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Abstract. It is shown that the discrepancy between the results obtained for different neutron energy ranges,
when neutron polarizability is derived from the neutron scattering data, can be removed if one assumes
that at the fast neutron scattering a strong-interaction long-range potential of Van der Waals (~ 779)
or Casimir-Polder (~ 7“77) is observed. This strong-interaction long-range potential has possibly some
experimental confirmation in the elastic p-p scattering.

PACS. 13.40.Gp Electromagnetic form factors — 13.75.Cs Nucleon-nucleon interactions — 25.40.Dn Elastic

neutron scattering — 28.20.Cz Neutron scattering

There is a strong contradiction between the magni-
tudes of the neutron electric polarizability «, obtained
from the experiments on elastic scattering by heavy nu-
clei of neutrons in different energy ranges: o, < (1-
2) x1073fm? from the experiments at neutron energies
E, < 40keV, and a, > 107! fm? from scattering of neu-
trons in the energy range from ~ 0.5 to several MeV. The
first results do not contradict the modern theoretical mod-
els [1]: ay ~ 1 x 1073 fm?, but the second one seems to
be excessively large and surpass the expectations by two
orders of magnitude.

The measurements of neutron electric polarizability in
the low-energy range of scattered neutrons is based on the
specific form of the Born amplitude for neutron scattering
in the r—* potential:

an(Ze)?
Upol :_T’ fOI'7”>R;
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where Ze is a nuclear electric charge, R is the electric ra-
dius of the nucleus. For simplicity, in what follows, we set
long-range potentials equal to zero inside the nuclei, which
does not change significantly the results of this consider-
ation for in the internal region this potential is indistin-
guishible from the nuclear one.

The scattering amplitude in Born approximation for
the potential (1) has the following form:
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where m is the neutron mass, x = ¢R, and ¢ is the neutron
scattering vector. In the limit x < 1
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fpol = ozn(%) % [1 - %m + éxQ +0@Eh|. (3
It was shown by Thaler [2] that, due to the second
term linear in ¢ in the neutron scattering amplitude, the
neutron-nucleus differential cross-section, as a result of the
interference between the nuclear scattering amplitude and
the amplitude due to the neutron electric polarizability,
must contain the term linear in the neutron wave vector k.

The neutron angular distribution

o(0) = % [1 + w1 Pi(cos ) + waPy(cosb) + - ] (4)
contains )
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which is linear in k (a is the neutron scattering length).

The measurements of the angular distribution of neu-
trons scattered by heavy nuclei [3] in the energy range
0.6—26 keV with addition of the earlier measurements in
the energy range of 50-160keV [4] yielded the result
ap < 1072 fm?.

It is evident that due to neutron polarizability the total
neutron-nucleus cross-section must contain a term linear
in k:

os(k) = 0o + ak + bk* + - -+ (6)

Precise measurements of the total neutron cross-
sections and the coherent scattering length of Pb and Bi
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[5] yielded
an = (0.8 4 1.0) x 1073 fm?. (7)

The result of the measurements of the total neutron cross-
section by heavy nuclei in the energy range up to 40keV
[6,7] yielded the value

an = (1.20 £ 0.15 4+ 0.20) x 1073 fm?®. (8)

The reconsideration of experiments [6,7] performed
in [8] has led the authors of this works to the conclusion
that only the upper limit for the electric polarizability
of the neutron can be inferred from these measurements:
an < 2 x 1073 fm3.

The stringent limit follows from the latest measure-
ment [9] in which it was established: a,, = (0.0 £ 0.5) X
1073 fm?.

On the other hand, in the MeV energy range neu-
tron scattering by heavy elements demonstrates signifi-
cant deviations from optical-model calculations with the
account of Schwinger (spin-orbit) scattering. For exam-
ple, in [10], the measured cross-sections are systematically
greater than the calculated ones at the smallest angles.
The authors [10] did not propose any explanation of this
disagreement, and the measurements were not continued.

In a series of experiments and careful optical-model
calculations, the authors of [11] showed that the great va-
riety of data on neutron scattering in the MeV energy
range (total cross-sections, angular distributions and es-
pecially small-angle scattering) have better discription (in
the sense of x? value) if, in addition to the short-range
Woods-Saxon potential of general form and the Schwinger
interaction, the neutron electric polarizability term with
a factor as large as o, ~ (1-2) x 107! fm3 is included into
the potential of neutron-nucleus interaction. This value of
the neutron electric polarizability is two orders of mag-
nitude higher than the value expected from reasonable
calculations [1] and the measurements in the keV energy
range. This value of neutron polarizability gives the po-
tential ~ 0.2 MeV at the surface of the Pb nucleus which
may be compared with depth of the Woods-Saxon poten-
tial well of ~ 50 MeV. In their analysis authors [11] used
the most general neutron-nucleus interaction consisting of
two Woods-Saxon potentials with up to 14 free parame-
ters.

What is the way to reconcile these two contradicting
results? It is possible that some more refined model of the
neutron-nucleus interaction accounting for the Schwinger
term and reasonable neutron polarizability is able to de-
scribe the data in the MeV energy range. However, it
might be possible, as was proposed in [12], that some other
potential of the ~ =™ type with n > 4, for example with
n = 6 (Van der Waals), or n = 7 (Casimir-Polder) influ-
ences neutron scattering in the MeV energy range.

A possibility for the existence of a long-range compo-
nent in the strong interaction between hadrons was dis-
cussed previously using different approaches. Some the-
oretical aspects of strong long-range interaction between
hadrons were analyzed by many authors (see for example
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[13] and references therein) without any final firm con-
clusion about the existence and strength of these forces.
Irrespective of theoretical predictions which are very inde-
terminate, the bounds on the magnitude of this interaction
may be obtained from experiments involving a variety of
techniques. On the other hand, there are long-standing
persistent indications on the existence of a strong attrac-
tive potential of the r~" form with n between 6 and 7
(n = 6.08 as the latest value, and magnitude ~ 200 MeV
at r = 1fm, see [14] and referencies therein) which follow
as a result of the sophisticated analisys of elastic p-p scat-
tering in the MeV energy range. Similar long-range strong
interaction might probably be observed in the neutron-
nucleus scattering in the MeV energy range as it is (pos-
sibly) observed between hadrons.

It turns out that in the cited low-energy neutron scat-
tering experiments these potentials could not be observed.
The reason for that is in the fact that, as was shown, the
only signal of the long-range r~* interaction at low en-
ergies (z < 1), which distinguishes it from a short-range
one, and which was searched for in these experiment, is the
term in the neutron-nuclei cross-section proportional to k.
The potentials ~ =% and ~ =7 at < 1 yield character-
istic terms in the scattering amplitude with higher degrees
in k which are very small at low energies to be observed
in cited experiments.

The scattering amplitudes for the attractive long-range
potentials of the form

U(r):—UR<§> , Ur>0, forr > R;
U(r)=0, forr <R, (9)

where R is the radius of the nucleus, in the first Born
approximation for n = 5, 6, and 7 are given by
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In the limit = < 1, these amplitudes are
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where v ~ 1.781 is the Euler constant. It can be seen
that the only non-even power of the x term in the expan-
sion of Born amplitude for the potential ~ r—° is 22 Inx.
For the potential ~ r~6 the only odd term is 2% and the
term characteristic for long range ~ r~7 interaction is
z*Inz. The short-range potential yields only even terms
of x. For a potential of the form ~ r~2" the expansion of
the Born amplitude yields the single odd term ~ x2"~3,
for a potential of the form ~ r~(27+1) the non-even term
is ~ 22"~ In z.

These terms are more than two orders of magnitude
lower than the linear term in the expasion of Born ampli-
tude for 7—* potential and z = 0.2 (E, ~ 20keV for neu-
tron scattering on heavy nuclei) at the same value of the
long-range potential at the nuclei boundary Ug. There-
fore, in the low-energy experiments (z < 1), it was prac-
tically impossible to recognize the presence of the long-
range potential of the form ~ r~" with n > 6, even if its
amplitude at the nuclei boundary is as large as two orders
of magnitude greater than the potential due to neutron
polarizability (1) with o, ~ 1073 fm3.

The scattering amplitudes in the first Born approxi-
mation (3) and (10)—(12) for n = 4-7 generally behave
similarly in the range z < 5, where the amplitudes are not
small, differing only by the factor which does not change
significantly. The same is true for the several first Born
scattering phases for these potentials in the MeV neutron
energy range. It means that it is possible that large poten-
tial of the r—* type inferred from fast neutron scattering
in [11] may be in fact the potential r~™ with n = 6 or
n = 7 but of correspondingly larger magnitude at r = R.

The optical model calculations of the differential cross-
sections of neutron scattering on heavy nuclei in the en-
ergy range 0.5-10 MeV [15] demonstrated that the effects
of additional long-range potentials with n = 4-7 on neu-
tron cross-sections are very close if to fit appropriately
the value Ugr of the potentials at the nuclei boundary.
For example the value Ur ~ 200keV for the neutron po-
larizability potential inferred from experiments [11] must
be changed to Ur ~ 300keV for the long-range potential
with n = 6 to achieve close similarity of their effects on
cross-sections with difference in the limits of several per
cent.

The experimental situation concerning strong long-
range forces between hadrons was discussed in [13]. It
turned out that if to parametrize these potentials in the
form U(r) = ¢(1fm/r)™, the most stringent restriction fol-
lowed from measurements of radiative transitions in an-
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tiprotonic atoms: ¢ < 100 MeV (n = 6), and < 600 MeV
(n = 7). Other experiments (Cavendish or Eotvos-type
experiments, hyperfine structure of molecular hydrogen)
give much weaker bounds on long-range potentials with
n==6orT7.

Experiments on neutron-nuclei scattering in thermal
energy range (as well as neutron optics experiments) are
very insensitive to these potentials. With Ur = 300keV
and neutron energy F, = 100meV it follows from the
above expression (14) that the contribution of the term
23, specific for van der Waals potential, is ~ 10719 of the
neutron-nucleus amplitude.

At an energy ~ 20keV the contribution of the term
~ 23 is about 3x1073fm, and the contribution of the
term ~ z*lnz (the long-range potential with n = 7) is
~ 107 fm, the effects being significantly below the limits
of detectability in the present experiments.

Better confirmation or more strict constraints for the
existence of strong long-range neutron-nucleus interaction
requires detailed computations with the most flexible nu-
clear optical potential and inclusion of long-range poten-
tials of the r—™ type with different n. This complicated
procedure must establish what kind of a long-range poten-
tial is able to satisfy better the description of the whole
set of data on fast neutron-nucleus scattering.

Besides this approach, used in [11] to infer the long-
range contribution to neutron-nucleus interaction, two
ways are possible to determine the long-range potential ex-
plicitly using the characteristic k-dependence of the scat-
tering amplitude described above. Both follow from the
long search for the electric polarizability of the neutron
[2-9]. One way is the very precise measurement of the an-
gular distribution, the second one, the measurement with
millibarn precision of the total cross-sections of neutron
scattering by different (light and heavy) nuclei in the en-
ergy range up to several hundred keV. No such data are
available now.

Analysis shows that the task of reliable inferring the
small admixture of strong long-range interaction even
from very precise neutron scattering data is dauntingly
difficult. However in view of importance of this question
for the theory of strong interaction it is worthwhile persu-
ing it, as well as finding more crucial experiments for dis-
tinguishing the strong long-range component in nucleon-
nucleon and nucleon-nucleus interaction.

References

1. G. Breit, M.I. Rustgi, Phys. Rev. 114, 830 (1959); A.
Kanazawa, Nucl. Phys. 24, 524 (1960); T.E.O. Ericson,
in Interaction Studies in Nuclei, edited by H. Jochim, B.
Ziegler (North Holland, Amsterdam, 1975); G. Dattoli, G.
Matone, D. Prosperi, Nuovo Cimento Lett. 19, 601 (1977);
P. Hecking, G.F. Bertsch, Phys. Lett. B 99, 237 (1981);
V.A. Petrun’kin, Fiz. Elem. Chastits At. Yadra 12, 692
(1981); Sov. J. Part. Nucl. 12, 278 (1981); A. Schéfer, B.
Miiller, D. Vasak, W. Greiner, Phys. Lett. B 143, 323,



302

The European Physical Journal A

(1984); R. Weiner, W. Weise, Phys. Lett. B 159, 85 (1985);
H. Krivine, J. Navarro, Phys. Lett. B 171, 331 (1986);
V. Bernard, B. Hiller, W. Weise, Phys. Lett. B 205, 16
(1988); J.L. Friar in Workshop on Electron-Nucleus Scat-
tering, edited by A. Fabrocini, S. Fantoni, S. Rosati, M.
Viviani (World Scientific, Singapore, 1989), p. 3; N.N. Soc-
cola, W. Weise, Phys. Lett. B 232, 287 (1989); H.R. Fiebig,
W. Wilcox, R.M. Woloshin, Nucl. Phys. B 324, 47 (1989);
G.G. Bunatyan, Jad. Fiz. 55, 3196 (1992); Sov. J. Nucl.
Phys. 55, 1781 (1992).

R.M. Thaler, Phys. Rev. 114, 827 (1959).

Yu.A. Alexandrov, G.S. Samosvat, Z. Sereeter, Tsoi Gen
Sor., Pis'ma Zh. Eksp. Teor. F 4, 196 (1966); JETP Lett.
4, 134 (1966).

M.D. Goldberg, V.M. May, J.R. Stehn, BNL-400, Second
Edition, V. II, 1962.

L. Koester, W. Washkowski, J. Meier, Z. Phys. A 329, 229
(1988).

J. Schmiedmayer, H. Rauch, P. Riehs, Phys. Rev. Lett. 61,
1065 (1988).

J. Schmiedmayer, P. Riehs, J.A. Harvey, N.W. Hill, Phys.
Rev. Lett. 66, 1015 (1991).

V.G. Nikolenko, A.B. Popov, JINR Preprint no. E3-92-254,
Dubna, 1992; Proceedings of the 8th International Sym-
posium on Capture Gamma Ray Spectroscopy, Frieburg,
September 20-24, 1993, p. 812; T.L. Enik, L.V. Mitsyna,

10.

11.

12.

13.
14.
15.

V.G. Nikolenko, A.B. Popov, G.S. Samosvat, Jad. Fiz. 60,
648 (1997); Phys. Atom. Nucl. 60, 567 (1997).

. L. Koester, W. Washkowski, L..V. Mitsina, G.S. Samosvat,

P. Prokofievs, J. Tambergs, Phys. Rev. C 51, 3363 (1995).
L. Drigo, C. Manduchi, G. Moschini, et al., Nuovo Cim. A
13, 867 (1973); V. Giordano, C. Manduchi, M.T. Russo-
Manduchi, G.F. Segato, Nucl. Phys. A 302, 83 (1978).
G.V. Anikin, LI. Kotukhov, Jad. Fiz. 12, 1121 (1970);
G.V. Anikin, I.I. Kotukhov, Jad. Fiz. 14, 269 (1971); G.V.
Anikin, II. Kotukhov, Atomnaja Energija. 60, 51 (1986);
G.V. Anikin, I.I. Kotukhov, Atomnaja Energija. 60, 54
(1986); G.V. Anikin, L.I. Kotukhov, Proceedings of the 1st
International Conference on Neutron Physics, Kiev, 14-
18 September 1987, Vol. 2, p. 139; G.V. Anikin, I.I. Ko-
tukhov, Jad. Fiz. 49, 101 (1989); I.I. Kotukhov, Disser-
tation, Fiziko-Enegeticheskii Institute, Obninsk, 1990, (in
Russian, unpublished).

Yu.N. Pokotilovski, JINR Preprint E4-99-135, Dubna,
1999; Proceedings of the VII International Seminar on
Interaction of Neutrons with Nuclei, Dubna, May 25-28,
1999, p. 308.

G. Feinberg, J. Sucher, Phys. Rev. D 20, 1717 (1979).

T. Sawada, Int. Journ. Mod. Phys. A 11, 5365 (1996).
S.V. Konnova, V.V. Lyuboshits, Yu.N. Pokotilovski, Pro-
ceedings of the VII International Seminar on Interaction
of Neutrons with Nuclei, Dubna, May 25-28, 1999, p. 325.



