Observation of two-proton radioactivity of '?’Mg by tracking the decay products
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We have observed the two-proton radioactivity of the previously unknown '*Mg ground-state by
tracking the decay products in-flight. For the first time, the trajectories of the 2p-decay products,
"Ne+p+p, have been measured by using tracking micro-strip detectors which allowed to reconstruct
the 2p-decay vertices and fragment correlations. The half-life of Mg deduced from the measured
vertex distribution is 4.0(15) ps in the system of '®Mg. The Q-value of the 2p-decay of the Mg
ground-state inferred from the measured p—p—'"Ne correlations is 0.75(5) MeV.

PACS numbers: 21.10.-k; 21.10.Tg; 21.45.4v; 23.50.+z

Two-proton (2p) radioactivity, a spontaneous decay
of an atomic nucleus by the emission of two protons,
is the most recently discovered nuclear disintegration
mode. This phenomenon was predicted for a number
of proton-rich isotopes that lie beyond the proton drip-
line [1]. The 2p radioactivity has first been reported
for *Fe with a half-life (T}/2) of about 4 ms, which is
about 1000 times longer than the quasi-classical estimate
of “di-proton” (or 2He-cluster) emission [2, 3]. Further
observations of 2p radioactivity reported for ®Zn [4] and
94m Ag [5] have confirmed unexpectedly large T} /5 values
of 2p precursors. The recently-developed first quantum-
mechanical theory of 2p-radioactivity which uses a three-
body “core”+p+p model [6, 7] interprets this observa-
tion as being due to a considerable influence of Coulomb
and centrifugal barriers together with nuclear structure
effects, and is able to predict the regular existence of
long-lived 2p precursors.

Experiments aimed at finding such an exotic nuclear
decay are generally based on implantation of the radioac-
tive atoms and subsequent detection of their decay. For
the first time in studies of radioactivity, we have per-
formed an in-flight-decay experiment in which all frag-
ments are tracked and the decay vertices as well as the
angular correlations of the decay products are deduced
from the measured trajectories. The Mg ground-state
is a prospective candidate for the observation of 2p ra-
dioactivity by the in-flight method. The pioneering theo-
retical studies of the 2p-decay of Mg in the framework
of a three-body model [8] predict its half-life from 0.5
to 60 ps and its decay energy from 0.55 to 0.85 MeV.

The in-flight 2p-decay experiment suggested in Ref. [9]
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FIG. 1: Sketch of the experimental set-up. The 2°Mg sec-
ondary beam was tracked by a silicon strip detector, DSSD,
and a multiwire chamber, MW. Mg nuclei were formed
in the reaction (**Mg,"*Mg)X and products of the decays
9Ng—1"Ne+p+p were tracked by three planes of silicon
micro-strip detectors (D1-D3). '"Ne ions were identified at
foci F2 and F3 as described in the text.

was discussed in detail in Ref. [8, 10]. The experimen-
tal setup is shown in Fig. 1. The '?Mg ground-state can
be produced in a knock-out reaction from 2°Mg with the
subsequent 2p decay populating '"Ne-+p+p. If the di-
rections of the decay products are measured precisely,
the decay vertex can be found as the point of closest
approach of three fragment trajectories. The half-life of
Mg can be derived by fitting the measured vertex dis-
tribution by exponential functions convoluted with the
tracking detector resolution.

The experiment was performed by using a 5914 MeV
beam of Mg with an intensity of 10° s~!, accelerated
by the SIS facility at GSI, Darmstadt. The beam hit a
primary 4 g/cm? thick “Be target at the entrance of the
Projectile-Fragment Separator (FRS) [11] to produce a
4504 MeV secondary beam of 2°Mg with an average in-
tensity of 400 ions s~! at the mid-plane F2 of the FRS
where the secondary reaction (?*Mg,'Mg) occurred in a



second 2 g/cm? thick ?Be target. Special magnetic op-
tics settings were applied, the first half of the FRS being
tuned in an achromatic mode using a wedge-shaped de-
grader, while its second half was set for identification of
the heavy decay products with high acceptance in angle
and momentum. A micro-strip detector array [12], de-
veloped on the basis of the tracker of the AMS02 project
[13], was positioned downstream of the secondary target.
It consisted of 4 large-area (7x4 cm?), 0.3 mm thick sil-
icon micro-strip detectors with a pitch of 0.1 mm. They
measured energy loss and positions of coincident hits of
two protons and !"Ne, allowing to reconstruct all frag-
ment trajectories and derive the coordinates of the reac-
tion vertex and angular proton-'"Ne correlations. The
achieved transverse position accuracy is 40 pm for pro-
tons and 15 um for '"Ne. A 6x6 cm? double-sided Si
strip detector (DSSD) with 32x32 strips and a 20x20 cm?
multi-wire chamber (MW) were used upstream of the tar-
get for tracking the 2°Mg projectiles. The heavy-ions like
I"Ne were unambiguously identified by their time of flight
(TOF) between foci F2 and F3, their magnetic rigidity
and their energy deposition measured with the position-
sensitive scintillator detectors Sc2 and Sc3.

The p-!"Ne angular correlations carry information on
the decay energy. As depicted in Fig. 2a, the one-proton
decay of a 1p-precursor leads to a characteristic angu-
lar correlation, with a peak appearing around the largest
possible angle. Since the angles reflect the transverse pro-
ton momentum relative to !"Ne, they are correlated with
the decay energy. A similar effect is predicted by any cal-
culation of direct 2p decay where the proton energy spec-
trum always has a relatively narrow peak centered close
to half of the 2p-decay energy [8]. The measured angular
correlations of protons with respect to "Ne, 6(p;—'"Ne)-
0(po—'"Ne), are shown in Fig. 2b. Most events fall into
two distinct clusters: a spot around 6(p—17"Ne) of 30 mrad
and a cross centered at 55 mrad. These two clusters may
be attributed to the simultaneous 2p emission from the
19Mg ground-state and to the sequential decay of excited
states in "Mg via the '®Na ground-state, respectively.
We shall refer to these events as the “ground state” and
“excited state”, respectively.

A sketch of two ideal vertex profiles assuming a con-
stant beam velocity across the target is shown in Fig. 3a.
The dissociation reaction of 2°Mg into the non-resonant
"Ne-+p+p+n continuum should have a uniform distri-
bution within the target. The same profile is expected
if highly excited, short-lived states of Mg are popu-
lated. The population of the "’Mg ground-state and its
subsequent (delayed) radioactive decay is expected to ex-
hibit “grow-in” and “decay” curves along the beam direc-
tion corresponding to radioactivity; this is analogous to
counting decay products as a function of time in a stan-
dard radioactivity experiment. The vertex profile of the
delayed emission is expected to be broader and shifted
downstream in comparison with the profile of prompt 2p
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FIG. 2: a) Illustration of the kinematical enhancement of an-
gular correlations of decay products at the maximum possible
angles between the decay products. b) Angular p—'"Ne cor-
relations obtained from the measured "Ne+p+p events by
selecting their vertex position inside the target (full circles).

emission. Due to the limited spatial resolution of the
detectors and angular straggling of the decay products
both idealized profiles are smeared in reality.

Figures 3b and 3c show the experimental vertex pro-
files obtained from triple '"Ne+p+p events gated by the
conditions of “excited state” and “ground state” groups
from Fig. 2b, respectively. These gates are inferred from
the respective angular p—'"Ne correlations as discussed
below in the context of Fig. 4. We have performed Monte
Carlo simulations [14] of vertex profiles for the 2p-decay
9Mg* —1"Ne+p-+p shown in Fig. 3b. The simulations
assumed 77 /5=0 for the excited states of Mg and took
into account the above-mentioned experimental position
accuracies in tracking the fragments in reconstructing
the decay vertex coordinates. The simulations reproduce
the data with more than 90% probability, according to
the standard statistical Kolmogorov test [15]. The small
asymmetry of the rising and falling slopes of the vertices
is due to multiple scattering of the fragments in the thick
target. This vertex profile serves as the reference for esti-
mating the position, width and longitudinal uncertainty
of the measured vertex distributions. The RMS uncer-
tainty of 0.8 mm has been derived from the falling slope
of the vertex distribution in Fig. 3b.

The vertex profile shown in Fig. 3c was accumulated
under the condition that both protons originate from the
“ground state” of 1"Mg. It has a broader distribution
that is shifted in downstream direction by about 1 mm
compared with the reference case displayed in Fig. 3b.
This shift unambiguously indicates a delayed activity.
Its shape can be fitted by a simulation of the 2p ra-
dioactivity of Mg by assuming Ty /2=3.1(10) ps. How-
ever, the observed vertex profile cannot be related to the
2p decay of the Mg ground-state alone. As will be
discussed below, the events selected as representing the
“ground state” decay actually contain contributions from
both the ground state and excited states of this nucleus.
Therefore, using the angular-correlation data discussed
below, we have applied a two-component fit of the ob-
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FIG. 3: Profiles of the reaction vertices along the beam
direction with respect to the closest micro-strip detector.
a) Ideal profiles of prompt (grey curve) and delayed (black
curve) decays expected in a thick target. b) Vertex distri-
bution of '"Ne+p+p events gated by large p—'"Ne angles
(and thus large p-1"Ne relative energies), which corresponds
to short-lived excited states in Mg (full circles with sta-
tistical uncertainties). The dashed curve shows the Monte
Carlo simulations of the detector response for the 2p-decay
“Mg*—'"Ne+p+p with T} »=0. c) The same as b) but gated
by small p—1"Ne angles corresponding to the “ground state”
group in Fig. 2b. The dashed curve depicts a simulation of the
2p-decay component with T} ,,=0. The solid and dash-dotted
curves are fits to the data assuming a mixture of 25% of the
T1/2=0 component and 75% of the radioactivity component
with T /5 values of 4 and 8 ps, respectively. The insert shows
the probability (as a function of the assumed half-lives) that
the simulations match the data.

served vertex profile shown in Fig. 3c, with a mixture of
25% of the T} /=0 component and 75% of the component
with T} 5=4.0(15) ps. The corresponding fit describes
the data with about 95% probability. The uncertainty
of this result is defined by the half-life range where the
experimental data are described by the simulation with
probability above 50%. The possible systematic uncer-
tainty of 77,5 due to the unknown shape of the 7 ,,=0
background is estimated by another fit of the 2p-decay
vertices gated by the condition that only one proton be-
longs to the “ground state” gate in Fig. 4b. In this case
the contribution of the T} /=0 component is about 65%,
and the derived T /5 value of Mg amounts to 6(*%) ps.

Figure 4 displays the angular p—"Ne correlations de-
rived from the coincident '"Ne+p-+p events. We made
two projections from the measured p-p-'"Ne correla-
tions. One was gated on vertices downstream of the
target where the radioactivity of the Mg ground-
state should show up (Fig. 4a). The other distribution
(Fig. 4b) was gated on vertices inside the target. The an-

gular p—'7"Ne correlations resulting from inside the target
exhibit two peaks on top of a broad distribution while
mostly one peak survives in the spectrum downstream
from the target. The data are compared to simulations
made for (i) the direct 2p-decay *Mg—!"Ne+p+p [§]
and (ii) a sequential emission of protons from a suggested
narrow state in Mg via the ground state of **Na [16].
In both cases, the the 2p-decay energies were fitted to the
peaks appearing in the experimental spectrum. The peak
around 30 mrad was fitted by a ()2, value of 0.75(5) MeV.
In a similar way the peak around 55 mrad was fitted by
assuming a sequential emission of 1.8 MeV protons from
an excited state in Mg to the ¥ Na ground-state and
subsequently of 1.3 MeV protons, with a total 2, value
of 3.2(2) MeV. Figure 4c shows the p;-1"Ne correlations
corresponding to the “ground state” peak in another pair
p2-'"Ne. The contribution from the “ground state” peak
has the same shape as in Fig. 4b but the “excited state”
peak is suppressed. This means that the “ground state”
and “excited state” peaks cannot be explained by a se-
quential emission of protons from the same state in '°Mg.

The derived @2, value of 0.75 MeV matches the range
of 2p-decay energies predicted for Mg [8] while a 2p-
decay energy of about 3.2 MeV should result in imme-
diate break-up regardless of the 2p-decay mechanism in-
volved. Therefore the only plausible explanation of the
p—'"Ne correlations observed inside and outside the tar-
get is that the 55 mrad peak can be ascribed to an excited
state in '"Mg, and the 30 mrad peak is related to the
Mg ground-state. In our procedure to determine the
half-life of Mg as described above, we have used these
two peaks as gates for producing the 2p-decay vertex dis-
tributions shown in Fig. 3. It should be noted that an
unambiguous description of the 55 mrad “excited state”
events is not possible due to lack of reliable knowledge
about the ®Na excited states [16].

Measurements of 2p-decay energies and the vertices
were calibrated by studying the known 2p decay of '*Ne
populated in the reaction (}"Ne,'Ne) with the 1"Ne sec-
ondary beam. The p—*O angular correlations derived
from “O+p+p triple coincidences yield a 2p-decay en-
ergy matching the known value of 1.41(2) MeV [17]. For
the falling slope of the longitudinal vertex profile of the
2p decays of 1%Ne, we obtained an RMS value of 0.7 mm,
in agreement with the Mg “excited-state” data.

To inspect alternative sources for the events ascribed
to 2p emission, a vertex profile was produced by selecting
20Mg as the heavy fragment in coincidence with two ”pro-
tons”, such events being presumably mimicked by ¢ elec-
trons or detector noise. This background contributes less
than 1% to the *"Ne+p-+p events of interest. No back-
ground contribution from ¥ Ne-+p-+p events was observed
either. The relative '"Ne+p+p yield when 2°Mg breaks
up into ¥ Ne+p+p first and then ®Ne loses one neutron
within the thick target thus imitating the delayed *Mg
decay, is less than 0.1%. This estimate takes into account
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FIG. 4: Angular p—'"Ne correlations obtained from the mea-
sured "Ne+p+p events (histograms with statistical uncer-
tainties) with three different gates: a) events with vertex po-
sitions between the target and the first detector. The solid
and dashed curves show the simulations for the model calcu-
lations [8] of the Mg 2p-decay with decay energies of 0.75
and 0.60 MeV, respectively. The upper axis shows the trans-
verse proton momentum relative to '"Ne. b) Same as a) but
gated on a vertex inside the target. The solid curve is the
same as in a). The dashed and dash-dotted curves illustrate
the sequential proton emission of a suggested excited state in
Mg via a narrow and a broad (I'=0.5 MeV) ground state of
18Na, respectively. The vertical solid and dashed lines indi-
cate the gates used for selecting vertex distributions for the
“ground state” and “excited state” of *°Mg, respectively (see
text). c) Angular pi-'"Ne correlations selected in the same
way as in b) but additionally gated by a small angle in an-
other pa-'"Ne pair matching the “ground state” gate defined
in b). The solid curve is the same as in a); the dotted curve is
the fit of the broad distribution extrapolated into the “ground
state” area. The insert shows the probability (as a function
of 2p-decay energy) that the simulations match the data.

the ratio of 3 between '®Ne and '"Ne events detected at
F3 and the cross-section of 3 mb for '®Ne—!"Ne+n re-
actions obtained from the evaluation [19].

In summary, we report the observation of the ground
state in 1Mg and its 2p radioactivity. The delayed 2p
emission is manifested in the measured decay vertex pro-
file and in the p—'"Ne correlations. The "Mg vertex
profile is shifted with respect to the target center, as
expected for a short-lived radioactive nucleus. The p—
I7Ne correlations display the ground and excited states

of 1YMg produced inside the target but only the ground
state is seen outside the target in downstream direction.
The measured half-life and decay energy match the pre-
dictions of the tree-body model while missing the predic-
tions of the “di-proton” model by three orders of magni-
tude [8]. The method of measuring radioactivity in flight
by precise tracking of all fragments with micro-strip de-
tectors has proven to be a promising tool for systematic
studies of 2p emitters predicted theoretically [18].
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