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THE PROTON-PROTON INTERACTION
R, S. Christian and H, P. Noyes

December 23, 1949

INTRODUCTION

In this reportAwe shall attémét to fit_the protonéprqtqn scattering data at
32(1)(2) and 350 Mev(s) by the use of static nuclear potentials. This description
is phenomenological and-as>suchvméy be considered a sequel to the fgporﬁ,concerned
withldetermining the n-p interaction ffom the scattering date at'éo, 9054)<5)(6)
and 280 Mevo(7)

~ The success that wes obtained in-the n-p system would seem to be sufficient
grounds for expecting that p-p scattering would likewise be interpretable by means
of static potentials, In fact we might be tempted to predict the p-p nuclear
potential from our knowiedge of the n-p potential as determined by the high énergy
scattering, This prediction could'bg made either on the hypothesis that the nuclear
potential is charge independent (ioe,‘depgnds only upon whether the two particles
are in a singlet or triplet spin state), or in terms of an attempt to explain the
saturation of nuclear forces. .

If we were to follow the first assumption (t@e,uqfcalledrsymmetry hypothesis)
there wouid be no free parameters ente?ing the p-p_thgory, since the results of
the n~-p experiments are quitekdefiniteer For both singlet and triplet states these
experiments show that there are no (or very small) odd parity forces. Therefore
on the basis of charge_symmetry one might_expect»ﬁhaﬁ @heunfp and pP=p séattering
would be quite similar. This is in obvious disagreement with the experimental
results as is seen in Figure 1,

In order to better understand the prediction of the chargevsymmgtric theory

we must consider in more detail the fundamental differences between n-p and p=p
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scattering, Firstly, for 32 Mevvprotons the Qoulomb repulsion is dominant in the
scattering at angles less than 20° Between 20° and 40° or 50° the anguler varistion””
is governed by the nuclear-coulomb interference terms, The remaining region around )
90° is virtually the same as for simple nuclear scattering, Secondly, the p-p system,
being composed of identical particles obeying the exclusion principle, has fewer
states than the n-p system. Specifically only even parity singlet states and odd
parity triplet states can be present. Thus scattering occurs only in 1SQSP91D,5F9050
states, and the charge symmetric theofy.predicts the virtual absence of triplét 7
scattering, The n-p system, on the éontrarys has scattering from both singlet and
triplet even parily states so that a direct comparison must be justified, In §rder

to learn what part of the complete n-p scattering is singlet écattering‘we must

recall that in order to lead to the low total n~p cross section the singlet raﬁge e

must be greater than 2 x 10m15 ocm, This gives an angulaer distribution for the
' 180°
singlet cross section that has an even higher ratio of -5%56371 thean the complete

scattering from both states, making a direct comparison of the relative angular
variation of the complete n-p end p-p cross sections possible in the region from
50° to 90, Thus the 32 Mev p=p results show that the charge symmetry hypothesis

is untenable,

Alternatively we could attempt to predict the p-p scattering by directing
our attention to the phenomenon of the saturation of nuclear forces., The n-p
experiments rule out the possibility of n-p repulsive forces of anythiﬁg like the
megnitude required to explain saturation., The low enefgy experiments show that
the singlet p=p forces are attractive, Thué the only remaining way for the p-p s
forces to lead to saturation would be the existence of strong repulsive forces in
the triplet stete, Since the triplet scattering amplitude is entisymmetric, the .
scattéring from a central triplet potential is zero at 90°, Hence such repulsive

forces would lead to an angular cross section rising even more rapidly on either
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side of 90° than that predicted by the charge symmetric theory and are concluéively
excluded by the data,

Thus both the hypothesis of the charge independence of nuclear forces and
the possibility of strong repulsive forces in the triplet p-p state such as seem
to be required for the saturation of nuclear forces are already disallowed by the
p-p scattering at 32 Mev, The 350 Mev scattering is even more strikingly anomalous
(ef, Figure 1). The experihents indicate a nearly spherically symmetric distribution
éver the rangé from 41° to 90° having an absolute magnitude that is twice the maxi-
mun possible for S wave scattering aloﬁec Since the n-p scattering at 280 Mev was
in good agreement with a nonnrelativisfic potential model it is difficult to accept
this as a relativistic effect, Again both charge symmetry and repulsive triplet
forces would lead to scattering strongly peaked at 0° and 180° and en ofder of magni-
tude lower in value at 90° then the observed p-p cross section, and are conclusively
disproved. This scattering is superficially similar to classical hard sphere
scattering, However, since the wavelength of 350 Mev protons is only three or
four times shorter than the range of the attractive region that must sﬁrround and
include such & sphere in order to explain the low energy results, the sphere camnot
be made large enough to give classical hard sphere scattering at this energy. This
point is discussed in more detail below,-

In spite of the, suprising divergence of the observed p-p scattering from that
which had been expected previous to the experiments, it has proved possible Tto
reconcile all the existing data with the scattering predicted from & static nuclear
potential, This model éonsists of a shallow singlet potential and a highly singular
triplet tensor potential, The main body of this paper is concerned with justifying
this model,

In view of the apparently fundemental differences between the expected and the

observed p-p scattering, and the various complicating factors in the analysis of
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the data, we have devoted the first part of this report to a more or less quali-
tative discussion of p-p scattering, In this section we will give typical results
for wvarious potential models but will not discuss which radial dependence is to te

preferred. Rather we wish to emphasize the salient features in the analysis in

order ¢ furnish a basis for understanding the calculations which follow in Part 2,

PART 1, QUALITATIVE DISCUSSION

It has been shown by.many authors that the experiments below 14 Mev are com-
patible with S wave scatﬁering alone(8) and that these experiments have determined
only the scattering length and effective fangeo(g)_ This indicates that no one of
the radisl forms usually assumed is to be preferredo. It need hardly be.emphasized
that Tthe low energy experiments give little informatioﬁ concerning the intgractions
in states of higher angular momentum (especially the P state) other than putting )
upper limits on the magnitudes of the interactions in these‘étateso ‘

The n=p experiments at 40 Mev(4)(6) have shown that there is scattering in the
D state and 1ittle scattering in the P state, and that the magnitudes of these
interactions could be determined, It was therefore expected that since the range
of forces for the p-p system is com@arables the scattering would likewise cccur
primarily in the S, P and D states.

It was observed immediately, as has been pointed ouf in the experimental
papersgl)<2) that the data was in good agreement.witﬁ that predicted vy S wave
scatbering alone, This is in definite disagfeement with the scattering pfedicted
by the usual potential mc;delso The reason is that the S state interaction com- ¥
pletely specifies the entire singlet interaction, and in particular the effective
renge is so long that the D wave predicted at this energy is incompatible with the

experimental results. (it would of course be possible to choose a potential that

would give only S scettering at 32 Mev, but the effective range of such a potential
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would then be much too short to fit the low energy region, )

If we consider in detail the predictions of the usual models we find that
even for the most cut off potential (the square well) the D phase shift is already
too large (00770)9 and as is to bé expected the more long-tailed Yukawa potential
has an even 1érger D phase shift (1.4%). The adverse effect of such D phase shifts
on the angular distribution can be reaéilylseen by reference to the second panel
of Figure 2, The origin of this effect is destructive interference between $ and
D wave scattering in the region around 90°. This interference term is proportional
to sin 55 sin <Sb cos (SSmSD)PZO (Pz(ccs 8) = 3/2 cog? 0 - 1/2 ) The usual
models ﬁredict positive values for 6S and ESDg so that this term has a minimum
at 90% as is observed in the n-p scattering but not in the p-p case, (Figure 2
also demonsvrates that the coulomb scattering has little effect in the region
from 50° to 90° and hence camnot alter this conclusion, )

The central triplet scattering amplitude being antisymmetric leads to a cross
section that is zero at 90° » and since there 1s no interference with the singlet
state it can only add to the rise away from 90°%, Thereforé scattering in this
state will increase the discrepancy between the prédiotions made from the cenéral
force model and the experiments. Alternatively we can see this directly from the
fact that the P scattering is proportional to sin2 8},0032 @, showing that the
cos? 0 term must have a positive coefficient, These-effects are illustrated in
the third panel of Figure 2,

In order to explain the 32 Mev data, we require a model that would predict
essentially spherically symmetric scattering in the absence of the coulomb field,
We have already seen’ that central force scattering prgdicted by monatonically
decreasing potential models of the usual radial form is in qualitative disagree-
ment with experiment., Concelvably a more complicated radial dependence, such as

a repulsive lip on a square well, could lead to negligible D phase shifts at
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32 Mev, Attempts to build such models have been unsuccessful because they have
effective ranges too short to fit the low energy data, In view of the straight-
forWard interpretation of the n-p scattering and the inhérent difficulty of using
such a model to fit the 350 Mev data, it did not appear profitable to pursue such
models any further,

The remaining alternative, within the framework of the potential picture, is
the pessibility that the D wave is masked by the scattering from tensor forces in
the triplet state, A favorable result is predicted by the use of the Born appro:”
metion fo sompute the scattering (cf, Figure 3), (The Born approximatién is - 1i
for the P waves sgince the eeﬁttingal barrier reduces the effect of the nucleur
potential to a small perturbation.) The scattering computed this way is pesked
at 90° and hence can add to the singlet cross section, which dips at 90°, to give -
an almost flat nuclear cross section. When the coulomb effects-are included the
resulting angular distribution is quite similar to S wave scattering (cf. Figure 4).
Thus a proper choice of fange and depth for the tensor potential can lead to agree~
ment with the experiments. (An alternative way of understanding why the scattering
cen have a finite value at 90° even though it takes place in odd states is.that
the tensor force brings about a change in angular momentum, and tesseral harmonics
other then the Lsgendre polynomialé enter into the scattering amplitude. We can
then see that the presence of -‘zj’%(eam = o sin o in’addition to Yg('eg;zf) = cos @
leads to terms with a sin® @ symmetry which when added to the cos? @ symmetry terms -
in the singlet scattering could lead to a flat nuclear cross section,)
| The 350 Mev data will first be analyzed independently of the 32 Mev data,
The two models so derived will then be compared and reconciled, In order to further
emphasize the enomalous nature of the high energy scattering, we ﬁote that if we
assumed (afbitrarily) that there were no interactions in other than S states the

predicted cross section would be spherically symmetric but ten or more times too
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small, (Recall that even the maximum possible S wave cross section is only one-
half the measured value, )

To analyze the situation in somewhat more detail we shall first consider the
scattering that would result from the singlet state (since in this state the potential
is completely specified by the assumption of a particular radial form). At 350 Mev
the Born approximation is valid for central scattering and predicts the strong for-
ward maximum illustrated in Figure 5, Alternatively we may view the problem in
terms of a partial wave decomposition, Only the even Legendre polynomials comprise
the scattering amplitude. The even polynomials are all 1 at 0° and 180° and elter-
nate in sign at 90° (eogos Py (90%) = 1, Pp(90%) = =o5, P,(90°) = 2375, o o . Do
Scattering by the usual monatonic potential models predicts that all phase shifés
will have the seme sign, so that there is constructive interference at 0° and 180°
and destructive interference at 90°, giving a characteristic peaking.of the angular
distribution.

In order to obtain a flat cross section it would be necessary to require that
phase shifts of even parity alternate in sign with increasing ﬂ,s resulting in a
singlet cross section peeked at 90°, Then if this cross section were added to

“the central triplet cross section_(whiéh is always zero at 90°) a flat cross section
would result, It does not appear possible, however, *o find a singlet potential
that will fit the sgattering in thé low energy region while at the same time pre-
dicting the required alternation in sign of the high energy phase shifts,

Before turning to the tensor models we will first consider the so-called

hard sphere scattering which can have the required characteristic of giving phase

shifts of alternating sign. At this wave-length of 0,5 x 10‘”13 em it might appear

superficially that a repulsive core in the central potential would give the desired
“result. However, it is found tha# when the effective range is fitted the repulsive

core cannot extend more than 0,7 x 1O°13 cm., Since the repulsive core is then not
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much larger than the wave-length of the proton, scattering occurs predominantly

from the surrounding attractive‘region (which is required in order to give agrecnent '’
with the low energy data). Such a model results in scattering in the high energy
region similar to that predicted by more usual forms,

Again we must appeal to the tensor force in order to obtain agreemenﬁvwith the
experimental data, In fact, if we fecallrthat at 32 Mev we needed to add a triplet
cross section that was pesked around 90° in order to mask the minimum in the singlet
scattering we see that the situation at 350 Mev is very similar, TWe can again use
the tensor force to obtain agreement; for in Born approximation gcéttering depends
only on the combination kR where k is the wave number and R the range of the potential.
That is, to préduce the same scatteréng at a higher energy we need only contract
the range by a factor that is the square root of the energy ratio, and adjust the .
depth to give the desired absolute magnitude to fhe scattering,

We therefore have indications of a tensor potential at both 32 and 350 Mev, ana
need only show that the requirements for the two cases are coméatible° As the
energy changes different regions of the potential will play the more dpminant role,
For example, at 32 Mev the potential region at distences of the order of 3 to

4 x 10713

cm is most important_while at 350 Mev the potential region at distances
of the order of 1 x 10°13 cm has bécome important, By adjusting the range and
depth of a tensor potential of any given radial form the predictions may be made to
fit the 32 Mev experimental data, However at 350 Mev the P wave protons sre able
to expiore the potential in to considerably shorter distances and it is necessary
to have a strong interaction in this region in order tobexplain the very high

350 Mev cross section, The tensor scattering calculated for a singular potential
in Born approximation as.illustréted in Figure 3 illustrates these remarks; From

the foregoing curves we can also see that an appreciable fraction of the 32 Mev

scattering must be explained in terms of tensor forces if we wish to obtain
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agreement with the high energy data. These curves further show that the tensor
potential would probably have little effect below 10 Mev as the scattering amounts

to less them 1 percent of the total sca'ﬁteringo

PART 2, CALCULATIONS

A. Methods‘

The singlet scattering fram a potential of given radial form depending on
two parameters is completely specified by the scattering length and effective
range, which are detenﬁined by the scattering below 10 Mev, The general method of
determining‘these parameters for a given radial dependence is discussed in detail
by Blatt and Jacksono(g) The S scattering due to the nuclear potential alone at
higher energies was oalculéted by direct numerical integrétion of the radial wave
equation giving the S phase shift, The true S phése shift (in the presence of the
coulomb field) was then obtained by treating the coulomb field as a perturbation
according to the method of Chew and Goldbergero(lo) The corrections amounted to
approximately one degree or less, The D phase shift was calculated in Born approxi-

‘mation considering only the nuclear forces. (This method was checked by numerical
integration in the case of the Yukawa poentiasl, corrected for the coulomb field as
above. The results at 32 Mev: 1,33° for the Born approximation, 1,45° for the
exact nuclear calculation, 1°4O0 with the coulbmb correction were assumed to be a
satisfactory check,) Higher waves than the D were found to be negligible at 32 Mev,

As was shown in Part 1, it was not necessary to calculate aﬁy odd parity
phase shifts due to central forces, but the tensor scattering was requiredo This
was calculated using the exact values of the cémplex phase shiftsg,‘5;];[15,J which
enter into the tensor scattering, The result was in good agreement with that
predicted by the Born approximation., There is a slight tendency for the Born

spproximation to predict somewhat larger angular variations than are found in the
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more exact calculations, This can readily be understood in terms of the h.gher
approximations of the Born;approximation for then the scattering amplitude sntering
into each successive iteration (or each successive collision) is less well collimatad
than that entering the previous iteration, due to the scattering that cccurs. A
further smaii difference between the exact and the Born calculations cccurs in the
absolute magnitude, a tensor force teken with a positive sign>(ioeos same sign as
for the deuteron) always has less scattering in the exact éalcﬁlation While_the
tensorvforae taken with a neggtivé sign always has more scattering, A comparison
between the exact predictions using the two signs and with the result of the Bgrn
approximetion is afforded b& reference to Figures 6 and 7,

The phase shifts arising from the coupled states entering the exact cal-
culations were carried out by iteration (in the manner described in reference 6)
after they had been cast in the form of coupled integral equations. In the case
of the ungoupled staetes any of the methods usually applicable ﬁo centfal scattering.
way bs used, We found that the integral variational expression was sufficiently
accurate when the proper component of the plane wave was used as a trial function.

From the relatively small differences shown in Figures 6 and 7, we decided
it was unnecessary %o carry out the exact calculations for the nuclear pgrt of the
scattering, This is particularly so because we are sble to offset any difference
in absoluts magnitude by choosing a slightly altered tensor depth (which will be
determined only very roughly anyway from the present data), One difficulty with
using the Born spproximation is that the interference term (cf. Appendiz 1, for a
derivation of this term) between the nuclear and coulomb scéttering identically .
vanishes, while the exact éal@ulatioﬁs at 32 Mev show that the P wave component

- of the nuclear scattering interferes appreciably with the coulomb -scattering. We
4+

1
had therefore to compute two uncoupled phase shifts, 5;0 and 53‘ , and also

3 .
iterate the coupled P2 + 3Fz state., The iteration process is rather tedious and
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as the magnitudes of the phase shifts were small compared with the uhcoupled phase
shifts, we used the WKB epproximation to obtain these phase shifts, We shall con-
sider this approximation in more detail below: If the two independent solutions

of the coupled equations have the asymptotie forﬁ

i sin <kx - L% + &iL> p

where L = ‘i'or 2J -« 1 depending upcn which is the dominant stafe, then the nuclear

8., Ara

FAA

phase shift may be easily shown tc bs given by

S (68 - ). apad ot (G800 )2 (2L+1)  <SLims|SLomsd 4 cin(5), -8,

2i6me | (20+1) <SUng gsmn@aﬂ

Fl(ﬁm,+5 ) -1(89 +8J )

"aﬁ,LSIQ.e

where now L = 2J = 1 only, and we have set aJy = iy = 1. In the case of the
3P2 + 5F2 state we have found that the Born approximation yields all quantities
in this expression with the exception of § ?15 with sufficient accuracy, This

we have computed by using the "equivalent central potential®™ (cf., reference 6) in
WKB approximation and then appiying the Born approximation to thié potential %o
obtéin the phase shiftokvcs%l is then the sum of two terms one of vhich is identical
with that predicted by the Born approxhnation applied directly to the coupled
equations and the other is of the nature of a correction term, and has the value

/

i

2
2 36,6 1 ' ~ 5
A%y = 3575 xVy(x)] gy 2(Iex) ax

where we have written the tensor potential,

. 5(3’ o (3’2o"’) > - B
S12%(5) = [ : rg); = - 9’1°62 V(%)

%) « fltk_x.,. 1 (kx]
gy (kx) = \[—5 JM% (kx)

and
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This procedure applied to the exponential and Yukawa radial dependences yic
the coefficients of the interference terms within a few percent the coefficients
determined from an exact caleulation.

For the 350 Mev scattering the coulomb scattering was neglected and the

singlet zcattering was computed in Born approximation,

B, Begults

The singlet cross sections for the squar39 expoﬁentlala and Yukdwa,models
arg shown in Figure 8, In each case the range and depth have been chosan %o
agree with Blatt and Jackson's low energ& ana1y51sa (The range Bnd depth of the
Yukawa potential and square'well were determlned 1ndependent1y by Chew and Gold-
berger belore the results of Blatt and Jackson Wer; available to us and agfae

with their aselgned 1imits of erroro) These parameterb9 together with the 3 and

D phase shiftsz at 20 and 32 Mev are eollected in Table 1, Ciearly. here are

‘.‘., 3
Pt

51gp¢fle%nt differences in the aﬂgular dlstrlbutlons predlcted by the varlous
models, ﬂaweverg the magnltude of the‘D phase shlft ;s.always large enough to
yield & curve that has a characterlstlcazly dlfferent shape tban the expeﬁlmpntal
regultb in the region from 50 to 900 and too 1ow in absolute value at 900 The
principal Téasqn for this is th?tﬁreseQCG of a ?é éoefflc}ent in ﬁhg nuclear )
scaﬁtgring ar§§5£g fron the iﬂté;férehéé £é€Weeﬁutﬁe.SIéna the Dvwa§esm

Ths addltlon‘of a centraer wave daé; not cﬁange the cross qeohon at 90°
as can be ssen in Figure 9 wheré'we ha%é 1ﬁd1cated the effect of addlng p531t1ve )
and negative P phase shafte to +he scat+er1ng predlcted by the Yﬁkama,model (which .
comes closest to fitting the 90° p01nb) Clearly theae curves do no+ agree with
the experimental results, prlmarlly becausn the nuc;ear cross section adds in the

region frem 50° to 90° (where the coulomb 1nterference con be negleefed)o

Tt is seen from Table I tha# the D phase shlft increases as the potept;al
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becomes more long tailed, Since the D phase shift is too large even for the
square potential we are forced to turﬁ to more complicated radial forms, if we
wish to account for the 32 Mev:soattering by central interactions alone., Such a
potential might be expected to be repulsive at long distances and attractive at
short distances, Accordingly some attempts were made to annul the D wave by
adding a repulsive lip to the square well, They met with little suc;;:essa and
having regard to the inherent difficulties implicit in such an approach when
gpplied to attempt an explanation of the 350 Mev results, this approach was
abandoned,

As discussed in Part 1, the effect of adding tensor force in the purely
nuclear scattering is to produce a more nearly spherically symmetric angular
distribution, The depth of the tensor potential and hence the amplitude of the
scatterigg may be considered arbitrary, and must eventually be chosen to give
agreement with the experimental data., In Figure 10 we have shown the result‘of
adding the tensor scattering to the singlet state scattering, Clearly, if the
same radial dependence is assumed to hold for both singlet and triplet states,
approximate agreement may be obtained for the exponential potential with depth
Vg = + 50 Mev, If we drop the restriction that the éinglet and triplet potentials
have the same radial dependence, it is clear that we can obtain better agreement,
especially with the photographic data, by using the combination of square well
for the singlet potential and Yukewa for the triplet (cf, Figure il)o (This
combination utilizes a square well with the constants prgviously found for the
singlet staté and a tensor Yukewa well of range 1,25 x 1071% em and Vi = + 26 Nev,)

As was remarked in Part 1 tensor scattering at 32 Mev is only able to explore‘
the tail of the potential, and consequently there is litéle uniqueness to the
radial form which can be established from the 32 Mev data, To illustrate this we

may consider the Born approximation, In this approximation the triplet differential
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cross section (considering only the nuclear part) is proportionsl to
o(0) ~[c?(0) + cB(w - 6) + 0(0) (- 0)] .

where M © . o
c(9) === | V¢ (=g, &r) rdr K = 2k sin—
wx 4 @e2 ? 2

. : 8
Plots proportionsl to C(8) are shown in Figure 12 as a function of af2kR sin:E-)

wheres « has been adjusted such that each model predicts almost the same séattering

8t %2 Mev, (Recall that the Yukawa potential with R = 1,25 x 10°% em gave a good

it tc %the data when combined with a shallcew singlet potential.,) From these

plots we fiud thet the following ranges are practically equiva}ent with respect

to the ¥z Mev scattering: R = 3.8 x 10~13 cm (square), R = 1.0 x 10“15 cn (expo~-

nentisll, R = 1,25 x 10772 em (Tukewa), R = 2,0 x'.19='13 om@ (exp(=~r/R)/(r7/R32> .
Iz the plots of C(@) we have chosen the écale of the abscissa such that -

a{ 2R sinngm 1 for @ = 90° with a k correéponding toc 32 Mev, For other angles

we meve up and dewn the abscissa aecording to sinf%"(eogog to oétain the value

for ¢{180°) at 3% Mev read the ordinate for an abscissa V2), The 90° point at

other energies can be readily located as it is given at an abscissa which is

the square root of the ratic of that energy to 32 Mev, Thus to obtain the value

350

of G(90°) at 350 Mev read the ordinate at an ebscissa ofkgkjﬁf = 3,30,

As the energy increases a large difference in scattering cccurs betwsen the
various models., The more shallow potentials give less scattering relative to that
at 32 Mev, From the predictions of the various models for the singlet state it o
seems ressonable to allow approximately one-third of the nuclear scattering at
32 Mev to be of tensor origin, This gives a tensor cross section at 32 Mev which v
is compérable to the 350 Mev cross section in magniﬁﬁdeo We therefore see that the
Yukswa and other even less concentrated (i.e., shellower) potentials do not pre-
dict a sufficiently high cross ;gction at. 350 Mev, It is therefore necessary to

-~T/R

L < ° o hd ’ o
use the singular potential e e The results for the complete cross section

R
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at 350 Mev are compared in Figure 13. In order to indicate the essential featurecz
of the singular model, we again examine the curves in Figure 12, Clearly a square

=13

well of range 4 x 10 om gives scattering of the correct forﬁ to £it the 32 Mev
data, while & squafe well of range 1 x 10°1% om gives 350 Mev scattéring approxi-
méting to that predictea by the singular model, Thus by combining the shallow
long range square well with a deep short range sqﬁare well (which will not be

explored by 32 Mev P wave protons) scattering approximating”to that predicted by

the singular model can be obtained,

C. Summary of Results

_ We have shown bhat the 32 Mev data can be fitted by means of two combinations
of centrsl and tensor force, These are: 1, The radial dependence is chosen the
same for the central and tensor potential, The best fit is then with an exponential
radial dependence of range 0,7 X 10-13 em and with a tensor'depth of + 50 Mev. This
model fits the counter data better than the photographic data, 2., The radial de-
pendence is singular for the tensor potential and shallow and cut off for the
cehtral poténtialo. The best fit is with a singlet square well of range 2.6 x 10"’13
cm and with _e.i’cher a Vi exp(-r/R)/(r/R) radial dependence (with R = 1.3 x 1013 cn
end Vi = + 26 -Mev) or with a more singular potential Vy exp(mr/h)/(n/h}z with
R = 2,0 x 1Qw15 om and V. = + 22 Mev, These combinations give better fits to the
photographic data,

Io fif the 350 Mev data we have shown that a very singular tensor force must
be used, such as the exp(»r/h)/(r/R)zo The essential feature is that there must

be & strong interaction in regions less than 0.5 x 107+ om.

The best fit of the combined data is therefore obtained by using the singular
potential so adjusted that approximately one-third of the nuclear scattering at

32 Mev is accountable to tensor scattering,
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It is clear that the present data are not sufficiently extensive to permit
very precise specification of the radial forms; however, in the foregoing summary

we have tried to emphasize the salient features of each model,

CONCLUSIONS,

We have shown that it is possible to fit all the present p~p deta by means of
a shallow ceptral potential for the singletnétatés end a singular tensor potential
for thg_tfiéiet states,

Quite épart from the potential models assumed, however, even éhe most casual
comparison of the p=p daﬁa at 32 Mev with the n-p data at 40 Mev and, eépecially;
a comparison of the 340 Mev p-p data with the 280 Mev n~p data sh§WS'thét nuclear
scattering is charge dependent, In particulérg there is definite evidence in the
nw§ scattering data that large tensor scattering-does not ocecur in the cdd parity
sf&teso | |

It is'po§§ib1e that.the-radiél depénd§n§e$ fdund necessary for p-p scettering
wouid'bevaéééptable for thé;nnp}scattefing"évén,thQUéh‘thé.exchange behaﬁiqr is
differenf,- Aﬁdéfinite statement }egaréing:tﬁis must await detailed c%lguiationss
howévero_;.' | - | - |

.-Finaliy;ﬁéfmust take notige'§f théffécf_thtfno léféévrepulsivelforéés have
shown_Up in‘eifhef the n-p or ﬁhé pwpréystemxéf éuffiéient ﬁagnitude.to acéount
for nudléaf saturation if satﬁration ig to'bé'predicted from two body'fbrcéso In

bdth cases they would have been very eésily detecfedg independent of the potential

model assumed,
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APPENDIX I

The triplet cross section is given by

do . . *
—_ *
5 3 Z (IRIZ + RN, + W,R* « % N, N,) (14)
where _ :
Qo emiai_ﬂ;p sin2% o-ia dn cos?2 &
2l sin? % cosz 9
,/"w(“zﬁ“l‘) e21{cy 06)<sx Lo >Cslim. 21605 0) (o, 4)
+ L= Jmsﬁs Oms Sim, ﬁsﬂwsﬁ)(e- «1 A
a = ez/kv
- -1 a 1 a | -1
= = t o — o ¢ o t
,O’L an™" 7 + tan” IZ:-’ * o +. an™" a
m‘?{" (@ ;8) are the normalized tesseral hamonlcs and 8 are the customary

(eomp_x.ex) phase shifts that occur in tensor scat’cer’lng (defined here in the
presence of ﬁhe coulomb field), |
In Equation (1A) the 'tem:"vi"rivolviﬁg;’ ﬂRﬂz is Just the usual ‘orlplet coulomb

'soatterin-g and the terms Z are the usual nuclear‘ soatterlngo The remaining

— P
terms represent the 1nterference be'bween nuclear and coulomb scatterlngn
In our calcqla’ciong of the tensor_ scattering the coulomb modification of the
nucl ear ph.asve:fvsh'ift was négiecﬁe& o.s the expeciie;d 'oi"delr’ of magnitude of this
modificat.ion was very small corripared to the P phase shifts, ‘Further the nuclear-

coulcmb 1nter’ference terms were calculated only’ for the P wave part of the nuclear

scattering, These ter’ms can then be wrmtten

9P, (cos @ in a D 28 - 1
1(‘, o ) sin @y  sin By (_]; gind 5{ _1_ slnzél "“—lA%’t °=A1 (24)
2k2 52 c? JM9 s ° |

9P. (cos @) |cos a 3 1+ + 1 2+ 1 20
_ 1 1 cos 511/1 o) 60 }= . 1+ 1.2% 1 20
TR [ 5 2 J\ sin 50 cos 1 +3s1n 51 o::osS1 TB]. -f-gBl1 )
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where QG = a n S2 4 2(61=c5)
Bl = a fn 0% + 2(q-q,)

5% = sin? o/2

cos? 8/2
ﬁ,S{mS - 1)

Q
[AV]
i]

Jm
AL 8

Re(e
- < adm
Bjts - m(e®02°° )
(24) reduces to the éxpressioﬁ given by G. Breit, C, Kittel, and H. M. Thaxton,

Physical Review 57, 255, (1940) when the coupling between the SPziand SFZ

scattering is neglected,
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TABLE I

Singlet phase shifts at 32 Mev for various radial forms

adjusted to fit the low energy scattering.,

Phase Shift

Model v, R 5 D
v;(§)= gc :ii i3;273 Mew} 2.615 x 1002% om 41,990 . 770°
vc(g): vce“"r/R 108.27 ey 7088 x 1072° cm 47,540 1.20°
v (<) Y&fﬂA 49,350 ev 1.1417 x 1070 om  51,18° 1,40°
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FIGURE CAPTIONS .

Figure 1, Comparison of n-p and p-p scattering data,

Pigure 2, Effects of S, D, and P waves on 32 Mev scattering., The upper set of
curves give the nuclear scattering. The lower set include the effects
of coulomb forces.

Figure 3. Tensor scattering from & singular potential at various energies, The
energies in Mev are given parametrically on the curves.

.Figure 4, Effect of adding tensor scattering to the singlet scattering at 32 Mev,
A. Nuclear scattering, B. Scattering including the effects of coulamb
forces, The tensor scattering is tha@ from a potential of exponential

=13

cm, Vt

Figure 5, Singiet scattering_at 350 Mev as predic%ed for a poténtial having

redial dependence (R = .71 x 10 = + 50 Mev),
Yukawa radial dependence,
Figure 6, Comparison of exact and Born calculations for tensor force scattering
at 32 Mev from a potential of Yukawa radial dependence (R = 1,25 x lO“lsan
Figure 7, Comparison of exact and Borﬁ calculations for tensor fo;ée'scattering
at 350 Mev from & potential of Yukawa radial dependence
(R = 1.25 x 10713 om),

"Figure 8, . Singlet scattering aé 32 Mev from potentials with various radial forms
adjusted to fit the low energy scattering. Data taken from reference
2 (31,8 Mev),

Figure 9, P wave scattering added to the singlet scattering predicted by the

Yukawe. potential at 32 Mev, | .
Figure 10, thal scattéring at 32 Mev by singlet and triplet tensor potentials ‘

of the same radial form. (The singlet potentials have range and

depth adjusted to fit the low energy scattering.) A. Square

Bo. Exponential C. Yukaws



Figure 11,

Figure 12,

Figure 13,
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Singlet plus triplet tensor scattering at 32 Mev. The singlet

13Wcmw V; = 13,273 Mev),

13 G

potential is a square well (R = 2,615 x 10~
and the tensor potential is & Yukaws potentisl (R = 1,25 x 10™"° cm,

Vi = + 26 Mev), The experimental points are teken from reference (1)

(at 29.4 Mev) and have been reduced in magnitude by 5 percent,

Born tensor scattering smplitude for various potentials. The

- abscissa scale has been adjusted so that all potentials will give the

same angular distribution at 32 Mev as the Yukawa potential with
R=1.256 x 10*13‘cm for a suitable choice of depth.

Complete cross section at 350 Mev for various tensor models adjusted
to fit the 327Mev déta, The legend shows the tensor model used.

Data teken from reference (3).
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