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Abstract. The resonance structure of 5H and 5Be is investigated within a three-cluster
microscopic model. Hyperspherical Harmonics are used to characterize the channels of the
three-cluster continuum and to implement the appropriate boundary conditions. The model
reveals the energy and width of the 5H and 5Be resonance states and allows for a detailed
channel analysis. These results for the 5H are verified against the available experimental data
and compare qualitatively favorably with some other theoretical calculations.

1. Introduction
The 5H nucleus has a large neutron excess and lies beyond the neutron drip line (see [1] for
a review of recent progress concerning the drip line problem). It has, in the last five years,
been the object of several experimental [2, 3, 4, 5, 6, 13, 7, 8, 9, 10, 11, 12] and theoretical
[16, 14, 15] investigations. The experimental investigations are aimed at finding a clear evidence
of the existence of resonance structures in 5H, while the theoretical research is focused on the
interpretation of the resonance structure and the determination of energies and widths.

Different experimental approaches have been used to study 5H. For instance, in [11], the
transfer reaction 1H

(
6He,2He

)5
H was considered. A resonant peak was observed at an energy

1.7±0.3 MeV above the t+n+n threshold with a width of 1.9±0.4 MeV. In [7] triple coincidence
experiments on the two-neutron transfer reaction t (t, p)5H revealed a resonance at 1.8±0.1 MeV
with a small width Γ ≤ 0.5 MeV. The two reactions 3H (t, p)5H and 2H

(
6He,3He

)5
H were

investigated in the experiments in [9] and showed evidence of 5H resonance states at 1.8 ± 0.1
MeV and 2.7 ± 0.1 MeV above the t + n + n threshold. The width of these states is about 0.4
MeV. In [8], the one proton knockout reaction

(
6He, nnt

)
on a carbon target uncovered a broad

peak in the spectrum at 3 MeV with a width of 6 MeV. A recent report [6] of the same group
has confirmed this observation. In [5] the first results were reported on states of 5H obtained
from the reaction initiated by a 6He +2 He collision. A resonance was observed at 1.8 ± 0.2
MeV with a width of 1.3± 0.5 MeV. However, there is a substantial difference between two sets
of experimental results: in [9, 5] there is a claim for observing a narrow resonance 1/2+ state in
5H with E ≈ 1.8 MeV and Γ < 2 MeV whereas in [13, 8] one observes a broad resonance with
a large energy of E ≈ 2.5 MeV and Γ > 3 MeV. Recently negative pion absorption experiments
on 9Be have also revealed four very broad resonances in 5H [4]. The first of these resonances
is located at an energy E ≈ 5.5 MeV and the second at E ≈ 10.6 MeV. The width of both
resonances is larger than 5 MeV. We summarize all these experimental results in Table 1.

It is generally accepted that the first resonance is a Jπ = 1/2+ state, while the second
resonance peak has contributions from Jπ = 5/2+ and Jπ = 3/2+ states of 5H.
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Table 1. Experimental details for the first (E1,Γ1) and second (E2,Γ2) resonance in 5H;
Energies (Ei) and widths (Γi) are in MeV

Experiment Ref. E1 Γ1 E2 Γ2

3H (t, p)5H [2] ≈ 1.8 ≈ 1.3
9Be

(
π−, pt

)
X,9Be

(
π−, dt

)
X [4] 5.5± 0.2 5.4± 0.6 10.6± 0.3 6.8± 0.56

1H
(
6He,2He

)5
H [10] ≈ 2 -

3H (t, p)5H,2H
(
6He,3He

)5
H [9, 7] 1.8± 0.1 < 0.5 2.7± 0.1 < 0.5

C
(
6He, nnt

)
[8, 6, 13] ≈ 3 ≈ 6

2H
(
6He,3He

)5
H [5] 1.8± 0.2 1.3± 0.5

1H
(
6He,2He

)5
H [11] 1.7± 0.3 1.9± 0.4

1H
(
6He,2He

)5
H [17] ≈ 2 - 2.5 -

Energies and widths of the resonances have been calculated with a variety of theoretical
models and methods. In [16] 5H was described as a three-cluster system t+n+n, with t treated
as a structureless particle. The 3H + n and n + n potentials determine the overall interaction
and generate a resonance at an energy of E = 2.5 to 3.0 MeV with a width of Γ = 3 to 4
MeV. In [14] 5H was also described as a three-cluster system, but now using a full microscopic
model. Resonance states were obtained by the method of “analytic continuation in the coupling
constant” [18, 19]. A resonance state was found at an energy E ≈ 3 MeV with a width of Γ = 1
to 5 MeV. In [15] the Complex Scaling Method was used, also within a three-cluster microscopic
model. Three resonance states were obtained with total momenta Jπ = 1/2+, Jπ = 5/2+ and
Jπ = 3/2+ respectively. The lowest in energy is the 1/2+ resonance with E = 1.59 MeV and
Γ = 2.48 MeV. The algebraic Resonating Group method (with the Orthogonal Condition) was
used in [20] to investigate 5H as a three-cluster system t+ n+ n. It leads to a 1/2+ resonance
of more than 4 MeV and a width that exceeds 5 MeV.

Clearly, further study is required to elucidate the structure of the resonances in 5H compound
systems. In this contribution we present a microscopic three-cluster model that enables the
calculation and analysis of resonance wave functions. In particular it makes it possible to derive
densities and correlation functions for the resonance states, and to calculate partial widths. We
apply this model to 5H as a t+n+n three-cluster configuration. This is only one of the possible
three-cluster configurations, but it is thought to be the most prominent one. We also consider
the 5Be nucleus as a 3He+ p+ p three-cluster configuration, and include the correct Coulomb
term in our potential. In what follows we mainly focus on 5H.

To classify the three-cluster states, and enumerate the channels in the three-cluster
continuum, Hyperspherical Harmonics are used. In this respect our model compares to that of
[16]. Our model is also comparable to those of [14] and [15], but includes in addition an explicit
wave function representation of the scattering states. These wave functions provide the basis
of a more in-depth interpretation of the spectrum and in particular they provide information
about the preferential decay channels of the resonances.

2. The three-cluster J-matrix model and its realization
We use the microscopic three-cluster model formulated in the framework of the Modified J-
Matrix method (MJM) with a Hyperspherical Harmonics basis described in detail in [21](see
also [29]). It has been used to calculate the three-cluster resonance structure in 6He and 6Be
in [22].

In the 5H (5Be) system we consider the three-cluster configuration 3H +n+n (3He+ p+ p)
with total spin S = 1

2 . The associated wave function contains a combination of Young tableaux
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Table 2. Resonance data, labeled by Jπ, for 5H obtained with MP, and results of other
theoretical approaches. Energies (E) and widths (Γ) are in MeV.

Jπ 1/2+ 5/2+ 3/2+

E Γ E Γ E Γ

This work 1.39 1.60 2.11 2.87 2.10 3.14
Arai [15] 1.59 2.48 2.9 4.1 3.0 4.8
Shul’gina [16] 2.5-3.0 3-4 4.6-5.0 5 6.4-6.9 8
DK [14] 2.8-3.0 1-2 - - - -

[32] and [311], and the spin of the two-neutron (two-proton) subsystem can be S(NN) = 0 or
1. The relative coordinates of the clusters can be described by either of two sets of Jacobi
coordinates, to which we will refer respectively as the “Y-tree” and “T-tree” (see Figure 1 in
[29]). For the T-tree coordinates the angular momentum connected with the relative motion of
the two neutrons is even for S(NN) = 0 and odd for S(NN) = 1. The shell model wave function
of 5H (5Be) for a configuration of three nucleons in the s-shell and two neutrons (protons) in
the p-shell, has SU(3) symmetry (λµ) = (20). The Elliott indexes λ = 2 and µ = 0 imply that
only two values of the total orbital angular momentum, L = 0 and L = 2 will be dominant in
5H (5Be). They also suggest that the spin of the two-neutron (two-proton) subsystem S(nn) = 0
prevails for the low-lying states of 5H (5Be).

In this contribution we consider two NN-interactions: the Minnesota potential (MP) with
central component taken from [25] and L-S component version IV [26], and the Modified
Hasegawa-Nagata potential (MHN) [27, 28]. Both potentials have been used in multi-channel
calculations for neutron and proton rich nuclei.

We choose the oscillator radius b to minimize the ground state energy of the 3H nucleus.
This leads to b = 1.489 fm for MP, and b = 1.470 fm for MHN. We have slightly modified the
parameters of the potentials to reproduce the resonance structure of 4H, as well as the scattering
phase shift of a neutron from 3H. This was achieved by reducing the u parameter of the central
part of the MP to 0.98 and by reducing the intensity of the LS components of the MHN to 0.5.
Note that the parameters u = 0.98 and b = 1.470 fm for MP coincide with those selected in [15],
but differ with those determined in [14] (b = 1.58 fm and u = 1.12).

In this paper we have extended the investigation of convergence up to Hyperspherical
Harmonics with hypermomentum L ≤ K ≤ 14. For each K we always use all c = {K; l1, l2}
channels. As a result, the full set of three-cluster channels consists of 46 channels for total
angular momentum L = 0, and 84 channels for L = 2. All further results reported here will be
calculated with Ki = Ka = 14 and Ni = 25, as we consider these to be sufficiently converged
and numerically stable for our purpose.

In Table 2 we compare energies and widths of the lowest resonances of 5H for each Jπ of
the present calculation to those other theoretical calculations. With respect to the results of
the other microscopic models, our energies and widths compare favorably to those of Arai [15],
but less so to those of Descouvemont and Kharbach (DK) [14]. The value for the energy of the
lowest (“ground state”) resonance in 5H is close to that of [15], with a slightly smaller width.
The 3/2+ and 5/2+ states are also in line with those of [15], with a lower position and smaller
width. One notices the very limited, or virtually absent, energy splitting between both L = 2
states in both calculations.

The (quantitative) dissimilarity in energies and widths of the resonances with respect to [15]
can be attributed to essentially two differences in the theoretical approach. Firstly, there is
a distinct difference in basis: Arai in [15] considers a Gaussian basis in two coupled Jacobi
configurations (“Y”-tree and “T”-tree) with relative angular momenta l1 ≤ 2 and l2 ≤ 2.
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Table 3. Comparison of the results for the first (E1,Γ1) and second (E2,Γ2) resonance obtained
with MP and MHN for Ki = Ka = 8. Energies (Ei) and widths (Γi) are in MeV.

MP MHN MP MHN
L, Jπ E1 Γ1 E1 Γ1 E2 Γ2 E2 Γ2

0, 1
2

+
1.55 1.93 1.46 1.27 4.18 7.75 4.36 8.17

2, 5
2

+
2.32 3.43 2.68 2.98 4.14 6.89 4.01 8.18

2, 3
2

+
2.28 3.72 2.67 3.42 4.17 8.37 4.05 8.88

Table 4. Decomposition of the total width into partial widths for the lowest 5H resonances
obtained in this work. Energies and widths are in MeV.

L, Jπ E Γ Γ1, c1 Γ2, c2 Γ3, c3

0, 1
2

+
1.391 1.599 1.046,{2,0,0} 0.548,{0,0,0} 0.005,{4,0,0}

2, 5
2

+
2.110 2.873 2.375,{2,2,0} 0.443,{2,0,2} 0.049,{4,2,0}

2, 3
2

+
2.098 3.134 2.606,{2,2,0} 0.466,{2,0,2} 0.060,{4,2,0}

Our calculation considers a single Jacobi configuration (“T”-tree) characterized by a maximal
hypermomentum K = Kmax, and a set of relative angular momenta with values whose sum
runs from l1 + l2 = L up to l1 + l2 = Kmax. Secondly, [15] uses the Complex Scaling Method
to obtain the resonance parameters, whereas we extract the latter directly from the calculated
phase shifts. The pronounced difference with the resonance position of [14] can be ascribed to
a different parametrization of the Minnesota potential, and the use of a different model space.
Probably of lesser importance, [14] also uses an alternative approach, viz. Analytic Continuation
in the Coupling Constant, to obtain the resonance parameters.

The results of [16] were obtained in a semi-microscopic model, and deviate more considerably
from ours.

In Table 3 we present resonance energies and widths for two different NN-forces, namely the
MP and MHN potentials. Because of the computational burden, these results are calculated
with a restricted basis Ki = Ka = 8, as we expect this to be sufficiently representative. It has
been indicated earlier that we have adapted both potentials to reproduce the t + n subsystem
properties. When one looks at the results in Table 3, the difference between both forces is
relatively insignificant. We interpret this to mean that the t + n subsystem is a more decisive
factor than is the n+ n subsystem in determining the structure of the compound system.

If one compares the resonance states of 5H obtained with MP and MHN to those experimental
data where both energy and width have been obtained (see Table 1), one notices that the
lowest experimental resonance lies close to all the calculated 1/2+, 3/2+ and 5/2+ ones. This
suggests that the experimental result corresponds to a combination of the 1/2+, 3/2+ and 5/2+

resonances, which would be very difficult to resolve with the current experimental methods.
In Table 4 we display the total width and the three largest partial width values, with their

corresponding channel c = {K; l1, l2} specification, obtained with MP. For MHN, analogous
results are obtained. One notices that the contribution of two, at most three, dominant
channels completely exhausts the total width. More than 65% (L = 0 state), and 98% (L = 2
states) of the total width corresponds to the decay of the compound system into channels
with hypermomentum K = 2, with the main contribution coming from zero orbital angular
momentum l2 of the n + n subsystem. This is a strong indication that the n + n state with
S(nn) = 0 is dominant in these resonances.
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Table 5. Partial widths (in MeV) for the decay of the 1/2+, 5/2+ and 3/2+ resonances in the
two Jacobi trees.

Jπ = 1/2+ Jπ = 5/2+ Jπ = 3/2+

{K; l1, l2} “T”-tree “Y”-tree {K; l1, l2} “T”-tree “Y”-tree “T”-tree “Y”-tree

{0,0,0} 0.548 0.548 {2,2,0} 2.375 0.028 2.606 0.029
{2,0,0} 1.046 0.065 {2,1,1} 10−4 2.289 10−4 2.464
{2,1,1} 10−9 0.980 {2,0,2} 0.443 0.501 0.466 0.579

All calculations have been performed by using a three-cluster configuration depicted by the
“T”-tree of Jacobi coordinates. The choice of Jacobi tree does not quantitatively affect the
results, but can shed light on how the resonances decay. In this respect, the partial widths of
the three lowest resonances of 5H, displayed in Table 4, are specific to the “T”-tree choice.

In Table 5 we compare the partial widths of the 1
2

+, 5
2

+ and 3
2

+ resonances, obtained with the
MP, for both the “T”- and “Y”-trees. One notices that, while the {2,0,0} channel is dominant for
the 1

2

+ resonance in the “T”-tree configuration, the {2,1,1} channel dominates in the “Y”-tree
description. It indicates that the two cluster subsystem 3H+n with orbital angular momentum
l2 = 1 is prominent for this resonance. An analogous situation is observed for the 5

2

+ and 3
2

+

resonances: channel {2,2,0} is dominant in “T”-tree description, and channel {2,1,1} dominates
within the “Y”-tree. One notices that for both tree descriptions two or three channels dominate
the decay of the 5H resonances. This analysis indicates that the model space proposed by Arai
in [15] reflects a judicious choice of basis, as he considers the more prominent contributions from
both the “T”- and “Y”-tree configurations.

A final analysis can be made directly on the resonance wave functions by showing their density
|Ψα(Eα; r1, r2)|2, and corresponding correlation function r21r

2
2|Ψα(Eα; r1, r2)|2, as a function of

the r1 and r2 coordinates where ri = qi/
√
µi, and µi is the reduced mass. We calculated the

density and correlation function for the lowest L = 0, Jπ = 1
2

+ and L = 2, Jπ = 3
2

+ resonances
with MP; L = 2, Jπ = 3

2

+ shows a quite identical picture. The density shows two clustering
centra. In both cases a structure of two close neutrons with a well-separated triton is apparent.
For L = 0, there is also evidence of two separated neutrons and a triton in between them. The
correlation pictures suggest that the pronounced decay follows a triangular form of constant
shape with close neutrons and a separated triton. Because we use a finite set of oscillator wave
functions for the relative motion, the representation of the correlation function is limited in
space. We compare our results with an analogous analysis obtained for 6He in [23, 24] obtained
in a three-particle model. It was shown there that the correlation function of the L = 0 bound
state of the three-body system features a dominant “di-neutron” configuration, localized in space
because of the binding of the three-particle system. This is analogous to our results where the
three-cluster system favors a decay of the quasi-stationary (resonance) state with two neutrons
correlated in space. The average distance between the two neutrons in 6He is 1 to 3 fm, whereas
in 5H it is between 1 to 5 fm in the interaction region.

3. Conclusions
We introduce a microscopic three-cluster model for 5H and 5Be that takes the Pauli principle
between all nucleons into account, and considers a wave function decomposition in terms of
a Hyperspherical Harmonics and oscillator basis. The proper scattering boundary conditions
for a three-body continuum are taken into account. We apply the model to the t + n + n
(3He+p+p) three-cluster configuration, which is generally considered to be the most prominent
cluster configuration of 5H (5Be).
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An extensive set of Hyperspherical Harmonics, up to K = 14, is used in the calculations,
leading to well converged results. A number of resonances for 1

2

+, 3
2

+ and J 5
2

+ states of 5H are
obtained, which are shown to be in reasonable agreement with available experimental results,
and compare favorably to other theoretical approaches. The latter differ from the current model
in choice of model and/or basis as well as in the procedure to extract the resonance properties.

Due to the explicit representation of the wave function, partial widths, as well as an analysis
of the resonance states in terms of densities and correlation functions is possible. From the
partial width expansion it is shown that only a limited number of Hyperspherical Harmonics
dominate all resonance states, of which one (K = 2) has a contribution of more than 65%. The
correlation functions show that a decay of 5H is favored in which two neutrons remain closely
correlated at a large distance from the triton. This confirms the results obtained elsewhere
for 6He where the ground state has a comparable geometry of a di-neutron distanced from an
α-particle. Similar results were obtained for 5Be.
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