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Nuclear structure of °H in a three-body *H+n+n model
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Complete dynamical investigation of the extremely neutron-fiehnucleus is performed in a three-body
3H+n-+n continuum. A three-body resonance enhancement is found for the “ground siate’1/2" at
about 2.5-3.0 MeV. The broad structures in the production cross sections correspond to Wide®&2
levels in the three-body continuum.

PACS numbd(is): 21.45+v, 21.60.Cs, 27.16:h

The °H nucleus belongs to the very neutron-rich nuclei  This paper investigates this question within strict three-
beyond the neutron dripline. This nucleus has been studieblody *H+n+n dynamics with expansion on hyperspherical
theoretically[1,2], and experimentally3—6] but until now  harmonics. This method provides the consistent solution of
the existence of th€H as a well-defined resonance still re- the bound state and three-body continuum problems for so
mains unclear. A lower limit on the mass tfl was obtained ~called “democratic” systems, where none of the binary sub-

in [3] from the absence of sharp structures in the “mirror” Systems are boun@]. _
3He(He,n)®Be reaction up to 4.2 MeV. This implies that The wave functiofWF) is assumed to be a product of an

5H is unbound by at least 2.1 MeV. According[#] nothing inactive core part and the active three-body part. The latter is

except phase space, modified to account for possible dinet‘?—Xp"’mdEd on a generalized angle-spin basis

tron decay was found in the pion absorption reactions 3
- \/E (2m)

SLi( 77—, p)°H. However, in theLi( °Li, ®B)°H reaction[5] a > iK[ > XE;Y,(%P)CJKMW(Q;))
K,’y’

resonance at abo&#=5.2 MeV,I"'=4 MeV was observed. T (xp)>? Ky

The °H state with a resonance enerfy=7.4+0.7 MeV,

I'=8+3 MeV was detected iﬁBg(w‘,pt)5H reaction[6]. x> cimLSMsj L),
Oscillator shell model calculations predict for theH M Mg xy

“ground state” 1/2", E=3.1 MeV[1] and for the first “ex- M LM

cited” states 5.54 MeV 5/2, 7.39 MeV 3/2, and 10.49 Lilss, () =[T o1 ()@ Xsglom.

MeV 3/2* [2] (E is the energy relative to théH+n-+n

threshold. However, oscillator shell model calculations are whereXsg is the coupled spin function of the two neutrons

valid only for narrow resonances and do not take into acs, and coreS;=1/2, while

count the influence of continuum, which can lead, in prin-

ciple, to complete dissolving of the possible states. jk'lvlll- (Q,)= ‘z”lely( OLY, XY, (Y)]m
Qualitatively, if we neglect for a moment the spin of the Xy ) Y -

3 5 : : :
H core, °H could be considered a#i+2n in analogy with ¢ hyperspherical harmonic generated from a Jacobi poly-

Fhe neighboring neutron haltHe nucle_us ‘(HeJ_an_), SINCE  homial in the hyperangl@=arctani/y). Herex andy are the
n b04th cases we have trewave Pauli repulsion iPH+n absolute values of the normalized Jacobi coordinates
ke mteraction for thep-wave s weaker, than that for ~\LZm DELWeEN neutrons ang= VB/S cors or the
*He+n so we can expect?[he states analogc’Jus*tcg@ and neutrons relative to _the core- Th_e hypermomnt |, + 1,

' +2n, (n=0,1,...), is thegeneralized angular momentum

+ in 6 i in5 i
'?’akilnls imﬁ\g(Qouﬂ? t;Oe Zei:ff%i Vl;IIFe) ::r;nHe)t(o ecc(inlt'fgl;usn; eigenvalue, related to the coordingteOther quantum num-
9 P P bers are the Jacobi orbital momenaandl, and the total

“ground state” and instead of 2in °He we can expec; the orbital momentumL. The three-body Schdinger equation
QOubIet 3/2 a_nd 512, bas_ed on the samﬁe orbital configura- can be reduced to a two-body-like multichannel problem for
tion. Our previous calculatiori§,8] of the °He ground state, i Ky ) .
the 2" resonance ifHe and the 0, 2* resonant states in e functionsyi,” (xp) in the hyperradiusp=yx“+y~.
6Be have demonstrated that mairdy and p-wave interac- Multi-index y stands for the set of quantum numbers
tions between clusters are responsible for the existence 8f+S Sx:!x:ly}. The wave number is simply connected to

.
those states. The same situation should be expected fitthe he energy E and nucleon massM: »“=2ME. The
case. asymptotic behavior of the functiong »p) at largep values

is
K’ ' K' ' _ K’ ~' +
*Electronic address: shulgina@fy.chalmers.se XKyy (%p)~ 5Kyy Hy(xp)— SK'yy H(xp).
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FIG. 1. Diagonal three-body potentials for the main resonating FIG. 2. Diagonal phase shifts for a few important components of
components of the WF: solid curve correspondKte0, L=0, the 1/2" state WF. Components witk=0, L=0, S=1/2, =1y
S=1/2, I,=1,=0; dashed curve iX=2, L=0, S=1/2, I,=I, =0 (solid ling) andK=2, L=0, S=1/2, I,=1,=0 (dashed ling
=0. There is pure repulsion iK=0, and no prominent pocket is have a resonance behavior.
seen in theK=2 potential. The attraction is provided by channel

coupling as it can be seen in the main component oftiagonal- 504 2* in ®He could have as a consequence thafkhwe

ized potential (dotted curve: deal either with the top barrier resonances or with partial
B states spreading in continuum. The diagonal phase shifts of

Here’H/ are the Riccati-Bessel functions of half-integer in- the 1/2° continuum are shown in Fig. 2. The phase shifts

dex £L=K+3/2, with asymptotics~exp(*ixp), describing show the resonant behavior in the dominating components of

the in- and outgoing three-body spherical waﬁ%}’ isthe the WF around 2.5 MeV. Phase analysis of_ otb&rstates

Smatrix for the 3—3 scattering. Details of this representa- ave shown the absence of resonant behavior.

tion and analysis of three-body continuum can be found in. A Measure of a continuum strength is the WF concentra-

[7.8]. tion in the |nter|9r region. It can be characterized by the sum
For the calculations we used tfiei-n potential from[g], ~ ©f the diagonal interior norms:

reproducing experimentalH-n and “mirror” 3He-p scat- 1

tering phases. This potential is based on scattering phases, _ - Po Ky 2

obtained i 10], where the lowest broad2resonance in the NPO(E)_ 25 % JO dp|XK7(%p)| ' @

3H-n system is found atE=3.4 MeV above the3H-n

threshold. More recently other experimental d&id 1] have  The interior norm is a simplified measure of the overlap in-

appeared, where the spectrum® from the °Li( °Li,®B)*H  tegrals in the transition amplitudes for various processes with

reaction at different projectile energies has been observeghree particles in the final state. We can chogsg

As a result it was shown thdH is unstable in respect to the ~5_7 fm, as the radius of the local maximum of the diag-

*H+n decay by 2.30.3 MeV. An influence of these new onal potential in a compone#ty with a pocket. For narrow

data on our results is discussed below. The blocking of Pauliesonances this prescription is very reliable: the energy de-

forbidden states was taken into account by a repulsive corgendence oN(E) is exactly the same as the energy depen-

in the swave potentials. Th&-n potential[12], including  dence of the cross sections. The interior norms forJall

repulsion at small distances, as well as spin-orbit and tensgitates in the continuum are shown in Fig(sge also Table
forces, was used in the calculations. We have performed our

calculations with the restrictions, <4, 1,<4, and K« 500
<12.

A sharp resonanfquasistationarnystate should appear as
a jump of 180 in the diagonal phase shifts. From the physi-
cal point of view the origin of quasistationary states is a
pocket in one of the diagonal three-body potentials, which
are a weighted sum of the pairwise interactions

<K7|Eijvij|K7> and the three-body centrifugal barrier. The
most important components of these potentials for thé 1/2
state are demonstrated in Fig. 1. One can see a rather shallow
pocket inK=2, L=0, S=1/2, S,=0, I,=0, |,=0 partial
wave. This state carries presumably the quantum numbers of
the *H+ “dineutron.” The pocket for the®H 5/2" state in
K=2, L=1, $=3/2, §,=1, I,=1, |,=1 partial wave is FIG. 3. Sum of the diagonal internal normalizatidisee Eq.
smaller. The pockets for othe™ states are completely ab- (1)] for 1/2%, 3/2", and 5/2 states are shown by solid, dashed, and
sent. More shallow pockets fotH in comparison with 0 dotted lines, respectively.

N(E) (fm)

E (MeV)
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TABLE I. Positions and widths of the states, obtained with a 70
%H-n potential fitted to the data frorfil0]. The uncertanties are 3 12t (a)
connected with different ways to define the properties of the wide 60
states. JPTTTIN .

50 N ..l .

I 1/2* 3/2* 5/2" 40 b o _ e
E (MeV) 2.5-3.0 6.4-6.9 4.6-5.0 2 3ol i 5 -
T (MeV) 3-4 8 5 = L

. 20K [
= [ .
S 10H 7 Full calculation

). The 1/2° strength peaks approximately 2.5 MeV above - "
the threshold, the 5/2 strength dominates between about 4 Eg 0 ' .
and 7 MeV with a peak at 5 MeV, the 3/Zxcitation shows ~ 4l® )
a bump at about 7 MeV. Contrary to well-known resonances b I g 32'....]
in He and ®Be where interior norms exhibit pronounced S 30k R
maxima[8] in almost all partial components, we have for the I S22
case of °H a complex interplay of the kinematic enhance- 20 [
ment ar_ld a concentration of the strength due to the final-state 10+ Plane Wave + PP
interaction(FSI). L

We can demonstrate that the valence neutrons irkhe 0 . L . L
are situated mainly outside of th#H core. Taking into ac- 0 5 10 15
count that the’H is a decaying state, in general the probabil- E (MeV)

ity to find neutrons inside théH core goes to zero. What we

can do in this situation is to estimate the ratia(E)/Ng(E), FIG. 4. Missing mass spectra for 1/23/2", and 5/2 states,

evaluated by Eq.2), are shown fopy=6 fm by solid, dashed, and

of norms Eq.(1) for regions “inside” and “outside” the dotted lines i " d the solid h th
corresponding to the case where the valence neutrons a}rg1 P : o

. : m. (b) shows the same d8g), but without FSl(except thesswave
SEItB;tsd ,\(;Ir;\tlop of théH core. We got the ratio near 0.03 for core in the®H-n channel, accounting for the Pauli principle

Although the interior norms, as functions of the energy,

. . . .. . 2
give us information about the positions and widths of the _ K’y B d_E
possible resonances, we would like to introduce a quantity demm sz K,E, dpx,” (xp)exf —p/po] JE
which is more closely connected with the experimentally 7 )

measured cross sections. The energy behavior of the missing

mass(MM) cross section, vyhjc;h is measu.red in an experiThe results for 1/2, 3/2°, 5/2° states are shown in Fig.
ment depends both on the initial and the final states: 4(a). While the 1/2 state reveals itself as a relatively pro-
nounced peak at about 2.5 MeV, the B3/and 5/2 excita-
tions exhibit only broad structures. If all the states were
equally populated in a reaction producirtgd, and if the
energy resolution in an experiment were not high enough,

whered(),E°dE is a three-body phase space. The final-statde upper wide states could hamper the observation of the
WF ¥, is obtained as a result of our three-body calculations.1/2+ state. Probably, in the experimenfs6] just the 3/2,
The initial-state WF depends on the specific reaction wher®/2" states, peaking at about 5-7 MeV, were observed.

SH is produced. In a simple approximation the vertex for Since the resonance we got for the L&ate is relatively
production can be simulated as wide, we studied the sensitivity of the MM spectrum for the

1/2" state to the“reaction radius” by varying, within rea-
sonable limits. The gray area around solid curve in Fig) 4
~ corresponds tp, varied between 5 and 7 fm. The sensitivity
V|\I,i>_K,2y, exi = plpolL iy (L), appears to be low: the resonance energy is shifted down by
0.3 MeV by increasing, from 5 to 7 fm. This shift can be
considered as an uncertainty of the model. Figut® dives
where “reaction radius’py can be taken in the interval 5—7 the spectra obtained without the FSI fgy=6 fm. By com-
fm, the same as for the internal normalization. The initial-paring the MM spectra with and without the FSI one can
state WF simulated in this way takes into account the reaceonclude that the 1/2 state, being selectively excited,
tion volume and implies equal population of all sets with should be clearly seen above the “background.”

daym~ (| V|¥;)|2dQ,EZE,

qguantum numberK'y’ in the reaction process. An interesting problem arises when we wish to compare
So, we estimated the energy dependence of the MM crogbe spectra with and without final-state interactions. The
section as problem is closely connected to the Pauli principle. If we

014312-3
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the experimental data fropl1] are used instead ¢10] to fit

7 P the 3H-n interaction, the position of the 1/2state shifts
,«"g 60f 7 — Plans wave + PP N down _by 0.2-0.4 MeV. Diagonal phases r_eflect the resonant
5 sof -/ ---- Plane wave behavior in some partial components which corresponds to
£ S T dineutron the top barrier resonance case. The width values shown in
= A0p e [T dneuton+ PR Table | were estimated as full widths at half maximum for
2] 30}, T e T e internal norms or cross sections after subtraction of the con-
3 i 7 tribution connected with the plane wave®ide bumps ap-
;'S 2 ',-'/,." pear for 3/2 and 5/2 excitations with maxima very close
T to the positions given by the shell modg2]. Generally
O‘t’ . . speaking, our three-cluster model is valid up to thid
0 5 10 15 breakup threshold6 MeV). However, we could not ex-
E (MeV) pect a large deviation of the calculated spectrum from the

o ] experimental one at higher energy if thel cluster were
FIG. 5. Missing mass spectrum for the 1/tate without FSI.  ghqerved in a final state. As for the experimental observation
The solid line is the same as in Figlb¥, the dashed line indicates of the 1/2° resonant excitation in th&H system, it would
no FSI, no Pauli principle in any subsystem; the dotted line indi-yenend on the reaction mechanism, enhancing or suppressing
cates the “dineutron” case®H-n interaction is SWItch_ed offinall  the resonant partial waves. If angular distributions were mea-
partial waves; the dash-dotted line indicates the “dineutron” caseg red. these partial waves could be separated.
but with the Pauli principle taken into account, A JINR-RIKEN-Kurchatov-GANIL experiment searching
, o for °H in the reaction®He(p,2p)°H has been performed
completely neglect the antisymmetrization of the wave funcygry recently in Dubna. Preliminary results show a peak at
tion, obtained as a free solution of the three-body Schrogpg, 5 MeV[13]. If true, this result supports our calcula-
dinger equation, we get a strong amplification of the Spectqg yith theH-n interaction from{11]. According to sys-
trum, as is shown in Fig. 5, dashed line. The exaclgmatics of hydrogen and helium isotopes this result implies

accounting for the Pauli_principle in the two-neutron S”b'that another superheavy isotopl could be a slightly un-
system, and the approximate accounting by means of thﬁound state with small width

repulsion in thes-wave 3He-n subsystem, leads to consider-

able reduction of the spectruffig. 5, solid ling. The same

situation takes place when one wants to describe the experi- We wish to acknowledge the support from the Chalmers

mental spectrum of °H by means of two-body University of Technology and the Niels Bohr Institute, where

3H+ “dineutron” decay, as it was done in Ref4]. We much of this work was carried out. The Royal Swedish

simulated this scenario by switching off tHiél-+n interac- Academy of Science and RFBR support from Grant No. 99-

tion (i) in all partial waves andii) in all partial waves except 02-17610 are acknowledged.

the repulsion in theswave, which accounts for the Pauli

principle. The result¢dotted and dash-dotted curves in Fig.

5) differ drastically. With the Pauli principle taken into ac-  iNote that the width for the 1/2 state estimated in convential

count, the 3H+“dineutr0n” scenario fails to describe the R-matrix approach for thes-wave decay to théH+“dineutron”

1/2" resonance. channel, is about 10-15 MeV. This value should be compared to
A summary of the results is in Table |. For a 1/2xci-  the 3-4 MeV width from Table I. The reason for this relatively

tation, the spectrum shows a maximum at 2.5 MeV. Whemarrow width is a three-body nature of the state.
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