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Resonance states ofH and °Be in a microscopic three-cluster model
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Resonance states 8H and °Be have been studied using microscopien+n andh-+p-+ p three-cluster
models, respectively. The resonance positions are localized by the three-body complex scaling method. An
effective nucleon-nucleon interaction, which reproducesatheN low energy phase shifts and the energies of
the 0" ground and 2 first excited states ofHe with the three-cluster model, is used to calculate resonance
states oH and®Be. This model can reasonably reproduce the experimentalandh+ p phase shifts at low
energies. It gives a 1/2broad resonance as the ground stattHrand °Be and in addition it gives two excited
resonance states of 3/2and 5/2 . The resonance parameters of the'142ate of°H in the present model are
close to those deduced from their recent experimental data by Korshenineikaly The same effective
nucleon-nucleon interaction is used for a tentative investigation in order to explore the possibility of a tetra-
neutron ¢n) resonance by means of the- n+n+n four-body complex scaling method on a restricted set of
model configurations. Our model does not give any evidence for a tetraneutron resonance.
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. INTRODUCTION of 5H is expected to be more important than thafie, but
the effect in®He is important to reproduce the binding en-
Recent developments in the experimental techniques adrgy[5]. Therefore a detailed comparison of the three-cluster
nuclear radioactive beams have highlighted exotic structurestructure betweefiHe and®H is likely to be very helpful in
in certain light unstable nucl¢lL]. One example is the neu- elycidating the binding mechanism in the neutron halo
tron halo structure which is found in some |Ight neUtl’Oﬂ-I’iChnudeus However the ground state ?j-ﬁ is not a partic|e_
nuclei. The®He system is one of the neutron halo nuclei andstaple state and none of the binary subsystems form bound
has a goodx+n+n three-body structuré.e., a borromean  states. Therefore we need a three-body resonance treatment
system with a small binding energy d€=—0.973 MeV for  in order to study th€H nucleus and also the excited states of
the ground state with respect to the three-body thresf&lld  SHe. This fact immediately makes the studies %1 and
Since protons are distributed only inside the core in the neufHe* much more complicated. There have been a few theo-
tron halo nucleus, it is very intriguing to ask the question:retical studies in the framework of the three-body model to
“How does this structure Change if the proton number inSidanestigate these resonance states by means of the hyper-
the core is changed?” In the case%e, two protons occupy  spherical harmonics methdé] and the analytical continua-
states inside the particle, and if one proton is removed then tion in the coupling constafi]. In this paper we employ the
this system turns toH with thet+n+n three-cluster Sys- three-body complex scaling methé@SM) [8,9] in order to
tem. This®H nucleus is studied in this paper. Here the corecalculate the resonance states ¥ and °Be, since this
nucleus, the tritor(with a binding energye=—8.48 MeV  method has previously been applied successfully to calculate
[3]), is a well bound nucleus but is not strongly rigid like the the three-body resonances in other light nufl&€-13.
a particle E=—28.30 MeV[3]). The binding is sufficient The ground state ofHe is the 0" state and there is a
so that it seems to be valid to employ the n+n three- well-known 2" excited state at excitation energg,
cluster model for’H and this can afford a discussion of this =1.80 MeV with a small widthl',=0.11 MeV [2]. There-
nucleus via a consistent model wifide. According to this fore, because the total angular momentum of the triton is
motivation, we adopt the same effective nucleon-nucleon ind/2", the ground state ofH is presumably 1/2 state and
teraction and a consistent model space compared to thogpessibly there are at least two resonance excited states of
that reproduce satisfactorily the structure ®fle by the 3/2" and 5/2". Accordingly our study in°H is concentrated
three-cluster model. on the 1/2, 3/2", 5/2* states in the present paper. Recent
The ground state ofHe has a well-known underbinding experimental results ohH(®He,?He)°H by Korsheninnikov
problem in a three-body model, as do&%i. In order to et al. give a resonance &,=1.7+0.3 MeV with respect to
overcome this problem the model space should be extenddtle t+n+n threshold, with a widthI',=1.9+0.4 MeV,
by including an additionalt+t channel to thea+n+n which could possibly be the 1f2ground state ofH [14].
model[4]. However®H cannot have such a two-body chan- Additionally, we also perform similar calculations for the
nel because two neutrons do not form a bound state. Furthemirror nucleus°Be with anh+p+p three-cluster model,
since the triton has a much smaller binding energy thamthe whereh stands for’He.
particle, the core distortion effect in the three-cluster system If two protons are removed frorfiHe, this system does
not possess any proton and it becomes a four-neutron system.
Recently this four-neutron system has attracted much atten-
*Email address: k.arai@surrey.ac.uk tion due to a recent experimental repldrb] which discusses
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the possibility of a bound tetraneutrofinj. There are al- and excited states dHe with the microscopic cluster model
ready several experimental and theoretical studies to discu$a 10] and reproduces fairly well the energies of the and

a three-neutron resonanics]. Since theoretical calculations 2+ states and the halo structure in the ground state. The core
[17] do not show any evidence of the four-neutron boundinternal wave function should strictly be given as a superpo-
state, it is an important question whether or not the foursition of several 8 functions with different size parameters.
neutron system has a four-body resonance stiaéetwo- and  However, owing to a limitation of the computer capacity we
three-neutron systems do not have bound stgs How-  compromise and employ a singles @unction in which the
ever it is not easy to calculate the four-body resonance acClsize parameter is chosen to minimize the energies ohthe

rately, and therefore we apply the complex scaling method tearticle and triton. The fitted values arg=0.303 fm 2 for
this four-neutron system but with the same effective nucleonthe o particle andv,= v,,=0.2255 fni 2 for the triton and

nucleon interaction used ifHe and with a restricted set of 3He. These values give the binding energie4.69,

model configurations compared féie. —4.56, and—3.79 MeV for thea particle, triton, and®He,
respectively, while the corresponding experimental data are
Il. MODEL —28.30 MeV, —8.48 MeV, and—7.72 MeV [3]. The ex-

change mixture parameterin the Minnesota force is set to
u=0.98 which reproduces the+N s and p-wave phase
shifts as shown in Fig. 6 of Ref23].

The microscopic multicluster model according to the
resonating group methd®GM) [18,19 is used here. In this
model the nucleus is assumed to consist fclusters. The The two-body scattering matrices of thea+N, t+n,

total wave function satisfies the Pauli principle exactly for all .
. : and h+p systems are calculated by means of the micro-
nucleons, is free from the center-of-mass motion, and has__ . . L
. o Scopic R-matrix method(MRM) [24]. The combination of
good total angular momentum and parity. The intrinsic wave
functions of the constituent clusters are taken to be simpl
shell model wave functions built up fromsOharmonic-
oscillator states. The wave function in thecluster system

with total angular momenturd and paritys is given as

he MRM with the RGM has previously been applied suc-
%essfully to study various light nucl¢l2,20,29. The ana-
lytic continuation of theS matrix to complex energigaCS)
[26,27 combined with the MRM 12] is employed to local-
ize two-body resonances. Three-body resonances are local-
ized by means of the three-body C§W0-13. In the CSM
PIMT=N C, A{[PE[T ¢, (v, pD)T (Vi p2) - - - 15 different tempered Gaussian basis functions with range of
A bi(=1/\/7i)s20 fm are superposed in order to expand each

(1) cluster relative wave function.

Concerning the three-body calculations fbHe, °Be,
H, and °Be, three channels are employed for the €ate
of ®He and®Be,

FeN_l( VkN_lvPN—l)]L]JM}:

where the subscript\ stands for the set of labels
{,S,(€1,€5, ... €n-1)L,K}, andu specifies the different
Jacobi arrangements. The paramet@irdetermines the size 0. 0L.S
of the tempered Gaussian functidh (v,p;) [20] and K {r.(61,62)L, S}

={k;,kz, ... ky_1} labels the terms of the basis set. The ={T.(0,00,0}, {Y,(1,90,0}, {Y,(1,D1,1}, (3
symbol A is the intercluster antisymmetrizer. The function

@4y, is the product of the cluster intrinsic wave functions and five channels for the 2state,

whereSis the total spin of théN-cluster system. The num-

bersf,, €5, ... £y_1 are the orbital angular momenta on ., (€1,65)L,S}

the respective Jacobi coordinajes p;, . .. .pn-1. The co- ={T,(0,22,0:,{T,(2,02,0},{Y,(1,1)2,0},
efficient C, is obtained by approximately solving the

g\i-\?éflggn Schrdinger equation in which the Hamiltonian is 1Y,(1,)1,3,1Y,(1,12,1. @)

A Seven channels are employed for the™1&ate of °H and
~ ~ A ~ 5
H=2 Ti—Tc.m_+i2<j F 2 Be

1, (€1,€2)L,Sun, S}

where T; is the kinetic energy ofth nucleon,T. ., is the
| o o —{T.(0,00,0,1/2 {Y.(1,1)0,0,1/2,

kinetic energy of the center-of-mass, am is the effective
nucleon-nucleon interaction. The Minnesota fof2&] with

the Coulomb force is chosen as the central part of the effec-
tive nucleon-nucleon interaction and the Reichstein-Tang

{Y,(1,10,1,1/2,{Y,(1,1,0,1/2,

force (set number IV [22] is added as the spin-orbit term. {v,(1,91,1,1/2,{Y,(1,11,1,3/3,
The tensor term, as usually with the Minnesota force, is not
included in our Hamiltonian and the Minnesota force repro- {Y,(1,2,1,3/2, (5)

duces the deuteron binding energy without i, compo-
nent. This potential has been employed to study the groundnd eight channels for the 3/tate,
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FIG. 1. Jacobi arrangements {n) the c+N+N three-cluster
system and irfb) then+n+n+n four-body system where stands
for the « particle, triton, and®He for ®He, °H, and °Be, respec-
tively. The Jacobi coordinates apg, p,, andps.

{ﬂa(€11€2)L!SNNaS}
={Y,(1,1)0,1,3/2},{Y,(1,1)1,0,1/3,

{Y,(1,11,1,1/2{Y,(1,11,1,3/2,
{T,(0,22,0,1/2 {Y,(1,1)2,0,1/2,

{Y,(1,2,1,1/2,{Y,(1,1)2,1,3/2,

(6)
and five channels for the 5/2state,
{m,(€1,€2)L,Syn, S}
={Y,(1,11,1,3/2,{T,(0,2)2,0,1/2,
{Y,(1,1)2,0,1/2,{Y,(1,1)2,1,1/2,
{Y,(1,12,1,3/2, (7)

whereT and Y stand for the N)c and €N)N Jacobi ar-
rangements, respectively, as shown in Fi@) With c repre-
senting for thex particle in ®He, the triton in°H, and *He

in °Be. Finally, Syy is the coupled spin of the two valence
nucleons in°H and °Be.
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FIG. 2. Elastic scattering phase shifts of the-p andt+n
systems. Experimental data are taken from [R28]. The error bars
of the experimental data are omitted for clarity.

IIl. RESULTS

Figure 2 shows the results for tlse and p-wave elastic
scattering phase shifts for the-n and h+p systems. Our
results are compared with the experimental d&&|. The
s-wave partial wave produces two statesJd=0" and 1
and the p-wave produces four states af"=0", 17 (S
=0), 1 (S=1), and 2. These scattering phase shifts indi-
cate a repulsive interaction in treewave and an attractive
interaction in thep wave as well as the+ N system. The
splitting between the two states(@nd 1') in theswave is
very weak due to a lack of the contribution from the spin-
orbit force. Also, our calculated phase shifts well reproduce
the experimentat-wave phase shifts in thie+ p system. In
thet+ n system the ordering of the two stateslét=0" and
1" in our model is opposite to that in the experimental data.
Among the six states the 2state indicates the strongest
attraction in our model as indeed is the case for the experi-
mental data. Our calculated phase shifts of the &nd
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TABLE |. Resonance enerdy, (MeV) and widthI', (MeV) for  those based on the position of tBematrix pole. These dif-
°He, °Li, *H, and“Li. Energies are given relative to the respective ferent definitions often lead to some discrepancies in reso-
two-body thresholds. Experimental data are taken from Ré4fin  nance parameters, especially for broad resonance states. For
°He and®Li and from Ref.[3] in *H and “Li. See the text for the  example, this sort of discrepanciesHe(Li) can be found
definition of the resonance parameters. in Tables 5.1 and 5.85.3 and 5.4 of Ref.[2] and in Table |
of Ref.[27]. In our model the 2 state has the smallest width

Cal. Expt. among thep-wave resonances in agreement with the experi-
J” E: I'r Er I mental data, but this model state has a higher resonance en-
5He ergy than the other three resonances whereas it is lowest
12 203 5.43 207 557 resonance in the experimental dgB. However, the differ-
3/ 0.78 0.64 0.798 0.648 ences between the resonance energies for these four states in
5 our model are sr_naéllll arld.cor?sequently we can be confident
12 286 631 318 6.60 that the Z §tate in“H ( L!) will be the most mg_)portant for
a3/ 163 124 1.69 193 the explammg.the experlmentally obser\(éEH( Be) reso-
ay nances. The width of the13_tate W|th$=0 is mL_Jch smaller
o- 119 6.17 527 8.92 in our model than th(_a eerrl_mentaI width and is smgller than
1-(5=0) 132 470 6.02 12.99 that of the T~ state withS=1 in contrast to the experimental
B data. In our model the resonance energies of the ffeuave
17(82 1 123 5.80 3.50 6.73 states are concentrated within a small energy range but ex-
EL' 1.52 4.11 3.19 5.42 perimentally the resonance energies of the &d 1 (S
- =0) states are 2—3 MeV higher than those of the &hd
0 1.83 6.99 6.15 9.35 17(S=1) states. In addition the resonance energies of the
17(s=0) 1.95 5.51 6.92 1351 2~ and I (S=1) states in our model are 1.7-2.5 MeV
17(s=1) 1.88 6.61 4.39 7.35 lower than those in the experimental data.
2" 2.20 4.98 4.07 6.03 Table Il shows the three-body resonance parameters for

°H, °Be, ®He, and®Be where these resonance states are
localized by the three-body CSM. Since the many-body
17(S=1) states are relatively close to the experimental dat@roblem is solved approximately using the finite number of
whereas those of the 1S=0) and 0 states show a much Gaussian basis set, it is known that the complex resonance
stronger attractive interaction than in the experimental dateeigenvalue of the complex rotated Hamiltonian has some de-
The splitting of the I state into the two different spin states pendences on the basis set and the rotational 48§leAs
(S=0,1) is much smaller in our model than in the experi-usually in the CSM, the stationary point of tiéetrajectory
mental data and the ordering of these two states is opposit@0] is regarded as the resonance position and in addition the
to the experimental data. These disagreements are presun@sonance parameters given in Table Il are sufficiently con-
ably attributed to the lack of the tensor term in our effectivevergent values in the dimension of the basis setréjectory
nucleon-nucleon interaction. In fact the recent GCM calcu{30]). In the present study, the resonance parameters are de-
lation by Descouvemont and Kharbafh] shows that the termined by only single basis set in order to save computing
Mertelmeier and Hofmann forcE29], which includes the time, but our test calculation shows that other choices of the
tensor term, enlarges the splitting and changes the order ipasis set give only insignificant difference on the resonance
these two I states and gives better agreements for the 1 parameters. Figure 3 shows, for example, eigenvalues of the
(S=0) and 0" states, but this force seems to be too attractivecomplex rotated Hamiltonian of the 172tate in°H with a
for the 17(S=1) state. Therefore an improved effective rotational angle ob=0.46 rad. There is evidently one reso-
nucleon-nucleon interaction is required in order to reproduc#ance eigenvaluéwhite circle separated from the con-
these phase shifts more accurately, but constructing a netinuum eigenvaluessolid circle where the resonance energy
effective nucleon-nucleon interaction is out of the scope inE, and widthI", are related to the complex energy By
present paper. =E,—iI',/2. The results for’He and ®Be give reasonable
Table | shows the two-body resonance parameter$bf agreement with the experimental data. Thedground state
and “Li together with the results foHe and®Li. The reso- of ®He with the three-body model has a well-known un-
nance parameters derived from the ACS in our model arelerbinding problen{4] and accordingly the resonance en-
defined as position of th&matrix pole on the complex en- ergy of the J state in®Be is a little higher in our model than
ergy plane. The experimental data fide and®Li in Table  the experimental energy, with consequently a little larger
| are derived from the extenddRmatrix prescription based width. In contrast, the resonance energy of the éxcited
on the complex pole of th&matrix [2]. Thus, there is natu- state is a little lower than the experimental energy and the
rally good agreement between our results féte and °Li width is a little smaller than the experimental width in both
and the experimental data. However, the experimental datéHe and®Be[10]. Tiny differences of the resonance param-
of “H and “Li in Table | are obtained by the conventiorRal  eters for the 2 state between our results and those in Ref.
matrix or Breit-Wigner fit to the peak of the cross section[10] might arise from an enlargement of the basis set in the
involving these nucle{3]. It is known that the resonance present model. The total angular momentum of the ground
parameters derived from this way may be different fromstate in both°H and ®Be in our model is 1/2 corresponding
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FIG. 3. Complex eigenvalues in the CSM for the "1/&ate in
5H. The rotation angle i¥=0.46 rad. The open circle corresponds
to the complex eigenvalue of the resonance state.

FIG. 4. Complex eigenvalues in the CSM for the §tate of the
n+n+n+n system. The rotation angle &=0.4 rad.

The 5/2" state is lower than the 3f2state but the splitting of
to the 0" ground state ofHe. The widths of these ground these two states is very smatbout 0.1 MeV. As well as
states are 2.48 MeV iiH and 3.62 MeV in°Be and these the two 1~ states in*H, this splitting is possibly enlarged by
widths are naturally much broader than that of the groundhe inclusion of the tensor term in the effective nucleon-
state of ®Be. Our result for the 1/2 state in °H (E, nucleon interaction. The excitation energies are
=1.59 MeV, I';=2.48 MeV) is quite close to the recent ex- E,=1.31-1.45 MeV for these states which, as expected, are
perimental data by Korsheninnikovetal, E;,=1.7 not very different from the 2 energies ofE,=1.3 MeV in
+0.3 MeV withI',=1.9+0.4 MeV[14]. It should be noted SHe andE,=1.16 MeV in ®Be according to our model.
that these experimental resonance parameters are derivedWe now apply the same effective nucleon-nucleon inter-
from the Breit-Wigner fit to a peak in th€H spectrum action to discuss the tetraneutron. However, since two neu-
whereas the resonance parameters in the CSM are basedwons do not form a bound state, it is no longer valid to
the complexS-matrix pole. As it is already mentioned above, assume a core cluster inside the tetraneutron as was done for
these different definitions of the resonance parameters cafHe and °H. Therefore we should solve the four-body (
lead to some discrepancies in the resonance parameters, @sn+n+n) problem and here we apply the four-body com-
pecially for broad resonances. The Coulomb displacemenglex scaling method to explore the possibility of a four-
energy in the 1/2 state of °H-"Be is 1.56 MeV which is neutron resonance. In this paper we consider only the 0
smaller than the 2.18 MeV for the*Ostate in °He°Be,  state that is expected as the ground state, since two neutrons
simply reflecting the different number of charges in the coreoccupy thes,;, orbit and other two neutrons occupy thg,
Our model gives two excited states with total angular mo-orbit in a shell model configuration. Owing to a computer
menta 3/2 and 5/2" and both states have very large widths. limitation, we compromise by taking into account only three

TABLE Il. Resonance energl, (MeV) and widthT', (MeV) of ®He, ®Be, °H, and °Be. Energies are
given relative to the respective three-body thresholds. Values within the parentheses indicate the experimental
data taken from Ref.2] for ®He and®Be and from Ref[14] for 5H. See the text for the definition of the
resonance parameters.

J” E, r, E, r,
SHe 5Be
0" —0.66 1.52 0.16
(—0.973) (1.3712 (0.092+0.006)
2+ 0.64 0.04 2.68 0.74
(0.824+0.025) (0.113-0.020) (3.04-0.05) (1.16-0.06)
SH SBe
1/2* 1.59 2.48 3.15 3.62
(1.7£0.3) (1.950.4)
3/2* 3.0 4.8 4.6 6.3
5/2* 2.9 4.1 4.5 5.6
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channels which relate to the three channels used in thmore elaborate and sophisticated calculations are required to
ground state ofHe, given in Eq.(3). These three channels confirm the above result, but that is beyond the scope of the
are present work.

{,LL,(€2,€3)L,S}
={T',(0,00,0;,{Y’,(1,10,0:,{Y',(1,11,1, (8)

IV. CONCLUSIONS

We have calculated the resonance stateSHbfand °Be
whereT’ andY’ stand for the fin)(nn) and((nn)nn) Ja-  using the same effective nucleon-nucleon interaction as for
cobi arrangements, respectively, as shown in Fib).IThe 8He and with a consistent model space. The present effective
orbital angular momenturfy, is set to zero and consequently nucleon-nucleon interaction, which can reproduce the experi-
the two neutrons connected lpy are allowed to couple to mental low energg- andp-wavea+ N phase shifts, reason-
zero spin due to the Pauli principle. These two neutrons caably reproduces the experimental low enetgy p and t

be regarded as the two neutrons occupyingstigorbit. The ~ +n phase shifts. Our model gives the 1/3tate as the
Minnesota force is constructed to reproduce the experimentground state of’H with a resonance energy and a rather
scattering lengths and effective ranges of theaven+p  broad width that are both quite close to the recent experi-
triplet andp+ p singlet state§21] and gives a virtual state at mental datd14]. Further, it predicts two excited states (3/2
E=-0.13-i 0.0 MeV for the swave n+n singlet state. and 5/2) with very broad widths and a vanishingly small
Since no cluster structure is any longer assumed, it is desienergy splitting but the latter is possibly enlarged by an ad-
able to employ a realistic nucleon-nucleon interaction, but alitional tensor term in the effective nucleon-nucleon interac-
search of the four-body resonance with such a complicatetion. The mirror nucleusBe has also been calculated and it
force would give rise to enormous difficulties and is nothas a similar spectrum. To give more accurate and reliable
feasible with the CSM. In addition, the aim of this paper is toresonance positions 6H and °Be theoretically, an improve-
discuss the four-neutron system in a consistent way ftita  ment of the effective nucleon-nucleon interaction is required
and °H. Ten tempered Gaussian basis functions are supeto reproduce accurately the low energy properties oftthe
posed on each Jacobi coordinate, with rangeb;sf15 fm  +n, h+p anda+N systems simultaneously.

andb,,b;=<20 fm. We have explored the"Ostate up tod Finally, the same effective nucleon-nucleon interaction
=0.5 with this condition but have found no evidence for has been used to search for a @sonance state of the tet-
such a four-neutron resonance within the present model. Figaneutron {n) system with a restricted number of basis
ure 4 shows the eigenvalues of the complex rotated Hamilstates. The four-body+n-+n-+n complex scaling method
tonian with 6=0.4, for example. The conclusion is that the gives no evidence of such a resonance state within the
present model does not produce a four-neutron resonance @resent model.

alternatively, any such resonance must have a very broad
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