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Abstract

The spectroscopy of27Ne has been investigated through the one-neutron transfer reaction26Ne(d,p)27Ne in inverse kinematics a
9.7 MeV/nucleon. The results strongly support the existence of a low-lying negative parity state in27Ne, which is a signature of a reduce
sd–fp shell gap in theN = 16 neutron-rich region, at variance with stable nuclei.
 2005 Elsevier B.V. All rights reserved.
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It has already been shown that the sequence of nuclear m
numbers may change from stability to the drip lines. This
the case for the disappearance of theN = 20 magicity in the
neutron-rich sodium and magnesium isotopes[1,2]. New magic
numbers may also appear:N = 16 has been suggested to
magic near the neutron drip line, both theoretically[3–5] and
experimentally[6,7]. This may arise from an enhancement w
isospin of the gap between the s1/2 and d3/2 subshells of the sd
neutron shell[4] and/or proton–neutron correlation effects[8].

The study of the single particle excitations inN = 17 iso-
tones is well suited to determine the spacing between the3/2
subshell and the fp shell. In a first approximation, theN = 17
isotones can be considered asN = 16 nuclei with an extra
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neutron in the d3/2 subshell of the sd shell. Single particle ex
tations where the d3/2 neutron is promoted to the fp shell, res
in negative parity excited states. The most boundN = 17 iso-
tones35Ar, 33S and31Si have high lying negative parity stat
at excitation energies of∼ 3.5 MeV. However, excitation ener
gies below 1.5 MeV are suggested for29Mg [9,10] (seeFig. 1).
This is surprising for two reasons: (i) the energies of these s
are unexpectedly low compared to the otherN = 17 isotones
and (ii) the energy of the 3/2− state is below the 7/2− state
in contradiction with the ordering of the fp orbitals at stabili
Intruder states from the fp shell have recently been obse
in 28Na [11] in accordance with an earlier sd–fp shell mo
calculation[12]. The nextN = 17 isotone is27Ne for which
very little information is available: two levels at 750 keV a
900 keV are reported in[13] from theγ -ray spectroscopy o
27Ne via9Be(36S,27Neγ )X at 77 MeV/nucleon; only one tran
sition at 870(16) keV was observed in[14] where27Ne was
produced through the one neutron removal12C(28Ne,27Neγ )X
at 46 MeV/nucleon. Neither spin nor parity assignments h
been made in the aforementioned studies.
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Fig. 1. Systematics of experimental low-energy negative-parity states fo
N = 17 nuclei from35Ar to 27Ne.

In this Letter, we report on results from a26Ne(d,p)27Ne ex-
periment in inverse kinematics performed at 9.7 MeV/nucleon.
Due to a possibly large level density in27Ne, aγ ray coinci-
dence method has been used. The26Ne beam was produce
by the ISOL method using the SPIRAL facility of GANI
(Grand Accélérateur National d’Ions Lourds). A36S primary
beam at 77.5A MeV was fragmented and stopped in a thick c
bon target. The ISOL products were accelerated by the C
cyclotron tuned for26Ne5+, and a pure26Ne beam was deliv
ered at 9.7 MeV/nucleon with an intensity of 3000 particle
per second. Due to the low beam intensity, it was neces
to use a target thick enough to balance the small one neu
transfer cross sections. We used a solid cryogenic D2 target
(17 mg cm−2) [15], developed at GANIL, thicker than a CD2
target by a factor 3 for the same energy loss. Its homogen
was controlled to be better than 2.5%. Due to the target th
ness, recoiling protons were not measured; also no conclu
angular distribution of the ejectiles was obtained. A poss
contamination from the Mylar windows of the target and
26Ne(12C,11C)27Ne channel is hindered by the strongly neg
tive Q value (Q = −17.3 MeV) compared to the(d,p) channel
(Q = −0.8 MeV) and the small thickness of the Mylar window
(24 µm). The beam-like reaction products and the outcom
beam were detected in the focal plane of the VAMOS m
netic spectrometer[16], allowing an identification of ejectile
and a counting rate measurement of reaction products and26Ne
beam particles. Both singles in VAMOS and events in coin
dence withγ rays were detected. Photons were measure
the EXOGAM spectrometer[17] surrounding the target (se
Fig. 2). In the experiment, 11 clovers (8 EXOGAM clovers a
3 EUROGAM size detectors) were placed at distances var
from 11 to 17 cm from the center of the target. The de
tors were placed on three angular rings: 4 at forward an
(45◦), 3 at backward angles (135◦) and 4 at 90◦. Each clover
consisted of 4× 4-fold segmented germanium crystals. The
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Fig. 2. Scheme of the experimental setup in the VAMOS vault.

Fig. 3.A/Q identification for neon isotopes. Events in VAMOS in coinciden
with a photon detected in EXOGAM are shown.

trinsic energy resolution of the whole system was measure
be 2.6 keV (FWHM) at 1332 keV, and the corresponding pho
peak efficiency was estimated to be 4.8%. To identify27Ne10+
beam-like ejectiles in the focal plane of VAMOS, we used co
binations of the following parameters: (i) the time of flig
(ToF) between a microchannel plate device (MCP) before
target and the plastic scintillator of VAMOS, (ii) the energy lo
�E in the ionization chamber of VAMOS and (iii) the horizo
tal position Xf on the focal plane of VAMOS measured by tw
drift chambers. TheZ identification was performed with th
�E–ToF plot. A directA/Q assignment was donevia the ToF–
Xf plot, for Z = 10 ejectiles in coincidence with EXOGAM a
shown inFig. 3: 27Ne10+ is clearly identified from the othe
neon isotopes. Results for the spectroscopy of25Ne and26Ne
will be presented elsewhere.

The resultingγ -ray spectrum of27Ne is shown inFig. 4,
with events of multiplicity 1 and add-back corrected events
multiplicity 2 in two adjacent crystals. The photons are emit
in flight, which requires a Doppler correction very sensitive
the relative velocityβ = v/c of the ejectile,c being the speed
of light. Due to the target thickness, the26Ne beam is slowed
down fromβ = 0.142 toβ = 0.090. As the reaction vertex i
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Fig. 4. Energy spectrum of photons measured in coincidence with27Ne with-
out (a) and with (b) Doppler correction. The Compton edge of the 765
transition is at 573 keV, visible on the spectrum (b).

the target is not reconstructed, only the mean value of the
locity may be used. For27Ne and the(d,p) channel, a mean
velocity β = 0.105 was adopted, for which the measured en
gies are equally well corrected at forward and backward an
The effect of the Doppler shift is visible for the 765 keV tra
sition in Fig. 4a), without Doppler correction: the transition
split into three peaks corresponding to the three angular r
of γ detectors. The peak measured by the 90 degree d
tors is much smaller due to the shadowing of the cryoge
target holder. Two peaks are visible on the Doppler corre
spectrum (Fig. 4b): one at 765(1) keV, and a weaker one
885(2) keV. The widths, respectively 21(1) keV and 14(2) k
(FWHM), are mainly due to the uncertainty in the veloc
�β/β = ±20% of27Ne at the reaction vertex and the solid a
gle aperture of the segments for the Doppler correction. Th
widths are compatible with the expected value 15 keV (FWH
obtained from a GEANT[18] simulation. It is unlikely that
these two low energy transitions are in coincidence even if
scenario cannot be completely excluded: (i) the sum of the
energies, 1650(3) keV, is greater than the neutron separatio
ergySn = 1430(110) keV [19] by 2σ and is too low to favorγ
decay against neutron emission, (ii) we found no event co
sponding to a real time coincidence between these two pe
Therefore, we assign these two transitions to two bound exc
states in27Ne at excitation energies of 765 keV and 885 k
We did not find evidence for a transition atEγ = 120 keV,
connecting these two states. This may be due partly to the
portance of the Compton background at lowγ energy, partly
to selection rules which would favour the direct decay to
ground state rather than the cascade through the 765 keV
Taking into account the efficiencies, the background at 120
and the number of events detected at 885 keV, a 20% upper
for the branching ratioτ of the decay to the 765 keV state
found. This estimation takes into account the threshold eff
at 120 keV. The level scheme obtained is presented in the
part ofFig. 5. This level scheme of27Ne is confirmed by a re
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Fig. 5. Experimental level scheme of27Ne compared to USD predictions.

cent one-neutron knockout experiment performed at the N
(MSU) [20].

To determine the(d,p) cross sections to the different stat
of 27Ne, the various photopeak efficiencies were estimatedvia
GEANT simulations taking into account the complete geom
of the set-up. In order to get rid ofA/Q efficiency dependenc
in cross section measurements, we considered onlyQ = 10+
charge states for26Ne beam particles and27Ne ejectiles. The re
liability of the simulated photopeak efficiencies was estima
through source measurements, to be better than 90%. Afte
ficiency correction, the ratio of the cross sections for the
excited states is

(1)
σ(765 keV)

σ (885 keV)
= 8.8± 1.3

for a branching ratioτ = 0% from the 885 keV level to th
765 keV level. In the upper limit case ofτ = 20%, the ratio
is 6.8 ± 1.3. Assuming no undetected low energy bound s
for 27Ne, there is the following relationship between the to
numberN27Ne of 27Ne ejectiles measured in the focal plane
VAMOS, the unknown numberN(gs) of transfers to the groun
state and the numbers ofγ transitions corrected for efficienc
N(765) andN(885)

(2)N(gs) = N27Ne − N(765) − N(885).

Thanks to the±5% large momentum acceptance of VAMO
there was no significant momentum cut for26Ne10+ and
27Ne10+. The resulting absolute cross sectionsσ̄i integrated
over the VAMOS angular acceptance (0◦

lab–2.7◦
lab due to a sharp

geometrical cut by the beam tube between the target rea
chamber and the first quadrupole of VAMOS, correspondin
0◦

cm–65◦
cm) are gathered in the left hand columns ofTable 1.

Limit values forτ = 0% andτ = 20% are reported. Due to th
rather weak population of the 885 keV level, the effect ofτ is
small. The quoted uncertainties are mainly due to the sta
cal errors and a 10% uncertainty over the absolute photo
efficiencies of EXOGAM.
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Table 1
Calculated and experimental cross sectionsσ̄i (see text). Two different scena
ios have been considered for the first excited state X− of 27Ne:�l = 3 (case a)
and�l = 1 (case b). Theoretical (USD) and experimental spectroscopic fa
under the assumption of a 765 keV negative parity state are compared

E (keV) Experiment Theory

σ̄ (mb) C2S case a case b stateC2S

τ = 0% τ = 20% σ̄ (mb) �l σ̄ (mb) �l

0 4.6 (3.9) 4.6 (3.9) 0.2(2) 15 2 14 2 3/2+ 0.64
765 21.9 (2.3) 21.3 (2.3) 0.6(2) 37 3 41 1 X− 1
885 2.5 (0.5) 3.1 (0.6) 0.3(1) 2 0 2 0 1/2+ 0.18

We now compare our data to theoretical calculations in
der to investigate the possible spins and parities of the
served states. Shell model calculations performed with the U
interaction[21], restricted to the sd shell, predict only po
itive parity states with excellent results not only for nuc
close to the stability, but also for26, 27, 28Na [11,22,23] and
26Ne low-lying states in the vicinity of27Ne. USD predicts
only one excited state belowSn for 27Ne: a 1/2+ state at
868 keV above the 3/2+ ground state (gs) (Fig. 5). That ex-
citation energy is in good agreement with the two obser
states. Assuming that USD qualitatively reproduces the
itive parity states for27Ne, one of the two observed trans
tions should be a 1/2+ → 3/2+(gs) transition and then on
of the two observed excited states might be a negative p
state. This assumption is supported by shell model calcula
with the SDPF-M interaction[12,24] with predictions simi-
lar to those by the USD interaction for positive parity sta
and existence of low-lying negative parity states for27Ne [4,
25]. A low-lying negative parity state from the fp shell can
either a 1/2−, 3/2−, 5/2− or 7/2− state. Not all these pos
sibilities are consistent with the present data. In the cas
a 7/2− state at 765 keV, the fastest decay to a 3/2+ gs im-
plies a M2 transition. The Weisskopf estimates give at lea
10 ns half-life for such a transition, corresponding to a 30
path of flight in this experiment. According to a GEANT sim
ulation, it should result in a strong difference in the count
rates of forward and backward Ge detectors and an asym
try in the shape of the peaks inFig. 4a. We do not observ
any of these effects, which therefore excludes the 7/2− state
assumption. A 765 keV E1 transition is fast enough, so
the photon is emitted at the target position. Connected
3/2+ ground-state, the three other possibilities 1/2−, 3/2− and
5/2− are allowed. In the case of a X− negative parity state
at 765 keV and assuming the USD predictions for the gro
state and the 885 keV excited state, we could expect a c
petition between a 120 keV E1 transition(1/2+ → 1/2−) or
(1/2+ → 3/2−), and the direct 885 keV M1 transition to th
ground state(1/2+ → 3/2+). According to the Weisskopf es
timates, a 885 keV M1 transition is 10 times faster tha
120 keV E1 transition. In the case of a 120 keV M2 tran
tion (1/2+ → 5/2−), the direct(1/2+ → 3/2+) transition is
clearly favored. Then, all X− = (1/2−,3/2−,5/2−) possibili-
ties are consistent with no observation of a 120 keV transi
and an upper limitτ = 20%.
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We can also compare the measured cross sections to C
(Continuum Discretized Coupled Channels)+ CRC (Coupled
Reaction Channels) calculations with the code FRESCO[26].
Among the different couplings between thed + 26Ne and
p + 27Ne channels, the break-up of the deuteron is ta
into account, as in[27]. For 27Ne, the following assumption
have been made: a 3/2+ ground state and a 1/2+ excited
state at 885 keV, as suggested by the shell model predict
A 765 keV excited state is sketched as a single particle neg
parity state X−. Two possibilities are computed: a�l = 3 state
(case a ofTable 1) and a�l = 1 state (case b) neutron tran
fer reaction, respectively. The spectroscopic factors concer
the positive parity states are obtained from the USD interac
and the ANTOINE[28,29]shell model code. The experimen
reduced transition probabilityB(E2; 0+

gs→ 2+)(26Ne) [30] is
used for the Coulomb coupling between26Negs and26Ne(2+)
and for an estimate of the nuclear deformation length, assu
a radius of 1.2×261/3 fm. The X+ states of27Ne are considere
to be pure single particle states with spectroscopic factors fi
to 1. The entrance26Ne+ d and exit27Ne+ p channel poten
tials are obtained from the nucleon-nucleus global potentia
[31]. The calculations take into account the variation of cr
section due to the target thickness, and the 2.7◦

lab angular ac-
ceptance of VAMOS. The results are compared to experime
values inTable 1where experimental and USD spectrosco
factors are also gathered. The calculated cross sections a
timated within a 20–30% uncertainty due to the choice of
radius parameter, taken as 1.2×261/3 fm, in the26Ne+n bind-
ing potential and to the unperfect knowledge of the entranc
exit channel potentials. The uncertainties on the experime
spectroscopic factorsC2S essentially come from the uncertai
ties on experimental cross sections, on the branching raτ
between the two excited states and on the calculation of c
sections, as previously discussed. The calculated cross se
with the above assumptions reproduce the experimental tr
a poorly populated 885 keV state and a more strongly po
lated 765 keV state, which is consistent with the selectivity
(d,p) reactions, expected to strongly populate single par
states. The cross section of the first excited state (765
is in agreement with the hypothesis of a negative parity
gle particle state, either�l = 1 or �l = 3 with a spectroscopi
factor C2S = 0.6(2). The experimental spectroscopic fac
C2S = 0.2(2) for the ground state of27Ne is smaller than the
USD predictionC2S = 0.64. This difference may come from
a contribution of the fp shell in the27Ne ground state wav
function, not taken into account in USD calculations. The sp
troscopic factors are obtained from the CDCC formalism
order to reproduce the experimental integrated cross sec
Concerning the 765 keV state, no strong difference forC2S

is observed between�l = 1 and�l = 3 cases. The low-lying
fp shell orbits, suggested for29Mg [9,10] and observed in thi
work for 27Ne, can have two origins: a smaller spherical ene
gap between the d3/2 subshell and the fp shell[4,5,32] and/or
deformation[8,33].

In conclusion, we performed theγ spectroscopy of27Ne us-
ing the one-neutron transfer reaction26Ne(d,p)27Ne in inverse
kinematics at 9.7 MeV/nucleon. Two bound excited states f
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27Ne were observed at 765 keV and 885 keV. Measured with
selective(d,p) reaction, the 765 keV state is consistent wit
negative parity state and a spectroscopic factorC2S = 0.6(2).
These new data confirm a decrease of the negative parity
energies in oddN = 17 neutron rich isotones (seeFig. 1), sup-
porting a reduced sd–fp shell gap.
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