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ABSTRACT 

We propose to build a liquid argon/iron hadron calorimeter to be used 

in conjunction with the HPWF muon spectrometer to study the neutral current 

interactions of neutrinos at Fermi1ab. The device will have an energy reso­

1ution of o~ = 0.5/1~(Gev), and the ability to measure the direction of 

the hadrons shower with an accuracy of o(8 ) = 0.004 + 0.6/~ radians. We
H

propose to carry out detailed studies of the cross sections as functions of 

X = Q2/2M V, Y = v/Ev and W2 , the invariant mass of the hadronic final state. 
p

We will also be alert to any anomalous production of muons associated with 

neutral current events. We propose to situate the calorimeter such that 

only neutrinos from K meson decays enter the target. This ensures that the 

neutrino energy is known to better than 10% and that large kinematic ranges 

in x and yare covered. 
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I. 

After four years of experimentation in neutrino physics at Fermilab it 

is clear that we have only scratched the surface of the wealth of information 

to be gained from this exciting field. Several anomalies exist in charge 

current interactions that point to new and very interest phenomena such 

1,2 
, very little is known about neutral current 

interactions; it is reasonable to expect much excitement to be generated by 

careful and detailed studies. 

The present data from neutrino often lack statistical power 

and, in the case of neutral currents. also lack te of \) and 

2Q (or x and y), to a11m.. detailed studies to be made. These limitations 

induce theorists to use the data much the way drunkards use lampposts {for 

3support rather than 

New techno allow the construction of an apparatus 

which we believe compares favorably with efforts at CERN in both 

capabil and time scale for the study of neutrino induced neutral current 

4
interactions with the dichromatic beam under construction at Fermilab.

We propose to build such a detector. 

"le first discuss the physics motivation behind such an endeavor. He then 

describe the proposed apparatus and compare it with existing s at 

the CERN SPS. 
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II. Ph~~~~~. Motivation 

With the discovery of neutral current phenomena a few years ago we now 

face a situation similar to that encountered in the early days (t ~ 1957) of 

B-decay: we now must determine the nature of the effective Lagrangian governing 

neutral-current phenomena. The processes which have been observed include 

~ vv + N + hadrons 
lJ )l 

v + N + hadrons~ v 
lJ 	 )l 

v -+ p+ e v 	 + 
U 	 \I 

v + e -+ 	 \' + e. 
e 	 e 

33
A fairly 	general candidate effective Lagrangian for these reactions is
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33
In constructing such a Lagrangian several vital assumptions are usually made. 

These include: 

(1) The neutrino emitted in v-induced neutral current processes is the 

same type as the incident neutrino. This Must include helicity: if neutral 

currents proceed through 

v + N ~ v + hadrons
uL IJR 

this would imply the existence of a new degree of freedom, and concomitant 

7,34
sca 1ar, pseudosca1ar or tensor neutra1 current coupIings. 

(2) The nonexistence of off diagonal neutral current reactions, e.g. charm 

changing processes such as v~ + u ~ v~ + c • While the absence of ~S = 1
i i 

neutral currents and the motivation for charm (GlM mechanism) suggest their 

absence, this is not an ineVitability and should be tested. 
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(3) The correctness of the 4-fermion nonderivative c structure 

of the ian. 

(4) The use of the frac tionally quark structure. One might 

be able to build a Pa 
35 36scheme, ' ,.,rith broken color degrees of 

freedom, which might look very different from the assumed ian. 

These assumptions. and ethers can be tested in a high statistics high 

resolution neutral current These tests might include: 

(1) Detailed studies of the x and y distributions of the neutral current 

cross section. Helicity with spin-zero favors neutrino 

sea ; in the limit this results in a distribution (y = Ehadron/Ev) 

for the inclusive cross section. The CITF group has studied this distribution 

8and finds it relatively flat. If the neutral current is diagonal, as is 

assumed, then for the (S, P) case the pure V or pure A cases) 

do(v ~ v) ~ do T 

7 we know this is true. The behavior of these cross sections as a function 

of x ~ Q2
12m v and y will give information on the detRiled structure of the neutral 

p 

current and allm., a statement on combinations of S, P, T and V, A 

interactions to be made. Combinations of this sort are not ruled out by any 

data at present. 

(2) Searches for of narrow resonances in the invariant cross 

sections as a function of • the invariant mass of the hadronic system. Any 

narrow structure would ind the excitation of new of freedom. As 
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in the tion of charm by charp,ed currents, the existence of s " 

muons would I the ton of new (or old, like charmed) particles 

and so off diagonal terms. 

2
(3) Measurements of the E and 0 dependence of neutral current processes

v 

would indicate whether any non-derivative terms manifest themselves at high 

32 

35(4) It has recently been pointed out that a clean test of the hypothesis 

that hadronic gauge color is 1 are ly ) and 

that it is excited at low > 50 GeV) is nossible
'v ~ 

accurate measurements of neutral current cross sections at 

It is noted that within this one expects to see significant rises in 

the neutral current parameters due to color excitation; rise 40 

to 45%, 0NvC 60 to 65%, R = cr 
V 

Icrv should rise about 20% and R about 10%. 
v - NC CC ' 

The authors also remark that, unlike the situation with ed current scattering 

where either new flavor or color excitation may lead to a rise in these 

, rises in neutral current cannot easily be attributed 

to new flavor thresholds within the SU(2)w XU(I) gauge structure. They suggest 

that rises of this sort unamb to physical color excitation. 

Since the charged current neutrino cross section will be known quite well 

by 1979 we can use these events to directly measure the flux of neutrinos 

and antineutrlnos incident on the detector. This will also allow careful 

of and dcr/dxy for and neutral currents to be made 

with little or no inherent systematic differences between the two data sets. 
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sons of the production of rnultirnuon final states for and neutral 

currents are also easi made. 

We also note that because of our of the hadron direction we have 

3 constraint fits for all current interactions; we only miss the mass 

of the hadronic system. Giving up we have a 2 constraint fit. This power 

will allow us to check any details that may have been seen or hinted 

at in other ; we have a high resolution nrobe of the details of 

charged current processes. 

In all of the above studies the tant variables are x = 0 . 
2

12mp v, and 

y = viE. It is essential to have the best possible resoltuion in x and y and 
v 

the t range, in y, if we are to make tnnt statements 

about the structure of the weak interaction. It is here one decides to sacrifice 

statistics for accuracy and a large kinematic acceptance in these variables. 
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III. 	 tus 

We propose to build a iron/liquid argon calorimeter that would 

be used in conjunction with the Harvard-Penn-Hisconsin-Fermilab muon 

spectrometer with its spark chambers replaced by drift chambers. A 

of the proposed experimental setup is given in Figure 1. An eng 

of the proposed calorimeter is given in Figure 2. Details are in 

Table 1. 

A. 

The proposed calorimeter is contained in a dewar tely 14 meters 

and 4.7 meters in diameter. The calorimeter plates are steel. 1.5 mm thick 

and 3.6 m x 3.6 m square. Each is made up of 4 sections 3.~-m x 0.75 m 

x 1.S mm; there are 1400 such plates. These plates are divided into 140 sections 

of 10 plates, every two plates of which are followed by a set of 2 planes of 

steel s 2 cm wide and 1.5 rom thick, 3.6 meters The s are 

oriented in the x and y directions. This ts a measurement of the direction 

of the shower, as well as its energy, as will be discussed later. 

A s ting these ideas is ~iven in Figure 2. Several 

engineering studies of different configurations have been made. The 

final size of the is determined the of the neutrino 

beam '"hich in turn is determined by the spot size of the primary proton beam 

at the t . To come up with a size of 3 m x 3 m for the fiducial area 

of the tes we assume a spot size of 1 rom. which a 

pion and of 0.22 mrad. This means that at 1 mrad the 
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Active Dimensions 

Length 

Sampling Step 

Sampling Counter (Energy) 

Sampling Counter (Angle) 

Hodularity 

Total Quantities 

Average Quantities 

Performance 
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Tahle 1 

Target Calorimeter 

23.6 x 3.6 m 

12.5 	m 


2

1.5 mm iron (1.18 p,m/cm ) 

Liauid 	arron, 2 mm thick, iron plates 
23.6 x 3.6 m 

Liauid argon, 3 mm thick, iron plates 

3.6 	m x 0.02 m x and y, every 16 mm 

2
140 modules of 10, 3.6 x 3.6 m x 1.5 mm 

2
plate5 and 	5 sets of 3.6 x 0.02 In x 1.5 mm 

x and y strips 

Tar~et weight 327 tons 
Target thickness 4089 gms/cm 2 

Total weight 788 tons 
30,000 channels of electronics 

3
Density p' = 4.17 gIns/cm

Radiation length: 8.75 cm 

Interaction length: 34.7 cm 

Vertex Resolution 


" c 0.6 cm 


Shower Direction 


,,(e ) = 0.004 + o.~~Gev)
H


or ± 10 mrad at 100 GeV 


Hadron Energv Resolution 


0.5 =-­

IE(H) 



9 


divergence of the neutrino heam is almost deterMined by the decay 

tics of pion and K-meson 

We can make use of this effect to almost comple elimina te the 

neutrinos from the detector and only accept kaon neutrinos, which will allow 

the energy to be known to ± 9%. This d on the angular 

of the charged particle beam and its momentum resolution, assumed here 

to be ± 9% • This momentum completely dominates the of E . 
v 

If the detector is enough to detect neutrinos at ± 1 mrad. centered 

at about 2 mrad, a fraction of the kaon neutrino spectrum is 

in a s exposu:r;;,e. This is discussed further in the section on the beam. 

The dewar follows standard practice. Its construction 

will be double walled steel with the space filled with superinsulation and 

evacuated. The supports will be low heat loss columns of the type used at 

17Fermilab for The heat loss per column should be 

roughly 100 milliwatts. 

Both ends of the dewar will be removeable to facilitate construction of 

the calorimeter, which will from the Ie out in both directions. 

The support columns have air of the tyoe used on spectrometer 

at at the base. This will allow the calorimeter to be moved 

into after assembled in an open region. 

The cooling will be carried out with liquid through heat exchange 

coils inside the dewar. A reservoir will be to store the argon 

between fills and also to serve as a continuous durin~ operation. The 
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purity of the liquid argon will be continuously monitored and purification 


20

initiated when necessary; the indiCAtions are that purification will not be 

required very often. Figure 3 illustrates the liquid argon monitorinr, and 

purification system. 

He expect the total heat loss from the calorimeter to be less than 4 ,.,atts. 

The choice of the size and composition of the calorimeter were dictated 

by the desire for full shower containment and the best possible energy resolution 

coupled with a large acceptance, as discussed above, and good measurement of the 

direction of the shower. We discuss each in turn. 

Showep Containment 

Measurements of hadron shower development at 100 GeV in an iron-plastic scin­

31tilla tor calorimeter has recently been made by a CER~J group. The data show the 

somewhat surprising fact that the showers do not spread out radially as they 

develop horizontally; the shower is cigar shaped. This indicates that, in 

31
iron, only 30 em need be allm-led radially to totally contain the shower. 

A group at Oak Ridge 21 has calculated sho,.,er development in iron-liquid 

argon, iron-plastic scintillator, and uranium-liquid argon for a variety of 

hadron energies. Indications are that in order to contain at least 99% of 

a hadron shower greater than 6 collision lengths (3 absorption lengths) 

horizontally with respect to the axis of the shower development must be allowed. 

20 31 22 22
Measurements by two CERN groups ' and by CITF and HPHF verify these 

numbers. This is illustrated in Figure 4 taken from reference 20. 

We have allowed 6 collision lengths horizontally in order to insure that 

we have essentially complete containment. lole have also allowed 5 collision 
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ths in front of our fiducial volume to filter out hadrons in the beam. 

Here we follow almost verbatim the discussion in reference 20. 

It may be useful to summarize the processes which occur in a 

hadronic cascade. The hadron interacts ~l1ith a nucleus after approximately 

one interaction length, generating pions and several 

neutral pions, depend upon the incident energy. as ~vell as a number of 

relativistic protons and a number of nuclear These last \-dll be 

neutrons of of a few HeV and particles of very short range, 

includ slow protons, • a-particles, and heavier The 

photons from neutral pions lead to electromagneti.c showers which deposit 

all their energy by ionization of relativistic electrons. The 

and relativistic protons go about another nuclear interaction length and make 

further nuclear interactions which lead to the same kinds of particles in 

the final state. The nuclear interact a • but 

their energy near the first interaction in the form of high ionization density 

tracks. The neutrons deposit their kinetic energy elastic and inelastic 

collisions, and upon bv nuclei yield their bind energy of 

a few ?-1eV in the form of tons, al this may happen at distances of 

many interaction ths from the original source. Certain forms of energy 

are not visible in the as ionization. These are: energy lost by 

neutrinos, mostly from pions at rest; high energy muons from which 
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have ve~ lon~ ranRe; and that energy which is required to break up the nuclei. 

or nuclear binding ener~y. ~ost ionization detectors are also less than 

completely sensitive to particles of high ionization density, so that some 

of this ionization is effectively lost. In some absorbers it may be very 

difficult to retain all the energy of the neutrons. For example, in iron 

the interaction cross-section for neutrons of a few MeV energy is very small. 

It is interesting to look at the results of the Oak Ridge Group2l on 

the form in which ionization is eventually deposited, as shown in Table 2. 

It can be seen that the most important forms in which energy is deposited are 

due to the electromapnetic cascades from wO's, as well as that due to slow 

particles. The fast pions deposit relatively little of the whole. It is 

also surprising what a large fraction of energy goes into nuclear binding energy. 

A useful simple picture of the cascades is to consider them as being made 

up of two componenets: an electromagnetic shower component due to the neutral 

pions, and another component associated with the nuclear fragments. The division 

of energy bet\~een these shown in Table 2 is only true on the average, while 

individual events show a large fluctuation in the ratio of these two components 

because their contributions are determined largely by the nature of the very 

first interaction, where only a few particles are involved, particularly at 

low incident energies. The different response of a calorimeter to each of these 

two components proves to be the most important phenomenon affecting the performance 

of hadron calorimeters. 

In the light of the above discussion, we may list those fluctuations which 

limit the resolution of hadron energy measurement. 

i) Fluctuations in the leakage of ionizing particles. This can be 

reduced by making the absorber sufficiently large, but the range 
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Average fractional energy deposition by particle type for 
10 GeV proton interactions in an iron-argon calori~etera) 

Type of energy deposition Percent of total 

Primary proton ionization 2.3 

Secondary proton ionization 31.6 

Secondary 
+ 

rr­ ionization 8.2 
+ 

\.1­ ionization 0.05 

Electromagnetic cascade 21.0 

Z > 1 ionization 2.4 

Residual nuclear exitation energy 3.7 

Neutrons with energy> 10 MeV 
transported to a radius ~ 2 interaction lengths 4.9 

Neutrons with energy < 10 MeV 3.9 

Nuclear binding energy plus neutrino energy 20.6 

a) 	 T.A. Gabriel and W. Schmidt, Calculated performance of iron-argon and 
iron-plastic calorimeters for incident hadrons with energies of 5 to 
75 GeV, ORNL/TX-510S (1975). 
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of high energy muons is such t~at they cannot possibly be contained. 

There is also a loss of particles out of the face of the absorber 

through which the incident particle enters, albedo. This can be 

eliminated if we reject those events where the interaction is in 

the first interaction length of the absorber. However, if we are 

not willing to accept substantial inefficiencies, this effect remains 

to limit the energy resolution. 

ii) 	Fluatuations in the lea7~ge of ~~n-ionizing particles. Neutrinos 

will escape from any absorber. Hadrons are in principle retained, 

except for albedo, but in practice an absorber which is large enough 

to contain most hadrons still leaks neutrons of a few MeV, particularly 

when a material such as iron is used. 

iii) 	Fluatuations in nualear binding energy necessary to disrupt the nuclei 

in the cascade. This ener~y is not directlv detectable. 

iv) 	Fluatuations in the satilration of the deteator response to particles 


of high ionization density. This saturation of response is present 


in almost every detector of ionizing radiation, but to different 


degrees. It can cause the effective loss of most of the energy 


corresponding to slow protons and heavier nuclear fragments. 


v) 	Sampling fluatuations. These are the fluctuations associated with 

the fact that in most calorimeters not all of the ionization is 

measured, but only periodically sampled. Even in those few detectors 

which use a homogeneously sensitive detector, some dead regions in 

the absorber are unavoidable and therefore may contribute a fluctuation 

of this type. 



15 

vi) 	Noise. This includes effects of photon statistics in sctntill<l.tion 

detectors, amplifier noise, and signal distortions due to slow neutrons 

from previous events or pile-up of events occurring within the time 

resolution of the detector. 

vii) 	FZuctuations due to non-uniform response. This effect would be ahsent 

in an ideal detector, but many calorimeters which have actually been 

built clearly suffered to some degree from this effect. He include 

here such effects as the non-uniform response across a given section 

of the detector, and different responses due to errors in calibration 

between different sections of a detector. 

20
The CERN group has concluded that, in a detector of sufficient size 

so that leakage of fast particles is not iQPortant, the resolution is dominated 

by nuclear fluctuations. 

It is clear that the best way to compensate for these fluctuations is with 

238
U plates 	\olhere one gains by fission amplification. However, measurements 

32
made at CERN indicate that, in order to get adequate angular resolution, it 

is necessary to sample radially along the shower at intervals of I radiation 

length: for uranium this is 3 mm! The resolution in the angle of the shower 

dominates the hadron energy resolution when applied to the uncertainty in 

x = Q2/m v; 
p 

this is illustrated in Figures 5 and 
. 

6. 

t~e have found that iron (steel) allows a significantly better measurement 

of the angle, by almost a factor of 5, using a strip sampling width of 2 cm 

(~l rad length). We lose only a factor of 2 or so in the energy resolution 

with iron over uranium. This is shown in Figure 7 where we plot energy resolution 
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vs energy for Fe / plastic, Fe/liQuid ar~on, and U238 /1 ar?on. Iron/liquid 

argon is still superior in energy resolution to Fe/plastic, again bv a factor 

of two or so. 

26
A SLAC/LBL group has measured the position of a shower by 


4 GeV/c electrons incident on a argon calorimeter to 2 mm 


2 cm sampl across the face of the shower and five along its 


Measurements with a 10 GeV/c pion beam incident on an iron/liquid 

argon calorimeter have been made at CERN. 20 ,27 These measurements, although 

much more crude than the SLAC/LBL studies, :indicate that at least 2 cm resolution 

on the centroid of the change distribution for hadron sho~vers can be achieved, 

if the is fine 

This group also indicates that muons can be dist eas 


from hadrons as is shown in Figures 8 and 9 taken from reference 22. Figure 


8 shows the collected for 10 GeV/c ~ and ~ gotten by demand that 


tl;ae region around a "track" contain less than 4 times the amount of 


ted by a minimum ionizing particle. In Figure 9 this criteria has been 


s that this associated be less than 1 times 


minimum it is claimed that no muons are lost by this cut. 


These measuremtns indicate that it is possible to track a minim! 


particle through the calorimeter; we will then have essentially 100% 


for muons from charged current interactions. This should reduce the contamination 


. of these events in our neutral current to a negligible amount. 

2
Recent measurements at indicate that, at 22 GeV, a tion of 


0(68)= 30 mrad can be achieved. Measurements at lower energies indicate that 


the formula 
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0.60 GeV0.n04 

is a good representation of the data. This imnlies 0(9 ,) = 10 mrad at 100 GeV.
1

With the geometry we propose, which is similar in sampling frequency to the 

test calorimeter used at CERN, we expect similar angular resolution. 

Using the proposed geometry we have calculated, using Monte Carlo methods, 

2
the resolution in x = Q 12mp \) in the follo\o.ring way. Monte Carlo da ta were 

generated according to the distribution oa(l - x)3. The data were then passed 

through the apparatus with appropriate resolutions and a fit was mode to the 

result. This is shown in Figure 10 for a sample of only 2000 events; we take 

E\) :: 260 GeV ± 9%, EHadron > 150 GeV, 0E Hadron = 0.75/~ and o(e H) = 10 mrad. 

The o(e ) is a pessimistic estimate at these energies. Fitting to the analyzed
H

distribution a function of the form A(l - x)N + C we ~et N = 2.77 ± 0.17, to 

be compared with the input distribution of N = 3. The agreewent is good. 

We have calculated. via Monte Carlo, the ability of the detector to measure 

the difference between a flat distribution in y and iCy) = (1 - y) 
2 

. Fe have 

taken a worse case 

°E H d = O.75/~H. !.8 ron 

and neutrino energies gaussian distributed around E\) = 260 Gev with a ° = 9% 

He have fit to the func tionwhich is what we expect for a given neutrino energy. 

2 The results are givenf(y) C C + A(l - y) for an experiment of sao events. 

in the followinp, table. 
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2f(y) = C + A(l v) . : 0.2 < v < 0.9 

A A- --_.A C A + C Analvzed A + C for 500 Events 

0 1 0 0.09 ± 0.23 


1/2 1 0.5 0.40 ± 0.18 


1 1 0.5 0.52 ± 0.16 

1 0.5 0.67 0.66 ± 0.15 

1 a 1 1.03 ± 0.06 

This indicates that in a 2,000 event experiment, in ~ost regions of x, y and 

E • p.ood measurements of A can be made." . 

B. HPHF Muon Spectrometer. 

We envisage using the l~t~ muon spectrometer with the present spark chambers 

replaced by drift chambers. We feel that the noise generated by the present 

optical chambers ,dl1 be intolerable considering the sensitive electronics 

demanded by the calorimeter. Drift chambers of the appropriate size have been 

built at Harvard and may be made available for use with this facility. If 

they are not we plan to build the needed chambers. 
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IV. 

The final size of the fiducial voluT'!e '.·:as determined by our desire to make 

high statistics measurements of neutral current Dhenomena over a kinematic 

4 , using the dichromatic beam that 1s bein? built at Fermilab. 

The calculated spectra of neutrinos and antineutrinos expected from this beam 

are shown in 11 and 12 respec 

In order to have a y coverage,which demands a good knowledge 

of the incoming neutrino momentum) it is necessary to situate the detector 

a,.;ay from zero ,-lith to the beam line. This fact is illustrated 

in 13. Here we have ted neutrino energy lab an~le. The 

first thing to note is that the neutrinos from pion decay are all concentrated 

at less than 1 mrad from zero 'Vlhile the neutrinos from k-decay extend 

beyond 5 mrad. The second fact is that the from I to 3 mrad contains 

neutrinos in the range 70 GeV <: E 
\} 

< 210 GeV. The neutrino energy is knO'\vn, 

from the angle of the neu trino, ,vhich means the posi tion of the interaction 

across the face of the detector, to an accuracy defined bv the Momentum resolution 

from 1T­of primary K-meson beam, ± 9/~. There is essentially no 

neutrinos! A detector that subtends ± 1 mrad centered at 2 mrad tvith respect 

to the nominal beam line tvould cover the entire y range; energy 

cuts which severely limit the y range accessible to study unnecessary. 

event ra te expec ted in the proposed detector situated'.le have calculated the 
• 2 

m which 1S 4090 gms/cm x 9at 2 mrad with a fiducial volume of 3 m x 3 m x 

in Tables 3 and 4 for neutrinos and antineutrinos,
of The results are 

where we have taken into account the loss in solid an~le. He note that the 

, roughly 100, is less by a factor of about 60 thannumber of events per 
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Table 3 

(0" '" 0.83 

E (GeV)

" 
70 9.53 x 10-7 

80 1.96 x 

90 3.99 x 


100 7.84 x 10-6 


110 1. x 10-5 


120 2.86 x 


130 5.30 x 


140 9.54 x 10-5 


150 1.84 x 10-4 


160 3.71 x 


170 6.95 x 


180 1.23 x 


190 2.33 10-3 
x 

200 4.03 x 10-3 

210 7.44 x 1 

Total: 0.0165/1 protons 

100 

Day :: 5 pulses/min x 20 
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Table 4 

Event Rate - Antineutrinos 

0.28 E 
\I 

E- (GeV) 13 
\I U Events ner 10 Protons on Target 

70 ----------­
80 --,--------­

90 ----------­
100 2.99 x 10-7 


110 5.06 x 10-7 


120 9.65 x 10-7 


130 1. 79 x 10-6 


140 3.22 x 10-6 


150 5.86 x 10-6 


160 1.10 x 10-5 


170 1. 95 x 10-5 


180 3.72 x 10-5 


190 6.55 x 10-5 


200 1.06 x 10-4 


210 1. 93 x 10-3 


2.18 x 10-3/1013 protons 

13 events/day 



22 


wha tone uould get at zero degrees. However, if we are to_~tudv th~etail-_~ 

of n_e~.E!al__<:!-lrrents we must knmv the incoming neutrino energx: moving aHay from 

zero degrees seems the best way of accomplishin~ this goal. This fact indicates 

that bubble chambers are not suitable for this kind of study because the event 

ra tes \o70uld be prohibitively lmv. 

Since we plan to build the calorimeter in a way that facilitates moving 

it, we can optimize its position for the largest flux with an acceptably low 

contamination from pion neutrinos. 
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V. Cornnarison with CER~ SPS 

Useful Target 

Eh-Resolution (0) 

This Proposa} 

2
4089 gms/cm 

50% E- l / 2 

HA. 1* 

8558 

90% E- l / 2 

2200 

55% E- l / 2 

X-Resolution 20 - 30% None 20 - 30i~ 

Beam 

Cost 

Dichromatic N-30 
Ream 

6
$1.4 x 10 

Dichromatic 
and ~.:ide band 

Dichrorna tic 

Completion '1,,2 years after 
approval 

Data taking Fall 1978 

Goals v, ~ neutral currents; 

H2 strocutre in cross 

sections; comparisons 

with charged currents 

with very good resolu­

tion in x and y; 

anomalous events in 

neutral currents 

* Steinberger 
+ '-linter 
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l. Del-lar SlOOK
a 


b
2. 	Plumbing 30K

3. 	Air pads 40Kc 


d
4. 	Electronics 600K

5. 	Steel plates and 350Ke 


steel strips 


6. 	Drift chambers (lOOK)f 

7. 	Computer (40K) g 

8. 	Liquid argon storage (60K)h 

and supply 


i9. 	Trigger counters 50K

10. 	Contingency (20%) 229K 

Total: $1399K ($1599K) 

Assembly: 5 men x l · year 

a. 	Engineering estimate for a double walled carbon and st::\inless steel dewar. 
Includes internal G-lO support structure. 

b. 	Includes oxygen monitorinr- devices. Does not include micronrocessor. 

c. 	Engineering estimate for 900 ton support system. 
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d. 	Cost of 30,000 channels of electronics, microprocessor ard cables. Assumes 
the use of hybrid interrated circuits and the multiplexinr- of 1000 channels 
of sample and hold electronics per ADC. Design Hork in orogress. 

e. 	Approximately 471 tons of ready to use (smooth and nup.ched) steel plate, 
1.5 mm thick, at a cost of $744/ton. This may go down to $500-$600/ton. 

f. Drift chamhers of the size reouired already exist. It is hoped that they 
can be acquired for the muon spectrometer. If not the cost will be approximately 
$lOK per chamber. 

g. 	A computer of aopropriate size and speed (PDP 11/45 or PDP 15) can be acquired 
\Jithout new expenditures. 

h. 	This includes liauid nitrogen and liouid arp,on stora~e and transfer pipes. 
hIe assume tha t this \Jill be supplied bv Fermilab. This 90es not include 
the cost of argon or nitrogen which ~le also hope Fercilah will provide. 

i. 	Trigger counters will be placed inside the calorimeter in 5 places along 
its length. The counters are 2 feet x 6 feet in a 2 x 6 array. He assume 
$300/square meter for scintillator, $200 per phototube and $50 for shield 
and base. This comes to $7800/plane. 
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VII. 

We propose to carry out R statistics s of the interaction of 

neutrinos with matter. To this we propose to build a 1 id 

hadron calorimeter to be used in conjunction with the EPFF muon spectrometer 

with the spark chambers by drift chambers. The device we propose 

is uniquely suited to study neutral current reactions; it is also an excellent 

tool for the study of currents. 
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