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Abstract. Relativistic projectile fragmentation of 2°®Pb has been used to produce isomers in neutron-rich,
A =~ 190 nuclides. A forward-focusing spectrometer provided ion-by-ion mass and charge identification. The
detection of v-rays emitted by stopped ions has led to the assignment of isomers in 8Ta, OW, 192Re,
193Re, 19505, 1971y, 1981y, 200p¢, 201p¢, 202P¢ and 203 Au, with half-lives ranging from approximately 10 ns
to 1 ms. Tentative isomer information has been found also for 1" Er, 'Er, 185Hf, 191Re, 1%4Re and *°Ir.
In most cases, time-correlated, singles y-ray events provided the first spectroscopic data on excited states
for each nuclide. In 2°°Pt and 2°'Pt, the assignments are supported by -7 coincidences. Isomeric ratios
provide additional information, such as half-life and transition energy constraints in particular cases. The
level structures of the platinum isotopes are discussed, and comparisons are made with isomer systematics.

PACS. 21.10.Tg Lifetimes — 23.20.Lv ~ transitions and level energies — 25.70.Mn Projectile and target
fragmentation

1 Introduction nuclides in their ground state [1-3]. The observation of

~ radiation, following isomer decay within a microsecond
Projectile-fragmentation reactions at relativistic energies time range after fragment detection, provides a sensitive
have been instrumental in the discovery of many exotic means to identify corresponding excited states. The v-ray
spectra can be associated with individual nuclides, and
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Fig. 1. Ion-identification plots, in terms of focal-plane position versus A/q, following 2°*Pb fragmentation: (a) *'W setting,
fully stripped ions; (b) '*'W setting, hydrogen-like ions; (c) '®*Lu setting, hydrogen-like ions; (d) '"°Dy setting, fully stripped
ions. See text for additional explanation. Note that the events labelled as °"Os and 2°°Ir in (b), and %Dy in (d), correspond

to previously unreported nuclides.

many nuclides can be studied simultaneously with a sin-
gle spectrometer setting. This method has previously been
applied successfully to make new isomer discoveries in
medium-mass nuclides at GANIL [4-10] and heavy nu-
clides at GSI [11-14].

The present work is concerned with the neutron-
rich, A ~ 190 region of the nuclide chart, which un-
til recently has remained largely unexplored, although
there have been several theoretical predictions of multi-
quasiparticle, isomeric states [15-17]. Advances in the de-
velopment of nuclear spectrometers, and associated y-ray

detection techniques, have opened up new experimental
possibilities.

In the following sections, we report results obtained
from 298Pb projectile-fragmentation reactions. Many of
these results, now presented systematically, have been pre-
viously reported in preliminary form [18-28]. The neutron-
rich, A =~ 190 nuclides that have been studied span a
range of intrinsic and collective structures, from prolate-
deformed through triaxial to spherical shapes with in-
creasing mass number. Closely related work on spin dis-
tributions, obtained by studying known A = 180 isomers
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with the same experimental equipment, has been reported
by Pfiitzner et al. [14,29)].

2 Experimental technique

The nuclides of interest were produced in the interaction of
a 298Pb primary beam at 1 GeV per nucleon, from the SIS
heavy-ion synchrotron at GSI, with a 1.6 g/cm? beryllium
target located at the entrance of the Fragment Separator
(FRS) [30]. The average primary beam intensity, as mea-
sured by a secondary electron monitor (SEETRAM), var-
ied between 1 x 10 ions per spill, when fragments close to
the projectile mass were selected, and 2 x 10 ions per spill
at settings for nuclides far from the line of stability. The
typical length and repetition period of a spill were 4 and 10
seconds, respectively. The FRS was operated in standard
achromatic mode [30] with an aluminium wedge-shaped
degrader at the intermediate focal plane. Niobium foils
of thickness 221 mg/cm? and 108 mg/cm? were mounted
downstream from the target and degrader, respectively, in
order to increase the electron-stripping cross-section. The
probability of an ion being fully stripped of electrons in the
first and second sections of the FRS was calculated, using
the electron-stripping code GLOBAL [31], to be about
96% and 88%, respectively. The experimental setup in-
cluded two multi-wire proportional counters, for position
measurements; two scintillation detectors, providing time-
of-flight and position information; and a further two scin-
tillators and an ionisation chamber (MUSIC) for energy
loss measurements. Fragments were eventually stopped at
the final focal plane in an inclined aluminium plate, which
was placed between four clover germanium detectors (pro-
viding sixteen independent germanium crystals) with 6%
absolute full-energy-peak efficiency at 1.3 MeV, as mea-
sured with %°Co and '°2Eu radioactive sources.

The particle-identification procedure is described in
detail in ref. [14]. Ion-by-ion mass number (A) and proton
number (Z) identification was achieved in terms of focal-
plane position versus A/q, where g is the ionic charge, as
illustrated in fig. 1. Events from ions passing through the
second time-of-flight scintillator were then time-correlated
with y-ray energies measured in the germanium detectors.
For each germanium crystal, the energy and time of the
first y-ray event was recorded after the arrival of a heavy
ion, up to a maximum time of 75 us.

The basic FRS settings selected were those that corre-
spond approximately to the central transmission of fully
stripped ions of 174Yb, ¥4Lu, W and '"°Dy. These nu-
clides are therefore used as convenient labels to specify the
settings, which involved data collection times of approxi-
mately 10, 30, 50 and 40 hours, respectively. Although the
vast majority of events correspond to well-defined charge
states, it should be noted that the FRS selection is actually
dependent on the charge-changing properties of each ion.
Thus “fully stripped” ions correspond to no charge state
change between the first and second sections of the FRS,
while “hydrogen-like” ions correspond to the pick-up of
one electron at the intermediate focal plane, and “helium-
like” ions correspond to the pick-up of two electrons. Since
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Fig. 2. Energy versus time for 2°°Pt events. The time axis has
an arbitrary zero. See text for discussion.

the fully stripped fraction in the first section is large (in
the present instance about 96%) there is no significant
problem with charge state ambiguities. Therefore, we will
continue to refer to the dominant charge state in the sec-
ond section of the FRS when discussing the different ion
groups, with the proviso that a few percent of the ions have
additional electrons and, consequently, different A and Z.

Reference points for nuclide identification (and hence
A and Z calibration) were obtained primarily by recognis-
ing the energies of ~-rays from the decays of known iso-
mers in 2°°Pt [32] and 20%Hg [33]. The v-ray events were
incremented into energy wversus time matrices. For 2°Hg
the known 2 us, J™ = 57 isomer was evident, though the
recently reported higher-spin isomeric decays [34,35] were
not observed in the present work. Figure 2 shows the 2°0Pt
data.

Since the known isomer in 20°Pt is short lived (14
ns [32]) the analysis of the time evolution is now discussed.
The half-life was determined for particular y-ray transi-
tions by first fitting a Gaussian peak shape to the time
spectrum of adjacent continuum background events (as
shown by the dot-dashed line in fig. 3) to obtain a value
for the “prompt” width and centroid. Note that there is
no a priori definition of the ~-ray arrival time relative
to the associated ion, that would establish the “zero” of
the time axis. The assumed “prompt” events in the ger-
manium detectors are understood to come predominantly
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projections of the 464 and 470 keV ~v-ray transitions. The Gaus-
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(FWHM = 39 ns). See text for discussion.
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from charged particles and bremsstrahlung, generated as
the ions are slowed and stopped. In order to obtain a
half-life measurement for the background-subtracted ~y-
ray peak events, the fitted Gaussian shape was convo-
luted with an exponential decay (continuous line and data
points in fig. 3). The measured half-life of 14.0 + 0.6 ns is
in good agreement with that obtained by Yates et al. [32]
(14.3 £ 0.6 ns) for the J™ = 7~ isomer in 2°°Pt. The sur-
vival of such a short-lived isomer through the FRS, with a
flight time of approximately 300 ns, depends on the sup-
pression of electron conversion for highly stripped ions, i.e.
the in-flight ionic half-life is substantially longer than the
neutral-atom half-life, the latter being what is measured
at the aluminium stopper. In the present case, the isomer
decays by an E2 transition of energy < 100 keV [32], so
that the total conversion coefficient [36] is a0, > 5 and the
fully stripped, in-flight half-life is > 85 ns. Furthermore,
since each 2°°Pt ion carries one or two K-shell electrons,
which could enable in-flight decay by electron conversion,
it is additionally required that the transition energy is less
than the one-electron K-binding energy of 90 keV [37] (see
also sect. 4). The other transitions and the level structure
of 200P¢ are discussed in sect. 3.

It is apparent from fig. 3 that the procedure for
obtaining the “prompt” peak shape from the contin-
uum slightly overestimates the time width of the dis-
crete y-ray transitions. This is an issue of some inter-
est, perhaps related to a significant time distribution
of continuum (bremsstrahlung) events, as well as the
Compton-scattered events having a different time response
to the full-energy events. However, there are no “prompt”
discrete transitions with which to define the true time res-
olution. Nevertheless, the exponential half-life component
thus obtained agrees with the known value, as discussed
above.
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3 Results

The isomer data are summarised in table 1. First, we dis-
cuss the framework within which the results are presented.
Projections of energy-versus-time matrices were made for
each nuclide. Representative v-ray energy and time spec-
tra are shown in the following sections. Energies and half-
lives were used to calculate Weisskopf hindrance factors,
Fw (allowing for electron conversion) to give a consis-
tent indication of transition multipolarities, by compar-
ison with the systematics of Lébner [38]. The X-ray in-
tensities, and ~-ray intensity balances, provide additional
valuable constraints on conversion coeflicients.

Isomeric ratios have been calculated, i.e. the ratio of
the number of ions of a given nuclide in an isomeric state
to the total number of ions of that nuclide. The method-
ology is discussed in detail in our previous paper [14],
where critical evaluation is given of the sharp-cutoff model
of angular-momentum generation in fragmentation reac-
tions. Here, the purpose is three-fold: i) for long half-lives,
isomeric ratios can provide useful half-life upper limits;
ii) for short half-lives, where extended in-flight half-lives
are implied, isomeric ratios constrain the electron conver-
sion coefficients, and hence provide transition-energy up-
per limits; and iii) isomeric ratios can be used in planning
future experiments.

In the following sections, the principal results for indi-
vidual nuclides are presented in order of increasing mass
number. For the first case, 38Ta, some additional infor-
mation is included, to illustrate the methodology. Further-
more, tentative evidence for isomers in 17 Er, 17 Er, 185Hf,
91Re, 94Re and '?Ir is presented at the end of sect. 3.

3.1 lf,gTaug,

The energy and time spectra in fig. 4 (top) represent
the first spectroscopic data obtained for excited states
of 188Ta. These spectra are each the sum of three spec-
tra obtained from three different experimental conditions
(see fig. 5). A half-life of 5 &+ 2 us (shown in fig. 4 insert)
was calculated by fitting an exponential decay to the time
projection of the 292 keV transition.

To interpret the 292 keV ~-ray transition, it is first
assumed that, as only one transition was observed, it
is likely to be the direct decay from the isomeric state,
though there is also the possibility that there is an un-
observed, low-energy transition depopulating the isomer
(see below). Hindrance factors indicate that the 292 keV
transition, if it comes directly from the 5 us isomer, could
have multipolarity FE2 (t}% =4 ns, iy = 1.3 x 103) or
M2 (t}% = 0.5 us, Fyw = 22). The Weisskopf half-life es-
timates quoted here are not corrected for internal conver-
sion, although the hindrance factors are —this is the con-
vention adopted in all the following half-life and hindrance
comparisons. The possibility of the transition being of M2
character is, however, ruled out. If this were the case, the
292 keV transition would have a K-electron conversion
coefficient of g = 0.72, and 58 keV tantalum X-rays,
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Table 1. Summary of isomer results, giving v-ray (and X-ray) transition energies and intensities, percentage isomeric ratios,
tentative J" assignments, half-lives and FRS settings.

E,(keV) r,® TR ®) | [R | J~™ t19 s@ | cs@©
188Tq | 292.4 £ 0.2 | 96 + 12 0.5793 5+ 2 us 191w F
Wiu | F4+H
190W | 58.5 £ 0.5 60 + 13 > 2 30 | 10™ 607307 us 1w F
207.0 + 0.3 274+ 7 i1 H
357.4 + 0.3 24 4+ 7
484.0 + 0.4 214+ 7
593.6 & 1.1 21 + 8
694.0 + 0.7 16 + 7
2Re | 60.6 +£ 0.2 | 550 & 45 21129 12072%us ¥y | F+H
69.5 + 0.4 154 4+ 31 1841 H
160.1 + 0.2 | 526 4 40
193Re | 60.6 £ 0.2 | 989 & 58 > 19 757450 s Ylw | F4+H
69.5 4+ 0.3 | 247 £ 35 1841 H
146.1 + 0.3 | 135 + 26
1950s | 438.6 £ 0.2 | 365 & 53 > 13 26 + 4 ns 191w F
493.0 £ 0.2 | 266 + 44
533.1 + 0.2 | 355 + 57
714.0 + 0.3 | 364 + 59
97 | 1610+ 05 | 394+14 | 2.0%0.2 30 £ 8 us 191y H
27854+ 0.2 | 91 + 17
3788 £ 0.2 | 78+ 17
45834+ 05| 534+ 16 | 1.0+ 0.1 15 + 9 us
495.0 £ 0.3 | 67 £ 17
567.1 4+ 0.3 | 69+ 17
609.1 £0.5 | 24+ 12
1987y | 116.4 4+ 0.2 | 481 + 30 1975 77 £ 9 ns 19y H
200pt | 298.9 + 0.2 | 851 + 98 > 25 36 | 77 | 14.0 £ 0.6 ns¥ | 'W | H+He
318.4 + 0.2 | 1530 + 104
397.5 £ 0.2 | 556 + 81
401.0 £ 0.2 | 558 + 84
463.6 + 0.2 | 7042 + 173
470.1 + 0.2 | 7803 £ 179
542.5 + 0.2 | 1070 + 84 >4 8 | 12 | 103+ 24ns
633.0 + 0.2 | 7223 4 187
708.6 + 0.2 | 1546 + 108
1Pt | 354.1 4+ 0.2 | 984 + 60 > 32 30 | Lf 21 + 3 ns YW | H+He
3744+ 0.2 | 1034 + 62
7272+ 0.2 | 931 £ 70
202pt | 534.9 £ 0.2 | 226 + 29 > 15 35 | 7 2801150 us YW | H+He
71874+ 0.2 | 123 + 25
205Au | 563.3 £0.3 | 74+ 17 > 1 40170°0 s YW | He

(a) Relative v-ray intensity during the 75 us recording interval; where available, X-ray energies and intensities are also given. These are efficiency-
corrected counts, in the obtained v-ray spectra, with arbitrary overall normalisation.

(b) The isomeric ratio is given as a percentage of the total number of ions. Both the experimental values (exp) and the corresponding upper-limit
estimates from the sharp-cutoff model (sc) are given. The lower limits for experimental values result from half-lives that are either very short or
very long (see text for details).

(C) Half-lives are for ions at rest, measured at the final focus of the FRS.

(d) Nominal FRS setting for optimal transmission of fully-stripped ions.

(e) Transmitted charge states: F (fully-stripped), H (hydrogen-like) and He (helium-like).

(f) The literature value for 2°°Pt (77) is 14.3 & 0.6 ns [32].
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Fig. 4. Gamma-ray energy spectra taken over the 1-75 us time
interval for (top to bottom) '%8Ta, W, '9?Re and '®*Re.
The inserts show the half-life fits of (respectively) 5 + 2 us,
60':15800;1 120+210 ps and 75+380 us.

with an intensity approximately equal to 70% of the ~-
ray peak, would be expected, contrary to observation (cf.
spectra discussed later, where X-rays can be seen).

There could also be an unobserved, low-energy transi-
tion, depopulating the isomer. This (F < 50 keV) tran-
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Fig. 5. The final '®¥Ta 4-ray energy spectrum (fig. 4) is the
sum of the spectra from (a) and (b), the fully stripped and
hydrogen-like ions from the '®*Lu setting, and (c) the fully
stripped ions from the "'W setting.

sition could then have E'1 character, with t}% = 2 ps at

50 keV, and Fywy = 5 x 10%. Large hindrance factors like
this are typical for FE1 transitions [38]. In this scenario,
the 292 keV transition could be the first cascade transi-
tion of a rotational band. The corresponding M1 conver-
sion coefficient is ag = 0.19, which is consistent with the
experimental photon intensity limit in the X-ray region
(and also consistent with EF2 admixture).

It is appropriate to comment on the “E < 50 keV” des-
ignation. This limit is below the K-electron binding energy
of 67 keV for tantalum, so that K X-ray production, via
electron conversion, would not be involved. Nevertheless,
higher-shell conversion reduces the v-ray intensity. Fur-
thermore, the y-ray detection efficiency falls rapidly for
energies below 50 keV. As a consequence, the ~-ray de-
tectors were insensitive to transitions with energies below
50 keV.

The level to which the 292 keV transition decays could
itself be an isomer. In that case, at least one of the follow-
ing conditions would need to be satisfied: i) its half-life is
greater than 1 ms, and/or ii) its excitation energy is less
than 50 keV. In either case, the present experimental ar-
rangement would be insensitive to the corresponding iso-
meric decay. A similar situation applies in principle to all
of the odd-odd and odd-mass nuclides that are discussed
in the following sections, i.e. the lowest level “observed”
is not necessarily the ground state.
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3.2 1-912W116

Figure 4 shows the 7-ray energy and time spectra ob-
tained by projecting energy-versus-time matrices, consti-
tuting the first evidence for excited states observed in
190V, The X-ray peak at 58.5 keV reinforces the parti-
cle identification by confirming that the excitations ob-
served are those of a tungsten isotope. Although statistics
were not good enough to allow for «-7 coincidences, a par-
tial level scheme is proposed (fig. 6) based on systematics
of even-even tungsten nuclei in this mass region [39] (see
also sect. 4). It is suggested that the y-ray transitions ob-
served have E2 character and form a rotational cascade
built on the ground state, as we reported previously [12].
(The 593.61+1.1 keV transition energy differs from the pre-
viously quoted value of 591 keV, due to the combination
of including additional channels in the peak region, and
the modified sorting conditions discussed below.)

The half-life of the isomer was deduced by first fitting
an exponential decay to the time projection of the sum of
the peaks at 207, 357 and 484 keV (refer to fig. 4). The
best fit gives a half-life of 60 us, and a x? analysis gives a
lower limit of 30 us, but no upper limit. The isomeric ratio
can, however, be used to specify an upper limit, based on
the events that are observed over the 75 us time range.
Had all the '"9W nuclei been produced in the isomeric
state, then the maximum possible isomeric ratio would be
100% (by definition). Figure 7 shows half-life values plot-
ted against corresponding values of isomeric ratio for this
nuclide. The 100% limit gives a maximum half-life value of
5 ms, 80ty = 60J_r§goo,us. We note that this differs from
our earlier value of 2707320 us [12]. The difference arises
from independent analyses of the data (see also comments
below) and, in view of the very large statistical uncertain-
ties involved, is not considered to be significant. If, fur-
thermore, we adopt the maximum isomeric ratio of 30%,
as calculated using the sharp-cutoff model [40] discussed
in sect. 4, then t; /5 = 60750" us is obtained.

207

100

Isomeric Ratio (%)

0 T +
10" 102 103
Half-life (us)

10*

Fig. 7. Isomeric ratio analysis for determination of the half-life
upper limit of the °°W isomer. A range of half-lives was used
to calculate the corresponding isomeric ratios. The implied iso-
meric ratio increases with half-life because the measuring time
is limited to 75 us after the arrival of each ion.

As has been presented earlier [12], multi-quasiparticle
calculations suggest that a low-lying, 2-quasi-neutron,

K™ = 10 isomeric state, with Nilsson configuration
27[505) | v 1—21+[615] 1 v, is feeding the rotational band.

This is the same configuration as the 5.9 s isomer in the
N = 116 isotone 1920s and the 9.9 m isomer in *°Os [39].
This assignment would imply that the isomeric level is de-
populated by an E1 transition, which would be highly K
forbidden. In our previous publication on this nucleus [12]
a 46 keV transition was proposed for this E'1 decay. How-
ever, a re-analysis of the data makes this assignment un-
certain, as the 46 keV peak appears only to have signif-
icant intensity in particular germanium crystals. Indeed,
if one of these crystals is removed from the sort program,
then the resultant v-ray spectrum is that shown in fig. 4,
and the 46 keV transition is no longer statistically signifi-
cant. Accordingly, the decay from the proposed 10~ isomer
requires further discussion. The depopulating transition
should have £, < 100 keV for an E'1 transition (t‘l}‘;2 =0.2

ps at 100 keV, Fyw ~ 4 x 10%) otherwise a corresponding
peak should be clearly observable in the y-ray spectrum.
The rather large intensity of the tungsten K X-rays seems
to imply that any proposed E1 transition should have
an energy just above the K-electron binding energy (69.5
keV) and ator = 1 (e.g. ator = 0.91 for a 71 keV transi-
tion). Another possibility is that the E'1 transition energy
has a chance equality with the K X-ray energy, so that the
intensity of the 58.5 keV peak is part y-ray, part X-ray.

3.3 I%Relu

The results shown in fig. 4 represent the first spectroscopic
data available for excited states of ?Re. The lower-energy
peaks at 60.6 and 69.5 keV are the rhenium K, and Kpg
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X-rays, respectively, clearly identifying the element as rhe-
nium. The half-life is determined to be 12072;° us. If the
observed 160 keV v-ray is the direct de-excitation from an
isomeric level, then it is likely to have E2 (t}% = 80 ns,
Fw =2x10%) or M2 (t\l’\/f2 =9 us, Fyw = 130) multipolar-
ity. However, on examination of X-ray and ~-ray relative
intensities, as well as conversion coefficients, an M1 decay
(e = 1.2) appears to be the most likely. This is because
ax = 0.3 for an E2 transition, implying 60% less intense
X-rays than those observed. An M2 transition, on the
other hand, would have ax = 6.3, requiring six times more
intense X-rays. Hindrance factors suggest, however, that
an M1 decay would be strongly hindered (Fy = 5 x 107).
We therefore infer that the 160 keV transition may not be
the direct decay from the isomeric level, but rather may
depopulate a state that is fed by an unobserved low-energy
(< 50 keV) E1 transition (Fyw = 108 at 50 keV).

3.4 lgg Reug

The results shown in fig. 4 represent the first spectro-
scopic data obtained for excited states of 193Re. The K,
and Kz X-rays are clearly visible. Only one y-ray transi-
tion was observed, at 146.1 keV, with slight contamina-
tion from the 160.1 keV transition in 192Re. (The issue of
adjacent-nuclide contamination is discussed in more detail
in sect. 3.9.) From the time dependence of the X-ray in-
tensity, the half-life of the isomer is found to be 75in‘80 s,
the upper limit corresponding to the maximum isomeric
ratio of 100%.

Hindrance factors indicate that the 146 keV transition
is likely to have M2 (tY\//2 = 14 us, Fyy = 70) or E2 (L‘}’\/I2 =
0.1 us, Fyy = 10%) multipolarity, if the assumption is made
that it is the direct decay from an isomeric state. The high
intensity of the X-rays supports an M2 assignment.

1
3.5 ?205119

The data shown in fig. 8, with -ray transition energies
of 439, 493, 533 and 714 keV, constitute the first spec-
troscopic evidence for excited states in 19°Os. The isomer
half-life of 26 + 4 ns is determined by fitting the time
dependence of the y-ray intensity with a convolution of
Gaussian and exponential functions. Because the isomer
half-life is short, it is not possible to separate completely
the isomeric y-rays from the low-energy (bremsstrahlung)
background in the spectrum, precluding the possibility of
identifying any X-rays or v-ray transitions below about
300 keV.

There are insufficient statistics to determine -y coin-
cidences in this work, but a recent deep-inelastic reaction
measurement has shown that the four transitions are in
mutual coincidence [41]. The 439, 493 and 533 keV tran-
sitions appear to be in a collective cascade because they
have similar intensities (see table 1) and are spaced at reg-
ular intervals, but the 714 keV transition may originate
from a different intrinsic structure. However, the 714 keV
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Fig. 8. Gamma-ray energy spectra for (top to bottom) '?*Os,
taken with a 60 ns time cut; *“Ir, for the time region 1-75 us;
and '®®Ir, with a 500 ns time cut (excluding prompt events).
The inserts show the corresponding time spectra with (top to
bottom) half-lives of 26 + 4 ns, 30 + 8 us (upper insert for the
sum of the 278.5, 378.8, 495.0 and 567.1 keV transitions), 15 +
9 ps (lower insert for 458.3 keV transition), and 77 + 9 ns. For
the last case there is a poor fit in the prompt region, where the
data have large error bars on account of the subtracted back-
ground, but this has no significant effect on the fitted half-life.

transition cannot be the transition that directly de-excites
the 26 ns isomer. This is because, due to its high energy,
its conversion coefficient would be small and, correspond-
ingly, the in-flight half-life would be too short to permit
the survival of the isomer through the FRS. The limita-
tions on the energy of the directly depopulating transition
are discussed in sect. 4.

197
3.6 77Ir120

Cizewski et al. [42] assigned spins and parities to sev-
eral excited states that they observed in '7Ir using the
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Fig. 9. Gamma-ray energy spectra over two sequential 37 us
intervals, showing evidence for two isomers in %7Ir (the
458.3 keV transition apparently having a shorter half-life).

198Pt(t, a)7Ir reaction. Their excitation energies at 460,
495, 561 and 606 keV, with an uncertainty of £ 5 keV,
are consistent with y-ray transition energies observed in
this work, i.e. those at 458.3, 495.0, 567.1 and 609.1 keV
(see fig. 8) and some of these associations may be sig-
nificant. However, in the absence of sufficient «-ray coin-
cidence data, we are unable to establish a reliable level
structure.

The intensities of the y-ray peaks in fig. 8 are non-
uniform, indicating the possibility of there being more
than one cascade, and hence more than one isomer. Fig-
ure 9 illustrates energy spectra with two different time
gates, supporting this suggestion. The time spectra (see
fig. 8 inserts) give half-lives of 30 & 8 us and 15+ 9 us.

198
3.7 77|I’121

A single transition, at 116 keV, with a half-life of 77+9 ns,
was identified in %®Ir (see fig. 8), constituting the first
spectroscopic data recorded for excited states of this nu-
clide. Hindrance factors suggest that if the 116 keV transi-
tion is directly depopulating an isomer, it is likely to have
E1 multipolarity (tYy2 =0.1ps, Fy = 8x10°, axr = 0.22)
and this is supported by the lack of observed X-ray events.

3.8 Zggptlzz
The structure of 2°°Pt, from the "8Pt(t,p) reaction, has

been studied by Cizewski et al. [43] and Yates et al. [32].
We have observed some of the y-ray transitions reported
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Fig. 10. Gamma-ray energy spectra for (top to bottom) 200py,
with a 180 ns time cut (including prompt events) where the -
rays at 542.5 and 708.6 keV are previously unreported; 2°!Pt,
from a 70 ns time cut (peaks at 463.6, 470.1 and 633.0 keV
are contamination from 200Pt); 202p¢ over the 1-75 ps time
interval; and 2°> Au, over the 5-75 us time interval. The inserts
show corresponding time spectra with, respectively, fitted half-
lives of 10.3 £ 2.4 ns (upper isomer —see fig. 3 for the lower
isomer), 21 + 3 ns, 2807120 s, and 40755%° ps.
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by Yates et al., and at least two more that they did not
observe, illustrated in fig. 10. The level scheme for 2°°Pt
has now been extended to include a previously unreported
isomer (see fig. 11).

In this case, y-y coincidence gating was informative
(see fig. 12). There are found to be two isomers, both short
lived (~ 10 ns) with the 318, 543 and 709 keV transitions
associated only with the higher-energy isomer. It should
be noted that Yates et al. [32] identify a transition at
317.4 + 0.4 keV feeding into the 5~ level, but the present
318.440.2 keV transition is considered to be distinct from
this. We tentatively place the 318, 543 and 709 keV tran-
sitions above the known [32] 14 ns isomer, though there
is insufficient statistical precision to confirm this from the
expected delayed-coincidence relationship with the transi-
tions below that isomer. Rather, the transitions above the
14 ns isomer are ordered so as to be consistent with com-
parable observations [41] for 19Pt following deep-inelastic
reactions.

The half-life of 14.0 4 0.6 ns determined for the lower
isomer agrees with the previous value of 14.3 4 0.6 ns [32],
as discussed in sect. 2. The upper isomer is found to have
a half-life of 10.3 £ 2.4 ns (see fig. 10 insert). It is also
interpreted as decaying by a low-energy, highly converted
transition, as only in this way can its survival through the
FRS be explained. The 90 keV upper limit for the tran-
sition energy corresponds to the one-electron K-binding
energy (see also sects. 2 and 4). To our knowledge, this is
the shortest-lived isomer yet observed as a primary prod-
uct of projectile fragmentation.

The “semidecoupled” [44] 2-particle configuration of
the 7~ isomer has already been discussed [32] in the con-
text of the platinum systematics, but the relative am-
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The 318.4, 542.5 and 708.6 keV transitions in *°°Pt are seen to
be in coincidence with known transitions. The three transitions
in 2°'Pt are all in mutual coincidence.

plitudes of the proton and neutron components are not
known. As proposed below, in connection with 2°’Pt and
202p¢ | a consistent interpretation favours 2-proton domi-
nance, probably h11/2 (39 d3/2.

Although we do not have sufficient information to de-
termine the character of the upper isomer, the high ex-
citation energy, taken with the several additional decay
transitions, suggests a high-spin (J & 12) configuration.
The systematic observation of J™ = 12% nanosecond iso-
mers [39,45] of rotation-aligned neutron (i13/)* structure
in less neutron-rich platinum and mercury isotopes sup-
ports a similar interpretation in the present case. Over
a considerable range of neutron number, there is evi-
dently [39,45] varying competition between low-energy
(= 100 keV) E2 decay to an (ij3/2)%, J™ = 10T state,
and F'1 decay to a negative-parity, semidecoupled band.
In 200Pt, a low-energy, highly converted transition is re-
quired to explain the survival of the isomer through the
FRS, but it is not possible to distinguish between the E1
and E2 possibilities. As with the 14 ns isomer, the tran-
sition that directly depopulates the 10 ns isomer should
have an energy E, < 90 keV. This constraint is considered
in more detail in sect. 4.

3.9 2% Ptio3

Gamma-ray transitions from excited states of 2°'Pt have
been observed for the first time in the present work. Owing
to the strong production of 2°°Pt, and the similarity in the
isomer half-lives for 20°Pt and 2°'Pt, cross-contamination
was observed (see fig. 10) in the form of transitions at
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Fig. 13. Proposed level scheme for 2°!Pt. The suggested or-
dering of the transitions is analogous to that of the 470-633-
464 keV cascade in 2°Pt.

463.6, 470.1 and 633.0 keV. Figure 12 shows that the
354.1, 374.4 and 727.2 keV transitions are in coinicidence
with each other, but not with the 2°°Pt transitions. (This
gives the opportunity to quantify the contamination of an
A — 1 isotope, at the A position, which is found to be 9%
of the A—1 intensity.) The half-life was measured to be 21
+ 3 ns, which implies (as before) that a highly converted,
low-energy transition (< 90 keV) is depopulating the iso-
meric level. The transition-energy upper limit is discussed
in sect. 4.

The known odd-mass platinum isotopes with A > 189

all have isomeric 1—23+ states, of neutron i3/, character,
with half-lives varying from 95 us to 4.33 days [39]. The

structure that we observe could be built on either the g_

ground state [39], or a long-lived 1—23+ isomer. We favour

the former interpretation, on account of the high isomeric
ratio of > 32% (see below). If the ordering of the tran-
sitions is analogous to that in 2°°Pt (i.e. with weak cou-
pling) then the 374 and 727 keV transitions would have
E2 character, as illustrated in fig. 13, and the < 90 keV
transition depopulating the implied %Jr isomer would also
be E2 (for example, t‘l% = 26 us at 50 keV, Fyy = 0.1).
As discussed by Yates et al. [32], the E2 hindrance factor
has only a weak dependence on transition energy, which
is a consequence of the energy dependence of the E2 con-
version coefficient.

This interpretation of 2°°Pt and 20'Pt suggests that
the 7~ configuration in 2°°Pt is of 2-proton character, so
that the coupling to the odd neutron in 2°!'Pt is not Pauli
blocked. We note that Toki et al. [44] calculate mixed pro-
ton/neutron character for the negative-parity states of the
lighter platinum isotopes, and that the energy-level sys-
tematics [39] favour increasing hq /o, ®ds /2 2-proton domi-
nance with increasing neutron number, which is consistent
with the interpretation given here.

The alternative possibility, that the lowest state in the
cascade is of i13/, neutron character, leads to an implied
upper-isomer spin of % In this case the measured isomeric

ratio of > 32% would considerably exceed the sharp-cutoff
model limit of 4%.
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Fig. 14. Proposed level scheme for 2°2Pt. The first two excited
states are ordered so as to be consistent with the systematics
of the even-even platinum isotopes. The isomer is suggested to
have the same structure as the 7~ isomer in 2°°Pt.
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Fig. 15. Peak width (FWHM) comparison for platinum ~-ray
transitions obtained in the present work. The 535 keV transi-

tion in 2°?Pt has the highest FWHM and is suggested to be a
doublet.

3.10 2% Pti24

Unlike the short-lived 290:201Pt isomers, the 2°2Pt events
spanned the full 75 ps time range. Figure 10 shows the -
ray spectrum obtained, representing the first information
on the excited states of this nuclide. The half-life of the
isomer was found to be several orders of magnitude greater
than those measured for 2°°Pt and 2°1Pt, with a value
of 2807150 us, where the upper limit corresponds to an
isomeric ratio of 100%. If the sharp-cutoff limit of 35%
is adopted for the isomeric ratio, then the corresponding
half-life upper limit is 700 us, so that ¢, = 2807120 us.
The presently proposed level sheme is shown in fig. 14.
The 21 and 47 level assignments are based on the system-
atics of the even-even platinum isotopes (see sect. 4). The
relatively large width (fig. 15) and intensity (table 1) of
the y-ray peak at 534.8 keV suggest that this is a doublet.
(The intensity ratio of the 535 and 719 keV transitions is
1.84 £ 0.44.) Systematics [32,46] suggest a 7~ level as a
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likely candidate for the isomeric state. Thus the second
535 keV transition, if it is directly depopulating the iso-
mer, has E3 character (t‘f‘/f2 =40 us, Fyw = 7). The much
longer half-life in 2°2Pt, compared to 2°°Pt, is seen to arise
because the 7~ level presumably falls below the corre-
sponding 5~ level, forcing F3 decay, compared to E2 de-
cay in 209Pt. The 7~ isomer is suggested to have 2-proton
(h11/2 ® d3/2) structure (cf. the interpretation of 2*Pt).

3.11 2%’Au124

The %Jr ground state of 2°3Au has t1/2 = 53 s, and several
excited states have been identified [39], but no isomers

were previously established [47]. There is an 1L~ state at

2
637 keV, which may be isomeric. The corresponding %7
states in '9TAu and ' Au, of whyy /o character, have half-
lives of 7.7 s and 440 us, respectively [39], but in 2°*Au
and 2°3Au the 21 state half-lives are undetermined.
The data obtained here for 2°3Au are shown in fig. 10.
A single y-ray transition at 563.3 keV is observed. Consid-
ering the large background component, any other transi-
tions of comparable intensity below about 200 keV would
be obscured. The half-life of the 563.3 keV transition is
found to be 40J_r;800 us, where the upper limit is deter-
mined from the isomeric ratio limit of 100%. Assuming

Energy (keV)

Fig. 16. Gamma-ray spectra for tentatively identified isomers. The time ranges are chosen to give the clearest spectra.

that it directly depopulates an isomer, then the 563.3 keV
transition would most likely have E3 multipolarity, with

It would be convenient to associate the 563.3 keV tran-
sition with the decay of the % state in 293 Au. However,

this does not fit with the known excited states. Accord-
ingly, no assignment is proposed on the basis of the present
data.

3.12 Other isomer candidates

Tentative evidence for isomers in a further six nuclides was
found: 'Er and '"Er were in the fully stripped charge
state of the '"°Dy setting; '°'Re and '"*Re were in the
fully stripped charge state of the 19'W setting; '*°Ir was in
the helium-like charge state of the same setting; and '®°Hf
was in the fully stripped charge state of the ¥4Lu setting.
The ~-ray energy spectra are shown in fig. 16. In view of
the considerable uncertainties in these experimental data,
no interpretation is attempted. While the statistics did not
permit the quantitative determination of decay half-lives,
the time ranges indicated in the figure provide constraints.

4 Discussion

The reported isomers give access, in most cases, to the
first spectroscopic data for the nuclide in question. The
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results are collated in table 1. For any given nuclide, the
present data are sparse. Nevertheless, these new data rep-
resent considerable advances, in many cases offering “step-
ping stones” to future study: for example, pulsed-beam
experiments could exploit the new isomers in delayed co-
incidence, and hence determine time-correlated, in-beam
transitions. It is already notable that, in the case of 19°Os,
the assigned «-ray transitions have been useful for nuclide
identification with deep-inelastic reactions, where v-y co-
incidence relationships have been established [41]. In the
following, we comment on some generic features of our
results.

4.1 Isomeric ratios

The isomeric ratio is defined as the probability of pop-
ulating the isomeric state in a given nuclide in the ini-
tial reaction. As part of the same research programme,
we have studied the isomeric ratios of a range of known
isomers [14]. In order to evaluate the experimental iso-
meric ratio reliably, the level scheme should be known in
detail. However, the present data concern nuclides with
largely unknown structure. Therefore, the quoted isomeric
ratios may be subject to future revision, when more exten-
sive spectroscopic information becomes available. Never-
theless, it is instructive to consider the values obtained. In
some cases, the isomeric ratios effectively determine half-
life upper limits, as discussed in sect. 3 (for 10W, 193Re,
202pt and 293Au) or transition energy upper limits (see
below).

Usually, the 100% isomeric-ratio limit greatly exceeds
what could reasonably be expected. For quantitative anal-
ysis, the sharp-cutoff model gives the maximum isomeric
ratio as a function of spin, based on the abrasion-ablation
model of de Jong et al. [40]. As has been shown for
well-known isomers [14], this model provides a useful
isomeric-ratio upper limit, therefore enabling more strin-
gent half-life or transition energy upper limits to be set in
the present work.

When more than ten nucleons are removed from the
projectile, the analytic approximation of the sharp-cutoff
model may be sufficiently accurate [14]. In other cases, the
code ABRABLA [40] gives an appropriate numerical esti-
mate. For the presently studied neutron-rich nuclides, the
analytic approximation is systematically found to under-
estimate the isomeric ratios, sometimes by large factors, in
comparison with the ABRABLA code. Therefore, in the
present work, all the quoted sharp-cutoff values are from
the ABRABLA code. Note also that for neutron-deficient
fragmentation products the analytic approximation sys-
tematically overestimates the isomeric ratios [48].

We now address those cases where there is the combi-
nation of i) a half-life much shorter than the flight time
through the FRS, and ii) unobserved direct depopula-
tion of an isomer. The relevant nuclides are 9°Qs, 200Pt
(two isomers) and 201Pt, where half-lives are in the range
10-26 ns. Note that, although the directly depopulating
transitions are not themselves observed (according to our
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interpretations presented in sect. 3) the isomer produc-
tion can nevertheless be determined from the conversion-
corrected intensities of the -ray transitions that are ob-
served. In these circumstances, the ion survival probability
and the deduced isomeric ratios are sensitive to the conver-
sion coefficients, and hence the energies, of the unobserved
transitions that depopulate the isomers. As a result, the
isomeric-ratio limits set conversion coefficient limits, with
corresponding transition energy limits.

Consider the case of the 7~ isomer in 2°°Pt. The ~-ray
energy spectrum in fig. 10 has a high background con-
tinuum at low energies, and transitions with energies be-
low 200 keV would not be observed in the present work.
However, for the transition depopulating the 7~ isomer, a
100% upper-limit isomeric ratio requires a conversion co-
efficient of a0t > 5 and, for £2 multipolarity, a transition
energy of < 100 keV. This is the same limit as set by Yates
et al. [32]. Furthermore, if the transition energy exceeds
the K-electron binding energy (90 keV for a one-electron
platinum ion [37]) then the one- or two-electron ions of
200pt would have too high a probability of decaying in-
flight. Therefore, we determine an upper limit of 90 keV
for the transition energy in this case.

For the 10 ns upper isomer in 2°°Pt, the decay is sug-
gested to be of either E2 or F'1 character. Independent of
multipolarity, the 100% upper-limit isomeric ratio deter-
mines ayor > 2.6. Hence, for an E2 transition, the energy
must be < 120 keV. As mentioned above, for in-flight
survival of one- or two-electron ions, it can additionally
be determined that the transition energy is < 90 keV.
For an F1 decay, the conversion coefficient would be rela-
tively small, and hence there is a lower energy constraint,
< 30 keV, corresponding to o > 2.6.

In the case of 2°'Pt, with a tentative E2 assignment
for the 21 ns isomer decay, the 100% isomeric-ratio up-
per limit determines ot > 5 and a transition energy
< 100 keV. Again, however, the energy should not exceed
the one-electron K-binding energy of 90 keV.

Finally, the 26 ns isomer in '?°Os is determined to have
tot > 1.6 for its decay radiation. Hence, for the different
cases of F'1, E2 and M1 radiations, the transition-energy
limits are < 35, < 130 and < 150 keV, respectively. This
time the ions are fully stripped of electrons, so that the K
binding energy does not provide additional constraints.

In each of these cases, the transition-energy upper limit
is lower than what would have been obtained by inspection
of the y-ray energy spectrum, with its large continuum
background. Also, these are conservative upper limits, as,
in reality, the isomeric ratios would be considerably below
100%. To account for this, the sharp-cutoff model can be
used (for given spins) to obtain the isomeric-ratio upper
limits, leading to new conversion coefficient upper limits.
These are compiled in table 2, along with the assumed
isomer angular-momentum values and transition multipo-
larities. The transition energy limits for alternative multi-
polarities can simply be estimated from the tabulated con-
version coefficient limits. In the case of 2°1Pt, however, the
ABRABLA evaluation of the isomeric-ratio upper limit
(30%) is approximately the same as the experimental
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Table 2. Summary of constraints on conversion coefficients and transition energies for short-lived isomers, assuming the given
J™ assignments and percentage isomeric ratios (IR). The superscript sc refers to the sharp-cutoff upper-limit estimate.
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Fig. 17. Energies of the first 21 states (circles) and 4™ states
(squares) as a function of neutron number for Z = 74 tungsten
isotopes (open symbols) and Z = 78 platinum isotopes (filled).
The data for the highest neutron numbers of each element are
from the present work. Other values are from ref. [39].

lower limit (32%). While, in principle, this implies a large
conversion coefficient (a0t > 5) the present information
does not provide a useful quantitative estimate.

4.2 Collective behaviour in even-even nuclei

Simple measures of nuclear collectivity come from
excited-state energies of even-even nuclides, such as
the energy of the first 2% state, E(2%), and the energy
ratio E(4%)/E(2") [49,50]. We now have new data
to determine these energies for the even-even nuclides
190W and 2°2Pt. The behaviour of E(2%) and E(4%) is
shown for the tungsten and platinum isotopes in fig. 17.
Although 292Pt,4, follows systematic trends, the energies
of the 199W 5 levels can be seen to be slightly higher
than might have been expected from simple extrapola-
tions. The nuclide "W is located in the prolate-oblate
transition region between well-deformed and spherical
nuclei, which makes its behaviour of particular interest.
There could also be some influence from the proposed
Z = 76 subshell closure [51]. This situation has been
discussed in our earlier paper [12]. The clarification of

the apparent subshell effect requires new data for other
neutron-rich nuclides in this mass region.

5 Summary

Decays from nanosecond to millisecond isomers have been
observed in the neutron-rich A = 190 region using rel-
ativistic projectile fragmentation of a 2°®Pb beam at
1 GeV per nucleon on a beryllium target. The fragments
were separated and identified using the FRS spectrome-
ter. This enabled their mass and charge to be determined
before they were stopped at the final focus, where time-
correlated, delayed ~-ray events were recorded by germa-
nium detectors. Nuclide identification was unambiguous.
A total of 12 new isomers with half-lives in the range 10
ns — 1 ms have been discussed, corresponding to 11 dif-
ferent nuclides: ¥8Ta, 190W, 192Re, 193Re, 1950s, M¥7Ir,
1981 200py 201pg  202Pt gpnd 203Au. In addition, tene-
tative evidence for isomers in '"4Er, '"Er, 185Hf, 1°IRe,
194Re and %°Ir was shown, as well as evidence for frag-
mentation events corresponding to the previously unre-
ported nuclides '°7Os, 2°°Tr and '"Dy.

The nuclides 2°°Pt and 2°'Pt presented the combina-
tion of the shortest-lived isomers studied here, and suf-
ficient intensity to benefit from -y coincidences. With
a half-life of only 10.3 &+ 2.4 ns, the newly found isomer
in 200Pt represents the shortest-lived isomer to be trans-
ported (on account of its much longer in-flight half-life)
through a magnetic spectrometer.

While the spectroscopic information obtained in the
present work is limited, the isomers themselves may pro-
vide valuable stepping stones for future detailed studies.
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