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I. Introduction 

An experiment is in progress at NAL to measure various neutral final 

state reactions of n mesons on protons. Preliminary results for the reaction: 

n p •* IT n (1) 

in the momentum interval 20 GeV/c to 100 GeV/c are reported here. In an 

accompanying paper [l] ue give results for the reaction TI p -*• nn, and we 

report same evidence for production of other neutral final states, including 

n n and u n. 

Pion nucleon charge exchange is considered to be one of the simplest 

examples of the Regge mechanism because this reaction is dominated by the 

exchange of a single Regge trajectory, namely the p. However, polarization 

measurements [2] show that the interaction Is more complicated than the exchange 

of a single trajectory. In order to investigate the Regge character of this 

reaction it is important to obtain measurements at high energy over as large an 

energy and momentum transfer range as possible. We have therefore measured 

the differential cross section do/dt throughout the momentum transfer range from 
2 -t=0 to -t - 1.4 (GeV/c) at momenta from 20 to 100 GeV/c and have determined 

an effective p trajectory froa these data in conjunction with published data 

from 5-9 to 18.2 GeV/c. [3] 

Isospin invariance and the optical theorem imply a well-known relation between 

forward charge exchange scattering and the difference, Ao, between the total 

cross sections for ir p and i p scattering, as given by the following expression: 

= ~ (1 + fT) (In. A ^ (0)) = 25-5 (1 + iT) (&o> . (2) 
t = 0 Plab 

whert H is the ratio of real to imaginary parts of the forward charge exchange 



sca t ter ing amplitude, p is the laboratory bean aamentun iz, u n i t s of 

(CcV/c) 
a resul t from f i e l d theory te estimate H f r o s our measured p t r a j e c t o r y . 

On the b a s i s of t h i s Information uc use equation (2) to predict '.<* as a 

I1. Descript ion of Experiment 

Ident i fy ing the individual react ions under study and d i s t i n g u i s h i n g thp*a 

froa background arc oF crucial loportance. The charge exchange cross s e c t i o n 

at 101 CeV/c IK approximately 10 times the ' p t o ta l cross s e c t i o n and about 

l / 'O the c r o s s s e c t i o n for producing f ina l s t a t e s cons is t ing ttolcly of neutral 
o * 

p a r t i c l e s . The .serious background comes froa react ions such as o p » « N , 

where the * i s indis t inguishable froa a v a l i d charge exchange * . Detec t ion 
* * o 

tit Jaw energy photons froa the H decay (H • no ) Ident i f i e s t h i s reac t ion 
V - YY 

;is background. 

The experimental arrangement is shown schematically in Figs. 1 and 2. 

The apparatus is designed to aeasurc those neutral final state reactions in 

which all photons are within tin? acceptance oi" the Tf-ray detector. The 

reaction kinematics are then dcternined solely froa the photon measurements. 

An incident = in the beats is tagged by a threshold Cerenkov counter. 

and the pion position and angle are oeasured by counter hodoscopes HI and H2. 

The bean geometry is defined by counters Ml, M2, H3 and AO, where halo 

particles are rejected by AO. Thedouble cell liquid hydrogen target is 60 cm 

lung and is surruunded by scintillation t-ouuiers Al, A2 and A3 which are 

used to inhibit an event trigger whenever charged particles are produced In 

the final state. In addition there are shower veto counters which do not 
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Participate in the trigger logic but rather tag the presence of f inal scate 

photons outside the acceptance of the 7-ray detector. The shaver veto counters 

upstream and downstrean of the target are ault i- layer lead s c in t i l l a to r shover 

detectors, having five lead plates totaling cither 5 or 10 radiation lengths. 

The uhowcr veto counters closely surrounding the hydrogen target (the "veto 

house") arc of aLalt^i construction, except that they connist of p las t ic 

Cerenkuv dctcctur instead of sc in t i l l a to r in order to olnintze the i r sensit ivity 

to recoil neutrons froa charge exchange events. There are eight lead plates 

in every veto house counter; four plates are each one-quarter of a radiation 

length in thickness and four are one radiation length each. This arrangement 

with two thicknesses of lead plates ensures a high detection efficiency Z%*z 

low energy photons, even for those Incident at highly oblique angles* The 

photon veto sysr„.-a cavers the entire Uv solid angle except for Che detector 

solid angle and the 5 en x 5 en beaa entrance hole. 

The a detector Is a hudoscope de tec cor which aeasures the x and y 

(transverse coordinates) distributions of the energy deposited in one or 

oore photon showers, integrated over the axial (*icldenc beaa direction) 

coordinate z. The detector is shown schematically in Fig. 3. It i s con­

structed of 19 lead plates, each 6.4 ca thick and 75 en square. The plates 

are stacked norn*l to the direction of incident particles (a) with gaps 

between then at approxicately 7 en. These gaps are filled with long narrow 

sc in t i l la t ion fingers, 1.05 ca wide, which are close-packed and run the full 

vidLh of the detector. Vertical and horizontal fingers are in successive 

gaps. The eight fingers having the sane x coordinate or this sane y coordinate 

are connected optically by curved light pipes at one end, acd each set of 

fight fingers su connected constitutes one counter. There are 70 x-counters 

and 70 y-counters. Each finger has been separately wrapped with foi l of 
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graded reflectivity, and a light trap captures those rays transmitted at 

large angles to the Finger axis. Because of this special treatment, each 

counter yields pulses of unlfora height (within 2Z) over the entire counter 

length. 

By simultaneously measuring all pulse heights, h , and h (1 S 1 S 70), 

in the detector counters it is possible to find the energy E, oass M, and 

production angle of a particle decaying at the target l«to the photons observed 

by the detector. The first three spatial moments of the pulse height -istri-

butlon are given by 
Eta , : 
1 x l S • f hyt 

I ?*ihsi x i y x 

ij-k, ~2 ' v K 

2 E and M are then evaluated from the spatial nosents using the following 

expressions: 

-i- (E + E ) 
2 x y' 

( y \ 1 2 2 
y 

-7 _2 
y ) -2 5 2 

2 where L i s Che distance from the target to the detector and & i s a constant 

which is an approximate measure of the inherent width of a single shower of 

half the to ta l energy. The coordinates (x, y) are a good estimator of the 

point of intersection between the detector and the extrapolated trajectory 

of the decaying part icle . The production angle is then computed from (x, y) 

and the n" bean hodoscope information. These relations are based on the small 

angle approximation and hold for part icles decaying in any decay orientat ion 
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and into any mmfaer of photons as long as ell of the photons enter the detector. 

The trigger l̂ glc requires the following: 

1. The incident pion oust bu within the acceptance of the beam-definitig counters. 

2. There must be no incident charged particle accompanying the trigger pion 

within a tine interval of i 50 ns, including the halo region. 

3. The incident n must interact in tht- target and there must he no charged 

particles in the final state. 

h. Within the critical parts of the anticoincidence system there must be 

complete recovery from any large pulses arising from a previous inter­

action. 

5. The on-line computer oust be ready to accept a new event. 

When a successful trigger occurs, a complete set of data on that event 

is read into the computer and written on magnetic tape for subsequent analysis. 

A sample of th» events is analyzed on-line in order to display plots of Current 

operating conditions and up-to-date results. Tag bits are recorded for the 

hodoscope counters, the Cerenkcv counter ami all of the photon snower anti­

coincidence counters. Pulse heights are recorded for the 140 photon detector 

counters, for the Cerenkov counter, for the charged particle veto system 

(A- and A_) and for each of the shower anticounters. The pulse height analyzer 

system contains 160 channels of 2200 bins each. Input pulse heights are 

digitized in paral'ei within 100 microseconds. The output information Is read 

serially at a rate limited by the computer, taking up to 2 ns for the complete 

readout uf an event. These kinds of data, with our loose trigger conditions, 

permit a flexible off-i^ne treatment of each event and allow subsequent 

analysis of the effects at each cut parameter. 



H I . Selection of Events 

The trigger condition assured that a final state was completely neutral. 

The cut structure listed in the following table comprises the off-line 

selection criteria used in selecting the sample of charge exchange events. 

1. The CLEAN requirement. There must be no pulse in any photon veto counter, 

thereby eliminating events with photons outside the solid angle of the 

detector. 

2. Cerenkov Taj*. A pulse in the threshold Cerenkov counter Is required, 

thereby eliminating kaons and antiprotons from the beam flux. 

3. Energy in the B detector. The measured energy was required to be within 

the full energy peak corresponding to the incident IT bean energy. 

4. Number of photons. It was required that two individual showers be 

resolved by the detector for the charge exchange reaction. 

5. Cos9 cut. In the decay T -» YTf, the emission angle 9 of the photons 

in the n rest frane with respect co the » line-of-f li%bt can be 

calculated from the data. Those events having emission angles with 

[ cos 8 | > 0.7 are eliminated because one photon has very anall labora­

tory energy near cosQ <* 1.0. This arbitrary cut Is well outside the 

region where the detection efficiency falls belbw 100Z. 

6. Mass cut. The value of the aiass M measured by the detector is required 

to be within the u mass peak. 

The distribution in H for events satisfying criteria 1-5 (mass cut not 

iaposed) is shown in Fig. £. The level of the background outside the « 

Ease peek is very low, permitting clean identification of ir events-

Moreover, the nsss spectra for the one photon end three photon events 

(not shown) exhibit no peeJC in th~ it region, indicating very little 
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loss of events from the two photon category. 

la calculating cross sections it is necessary to correct for the loss 

of genuine reaction (1) events which are eliminated from our data sample by 

variuus cuts, and to correct fur the inclusion of background events in the 

data sample. These corrections are listed in Table I. Most of the corrections 

were measured directly from the data or from several special runs inter­

spersed with the data collection. Several of these corrections are for well-

defined physical processes for which a reliable calculation can also be made; 

wherever possible the empirically determined corrections were verified by 

calculation. 

The fraction of recoil neutrons detected by the veto house was empirically 

measured by examining the pulse height distribution as a function of the 

azimuthal angle of the n and thus, of the recoil neutron. A similar analysis 

was carried out for the charged veto counters on a sample of data collected 

for this purpose. The efficiencies of the veto house counters as a function 

of energy for both photons and neutrons were also measured using a tagged 

photon beam at the Stanford Mark ill a^celeratcr azd a tagged neutron beam 

at the LBL 18V* cyclotron-

As an additional check on our overall normalization we measured the IT p 

total cross section at 40 CeV/c using the same beam logic and liquid hydrogen 

target. Our result of a = (24 ± 2) ci is in good agreement with the 50 Gev/c 

resuLt of 24.1 nb reported by Baker et al. [11] 

IV. Results: 

The preliminary distributions of da/dc for reaction (1) at 20.7, 40.6, 

bfi and 101 CeV/c are given In Fig. 5. At 20.7 GeV/c the region of good 

aei-eptance for = ' s was confined to a li*aited range of momentum t ransfer . 



- 8 -

2 and thus we present data for this energy only between -t =0 and 0.5 (GeV/c) . 

For the three higher energies the data is presented over the range 0 < -1 -~ 1.4 
2 

(GeV/c) . In Fig. 6 we show the small t region, with horizontal error bars 

at the bottom of this figure indicating typical values of the experimental t 

resolution (At) at 101 GeV/c. The total number of events at each energy for 

reaction (1) is listed in Table II. The data show a characteristic forward 
2 peak with a small dip at t=0 and a break, around -t - 0.6 (GeV)c) . These 

features are similar to those observed at lower energies [3, 4, 5, 6, 7 1, 

although the dip at t=0 is more pronounced in our data than in the highest 

energy data (48 GeV/c) of Bolotov et al. [4], where it is essentially absent. 

The presence of a forward dip in the data from 20 to 100 GeV/c suggests that 

the strong spin-flip contribution which is evident at energies below 20 GeV/c 
2 persists at high energies. The position of the break near -t=0.6 (GeV/c) 

shows no obvious systematic variation with energy over the range from 40 

GeV/c to 100 GeV/c and appears to be consistent with the position of the dip 

observed in data for reaction (1) down to an incident momentum of 3 GeV/c [3 J. 

A value for (d'j/dt) _ at eacti energy has been extrapolated by fitting 

the data in the region -L *• 0.0B (GeV/c) to a second - order polynoainal. 

The results are shown in Table II.' Also in Table II are listed values for 

0 

CEX J dr. 
-1.5 

at each energy. These values are plotted in Fig. 7 as a function of incident 

bean momentum, along with integrated cross sections from other experinr-ncs L3-7 J -

•The nil amplitude analysis at 5 GeV/c [is] indicates a very steep t 
dependence for the nan-flip amplitude of reaction (1) near t = 0. In*this 
^cse, uur poiyn.::zial extrapolation to t = 0 could be systematically lov 
by roughly 10$. A detailed study of this effect is in progress. 



The data points from the present experiment appear to be systematically below 

those of Bolotov, et al-Ul. We have fitted the measured values of o C E X to 

a function of the form 

using the data of this experiment aim.* with the data of Esf. [3], spanning 

a range from 5.9 to 100 GeV/c incident momentum. The result of this fit is 

shown by the dashed curve in Fig. 7, with A = (6?9 - 47) ub and N •> 1.15 - -07. 

Bolotov et al. IM report values of A * (680 - 50) ub and N - 1-12 t 0.03 using 

their data and that of Ref. L 3 J -

A study has been made of the effective Regge p trajectory by fitting 

data froo reaction (1) to the functional form 

da B 2a ,.* 
dT = — s M 

where a and fi are parameters to be determined as a function of t, and q is 

the momentum of each particle in the CH system. An overall fit (Fit 1) from 

6 to 100 GeV/c has been carried out at a lumber of t values, using the data 

of Ref. [3] and of the present experiment. The results of this fit are 

summarized in Table III, and plots of do/dt versus p are given in Fig. 8 

for several representative val<:es of t. The curves in Fig. 8 show the best 

fit to (A) at each of these t values. The fitted values of a are displayed 

in Fig. 9ts). By way of comparison, we siso show in Fig. 9(a) the values of 

a obtained by fitting the data of Refs. [3] and [4] froa 6 to 50 GeV/c (Fit 2), 

as reported in R t£. ['*j. Wa have not attempted a fit including both our data 

and the data of Ref. [U] because of the inconsistency between their results 

and our preliminary results. 
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There is reasonable a^re^ment between these two sets of a's in the range 
7 

0.05 < -t < 0.6 (GeV/c)". However, at small t the values of a fron Fit 1 

appear to flatten out and approach an intercept value Q(0) - 0.50, whereas 

the values of a from Fit 2 are more linear in the small t region and approach 
2 

an intercept vsiue a(0) - 0.58. For -t > 0.6 (GeV/c) , there is an indication 

that the effective trajectory from Fit 1 Iks somewhat above the trajectory 

obtained in Fig. 2. 

To investigate further the behavior of Fit 1 in the small t region, we 

have fit separately the data of Eef. [3] from (• -18 GeV/c (Fit 3) and the data 

of the present experiment from. 20-1Q0 GeV/c (Fie A). (IQ Fit 4 we have deter­

mined values of a only for -t < 0.5 (GeV/c), since the 20.7 GeV/c data is 

restricted to this t-region. Without the 20.7 GeV/c data, the s-interval of 

the remaining data is too snail to obtain a meaningful fit.) The results of 

Fits 3 and U are listed in Table III and are plotted in Fig. 9(b). 
2 For -t < 0.2 (GeV/c) Fit 3 lies systematically above Fit. 4. The 

nun-linearity of Fit 1 at small t is not obvious in either Fit 3 or Fit k 

and may be an artifact of combining two sets of data with different energy 

dependence into the same fit. A possible interpretation of the systematic 

difference between Fit 3 and Fit 4 is that equation (4) does not adequately 

describe the energy dependence of reaction (1) over the entire range from 

6 to 100 GeV/c- This point may be clarified when new data at energies above 

100 GeV/c became available from the present experiment. 

Invoking the general principles of axiomatic field theory and assuming 

a power lav dependence on s for the forward charge exchange amplitude, one 

can obtain [lO] the ratio R of the real to the imaginary part of the forward 



charge exchange amplitude: 

H . to *3i°l ( 5 ) 

This ratio it independent of s, given the validity of the power law assumption 

of equation (4). 

Over the range from 20 to 100 GeV/c ve adopt a value of ot(o) = 0.50 

cased on Fit 4, and from expression (5) we would then obtain R = 1.00. 

However, if the power law assumption is not rigorously correct, as is 

possibly suggested by the effective trajectory analysis, then R would differ 

from this value and would vary as a function of s. In the present case, ve 

estimate from, a dispersion calculation thai; R. would be greater than 1 (typically 

1.08) between 20 and 100 GeV/c, taking the difference between Fit 3 and Fit 4 

at face value. 

We neve computed two predictions for La = o_(s"p) - o-_,(« p) from 2D to 

100 GeV/cj using expression (2) with R = 1.08, One prediction, shown by the 

solid curve in "Tig. 10, uses the values of (da/^t),^ given in Table H . 

As discussed above, the polynomial extrapolation to t = 0 may lead to e value 

which is systematically low by about 20£. Therefore, we have computed a 

second prediction, in which the values of (da/dt). _ in Table H have been 

increased by 1056. This second calculation is shown by the dashed curve in 

Fig. 10. 

Neither curve is entirely in agreement with the trend of existing data 

from it p and it p total cross section measurements [H-14]. The solid curve 

is low throughout the entire energy range. Although the dashed curve is 

consistent witn the HAL data of Ref. [ll] at 50 and 100 GeV/c, it apparently 

would be too low if extended to 150 and 200 GeV/c. Both predictions fall 
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systematically belov the Serpukhov t o t a l cross section date, of Eef. [123-

At 20 GeV/c the dashed curve i s in good agreement with the EHL data of Ref. 

[13], bi:t the predicted energy dependence i s too steep to describe t o t a l 

cross section data below 20 GeV/c. 
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Table I 

Cross Section Correct ions for a p -*• v n 

20.7 40.6 66 101 
GeV/c GeV/c GeV/c GeV/c 

Length ot LH_ target 40.1 en 40.1 en 40.1 cm 60.6 ca 
Spurious charged veto 

•y-rays from n~ -5Z -5Z -5Z -7Z 
Conversion of y-raya -5Z -5Z -5Z -6Z 
Recoil nuetron veto -2Z -2Z -2Z -2Z 
Accidentals -5Z -2Z -4Z -6Z 

Spurious shower veto 
Recoil neutron veto -5Z -5Z -5Z -5Z 
Ace iduntals -1Z -11 -1Z -3Z 

n u detection efficiency 
Ccontrical acceptance 

n u detection efficiency 
Ccontrical acceptance -0.2Z 0 C 0 
N = 2 cut -0.5Z -0.5Z -0.5Z -0.5Z 
Cos ine 0 cue -29Z -29Z -29Z -29Z 
n° - i e e" Decay - U -12 -1Z -1Z 

Background 
Target eapty +3Z + « +4Z +3X 
S* contamination +32 +32 +32 +3Z 

Averaged over C. 
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Xable I I 

P r e l i n i n a r y Resu l t s fo r n p -*• n n 

Number 
of Events 

da 

20.7 CeV/c 3557 (96 - 10)iib/(C< 

40 .6 28804 (47 i 3) 

66 11528 (28 - 2) 

101 26995 (19 - 2) 

( 9 .4 - 0.6) 

( 5 . 5 - 0 .3) 

( 3 . 3 - 0.3) 

•Obta ined f r c o polynomial e x t r a p o l a t i o n t o t = 0 . See f o o t n o t e , 
page 3 f o r d i s c u s s i o n of p o s s i b l e s y s t e m a t i c e r r o r i n e x t r a p o l a t i o n . 
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Iteble I I I 

Effective Regge Trajectory Values 
for n p -• n n 

Fi t 1 Fit 3 Fit 4 

Range of p 6-100 GeV/e 6-lB GeV/c 20-100 GeV/c 
lab 

Data Used Sef. 3 a- - Ref. 3 Present Expt. 
Present Expt. (Prelin. Results) 
(Prelim. Results) 

Values of a: 

0.01 (GeV/c)2 0.493 i 0.013 0.62 ± 0.05 0.48 ± 0.03 

•>.• i 0.494 t 0.014 0.56 ±0.05 0.48 ± 0.02 

0.05 0,499 t o.oi4 0.60 ± 0.05 0.46 ± 0.02 

0.07 0,478 ± 0.014 0.52 ± 0.05 . 0.45 ± 0.02 

0.09 0,461 i 0.015 0.51 ± 0.06 0.45 * 0.04 

0.12 0,44o ± 0.014 0.47 ± 0.05 0.39 ± 0.04 

0.16 0.412 ± 0.015 0.40 ± 0.05 0.36 ± 0.04 

0.21 0.371 ± 0.015 0.40 ± 0.05 0.35 i 0.04 

0.28 0,316 ± 0.016 0.36 ± 0.06 0.34 ± 0.04 

0.36 0.27 ± 0.02 0.28 ± 0.06 0.23 ± 0.05 

3.45 0.15 ± 0-03 0.17 ± 0.08 O.lB t 0.07 

0.55 0.00 ± 0.05 -0.06 £ 0.14 

0.65 -0,04 ±0.05 -0.11 ± 0.14 

0.80 -O.lfl ± 0.C4 -0.18 ± 0.14 

1.00 -0.31 1 0.04 -0.14 ±0.13 

1.20 -0.49 ± 0.07 -0.56 ±0.18 
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Figure Captions 

Fig. 1 Schematic drawing of the experimental layout- The apparatus 

ie designed to measure those neutral final s ta te reactions in 

which a l l photons are within the acceptance of the 7-ray detector. 

V-l, V-2, V-3, V-4 and the Veto House comprise the shower veto 

system. A-2 and A—i are parr of the charged par t ic le veto 

system. 

Fig» 2 Detailed drawing of the experiiLental apparatus surrounding the 

l iquid hydrogen ta rge t . H. and H_ are counter hodoscopes which 

measure the incident it posit ion and angle. A threshold Cerenkov 

counter (not shown) between H. and A tags pions in the been. 

The beam geometry in defined by A , M,, M~, and M_. A_, A^ 

end A_ are part of the charged part icle veto system. V, and 

the Veto House belong to the shower veto system. 

Fig. 3 Schematic drawing of the photon detector. Gaps between the lead 

plates are f i l led with sc in t i l l a to r rods, with horizontal and 

ver t ica l rods in successive gaps. Bight rods having the same 

x c- -j coordinate are connected optically to form one counter. 

There are 70 x- counters and 70 y- counters. These counters 

measure the x and y (transverse) projections of one or more 

yUoton showers in the detector. 

Fi-.» 1 Spectrur. of JT at 101 GeV/c for events satisfying cuts 1-5. 

Mi> 5 (a-d) : Distributions of do/dt for reaction (1) a t 20.7, 40.6, 

6c and 101 GeV/c. The errors shown are s t a t i s t i ca l only. 



-19-

Fig. 6 Distributions of do/dt in the snail t region for reaction (l) 

at 2D.7, 40*6, 66 and 101 GeV/c. The errors shovn are statistical 

only. Horizontal error bars indicate values of At, the experimen­

tal t resolution, at 101 GeV/c. 

Fig- 7 A plot of the integrated cross section Q"™, as a function of 

p, . The solid curve is a fit to the data of Ref. [3] rvnrj 

of the present experiment. 

Fig. a Plots of do/dt for reaction (1) versus p.. for a number of 

different t values. The solid curves give the results of a fit 

to expression (4), using the data of Bef. [3] and of the present 

experiment. 

Fig. 9 Effective trajectory values for reaction (l) . 

Fig. ID Toe difference Ca of the jt~p and n p total cross sections, 

plotted as a function of pj-j* The solid and dashed corves are 

predictions for CP from the data of the present experiment, as 

described in the text. 
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