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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. '
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ABSTRACT: The shape»dependeﬁp parametérs P and Q of the _
“effective raﬁge éxpaﬁsion for»the's-waﬁe p—p interaction have -
"been obtained from éxperimental data between O and .10 MeV, includ-
ing recent results at 6.141, 8;097 andA9.918 MeV. The preferred

~ Dest values are P = 0.072t0.005 and Q = 0.03L%0.00k.

'The S-wave nucleon-nucleon interaction between O and 10 MeV can be
- - .1 :
parameterized by a convergent power series, "~ and thus can be approximated by a

polynomial

K=3AE (D)
n
where E is the enefgy,'usually expressed in MeV. The relation of (1) with
the lSO p-p phase shifts and more currently used scattering parameters is
-obtained through the equation K = RF
e 1.,y 1 1 2 _ 34
F=Ck cotg 8y * g hln) = - =+ 5 r K - Prik + @

a

b

P.Emer LB - Re Libzin) |
o where Q  = gﬂn-l ’ 3 = ) h(n) = Re —T%tE%% n(q)

5,6 _
e

no

(2)
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k is the relative momentum in units of 4, 7 = ea/ﬁv (Coulomb parameter), e

is the proton charée, v is the'relatire veloeity, a. is the proton—profon
scattering length, re is'the effecﬁiﬁe range, P,‘Q «... are known as'ehape
dependent parameters, i.ef, their values and sign depend on the detailed shape
of the potential well in a ﬁamiltonian formu;ation or on model characteristics
in general. ConVersely, anvempirical determination of such paramepers would
prescribe a shape for the potenfial»of interaction or determine a model. Calcu-
lations of the. parameters P and Q for.different weli shapes or moaels are
available 1A thevliterafure.z_u H. Pierre NoyesB'atteﬁpted first a.@etermina_
‘tion of theIShape*parameter 'P: rdf the lS protdn-proton'interaction. Tﬂis |
work vas based on five accurate phase shifts at'o.582h3,5.1.597, 1.855, 2.Lk25
and 3.037 MeV.6- A summary of difficulties assqciated with a determination based
on these five phase shifts.may_be found in Ref; T. However, the ambiguity is
‘reduced7eif thé effective raﬁge expaneioa analysis includes the higher energy
data of Worthington, McGruer and Findley.8 Heller9 has recently added the phase
shift from data aﬁ 9.69 MeViO to.the‘low energy phase shifts of Refs. 5 and 6,
.and performed fits up to and 1nclud1ng the parameter Q Heller recognized that
‘the radius of convergence of (1) or (2) is approx1mately 10 MeV, and therefore
the.number_of terms neeessaryvmay‘extend beyond the assumed polynomial. The
errers of ﬁhe parameters P and ‘Q turn out po be large. From a practical
poiht of view, the energy gapibetween 3.037 MeV and 9.69 MeV is very large and
conclusions drawn from such a set of data should be viewed diffidently. Pierre
Noyes and Lipinskil; have recently reaﬁalyzed the data at 9.69 MeV extrapolating
the recent information on spin correlation parameters. 12 They conclude that at

9.69 MeV there is modest ev1dence for shape dependence cons1stent ‘with OFE.
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However, the Cross sectibn measured at 9.69 MeV may be systematically high.as
noted by several authors;ll’ 15, 1k ahd thus conclusions dréwn from these data
a£ a'single energy may be subject to revision. Piérre Noyes and Lipinskill
neveftheless also conclude that fhe shape correction is established beyond
féasQnable.doubt if the results belqw 3 MeV and near 27.MéV are addea to the
result at 9.69 MeV. In.the opinion of the present éﬁthor the evidence drawn
from déta between 0 and 3 MeV ié’questionable as explained in Ref. 7, and there-
foréianothér aﬁtack to the problem ié very desirabie. Thé advent of new cross
- section results at 6.1k41, 8.097 and 9.918 MeV acéurate3to less than 1 %,lh and
"'theif phase Shifts,has médelposéible* a deterﬁination'of-the shape dependent
parameters P and Q. With a reanalyéis of the existing éxperimental éross
sections of Refs..5, 6, 8, and 10.

The reanalysis ofrprévious experimental data was advisable in order to
‘aﬁoid possible sysfematic differences in the céntral values df the phase shifts,
related fo criteria empldyéd in the analysis, fundamental constants values,
approximations employed for relativistic effeqts, etc. A program due to D. J.

: Khecht15

was usédvfor thé phase shift anaiysis. Another program was written

for the effective range éxpansionvanalysis. Both'programs were used with CDC
6600 machines of the IRL computinglcenter. The aim of this work has been to
-obtain the shape dependeﬁt.coefficients P and Q, of:the.effective range expan-
sion on a basis as empifical as pbssible, and ascertain their stability. The
reanalysis of experimental differential cr;ss séctiéns was carried out consist-
ently‘as descriﬁed in Ref. 1k. Two different P—wave‘splittings were employed,

one consistent with the OPE signature (+ - +), fhe other appropriate'to spin

orbit effects producing positive polarizations at small angles (++;); The
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strength was extrapolated from 10 MeV down as prescribed by the low energy

e

limit of phase shifts, valid when sin 61 = 82, and by the possible absolute

value of polarizations.l6 The'value for the phése shift at 0.38243 MeV was
] ;

taken in commoﬁ for both sets of phase shifts, as determined by Plerre Noyes.
The Jjustification for this is thaf both sets of phase shifts converge to the
same low-énergy limit. Table I contains a summary of phase shifts. To reduce

the size of the table only the lso phase shift and § 5 38, 1 + 58 5

1 eff = 1,1 ,

. o1 e .
is transcribed (full split P- and ‘D2 wave phase shifts are available upon

request). The analysis in terms of expansions (1) and (2) was carried out up

1,0 *

to and including a term in k (shape parameter R). Vacuum polarization effects

. . | ‘ - _ v C ¢
in the 'S-wave phase shifts were corrected following Foldy and Eriksen.1 Effects
due” to the eléctromagnetic.Structure of nucleons were explored in terms of the

L " The

approach of Ref. 15. A.summary of feéults is cbntained in Table II.
redundancy of the term in k8 is apparent in it. The preferred values of proton-

proton scattering parameters (giving d=minimum) is
a = -7.7856£0.0078 fm r = 2.8398£0.009 fm P = 0.072£0.005 - Q= 0.034+0.00k

they correspond fo a calcuiation correcting fof'glectromagnetic effects as
apéropriate in the absence ofva éofe (or when it is veloéity dependent and
negligible at low energies). ;Hoﬁever, thére are uncertainties in the electro-
magnetic form factors, and.thus,.tﬁese.cofrectibns may have produced a minimum
"in @ fortuitously. |

The values obtained from phase shifts assuming a splitting of P-waves

giving a positive polarization at small angles are



B UCRL-18223

a = -7{7870to.oo65 fm  r = 2.8462+0.011 fm P = 0.0SOi0.00B Q = 0.062+0.007

The shape dependence in’the fange from 0 to lO:MeV is eStablished in
'the.S—ﬁaﬁe indebendently from'the accuracy of the.VPC, because the exclusion
of the pointé at 0.58243 and 1.597 MeV does not affect‘ﬁhe signature of the
parameters P and Q. It is aiso éstablished independently of the assumed
splittingbof P-waves, as long as polérizatibn effects are kept small, in agree-
menf with experiﬁent. | |

The central values of P and Q differ.from eétimates made in the paét
.'assuming'a Yukawa pdtentiél,»but are not really inconéistent with it. The param-.
eters P 'and. Q are éﬁrongly correlated and.if Q 1is assumed at the value
léalculated in Ref. 2. (Q:0.0l9>'.vaould‘alsd fall very close to the value cal-
culatéd there..(P=0.055), as can be seen interpolating the valuesvcontained in
> Table-II.

SummariZing, the shépe:deéeﬁdence is éstablished in the range ffom 0 to
10 MeV from the context of a large amount of experimental data, and quite inde-
pendently from effects attribuﬁabie to corfectiéns or assumptions.made in their
“analysis.

It is hoped that nuélear calcglations based on the detailed proton-
~ proton inteféctibn will abandon the use of potential shapeé (or modelé) incon-

sistent with the results.repdrted here.
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Table I. l o Phase shifts &, and J-weighted P phase shift calculated as 3jerf
81 o+ 581 1+ 561 o determined by a least squares fit to experimental dif-
ferentlal croqs sectlons, using S; split B and D phases, correctlng for vacuum

polarization in £ > 1 according to Durand (Ref 19).

O & W W W W

éab _ OPE type phases .~ SO type ﬁhages‘
nergy
MeV 5 o .-éléff sy - Bepr
i.397b - 39.231%.018 -.148+.018 - 39.229:.03L -.150%.040
1.855° iy 286%.055 o .1hor. 079 LL.281+.0%5 ~-.143+ 062
1;855b hh.279¢.021 —7058i.050 , hh;27hi;052 ' ©-,064%,030
1.858% | uu.37é¢.ouo'- : .180%.073 | uh;371t.oﬁo 17,073
2.&258 48.388+.0%9 -.O68i.065‘ u8;377i.o39 } -.083%.112
245" . 148.314+.020 | .oogi.ou7 48.303+ .020 - .12%%.055
.03 7" -51.015&.06u - .071%.082 50.975i.065_ —.o6u£.o55
037" 50.999¢.025 -.180£.033 50.978t.025 -.001+.0k41
st 52.572+.055 4.1u2¢}o71' 52.5%9% .055 - .196%.056
.899% 5% .339 . 061 - .286£.071 | 5% .267+.061 -.381.071.
.203% 53.893%.060 —.6791.062 ' 53%.833%.061 -.176£ .06k
A1 55.676£.109 -.7h5£.168  55.Lkopr.112 -1.76%.166
8‘097C,  55.915¢.114 - - 584+ . 271 55.398+.133 -1.372¢.271
9.69% - 55.835t.110 .525t,157 5k.908+.116 -.834%.167
0 9.918° 55.087.159 : -1.563%.053 54,053t .108 -3.017%.601

®Data of Ref. 8.

b '
Data of Ref. 6.

“Data of Ref. 1k.

dData of Ref. 10.
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Table II. Sample of scattering parameters obtained under various assumptions
concerning the phase shift solutions and applicable corrections. Fits to 14
points exclude the phases at 9.69 at 9.918 MeV. Twelve point fits exclude
additional phases at 0.382L4% and 1.397 MeV. The column labeled & contains
the ratio of X2 to the number of degrees of freedom. Diagonal errors producing
an increase of 1 in ® are gquoted for preferred fits.

-a r P . Q R -~ &  No.of
fmv‘ fm - v Points
7.8322 2.807 b“ozf" | -.080 o Lo81 1.60 162
7.8431 - 2.867 sk .05 0 1.55 162
7.8599t.000k  2.85k%.009 : ;QY?i.OQ6 .0%8+.011 0 o .867 142
7.82k0 2.79% - oho o o 956 112
C7.9029 5.0Q3 | a6 070 B 0 980 10°
7;85811.6078 | 2.8u9¢;008“ .081%.005 .063%.09 o .21 1P
7.8139 2.82 | .695 '_ .052 0 », .8l3 12°
T.756k o 2.746 . .032 0 ' 0 .'.829 12¢
 7.7856:.0078  2.840%.009. 072+.005 ~ .03k.00k 0 . .6%8 1,3
7.7870£.0063  2.846¢.011 L080£.005 -~ .062%.007 o G 1€

" ®With VPC and no EMC, OPE phases.

bSame as a ‘but with SO phases.

“No VPC and novEMC, OPE phases.

Sith vPC and EMC appropriate.to a model with dynamic core, OPE phases.

®same as 4 but with SO phases.
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FIGURE CAPIION

E).

Fig. 1. Plot of the non-linear part of the function K, AK = K - (AO + AL

The solid line corresponds to a four parameter fit to 14 experimental points.
The dashed line is obtained with the interference minimum datum and the
KMBND results. The'circles_corresbond to Refs. 5, 6, and 8. The squares

correspond to Ref. lh.
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mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract '
with the Commission, or his employment with such contractor.








