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ABSTRACT 

We propose an experiment to measure p-p and p-d elastic and 

inelastic scattering in the new CO Internal Target Area. These 

measurements will cover the t-region from 0.2 up to 10 (Gev/c)2 

for p-p elastic scattering and up to 5 (GeV/c)2 for p-d elastic 

scattering. Incident beam energies from 8 to 500 GeV will be 

continuously covered. A magnetic spectrometer will be used to 

measure the angles and momenta of the recoil particles. In the 

higher t-region a forward hodoscope (or a forward magnetic 

spectrometer in later stages of the experiment) will be used to 

identify elastic from inelastic events. For absolute normaliza­

tion we will install solid state detectors, which will cover"both 

the Coulomb and nuclear scattering regions. 
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I. INTRODUCTION 

In July 1973 we submitted experimental proposal 231 "p_p 

and p-d Elastic and Inelastic Scattering in the High t-region 

in the New Internal Target Laboratory". In this proposal we 

planned to do p-p and p-d elastic and inelasti~ scattering using 

a hydrogen and deuterium jet target at the BO straight section, 

which we assumed would be expanded into a bigger internal target 

area at that time. 

During the 1973 Surmner Study, the subject of expanding an 

internal target area was discussed. As a result of the discussion, 

D. Jovanovic, E. Malamud, V. Nikitin, and A. Kuznetsov l have 

proposed construction of a modest experimental hall at CO which 

might house the recoil spectrometer proposed in Exp. 231. In 

light of these developments, we reexamined our proposal and con­

cluded that the experiment was feasible in the new CO laboratory 

and that certain improvements were possible with only minor 

modifications. At that time we wrote a letter to urge the start 

of construction at CO and the approval of our experimental proposal. 

During this time Exp. 36 was finished and EXp. 186 was started 

in the present CO area using the jet target. In Exp. 36 members 

of our collaboration measured the slope parameter, b, and the ratio 

of the real to the imaginary part of the scattering amplitude for 

t ' t' 2,3p-p e 1 as 1a sca ter1ng. The diffraction excitation of nucleon 

resonances in p-p collision at incident proton energies from 175 

4to 400 GeV were also measured. In Exp. 186 p-d elastic and in­

elastic scattering up to It I : 0.2 (GeV/c)2 is being measured, 

and these data are being processed now. 
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It is now clear that the jet target has been very fruitful 

for the investigation of not only elastic scattering but also 

inelastic scattering. The jet target has also been used by other 

experimental groups to measure the p+p + p+X inclusive reactionS 

6
and the p+p + y+X reaction. In the internal target area we 

have the added advantage that all incident energies are readily 

available up to the maximum machine energy. The s-dependence 

of the reactions can be determined easily. 

We believe that a large variety of physics can be studied in 

the expanded internal target laboratory. Using a magnetic 

spectrometer as the basic apparatus, a series of experiments which 

require only minor modifications or additions to the apparatus 

will be done. 

As a first experiment we \'Jish to measure p-pand p-d elastic 

and inelastic scat"tering in two phases (I and II). Members of 

our collaboration have already studied the low t-region (up to 

It I ~ 0.2 (GeV/c)2) with solid state detectors; this experiment 

would extend the t-region to It I = 10 (GeV/c)2 for p-p scattering 

and to It I = S (GeV/c)2 for p-d scattering. 

In the first phase, we should like to measure the t-range 

from 0.2 to 5 (GeV/c)2 for p-p scattering and up to 3 (Gev/c)2 

for p-d scattering. During Phase I we will use the recoil magnetic 

spectromc'ter and install a scintillation counter hodoscope in 

the forward direction. With this hodoscope we will study counting 

rates and investigate the power of coplanarity and opening angle 

constraints. This study will pave the way for extending the 

measurements to t values larger than 5 (GeV/c)2 and will also 

improve the lower t measurements. 

http:reaction.In
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In Phase II we will use a forward magnetic spectrometer to 

extend the measurements to It I = 10 (Gev/c)2 for the p-p reaction 

and to 5 (GeV/c)2 for the p-d reaction. 

We will install an absolute monitor system using solid 

state detectors to measure the elastic scattering in the nuclear 

scattering region and also in the Coulomb scattering region. 

Thus, we will have the ability to absolutely normalize the data. 

Most of the equipment which we propose can be used for many 

future experiments, including these same experiments extended to 

1000 GeV when the proposed energy doubler comes into operation. 

The new CO laboratory will be used by many other experiments, 

and vlill be the first experimental area for the beam from the 

energy doubler. 

as follows: 

1. 	 Elastic p-p scattering in the t-region from It I = 0.2 

to 5 (GeV/c)2 for energies from 8 to 500 GeV and elastic 

pd scattering to It I = 3 (GeV/c)2 (Phase I). 

2. 	 Isobar production in p-p and p-d scattering in the same 

region as above (Phase I). 

3. 	 The inclusive reactions pp + pX and p~ + dX with the 

recoi.ling proton and deuteron momentum up to 6 GeV/c 

(Phase I). 

4. 	 Elastic p-p scattering in the t-region from 5 to 10 

(Gev/c)2 for energies from 50 to 500 GeV, and elastic 

2
p-d scattering in the t-region from 3 to 5 (GeV/c) 

(Phase II). 
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II. PHYSICS 

Elastic scattering may be divided into regions according to 

the t-range covered as shown in Table 1 for p-p elastic scattering 

and Table 2 for p-d elastic scattering. The data are divided 

according to their phenomenological behavior. Regions 1 and 2, 

for p-p and p-d, are measured in Experiment 36 and 186. We will 

extend these measurements in the new internal target laboratory 

to higher t and s-regions. 

A. p-p Elastic Scattering 

Elastic p-p scattering at very high energy and up to It I = 

5 (Gev/c}2 has been measured at the ISR and reported7 as shown in 

Fig. 1. Extensive data exists below 30 GeV, but there is not 

enough data between 30 GeV and ISR energies. We can measure 

elastic scattering in the NAL energy range and thereby provide 

this fundamental data in the gap between 30 GeV and ISR energies. 

The most prominent feature of the ISR 	data is the dip around 

1.3 (Gev/c)2 as shown in Fig. 1. This had not been observed at 

lower 	energies, although a kink in the cross sections exists there. 

8This dip was predicted by many models. According to theory, this 

dip is partially filled at low energy where the real part of the 

scattering amplitude and non-diffractive cont~butions are large. 

Experiment 36 finds the ratio of the real to the imaginary part 

of the scattering amplitude to cross zero at 280 ± 60 GeV, as 

shown in Fig. 2. Therefore, we can expect to be able to observe 

this dip and investigate the s-dependence of its depth and position 

at NAL energies. Its relation to the real part of the scattering 

amplitude will be studied. 
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An interesting prediction for the shape of the dip has been 

published by Phillips and Barger,9 who did a model independent 

analysis 	of the data in terms of two exponential amplitudes with 

a relative phase. The steeper exponential has normal Regge 

shrinkage and phase, while the other does not shrink. As indicated 

in Fig. 3, their picture predicts the deepest dip near 175 GeV. 

The height of the second maximum varies according 

to different models. For example, the Chou-Yang model predicts 

a rise in do/dt at Itl= 1.8 (GeV/c)2 while Regge models predict 

no rise for the secondary peak. Measurements in this region will 

distinguish between these models. 

. 	 . 2
Some theories predict a second dip around It I = 5 ~ 8 (GaV/c) . 

If this dip exists, our counting rate is high enough to find it. 

In this regard tht: internal 'carget has Dn advantage over the n;R. 

10
As is described in a memo by E. Malamud, the interaction rate 

per second for 0 = 40 mb is 104 for the ISR with a 10 ampere 

8current, while that of a jet target is 7 x 10 with a proton 

density of 5 x 10-7g / cm3 and a beam intensity of 1013 ppp. Thus, 

our rate is about 105 higher than that of the ISR. We will have 

improved statistics and will be able to measure into the higher 

t-region where the cross section is smaller. ~he data of Fig. 1 

ends around It I ~ 5 (GeV/c)2. We will be able to extend these 

results to It I ~ 10 (GeV/c)2. 

B. p-d Elastic Scattering 

The differential cross section for p-d elastic scattering 

was 	measured up to It\ = 2 (Gev/c)2 at CERN using the PS up to 

ll24 Gev/c. This result is shown in Fig. 4. The region near 
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It I == 0.3 (Gev/c)2, where a dip is expected, has been investigated 

at lower energies extensively in other laboratories. Only a 	 kink 
12 

has been found which was attributed to the d-state admixture. 

Beyond It I = 2 (Gev/c)2 no data exists even at low energy. Only 

the NAL machine has the capability to investigate this region. 

At It I ~ 0.35 (Gev/c)2 the double scattering term in the p-d 

scattering amplitude dominates. At small s this term is determinGd 

mainly by elastic rescattering (elastic Glauber corrections) . 

HOi.vever, at higher energies inelastic contributions become more 

and more important. This inelastic contribution to the Glauber 

corrections can be determined by our measurements. They are 

important for the Glauber theory itself and also as a source of 

information on inelastic,processes. 

From the p-d elastic scattering we can also deduce information 

' 13ab ou t p-n seatterlng. 

c. Inelastic Scattering 

The production of isobars having masses of 1236, 1400, 1520, 

1688, and 2190 MeV in p-p reactions has been investigated quite 

extensively up to It I = 6 (GeV/c) 
2 

and P = 24 GeV/c. 
14 

These 

results show that the differential cross sections for the 1520, 

1688, and 2190 isobars have relatively small slope parameters 

(b = 3 'V 5) and that they are comparable to that for elastic 

scattering ,around It I == 1 (GeV/c) 2 as shown in Fig. 5. Moreover, 

the cross sections for producing these isobars are roughly 

s-independent up to P ::;:: 24 GeV/c. 

At rnomenta lE~ss than 24 GeV/c where the bulk of data on 

isobars exists, both elastic and inelastic cross sections have a 
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break at It I '\J 1.4 (GeV/c)2, as shown in Fig. 5. It is kno'Vm 

that at larger s this kink becomes a dip for elastic scatterin9. 

It will be extremely interesting to learn also what happens to 

isobars. 

As shown in Fig. 9, our mass resolution on the recoil 

particle using only the recoil arm is good enough to separate 

the isobars at 200 GeV beam energy for 0.2 .;:, It I ~ 10 (GeV/c)2. 

At higher beam energies the separation of isobars becomes more 

difficult, especially between the 1520 and 1688 isobars. Thus, 

we expect to measure isobar production cross sections certainly 

at 200 GeV and perhaps up to 400 GeV in incident energy. 

The diffractive excitation of large masses is a very interest­

ing phenomena discovered experimentally within the last few 

15 . .. . 
years. We wlll be able to measure the eXCltatlons of masses up 

to Mx ~ 20 GeV and check scaling hypotheses and the predictions 

of different theoretical models. 

There is a fundamental reason for interest in inelastic 

scattering on deuterium and other nllclel~ecause here one has 

the possibility to investigate the space-time development of 

hadronic processes. In the case of isobar excitation we can 

measure the isobar-nucleon interaction, which is impossible in 

ordinary hadron-hadron reactions. 

Recent measurements from the ISR and NAL shm;7 that the 

inclusive cross section for hadron production at large transverse 

momentum is much larger than expected from an exponential ex­

trapolat_ion of small Pt dati? It is commonly believed that 

collisions at large Pt reflect the properties of basic interactions 
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at short distances. With our spectrometer we can investigate 

the s- and Pt- dependence of differentjal cross sections over 

a wide range. 

III. EXPERIMENTAL SETUP 

The angles and momenta of recoiling particles are measured 

by a magnetic spectrometer using proportional chambers. At 

higher beam energies and near the extremes of the t-region we 

wish to study, the resolution of the recoil spectrometer alone 

is insufficient to give a clean separation of elastic and 

inelastic scattering. Thus, it will be necessary to use at least 

a forward hodoscope in order to give a clean separation between 

elastic and inelastic scattering. In Phase I of this experiment 

a hodoscope will be placed in the forward direction to measure 

the angles of forward scattered particles; in Phase II a forward 

magnetic spectrometer will be used to measure both the momenta 

and anglcs of the forward particles. 
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A. Recoil Particle Spectrometer 

We propose to make a magnetic spectrometer with two bending 

magnets and a wire proportional chamber system to measure the 

momenta and angles of recoil particles. In Fig. 6 this recoil 

spectrometer is shown in one of the tentative versions of the 

expanded CO internal target laboratory. This spectrometer subtends 

about 0.94 msr with a polar angle coverage of about 2.8 0 in the 

laboratory system. Its resolution is sufficient for the measure­

ments of p-p and p-d elastic and inelastic scattering over a wide 

range in t without the use of a forward hodoscope or momentum 

spectrometer. 

The spectromeLer consIsts of two bending magnets, four vertical 

proportional chamber planes, two horizontal proportional chamber 

planes, Cerenkov counters, and scintillation counters. The relative 

position of these components to the target and beam line is also 

shown in Fig. 6. The system is mounted on a carriage v.,hich may be 

rotated remotely about the jet target. 

The first two wire proportional chamber planes, WI and W2, 

with vertical .....Tires spaced at 1 mm, define the recoil angles to an 

accuracy of about ±O.l mrad. The recoil particle trajectory will 

be extrapolated back to the target to check that it originated in 

the target. 

There is a chamber, W3, between the two magnets, and another 

similar chamber, W4, 4.5 meters downstream from the second magnet. 

These chambers have one m.illimeter \·Jire spacing vertically and 
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two millimeb?rs spacing horizontally. Between wire chambers we 

will install vacuum chambers to reduce mUltiple scattering. 

One possible design of a recoil spectrometer bending magnet 

is shown in Fig. 7. '1'his is almost a C-f3haped magnet having only 

a thin yoke on the beam side. rATe pl;:>n
• <.<'\ 

to opera'te 

these magnets at 18 kilogauss. With this field 2.9 and 6.3 GeV/c 

protons, corresponding to iti = 4 and 10 (GeV/c) 2, will be bent 

in the horizontal plane by 32.1° and 14.7° respectively. The 

momentum resolution, 6p/p, will be about 0.05% and 0.063% respec­

tively. Also, we are considering the use of two superconducting 

magnets (24-8-72), which are being developed in the Research 

Division, if they are available to us. As there is already a He 

liquefier in co area, the operation of these superconducting magnets 

must be easily started here. 

The solid angle defining counter 81 is at the end of the 

spectrometer as is a second scintillation counter, 82. An absorber 

and a Cerenkov counter are placed between them. A signal derived 

from the coincidence of 81 and 82 will be used to register events 

into the computer. In addition, a coincidence is required with 

the RF structure of the main ring beam to avoid events not 

originating in the target. Pulse height in th~Cerenkov counter 

will be recorded and used to help eliminate background due to pions. 

Time of flight will be used at low t values. The time of 

flight difference at 2.9 GeV/c for pions and protons (itl = 4(GeV/c) ) 

is about 2 ns. At larger momentum trans s (such that laboratory 

recoil momentum = 2.5 - 6 GaVIc) a gas Cerenkov counter \'Ii'ill be used 

to discriminate between protons and pions. 

2 
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'l'he p-p and p-d elastic scattering };:.inematics are shown in 

Fig. 8 for 300 GeV incident energy. At large fixed angles, the 

t-value of elastic scattering changes very little for incident 

energies from 100 to 500 GeV. The spectrometer, set at recoil 

angles between 30° to 90 0 
, will cover the t-re~ion of interest 

at different incident energies. 

B. Mass Resolutions 

Measuring only the recoil proton, the missing mass squared 

of the forward scattered particle is given by 

= m 2 + 2m 2 + 2m (E -E )orr a r 

- 2(E E -p P cos e ).oro r r 

Here the subscripts 0 and r refer to the incident and recoil particles 

respectively. rrhus, the missing mass resolu-tion can be estimated 

by taking 

2 2 2 2 2 2 

M12 [(6]\'1 ) 
 (~~)(l:,p ) 2 + 

dP o (~~ ) de o -r r 

The results of our calculations are shown in Fig.9A for p-p 

elastic scattering and Fig.9B for p-d elastic scattering. We have 

taken into aCCOll,nt mult 1e scattering in the vacuum chamber 

windows and proportional chambers and also the position measure­

2ment error in the chambers. The rise in Mi at low t is due to an 

increase in multiple scattering while at higher t the rise is due 

to the momentum resolution. 

Figure % shows that the resolution of the recoil spectrometer 

alone is sufficient to give a good separation between elastic and 

inelastic scattering. If, for example we take AM2 ~ 0.6 (GeV,2 

.. 
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(6M = 0.32 GeV) as the mass resolution necessary to separate 


h 1 · * tee astlcs from N (1470), from the standpoint of resolution 

only we can measure from t = 0.1,0.25, and 1.1 (GeV/c) 2 at 

incident energies of 100, 300, and 500 GeV respectively. 

Of course, the use of a forward hodoscope (Phase I) or 

forward magnetic spectrometer (Phase II) will make the separation 

between elastics and inelastics cleaner by allowing the use of 

coplanarity and elasticity constraints. Because we cannot move 

the forward hodoscope arbitrarily close to the beam there is an 

acceptance cutoff in It I beyond which we cannot use the forward 

system for measuring lower values of It I • For example, this 

2cutoff occurs at It I = 0.14, and 0.4 (GeV/c) for incident beam 

energies of 300 and 500 GeV respectively. 

C. Forward Hodoscope (Phasp. I) 

In Phase I a scintillation counter hodoscope will be placed 

in the fony-ard arm so as to allow the imposition of coplanari ty 

and opening angle constraints. This hodoscope would be placed 

40m from the jet target. 

At 400 GeV/c the forward proton from the decay of the 1400 

!J[eV N* is allowed wi thin a cone of 'Vlmr mvay from the N* direction. 

In order to reduce the background from these events we should 

have angular resolution at least 10 times better than this cone 

angle, or 'VO.l mr. This Dnplies hodoscope elements whose dimension 

is 'V0.4 cm. We will accomplish this with 30 counters 0.8 cm wide 

with half overlap giving 29 bins of 'VO.l mr and 'V3 mr for the forward 

particle. 

Several counters following this hodoscope will cover the 

http:0.1,0.25
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azimuthal bite of the recoil spectrometer while accepting only 

~O.l mr in the dip angle. 

D. Forward Particle Spectrometer (Phase II) 

As is shov/n in Fig. 10, the forward scattered particles at 

fixed angle have increaf-}ing momentum and t-values as the circu­

lating beam energy increases. Therefore, the syst~n at a fixed 

position with a fixed current measures elastic scattering for 

one energy only. The laboratory angle for the forward scattered 

particle at It I = 4 (Gev/c)2 is 6.9, 5.2, and 4 mr for 300, 400, 

and 500 GeV beams respectively. 

The system consists of three bending magnets and four sets 

of scintillation counter hodoscopes. At 300 GeV the front end 

of th(~ first magnet is placed 19.1 meters downstream from the jet; 

target in order to cover the ion from 4 to 10 (CeV/c) 2 • 

The current in the magnets as well as the position and angles of 

the magnets will be adjusted to accept only the elastically 

scattered protons. The momentum acceptance, which should be 

about 0.5%, can be easily achieved and the necessary horizontal 

acceptance is 2 mr. The solid angle is defined by the recoil 

spectrometer. 

The scintillation counter hodoscopes are before the first 

magnet, between magnets, and after the last magnet in the forward 

spectrometer. There are also some anticoincidence counters to 

veto particles scattered from the steel surface and from the out­

side. With the information from the forward spectrometer the 

coplanarity and elasticity of the events will be determined, and 

we can select the elastically scattered protons from the background. 
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If necessary, proportional chambers will be installed near the 

end of the forward spectrometer to improve resolution. For 

completeness ''1e show the layout of the forward spectrometer for 

a different energy in Fig. 11. 

The magnets are similar to the main ring magnets as far 

as aperture and length are concerned. The steel core is shaped 

like the recoil spectrometer, as shown in Fig. 7B. The outside 

dim,ensions will be about 28 inches high and 27 inches wide. 

The first magnet has an aperture 1.5 inches high and 9.75 

inches wide with a 16 turn coil. The inside yoke is 1/4 inch 

thick and the coil is 2.39 inches wide. Therefore, the particle 

can go through the magnet at a minimum dis'cance of 2.64 inches 

frma the outside surface. The second and -third magnets have an 

a~erturc 2.0 inches high and 8.73 inchos wide and 24 turn coils. 

These magnets are connected in series and are excited by 

the same power supply to a magnetic field of about 18 kG with 

3500 &~p. The resistance of the first and second magnets will be 

about 17 and 26 m Q. '1'11e maximum total povler consumption for 

these three magnets will be about 850 kW. These are conventional 

magnets, but they could be made with superconducting wire to 

save po\Ver. 

'rhe main ring vacuum pipe at CO will be shifted out\vard by 

one inch relative to the center line connecting the upstream and 

downstream quadrupole magnets. '1111.e injected beam will be centered 

in this pipe \vi th local Im'IT field correction magnets. However, 

the high energy beam "<1ill be set to run 2 inches from the inner 

surface of the 6 inch pipe as shown in Fig. ~. As the extraction 
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septum in AO is set at 3 em outside the center line and the abort 

target in DO is set at 1.5 inches, this would not seem to be a 

problem. 

'1'he use of a local magnetic fi.eld beam bump at high energy 

will be considered. With this modification the beam will be 

shifted inward to make a lovler t-·region accessible in the 

coincidence experiment. 

E. Monitor 

vJe will install a vacuum guide at right angle to the main 

ring beam line, which is about 5 meters long and covers laboratory 

angles roughly from 90 to 80 degrees. At the end of it will be 

installed solid state detectors which will be used to monitor 

small angle elastic events. 

P,n experiment.al s(:;tnp and procedure sirnjlar t.o those of 

Experiment #36 and 186 will be used, except with better precision 

for. the measurement of the Coulomb interference region. The 

setup is shown in Fig. 6B. 

We will use 6 discrete solid state detectors in the t-range 

from 0.02 to 0.15 (Gev/c)2 and 6 detectors in the t-range from 

0.001 to 0.02 (GeV/c)2. Electronics which are similar to those 

used for Experiment #36 or #186 will be employed. The experimental 

procedure is quite established now. The measured shape of da/dt 

around the Coulomb-nuclear interference region is shown in Fig. 12. 

As an option we may consider using position sensitive detectors, 

"lrJhich SJ i ve ener9Y and position information at the same time for 

each eVE.:'nt. Some of the data from Experiment #36 was taken wi t.h 

such detectors and is now being processed. The position sensitivu 

http:experiment.al


- 16 ­

detectors were developed in the last few years, and will give a 

spatial resolution of bett,er than 0.5 mm over their 5 em width. 

IV. CQUN'l'ING HATES 

The counting rate, N, per jet pulse is given by the following 

equation: 

N do 0t....1 1.1 At = I.~bl.~t dt D 2Tr 

where Nb is the number of circulating protons available during 

a pulse of the j at and Nt is the nur,:tber of target particles. 

The azimuthal acceptance, 1;.$, and the t-acceptance, nt, are 

determined by the recoil spectrometer since the forward hodoscope 

(Phase I) and f01..-vvard spectrometer (Phase II) are large enough to 

accommodate all forward particles from elastic scat'tering events 

which at::-(:; detected by t:he recoil sp~,-,ctrorl',eter. Using estimated 

do/dt values from presently available data, N is given in Table 3. 

proton/cm available target. Within main ring cycle the 

The present density of the jet is about 5 x -710 3g/cm in a 

beam interaction region of about 1 cm, giving Nt ::: 3 x 1017 

2 
as our a 

jet duration is about 200 ms, and 3 or 4 jet pulses in a main 

ring cycle are possible. For the lower t-values we plan to operQte 

the jet during the ramp and for higher t-values we may use the 

flat-top or front. porches of the main ring rarop. 

The presently available beam intensity in the main ring is 

abou~c 4 x 1012 protons/pulse, which should eventually increase 

13to the design intensity of 5 x 10 proton/pulse. For these 

13calculations we have assulTIed 1 x 10 protons/pulse which may be 

a conservative value in the latter part of 1974. During a 200 rus 

----------~.~----:....-~.,~~--.- .. --------------­
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4jet pulse the main ring beam circulates 10 turns around the ring, 

1013giving an available beam during a jet pulse Nb = 10 4 x = 101.7 

proton/pulse. We plan to operate at least one jet at low energy 

and another at higher energy for vlhich the fOJ:"ward hodoscope 

or spectrometer is adjusted. When feasible, we will operate 2 

or 3 jets, during flat-top. 

It is possible that the counting rates listed in Table 3 can 

be increased by a factor of 50 in the near future with increases 

in the jet density and beam intensity. The Russian members of 

our collaboration are presently exploring the possibility of 

increasing the jet density by reducing the jet velocity and using 

solid hydrogen or deuterium. With such modifications the jet 

density may be increased by a factor of 10 or more. This, coupled 

13beam int.ensit.y tD S x 10 proton/pulse, 

could increase our listed counting rates by a factor of 50 or 

more in the near future. 

V. BACKGROUND PATES 

There are two types of background: one target associated 

and the other not. The background which does not come from the 

target was measured in Hay 1973 at 300 GeV -to be about 16 minimum 

2 lO
ionizing particles/crn /sec/10 circulating protons at 3.5 feet 

" 18f rom t h e b eanl 1 2n8. ThUS, at 13 ern from the beam line and with 

13 510 circulat.ing protons, the corresponding number is 1.3 x 10

2particles/cm /sec. Although this rate is tolerable for the forward 

hodoscope, it will be reduced by at least an order of magnitude. 

First of all, the experimental area at C-O will be designed more 

carefully so as not to restrict the circulating beam. Secondly, 
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a beam scraper at A17 and beam collimators at D-O will be used,if needed. 

The effect of the accidental rate due to particles coming 

from the target can be estimated for the forward spectrometer 

including the first forward hodoscope as follows. This hodoscope 

is more seriously affected than the recoil spectrometer. We 

estimate the background rate at the Itl: 4 (GeV/c)2 setting at 

300 GeV. As there is a maximum of 1113 bearn bunches in the main 

10ring, we have Nb = 10 proton/bunch for a beam intensity of 

1310 ppp. The interval bebveen beam bunches is about 20 ns 

and the total number of reactions during a bunch is estimated 

from a total cross section of 40 mb as follo,vs: 

The mUltiplicity measured by the bubble chamber is about 8.9 at 

303 GeV, and the projec distribution in one dimension is 

.. 1 th d' 0 5 b . 19h In Flg. 13, Wlere e events are groupe ln • mr lns.sown 

Therefore, we have about 1000 charged particles coming from a 

jet target associated vii th a single beam bunch. The maximum 

number of particles going through the aperture of the first useful 

magnet opening (which is 4 mr horizontally and 1.5 inches high) 

is estimated to be less than 0.6%. Thus, on t.he average, six 

particles may go through this opening; we can easily select the 

elastic scattered proton from the information given by the follow­

ing counter hodoscopes. As these 1000 charged particles may 

produce many low energy daughter particles when they finally hit 

vacuum chambers and magnets, it is preferable to use a thin vaCUUr:l 

tube and also to place the counter hodoscope so that the back 

scattered particles reach the hodoscope out of phase with the 
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scattered particles of interest, e.g., 10 ns later. The number 

. . 20
of muons was measured 1n the CO area by Exper1ment #120. They 

observed 500 ~/jet (~200 ms)/1012 protort at 250 GaV with a counter 

of 2/3" x 2/3" placed at 16 mr and at 32 feet downstream from the 

jet. This gives 2.5 x 10-3/bunch (=20 nS)/lol~ proton/2 msr at 

16 mr. This number will not cause di iculty for this experiment. 

VI. C014PARISONS WITH OTHER EXPERIMENTS 

A. 	 Advantages of Internal Target Area 

In the future, elastic scattering will be measured at NAL 

using external beams. Hm\iever f we can In8aSUre the elastic and inelafj c 

scattering of p-p and p-d in the main ring in a very flexible 

and efficient way. There are several advantages of th8 internal 

target experiment over external target experiments for these 

reasons: 

1. 	 It is possible to select the incident beam energy freely 

from the injection energy to the highest extraction energy. 

Thus, the s-dependence measurement can be done easily 

and in a bias free way. 

2. 	 The internal target has the first access to the highest 

machine energy, because no external beam line is lleeded. 

When the energy doubler becomes operational, this 

experiment will have iIfu'11ediate access to this new energy 

without awaiting a new beam transport syst8m. 

3. 	 The target is thin, so that the multiple scattering of 

the recoil particle is small compared to that of a liquid 

hydrogen target. Therefore, elastic scattering may ~e 

measured using only the recoil spectrom8ter over a large 
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range of t (see Fig. 9). 


4. 	 For the same reason as in 3, the mass resolution is 

much better than in experiments using regular hydrogen 

targets. Thus, the isobars can be easily studied. 

5. 	 The luminosity for the internal target is comparable to 

that of the external beam. For the internal target 

with three pulses of 200 ms width and a beam intensity 

13 	 13 4 7of 	10 ppp, L = NbN = 10 x 3 x 10 x 5 x 10- xt 

23 35
6 x 10 = 0.9 x 10 . For the external beam with 

4 x lOll ppp and 411 long liquid hydrogen target we have: 

23L = NbN = 4 x lOll x 4 x 2.54 x 0.071 x 6 x 10 = t 
351. 7 	 x 10 . 

6. 	 At the internal target the incident beam has no halo and no pion 

contamination; identification of incident particles 

using Cerenkov counter is therefore not necessary. 

7. 	 This experiment can be done parasitically with respect 

to external experiments. Therefore there is always 

more machine time available. 

8. 	 Power consumed by this experiment is minimal since no 


external beam line is required. 


B. 	 Hmv Do these Unique Features Translate into a Better Experiment? 

Because of the items mentioned above it is possible to design 

a recoil sp~ctrometer which has sufficient resolution to separate 

elastics and diffractively produced N* 's up to large values of 

t (e.g., at 300 GeV our design is fully capable of these measure­

ments up to 10 (GeV/c)2) . 
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Because of this resolution it is possible in the internal 

target area to cover the t range from 0.2 to 10 (GeV/c) 2 with 

one experiment, whereas such a capability is not presently 

available in the approved experiments. Hence, the attendant 

relative normalization difficulties encountered when attempting 

to compare different experiments is no longer a problem. 

This is truly a unique feature in that all other presently 

approved experiments (except E-96) require double arm capability 

in order to isolat.e elastic sca-ttering. Single arm mass resolu­

tion alone is insufficient, and hence the inelastic spectrum 

i.s not studied well by these experi.ments. In the case of E-96 

the t region covered is out to 'VI. 5 (GeV/c) 2 and the highest 

beam energy at which elastic scattering may be studied is 'V200 

GeV/c. 

We cannot overemphasize the importance of having all energies 

simultaneously available. Many of the important questions in 

high energy pp scattering require measurement of a slowly varying 

energy dependence. The internal target laboratory is ideal for 

such measurements. The kinematics of the recoil particle vary 

only slowly as the incident_ mOr:1entum is varied f thus making sys­

tematic error minimal. The hydrogen jet may be pulsed several 

times during the ramp. Thus, in one machine cycle, data at 

several ene:~gies may be accumulated. '1'he relative normalization 

of the various energies is thu!':> made much more reliable than when 

these data must be accu,'uulated during peirods which may be 

separated by days. We believe this feature of our experiment 

to be very important when the energy dependence sought can be as 



- 22 ­

slow as logarithmic. 

Finally, it is worthy of note that all this is accomplished 

\\1i th what is essentially a simple appi1ratus requiring det.ection 

of particles only up to 6 GeV/c in the recoil arm. The simplicity 

of the apparatus 1 in our vim", will tend to make the apparatus 

reliable, stable, and easy to understand~ the data will hopefully 

also have these same properties. 

C. Surrunary of Relevant Experiments: 

1. Exp. 7 Surl1Inary 

This experiment measures elastic scattering of TI, K and 

p up to 200 GeV/c and out to t-values of ~3 (GeV/c)2. The 

*low lying N be accessible wii:h only the forwardI S may 

spectrometer up to incident energies of ~80 GeV/c. 

2. Exp. 63 Summary 

This experiment is primarily a particle production 

survey detecting particles with lab momentum <2.4 GeV/c 

for incident protons in the 50-500 GeV/c range. Elastic 

scattering is not emphasized~ however, we may assume that 

this experiment has access to tic pp scattering out 

to t ~1.5 (GeV/c)2. 

3 • Exp. 96 Surn,luary 

'1'he high resolution--high momentum spectrometer in the 

+ 
meson area will be used to study elastic K-, p, and p 

scattering from protons and deut:erons. r1'he incident momentum 

accessible is from 50 to 200 GeV/c \vhile the t-rangc accessible 

is up to ~1.5 (GeV/c)2. In addition, the inelastic spectrun 

will be studied up to 1-1 ~ 2 GeV. x 
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4. Exp. 177 Summary 

pp elastic scattering will be measured at 200 and 400 

GeV. A double a.rm spectrometer is employed to measu:re the 

differential cross section for t-values between 4 and 20 

(GeV/c)2. 

5. Exp. 231 (this proposal) Summary 

pp and pd elastic will be measured for beam energies 

between 8 and 500 GeV. These measurements will cover the 

2t-region from 0.2 to 10 (GeV/c) for pp elastic scattering 

and 0.2 to 5 (GeV/c)2 for pd elastic scattering. In 

addition, the single arm resolution is sufficient to measure 
-A 

diffractively produced N 's to large t-values also. This 

capability does not presently exist in the above approved 

experiments. 

VII. APPARATUS 

We are assuming the construction of the CO internal target 

area will be started in the spring of 1974. Allowing six months 

for construction of this area, we expect the experimental area 

will be ready for occupation in the fall of 1974. ttifhile the 

experimental area of the CO straight section and the service 

building are under construction, we will \vork on preparations 

for the experiment. 

The major items which a:r'e needed for the experiment are: 

1. Jet target and its control system 

2. Recoil spectrometer magnets 

3. Forward spectrometer magnets (Phase II) 
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4. Power supplies for spectrometers 

5. Cooling system for spectrometers 

G. Fast logic circuits 

7. Proport~jonal chamber system including Camac and its interface 

8. Scintillation counter hodoscopes 

9. On-line PDP-II system 

10. Solid state detector monitor systeI(t 

11. Cerenkov counters 

Dubna will supply the jet target and its control system. We 

request NAL to supply thE:, spectrometer magnet:.s and power supplies 

as well as the cooling system. Two superconducting magnets (24-8-72) 

may be available as recoiJ. spectrometer magnets. Purdue University 

will build the proportional chambers, Cerenkov counters and all 

scinti llation counters, NAL ''1ill supply fast. logic c i.rcuits, the 

readout electronics for the chambers, the PDP-II, and Camac and its 

interface. Dubna will provide electronics for the monitor system. 

VIII. EXPERIMENTAL PROCEDURE 

We think we can build or have 1 the experimental equipment 

except the forward spectrometer magnets. in six months. The 

existing superconducting magnets (24-8-72) may be available as 

recoil spectrometer magnets. Therefore, we can start Phase I of 

this experiment without any trouble. 

In Phase I we will study p-p and p-d elastic and inelastic 

scatteri.ng in the lQ'iver t-region up to 5 (GeV!c) 2 wii::.h continuous 

incident energies using only the recoil arm and forward counter 

hodoscope. For this phase of the experiment we need about 400 

http:scatteri.ng
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hours of running time. 

In the Phase II, using both the forward and recoil spectro­

meters, we will measure p-p elastic scattering in the high t-region 

with 200, 300, 400, and possibly 500 GeV beams. This experiment 

needs about 600 hours of running. 

Thus, we are requesting a total of 1,000 hours of running 

time for all experiments. Within one month after we move into 

the new area, we will be able to start the experiment. Hembers 

of our collaboration started the CO Internal Target Area and 

also helped carry out other experiments. This has provided a 

driving force in CO and we expect to provide a similar driving 

force in the new CO Internal Target Area. 

IX. POSSIBLE FU'I'URE EXPEHH1EN'l'S 

The elastic scattering experiment we propose to do should 

be the first experiment in the new Internal Target Area~ it will 

provide data essential to understanding the apparatus for 

further experiments. Using the same equipm€-~nt and with some 

modifications the apparatus can also do the following experiments. 

A. p+p -+ P + Anything 

This can be investigated by changing the polarity of the 

recoil magnets. 
+

B. p+p -+ n- + Anything 

These two reactions will be very interesting to study over 

the entire s-range. We can do these experiments using the proposed 

Cerenkov count.ers in the recoil arm to identify pions. 
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C. Elastic Scattering from Some Nuclei 

Elastic scattering from some nuclei can be measured using 

the Srulla equipment }-J1' observing the recoil nuclei with the low 

momentum spectrometer. 

D. Polarization Measurement 

A carbon polarizer can be placed after the st magnet of 

the recoil spectrometer in order to measure the left-right 

assymmetry with use of an extra set of ro chambers. A polari ­

zation 	measurement in the region around the dip at It I = 1.3 
2 

(GeV/c) should help provide an understanding of the mechanism 

responsible for the dip. 

+E. p+p -+ 'IT 	 + d 

F. Particle Production Experiment 

Using 	the recoil spectrometer and adding Cerenkov counters, 
+ + 

we can measure the production rate of 'IT-, K-, and other particles 

at large angles. 

G. pp Total Cross Section up to 500 GeV 

Using solid state detectors, we can measure the pp total 

cross section 'Vlith an accuracy of ± 0.5 IdJ. 

H. 	 Pine Oscil1atroy Behavior in the P.L? Elastic 
Scattering Differential Cross Section 

Recently a fine oscillatory structure in the pp elastic 

scattering 	differential cross section belm", It I =.: 0.2 (Gev/c)2 

21 
was suggested. This behavior can be investigated by using the 

solid state detectors. 
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X. MANPOWER 

In addition to the physicists listed on t:he title page, 

we expect one or more people from NAL and at least one graduate 

student from Purdue University to join the experiment when it 

is approved. 

XI. NEl1 CO EXPERIMEN'l'AL AREh 

In order to cover the t-region discussed in the text, we 

feel that the new CO experimen-tal area should have the following 

features: 

1. Th.e recoil spectrometer area should allow the spectrometer 

to cover fron 90 0 to 30° with respect to the beam direction. 

2. The allowable radial length of the recoil spectrometer 

should be greater than 15 meters. 

3. The recoil spectrometer area should be placed near the 

upstream end of the CO straight section. If this is not 

the case, we will be limited in t range at 500 GeV. 
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APPENDIX 

'rhe Difference between the Old Concept of an InJ:':~.~llal Targ~t 

~aboratory and the Internal Target Area Using Jet Target. 

The present and planned Internal Target Area is quite 

different in nature from \vhat WtiS conceived as an Internal Target 

Laboratory six years ago as a s'eneral facility,. With the invention 

of the gas jet target at Dubna and with subsequent very success­

ful experiments at the Dubna and Serpukhov accelerators, the 

Internal Target Area of NAL ",as started two years ago and already 

many experiments have been finished. 

In the old conception, we were going to use a solid beryllium 

target or some other material as an internal target to make a 

diffractively scat,tered proton beam and sE;condary particle beams 

in the main ring. subsequently these beams might have been 

ext.racted.. In-tIl cOl'),ception f v:;e would have used as much 

equipment as needed for an extraction system in the transfer hall 

and a much more complicated control system might have been required. 

As we would have to use a solid target, the radiation loss might 

have been very heavy and the operation of this area might have been 

very complicated, and it might have affected the operation of the 

SY11chrotron tremendously. Also many dO'dnstream main ring rnagnets 

migh'c have been exposed to scat·tered particles-and made highly 

radioactive. 

In the present internal target area we have been doing 

experiments using the jet as a target without interacting with 

the':! circulating beam too much. Only one tenth of a percent or 

less of the circulatin<) beam intensi t.y is lost. 'l'he operation 

is fairly simple and we do not detect any noticeably hi<;1h radiation 
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effects on dmvnstream magnets. The interaction with the operation 

of synchrotron has been minimal. 

Yet four experiments have been finished and another four 

experiments are going on now. There are already several published 

papers on the slope parameter b and the ratio a of the real part 

to imaginary part of the scattering amplitude for p-p elastic 

scattering on the pp + pX inclusive reaction, and on the y spectrum 

from pp and p-nucleus reactions. 

The present internal target area has been very useful and 

frui'cful for studying high energy physics in the early stages of 

the NAL accelerator. We think the usability of this area will be 

much enhanced by th.e addition of the extended internal target- area. 
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Table 1 - pp Scattering (at 300 GeV/c) 

1 Proton S Proton 
t range P (GeV/c) E (GeV) Angle (0) P (GeV/c) Angle ( ° ) Physics 

1. O<t<O.Ol P<O.l E<0.005 8>87 00 <0.02 Coulomb Interference 
Real Part 

2. 0.Ol<t<O.2 p<O.46 E<O.ll 8>76.5 300 <0.09 Break in b 
F oscillation 

3. 0.2<t<1 P<l. 2 E<0.55 8>61.5 >299.5 <0.19 

4. l<t<lO P<6.2 E<5.4 8>42 >294.6 <0.61 Dips 

5. lO<t<lOO P<54.3 E< 53.3 8>9.6 >246.5 <2.1 

6. lOO<t 

Table 2 - pd Elastic S (at 300 GeV/c) 

Recoil Deuteron Scattered Proton 
t range P (GeV/c) E (GeV) Angle (0 ) P (GeV/c) Angle (O ) Physics 

l. O<t<O.Ol P<O.l E<0.003 8>02.5 00 <0.02 COLi.lomb 
Real Part 

2. 0.0l<t<0.2 P<0.45 E<0.053 6>83.2 00 <0.09 Single Scattering 

3. 0.2<t<1 P<l.O E<0.27 6>75 >299.7 <0.19 Interference between 
single and double 
scattering 

4. l<t<lO P<4.2 E<2.7 6 0 >297.3 <0.61 Double scattering 

5. 10 <t<lOO P<28.4 E<26.6 8>19.6 >293.4 <2.0 

6. 100 <t 
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Calculated Counting R~.~8S for Experiment 231 


We have assumed a jet densi of 5xlO- 7 gm/cm3 , a 200 msee jet pulse, and a 1 em interaction region. 


It I at CIt e 6q; No. of Events INo. of Events 
1 ! 

(GeV/e)2 rcm2 I (GeV Ie) 2l (GeV/c)2 (Degrees) (Radians) Jet Pulse dayL ~ 

, 1 ,. 10-30 
• .JX~ 0.24 61. 7 O • 37.1 1. 28xlO 6 

4xlO- 32 I 
4 pp 2 I 0.41 52.8 0.024 1.90 6.55xlO 

Elastic 
Scattering 

4 3xlO-33 
0.78 lj·2. 9 0.028 0.32 1. lOx 10 4 

I 

* "'-' lxlO-36
10 4.0 30.3 0.Q5 0.001 33 

I 1 
-30 0.39 I 74.9 0.020 

! 
223 66xlO L 7.7xlO 

pd I I,. 10-31 I 

5Elastic 2 lx~ I 0.56 69.1 0.021 5.52 1. 9lxlO 
Scattering 

* \ 
3.9xl02 

4 -35 1.7 61. 5 0.028 0.01"'"' 5xlO 
~----.-

, 

*Phase II, where recoil spectrometer is moved to 2.5 meters from the 
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Fig. 1 Proton-Proton Elastic Scattering 
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ABSTRACT 

We propose an experiment to measure p-p and p-d elastic 

and inelastic scattering in the high t-region in the new B-O 

Internal Target Laboratory. These measurements will continuously 

cover incident beam energies from 30 to 500 GeV. We will cover 

the t-region from 0.2 up to at least 10 (GeV/c)2 for p-p elastic 

scattering and up to 5 (GeV/c)B for p-d elastic scattering; we 

can go higher with future modifications. Magnetic spectrometers 

will be used to measure the angles and momenta of the recoil 

particle and the fon-lard scattered particle. 

NAL· Directo!s C~f~~ 
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1. Introduction 

Small angle p-p elastic scattering up to 0.2 (GeV/c)a has been measured 

at the C-O straight section by Experiment 36. The slope parameter and the 

real part of the scattering amplitude for p-p elastic scattering and the 

1total cross section were measured. Some of the same parameters for p-d 

elastic scattering were also measured2 and will be measured in much more 

detail in the near future by Experiment 186. 

In these measurements solid state detectors are used to define the 

scattering angle and the energy of the recoil particles for determination 

of elastic events. These measurements are limited to the very small t-range 

due to thickness of the solid state detector which defines the maximum 

detectable energy of the recoil particles. 

We propose to measure elastic scattering from where the above experi­

ment stops, up to about 10 (GeV/c)2, and possibly into higher t-regions. 

The energy range covered will be from about 30 GeV up to 500 GeV. In the 

internal target area we have the added advantage that all incident energies 

are readily available up to the maximum machine energy. The s-dependence 

of the reactions can be determined easily. At low-t where only the recoil 

particle is measured, different energy data will be taken within the same 

main ring cycle. At high-t, where both recoil and forward scattered protons 

are measured, data will be taken by moving the ma.gnets remotely within a 

short time. 

Most of the equipment which we propose can be used for many future 

experiments, including these same experiments extended to 1000 GeV with 

the proposed energy doubler. Likewise, when the new internal target area 
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is built, it will be used by many oth~r experiments, and will be the first 

experimental area for the beam from the energy doubler. 

2. Physics 

Elastic scattering may be divided into regions according to the t-range 

covered as shown in Tabie 1 for p-p elastic scattering and Table 2 for p-d 

elastic scattering. The data are divided according to their phenomenological 

behavior. Regions 1 and 2, for p-p and p-d, will be measured in Experiment 
~ 

36 and 186. We will extend these measurements in the new internal target 

laboratory to higher t and higher s-regions. 

2.1 p-p Scattering 

Elastic p-p scattering at very high energy and at high-t up to 

5 (GeV/c)a has been measured at the ISR and reported3 as shown in Fig. 1. 

There is extensive data below 30 GeV, but there is not enough data be­

tween 30 GeV and ISR energies. We can measure elastic scattering in the 

NAL energy range and thereby provide this fundamental data in the gap 

between 30 GeV and ISR energies. 

The most prominent feature of the ISR data may be the dip around 

1.3 (GeV/c)2 as shown in Fig. 1. This had not been observed at lower 

energies, although a kink in the cross sections exists there. This dip 

was predicted by many ~odels for the asymptotic limit. 4 According to 
. . 

theory, this dip is partially filled in at low energy where the real part 

of the scattering amplitude is large. Preliminary' data from Experiment 

36 finds the ratio of the real to the imaginary part of the scattering 

amplitude to be less than 10% around 200 GeV and up (Fig. 2). Therefore, 

," 
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we should be able to observe this dtp and its s-dependence at NAL 

energies. Its relation to the real part of the scattering amplitude 

will be studied. 

The theory also predicts another dip around It I = 5 ~ 8 (GeV/c)~. 

If this dip exists, our counting rate is high enough to find it. The 

internal target has an advantage over the ISR as far as counting rate 
. 5 

is concerned. As is described in a memo by E. Malamud, the inter­

action rate per second for a = 40 mb is 104 .for the ISR with a 10 

ampere current, while that of a jet target i~7xl08 with a proton 

density of 5xlO-7 g/cm~ and a beam intensity of 1013 ppp. Thus, our 

rate is about 105 higher than that of the ISR. We will have better 

statistics and will be able to measure into the hig~er t-region where 

the cross section is smaller. The data of Fig. 1 ends around 

It I = 5 (GeV/c)2, and we will be able to extend these results to 

It I ~ 10 (GeV/c)2. With future improvements in the jet target it 

may be possible to go to even higher momentum transfers. 

2.2 p-d Scattering 

The differential cross section for p-d elastic scattering was 

measured up to 2 (GeV/c)2 at CERN using the PS up to 24 GeV/c. 6 This 

result is shown in Fig. 3. The dip around ItJ = 0.3 has been investi­

gated at lower energies extensively in other laboratories. Recently, 

Glauber has suggested that it may be due to the strong dependence on 

polarization of the deuteron spin and the d-state admixtur~7. Beyond 

2 (GeV/c)2 no data exists even at low energy.. Only the NAL machine 

has the capability to investigate this region. 
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From the p-d elastic scattering we can also deduce information 

8about p-n scattering. 

2.3 Isobar Production 

In the previously mentioned measurements of p-p and p-d elastic 

scattering, we will measure the momentum spectrum of the recoil protons. 

With sufficient resolution we can measure the cross sections for isobar 

production. 

The production of isobars having masses of 1236, 1400, 1520, 1688, 

and 2190 MeV in p-p reactions has been investigated quite extensively 

9 up to 'Itl = 6 (GeV/c)2 and P = 24 GeV/c. These results show that the 

differential cross sections for the '1520, 1688, and 2190 isobars have 

relatively small slope parameters (b = 3 ~ 5) and that they are compar­

able to that for elastic scattering around It I = 1 (GeV/c)2 as shown 

in Fig. 4. Moreover, the cross sections for producing these isobars 

are roughly s-independent up to 24 GeV/c. 

As shown in Fig. 9, our mass resolution on the recoil 

particle using only the recoil arm is good enough to separate the 

isobars at 100 GeV beam energy for 0.2 < It I < 6 (GeV/c)2. At higher 

beam energies the separation of isobars becomes more difficult, espe­

cially between the 1520 and 1688 isobars. Thus, we expect to measure 

isobar production cross sections certainly at 100 GeV and perhaps up 

to 300 GeV in incident energy. 

3. Experimental Setup 

The proposed experimental setup is shown in Fig. 5. A magnetic spectro­

meter is used to define the angle and momentum of the_recoil particle and a 
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forward spectrometer is similarly emp1.oyed for forward scattered particles. 

A set of monitors will also be provided in the tunnel. 

For the low ItJ region as shown in Fig. 9, only the recoil spectrometer 

need be used. Its resolution is sufficient to define elastic events, espe­

cia11y at lower energies. For the higher It I region, both spectrometers 

are used. Scintillation" counter hodoscopes are used in the forward spectro­

meter; the angle information and the momentum of the forward particle are 

used together with the information from the recoil spectrometer to define 
" 

the cop1anarity and elasticity of the event. Four parameters are measured 

and the elasticity of the event is therefore over-defined (the momentum and 

the angle of a recoil particle, and of a forward scattered particle are 

measured). 

3.1 Recoil Particle Spectrometer 

At large fixed angles momentum and t-va1ue of elastic recoil 

particles change very little when the incident beam energy increases. 

The angle and the momentum of the recoil particle is shown in Fig. 6 

for 300 GeV/c incident momentum. As was suggested ina note by 

10R. Carrigan, it is reasonable to use a magnetic spectrometer where 

high t-va1ues are studied. We propose to' make a magnetic spectrometer 

with two bending magnets and a proportional chamber system for recoil 

pa!tic1es in the B-O section as shown in Fig. 7. We will be able to 

use this spectrometer up to It\ = 15 (GeV/c)2 in. steps of 5 degrees • 

. The spectrometer consists of two magnets, four vertical and two 

horizontal proportional chamber planes and trigger counters. The 

relative position of these components to the target and beam line is 

," 



- 7 ­

shown in Fig. 7. The whole system is mounted on a carriage and will be 

remotely rotated around the center of the target. The carriage supports 

two magnets, proportional chambers, trigger counters and some elec­

tronic circuits. There will be some provision to change the relative 

angle of the two magnets on the carriage for different deflection angles. 

'The first two wire planes define the incident angle of the recoil, 

particle using only vertical wires. They will be placed about 0.5 and 

2.5 meters from the target. The vertical wires will have 1 mm spacing. 

The polar angle will be defined with an accuracy of ~ ± .4 mrad. The 

recoil particle line will be extrapolated back to the target to check 

that it originated in the target. 

There is a set of vertical and horizontal chambers between the two 

magnets, and another similar set two meters downstream from the second 

magnet. These also have one millimeter wire spacing vertically and two 

millimeters spacing horizontally. The 6.3 and 2.9 GeV/c protons, 

corresponding to It I = 10 and 4 (GeV/c)2, will be bent by 14.7 and 

32.10 at 18 kG respectively. The momentum resolution (4P/p) will be 

about .15 and .08% respectively. 

The solid angle is defined by the scintillation counter Sl, which 

subtends about'2.2 msr in the lab system and covers five degrees in the 

polar angle. The aperture at the entrance o'f the first bending magnet 

must be21.9 cm wide and6.)cmhigh to cover the solid angle. The aper~ 

tures of the bending magnets are larger than these dimensions (5 inches 

high and 20 inches wide). The magnets bend the recoil particle in 

horizontal plane as indicated in Fig. 7. The proposed shape of the 

magnet is shown in Fig. BA. It is almost a C-shaped magnet having only 
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a thin yoke on the beam side which acts as a magnetic shield for the 

main ring and gives structural strength. Although we are describing 

conventional magnets, we should like to use super-conducting magnets 

whenever they become feasible. 

The solid angle defining counter Sl is at the end of the spectro­

meter as is a second scintillation counter, S2. An absorber and a 

Cherenkov counter are placed between them. A signal derived from the 

coincidence of Sl and S2 will be used to register events into the 

computer. In addition, a coincidence is required with the RF structure 

of the,main ring beam to avoid events not originating in 'the target. 

Pulse height in the Cherenkov counter will be recorded and used to help 

eliminate background due to pions. 

Time of flight will be used at low t-va1ues only. The time of 

flight difference between a 2.9 GeV/c pion and a proton of the same 

momentum (It I = 4 (GeV/c)2) is about 1 ns. 

3.2 	 Mass Resolutions 

Measuring only the recoil proton, the missing mass squared of the 

forward 	scattered particle is given by 

M2 = m 2 + 2m 2 + 2m (E -E ) 
orr 0 r 


-2 (E E -p p cos e ).
oro r r 

Here the subscripts 0 and r refer to the incident and recoil particles 

respectively. Thus, the missing mass resolution can be estimated by 

taking 

+ 
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The results of our calculations are shown in Fig. 9. We have taken 

into account multiple scattering in the vacuum chamber windows and pro­

portional chambers and also the position measurement error in the 

chambers. 

If we insist on having resolution better than the separation between 

the elastics and the N*(1520), say a12 r;::;:I.7 (GeV/c)3 or&! r;::;:I370 MeV 

then, as may be observed in Fig. 9, we can measure from It I = .2 to 

It I = 10 (GeV/c)2 at 100 GeV/c. At 300 GeV/c we can measure from 

It I = .3 up to It I r;::;:I 9.0 (GeV/c)2 with only ~he recoil spectrometer. 

At the higher energies and momentum transfer values both spectrometers 

, * are required to separate elastics from the N IS. For example, at 300 

and 400 GeV/c the forward spectrometer acceptance begins at It I = 1.0 

and Itl = 1.8 (GeV/c)2 respectively. Thus, for energies below 300 GeV 

we will measure the angular distribution starting at It I = .2 and con­

tinue on up to about It I = 10 (GeV/c)2. At energies above 300 GeV our 

measurements will begin at some lower cut-off (e.g.~ It1 = 1.8 (GeV/c)2 

at 400 GeV) and continue to the higher t-values. 

3.3 Forwar~ Particle Spectrometer 

As is shown in Fig. 10, the forward scattered particles at fixed 

angle have increasing momentum and t-va1ues as the circulating beam 

energy increases. Therefore, the system at a fixed position with a 

fixed current measures elastic scattering for one energy only. The 

laboratory angle for the forward scattered particle at It I = 4 (GeV/c)2 

is 6.9, 5.2, and 4 mr for 300, 400, and 500 GeV beams respectively. 
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The system consists of three bending magnets and four sets of 

scintillation counter hodoscopes as indicated in Fig. 6. At 300 GeV 

the front end of the first magnet is placed 19.1 meters downstream 

from the jet target in order to cover the t-region from 4 to 10 (GeV/c)3. 

The current in the magnets as well as the position and angles of the 

magnets will be adjusted to accept only the elastically scattered protpns. 

The momentum acceptance, which should be about 0.5%, can be easily 

achieved and the necessary horizontal acceptance is 2 mr. The solid 

angle is defined by the recoil spectrometer. 

The scintillation counter hodoscopes are before the first magnet, 

between magnets, and after the last magnet in the forward spectrometer. 

There are also some anticoincidence counters to veto particles scattered 

from the steel surface and from the outside. Each hodoscope consists 

of twelve horizontal and six vertical scintillation counters. With the 

information from the forward spectrometer the cop1anarity and elasticity 

of the events will be determined, and we can select the elastically 

scattered protons from the background. If necessary, proportional 

chambers will be installed near the end of the forward spectrometer 

to improve resolution. For completeness we show the layout of the for­

ward spectrometer for a different energy in Fig. 11. 

The magnets are similar to the main ring magnets as far as aperture 

and length are concerned. The steel core is shaped like the recoil 

spectrometer, as shown in Fig. 8B. The outside dimensions will be 

about 23 inches high and 27 inches wide. 
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The first magnet has an apert~re 1.5 inches high and 9.75 inches 

wide with a 16 turn coil. The inside yoke is 1/4 inch thick and the 

coil is 2.39 inches wide •. Therefore, the particle can go through the 

magnet at a minimum distance of 2.64 inches from the outside surface. 

The second and third magnets have an aperture 2.0 inches high and 

8.73 inches wide and'24 turn coils. 

These magnets are connected in series and are excited by the same 

power supply to a magnetic field of about 18 kG with 3500 Amp. The 

resistance of the first and second magnets will be about 17 and 26 m O. 

The maximum total power consumption for these three magnets will be 

about 850 kW. 

The main ring vacuum pipe at BO will be shifted inward by one inch 

relative to the center line connecting the upstream and downstream 

quadrupole magnets. The injected beam will be centered in this pipe 

with local low field correction magnets. However, the high energy beam 

will be set to run 2 inches from the outer surface of the 6 inch pipe 

as shown in Fig. 9B. As the extraction septum in AO is set at 3 cm out­

side the center line and the abort target in DO is set at 1.5 inches, 

this would not seem to be a problem. 

The use of a local magnetic field beam bump at high energy will be 

considered. With this, modification the beam will be shifted outward 

to make a lower t-region accessible in the coincidence experiment. 

3.3 Monitor 

We will install a vacuum guide at right angles to the main ring 

beam line, which is about 4 meters 'long and covers laboratory angles 
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roughly from 90 to 80 degrees. 	 At the end of it will be installed 

several fixed solid state detectors which will be used to monitor 

small angle elastic events as was done in Experiment 36. These will 

be used as a relative luminosity monitor. 

We will also develop and install ~n absolute luminosity monitor, 

utilizing either light emission 	due to the beam hydrogen gas interaction 

or coulomb scattering. 

4. Counting Rates 

-7 3The d,ensity of the hydrogen jet 	is about 5x10 g/cm. As the present 

3" 17 /:abeam interaction region is about 1 cm , we can assume Nt = 3xlO proton cm 

is available as our target. The jet duration time is about 200 ms, and 3 or 

4 jet pulses in a main ring cycle are now possible. Also, the jet may be 

pulsed for one second continuously. We will operate the jet during the ramp 

for lower t-va1ues. For higher t-va1ues we may use the flat-top or front 

porches of the main ring ramp. 

The presently available beam intensity in the main ring is about 4xl012 

proton/pulse; this will be increased eventually to 5x10l3 proton/pulse. For. 

l3these calculations we assume 1x10 proton/pulse which may be a conservative 

value in the latter part of 1973. During a jet duration of 200 ms, the main 

ring beam circulates 104 turns around the ring. So effectively, the avail ­

1013able beam during a jet pulse is Nb = 104 x = 1017 proton/pulse. We 

will operate one jet at low energy and another at higher energy where the 

forward spectrometer is adjusted. We will operate 2 or 3 jets during flat ­

top when it is feasible. 
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The counting rate, N, per jet pulse is given by the following equation: 

N = N da ~ = 3 1034 ££ 6t 6~ / jet pulse
b Nt d t 6t 2 TT x d t 2TT 

N is given in Table 3, with the estimated da/dt values from the presently 

available data. 6p is given by 6.3 cm/(250 cm x sin e). The counting rate 

is defined by the solid angle of the recoil particle spectrometer since the 

forward particle hodoscope is made large enough to accommodate all the 

corresponding elastic events. 

The Russian members of our collaboration are presently exploring the 

possibility of increasing the density of the jet for use at the highest 

t-values. One possibility is to reduce the velocity of the jet and another 

is to develop a solid hydrogen target. With such modifications the jet 

density may be increased by a factor of 10 or more. On the other hand the 

13beam intensity maybe raised to 5x10 proton/pulse. With both these 

modifications the counting rate may be increased by a factor of 50 in the 

near future. Thus, the highest accessible t-va1ue may be higher than 

discussed in this proposal. 

5. Background Rate 

There are two types of background: one target associated and the other 

not. The background which does not come from the target was measured in 

May 1973 at 300 GeV to be about 16 minimum ionizing partic1es/cm2 /sec/1010 

"11
circulating protons at 3.5 feet from the beam line.. Thus, at 13 cm from 

the beam line and with 1013 circulating protons, the corresponding number 

is 106 partic1es/cm2 /sec. Although this rate is tolerable for the forward 

hodoscope, it will be reduced by at least an order of magnitude. First of 
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all, the experimental area at B-O will be designed more carefully so as 

not to restrict the circulating beam. Secondly a beam scraper at A17 and 

beam collimators at D-O will be used. 

The effect of the accidental rate due to particles coming from the 

target can be estimated for the forward spectrometer including the first 

forward hodoscope as follows. This hodoscope is more seriously affected 

than the recoil spectrometer. We estimate the background rate at the 

It\ = 4 (GeV/c)2 setting at 300 GeV. As there is a maximum of 1113 beam 

10
bunches in the main ring, we have Nb = 10 proton/bunch for a beam inten­

sity of 1013 ppp. The interval between beam bunches is about 20 ns and the 

total number of reactions during a bunch is estimated from a total cross 

section of 40 mb as follows: 

10 17 -27
U = 10 x 3 x 10 x 40 x 10 = 120tot 

The multiplicity measured by the bubble chamber is about 8.9 at 303 GeV, 

and the projected distribution in one dimension is shown in Fig. 12, where 

12the events are grouped in 0.5 mr bins. Therefore, we have about 1000 

charged particles coming from a jet target associated with a single beam 

bunch. The maximum number of particles going through the aperture of the 

first useful magnet opening (which is 4 mr horizontally and 1.5 inches high) 

is estimated to be less than 0.6%. Thus, on the average, 6 particles may 

go through this opening; we can easily select the elastic scattered proton 

from the information given by the following counter hodoscopes. As these 

1000 charge~ particles may produce many low energy daughter particles when 

they finally hit vacuum chambers and magnets, it is preferable to use a 

thin vacuum tube and also to place the counter hodoscope so that the back 
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scattered particles reach the hodoscope:out of phase with the scattered 

particles of interest, e.g., 10 ns later. The number of muons was measured 

in the CO area by Experiment 120. 13 They observed 500 ~/jet (=200 ms) 

/1012 proton at 250 GeV with a counter of 2/3" x 2/3 11 placed at 16 mr and 

3
at 32 feet downstream from the jet. This gives 2.5xlO- /bunch (=20 ns) 

/1013 proton/2 msr at 16 mr. This number will not cause difficulty for 

this 	experiment. 

6. 	 Comparisons with Other Experiments 

In the future, elastic scattering will be measured at NAL using the 

external beam. However, we can measure the elastic scattering of p-p and 

p-d in the main ring in a very flexible and efficient way. There are 

several advantages of the internal target experiment over external target 

experiments for these reactions: 

A. 	 It is possible to select the incident beam energy freely from the 

injection energy to the highest extraction energy. Thus the 

s-dependence measurement can be done easily and in a bias free 

way. 

B. 	 The internal target has the first access to the highest machine 

energy (500 GeV/c or even 1000 GeV/c because no slow extraction is 

involved). 

C. 	 The target is thin, so that the multiple scattering of the recoil 

particle is small compared to that of a liquid hydrogen target. 

Therefore, elastic scattering may be measured using only the recoil 

spectrometer over a large range of t (Fig.• 9). 
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D. The luminosity for the internal target is comparable to that of 

the 	external beam. For the internal target with 3 pulses of 200 ms 

13 13
width and a beam intensity of 10 ppp, L = Nb Nt = 10 x 3 x 

4' 7 23 3510 x 5 x 10· x 6 x 10 = 0.9 	x 10 • For the external beam with 

4xlO11 ppp and 4" long 	liquid hydr,ogen target we have: 

11 23 35
L = Nb Nt = 4 x 10 x 4 x 2.54 	x 0.071 x 6 x 10 = 1.7 x 10 

E. 	 At the internal target the incident beam has no pion contamination; 

identification of incident particles using Cherenkov counter is 

therefore not necessary. 

7. 	 Apparatus 

We are assuming the construction of the BO internal target area will 

be started sometime in 1973. Allowing six months for construction of this 

area, we expect the experimental area will be ready for occupation in early 

1974. While the experimental area of the BO straight section and the 

service building are under construction, we will work on preparations for 

the experiment. 

The major items which should be 	made or purchased during that time are: 

A. 	 BO general facility 

1. 	 Jet target 

2. Control system for 	jet target 

3. Helium liquifier, including 	dewars 

4. 	 Transfer line for helium 

5. Recovery system of 	gases 

6. 	 Beam bumping, possibly using local bump magnets 
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7. Monitors (beam intensity, ~am position, elastic monitor, etc.) 

8. Communication system (TV, utility crate) 

We assume NAL will supply all of these except for the jet target, which 

will be built by the Soviet collaborators. All of these are similar to the 

equipment presently in CO, and we expect all of it to be duplicated and 

completed in nine months. 

B. Experimental equipment 

1. Recoil spectrometer magnets 

2. Forward spectrometer magnets 

3. Power supplies for spectrometers 

4. Cooling system for spectrometers 

5. Fast logic circuits 

6. Proportional chamber system including Camac and its interface 

7. Scintillation counter hodoscopes 

8. On-line PDP-II system 

We request NAL to supply the spectrometer magnets and power supplies as 

well as the cooling system. Purdue University will build the proportional 

chambers and all scintillation counters. NAL will supply the readout 

electronics for. the chambers, the PDP-II, Camac and its interface. 

8. Experimental Procedure 

We will first study p-p and p-d elastic and inelastic scattering in 

the lower t-region up to 4 (GeV/c)a with continuous incident energies using 

only the recoil arm. For this phase of the experiment we need about 400 

hours of running time. 



- 18 ­

Next, using both the forward and recoil spectrometers, we will measure 

p_p elastic scattering in the high t-region with 200, 300, 400 and possibly 

500 GeV beams. This experiment needs about 600 hours of running. 

Thus, we are requesting a total of 1,000 hours of running time for all 

experiments. Within one month after we move into the new service building, 

we will be able to start the experiments. Members of our collaboration 

started the CO Internal Target Area and also helped carry out other experi­

ments. This has provided a driving force in CO.and we expect to provide a 

similar driving force in the new BO Internal Target Area. 

9. Possible 	Future Experiments 

The elastic scattering experiment we propose to do should be the first 

experiment in the new Internal Target Area; it will provide data essential 

to understanding the apparatus for further experiments. Using the same 

equipment and with some modifications the apparatus can also do the fo11ow­

ing experiments. 

9.1 	 P±P ~ p + anything 


±
9.2 p+p ~ TT + anything 

These two reactions will be very interesting to study over the 

entire s-range. We can do these experiments by adding suitable Cherenkov 

counters to the recoil arm. 

9.3 Elastic scattering from some nuclei 

Elastic scattering from some nuclei can be measured using the same 

equipment by observing the recoil nuclei with the low momentum spectro­

meter. 
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9.4 Polarization measurement 

A carbon polarizer can be placed after the first magnet of the 

recoil spectrometer in order to measure the left-right assymmetry 

with use of an extra set of wire chambers. A polarization measure­

ment in the region around the dip at\t I = 1.3 (GeV/c)2 should help 

provide an understanding of the mechanism responsible for the dip. 

+9.5 ptp .... TT + d 

10. Manpower 

In addition to the physicists listed on the title page, we expect 

one or more people from NAL and at least one graduate student from Purdue 

University to join the experiment when it is approved. 
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Table 1 - pp Elastic Scattering (at 300 GeV/c) 

Recoil Proton Scattered Proton 

t range P (GeV/c) E (GeV) Angle (0) P (GeV/c) Angle (0) Physics 


l. 	 O<t<O.Ol P<O.l E<0.005 6>87 =300 <0.02 Coulomb Interference 
Real Part 

2. O. Ol<t<O. 2 P<0.46 E<O.ll 6>76.5 =300 <0.09 	 Break in b 

3. 0.2<t<1 P<l. 2 	 E<0.55 6>61.5 >299.5 <0.19 

4. l<t<lO P<6.2 E<5.4 6>42 >294.6 <0.61 	 Dips 

5. 10<t<100 P<54.3 E<53.3 6>9.6 >246.5 <2.1 

6. 100<t 

Table 2 - pd Elastic Scattering (at 300 GeV/c) 

Recoil Deuteron Scattered Proton 

t range P (GeV/c) E (GeV) Angle (0) P (GeV/c) Angle (0 ) Physics 


1. 	 O<t<O.Ol P<O.l E<0.003 6>88.5 =300 <0.02 Coulomb Interference 
Real Part 

2. o • Ol<t<O. 2 P<0.45 E<0.053 6>.83.2 =JOO <0.09 	 Single Scattering 

3. 	 0.2<t<1 P<l.O E<0.27 6>75 >299.7 <0.19 Interference between 
single and double 
scattering 

4. l<t<lO P<4.2 E<2.7 6>50 >297.3 <0.61 	 Double scattering 

" 5. 10 <t<lOO P<28.4 E<26.6 6>19.6 >293.4 <2.0 

6. 100<t 

http:O<t<O.Ol
http:O<t<O.Ol


Table 3 	 Counting Rate 

1017 4 1013 dO'
N = 3 x x 10 x x dt ~t ~/ jet pulse 

pp Elastic Scattering 

It I dO'/dt ~t a sina ~<P N / jet pulse N /day** 

1 1.5xlO-30 
0.5 62° 0.88 0.028 102 3.3xlO6 


2 4xlO-32 
0.8 52.5° 0.79 0.032 4.8 1.6xl05 


4 3xlO-33 1.7 43.5° 0.69 0.036 0.88 3.0xlO4 


10 I\olxlO-36 4 30.3° 0.50 0.050 0.001 	 33 

pd Elastic Scattering 

1 6xlO-30 
0.8 75.5° 0.97 0.026 590 2.0xlO8 


2 lxlO-3l 1.0 69.3° 0.94 0.027 12 3.9xl05 


4 I\o5xlO- 35 1.7 61.5° 0.88 0.028 0.01 3.9xlO2 


** 
Note 1 	 These counting rates will be increased by a factor of 50 

in the future,as mentioned in the text due to the improvement 

of the main ring beam and the jet target. 

Note 2 	 For this calculation we assume 5 sec for a main ring cycle 

and three jets per pulse. Also we assume only two thirds of 

the total main ring pulses are available due to the sublim­

ation of jet and other miscellaneous things. 
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