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2,1
，S. Krupko

13,15
，M. Kuich

18
，

Yu. A. Litvinov
2
，G. Marquinez-Durán

9
，I. Martel

9
，C. Mazzocchi

8
，C. Nociforo

2
，

A. K. Ordúz
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Abstract：An experiment aimed to investigate the two-proton (2p) decay of the previously unknown

nucleus 30Ar was performed at GSI. By tracking the decay products in-flight with silicon micro-strip

detectors, the 2p decays of 30Ar were observed for the first time. For the calibration purpose, 2p decays

of 19Mg were also remeasured by tracking the coincident 17Ne+p+p trajectories. By comparing the mea-

sured angular p-17Ne correlations with those obtained from the corresponding Monte Carlo simulations,

the simultaneous 2p decay of 19Mg ground state and the sequential 2p emission of several known excited

states of 19Mg were confirmed. One new excited state in 19Mg and two new excited states in 18Na were

observed.
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1 Introduction

2p radioactivity was predicted to appear in the

very neutron-deficient nuclei located around the pro-

ton drip line by Goldansky in the early 1960s
[1]
. This

exotic phenomenon is a three-body decay process re-

sulting in a simultaneous emission of two protons. Due

to the paring interaction, one-proton emission is ener-

getically prohibited from some nuclei but the ejection

of two protons is allowed. The ground-state 2p radioac-

tivity was discovered in 2002, when it was found that

the ground state (g.s.) of 45Fe decays by emitting two

protons simultaneously[2–3]. This exotic decay mode

was also found later in 54Zn
[4]
, 19Mg

[5]
, and 48Ni

[6]
.

Among the above-mentioned g.s. 2p emitters, the

lifetime of 45Fe, 48Ni, and 54Zn is a few ms. There-

fore the conventional implantation-decay method can

be employed to study their decay properties. In the
19Mg case, its lifetime is only a few ps. The targeted

nucleus in our experiment, 30Ar, was also predicted to

have a very short lifetime
[7]
. Thus, an experimental

technique applied to decays in-flight was proposed to

study the radioactivity of proton-unbound nuclei in a

ps-ns lifetime range
[8]
. This novel technique has been

successfully used in the discovery of the first case of 2p

radioactivity in an s-d shell nucleus 19Mg
[5]
.

2 Experiment

The search of 30Ar was performed at the Fragment

Separator (FRS)
[9]

in GSI. The FRS is a in-flight mag-

netic separator and spectrometer for radioactive ion

beams and it consists of several dipole, quadrupole and

sextupole magnets, the latter for 2nd-order correction.

The layout of FRS with its several focal planes (S1

to S4) is displayed in Fig. 1. In our experiment, the

primary 885 AMeV 36Ar beam was delivered to im-

pinge a 8 g/cm2 primary 9Be target. Then the 620

AMeV 31Ar fragments were selected as the secondary

beam and transported by the first half of FRS to bom-

bard the secondary target (4.8 g/cm2, 9Be) located

at middle focal plane S2. A 5 g/cm2-thick Al wedge

degrader was installed in the first focal plane S1 and

shaped to achieve an achromatic focusing of 31Ar at S2.
30Ar nuclei were produced via one-neutron (1n) knock-

out reactions. The second half of FRS was tuned to

transmit the heavy decay products, in particular 28S,

down to S4. For calibration purposes, the previously-

known 2p radioactive nucleus 19Mg was produced by

1n knockout from 20Mg ions obtained by fragmenting

a 685 AMeV 36Ar beam. Its 2p decay properties were

remeasured. Reactions of interest in our experiment

are outlined in the lower part of Fig. 1.

Fig. 1 (color online)Upper part: Schematic view of the experimental setup at FRS. Lower part: The reactions of
interest concerning the production and decay of 30Ar and 19Mg.
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The main detectors employed in the experiment

are also sketched in Fig. 1. At S2, two Time-Projection

Chambers (TPC 1 and TPC 2) were used to track

the incoming 31Ar (or 20Mg) projectiles. Downstream

from the secondary target, a silicon micro-strip de-

tector (SSD) array which consisted of four large-area

SSDs was employed to measure positions of two pro-

tons and the heavy recoil ion (28S or 17Ne) resulting

from the in-flight 2p decay. The position measurement

by SSDs allowed us to reconstruct all fragment trajec-

tories and to derive the reaction vertex together with

angular proton-proton and proton-heavy ion correla-

tions. In the second half of FRS, the heavy-ion (HI)

decay products (i.e., 28S or 17Ne) were unambiguously

identified by their magnetic rigidity (Bρ), time of flight

(TOF) measured with two position-sensitive scintilla-

tors (SCI 1 and SCI 2), and energy loss (∆E) in an

ionization chamber (MUSIC). In addition, an optical

time-projection chamber (OTPC) was installed at S4

to detect beta decays of stopped 31Ar ions. Recently,

the beta-delayed 3p decays of 31Ar were observed and

investigated
[10]

.

2.1 Identification of decay products

The particle identification (PID) for the HI was

obtained by the aforementionedBρ-TOF-∆E measure-

ments. Fig. 2 is a two-dimensional PID plot for the

ions measured at two FRS settings optimized to trans-

mit 31Ar and 28S. In this plot, each nucleus sits in a

unique position according to its proton number Z and

mass-to-charge ratio A/Q. Therefore, the HI decay

product can be identified unambiguously. Its trajec-

tory which passed through the SSD array was mea-

sured by SSDs. The emitted protons were identified

Fig. 2 (color online) Particle identification plot for
ions detected at S4. The first half of FRS was
optimized to transport a 620 AMeV 31Ar beam
and the second half of FRS was tuned to transmit
the 28S ions.

by registering its impact position in several SSD’s and

requiring a “straight-line” trajectory. Then the identi-

fication of a 2p decay event was performed by searching

the triple HI+p+p coincidence. The meeting point of

trajectories of two protons and HI is defined as the

decay vertex.

2.2 2p decays of 19Mg

The angular correlations are similar to trans-

verse momentum correlations which are often used to

identify nuclear states and their decay channels
[11]

.

The measured angular correlations of protons with re-

spect to the 2p decay daughter nucleus can be em-

ployed to identify the energy levels of the 2p pre-

cursor and to deduce the decay properties (e.g., de-

cay energy and width) of the state. This method

has been successfully applied in previous investiga-

tions on 19Mg and 16Ne[11–12]. In the same manner,

we measured the angles between 2p-decay products of
19Mg (and 30Ar) and reconstructed the angular corre-

lations. The present work mainly focuses on the anal-

ysis of the angular p-17Ne correlations obtained from

the 17Ne+p+p coincidences.

Fig. 3(a) shows the scatter plot (θ17Ne−p1,

θ17Ne−p2) for measured angles between protons and
17Ne. There are several statistical enhancements in

this angular correlation plot, which provide the infor-

mation on the 2p states in 19Mg and 1p levels in 18Na.

The angles from 2p decays of narrow states in 19Mg

are accumulated along arcs with radius ρθ = const,

where ρθ =
√
θ2HI−p1+θ2HI−p2. As shown by Ref. [12],

the peaks in the ρθ spectrum are related to 19Mg res-

onances with the total 2p-decay energy Q2p ∼ ρ2θ.

In the present study, the ρθ distribution obtained

for 19Mg 2p decays is displayed in Fig. 3(b). Several

intense peaks which indicate the 2p decays of various

states in 19Mg are clearly seen and labeled by Ro-

man numerals. Correspondingly, the arcs shown in

Fig. 3(a) are angular p-17Ne correlations from the de-

cays of these states in 19Mg. The ρθ spectrum is very

helpful to select the decay events from a certain 19Mg

state. In comparison with the previous data (see Fig. 2

in Ref. [12]), the angular p-17Ne correlations obtained

in the present work show the g.s. and several previ-

ously known excited states of 19Mg. The g.s. is la-

beled by (i), while known excited states are marked

by (ii), (iii), and (iv) respectively. In addition, the

present data give hints on one unknown excited state

(e.s.) of 19Mg which is labeled by (v). Obviously, the

new state has higher excitation energy than all known

excited states.

To deduce decay properties of the observed nu-

clear states, detailed Monte Carlo simulations of exp-
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Fig. 3 (color online)Angular correlations θ17Ne−p1-θ17Ne−p2 (a) and ρθ (b) measured for the coincident 17Ne+p+p
events. The peaks and bands marked by “(i)-(v)” are one-to-one correspondence.

erimental response to the 2p decay of 19Mg are neces-

sary. Simulations were performed based on two decay

mechanisms: a simultaneous 2p-decay mechanism
[13]

for the 19Mg g.s. and sequential emission of protons

from 19Mg e.s. via 18Na states. In Fig. 4(a), the Monte

Carlo simulation of the simultaneous 2p decay of 19Mg

g.s. is compared with the experimental θ17Ne−p distri-

bution obtained by selecting events in the arc-gate (i),

i.e., 20 < ρθ < 48 mrad. The agreement between the

simulation and the data is very good. The probability

that the simulated θ17Ne−p distribution matches exper-

imental pattern was calculated by using a statistical

Kolmogorov-Smirnov test. The stars in Fig. 4(b) dis-

plays such probability as a function of 2p decay energy

Q2p, while the solid curve is the fit of the probabil-

ity distribution by a skewed Gaussian function. The

highest probability corresponds to Q2p = 0.87 MeV.

The statistical uncertainty is obtained by calculating

the Q2p range where the simulation can reproduce

the data with probabilities above 50%. Thus the 2p-

decay energy of 19Mg g.s. derived from present work

is Q2p = 0.87+0.16
−0.06 MeV, which is consistent with the

previous data: 0.76(6) MeV
[12]

.

Regarding the known excited states in 19Mg sh-

Fig. 4 (a) Measured angular p-17Ne correlations (full circles with statistical errors) derived from the 17Ne+p+p events
with 20 < ρθ < 48 mrad, which corresponds to the 19Mg g.s. region. The solid curve represents the θ17Ne−p

distribution obtained from the simulation of detector response to the simultaneous 2p decay of 19Mg g.s. with
Q2p = 0.87 MeV. (b) The resulting distribution of probability from the simulation that reproduces the data as a
function of the assumed Q2p. The curve displays the fit to the probability distribution by a skewed Gaussian function.

own by the peaks and arcs (ii), (iii), and (iv) in Fig.

3, the simulations were performed by assuming the se-

quential 2p decay via low-lying 18Na states. The sim-

ulated θ17Ne−p distributions were compared with the

data obtained by choosing events with the ρθ gates (ii),

(iii), and (iv) indicated in Fig. 3(a). The correspond-

ing results are shown in the panels (a), (b), and (c)

of Fig. 5, respectively. One can clearly see the simula-

tions generally reproduce the data. The deduced 2p-

decay energies of e.s. (ii) and e.s. (iv) are: 2.1(3) and

5.3(2) MeV respectively, which agree with the previ-

ous data on the respective states at 2.14(23) and 5.5(2)

MeV
[12]

. The determined Q2p for broad peak (iii) is

3.3(3) MeV, which matches the previously-measured

states at 2.9(2) and 3.6(2) MeV. However, these two

states cannot be resolved in the present experiment.

Evidence for one new e.s. of 19Mg is shown by the

peak (v) in Fig. 3(b). One can see that most events
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Fig. 5 Same as Fig. 4(a) but for the excited states of 19Mg. (a) The 2p decay of e.s. gated by (ii), 57<ρθ < 68 mrad.
The curve displays the simulation of the sequential 2p decay of 19Mg state at 2.1 MeV via 18Na state at 1.23 and
1.55 MeV. (b) The 2p decays gated by (iii), 68<ρθ < 88 mrad. The solid curve is the simulation of the sequential
2p decay of 19Mg state at 3.3 MeV state via the 1.55 and 2.084 MeV levels of 18Na. (c) The 2p decays gated by
(iv), 92<ρθ < 116 mrad. The result of the simulation to the sequential 2p emission of 19Mg state at 5.3 MeV via
1.55 MeV state of 18Na state is depicted by the solid curve. (d) The 2p decay of new discovered e.s. in 19Mg gated
by (v), 128< ρθ < 139 mrad. The solid curve and dashed curve are the θ17Ne−p distribution obtained by simu-

lation of 2p emission of 19Mg state at 8.8 MeV via two new observed 18Na states at 2.6 and 4.1 MeV, respectively.

within the corresponding band (v) in Fig. 3(a) fall into

four clusters which indicate sequential emission of pro-

tons from one e.s. of 19Mg via two states of 18Na.

Because such a structure cannot be described by se-

quential 2p decay via any previously-known 18Na state,

the existence of two new 18Na levels has to be assumed.

To verify the assumption, we performed Monte Carlo

simulations. By properly adjusting the decay energies

and lifetimes of the 19Mg state and two 18Na levels, it

was found that the simulation of sequential emission

of protons from 19Mg e.s. at 8.8 MeV via the excited

states of 18Na at 2.6 and 4.1 MeV can describe the

data reasonably. The corresponding simulations are

displayed by the solid and dashed curves in Fig. 5(d),

respectively. It is worth noting that Fortune has pre-

dicted the energy level of 18Na at 2.6 MeV
[14]

.

2.3 2p decays of 30Ar

Following a similar procedure to that conducted

for 2p decays of 19Mg, we identified 2p decays of
30Ar by measuring the coincident 28S+p+p trajecto-

ries. The decay vertex and fragment correlations were

reconstructed. Fig. 6(a) shows the scatter plot of

θ28S−p1 versus θ28S−p2 for measured 28S+p+p coinci-

Fig. 6 (color online) Same as Fig. 3 but measured for the coincident 28S+p+p events. The peaks and bands labeled
by “A-H” suggest the states of 30Ar.
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dences. The statistical enhancements observed in the

figure indicate the 30Ar decays. The corresponding ρθ
values were calculated and their distribution is plotted

in Fig. 6(b). Several peaks are clearly observed and

labeled by uppercase letters. The bands in Fig. 6(a)

and the peaks in Fig. 6(b) are one-to-one correspon-

dence. These bands and peaks demonstrate the obser-

vation of 2p decays from several states of 30Ar. The

detailed study concerning the structure of several low-

lying states in unknown nucleus 30Ar and 29Cl can be

found in Ref. [15].

3 Summary

An experimental investigation on the 2p decays

of 19Mg and unknown nucleus 30Ar is reported. The

2p-decay energies of 19Mg both for g.s. and for known

excited states are confirmed. Moreover, we observed

a new excited state in 19Mg and we found it decays

by emitting two protons via two new excited states in
18Na. We also investigated the unknown nucleus 30Ar

and observed its 2p decays for the first time.
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