
5/31/74 

FERMILAB PROPOSAL No. 310 

Scientific Spokesman: 

D. Cline 
Department of Physics 
University of Wisconsin 
Madison, Wisconsin 53706 

FTS/Comro: 608 262-5878 

Further Study of High Energy 

Neutrino Interactions at NAL 

A. Benvenuti, D. Cline, A. Entenberg, v/. T. Ford, R. Imlay 

T. Y. Ling, A. K. Mann, F. Messing, D. D. Reeder, C. Rubbia, 

R. St ski) L. Sulak, P. vJandcrer and H. H. vJillia:Uls 

Harvard-Pennsyl vania-\visconsin-FERI1ILAB 



2 

A. PHYSICS GOALS 


(a) INTRODUCTION 

As a result of recent neutrino experiments and related tech

nological progress in the past fevl yea:!.'s, it is possible to formu

late a proposal for a neutrino detector to be used at NAL, which 

we believe will be capable of exploring the richness of that field 

better than present detectors. The complexity of high energy in

elastic neutrino events - with and without final state muons - de

mands incr'eased detector' sophistica-tion -to unravel the full con

tent of each event. This is particularly true of neutrino events 

at the highest energies, the highest four-vee-tor momentum trans

fers, Q2, dnd the highest inelasticity, EH = Ev - E~. We discuss 

in this proposal a plan that will allow continuous extrapolation 

of detector sophistication from the present detector to one of sig

nificantly improved capability with respect to both the quality and 

quantity of information obtained fro~ neutrino interactions. 

There ape three componen-ts, in general, of a high energy neu

trino-induced event: muonic, hadronic and electromagnetic. (There 

may' also be additional neutrinos in the final state.) For each 

event it is necessary in the measurement process to separate these 

components and determine their salient properties. 

The muonie component has the clearest signature and has re

ceived much attention in recent experiment. With the discovery of 

muonless events and the emphasis on events with large y = EH/E v ' 

however, it is necessary to refine and extend the muon detection 

efficiency, especially for muons of low momentum emitted at the 
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largest angles. Typically, muon detection efficiencies for inci

dent neutrinos have been 85% or less. We think it is necessary to 

obtain an efficiency in excess of 95i for much of the useful mass 

of the next target-detector. 

Existing detectors (other than bubble chambers) sample the 

total hadronic and electromagnetic energy in an event. They do not 

discriminate between the hadronic and electromagnetic components, 

nor do they measure the directions of flow (the momenta of the 

centroids) of these components. A successful detector should dis

tinguish the electromagnetic cascade from the hadronic cascade, and 

measure the energy and direction of flow of each cascade. In this 

way, the conservation of energy and linear momentum can be applied 

to each event, including muonless events. 

Using a target-detector, such as we describe below, of large 

mass, a large acceptance muon spectrometer, and the capability of 

separating the hadronic and electromagnetic cascades of an event, 

neutrino reactions can be explored in appreciably greater depth 

and with greater breadth than heretofore. 

There are four more points to be made with respect to the next 

phase of neutrino physics at NAL, as we envision it. First, the 

use of a variety of neutrino and antineutrino beams is a powerful 

tool in providing additional redundancy of the measurements made 

even with the most sophisticated detector. Second, the present 

high accelerator energy and high proton beam intensity, .make it 

possible to carry out certain neutrino experiments with good statis

tical significance in relatively short periods of time. In the 
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next phase of neutrino physics at NAL, a successful detector should 

have the flexibility to allow testing and preliminary dating-taking 

for other, possibly more difficult, more speculative neutrino ex

periments during the course of the less demanding experiments. The 

availability of large mass large area detector components of dif

ferent capabilities that can easily be arranged and rearranged in 

different configurations is a necessary attribute of the next neu

trino detector. They make possible efficient and successful transi

tions from one facet of an experiment to another. Third, such a 

detector makes possible future large scale redirection and develop

ment of the experimental effort, based on techniques and components 

already proved by experiment. Finally, an arsenal of neutrino 

beams and of flexible, multipurpose detector components that uti

lize advanced technology appears to us to be the most effective 

method of probing this essentially new region of physics with rea

sonable assurance that new and unsuspected phenomena will not be 

overlooked. 

(b) INTERESTING PHENOMENA IN THE PRESENT DATA 

All of the program outlines in this proposal follows directly 

from the neutrino data that have been acquired up to now. There 

are three aspects of those data that deserve special mention. 

I. The neutrino- and antineutrino-induced deep inelastic 

interactions without muons, which have been observed at low energy 

«Ev> ~ 3 GeV) in the CERN Gargamelle experiment and at high energy 

«Ev> ~ 40 GeV) at NAL, appear to have special significance. They 

may perhaps be manifestation of an intimate relationship between 
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the weak and the electromagnetic interactions. But the form of 

this relationship, if it exists at all, is not clear. Fo!' example, 

the connection between the two forces may arise as conjectured in 

the Weinberg-Salem gauge model, in which neutral weak currents make 

a natural appearance, and the V-A character of the weak interaction 

~s preserved in neutral weak current processes. Another possibility 

is that the coupling leading to the effective neutral weak current 

may not be V-A, but rather pure V or pure A, with the result that 

the neutral weak processes would be parity conserving, as are elec

tromagnetic processes. These possibilities are summarized with the 

data in Fig~ 1. Other explanations are also possible. 

It is clear that, whatever the ultimate explanation, continued 

study of neutrino- and antineutrino-induced deep inelastic events 

without final state muons has the potentiality of bringing us a 

deeper understanding of two of the fundamental forces in nature. 

To make further progess in that direction requires experiments that 

can uncover the matrix element of the deep inelastic muonless in

teraction. This is more difficult for muonless events than for 

events with muons, because the only final state observables in the 

muonless case are those of the resultant hadronic-electromagnetic 

cascade. 

Nevertheless, the hadronic-electromagnetic cascade can be 

studied, we believe, in sufficient detail to separate the two com

ponents, and to make direct comparisons of salient distributions in 

neutral and charged processes. This is one of the primary future 

goals of our experiment. We describe in a later section the means 

for accomplishing it. 

i (' 1 
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II. A second particularly interesting aspect of the present 

data lies in a possible anomaly in deep inelastic antineutrino 

scattering, which has recently been discussed by us at several con

ferences. This result is suggested by the measured distributions 

in the scaling variables x, y and v obtained from the reactions 

- +v (v ) + nucleon ~ ~ (~ ) + hadrons at high energy. The y-distri
~ ~ 

bution for antineutrinos with E < 30 GeV is consistent with the 
v 2simplest expected form, dn/dy 'V (1 - y) , but the co!'responding dis

tribution for the energy region 30 < 180 GeV departs severely< Ev 

from that form as shown in Fig. 2. If this discrepancy is genuine, 

it is indicative of a significant effective deviation from scale 

invariance or charge symmetry or both. 

Again, whatever the ultimate explanation of these events, they 

emphasize the importance of carefully exploring deep inelastic pro

cesses at very large values of y, and at very large values of x as 

well. This is another primary goal of our experiment. 

To accomplish that goal requires a much superior detection 

efficiency for wide-angle, low-energy muons from deep inelastic neu

trino processes than exists now. A detection efficiency that falls 

rapidly with increasing y, in conjunction with even a good resolu

tion function ~y/y, seriously limits the sensitivity and credibility 

of any search for structure in the y-distribution. Accordingly, 

we have designed a wide-angle muon magnetic spectrometer, utilizing 

large area drift chambers, to provide a very high muon detection 

efficiency for events originating in a large fraction of the total 

target-detctor mass. Details of the design are discussed below. 
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III. It is also possible to search directly in an exclusive 

fashion for new phenomena that lead to more than one muon in the 

final state. We have so far observed events with two muons at the 

level of a few tenths of a percent with appreciable energy in the 

hadronic-electromagnetic components. One such event is shown in 

Fig. 3. It is necessary to search for and study more of these 

events, especially over a wide range of muon energies, which will 

be facilitated by the new apparatus. 

(c) 	 PHYSICS GOALS OF THE EXPERIMENT 

The experimental detector proposal here is specifically de

signed to study two high energy neutrino reactions which were not 

directly mentioned in the proposal for experiment EIA. These 

reactions are 

"ll + N -+ "ll + X (1) 

(2) 


and 

"ll + N -+- II + X near y ~ 1 (3) 

+-+- ~ + X near y ~ 1 

The detector will also be compatible with the remaining approved 

experiments for EIA such as the measurement of the cross section 

for the process 

(5) 


and the search for W production up to large masses and other non

local effects etc. Even though the detector is optimized to study 

" 
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reactions I through 5 other neutrino reactions will be observable 

and can be studied. 

I. Detailed Study of the Muonless Channel 

The observation of muonless events at CERN and NAL has led to 

some optimism concerning the possible unification of weak and elec

tromagnetic interactions, provided these muonless events are due to 

neutral weak currents. However, other possible interpretations of 

the muonless events exist. For example, Jouvet has suggested that 

the electromagnetic interaction of the neutrino might be large 

enough to explain the effect. Furthermore, the production of new 

particles could be partially responsible for the muonless events. 

New penetrating particles accompanying the neutrino beam could 

also be a source of this phenomena. Clearly a detailed study of 

the muonless events is required to separate these possibilities. 

In this study it is essential that the backgrounds that arise from 

charged current events be reduced to a very low level. 

If the muonless events are due to neutral currents then it is 

clearly important to study Bjorken x and y distributions in order 

to establish the matrix element for these processes and to test 

scaling, in short, to carry out the same study that is underway for 

the charged current channel at NAL. We note that the absence of 

AS = I neutral currents implies a breakdown in the traditional weak 

interaction universality for neutral currents. It may also be that 

the neutral currents have other significant differences from the 

charged currents which could only be revealed by a detailed study 

of the distribution functions. 
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The experimental study of neutral currents is made difficult 
~ 

because of the impossibility of measuring the outgoing neutrino 

angle and the practical difficulty of measuring the outgoing neu

trinos energy_ A different approach to the problem is required. 

It is necessary to concentrate on the measurable component of the 

neutral current collision, thehadronic energy EH and the direction 

of flight of the hadrons, CPH and eH as shown in Fig. 4. This re

quires that the direction of hadronic energy flow be measurable 

in the detector. 

The measurement of eH and EH allows us to use a new scaling 


variable u 


EH 2 

-2-eH = x(l - y) 

mp 

and to express the distribution functions in terms of this scaling 

function. For example, the most general distribution function that 

obeys scaling and the (V, A) interactions of neutral current is 

given by 

da v 
-dxdy -- f + (1R 

2- y) fL + 2(1 - y)fs ' 

where the f's are functions of' x only. The distribution in u is 

given as 

/ 

1 dNv 
= N du 

-
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1 dN" 
N du = 

The u distributions for the simple case of the parton model (f = 
R 

f = 0, fL =f~~ and a broad band neutrino-antineutrino beam are s ~ 

shown in Figs. Sa and b and compared in 6. We can also derive the 

corresponding aH distributions as shown in Figs. 7 and 8. We note 

that the aH distributions alone, carry a great deal of information 

and that the hadrons frequently emerge at large angles making the 

measurement of aH easier. We also note that the EH distribution 

can be directly related to the y distribution. 

The.study,of the ,muonless events proposed here requires the 

use of the sign selected beam or double horn beam in order to 

separate v~ and v~ interactions. 

The distribution in x can be obtained through the distribu

tion in u (by the measurement of EH, aH)' and the y distribution 

is obtained throug'h' the measurement of Ea and knowledge of the 

neutrino spectrum. Also an indirec·t study of locality in the 
. 

interaction can be carried out that would provide information 

about theWO mass. In other words, substantially the same pro

gram can be carried out for the neutral currents as for the charged 

currents. 

The measurement of aH requires measurement of the energy flow 

direction. In order to carry this out it is necessary to track 

the hadronic-electromagnetic shower throug~ the calorimeter. Sen

sible measurements of the hadronic direction can only be carried 

out if the energy density is tracked and not the particle number 

density since the abundant low energy particles ,in the shower smear 
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out the directional information. In order to measure the energy 

flow in our detector it is necessary and convenient to track the 

electromagnetic energy flow since the hadronic component of the 

shower is constantly feeding into the electromagnetic components. 

This tracking requires a separation and sampling of the electromag

netic and hadronic components of the shower at different distances 

from the vertex of the event. This is accomplished by using a 

three element system, liquid scintillation calorimeter cell, wide 

gap spark chambers and a Pb plate array that serves as a hodoscope 

and calorimeter simultaneously. The basic cell arrangement and a 

schematic neutral current event are shown in Fig. 9. In order to 

calibrate the energy flow device, the charged current events are 

used with eH predicted from the measurement of p~, e~ and EH (or 

Ev for a dichromatic beam) as shown in Fig. 10. 

II. Threshold Effects at High y 

An extremely sensitive place to search for scaling breakdown 

is in the y-distribution at high-yo The neutrino energy range of 

20-200 GeV must be covered in one experiment if a complete under

standing is to be achieved. Furthermor'e, new particle production 

could cause threshold effects in this range that distort the x and 

y distributions as shown schematically in Fig. 11. Finally, the 

cross section for high-y events in the antineutrino case will be 

very small and, therefore, a large aperture device is required to 

obtain enough events to make a precision sweep in neutrino energy. 

The kinematic boundaries for e~ and p~ are shown in Fig. 12 

for various neutrino energies. We note that at large angles a maxi

mum muon momentum occurs which is approximately independent of the 
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neutrino energy. Large e~ implies large y as can be observed from 

the simple formula 

In Fig. 13 is shown the expected mean muon momentum as a function 

of angles. At the larger angles a mean momentum of a few GeV is 

e~pected and this in turn determines the nature of the magnetic 

spectrometer required to 	study these events. 

III. Unavoidable Dividend Experiments 


Other neutrino events may be recognizable in this detector. 


Two 	 such processes are 

Ve + N ~ e + X 

and 

v + e ~ v + e 
~ ~ 

..
The event signature for these processes is schematically illustrated 

in Figs. 14 and 15, respectively. 

A direct and unavoidable dividend from an apparatus designed t 
to accomplish the goals described above is the capability of study

ing events induced by v and ve' This follows from the requirements. e 
I 
lthat the electromagnetic and hadronic components of a neutrino-in

duced event be separable', and that the muonic component be detected 

with very high efficiency. The measurements of the deep inelastic 
Ve ve 

structure functions and of O"tot and O"tot vs. EV - even when car f 
e I 

ried out with an incident beam intensity of (2-4) x 10-2 of the 

v (v ) intensity - will allow an early exploration of ve(v ) + 
-~--~~----~--~- e 

nucleon interactions at high energies, and another approach to the 

...:.......J'-______------..- ..~~-.. 
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e-~ universality problem through the direct comparison of v and 
e 


v~ interactions with hadrons. An enriched ve beam is discussed in 


Appendix 4. 

An important goal in the study of muonless event is a defini

tive search for neutral current processes in pure leptonic reactions 

such as v~ + e- + v~ + e-, at~he lowest level predicted by the 

Weinberg-Salem gauge model, and suggested by the three possible 

events of that type in the CERN-Gargamelle experiment. This is a 

very difficult experiment since the cross section is lower than that 

for neutrino-neucleon scattering in the ratio m 1m , and only the e p 

final state electron is observable. However, the thin-plate lead 

and liquid scintillator ionization calorimeter modules that are 

necessary to study the energy and momentum flow in the deep inelas

tic muonless events will also serve as an identifier of single 

chambers to specify the angle, have the promise at least of pro

viding a relatively unique signature for v~ + e- + v~ + e-, and 

sufficient rate to make the process detectable. 

(d) OUTLINE OF THE NEW DETECTOR 

To realize the neutrino physics program described above, we 

propose the experimental apparatus shown in Fig. 16. It consists 

of four major components! (i) a large acceptance muon momentum 

spectrometer with large area, high resolution drift chambers; (ii) 

an iron plate calorimeter-absorber to provide good containment of 

hadronic cascades; (iii) a mUlti-purpose ionization calorimeter 

comprised of modular elements of (a) pure liquid scintillator and 

(b) lead plate-liquid scintillator, in combination with wide gap 
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optical spark chambers interspersed as indicated; and (iv) a variety 

of large area liquid scintillator counters that serve as anticounters, 

trigger counters and very large angle muon detectors (muon-catchers). 

(i) The large acceptance muon momentum spectrometer 

The basis for design of the new magnet system is the common 

characteristic of the kinematic upper limits of the p~-e~ plots for 

various values of E ' assuming scale invariance as an approximatev 

guide. These are shown for Ev between 35 and 200 GeV in Fig. 13, 

where it is seen that for e~ ~ 300 mrad, p~ ~ 20 GeV for any value 

of Ev' Thus for e~ ~ 300 mrad, it is possible to make a reasonably 

accurate measurement of p~ and of the sign of the muon charge with 

a relatively short magnetic field region. Above e~ ~ 500 mrad, 

ranging out of the muons begins to be significant, which in -tul'n 

also suggests short regions of iron magnet with chambers between to 

determine the muon momentum be a range measurement. As e~ grows 

smaller, a longer length of magnet is required to measure the lar

gerp~, which. accounts for the shape of the muon spectrometer in 

Fig. 16. 

The present muon spectrometer magnets are each 4 ft. thick 

and 12 ft. in diameter. We propose to add an additional section 4 

ft. long and 20 ft. in diameter, and two sections each 2 ft. thick 

with 30 ft. diameters as shown in Fig. 16. 

The entire magnetic spectrometer will be equipped with large 

area drift chambers. A detailed description of our deve,lopment 

work on and operating experience with large area (12' x 12') drift 

chambers is given in Appendix 1, which also includes the detailed 
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arrangement of drift chambers in the new apparatus. 

(ii) The iron-plate ionization calorimeter-absorber 

This component of the apparatus is intended to provide good 

containment of the hadronic-electromagnetic cascades that originate 

further upstream in the target-detector. The iron plates provide 

a convenient, compact way of introducing about 6 nuclear absorption 

lengths at the end of the target detector. In this calorimeter-

absorber the residual energy of a cascade can be measured with 

acceptable accuracy, as several recent studies of iron-plate calori

meters have shown. To save space, and thereby improve the muon 

detection efficiency of the magnetic spectrometer, we have consi

dered the possibility of inserting the calorimeter-absorber in the 

spectrometer, as shown in Fig. 16. An alternative design, which 

might be easier to implement, simply moves the iron calorimeter-

absorber in front of the spectrometer, at a small loss in acceptance 

as shown in a later section of this proposal. 

(iii) Multi urpose lead-plate, Ii uid scintillator ionization 
c&lor~meter target-detector. 

The target-detector of the new apparatus is made up of three 

component parts. (1) Calorimeter modules of thin lead plates with 

liquid scintillator between them to form a unit containing 14 radi

ation lengths (L ) and 0.8 collision lengths (Lcoll )' of totalrad 

mass about 8 metric tons. The lead plates are coated with teflon 

to provide total internal reflection and thereby good light collec

tion. This technique was developed by us and has been used success

fully by us and others in calorimeter construction. (2) Ca.lori

meter modules of pure liquid scintillator identical to those used 
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previously in E1A. (3) Wide gap optical spark chambers identical 

to those now in E1A. 

The basic idea behind the lead plates, as opposed to iron 

plates or pure liquid scintillator, is illustrated in Fig. 17, 

which compares the energy deposition curves for electrons and pions 

in a lead plate calorimeter. It is clear from Fig. 17 that the 

hadronic and electromagnetic can to a large extent be separated 

in such a calorimeter. Because the electromagnetic component 1S 

essentially terminated in such a short length of material, we have 

referred to the lead-plate modules in Fig. 16 as y-catchers. A 

more detailed discussion of the energy flow direction measurement 

is given in Appendix 2. 

With "building blocks" of the three types initially arranged 

as in Fig. 16 the target-detector has the capability necessary for 

the program described earlier. It is important that the components 

of the target-detector be easily moved and replaced. We envision 

various, continuous modifications of the target-detector, one of 

which might be, for example, a configuration without any pure 

liquid scintillator modules in which there would be a 350 metric 

ton target-detector of lead and spark chambers. With that arrange

ment, the rates for trilepton production and for inelastic events 

with large Ev and Q2 would be enhanced (see Table IV below). 

(iv) 	The large area, relatively thin liquid scintillator 
counters 

The large area, relatively thin liquid sintillator counters 

that have been used in EIA so far have proved valuable as anti-

counters and wide-angle muon counters. We propose to extend their 
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use as wide-angle muon identifiers (muon-catchers) as indicated in 

In Fig. 16. Note that this is intended to supplement the wide-angle 

magnetic spectrometer where the sign of the charge and the momentum 

of the muon are measured. The purpose of the muon-catchers is sim

ply to record the presence of a wide-angle muon so that the total 

detection efficiency over most of the target-detector is raised 

above 95%. 

(e) 	 EVENT RATES 

There are shown in Tables I-IV the event rates calculated for 

the neutrino processes discussed above. These rates are based on 

the rates for inelastic scattering observed in EIA during the past 

year, appropriately scaled for other interactions. Other assump

tions used in the calculations are indicated. Table 1 gives the 

total event rates for a variety of reactions using different inci

17dent neutrino and antineutrino beams for 10 protons on target. 

Table II gives the event rates for various neutrino energy regions 

for a number of incident beams. Table III gives the event rates 

as functions of Q2 and EH for two different beams. Table IV gives 

event rates for the 350 metric ton target-detector. 

B. 	 MUON DETECTION EFFICIENCIES AND EXPERIMENTAL RESOLUTION 

The main goals of the physics place two general constraints 

on the design of the revised detector. 

1. 	 The muonless event sample should be clean and the 

parameters EH and 9H measured with the best resolu

tion that can be practically achieved over a large 

target volume. 
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2. The slgn of the charge, momentum and angle of very 

large angle muons must be measured. 

In order to reduce the background in the neutral current sample 

arising from charged current events a large solid angle muon spec

trometer is·requ~red and this same spectrometer can be used to 

study wide angle muons. A large spectrometer is needed to keep 

the good aspect ratio obtained in the present detector for high 

energy neutrinos, as the length of the target calorimeter is 

increased. In addition it is required for the study of neutrino 

and antineutrino interactions in the H2 target, since the calori

meter must directly follow the H2 target keeping the muon spec

trometer at a large distance. 

The measurement of the energy flow direction of the hadronic 

shower is made possible by the localization of the energy density 

of the electromagnetic component in the shower in a Pb plate array. 

It is not sufficient to measure the directions of the particles in 

the shower since the information content is greatly reduced by the 

presence of many low energy particles especially electrons and 

positrons. We have carried out Monte Carlo calculations for the 

propagation of the hadronic shower and find that the electromagnetic 

component does indeed carry adequate information from which to ob

tain 6H provided the energy flow of the electromagnetic shower is 

measured. These calculations indicate that the direction of elec

tromagnetic energy flow tracks that of the parent hadrons within 

an uncertainty in the transverse momentum of the parent hadrons of 

approximately 0.3 GeV/c. This results from the limited transverse 
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momentum of the secondaries in the initial hadronic shower and the 

limited transverse momentum change for the subsequent hadronic or 

electromagnetic cascades. We assume that the particle distributions 

follow the same mUltiplicity law at a given EH as those for hadronic 

collision processes. Measurements of the mean charged multiplicity 

as a function of EH made from EIA data that is in hand, support this 

assumption and are shown in Fig. 18. Additional information on 0H 

can also be Dbtained by meau$ring'the mean directions df the charged 

hadrons. This is accomplished in spark chambers that are placed 

directly behind the garr@a catchers. 

I. Efficiency and the Distortion of Distributions 

In order to measure a sensitive rapidly changing distribution 

such as dN/dy for antineutrinos, care must be taken that the detec

tor does not cause a serious distortion. Such a distortion can 

arise either from systematic shifts in the variable due to calibra

tion problems or due to smearing from bad resolution. The problem 

is compounded if a rapid variation is introduced due to a rapidly 

falling efficiency function for the particular variable. As a 

rough figure of merit we may divide the efficiency £M by the resolu

tion function 8M/M for a measured variable M. In the case that 

this ratio decreases rapidly as }1 1S changed, seri.ous distortions 

can be induced into the distribution function dN/dM. Ideally, this 

ratio would be constant or perhaps increase in a region of lower 

efficiency. This argument illustrates the importance of maintaining 

high detection efficiency out to large y if the shape of dN/dy is 

to be measured and compared at different neutrino energies. How
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ever, it 1S essential to retain good resolution at high y in order 

to study the x or v distribution in this region. 

At large y and large angle the muon momentum is generally be

low 10 GeV as can be seen from Fig. 13. In this region a signifi

cant fraction of the energy of the muon will be lost by ionization 

in the calorimeter and therefore can be well measured. The remain

ing muon momentum is low and therefore a thin magnetic spectrometer 

is adequate to. determine ,the sign of the charge and to measure this 

remnant momentum. A resolution of the magnet of 6P~/P~ ~ 0.2. 

With half or more of the energy lost by ionization-gives an overall 

resolution of 6P IP ~ 0.1, which is similar to the resolution of 
~ ~ 

the present long EIA magnet. 

II. Efficiency of the Muon Detector 

The results of a calculation of the efficiency for muon detec

tion in the new detector as a function of E ' x and yare reportedv 

in Figs. 19-26. These calculations are made for various target 

lengths and two muon detectors as shown in Fig. 19. Also reported 

in Fig. 27 is the efficiency for the H2 target. We note that in 

most cases the efficiency is excellent even at large y. The x 

and y efficiencies for the H2 target are sufficiently good to make 

the study of x and y distributions on H2 feasible. 

In 20 we compare the angular' dis tribut ion of nrclons from 

deep inelastic neutrino scattering with the acceptance provided by 

the detector) immediately downstream of the first four-foot-thick 

magnet module. The acceptance for events within the downstream 24 
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feet of target is ~ unity over the angle range containing 95% of 

the events, and is ~ 99% over all the full distribution. In this 

limit the main source of missed muons is the ranging out of those 

with very low energy. Most of these are also at large angles; we 

estimate that they will have sufficient range to be separated from 

the hadrons whenever p~ is greater than ~1.5 GeV. Integrating over 

the energy spectrum we find £ = .98 for neutrinos from the quad 
~ 

triplet or dichromatic beam, and .94 from the double horn beam. 

(Antineutrinos give a higher efficiency, to the extent that they 

obey daldy ~ (1 - y)2 at lower energies.) 

To maintain high muon veto efficiency over the full length of 

the target-detector, additional liquid-scintillator muon counters 

are placed along the sides, top and bottom of the calorimeter as 

shown in Fig. 16. 

III. Measurement Error in u for the Muonless Channel 

We can express the error in u in terms of error in SH and EH 

as 

The value of x can also be obtained for the muonless channel using 

the formula x = u/(l - y) for a dichromatic beam. The error 

(oSH/SH) will be determined by the intrinsic fluctuation in the 

angular distribution of the electromagnetic component of the shower 

and the granularity of the hodoscope used to measure the energy 

density in each y catcher. Our best estimate at present is that 

the center of the energy flow can be located to a few cm in one 
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direction by measuring the relative pulse heights at the two ends 

of the counter (see Appendix 2). We therefore expect oe H to be in 

the vicinity of 20 mr. An empirical calibration will be made with 

the charged current events. 

Note that the resolution will improve with increasing e soH 

that at large eH oeH/eH ~ 0.1 and the error in EH will become com

parable to that for e • We anticipate that (ou/u) ~ 0.2 can beH

obtained allowing useful measurements of the u distribution for 

muonless events. 

IV. Errors in x at Large e~ 

The resolution for x and y for the charged current events is 

given by 

and 

For events observed in the large angle spectrometer y ~ 1 and the 

measurement error in x and y becomes approximately independent of 

the hadron energy resolution. This facilitates the search for 

threshold effects at large y and for any x. Furthermore, at large 

e~ the error (oe~/e~) « (oP~/P~) and thus 

(ox/x)2 ~ (oP~/P~)2; 

the muon momentum error sets the error in x. Note that at small 

angles the error in x comes almost equally from all three sources. 

By using the muon momentum measurements that include ionization we 

expect (oP~/P~) ~ 0.1 which is comparable to the error in muon 

~~".____~..~____~__:...-___..;.....;.________ri:
. \ 
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momentum obtained from the small angle spectrometer. This error 

is small enough to allow a detailed study of the x distribution 

at large y and to test scaling there. 



TABLE r 

TARGET f,iL1.SSPROCESSES CROSSZSECTrON 
(Me"- ~(CM ) , 1 ~ l..rlC' 

Tons) 

v + N + ~ + hadrons 0.6 x 10-38 E IN 162 17,162 
~ v 


+ 

v + N + ~ + hadrons 0.2x 10-38 E-/N Pb + Liq. 3,885 
~ v 

300 GEV 


1 HORN 


E\fENr R/\.TE PER 1017 ,PRafONS 
I

400 Gev 

1 HORN 

400 GeV 

2 HO?.N 

400 GeV 
QUAD 

TRIPLET 
(P0=125) 

29,500 46,470 13,078 

6,678 10,520 1,763 

400 GeV 
QUAD 

TRIPLET 
(P0=200) 

6,817 

919 

::I 

400 GeV 

DICHROM 
(P0=200) 

3)06; 

'4-,30 

v + N + v + hadrons ~0.6 x 10-39 E IN 162 1,716 2,950 4,647 1,308 682 306' 
,~ ~ v 

v + N + v + hadrons ~.6 x 10-39 E-/N Pb + Liq. 389 668 3,156 176 92· I 2C, 
~ ~ v 

-42 
v + e + v + e 1.4 x 10 E Ie 54 0.67 1.15 1.81 0.51 0.27 0.'1'2
~ ~ v 

v + e + v + e 4.0 x 10-42 E-Ie- Liq. 1.29 2.23 3.51 0.57 0.30 0,/5
vII ~ 

+ v + Pb + v +~ +ll +PH 5 x 10-41 E IPb 0.46 0.79 1.24 O. 0.18 'Otlro8 
~ .~ v 

+ v + Pb + v +e +~ +Pb 7 x 10-41 E IPb 
108 

0.64 1.10 1.73 0.49 0.25 'O~"2
II e . v Pb 


+ v + Pb + v +e +e +Pb 2 X 10 -41 E IPb 0.2 0,,4 O:.b G).ltt O.O,?· 0.03 
~ ~ v 

v + N + e- + hadrons 0.6 x 10-38 E IN 162 172 295 465 131 68, .31e v 

v + N + e + hadrons 0.2 x'10-38 E IN Pb + Liq.' 8.6 14.8 23.4 6.6 3.4 e 
+ 

v 1.5 4 

-42 v + e + v + e 54. x 10 E Ie 54 Liq. 0.03 0.05 0.08 0:02 0.01 0 .. 005e e v 

1. Fiducial region in x, y is taken to be 2.8 x 2.8 ~2 

Z. Cross-sections for processes allm-.red only by neutral current' are calculations baseu. on 1.veinberg Model, sinZ 
6 := 0.5 w 

http:f,iL1.SS


- +
EVENT RATES FOR v .. (VlJ) + N -+ ~ + HADRONS 

IN 162-TON TARGET 



TABLE III 

EVENT RATES VS. Q2, EH FOR NEUTRINOS EVENTS 
1017PER 400··GeV PROTONS (lGZ-TON TARGET) 

-VARIABLE RANGE DOUBLE HORN QUAD TRIPLET (Po=200) 

o < Q2 < 20 GeV 2 41770 4540 

20 < Q2 < 50 6000 1720 

50 < Q2 < 100 1140 658 

100 < Q2 < 200 170 222 

200 < Q2 > 200 10 18 

0 < < 50 GeV 4J.920 4620EH 


50 < < 100 3520 1388
EH 

100 < < 150 860 500EH 

150 < EH < 200 150 230 

EH > 200 SO 50 

ALL Q2, E 46500 6780H 



TABLE IV ~ 

EVENT RATE PER 1017 PROTONS -
400 GeV400 GeV400 GeV400 GeV400 GeV300 GeV, PROCESSES CROSS -SEcnON TARGET MASS 

QUADQUAD(Metric 
DICHROMTRIPLETTRIPLET(CM2) Tons) 2 HORN1 HORi\! 1 HORN 
(Po=200)(Po=200)(Po=125) 

-v + N -+ J.l + hadrons 0.6 x 10-38 Ev/N 37,078 63,500 100,398 28,255 14,728 ,b' 615 
lJ 350 J 

+ 
~ + N -+ J.l + hadrons 0.2 x 10-38 E-/N 8,393 14,427 22,728 3,809 1,985

lJ \I Q2S 

v + N -+ v + hadrons ~0.6 x 10-39 Ev/N 3,707 6,373 10,040 2,826 1,473 {,(" I,-lJ J.l 
-
\I + N -+ \i + hadrons ~0.6 x 10-39 E-/N 

350 
840 1,443 6,819 380 199 ~7'1J.l lJ \I 

-v + e -+ v + e 1.4 x 10-42 E /e- 4.34 7.45 11.73 3.30 1. 75 0,75"
,\IlJ lJ 350- - - '-42 v + e -+v + e 4.0 x 10 E-/e 8.36 14.45 22.75 3.69 1.94 

\I ' 
:O.<f4 

lJ lJ 

v + Pb -+ v +J.l +J.l+Pb 5 x 10-41 E /Pb 1.49 2.56 4.02 1.13 .58+ - 0,2"
lJ lJ v 


+ v + Pb -+ \I +e +J.l +Pb 7 x 10-41 E /Pb 350 2:t)7 3.56 5.61 1.59 .81 0.·31lJ e v 

+ v + Pb -+ \I +e +e +Pb J X 10-4 't; E /Pb . 0.5S , .0v 'o6e O.%" O.'2~ 0.10J.l lJ 

v + N -+ e - + hadrons '0.6'x 10-38 E /N 372 637 1,005 283 147 ,z.
e v 


+ 

~ + N -+ e + hadrons 0.2 x 10-38 E /N 

350 
18.6 32 50.5 14.3 7.3 3:.2e ' \I 

-42 v e + e -+ v e + e 5.4 x 10 Evle 350 .19 .32 '.52 .13 .06 0.03 
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Appendix 1 

1. The Set-Up. 

The new muon spectrometer is shown in Fig. 1. It consists 

of the old magnet spectrometer and of three additional large 

blocks of magnetized steel to extend the detection efficiency to 

the very large angles. The additional blocks are a 1.25 m thick 

cylindrical unit of 6 m diameter and of two tOI'uses of 9 m outer 

diameter, each one ~ 65 cm thick. The 3 x 3 m2 centered hole of 

the toruses houses the last sections of the high density calorimeter. 

Drift chambers and scintillation counters have been added in order 

to determine the direction and the momentum of the muon and to 

trigger on a rather forward goir.g muon (quasi-elastic events), for 

which an effective energy trigger may be impo~sible because of the 

relatively small energy depositions. 

2. Why Drift Chambers? 

The detectors to determine muon trajectories around the spec

trometer must" be capable of determining with precision cr ~ 0.5 mm 

the location of the tracks. Because of the huge size of the spec

trometer this is equivalent to a resolution of 1/20000 along each 

of the chamber coordinates. The large mass, the large area and 

the high neutrino fluxes are such that usually more than one neutrino 

event can occur at each short machine burst. Therefore, an excellent 

time resolution and a fast recovery are also necessary. 



, -2

We have devel~ped a type of drift chamber capable of meeting~ 
all of these stringent requirements. ' The initial idea of a drift 
chamber is due to G. Charptik et al(l): The point of impact of an 

ionizing particle can be located very precisely by measuring tlle time 

·.of flight of the ionization electrons to the collecting ,·lire of a 

proportional counter. Practical applications of this fundamental ide~ 
have been made by \Valente et (11(2) and Chaminade et al(3). 

In the present application, because of their low cost per unit 
. area, the higher spatial resolution and the absence of electrostatic 
instabilities, this type of chambers competes very favorably with 
multi-wire proportionnl chambers. 

We have so far constructed and operated 24 planes (DCHl-5 and 
DCn9) For details we refer to' reference 4. On the basis of the ex
perience \'le have achieved, we are confident that the further extrapo
lation of a factor 1.5 in the ma::cimum dimensions required in the pro
posed set-up it is within our possibilities. 

3r.-Main Desiqn, Criteria for the Large ~;:!~H., Chnmbers DCHl-5 Fl.n9..J2f]J9 
1'0 meet the larg~ size l.~rement ''Ie have' built drift chamber rno

- dules in the form of a square frame (3.6 m x 3.6 m, 5 cm thick) "lith 
1 rom metallic sheets on both sides (fig. 2A5., This gives sufficient 
mechanical support ,,,hile providing dimensions ",hose tolerc::nces can be

• 
easily maintained. 

To obtain good drift time linearity, we employ a drift ,·tire ,..,ith 
a repulsive field to eliminate low fields far from the sense wire 
(cross section shown in Fig•. 3) and use a velocity saturated gas to 

overcome the divergences near ~he sense and drift wires. Simplicity 
and economy call for as few sense wires as possible. On the other 

. hand, the wire spacing cannot be too large, without the electric field 
midway betw,een wires becoming too small. For a gap spacing of 5 cm, 
electric field studies suggest a cell 10 cm wide. The resulting 5 cm 
drift region implies a maximum di.rft time of ......2 J.1,sec for C2H4 , well 
within our rate requirements. This cell size leads to a plane with 
only 34 sense wires over the full 3.6 m span. 

--...-----------'----~ ------------.....;.---



v ;n:' choosing sense wire diameter, construction simplicity favors 

'W,ires suspended only' at their ends' (Le., (1: 3.6 m long span) and 

large diameter wires which are easily handled. A 3.6 m long wire ''lith 

100 lJ.,diameter sags <0.2 mm when stretched horizontally by 150 9 of 

~ension. As calculated above, electrostatic stability for a gap spac
, 	 ' 

'ing atS em is good for wire lengths up to _12 mwith6KV operating 

,voltage. Light" economical construction of the box requires 1m.., total 

'tension: on the frame.' In ,the above system, the'total force on the 

frame. In the above 'system, the total force on the frame is 10 kg 

foi70 drift and sense wires. 

Th~ module consists of three basic' ~components: 

",i)' ,There is a square ,,,elded fr~me' of U-profile' aluminum channel, 

reinforced by two I-benms (fig. 2). Large holes spaced at 

'5 cm ~n two opposite sides of the frame allow insulated pas

, sage of drift and sense' "dres to the outside (fig. 4). 

,"if) 	 A plexiglas insulntor is epoxied to the inside of' this frame 

,,(fig. 4) A thin tube feeqs through a teflon 'bushing to 

anchor the wire an,d suppress cor.ona. 

'iii) Aluminum sheets are epoxied to the frame, epoxied to the frame 

enclosing, the gas and shielding the wire~ as wel~ as providing 

," ,the ground planes. 
': ~-.... 

, .. At one, end of the wires ~ the U-cham"lel serves as a shielded locn

'" , "tion for the preamplifiers attached to the sense \~ir:~s. In the oppo


",:'s'ite channel, an epoxy cast of blO bars, (one for drift and one for 


,sense ~ires) busses around the high voltage. 

, . 

:' Since no electrostatic instability p~oblem exists, the only criti 

, cal precautions in the'above construction are those taken to avoid 

.:' ,corona. Before closing each chamber, all wires are raised to +10 'kV 

. , ',8ri:d' '~xamined fo~ discharge. 
, , 

·F,our'of th'ese, elementary chambers are sandwiched into what we' 

, , ,call asupermodule. The super-module consists' of a pair, of' t\vo-rnodule 

.. ' ,:' ·,:systems sandwiched so th<lt wires run in an· x-y-x-y sequence. parallel 

,seris~ wires. in different planes are staggered with respect to each other 

'by half a cell width (fig. 2B). I·1easurement of four independent drift 

. times for this super-module yields four independent variables. A-mea

sure of the traversal time t, from scintillator information, provides 

a fifth independent variable. This is sufficient to. remove left-right 

", I . 
. . --.'. 	 , 

- .' " 
, . " 

~~~?' 	_. ~.:t.t'lf" ,:, ..Wif'<S:Pe::1!f~~ " :.-.....:.__________.-:~.::=:::::::==:::=::::::==:::=====:::::::=====---____ 
, , 



.' 
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. , 

, , 

,. iunbiguities.and ,to measurex,y,Gx,G and the time of traversal of they 
'p'arti~le across the chamber. " 

. Results of thG Tests ,;rith Cosmic Rays 

We have been operating a stack of 16 planes during the last seve

ral. months. The enormous si~ of these chambers simplifies calibra

. 
. -- .. ' 

'tion, :because cosmic":xay r~tes are high enough to make them useful 

test particles. Scirltillation counter.s locatej above and below the 

tlS 

.. ·cllamber·., define the time of passage of .the particle.' 

The results of these tests indicate that the chambers operate 

reliably,' with good efficiency and acceptable spatial resolution over 

periods of several weeks. Whe show in Figs'.. 5, ~( and 1. some of the 

.,. . ........ tyPical distributions. ,f 

, .5. General Organizat:L.2..!L,of the Rca.d-Out._ Inectroni~ 

Drift chamber read-out electronics consists of two sections. The 

first section is the amplifier, delay and strobe' typica.l of }:iHPC sys~ 

"terns.. The second sectiondigtize~ and reconds ~he time of the pulse. 

Since we have' to detect a relatively low. density of ,particles, vle re-' 
. . 
:,.·co'rd,only one drift time at each eveJlt~ Fur the::morc, ,'..0 expect to 

'~have at most 2.;..3 event triggers per be,am burst. As the bursts are 

short (-200f,lsec) ( and the time between bursts 'is large (4-12 sec), ve 

,'wish to store rapidly the data from seve..:al events "during the burst, 

andthenre,:d them out to the computer between bursts. 

The selected design is shown in fig1.8~9. Drift times a.re measured 

, ,to anac'curacy of 3 nsec rms. This design has the' capacity to record 

up'to one dr i,ft time per wire per event und up to six events before 

:r~ad:"'out 'to, the comput.er. By u,si~g a' time expander (5) we are able to 

~ . . . , :'reduc'e the' counting frequency in the time digitizer stage to 20 MHz,.. ."' . 

:' , where standard TTL circuitry is avail~ble. 
, , 

.... . , The recovery time between events is ,:525 J.LS • 

6." Design criteria for DCH8, DCHIO-14 

"The.chambers DCH8, DCH10-14 cover very large angles from the tnr

get (Fig. 10). The density of particles is sufficiently low as. to psr

mit to relax some\'lhat on the requirement of resolving time of the chmn

.bers. As long as a resolving time of ~l~s is acceptable, we can re

.. 

----------_......._-_...._ ....... 
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duce to two the n~nilier of pl~nes (lx,ly) of each supermodu1e. The 
geometry of the basic cell has to be modified slightly in order to 
be able to resolve the left-right ambiguities. The method, used 
successfully by us and others (2) (3) consists of doubling the sense 

wires, as sho\~ in Figs 11 and 12. 

7. Stlm.TTI~ry of Parameters A 1: 
We summarize in tables ~ all r'elevant parameters of the 

dete,ctors for the muon spectrometer', 

,. ,-
".. 

,. 

. .................--..... ---'--------.-~----------------



TABLE.<\ 
< , 

LIST OF DRIFT CHAlvlBERS 

Chamber Mod'..lle Size No. Wi:-es/Plane No.. Plane/Module 	 Remarks 

DCHI 4 x 4 m 2 32 2x, 2y Existing + Tested 

DCH2 4 x 4 m2 32 2x, 2y isting + Tested 
'I 

DCH3 4 x 4 m .i.. 32 2x, 2y Existing + Tested 

4 x 4 ~) 2 2x, 2y Existing + Tested 

DCHS 4 x 4 m2 'Z? 2x, 2y Existing + Tested""'

2DCH6 6 x 6 m 48 2x, 2y New 

DCH7 6 x 6 m"" 48 , 2y New 
..., 

DCH8 4 x 4 m .!.. 32 2x, 2y Existing + Tested 
.... ...,,,4 x r'1, X "'n L. )DCH9 ,_ ... V':'u 	 {Ix{ "" 'i New48 ly 

DCHlO 4 x (3 x 6m2) 24 {Ix New{48 ly 

DCHll 4 x (3 x 6m2) {24 {Ix New48 ly 

DCH12 4 x (3 x 6m2) 24 {Ix NewC+8 ly 

DCH13 4 x (3 x 6m2) {24 {Ix New48 ly 

DCH14 ,f x (3 x 6m2) 24 fIx New{48 	 'ly 

Total No, of wires already available and tested 	= 768 (3.07 Kilometers) 
; 2112 (10.1 Kilometers)Total No. of new wires required 
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APPENDIX II 

A DETAILED DISCUSSION OF THE TARGET CALORIMETER 

TO DETERMINE BOTH ENERGY AND DIRECTION OF THE HADRONIC JET 

(THE ENERGY FLOW DEVICE) 

/ 1. Int.rcrluction - In our original proposal for the experiment ]A (1971) 

we pIt forward the idea of a massive neutrino target which is at the same t:ime 

an energy ~lill3' device (ca1or:irneter). The taJ::get of a neutrino experiment 

must be very massive an::l therefore it autanatica11y contains the greater 

fraction of the hadronic am e1ectranagnetic cascades pro::tucoo by the events. 

It a~oo very natural at that time to prq:ose to detennine the energy 

transferred by the incident neutrinos into hadrons, Eb, by a rneasurenent of 

the total arrount of ionization prod.ucoo inside the taJ::get detector. In sane 

cases, whenever the number of particles producoo by the cascade is very large, 

it may be sufficient to sample the ionization with a satrlwich arrangement 

of Ireta1 plates am Uiquid) scinti11ators, providirq of coorse th?t the 

number of samp1ill3's is large. We cal100 such a device a fine grain calorimeter. 

However for elastic or quasi-elastic events, where Eb is relatively snail, the 

sampling qannot be done with sufficient accuracy am a :p.tre liquid scintillation 

counter, a true total absorption detector, is vastly superior. Electronic 

neutrino experiments with ca1or:irneter-taJ::get detectors have turnoo out to be 

considerably m::>re powerful than the earlier spark chamber "visual type" devices 

used at BNL am CERN. Several recently plb1ished results have shown that they 

can be very canpetitive, am in sane instances even superior to a large heavy 

·liquid bJ.bb1e chamber (CERN Gargame11e) • 



------------------

In the course of the last three years the t.echrol.o3Y of calorimeters 

has made very considerable progress. Many different types of sampling calori

neters have been constxucted by several groops (1) an:1 extensive theoretical 

work based on !.fonte Carlo calculations (2) has beccme available. The calcula

tion- approa.ch gives good agreenent with experimental data an:1 in general 

it is rrM possible to predict reasonably well both the energy deposition an:1 

the ene:r:gy-deposition fluctuations in this type of COJ.nter. In parallel, 

considerable progress has been made in the technology of constructing such 

cnmters. The samplirg devices, initially plastic scintillators, have been 

replaced with liquid scintillators which have eil very much lower cost, (iil 

. a much lower light attenuation and. (iii) much more unifonn light.yi~ld. In 

analogy with the principle of f:ilier-glass optics, the light collection fran 

very large stacks of liquid scintillators an:1 metal plates can be perfonned by 

coatirg the plates with a very thin « 1 mil) layer of plastic material with 

a refractive Wex appreciably lower than that of the liquid (1.33 vs 1.50). 

Light travels inside the gaps between metal plates by total internal reflectiOJ?S. (3) 

At the same time, coating the plates with an inert, plastic material solves 

the problem of conditioning the luge tOtal aIroUIlt of metal surfaceexposa::1 

to the liqUid scintillator. 

On the basis of the progress achieved so far, we believe that the anamt 

of infanra.tion potentially available fran fine grain calorimeter devices can 

l?e made considerably IrOre canpletethan a simple number i.e. the total energy 

deposition, of crurse provided that the devices are milt in order to extract 

it~ We propose a type of device which can (i) separately detennine the 

eneJ:g'ies of the electranagnetic am. hadronic canponents and. (ii) determine the 

---~.~-~ .~..-.~.-.-
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direction of the resultant of the manenta of interacti.n;J particles enitted 

in the neutrino irrluced interaction. we call this an ~ flcm device. In 

order to achieve these goals the calorimeters ImlSt becane necessarily nore 

sophisticated than a simple, h.c:Ioogeneoos stack. We propose a structure made of 

alternati.rg sections of low - Z (plre liqt,lid scintillators) with sections 

of high - Z (sandwiches of lead + liquid scintillator). The configuration 

is arranged in such a way that most of the hadron interactions occur in the 

liquid scintillator while the electranagnetic canponent is alliost totally 

absorbed in one of the high - Z sandwiches (y-catchers). Localization of 

the centroid of the energy dep:>sited by ionization in each unit is provided 

both in the lcm - Z a.rxl high - Z modules by (i) a rcugh hxloscopic arran;;e

ment a.rxl (ii) measurin:J the a.nnmt of light collected at roth en:is of the 

hXioscopic counters. (The position along the counter is then detennine:l flXlIl 

the ratio of light yields at the two en:is~) , 
We have verified both the basic localization techniques and the feasibility 

of the energy flcm device on a 10 ton fine grain calorimeter expoSal to a 

17 GeV proton beam. (4) On the basis of these extensive tests, describec1 in 

detail in the follow:inJ paragraphs, we oonclude that roth ideas '\ark very 

well. We have then used Monte Carlo calculations on the developnent of 

rnclear a.rxl-electranagnetic cascades to extrapolate to the perfotmance of 

the full scale device. 

..-~.-.-..--------------
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2, ~ation of the hadronic am electrana~tic cascades. - It has 

been detel:IninEd experimentally that calor:imeters have a linear light yield response 

vs. the total iIx:ident energy which is not appreciably different for various 

iIx:ident ha?ro!lic particles. (Fig. 1) However systa'natic differencES':-appear 

when we canpa;re the'n with the energy calibration for incident el~trons (or 

photons). (Fig. 2) f.'bre precisely high energy electrons give on the average of 

abcnt 30% m::>re total light outplt than pions or protons of the same (kinetic) 

energy. The pherx:meron is due to b.l:> main effects: i) the ruclear cascades 

associaUrl with incident hadrons dissipate 15 - 20% of the available energy in 

breaking ruclear 1x>nis which does rot prcrluce subsequent ionizing energy. The 

effect is lDt present for e.m. cascades. ii) a.l.:a.lt 10% of the energy dissi

pation canes fran heavy ionizing tracks for which the light yield of the liquid 

scintillator is heavily saturated. (Le. the light observed is no lOI'g'er in 

cti.:l."ect proportion to the energy deposiUrl). Instead, for electrons am positrons, 

to a very gcxxl approximation, a linear relation holds. 

The occurence of this systanatic difference is of oonsiderable consequence. 

The energy response to an initial multiparticle jet prcxluced for instance by a', . 

ne.ttrino will vary accord.inj to the ratio between 'lr°'S am hadrons. F\lrther

more, during the developnent of the hadronic part of the cascade, a substantial 

fraction of the energy (30 - 50%) will be converted into nO's am deposited by 

elect.ranagrietic cascades. Because of these fluctuations, the response of the 

cnlnter l«:U.ld be subject to substantial variations even for incident hadrons 

at fixed energy. The low - Z, high - Z alternat.in::J stJ::ucture proposed here 
, 

,(Fig. 3) CJIIercartes these effects since nost of the electranagnetic energy is 

dey;osited in the y-catchers (high - Z units). This is seen in Fig. 4 where 

we display the fractional energy deposite:l by an e:1ectranagnetic cascade as a 

http:a.l.:a.lt
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function of lorgitudinal depth. Even in the nost unfavorable case of a photon 

produce:l at the be:Jinrlin;J of a low .,.. Z section, only al::oot 8% of its total 

energy is dissipa:te3. on the average before the first y-catcher in which almost 

all of the x:esidual e.m. energy is deposited. Instead, all other foll1\S of energy 

deposition are pr.i.nta.rily concentrate:l in the low - Z units which have the 

largest number of mclear collisiori. len;rths and ionization stq:pin;J power. 

To conclude: We detennine directly the total energy of the e1ectrcrnagnetic 

canponent of the initial naltrioo inluced jet fran the first y-catcher 

itrmediate1y followin;J the interaction point. The renainin;J energy is determined 

fran the sum of the energies deposited in the low - Z units and the coz:resp:>rdin;J 

sum in the high - Z units, weighted appropriately in order to correct for the 

inv"is!ble energy fraction of the hadronic cascade. 

3. Determination C?f 	 the ¥tial coordinates of high energy Ehotons or 

electroE!3_. 	- t'1e consider initially the case of a single e1ectranagnetic 

. (5) 


shower developin3" in a high-~ unit. Experimental results are avaliable 


i:n the case of a lead-scintillator sarrlw.ich which is very similar to the 


high-Z units of the proposal spectraneter. The measurements have been 


perfonned with electrons of 32, 20, 5 and 0.7 GeV and a finely suJ:xlivided 


hcdoscope at differents depths. The p::>sition of a photon or of an electron 


at '.the face of the lead scintillator ccunter can be determined with an 

. 

accuracy of a few millimeter if the center of gravity of the energy deposition 

is taken as coordinate: 

where c(~) is the specific energy deposition at the coordinate X • 



'--. 

dN/dyo 

a) 
soo 

'00 I 
! 

y,,;mm 

Fig. 2. The distribution d.v/dyo ploued against the center of gravity of the shower )'0. measured at 32 GeV with the lead sandwich· 
(G)/=I.5cmPb,(O)/=3cmPband (6) t 5cmPb. 
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The intrinsic precision in the dete:onination of Xo is relatively insensitive 

to the depth at which· the measurements are perfonned (Fiqf' . 5 ) am to 

the energy of the initial electron. For instance it varies fran ~= 2.8 rrrn 

at E= 32 GeV to 5" = 4 mm for E =1 GfN. 

If the initial l'lSltrim interactionoccurs in the low-Z unit am at an 

appreciable distance fran the high-Z unit,\>Je can determine the direction of 

the photon or electron fran the inpact point on the high-Z unit am the position 

of the initial vertex (detenninerl for instan::e fran the spakk chamber tracks ). 

In a broad class of events several photons are simlltanea.lsly prcx1uC€d. 

!:he center of gravity of the total energy deposition gives directly the 

direction of the resultant vector manentum, even if irrlividual photon 

shc:Merscanoot be separated : 
'-':"JP :::: 

4. Detel:m!nation of the spatial CCX):rdinates of hadronic showers • - 'fhe 

corresporrlirq study of the spatial parameters of hadronic showers in a 

"total absorption ccunter is made very carrplicated by the greater mass over 

which it develops and by the large fluctuations of the developnent of the 

cascade ,suggestin:;J a simulta.ne<:us sampling at several different depths. 

A set of hodoscope ccunters of the type USe::l to study the electron or photon 

induced cascades is not very practical since it VJOUld require a prohibitive 

number of separate elanents • We have chosen instead a s.impler method in 

which the center of gravity of the energy depositions is directJ:y measured 

by an analog technique. It is based on the observation that the light collection 

in a large counter varies in a good approximation linearly with the 

distance fran the phototube. Let us consider a sy.IlllOOtric arrargement of 

two phototubes, one at each errl of a relatively IOn;} cpunter (Fifj. 6 ). 

The light collection efficiencies for the phototubes 1 am' .2. 



are of the form : 

with A, B arrl L constants. The total light yield at the poototubes for 

an energy density distril:ution ( x..) is: 

~ ! 2. -:::: )' . 17 f, "l l1: ') :;: ( '( ,; d x

, 
The average light yield is relatOO. to the total energy deposition,corrected 

for collection efficiency: 

V -= (\; '1'- v2J I?_ := (A - r-:: L. f.2J S ex) d x 

The ntbnnalized ratio, R = ( V 1 .,. V 2 ) / ( V 1 + V 2 ) , is indiperrlent of the 

total energy deposition arrl it varies linearly with the position of the 

center of gravity of the energy deposition: 

V-1 -- VL _~R_ ( L - ,::2 -< )( > ) 
\/1 -t" \III 1. '2/~ - L.B 

I 

<;1.(> 

:For a calibratOO. counter the·. main contriwtmon to the .uncertainty 

in the value of R is due to fluc'blations in the number of pootoelectrons 

l1. am ~ Of. pootob.lbes 1 arrl 2. Assuming Poisson statistics, the error . 

in the quantity It is : 

{" t{ .. ~.--o R -:::::. ~.' «(i 1 -, '1\ ').. 

Atypical counter has'L .= 3 meters 

5/MeV. For a total energy deposition of 2 GeV one gets : 
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-----------------

The method. has been awliai to a fine grain calorimeter in a 17 GeV 

2{X)sitive hadron beam.' The calorimeter is made of 5 nm steel plates 80 x 84 an , 

separated by !irm scintillator gaps • Each m:rlule of 24 plates is viewed by 

a :p3.ir of 5" phototubes, one at each side. Seven of such rrOOules,stackai 

close to each other,constitlle the calorimeter. Pulse heights ftem the 14 

p1xrt:otubes are measured by separate charge digitizers am they are 

recorded onto tape by a HP 2100 canp.lter • The incident hadron beam is 

2defined by a 7 x 7 an counter telescq:>e. The gain of each of the 14 

tubes has been calibrated frequently with positive muons which are easily 

identifiai by an additional scintillator ca.mter behin:l the concrete beam 

stopper. The light collection efficiency as a function of the upact point 

has been measured for, each tube' with the same muon line over the interval 

:!: 30 an ,sufficiently large to insure a full contairment of .the hadronic 

cascade proouced by particles incident at the center of the crunter • 

OVer this interval, the ratio R == ( VI - V2 )/( VI + V2 ) varies linearly 

. with the {X)sition of the incident muons. (Fig. 7 ). The width of the R 

distriWticrI', is entirely consistent with the statis1.cal fluctllations in the 

rumber of photoelectrons. 

Figure 8 shows the distribution in the variable R for each one of the 

seven\ rrOOules of the calorimeter. We have assigned to each entry a weight 

prop:>rtional to the eneI:gy deposited in the m::xlule, Le. proportional to V. 

This is necessary, since in order to construct the center of gravity fran 

several of these points we must canbine the quantities 

rather than the nonnalized values R. We remark that this proced.ure is 

dictated also by the requirement that the sum of the contributions of 

the individual particles of a jet adds up to the resultants for the total 

------ ~~..~..~.-
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m:rnentum of the jet. The prOCEd.ure is essential because the energy deJX)sitions 

in irrlividual modules are subject to large flucmations fran event to 

event. (Fi:;J. 9 ) 

We have fitted a straight line thrcugh the centers of gravity of 

!!rlividual events. Each point has received a weight p.I'OIX)rtional to the 

energy deposition in the module. It is interest.in:J to canpare the results 

of the fit t.;rith the 3.-priorm known spatial cOordinates of the incident beam. 

The residual an:JUlar spread has a r.m.s. deviation of approximately 40 mrad. 

(Fig. 10 ). The position of the incident hadron at the face of the calorimeter 

can be detennined to an accuracy of about 8 an • 

Finally we have used the Montecarlo calculation on the developuent of 

the mclear arrl electranagnetic cascades in order to extrapolate the 

experimental results of the test module to the final detector. arrl to the 

low-Z ,high-Z structure •The conclusions are : 

i) the Montecarlo calculation reprcrluces well the reS'l:tlts of 

tPe test nodule, once the resolutk>n in the localization of the center of 

gravity is ta;-;:cn into account. 

ii)we reconstruct \nth the low-Z modules of the final set-up 

the direction of the total shower I11C.:maIltum with an r .m. s. deviation which 

~ approximately equal to the one of the test roodule • 

iii)The high-Z modules give an appreciably better an:JUlar 

resolution ( i. e. 22 mrad r .m. s. for E ... 17 GeV ) The If
(> 

canponent appears 

to be nore sharply collimated than the total ionization losses. 

iv) We have canbined the inf0J:m3.tion fran the high-Z arrl the 

low-Z modules arrl we have taken into account the resolution of the deteJ::mination 

of the center of gravity, : the O\Ter-all resolution'in the shower direction is 



approximately 30 m:rad r.m.s. for E :: 17 GeV. The resolution ~roves 

slightly with energy. We firrl 20 mrad at E= 50 GeV am 15 mrad at E:. 100 C".,eV. 
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APPENDIX 3 


Beams 

The neutrino source 2t NAL is 2 v-K bc~m prod~ced at zero degrees with 

respect to the incident prOtOnS and having a 400-m~ter-Iong decay path which 

terminates 1100 meters upstream of the detector building. At the present 

time three interchangeable fccussing arrangcmf:nt:~ dl'e available for enhancing 

and/or momentum-analyzin? the hadrons as they enter the decay pipe. These 

together with the option to 0mit the focussir:SJ rif:;vices altogether provide 

four neutrino beams with different properti~,'; <i!'1Y of which may be preferred 

depending upon the obj(~ct:ves of a given expel':I1"-~lt, 'vIe have calculated thE; 

expected event rates in the proposed detector fC)i' these beams (see Table r). 

We discuss belm.." the prcp'.:::n:ie:; of eaci; beam in \:i,e; context of the c},perimental 

program. 

I) Horn beilnl. This sY;:;i:t'm p."0vl tiie highc;:,t LOLlI event rarc:~ at nearly 

all energies, but partlc.ui2(]Y at H,c Imler e,"I(' of' the spectrum. it is the 

clear choice for all of the very rare processes, reactions 5-12 of Table I. 

It also provides the highest-statistics for deap-inelastic scattering where 

the final state is vJell-ciete;'mined by the detectoi". 

2) Quadrupole triplet beClnl. The yields from this system are similar to those 

from the horn beam at the highest energies, with ,nJc.h lower fiuxes at lower 

energies. This beam is more suitable for studying reactions in which the 

neutrino energy cannot be reconstructed from the observed final state, e.g. 

v + N -+ v + hadrons, or production of new particles at the highest beam 
].l ].l 

energies which decay into neutrinos. In the first example it is desirable 

to limit the low-energy neutrino flux to insure high muon detection efficiency 

(by reducing the number of events with large-angle muons). In the second 



example the signal would a/-lp£::3r as an apparent b!'cakdown of seal ing, and could 

best be established by comparing data taken with different beam spectra. 

3) Sign-selected beam. The present dichromatic system operated in the high-

yield, low.resolution mode gives a spectrum similar to that of the quad triplet, 

but produces a nearly pure neutrino or pure antineutrino beam. The pion and 

kaon neutrinos are resolved as two rather broad p8uks in energy, and the total 

yield is approximately half that of the quad triplet. A pr-iori knm'lledge of 

the neutrino Iisign" is hlghj~t desirable for studyinS events without muons. 

The dichromaticity is also useful for checking the cal ibration of the energy 

measurement in deep ine13stic events. 

3a) Dichromatic beam. If a high-resolution dlcht()n13tic beam is constructed 

in the future, it will reCUin'.;: possible to study ~"he y-distribution of the 

muonless events 5 bject to a 2-fold ambigui~y Jus to the two energies of the 

beam. If in addition the ~ngle of the hadror can be measured, the 

kinematics will be detcrr,dn,:ci completr:ly ey::;prt fell the energy ambiguity, 

These added constraints '~J;li g'"eatly facilitate interpretation of the data. 

11) Bare target beam. The virtue of this alrangfC:ili\"nt is its simplicity. In 

particular tbe calculati~m of neutrino fluxes give'" reliable hddl"on pr"oduction 

data is very straightforward. 

The expected flux€':s for these beams arc, compared in Fig. J, 2 and 3. 

Flux Measurement 

The neutrino flux is calculated form the momentum-angle distribution of 

pion and kaon production in the aluminum target. To imporve the knowledge of 

these hadron yields we \'"ill soon begin a program of measurements using the 

neutrino target and the upstream portion of the existing Nl (muon) beam. The 

measurements will be carried out parasitically with neutrino data taking. 



3 

~en the quadrupole triplet or sign selected neutrino beam is in use, direct 

measurements of the hadrons accepted by the focussing system are obtained; 

when the pulsed hO(~~are in use for neutrinos, bare-target production data 

are accumulated during the long spill while the horns are off. Our objective 

is to achieve eventually une-percent accuracy for hadron production in the 

angular region relevant to the neutrino beams. 
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Appendix 4 

An Enriched Electron Neutrino Beam 

In the event that the revised detector proves ca~able of 

separating ve interactions from v~ interactions it will be impor

tant to proceed with ~-e universality tests using an enriched 

beam. In this section we describe a simple initial step in this 

direction. 

The decay of neutral particles (K1, AO, etc.) gives a rela

tively enriched yield of electron neutrinos. A simple neutral 

beam could be constructed in the neutrino area on a one bedplate 

train; the entire beam would consist of a target and a sweeping 

magnet (an EPB dipole): Charged particles are sweeped out of the 

beam, while the neutral particles drift through the decay pipe 

and decay into v~ and ve A calculation of a spectrum from such 

a beam is given in Fig. 1. Although the flux from this beam is 

low, it is sufficient to measure the velv~ yield from neutral de

cay. Furthermore, the ratio of v Iv can be varied in a controlled 
e ~ 

way with the sweeping magnet to help verify the ve identification. 

We believe that a simple beam of this type would be the first 

step toward the development of precision ve experiments at NAL. 

It would allow for the development and debugging of ve identifica

tion techniques with a relatively simple beam while some prelimi

nary physics could be studied. Also, it would allow a measureve 

ment of the v yields before more sophisticated beams are built. e 

A further source of electron neutrinos is from the decay of 

muons and the one-bedplate beam can also be used to measure the 



2 

Ve spectrum from this source. These yields are important to under

stand, since they constitute the background in a v~ beam. Further

more, a source of sign-selected electro-neutrinos comes from the 

decay of muons in a sign-selected beam. 

All of these methods will yield low flux v; beams, but have 

the virtue of not causing any large changes in the present struc

ture of the neutrino area. Ultimately, high flux ve experiments 

will be in demand, however, and special beams will be required 

for that purpose. The most promising possibility is the develop
+ 

ment of short-high intensity K1, yO and Y- beams for the 15' bub

ble chamber area. The v flux one such beam configuration is e 

shown in Fig. 2. It is our hope to be actively involved in the 

design of these beams and the experiments that will be done in them. 
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