how 
the preferential absorption of the low energy photons in the high Z material comes 
about. Here the photon mass attenuation coefficient multiplied by the fraction of 
primary photon energy loss for argon and for lead can be seen.34 Clearly in the 
high 2 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-gainrna shower program EGS .35 Such cdculations €or 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 
di~appears.~?’ 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 fictitious fully contained minimum 
ionizing particles can be measured by scaling up the response of the calorimeter 
to muons. Such measurements find the ratio of avcrage electron pulse height to 

52 
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Fig. 13. Comparison of the photon inass attenuation coefficients multiplied by the fraction of 
primary photon energy loss for polystyrene, silicon, argon, lead, and uranium. 

the pulse height for the minirrlurn ionizing particle to be roughly 0.6 to 0.7 for 
calorimeters constructed with high 2 radiators. The magnitude of this effect led 
us to thc prediction “that a lead calorimeter may also give EM/HAD M This 
prediction has now become reality. Figure 14 shows the resolution a s  a function 
of energy for a lead-scintillator compensating calorinleter built with scintillator 
thicknesses of one-quartcr the lead thicknesses, a ratio designed to give the optimal 
electon to hadron ratio.” The reported e/h ratio for this device is 1.05 f 0.04 for 
encrgies over 10 GeV. Caution should be exercised, however, since this analysis is 
based on events selected by energy deposition. This sclection 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 
under st anding. 
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Fig. 14. Energy dependence of the hadron energy resolution of the compensating lead 
calorimeter presented in Ref. 15. 



3. THE OPTION FOR CALORIMETRY 
AT FUT?JRE COLLIDERS 

Many alternative ca,lorinneter configurations me being considered for systems at 
the future colliders. Table 3 summarizes many of the options being considered for 
the SSC.36 One general feature of this list is the inclusion of a high Z radiator, 
either lead or uranium, in each approach. 'I'his ackriowledges the role of the: 
electromagnetic sampling inefficiency in the compcrisation mechanism. Two of 
the four readout choices are highly hydrogenous, the T M P  or TMS system and 
the scintillator approach. This explains the expectation for an e/h of 1.0 for each 
of these. While liquid argon as a readout doesn't get high marks on the list for 
hermeticity, speed, or e/h, its success as a proven, operating system in present 
experiments must be respected. 37,38 

Table 3 
Table of calorimeter candidates for the Supercollider as presented in Ref. 34.* 

__i_. .. .. . ... -.....__I 
Calorimeter Candidates3 

-...-___ Absorber 

Uranium 

Lead 

Uranium 

Lead 

Uranium 

Lead 

Uranium 

Saniplcr 

Liq. argon 

Liq. argon 

TMS/TMP~ 

TMS/TMP 

Scintillator 

Scintillator 

Si 1 icon 

%!!l 

:&31.1 

E 1 . 3  

x l? 

E;?? 

1 

1 

l? 

4 5 % / a  * 
5 5 % / d z  * 
3O%/JE? **? 
30%/&?? **? 

35?70/JE * 

45%/@ *** 
4 O % / f i ?  *-***tt 

Speed 

* 
* 
* 
* 

*** 
*** 
**? 

Major 
Ptroblems 

Herrneticity, e/h 

e/h 
Many?? ,S/N 

See above 

Granularity, rad darn. 

Same as above 

Cost,rad. damage 

* r  1 1 he listing here for uranium-silicon omits the reference to CH2 which originally was proposed, 
as the calculations presented in this paper indicate that CH2 will be ineffective in producing 
compensation via proton knockin. Nevertheless, the CH2 is probably unriecessary as the 
calculations of this work find large coupling of neutron energy to the silicon. 

t Many of the properties of TMS/TMP are not sufficiently known for accurate predications. 

t t  If used with (so far unproven) scintillating fiber readout rather than the u s i d  plates and 
wavelength shifters. 

Many of the various approaches for SSC/LHC calorimeters have bcen considered 
in other papers presented at this conference. 'l'here is definitely a place at the 
future colliders for more than one technique as one examines the relative merits 
and demerits of each. To that elid a calculational examination of the use of silicon 
in a calorimeter will bc reported. These calculations are being persued in parallel 
with the experimental program.39 
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The option of employing silicon detector diodes as the sampling medium 
in hadron calorimeters has been suggested in a number of previous  work^.^^^^^ 
Successful devices have been constructed and tested using silicon diodes in 
electromagnetic  calorimeter^.^' The advantages of extending this success to hadron 
calorimetry are As an ionization sampling calorimeter, a silicon readout 
calorimeter would be a system of absolute gain. Silicon is a nearly non-saturating 
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 segmentat ion 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 pm 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 developmcnt of silicon hadron ca l~r i rne te rs .~~ 



4. CALCULATIONS OF THE RESPQ 
OF HADRONIC CALORIMETERS 

EMPLOYING SILICON DETECTOR READOUT 

The understanding that now exists concerning compensating calorimeters can be 
applied to the silicon detector calorimeters. The funda.menta.1 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 ill this study is the extreme linearity 
of silicon up to very large stopping power. 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 Figs. Figure 15 shows the pulse height observed in 
a silicon detector for heavily ionizing heavy ions as a function of energy.44 Here an 
extremely linear response for very high densities of ionization is presented. Figure 16 
shows the relative response of a recoil ion of maximal energy in neutron ~ca t t e r i r rg .~~  
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 cornpare the neutron coupling to scintillator and liquid argon 
are useful to compare again here. First the neutron cross are compared 
in Fig. 17. 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 deposition by low energy neutrons in silicon 
than is observed in liquid argon. The typical neutron energy spectrum which has 
been calculated in these studies27 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 a.n additional 
increase in the energy traiisferred to the silicon. Thirdly and 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 code22 system which takes into account all of the basic processes and 
examines the details of the shower development. As in our earlier studies, the Qa,k 
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 

15 and  16. 
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Fig. 16. Pulse height produced by a Si recoil atom relat,ive to that of an electron of the same 

energy in Si as a function of Si recoil energy. The incident riionoencrgetic neutron energy necesary 
to produce the denoted recoil energy in a backscattering event is shown in parentheses. The solid 
line denotes predictions of Lindhard et al., as described in Ref. 45, the source of these data. 
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Fig. 17. Comparison of the neutron total cross sections in silicon and argon. The silicoil and 
argon cross sections represents the averages in regions of much structure. (These are approximale 
curves presented only for comparison.) Also shown on this figure is the typical calciilat,ed neutron 
energy spectrum from Ref. 27. 

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 18 shows the calculated response distribution for 10 GeV T- s incident 
on a silicon calorimeter with 5 millimeter thick uranium radiators and 400 ,urn 
fully depleted silicon detectors sandwich between two layers of 5 millimeter thick 
G10. Therefore, the total layer thickness is 15.4 millimeters 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 o f f  
after 50 nanoseconds. The resulting energy resolution ( u / E )  is 21.5% and the e/h 
ratio is 1.07, close to compensa t i~r i .~~  In fact the two layers of G10 in this stack 
are increasing the value of e/h as the neutron energy from the uranium is being 
deposited in the G10 through the large energy transfers via hydrogen. Additionally, 
significant transfers occur to the carbon and oxygen in the G10. 

Figure 19 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 
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Fig 18. The calculation of the measured hadrori energy distribution for 10 GeV T- incident 
on a uranium-silicon calorimeter with 5 mm thick uranium radiators and 400 pin fully depleted 
detectors imbedded in 5 mm thick G10 supports. 
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Fig. 19. The correlation of detected low energy (E < 20 MeV) neutron energy in the urariirim- 

silicon calorimeter with the binding energy lost in the associated hadronic cascade. The small 
sampling fraction of the silicon is evident by the fluctuation of signal relative to the fluctuations 
in Fig. 6. 

hadronic cascade. While the correlation is strong, this figure shows much larger 
fluctuations in detected energy than was seen in Fig. 6 for thc iiraniilm-sc-iatillator 
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 fi and arc 
dominated by the thickness of the radiator, thc fluctuation on neutron response 
is dominated by the thickness of the silicon ( i s z ) ,  and scales as &a Therefore, 
the sampling fluctuations for the charged hadrons in the hadron cascades will bc 
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 20 presents a series of calculated results for calorimeters constructed 
with 2 millimeter uranium radiators, followed by a layer of GI0 of varying thickness 
and a 400 prn fully depleted silicon detector. As before, kB = 0, the time cut is 
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Fig. 20. The calculated variation of e / T  and o, /dE with the thickness of a 6 1 0  sheet placed 
between the 2 mni uranium plates in a uranium-silicon calorimeter and the silicon detectors. 
Without G10 a slight overcompensatioii condition exists, while a? the thickness of GI 0 increases, 
the e / r  ratio passes through 1. 'rhese calculations were done for incident 10 GeV T - .  



31 

50 nanosecoIids, and. the transverse size is taken to be 100 x 100 mi2. The stacks 
contain 330 layers of uranium, G10, and silicon. It can be seen that with no GiO 
the condition of overcompensation is obtained due to the sensitivity of the silicon 
detectors to very low energy particles. As the 610  is addcd, the e/h ratio increases 
due to the removal of neutron energy by the G10, meaning less energy is available to 
be deposited in the silicon. Naively, onc might expect that the neutrons interacting 
in the Gl0 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 compeIisation. However, the efficiency and range of the protons produced in 
the G10 is not large enough to have much of an effect on the total response of 
a detector of 400 p r i  thickness.4s It can also be seen in Fig. 20 that the energy 
resolution reaches a mininium 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 sciritillator because of the 
larger sampling fluctuations involved here, as described previously. Fig. 21 shows 
the distribution of measured energies for the 10 GeV 7r- s ineidcnt upon the optimal 
device shown in Fig. 20, that with 1.6 millimeters of G10, The distribution shows 
a well-behaved, nearly Gaussian shape. 

Scvcral cases of silicon calorimeters have also been studied with different radiatx 
materials, specifically one employing lead and one ernploying iron. For a lead 
calorimeter with 3 millimeter thick radiators and 400 pm fully dcplcted 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 GcV 7r- s. For an iron calorimeter with 7.5 
millimeter radiators, followed by a 1.3 millimeter air gap, a 1 millimeter GI0  layer, 
400 pm of fully depleted silicon, a 1 millimeter Gl0 layer, and another 1.3 millimeter 
air gap, the e/h ratio increases to 1.29. For the 10 GeV 7r-s the resolution is + 6 
= 62%. Even for the iron, the role of low energy detection eficiericy 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” calorin~eters.~~ 

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 produccd neutrons are 
a source of radiation damage at high luininosity colliders. Thirdly, uranium is more 
expensive than iron.49 Finally, uranium is difficult to obtain aid to work with. In 
spite of these advantages for low 2 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 a large fluctuations 
in the pulse height distribution. The small binding energy losses are overconie 
by the fluctuations betwcen electromagnetic and non-electromagnetic energy. It 
is conceivable to imagine a combination of low-Z and high-2 material which will 
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Fig. 21. The calculated measured hadron energy distribution for 10 GeV 7i"- incident on 

a iiranium-silicon calorimeter with 2 mrn thick uranium radiators and 400 p m  fully depleted 
detectors with a 1.6 rnm G10 layer behind the uranium and in front of the silicon layers. 

combine the advantages of each material and approach a resolution determined by 
the small binding energy losscs of iron. 

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. Tlie improvement in tolerance to neutrons which is expected to occur 
with higher resistivity niaterials5' has been d e m ~ n s t r a t c d . ~ ~  Strong self-annealing 
effects have been observed following the exposure of such devices to intense neutron 
 source^.^^,^^ Finally, a study of the expected effects of the radiation environment 
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of the SSC20 on the operation of an imagined detector (the compact solenoidal 
detector) employing silicon  calorimeter^,^^ including the best understanding of 
these resistivity dependence effects and self annealing, has concluded that such 
an operation appears practical.55 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 pr3ject. 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 an2 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.56 

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 arid Rescia 
have noted the design constraints on speed for ionization sampling ~alor i rneters .~~ 
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 connectiom 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 nanofa,rad 
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. One must also keep in mind the significant 
noise cost which must be accepted to preserve the speed. This probably will prevent 
calibration of the calorimeter with muons, but shouldn't limit the energy resolution 
of real physics signatures. 



5 .  CONCLUTSHONS 

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. Our calculations 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. The many other calorimeter approaches also 
have strengths which should be examined. The current status of our understanding 
of calorimetry puts us in a strong position to exploit the technique at the next 
generation of colliders. 



6 .  APPENDIX: THE METHOD OF CALCULATION 

The calculations reported hcre have been performed with the CALOR 
computer code sys tem following approximately the procedures used in previous 
 calculation^.^^^^^^^^^ A flow diagram of the codes in CALOR is given in Fig. 
22. The three-dimensional, multimedia, high-energy nucleon-meson transport code 
(HETC)59 wits used, with modifications to obtain a detailed description of the 
nucleon-meson cascade produced in the devices considered in this paper. This 
Monte Carlo code takes into account the slowing down of charged particles via the 
continuous slowing down approximation, the decay of charged pions and muons, 
inelastic nucleon-nucleus and charged-pion-nucleus (excluding hydrogen) collisions 
through the use of the intermediat e-energy intranuclear-cascade-evaporation 
(MECC) model (E < 3 GeV) and a scaling model (E > 3 GeV), and inelastic 
nucleon-hydrogen and charge-pion hydrogen collisons via the isobar model (E < 3 
GeV) and phenomenological fits to experimental data (E > 3 Gev). Also accounted 
for are elastic neutron-nucleus (E < 100 MeV) and elastic nucleon and charged-pion 
collisions with hydrogen. 

The intranuclear-cascade-evaporation model as implemented by Bertini is the 
heart of the HETC code.60 This model has been used for a variety of calculations 
and has been shown to agree quite well with many cxperimental results. Evcn 
when agreement is not very good, the results produced by this model can lead 
the user to make correct decisions. The underlying assumption of this model is 
that particle-nuclear interactions can be treated as a series of two-body collisions 
with the nucleus and that the location of the collision a n d  resulting particles from 
the collision are governed by experimental and/or theoretical particle-particle total 
and differential cross-scction data. The types of particle collisions included in the 
calculations are elastic, inelastic and charge exchange. The model incorporates 
the diffuseness of the nuclear edge, the Fermi motion of the bound nucleons, and 
exclusion principle, and a local potential for nucleons and pions. The density of the 
neutrons and protons within the nucleus (which is used with the total cross section 
to determine interaction locations) are determined from the experimental data of 
Hofstadter." Nuclear potentials are determined from these density profiles by using 
a zero-temperature Fermi distribution, The total well depth is then defined as the 
Fermi energy plus 7 MeV. Following the cascade part of the interaction, there is 
excitation energy left in the nucleus. This energy is treated by using an evaporation 
model which allows for the emission of protons, neutrons, deuterium, helium, and 
tritium. Fission induced by high-energy paxticles is accounted for during this phase 
of the calculation by allowing it to compete with evaporation. Whether or not 
a detailed fission model is included has very little effect on the total nurnher of 
secondary neutrons produced in HETC. 

The source distribution €or the electromagnetic cascade calculation is provided 
by HETC. It consists of photons from neutral pion decay, electrons and positrons 
from muon decay (although this is usually not of interest in calorimeter calculations 
because of the long muon lifetime), deexcitation gamma rays from inelastic nuclear 
collisions and fission gamma rays. Since the discrete decay cnergies of the 
deexcitation gammas are not provided by HETC and only the total energy is known, 
individual gamma energies are obtained by uniformly sampling from the available 
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energy until it is completely depleted. The transport of the electrons, positrons, 
and gammas from the above sources is carried out using the EGS system.35 

Neutrons which are produced with energies below 20 MeV are transported using 
the MORSE61,62 Monte Carlo transport code. The neutron cross sections used 
by MORSE were obtained from ENDF-B/IV. Gamma rays (including those from 
capture, fission, etc.) produced during this phase of the calculations are stored for 
transport by the EGS code. The MORSE code was developed for reactor application 
and can treat fissioning systems in detail. This ability is very inpwtant  since a 
majority of the fission compensation results from neutrons with energies less than 
20 MeV. Time dependence is includcd in MORSE, but since neither HETC nor EGS 
has a timing scheme incorporated, it has been assumed that no time passes for this 
phase of the particle cascade. Therefore, all neutrons below 20 MeV are produced 
at t = 0. General time cuts used in the MORSE code are 50 ns for scintillator and 
100 ns for liquid argon. 

The nonlinearity of the light pulse or charge collected (L) due to saturation 
effects is taken into account by the use of Birks' law:3' 

where kB is the saturation constant. For the scintillators studied, kB = 0.01 or 
0.02 g/cmM2/MeV-' , while for the liquid argon kB = 0.0045 g/cm-2/h4eV-1. The 
liquid argon value is based on the data that a 5-MeV alpha particle gives the same 
signal as a 1.25-MeV electron.21)32 This takes into account the loss of signal resulting 
from recombination effects in the ionization column. For electrons at all energies, 
it is assumed that kB = 0. 
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