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I. INTRODUCTION 

Study of elastic scattering of strongly interacting particles has been used in 

the investigati9n of strong interaction physics. A great deal of experimental and 

theoretical effort has been put forth in this study. This effort has been motivated 

by the desire to learn something about the internal structure of the strongly inter-

acting particles and about the mechanism of strong interactions. The theoretical 

effort has been further motivated by a' desire to explain the experimental results. 

The study of elastic scattering has focused on a large number of strongl:Y inter-

+ - + - - 1 acting systems, namely, pp, 1r p, 1r p, K p, K p, and pp. Unfortunately, 

despite this large effort there has been no great success in understanding elastic 

scattering. As Orear2 said at the start of a lecture on strong interactions: 

" ... I wish to summarize the present experimental situation in high 

energy scattering, mainly of pions and protons. I shall try to empha-

size some common features and some differences along with various 

theoretical interpretations. This talk may not be too clear because 

at present the theory is not too clear. " 

In view of the theoretical difficulties, it is somewhat surprising to note that 

there has been relatively little experimental irivestigation at high energies of 

another strongly interacting system, the neutron-proton system·. Such investiga-

tion could, perhaps, throw some light on the problem. 

The n-p system has been measured in great detail for energies at or below 

400 MeV. 3 There are only a handful of experiments between 400 and 1000 MeV, 

·many of which cover only small angular regions in the center-of-mass system, 

and there a:r:e almost no experiments above 1 GeV. This lack of experiments is 

in large measure due to the· difficulty of obtaining monochromatic neutron beams, 
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the presence of large inelastic backgrounds, and the problem of constructing 

efficilnt, reliable high energy neutron detectors. · 

J . . . . . 4 
This paper presents the results of an experiment to measure the differential 

~. 

cross section of the n-p system from 1 to 6. 3 GeV using a new technique involving 

a neutron beam containing a broad spectrum of neutron energies, a liquid hydro-

geri target, and spark chambers. 

In Section II; the experimental results for energies less than 1 GeV are 

discussed. Some of the present theories and models of elastic scattering are 

presented in Section ill as well as a discussion of the few n-p measurements 

above 1 Ge V. Iri Sections IV, V, VI, and VII, the experiment from 1 to 6. 3 Ge V 

is discussed, and in Sections VIII, IX, and X the results are presented and coin-

pared to the theoretic3.1 predictions. 

"(! 
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II. PREVIOUS INVESTIGATIONS OF NEUTRON-PROTON SCATTERING 
ABOVE 400 MeV 

The n-p differential cross sections at 580, 590 and 630 MeV were measured 

in great detail by N. S. Amaglobeli and Yu. M. Kazarinov. 5' 6 The neutron beam 

consisted of the neutrons produced in the forward direction by bombarding a 

beryllium target with protons. The energy spectrum of this beam had a half-

width of 130 MeV. Following a scattering in a liquid hydrogen target, the 

neutron was detected with an array of five scintillation counters and a block of 

polyethelyne which ~rconverted11 the neutrons into protons. By placing absorbers 

in between the counters, the minimum energy detectable could be varied. Great. 

care had to be taken to avoid systematic errors, as the neutron detector was 

found to have only a one to two percent efficiency. In the re~ion where the recoil 

proton had sufficient energy, the cross sections were determined by observing · 

the proton rather than the scattered neutron. In order to present the total 

angular distributions, the portions of the cross sections measured in these two 

manners were "joinedn at a given angle in the center-of-mass system. Absolute 

normalization was obtained by using the total elastic cross section,, which was 

. taken as the difference between the total n-p cross section and the total pion 

production cross section. As shown in Fig. 1, their data imply that the cross 

section is quite symmetric around 90° in the center-of-mass system. 

G. Martelli et al. 
7 

measured the ratio of the 90° cross sections for p-p and 

n-p scattering at three energies between 600 and 1000 MeV. The measl.trement 

was made hy detecting and momentum analyzing protons scattered from various 

targets. The cross sections were then obtained by appropriate subtractions. 

The p-p cross sections·were the difference between scattering from polyethelyne 

-3-
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and carbon and the n-p cross sections were determined from heavy water and 

water. The ratios obtained were: 

dcr I . · dQ 0 (pp) 
90 

dcr I dQ (np) 
'90° 

3. 04 ± 0. 56 , at 595 MeV 

= 1.00 ± 0.18 at 775 MeV 

0. 683 ± 0. 097 at 1010 MeV 

R. R. Larsen8 measured the distributio~s at 710 MeV covering center-of

mass angles from 160° to 1800. The neutron beam was produced by using a 

pr_oton beam and o. deuterium tar·get. It was possible to obtain the energy 

spectrum of the neutron beam from an analysis of protons emitted from the 

deuterium 'at the same angle as the neutrons. The scattering took place in a 

liquid hydrogen target and the recoil prot~n was detected and velocity analyzed. 

Inelastic contaminations limited this experiment to angles greater than 160°. A 

peak in the distribution near 180° was found, and this "charge exchange" peak 

will be discussed later. 

These measurements are the major experimental efforts in n-p elastic 

scattering for energies above 400 MeV. The few experiments above 1 GeV 

which were concerned with scattering near 180° will be discussed later. 
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rtr. REVIEW OF THEORETICAL AND EXPERIMENTAL ASPECTS 
OF HIGH ENERGY SCATTERING 

Consider the elastic scattering of two particles 

A+B-A+B 

which can be represented by the Feynman graph: 

A B 

The invariant quantities that will be used are: 

(4 4 )2 
·t=~-~1 = (four-momentum transfer) 2 

s = tp A+ 
4 

P B) 

2 

= (total center-of-mass energy) 
2 

. 4 . 
~ 

where P. ~s the momentum four vector of the ith particie. If pis the 
1 

momentum in the center-of-mass system and e is the scattering angle, 

t = -2p2 (1-cos O) ~ -p2 e 2 for small e 

{ 

2 2 1/2 2 2 1/2 } 2 
s = ( p + m A ) + ( p + mB) · 

( 1) 

The units are defined such that 1i = c = 1. All kinematic quantities will refer to 

the center-of-mass system unless otherwise specified. 

The discussion of elastic scattering is divided iilto four parts, each one 

covering a small region of the angillar distributions. 

- 6 -
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A. Small Angle Elastic· Scattering 

The high energy diff~rential cross sections of all the strongly interacting 

sy,stems that have been measured so far exhibit a very predominant forward 

peak. This peak, which occurs for values of ltlless than 1.0 (GeV/c) 2, can·be 

understood in terms of an opticalmodel9 in which all spin effects are ignored. 

Schiff10 shows that in the center-of-mass system, the differential elastic 

. cross section can be expressed as 

~~· = If <e > I 2 (2) 

where f( e) is the scattering amplitude. This amplitude can be expanded in 

terms of a sum over partial waves with orbital angular momentum quantum 

numbers i as: 

f(O) 
= 2:: (2.1+ 1) Jexp (2i0~) - .1] p' (cos e) 

i ~ . X 
(3) 

pi (cos e) are the Lengendre polynomials of order i, normalized such that 

1 

J Pi (x) Pi' (x) dx 

-1 

o£ is the phase shift and expresses the effect of the scattering potential on 

the wave function. 

Absorption or inelastic effects can be included by letting the phase shift 

o£ become complex, that is, 
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Thl,lS, 

f( fJ) '(4) 

~2{3 

TJ £ = e . £ and 0 $ TJ g ~ 1 

We note. tha.t TJ£ = 1 is just elast;i.c scatte.r:i.n.g with rro absorption and ry £ = 0 

implies complete abso:r:"pt:ton of the. fth partiaJ wave. by inelastic processes. 

The optical mod,el that will be used consists of ~e as·sumpt:tons thcit · 

Therefore., 

= 0 

£~L ·· max 

f:>.L ·rpax 

L 
rna~ 

L (2£ + 1) Pg (cos fJ) 

£,;·o 

(5) 

(6) 

These assumptions can qe inteq>re.ted in te.rms qf an al:>~;Jo;rbing l:llack disk that 

has a maxtmmn i.mpact paramete.r or radius R such that 

R=L ·/p · max ' (7) 

(8) 
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·Then, using Eq. (2), we see that the angular distribution is 

da = ( 71 -1)
2 

dfl 4 
2 4 (2Jl (pRO) )2 

p R (pRO) (9) 

This form is the standard oscillatory Bessel function. The peaking in the 

forward direction can be seen clearly by putting Eq. (9) into a more convenient 

form. For small angles, one can approximate 

In the Appendix, it is shown that the total cross section, which is the sum of the 

elastic and inelastic cross sections, is just 

2 
atotal = 27r (71 -1) R 

Using these relations, and the small angle approximation for the four-momentum 

transfer we obtain. 

2 R2 
da ~p ::tal~ -41tl 
dst = e (lOa) 

or 

2 2 
da Dtotal e- ~ jtj 
d!tl 

= 
l67r 

(lOb) 

The slope of the diffraction peak, R 2 I 4, and the dependence of this slope 

upon the energy of the incident particle have been the subjects of much experi-

mental investigation. 
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1. Values of the Slope 

The systems measured so far seem to fall into three groups as far as the 

values of the slope are concerned; At high energies, the slope is largest for 

pp, intermediate for pp, 1r+ p, 1r -p, and K-p, and smallest for k+ P• The slopes . 

and t?e equivalent radii for energies from 7 to 25 Gev1 are: 

Systems Slope Radius 

pp ~12 ... 13 (GeV/cf2 ~ 1.35 f 

+ K - :::: 9 - 10 (GeV /cf2 f pp, 1r- p, p ~1.1 

K+ p -~ 
. I -2 6. 5 (GeV c) ~0. 95 f 

It is, of course, very interestiilg to see into which general group the n-p cross 

sections fall. 

2. Energy Dependence of the Slopes 

It has been observed that the slopes of some of these systems show a 

marked energy dependence. There have been many attempts to explain this 
. . 

and other behavior of two-body final states. 

"The Regge pole theory was one such promising attempt several years ago. 

Unfortunately, the experimental behavior of the elastic scattering cross sections 

has demonstrated that an ever increasing and excessive number of arbitrary 

parameters must be introduced into the theory to explain the experimental data. 

Therefore, although the theory may be of formal interest, it appears to have 

questi.onable practical usefulness.'' 1 
,, 

Although any attempt to apply the Regge formalism to elastic scattering 

must includ~ many poles and must involve_many different systems at the same 

time, 12 the one-pole Regge fit still is a useful parameterization of the data, 

which clearly exhibits the energy dependence of the small angle region. 

- 10 -
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It can be shown
13 

that if one Regge pole dominates, the scattering amplitude 

can be approximated for large s and small It I by 

f (3 (t) a(t) ( e ' E) ::::::: sin 1f a (t) s 

.. 
The dependence of this amplitude on It I may be rather complicated. However, 

the amplitude exhibits a fairly simple s dependence, and it is this simple 

behavior which is easily compared with experim·ental results. 

Using this expression for the scattering amplitude, the differential 

cross sections ca.n be expressed as 

~~= lf(s,t)12 

and 

2 2 . ·2 
for large s, s =4p +4M ::::::: 4P n 

I f3{t} s 0! (t) I 2 
dO' 1f dO' 41f 
dfti= 2 dS1 = 2. sin 1r a (t) 

p s 

or 
lim dO' . 2 s 2 0! (t)- 2 
s-oo dltl = lg <t> I (11) 

The latest vaiues of a(t) = c - dltl are shown in Table I. As can be seen, the 

values of a(t). for the pp and K + .p systems indicate that for fixed It j, the cross 

sections decrease with increasing s. The decrease, or shrinklige, is also 

reflected in .an increase in R 2 I 4 with s. The 1r-p and 1r + p systems seem to 

remain roughly constant while the pp and !<-"""P systems indicate an expansion 

of the diffraction peak, although the K-p data is not conclusive at present. 

The "shrinkage score" is thus two systems shrink, two expand, and two 

remain constant. 
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TABLE I 

- - . . . * 
Values of a('lt I) in the· Energy Ran~e from 7 to ;w GeV. · 

system · 

-
7T -p 

-
P"'7P 

~-:--p 

+ 
r 11" -p 

K+ -p 

a cit 1> = c ~ ct 1 t 1 

(1. 046 ± 0. 0~0) 

(0, 982 ±, 0 '03'0) 

(0. ~00 ± 0. 084) 

(1. 000 ±. 0.140 j 

. (0, 943 ± 0. 0~3) 

(1.06 ±0.07) 

* .. 
·From R~ference (1..). '. . . 

-:: 12..., 

'd 

+ (0. 685 ± 0. 051) 

-(Q. 062 ± 0. 06~) 

7(0. 914 ± 0. 376) 

-(0. 398 ± 0. 32~) 

+(0. _10~ ± 0. 074) 

+(0. ~0 ± o. ~6) 

;·. 
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B. Intermediate Angles 

The most interesting feature of the angular distributions for I tl >0. 7 (GeV/c) 2 

is the existence of shoulders or peaks in some of the systems. This secondary 

k b . •t . t . th - t 14' 15 h t f th pea or ump 1s qu1 e prommen m e 1r p sys em. T e cen er o e 

peak is at it! ::::::1.2 (GeVjc) 2 , and the position seems to be roughly energy 

independent. A secondary peak is also seen in the K-p angular distributions
16 

at the same I tl value. Recent data17 indicate that the 7r+ p system behaves 

similarly to the 1r-p system. The pp distributions have only weak hints of 

structure, 18 while there is no evidence for the bump in either pp19 or K+p 20 

. scattering. 

This bump is usually explained as being simply a second diffraction· 

maximum, but there is not universal agreement
1

' 
2

' 
21 

on this point. Some 

authors feel that this may be due to enhancements in certain partial waves or 

due to some complicated phenomenon. 

It is interesting to note that the three systems that have small or non-

existent bumps proceed through pure isotopic spin channels, while two of the 

three systems that exhibit a second peak involve more than one isotopic spin 

amplitude. If any part of this pP.ak can be explained in terms of interference 

between different !-spin channels, then one would hope that np scattering, which 

involves contributions from two isotopic spin amplitudes (I= 0; 1), would exhibit 

such a peak. 

C. Large Angle Scattering 

1. Statistical Model 

The large angle region has been the subject of a great deal of theoretical 

interest. Some years ago, Fast, Hagedorn, and Jones
22 

proposed that large 

angle scattering was not due to diffraction, as in the small angle case, but 
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rather proceeded through a mechanism that was statistical in natur·e. The 

theory was developed in analogy with the low energy nucle:;tr physics phenom-, 

enon of compound nucleus formation. In the collision, there is a small 

probability, P c, that the two particles will interact and form a compound state. 

In this state, the particles 11forget" th~ir initial s~tes. The compound state 

then decays into one of the many final states energetically available to it. The 

branching ratio into a given final state can be calculated by dividing the phase 

spac~ open to it by the sum of the phase space for all possible final states. 

Qhoosing the e~astic channel as the final state of interest and realizing that the 

cross section for conipowul state formation iR thP. 11roduct of P 
0 

and the total 

cross section, ~otal, the large angle cross section can be expressed as 

dO" I 
dQ ' 

~arge 
angle 

(Phase space for elastic scattering) 
= P c • ~otal • (Phase space for all energetically <12) 

possible final st~1.tes) 

where the last term is dependent upon the total center-of-mass energy, E. 

Fast, Hagedorn and Jones computed the branching ratios of 7rp and pp elastic 

sc;:ttter:j.ng as a function of energy using digital computers. They found that the 

qehavior of t:\le cross ~ections with energy could be fit quite well with an 

exponential of the form: 

dal -KE d52 oc exp -
large 

(13) 

angle 

This energy dependence can also be "derived" u::;i.ng a simple thermo

dynamic model put forth by Coccont. 23 In this model, phase space factors are 

ignored. ':('he compound system decays with equal probability into N final states, 

only one of which is the elastic channel. Therefore, the elastic cross section is 

_· 14 -
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dal · 1 
dQ oc: Pc ~otal • N 

large 
(14) 

angles 

Thermodynamic arguments now yield T, the •ttemperaturen of the compound 

system. The Boltzmann definition of the entropy S of a system is 

S = k log N (15) 

where k is Boltzmann's constant and N is the number of independent 

orientations of the system. N is interpreted to be the number of channels into 

which the system can decay in this application. One also has the following 

relatlon when the compourid system is held at constant volume: 

dE= TdS 

Now, if S is proportional to a power of the energy 

then combining Eqs. (14), (15) and (17) yields 

da n 
dQ oc: exp (-KE ) 

where K = a/k. It also follows from Eq. (16) that 

T = 1 
n-1 naE · 

- 15 -
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In all systems measured so far, the. measurements are not accurate 

enough to determine the value of n in the range 1/2 to 1. The calculations of 

Fast, Hagedorn and Jones yield n = 1. However, independent of the choice of 

N, the "temperature": is ·a well defined quantity: 

(KnEn-1 · ~E) 
exp average 

T = dE/k log B (20) 

Using these relations and the Fast, Hagedorn and Jones calculations, the values 

of K and T for proton scattering are: 

K = 3.30 GeV-1 
(2la) 

T = 2.18 m7r = 0.30 GeV (21b) 

The statistical model makes no specific predictions regarding angular 

distributions except the following general statements. If the decay to a final 

state is made from a compound formation th;at has truly '·lforgottenn its origin, 

the angular distributions of the decay products must be isotropic as ther~ then 

exists no preferred direction. J;f the.t·t: aJ:e 110 ~ntorforence terms between 

partial waves of different angular momenta in the decay process, ·then symmetry . . 

around 90° in the center-of-m~ss system is .. expected. 23 ' 24 However, if there 

is any appreciable interference, "the angular distribution need not be sym

metric abolJt 90°u. 
24 

- 16 -
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2. nRigid11 Proton Model 

Orear
25 

has made the remarkable observation that it is poss~ble to fit 

proton-proton differential cross sections over a very large range of energies 

and angles with a surprisingly simple expression of the form: 

(22) 

where P1 = p sin () and is the transverse momentum imparted to the target 

nucleon. 

Wu and Yang26 make some interesting predictions based on Eq. (22). They 

speculate that the exponential fall-off with increasing P1 is a manifestation of 

the difficulty of transferring large amounts of transverse momentum in elastic 

scattering. In addition, they postulate that such a difficulty exists in all high 

energy nuclear collisions, because this difficulty must be an inherent character-

istic of the nucleon. In an attempt to explain this postulate in terms of a model, 

. they picture the nucleon as an extended object held together with an internal 

l'igidity of a few hundred MeV. The fall-off with increasing P1 i~ attributed to 

the difficulty of accelerating this extended obj~ct without "breaking it up" and 

producing an inelastic final state. 

The fact that large longitudinal momentum transfers do not cause such a 

rapid decrease in the cross sections can also be accounted for in this model. · 

In the collision, the two nucleons can be interpreted as exchanging pieces of 

each other. These exchanges yield large longitudinal momentum transfers. 

It is further assumed that in a large angle collision there are many final 

states available to the nucleons and that there is no strong energy dependence 

- 17 -



in the choice of the final state. This assumption and their interpretation of the 

Orear fit lead to the statement that. any -~ucleon-nucleon two-:body interaction 

obeys Eq~ (22) with suitable changes in A as long a~ the final state satisfies all 

of the necessary conservation laws •. In the limit of very high energies,cross 

sections for different reactions that involve the same P1 should appear quite 

similar. In particular it is predicted that 

lim 
s-oo 

lim 
s-+co 

Pn ~~I .. 
large 

.(0, np-np) · · 

---Pn--~~~~~~~~:~:~:-s ____ (-O-,~p-p----pp-)---~ 1 

angles 

Pn:~~ I . (0, np-+np) 
. ~arge . 

----~-~~a~ng~le~s~----------------+ 1 
Pn dcr 

df2 large 
angles 

(11'-0, np-+np) 

(23) 

(24) 

. 3. "Ra,ndom Phase" Isotopic Spin Model 

26 
Wu and Yang make another prediction about large angle scattering. 

It is assumed that the elastic differential cross sections in different isotopic 

spin channels have, on the average, the same absolute amplitudes and random 

relative phases. Thus_, if a
1 

is the matrix element for a scattering procei:H:l 

with total isotopic spin I,- then on-the average: · 

- 18 -
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It is convenient to express the wave functions for the pp and np systems in terms 
I 

of the isotopic spin wave functions, cpi3 , where the superscript is the third 

component of the total isotopic spin and the subscript is the total isotopic spin. 

Thus, 

w (pp) = cp~ 

The cross sections are then expressed in terms of the strong interaction 

operator M as 

du) - I< q,(pp) IM\ w(pp))\2 = \<cJ>~ IMI cp~>i 2 . = I a11
2 

(26a) df2. pp 

du) = I (w(np) IMI w(np))l2 =I <..!. . ( cp 0 - cp 0) I Ml ~ ( cp 0 - cp 0) > 12 dQ J2 1 0 .J2 1 0 np 

(26b) 

where the fact that the strong interactions conserve 1 has been used. Using 

Eq. (25) and the assumption that the absolute applitudes for different I are the 
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same, it is clear that 

(27) 

or 

·(28) 

4. Test of Charge Independence 

c'omparis~n ~t np and pp differ~ntial cr~ss s.ections at 90? provides a 

check of the charge i.i:l.depEmdence of nuclear forces. 27 At 90° irt the center--of

mass system; ohl.y even angular momentum waves coJ:itrib'ute to the· scattering 

ampiitude because :P.Q,(cos O) = o at e = 7f/2 for .R. odd. This implies that the 

space wave function is symmetric. ~roton-proton sc.atteriilg always takes place 
'I 

With total isotopic spin, I, equai to L Therefore, iil order to have a totally 

antisyininetric wave function, the scattering :must take place in the singlet spin 

· state, that iS, ·with S; the total spin, equal to. 0. We can thus write 

·· .. 2 : ·PP · ·. · ·. 
~f (I .,..., 1; S ;;;; 0) 

.R.even 

where A.R. (I, S) is the scattering amplitude for the !th partial wave with total 

isotopic spin I and total sp!Jl s. 

- 20 -
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The neutron-proton. scattering can proceed with either I = 1 and S = 0 or 
• 

I = 0 and S = 1. After summing over final spin states and averaging over . 

initial spin state·s, the differential cross section can be written as 

= 1 
4 L: A ~p (I = 1, S = 0) \

2 

£even 

3 
+-

4 
£even 

Charge independence involves the statement that the non-Coulomb forces 

between the nucleons depend only on I, S and£ and not on the charge states of 

· the nucleons; that is, 

Putting this into the expressions for the 90° differential cross sections, it can 

be seen that charge independence of nuclear forces requires 

(29) 

D. Backward Angles 

The only previous experimental investigations of the neutron-proton elastic 

scattering system at high energies concerned the study of a very small angular. 

region near 180° in the center-of-mass system. Near 180°, the recoil proton· 

comes forward with most of the energy of the incident neutron. Because an 

uncharged neutron appears to have changed into a proton, this reaction became 

known as "charge exchange scattering," even though it is just a small angular 

28 . 29 
region of n-p elastic scattering. Palevsky et al. and Fr1edes et al. 

measured the charge exchange cross section at 2. 04, 2. 2, and 2. 85 GeV. 
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a~ the Cosmotron, and Manning et ~· 30 roea~ured it at 6. 6 GeV at 

Nimrod. 

B.asically, the method of measuring the cross section~ was as follows. 

As s~etch~d iJ1 Fig. 2, the internal proton beam hit a production target which 

w~s beryllium in one case and lithium. de\lteride j.n the other. The particle~ 

emerging from the target were collimated after ch~rged particles were :re-

moved with sweeping magnets. The remaining neutrons then interacted in a. 

liquid hydrogen target and the angle and momentum of the outgoing proton was 

measure<:!. Note that the neutrons were produced by a charge exchange scat-

tering, O'charge exchange (p, n) and then underwent another charge exchange 

scattering, u (n, p) . Since 0' (p, n ) = 0' (n, p)., a comparison of c.e, c.e. c.e. . . 

the flux of protons emerging from the hydrogen target with the flux of protons 

entering the production target yields a value proportional to the square of the 

Gharge exchange cross section. Because of inelastic contamination, this 

method is limited to angles very close to 180° in the center-of-mass system. 

Friedes et al. 29 were able to get measurements out to approximately i40° 

at 2. 2 GeV, 

In this charge exchange region the cross section has the. general character-

istic of a very large, sharply pea~ed backward distribution (see Fig. 3). This 

peak is usually ftt with the sum of two exponentials in It 1·. In the regi.on closest 

to 180°', the slope of the exponential is between 40 and 30 (GeV/c) -2., while aa 

0 -2 . 
o.ne goes toward 90 , the slope changes to approximately 4 (GeV /c) · . The 

steep slope implies that the radius of interaction, R, is greater than 2 fermis, 

which is larger than any measurement on the proton-proton system., while the 

smaller value implies R < 1 fermi, smaller than the pp values. The width and 

- 22-
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slope of these peaks appear to be energy independent. Attempts 29
' 31 to 

explain these peaks have given rather poor fits to the data. 

It is important to note that these measurements of the ncharge exchange" 

region constitute the only experimental investigations of the neutron-proton 

elastic scattering system at energies above 1 GeV prior to the present 

experiment. 

E. Other Models 

Serber32• 33 uses a purely absorbing Yukawa potential in an optical modeL 

The distributions predicted are 

(30) 

This model does not seem to fit the data at intermediate or large angles very 

11 
well. 

Krisch34 has shown that it is possible to fit all the proton-proton 9ross 

sections with the sum of three exponentials in p ~ , and has interpreted this as 

diffraction scattering from three different regions of the. nucleon. 

Kastrup35 says that when two nucleons undergo large angle collisions, the 

long-range parts of the fields of the two particles have to readjust themselves 

considerably. This readjustment can be pictured as being accompanied by the 

emission of "soft" mesons. The energies of the mesons are small with respect 

to the nucleon energies; recoil effects are neglected. The emissions ~e 

statistically independent and canbe described by Poisson's distribution. 

Elastic scattering is interpreted as the case in which the number of mesons 

emitted is zero. An exponential form results, and the terms in the exponential 

are equated with Orear's empirical fit, Eq., (22). 
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IV. THE NEUfRON BEAM 

The neutron beam for this experiment was produced by focusing a proton 

beam onto a beryllium target, sweeping away the charged particles, and then 

collimating the neutrons into a well-defined beam with a very broad energy 

spectrum. The details of the beam are discussed below. 

The experiment was performed using the external proton beam of the 

Bevatron at the Lawrence Radiation Laboratory. The external beam was 

ejected from the main ring during a 300-msec flattop pulse and yielded a 

spill of 6. 3-GeV protons every six-second cycle. During the course of the 

experiment, the intensity in the external beam was varied from 1 to 7 X 1010 

protons per pulse. 

As shown in Fig. 4, the proton beam was focused onto a beryllium target 

3/8 inch by 1/4 inch in cross section and 8 inches (about 2 collision lengths) 

long. The position of the proton beam on the beryllium target was monitored 

with two independent systems. A closed-circuit television camera, looking 

at a thin piece of plastic scintillator placed directly upstream of the Be target, 

gave a visual indication of the location of the beam spot. Special monitor 

counters were also used. As shown in Fig. 5,these counters were 1/16 inch 

scintillators framing the upstream end of the Be target. They were mounted 

on 53 A VP photomultipliers with bases designed for low gain. .By observing 

the output of these two tubes on an oscilloscope it was pos~ible to detect 

drifts of the position of the proton beam of the order of 1/16 inch to 1/8 inch .. 

Tht:: Be Lai"get itself was mounted on a hinge attached to the first bending mag

net. The hinge allowed easy removal and accurate replacement of the target 

whenever a check of the alignment of the beam was necessary. 
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Immediately 'following the Be target, a large sweeping magnet, M4D, re

moved charged particles from the beam. M4D, an 84.-.inch·-long~ 15-inch

wide, 4-inch-high bending magnet36 was run at a nominal current of 1000 amps 

. 0 . . 
(B = 14 kG) to bend the unscattered proton beam through 8. 5 . Because M4D 

served no analyzing function, its alignment was not critical. 

The photon contamination in the neutron beam was reduced with three 

pieces of 1/4 inch lead (a total of 3. 8 radiation lengths) followed by a small 

9-inch X 12-inch "C" bending magnet to sweep out the electron pairs. The 

lead converter was divided into three sections to increase the efficiency of the 

system in removing gammas. 

At 15 feet from the center of the Be target, the neutrons entered the first 

of three lead.collimators. The detail of these collimators is shown in Fig. 6. 

Two 5-foot-long pieces of 12-inch X 3-inch steel channel were welded to form 

a rectangular tube. A steel pipe was supported in the center of the tube by bars 

on each end and the entire tube, except for the inside of the pipe, was filled 

with 1575 polinds of lead. The first two of these units had pipes of 5/8-inch 

i. d. while the third had a pipe with a l-inch i. d. 

The central ray of the neutrons entering the collimators made an angle of 

1° with respect to the original proton beam. This angle was selected because 

a preliminary survey experiment showed that the neutron flux is greatest at 

small production angles. Safety precautions prohibited angles smaller than 1°. 

As show~ i~ Fig. 4,the proton beam was swept to the opposite s.ide of the 0° 

line so that at the entrance of the collimator, the neutron beam and the charged 

particles were separated by 1. 1 feet. The solid angle subtended by the colli-

mator system was determined by the downstream end of the second collimator 

arid was 3. 87 X 10-6 steradians. As the beam was defined by the first two 
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collimators, the larg~r: dil:t;rn.eter of the thir<;l unit of the collimator system re-

<Juced, the number of ne.utr<>ns ill the be~ that had scattered against the sides 

of the collimators. 

The shielding wall in which the collimators were imbedd,ed was designed to 

minimize .neutron backgrounds in the main experimental area. The wall COil-

si~ted of 5 feet of steel·followed by 10 feet of ll.eavy conc:rete. All crevices be-
·' 

· tw~en the blocks of steel and concret.e were filled with lead bricks and lead 

s:Qot. 

Wheil the neutron beam left t:oe collimator, it was roughly an i11ch in diam

et~r-with, negligible spatial tails and an angular divergence of less than 0. 15 

degrees. The energy spectrum. of the neutrons was determined from the analy-

sis of ela,stic scattering events and will be discussed ~ater . 

..,. 32...;. 
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V. THE MAIN EXPERIMENTAL AREA 

After leaving the collimator system, the neutron beam entered a liquid 

hydrogen target. Following an interaction in the hydrogen, the angle and 

mome11tum of the recoil proton and the angle of the scattere~ neutron were 

measured. The details of the detection method are described below. 

A. The Hydrogen Target 

Three main considerations determined the design of the target: (1) A mini

mum amount of material other than hydrogen should be present in the path of 

Lhe beam. (2) There should be no unnecessary material for the scattered par

ticles to pass through for 90° on either side of the beam line. (3) All material 

other than hydrogen in the beam's path should be far enough from the hydrogen 

region to permit a clean separation of interactions in the material from inter

actions in the hydrogen. As can be seen on the assembly drawing in Fig. 7, 

the fill lines and vent lines to the M.ylar flask that contained the hydrogen were 

arranged so that they did not obstruct the beam. In addition, the vacuum jacket 

leading back to the reservoir was set at an angle so that there was a clear view 

of the flask for 90 ° on either side of the beam line. 

The neutron beam entered the vacuum jacket surrounding the flask through 

a 0. 020-inch-thick. Mylar entrance window. The hydrogen was contained in a 

10-inch-long Mylar cylinder with domes on either end, yielding a flask 12 inches 

long and 2-1/2 inches in diameter with 0. 0005-inch-thick walls. The flask was 

wrapped with 10 layers of aluminized Mylar (0. 00025 inch thick) and aluminum 

foil (0. 00025 inch thick) to reduce heat transfer by radiation. The aluminum 

vacuum jacket was a 15-1/4-inch-long domed cylinder, 8 inches in diameter, 

with 0. 040-inch-thick walls. The flask was centered in the vacuum jacket, 
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thereby allowing at least 2-1/2 inches between the flask and the vacuum.jacket 

or the entrance window. The reservoir, Jake liB, 37 permitted the use of 

either liquid hydrogen or deuterium. 

The reservoir and the attached target could be positioned by means of ad-

justment bolts on the reservoir stand. In addition to their positioning function, 

these bolts could be used to move the target if it became necessary to che.ck 

the upstream alignment. 

B. The Proton Spectrometer 

The momentum and angle of the recoil proton were measured with two 

pairs of thin-plate spark chambers before and after a bending magnet. The 

plan view of the spectrometer is shoWn in Fig. 8. 

The spark chambers each had four 3/8-inch gaps with 1-mil aluminum 

foil plates. The chambers were constructed by stretching the foil onto lucite 

frames and gluing the frames together with Silastic RTV 891. 38 
In order to 

equalize the pressure on the outside plates of the chamber when it was filled 

with gas, the hinged Mylar window shown in Fig. 9a was attached to the chamber. 

This system allowed pressure equalization by permitting expansion of the Mylar 

window without distortion of the frame holding the outermost plate. The active 

area of the two chambers on the target side of the magnet was 22 inches long 

and 6 inches high; The chambers on the other side of the magnet were 39 inches 

long and·ll inches high. The chambers were operated with a 90% Ne- 10% He 

gas mixture. A photograph of two of the chambers is shown in Fig. 9b. 

The analyzing magnet, ATLAS, 39 was 29 inches wide and 36 inches long 

with an 8-inch gap. Very extensive measurements of the magnetic field were 

40 41 .. 
made by the LRL Magnet Test Group. ' Usmg Rawson probes and a com-

puter driven system, the field was measured in a .one-inch grid pattern 
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(2800 points per grid) at seven elevations (0 inch, ± 2. 0 inches, ± 2. 8 inches, 

and± 3. 0 inches from the median plane) and at six current levels (I= 392, 588, 

855, 960, 1084, and 1203 amperes). This data was placed on magnetic tape and 

used in determining the proton momentum from the position of the tracks in the 

spark chambers. 

The magnet-spark chamber system was supported on a carriage that rode 

on curved railroad tracks. The tracks, centered on the liquid hydrogen target 

and made from American Society of Civil Engineers Standard 70-pound rail, had 

radii of avvroximately 6 feet, 4 inches and 9 feet, 7 inches. The center of the 

magnet system rode seven feet from the center of the target. The support 

system contained provisions for rotating the magnet and adjusting its height in 

order to align the magnet system after its position on the rails had been changed. 

At each setting of the system, there was roughly a 12° acceptance interval for 

recoil protons. For low-momentum protons, the precision of measurement of 

the proton angle was limited primarily by multiple-Coulomb scattering in the 

hydrogen and in the vacuum jacket. The momentum measurements were also 

limited by multiple-Coulomb scattering to a few percent. 

C. The Neutron Detector 

The scattered neutron was observed by requiring that a neutral particle in

teract and produce at least one charged particle in an array of seven steel plate 

spark chambers. The location of the point of interaction and the position of the 

liquid hydrogen target yielded the angle of the scattered neutron. 

The neutron detector chambers had four 3/8-inch gaps with plates made 

from 3/16-inch-thick, cold rolled stainless steel, type 304 polished to a near 

mirror finish (320 grit polish). The chambers were constructed by sandwiching 

- 39 -



frames of lucite between the plates. The active area of each chamber was 

12 inches high and 48 inches long. A typical chamber is shown in Fig. lOa. 

The array of seven chambers represented a total of 1. 4 collision lengths; 

therefore, roughly sixty percent of the neutrons that entered the detector in

teracted to produce charged particles. As can be seen from the event drawn 

in Fig. lOb, measurement of the charged particles gave the vertex of the inter

action; when this was correlated with the intersection of the neutron beam and 

the path of the recoil proton projected into the liquid hydrogen target, the angle 

of the scattered neutron was known. The accuracy of measurement of this angle 

was, for the most part, limited by the width of the beam in the hydrogen and 

there was a typical uncertainty of± 8-10 mrad. 

This spark chamber array also ran on the railroad tracks on a carriage 

9 feet from the target. As with the magnet system, there were provisions for 

rotating and leveling the array to insure alignment. At each setting of the ap

paratus, there was a 30° acceptance interval for scattered neutrons. 

During the course of the experiment, the two carriages were placed in 

seven different settings to cover all scattering angles. When the "Charge eA

change" region was reached, the scattered neutron did not have sufficient 

kinetic energy to produce charged particles that would trigger the detector 

(170 MeV was the cut-off). Large scintillation counters were then substituted 

for the neutron detection chambers and a complete "charge exchange" measure

ment was performed, but this wlll not be ili:scusse"d in thin paper. 

D. Scintillation Counters 

There were nine scintillation counters involved in the triggering system, 

two in the proton arm and seven in the neutron arm. 
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The counters in the prot.on arm (Pl and P 2) indicated the passage of a 

charged particle through the magnet system. Pl, placed immediately after 

the first two spark chambers, was 6 inches high, 21 inches long, and 1/4 inch 

thick, and P2, placed after the spark chambers behind the magnet, was 9-1/8 

inches high, 39 inches long, and 1/2 inch thick. 6810A photomultipliers were 

used on both counters .. Because Pl was close to the magnet, a 3/8-inch-thick 
. . . . . 

seamless steel tube was used in addition to the standard shield as protection 

against the fringe field. 

Each of the seven counters in the neutron arm (N., i=l, 2, 3, ... 7) was 
. 1 

placed after one of the neutron detection chambers. These scintillators, made 

from scintillator with a 1/e attenuation length of 82 inches,42 were 1/2 inch 

thick and 47 inches long. In order to redUce the trigger rate from particles 

not coplanar with the incident beam and the recoil proton, the neutron counters 

were shaped as shown in Fig. 11. The height of the ends placed closest to the 

unscattered neutron beam was 7. 0 inches, while the height at the other end was 

11.6 inches. 6810A photomultipliers were used on all the neutron counters. 

Two scintillators were used as anti-coincidence counters to reject charged 

particle scattering. The firs~ anti-counter, Al, was placed upstream of the 

liquid hydrogen target to insure neutrals in the beam. Al was 1/16 inch thick, 

1-1/8 inches square, and was viewed by a 56 A VP photomultiplier. The second 

anti-counter, A2, was located in front of the neutron chambers as shown in 

Fig. lOb. A2 was the same shape as the neutron counters and was viewed with 

a 6810A photomultiplier. 

There were four sets of scintillation counter telescopes (the G, H, B, and 

M monitors) to monitor the intensity of the neutron beam. Their positions are 

indicated on Fig. 12. The B telescope consisted of three 1/2-inch by 1/2-inch 
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by 3/8-in.cb scintJllators :rnounteO, o~ 5;3 A.VP pbotomultiplier tu.Pe.s. B wa~ 

loc.;:tted ~ppro_ximately 7 feet below the Be t::~.rget. The M col;!nters were thr~e 

1/~..,.~nch .by 1/~-inch by 3/8-inch scintillators on 5.3 AVP's ~nd were locflte(i 

in the :m.~in experimental ~rea, l:!;pproximately 15. 5 feet from the liquiq. hydro

o 
_gen target and :;~.t .an an,gle of o 0. (5' with respe~t to the c~mt:ral ray of the 

neutron beam.. 'fhe G counters were three 1-,-inch ,by l-inch by 3/8-:inch scintil-

~ators Viewe<;l with 6810.A's. G was located J..5. 7 inches from t:h,e center 9f the 

hydroge.n t~rget along 11 line passing th.ro'l;lgh the center of the target and makhtg 

:;~.n angle of 52.5° with respect to tbe ne:Qtron beam ;:tnd a:P. a11gle of 51° with re-: 

spect to the plane of the r:;~.il system. Tht;l H telescope consisted of two kjnch 

by t..,.in9h by 3/8-inch sc.~ntiHators on .53AVP's and w~s IIJ.Ounted in t4e ~~e 

f:ashi,on flS G. For H, the .distance to the target was 18.6 inche_s; the ~ngle with 

the beam wa~ 68°, and the angle w:i.th respect to the rail system was 55. 5°. 
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VI. TRIGGERING SYSTEM AND OPTICS · 

A. Electronics 

The triggering system consisted of the two scintillation co:unters in the 

proton arm, P1 and P2, and the seven counters, (Ni, i = 1, 2, ... 7), in the 

neutron arm. The spark chambers were pulsed whenever a coincidence oc-

curred among P1, P2, and any two successive neutron counters. ·This combi-
' 

nation indicated that a charged particle had passed through the magnet and that 

an interaction had occurred in the neutron chambers. There were also there-

quirements that there be a neutral particle in the incident beam (A1) and a 

neutral entering the neutron chamber array (A2). Thus, the complete trigger 

requirement (see Fig. 12) w~s: 

A1 A2 P1 P2 N. N.+1 i = 1, 2, ... 6 
' 1 1 

(31) 

The fact that the proton and neutron counters were quite long in the hori-

zontal plane compared with their heights made the triggering requirement 

(Eq. 31) serve as a rough indication that the event was coplanar. This proved 

to be quite effective, for in the region where the apparatus measured small 

angle scattering (small It I>, over eighty-five percent of all triggers turned 

out to be elastic events. 

The logic necessary to obtain this system is indicated schematically in 

Fig. 13. Most of the elements w,ere General Applied Science Laboratories 43• 44 

modules. The pulses from all the photomultipliers were voltage-limited to 

protect against large pickup pulses. As shown, the limiter outputs were split 

where necessary with IH-75 Fanouts. 
45 

A preliminary coincidence was made 

between A1 p 1 P 2 (the "P" coincidence), and the output from this circuit was 
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split and placed in coincidence with successive pairs of N counters. The out-

puts from all six of these "N .. 1" coincidences were fed through a "mixer," 
•" 1, 1+ 

that ·is, an "or" gate, the output of which triggered the spark chambers, ad-

vanced the camera, flashed register lights, advanced registers, and so forth. 

IH-56 coincidence circuits 46 and IH-51 discriminators 47 were used to form the 

coincidences and shape the output pulses. 

The spark chambers were fired using· a spark gap 48 as a high voltage switch 

to dump the energy stored in a 6800-pF capacitor at a potential of 15 kV into 

each chamber. In order to prevent pickup from the spark chambers from caus-

ing trouble with the counters and to allow the capacitors sufficient recharging 

time, all the electronics was gated off for 60 msec after each firing of the spark 

chambers. 

The counting rates in the "P" ·coincidence and all the ""N .. +1" coincidences, 
. 1,1 

as well as the total number of triggers, were recorded on scalars. The scalars 

also recorded the counting rates in the four sets of monitor telescopes, H, B, 

G, and M. A check on the accidental rate was obtained by duplicating one of the 

"Ni i+l" coincidences but delaying the input of the "P" coincidence. 
' 
Periodic checks on the performance of the scintillation counters as well as 

the logic system were made using small corona lamps. 49 Because these lamps 

simulated the scintillations from the passage of charged particles, they were 

.. attached to each scintillator and were used as timing lamps. 

B. Optics 

The fiducial system involved the use of electroluminescent plastic lamps. 
50 

The fiducial marks were obtained by placing these lamps behind cutouts in a 

fiducial mask. As described elsewhere, 
51

; 52 such a system has the following 

advantages over a system employing an illuminated reticle: 
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( 1) Accuracy is improved, as the edges determined by the fiducial mask 

are very well defined. 

(2) The arrangement of fiducials is more flexible. 

(3) The uniformly lit areas provided are convenient for experiments 

desigried to use automatic analysis systems. 

In order to put the fiducial masks on the film, the fiducials were pulsed 

for 10 msec with a wave train having a frequency of 5 kc/sec and a peak voltage 

of 500 volts. A sketch of the fiducial system is shown in Fig. 14a. The resis-

tors were used to protect the lamps by limiting the peak currents and increas-

ing the rise time of the pulses from the driver. A sketch of two of the spark 

chambers and the fiducials is shown in Fig. 14b. The large areas of the fidu-

cial marks were designed to accomodate an automatic measuring system and 

the small dots were used in hand measurement. In addition to these fiducials, 

there were also a large number of lamps that were only turned on for a few 

calibration pictures at the start of every run. 

The spark chambers were photographed by a system involving an intricate 

arrangement of mirrors. As sketched in Fig. 15a, there was a mirror for 

each chamber that allowed both views of the chamber to be observed from 

above. The proton chambers had individual stereo mirrors, while all seven 

neutron chambers shared a common stereo mirror. As can be seen in Figs. 15b 

and 15d, the light from the ith neutron chamber was reflected in the ith neutron 

mirror, NM., brought to a mirror located over the hydrogen target (NTM), and 
1 

then transported to the camera, which was located outside the experimental 

blockhouse. (See Fig. 8.) The use of the seven neutron mirrors (NM., 
. 1 

.. 
i = 1., 2, ••• 7) enabled equilization of the light paths for the different chambers. 

· Because each mirror could be adjusted independentJy, there was no need to use 

a field lens to view the entire active volume of each chamber. 
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As shown in Fig. 15c and 15d, the sit~ation for the proton chambers was 

not as straightforward. To equalize the light paths and to insure that the mag...: 
' 

net structure did not obscure any portion of a mirror, the light paths were 

fo~ded many times. The light from the last p~oton spark chamb~r (PSC4) was 

reflected in PM7, b~ought to a mirror over the target (PTM) and then to the 

cainera. The light paths for the other chambers were: 

PSC 3: PM
5

--+ .· PM
6 

--+ P'i'M --+CAMERA 

PM3--+ PM2 --+ PM4 --+PTM.--+ CAMERA 

PMl--+ PM4 -+ PTM --CAMERA 

The nominal light path was 400 inches long. The mirrors over the target 

(PTM and NTM) could be rotated around an axis perpendicular to the' plane of 

the rail system and passing through the center of the rails. Thus, regardless 

of the relative positions Of the neutron and proton arms, PTM and NTM could 

be rotated to produce the same format on the film~ 

The information from the spark chambers, as well as information from a 

data board containing the event number and run number, was recorded on one 

frame of 35.-mm film. The lens used was a 150-mm focal length Schneider-

Kreuznach Symmar and had an aperture setting of f/8. During tho oourie nf 

the experiment; approximately 600, 000 pictures were taken on Eastman Lino

graph Shellburst film. 53 The film was developed at a speed of 25 ~eet/~in in 

Kodak Extra Fast X-Ray developer. The camera was designed54 to take up to 

seven pictures during the 300-msec beam spill. 

A typical picture is shown lu Flg. 16n and th9 impnrtant features are in-

dicated in Fig. 16b. The bend in the proton's path due to the magnet can be 

seen, and an easily identifiable neutron interaction is present in the neutron 

chambers. The fiducials and the data box are also shown. 
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VTI. DATA REDUCTION -

The film was scanned for possible elastic scattering events, and frames 

that satisfied all selection criteria were measured. In order for an event to be 

considered an elastic scattering candidate, the following criteria had to be met: 

(1) All proton chambers had to have a track present and the tracks had to 

indicate that a positive particle had passed through the magnet. This 

requirement eliminated events in which the particle was negative 

(probably 7T-) and those in which a positive particle had undergone a 

large-angle scatter from the pole tips or coils of the magnet. 

(2) There had to be an identifiable neutron interaction or neutron star in 

the neutron chambers. In order to facilitate the recognition of the 

neutron stars by the scanners, five classes of inter.actions were 

used. . These neutron event types and their topologies are sketched 

in Fig. 17. Type 1 consisted of a single charged particle; Type 2, a 

two-pronged Vee; Type 3, a multi-pronged star with all prongs going 

in the forward direction, that is, in the direction of the scattered 

neutron; Type 4, a shower; and Types 5a and 5b, stars with prongs 

going in the backward direction. 

Events that satisfied these criteria were measured using a Vanguard55 

measuring machine which utilizes a film plane digitizer with a least coun,t of 

10-4 i~ches on the film. The measurements made on each frame were the 

following: 

(1) Three fiducials 

At the start of each frame, three fiducials were measured in order to 

correlate the measurements with a master fiducial grid that allowed accurate 
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knowledge of the positions of the spark chambers. Three fiducials enabled a 

least square fit to be made which corrected for translation, rotation, and mag

nification. 

(2) Proton sparks 

In each of the four proton chambers, there were at most four sparks 

lying along the path of the particle. In each view of the chambers, one of these 

sparks was selected and the location of the center of this spark was digitized. 

It was found that. the center of a spark on the film plane could be measured to 

± 5 microns in the direction perpendicular to the proton trajectory and± 10 

microns along the length of the spark. 

· (3) Neutron sparks 

In each view of the neutron chambers, sufficient sparks on the prongs 

of the neutron interaction were measured to determine the location of the 

neutron interaction vertex. The number of prongs used and, thus, the number 

of sparks that had to be measured varied with the class of interaction. Types 2, 

3, and 5 required the measurement of two prongs in each view, the intersection 

of which yielded the vertex point. A single prong was sufficient for Types 1 

and 4. In Type 4, the central ray at the start of the shower was the prong 

chosen. For these two types, the intersection of the prong and the center of 

the spark chamber plate immediately before the start of the event determined 

the vertex point. A sketch of the location of the vertex points for the various 

classes of events is shown in Fig. 17. 

The digitizations of the spark locations were punched onto IBM cards by 

an IBM 526 Summary Card Punch. Additional information about each event 

was entered onto these cards by means of a parameter board. This informa

tion included the register number of the frame, a scanner identification code, 
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the neutron ·event class; the run number, the date of measurement, and a code 

indicating the measuring machine used. This information was transferred to 

magnetic tapes to serve as the input to a kinematics reconstruction program. 

If there were two separate, identifiable neutron types in the neutron conver

sion chanl.bers, the frame was measured twice, each time with one of the 

neutron types. A code in the parameter board indicated this duplication, and 

the chi-squared fitting program to be discussed later selected the neutron type 

resulting in the best fit or lowest chi-squared. This measurement duplication 

was performed to minimize any neutron beam intensity-correlated bias in the 

selection process. · 

The efficiency for identification of neutron types and for indicating the 

neutron vertex correctly was measured by rescanning portions of the data. 

This efficiency, independent of ~he neutron type assigned, was found to be ap

proximately ninety-five percent. There were, however, some disagreements 

regarding the neutron event classes assigned. If there was a prong of the star 

that was not very dark, the interaction could be c:,illed either Type 2, 3, or 5a. 

These disagreements did not affect the measurement of the neutron vertex, 

however' as the interaction vertex is in the same position for all these classes. 

There is the w~rry that there might be some energy-dependent bias inherent 

in the scanner selection criteri·a or in the performance of the scanners. Meas

urements were made to determine the existence of such biases and will be di~:>

cussed later. 

At periodic intervals, measurements were made of the entire fiducial grid. 

These measurements served as checks on the performance of the ~easuring 

machines and insured that any small change in the relative positions of the 

fiducials would be detected. 
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The events were reconstructed using the IBM 7090 Digital Computer with 

a program entitled BARBARA. Using the fiducials on the front and back of each 

view of each spark chamber, the sparks were put into their real space co-

ordinates, correcting for the magnification of each chamber and taking the 

·conical projection into account. As shown in Fig. 18, the conical projection 

allowed the true coordinates of a spark to be known only by combining the in-

formation from both views of a given chamber. Using these coordinates, the 

path of the recoil proton, determined from the two spark chambers closest to 

the target, was projected back into the liquid hydrogen. A candidate for 

elastic scattering has to originate inside the 10-inch-long cylinder defined by 

the beam and the central volume of the target, and, therefore, the proton vector 

had to pass through this volume. In the neutron arm, the interaction vertex was 

calculated as described above. The momentum of the recoil proton was then 

calculated by an integration through the magnetic field. The integration 

procedure is described below. 

It can be shown56 that if 't is a unit vector along the direction of a particle, 

then 

A 

dt e A -- = t X B 
ds pc (32) 

where s is the length along the particle's path, p is the absolute value of the 

-momentum, and B is the magnetic field. Knowledge of the magnetic field at 

every point then makes it possible to trace the trajectory of a charged particle 

in the field. The momentum i:s determined by requiring that the trajectory pass . . 

through· measured points. For the analysis of this experiment, there were 

three points used to determine the momentum-the tracks in the two chambers 

on the side of the magnet furthest from the hydrogen target and a point in the 

scintillator Pl. This latter point was determined by projecting the path of the 
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proton calculated from the front chambers into the Pl scintillator. The loca-

tions of the sparks in the first two spark chambers could not be used directly 

in the momentum calculation because Coulomb scattering in scintillator Pl in-

troduced a random change in the trajectory of the proton. 

The calculation proceeded as follows: 

1. A first choice for the momentum was made using the differences be-

tween the entrance and exit angles. 

A 
2. The last two spark chambers gave a starting value of t . 

-3. The magnetic field B(x, y, z) was known at every point on the t.ra-

jectory from a linear interpolation between measured values of the 

field. Ev~ry point in the magnet could be considered to be inside a 

small box, on the corners of which the magnetic field had been meas-

ured, and these eight values were interpolated to the point under con-

sideration. An estimate of the horizontal components of the magnetic 

field was made using an approximation to one of MaxwelJ's equations: 

(33) 

4. Using Eq. (33) the trujec.to1·y was traced through the magnet in one-

inch steps. At each point, checks were made to insure that the proton 

did not hit either the pole tips or coils of the magnet. 

5. If the intersection of this path and scintillator Pl did not agree with 

the "measured point, " the momentum was corrected and the integra-

tion through the field was repeated. 

Agreement between the two points was usually obtained in at most three 

iterations. The momentum calculated in this manner had to be corrected for 

the finite size of the integration step. A one-inch step size introduced · 
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approximately a 1. 5% systematic shift in the momentum such that the calcu-

lated momentum _was always_ too small. This correction factor was ascertained 

by varying the step size for different momenta at each value of the magnetic 
' ' • e • 

field. One of the curves used to estimate the factor showing the calculated 

momentum as a function of the step size is shown in Fig. 19a. Figure 1_9b 

shows that the factor ~sa constant percentage of the momentum at a given 

magnetic field. The maximum error introduced by this correction factor is 

less than 0.1 MeV /c. 

The.momentum determinations ~epended on accurate lmowledge of the 

relative J?OSitions of the front and back spark chambers. In order to check 

the alignment of the apparatus, a number of pictures were taken at each set-
I 

ting with z.ero field in the magnet_. The tracks in the front and back sets of 

cham~er~ were then projected into scintillator Pl. Figure 20 is a histogram 

of the distance of the position .~etermined by the front chambers from the posi

tion' determined by the back chambers. A non-zero value of this distance is 

shown in the coordinate x measured along the length of Pl (xfront -1>ack). 

This indicates a slight shift of the relative ·positions of the two sets of chambers. 

The width of the distribution is dli,e to multiple Coulomb scattering of very low 

momentum protons. 

The momentum calculated in the manner described above was the momentum 

·at the center of the· magnet-~park chamber system: .In order to find the momen-

tum at the scatt~ring point, the momentum was corrected for energy loss along 

its path. The energy losses in the scintillatiqn counter, in the air, in the Mylar, 

and in.the aluminum through which the proton passed were calculated using the 

.latest tabulated values, 57 The energy loss in the liquid hydrogen wa~ computed 

using a-standard momentum to range- range to momentum subroutine, PINTOR 
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and RINTOP. 58 • 59 A first guess at the location of the scattering point was the 

closest approach of the proton's path to the central ray of the incident neutron 
- . 

beam. The final selection of the scattering point is discussed below. 

After an event had successfully gone through the kinematics program, the 

information about the recoil proton vector, the proton momentum, and the neu-

tron interaction point was fed into a program entitled FIT, which adjusted the 

measured quantities using the method of .least squares, subject to non-linear 

constraints, yielded a value of chi-squared for these adjusted quantities, and 

wrote the results on magnetic tape. 

The program FIT is closely patterned after GUTS, 60 a fitting routine that 

is commonly used in the analysis of bubble chamber data. The value of chi-

squared for each event is minimized using the non-linear constraints of momen-

tum and energy conservation. The general fitting procedure is described below 

following the presentation of Berge, 60 and then the specific method used in this 

experiment is discussed. 

The basic inputs to the fitting program are (1) the T measured quantities, 

M x. , i = l, 2 ... T; (2) the error matrix, G .. , defined such that 
1 ~ 

G~~ = 6x~ 6x~ 
1) 1 J 

and (3) the constraint equations. We note that the diagonal elements of the error 

matrix are just the squares of the errors in the measured quantities. The error 

matrix for this analysis was taken to be diagonal; that is, there were no cor-

related errors in the measured quantities, 

G~.1 = (error in x~) 2 6.. . 
1) J 1] 
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The quantity to be minimized, x2
, tl$ defined as_ 

T 
2 

X'--
~. ~ (x.-x~ G .. (x.-x~) L.J 1 1 '1J J J 

i, j=1 

However, one must include in the ca1culatton the_ constraints of epergy a,nd 

momentum conservation, 

>.. = 1, 2, ... , c 

by introducing Lagrange multipliers, a).." Thus, one wants to minimize 

_I= 
T 

E (x.- x~) G .. (x.-x~ + 2 
1 1 ' 1J J J 

c 

I: 
i, j=l A.=1 

with respect to xi- and 01).. subject to Eq. (35). The conditions are 

dl I T dx.- =' 0 _= 2 L: 
l . 1 J= 

M 
G .. (x.-x. ) + 

1J J J 

(H -- = 0 = 2 F (x.) = 0 
a~A A 1 

c 

E 
A=1 

) = 0 

(3'*) 

(36) 

(37a) 

(37b) 

Equation 371:> is the same as Eq. 35. The :problem is to solve these eq~a-

- tions for xi and aA. As the FA a;re :rton~linear, it is necessary to u~e an 

iterative process which can be expressed60 in the following equ:;~.ttons. 
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Given the values of the parameters at the v th iteration, x~ and 
1 

one can write 

v 
FiA 

v 
EiA 

Hv 
A/J 

b)) 
A 

v+1 
0! 

A 

v+1 
X. 

1 

(aFA) = ax. 
1' 

T 
= L:· 

j=i 

T 
- L: 

j=1 

= Fv + 
A 

c 
= L: 

tJ=1 

M = X. 
1 

Jl 
x.=x. 

1 1 

G-1 v 
Fj.A 

ij 

v Transpose 
(E >Aj . - F~ 

JfJ 

T M v v 
L: (x. - x. ) F .A 

J J J 
j=l 

(Hv) -1 b))· 

AfJ 
A 

c 

L: 
A.=1 

The iteration begins with 

0 M 
X.. = X. 

1 1 

0 
0 aA.= 

(38) 

At every step, the value of x2 is calculated and the process is halt~d when a 

minimum x2 is found . 

- 69-



Ther(:l ~rEl three measur~blEl qu~mt~ties a,ssociatElcl with Ela,ch particle at tl).e 

tnt~ra,pJion vElrtex, The Cartesian coordinatEl system chosen, bad tt~ origin at 

thE;l center of the liquid hydrogen target wi,th th,e y~a~s a,long t:QEl 0° beam and 

the ?:.~axis pointEld. qpwa,rds (see Fif;. 2:L). The a~les () awl cp are defined in 

Ftg, ~1 wtth z as the polar a,x:is," With this coordinate. systen;:t, the measurable 

q\la:Q.tities for Elacl:l particle are: 

K = p .sin() (39) 

s = 1/tan () 

The energy ::t:nct .rnon;:tentqm conservation eqqations can be e.?ffiressed in terms of 

these variables :;ts follows: 

K 1 st :_ K 2 s
2 

""" K 3 s3 = 0 

K.1 sin 4>1 ~ K.2 sin ~ ~ ~ l(3 sin (/J'J ;, 0 

K1 cos (/>1 ..., K
2 

cos tt>
2 

~ KS cos cf>S = Q 

E +M ~E -E =0 . 1 p . 2 . ·3 

(40a,) 

(40b) 

(40c) 

(40d) 

wl:lere the sl.lbscripts 1, 2, 3 refer to the incident neutron, tl1e scattered neutron 

and the recoil proton, respeqtively ~ and Ei is tlw total Elnergy of the }h particlEl, 

Beca,l.ll?e I{). a11d K~ are :not :r:neasl.lred, they are determi11ed by Eqs, (4Qb) anci 

(40c), 'l'his leave~? only Eqs. (4Qa) and (4Qq) as t:Qe two constraint eqqa,tions 

F ~ ap.d f 
2 

, · ;For thts reason, tl~l§ tyPe of event is :referred to as a, two ... 

·con.strai:r.t or 2 ... c event clas.s. All the partial derivatives \lSeci in the iteration 
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. ORIGIN OF· COORDINATE SYSTEM 

0 
z 

X 

x = r sin 8 cos cp 
y= r sin 8 sin cp 
z= r cos 8 

CENTRAL RAY OF 
NEUTRON BEAM 

546-21-A 

FIG. 21--Coordinate system used in FIT. 
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oK1 K 1 cos (rp1-rfl2Y 
o~1 = - sin(tfl1-t/l2) 

for partiel e a 

c(1+s~)K1 oK1 (l+s~K2 oK2 
F211 = E

1 
o¢

1 
- E

2 
ot/l

1 

2 
-· K1s1 

F =-·-
.221 . E1 . 

(1+s~K1 
F212 = E

1 
' 2 

K2s2 
F222=-~ 

(l+s~K1 ClK1 (1+s~K2 oK2 
F 213 = . E

1 
o¢

3 
- E

2 
~ 

2 
K3 s3 

F223= --E-
3 

(1+s~K~ 
F =-__;;,...~ 

233 . E1K 3 

l 1. 

E. = [K~(1 + s~) + (Mass)~ J 2 
(i = 1, 2, 3) 

1 1 1 1 

FIG. 22--Partial derivatives used in FIT. 
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The error matrix G .. was assumed to be diagonal and the error assign-
IJ -

ments used are listed in Fig. 23. Note that for low recoil proton momentum, 

the errors in the proton variables were determined by Coulomb scattering in 

the liquid hydrogen, in the aluminum vacuum jacket surrounding the target, and 

in the air through which the proton passed. 

After these calculations were performed, the interaction point in the liquid 

hydrogen target was moved in one-inch steps along the line determined by the 

proton vector. At each point inside the liquid hydrogen target and inside the 

cylinder described by the intersection of the beam and the target volume, these 

calculations were performed and values of X 2 were computed. The interaction 

point was then selected on the basis of the lowest value of X2 . 

Elastic events were then selected with the requirement that 

(41) 

Events with x2 greater than this value have less than a 2% chance of being 

elastic events. Inelastic contaminations in the elastic sample due to this cutoff 

criteria will be discussed later . 
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-1 6x. 6x. G .. = lJ. 1 J 

[<j>J radians 

(x1, x2' x3' x4, x5' x6' x7) .. = (<1>1' s1' <1>2' s2, <~>a· sa, Ka> [ s J dimensionless 

-1 
Gll 

. [KJ MeV/c 

-1 
Gll 

0 -1 
G22 

-1 
G33 

-1 -1 
G .. G44 lJ 

0 
-1 

G55 
-1 

G66 

'G-1 
77' 

3, 0 X 1,0..:.6 -1 2.0X10-S -1 3.0 X 10-5 -1 3. 0 X 10-5 = G22 = G33 G44 = 

-1 
G55 

G-1 
77 

= 

~5. 0 =~0.107/ if p < 1000 MeV/c 
-1 

G66 
1.0 X 10-5 if" p > 1000 MeV /c 

Where: p _ momentum of recoil proton 

{3 = p/(p2 + M2) i 

o. 05 p < 350 MeV/c -
0.04 350 < p < 400 MeV/c 2 (a. p) a = 

0.03 400 < p ~ 500 MeV/c 

0. 02 p > 500 MeV/c 

FIG. 23--Error assignments for FIT. For low momentum protons, the 
errors in the proton variables are determined by Coulomb scattering. 

" . - 74-



VIII. CORRECTIONS TO THE DATA 

A. Energy Dependence of Neutron Detection Efficiency 

In order to insure that there was no energy-dependent bias introduced by 

the neutron detection method, it was necessary to investigate the detection ef

ficiency in the following manner. 

While the apparatus was set up to measure scattering in the diffraction 

peak region, the triggering system was altered: The neutron counters were 

removed from the coincidences, leaving the triggering requirement of 

Al A2 Pl P2 . Therefore, all the chambers. were pulsed whenever the system 

indicated that a charged particle had passed through the m.agnet. If one as- · 

sumed that the event was elastic, the angle and momentum of the recoil proton 

were sufficient to determine all parameters - including the angle and momentum 

of the scattered neutron. This assumption is justified, as it had been found that 

in this small angle region, more than 85% of all triggers were elastic events. 

One then looked in the neutron chambers for a neutron interaction at the pre

dicted angle. 

Figure 24 shows the ratio of observed interactions to the total number ex

pected versus the kinetic energy of the scattered neutron. This ratio repre

sents the product of the efficiency of the chambers to "convert" neutrons to 

charged particles, and of the efficiency of the scanners to identify the interac

tions. At the higher neutron energies, the ratio is roughly flat and is approxi

mately 55 to 60%, which is. c?nsistent 'Yith the total number of collision lengths 

represented by the chambers. There is a slight dip in the ratio around 2 GeV, 

which may possibly be due to a change in the neutron cross section on steel, a 

change in the multiplicity of prongs .in.the neutron stars and.a corresponding 

scanner bias, an increase in inelastic contamination at this energy, or some 
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combination of these effects. Estimates of these effects have shown then to 

be too small to exjJlain the dip at present. As the data presented represents 

approximately 20% of the data available in this mode, the reasons for the dip 

may become apparent as the rest of the data is analyzed. 

B. Weighting Function 
. . 

Because of the length of the target and the solid angle acceptances of the 

neutron and proton arms, the probability at a given setting of the arms for 

observing an elastic scattering involving a particular four-momentum transfer 

ltl. is a function of the incident neutron energy and the point of interaction in the 
1 

target. This probability was calculated using Monte Carlo methods, and when 

cross sections were calculated, every elastic event was weighted according to 

this probability. Figure 25 shows a plot of two of the probability functions 

versus It I for two successive settings. Events that had less than a 40% 

chance of being seen were not included in the final sample of elastic events. 

c. Target Empty 

Evaluation was made of the contamination of the elastic sample from inter-

actions not taking place in the hydrogen. Because of the care taken in construct

ing the target vessel, the number of "fake" elastic events present when running 

without hydrogen i:Q. the target--"target empty"--was found to be negligible. 

D. Beam Contaminants 

Because every elastic event was overdetermined, it was possible to test 

for the presence in the beam of contamination from particles other than neu-

trons which could fake n-p scattering. The method was to consider each event 

to be 

X+ p-X+ p (42) 
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where the mass of the X-particle is unknown. The distribution of the mass of 

X for all measured frames shows a large peak at the neutron mass value and a 

fairly uniform background-presu~ably from inelastic events which shift t~e 

mass of the neutron when the reaction. 

n + p-n + p + k 1r (k = 1, 2 ... ) (43) 

is interpreted as the two-body reaction, Eq. (42). When one removes those, 

events rejected by the elastic scattering fitting program, a clean neutron peak 

remains. Figure 26 shows the results of the calculation for a small portion of 

the data. 'The same kind of result was also obtained when the events were. 

interpreted as 

n + P-P + X (44) 

Again, the neutron peak is quite prominent, indicating that there were no very 

large contaminations present. 

E. X2 Distribution 

A more sensitive test for inelastic contaminations involves the distribution 

of x2. The distribution of X2 for a set of measurements subjected to a two

constraint fit iS known61 ' 62 to fall off steeply for· large valu~s X
2

. As 

mentioned before, if this set of measurements conta,ins 11:0 background, then 

less than 2% of the measurements will have X2 greater than 8. 0. Thus, the 

distribution of x2 for large x2 is primarily due to the presence of background. It 

can be shown 61, 62 ' 63 that when the background is rando~ly distributed a two

cons~aint fit produces a flat distribution of x2 for this background. 

Assuming that there was no pathological behavior in our inelastic contami

nation, a ~ackgrmi~d estimate was ·made using the distribution of X
2 

between 

19 and 50. This calculation was done for small It I intervals over the entire 
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angular range covered by the experiment. It was found that the inelastic con

tamination was less than one percent at the smallest 1 t 1 and only 10 ± s 

percent at the largest It I . Corrections for the.se small backgrounds were 

macie. 
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IX. PllESENTATION OF THE DATA 

A. Neutron Spectrum 

The shape of the energy distribution of the incident neutron beain shown in 

Fig. 27 was obtained from the analysis of the elastic events. The spectrum is 

seen to peak at high energies with the maximum around 5. 0 GeV and with two

thirds of the observed neutrons having kinetic energies greater than 4. 0 GeV. 

This high energy spectrum was, in fact~ a more favorable one than had been 

anticipated. The neutron inte~sity, with the collimator system subtending ap

proximately 3. 87 X 10-6 sr at 1° with respect to the external proton beam, was 

roughly 1. 5 X 105 neutrons for lOiO protons in the external beam. This in-

tensity represents the total number of neutrons in the energy range from 1 to 

6. 3 GeV. 

It is interesting to see if this spectrum is consistent with production data 

for other elementary particles, in particular for proton production. The data 

for inelastic production of protons from J:>eryllium have been examined, 64 and 

the information has been summarized in terms of an empirical fit valid for a 

large range of energies. The formula giving the number of protons of momentum 

p into a solid angle d.Q = sin () d() dcp is: 
' 

(45) 

where PB. is the momentum of the incident beam: If the production Of in

elastic nucleons is relatively charge independent for small () and large P B, 

this formula may be applied to the neutron spectrum. It is reasonable to ex-

pect such charge independence, because in a nucleon-nucleon collision 
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accompanied by the emission of more than one· pion, the inelastically produced 

nucleon :l.s as likely to be a neutron as a proton. Also, because the production 

target is low Z, one does not expect nuclear effects to be important. As shown · 

in Fig. 27, theexpression (45)does seem to agree with the observed spectrum 

for energies up to about 5. 5. Ge V. 

B. Normalizations 

There are two questions of normalization involved in_ the presentation of 

the differential cross sections -relative and absolute. 

As mentioned before, four sets of counter telescopes were used to monitor 

the incident beam, the G, H, B, and M counters (see Fig.· 12). Since the rates 

in these counters are proportional to the incident neutron· flux, they were used 

to provide the relative normalization between settings. Unfortunately, it was 

not possible to use the B and lVl counters for all settings. Approximately half

way through the run, movement of a large shielding block caused the position 

of the B counters to shift slightly, changing the counting rate. The counting 

rate in theM counters also varied, for when the magnet system was positioned 

to measure recoil protons with small lab angles, part of the magnet and its 

support carriage blocked the M counters. None of these troubles affected the 

G and H counting rates, which were found to be reproducible within statistics. 

Another methqd was used to check this normalization. As shown in Fig. 25, 

the regions of the differential cross section measured by successive settings 

overlapped~ Comparison of the cross sections in the overlap region measured 

at the two settings serves as a consistency check of the normalization. This 

method agrees with the normalizations attained from the G and H counters 

within th~ statistics presently available. 
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The experiment itself did not allow a measurement of the absolute normali-

zation. However, this was obtained as follows:· The expression (2) for the dif-

ferential cross section can be written as 

dO' 
dQ- ( Re f((j) ) 

2 
(46) 

Considering the 0° cross section and using the optical theorem (see Appendix), 

this becomes 

(47) 

where 

(48) 

Equation (47) indicates that the absolute values of the differential cross section 

at 0° depend upon total cross section measurements and on the value of Pn· 

Note that the assumptions of the optical model which led to Eqs. (l.Oa)and 

(LOb) imply that Pn is zero. However, the predicted exponential behavior of 

the differential cross l)ection is not affected if pn is non-zero as long as the 

real part of the scattering amplitude is small and does not have any drastic It I 

dependence. 

Measurements of the total neutron-proton cross section have been of two 

types - the direct method and the subtraction metho~. The few direct measure-

t 65' 66 t . . . t . t b men s are ransmlSSlOn expenmen s usmg neu ron earns. The data, 

which have quoted errors ranging from 4 to 10 percent, unfortunately give the 

cross sections at only a few energies in the range of interest. The subtraction 

measurements, 67 however, cover the energy interval from 1 to 7 GeV in great 

detail. The analysis involves the comparison of the total cross sections for 
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. 67 68 69 70 proton-proton and proton-deuteron scattermg. It can be shown ' ' ' that 

the p-d cross section can be expressed in terms of the p-p and n-p cross sec-

tions as: 

where p p is the ratio of the real part to the imaginary part of the scattering 

amplitude for proton-proton scattering, and F is a factor depending on the 

deuteron form factor and the form factors for the imaginary amplitudes for 

np and pp scattering. Values of the neutron-proton total cross section can be 

obtained using Eq. (49)with accuracies from 2. 5 to 5 percent, as the last factor 

in Eq. (49) is small and relatively insensitive to the actual value of Pn . 

An experimental determination of p can be made using Eq. (49), and a. . n 
71 72 . . 

direct measurement of atotal (n-p) ' or can be performed by usmg a formula 

equivalent to Eq. (49) which compares the small angle p-d and pp differential 

cross sections. 68 The data at energies near 20 Gev68 indicate that P. is ap-. . n 

proximately -0. 33, but the data in the energy range from 1 to 6 GeV are con-

sistent with the real part being zero. While calculations of pn 73• 74 based 

on the present data and dispersion relations agree at very high energies, there 

are large differences in the 1 to 6 GeV region; Because this confusion exists 

and because the data is consistent with a vanishing p , the cross sections were n 

normalized with the assumption that P. = 0 n . 

Because the neutron beam contained all energies of neutrons, the differ-

ential cross sections are presented in roughly 1-GeV intervals. Therefore, the 

calculatlon of the zero-degree cross sections for a given energy interval had to 

take the energy spectrum in the interval into consideration. The value at 0° was 

a weighted average of the 0° values for all energies in an interval, each value 
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weighted according to the intensity of the observed neutron spectrum at that 

energy. The cross sections were then normalized by fitting the small angle 

region with an exponential in jtl (see Eq. lOb), extrapolating·to 0°, and using 

the 0~ values given in Table ll. 

C. Differential Cross Sections 

The neutron-proton elastic differential cross sections are shown in 

Figs. 28a-e in 1-GeV energy intervals as semi-logarithmic plots versus It I, 

and the values of the cross section are given: in Table m. The point correspond

ing to () = 90 ° is indicated on each plot. The values of da/ dri given in Table m 

were calculated from the values of da/ dltl using the weighted averages of p 

which are shown in Table IV for each incident energy range. This data is b~sed 

on 6219 elastic events representing about 15% of the available data. 

The cross sec.tions cover a very wide range in It j, going from 0. 2 (GeV /c) 2 

to 9.050 (GeV/c) 2. The magnitude of cross sections measured extends from 

24 mb/(GeV/c)
2 

to 0. 002 mb/(GeV/c)
2

, representing a drop of four orders of 

magnitude. 

All of the cross sections have the following general characteristics. For 

values of jtlless than 0.7 (GeV/c)
2

, the behavior is roughly exponential, as 

had been expected. As It I increases past 1. 0 (GeV /c) 2, the differential cross 

sections deviate from the exponential and begin to flatten out as () = 90° is ap

proached. They are roughly flat in the re~ion of 90°; the higher energy plots 

approach symmetry around 90 °, with the minima in the cross sections at or 

just beyond 90°. 

A detailed examination of the cross sections is made in the next section . 
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TABLE IT 
... 

Values of Zero Degree Cros~ Sections . . -

Incident Energy
Range (GeV) 

.1.0.-2.0 

2.0 .- 3.0. 

. 3·. 0 - 4. 0 

4.0 - 5.0 

.5.0 - 6. 3 

.. 

. daid~ltl a~ 0°. (mb/(Ge~ ic)2) 

91~69 

. .. 93.69 

... 91.59 . .-

90.18 

88.34 

•" 

,1.. ; -. 
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FIG. 28(a)--Neutron-proton elastic scattering differential cross section for the 
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FIG. 28(c)--Neutron-proton elastic scattering differential cross section for the 
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T/\BLE ill 

Ne~,~tron-Pn;>ton Elastic Scattering Differentl~l Crqss Sections 

It ll{ange 

(GcV/c) 
2 

.It I Ccntr(ll 
? 

(GcV/c)-
dl q (mb/(GcV /c)

2
) 

<It! 
cos II ~- (ml>/sr) 

df! 
-------·----·-·--···-·-·-··-··--· -------------------·--··-·-

1. 0 GeV < T neutron < 2. 0 GcV [7R2 cventi] 

o, 20.0 - 0.:1.00 o .. ~!)() 2l. 2G4:!:: 2. 201 0. 8.27 4.902+0.GOH 

0. 300 - 0. 400 o. ar;o 7. H64 + 0. 960 0. 7G~ l. H14:!:: 0. 221 

O. 4QO - 0. GOO 0.4!i0 (;.H6G + 0. 879 0.6H9 l. Gl!:l :!:: 0. 20:1 

~-GOO - 0. GOO O.!iSO 2. !i7p 2: 0. !i!i9 0.!;20 Q.!i9!i~0.12!) 

0.600 - 0. 700 o.n:.o 2. 4G7 + 0. 4:!1. 0. !)!) ~ O.!iU7 2: O. O!J!J 

0, 700 - 0. 800 0.7GO l. 497 + 0. :140 0. 4H2 0. :l4G + 0. 07!1 

Q. HOO - 0. 900 O.HGO l. 720 + 0. 479 0. 41:1 0. :197 + o. 1l0 

1). 900 - L. 000 0,9!i0 IJ. 7R1 _._ 0. 267 0.:144 0. 1RQ:!:: 0. 062 

1, 000.- ~· 2GO l. 12G 0. 701 + 0. l1G 0.224 0. W2:!:: ().027 

l. 2GO - l~!i!)O I. 400 0. GOG+ 0. 090 0.0:14 0.117 ·I 0.021 

. 2.0 GeV 5 T llL'Utron 5:1.0 GcV [992 events] 

0.200 - 0. ::oo 0. 2f.iU 24. :l9H + l.H!)[l O.H!JG 9. :J2:1:!:: 0. 709 

0,:100 - 0. ~00 0. :!GO l:"i. G_G2:!: l. H03 O.XG4 G. !J47:!:: 0, GH9 

0. 400 - 0. GOO 0. 4!'"·0 G. :360 '0. 712 O.Hl2 2. 04H :!: 0. 272 

O.!'iOO - 0, GOO O.!)!iO !'i. GGO ·I 0.737 0.771 2. lG:I :!:: 0. 21l2 

0,600 - 0. 700 0.6GO 2.6:1:1:!:: 0.4H1 0.729 l. 006 :!:: 0. 1H4 

0. 700 - 0, 800 0. 7GO l. I :1:-1:!:: 0. :14G O.GHH 0. 4:!G + 0. 132 

o.soo - 0. 900 O.H!iO l. 1H1 + 0.:103 0.64G 0.4G1:!:: 0. l\G 

0.900 - l. 000 0.9GO l. OR6 + 0. 2G7 Q.H04 0..41G:!:: O,U!JH 

l. QUO - l. 2GO l. l2G U. HOO:!: 0. 1G:J 0. G:ll 0. :JOG:!:: 0.05H 

l. 2~0 - l. GOO l. :17~ 0. :J91 + 0.10:1 0.42H 0. 149 :!:: u. 040 

1. ~00 - 2. 000 l. 7GO o.:~91 + O.OG6 0.271 U.1GO:!:: 0.022 

2.000 - :J. 000 2.!iQO 0. 167 + 0. 024 -0.041 0. 064:!:: 0. 009 

3.000 - :J. 430 :J. 21!i 0. 1G7 + 0. o:JH -0.:1:19 0.060:!:: O.Ol!i 

:1.0 GcV < T neutron 5 4.0 GeV [ll!i4 events] 

!J. 200 c 0. 300 o. 2!i0 lH. :;!)!) ~ l. 10!i 0. !J2G 9. 699:!:: U. 5H2 

0. 300 - 0. 400 0. :J!'iO H. 7G2 + 0. 7% O.H!J4 4. G 19 :!:: 0. 420 

0.!100 - 0. GOO 0.4!i0 4. 2H9 + O.GOG O.HG4 2. 2Gl:!:: 0. :lUJ 

O.GOO - 0. GOO O,!iGO 2. G!Jt1 + 0, :l!).:J O.H:I4 1.420:!:: 0.1H7 

0. GOO - 0. 700 o.GGO 1. :il!i + 0. 230 O.H04 O. G9:l:!:: 0. 121 

0.700 - C.HOO n.?!iO 0. !llH ·I· 0. IH:l o. 774 0. 4H4:!:: 0. 0!11; 

O.ROO - 0. !JOO O.HGO o .. :.x~ + o. 11:1 o. 74:: o. :no:!:: o. o7:, 

o:noo - l. 000 0. !)SO 0. :;4!) + o. 10!) o. 7\:l O. lH:i :':·0. OGH 

l. 000 - 1. 2GO L l~!i 0. :t;~ + 0, CHit 0. (;tj() 0. 17G :!::·1).0:12· 

L. 2!;0 - l. :>OO l. ::7:. o. :107 + .o. or;o O.!iH!i 0. 162 ~: 0. 0:12 

l. !iOO - 2. 000 I. 7!iO o.OHl + o.n~o 0,117~ 0. tl-1:1 + 0.011 

~' 000 - :1. 000 2. :,oo 0. ()fif"l ~~ 0, 00!1 0. 2tl!i 0.02!! ~:,0.01)!", 

:1,000 - 4 0 000 :i. :,oo. ·o.o:l7 + o. om1 -0. 0!"17 n. otn! o. oo:, .. 

1.000 - :.. :wo 4. li!iO o. o:n + o. oo7 -0.404 .O.OIH:!:: 0.004 
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TABLE lli (Cont.) 

it I Range \ ti Central 
dq ( 2) cos 8 ua 

(tnh/or) ' 2 
(GcV /c)

2 djtl rnb/(GcV /c) 
(GcV/c) dS"I 

-------

4. 0 GcV <T neutron< 5.0 GcV [1548 events] 

... 1 o. 200 - o. 300 o. 250 13.402 + 0. 670 0.941 9.090 + 0.454 

o. 300 - 0. 400 0.3:JO 6. 31:!6 + o. 422 0.!118 4. 3:12 + 0. 2R6 

0.400 - o. 500 0.450 3. 956 + o. 407 0.894 2. 683 + o. 276 

0. 500 - 0. 600 o.:,:,o o. 844 + o. 1:33 o. 871 0. 573:!: o. 090 

o. 600 - o. 700 0.650 1. 196 + o. 163 0.1:!47 0.811 + o. 111 

o, 700 - 0. 800 0. 750 o. 446 + o. 085 0. 824 0. :303 + 0. O!il:! 

0. 800 - o. 900 0.850 0. 632 + o. 105 0.801 0. 429 + 0. 071 

0. 900 - 1. 000 0.950 0. 326 + o. 081 0. 777 o. 221 :!: 0. O!i!j 

1. 000 - 1. 250 1. 12:J 0.114 +0.027 0. 736 0. 078 + o. 019 

1. 250 - 1. 500 1. 375 o.o9o + o~ 021 0.677 0. 061:!: o. 014 

1. 500 - 2. 000 1. 750 0. 051 + o. 011 0.51:!9 o. 03:J + 0. 008 

2. 000 - 3. 000 2.500 o. 016:!: o:oo3 0.413 0. 011 + o. 002 

3. 000 - tl, 250 :3. 62G o. ()()();!; o. 002 0. 1t19 0. 00·1 ::': o. 001 

4. 320 - 5. 000 4.660 o. oo:. + o. oo3 -0.093 o. 004 + o. 002 

5. 000 - 6. 000 G.500 0. 006 + o. 003 -0. 291 0. 004 + 0. 002 

6. 000 - 7. 180 .6.li90 0. 008 + o. 002 -0.546 0.006 + 0.001 

~ 

li. 0 GcV < T neutron < 6. 3 GeV [1 743 events) 

o. 200 - 0. 300 0.250 13.872 + 0. 636 0.952 11.472 + O.G26 
~· 

0. 300 - o. 400 0. 3fi0 6. 639 + o. 397 0.933 :.. 491 + 0.:128 

0.400 - o. 500 0.4!i0 3.237 + 0.317 0.913 2. 677 + 0. 262 

O.GOO ~ 0.600 O.GGO 1. 298 + o. 202 0.894 1. 073 + 0. 167 

0. 600 - 0. 700 0.650 0. 97G + 0. 136 0.875 0.806 + 0.113 

0. 700 - o. 800 0.750 0. 842 + 0. 116 0.8Gfi 0. 696 :!: 0. 096 

0. 800 - 0. 900 0.850 0. 402 + 0. 074 0.836 0.333 + 0.061 

o. 900 - 1. 000 0. !l50 o. 2!>2 + o. 062 O.H17 0. 209 + 0 • .051 

1. 000 - 1. 250 1. 125 0. 100 ·i· 0. 025 0.784 o. 083 + 0. 021 

1. 250 - 1. 500 1. 37!i 0. 040 + o. 013 o. 735 0. O:J:l + O. 011 

1. 500 - 2. 000 1. 750 o. 027 + 0. 008 0.663 0. 02.2:!: o. 006 

2. 000 - 3. 000 2.500 o. o13 + o. oo:3 o. !"i19 0. 011 + 0. 002 ,... 
3. 000 - 4. 000 3.500 0. 004 + 0. 00 l 0.:326 o.oo:J + o.oo1 

4. 000 - 4. 860 4. 4:30 o. 004 + 0. 002 0. 147 o. oo:3 + o. 002 

5. 640 - 7. 000 6.:320 0. 002 + 0. 001 -0. 216 . 0. 002 + o. 001 

7.000- H.OOO 7.500 0.004 + 0.002 -0.44:3 o.oo:3 + o.oo1 

8.000- ~1.050 8. 52!) 0. 008 + 0. 002 -0.641 o. 006 + 0. 002 
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TABLE IV .. 

Slopes of the Diffraction Peak for Neutron-Proton Scattering 

Incident Kinetic P Average 
Energy Range (Momentum in Center-Of-'Mass) b R 

(GeV) (GeV/c) (GeV/c)-2 (fermis) 

'• 

1.0-2.0 0.851 -6.321±0 .. 647 0.992±0.051 

2.0-3.0 1. 096 -5.527±0. 463 0·. 928 ± o. 039 

3. 0 - 4. 0 1. 287 . -6. 655 ± 0 .. 432 1. 018 ± 0. 033 

4.0-5.0 l. 460 -7. 720 ± 0. 411 1. 097 ± 0. 029 

5.0-6.3 1,612 -7.~62±0.391 1. 085 ± 0. 028 

• 

.. ; . 
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X. COMPARISON WITH MODELS 

A. Small Angle Region 

As mentioned before, the small angle region of the differential cross sec

tion, 0. 2(GeV /c)
2 ~It I ~ 0/6·(GeV /c)

2
, was fit with an exponential of the form 

da 
dJ t I = 

da 
d It I 

(50) 

The values of the parameter b for each energy interval as well as the values 

of the effective radius of interaction 

R = 2J:b (51) 

are given in Table IV. 

These values can be compared to those obtained fro:rn.proton-proton scat

tering. According to recent data from Clyde et al. , 
75 

the values of -b for 

p..:p scattering at 2. 2, 4. 1, and 6. 2 GeV are 6. 50 ± 0. 03, 7. 44 ± 0. 04 and 

7. 69 ± 0. 04 (GeV /c) - 2 , respectively. The n-p and p-p values are quite simi-, 

lar except perhaps at the lowest energies, which implies that the radii of 

interaction are also quite similar. 

The n-p system indicates a shrinkage of the diffraction peak with increas-

ing energy .. This can be seen from the values of the slope of the peak or in the 

following manner .. From Eq. (11), 

(52) 

Therefore, 

(53) 
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Using Eq. (.53:)', and: the values. of the cross) sections·, for l;t 1~ = o~ 25.0. and, 

O·. 35 o: (GeV /c)~ for· energies betw:een 2. and' 6.·. 3 GeV ,. the; value_ of . a q t 1:>: is; 

found to be. 

If a: Ht 1:): is: required to be 1 at 1 t 1·, = Q,,. then- we· find' 

01 (lit\); = 1. 0· - (.2. 14 ± 0.,4Q> ): 1: tj: (5.4b) 

Recent p-p• values· in this energy range are as. f0llow.s·:: Using p-p. cross se_c.,.· 

tions, measu~ed at 2. 2, 4. 12 ,' and 6-. l _ GeV, 7'5 we calculate. that 

a ( 1 tl) = (0. 82.7' ±. O·. 028 ), - (O. 8·39, ± o. 117 ). 1: tl:. (55 a} 

At. incident ene~gies of 1. 35, 2. l, and 2.'9 GeV, 
76 it was shown that 

01 (It\) = 1. 0- (2.58 ± 0.36) .. 1 tl (55.b). 

In the ·latter value, a (I t I ) a( I t I = 0 was required to be 1. 

Thus the "shrinkage score" is now: three shrink, two expand, and two ~tay 

the same. 

B. Intermediate Angles 

' In the .region ·around 1. O(GeV/c )2 , the cross sections in general devtate 

from the exponential in a smooth manner. Although not statistically signJHcant, 

there are some ambiguous indications of structure in this region. This is most 

obvious for the energy range of 3 _to L,l: Ge V. When the remainder of the data is 

analyzed, it should be possible to resolve the question of whether this is due to 

statiStical fluctuations_, ·relative normalization. problems, or. real structure. For 
·.·. 

the present, however, the data is consistent with no statistically si~ificant 

second peak in the n-p system. 
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C. Large Angle Region 

Figure 29 shows a composite of the n -p cross sections, the p-p cross sec-

tions, and some of the charge exchange measurements. The first observation 

to be made is that it appears as though the differential cross sections begin to 

increase past () = 90° even though the values of I t I are very large. This may be 

interpreted as an indication that It I is not the meaningful parameter to describe the 

interaction. Past 90°, the reaction may consist of the neutron and proton ex-

changingtheir charges, and the momentum transfer of interest maybe from the 

incident neutron to the recoil proton. In terms of It I , this momentum transfer, u , is 

2 
·1 u I = 4p - I t I 

0 
and as () approaches 180 , 1 u I decreases. 

It can also be seen on Fig. 29 that the large angle measurements should in-

crease smoothly into the char·ge exchange peak. However, in the regions past 

90°, the slope of the differential cross section 

-2 -2 0 is about 0. 6 (GeV /c) compared with 4 to 5 (GeV /c) near () = 160 and 40 

-<> o· 
or 50(GeV /c) '" near () = 180 . These large changes in the slopes, when inter-

preted in terms of radii of interaction, suggest that n-p large angle scattering 

may involve the participation of three different regions in the scattering process, 

each region producing diffraction scattering with a different slope. 

The similar-ity of the p-p and n-p systems for () < 90° implies that the 

Krisch 34 model may be applied to the n-p system. However, it is difficult to see 

a simple method of extending this model to include backward scattering, as this 

region seems to involve contributions from either three different exponentials 

or from some other mechanism. 
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A comparison of the data with the predictions of the statistical model was 

made by plotting the values of the differential cross s.ection at 90° against 

(Fig. 30) .. As shown in Eq. (13), this model predicts an exponential 

decrease of the cross section W* of the form 

(da /d0)
900 

= A exp (-gW*) 

A weighted least-square fit to the data yields 

g = 3. 73 ± 0. 38 Gev-1 
(56). 

which is not very different from the p-p value [Eq. (21)] • This exponential fall-. 

off can also be interpreted, using Cocconi 's thermodynamic model, in terms of 

the "temperature" of the system 

T = 1. 9 ± 0. 2m 
11" 

(5.7) 

which is only slightly lower than that of the p-p system. 

The 90° data was also fit with a power of W~ namely 

(da/dn) o = cw*-N 
90 

.N was found to be 11. 04 ± 1.15. Since 1. t I is. approximately proportional to 

w* 2 , this implies that the cross section drops off roughl~ as the in~erse of I t I 

to the 5. 5 ± 0. 5 power. This seems to agree with Serber's prediction of a 

1/lt1
6 

law. 

In order to compare the cross sections at 90° with the proton-proton values, 

the exponential fit was used to extrapolate the n-p values to the energies of the 

most recent p-p data. The comparison of the cross sections is shown in 

Table V. As can be seen, the 90° cross sections f~r the two systems agree 

within errors. This. can be explained by the assumption that at high energies 

and large angles , the scattering amplitudes do not have very strong spin or 
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TABLE V 

Comparison of 90° np and pp Cross Sections 

* 

Incident Energy 
(GeV) 

2.2 

4.1 

6.2 

From Reference 75 
** pp value at 86. 3° 

np 
(interpolated} 

0. 32 ± 0. 05 

0. 017 ± 0. 006 

0. 0014 ± 0. 0008 

- 103 -

(da/dltl)90~ 
(mb/GeV /c) 

0. 45 ± 0:01 

' 0. 016 ± 0. 0009 

. 0. 00078 ± 0. 00004** 



I. 

isotopic spin dependence, 

A (I = 0, S == 1) ~ A (I = 1, S = 0) 

Thus , one cannot say anything about the charge independence of nuclear forces 

because Eq. (29) is easily satisfied: 

( 
d<t )np ( dd~)P. P . . . 1 ( d&)PP dn ~ ~~ > 4 cin 

' . 90° . . . 90° . . ' . ' ' 90° 
(58) 

The apparent sy~metry arouild 90° is in agreeme~t with the predictions of: 
. :;· .. -. : 

the "rigid" proton model. The large angle p.:...p ·and n-p values ·also agree with 

·this theory. The _near equality of the.large. angl~ p-p and n~p vaiues shown in 

Table V i~pli~s that the system prob~bly is riot dominated by the statisticai 
. ,l. ' 

properties demanded by the "random phase" isotopic spin modeL 

-In conclusion, this new technique using neutron beams and spai'k chambers 
.· . . ' . . . ~ ' 

as neutron detectors has allowed a detailed investtgation of the ·n.eutron.:..proton 

system. There are numerous future applications of this technique. A few of the 

experiments using this or similar techniques which are either being planned· or 

are now in progress are (1) a measurement of the n-p cross sections in the 8 .... 

to 25 -Ge V energy region,. 77 
(2) an investigation of n -p near 1. 5 Ge V, 78 and 

. 79 
(3) a measurement at 991 MeV. 
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APPENDIX 

Scattering Formalism 

\? Given the Schroedinger equation for a spherically symmetric potential, 80 

the solution that gives an incident plane wave and a scattered spherical wave is 

ipr 
1/J. - . eipz + _e_ f ( 0) 
scatt r (A.l) 

using units such that 11. = c = 1. The most general form of the solution of the 

radial part of the Schroedinger equation is of the form: 

00 
Ap_ 

1/J ~ gp_ ( r) ~(cos 0 ) = 

P.=O r 

00 Ag_ 
pp_ (coso>[ sf_ ei(pr-b/2) I: . -i(pr-f.'IT/2)] (A. 2) = - e 

P.=O r 

The second term represents an incoming spherical wave and the first term an 

outgoing wave. In elastic scattering without absorption, the current density in 

must equal the current density out, as there are no sinks or sources present. 

Therefore, 

which is usually expressed by let~ing 

(A. 3) 

By expanding Eq. (A. 1) and comparing it with Eq. (A. 2), one solves for the 

Ap_ 's · and then finds that 

/ (2P. + 1)/2ip (A. 4) 
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and 

00 

f(8) = 2ip f~ (2£ + l)P£ ·(cos 8)(8£.- ~) (A. 5) 

. ' 
Thus , the total ·elastic cross section ·becomes 

(A. 6) 

In the case of absorption, however, the current density out can be less than 
.. ' 

the current density in. Thus 

(A. 7) 

The total absorption ·cross section is the difference between the flux in and the 

flux out: · -

{ 

. 2 . · 1· oo (2£ + ~)P£ (cos 8 )' 

'(Tabsorption = . d n . : L: 2ip 
. : . : £=0 

(A. 8) ... 

The total cross section is then the sum of the elastic cross section and the 

absorption cross section: 

.27r 
00 

·- 2 E (2£ + 1)(1- Re Sf) (A. 9) 
p £=0 
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Using the assumptions of the optical model, we ·find 

27r pR 

. a total = 2 L: (2f + 1) <1 - 11) 
P f=O 

= 
27T (1 - YJ ) 2 2 

(p R. + 1) 2 
p 

a total :::::J 27T ( 1 - 11 )R
2 

(A.lO) 

. Without using the optical model, the optical theorem can be derived by an exain-

ination of Eqs. (A. 5) and (A. 9), yielding 

a total (A. 11) 
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