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1 Institute of Experimental Physics, Warsaw University, PL-00681 Warsaw, Poland
2 St. Petersburg Nuclear Physics Institute, 188-350 Gatchina, Russia
3 Gesellschaft für Schwerionenforschung, D-64291 Darmstadt, Germany
4 Department of Physical Sciences, University “Federico II” and INFN, I-80126 Napoli, Italy
5 Department of Physics, University of Tennessee, Knoxville, TN 37996, USA

Received: 30 November 2004 / Revised version: 2 February 2005 /
Published online: 8 March 2005 – c© Società Italiana di Fisica / Springer-Verlag 2005
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Abstract. The β-delayed proton decay of 113Xe was investigated by means of a total absorption γ-ray
spectrometer and a telescope for particle detection. The energy window available for the β-delayed proton
decay of 113Xe and the relative branching ratios for proton transitions to the 112Te states were remeasured.
The lifetimes of proton unstable 113I states populated in the electron capture decay of 113Xe were deter-
mined by means of the particle–X-ray coincidence technique. The results of the lifetime measurements are
compared with statistical-model calculations.

PACS. 23.40.-s β decay; double β decay; electron and muon capture

1 Introduction

It has been demonstrated that the particle–X-ray coinci-
dence technique (PXCT) [1] can provide information on
lifetimes of excited nuclear states in the time range of
10−15–10−17 s, such data being difficult to access by other
methods. The PXCT method uses an “atomic clock”
(filling of the atomic shell vacancy) to measure the time
scale of the nuclear de-excitation process. The technique
can only be applied if a particle unstable nuclear state
and an atomic shell vacancy are created simultaneously.
The β-delayed proton (βp) emission following electron
capture (EC) decay is ideally suited for this type of
measurements. The principle of the method is illustrated
in fig. 1: A nucleus (with atomic number Z) decaying,
e.g., by K-electron capture to the excited state in the
daughter (Z − 1) produces simultaneously an atomic
K-shell vacancy. If this level decays by proton emission,
then, depending on whether the vacancy is filled before
or after the proton emission, the X-rays related to the
filling process are characteristic for (Z − 1) or (Z − 2)
element, respectively.

For a single-proton transition, assuming that atomic
and nuclear de-excitations are uncoupled and follow the
exponential decay law, the relative intensity of the (Z − 2)
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Fig. 1. Pictorial presentation of the PXCT method for lifetime
measurements of proton-emitting states.

and (Z − 1) KX-ray peaks (IKX(Z − 2)/IKX(Z − 1)) ob-
served in coincidence with protons is related with the total
widths of the nuclear level (Γnucl) and the K-shell vacancy
state (ΓK) via the formula IKX(Z − 2)/IKX(Z − 1) =
Γnucl/ΓK [2]. Since the total widths of theK-shell vacancy
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Fig. 2. Beta-delayed proton decay scheme of 113Xe. On the
left side of the figure the calculated average distance D (dashed
line) and the total width Γnucl (solid line) of Iπi = 5/2+ states
are shown as a function of 113I excitation energy.

states are known [3,4], the IKX(Z − 2)/IKX(Z − 1) ratio
is a direct measure of the total decay width of the excited
daughter state.

The same idea of particle–X-ray coincidence analysis
is at the origin of the works of Chemin et al. [5] and
Röhl et al. [6] reporting on the lifetime measurements of
compound nuclear systems created in proton-induced re-
actions. This technique, although in principle more versa-
tile being not dependent on the particular EC transition,
is hampered by the uncertainties of theoretical and ex-
perimental estimates of the probability of simultaneous
excitation of the atomic vacancy and nuclear resonance.

In this paper we report on a reinvestigation of the βp
decay of 113Xe by using the total absorption spectrometer
(TAS) [7]. So far the decay of 113Xe has been studied by
Hagberg et al. [8] and Tidemand-Petersson et al. [9,10].
The ground-state α emission, the β-delayed proton and
α-decay branches were investigated in these works. The
half-life (T1/2 = (2.74 ± 0.08) s) and the spin and parity

(Iπ = 5/2+) of 113Xe were determined as well as the en-
ergy available for the proton emission (QEC−Sp = (7920±
150) keV) and the relative feeding of the 112Te states pop-
ulated by the βp transitions. Figure 2 shows the βp decay
scheme of 113Xe resulting from these works. Our study fo-
cused on the PXCT measurements which for the first time
provided information on the lifetimes of the proton unsta-
ble states in 113I, populated in the EC decay of 113Xe. In
addition, more reliable data on the QEC−Sp value and on
the relative βp feeding of the 112Te states were obtained.

In the following, details of the present measurements
of the 113Xe βp decay will be outlined and the results
obtained will be presented. The measured lifetimes of 113I
states will be compared with results of statistical-model
calculations.

2 Experimental method

The 113Xe nuclei were produced in the fusion-evaporation
reactions of a 4.74 MeV/u 58Ni beam impinging on a
3.7 mg/cm2 thick 58Ni target. Reaction products recoil-
ing out of the target were stopped in a Nb/Ta catcher
and ionized in the FEBIAD-B2-C [11] ion source of the
GSI on-line mass separator. The ions extracted from the
source were accelerated to 55 keV and mass-separated in
a magnetic field. The A = 113 beam was implanted into
a transport tape which periodically moved the collected
activity into the center of the TAS [7]. The main part of
the TAS is a large (Â36 cm × 36 cm) NaI(Tl) crystal for
γ-ray detection. A well along the crystal’s symmetry axis
accommodates an assembly of germanium X-ray detec-
tor, 600 µm thick silicon β-particle counter and telescope
for β-delayed particle registration. The latter consisted of
a 35 µm, 150 mm2 ∆E silicon detector and a 550 µm,
450 mm2 E silicon detector mounted 3 mm behind the
∆E counter. The radioactive sources were positioned in
air between the β detector and the telescope placed at the
distance of 1.5 mm from the tape. The βp energy spec-
tra were obtained by summation of coincident ∆E and E
signals, corrected for the average energy loss of protons in
air [12]. The energy calibration of the TAS detectors was
performed by using standard γ-ray sources (for the TAS
crystal and X-ray detector), conversion electron lines (for
the β and E detectors), 148Gd α source (for the ∆E de-
tector) as well as a precise pulse generator.

3 Results

3.1 Feeding of 112Te states by proton emission

The TAS enables the identification of the final states
populated in the βp decay by detecting γ-rays following
proton transition. Moreover, the total absorption effect
in the TAS allows one to discriminate between the EC
and positron decay modes. These unique features of the
TAS are illustrated in fig. 3 which shows the TAS spec-
trum measured in coincidence with protons emitted in the
β-decay of 113Xe. The four prominent peaks visible in the
spectrum correspond to βp transitions to specific 112Te
levels: The 689 keV and 689+1022 keV peaks correspond
to the βp decay to the first-excited state of 112Te after
EC (ECp) and positron (β+p) decays, respectively. The
1022 keV energy shift between the ECp and β+p peaks
is due to the absorption of two 511 keV quanta from the
annihilation of positrons emitted in the β+p decay. The
1480 + 1022 keV line indicates the β+p feeding of the
1476 keV and the 1484 keV 112Te states which were re-
ported in ref. [10] but could not be resolved in the TAS
spectrum. The 1022 keV peak corresponds to proton tran-
sitions to the 112Te ground state after positron decay of
113Xe. In the case of the ECp decay to the ground state
of the final nucleus, no signal from the TAS crystal is de-
tected.

The βp-gated TAS spectrum was decomposed into con-
tributions from the β+p and ECp transitions to individ-
ual final states [10] by fitting the simulated TAS response
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Fig. 3. TAS γ-ray spectrum gated by βp from 113Xe decay. Ex-
perimental data (histogram) are compared with the results of
simulations. The dotted and dashed lines indicate components
corresponding to β+p and ECp transitions, respectively.

Table 1. Experimentally determined relative branching ratios
for the βp decay of the 113Xe to 112Te states.

112Te levels βp branching ratio (%)

Ef (keV) Iπ This work ref. [10]

0 0+ 32± 2 47± 5
689 2+ 60± 3 46± 5
1476 4+

} 8± 1
3.8± 0.7

1484 (2+) 3.3± 0.6

functions [13]. As illustrated in fig. 3, a very good descrip-
tion of the βp-gated TAS spectrum was achieved. Table 1
shows the relative branching ratios for (β+p + ECp) tran-
sitions to the 112Te states, as obtained by the fitting proce-
dure. We note that the feeding of the 112Te ground state is
almost two times lower than the feeding of the first-excited
2+ state. This result disagrees with the βp decay scheme
of 113Xe proposed in ref. [10], where equal intensities of
proton transitions to the ground state and 689 keV level
are indicated. The reason for this discrepancy is difficult
to identify. However, we point out that in view of the per-
fect description of the measured βp-gated TAS spectrum
(see fig. 3), the systematic uncertainties of the branching
ratios determined in this work are apparently negligible.

3.2 Determination of the QEC − Sp value

For the selected final state, the intensity ratio of the ECp
and β+p spectra (IECp/Iβ+p) plotted as a function of the
energy of emitted particles depends only on the energy
window open for the βp decay and can thus be used to
determine the QEC−Sp energy difference. Figure 4 shows
the IECp/Iβ+p ratio as a function of proton energy in the
decay of 113Xe to the first-excited 2+ state in 112Te. The
respective proton spectra were obtained by setting the
gate condition on the 689 and the 689 + 1022 keV lines
in the TAS spectrum (see fig. 3). To avoid summation of
the proton and positron signals, the β+p spectrum was
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Fig. 4. The IECp/Iβ+p ratio as a function of proton energy in

the 113Xe βp decay to the first-excited 2+ state in 112Te. The
solid line represents the best fit of the theoretical IECp/Iβ+p

ratio to the data points, yielding a QEC−Sp value of 8300 keV.
The dotted lines indicate the IECp/Iβ+p ratio calculated for the
QEC − Sp changed by the standard deviation of ±150 keV.

additionally gated by the β-particles registered in the sil-
icon detector opposite to the ∆E-E telescope. The mea-
sured spectra were corrected for the gate efficiencies. The
latter quantities were extracted from the simulated TAS
response functions for the ECp and the β+p decay to the
689 keV 112Te state. The experimental data points were
fitted by the theoretical ratio of the statistical rate func-
tion for β+ emission and EC decay [14]. The QEC − Sp

energy difference was the only free parameter in the χ2

minimization procedure which yielded the QEC−Sp value
of (8300±150) keV. This value is 380 keV higher than
the QEC − Sp energy difference reported by Tidemand-
Petersson et al. [10].

Although in both measurements the QEC − Sp value
was determined with the same accuracy, we consider our
result as more reliable. The method applied in ref. [10]
relied, to some extent, on statistical-model calculations,
implying assumptions to be made, e.g., on the shape of
the β-strength function. The latter was adjusted to repro-
duce the measured βp branching ratios which are ques-
tioned by our results (see sect. 3.1). In our measurement
the proton spectra corresponding to the transitions to the
specific 112Te state were selected and the IECp/Iβ+p ratio
was calculated in a model-independent way.

The QEC−Sp value determined in this work, together
with the known 113Xe QEC value of (9040 ± 100) keV [15]
yields (740±180) keV for the proton separation energy of
113I.

3.3 Proton–X-ray coincidence measurement

The PXCT measurement for the 113Xe decay was per-
formed by selecting ECp transitions to the 112Te 2+ state.
This final state was specified by setting the energy gate on
the 689 keV line visible in the proton-gated TAS spectrum
(see fig. 3). The inset in fig. 5 shows the X-ray spectrum
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Fig. 5. The IKX(Te)/IKX(I) ratio for proton transitions to
the 112Te 2+ state plotted in 650 keV intervals as a function
of 113I excitation energy. The solid line shows the result of the
statistical-model calculations (see sect. 4 for details). The inset
shows the X-ray spectrum gated by protons and the 689 keV
γ transition registered in the TAS.

Table 2. The IKX(Te)/IKX(I) ratio for proton transitions to
the 112Te 2+ state measured in selected 113I excitation energy
intervals. In the last column the corresponding average total
widths 〈Γnucl〉 of

113I states are given.

Ex (MeV) IKX(Te)/IKX(I) 〈Γnucl〉 (eV)

3.75–4.40 0.022± 0.009 0.23± 0.10
4.40–5.05 0.037± 0.006 0.40± 0.06
5.05–5.70 0.047± 0.008 0.5± 0.1
5.70–6.35 0.12± 0.02 1.3± 0.3
6.35–7.00 0.06± 0.02 0.6± 0.2
7.00–7.65 0.20± 0.10 2.1± 1.1

registered in coincidence with protons (unrestricted in en-
ergy) and the 689 keV line recorded in the TAS. The tel-
lurium and iodine KX-ray peaks are clearly visible, their
intensity ratio (IKX(Te)/IKX(I)) being (5.2±0.5)%. We
note that this value is 3–5 times lower than the typical
PXCT ratio measured for isotopes in the A = 65–80 re-
gion [1,16,17].

Table 2 and fig. 5 show the measured IKX(Te)/IKX(I)
ratio as a function of 113I excitation energy. The latter was
calculated as Ex = A/(A−1)Ep+Sp+Ef , where A is the
precursor mass number, Ep is the kinetic energy of protons
emitted to the 112Te state with excitation energy Ef and
Sp is the proton separation energy in 113I, respectively.
Knowing that the total width of the K-shell vacancy state
in the iodine atom is 10.7 eV [3,4] one can calculate the
corresponding average total widths of the 113I states. As
shown on the scale on the right side of fig. 5, in the ex-
citation energy range of 3.8–7.7 MeV the total widths of
113I states populated in the ECp decay of the 113Xe 5/2+

state increase from ∼ 0.2 to ∼ 2 eV. The correspond-
ing lifetimes range from 3.3 · 10−15 to 3.3 · 10−16 s. We
note that the indicated widths (lifetimes) are averaged
over 650 keV 113I excitation energy intervals and must be

regarded as averages over states with spins that are al-
lowed to be populated in the decay of 113Xe (see sect. 4).

4 Statistical-model calculations

The investigations of βp emitters in the trans-tin region
[10] indicated that the statistical model [18,19] can be suc-
cessfully used to explain properties of measured β-delayed
particle spectra. This conclusion is, however, biased by the
assumptions which in most cases had to be made regard-
ing the shape of the β-strength function governing the
β-decay process. In fact the β-strength distributions were
adjusted to reproduce the measured energy spectra and
branching ratios as, e.g., was done in the case of studies
of the 113Xe [10].

Our PXCT measurements provide information on the
average lifetime of 113I excited states, which allowed us
to test the ability of the statistical model to describe the
evolution of the total decay width with the excitation en-
ergy without making any assumptions on the shape of the
β-strength distribution.

In the statistical model the βp decay is treated as a
two-step process. In the first step the βp precursor with
spin and parity Iπ0

0 decays via allowed, in the case of 113Xe
decay, β+/EC transitions and populates states with spins
and parities Iπi

i = Iπ0

0 , Iπ0

0 ±1 in the intermediate nucleus.
It is assumed that the intermediate states are populated
with a probability proportional to (2Ii + 1), which is the
number of spin Ii projections.

The second step is the de-excitation process of the
states populated in β-decay. It may proceed via γ-ray
or particle (protons, α-particles) emission. The radiation
widths of the levels are calculated by using the statisti-
cal model of nuclear electromagnetic de-excitation [20].
The E1-, M1- and E2-type transitions were considered in
our calculations and the respective decay widths were ob-
tained by using the γ-strength function models proposed
by Kopecky et al. [21]. The proton widths for intermedi-
ate states decaying to the ground state and excited lev-
els of the final nucleus were calculated according to the
prescription given in ref. [18]. We used the barrier trans-
mission coefficients for protons calculated with the set of
optical-model potential parameters proposed by Johnson
et al. [22].

The plot on the left side of fig. 2 shows the total widths
(Γnucl) of Iπi = 5/2+ states calculated as a function of
113I excitation energy. The same plot shows the average
distance of 5/2+ states in 113I obtained with the back-
shifted Fermi-gas model level density formula [23] which
was consistently applied in the calculations of the radia-
tive and proton decay widths. The level density parame-
ter a = 14.9 MeV−1 was adopted following the system-
atic trends in the A = 110–130 mass region [23]. Another
parameter, the fictive ground-state position ∆, was ad-
justed to reproduce the energy dependence of the total
level width resulting from the PXCT measurement. In the
calculations the modification of the exponential decay law
due to the Porter-Thomas fluctuation of the partial pro-
ton decay widths was taken into account [2]. The solid line
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in fig. 5 shows the IKX(Te)/IKX(I) ratio calculated as a
function of 113I excitation energy for ∆ = 1.1 MeV for
which reasonable agreement between the measured and
calculated PXCT ratios was obtained.

5 Summary

In summary, the βp decay of 113Xe was studied at the
GSI on-line mass separator by using the TAS spectrom-
eter equipped with the X-ray detector and the telescope
for βp registration. The very high efficiency of the TAS
enabled the selection of the βp decay branches to spe-
cific final states without substantial losses in the count-
ing statistics. This possibility considerably facilitated the
analysis and interpretation of the data. Measurements of
the γ-p coincidences provided reliable information on the
feeding of the 112Te excited states in the βp decay of 113Xe.
The energy window open for the βp decay of 113Xe to the
first-excited 112Te 2+ state was measured and used to de-
termine the QEC − Sp energy difference without making
assumptions on the shape of the β-strength distribution.
The PXCT measurements for 113Xe were performed and,
for the first time, information on the average total width of
113I excited states was obtained. The measured excitation
energy dependence of the average level lifetimes was rea-
sonably well reproduced by statistical-model calculations
with adjusted level density parameters.

The authors are thankful to K. Burkard and W. Hüller for their
assistance in the operation of the GSI on-line mass separator.
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