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The interaction of an F/A=57.6-MeV "Ne beam with a Be target was used to populate levels in
16Ne following neutron knockout reactions. The decay of °Ne states into the three-body *O+p+p
continuum was observed in the High Resolution Array (HiRA). For the first time for a 2p emit-
ter, correlations between the momenta of the three decay products were measured with sufficient
resolution and statistics to allow for an unambiguous demonstration of their dependence on the
long-range nature of the Coulomb interaction. Contrary to previous measurements, our measured
limit I' < 80 keV for the intrinsic decay width of the ground state is not in contradiction with the
small values (of the order of keV) predicted theoretically.

PACS numbers: 25.10.+s, 23.50.+z, 21.60.Gx, 27.20.4+n

Introduction — Two-proton (2p) radioactivity [1] is the
most recently discovered type of radioactive decay. It is
a facet of a broader three-body decay phenomenon ac-
tively investigated within the last decade [2]. In binary
decay, the correlations between the momenta of the two
decay products are entirely constrained by energy and
momentum conservation. In contrast for three-body de-
cay, the corresponding correlations are also sensitive to
the internal nuclear structure of the decaying system and
the decay dynamics providing, in principle, another way
to constrain this information from experiment. In 2p
decay, as the separation between the decay products be-
comes greater than the range of the nuclear interaction,
the subsequent modification of the initial correlations is
determined solely by the Coulomb interaction between
the decay products. As the range of the Coulomb force
is infinite, its long-range contribution to the correlations
can be substantial, especially, in heavy 2p emitters.

Prompt 2p decay is a subset of a more general phe-
nomenon of three-body Coulomb decay (TBCD) which
exists in mathematical physics (as a formal solution of
the 3 — 3 scattering of charged particles), in atomic
physics (as a solution of the e — 3e process), and in
molecular physics (as exotic molecules composed from
three charged constituents) [3-8]. The theoretical treat-
ment of TBCD is one of the oldest and most complicated
problems in physics because of the difficulty associated
with the boundary conditions due the the infinite range
of the Coulomb force. The exact analytical boundary
conditions for this problem are unknown, but different
approximations to it have been tried. In nuclear physics,
TBCD has not attracted much attention, however the

three-body Coulomb aspect of 2p decay will become in-
creasingly important for heavier prospective 2p emitters
[9].

Detailed experimental studies of the correlations have
been made for the lightest p-shell 2p emitter Be [10, 11]
where the Coulomb interactions are minute and their ef-
fects are easily masked by the dynamics of the nuclear
interactions [12]. The Coulomb effects should be more
prominent for the heaviest observed 2p emitters, how-
ever these cases are limited by poor statistics; e.g. the
latest results for the pf-shell 2p-emitters **Zn [13] and
45Fe [14] are based on just 7 and 75 events, respectively.
Due to these limitations, previous 2p studies dedicated
to the long-range treatment of the three-body Coulomb
interaction [15], found consistency with the data, but no
more.

The present work fills a gap between these previous
studies by measuring correlations in the 2p ground-state
(g.s.) decay of the sd-shell nucleus Ne where the
Coulombic effects appear to be strong enough to be ob-
servable. Known experimentally for several decades [16],
16Ne has remained poorly investigated with just a few
experimental studies [17-20]. However, interest has re-
turned recently with the decay of ®Ne measured in rel-
ativistic neutron-knockout reactions from a '"Ne beam
[21, 22]. We study the same reaction, but at an “in-
termediate” beam energy and obtain data with better
resolution and smaller statistical uncertainty. Combined
with state-of-the-art calculations, we find unambiguous
evidence for the role of the long-range Coulomb interac-
tions in the measured correlations.

Apart from the Coulomb interactions, predicted cor-



relations show sensitivity to the initial 2p configuration
and nuclear final-state interactions that are also evident
in 2n decay [23-25]. While there are indications of such
sensitivities in 2p data [2], the long-range Coulomb in-
teractions must first be determined accurately before the
effects of structure and nuclear final-state interactions
can be better probed and properly accounted for.

Ezxperiment — A primary beam of E/A=170-MeV
20Ne, extracted from the Coupled Cyclotron Facility at
the National Superconducting Cyclotron Laboratory at
Michigan State University, bombarded a °Be target. The
A1900 separator was used to select a secondary !“Ne
beam with a momentum acceptance of 41.0%, an in-
tensity of ~ 1.5 x 105 s7!, and a purity of 11% (the
largest component was 1°0). This secondary beam im-
pinged on a l-mm-thick ?Be target with an average of
E/A=57.6 MeV in the target’s center.

6Ne decay products were detected in the High Res-
olution Array (HiRA) [26] in an arrangement of four-
teen AE — E [Si-CsI(T1)] telescopes subtending zenith
angles from 2° to 13.9° [10, 27]. Energy calibrations
were achieved using beams of 55 and 75 MeV protons
and E/A=73 and 93 MeV 40.

Theoretical model — The model used in this work is
similar to that applied to '®Ne in [28], but, with im-
provements concerning basis convergence [29], TBCD
[15], and the reaction mechanism [10]. The three-
body O+p+p continuum of '®Ne is described by the
wave function (WF) ¥(+) with the outgoing asymp-
totic obtained by solving the inhomogeneous three-body
Schrédingier equation,

(Hs — Er)0™) = &,

with approximate boundary conditions of the three-body
Coulomb problem. The three-body part of the model
is based on the hyperspherical harmonics method [29].
The differential cross section is expressed via the flux j
induced by the WF ¥(+) on the remote surface S:

do .
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When comparing to the experimental data, the theoret-
ical predictions were used in Monte-Carlo (MC) simula-
tions of the experiment [10, 27] to take into account the
apparatus bias and resolution.

The source function ®4 was approximated assuming
tl71e sudden removal of a neutron from the '°0 core of
1"Neg 5.,

Py = /dg’rneiqr"<\11140|\1}17Nc>u (2)

where r,, is the radius vector of the removed neutron.
The 17Neg_s, WEF Ui7y, was obtained in a three-body
model of *O+p+p and broadly tested against various
observables [30]. Similar ideas had been applied to dif-
ferent reactions populating the three-body continuum of
6Be [10-12]. The *O-p potential sets were taken from
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FIG. 1. (Color online) Experimental spectrum of **Ne decay
energy FEr reconstructed from detected *O+p+p events. The
dashed histogram indicates the contamination from '°O-+p+p
events. The smooth curves are predictions (without detector
resolution) for the indicated '®Ne states. The inset compares
the contamination-subtracted data to the simulation of the
g.s. peak for I' = 0, fiar = 0.95, where the dotted line is the
fitted background.

[28] which are consistent with a more recent experiment
[31], providing 1/2" and 5/2" states at E, = 1.45 and
2.8 MeV, respectively consistent with the experimental
properties of these states in both F and >C. We used
the potential of [32] for the p-p channel.

The three-body Coulomb treatment in our model con-
sists of two steps. (i) We are able to impose approxi-
mate boundary conditions of TBCD on the hypersphere
of very large (pmax < 4000 fm) hyperradius by diagonal-
izing the Coulomb interaction on the finite hyperspher-
ical basis [33]. Within this limitation the procedure is
exact, however it breaks down at larger hyperradii as
the accessible basis size become insufficient. (ii) Clas-
sical trajectories are generated by a MC procedure at
the hyperradius pmax and propagated out to distances
Pext > Pmax- 1Lhe asymptotic momentum distributions
are reconstructed from the set of trajectories after the
radial convergence is achieved. The accuracy of this ap-
proach has been tested in calculations with simplified
three-body Hamiltonians allowing exact semi-analytical
solutions [15].

Ezxcitation spectrum — The spectrum of the total de-
cay energy Epr constructed from the invariant mass of
detected *O+p+p events is shown in Fig. 1. Due to a
low-energy tail in the response function of the Si AE de-
tectors, there is leaking of a few '>O ions into the 4O gate
in the AE — F spectrum. However, this contamination
can be accurately modeled by taking detected °O+p-+p
events and analyzing them as 'O+p+p. The resulting
spectrum (dashed histogram) was normalized to the ~ 1-
MeV peak associated with 2nd-excited state of 1"Ne. All
other peaks in the '®Ne spectrum are associated with
16Ne, with the g.s. peak at Er = 1.466(20) MeV being
the dominant feature. This decay energy is consistent
with the value of 1.466(45) MeV measured in [19] and
almost consistent with, but slightly larger than, other
experimental values of 1.34(8) MeV [17], 1.399(24) MeV
[18], and 1.35(8) MeV [21], 1.388(14) MeV [22].



The predicted spectra in Fig. 1 provide guidance for
possible spin-parity assignments of the other observed
structures, suggesting that the previously known peaks
[21, 22] at Ep = 3.16(2) and 7.60(4) MeV are both 27
excited states. The broad structure at Ep ~ 5.0(5) MeV
is well described as a 1~ “soft” excitation which is not
a resonance, but a continuum mode, sensitive to the re-
action mechanism [11]. In the mirror °C system, there
are also J = 2 3(H) and 41 contributions in this
energy range, but for neutron-knockout from py s, p3/2,
and sy, orbitals in 1"Ne, we should only expect strong
population for 07, 27, and 1~ configurations. We will
concentrate on the g.s. for the remainder of this work
(1.27 < Ep < 1.72 MeV) and all subsequent figures will
show contamination-subtracted data.

Three-body energy-angular correlations — The final
state of a three-body decay can be completely described
by two parameters [29]: an energy parameter ¢ and an
angle 05, between the Jacobi momenta k;, ky:

e=FE,/Er, cos(by) = (ky - ky)/ (ks ky)
k. — Ale — A1k2 Kk — Ag(kl + k2) — (A1 + A2)k3
v Ay +4, 7Y Ay + As + A5 ’

BEr = B, + By = k2/2M, + k2/2M,, (3)

where M, and M, are the reduced masses of the X and
Y subsystems. With the assignment k3 — ki1, the cor-
relations are obtained in the “T” Jacobi system where
¢ describes the relative energy F,, in the p-p channel.
For k3 — kp, the correlations are obtained in one of the
“Y” Jacobi systems where € describes the relative energy
Ecore-p in the 140-p channel.

The experimental and predicted (MC simulations)
energy-angular distributions, in both Jacobi representa-
tions are compared in Fig. 2 and found be similar. More
detailed comparisons will be made with the projected en-
ergy distributions.

The convergence of three-body calculations is quite slow
for some observables [29, 34]. Figure 3 demonstrates
the convergence, with increasing Kyax (maximum prin-
ciple quantum number of the hyperspherical harmonic
method) for two observables for which the slowest con-
vergence is expected. This work provides considerable
improvement compared to the calculations of [28] which
were limited by K ax = 20.

16 Ne, 5. width — The theoretical difficulty of reproduc-
ing the large experimental g.s. widths measured for 120
and '*Ne has been pointed out many times in the last 24
years [28, 35-38]. For 20, this issue was resolved when
a new measurement [39] gave a small upper bound. For
16Ne, previous measurements of I'=200(100) keV [17],
110(40) keV [18], and 82(15) keV [22] are large compared
to the theoretical predictions, e.g. 0.8 keV in [28].

The experimental resolution is dominated by the ef-
fects of multiple scattering and energy loss in the tar-
get. Their magnitudes were fined tuned in the MC
simulations by reproducing the experimental *O+p+p
invariant-mass peak associated with the narrow (pre-
dicted lifetime of 1.4 fs [40]) 2nd-excited state in 1"Ne
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(Color online) Energy-angular correlations for
. Experimental and predicted (MC simulations) cor-
relations for Jacobi “T” and “Y” systems are compared.
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FIG. 3. (Color online) The convergence of the predicted (a)
decay width and (b) energy distribution in the “I” system on
Kmax (maximum principal quantum number of hyperspherical
harmonics method). The asymptotic decay width of '®Ne
assuming exponential Kmax convergence is given in (a) by
the dashed line.

by scaling the target thickness from its known value by a
factor fiar. The best fit is obtained with ftﬁatr = 0.95 with
3-0 limits of 0.91 and 1.00. With f{f we find that the
simulated shape of the '®Ne, 5 peak for I' = 0 is consis-
tent with the data [Fig. 1 inset]. To obtain a limit for T',
we used a Breit-Wigner line shape in our simulations and
find a 3-0 upper limit of I' < 80 keV with fior = 0.91.
This limit is the first experimental result consistent with
theoretical predictions of a small width [in the keV range,
see, e.g. Fig. 3(a)]. However, our limit is still considerably
larger than the predictions, and on the other hand, it is
still consistent with two of the previous experiments so
even higher resolution measurements are needed to fully
resolve this issue.
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FIG. 4. (Color online) Panels (a)-(d) show energy distributions in the Jacobi “Y” system where (a) gives the sensitivity of the

predictions to pecut, (c) to the 15

Fg.s. properties, and (d) to the decay energy Er. Panels (e), (f) show energy distributions in

the Jacobi “T” system where (e) gives the sensitivity to peus. The theoretical predictions, after the detector bias is included
via the MC simulations, are compared to the experimental data in (b) and (f) for the “Y” and “I” systems respectively. The
normalization of the theoretical curves is arbitrary, while the MC results are normalized to the integral of the data.

Evolution of energy distribution between core and pro-
ton. — To investigate the long-range nature of TBCD,
we studied the effect of terminating the Coulomb inter-
action at some hyperradius pcyt. The energy distribu-
tion in the “Y” Jacobi system is largely sensitive to just
the TBCD and the global properties of the system (Er,
charges, separation energies) [2]. This makes it most suit-
able for studying the p.,+ dependence [Fig. 4(a)]. Note
the arbitrary normalization of the theoretical curves,
while the MC results are always normalized to the in-
tegral of the data. The comparison with the data in
Fig. 4(b) demonstrates consistency with the theoretical
calculations only if the considered range of the Coulomb
interaction far exceeds 10% fm (peuy = 10° fm guarantees
full convergence). This conclusion is only possible due
to the high quality of the present data. In contrast in
[22], where the experimental width of the g.s. peak is al-
most twice as large and its integrated yield is ~ 3 times
smaller, the corresponding ¢ distribution is broader with
a FWHM of 0.41 compared to our value of 0.33. This
difference is similar to that obtained over the range of
Peut considered in Fig. 4(a) demonstrating the need for
high resolution to isolate these effects.

Our conclusions on TBCD are dependent on the stabil-
ity of the predicted correlations to the other inputs of the
calculations. Figure 4(d) demonstrates the excellent sta-
bility of the core-p energy distribution over a broad range
(£200 keV) of Er centered around Ep=1.476 MeV. In-
deed, in this range we have a maximum in the width for
this distribution. This maximum is expected as, below
this range, the width must approach zero in the limit of
E7r — 0 1] and, above this range, we expect the width to
have a minimum at Ep ~ 2E,. ~2.9 MeV, where E, is the
15F, s — core+p decay energy. The predictions of such a
“narrowing” of the width at Ex ~ 2F, [2] were recently
proven experimentally [10]. The curve for Ep = 1.976
MeV is also provided in Fig. 4(d) to show that a really
large change in energy is required to produce a significant
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FIG. 5. The core-proton relative-energy distribution (“Y”
system) obtained by classical extrapolation started from dif-
ferent pmax values.

modification of the e distribution.

The other important stability issue is with respect to
the properties of 15Fg,s, for which there is no agreement
on its centroid F, and width [41]. Figure 4(c) shows
predicted e distributions based on four different '4O+p
interactions which give the indicated 15Fg,s, properties.
Even if we use the data from [42], which differs the most
from the other results (E, ~ 1.23 MeV instead of E, ~
1.4 — 1.5 MeV), no drastic effect is seen.

The evolution of energy distribution between two pro-
tons with peyt is shown in Fig. 4(e). This distribution
has greater sensitivity to the initial 2p configuration of
the decaying system [2]. In addition, the spin-singlet in-
teraction in the p-p channel provides the virtual state
(“diproton”) which also can affect the long-range behav-
ior of the correlations (see [23-25] for the correspond-
ing effects in 2n decay). The theoretical prediction for
peut = 10° fm in Fig. 4(f) reproduces experimental data
quite well, however, the sensitivity to pcyt is diminished
compared to the core-p energy distribution.

Limits on classical motion — In our model the very
long distances are achieved by classical extrapolation.
This approximation has been studied using calculations



with simplified Hamiltonians where it was demonstrated
that the classical extrapolation provides stable results if
the starting distance ppax exceeds some hundreds of fer-
mis for Ep ~ 1 MeV [15]. (e.g. ~ 300 fm for Mg, .
decay where Ep = 0.75 MeV). At such distances, the
ratio of the Coulomb potential to the kinetic energy of
fragments is of the order 1072-1073. Figure 5 shows that
for 16Neg,s_7 the predictions are consistent with the data
only if the conversion from quantum to classical dynam-
ics is made at or above 200 fm.

Conclusions — The continuum of 'Ne has been stud-
ied both experimentally and theoretically with emphasis
on the ground state which decays by prompt two-proton
emission. The measured decay correlations in this work
were found to require a theoretical treatment in which
the three-body Coulomb interaction is considered out to
distances far beyond 103 fm. Our theoretical treatment is
now validated for use in interpreting the results of future
studies of heavier two-proton decay with particular em-
phasis on extracting nuclear-structure information from

correlation observables.

We extract a limit of I' < 80 keV for the intrinsic
decay width of the ground state, and while this is not
inconsistant with some of the previous measurements, it
is the first measurement consistent with the theoretical
predictions. All conclusions of this work were only pos-
sible due to the high statistics and fidelity of the present
measurements.
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