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Nuclear structure of 5H in a three-body 3H¿n¿n model
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Complete dynamical investigation of the extremely neutron-rich5H nucleus is performed in a three-body
3H1n1n continuum. A three-body resonance enhancement is found for the ‘‘ground state’’Jp51/21 at
about 2.5–3.0 MeV. The broad structures in the production cross sections correspond to wide 3/21 and 5/21

levels in the three-body continuum.

PACS number~s!: 21.45.1v, 21.60.Cs, 27.10.1h
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The 5H nucleus belongs to the very neutron-rich nuc
beyond the neutron dripline. This nucleus has been stu
theoretically@1,2#, and experimentally@3–6# but until now
the existence of the5H as a well-defined resonance still r
mains unclear. A lower limit on the mass of5H was obtained
in @3# from the absence of sharp structures in the ‘‘mirro
3He(3He,n)5Be reaction up to 4.2 MeV. This implies tha
5H is unbound by at least 2.1 MeV. According to@4# nothing
except phase space, modified to account for possible di
tron decay was found in the pion absorption reactio
6Li( p2,p)5H. However, in the7Li( 6Li, 8B)5H reaction@5# a
resonance at aboutE55.2 MeV, G54 MeV was observed
The 5H state with a resonance energyE57.460.7 MeV,
G5863 MeV was detected in9Be(p2,pt)5H reaction@6#.
Oscillator shell model calculations predict for the5H
‘‘ground state’’ 1/21, E53.1 MeV @1# and for the first ‘‘ex-
cited’’ states 5.54 MeV 5/21, 7.39 MeV 3/21, and 10.49
MeV 3/21 @2# (E is the energy relative to the3H1n1n
threshold!. However, oscillator shell model calculations a
valid only for narrow resonances and do not take into
count the influence of continuum, which can lead, in pr
ciple, to complete dissolving of the possible states.

Qualitatively, if we neglect for a moment the spin of th
3H core, 5H could be considered as3H12n in analogy with
the neighboring neutron halo6He nucleus (4He12n), since
in both cases we have thes-wave Pauli repulsion in3H1n
and 4He1n subsystems and attraction in thep-wave. The
3H1n interaction for thep-wave is weaker, than that fo
4He1n so we can expect the states analogous to 01 g.s. and
21 1.8 MeV in 6He to be lifted up in 5H to continuum.
Taking into account the spin of3H we can expect 1/21 as a
‘‘ground state’’ and instead of 21 in 6He we can expect the
doublet 3/21 and 5/21, based on the same orbital configur
tion. Our previous calculations@7,8# of the 6He ground state,
the 21 resonance in6He and the 01, 21 resonant states in
6Be have demonstrated that mainlys- and p-wave interac-
tions between clusters are responsible for the existenc
those states. The same situation should be expected in th5H
case.
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This paper investigates this question within strict thre
body 3H1n1n dynamics with expansion on hyperspheric
harmonics. This method provides the consistent solution
the bound state and three-body continuum problems fo
called ‘‘democratic’’ systems, where none of the binary su
systems are bound@8#.

The wave function~WF! is assumed to be a product of a
inactive core part and the active three-body part. The latte
expanded on a generalized angle-spin basis
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is the coupled spin function of the two neutron
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is a hyperspherical harmonic generated from a Jacobi p
nomial in the hyperangleu5arctan(x/y). Herex andy are the
absolute values of the normalized Jacobi coordinatex
5A1/2rnn between neutrons andy5A6/5r (nn)core for the
neutrons relative to the core. The hypermomentK5 l x1 l y
12n, (n50,1, . . . ), is thegeneralized angular momentum
eigenvalue, related to the coordinateu. Other quantum num-
bers are the Jacobi orbital momental x and l y and the total
orbital momentumL. The three-body Schro¨dinger equation
can be reduced to a two-body-like multichannel problem

the functionsxKg
K8g8(¸r) in the hyperradiusr5Ax21y2.

Multi-index g stands for the set of quantum numbe
$L,S,Sx ,l x ,l y%. The wave numbeŗ is simply connected to
the energy E and nucleon massM: ¸252ME. The
asymptotic behavior of the functionsx(¸r) at larger values
is

xKg
K8g8~¸r!;dKg

K8g8HL
2~¸r!2SKg

K8g8HL
1~¸r!.
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HereHL
7 are the Riccati-Bessel functions of half-integer i

dex L5K13/2, with asymptotics;exp(7i¸r), describing

the in- and outgoing three-body spherical waves.SKg
K8g8 is the

S-matrix for the 3→3 scattering. Details of this represent
tion and analysis of three-body continuum can be found
@7,8#.

For the calculations we used the3H-n potential from@9#,
reproducing experimental3H-n and ‘‘mirror’’ 3He-p scat-
tering phases. This potential is based on scattering pha
obtained in@10#, where the lowest broad 22 resonance in the
3H-n system is found atE53.4 MeV above the3H-n
threshold. More recently other experimental data@5,11# have
appeared, where the spectrum of8B from the 6Li( 6Li, 8B)4H
reaction at different projectile energies has been obser
As a result it was shown that4H is unstable in respect to th
3H1n decay by 2.360.3 MeV. An influence of these new
data on our results is discussed below. The blocking of P
forbidden states was taken into account by a repulsive c
in the s-wave potentials. Then-n potential @12#, including
repulsion at small distances, as well as spin-orbit and ten
forces, was used in the calculations. We have performed
calculations with the restrictionsl x,4, l y,4, and Kmax
,12.

A sharp resonant~quasistationary! state should appear a
a jump of 180o in the diagonal phase shifts. From the phy
cal point of view the origin of quasistationary states is
pocket in one of the diagonal three-body potentials, wh
are a weighted sum of the pairwise interactio

^Kgu( i j V̂i j uKg& and the three-body centrifugal barrier. Th
most important components of these potentials for the 11

state are demonstrated in Fig. 1. One can see a rather sh
pocket inK52, L50, S51/2, Sx50, l x50, l y50 partial
wave. This state carries presumably the quantum numbe
the 3H1 ‘‘dineutron.’’ The pocket for the5H 5/21 state in
K52, L51, S53/2, Sx51, l x51, l y51 partial wave is
smaller. The pockets for otherJp states are completely ab
sent. More shallow pockets for5H in comparison with 01

FIG. 1. Diagonal three-body potentials for the main resonat
components of the WF: solid curve corresponds toK50, L50,
S51/2, l x5 l y50; dashed curve isK52, L50, S51/2, l x5 l y

50. There is pure repulsion inK50, and no prominent pocket i
seen in theK52 potential. The attraction is provided by chann
coupling as it can be seen in the main component of thediagonal-
izedpotential~dotted curve!.
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and 21 in 6He could have as a consequence that in5H we
deal either with the top barrier resonances or with par
states spreading in continuum. The diagonal phase shift
the 1/21 continuum are shown in Fig. 2. The phase shi
show the resonant behavior in the dominating component
the WF around 2.5 MeV. Phase analysis of otherJp states
have shown the absence of resonant behavior.

A measure of a continuum strength is the WF concen
tion in the interior region. It can be characterized by the s
of the diagonal interior norms:

Nr0
~E!5

1

¸5 (
Kg

E
0

r0
druxKg

Kg~¸r!u2. ~1!

The interior norm is a simplified measure of the overlap
tegrals in the transition amplitudes for various processes w
three particles in the final state. We can chooser0
;5 –7 fm, as the radius of the local maximum of the dia
onal potential in a componentKg with a pocket. For narrow
resonances this prescription is very reliable: the energy
pendence ofN(E) is exactly the same as the energy depe
dence of the cross sections. The interior norms for allJp

states in the continuum are shown in Fig. 3~see also Table

FIG. 3. Sum of the diagonal internal normalizations@see Eq.
~1!# for 1/21, 3/21, and 5/21 states are shown by solid, dashed, a
dotted lines, respectively.

g FIG. 2. Diagonal phase shifts for a few important components
the 1/21 state WF. Components withK50, L50, S51/2, l x5 l y

50 ~solid line! and K52, L50, S51/2, l x5 l y50 ~dashed line!
have a resonance behavior.
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I!. The 1/21 strength peaks approximately 2.5 MeV abo
the threshold, the 5/21 strength dominates between about
and 7 MeV with a peak at 5 MeV, the 3/21 excitation shows
a bump at about 7 MeV. Contrary to well-known resonan
in 6He and 6Be where interior norms exhibit pronounce
maxima@8# in almost all partial components, we have for t
case of 5H a complex interplay of the kinematic enhanc
ment and a concentration of the strength due to the final-s
interaction~FSI!.

We can demonstrate that the valence neutrons in the5H
are situated mainly outside of the3H core. Taking into ac-
count that the5H is a decaying state, in general the probab
ity to find neutrons inside the3H core goes to zero. What w
can do in this situation is to estimate the ratio,N3(E)/N6(E),
of norms Eq.~1! for regions ‘‘inside’’ and ‘‘outside’’ the
core. The valuer053 fm is slightly larger, than ther value,
corresponding to the case where the valence neutrons
situated on top of the3H core. We got the ratio near 0.03 fo
E52.7 MeV.

Although the interior norms, as functions of the energ
give us information about the positions and widths of t
possible resonances, we would like to introduce a quan
which is more closely connected with the experimenta
measured cross sections. The energy behavior of the mis
mass~MM ! cross section, which is measured in an expe
ment depends both on the initial and the final states:

dsMM;u^C f uV̂uC i&u2dV¸E2dE,

wheredV¸E2dE is a three-body phase space. The final-st
WF C f is obtained as a result of our three-body calculatio
The initial-state WF depends on the specific reaction wh
5H is produced. In a simple approximation the vertex for5H
production can be simulated as

V̂uC i&5 (
K8g8

exp@2r/r0#L K8g8~Vr!,

where ‘‘reaction radius’’r0 can be taken in the interval 5–
fm, the same as for the internal normalization. The initi
state WF simulated in this way takes into account the re
tion volume and implies equal population of all sets w
quantum numbersK8g8 in the reaction process.

So, we estimated the energy dependence of the MM c
section as

TABLE I. Positions and widths of the states, obtained with
3H-n potential fitted to the data from@10#. The uncertanties are
connected with different ways to define the properties of the w
states.

Jp 1/21 3/21 5/21

E ~MeV! 2.5–3.0 6.4–6.9 4.6–5.0
G ~MeV! 3–4 8 5
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dsMM;(
Kg

U (
K8g8

E drxKg
K8g8~¸r!exp@2r/r0#U2 dE

AE
.

~2!

The results for 1/21, 3/21, 5/21 states are shown in Fig
4~a!. While the 1/21 state reveals itself as a relatively pro
nounced peak at about 2.5 MeV, the 3/21 and 5/21 excita-
tions exhibit only broad structures. If all the states we
equally populated in a reaction producing5H, and if the
energy resolution in an experiment were not high enou
the upper wide states could hamper the observation of
1/21 state. Probably, in the experiments@5,6# just the 3/21,
5/21 states, peaking at about 5–7 MeV, were observed.

Since the resonance we got for the 1/21 state is relatively
wide, we studied the sensitivity of the MM spectrum for th
1/21 state to the‘‘reaction radius’’ by varyingr0 within rea-
sonable limits. The gray area around solid curve in Fig. 4~a!
corresponds tor0 varied between 5 and 7 fm. The sensitivi
appears to be low: the resonance energy is shifted down
0.3 MeV by increasingr0 from 5 to 7 fm. This shift can be
considered as an uncertainty of the model. Figure 4~b! gives
the spectra obtained without the FSI forr056 fm. By com-
paring the MM spectra with and without the FSI one c
conclude that the 1/21 state, being selectively excited
should be clearly seen above the ‘‘background.’’

An interesting problem arises when we wish to comp
the spectra with and without final-state interactions. T
problem is closely connected to the Pauli principle. If w

e

FIG. 4. Missing mass spectra for 1/21, 3/21, and 5/21 states,
evaluated by Eq.~2!, are shown forr056 fm by solid, dashed, and
dotted lines in~a!. The gray area around the solid curve shows
variation of the 1/21 specrum, whenr0 is varied between 5 and 7
fm. ~b! shows the same as~a!, but without FSI~except thes-wave
core in the3H-n channel, accounting for the Pauli principle!.
2-3
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completely neglect the antisymmetrization of the wave fu
tion, obtained as a free solution of the three-body Sch¨-
dinger equation, we get a strong amplification of the sp
trum, as is shown in Fig. 5, dashed line. The ex
accounting for the Pauli principle in the two-neutron su
system, and the approximate accounting by means of
repulsion in thes-wave 3He-n subsystem, leads to conside
able reduction of the spectrum~Fig. 5, solid line!. The same
situation takes place when one wants to describe the ex
mental spectrum of 5H by means of two-body
3H1 ‘‘dineutron’’ decay, as it was done in Ref.@4#. We
simulated this scenario by switching off the3H1n interac-
tion ~i! in all partial waves and~ii ! in all partial waves excep
the repulsion in thes-wave, which accounts for the Pau
principle. The results~dotted and dash-dotted curves in Fi
5! differ drastically. With the Pauli principle taken into ac
count, the 3H1 ‘‘dineutron’’ scenario fails to describe th
1/21 resonance.

A summary of the results is in Table I. For a 1/21 exci-
tation, the spectrum shows a maximum at 2.5 MeV. Wh

FIG. 5. Missing mass spectrum for the 1/21 state without FSI.
The solid line is the same as in Fig. 4~b!; the dashed line indicate
no FSI, no Pauli principle in any subsystem; the dotted line in
cates the ‘‘dineutron’’ case:3H-n interaction is switched off in all
partial waves; the dash-dotted line indicates the ‘‘dineutron’’ c
but with the Pauli principle taken into account.
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the experimental data from@11# are used instead of@10# to fit
the 3H-n interaction, the position of the 1/21 state shifts
down by 0.2–0.4 MeV. Diagonal phases reflect the reson
behavior in some partial components which correspond
the top barrier resonance case. The width values show
Table I were estimated as full widths at half maximum f
internal norms or cross sections after subtraction of the c
tribution connected with the plane waves.1 Wide bumps ap-
pear for 3/21 and 5/21 excitations with maxima very close
to the positions given by the shell model@2#. Generally
speaking, our three-cluster model is valid up to the3H
breakup threshold (;6 MeV). However, we could not ex
pect a large deviation of the calculated spectrum from
experimental one at higher energy if the3H cluster were
observed in a final state. As for the experimental observa
of the 1/21 resonant excitation in the5H system, it would
depend on the reaction mechanism, enhancing or suppres
the resonant partial waves. If angular distributions were m
sured, these partial waves could be separated.

A JINR-RIKEN-Kurchatov-GANIL experiment searchin
for 5H in the reaction 6He(p,2p)5H has been performed
very recently in Dubna. Preliminary results show a peak
about 2 MeV@13#. If true, this result supports our calcula
tions with the3H-n interaction from@11#. According to sys-
tematics of hydrogen and helium isotopes this result imp
that another superheavy isotope7H could be a slightly un-
bound state with small width.

We wish to acknowledge the support from the Chalm
University of Technology and the Niels Bohr Institute, whe
much of this work was carried out. The Royal Swedi
Academy of Science and RFBR support from Grant No. 9
02-17610 are acknowledged.

1Note that the width for the 1/21 state estimated in conventia
R-matrix approach for thes-wave decay to the3H1 ‘‘dineutron’’
channel, is about 10–15 MeV. This value should be compare
the 3–4 MeV width from Table I. The reason for this relative
narrow width is a three-body nature of the state.
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