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It is shown that three-body non-Borromean halo nuclei fik@e, *8C, 2°C, considered as neutron-neutron-
core systems, haygwave virtual states with energy of about 1.7 times the corresponding neutron-core binding
energy. We use a renormalizable model that guarantees the general validity of our results in the context of short
range interactions.

PACS numbd(s): 27.20+n, 21.10.Dr, 21.45tv, 24.30.Gd

Halo nuclei offer the opportunity to study few-body as- force, the knowledge of physical informatiéone from three
pects of the nuclear interaction with their peculiar three-bodybody and another from two bogygan well describe all the
phenomena. Recently, attention was drawn to the possibilitjow-energy properties of the three-body systgid|. The
of existing Efimov statefl] in such systems, because somethree-body input can be chosen as the experimental ground
halo nuclei can be viewed as a three-body system, with twestate binding energy. All the detailed information about the
loosely bound neutrons and a cdi-4|. It was suggested short-range force, beyond the low-energy two-body observ-
[5] that *8C and 2°C are promising candidates to have Efi- ables, is retained in only one three-body physical informa-
mov states. In Ref6], by considering the critical conditions tion, in the limit of the zero-range interaction. The sensitivity
to allow the existence of one Efimov state and using theof the three-body binding energy to the interaction properties
experimental values for the neutron separation energiesomes from the collapse of the system in the limit of zero-
(**C+n and *8C+2n) given in Ref.[7], it was concluded range force. This is known as the Thomas effdd).
that 2°C could have such a state. The three-body scale vanishes as a physical parameter if

The weakly bound Efimov statd4] appear in the zero the angular momentum or the symmetries do not allow the
angular momentum state of a three boson system. The nursimultaneous presence of the particles close to each other. In
ber of states, condensing at zero energy, grows to infinity athree-bodyp-wave states, the centrifugal barrier forbid the
the pair interactions are just about to bind two particles in théhird particle to be close to the interacting péivhere the
swave. Such states are loosely bound and their wave fungair is supposed to be interacting through $heave poten-
tions extend far beyond those of normal states. If such statd#al). Consequently, the third particle just notices the
exist in nature they will dominate the low-energy scatteringasymptotic wave of the interacting pair, which is defined by
of one of the particles with the bound-state of the remaininga two-body physical scale. In these states, the system is not
two particles. Such states have been studied in several ngensitive to the three-body scale. The observables of the
merical model calculation§5,8,9]. There were theoretical three-body system, in states that have nonzero angular mo-
searches for Efimov states in atomic and nuclear system®entum, are only determined by two-body scales. We look
without a clear experimental signature of their occurrencdor special possibilities in the wave like the virtual state.
[10-12. The trineutron system in the wave presents a peculiar pole

The physical picture underlying such phenomena is rein the second energy sh¢é6,17], when the neutron-neutron
lated to the unusually large size of these light three-body(n—n) is artificially bound. The value of the pole scales with
halo nuclei. The core can be assumed to be structurelegge binding energy of the fictitious—n system, as this is the
[5,13] considering that the radius of the neutron halo is muclonly scale of the three-body systdm7]. In principle, the
greater than the radius of the core. The large size scale of thexistence of one virtual state in three-body halo nuclei sys-
orbit of the outer neutrons in halo nuclei comes from thetems inp wave is not forbidden. If such a state exists, it will
small neutron separation energies, characterizing a weakigepend exclusively on the two-body scales namely, the bind-
bound few-body system. Thus, the detailed form of theing energy of the neutron to the core and then virtual
nuclear interaction is not important, which provides the sysstate energy.
tem with universal properties, as long as certain physical In this work, we search for the virtual state of the three-
scales are knowp6]. This situation allows the use of con- body halo nuclei inp waves. We consider the zero-range
cepts considered in short-range interactions. model that is well defined ip waves. The inputs are the

In the limit of a zero-range interaction, the three-bodyenergy of the bound state of the neutron to the core and the
system is parameterized by the physical two-body and thregi—n virtual state energy. We look for weakly bounecore
body scales. In the renormalization approach of the quantursystems; in particular, we examinéBe (}°Be+2n), &C
mechanical many-body model with tteewave zero-range (**C+2n), and?°C (*3C+2n). The zero-range model equa-
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tion is analytically continued to the second energy sheet irmngular momentum two-particle state in the relative coordi-
the complex plane. There, we search the solution of the horates. It was also observed in REL9] (when discussing
mogeneous equation. In the case of Borromean halo nuclet'Li) that even the three-body wave function with swave
such aslLi, our method does not work. However, in this n—n correlation produces a ground state of the halo nuclei
case, to get rid of the virtual state, th8Li (°Li+n) is arti-  with two or more shell-model configurations.

ficially bound, in order to allow the analytical continuationto ~ The energies of the two particle subsystéip, andE,,

the second energy sheet through the elastic cut. can be virtual or bound. However, the extension to the sec-

The nuclei 12Be, 8C, and 2°C have an interesting non- ond energy sheet will be done through the cutting of the
Borromean nature with strong—n pairing in the ground elastic scattering of the neutron and the bound neutron-core
state. Specifically,'’Be is {O",23.6 ms, E,=3169Ke\},  subsystem. Thus, we are going to use the value of the virtual
8c is {0",95ms, E,=4180KeW, and 2°C is state energyk,,=143 KeV, and the binding energy of the
{O0*, ?, E,=3340Ke\, where the first number is the spin neutron to the cor&, in our calculations. We vary the core
parity of the ground state, the second is the mean lifetimemass to study the light halo nuclei liké'Li, ‘’Be, *C,
and the third is the neutron separation energy. The lifetime o&nd 2°C.
20c, shown by a question mark, is not available. The num- The zero-range three-body integral equation, for the
bers should be compared to the one-neutron-less isotopddpund state of two identical particles and a core, is written as
HBe, 17C, and '°C, respectively, given by1/2", 13.81 ms, a generalization of the three-boson integral equaftail. It
E,=504 KeV}, {?, 193ms, E,=729KeV}, and is composed of two coupled integral equations, in close anal-
{5/2"(1/2%), ?, E,=160 (530 KeV}. The number in the 0gy to the case of thewave separable potential model pre-
parentheses, if°C, refers to the recent measurement of Na-sented in Ref[13]. The antisymmetrization of the two outer
kamuraet al.[18]. Again, the question marks refer to results neutrons is satisfied because the spin couples to[£grén
that are not available. The above nuclei are used to determir@r approach the potential form factors and the correspond-
the neutron-core binding energies in our calculations. Notdng strengths are replaced in the renormalization procedure
that then—n pairing energiesA,,,, are in the range 2260 by the two-body binding energids;, andE,. In the case
<A,,=3400 KeV. In our calculation of the-wave virtual ~ Of bound systems, these quantities are the separation ener-
state, the pairing is taken to be inoperative. The only energgies. We distinguish these two cases by the following
scales left are the neutron-core binding enerfgy ] and the  definition:

n—n virtual state energyH,,,) in the p-wave three-body
virtual state(pygmy dipole state
i : . ) Knn

As the input energies are fixed by the renormalized
model, the generality of the present conclusions will not be
affected by a potential that is more realistic. The correctiongvhere+ refers to bound ane- to virtual state energies. Our
due to the Pauli principle, between the halo and the coreinits will be such that =1 and the nucleon mass),=1.
neutrons, affect essentially the ground state. They are weak- After partial wave projection, thewave coupled integral
ened in thep-wave state due to the centrifugal barrier. We equations for the three-body system consisting of two neu-
have to consider that this is a short-range phenomenon théons and a corenf—n—c) are
occurs for distances less than the core ¢amut~3 fm for
light-halo nuclej. We believe that our results are valid even -
in the case where the spin of the core is nonzero. The results X'nn(q)zzrnn(q;E;Knn)f dkG(a,k;E)xh(k), (2
show weak dependence on the mass difference of the par- 0
ticles, in a sense explained together with the numerical re-
sults. This is enough to suggest that the dependence on the "
details of the interactions cannot be larger. Xho(d)= Tnc(q;E;Knc)f dK Gy (K, & E) xnn(k)

In other contexts, the three-nucleon system has been stud- 0
ied with zero-range force mode[d1]. Such models suc-
ceeded in explaining the qualitative properties of the three-
nucleon system and described the known correlations
between three-nucleon observables. The universality in th@here
three-nucleon system means the independence of the corre-
lations to the details of the short-range nucleon-nucleon po-
tentials[11].

Here, we use a notation appropriate for halo nucidpr
neutron anca for core. We would like to point out, however,
that our approach is applicable to any three-particle system
that interacts vias-wave short-range interactions, where two
of the particles are identical. Thewave interaction for the
n—c potential is justified in the present analysis because the
p-wave virtual statgif it exists) should have a very small
energy. It would be sensitive to the properties of the zero

=—\VEm Kne=VEne 1)

+AGH(0,KE) xhe(K)1, 3)

1 Act2 -1
Tnn(q;E;Knn):; E+ 4A, q°—Knn ) (4)

Ac+1)32

2A,

/E Ac+2 2 -1 .
+mq_nc , (5

1
Tnc( & E;Kpe) = ;

X
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Gl(q,k;E)=2Ak?
1 P(x) =
xf dx ) o2
-1 2AL(E+K?)+0g2(A.+1)+2A.gkx T
(6) =
™3
Gh(q,k;E)=2k? <
=
1 P,(x g
xf dx 1) . > 7
-1 2AE+(g?+k?)(A.+1)+2qkx m 0.2 r
(7) Il 1l 1l

0'0 IR ETIT aoanl 4l
0.001 0.01 0.1 1 10 100 1000

In the above equationg\; is the core mass number aids c

the modulus of the energy of the three-body halo state. As

we are concerned with nonzero angular momenta, the FIG. 1. Scaling plot ofA.+2/A.B,/E,. as a function of the
Thomas collapse does not appear and the momentum intgore mass numbé, for E,.=Ey,. B,=E,—E, whereE, is the
gration can be extended to infinity. Fbr 0 the short-range P-wave virtual state energy, aifif); is the bound state energy of the
three-body scale is not effective while the renormalization offeutron-core subsysterti,, is the virtual state energy of two neu-
the Faddeev equations is necessary f00. In the renormal- ~ ons.

ization procedure, for=0, a momentum scale is introduced )

usually as a subtraction point in the integral equatiing. )= (aE. K 2iIA(A+1)

Such a momentum scale qualitatively represents the inverse Xne( @)= Tne( A B, 3 Kno) mQ(A+2) 2
of the interaction radiugl1]. The subtraction point goes to _
infinity as the radius of the interaction decreases. So, the X (0, =Ky ;Ey) Xne( —1Ky) Tne( A Ey i Kne)
three-body model is renormalizable for 0, requiring only

one three-body observable to be fixgth] once the two- * | ) |

body low-energy physical informations are given. The X jo dk| Gi(k,a:E,) xnn(k)

scheme is invariant under renormalization group transforma-

tions. However, fot >0, the original equations, as given by

Egs.(2) and(3), are well defined and the three-body observ- ACGIZ(q!k;Ev)Xlnc(k)
ables are completely determined by the two-body physical Ao , 9
scales related t&,,, andK,,.. B +— < = g2

The analytic continuation of the scattering equations to °2(Act+1)

the second energy sheet, for separable potentials, was exten- i i
sively discussed by Gikle [16], and, in the zero-range where the on-energy-shell momentum at the virtual state is

three-body model20], by Fredericcet al. [21]. The analyti- ko= V2(Ac+1)/A.+2B,, and
cal continuation is performed through the two-body elastic

scattering cut due to the neutron scattering on the bound— , . _. C1[A+1)¥ Ac+2

; ; Tno( O E;Kne) =— E+ q°+Kne|-
neutron-core subsystem. In E&), the elastic scattering cut m\ 2A; 2(A.+1)
comes through the pole of the neutron-core elastic scattering (10

amplitude. We then perform the analytic continuation of Egs.

(2)—(7) to the second energy sheet. The spectator function The cut of the elastic amplitude, given by the exchange of
Xlnc(k) is substituted bwlnc(k)/[Bv +[ A+ 22(Ac+ 1)]K?], the core between the different possibilities of the bound core-
where B,=E,—E,. and E, is the modulus of the virtual Neutron subsystems, is near the physical region of the pole

state energy. The resulting coupled equations, in the secori§lated to the virtual state due to the small valueEqt.
energy sheet, are given by Corresponding to the first term of the right-hand side of Eq.
(9), the cut is obtained from the imaginary valueskobe-
[ _ e . tween the extreme poles of the free three-body Green'’s func-
=2 Ey K . :
Xnnl @) =27nn(d ) tion, GL(q,k,E,), given by Eq.(7):
2i(A.+1)

—= Gl(q,—ik,; L (=i 2. 12 _
X WQ(AC-I—Z)Gl(q’ ik, s Ep) xnc( —ik,) 2AE+ (g + k%) (A +1)+2gkx=0, (11

where —1<x<1, q=k=—ikg,, and E=[A.+2/2(A;
+ 1)]k§ut+ E,c- So, the cut is found at values Bfsatisfying

! 1 1 U) ! )

J IGl(q KiEy) xnc(K , ®)

° B,+ = k2 Z—C E E>2 ) E 12
°2(Act+1) Ac ne> =~ Act+2 7" 12
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1.0 e TABLE I. p-wave virtual state energids, of light-halo nuclei.
. ] The binding energies of the neutron to the cé&g are obtained
—_ A.=1000 from the central values given in Ref7]. For 2°C, we also use
E\T 0.9 F ) another value for the binding energy of a neutront€ (E,.
+o =530+ 130 KeV) from Ref.[18]. A. is the core mass number and
:ﬁ/ 0.8 F _ BUEEU_EnC'
> | A=10 _
<ﬂ ] Nucleus A, E,.(KeV) E, (KeV) B,(A.+2)/(E A
Q
& 07T 1 el 9 50 79.54 0.7221
] l2ge 10 504 813.65 0.7373
o 0.6 A,=0.1 1 lsc 16 729 1227.54 0.7694
2c 18 162 274.36 0.7706
I 2c 18 530 900.30 0.7763
0.01 0.1 10 100 1000

L
Enc/Enn The three-body halo nucléiLi, '’Be, *8C, and?°C have
FIG. 2. Scaling plot ofA+2/AB, /E,,, as a function of (h€p-wave virtual state. In the case ofLi, we have artifi-
E../Enn, for A;=0.1, 10, and 100. The definitions are the same asc'a”y Changed the virtual state dfLi to a bound state n
in Fig. 1. order to give the_ reader one value for a three-body V|rtua_\l
state when the binding energy of the neutron to the core is
The virtual state energ§, , in the second energy sheet, is about a few tenths of KeV. In Table |, we present our results.

found between the scattering threshold and the &, The p—}/\{[?]ve virttual ?ta:ﬁ energyTicaIeT with ft?ﬁ bi_ntdinlg (tant
<2(Ac+ LA+ 2)E, ., such thatB,=E,—E,.<(A./A, ergy of the neutron to the core. The values of the virtual state

+2)E energies are close to 1.7 times the value& gf.
nc- . .
In the limit of zero-ranged interaction fqy waves, the In summary, we have discussed universal aspects of

; - irtual states of three-body halo nuclei in the limit of
only physical scales of the three-body system Bgrg and p-wave virtual .
E,. This implies thaB,=E,.F(Enc/Enn,A), WhereF is a zero-range interaction. As shown, the values ofptveave

a scaling function to be determined by the solution of EOISvirtual state energies are determined by the existence of scal-

(8) and(9). However, due to the proximity of the cut to the Ing properties of the three—bqqywave virtual state ener-
scattering threshold, it is reasonable to believe that it should'®s: \.N'th r(e)spect to ltha_—n \.”rtl:ﬁl tant?]n—c blc_Jundfstat?
have major importance in the formation of the virtual state,?__ngg'/eES' Aur C(;‘UChUS!On 5’] 'at Iet ?calng UEC on,
with A(E,./En,,A.) being roughly independent of the ratio (Enc/Enn.Ac), which gives the virtual state energy B3

Enc/Enn. Another consequence of the dominance of the cuf_ .n°[1+]:(E_“.°/.E““’A°)]’ rogghly does r)ot depend on the
in the virtual state energy, is that the ratiB,(A, ratio E,./E,,; it is almost entirely determined by, . From

the knowledge oE,,., we have obtained thp-wave virtual
+2)/(E,Ac:) should have a soft dependence An. . ne e 20 .
In Fig. 1, the results of the virtual state energy are showrptate energies fot?Be, *°C, and *'C, which came out to be

in the form of the raticB, (A.+2)/(E.A,) as a function of abo_ut 1.7 times the correspo_nding neutron-core binding en-
the core masa.. for E U=EC The S;rﬁe numerical values €'dies- These threshold dominated excited states, commonly
C nc nn-

were chosen for tha—n virtual andn— ¢ bound state ener- called “pygmy resonances,” are, therefore, not resonances at

gies. The calculations are presented for extreme variations cﬁ“'l T?eylcorrespond toa mqnlfestat!on r?f predgménantly d"f
A., from 0.001 to 1000, while the ratio was changed by pho € fina St"’lllti mteraﬁuians Julst as 'r? the two-body case o
factor equal to three. The other characteristic of the virtual e most well-known halo nucleus, the deutefaa].

state is the approximate independence @& ,(A. Our thanks to Fund@o de Amparo @Pesquisa do Estado
+2)/(EncAe) on the ratioE,./E,,. This is confirmed in de S@ Paulo(FAPESP and Conselho Nacional de Desen-
Fig. 2, where the calculations were performed for values of/olvimento Cientiico e Tecnolgico (CNPg of Brazil for

Enc/Enn between 0.01 and 1000. partial support.
[1] V. Efimov, Phys. Lett33B, 563(1970. (1993; D.V. Fedorov, A.S. Jensen, and K. Riisager, Phys.
[2] I. Tanihata, J. Phys. @2, 157 (1996. Rev. Lett. 73, 2817 (1994; D.V. Fedorov, E. Garrido, and
[3] C.A. Bertulani, L.F. Canto, and M.S. Hussein, Phys. R4 A.S. Jensen, Phys. Rev. %1, 3052(1995.

281(1993. [6] A.E.A. Amorim, L. Tomio, and T. Frederico, Phys. Rev56,

[4] P.G. Hansen, A.S. Jensen, and B. Jonson, Annu. Rev. Nucl. R2378(1997).
Part. Sci.45, 591 (1999; M.V. Zhukov, B.V. Danilin, D.V. [7] G. Audi and A.H. Wapstra, Nucl. Phy#595, 409 (1995;
Fedorov, J.M. Bang, |.S. Thompson, and J.S. Vaagen, Phys. ftp://csnftp.in2p3.frTAMDC/masstables/
Rep.231, 151(1993. [8] A.T. Stelbovics and L.R. Dodd, Phys. Le®9B, 450 (1972);
[5] D.V. Fedorov and A.S. Jensen, Phys. Rev. Lef, 4103 A.C. Antunes, V.L. Baltar, and E.M. Ferreira, Nucl. Phys.

051301-4



RAPID COMMUNICATIONS

VIRTUAL STATES OF LIGHT NON-BORROMEAN HALO NUCLEI PHYSICAL REVIEW C61 051301R)
A265, 365(1976. Lett. 74, 487 (1995; S.K. Adhikari and T. Frederico, Phys.
[9] S.K. Adhikari and L. Tomio, Phys. Rev. #5, 83(1982; S.K. Rev. Lett.74, 4572(1995.
Adhikari, A.C. Fonseca, and L. Tomidyid. 26, 77 (1982. [15] L.H. Thomas, Phys. Rewl7, 903 (1935.

[10] T.K. Lim, K. Duffy, and W.C. Damest, Phys. Rev. Le88§, [16] W. Glockle, Phys. Rev. A8, 564 (1978.
341(1977; H.S. Huber, T.K. Lim, and D.H. Feng, Phys. Rev. [17] A. Delfino and T. Frederico, Phys. Rev.583, 62 (1996.

C 18, 1534(1978. [18] T. Nakamuraet al, Phys. Rev. Lett83, 1112(1999.
[11] V. Efimov, Comments Nucl. Part. Phy$9, 271(1990; and  [19] M. Zinseret al, Phys. Rev. Lett75, 1719(1995.

references therein. [20] G.V. Skornyakov and K.A. Ter-Martirosian, Zhk&p. Teor.
[12] T. Frederico, A. Delfino, A.E.A. Amorim, and L. Tomio, Phys. Fiz. 31, 775(1957 [Sov. Phys. JETR, 648(1957].

Rev. A60, R9(1999. [21] T. Frederico, I.D. Goldman, and A. Delfino, Phys. Rev3T
[13] S. Dasgupta, . Mazumdar, and V.S. Bhasin, Phys. Res0,C 497 (1988.

550 (1994). [22] M.S. Hussein, C.-Y. Lin, and A.F.R. de Toledo Piza, Z. Phys.

[14] S. K. Adhikari, T. Frederico, and I.D. Goldman, Phys. Rev. A 355 165(1996.

051301-5



