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ABSTRACT 

Detailed Monte Carlo calculations of uranium calorimetry are presented which reveal a 
significant difference in the responses of liquid argon and plastic scintillator in uranium 
calorimeters. Due to saturation effects, neutrons from the uranium are found to contribute 
only wealdy to the liquid argon signal. Electromagnetic sampling inefficiencies are significant 
and contribute substantially to compensation in both systems. 

v 
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INTRODUCTION 

The use of uranium as the inactive medium in sampling calorimeters has resulted in the 
best resolution for hadronic shower measurements thus far achieved.1,2 The neutrons produced 
by nuclear fission in the uranium have been found to compensate for the inherent shower 
fluctuations, leading to resolutions of ~ 30-35%/A/E for calorimeters using either liquid argon 
or plastic scintillator as the active medium. 

We report here new detailed Monte Carlo calculations of these calorimeters that suggest 
that the sampling inefficiencies for electromagnetic showers in uranium calorimeters 
contributed significantly to the observed compensation. Furthermore, saturation in liquid 
argon is an important effect; due to this, liquid argon as a sampling medium does not fully 
respond to the neutrons and does not achieve as good a resolution with uranium as plastic 
scintillator does. That these electromagnetic sampling inefficiency effects, sometimes referred 
to as "transition effects," should be important has previously been noted.3,4 Here we quantify 
their contribution and also investigate the resulting compensation in a lead-liquid argon 
calorimeter. 

METHOD OF CALCULATION 

The calculations were performed with the CALOR computer system following 
approximately the procedures used in previous calculations.3,6 A flow diagram of the codes in 
CALOR is given in Fig. 1. The three-dimensional, multimedia, high-energy nucleon-meson 
transport code (HETC)7 was 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 intermediate-energy 
intranuclear-cascade-evaporation (MECC) model (E < 3 GeV) and scaling model (E > 3 
GeV), and inelastic nucleon-hydrogen and charged-pion-hydrogen collisions via the isobar 
model (E < 3 GeV) and phenomenological fits to experimental data (E > 3 GeV). Also 
accounted for are elastic neutron-nucleus collisions (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.8 This model has twen used for a variety of calculations and has been shown to 
agree quite well with many experimental results. Even 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 within the nucleus and that the location of the collision and resulting particles 
from the collision are governed by experimental and/or theoretical particle-particle total and 
differential cross-section data. The types of particle collisions included in the calculations are 
elastic, inelastic and charge exchange. This model incorporates the diffuseness of the nuclear 
edge, the Fermi motion of the bound nucleons, the 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.8 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 



CALOR 
ORNL-DWG 8 4 - 9 8 5 7 

Fig. 1. Flow diagram of the CALOR computer system. 
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excitation energy left in the nucleus. This energy is treated by using an evaporation model 
which allows for the emission of protons, neutrons, d, 3He, a, and T. Fission induced by 
high-energy particles 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 number of secondary neutrons produced. 

The source distribution for 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 energies 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 l iable energy until is completely depleted. The transport of the electrons, 
positrons, and gammas from the above sources is carried out using the EGS system.9 

Neutrons which are produced with energies below 70 MeV are transported using the 
MORSE10,11 Monte Carlo transport code. The neutron cross sections used by MORSE were 
obtained from ENDFB/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 important since a majority of the fission compensation results from 
neutrons with energies less than 20 MeV. Time dependence is included 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 nsec for scintillator 
and 100 nsec 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 Birk's Law,12 

dL dE/dx 
dx ^ 1+kB dE/dx ' 

where kB is the saturation constant. For the scintillators studied, kB = 0.01 gm/cm2/MeV or 
0.02 gm/cm2/MeV, while for the liquid argon, we have assumed kB = 0.0045 gm/cm2/MeV. 
The liquid argon value is based on the assumption that a 5-MeV alpha particle gives the same 
signal as a 1.25-MeV electron.1 This takes into account the loss of signal resulting from 
recombination effects in the ionization column.13 For electrons at all energies, it is assumed 
that kB = 0. 

URANIUM-LIQUID ARGON HEXAGONAL CALORIMETER 

The hexagonal calorimeter of reference 1 consists of 5.1 interaction lengths of central 
modules of uranium-liquid argon (1.7-mm uranium plates and 2-mm argon gaps) surrounded 
and backed up by iron-liquid argon modules. This geometry has been approximated in these 
calculations with cylindrical geometry as in reference 6. Figure 2a shows the calculated 
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OPNL-DWG 84-14524 
HEXAGONAL URANIUM-IRON-LIQUID ARGON CALORIMETER 

5 GeV PROTONS 

2 3 
ENERGY (GeV) 

A-FIRST INTERACTION IN MODULE A 
E=2.71 GeV, cr = 0.57 GeV, o-/E=0.21 
NUMBER OF EVENTS = 1425 

B-FIRST INTERACTION IN MODULE B 
E = 3.00 GeV, <r = 0.50GeV, <r/E=0.16 
NUMBER OF EVENTS=462 

Fig. 2. (a) Calculated energy distribution for 5-GeV protons incident on the hexagonal 
uranium-liquid argon calorimeter of reference 1. (b) Calculated energy distribution for 5-GeV 
protons incident on the hexagonal uranium-liquid argon calorimeter of reference 1 when the 
first interaction occurs in module A or module B. 
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energy distribution for 5-GeV protons incident upon this hexagonal uranium calorimeter. 
These calculations were repeated for incident x ^ s with similar results. The energy detected 
in each module was individually weighted to account for the fraction of the energy loss appear-
ing in the liquid argon by multiplying the energy in the liquid argon gap by 

dE/dx|Armin XAr + dE/dxjimjn Xj (1) 
dE/dx|Armin XAr 

where dE/dx|imjn is the minimum energy loss for medium i taken from the Particle Data 
Group tables14 and X;'s are the respective thicknesses of the active and inactive regions. The 
weight factors for the iron sections were increased by 20% as in reference 1. This distribution 
shows a resolution of a j E = 0.22 when fit to a Gaussian distribution starting at the half-peak 
point on the low-energy side. This corresponds to a resolution of <x/E = 0.50/VE. 

We can compare this calculation to the test data reported in reference 1. These results 
have demonstrated hadronic resolutions of about 30-35%/VE in a uranium-liquid argon 
calorimeter, but not for a full calorimeter. The results presented in reference 1 are based on 
showers for which the first interaction occurs in module B. Module B begins after the 1.7 
interaction lengths of module A, meaning that a small fraction (less than or equal to 20%) of 
the showers pass this selection. Figure 2b shows the calculated energy distribution for the 
showers of Fig. 2a which have their first interaction in region B. Showers were identified as 
having their first interaction in region A when the pulse height seen in region A was greater 
than four times the pulse height of a minimum ionizing particle. Those not so selected were 
identified with region B when the pulse height seen in region B was more than four times 
minimum ionization. We see that the resolution for the showers selected for region B is 
improved (<r/E = 0.16), as is the case for the experimental data. However, this resolution for 
restricted showers should not be interpreted as the overall resolution of the calorimeter since it 
represents less than 20% of the incident particles. 

The results of reference 1 also include an iron-liquid argon calorimeter of similar geometry 
to the uranium-liquid argon case. Figure 3 shows the calculated energy distribution for 
5-GeV protons incident upon this iron-liquid argon geometry. The Gaussian fit gives a resolu-
tion of 20%, in good agreement with the value reported in Fig. 11 of reference 1. Note that 
this is comparable to the uranium-liquid argon case when all showers are retained, although 
the sampling fluctuations make a larger contribution to the uranium-liquid argon case. 

The e/h (electron/hadron) ratios were calculated for both the uranium and the all-iron 
hexagonal calorimeters of reference 2. The values calculated (as shown in Table 1) are 1.1 
and 1.5 compared with the reported measurements of 1.1 and 1.5, in perfect agreement. How-
ever, the principal mechanism responsible for reducing e/h in uranium-liquid argon is the elec-
tromagnetic sampling inefficiency, not fission. Just as fission has been envisioned to equalize 
the response of a calorimeter to the electromagnetic and nuclear components of a hadron-
initiated cascade, the electromagnetic sampling inefficiency occurs when the active and inac-
tive media have much different responses to the electromagnetic cascade (e.g., critical energies, 
low-energy photon attenuation, multiple scattering, etc.). The fission process works through 
amplification of the nuclear component, while the electromagnetic sampling inefficiency, in a 
parallel way, works through suppression of the electromagnetic component. 
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HEXAGONAL IRON - LIQUID ARGON CALORIMETER 
5-GeV PROTONS 

Fig. 3. Calculated energy distribution for 5-GeV protons incident on an all-iron hexagonal 
uranium-liquid argon calorimeter of reference 1. 
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Tablet 
Summary of Calculated e/h Ratios Compared to Data 

e/h 
Data Monte Carlo 

Iron-Liquid Argon 
Hexagonal Calorimeter 

All Interactions 

Restricted First Interactions 
in B l.S 

Uranium-Liquid Argon 
Hexagonal Calorimeter 

All Interactions 

Restricted First Interactions 
in B 1.1 

AFS All-Uranium 1.1 

AFS 50-50 Copper-(Iron)-Uranium 1.2 

AFS All Copper-(Iron) Catcher 1.4 

*kB = 0.01 gm/cm2/MeV (kB = 0.02 gm/cm2/MeV). 

The conclusions drawn here differ from those in an earlier paper on uranium liquid-argon 
calorimetry6 due to two changes which make the present analysis more reliable. First, the 
transport of photons and electrons is now followed by EGS. The earlier calculations used a 
modified version of the code developed by Beck5 in which multiple scattering was neglected 
and all processes, except Compton scattering, were assumed to emit products in the same 
direction as the particle producing the interaction. Secondly, saturation effects have been 
accounted for by Birk's Law, as described earlier. 

THE AFS URANIUM CALORIMETER 

Another uranium calorimeter (the AFS and the ISR) has obtained ~35%/>/E resolution 
with plastic scintillator. As shall be shown, the scintillator is more effective than liquid argon 
in transferring the neutron energy to output signal. 

1.7 

1.5 

1.2 

1.1 

0.9(1.02)* 

1.0(1.12) 

1.4(1.53) 



8 

The AFS calorimeter consists of thin uranium plates (2 and 3 mm) separated by scintilla-
tor. The AFS collaboration has also reported results of tests with varying mixtures of copper 
and uranium plates2 and also results of a test on a copper catcher" (an all-copper-scintillator 
calorimeter). Data on copper were unavailable for the calculations, but since iron a d copper 
have similar properties, iron data were substituted for the copper data. 

Two uranium cas^s were calculated to simulate the AFS calorimeters of reference 2: an 
all-uranium calorimeter and a calorimeter consisting of a 50-50 mix of iron and uranium. A 
third all-iron case was done to simulate the copper catcher of reference 15. 

The all-uranium and uranium-iron calorimeters were each 60 cm x 120 cm in cross section 
and of lengths specified in reference 2. The all-uranium calorimeter contained 395 mm of 
uranium and 337.5 mm of scintillator (3.81 absorption lengths), and the uranium-iron calorim-
eter contained 161 mm of uranium, 265 mm of iron, and 290 mm of scintillator. The "iron 
catcher" was 64.2 cm by 50 cm in cross section (somewhat smaller .n the uranium calorime-
ters) and had a depth of 75 cm. 

The calculations were performed for 5-GeV ir"'s incident on all three calorimeters. As 
noted earlier, two different values were assumed for the saturation constant kB — 0.01 and 
0.02 gm/cm2/MeV. The results are shown in Figs. 4a-c and 5a-c, respectively, with superim-
posed Gaussian curves fitted in the same way as the data were fit by the authors of references 
2 and 15. The observed signals in the scintillators were scaled in a similar fashion to Eq. (1) 
of the previous section. 

Table 2 compares the resolutions determined from the Monte Carlo energy distributions 
with those of the published data.2-15 The agreement is remarkably good, with the all-
uranium-scintillator calorimeter showing ~35-40%/VE. One might wonder to what extent the 
restricted area of the all-iron-scintillator calorimeter is responsible for its werse resolution. 
Calculations carried out for this calorimeter with a surface area of 60 cm x 120 cm (the same 
as that of the AFS uranium calorimeters) yielded a resolution of 22%, which is still much 
worse than the resolutions for the uranium cases. 

For comparison to the uranium-liquid argon case, it is interesting to consider the resolution 
for showers occurring in a restricted region of the calorimeter. When the first interaction for 
a 5-GeV ir' in the all-uranium calorimeter was required to occur at a depth of 25 to 50 cm, 
the calculated resolution became 13%, somewhat better than the overall resolution. 

Why is the AFS calorimeter so much better than the uranium-liquid argon calorimeter? 
The answer lies in the transfer of the fission energy and low-energy neutrons from spallation 
reactions from the uranium through the sampling medium to an electrical signal and the role 
of saturation in this process. Table 3 shows the fraction of the measured energy appearing in 
each of the four categories tallied. The low-energy neutrons transfer much less energy to 
detectable signal in the liquid argon than in the scintillator. The mechanism behind this is 
saturation. For a given density of ionization in the two media, the scintillator has much larger 
saturation, but the hydrogen which is scattered in the scintillator by the neutrons gives lower 
dE/dx losses (less dense ionization) than those resulting from scattered argon ions in the liquid 
argon. Possibly coupling a hydrogenous medium to the liquid argon might result in better 
neutron coupling. 
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ORNL-DWG 84-14521 
AFS SIMULATION 

1 1 

5 0 / 5 0 IRON/URANIUM-

1 

PLASTIC 5 GeV PIONS 
— E=3.20 GeV 

(7=0.53 GeV 
<r/E =0.17 
KB=0.01 gm/cm 2 /MeV 

- f 
l} 

I 

' [ U n / , V 
ALL IRON-PLASTIC 
5 GeV PIONS 
E=3.16 GeV 
ff=0.74 GeV 
<r /E=0.23 
KB=0.01 <jm/cm2/MeV 

if 
W i 

1 2 3 

ENERGY (GeV) 

Fig. 4. Calculated energy distribution for 5-GeV x^s incident on the AFS-like uranium-iron 
scintillation calorimeters simulating references 2 and 15 with kB = 0.01 gm/cm2/MeV. 
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ORNL-DWG 84 54522 
A F S S I M U L A T I O N 

80 E--2.37" GeV 
c r - 0 . 5 0 GeV 
a-.' E = 0.17 
K B - 0 . 0 2 gm/cm 2 /MeV 

AL.L URANIUM-
PLASTIC 
5 GeV PIONS 

2 3 
ENERGY (GeV) 

Fig. 5. Calculated energy distribution for 5-GeV *~'s incident on the AFS-like uranium-iron 
scintillation calorimeters simulating references 2 and 15 with kB = 0.02 gm/cm2/MeV. 
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Tabic 2 

Comparison of Resolutions of Published Data With Those of Monte Carlo Calculations 

<r/VE (5 GeV) 
Calorimeter Data* Monte Carlo" 

AFS All-Uranium 33 ± 1 33(37)* 

AFS 50-50 Copper-(Iron)-Uranium 38 ± 1 37(39) 

AFS All-Copper-(Iron) Catcher 51 52(56,52) 

'Fit to data in range of 2 to 10 GeV. 
"Determined at 5 GeV. 
*kB = 0.01 gm/cm2/MeV (kB = 0.02 gm/cm2/MeV). 

The e/h ratios for the AFS calorimeter have been examined to see how they compare with 
the data. Values of 0.9 have been calculated at 2 and 5 GeV for kB = 0.01 gm/cm2/MeV, 
while the reported experimental ratios are 1.1. The Monte Carlo calculations show slightly 
lower e/h values, or more compensation, than the data. This is probably due to several fac-
tors. The kB of the scintillating plastic used in the experiment is larger. When the KB value 
is increased to 0.02 gm/cm2/MeV, the e/h ratio agrees better, while the resolutions are rea-
sonably consistent as well (Tables 1 and 2). 

LEAD-LIQUID ARGON CALORIMETERS 

Since we have interpreted the compensation effects seen in the uranium-liquid argon 
calorimeter as being due largely to electromagnetic sampling inefficiencies, one would expect 
this improvement to be seen in calorimeters which employ other high-Z inactive regions. We 
have calculated the expected response for a calorimeter based on 2-mm-thick lead plates with 
2-mm liquid argon gaps. Figure 6 shows the energy distribution for this calorimeter of depth 
1.44 m with energy collected only over a radius of 20 cm. The observed resolution is 22% at 5 
GeV. That this resolution is comparable to the resolution computed for the uranium-liquid 
argon calorimeter follows directly from the supposition that the sampling medium is unable to 
fully detect the fission amplification seen in scintillators and that the electromagnetic sampling 
inefficiencies found in high-Z sampling calorimeters are important. The ratio of 
electromagnetic-to-hadronic response is calculated to be 1.35. The excellent response to the 
lead-liquid scintillator calorimeter reported by Duffy et al.16 is further support to this supposi-
tion. 
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HEXAGONAL LEAD LIQUID ARGON CALORIMETER 
5-GeV PROTONS 

ENERGY (GeV) 

Fig. 6. Energy distribution for 5-GeV *"'s incident on a 1.44-m-deep calorimeter of 2-mm 
lead plates separated by 2-mm liquid argon gaps. The energy is collected over a radius of 20 
cm. 
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Table 3 
Calculated Fractional Energy Distribution for 5-GeV Hadrons in the 

Hexagonal Uranium-Liquid Argot Calorimeter of Reference 1 and the 
AFS All-Uranium Scintillator Calorimeter of Reference 2. 

Fractional Energy 
Hexagonal 

U-LA AFS 

Primary and secondary pions, protons, 
muons, and nuclear-recoil and 
evaporated-charged particles 
produced by protons and pions 
and neutrons with E > 20 MeV 

Neutrons with E < 20 McV 

Deexcitation gamma rays 

Electromagnetic from x° decay 

0.65 0.49 

0.02 0.27 

0 . 1 1 0.06 

0.22 0.18 

CONCLUSIONS 

The Monte Carlo calculations described in this paper indicate that pure liquid argon as a 
sampling medium does not produce the fine resolution which can be achieved by uranium-
scintillator calorimeters such as the AFS at the ISR.17 That liquid argon may have appeared 
experimentally to do so was at least partially due to event selection. The liquid argon is much 
less effective in coupling to the energy of the low-energy neutrons, resulting in some deficiency 
in the compensation mechanism. Furthermore, the compensation mechanism of electromag-
netic sampling inefficiencies is important and plays a dominant role in compensation in liquid 
argon calorimeters. 
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