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PROPOSAL TO STUDY NEUTRINO INTERACTIONS IN THE 

30 rn 
3 NAL BUBBLE CHAMBER WITH EXTERNAL 

MUON IDENTIFIER 

ABSTRACT 
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We propose: 1) to participate in the development of a muon identifier 

3 external to the NAL 30 m bubble chamber, 2) to use the external muon 

identifier with a narrow band beam and hydrogen filling to investigate, at 

energies above 20 GeV, neutrino total cross sec~ions, deep-inelastic 

~cattering, and possible W production, and 3) to use the external muon 

identifier with a broad-band beam and hydrogen filling,to investigate 

individual neutrino reaction channels with good statistics over a broad 

range of energies. At this time, specifically, we request bubble chamber 

exposures yielding 5 9 000 neutrino events and 5,000 anti-neutrino events 

with the narrow-band beam and 50,000 events with the broad-band neutrino 

beam. Requests for exposure to deuterium and neon will be deferred until 

more is known about the bubble chamber operation. 



tJ/3-·I 
-l-. 

I. INTRODUCTION 

Oul" original proposal to study high energy (15-BO GeV) neutrino inter­

actions in the 30 m3 NAL bubble ch~mber (HAL Proposal No. 9) 1 contains 

two unique features: 1) a proportional quantarneter to· detect photons from 

neutral pions produced in neutrino interactions and 2) an extern.al nuon 

identifier (EMI) to detect penetrating muons. The proportional quantameter 

would be installed immediately downstream of the hydrogen vessel between 

the vessel and the magnet coils, and a significant modification of the 

bubble chamber would be required. The EMI would consist of detector planes 

having spatial resolution, these planes interspersed with absorbing walls 

external to the bubble chamber, The EtU could be developed essentially 

independently of the bubble chamber, 

Since our original proposal was submitted more than one year ago, 

two major developments have occurred, First. the quantameter has been 

2 .deferred. This implies that the fraction of the neutrino energy that 

goes into neutral pions, and thus into photons, will not be detected with 

good efficiency, We therefore propose to carry out those measurements 

requiring a knowledge of incident neutrino energy, such as total cross 

sections and· deep inelastic scattering, usinp; a narrow-band neutrino beam.~·= 

The second major development has been the approval and partial funding 

by NAL of the external muon identifier. This decision reflects the broad 

support within the bubble chamber community for a muon identifier and is due 

also to the considerable progress nade during the last year in designing and 

3 testing an EMI that promises to be both economical and hig~ly efficient. 

Tne sir.ml taneous use of the Ell! and a narr:::l'.·1-band beam will per!.li t 

a determination of both t~e incident neutrino enerr,y and the momentum transfer 

·to the final r:mo1:i, as required in studyinr, deep-inelastic scatterin~. Neither 

.'. 

"we shall atte~pt to develop techniques usin~ the wide band data to obtain 
approximations to the neutrino energy. 



-2-

2 the momentum transfer squared, Q 1 nor the energy transfer, ~ =E-E 1 can be 

determined without muon identification. In fact, it is ~n the region of Q2 

and Y where one is probing most deeply the structure of the target proton 

namely, large Q2 
and V (with resulting large hadron multiplicities) that the 

identification becomes most difficult without an adequate EMI. The EMI 

will also be useful with a broad-band neutrino bear.i, and in this case, we 

propose to use the r.iuch higher broad-band flux to obtain good statistics 

on individual reaction channels, particularly those channels in which the 

final nucleon can be identified. 

For the narrow-band experiment we request an exposure yielding 5000 events 

from rr neutrinos and 5000 events from Tr- anti neutrinos. Pions and Kaons 

produced by 400-GeV protons will be selected at 100 :!:' 5 GeV/c to produce 

+ + ~. 
pion-neutrino at 43 - 7 GeV and kaon-neutrinos at 96 - 10 Gev." Requests for 

an exposure to deuterium will be deferred until more is knovm about the 

b bbl h b t . u. h 3 ., 0 13 . . d 1 u e c am er opera ion. ~it. x ~ inci ent protons per pu se on a 

one mean free path thick target, we estimate that .for a neutrino cross 

section that continues to rise linearly with energy above lC Gev. a run 

of 180,000 (260,000) pictures will yield 5 1 0011 neutrino events (anti-neutrino 

events) in the 4~-GeV bin and - 300 events in the 96-GeV bin. 

For the broad-band experir.wnt we r~quest an exposure yieldinp; 50 ,000 

events. 4 Of this nu~ber, more than 5,000 are expected to be ahove 30 GeV. 

For io13 interacting protc~s per pulse at 400 Gev. approximately 50,000 

pictures will be required. 

~·= It is probable t!1at we will run part of this exposure at lower enerr;ies. 

The results of the counter neutrino experiments will determine the optimum 

enerr;ies. 



-3-

II. Ppysics Justification 

The hybrid bubble chamber with its.ability to look in detail at the 

structure of the final hadron state in inelastic neutrino scattering can 

resolve many of the questions that will be raised by the early neutrino counter 

experiments. 

The conventions and definitions used in, inelastic electron scattering 

and by Bjerken and Paschos5 are useful here. They are briefly: 

M f d Q2, ,omentum trans er sauare ' 

(1) 

2 2 where M and W are the invariant mass squared of the initial 

and final hadron states respectively. 

~~!:~ tran.sfer, Y , 
I 

Y =E-E. , (2) 

J where, E and E are the initial and finai lepton laboratory enerRies 

respectively. 

Lep_!on scatterini:; anr;le, (7 , (laboratory) 

sin 2:§1. .. = L 
2. 4EE1 

(3) 

~n fin.£L~tat-e "scattering anr:le", QH (laboratory) 

. 2Q -[Ej cos 
2 

9/2 J 1/2 ( 4) 
sin H - - f· + (,J7°"£·) 

E · ,µ' l'--X 

From these expressions tne graphical display of Figure 1 can be 

constructed. 

The straight lines radiatinr, from the point Q2=o, )J =20 GeV are 

loci of equal muon scattering angles for 20 GeV neutrinos. The muon's 

laboratory energy can be easily found from E / = 20- l/. The solid parallel 

lines are loci of equal invariant hadron-mass W. The nur.lbers ,<nlf), are 

crude upper limits to the total pion multiplicity to be expected from hadron 

states of mass W. The dashed parabol'ic curves give values of 6'1111 and can be 

used to derive crud~ upper limits to the "hadron jet" opening half-angle, 
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e~ '<fw , Fig. 2 summarizes the appearance of typical events at the vertex 

of the interaction before the bubble chamber magnetic field sweeps them 

apart. The vector with the arrow is the muon momentum. The cones are for 

v\- l 
the hadron jets with half angle, ow • The variables x and y are closely 

98-L/ 

related to Q2 and Y , respectively, and will be discussed in the following 

section, The manner in which the magnetic field sweeps these muons from 

their original direction is shown in Fig. 3, For emphasis we have indicated 

in each sub-sketch of fig. 3 a number which is an upper limit of the 

expected pion nultiplicity accompanying each of the muons. More will be 

said of their average behavior in .section IV. The solid line trajectories 

correspond to muons produced to the left and right in the equatorial plane, 

The dashed trajectories are those muons produced with maximum dip angle. 

A. Differential and total cross section. 

The differential cross section for the interaction of neutrinos 

on hadrons can be written in terms of the quantities just defined .as 

where J 

\v .. :::::. ,lT .... ;.;u 
Q 'l I 
~ 

Y [1 + {Q2/vi)J I (7) 

) ) (B) 

where <T;_ t <rL and CJ;' are cross sections for the appropriate helici ty states. 

. 2 2 
For Q <r-.:: )J Eq. ( 6) bccor.1cs 

d-<C) 67, cf [ 
dQ"ldV = -~ E f I + 

y v . J 
£ 1 

(L)- - (R) 
E . 

(9) 
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where 

and 

) 

Some motivation for the use of the variable X can be seen if one supposes 

that the neutrino might scatter off only a fraction, X , of the nucleon. 

The kinematics of quasi-elastic scattering is obtained by replacing M by 

X M. It would be represented in Fig. ~ by a radial line from the origin 

with a slope ;z times that of the one for Q2 = 2M:Y. Bjorken has shown 

that at high incident energies if the parts a~e point-like Q2 .(~,cr1 , 

and °S) are functions of 7- only (scale invariance). When one integrates 

equation (10) over x and y one obtains Cf"= (constant).E, a relation that 

.913-~ 

(11) 

(12) 

we can test experinentally provided we detect all final states, l!ul tiplicities 

and the dependence on x and y will be measured and compared with the 

predictions of various models. 

1. "Spin-1/2-Parton" Model 

To obtain a feeling for where events would lie in the Q
2 - vs - ).) 

plane for the 11 spin-l/2-parton 11 model, we have set 11{3 = (constant)•(l-X) 

and o;= ~= 0. Fig, 4 shows how 1000 ~0-GeV neutrino interactions would be 

distributed under these assumptions. The important poi~t is that all 

sectors contain statistically significant populations, 
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2, Pomeranchukon-Exchange Model 

Predictions for the Porneranchukon-exchange model can be obtained 

setting Y~ = (constant) ( 1-)'..) and cJL = 0-R., o; = o. 

1000 events at 50 GeV for these assumptions are shown 

The distribution 

in Fig. 5. 

We propose to make our detection efficiency high in all sectors of 

the Q2 - vs - Y plot and consequently, to be able to measure the total cross 

section. Bjorken and Paschos9 point out that the difference er: -a::­;y v 

is very model dependent. We wish to expose 'f:he chamber to both Y and 5J • 

3. Possible effects of an Intermediate Vector Boson (IVB) on Scaling. 

The effects of an (IVB) would be to modify the differential distribution 

d20i'dxdy of eq, 9 by the (IVB)propagator factor [i'--1":/a..i. .+ Hw1il.'- Thls would 

produce breakdown in "scaling". Sucb a factor is most easily detected 

e.xperimentally for large energy transfers, Fig. 6 illustrates its 

detectability at y=0,9 for 20 and 50 GeV neutrinos by showing how the 

It is function yr= K(l-x) would be modified by an (IVB)of mass 8 GeV, 

imperative that we be able to identify t:he muons of lo·.,• rnomentur:i that 

correspond to large y values. Fig, 3 shows us that we must place EMI detectors 

near 90 deerees in order to detect them. Very low momentum muons will be 

trapped in the chamber by the magnetic field. 

B, Intermediate-Vector-Boson Decay !1odes 

Although the bubble chamber is best suited to studying the ha<lrcnic decay 

modes of the (IVB), it is also capable of identifying the leptonic decay modes. 

Calculations 8 indicate that the ft- associated with w+ production has a 

reasonable chance of having a mo~entu~ less than 1 GeV/c. It then can be 

trapped in a circular orbit within the chanu~er and will identify its elf by 

not interacting. + . + + } The /.).. from the W -7' r > decay will be emitted at much 

higher energy into the forward direction and will be. detected with hi!!;h 

efficiency in the E~I. In fact, scanning for these events (produced either 
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in a full chamber of Ne, H, or D) is particularly simple, The signature 

is a trapped f-. If the (IVB) Mass is 5 GeV we expect 3500 (300) of them 

in the wide band (narrow band) expopure; and 350 if the (IVB) Mass is 8 GeV. 

c. Heavy Lepton Search 

The identification of a muon in the EMI allows one to form·the invariant 

mass of this muon with other detected particles such as photons and mesons, 

The existence of a heavy lepton that decays into these combinations would 

produce a peak in the invariant mass co7.bination, 

D, Lepton Locality 

It has been sho~m13 that if the distribution in cfi, the angle between 

the normals to the hadron plane and lepton plane, in reactions of the type 

+ . where y is any meson system, is not given by -
Ao-
rT~ 

then .lepton locality is violated, Other things, (see Pais ref. 5) such as 

s-channel-helicity conservation, pomeron exchange, and V-A interference, 

can be tested with this distribution, which we propose to measure, 

E, Exclusive Reactions 

We will be able to study in detail several exclusive reactions. For 

example, consider 
-I ++ . ) /!/v (L\. -7> .1T + p 

with whlch the Adler condition relating the cross section at small 

to that for -n-+ p -7' L\++ can be tested. Other resonance production reactions 

can be more easily studied i:f 0:1e has r.mon identification. The invariant-

mass plots will not have muons masqueradinr, as hadrons. 
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F. Unusual Events 

One should also be prepared for unusual and unexpected processes to 

occur. Hydrogen and, to a lesser degree, deuteriu~ are the best target 

materials for uncovering such rare processes. Muon identification will 

help in bringing unusual events to our attention. 
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III. Yields 

A. Narrow Band Beam 

Nezrick6 has described a way of producing a narrow band beam (NB) of 

neutrinos with a magnetic horn. It essentially focusses 70 ! 4 GeV mesons 

emitted with angles between 3 and 12 milliradians to produce 27 ! 3 GeV 

neutrinos from pion decay, and 67 ~ t1.S GeV neutrinos from kaon decay. 

Other versions 7 of ~rn beams use quadrupole magnets as focusing elements. 

It is not clear at this time which forn will.be most suitable for our 

purposes or which form HAL is gob.g to develop. We shall use whatever is 

available. 

Table I summarizes the meson yields and the nmnber of neutrbo inter-

. io19 • . ~ - TB f . d . actions per interacting protons ror two types or }, ocusin~ evices, 
+ . 

the first a Hezrick typo Monohorn that acceot.s 100 - 5 GeV mesons emitted 

between ? and R ~illiradi~ns 5 nnd the second a Qu2drupole syste~ that 

accepts 100 ! 5 GeV Mesons between 0 and 4 milliradians. The latter is 

compared with the NAL-Cal Tech (Expt 21)' system that has the same Ap/p=O.l 

and has an aperature of 0 to 2 nilliradians. Two meson production models 

are used, CKP, 9 and a new multiperipheral model of Clifford Risk10 that 

fits all TI±.., and !<+ production data within ~0% including the recent 

Argonne-Bologna-:·iichigan ISR results16 at equivalent energies of 500 and 

1100 GeV, Details of these calculations will be presented in a separate 

11 document. Figure 7 shows the probability per meson of emitting a neutrino 

from the f + V decay mode into the 30 n3 HAL bubble chamber within one rieter 

of the beam axis. The calculations are made for a drift length of 400 

meters and a shield length of 1000 meters. Also shown is how the fractional 

full width of the neutrino enerr,y spectrum increases as the meson momenttr.:1 

is increased. It shows that the energy resolution of the pio:i neutrino 

beam deteriorates r~pidly for meson momenta above 100 GeV. Figure 8 is used 
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TABLE I 

Narrow Dand Event Rates 

Mesons 
per 103 
Int. 

pro ts 

9.6 

17.5 

6.65 

11.5 

20.2 

4.8 

10.0 

3.61 

5.73 

14.1 

1.92 

0.90 

0.30 

2.29 

1.43 

f i. ::r:,. 

Neutrino 
Enerr;y 

± 1mQBase 

43:!:7 

96 ~ 10 

Thousands of Neutring 
interactions per 101 

Thousands of Neutrino incident Protons on a 
Interactions per 1019 one mean free path 
Interacting Protons tarr;et .+ 

9.4 4.5 

17.l 8.1 

6.5 3.1 

11.2 5.3 

19. 7 [~ 

4.7 2.2 

9.8 4.7 

3.5 1. 7 

. 5. 6 2. 7. 

. 
13.7 [6. s\ 

1.64 .78 

0.77 .37 

0.26 .12 

1.96 .93 

1.22 /.SB] 

:·: T:-ie CKP yield for 0 to 2 mrad is 0. 1t23 that for 0 t( 4 \N'l,....a<l. 

Thousands of pictures 
required to produce 
5000 pion neutrino 
events. For 3xlol3 
incident protons per 

oulse • . 
370 

205 

540 

310 

1Ts01 

750 
I ..... 

0 
360 I 

JOO 

630 

[260J 

~ 
I 

~ 

t f..ccou:1t hus been tu.ken of the cf:Occts of meson a~J~orption and nucleon cascadinr, 
of r~:=-erencc ( 12), To convert from "int cruet in.a:" to "inc.idc::t" we multi ply the 

in thick tar~et accordinr. to the prescription 
"intcractfor,111 column by (di"\/(~~ = o. 4+s) 

dLi lGlCJ · t .-1... - . \ ~· ......... ~ l\''1"~. 
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to illustrate how the neutrino interaction rate varies with meson momentum. 

The CKP production model is used together with a Quadrupole system that has a 

meson angular acceptance of 0 to 4 milliradians. The neutrino cross section 

-38 2 + was assumed to be er:: o. 8 E (GeV) x 10 cm • The K flux was assumed 

+ to be 0. 2 that of the II.A., at each momentum. The dashed curves are a modified 

version of CKP to give an approximate upper limit to the K+ yield. The 

Risk model serves to give a lower limit to the K+ yield (the model is 

valid for p/p(max) ~ 1/2, and underestimates.the cross section for lower 

values of this ratio), The neutrino event rates per interacting proton 

of table 1 have not accounted for meson absorption in the target. This has 

been studied in detai112
, and shows that a target thickness of one mean free 

path is optimum for energetic mesons. Fig, 9 sh~ws how the thin tarret 

m~son mom~ntum spectrum is distorted by nucleon cascading and meson 

absorption in thick targets, 
3/4 

llere, q = (p=lOO GeV)/[T =0.305(400 GeV) ] = 3.65, 
0 

where, T is one of ~he parameters of the CKP formula. Consequently, the 
0 

yields should be diminished by the factor o.475. 

B. Wide Band Beam 

Kang 5 Walker, et a114 have estimated that there will be about one 

event per picture when the 15-foot bubbl.P. chamber filled with ~ydrogen is 

exposed to the wide band neutrino beam produced by 400 GeV protons. This 

assumes a fiducial volune of 20 m3 , 3 x io13 interacting protons per pulse, 

ideal focussing (100%) and a linearly rising neutrino total cross section, 

The calculation is based on the Har,e<lorn-Ranft model extrapolated to 400 GeV, 

For 50,000 events we need about 50,000 pictures. The expected enerr;y 

distribution of ·these 50,000 events is given in Table II, We see that while 

the bulk of events will be below 60 GeV a significant nu~ber of events at 

higher energies will be obtained. 

tm attempt ha.s been made to estinate the(l'eproduction yield expected with 



913-12 
-12-

the broad band beam using the cross sections per nucleon computed by 

15 Wu and Yang for a·aluminum target and assunin~ they apply to hydror,en. This 

is given in Table III 

TABLE II 

Distribution of all ever.ts from 50,000 event exposure with 400 GeV 

broad-band beam, assuming 

E (GeV) Events 

0-10 1,300 

10-20 9,200 

20-30 12,800 

30-40 9,4DO 

40-50 4,900 

50-60 3,000 

60-70 l,BOO 
70-80 1,200 

80-90 900 

90-100 700 

100-150 2,500 

;LS0-200 1,600 

200-250 500 

TABLE III 

Expected production in broad band exposure with 50,000 total events 

15 using estimates of Wu and Yang • 

Mass of IVB 
(GeV) 

3 

5 

8 

10 

15 

Events 

?8,000 

3,500 

350 

100 

5 
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IV. Analysis 

A. Narrow Band Beam Events 
•'• 

With the EMI and a somewhat ambiguous knowledge" of the neutrino energy 

2 it will be possible to determine the monentum transfer squared Q , and the 

energy transfer, V • With a large bubble chamber some of the final state 

hadrons will identify themselves by subsequent interaction in the hydrogen. 

In particular, we will do all we can in this regard to detect and identify 

the final nucleon. The EB! will be useful in identifying neutron stars by 

their lack of an outgoing ~uon. 

B. Wide Band Beam Events 

For high energy neutrino interactions we are beset with the problem of 

not being able to determine the neutrino energy. He shall adopt the 

following analysis procedure in order to obtain an approximation to the 

neutrino energy. 

l) Measure the momenta of all charged tracks. 

2) Identify the muon. 

3) Identify as many other particles as possible. 

4) Determine the transverse momentum of the missing neutral system. 
:':~t: 

5) Set the' energy of the neutral r:ieson syste~ equal to one half of the 

·:: 

sum of the magnitude of the momenta of the charged mesons (but 

never less than the missing .transverse mor.1entum) 

6) The approximate neutrino energy is the sum of the energies of all 

outgoing charged particles plus this assigned energy of the neutral 

system minus the proton rest mass. 

7) Prayt and do some statistical type co_nsistency tests. 

There are kaon and pion neutrinos in the beam, 

Those events that hnve no mi.ssing transverse r:ior.'lentun are can<lidatcs 
for 11 3c fit" cL'>ss. For them r: can be neasurcd 

tReplace 7) with a Phase I Quill1tameter as soon as possible (Proposal 9D to be 
submitted). 
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Actually, this procedure might work reasonably well for the average event. 

For example, suppose the muon receives 2/3 of the initial neutrino energy. 

Of the rem~ining 1/3 only 1/3 will pe energy of neutral particles. Therefore, 

1/9 of the energy would be missing. Results from the narrow band exposure 

will also help. 
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v. Experimental Eoui.pr.ient 

The equipment required by this experiment may be summarized as follows: 

l. external proton beam having an energy.of around 400 GeV and an 

. . f 2 3 io13 . . 1 intensity o or x interacting protons per pu se, 

2. neutrino beam facility consisting of a low Z target (1 mean free 

path thick), narrow-band and broad-band focusing systems, meson drift space, 

and muon shield, 

3. neutrino beam monitors to determine the shape of the neutrino energy 

spectru~ and to measure the neutrino flux during a given bubble chawber run, 

4, 3 * NAL 30 m bubble chamber with liquid hydrogen filling, 

5. EMI to distinguish r.mons from hadrons produced when neutrinos 

interact in the bubble chamber. 

Each of the items listed represents a major developmental effort with the 

total far exceeding the capabilities of anjr one r,roup. It is inportant to 

us, nevertheless, to have a working knowledge of each of these facilities, 

and for this l:'eason mer.bers of our col-1:.aboration have participated and will 

continue to participate in each phase of the HAL 30 m3 bubble chamber program. 

Our main effol'.'t will, of course, be invested in the area of muon 

identification •. The remainder of this section contains a brief description 

of the El1I and indicates how it will be .used to ir.iprove our understanding of 

the physics of neutrino interactions. A more detailed description is given 

in NAL Proposal 9C. 

A preliminary sketch of the corn;?lete E'-!I geometry is shown in Figure lOa 

and J.Ob. The complete EMI consists of: 1) a nassive internal ahsorbe:r filling 

the space between the magnet coils and rnatchin~ the coil thickness in collision 
0 

lengths (3.2 collision lengths stainless steel subtending approxinately 180 

horizontally and weighing 20 tons); 2) an 2ctive detector-absorber-detector 

~·: 
Requests fol.' dcutcriu:1 .:rn<l neon fill.inr, will be deferred until more is known 
about the bu'.)blc c!wnber op0ri1 t ion. 

l 
I 
J 
I 
f: 
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0 
s~ndwich (3 collision lengths stainless steel subtending 60 vertically and 

nearly 180° horizontally and weighing 111 tons •. The "Phase I EMI 113 will consist 

of the passive internal absorber and a sinp,le detector plane. The detector 

planes will be multi..:wire proportional chambers with x, y, and diagonal 

position information in each plane. 

The vertical distribution of muons at a radius of R = 3.2 meters 

measured from the center of the bubble chamber is shown in Fig. 11 for 10-GeV 

neutrinos incident. This distribution was obtained from Monte Carlo calculations 

and is similar for both the Parten and Pomeronchuk-Exchanr,e nodels. Less 

than 10% of the muons are outside.! 2 meters. The EMI shown in Fi~. 10 is 

centered at a radius of 3.5 meters and has a total height of 5 meters, assuring 

90% efficiency at 10 GeV, 

The horizontal distribution at R = 3.2 meters is strongly influenced by 

the magnetic field. This is a~?arent in Fig. 12 where the spread in horizontal 

coordinates is given for various incident neutrino energies. An acceptance 

+ 0 . 
of - 90 will work well at 10 GeV and will be of some use dovm to 2 GeV. 

The geometric efficiency versus energy is plotted in Fig. 13 for ~n E~I with 

horizontal acceptance of! 90° and a verticle acceotance of! 30°, essentially 

the geometry ·shown in Fig. lOa, b. Fig. 3 has already shown in detail (i.e, 

in terms of x and y) how the muons from 20 GeV neutrinos are sweot out by the 

bubble chanber magnetic field. 

The georr.etric efficiency provides an indication primarily of what 

fraction of the muons are suhject to particle identification. By extraoolating 

the individual tracks observed in the bubble chamber, it will be possible to 

determine which tracks may be identified. 

Mesons and hadrons are distinguished in the EMI by requiring that all 

·hadrons interact~ No attempt is made to sto:µ hadrons or to absorb the total 

hadron energy with good efficiency. Incident hadrons t~us manifest themselves 

through track displace1'1ents indicating a largc>..:anr,lc scattering, through 
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hadronic cascades of multiplicity greater than unity, and through total 

absorption. 

Experimental tests have been carried out at the Lawrence Berkeley 

Laboratory to determine the efficiency for rejecting pions in a muon identifier 

consisting of proportional chambers interspersed with iron absorber. 3 Some 

preliminary results fron these tests are plotted in Fig. 14, which gives the 

fraction of the pions surviving (i.e., not yet distinguished fron muons) 

versus the thickness of iron absorber. 

A surviving pion is defined in these tests as an incident beam particle 

that passes through the absorber and produces a single track within the 

multiple-scattering envelope containing a given fraction of the incident muons. 

In the actual bubble-cham~er experiment, particle trajectories will be determined 

by measuring individual tracks observed in the bubble chamber and by 

extrapolatinG these tracks out to the external detectors. The radius of the 

multipl.::-scattcring envelope containing 96% of the muons is approxir.'lately 3 cm 

for 4 GeV particles at the first :C!U detector plane, thus the accuracy 

required in the extrapolation is modest. 

Fig. 14 implies that the Phase I E~U t consisting of internal passive 

absorber plus hydrogen plus vacuum walls (3,9 collision lengths = 30 cm 

iron equivalent), will reject ('34 ! 1)~& ·of the pions while accepting 96go of 

all muons. A t\ore conplete EHI, with .an adcitional 3 collisio71 lengths of 

stainless steel (6,9 collision lengths = 89 cm iron equivalent) will reject 

( 98, 5 ! lr'o of the pions while accepting 96% of all muons. For the comp1ete 

EMI with two !·'.WPC planes the pion rejection is estimated to be 99. 5g.). 
-,': 

As 

indicated previously 1 the Phase I Ei:I, with 94% ~:>ion rejection, is adequate for 

this proposal, 

Tests are continuing to verify this estimate. 
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For this present proposal, we plan tentatively to use the Phase I EMI. 

Clearly, if a more complete version of the EMI is available before the bubble 

chamber is operational 1 we would use this version. The EMI tests suggest that 

a single detector plane nay be adequate for the complete EMI 1 in which case 

it may be relati•1ely simple to go from a Phase I E!4I to the conplete model. 
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VI. Schedule and Particination 

The time schedule for this e~periment is related prinarily to the date 

of successful operation of (a) the 15-foot bubble chamber filled with hydrogen 

and (b) the Phase I Em. We assume target dates of January 1973 for both 

devices to be ready for experiments. 

Prior to January 1973, the ~embers of the UH-LBL collaboration will be 

heavily committed to the development and construction of the Phase I EMI 

(see Proposal 9C). This device will become an NAL facility for use with the 

bubble-chamber. At least one member of our collaboration is expected to be 

resident full-time during 1972 and until the EMI is fully working. Field 

tests of the prototype-Em (by itself) and the Phase I-EMI (with the 15-foot 

bubble chamber) are essential to this progra~ aud will be conducted by th~s 

team at NAL. Thus, members of this collaboration shouid be quite familiar 

with the neutrino beam and bubble-chamber operation by January 1973. 

Certain menbers of the UH-LBL collaboration are prepared to assist 

NAL, as needed, in the development of bubble-chamber track reconstruction 

computer programs. We are especially interested in.the extrapolation of 

bubble-chamber tracks outward to the EMI detector-planes, since r.iuon 

identification depends in part on the accuracy of the prediction of where 

the muon would hit the E;n. 

AlthouGh ot~ers may be primarily responsible for developnent of a suitable 

narro.,,.-band neutrino beam for bubble-chanber use (e.g., a narrow-band "horn11 
1 

or a DC focusinE; device, e.g. quadrupoles), we wish to make use of such a 

facility and would be willing to assist in its developr:ent. We are particulurly 

interested in focusinr, pions (and kaons) below 100 GeV, since the pion neut"'bo 

spectrum becor.ies too broad at higher energies. The narrow band pulsed horn, 

with predicted properties as descri~ed by !Ie:z:rilck
6 , appears to us to be 

promisine for our ~pplication, although puJ.sed Qua<lrupo!es of larGe aperature 
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(G < 4 mr) are also a possibility. 

In anticipatio~ of doing experiments with the NAL 15-foot chamber. both 

the LBL and Hawaii groups have been prepariing bubble-char.iber track measuring 

devices suitable for low contriast (i.e., Scotchlite illuminated) film. In 

particular, the Hawaii group is acquiring a "SHEEPNIK" laser-beam measuring 

machine which successfully measures events fro~ similar film. 

The coordinated analysis of neutrino events occurring in the hydrogen 

bubble-char.-ber with nuons detected externaliy in the EMI will be developed 

by our group (see Proposal 9C). Many E~H events per pulse are expected, so 

that matching to the bub~le-charaber event is required. A co~puter program 

which inputs bubble-cham::ier data and matches to the E:1I st0red-rlata is neecl€rl. 

These various projects are all related to this basic phvs!cs oronosal 

for studyin~ neutr!no interactions in hydrogen. ~he authors o~ ~h~s ?rO?OS~l 

anticipate spending most of their availa!:lle research time on :c:,rr developr:ient 

~nd related projects up to the operation of the NAL 15-foot chamber and E~·!I 

in early 1973. We believe that the r:m (muon identification of r.iost neutrino 

events) will greatly enhance the physics value of the bubble-cha;;ilier for 

neutrino p~ysics. ~'le are co:mni tteC. to establish the Er!I as a workinr: facility 

and test it with the bubble chamber by a short ex!-iosure aimed at it:strunentation · 

(.Proposal 9C). This proposal (9B) is a "physics" proposal using the EMI. 

We propose the following exIJerincntal ru.'1s ~ 

50,000 wide band neutrino events (50,000 pictures) 

+ 5 1 000 narrow band neutrino events froP.l a 100 - 5 GeV neson beam (180,000 
pictures):': 

5 1 000 narrow band anti-neutrino events from a 100 ! 5 GeV meson beam 

(260t000 pictures) 

~ i~ 
"calculated assuming 3 x 10 v 400 GeV protons incicent ,on a one-mean-free path 

tarr.;ct fol.lo:-:cci by o ik7.rick type ~:onohorn (2< H< 8 rnr), usinr, the rUsk 
Mult ipcri phcral production model (See the hoxec: i te:ns of Table I) 
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It is probable that in order to test the mechanism that is causing 

breakdown in scaling we will run part of the _NB exposure at different energies, 

The results of the counter neutrino experiments will determine the optimun 

energies. The order in which the narrow hand or wide band exposures take 

place and the number of pictures required depend on factors that are 

unpredictable at the moment. We expect that.our "instrur:ientation" analysis 

4 of the 10 events of proposal 9C will be well enough along by September 1973 

that we would be ready at that time to begin· the "Physics" exposures of the 

present proposal. Requests for exposure to deuterium~~4 Neon will be deferred 

until more is known about the bubble chamber operation. 
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FIGURE CAPTIONS 

1. Summary of the Kinematics of Y + N--;;> lepton + hadrons. Lepton Momentum 

Transfer Squared vs lepton Energy transfer~ The parallel soli<l lines 

are loci of equal invariant hadron mass, On each line is given an 

estimate of the maximum pion multiplicity expected for such a mass. 

The dashed parabolic curves are loci of equal Lorentz contraction factors, 

'tfw, of the hadron system, The radial straight lines emerging from the 

point (Q
2=o, Y =20 GeV) are loci of equal lepton laboratory angle for 

an incident neutrino of 20 GeV. 

2. Summary of 20 GeV neutrino event confie;uration for various values of 

X(-=. ~t/.zJ.jµ) and ~(:::;.: f-£
1

/~ ), The arrow gives the muon momentum 

and the cones illustrate where the hadrons might go. 

3, Summary of how the muons f-rom 20 GeV neutrino interactions are bent 

by the bubble chamber magnetic field, 

4, Distribution of 1000 events predicted by a "spiri-1/2-parton" model 

where v r is chosen to be Cl constant tir.1es (1- )0. <TR= as= 0. 

s. Distribution of 1000 events nredicted by the Pomeranc hukon-exchanp;e 

model where is chosen to he a constant times ( 1-:X,), cJL = ~ and 

oS = o. 

6, Examples.of how "scaling" might be broken by an intermediate vector boson 

of MASS 8 GeV for 20 and 50 GeV neutrinos 

7, Summary of the probability of decay neutrinos from monoenergetic pions and 

kaons passim; throup;h the central 1 meter radius of the bubble chamber. 

The meson drift length is 400 meters. The muon shield is 1000 meters, 

Also shown is the fraction full width (at the base) of the neutrino 

energy spectrum, 



figure captions 2 

s. The number of narrow-band neutrino interactions within one meter of 

b . l 19 . . f . f the earn axis per 0 interacting protons as a unction o the 

momentum of the meson beam (Ap/p = 0. ll. The upper horizontal scales 

summarize the corresponding neutrino energies for pions and kaons, 

9. These curves summarize how nucleon cascadinp; and meson absorption in 

targets of various thicknesses distort ,the "primary" or "thin target" 

meson production spectrum. For a target of one-mean-free path thickness 

the yield of 100 GeV mesons produced by 400 C::eV protons will be 

diminished by the factor 0,475, 

10, The full external muon identifier (EMI), The Phase I EMI will consist 

·of only one plane of multi-wire proportion chambers. 

11. Vertical distribution of 10 GeV muons at the first detector plane. 

12. Horizontal distribution of muons at the_ first detector plane, 

13. Geometrical efficiencv of the Em as a function of neutrino enerp,y. 

14. Fraction of pions that survive as a function of absorber thickness. 
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