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Abstract. We have measured two-proton momentum and angular correlations for the 23 Al excited
states from the 23 Al radioactive beam on a 12 C target at an energy of 60 ∼70 A MeV at the projectile
fragment separator beamline (RIPS) in the RIKEN Ring Cyclotron Facility. The decay products,
namely 21 Na + p + p from 23 Al are clean identified. The relative momentum and opening angle
between two protons in the rest frame of three body decay channels demonstrate that there are some
diproton emission components from 2 He cluster for the excited 23 Al.
Keywords: diproton emission, proton-rich nuclei 23 Al
PACS: 23.50.+z, 25.60.-t, 25.70.-z, 27.30.+t

INTRODUCTION
In the past twenty years, exotic structure such as neutron- or proton- halo or skin, has
been found for nuclei far from the β -stability line. Now the precise nuclear structure
and reaction of extremely neutron- or proton-rich nuclei can be studied experimentally
thanks to the available advanced radioactive ion beam. For the proton-rich nuclei, the
decay mechanism is complicated, especially for two-protons (2p) radioactivity. Goldansky [1, 2, 3] predicted the existence of a two-proton decay mode which may be observed
in nuclei beyond or close to the proton dripline. However, the dominant proton emissions could be from other processes. Generally, there are three possible ways for double
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proton emission: (i) two-body sequential emission in a short time; (ii) three-body simultaneously democratic emission; and (iii) 2 He cluster emission and then breakup into
two protons. The later two protons in a 2 He cluster are basically constrained by the
pair correlation in a quasi-bound s-singlet, i.e., 1s configuration. The Coulomb barrier
can guarantee the existence of such a quasi-bound state for an instant. After penetration
of the barrier, the two protons will be separated. The experimental search for the 2p
emitter started very early [4, 5], and some other experiments and modern theories are
still required to comprehensively understand the decay mechanism [6, 7, 8]. The current
progress of experiment and theory on 2p radioactivity can be found in a recent review
paper [9].
On the other hand, two-particle intensity interferometry has been extensively utilized
to determine the space-time extension of particle emitting sources in nuclear and particle physics over the past two decades. Original ideal comes from two-photon correlation
which was applied to measure the angular diameter of stars and others astronomical
objects by Hanbary Brown and Twiss [10]. Then it was rapidly realized that this approach can be generalized to include correlation measurements for other bosons and
fermions as well [11]. In intermediate energy heavy ion reactions, two-particle interferometry is a well recognized and powerful method to characterize the sources of particle
emission and to probe and disentangle the different reaction mechanisms. For the above
momentum correlation measurement, it can describe the space-temporal evolution of
hot nuclei which will usually decay by evaporation, and/or fragmentation, and/or multifragmentation etc. In this kind of measurement, multi-protons emission accompanying
with various fragments is very usual. In this case, it is almost impossible to reconstruct
the full decay channel from the exited hot nuclei under current detector technique. The
momentum correlation function method has been also used by people to study the structure of exotic neutron-rich nuclei. For instance, Ieki et al. have firstly measured the halo
neutron-neutron momentum correlation function and deduced a reasonable nuclear matter radius for 11 Li [12]. Orr et al. have also performed the halo n-n momentum correlation
function experiment for 11 Li and 14 Be [13].
However, systematical experimental or theoretical studies on nucleon-nucleon correlation for neutron-rich or proton-rich nuclei are still few. Considering the importance
of binding energy and separation energy in the formation of halo structure, some of
us have performed systematic phenomenological studies for neutron-neutron, neutronproton and proton-proton momentum correlation function using the Isospin dependent
Quantum Molecular Dynamics (IDQMD) model [14]. The nucleon-nucleon momentum
correlation function seems sensitive to the binding energy. The halo nucleon-nucleon
correlation function is sensitive to separation energy of the valence nucleon. If they
can be proved by experiment, the momentum correlation function method can be taken
as a useful way to study the halo structure in exotic nuclei. At the same time we also
investigated the influences of the nuclear equation of state (EOS) and the in-medium
nucleon-nucleon cross section on the momentum correlation function. It is possible to
extract information for EOS and the in-medium nucleon-nucleon cross section from the
measured momentum correlation function of exotic nuclei by the comparison of the data
with the transport model calculations.
It is possible to reconstruct full decay channels from cold nuclei or low-excited
nuclei by the advanced detector arrays. For instance, one can identify the decay channel
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(A − 2, Z − 2) + p + p from a proton-rich nucleus (A, Z) by the Si-strip and other ∆E
multi-detectors combination. In this decay channel, relative momentum and opening
angle between two protons can be reconstructed. Different from the p-p correlation of
hot nuclei, here p-p correlation mostly gives the information of internal proton-proton
binding or decay mode in a specific channel. As we mentioned in the beginning of
paper, there are three major types of proton emission mechanism. Of which, 2 He cluster
emission is of the most interesting. In this case, a strong correlation of p-p relative
momentum around 20 MeV/c will appear together with the relative small opening angle
between two protons in the rest frame of three body decay. In the present paper, we will
search for such kind of diproton emission for the proton-rich nucleus, namely 23 Al.
For the proton-rich nucleus 23 Al, it has attracted a lot of interest in recent years for
some reasons. It has a rather small proton separation energy, S p = 0.122 MeV [15],
making it a candidate for a proton-halo nucleus. "An abnormal increase" in the reaction
cross section has been observed in our previous experiment performed at HIRFL-RIBLL
beamline, Lanzhou [16]. Our latter experiment at RIKEN-RIPS beamline indicated the
valence proton to be dominantly d wave by the measurement of the total cross section of
23 Al and its fragment momentum distribution of 22 Mg simultaneously [17]. In addition,
the spin and parity of the 23 Al ground state was found to be Jπ = 5/2+ by recent β -NMR
[18] and β -decay measurements [19], in agreement with the measurement of its 23 Ne
mirror. The mass excess of the proton-rich nucleus 23 Al has been recently measured
with the JYFLTRAP Penning trap setup [20]. 23 Al may also play a crucial role in solving
the depletion of the NeNa cycle in ONe novae. The key astrophysical reactions related
to 23 Al and 22 Mg(p,γ )23 Al are discussed in Refs. [19, 21, 22, 23, 24] and references
therein.

EXPERIMENT DESCRIPTION
The experiment was performed at the RIKEN-RIPS beamline in the RIKEN Ring Cyclotron Facility. The experimental setup is shown in Fig. 1. The secondary 23 Al, 22 Mg,
21 Na and 20 Ne beams with incident energy of 60 ∼70 A MeV were generated by projectile fragmentation of 135A MeV 28 Si primary beam on 9 Be production target at F0
chamber and then transported to a 12 C reaction target at F2 chamber. In the dispersive
focus plane F1, an Al wedge-shaped degrader (central thickness: 583.1 mg/cm2 , angle:
6 mrad) was installed. A delay-line readout parallel plate avalanche counter (PPAC) was
placed to measure the beam position. Then the secondary beam was directed onto the
achromatic focus F2. Two delay-line readout PPACs were installed at F3 to determine
the beam position, angle and also were used to extract the position on the target that the
beams hit. A silicon detector F3SSD was installed after the two PPACs to measure the
energy loss (DE) of the secondary beams. An ultra fast plastic scintillator (F3, 0.5mm
thick) was placed before a carbon reaction target (355.5 mg/cm2 thick) to measure the
time-of-flight (TOF) from the plastic scintillator at F1 and F2. The experimental setup
before the reaction target was similar to the previous experiment [24].
Around the reaction target, there was a γ multi-detectors named DALI. After DALI
there were five layers of silicon detector, the first two layers of Si-strip (5mm width) detectors located around 50cm downstream of the target were used to measure the emitted
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FIGURE 1. Setup of present experiment.

angle of the fragment and protons. Three layers of element Si detectors were used as the
∆E-E detectors for the fragment. Each Si-strip layer consists 5×5 matrix without detectors in the four corners. The plastic hodoscopes located around 3m downstream of the
target were used as ∆E, E and TOF detectors for protons. Most of the protons stopped
before the third layer.
The particle identification (PID) of 23 Al, 22 Mg, 21 Na and 20 Ne before the reaction target was done by means of Bρ -4E-TOF method as shown in Fig.2(a). After the reaction
target, the heavy fragments were identified by five layers silicon detectors combination
through the 4E-E technique, as shown in Fig.2(b) for an example. Both the emitted
angle and energy loss can be obtained for the fragments. The total energy of heavy fragments can be obtained by summer over the energy loss of the five layers silicon detectors.
From this setup, less than 5 MeV/c of the relative momentum resolution for protons at
the typical energy of 65 MeV could be achieved.

PRELIMINARY RESULTS AND DISCUSSIONS
Clear particle identification was got and the (21 Na + p + p) reaction channel was picked.
By the full reconstruction of 23 Al three-body decay channel, we can reconstruct the
excitation energy of 23 Al. The excitation energy is calculated by the difference between
the invariant mass W of three-body decay channel and its mother-nucleus mass in the
ground state, i.e.
q
→
−
E ∗ = W − M = (∑ Ei )2 − (∑ P i c)2 − (M23 Al ).
(1)
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FIGURE 2. (a) PID of 23 Al, 22 Mg, 21 Na and 20 Ne before the reaction target. Particles were separated
by ∆E−TOF correlation. After ∆E selection, particles can be separated. (b) PID of reaction residues after
the reaction target. Particles were separated by ∆E-E correlation. After ∆E-E selection, heavy fragments
can be identified. The closed curve in the right panel shows the gate for 21 Na.

Fig. 3 shows the reconstructed excitation energy spectra for 23 Al decays. It looks there
are some peaks in whole excitation energy region.
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FIGURE 3. The excitation energy distribution from 23 Al breakup.

Preliminary results of relative momentum spectrum and opening angle of the two
protons in the rest frame of three-body decay system are presented in Fig.4 and Fig.5,
respectively, under some excitation energy windows. From the left to the right, it corresponds to the windows of 6.8 ≤ E ∗ ≤ 7.2, 8.0 ≤ E ∗ ≤ 8.8 and 10.5 ≤ E ∗ ≤ 15, respectively. Two Gaussian fits are plotted in the spectra. A peak in relative momentum q pp
around 20 MeV/c is observed which corresponds to a peak in smaller opening angular
θ pp around 30-60 ◦ in those excitation windows. In the same time, another peak is observed around q pp ∼ 40 MeV/c which corresponds to larger θ pp . The peak at 20 MeV/c
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of q pp and small opening angle is consistent with the di-proton emission mechanism. In
contrary, the peak at larger q pp and θ pp may correspond to sequential proton decay or
three body democratic decay. In order to quantitatively extract the di-proton emission
probability in above excitation energy windows, two Gaussian fits are done as shown by
the curves in Fig. 4 where the dotted line and dashed line represent two separate Gaussian fits and solid lines represent the summer of two Gaussian fits. From the fits to the
relative momentum spectra, the component around 20 MeV/c in q pp spectra occupies
33%, 18% and 25%, respectively.
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FIGURE 4. Relative momentum spectrum of two protons for 23 Al decays into two protons and 21 Na.
From left to right, the panel corresponds to the excitation energy windows: 6.8 ≤ E ∗ ≤ 7.2, 8.0 ≤ E ∗ ≤ 8.8
and 10.5 ≤ E ∗ ≤ 15, respectively. The dotted line and dashed line represents two separate Gaussian fits
and solid line represent the summer of two Gaussian fits.
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FIGURE 5. Opening angle of two protons in the center of mass of decaying system. From left to
right, the panel corresponds to the excitation energy windows: 6.8 ≤ E ∗ ≤ 7.2, 8.0 ≤ E ∗ ≤ 8.8 and
10.5 ≤ E ∗ ≤ 15, respectively. The dotted line and dashed line represents two separate Gaussian fits and
solid line represent the summer of two Gaussian fits.

SUMMARY
The measurements on two proton relative momentum together with the opening angle
have been performed for the excited 23 Al at RIKEN-RIPS beamline. In order to explore
the internal proton-proton correlation information inside low-excited proton-rich nuclei,
we identified the clean decay channel for 23 Al → p + p + 21 Na. The excitation energy
spectrum was reconstructed by the invariant mass method for the above decay channel
and the preliminary results on relative momentum and opening angle between two proton are presented. From the preliminary analysis, we saw a peak around about 20 MeV/c
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for two-proton relative momentum distribution together with small opening angle, which
can be explained by the 2 He’s di-proton emission mechanism. Of course, sequential decay and/or three-body decay mechanisms for proton emissions are in general dominant.
More details on the analysis and the simulations are in progress.
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