Brazilian Journal of Physics, vol. 33, no. 2, June, 2003 263

Spectroscopic Study of the Unbound!N Nucleus
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The nuclear structure of the unbouldN nucleus has been investigated by thid(®*He SHe)' !N reaction. The
energies and widths of the observed states are compared with other measurements. Angular distributions for the
first five states are obtained for the first time for this reaction and DWBA analysis confirms the spin assignments
for the lowest levels.

| Introduction the interpretation of the two-proton decay of i@ ground

state [9], where depending on the energy of this level, the
11N is the mirror nucleus of the known halo nucleld@e  exotic diproton decay might be expected to compete with
and all its levels are unbound for proton decay'tec.  the sequential decay through thé ground state.

In 1'Be the Iowest{r level lies lower in energy than the

1~ level expected as the ground state in the standard shell | Experiment and energy spectra
model. This level inversion has been partly explained as due

to halo formation by the weakly-bound valence neutron [1], anaIyS|s
although the association is still not clear. Thus, the investi-
gation of the structure of the N nucleus would be interest-
ing in association with the isospin characteristic of the halo
effect.

The structure off!N nucleus was first investigated by
Benensoret al. [2] using the!*N(*He SHe)!'N reaction. In

To populate the low-lying levels of the unbouhidN nucleus
we have used the three-neutrbiN(*He SHe)''N pick-up
reaction in a more precise, acurate and complete experi-
ment. The experiment was carried out with a sector-focusing
cyclotron of the Center for Nuclear Study, University of
this early work, only one clear peak was observed at 2.2417—2?8’ Jgpoan.MT\r}e m(;:ldhent energy of thide bgar_n V‘éas
MeV above the°C+p threshold, and based on its measured _, + 0.05 MeV and the average current obtained was
, _ about 0.5uA. The beam was transported into the scatter-
width of 0.74(10) MeV, the level was assumed toje ing chamber, where a gas target with 999Kotopically
Other reactions were used to investigate the structure ofenriched'*N, gas was placed. The gas cell was filled to a
"IN [3, 4,5, 6, 7]. The energies and widths of the observed pressure of about 21 cm Hg during the measurements. A
levels are shown in Table | for comparison. The experimen- rectangular double-slit system was used to prevent particles
tal values for the energy and width of t%ér ground state  from the windows (Havar foils) of the gas cell from entering
of ''N show considerable variations among these works. It the detectors.
appears that not all of this is due to the use of different def-  The momentum of théHe particles and other products
initions for the energy and width of an unbound level [8] from the reaction were analysed by a QDD-spectrograph
or due to the different reactions used to populate this level. and detected by a hybrid-type gas proportional counter [10]
The energy and width of this level are significant in the con- placed in the focal plane. A thin plastic scintillator was set
sideration of a possible halo structure'iN. Also, the en-  just behind the proportional counter for energy and time-
ergy and width of thé!N ground state are very importantin of-flight measurements. The particle identification was per-
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formed using a set of signals, namely, the energy signal2y?P;(E) andA;(E) = —2[S;(E) — S;(E,;)]. P;(E) and

from the plastic scintillator, energy loss from the propor-
tional counter and time-of-flight.

The momentum spectra for the outgoifigle nuclei
were obtained at 8 angles frofy (5 = 6.8’ to 30.0°). The

momentum spectra were then converted to energy spectra?B+2p channel,P,(E).

S;(E) are the energy-dependent penetration and shift fac-
tors for the'°C+p channel. The background is assumed to
be part flat, ¢, (to allow for possible random coincidences)
and part proportional to astwave penetration factor for the
Then, for each''N level i, the

In order to improve the statistics and to better determine theadjustab|e parameters are resonance enétgy reduced
parameters of the levels, a summed spectrum was obtainegyidth 42, and strengtth;. The observed widti? used to
by adding the normalized energy spectra from each angle compare with the width from other works is defined by:

with the uncertainty at each energy in the sum spectrumpo _ 292P(E)/[1 4+ ~2(dS;/dE)

i E,;]. For compar-

equal to the square root of the sum of the squares of theiSZOn with the data, the functio(E) given by Eq. (1)

uncertainties in each individual angle spectrum. This sum
spectrum is shown in Fig. 1. The energy axis corresponds

to the energy above tHé€C+p threshold (decay energy), for
which the Q-value is -22.788 MeV. The overall energy res-
olution obtained was about 200 keV FWHM and it is due
mainly to the different energy losses of thide beam and
6He particles in the gas target system.
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Figure 1. The summed®He energy spectra from the

MN(EHeSHe)! !N reaction at the laboratory angles indicated. En-
ergies are measured from tH&C+p threshold.

In the 1“N(3*He SHe)''N reaction, the populated levels
in 1N are observed as peaks in tHeée spectrum; because
all levels of ''N are unstable against breakup ifftC+p,

is smeared over the experimental energy resolution of 200
keV. The best fit to the sum spectrum is shown in Fig. 1;
it has ax?2,, = 100.2, for 76 data points and 20 adjustable
parameters, giving a reducad = 1.79. The values of the
parameterst,; and Y. are given in Table I. The uncer-
tainties in these parameters correspond to increasgstin

The differential cross section for tHéN(*He SHe)''N re-
action were obtained at eight angles for each levet'M,
and these are shown in Figs. 2 and 3 for the first five levels.
The analysis of the characteristic behavior at the forward an-
gles in the experimental angular distributions has been made
in terms of the exact finite-range Distorted Wave Born Ap-
proximation (DWBA), using the computer code TWOFNR
[12]. The optical potential parameters used in the DWBA
calculations were basically the same as used before in the
analysis of angular distributions for tA&NeHe SHe)'"Ne
reaction [13]. No clear attempt to fit the data has been made
by changing any optical potential parameters. For the bound
state parameters of the 3n-cluster'fiN and%He the con-
ventionalr, = 1.25 fm anda = 0.65 fm were adopted. The
radius was defined @ = ry-A'/3, and the potential depths
were adjusted to reproduce the binding energies.

In the case of th&*N(*He fHe)!!N reaction, the spin of

Angular distribution analysis

these peaks sit on a background due, at least in part, to althe 14N target nucleus i¢+ and for3He it is %* and thus,
ternative reaction processes. Also, for energies above abougnore than one transferred angular momentum L can con-

4 MeV, other breakup channels, such&s+2p decay, are
open.

Therefore, we attempt to fit the spectrum with a function
of the form:

N(E,0)=> b x Ni(E)+c+dx P(E) (1)
where,

Ii(E)
[Eri + Ai(E) — EJ?> +1/4T3(E)

Ni(E) = (2

The sum is over the levels 6tN, each of which is de-

scribed by the one-level, one channel approximation of R-

matrix theory [11]. The decay width is given by (F) =

tribute to produce the angular momentum J of the final state
in the residual'N nuclei. For instance, to produce the final

J = {’ state, the reaction can proceed by tranferring an-
gular momentum L=0 and/or L=2, to givé 3= %_ by L=1
and/or L=3, andd = §+ by L=2 and/or L=4. However, for

J = { only L=1 is possible. The parity of any transition
is given byr = (—1)".

The results of the DWBA calculations for the angular
distributions are presented in Figs. 2 and 3. Since few angles
have been measured and due to the complexity of this reac-
tion and of the approximations assumed in the calculations,
such as the cluster transfer of three neutrons, only a quali-
tative analysis of the angular distributions is possible. The
angular distributions calculated by the DWBA show strong
oscillation and distinct patterns at forward angles for differ-
ent L.
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TABLE 1. Decay energy above the °C4p threshold and widths of the N resonances measured in this work and from the
references indicated. All the energies and widths are in MeV.

This work Oliveira et al. [6]“) Lepine-Szily et al. [7]b] Markenroth et al. [4]6] Axelsson el al. [3] )

J7 Eri F? Edecay r Edecay r Edecay r Edecay

+ :
e 1.31(5) 0.24(24) 1.63(5) 0.4(1) - - 127 1.44(20)  1.30(4)  0.99(20)
%_ 2.31(2) 0.76(6) 2.16(5) 0.25(8) 2.18(5) 0.44(8) 2.01(15) 0.84(20) 2.04 0.69
- 3.06(8) <0.10(8) (2.92) (0.1) - - -

+
%_ 3.78(5) 0.56(17) 3.61(5) 0.50(8) 3.63(5) 0.40(8) 3.75(5) 0.60(5) 3.72 0.60
2 4.56(1) 0.28(6) 4.33(5) 0.45(8) 4.39(5) <0.2(1) 4.33(5) 0.27 4.32 0.07

} 5.91(3) 1.45(13) 5.98(10) 0.10(86) 5.87(15) 0.7(2) - - 5.50 1.5

)
é

) 6.80(30) 0.01(1) 6.54(10) 0.10(6) - - - - .

a) using heavy-ion transfer reaction '*B(**N,'3B)!'N at GANIL
a) using heavy-lon transfer reaction 2C(1*N,1*C)!IN at GANIL
¢} using resonant scattering p(1°C, !N} reaction

For the transition to the 1.31 MeV ground state, shown The 4.56 MeV level and, in particular, the level at 5.91
in Fig. 2, the angular distribution seems to be reasonablyMeV are strongly populated by this 3-neutron pickup re-
reproduced by a DWBA calculation with L = 0 only. For action. The angular distribution for the 4.56 MeV level

the 2.31 MeV transition, which is the well knowj reso- ~ S€emS to be well reproduced by a combination of L =1+3

nance, the angular distribution seems to be due to L = 1 an-angular distribution, which would favor a negative parity as-

gular momentum transferred, as expected. The other level ipignment (see Fig. 3). This L assignment and the narrow

1 _ , _ _ is ths width observed for this level in this and in the other exper-

N which has a firm spin assignmentis the level at3.78  jments [3, 4, 5, 6, 7] would indicate that it is the analog of
MeV. This g+ level also would correspond to al-shell the J = 2~ state at 2.69 MeV in'Be [14]. The level at
proton coupled t3°C and its angular distribution seems to  5.91 MeV has been tentatively assigned by the other exper-
be well described by a L=2 transferred angular momentum.;nents as @ — 5~ pased on shell model calculations for
Thus, the first three lowest levels iiN have an established ’

2
) . ) _ 1N [5]. The angular distribution for this level seems to be
spin assignment and our data confirm them. In particular
1

: : I S 'reproduced by an L = 3 angular momentum transferred, al-
our data confirm the assignmerit3 1" and J = { for though L = 2 is also possible (dashed line in Fig. 3). L =3
the first two transitions, which shows the same spin inver- ;s cqnsistent with thé_ assignment.

sion for the ground-state spin as observed f@e.
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The energies and widthg,; andT'? obtained in this work

for the six lowest levels if!N and their uncertainties are
presented in Table I, where they are compared with the val-
ues obtained by other experimental works. Our data seem to
be in good agreement with the results of most experiments,

although some important differences are apparent. %I’Jﬁe

ground state is observed at 1.31(5) in this work. This value

agrees with the energy obtained by Markenrethal. [4]

and Axelssoret al. [3] but is lower when compared with

the results by Oliveirat al. [6]. The width for this level is

obtained in the range df = 0 to 500 keV, and it is in better
agreement with the value obtained in another transfer reac-

T R tion experiment by Oliveir@t al. which gives'=400(100)

50 keV. As pointed out by Barker [8], there may be some dif-
ference in the definitions of energy and width for unbound
levels used in these experimental works; and although all the

Figure 2. Angular distributions for thN(*He *He)!IN reaction  definitions are expected to give practically the same value

for the transitions denoted. The curves are the results of DWBA for narrow levels they can differ for broad levels. However,

calculations with the transferred angular momenta (L) indicated. ~even by taking into account possible diferences in the energy
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Figure 3. Angular distributions for thN(®He SHe)'*N reaction
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T. Lonnroth, M. Lewitowicz, P. Manngard, K. Markenroth, I.
Martel, A. C. Mueller, I. Mukha, T. Nilsson, G. Nyman, N. A.
Orr, K. Riisager, G. V. Rogachev, M. -G. Saint-Laurent, I. N.
Serikov, O. Sorlin, O. Tengblad, F. Wenander, J. S. Winfield,
and R. Wolski. Phys. Rev.52, R1511 (1996).

K. Markenroth, L. Axelsson, S. Baxter, M. J. G. Borge, C.
Donzaud, S. Fayans, H. O. Fynbo, V. Z. Golberg, Sevgr

D. Guillemaud-Mueller, B. Jonson, K. -M. Kallman, S. Leen-
hardt, M. Lewitowicz, T. Lonnroth, P. Manngard, |. Mar-
tel, A. C. Mueller, I. Mukha, T. Nilsson, G. Nyman, N. A.
Orr, K. Riisager, G. V. Rogachev, M. -G. Saint-Laurent, I. N.
Serikov, N. B. Shul'gina, O. Sorlin, M. Steiner, O. Tengblad,
M. Thoennenssen, E. Tryggestad, W. H. Trzaska, F. Wenan-
der, J. S. Winfield, and R. Wolski, Phys. Re\6Z> 034308
(2000).

for the transitions denoted. The curves are the results of DWBA [5] A, Azhari, T. Baumann, J. A. Brown, M. Hellstrom, J. H.

calculations with the transferred angular momenta (L) indicated.
The N and L in parentheses are choices for the number of radial
nodes and the orbital angular momentum of the 3n-cluster relative

to the core of the residual nucleus adopted in the calculation.

and width definition for th%Jr level, the difference from the

Kelley, R. A. Kryger, D. J. Millener, H. Madani, E. Ramakr-
ishnan, D. E. Russ, T. Suomijarvi, M. Thoennenssen, and S.
Yokoyama, Phys. Rev. %7, 628 (1998).

[6] J. M. Oliveira Jr., A. Llepine-Szily, H. G. Bohlen A. N. Os-

resonance scattering and transfer reactions works seems to

be too large. The width for this state is directly related to the

single particle nature of this state. Assuming=1.28 MeV,

from Sherr and Fortune [16], we obtain a spectroscopic fac-
tor in the range of 0.1 to 0.2. This low spectroscopic factor
would be consistent with a large d-wave admixture in the

configuration of thed = %+ level. A similar value for the

spectroscopic factor is obtained in the analysis of Oliveira

al. [6] for the 1N ground state and also for th&Be ground
state in the recent analysis of theBe(p,d)}°Be reaction by
Johnsoret al. [15].

The;  level in !N is strongly populated in most reac-

tions. The energy and width=2.31(2) MeV and'=0.73(6)

MeV obtained in this work agree very well within the ex-
perimental error with the values obtained in the earlier ex-

periment using the saméN(*He SHe)''N reaction by Be-

nensoret al, E=2.24(10) MeV and'=0.74(10). The energy
for this state is, however, about 200 keV higher here when

compared with the other works.

In summary, the angular distributions have been mea-

sured for the first time for thi$*N(*HeSHe)''N reaction.

An analysis with DWBA calculations confirms the assign-

1

ment of J = %+ and ¥ = 1 for the ground state and

2

the first excited state. Thus, 1AN, the anomalous situation
that the%+ state comes lower than the  is the same as
observed in!Be. The narrow width found in this work for

the y ground state favors a small spectroscopic factor.
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