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I. Introduction 

The operation of the NAL accelerator ~pens a new 

era in the study qf neutrino physics which should lead to 

a deeper understanding_of the weak interaction. Neutrino 

interactions in the bubble chamber will for the first time 

be studied with statistics comparable to present day hadron 

experiments in bubble cha:mbersc 

High intensity neutrino beams and large bubble 

chambers will exist in 1973 at BNL, CERN, NAL, Serpukhov and 

ANL. A comparison of the neutrino event rates on free pro-

tons expected at each . 1 
accelerator in 1973 has been calculated 

and is presented in Fig. 1. The detailed 9arameters of the 

detectors and beams used for these calculations are given 

in Table 1. Neutrino interactions in the energy range below 

5 BeV are available at nearly all of the accelerators and 

those from 10 BeV to 30 BeV in principle are accessible at both 

Serpukhov and NAL. However, in this energy range the Serpuk-

hov event rate is less than 5% of the NAL event rate even when 

an optimistic proton intensity is used for Serpukhovc It is 

clear then that the region of neutrino physics unique in 

practice to NAL is the energy region above about 5 BeV. 

In present neutrino experiments the muon takes 

approximately one-half of the neutrino energy. 
2 

Bjorken 

estimates 
< E > µ 

E 
\) 

= 0.62 ± 0.12 at high energies from an extra-

polation of present data. Hence, for hadronic energy transfers 



of more than around 3.5 BeV, NAL is effectively unique and even 

in the region 2-3.5 BeV, NAL has a distinct advantage over 

Serpukhov. It is worth noting that within this range of 

hadronic energies the bubble chamber has proven itself ex-

ceedingly valuable in the study of strong interactions. The 

energies are large enough to produce interesting resonances 

but not so large that a great many channels are opened with 

only a few events per channel. 

We intend to study in detail the individual channels 

produced by neutrino interactions on protons. The proposed 

exposure of neutrinos to the hydrogen charnber would produce 

about 50,000 events which would yield quantitative and quali-

tative results. The qualitative studies include a search for 

new particles (intermediate vector bosons, heavy leptons, 

shadows particles, monopoles, quarks, etc.), a search for 

neutral current induced events and tests of the ~S/6Q law. We 

will also be able to make qualitative studies of the structure 

of the inelastic interaction. Quantitative studies can be 

made of all interactions involving only charged final state 
*++ particles such as N production. Tests can be made of 

locality by studying the four-fermion interaction, of the 

* Cabbibo theory via Y production, of strange particle associated 

production, and of locality and V-A interference from the single 

pion analysis. 

This exposure is viewed as a candidate for the first 

major run of the 14-foot bubble chamber, focusing system and 
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muon monitoring system since this is the simplest possible 

bubble chamber configuration for efficient neutrino operation. 

2. Event Rate 

The neutrino spectrum incident on the bubble 

chamber has been calculated and is shown in Fig. 2. The beam 

parameters and assumptions used are given in Table 2 for 
' accelerator operations of 200 BeV and 500 BeV. The most 

critical assumption in this calculation is the particle pro-

duction model which predicts the meson spectra. We have chosen 

the Hagedorn-Ranft 3 model which was fit 4 to the 70 BeV Se:cpuk-

h d .t.. 5 ov a L.a. 

1 3 • Using 10 200 BeV protons per pulse interacting 

in the neutrino target, a two-horn focusing system and a 

bubble chamber fiducial volume of 20m 3 of hydrogen, we cal-

culate a yield of approximately 50,000 events in a 200,0dO 

picture exposure. The energy distribution of these events 

is given in Table 3, It has been assumed that the total 
- ' neutrino-nucleon cross section rises linearly with neutrino 

energy. This is known to be true experimentally 6 to approxi-

mately 10 Bev and should be true theoretically if scale in-

variance holds and there is no intermediate boson or cut-off 
• 1 • • 7 in the wea~ interaction. If the cross section saturates at 

20 BeV,then the total number of events expected is reduced 

by about 13%. 



3. Expected Physics Results 

The purpose of this exposure is a detailed study of 

the individual channels produced in neutrino-proton inter-

actions. However, some of the most exciting prospects are 

the possibilities of finding new particles or different pheno-

mena. What particles are produced by the weak interactions 
2 

at high energy and high q? Nature might produce whole sets 

of new particles which may even interact strongly among them--

selves but may be coupled only weakly to other strong particles 8 

(a II shadow '(dorld") . We only know that unless selection rules 

operate, these particles would have to have a mass larger than 

250 MeV or K mesons could decay into them. These could be 

seen directly from interactions in the chamber or we might see 

long-lived particles which were produced in the shield and de-

cayed in the chamber. Heavy leptons might be produced at the 

1 - d • * 9 b k ~ 10 epton vertex ana .ecay ny µ ➔ µy or y wea aecays. If 

the average path length of a gamma ray is taken as 7 feet 

(0.18 conversion lengths), then about 20% of the decay gammas 

* fromµ ➔ µy should convert and be seen. The effective mass of 
* theµ could then be measured. As discussed by Kraemer and 

. 11 . * Derrick, the error in theµ mass should be comparable with 

present day mass errors, i.e., about 25 MeV or less. The 

ganmta ray will have a shorter track length than their example 1 but 
. . b b 12 the rnea.surement accuracy obtainable seems considera .. ly etter 

than the 500µ used there. Quarks, 1 3 -~, monopoles or even more exo~ic 

particles may be produced. Surely there must be some surprises 
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awaiting us in the study of neutrino interactions. 

·we may ask what is expected to happen at the had-

ronic vertex. The total cross section is believed to be 

proportional to the neutrino energy. The elastic cross sec-
1 4 

tion experimentally and theoretically 15 flattens out above 

* about 1 Bev as does the one pion N33 (1238) cross section. 16 

22 

What then happens to form the bulk of the cross section in 
1 7 1 8 

the 10-20 BeV region? Calculations ' of p and A1 pro-

duction, although quite crude, predict only a small number of 

events and again flat cross sections using vector dominance 

type models. It will be very interesting to see if these 

channels are small experimentally and if so which channels 

dominate. A separation can be made using events with no u01 s 

and events with u 0 ' s where one or more ga1Tu-na rays have con-

verted since the gamma conversion probability is about 20%. 

It is possible, for instance, that the inelastic cross sections 

are dominated by production of higher N* resonances. The 
. . h , . 1 9 present CERN results are consistent wit.t_ -chis 

multiplicities of high energy events seem high. 

although the 

If this is 

true, then a side result of these experiments might be the 
.,. 

strong decay branching fractions of the higher NA 
3 (I=--) 
2 

resonances as well as their B decay coupling and weak fonn 

factors. * Cross sections for p + N etc. are as yet uncalculated. 

The specific channels that dominate will have a great impact 

on the various theories of deep inelastic scattering. As an 



20 2 
example r in the theory of Drell, Levy, and Yan at lo'd q /2mv 

the nucleon should generally carry a large part of the longi-

tudinal momentum transferred to the hadronic system. If this 

qualitative check can be made (for instance, by measuring 

a-rays to find out what fraction of the time the fast particle 

is a proton) then even with large uncertainties in atotal or 

d /d 2 • • r • • 1 . • J. b J ~ • " a q, s1gn1r1canc. 1m1cs can e p.acea on various aeep 

inelastic theories. 

A study of the four-fermion interaction 

+ v +µ-seems feasible. 21 
e The theoretically ex-

pected event rate assuming the standard point interaction is 

about 100 events at 200 BeV. The backgrounds are discussed 

in Ref. 21, and it would appear that the real interactions 

can be separated out. The study of this four-fermion inter-

action leads directly to a test of locality of the weak inter-

action since no f orrn factors are involved. 

Associated production of strange particles should 

occur. There is essentially no experimental information on 

this at present, but if associated production occurs 5-10% of 

the time as it does in strong interactions, we would have 

2500-5000 events. In many of the channels we will be able to 
0 0 + obtain well constrained fits as well as see A , K, z- etc. 

*+ ➔ For ex2.rnple, possible reactions are vP + µ-r,+K+, vP ->- µ-y K 
*·+ 0 J_ - ,.0 + + followed by Y (1385) ->-A 1r' ('\,90(,b.r.) and vp ->- µ :~ K K 

followed by ';;o ->- J\ 01io. 'fhe first two reactions are 3C at the 

main vertex, the latter is a 2C fit although one constraint 
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is somevibat weak. It will be very interesting to make SU 3 
tests among different modes.here. 

Several AS/AQ searches can be made. - + + vP -,- µ Tr I etc. 

should not occur. Limits on these can be set and when compared 

with results from v experiments wili give us AS/AQ results. 
- 0 + If vP + µ K PTr has an appreciable cross section, an even more 

• .1.. • • b -;J 
2 2 ' h o h 11 ;::;-0K sensiLive ~est can e maue since t e K can ave a sma 

component. 0 0 Even a crude measurement of K 1 /K 2 decays (by 

observing K0
2 interactions) can give a sensitive AS/AQ test 

since a measurement of relative amplitudes rathccr than amplitudes 

squared is being made. If tl~P. 1',0 ~.L.h l Lh .,__ pa.L.,_ _ engL 
2 

is 7 feet and 

if its atot ~ 20 mb then 14% of interact in the 

chamber. The observation of vP + µ-K0 P~+ and similar channels 

is interesting in its own right because positive strangeness 

kaons are the only kind of single strange particle that neu-

trinos are allowed to produce if the AS/~Q law holds. The 

observation of this reaction gives us some information on the 

strength of the strangeness changing current at high energy 
2 

and high q . 

percentages 

It will also be quite interesting to find the 

* of N and especially in the above reactions. 

This is the strangeness changing equivalent of p production. 
- . + An intermediate vector boson search via vP +µPW 

followed by W + ev can be made in this experiment. The 

branching ratio for this decay should be the same as for µv. 

In a 7-foot path in hydrogen, an electron should lose, on the 

average, about 23% of its energy by radiation. For a high 
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energy particle this is far greater than the ionization loss; 

hence, electrons should be identifiable by measuring momen-

turn at the beginning and end of the track. For all reasonable 

energies, measurement errors of momentum should be far less 
2 3 than this value. The muon produced at the incoming neutrino-

muon vertex tends to be of low energy in the lab (about 50% 
24 

are below 2 BeV) and the signature for this event becomes a 
+ low energyµ- and a high energy e. The background can be 

estimated by looking for high energy e since most forms of 
- -~ -background give equal numbers of e as e (or puree). The 

mass which produces 100 intermediate vector boson decays in 

this experiment is about 8 BeV and 12.5 BeV respectively for 

200,000 pictures at 200 Bev and 500 BeV operation. 

We have studied the information contained in the 

measurement of only the muon direction and energy summed over 

all neutrino energies. As an example, we have assurned the 

parameters and formulas given in reference 25, and various value 

for an intermediate boson mass. If an over-all normalization 

constant is removed, it is found that the muon energy spectrum 

is sensitive only if M w < 5 BeV, but the muon angular dis-

tribution is more sensitive. 'I'his can be understood immediately 
M 2 

since a virtual intermediate boson introduces a factor w 
2 T 

q + 1-1 w 
into the cross-section formula and hence has the effect of 

. l . , 2 suppressing 11gn q (and hence high angle) events. If one defines 

R to be the ratio of those events with E between 10 and 30 BeV 
p 



withe > 0.1 to those events withe· < .05, we find the 
\lV p\l 

results given in Table 4. If the systematic error (not in-

dividual measurement error) in ell\> is 2mr, theri. LI~ = . 09. 

The statistical error is small· since both numerator and de-

nominator have about iooo events or more. The presence or 

absence of a w3 fol~ factor can also widen or narrow the 

angular distribution. 'rhe uniqueness of the interpretation 

of this data depends on the inelastic parameters being known. 

These parameters are to be studied at lower energies at CERN 

and BNL within the next few years. However, in any case, the 

proposed experiment will certainly put a limitation on the 

set of allowable parameters. 

A neutral current search can be performed on the 

events without muon candidates. These events must be dis-

tinguished from events caused by neutrino induced neutrons 

interacting in the chamber. We expect approxirnately O. 5 neu-

trino induced neutron interactions per pulse. These back-

ground events would have two nucleons rather than one in the 

final state and the total momentum would be in the neutrino 

direction, while a neutral current event would have a total 

hadronic momentum not in the beam direction. Because of the 

problem of unseen neutrals, it is not clear how well this test 

could be performed. However, there exists no high energy or 

h • 1 2 ' ' :i 1 • • 1 .1.g:1 q informatJ.on on neutral currents, anct any _ imi ts t.1at 

can be set are useful. 

Even with in reconstruction of events, tests 
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of locality f V-A interfen~nce 1 etc. f are quite possible a::1 
, , , 2 G has been pointed out especially by Pais. 

In conclusion, we feel these are very exciting 

experiments, with many results definitely obtainable. As with 

so many exploratory bubble chamber experiments in the past, 

however, there is an excellent chance that the most interest-

ing results will not be those emphasized above but will be 

new and as yet unexpected phenomena. 

II. Experimental Arrangement 

The layout of the proposed experiment consists of a 

thick target and meson focusing system to maximize the neu-

trino flux below about 50 BeV, a 600-meter long decay region 

one meter in diameter, a 300-meter long iron shield and the 

14-ft. bubble chamber. 

l. 'Target 

A thick target of hig~ Z material has been 27 shown 

to optimize the lower energy meson yield from the target via 

hadronic cascading, thereby optimizing the lower energy neu-

trino flux, ice,, E < 20 BeV. 
\) '\, 

The target, for example, could 

be of Cu t\-.10 interaction lengths long and 4 mm in diarneter. 

'l7he choice of target material may well be a compromise between 

optimizing the neutrino flux and obtaining adequate cooling. 

2. Focusing System 

A high efficiency broacl-energy band meson focusing 



system i~ proposed to maximize the information content per 

photograph and minimize the exposure length of the experiment. 

The neutrino energy range of interest in this experiment is 

primurily between 10 BeV and about 50 BeV. The pulsed horn-

type focusing system has a focusing efficiency of about 50% 

over this entire region. The pulsed horn-type focusing system 

is the only focusing system which has been successfully used 

in previous neutrino experiments. 

Successful operation of pulsed horns have been achieved 

at P,NL r BNL and CERN. New focusing systems may be developed, 

but at the present time there is no proven competition to the 

pulsed horn for high efficiency broad band focusing. For com-· 

parison, a "broad band 11 adiabatic quadrupole focusing systern28 

optimized at about 10 BeV has an integrated efficiency of 

about 25% with respect to the horns in the energy range above 

5 BeV. If the adiabatic quadrupole channel were used, then 

for the same statistics our exposure request would be for 

800,000 photographs, rather than for 200,000, if the other 

parameters remain the same. We therefore propose the two-

horn system whose preliminary parameters are given in Table 5, 

This focusing system is under detailed study by the NAL staff. 

3. Meson Decay Reqion 

The meson decay region is a pipe approximately one 

meter in diameter and approximately 600 meters long. Since the 

meson interaction length in air is 540 m, we recommend that the 

decay region be evacuated to a pressure of about 1/10 atm. 



4. Shielding 

The amount of shielding between the meson decay 

region and the bubble chamber is assumed to be sufficient to 

shield the chamber from all beam induced particles to the 

level of a few per pulse, except for neutrinos and neutrino 

induced secondaries for an accelerator operation of at least 

200 BeV. The request that the shielding be adequate to the 

·highest machine energies is important and obvious. We re-

quest the exposure at. the highest accelerator energy compatible 

with an acceptable backgro,J.nc1 in the bubble chamber. 

5. Neutrino trurn Moni 

The neutrino spectrum incident on the bubble charn.ber 

can, in principle, be determined in at least two ways. If the 

pion and kaon angle and momentum spectra are known at the tar-

get, then the rn.esons can be follrn,1ed mathematically through 

the focusing system, allowed to decay, and the energy spectrum 

of the neutrinos passing through the charnber determined. Un-

certainty in the shape of the neutrino spectrum results from 

not knowing accurately the meson spectra from the thick target 

used in the experiment in the full momentum and angle range 

needed (10 BeV < P < JAO Bey and O < e < 60 mrad). 'J'he uncer-c C 

tainty in the absolute normalization of the neutrino flux re-

sults from the uncertainty in the proton intensity on the target. 

Also, absorption and mesonic cascading in the focusing system 

and vacuum windows are difficult to include in the flux cal-

culations. 
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The second method of determining the neutrino spectrum 

is to measure the muon flux distribution in radius and depth 

in the muon shieldj and via the meson decay kinematics unfold 

the parent meson distribution in the decay tunnel and thus 

predict the neutrino flux. This method gives directly a nor-

malized neutrino spectrum with the above mentioned uncertainties 

removed. We propose using both methods to determine the neutrino 

,spectrum. 

6. Detector 

'J:he bubble chamber considered is the 14-·foot chamber 

which has 3 
a total volume of 30m. The useful fiducial volume 

3 
for neutrino interaction has been taken at 20m. The charnber 

f i11ing requested is hydrogen. 'rhe magnetic field requested 

is at least 20 kG but we desire the highest field available. 

7. Exposure 

This proposal requests 50,000 events of neutrinos 

on protons. Using the present flux predictions, these 50,000 

events can be obtained in 200,000 accelerator pulses, with 
1 3 

1 x 10 protons per pulse interacting in the neutrino target. 

For an accelerator cycle of four seconds, this exposure could 

be obtained in 220 hours, or using a total experimental arrange-

rnent efficiency of 30%, the exposure time would be about one 

month. 

Severa.l of the er s described above require 

the fu11 number of events For 200 Be\T ration of 



the accelerator about 100 events are estimated for the four-

Fermion interaction. This gives a statistical error of 

about 10% on the event rate which is comparable to our other 

normalization errors. With 100 events we can also obtain a 

rough energy distribution of the muons. The clearly identi-

fiable strangeness changing channel in this experiment is 
- 0 -l + vp ➔ µ K TT-P plus possible neutrals where only 1/3 of the 

KO decay by K~ ➔ u+TT-. Therefore to obtain any sort of in-

formation on the production mechanism, at lea.st the full ex-

posure length would be required .. Since this is also the channel 

for an amplitude test of /lS = LIQ, one again ·wants as many events 

as possible, In the search for an intermediate boson by means 

of W ➔ ev, one also becomes event limited for higher boson 

masses, 

III. at.us 

We wish to indicate here some of the technical 

reasons why we believe the presently pro:;1osed experiment should 

be considered for the initial neutrino experiment in the 14-foot 

bubble chamber. 

This experiment is viewed as a first major run of the 

14-foot bubble chamber and neutrino focusing and monitoring 

system, all of which are being designed by the authors of 

this proposal. Since hydrogen is by far the cheapeE.:;t chamber 

filling, it is highly probable that the initial operation of 

the chamber will be with hydr rather than with rnixes of 

neon and hydrogen or 
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An early neutrino exposure has several opera:tional 

and technical advantages bver an early antineutrino exposure. 

In the first place, the flux of neutrinos is 2.5-4 times that 

of antineutrinos. An equivale~t statistics antineutrino ex-

periment will consume more running time than a neutrino ex-

periment. Also, the beam purity (percentage of wrong kind 

of neutrinos) is considerably better for neutrinos than anti-

neutrinoso 

In vP interactions the final state hadronic system 

is left doubly charged resulting in fewer neutral particles 

than the vP interactions in \'7hich the hadronic system is 

neutral. Furthermore, since muon identification may be 

difficult in the first experiments, there will be fewer ~-n 

ambiguities for v than v since there will , ,- - .c oe rewer n Lrom v 

interactions than + 
,i f rorr1 v ractions, •de would not , ne 

happy with a beam focusing system that did nots ate v and 

v since having both teractions in the chamber would greatly 

cornpound our muon ic1enti:fication problerns. 

Analysis o~ these experiments will be dominated by 

scanning time, It is proba.ble that every event will be examined 

by a physicist. This seems quite ible with the present 

group, 'The measure1,1ent load is modest by tod I s standards 

especially when divided between our two groups. This is true 

even assuming that one might measure double the actual numbers 

of events eliminating events with the aid of track re-

con::,truction informat:ion. The University of chigan and NAL 

are currently bui1clinsr POLLY devices and the~ ffi'.::!asurement load 
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is easily managed. We anticipate having initial results 

within a year of the time the pictures are taken. 

We require: 

1. Neutrino focusing system. 

2. Neutrino flux monitoring system. 

3. 14-foot bubble chamber filled with hydrogen. 

These pieces of equipment which are to be built by the people 

involved in this proposal are to be available as NAL facilities. 
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TABLE I 
Neutrino Beam Parameters 

Energy (GeV) 

Beam Intensity at 
Prese~t 1 ;er ( 1 0 - -

protons/sec.) 

--~13 (10 
sec~) 

protons/ 

Distance (m) 

Shie th (m) 

Tunnel Radius (rn) 

Recess 

I NAL 

I 
l 200 l 
I 
I -
I 

15 

600 

150 

0.75 
l I 

1 22. s I 

C 

lvloCtel 
• I D·roa,·1 c+- -ion 1· .t -- u -- • Hagedorn-

R21nft 
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1'ABLE 2 

Nl\l, Neutrino Beam Parameter::; and Assumptions 

Meson decay length 
Muon shield lengtb 
Recess between s~ield and det~ctor 
Decay tunnel diameter 
Detector diameter 
Target materials 
Particle production model 
Focusing efficiency 
Maximum meson angle focused 

'l'ABLE 3 

600 m 
300 m 

22.5 m 
1.0 m 
2.7 m 

Copper 
Hagedorn-Ranft 
Perfect (100%) 

60 mr 

Distribution of 50,000 Events From a 200 BeV Exposure 

Neutrino Interval 

0 - 10 

10 ·- 20 

20 ·- 30 

30 - 40 

40 - 50 

50 - 75 

75 - 100 

100 - 150 

BeV) No. of Events 

12,200 

21,700 

7,900 

2,900 

1,400 

2,200 

1,210 

500 
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'I'ABLE 4 

DcpendE.,nce of R on the Intermediate Boson Mass 

M (BeV) R w 

5 1. 3 

10 2o0 

15 2.2 
20 2,2 
25 2.3 

00 2.4 

TABLE 5 

Preliminary Parameters of a Two-Horn Focusing System 

Horn Parameters 

Length (m) 
Distance from target (m) 
Outside diameter (m) 
Minimum inside diameter (cm) 
vlall thickness o:f: aluminum) 
Peak current ( J.O s _ amps) 

Peak volt (10
3 

volts) 

I :, ' . ( 1 o- 6 •1) no.uc-c:.ance .. ti 
3 Stored energy (10 J) 

Total pm·7E:r required (KVl-\) 

(e,g. at 480V 3 phase) 

Horn 1 Horn 2 

9 r· . :) 4.5 
0 29.5 
0.8 0. 8 

LO 6.0 
2--3 2-3 

3-5 3-5 
12 12 

3.0 0.6 
133--370 43--120 

200-500 
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I. INTRODUCTION 

The operation of the NAL accelerator opens a new era in the study 

of neutrino physics which should lead to a deeper understanding of the 
- . 

weak interaction. Neutrino interactions in the bubble chamber will for 

the first time be studied with statistics comparable to present day hadron 

experiments in bubble chamber. 

High intensity neutrino beams and large bubble chambers will exist 

in 1973 at BNL. CERN. NAL and ANL. It is also possible that a neutrino 

facility will exist at Serpukhov in 1973. A comparison of the neutrino 

event rates on free protons expected at each accelerator in 1973 has been 

1calculated and is presented in Fig. 1. The detailed parameters of the 

detectors and beams used for these calculations are given in Table 1. 

Neutrino interactions in the energy range below 7 BeV are available at 

nearly all of the accelerators. Neutrino interactions from 10 BeV to 30 

BeV in principle are accessible at both Serpukhov with the heavy liquid 

bubble chamber and NAL with the 15-ft hydrogen bubble chamber. How-

ever. in this energy range the Serpukhov event rate is about 12% of the 

NAL event rate even when an optimistic proton intensity is used for Ser-

pukhov. If the Serpukhov proton intensity stays at its present intensity 

then NAL will have a superior event rate above about 4 GeV. It is clear 

then that the region of neutrino physics unique in practice to NAL is the 

energy region above about 7 BeV. 

In neutri!lo interactions below 5 GeV. the muon takes approximately 
< E > - 2 - 3 fJ.one-half of the neutrino energy. Bjorken. estimates 0.62 ± 0.12E v 
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at high energies from an extrapolation of present data. Hence, for ha-

dronic energy transfers of more than around 3.5 BeV, NAL is effectively 

unique. It is worth noting that within this range of hadronic energies the 

bubble chamber has proven itself exceedingly valuable in the study of 

strong interactions. The energies are lar.ge enough to produce inter-

esting resonances but not so large that a great many channels are opened 

with only a few events per channel. 

We intend to study in detail the individual channels produced by 

rieutrino interactions on protons. The proposed exposure of neutrinos 

to the hydrogen chamber would produce about 50,000 events which would 

yield quantitative and qualitative results. The 'qualitative studies include 

a search for new particles (intermediate vector bosons, heavy leptons, 

shadows particles, monopoles, quarks, etc.), a search for neutral cur-

rent induced events and tests of the 6.S/6.Q law. We will also be able to 

make qualitative studies of the structure of the inelastic interaction. 

Quantitative studies can be made of all interactions involving only charged 

*++final state particles such as N production. Tests can be made of local-

ity by studying the four-fermion interaction, of strange particle associated 

production and of locality and V -A interference from the single pion anal-

ysis. In Section II we elaborate on each of these physics objectives. In 

Section III we point out the regions of neutrino physics which should have 

already been studied in bubble chamber experiments at ANI." BNL and 

CERN and with the counter experiments at NAL by the time this experi-

ment could be performed. 
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This exposure is viewed as a candidate for the first major run of 

the 15-ft bubble chamber, focusing system "and muon monitoring system 

since this is the simplest possible bubble chamber configuration for effi-

dent neutrino operation. In Section IV we discuss in detail the experi-

mental arrangement required. In Section V we point out the contributions 

that this group have made and will continue to make toward developing 

the equipment necessary to perform this experiment. In Section VI we 

conclude the proposal and commit ourselves to the construction of sped-

fic equipment. 
. . 

If an external muon identifier (EM!) of the type described by M. L. 

Stevenson et al. in the NAL proposal No. 9 ·were available, it would be 

used in this experiment. However the objectives of this" experiment would 

not be seriously impaired if the EMI did not exist. We insert comments 

in the discussion of the physics objcctives for those objectives where the 

use of an EMI is an important consideration. For many reactions there 

is no muon ambiguity since there is only one negative track. For reac-

tions with more than one negative track, we use the fact that since the 

muon takes about 60% of the neutrino energy on the average, a good first 

order decision as to which negative particle is the muon can be made by 

taking the fast negative particle as the muon. 

II. PHYSICS CONTENT OF THE EXPOSURE 

The purpose of this exposure is a detailed study of the individual 

channels produced in neutrino-proton interactions and a search for new 

particles and unexpected phenomena. 
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Following is' an enumeration of the physics content of this experi-

ment based on the neutrino spectrum given in Fig. 2. The beam param-

eters and assumptions used to calculate this neutrino spectrum, are given 

in Table II. The neutrino spectrum was calculated using the NAL neutrino 

flux program NUADA. The most critical assumption in this calculation is 

the particle production model which predicts the meson spectra. We have 

4 5chosen the Hagedorn-Ranft model which was fitted to the 70 BeV Ser-

BpUkhov data. 

13Using 10 350 BeV protons per pulse incident on a one interaction 

length target. a two-horn focusing system and a bubble chamber fiducial 

3volume of 20 m of hydrogen. we calculate a yield of approximately 50.000 

events in a 500.000 picture exposure. The energy distribution of these 

events is given in Table III. It has been assumed that the total neutrino-

nucleon cross section rises linearly with neutrlno energy ()total = O. 8 Ev 

-38 2 . 2 x 10 cm. This is known to be true experimentally to approximately 

10 BeV and should be true theoretically if scale invariance holds and there 

7is no intermediate boson or cutoff in the weak interaction. If the cross' 

section saturates at 30 BeV. then the total number of events expected is 

reduced by about 18%. 

--

1- New Particle Search 

v + p -.. heavy leptons + anything (1) 

-,. quarks + anything (2) 
...... magnetic monopoles + anything (3) 

shadow particles + anything ( 4) 

unexpected + anything (5) 

;1  
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What particles are produced by the weak interactions at high energy 

and high q2? Searches for heavy leptons, quarks. magnetic monopoles 

and shadow particles can" be accomplished in this experiment and will be 

discussed below. 

Heavy leptons might be produced at the lepton vertex and decay by 

"" 8 9I.L ... I.L'Y or by weak decays. If the average potential path length of a 

gamma ray is taken as 7 feet (0. 18 conversion lengths). then about 200/0 

of the decay gammas from I.L ... fl l' should convert and be seen. The 

effective mass of the I.L * could then be measured. As discussed by Krae-

mer and Derrick. 10 the error in the I.L'~ mass 'Should be comparable with 

" present day mass errors. i. e. about 25 MeV or less. The gamma ray 

will have a shorter track length than their example, but the me8surement 

accuracy obtainable seems considerably better11 than the 5001.L used there. 

If I.L':< -,. flVv':'. then for a sufficiently heavy I.L'~ (well above 1 BeV) 

ionization would indicate the event for those I.L';' 	 which are slow in the lab. 

For masses around 1 BeV or slightly lower, decay in flight may indicate 

the I.L * if the coupling is similar to ordinary muon decay. This latter 

method would probably only work over a na-rrow region since T a; 1/ m 5. 
I.L 

For these events, it would be desirable for the identity of the muon to be 

confirmed by an EM!. 

Quark production in the bubble chamber can appear dramatically as 

charge 	non-conserved events if the bubble chamber is not sensitive to  

- + + + charge 1/3 tracks via reactions such as vp -- I.L IT" q2/ 3 q2 / 3 ql /3 . 

If the bubble chamber is sensitive to" charge 1/3 tracks then there will be 



apparent charge non-conservation in reactions such as vp ...... fJ. P q2/3+ 

+ . . 
ql/3' Quark tra9ks can always be tested by measuring their energy loss 

in traversing the bubble chamber.. Also quark tracks should be distin-

guishable in the chamber since a relative ionization loss of nine-to-one 

should be distinguishable in the bubble chamber. 

A search for magnetic monopoles will be similar to the recent 

analysis 12 of the 1967 CERN neutrino bubble chamber film. A magnetic 

monopole because of its high dE/dx stops rapidly13 « 1 mm) in the 

bubble chamber and because of the viscous drag of the hydrogen drifts along 

a magnetic field line. Since the magnetic field lines flair out at the 

ends of the chamber, this signature is unique, i. e. a stray cosmic ray 

track cannot be mistaken for a monopole. 

Nature might also produce whole sets of new particles which may 

even interact strongly among themselves but may be coupled only weakly 

. 14 ( II h d ld")to other strong partIcles a s a ow wor . We only know that unless 

selection rules operate, these particles would have to have a mass larger 

than 250 MeV or K mesons could decay into them. These could be seen 

directly from interactions in the chamber or we might see long-lived 

particles which were produced in the shield and decayed in the chamber. 

t 
! 

2. Intermediate Vector Boson 

vp -.. fJ. P + w (6 ) 

L 
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An intermediate vector boson (IVB) search via Reaction (6) followed 

by positron decay of the W can be ma~e in this experiment. The branch-

ing ratio for this decay should be the same as for fJ.v. In a 7 -ft path in 

hydrogen, an electron should lose, on the average, about 23% of its en-

ergy by radiation. For a high energy particle this is far greater than the 

ionization loss; hence, electrons should be identifiable by measuring mo-

mentum at the beginning and end of the traqk. For all reasonable ener-

gies, measurement errors of momentum should be far less than this 

10value. The muon produced at the incoming neutrino-muon vertex tends 

to be of low energy in the lab (about 50% are below 2 BeV)15 and the sig-

nature for the IVB event becomes a low energy fJ. and a high energy e+. 

The background can be estimated by looking for high energy e since 

most forms of background give equal numbers of e as e+ (or pure e -). 

If the mass is 8 BeV or less about 100 IVB decays would occur in this 

experiment. The expected yield of intermediate vector bosons as a func-

tion of the IVB mass is given in Fig. 3 where the cross sections of Brown 

16 et al. have been used. The IVB events tend to be concentrated at much 

higher energies than the inelastic events, see Fig. 4. The signature 
. . 

of a low energy muon in a high energy event might well be sufficient to 

enable us to search using all modes of W decay not just ev. However, 

15 we have even a further handle on the W events. The calculations of 

Smith and Brown show that the muon is produced at quite small angles in 

spite of its low energy. This puts intermediate boson events in one very 
2 q

small part of the available phase space plotted as a function of 2M (E _ E ) 
v fJ. 
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(E - E )v (J.and 
E Using present crude experimental est'imates of the ine-

v . 17 ' • 
lastic cross sectIOn one does not expect the density of normal inelastic 

events to vary by more than a factor of three or so over most of this plot. 

In fact it should be low for low energy forward muons (low q2 and low E )
(J. 

and there should not be sharp peaks. Hence these events should stand out 
E 

quite clearly from the background (remember E(J. is around O. 62). Fur-
v 

thermore if E is badly measured (by say 200/'0) this will not strongly effect 
v E - E 

q2 and will leave v E (J. still close to one. This means that one may 
v 

use many decay modes including the hadronic decay modes in searching 

for a boson in this experiment. We will simply use an estimate based on 

observed electron pairs for the average fraction of energy in neutrals. 

There is of course a background here due to events with two nega-

tive particles when it is not clear which is the muon. However, the fact 

that for W events the slow muon is very forward (cos 9 > O. 98 in most 

cases for E ;?:.. 50 GeV) will help considerably. Slow pions will almost v 

surely not have a sharp forward peak. 

Furthermore if a boson is found we c<;!,n get some information on 

decay mode frequences using the above peculiar production kinematics to 

signal the bosons, and can probably get a rather precise mass determina-

tion (around 20 MeV) from some of the hadronic modes. This will thus 

enable us to answer the very important question of whether there is one 

boson or perhaps a whole set of bosons or indeed no boson of well defined 

mass. If the boson mass is sufficiently low, we can get a preliminary 
. + 

indication of its existence by looking at the ratio of (J. _ from muons enter-
. (J. 

ing the bubble chamber from neutrino interactions in the shield and bubble 

chamber coils. 
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3. Four Fermion Interaction 

v e -+ v f.L ( 7)f.L e 

v e -+ e v (8)e e 

v e -+ e v (9)f.L f.L 

A study of the four-fermion interaction via Reaction (7) seems feas-

'bl 18. thO .1 e In IS experIment. The theoretically expected event yield assum-

ing the standard point interaction is about 70 events. The backgrounds 

are discussed in Ref. 18. and it would appear that the real interactions 

can be separated out. The study of this four-fermion interaction leads . " 

directly to a test of locality of the weak interaction since no form factors 

are involved. Reaction (9) is forbidden with normal first order weak in-

teraction theory but would be allowed by higher order weak interactions, 

by neutral currents, or if lepton quantum numbers were multiplicative. 

not additive. 19 Again we can identify the electron by the approximately 

20% radiative energy loss within the chamber. A background to Reaction 

(9) comes from electron-neutrino elastic scattering Reaction (8). The v e 
2 0 flux is estimated to be about 0.20/0 of the v flux . If the cross section' 

f.L' 
21for Reaction (8) is anomalously large this would contribute to the events. 

(v + e ...... v + e)Hence a limit on ( ) will be a very useful test. A background. v+e -,. V+f.L 

to this process comes from gamma rays converting in the chamber with 

one member of the pair taking most of the energy. However. for Reaction 

(8) the electron should be predominantly in the beam direction and will 

generally take a large fraction of the .neutrino energy. Hence some separa-

tion should be possible. 
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4. Single-Pion Production 

- >',<++ 
V + P ...... !J. N3 / 2 3/2 (1238) 

>:<++ 
1/2 (1640) 

>:<++ 
7/2 (1950) 

",',' 
...... !J. Higher N States 

+ ..... !J. prr 

(10) 

(11) 

(12) 

(13) 

(14) 

Single pion production in the neutrino interaction as in electropion 

and photopion production can proceed through N* resonances, pion exchange 

or nucleon exchange. At neutrino energies of a few GeV single pion produc-

. * 22tion is dominated by N (1238) resonances, . Reaction (10). The cross sec-

tion for the N':'(1238) has been calculated using dispersion relations, 23 iso-

24 25 26 26bar models, eve models, SU(6) models and quark models. The 

values of cross section using the different models do agree. It will be im-

portant to test these models at high q2 since most models introduce a cor-

27 2rection factor to better fit electroproduct.ion data for Iq21 < 0.6 em . 

3Using a cross section of 1. 13 x 10 -38 cm for Reaction (10), about 1800 

events are expected in this experiment with an energy distribution shown 

in Table III. 

As the neutrino energy and momentum transfer increases, higher  

28 spin states of the N;" should be produced such as Reactions (11) and (12). 

The strong decay branching fractions of these higher N':'(I = 3/2) states as 

well as their f3 decay coupling and weak form factors may also be deter-

mined. The production cross sections for the higher N':< states have not 

yet been calculated. 

i 
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The non-resonant single pion production, Reaction (14), has been 

23calculated using dispersion relations and can be tested. By treating 

. l' t' . 1 t . .. 2 9 a 11 sIng e pIOn even s In a quasI-e as IC approxImatIon, a test of local-
2 

H.Y can be made because locality of the leptonic action gives d IT 

2dq dv 
which at most is a quadratic function of the neutrino energy.29 

As has been pointed out, 29 more information can be extracted from 

Reaction (14) by analyzing the events in terms of the angle <P between the 

normals to the hadron plane and the lepton plane as well as other param-

222eters (-y. q , b.. , K ). Locality can then be tested from the <P dependence 

alone. Also from the <p dependence the presence of a hadronic V -A inter-
• 

fe rence can be tested. 

5. Vector :Meson Production and Multiple Pion Production 

+ vp -;. (15)f-L P P 
+ 0L 1T TT 

- + ( 16)f-L P A1 L: + + -TT TT TT  

- ':'++ 0  ...... f-L N w (17) 

L + - 0TT TT TT  

- ':'++  0 (18)..... f-L N p  
+ -L TT TT  

- ,;,+  ..... f-L N p + (19) 
0 + 0L pTT L TT TT 
+nTT  

- + - 0  -,.. (TT IS) (TT IS) (TT ! s) (p'S) (nls) (20)f-L 

http:energy.29
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The total crQss section is believed to be proportional to the neu-

trino energy. The quasi-elastic c.ross section 'experimentally30 and theo-

retically31 flattens out above about 1 BeV as does the one pion N"'" 
3/2 3/2

22 	 . 
(1238) cross section. What then happens to form the bulk of the cross 

32section in the 10-20 	BeV region? Calculations ,33 of p and A1 produc-

34 ,:<++ 0 y.,++ 0 ':'+ +
tion and calculations of N w, N p. and N p production pre-

dict only a small number of events and again flat cross sections using 

vector dominance type models. Firmer predictions should soon be avail-

able based on electroproduction results. It will be very interesting to 

see if these channels are small experimentally. and if so, which channels 

dominate. It will be hard to do better than set a limit on p production 

since Reaction (15) involves a rro. A partial separation of Heaction (15) 

and single-pion production events can be made using events with no rro,s 

and events with rro,s where one or more gamma rays have converted 

since the gamma conversion probability is about 20%. However, A , 3rrl 

and N':'++ p~ production are quite accessible in this experiment because of 

. the all-charged final state. 

The specific channels that dominate the multi -pion events will have 

a' great impact on the various theories of deep inelastic scattering. We 

can also make many other -{ualitative tests of deep inelastic scattering 

35theories. As an example, in the theory of Drell. Levy, and Yan at low 

q2/2mv the nucleon should generally carry a large part of the longitudinal 

momentum transferred to the hadronic system. This qualitative check 
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can be made for instance by measuring () -rays to find but what fraction 

of the time the fast particle is a proton. Bjorken36 conjectures that the 

transverse momenta of the hadrons will tend to lie in a plane. This can 

be checked for multiple pion events even without seeing the missing lTo,s. 

derThus even with large uncertainties in ertotal and --2 ' significant limits 
dq 

can be placed on various deep inelastic theories. 

We have studied the information contained in the measurements of 

only the muon direction and energy summed over all neutrino energies. 

We find the angular distribution is more sensitive than the meson spec-

trum. The angular distribution is sensitive to the presence of virtual 

intermediate boson states and to the presence or absence of a W 3 form 

factor. The uniqueness of the interpretation of the angular distribution 

depends on the inelastic parameters being known. These parameters 

are to be studied at lower energies at ,CERN and BNL within the next 

few years. However, in any case, the proposed experiment will cer-

tainly put a limitation on the set of allowable parameters. 

6. Associated Production and Strangeness 'Changing Reactions 

vp ...... I.l.- K+ ~+ (21 ) 

-,. -
I.l. 

+ 'H-K Y (22) 

L f.\0 
IT 

+ 

...... I.l.- K+ K+ ,;:,0 ...... (23) 

L /1..0 0 
IT 

-,. I.l. 
+plT KO (24) 



Associated production oCstrange particles should occur. There is 

essentially no experimental information on this at present, but if asso-

ciated production occurs 100/0 of the time as it does in strong interactions, 37 

we should obtain about 5000 events. In many of the channels we will be 

able to obtain well constrained fits as well as see f\?, KO, L:;~ etc. For 

example, Reactions (21), (22) and (23) are possible. Reactions (21) and (22) 

are 3C at the main vertex, and Reaction (23) is a 2C fit although one con-

straint is somewhat weak. 

The observation of Reaction (24) and similar channels is interesting 

in its own right because positive strangeness kaons are the only kind of 

single strange particle that neutrinos are allowed to produce if the 6.S/ c.Q 

:= 1 law holds. The observation of this reaction gives us some information 

on the strength of the strangeness changing current at high energy and high 

q2. It will also be quite interesting t? find the percentages of N':' and es-

pecially K'~ in the above reactions. This is the strangeness changing equi-

valent of p production. 

7. 	 Conservation Laws 

a) 	 b..S/6Q Laws 

Vp ... f.i. - iT 
+ 

L:;
+ (25) 

Several 6.S/ L:l.Q searches can be made. For example Reaction (25) 

should not occur. A cross section for Reaction (25) can be set and will 

- + - + -give us a .6.S / c.Q test when compared with vp -+ f.L iT L; from an v 

experirnent. 
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If Reactions (26) has an appreciable cross section, an even more 

sensitive test can be made 38 since the KO can have a small J<O compo-

nent. Even a crude measurement 'of KSo /~o decays (by observing ~o 

interactions) can give a sensitive !:::.S/!:::.Q test since a measurement of 

relative amplitudes rather than amplitudes squared is being made. If 

the K o path length is 7 feet and if its (l""tot ._ 20 mb then 14% of the ~ L 
. K 0should interact in the chamber. The time dependence of e - / In e3 

decay modes for Reaction (26) also provides an amplitude dependent test 

of !:::.S/b.Q. The present test involves almost the same matrix element 

2but at different (higher) energy and q. The present test also has the 

oadvantage of a more straightforward measure~ent (i. e .• ratio of K toL 

Further, if the amplitude is parameterized as A + cA , then the 
+ 

ratio of ~o to Kso is approximately 1 + 4c. 

oFor the present class of tests, an EM! which would detect the 

and hence increase its detection efficiency well past 14% would 'enhance 

our ability to perform this test. 

b) !:::.S = 2 Test 

(27) 

29It is questioned whether low energy weak interaction selection 

rules hold in the high energy region. It is important to test. for example. 

if!:::.S 2 or !:::.S !b.Q -1 violation occurs. Such a test can be made by 

searching for Reaction (27). 
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c) T Invariance Test 

A T invariance test can be made by measuring the hyperon polari-

zation in Reaction (21). This important measurement only re<quires the 

study of tJ"" • (P x P ) and does not require a detailed knowledge of the 
.cJ f.L v 

neutrino spectrum. 

8. Other Tests of Basic Theories 

As was pointed out in Section III. 4 locality can be tested using the 

~ingle pion events. Similar tests of locality can be made using other 

29inelastic channels. The single pion events at high q2 also provide a 

test of hadronic V -A interferences. It may also be possible from the 

single pion events to test Regge pole dominance since the consequences 

of a dominating Pomeranchuk trajectory has been pointed out, 29 in parti-

cular wand 4> production should be suppressed relative to p production. 

39Using the inelastic neutrino interacti.ons Adler has proposed tests 

of CVC and PCAC. It will be important to make these tests at high q2? 

Therefore tests of locality, V -A interference. and T violation are 

quite possible using the single pion and inelastic events. 

9. v Interactions with Protons----ee---------------------------
+ v +p-> e prr (28) e + + -.. e rrrrn (29) 

etc. 

v + p + anything (30) 
e 
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The electron-neutrino flux was estimated from Ke3+ and IJ.+ decays 

using a procedure previously report'ed. 20 , The dominant contribution to 

+the ve flux, because of the beam geometry, comes from the Ke3 decays. 

Assuming the Hagedorn-Ranft particle production model and v -v uni-
IJ. e 

-38 2versality for the total cross section (IT T 0.8 x 10 Ev cm ), about tot 

200 v events are expected. This yeild strongly dependent on the kaon e 

to pion ratio at 350 GeV for p /p .-- 0.3. meson max 

The fJ.-e universality and additive lepton number conservation raws 

can be tested using Reactions (28). (29) and (30). 

If the lepton number conserv.ation law is multiplicative then fJ.+ 

v -v and fJ.+ ...... v v producing on v flux. Also v ;#! v oscil-
e fJ. e fJ. . e e e 

lations40 can produce on v flux. Approximately 20 events of Reaction e 

(30) can be expected if the fJ.+ decays equally into v and v • Al-e e 
. +-

though the yield is Iowa measurement of e / e events is a sensitive test 

of the multiplicative law. 

10. Neutral Current Search 

v+p ....... v+p (31)  

A neutral current search can be pe rformed on the events without 

lepton candidates for example Reaction (31). These events must be dis-

tinguished from events caused by neutrino induced neutrons interacting in 

the chamber. We expect approximately 0.5 neutrino induced neutron 

interactions per pulse. These background events would be of lower aver-

age energy than neutrino events, would have two nucleons rather than one 
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in 	the final state. The total momentum of the nucleon in the background 

event would be in the neutrino direction. while a neutral current event 

would have a total hadronic momentum not in the beam direction. 

cause of the problem of unseen neutrals. it is not clear how well this 

test could be performed. However. there exists no high energy or high 

2 	 41 q information on neutral currents. and any limits that can set are 

useful. 

An EMI to provide better detection of muons and to distinguish the 

-	 +-approximately 1% of v events with (l. but no (l. candidates would enhance 

our ability to perform this test. 

III. 	 THE RELATION OF THIS EXPERIMENT TO 

OTHER EXPERIMENTS IN PREPAMTION 

Assuming that this experiment, will start in January of 1973. it is 

reasonable to ask what areas of neutrino physics will have been studied 

by then in other experiments. The other experiments fall into two classes: 

bubble chamber neutrino experiments at other accelerators and counter 

neutrino experiments at NAL. 

Bubble chamber experiments are presently in progress or in prep-

aration at ANL using the 12-ft bubble chamber. at BNL using the 7-ft bub-

ble chamber and at CERN using Gargamelle. The ANL and BNL experi-

ments plan to study neutrino interactions in hydrogen and deuterium while 

CERN plans to study neutrino and anti-neutrino interactions in a heavy 

liquid. Table IV gives a brief summary of these experiments. their event 

rates and major topics of investigation. As the neutrino energy increases 
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from 0.25 GeV to about 5 GeV the physics emphasis in the analysis changes 
",

from form factor'studies of the elastic and N" channels to studies of the 

more inelastic channels. The fact that CERN has a large heavy liquid 

bubble chamber encourages them to study the more general properties of 

neutrino interactions (e. g. the total cross sections and deep inelastic scat-

tering) since individual channels are difficult to identify in a heavy liquid 

chamber due to nuclear effects and final state interactions. 

In the proposed experiment most of the events occur in the energy 

region from 5 GeV to 80 GeV. Therefore, only a small overlap in neutrino 

energy exists between this experiment and the Gargamelle experiment. Our 

events will however be free of the heavy liquid bubble chamber problems 
, . 

thereby allowing us to study the individual reaction channels. 

The counter neutrino experiments in preparation at NAL will study 

several physics topics extensively where the bubble chamber experiments 

can made few additional contributions unless the bubble chamber is instru-

mented to also be a "counter experiment". These nearly exclusive regions 

of study of the counter experiments are: 

1. 	 Deep inelastic neutrino and anti-neutrino scattering,  

v + p -+ f.l. + (anything).  

2. 	 Total neutrino and anti-neutrino cross section as a function of 

energy. 

3. 	 Intermediate vector boson search via w -.. f.l.V. 

4. 	 Lepton pair production in a coulomb field. 
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The proposed experiment does not overlap the counter experiments but 

will compliment them. For example, by searching for the intermediate 

vector boson via w ..... ev or w ..... hadrons. Also by looking at the evo-

lution of the individual channels into the deep inelastic region.. 

This experiment of neutrinos on hydrogen we feel does not dupli-

cate other neutrino experiments in preparation. It does however open up 

a new and complimentary region of study in our pursuit to understand the 

nature of the weak interaction. 

IV. EXPERIMENTAL ARRANGEMENT 

The layout of the proposed experiment consists of a one interaction 

length aluminum target, a meson focusing system which maximizes the 

neutrino flux below about 70 BeV, a 390 m long decay region 0.88 m in 

diameter, a 910 m long iron shield and the 15-ft bubble chamber. 

1. Target 

A thick target of high Z material has been shown42 to optimize the 

lower energy meson yield from the target via hadronic cascading, thereby 

optimizing the lower energy neutrino flux; i. e. E ;S.. 20 BeV. Too thick . v 

;;l target, however, drastically reduces the neutrino flux above about 50 

GeV. We therefore propose a target of aluminum one interaction length 

long and 4 mm in diameter. The final choice of target material and size 

may well be a compromise between optimizing the neutrino flux and ob-

taining adequate cooling of the target. 
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2. Focusing System 

A high efficiency broad-energy band meson focusing system is pro-

posed to maximize the information content per photograph and minimize 

the exposure length of the experiment. The neutrino energy range of 

interest in this experiment is primarily between 5 BeV and about 70 BeV. 

The pulsed horn-type focusing system has a focusing efficiency of about 

50% over this entire region. 

Successful operation of pulsed horns have been achieved at ANL, 

BNL and CERN. New focusing systems may be developed, but at the 

present time, there is no proven competition to the pulsed horn for high 

efficiency broad pand focusing. For comparis<;m, a "broad band" adia-

batic quadrupole focusing system43 optimized at about 10 BeV has an 

integrated efficiency of about 25% with respect to the horns in the energy 

range above 5 BeV. If the adiabatic quadrupole channel were used, then 

for the same statistics our exposure request would be for two million 

photographs, rather than for one-half million photographs, if the other 

parameters remain the same. We therefore propose the two-horn system 

whose preliminary parameters are given in Table V. This focusing sys-

tem is presently under engineering design by the NAL staff. 

3. 	 Meson Decay Region 

The meson decay region is a pipe O. 88 111 in diameter and 390 m 

long. Since the meson interaction length in air is 540 m, we recommend 

that the decay region be evacuated to a pressure of about 1/10 atm. 
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4. Muon Shieiding 

The amount of shielding between the meson decay region and the 

bubble chamber is assumed to be sufficient to shield the chamber from 

all beam induced particles to the level of a few per pulse, except for neu-

trinos and neutrino induced secondaries, for an accelerator operation of 

about 350 BeV. We request the exposure at the highest accelerator en-

ergy compatible with an acceptable background in the bubble chamber. 

We have anticipated that this energy is 350 GeV. 

5, Neutrino Spectrum Monitoring 

The neutrino spectrum incident on the bubble chamber can, in 

principle, be determined in two ways. First, if the pion and kaon angle 

and momentum spectra are known at the target, then the mesons can be 

followed mathematically through the focusing system, allowed to decay, 

and the energy spectrum of the neutrinos passing through the chamber 

44determined. Uncertainty in the shape of the neutrino spectrum results 

primarily from not knowing accurately the meson spectra from the thick 

target used in the experiment in the full momentum and angle range 

n"eeded (12 BeV/c < P < 220 BeV/c and 0 < 9 < 20 mrad). Also, meson 

absorption and mesonic: cascading in the focusing system and vacuum win 

dows introduce uncertainties in the shape of the neutrino spectrum. The 

uncertainty in the absolute normalization of the neutrino flux results from 

the uncertainty in the proton intensity interacting in the target. 
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The second method of determining the neutrino spectrum is to 

measure the transverse and longitudinal muon flux distribution in the 

muon shield and via the meson decay kinematics unfold the parent meson 

distribution in the decay tunnel and thus produce the neutrino flux. 45 

This method should give directly a normalized neutrino spectrum with 

the above mentioned uncertainties removed. However, the large num-

ber of inhomogeneities in the NAL muon shield introduce uncertainties 

in this method which were not encountered at CERN where this method 

45 was used. 

Because of the uncertainties involved in both methods, a monitor-

46ing 	procedure has been devised which uses both methods in a cross-

checking manner to determine the neutrino spectrum. The procedure 

follows. 

A. 	 No Meson Focusing System Installed 

1) Measure the IT and K yields from the actual neutrino target. 

We propose using the neutrino area to measure the absolute IT and 

K yields from a one interaction length target in the ranges: 

12 < 	P < 80 GeV 0<8 < 20 mrad 
IT 	 'IT 

20 < 	PK < 200 GeV o < 8 < 20 mradK 

A bending magnet after the target bends the appropriate p8 trajec-

tories into the 3D-inch bubble chamber hadron-beam chalmel. This chan-

nel with a Cerenkov counter installed will serve as our spectrometer. 

Muon monitors in the front end of the shield will test the vertical symmetry 
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of the beam (since the bending magnet deflects in the horizontal plane) 

allowing corrections to be made in the vertical steering of the proton 

beam onto the target. 

2) Check muon flux programs. 

By removing the deflection magnet after the target, a conventional 

wide-band non-focused neutrino beam is produced. The muon distribu-

tion is measured throughout the shield and compared with the calculated 

muon distribution in the shield. This allows the muon flux (and hence 

neutrino flux) programs to be tested and corrected for an easily calcu-

lated geometry. These measurements could be made during the wide-

band non-focusing exposure of Experiment lA. 

B. 	 Meson Focusing System Installed  

1) Measure meson spectrum in the 30-inch channel.  

By measuring the meson momentum distribution in the 30:"inch ha-

dron channel with the focusing system operating and by using the informa-

tion from A. 1 and A.2, a cross check can be made on the meson tracjectory 

program. Specifically, the meson tracing routines through the focusing 

system can be tested. 

2) The muon distribution is measured in the shield. 

If the above tests and corrections have been made, then when the 

focusing system is operated, the muon flux program should predict a muon 

distribution consistent with the measured distribution in the shield. This 

is a final test of the meson focusing and muon following programs and 

therefore the neutrino flux program. 



C. Neutrino Spectrum Determination 

1) Spectrum shape. 

The shape of the neutrino spectrum is given by the neutrino flux 

program on the basis of the experimental data from A. 1. 

2) Spectrum shape changes during experiment. 

A continuous monitor of the neutrino spectrum shape during the ex-

periment is obtained by sampling the muon spectrum shape via the muon 

monitors in the shield. 

3) Absolute normalization. 

The absolute normalization of the neutrino spectrum is obtained in 

two ways. First' by monitoring the total numbe'r of protons interacting in 

the neutrino target. Second by integratjng the muon monitors the front 

end of the muon shield over the entire neutrino experiment. 

D. Neutrino Spectrum Cross Checks 

As described in our NAL Proposal No. 44, independent determina-

tions of the neutrino spectrum can be made in two ways. First from the 

low q2 neutrino-neutron pseudo-elastic scattering event energy distribu-

tion. Second from the neutrino-neon pseudo elastic scattering events. 

In addition, by making specific assumptions on the total neutrino cross 

section, the neutrino spectrum can be determined from NAL Experiment 

1A. 
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. 6. Detector 

The bubble 	chamber considered is the 15 -ft chamber which has a 
. 3 

total volume of 30 m. The useful fiducial volume for neutrino interac-

tion has been taken at 20 m. The chamber filling requested is hydrogen. 

The magnetic field requested is at least 2a kG but we desire the highest. 
field available. 

7. Exposure 

This proposal requests 50,000 events of neutrinos on protons. Using 

the present flux predictions with the two-horn focusing system, these 

50,000 events can be obtained in 500, 000 accelerator pulses at 350 GeV 

13with 1 x 10 protons per pulse incident on"the neutrino target. 

Several of the experiments described above require the full number 

of events requested. For 350 BeV operation of the accelerator, about 60 

events are 	estimated for the four fermion interaction. This gives a sta-

tistical error of about 10% on the event rate which is comparable to our 

other normalization errors. With 60 events we can also obtain a rough 

energy distribution of the muons. The clearly identifiable strangeness 

KOchanging channel in this experiment is vp ->- f.l. - IT+P+ plus possible neu-

a a +-trals where only 1/3 of the K decay by Kl - IT IT. An antineutrino ex-

posure to a similar flux results in about 400 events per calculable strange-

ness changing channel. There are no estimates available for the present 

channel (which includes an extra prong) but it probably would not be greater 

than 400 (133 with visible KO decay). Therefore to obtain any sort of 
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informatism on the production mechanism. at least the full exposure length 

would be required. This is also the channel for an amplitude test of 6S 

::: 6Q, which will also be strongly event-rate limited. In the search for 

an intermediate boson by means of W -+ e v , one also becomes event 

limited for higher boson masses. It is important that this exposure be 

at the highest proton bombarding energy possible consistent with back-

ground in the chamber. We have taken thi's energy to be about 350 GeV. 

However we would consider operating at a lower energy (down to about 

200 GeV) if it were necessary for other considerations. 

V. 	 THE GROUP ACTIVITIES REI~ATED TO 

NEUTRINO EXPERIMENTS 

Thc activities and contributions of the NAL members of the group 

as regards the construction of NAL neutrino facilities (bubble chamber, 

track sensitive target, neutrino horn) are well kno'\vn and we shall not 

mention them further. Here we would like to point out some work which 

the Michigan group has undertaken in collaboration with NAL to measure 

and monitor the neutrino spectrum. 

We have written a Monte-Carlo progr'am which has in it parameters 

for the production of pions and kaons, the focusing and absorbtion of the 

horn, the length and width of the decay tunnel. the structure and density 

of the muon shield, etc. We use this program to calculate the flux of 

muons throughout the shield. The parameters of the program are then 

adjusted to produce results in agreement with muon flux measurements 
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taken during the running of the experiment and these adjusted parameters 

are used to calculate the neutrino spedrum in the bubble chamber. 

We hope soon to begin measuring muon fluxes in the shield, running 

parasitically with E21 (NAL-Cal Tech. Neutrino Experiment). We thus 

hope to check many features of our Monte-Carlo program, specifically 

those which have to do with energy loss and multiple scattering in the  

shield.  

VI. CONCLUSION 

We wish to indicate here some of the technical reasons why we be-

lieve the presently proposed experiment should be considered for the initial 

. neutrino experiment in the 15-ft bubble chamber. 

This experiment is viewed as a first major run of the 15 bubble  

chamber and neutrino focusing and monitoring system; all of which are  

being designed by the authors of this proposal. Since hydrogen is by far  

the cheapest chamber filling, it is highly probable that the initial operation  

of the chamber will be with hydrogen rather than with mixes of neon and  

hydrogen or with deuterium.  

An early neutrino exposure has several operational and technical  

advantages over an early antineutrino exposure. In the first place; the  

. flux of antineutrinos is comparable to the flux of neutrinos. The antineu-

trino event rate will be about three times lower because of the lower cross 

section. An equivalent statistics antineutrino experiment will consume 

more running time than a neutrino experiment. Also, the beam purity 

(percentage of wrong kind of neutrino's) is considerably better for neutrinos 

than antillcutrinos. 

, .. ~•......- .......~~-.-------------
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In vp interactions the final state hadronic system is left doubly 

charged resulting in fewer neutral particles than the vp interactions in 

which the hadronic syst~m is neutral. Furthermore, since muon identi-

fication may be difficult in the first experiments. there will be fewer 

I..l. -IT ambiguities for v than v since there will be fewer IT from v inter-

actions than IT+ from v interactions. We would not be happy with a beam 

focusing system that did not separate v and v since having both interac-

tions in the chamber would greatly compound our muon identification 

problems. 

AnalYSis of these experiments will be dominated by scannint time. . . 
It is probable that every event will be examined by a physicist. This 

seems quite feasible with the present group. The measurement load is 

modest by today's standards especially when divided between our two 

groups. This is true even assuming that on~ might measure double the 

actual numbers of events eliminating fake events with the aid of track re-

construction information. The University of Michigan and NAL are cur-

rently building POLLY devices and the measurement load is easily man-

aged. We anticipate having initial results within a year of the time the 

pictures are taken. 

We require: 

1) Neutrino focusing system. 

2) Neutrino flux monitoring system. 

3) IS-ft bubble chamber filled with hydrogen. 

These pieces of equipment which are. to be built by the people involved in 

this proposal are to be available as NAL facilities . 

.----~.------------



----------

-30-

REFERENCES 

1. 	 D. Carey et al.. NAL Internal Report TM-221 (1970). 

2. 	 1. Budagov et al.. Phys. Letters 30B. 364 (1969). 

3. 	 J. D. Bjorken. SLAC-Pub. 713. March 1970. 

4. 	 R. Hagedorn and J. Ranft. Suplemento Al Nuovo Cimento. Ser. 1.  

6, 169 (1968).  

5. 	 M. Awschalom and T. White. NAL Internal Report FN -191. June  

1969.  

6. 	 B. Bushin et al., Phys. Letters 29B. No. 1 (1969). 

7. 	 J. D. Bjorken. 1969 NAL Summer Study Lectures. 

8. 	 F. E. Low, Phys. Rev. Letters 14. 238 (1965). 

9. 	 S.· Gel'steln awl V. Folorneshkin, Serpukhov Preprint IHEP 67-57-K. 

10. 	 R. Kraemer and M. Derrick, 1968 NAL Summer Study Report. Vol. 1, 

p. 1. 

11. 	 W. Fowler, International Conference on Bubble Chamber Technology 

at ANL, 3une 1970. 

12. 	 R. A. Carrigan and F. A. Nezrick (to be published). See also R. A. 

Carrigan and F. A. Nezrick. Phys. Rev. D~. 56 (1971). 

13. 	 For example see E. J. Kobetich. Thesis July 1968. University of 

Nebraska. Lincoln. Nebraska. 

14. 	 One of many possible examples of such a scheme is given by K. 

Nishijima and M. H. Saffouri. Phys. Rev. Letters l.±. 205 (1965). 

15. 	 R. W. Brown and J. Smith. Phys. !lev. D 3, 207 (1971). 

----~--.~-. -.----.•... ... -.~~ ..-	 ..-.~-.-.--.. 



-31-

16. 	 R. Brown, A. Mann and J. Smith. Phys. Rev. Let~ers 25, 257 (1970). 

17. 	 A first report was quoted by B. Roe, CERN Topical Conference on 

Weak Interactions, 73, (1969). Further work has been done on the 

data by C. Franzinetti (private communication). 

18. 	 F. A. Nezrick, 1969 NAL Summer Study Report. Vol. II, p. 113. 

19. 	 G. Feinberg and S. Weinberg, Phys. Rev. Letters 2., 381 (1961). 

20. 	 G. Kalbfleisch, 1969 NAL Summer Study, Vol. 1, p. 343. Also G. 

Kalbfleisch (private communication) noted that a test of v events e 

generally can provide a test for multiplicative vs additive quantum 

numbers by just looking at the over:all e+ to e - leptons ratio for all 

events. 

21. 	 M.. Gell-Mann, M. Goldberger, N. Kroll and F. Low, Phys. Rev, 

179. 	 1518 (1969). 

22. 	 1. Budagov et al., Phys. Letters 29B, 524 (1969). 

23. 	 S. L. Adler, Ann. Phys. 50, 189 (1968~. 

24. 	 C. W. Kim, Nuovo Cimento 37, 142 (1965). 

25. 	 S. Berman and M. Veltman, Nuovo Cimento 38, 993 (1965). 

26. 	 C. Albright and L. Liu. Phys . .Rev. 140, B748 (1965). 

27. 	 C. H. L,lewellyn Smith, Review I1Neutrino Reactions at Accelerator 

Energies" 	to be published in PhYSics Reports. Section 3. 5B. 

1 I: 2 2 2 2 2J 1/2 2 
28. 	 1. ..... qcm . r --;;[8 ~ S M - q J + 4M q . r (q). Therefore 

the spin 1. should increase as Sand q2 increase unless it is damped 

2by r (q ). H. Harar: (private communication) suggests that this 

damping effect should be slight - 300/0. 



-32-

29. 	 A. Pais, Conference on Expectations for Particle Reactions at the 

New Accelerato'rs, University of Wisconsin, Madison (1970). 

A. Pais and S. B. Treiman, Phys. Rev. 1, 907 (1970). 

A. Pais, Phys. Rev. .!.., 1349 (1970). 

30. 	 1. Budagov~., Nuovo Cimento~, 689 (1969). 

31. 	 R. E. Marshak, Riazuddin, and C. P. Ryan. Theory of Weak Inter-

actions in Particle Physics, Wiley-Interscience (1969). 

32. 	 B. Roe, Phys. Rev. Letters 21, 1666 (1968). Erratum Phys. Rev. 

Letters 22, 92 (1969). 

33. 	 C. A. Piketty and L. Stodolsky, Orsay preprint "Diffraction Model 
\ 

of High Energy Leptonic Interactions" 69/47, July 1969. Also C. A . 

.Piketty and L. Stodolsky, Topical Conference on Weak Interactions, 

CERN, Geneva (1969), p. 75. 

34. 	 G. R. Henry and M. Veltman, Nuovo Cimento 37, 500 (1965). 

35. 	 S. Drell, D. J. Levy, and T. Yan, Phys. Rev. 187, 2280 (1969). 

36. 	 J. D. Bjorken, Proc. Conf. on Expectations for Particle Reactions 

at the New Accelerators, April 1970, Wisconsin. 

37. 	 J. \V. Waters, W. D. Walker, A. R. Erwin, and J. W. Elbert, 

Nucl. Phys. B1 7, 445 (1970). 

38. 	 B. Roe, 1969 NAL Summer Study Report, Vol. II. p. 109. 

39. 	 S. L. Adler. Phys. Rev. 135, B963 (1964). 

40. 	 B. Pontecorvo, Soviet Physics JETP 26~ 984 (1968). 

41. 	 D. C. Cundy et al., Phys. Letters 2. 478 (1970). 

--~-.-.-..~----------



-33-

42. 	 Y. Kang and M. L. Stevenson, NAL Internal Report, TM-217, 

February 1970. 

43. 	 L. C. Teng, NAL Internal Report, FN-210, April 1970. 

44. 	 S. van der Meer and K. M. Vohlbruch, CERN 63 -37 .. p. 97. 

45. 	 H. Wachsmuth, Symposium on Beam Intensity Measurements at 

Nuclear Physics Labs, Daresbury, England, April 22, 1968. 

46. 	 F. A. Nezrick, to be published, NAL FN Report. 

47. 	 Note that this spectrum is different from Fig. 7 of the report NAL 

TM-265. 	 The normalization of the spectrum in that report is per 

610 incident protons on a 0.03 interaction length target and for per-

fect focusing. The spectrum on Fig. 2 of this proposal reflects the 

m.eson absorption of a thick target and of a properly engineered horn 

structure (i. e. flanges, supports, etc.). 



TABLE I 

Neutrino Beam Parameters 

NAL Serpukhov BNL CERN ZGS 

Energy (GeV) 350 70 30 25 12 

Beam Intensity at Present - 0.2 1.5 0.7 1.3 
(10 12 protons / sec) 

Beam Intensity in 1973 15 10 20 6 10 
(10 12 protons/sec) 

Decay Distance (m) 390 150 62 72 33 

Shielding Length (m) 910 50 30 23 9 

Tunnel Radius (m) 0.44 1.0 1. 20 1.8 1.6 

Recess (m) 86 5.0 5.4 1.5 4.2 

Particle Production Model Hagedorn- Hagedorn- Sanford- Sanford- Sanford-
Ranft Ranft Wang Wang Wang 

Maximum Angle Acceptance 1. 8° 11. 5° 17.2° .20° 30° 
by focusing element 

Accepted pion multiplicity 1.9 1.8 '1.2 0.92 0.54 

Accepted kaon multiplicity 0.45 0.24 0.14 O. 10 0.051 

Bubble Chamber 15-ft SKAT (heavy 7 -ft Gargamelle 12-ft 
liquid) heavy liquid 

Radius (m) 1. 35 0.6 0.7 O. 9 1.5 

Visible volume (m
j 

) 20 4 6 10 20 

Length 3. 5 4 3.9 3. 9 2. 8 
-- -- -



TABLE II  

NAL Neutrino Beam Parameters and Assumptions  

Meson Decay Length. . • . •.•••••...• 

Muon Shield Length .•.•......•• 

Recess Between Shield and Detector 

Decay Tunnel Diameter 

Detector Diameter. 

Target Materials .. 

Particle Production Model •. 

Focusing System ....... . 

Maximum Meson Angle Focused .. 

390.0 m 

910 m 

86 m 

0.88 m 

2.7 m 

Aluminum 

Hagedorn - Ranft 

Two Horn, Real 

01. 80



TABLE III  

Distributions of 50,000 Events from a 350 GeV Exposure  

Neutrino 
Energy 

Flux/GeV 
_m2 10 5 Int. Total One-Pion Assoc. 

Four-
Fermion 

(BeV) Protons Events Prod. Prod. Events 

5 0.77 470 80 45 
10 3.5 3290 290 330 0.3 
15 4.35 6140 360 615 7.3 
20 3.7 6960 310 695 13.6 
25 2.87 6750 240 675 16.3 
30 2.03 5730 170 575 15. 6 

. 35 1.3 4280 110 430 12. 6 
40 0.86 3250 70 325 10. 1 
45 0.54 2290 50 230 7.4 
50 0.39 1830 30 185 6. 1 
55 0.25 1290 20 130 4.4 
,60 O. 19 1030 20 105 3.7 
65 O. 13 800 10 80 2. 8 
70 O. 10 670 8 65 ').... A 

~ 

75 0.088 620 7 60 2.3 
80 0.065 490 5 50 1.8 
85 0.052 420 4 40 1.6 
90 0.043 370 4 35 1.4 
95 0.041 370 3 35 1.4 

100 0.038 360 3 35 2.7 
110 0.028 640 65 2. 6 
120 0.022 610 60 2. 5 
130 0.016 560 55 2. 1 
140 0.012 450 45 1.7 
150 0.0079 350 35 1.3 
160 0.0053 260 25 1.0 
170 0.0034 200 20 O. 7 
"180 0.0021 140 15 0.5 
190 0.0014 100 10 O. 3 
200 0.0009 70 5 0.2 

TOTAL 50,790 1,794 5.075 63.0 



TABLE IV  

Bubble Chamber Experiment in Progress or In Preparation  

ANL BNL CERN 

Bubble Chamber 

Exposure 

12-ft 

610 v + Hydrogen 

1/2 . 106 v + Deuterium 

7 -ft 

106 v + Deuterium· 

Gargamelle 

propane freon mixture 
with 

106 v 106 v 
Event Yield 

Elastic 
N':'++ 
Inelastic 

Total 

1200 
500 
200 

1900 

500 
1000 

600 . 

2100 

3000 150 
2500 200 
6000 900 

11,500 1250 

Energy Range 0.25 .:. 1. 5 GeV 1'- 3 GeV 
. . 

1 - 5 GeV 

Main Topics 
of Study 

1) Form factor study for;"++elastic and N events 
for q2 :s 3 GeV2 

1) Form factor study 
for elastic and 
N';<++ events for 
q2 < GeV2 

2) Preliminary look 
at higher N°" states 
and deep inelastic 
scattering. 

1) Measure total v and v 
cross section to about 
15 GeV. 

2) Deep inelastic scattering 
3) Look at higher I'·t++ 

states. 



TABLE V  

Parameters of the Two- Horn F,ocusing System 

Horn Parameters Horn 1 Horn 2 

Length (m) ••. ,. . . . 4.0 5.5 

Distance from Target (m) 3.0 39.5 

Outside Diameter (m). 0 • O. 15 0.4 

Minimum Inside Diameter (cm) 0 • 1.4 6.0 

Wall Thickness (mm of aluminum) 2-3 2-3 

Peak Current (10 5 amps). • .••. 1.4 1.4 

Peak Voltage (103 volts) . . •••••• 15 15 
Inductance (10- 6 H) 0 • 1.2 1.3 

3Stored Energy (10 J) ••• 23 25 

Total Power Required (kVA) 70 
(eo g. at 480 V 3 phase) 
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