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1.Introduction

A major achievement in the study of nuclei far from stability has been
the observation of many new radioactive modes1). Among recent reports,
one should mention the B4n process which accounts for some 0.4 ±0.3% of
the Q decay of 17B ref2) , and the S3p process recently observed in
the decay of 31Ar ref 3 ) . Besides broadening the scope of reported
nuclear processes, new radioactive modes provide specific structural
informations.

This is true in particular for the 62p decay mode, already observed for
four emitters, aAl r e f ) 2 6P ref5), 31Ar ref6) and 35Ca r e f 7 ) . The
emission mechanism of the two protons from the nuclear state fed byS
decay is of upmost interest. It might bring direct informations on
two-proton correlations inside nuclei. It is quite a unique method
since it is free of all the uncertainties inherent to the dynamical
treatment of two-proton transfer reactions. In principle, the two
protons can result from several mechanisms, such as decay involving a
final-state interaction between the two protons (2He emission),
uncoupled simultaneous emission, or sequential emission 8 ) .

Energy correlation measurements of the two B'delayed protons emitted by
22A1 have clearly established the dominance of a sequential mechanism.
This is confirmed by recent correlation measurements of the S-delayed
2p emission from 31Ar[ ref3)]. Yet some component of another mechanism,
such as 2He emission, cannot be ruled out. It would be of great
interest to clarify that point.

As experiments develop to allow the study of light nuclei at the proton
drip-line with ever improving efficiency, one may hope to observe
further variety in the scope of radioactive phenomena. Among them,
direct emission of more than one nucleon carries unaltered information
on nuclear correlations.

The simplest case is the long-predicted and still to be observed direct
two-proton radioactivity. This process stems from the fact that pairing
effects make the binding energy of many even-Z proton-rich nuclei
stronger against one-proton than two-proton emission. At the proton
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drip line, it might thus happen that a nucleus is bound for one-proton
emission but is able to decay by the emission of two protons. This process
was discussed nearly 30 years ago by Goldanskii 9 ,10) and Janecke " ) . Its
probability is governed by barrier penetration, which itself strongly
depends upon the kinematics of the two protons. It was argued that the
configuration most likely to speed up the crossing of the barrier
corresponds to two correlated protons equally sharing the available energy 9,

One may note immediately that characterization of 2p radioactivity does not
necessitate the observation of two coincident protons in the absence of a 3
particle. Indeed any charged-particle activity occuring with a half-life
shorter than about 1 ms cannot result from B-decay, hence is due to a
strong-interaction decay. Furthermore the time correlation between the
observation of a A, Z fragment and the radioactivity of its A-2, 2-2
daughter identifies the 2p radioactivity process even if the daughter is a
contaminant in the collection process.

Favorable experimental conditions are available at GANIL because of the high
selectivity of the LISE spectrometer. Indeed, the double selection of
magnetic rigidity and energy loss , ) strongly suppresses the collection
of unwanted nuclear species at the final focal point of the spectrometer
where event-by-event identification and radioactivity observation take
place. Some light nuclei which can be produced from GANIL projectiles are
good candidates to exhibit 2p radioactivity. Among isotopes predicted to be
bound against one-proton emission and to have a small negative binding
energy for 2p emission one finds 2 2Si, 31 Ar, 3 9Ti, " 2Cr, "5Fe and*8Ni which
either have already been observed as fragmentation products or appear to be
within reach of dedicated searches.

Our group recently observed that two of these potential candidates for 2p
radioactivity, namely 22Si and 3 1Ar, actually undergo S -decay 6, 1"). If
present, direct 2p emission is very marginal and does not significantly
reduce their half life. This is not surprising since the predicted negative
binding energies for 2p emission are too small to allow transmission through
the Coulomb and centrifugal barriers within times comparable to typical
S-decay times. A more negative binding energy is predicted for 39Ti, which
is however expected to be less abundantly produced than 3 1Ar and even 22Si
from fragmentation of available stable projectiles.



The purpose of this paper is to report the observation of 39Ti and the
study of its decay in a search for observing 2p radioactivity. In the
course of this work, "°Ti was also studied.

In section 2, the experimental method is described and the results are
presented and analyzed. It is shown that 39Ti decay is dominated by
B processes, in spite of the probable unbound character of this
nucleus.

Section 3 is devoted to a general discussion of the factors which
determine the possibility of 2p emission. The barrier penetrability by
two protons is calculated, and limitations to the 2p spectroscopic
factor which affect the emission probability are presented. The
effectiveness of current local mass formulae in predicting 2p binding
energies is discussed.

Section 4 discusses which are now the best candidates for this still
elusive new radioactivity and how they can be formed.

2. PRODUCTION AND DECAY STUDY OF 39Ti and "°Ti

2.1. Experimental method

The method used at 6ANIL to produce, separate and identify rare nuclear
species has proven to be very effective. It is described in several
reports (see e.g. 12, 13, 15 ). Basically it uses the kinematic forward
focusing of the products of fragmentation-like nuclear reaction to
select those of interest through a magnetic separation. This is
accomplished by the LISE spectrometer 12) which acts as a A/Z selector
since fragments travel at similar i.e. projectile-like velocities. A
second selection is provided by a degrader located in-between the two
dipoles of LISE. This selection acts more like A 2.5 /z"l-5. since the
whole system can be made achromatic both in position and energy, good
collection efficiency, within the angular and momentum acceptance of
LISE, can be achieved together with the good selectivity of the system.



This has enabled our group to study the decay properties of tens of new
very neutron-rich nuclei and of all existing neutron-deficient nuclei,
in both cases up to Z values of about 20 (for a review and references,
see ).

The higher the intensity and the higher the energy of the projectile,
the higher the yield of the exotic, thus rare, fragment of interest.
While the first factor is obvious, the second, concerning energy, simply
results from the benefits to be gained from thicker targets and from
narrower angular distributions which lead to a larger acceptance of the
fragments by the spectrometer. Within the range of energies available at
GANIL, the increase of fragmentation cross section, if any for such a
very marginal channel, is of limited influence.

The most promising projectile for production of very neutron-deficient
titanium isotopes is S8Ni. A few years ago, it was used to produce
twelve new nuclear species 17) in that same region of the chart of
isotopes.

In the present experiment, a beam of 65 Mev per nucleon 58Ni projectiles
impinged on a natNi target. The target thickness (200 mg/ciu2) was chosen
to optimize the yield of fragmentation products through the limited
acceptance of LISE, both in momentum and angle. The average intensity of
the beam was 200 electrical nA.

As described in previous reports, the fragments of interest were
selected by the LISE spectrometer working in the separator mode 1 3 ) . Two
different 80 settings were used for the second dipole of LISE in order to
optimize the collection of "°Ti and 3 9Ti, respectively.

The identification is performed using a AE vs time-of-flight (TOP)
technique. For that purpose, the detection system consisting of five
surface-barrier Si-detectors (fig. 1) is mounted in the following way :
the first AE detector 123 ym thick is used for the identification of the
incoming fragments. It is preceeded by a remotely-controlled energy
degrader of variable thickness, adjusted as to bring at rest the isotope
of interest in the third detector of 118 ym thickness. In that way, the
rare fragments of interest are identified through two AE, one E and one
time-of-flight measurements. The Bp information provided by LISE further



completes the redundant Z and A identification. The second and fourth
detectors each form, together with the third detector, a telescope used
for the spectroscopy of subsequent charged-particle radioactivity. A
back-up Si (Li) detector of 5000 ym thickness ensures that very light
fragmentation products are also properly identified.

On line, two single-channel analysers examine the AE1 and TOP pulses.
Each time that an isotope of interest, "Ti or 39Ti, is identified
within the windows set on AE and TOP, the beam is interrupted for 200 ms.
During this time the heavy-ion data-acquisition system is turned off,
while a clock and a second data-acquisition system for registration of
light particles are started.

The AE2, AE3 and AE4 detectors are equipped with a special amplifier 1S)
which allows for detection of low energy protons as early as 3 MS after
the high-energy deposit from the preceeding heavy ion. The detectors
were calibrated, before and after the experiment, with an a source (Am,
Pu) and, during the experiment, with known 8-delayed protons emitted from
"'Ti and 37Ca.

The energy deposits and the time occurence of the light particles are
recorded by the second data-acquisition system operating only during the
beam-off periods. Non-correlated light particle events are rejected
during the off-line analysis, especially those which do not generate a
signal in the detector where the heavy ion is implanted. The proton
energy spectra are obtained by summing the energy signals measured for
each event by the AE2, AE3 and AE4 detectors.

The nuclides transmitted together with "°Ti by the LISE spectrometer,
mainly 38Ca, 37K, have much longer half-lives, and emit very few
6 -delayed protons, if any. For 3 9Ti, possible contamination from the
37Ca isotone is expected.

2.2. Results

About 190 1)0Ti ions and 75 39Ti ions were collected during beam times
of 3 hours and 24 hours, respectively.



The energy spectrum of the S -delayed protons emitted after the
implantation of 190 nuclei of "°Ti in the AE3 detector is shown in
fig. 2. The total decay-energy spectrum is readily obtained since both
the proton and the recoil energies are recorded in the detectors. The
knowledge of the "°Sc level scheme (fig. 3) is of help in identifying
and assigning the structures of the proton spectrum (fig 2} to
g-delayed proton emission from "° Ti, Four transitions are identified
corresponding to energies of 1.84 ± 0.12, 2.24 ± 0.12, 2.56 ± 0.12 and
3.84 ± 0.12 MeV. The first three values can be matched with the
expected energies available from the proton decay of 1+ states in "°Sc
to the -39Ca ground state. Gamow-Teller transitions from "°Ti, assumed
to be 0+, to the ground (4") and first excited (0+) states of "°Sc,
are forbidden. The fourth line (3.84 ± 0.12 MeV) has an energy which
closely matches the Q-Value expected for the proton decay of the
isobaric analog state of *°Sc to the ground state of 39Ca.

The time distribution of all 8-delayed protons observed after
implantation of a "Ti ion is presented in fig-4a. AX 2 fit results in
a 56 ±11 ms half life for "°Ti, close to the theoretical prediction
of the improved gross theory of Tachibana et al 2 0 ) , 66.7 ms and
somewhat higher than the random-phase-approximation calculation of
Staudt*1), 29.6 ms.

Our experimental method allows a determination of the absolute
branching ratios (BR) for measured transitions. The values of BR shown
in fig. 3 were calculated taking into account the efficiency of the
detection system, obtained by means of a Monte Carlo simulation.

The measured branching ratio for the observed proton-decay channel of
the isobaric analog state (16 ± 4 %) can be compared to the calculated
6 branching ratio of *°Ti to that state. Under the assumption that no
isospin mixing occurs, hence that the 0 + * 0 + 6 decay from "°Ti to its
isobaric analog is a pure Fermi transition, a partial half-life of 156
ms is deduced, which results in a 36 = l§ % branching ratio for that &
branch. This implies that less than half of the particle decay from
the isobaric analog state is observed through the proton decay to the



ground state of 39Ca. Indeed many transitions can occur to excited
states of 3 9Ca which cannot be identified in the spectrum of fig 3,
or which fall below the experimental threshold of 1.3 MeV.

The mere observation of 75 nuclei of 39Ti shows that the half life of
this nucleus is at least of the order of the time-of-flight from the
target of production to the detectors, i.e. about 200 ns. This
a-priori leaves open the question whether it is a direct two-proton
emitter. A half-life shorter than the expected B-decay half life, a
few 10 ~3 s, would indicate a dominant hadronic decay, hence 2p direct
emission since it is the only open channel of that kind with charged
particle emission of some 400 to 800 keV energy. Actually three
independant experimental proofs were obtained which rule out a
significant 2p direct emission from 39Ti.

First, the time occurence spectrum of charged particles correlated
with a 39Ti implantation was observed (fig. 4b. In the same way as for
"0Ti, a x2 fit gave a half-life of 26±? ms. This value is close to the
Gross theory 20) and random-phase-approximation "l ) values of 36.3 ms
and 36.4 ms, respectively. This provides an argument against a
sizeable alternative decay channel.

The second proof comes from the energy spectrum of the charged
particles (fig. 5). within the low statistics, only one peak at energy
3.60 ± 0.12 MeV is identified beyond any doubt. Possible
contamination by B-delayed protons coming from 37Ca can be excluded,
since in the energy spectrum the main proton peak from 37Ca ref21) at
3.063 MeV (BR = 46.74 %) is absent. Beta-delayed protons from 37Ca
produced as a daughter nucleus would also be observed in the case of
direct two-proton emission of 39Ti. The absence of protons from 37 Ca
thus gives a strong argument against the hypothesis that 39 Ti is a
predominantly direct two-proton emitter.

At last, the direct control of a memory oscilloscope triggered by the
implantation of a 39Ti nucleus provided on-line visual confirmation of
the absence of correlated low-energy (i.e. few hundreds of KeV)
charged-particle activity.



The observed number of charged particles in the energy spectrum of
fig. 5 can be converted into a branching ratio. A value of 85 z 15 %
is obtained after taking into account the efficiency of the detection
system, and under the assumption that all events in the spectrum
directly result from 39Ti decay. A 100 % value is indeed expected
since 39Sc, the daughter of 39Ti, is unbound against proton emission.
The fact that a large branching ratio is observed in spite of the 1.3
MeV experimental energy threshold indicates that few low-energy
charged-particle emissions occur. Indeed branching ratios to the
expected low-lying states of 39Sc were estimated from the known mirror
3 decay of 39C1 to levels of 39Ar. It was assumed that the log ft for
mirror transitions were the same. The partial half lives for the
39Ti->-39Sc* transitions were deduced. They lie above 1 sec in spite of
the fact that the available EB (max) are in excess of 12 MeV. As a
result the total branching ratio to these low lying 39Sc states sums
up to about 5 " only.

Only one feature from the spectrum of fig. 5 worth analysing, the
structure observed at 3.6MeV energy.lt can be identified with a charged
particle decay of the T = 5/2 isobaric analog state (IAS) of 39Ti in
3 9Sc.

The mass-excess value of the IAS can be estimated by assuming this
state to lie at the same excitation energy (9.1 MeV) as in the mirror
nucleus of 3 9Sc, i.e. 3 9Ar. Then the mass of the ground state of 3 9Sc
can be calculated through the charge-symetry relation of Kelson and
Garvey 2 2 ) . A value of -14.1 MeV is obtained which yields a mass of
-5.0 MeV for the IAS.

Two charged-particle decay channels of the IAS in 39Sc (table 1) can
then account for the experimental 3.6MeVline, the 35K + o and 37 K* + 2p
decays whose Q values are compatible with the experimental value. With
high statistics U would be possible to discriminate between 2p and a
emission by examining the energy signals in AEi , A E 2 and A E= (fig.l)
for the MeV line. In the present case, an attempt convinced us that it
was impossible.



The branching ratio of this decay channel is measured as about 20 »
after correcting for detection efficiency.

It is difficult to estimate which part of the IAS decays through the
experimentally ooserved 3.6 MeVcharged-particle decay since the branching
ratio for the 39Ti * 39Sc (IAS) decay cannot be readily estimated.
Since it is assumed to be a 3/2 + •*• 3/2 + transition it can have not
only a Fermi, but a Gamow-Teller component, at variance with the case
of the 0 +~ 0+B decay of "°Ti discussed above.

These conclusions can thus be drawn for the 39Ti decay :

i) no evidence for a 2p direct decay channel is observed

ii) the measured half life (26 ±f ms) is consistent with the
value predicted for the 6-decay of 39Ti.

i i i) a 3.6 MeV 1 i ne can be assi gned to the 8 -del ayed decay of the
IAS either to 3SK + o or 3 7K* + 2p with a 20 % branching
ratio.

iv) low-energy 6-delayed charged particle channels have small
branching ratios.

3. MECHANISM AND PROBABILITY OF DIRECT TWO-PROTON EMISSION

The negative experimental result obtained in the search for direct
two-proton emission from 39Ti was not expected since the predicted
available energy for this process, about 750 keV, appeared to
correspond to a half-life short enough to favourably comoete with B-
decay and long enough to allow for the time of flight from target to
detectors. Such was not the case for the two other 2p-unbound nuclei
previously observed, 22Si and 3 1Ar, for which the available energy was
definitely too low. An analysis of the parameters which govern direct
2p emission is presented in this section to try to account for the
experimental result and to facilitate the choice of other candidates
for this expected radioactive mode.
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3.1. Barrier penetrability

The early papers by Goldanskii 9 , '") and Janecke 1J ) contain
discussions on the various mechanisms which can compete in a direct 2p
emission. The two protons might be correlated in the Is state of an

2He, or they might be uncorrelated in time and energy.

In the latter case the half-life Ti (i) and level width (ri) fo>-
emitting one proton with velocity v(i) is expressed b.y the
semi-classical expression 1:) r(i) = h/Ti(i)=[v (i)/2K ] p ̂  (E)whe.'ethe
factor v (i)/ 2R is classicaly the frequency with which a proton comes
to the surface of nucleus of radius R, while P̂  is the penetration
factor of the particle with angular momen' ;.ii 1 and energy E.
The probability for two proton emission isthe product r=r U)xr(2) x A T/h
where AT measures the time window during which the two protons may be
emitted. Since the emission of one single proton is energy forbidden,
that emission populates a virtual state with a half life which can be
estimated as h/ A E where A E is the distance between the virtual st--*~?
and the lowest level of the (Z-l) + p system (fig.6).
It has been shown that for the emirsion of two uncorellated protons
the fastest mechanism corresponds to the case where the velocities of
the two protons are equal " 1 , 1 1 ) .

Furthermores the discussion by Janecke indicates {see fig. 4 of ref
:1)

that the emission of two correlated protons is the overall fastest
process in the range of 2p-energies where the corresponding half lifes
are shorter than those of 6 decay, and for Z values from 12 on, i.e.
for the practical cases where 2p direct emission can be observed.

In that case a standard penetrability code applied to a 2 He emitted
particle can be used to obtain an order of magnitude of T | . N o
centrifugal barrier was taken into account. Indeed the 39Ti * *7Ca +
2p transition goes from a 3/2 + initial state, if 39Ti has the same
spin as its 39C1 mirror nucleus, to a 3/2"1" + 2p final one. If the
two protons are correlated inal_ = 0,S = 0,T = l internal state,
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the angular momentum transfer can be equal to zero in order to
maximize the barrier penetration. The same argument holds for the 2p
decay of 31Ar to 29S + 2p.

The half life was calculated within the WKB approximation. Several
model potentials could be used. The simplest one is the square-well
potential with its range and depth as parameters. For the optical
potential there are several difficulties to choose the parameters. In
the present case, indeed, the energy of the two protons is very low,
around 1 MeV or less, which makes extrapolations from the results of
reaction experiments hazardous . Furthermore, most optical analysis
were performed with stable nuclei, at variance with the present case,
and the (N-Z) dependence of the parameters is not well known.

To avoid these difficulties, a folding potential was used. The
parameters can be deduced from the nucleon-nucleon interaction 3 9 ) ,
and the (N-Z) dependence is taken into account.

This method was first checked for known proton emitters. The
deviations between calculated and experimental half-life values are
given in fig. 7 for three different types of potential, namely a
square-well potential, an optical potential derived from the droplet
model *°) including the (N-Z) dependence, and a folded potential. It
appears that the last one gives the best results. Its was thus applied
to the case of the direct two-proton emission from 39Ti with the two
protons emitted as a correlated system, or 2 He nucleus. Fig 8
presents the results, with also those from a square-well potential, to
illustrate the strong effect that potential uncertainties have on half
life predictions.

The main conclusion that can be drawn from fig. 8 is the extreme
sensitivity of the half-life value to the available two-proton energy.
It changes by one order of magnitude for a change of about 70 keV of
E2p-

Therefore, a very reliable theoretical prediction for the half life
value cannot be expected and indeed no detailed calculation of T| has
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been reported to be used as a guideline. One can only note that the
order of magnitude of TJ for the predicted E2p value of about 800 keV
in the cases represented in fig. 8 is of a few tenths of milliseconds.
It is to be compared to a recent estimate of 10" 5 s by Goldanskii 36)
who however does not report how this value was obtained.

It is always assumed in these estimates that the probability to find a
pair of protons with the proper angular momenta both internal and in
the center of mass of the emitting nucleus is one.The spectroscopic
factors should be explicitly taken into account to make a detailed
prediction of the half life. As shown in a recent analysis 37 ) of the
2p-transfer reaction (160, ̂ C) in this mass region, they can vary by
more than one order of magnitude depending on the detailed
configuration of the wave function of the states involved. They are
generally found to be much smaller than unity.

Furthermore, these spectroscopic factors include a coherent sum on
several values of the angular momentum of the transferred proton pair.
The probability of direct 2p emission is reduced since only the
relative a = 0 momentum is assumed, the two protons at low energy
being essentially restricted to a Is internal state. The corresponding
transformation bracket 3B) for the coupling of two If protons to a
relative Is state, the pair being in a N = 3 L = 0 state in the center
of mass of the nucleus, is only 0.22. Since it enters through
squared value in the probability of 2p emission it can lead to a
significant increase in the half life.

3.2. Prediction of masses at the proton drip Tine

A search for direct charged-particle emission at the proton drip line
cannot be systematic. Such time-consuming experiments require that
optimal candidates for this exotic radioactive mode be carefully
selected.

It was indicated in the preceeding section that barrier penetrability is
the key factor which governs the half-life of the process, and that it
strongly depends upon the energy available. Therefore reliable
prediction of the nuclear masses of interest is essential.
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The most successful predictions come from local mass relations23 ) ,
although clearly the deviations observed for masses measured for the
first time far from stability always turn out to be significantly larger
than when the mass relation is applied near the valley of stability2") .
As a result, the root mean square deviation of about 200 keV derived
from a fit of existing data might be an optimistic estimate of the
prediction power of mass relations further away from stability.

One of the most 'effective methods used to predict the masses of
neutron-deficient nuclei was reported by Kelson and Garvey 2 2 ) . It rests
upon the charge symmetry of nuclear forces, which essentially makes the
binding energies between mirror nuclei to differ only through their
Coulomb energies. Thus a reliable estimate of the Coulomb energy
differences between them directly relates the unknown mass of the
neutron-deficient nucleus to the one, usually known, of its neutron-rich
mirror nucleus. The method of Kelson and Garvey replaces an analytical
formula for Coulomb differences by a summation on Coulomb differences of
neighbouring pairs of mirror nuclei, resulting into a local mass
relation that can be written as

+12T-1)
(1) M(A,-T) - M(A,+T) - Z MU+j.-J) - M(A+j,+J) = 0

j = -(2T-1)

M(a,b) is the mass excess of the nucleus with a being the mass number
and b the isospin projection (i.e. (N-Z)/2) . The summation is made on
all j values such that A+j be odd.

A schematic representation of formula (1), as made by Janecke and Masson
2 5 ) , appears in fig. 9a.

This zero-parameter mass relation provides good agreement with 90 known
mass excess values, with a standard deviation of about 230 keV [ ref25)].

It must be stressed that equation (1) holds exactly as long as i) charge
symmetry of nuclear forces holds, and ii) the independent-particle
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picture of the nuclei appearing in the formula is valid, so that nuclear
interactions cancel out, as well as Coulomb energies. While the first
condition appears to be fulfilled in all cases of interest, significant
deviations from formula (1) might occur if a local departure from the
overall validity of the independent-particle model is expected.

Actually the Kelson Garvey formula was not the first one to use the
charge symmetry of nuclear forces to systematically predict the masses
of neutron-deficient nuclei. Some six years earlier, Gcldanskii 26) had
derived another expression under the same general assumptions. It can be
expressed as a relation between the binding energies of one neutron and
one proton, respectively.

(2) Bp (A,-T) - Bn (A.+T) - Bp (A+2T,0) + Bn (A+2T,0) = 0

In this expression connecting four Bp (a,b) and B n (a,b) values, a and b
stand for the same parameters as in equation (1). Replacing binding
energies by mass excesses, equation (2) becomes

(3)

M(A,-T)-M(A-l,-T+J)-M(A,+T)+M(A-l,+T*J)+M(A+ZT-l,+i)-M(A+2T-l,-a) = 0

It is graphically illustrated in fig.9 b.

There has been discussions on which of the two relations (1) and (3)
best predicts the mass excess of neutron-deficient nuclei. The very fact
that they rest upon the same assumptions would tend to make them
a-priori of similar value. Furthermore it can be easily demonstrated
that (1) and (3) are analytically equivalent to summations of one
another. In the particular case of a T Z = -5/2 neutron-deficient
nucleus, figure 9c shows that relation (3) is a sum of two relations of
type (1). Similarly, figure 9d shows that relation (1) can be deduced
from a sum of 4 relations (in the more general case, 2T-1 relations) of
type (3). In this respect, the Kelson-Garvey formula appears as an
offspring of the original work by Goldanskii. Thus, it is not surprising
that both relations yield similar standard deviations from experimental
values, in the 100 to 200 keV range, depending on the region of the
nuclidic chart on which it is applied.
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In some cases, the uncertainty on the predicted mass excess M(A,-T) of
the neutron deficient nucleus of interest may reflect, besides the
uncertainty of the method itself, the uncertainty of the experimental
mass excess M(A,+T) of the mirror neutron-rich nucleus. For instance, in
the case of 225i, the mass excess of the mirror 2 20 nucleus is known
with a 90 keV uncertainty 2 ? ) .

These are relatively small uncertainties, which has made so far the
prediction of the proton drip line remarkably reliable. Indeed, the
prediction was felt to be sound enough to warrant a rather long search
for 22Si, the B-active nucleus with the most negative T Z value so far
( T Z = -3), which turned out to be successful 2 8 ) .

In contrast, the uncertainties on mass predictions for nuclei located
far on the neutron-rich side are much larger since local relations must
be applied in an iterative way to reach the neutron drip line . Even for
elements with low Z such as oxygen or neon, the predictions turn out to
be unreliable. This is exemplified by the fact that 29 Ne is observed to
be bound 29) and 2 60 unbound 30) while both were predicted to have the
opposite character. Another exemple is provided by a comparison between
predicted and measured mass values of neutron-rich oxygen isotopes 3 1 ) .

As a result the neutron drip line has been reliably mapped up to Z = 7
only 32) since the character of 280 (bound or unbound) cannot be safely
predicted yet.

The relations (1) and (3) can be used to identify candidates for the
two-proton radioactivity. In that case one is not so much interested in
the mass excess itself than in the binding energies for the emission of
one and two protons

S p (A,TZ) = M (A,T2) - M (A-l, T2+i) - M p

and S2p = Sp (A,T2) + Sp (A-l, Tz+i)

There the relations proposed by Goldanskii, and Kelson and Garvey
actually turn out to give identical values since their analytical
expressions are identical, as graphically demonstrated in fig.10.
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Values of Sp, $2p and mass excesses for potential 2p emitters are
presented in Table 2. They include the common Sp and $2p predictions
derived from the relations of Goldanskii 2 6) and Kelson and Garvey 2 2 ) ,
and the slightly different values of mass excess provided by the two
methods . Experimental mass values were introduced into these relations
each time that they were available. For comparison, Table 2 also lists
the values obtained by Comay, Kelson and Zidon33) by a systematic use of
the Kelson-Garvey formula with only the mass values of stable nuclei
used as starting points for the iterative relation.

The remarkable predictive power of the local mass relations, and the
small uncertainties of the experimental values which enter the Sp
calculation suggest that the predicted Sp and Sjp values calculated by
both the Goldanskii and the Kelson-Garvey relation in Table 1 should be
accurate within a standard deviation of about 200 keV.

Indeed, since experimentally neither 22Si (ref 2S } nor 31Ar (ref 6 )
significantly decay by direct 2p emission, the actual value of $2p cannot
be very much smaller than the predicted one. Actually it appears that
they are systematically larger when Spp is negative. A recent compilation
of mass values at the proton drip line by Comay, Kelson and Zidon *)
provides evidence for a deviation from predictions, when nuclei are
one-proton or two-proton unbound.

It should be emphasized that this departure from the validity of the
local mass relations is due to the accidental failure of one of the two
assumptions which were identified above to justify these relations,
namely the particls-independant picture. In that picture, the energies
of individual particle states are supposed to be the same in a series of
neighbouring nuclei, irrespective of the states of other nucleons. What
happens at the proton drip line is that a single proton state becomes
unbound which markedly modifies its wave function from what it was when
the same quantum state was bound. This effect referred to as the Thomas
Ehrman effect 3S) leads to a stronger binding energy for that unbound
individual particle state.

The parameter-free model-independent analysis of Comay et al.3") shows
that the departure from prediction for the masses of unbound (Sp< 0 or
$2p< 0} nuclei is AS = + (0.28 ± 0.09} x S where S stands for
whichever of Sp or $2p holds the most negative value.

17



This effect leads to less negative S 2p values for those candidates for
direct 2p emission which appear in Table 2. The last column of that
table indicates the values expected after the Thomas-Ehrmann shift is
applied. These energies available for direct 2'p emission are affected by
the cumulated uncertainties of mass prediction and Thomas-Ehrman
corrections, which might well exceed 300 keV. They readily confirm that
2p emission does not occur from 2 2Si and l Ar as experimentally
observed. The corrected $2p value of 39Ti, -570 keV, is close enough to
the threshold for experimental observation discussed in the preceeding
section, about 500 or 600 keV in this mass region, to provide a
plausible explanation for the observation reported in section 2 that
39Ti preferably decays by 6 emission.

The possibility of experimentally observing 2p radioactivity from the
three other candidates identified in this mass region, l'2Cr, "5 Fe and
"8Ni is discussed in the conclusion of this paper.

18



4. Conclusion

The experimental 3-delayed charged particle decay of "°Ti and 39Ti
have been observed. Their half lives have been measured. In the case
of "'"Ti, some 13-delayed charged-particle emission channels have bsen
assigned to excited states of the daughter nucleus, includ- ;g the
isobaric analog state. For 39Ti, the expected direct two-proton decay
was not observed. The discussion of section 3 shows that, in the same
region of the chart of nuclides, direct 2p emission could only be
observed from a nucleus even more unbound against that particular
channel. A predicted $2pvalue of 1 MeV or slightly more appears to be
required for the resulting half life to be shorter than B-decay, yet
to be long enough to allow the nucleus to reach the detectors so that
its hadronic decay is observed.

The next step would thus consist to look for 2p-unbound nuclei with
Q 2p values of 1 MeV or more in the same mass region, which would
simultaneously remain bound against one-proton decay. Three such case
have been identified in table 2, "2Cr, "5Fe and"BNi. They all lie
further away from the valley of stability than 3 9Ti, hence should
have lower yields. Probably the least difficult to observe of these
three candidates is "2Cr, but its Q2p value is only marginally larger,
if at all, than the value for 3 9Ti. The "5Fe isotope has a more
promising Q2p value which might well make it the best candidate for
direct 2p emission. However extrapolation of yields of currently
observed isotopes predicts the observation of a fewltSFe per day. It
might still be within reach of a dedicated search at GANIL since beams
of 75 MeV per nucleon and 800 electrical nA were recently obtained for
58 Ni, as a result of the improvements of the accelerator both in
energy and intensity.
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Table 1

Some possible charged particle decay channels from the T = 5/2 IAS in
Sc. The Q-values are calculated assuming the -5.0 MeV mass

calculated for the IAS (see text). Two decay channels, 3SK + a and
37K* + 2p, exhibit Q values which could account for the experimental
3.52 ± 0.12 MeV value. The Q values, which are in excess, might be
overestimated if the T = 5/2 proton rich states, 39Ti and its isobaric
in Sc are more bound than calculated, as discussed in section 2.2.

Channel Q-value

3 5

37

37

K + a (-8.732)

K + 2p (-10.224)

K* (1.369 MeV) + 2p (-8.855)

3.73 MeV

5.22 MeV

3.85 MeV



ai

•a

os.
Q.

ai

en
0)
•^
CD

01

01

O)

in
01
tn
in

co
O

a.

i
CM

—
CXI

t/1

CL

co

CO
ntu/
^_
cc

CO
I/)
CO

i r
«̂
a
(̂.

— •
•a v^

~

c -a
CO <D

S- U
c a> —-a S. XI

S. ' —
co o
CO U T3
E =
O 4-> CO

— -r- ^~.
.r: coCO

u

-c
e
CO

CO

u

. s
•a
CD

, - .
CO

(J

- ^

^

___

CO

CO

o
o
1

)_-

o
d
.).

ro
0
d
i

o
d
•*•

I D

~

+

0

^
•f

co

CM
CO

CO
to
CM
CO

CO
^ -
CM

cn

«3- t - .
f— ID

d d
i i

fv. rv.
i— Lf>

• •

0 0

1 1

O cn
CM ( v .

d d
i i

co cn
CM I - .

• .
0 O
1 1

ID en
«* ID

d d
+ *

CO CO
*± ^
d d
.4. .4.

CM i—
t O CM

i— CM

CO TV.

in co
i— CM
r—

LD i—
VO CM

<— CM

< t—

to
d
i

0
.

0

1

_
cn
d
i

cn
to

•
o
i

CO

o
-^
•f

cn
•"•
^
4.

CO

to

r v .
CM

to

_

CM

1 0

i -

LD
CO

d
1

CM

co
d
i

co

r
i

^*
«

*-
i

0

d
i

rv.
•3
d
+

LD
to
CO
r «

CO
I D

CO
r~»

O

CO

ai
u.

CO
•sf

~
1

Pv,
CTi

•
O

t

en
cn
•^
i

I D
CO

•
"—

1

O
0

d
- r

to•3-

d
j .

CD
CO

to
f—

en
CO

to
f*—

T V .

^ f

to

£

CD
U
4 J
CO

c.ID
2

14-
O

C

o• I—
4->
CD
D

ro

ai
CO

in
CD
S

CO
rv, aj
CO in
en co— 0

93 i-
xc cu
** 5
E 0
o
s_ c

14 - - 1 -

co —

> CO

CO 4 J

in a>
CO

= >1CD
0-, E
'- 0
•i- 0
CO
S C|_

0
-— CO
N C

« O
• ^

C 4J

o o
+•> - aCS 01
rw w

CD C .
S-

in
>} 'St
CD CD
> E
s-
co ai
i j-j
c
O T 3
CO C

•— CO
O)

^ 01

O) X )

x: ia
*"" ^
E <oo >
s- ra

c
•0 0)
CU - i=
•w S
co

3 t ^
(J«J

f0* •
CO r-
. ' <O

^ ^
10
e j

^
O

CD
^ ~

J_

>^>
«r—
^ ^
cn
C
CO

•ai —

o

CH»
o
ai
cors
O)

4.9
s-
o

4 ^

3

^ ^
CO

«_«

in
CO

a>
CO
in

~
m
m

•
r*~
CO

^ J

0)

CD
E
O

v>̂

• °
0

'eu
w

ĉV
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Fig. 1. The telescope of Silicon detectors. The 39 Ti and '40Ti nuclei are
implanted in the A E3 detector. The A E2, AE3 and AE4 detectors are
used for energy measurements of light charged particles emitted
subsequently.

Fig. 2. Energy spectrum of 6 -delayed protons emitted from "°Ti.
Energies are given in MeV.

*+ 0

Fig. 3. Proposed partial decay scheme of Ti.
The excitation energies and spins of the states of the daughter "°Sc are
assumed to be those of the mirror "°K nucleus, except in the single case
where the energy is known, i.e. for the 1.667 MeV state. All information
is taken from ref 1 9 ) . The measured branching ratios to four ''"Sc states
are also indicated.

Fig. 4. Time spectra for charged particles emitted a) from "° Ti and b) from
39Ti. The T} values are obtained by x2 fit of experimental points.
Error bars correspond to one standard deviation.

Fig. 5. Energy spectrum of g-delayed charged particles emitted from 39Ti. The
energy of the excited state is in MeV.

Fig. 6. Schematic representation of the 2p decay representing the Virtual state
through which the first step of the 2p emission occurs (see text).



Fig. 7 deviation between calculated half-life and experimental values using
different potential models for several proton emitters. The triangles
are values from square well, circles are from nuclear potential derived
from the Droplet Model of Myers. Its parametrization takesinto account
the (N - Z) dependence of nuclear radii. Finally the squares are from
folded potential.

Fig. 8 : Two-proton half-lifes are plotted as a function of the 2p energy. The
dotted line represents the half-life from a square well potential. The
fullline represents the half-life from a folded potential.

Fig. 9 Graphical representations of local relations between nuclear masses.
Parts of the nuclear chart in (Z,N) coordinates are represented, with the
N = Z line appearing as a dotted line. Nuclear masses appear in the mass
relation with either a + or a - sign as indicated in their respective
square. Fig. a represents the Kelson and Garvey relation where the
algebric sum of the masses of nuclei indicated is taken to equal zero.
Fig. b corresponds to the Goldanskii relation with the same graphic
representation. Fig. c shows that the substraction of two graphs of type
a (Kelson Garvey} leads to a graph of type b (Goldanskii). Conversely,
the addition of graphs of type b leads to a graph of type a, as apparent
on fig. d. See text for more comments on the comparison of the two mass
relations.

Fig. 10 The same graphical representation as used in fig. 9 shows here that the
proton binding energy of a neutron-deficient nucleus can be expressed in
the framework of both Kelson-Garvey or Goldanskii formulae. Since the
first one makes the mass relations a and a equal to zero (see text
and fig 9a) and the s-econd one makes the mass relation b equal to zero
(see text and fig. 9b), the Sp values predicted by both relations are
strictly equal, graphicaly to -(x) -mp.
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