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Proposal to the National Accelerator Laboratory 


for 


DEEP INELASTIC ELECTRON SCATTERING; SEARCH FOR 


INTERMEDIATE BOSONS, HEAVY LEPTONS, ANOMALOUS 


LEPTONIC PROCESSES AND TESTS OF QUANTUM ELECTRODYNAMICS 


ABSTRACT 

We propose to study deep inelastic electron scattering processes 

at incident electron and positron energies of 50 250 GeV, in the range 

of Q2 = 0.5 - 50 (Gev/c)2 and hadronic mass values of up to 21 GeV, at ­

tainable only at NAL. 'We propose to observe energetic or high transverse 

momentum gamma rays in pairs or singles. We also propose to observe 

leptons, in pairs or as Singles, emerging from electron-nucleon collisions, 

in coincidence with scattered electrons. In these studies we plan to 

search for structure in the effective mass continuum of various pair 

combinations or in the transverse momentum spectra in order to reveal 

with finer sensitivity the possible production of intermediate bosons, 

or Lee-Wick heavy photons and sequential heavy leptons. These processes 

will be studied in association with electron-nucleon scattering. Also, 

anomalous 1eptonic processes will be investigated. Important tests of 

Quantum Electrodynamics can be made by studying the wide angle brem­

sstrah1ung process and the trident process produced by incident electrons 

and positrons. The behavior of time-like and space-like propagators, up 

to virtual mass values of 8 GeV will be explored. High resolution and 

large acceptance spectrometer configurations will be used, based on 

detectors made of large NaI (T1) crystals and multi-wire proportional 

planes as well as a 20 kgauss superconducting analyzing magnet. 
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I. INTRODUCTIoo 

We have modified our original electron physics experimental pro­

posal, 164-11, to include a first generation search at NAL for inter­

mediate bosons W, Lee-Wick heavy photons B) and sequential heavy Leptons 

L, from e - N scattering processes. In some cases we show that this 

electron beam experiment is competitive with other experiments using 

VI') J.l or p beams. In other cases we demonstrate that the experiment 

with electron beam is unique and could provide exclusively new informa­

tion. 

We arBue, therefore, that a first generation electron/positron beam 

experiment of the above type must be made at NAL for the. following reasons; 

We believe that the fundamental tools at NAL's disposal involve beams of 

"/L, J.l' Ve and e. The situation at NAL is such that (1) the ve beams are 

necessa~ily of low intensity; (2) the muon beam intensity is neither 

optimal nor intense(l); (3) V#J. beams are very wide band, a monochro­

matic V#J. beam being necessarily of low intensity. Thus, this situation 

leaves the electron beams in the position of being the most powerful 

tool available. The electron beam energy provides an additional con­

straint in the analysis of any physics results. This argument has further 

significance because the essential differences between electrons and 

muons, as well as between Ve and V#J.' have not yet been discovered. 

Next, we have enlarged the scope of Quantum Electrodynamics tests to 

include the important trident process together with the study of elastic 

and inelastic wide angle bremsstrahlung processes, using both incident 

electron and positron beams. The fact that electron and positron beams 
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of high energy are produced only at NAL with equal intensities is used to 

unique experimental advantage in sorting out contributions from several 

competing processes. We show that these potential tests at NAL exceed the 

present kinematical capabilities of e+e- storage rings which are now be­

coming operational. We argue that QED tests must be made at NAL in early 

generation experiments to explore the behavior of time-like and space-like 

propagators of leptons and photons. This argument is based on the under­

standing that strong interactions among hadrons at large momentum transfers 

are dominated by QED processes by which high Q2 virtual photons are ex~ 

changed between the constituents of hadronic states. Therefore, large 

transverse momentum hadronic collision studies at NAL must rely also on 

the validity of these QED tests. 

Finally, we emphasize the need for exploring the lepton-hadron deep 

inelastic kinematical region with electrons at NAL because among other 

reasons, the relative merit of muon experiments at NAL is also based on 

an electron-muon comparison of results. The electron-muon puzzle and 

the possibility of anomalous leptonic behavior are sufficiently funda­

mental interests supporting the need of studying, at the same time, both· 

electron and muon scattering processes. The physical laws derived from 

these experiments are so fundamental that from past experience we can 

assert the need for performing both experiments. In this case different 

beam qualities and different detectors are involved, so that the relative 

comparisons will be sharp and clear. Therefore, we suggest the electron 

scattering experiment must be made in conjunction with the muon experi­

ments at NAL. 

-3­



As is well known, we show once more that at NAL energies, the level 

of radiative corrections in the electron scattering experiment is not at 

all different from the muon experiments. However, compared with muons, 

electrons have an experimental advantage which permits the design of a 

high quality beam. This beam is discussed in detail in Appendix I. 

Only with electrons is it possible to deliver a 12 mm spot Size, free 

of halo, at the experimental target and also have optimized intensity_ 

It is this small spot size quality Which allows us to use an economical 

spectrometer design with large acceptance and without the sacrifice of 

energy resolution. Moreover, we have used to advantage the fact that 

electrons are efficient producers of real and virtual photons, by de­

signing a spectrometer configuration which simultaneously tags the 

energy of these photons and detects the pair production of large angle 

leptons. We show that the experimental sensitivity of this method is 

superior to a tagged photon beam ~etup especially for the pair produc­

tion of intermediate bosons and heavy leptons. Compared to a tagged 

photon experiment this method is more efficient, more compact, and 

more economical. 

While the scope of the present experiment has been enlarged over 

Proposal 164, this is done efficiently and economically, using baSically 

the same set of detectors as originally proposed. The major changes are 

the following: 

a) 	 The spectrometer analyzing magnet has been redesigned to have 

superconducting coils at 20 kgauss. The magnet is 15 feet 

long and usefully 3 feet wide with a 1 foot gap. The cost 

of this magnet is estimated at about g 150 K. 
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b) 	 Several multi-wire proportional chamber planes are incorporated 

in spectrometer configurations, in some cases to provide also 

redundant information on track orbits of large angle scattered 

electrons or muons. 

c) 	 Muon identifiers are added to the large NaI(Tl)/MWPC spectro­

meter modules, to include the efficient detection of muons 

together with gamma-rays and electrons. 

d) 	 The electron beam purity is improved dramatically. We have re­

examined the role of synchrotron radiation in purifying the 

electron beam. The beam's pion contamination is eliminated 

without the use of any new and costly ffchicane lf superconducting 

magnets and also without the loss of valuable electron 

intensity. A beam tuning method is devised which enhances 

synchrotron radiation throughout the beam transport systems. 

The radiation compensated tuning displaces pions from the 

small 	spot size of electrons, at the fourth focus. This 

method can work only with the high quality four stage beam 

design, presented in Appendix I. We estimate that this 

technical breakthrough, solving the electron beam purity 

issue, is equivalent to a real saving of about g 0.5 M. 

In performing the experiments proposed herein, new knowledge will 

be acquired covering the main features of electron scattering processes 

at the highest possible energy and momentum transfer. This knowledge 

is both essential and timely in the planning and design of high energy 

e -p storage rings now being discussed, such as EPA, ISABELLE and PEP. 

32 	 -2 -1The 	expected luminosity of such storage rings is about 10 cm sec , 

a figure which is equivalent to our 'l08e/pulse on a 25 em LH2 target. 
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We emphasize that our NAL pion and electron experiments are inti­

mately connected not only in the commonality of beams, spectrometers and 

other experimental facilities, but also most importantly in the physics. 

The scaling 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 electromagnetic or 

leptonic final states. At NAL, we propose to test and establish 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 wilrbe 

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

Experimentally, 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 


A. 	 SEARCH EXPERTI1ENTS 

We plan to search for the existence of intermediate vector 

+ -	 + -0 . 0bosons WI ' ,heavy sequential leptons L ' , ,and Lee -Wick heavy photons B , 

produced in electron-nucleon collisions. We show that beams of up 

to 250 GeV electrons or pOSitrons at NAL provide a powerful tool to 

investigate several very fundamental questions. For example, with 

200 GeV electrons and their virtual or real photons, the total energy 

in the center of mass system is such that up to 18 GeV massive par­

tic1es can be produced singly, or up to 9 ~eV massive particles can 

be produced in pairs. Several production mechanisms are available in 

the initial e - p system. Briefly, these are 1) electromagnetic 

pair production by virtual or real photons from primary electron inter­

actions in a target, 2) semi-1eptonic e - p collisions or 3) other 

anomalous 1eptonic processes. The above mentioned elusive massive 

objects are postulated to have very high mass values and theoretical 

predictions range over at least one order of magnitude. The advantage 

of using ep collisions to investigate the production of these objects 

is that reliable theoretical cross sections can be calculated. In the 

case of a negative search, at least a meaningful lower limit can be 

set on the mass values and the coupling constants. Predominantly, 

I d L' b d d' . (. 1 Q2 1 .t he W s an scan e pro uce 1n pa1rs 1n ow e ectromagnet1c 

ep collisions) or in singles (in semi-leptonic ep interactions). The 

BOor ~can be produced singly, in trident type ep electromagnetic or 

semi-leptonic collisions, or their presence as an exchanged particle 

can be observed in deep inelastic large ~ep collisions. 
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1. Intermediate Vector Boson Search 

Up until now, the search for intermediate vector bosons has 

been concentrated on the use of v and proton beams as probes. At 
IJ. 

NAL, even though the v carries only about one third the energy of 
IJ. 

parent pions and v beams are not monochromatic at high intensities,
IJ. 

These beams are favored because the v has the correct he1icity to 
IJ. 

induce the produ~tion of W's in: 

(1 ) 

+ ­
V Z 	-zw IJ. 

IJ. 

+ +(w 	 -IJ. V ) 

. IJ. 


If MW = 10 GeV, at Ev 

At NAL, muon beams carry about two third the energy of parent pions and 

monochromatic beams can be prepared with some sacrifice in intensity. 

+ .
However, these high energy muons (both ~­ and IJ. ) are polarized and 

have the wrong helici,ty (2a) to induce the production(2) of W's by: 

(2) 

Independent of this severe muon polarization difficulty, there 

are purely kinematical effects due to the dominance of propagators in 

both semi-leptonic processes. Reaction (1) is favored over reaction (2) 
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by about two orders of magnitude difference in the production cross 

sections. 

The advent of high energy electron beams at NAL can change drastically 

the above situation. New avenues are now open to carry out this impor­

tant search with electrons, and we examine these individually. The ad­

vantages provided by electrons are 1) the above muon polarization diffic­

ulty is eliminated entirely because e+ or e beams at NAL are unpo1arized; 

2) electrons are efficient producers of real and virtual photons; 3) with 

electrons an optimally high intensity beam can be provided. 

We propose to study effects due to the $emi-1eptonic reactions: 

(3 ) 

+ +
(W - e V ;e 

(4 )and 

These electron and positron induced reactions are valuable because at 

-NAL they are equivalent to having a V and V beam for the purposee e 

of exploring the e v W vertex, and to comparethis with the v beam! s 
e ~ 

derived information on the ~ v~ W vertex. Reaction (3) and (4) would 

produce leptons having anomalously large transverse momentum values. 

The transverse momentum spectra of final state leptons, (e!, ~t) would 

show a sharp upper cutoff, at a value corresponding to the mass ~, at 
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In published calculations, the 

production cross section of reaction (3) or (4) is not given specifically. 

We take these to have the same va1ues(2) as the cross sections for reac­

tion (2), without the detrimental muon polarization factor; although 

slightly larger cross sections should be expected for electrons than 

for JIluons. At NAL, if we compare the cross sections of reaction (1) 

for 70 GeV with the cross sections of reaction (3) for 200 GeV 

(as we should) we find that the electron induced reaction is of about 

the same order of magnitude as the neutrino reaction. In fact, it is 

instructive to compare the ratio 

R(K_) :=: a (70 GeV)/a (200 GeV).--w v e 

For 5 GeV, R "" 11, at Mw 8 GeV, R:= 2.2, but when 

-3
Mw = 10 GeV R 5.25 x 10 . 

Therefore, the electron beam experiment at NAL is potentially a more 

powerful method of searching for W's, especially if the mass of the 

intermediate vector boson is greater than 8 GeV. 

The semi-leptonic reaction: 

+ + 
e N - VI + hadrons 

is especially interesting because the dominant mechanism in this case is 

actually the photoproduction of W's without the emission of neutrinos. 

In Fig. lea) the expected behavior of this cross section is diSplayed(3). 

The electrons provide virtual photons to produce WIS. From hard radia­

tion in our experimental target, high energy real photons are also pro­

vided, so that these cross sections are further enhanced (but must be 

dis.tinguished). Other calculations based on the quark-parton model (4) 
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give a cross section of 6 X 1036 cm
2 

for My = 10 GeV and Ey 200 GeV 

in the reaction: 
+ 

yN - W + hadrons (6) 

Similarly, a calculation based on the target fragmentation model(5) 

yields a cross section of 3.5 X 10-33 cm2 with the above parameters where 

mucleon magnetic moment coupling is also included. These calculations 

are not altogether definitive because of unknown weak form factors both 

in space-like and time-like regions. 

Another attractive reaction is one which produces W's at a hadronic 

vertex as fa result of semi-weak interactions in the process: 

-e p - - + e n W 

and 

e n J 
10-35 2The cross section of these processes is estimated(6) to be. 2 x cm , 

for My = 10 GeV and Ee = 200 GeV. We consider reactions (7) as valuable 

sources of new information because these can be compared directly with 

semi-weak hadronic collisions: 

+ 
7r N - W- + hadrons (8) 

We discuss details of reaction (8) in our associated pion experiment 

proposal. 
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We propose to look for the pair production of W's by virtual or 

real photons, in the two step interaction of: 

+ ± + 
e N+e W W- hadrons 

where e ..... e'r* 

.. + ­ Ir N~W W hadrons 

Small angle and low energy scattered electrons (low Q2 and high 

V=E-E'';:' k) will be observed in coincidence with the pro-
r 

duction of large angle asymmetric and uncorrelated leptons. These 

leptons wi'll have a large transverse momentum imbalance due to the 

unobserved neutrinos in the decays of W~ £, + v. The transverse momen­

tum spectra of large angle electrons and muons will be examined in singles 

and in pairs, to search for confirmation that in such samples the large 

angle leptons are indeed uncorrelated. The search for any heavy object 

by the pair production mechanism is very useful because of two impor­

tant reasons. First, the electromagnetic pair production process is 

well understood and provides reliable calculations of cross sections. 

To be able to set Significant mass limits in any search experiment a 

well defined production cross section is required, so that the level 

of experimental sensitivity can be determined. Second, the pair produc­

tion of intermediate bosons and heavy leptons is particularly valuable 

because observation of the reaction's energy dependence provides im­

mediately information on the spin and magnetic moment of pair produced 

particles (7). This fact is well demonstrated(7) in Fig. l(b). 
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Because electrons are efficient producers of real and virtual 

photons, at NAL and for the pair production of heavy particles, we 

demonstrate the value of using electrons directly on an experimental 

target. Higher pair production event rates are obtained with electrons 

than in the case of first preparing 	a tagged photon beam and then using 

these tagged photons on an experimental target. Also a more compact 

and economical experimental arrangement in the electron case is used. 

Note that real photons are produced 	by electrons at a radiator 

2 3by the bremsstrahlung process "'~ ex • Subsequently, tagged 

photons pair produce massive particles ~, on an experimental target 

7_ b th . d t" 	 -" 7~2ex3/~_2 .-r' y e pa1r pro uc 10n process "- ~ _~ 

Hence, the overall probability of this two step process is 

Whereas, the pair production b~ 

low Q2 virtual photons using an electron beam on the experimental target 

is '" ~2ex4/~2 In the case of tagged photon beams the en­

hancement factor is not really proportional to ~2 because in all cases, 

the tagged photon producing Pb radiator must be about "1% of a radiation 

length; otherwise the tagging counters would be confused. Thus, the en­

hancement factor, for fixed unit of a radiation length, is given by 

2 
~ pL/A. Between Pb and LH2 radiators the factor is 3·275 

and not (82)2. We use the above if difference in the rates to assert that 

the pair production of heavy leptons and intermediate bosons is detected 

more efficiently and economically by using electrons directly on a 25 cm 

LH2 target, rather than using tagged photon beams for this purpose. 

Electron beams provide a finer experimental sensitivity and have the added 

advantage of studying at the same time, the pair production of heavy par­

ticles and the single production of these particles in other semi-leptonic 

processes. Tagged photon beams can only be useful in pair production 

-14­
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because semi-leptonic processes, to lowest order, are not initiated by 

real photons. 

At NAL, for the pair production of heavy objects, only the wide-band 

photon beam can provide higher experimental sensitivity than our method. 

However, that method suffers from the lack of providing an additional 

constraint which is available to us. In our case, the photon energy is 

known, both for real and virtual photons. 

In Fig. 2 the result of our photon flux calculations(8) is shown, as 

a function of photon energies, for the case of low Q2 virtual photons and 

hard radiated real photons from a 25 cm' LH target.
2 

2. Heavy Lepton Search 

Several categories of heavy leptons are postulated. Some of the 

popular varieties are the following: 

a) Heavy Sequential Leptons - here each new lepton has its own lepton 

number and correspondingly a new neutrino must also exist; typical 

decay mode of interest to us are these: 

(10) 

b) 	 Heavy Excited Leptons - these are postulated massive states of electrons 

and muons and radiatively decay to the usual lepton ground states. 

They carry the same lepton number as their ground state and by defini­

tion, no new corresponding neutrino is required to exist; we propose 

to search for the decay modes: 

and 

* + 
E+ -e 

If. -
E -e 

r 

r I (11) 
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The proposed search for heavy excited leptons is discussed sub­

sequently together with our QED tests and the wide angle bremsstrahlung 

process. 

c) Heavy Leptons - renormalizable theories of weak interactions almost 

+ 0 + 0invariably require a set of spin 1/2 fermions E and E ,M and M , 

with the same lepton number assignments as the familiar set (e, v )
e 

and (;1, V) •. 
/..l. 

Specifically, we propose to search for the following heavy leptons 

in these decay modes: 

+ -- + -- + 
..j.EO e /..l. V ; e e V ; e + hadrons (12)

/..l. e 


and 
 - + - +~~ e /..l. V • e e V ; e - + hadrons (13)/..l. :I e 

We do not dwell long on previous search attempts for all categories 

of heavy leptons. These are described in recent excellent reviews (IO). 

Suffice it to say that heavy leptons have not yet been discovered. Con­

. (11)
sequently, there appear to be 66 renormalizable theoretical models 

of weak and electromagnetic interactions where hopefully, only one of 

these may describe the real world. Clearly, this proliferation can only 

be resolved by the necessary input of high energy experiments which are 

done exclusively with electrons, neutrinos and muons. In experiments 

with beams, in each case, a unique and exclusive set of new pieces of 

information can be made available. For example, only the following beams 

can produce singly the associated heavy leptons: 
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+ e ~ EO 

e ~ EO 

+ 
IJ. ~ MO 

IJ. ~ MO 

V ~ M+ 
/J. 

-V 
/.l 

-+ M 

V -+ E+ 
e 

V ~ E e 
These are produced as in the following reactions: 

p.+ + N - MO + hadrons 

L+ -
P. P. ~ 

+ -
P. e ~ 

(14) 

+ p. + hadrons 

e+ + N - EO + hadrons 

L[e+ p. - Vp. 

+ -­e e v 

e+ + h~rons 
vp. +N -

+M + hadrons 

L + 
vI-' vI-' P. 

+ 
vp. vee 

(16) 

v'" hadrons 
. 
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Among these beams the value of experiments with elec'trons and 

positrons is outstanding. This is because of the fact that only with 

electrons is it possible to observe, at the same time, the pair produc­

tion of all heavy leptons and the semi-Ieptonic single production of 

those heavy leptons which have electron-like leptonic numbers. 

In Table I the partial decay rates of heavy sequential leptons is 

given from a recent calculation(7d ). The branching ratio of heavy leptons 

is shown in Fig. 3 from another theoretical calculation(ll). In both 

cases the leptonic decay modes into electrons and muons are dominant, 

provided that the mass of heavy leptons is less than the mass of inter­

mediate bosons. 

We propose to search for the semi-Ieptonic production of single 

heavy leptons E
o 

and E
0 

in the following reactions and decay modes: 

. 0 + 
E production by e as in reaction (15) 

and 

e + N -+Eo + hadrons 

- +e Ii. v 
Ii.L 

- + e e v (17)e 

e -+ hadrons 

The transverse momentum spectra of large angle leptons, in pairs and in 

singles, will be examined to search for structure. The most useful com­

+ ­bination is found in the pairs of (e-~+) and (e ~ ) from reactions (17) 

and (15). The transverse momentum distribution of these correlated pairs 
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TABLE I 

Partial and total decay rates ol I lor various values of MI' Decay rate (1010 sec-I) .. (rlit) =liT. 

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

Decay mode 

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

II, +)111 +p 0.2 0.96 2.21 7.97 63 823 26533 

l' +11, 1.02 2.57 4.17 9.0 30 143 1145 

K+II, 0.0092 0.09 0.2 0.55 2.3 11.7 98 

P +11, 0 0.21 3.8 19 96 486 3900 

K"'+II, 0 0 0.03 0.96 6.3 33 280 

At +)1, 0 0 0 0.6 33.7 364 1550 

Q +)1, 0 0 0 0 0.17 15~ 133 

II, + hadron continuum 0 0 Q 0.5 27 737 25900 

I - ,,+hadrons 1.03 2.87 8.2 29.6 195 1790 33006 

Total rate 1.5 4.95 12.9 46.1 323 3444 85539 
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should exhibit a sharp peak, corresponding to the mass value of heavy 

leptons ME' at pJ..(e! IJ.+):;; ~/2. In one theoretical evaluation, the 

production cross section of heavy leptons in reactions (15) and (17) is 

2 10-37estimated(ll) to be between 10-35 cm and cm2 • 

All categories of heavy leptons can be pair produced by the well 

known electromagnetic interaction. Compared with a wide-band photon 

beam experiment proposed at NAL (E-87A), the basic advantage of our 

method is the fact that the energy of real or virtual photons, initiat ­

ing the pair production process, is well defined. Therefore, the im­

portant mass correlation with photon energies can only be made by our 

proposed me~hod. We propose to search for the pair production of 

heavy leptons in the two step electromagnetic process, us~ng high energy 

electron beams directly on our experimental targets: 

e L+ L-e N -+ + hadrons 
, 

* r 	

}L+ ­c:N 

-+ 

-+ 

e 

L + hadron.) 	 (18) 

+ 	 ± 

-+ v-f, vjl
L-

[.
v-f,ve 

Large angle electrons and muons will be observed in coincidence with 

scattered electrons which yield low Q
2 

and high V kinematical parameters. 
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Structure will be searched for in the transverse momentum spectra of 

single leptons, after verifying that the lepton pairs are not correlated 

in such a sample of events. A diagram of the pair production process 

of heavy leptons is shown in Fig. 4 and the cross sections for this 

process are listed in the associated Table II. These are obtained from 

a recent precise theoretical calculation(7b ). 

A clear and valuable signature of this process is derived by ob­

serving the energy dependence of the pair production measured cross 

section, for a fixed value of the heavy lepton mass. This dependence 

is seen in Fig. 5(b), as obtained from an exact calculation. Fig. 5(a) 

displays the expected lifetime of heavy sequential leptons as a function 

of their mass values. Both of these figures are from a recent review(loa). 

The search for Lee-Wick heavy photons B
O 

, will be discussed in the 

following sections on deep inelastic e-p scattering and the QED tests 

with the trident process. 

B. ELECTRON DEEP INELASTIC SCATTERING 

In this section we bring our original NAL proposal 164-11 up-to­

date and include our new ideas and calculations which are related to 

electron-nucleon deep inelastic scattering collisions. This process 

contains one of the most fundamental pieces of information in physics. 

Potentially it can answer best the questions connected with the consti­

tuent nature of nucleons, especially when experiments are made with 

deep scattered electrons, in coincidence with multi-gamma-ray final 

states. This information is contained in the behavior of the nucleon 

structure functions, Wl (Q2, v) and v W2 (Q2, v), obtained from electron-

proton and electron-neutron deep inelastic scattering cross sections. 
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Pf p. PfI 
Table II 105SAI 

Total Heavy Lepton Production Cross Section 

GeV B~ Proton Neutron Be-Q.lasi- Proton Be 


k Coherent Elastic Elastic Elastic . - Inelastic Total ­

' 10-30 10-31 10-33 10-31 10-33 10-30 m = 0.105 

20 1.611 1. 267 1.546 1.081 6.114 1.774 

40 2.047 1.551 1.557 1.134 6.336 2.238 


100 2.579 1.926 1.563 1.171 6.044 2.750 


200 2.787 2.177 1.565 1.184 5.683 2.956 


10-32 10-33 10-34 10-33 10-34 10-32 m =0.5 

20 0.902 1. 607 1.342 4.443 3.559 1.666 

40 1.913 2.604 1.536 5.895 5.355 2.984 


100 3.784 4.122 1.672 7.324 6.846 5.133 


200 5.487 5.352 1.717 8.034 7.161 6.934 


10-33 10-34 10-35 10-33 10-34 10-33 m = 1.0 

20 0.170 0.923 1.958 0.410 0.288 0.839 

40 0.797 2.293 3.070 0.814 0.728 2.266 


100 3.014 5.063 4.014 1.358 1.343 5.578 


200 5.857 7.698 4.442 1. 703 1.664 9.057 


10-34 10-35 10-36 10-34 10-35 10-34 m= 2.0 

40 0.053 0.634 2.085 0.350 0.234 0.614 


100 0.764 3.404 6.293 1.420 1.290 3.345 


200 2.963 7.396 8.781 2.472 2.353 7.553 


10-36 10-36 10-37 10-35 10-36 10-35m;: 4.0 

100 0.243 0.371 1.498 0.223 0.140 0.374 

200 2.856 2.758 7.990 1.432 1.131 2.735 

10-38 10-38 10-38 10-37 10-38 10-36 
m =6.0 

100 0.376 0.006 0.003 0.004 0 0 


200 6.932 9.975 4.178 6.079 3.826 1.021 


2130,,5 
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Some of the fundamental questions facing us at this time ~re the follow­

ing: a) Does the scaling behavior, in terms of x ;;; Q2 /2MV continue 

to apply for these functions when the nucleon is probed deeper in the 

scattering region? Could there be a gradual breakdown of scaling due 

to the exchange of heavy photons or other anomalous QED behavior? 

b) Where are the quasi-elastic scattering peaks due to scattering off 

of the nucleon constituents? c) Could these peaks be revealed when we 

scatter high Q2 photons on nucleons and observe physical gamma-rays in 

coincidence with scattered electrons? d) Could the electron-muon puzzle 

be resolved in the deep scattering region? At NAL these are some of the 

questions which we expect to approach experimentally. 

In Fig'. 6 the present knowledge of the proton structure function is 

displayed. This figure is obtained from the proposal of a recently ap­

proved project, the RLA(12). At NAL we plan to probe deeper in the 

nucleon structure functions than is possible elsewhere. Corresponding 

to the scale of this figure, we demonstrate that the wF range of our 

experiment will extend to 441 (Gev)2, whereas 81 (Gev)~ will be avail­

able at the RLA. We believe, complementary physics information from 

both areas should become available. While the main features of the 

very deep scattering regions are explored by our high energy electron 

experiment at NAL, the high electron beam intensity of the RLA could 

be used to study more rarely occurring phenomena. 

Our large acceptance and high resolution spectrometers system will 

be used to observe structure in the deep inelastic eN cross sections, 

as a function of wF and Q2. The behavior of the nucleon structure func­

tions VW2(x) and W1(x) will be studied, especially in the region of 

large x. Accurate knowledge of the behavior in this region is essential 

-24­
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--Structure function of the proton from SLAC inelastic electron-proton 
scattering data. The horizontal scale is the square of the mass of the 
final hadron state W2=M~+2MpV _q2. The laboratory cross section, 
in terms of the structure functions Wl(v ,q2) and W2(v .q2) and the 
electron scattering angle O. is 

2 2 
dO" a cos 0/2 ( 2 / )

dndE' =--2 4 W2 + 2 tan 0 2 W 1 . 
4E cos 0/2 
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to the understanding of experiments on hadron-hadron deep scattering 

processes(13) at NAL, because electromagnetic and semi-weak interactions 

are involved. 

Our spectrometer configuration can be used at NAL to explore a 

scattering region which is sensitive to questions related to the "size ll 

·· (14 )of virtua1 photons. Th is region is de f ined b y a cond~t~on V > 3 + ...., 

by which Q2 is large (the virtual photon size is small) and also the 

scattering could proceed through a diffraction mechanism. That is, a 

kinematical region is defined where 1) the virtual photon could develop 

hadronic constituents prior to its interaction with the target nucleon 

and 2) the hadronic virtual states of such photons are so long-lived 

that their time development is negligible, while the states are within 

the interaction range of target nucleons. We indicate the kinematical 

region defined by this condition in following figures. 

1. Deep Inelastic e-N Scattering Event Rates NAL 

We have calculated the event rates of deep inelastic electron-

nucleon collisions at NAL energies. The calculations are made in the 

(Q2,w) kinematical space, for electron beam energies between 50 GeV 

and 250 GeV. Differential cross sections are computed, based on 

empirical parametrizations(15) of the nucleon structure functions 

VW2(x) and Wl(x). These are obtained from fits to recent SLAC measure­

ments. Nmnerical integrations are made within the boundaries of each 

cell (.6.Q
2 

, .6.w). The"number of events in each cell is obtained by 

converting integrated cross sections with the following experimental 

assumptions: 1) a 25 cm long LH2 target will be used with 2) an electron 

beam intensity of 108e/pulse and 3) an accelerator pulse repetition rate 

of I pulse/4 sec would be available. Typically, a luminosity of 100 
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events/hr-nb is obtained. We have computed the event rates, down to 

1 count/hr. These are displayed in Fig. 7 fo.r the case of 50 GeV 

beam electrons. The kinematical region of (Q2, v ) is shown with fixed 

values of the scattering angle and fixed values of W. Fig. 8-11 pro­

vide the counting rates with electron beam energies of 100, 150, 200 

and 250 GeV. 

These figures demonstrate the value of performing this deep inelastic 

electron scattering experiment at NAL. High counting rates are available 

at the largest possible kinematical values in W, even in the deep scatter­

ing region of Q2 _ 8 Gev/c2 • 

2. 	 Search for Lee-Wick Heavy Photons as Exchange Particles in 

Deep Inelastic Collisions...:::--:..:. 

Divergence difficulties of Quantum Electrodynamics and Weak 

Interaction dynamics could be removed by postulated(16) negative metric 

BOIIheavy photons" and spin zero intermediate bosons, and Woo The BO 

o 

BOmodifies the one-photon-exchange propagator. If a exists, it should 

be manifested in deep inelastic electron scattering processes as an ex­

changed particle. Consequently, the scaling properties of nucleon structure 

functions are modified by the equations displayed in Fig. 12. In these 

Fl(ru) and F2 (ru) describe the parts of the nucleon structure functions 

which obey the scaling law, presumably in one-photon-exchange processes. 

A limiting value of M > 9 GeV is deduced for the mass of a heavy 
B

O 

photon, from currently available SLAC measurements. Theoretically, the 

mass of BO is predicted(16) to be M 37.29 GeV or possibly higher(17). 
B

O 

O + - + ­The most likely decay modes of the B are e e and ~ ~ , with equal 

branching ratios. In Section C. we discuss the possibility of observing 
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o d • .B pro uct~on ~n e - N collisions as part of our proposed QED tests, 

especially in the trident process. In Fig. 12 the result of a computa­

tion is shown. We exhibit the expected percentage deviation from the 

o .
scaling law of nucleon structure functions, in terms of assumed B mass 

values. As a function of Q2 a dramatic and gradual deviation could be ob­

2 2
served, up to Q values of 50(GeV/c) , with the counting rates of our ex­

2 2
periment at NAL. For example, if M 40 GeV, at Q = 50 (GeV/c) we should 

BO 

observe a 6% discrepancy; if M = 30 GeV, the discrepancy is 10% and at 
O 

B 
M = 20 GeV, this is 20%. 

BO 

We wish to stress the value of this search method. At NAL, using 

400 - 500 GeV protons, experiments designed to detect the production and 

o
decay of B fS (such as in this experiment with tridents and in E - 70) are 

limited to observing BO masses of up to about 20 GeV. Therefor~ a search 

for the B
O 

in the higher mass range of 20 - 40 GeV can only be made 

possible by observing carefully, changes in the scaling law of e - N 

deep scattering collisions. 

3. Deep Inelastic Electron-Neutron Scattering. 

Compared to electron-proton scattering processes and together 

with these, the study of electron-neutron deep inelastic scattering pro­

vides valuable new knowledge. Rigorously, several nucleon constituent 

theories can be distinguished and possibly new scaling variables discovered 

only from a complete set of data available both in e-p and e-n experiments. 

In this case, the basic information is contained in the nucleon structure 

function ratio, W~/W~ and the difference ev W~ - vW~), as a function of 

a given scaling variable. 

We propose to measure the e-neutron deep inelastic scattering cross 

sections at NAL, using a LD2 target. With the measured proton-target and 

deuterium target electron cross sections, the neutron-target 
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cross 	sections will be unfolded by a newly deve1opeJ18)re1iab1e procedure. 

In Fig. 13 the recent data from SLAC is demonstrated, exhibiting(19 ) the 

ratio and difference of nucleon structure functions of protons and neutrons. 

We propose to observe the behavior of these quantities, in the new kine­

matica1 region which is made available at NAL. 

4. 	 Two-Photon Interaction Processes in High Energy Electron-Proton 

Coulomb lis ions 

A unique and unexplored interaction mechanism is made available 

at NAL, in high energy e-p Coulomb collisions. By studying these 

collisions a new field of investigation is opened, based on the photon-

photon interaction process. In this case, both beam electrons and 

target protons are the providers of lowQ2 and energetic gamma-rays~ 

-ep---it 	(e-p) + ---it II ('lr0 
, 'I) , ••• )le/p 	

} (19) 

+ - + ­---it e e ;le/p 	 J.t J.t 

Thus, if suitable experimental conditions are provided, the II annihi1a­

tion processes can be identified and separated from all other ep collision 

mechanisms. 

The excellent energy resolution and good space definition of our 

spectrometer system will permit the observation of the following reac­

tions at NAL: 

e p -i- e P 77 (20) 

+ ­ep-i- epee 	 (21 ) 

+ep-i-epJ.tJ.t -	 (22) 



In these reactions the final nucleon variables are reconstructed from 

the observed gamma-ray pairs or lepton pairs, in coincidence with almost 

zero degree scattered electrons. In the sample of events, kinematical 

2
constraints will be imposed to ascertain that the Q of the proton vertex 

is also very small. Thus, the interaction process depicted in Fig. 14 (a) 

can be isolated and tested. 

Specifica11~, this two-photon annihilation mechanism produces only 

charge conjugation event (C = + ) states. For example the process 

7 7 ~ ~ 
o 
~ 77 is especially rewarding to study. Once the ~ 0 sample

e p 

of events is isolated together with the above kinematically constraining 

ocuts, this process measures directly a fundamental quantity, the ~ form 

factor. We believe, the kinematics of this case is sufficiently well 

defined to allow for the verification that the ~o is derived from a 7 7 
e p 

interaction, rather than being produced by other hadronic excitation pro­

cesses. Also, in the case of lepton pair formation [in ~.(19)J the leptons 

are preferentially distributed in the forward and backward cones defined 

in the 7 7 center of mass system(9).
e p 

The cross sections for these e-p Coulomb collisions {reactions 19) 

grow logarithmically as a function of the e-p center of mass energy. Thus, 

at NAL energies sizable cross sectional values are developed for the pro­

cesses shown in Fig. 14 (a). The energy and production angle dependence 

of these cross sections are eva1uated(9) in a straightforward manner. 

These are made(9) primarily for the benefit of projected experiments with 

+ - + ­e e colliding beams. Compared to similar Coulomb collisions in e e 

storage rings, using a reliable forma1ism(20), we estimate that at NAL 

energies the e-p process is reduced by no more than a factor of 5 - 10. 
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Therefore, typical e-p induced cross 	sections of reactions (20-22) via 

2 2 2
this mechanism are in the range of 10-3 cm - IO-33cm . These yield 

several hundred counts/hr at NAL. 

C. Tests of Quantum Electrodynamics with Electron and Positron Beams. 

At NAL, important t.ests of Quantum Electrodynamics can be made 

possible because remarkable advantages can be derived from development of 

the high energy and high quality electron beam designed by our group. 

Both electrons and positrons will be available at NAL, having the same 

beam intensities and the same experimental qualities., This possibility 

creates the opportunity for positron-electron difference experiments to be 

readily imp;t.emented. The difference 	 0' (e+) - 0' (e-) measures directly 

the interference term between the Bethe-Heitler and Compton processes. 

By the measurement of this term we hope to gain new knowledge concerning 

the constituent nature of nucleons. A quasi-elastic peak, due to the 

scattering of virtual photons off of constituents is expected to appear, 

when this term is examined as a function of a scaled variable. 

We propose to measure the cross sections and observe the energy and 

angular dependences of the trident process and wide angle bremsstrahlung 

process. At NAL we will use both incident electrons and positrons in the 
+ 

energy range of 20 - 250 GeV. Using the capabilities of the e- beams 

and our spectrometer system, coincidence measurements will be made between 

scattered electrons and forward wide angle lepton pairs or between scattered 

electrons and single hard photons. We propose to explore the behavior of 

time-like and space-like propagators both for the cases of virtual 

photons (M ), and virtual leptons (M). By choosing the correct experimental., 	 * 

conditions, the trident process is best used to study the behavior of 

virtual photon propagators, both in the time-like and space-like regions. 
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The wide angle bremsstrahlung process is a better tool with which to 

explore the time-like and space-like regions of virtual electron pro­

pagators. With these measurements, critical tests of Quantum Electro­

dynamics theory will be made at regions which are only accessible at NAL. 

The rates of these processes, at NAL beam energies and intensities are 

such that photon propagators will be explored both in the time-like and 

space-like regions up to values of M 5 - 6 GeV; lepton propagators
"I 

will be examined up to values of M* ~ 8 - 9 GeV also in the time-like 

and space-like regions. 

l. Tridents and Search of Lee-Wick Heavy Photons. 

The trident process is the production of lepton pairs in the 

(nuclear) Cou10mb fie ld, induced by an incident lepton radiating a virtual 

photon. We propose to study and measure the cross sections of the follow­

ing trident formations: 

+ +, + ­e ~ (e ) + e e 


e ~ (e- )' + e + e ­ l 
+ + ­e ~ (e+)' + 1-1 1-1 

(24 ) 
e (e- )' + + 

1-1 
­ l~ J..L 

"­

We note that reactions (23) and (24) are distinguished from the processes 

in (21) and (22) by kinematical conditions and event triggering require­

ments. Of course, during data acquisition there will be an overlap which 

is sorted out in the data analysis phase of our experiment. 

The tridents in (23) and (24), and their complements initiated with 

incident muons, have been examined for some time in detailed theoretical 

formulations (21) and extensive computer calculations(22). Up until now 

however, only one significant experiment has been done at moderately high 

energy. This is the experiment(23) which confirmed definitively the Fermi 
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spin-statistic assignment of the muon by measuring the cross section of 

I..L -+ 	 I..LI..LI..L, using a 10 GeV muon beam at BNL. 

The trident cross sections have the following characteristic behavior: 

dO' 	 (25) 

~ (M/[M*2 _m~12 

where, ~ is the (small) momentum transfer squared to the nucleus or 

nucleon, M 2 is the time-like or space-like virtual photon-propagator
r 

*2mass squared, and M is the mass squared of a time-like or space-like 

propagating virtual lepton. Specific configurations are devised to en­

hance one of the above four cases, among space-like or time-like M 2 or r 
*2 	 2 *2

M • For example, the representation in which QN is small and M is 

small will generate sizable cross sections with large M 2. The time­
r 

like 	region of M 2 is enhanced by observing large transverse momentum r 
+ - + ­e e or I..L I..L pairs, predominantly in the forward production cone. (See 

-

our Configuration I in Section D.) 

The total cross section of process. (23) in the incident energy range 

20 - 250 GeV is (1.5 - 2.5)mb and for process (24) is (0.04-0.l2)l..Lb, using 

LH targets. The behavior of large time-like and space-like M 2 cross 
2 r 

sections have been calculated (24a) using detailed and precise computer 

techniques. Based on this calculation we estimate the differential cross 

section of (23) to be: 

da 	 2 
em

dM 
r 

The cross section of the trident producing muon pairs in (24) is 

2 4suppressed by the mass factor (m ./m) ~ 4 X 10 • Hence, at large time-
e I..L 

like M 2 values this process will be useful and observable only if a 
r 
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Lee-Wick heavy photon BO 
, is produced. In this eventuality the rates of 

o
reactions (23) and (24) will be 	the same because B 's have equal branch­

+ - ( + -) bing ratios in the decay modes (e.e ) and ~ ~ • Large signals will e 

observed at NAL if the BO mass is less than ~ 13 GeV. The trident-like 

reaction: 

± 
-7 e + Z' 	 (26) 

is calculated(24b) with reliable precision to have cross sections of 

2 cm 	 for M ::::: 7 13 GeV, if an electron 
O

B
beam 	is used at 200 GeV. 

The distinct advantage of searching for the BO in reactions (23) and 

(24) is the fact that by QED theory reliable cross sections can be cal­

culated. In the case of negative search results, at least meaningful mass 

limits can be set. This ·situation should be compared in a complementary 

fashion with our other pion experiment proposal (and also with E-70) in 

which the BO search can extend up to mass values of about 21 GeV. But 

in these cases, reliable theoretical cross sections are not so available. 

2. Wide Angle Bremsstrahlung and Search for Heavy Excited Leptons. 

The proposed elastic wide angle bremsstrahlung studies are 

fully described in our original electron proposal 164-11. We propose to 

observe the energy and angular dependences and measure the cross sections 

of: 

using electron and positron beams in the energy range of 20 - 250 GeV 

at NAL. Positron-electron cross sectional differences will be used to 

measure the interference between the Bethe-Heitler and Compton interaction 
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processes, shown in Fig. 14(b). Structure will be searched for in the 

effective mass of the final (e,) system to observe the production of a 

possible heavy excited lepton(25): 
+* -	 (28 ) E - e 7+ 

This 	search will extend up to mass values of about 8-9 GeV. 

3. 	 Inelastic Wide Angle Bremsstrahlung with Electrons and Positrons 

and Search for Nucleon Constituents. 

Significant and instructive theoretical progress has been made 

recently(26) which indicates that the elusive quasi-elastic peaks (due to 

scattering of virtual photons from nucleon constituents) in deep inelastic 

electron scatterin~, could be masked. The masking mechanism could be due 

to an abundance of other processes which proceed with even charge con­

jugation (C +) quantum number. Therefore, it is argued, to unveil these 

quasi-elastic peaks one must look in deep inelastic ep processes in which 

the final states force the amplitudes to have odd charge conjugation (C = -) 

quantum number. These are the inelastic wide angle bremsstrahlung reactions: 

e p - e+' + anything } 
,(29 ) 

e + 
p - e , + anything 

We propose to investigate these important reactions at NAL energies. 

Although the predicted cross sections drop linearly with S, the high 

energy available at NAL makes it possible to achieve moderately large Q2 

~ 	 .....2
and Q values at rather small angles. and Q are the 

momentum transfers in the Bethe-Heitler and Compton diagrams of 

Fig. 14(b)]. From this point of view, the acceptance and resolution 

qualities of our spectrometer system are matched very well. The 

±
incident e beam energy range 20 - 100 GeV produces counts of 

several hundreds/hr in our detectors. 
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Only by doing an electron-positron difference experiment is it 

possible to measure the nucleon structure functions of process (29), Vex). 

In measuring vex) (a structure function containing the cube of parton 

charges), as a function of the scaling variable x, we expect to find a 

behavior which is entirely different from the structure function 

of inclusive deep inelastic electron scattering. This is because VW2(x) 

is a nucleon structure function arising from the square of parton charges. 

Also 1 the ratio 

in a well defined formalism, is a direct measure of the mean-cube of parton 

charges. Therefore 1 we propose to measure, investigate and compare the 

behavior of, Vex) and VW (x) in the ~ experiment. If there are
2

distinct nucleon constituents, this proposed method appea!s to be one 

of the best ways of searching for and acquiring new knowledge in this 

field. 

4. Search for Quark Production in Electromagnetic Processes. 

This search is described in our original electron proposal 164-11. 

We wish to emphasize the value of searching for the production of quarks in 

electromagnetic processes because theoretical cross sections are more 

reliably calculated for these cases. A recent experiment at the ISR 

indicates(27) that quark masses could be large and in the limiting range 

of being greater than 13-22 GeV. We propose to look for the production of 

quarks in all of the above discussed studies. The method was described 

earlier by us and will not be repeated here. 
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SUMMARY 

We summarize the prominant features of a proposed experimental program 

at NAL based on the unique facility of electron and positron ultra-high 

energy beams. The attached Table III provides a condensed summary. 

The experimental luminosity for 108e/pulse, at a rate of 1 pulse/4 sec, 

with a 25 cm LH2 target is 100 events/10- 33/hr (in electroproduction and 

1035 2 lleptonic processes the luminosity is L cm- .hr- ). Therefore, 
e 

the experimental sensitivity in a given search run of 100 hr (~105 pulses) 

and for the observation of 100 sought events is: 

2
(Production cross section X Branching ratio) ~ • B = 10-35 cm e 

The limiting sensitivity in the case of negative results is: ~e • B ~ 10-37em 2 • 

Similarly, in the cases of photoproduction by real or virtual photons in 

our experiment, the experimental sensitivity (defined above) is: 

(J' B = 
/' 

where (J' is the actual photoproduction cross section. The limiting sensitivity
/' 


-36 2
here, is: B 10 em • 
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TAm.!: III 

PI'IODreTIOlJ OF MASSIVE OBJECTS IN 150 - 250 GeV e -N COLLISIONS If! NAL FOR THIS PROPOSAL 

MASSIVE 
OBJECT 

INTERACTION 
MECHANISM 

PROPOSED 
SEARCH SAMPLE 

ESTIMATED a (em2 ) 
AT MASS LIMITS 

REMARKS 
REACTION NO 

MASS LIMITS 
(GeV) 

SPEC7?'J!'Ji.lE.R 
COIlFIG'.'?.A::roll 

'I'"':"?'E 

excb&J:Iged in e-N 

deep 1l:lel.llcat. 

breakdown of VW2 (x) 

8Ca.ling 

see Fig. -12 5~ deviation 

in 'N
2 

(x) at 

rl· ,. 40 Gev2 

40 I and"II 

produced in 

tridents 

e+e -, Ii\.- 111&88 of 

correlated pairs 

(2') ,(24) ,(26) 10 -l} I &Dd III 

leptonic (:3) (4) , III 

semi-leptonic 10 III 

inclusive photo" 

production 

(6) 10 III 

10 III 

heavy lepton 

pairs pboto· 

productsd 

+ + 
e-, u,- large p' 

.L 
(18) 5 III 

electroprodw:­

tion semi­

leptonie 

Heavy exci ted 

lepton pairs 

photoproduced 

(e·Il+) large P 
.L 

correlated pairs 

+ + 
e • Ll .7 large PJ. 

uncorrelated pair 

(15) 

(17) 

(11) 

10 

10 

, 

III 

III 

II and II! 

Quark 10 -22 I 

SEARCH FOR NUCLEON CONSTITUENTS 

e- singles and in 

coincidence wi th 

1IIu!t1-gamma-re,ys. 

See Fig. 8-11 for 

counting rate" 

Q.2~ 5O(Gev2) 

W ~ 21 (GeV) 

I 8.:ld II 

, I and III 

t 
e elastic wide a.nele Bt"ems. 

! 
e "1 8 I and II 

+ 
e- inelastic wide angle 
Breme. 

single E: production 
electrollmgnetic 

+ 
e 7 

.:!:.
e"1 maslI of corre­
lated pairs 

(29) 

(27), (29) 8 

I 

I 

a.nd 

a.nd 

II 

II 

lepton number conservation test. I 
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III. EXPERIMENTAL MErHOD 

A. RADIATIVE CORRECTIONS IN ELECTRON-PROTON SCATTERING 

At NAL energies, we know that the magnitude of radiative corrections 

in e-p scattering is not significantly different from the magnitude' of 

radiative corrections in the ~-p scattering processes. We also show 

that the desired experimental energy resolution in e-p scattering is 

not affected by a 25 cm long LH2 target. For the purpose of this 

demonstration we have calculated the radiative corrections in both 

~-p and e-p scattering, under identical experimental conditions. Precise, 

reliable and up to date theoretical formulations(28) and computer 

programs(29) are used. A typical example is chosen where 160 GeV 

incident electrons or muons scatter by 3 degrees, in a 25 cm LH2 target. 

To compare with these, the same cases are computed with null target 

thickness. The latter provides a measure of radiative effects which 

occur G.uring e-p and ~-p scattering processes, irrespective of the 

thickness of the experimental target. 

We have calculated the radiative tail caused by the production of 

a fixed mass object in both e-pand ~-p scattering processes. The 

production of a fixed mass narrow resonant state, with mass Wand width 

r ,causes a radiative tail which can be simulated just as well by
w 

observing the radiative' effect in elastic scattering; in this case 

W = M and r = 0 In Fig. 15(a) and (b) we present the results 
p w 

of this precise computation. All four cases are shown, with incident 

muon and electron beams, with 25 cm LH2 target and zero length target. 

We conclude from these figures that the use of a 25 cm long LH2 target 

cannot have any significant or detrimental effect on the desired ex­
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perimental resolution. In fact the fUll width at half maximum of 

peaks for all practical purposes, are not affected by the size of 

our target. This is true in both the "elastic ll treatment and the 

inelastic continuous treatment given below. The position of several 

such peaks can be observed with good resolution detectors at various 

kinematical conditions. The natural resonant widths can be unfolded, by 

well known radiative effect procedures, from the observed line shapes. 

We have been carefUl in choosing a target length such that line shape 

radiative corrections would be due to almost entirely to the natural 

radiation caused by the scattering process itself. 

In Fig. 16 (a) and (b) we present the result of computations for the 

radiative corrections of deep inelastic scattering cross sections in the 

continuum. Again, all four cases are given; with e-p and ~-p inelastic 

scattering (in the continuum) and with 25 cm LH2 target and null thickness 

target. The radiative corrections for electron beam experiments at NAL 

are of the same order of magnitude as the radiative corrections for muon 

beam experiments. Basically, also the cm LH2 target produces very 

little difference. Most of the difference caused lies in the kinematical 

region of low energy scattered electrons where the radiative tail from 

elastic scattering dominates. In the regions where the corrections 

differ they are ~oth calculable are not important (because of small 

rates in such regions) and do not affect the resolution. 

B. BEAM PION IMPURITY CORRECTIONS 

We show that corrections due to pion impurities in an electron beam 

are negligible and irrelevant in e-p experiments at NAL, if we use electrons 

from the beam which is designed and described in Appendix I. 
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The final figures for the pion impuritY'in the electron beam are presented 

in Table III of this appendix. At 100 GeV the ~/e ratio is 5 X 10- 5 ; 

at 150 GeV it is 1.7 X 10- 5 at 160 GeV and beyond the ~/e ratio is null. 

This high electron purity level is achieved by 1) the geometrical 

qualities of this beam design, 2) the synchrotron radiation of electrons 

throughout the beam transport system and our IIradiation compensated ll 

beam tuning method, and 3) the use of a 3.3 m LD2 filter at the front 

end neutral stage of the beam. 

We develop the fo11mling arguments by assuming an average ~/e ratio 

of 10- 5 in the electron beam which is incident on our 25 cm LH2 experi­

mental target. The ratio of ~-N cross sections to e-N cross sections 

-2at high energies is about 103 • Thus, a fraction of 2.7 X 10 of 

beam impurity pions will interact in the target, primarily producing 

hadrons (~~h) • A fraction of 2.7 X 10- 5 of beam electrons (at a 

8rate of 10 e/pu1se) will interact, primarily producing a final scattered 

electron (e ~ e') • Therefore the electron interaction rate is 

108 X 2.7 X 10- 5 = 2700 and the pion interaction rate is 

108 
X 10- 5 X 2.7 X 10-2 = 27; the electron to hadron singles ratio 

in our electron detector will be 100:1. Earlier, we have shawn (see 

164-II) that with our detectors the probability ofhadrons being identi­

fied as electrons is less than 0.3% , if the momentum of particles is 

knolvu to 3%. Thus, 1 in 30,000 of scattered and detected electrons 

is really a hadron. We call theseltsimulated e1ectrons. 1t 

There is another effect originating from the beam's pion impurity 

that was thought to be detrimental to our experiment: interacting 

beam impurity pions produce electrons by first producing ~OIS. The 
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V
o 

decays in the target, produce Dalitz pair electrons or pair­

+ ­produce electrons in two steps - TY, ,-,)ee The latter 

is the dominant effect. We demonstrate that this concern is inconse­

quential in our electron experiment. In Fig. 17 the Tesult of a 

computation is shown. The differential electron energy spectrum from 

the above two step process is given, initiated by 200 GeV v- beam 

impurities. The total rate of electron production by pions, the integral 

of this spectrum, is also given. He find that 1.44% of int~racting 

pions will produce electrons having energies distributed according 

-2 44 -2to the sp~ctrum of Fig. 17. Thus, a fraction of 2.7 X 10 X 1. X 10 

= 4 X 10-4 beam pions will produce forward electrons, mostly with 

energies below 20 GeV. This is a rate of = 0.4/pulse; 

1 in 7,000 of small angle and low energy scattered and detected electron 

is really an electron from beam pion interactions. Similarly, about 

1 in 70,000 of larger angle and higher energy scattered electron is 

II false. II 

C. 20 kgauss SUPERCONDUCTING DIPOLE MAGNET 

For both our propoooJ pic.n and electron experiments at NAL a 

20 kgauss analysing dipole magnet is required. The magnet ',ill 

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 design of this magnet. An equivalent 18 kgauss magnet 

with conventional copper coils will consume 1.07 Mwatt power and is 
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estimated to cost ¢ 180 K The cost-estimate of this superconducting 

20 kgauss magnet is about ¢ 150 K, exclusive of the cryogenic refri­

geration 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 

superconductor: a continuous copper ribbon, 1/1611 thick and 2" wide with 

embedded Niobium-Tin superconducting strips. This material conducts 

adequately 1000 A in a magnet at 30 kgauss. 

The dipole magnet design is Sl:Oiffi in Fig. 18. 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 amp~re-
2 

turns are 722,000 AT. A current density of 20,000 A/cm is made available 

2
in a coil cross section 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 ship­

ment to NAL. For the final coil configuration we intend to make cal­

culations 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. 
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D. 	 EXPERIMENTAL CONFIGURATIONS AND ACCEPI'ANCES 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 acceptance 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 essentially at three different locations to 

provide cptncidence measurements selectively. 

Using these as building blocks, we have devised specific spectrometer 

configurations which favor in each case the observation of a few 

processes among sever~l ongoing reactions. In our original proposal 

164, the design 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 capability of observing multi-gamma-ray or 

multi-lepton final states. 

In Fig. 19 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 eco­

nomical and efficient spectrometer features are made possible only by 
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CONFIGURATION (i) 
DESIGNED FOR FOUR FUNCTIONS 

I.} DEEP INELASTIC ELECTRON SCATTERING 
2) ELECTRON-MULTI-GAMMA-RAY COINCIDENCE 
3} TRIDENTS WITH LARG E MA SS TIME-UK E VIRTUAL PHOTONS 

4) QUARK DETE CT ION 

rT AS C, ELEC TRON SPECTROME TE R 
NAL - PROTON LABORATORY, SYSTEM: 30'101 AM. No I (TI ) 
50--250 GeV ELECTRON BEAM CRYSTALS AND MWPC 
[ilp/p =10.3% :il8= :to.1 MRADJ ELECTRON BEAM 

\ MONITORING 
'\ E > 50 MeV QUANTAMETER 

MWPC \HADRON COUNTER 
\ 3 ·-"I II ~dIfoHlI.... 2 0 M R A 0 

25cm LH2/LD2 TARGET I 
I 

MUON IDENTIFIER 
, 1111 .11 ~ 

V1 -III~II-, ~ I 
-.J 

I 

, ,#' '::WPC 2 I! 1IIII 1~I~NaI ITII 
3-5 _ I Vj I t t (dE/dx COUNTER) 

METERS 'i MWPC MWPC 
12" x 36" x 200" 

1"'- 15-30 METERS ..I 2 METER 
20K GAUSS Fe ABSORBER 
DIPOLE MAGNET 

TASC,MULTI-GAMMA-RAY AND LEPTON 
SPECTROMETER SYSTEM (ALSO USED FOR 
dE/dx-LOSS QUARK DETECTION}:30"DIAM. 
No I (TI ) CRYSTALS AND MWPC's 

SCHEMATIC EXPERIMENTAL SETUP 

(NOT TO SCALE) 

Figure 19 



• 	PH1/2Pl IN PERCENT (a-)ACCEPTA~CE OF MAGNET/NAI(Tll CRYSTAl/MWPC COMBJNAfICN. 
MOMENTUM SCATTERING ANGLE THETA ("RAOI 

(:;EV/CJ 8.0 16.0 24.0 32.1 ItO.1 ItB.l 56.1 61t.l 12.1 80.2 88.2 96.210lt.2112.212(l .• 2128.3136.3144.:H52.3160.3 

11.0 7 5 9 7 7 6 9 8 10 9 7 8 7 It , 3 1 3 o 

21.0 100 99 91t 87 87 83 48 22 7 6 2 0 o a o o o o o o 

:'1.0 100 100 99 92 75 57 38 30 22 15 1 0 o 0 o o o o o o 
41.0 100 97 80 62 55 43 38 33 21 24 10 8 o 0 o o o o o o 
51.0 98 71 50 48 47 41 40 30 24 25 20 18 2 0 o o o o o o 

61.0 76 57 49 32 ft6 35 3128 28 23 18 18 3 0 o o o o o o 

71.0 38 42 50 33 46 33 28 35 26 20 21 15 8 8 o o o o o o 

81.0 12 32 38 30 39 30 27 31 26 .20 18 22 12 11 o o o o o o 

91.0 5 35 37 36 33 35 32 33 25 21t 21 18 15 11 o o o o o o 

101.0 o 25 31 33 32 36 27 29 25 21 18 16· 18 11 o o o o o o 

111.0 o 15 33 30 30 33 25 31· 24 24 18 15 14· 11 o o o o o o 
121.0 o 11 32 29 30 32 29 27 23 19 24 17 16 «1 0 o o o o o 
131.0 o 9 29 30 30 29 31 28 27 n 20 17 11 10 7 o o o o o 
141.0 o 8 32 25 31t 27 34 29 18 21 19 16 17 7 10 o o o o o 

151.0 o 8 31, 23 33 27 40 29 25 19 17 18 13 9 U o o o o o 
INITIAL EVENTS-l00000 FINAL EVENTS­ 1~819 

0.0 3.000 3.000 0.0 0.150 0.150 0.457 0.457 
1.000 0.325 0.0 0.0 151.000 -10000 0.0 20.000 

0.152!3 0.15233 0.15233 0.05000 0.050~0 0.05000 0.01192 0.0 0.16033 0.( 

Table TV 
PHlIlPl IN PfRCENT 

AU.f:PTIINCE OF MAGNET/NAUTU CRYSTAl"'.PC C(P'eINflTlON. 
 (h)
HuKE~TUK SCAlTERI~G A~GlE l~E1A (~RflOI 
I~V/tl 9.6 19.2 28.~ 38.5 4e.l !1.1 ~1.3 11.0 86.b 96.2105.8115.ltI25.(1)4.7144.31~'.QI~).5173.2t~2.~lQ2.4 

11.0 26 16 15 11 1 8 2 3 2 2 o 2 o o o 1 o 
21.0 96 1!6 75. 64 "I Ie 11 7 0 0 o 0 o o o o o o b o 
.:u.o 10 20 25 36 :!2 23 30 20 9 16 o 0 o o o o (\ I)o o 

o 0 8 24 21 22 26 17 16 21 4 3 o o o o o o I) o 
o C 0 3 II! I~ 19 12 16 23 7 11 o o o o o o I) o 

61.0 o 0 0 0 15 20 14 15 19 20 7 9 o o o oo o o o 
11.0 o 0 0 0 lC 14 14 19 16 11 9 11 o o o o o o o o 
61.0 o o o o 15 II 14 18 14 16 10 lit 2 o o o o o o 
91.0 o o o o 3 4 11 13 23 10 17 12' 6 5 o o o I) o 

101.0 o o o o o 6 14 13 20 11 16 7. 10 o o o o o o 
111.0 o o o o C '9 I~ U- 27 11 17 7 14 6 o o o o o o 
IlI.O o o o () o ., 1c; 15 24 13 20 6 16 5 o o o oo 	 o 
131.0 o o o c C e 10 15 1q 12 18 4 19 2 o o o I) o o 
lftl.O o o o o (i 7 12 20 16 10 21 6 14 o o o o o o o 
151.0 	 o o o o o I J 9 l8 12 14 IT 6 16 o o o o I) o t) 

INn tAL EVENTS"ICOOOO FINAL E~E"l!. HC4 

0.0 2.50C 5.CCC o.C C.15e 1).150 0.457 0.4'jTl.uuu O.32~ 0.3CO C.C lSI. cec -1.000 0.0 20.000 
O.16lblJ 0.U2ee 0.18280 0.e6ecc C.(6CeC O.ObOO\) 0.0099., 0.0 0.lq2~q 
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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 coordinates 

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 Table IV the results of Monte Carlo acceptance calculations 

are shown for two spectrometer module locations. It is clear that 

by changing the target position inside the analyzing magnet and by 

setting the spectrometer modules at various locations several acceptance 

regions are defined selectively. We have used a Monte Carlo program 

to map out extensively the acceptance 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 e. The percentage of 

azimuthal angle accepted in a cell defined by 6p and 6B is stated. 

The cases in Table IV (a) and (b) apply to the spectrometer module 

settings for the observation of deep inelastic scattered electrons. 

The other spectrometer arm is positioned to observe the production 

of forward going gamma~rays or leptons in coincidence with scattered 

electrons. This and the following tables are generated for the 

case of an incident beam of 150 GeV/c. 

The second configuration shown in Fig. 20 differs from the first 

primarily only in the setting of one of the spectrometer arms. In 

this case, the second arm is moved away from the forward position, 

-~-



CONFIGURATION @ 
DESIGNED FOR TWO FUNCTIONS 

I} DEEP INELASTIC ELECTRON SCATTERING 
2} WIDE ANGLE BREMSSTRAHLUNG 

T A SC, ELECTRON SPECTROMETE R
NAL-PROTON LABORATOR~ SYSTEM: 30" DrAM. No I (TI )

50--250 GeV ELECTRON BEAM CRYSTALS AND MWPC's 

[6p/p = :!:0.3%:69= ±O.IMRADJ 


E >50MeVrHADRON COUNTER 

25 em LH2 I LD2 TARGET 

I 
0\ 
o 
I 

12" x 36" x 200" 
20 K GAUSS 
DIPOLE MAGNET 

ELECTRON BEAM 
MONITORING 
QUANTAMETER 

v 
t-5-rOMETERS -1 

TASC, MULTI-GAMMA-RAY SPECTROMETER 
SYSTEM: 30"DrAM.NoI(T1 } CRYSTALS 
AND MWPC's 

SCHEMATIC EXPERIMENTAL SETUP 

(NOT TO SCALE) 

Figure 20 



(aj• "'!llll"'! IN PERCENT 
.LLt~lAHCE 	Of MAGNET/NAICTLI CRYSTAl/~~PC CC~8INATfn~ 

.KUMt.,~T\JM 	 SChTlER1~( 4"r:LE IKETII MI'(40 
vtV/L 	 4.8 9.b 14.4 19.2 Z~.O ZE.~ ~3.1 ~e.s 43.3 4R.l 52.9 57.7 62.5 67.l 12.1 77.0 Al.R 86.6 qt.4 96.2 

11.0 o o o o e 1~ 2~ 19 19 ;,>0 21 17 17 15 14 8 11 o o 


.£1.1.1 o o o o 1 1 1 21 19 20 20 21 17 17 15 14 R 9 o o o 


ll.U o o o o 1 H H 17 22 22 21 11 11 15 13 to 10 o o t) 

41.0 o o o o <) 14 2! 15 22 22 21 17 17 15 14 12 II G o 


:>1.0 o o o o 12 H 2~ 11 Z3 n 21 17 17 15 14 11 ~ o o o 

01.0 	 o o o o lC 2( 14 19 22 n 21 17 17 15 n 12 5 G G I) 

11.0 o o o o 14 2( 11 24 21 21 21 17 17 15 14 12 6 o o o 

dl.v o o o o n H 1! 26 1R 21 21 17 17 15 14 12 ~ o I) 


9100 o o o o 17 Ii 2C 27 21 21 21 17 17 15 14 12 ? o o o 

11.11.0 	 o o o I! If 25 22 20 21 17 15 14 12 o o 
lll.u 	 o o o o 17 I? 14 25 23 ;>0 21 17 17 15 14 11 I !i I) o 

ld.O 	 o o o o 13 it 22 25 21 21 21 17 17 15 14 10 !i 4 o 

a o o o 11 I! 2l 2C 2? 22 21 17 17 15 14 to 7 . ,5 Il 


141.0 	 o o o o 2 I! 22 21 23 ;>0 21 17 15 14 10 q 2 o o 

1!:>1.0 	 o o o o 6 It 2~ 2e 21 21 21 17 17 15 14 6 tl o o 


INlT IAL EVfNTS"'100000 fINAL EVE"T~" 1l(2~ 


O.V 5.00C 5.000 O.C (.15e 0.150 0.457 0.0 
1.uuu 0.325 0.0 C.C 151.((;e 1.01)0 0.0 0.0 

O....~14v (}.0'l140 0.0 O.!:3CCC c.ocec O. ,))0·)0 0.0 0.0 0.09620 ~.OI000 -0.51400 

Table V 

PHI/2PI IN PERCENT 
 (b)
ACCEPTA~CE Of HAGNET/NAIITll CRYSfAL/HWPC COM8INATION. 


MOMENTUM SCATTERING ANGLE THerA C~RAOI 


CGEV/CI 1t.8 9.6 14.4 19.2 24.0 28.9 33.7 38.543.3 48.1 52.957.7 62.5 67•. 3 12.1 77.0 81.8 86.6 91.1t %.2 


r 
.11.0 	 o o o o o o o o o o o o o o o o o o o o 
21.0 o o o o 1 5 3 6 6 10 8 7 9 7 9 5 6 1 

,.31.0 48 51 47 41 42 35 34 27 22 21t 18 16 9 7 o o o o 
41.0 100 100 100 97 89 75 41t 24 10 It 0 0 o o o o o o o o 

51.0 100 100 100 100 98 85 52 17 2 0 0 0 o o o o o o o o 

61.0 100 100 100 91 66 58 43 32 27 14 0 0 o o o o o o o o 

71.0 100 100 87 67 !H 44 39 32 25 21 10 3 o o o o o o o o 
81.0 100 90 68 57 47 34 38 29 25 22 21 12 o o o o o o o o 

91.0 95 65 1t9 53 1t8 28' 31 31 25 23 20 14 1 o o o o o o o 
101.0 75 55 43 41 43 30 32 31 2T 25 24 14 12 '3 o o o o o o 
111.0 	 28 47 38 39 41 32 32 31 25 21 17 15 17 6 o o o o o o 
121.0 	 9 33 29 33 36 32 )3 27 29 25 21 19 18 6 o o o o o o 
131.0 	 o 20 29 35 32 26 32 34 24 20 19 20 20 5 o o o o o o 
141.0 	 o 11 32 27 33 34 38 33 25 23 21 P 16 5 8 o o o o o 
151.0 	 o 8 28 23 33 24 34 28 26 18 22 20 15 10 11 o o o o o 


INITIAL EVENTS-I00000 fiNAl eVENTS- 20888 


0.0 	 5.000 5.0ce . 0.0 0.150 0.150 0.457 0.457 
1.000 0.325 0.0 0.0 151.000 -1.000 0.0 20.000 

0.0911,0 0.091't0 0.09140 0.03000 0.03000 0.03000 0.01987 0.0 0.15901 0.5'*901 0.( 
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and is set to one side, such that wide angle gamma-rays can be 


observed in coincidence with scattered electrons. In Table V (a) 


the acceptance of gamma-rays in this spectrometer module is displayed. 


Table V (b) shows the acceptance of charged particles in.a spectrometer 


module placed symmetrically, as it is seen in Fig. 20. 


The third configuration differs from the previous ones in two 

ways. 1) The beam line and target position are displaced vertically 

inside the magnet (for example, the magnet is lowered by about 6 inches). 

2) One of the spectrometer modules is placed in the forward direction, 

below beam line and the other is set on beam line and to one side. 
t 

This configuration provides the following benefits: a) it restricts 

the acceptance of scattered electrons to small angles, such that these 

electron in fact signal the production of high energy real or virtual 

photons and tag the energy of these photons; b) irrespective of this 

point, it increases the acceptance of a spectrometer module which is 

placed in the forward direction and below beam line. Thus, the ob­

servation of high energy and large angle lepton production is enhanced. 

Law energy charged particles are not seen by the forward spectrometer 

arm. These features are demonstrated in Fig. 21 and in Table VI. 

Configuration III is designed for the physics interests which 

are stated in Fig. 21. In Table VI (a) the acceptance of the forward 

spectrometer is depicted for positively charged particles, emerging 

at large angles and with high energies from the target. Table VI (b) 

is the same for negatively charged particles. It is seen that both posit~vely 

and negatively charged particles, emerging at large angles and with 

high energies, are accepted symmetrically and equally as well. The 
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Monte Carlo calculation of Table VI 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 ~xit. It is clear 

that larger angles and highermomenm can be accepted by moving the 

target position forward and/or moving the forward spectrometer 

arm further away. 

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

configurations. 

1. Detection of Sh~vers Induced by 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 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 

development 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 information on the space location of showers 

and shower electron multiplicities. In Fig. 22 the shape of 10 GeV 

electron induced showers is shown at several shower depth positions. 
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In Fig. 22 (a,b,c) the indivicual signals are induced by electron showers 

generated by 1 X (radiation length) of lead. The statistical fluctuations o 

in shower multiplicities are evident in these representative samples. 

At 10 GeV the showers reach the maximum electron multiplicities in lead 

at about 5 Xo' These are depicted in Fig. 22 (d,e,f). A shower 

signal with 6 Xo Pb is shown in Fig. 22(g) and those with 4X Pb o 
are in Fig. 22 (h,i). Several thousands of individual showers were 

observed in recent tests at SLAC. These signals are encoded with an 

electronics system which measures both the position of the center-of­

charge and the amount of total charge. Both analog and digital infor­

mation 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. 22. 

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 of induced signals, up to 10-12 Xo shower 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 (several hundreds of electrons at shower maxima). 'rhere­

fore, the task of observing 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. 

2. Muon Identifiers 

Muon identifiers will be included in our spectrometer modules. 

These are necessary in both of our electron and pion experiments. 
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A simple muon identification method will be used, based on the total 

absorption of hadrons and electromagnetic showers: 30 radiation 

lenghts of NaI(Tl) crystals and about 10 pion collision length of 

iron. The attenuation length of pions in iron is measured(31) 

to be 21 cm so that a 2 meter iron absorber is sufficient to 

attenuate hadrons down [together with about 4 collision lengths 

in NaI(Tl)]to a level of below 10-6 • Muons are transmitted through 

the overall spectrometer module thickness and suffer ionization energy 

loss. Their trajectories are displaced by Coulomb multiple scatterin~. 

The energy loss is 2.7 GeV and the rIDS displacement of trajectories 

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

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

of the incident beam. 

Multi-wire proportional chambers are placed before and after 

the iron absorber. A 2 inch thick scintillator element is the last 

detector in the spectrometer modules. This is used to observe the 

average 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. 

3. 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 production angle e 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 

mID uncertainty is assumed for each of the ?..n{PC planes. The dominant 
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effect due to beam spot size is also investigated. These are very 

relevant to our experiment for the spectrometer configurations we 

have discussed. 

We demonstrate the improvement obtained with small beam spot 

size, in the accuracy of p and e measurements. In Fig. 23 

the total uncertainty in momentum measurements is shown, as a 

fUnction of p., using the ± 2 mill spot size of our proposed beam. 

Also shown is the result ",ith a ± 12 mm beam spot size which is represen­

tative of another beam. The measurement method is pictorially 

demonstrated in the insert of this figure. Similarly in Fig. 24, 

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 improvements in errors are made possible because 

additional information is available in our experimental spectrometer 

configurations. The new information comes from the precise energy 

determination in the case of electrons (and also gamma-rays). 

The information 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 par­

ticles are grouped in selected momentum bins. Momentum bin sizes 

are set by the above uncertainties for 6p/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, 
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a precise energy measurement is now available from the observed 

pulse height values. USing this precise energy measurement of 

identified electrons we will improve the errors in e by means 

of the well known (E,e) correlations. This improvement is demon­

strated in Fig. 25. Therefore, in the case of observed electrons 

in our spectrometer modules, the final error in e, will be 

6e ~ 0.1 mrad. The same error values also apply for gamma-rays. 

Finally, the resulting uncertainties in the quantities Q and 

In this case there are no (p,e) correlations and the e 
"/ 

errors 

are determined only by space coordinate uncertainties. 

2 

Ware calculated. These are shown in Fig. 26. An ?verage of 1% 

uncertainty will be found in Q2 and W in our proposed experiment. 
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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. 	 2200 hours of running time are required to complete the physics 

planned for this proposal. An additional 200 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 proposal 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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ABSTRACT 

A design for a secondary electron beam suitable for electron 

scattering experiments at the National Accelerator Laboratory is 

presented. Using standard NAL beam transport magnets it will operate 

at up to 300 GeV/c with the following properties: Acceptance 9.5 

~ster ~ 6p/p (FW), momentum bite ± 2~ , momentum resolution of 

momentum hodoscope 6p/p = ± 0.30~ (HW at base), final spot size 

~ ± 3.0 mm X ± 5.5 mm (HW at base). Hodoscopes are also included 

for measuring the angles at which electrons pass through the experi­

mental target with resolutions in both planes of better than ± 0.1 mr. 

These properties are achieved by a periodic beam structure which 

includes correction of second order aberrations by means of sextu­

8/1013poles. The yield of electrons is estimated to be ~ 10

incident protons when the energy of the electrons is about one half 

the ener~i of the protons. It is emphasized that synchroton radiation 

by electrons in the beam transport magnets is very significant in 

reducing pion contamination of the final beam spot. It is shown that 

superconducting magnets to enhance this effect are superfluous. Pion 

impurity is ~ 0.01~ at every energy and may be made essentially 

zero at energies greater than 160 GeV. The beam is designed with ~our 

focussing stages, the first two of which provide a beam spot of 

sufficient quality for tagged photon experiments. 

1 
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I. INTRODUCTION 

The electron scattering experiments proposedl ) at the National Accelerator 

Laboratory require an electron beam of high purity with very fine energy and 

angular resolution. At the same time it is important that these qualities 

are not achieved at the expense of electron intensity, a valuable commodity 

at NAL. The beam must also be compatible with providing a tagged photon 

facility for which the electron beam specification is not so stringent. 

2It has been suggested ) that to meet these requirements, the beam should 

be constructed in two phases, the first of which (2 stages) would provide 

the photon beam while the second phase (total 4 stages) would constitute 

the high quality electron beam. The present design meets these requirements 

which are translated into quantitative terms in section 2 and Table I. 

Figure 1 shows a schematic layout of the beam. The functions3) of the 4 

focussing stages are as follows: 

(1) Electron production ~rotons produce 
o

V 's in primary target 

of low Z material: Be or deuterium, (Be is used for practical reasons), 

sweeping magnets remove protons and other charged particles from neutral 

ostage of beam; photons from v decays pair-produce electrons in a high 

Z radiator, (Pb or U)], primary defining apertures, horizontally (x) 

dispersed focus (Fl) to define momentum bite cleanly, vertical (y) focus 

(Fl) with slit to reduce v contamination. (The primary target is the
2 

virtual object of the beam optics.) 

(2) Magnet after Fl to clean up beam, achromatic focus at F2. This 

focus is used for the tagged photon beam (Phase I) or with a horizontal 

slit to further eliminate pions in the 4 stage beam (Phase II). 
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(3) Dispersed focus at F3 with momentum hodoscope. 

(4) Angle hodoscopes at first foci of last set of quadrupoles. 

These measure directly the angles (e horiz., ¢ vert.) at which an electron 

passes through the experimental target located at the achromatic focus 

The beam is designed for a maximum momentum of 300 GeV/c. CarefUl 

attention was paid to the desirability of using standard NAL transport 

magnets throughout. Components are described in Table II. 

II. SPECIFICATION OF BEAM QUALITY 

In order for the electron beam to be suitable for scattering experiments, 

it is essential that it meet the following specifications which result 

from a realistic assessment of the experimental requirements and possible 

beam performance. 

(a) Beam intensity of ~ 108 electrons/pulse from - 1013 incident 

protons, requiring4) an acceptance of at least 8 ~ster % 6p/p (fUll width). 

In practice this means 6p/p ~ 4% (FW) and 60 ~ 2 ~sterad. 

(b) Maximum momentum 300 GeV/c. 

(c) Well defined momentum bite, i.e. momentum resolution at the first 

dispersed focus (Fl), 6p/p ~ ± 0.5% at base of distribution. 

(d) Momentum resolution at third focus (F3), 6p/p < ± 0.3% at 

base of distribution. 

(e) Momentum hodoscope at to take full advantage of this resolution. 

(f) Angle measuring hodoscopes (both planes) in the last stage with 

a resolution of < 0.1 mrad. 

(g) Achromatic beam spot at final focus F4 < ± 2.5 mm X < ± 7.5 

mm at base of distribution. 
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(h) Low energy contamination (halo) of final beam spot < 0.001 %. 
4Electron purity: N/e ratio ~ 3 X (Pions are produced 

by neutrons which interact in the Pb/U radiator). It is emphasized that 

electron purity is strongly influenced by the optical quality of the beam 

design, since electrons lose energy by synchrotron radiation throughout 

the beam transport system and thus may be separated from pions provided 

that 	the final beam spot is small and free from aberrations. ~/e ratio 

-6 (< 10 Muons from decay and other sources are transmitted mainly 

through the earth shielding of the beam which is about 5 meters below 

ground level). 

(j) Suitable (achromatic beam spot and space which could 

accomodate the photon tagging apparatus at the second focus (F2). Here 

the electron purity is not so critical and no beam hodoscopes are required 

before this point. The specification for a photon beam has been dis­

cussed by Halliwell al. 5)........:.-..... 

The following sections describe a design which meets this specification. 

III. ELECTRON PRODUCTION 

The design of a "front end" or electron production stage has been 

fully discussed elsewhere. 5) The parameters of this part of the beam 

are largely dictated by necessary functions and little freedom is 

available for variations in design. The main components are illustrated 

in the schematic layout, 1, and discussed below. 

The angle of incidence of the proton beam at the primary target may 

be varied by a set of bending magnets. This enables one to use production 

angles other than 0o ,so that, at the sacrifice of some intensity, one may 
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improve the final ~/e ratio if at all necessary. The primary target itself 

should be of a material which maximises the ratio of ~o production to photon 

attenuation. Deuterium is the optimum choice for this condition but for 

practical reasons would probably not be used. Beryllium is the most reasonable 

alternative. There is an optimum target thickness for which the maximum 

number of photons (from ~o) are produced. This thickness is ~ 1. inter­

action lengths for beryllium as shown below. The n/, ratio (~-/e ratio) 

decreases monotonically with target thickness but is expected to be suf­

ficiently small at this optimum thickness. 

An estimate of the electron yield to be expected is made as follows. 

Recent results from the ISR Show6) that the cross section for inclusive 

~o production from pp collisions is equal to the average of the cross 

+sections for ~ and ~ The latter have been measured at BNL and 

CERN and are well described by a multiperipheral model. 7) This model has 

been used to calculate production and hence the electron yield to be 

expected. 

oThe number of decay photons from ~ IS produced in the target is 

obtained by integrating: 

dN (k) 
T € 

d,.,. 0 dp 0 
~ ~I 

Adk dn 

where T = target length, 

A = hadronic interaction length in the target 

p
1 [ex (- ~ ~)

€ = is an effective target 
T 1: 11: 

A 9 xo 

efficiency, 
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· . 

Xo = radiation length in the target 

~a(pp) = 31 mb
8) (absorption cross section) 

o = proton and ~ momenta 

and the differential cross section is obtained from 

1 = 	 +2 

The target efficiency is maximised at an optimum target length of 

~ = c ~ ~c ,where c = ~ :0 . Using the measured9) value of 

A = 35.7 cm for beryllium and = 35.7 em, one obtains T 
1.13,

A = 
i.e. T = 40.3 cm. 

This 	formula gives an exact energy spectrum for the photons because 

o
of the isotopic decay distribution in the ~ center of mass. But the 

angular distribution of photons is approximate since only the ~o production 

angle is included. The approximation is good to angles of order m IEo 0 
~ ~ 

It is assumed that production of photons by other processes is negligible. 

Between the primary and secondary targets a set of 4 bending magnets 

(13.1 m X 14 kg) separate the protons and other charged particles from the 

neutral components of the beam. This is sufficient to handle primary 

momenta up to 500 GeV/c. The proton beam is dumped in the vicinity of the 

first electron beam quadrupole, below the beam line level. 

The second target or radiator consists of a high Z material such as 

lead or uranium which has a high ratio of collision length to radiation 

length. Elsewhere 5) it has been shown by a Monte Carlo calculation 
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that the optimum thickness for the radiator is approximately 0.5 radiation 

lengths. The yield of electrons is now obtained from the approximate 

formula. 10) 

dN e (p) dN (k)
1 d 

dp dn dk dn k 

where t is the radiator thickness. 

The position of the secondary target or radiator is not critical 

but should be as close to the primary target as possible. This will 

minimise the effective source size at the primary target, due to multiple 

scattering of electrons in the radiator. A primary to secondary target 

separation of 22.8 m is chosen. 

In Figs. 2(a) - 2(e) are shown the calculated electron yields for 

the present beam design and for primary proton momenta of 200, 300, 400 

500 and 1000 GeV/c respectively. The dependence of the yield on production 

angle is also shown. It is evident that the energy of the primary proton 

12
beam is a more important factor than the intensity. For example, 10

protons/ pulse at 400 GeV/c produce more high energy electrons than 1013 

protons/pulse at 200 GeV/c. 

IV. ELECTRON BEAM OFTICS 

It would be impossible to meet the specifications detailed in section II 

without correcting the main chromatic aberrations in the beam. Any beam 

design of this length (600 m) and moderately large acceptance, with magnetic 

elements of no higher order than quadrupole, would be expected to suffer 

from second order chromatic aberrations of several times first order effects. 

From the start, the beam optics were designed therefore to be compatible 

with sextupole correction of second ~rder terms. 
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This feature is essential to the proposed electron scattering experiments 

for without it, it would not be possible to achieve the necessary momentum 

and angular resolutions and especially the small spot size and high electron 

purity. The latter parameter is directly affected by the size of the electron 

beam envelope at F2 where a horizontal collimator is used to define a pion 

spot. This feature is important not only because it removes pions from 

the beam at F2, but because it enhances the ~-e separation at F4, caused 

by synchrotron radiation by electrons in the beam bending magnets. 

Experience has shown that sextupole magnets can only be successfully 

used in a beam line by locating them as optically conjugate pairs with equal 

strengths, i.e. the transfer matrix between the sextupoles must be identically 

± unity. This ensures that even order geometrical aberrations introduced by 

the sextupoles cancel outside the pairs. Sextupole pairs cannot be interlaced 

without introducing serious third order aberrations. For each pair, the 

strength can be chosen to cancel exactly only one second order chromatic 

aberration of the beam. (Higher multipille magnets are not considered here). 

These conditions imply that the number of stages between fully corrected 

foci in a beam line must be at least two for correction in one plane and 

three for both planes. Exact correction of the electron beam is not there­

fore possible, but the following acceptable compromise has been attained. 

The design is based on the exact correction of the main chromatic aber­

ration term < x1X~5 > 11) in the horizontal bending plane ex) at F2 and 

F4. This is done in such a way that the geometric aberrations (mainly 

< xlx~ x~ > inevitably introduced at Fl and F3 are tolerable. Worsening 

of the chromatic aberration in y is avoided by locating the sextupoles 

at y foci where they have negligible effect. A small spot size in y 

at each x focus (between the true y foci) is obtained by locating an angle 
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focus waist ( < ylyo> = < Y'IY~> = 0) at these positions. This 

arrangement also ensures that chromatic aberrations in y at all x 

foci are negligible. (There are aberrations in y! however). 

The first y focus, where pions are removed from the beam, is there­

fore inside the first stage (F~) where chromatic aberrations are small. 

Location of the sextupole pairs at conjugate points requires that the beam-

structure be periodic from 1 
However, the design of the2· 

first quadrupole doublet need not form part of this structure and has been 

chosen to produce a magnification in the first stage of 2.4 in x and 

3.0 in y. This increases the acceptance of the periodic part of the 

beam and enables one to use a reasonable focal length for the quadrupoles 

(24.4m). It also helps to reduce the geometric aberration introduced by 

the first sextupole at Fl and the third at Similarly the last half 

of the last stage (F3 21 - F4) does not form part of the periodic structure 

and is designed purely to obtain the required beam spot size and to provide 

suitable locations for the e and ¢ hodoscopes. 

At the sextupoles the dispersions < xla > are equal and optimized 

so that < xlx~ > x~ is just less than 2 < xla > where = 6p/p. 

This ensures that the acceptance is maximized, the sextupole strength is 

minimised and that the geometric aberrations at Fl and F3 are much less than 

the original chromatic aberrations at R2 and This condition also implies, 

however, that < xlx~ > x~ is only 2/3 of the available aperture. Hence 

the use of sextupoles inevitably leads to a reduction in acceptance. This 

arrangement is also a compromise between correcting < xlx~ a > at Fl and 

F3 (which requires < xla > at the odd sextupoles greater than < xl5 > 

at the even ones)and correcting < X\OE > at F2 and F4 (which requires the 
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opposite). Even so these terms are not significant. 

Magnet positions and strengths were calculated us the computer 

12program TRANSPORT ). Rays were traced through the final system, using 

the program TURTLE13 ) to evaluate the performance of the beam transport 

and the effect of synchrotron radiation by electrons. The performance 

which appears to satisfy all electron scattering and photon experi­

ment is shown in Table I. Also shown there are the electron 

yields caclulated both by the method outlined in sectionllIand by a Monte 

Carlo calculation14) ~ased on the Hagedorn-Ranft model. vie ratios are 

also based on this model, but depend strongly on the effects of synchrotron 

radiation described in section V. Magnetic components of the beam are listed 

in Table II. 

3 shows the layout of the beam, the TRANSPORT matrix elements 

and beam envelopes. 

4-9 show TURTLE generated histograms at the various foci both 

with and without sextupole correction. These results are correct to all 

orders in the optics. Calculations were performed with an effective primary 

electron spot size of ± 2.5 mm in both planes, the value expected at 

100 Gev/c. The main effect contributing to this spot size is multiple 

in the radiator. A primary slit of x = ± 15 mm and 

y = ± 30 mm at the first quadrupole is used in all calculations. However 

the (9.5 ~ster %6p/p FW) quoted in Table I is for a y slit 

of ± 37.5 mm. The only effect of this slit is to increase the 

vertical spot sizes at F2 and F4 proportionally. It causes no significant 

change in beam losses or purity. 
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15Imperfections in the quadrupole fields as found in actual measurements ) 

were included in the ray tracing calculations by using a higher order 

multipole expansion. It is interesting to note that in this type of periodic 

beam structure, such imperfections have virtually no effect because of 

cancellations at conjugate lens positions. 


Figure 4 shows the vertical beam profile at the first y focus where 


a slit is used to effect the primary removal of pions from the beam. Pions, 


which are generated mostly by neutrons in the lead radiator, are produced 


with a much greater spread of angles than are electrons so that the effective 

pion spot size at the primary target mmuch larger than that for electrons 

as shown in Table I. The N/e ratio in the whole beam may therefore be 

improved by locating IIscrapersl! or slits at the x and y foci. The N/e 

ratio at F2 quoted in Table I is the value obtained after vertical scraping 

1at F2 ,only. Horizontal slits at F2 serve to fUrther improve this ratio 

at F4 as described in section V. Very few electrons are lost at these scrapers. 

The momentum resolution and acceptance at the first dispersed focus 


Fl are shown in Fig. 5. Here the slight asymmetry of the beam profiles 


due to the geometric aberrations introduced by the single sextupole SXl 


may be seen. Tne resolution is sufficient to ensure a very sharp cutoff 


of the momentum spectrum. 


Figure 6 shows the beam profiles at the achromatic focus F2 where tagged 

photon experiments may be performed. Sextupole correction of the chromatic 

aberrations at this point is seen to be essential to the subsequent properties 

of the beam. In the region of F2, the beam envelope (with quadrupoles 11 and 

12 omitted) is confined to ± 12.5 mill in both dimensions over a length of 

50 m at 100 GeV/c. At higher momenta it is narrower still. This condition 
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is adequate 	for several tagged photon experiments~6) More complex spot 

17)
requirements have been obtained by the addition of two ext~a quadrupoles 

on either side of bending magnets 11 and 12. 

The momentum resolution at F3 is shown in Fig. 7. This may be slightly 

improved by an appropriate slit at F2 as shown in Table I without signi­

ficant loss of intensity. The centroid displacement for the rays of nominal 

momentum (p ) is due mainly to the transport matrix element < xix' x, > o 0 0 

while at 1.016 Po additional effects due to < xl55 > are seen. This 

implies that the momentum hodoscope calibration will not be exactly linear. 

~e angular resolutions at the angle hodoscopes are shown in Fig. 8 and 

numerically in Table I. Inspite of the impossibility of placing the e hodo­

scope where the dispersion is exactly zero and the ¢ hodoscope exactly at 

the appropriate focus, the intrinsic angular resolutions are easily adequate 

for the experimental requirements. Greater spread is introduced by the 

finite size of the hodoscope elements (section VI). 

Finally Figs. 9 and 10 show the electron and pion beam profiles 

at F4 where the experimental target will be located. The spot sizes easily 

satisfy the experimental requirements. The separation of the electron 

and pion beam spots by synchrotron radiation is discussed below (section V). 

An important property in a secondary electron beam is cleanness in 

momentum. That is, it should not be possible for a significant number of 

electrons with momenta outside the nominal limits to pass through the 

experimental beam spots at F2 and F4. The periodic beam structure described 

here performs well in this respect. Between Fl and F2, only 0.3% of the 

electrons are lost. Furthermore, it is impossible for electrons of momenta 
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less than 0.865 Po to pass through the beam spot at F2. In stage 4, 


losses only occur (inevitably) at the hodoscope. In each case it is 


possible to place a veto shower counter where it may detect photons 


radiated by an electron in the hodoscope elements as discussed in section VI. 


V. ELECTRON BEAM PURITY AND SYNCHROTRON RADIATION 

The permissibile level of pion contaminat~on of the electron beam is 

determined primarily by the pion rejection capability of the experimental 

electron detectors. A secondary consideration is that in a 25 cm liquid 

hydrogen target for instance, 1.4% of all interacting pions would produce 

O O + ­electrons via u production followed by u ~ II and I e~ e 

These electrons are produced mainly at low energies and do not constitute 

a significant background. 

lThe electron detectors ) under development in this laboratory consist 

of several large NaI(Tl) crystals interleaved with multi-wire proportional 

chambers. Tests with these detectors have shown that at 10 GeV, the probability 

of a pion being identified as an electron is < 0.3% if the momentum is 

known to 3%. There is reason to expect this uncertainty to drop to 0.1% 

at NAL energies. Now the ratio of the total cross sections for u -p 

to e-p interactions is typically 103 Hence the probability of confusing 

a hadron from a u - interaction, with a scattered electron is conservatively 

ti. / -40.09~ for a u e contamination ratio of 3 X 10 • Such a systematic 

error is certainly less than other experimental errors, systematic or 

statistical. The numbers in Tables I and III show that such an electron 

purity is attainable in the present beam design at the final focus F4 • 

At F2, however, the pion contamination is unacceptable. The same would 

be t~e in a 4-stage beam not corrected for second order aberrations. 
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The flux of pions which remains within the electron beam spot at F4 

depends on several factors, the most important of which are production 

mechanisms at the primary target, beam optics and synchrotron radiation. 

It has not been generally realized that this last effect - synchrotron 

radiation of electrons in the conventional beam bending magnets - is 

very significant. 

This may be seen as follows. The fractional loss in momentum of an 

electron of energy E(GeV) passing through a uniform magnetic field 

B(kgauss) of length L (meters) is by 

= 1.26 X 10-8 E L 

Hence for a 200 GeV electron in a field of 14 kgauss of length 3.05 m, 

6p/p = 0.15%. This is a small effect but the deviation due to this 

momentum~ss is 4.8 ~rad. Again this is a small angle but in each phase 

of the beam there are about 10 magnets with an average lever arm of 100 m. 

Hence if the magnet settings are not compensated for this effect, the 

electron beam spot will be shifted 5 mm, more than the total spot 

size. If however the magnet settings are "radiation compensated ll as 

in Table II, the electron beam spot will be on axis with a separate pion 

beam spot off axis by ~ 5 mm. Thus the pion contamination can be reduced 

almost to zero (Table III) by a suitable scraper or veto counter. 

This effect is illustrated by the beam profiles in Fig. 10 which 

are due to exact ray tracing calculations using the program TURTLE. 
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(The momentum and deviation of each ray were suitably offset after each 

bending magnet.) In Fig. 10 all beam profile distributions are normalized 

arbitrarily to have equal heights. The magnet settings used were those shown 

in Table II. At energies less than 300 GeV, magnet settings within each 

group of magnets are optional provided the integral f Edt is correct 

and B does not exceed 14 kgauss. They have been chosen as follows. 

For energies greater than 200 GeV, it is sufficient to use a minimum 

number of the available magnets with power distributed equally between 

them, to achieve almost complete separation of pions and electrons. At 

lower energies the effect of synchrotron radiation may be optimised by 

using all available magnets with reversed fields where necessary so that 

the integral f B
2
dt is maximized but the beam line geometry is preserved. 

This procedure is illustrated at 100 and 150 GeV in Table II and Fig. 10. 

It provides a substantial reduction in pion contamination which W0111d 

become zero at about 160 GeV. 

Synchrotron radiation will also be responsible for some reduction in 

beam quality due to the statistical fluctuations of the process. It is 

estimated that these effects will cause an additional beam spot spread 

of ~ 0.5 mm at F4 at·~ 200 GeV and a momentum spread of ~ 0.2%. Both 

of these figures make negligible contributions when folded quadratically 

with the respective geometrical values. 

I~ has been suggested18) that synchrotron radiation be used to enhance 

electron beam purity by placing a uchicane lf of superconducting magnets at 

the intermediate focus of the beam (F2). Thus the electron momenta would 

be shifted by a large amount at this point and with the second phase of 

the beam tuned accordingly, pions could be eliminated. However it is now 
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seen that the distributed effect of synchrotron radiation along the beam 

line is sufficient to reduce pion contamination to an acceptable level 

in the present beam design and application. 

The "chicane!! thus appears to be of limited usefulness in this beam 

design. If, however, it is desired to produce a completely pure electron 

beam so that less discriminating detectors may be used in other experiments 

a superconducting chicane of 70 kgauss X 3.2 m would shift the electron momenta 

~ 2% at 100 GeV, sufficient to cause all pions to be lost at F3. The device 

would be redundant above 160 GeV. 

A more economical way of enhancing the electron beam purity consists 

of filtering out the neutron and KO components at the neutral stage of the 

beam. This may be achieved by placing a liquid deuterium filter inside 

a bending magnet in front of the lead radiator. Such a filter 3.3 m long 

would remove 63% of the hadronic neutrals and transmit 72% of the photons. 

The pion contamination would thus be reduced by a factor of 2.0 to a level 

of ~/e ~ 10- 5 at F4. The electron to hadron singles ratio in the detector 

would then be ~ 100:1 A beryllium primary target followed by a deuterium 

filter would appear to be a more economical arrangement than a simple deuterium 

primary target. 

Muons produced by decay of pions, and other processes from the primary 

target may cause some contamination of the electron beam especially at 

F2. These high energy muons are transmitted mainly through the earth shielding 

of the underground beam line. Calculations19) have shown however that in 

this design such contamination is negligible. 
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VI. BEAM INSTRUMENTATION 

While specific details of beam instrumentation would be worked out 

under practical operating conditions, the general requirements may be 

defined as follows. Small high resolution multi-wire proportional chambers 

could be used at low intensities to obtain beam profiles at various locations 

during commissioning of the beam. At high intensities and during actual 

operation, these would be replaced by small traversing plastic scintillation 

counters, located especially at all x and y foci. Remotely controlled 

beam slits would be placed in front of the first quadrupole QPl and at the 

foci: F% and F2. 

To define the momenta and angles of electrons passing through the 

experimental target at F4, 8 or 16 element plastic scintillator hodoscopes 

would be set up at the appropriate locations as shown in Fig. 3. At beam 

rates of > 108/sec special timing techniques would be necessary in using 

these hodoscopes. It is suggested that selected events at the experiment 

itself could be used to generate a of about 10 nsec duration, during 

which the timing pulses from all hodoscope elements could be digitized 

in parallel. Currently available gated time digitizers have an inherent 

resolution of 400 psec. True coincidences would be recognized by means 

of an on-line computer. 

Veto shower counters, to detect photons radiated by beam electrons 

at the p, e and ¢ hodoscopes, should be placed next to the beam transport 

elements QP16, BM25 and QP20 respectively. These counters need not be 

large s.ince it is only necessary, for instance, to detect photons of energy 

k > 300 MeV to maintain a momentum resolution of better than 0.3% at 100 GeV/c. 
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This mode of operation is possible since each hodoscope is followed by a 

bending magnet which sweeps the electron beam away from the veto counters. 

A lIbeam-halo" veto located just in front of F4 would also be necessary 

especially to discriminate against pions. Other veto counters would be 

placed along the beam as necessary. Calculations indicate that the main 

veto counter rates would not exceed 1% of the beam rate. 

Finally in the third and fourth stages, the beam design includes two 

drift spaces of about 40 meters each which can accomodate beam pipes instru­

mented to operate as low pressure threshold Cerenkov counters. These 

counters would serve the important function of monitoring the pion contamination 

of the electron beam. They would also be essential if the system were used 

as a high quality hadron beam. 

VII. CONCLUSIONS 

It has been demonstrated in detail that it is possible to produce a 

very high quality electron beam from the new generation of proton accelerators 

operating at 400 to 500 GeV. Electron fluxes of more than 108/pulse with 

a beam spot only a few millimeters across are feasible. Furthermore, 

momenta and directions of the electrons passing through the target may be 

determined with good resolution and high beam purity is possible without 

special devices. Finally it should be pointed out that such a beam line 

will operate equally well for hadrons and will in fact constitute a very 

versatile facility. 
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TABLE I 

ELECTRON BEAM PERFORMANCE 

Optical properties are calculated using the program TURTLE. 13) 

Yield calculations are described in the text. See Figs. 3 - 9. (A 1 mm radius 
proton beam spot is assumed.) 

Electron Beam Momentum 100 GeV/c 200 GeVjc Experimental 
iRequirements 

Electrons: effective 
source size at FO 2.5 mm rad 1. 5 mm rad 

Iii 

Pions: effective source 
size at FO I 10.0 mm rad 8.7 mm rad 

Acceptance:~ster % 6P/PFWI 9.5 9·5 > 8 
f 

Electron Yield at F4/1013 ! 
p at 500 GeV/c I 
Multiperipheral model: 1 

t 
6.2 .;K 108 

1.9 x 10
8 

Hagedorn-Ranft model: 2.2 x 108 0.47 x 108 

u/e ratio at F2 6.0 x 10- 4 1.2 x 10-3 

u/e ratio at F4(a) 1.0 x 10- 4 4.6 x 10-6 

Momentum Bite at Fl 
Urw at base) 

(HWHM) 

Momentum Resolution at 
Fl (HW at base) ± 0.39% ~ ± 0.5% 

Momentum Resolution at ± 0.30% ± 0.26% ~ ± 0.3% 
F3 (HW at base) (± 5 mm slit at F2) (± 4 mm slit at F2) 

Spot Size at F2 (HW base) ± 6.0 mm x±8.5 mm ± 3.8 mm x± 8.5 mm 

Spot Size at F4 (HW base) ± 3.0 mm X ±5. 5 mm ± 2.0 mm X ± 5.5 mm ~ ± 2.5 mm X ± 7.S 

e Resolution at e hodo­
scope (HWHM) ± 0.035 fir ± 0.035 mr < ± 0.1 fir 

¢ Resolution at ¢ hodo­
scope (HWHM) ± 0.027 mr < ± 0.027 fir < ± 0.1 mr 

(a) 	 Electron purity due to beam optics, production cross sections, and synchrotron 
radiation throughout the beam. See Table III for details. 



TABLE II 

BEAM LINE COMPONENTS AND MAGNET SETTINGS 

The settings for electrons are Radiation Compensated. F~r electrons at 100 and 
GeV/c, magnet settings are optimized to maximize ~ B (with the limit B < 

14 .) . 

All quadrupo1es (Qp): 3.81 em rad x 3.048 m long (NAL # 3-Q-120) 
All bending magnets (BM): 1.905 em gap X 3.048 m long (NAL # 5-1.5-120) 
All sextupo1es (sx): 5.08 em rad x 0.762 m long (NAL # 4-S-30) 

Field Values at Pole 

Position'300 GeV/c 300 GeV/c 200 GeV/c! 150 GeV/c, 100 GeV/c 
Front hadron electron electron Ielectrons electr~nsComponent 

Radiator 
Aperture (± 15 mm X 37.5 mm) 
QP1, 2 
QP3,4 

0~ ~} bend = .752
BM3 
BM4 
QP 5 
Y Slit (F (± 9.0 mm) 
SX1 
QP 6 
F 1 
QP 7 
EM 5lbend = .4560 

BM 6f 
QP 8 

~ ~)bend = .630
0 

BM 9 
QP 9 
SX 2 
EM 10 bend = 
QP 10 
BM Illbend = 
EM 12f 

n beam beam beam max LB2 : max rB 

22.8 
30.0 
30.48 - 6.564 - 6.564 - 4.376 - 3.282 - 2.188 
37.19 , 5.402 5.402 3.601 2.701 1.801 
55. 10.792 10.763 7.189 - 3.204 - 6.799 

tI II58.67 " 13.983 13.987 
11 tI !I62.03 ! " " 

II II65.38 1 " 3.204 6.799 
2.451 2.438 1.632 1.223 0.81694.49

97.84 
Iii 

97.84 2.308 2.296 1.536 1.151 0.768 
118.87 1- 5.297 5.269 3.526 2.642 1. 763 

!
167.64 ! 
167.64 5.297 ii 5.269 3.526 2.642 1.763 
170.99 13.042 I 12.947 8.676 6.504 4.339 
174.35 " " II " " 
192.02 - 5.297 ! - 5.249 - 3.522 - 2.641 - 1.762 
230.73 12.025 I 11.885 7.989 13.940 12.973 

II II234.09 " - 9.920 -13.958 
II II II237.44 13.940 12.973 

240.79 5.297 5. 223 3. 2.634 1.759 
244. 2.308 2.275 1. 1.147 0.766 
245.21 12.025 11.845 7.981 I 3.992I - 2.633 

5.978 
265.18 - 5.297 - 5.214 - 3. - 1.759 
278.74 .000 13.748 9.390 4.647I 6;,957tI II282.09 II 

F 2 (I' expt) 313.94 

II 



TABLE II (cont.) 

BEAM LINE COMPONENTS AND MAGNEr SEITINGS 

The settings for electrons are Radiation Compensated. F~r electrons at 100 and 
150 GeV/c, magnet settings are optimized to maximize Z B (with the limit B < 
14 kgauss.). ­

All quadrupoles (QP): 3.81 cm rad X 3.048 m long (NAL# 3-Q-120) 
All bending magnets (EM): 1.905 cm gap X 3.048 m long (NAL # 5-1.5-120) 
All sextupoles (SX): 5.08 cm rad X 0.762 m long (NAL # 4-8-30) 

Field Values at Pole (kgauss) 

Position 300 GeV/c 300 GeV/c 200 GeV/c 150 Gev/c! 100 GeV/c 
Component Front hadron electron electron ele.ctrQns· electrQns 

~9 beam beam beam max EBf max EEf 
i 

X slit 313.94 4.1 mm 4.1 mm 4.8 mm 6.1 mm 

QP 11 313.94 5.297 5.190 3.510 2.631 1.758 

QP 12 338.33 5.297 5.190 3.510 2.631 1.758 


359.30 12.589 12.267 o 13.872 12.509 
362.65 II " 12.467 - 9.033 -.13·911 

II II366.00 " 13.872 13.911E~~lEM 16 bend = 1. 3200 II II II369.36 13.872 13.911 
II II

EM 17 372.71 " - 9.033 -13.911 
EM 18 376.06 " II o 13.872 12.509 
QP 13 387.10 5.297 5.134 3.485 2.617 1.751 
8X 3 390.45 1.580 1.531 1.039 9.781 0.522 
QP 14 411.48 - 5.297 - 5.134 - 3.485 - 2.617 - 1.751 
(~erenkOv Counter) 
F 3 (p hodoscope) 460.25 
QP 15 460.25 5.297 :;,.134 3.485 2.617 1.751 
EM 19) bend = .3800 463.60 10.874 10.524 7. 5.372 3.594 

If II II II 
EM 20) 466.95 I " 
QP 16 484.63 - 5.297 - 5.120 )- 3.482 - 2.617 1.751I 

(~erenkov Counter)

¢ Hodoscope 528.48 


4.408 2.950EM 21 bend = .156° 528.98 8.925 8.622 5.865 
8X 4 532.33 1.580 1.526 .1038 0.780 0.522 
QP 17 533.40 6.829 6.594 4.488 3.366 2.257 

14.000 9.187 o - 4.623536.75 13.457 
II

EMEM 22123 bend = .9760 540.11 " .. 13.013 13.869 
II IIII

EM 24 543.46 " " 
EM 25 546.81 " " " o 4.623 
e Hodoscope 550.62 
QP 18 551.38 - 7·000 -6.698 4.587 3.450 2.310 
QP 19 554·74 2.899 -2.774 1.900 1.429 0.956 
EM 26 bend = .244° 558.09 14.000 13.382 9.172 6.898 4.619 
QP 20 568.36 7.000 6.683 4.584 3.449 2.310 
F 4 (Electron expt) 577.51 

Final central momentum (GeV/c) _ 300.0 286.4 196.5 147.8 99.0 
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TABLE III 

~/e RATIOS AND EFFECTS OF SYNCHROTRON RADIATION 

I 
i 

Energy Beam I ~/e Ratio(a) Fractions of Pions(b) ~/e Ratio ~/e Ratio 
GeV mode . after slit at in e spot at F2 which at F4 with D2 

F2 remain in e spot at F4 I filter 

i 
!300 all magnets not available 0 0 0 

200 min magnets 2.7 X 10-4 (c) .017 4.6 X 10-6 2.3 X 10-6 

10-4 (d) 1.7 X 10- 5150 all magnets 2.2 X .16 3.4 X 10- 5 

2 max I: B 

100 I all magnets 1.7 X 10-4 (c) .56 1.0 X 10-4 5 X 10- 5 
2 

max I: B 

(a) Pion decay before F4 is allowed for. 

(b) With synchrotron radiation compensated settings. 

(c) Hagedorn-Ranft model. 

(d) Interpolated. 
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FIGURE CAPrIONS 

Fig. 1 


Fig. 2 


Fig. 3 


Fig. 4 

Fig. 5. 

Fig. 6 

Schematic Layout of Electron Beam. 

Electron yields calculated from a multiperipheral mOde17) 

for the present beam line (6P/P) 6st = 9.5 !fJlster % 6p/p, 

Beryllium target 40.3 cm, 0.5 rad. length lead radiator. 

Number of electrons/1013 incident protons at various production 

angles e and momenta: (a) 200 GeV/c, (b) 300 GeV/c, (c) 

(c) 400 GeV/c, (d) 500 GeV/c, (e) 1000 GeV/c - See Text. 

Electron beam layout and optics. 
(a) Arrangement of magnetic elements. Each symbol may 
represent several physical components as indicated. Positions 
of bending magnets and sextupoles are displaced where necessary 
for clarity. For exact locations see table II. 
(b) First order matrix elements in horizontal (x) plane 
(0 = 6p/p). 
(c) First order matrix elements in vertical (y) plane. 12) 
(d) Second order beam envelopes as calculated by TRANSPORT 
for 6p/p = 0 and ± 2% and primary aperture slits x = ± mm 
and y = ± 30 mm. 

~ertical (y) beam profile (6p/p = ± 3%) at first y focus 
(F 1), showing size of slit for primary pion clean up.
His~ograms in figures 4-10 are C!5ylllated using the Monte 
Carlo ray tracing program TURTLE ,based on effective primary 
spot size expected at 100 GeV/c. Effects of im~~rfections 
in the quadrupole fields, as actually measured l )} are taken 12) 
into account. First order magnitudes as calculated by TRANSPORT 
indicated where appropriate. Ordinate scales are linear and 
arbitrary. 

Momentum resolution and acceptance at Fl. 
(a) Resolution with sextupole adjusted to correct aierrations 
at F2. The slight asymmetry is due to the term < x x ' x ,> 
(b) Resolution without sextupoles. o 0 

(c) Acceptance with sextupoles. Note the sharp cut off and 
the asymmetry. 
(d) Acceptance without sextupoles. 

Beam profiles at F2. 
(a) Horizontal profile with optimised sextupole settings. 
Note that the beam spot is almost entirely within the first 
order limits. 
(b) Vertical profile. This occurs at a waist (not a focus) 
in the beam envelope and is unaffected by the sextupoles. 
(c) Horizontal profile without sextupoles. The wings of this 
distribution would cause serious losses in subsequent stages. 



Fig. 7 	 Momentum Resolution at F3 for primary beam spot ± 2.5 mm and 
no slit at F2. Resolution is shown for the nominal momentum 
po and for 1.016 p

~, 
• The centroid displacements are due 

to the aberrations, xix IX ,> and < xl88 > . 
o 0 

Fig. 8 	 Reso~utions at angle hodoscopes. 
(a) Horizontal (x) distributions for rays which pass through 
the experimental target at e = 0 and 0.5 mr. The finite distri ­
bution widths are mainly due to the small dispersion at the 
hodoscope, calculated for 6p/p = ± 2%. 
(b) Vertical (y) distributions for rays which pass through 
the experimental target at ¢ = 0 and 0.5 mr. The hodoscope 
cannot be located exactly at the primary vertical focus of 
the last quadrupole set, so that the finite widths are due 
to the vertical beam spot size. 

Fig. 9 	 Electron beam profiles at experimental target focus F4 at 100 GeV/c. 
(a) Horizontal (x) 
(b) Vertical (y). 

Fig. 10 	 Electron and pion horizontal beam profiles at F4 showing 
the effect of synchrotron radiation in a radiation compensated 
beam. 
(a) 100 GeV/c, (b) 150 GeV/c .. At these two momenta 
all the magnets in the bea~ line are used, some with reversed 
polarity, to maximize E B and enhance the e, ~ separation. 
(c) 200 GeV/c, (d) 300 GeV/c. At these higher momenta, 
only the necessary number of bending magnets consistent with 
B < 14 kgauss are used. See table II. 
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MOMENTUM RESOLUTION AT FI 
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Professor Robert R. Hilson 

23 January 1913 

TECHNICAL ATTACHMENT I 

Signal Shaping of Large NaI(Tl)TASC Spectrometers for #192 and #193. 

Our current NaI(Tl) crystal optics and signal shaping method was 

used in a Mark III accelerator test with 580 MeV electrons. This is 

described in the attached Fig. 1 (a). In this configuration light is trapped by 

diffuse reflectors to make the energy response mostly insensitive to 

particle entrance coordinates. The "raw" (unclipped) signals from the 

crystal are shown in Fig. 2 together with the energy resolution response 

at 580 MeV. In Fig. 3 it is seen that the signals are shaped and 

their zero base-line is restored by our clipping method. The anode 

pulses from all photomultipliers are mixed directly and the clipping 

line variable impedance is set to restore a zero base-line on the trail­

ing edge. We find that the signals have 360 nsec full-width at base 

and the energy resolution is hardly degraded. In Fig. 4 we have 

achieved a signal of 210 nsec full-width at base with good and only 

slightly different energy resolution. Any further reduction in pulse 

width sharply degrades the energy resolution due to the fact that the 

pulse heights are reduced and fewer photoelectrons are sampled. This 

effect is demonstrated in Fig. 5. I should remark that this sensitivity 

to photoelectron statistics in #192 and also in #193 becomes less impor­

tant at NAL since our signals will be 100-q.oO times larger. In all of 

the above cases, energy is measured by our signal peak detection 

electronics which have also post-pile-up rejection. Thus, only signal 

pulse heights are used to derive these energy resolution curves. In 

http:100-q.oO
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all cases we have confirmed that pulse-height and energy are linearly,' 

correlated. 

1) We can now definitely say that without making any modifications 

to the present optics of our crystals (diffuse reflection light collection 

optics), signals can be shaped which have 200 nsec full-width at base 

without any degradation of energy resolution at NAL energies. 

2) The, observed 10%-to-90% rise time, t, of these pulses is 80 nsec 

and good signal shaping requires a pulse width of 2.5 x t. Typically, 

this 80 nsec can be explained by three effects: (a) 10-20 nsec are due 

to the mixing of signals from 12 photomultipliers, each of which is 

set to have equal gain but slightly different high voltage value. 

This effect can be removed by accurate timing compensation prlor to 

mixing signals, which we have not done; (b) 20-30 nsec are due to the 

actual rise-time property of inexpensive photomultipliers and We can 

reduce this to about 5 nsec using faster photomultipliers; (c) 50-60 nsec 

are due to the total transit time of trapped light by the present 

diffuse reflection optics where typically, several tens of traversals 

occur in the crystal before light reaches a photocathode surface and 

each traversal has a transit time of about 5 nsec. 

(3) With a smaller NaI(T11 crystal (4" x 411 x 1011), without the 

Use of A120 light diffusing reflectors and with a fast photomultiplier,
3 

vTe have in fact observed a signal rise time of t = 10 nsec. 

4) Therefore, I believe that we can make further improvements: 

(a) By modifying the light collection optics and using faster photo­

multipliers we should achieve a signal rise time of t < 20 nsec or 



" 

1-3 


equivalently , a signal shaped to have 50 nsec full-width at base with 

good ener~ resolution; (b) I also expect &1d will test that instead 

of our present use of 12 slow photomultipliers; a single large and fast 

photomultiplier would suffice, after a suitable air light-guide separation. 

We can only afford to do these at NAL energies. In #192 /1/193 the light 

intensity will be so large in these crystals that', we will be able to 

collect a smaller fraction of the light and yet have enougnphoto­

electron statistics to provide us with an energy resolution limit of 

± 0.2%. The information from multi-wire proportional chambers, in our 

proposed spectrometer modules, will take care of a possible smooth 

variation in TASC signal response, as a function of particle entrance 

position. This response function will be carefully mapped and stored 

in our on-line computer system. I plan to test this idea soon by a 

minor modification of our existing crystal optics, in the manner shown in 

Fig. 1, (b). 

5) Using an extensive Monte Carlo optics program, we are now 

attempting to design a new crystal assembly. Our aim is to match the 

available fast NaI(Tl) signal rise time with the best energy resolution 

and with the best energy response as a function of space coordinates of 

incident particles. The most likely final configuration is shown in 

Fig. 1 (c). 

6) After this study is completed, we would plan to re-encapsulate 

our crystal to have this new and improved optical configuration and 

be ready to make the forthcoming test at NAL. At bea~ energies of 
a 

150-300 GeV, I expect to be able to h~ndle 10/ pions or protons/pulse on 

a 1 meter long LH2 target, at production angles of 70 mrad. and beyond. 
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TECHNI.CAL ATTACHMENT II 

Background and Pile-up Rates in #192 

We know that the beam proposed for this experiment has very good 

qualities. The four stage beam is far removed from the main ring. It 

is also sufficiently removed and shielded from the external proton beam 

and from the secondary beam target. has a far better transverse 

displacement than any other beam at NAL. Thus, at the experimental 

area, beam halo or contamination muon backgrounds are negligible by 

design and moreover, would be controlable at the front end of the 

beam. In view of these remarks we· should be safe in saying that back­

ground in #192 (and also in #193) is entirely target associated at the 

experimertal area. This is somewhat contrary to the personal experiences 

of many individuals at other accelerator installations or at internal 

target experimental arrangements. 

To estimate the target associated background in #192, I have 

evaluated the double-differential cross sections ·for the production of 

secondaries, coming strictly from hadronic interaction processes. The 

multi-peripheral model of hadronic interactions is used at 150 GeV' and 

300 GeV to compute cross sections as a function of production angles 

+ - 0and secondary momenta, for p, n, W ,wand w particles. The use of a 

1 meter long LH2 target is assumed and the target efficiencies are 

properly accounted for in the production of hadrons, gamma-rays from 

o
W decays and in-target conversion of electrons from these gamma-rays. 

Using the 1T 
o cross-sections, computer numerical integrations are made to 
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obtain the double differential distribution of gaJllI1la-rays and electrons. 

Next, momentum integrations are made on all of these spectra to obtain 

the angular distribut.ions. Finally, angular integrations are made to 

obtain the rate of events in our detectors. 

Earlier, I used this model to estimate the yield of electrons in 

the NAL High Quality Electron and Pion Beam design work for #193 (and 

also for #192). I found that my computation agrees to within a factor 

of about 1.5 with those made by others using different approaches. For 

the benefit of understanding the background level in #192, we need to 

know the momentum-angle distribution of all secondaries, starting at 

the forward direction out to angles of about 300 mrad. Strictly due to 

hadronic interaction processes, this is the background. Anything in excess 

of this background becomes redefined as foreground and therefore intersting 

--the signal in #192, as far as gaJllI1la-rays, electrons and muons are con­

cerned. Recent data from the ISR (see Phys. Letters 42B, 279, 1972) 

+show that the large angle production of ~ ,~ and p from p-p collisions, 

scales surprisingly well with B:NL data. This fact provides additional 

reliability for my estimations. 

linFig. 6 the momentum-angle distribution of secondary protons 

or neutrons is shown. The momentum limits attached to the curves pro­

vide us with a measure of the maximum momentum value of secondaries, 

reachable at a given production angle. In each case, at the given 

momentum limit, 90% of the momentum integration is contained. One-

half of the inserted momentum limit corresponds to approximately the -
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average momentum of secondaries at the given angle. 'l'he momentum- , 

+ ­angle distribution of secondary If I S and if'S is shown in Figs. 7 and 8. 

Similarly, the distribution of gamma-rays and electrons is given in 

Figs. 9 and 10. 

1) The angula.r range of interest for the physics in #192 starts 

at about 50 mrad and extends to about 250 mrad. We conclude from these 

results that all secondary charged particles (p, If+, If-, e+, e-), pro­

duced by hadronic interaction processes, 'will never reach our detectors. 

Starting at 40 mrad. and beyond, their momenta are so low that these 

will be trapped by our analyzing magnet. 

2) The high energy secondaries (charged or neutral) are contained 

wIthin the forward cone of 20 mrad. and extend somewhat out to 40 mrad. 

At the entrance of our analyzing magnet, 1 intend to position the target 

in the gap, at a height such that all high energy charged and neutral 

secondaries will escape from the magnet, without causing any other harmful 

secondary collisions. Thus, our detectors will not observe these 

particles or their debris. Presently, we believe that the use of shielding 

might be more harmful than beneficial. 

3) On a direct line of sight from the target, our detectors will 

observe (a) background neutrons'having average momenta of GeVand"----­
(b) hadronic generated background gamma-rays having average energy of 

1-4 GeV. 

4) Background gamma-rays are more abundant than background neutrons 

by a factor of about 5. From tests we know that in 20" - 30" thick 

crystals, neutrons will deposit on the average 1/3 of their energy 
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whereas garmna-rays or electrons ,deposit their full energy. Thus signals 

produced by background neutrals in #192, on the average are equivalent, 

to 1 - 4 GeV full energy absorption. 

5) The signals expected from the physics in #192 are 10 - 200 

times larger than the above background signals in our detectors. 

6) Using the parameters 108rr-jpulse incident on,a 1 meter long 

LH2 target and our detectors placed to cover the angular range of 

1+0 - 100 mrad. , we find that a total of 5 x 105 background low energy 

neutrons or garmna-rays will be intercepted by our detectors. Als~using 

a beam of 109rr-jpulse, which is needed while covering the angular range 

of 120 -180 mrad, we find that again the background level is at 5 x 105jpulse. 

7) We have already demonstrated that NaI(Tl) signals are shaped 

to have 200 nsec full-width at base with good energy resolution. There­

fore, at the above rate of 5 x 105jsec, 10% of large signals from the 

physics in #192 will have an interference by background small signals. 

8) This condition occurs in 10% of our true event triggers and 

is not characterized as pile-up. In this situation, at most 10% of our 

valid events will have a zero base-line shift by a small amount. For 

example, if we have a monochromatic signal providing us with a gaussian 

line shape distribution, such a zero base-line shift will preserve the 

peak value of the distribution and broaden the wings at the base of the 

distribution. 

9) Using plastic scintillators which are necessary for other 

purposes in #192, the fact that such a zero base-line shift has occured 

in 10% of valid event signals will be recognized 99.8% of the time. 

In these cases, event signals will 1;le rejected or tagged so that they are 

handled separately during the data reduction of our experiment. 
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Technical Attachment III 

Analyzing Hagnet Dimensional Requirements for 11192 

A 100 kgauss-meter' analyzing magnet is required to observe the reac­

tions in #192 and also in #193. In both cases, this magnet serves the 

needs of several important purposes. These are: a) analyzing the momenta 

of energetic charged particles produced at large angles in triggered 

events; b) bypassing from our detectors, the beam and high energy back­

ground'particles in the forward cone, without causing any other harmful 

secondary interactions; c) trapping the background of low energy charged 

particles which are produced mostly at large angles. Horeover, the 

magnet must have sufficient gap and width, such that a direct line of 

sight is available between target and detectors, to allow for the obser­

vation of produced large angle and energetic gamma rays. Sufficient gap 

and width are also required for the observation of large angle and ener­

getic electron and muon pairs, detected in coincidence. Finally, the 

design of a magnet having reasonable magnetic field uniformity requires 

an aspect ratio of magnet width to gap of at least 2.5:1. 

In Figure 11 the required relationship is shown, between target 

enplacement, detector coverages at large production angles and the region 

of high energy and otherwise harmful background in #192. This relation­

ship is shown dimensionally projected at the exit face of a 5 meter-long 

magnet. The attached background studies have influenced us to redesign 

the superconducting 20 ~gauss magnet for #192 (and also for #193) to have 

a gap of 24 inches. The feature of having superconducting coils in this 

magnet has allowed us to make an efficient and economical redesign. 
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To J. R. Sanford, FERMILAB 	 < 
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'" .... 
FROM Z.G.T. Guiragossi~n, HEPL -< 
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SUBJECT: 109 , 50-800 GeV Pure Electrons at the Proton-West First Corrected Focus for E-193 	 n 
m 

3: 
m 
3: 

This note describes the manner of converting the high intensity :00 
o 

P-West secondary beam at FERMILAB into a pure electron beam, to be used at Z 
". 

othe first corrected focus of this beam line. Compared with previous designs c: 
by us for the P-East Area in which conventional magnets were used, at the 3: 

P-West first corrected focus the intensity and purity of electrons is unsur­ • 
passed. This is strictly due to a) the use of superconducting magnets in .... '" the P-West beam and b) the excellent geometrical beam design of the P-West ". 

beam by B.C. Cox. Z .... 
o 
» 
o

We demonstrate that when this beam is tuned as described here, 
c:at the first corrected focus, 109 electrons/pulse are obtained with absolutely z 

no contamination in beam spot (a pure electron beam) over electron beam < 
lIIIJenergy dynamic range of 50 GeV to 800 GeV, whereby contamination pions are 
m 

'" ....separated by more than three times the electron spot size. Thus, a very -<
versatile facility is provided at the FERMILAB for electron and pion •experiments using the same installation, and making this the highest 

energy, highest intensity and largest duty cycle electron beam in the world. o ..... 
.... 

n 
m1. THE PROTON-WEST BEAM 
3: 
m 

The Proton-West beam line is conceived as a large acceptance 	 o 
3: 
lIIIJhigh intensity secondary beam with the use of entirely superconducting 

beam elements and an ability of reaching up to 1000 GeV/c. For example, 
". 
Z 
o

already prototyped superconducting dipoles will be used which provide c: 
maximum field strengths of 40 kgauss, where only 12-14 kgauss strengths 3: 

are needed for 300 GeV/c operation. The beam is designed by B.C. Cox, • 
using similar sextupole correcting principles as in our earlier experience '" ...; 

(see Z.G.T. Guiragossi~n and R. E. Rand, Nucl. Instr. Meth. 107, 237, 1973 ". 
Z .....and "General Rules of Sextupole Corrections in Beams" Technical Note, 	 o 
1lOJune 1974 by Z.G.T. Guiragossi~n). Thus, a small spot size is obtained o 

at the experimental areas without sacrificing beam intensity from the c 
production target. The calculated spot size at the first corrected focus Z 

is ± 2 mm horizontally and ± 7.5 mm vertically for a momentum acceptance < 
m 

of ± 5%. The beam's angular acceptance is 30 ~sterad. 	
:00 

'" ...; 

""" 
• 
o 
.." 
.." 

n 
m 
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The beam will have two corrected foci for two successively 
placed experimental stations. For the purpose of this study, we have 
centered our attention at the first cor~ected focus since this area will 
be implemented first, to examine the suitability of producing a pure 
electron beam satisfying the requirements of our electron experiment 
E-l93· 

The P-West beam qualities are entirely adequate and ~eeting 
with the requirements of our pion experiments E-l92. From what is demon­
strated in this Note, the P-West beam qualities are unsurpassed in providing 
a very high intensity pure electron beam. Consequently, both our pion 
and the follow-up electron experiments can be executed using the same 
apparatus and also at the same location, at the first experimental station. 

II. EXPECTED ELECTRON INTENSITIES IN THE PROTON-WEST BEAM 

Figure 1 shows the predicted electron yield in the Proton-East 

beam according to our calculation of 1971, together with a preliminary 

measurement of electron yield in that beam made by the experimentE-25 group 

with 300 GeV/c incident protons. The Proton-East beam has an acceptance 

of 12 gsterad-% (FW). Our prediction is high by a factor of 2.3-3 in 

the useful region of X = 0.3 - 0.6 ,where X = P 1 t /p t
e ec ron pro on. 

The Proton-West beam has an acceptance of 290 usterad-% (FW). 

Therefore, to have the expected electron intensities in the Proton-West 

beam we scale our calculations by the factor of (290/12)/2.3 ~ 10 • 

This is shown in Figure 2 for the case of 1~00 GeV /c incident protons, 

where 200 GeV 109 electrons/1013 incident protons are expected. 


III. PURE ELECTRON BEAM AT THE FIRST CORRECTED FOCUS OF P-WEST 

To have a good electron beam it is required that there be three 
capabilities. (1) Front-end targeting capabilities for protons to strike 
a 40 cm long Berrylium target and to be dumped, nO gamma-rays to be 
collected onto a 1.6 mm Uranium foil to produce electrons. This targeting 
system now has been incorporated in the Proton-West beam design. (2) Small 
spot size at a recombined focus which is achieved by sextupole corrections 
so that electron beam intensity at plDduction is preserved. Away of 

achieving this capability has been demonstrated by B.C. Cox for the current 
Proton-West beam design. (3) Sufficient amount of bending power in the 
beam-line to force synchrotron radiation energy loss of electrons, in a 
distributed fashion throughout the beam -line dipoles. This capability 
is used to produce a separated electron beam spot, displaced away from 
the image of surviving background hadronic particles. (A further amount 
of electron purity is obtained by placing a 3.3 meters long liquid deuterium 
filter ahead of the Uranium foil. In view of ~he following demonstration 

~- ......- "'- ­..~ ----'..... 



-3­

we have no need for such a filter and herewith dispense with this 
complication. ) 

A. Synchrotron Radiation 

The fractional energy loss of electrons as they traverse beam­
line dipoles is given by: 

(1) 

Where Bi are the dipole strengths in kgauss, L is the dipole length 
in meters (uniform length magnets are assumed with L = 3.05 m) and E 
is the electron beam energy in GeV. In beam lines, dipoles are located in 
clusters, usually having 3 or 4 uniform length dipoles in each cluster. 
To have transmission of electrons, the magnet settings must be successively 
tuned down to compensate for the individual amounts of synchrotron radiation. 
Thus electrons remain on the optics axis. A good fraction of the hadronic 
background, being off tune, is lost in the beam line and whatever survives 
is focussed onto a beam spot displaced off axis. 

Because synchrotron radiation (S.R) occurs continuously through­
out a magnet, the ad&dona1 angular deflection caused by the energy loss 
of electrons after exiting a magnet is given by the integral: 

0.03 B dL (LP)t::. e pSR =f 
L 

P SR 
0 

1.26 x 10-8 
X 0.03 JB dL P B2L= P 

-8 B3L2 
10-10 B3L2 

= 1.26 l 10 X 0.03 = 1.89 X
2 

In a cluster of uniform length magnets the net angular deflection 
is: 

xt::.e SR = 1.89 (2) 

or equivalently, hadronic particles suffer this additional deflection 
when the magnets are tuned down to compensate for synchrotron radiation 
of electrons. Each magnet is tuned down by the appropriate amount 
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given by equation (1). It is necessary to tune down each magnet 
by the full amount of energy loss caused by magnets ahead of it 
and then also, by one half the amount of energy loss caused by 
itself. 'Ibis "radiation compensated tuning" procedure applies to 
all beam line magnets - dipoles, quadrupo1es and sextupo1es. 

Finally, after this procedure the off-axis focus of 
surviving hadronic background is found a distance d away from the 
on-axis focus of electrons, where d in mm is given by: 

10-1 L2 r (r B 3)1,d(mm) = X d. = 1.89 X 
J ""' ""' i jj j i 

t in meters is the lever arm between clusters of dipoles forming 
bJam-1ine bends. Of course, the proper evaluation of image separation 
requires a ray tracing program to take into consideration the effect 
of radiation loss in quadrupoles and sextupo1es as well. However, 
equation (3) gives a good lower limit and we have ascertained that 
in one example with conventional magnets, equation (3) gives a se­
paration which is some 15% lower than the MOnte Carlo ray tracing 
program. With superconducting magnets we could be underestimating 
more than this, the goodness of these separations. 

Clearly, to have a pure electron beam on an experimental 
target it is necessary to have a) a small spot size together with 
b) an electron-pion image separation which is at least as much as the 
spot size. Thus, a suitable scraper or veto counter can be used to 
eliminate the small amount of surviving hadronic background localized 
at the displaced focus. An example of separated beam profiles is shown 
in Figure 3 where conventional magnets are used up to a second corrected 
focus. 'Ibis is the result of our earlier design effort, showing the 
best that can be done with conventional magnets. 

B. Enhanced Synchrotron Radiation in Beam-Lines 

Up to the limit of available beam dipole field strengths 
we can force synchrotron radiation to occur in an optimum manner by 
choosing conditions which maximize a) synchrotron radiation caused 
energy loss of electrons (~Bi2 x L effect), b) synchrotron radiation 
caused angular deflection 1 3 2 

(X Bi X L effect) 
i 

while, c) beam line geometry is preserved and d) off-axis hadronic 
parti c1e displacement is maximum 

(1: Bi3 x L2 x I, effect).
i j 

In these considerations the power of superconducting magnets is made 
evident by the following example: for 100 GeV electrons a single 
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36 kgauss 3.05 meters long dipole with a lever arm of 100 meters will 
cause by synchrotron radiation a fractional loss in momentum of 0.506%, 
which makes possible for an additional deflectionof 82 ~rad, trans­
lating to a shift of 8.2 mm at the end of the lever arm. This unique 
capability is made available only by the use of superconducting beam 
line magnets, a feature which is already planned for the Proton-West 
beam. 

In cases where beam-line dipoles are found in clusters of 
3 or 4 magnets and especially at lower beam momenta, we can force 
enhancement of synchrotron radiation by having reversed bends in some 
magnets and running others at maximum field strength, while preserving 
beam-line geometry. This technique was devised and used in our earlier 
studies and the separation effects produced by it is shown in Figures 
3(a) and 3(b), where conventional magnets were used with B S 14 kgauss. 
The same technique produces spectacular effects in a much s~~ter beam­
line when superconducting magnets are used. For the purpose of this 
demonstration, conservatively we restrict Bmax S 36 kgauss, even though 
prototyped dipoles for the P-West beam are des1gned to operate at B = 
40 kgauss. max 

In each cluster we wish to optimize for energy 10~s2(f B.2L) 
and maximum deflection caused by synchrotron radiation (f B.L ) . 1 
Among several configurations in polarity and in strength, 1 the best 
choice is found to be that which has maximum field strength at the 
center of the cluster with magnet polarity in normal mode. By con­
centrating maximum field strength on the central magnet in normal 
polarity and lesser amounts of strength in opposite polarity on the 

3outer magnets ( + + + ~ - 4) - or, + + + + ~ - 4) 4) -) the]; Bi term 
is optimized, thus producing optimum amount of electron-pion 1 
separation at lower momenta. This configuration can be scaled up­
wards for higher beam momenta, until reverse bends are not neeged to 
preserve beam-line geometry. Even beyond this point, the ~ B. term 
is optimized by concentrating maximum field at the center 1 1 
of a cluster, balanced by lower field strengths in same polarity on 
the outer magnets (+ + + ~+ e +). This configuration continues to 
win until at very high momenta all magnets in a cluster are running 
at equal strengths. 

C. 	 Conditions for Preserving Beam-Line Geometry for Maximum 

Synchrotron Radiation 


We consider a cluster of three magnets, Bl , B2, B ,with 
the beam entering at Bl and leaving from B • The magnets ~re set 
to bend respectively by amounts of a l , a~3, a~ producing a fixed 
beam line angle Bb d' At fixed momentum,if ~he tune or polarity 
of these magnets 1~nchanged to some arbitrary values, producing bends 
Sl' S ,~ ,beam-line geometry is preserved only if a is main­
tainea and3also if rays come out on axis without a para~i~1 displacement: 
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that is, (4) 

and, + == + + 

(the case of a cluster of four magnets is: 40 +
1 

+ +== 1$1 + 

Conditions (4) and (5) can be satisfied simultaneously 
only by having a symmetrical arrangement where a = a andl 3
~l == ~3 Thus, 

+ (6) 

In hadronic secondary beams, magnets in a cluster usually 
are set to bend by equal amounts so that == ~ == a = aa l Oand equation (6) reduces to: 3 

+== 

Let Bo be the field strength of one of the magnets, say 
at 300 GeV/c , in a cluster of three magnets of equal strength and 
polarity. In going from the tune of + + + to that of - ~ -

Bl = B2 == B3 == B 
0 Bl B2 B3 == Bl 

+ + + ~ + 

equation (7) requires that +(3ao 2~l ~2) 

B - 3B (p/300)2 0 (8 )Bl == 
2 

where B2 is set at some maximum value and B is known from beam 
design. This configuration applies for elect~on beam momenta of less 
than 300 GeV/c. Similarly, the tune of + e + requires that: 
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= 	 (9) 

where again B? is set at a maximum value. This configuration applies 
for electron b~am momentum of more than 300 GeV/c. At 3~0 GeV/c Bl = 
B = 0 and B2 = 3 B . This scheme optimizes the L B. term and 
t~is provides a maximSm amount of synchrotron radiatlon1 caused deflections 
from each cluster. In particular it allows us to have excellent separation 
of electrons at lower momenta where electron yield is extremely high. 

IV. 	 ELECTRON PION IMAGE SEPARATIONS AT THE FIRST CORRECTED FOCUS 
OF THE P-WEST BEAM. 

The Proton-West beam design by B. C. Cox is sufficiently well 
advanced at this time, such that for the purpose of our demonstration 
realistic beam-line bends and nominal dipole settings can be used. 
Down to the first corrected focus, the Proton-West beam is described 
by two major bends. Each bend is caused by a cluster of three super­
conducting dipoles. These are 10 ft long superconducting magne~ designed 
to provide maximum field strength of 40 kgauss. 

The external proton beam will strike a Beryllium target some 
161 ft ahead of the first bend; a sufficient distance for the front­
end targeting arrangement, both for the production of pion beams and 
electron beams. 

The nominal dipole settings are given for a 300 GeV/c pion 
beam, together with beam-line bends and lever arm behind each cluster. 

Dipole Cluster (kgauss) Total e Lever Arm 
Field Length Bend 

Bl ' B2 ' B3 3 L 

1 	 + 12, + 12, + 12 30 ft 0.628
0 

325 ft 

2 	 + 13.7, + 13·7, + 13·7 0
( B

4
, B , B ) 30 ft 0.717 184 ft

5 6

It is necessary that the full complement of beam-line magnets 
be installed at the time when the electron beam is produced. These are: 
6 dipoles, 12 quadrupoles and 4 sextupoles, up to the first corrected 
focus. It is also necessary to control each dipole independently, in 
polarity and field strength. Practically, the controls of dipoles Bl 
and B3 ' and, B4 and B6 can be tied together. 
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The attached tables give a) optimum dipole settings to 
enhance synchrotron radiation caused image separations of electrons 
and b) the amount of image separation of surviving hadronic background, 
as a function of several electron beam momentum values. In each beam 
momentum case, the first entries of the B. columns are dipole tunes 
for the production of a standard hadronic 1 secondary beam. Below these, 
the second entries are magnet tunes according to equations (8) or (9) 
to provide optimum amounts of synch30tron radiation caused deflections 
of e1ectons (largest possible L Bi ), while preserving beam-line 
geometry. With these settings, the fractional momentum loss of electrons 
is calculated using equation (1) and these appear in the next column. 
The third entries under the B. headings are dipole strengths tuned 
down to compensate for synchroEron radiation ener~J loss of electrons 
and in this manner, to keep electrons on-axis and hadrons off beam axis. 

In particular, each individual magnet will be tuned down 
successively to have uniform radiation compensation in the manner 
described earlier. For the purpose of this demonstration we have simply 
used 1/2 (~/P)SR ' obtained from and applied to each entire cluster. 

Dipoles are now tuned to transmit electrons and to cause an 
additional deflection on background hadrons by the amount of 6 e .

SRThis is given in the next column and is calculated using equation (2). 
Finally, the off-axis shift of hadronic background particles is calcu­
lated using equation (3). d is the shift caused by the first dipole1cluster at the end of lever arm which is taken to be the distance bet­
ween first and second bends; d is the shift caused by the second di­
pole cluster at the end of its fever arm, the distance between the second 
bend and the momentum recombined focus. Thus, d , the sum of d1 + d ' 

2realistically describes the total image shift of surviving hadronic 
background particles at the first corrected focus of the P-West beam. 
Again, we emphasize this estimate of d is a lower limit and we have 
tested the validity of this approximate method against a precise MOnte 
Carlo ray tracing program. Note that by treating lever arms of dipoles 
as in the above, the intermediate focussing effects of quadrupo1es is 
averaged and the shift of surviving hadrons is estimated. 

The results of our calculations are displayed in Figure 4, 
in which d (rom) is given as a function of electrons beam momenta. On 
the same figure, the electron beam spot size is also shown. (At lower 
beam momenta the spot size image is slightly larger, caused by multiple 
scattering broadening of source size at the Uranium converter foil. 
For comparison purposes, in Figure 4 we also show a similar curve des­
cribing the electron-pion image separation as obtained from our earlier 
studies in which conventional magnets were used for the Proton-East 
beam (see also Figure 3). This comparison is spectacular. Figure 4 
demonstrates that the resulting electron beam at the first corrected 
focus of P-West is pure at all beam momenta. The surviving pion back­
ground is imaged a distance away of about three times the spot size 
of on-axis electrons, and therefore can be absorbed in a Tungsten 
block. 
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HORIZONTAL BEAM PROFILES 
AT F4 

(0 ) 100 GeV/c 
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(b) 	 150 GeV/c 
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Fig. 3. Electron and pion horizontal beam profiles at 
F4 showing the effect of synchrotron radiation in a 
radiation compensated beam. 
(a) 100 GeV/c, (b) 150 GeV/c. At these two momenta 
all the magnets in the beam line a~e used, some with 
reversed polarity, to maximize E Ef and enhance the 
e, ~ separation, (e) 200 GeV/c, (d) 300 GeV/e. 
At these higher momenta, only the necessary number of 
bending magnets consistent with B < 14 kgauss are 
used. 
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