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ABSTRACT 

Measurements of the differential cross sections for 

+ -backward TI p and TI p elastic scattering have been made for 

incident pion momenta between 30 and 90 GeV/c in the 

angular range O<-u<O.S(GeV/c) 2 [168° < e < 180°). ems The 

experiment was performed in a high momentum, high resolution 

hadron beam at the Fermi National Accelerator Laboratory. 

Interactions were produced in a liquid hydrogen target 

placed in the beam, and the scattering angles and momenta 

of the recoil pion and proton were measured in separate 

magnetic spectrometers. Backward elastic events were 

identified as those which satisfied the correct kinematic 

constraints. 

The angular distributions of the differential cross 

section are similar to those observed in the data of 

previous experiments below 20 GeV/c. A narrow backward 

peak at u = 0 with a sharp dip at -u ~ 0.15 (GeV/c) 2 

and a broad second maximum between -u ~ .25 and .45 (GeV/c) 2 

are observed in the TI+ cross sections for incident pion 

momenta of 30 and 50 GeV/c; evidence for similar structure 

is also seen at 70 GeV/c. On the contrary, the TI cross 

sections have a much broader backward peak with no evidence 

of a dip. 

viii 



The data are consistent with the parameterization 

givtn by a simple Reggeized baryon exchange model. It is 

supposed that the scattering may be explained by the 

exchange of only two specific trajectories; the ~o for 

n-p + pn-, the ~o and Na for n+p + pn+. As is given 

ix 

by this model, the momentum dependence of the differential 

cross-section, do/du for fixed u, may be parameterized 

with the form Pi~~u). The values n+ = 2.31 ± 0.07 and 

n 2.08 ± 0.06 are obtained for n at u = 0 for n+ and 

TI scattering respectively. 



CHAPTER 1 

INTRODUCTION 

This dissertation reports the results of an inves-

tigation of the backward elastic scattering of pions on pro-

tons at high energies. The data presented are the results 

of an experiment at Fermilab designed specifically to look 

at elastic interactions where pions are scattered in the CMS 

angular range 168°~8 ~180° {0~-u~0.5 (GeV/c) 2
] for incident ems 

pion momenta from30 to 90 GeV/c. After describing the 

experimental method and data analysis procedure, the results 

are given and compared to existing data and to theoretical 

models of the process. 

Interest in backward elastic scattering was spurred 

in 1965 by the report1 of an accumulation of events scattered 

at 180° when 4 GeV/c positive pions interacted with the pro-

tons in a liquid hydrogen bubble chamber at the CERN Proton 

Synchrotron. Other experiments 2 - 9 followed, firmly estab-

lishing the existence of a sharp peak in the elastic cross 

section at 180° for both TI+p and TI-p interactions for inci-

dent pion momenta from ~ 2 to 18 GeV/c. The results were 

striking. The well known forward peak of the differential 

cross section was successfully described by optical and Regge 

pole models involving pomeron and meson exchanges, which also 

l 



predicted a decrease in cross section with increasing 

4-momentum transfer squared t (hence increasing scattering 

angle) • The peak in the backward direction, at t = t 
max' 

suggested some other dynamical process to be responsible 

for scattering in this angular region. 

The data below 18 GeV/c are found to have a natural 

aiv1sion at ~ 5 GeV/c. Below this momentum, the 

aitferential cross secti.on at 180° varies erratically with 

energy, showing peaks and dips at various momenta. The 

correlation of these irregularities at energies 

corresponding to the masses of known baryon resonances 

supports the contention that a major contribution to the 

2 

backward cross section comes from resonance formation in the 

s-channel. That is, if the isobar production reaction 

... * 
n-p~N {~) is followed by decay of the isobar into the original 

* + particles, ~ (~)~pn-, such a process would be indistin-

guishable from backward scattering. The reaction with 

isooar production has an energy dependence which is resonant 

in character, and this is directly revealed in the backward 

elastic cross-section. Generally, good fits to the data are 

obtainea if one assumes a scattering amplitude written as 

the sum of a Breit-~igner resonance amplitude ana a 

non-resonant background, usually written in terms of a Regge 

amplitude 6
• 
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Above 5 GeV/c, the resonant contribution subsides and 

up to ~ 18 GeV/c the data show several characteristic 

features: 

(1) The elastic differential cross-section at 180° for 

n+p interactions is larger than for n-p 

interactions. . + -At 6 GeV/c, the ratio TI /TI is ~ 4. 

(2) The momentum dependence for the differential cross 

-n 
section at 180° talls smoothly as plab where n = -2.0 

for TI p and n=2.7 for TI+p scattering. 

(3) For fixed incident momentum, the dependence of the 

aifferential cross section do/du on u near u=O is of 

the form eBu [where u=-2q 2 (l+cosH*); q=CMS 

momentum; 0*=CMS pion scattering angle]. 

(4) for n+p scattering, a sharp dip in do/du is 

observea near u=-.15 (GeV/c) 2
• No such dip is 

observea for TI-p scattering. 

Although several optical models are capable of 

procucing peaks in the backward hemisphere 10
-

11
, none can 

satisfactorily explain the observed differences in magnitude 

+ anc shape of the TI ano TI backward differential 

cross sections. The best fits to the data were obtained 

with a model basea on Reggeized baryon exchange l 2 - l 3 

within the model, the backward elastic interaction is 

viewea as a quasi-inelastic process in which the incident 

pion is converted into a target proton and continues in the 



4 

same direction with a minimal change in momentum. In the 

interaction, the appropriate quantum numbers (baryon number, 

isospin) are exchanged in the crossed (u) channel with small 

+ 
4-momentum transfer. The appropriate diagrams for TI~ 

scattering are shown in fig. 1. Hence, the apparently 

violent collision [t=s] is treated as a soft, peripheral 

process in the u-channel. Much in the same way that the 

peripheral exchange of mesons the t-channel leads to a peak 

in forward direction, so does the peripheral exchange of 

baryons in the u-channel leaa to a backward peak. 

+ 
TI 

p 

Figure 1. 

' ' ' ' ' 

N,6 

' ' ' 

p TI 

' ' + 
TI p 

' ' ' ' ' 

' ' 

p 

' ' ' TI 

+ Baryon exchange diagrams for TI and TI proton 
backward elastic scattering. 
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This hypothesis is well verified in a variety of 

oth~r interactions, and it seems relatively well establishea 

that for CMS energies above the resonance region, when the 

excnange of a known baryon would leaa one to preaict a 

back~ara peak then, and only then, is one observed 14
• 

In Regge theory, an interaction is mediated by the 

exchange of a reggeon, an assembly of particles with 

aefinite quantum numbers (baryon number, isospin, parity) 

except spin, which varies continuously with the four 

momentum transfer squared (u). The functional relationship 

between spin and u, known as the Regge trajectory, is not 

preaictea by the theory; in the simplest models it is 

assumea to be linear (as suggested by its form in the 

physical mass region of the Chew-Frautschi plots). The 

scattering amplitude is written as: 15 

1 + i Te - i 1T 0. ( U ) 
M = F(u) cos na.(u) 

- F(u) - real function of u 

- o.(u} - Regge trajectory 

so.(u)-1/2 

s 0 

- T - ±1 signature of trajectory 

which gives a differential cross section of the form: 

00 
au "'llMI 2 = f (u) s 

s 
So 

20.(U)-2 



Hence, it is predicted that do/du for fixed u varies as a 

power of s, which at high energies means a power of Plab" 

For n+p scattering, the amplitude can contain 

contributions from the Na and 8 6 trajectories 

(associated with the nucleon, and 3,3 resonance 

re£pectively) {*) In n-p scattering, only the ~ 6 
contributes. The strong difterences in magnitude and 

~ngular aistribution of the n+p and n-p cross 

sections have been interpreted as evidence that the b 0 

contribution to n+p scattering below 20 GeV/c is small. 

6 

Cnaer this assumption, a fit to the data with a conventional 

Regge mooel using linear trajectories was performed and 

found in good agreement with extrapolations of linear fits 

to known baryon resonance masses for u < o. The sharp 

dip in the n+p angular distribution was attributed to 

the vanishing of the signature term, 1 + iTe-ina(u), 

of the Na amplitude at aN(u)=-1/2. Because of the 

opposite signature of the ~o traJectory, no dip at 

u(u)=-1/2 is preoictea in n-p scattering; nor is one 

observea. 

(*) ~he exchange of the Ny trajectory is also 
possible and may contribute to the scattering 
amplitude. However, in the simple Regge model, this 
contribution is assumed to be small. For further 
aiscussion, see Chapter rv.b. 
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Subsequent results from polarization experiments and 

backward charge exchange (n-p~nn°) experiments, 

which also may exchange N and ~ trajectories, could not be 

explained by this conventional Regge model. More 

sophisticatea models, incorporating additional trajectories, 

absorption and cuts, were proposed to fit the data 16
-

18
• 

However, for TI~ scattering near u~o it was believed 

that the conventional model would remain approximately valid. 

Using this model, one can make definite predictions 

on the behaviour of the cross sections with increasing 

energy. If one writes the amplituaes as 19
: 

t+ 2/3 ~ + 1/3 ~ 

where N, ~ are the amplitudes tor Na and b 6 

exchange respectively, then since the Na trajectory lies 

below the ~ 0 , the Nu amplitude will fall more 

rapialy than the b 0 with increasing energy. Hence it is 

expected that asymptotically both scatterings should be 

aominatea by ~ 6 exchange. Specifically, the n+p 

angular cross-section do+/du at u = 0 should become 

~ 1/9 do-/du at high incident momentum, contrary to 

the situation at lower momenta. From an extrapolation of 

low momentum results one would expect the cross sections to 

cross at ~ 50 GeV/c. It is also predictea that the dip in 

the n+p angular distribution will disappear at high 

momentum, gradually being filled in by the contribution from 



the u
0 

exchange. Eventually the TI+ angular distribution 

shoula become similar to the TI • 

The first results above 18 GeV/c came from 

ex~erirnents performed at Serpukhov by Babaev and co­

worKers20-21 curing the first half of the 1970's, where 

8 

they stuaied the reactions TI n+nTI (isotopically equivalent 

to n+p+pTI+) and TI-p+pTI- at ~ 25 and 38 GeV/c. For the former 

reaction, they measured aa+/du at u = O to be about a 

factor 3 larger than was expected from an extrapolation of 

1 t lt . th t . - 2 • 7 t ow mornen urn resu s using e expec ea p rnornen um 

cepenaence. The angular distribution also remained sharply 

peokea, as at lower momenta. In the latter reaction, 

although the magnitude of the cross section do /du at 

u=O was consistent with Regge predictions, the angular 

uistribution became much more peakea near u=O. These 

results could not be explained by the conventional Regge 

moael and inaicatea the possible existence of new 

(non-Regge) terms in the scattering amplitude. It was 

urguea that the eftect of such terms would not be seen at 

lower energies due to small couplings, but would have a 

lesser momentum dependence than Regge terms and would 

asymptotically dominate over them. New models were proposed 

along these lines 22 - 24 • 

~his experiment at Ferrnilab was performed to test the 

theoretical models to the highest energy practical, and to 

cover the momentum range of the Serpukhov experiments again. 



CHAPTER 2 

EXPERIMENTAL METHOD 

The elastic interactions were produced by directing 

a pion beam of known momentum onto a liquid hydrogen target. 

The scattering angles and momenta of the recoil pion and 

proton were measured in separate magnetic spectrometers. 

Each spectrometer consisted of an analysis magnet to 

disperse momenta, with scintillation counter hodoscopes and 

multiwire proportional chambers (MWPC's) on either side to 

determine particle trajectories. A threshold Cerenkov 

counter was placed in the forward spectrometer to identify 

the forward scattered particle as a proton. The counter 

hodoscopes provided a fast, albeit crude, momentum-angle 

measurement for each particle. An electronic comparison 

was made between the forward and backward hodoscopes, and 

any event whose correlation was close to that expected for 

an elastic scatter was selected as an elastic candidate at 

the trigger level. For these events, the precise trajectory 

information from the MWPC's and other spectrometer instru­

mentation was saved on magnetic tape for more detailed 

off-line analysis. A description of the beam line and 

spectrometer systems is given below. 

9 
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a. Beam 

The pions for experimental use were produced by 

steering a 400 GeV/c proton beam, extracted from the 

Fermilab Proton Synchrotron, onto a 20.3 x 0.05 x 0.05 cm 

beryllium target. Secondary particles produced at a 2.5 mr 

horizontal angle were collected, momentum analyzed and 

iaentified in a 420 meter long beam line, and directed onto 

a liquid hydrogen target. A schematic layout of the beam 

transport components which form the M6 beam line at Fermilab 

is shown in fig. 2. 

The M6 beam is a high momentum, high resolution beam 

line with three stages and three foci. Following the target 

is a set of septum magnets and collimators which define the 

angular acceptance of the beam line. The first set of 

quaarupole magnets, Q1Q2, form a focusing doublet 

which produces a parallel beam which is then dispersed in 

momentum by the main bend dipoles Bl. Particles of the 

desired momentum are focused horizontally and vertically at 

the tirst focus by the second quadrupole doublet, Q 3 Q~. 

At this focus the beam has a momentum dispersion of 

approximately 6 cm/(% ilp/p}. The momentum acceptance of 

the beam is definea by the movable jaws of the ~p/p 

collimator. During the experiment the aperture of this 

coll1niator was varied trom ~ 1-3 cm depenaing on momentum 

to maintain the desired flux on the liquid hydrogen target. 
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EXTERNAL PROTON 
BEAM 
BERYLLIUM TARGET 

F-STOP COLLIMATOR 

~=====l-Oa 
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Figure 2. Schematic Diagram of Fermilab M6 Beam Line. 
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A field lens consisting of a single horizontally 

tocusing quadrupole, Qs, is also located at the 1st 

tocus to minimize vignetting. 

A similar transformation, point to parallel, bend, 

parallel to point, is repeated in the second section. 

Momentum dispersion at the 2nd focus is 4.442 cm/(%ap/p}. 

Horizontal and vertical collimators are used there to 

minin1ize beam halo. Another single horizontally focusing 

quaarupole, Q10, acts as a field lens. 

12 

In the third stage of the beam, the point to parallel 

transtormation is performed by the quadrupole triplet, 

01 lr Q12, Q13. Dipole bend string B3 recombines 

momentum by reversing the dispersion introduced by B2 and 

B3. The quadrupoles Q1--17 refocus the beam wherever 

aesired. For this experiment, a parallel beam at the liquid 

hyarogen target was required, therefore this final focusing 

procedure was not performed. 

The oeam was defined tor trigger purposes by a beam 

telescope consisting of three plastic scintillation 

counters. (Bl, B2, Al in fig. 3). The dimensions of these 

counters were: 

Counter Size (cm) ~hickness (cm) 

bl 3.8 cm dia 0.64 cm 

B2 3.8 cm dia 0.64 cm 

Al 20.x20. cm 0.64 cm 

w/3.8 cm hole 



I\ tast logic coincidence/anticoincidence between B
1

B
2

A
1 

maae it possible to tag a beam particle while eliminating 

tnose which interactea upstream. 

13 

Partial identification of beam particles was provided 

by an 18 meter long He gas threshold Cerenkov counter 

located in the third section of the beam line. With its 

pressure adjusted just above pion threshola, it tagged 

particles of a pion mass or less, thereby eliminating 

triggers caused by protons or kaons. Remaining minority 

particles in the beam (muons and electrons) were measured at 

every beam momentum and polarity. The percentage of muons 

w~s determined by measuring beam transmission through a 

4.5 ffieter Fe beam stop, and found to vary between 1% and 2% 

uepenaing on beam momentum. Electron contamination was 

rn~a~urea with a 13 x 13 x 25 cm lead glass shower counter. 

Th~ signals from a photomultiplier optically coupled to the 

block were aigitized and properly normalized provided a 

uirect measure of the fraction of electrons in the beam. 

This fraction varied from ~ 10% at 30 GeV/c to a 

negligible amount above 70 GeV/c. 

Beam size at the hydrogen target was approximately 

3.8 cm in aiarneter. It had a divergence of ~ ±0.3 mrad. 

ana a nominal momentum spread of ±0.2%. Approximately 1.5 

x 10 6 b~am pions were uniformly received per 1 second 

synchrotron spill. Since the proton beam circulating in the 
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synchrotron was not debunched prior to extraction, the 

seconaary pion beam exhibited the RF structure impressed 

curing acceleration. Pions therefore were confined to 

arriving in buckets, each separated by approximately 

19 nanoseconds; roughly 1 bucket in 35 was occupied. 

15 

A 32 element scintillation counter hodoscope was 

placea at the 2nd focus (F2 in fig. 2) to accurately define 

tne momentum of an incident pion. Each element measured 

3 mm wiae and overlapped its neighbour by 1/3 giving a 

spacial resolution of 1 mm. At F2, this translated to a 

momentum resolution of ±0.024%. Two sets of wire 

proportional chambers located 22 and 3 meters upstream of 

the liquid hydrogen target provided directional and 

positional information of the incident beam. Each set 

contained both x and y planes with wirespacings of 2mm; 

angular resolution of the arrangement was ±0.06 mrad. 

b. Liquid Hydrogen Target 

The target consisted of a cylindrical vessel, 1 meter 

long and 7.5 cm in diameter, constructed of 0.25 mm mylar. 

The vessel was wrapped in ~ 40 layers of 6.4 mm aluminized 

mylar to minimize radiative heat absorption, and suspended 

in an evacuated target enclosure. The necessary plumbing 

connections were provided between the vessel and a hydrogen 

liqu1rication system to allow easy filling and proper 

venting of the target. The target enclosure had an 
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unusually large exit window constructed of 0.4 mm mylar 

s~anning the entire length of one side and both ends. This 

teature was necessary to accomodate the large angular range 

ot the scattered pions and the length of the target. Filled 

with liquid hydrogen, the target represented approximately 

O.l absorption lengths. 

All sides of the target enclosure, excluding the exit 

winaow, were covered by veto counters to improve rejection 

ot inelastic interactions. Additional veto counters were 

~lso judiciously located downstream (see figs. 3,4). 

c. Forward Spectrometer 

Trajectory and momentum information on the forward 

going proton was provided by four sets of multiwire 

proportional chambers (MWPC's) located on either side of an 

analysis magnet as shown in fig. 3. The two chambers 

(P3,P4) located between the target and the magnet consisted 

ot one x and y plane each; the two behind the magnet 

(PS,P6), one x plane each. Lateral wire spacing for all 

planes was 2 mm and the chambers were adequately dimensioned 

not to be aperture limits. 

Momentum dispersion was provided by the magnetic 

field of one or two standard Fermilab BM109 analysis 

magnets. Each magnet had a gap of 6" x 24'', pole length of 

72" and equipped with conventional coils could produce a 

maximum field integral of 1450 kG-in. 
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So that resolution and acceptance could be maintained 

over the aesired momentum range from 30 to 90 GeV/c, the 

length of the spP.ctrometer was approximately scaled. In 

total, two layouts were used. In the first layout, for data 

taking at ±30 ana ±50 GeV/c, the overall length was 

30 meters with a single analysis magnet located 11 meters 

from the target. The magnetic field integral was held at a 

constant 1337 kG-in for both incident momenta, which 

pruviaea a momentum resolution ~p/p 2 = ±2xlo- 4 (GeV/c) - 1
• 

'lhe scattering angle resolution, ~e, of this arrangement 

w.:ls :t0.34 mraa. 

In the second layout, used for additional running at 

-~O GeV/c, and for running at ±70 and -90 GeV/c, the 

overall length was increased to 60 meters. Two analysis 

magnets were necessary to obtain the aesired momentum 

resolution and were located a distance of 31 meters from the 

target. The magnet field was scalea with momentum to 

proviae the same resolution at the three momenta. To 

minimize the aetrirnental effects of multiple scattering on 

the spectrometer resolution, helium-filled drift spaces were 

proviaea before and after the analysis magnets where space 

~llowea. This geometry had momentum {8p/p) and scattering 

angle resolutions of ±0.4% and ±0.110 mrad. respectively. 

For both layouts, the acceptance was well matched to that of 

the backwara spectrometer, both approximately covering the 

same CMS angular range for backward elastic interactions. 
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The forward spectrometer contained additional 

instrumentation designed to quickly provide information on 

the forward scattered particle and be used in forming the 

trigger. A scintillation counter telescope array, 

consisting of two hodoscope planes of eight elements each, 

was located beyond the analysis magnet (F , F in fig. 3) 
Q ~ 

to provide a crude determination of the scattering angle and 

momentum of the particle. The elements of each hodoscope 

were physically placed such that a simple coincidence 

oetween a given element in Fa and the corresponding 

element in Fl.) indicated a particle with a scattering 

angle momentum combination expected for an elastic scatter. 

The approximate resolution of a pair of elements was ~s.o 

c~ 0.3) mrad. for the low (high) mome~tum geometries 

corresponding to a momentum resolution, ~p/p ~ ±13%. 

The information from this telescope, together with that from 

the backward spectrometer hodoscope provided the kinematic 

constraints on a trigger which heavily favoured elastic 

scattering. 

A 1.5 meter aiameter, nine meter long gas Cerenkov 

counter was also located in the downstream half of the 

torward spectrometer. Set just below the threshold of the 

highest momentum proton expected from an elastic scatter, it 

was usea to veto any particle not a proton which otherwise 

sa ti sf iea the trigger requirements. 'I'he large aper tu re was 

necessary to cover the entire angular range of the 



elastically scattered protons. The counter found its 

greatest usefulness in the n+ running, where the 

peripherally scattered TI+ kinematically closely 
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resembles the proton from a backward elastic scatter. In 

this case, the trigger rate was typically reduced a factor 

70 by including the Cerenkov counter in veto. For TI 

running, a forward scatterea TI- followed a vastly 

oitterent trajectory from a proton beyond the analysis 

magnet, thereby increasing the efficiency of the kinematic 

trigger requirements. Inclusion of the Cerenkov counter 

reauced the trigger rate by 1.5 in this case. 

The Cerenkov light produced in the counter was 

focusea by tour spherical mirrors mounted at the downstream 

end onto the 1.5" photocathode of an RCA C31000-M photo­

multiplier. Particles exiting the counter had to traverse 

the one-inch glass from which the mirrors were made, 

theretore the counter was placed as close as possible to the 

final MWPC to minimize position measurement errors caused by 

multiple coulomb scattering and interactions in the glass. 
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d. Backward Spectrometer 

Because the backwara pion momentum is much lower than 

the forward protons, the backward spectrometer was of more 

moaest proportions, being 2.5 meters overall in length. Its 

position, on an axis rotated 135° from the incident beam 

airection about the center of the hydrogen target, was 

oeterminea by a Monte-Carlo program as providing the largest 

geometrical acceptance for the given magnet aperture 

(fig. 4). To minimize instrumental uncertainties, it was 

aesigned to cover the desired center of mass angular range 

(168° ~ 6cms 5 180°) without a change in geometry. 

Since the backward scattered pion kinematics are relatively 

inaependent of incident momentum in the range covered by 

this experiment, the same layout could be used for all 

momenta. 

As in the forward spectrometer, MWPC's were use6 to 

aetine particle trajectories on either side of the analysis 

magnet. Before the magnet, lateral track position was 

determined by 2 planes of vertical wires of 2 mm spacing, 

separatea by 13 cm; vertical position by 3 planes of 

horizontal wires also spaced by 2 mm and separated by 13 cm 

and 10 cm. The chambers were aligned and fixed in a cradle 

which was attached to the front face of the magnet. This 

compact configuration permitted close placement of the 
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analysis magnet to the target thereby maximizing 

acceptance. The analysis magnet aperture was 183 cm x 46 cm 

with a pole length of 46 cm. The central field developed 

was 4.2 kG giving an effective field integral of 126 

kG-inch. The field orientation depended on beam polarity 

ana was selected such that the backward elastically 

scattered pion was always bent away from the incident beam 

axis. Due to the proximity of the magnet ana target, it was 

necessary to cut a channel in the return iron to allow the 

incident beam to pass through. The field in this channel 

introauced a slight deflection in the incident beam 

a1r0ction which was measured during calibration runs and 

corrected for in the analysis. Behind the magnet, only the 

horizontal track projection was measured, using two pl~nes 

ot vertical wires. Wire spacing in the planes was 2 mm with 

aoJacent wires joined together, yielding an effective 

spacing of 4 mm. The distance between planes was 

~ 40 cm. To accomodate the large angular range of the 

back scattered pions in the Lab, the vertical planes each 

cons1stea of several indiviaual chambers positioned side by 

side; two in the first plane, three in the second. The 

chamber trames were overlapped to minimize holes in the 

acceptance. Monte-Carlo calculation showed this effect to 

be smearea in u due to the finite target length; the 

acceptance was corrected accordingly. The sensitive area of 

all wire planes was sufficient not to be aperture limits. 



Located behind the final MWPC plane was the pion 

trigger hodoscope (S1-S12 Hodoscope in fig. 4). It 
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consisted of 24 scintillation counters 11.5" wide x 12'' high 

arran3ed in a 2 high by 12 wide matrix. The pion position 

measured by this hodoscope gave approximate information on 

the pion momentum and scattering angle (assuming it to be 

elastic). This information was then used with that from the 

f orwaro spectrometer telescope in making the trigger 

aecision. The time between beam arrival and the firing of a 

particular hodoscope element was digitized and saved for 

each event. This information proved useful in eliminating 

acciaental triggers not originating in the target in the 

oft-line analysis. 

e. Trigger Logic 

The fast logic system was designed to rapidly 

ioentity those events in which a pion entered the target, a 

recoil particle was detected in the backward spectrometer 

ano a proton passed through the forward spectrometer with 

the requirement that the trajectories of both particles (as 

determined by the trigger hodoscopes) were consistent with 

those expected for an elastic event. A block diagram of the 

logic is given in fig. s. A detailed diagram is given in 

Appendix A. 
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Figure 5. Block Diagram of Fast Logic. 
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A beam pion was identified by the beam telescope as 

the coinciaence B=B1 B
2

A1 cn. To minimize background in the 

MWPC's, a pion arriving at time t was accepted only if it 
0 

was not accompanied by a second during the time interval 

t
0

z25 ns. A signal from the S
0 

counter and an element 

of the S-hodoscope at the correct time following B1 

defined as BS=B.S
0

•(s
1

+s
2

+ ••• s12), indicated that 

a particle emerged from the target and passed through the 

backward arm. The BS signal was used as a pretrigger, \••hich 

began an event cycle that temporarily disabled the 

experiment and stored the MWPC and S-hodoscope information 

in latches until the signals from the forward hodoscopes ana 

Cerenkov counter were receivea and processed. The 

coinciaences Bs1 , Bs2 ••• Bs12 were also formea and 

stored in delay lines for later use in forming the final 

trigger. 



'I'ypically 1 beam pion in 2000 resulted in a BS 

pretrigger. 

Following a delay a ~400 ns, the forward hodoscope 

signals were received and the coincidences F. = F . • Fk
1
. 

i en .., 

(i=l,8) were formed. At this point, the kinematic 

constraints were imposed. The signal BSF, defined as: 

BSF = LBS. A .. F. i = 1, 12; j = 1, 8 l lJ J 
where A .. = 8 x 12 matrix of O's and l's lJ 

was tormed in a hard wired coincidence matrix which 

aescribea the correlation between elements of the forward 
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ana backward hodoscopes for backward elastic events. This 

correlation followed directly from 2-body elastic kinematics 

ana was determined by computer simulation of elastic events 

in the apparatus. A BSF signal thus indicated that an event 

had a hodoscope hit pattern characteristic of an elastic 

event. In reality, such patterns resulted not only from 

true backward elastic scatters, but also from nearly elastic 

inelastic scatters and interactions occurring upstream of 

the liquid hydrogen target. The latter sources were the 

most prolific. 

The final coincidence, MASTER TRIGGER = BSF·CF 

ensured the forward particle was a proton and selected the 

event as a possible elastic event to be saved. The data 

acquisition computer was notified, and a readout cycle began 
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transferring the event data stored in the latches and 

scaiers to the computer memory and eventually to magnetic 

tape. Upon completion of the transfer, the event cycle 

enaea with the clearing of the latches and the appropriate 

scalers and the reenabling of the experiment. An entire 

event cycle took approximately 10 milliseconds. 

Any BS pretrigger which was not followed by the 

appropriate signals from the forward counters resulted in 

the clearing of all temporarily stored data and the prompt 

reenabling of the experiment without computer readout. The 

aeaatime thus introduced was < 2µsec. Approximately 99% 

ot the pretriggers fell into this category. 

Approximately 10 MASTER TRIGGERS were generated for 

each beam spill of 1.5 x 10 6 pions. 

During the experiment, the outputs of various 

counters ana coincidences were counted on scalers and used 

as diagnostic checks that the entire apparatus was 

functioning properly. The total number of pions incident on 

the liquid hydrogen target during the time the experiment 

was enabled, as defined by the beam telescope, was scaled at 

each momentum and used to normalize the final differential 

cross-sections. 



CHAPTER 3 

DATA ANALYSIS 

The data from this experiment were analyzed on the 

Fermilab central computers (CDC-6600). The analysis pro­

cedure for each event included the geometrical reconstruc­

tion, during which time many obviously non-elastic events 

were excluded, followed by the construction of several 

kinematic variables which were a measure of how near to 

elastic the event was. Elastic events were finally selected 

by making the appropriate cuts on these kinematic variables. 

Since the cross sections, and hence statistics, were small, 

particular attention was given to making the analysis program 

as efficient as possible in extracting elastic events from 

the data. A summary of the data acquired and analyzed during 

the experiment is given in Table 1. A detailed description 

of the various steps in the data analysis follows. 

a. Reconstruction 

The first stage of the analysis began with the 

geometrical reconstruction of the event in the backward 

spectrometer. Tracks were first reconstructed in x projec­

tion in front and beyond the analysis magnet. For this to 

be possible, it was required that at least 3 of the 4 MWPC 

x planes in the backward arm recorded ~ 1 hit; with less 

27 
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Table 1. Summary of Data Taken for + and 7T Running from 7T 

30-90 GeV/c. 

Inciaent Momentum Number of Pions Number of Number of 

Particle (GeV/c) on Target Triggers Elastic 

Events 

+ 30 25.5 x 10 9 130 x 10 3 100 Tl 
+ 50 45.4 x 10 9 263 x 10 3 62 Tl 

Tl+ 70 49.6 x 10 9 621 x 10 3 14 

1T 30 33.7 x 10 9 256 x 10 3 142 

TI 50 88.6 x 10 9 271 x 10 3 121 

TI 70 58.3 x 10 9 305 x 10 3 31 

TI 90 43.0 x 10 9 233 x 10 3 13 

information the event could not be analyzed. Since the 

MWPC's were less than 100% efficient, it was possible for 

a pion to pass through the four planes without having 

all four register a hit. Requiring three of four 

planes made it possible to obtain good reconstruction 

efficiency and still extract the desired kinematic 

information. Given the efficiencies of the chambers, 

> 95% of the pions from elastic interactions would have 

trajectories which could be reconstructed under this premise. 

Events were divided into two groups: (i) those in 
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which all 4 x-planes recorded at least one hit, and (ii) 

those in which only 3 of 4 x-planes recorded hits. The 

method used to construct tracks depended on which category 

an event fell into. 

For events in group (i), a track was formed by 

joining with a straight line a hit in one x-plane with a hit 

in the other on the same side of the analysis magnet. In 

the situation where a plane had more than one hit, all 

con.binations of hits were used to produce a set of tracks. 

This procedure was used to reconstruct tracks on both sides 

of the analysis magnet, thus yielding two sets of tracks. 

10 reduce the number of tracks which did not correspond to 

true charged particle trajectories (combinatorial 

background), a track behind the analysis magnet was accepted 

as legitimate only if it extrapolated to an S-hodoscope 

element which was recorded as being hit. Other tracks were 

aeletea. If in this way all tracks were deleted, it was 

assumed that one of the planes failed to record a true hit 

but contained spurious acciaental hits. The event was then 

reclassified into group (ii) and reconstructed as such. 

The same procedure, pairing hits between two planes, 

was also used to generate tracks for events in group (ii), 

however, in this case it was possible on only one side of 

tl1e magnet (the side on which both x-planes recorded hits). 

To proauce tracks on the opposite side, the tracks were 

propagated through the magnetic field and fit to a hit 
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recorded in one of the x-planes on the opposite side, by 

varying the curvature (momentum) of the track in the field 

region. All possible combinations were tried and again only 

those tracks behina the magnet which extrapolated to a 

S-hoaoscope element which was hit were considered valid. 

Either procedure produced two sets of tracks, one 

before and one after the magnet. Tracks from each set were 

pa1rea with the requirement that they meet within the magnet 

aperture, and the momentum calculated. The event was 

r~qu1rea to have a track pair that pointed back to the 

liquia hydrogen target, had the correct sign momentum, and 

hoa the prop~r time of flight from the target to the 

S-hodoscope. A data summary tape was generated on which 

events meeting these criteria were saved for further 

analysis. This first stage analysis eliminated ~ 90% of 

the raw triggers and rapidly reduced the data sample to a 

more manageable size. 

In the secona stage of the analysis, incident beam 

tracks and tracks in forward spectrometer were reconstructed 

in both x anci y projections. For the beam tracks, 

information irom both beam chambers was used if available. 

It the P1 chamber failea to record a hit because of 

inetticiency the positional information from the P2 

chamber was used and the nominal beam direction was assigned 

to the track. Negligible error was introducea using this 

procedure owing to the small divergence of the beam. The 



beam tracks were extrapolated through the channel in the 

backwara spectrometer analysis magnet, their x slope 

properly adjusted for the slight deflection introduced in 

the channel (mentioned earlier), and coupled with a 

reconstructed track from the backward spectrometer. The 

pro3ectea backward pion scattering angles,e~ and e~, 

and the target vertex coordinates were then calculated. 
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A kinematics program used the incident pion momentum 

ana the backward scattering angle to predict the momentum of 

the backwara pion and the scattering angle and momentum of 

the torward proton assuming elastic kinematics. The quantity 

I 

was calculatea, where pTI, (pTI) is the measured 

(predicted) pion momentum. This quantity, a measure of the 

aiscrepancy of the true pion momentum from that expected of 

an elastic scatter at the same angle, has the same 

iunctional dependence on momentum as the momentum resolution 

does. Hence, the width of the distribution of elastic 

events in xTI is constant for all pion momenta, allowing 

the final elastic cut on this variable to be the same for 

all scattering angles. 

The projected scattering angles of the proton, 

u~r ana b~r, were aeterrnined by reconstructing tracks in 

the rirst half of the forward spectrometer using the MWPC 
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intormation and the reconstructed target vertex as an 

~ao1t1onal constraint. In order not to lose events due to 

any inetticiency in P
3

, this chamber was not required for 

track reconstruction but the information from it used if 

ava1iable. In those cases where the P4 chamber did not 

recora a hit, tracks were generated from the P
5 

chamber 

extrapolating back through the analysis magnet to the target 

vertex assuming its momentum to be elastic. Otherwise, P5 
was not used. 

Using the predicted momenta and the measured 

scattering angles for the pion and proton, the projected 

transverse momenta, defined as: 

p' sinepr 
pr x(y) 

were calculated. These quantities were used to determine 

TI pr 
the transverse momentum imbalance ~Px(y)= Px(y)- p x(y) for 

the event (assuming it was elastic). 

The program then calculated the proton trajectory 

beyond the analysis magnet, using the reconstructed proton 

track from the target and the predicted elastic momentum, 

ana predicted the horizontal coorainate of the proton track 

in the P
6 

proportional chamber. The calculated proton 

trajectory was required to intersect the hodoscope elements 

in Fa and F~ which were involved in the trigger. 

The aistance between the calculated position in P6 , and 

the closest recorded hit, L1Xp
6

' was calculated. 
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b. Event Selection 

After the events were reconstructed, histograms were 

maae of the number of events versus the variables x , 
TI 

upx' opy amd ~xp6 • These plots all showed the same 

characteristic feature events superimposed on a rather 

smooth background of inelastic events. A typical example is 

the histogram of xTI, the deviation of the true pion 

momentum from the expected elastic momentum, shown in 

fig. 6. The inelastic background is mostly to one side of 

tile peak, as expected since the momentum of an inelastically 

scattered pion is always less than that of an elastically 

scattered pion produced at the same angle. The width of the 

peak directly reflects the momentum resolution of the 

backward spectrometer. 

The final selection of elastic events was made by 

choosing those events which fell within a prescribed 

interval about the elastic peak of each of the 4 variables. 

The limits of this interval for a given variable were 

aecermined by observing the position and width of the 

elastic peak. The elastic cut thus defined was simply a 

cutotf value for the variable beyond which events were not 

considered to be elastic. To determine the optimum elastic 

cuts, several sets of histograms of the variables were 

generated. 
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In the first set, no cuts or very loose cuts were 

used. From these histograms, examples of which are given in 

the unshaded plots of figs 6-9, only an approximate 

determination of the elastic cuts could be made because the 

precise shape of the elastic peak was obscured by a large 

amount of inelastic background. Using these approximate 

cuts, another set of histograms was generated which 

contained a much lower proportion of background, allowing a 

more accurate determination of the shape of the elastic 

peak. A new set of cuts was then defined and another set of 

histograms generated. This iterative process was repeated 

until the tinal set of elastic cuts, wide enough to include 

all true elastic events yet sufficiently narrow to exclude 

the most inelastic background, was chosen. 

The events accepted by the elastic cuts were used to 

generate a final histogram of the number of events versus 

the four-momentum transfer squared, u; the value of u for 

each event being calculated from the scattering angle of the 

backward pion. Events in this histogram consisted of the 

true elastic scatters and a small background of inelastic 

events topologically similar enough to elastic events to be 

accepted by the elastic cuts. 
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c. Inelastic Background 

Inelastic background in the final data sample was 

calculated using the distribution of events in the variable 

xn. From a histogram similar to the shaded curve of 

fig. 6, the distribution of events surviving the elastic 

cuts on all the variables except xn, the background 

outside the elastic peak was found to be approximately flat 

for positive xn' and to eventually fall to zero for 

negative x • To determine the amount of background n 

beneath the elastic peak, the assumption was made that it 

varied linearly from its level on one side of the elastic 

peak to its level on the other. A ± 50% systematic error 

was included in this determination to allow for 

uncertainty. The distribution of inelastic events in u was 

then determined by histograming the u values of events which 

satisfied the elastic cuts on all variables except xn. 

For the latter, two cuts, each with a width equal to 1/2 

that of the elastic cut, were placed on either side of the 

elastic peak to accept those inelastic events nearest, but 

outside, the peak. Assuming the inelastic events beneath 

the elastic peak had a similar distribution in u, a 

subtraction of the background could then be made. Since the 

statistics in this histogram were generally poor, 

fluctuations of the background level in u were smoothed out 

using a simple fit. 
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For the n- data, the background subtraction was 

always less than 10% at 30, 50 and 70 GeV/c, but increased 

to ~ 25% at 90 Gev/c for -u ~ 0.25. For n+, at 30 ana 

50 GeV/c and near u = 0 for 70 GeV/c, the subtraction again 

never exceeded 10%. However, at 70 GeV/c, in the region of 

the aip and beyona (-u ~ .15) the background became equal 

to the signal. Hence in this region, only upper limits are 

quoted for the cross section. 

As was stated, this method of calculating the 

background assumed the number of inelastic events varied 

smoothly from the inelastic region through the elastic peak, 

and could be described by a linear form beneath the peak. 

In an effort to verify this assumption, a histogram was made 

of the distribution of events in xn using the elastic 

cuts on ~Px and ~Py but with the cut on mcp 6 centered 

on the inelastic side of the elastic peak of that variable 

so as not to accept any elastically scattered protons. This 

histrogram, therefore, contained only inelastic events from 

which an attempt could be made to determine the shape of the 

background in the elastic peak region. Unfortunately, the 

statistics were poor and an exact determination was not 

possible. However, there was no significant change in the 

distribution of events going from the inelastic to the 

elastic region of xn. Since the background subtraction 

was typically less than 10% of the total elastic signal, it 
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was concluded that within the elastic region the shape (for 

this purpose) was adequately described by a linear form. 

The backward two-body inelastic processes, 

np + ~n and np +pp, could also result in a peak in 

the xn distribution which would overlap with the elastic 

peak. Since such processes might not be properly subtracted 

by the above mentioned procedure, a Monte-Carlo study was 

performed to determine what fraction of the events from each 

process woula be accepted by the analysis program as 

elastic. The results showed this fraction to be less than 

1.0% for either process for inciaent momenta between 30 and 

90 GeV/c. Since the cross sections for these processes have 

been measured to be less than the backward elastic cross 

section, at least at lower energies 25
-

27
, their 

contribution to the results was concluded to be negligible. 

d. Corrections 

The measured cross sections were corrected for muons 

ana electrons in the pion beam (1.5-12.7%); more than one 

beam particle in an rf bucket (2%); absorption in the 

hyarogen target, air, Cerenkov counter mirrors, MWPC's, and 

counters {~ 30-34%); and accidental vetos of elastic 

events by delta rays produced in the target (4.9%). 
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The geometrical acceptance of the apparatus at each 

inciaent momentum was determined by a Monte Carlo program. 

Elastic events were generated in the hydrogen target with a 

random distribution in azimuthal angle, and the scattered 

particles propagated through the spectrometer arms. The 

measured incident beam parameters (momentum spread, 

divergence and spot size) were properly accounted for as 

were the effects of multiple coulomb scattering. The 

probability of detecting an event was calculated as a 

function of the four momentum transfer squared, u. The 

parent distribution in u from which Monte-Carlo events were 

generated was chosen to approximate the experimentally 

measured distributions, so that the results statistically 

woula better represent the experimental situation. The 

acceptance curve for scattering at 30 GeV/c is shown in 

fig. 10. The curves for the other incident momenta are 

quite similar. Because the overall acceptance was 

essentially determined by the fixed vertical acceptance of 

the S-hodoscope counter, the acceptance curve exhibits an 

approximate l./sin(6) dependence, as is expected for this 

type of geometrical constraint. 

Proportional chamber efficiencies, measured durjng 

special calibration runs at various times during the data 

taking, variea betweeen 85-98% depending on the chamber. 

Chamber response as a function of time was very stable. 
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The efficiency of the analysis program in identifying 

elastic events as a function of u was measured using 

Monte-Carlo generated events. Included in the event 

generating procedure were the effects of MWPC spacial 

resolution, MWPC efficiency, multiple Coulomb scattering, 

inciaent beam phase space ana scattered pion decay. The 

generated MWPC and hodoscope data were overlaid with real 

data taken at random times during the beam spill which added 

a suitable background. The resulting events were then 

processed by the analysis program. Including the effects 

mentioned above, between 78-86% of the elastic events were 

idenfitied as such. Most of the events that were not 

identified as elastic lacked sufficient MWPC data due to the 

measurea chamber efficiencies included in the program. 

Assuming the chambers were 100% efficient, the program was 

able to identify > 98% of the Monte-Carlo events as being 

elastic. 

Raaiative corrections, as pointed out by Sogard 28
, 

may be substantial and were calculated using the procedure 

outlinea in refs 26-31. For TI+P scattering, the 

correction was negligible; for n-p the correction 

changed the overall normalization of the differential cross 

sections by a factor 1.14-1.18 depending on momentum, 

independent of scattering angle. 
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Several runs were taken with the target empty to 

determine the contribution trom events not originating in 

the liquid hydrogen. The results of the analysis of these 

runs indicated such a contribution was negligible. 



CHAPTER 4 

RESULTS 

The results are presented in tabular form in Tables 

2 and 3 and graphically in figs. 11 and 12 (together with 

some earlier results). The errors quoted are statistical 

and represent one standard deviation. For those bins in 

which no signal above background was found, the cross 

sections are given as upper limits and represent a 90% 

confidence level. Because of uncertainties in the previously 

discussed corrections, the uncertainty in the overall normal-

ization of the cross sections is estimated to be ± 15%. 

a. General Features 

1) The u distributions of the cross sections da/du 

+ -for both TI and TI measured above 30 GeV/c are similar 

to those previously obtained below 18 GeV/c. In figs. 11 

+ 
and 12, the results may be compared with the TI results 

of Baker et al., at 7 GeV/c and the TI results of Owen 

et al. at 6 GeV/c. For TI+ scattering the steep backward 

peak and the dip at -u = 0.15 (GeV/c) 2 as well as the broad 

second maximum between -u = .25 and .45 are all present, 

at least up to 50 GeV/c. The data at 70 GeV/c are also 

consistent with these features. 
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Figure 11. Backward n+p Elastic Scattering Differential 
Cross-Sections. 

Upper limits are 90% confidence. Solid lines 
are fits of the form eBu for -u < .1 to the 
data of this experiment and those of Babaev 
and co-workers (ref. 20). Results of Baker 
et al. (ref. 5) are represented by a dashed 
curve. Remaining dashed lines are to guide 
the eye. Note the data are scaled by the 
given factors to separate clearly the data 
points at different momenta. 



1030 I 

-rr+p- p-rr+ 

I I 

---------

I 70GeV 
(x 160) 

0 0.1 0.2 0.3 04 05 0.6 
-u (GeV/c)2 

Figure 11. Backward n+p Elastic Scattering Differential 
Cross-Sections. 
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Figure 12. Backward TI p Elastic Scattering Differential 
Cross-Sections. 

Upper limits are 90% confidence. Solid lines 
are fits of the form eBu for -u < .5 to the 
data of this experiment and those of Babaev 
and co-workers (ref. 21). Results of Owen 
et al. (ref. 4) are represented by a dashed 
curve. Note the data are scaled by the given 
factors to separate clearly the data points 
at different momenta. 
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2)In the region of the backward peak, the cross 

section has an approximately exponential dependence on u. 

The aata in the region -u < O.l (GeV/c) 2 for positive 
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pion scattering and -u < -0.5 for negative pion scattering 

were fitted using the relation do/du= AeBu. The fitted 

values for A and B are given in Table 4. The values of B 

range from 21 to 26 (GeV/c)- 2 for positive pion scattering 

and from 4 to 7 (GeV/c)- 2 for negative pion scattering. 

These are compared with the values of B obtained at lower 

.energies in fig. 13. For both polarities, they are 

consistent with a slow increase in B for incident momenta 

between 5 GeV/c and 90 GeV/c. 

3)The cross section do/du at u = 0 for n+p is 

greater than for n-p at all measured momenta. The ratio 

of n+p/n-p varies from 1.9 at 30 GeV/c to 1.5 at 70 GeV/c. 

~he cross section do/du, at u = O, for both 

positive and negative pions, decreases with increasing 

momentum. ~he available data above 5 GeV/c including our 

own have been fitted to the form: 

do(p,u = 0) _ -n 
du - Ap • 

It was assumed, as indicated by the data, that the above 

parametrization was reasonable. For the fits the quoted 

statistical and systematic errors were adaed in quadrature 

for each experiment. For TI+, the data from Babaev et al. 

at 23 and 38 GeV/c were not included in the fits (for 



Figure 13. Slope of Backward Elastic Peak as a Function 
of Laboratory Momentum. 

Results of fits of the backward slope parameter 
B. The data shown are for this experiment and 
from refs. 2-7, 9, 20-21. The solid lines are 
fits to the form: 

B = 2•lnplab + constant 

for each pion polarity. 



32 

16 

8 

8 

-0-LENNOX et al 
0 BAKER et al 
6 OWEN et al * SHARFMAN et al 
+OREAR et al 
\l ANDERSON et al 
4 JACHOLKOWSKI et al 
D BABAEV et al 
e THIS EXPERIMENT 

I , 

0 4 6 8 10 20 40 6080100 
LABORATORY MOMENTUM (GeV/c) 

Figure 13. Slope of Backward Elastic Peak as a Function 
of Laboratory Momentum. 

50 



Figure 14. Momentum Dependence of Elastic Differential Cross-Section at u = O. 

(a,b). Results for do/du at u = 0. The data shown are from this 
experiment and from refs. 2-5, 7, 9, 20-21. Curves are from fits 
to the form 

(do/du) lu=O = Apn 

with n-=-2.08 and n+=-2.31 in (a) and (b) respectively, as 
described in the text. 
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reasons explained below). The results are shown in figs. 

14(a,b). + We obtain the values n =2.31 ± 0.07 and 

n-=2.08 ± 0.06 with x-squared probabilities of 26% and 

21% respectively. Local fits to the data of this experiment 

only, assuming the above parametrization have also been 

pertormed and yield the values n+=2.51 ± 0.21 and 

n = -2.11 ± 0.21. Within errors, the two sets of 

results are consistent. 

5) The data ao not confirm the large values of 

do/au at u=O for n+p scattering, nor the very sharp 

increase in the n-p cross section as 180° is 

approached, observed in the data of Babaev and co-workers. 

As shown in fig. 14(b), the previous 40 GeV/c n+p result 

is approximately 2.5 times larger than that expected from a 

smooth interpolation between the measurements of this 

experiment at 30 and 50 GeV/c. The angular distributions 

however are quite similar (see fig. 11). For TI 

scattering, the two experiments observe substantially 

different angular distribution as shown in fig. 13 where the 

38 GeV/c Babaev results have been included for comparison. 

Exponential fits to the Serpukhov data yield values for the 

parameter B between 19 and 23 in comparison to the values of 

B between 4 and 7 for this experiment. It should be pointed 

out that their data covered a much narrower u range than 

ours, hence their fits were limited to the region very close 

to u=O. The possibility that a real physics effects near 
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u=O leaas to a sharp peak in the TI- distribution cannot 

entirely be ruled out, however our data, particularly at 50 

GeV/c do not support this hypothesis. 

b. Discussion 

As was mentioned in the Introduction, many of the 

features of both TI+P and TI-P backward elastic 

scattering above the resonance region and below 18 GeV/c can 

be explained by a simple Reggeized baryon exchange model. 

The same is found to be true for the data obtained by this 

experiment between 30 and 90 GeV/c. In the model, the dip 

in the TI+p difterential cross section at -u = 0.15 

occurs because the amplitude of the nucleon trajectory 

(assumea to dominate this process) vanishes at this u 

value. Since in TI p scattering the exchange of the 

nucleon trajectory cannot occur, a dip at this u value is 

neither expectea nor seen. 

The model also predicts the width of the backward 

peaks to slowly decrease with increasing momentum. 

Specifically, given that the backward peaks at all energies 

Bu may be parameterized by the form Ae , the parameter B is 

expected to increase with increasing momentum as 

B=2ln(plab) +constant. The data above 5 GeV/c including 

that of this experiment, as shown in fig. 13 are consistent 

with this form. 
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As was mentioned before, it is assumed in the simple 

Regge model that the TI+P backward cross section is 

dominatea by the exchange of the N trajectory, at least 
a 

at lower energies. In general, any baryon exchange model 

woula allow for the exchange of the Na, Ny and 

~ 6 trajectories in TI+P scattering and the exchange 

of only the ~o trajectory in TI-p scattering. The 

assumption that the N trajectory dominates TI+p a 
scattering is based on the following reasoning. It is known 

that for TI-P scattering, in which only the 6 0 

trajectory can be exchanged, the backward cross sections are 

less than for TI+p scattering, at least up to the highest 

energies measured so tar. Since the 6 0 contribution to 

the TI+ cross section is 1/9 its contribution to the 

TI cross section (1/9 being the necessary Clebsch-Gordon 

coefficient) its contribution to the overall TI+ cross 

section is concluded to be small. The argument that the 

Ny contribution is smaller than the Na is based on 

the observation that in the region near -u=0.15 where the 

Na amplituae vanishes, the TI+P cross section 

decreases by more than an order of magnitude compared with 

its value at u=O. Since the N amplitude is not y 

predicted to vanish near -u=0.15, the level of the cross 

section in the dip should reflect an upper limit on the 

NY contribution. Also, since the NY trajectory lies 

below that of the Na (as determined from the Chew-Frautschi 



nucleon and isobar mass plots [i.e aNy(u) < aNa(u)]) 

and since the cross section do/du for the exchange of a 

single trajectory falls as s 2a(u)- 2 , the influence of 

NY exchange should decrease with increasing energy. It 

should be noted that the above arguments assume the Regge 
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tra]ectories are linear, and therefore that the zero of the 

NY scattering amplitude, which occurs when aNy(u)=-3/2 

does not occur at the value of u corresponding to the 

+ . 
TI p a1p. 

The Regge model prediction that the cross section 

do/au decreases for any value of u with increasing 

momentum as s 2a(u)- 2 where s is the CMS energy squared 

ana a(u) is the trajectory of the exchange Reggeon, can be 

usea to derive an effective Regge trajectory which describes 

the scattering process. This effective trajectory can be 

compared with the expected forms of the 8
0 

and the Na 

trajectories assumed to dominate TI and TI+ scattering 

respectively as a check of the validity of the Regge model. 

The available TI- and TI+ backward elastic data above 

5 GeV/c including that of this experiment and also the data 

of this experiment alone have been fitted using this 

parameterization for several values of u in the range 

O < -u < o.s. The chi-squarea probabilities of the 

fits, which vary from 50% to 5% and 70% to 10% as -u 

increases from O to 0.5 for TI+ and TI- scattering 

respectively, are in indication that this parameterization 
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describes the data reasonably well. In the fitting 

procedure, a 15% systematic error was added to the quoted 

statistical error of each experiment to allow for 

uncertainty in the absolute normalization of the different 

experiments. The results of the fits, expressed in terms of 

~(u) are shown in figs 15 and 16 for TI- and TI+ scattering 

respectively. 

For n-p scattering, a linear least squares fit to the 

effective trajectory gives a(u) = -0.06±0.05 + (0.50±0.26)u 

for the 5-90 GeV/c data and a(u) = -0.11±0.14 + (0.67±1.04)u 

for the 30-90 GeV/c fits to the data of this experiment only. 

These results are not inconsistent with the form of the ~o 

trajectory, a~ (u) = O.O + 0.9u, obtained from Regge fits at 
0 

lower energies. The u = 0 intercept of the effective 

trajectory near a(u) = O gives the momentum dependence of 

the cross section do/du at u = O of pl~bo predicted by the 

model. Our results for do/du as a function of u at 50 GeV 

compare well with the prediction of the simple Regge model 

of Berger and Fox 16 as shown in fig. 17, except perhaps near 

u~o where the model predicts a somewhat lower cross section. 

For n+p scattering, we find the linear fit to the 

effective trajectory of the 5-70 GeV/c data, 

a(u) = 0.15±0.06 + (2.24±0.25)u, to be somewhat 

steeper in u than expected for the Na trajectory, which 

from low energy Regge fits and Chew-Frautschi plots may be 

parameterized as a(u) = -0.39 + l.Ou. However, the 



effective trajectory derived from the data of this 

experiment only, a(u) = -0.37±0.11 + (0.58±0.50)u, is 
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found to be in better agreement. The higher u = O intercept 

of the effective trajectory trom the 5-70 GeV/c data, 

a(u) = -0.15, gives a momentum dependence for do/du at 

u = 0 of pl~b31 as opposed to the pl~b7 dependence predicted 

by the moael. As a result of this discrepancy, the 

prediction for the momentum at which the TI- cross 

section becomes larger than the TI+ is raised to 

~ 400 GeV/c. The distribution in u of do/du observed in 

our data at 50 GeV/c agrees well with the prediction of the 

model in shape, and in magnitude throughout the entire u 

range of O. < -u < 0.5 when the prediction is normalized 

to the measured cross section at u = O as shown in fig. 17. 

The above results encourage the interpretation of 

backward TI±p elastic scattering between 30-90 GeV/c by a 

simple Reggeized baryon exchange model, as at lower 

energies. Future experiments, at still higher energies, 

could resolve some outstanding questions and provide crucial 

tests of the model. Specifically, does the TI-p backward 

cross section become larger than the TI+, and does the u 

distribution of the TI+P cross section similar to the 

TI-p, as would be expected if the exchange of the ~ 6 
trajectory dominated both processes. The difficulty of such 

experiments however, in view of the low cross sections 

preaictea, should not be underestimated. 



-Figure 15. Effective Regge Trajectory for TI p Backward 
Elastic Scattering. 

Derived in the manner described in the text. 
Data used to determine the trajectory in (a) 
are from this experiment, and refs. 2-5. Data 
used to determine trajectory in (b) are from 
this experiment only. The solid line is a 
linear fit to the data. The dashed line is the 
~o trajectory mentioned in the text. 
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Figure 16. + Effective Regge Trajectory for TI p Backward 
Elastic Scattering. 

Derived in the manner described in the text. 
Data used to determine trajectory in (a) are 
from this experiment, and refs. 2, 4-5. Data 
used to determine trajectory in (b) are from 
this experiment only. The solid line is a 
linear fit to the data. The dashed line is 
the N trajectory mentioned in the text. a 
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Figure 17. Compa~ison of the Results at 50 GeV/c for dcr/du 
for TI and TI- Backward Elastic Scatterinq 
with the Predictions of a Simple Regge Model. 

Comparison of the results of this experiment 
to the predictions of the simple Regge model 
discussed in ref. 16. Solid lines are the 
predicted cross sections. Dashed line through 
the n+ data is the predicted TI+ cross section 
normalized to the measured cross section at 
u = 0. 
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Table 2. 
+ 

Backward Elastic Differential Cross-Sections. 7T p 

Incident momentum u Lm do Error 
du 

(GeV/c) (GeV/c) 2 (GeV/c) 2 nb nb 
(GeV/c) 2 (GeV/c) 2 

30.0 +0.003 0.011 351. l 62.6 
-0.011 0.018 270.4 51. l 
-0.030 0.020 176.9 43.5 
-0.075 0.070 66.4 17.1 
-0.115 0.090 <12. 3 
-0.250 0.100 18.6 9.3 
-0.350 0.100 54.1 19.l 
-0.450 0.100 56.5 23.l 
-0.550 0.100 17.4 17.4 

50.0 o.ooo 0.008 96.9 25.9 
-0.014 0.020 65.2 15.8 
-0.042 0.036 40.4 11. 2 
-0.080 0.040 11. 8 6.8 
-0.135 0.070 5.8 4.1 
-0.215 0.090 11.8 5.3 
-0.305 0.090 12.l 5.6 
,-0. 4 00 0.100 10.9 6.3 
-0.500 0.100 6.0 6.0 

70.0 -0.011 0.018 26.6 9.7 
-0.045 0.050 12.2 5.1 
-0.120 0.100 < 4. 4 
-0.245 0.150 < 3. 3 
-0.395 0.150 < 6. 3 
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-Table 3. TI p Backward Elastic Differential Cross-Sections. 

rnciaent momentum u ~u do Error 
au 

(GeV/c) (GeV/c) 2 (GeV/c) 2 nb nb 
(GeV/c) 2 (GeV/c) 2 

30.0 +0.004 0.008 225.2 53.l 
-0.010 0.020 172.5 33.2 
-0.035 0.030 125.4 27.4 
-0.070 0.040 124.2 29.3 
-0.110 0.040 111.2 30.9 
-0.155 o.oso as.a 24.S 
-0.210 0.060 86.9 22.4 
-0.285 0.090 53.6 15.5 
-0.380 0.100 33.2 13.6 
-0.480 0.100 <23. 4 

so.a -0.004 Q.013 55.8 13.6 
-0.025 0.030 62.7 11.4 
-0.060 0.040 60.0 11. 2 
-0.105 o.oso 49.9 11.8 
-0.160 o.060 30.2 8.6 
-0.240 0.100 10.7 4.3 
-0.340 0.100 6.0 3.5 
-0.440 0.100 3.1 3.1 

70.0 -0.013 Q.024 20.a 7.4 
-0.100 0.150 15.8 4.1 
-0.250 0.150 8.1 3.3 
-0.400 0.150 <5.5 

90.0 -0.014 0.023 15.2 7.6 
-0.100 0.150 9.4 3.9 
-0.250 0.150 5.1 3.8 
-0.400 0.150 < 7.8 



Table 4. Results of Exponential Fits of the Backward 
Peaks. 

Incident Momentum A B 
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(GeV/c) nb 
(GeV/c) 2 

(GeV/c) - 2 

+30.0 333 .·8 ± 43.4 21.4 ± 3.8 
+so.a 96.7 ± 18.9 24.3 ± 6.0 
+70.0 36.8 ± lS.7 26.3 ± 13.l 

-30.0 17S.O ± 20.0 4.37 ± 0.78 
-so.a 73.2 :!: 8.8 6.89 ± 0.92 
-70.0 24.1 :!: 6.6 4.71 ± 1. 97 
-90.0 16.l :!: 7.5 5.07 :!: 4.01 



APPENDIX A 

FAST LOGIC 

The fast logic used in this experiment may be 

divided into four logical subgroups: (1) the Beam Logic, 

(2) the Slow or Backward Arm Logic, (3) the Fast or Forward 

Arm Logic and (4) the Gating Logic. Detailed diagrams of 

each group are given in figs. 18-21 and each is described 

below. The entire fast logic system was composed of logic 

units manufactured by Lecroy Research Systems Corporation 

of Spring Valley, New York to NIM standards. Detailed 

literature on particular units used is available from Lecroy. 

a. Beam Logic 

The beam logic identified beam pions and provided 

the proper timing signal whenever a pion was incident on the 

liquid hydrogen target. The signal CLEAN B12 indicated 

the beam particle entered the hydrogen target and was not 

accompanied by another in the previous or next 25 nsec. 

This particle was identified as a pion by the threshold 

Cerenkov counter err' which together with CLEAN B12 

formed the signal BEAM. If, while traversing the target, 

none of the surrounding anticounters were hit by secondary 

particles, the signal B was generated and passed to the Slow 

Arm Logic where particles in the Backward Arm were 
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identifiea. The signal BEAM was also put into 

anticoinciaence with the Logic Gate to form the GATED BEAM 

signal. The GATED BEAM was scaled throughout the experiment 

ana used to normalize the final cross sections. The BEAfi 

signal in coincidence with a pulse generator periodically 

generated the RANDOM BEAM signal which was used as a 

diagnostic trigger. 

b. Slow Arm Logic 

A signal from any S-hodoscope counter indicated a 

particle in the Backward Arm Spectrometer and after the 

proper aelay was used to stop the appropriate time of flight 

(TOF) scalar. This, in coincidence with B (to form BS.) 
l 

signalled the particle might have come from a beam 

interaction in the hydrogen target. The individual BS. 
l 

signals from each S-hodoscope counters were wired into the 

FAS1·-SLOW coincidence matrix, and also OR'ed to form BS. 

Signal BS was used as a pretrigger to strobe the Multiwire 

Proportional Chamber (MWPC) latches and pattern units, start 

the S-hodoscope TOF scalers, and notifiy the Gating Logic 

that an event was pending. Another diagnostic trigger, 

Ranaom BS, was also periodically generated by a BS 

coinciaence with a pulse generator. 



c. Fast Arm Logic 

Refer to figure 20. A particle striking the proper 

fa and f~ hoaoscope counters formeo the signal fi 
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which was passed into the Fast-Slow coincidence matrix. The 

matrix compared these signals to the signals BSi and 

identified events where the proper combination of hodoscope 

elements were hit (proper being defined by elastic 

kinematics). A positive correlation generated the signal 

BSF. An anticoincidence between BSF and the forward 

threshold Cerenkov counter, CF' ensured the forward 

particle was a proton, and formed the final trigger signal 

MASTER TRIGGER. Occurance of this signal strobed the 

remaining MWPC latch and pattern units and initiated the 

computer reaaout of the stored information. At the same 

time, the Logic Gating circuit was signalled that the 

pending event was a valid trigger. 

d. Gating Logic 

The Gating Logic (fig. 21) was responsible for 

controlling the deadtime of the experiment. The arrival of 

a BS signal set the Logic Gating latch which gated off the 

beam logic until current event was processed. A delayed BS 

signal was generated to allow the current event to propagate 



through the Fast Arm Logic. The delayed BS in 

anticoincidence with the MASTER TRIGGER formed the BS 
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RESET. If the delayed BS was not accompanied by a MASTER 

TRIGGER, a BS RESET signal cleared all latches an6 reset the 

Logic Gating latch gating on the beam logic again. If the 

delayed BS was in coincidence with a MASTER TRIGGER, a BS 

RESET was not produced and the Logic Gating remained set 

until reset by computer at the end of the reaaout cycle. 
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