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PROPOSAL TO THE NATIONAL ACCELERATOR LAroRATORY 

for 

study of Photons and Leptons Produced in Meson-Nucleon Collisions in 

the Deep Scattering Region; Search for Intermediate Bosons~ Heavy Leptons, 

Anomalous Hadronic Processes and study of Multi-Gamma-Ray Final States 

ABSTRACT 

We propose to observe gamma rays and leptons carrying high transverse 

momentum, in pairs or singles, emerging from meson-nucleon collisions at 

high energies. These meson-nucleon collisions probe the constituent 

structure of nucleons and reveal anomalous hadronic interaction processes 

at small distances. We will search for structure in the effective mass 

continuum of various (wide angle) pair combinations and in the transverse 

momentum spectra of single s and pairs. An experimental sensitivity corresponding 

to a cross section times branching ratio of "" 10-37-10-38cm2 is provided 

for the production of intermediate bosons, Lee-Wick heavy photons and 

sequential heavy leptons from me son -nucleon collisions. With a 300 GeV/ c 

meson beam the mass range up to "" 22 GeV will be explored with good 

resolution. The forward (small angle) production of multi-gamma-ray 

final states will be studied systematically with a mass resolution of 

< 2%~ to search for massive bosons and to reveal dynamical properties 

of multi-gamma-ray states. 
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I • INTRODUCTION 

We have reworked our original meson physics experimental proposal, 

164-I, to include a method of probing the constituent structure of nucleons 

in the deep scattering region QY detecting photons and leptons emerging 

from meson-nucleon collisions. Also, we propose to make a first generation 

search at NAL for intermediate bosons W, Lee -Wick heavy photons B, and 

sequential heavy leptons L, from rr-N scattering processes. 

If the nucleon is a composite system with constituents that exhibit 

point-like coupling to photons, then certain predictable similarities 

should exist petween hadron-hadron collisions and electron-nucleon 

scattering in the deep inelastic kinematical region. That is, for hadrons 

in the deep scattering region of large s and t, at short characteristic 

distances, the same constituent interactions should prevail once the 

effect of coherent hadronic exchange mechanisms has subsided. In this 

framework, long range strong forces are provided by mesonic exchanges at 

small momentum transfers. Short range forces at the core of hadrons are 

provided by the interaction of constituents at large momentum transfers. 

We are facing some deep and fascinating questions. Some of these 

are : Are there more fundamental constituents that make up hadrons? What 

are these constituents--partons, quarks or fragments or other things? 

Do these have fo~ factors or are these really point-like objects when 

coupled to photons? Could these exhibit point Fermi interactions? Could 

these ever exist as free states? These are some of the fundamental 

questions which we hope to approach eA~erimentally. 

As an experimental probe we choose a meson beam of the highest 

possible energy and intensity: 150-300 GeV and 108 -109 rrjpulse. This 

choice is made simply because mesons by definition should be composed of 

parton-antiparton pairs, whereas nucleons should be composed of partons 
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predominantly. In particular to study hadron-hadron short range forces of 

constituents, the choice of a meson beam provides an initial meson

nucleon state in which the parton-antiparton ingredient is enhanced with 

respect to what m~ be expected in an initial nucleon-nucleon state. 

Also, on the average, the quantity x, the fractional momentum of con

stituents, is higher for mesons (qq) than it is for nucleons (qqq). There

fore, at NAL we expect to find more copious and energetic qq generated 

products in meson-nucleon collisions than in nucleon-nucleon collisions. 

If we were to find the reverse, there would immediately be an anomaly. 

From collisions in both initial states, the detection of high transverse 

momentum gamma-rays and leptons, in pairs or singles, parti~ularly is 

interesting because these are the likely by-products of any qq annihilation 

mechanism. At least, the relative comparison of high transverse momentum 

yields, from meson-nucleon and nucleon-nucleon initial states, will pro

vide several valuable clues to construct theories. 

We believe that the study of deep inelastic leptons and gamma-rays 

from pion-nucleon collisions should be made in conjunction with a similar 

study for proton-nucleon collisions at NAL. The possibility of anomalous 

effects in hadronic processes, primarily due to leptonic and electro

magnetic interaction of constituents, and the unknown behavior at large 

transverse momenta, are of sufficiently fundamental interests to support 

.the study at the same time of both pion and proton induced collisions. 

The pion experiment at NAL is unique because at present, the highest 

energy meson beams can be made available only at NAL. 
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With a high intensity pion beam, we propose to make wide angle 

investigations in order to observe the high transverse momentum inclusive 

spectra of produced e±, ~ and 'Y from pion-nucleon collisions. Also, we 

propose to use a large acceptance spectrometer configuration, designed 
+ 

to record in coincidence the production of large angle e+e-, ~+~-, e- ~+, 
+ + 

e-,." ~-'Y and 'Y'Y pairs. The effective mass of these pairs will be measured 

with' an accuracy of better than 1~. The transverse momentum spectra of 

pairs and singles will. be examined to search for structure above the 

continuum, indicating the production of intermediate bosons, heavy leptons, 

or Lee-Wick heavy photons. 
,~ 

We have designed a high quality 300 GeV electron/pion beam in which 

the acceptance is 9.5 ~ster. 10 6.p/p .(FW) and the momentum bite is ±. '2$. We 

calculate the negative pion intensity of this beam and find that in the 

range of 100 - 300 GeV, 108 - 109 1T- /pulse are obtained for 1012 inter

acting protons of 400-500 GeV. With high energy and high intensity, the 

main other advantage of this beam is that at the fourth focus a spot size 

of ±. 2mm is obtained, without any loss of beam intensity. At the experi

mental target, this small spot size allows the use of an efficient and 

economical spectrometer configuration, with large acceptance and excellent 

resolution. Therefore, under these conditions the pion-nucleon experiment 

will have event rates which are competitive with those from other proton

nucleon experiments at NAT... A 1T- beam intensity of 108- 109 Tr/pulse and 

our detector geometrical acceptance of 10 - 2O'fo will provide the equivalent 

event rate and cover about the same kinematical region as in the proposal 

of E-70. That particular proton experiment is expected to have a geometrical 

10 11 /acceptance of 0.:$, using the external proton beam at 10 - 10 p pulse. 
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There are reasons to believe that our experiment can withstand a 

possible lowering of pion beam intensities. It is expected that in the 

deep scattering region, the added enhancement of qq constituents of the 

pion-nucleon system would produce higher yields. For example, theoretical 

estimates predict that deep scattering semileptonic processes in pion

nucleon collisions are two orders of magnitude more probable than in 

equivalent proton-nucleon collisions. Similarly, deep scattering electro

magnetic processes in ~-N collisions are about one order of magnitude 

more probable than in p-N collisions. These considerations are based on 

the amount of overlapping energetic parton-antiparton pairs which are 

found in the ~-N vs. the p-N initial states. On the other hand, finding 

the opposite of these expectations immediately would have a dramatic 

impact on current thinking. Thus, the relative comparison of results from this ~-N 

experiment and other p-N experiments should provide informative sources of new knowledge. 

We also propose to study the forward production of multi -gamma-ray 

final states from high energy pion-nucleon collisions. In a separate 

configuration using an accurate, large acceptance and highly efficient 

multi-gamma-ray spectrometer, we propose to search for the existence of 

massive bosons with a mass resolution of < 2%. A systematic search of 

new particles will be made up to mass values of about 5 GeV. 

While the scope of this experiment has been enlarged, we believe we 

have done this efficiently and econOmically, using basically the same set 

of detectors planned for this experiment and our electron scattering 

experiment. The major changes are the following: 
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a) 	 The spectrometer ana.1yzing magnet is redesigned to have super

conducting coils at 20 kgauss. The magnet is 15 feet long and 

the useful aperture is 3 feet wide with a 1 foot gap. The 

cost of this magnet is estimated to be ¢150 K. We have the 

technica.1 capability, manpower and equipment, to build this 

magnet at -REPL for NAL. This magnet initia.1ly used in our pion 

and electron experiments, would be available at NAL for other 

purposes. 

b) 	 Severa.1 multi-wire proportiona.1 chamber planes are added in 

spectrometer configurations, in some cases to provide redundant 

information on track orbits of large angle scattered electrons 

or muons. 

c) 	 A second spectrometer module, composed of large NaI(Tl)/MWPC 

combination, is incorporated in a configuration especia.1ly 

optimized to make coincidence measurement of large angle 

leptonic pairs and a.1so large angle gamma-ray pairs. 

d) 	 Muon identifiers are added to the large NaI(Tl)/MWPC spectrometer 

modules, to include the efficient detection of muons together 

with electrons and gamma-rays. 

We wish to emphasize that our NAL pion and electron experiments are 

intimately connected not only in the commona.1ity of beams, spectrometers 

and other experimenta.1 facilities but a.1so, most importantly, in the 

physics. The sca.1ing behavior of nucleon structure functions, so far 

established only from electron deep scattering experiments, is assumed 

to prevail in hadron-hadron deep scattering processes, both for electro

magnetic or leptonic fina.1 states. At NAL we propose to test and establish 

--------------- ~..~~-
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the scaling properties in pion-nucleon deep scattering processes from our 

pion experiment and we also propose to observe and discover any new 

scaling behavior in electron-nucleon deep scattering processes in our 

electron experiment. In both cases these experiments will be made at 

kinematical regions which are unexplored up to the present time. Experi

mentally, it is by' such an efficient comparison that we expect to acquire 

new knowledge covering the main features of the nucleon constituents. 
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II. EXPERIMENTAL PROGRAM 

1. Meson-Nucleon Collisions in the Deep Scattering Region 

We propose to use a high energy and high intensity pion beam at NAL 

in the energy range of 150-300 GeV and with intensities of 10
8 

- 109 ~/pulse, 
to observe large transverse momentum gamma rays, electrons and muons, emerg

ing from meson-nucleon collisions. 

The follow~ng inclusive processes will be studied, using a large accep

tance and high resolution spectrometer configuration: 

1T-N -+- r + hadrons (1) 
+

1T-N -+-e-+ hadrons (2) 

+ 
1T-N -+- /J. + hadrons (3) 

Because a negative hadron beam at NAL contains also about 2% of K and 

antiproton components, we propose to tag the beam with two threshold and 

one differential Cerenkov counters. Therefore, K- and p initiated pro

cesses in the deep scattering region will be observed: 

+ 
7 r 

+ 
+ hadrons (4) pN-+-e + hadrons 

+ 
/J. 

The study of these reactions is designed to reveal new knowledge on the 

constituent nature of nucleons. This experiment will also provide valuable 

clues concerning the nature of interactions among the constituents of 

hadronic matter. At NAL the potential meson beam energy and intensity 

are such that we will be able to observe the onset of three or more inter

action regions. We plan to look for structure in the transverse momentum 

spectra of the above reaction. 
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The first break should occur When hadronic exchange processes have 

subsided and the electromagnetic interaction becomes apparent in the 

deep scattering region. At NAt, it is in this region where the scaling 

behavior in ~-N collisions will be established or a new phenomenon will 

be found. We remark that scale invariance in deep hadron-hadron collisions 

is inferred only from studies made in electron-nucleon collisions. This 

assumption must be tested both with ~-N and p-N deep scattering colli 

sions. This is done best by observing the behavior of ttme-like photons 

induced in hadron-hadron collisions. Breakdown of scale invariance would 

cause a complete rethinking in the nucleon constituent models. 

The second break should occur When the above electromagnetic inter

actions among constituents, in turn, have subsided and the semi-weak 

interaction becomes apparent in the ~-N deep scattering region. We 

argue that these semi-weak processes among hadronic constituents could 

become apparent more readily in meson-nucleon collisions than in proton-

nucleon scattering processes. The first signature of these semi-weak 

interactions is found in the observation of yields. In this case, the 

yield of these very large transverse momentum events would grow linearly 

with S, provided that these interactions have not yet been saturated by 

a new anomalous effect. 

The invariant cross section of the above processes is giVen(l) by: 

= (6) 


where x is the fractional momentum transfer, x2 ::: Q2/s 
2 

and ,. is the fractional energy, ,. = E/Eo · 
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In this representation, the function F(x
l 

, x ) has an especial sig
2 

nificance. This function is the probability measure of finding a parton 

in one of the hadrons, and an antiparton in the other hadron, such that 

by the process of their annihilation a byproduct is obtained with the 

kinematical variable amounts of xl and x •2

Equation (6) applies for the case of electromagnetic interactions 

among constituents. In the case of semi-weak processes between partons 

the factor 4rr«2 /p 4 is replaced by (G J2 )2 where G is the "universal" 
.l 

weak constant: G ~ lo-5/M 2 . 
- P 

Interaction diagrams, depicting the constituent annihilation process 

in hadron-hadron deep scattering collisions, are shown in Fig. l(a) and 

l(b). Also shown are the transverse mOmentum spectra [Fig. l(c)] of gamma-

rays and electrons which are expected from this theoretical model. 

At NAL, there are proposed experiments (see for example, E-70) for 

the study of large transverse momentum production of gamma-rays and 

electrons from proton~nucleon collisions: 

pN -+ )' + hadrons 

+ 
pN -+ e + hadrons (8) 

Although the external proton beam intensity is several orders of magnitude 

higher than the intensity of our proposed pion beam, we show that in our 

experiment counting ra~es are about the same for reactions (1) and (2) as 

for r~actions (7) and (8) in E-70. There are two remarkable advantages 

supporting this expectation. One is experimental, and it has to do with 

our geometrical acceptance (10-20%) and pion beam intensity (108-109 ~-/1012 
protons) versus the experimentally usable proton intensity (1010_1011 ) and 
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the geometrical acceptances in other proton experiments (0.3%). The 


second is theoretical, which we discuss because of its instructive 


relevance to both pion and proton experiments. This discussion follows 


the trend of a recent CERN ISR experiment. 


Observation of reaction (7) at the ISR indicate a dramatic behavior. 


At large and fixed transverse momentum values of the ":sro", the invariant 


cross section of 


o 
pp -+ 1f or "1 + badrons 

ollrises as a function of S. Also, at large P ("1f ) values, and fixed 'S, 
J.. 

the shape of the invariant cross section behaves according to a known 

predictable(l) fashion, given by eq. (6) and the calculated(l) form 

factor of this reaction. This experimental result (2) is shown in Fig. 2. 

Although the shape of this spectrum is predictable, the experimental cross 

sections are about a factor of 100 times higher than expected. It is as 

if "0: in eq. (6) should have a value of between 0.1 and 1.0, instead of 

being 1/137. It should be remarked that in the ISR experiment detectors 

'were used where space resolution could not distinguish between the pro

duction of single gamma rays and the production of :sr
O 

decay gamma-ray 

pairs at high energies. 

Recent theoretical developments which explain the above behavior are 

based on new notions. There should be a transition between the Feynman 

scaling region(3) at lew p~ values and the deep scattering region of inter

acting constituent~(l) at very large PJL values. The new types of assumed 

interactions(4) are 1) the interchange of hadronic constituents coupled by 

the emission of virtual photons and 2) the hadron's bremsstrahlung which 

is emission of mesonic radiation. In this framework, the power law fall-off 
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in PJL is defined by the electromagnetic form factors of interacting hadrons. 

Thus, the measured nucleon structure functions from e - N deep scattering 

collisions define the behavior of hadron-hadron interactions. In the deep 

scattering region the cross sections scale as a function of P 118 and in 
..... 

the transition zone they behave as: 

2
E d 0' 1. 

= N F(P1//S) (10)2dpdQ
p (PI) 

A value of N = 8 is predicted(4) for reaction (9) which is found to 

be in excellent agreement with the ISR' results (2). The same theory pre

dicts a much slower fall-off of yields for our reactions (N - 6), initiated 

with pions. The Dleson-nucleon cross sections at large P,.L values are much 

higher than the nucleon-nucleon cross sections due to the differences in 

the electromagnetic form factors of pions and nucleons. 

Therefore, a comparison of pion beam experiments and proton beam ex

periments at NAL, for large Pjl and large PJlIS values, is crucial to 

the fundamental understanding of hadronic interaction mechanisms. For 

example, if the constituent picture is correct, the ~-N yields of 

reactions (1-3) are much higher; they are not suppressed by the additional 

form-factor fall-off present in the p-N collisions of reactions (7-8). 

Finding the opposite of this expectation will be at least very instructive, 

indicating possibly new anomalous phenomena in hadronic processes for the 

very large transverse momentum regions. 

We emphasize that in this proposed experiment, our multi-gamma-ray 

spectrometer system will have large acceptance, good space resolution and 

energy resolution. Hence, at NAL we will have a gamma-ray pair resolution 

which is restricted only by the natural shower core widths. At high 
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energies these are typically about 3 em wide. With great certainty we will 

be able to distinguish single gamma-rays from nO decay pairs of gamma-rays, 

thus resolving the ambiguity in reaction (9). 

There is hardly anthing known about the other reactions (2-5) of our 

proposal, as well as about the proton initiated reaction (8). 

We propose to observe pairs of leptons and gamma-rays emerging from 

n-N deep scattering collisions. The following pair producing reactions 

will be studied by coincidence measurements with our two-arm spe~trometer 

system: - + 7TN-+ee + hadrons (11) 

7T-N -+/J.+/J. - + hadrons (12) 

+ - - +7TN-+e /J. + hadrons (13) 

7T-N -+YiY2 + hadrons (14) 

+ 
7T-N -+e-y + hadrons (15) 

+
7T-N -+/J.-y + hadrons (16) 

Only reaction (11) has a counterpart with proposed proton beam ex

periments: 
+ pN -+ e e + anything 

We propose to measure the lepton pair cross sections as a function of 

dilepton mass (~1' = Q2) and as a function of S in n-N deep scatter

ing collisions. Present knowledge extends only to the dilepton mass region 

of less than 6 GeV from the study(5) of 

p + ~38 -+/J.+/J. - + anything (18) 

collisions. This study has provided indirect information about dilepton 

production initiated in p-N collisions and in fact, it cannot be told 

whether incident protons or secondary pions induced the deep scattering 
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process in reaction (18). The experiment concerning reaction (18) pro

duced no evidence for structure in the dilepton mass continuum, indicating 

that the mass of any neutral spin 1 boson which can couple directly like 

photons, must be greater than 6 GeV. Significant theoretical progress(6) 

was made however, by explaining the dilepton continuum spectrum of reac

tion (18) in terms of the nucleon structure functions obtained by 

e -N - e + hadrons (19) 

In the parton-annihilation process of Fig. l(b), a parton with momen

tum X1P from one of the hadrons, annihilates with an antiparton, havingl 

momentum X P from the other hadron. The deep scattering process is2 2 

governed by F(Q2/S ), the probability function of finding the above parton

antiparton pair with fractional momenta Xl and X •2

Thus, the dilepton spectrum from hadron-hadron collisions in the deep 

scattering region is given by: 

do (20) 
dQ2 

where 

is the overlap of two structure functions. 

We propose to test the scaling behavior predicted by equation (20) 

for hadron-hadron collisions. Up until the present, the scaling in reac

tions (17) or (18) has not been established. At NAL, it will be possible 

to test in a straightforward manner the central idea of hadron constituent 

theories, only if experiments are made, at the same time, on reactions 

(11-12) with pions (this proposal) and on reaction (17) with protons (the 

proposal of E-70). Scaling can be established or new phenomena discovered 
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by examining the behavior of the functions FtrN(Q~S) and F (Q2/s )pN 

Briefly, these functions can be measured by the observed lepton pair 

spectra from both experiments, using eq.(20).However, more than this can 

be made available by the proposed comparison of results from pion and pro

ton beam experiments, A remarkable and instructive test Is made available 

by measuring the parton distribution fu~tions of pions and nucleons. The 

test is made by observing the folded parton distribution among the v-N 

and p-N collisions, The double differential cross sections as a 

function of dilepton mass and their momentum transfer provide the follow

ing measurement: 

= ""' x..x S 
- J. 2 

A 24vcl '" -3-L 1~ 
a 

(21) 
t (Q. - P )2 "" Q2 _ x S 

= 1 - 2 

whereby, the scaling variable Q2/s and the fractional momentum transfer 

between lepton pairs and incident particle, tIs, define the fractional 

momentum of partons and antipartons, Xl and X2 , Therefore, the measured 

quantity on the left hand side of Eq. (21):an be examined as a function of 

Xl and X2 for the case of n:-N and p-N collisions.· (We can only wish that 

there would be sufficient antiproton intensity in our beam to allow us to 

measure in a limited kinematical region, the very exciting reactions: 

- + P - N -+ e e + anything (22) 

- + P - N -+ f..L f..L + anything (23) 

These would make unnecessary the assumption(6) that the parton distri

bution in protons is the same as the antiparton distribution in antiprotons. 
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We would be able to measure these fundamental distributions and test 

the assumptions.) 

In the above tests, we propose to investigate the symmetry property 

of ~ - N collisions producing large mass lepton pairs. The measured 

double differential cross sections of Eq. (21) must be asymmetrical under 

the interchange of Xl with X because there should certainly be more an
2 

tipartons in the n - N system as compared with the p - N initial state. 

By the same reasoning, we expect to find higher cross sections for the 

pion induced reactions (11-12) than the proton reaction (17), especially 

2at large Q /s values. This would also be helpful in compensating for the 

difference of pion and proton beam intensities at NAL, although our ex

periment is designed to handle this situation adequately, independent of 

this expectation. 

2. 	 Search for Intermediate Vector Bosons, Lee-Wick Heavy photons 

and Heavy Leptons in Meson-Nucleon Collisions. 

We propose to search for the production of intermediate vector bosons 

W +, - h 1 L+' - ,0 d' . k h h BO ••1. ' eavy eptons ,an Lee-W~c eavy p otons . , ~n p~on-

nucleon collisions. The heavy leptons can be produced in pairs by the 

electromagnetic interaction in deep ~ - N collision.s. 

Reactions (11), (12) and (13) are the best candidates for the produc

tion of heavy leptons in pairs: 

rr-N - L+L - + anything 

L+ +- +
-e 	vLve; /.l vLv/.l (24) 

-L -e vLve; /.l vLv/.l 



19 


Theoretical calculations of the various decay branching ratios of heavy 

leptons show that the above decay modes are prominant. Typically, the 

decay modes with electrons and muons constitute two thirds of the total 

decay rate. The branching ratios of heavy leptons are calculated as a 

function of assumed lepton mass values. This is given in Table I, from 

one calculation(7), and also from an independent calculation(8), in Fig. 3. 
+ 

The transverse momentum spectra of large angle lepton pairs e, ~+ will 

be examined especially to search for structure in the single spectrum of 
+ + + + 

e· or ~ . The transverse momentum spectrum of these e . ~ pairs in 

each case, will also be examined to ascertain that these pairs are not 
+ 

correlated. The observation of correlated e- ~+ pairs is a clear signal 

for the production of a neutral heavy lepton (8), decaying in the mode: 

~ - + E --+e/.LV
/.L 

We propose to search for structure in the lepton pair mass spectra of 

reactions (11-12). Correlated e+e- and ~+~- lepton pairs from the decay 

of Lee-Wick heavy photons(9) would exhibit prominant structure in the dilep

ton effective mass spectra. These peaks would be found over the continuum 

of the dilepton mass distributions; due to the electromagnetic interaction 

processes, producing 

(26) 
o + - +B --+e e j /.L /.L 

in the form of,flheavy photon bremsstrahlung". 

We plan to search ,for the production of intermediate vector bosons 

produced in deep n - N collisions via the semi-weak interaction processes. 
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TABLE I 

Partial and toul decay rates of I for various values 'of M ,. Decay rate (1010 sec-I),. (r/Ii) '" 1/1'. 

M, (GeV) 0.6 0.8 0.938 1.2 1.8 3.0 6.0 

Decay mode 

I-v, .v.+e 0.266 1.12 2.46 8.5 64.6 831 26600 

", + VII +11 0.2 0.96 2.21 7.97 63 823 26533 

~+I', 1.02 2.57 4.17 9,0 30 143 1145 

JC .", 0.0092 0.09 0.2 0.55 2.3 11.7 98 

P.v, 0 0.21 3.8 19 96 486 3900 
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+ 
1T-N -+- W

1
- + anything 

w+ -+- e+v ; +v (27)
/.J. /.J.1 e 

w -+- e v j /.J. V
1 e /.J. 

This reaction would produce single leptons having anomalously large 

transverse momentum values. The transverse momentum spectra of final 
+ + 

state single leptons, (e-, ~-) would show a sharp upper cutoff, at a 
+ + 

value corresponding to the mass Mw' at PJl (e~ or ~-) ~ Mw/2. 

It is in this important search where the use of pion beams could 

excel over 
f 

protons. If indeed, constituents of hadrons do exhibit also 

point Fermi interactions, the production of Wls is enhanced further with 

n - N collisions than in p - N collisions. This is because pions have 

more antipartons which carry also a higher fraction x of the available 

momenta. In pions, it is expected(IO) that the fractional momentum dis

tribution of partons is ~ (1 - x), whereas in protons these are distrib

uted like (1 - x)3 near x-I. This is indicated by the behavior of 

nucleon structure functions measured from deep e - p collisions. In the 

case of (1 - x) parton distribution it is demonstrated(ll) that the 

point Fermi interactions of parton-antiparton pairs, 

-qq -+- tv 

is enhanced by two orders of magnitude, as compared to the case of parton 

distribution in protons. Therefore, we could expect to find that the 

yield of reaction (27) is LWO orders of magnitude higher than the equiva

lent semi-leptonic interaction yield from p - N collisions: 

+ 
p + N -+- W - + anything (28)1 
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In Fig. 4 the semi-leptonic interaction diagram is depicted, 

characterizing the ~ - N collisions of reaction (27). Also shown on 

this figure is the production cross section of proton initiated collisions , 

as a function of the assumed mass of intermediate vector bosons. This cal

culation{l) is based on the point Fermi interaction of par tons in reac

tion (28). Other calculations{12, 13) give similar results, where 

also the production cross sections of BO and heavy leptons are presented, 

always for proton initiated collisions. 

We also propose to search for structure in the mass combination of 

+ + 


(e- "1) and VL- "1) from the coincidence measurements of reactions 


(15) and (16). Structure could be found in these lepton-gamma-ray pair 

mass distributions due to the production of heavy excited leptons. 

In Table II we summarize the search program of this experiment. We 

give the available mass limits, cross section estimates at these mass 

limits, the additional enhancement factor of pion initiated collisions 

which should multiply the given cross sections, and the various combina

tions in singles or in pairs. We show that the experimental sensitivity 

-36 2to produce any 100 sought events is a . B II: 10 cm; 


so that, the limiting sensitivity in our experiment, in case of negative 


2result, is em • 

We stress that between our pion beam experiment and the associated 

electron beam experiment proposals, a viable, advantageous and imaginative 

search program is envisaged at NAL. This program is designed to take 

advantage of the hadronic, electromagnetic and semi-weak interaction 

processes occuring in 7r - N and e - N deep scattering collisions, more in one than 

+ + 0
in the other as the case may be , to produce the BO , W1-, L-, E and E'" massive 
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TABLE II 

PRODUCTION OF MASSIVE OBJECTS IN 150-300 GeV 7T-N COLLISIONS AT NAL 

MASSIVE 
OBJECT 

PROPOSED 
SEARCH SAMPLE 

ESTIMATED cr P-P COLLISIONS 
AT MASS LIMITS 

ESTIMATED cr 
ENHANCEMENT FACTOR 

FOR rr-- N COLLISIONS 
MASS LIMITS (GeV) 

BO 

+ 
w-

L+L

EO CEo) 

+ 
tt-

E 

+ 
tt-

M 

Time-like 
Photons 

+ - + - mass of pairse e ,fJ. fJ. 

+ +- - singles large PJ,;e , fJ. 

+-+ .e fJ. uncorrelated pa1rs, 
large Pol 

+-+ correlated pairse fJ. 

+ 
e-y mass of pairs 

+ 
fJ.-rmass of pairs 

+ - + - mass of pairse e , fJ. fJ. 
(continuum) 

'" 10-33 

'" 10-34 

'" 10-35 

'" 10-35 

'" 10-35 

'" 10-35 

'" 10-36 

5-10 

50-100 

5-10 

5-10 

5-10 

5-10 

5-10 

21 

17 

8 

8 

8 

8 

20 

Experimental sensitivity for 109rr/pulse, in a given search of 100 hr (105 pulses) with 10% beam interacting in target, 

20' geometrical efficiency and for the observation of 100 sought events: 

100 events = (cr·B)x 109 x 0.10 x 105 x 0-20/(20 x 10-27) 

-36 2cr-B = 10 cm- (Production cross section x Branching Ratio) 
I\) 
+:"" 
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objects. If the masses are within reach of NAL energies then we are 

confident of positive results. Otherwise, our experiments, and especially 

the electron beam experiment, are designed to provide meaningful and re

liable mass limits. The information arrived at by these experiments is 

essential and timely in the planning and design of new(14) high energy 

physics installations. 

3. 	 Study of Forward Produced Multi-Gamma-Ray Final States from 

~ -'N Collisions. 

Several unique processes are involved in the production of multi-gamma

ray final states. These are from ~ - N hadronic collisions at relatively 

small transverse momenta. The physics interest of forward produced multi-

gamma-ray reactions is presented in great detail in our'original proposal 

164-1. We refer the reader to this document for further details. Briefly, 

we propose to make a systematic study at NAL energies of the exclusive 

reactions 

11" + N -+ N + nr; n = 1, 2, 3 and 4 

and the inclusive 

11"- + N -+ nr + anything. 	 (30) 

We will search for the production of new massive bosons, up to 5 GeV 

mass values, and observe the multi-gamma-ray mass spectra in several 

well defined mass combinations. In general, the quality of this new work 

will compare directly with the physics obtained from a large acceptance 

multt-charged-particle spectrometer system, such as the MPS at BNL and the 

OMEGA at CERN. The reactions in (29-30) have not yet been explored with 

sufficient care and accuracy. This is because up until recently, difficulties 

existed with producing multi-gamma-ray detectors. We have proposed a way 
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to overcome this restriction by devising a new multi-gamma-ray spectro

meter system having the following properties: 1) large acceptance, 

2) excellent energy resolution in the measurement of total energy of a 

multi-gamma-ray state, 3) good space resolution in the measurement of 

individual gamma-ray coordinates, 4) a gamma-ray pair resolution limited 

only by the natural width of high energy showers (- 3 em), 5) coarse 

resolution in the measurement of individual gamma-ray energies and 

6) a detector data acquisition rate limited only by the electronics and 

on-line computer system. We have shown that with the above properties 

(2~4), multi-gamma-ray mass combinations are defined with an accuracy 

of 6M/M ~ 2%. The momentum transfer resolution is about 5 times better 

than in any other similar experiment or proposal known to us. 

Recently, two related experiments were made. One studied the reaction 

in (29) at CERN energies (15) and the other was concerned wi th ~ ~ Tf'7f> 

measurements(16) also at CERN. At NAL energies our method compares favorably 

with both of these cases. 

Finally, we discuss a new theoretical development which makes the 

study of: 

~-N -+ 1 + hadrons (31) 

at high energies, and at k 1 < 20 MeV, a very attractive 
1

source of new information (kl1 is the transverse momentum of gamma-rays). 

In Fig. 5 the equivalent reaction from p - p collisions measured at the 

ISR (17) is shown. Basically, the process is examined(18) as being the 

bremsstrahlung by hadrons, producing low transverse momentum energetic 

gamma rays. It is found(18a) that this process provides directly a 

measure of the average charge multiplicity in hadron-hadron collisions. 
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Thus, we propose to measure the average charge mu1tip1ici ty <n >
ch 

in ~ - N collisions, using this method and the measurements of reaction 

(31). We will compare our determination of <nch ) with say, bubble 

chamber measurements at NAL. The difference between both measurements 

is very significant and would be due to charged pair correlations in 

mu1 tiplicities. 

II1. HIGH ENERGY PION BEAM AT NAL 

We have designed(20) a high quality 300 GeV electron beam for NAL. 

Initially this design work was begun for the benefit of our associated 

electron experiment. Details of the b~am design and descriptions of 

the qualities are presented in Appendix I of our electron proposal. 

It is clear that this beam can also be used as an excellent 300 GeV 

pion facility at NAL. It will provide a beam of pions at NAL which is 

higher in energy and intensity than any other presently installed 

secondary beam. The changeover from electrons to pions and back is per

formed easily. A lead radiator is removed and a set of initial steering 

magnets are turned off. However, a different proton beam dump is re

quired. 

The beam delivered at the experimental target is very clean. A 

final spot size of + 2 rom is obtained without any loss in intensities. 

We have calculated the yield of negative pions using a multiperiphera1 

mode1(2l) of p-p collisions. The model successfully fits with yield 

measurements at BNL and CERN. In Fig. 6, the result of this calculation 

is displayed for the cases of 400 GeV and 500 GeV incident protons. The 

yield of pions in this beam is high. This is due to the large acceptance 

of the beam (9.5 ~st %~ pip FW, and ~ pip ~ ! ~~) and the high energies 
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of the incident protons. At the Proton Laboratory, 400 - 500 GeV 


external proton beams can be made available. Therefore, we propose 


to use this beam for pions in the energy range of 150 - 300 GeV and 


1012intensities of 108 - 109 n / protons. There may be other reasons 

at this time that restrict the use or construction of this beam as a 

300 GeV electron/pion facility_ We are not aware of these considera

tions. Should this be the case, we propose to use initially for this 

experiment, the 2.5 mrad beam branch at the Meson Laboratory and to 

start the experiment at lower energies and intensities: 40 - 140 GeV~ 

6 12 _, 105 - 10 1t / 10 protons. 

IV. EXPERIMENTAL METHOD 

1. 20 kgauss Superconducting Dipole Magnet 

For both our proposed pion and electron experiments at NAL, a 

20 kgauss analyzing dipole magnet is required. The magnet will have 

a length of 15 ft and a useful aperture of 3 ft in width and 1 ft gap. 

The analyzing magnet discussed in our original proposal No. 164 has 

now been redesigned and modified so that it will have superconducting 

coils. Following our feasibility studies we present a preliminary de

sign of this magnet. An equivalent 18 kgauss magnet with conventional 

copper coils will consume 1.07 Mwatt power and is estimated to cost 

~ 180 K. The cost estimate of this superconducting 20 kgauss magnet 

is about S 150 K, exclusive of the cryogenic refrigerator system. 

Among recent advances in the manufacture of superconductors, a search 

was made to select a superconductor configuration providing reliable and 

safe operation. Presently, we favor the following available super

conductor: a continuous copper ribbon, 1/16" thick and 2" wide with 
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embeded Niobium-Tin superconducting strips. This material conducts 

adequately 1000 A in a magnet at 30 kgauss. 

The dipole magnet design is shown in Fig. 7. Superconducting coils 

with mechanical supporting ribs are shown inside a helium dewar. This 

is a 500 liter dewar and is heat shielded by layers of super-insulation, 

a nitrogen shield, again super-insulation and vacuum. The dewar fits 

inside a window,frame iron magnet. The total amper-turns are 722,000 AT. 

A current density of 20,000 A/cm2 is made available in a coil cross sec

2
tion area of 50 cm. In each turn a current of 1000 A will be conducted, 

for a total of 722 turns in each coil. The weight of this magnet is 140 

tons. The magnet will be built in sections which will make it easier to 

assemble or dismantle for shipment to NAL. For the final coil configura

tion we intend to make calculations with available computer programs, to 

gradate the current density in the coils and thus achieve a high magnetic 

field uniformity inside the useful aperture. 

We propose to build this magnet for NAL, using our own facilities at 

HEPL. We have the manpower and equipment to complete this important 

task. We are presently building an iron magnet approximately eight times 

as massive as the one described above. 

2. 	 Experimental Configurations and Acceptances of the 


Spectrometer System. 


The makeup of our spectrometer system is simple and modular. Briefly, 

the central idea is this. With a pion or electron beam, a target and a 

beam monitor, an analyzing magnet is used together with two large accep

tance spectrometer arms to do coincidence measurements. One of these 

arms is always used to trigger candidate events. This arm will make 

measurements in singles, on inclusive reactions. The second arm is placed 
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essentially at three different locations to provide coincidence measure

ments selectively. 

Using these as building blocks, we have devised specific spectrometer 

configurations which favor in each case the observation of a few processes 

among several ongoing reactions. In our original proposal 164, the de

sign principles, the function of individual components and the qualities 

of spectrometer modules were described in detail. We have modified the 

composition of spectrometer modules to include muon identifiers. Thus, 

a modified and improved spectrometer is now obtained which has the capa

bility of observing multi-gamma-ray or multi-lepton final states. 

In Fig. 8 the first configuration is shown. This is designed for the 

purpose of observing the processes mentioned therein. In this and other 

configurations, the experimental target is placed inside the magnet. It 

is desired 1) to achieve a large acceptance in production angles and in 

momenta and also 2) to provide good resolution in the measurements of 

angles and momenta. These economical and efficient spectrometer features 

are made possible only by having an incident beam spot size of dimensions 

no greater than + 2 mm. This spot size quality is achieved with the beam 

in our design. In the bending plane, the transverse coordinate of track 

origins is anchored by the beam spot size definition. Three other coord

inates are measured on charged particle tracks by multiwire proportional 

chambers. The orbit of tracks is defined with a long lever arm, as shown 

in this figure. 

In Configuration (I) the beam line and target pOSition are displaced 

vertically inside the magnet (for example, the magnet is lowered by about 

6 'inches). To observe efficiently the production of large angle and high 

momentum particles, the spectrometer module is placed in the forward direction7 

~-~----.. 
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below beam line. Thus, the observation of high energy and large angle 
+ + 

emerging e, ~, and 7, singles is enhanced; and low energy or for

ward produced particles are not seen by the forward spectrometer arm. 

These features are demonstrated in Fig. 8 and seen in Table III. 

We have used a Monte Carlo program to map out extensively the accep

tance regions of the spectrometer system and to define those regions which 

are of interest to the physics considerations. In terms of the correlated 

quantities p and e (momentum and production angle of produced particles) 

the acceptance calculations are given in bins of p and O. The percentage 

of azimuthal angle accepted in a cell defined by ~p and ~O is stated. 

This and the following tables are generated for the case of an incident 

pion beam of 150 GeV/c. 

In Table III (a) the acceptance of the forward spectrometer is depicted 

for positively charged ~rticles, emerging at large angles and with high 

energies from the target. Table III (b) is the same for negatively charged 

particles. It is seen that both positively and negatively charged par

ticles, emerging only at large angles and also with high energies, are 

accepted symmetrically and equally as well. The Monte Carlo calculation 

of Table III is made with the· target placed just at the entrance of the 

analyzing magnet. The forward spectrometer is assumed to be set 5 meters 

away from the magnet exit. It is clear that larger angles and higher 

momenta can be accepted by moving the target position forward and/or mov

ing the forward spectrometer arm further away. 

In Table IV the results of Monte Carlo acceptance calculations are shown 

for two other spectrometer module locations. In these cases, the beam line 

and target position are centered vertically inside the analyzing magnet. 

In Table IV (a) the target is from the entrance side 2 meters inside the 
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magnet and the spectrometer is 3 meters away from 'the exit side. The case 

in Table IV (b) is with the target placed at the entrance of the analyzing 

magnet and the spectrometer set 5 meters away from the exit. The spectro

meter module is displaced by about 0.5 meter from the straight ahead beam 

line. It is evident that by changing the target position inside the analyz

ing magnet and by setting the spectrometer modules at various locations 

several accept~nce regions are defined selectively, for the purpose of 

observing particles in singles or in pairs. 

Configuration II is designed to observe in pairs the production of 

wide angle leptons and gamma-rays. This is shown in Fig. 9. The beam 

and also forward produced charged or neutral particles are not observed 

by the spectrometer modules. Thus, a very favorable configuration is ob

tained which accepts the production of large angle and high energy 

charged particles or gamma-rays. The spectrometer modules are placed 

symmetrically, as it is seen in Fig. 9. The reactions to be studied by 

this configuration are also stated in this figure. 

In Fig. 10, the spectrometer system for the studies of forward pro

duced multi-gamma-ray final states is shown. 

Thus, a versatile facility is provided at NAL by our modular spectro
+ + 

meter configurations. Both large angle and small angle emerging e , ~ , 

and r particles can be observed in coincidences or in singles. 

3. Detection of Showers Induced ~ Electrons and Gamma-Rays. 

The spectrometer modules, in both our pion and electron experiments, are 

designed a) to observe several individual showers induced by electrons and 

gamma-rays, b) to provide a high rejection factor for hadrons and c) to 

observe and identify muons. Briefly, the detection system is based on the 

addition of multi-wire-proportional chambers (MWPC), having unique encoding 



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

39 

CONFIGURATION TI 
DESIGNED FOR WIDE ANGLE 

,..- N 

,..- N 

-

,..- N 

NAL-PROTON LABORATORY 
HIGH QUALITY ELECTRON I 
40--300GeV/c 'IT-,K-,j) 

OR 

,..-.K -, P 

.. 
ELEVATION 


VIEW 


PRODUCTION OF LEPTONS AND 

e+ e - + HADRONS 

,.,.+,.,.- +HADRONS 
+ - + + HADRONS 

Y Y + HADRONS 

e ,.,. 

HADRON BEAM 

1.0 ME TER LONG LIQUID 

HYDROGEN.lDEUTERIUM 

TARGET 


v 

12UX 36" x 200· 
20K GAUS S IJ
DIPOLE MAGNET v 

r-3 - 15 METERS--l 

\,. e+ I 
MWPC2~ '''''+1 

I I 

MWPC 3 J MWPC 4\ 
MULTI- LEPTON SPECTROMETER 
SYSTEM: 30" DIA M. No I (T I) 
CRYSTALS AND MWPC's 

PHOTONS IN PAIRS 

I EJI 

MUON IDENTIFIER 

i 
II~I
I NoI ITI ) 

I (dE/dx COUNTERl 


tMWPC 

2 METER 

Fe ABSORBER 


PLAN 
VIEW 

SCHEMATIC EXPERIMENTAL SETUP 
(NOT TO SCALE) 

Figure 9 



CONFIGURATION m 


4 RADIATION LENGTH 
NAL-MESON LABORATORY 
2.5 MRAD BEAM LINE 
40--140 GeV/c 7r-,K-.p 

Pb SCINTILLATOR SANDWICH 
VETO SHOWER COUNTERS 

V
4 

Fe ABSORBER 

S5 

FOR THE STUDIES OF MULTIGAMMA RAY FINAL STATES 

NAL-PROTON LABORATORY 
HIGH QUALITY ELECTRON / HADRON BEAM 
40--300GeV/c 7r-,K-,p 

OR -, 

12" X 36" x 200" 
TASC MULTI-GAMMA20K GAUSS 
RAY SPECTROMETERDIPOLE MAGNET 
SYSTEM: 30 '1 DIAM. 
NoI (TI) CRYSTALS1.0 METER LONG LIQUID HYDROGEN / DEUTERIUM 
AND MWPC'sTAR GET. SUR R 0 UNO ED BY VI - - - P LAS TIC 


SCINTILLATOR VETO BOX 


SCHEMATIC EXPERIMENTAL SETUP 
(NOT TO SCALE) 

+=" 
o 

Figure 10 



41 


and readout properties, to large NaI(Tl) crystals which are segmented in 

an especial arrangement. 

We demonstrate the results of our recent tests and continuing develop

ment effort on MWPC's with electromagnetic delay line readout. Multi-

tapped delay lines are used with fixed (5-10 nsec delay per tap) time delays 

between each chamber wire pairs. An intercepted shower induces signals over 

several wires. ,The overall sum signal of a shower propagates to the end 

of the delay line with a chosen and fixed speed (20-40 nsec/cm). These 

signals describe the shape of intercepted showers. They contain infor

mation on the space location of showers and shower electron multiplicities. 

In Fig. 11 the shape of 10 GeV electron induced showers is shown at 

several shower depth positions. In Fig. 11 (a,b,c) the individual 

signals are induced by electron showers generated by 1 X (radiation
o 

length) of lead. The statistical fluctuations in shower multiplicities 

are evident in these representative samples. At 10 GeV, the showers reach 

the maximum electron multiplicities in lead at about 5 X. These are de
o 

picted in Fig. 11 (d,e,f). A shower Signal with 6 X Pb is shown in 
o 

Fig. 11 (g) and those with 4 X Pb are in Fig. 11 (h,i). Several thousands 
o 

of individual showers were observed in recent tests at SLAC. These sig

nals are encoded with an electronics system which measures both the po

sition of the center-of-charge and the amount of total charge. Both 

analog and digital information are made available by the electronics. 

The regions of individual shower signals are defined by time-over

threshold discriminator gates. These are also shown above in Fig. 11. 

These results make it convincing that our continuing development effort 

will be successful in producing a working system for the observation of 

multi-gamma-ray and multi-lepton final states at NAL. The pair resolution 
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of induced signals, up to 10-12Xoshower depths, is limited only by the 

natural widths of showers. At NAL energies these widths are narrowing 

(2-3 cm) and the electron multiplicities in showers are increasing (sev

eral hundreds of electrons at shower maxima). Therefore, the task of ob

serving multi-gamma-ray and multi-lepton final states in a single large 

detector becomes easier at NAL than in the above tests carried out at SLAC. 

4. Muon Identifiers 

Muon identifiers will be included in our spectrometer modules. These 

are necessary in both of our electron and pion experiments. A simple 

muon identification method will be used, based on the total absorption 

of hadrons and electromagnetic showers: 30 radiation length of NaI(Tl) 

crystals and about 10 pion collision length of iron. The attenuation 

length of pions in iron is measured(2l) to be 21 cm, so that a 2 meter 

iron absorber is sufficient to attenuate hadrons down (together with about 

-6
4 collision length in NaI(Tl» to a level of below 10 • Muons are trans

mit ted through the overall spectrometer module thickness and suffer ioniza

tion energy loss. Their trajectories are displaced by Coulomb multiple 

scattering. The energy loss is 2.7 GeV and the rms displacement of 

trajectories is about 0.4 cm for 50 GeV muons. The source of muon pro

duction is well defined by the small target volume and the small spot size 

of the incident beam. 

Multi-wire proport~onal chambers are placed before and after the iron 

absorber. A 2 inch thick scintillator element is the last detector in the 

spectrometer mQdules. This is used to observe the overall ionization 

energy loss signal of transmitted particles. Thus, muons are identified 

and their trajectory is measured by the muon identifier elements shown 

in the figures of the experiment configurations. 



5. Errors. 

Well known formalisms and precise computations are used to arrive at 

the measurement uncertainties in our spectrometer configurations. The 

total errors are estimated for the determination of momentum p and pro

duction angle 8 of produced charged particles. These errors are due to 

space coordinate measuring accuracy and Coulomb multiple scattering. In 

space coordinate measurements, conservatively a 0.5 rom uncertainty is 

assumed for each of the MWPC planes. The dominant effect due to beam 

spot sizes is also investigated. These are very relevant to our experi

ments for the spectrometer configurations we have discussed. 
i 

We demonstrate the llnprovement obtained with small beam spot size, in 

the accuracy of p and 8 measurements. In Fig. 12 the total uncertainty 

in momentum measurement is shown, as a function of p, using the +-2 rom 

spot size of our proposed beam. Also shown is the result with a !12 mm 

beam spot size which is representative of another beam. The measurement 

method is pictorially demonstrated in the insert of this figure. Sllnilarly, 

in Fig. 13, the total uncertainty in scattering angle measurements is 

shown, as a function of p. Both p and e measurements and errors are 

correlated. In this figure, the improvement derived from a small beam 

spot size definition is evident. 

We argue that llnprovements in errors are made possible because 

additional information is available in our experllnental spectrometer 

configurations. The new information comes from the precise energy de

termination in the case of electrons (and also gamma-rays). The infor

mation is obtained from the observed pulse heights from signals induced 

in the NaI(Tl) crystals of our spectrometer modules. During the analySiS 

phase of our experiments, produced charged particles are grouped in 
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selected momentum bins. Momentum bin sizes are set by the above uncer

tainties for ~p/p. For each momentum bin, the spectrum of pulse heights 

from the NaI(Tl) crystals is examined. As we already know, each spectrum 

will show a clear and separated electron peak. Thus, electrons are 

identified. Moreover, a precise energy measurement is now available 

from the observed pulse height values. Using this precise energy measure

ment of identified electrons we will improve the errors in 0 by means of 

the well known (&,0 ) correlations. This improvement is demonstrated in 

Fig. 14. Therefore, in the case of observed electrons in our spectrometer 

modules, the final error in e , will be ~e ~ 0.1 mrad. The same error 

values also apply for gamma-rays. In this case there are no (p,e ) correla

tions and the e errors are determined only by space coordinate uncertainties. 
r 
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SUMMARY OF PROPOSAL REQUIREMENTS 

1) This experiment requires no more than an external proton beam 

12
of 10 protons/pulse incident on a secondary beam Be target. 

2) 1100 hours of running time are required to complete the physics 

for this proposal. An additional 150 hours of equivalent beam 

time is estimated, for the purposes of experiment setup and 

equipment checkout during a period of 2 months. 

3) To accomplish the proposed goals, the group of experimenters 

making this proposal will be augmented by three postdoctoral 

physicists and several graduate students. Other interested 

physicists are invited to join the group as collaborators. 

4) The experimental equipment designated in this proposal requires 

a development and preparation time of a minimum of 20-22 months. 

Due to the commonality of experimental equipment in both the 

proposed electron and pion experiments, this preparation time 

will suffice for both proposals. 

5) Other desired requirements to implement this experiment are 

discussed in the proposal. These are connected with beams 

at NAL and the cryogenic system for our targets and a super-

conducting magnet. 
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