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An a-decay branch of (1.4 = 0.4) X 10~ has been discovered in the decay of '%°I, which predomi-
nantly decays via proton emission. The measured Q, value of 3918 * 21 keV allows the indirect
determination of the Q value for proton emission from '®Sb of 356 = 22 keV, which is approximately
of 130 keV more bound than previously reported. This result is relevant for the astrophysical rapid proton-
capture process, which would terminate in the '%3Sn(p, v)!%Sb(p, y)'9’Te(a decay)'®*Sn cycle at the
densities expected in explosive hydrogen burning scenarios, unless unusually strong pairing effects result
in a '%Sn(p, ¥)'%Sb(p, v)!®Te(a decay)'?'Sn) cycle.
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Experimentally delineating the limits of bound nuclei is
one of the major challenges for modern nuclear physics. It
tests the quality of theoretical model predictions for one of
the fundamental properties of the atomic nucleus, its bind-
ing energy, in the extreme situation where it becomes
unstable against nucleon emission. More than a century
after the discovery of « decay [1] and over 35 years after
the first observation of direct proton emission [2], measur-
ing the energy released by nuclei undergoing these decay
modes still provides a very sensitive and precise method to
determine the gradient of the nuclear binding energy sur-
face. The measurement of the emitted particle’s energy (E,
or E p), corrected for the recoil effect, yields the difference
in binding energy (mass) between the parent and daughter
nuclides (Q, or Q). This is especially important at the
farthest extremes from the valley of 8 stability, where any
measurement of nuclear properties is extremely difficult.
Indeed, particle-decay spectroscopy exploiting efficient
separation devices is often the only way to measure sepa-
ration energies for these short-lived nuclei with high pre-
cision ( ~ 10 keV) from the observation of just a few ions.
Moreover, these decay modes can be used to probe the
wave functions of the nuclear levels involved and to study
nuclear shell effects [3—5]. The determination of the nu-
clear binding energy is extremely important for astrophysi-
cally relevant nuclei, since the reaction energies used to
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model the nucleosynthesis processes are deduced from
nuclear masses.

Of particular interest are the nuclei above the doubly
magic nucleus '°°Sn, which form an island of & and proton
emission. This island’s existence directly reflects the strong
double shell closure N = Z = 50 and the presence of the
proton dripline. The odd-Z isotopes in this region are
especially fascinating as both « and proton decay may
occur. To date, a decay has been observed in 08110=113]
[6,7] and '*Cs [8], while their neighboring nuclei '®I [9]
and ''2113Cs [9,10] are proton emitters. The nuclide 'Sb
was also reported to be a proton emitter [11], but despite
many attempts applying various techniques [12—17] the
result for 19Sb [11] has not been confirmed directly. Even
so, the deduced binding energy was included in widely
used mass tables [18].

An alternative approach to verify the '9Sb result is to
measure the expected small a-decay branch of '%°I, which
is predominantly a proton emitter having a half-life of
100 = 5 s [9,19]. A measurement of the '®I a-decay en-
ergy would allow an indirect and independent determina-
tion of the proton separation energy (S, = —Q,) in '®Sb,
since 0, (1) + Q,('%Sb) =0Q,(1®I) + 0, ("*®Te). How-
ever, several attempts to identify this decay could only set
upper limits on the a-decay branching ratio, b, (10% if
E,=3.7MeVand 0.7% if E, = 4.3 MeV [17]; 0.5% [6];
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0.03% [20] ), proving that the quest for the elusive a-decay
branch is indeed a challenge.

The S, value for '%5Sb is of interest for the astrophysi-
cal rapid proton-capture (rp-) process. This is a reaction
sequence of mainly proton captures and 8 decays near the
proton dripline that burns hydrogen at extreme tempera-
tures and densities [21,22]. Explosive hydrogen burning
via the rp process powers the frequently observed type |
(thermonuclear) x-ray bursts. Models suggest that a
Sn-Sb-Te cycle is reached in a subset of type I x-ray bursts
that burn particularly large amounts of hydrogen, e.g., the
first burst after a period of quiescence [23].

Figure 1 shows the reaction sequence in the tin region. A
critical question is the amount of material that is processed
in the Sn-Sb-Te cycle, as it produces helium at late times in
the burst. This enhances the production of seed nuclei for
the rp process via the 3-a reaction and could lead to a
late boost in energy production, potentially shaping the
light curve and affecting the composition of the burst
ashes. Current calculations predict that the cycle forms
at '8n, as at that point the antimony isotopes become
bound enough for proton captures to proceed via
1058n(p, v)'%Sb(p, y)'9Te. A strong (y, a) branch closes
the cycle. The Q, values of the antimony isotopes are
critical as they determine at which point along the tin
isotopic chain proton captures can proceed towards tellu-
rium and form a cycle. They also determine how many of
the relatively long-lived 8 decays beyond '°*Sn have to be
overcome before the cycle can be formed. As the Sn-Sb-Te
cycle occurs at the very end of the burst, an early onset of
the cycle can strongly enhance its influence, while a late
onset might only lead to weak or even negligible cycling.

In this Letter we report the discovery of a minuscule
a-decay branch from '®I and its consequences for the S,
in 19Sb and the termination of the rp process.

The '°I nuclei were produced at the HRIBF at Oak
Ridge National Laboratory in the p2n fusion-evaporation
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FIG. 1. Portion of the Segré chart with the path followed by the

rp process in the 1%Sn region as predicted in Ref. [24]. See text
for details.

channel of the 3*Fe + 8Ni reaction at 207 MeV. The 3Ni
target was 300 ug/cm? thick and isotopically enriched to
more than 99%. The recoiling evaporation residues were
separated according to their mass-to-charge ratio (A/Q) by
the Recoil Mass Spectrometer (RMS) [25]. Recoils with
A/Q = 109/27 and 109/28 were transported to the focal
plane of the RMS. After passing through a microchannel
plate detector [26] and a 150 ug/cm? aluminum degrader,
they were implanted into a 67 um thick double-sided
silicon strip detector (DSSD). The DSSD was surrounded
upstream by a SiBox to veto escaping « particles and
protons, while a 3.9 mm-thick SiLi detector was placed
behind the DSSD to veto B particles and 3-delayed pro-
tons [27]. The preamplifier signals from each of the DSSD
strips (40 X 40) and from the ancillary detectors were read
out through a digital signal processing acquisition system
[28]. The ion implantation and decay events were corre-
lated in space and time, with a minimum time between an
implanted ion and a decay of 20 us. Each strip was cali-
brated using the known energies of the a-decay lines of the
longer-lived nuclides '®Te and !%Te, daughter of '®I
proton emission.

In Fig. 2 a portion of the « energy spectrum between 20
and 400 ws following an implanted ion is displayed. The
peaks at 3107 and 3317 keV correspond to the « decays of
109Te and '%8Te, respectively. The third peak in the upper-
panel spectrum at an energy of 3774 = 20 keV is assigned
to the « decay of '°°I. The '®°I a-decay energy gives a Q,,
value of 3918 = 21 keV.

The assignment is based on the following considera-
tions: no known « emitter in the '°°Sn region has this
decay energy; A/Q for the implanted ions is 109/27 or
109/28 and the charge state contaminants (A/Q = 105/26
or 105/27) are either more exotic or do not undergo «
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FIG. 2. Portion of the energy spectrum of decay events follow-
ing implantation of an ion between 20 and 400 us (upper panel)
and in the 400-780 ws time interval (lower panel). The peaks are
labeled with their precursor. The spectra are vetoed by the SiBox
and SiLi detector signals to suppress escape signals and S
particles and B-delayed protons.
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decay; the time distribution of the events in the 3774 keV
transition is compatible with the 100 us half-life of '%°1.
The possibility that this peak is a random fluctuation in the
background can be safely excluded since a statistical
analysis indicates likelihood of 2.5 X 10~ for this sce-
nario. With a narrow setting of focal plane collimators, we
observed no evidence of neighboring A = 108, 110 con-
tamination in our spectra. Moreover, the lower-panel spec-
trum of Fig. 2 shows decay events in the following 400 to
780 ws: the 3774 keV peak does not appear.

The branching ratio for the a decay of '®I can be
calculated from the number of o decay events observed,
the number of implanted '®I ions, and the detection effi-
ciency. The intensity of the transition is 16 * 4 counts after
correcting the observed a-line intensity for the small back-
ground and for the dead time of 20 us following the ion
implantation. The number of implanted '®Tions is (1.53 =
0.15) X 10°, deduced from the observed a decays of the
daughter '%Te (70370 = 270). This results in b, ('*°I) =
(1.4 £ 0.4) X 107*. A similar value is deduced from the
measured %I proton yield but with larger uncertainty due
high energy thresholds and dead time effects at short
implantation-decay time correlations. The time analysis
of the ~112500 proton events from the decay of '*“I
yielded a more precise measurement of the half-life,
Ty, =93.5%0.3 us. The partial a-decay half-life of
1097 is therefore 0.7 = 0.2 s. The small reduced a-decay
width relative to 2'?Po (W,) [5] is W, = (1.9 = 0.8) X
1073, which is similar to the value of (2.9 = 0.6) X 1073
deduced for the neighboring odd-A iodine isotope 1.

In Fig. 3 the Q, and Q, values for the odd-Z @ and
proton emitters in the '°°Sn region are plotted. The Q, =
3918 keV for 'L is in good agreement with the system-
atic trend for the heavier iodine isotopes. The measurement
of the a-decay energy of %I allows an indirect mea-
surement of the Q,, value of '9°Sby,. Using Q,('®ILs) =
828.9 = 4.0 keV [29], Q, (1% Tey) = 3445 = 4 keV [30],
and our Q,('""I;) we obtain Q,('%Sby,) =356 =
22 keV. This corresponds to a partial proton half-life
T{’/z =4 X 10° s and branching ratio b,=3X10"" as
calculated using the WKB approximation assuming a
spherical potential barrier and / =2 emission from a
7ds , orbital. It rules out the possibility of observing direct
ground-state proton emission from this nucleus, which is
more proton bound than previously claimed [11]. The new
Q, value of '9Sb is in clear disagreement with that of
491 £ 15 keV [29] based on E, = 478 £ 15 keV reported
by Tighe et al. [11], corresponding to Tf n= 34 s and
b,=3X 1072. However, both Q, and b, are in agree-
ment with the nonobservation and respective limits set by
other experiments hunting for this decay branch of '®>Sb
over the past 20 years [12-14,17]. This new Q, value
allows one to deduce the mass excess (A) for '°>Sb based
on the known A('%Sn) [31]: A('®Sb) = —63925 +
131 keV.
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FIG. 3.  Q values for « (upper panel) and proton (lower panel)

emission, for proton rich odd-Z nuclides in the '°°Sn region. The
isotopic chains (Sb circles, I squares, and Cs triangles) are
connected with lines. The data for Q,('”Iy) and Q,('%Sbs,),
depicted with larger symbols, stem from this work, while the
others are taken from literature [6,8,10,18,29,32,33]. In the lower
panel full symbols correspond to experimental values, while
open symbols are extrapolations [18]. Arrows indicate the upper
or lower limit for the respective Q value estimated in this work.
The points for N = 55 1%Sb are discussed in the text.

Pairing effects are responsible for the decrease in Q,
value for the odd-odd '®I, and ''>Css, with respect to the
odd-even %I and '"*Cssq, respectively, see lower panel
of Fig. 3. We expect a similar effect to be present for the
antimony isotopes so that we can expect Q,('*Sbg;) <
378 keV. If the Q,-value systematics for antimony iso-
topes maintain the same slope as the iodine and cesium
isotopes, a Q,, around O or even negative can be expected,
raising the possibility that '°*Sb is proton bound. More
measurements in this direction are needed, not only to
understand better the S, and A of '*Sb, but also to better
understand the effects of pairing on Q,, values. The upper
limit for Q,('*Sbs;) implies an upper limit for Q,,('*®I;)
of 474 keV, see Fig. 3.

In order to explore the impact of the new Q,, value for
105Gb and the new constraints for '%*Sb on the rp process,
we performed reaction network calculations using a one-
zone x-ray burst model [24]. This approximation predicts
light curves and the final composition of the burst ashes
that agree reasonably well with fully one-dimensional
models as long as the ignition conditions are comparable.
The ignition model used here [24] is adequate for the first
burst after a longer period of quiescence. As Fig. 1 shows,
the reaction flow proceeds along the tin isotopic chain via a
sequence of B decays of tin isotopes and subsequent proton
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FIG. 4. The branching of the rp-process reaction flow into net
proton capture and therefore into a Sn-Sb-Te cycle at various tin
isotopes as a function of Q, = —Qy,, ), where O, ,) is the Q
value for proton capture on the respective tin isotope. The dash-
dotted line shows the result for '%Sn when the '%3Sb(p, y)
reaction rate is increased by a factor of 100.

capture on the indium daughters. Net proton capture on the
very neutron deficient tin isotopes is prevented by fast (vy,
p) photodisintegration on the corresponding antimony iso-
tone owing to large O, values. As the reaction flow pro-
ceeds towards stability it reaches a point where Q,, of the
antimony isotopes becomes small enough for net proton
capture to become efficient. This occurs at '%Sn, where a
significant fraction of the reaction flow branches into a
proton-capture path and therefore into a Sn-Sb-Te cycle.

Of particular interest here is the question of whether the
new constraints on S, values for '**Sb and '%Sb allow the
establishment of Sn-Sb-Te cycle at '%*Sn or even at 'Sn.
All the tellurium isotopes in this region are & unbound and
therefore a cycle will be established whenever the proton-
capture reaction sequence reaches tellurium. The branch-
ing into proton-capture flow at '%Sn and '%Sn predicted
by the x-ray burst model for a sequence of Q, values for
104Sb and '9°Sb are shown in Fig. 4. Clearly, Q,, values of
less than —500 keV would be needed in all cases for a
significant Sn-Sb-Te cycle to be established.

In principle, the proton-capture flow branching at the tin
isotopes represents a 2p capture sequence [22] and there-
fore depends on the proton-capture rate of the resulting
antimony isotones. This proton capture depletes the abun-
dance in the (p, y)-(y, p) equilibrium system established
between the tin and the weakly bound or unbound anti-
mony isotones. Therefore, a larger Sb(p, ) rate would
increase the net proton-capture branch at a given 4~'Sn
isotope. For the case of 'Sn, Fig. 4 shows that for an
extreme increase of the '9Sb(p, y)!%Te reaction rate by a
factor of 100, the maximum Q, for '®Sb to establish a
significant Sn-Sb-Te cycle at '%Sn would require O, = 0.
With the new data for '%3Sb this can now be excluded with
certainty.

Our estimate of the lowering of Q,('*Sb) following
from the pairing effects in the iodine isotopes would
need to be extremely large for the Sn-Sb-Te cycle to
form at '%3Sn. Therefore, it appears more likely that the
cycle develops at 'Sn. This is illustrated in Fig. 4.

With the published experimental value of Q, =
—930 + 210 keV for '°Sb [32], a strong cycle would be
established, though very late in the burst. However, this
value is questionable [18] and with the recommended Q,,
value of —680 to —40 keV for '%Sb, the branching into
the Sn-Sb-Te cycle at '9Sn would be significantly reduced
and could essentially be zero. A new mass measurement of
106Sb would clarify this issue.

In summary, the very small a-decay branch of '0°I,
b, = (1.4 = 0.4) X 107%, has been observed for the first
time. The Q,('%I) value of 3918 + 21 keV allowed the
indirect measurement of Q,('®Sb) = 356 * 22 keV,
which is about 130 keV lower than previously claimed.
This difference increases the partial half-life for proton
decay by several orders of magnitude, making the proba-
bility of observing direct proton decay of '®>Sb very small,
much below any previously-set experimental limit. The
new Q, value of '®Sb excludes the formation of a Sn-
Sb-Te cycle at '°*Sn and the corresponding enhancement in
energy production and x-ray luminosity during the tail end
of an x-ray burst. However, with our new estimated Ql,
value for '*Sb such an enhancement becomes a possibil-
ity through the formation of a cycle at '©Sn if the
1048b(p, y)'9Te reaction rate is strongly underestimated.
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