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ABSTRACT 

The Yukawa interaction between nucleon and antinucleon is invest-

igated in the intermediate energy range (50 to 200 Mev) where it is shown 

that the details of the short range forces are unimportant; that is, cross 

sections are primarily determined by the pion exchange potential for dis-

tances greater than 10-13. cm. Numerical calculations by the WKB method, 

using several possible forms of the potential, g1v nucleon-antinücleon cross 

sections several tims larer than the nucleon-nucleon cross sections at 

corresponding energies. This large difference is shown to be due to syste-

matic cancellation effects in the nucleon-nucleon interaction which are re-

moved in the nucleon-antinucleon system. 



-3- . 	 UCRL-3922 

THE NUCLEON-ANTINUCLEQN INTERACTION AT INTERMEDIATE ENERGIES 

JamesS. Ball and Geoffrey P. Chew 

Radiation Laboratory 
University of California 

Berkeley, California 

August 28, 1957 

I, INTRODUCTION 

The "large' value of the nucleon-antinucleon cross section in the 

energy range between 200and 700 Mev' has caused surprise and led to 

speculation that a new mechanism of interaction is present that cannot be 

understood in conventional terms.. Strangely enough, no serious attempt 

has been made to explore the consequences of the Yukawa theory in this re-

action in spite of the fact that this theory has been successful in explaining 

many features of the observed nucleon-nucleon and pion-nucleon interactions. 

The purpose of this paper is to report a preliminary attempt to evaluate the 

Yukawa interaction between a nucleon and an antinucleon. Although the method 

is necessarily restricted to moderate energies ( ' 100 Mev) because the local 

potential concept is employed in conjunction with the WKB approximation, the 

results givç such a large ratio between nucleon-antinucleon (NN) and nucleon-

nucleon (NN) cross sections that we believe the observed data at higher energies 

will not require abandonment of the Yukawa picture. 

It has long been recognized 2  that the Yukawa interaction between nucleon 

and antinucleon can be split into two parts. The first, due to exchange of pions, 

is entirely analogous to the NN interaction, except that when an odd number of 

pions is exchanged the sign of the interaction is reversed. (If the mesonIc 

charge of a nucleon is g, that of an antinucleon is -g. ) The second mechanism 

of interaction, due to annihilation, has no counterpart in the NN system and 

is expected to be ineffective outside relative separations of the order of a 

nucleon Compton wavelength. At small separations, of course, the annihilation 

mechanism must be of overwhelming importance. 

The method of a.pproach we propose to use is motivated by the semi-

phenomenological technique that has been reasonably successful in describing 

the NN system. 	Here one tries to calculate from first principles the outer 

parts of the interaction due to one and two pion exchanges. The intermediate 
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and inner regions are then treated phenomenologically, and in particular a 

repulsive "core" is 'found to be required for the NN interaction with a radius 

in the neighborhood of 1/3 of a pion Compton wavelength. (The pion Compton 

wavelength, 1.4 x 10 13 
 cm., will be cbnsistently used as 	length unit here, 

while the unit of energy or momentum will be the piori rest mass, 140 Mev). 

For the NW system we shall replace the "core' by an ingoing-wave boundary 

condition to represent the overwhelming probability of annihilation if'the two 

• . 	particles come close together. Actually for intermediate energies the lo- 

nation of the annihilation boundary is not at all crucial as will be shown later, 

but we suppose it to be somewhere in the neighborhood of the core radius in 

the NN system. Outside this boundary we propose to use the same interaction 

as in the NN system with, of course, appropriate sign changes. 

The usual objection to the above approach is that it seems likely to 

lead to about the same cross sections as are observed in the NN systeni. We 

shall show, however, that at least at intermediate energies the change from' 

a reflecting toan absorbing inner boundary together, with the change of sign 

in the one-pion exchange potential is capable of increasing the cross section 

by a substantial factor. The underlying reason for this effect is that certain 

• 

	

	, cancellations that make the NN cross sections anomalously small are removed 

in. going to the NN system. It should be remembered in this connection that, 

if the "radius" of the nucleon were deterrnined.by the pibn Compton wave-

length, the corresponding geometrical area would be 63mb, and the "black 

sphere" total cross section 126 mb. Without the NN results for comparison 

'therefore there would not be much reason to say that the observed N —N cross 

sections ( 100 mb) are unexpectedly large. 

Our results fail to be definitive because of ucertainty about the form 

of the interaction at intermediate distances. It will be shown, hwever, that 

a variety of assumptions about this region consistently yield NN cross 

sections of the required order of magnitude. So many states contribute 

that total absorption and scattering cross sections tend to be rather stable. 

Angular distributions for elastic scattering of course depend sensitively on 

the details of the force, and these we shall not attempt to discuss at the 

present time. 
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II. FORMULATION OF THE PROBLEM: WKB APPROXIMATION 

• 	 In this investigation, liberal use will be made of the WKB approxi- 

mation. It has been.verified that the errors thereby introduced are not ser-

ious for energies in the neighborhood of 100 Mev and the advantages are 

• 

	

	great, both because computations are simplified and because physical under- 

standing of the essential features of theproblem is facilitated. 

Consider for example the question of the annihilation region. if one 

• we.re to integrate the Schr5dinger equation exactly, one would have to assign 

a definite boundary to this poorly defined domain and correspondingly would 

feel uneasy about the meaning of the result. In WKB terms, however, one 

quickly sees that the boundary position is not at all crucial. The point is the  

following: The sum of the outer NN potential and the centrifuga]. barrier for 

a given angular momentum state characteristically has the shape shown in 

F'ig. iby either curve (a) or curve (b). 	In the first case, the potential is 

• repulsive or if attractive is too weak to overcome the centrifugal term. 

Except at high energies thepenetration through such a barrier is so small that 

the annihilation region might as well not be there from the standpoint of a 

wave incident from the outside. At most, one gets a real phase shift that is 

determined by the outer part of the potential. 

in the second case, where the potential is strongly attractive, the 

• problem from the WKB point of view is that of penetrating or going over the 

top of a barrier with some reflection from the outside surface. Once par. of 

the wave is over or through one doesn't care how far in it travels before being 

absorbed. A more precise and complete statement of this principle is thai 

the form of the interaction inside the turning point closest to the origin is 

unimportant. The WKB approach thus shows that rather little understanding 

of what happens at small distances is required to perform a plausible calcul-

ation of the NR interaction at intermediate energies. 	Ironically one is better 

off than with the NN system where the radius of the repulsive core is exe'meI.y 

important, as is the behavior of the potential immediately outside the core. 

It is clear that to describe the very low energy region, wher a 1/v abs orp-

tion law sets in, the interaction at short distances must, be important; otherwise 

the S wave would be completely absorbed, 1eding to a 1/v 2  behavior asVmptot-

ically. The WKB approximation of course breaks down at very low energies. 
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The maximum orbital angular mmentum, for which the centrifugal 

barrier can be overcome at intermediate distances (r 1) by the Yukawa 

interaction, seems to be I = 2.. A criterion for the validity of the theory 

presented here, therefore, is that the important .annihilations shall occur 

in S, t, or D wavesbut not for higher . values. If. one is at such energy 

that absorptIon occurs through high angular-momentum barriers which 

continue to rise right to the annihilation boundary, it is clear that the nature 

of this boundary and the details of the Yukawa interaction in its neighbor-

hood are important. In practice the restriction to . < 2 limits our dis-

cussion to laboratory energies less than about 2.00 Mev. 

Another great advantage of the WKB method is its simplification of 

-. . the tensor-force problem. As pointed out by Christian and Hart 
4
, the find-

irig of eigenstates becomes an algebraic task only, and one is led naturally 

to Heffective  potentials" which act in each eigenstäte separately. There is 

• 

	

	no way to calculate mixing prameters, but these are needed only for angular 

distributions, not for total-scattering and absorption cross sections. 

Without further ado we write down now the generalization of the 

Christian-Hart effective potential for arbitrary 3 and parity, including a 

possible spin-orbit interaction. Suppose that in the triplet spin State for a 

definite value of total isotopic spin (singlet or triplet) the nuclear interaction 

energy is of the form 5  

VLS + SIZVT. 	 . 	 (i) 

Then the effective potentials fn the threeeigenstates of total angular momentum 

3, including centrifugal repulsion, are 

v {}= V 	VLSVT+ 

3V\ 
• 	\/(2J+1 	- 	23+1 V. 	

-  
• 	 2 	 LS 

y\Mr 	2 	. 	ZJ+lJ 

V {=3.} = V - V 	
+ ZV, + (J+i 

c 	LS 	 2 
Mr 

+ 363(3+1 	2 

(23+1)2 T 

(211.  
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With the help of these formulas we can construct separte potentials 

for,each éigenstate and calculate for each the penetration coefficients as well 

as the phase shift of the reflected wave. For the WKB penetration formula 

weuse 

T 	(l + ej 	 (3) 

where 	is the phas integral between the two turning poirts f the barrier. 

This formula is recommended by Miller and Good as more accurate than 

the slightly more complicated conventional result. 
6  Also we follow the 

standard rule of replacing 	+l) by (+1/2) 2as recommended by R. Langer.' 

Actually, as seen below, our results are not setisitive to such fine points 

as thse. 

If the penetration factor for a particula 'r J , S is denoted by Tjs 

then the absorption cross section is 

00 	1 J+S 
iT (ZJ+i 	T 	. 	 (4 

abs 	4k2 '= 

where k is the wave number inthe barycentric system. To calculate the 

scattering we need also the phase shifts, which will be designatedhy 

The total cross section (scattering plus absorption) is then 

	

0 totai 	z 	 (2J±,i)(i 	Tjs cos 25 

(5) 

The formu1a (4. 4) and (4. 5) are of course corrpletely general although' one 

might perhaps use the concept of a complex phase shift rather ,  than a pene?tr'a-

tion factor if one were not thinking in WKB terms. 

The isotopic spin situation is well known. 
8  ihe proton-antiproton and 

neutron-antineutron systems are each 0-50 mixtures of triplet and singlet 

whie the neutron-antiproton and proton-antineutron systems are pure triplet. 

The formula for the charge-exchange scattering cross section is 

	

= 	 (2J+1)
_ _TT~Tl 	 L 2i6 1 315 

ex 	
4k 	J,1,S 	 ' 	 2 

where the superscripts 3 and 1 designate isotopic triplet, and singlet states, 

respectively. 
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The formulation of our problem is thus complete.. All we have to do now is 

specify spin-triplet potentials of the form (l)for the two isotopic spin 

• states and corresponding central spin-singlet potentials. This specification 

• of the interaction, of course, is the essential part of the task. 

Ill. 'THE NUCLEON -ANTINUC LEON POTENTIAL 

The determination of the N! interaction due to pion exchange is sub- 
• 	 • 	 3 

ject to the same considerations as that for the NN system. In particular, at 

large distances the one-pion contribution (note the negativ sign) 

r e  
V1 	- f TT 2  a 1 . 	2v 	r 

	

+ S 12  (4 	e 
+ 	+ 1)] 	

r 

is guaranteed by general principles to be asymptotically correct. However, 

in the neighborhood of r1 two-pion exchange is already important in the 

central force ;  and corrections due to nucleon recoil may be of the same 

order of magnitude. It is fortunate that at least the tensor force continues 

to be dominated by single-pion exchange down to quite short distances be-

cause the proper method of calculating two-pion contributions and recoil 

	

effects is 'not yet clear. 	 ' 

At present, then, the interactiOn to use for the intermediate region 

0.7 < r < 1.5 (which unfortunately is important for determiriing'total cross 

sections) is somewhat uncertain; nonethelesswe believe it is already possible 

to understand why NR cross sections should systematically be larger than 

thdse for the NN system. As further progress is made in the theory of the 

NN force, our grasp of the NN situation will become correspondingly firmer. 

The first potential to be considered here is that of Gartenhaus, with 

the spin orbit term added by Signell and Marshak. 10 The reasons for this 

choice are : (l} The GSM potential hasthe correct asymptotic form ( 6' ), 

(2) At intermediate distances it is not in conflict with meson theoretical ideas, 

although it cannot really be said to be "derived' therefrom, and (3)It gives 

quantitative agreement with NN experiments up to 150-Mev lab energy. 10 

We propose simply to reverse the sign of the single-pion'exchange 

part of the GSM potential and leave the remainder untouched. To the extent 
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that the remainder is due to two-.pion exchange, this recipe is theoretically 

sound. Of course the spin-orbit term. is phenornenological and of unknown 

origin, so our handling of this partiular part is open to question. 

In Table I the WKB penetration coefficients and phase shifts for the 

various partial waves are tabulated for the GSM NN potentialat a relative 

kineti.c energy of 0.5 (lab energy of 140 Mev). Note that the penetration 

coefficient are listed always as either 0 or 1. This result is of course. 

not exact, but is a good approximation because the centrifugal barriers, 

evenwhen rendered finite in height bya strong nuclear attraction, are 

smooth and thick as shown by the examples of Fig. 2. Only when the energy 

is close to the top of the barrier (either just above or just beow does the 

penetration coefficientdiffer appreciably from the classical values of 0 or 1. 
• 	3 	1 In the D3  state (see Fig. 2, curve b), we are only slightly above the barrie 

at the energy in question and integration of the Schr.dinger equation in this 

case yields a penetration coefficient of 0.83 (shown in parenthesis in Table I), 

a result which could no doubt also be obtained by the WKB method if one con- 

.tinued the penetration formula across the top of the barrier. (The WKB penetra-

tion just at the top of the barrier, according to Eq. 3 	is 0.5. Miller and 

Good have shown that continuation of this formula to energies above the 

barrier gives a more accurate result than a sudden jump to complete penetra-

tiob, the normal consequence of WKB.)6  

Small deviations from complete penetration, while they have little 

effect on the absorption cross section, may substantially reduce the 

scattering (and t:hus the total cross section, as shown by formulas 4 and 

5. For example the 17% reduction of the 3 D 3 ' penetration coefficient 

mentioned above produces a 64% reduction of the corresponding (partial-

wave) scattering cross section. Because our potentials certainly cannot be 

accurate to a few percent, we must anticipate a substantial uncertainty in 

scattering cross sections if many states lie in the marginal range. Also, if 

the annihilation region does not absorb perfectly (1. e. without reflection), 

scattering cross sections will be systematically reduced. Absorption cross 

sections, on the othe± hand, are relatively stable. Table if shows the 

absorption, scattering, and total cross sections alcuiated on the hasi.s of 
31 	 • 	-• Tabie I. Only the D 3  state is marginal here but the figures in parentheses 

illustrate the effect described. 
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TABLE I 
- 	 - 

• Transmission coefficients and phase shifts for NN scattering at 140Mev 
according to the GSM potential: The NN 	shifts phase 	at.150 
u1ated bySigne11andMarshk are shown for comparison. . 

Mev as cal- 

State 	Transmjsion coefficient NN Phase Shift 	NN Phase Shift 
• at 140 Mev at 150 Me' 

(deg (deg) 
* 

3s. 	 1. - 

•- +23 

3 P - 	 --- 

:31 	
0 

- - 	 -41 

3 P  i- 	 1 	
•• • -" 

0 
. 0 -23 

0 
- 	 .17'. +26 

1(0.83) +10 

l S 	 .0 -36 

0 	• 
• 	 +6 	

• -22 

0 
• 	 +6 

--- 	- 	 • 

3P• 	 0 -33 ,  +16 

P ---• 

_L I 

1 	 --- 	 +12 .2 

0 	 . 	. 	 -13 	• 

0 	 +6 

0 	' 	 . 	 +2 
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TABLE I (contd) 

State 	Transmission coefficient 	NN Phase Shift NN Phase Shift 
at 140 Mev 	at 150 Mev 

	

(deg 	 (deg) 

1 s 	 : 	 + 19 

	

• 	 'P., 	 1 

0 	 0 	 .. 	+6 

Theight-hand superscript designatesthe isotopic spin. 

• 	

S 	 TABLE II 

Plane wave absorption, scattering (including charge exchange), and total 
• • cross sections for proton- antiproton and for neutron-antiproton systems 

at 140 Mev, calculated from Table I. Orbital angular momenta greater 
than 2 are neglected. 

System 	• a(mb, 	 5 (m 	 totai' abs

pp 	 72(69) 	 96(85) • 	 168 (154) 

• np 	 69 	 5 	

5, 	
79 	 .148 
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Now let us compare our results to those for the NN system with the 

corresponding potential, as calculated at 150-Mev lab energy by Signell and 

Marshak. '° Table I lists the NN-scattering phase shifts and Table III corn-. 

pares the "total cross sections in the various partial waves for the NN and 

NN systems. * It is sen that the NN partial-wave cross sections are always 

much smaller than the value corresponding to complete absorption (i; e. 

"twice-geometrical while a substantial number of NN partial waves are 

completely absorbed. The plane-wave total cross sections for the NN 

system calculated from formula 5 are correspondingly much larger than 

for the NN system, as shown in Table IV. 

What is the underlying reason for the small NN cross sections? A 

strong potential of well-defined range is expected to produce phase shifts 

that average about 
450 

 for i values smaller than kR, if k is the wave number 

and R the radius of the interaction. 	That our potential is strong is demon- 
3 

strated by its ability to overcome the centrifugal barrier in the fl 3  1 state 

of the NN system; why then does it give phase 'shifts consistently much smaller 

than 45
0 
 for the NN system? The answer to this question lies in the detailed 

structure of the NN interaction; to know its average strength and range Is not 

enough.. 

The origin of some of the small NN phase shifts lies in a kind of 

"Ramsauer effect't, that is, in a cancellation of the effect of the repulsive 

core against an attractive outside region. The S phase shifts actually change 

sign near •  200 Mev as a result of this cancellation, .acording.to most analyses. 

The NN system, with the repulsive core replaced by a black hole, does not 

suffer from the same disadvantage and makes full use of the outside potential. 

* 
Because of the Pauli principle, only half as many states occur in the NN 

system as in the NN. Nevertheless the measured plane-wave total cro.ss 

sections would be equal if the average of those partial-wave 'cross sections 

that do occur were the same for both systems. 

**  
An average phase shift of 45 

0
for I < kR gives the "twice geometricalt' 

2 
cross section 2 i (R+ -) 
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TABLE III 

Comparison of the partial-wave N and NN $totalH  cross sections calculated 
from Table I and expessed in units of the cros section corresponding to 
complete absorption of the partial wave (Htwice_geometrical n) 

State 	 9 NN 	 NN 

1 	 0.30 

3i 	
1• 

0 

3 p 1  
2 

3 D 1  
2 

3 

1 1 s o  

I 

0 

3 3 :  

33 

33 
D 3  

0.86 

1 

0 
	

0.31 

0.17 
	

0.38 

• i(0.59 
	

0.06 

0.69 

0.02 
	

028 

0.02 

•1• 

0.59 
	

0.15 

0. 7 

1 
	

0.08 

0.10 •  

0 02 

0 
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TABLE III (contd} 

State 	 , 	
NN 	 NN 

13' 
1 	 - 	 0 	 0.22' 

13 p1 	 1 

0 	 002 

TABLE IV 

Comparison of plane wave total cross sections for nucleon-nucleon and 
nucleon_antinucleon scattering, calculated from Table III for an energy of 
140 Mev. Orbital angular momenta higher than 2 are neglected. 

Type of scattering 

0 	 nj 	 P P 	
0 

0 	

tota (mb) 	 .168(154) 	 148 	 29 	 60 	 0 - 
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A further unusual effect occurs in triplet odd states. where the NN scattering 

has long been recognized as anomalously weak. * Here the underlying can-

cellation appears to be between the repulsive long-range one-pion exchange 

potential and the shorter -range attractive two-piori interaction. 	The rever- 

sal of sign of the one-pion part in the NN system removes this canceI1ation 

giving a strong over-all average attraction that accounts for a large part of 

the total plane-wave cross section. There may be other systematic effects 

of this kind that are more difficult to pinpoirt, but in any event the final 

effect is clear: TheGSM potential gives cross sections much larger for the 

NN system than for the NN, at least in the neighborhood of 150 Mev. Let us 

consider now whether other reasonable potentials lead to the same result. 

A completely phenomenological potential which fits the known facts 
11 about the NN system has beenproduced by Gammel and Tha1erbut aIthough 

this interaction has many features in common with the GSM potential, it 

does not have the detailed asymptotic form (Eq. 6 and thus is not easily 

converted to the NN problem. Recently a new field-theoretical calculation 

of the two-pion exchange potential, including multiple-pion scattering, has 

been carried out by Konuma, Miyazawa and Otsuki' 2  as well as by Younger, 

Pearistein, and Klein. 
13 

 This potential can of course be readily adapted to 

our problem but it has not been tested against NN experiments at the energies 

considered here. Nevertheless, to illustra t.e the reliability of our conclusion 

that the Yukawa mechanism is capable of producing a strong NN interaction 1  

we present in Table V the absorption cross sections calcuated for the KMO 

potential. The sirigle-pion exchange part of the KMO interaction is of course 

the same as that of GSM, but KMO contains no spin-orbit term and has a 

substantially different central force due to the multiple scattering corrections 

ignored by Gartenhaus. In spite of these differences the NN plane-wave 

absorption cross sections are seen to be not much altered. It was not felt 

worthwhile to calculate the KMO elastic scattering in detail because it can- 

not be drastically different from that for GSM so long as we maintain our 

assumption that complete absorption results once the centrifugal barrier has 

been overcome. 	. 

For example the Serber potential, with no odd-state force at all, has 

often been used for qualitative considerations. 
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TABLE V 

Comparison of N NN absorption cross sections for the GSM, KMO, and single-
pion exchange potentials at 140 Mév. 

Potential 	 pg cross section (nib) 
	

nT cross section (mb) 

GS M 
	

W. 	 69 
KMO 	 65 	 69 
Single-pion 	 44 . 	 32 
exchange 

This last aspect of. our model is probably the weakest feature. Per-

fect absorption by the annihilation region is unreasonable, and we have seen 

that small deviations from complete absorption can cause a drastic reduction 

of the scattering cross section. Nevertheless there seems no way at present 

even to estimate these deviations, because they depend on the detailed nature 

ofthe interaction at short distances. We must resign ourselves to some un-

certainty in the scattering part of the cross section and pay relatively more 

attention to the absorptive part in comparing theory with experiment. 

• 

	

	 As a final example we have calculated the NR absorption cross sec- 

tions resulting from the sirigle-pion exchange interaction (Eq. 6 ) acting 

alone.. As mentioned earlier this interaction supplies most of the tensor 

force but only a small part of the central force; nevertheless one sees in 

• 	Table V that it produces a quite respectable amount of annihilation. 

• 	
IV. ENERGY DEPENDENCE OF THE NN CROSS SECTIONS, 

DISCUSSION, AND COMPARISON WITH EXPERIMENT. 

We have shown that the Yukawa interaction seems likely to lead to 

NN absorption cross sections in the neighborhood of 70 nib at a laboratory 

energy of 140 Mev, with scattering cross sections of the same order of 

magnitude. What can theory say about the energy dependence of these cross 

sections? T,o apply our poteritial'model at much higher energies is unreason-

able, but we have ventured to calculate the annihilation cross sections in the 

relative kinetic-energy range from 50 to 200 Mev laboratory energy for the 

GSM and KMO potentials, with the results shown in Fig.  3. Penetratio.n 

factors have always been taken as either zero or unity, depending on whether 

or not the top of the potential barrier is reached, so the sharp breaks in the 

plotted curves are not to be interpreted literally. Between breaks the dependence 
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s nrnnortional to the reciorocal of the enerv as a result of the i/k factor 

in formula ( 4. If seems likely that the experimeritaily observed energy ,  

dependence will show irregularities due to the onset of indivival partial 

waves even though there will not be sharp discontinuities. 

• It has been emphasized that the elastic scattering may not actually 

be as large as indicated in Table II, but at the same time it cannot he corn-

pletely negligible. For one thing, the tensor force is repulsive about as 

often as is is attractive and consequently there must be some states with 

zero barrier penetration and large negative phase shifts, In this connection 

one may reflect on the classical significance of our model. We have a smal.l 

black hole surrounded sometimes by an attractive well and sometimes by a 

wail. II particles are trapped by the well they eventually roil into the hole 

at the center and are absorbed, but if they hit the wall they are merely 

scattered. It is surprising, in view of this picture, that according to Table I 

the GSM potential produces only 24 mb of "classical" elastic scattering for 

the p system at 140 Mev and only 10 mb for the nR system. The bulk of the 

elastic scattering is, after all, due to diffraction and therefore subject to 

substantial reduction if individual partial waves are incompletely absorbed. 

As the energy rises, one may expect this latter effect to beconie 

more important. At 140 Mev it is hard to see how the Yukawa interaction 

can give a really small scattering-to-absorption ratio, but as noted above 

eventually one reaches energies where the important partial waves have 

>2,so that there is no maximum in the effective potential 'including centrif-

ugal repulsion. Then it will be the annihilation bOundary that terminates 

• 	the barrier, and-one will be dealing with narrow 'peaks" See Fig. 4, in 

contrast to the situation at intermediate energies where the important 

• 	barriers are smooth and thick. As a result partial penetration can he ex - 

pected to be commonplace at high energies, and diffraction scattering 

correspondingly smaller. We see no way at present to attack the high-

energy problem quantitatively because not only does the whole potential 

approach break down at small distances, but the detailed position and nature 

Of the annihilation boundary becomes important. 

In the limited range where the present theory makes contact with 

experiment the agreement is satisfactory. At 190 Mev, Lambertson, 

Cork, Piccioni and Wenzel have found a total pfT cross section of 1.36±16 mb, 
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whereas theory predicts for this energy an absorption cross section of 55 

mb (Fig. 3a) with a scattering cross setion of the same order of magnitude 

or perhaps a little larger. In the energy range between 40 and ZOO Me', 

emulsion experiments give an average elastic p scattering cross section 
+5O 	14 

of 75mb. 	Unfortunately at the only. energy (450 Mev) where both 
1(b 

scattering and absorption measurements are currently available,, 

partial waves higher than 1 =2 play a, large role, and the approach of this 

paper is not valid: 	. 	. .. 	 . 

• 	Since the theory of the short range parts of the Yukawa interaction 

promises to be extremely difficult, whereas that for intermediate distances 

may be under control in the foreseeable future, experimental emphasis on 

energies below 150 Mev seems desirable. It will be particularly interesting 

to see if 'tburnps" that can be identified with irdividual partial waves are 

'observed in the cross section vs. energy curve. As our understanding of 

,the Yukawa interaction in the intermediate region becomes more refined, 

it might be possible .to use the position and magnitude of such irrcgularites 

to check the details of the theory. 
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FIGURE CAPTiONS 

Fig. 1. . Typial effective potentials for the NN s'ste.m. The unit Of energy 

is the pion rest energy 140 Mev, while the unit of length is the piori 

compton wavelength; L4 x 10 
13 

 cm. 

Fig. Z. Examples of effective potentials according to Equation 2. . In 

each case the nuclear potential is attractive in the intermediate region, 

but in (a). the centrifugal barrier is not overcome and in (b) the 

barrier is barely surpassed by kinetic energy of 0.5 (140 Mev. 

The units are the same as in' Fig. 1.' 

Fig. 3. NN absorption cross sections calculated as a furic•ti6n of energy 

from the GSM and KMO potentials.. S, F, and D waves only are 

included. 	 . 	 . 	. 

Proton- antiproton 

Neutron-antiproton 	. 

Fig. 4. Typical effective potential for high angular momentum, illustrating 

how harrier becomes narrow for high kinetic energy. 
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