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Very large neutron-nucleus scattering lengths

F. MiguelMarqués$-* and EmelineQOliveirat
1LPC Caen, ENSICAEN, CNRBN2P3, Université de Caen, Normandie Université, 14050nCEeance

Abstract. The interaction of neutrons and nuclei at low energies magmially lead to strongly resonant states,
characterized by scattering lengths several orders of ituagniarger than thefiective range of the interaction.
In order to explore the scattering of neutrorfBunstable nuclei, we describe a simple analytical formatism
characterize the scattering parameters of a neutronumislgstem created following the fast removal of a few
nucleons from a slightly heavier beam. The case of théBnsystem is considered, and the implications of a
potentially very large scattering length on the structdré&B discussed.

1 Low-energy scattering In principle, the low-energy scattering of any pair of
particles can be characterized by thag () couple. Neg-

Scattering experiments are a unique tool to probe subative values ok correspond to unbound states of the sys-
atomic structures since the discovery of the nucleus bytem for attractive potentials, while positive values cerre
Rutherford. In particular, two-particle scattering pes  spond to bouninbound states for attractivepulsive po-
information about the interaction potential between bothtentials fl]. The values ofag andr are associated respec-
particles. If the scattering takes place through a potentiatively to the strength and range of the interaction, and for
of rangeR at a given momenturk = /2uE (u is the re-  nucleons scattering®light nuclei both are typically of the
duced mass of the system aBdhe relative energy), the order of several fm, and thya|/re ~ 1.
partial waves that will contribute to the scattering arestho
with angular momenturfi < kR ) ) )

At sufficiently low energies (some MeV for nucleons 2 Neutron scattering off exotic nuclei
and light nuclei), the only significant contribution comes ] .
from ¢ = 0, thes wave. The asymptotic wave function Low-energy scattering of nucleonﬁmyclel should be
and the scattering cross-section can be then expressed agd'atural probe of the nuclear properties of few-nucleon

function of thes-wave phase shifio as [L]: systems. However, in the scattering of protons the struc-
ture of the system is completely shadowed by the domi-

sin(kr + o) nant proton-nucleus Coulomb repulsion, that requires the

plr) = kr (1) use of higher energies and more complex formalisms. The
Sir?(o) neutron becomes thus the natural nuclear probe. Even if
ok) = 4n K2 ) neutral, neutrons produced in some nuclear reactions can

be collimated and sent on stable targets, and their scatter-
As an example, in the scattering of a particl€ @ hard  jng measured at ffierent energies and angles.
sphere of radiuR, the scattering wave function must van- The scattering parametem(re) so obtained for neu-
ish atr = Rand thussy = —kRando(0) = 47R2. tron scattering fi stable nuclei are all in the range of sev-
The phase shift behavior at low energies is usually ex-eral fm. But in order to extend this technique to exotic,
panded in even powers & according to the fective-  ynstable nuclei, the technique must adoptféedént per-

range approximatiort]: spective. Short-lived nuclei, as well as the neutron itself
1 cannot be used as targets, and therefore beam on target
k cotsy = —— + fe K2 + O(KY () scattering experiments are no longer possible. The closest
as 2 possible scenario is the creation of the neutron and nu-

cleus of choice in the final state of a reaction with a range

The first term governs the strength of the interaction to- . )
of (low) relative energies.

wards zero energy, with a parameggknown as the scat- - . .

tering length of the system so tha(0) = 4ra2. The sec- If we assume an initial state in which the neutron and
- S* Ly

ond term describes the energy dependence of the phagge nucleus (of mass numbAy are bound within a pro-

shift, through a parameteg known as the fiective range jectile of similar size (of mass numbBr> A), with only a
of th’e interaction few extra nucleons, and we remove the latter using a high-

energy fast removal reaction, we can use the sudden ap-
*e-mail: marques@Ipccaen.in2p3.fr proximation and calculate the scattering amplitude of the

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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final neutron-nucleus system as the overlap integral:

o0 103 §
oW = [ weierdr @ e |
o« KIOWMP? ® . |

e

For a given initial state, the Schrodinger equation can be=;, 1 ¢

solved to determine the initial wave function of the neu- =4[

3 Large n-nucleus scattering lengths? o 1 w2, T34 a2

tronyi(r) and then the scattering amplitud® é&nd cross- 2

section b) evaluated. 10 3 ]
10 (a<0) 1

Starting withA = 1, the neutron-neutron scattering param- R\/(ZP-VO)

eters @, re) = (—185, 2.8) fm are an exception within the
known neutron-nucleus ones, all with scattering lengths ofFigure 1. The absolute value dis for a particle scatteringfb
the order of the correspondingfective ranges of a few @ square-well potential of radiland depthv, (in units of R)
fm. Whenlag/re > 1, for systems in which the strength @S @ function ofx = Ry2uVo. The scattering lengths is neg-
of the interaction overwhelms its range, the system is con@iVe forx < x/2 and changes sign after each crossing of the
sidered to exhibit what is known as universal properties,Olashemoned lines, diverging towaraseo whenx reaches odd
. . . multiples ofr/2.
i.e. properties that no longer depend on the details of the
interaction potentialf]. Paradoxically, at the extreme case
known as the unitary limitag — oo, the properties of the
system do not depend on the potential at all. for A > 1 to neutron-nucleus scattering lengths of only a

In this context, the question whether any neutron-few fm (in fact the dominang|/re ~ 1 regime in Fig1),
nucleus system may possess a large scattering length, @ven oscillating between net attraction and repulsn [
tens or even hundreds of fm, is relevant. Not only the sys-  In a search for resonances in tH8 system,'’B+n
tem would be universal, but a three-body system of thatcoincidences were measured following proton remotial o
nucleus and two neutrons, built up from two large scat-a *°C beam at 62 Me)hucleon #]. The observation of
tering lengths, would be a favorable candidate to exhibita sharp increase towards zero energy was attributed to a
a very exotic form of matter, Efimov trimer€]] These  strongly resonans-wave, although experimental resolu-
systems have already been observed in atomic physics etion and acceptance limitations did not allow to determine
periments, in which the scattering length of the interac-a precise value of the associated scattering parameters.
tion between atoms, generated by a magnetic field, can b&he efective range was not considered and, even if the
tuned to values much larger than the interaction range. ~ data were compatible with a scattering length-6D0 fm,

In nuclear physics, however, we cannot tune the in-only an upper limitas < 50 fm was proposed].
teractions, Nature did. But a simple exercise tells us that ~ This upper limit opens the possibility of a nuclear sys-
we should not exclude the possibility of finding very large tem actually being in the very narrow divergence windows
scattering lengths. The scattering length of a particlé sca of Fig. 1. Moreover“B is a well-known two-neutron halo

tering df a square-well potential of radif®and depth/o, ~ hucleus, with a characteristiéB-n-n three-body structure
as a function ok = R\/2uVo, is given by: [5]. If the n-1’B scattering length were large enough, of
hundreds (or even thousands) of fiY8 states might exist
a = R (1 _ taﬂ() (6)  inthe form of Efimov trimers@]. But would such a large
scattering length be measurable?

In Fig. 1 we have plotted the dimensionless quantty/R

in logarithmic scale in order to show more explicitly how, 5 Asymptotic wave functions

for some very specific values of the potential leading to

odd multiples ofr/2, the scattering length can in fact di- As we have seen in Ecd), in the case of exotic nuclei the

verge towardsteo. Does such a neutron-nucleus system neutron-nucleus low-energy spectrum will be the result of
exist in Nature? the scattering parameters of the system folded with the ini-

tial state of the reaction. A low-energy neutrdgn< 0) is
17 not subject to Coulomb or centrifugal repulsions and does
4 Then-"'B case not experience any potential barrier. It is thus reasonable

The elementary neutron-nucleon scattering lengths are of° assume fo; the v_vholehlmtlalhwave fur_10|t|0n |_tshasy.mp-
the order of-20 fm, and one could expect similar or higher ©tic Part (in the region where the potential vanishes):
values when adding up other nucleons to the system. How- RN 7

. wi(r) ~ e/r 7
ever, the Pauli principle blocks the states already occlpie
by other neutrons and counters the psiwave attraction  with @ = /214 Sy, wi the reduced mass of the neutron and
that the incoming neutron should feel. This delicate bal-the rest of the initial system (of mass numlier 1), and
ance between-N attraction andh-n Pauli repulsion leads S, the neutron separation energy in that system.
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Figure 2. On the left, then-n energy spectrum witheg, re) = (—185, 2.8) fm for an hypotheticah+n scattering (black) using Eq2),
and for fast removal of a proton frofi (blue) and of anr particle from®He (red) using Eq.8). In the two latter cases, the dotted lines
correspond to Eg.1@). On the right, then-1’B energy spectrum for fast proton removal fré?€ using Eq. 8) for different couples
(as, re) in fm. Note the factor 10 between the energy scales of batklpa

Using the also asymptotic scattering wave functibn ( with x = kRandx = K;R. The first term corresponds to
and the asymptotic initial on€’), the overlap integral of the integral from 0 tdr, and the second one to the integral

the scattering amplitude in Egd)(becomes: of the asymptotic wave functions froRito co. The energy
1 [ spectrum depends now on the initial state thro8gk; in
oKk = Ef sin(kr + 6o) € *" dr the first term andr in the second one) but al&® (X). It
0

is straightforward to check that wh&— 0 the first term

= [Cos(go Ml Sin(go] (8) vanishes and the second one reduces to&q. (
k a? + k2 Still, Eq. (1) is the asymptotic form of the scattering
The energy spectrum depends on the initial state throughvave function, which due to the phase shiftdoes not
« (Sp) and on the final state through (as andry). vanish at the origin. Within the sudden approximation of

fast removal reaction, we can assume the same potential
well characterized byR andV, acting also at the forma-
tion of the final state, and calculate the full scatteringevav
function out from that well:

6 Square-well potential

We can consider the internal part of the initial neutron

wave function within nucleuB analytically with a square- sin(Ksr)  sin(kR+ &)
well potential of radiuR = 1.2 (B-1)"® and a depth/y r ksinK¢R) ~ <R
that binds the neutron atS,, a good approximation for o) = sin(kr + 8o) (11)
the potential felt by a neutron with= 0: T , >R
M .r<R with K¢ = +/2u(Vp + E). Finally, using both wave func-
gi(r) = § rsinkiR) (9)  tions from the square welB(11) in Eq. (@), the scattering
e*™ R/ r>R amplitude becomes:
with K; = /2u(Vo — Sp). Using this wave function in the Ook) = Rsin(x + do)
overlap integral of Eq 4), we have now two contributions: 2K
COtX¢ — cotX;  COtXs + COtX; 1
oK = = X-Xi X Ziie
= . X f Xi + Xg a“ +
2k sinx; a . . a .
[sin(x — X —60) +SiNdo  SIN(X + X + dg) — Sin(go] . [cos&o (cosx+ K smx) + SInéO(F COSX — smx)] (12)
X=X X+ X

with X; = K¢R. In the following, we will see examples us-
15 X ing the asymptotic expression of the scattering amplitude
a? + kK ) .

o _ o _ (8) and the one derived from the full wave functions from
[co&So (cosx + o sin X) +8indo (E COSX — SInX)] (10)  asquare well in the initial and final statei).
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Figure 3. On the left, then-1’B energy spectrum for fast few-nucleon removal frorfietent beams using Eql?) and @s,re) =
(-100,5) fm. On the right, the ratio of cross-sections between eheimnel and thé’C(-p) one. The purple dash-dotted line corre-
sponds to thé®B(—n) channel but using the upper limit of the initi@)} = 90+35° keV given in the AME [].

7 Some analytical results on the right panel of Fig2 corresponds tas = —100 fm

but with a reasonableffective range ofe = 5 fm. Even
On the left panel of Fig2 we see the results of the dif- at few hundreds of keV, the shape of the spectrum begins
ferent formulas for the known-n case. The black line to change. Therefore, in order to determaen the hun-
corresponds to Eq2J, the hypothetical case in which we dreds of fm regime, in addition to a high experimental ac-
would be able to run a+n scattering experiment. In prac- ceptance and resolution one should not neglect the inclu-
tice, we can only form th@+n system in the final state Sion ofre in the fit.
of a reaction, and the blue and red solid lines show what
we should e;<pect if we form it respe6c:tively t_)y removing a 8 Multi-channel determination
proton from°H or ana particle from°He, using Eq. §).
The spectrum is thus shifted to higher energies, dependm Fig. 2 we have seen the-1’B energy spectrum for fast
ing on the more or less strong binding, i.e. more or lessproton removal front°C and diferent values ofgg, re).
confined neutron wave fUnCtion, of the initial state. In the In order to test the formaiism, we have fixed the scatter-
two latter cases, the dotted lines show tfifeet of taklng |ng parameters to a given exampie ValH'&(QO, 5) fm and
into account the internal part of the wave functions within expiored the Sensitivity of the cross-section to the ihitia

a square well, using Eq1). state of the reaction using EdL3). On the left panel of

On the right panel of Fig2 we see the results of Fig. 3, the black line is the analogue of the blue dotted
the asymptotic Eq.§) for the still unknownn-*’B case, line in Fig. 2 obtained using Eq.8), and the other solid
formed by removing a proton frorfC. The red line cor-  lines correspond to the fast removal of few nucleons from
responds to the upper limit af (-50 fm) given in Ref. §]. slightly heavier beams, leading also'{@+n.

Compared to tha-n case, which correspondsto analready ~ There seems to be a strong, measurable dependence
largeas, the spectrum is shifted significantly more towards of the lineshape on the neutron binding in the initial state
zero energy, even for this upper limit. The blue line corre- (taken from the Atomic Mass Evaluatio]]. The depen-
sponds to their best fit:100 fm) [4], and the purple line  dence on the beam is more explicit on the right panel, cor-
to one order of magnitude higher1000 fm). Clearly, ex-  responding to the ratio between each cross-section (nor-
perimental setups with higher acceptance and resolutiomnalized at its maximum) and the reference o¥€(-p),
are needed in order to probe the precise value of the scakanging from about 6 times smaller f&618(-n) to some 2
tering length in such a near-threshold regime. times larger fo?N(—2He). Starting with proton removal
Moreover, in the case of very large valuesagfone  from'°C (S,, = 580 keV), the cross-section increases with
should considere, the second term of Eq3), even atrel-  the removal of an extra proton froffiN (S, = 2160 keV)
atively low energies. In fact, for larga the first term of  and then of an extra neutron froftiN (S, = 4610 keV),
the expansion becomes smaller, and as a consequence tfieally decreasing with the removal of an extra neutron
relative importance of the second term may become signiffrom 22N (S, = 1540 keV), following the evolution of the
icant even at energies close to 1 MeV. The blue dotted lineS,, values. These ratios forftierent few-nucleon removal
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channels should therefore provide a sensitive test of thdective range,, might lead to the observation of the first

formalism, that would then be applicable to the extractionnuclear system with universal properties.

of the scattering parameters of thé’B system. In order to determine these scattering parameters, an
Finally, the'®B(—n) channel exhibits a peculiar behav- experimental campaign has been undertaken at RIKEN us-

ior. Even if 1°C is a neutron-halo nucleus due to its low ing several beams close ¥C (see for example Ref8]),

Sn, the neutron binding if®B is even lower, only 90 keV, all leading to a’B+n final state. The high resolution and

which should thus lead to the strongest change in line-acceptance of the setup, together with the variety of ini-

shape. However, the present error t&&y,= 901880 keV tial states used, should allow us to measure for the first

[7], is still much larger than that of the other nuclei in time the value ofds, re) for then-1’B system. Besides the

Fig. 3. Its upper limit would be 650 keV, slightly more intrinsic universal properties dfB, it would be interest-

bound thant®C, as we can see from the dash-dotted linesing to study their &ect on the three-body structure’sB,

on both panels of Fig3. According to this formalism, with the eventual formation of Efimov trimer6][

measuring the-1'B energy spectrum frot®C(-p) and The unambiguous determination ds(re) from the
19B(-n) could improve our knowledge of th®, of 1°8B,  few MeV of then-1’B energy spectrum could also open
and thus of its mass, without the need to measure it. the way to the exploration of the third term of Eg),(as-

sociated with the shape of the potential, at slightly higher
relative energies. Moreover, the suggested sensitivity of
the neutron-nucleus scattering spectrum to the binding of
Neutron Scatteringfﬁ nuclei is an intriguing process, re- the neutron in the initial state mlght be used backwards to

sulting from a complex and delicate balance between nuconstrain this binding energy for cases in which it is poorly
clear attraction and Pauli repulsion. Even within a smallknown, for examplé®B [7]. The analysis of the dierent
range of similar nuclei, the scattering of neutrons can leadeaction channels is in progre$.[

to a wide range of phenomena, oscillating between bound

states, a variety of resonant states, or even net repulsioly afarences

In particular, it is potentially possible to form stronghsr

onant states very close to threshold, characterized by scaj1] W.F. Hornyak, Nuclear structure(Academic Press,
tering lengths of tens, hundreds or even thousands of fm, New York, 1975), pp. 63-73.

but such a case is yet to be measured. o [2] P.Naidon and S. End&fimov physics: a revievRep.
This threshold character makes the prediction of scat- prog. Physg0, 056001 (2017).

tering lengths almost impossible. In order to explore the[3] J. Carbonelkt al, Low-energy neutron scattering on
most exotic neutron-nucleus combinations, scattering ex- light nuclei andB as a'’B-n-n three-body system in
periments must be replaced by high-energy few-nucleon 4 unitary limit SciPost Phys. Prog, 008 (2020).
removal reactions, able to produce any neutron—nucleuTAf] A. Spyrou et al, First evidence for a virtual®8

system in the final s_tate at low relative energies. The high ground statePhys. Lett. B583, 129 (2010).
energy of the reaction allows the use of the sudden ap

proximation, in which the cross-section is calculated as th
overlap integral between the wave functions of the initial
bound state and of the final scattering one.

9 Summary and perspectives

[5] K.J. Cooket al, Halo structure of the neutron-dripline
nucleus'®B, Phys. Rev. Lett124, 212503 (2020).
[6] E. Hiyamaet al, Modeling'°B as a'’B-n-n three-

We have proposed analytical formulas to describe the body system in the unitary limiPhys. Rev. C100,
energy spectra using the asymptotic expression of those 011603R (2019). )
wave functions, and also the analytical ones from a squarel/] M- Wanget al, The AME 2020 atomic mass evalua-
well potential. The influence on the measured cross- 1on: Chinese Phys. @5, 030003 (2021).
sections of the dierent parameters characterizing the ini- [8] S. Leblondet al, First observation of°B and *'B,
tial and final states has been displayed through a particular Phys- Rev. Lett121, 262502 (2018).
case, the-1'B system. With an upper limit cﬁs < -50fm [9] E. Oliveira, Ph.D. thesis, LPC-Caen, Normandie Uni-
obtained by proton removal frodC [4], the determina- versité, in progress.
tion of this parameter, together with the corresponding ef-
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