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A. Csótó,1 H. Oberhummer,2 and R. Pichler2
1National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48
2Institut für Kernphysik, Technische Universita¨t Wien, Wiedner Hauptstrasse 8–10, 1040 Vienna, Austria

~Received 10 October 1995!

We search for three-neutron resonances which were predicted from pion double charge exchange e

ments on3He. All partial waves up toJ5
5
2 are nonresonant except theJ

p5
3
2

1 one, where we find a state at
E514 MeV energy with 13 MeV width. The parameters of the mirror state in the three-proton system
E515 MeV andG514 MeV. The possible existence of an excited state in the triton, which was predicted f
a H(6He,a) experiment, is also discussed.

PACS number~s!: 21.45.1v, 24.30.Gd, 27.10.1h, 25.80.Gn
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I. INTRODUCTION

One of the clearest indications of the spin dependenc
the nucleon-nucleon interaction is the fact that there exis
bound triplet deuteron, but not a singlet deuteron or din
tron. The possibility that by adding one or two more neutro
to an unbound dineutron one might wind up with a bou
trineutron or tetraneutron has long been discussed. Howe
precise experiments and calculations show no indication
the existence of such bound structures@1#. Nevertheless, the
existence of resonant states of these nuclei, which have
servable effects, cannot be excluded.

Sperindeet al. found @2# that the differential cross sectio
of the 3He(p2,p1)3n pion double charge exchange rea
tion strongly differs from what one would expect from a pu
phase space description of the final state. The discrepa
seemed to be well explained by the assumption that th
exists a three-neutron resonance at 2 MeV energy with
MeV width. The authors suggested that this state is proba

a member of aT5 3
2 isospin quartet in theA53 nuclei,

another member being the three-proton state found in@3#.
The mechanism of the double charge exchange experim
was studied theoretically in@4#. The authors found that by
taking into account the final state interaction between
outgoing neutrons, one can get good agreement with the
perimental results of@2#. However, the nature of this fina
state interaction, whether it produces a three-neutron r
nance or not, was not studied in@4#.

Recently, a more thorough experimental study of
3He(p2,p1)3n process was performed@5#. The authors
pointed out that the analysis of@2# was incorrect, because
four-body phase space had been divided out of the c
section, instead of the correct three-body one. This mist
leads to a peak in the cross section at low energies. Howe
three-neutron structures also appear in@5# at small angles.
These structures at;20 MeV three-neutron missing mas
and with;20 MeV width could be caused by three-neutr
resonances.

There are experimental indications of the possible ex
ence of resonances in otherA53 nuclei, too. For example, in
a recent H(6He,a) experiment@6# the authors concluded tha
in order to explain their results, an excited state of the tri
53/96/53~4!/1589~4!/$10.00
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has to be assumed withE*57.060.3 MeV excitation energy
andG50.660.3 MeV width.

Theoretically the problem of a three-neutron resonan
was studied by Glo¨ckle @7#, who calculated the pole position
of theS matrix from the analytical continuation of the Fad
deev kernel for three neutrons with pure1S0 N2N interac-
tion. He found that the pattern of the pole trajectory ruled o
the possibility of a low-energy12

1 three-neutron resonance in
his model.

The aim of this current work is to systematically investi
gate the possible existence of resonances in the lowest pa
waves of the three-neutron system by using the compl
scaling method. We shall also comment on the triton excite
state.

II. COMPLEX SCALING

In coordinate space, resonance eigenfunctions, cor
sponding to the complex energy solutions of the Schro¨dinger
equation

ĤuC&5~ T̂1V̂!uC&5EuC&, ~1!

show oscillatory behavior in the asymptotic region with ex
ponentially growing amplitude,;exp@i(k2ig)r# (k,g.0).
Thus the resonance eigenfunctions are not square integra
The complex scaling method~CSM! @8# reduces the descrip-
tion of resonant states to that of bound states, thus avoid
the problem of asymptotics. In the CSM we define a ne
Hamiltonian by

Ĥu5Û~u!ĤÛ21~u!, ~2!

and solve the complex equation

ĤuuCu&5«uCu&. ~3!

Here the unbounded similarity transformationÛ(u) acts, in
the coordinate space, on a functionf (r ) as

Û~u! f ~r !5e3iu/2f ~reiu!. ~4!

@If u is real, Û(u) means a rotation into the complex coor
dinate plane, if it is complex, it means a rotation and sca
ing.# In the case of a many-body Hamiltonian,~4! means that
1589 © 1996 The American Physical Society



o
i

f

-
e
h

.

o

t

o

k

e

a

d
n

f

ost

-

re

her
r

e

the
ing
e

s
ed

ar
e
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the transformation has to be performed in each Jacobi c
dinate. For a broad class of potentials there is the follow
connection between the spectra ofĤ and Ĥu @9#: ~i! the
bound eigenstates ofĤ are the eigenstates ofĤu , for any
value ofu within 0<u,p/2; ~ii ! the continuous spectrum o
Ĥ will be rotated by an angle 2u; ~iii ! the complex general-
ized eigenvalues ofĤu , « res5E2 iG/2, E,G.0 ~whereG is
the full width at half maximum! belong to its proper spec
trum, with square-integrable eigenfunctions, provid
2u.uarg« resu. These complex eigenvalues coincide with t
S matrix pole positions. This method was tested for thre
body resonances in@10#, and was applied to the low-lying
spectra of the6He, 6Li, and 6Be nuclei in @11#. Further
details and references of the method can be found there
note that the CSM is identical to a contour rotation in m
mentum space@12#. That latter method was also used, f
example, to study three-body resonances in theA56 nuclei
@13#.

Up to Eq.~3! our treatment of the three-body resonanc
is exact. The only approximation we use here is that now
expand the wave function of Eq.~3! in terms of products of
Gaussian functions with different widths, and determine
expansion coefficients from thêdCuuĤu2«uCu&50 pro-
jection equation. Thus we select the square integrable s
tions of Eq. ~3!, which are the three-body resonances, a
discretize the continuum. A term of this expansion looks li
r1
l1exp@2(r1 /gi)

2#Yl1m1(r̂1)•r2
l2exp@2(r2 /gj)

2#Yl2m2(r̂2), where

l 1 and l 2 are the angular momenta in the two relative m
tions, respectively, and the widthsg of the Gaussians are th
parameters of the expansion.

III. RESULTS

We use the Minnesota effective nucleon-nucleon inter
tion @14#, together with the tensor force of@15,16#. The space
exchange parameter of the tensor force is adjusted to
splitting of the 3PJ phase shifts. As one can see in Fig.
this force producesp1p phase shifts which are in goo
agreement with experiment. The higher partial waves,
shown in Fig. 1, are also close to the~practically zero! ex-
perimental values. In the three-neutron wave functions
n1n partial waves up tol52 are included. In some case
we checked the role of thel53 partial waves and found
them insignificant.

Figure 2~a! shows a typical result of our calculations, i

this case forJp5 3
2

2. What one can see is the discretize
rotated three-body cut of Eq.~3!, with E5Re(«) and
G522 Im(«). The energy points are all sitting on a hal
line whose angle to theE axis is roughly 2u. If there were a
resonance in this partial wave, it would be in the upper rig
triangle, separated from the continuum points.

In Fig. 2~b! we show the result forJp5 3
2

1, which is
found to be the only resonant partial wave. The reson
state is shown by the circle. We find that the dominant ter

in the resonant Jp5 3
2

1 wave function are the

@( l 1l 2)L,S#5@(11)1,32 # and @(11)2,12 # LS components,
where L and S are the total angular momentum and tot
spin, respectively. The other components have small but n
negligible effects.
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Because we solve Eq.~3! approximately, the resonance
parameters depend slightly onu. To find the optimalu value
we use the method based on the complex virial theorem@18#.
We repeat the calculations with several differentu values,
and find a region where the resonance parameters are m
insensitive to the change ofu. To reduce computer time, we
perform these calculations with a wave function which con
tains only the above mentioned two most importantLS com-
ponents. In Fig. 3 one can see that the optimalu angle is
somewhere between 0.3 and 0.35 rad. Using such au value
in the full model the parameters of the resonance a
E514 MeV andG513 MeV.

What can one say about possible resonances in ot
A53 nuclei? The effect of the Coulomb force in the mirro
three-proton system is trivial, pushing the32

1 resonance to-
ward higher energy and increasing its width accordingly. Th
resonance parameters areE515 MeV andG514 MeV.

The situation is more complex in the cases of3H and
3He, because these nuclei have two-body channels below
three-nucleon thresholds. Recently an experiment, study
the H(6He,a) reaction, found indications of an excited stat
of the triton atE*57.060.3 MeV excitation energy with
G50.660.3 MeV width @6#. This state would be situated
between thed1n andn1n1p thresholds. It was suggested
in @6# and@19# that the dominant configuration in this state i
the (nn)p one, i.e., the resonance originates from the clos
three-body channel.

Unfortunately our currentN-N interaction is not appropri-
ate for a calculation which contains all the relevant angul
momentum configurations for the triton. This is because th

FIG. 1. S-wave~a! andP- andD-wave~b! p1p phase shifts in
the center-of-mass frame. Experimental data are taken from@17#.
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Minnesota force reproduces the3S1 n1p phase shift and the
deuteron binding energy without the tensor force. Howe
we can estimate the role of then1n1p andd1n channels
in a restricted model, which contains3D1 states just betwee
thed andn but not inside the deuteron. The Minnesota fo
is shown @20# to give a good overall description for th
d1p, and supposedly for thed1n, scattering in such a
model. It is important to note that, if there is a resonance
the (nn)p configuration, it must appear in a one-chan
d1n model, too. The reason is that anyJp state that can be
formed in the (nn)p configuration can be built up from

FIG. 2. Energy eigenvalues of the complex scaled Hamilton
of the ~a! 3

2
2, and ~b! 3

2
1 three-neutron states;E5Re(«),

G522 Im(«). The dots are the points of the rotated discretiz
continua, while the circle is a three-neutron resonance. The rota
angle is 0.4 rad.

FIG. 3. Theu trajectory of the32
1 three-neutron resonance wi

a two-component wave function. Theu values are indicated.
er,

ce
e
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d1n one, too, and thisd1n channel is nonorthogonal to the
(nn)p configuration. TheE*57.0 MeV excitation energy
and G50.6 MeV width would imply anS matrix pole at
«521.52 i0.3 MeV in then1n1p three-body channel. If
this pole has a three-body origin, and is not on the Riema
sheet, which is adjacent to the physical sheet, then we sho
use u.1.5 rad in the three-body channel. For such larg
rotation angles our method is rather unstable, and the loc
ization of the pole is hopeless. If, however, this pole
present in thed1n scattering, we can use a variety of meth
ods to localize it. Here we use the analytic continuation
theSmatrix to complex energies@16#, which is feasible for a
two-body case. It is basically equivalent with the CSM, b
is more precise than that, especially for broad resonance
1
2

1 pole is found atE51.4 MeVd1n center-of-mass energy
with a width of 9 MeV. Then1n1p channel can be taken
into account approximately, by using a few discretized co
tinuum states of (nn) with positive energies and square
integrable wave functions. The inclusion of thisn1n1p
channel does not change the pole position significantly. T
dominant configuration of the wave function isd1n, in con-
trast to the case of@19#.

The quality of our 3S1 and 3D1 N-N forces makes it
impossible to reach a firm conclusion concerning the exi
ence of a narrow excited state of the triton. Our main result
that the picture of@6# and @19#, namely that this state origi-
nates from the (nn)p channel, is questionable. As such
state would be nonorthogonal to thed1n channel, this latter
configuration must be important.

Finally, we note that the use of realistic interactions t
gether with a full model space~including l>3) may change
the parameters of the32

1 resonance. This is why we have
made no attempt to further optimize our basis~expansion
length, Gaussian widths, etc.! and find more precise reso-
nance parameters. Our aim was to show the existence of s
a state.

IV. CONCLUSION

In summary, we have searched for three-neutron re
nances using the complex scaling method. We have foun

Jp5 3
2

1 resonant state atE514 MeV energy withG513

MeV width. All other partial waves up toJ5 5
2 were found to

be nonresonant. The parameters of the mirror3
2

1 three-
proton resonance areE515 MeV andG514 MeV. Our re-
sults are inconclusive regarding the narrow excited state
the triton, but show the importance of thed1n channel.
Calculations using other methods, e.g., Refs.@12,13# would
be useful.
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