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ABSTRACT 

Monte Carlo techniques have been used to study the 
characteristics of a proposed electron/photon detector based 
on the total absorption of electromagnetic showers in liquid 
argon have been investigated. The energy range studied was 
50 MeV to 2 GeV. Results are presented on the energy and 
angular resolution predicted for the device, along with the 
detailed predictions of the transverse and longitudinal shower 
distributions. Comparisons are niade with other photon detec-
tors, and possible applications are discussed. 

xii 
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MOTIVATION 
A variety of alternatives exist for the detection of 

electrons/photons in the medium energy range of 50 MeV to 
2 GeV. The traditional photon energy detection devices are: 

1. sodium iodide counters, 
2. lead glass total absorption Cerenkov counters, 
3. proportional counter — lead sandwich detectors, 
4. lead — scintillator sandwiches, 
5. lead — lucite sandwiches, and 
6. lead — liquid argon sandwiches. 

We propose to add another type of detector to this list, the 
pure liquid argon total absorption ionization detector. For 
comparison, a brief survey of the energy determination charac-
teristics of the above-mentioned detectors is given b'slow. 

Sodium iodide is a total absorption detector that produces 
a scintillation light signal that is proportional to the total 
energy deposited. The energy-dependent resolution Cc/E) has 
been measured to be 0.85% E ^^(GeV).^ In addition to being 
expensive per unit radiation length, sodium iodide is highly 
hygroscopic, may be damaged by intense ionizing radiation, and 
has a variety of other properties that make utilizing it 
difficult. Compared to other light producing detectors such 
as lead-glass or lead-plastic scintillation detectors, it has 
poor timing characteristics. 

Lead glass like sodium iodide is a total, absorption device 
and has been used in counters as a less expensive substitute 
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for sodium iodide. The light is produced via the Cerenkov 
effect and is directly proportional to the path length of 
the showering electrons/positrons. The Cerenkov spectrum is 
peaked in the ultraviolet and lead glass strongly absorbs in 
the ultraviolet region. Therefore, a large part of the pro-
duced light is lost through absorption in the glass itself 
and only the small tail in the visible portion of the spectrum 
is available. Measured energy resolutions using these types 
of detectors vary due to the content of lead. However, in 
practice, the resolution is typically around 5%/ZE". 

The sandwich (sampling) type of detector enables one to 
measure the energy of an electromagnetic shower without the 
huge expen e of lead glass or sodium iodide. The resolution, 
however, is dominated by sampling statistics. With lead plates 
of 0.1 radiation length thickness, a resolution of about 
7.0I//E cam be achieved using liquid argon as an ionization 
detector.5 This resolution is somewhat worse for lead-

3 6 
scintillator, lead-lucite, and lead-proportional counters. ' 
Furthermore, all of the sandwich arrays, which employ photo-
multiplier tubes, are subject to the problems of gain instability 
at large average anode currents which is characteristic of 
yacuum tube technology. 

Therefore, in the intermediate energy region of 50 MeV to 
2 GeV, only sodium iodide can be used when good energy resolu-
tion is needed, and this is an expensive solution. To possibly 
remove this difficulty an alternative solution has been 
investigated. 
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The Liquid Argon Total Absorption Detector 

As a first step, Monte Carlo techniques have been used 
to investigate the response characteristics of a pure liquid 
argon detector to this intermediate range of electron/photon 
energies. Fundamental features of such a device are: 

1. measurement of both the shower energy and spatial 
characteristics, 

2. inherently low noise due to solid state amplifiers, 
3. uniformity of response, 
4. ease of calibration, and, due to its excellent sta-

bility, ease of monitoring this calibration, 
5. high density, low radiation length, thereby yielding 

compact total absorption detectors, 
6. low cost per unit radiation length considering infor-

mation obtainable, 
7. essentially no sampling fluctuations, and 
8. inherently friendly to work with (inert, nontoxic, 

not hygroscopic, nonflammable, etc.). 
Although liquid argon is a cryogenic liquid, the problems 
associated with this sort of device are not substantial because 
it exists in a liquid state at liquid nitrogen temperatures and 
has been used for a variety of successful detectors in sandwich 

7 8 9 
geometries. ' ' The liquid nitrogen coolant is both inexpen-
sive and readily available. 

The test geometry of our simulation is shown in Fig. 1. 
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Fig. 1. Geometry of the segmented total liquid argon 
calorimeter. 
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The detector would consist of 200 planes of charge collecting 
wires. Each plane would be segmented into 50 units which 
would alternate as X and Y readout planes. This is an idealized 
detector in that the wires are neglected in the simulation and 
the high voltage segments are assumed to contribute negligibly 
to the shower development. Also omitted in the simulation is 
the entrance window material. Thus, it will be necessary to 
keep this structure as thin as possible. Even though some 
degradation of particle energy and angular resolution would 
be expected from ionization losses and early showering in this 
structure, it is unlikely that these parameters would be ap-
preciably enlarged given reasonable C^O.l radiation lengths) 
window thickness. The physical properties of the proposed 
device are given in Table 1. 

Results are presented for electron and photon events 
which were calculated using the EGS-PEGS1^ code system which 
generates three-dimensional showers and provides an accurate 
description of the important physical processes in shower 
development. The energy deposition was determined for each 
of the proposed 10,000 elements of the detector and from this 
information the energy and angular resolutions were obtained. 
For the purposes of this calculation, it was assumed that the 
beam was normally incident with entrance coordinates in the 
center of the detector. Monte Carlo studies of a similar 
detector for incident hadrons and electrons in the energy range 
0.5-5 GeV have been recently published.1* 
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Table 1 

Liquid Argon Characteristics 
Density 1.40 gm/cm^ 
Radiation Length 14.0 cm 
Interaction Length 80.9 cm 
Ionization Energy 24.6 eV/ion pair 
Boiling Pt CI atm) 89° K 
Freezing Pt (1 atm) 86° K 

Calorimeter Properties 
Total Radiation Length 14.29 
Total Interaction Length 2.47 
Cell Sampling 1 cm 

RESULTS 
The results presented here are based on the generation 

of 5000 showers at each of the electron/photon energies 
12 

studied. The longitudinal electromagnetic energy deposition 
(integrated over each X and Y plane at a given Z depth) is 
shown in Fig. 2 for incident electron energies from 50 MeV to 
500 MeV. Figure 3 gives the longitudinally integrated energy 
deposition distribution as a function of the depth, Z, which 
directly indicates the fractional longitudinal energy contain-
ment of the shower. Up to 500 MeV, almost total shower con-
tainment occurs in the first 10 radiation lengths. 
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The transverse shower energy deposition (X or Y) inte-
grated over 20 cm depth intervals are shown in Figs. 4, 5, 
6, and 7 for incident electron energies of 50, 100, 300 and 
400 MeV, respectively. 

The total transverse energy deposition is defined as 
100 

hw - Z ) Eij 
j=l 

and is presented in Figs. 8 and 9 for 50-, 100-, 300-, 400-
and 500-MeV incident electrons. T is measured in either the 
X or Y cell directions and E ^ is the deposited energy in the 
i interval in X or Y and the j interval in Z. The total 
transverse energy distribution shape appears nearly independent 
of the incident energy over the energy range studied. 

Figure 10 presents the energy resolution of the simulated 
detector. The data may be represented by a fit of the form: 

= 1. 68I//E 

where E is expressed in GeV. The electronic noise would tend 
to increase the calculated resolution to at least 2%//E. This 
energy resolution is comparable to clusters of sodium iodide 
detectors that have a measured resolution of ^2% over the same 
energy region.1^ 

The angular resolution of the device was determined by 
finding an energy-weighted mean position (X^ or Y^) in each of 
the 100 Z coordinate segments, i.e., 
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50 50 
X. = E- -X - / E. . 

J U 1 1 3 

where the X^'s are the cell centers and E^j's are the deposited 
energy for each incident particle. A least squares fit to 
these weighted mean shower positions resulted in the intercept 
value and the slope. Planes in the z direction with no energy 
deposition were excluded from the fits. Figure 11 shows the 
angular resolution for the simulated detector for incident 
electrons and photons. This is substantially better than even 
heavily segmented sodium iodide detectors. 

In the calculated results presented here, only the 
idealized case has been considered. In practice, amplifier 
and environmental electronic noise and detector construction 
details (entrance window thickness, etc.) will degrade the 
resolutions. 

APPLICATIONS 
The simulated detector would be useful in applications 

requiring good energy and position resolution of photons or 
electrons in the energy range 50 MeV to a few GeV. In parti-
cular, it might be a good detector for use in electron-positron 
annihilation physics at colliding beam accelerators. The 
energy resolution would allow such a detector to be used at 
the meson factories for precision photon measurements. The 
spatial resolution might allow such a detector to be used in 
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medical applications at cyclotron facilities, especially 
if the angular resolution remains small at lower energies 
(10-20 MeV). 

CONCLUSIONS 
In the energy range 50 MeV to 2 GeV, the only electron/ 

photon detector with good energy resolution has been sodium 
iodide. Calculated results have been presented about the 
shower shapes and expected resolution of another type of 
detector based on pure liquid argon. This detector has energy 
resolution comparable to sodium iodide over this energy range, 
and in addition, provides substantially better angular resolution. 
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Abstract 

Using Mcnte Carlo techniques, the characteristics 
of a proposed electron/photon detector based on the 
total absorption of electromaejietic showers in liquid 
argon have been investigated. The energy range studied 
was 50 MeV to 2 GeV. Results are presented on the 
energy and angular resolution predicted for the device, 
along with detailed predictions of the transverse and 
longitudinal shower distributions. Comparisons are 
made with other photon detectors, and possible applica-
tions are diacusaed. 

Motivation 

to the content of lead, 
resolution is typically around 5 

However, in practice, the 

A variety of alternatives exist for the detection 
of electrons/photons in the medium enerry range of 
50 MeV to 2 GeV. The traditional photon energy detec-
tion devices are: 

1. sodium iodide counters, 
2. lead glass total absorption Cerenkov counters, 
3. proportional counter — lead sandwich detectors, 
)i. lead — scintillator sandwiches, 
5. lend — lucite sandwiches, and 
6. lead — liquid argon sandwiches. 

We propose to add another type of detector to 
this liot, the pure liquid argon total absornticn 
ionization detector.^- For comparison, a brief survey 
of the energy determination characteristics of the 
above-mentioned detectors is given below. 

Sodium iodide is a total absorption detector that 
produces a scintillation light signal that is propor-
tional to the total energy deposited. The energy-
dependent resolution (a/E) has been measured to be 
0.85S E - 1'"GeV). 2 In addition to being expensive per 
unit radiation length, sodium iodide is highly hygro-
scopic, may be damaged by intense ionizing radiation, 
and has a variety of other properties that make uti-
lizing it difficult. Compared to other light produc-
ing detectors such as lead-glass or lead-plastic 
scintillation detectors, it has poor timing character-
istics. 

Lead glass like sodium iodide is a total absorp-
tion device and has been used in counters as a less 
expensive substitute for sodium iodide. The light is 
produced via the Cerenkov effect and is directly 
proportional to the path length of the showering 
electrons/positrons. The Cerenkov spectrum is peaked 
in the ultraviolet and lead glass strongly absorbs in 
the ultraviolet region. Therefore, a large part of 
the produced light is lost through absorption in the 
glass itself and only the small tail in the visible 
portion of the spectrum is available. Measured energy 
resolutions using these types of detectors vary due 

The sandwich (sampling) type of detector enables 
one to measure the energy of an electromagnetic shower 
without the huge expense of lead glass or sodium 
ibdide. The resolution, however, is dominated by 
sampling statistics. With lead plates of 0.1 radiation 
length thickness, a resolution of about 7 I ' r f can be 
achieved using liquid argon as an ionization detector.' 
This resolution is somewhat worse for lead-scintillatcr, 
lead-lucite, and lead-proportional counters.^ 
Furthermore, all of the sandwich arrays, which employ 
photomultiplier tubes, are subject to the problems of 
Rain instability at larpe avc.-age anode currents which 
is characteristic of vacuum tube technology. 

Therefore, in the intermediate enerey region of 
50 XeV to 2 GeV, only sodium iodide can be used when 
good energy resolution is needed, and this is an ex-
pensive solution. To possibly remove this difficulty 
an alternative solution has been investigated. 

The Liquid Argon Total Absorption Detector 

As a first step, Monte Carlo techniques have been 
used to investigate the response characteristics of a 
pure liquid argon detector to this intermediate range 
of electron/photon energies. Fundamental features of 
such a device are: 

1. measurement of both the shower energy and 
spatial characteristics, 

2. inherently low noise due to solid state ampli-
fiers , 

3. uniformity of response, 
1*. ease of calibration, and, due to its excellent 

stability, ease of monitoring this calibration, 
5. high density, low radiation length, thereby 

yielding compact total absorption detectors, 
6. low cost per unit radiation length considering 

information obtainable, 
7. essentially no sampling fluctuations, and 
8. inherently friendly to work with (inert, 

nontoxic, not nygroscopic, nonflammable, etc.) 

Although liquid argon is a cryogenic liquid, the prob-
lems associated with this sort of device ore not sub-
stantial because it exists in a liquid state at liquid 
nitrogen temperatures and has been used for a variety 
of successful detectors in sandwich geometries.7>®>9 
The liquid nitrogen coolant is both inexpensive and 
readily available. 

The test geometry,o£iour simulation is shown in 
Fig. 1. The detector would conr.ist of 200 planes of 
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charge collecting vires. Each plane would be segmented 
into 50 units which would alternate as '/. and Y readout 
planes. This is an idealized detector in that the wires 
are neglected in the simulation and the high voltage 
segments are assumed to contribute negligibly to the 
shower development. Also omitted in the simulation is 
the entrance window material. Thus, it will be neces-
sary to keep this structure as thin as possible. Even 
though some degradation of particle energy and unculur 
resolution would be expected from ionization losses and 
early showering in this structure, it is unlikely that 
these parameters would be appreciably enlarged given 
reasonable ($1.1 radiation lengths) window thickness. 
The physical properties of the proposed device are 
given in Table 1. 

Results are presented for electron and photon 
events which were calculated using the EGS-FEGS10 code 
system which generates three-dimensional showers and 
provides an accurate description of the important 
physical processes in shower development. The energy 
deposition was determined for each of the proposed 
10,000 elements of the detector and from this informa-
tion the energy and angular resolutions were obtained. 
For the purposes of this calculation, it was assumed 
that the beam was normally incident with entrance 
coordinates in the center of the detector. Monte Carlo 
Studies of a similar detector for incident hadrons and 
electrons in the enerry range 0.5-'j 1>V nave teun 
ret 'ntly published.H 

Table 1 

100 

Liquid Arr.on Characteristics 

Density 
Radiation Length 
Interaction Length 
Ionization Energy 
Boiling Pt (1 atm) 
Freezing Pt (1 atm) 

Calorimeter Properties 

Total Radiation Length 
Total Interaction Length 
Coll Sampling 

l.'tO gn/cm 
l't.O cm 
80.9 cm 
2h.6 eV/ion pair 
8 9 ° K 

86° K 

l i t . 29 

2M 

1 cm 

Results 

The results presented here are based on the gene-
ration of 5000 showers at each of the electron/photon 
energies studied.^ Xhe longitudinal electromagnetic 
energy deposition (integrated over each X and Y plane 
at a given Z depth) is shown in Fig. 2 for incident 
electron energies from 50 I-leV to 500 MeV. Figure 3 
gives the longitudinally integrated energy deposition 
distribution as a function of the depth, Z, which 
directly indicates the fractional longitudinal energy 
containment of the shower. Up to 500 MeV, almost total 
shower containment occurs in the first 10 radiation 
lengths. 

The transverse shower energy deposition (X or Y) 
integrated over 20 cm depth intervals are shown in 
Figs. 5, 6, and 7 for incident electron energies of 
50, 100, 300 and '(00 MeV, respectively. 

The total transverse energy deposition is defined 

Î T) = 
•md is presented in Fi^s. 8 and 9 for 50-, 100-, 300-, 
' t o o - and 500-MeV incident electrons. T is measured ir. 
either the X or Y cell directions and E^j is the de-
posited energy in the i t h interval in X or Y and the 

interval in 7.. The total transverse energy distri-
bution shape appears nearly independent of the incident 
energy over the energy range studied. 

Figure 10 presents the energy resolution of the 
simulated detector. The data may be represented by a 
fit of the form: 

a(E) 
= 1.6BH//E 

where E is expressed in GeV. The electronic noise 
would tend to increase the calculated resolution to at 
least 2%1/E. This energy resolution is comparable to 
clusters of sodium iodide detectors that have a 
measured resolution of "v-2% over the same energy region. 

The an/^ular resolution of the device was deter-
::iine 1 ov finding an enerry-weighted mean position 
(X^ or Y^) in each of the 10J Z coordinate sepments. 

so '".n 

= E V i ' £ i=i i=l ij 
the 
,t 

where,the X-^'s are the cell centers and E y ' s are th 
deposited energy for each incident particle. A leas 
squares fit to these weighted mean shower positions 
resulted in the intercept value and the slope. Planes 
in the z direction with no energy deposition were ex-
cluded from the fits. Figure 11 shows the angular 
resolution for the simulated detector for incident 
electrons and photons. This is substantially better 
than even heavily segmented sodium iodide detectors. 

In the calculated results presented here, only the 
idealized case has been considered. In practice, 
amplifier and environmental electronic noise and detec-
tor construction details (entrance window thickness, 
etc.) will degrade the resolutions. 

Annlications 

The simulated detector would be useful in applica-
tions requiring good energy and position resolution of 
photons or electrons in the energy range 50 MeV to a 
few GeV. In particular, it might be a good detector 
for use in electron-positron annihilation physics at 
colliding beam accelerators. The energy resolution 
would allow such a detector to be used at the meson 
factories for precision photon measurements. The 
spatial resolution might allow such a detector to be 
used in medical applications at cyclotron facilities, 
especially if the angular resolution remains small at 
lower energies (10-20 MeV). 

Conclusions 

In the energy range 50 MeV to 2 GeV, the only 
electron/photon detector with good energy resolution 
has been sodium iodide. Calculated results have been 
presented about the shower shapes and expected resolu-
tion of another type of detector based on pure liquid 
argon. This detector has energy resolution comparable 
to sodium iodide over this energy range, and in addi-
tion, provides substantially better angular resolution. 
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Figure Captions 

Fig. 1. Geometry of the segmented total liquid argon 
calorimeter. 

Fig. 2. Longitudinal energy depositions in liquid argon 
for 50-, 100-, 200-, 300- and 500-MeV incident electrons. 

Fig. 3. Integrated longitudinal energy depositions in 
liquid argon for 50-, 100-, 200-, 300-, U00-, 500-, and 
1000 MeV incident electrons. 

Fig. H. Transverse energy deposition as a function of 
depth in liquid argon for incident electrons of energy 50 MeV. 

Fig. 5. Transverse energy deposition as a function of 
depth in liquid argon for incident electrons of energy 100 MeV. 

Fig. 6. Transverse energy deposition as a function of 
depth in liquid argon for incident electrons of energy 300 MeV. 

Fig. 7- Transverse energy deposition as a function of 
depth in liquid argon for incident electrons of energy kOO MeV. 

Fig. 8. Transverse energy deposition integrated over depth 
in liquid argon for incident electrons energies of 50-, 100-, 
and 300-MeV. 

Fig. 9. Transverse energy deposition integrated over depth 
in liquid argon for incident electron energies of H00- and 500-MeV. 

Fig. 10. Energy resolution of the proposed total liquid argon 
detector as a function of electron energy. 

Fig. 11. The angular resolution of the proposed total liquid 
argon detector as a function of incident electron or photon energy. 
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