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Abstract. The excitation function for the elastic-scattering reaction p(lsNe, p)lSNe was measured with
the first radioactive beam from the SPIRAL facility at the GANIL laboratory and with a solid cryogenic
hydrogen target. Several broad resonances have been observed, corresponding to new excited states in the
unbound nucleus *Na. In addition, two-proton emission events have been identified and are discussed.

PACS. 27.20.4n 6 < A <19 —25.40.Cm Elastic proton scattering — 25.40.Ep Inelastic proton scattering

— 25.60.-t Reactions induced by unstable nuclei

1 Introduction

Sodium isotopes have been produced with a wide range
of neutron numbers, from the most neutron-rich isotope
3TNa (N = 26), identified for the first time in recent ex-
periments performed at RIKEN [1] and at GANIL [2] with
the new facility LISE 2000, to the most neutron-deficient
isotope 18Na (N = 7), lying two steps beyond the proton
drip line [3].

Our knowledge about °Na is very limited. The first
observation of '?Na was performed in 1969 by Cerny et
al. [4] using the reaction >*Mg(p, ®He)'"Na. The differen-
tial cross-section for this reaction was ~ 100 nb/sr and
the resolution was about 200 keV. One peak was ob-
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served at the mass excess of 12.974 4+ 0.070 MeV, a value
quite close to the value of 12.90 MeV predicted with the
Isobaric Mass Multiplet Equation (IMME). This mea-
sured mass implied that it is unbound against one pro-
ton emission. In another experiment, Benenson et al. [5]
used the reaction 2*Mg(®He, 8Li)!"Na to study this nu-
cleus. Compared to the previous reaction, the differen-
tial cross-section was about 3 times higher and the en-
ergy resolution was about 40 keV. Two peaks were ob-
served in the 8Li energy spectrum and attributed to the
ground and first-excited states. A more precise value for
the mass of the ground state was obtained, which was only
FEr =320 4+ 12 keV above the proton emission threshold.
The first-excited state was measured at the excitation en-
ergy E, = 120 + 10 keV, but it was observed as a small
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peak in the tail of the ground-state peak. This result is
consistent with the known properties of the other T' = 3/2
isobaric analog states [6], where the first-excited state al-
ways lies very close to the ground state (in 12O the energy
difference is 96 keV, in '9F it is 121 keV and in '°Ne it is
85 keV). In another experiment performed at GANIL and
based on the invariant-mass method, Zerguerras et al. [3]
were able to measure the mass spectrum corresponding
to 19Na. They could see only one peak, at the position
of Fr = 480 £ 50 keV. Regrettably, in all these measure-
ments the intensity for the feeding of the different states
was not discussed. It is surprising that none of the other
excited states was observed.

Recently, the second-excited state was seen in a pre-
cise resonant-elastic-scattering measurement performed
by Angulo et al. [7]. In this case a ¥*Ne beam impinged
onto a (0.5 mg/cm?) polyethylene target. A new state was
observed at Er = 1066 &+ 2 keV, having I' = 101 + 3 keV

and J™ = %+. This state corresponds to the known second-
excited state in the mirror nucleus 0. It is 725 keV below
from its analog in ?0.

We report here the results of a new study. We mea-
sured the resonant elastic scattering of a '8 Ne beam on
a thick solid cryogenic hydrogen target. This experiment
was the first experiment performed with a radioactive
beam from the SPIRAL facility at GANIL. In the follow-
ing sections 2-4 we present the experimental part of this
measurement. The analysis of the excitation function is
presented in sects. 5-7. Results of calculations using a po-
tential model and the shell model are also presented, and
compared with the measured levels and with the known
states in the mirror nucleus 0. And, finally, two-proton
events observed in the same experiment are analyzed and
discussed.

2 Experimental setup

In order to investigate the structure of the '°Na iso-
tope, we have measured the excitation function of the
elastic-scattering reaction in inverse kinematics p('®Ne,
p)'®Ne . The basic idea of the measurement is presented
in the refs. [7-11] and references therein. We have per-
formed the experiment with a target thick enough to stop
the beam inside it. The idea of using this kind of tar-
get for elastic scattering has been developed successfully
in several experiments [12—-14]. The scattered proton can
escape the target because of its smaller energy loss, and
can be detected at forward angles in the laboratory frame.
Therefore, the thick target makes it possible to obtain a
complete and continuous excitation function over a wide
range of energies, by detecting the scattered protons and
measuring their energies, without changing the energy of
the incident beam. As measured, for example, by Axels-
son et al. [12], the final energy resolution is better than
50 keV in the center-of-mass frame, generally good enough
to study states with large widths. The disadvantages of
using a thick target are discussed later.

The elastic-scattering measurement was performed at
GANIL with a radioactive beam produced by the new
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SPIRAL (Systéme de Production d’Tons RAdioactifs en
Ligne) facility [15,16]. The ®Ne beam was produced
through the projectile fragmentation of a 2°Ne primary
beam at 95 A MeV on a carbon target, located at the
new underground production cave of SPIRAL. For this
first experiment, a maximum primary beam intensity of
~ 0.20 puA has been used (in order to limit the irradia-
tion of the production ensemble). The radioactive atoms
released from the carbon target —heated to 2000 K— were
ionized by the Nanogan-3 ECR ion source to the charge
state 44-. The beam was accelerated by the new compact
cyclotron CIME (Cyclotron d’Tons & Moyenne Energie)
up to an energy of 7.2 A MeV. The beam was contami-
nated by 15% of 80 and a very small amount (< 1%) of
18F. The efficiency of the overall production system can
be disentangled in the following way. More than 90% of
the produced atoms diffuse out of the target and arrive
in the ECR ion source. About 15% of these atoms are
extracted in the charge state 4+. The transmission of the
low-energy separator, corresponding to the first half of the
injection line of CIME, was of the order of 50%, while the
transmission of the CIME accelerator including the beam
pulsing and beam extraction was also 50%. The observed
efficiencies were close to the expected ones. The present
design of the carbon target allows to increase the primary
beam intensity up to 1 puA, which will correspond to 107
particles per second of ®Ne. The excellent stability and
reproducibility of the whole production and acceleration
system of SPIRAL should be underlined. During the ex-
periment, one could easily change the tuning of the cy-
clotron from 80, used for calibrations, to ®Ne in about
15 minutes. To get rid of the contamination we have used
the LISE magnetic spectrometer as a separator. A thin
carbon stripper foil (40 pug/cm?) was placed at the target
position of the spectrometer to select the 10+ charge state
of the beam, yielding a pure '®Ne'%" beam with a mean
intensity of 2.5 10° pps. During the whole experiment, the
beam intensity was measured and monitored by using a
multi-channel plate detector placed in front of the target.

A pure 1 mm thick hydrogen target was chosen to be
used in this experiment for two reasons. First, the use of
compound targets (e.g. (CHs),,) introduces other elements
(e.g. carbon) in which new reactions can occur and may
disturb the measurement. We have performed several mea-
surements with this kind of target and we have observed
that the carbon contributes a non-negligible continuous
background at this incident energy. Second, the use of a
pure hydrogen target maximizes the counting rate because
the highest stoechiometric ratio leads to the highest ef-
fective target thickness. The main requirements imposed
for the development of solid cryogenic targets usable un-
der vacuum are: low thickness, very thin windows, and
uniform thickness and density. A special cryogenic sys-
tem has been designed to make this target [17]. Cryogenic
target systems have already been designed in various lab-
oratories, particularly by directly condensing Hs gas to
make the target. In the system developed at GANIL, we
have opted for a transition to the liquid phase (16.2 K -
230 mbar) before progressive solidification of the hydrogen



F. de Oliveira Santos et al.: Study of '°Na at SPIRAL

(T < 13.9 K). Liquid helium has been used as a cold source
at 4 K and the growth of the hydrogen crystal has been
imposed by the temperature gradient in the metal frame
supporting the target. The target was made using a metal
frame to which mylar windows (6 pm) were glued. A stack
of frames has formed a Hs target cell with a He cell on
either side of the target. During the target production
phase, equivalent pressure has been maintained on either
side of the target windows. Once the target was formed,
the helium gas was evacuated. The target was placed in
the experiment vessel during nearly a week (P ~ 20 uW
on the target) and temperature was kept below 9 K.

The scattered protons escaped from the cryogenic tar-
get and were detected in a telescope of 3 silicon detectors
5050 mm in size. We used a 150 ym AFE detector, a 1 mm
double-sided strip detector and a 3.5 mm thick Si(Li) de-
tector. A large total thickness of the telescope was cho-
sen in order to cover the full proton energy interval. The
AE detector was placed 317 mm behind the target in or-
der to decrease the counting rate due to the S-rays from
the decay of the beam particles. The second silicon de-
tector was placed just behind the first one. The angular
acceptance of this detector was +4.5° (in the laboratory
frame). Due to geometrical constraints the Si(Li) detec-
tor was placed farther away from this ensemble, 495 mm
from the target, corresponding to a calculated solid angle
of df2,p, = 10 msr.

3 Calibration with p('%0, p)'20

Two corrections must be applied to the data to obtain
the excitation function. A first correction is applied for
the energy loss of the protons inside the hydrogen tar-
get. We have used the energy losses calculated with the
program SRIM [18] to determine this correction. In fig. 1
we can observe in (a) that the energy loss changes slowly
over the full range of the proton energies of interest (be-
tween 2.5 MeV and 25 MeV in the laboratory frame).
The second correction shown in (b) has to be applied for
normalization. The effective target thickness at a certain
energy depends on the energy loss of the incident ions at
this energy. This effect explains why it is interesting to
use a pure hydrogen target. In that case, we obtain the
lowest energy loss and the highest proton density, which
both increase the counting rate. We can observe that the
counting rate (per barns per steradian in the center-of-
mass frame per 10° incident ions per keV in the labora-
tory frame) increases with energy, we are more sensitive to
higher energies, which compensates for the usually lower
cross-section at those energies.

We performed a measurement with a stable beam
to determine the mean target thickness and to evaluate
the uniformity of the cryogenic target. This measurement
was accomplished with an 80 beam, produced at the
same energy as '®Ne. The energy of the incident beam
(7.2 A MeV) was chosen to stop the 180 beam at the
downstream edge of the target. The final result is shown
in fig. 2. This spectrum was measured in 2.8 hours, with
a mean beam intensity of 10® pps.
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Fig. 1. The energy loss (left axis in keV) of the protons inside
the hydrogen target is plotted in curve (a) versus the proton
energy (in MeV) in the laboratory frame. Moreover, the num-
ber of counts N (per barns per steradian in the center-of-mass
frame per 10° incident ions per keV in the laboratory frame)
is plotted (curve (b), right axis) as a function of the detected
proton energy.

From the measurement we were able to perform two
comparisons:

— A part of our measured excitation function was al-
ready measured by Orihara et al. [19] in a very pre-
cise direct kinematics experiment (energy resolution
~ 2.5 keV). The related data are shown in the in-
sert of fig. 2 as a dotted line. The excitation function
was measured at an angle of @y = 168.7°, different
from our value gy = 180°, but the difference is small
enough to make this comparison valid. There is a good
agreement in energy and in normalization. Through
the comparison, used as a calibration measurement, it
was possible to determine precisely the mean target
thickness of 1050 + 20 pum (using a constant density of
88.5 mg/cm?). Moreover, we measured an energy reso-
lution of 30+ 10 keV, constant in this range of energy.
This value is in good agreement with those obtained
in similar experiments [12,14] using homogeneous gas
targets. Using this value of the energy resolution, we
have determined a standard deviation of 70 pum for the
target thickness, demonstrating the good quality of the
cryogenic target used here. Furthermore, the absolute
normalization of the data corresponds to df21,, = 11+
1 msr (in the configuration using the Si(Li) detector).

— The properties of the 19F (¥Q + p) states lying at
excitation energies 8 < E, < 15 MeV are quite well
known. We have compared our measurement with a
R-matrix calculation performed using all known states
(37 in total) (from [19,6]) of °F in the measured
energy range. The R-matrix calculation has been
performed with the code ANARKI [20]. Figure 2
shows the result of this calculation folded with
the experimental energy resolution as a continuous
curve. We observe an overall good agreement, both
in normalization and in energy. No extra peak is
visible in the spectrum. The differences observed
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Fig. 2. The excitation function for the elastic-scattering reaction p(**0, p)'®0O measured at ©cy = 180°. The reconstructed
differential cross-section is plotted as a function of the center-of-mass energy Ecm (lower axis) and the excitation energy E,
in '°F (upper axis). The error bars are statistical. The continuous curve represents a R-matrix calculation using the known
properties of 37 states in '°F. Differences between the experimental data and the calculated excitation function could arise due
to the lack of knowledge of the widths of some states. The experimental energy resolution was measured to be ~ 30 keV. Insert:
a zoom of the high-energy part of the spectrum is shown, the continuous curve corresponds to the R-matrix calculation, the
dotted curve represents the excitation function from Orihara et al. [19] measured at @cm = 168.7°.

between the calculation and the measurement are
certainly due to the uncertainties in the known and
unknown properties of the excited states in F. The
low-energy part of the spectrum was calibrated using
the results of the R-matrix calculation. In fig. 2, at an
Ecym = 1.1 MeV there is an energy gap of ~ 200 keV
without data. This gap results from selection con-
ditions. The protons with energies higher than this
energy gap are identified and selected using a standard
contour in a AE-FE plot. For the lower-energy part of
the spectrum, firstly we have applied a time-of-flight
selection to identify the protons. Secondly, to select
the particles stopped in the first detector we applied
a low-energy threshold on the second detector.

In conclusion, this calibration measurement allowed us
to extract different parameters characterizing our exper-
imental setup (energy calibration, normalization, target
thickness, resolution etc.). The measured values for these
parameters are very close to those expected or calculated.

4 Measurement of p(‘8Ne, p)'8Ne

Figure 3 shows the excitation function for the elastic scat-
tering of a radioactive 1®Ne beam on the proton target. It

represents a 38 hour measurement. For the analysis of the
data, we have used the measured values of the experimen-
tal parameters deduced from the calibration measurement
performed with the '¥0 beam. The ¥ Ne and *O nuclei
have different range in the proton target, resulting in dif-
ferent energy resolutions. In the center-of-mass frame the
energy resolution is calculated to be only 2 keV worse with
18Ne. In fig. 3 only a few broad resonances can be seen,
labelled from A to F. The compound nucleus °Na is pop-
ulated at lower excitation energies than in the case of °F,
which correspond to a region of a lower density of states.

5 Analysis and discussion

The characteristic shape of the first peak A in fig. 3
suggests its spin and parity assignment J* = %Jr. For
that state we obtained Ecy = 1076 &+ 6 keV and I' =
80+ 20 keV. These values are in good agreement with the
already known properties of the second-excited state in
19Na, previously measured at Ecy = 1066 & 2 keV with
a width I' = 101 + 3 keV [7]. It is very interesting to
compare this level with the known levels in 1?0, since the
position of the excited states and the spectroscopic factors
should be nearly identical for mirror nuclei. This level is
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Fig. 3. The reconstructed differential cross-section (©@cm = 180°) for the elastic-scattering reaction p(**Ne, p)'®*Ne is shown
as a function of the center-of-mass energy Fom (lower axis) and the excitation energy F, in '°Na (upper axis). The labels
correspond to the peaks described in the text. The continuous line represents a R-matrix calculation when the properties of
four states of ?Na are taken into account (see text). This figure corresponds to a measurement with a total of 3.4-10'° incident

8Ne nuclei.

positioned at an excitation energy E, = 746 £+ 14 keV in
19Na, which only matches in the mirror nucleus with the

known %+ state at a position of E, = 1471.7 £ 0.4 keV.

This means that the corresponding state in '“Na is low-
ered by 725 + 15 keV.

To study the origin of this energy shift we have per-
formed calculations using a potential model. The analog
state in 10 was built with a model of one neutron in
the potential of an 'O core. This model is clearly a good
approximation when the spectroscopic factor 2 for this
configuration is close to 1, which is the case in the mir-
ror nucleus. In a first step, we have fitted the depth of
a Wood-Saxon well to reproduce the experimental neu-
tron separation energy. In a second step, we have used
the same potential in addition to the Coulomb interaction
for the mirror system of one proton and a '®*Ne core. The
calculation shows an energy shift between analog states.
The largest shift is observed for the s-orbital, which cor-
responds to the J7 %Jr assignment of the state. In this
case, we calculated an energy shift of 749 keV, a value very
close to the experimental one. We performed a shell model
calculation for that state (using the code and parameters
presented hereafter), which predicts a spectroscopic fac-
tor 2 = 0.83. This calculated value of the spectroscopic
factor, using our potential model, is equivalent to a width
I' = 96 keV, again in agreement with the experimental
value. In conclusion, this state can be mainly described by

the shell model configuration 7(1d5/2)%(2s1/2)! and the
origin of the energy shift is mainly due to the Coulomb
interaction.

The intense and broad (I" &~ 300 keV) peak B at an
energy Fcon ~ 2.4 MeV corresponds to an excitation en-
ergy F, ~ 2.1 MeV. Surprisingly, it does not match any
known state in the mirror nucleus. There are two known
states in YO at energies E, = 2.3715 MeV and E, =
2.7790 MeV. However, these states cannot match because
they are assigned with spins J™ 9% and %Jr implying an
angular momentum ¢ = 4. This high value of the angular
momentum is excluded in our experiment because it cor-
responds to a very narrow width. There are also two other
known states in the mirror nucleus, positioned at excita-
tion energies F, = 3.0671 MeV and E, = 3.1535 MeV.
The spin assignments are %Jr and %+7 which means the
angular-momentum number is £ = 2. Those states are also
excluded because the Coulomb energy shift cannot be so
large as to explain the difference in energy.

The broad (I" =~ 500 keV) peak C is positioned at an
energy Ecyn ~ 3.1 MeV, corresponding to an excitation
energy F, ~ 2.8 MeV. The intensity and the shape of this
peak are very similar to those of peak B. There is also
no known analog state in the mirror nucleus which could
correspond to this peak.

In order to understand the origin of peaks B and C,
we have performed shell model calculations, since:
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— All states are not known experimentally in the mirror
partner 0. Performing shell model calculations gives
the possibility of predicting the positions of states in
YNa.

— Calculations give the possibility to predict the spectro-
scopic factors 62, i.e. the superposition probabilities
between the entrance channel "®Ne + p and the dif-
ferent states in the compound nucleus '?Na*, and also
between the different states in 'Na* and the different
inelastic-scattering channels ®Ne* + p. This allows
the calculation of the widths for elastic and inelastic
scattering.

For the nuclei with A = 19 and T = 3/2 we
have performed a shell model calculation in the sps-
dpf space and with the WBT [21] interaction. This
calculation has been carried out with the shell model
code Oxbash [22]. We have allowed 0 and 1 fiw excita-
tions, which have permitted the existence of low-lying
negative-parity states. We have calculated all states up to
E, = 5.5 MeV, and all elastic-scattering channels up to
the angular-momentum number ¢ = 3. We have also calcu-
lated all inelastic-scattering channels on the first-excited
state in 18Ne (2+, E, = 1887 keV [6]). The experimental
values of the excitation energies ES*P (see table 1) for the
states in !Na or those known in the mirror nucleus were
used. The partial widths are estimated in a standard way
from the expression I' = 20292 P({, Q), where @Q is the
particle decay energy (Q, = —320 keV, Q = E; — Q)),
42 is the Wigner single-particle width and P(¢, Q) is the
penetrability, ¢ is the angular momentum of the transi-
tion. The penetrabilities are calculated in a Woods-Saxon
well using the correct number of nodes of the wave func-
tions. The results of the calculations are shown in table 1
for the states with a total width larger than 5 keV.

No state corresponding to the position of the peaks B

and C is present in table 1. A ~ state (labelled 4) is posi-
tioned at E, = 2405 keV, with a width of 6.1 keV, too nar-
row to explain the shape of the peaks. The state labelled 5
is positioned close to the peak C. However, the predicted
width is again too narrow. In fact, there is no explana-
tion for the two experimental peaks B and C within the
framework of the shell model calculations. We have also
performed R-matrix calculations using free parameters to
simulate the elastic scattering. In no case the calculations
fitted the experimental results. In conclusion, the peaks B
and C have shapes, positions and intensities that cannot
match any interpretation in the frame of elastic scattering.

To study the origin of peaks D and E of fig. 3, we
proceeded in an iterative manner. The first two states in
19Na (table 1) are predicted to be too narrow to be ob-
served. The known properties of state 3 in table 1 have
been introduced into the R-matrix program to produce
an excitation function, which fitted well the peak A. The
best-fit parameters for this resonance are reported in ta-
ble 2. In a second step, we introduced in the R-matrix
program the states predicted with width I'ys > 10 keV,

i.e. the three states 7, 8 and 11 of table 1. They all have
spin %7. Starting from the predicted properties of these

states, we have computed an excitation function which was

The European Physical Journal A

Table 1. Predicted properties of states in °Na from shell
model calculations. The symbol E3*P corresponds to the val-
ues used to calculate the widths I'ys and I,+. These corre-
spond to the measured values of the excitation energies when
known [5,7], or the excitation energies measured in the mirror
nucleus PO [6]; otherwise, the predicted values E, are used.

Label J™ E, ESP Ty Dyt
(keV) (keV) (keV)  (keV)

1 3% 0 0 02eV 0

2 3% 293 120 06eV 0

3 1T 1467 746 86 0

4 172405 - 6.1 0.004

5 33167 3153 54 367

6 3% 3746 3231 24 203

7 37 4258 3944 51 0.017

8 374667 4582 45 0.080

9 17 4890 - 0.1 29

10 5 5010 - 6.9 216

11 37 5466 - 161 1.3

Table 2. Properties of the peaks measured in 'Na assuming a
pure elastic scattering. As the R-matrix calculations cannot fit
the peaks B and C, their reported properties are just indicative.
See fig. 3 and table 1 for labels.

Labels J" E, (keV) I'ys (keV)
A-3 1T 756418 80420

B - ~ 2.1 MeV = 300 keV
C - ~ 2.8 MeV = 500 keV
D-7 37 4371 £ 10 30+10
E-8 37 4903+10 50+ 10

in good agreement with the measurement. It reproduced
the peaks D and E when we used the slightly modified
properties reported in table 2. The predicted properties for
state 11 have been used without modification even though
this state may not correspond to single physical state in
9Na. Indeed, at higher energies there is certainly a high
density of broad states which are not easy to disentangle.

The final result of the above analysis is plotted in fig. 3
as a continuous line. We can observed a good overall agree-
ment, except for the peaks B and C.

6 Inelastic scattering

The two main observed peaks B and C cannot be ex-
plained by the elastic-scattering channel. Nevertheless, the
shell model calculations (table 1) have revealed several
broad states in the inelastic channel corresponding to the
reaction p(1®Ne,p;)'®Ne*. The use of a thick target does
not allow us to separate the inelastic contributions from
the elastic scattering. The observed Gaussian shape of the
peaks B and C fits with what is expected from inelastic
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peaks are in good agreement, the intensities are very different.

scattering. In the hypothesis of an observation of the in-
elastic scattering, the data has to be re-analyzed to take
into account different kinematics and energy losses. A re-
analysis of the data has been performed in two steps. First,
we have subtracted the calculated elastic excitation func-
tion of fig. 3 from the experimental excitation function
to reveal possible inelastic contributions. Then, we have
re-analyzed this part of the spectrum to produce an exci-
tation function. It resulted in the final experimental his-
togram shown in fig. 4.

The two peaks B and C are positioned in fig. 4 at
energies close to the predicted energies for states 5 and 6.
We performed a calculation with the program ANARKI in
order to simulate the excitation function for the inelastic
scattering. A typical result is shown in fig. 4 (using I'ys =
10 keV and I'y+ = 200 keV) as a filled surface (multiplied
by a factor 5). We observe that the agreement is good
for the shape and the position of the peaks, but there is
a very large discrepancy in the amplitude. Only a small
part of the measured peaks B and C may be due to this
inelastic-scattering contribution.

7 Two-proton emission from °Na

In our experiment several reaction channels are open:

— In the case of '80: 80 + p (elastic scattering),
180* + p (inelastic scattering with gamma emis-
sion), N + a (Q = +3.98 MeV), %0 + 3H (Q =
—3.7 MeV), 8F + n (Q = —2.44 MeV), 170 + d
(Q = —5.82 MeV), "N + n + a (Q = —6.85 MeV),
HUC +p+ a(Q=-6.23 MeV).
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— In the case of ®Ne: ¥Ne + p (elastic scattering
18Ne* + p (inelastic scattering with gamma emission
TF + 2p (Q = —3.922 MeV), 50 + 3p (Q =
—4.522 MeV), 10 + a + p (Q = —5.113 MeV).

Several of these inelastic reactions result in the emis-
sion of protons, which might produce additional peaks in
the excitation function. Therefore, it is important to esti-
mate the intensity of these different inelastic channels. It
was done in the following way:

);
),

— The silicon telescope allowed a clear identification of
the particles with a standard E-AFE plot. Then it is
possible to estimate the intensity of the inelastic chan-
nels producing other kinds of particles. In the case
of the 8 Ne beam we observed only a-particles and
B-rays. The a-particles are observed as a very low-
intensity contribution and with a continuous energy
distribution, in full contrast with the proton energy
distribution.

— Several inelastic channels may contribute to the proton
production. We have performed several experiments
with stable beams (180, 12C [12], Mg [23]) in order
to estimate the intensity of the other proton contribu-
tions. The very good agreement found in the analysis
of the data for the *¥O beam is in agreement with the
hypothesis that other channels are negligible compared
to the elastic scattering. Moreover, no extra peak was
visible in the 8O excitation function, even if several
reaction channels are open including those with pro-
ton emission. In conclusion, in the case of stable beams
there was no other important contribution in the exci-
tation function.

— The previous conclusion may not be valid in the case
of neutron-deficient beams, where the protons are less
bound. In order to clarify this point, we used a sili-
con strip detector, allowing the detection of particles
in coincidence. In the case of the stable '*0O beam,
no coincidence event was observed. But, in the case of
the '®Ne beam, we observed a few hundred events with
a proton multiplicity equal to two. Indeed, the prob-
ability to detect only one proton after a two-proton
emission is much larger than the probability to detect
the two protons in coincidence; this means that the
two-proton emission channel may induce extra peaks
in the elastic-scattering excitation function.

In fig. 5, the individual energies of the two-proton
events measured in the present experiment were plotted
as a continuous line. This spectrum is compared with that
obtained for only one detected proton in the region of the
peaks B and C (dashed line), elastic scattering subtracted.

A similar pattern is observed for the two plots, two
peaks are present but slightly shifted in energy and with
different widths. In fact, the plots correspond to two dif-
ferent selections of the same events. In one case we impose
the detection of the two protons, in the other case only one
of the two protons is detected, and the differences between
the plots are due to correlation and kinematical effects.

To estimate these effects we performed a Monte Carlo
simulation of the two-proton emission in a sequential de-
cay mode and with uniform angular distributions in the
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Fig. 5. The individual energies in the laboratory frame of
the two-proton events are plotted with a continuous line. The
dashed curve represents the spectrum obtained in the region
of the peaks B and C, elastic-scattering part subtracted. A
similar pattern is observed.

center-of-mass system. In the simulation, we used the ex-
perimental conditions. The parameters used for the two-
proton transitions are taken from the analysis described
in the next paragraph. Figure 6 shows the results in the
same format as fig. 5. One can observe that fig. 6 is similar
to fig. 5. We found that the selection produces an energy
shift in agreement with the experimental observation. The
broadening of peak C in fig. 6 is not in agreement with
the data of fig. 5. The exact shape of the peak depends
strongly on the correlation function, i.e. the angular dis-
tributions may not be uniform. Moreover, the factor corre-
sponding to the ratio between the number of one-proton
events divided by the number of two-proton events, has
been found to be equal to 67 in the simulation, close to
the experimental value of 81 +8 which corresponds to the
ratio between the number of protons measured in the two
peaks B and C, divided by the total number of protons
detected in coincidence.

The above analysis shows that the two peaks B and
C result from the detection of only one proton from a
complex combination of several two-proton emissions.

8 Analysis of the two-proton events

The analysis of the two-proton events can be performed
assuming a sequential two-proton emission, i.e. the 2 pro-
tons are emitted one after another from an initial state
in the compound nucleus ?Na, through an intermediate
state in 18Ne. This problem has an infinite number of so-
lutions because one starts with the two measured energies
for the transitions in order to deduce 3 excitation energies:
the initial state in '”Na, the intermediate state in '®Ne,
and the final state in !"F. To obtain a solution we have
to assign the final state of '"F in the initial conditions.
However, this problem still has two solutions, because one
does not know which proton has been emitted first. An
example of an ensemble of solutions is shown in fig. 7 in
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Fig. 6. Monte Carlo simulation of the two-proton decay events
using the experimental conditions. The individual energies in
the laboratory frame of the detected two-proton events are
plotted with a continuous line. The dashed curve represents
the spectrum obtained when only one proton is detected. The
general pattern is in good agreement with the experimental
one of fig. 5.
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Fig. 7. The reconstructed two-dimensional energy distribution
of the experimental two-proton events. The y-axis corresponds
to the center-of-mass energy of the first transition, from one
excited state in °Na to one excited state in '®Ne, the z-axis
is the energy of the second transition from the state in ®Ne
to 17ng. The continuous line corresponds to the maximum
energy available in the center-of-mass system. The 3 clusters
of events producing the vertical lines labelled (a), (b) and (c),
correspond to sequential transitions (see text).

the case where the final state is the ground state of '7F.
The energy el of the first transition is plotted versus the
energy e2 of the second transition in center-of-mass frame.
It is very important to observe that the points are aligned
along straight horizontal and vertical lines, thus providing
a hint for a sequential decay. Indeed, the kinematical and
energy loss corrections between the detected energies and
the center-of-mass energies are so strong, that this obser-
vation constitutes a confirmation of the interpretation of
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Table 3. Results corresponding to the two-proton events analyzed in the sequential mode. The widths Ie1 and Ies refer to the
widths of the proton transitions, and I" to the widths of the excited states.

Label el(**Na — ®Ne) I E,(*Na) I'(**Na) e2(*®Ne — ""Fgs) T2 E.(*®Ne) I'(*®Ne)
(keV) (keV) (keV) (keV) (keV) (keV) (keV) (keV)
(a) 1698 £+ 75 541 £ 178 5499+ 76 539+ 180 200+ 12 40+34 4121 +12 91'“34
(b) 1424 4+ 30 697 £ 72 5585+ 32 695 £ 72 560 £ 11 47+4 4481 £ 11 27fg
(c) 1018 £ 13 154 £ 17 5815+ 17 141+18 1196 + 11 51+ 6 5117+ 11 33f?1
e2(*®Ne —1"F,1)
(a*) 1557 + 66 463 +215 5809+ 76 4604215 156 + 12 39+£15 4572+12 013
the data. This also means that the assumption of the 17ng
as the final state is a realistic hypothesis. The widths of ) 5809 =460 keV
the lines correspond to widths of the transitions I',; and o150 eSOkel 1 A28 reutkey
I'.5. The final interpretation is made after checking two 5450 T<20KeV 2 [505 T=695 keV
conditions. The maximum energy available in the center 5153 Te20key 3 |40 (4908 [=S0keV 3%
of mass is limited by the beam energy. The width of the |5ee Tt ey 2 [|aart resokey 3
first transition is a convolution of the width of the ini- = P asaa T rotakev 9
tial state and the width of the intermediate state. This o 52 ggi‘é reoke :2);
means the first transition has always to be broader than
the second one. This second condition also means we have "F+2p 5378 4
to select vertical lines in the plot.
In fig. 7 we can observe 3 independent vertical clus- 1887 2
ters of points labelled (a), (b) and (c). The analysis of the
plot has been performed using the Breit-Wigner formula 746 =101 keV 112+
for the shape of the states. The maximum energy avail- Two-proton transitions -
able in the center of mass is indicated by the line el + g E:;) . . i
e2 = 2400 keV in this figure. Some events are very close @ 18 19
to that limit, which may indicate that a part of the reso- Ne+p Na

nance is not observed. In the analysis, an energy limit has
been introduced to take into account this effect. The en-
ergy resolution is estimated to be about 40 keV. The total
widths I" of the states have been determined taking into
account this energy resolution. The results of this analysis
are summarized in table 3.

Moreover, the first-excited state in '7F is only 495 keV
above the ground state. Hence, we have also to consider
the decay to this final state. In this hypothesis there is not
enough energy left in the center-of-mass frame to interpret
a large part of the events seen in the transitions (b) and (c)
of fig. 7. On the other hand, all the events of the transition
(a) can be analyzed in this hypothesis. The results are
summarized in the last row of table 3 and labelled (a*).

As a final check we have compared our measured states
in '®Ne with the known properties of the excited states in
that nucleus. The state determined from transition (a) in
the first row of table 3 is not known, the closest states in
18Ne are a 1~ state positioned 399 keV above our mea-
sured state, at F, = 4520 £ 7 keV [24], and a 27 state
positioned 505 keV below, at E, = 3616.4 £+ 0.6 keV [25].
On the contrary, a correspondence can be found within
the error bars in the (a*) case of table 3. There is a known
state at E, = 458947 keV, with J™ = 07" [25], which gives
a difference in energy of +17+19 keV. There are two other
known states at E, = 4523.7+2.7 keV, with J™ = 37 [11],
and at E, = 4520 £7 keV, with J™ = 1~ [25], which give

Fig. 8. Level scheme which summarizes the known-states
properties of Na. All known states on '®Ne are also shown
up to 6.2 MeV. The observed two-proton transitions are shown
with dashed lines. They are all connected with known states
in ®Ne above the proton emission threshold.

an energy difference of —48.3+14.7 keV and —52+19 keV.
Our measured width I' = 0 737 keV is also in agreement
with the known values I' = 4 +4 keV, I' = 18 + 3 keV
and I' = 946 keV. In the 0T state hypothesis, the proton

may decay to the ground state of I"F (J™ = ng) or to

the first-excited state at E, = 495 keV (J™ = %+) In the
first case, the transition has ¢ = 2, and for the second case
¢ = 0. The lower angular-momentum barrier may explain
why we observe the transition to the first-excited state.

The state determined from the transition (b) can be
associated with two states in '8Ne: the state at E, =
4520 £ 7 keV, J™ 17, or the state at F, = 4523.7 +
2.9 keV, J™ = 37. In these cases we found a difference in
energies of 39 + 18 keV and of 43 + 14 keV, respectively.

The state determined from the transition (c) can be
associated with two states: E, = 5153 + 8 keV with
I' <20 keV and J™ = 3~ [24], and E, = 5106 £ 8 keV
with I" = 45 + 2 keV and J™ = 2% [26]. The difference in
energies is equal to +36 £ 19 keV and —11 + 19 keV.
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The final overview of the results is presented in fig. 8.
All known states in '®Ne are shown up to 1.5 MeV above
the proton emission threshold. The observed two-proton
transitions are shown as dashed lines. It is interesting to
observe that all transition lines are connected with known
states in '®Ne, and, inversely, all known states above the
proton emission threshold have been fed by a two-proton
emission. Two states in ?Na at 5809 keV and 5815 keV
may be related to one unique state. In the mirror nucleus
190 there are several states known at close energies, two
of them may be the analogue states since they have large

widths: I' =490 keV at F, = 5.54 MeV with J™ = %+, and

I'=110 keV at E, = 6.120 MeV with J™ = 3" However,

it is probable that the states determined in '’Na from the
two-proton emission result from the mixed combination of
several broad states. In such a hypothesis, the two-proton
emission occurs up to the maximum energy available in the
center-of-mass frame, which seems to be the case here.

As discussed above, in fig. 3 the peaks B and C cor-
respond to the detection of only one proton of the two-
proton emissions. The efficiency to detect such events at
forward angles is increased in inverse kinematics. The fo-
cusing effects also exist in inelastic scattering followed by
gamma emission. An example of (p, py) contribution has
been shown in fig. 4 for the inelastic scattering on the first-
excited state. Calculations show that the focusing effect is
higher when the total available energy is shared by two
protons. This explains why we observe only the peaks B
and C, corresponding to two-proton decays (p, pp), and
not other peaks corresponding to inelastic (p, p7y) con-
tributions. However, these inelastic contributions should
be present in fig. 3 with a lower amplitude than the elas-
tic scattering, and they may explain the small differences
we can observe between the R-matrix calculation and the
experimental data.

In fig. 7, it is surprising to observe that the transi-
tion labelled (c) is located near el = e2. For these events,
the difference in energy is very small, the mean value is
lel — e2]1,p = 500370 keV and at the same time the sum
is el + e2jap, = 21200 + 510 keV. These events may be
related to the simultaneous emission of two protons (He
emission). The equality of the energies may be a natu-
ral consequence of this decay mode. Gomez del Campo et
al. [26] have observed such events in 8Ne, i.e. a clear ev-
idence for the simultaneous emission from the 6.15 MeV
state (J™ = 17). Since the three-proton emission channel
is open in our case, the events labelled (c) may be related
to this emission mode. No event with 3 protons in coin-
cidence has been observed, but the detection efficiency is
very low for this kind of events. The probability to observe
2 of the 3 protons is much larger.

The simulation of this process (using the sequential
emission model as described above) has shown that we
do not have enough energy in the center-of-mass frame
to produce 3-proton emission where two of them corre-
spond to the observed two-proton events. In conclusion,
no three-proton emission was observed in our experiment.
As we have seen, the analysis of these events (c), using
the model of a sequential two-proton emission, involves
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an intermediate excited state in '8Ne. This state was al-
ready known before our experiment. It is probable that
the equality of the energies is purely accidental.

9 Conclusions

We have performed an experiment to measure the elastic-
scattering excitation function of a '®*Ne radioactive beam
from the SPIRAL facility on a thick solid cryogenic hydro-
gen target. Two new states in the compound nucleus '“Na

with J”z%i, at £, = 4371£10 keV with I' = 30£10 keV
and at B, = 4903 &+ 10 KeV with I' = 50 & 10 keV were
observed. The understanding of the decay process was cru-
cial to understand the high-energy part of the *Na exci-
tation function. Two intense peaks mainly correspond to
the detection of single protons from two-proton emissions.
It is important to point out that the detection efficiency of
two-proton events is enhanced at forward angles in inverse
kinematics. The two-proton events have been interpreted
to arise from a sequential decay, and three new states with
large width have been determined in *Na.

Future experiments of elastic scattering at low energy
will provide an efficient way to undertake the spectroscopy
of nuclei close to the drip lines. These future experiments
aimed at the search for states at high excitation energies in
the unbound neutron-deficient nuclei should take into ac-
count the detection of the multi-proton events and include
proton detectors of high granularity and energy resolu-
tion. In addition, the improvement of the detection system
by increasing the total acceptance and by measuring the
angular distribution will allow the efficient spectroscopy
of the intermediate states from multi-particle emissions.
However, it is important that future theoretical studies
shed light on the two-proton emission from excited states,
and particularly on the simultaneous-emission mode.
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