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Berkeley, California 
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ABSTRACT 

Neutron distributions from the charge-exchange (n°n) and .in

elastic modes (n° n°n,. n + n- n) of the n- -p interaction are investigated 

at 313 and 371 MeV. The pion beam of the Berkeley 184-inch synchro

cyclotron is focused on a liquid hydrogen target, The scattered neutrons 

are detected in blocks of plastic scintillator surrounded by anticoincidence 

counters. Their time-of-flight distribution is determined electronically. 

Elastic and inelastic neutrons are separated in the all-neutral final 

states by this time-of-flight information. 

The charge-exchange differential cross section is least-squares 

fit with a Legendre expansion of the form 

N ho a 1P 1 (cos 
da * 
dO* (cos 8 no) = 

>:< 
8 0) 

n 

with the following results {in mb/sr}: 

T TT- ao a1 a2 a3 

313 1. 2.1: ±0. 0.3 : 1.92±0,06 1.61±0,06 0.48±0.05 

371 0.89±0.02 1.57±0.04 L 13±0,04 0. 38±0. 03 
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The charged-mode inelastic -neutron (n + n- n) distribution has 

a marked enhancement at the lowest c, m. neutron energies (highest 

two-pion kinetic energy). There is no clear evidence of an ABC 

effect. The neutral mode (n°n°n) distribution is inconclusive, 

r 

'' iJ' 
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I. INTRODUCTION 

·The motivation for an experiment to detect neutrons arising in 

rr- p collisions in the 300 to 400- MeV energy range came from interest 

in both classes of neutron final-states expected from this reaction. The 

elastic neutrons (nrr 0
) would provide a technique for measuring the dif

ferential cross section for this charge-exchange reaction, these measure

ments could clear up some questions concerning the existing data. In 

addition, study of the inelastic neutrons (nrr 0 n° and nrr- 'IT+) would provide 

information about the two-pion interaction in the isotopic state I = 0. 

The small contribution to the neutron yield from the yn final state 

could be properly accounted for with a detailed balance calculation. 

A. Elastic Neutrons 

The interaction of pions and nucleons is of fundamental importance 

in nuclear physics since a major component of nuclear force is believed 

to result from the interchange of pions by the nucleons in the nucleus. 

For this reason, the pion-nucleon interaction has been studied for some 

time, usually by means of scattering experiments involving charged 

pions and protons. Such pion-nucleon scattering data can be analyzed 

in terms of partial waves, for which the scattering amplitudes are ex

panded in a series of terms, each term corresponding to a definite 

angular momentum and parity state of the pion-nucleon system. These 

partial-wave expansions are parameterized with the phase shifts that 

measure the strength of the interaction in each angular-momentum and 

isotopic- spin state. Theoretical predictions concerning the pion-nucleon 

system can then be compared with this phase-shift analysis. 

For the simple case of elastic scattering, the amplitude of the 

quantum mechanical wave representing the scattered particles has the 

form 
f(e) exp(ikr) 

r 

at large distances r from the target. The particle momentum is k 

in units of 11, and 
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f (8) = ')' (U +1) 
LJ k P1 (cos 8) exp{i61 )sin 61 . 
£ 

The differential cross section, 
2 

da /drl, is equal to If( 8) I The 

parameters 61 are the phase shifts, where £ represents all the 

quantum numbers needed to specify each state in the partial-wave ex

pansion, usually angular momentum and isotopic spin. The phase 

shifts measure the angle by which the scattering potential changes the 

phase of the scattered wave with respect to the incoming wave, I£ the 

scattering is not purely elastic, 6 1 will be complex with its imaginary 

part representing the amount of absorption that occurs in the reaction, 

The isotopic-spin state for n + p scattering is pure I = 3/2, 

whereas the n- p system is formed from a superposition of I = 3/2 and 

I= 1/2 states, This fact evidences itself in the partial-wave analysis 

by the amplitudes for n- p elastic scattering being proportional to 

( 1/3)M3/ 2 + (2/3)M1/ 2 

and the amplitudes for n- p charge-exchange scattering bring pro

portional to 

where M 3/ 2 and M
1

/ 2 are the matrix elements for the transitions 

of the I= 3/2 and 1/2 states, respectively. Since the cross section 

for charge-exchange scattering is proportional to the square of an 

amplitude formed from the difference of the two isotopic spin states, 

the measurement of this cross section can provide a separate and sensi

tive contribution in determining the phase shifts corresponding to these 

isotopic-spin states, 

When a program of phase-shift analysis was contemplated in 

the energy region of the higher pion-nucleon resonances (600 to 900 

MeV), it seemed obvious that a hopelessly large number of solutions 

could equally well represent the data, Therefore to reduce the number 

of phase- shift solutions- -hopefully to a single correct solution- -the 

necessary first step seemed to be to determine a unique set of phase 

' 
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shifts that accurately represented the data at some lower energy at 

which a relatively few angular-momentum states could contribute. Then 

a conti:quous solution could be traced into the higher energy regions. 

This is the program now being forwarded by a number of investigators. 

Three hundred and ten MeV seemed to be the desirable incident

pion energy at which to try to determine an unambiguous-phase-shift 

solution. Classically, . D waves (up to and including i. = 2) are expected 
1 2 

to become noticeable by this energy. Foote et al. and Rogers et al. 

had made a very accurate determination of n + p differential eros s sec

tions and recoil-proton polarization at this energy. Some n- p dif

ferential cross section .and polarization data had been obtained at 307 

MeV by Zinov and Korenchenko, 
3 

and Vasilevskii and Vishnyakov, 
4 

However these data were not sufficiently accurate for good phase-shift 

analysis. Therefore Rugge and Vik
5 

proceeded to measure the n- p 

differential cross sections and polarization with an accuracy corre

sponding to the n + p work of Foote and Rogers. 

One additional set of data was available for the phase-shift 

analysis, since Caris et al. 
6 

had measured the charge-exchange dif

ferential cross section at 317 MeV. However when the Caris data were 

compared with charge-exchange distributions predicted by phase-shift 

solutions determined with the elastic-scattering differential-cross-sec

tion and polarization data, 
7 

it was apparent that there was considerable 

deviation at the backward pion angles. It appeared that this charge-ex

change information was not quite consistent with the large amount of 

elastic-scattering data. 

The charge-exchange distribution had not been measured di

rectly since, because of the extremely short lifetime of the n ° meson 

(2.2X1o-
16 

sec), it did not emerge from the hydrogen target. Only 

the gamma rays into which the :rr0 decays could therefore be detected. 

From this observed gamma-ray spectrum, the n° angular distribution 

had to be deduced by relating the Legendre coefficients that fit the 

'{-ray distribution to the Legendre expansion for the n° distribution. 
6

' 
8 

This procedure, of course, was not as satisfying as if the angular distri

bution of one of the reaction products could have been observed directly. 
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At the time when the charge-exchange data by Caris et aL were 

analyzed, not even the total cross sections for the inelastic processes 

that contribute to the observed y rays {n°n°n and .or -n°p} were well 
- + known. They were assumed to be equal to that of the n 'IT n reaction 

measured by Perkins. 9 Subsequent data have shown this to be in

correct. 10 Although the total cross section for these inelastic processes 

is small compared to that of the charge-exchange data being corrected, 

at backward pion angles the differential cross sections are very nearly 

equal. Thus a small uncertainty in the effect of the y rays from the 

inelastic processes could significantly alter the final angular distribution. 

And it was at these same backward angles that the phase-shift predictions 

of Vik and Rugge departed most from the charge-exchange data of Caris. 

In addition, charge-exchange data taken by Kurz 
10 

at 374 MeV appeared 

to differ sufficiently from corresponding observations made by Caris 

to be in significant disagreement. 

Sufficient doubt had been raised concerning the charge-exchange 

data available in this energy region that it was decided to attempt to 

measure the differential cross section by observing the only directly 

accessible final-state particle--the neutron. Neutral particles are, 

in general, more difficult to observe than charged particles, but this 

experiment presented an additional complication. The elastic and in

elastic neutrons were to be separated by detecting a difference in the 

time it took them to traverse a measured path length. This would re

quire an electronics system with an over-all time resolution of the 

order of L 5 nsec. This presented a considerable challenge, but it 

appeared that such charge-exchange data would certainly be needed .to 

complete the phase-shift-analysis .program, 

.f 

, 
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Bo Inelastic Neutrons 

3 
While making .measurements of the momentum spectra. of He 

and H
3 

nuclei produced in the collisions of high-energy protons with 

deuterium,. Abashian et aL reported detecting an anomalous bump in 
3 11 12 

the He momentum spectrum (the so-called ABC effect)o ' In the 

reaction p + d - He 
3 

+ 2n, the two-pion system corresponds to a mix

ture of isotopic-spin eigenstates having .I= 0 and I= L But in the cor

responding H
3 

final state, the two-pion system occurs only with I = L 

Thus by appropriately subtracting the I = 1 state from the He 
3 

spectrum, 

they showed that the anomaly existed only in the I = 0 stateo 

These authors concluded that the anomaly was an enhancement in 

the two-pion production in the I = 0 state, and could be explained as a 

strongly attractive low-energy pion-pion interactiono 
12 

A scattering 
-1 

length of 2±1 fJ. was assignedo 
10 13 

However two other groups at Berkeley ' had looked at two-

pion final states ( n-n+ n and n°n°n) in pion-nucleon collisions and had 

not observed any clear evidence for such a two-pion interactiono Both 

of these states should have exhibited any I = 0 two-pion enhancement 

since the first is a mixture of eigenstates having I= 0, 1, and 2, and 

the second is composed of I = 0 and 20 Instead, they had ooserved a 

peaking of the neutron-energy distributions that corresponded to the maxi

mum kinematically possible relative two-pion energyo This new effect 

was observed in both final states with both counter and bubble chamber 

techniques 0 

These developments indicated the desirability of more measure

ments on the I = 0 two-pion systemo Since the inelastic neutrons that 

we had to identify and separate from the charge-exchange differential

cross-section data arose from precisely these same two-pion .. final 

states, we could readily obtain such datao We could conveniently carry 

out the two investigations simultaneously, using the same experimental 

equipmenL 

Thus with this double motivation, we proceeded with the in

vestigation of neutrons arising from n-p collisions at 313 and 371 MeVo 

·.: 
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The lower energy was chosen to correspond to the energy at which the 

Segre group was working" The higher energy approaches the practical 

upper limit for separating inelastic neutrons by time of flight and was 

selected so that comparison could be made with data taken by Kurz" 

•! 

-· 
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II. EXPERIMENTAL METHOD 

The collision of a pion from a 313 or 371 MeV beam and a proton 

in a liquid hydrogen target provides sufficient energy to open some of 

the inelastic channels of the nN system with the production of an addi

tional final-state pion. Although the higher of these energies is above 

the threshold for the production of two extra pions, these contributions 

are assumed to be negligibly smalL Thus the experimental task in

volved in the investigation of n- p interactions in this energy range is to 

detect and .separate the products of the following reactions, 

n + p-n + p elastic scattering (1) 

TT + p- TTO + n charge exchange (2) 

TT + p- y + n radiative absorption (3) 

TT + p -no + no + n (4) 
+ pion production (5) n + p-11' + n + n 

n + p-n + no + p (6) 
TT + p-n + y+p nuclear brems strahlung(7) 

A detector accepting only neutral particles will signal the 

presence of a neutron (since gamma rays can be distinguished from 

neutrons, as we show) and will eliminate reactions (1), (6), and (7), 

The cross section for radiative absorption (3) is small compared to 

other neutron sources, so these neutrons can be treated as a mathe

matical correction to the data. Next, if the hydrogen target is sur

rounded by a scintillation counter that will detect any charged pions 

in coincidence with a neutron, these reactions can be labelled as (5) and 

counted separately, They are analyzed with the two-pion (I = O) in

teraction in mind, 

Now we are left only with reactions (2) and (4) to separate, The 

inelastic neutrons of reaction (4) emerge from the target with a spec

trum of energies. At a fixed lab-system angle, enough energy is re

moved from the reaction as the rest mass of the second pion that the 

highest kinetic energy available to the inelastic neutrons is below the 

unique energy of the elastically scattered charge-exchange neutrons 

[ Eq. (2)], Thus the arrival of these groups of neutrons at a detector is 
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separated by a small increment of time. When the neutrons 1 flight 

path was a few meters and we paid very careful attention to the re

quired time -of-flight measurements, we were able to clearly distinguish 

between the elastic and the inelastic neutrons, In addition, the gamma 

rays that registered in the neutron counter--both the direct final- state 

products and those arising from the various decaying n° 1 s- -are easily 

separated from the neutrons, since they arrive several nanoseconds 

sooner than the fastest neutrons. 

This then, in general, was our experimental technique, Now let 

us look in detail at the components used in carrying it ouL 

A. Pion Beam 

L Beam Design 

The negative pion beam was produced in the reaction 

p + n- p + p + n when the internal 732-MeV proton beam of the 

Berkeley 184-inch synchrocyclotron struck an internal beryllium targeL 

This target had a cross section 1/2 in, in the radial direction by 2 in, 

in the vertical direction and was 2-in, thick in the beam direction, Be

cause the phase space for this reaction decreases rapidly as a function 

of angle, production of high-energy-pion beams is limited to angles 

close to 0 deg, 

These pions were deflected outwardly by the magnetic field of 

the cyclotron, and passed through a thin aluminum window in the vacuum 

tank and into the 8-in. aperture of the doublet quadrupole magnet Q
1 

(see Fig. 1), The trajectory of such pions was calculated by the IBM 

709-7090 FORTRAN program CYCLOTRON ORBITS, 
14 

which uses 

measured values of the cyclotron magnetic field to integrate the equations 

of motion of the particle. Previous experience indicated that the maxi

mum pion flux occurs where the orbits of the internal proton beam are 

nearly 82 in. in radius. We set the Be target at this radius andre

quired that the calculated pion trajector pass through the center of the 

8-ft. -long iron collimator known as the meson wheeL This fixed both 

the azimuthal position of the Be target and the angular position of the 

~I 
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1T 

Fig. 1. Plan view of the meson cave in the 184-inch 
cyclotron showing the magnetic system for the 
pion beam. Detail of the target area is shown 
in Fig. 6. 
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meson wheeL Both space requirements and optimization of the beam 

focus dictated that the external doublet quadrupole magnet 0
2 

and the 

bending magnet M should be located as near the meson wheel as pos

sible. Thus the physical arrangement of the beam system was chosen. 

The magnetic-field parameters of the beam-transport system 

were determined with an IBM 709-7090 FORTRAN program called 

OPTIK 15 This program treats a high-energy-particle beam analogously 

to a geometrical optical beam, The beam is represented as a 6-di

mensional vector--the lateral and angular displacements both vertically 

and horizontally from the beam line, the momentum spread of the beam, 

and a projection operator that accounts for particles of different mass 

and thus different velocities in a monochromatic beam, The effect of 

each element of the system (bending magnet, quadrupole, etc.) on this 

vector is given by a matrix acting on the vector. In such a problem the 

field of the cyclotron can be simulated by three elements: a field-free 

region, a bending magnet, and another field-free region. A matrix 

combining these elements was used as the first component of the magnet 

system. 

The requirement that the beam must be parallel as it passed 

through the meson wheel determined the field strengths for the two ele

ments of the internal quadrupole Q
1

. The polarity of Q
1 

was set 

opposite to that of the external quadrupole Q 2 in order to maximize 

the solid angle for acceptance of the beam. Quadrupole 0 2 was set 

so as to refocus this parallel beam at the target position .. The angle of 

bend for the selected pion momenta in the 36X18-in. magnet M (8
2 

in 

Fig, 2) and the hydrogen-target position (Lin Fig, 2) were chosen so 

that the momentum dispersion for the analyzing magnet M exactly 

compensated the dispersion in the rest of the system. In this way the 

required magnetic fields for all elements of the system were calculated. 

2. Measured Properties 

The calculated parameters of the system were verified empirically t.,· 

when the system was assembled, The current required to produce the 

desired angle of bend was checked by the suspended-wire technique. 
16 



p 

-11-

uu LJLJ 

lollcl Vert'1ca I plane lclfDl 
M 

Ql Q2 

lEJlQJI 
Horizontal plane 

LQ_JL_£j 

nn llll 

Fig. 2. Beam-optics diagram. 
C = convergent quadrupole element 
D = divergent quadrupole element 
T = internal Be target 
P = internal proton beam 
e 1 = 6 7 deg 
e2= 45 deg 
L = 88.5 in 

MU.2B831 
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Here the beam is simulated by a taut, flexible wire in which the cur

rent corresponds to the momentum of the beam, and the tension to the 

magnetic rigidity of the beam particles, The quadrupoles were tuned 

to give the best beam profiles at the final image, The final settings 

agreed well with those calculated by OPTIK Figure 3 shows the pro

files of the 371-MeV beam after the 3/8-in, rectangular resolution 

function of the beam detector 
17 

was unfolded from the observed pro

files, Similar profiles were obtained for the 313-MeV beam, To re

duce the widening of the profiles by multiple Coulomb scattering of 

the pions by air, the beam path was maintained in an atmosphere of 

helium gas from the entrance of Q2 to the exit of M, 

The average energy and the energy spread of the beam were 

determined by the integral-range method, Transmission was measured 

as a function of copper-absorber thickness by recording the ratio of 

particles entering the absorber with those emerging beyond it, Figure 

4 shows the integral-range curve at 313 MeV, The 371-MeV range 

curve was similar, Point A is the break between the pion-absorption

loss curve and the actual stopping of pions, Pions stopped between 

points A and B, Point B marks the high-energy end of the pion-stopping 

range and the low-energy end of the muon-stopping range, Beyond 

point C only electrons penetrate through the absorber, The difference 

between points A and B represents the energy spread of the beam, and 

the central energy was taken half-way between them, The final beam 

energies were determined from the range curves to be 313±14 MeV 

and 371±13 MeV, 

3, Beam Contamination 

The beam contamination consists of muons and electrons, Some 

of the pion decays, Tr - f.L + v , occur before the analyzing magnet, 

and the resulting muons that pass through this magnet and remain in the 

beam have only the momentum of the main pion beam, These are ob-

served in the range curve at point B after the electron-component curve ''( 

is ~:Xterided back t~ this p~int from point C, and subtracted, However 

other pion decays occur after the bending magnet, and the muons pro-

duced there occur with a spectrum of momenta, The number of these 



'w' 

"' -c: 
:::! 

>..... 
0 ..... -

"' c: 
Q) -c: 

H 

2 

-13-

Horizontal 

0 2 2 0 2 
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MU-34096 

Fig. 3. Vertical and horizontal profiles of the 
371-MeV beam taken at the position of the 
liquid hydrogen target. 
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Fig. 4. Integral-range curve for 313-MeV TT- beam. 
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muons can be calculated and added to the others already accounted for, 

However the range distribution of this second group must also be com~ 

puted, since the muons of this group with a range greater than that cor~ 

responding to point B have already been counted in the range curve and 

must not be recorded twice, With this precaution observed, we have 

obtained the fraction of the muon contamination of the beam shown in 

Table L 

Table L Summary of n beam characteristics, 

. Energy 
(MeV) 

313 

371 

AT 
(MeV) 

14 

13 

Intensity 
(n/min) 

25X1o
6 

12X1o
6 

Muon Electron 
contamination contamination 

{o/o) (o/o) 

5,8 0,3 

4,0 0,3 

Beyond point C in the range curve the multiply scattered electrons 

that appear do not faithfully represent the number of electrons traversing 

the system under operating conditions, since many of them arise from 

electron showers in the copper absorber, Therefore the electron con= 

tamination was estimated to be 0, 3o/o from measurements made on al

most identical beams with gas 'Cerenkov counters, 
18 

The properties 

of the beam are summarized in Table L 

B, Liquid Hydrogen Target 

The liquid hydrogen target was located at the final focus of the 

beam system after the beam had passed through an aperture in a 4-ft, 

concrete shielqing walL The target was a modified version of one used 

successfully before, 
10 

The hydrogen target is shown in Fig, 5, This 

target could accommodate the cylindrical scintillation counter (S4 ) used 

to separate final neutron states associated with charged pions, It also 

had a minimum amount of material surrounding the hydrogen flask, 

. which could rescatter the neutrons or act as converter for the gamma 
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Fig. 5. Liquid hydrogen target showing the last of the 
three beam-monitor counters and the surrounding 
scintillation counters. 

MU-28833-11 
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rays leaving the target. The vacuum chamber consisted of a 6-in. -

diameter aluminum cylinder with 0.04-in. walls and a 0.02-in. spun

aluminum end dome. The front window of the vacuum chamber con

sisted of Mylar 0.03-in. thick. 

The liquid hydrogen flask was a horizontal cylinder 3-in. in 

diameter and 6-in. long with walls of 0.015-in. Mylar. The ends were 

also formed of 0.015-in. Mylar. The flask was supported in the vacuum 

chamber by Styrofoam braces. Because the ends of the flask were 

slightly curved, the mean value of the target length was obtained by 

averaging the physical flask length weighted by the beam profile over 

the cross-sectional area of the flask. This value was 5. 73 in. for the 

313-MeV beam and 5. 76 in. for the 371-MeV beam. The slight dif

ference is due, of course, to slightly different beam profiles. These 

values were used later as the effective target length in calculating the 

differential cross sections from the observed neutron yields. 

C. Scintillation Counters 

Figure 6 shows the arrangement of the experimental area. 

Located along the pion beam are four scintillation counters (S 
1

, s2 , S3' 

and ~5 ),. which form the beam-monitoring system. Surrounding the 

hydrogen target is the counter (S4 ) used to detect charged pions. The 

relative positions ofS3 , s4 , s
5 

and the target are also shown in greater 

detail in Fig. 5. The four neutron counters (N
1

_4 surrounded by anti

coincidence counters A
1

_4 ) are located at representative positions for 

detecting neutral particles originating in the target. 

1. Beam- Monitor ·System 

Counters s
1

, s2 , and s 3 were located in the beam to monitor 

the incident-pion flux arriving at the target position. The smallest 

counter s3 defined the area of the beam accepted by the monitor system. 

This counter was made as thin .as f?ractical ( 1/16 in. ) so .as to reduce 

the number of non-hydrogen-scattered particles accepted by the system. 

Therefore the zero-time signal for the time-of-flight analysis was not 

derived from this counter because the hming resolution would have 
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Fig. 6. Plan view of the experimental area showing target 
and counter .arrangement. 

MUB-2487 
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been adversely affected by the statistical fluctuations in the small 

number of photoelectrons produced at the photocathode by a particle 

passing through this thin scintillator. Instead, s2 served as the 

source of the zero-time signal, since it could safely be made somewhat 

thicker. Counter s5 , located beyond the hydrogen target and used in 

anticoincidence, rejected incident pions that were not scattered by an 

angle greater than 10 deg in the hydrogen. This eliminated false start

time signals from noninteracting particles, and reduced the start-

time signal rate by a factor of almost 25. 

Each of these counters was made from a circular disk of plastic 

scintillator optically connected by a Lucite light pipe to a photomultiplier 

tube. Their dimensions and phototube types are listed in Table II.. The 

RCA 7264 phototube was selected for the zero-time counter for its 

b tt t . . h . . 19 e er 1,m1ng .c aractenshcs. · 

Counter 

Table II. Counter description. 

Dimensions 
Thickness Diameter 

(in. ) (in. ) 

1/4 

1/4 

1/16 

1/2 

7 

5 

2 1/2 

7 

2. Charged-Pion Counter 

Phototube 
type 

RCA 6810A 

RCA 7264 

RCA 6810A 

RCA 6810A 

Counter s4 surrounded the liquid hydrogen target and detected 

the presence of one or both of the charged pions in coincidence with a 

neutron from reaction (5). Thus these 11 charged mode 11 neutron events 

could be recorded separately from the "neutral mode" events 

l reactions (2) or (4)] . This scintillation counter was in the form of 

a horizontal cylinder with an outside diameter of 7 in. , a length of 

20 in., and a wall thickness of 1/4 in. It was viewed by two RCA 

6810A p~ototubes optically connected to it by Lucite light pipes. The 

two phototube-output pulses were added to form the s4 sign~l. 
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3. Neutron Counters 

Neutrons were detected in a block of plastic s~intillator by the 

light produced by recoiling charged products arising in interactions be

tween the incident neutrons and the hydrogen or carbon nuclei of the 

scintillator. Gamma rays were similarly registered by the counter, 

but these could be clearly distinguished by their earlier arrival time. 

Figure 7 shows one of the four identical neutron counters prior 

to asseml:>ly. The scintillator block was 4-in. thick in the direction of 

neutron penetration, and had an octagonal frontal area formed by re~ 

moving the corners of a 4X10 ... in. rectangle. Thus the area intercepting 

neutrons was 38 in. 
2 

and the scintillating volume was 152 in. 
3 

One 

face of the detector was attached directly to a Lucite light pipe,. which 

in turn was optically connected directly to the photocathode of the photo

tube. All other sides of the scintillator block were covered with a 

white plastic paint (Tygon series K) to provide a diffuse reflective sur

face that improved the light collection slightly. 

A phototube with a photocathode 5-1/4 in. in diameter was used 

in order to obtain efficient light collection from the large block of 

scintillator .. The phototube (Amperex 58AVP) was selected because it 

had the best timing characteristics of the tubes with a large photocathode. 

The pulse rise time was slightly better, and the cathode transit-time 

differences considerably better, than with any other phototube available . 

. Each anticoincidence counter was an octagonal box completely 

surrounding the scintillator block and extending back an .ac:lditional 4 in. 

beyond the sensitive area. The front face and sides of this counter 

were formed of 1/4-in. plastic scintillator, and were viewed through 

Lucite light pipes by two RCA 6810A phototubes whose signals were 

added. The efficiency of the counter was estimated at > 99.5%. 

Figure 8 shows a neutron detector assembled and mounted in 

its movable frame. The four neutron counters recorded data simultane-

ously, from positions on both sides of the 1T- beam, and at laboratory '-' 

angles from 10 to 60 deg. It was not practical to take data at smaller 

angles because of the close proximity of the noninteracting 1T beam, 
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ZN-4343 

Fig. 7. Unassembled neutron counter showing the anti
coincidence counter with its two phototubes, the 
scintillator block attached to the light pipe, and 
the neutron phototube. 
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ZN-4342 

Fig. 8 . Assembled neutron counter. 
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nor at large angles because at these angles the neutrons were of such 

low energy that the neutron-detection efficiency of the counters was 

not adequately known. 

_ D. Electronics 

Sufficient information .was now contained in the signals from the 

various particle detectors to separate the neutr.ons being observed from 

reactions (2), (4), and (5). This separation and the proper tabulation 

of these various events was performed by the electronics system .. A 

simplified schematic diagram of this system is shown in Fig. 9 .. Only 

essential electronic functions are represented and many circuits are 

omitted for clarity: .. Also, only one of the four neutron .detectors is 

shown .. We describe in somewhat greater detail the components and 

operation of this system. References to special circuits are by LRL 

Engineering Drawing number. Descriptions of all other circuits are 

given in the .LRL (;ounting Handbook. 
1
,9 

1. Beam Monitoring 

The phototube pulses from all the counters in the electronic 

system triggered tunnel-diode discriminators whose outputs were 

uniform in amplitude and time duration. This triggering was beneficial 

since it provided uniform pulses at the coincidence circuits. The monitor 

c.aincidence circuit 11 M11 used such pulses from s
1

, s2 , and s
3 

to 

form a 123 coincidence, which signalled the passage of an incident 

pion in the beam. Likewise a 1235 response ( denotes anticoincidence) 

in circuit 11 111 indicated that a pion had interacted in the target. 

Account had to be taken at this point of the fact that the cyclotron 

beam was produced in 15-nsec bunches with a frequency of one bunch 

per 54 nsec. The monitor counters could not resolve two pions in the 

same bunch. In such case~ one pion might interact and .have the re

sulting neutron properly detected, but then have the event rejected be

cause the other pion tripped anticoincidence counter 5. Since the 

probability of two pions 1 occurring in the same bunch is equal to the 

probability of two pions 1 occurring in bunches separated by 108 nsec, 
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Fig. 9. Simplified electronic block diagram. Four neutron 
detectors (Ni and Ai) were used inthe experiment. 

ZCD = zero crossing discriminator 
THC = time-to-height converter 
PHA = pulse-height analyzer 



the beam-monitor counting rate was properly compensated by placing 

a signal from s
5 

in anticoincidence in the 11 M 11 circuit after being de

layed by 108 nsec. This reduced the monitor counts by the number of 

pions that might interact and then be improperly rejected. 

The auxiliary-dee facility of the 184-inch cyclotron was used 

throughout this experiment. This; mode of operation .spilled the inter

nal proton beam onto the Be target over a period of 6 to 10 msec in

stead of the normal maximum duration of 400 !J.Sec. However, even 

with this 10 stretched11 beam, 10 to 20o/o of the pion flux was located in 

the first 200 !J.Sec of the spill and resulted in an unacceptably high in

stantaneous intensity. The electronic system was therefore gated off 

during this so-called 11 spike. 11 All scalers in the system were controlled 

by this gate signal. In addition the system was gated off during the 

time that. the pulse-height analyzer (PHA) was busy. However this 

dead time amounted to less than 0.1o/o. The beam monitor 20-Mc dis

criminator-scaler system was doubled for reliability. 

2. Neutron Time-of-Flight Analysis 

Besides. the signal supplied to the beam-monitor circuits, s2 
also ,provided the zero-time or 11 start11 signal for the time-to-height 

converter (THC) of the time-of-flight system. This signal was in the 

form of a clipping-line-differentiated pulse at the input to the tunnel

diode discriminator (SX-2192-4). 

The 11 stop11 signal was generated when a neutral particle registered 

in one of the neutron detectors N
1

_
4

. This neutron-timing information 

was obtained from the phototube (58AVP) signal by pulse differentiation 

with an overdamped LC-tuned circuit to produce a zero-crossing signal 

whose zero-crossing point was detected by a tunnel-diode discriminator 

(SX-2193-3). This technique was used because the time shift of the 

output pulse is very small over a large dynamic range of photomultiplier

input light levels. 
20 

In .order to prevent pulse saturation that would spoiL 'the timing 

information of the differentiated pulse, the phototube base was a graded

voltage-divider chain. Two signals were taken from the neutron tube 
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base. In addition to the anode pulse used for timing information, ·a 

normal signal was taken from dynode 14 and its ampl.itude information 

was used to set the threshold of the tunnel-diode discriminator. 

This discriminator, in turn, generated two pulses. The one 

containing the accurate timing information was the 11 stop 11 signal for the 

THC. The other went to the approprj.ate neutron coincidence circuit 

N. The A
1

_4 signals, placed in anticoincidence at these four circuits, 

rejected pulses arising from initially charged particles entering the 

neutron counters. 

The summed output of the four N coincidence circuits con

trolled one element of the gating circuit (4X-1112~6D). When one of 

the neutron counters detected a neutral particle within 90 nsec after a 

1235 coincidence had indicated that a pion had interacted in the target, 

the I signal pas sed through this first gate to open a second set of gates, 

which allowed the timing signals- -the 11 start 11 and 11 stop11 pulses- -to 

enter the THC. This THC unit consisted of two tunnel-diode discrimi

nators (4X-1112~ 18) to shape the pulses- -the actual time -to-height con

verter (4X-6422A), and a linear amplifier (LRL Model V). The THC 

provided a signal whose amplitude was proportional to the separation 

between the time of the start and stop pulses- -that is, proportional 

to the time between the pion interaction and the arrival of the neutral 

particle at the neutron counter. 

3. Signal Routing 

The signals from the THC contained data from both "charged 

and neutral mode 11 events, which were recorded by all of the neutron 

counters positioned at different laboratory angles and flight-path dis

tances from the target. Each type of event and experimental condition 

had to be sorted, identified, and recorded separately. This was done 

by the routing .matrix. 

The presence or absence of an s
4 

signal accompanying an l.nter

acting pion distinguished a charged from a neutral mode neutron 

event. Thus a 12345 response in the 11 +11 .. coincidence circuit indicated 

an interacting incident pion with charged reaction products, whereas a 
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1234'5 signal out of the 10 0 11 circuit indicated a reaction with all neutral 

products .. The outputs of the discriminators following these coincidence 

circuits were the inputs to two routing-pulse generators (5X-2652). The 

other inputs came from the N coincidence units and indicated which 

neutron counter had provided the detection signal. The output signals 

from these generators were of the proper polarity and duration to supply 

the external routing inputs to two 400-channel RIDL pulse-height 

analyzers (PHA). The analyzers were used in the external-routing 

four-quadrant mode of operation, for which the first unit recorded all 

neutral-mode events and the second handled the charged-mode events. 

The channels of both units were numbered and read-out sequentially. 

Thus the data stored in locations 000-099 corresponded to neutral 

events detected by neutron counter N
1

· 

contained charged data from N
2

. 

Likewise locations 500-599 

An OR circuit (4)(:.:6'38:1-17) in the routing .matrix prevented 

ambig:uous combinations of routing and signal inputs from reaching the 

PHA. Each input signal analyzed was accompanied by one and only one 

routing pulse. The frequency with which signals arrived for analysis 

at the PHA was low enough to exclude any problems involving loss of 

efficiency due to this circuit. 

At appropriate time intervals the contents of the mp.gnetic-core 

memory units of the PHA were read-out on punched paper tape and 

printed on an IBM typewriter. Included with the data was a coded 

numerical 11title 01 that uniquely specified the particular run and recorded 

the appropriate experimental conditions of the beam, target,. and each 

of the four neutron counters. 

E. Experimental Procedures 

Since some detected events occurred in the material of the tar= 

get flask.and vacuum jacket rather than in the liquid hydrogen itself, 

. these events. were accounted for by taking data with·;:the target full of 

hydrogen and again with it empty. The difference between the two sets 

of data represents the events taking place exclusively in the hydrogen. 
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However for both target configurations, random accidental coincidences 

occurred at a definitely nonnegligible rate" These accidental rates were 

measured by inserting 108 nsec of delay in the start side of the time-of

flight system, including routing" This put the entire system out of co

incidence by two fine-structure cyclotron pulses" Again by subtracting 

the corresponding sets of data, channel by channel, information free 

from the most prevalent form of electronic accidentals was obtained" 

The measurements were performed in cycles of target-full-real 

target-full-accidental, target-empty-acidental, and target-empty-reaL 

. In order to minimize the statistical error in the data for the available 

running time, the relative time spent on each type of measurement was 

proportional to the square root of the counting rate for that condition. 

Since the time separation between the arrival of the elastic and 

inelastic neutrons varied considerably with angle, it was desirable to 

use various flight-path lengths" At the most forward angle (10 deg), 

where the velocities of the two types of neutrons was most nearly equal, 

it was necessary to use a flight path of 5 meters to obtain a clear sep

paration between the elastic and inelastic events recorded in the PHAo 

However, at large laboratory angles, adequate separation could be ob

tained at 3 meters. Therefore we decreased the path length at these 

angles to take advantage of the higher counting. rates achieved from the 

larger solid angles subtended by the neutron detectors" At intermediate 

angles, 4 meters was a useful compromise" At some angles, data 

were taken for two different path lengths" 

Data were also taken with two different detection thresholds for 

the neutron counters" Since neutrons could give rise to arbitxarily 

small light signals in the blocks of plastic scintillator, some minimum 

a~ceptable light level had to be established" Since the neutron-de-

tection efficiency is a sensitive function of what minimum level is selected, 

this had to be rechecked periodically throughout the experiment. This 

threshold was set with the Compton edge of the L28-MeV y ray from 

Na
22 

The energy distribution of the Compton electrons produced by 

this y ray has a sharp maximum at 1.07 MeV" The threshold for 
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detection was controlled by the discriminator triggered by the dynode 

signal from the 58AVP phototube. The dynode signal was split and 

stretched for input into the PHA. The pulse-height spectrum of a 

Na
22 

source placed against the neutron detector was displayed and the 

threshold of the dynode discriminator set at the location of the Compton 

edge (see Fig. 10). Attenuators were then used in front of this dis

criminator to set the thresholds at levels higher than 1.07 MeV. Data 

were taken at thresholds of 2.09- and 8.31-MeV equivalent electron 

energy. 

A summary of the experimental running conditions is given in 

Table III. 
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ZN-4344 

22 
Fig. 10. Compton edge of Na observed by neutron de-

tectors. A. Measured spectrum of Compton 
electrons produced by 1.28-MeV 'I from Na22 source. 
B. Measured spectrum with cut-off by amplitude 
discriminator. 
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Table lll. . Summary of experimental running conditions. 

1T Beam energy Neutron angle Flight path Detection threshold 
(MeV) (de g) (meters) 

{ 
5 8.31 

313 10 

4 8.31 2.09 

15 4 8.31 2.09 

{ 
4- 8.31 

20 

3 8.31 

{ 
4 8.31 

25 

3 8.31 2.09 

30 3 8.31 

40 3 8.31 2.09 

45 3 8.31 

50 3 8.31 

55 3 8.31 

60 3 8.31 2.09 

371 10 5 8.31 

20 4 8.31 

30 3 8.31 

40 3 8.31 

50 3 8.3'1 

60 3 8.31 
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Ill. DATA ANALYSIS 

After the necessary data had been accumulated, the cyclotron 

facilities were relinquished to other experimenters, and our experi

ment proceeded into the data-analysis stage" First, the data that had 

been recorded on punched paper tape were transferred to magnetic tape" 

In the process, checks were made for clerical errors and consistency 

between runs. Second, the yield per incident pion per PHA channel 

was computed. Then all the data from the various runs for each set 

of experimental conditions were combined. At this point, several nor

malizing corrections were applied to these combined yields" Finally 

we computed the differential eros s section da /drl for the elastic neu

trons and the double-differential eros s section at constant neutron lab 

kinetic energy d
2

a /dT drl for the inelastic neutrons. 

Let us now look more carefully at the steps of the data analysis" 

A. Yield 

From the data taken with the hydrogen target alternately full and 

empty, and with the electronics timed for first real and then accidental 

events, we computed the yield per incident pion per PHA channel for 

hydrogen Y., . and its statistical error ~ Y. . The data from each of the 
1 1 

eight sections of the PH~ memory were separately combined, channel 

by channel, for each cycle of runs according to 

where 

~Y.= ~+ 
(

F. 

1 M 
F 

FA. 
1 --z 

MFA 

F. = number of neutral real counts in channel i during a run 
1 

with the hydrogen target full, and 

MF = number of incident particles detected by the monitor 

system during this same runo 
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The remaini11g symbols represent the corresponding quantities, 

where E, FA, EA indicate the experimental conditions, respectively, 

of hydrogen target empty and electronics normal; target full, electronics 

accidental; and target empty, electronics accidentaL 

Figure 11 illustrates this yield after all runs for a particular 

experimental condition had been combined. The yield is shown as a func

tion of. PHA channel number which is proportional to the time of flight 

from the target to the detector. The first particles to arrive are the 

yrays, which form the large peak center'ed at channel 27. These are 

clearly distinguishable from the elastic neutrons that arrived next and 

formed the peak at channel 50. Finally the slower inelastic neutrons 

are distributed over the next 30 or so channels. Figure 11 was chosen 

to illustrate the worst situation we encountered, as far as separating 

the elastic from the inelastic neutrons was concerned, At 313 MeV, the 

lower rr energy, the reduced inelastic cross section left the elastic 

peak much more clearly defined. Also at this particular laboratory 

angle of 20 deg, the flight-path distance and statistical fluctuations due 

to the low yield combine to leave the least distinguishable 11 valley18 be

tween the two types of neutrons, Still, at this most adverse condition, 

we were able to unambiguously fit the elastic-neutron peak with a 

Gaussian curve whose area represents th~ total-elastic-neutron yield 

at this angle. 

The over-all timing resolution for the entire system is easily 

seen in· the gp.mma peak .. With perfect resolution this peak would be a 

delta function and would appear in a single PHA channeL Thus any 

broadening of the gamma peak directly represents the resolution func

tion of the electronic system, since fluctuations in the flight path due to 

the finite size of the target and the detector are negligibly small. . The 

timing resolution of our system was quite adequate to separate the in

elastic neutrons, since the full-widths at half-maximum of the gamma 

peaks were all near 1.5 nsec. 

An interesting but at first disconcerting effect is represented by 

the small peak at channel 15. At first glance this appears to be a neu

tral particle arriving at the detector some 6 nsec before the gamma 
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Fig. 11. Neutral-mode time-of-flight spectra. The solid 
line histogram is the neutral-particle yield. The 
dashed line is a Gaussian curve fitted to the elastic
neutron peak. (The detailed structure of the spectra 
is discussed in the text.) 
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rays arrived. This of course would require a velocity somewhat 

greater than the speed of light! Further investigation, however, re

vealed that it was due to a much less spectacular effect. 

The zero-crossing timing technique is pulse-shape-sensitive in 

that the timing signal shifts slightly if the centroid of the area under the 

signal moves when two differently shaped signals are received. 
20 

In

vestigation showed that the eerenkov radiation produced in the Lucite 

light pipe by some y-ray-produced electrons generated a pulse in the 

neutron detector that was much more symmetrical than the rapidly 

risi·ng but slowly decaying pulse from the neutrons. The resulting shift 

in the stop signal to the THC caused a fraction of the gamma rays 

to register about 12 channels too low in the PHA. Since this effect 

could not arise from the much slower neutrons, which were our real 
./'o.. 

concern, it could be handled in either of two ways. Since the Cerenkov 

light levels were small, the spurious peak could be eliminated by raising 

the detection threshold, or by simply ignoring it. We used both techniques. 

B. Corrections 

Before the differential eros s sections that constitute the results 

of this experiment could be calculated from the neutron yields that we 

had so far obtained, it was necessary to normalize these yields by the 

following series of corrections. 

L Neutron-Detection Efficiency 

The neutron-detection efficiency of plastic scintillator (CH) is· 

a function of neutron energy, the threshold for the detection of scintil

lation light,. and the detector geometry. At the neutron energies en

countered in this experiment, scintillation light is produced not only 

from the charged products of the neutron-proton (n-p) interactions, but 

also from neutron-carbon (n-C) reactions with charged final-state prod

ucts, such as C(n,.a)Be, C(n, n 1 3a), C(n, p)B, or C(n, np)B. Also since 

the dimensions of the detectors are of the same order of magnitud:. as 

the mean-free path for neutron interactions, the rescattering of the final

state neutrons also contributes to the efficiency. 
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21 
An IBM 709-7090 FORTRAN program called TOTEFF was 

used-to compute the neutron-detection efficiency e a.s a function of neu

tron energy E for each of the two detection thresholds, T at which 

data were taken. The efficiency is computed from the folding integration 

where T 
0 

is the mean threshold, 'T is the fraction resolution, and 

€.(E, T) is the efficiency at energy_ E and threshold T. The term 

e(E, T) contains contributions from the interactions with both hydrogen 

and carbon nuclei. Reference 21 describes the calculation in consider

able detail. Figure 12 shows the variation of the efficiency with neu-

tron energy and detection threshold as derived from this calculation, 

The uncertainty estimated for the efficiency is ± 10o/o and is regarded 

as an upper limit. We were confident of the calculation since the effici

ency values obtained from this program are compatible with corresponding 

measurements made by Wiegand et aL 
22 

2, Gamma Conversion 

Neutral pion mesons occur as final- state particles in both elastic

and neutral-mode inelastic interactions, As the 'I rays into which these 

mesons decay pass through the material of the target and surrounding 

counters, there is a finite probability of one or more of the 'I ray's 

producing an e +, e- pair, If this happens, or if the neutral pion de-

cays in the 1r
0 

- y + e + e + mode and one of the charged particles 

passes through scintillation counter s5 , the event would be lost. This 

turns out to be a negligible effect. However if one of the charged 

particles is detected by S 
4

, the accompanying neutron would be mis

construed as having arisen from the 1T- + p- 1T + + 1T + n interaction 

and the event would be routed to the charged-mode section of the PHA. 

Therefore the probability for gamma conversion as a function of the 

laboratory angular distribution of the final neutral particles must be 
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Fig. 12. Neutron-detection efficiency for a counter 10.16 em 
thick with a fractional resolution T of 0.15 and at 
detection thresholds T of 2.09 and 8.31 MeV. 
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calculated so that rnisrouted events can be analytically transferred 

from the charged- to the neutral-mode data. 

The calculation of the gamma conversion is described in 

Appendix A. Figure 13 shows the total probability that either of the 

two rr 0 -decay y rays associated with an elastic neutron will convert 

and register in the s4 counter, plotted as a function of the laboratory 

angle of the associated neutron, The probability that any one of the 

four gammas (two rr 0 n s) associated with an inelastic neutron would con

vert is twice this value, For both types of neutrons, if the appropriate 

conversion probability is called P , then the enhancement to the neu-
y 

tral mode yield is 1/1- P , At the same time an equal number of events 
y 

must be removed from the charged-mode yield, 

3. Neutron Rescattering and Absorption 

After the initial scattering process in which they are produced, 

the neutrons can interact with nuclei in the material immediately sur

rounding the target. This can be either by elastic rescattering, in 

which case no neutrons would be lost, but the differential distribution 

of the neutrons might be altered; or the neutrons could interact in

elastically with the target nuclei and be absorbed, decreasing the 

apparent flux at the neutron detectors. 

Measurements and calculations of the effect of rescattering on 
10 

the distribution of elastic neutrons had been made by Kurz at 374 MeV. 

When neutron rescattering was increased by surrounding the target with 

1/8 in. of copper and an additional s4 counter, no statistically significant 

change in the distribution was observed. This agreed with initial esti

mates made by computing the total rescattering cross section, 

r J. da 1 T 
a T = dO 1 dO ( e 1) nt ( e 1} a 2 l T 

1 
( e 1)] , 

where da 
1
/dO is the differential cross section for the original scat

tering process at angle e 1; nt is the number of scatterers per ern 
2 

for the rescattering reaction; and a 2 T is the total cross section for 

the rescattering reaction at incident energy T 
1

. 

·• 
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The qualitative behavior of rescattering is to shift the elastic

neutron distribution toward the smaller angles where the cross section 

is lowest .. At 313 MeV, even the most adverse assumptions indicated 

that such a shift would be less than the uncertainty of the neutron-de

tection-efficiency calculation. Therefore no correction was applied to 

the data at either energy for elastic-neutron rescattering. Likewise, 

even with the rising value of a that dominates the rescattering at 
np 

the lower average energies of the inelastic neutrons, a shift in the distri-

bution would be insignificant compared with the statistical uncertainty 

of the inelastic-neutron data. 

In addition to the elastic-rescattering processes, neutrons are 

absorbed in the inelastic reactions with target nucleL In reactions 

such as C 
12

(n, a.)Be 9 and AI
27 

(n, p)Mg
27

, no neutrons exist in the final 

state. Appendix B describes the calculation of the decrease in the neu

tron flux due to these inelastic processes. This attenuation varies as 

a function or neutron laboratory angle (as shown in Fig. 13) due to the 

changes in neutron energy, as well as the varying amount of material 

encountered when the neutron leaves the target in various directions. 

If the fraction of unabsorbed neutrons is f , the neutron yield must 
n 

be corrected by the factor 1/f . n 

4. Beam- Monitor Corrections 

Neutron yields .are obtained by normalizing the counting rates 

of the neutron detectors by the incident flux of negative pions on the 

target, as measured by the beam-monitoring system. However, as 

indicated in Table I, the 313- and 371-MeV beams contained, respectively, 

6.1% and 4. 3% contaminations of muons and electrons. Since these 

particles do not interact strongly with the target protons, the beam

monitor counting rate was. corrected to correspond .to the fraction of 

pions in the beam. This was done by multiplying the yields by the 

factor 1/1- C , where C is the combined fractional contamination. 
f.Le f.Le 

5. Beam- Profile Corrections 

Slight corrections were made to the data to refle~t the shape of 

the beam profiles shown in .Fig. 3. This was necessary for two reasons. 
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Fig. 13. Gamma conversion and neutron-absorption cor
rections for T = 313 MeV. Results were similar 
at 371 MeV. A~- Probability that either 'I associ
ated with elastic neutrons will convert and register 
in S4 . B. Fraction of neutron flux not absorbed in 
targel: material. 
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First, a given small fraction of the pions in the tails of the 

profiles was counted by the monitor system but missed the target. 

Table IV shows this value for each beam, The neutron yield was ad

justed by the reciprocal of the fraction of the pions incident on the tar

get. 

Second, because the ends of the liquid hydrogen flask were 

slightly curved, the effective target length was given by the mean value 

of the physical flask length weighted by the beam distribution over the 

cross -sectional area of the target. This was calculated from 

teff = j dr d8 r f(r) g(r, 8)/ 1 dr d8 r g(r, 8), 

. where f(r) is the physical flask length, g(r, 8) is the beam distribution 

function, and r is the distance from the target and beam center line. 

The integration is, of course, over the cross-sectional area of the 

flask. Table IV gives this value for each beam energy. 

The effective target length is used in computing nt, the number 

of scatters per cm
2 

In this factor, n = pN
0
/M, where N

0 
is 

Avogadro' s number and M is the gram atomic weight of hydrogen. 

Because of gaseous H 2 in the target-empty subtraction, the proper 

value for p is 0.069 g/cm
3 

This is the difference between the density 

of liquid hydrogen and the density of hydrogen gas at liquid nitrogen 
23 

temperature. 

lT Beam 
(MeV) 

313 

371 

Table IV, Beam-profile corrections. 

Fraction of monitored teff 
pions incident on (in, ) 

target(%) 

96.51 5. 731 

97.46 5. 759 
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6. Radiative Absorption 

Neutrons that originate in the radiative absorption reaction (3) 

cannot be resolved by time of flight, and must be subtracted from the 

events recorded in the neutral-mode data, The value for this cor

rection can be obtained from a detailed-balance calculation, since 

radiative absorption is the 11 complementary19 reaction to pion photo~ 

production, 

n +p.,...y+n 

The differential cross section for the reaction proceeding toward the 

right is given by 

~ (-) ~ (;:r (2S ) (ZS + 1) 
y n 

(2S _ + 1) (2S + 1) 
TT p 

where P and P 
n p 

are the center-of-mass momenta; 

da 
dO ("'-) 

and S , etc, 
y 

represent the spins of the various particles, The two reactions are 

·compared at the same total center-of-mass energy, and the differential 

cross sections apply to the same center-of-mass angles, The negative

pion-photoproduction cross section da /dO ( -+--), was obtained from the 

negative-to-positive pion-photoproduction ratio ( TT- /n +) from deuterium 

as measured by Neugebauer et aL , 
24 

and the positive-pion-photo

production cross sections of Walker et aL 
25 

and Tollestrup et al. 
26 

da ( _) = ( ~ ( e~ ( da) dO ,+ dO 
TT 'lf + p 

+ 
·-+ TT + n 

The results obtained from this calculation are shown in Fig, 14, and 

the neutral-mode data were corrected by a corresponding amount. 

C, Cross -Section Calculation 

Once the corrected neutron-yield spectra were available for 

the neutral-mode data, the elastic-neutron peak could be fitted with a 

Gaussian curve, as indicated in Fig. 11, The area under this curve 

represented the total-elastic-neutron yield Y for each laboratory angle, 

The charge-exchange differential cross section could then be calculated 

from 
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... 
~ 
..c 
::i. 

MU-34133 

Fig. 14. Radiative absorption. Differential cross section 
for the production of neutrons from the reaction 
n- + p -+ y + n . 
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* indicates center-of-mass system, 
2 

nt = number of scatters per em , 

~ = neutron-detection efficiency, 

~n = solid angle subtended by the neutron detector, 

dS1/dS1* = center-of-mass solid-angle transformation. 

The statistical error in this cross section was completely negligible 

compared with the uncertainty in the detection efficiency. Therefore 

this latter value (± 10o/o) was assigned as the uncertainty in the eros s 

section. 

The measured inelastic-neutron distributions in both the neutral 
0 0 + -mode ( n n n) and the charged mode (n n n) could be compared to 

phase-space distributions and distributions enhanced by an I= 0 two

pion interaction, in either of two ways. The first would be at a con

stant neutron .angle. This would correspond to a vertical cut through 

the kinematically allowed inelastic area shown in Figs. 15 and 16. In 

effect, this is what is shown in the inelastic distribution in Fig. 11 ex

cept that the abscissa has been plotted as time of flight instead of neu

tron energy. 

The second possibility for comparison is at a constant neutron 

energy. This corresponds to a horizontal cut through the inelastic neu

tron areas in Figs. 15 and 16. However in this case an energy band 

can be selected sufficiently wide to avoid the statistical fluctuations 

seen in Fig, 11. In addition, since the neutron energy is constant, any 

inaccuracy in the neutron-detection efficiency is eliminated from the 

shape of the distribution. Because of these advantages the second 

presentation was chosen. 
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10 20 30 40 
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(de g) 
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MU-34128 

·Fig. 15. Laboratory-system neutron kinematics for the 
processes n-p - nnn (region inside curve A) and 
n-p- n°n (curve B) at 313 MeV. 



> 
Ql 

~ 

>. 
C> ... 
Ql 
c: 
Ql 

u 
+
Ql 
c: 

c: 
0 ... 
+-
:::1 
Ql 
z 

0 10 20 

-46-

30 40 50 60 70 
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MU-28829 

Fig. 16. Laboratory-system neutron kinematics for the 
processes 'IT-p - 'IT'ITn (region inside curve A) and 
'IT-p- n°n (curve B) at 371 MeV. 
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For the energy bands indicated in Figs. 15 and 16, we calcu-

lated 

y = -------

where Y is now summed over the appropriate PHA channels at each 

neutron angle, and .6E is the width of the neutron-energy band. The 
n 

other symbols remain the same as previously defined. 
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IV. RESULTS 

A. Elastic Neutrons 

The charge-exchange differential cross section at 313 and 371 

MeV, obtained from the calculation in Sec. III. C, is presented numeri

cally in Table V. These data are also presented graphically in Figs. 17 

and 18 .. In addition these figures sho·w neutron differential-cross-section 

data measured at T = 374 MeV in the range 84 ~ 8 * ~ 133 deg, 
10 

- n 
and the differential cfros s section at 8 * o = 0 deg calculated from the 

'lT 

forward-direction fixed-momentum-transfer dispersion relations for 

pion-nucleon scattering. 
27 

. For comparison with other work in the field, 

these results are plotted as a function of the center-of-mass angle of 

the 'lT
0 meson. 

Figures 17 and 18 illustrate the results of a least-squares 

analysis of this data of the form: 

N 

da * ~ dO* (cos 8'!To) = 
r--;0 

The fourth-order fit to the measured neutron data points (including .the 

Kurz points in Fig .. 18) and the dispersion-relation point is shown by 

the dashed line marked "neutron data, 11 The Legendre coefficients 

a 1 for this analysis are listed in Table VIII. The other two curves 

in the figures are discussed in Sec V. 

I . * By integration of the da dO* curve over cos 8 0 , a value for 
'lT 

the total cross section aT for the reaction 'IT- + p- '!T 0 + n was ob-

tained. These results are presented in Table VI, and are calculated 

from the "combined" data discussed in Sec. V. 
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T17"-= 313 MeV 

--Combined data 

-- Neutron data 
·-·-· Gamma data 

~ 
..0 3 
E 

0~------~--------~--------~------~ 
1.0 0.5 -0.5 -1.0 

MU-34134 

Fig. 17. Charge-exchange differential cross section at 
T = 313 MeV. n-

O, Differential cross section measured in this 
experiment 

.6., Forward-dispersion-relation calculation. 
(The curves are explained in the text.} 
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T .,- = 3 71 MeV 
Combined data 
Neutron data 
Gamma data 

0 
* Cos B.,o 

-0.5 

MU-34135 

-1.0 

Fig. 18. Charge-exchange differential eros s section 
at T = 371 MeV. n-
O, Differential cross section measured in this 

experiment 
e, Differential cross section measured by Kurz 
.6., Forward-dispersion-relation calculation. 

(The curves are explained in the text.) 



8* 
n 

(de g) 

21.0 

31.5 

41.9 

52.2 

62.5 

72.7 

82,8 

92.8 

102,8 

112.7 

122.4 

T 

{MeV) 

313 

371 
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Table V, Charge-exchange differential cross section, 

T = 313 MeV T = 371 MeV 
TT TT 

da /drl {mb/sr) da jdn (mb/sr) 

OA6±0,10 0, 10±0,0 1 

OA1±0.05 

0,37±0.04 0, 11±0,01 

0,32±0,03 

0,27±0,03 0,14±0.01 

0. 23±0,02 

0. 28±0,03 0.22±0,02 

0,44±0,04 

0, 73±0,07 0,60±0,06 

1,40±0,14 

1. 77±0. 20 L 59±0.16 

Table VL Total charge-exchange cross section. 

15.1 

11.1 

± 

OA 

0.2 
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B. Inelastic Neutrons 

The results of the d
2
a/dT dO calculation in Sec. ILC for both 

iT+ iT-n and 'i'
0 iT 0 n final states are presented numerically in Table VII 

and g;raphically in Figs. 19 and 20. Also shown in the figures are the 

phase-space distribution and the distribution calculated by using an 
-1 I = 0 two-pion interaction enhancement factor with a

0 
= 2f.! and 

R = 0. This value of a
0 

is the scattering length tentatively proposed 

by Abashian et al. 
12 

for this I = 0 iTiT interaction, and R = 0 is the 

radius of interaction. These curves are normalized to the integral of 

the distribution for iT+ iT- n over cos e. 



T 
n 

(MeV) 

313 

371 
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Table VIL Inelastic neutron d 
2a /dT dn distribution 

at constant neutron energy. 

Cos() 
n 

0.9848 

0. 9659 

0. 9593 

0. 9397 

0.9063 

0.8660 

0. 8192 

0. 7660 

0.9848 

0. 9397 

0.8660 

0. 7660 

2 I + -d a dT dn(n n n} 
(fl.b/MeV -sr) 

57.3±16.8 

33. 5± 6. 2 

16.0± 8.8 

11.7± 2.7 

7.1± 2.7 

6. 7± 2.6 

60.1±11.0 

36.4± 5.5 

15.2± 3.9 

6.0± 2.8 

10.9±16.5 

12. 7±13.9 

8.3±14.0 

7.9± 3.9 

3.6± 4.0 

5.9± 4.3 

18. 7±10. 7 

20.0± 7.0 

8.9± 4.4 

0.4± 4.2 
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Fig. 19. Inelastic -neutron differential distribution for 
T n- = 313 MeV neutron energy interval of 42 

to 57 MeV. 

2 I + - 2 I 0 d a d T dO for TT TT n ; e d a d T dO for 

n°n°n; A phase-space distribution; 

B distribution for I = 0 TTTT interaction with 
-1 

a = 2 and R = 0. 
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T 1T- = 3 7 I MeV 

Cos 8n 

MU-34131 

Fig. 20. Inelastic-neutron differential distribution for 
T - = 371 MeV; neutron energy interval of 50 

'IT 

to 69 MeV. 
2 I + - 2 I 0 d a dTdO for 'IT Tl' n; e d a dTdO for 

TI
0 n°n; A phase-space distribution; 

B distribution for I = 0 TI'IT interaction with 

a = 2- 1 and R = 0. 
0 f-1. 
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V. DISCUSSION OF RESULTS 

The charge-exchange differential cross section as measured 

directly from the neutron angular distribution was compared with the 

cross section as deduced from the gamma-ray angular-distribution 

measurements by Caris et aL 
6 

These y-ray data were incorporated 

into the least-squares analysis by representing da /drJ/r- in a Legendre 

expansion as in the neutron least- squares analysis. If we follow the 

procedure of Caris et al. and take into account the y detection efficiency 

of the experimental system, the expected y angular distribution in the 

center-of-mass system, is given by 

daY 
--(cos B*) 
dQ>!< '( " ~ a l p l ( c 0 s e * Jl L Y 

1. = 0 -1 

P1 (x)€ (k) 
dx Z 

(y- flX) 

where x is the cosine of the angle between the gamma and the n° in 

the c. m. system; y and T] denote the motion of the ;r
0 rest system 

with respect to the c. m. system; and E (k) is the y-detector efficiency 

as a function of the photon lab- system energy k, which in turn is a 

function of x and cos B* . 
y 

Before the y-ray data were compared with the neutron data, 

they were reanalyzed to take into account photons originating from the 

reactions iT- + p - ;r
0 + ;r

0 + n and iT- + ;r
0 + p. The availability of 

. . f . h . 2 8 d f . bl more prec1se 1n ormat1on on t ese reachons ma e eas1 e a more 

accurate estimate of this correction than was possible in the original 

analysis by Caris et al. 

The present analysis to account for the two-pion final state 

started with the uncorrected data of Caris et al. (see Table IV of 

Ref. 6). For each reaction it was assumed that the ;r
0 1 s had an in

variant phase-space energy distribution and an isotropic angular distri

bution in the c. m. system. We calculated the corresponding lab-system 

distribution of photons in energy and angle, d
2 a /dk dO, with a normali

zation determined by the total cross sections for the ;r
0

;r
0 n and 

;r-;r
0 p reactions. The quantity 

•. 



0 

.. 

-57-

inel. J da ( e ) = dk 
d~ 'I 

2 
d a (k, e } 

'I 
<Ik an E (k) 

was subtracted from the uncorrected points of the Caris data, We used 

their original values for the remaining corrections discussed by Caris 

et aL to obtain the values of da '~jd~* used in this analysis, 

The results of the least- squares analysis of the recorrected y 

data are shown by the broken line marked 11 gamma data11 in Figs, 17 

and 18, The solid curve was obtained by combining the neutron and 

gamma data, The neutron data dominate in determing the shape of this 

curve in the backward n° angles (forward neutron angles) where the 

gamma data are most suspect and have the least statistical weight, 

Likewise the y data have the greatest weight in the forward n° angles 

where they are most reliable and where no neutron data were av~ilable, 

We feel that this distribution, therefore, represents the most reliable 

charge-exchange differential cross section available from presently 

existing data, 

These angular distributions deviate from those determined from 

the y data alone in a manner that is in agreement with the predictions 

of an energy-dependent phase~shift analysis of pion-nucleon scattering 
29,30 

by Roper, He used the data of Caris et aL in his analysis, as 

well as all other available data on pion-nucleon scattering, The pre

dictions of Roper are compared with both the ncombined data 11 and the 

ugamma data81 curves in Fig, 2L 

The results of the least- squares analysis are also shown in 

Table VIIL At both energies the probability of fit was not significantly 

increased for N > 2 when the y data were analyzed separately, If 

the neutron data were included, N = 3 was required for an acceptable 

fit, The nonzero value of a 3 is consistent with the requirement of at 

least D waves in other analysis of pion-nucleon interactions at 

Tn = 310 MeV, 
7 

The behavior of the angular distribution in the region 
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\ 
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T 7T- = 3 I 3 MeV 

~\ 
\: ~ 
~ ../.__ ·.;;:- ______ . 

T 7T- = 371 MeV 

0 
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MU·34172 

Fig. 21. Comparison of differential cross section. 

----<ombined data; - · -gamma data; 
- differential eros s section predicted 

by Roper phase-shift solutions. .. 
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• Table VIII. Results of the least- squares fits of the form 
N 

da I dO* (cos e·~ ) = ~~ a£ P1 {cos 8* ) 
iTO = 0 iTO 

to the differential cross section for n- + p- n° + n, 

\,' 

T Foot--- N 
(mb7sr) 

a1 a2 
(mbfsr) 

Proba-
iT note ,{mb/sr) (mb/sr), bility 

(MeV) of 
fit 

313 a 2 1. 31±0, 04 1. 86±0,08 1. 57±0.11 0.57 

b 2 0.92±0,04 1.17±0.08 0.96±0,07 10- 3 

3 1.13±0.06 1. 7 3±0, 14 1.50±0, 13 0.44±0.09 0,88 

c 2 1.16±0,03 1.62±0,05 1. 31±0.05 <1o-4 

3 1. 21±0.03 1. 88±0.06 1.61±0.06 0.45±0.06 0.40 

371 a _2 1.00±0. 03 1.62±0,06 1.12±0,08 0,15 

b 2 0.60±0.02 0.89±0.05 0.44±0.03 <10- 4 

3 0.80±0.03 1. 37±0.08 0, 96±0.07 0' 31 ±0' 0 4 0' 7 5 

c 2 0. 77±0.02 1.26±0,03 0,67±0,02 <1o- 4 

3 0.89±0.02 1. 57±0, 04 1.13±0.04 0.38±0.03 0,12 

a. y data only. 

b. Neutron data and forward-direction dispersion- relation poinL 

c. All data combined. 

" 

• 
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of 8•'r o = 180 deg is not consistent with any of the SPD solutions of 
7T 

Vik and _Rugge. Figure 2 of Ref, 7 shows the Caris distribution at 

backward n° angles below the SPD predictions for the charge-ex

change differential cross section, At these same angles, the distri

bution we measure is below that of Caris, L e. , even further from the 
31 

SPD predictions, {The measurements of the charge-exchange neu-

tron polarization at T = 310 MeV are also inconsistent with the 

SPD solutions, ) Inste~d, the differential eros s section that we ob

tained corresponds more closely to predictions obtained from SPDF 

solutions II and IV of Vik and Rugge. 
29 

The SPDF solution II is also 

preferred by Donnachie et aL in their theoretical analysis of pion-nu-

l 
. 32 

c eon s catter1ng. 

The distribution of inelastic neutrons from the + -n n n final 

state as shown in Figs, 19 and 20 departs noticeably from both the 

phase-space distribution and the ABC enhancement distribution. We 

observe that there is a strong peaking at low c. m. energy for the neu

tron. This same effect was observed by Kirz et aL, 
13 

Barish et al. , 
28 

and Blokhintseva et al. 
33 

These low-neutron energies correspond to 

a dipion effective mass in the range (near m = 400 MeV) where 
TT7T 34- 36 

several authors report I= 0 two-pion resonances. This low-

energy peaking seems to be present at T = 371 MeV in the n°n°n 
TT 

distribution, which is in agreement with Barish et al. but is not clearly 

evident at 313 MeV. However the large statistical errors do not justify 

firm conclusions. 

The enhancement of the distribution from an I = 0 two-pion in

teraction, which has been proposed to explain the anomaly observed by 

Abashian et al., 
12 

is not observed. However the domination of the 

distribution by a strong enhancement at the opposite end of the neutron

eo m. -energy range may mask this effect. Finally we note that an ex

planation has been proposed by Anisovich and Dakhno for both of these 

enhancements in terms of a singularity in the scattering amplitude. 
37 
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APPENDICES 

A. Gamma-Conversion Calculation 

We desire to calculate the total probability that either of the two 

,.u -decay y rays associated with a charge-exchange neutron will convert 

by pair production in the material surrounding the liquid hydrogen tar

get and thus register in the S 
4 

scintillation counter. This is to be 

calculated as a function of the laboratory angle of the as so cia ted neutron. 

First we set the incident energy T for the original charge--
exchange reaction, ,.- + p- TI

0 + n. We c'ln then calculate j3,y, and 

11, where 

l3 = the velocity of the c. m. system observed in the lab system, 

'I;£ (1-!32)-1/2' 

11=!3y, 

and the corresponding values 13
0

, y
0 

and 11
0 

for the ,.u rest system a:s 

observed in the c. m. system. 

Next we designate a particular neutron lab angle () , and calcu-'
n 

late th_e corresponding c. m. angle ()>:<(->:<denotes a c. m. -system angle). 
n 

This angle, 8.~'=8(5- n, where 8(5 is the polar .angle of the TI
0 

and <1>(5, is 

defined as. 0 de g. Let x
0 

= cos 8(5 and yO = sin ()(5, 

Now let e and <j> represent the direction of the 'I ray in the 

lab system; and X = cos e and y = sin (), We can calculate the polar 

angle ()>:< of the y ray from 

X = COS()>:< = '/X - 11 
1 'I-11X 

y
1 

= sin ()* = _ _.Y,___ 
'I - 11 X 

Let 8! represent the angle between the ,.u and the 'I ray. Then 

x 2 =cos ei = x 1x
0 

+ y
1

y
0 

cos q, 
and the_ y-ray lab energy k is given by 

k -fl. = 2 

where fl. is the 1T
0 rest mass. 

1 
( 'I - 11 X) ( '/ 0 - 110 X 2) 

~' 
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With these kinematic values available we can proceed to the 

main portion of the calculation. The y- ray penetration probability E 

is given by 

where 

exp l- I: z. (e) fl. (k)] 
1 '1 

i 

dr2° = the solid angle in the TT
0 rest system 

dO = the solid angle in the lab system 

z. = amount of material i in. the direction e 
1 

f-L. = mass absorption coefficient for material i 
1 

With two y rays emitted isotropically in the TT
0 rest system, the 

probability of a single y rays being emitted into dr2° is 

The solid-angle transformation is 

This leaves the following integration to be performed for our particular 

configuration of tar get materials, and at each neutron angle e: 

The symbol E represents the probability of one y ray's not converting. 

The probability that a y ray will convert is 1 - E , and the probability 

that either of the two y rays will convert is 

p = 2(1-~). 
y 

The values of P obtained from this calculation are shown in Fig. 13. 
y 
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B. Neutron-Absorption Calculation 

With the kinematic values from Appendix A, it is a relatively 

straightforward matter to compute the amount of absorption of the neu

tron flux in the hydrogen-target material as a function of neutron 

laboratory angle. 

The fraction of neutrons transmitted through the target material 

f at each angle e is 
n 

fn = exp [- l;a.(T )lnt(8)].J 
. 1 n 1 
1 

where l nt(8)]. is the number of nuclei per em 
2 

for element i, and 
1 

a. (T ) is the absorption eros s section for this nuclei as a function of 
1 n 

neutron lab kinetic energy T . 
n 

This cross section is well approximated 

for the C, 0, and Al of this target by 

2/3 a.= a A 
1 a ' 

where a is an absorption cross section per nucleon for light nuclei, a 
obtained from the Al and C cross section as compiled by Hughes 

and Schwartz. 
38 

The results of this calculation are shown in Fig. 13. 
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