
PHYSICAL REVIEW C APRIL 1999VOLUME 59, NUMBER 4
31Ar examined: New limit on the b-delayed three-proton branch
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We have remeasured the decay of31Ar with a setup sensitive to multiparticle decay branches and obtained
a new limit of 1.131023 ~99% C.L.! on theb-delayed three-proton branch between the isobaric analog state
in 31Cl and the ground state of28Si. This a factor of 17 below the previously reported first observation of
b-delayed three-proton emission in31Ar. The limit on a possibleb3p branch to the first excited state in28Si
is 2.931024. @S0556-2813~99!04404-0#

PACS number~s!: 23.90.1w, 23.40.Hc, 24.30.Gd, 27.30.1t
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b-delayed multiparticle emission becomes increasin
important when approaching the drip lines@1#. On the
neutron-rich side ofb stability, b-delayed three-neutron
emission has been seen from11Li @2# and in the case of17B
evenb-delayed four-neutron emission has been reported@3#.
On the proton-rich side the first observation ofb-delayed
three-proton emission (b3p) was reported in the decay o
31Ar in an experiment performed at GANIL eight years a
@4#. The detector used in that experiment consisted of n
segments, enabling events with higher multiplicities to
detected. The events assigned to theb3p branch had a mul-
tiplicity of at least 2. In addition the observation was bas
on energetics, with the proposedb3p branch going through
the isobaric analog state~IAS! in 31Cl to the ground state
in28Si and with an estimated branching ratio of 2.1~10!%.

In a recent experiment at ISOLDE we have measured
b decay of 31Ar with a setup designed to have a high ef
ciency for multiparticle decays. The31Ar beam, with an in-
tensity of 3 atoms/s, entered through the central hole o
hemispherical mount holding 15 silicon~Si! p-i -n diode de-
tectors, and was stopped in a carbon foil placed in front o
double-sided (16316 strips) Si detector. No particle ident
fication is possible with this setup, but with detector thic
nesses of about 300mm, b particles in most cases depos
less than 500 keV. The electronics had a lower limit on
trigger of about 500 keV in the strip detector and about 2
keV in thep-i-n diode detectors. With a total solid angle
25% of 4p divided into 271 segments, this setup combin
excellent efficiency with good angular resolution. Both a
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essential for this type of study, enabling a very stringent t
of the existence of the proposedb3p branch. For more de-
tails about the setup and the results on the 2p branches from
the same experiment, see@5#.

With the high segmentation of the setup, the analysis
the multiparticle events is in principle straightforward. Fro
the energy and angles of the three detected particles, mom
tum conservation~assuming they are all protons! is used to
derive the recoil energy of the daughter nucleus and thu
reconstruct the full decay energy (Q3p) of the event. The
result of this procedure is theQ3p spectrum shown in Fig. 1
The figure shows events withQ3p up to and above 8 MeV
with no prominent~narrow! peaks. It is unlikely that all
counts in Fig. 1 are 3p events as strong feeding is not e
pected to states above the IAS, which has aQ value of
4.87~5! MeV for the transition to the ground state of28Si.
Since 31Ar has a large branch ofb-delayed two-proton emis
sion (b2p), the most obvious source of background isb2p
events. This hypothesis is easily tested in the following w
For each multiplicity-3 event we assign the signal with t
lowest energy to be theb particle and calculate theQ2p
value of the remaining two signals~assuming they corre
spond to protons!. The result of this procedure is shown
Fig. 2 where the strongest two-proton transitions from
IAS to the lowest states in29P can clearly be identified; fo
comparison see Fig. 3 in@6#. Thus the group of counts
around 8 MeV in Fig. 1 stems fromb particles in coinci-
dence with the 2p transition at 7.6 MeV connecting the IAS
with the ground state in29P. A Kolmogorov test@7# between
the spectrum shown in Fig. 2 and theQ2p spectrum from
the multiplicity-2 events~to be described in detail separate
in @5#! above 2.5 MeV gives a probability of 15% tha
the two spectra are derived from the same distribution. T
means that all counts in Fig. 1 are consistent with be
b2p events, excluding any positive identification o
b3p branches. Theb2p background varies between 0.5 an
2.5 counts/~20 keV! depending on the structure of theQ2p
spectrum.
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The inset in Fig. 1 shows the data together with the re
of a Monte Carlo simulation of 3p emission from the IAS to
the ground state of28Si with a normalization correspondin
to the previously reported branching ratio. In this simulati
the individual proton energies and angles are distributed
cording to phase space only. Further, the energy resolu
and geometry of the detectors are taken into account, lea
to the peak shown in Fig. 1. With the Monte Carlo simu
tion the b2p peaks from the same experiment are well d
scribed. We also simulate 3p emission between the IAS an
the first excited state in28Si at 1.779 MeV, whereas th

FIG. 1. Q3p spectrum from multiplicity-3 events. The inse
shows the data together with the results of a Monte Carlo sim
tion of the 3p emission normalized to a branching ratio of 2.1%

FIG. 2. Q2p spectrum from multiplicity-3 events. We assum
that the signal with the lowest energy is ab particle and calculate
the Q2p value assuming the remaining two particles are protons
lt
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second excited state at 4.617 MeV lies too high to be
evant. In the analysis of theQ3p spectrum we make a con
servative estimate of theb2p background of 0.5 counts/~20
keV! in the kinematically allowed regions for theb3p
events, which themselves are determined by the width of
peaks from the Monte Carlo simulations. Since our se
does not have a full angular coverage, the efficiency of
tection is sensitive to angular correlations between the e
ted protons. Convoluting our acceptance with angular co
lation functions, we find that in the worst case the accepta
is reduced by 15% compared to the case where the ang
distributions between the protons are isotropic. We inclu
this factor in the limits quoted below.

A point of importance is the threshold used in the detec
systems. In general we do not expect to observe protons
energies less than our largest threshold of about 500
since the Coulomb barrier hinders emission of protons w
low energy, and gamma decay takes over. From theb2p
transitions in the same decay, and from other cases
b-delayed two-proton emission, we expect the emission
take place via states in the intermediate nuclei@5#. Since the
first two protons have many possible intermediate sta
available, it is unlikely that they will be emitted with low
energies. Hence, we only have to consider the relevant s
in 29P, which are well known@8#. The lowest state from
which proton emission is observed is the state at 4.954 M
with a corresponding proton energy of 2.21 MeV@9#. The
only state giving protons below 500 keV is the 5/21 state at
3.106 MeV, but this hypothetical 345 keV proton wou
have angular momentum 2 and thus be strongly hinde
Furthermore, the detector system is indeed sensitive
events down to proton energy 250 keV if that proton is d
tected in one of thep-i -n diode detectors. This constrain
corresponds to less than a factor of 2 reduction in the s
angle.

The deduction of limits from a Poisson distribution wi
constant background is a problem treated recently by F
man and Cousins@10#. From the 2.1 MeV proton group with
a known branching ratio of 29~3!% ~the weighted mean o
the values quoted in@4# and @11#! we arrive at 1.0(1)3106

31Ar atoms collected on the foil. Correcting for the sol
angle, this result allows us to derive an upper limit on t
branching ratio. The application of this procedure to theb3p
branches between the IAS and the ground state and the
excited state in28Si results in the limits given in Table I
Since the detector system was operated with two differ
thresholds, we also give limits on theb3p branches corre-
sponding to an off-line lower limit on the individual particl
energies of 500 keV, which corresponds to our high
threshold. The limits given are at the 99% confidence lev
The presence of theb2p background prevents us from plac
ing any lower limit on theb3p transitions.

The introduction of the low energy cut leads to a redu
tion in the number of counts, consistent with most of t
multiplicity-3 events beingb2p events where theb particle
is recorded in ap-i -n diode detector with the low threshold
As our final result we adopt the limit corresponding to
particles being above 500 keV. This value is a factor of
below the intensity reported by Bazinet al. @4#.

Turning now to a possible explanation of this discre
ancy, we first note that their observation was based partly
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TABLE I. Upper limits for b3p branches in the decay of31Ar via the IAS in 31Cl. Eth is an off-line
threshold on the particle energies introduced in the analysis to ensure a consistent threshold. The upp
are at the 99% confidence level.

IAS→ground state in28Si: Q3p54.87(5) MeV
Eth Counts Background Upper limit Branching ratio

0 keV 12 5 18.8 1.731023

500 keV 5 1 12.3 1.131023

IAS →1. exited state in28Si: Q3p53.09(5) MeV
Eth Counts Background Upper limit Branching ratio

0 keV 17 5 25.3 2.231023

500 keV 0 1 3.8 2.931024
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the sum energy in the detector system being that expecte
a transition to the28Si ground state and partly on the mult
plicity being at least 2. Second, we note that with these
teria it is not possible to distinguish between ab3p branch
from the IAS and a 2p branch from another state in31Cl that
accidentally gives the same sum energy. Incidentally, in
experiment we observe ab2p peak with aQ value of 4.8
MeV with an intensity of 0.6~1!% @5#, and we suggest tha
the existence of this branch may in part explain the obse
B
.L
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tion of Bazin et al. As argued above, it is unlikely that th
threshold of maximum 500 keV in our setup will explain th
discrepancy.

In conclusion, we have reinvestigated theb decay of the
drip line nucleus31Ar and find that the previous claim of th
existence of a strongb3p branch in this decay cannot b
verified. We place an upper limit on theb3p branch between
the IAS and the ground state in28Si of 1.131023 ~99%
C.L.!.
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