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Neutron scattering on exotic nuclides is a class of processes that cannot be studied directly now and in any
foreseeable future. Resonance proton scattering of exotic nuclide on a thick target in inverse kinematics can
be used to infer the properties of the low-energy neutron scattering of this nuclide, assuming the isobaric
symmetry. However, the results of such resonance proton scattering reactions have so far been analyzed in
theoretical approaches (optical, R-matrix models), which are missing important aspects of isospin dynamics,
isospin violation in continuum, and threshold dynamics. The isospin-conserving coupled-channel model (ICM)
is proposed, providing a more reliable basis for understanding such experimental studies. Qualitatively different
phase shifts for the SHe +p T = 5/2 and T = 3/2 resonances are predicted by ICM with a quite unusual profile
for the T = 5/2 states. An alternative interpretation of the existing *He +p data is proposed. The observable
properties of the 7 = 5/2 resonances may be strongly affected by the isobaric-partner 7 = 3/2 states. The
crucial importance of studies of the neutron-emission channel for disentangling this possible influence is

demonstrated.
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Introduction. Resonance proton scattering (RPS) on a thick
target in inverse kinematics is an elegant and powerful experi-
mental method [1]. It was found especially efficient for studies
with exotic radioactive beams of low quality and intensity,
because very thick targets can be used: the low-energy elastic
scattering excitation functions in a broad energy range and
corresponding angular distributions are obtained simultane-
ously with a fixed-energy incoming beam. The application
of the method is very natural for the proton continuum of
proton-rich exotic nuclei, where the interpretation of elastic
scattering results is straightforward and unique [1-5].

Another application of the method presumes getting infor-
mation on the neutron scattering of some neutron-rich exotic
nuclide 4Z +n by studying the “isobaric partner reaction”
of proton scattering *Z +p. For each spin-parity J7, the ob-
served isobaric-analog state (IAS) in the 4Z +p channel with
{T = Thax, I3 = Thmax — 1} is described by some theoretical
model. By switching off the Coulomb interaction in the 4Z +p
channel, the properties of the 4Z +n continuum with {T =
Tax, T3 = Thax} are deduced [6-11].

The results of ®He +p studies targeting “He properties
were analyzed in models (optical potential, R-matrix) [6,10]
which have some room for the phenomenological treatment of
channel coupling but are missing specific aspects of isospin
dynamics connected with isospin conservation. The following
issues are shown in this work to be important specifically for
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8He +p studies and may be important for an application of the
RPS method in general:

(i) The continuum states in the 4Z +p channel with
{T = Thax, Iz = Thmax — 1} are typically “globally”
(i.e., in the whole radial space) isospin-mixed. This
is always true for 4Z systems with nonzero total
isospin. For such cluster-continuum configurations,
the good quantum number of isospin is recovered
“locally” (in some radially limited “nuclear inte-
rior”). To make this recovery possible, mixing the
Az +p channel with the A(Z + 1, IAS) + n channel is
needed. In our *He case, these are *He(072) + p and
8Li*(0*2) + n channels. The aspect of this mixing
governed by the isospin conservation can be reliably
modelled.

(ii)) The pure isospin concept is perfect for zero-width
discrete states and quite precise for small-width con-
tinuum states. The states in the dripline neutron-rich
systems—e.g., "He = 8He +n—are expected to be
quite broad. This means that the corresponding states
in the 8He +p continuum should be even broader.
There is a certain isospin-symmetry-violation aspect
of nuclear dynamics, which is connected only with
the large width of the considered states: broad states
with definite isospin are more strongly coupled to
both 8He(0*2) 4+ p and 8Li*(0*2) + n continuums.
Neither of these continuums has definite isospin.
Therefore, the isospin mixing stemming from the

©2025 American Physical Society
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FIG. 1. Relevant levels in °He and °Li systems. The data of [12]
is shown separately, since it is quite different from the NNDC vision
of the low-lying negative-parity states.

continuum couplings becomes more important as the
considered states grow broader.

(iii) Mixing the 4Z +p and 4(Z + 1,1IAS) + n channels
presumes that, together with the T = T, IAS state,
an “isobaric partner” state with 7 = Tpax — 1 may
exist nearby in energy. In the spectra of “He and ®Be,
such isospin doublets are known and well-studied,
e.g., in [13,14] and references therein. In the case of
insufficient energy separation, the “isobaric partner”
state should significantly affect the observable prop-
erties of the AZ +p IAS state. We show in this work
that, for states broader than I' 2 0.3 MeV, any real-
istic energy gap between them is insufficient enough
to make their interference negligible. This makes the
interpretation of the proton-scattering data on broader
states in terms of isolated resonances unreliable.

(iv) In the light nuclei, the thresholds of the 4Z +p and
A(Z 4 1,1AS) + n channels are typically located just
within ~ 1 MeV of energy. For broad states, compli-
cated threshold dynamics may take place around these
thresholds. For example, dynamical studies of these
phenomena in the coupled-channel model are abso-
lutely essential for understanding / = O states: they
are represented by resonances in the 4Z +p contin-
uum, but by virtual states AZ +nandA(Z + 1,1AS) +
n channels, that make the situation extremely compli-
cated for interpretation.

The above aspects of isospin dynamics can be accounted
consistently in a relatively simple coupled-channel model.
Such an isospin-conserving model was developed and suc-
cessfully applied during studies of the isospin mixing in “He
and Be systems in Refs. [13,14]. We demonstrate below that,
based on such a model, the experimental data may be inter-
preted very differently, and, moreover, a reliable interpretation
is possible only if the 4Z + p scattering data is augmented with
the neutron-emission 4(Z + 1, IAS) + n channel data.

Understanding the °He spectrum is quite controversial, see
a good summary of the data in [15], additional recent data in
[16], and Fig. 1. This is important motivation for using the
“He system as an example.

There is some common agreement about positioning
the 5/2% state but with quite a large energy uncertainty

E, ~34—52 MeV. There is also some common agree-
ment about positioning the 1/27 state E, ~ 1.1 — 1.3 MeV.
However, the only work that provides a spin-parity identifica-
tion positions 1/27 quite differently with E, =2 £ 0.2 MeV
[12]. The NNDC prescription (see also [17]) for the T = 5/2
states located high in the °Li continuum comes only from the
8He 4 p data of Ref. [6]. Also, the possibility of the low-lying
3/2" state in “He was inferred based on these data.

The possibility of the low-lying 1/2% has been consid-
ered many times in the literature since some evidence for
a large negative scattering length a; < —10 fm was found
in Ref. [18]. Nevertheless, the situation remains uncertain.
On the one hand, a low-lying structure, corresponding to
as ~ —12 £ 3 fm, was reported in [15]. On the other hand,
no “strong” virtual state in “He was found in Refs. [19,20]
providing the scattering lengths a; &~ —3 fm and a, 2 —3 fm,
correspondingly. Also, in Ref. [21], the large negative scat-
tering length, e.g., as large as a; & —20 fm, is not completely
excluded in principle but is highly unfavorable. In the analysis
of [16], the *He +n final state interaction allows both modest
as ~ —2 fm and relatively strong a; ~ —10 fm, depending
on assumptions. Theoretical analysis of [22] based simulta-
neously on the °He and '"He data provides the limitation
as 2 1 fm.

A vision of the He spectrum that differs greatly from
anything listed above is proposed based on the *He +p data
in Ref. [10]: the 1/2% resonance at E, ~ 3 MeV with, simul-
taneously, no room for the low-lying p-wave resonance with
E, <2.0—-2.5MeV.

In light of the long-term confusion concerning the “He
spectrum, the additional ®He +p data may provide crucial
missing information. However, this information can be ex-
tracted from the data only if the isospin mixing issues are,
theoretically, reliably resolved.

Isospin-conserving model for the ®*He -p reaction. Let us
rewrite model [13] for the $He + p resonance scattering reac-
tion. For the ¥He(072) 4+ p and 3Li*(072) 4+ n channels, the
assumption of isospin symmetry leads to interaction between
clusters which can be represented as a sum of terms with
definite isospin:

V = V3, (r) Psja + Vs o(r) Ps o,

where Py are projection operators on the states with definite
total isospin 7. The cluster WFs with definite asymp-
totic conditions are connected to WFs with definite isospin
|T, T3) as

1 2
Wy =—15/2,3/2) + —|3/2,3/2
He-p \/§| / / >+ «/§| / / >
2
g, = EIS/Z, 3/2) — %B/Z, 3/2). ey

From this decomposition, it is clear that the coupling of
the scattering ®He +p channel to the 7 = 5/2 is relatively
weak, which appears to be very important (see Fig. 4 and the
discussion around it).
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FIG. 2. Upper panels show cross sections for the elastic *He 4p and inelastic 8Li*(0*2) + n channels. Lower panels show the isospin

content of the continuum states in terms of internal normalizations up to 6 fm. Columns (a)—(e) correspond to different cases of V3, interactions.

Value E, (i) gives the visible peak position in the “i”-th channel. Resonant energy of the 1/2~ state in *He is fixed at E, = 1.1 MeV (VS(/OZ) =

—46.5 MeV, ry = 2.3 fm). The ®Li*(0+2) + n threshold is shown with vertical dashed lines. All the values of energies in the legends are given

in MeV.

By diagonalizing the Schrodinger equation, we get a sys-
tem of coupled equations

(T — (E — AE) + (1/5)(Vay2 + 4Vs) 1 Wsy e,
+ (2/5)(V52 — V32)Wspge., = 0,

[T — E + Veou + (1/5)(4V3)2 + V52)Wspe
+(2/5)(Vsjo — Vao)Wsy i+, = 0, ()

where E is the threshold energy in the ®He +p channel and
AE = 0.941 MeV is the threshold shift of the 3Li*(0%2) + n
channel. We intend to determine the interaction Vs, to fix the
spectrum of “He. However, this can be done only if the V3 2
interaction is fixed somehow.

The potentials with the Gaussian form factors Vy(r) =
VT(O) exp[—(r/ro )2] are used in the calculations. The Coulomb
interaction of the homogeneously charged sphere is used
with radius 2.5 fm, consistent with the charge radius of 8He
1.956(16) fm [23,24]. The potential radius ry ~ 2.0 — 2.4 fm
is fine-tuned establishing condition that the resonant states in
both the #He*(0*2) + p and 8Li*(072) + n decoupled chan-
nels (case V3, = Vs,2) should have the same energy near the
8He +p threshold. This guarantees that the radial properties
of the nucleon orbitals in the $He*(0*2) + p, 8Li* +n chan-
nels and inside the 3He, 8Li* systems are consistent with the
threshold energy shift. This is a reasonable isobaric-symmetry
requirement.

General features of the model and guidelines for the exper-
iment. The evolution of the ¥He 4 p scattering with a variation
of the V3, interaction is illustrated in Fig. 2 for the 1/27
continuum. Cross sections for the elastic SHe +p and in-
elastic 8Li*(0+2) + n channels are evidently observables, and
isospin contents of the continuum states could also be related
to observables (e.g., strength functions for isospin-specific
reactions).

It can be seen from Eq. (2) that a reduction in the single
channel formulation takes place at V3, = V5,5, as seen in
Fig. 2(c). It is paradoxical, but such a high “isospin symmetry”
leads to isospin degeneracy and mixing. For relatively large
differences between the V3, and Vs, interactions, the isospin
symmetry is recovered in our model dynamically and with

good precision [see Figs. 2(a) and 2(e)]. In between these
limiting situations, the isospin mixing effects are severe and
complicated [see Figs. 2(b) and 2(d)], and dynamic calcula-
tions are absolutely necessary.

Trajectories in the {V3,,, E} plane for the peaks of dif-
ferent observables are summarized in Fig. 3. This is done
for three cases of the 1/2~ state in the He: (a) E, = 0.4,
I' ~ 0.2 MeV—test case of narrow resonances; (b) E, = 1.1,
I' 7 0.8 MeV—as in NNDC (see Fig. 1); and (c) E, = 2.1,
I' & 1.9 MeV—as in Ref. [12]. The following should be noted
here:

(1) The scale of energy variation of different peaks with a
variation of V3, interaction is of the order of I'/2,
which is quite expected. This is a large effect for
broad states (expected in the “He case), which cannot
be disregarded.

(i) The deviation in Fig. 3 of peaks that differ from the
expected in simple approximation 7 = 5/2 isobaric
peak position [dotted lines in Fig. 3: 3Li*(0%2) +n
decoupled case] is almost never negligible: the realis-
tic separation of, say, 2 —5 MeV from the T = 3/2
state is not sufficient to completely eradicate its effect
on the T = 5/2 state position observed in different
channels.

(iii) The peak values demonstrate “asynchronous” behav-
ior with a variation of V3,,. It looks like the T = 3/2
state “repels” the ®He +p continuum and “attracts”
the 8Li*(0*2) + n continuum. This “asynchronicity”
means that one single type of data is not sufficient to
understand the actual 7 = 5/2 position, which stays
constant in each calculation of Fig. 3. Only the si-
multaneous studies of the ¥He +p and 8Li*(012) + n
channels may provide sufficient evidence to fix the
T = 5/2 properties if we are aiming better than I"/2
precision of the method.

The phase shift issue. Important features of the phase
shifts obtained in the ICM are illustrated in Fig. 4 for the
case of quite narrow 1/27 resonances, which is easiest to
perceive. The T =5/2 resonance position is fixed at
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FIG. 3. Trajectories of the peak values for elastic *He +p, inelastic 8Li*(072) + n channels, and isospin content of the continuum states.
Panels (a), (b), and (c) correspond to the resonant energy E, of the 1/2~ state in “He equal to 0.4, 1.1, and 2.1 MeV, respectively, obtained with
V(0)s, = {—68.0, —46.5, —41.5} MeV. The vertical dashed lines indicate the degeneracy situation V3, = Vs,; the horizontal dotted lines
show the resonant peak position (from the same threshold) in an elastic *Li*(0*2) + n channel for this case.

E,(5/2) = 1.23 MeV. The use of a somewhat deeper or
somewhat weaker V3(/02) interaction provides the T = 3/2 res-
onance position nearby. One may see that, whatever state is
higher in energy—the 7' = 3/2 in Fig. 4(a) or the T =5/2
in Fig. 4(b)—the T = 3/2 state demonstrates the “classical”
resonant behavior, with the phase shift passing 7 /2, while at
the T = 5/2 resonance energy, only a relatively small “wig-
gle” in the phase shift is observed. This wiggle is a typical
interference pattern for weakly coupled resonance amplitude
with exactly 7 /2 “initial” relative phase. For the broader
states, the T = 5/2 wiggles become difficult to identify, while
the resonant behavior of the phase at the T = 3/2 state energy
persists.

The single-channel optical model phase shifts in Ref. [6],
and somehow, the combined optical model and R-matrix
phase shifts in Ref. [10] were used to analyze the 3He -p data.

120

W N O
===

/E\l.z Er(p1):0-92

o G
\n)=1.

04 /

500 1 -

S 80 —r3n  EGR)=192

£ [-- T=52,

5 40 b E(5/2)=123

=

g

—~ 0 .

2150

=

&

<

w2

3

2]

=

[}

(=]
(=]

1
E(He+p) (MeV)

ECHetp) (MeV)

FIG. 4. Cross sections, isospin populations, and phase shifts in
the *He +p channel. Case of E,(1/27) = 0.3 MeV in He (V,), =
—69.1 MeV, ry = 2.0 fm) and the V3, interaction providing a small
split between T = 3/2 and T = 5/2 states. Column (a) corresponds
to E.(5/2) < E,(3/2), and (b) corresponds to E,.(5/2) > E,(3/2).
All the values of energies in the legends are given in MeV.

These approaches rely on a standard resonance identification
procedure: the large variation of phase shift passing 7 /2 (or
close to that). It can be seen in Fig. 4 that, in the model with
appropriate isospin treatment, such a behavior is associated
only with the T = 3/2 states. We have to conclude here that
the resonant properties were likely misinterpreted, and the
states declared as 7" = 5/2 due to the phase shifts should re-
ally be the T = 3/2 states. This presumable misinterpretation
concerns those listed in NNDC 16.0, 17.1, and 18.9 MeV
states of °Li, all interpreted as 7 = 5/2, and to 2.26, 4.2 MeV
states of “He, inferred by isobaric symmetry (see Fig. 1).

Such phase shift behavior in the ICM is generic. It is
always present on some level for proton channels in situation
T > 1. Therefore, we may foresee the importance of such
model studies for analysis of the RPC data on other neutron-
rich systems as well.

Discussion of the *He +p data interpretation in [ 10]. In the
analysis of that work, the very-close-to-zero phase shifts were
deduced for the pi2, p3/2, d3/2, and ds;, configurations. The
ds/» resonance in “He is expected to be quite high in energy,
and its manifestation in the energy window E(®He+p) <
3.2 MeV accessible in experiment [10] may be quite small.
However, it is surprising that there is no indication of the p;,»
resonance at all. It is shown in Fig. 5(a) that, in the ICM,
the very small p;,, phases in the whole E (®He +p) <3 MeV
energy range may be obtained despite the presence in this
range of the py,, resonance with 7 = 5/2, corresponding to
the 1/2~ resonance in °He at E, ~ 2.1 MeV. Technically,
such a small phase shift in a broad energy range is obtained
by combining the "wiggle” feature associated with 7' = 5/2
(rising phase shift trend; see Fig. 4 and related text) with repul-
sion in the T = 3/2 channel (negative and decreasing phase
shift in contrast with illustrations in Fig. 4). This situation is
consistent with the °He data of [21], providing E.(1/27) =
2.0+0.2 MeV.

The structured character of the ¥He +p cross section in the
energy range 0.8 < E(*He +p) < 3.2 MeV is mainly related
in the interpretation of Ref. [10] to a curious behavior of the
51,2 phase shift. This demonstrates repulsion near the SHe +p
threshold, the Wigner cusp at the 8Li*(072) + n threshold,
and 1/2% resonance with E, > 3.2 MeV [see Fig. 5(b)].
The latter is interpreted in [10] as corresponding to 1/2%
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FIG. 5. Panel (a) shows the ICM p,,, phase shifts based on
the T =5/2 resonance in ’He E,(1/27)=2.1 MeV (V) =
—41.5 MeV), compared with the phase used to analyze [10]. Panel
(b) shows the ICM s,,, phase shifts possessing the Wigner cusp,
analogous to that used for the data analysis in Ref. [10]. They
are repulsive overall (negative phase shifts), while the 7 = 5/2 in-
teractions are attractive (as indicated in the panel by the negative
T = 5/2 scattering lengths). The interaction parameters are \/3(;)2) =
{—52, —48, 47} MeV and V), = {—6.0, —7.5, —8.5} MeV. Panel
(c) shows a variant of the ICM analysis of data [10] based on the
phases shown in panel (d). The data and fit in (c) for the 124 — 160
degrees center-of-mass angular range are shown with —5 mb/sr offset
to simplify perception. All the values of energies in the legends are
given in MeV.

resonance in *He at E, ~ 3 MeV. It should be noted that
the existence of the sy, resonance in Ref. [10] is directly
related to the cusp properties. However, Fig. 5(b) shows that
in the ICM, the analogous cusp behavior can be obtained for
a variety of situations without any need for 1/2* resonance,
including the situation of quite weak attraction in the 1/2%
channel, reasonably consistent with the theoretical limitations
a, 2 0 fm deduced in Ref. [22].

~

Generally, we can obtain in ICM very good fits to the
data of Ref. [10]; see, for example, Fig. 5(c). This fit is
based on the phases in Fig. 5(d), obtained with the T = 5/2
interaction, which is consistent with the *He data of [21]:
weak attraction is 1/2% channel, 1/27 resonance E, = 2.3
MeV, and 5/2% resonance E, = 4.7 MeV. The parameters
of the interactions are V3)) = {0.0, —55.4,5.0,0.0, —60.0}

MeV and v;j’z) = {—4.0, —40.5, 5.0, 0.0, —96.5} MeV for
the {31/27 P1/2s P3/2, d3/2, d5/2} quantum number sets. We
conclude here that the unconventional proposal of [10]—(i)
the low-lying 1/2% resonance and (ii) no room for the low-
lying 1/2~ resonance at all—is actually based on the limited
character of the model used in [10], which neglects the com-
plexity of the isospin mixing dynamics.

The data analysis illustrated in Fig. 5(d) is not unique.
Other fits of analogous quality are possible, including
the cusp-inducing weak repulsion, similar to the cases in
Fig. 5(b). Again, we point out that only the additional re-
strictions from the neutron channel may allow discrimination
among different variants.

An important constructive result of our analysis is that, so
far, we have found only the 7 = 5/2 interactions providing
E.(1/27) > 2.3 MeV in °He are tolerated by the data of [10].
This is consistent with the data of [21], providing E,(1/27) =
2.0+ 0.2 MeV, but not with any other p;,, resonance result
(see, e.g., [15] and Refs. therein).

Conclusions. The resonance proton scattering of exotic
nuclide on a thick target 4Z +p in inverse kinematics can
be used to infer the properties of the low-energy neutron
scattering 4Z +n on this nuclide by assuming the isobaric
symmetry. However, for the relatively broad states and the
A7 subsystem with nonzero isospin (which is always true for
exotic dripline nuclei), the effects of the isospin mixing (due
to the 4(Z + 1, IAS) + n channel) and threshold effects are
large and should be treated dynamically. This introduces ad-
ditional uncertainty into the situation: for the 4Z 4+-n channel,
we need only the nuclear cluster interaction with Tj,,x, while
for the 47 + p channel the T;,,x — 1 interaction should also be
considered.

The isospin-conserving coupled-channel model is devel-
oped to deal with the problem. The effects Ti.x — 1 are
shown in this work to be important even for relatively nar-
row (e.g., I' ~ 0.3 MeV) resonant states; such treatment is
absolutely essential for broad resonant states and s-wave
states. It was demonstrated that the uncertainty connected
with Th.x — 1 interaction can be overcome only if the outgo-
ing 4(Z + 1,1AS) + n channel is studied in parallel with the
AZ +p elastic channel. There is an example of such neutron
channel studies [7], but these are studies of narrow states
without simultaneous consideration of the proton channel.

It is predicted within the ICM that the phase shifts of
Thax = 5/2 and Tiax — 1 = 3/2 have very distinct behavior.
The expected resonant phase shift behavior—with a steep
rise and passing 7 /2—is found to be common for 7' = 3/2
resonances, not for T = 5/2. Thus, resonances of 8He +p
identified by this standard approach as T = 5/2 in [6] are
misidentified. The more recent $He +p data of [10] can be
interpreted within ICM in an alternative and more “orthodox”
way: only weak attraction in the 1/2% channel, instead of sy »
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resonance, single-particle 1/2~ resonance at E, = 2.3 MeV,
and 5/2% resonance at E, = 4.7 MeV. This interpretation is
consistent with the typical theoretical vision of the “He spec-
trum and especially favors the data of [21], which are the only
data positioning the 1/2~ state sufficiently high in energy.
It is thus demonstrated in this work that the results of the
resonance proton scattering experiments aimed at the studies
of the “isobaric partner” neutron scattering channel may be
interpreted in a very different way when isospin conservation
is taken properly into account.
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