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We report on the preliminary results from a study of the decay of the
Iπ = 8+ T 1

2
= 2µs isomer in 96Pd performed as part of the Stopped-Beam

RISING campaign within the Rare Isotope Investigation at GSI (RISING).
The 96Pd ions were produced following the projectile fragmentation of
a 750 MeV per nucleon 107Ag primary beam. The reaction products were
separated and identified by the in-flight method using the GSI Fragment
Separator. The residues of interest were stopped in a perspex stopper sur-
rounded by an array of 15, seven-element germanium Cluster detectors.
One of the goals of the current work is to investigate the population of
high-spin states produced projectile fragmentation reactions using isomeric
ratio measurements to infer information on the angular momentum pop-
ulation distribution. In this short contribution the method and results of
determining the isomeric ratio for the Iπ = 8+ microsecond isomer in 96Pd
nucleus are presented.

PACS numbers: 23.20.Lv, 29.30.Kv

1. Introduction and experimental details

The production of exotic nuclei following projectile fragmentation re-
actions has opened up the possibility for isomer-delayed spectroscopy with
beams at both intermediate (e.g., [1–6]) and relativistic (e.g., [7–12]) en-
ergies. One area of specific interest for future studies involves the angular
momentum population in such reactions which can be investigated by mea-
surements of the isomeric ratio of specific spin/parity states. Studies com-
pared with the ‘sharp cut off model’ for heavy nuclei following the relativistic
fragmentation of 208Pb and 238U beams [7, 11] have highlighted significant
isomeric ratios associated with medium-to-high spin near-yrast states. In the
current work, we investigate a similar population mechanism, but specifically
for proton-rich nuclei. The determination of the final isomeric ratio requires
corrections to account for effects such as the finite in-flight-separation time
of the species of interest, relativistic time dilation, internal conversion, de-
cay branching ratios, feeding from higher-lying isomeric states and γ-ray
detection efficiency (see references [9, 11, 14] for details).

This short contribution focusses on the determination of the isomeric
ratio for the proton-rich nucleus 96Pd which decays by a cascade of four
stretched E2 transitions from the I � = 8+ isomer [13].

The isomeric state in the exotic nucleus of interest was produced follow-
ing projectile fragmentation reactions between a primary beam of 107Ag and
a 4 g/cm2 thick 9Be target. The 107Ag primary beam energy was 750 MeV/u
and was produced in 4 second wide time spills each containing about 1.6� 107

ions. The different species were identified and separated through the FRS
separator as described in Refs. [11, 14, 16]. At the final focus of the FRS



Isomeric Ratio for the Iπ = 8+ Yrast State . . . 1279

was the RISING γ-ray array [14–16] which detects the γ-rays depopulat-
ing the states of interest. Further experimental details can be found in
Refs. [14, 17, 18].

2. Data analysis and determination of the isomeric ratio

The analysis was performed with the CRACOW software [19]. From the
experimental FRS observables, namely the time-of-flight (TOF) between the
intermediate and final focal plane and energy loss at the final focal plane, a
2-dimensional particle identification histogram of A/Q vs Z can be created,
enabling the selection of the nucleus of interest. Figure 1 shows the particle
identification spectrum with the γ-ray energy and time spectra for the decay
of the 8+ isomer in the 96Pd nucleus [13].

Fig. 1. (a) Ungated γ-ray spectrum; (b) Z vs A/Q particle-identfication spectrum
showing region of fully-stripped 96Pd ions; (c) 96Pd ion-gated γ-ray spectrum be-
tween 150 ns and 14.7 µs following implantation in the perspex stopper; (d) Time
decay spectra associated with the 96Pd ions gated on the γ-ray transitions at 325,
684 and 1415 keV.
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The isomeric ratio (R) is defined as the probability that in a reaction a
given nucleus is produced in an given isomeric state [11]:

R =
Y

Nimp FG
, (1)

where Nimp is number of implanted heavy ions, Y is the yield, F is a cor-
rection factor for isomer losses and G is correction for finite detection time.
Nimp is measured directly from the number of ions which are detected at
the final focus of the FRS. On the other hand the yield, (Y ) needs to be
calculated from the intensity of γ-rays associated with the isomeric decay
and corrected for in-flight losses, detection efficiency etc. In general, for ions
which do not change charge state in flight,

Y =
N
 (1 + α)

εe� b

, (2)

where N
 is intensity of gamma line at the specific energy, εe� is detector
efficiency for that energy, α is internal conversion coefficient, and b
 is the
branching ratio. In the case of 96Pd the decay follows only one branch
(the 105, 325, 684 and 1415 keV transitions are all in a mutually coincident,
100% fed cascade [13]). If the ion is fully stripped of atomic electrons and the
isomeric decay has a significant electron conversion branch, the decay can
be significantly hindered and the effective ‘in-flight’ lifetime increased (e.g.
[12]). Therefore we need also to calculate the factor F (in-flight correction
for isomer losses) defined as

F = exp
[
�

(
λq1

TOF1

γ1
+ λq2

TOF2

γ2

)]
, (3)

where TOF1 is flight time through the first part of separator, TOF2 is flight
time through the second part of separator, and accordingly γ1 is the Lorentz
factor in the first part and γ2 corresponds to the second part. λq1 and λq2

are decay constants for the charge states in the first and the second half of
separator. In the current work the ion is fully stripped during whole flight so
λq1 = λq2 = λ0 = λ/(1 + α), with α being the conversion coefficient for the
transition directly depopulating the isomer. For the first part, the flight time
was estimated using the ion-optical code MOCADI [20] to be 149 ns. The
second part can be measured directly comparing the timing signals from the
two scintillators at the intermediate and final focal plane and was determined
to be 177 ns. An internal conversion coefficient of α(E2) = 1.13 was used
in the analysis for the 105 keV transition which directly depopulates the 8+

isomer in 96Pd.
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Another important factor is the correction for finite detection time, (G)
defined as

G = exp(� λtstart ) � exp(� λtstop) , (4)

where tstart is time of beginning of detection range, and tstop is time of its
end. For the spectra shown in Fig. 1, the delayed γ-ray detection range
in the long-range TDCs [14] was from 150 ns to 14.7 µs following the ion
implantation in the passive stopper.

To calculate the isomeric ratio, values of the half-life of the isomeric state
must be known, which we measured in the current work to be 2.0(3) µs (see
Fig. 1(d)). This half-life values was obtained by taking the sum of delayed
γ-ray time projections in the long-range TDCs for the three strong lines at
325, 684 and 1415 keV associated with the decay cascade of the I � = 8+

isomer in 96Pd [13]. The half-life deduced in the current work is consistent
with the literature values for this isomer of 2.2(3) µs [13] and 1.7(1) µs [4].
Note also that the effective in-flight half-life for the fully-stripped 96Pd ion
in this experiment was calculated to be 4.3(6) µs due to the lack of any
internal conversion decay branch in-flight.

We took into account the loss during the slowing down-implantation
process due to nuclear reaction in the variable degrader mounted before
stopper foil, which in this case corresponds to 10% of the nuclei.

Making these corrections and using the measured efficiency of the RIS-
ING array as discussed in reference [14], the value for the isomeric ratio of
the yrast 8+ state in 96Pd was calculated.

Table I shows the calculated isomeric ratio values obtained using the 105
325, 684 and 1415 keV lines in the current analysis. Taking the weighted
mean of these results, we obtain a value for the isomeric ratio of the I � = 8+

isomer in 96Pd of R = 20.5(10)%.

TABLE I

Data for transitions used in analysis.
The number of implanted 96Pd ions was Nimp = 1.63x104.

Energy [keV] Counts εeff α R [%]

105 276 0.17(6) 1.3x100 23.4(40)
325 549 0.19(2) 2.26x10−2 20.0(20)
684 351 0.13(1) 2.54x10−3 18.6(15)
1415 250 0.08(1) 4.82x10−4 20.1(15)

This value of isomeric ratio is of similar scale to the one obtained in
Ref. [3], 39(6)%, although we note the two experiments were carried out in
very different primary energy regimes and with different primary beams.
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