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summary 

Neutrinos have been a source of excitement lately. 'While the neutrino 
has been expected, its has taken us by surprise. The first evidence of 
physics beyond the standard model is here and more excitement is on the 
way. 

Fermilab has a to ta.ke a lead in the neutrino physics 
in the next decade or so. Our recent major investments put us in an envi­
able position of two intense neutrino beams with the 
range from 0.5 Gell to 20 GeV To exploit fully our investment we need nev, 

'UC'D~'.UU'" the of our neutrino beams. 
can be addressed with a 

A fortunate combination of ~~uMI off-EL'l:is 
makes the 

is the 
to the most. 

" what is the pattern of neutrino masses? "normal" or "inverted" 

" what is the value of the angle sin2 20 l3 '? 

" is CP violated in the neutrino sector? 

vVe are very fortunate that a new pO'werfu! detector 
veloped recently. This 

waiting to be 
the Liquid Argon Time 

The Argon Time 
matched to the need of 

Chamber, 
Chamber is 

neutrino 
very 

efficient detection and classification of neutrino interactions. The ef­
fort of the ICARUS collaboration culminated in successful of 
300 ton detector. the demonstrated the !CAReS group 
one can construct a wide 

The physics of neutrino beams is limited the statistics of the 
available event which is proportional to a product of the beam 
the detector mass and the detection While it is 
imize the beam important to take full 
available beam by the detector mass and the detection ",,,.'-,,;;.U,", 

The high detection of a liquid argon detector makes its poten­
tial equivalent to that of a conventional detector with the beam power upgraded 

the proton driver. 
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New , intense neutrino beams and advanced detection techniques have rekin­
dled interest in conventional neutrino scattering physics. This physics is in­
teresting in its own right, but improved knowledge in this area will also be 
necessary for precise measurements of the neutrino oscillation parameters. 

A very large, 50 kton class, surface det.ector at the far location in the NuMI 
beam will enable sensitive measurements of the neutrino oscillation parame­
ters. Its superb spatial granularity may make it possible to detect supernovae 
and determine the resulting neutrino spectrum. It may even detect protons 
decaying into l<aons, should any of these events occur during the lifetime of the 
experiment.. 

Small, 40 ton class, liquid argon detectors exposed to the MiniBOONE and 
NuMI beams at the close locations will provide a wealth of physics results, thus 
filling a hole in our knowledge of neutrino physics at low energies. 

Is the neutrino a Dirac or a Majorana particle? This fundamental question 
awaits an experimental answer and neutrino-less double beta decay experiments 
are the way to provide it. These experiments require very high background 
rejection and excellent energy resolution to fight the background of a normal 
double beta decay. The Liquid Argon TPC provides both, thus making it a very 
attractive candidate for the technology of the next generation of experiments. 

The Liquid Argon TPC appears to be a very versatile and very powerful 
technology applicable to a wide range of physics experiments. The fundamentals 
of the experimental techniques have been established and , in principle, one can 
design small or large detectors as physics demands. We feel, however, that more 
practical experience is necessary to make such experimental proposals credible. 

In the case of small detectors, the necessary R&D is limited to technology 
transfer and gaining some practical experience. Credible proposals for a very 
large detector require engineering studies of the application of the fundamental 
technology on a very large scale. This is especially important to confirm the 
credibility of cost estimates for such a detector. A double beta decay version of 
a liquid argon detector also requires further studies of energy resolution at the 
very low energy end. 

Liquid Argon TPC detectors can greatly enhance the physics reach of the 
neutrino program at Fermilab. They can also be of significant importance for 
neutrino programs in future underground laboratories. Therefore we consider 
it necessary to embark on a vigorous program of detector studies to establish 
credible designs of physics experiments . Fermilab, with its mix of technical 
resources and a long tradition of liquid argon detectors, is a natural place for 
such studies. 

The physics motivation and technical aspects of a Liquid Argon R&D pro­
gram are laid out in the following chapters: 

• 	 Chapter 1 describes the potential of a 50 kton off-axis detector for studies 
of neutrino oscillations 

• 	 Chapter 2 discusses the potential of a large surface detector to detect 
supernova neutrinos and proton decay 
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.. 3 de",cribes the 	 of 40 ton detectors in the NuMI 
and 'YliniBOONE beams 

.. 	 Chapter 4 describes the fundamentals of the TPC and the 
demonstra.tion of its the ICARUS collabora­
tion 

.. 5 describes a 50 kton off-axis detector and discusses technical 
and cost estimates 

.. 6 describes of a 40 ton suitable for the near 
location at NuMI or MiniBOONE beams 

.. 	 U lJaULl.,l 7 deseribps argon for 

.. 8 outlines 
studies and possible 
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Chapter 1 

Neutrino Oscillations 
Studies with the Off-axis 
Liquid Argon Detector 

1.1 	 Studies of Neutrino Oscillations: The Physics 
Case 

Neutrinos have mass and oscillate. There are two oscillation frequencies driven 
by the two mass differences of neutrino mass eigenstates: 6.mT2 and 6.m~2' In­
terference of these two processes is expect.ed to produce measurable CP violating 
effects. 

The oscillation at the "atmospheric" mass difference 6.m§2 is a subject of 
studies with long baseline neutrino experiments, the maximum of oscillations 
occurring at Ev = 2.:4 L6.m~2' To set the scale: taking the current estimate of 
6.m§2 = 2.5 x 10-3 eV2 and a distance L = 850 km the oscillation maximum 
occurs at Ev = 1.7 GeV. 

Recent developments in neutrino physics have established that , contrary to 
the expectations, at least two neutrino mixing angles, sin2 2812 and sin22823 
are very large. The latter is consistent with being the maxima.!, hence raising a 
tantalizing possibility that some new, here to unknown symmetry of nature may 
be at work here. Precise measurement of the deviation of this angle from its 
maximal value is , therefore, of great importance. 

Neutrino oscillation experiments have established that neutrino masses ex­
hibit a pattern of a doublet of closely spaced masses, m1 and m2, whereas the 
third mass is much further apart. A natural question arises what is the pattern 
of neutrino masses? Is it 'normal', with ml < m2 « m3, or 'inverted', with 
m.3 « ml < m2 hiera rchy ,? This question can be answered exper imentally in 
the vii- -1 V e appearance experiment with neutrino and antineutrino beams , as 
the the matter effects change the transition rates differently. 

1-6 

http:expect.ed


•. 

While 'solar' (including long baseline reactor experiment) and atmospheric 

neutrino experiments have estahlished that the electron neutrino is predomi­
nantly composed of rnl and rn2 mass eigenstates there might be some admixture 
of the V e in the third state rn3. The size of his admixture is known to be not 
very large , sin22813 :; 0.12, but its precise value is of great interest. It has a 
significant power to discriminate between various theoretica.l models of neutrino 
mixing but more importantly, its size determines the practical observahility of 
the CP violating effects in the long baseline experiments. 

It is quite fortunate that all of the emerging questions can be addressed by 
a single experiment, that of vp, -+ v " oscilla.tions. This is well illustrated on 
the 'bi-probability' plots[39] shown in Fig.l.l. The experimental result.s can be 
expressed as two numbers: Pv and PD being the probabilities of the vp. -+ Ve 

transitions in a given det.ector configuration for a neutrino and antineutrino 
beams respectively. A dista.llce of the resulting data point is a measure of the 
mixing angle sin2 2813 , In a CP-conserving world and a vacuum experiment the 
result must lie on a diagollal. Matter effect.s will displace the result to be belo\'; 
or above the diagonal for the "normal" and "inverted" hierarchy resp<'ctively. 
The presence of th CP violating phase will move the result to in point on the 
ellipse,its exact location related to the value of the phase. 

At the larger values of sin2 28 13 the ellipses associated with the two possible 
mass hierarchies separa,te in matter, whereas they are approximately degenerate 
in vacuum. There is also a significant sensitivity to the CP violating phase, O. It 
is the sensitivity to the sign of 6rn~2 and the CP violating phase in these plots 
which allows for the determination of these parameters in a sufficiently accurate 
experiment. For a single experiment there can be a degeneracy in the determined 
pa.rameters but this degeneracy can be broken by further experimenta.tion. 

1.2 The N uMI Opportunity 

The NuMI neutrino beam was designed to address the "atmospheric neutrino 
anomaly". By a fortunate coincidence its off-axis components[40, 41] provide 
an unique opportunity to study the emerging questions in the neutrino sector. 
The NuMI beam allows for experimmts with a baseline between 700 krn and 
950 krn. The detector distance from the nominal beam axis determines the 
resulting beam energy and spectral shape. 

The current values of the oscillation parameters indicate that the oscillation 
maximum, at the NuMI distances, occurs at the neutrino energies of the order 
of 2 GeV. This is very fortunate, as this energy corresponds to the decay 
angle of about 90° in the center-of-mass of the decaying pion frame, hence the 
beam intensity is relatively high. The expected events rates, in the absence of 
oscillations, are in the range of 100 events/kton/year. Narrow energy spectrum 
helps to reduce the backgrounds from possible neutral current interactions . 

The irreducible background for the Ve oscillation experiment is due to the 
Ve component of the beam. The Ve flux is of the order of 0.5% of the vp, 

flux[42] in the region of interest. In this region the V e flux is primarily produced 
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Figure l.1: The bi-probability plots P(II/1 ---t lie) versus P(D/1 ---t De) assuming 
a constant matter density of p =::: 3.0gC"m-3 for an LIE of 500 km/GeV. The 
mixing parameters are fixed to be lCl.m~11 = 3 x 1O-3eV 2 , sin2 282 3 = l.0, 
Cl.m~1 = +5 x 1O-5eV 2 

, sin2 2812 =::: 0.8 with the labeled values of sin2 2813 and 
O. 

by secondary muons decay, the same muons which accompany the main 111" 

component of the beam. It is expected hat the MINOS near detector, as well 
as possible dedicated near detectors will determine this background with an 
accuracy of few percent. 

1.3 Experimental Aspects of the Ve Appearance 

The experimental challenge is to detect and identify charged current lie interac­
tions resulting from the vI" ---t V e oscillations. The signal events are characterized 
by the presence of an electrons in the final state. The total energy of t.he final 
state particles is a measure of the neutrino energy. A characteristic feature of 
the charged current interactions, as opposed to the neutral current ones, is the 
balance of the transverse momentum, up to a small contribution from the Fermi 
motion of target nucleons. 

The irreducible background of from the Ve component of the beam has the 
same characteristics and it is indistinguishable from the signal in every detector. 
The only factor allowing to minimize this component of the background is the 
total energy resolution, due to the fact the the signal events have their energy 
distribution peaked sharply in the region of the maximum flux of the neutrino 
beam whereas the background V e events have rather flat energy distribution. 
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The second contribution of t,he events with no 
but the produced conversion is 

identified as an electron in neutral or I/IJ- cUlTent interactions, The latter 
is as only the ~;vents with a muon not identified 

as such will be classified as candidates, 
The "fake" electrons 

cuts 

beam and at a 

FOAl (1.1) 

is 
a number of CC Ve interactions the Ve beam component, E is the 

for the detection and identification of CC interactions and is 
the number of non-ve interactions cla;,;sified as candidates under the cuts 

thp 
It is C;AIUn~"C;U levels will be determined with ac­

curacy and the reach of the will be limited the statisti­
cal fluctuations of the otherwise well known In such a situation 
FOA1 ~ where lvl is the detector mass, t is the time and 
is the number of protons delivered onto the neutrino target. 

Several st,udies have shown that in the case of 
detectors the of the is reached when the 

is of about the same size 
has 

is 
set a . Further reduction contributes little to the 
FOl11 as the statistical fluctuations of the irreducible dominate. 

of the detector over the sam­
somewhat on the scenario. If the osculation 

than the argon detector of a 
mass is conventional thanks to 

excellent electron identification The ultimate of the liq­
to the casp ES , is to 

or of the conventional detector 
with a new proton driver-driven thanks to an additional reduction of the 
background a factor of two. 

High detection and identification efficiency has an additional of 
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Figure 1.2: Full GEANT3 simulation of a 1.5 GeV single electron (left) and 
?To ([ight) as detected in a liquid argon detector. Events are shown in win­
dows 40 em wide and 200 em long, followed by a blow-up of the vertex region 
10 em x 30 em. The particle origin is shown with the pink cross. Color 
scheme of the digitizations is adjusted such that a green "hit" indicates a single 
MIP whereas a red "hit" indicates an energy deposit of two or more MIPS . It 
is important to notice that a 'tip ' of a converting photos is red for a few em 
indicating a presence if two overlapping particles. 

[educing the systematic uncertainties. Corrections based on the event and de­
tector simulations will be very small and therefore not very much affected by a 
relatively poor knowledge of the low energy neutrino physics. 

1.4 	 Particle Identification and Energy Resolu­
tion of The Liquid Argon Detector 

Imaging nature of the liquid argon detector combined with a very precise mea­
surement of the ionization density dE/dx allows very efficient an unambiguous 
identification of stopping particles. Observation of the development of the elec­
tromagnetic cascade with very high spatial granularity differentiates between 
'electromagnetic' and 'non-electromagnetic' objects with high efficiency, which 
we assume to be 100%. The key to the l/e appearance experiment is very effi­
cient e/?To separation. Fig.1.2 illust[ates some of the the basic features of the 
electron and ?To events recorded in the liquid agon detector. 

The ?To-induced background occurs in two distinct categories of interactions: 

• 	 (A) events with one or more charged particles produced at the interaction 
points. These particles will define the interaction point with an accuracy 
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of mm. 

.. 	 (B) events . A coherent 

Even the transverse shower information one can achieve a 
factor of electrons of the order of 40 that the 
ionization over the first 2 em of the track is consistent with a 
track, Such a. cut will about of 
events in category an additional 
a that the 
vertex, 

These two cuts are sufficient to reduce the number of ?fa-induced 
well below that of the intrinsic lie component of the beam. It is to 
stress that there are many additional rejection factors which more difficult to 

without a reconstruction of the events and which will provide 
UW.,o,ll\.. Y and checks of the background 

include: 

.. 	 neutral current events, with PI 
imba.lance with to the 

.. distinct conversion of two separate will be often visible, 
to an excellent energy rt:solution an invariant ma"s of the can 

be reconstructed, 

In th following we will, 
the level of with a with respect to 
the intrinsic component of the beam can be attained. 

The liquid argon detector at the same a total absorption calorimet.er 
and has a very energy resolution. shower energy can be 
measured with a resolution better that hadrons will have their 
energy d0termined to a few whereas an energy of an hadron-initiated cascade 
will be measured with an accuracy Implications for 
the accuracy of dptcnnination of the initial neutrino energy are less obvious: 
the energy resolution of the total observed as a measure of the ""'V"''''''i'. 
energy limited nuclear effects and kinematical factors like 
rest masses of the It is of in the energy of 

that of the neutrino interactions all of the 
final state 
energy determination, With this correction the un.vueuu neutrino energy can 
be reconstructed with an acclll'acy For some selected 
of events (like + proton in a final 
neutrino energy resolution of the order of 1 can be a.chieved, 
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-­
Neutrino Antineutrino 

Number of vJl CC events, no osc. 18,906 5,714 
Background 56 23 
Signal (Pose = 0.05 ) 527 158 
Aimil (30-) 0.002 0.004 
Pumil (90% CL) 0.0012 0.0025 

Table 1.1: Event rates and attainable limits on the oscillation probability for 
5 years run of 50 kton detector with medium energy NuMI beam and 4 x 
1020 POTI year. 

1.5 	 Physics Potential of The Liquid Argon De­
tector 

Physics potential of a specific off-axis experiment depends somewhat on the 
detector location. We have not performed the optimization process, yet but we 
use as an example a 50 kton detector located at the distance of 820 km from 
Fermilab and 11 km ofF-axis. We assume that 85% of the detector volume will 
be used in the experiment. We will assume that the efficiency to identify the Ve 

CC interaction is 90% and that the background is dominated by the intrinsic 
Ve component of the beam, which is well constrained by measurements at the 
near detector. 

The experiment will measure the probability of v" ~ Ve transition. The 
expected signal and background rates as well as the sensitivity of the experiment 
is summarized in Table. I. 1. 

Comparison of the attainable levels of probability with the Fig.I.1 gives 
an indication of the sensitivity of the experiment in terms of the physically 
interesting parameters: mixing angle, mass hierarchy and and CP phase 8. It is 
quite obvious that there is no unambiguous answer to a question: what is the 
sensitivity of the experiment to the si n2 2813 ? . 

The ultimate sensitivity can be achieved with the increased NuMI beam 
intensity with the proposed Proton Driver. Fig.I.3 shows the expected signif­
icance of the observed excess of the Ve CC events for different mixing angles 
and for different mass hierarchies , for different mixing angles and for different 
values of the CP phase. It shows that the ultimate off-axis experiment can reach 
several standard deviations discovery even in the physics scenarios beyond the 
reach of the proposed reactor experiments. 

1.6 	 Program of the Neutrino Oscillation Studies 
with FLARE at NuMI 

A liquid argon detector in a nominal NuMI beam will enable a sensitive mea­
surement of the v" ~ Ve transition probability for neutrino and antineutrino 

1-12 



" " " . L j.. l-
t J - DC =.a ':1 

1,'/ •..,. Oll) 

~'I 

• 	 _'CIQ ~ c !O 100 ' .50 


I J .,,~ Otl' 


•.­" ;~I
,.. 
" I, · · 1, "" 

. . ., .'00 ~: I) 


"' ~. , -J ." .)(l" 


10 

,,'" 
• ' ., 't. ,"". l:!... . 

Figure 1.3: Significance of the observed excess of Ve CC events in 6 years run 
of a 50 kton liquid argon detector in the \TuMI beam enhanced with the Proton 
Driver as a function of the CP phase 6 for different mixing angles 013 . Left 
graph is for the inverted hierarchy, right one for the normal hierarchy[43]. 

beam. 
Can such a single experiment provide an unique answer to all the questions 

mentioned earlier? What will be required to sort out possihle ambiguities in 
the interpretation of the (lxperimental results in terms of physically interesting 
parameters? ''''Ie cannot answer the$c questions now , but we argue that the 
proposed detector offers a long range scientific program aiming at. the ultimate 
determination of the parameters of the neutrino oscillations. 

Fig.1.1 shows that possible results consistent. with the oscillation interpreta­
tion lie in two bands corresponding to two possible neut.rino mass hierarchies: 
normal (blue ellipses) and inverted (red ellipses). These bands are well sepa­
rated, in bi-probability space, when the mixing angles is relatively large and 
they merge when the mixing angle is small. 

There four possible classes out outcomes of the off-axis experiments and we 
will examine them in turns and we will argue that a liquid argon det.ector offers 
the best experimental possibility in each case: 

1. 	 the resulting P" and P;; lie outside the region expected in the oscillation 
scenario. 

Such an unexpected result would not be the first failure of the theoretical 
expectations. It would indicate that 'something else' is happening. The 
purity of the sample and the completeness of the event information offered 
by the liquid argon detector might be of crucial importance in establishing 
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from LV...."''-,,_, 

different direction and a conventional planar detector would not be 

is 

what is on. 

2. 	 the result is at one of the outer of the 

This would be very kind of the Nature. In such a 
maximal CP violation is 
mixing is well determined. The inter-

is and the further increase of statistics will reduce 
the errors 011 the physics The of the 
detector here lies in its 
much neutrino beam. 

3. the result is somewhere in the middle of the allowed where two 
bands 

This may well be the most outcome. on the exact lo­
cation 

an 

of result there will be some level of ambiguities in 
of the results. We illustrate this case tak­

of the possible result: let Pv = OJ1l67 and PI) = 0.0173. 
From Table. I. 1 we find that will be measured wi th the relative accu­
racy of and after 10 year run in the nominal NuMI 
beam, or in one year exposure in the Proton Driver era. shows 
that there are four different combinations of which are 
consistent with such a measurement. Further reduction of the statistical 

the allowed regions of space but it will not resolve the 

As the 1.4 shows even a measurement of the energy 
spectra of oscillated Ve CC events does not very much: they are 
nearly identical in all four cases for the NuMI beam conditjons. The de­
generacy can be broken and an unique can be achieved 
combination of these results with the results of an 

scenarios. Ambiguities will be resolved and the 
cillation parameters determined with the accuracy by he available 
statistics. 1.5 shows that the NuMI/BNL beam combination is 

very powerful tool to determine the mass The observed rate 
of Ve appearance are different because of difference in the matter effects 

in turn, depend the mass 

In this particular case the advantage of the liquid argon be-
is its of the good detection 

This is important as the BNL beam 
the usual 

A energy resolution with no 
tion and very good of 1fo -induced 
for the wide-band BNL beam. 
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Figure 1.4: Left: Values of Pv and P" expected for different values of the CP 
phase 0 and two mixing angles for both mass hierarchies. Right: Spectra of 
l/e CC events produced in four different phy:;ics scenarios consistent with the 
selected values of Pv and PD. Colors of histograms correspond to the :;ets of 
parameters indicated on the left graph. Top graph is the neutrino beam case, 
bottom is the antineutrino beam case. 

4. 	 the experimental result is in vicinity of the origin of the coordinate system 

A very small or none signal of l/e appearance signal is detec:ted. The mixing 
angle sin2 2B13 is shown to be very small or a very tight limit is set. Th!Te 
is no information on the mass hierarchy, nor on the CP violation. In this 
case the limit obtained by a liquid argon detector is equivalent to that of 
six time larger conventional detector (or six times more intense neutrino 
beam) , the reduction of background (relative to the conventional detector) 
contribution an additional factor of two. 

A null result of the several-year long appearance experiment would produce 
a very tight limit on the mixing angle, but it would be somewhat disappointing 
nevertheless given the scale of investEd effort. It is therefore of great importanc:e 
to examine other possible uses of such a detector. 
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Figure 1.5: Left: Spectra of the V e CC events detected in the low energy beam 
produced at Brookhaven and direc ted towards an Off-axis liquid argon detector. 
Four different colors correspond to the four ambiguous (in the N uMI beam case) 
physics scenarios. Colors of histograms correspond to the physics parameters as 
in Fig.1.4. Right: comparison of the observed V e appearance rates in the NUMI 
and BNL beams. Different ellipses correspond to different values of the mixing 
angle[44]. 
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Chapt 2 

Phys· Pot ntial of a 
S iquid Argon 
Detector 

The motivation for an of-axis detector is the study of neutrino oscil­
lations with Nuf\iJI beam. Given the of the the 
detector on one hand and a 

is it is very 
topics which can be addressed with such 

2.1 running surface operat 

To study neutrino beam related interactions it is sufficient to record the wave­
forms of the wires in the time to the beam 
The beam f~stablishes the reference time for the measurement of 
the drift time. The duration of the neutrino 10 J..lsec introduces an 

of the event of the order of 1.5 this is 
for the reconstruction of 

In order to be able to address other topics, like a search for rare 
it is necessary to read out the detector continuously. This leads to 

which are addressed in this chapter: 

lit vol ume of data 

lit lack of the time reference, 

lit cosmic induced 

It is out that the data [('corded in T300 module in Pavia 
were taken at thus a very important check on the 
feasibility of the surface detectors. 
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2.1.1 Data rates and data acquisition 

It is expec ted that the front-end electronics will provide a significant data re­
duction by performing cluster finding and baseline subtraction. The amount 
of data passed to the data acquisition system may contain some raw digitiza­
tion in the region-of-interest (ROI) in the early stages of the experiment, but 
it is expected that after the initial debugging phase of the experiment only the 
'hits' corresponding to the physical signals will be recorded. The data rates 
will be dominated by cosmic muons. Large electromagnetic showers or hadron­
initiated cascades occur as well, but their rate makes them to contribute little 
to the average data rate . The effective area of the detector is of the order of 
2,000 m 2 hence t.he average ra te of cosm ic muons is about 200 kH z . Majority 
of muons will range out in the upper part of the detector . Ranging out and an­
gular distribution of the cosm ic rays in conjunction with a lmost vertical wires 
geometry will lead to relatively small number of wires recording signals. To set 
a safe upper limit we assume that the average number of hit wires is less than 
2000. Assuming 4 bytes per digitization it leads to the expected data rate of 
1.6 Gbytes/ sec, well within capabilities of a relatively modest data acquisition 
system comprised of few hundred of PC's. 

While the instantenous data rate does not present a major problem, the 
overall data size is much more challenging: 100 Tbytes/day and 30 pbytes/yeaT'. 
Data storage and analysis sys tems with such capabilities are likely to be rela­
tively standard in the near future , but they will nevertheless require substantial 
investment. 

It is very likely, however , that the data volume problem will be greatly 
reduced, by a factor of thousand or more. Vast majority of the data will be 
associated with cosmic muon tracks. They can be easily recognized by the data 
acquisition system and subsequently removed from the data stream. Even in 
the case where such data will be of physics interest it is very likely that a small 
fraction like 0.001 of them will be sufficient. 

2.1.2 What is a To?? 

The distance of particle trajectory from the wire plane is determined by the 
drift distance, which is the difference of the arrival time and the 'production' 
time. The former is recorded by the electronics. The latter one is provided by 
th beam gate for the accelerator-oriented experiment. What is the To for an 
object recorded asynchronously, like supernova neutrino. 

In the large detector there will be several 'tracks' drifting the sensitive vol­
umes at the same time, hence there is no global To for an 'event' or a time 
frame. Instead, the reference time is a property of the 'object' in question. How 
can one determine what is the appropriate To for a given set of digitizations 
forming a trajectory? 

Before answering this question let 's examine a consequence of applying an 
incorrect value of To in the analysis of a given trajectory. Too early To used 
will lead to an assignment of a too large of a distance from the wire plane to 
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track. If the track in 

own 
fully contained within one drift volume will have a range 

values. The correct onE' be determined the observed 
ionization of delta electrons The energy of the electrons 

2.2 Cosmic rays: background or signal? 

huge da.ta volume is be a 
nuisance. Almost all of the can 

to a 
be <::;I.A'",lJ.ILC'U and discarded by the data 

This is a very likely scenario. 
We should note, howeve)r that this detector will vol­

t.he cosmic ray fluxes. area high 
identification will provide a new window of the 

rate of cosmic muons 

of the cathode will be o,,,o",,,,,,:;u 
that the To value used 

late To is used and the track crossed the wire 
distance. Tracks the cathode or the wire 

of 

hence in­
is known for them. The 

can be determined 
ray as the attenuation is 

known from the 

ume and of data on 

cosmic ray fluxes. and spectra of correlations between 
and harlronic components, other correlations can be studied. It 

is not clear if such a dedkated is wort.h the but not look 
at this data before them 

2.3 Supernova Neutrinos and Potential 

The core of a massive star is an abunda.nt source of neutrinos and 
antineutrinos of all with in the tens of MeV range, and which 
are emitted over a timescale of tens of seconds. A core 
was detected for SN1987 A in the away, the 
Kamiokande-Il and 1MB water Cherenkov detectors. Several neutrino detect,ors 
online now are sensitive 

The neutrinos from a core in our will a wealth of 
information. Note only will 
mechanism via their time, flavor and energy structure, 
a source for fundamental 
tial for kinematic mass limits for SN1987 A were among the best the 

is now exceeded by the energy, flavor and 
time structure of the neutrino burst. may information on fundamental 
neutrino For flavor transitions in the stellar core due to 
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matter effec ts may occur, depending on the value of (J1 3, and whether the neu­
trino mass hierarchy is normal or inverted can dramatically change the nature 
of the supernova signal. These signatures have been explored in several refer­
ences [46, 47, 48]. The signatures are somewhat core collapse model-dependent , 
but there are some relatively robust features of the neutrino signal , on which 
one can base oscillation studies e.g. the hierarchy of energies for different flavors 
(Ev""T > Eo. > EvJ . Better understanding of the collapse mechanism via the 
neutrino signal feeds back to neutrino physics (and vice versa). 

Supernova neutrino detectors require energy and direction sensitivity, and 
good fla vor sensitivity and tagging ability is essential for extracting physics. 
Because the largest detectors currently online have a primary sensitivity to De 

via inverse beta decay, sensitivity to flavors other than De is especially valuable. 
In particula r , because an interesting feature- a sharp burst of v e's, due to "shock 
breakout" - is expected near the onset of the signal, Ve sensitivity is especially 
desirable. 

Finally, there is the potential for an early alert to astronomers, since the 
photons associated with the disruption of the star (the supernova itself) will 
arrive la ter than the neutrino signal by hours or perhaps longer , dependent on 
the nature of the stellar envelope. For an early a lert , pointing capability, i. e. 
sensitivity to neutrino interactions which preserve direct ional information, is 
highly desira ble. 

The expected frequency of stellar collapses in our galaxy is about one per 
thirty years, which is often enough to give one a reasonable hope of seeing one 
on the timescale of a large neutrino experiment, yet rare enough to motivate 
speciaJ care to extract maximum information from an event. 

2.3.1 Supernova Neutrino Signal in Liquid Argon 

The supernova neutrino signal in liquid argon has been s tudied in some detail 
in references [46, 47,48], in the context of an underground detector. There are 
three main dasses of relevant neutrino interactions: elas tic scattering, charged 
current, and neutral current . 

• Elastic Scattering 

Elastic scattering of neutrinos off atomic elect.rons, 

(2.1) 

has both CC and NC components, and can provide pointing information . 
The signature in liquid argon is a single electron t.rack . 

• Charged Current Interactions 

Neutrinos and antineutrinos can interact via quasi-elast ic charged current 
reactions with neutrons and protons in nuclei : 

(2.2) 
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Table 2.1: ~urnbers of supernova neutrino events in a 50 kt 
argon detector. 

with threshold of MeV and 

with a threshold of 7.48 MeV. At high energy, inelastic 
processes may neutrons or other as well; 
tens of MeV relevant for most of the supernova neutrino 
rontribution is small. CC interactions may be identified via the 

track, in coincidence with de-excitation gamma rays from the 
nucleus . 

• Neutral Current Interactions 

The neutral current, excitation of argon, 

AT" , 

for both neutrinos and can be detected via its de-excitation 
gammas. Neutrons or may be produced a.t 

The number of interactions scales simply with mass, and as 
Table 2.1, based on ref shows numbers of events in a 50 kt detector 
for these for core at 10 kpc, no oscillation effects. 

The relative numbers of events in each channel ma.y change 
due to flavor transitions in the stellar core, on the values of neutrino 

parameters. If one assumes that these channels can be 
and the parameters are favorable, one may have sensitivity both 013 and the 
mass Reference::; [46, in some detail these 
the main conel usions are: if (> :3 x 

inverted from normal 2 x 10- 6 , argon may 
set an upper limit on &13; and for between these extremes, it may be possible 
to measure it with liquid argon, even in a several kton scale detector. 
the supernova parameters are important to the sensitivity to if the 
spectra of Ve , ve and v/-L,r neutrinos do not differ then one may not 
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be able to measure et:3 or distinguish normal from inverted hierarchy, and larger 
scale (~100 ton) detectors may be needed. 

However, in combination with other detectors (which may constrain both os­
cillation parameters and the supernova physics) and perhaps with partial knowl­
edge of some of the parameters from e.g. long baseline experiments, a liquid 
argon detector, with its excellent multi-flavor capability, may yield significant 
constraints. 

2.3.2 Backgrounds 

The expected instantenous event rates from a nearby Supernova can be high 
nevertheless the expected backgrounds must be considered very carefully. The 
200 kH z of cosmic muons is not a major problem per se: a small tube surround­
ing every incoming cosmic ray particle (or shower initiated buy it) can be easily 
removed from the fi.ducial with a minimal loss of the signal rate thanks to very 
high spatial granulari ty of the detector. 

The dominant potential problem may be caused by the muon spallation and 
muon capture products, an example being 40Cl with a lifetime of 100 sec. All 
the muons stopping inside the detector volume are detected and the volumes 
containing potential capture products ca.n be excluded from the analysis. The 
size of the excluded region must include the diffusion and the accuracy with 
which a position of the end-point is known as a function of time, as a result of 
the fluid movement. The latter effect dominates as the velocity of the liquid 
circulation reaches up to 'U = 7 em!see thus giving up to 10 m displacements. 
The liquid circulation is laminar and it is, in principle, well known. In practice 
a dedicated measurement system will be necessary to validate the predictions 
and to keep the loss of the useful fiducial volume to the acceptable level. 

A careful analysis of cosmogenically produced backgrounds as well as the 
backgrounds produced by incoming neutrons (the latter confined to the upper 
parts of the detector) is necessary to evaluate the real potential of the surface 
detector. 

2.4 Proton decay 

The question of nucleon stability is of fundamental importance and it has re­
ceived a great deal of attention the past few decades with large water Cherenkovs 
in the forefront, but even a relatively small fine grained calorimeter , Soudan 2, 
making a significant contri bution. 

A 50 kton liquid argon detector would represent about two orders of magni­
tude step over Soudan 2, at the same time providing more detailed information 
about the detail of a possible nucleon candidates. 
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2.4.1 Motivation and Signatures 

A 50 hon \Vah'f Cht'fenkov df't0ctor of the SuperK running since several years 
and its limits on the proton lifrtimr with time. Further major 

a inCrt'il"C' of the detector 
lrvel of Mton or so. This is true for all of the 
of the water Cherenkov is very high and this includes decay modes 
electrons a.nd muons. 

A niche for other detector exists proton 
"n,'r,,·lt>~ are below the Chrr0nkoy threshold in 

shows an 
tor. The identification is over-constrained: kaon is 
identified its -t -t e+. Kaon track is charaetf:rized 

ionization towards the end Muon track has well 
defined, and well measured but the range. momentum and it has 
ionization density. An electron from the muon identified and well 
measured. The entire event 

a cube 0.5 x 0.5 x 0.5 
some kaons at rest, some interact before the 

as the ICARCS studies have shown the for the detection 
and identification of the p -t h" + I) decay in the liquid argon detector exceeds 
90%. 

the nucleon search detectors to be 
laboratories. There are two reasons for that: 

.. 	 to reduce the rate of a very vol­
tlIne of the detector to the levels detectioll and 
reconstruction, 

.. 	 to reduce the rate of cosmic rays induced those 
induced neutrons 

The first concern is on the detector ""'-.HllU"»)',, 

with good three-dimensional 
be on the surface and evidenced 
Pavia, The nuisanee of with data rates it he 

Far more The 
of cosmic rays are muons. 
do not constitute a sources as the 

for the proton in hundreds of MeV 
range. 
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Figure 2.1: 0.5 GeV K as detected in th liquid argon TPC. The color scale 
is adjusted such, that red corresponds to the ionization density equivalent to 5 
minimum ionizing particle. 

A serious concern is a neutron-induced background. After all, neutron rates 
is only a factor 100 smaller than the muon rate. It is very unlikely that a search 
for p ----t e+ + 7r

0 can be conducted on the surface, for example_ The decay modes 
involving kaons are different: the signal consists of a single charged kaon in 
the middle of a large detector. Strangeness conservation in strong interactions 
guarantees absence of such a background induced by neutrons_ To maintain 
good sensitivity to proton decay it is important that the background levels are 
kept below one event per year or so_ The required rejection rate is huge and 
most unlikely processes can easily swamp the measurement. An example of a 
possible background could be a neutron-induced associated production of i\ + K 
with i\ escaping a detection. It has been demonstrated that this background 
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a very deep and the shallow of WIPP is 
a background-free measurement[491 even without invoking 

An of the surface detector far 
On the of the 

A 
argon the CApC'GvC;U 

but it is not known at the ,we",,,,,t 

to worry about component of the cosmic rays, as a 
kaon in a charge-exchange reaction. 

background rejection factor the background induced by 
the hadronic component of the cosmic rays will be offered 

power of the detector It is very that the 
in showering events 

detector. A flux of 
of defense could be 

a hadron absorber. It would reduce the effective fiducial 
still offer 

It is important to out that this upper 
a very good measurement of the act.ual backgrounds, hence a defense 

result of the search would be relatively easy. 
of the necessary factor the cosmic rays 

a very detailed of the of the detector 
on one hand and the available data on the hadronic component of the cosmic 
rays on the other hand is necessary to evaluate the of 
the surface detector. 
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Chapter 3 

Small Liquid Argon 
D ectors i the Inte 
N eut ino earns 

l<ermilab is blessed with two intense neutrino the second one nearing 
beam intensities offer very interaction rates 

even with modest size at the seale of 40 tons. argon TPC is 
a particularly suitable detector for the experiments in the near halls of Mini­
BOONE and Nu::vn beams. Simple of the neutrino 
interactions at these in 
and energy resolution will 
the final states. low threshold of 
and sub-MeV for mea­

argon offers a 
volume. 
to construct, and operate as 

scaleel down versions of the ICARUS modules, whereas their size will eliminate 
or reduce and concerns. 

3.1 Spectrum Beam Cornposition 

NuMI neutrino oscillation aim at very determination of the 
oscillation In a run they will become limited 

the understanding of the neutrino beam spectrum and composition. Un­
of the Ve component of the beam is important for the appearance 

The un-oscillated beam and its composition can be measured at a near de­
tector A reliable Ve measurement is difficult as the 
from NC and VI" CC events is very high and very different from 
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power of l\'C vs CC events and electrons 
of the detector, makes the argon 

energy resolution 
tails of the resolution function 

where the energy spectrum 
neutrino energy calibration and resolution is 

of rest massp,s and by the difference in response 
Low detection threshold and ID 

minimize these problems in of a liquid argon detector. 

3.2 	 Neutrino Physics at Low 
gles 

when low energy beams were 
very low, fluxes were known very 

detectors were very crude bubble chambers, small and labor in­
tensive. The world are in the hundreds some exclusive 
channels and in the tens events for other channels. As our knowl­

of neutrino even the total cross section, in 
is particularly poor. 

Trw relatively low of current accelerator neutrino beams GeV 
span the below which tliP pion production cross section turns 

on, and above this, vvhere inelastic scattering (DIS) turns on. With two 
neutrino beamlines at Fermilab which span this rich energy range, and 
neutrino detectors, a host of physics can be addressed. 

The difference in the neutrino fiux(~s on these two beamlines translates to the 
breadth of physicH that can be covered with programs on both beamlines. The 
Booster nE'lHrino bpamline's low energy flux aecesses low interactions with a 
clean beam, free from DIS and neutron backgrounds from high el!pr~y neutrino 
interactions around the detectors. The NuMI beam fiux spans the 
resonance to DIS with neutrino interactions up to 20 GeV Some of the 
wealth of beams are described below. 

3.2.1 Neutrino at N uMI Energies 

Neutrino in the NuMI beam spans the 
from single inelastic 
charm particles place there too. 
limits of applicability of QCD may be studied. 

Large samples of several millions of well reconstructed neutrino events, with 
complete kinematica.! reconstruction of well identified will be a veritable 
mine of bread and butter especially bpcause the 
ments of particle p . .1IPP) will ennble neutrino flux 
level of few percent. 
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A typical laundry list of physics topics includes, but is not limited' to: 

1. 	 Total VI' and vI' Cross-sections -vs- Ev notably below 20 GeV 

2. 	 vI' and vI' Quasi-elastic cross-section 

3. 	 VII and vI' resonance processes 

4. 	 Differentia l cross-sections, structure functions, and studies of PQCD and 
Non-PQCD; notably what is DIS and how does it link with non-scaling 
processes, such as QE and resonance 

5. 	 Cross-section of exclusive processes such as charm and strange particle 
production 

Nuclear effects in neutrino interaction can be measured by using sheets of 
targets -from carbon to iron to lead - in the upstream end of the experiment 
liquid argon detector. 

While these physics topics are interes ting in their own right they are also of 
great importance for the precise determination of of the oscillation parameters. 

3.2.2 Neutrino Physics at Booster Energies 

The Booster neutrino beam provides high intensity neutrino beam with energies 
below DIS turn-on. A liquid argon time projection chamber used to detect 
neutrino interactions in this beam can offer precision measurements of cross 
sections as a function of Q2, especially in low Q2 regime, thus allowing for 
determination of form factors and study of nuclear effects. 

High intensity beams allow for study of low rate cross sections, such as V e­

eelast ic scatters, rich in interesting physics. A very important property of the 
LArTPC is a very low energy threshold for electrons. "Vith low noise electronics 
and using the beam gate timing it will be possible to detect electrons with 
energies as low as 105 ke V. In conjunction with low energy and high rate of the 
iVIiniBOONE beam this make such a detector particularly well suited for studies 
Ve-e elastic scattering and a measurement of the neutrino magnetic moment. Vve 
estimate that an experiment using a 100 ton detector can improve the existing 
limits by more than an order of magnitude. 

Listed below are examples of the physics topics available for study on this 
beamline. 

1. 	 Low Q2 form factor measurements, in particular, a measurement of the 
axial form factor and extraction of the strange part of the axial form factor 

2. 	 v,., andvl' Precision measurement of resonant and coherent single pion 
channels 

3. 	 Study of nuclear effects in numu and v,., cross-sections at low Q2 

4. 	 Search for non-zero neutrino magnetic moment using Ve-e elastic scattering 
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3.3 	 Weak Angle 

::VIC'asmements of the weak in the neutrino sector among the 
first indications the correctness of the electroweak model \';hleh 
later advanced to the rank of the Standard Model. The same kind of measure­
ments started to cast some shadow on the this model or herald an arrival 
of The New Physics[54]. argon TPC is particularly well suited for studies 
of the neutral currents to t.he very low detect.ion threshold and excellent 

intense neutrino beams and 
tion offers an of the study of reaction: 
VII -e dear if the systematics can be controlled to the 
len>\ required to measure the weak angle with the 
to _\uTeV, but a low measurement may be 

3.4 	 Testing For Neutrino 
ators 

'leutrino oscillation make heavy use of Monte Carlo simulations 
to extract values of the oscillation parampters. of the ex­
tracted parameters starts to be limited by thE' of thE' 
generators which, in turn, is limited by the scarcity of the 

Very larl!;c of well recoIlRtructed low energy neutrino events will pro­
vide a stringent t('st for the neutrino event and will constrain various 
ad-hoc methods of exclmive channels with inelastic l<::;!SBI.l<;:;. 

Complete solid coverl:"t;;;e and paTticle identification and energy 
resolution of the detector will be of here. 
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of the liquid argon 
in 1976 by Herb Chen 

the 

program of 

Chapter 

Liquid Argo Imagi 
Technology 

1 

The Time Chamber (LAr , like many successful 
technologies, several Louis Alvarez with a liquid 
argon incarnation of a bubble as early the late sixties. 

of liquid argon based has stimulated studies of 
tion and collection of electrons in liquefied noble gases and in particular studies 

centimeters was 
of electrons over long distances in a argon. Electron drift over 

demonstrated and the relation between 
and the drift distance was established in 

First 
ments was 
This group demonstrated 
over distances of 30 em 
Fermilab [5J has lead to 

Chambers. 
argon detectors require low noise front end electron­

ics. Veljko Radeka, following a from Bill Willis, started 
this area in 1975. the basic of electrode 

for chamber were 

A decisive step in the 

project. Studies of electrons 
gon [9, , construction and 
bers with mass 
scintillation and Cherenkov 

argon UUUIS'UIS LC'--UHV1V'l'.. 

Carlo Ru bbia [7J '~~"''''M to the formation of the ICARUS 

[11, 14, 
emission in liquid argon [17, 
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pleted as part of the R&D efforts for ICARUS. This work is complemented by 
systematic studies of factors affecting the electron production and lifetime in 
Argon [19, 20] as well as by a design of front-end electronics and data analysis 
t.echniques [21, 22, 23] again, developed by ICARUS. A major step was the ap­
plication of industrial filters used in the purification process [24] along with the 
demonstration of feasibility of liquid phase purification [25] . This progress has 
led to electron lifetimes of several milliseconds, even in very la rge detect.ors [26] . 

The Liquid argon Time Projection Chamber is a well established and ma ture 
technology. The ICARUS experiment is the first example of its application [27]. 
A successful design, construction and operation of a large 600 ton module [28] 
and the initial results of the collected data [29, 30] is a convincing d('lIlonstration 
of the maturity of this technology. 

Another contribution to the liquid argon imaging detector tpchnology has 
been a construction and successful operation of Thp Big liquid ARgon Spec­
trometer, BARS [33]. This detector const.ructed for the tagged neutrino beam 
at Serpukhov is a testimony to the fact that detectors are usually easier to 
construct than neutrino beams. 

4.2 Principle of Detection Technique 

The following description of the de ection technology and its practical imple­
mentation is based on the ICARUS experience with the T600 module in Pavia. 
It is only a review of a small subset of the available informa tion, judged to be 
the most relevant to the experiments discussed in this let ter. 

The analyzing power of the detector is well illustrated in Fig.4.l. Its salient 
fea tures a re: 

• 	 All cha rged particles produced are detected. The detection threshold is 
0.2 Mev kinetic energy (for electrons). Two track resolution is on the 
order of a few mm. 

• 	 The three-dimensional view of the event is recorded with a voxel size on 
the order 3 x 3 x 0.5 mm3 . 

• 	 Ionization , dE/ dx, is measured locally wit.h an accuracy on the order of 
lOo/c. It allows for good particle identification. 

• 	 Photon conversions are easily detectable with measurable energies. Radi­
a tion length in liquid a rgon is 14 cm (18 cm for photons) 

• 	 Energy resolution for stopping particles is very good. Energy resolution 
for electromagnetic showers is on the order of 6.E / E ~ 0.01/ J(E); for 
hadronic showers it is on the order of 6.E / E ~ 0.2/ J(E) 

A charged particle traversing the liquid argon produces electron-ion pairs. 
The number of ionization electrons produced per unit length of the track de­
pends on the operating voltage. For typical operating conditions at 500 V /cm , 
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Figure 4.1: Hadronic event registered in the T600 module of ICARUS. The 
detector was operated in Pavia. 

the number produce, dQ /dx ~ 55000e/cm see Fig.4.2. A uniform electric field 
throughout the detector volume guides the electrons to collection electrodes. 
The drift velocity of these electrons depends on the electric field strength, Fig.4.3 
typically 1.5 mm/fLsec. This field strength leads to relatively long drift times 
up to 2 msec for 3 m drift distances . This, in turn, will set the requirements on 
the purity of the argon. 

From the measured drift time, the particle distance from the collection wire 
can be determined, thus giving a two-dimensional projection of the event , as 
shown in Fig.4.l. In gaseous TPC's the position of the particle along the wire 
direction is provided by the signal induced by the avalanche on the the set of 
pads positioned behind the collection wire. Absence of an avalanche in liquid 
argon makes this technique unworkable here. Instead , a wire grid (or grids), 
pJaced in front of the collection wires, readout the signal induced by the pass­
ing electrons. With proper biasing these grids can be made transparent to the 

4-32 



, 0- -...... .. .. - - -

H 

, 
, , . 

---­ ·. -- - ··j· .. ·--r -· 
I. 

o 100 200 300 400 500 600 
~M IIJ.45, p2l9 Elcaru: field IV/em) 

Figure 4.2: Number of electrons colle('t~ .d p(~r 2 mm of a minimum ionizing 
track [14]. Open circles represent. data, solid line represents the variation ex­
pected from a simple Onsager recombina tion model. 
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Figure 4.3: Electron drift velocity as a function of the electric field in the drift 
volume [26]. 

drifting electrons and thus not attenuate the signal to be recorded on the col­
lection wirerS]. This technique permits more than one additional coordina te to 
be obtained and provides redundancy for three dimensional reconstruction. 
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4.3 ICARUS T600 Module 

The ICARUS T600 module is a dual 300 ton detector constructed 
scale liquid argon detector. 

in the 
Gran Sasso laboratory, particular, the 
thin thermal can be constructed 
public and is sized to fit 
entrance gate. 

The successful construction and operation of the T600 module is the 
evidence of the of the A fract,ion of the technical 

the T600 are to detectors of 
and smaller, However, some 

those related to the cryostat construction and the systems, are C:"<>f'lr.r' 

to the Gran Sasso We will mention them very here. 

1 Cryostat 

of the cryostat, and the system for the T600 is driven by the 
that the LAr container have to be transported through the Italian 

highways and to pass the entrance of the Gran Sasso 
Laboratory 

Aluminum containers 4.2 x 3.9 x 19.9 m 3 

minum with embedded 
wiched between aluminum skins. 

of 20cm thick Nomex 
aluminum cold shield. 

The cooling is to keep the liquid argon temperature stable 
to 10 C over the entire detector volume, It is based on circulation of liquid 
nitrogen to 2.7 bar with a rate of 8 ton/hour/container. 

4.3.2 Purification 

argon is a fundamental pre-condition of the functional detector. 
For drift distances on the order of 2 ~ 3 mE;ters it is necessary to maint,ain an 
electron lifetime of several milliseconds in argon and this, in turn , that 
contamination of be maintained at the level of 10- 10 

Purification of liquid argon from an initial level of about ppm to 
the level of 0.1 ppb can be achieved recirculation of the argon a 
combination of commercial filters: and Oxisorb 

The T600 module is instrumented with two gas recirculation with 
nominal of 25 and one recirculation 
unit with capacity of 2,5 

The filters are for gas purification. However, 
dedicated studies [25J have demonstrated that they well for liquid argon 
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as welL In liquid phase is much more efficient due to the fact 
that a mass of argon can be in the same amount of time. It has 
also been demonstrated that the level of the is much higher - by 

factor of 100 or more that thE' gas as a result of impurities freezing 
out at the cold surfaces of the 

The level of of several effects; 

• removal of 

• inflow of oxygen due to leaks 

b~''"''''b from warm surfaces in the gap phase of the container, primarily 
the cables 

of the performance of the purification system 
the contribution from leaks to the level was 
level of the 

rate indicates 
that the ultimate purity level would ""'TO'"nrmrl to a lifetime of 13 msec 

Voltage 

The system must, produce a uniform electric field in the drift vol­
ume. The T600 configuration contains a cathode in the middle of the 
container with collection wires on each side of the 
maximal drift distancf' of 1.5 m. The module is 

",o,i,UU'UC runs at a 
in mind, a short successful test run with the 

a.t 150 kV. 
by a commercia.! HV power supply made 

by A novel custom-mi3.de HV was designed and 
built for the specific of the T600 module. can be 

to other cryostats too. 
The uniformity of the electric field is as;,ured a field cage consisting of 

a set of frames constructed from stainkss 
5 the drift direction. The frames are biased 

are 

current drawn from the HV power 


4. Detector 

Electrons produced by tracks in the detector volume drift to the sides of 
the module volume and are detected 3 planes of wire chambers. The first two 

.... so called induction 1 and induction 2 - induced by the 
electron cloud the The third the collection 
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about 300 V with 

The latter conditions a 
very similar characteristics to the other 

of the wires 
time two coordinates of 

with the information from the two inductiOll 
+600 and ~600 with respect to the collection 

three dimensional information. All thrE'e mea­
surements from track the same information, thus 
facilitating the three dimensional track reconstruction. 'Wire within 
each well as the distance between the wire is 3 mm. The 

to planes. 
of the of wire chambers is to assure 

the thermal of the detector cool-down. The problem 
somewhat by a difference of the thermal 

of different structural materials used in the construction 
The chambers are constructed 150 tt 

coefficients 

thick steel wires tensioned 
5 1'1' wires) or 12 N Chambers are constructed in 
a modular fashion with wires cut, spooled and cleaned at remote 
and later unwound and mounted inside the detector. 

A very elaborate tensioning system sets the initial tension of the wires and 
compensates tension increase due to thermal A thermal of the 
entire system tested a 10 ton, ICARUS prototype. None of 
the 1900 wires broke or even reached their elastic limit 

",",cU-·"O.<H flat cables are used to carry the wire 
to the front-end electronics located on top of the detector. All 

out of the 

throughs are therefore at room U"rnn,Pr"::l 

4.3.5 Electronics 

argon time chamber readout consists of a digitized waveform 
for every wire. Given drift velocity of 1.5 a rate 
on the order of 2 iv/ H z sufficient for digitization. Because the signal 
size of the order of 15,000 the most critical parameter of the 
readout electronics is input noise. 

The of the electronics is a commercial 32 channel board CAEi\' 
V791 It consists of a 32 based on the BiC:VIOS a 16:1 

40 MHz 10 bit FADC. There 
boards with different times for the 

for the second induction plane. 

into a with 

planes. 


The electronics noise 
and it is proportional 
detector. For a channel with a 
ratio exceeds a factor of five for a minimum 

Full waveforms for all wires make for a very data volume. This 
data set can be reduced in the stage of the front-end electronics, V789 

a dedicated ASIC hit The data 



or not) are stored in 128kB VDRAJ'vI and eventually, if triggered, transferred to 
the data acquisition system. 

4.3.6 T600 Operation III Pavia 

The complete T600 detector module \'IiaS commissioned and successfully oper­
ated for several months in Pavia. The main focus of this technical run was a 
checkout of the entire system including the cool-down of the cryostat, purifica­
tion of the liquid argon, and check of the detector performance. 

Over the course of the run, tens of thousands of selected cosmic ray events 
were recorded including those with long horizontal tracks [30] Of energy 
cascades. The collected data has provided yet. another demonstration of the 
imaging capability of the liquid argon TPC. It has also demonstrated that the 
cosmic ray and environmental background in the surface detector can be sepa­
rated from other interactions in the volume. 

The analysis of the data provides a valuable feedback for the software devel­
opment, and has produced the first physics I'mlUlts with this technology [29]. 
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hapter 5 

iquid Argon Off-axi 
Detector 

The ICARUS collaboration has demonstrated fundamentals of the argon 
technology: 

.. quantities of argon can be purified commercial filters to 
the levels permitting drift of electrons over several meters 

.. 	 large area wire chambers can be constructed in a manner 

survivability of the cool down process and their at 

temperatures 


.. 	 low noise electronics can be and constructed 

to-noise ratio for detector 
 up to 400 

their 

scale imple­
mentation of such a is even with constraints of 
the underground laboratory. It is a testimony to the success of the ICARTS 

that attempts to detectors at much larger scale are made quite 
frequently in the framework of neutrino factories[34] and/or future under-

laboratories[35]. 

5.1 Overview 

With the fundamental 
vW".H'~HE'V of a and construction of a very 

of a effective 
realizable detector. It should be out that a 

scheme could involve construction of number of ICARUS-like modules. This 
not a cost effective 
It has been recognized that the detector constructed inside a 

vessel represents much more attractive possibility[~'l4]. In this 

proven to be well understood the 

nature and it reduces to a 
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we present a of a possible detpc:tor such a concept. This 
utilizes maximally the solutions used in the construction of the ICARUS mod­
ule. There are several possihle which can be in the 

once the necessa.ry R&D is completed. We describe these 
in Chapter 8. 

we demonst.rate 
effective detector detector 
we use take a 50 kton surface detector 
neu trino beam. 
were studied 
LANNDD 

.
5.2 Liquid argon tank cryogenIcs 

tanks natural 
Several vendors offer a volumes up to 
For purposes in the Bridge and 
several other vendors exist. 

It is to note that the of storage of liquid argon 
is quite similar to that of liquefied metha.ne. The boiling points of argon and 
methane are 87.3 ]{ and 111.6 ]{ respectively. The heat of vaporization per unit 
volume of both is the same within ~ therefore the volumetric boil-off 
rates will be for the same thermal insulation. The main difference 
between the argon and that. of methane sterns the 
difference in their densities: the need to withstand 3.3 times 

pressure. 
to store 50 kton of 000 volume 

and it would tank 30 Tn diameter. There 
are several of storage The one suitable for our 
application is that of a double wall and double roof vessel illustrated in 

To ensure of the tank at the temperatures the inner 
vessel will be constructed from full butt welded nickel stf'ei 
(Fe9NI, A553, I). The outer vessel is constructed out mild steel, Thermal 

1.2 Tn thick of Perlite purged with 
that the boil-off rate of 

or 25 
to stress that this kind of tank is not capable of 

any external loads and in it cannot be evacuated. 
Such a tank is very similar to the tanks constructed for gas industry, hence 

the construction costs can be reliably estimated. CEI quotes an estimated 
cost of turnkey system (excluding external pumps, refrigeration system, 
electrical, instrumentation and controls) is $11 M. This cost does not include 

for High Voltage and but 
within the accuracy of the 
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Figure 5.1: Double wall containment cryogenic vessel, eBl s tandard design 

5.3 Liquid argon and the purification system 

5.3.1 Liquid Argon 

Liquid argon is a by-product of air liquefaction. It is widely used in industry 
for heat treatment, sintering or as a shield gas. An annual production of the 
liquid argon in the US is about 1,000 kton. Specification of industrial grade 
liquid argon lists an oxygen content of 2 ppm, although in practice the purity 
levels routinely seems to be better than 1 ppm[38]. There exist grades of high 
purity, 0.1 ppm, of liquid argon but they do not present a cost effective avenue 
for a large experiment, especially that it may be difficult to maintain such a 
high purity level during the delivery and filling process. 

The typical price of the liquid argon is of the order of $0.40/kg but the deliv­
ery costs may be quite signi fi cant. Following the study for the LANNDD[36] we 
use $0.60/kg as an estimated price for delivered liquid argon. This cost assumes 
that the argon is delivered by trucks. Significant sav ings can be realized if the 
experiment location allows for the delivery by railroad cars. In the following we 
will use a figure of $30 ]v! for the cost of 50 kton of argon. 
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Figure ,:>'2: Liquid aq;on temperature distribution in a axisymmetric tank. One 
balf of Lhe tank is shown. 

5.3.2 Cryogenics 

Thermodynamics of a liquefied gas storage tank is quite different from that of a 
cryostat with active cooling system. Thr storagr tank is, to a good approxima­
tion , a big boiling pot. The tank walls are the heat sources. Warm(er) argon 
rises along the walls to thr top where it cools down by evaporation and sinks to 
a bottom in the middle part of the tank . Th0.se convection currents stabiliz( ~ the 
temperature of the entire volunle tu be uniform within 0.010 Kover thC' Illust 
of t he volume[31]. The temperature a long the walls is 0.10 K higher than the 
boi ling temperature along the walls of the tank , The distribution of the liquid 
temperature throughout the tank volume is shown in Fig.5 .2. 

The boil-off gas constitutes 0.05%/ day of the total mass of the argon, or 
25 ton in our specific case, The cryogen ic system is necessary to re-liquefy this 
gas m(1ss in order to avoid losses of the material. The liquefied argon is pumped 
back into the storage tallk. This system eri sures that the t.emperatun' of argon 
never fa lls bdow that of the freezing point, which is only 30 K below the boiling 
point. 

To bracket the cost of the refrigeration unit we use a specific proposal of 
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Corp. for the LANNDD detector. The estimated cost $2.8 M 
of 100 tan argon per 

Purification 

purity is of the paramount importance and it is critical that the 
system and are in place to ensure that. it is achit:ved. 

The problem breaks out into several components: 

• 	 the delivered argon with levels at 1-2 ppm must be purified below 
1 level 

• 	 tank walls as well as all the materials inside must be cleaned up to 
vacuum standards 

• all gas, especially oxygen, must be removed from the tank volume 

• 	 the tank with all its and must maintain its her-
and present no leaks. 

must be removed from tank volume faster then• 

To set 	the scale of the we point out that 0.1 ppb purity level of 
argon corresponds to 15 l of air inside the tank volume. 

The inner tank after installation of all structural elements, will be 
washed using diluted solution of nitric acid, rinsed with de-mineralized water 
and dried wit.h dry air. The tank will become a clean room and the further 

will adhere to the clean room standards. 
The tank of this construction does not permit its evacuation as a means to 

remove the oxygen. several volume with will 
reduce the oxygen level to a level of about 1 process will 
continue with several purges of the tank volume with gaseous argon injected at 
the bottom of t,he tank. Due to density of the argon the gas volume will 
be stratified with argon pushing the oxygen and nitrogen out of the 
tank volume. This process will reduce the oxygen level in the tank below 0.1 

or in absolute the amount of oxygen in the tank will fall below 

the same set of filters until the desired purity level is achieved. Batches with 
high impurities if any, will be Only argon with the 

purity level comparable to that in the main tank will be transferred to the main 
tank higher at the of the fill and to 0.1 
towards the end. 
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Pure argon transferred to the main tank volume will be contaminated 

the resid ual oxygen in the gRS vol ume and it needs to be purified further and 

this will be provided by the dedicated At the initial 

the fill the oxygen contamination will be thus a simple distillation 
column will a cost-effective means of \Ve a system 
of heated columns with wnt{!t-cooled heat with a flow capac­

a total gas volume 
the later as the 

to remove 
which will be most 

abundant in the initial phase. It is that it will not need to be operated 
the of the detector. A cost estimate for the construction of 

(PRAXAIR) $700K. 
To attain the desired purity level we purification system us-
standard HydrosorbjOxisorb combination with a of 100 tanj hour. 

This will permit a complete liquid volume in a few days in thp 
of the fill procedure, when the total mass of the liquid is relatively 

permitting efficient In the later of the the fill 
process the purity standard for the liquid transferred to the the tank volume 
will be raised accordingly on one hand and the level will be reduced 

the increase of the purifying effect of increased cold surfaces on the other 
hand. 

We expect that the filling process of the 
This of 200 ton of 

of the experiment the 
will be to maintain the purity 

in the gas volume of the tank. 
For this purpose we envisage a gas system with a flow capacity of 
1000 

and sizing of the is based on the operational 
of the ICARUS T600 module. We that the volume-to-surface 

ratio should make the purification much easier in the large detector, hence 
somE' down-scaled system will be suffieient. On the other hand, 

the importance of the argon for the of the detector, we 
feel that substantial overcapacity is necessary to ensure reliable operation. 

The cost estimat,' for truck three 
for the three for the 

will cost abut $2 11,,1. 

The total cost of the and system is esti­
mated to be $12 1I;I. 
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Figure 5.3: Overview of the detector inside the tank. Green planes are the wire 
chambers , cathode planes are in pink , field shaping frames a re red (only one set 
is shown for clarity) . Most of the volume is free of instrumentation and it is 
filled with liquid argon. [Bartoszek Engineering] 

5.4 Mechanical Support Structure 

The inner detector , wire chambers, cathode planes and field shaping electrodes 
will be supported from above by a truss formed by a set of I beams as shown in 
Fig.5.3. 

The total load will be transferred to the floor of the building by vertical 
beams at the periphery of the tank. 

The truss will be use a lso to support a flat roof of the inner tank the insu­
lation layer of P erlite and a gas-proof membrane . The outer tank will have a 
domed roof as in the standard tank design. The inner membrane will be locally 
reinforced to provide the support for front end electronics and the access path. 

Such a flat inner roof/support structure will not be able to take a significant 
load owing to a very large surface area of 1200 m 2

. A system of relief valves and a 
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support thn inner 

mat<:!riab Hmi labor 
5.1 more detailed breakdown. 

5.5 High Voltage 

An uniform electric field of 500 V/cm in the drift volume will be provided 
a of 7 cathode 6 m apart and a collection of field 
electrodes formed by stainless steel tube frames every 5 cm between 
the cathode and the wire chambers as shown in 

HV pOWf'r with 150 kV will be used. HV 
similar to the ICARl:S 

of the 
will be nevertheless 

must penetrate the outer roof, and the gas 
volume in the inner tank. It is of the necessary 
insulator will be of the order of 3rn. 

The cathode will be constructed from thin stainless steel 
sheets and from the I-beams through a set insulators. The 
argon level control will be constructed to ellsure that the cathodes are 

in the liquid. 
Uniform electric field is achieved by linear of the in the 

space between the cathode and the wire is achieved with set 
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Figure 5.4: The drift volume and the field shaping cage. The green beam 
supports the wire chamber, the cathode plane at the left edge is removed for 
clarity. [Bartoszek Engineering] 

of frames constructed from the stainless steel tubes. Four independent resistor 
chains degrade the potential in a linear fashion. The dimensions of the field 
shaping frames conform to the local tank dimensions. The frames are supported 
from the insulated beams perpendicular to those supporting the cathodes and 
the wire chambers. The bottom of the frame is supported off the fioor through 
a set of insulating stands. 

The total cost of the High Voltage system is dominated by the const ruction 
cost of the cathodes and the field shaping frames. Detailed engineering studies 
are necessary for a reliable estimate. Using, as before , $25.00/Ib as an estimate 
of the total construction costs we arrive with the expected cost of $5.7 Tv!. A 
more detailed breakdown is shown in Table 5.2. 
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II Element Quantity Total weight , lbs I Estimated cos t , K$ II 

-II Total ~,744.44 II 

Cathode top beam 1, W36 x 135 1 18,313 
Cathode top beam 2, W36 x 135 2 34 ,912 
Cathode top beam 3, W36 x 135 2 29,210 
Cathode top beam 4, W36 x 135 2 15,764 
Field shapillg electrodes 708 131 ,579 

457.83 
872.80 
730.25 
394.10 

3,289.47 

Table 5.2: Estimated cost of the dements of the HV fidel cage, assuming 
$25 .00lib for the finished product. 

5.6 Wire Planes 

Drifting electrons will be detectedI collect.ed with a set of wire planes positioned 
in t he middle between the cathode planes. The drift distance is 3 m. Two 
back-to-back chambers are detecting electrons coming from opposite directions. 
Every chamber is composed of three wire planes: +300 

, -300 induction planes 
and a collec tion plane with vertical wires. The collection plane is furthest away 
from the cathode plane. 

The wire lanes have very large dimensions: the biggest one is 30 x 40 I'll 

with the wire lengths ranging up to 36 m and t.heir construct.ion will present a 
significant engineering and techn ical challenge. The main issues are: 

• stringing and tensioning of very long wires, 

• large wire capacitance which determines the electronics noise, 

• large forces on the support frame, 

• the survivability during the cool-down phase of the experiment 

The most critical issue is quality control of the produced chamber: wire replace­
ment is not possible on one hand and a single broken wire can short the entire 
drift gap thus taking a significant sect ion of the detector out of operation. 

To minimize the electronics noise it is important to keep the detector ca­
pacitance at a minimum. In ICARUS geometry, with 3 rnm wire spacing and 
3 mm spacing between plane the capacitance of the wire is 20 pF1m. Wire spac­
ing determines the frequency of sampling of charged particle trajectory and the 
minimum track length detectable as a trajectory. For relatively simple topolo­
gies of neutrino interactions in t he energy regime of the NuMI neutrino beams 
a 5 mm wire spacing is fairly adequate. Increasing the wire spacing to 5 mm 
increases the minimum ion izing par t icle signal size by 60% and it decreases the 
wire capacitance (and the electronics noise associated with it) by 30<7:: [32], in 
comparison with the ICARUS case. I t is worth mentioning t.hat the wire ca­
paci tance varies approximately like l/r and further increase of the wire spacing 
offers very slTlail reduction of the capacitance. 
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Since there is no gain at the wire diameter wires can be used in the 
detector construction. We plan to use 150 11 thick stainless steel wire. To 
ensure the wires' stability will be tensioned with 10 N similar to 
that of the ICARUS T600 and constrained with spacers every 5 rn, 

the chamber frame wi!! a force of about 
or 40 tons for the chamber. This wil! 

stiffness, Additional of wire 
the tension uniformity and 

the cool-down phase are addressed by the construction 
below. 

The wires will be in batches of 16 wires. The 16 individual wires will 
be attached with a to stainless and inserted into a PEEK board 

A) which will determines the wire A required of 16 wires 
will be wound on an auxiliary spool with spacers inserted every 5 'TTL The ends 
of the wires will be threaded through another PEEK bar B) which will 
ensure proper wire an the other end of the chamber and attached with 
a slipknot. to a PEEK 

The will be on the upper level of the 
inside the detector tank and unwound the PEEK board 
floor where The PEEK board will be attached to a horizontal bar 
the wire position. Below the bar there will be set,s of 

1.3 each attached to stainless with hooks. wire of the 
chamber will have its own attached to the PEEK ring at the end of the 
wire. This will result in: 

• 	 a construction The accuracy of 
the wire at the construction will be at the level of several em, 
limited by the vertical space for movement of the This may be 
contrasted with the of 100 Jk for the ICARUS chambers. 

• 	 proper tension for every individual wire. This tension will be constant 
all of of the fWI,O'rp";;1 

deflection of the support beam as the as portions of the wire plane 
are installed, 

• 	 procedure to test wire an 
additional test weight on 

• 	 no over-tension and no risk of wire the cool-down process. 
Since the wires have smaller heat than the structure 

will shrink earlier that frames but this will only result in change 
of the of the weights, 

• 	 the of side A allow for a simple mass terminated 
connection of the electronic readout cables 

The described above works well for the vertical of wires. For 
the stereo wires the modifications are minor: the bottom PEEK board B) 
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must be horizontally by 17.3 TTl before attachment to the positioning 
bar. The PEEK board will have channels to the wires through a 
30° turn before the attachment to the ~"l."'JIUUF, 

The chamber construction rlC'scribed ahove will have to be ap­
modified for the insta.llation of ster('o wires that either originate or 

terminate on the side support beams. 
The cost of the chamber construction is to be dominated by the labor 

to approximately and this should be a 
function of number of wires since the component of the 
labor is rather small. 

At present the best estimat.e that it will cost about $0.8 111 to const.ruct 
chamber (6 , hence the total chamber construction is 

ovr,Ol"Dr! to be $5 111. 

5.7 Electronics 

ICARUS collaboration has chain of readout electronics 
which was demonstrated to perform for a surface detector. 
There are several decisions to be made in the electronics area, the 

the placement of the electronics inside or outside the c·r",,"'''''' 
decisions have repercussions for many other detector elements like chamber gC'­

cables, feed-troughs etc .. 
progress in electronics and advances in t.echniques driven 

other detect.ors (like liquid argon of ATLAS) can influence 
the decision regarding readout electronics: better solutions can be had for the 
same cost or the old solutions can 

In this chapter we try to argue that a proven to work detector can 
be constructed with well understood cost.s, hence we all the technolog­
ical choices adopted by the ICARCS collaboration: all electronics outside the 
detector Such a detector can be built and it will as shown by 
the T600 It does not R&D hence it can 

detector can 

several in 
The parameter of the electronics 

first transistor. For the JFET ,,'''..llU.V''JF,,¥ 

ICARUS case, this is ENG = 
""f.',,"uvGHH.. >C in pY The figure of merit if the for the minimum 

track. For the detector described in the sections 5 ~ 25,000 
assuming that the argon is to the level corresponding to the 

electron lifetime exceeding 10 msec. 
The wire capacitance is 450 for the collection wires and up to 520 pF 

for the stereo wires. All the wires are read out on A fraction of the stereo 
wires terminate at the sides of the chambC'r and would require much longer 
cables thus leading to a substantially noise. Three planes of readout 
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provides an over-constrained measurement , whereas two planes are sufficient 
to determine the space point. VVe propose to to read out only stereo wires 
terminating at the top of the chamber , thus ensuring good signal-to-noise ratio. 
Such a scheme will provide a good stereo measurement over the entire area of 
the chamber and will provide redundant measurement over more the 60% of the 
area. The cable length is related to a number of penetrations for feed troughs. 
We envisage a chimney over 3 m to keep the cable length below 4 m, hence the 
cable capacitance below 180 - 200 pF. The heat load induced by a penetration 
is estimated to be 40 W hence the tota l hea t leak of the penetrations will require 
an increase of the refrigeration power by abu t 5%. 

The total capacitance of the detector will be of the order of 650 - 720 pF 
thus giving the expected noise figure of 2200 - 2400electron.s for collection and 
stereo wires respectively thus giving the SIN figure to be 11.4 and 10.4. While 
these numbers are very comfortable, they do indicate that the argon purity 
levels must not fall much below their design values. 

Although we find the overall design of the ICARUS electronics to be of very 
good quality and be perfectly acceptable for a very large detector its imple­
mentation with discreet components is very expensive. It appears relatively 
straightforward to implement this electronics as an custom-made ASIC to re­
duce the price. Another , relatively straightforward improvement could be a 
change of the technology of the input transistor from JFET to bipolar or GaAs. 
It may lead to a reduction of the electronics noise by a fac tor of 1.5 - 2 and 
boost the SIN figure accordingly. 

The readout scheme of the putative detector will therefore be the following: 

• 	 a flat twisted pair cable is connecting the a set of wires to a connector on 
PC feed-through 

• 	 printed circuit feed through is bringing the signals to the outside of the 
thermally insula ted volume 

• 	 short cable is transporting the cable to the FEE board with ASICs located 
in a VME crate 

The cost of production of 300,000 channels of ASIC-based electronics is 
estimated to be $1 NI, including the necessary engineering. At such a level it 
is very likely that the cost of the entire readout system will be dominated by 
other costs: cables, connectors, feed-troughs , VME crates. VVe estimate that 
$5 M should be a safe estimate of the cost of the entire readout. 

5.8 Data Rates in a Surface Detector 

Signals from all the wires will be digitized with frequency of 2.5 H M z . Assuming 
4 bytes per digitization it sets the requirement for the data acquisition system to 
handle data rates of 3 Tbyte.sl .sec. This is well within capabilities of a modern 
da ta acquisition systems but it requires an LHC-class DAQ. 
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or 'pixels' are empty. An advanced 
in t.he ICARUS electronics 

and baseline subt.raction t.hus reducing the 
system factor. The data volume 

induced cosmic muons. The rate of cosmic muons 
t.he detector is about. 200 kHz. Most of them range out in 

upper part of the detector. Their dist.ribution leads to a few 
hit. This is, in a significant factor to be taken into account in 

the of the front end it leads to Ii very 
range of the signals. As a safe upper limit we assume that the average 
number of ,.-irun hit a cosmic mllon is less than 2000. The data rates 

therefore less than 1.6 yluon 
can produce occupancy but are 
to the average data rates. 

In an accelerator with external beam a time 
a beam duty factor reduces the data volume by a factor of 103 . 

the detector to be a tool for a wider range of topics than 
the appearance hence we a more data 

The eventual cost is to be dominated 
and distribution system. can be realized with UU,c.U"',c,u 

or with removal all of the cosmic muons 
from t,he data seti'l. 

We estimate that the cost of the data system and the necessary 
data systems will be the order of $10 M. 

5.9 Total Detector Cost 

The detailed cost estimate does studies. 
The detector described here of but it 

total cost 
argon, systems, 

whose costs are well known as the scale of our U,JVU.,"U 

typical in the industrial 
This cost may be contrastl.'d with the construction cost of 1.2 kton ICARUS 

which is of the order of $25 M. The difference is and must be 
It is due to the difference related to the space 

of the Gran Sasso and to the advances of 
","Uuup,'"" of the detectors in 

terms of the volume to surface ratio. As an a total number of wires 
for 40 times Off-axi;;; detector is five times that that in the 
T1200. It is instructive to point out that the cost of the liquid argon is 
dominant cost of the large detector is a minor cost element of the T1200, 

Here the main differences betw<::en the Off-axis detector and the T1200: 

.. industrial tank vs custom with the 
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Table 5.3: Estimated cost of the 50 kton Off-axis Detector. 

active thermal shield. The cryostat and associated costs cover 
about of the T1200 module. 

• 	 discreet electronics (the second largest cost is a very 
solution. Advances in the electronics area make custom ASIC 

much more economical solution. The scale of the necessary readout elec­
tronics is very similar to the electronics of upgraded silicon detectors 
of DO and CDF, hence the cost estimate is realistic. 

volume of the detector allows for mechanical solutions for the 
inner detector system, thus the construction costs 

On the other hand it appears that the cost of the 
detector appears to be <.,VUllHL, or even lower that that of an inferior 

calorimeter detector. This can be understood as a do to the 
following factors: 

• 	 a detector hall for a very detector has a cost associated 
wi th it $25 - 30 .AI. This that the cost of the 
tank. 

• 	 the cost of the argon is to a OSB absorber and within 
50% of the cost of of the 

• 	 number of detector channels is comparable or smaller in case of 
the liquid argon drift distances. These detector 

are provide far more detailed information 
than the traditional detector. 

5.10 Detector Site 

To first the optimal site location for neutrino oscillation detector is that 
which maximizes 1.27 For the present best value of the 
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f':"m 2 , the oscillatory term is maximal for an L/E of 450 to 500 km/GeV. i\tlatter 
effects favor a longer baseline (L) while flux considerations (number of events) 
favor a shorter baseline. The NuMI off-axis beam at an off-axis angle of "-'13.7 
mrad exhibits the best combination of maxilllum flux and sharp peaking in 
energy. This corresponds to a mean beam energy of around 2 GeV giving an 
ideal baseline of 830 to 900 krn. 

Further desirable characteristics for the experiment site are: 

• 	 access by rail to minimize transportation costs, 

• 	 proximity of a highway that is maintained year-round, 

• 	 stable local geology, 

• 	 location not too close to a populated area, 

• 	 availability of a wide lateral arm (i.e., spanning a range in off-axis angle) 
so that the choice of exact location can be made to optimize the physics 
potential. 

A location which satisfies all t.hese criteria is locat(,d near t.he western bound­
ary of the Canadian province of Ontario. The nearest town, Fort Franc('s, is 
about 60 km west and borders the American city of International Falls. The 
small village of Mine Centre is about, 15 km east of the site. The central NuMI 
beam axis is about 8.7 km above the surface at this point and the site for the 
13.7 mrad off-axis beam is then about 8.6 km eas t. of the central bearnline. Just 
as an illustrat.ion of the siting fl exibility associated with this location, we notice 
that there is also a suitable site at the 12 mrad off-axis. Sites to the west of the 
central beamline would be located in a First Nations reserve and so were not 
considered further. 

All sites to the east of central beamline are on crown (public) land and so 
land use should not be an issue. It is possible to locate the detector quite close 
to the railroad. Depending on how close it is feasible to get, rail spur costs can 
be as low as several hundred thousand dollars. All sites are a few km north of 
Trans-Canada Highway 11 which is a main highway maintained year-round. 

The major port city of Thunder Bay is around 360 km east allowing for the 
possibility of transporting the lifluid argon by ship most of the way and then 
transferring it to a train for final transport to the site. The basic underlying 
geology of the region is granite, hence the area is very stable geologically. 
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Chapter 6 

Small Liquid Argon 
Detectors 

Experience gained with successful construction and operation of ttl(' T600 mod­
ule of ICARUS allows for a relatively straightforward design of smaller detectors 
suitable for Fermilab's neutrino beams. They can be placed in the near MINOS 
hall or in a dedicated new experimental hall in the MiniBOONE beam. As an 
example we describe a possible design of a 40 ton detector, T40[51J, but with a 
relatively straightforward extrapolation such a design can be scaled to detectors 
in the range 20 - 100 tern. 

6.1 T 40 Detector 

The detector is constructed as a cylinder filled with liquid argon (see Fig.6.1). 
A vertical wire chamber (item 1) is aligned along the cylinder axis and splits 
the volume into two drift regions (left and right). 

A horizontal and uniform electric field is generated in each region by a cath­
ode (4) and a syst.em of field shaping electrodes(3). 

The chamber is built of two sets of wire planes. An additional central 
grounded wire plane screens the left and the right sets one from the other. 

Signals from wires are brought to the front-end electronics, outside the cryo­
stat, through twisted pair cables and low voltage feed through flanges (5) . Two 
high voltage feedthroughs (6) are used to bias the cathodes and the field shaping 
electrodes. 

The vacuum insulated and liquid nitrogen cooled cryostat is built of an 
inner vessel and an outer vessel , with vacuum in between. The inner vessel is 
surrounded by a dimpled surface jacket welded to it and refillable with LN2. 
Three square frames are part of the outer vessel. They are used as bases for it 
and as supporting frames for the inner vessel. Wrapping the inner vessel and the 
LN2 jacket by super-insulation layers and suspending them to the outer vessel 
frame by three steel belts (11) minimize the heat input . 
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Figure 6.1: T40 Detector: cutaway view. 

The main parameters of the T40 detector are reported in Table6.1. The 
low nitrogen consumption allows operating the detector with a reduced size, 
refillable nitrogen storage dewar. 

A relatively small size of the described detector wit.h respect to the T600 
module of ICARUS allows for significant simplifications of the construction and 
cryogenics, vacuum insulation being the prime example. 

Construction cost of such a ddcctor can be reliably estimated from the 
experience of the ICARUS module construction[52]. 

These cost estimates, Table 6.2 are valid for a construction in a surface hall . 
They are probably accurately estimate of a construction in a possible new hall 
in the MiniBOONE beam. A constructioIl of a possible T40 class detector in a 
near MINOS hall (Fig.6 .2 would be complicatC'd by the size of the Nu?vII access 
shaft. In this case the cryostat needs to be constructed in place, nearly doubling 
the estimated cost of the cryostat. 
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Active liquid argon sizes <I> = 2.4 m, L-6_0 m 
Active liquid argon mass 38 5 Ton _
Number of drift regions 2 
Max drift lengths 2 1.2 m 
Maximum required high voltage 60 kV 
Number of cathode planes 2 
Number of wire chambers 1 
Number of readout wire planes 4 
Orientation of readout wires 0, 90 
Number of readout wires 5632 
Heat Input 
a) Radiation (with wr = 1 wa ttjm2) 72 W 
b) Conduction (cables + mech_ supports) 240 W 
Tota l 312 W 
Equivalent liquid nitrogen consumption 0.2 m 3 jd 
Dipole magnet (warm, B = 0.6 T) 
Copper weight 60.2 Ton 
Power @ 35 kA 2.5 MW 
Iron yoke 900 Ton 

Ta ble 6.1: T40 - Parameters 

6.2 	 Near Liquid Argon Detector In an Under­
ground Hall 

An operation of a liquid argon detector in an underground hall requires careful 
analysis of the installation and operat ion and the safe ty aspects. 

To put the upper limit on the associated costs we have considered the case 
of the operation in the near MINOS hall, some 100 m underground[53]. Instal­
lation and operation in a dedicated hall in the MiniBOONE beam would be 
considerably easier and cheaper, but such an experimental ha ll would have to 
be constructed. 

Cooling would be provided by liquid nitrogen piped through vacuum insu­
lated lines from the surface and the gaseous nitrogen returned to t he surface. 
There would be no liquid argon storage on the surface: the tank would be fill ed 
directly from the supply trucks. If necessary the argon would pumped to the 
surface a nd vented . A detailed study would be required to evalua te and mitigate 
the oxygen deficiellcy hazard , but an it is not expected to be a major issue. 

Underground operation will lead to significant costs of the additional equip­
ment, installation and testing and analysis of the safety requirements. 

These costs are estimated to be $250 K for materials and services, 70 man­
weeks of engineering effort a.nd 178 man-weeks of technician effort. 
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Table 6.2: T40 - cost estimate 
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NEUTRINO BEAMUNE MlnH.AtHXl T40 

MINOS NEAR DETECTOR 

Figure 6.2: T40 detector located in the near MINOS hall. The near MINOS 
detector serves as a muon catcher. The detector is raised to the nominal height 
of the incoming neutrino beam. 

6.3 Magnetic Field? 

The possibility of operating liquid argon TPC's in magnetic field is, by far, the 
most interesting implementation of this kind of detector. This feature allows 
easy muon sign discrimination and momentum evaluation. At beam momenta 
lower than 5 GeV Ie, with a magnetic field intensity of 0.6-1.0 T, calculations 
indicate that the sign discrimination for e that initiated an electromagnetic 
shower becomes possible too. The main parameters for a possible configuration 
with a dipole magnet are indicated at the end of Table6.1. 

Such a configuration would enhance the physics potential of T40 detector for 
the studies of low energy neutrino interaction and it would be of major interest 
for the future experiment at neutrino factories. Given the cost and associated 
complications one would probably consider addition of a magnet as a second 
phase of the possible experiment. 

6-58 



1 

Chapter 7 

Double Beta Decay 
Experiment with a Liquid 
Argon Imaging Detector 

Double beta and neutrinos 

nature of thf' absolute neutrino mass 
scale and is the 

foreseeable future. 
The data from wi th their theo­

with the mass 

effective Majorana electron neutrino muss if the massive neutrinos are Majo­
rana particles and the neutrino mass spectrum is of the type 
or with inverted In many thpories of th(; fundamental 
interactions that the massive neutrinos are 
iments with even higher sen:;itivities of tIl(; solar LI-mass 
of interest for further studies in case of normal 
of the CP violation. 

Since OvfiFJ events are processes, the 
"",;-·"C.CLIC low-background detl'c­

selection of the signal from background events. The 
matrix element welL it is 

event to perform at least two or three 
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independent experiments utilizing different isotopes and methods. Here the 
different methods should include the calorimetric method with active source 
detectors and the spectroscopic ,B-tracking method with exte rnal sources. 

7.2 	 MOON 

The nucleus looMo has large responses for both the ,B,B decay and low-energy 
solar and supernova v's [57J. Thus Majorana neutrino masses and the charged­
current interaction of solar and supernova v's can be studied effectively using 
lOoMo. 

The MOON (Molybdenum Observatory Of Neutrinos) project [58J is a hy­
brid ,B,B and solar v experiment with planned sensitivity to Majorana mass of 
the order of < mv >~0.0.3 eV as well as capability for spectroscopy of pp and 
7Be solar v 's. 

The two,B rays from looMo are measured in prompt coincidence for the Ov(3{3 
studies. The large Q value of Q~ll =3.034 MeV gives a large phase-space factor 
GOv to enhance the Ov,B,B rate , and the energy and angular correlations for the 
two ,B-rays are L1sed to identify the v-mass term for the OV,8,B. 

Low energy solar-v captures are measured in delayed coincidence with the 
subsequent ,B decay of the 16-second daughter looTc. The low threshold energy 
of 0.168 MeV for the solar-v and the large capture rates allow real-time studies 
of pp and 7Be v's . With a low threshold energy and large GT and spin-dipole 
strengths, lOoMo is also sensitive to electron v's from supernovae. 

The measurement of two ,B-rays (charged particles) enables one to localize 
in space and in time the decay-vertex points for both the Ov,B,B and solar-v 
studies. The localization is crucial for selecting Ov,B,B and solar-v signals and 
for reducing correlated and accidental backgrounds . 

MOON is required to have a large amount (~ one ton) of looMo isotope 
(whether natural or enriched) and good energy and position resolutions. Re­
search and development of possible detector options are in progress. They in­
clude supermodules of plastic fiber scintillators, liquid scintillators, cryogenic 
bolometers and others. The Mo source and scintillator are to be purified to the 
level ofl ppt [59J. 

7.3 	 Double Beta Decay Experiment with Liquid 
Ar 

Liquid Ar detectors have several merits for studying Ov,B,B. We briefly discuss 
the energy resolution , the position resolution, and the background rate, which 
are crucial for high sensitive studies of double beta decays. 

The energy resolution of the liquid Ar detector itself is very good as shown 
in Fig.7.1 [60J. A significant contribution to the energy resolution is due to 
the energy loss in the Mo foil. Noting that the two beta rays from the Ov,B(3 
event are emitted opposite with each other, we measure such 2,B rays above 0.5 
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7.1: The spect.rum of measured with liquid argon 
ionization chamber. The erl('rgy limited is 
0.015 at E 976 keV 

MeV. Then the energy of the sum of the rays is as FWHM = 
1) 1 where bE is the foil thickness. theMo foil wit,h 30 mg / 
FWHM 20 keV, which is 0.7 Thus it is to carry out 

resolution (FWHM s: 1 (;{ even with the Mo foil. 
The BG of the AI' detector comes from t,he of the 

/2 = 33 y and Q 0.6 MeV to which 
= 12,4 hr and Q = 3.52 MeV The fJ 

aME 2.61026 

where a is the impurity ratio E is the efficiency and 1\;1 is the mass ratio1 

of Ar to Mo. /vI can be 1'vi ~ 30 to stop most of (3 rays below 2 MeV. The 
is estimated to be E 

with the half-life of 12,4 hr can be 
~ • It is noted here that most of th!' .8 rays 

by looking at the 
by Thus the GBG rate per 

year ton is a 1.5 
It should be noted 

window because of the 
that most, RI do not 

(3 can be 
the Q after 1O().-200 micro sec. 
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~ Th~ 42 AI' impurity is reported to be a ::; 10-21 . Then one gets y(42 K) ::; 
l.o 10-. This corresponds to the neutrino mass sensitivity of the order of 50 
meV for 5 year measurement with 1 to looMo. Thus we need R&D to reduce 
further the impurity of 42 Ar to the level of::; 10-22 in order to achieve the mass 
sensitivity of the order of 30 meV. 

The 2v(3(3 contribution to the Ov(3(3 window can be negligible in the present 
case of the energy resolution of FWHM = 1 '" 2%. 

The position resolution is required to reduce the 2v,B(3 BG at the solar neu­
trino window. The inverse (3 ray from the 7Be solar neutrino is measured in 
the delayed coincidence with the successive (3 decay of looTc. Using the time 
window of 30 sec, The accidental rate at the 7Be window is 

Y((3(3) = (' 2.6 107 K- 1 
(7.2) 

where (' is the efficiency and K-I is the position resolution in unit of ton. 
Assuming a modest efficiency of (' '" 5%, the position resolution of around 
K-I = 10-7 is required. This corresponds to 0.1 g of looMo, i.e. 2 cm x 2 cm 
for the foil with 30 mg/cm2 

. This is well within the capabilities of the liquid 
argon detector. 

The liquid argon TPC detects two individual (3- tracks emitted opposite to 
each other to identify the Ov(3(3. This is unique among other high sensitive 
calorimetric experiments . 

7.4 Liquid Argon Detector 

The detector takes advantage of the Mo foils using them as cathode planes. 
The drift distance required to contain fully the electron tracks is 2 cm, hence 
the argon purity requirements are relaxed by about two orders of magnitude 
compared with the ICARUS module. 

The fundamental detector cell consists of a cathode plane and two wire 
chambers (two wire planes, X and Y, each) on either side of the cathode for a 
total thickness of 5.5 cm. To ensure required position resolution the wire pitch 
is 1 em. As every cell provides a complete measurement of the Ov(3(3 decay the 
detector can be constructed in a modular fashion, if so desired. 

A detector for 1 kton of enriched molybdenum appears relatively straightfor­
ward (especially in comparison with the enrichment itself. It would be somewhat 
smaller than ICARUS test module and it would contain about 400ton of liquid 
argon. The main parameters of a possible monolithic detector are summarized 
in Table7.l. 

Such a detector can be constructed using the existing technology, the prime 
challenge being the molybdenum enrichment. The most critical detector perfor­
mance parameter is the energy resolution which is , turn, limited by electronics 
noise, which is rela.ted to the detector capacitance. The wire capacita.nce is min­
imized by relatively large wire spacing and little improvement can be expected 
here. 
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Table 7.1: Parameters of 1 kton detector 

of a new amplifier other than JFET 
is one avenue. The improvement can be attained by 
ment of a cold version of the readout electronics which is mounted directly on 
the chambers inside the cryostat. Such a solution would eliminate the 
which are the dominant contribution to the source Low 
temperature would reduce further t.he electronics noise. 
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Chapter 8 

Proposed R&D Program 

In the preceeding chapters we have argued that a liquid argon technology with 
the very fine spatial granularity, good energy resolution, good particle detection 
and identification and imaging capabilities opens a qualitatively new phase in 
neutrino experiments. 

This is a mature technology. Detectors can be constructed based on the 
knowledge we have in hand and they can be surprisingly inexpensive. It does 
sound too good to be true. The primary goal of the proposed R&D program is to 
establish a credibility of this proposition . Once this credibility of the technical 
claims is established we envisage a number of possible improvements to the 
existing technology, thus making the detectors cheaper for a given performance, 
better for a given cost or more reliable. 

A successful completion if the R&D activities described below is necessary 
to make credible and defendable proposals of the future experiments. Total 
required resources are: 

• 	 12 months of engineering support 

• 	 200 K for materials and services 

• 	 space and technical support for the construction of the small detector 
prototype 

8.1 	 Establish Credibility of the Experimental Pro­
posals 

In this letter we have made two assertions: 

• 	 high-performance liquid argon "Near Detector" of 40 kton class can be 
constructed by simplifying and scaling down the ICARUS T600 module. 
Such a detector can be constructed in a relatively short time scale and it 
would offer a very attractive neutrino physics program 
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the industrial 

Given the in terms of the we think it is 
very important to demonstrate of these claims. This is the 

of the R&D program. 

8.1.1 'T40' 

The detector is and scaled down version of the ICARUS module. 
The main differences are: 

• 'lIJJ.'l";U vacuum insulated 

• 	 should have little 
and construction 

All of the technical aspects of such a detector are 
the ICARUS collaboration. of the first. technical 
the chief obstacle in a detector ''iTe propose to address this 
a in colla.boration with the ICARUS of a small TPC 
module as a means of thE' transfer' 

A successful to be in the 100 l of 
liquid argon, 80 em drift distance range, will an important proof of the 
relative maturity of the itself. Such a chamber is under construction 

bits and borrowed from ICARUS and from various Fermilab 
To maximize the chance of a succpss this project some $lOOK to procure 

filters etc.. With the collaboration of the 
this 	 no later than 

for an 	 small LaR TPC 
related 	 in ,,"Vl.1UllCU 

locations and the related cost For the case of an 
located in the near i\lINOS hall additional costs of an 

construction must be An initial shows that all the prob­
lems can be addressed with no serious cost but we expect that 
some ::l months of work necessary to ha.ve full confidence in the 
conclusions. 

8.1.2 50 kton Detector 

This is 	 of the ICARUS module based of the established facts: 

• liquid argon can be 	 to levels drift distances up to 3 m 

• front-end electronics can be build to ensure ra.tio for 
detector up to 400 pF 
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The primary challenge in scaling up to much larger detector volume is to 

design a cost-effective detector while maintaining the detector performance. The 
latter reduces mostly to ensuring sufficient liquid circulation capacity through 
a set of commercial filters. 

Cost effective solution for the large detector design is accomplished by re­
placing modular custom-made cryostats of ICARUS with an industrial grade 
liquifid das storage tank. This replacement provides the most of the cost sav­
ings, but it leads to a natural question if such a tank will permit the required 
purity level of liquid argon to be achieved. It is a very relevant question as the 
large tank solution requires that evacuation as an initial stage of cleaning must 
be replaced by several purges with nitrogen and argon. 

The question of the ultimate argon can only be answered in situ with the 
ultimate detector, but a high level of confidence can be achieved by detailed 
engineering studies of the material purities and the purification process. To 
this end we plan to use the small test chamber mentioned above to investigate 
the relevance of various cleaning procedures as well as the influence of materials 
likely to be used in the final detector on the argon purity level. It is expected that 
the studies of the purification process will involve industry producing purifying 
filters. One of the suggested tests may involve purification of the liquid argon 
in one of the commercial nitrogen storage tanks available at the Fermilab site. 
\lVe expect that the studies of the purification process and the achievable purity 
levels will require 3 months of engineering and $100 K. 

Apparent simplicity of the ultimate detector suggests that the cost estimates 
may be fairly realistic. The devil is in details, though, and it may be that 
significant costs may be hidden in the details ignored so far. We estimate that 
6 months of the detailed engineering effort is necessary to produce very reliable 
material and construction cost estimate. 

Very significant cost savings , with respect to the ICARUS module, can be 
realized by implementation of the front end electronics in a customized ASIC. 
We consider this step to be well understood and not requiring a proof of feasi­
bility. On the other hand, various further improvements in the electronics are 
desirable for the real experiment and they will be described later. 

8.1.3 Double Beta Decay Detector 

Feasibility of the liquid argon-based double beta decay experiments depends on 
the background levels attainable with sheet geometry on one hand and induced 
by Ar42 on the other hand. These background calculations wili be carried out 
by Osaka. and University of Washington groups. 

Achievable spatial and energy resolution wili be limited by the electronics 
noise of the detector. Optimization of the wire readout system, for example 
multiple induction planes to reduce the electronics noise, wili be carried out 
with the prototype mentioned earlier. 

A significant improvement can be achieved by further improvements of the 
low noise, high gain preamplifiers. 
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8.2 Future/Further R&D Efforts 

Having all the results of the ICARUS efforts and profiting from a close collab­
oration with this group we estimate that this phase of the R&D can be carried 
out within one calendar year a nd we expect it will lead to proposals of specific 
physics experiments. 

Being confident that these experiments will be judged important enough to 
become a part of the scientific program of the Laboratory we envisage further 
program of R&D aimed at the further improvements of the detector technology 
and data analysis techniques . 

These studies will include: 

• 	 studies of other techllologies (bipolar or GaAs) for the front end electronics 
to reduce the input noise and to improve signal-to-noise ratio. 

• 	 studies of a possible solution for cold electronics (i.e. electronics inside 
the cryostat) to reduce further the electronics noise hy elimination of the 
cable capacitance and to reduce or eliminate problems related to cables 
(ou t-gassing, feed throughs, etc). 

• 	 optimization or simplification of the front end electronics using modern 
industrial solutions (for example modern FADC for every channel instead 
of the multiplexing, FPGA arrays for the cluster finding, etc .. ) 

• 	 investigation of data analysis and event reconstruction techniques for four 
dimensional (including floating TO) data 

• 	 investigation of da ta compression, data organization and data storage 
technologies for the massive amount of data expected from the free-running 
surface detector 
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