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"THE NUC LEON-ANTINUCLEON INTERACTION AT INTERMEDIATE ENERGIES

James S. Ball and Geoffrey F. Chew

" Radiation Laboratory
University of California
Berkeley, California

August 28, 1957
ABSTRACT

The Yukawa interaction between nucleon and antmucleon is 1nvest-
1gated in the intermediate energy range (50 to 200 Mev) where it is shown
that the detalls of the short range forces are unimportant; that is, cross

sections are primarily determmed by the pion exchange potent1a1 for dis-
-13.

tances greater than 100 " 'cm. Numerical.calculations by the WKB method,

using several poss1b1e forms of the potential, ‘give' nucleon-antinucleon cross

-sections several times larger than the nucleon-nucleon cross sect1ons at -
correspondmg energ1es . This large dlfference is shown to be due to syste—
matu: cancellation effects in the nucleon- nucleon interaction which are re- 7

moved in the nucleon-antinucleon system.
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THE NUCLEON-ANTINUCLEON INTERACTION AT INTERMEDIATE ENERGIES
James S. Ball and Geoffrey F. Chew

Radiation Laboratory
University of California
Berkeley, Califorriia-

August 28, 1957

1. INTRODUCTION

" The "large' value of the nucleon-antinucleon cross section in the
energy raﬁge between 200°'and 700 Mev1 has caused surprise and led to
speculation that a new mechanism of interaction is present that cannot be
understbpd 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 lnteractions.
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 fnoderate energies ( ~ 100 Mev) because the local
potential concept is employed in conjunction with the WKB approximation, the
results give such a large ratio between nucleon-antinucleon (Nl—\I—) 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 recognizedz.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 éign of fhe 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 annihildtion, has no counterpart in the NN system and
1s expected to be ineffective outside relative separations of the order of a
nucleon Compton wavelength. At small separations, of course, the anaihilation
mechanism must be of overwhelming impc;rtance.

The method of approach we propose to use-is motivated by the semi-
phenomenological techanique that has been reasonably successful in describing
the NN system. 3 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 ne1ghborhood of 1/3 of a pion Compton wavelength. (The pion Compton_
wavelength, 1.4 x 10~ -13 cm., will be consistently used as a length unit here,
while the unit of ene'fgy or momentum will be the pion rest mass, 140 Mev).
For the NN system we shall replace the ''core' by an ingoing-wave boundary
condition to represent the overwhelming probab1l1ty of ann1h1lat10n if ‘the two
parmcles come close together. Actually for intermediate energies the lo-
cation of the ann1h1lat1on boundary is not at all crucial as w1ll 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 coorse appfopriate sigo changes. .

The usual objection to the above approach is that it seems l1kely to
lead to about the same cross sections as are observed in the NN system. We
shall show, however, that at least at intermediate energies ‘the change from-
a reflectlng to.an absorbing inner boundary together with the change of sign
in the one-pion exchange potential is capable of mcreasmg the cross section
by a substantial factor. The underlying reason for this effect is- that certain
' cancellatlons that make the. NN cross sectmns anomalously small are removed
in gomg to the NN system. It should be reme_mbered in this connection that.
if the "radius' of the nucleon were determined by the pi'orl Corripton wave -
length, the corresponding geometrical area would be 63 -mb, and the “black

sphere'' total cross section 126 mb. Without the NN results for COmpaI‘ISOI‘l
thereforé there would not be much reason to say that the observed NN cross
sections (~ 100 mb) are unexpectedly large 4

Our results fail to be definitive because of uncertainty'about the form
of the mteractlon at intermediate distances. - It w1ll be shown, h6Wever that
a varlety of assumptxons about this region consistently yield NN cross
sections of the required order of magnitude. So many states contrlbute
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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' il'I. " FORMULATION OF THE PROBLEM: WKB APPROXIMATION

In 'thisvir{vest’igation, libefal 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 corriputatioris’ are simplified and because physical under-
standing of the essential features of the problem is facilitated. |
. ' Consider for example the question of the annihilation region. If one
- were to-integrate the Schrz’)‘dinger equation exactly, one would have to assign
a definite bouﬁdary to this ‘poorly defined domain and correspondingly would
f'eel.uneasy about the fneaning of the result. In WKB terms, howéver, one
‘quickly sees thaf th-e boundary position is not at all crucial. The point is the
‘following: The sum of the outer NN potential and the _centri‘f.ugal barrier for
a given a.ngu.lar momentum state ghar'acte‘ristically has the shape shown in
Fig. 1.by either curve (a) or curve (b). In the first case, the po‘t‘ential is
repulsive or if attractive is too weak to overcome the centrifugal term.
Except at high energies thépenetration through such a barrier is so smali 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 pc')ten'tial. ' -

In the second case, whgfe the potential is strongly attractive, the
.problem from the WKB point of view is that of penet;'rating or going over the
top of a barrier with some reflection from the outside surface. Once part of
the wave is over or through oune doesn't care how far in it travels before beging
absorbed. A more precise and complete‘ statement of this principle is thal
- the form of t.he, 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 NN interaction at intermediate energies. '. Ironical‘ly one is better
off than with the NN system where the radius of the repulsive core is exiremely

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

It is clear that to describe the very low energy region, wheré a 1/v absorp-
tion law sets in, the interaction at short distances must be important; otherwise
; ) 2 .
the S wave would be completely absorbed, leading to a 1/v" behavior asymptot-

ically. The WKB approximation of course breaks down at very low energies.
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The maximum orbital angular momentum for which the centrifugal'h
barrler .can be ‘overcome at intermediate dlstances (r ~1) by the Yukawa
mteractlon, seems tobe £ =2. A criterion for the validity of the theory
presentéd-hére '-thérefore is that the important‘_ann‘ihila.tions shall occur
in S, P, or D waves -but not for h1gher 2 values. If one is at such energy
. that absorpt1on occurs through high angular-momentum barriers which
contmue to rise right to the ananihilation boundary, it is clear that the nature
of thls boundary and the details of the Yukawa 1nteract1on in its neighbor-
hood are 1mportant CIn practme the restriction to £ < 2 limits our d1s-

cussion to 1aboratory energies less than about 200 Mev. K

Another great advantage of the WKB method is 1ts ‘sim'plificafion of
. the tensor-force problem. As pomted out by Christian ‘and Hart4 the find- ~
ing of eigenstates becomes an algebraic task only, and one is: 1ed naturally
to ‘''effective potentlals" which act in each eigenstate separately.’ There is
n§ way to calculate mixing parameters, but the’sé'.are»ﬁeeded only for angular’
distributions, not for total-scattering and absorption cross sections.

Without further ado we wrlte down now the generahzatmn of the -

. C};ristxan-Hart effective potent1a1 for arbitrary J 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 form5

v +T2V._ +5S..V N (1)
c LS T 212VT :

Then the éffective potentials in the three eigenstates of total angular momentum

J, including centrifugal repulsion, are

£=J+1 JU+1) +1

3 B
v - = V-2V, .-V + Hl
=3-1 c 2 Ls T Mr 2
e e e
{2341 27+1 ., VLY seygelr o 2
T\l - Vig- —| * == Vg
[\ Mr 2 23 +1) (2T +1)
1) . R J(J+1) '
vV {=3}= V- Vgt zvr = {2

Mr
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© With the help of thesé formulas we can construct separa't:: potentials
fvo'r‘each eigenstate and célculate for each the penetration coefficients as well
as the phase shift of the reflected wave., For the WKB penetratic)ﬂ formula
we use | | . . o ‘ '
- T =(1 +ez":i’)-1 » ’ (3}
"where ¢ is the phase integral between the two turning i:oin'ts of the barrier.
This formula is recommended by Miller and Good, as, mor'e: accurate than
the slightly more compllcated conventional result 6 Also we follow the

standard rule of replacxng £ +1) by (l+1/2n as recommended by R. Lang(,r

-

Actually, as seen below, our results are not sensxtwe to such fine pomts

- as these,

If the penetration factor for a particular J £, Sis denoted by TJ!ZS’
then the absorption cross section is '
n 00 1
T s = I = z (23+1} TJJ’S (4}
where k is the wave number in the barycentric¢ system" To calculate the
scattering we need also the phasée shifts, which wiil be designated. by b] 'S

The total cross section (scattering plus absorphom.rzs then

R z (2341} 1 - [1-T T cos 26, , o)
2x”  3,4,S , / J, 4,8 J, 2,5
{(5)

The formulas .(4. 4) and (4. 5) are of c'ourseA com‘plete'},y general aithough one
might perhaps use the concept of a complex phase shift rather than a penetra-
tion fa“ct(.i_r* if one were not thinking in WKB terms. ‘ . 4

The isotbp‘ic‘ Spin situation is well known. 8 The proton-antiproton and
neutron-antineutron systems are each.50-50 mixtures of triplet and singlet

whue rhe neutron- ant1proton and proton antineutron systems are pure triplet,

ke : : -
The formula for the charge-exchange scatt_@_r_i!_lg.croz'ss section is ' ,
| _ o 3 2i835y5 ', 1 2i&'1gs|
o= %5 T (e T s ¢ 772 Ty @
i 4k~ J,14,S '

= |
where the supcrscrlpts 3and 1- des1gnate isotopic triplet and smgtet states,

respectively. - ' o
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The formulation of our problem is thus cornplete,.‘ All we have to do now is"
specify spin-triplet potentials of the form (1} 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.

III. THE NUCLEON-ANTINUC LEON POTENTIAL

The determination of the NN interaction due to pion exchange is sub-
ject to the same considerations as that for the NN system.” In particular, at

1arg€ " distances the one-pion contribution (note the negative sign)

. iy
L 2 — e ) e
Vig -1 m7, 010 0,0 —
Y I7T2 = 3 3 Ly e’ .
=f 3 r5'1'02+512 (r—z' + = '*l‘lr] T . .'(6’

is guaran}eed‘by general principles to be asymptotically correct. However,
in the neighborhood of r=1 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 éalculating two-pion contributions and recoil
~effects is not yet clear. 3 |

At present, then, the interaction to use for the intermediate region
0.7 <r< 1.5 (which unfortunately is important for determining total cross
‘sections} is somewhat uncertain; nonetheless we believe it is already poésible
tovunderstand why NN cross sections should systematically be larger than
those 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 : (1} The GSM potential has the 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.

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 phenomenological and of unknown
origin, so our handling of this particular 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 potential at a relative
kinetic energy of 0.5 (lab energy of 140 Mev). Note that the penetration
toe_fﬁeiehté are 1i_sted'a1ways as either 0 or 1. This result 1is of course
not exact, but is a good approximation because the centrifugal barriers,
even 'when rendered finite in height by a 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 Se?ow} does the
penetration coefficient differ apprec1ab1y from the classical values of 0 or 1.

T the 3D3 1, state (see Fig. 2, curve b), we are only slightly above the barrie:
at the energy in question and integration of the Schrédinger equation in this
case yields a penetration coefficient of 0.83 (shown in parenthesis in Table 1“;,
a result which could no doubt also be obtained by the WKB method if one coan-
tinued the penetratlon formula across the top of the barrier. (The WKB penetra-
tion just at the top of the barrier, accord1ng 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-
tion, 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 thus the total) ¢t

5. For example the 17% reduction of the 3D31 penetration coeffic_mnt
mentioned above pfoduces a 64%' reduqtion of theﬁlcorresponding (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 iﬁ the "marg.inal range.  Also, if
the annihilation region does not absorb perfectly {i.e. without reflection},
scattering cross sections will be systematically reduced. Absorption cross
sections, on the other hand, are relatively stable. ‘Table I shows the
absorption, scattering, 'an’d total cross sections calculated on the basis of
Table 1. Only the 3D l'stva.te is marginal here but the figures in parentheses

3
illustrate the effect described.
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. Transmission coefﬁments and
according to the GSM' potential.’

phase shifts for NN scattering at 140 Mev
The NN phase shifts at. 150 Mev as cal-
re shown for comparison. :

~culated by S1gne11 and Marshak a

NN Phase Shaft

’ State Transmi'ssion,coefficient' . NN— Phase Shift
' - : at 140 Mev "at 150 Mev
(deg) (deg) - -
- 1* S

S'1 ; 1. - - +23
31 :

PO 1. . - ———
el 0 -41 ---
3.1 ‘

P}2 1 S -
3Di 0 0 o223
3D§ 1(0.83) ——- +10
1.1 :

S, 0 -36 ---
-IPi 0 +6 22
1.1
D, 0 +6 -
3.3 .

.S1 : 1 _—— -
3p3 1 - -17

1
3.3
- +12

P !

’p? 0 -13 -
3.3 : ' .
DZ' 0 f()

3,.2

D 0 2 ---
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“TABLE I {coatd)

State Transmis#ioﬁ coefficient ” - NN Phase Shift - NN Phase Shift
' at 140 Mev at 150 Mev

SO, _ 1 e | oo | +19'

Ip? 1 .- -

ing 0 0 +6

% o ) _— . . )
‘The right-hand superscript designates. the isotopic spin.

N T B HL e e
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. ' '
Systern o | oab-s(xjnb; S Usc(mb} Utotal(mb‘i

PB 72(69) L 96(85) 168 (154)
'np . C 69 S I . 148 -
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_ Now let us compare our resuits to those for the NN system with the
 corresponding pbtentiel, as calculated at 150-Mev lab energy by Signell and
Ma.’rshak'.'lo Table I lists'the NN-scattering phase shifts and Table III com-.“
pares the "tot'al"'cross sections in the various partial waves for the NN and
N’N‘ sysfems. * It is seen that the NN partial-wave.cross sections are always
much smaller than the va}ﬁé corresponding to cemplete absorption (i.e.
"twice-geometrical'} while a substantial number of NN pariial waves are
completely absorbed. The plane-wave total éro-ss_ sections for the NN
sY‘stem’ calculated from formula 5 are correspondingly much larger than
for the NN system, as shown in Table IV. ‘ '

What is the under1y1ng reason for the small NN cross sections? A
streng potential of well-defined range is expected to produce phase shifts
thafc a‘Qerag_e about 450 for £ values smaller than kR, if k is the wave number
and R the radius of the interaction. " That our potential is strong is demon-
strated by its ability to overcome the centrifugal barrier in the?’D?).l state
of the NN system; why then does it give phase 'shifts consistently much smaller
than 45? for the NN system ? The answer-to this questionllies in the detailed
structure of the NN interactilon; to know its average strength and range is not
enough. .

The origin of some of the emall NN phase shifts lies in a kind of
"Ramsauer effect', that is, in a cancellation of the effect of the repﬁlsive
core against an attractive outside region. The S phase shifts actually change
sign near 200 Mev as a result of this cancellation, according.to most analfses.
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 cross
sections would be equal-if the average of those partial-wave cross sectious

that- do occur were the same for both systems.

*
An average phase sh1ft of 45 for £ < kR g1ves the "twice geometrical’

cross section 2 (R+’K)
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TABLE III -

- Comparison of the partial-wave NN and NN 'total" cross sections calcuiated
from Table I and expressed in units of the cross section corresponding to
complete absorption of the partial wave ('twice-geometrical').

351' 3 o . 0.30
351 |

Py 1 -
’p) 0.86 - e
351 - - L |

pZ 1 - RN
bl 0 ‘ . 0.31
’p, 0.17 . ‘ 0.38
’p] 1{0.59} S 0.06
11 i 'va ) .. -

Sy 0.69 ' BEETES
ol o

Py 0.02 3 - 0.28
1.1 | N .

P2 0.0; | , cam-
3.3 -

S i e
’p? 0.59 0.15
353

P 1 0.317

3 | D

P 1 3 . 0.08
3.3 ' | ’

Dl 0.10 - =
33 U o

D, 0.02 - -
3.3 | -

Dj 0 B
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TABLE III {contd)
State NN 3 INN
Ie3- X ' -
'S, 1 ' : Lo0.22
1.3
P 1 e
l_b3t 0 . a C 002
2 , | |
TABLE IV

Comparison of plane wave total cross sections for nucleon-nucleon and

calculated from Table III for an energy of
enta higher than 2 are neglected.

nucleon-antinucleon scattering,
140 Mev. - Orbital angular mom

'Type of scattering
PR . 3 _op_
L 168 (154
ototal(mb) ( . )

148 29 . 60
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_ A further unusual effect occurs in triplet odd states where the NN 'scattefitlg
has 'long been recognized as fandmat_lously weak. * Here the underlying can-
cellation appears to be between the repulsive long-range one-pion exchange
potential and the shorter-range attractive two-pion interaction. The rever-
sal of sign of the one-pion part in the NN system removes this cancellation, -
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: The GSM potential gives cross sections much larger for the
NN syste>m than for the NN, at least in the neighborhood of 150 Mev. Let us
consider now whether other reasonable potentials lead to the same ‘resuli.

A completely phenomenological potential which fits the known facts
about the NN system has b.een-produced by Gammel and Thaier} lbut although
this interaction has many features in common with the GSM potential, itj
does not have the detailed asymptotic form (Eq. 6 } and thus is not easily
converted to the NN problém. Re‘cently a new field-theoretical calculation
of the two-pion exchange potential, including multiple-pion scattering. has
been carried out by Konuma, Miyazawa and Otsuki12 as well as by Younger,
Pearlstein, and Kléi_n. 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 illustrate the ‘reli'ability of our conclusion
that the Yukawa mechanism is capable of producihg a strong NN interaction,
we present in Table V the absorption cross sections calculated for the KMO
potential. The single-pion exchange pért of the KMO interaction is of course
the same as that of GSM, but' KMO contains no spinoiorbit term and has a
substantially different central force due to the multiple s-catte_ring' 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 fro'm that for GSM so long as we maintain our
assumption that com'plete absorption results once the centrifugal barrier has

been overcome.

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

often been used for qualitative considerations.
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o TABLE V

Comparlson of NN absorptmn cross sections for the GSM, KMO, and single-
pion exchange potentials at 140 Mev. .

. Potential ‘, rp{)‘ cross section {mb) np cross section (mb)
GSM 69 69 )
- KMO' ' ‘ 65 : 69
Single-pion ' ' | 44 o 32
exchange . ,

This last aspect of. our model is probably the weakestfeature. 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. Nevertheles.e there seems no way at present
even to estimate these deviations, because they depend'on the detailed nature
of the 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 NN absorption cross sec-

tions resultmg from the single- plon exchange interaction (Eq. 6 }acting

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

force but only a small part of the central force; nevertheless one sees 1n
Table V that it produces a quite respectable amount of annihilation.

IV ENERGY DEPENDENCE OF THE NN CROSS SECTIONS,

DISCUSSION, AND COMPARISON WITH EXPER,IMENT

We have shown that the Yukawa interaction seems likely to lead to
NN abeorption cross sections in the neighborhood of 70 mb 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? To apply our potential model at much higher energ1es is unreason-
able, but we have ventﬁred 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. Penetration
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 1n the .

plotted curves are not to be interpreted literally. Between breaks the dependence
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is préportional to the reciprocé.l of the energy as a result of the l/ka factor
in formula ( - 4}. It seems likely that the experimentaily observed energy
dependence will show ifregularitiés‘due to the onset of individual partial
waves even though there will not be sharp discontinuities.
It has been emphasized that the elastic scattering may not actualiy‘
be as lafge as indicated in Table II, but at the same time it cannot be com-
.p}etely 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 conne.c'tion
one may reflect on the classical significance of.our model, We have a small |
black hole surrounded sometimes by an attractive well and sometimes by a
wall. If particles are trapped by the well they eventually roll into the hole
at the center and are absorbed, but if they hit the’ wall'they are: merely
scattered. It is surpr1sing,' in view of this picture, that according to Table I
the GSM potential produces only 24 mb of "claésical“ elastic scattering for
the pp system at 140 Mev and o'nly 10 mb for the nfl system. The buik of the
elastic scattering is, after all, due to diffraction and thérefore subject to
substantial reduction if individual partial waves are incompletely absorbed.
As the energy rises, one may expect this latter effect to become
more importént. At 140 Mev 1t is hard to see how the Yukawa interaction
can give a really small scattering-to-absorption r.atio,' but as noted above
eventually one reaches energies where the important partial waves have
£ > 24s0 that there is no maximum in the effective potential lincluding centrif-
ugal repulsionj. 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 interrediate energies where the important
barriers are srnoofh and thick, As a result partial penetration can be 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 6niy- 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, L
3a)

A

Cork, Piccioni and Wenzel have found a total pp cross section of 13616 mb,
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whereas theory predicts for this energy an absorption cross section of ~55
mb .(Fig. 3a) with a scattering cross seétion of the same order of magnitude
or perhaps a little 1a'1"ger. In the energy range between 40 and 200 Mev,
emulsion experlments give an average elastic pp scattermg cross section

of 7 :5+50 mb. 14 Unfortunately at the only energy (450 'Mev) where both

, scatteifng and absorption measurements are currently ag\}ailablev,,l(b}
partial waves higher than £=2 play a large role, and the é‘ppx‘qach of this’
paper is no'.t valid. ' » ‘ a ‘ h )
Since the theory of the short range parts of the Yukawa interaction
prornises to be extremely :difficult, whereas that for intermediate distances
may be under control in the foreseeable future, experimental emphaéis on ’
energies below 150 Mev seems desirable. -It will be particularly interesting
to see’if A"burijps" that can be identified with iﬁdividual partial waQes are
“observed in the cross section vs. energy curve. As our understanding of
:thev Yukawa interaction in the intér'medieite region becomes more refined,

it mlght be possible to use the position and magnitude of such 1rregular1ves

to check the deta1ls of the theory.
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FIGURE CAPTIONS

1. . Typical effective potenti.als for the NN éYStem The unit of energy

is the pion rest energy 140 Mev, while the unit of 1ength is the p1on
-13 ' :

- compton wavelength 1: 4 x 10~ cm.

2. Examples of effect1ve potentxals accordmg to Equation 2.. In
each case: ‘the nuclear potentlal is attractive in the 1ntermed1ate region,
- but in (a; the centr1fugal barrier is not overcome and in {b) the
barrier is barely surpassed by a k1net1c energy of 0.5 (140 Mev. ;

The .units .are the same as in ‘Fig, 1.7 ‘

3. NN dbsorption cross sect1ons calculated as a functmn of energy
from the GSM and KMO potent1als S, P, and D waves only are
‘included.

(a)‘ Proton-antiproton

(b) Neutron antipr oton

. 4. Typlcal effective potential for h1gh angular momentum, illuétrating

hew bz_irrlelr becomes narrow for high kinetic energy.
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