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Measurement of the branching ratio of the °He g-decay channel into the ¢ + d continuum
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We measured the deuteron-emission branch of the 8 decay of the halo nucleus ®*He using the technique of
implantation into a highly segmented silicon detector. The method, used here for the first time with a beam of
%He ions, ensures precise normalization; the value obtained for the branching ratio is B = (1.65+0.10) x 10°°
(6% error). The summed energy spectra of the emitted « and d particles has also been measured. The results
allow us to compare calculations from various models, potentially setting strong constraints on the precision
required for the description of the ®He ground-state wave function.
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I. INTRODUCTION

To date, most experimental investigations performed on
halo nuclei [1] have involved the measurement of nuclear
reactions. In such cases, knowledge of the halo structure
relies on model-dependent reaction mechanisms. However,
the theory describing § decay is well established, offering
an alternative and reliable probe to study halo properties. In
addition, at large distances 8 decay is sensitive to the details
of the wave function.

Peculiarities in the 8 decay of halo nuclei were identified
from measurements at the ISOLDE facility in CERN [2]. The
decay of these systems is characterized by large available
energies (Q values) and by low breakup thresholds in the
daughter nuclei, so that the feeding to continuum states and
the subsequent emission of nucleons or ions becomes possible.
The decay of the ®He nucleus mainly proceeds to the ground
state of SLi (Q = 3.508 MeV), but the « +d channel is
also energetically allowed (Q = 2.033MeV). This is also
referred to as the B-delayed deuteron-emission channel, a
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peculiar decay mode heretofore observed only in the halo
nuclei ®He and ''Li [3]. The corresponding branching ratio
and the spectrum of the emitted particles depend on the °He
ground-state wave function and the & 4 d interaction potential.

The first observation of deuteron emission in the decay
of ®He was made at ISOLDE [4]. The authors measured a
branching ratio of (2.8 £ 0.5) x 107 for a deuteron energy
threshold of 350 keV. After a new experiment, the value was
corrected to (7.6 +0.6) x 107 [5]. More recently, another
measurement performed at the TRIUMF facility [6] obtained
the result (1.8 +£0.9) x 10° (for the same deuteron energy
threshold), which is lower than the values obtained at ISOLDE.
The large overall uncertainty associated with the TRIUMF
result is related to the determination of the detection efficiency
(geometrical factors and electronic threshold). However, large
statistics allowed a precise measurement of the form of the
energy spectrum of the emitted o and d particles.

At the time of the first measurements, all theoretical
calculations predicted a much larger value for the o +d
branching ratio: about 107* for an R-matrix model [4],
2 x 10™* for a two-body model [7], and (3—4) x 107> for a
three-body model [8]. The disagreement with experimental
results was afterward explained in terms of a cancellation
between two parts of the Gamow-Teller matrix element, related
to the “internal” and “external” regions of the ®He ground
state and the o + d scattering wave functions, respectively,
and in terms of overlaps in the two regions that have similar
magnitudes but opposite signs. This property was first detected
in a semi-microscopic study [9], and then confirmed in
successive works with an improved model for %He [10] and a
fully microscopic description of its decay [11]. A study within

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevC.80.054307

R.RAABE et al.

the R-matrix framework [12] reached the same conclusions by
including a contribution to the B-decay matrix element coming
from the external region, using an o + 21 wave function with
a two-body asymptotic form for the ground state of *He. The
latter description is analogous to a decay route proceeding
first to the breakup of °He into “He + 2n, followed by the
B decay of the dineutron into a deuteron, as already suggested
by Borge et al. [5] as a possibility to reproduce the experimen-
tal data. All these studies point to the high sensitivity of the
branching ratio to the external part of the *He wave function,
thus confirming that the 8 decay is a precise probe of the halo
structure.

A more recent study [13] has reexamined the decay
process by employing « + n + n three-body wave functions
in hyperspherical coordinates for He [14] and a potential
model for the @ 4 d scattering states. While confirming the
cancellation effect, the authors point out that the agreement
with experimental data is very sensitive to the node structure
of the initial and final states (i.e., to the ®°He wave function and
the a + d states as determined by the o + d potential). Small
modifications of the latter potential may significantly vary the
deuteron-emission branching ratio, and this can be used to
obtain a good agreement with the data (as done in Ref. [13]).
Conversely, one can argue that a potential should be used that
consistently reproduces the °Li ground-state binding energy
and the o + d phase shifts (with a “fair” agreement being
provided by the potential used in Ref. [13]), thus using the
deuteron-emission branching ratio as a test of the *He wave
function. More precise experimental data would make this test
more stringent and would also put stronger constraints on the
parameters of the calculations.

Here we report on new experimental results obtained
using an implantation technique that allowed for a precise
normalization. This is the first time that *He nuclei are
directly implanted in a highly segmented silicon detector. The
technique has been described in a previous publication [15],
along with preliminary results for the ®°He decay. In the new
experiments discussed herein, we measured the branching ratio
of the o + d channel with a precision of 6%, which is a
significant improvement over earlier results. The transition
probability as a function of the energy of the emitted particles
was also obtained with a low-energy threshold at 350keV
(deuteron energy), as was done in previous measurements.

II. EXPERIMENTAL DETAILS AND RESULTS

The measurements were done at the Cyclotron Research
Centre at Louvain-la-Neuve (Belgium) [16]. The experimental
technique (implantation of the radioactive nuclei in a silicon
detector) requires a beam of ions at an energy sufficiently high
to perform the implantation. A beam of °He ions at an energy
E = 7.9MeV was obtained using two coupled cyclotrons and
the on-line isotope-separation method. The radioactive *He
nuclei (half-life 71, = 0.807 s [17]) were produced through
the "Li(p,2p)®He reaction by impinging on a LiF target with a
200-p A, 30-MeV proton beam provided by the CYCLONE30
cyclotron. After diffusion out of the target and ionization in
an electron cyclotron resonance (ECR) source, the nuclei were
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injected into the CYCLONE110 cyclotron and postaccelerated
to the required energy. The second cyclotron was tuned to act
as a powerful mass separator, eliminating isobaric impurities
to levels better than 1073 [18]. At the detection station, the
beam was directly implanted in a thin double-sided silicon
strip detector (DSSSD), 78 pum thick. The energy of the
beam was chosen to stop the ions around the middle plane
of the detector. According to calculations performed with
SRIM [19], the implantation depth was 40 wm with a straggling
(FWHM of the depth distribution) smaller than 2 um. The
intensity of the beam was maintained at the low value of
about 6000 ions/s to minimize detector damage and the dead
time of the acquisition system. To obtain a rather uniform
distribution on the detector surface, the beam was defocused
using quadrupole lenses positioned about 2 m upstream from
the detector. The implantation was confined within the detector
surface by a collimator, having a square hole the size of the
detector, positioned about 10 cm from the detector surface.

The DSSSD had an active area of 16 x 16 mm?, and
each face was divided into 48 strips with the strips on the
back face perpendicular to the ones on the front face. A
total of 2304 pixels were defined by requiring only two
signals in coincidence, one from each side of the detector
(“multiplicity 1-1” events). The energy calibration of all
channels was performed using standard «-particle calibration
sources, correcting for the effect of the dead layer of the
detector. At low energy, linearity was checked using a pulser.
Many details and characteristics of the detection technique are
described in Refs. [15] and [20], so we review here only those
aspects that are most relevant for the present measurements.

The Q value of the o + d channel in the 8 decay of °He
is 2.033 MeV. The energy is shared among the electron, the
neutrino, and the two ions. Since the leptons carry almost no
momentum, the ions are emitted almost back to back with
energies inversely proportional to their masses. The range of
1-MeV deuterons in silicon is 12.2 um and as a result the ions
do not escape from the detector. More precisely, because the
interstrip distance measures 35 pum, the combined energy of
the emitted « particle and deuteron is collected within a single
pixel. Conversely, B particles have a much larger mobility and
deposit only a very small energy into a pixel. With an electronic
detection threshold just above 100keV, only about 1.6% of
the total electrons emitted by multiplicity 1-1 events were
detected. For very few events, the maximum detected energy
for electrons attained 600keV. Above this energy, only one
B particle out of more than 107 emitted is detected, as shown
in an analysis of the detector behavior [20] based on previous
measurements and a simulation of the detector response
[15,21].

A small fraction of the events generated by the implantation
of the ®He nuclei produced signals in the energy range of
interest (0.5 to 2 MeV) owing to incomplete charge collection
in the detector and to ions scattered along the beam line that
still reach the detector. In our measurements, this fraction
was around 107*, two orders of magnitude larger than the
branching ratio for deuteron emission, so that the o + d
decay events could not be identified in the overwhelming
implantation background. For this reason, the °He beam was
modulated in periods of 1 s beam-on and 2 s beam-off, and
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only the o + d events occurring during the beam-off period
were accepted. The beam modulation was achieved using a
1/3 Hz rotating shutter wheel with a 120° cutout placed in the
beam path. The wheel also activated a photoresistor at each
turn, giving a time reference that defined the beam-on and
beam-off periods.

Instantaneous and complete suppression of the ion beam
(to a level significantly better than 10~°) required attention to
various experimental factors. The use of a deflection magnet
as described in Ref. [15] did not completely eliminate beam
events during the beam-off period. With the use of a shutter
wheel, the beam needs to be well collimated at the wheel
position to avoid stray scattered particles from reaching the
implantation detector. The precise definition of the transition
between beam-on and beam-off periods is also important in
calculating the number of decay events expected within a
chosen time window. During our campaign we performed three
measurements (including the one reported in Ref. [15]) on the
®He nucleus to improve on these aspects of the experiment.

Figures 1(a) and 1(b) show the energy spectrum of all
events recorded during the beam-off periods in Runs 2 and 3,
respectively (the same spectrum for Run 1 is presented in
Fig. 8 of Ref. [15]). For Run 3, the dynamics of such events
is shown in the inset of Fig. 1(b). The exponential fit gives
a half-life 77, = 801(10) ms, as expected from the decay of
®He. The uncertainty is mainly due to dead-time corrections
that distort the decay curve. In the energy spectrum, pure
B-decay events induce signals that decrease exponentially in
number to a maximum energy of about 600 keV. The events
at higher energy are due to the o + d emission channel (up
to 2MeV) plus any background. The presence of the latter
is evident for Run 2 where events up to 6 MeV and beyond
appear in the spectrum [see inset of Fig. 1(a)].

The background has two possible sources: I. constant
background due to residual decay activity present in the
detection chamber or due to cosmic rays and II. beam particles
leaking through to the detector, around the shutter wheel,
during beam-off periods (with a small fraction of them
being capable of generating a signal in the energy range of
interest). Type I events were evaluated in long, repeated off-line
background measurements, with the detection chamber in
the same location and conditions as during the actual beam
irradiation. An observed weak a-decay activity was caused
by a mechanical component in the detector chamber that had
been contaminated by the calibration sources. The event rate
was found to be essentially constant over the various runs
and amounted to 1.2 £ 0.1 events/h, of which only 0.10 &
0.02 events/h were in the energy range of interest. Given
the total irradiation time in each run (10-80 h), one can see
that this contribution is small. Type II events are revealed
by the presence of events at full implantation energy during
the beam-off period. This was observed during Runs 1 and
2, but completely suppressed in Run 3 by improvements in
the shutter wheel system. Using this improved setup we later
measured in Run 4 the decay of the pure B emitter '*Ne
(Tip = 1.675s[22], Qg+ = 3.424 MeV, which is similar to that
of °He). As discussed in Ref. [20], no events were observed in
the energy range 0.6-2.0 MeV for 1.30 x 10® implantations,
placing an upper limit of 4 events on the corresponding range
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FIG. 1. (a) Total-energy spectrum of events detected during the
beam-off period following the implantation of °He in Run 2. The inset
of (a) shows the same spectrum up to 7 MeV. Panel (b) presents the
results of Run 3, which were done under the same conditions as Run 2.
The B-particle signals have a maximum energy of about 600 keV.
Above this value, events are due to @ + d emission events. The thin
solid line in (b) is an exponential function fitted to the S-particle
spectrum up to 400 keV. The inset of (b) shows the time behavior of
all decay events, where the time scale refers to the beginning of the
beam-on period.

in Run 3 (where the observation time was four times longer).
For the previous runs, type II background was estimated from
the number of detected implantations in the beam-off period
and the fraction, 10~* [15], that would induce the background.
Also, an analysis was made of the dynamics of the events
of interest (between 0.6 and 2.0 MeV), as shown in Fig. 2.
When only decay events were present (as in Run 3, Fig. 2
top), an exponential fit gave a half-life 77, = 0.83(18) s
as expected for %He. For Run 2 (Fig. 2 bottom), a fit to a
pure exponential decay gave a slower decay rate [where the
corresponding half-life would have been 71/, = 1.10(17) s],
indicating the presence of a constant background. A second fit,
this time using an exponential function fixed at the known *He
decay rate plus a constant offset (free parameter), provided a
quantitative estimate of the background.

Table I summarizes the relevant quantities for each run.
The “events above B’s” are those between 0.525 and 2 MeV
detected during the beam-off period (with the “observation
window” indicating the fraction of observed decays). Where
necessary, 8 events were subtracted using an exponential fit
(see Fig. 1). The net @ + d events are obtained by taking
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TABLE I. Summary of the measurements with the ®He and '®Ne beams. See text for the definition of the « + d events. The weighted mean
of the results for the branching ratio of *He into a 4 d is B = (1.65 £ 0.10) x 107°.

Run Duration Implanted Observation Events Background Netoa +d Dead-time Branching ratio
ions window above B’s events events beam off (in 107%)

1 (°He) 10M20™ 1.86 x 108 32% 96 £ 20 1£1 95 +£20 5.0% 1.7+04

2 (°He) 73h05™ 5.11 x 108 42% 587 £24 162 + 69 425+ 73 4.0% 20+04

3 (°He) 82130m 4.61 x 108 44% 319+ 18 4+4 315+ 18 4.2% 1.62 +0.11

4 ("*Ne) 25h47m 1.30 x 108 29% - - - - -

into account the background sources of type I and II just
described (together in Table I). The branching ratio of the
deuteron-emission channel is then calculated by dividing
the number of o 4 d events by the number of implanted
ions, and corrections are applied for the time window of the
observation and for the dead time of the acquisition system.
Besides the error on the number of a + d events, the main
additional uncertainty comes from the count of the implanted
ions, for which a fraction induces signals on two adjacent
strips when the implantation occurs close to their common
edge. This effect depends on the beam energy and for *He
contributes to 5% of the total error. The weighted mean
of the branching ratio values measured in the three runs is
B = (1.65 £0.10) x 107%. The energy threshold above which
events were counted was E., = 525 keV, corresponding to a
deuteron energy E,; = 350keV. This threshold is the same as
the values reported in Refs. [4-6].

Since the energy dependence of the background present in
Runs 1 and 2 was not known, a reliable energy spectrum of
the o + d events was obtained using only the data collected in
Run 3. A procedure was adopted to subtract the 8 events at low
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FIG. 2. Dynamics for events with an energy between 0.6 and
2MeV detected in the beam-off periods after the implantation of
®He. The top panel shows Run 3, the bottom panel shows Run 2,
and the time scale refers to the beginning of the beam-on period.
Events in Run 3 were fitted with a single exponential (solid line)
that yielded a half-life 7}, = 0.83(18) s. For Run 2, the solid line is
a two-component fit, with a constant offset (free parameter C) plus
an exponential function with the decay rate of ®He. The dotted line
shows the level of the fitted offset. The result indicates that, of the
total 587 + 24 events, 162 £ 69 are due to background.

energy, by fitting them with an exponential function as shown
in Fig. 1(b). The resulting « + d spectrum is shown in Fig. 3
in units for the transition probability, together with the data
from Ref. [6] and the theoretical prediction from Ref. [13].

III. DISCUSSION

The energy spectrum of the « + d events measured using
our technique agrees very well with the data from Ref. [6],
both in shape and magnitude. We confirm the low value of the
branching ratio for this channel and considerably reduce its
uncertainty, from 50% to 6%. The new value corresponds to
a transition probability W = (1.42 +0.09) x 107® s~! (for a
deuteron energy E; > 350keV). The low value is due to the
cancellation between two parts of the Gamow-Teller matrix
element, as pointed out in Ref. [9] and then confirmed by
several successive theoretical calculations. The various models
[8,11-13], briefly reviewed in Sec. I, agree in predicting
ratios on the order of 107%. We base our discussion on
these calculations because they cover the approaches presently
viable. With the improved precision of our results, a more
thorough comparison becomes possible.

The Gamow-Teller matrix element connects the initial °He
ground-state and final scattering & + d wave functions through
the well-known spin-isospin operators. The cancellation takes
place between the contributions of two separate regions of the

'
~

10

dW/dE (s MeV™)

10

FIG. 3. Transition probability as function of the center-of-mass
energy E. . for the a + d branch of the 8 decay of °He. The squares
are our results from Run 3 and circles are data from Ref. [6]. The
solid line is the prediction from Ref. [13] corresponding to a Gaussian
o + d interaction potential (V,, in Ref. [13]).
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spatial integral; the exact amount depends upon the choice of
both the ®He and « + d wave functions. It is therefore difficult
to separately draw conclusions about the two. However, from
the analysis of Refs. [11] and [13], some points clearly emerge.
Consider first the o 4+ d wave function. The correct order of
magnitude of the branching ratio is reproduced only if such
a wave function has two nodes, one of which is located at
small distances. If the wave function is calculated from a
potential model as in Refs. [8] and [13], the result depends
upon the choice of the o + d potential. In Fig. 3 we show
the transition probability from Ref. [13], corresponding to
a Gaussian potential (the one shown is the V,, appearing
in the Erratum [13]) capable of reproducing at the same
time the experimental °Li binding energy and (fairly) the
o +d low-energy phase shifts. The authors show that a
better agreement can be achieved by a small renormalization
of the potential. In Ref. [8] the o + d wave function does
not have nodes, which is one of the reasons for the large
overestimate (by about a factor 20) of the branching ratio. In
the parameter-free model of Ref. [11] the agreement is again
good (the prediction being about a factor of 2 larger than our
measured value). The « + d wave function is there obtained
from a microscopic calculation employing a nucleon-nucleon
potential; the choice of the basis states makes it possible, both
here and in Ref. [13], to reproduce both the °Li binding energy
and o + d phase shifts. This discussion does not apply to
the R-matrix calculation of Ref. [12], because in this case an
overall normalization can be absorbed in the fitted constants,
reaching the correct order of magnitude for the branching ratio.
With this approach, only the asymptotic form of the o + d
wave function (thus the phase shifts) enters the calculation.
Precise agreement with the experimental data also requires
the correct form of the ®He ground-state wave function.
Because the level of the cancellation in Bgr is very large,
small contributions are important. The wave function should
be correctly described up to large distances—in Ref. [13], it
was required to extend the spatial integral up to 30 fm to
achieve convergence. For the same reason, the wave function
needs to be “complete,” including also weak components.
Depending on the description employed, this completion can
be achieved by the choice of a sufficiently large configuration
basis (as for the microscopic model in Ref. [11]) or by the
inclusion of the components with a large hypermomentum
(as for the hyperspherical-coordinates model of Ref. [13]).
Besides the value of the overall branching ratio, the energy
dependence of the transition probability (Fig. 3) constitutes a
further constraint. As shown in Ref. [13], the use of a two-body
asymptotic form for the ®He wave function (as in Ref. [12] for
example), instead of a three-body one, can cause a distortion
of the spectrum on the order of 30% (this being the difference
in the ratios of the values of dW/dE at 0.5 and 1.0MeV
between the two models). The present experimental results
confirm the need of using a ®He ground-state wave func-
tion having the correct three-body asymptotic behavior. The
position of the maximum of the experimental data and of
the theoretical prediction still differ slightly, but a small
modification of the potential can lead to a better agreement
[13]. However, it would also be desirable to extend the
measurement down to lower energies to reduce uncertainties.
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The transition probability is very sensitive to the precise
location of the nodes in the wave functions (and, for the
o + d wave function, to their behavior at different scattering
energies). The present measurement can be used as a stringent
test of the ®He (halo) wave function only if a consistent
description is adopted for all the states involved. In Ref. [13]
an accurate wave function in hyperspherical coordinates is
used for ®He, but obtaining the o + d scattering wave function
from a potential model allows for a degree of freedom (the
potential) that can be used, within certain limits, to fit the
transition probability independently from the description of
®He. (We stress again that, in principle, the potential could be
fixed by requiring a better fit of the « + d phase shifts.) So
far, the only fully consistent approach is the parameter-free,
microscopic calculation of Ref. [11]. Within this model, both
the ®He and °Li binding energies are reproduced, as well as
the o + d phase shifts. However, the total branching ratio is
overestimated by a factor of 2 and the shape of the transition
probability as a function of the energy is different, being similar
in magnitude to the experimental data at 1.5 MeV but about
a factor of 3 larger at 0.5 MeV. Improvements can be sought
by changing the basis functions, for example by enlarging the
range of the intercluster distances in the various configurations
(with 20 fm being the range used in Ref. [11]).

IV. CONCLUSIONS

We measured the weak o + d branch in the 8 decay of
the halo nucleus ®He by implanting ®He postaccelerated ions
into a silicon detector and observing the signal from the
emitted particles. The weighted mean of three successive
measurements gave a branching ratio B = (1.65 & 0.10) x
1079, corresponding to a transition probability W = (1.42 +
0.09) x 107® s~! for a deuteron energy E; > 350keV. The
sum energy spectrum of the emitted ions was also measured.
Our results are in agreement with the most recent experimental
results from Ref. [6] and are about a factor of 5 smaller than
those reported in Ref. [5]. The precision of the branching
ratio is significantly improved in the present measurement.
Existing calculations [9—11,13] show that the quenching of the
branching ratio is due to a cancellation in the Gamow-Teller
matrix element between contributions from different parts of
the spatial integral. To achieve such a large quenching and
reproduce the correct energy dependence of the transition
probability dW/dE, precise requirements are placed on the
initial °®He and final « + d wave functions. In particular, the
former needs to be specified up to very large distances (about
30 fm) and to possess the correct three-body asymptotic form.
To reduce the uncertainties in the models, future measurements
should aim at extending the o + d spectrum to even lower
energies.
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