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Abstract

17,19C nuclei have been investigated by proton inelastic scattering on a liquid hydrogen target at intermediate energ
peaks were observed in the Doppler-correctedγ -ray spectra with energies of 210(6), 331(6) keV in17C and 72(4), 197(6) keV
in 19C corresponding to the decay of two excited states in both nuclei. Analyzing the reaction cross sections, tenta
values were determined for the states. The experimental results are in reasonable agreement with the predictions by s
calculations.
 2005 Elsevier B.V. All rights reserved.
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Several interesting new effects have already b
found and are expected in the structure of nuclei ly
close to the driplines. In recent years, the ground s
properties of the neutron-rich protonp-shell nuclei
were extensively studied and their neutron skin or h
properties were shown in many cases. Special at
tion was given to19C to establish the one-neutron-ha
feature of its ground state. A large interaction rad
[1] and a narrow longitudinal momentum distributi
of the halo neutron has been proved for this nucl
[2–6]. On the basis of measurements of different qu
tities associated with neutron-removal reactions,
spin 1/2+ of the ground was proposed[5,7,8] and
thes-wave spectroscopic factor of aboutC2S = 0.5–1
was deduced[5,8]. To describe a group of the expe
imental findings in a reasonable manner, the assu
tion of a neutron separation energy larger than the
deduced from mass measurements is needed[5,7–10],
while the Glauber model analysis of the data sugg
the existence of an enlarged core[6,11]. Posing other
assumptions, different ground state spin assignm
might also be possible[11]. The study of the excited
states of these nuclei, the properties of which may g
further information on correlations between the nuc
ons, were not in the spotlight.

Theoretical calculations predict two low-lying e
cited states in both17,19C [5,12,13], but only one ex-
cited state was found in17C [14–16]. Recently, two
γ transitions in17C were reported[17] suggesting tha
both predicted excited states are bound in this nucl
In addition, aγ -ray peak in19C was also observed[17]
indicating that in spite of the very low value of the ne
tron separation energy (Sn = 160± 110 keV deduced
from direct mass measurement[18]), at least one ex
cited state is bound in19C. To investigate the prope
ties of these excited states, to confirm their existen
to check whether a second excited state is boun
19C and to determine the deformations of both nuc
we have studied them via the (p,p′γ ) process in in-
verse kinematics at intermediate energy. The (p,p′γ )
method can exploit the large target thickness and
large number of target nuclei in a liquid hydrogen t
get. In this way, it can be very efficient in populatin
excited states in exotic nuclei by use of radioact
beams of intensities of 1 particle/s (pps) or even lowe
[19,20]. In addition, it provides information on the co
lectivity of the nuclei based on the DWBA analysis
the cross sections. It may be interesting since rece
the shell model calculations used for the analysis
the one-neutron knock-out reaction on these nucle[5]
raised the possibility of deformed ground state of
17C isotope.

The experiment was carried out at the RIKEN
dioactive isotope separator RIPS[21]. A 22Ne primary
beam of 100 pnA intensity and 110AMeV energy
hit a 9Be production target of 0.8 cm thickness. O
timizing for a 19C beam, after momentum and ma
analysis, using a 1.36 g/cm2 thick aluminum wedged
degrader at the momentum dispersive focal plane (
the secondary cocktail beam included 20%19C and
25% 17B. Tuning the17C beam, the same condition
were used with different magnetic field settings a
practically 100% purity could be produced. The m
mentum acceptance of the fragment separator wa
to a maximum value of 6% to have as high a be
intensity as possible. In this way, around 800 pps
tal rate of 17C was achieved. On an event-by-eve
basis, an identification of the incoming beam was p
formed by energy-loss, time-of-flight (TOF) and ma
netic rigidity (Bρ) measurement. TheBρ was deter-
mined using a parallel plate avalanche counter (PP
with an area of 15× 10 cm2 at F1 focal plane cover
ing the total momentum range of the secondary be
Plastic scintillators of 0.5 mm thicknesses were pla
at the second and third focal planes (F2 and F3) m
suring the TOF while for the energy-loss inform
tion, two silicon detectors of 0.35 mm were put
F2 and F3. With this method, the incident17,19C par-
ticles could be well distinguished from other bea
species.

The secondary beams bombarded a liquid hyd
gen target of 3 cm diameter at F3, the thickn
of which was 24 mm and it was closed by 6.6 µ
thick Aramid foils [22]. The hydrogen was coole
down under 22 K having an average areal density
190 mg/cm2. Based on their incident energy and
the energy-loss information, the mean energy of
reaction induced by17C/19C isotopes was calculate
to be 43.3/49.4 AMeV. The position and shape of th
incident beams was monitored by two PPACs place
F3. The horizontal spot size of the beams was 20
while the vertical one was 18 mm in FWHM. In o
der to reduce the background, the events produce
the beam particles hitting the target holder were
tered out by putting a gate on the projected image
the beam on the target.
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The DALI2 setup consisting of 158 NaI(Tl) scinti
lators[23] surrounded the liquid hydrogen target to d
tect the de-excitingγ -rays. Since we aimed to obser
very low-energy radiation, the calibration and thre
old setting—made by standard sources of137Cs,60Co
and133Ba—was crucial. Finally, we could adjust th
array to be able to detectγ -rays with energies highe
than 20–30 keV taking into account the Doppler
fect, as well. (Similar threshold was achieved with
DALI setup earlier in Ref.[24].) The energy resolution
was 10% at 662 keV.

A silicon telescope with layers of 0.5, 2, 2 an
0.5 mm thicknesses was inserted in air at about 80
downstream of the target to identify the scattered p
ticles. (The target chamber was closed by a thin
plate of 1.5 mm.) The active area of the silicon det
tors was 48× 48 mm2 covering scattering angles b
tween 0–1.7◦ in laboratory frame with 100% detectio
efficiency. The inelastically scattered17,19C particles
stopped in the second and third layers and could
separated by the�E–E method from other carbon nu
clei emerged in the liquid hydrogen target by neutr
removal reactions. The separation was done by req
ing γ coincidence with the telescope events, linea
ing the�E–E curves with second degree polynomia
similar to [20]. As it is seen inFig. 1, 16,17,18,19C nu-
clei from neutron-removal reactions in the target
reasonably well separated.

To produce theγ -ray spectra, one-fold events in th
NaI(Tl) array were selected. A time gate was put
the calibrated time spectrum of the NaI(Tl) detect
to select the prompt events. A low energy contin
ous background radiation was emitted from the th
Al/Si stack at the downstream direction. In order
eliminate them, the spectra taken without the tar
were subtracted from the spectra when the target
inserted.Fig. 2 shows the subtracted, Doppler co
rected spectra ofγ -rays for19C and17C nuclei. As a
by-product, the first excited states of16C and18C were
also populated in the one-neutron knock-out chan
with 282± 28 mb and 47± 5 mb cross sections inte
grated for 0–1.7◦ laboratory angle region, respective
not shown in the figure. The Doppler correction
done using the average energy of the beam part
in the middle of the target and the geometrical cen
of the NaI(Tl) detectors. This introduces about 4%
ror for the velocity and about 1◦ uncertainty for the
position of the detectors, which corresponds to ab
Fig. 1. Separation of carbon isotopes using�E–E information in
the silicon telescope. The bold solid line is a fit with 7 Gaussia
The individual curves are also plotted as thin solid lines.

0.5% and 0.8% errors in the peak positions, resp
tively.

To draw the line shape of the peaks observed, fi
their positions were determined by fitting the sp
tra with Gaussian functions and constant backgrou
During the fitting process the widths of the peaks w
fixed to the expected values including the intrinsic r
olution and Doppler effect. After the peak positio
had been determined they were fed into the dete
simulation software GEANT4[25] and the resultan
response curves with small constant backgrounds
plotted inFig. 2.

In panel (a), two peaks are clearly visible at 72
and 197(6) keV which can be associated with
prompt decays of excited states in19C.Fig. 2(b) shows
two strong peaks at 210(4) and 331(6) keV establ
ing two low-lying excited states in17C. In panel (c)
of the 1H(17C,17C) reaction, the higher energy pe
is clearly visible, while the 210 keV peak sitting o
the Compton background of the 331 keV peak is v
weak, if it exists at all. A 201(15) keV peak was al
seen in theγ spectrum of19C in a recent GANIL ex-
periment[17], while the 72 keV peak was observed f
the first time. The 331 keV peak of17C was detected
in the fragmentation reaction[17], too, and there wer
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Fig. 2. Doppler-corrected spectra ofγ -rays emerging from
1H(19C19C) (a),1H(19C17C) (b) and1H(17C,17C) (c) reactions.
The solid line is the final fit including the spectrum curves from
GEANT4 simulation and additional constant backgrounds plotted
as separate dotted lines for each nucleus.

Fig. 3. Experimental level scheme for17C nucleus plotted togethe
with sdpf [13], psdwbp [31] andpsdwbt∗ [32] theoretical pre-
dictions. The arrows indicate the relativeγ transition strengths ob
served in the19C → 17C two-neutron removal reaction.

also indications on the existence of a 207 keV tr
sition sitting just at theγ detection threshold. Th
energies of theγ -rays significantly differ from the en
ergies of the states measured in multi-nucleon tran
reactions: 295(10) keV[15] and 292(20) keV[14].
Due to the poor resolution in those studies (∼ 200 keV
FWHM), the two states at about 1/2 FWHM energy
difference may have been identified as a single p
with an averaged energy.

The counting statistics inFig. 2(b) allowed us to
perform aγ –γ coincidence analysis which showe
that the observed two transitions in17C are not in coin-
cidence. Thus, the twoγ -rays are parallel in the leve
scheme establishing two excited states at 210(4)
331(6) keV, respectively, as it is shown inFig. 3.

The quoted uncertainties of the peak positions
the square roots of the sum of the squared uncer
ties including two main errors namely the statisti
one and the one due to Doppler correction. (The e
coming from the energy calibration of the NaI(Tl) d
tectors were checked by a133Ba radioactive source i
the energy region in question and found to be negl
ble (less than 1 keV) compared to the above uncert
ties.)
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In the two-neutron removal reaction process
ing 19C incident beam, both states in17C are popu-
lated almost with the same intensity: 37± 4 mb and
33± 4 mb integrated for 0–1.7◦ laboratory angle re
gion. However, the difference observed in theγ tran-
sition strengths of the two states for the17C(p,p′)
reaction is remarkable (compare panels (b) and (c
Fig. 2). The strength of the 0→ 210 keV transition
is 1/9th of that of the 0→ 331 keV transition at the
most. This deviation may indicate that the transit
matrix element between the ground and first exc
state is relatively small. The ground state has a s
parity of 3/2+, which can arise as a mixture ofd3

5/2

and s1/2 ⊗ [d2
5/2]2 neutron configurations. In single

step (particle–hole) excitation, it is forbidden to
from a [d3

5/2]3/2 state to the[d2
5/2]0 ⊗ s1/2 state. The

low transition probability to the first excited state
the (p,p′) reaction suggests that the 210 keV st
is the 1/2+ state, which has a small[d3

5/2]1/2 admix-

ture, while the ground state has a dominant[d3
5/2]3/2

component mixed with a smalls1/2 ⊗ [d3
5/2]2 compo-

nent. The arguments on the configurations are ma
based on Ref.[5]. As a consequence of the above co
siderations, the 331 keV state can be assigned to
d5/2 state. This observation is in accordance with
result of a simultaneous shell model analysis of
17C and17N experimental data[26], where the state
of 17C strongly excited in the heavy ion reactions w
assigned to the spin 5/2 state. The level scheme an
the relative intensities for theγ transitions in the two-
neutron removal reaction are shown inFig. 3.

In 19C, we have twoγ transitions of nearly the
same intensity. According to Maddalena et al.[5],
the spin 1/2 state is mainly formed byd4

5/2 ⊗ s1/2
configuration while the spin 3/2 state is a mixture
of d5

5/2, d3
5/2 ⊗ s2

1/2 and d4
5/2 ⊗ s1/2 configurations.

If we assume—based on the instance of17C—that
the d4

5/2 ⊗ s1/2 component is small in the spin 3/2
state, the 3/2 → 1/2 transition is forbidden in first or
der in both direction. In addition, in case of15C the
5/2 → 1/2 γ transition is a slow single particle E
transition. Scaling the 2.6 ns half life of the 740 ke
state byE5

γ , the half lives of the 197 keV and 72 ke
transitions would result in 1.9 µs and∼ 3 ms, respec
tively. Even if there is a significant change in the stru
ture of these states allowing for a much (1–2 ord
of magnitude) faster transition rate, the 5/2 → 1/2 γ
Fig. 4. Experimental level scheme for19C nucleus plotted togethe
with sdpf [13], psdwbp [31] andpsdwbt∗ [32] theoretical pre-
dictions. The arrows indicate the relativeγ transition strengths ob
served in (p,p′) reaction.

transition would have such long a lifetime that w
could not observe it with the present setup. Th
none of observed transitions should correspond to
5/2 → 1/2 γ transition. Therefore, having only th
three predicted states, this means that the two tra
tions must be in cascade, and the only possible
sequence is the 5/2 → 3/2 → 1/2. Considering the
retarded feature of the 3/2 → 1/2 transition and the
prompt nature of the observedγ -rays, the assignmen
of the higher energy to this transition may be mo
probable. The tentative level scheme constructed
19C together with the relative intensities for theγ tran-
sitions in the (p,p′) process can be seen inFig. 4.
Note that the discussion above is based on the ass
tion of a ground state spin 1/2 for 19C—which is also
strongly suggested by other studies[1,5,7,8,10]—our
data still leave lower possibility of other ground sta
spin assignment.

Comparing the experimental energies with tho
predicted by the shell model, it is seen that the s
model gives a qualitative description of the results
predicting two excited states below 600 keV indep
dently of the effective interactions applied. Althou
in Figs. 3, 4large deviations of the experimental a
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calculated level schemes can be observed, it is o
due to the expanded energy scale; the descriptio
the energy spectrum is within the typical∼ 300 keV
uncertainty. This means that the energy spectrum
bound excited states in17,19C is well described in
terms of the shell model.

The cross section of the inelastic scattering proc
carries information on the amount of collectivity
these nuclei and indirectly on the deformation of th
ground states. Analyzing the cross sections, a disto
wave calculation was performed by use of the ECIS
[27] code. During the analysis, the standard collec
form factors were used deriving the “matter” defo
mation parameters (β2) for the different transitions
The optical potential parameters were taken from
global phenomenological set CH89[28].

For the second excited state in19C, the integrated
experimental cross section isσ(269 keV;0◦–1.7◦) =
4.2 ± 0.5 mb. Due to its large uncertainty, the midd
level with spin 3/2 can hardly pose any restriction o
the calculation. As a result of the distorted wave ana
sis, it can be concluded that having an 1/2+ ground
state and excited states of 3/2+ 197(6) keV and 5/2+
269(8) keV results inβ2(269 keV) = 0.29±0.03. This
quite small deformation parameter suggests a basic
single particle nature for the transition with some c
lective component, which is in accordance with t
shell model calculation in Ref.[5].

In 17C(p,p′) reaction, practically one state is e
cited with the cross sectionσ(331 keV;0◦–1.7◦) =
13.8± 1.5 mb. To reproduce this value starting with
3/2+ ground state, aβ2 = 0.52± 0.04 value is neede
if the excited state has a spin 5/2. This suggests tha
the17C nucleus is strongly deformed with its deform
tion similar to the values obtained for other neutro
rich nuclei in this region like16C: β ∼ 0.5 [29] or 17B:
β ∼ 0.57 [30].

It is interesting to mention that a large deform
tion in the intrinsic frame leads to a virtual increa
of the size of the nuclear matter distribution in the la
oratory frame. Theβ ∼ 0.5–0.6 deformation results i
5–7% increase of the nuclear radius, which exha
about two third of the increase of the nuclear rad
observed experimentally in16,17C [1]. Since an ellip-
soid withβ = 0.6 deformation has a 2: 1 axis ratio in
the intrinsic frame, in the laboratory frame nucleo
are found even at a distance of twice of the nuclear
dius with a finite probability. Accordingly, the nucle
density goes to zero in laboratory frame in these
clei in a much slower way than usual for a spheri
nucleus.

Summarizing our results, we have studied
17,19C(p,p′γ ) reactions. In spite of the low beam in
tensity, twoγ peaks could be observed in both nuc
indicating two bound excited states in17,19C nuclei
in agreement with the theoretical expectations.
have determined the energies of the excited states
made tentative spin assignments to them on the
sis of the systematics of transition strengths. From
analysis of the excitation cross sections, theβ2 defor-
mation parameters of the 331 keV transition in17C
and the 269 keV one in17,19C have been deduced. Th
17C nucleus was found to be strongly deformed. T
fact is in agreement with the shell model calculatio
suggesting a strongly mixed Nilsson orbit-like grou
state wavefunction[5].
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