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Abstract

Nanosecond lifetime measurements were performed in 196 Ay by means of the pulsed-beam technique.
Using the centroid-shift method, one new lifetime has been determined and three known have been re-
measured. The data for the transition probabilities are compared to the predictions of the extended super-
symmetry for 196 Au. The comparison reveals a partial agreement, which can be considered as a success for
the theory describing the complicated structure of the odd—odd nucleus.
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1. Introduction

Almost 15 years after its introduction in nuclear physics [1], Metz et al. [2] presented
strong evidence for the existence of extended supersymmetry in atomic nuclei, by a detailed
study of 1%°Au. Following the introduction of dynamical supersymmetries in nuclear physics by
Tachello [3], this extended supersymmetry (or neutron—proton supersymmetry) deals with boson—
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fermion and neutron—proton degrees of freedom. The extended supersymmetry relates excitations
occurring in a quartet of nuclei consisting of an even—even nucleus with (V,, + A/;) bosons, an
odd-proton and an odd-neutron nucleus, both with (V, + N;) — 1 bosons and an odd-odd nu-
cleus with (V,, + N};) — 2 bosons. The extended supersymmetry relates the often very complex
structure of the odd—odd nucleus to the simpler ones of even—even and odd-A systems. The for-
malism of the U, (6/12) ® U5 (6/4) extended supersymmetry is described in Refs. [1,4,5]. To
be applicable for the U, (6/12) ® U, (6/4) scheme, the even—even core should exhibit the O(6)
symmetry of the IBM. The odd proton has to occupy a dominant j = 3/2 orbit and the odd neu-
tron the j = 1/2, 3/2 and 5/2 orbits. These constraints are fulfilled in the Au, Ir region for the
negative-parity states formed by the v(3p1,2,3p3,2, 2 f5,2) X w2d3/; configurations [1,2,5,6].

The evidence for extended supersymmetry was obtained from the study of the odd—odd nu-
cleus '°Au in 197Au(d t), 197Au(p, d) and 198Hg(d «) transfer reactions [2]. Within the frame-
work of extended supersymmetry, the low-lying part of the negative parity spectrum of odd—odd
196 Au follows as a prediction from the reproduction of the spectra of '**Pt within the O(6), of
195 Au within the U(6/4) proton- and of Pt within the U(6/12) neutron-supersymmetry. In
all three cases, of course, the even—even nucleus is treated in the same way. In the model, three
parameters determine the structure of '>*Pt, two more are needed to reproduce in addition %Pt
and a sixth to determine also '°> Au. All six parameters then yield a prediction for '° Au.

In parallel to the transfer work several in-beam y-ray and conversion electron studies were
performed to further study '°°Au. One of these studies relying on a pulsed beam is presented
here. Earlier in- beam work can be found in Ref. [7]. Finally, besides the (p, d) and polarized (d, t)
react10ns also the (d «) transfer reaction was used to improve the knowledge on excited states

n "% Au [8] and to compare with the expectation for the (d «) reactions within the dynamical
supersymmetry [9].

Following the discussion in the previous studies, almost all states below 500 keV can be
considered to be well established. However, while energies, spins and parities are well established
little knowledge of electromagnetic decays is available. In this paper we report on a study of
lifetimes in '°°Au measured by the centroid shift method and compare the extracted transition
strengths to the supersymmetric predictions.

2. Experiments and data analysis

Delayed coincidences with a pulsed beam were measured in the °Pt(d, 2ny)'?® Au reaction
at the Phillips Cyclotron of the Paul Scherrer Institute. The beam energy was E = 12.2 MeV.
A 10 mg/cm? foil enriched to 97% in '°°Pt was used a target.

The STOP pulses for the TAC were provided by the beam reference frequency (r.f.) of
5.19 MHz, whereby an electrostatic deflector suppressed 3 out of 4 beam bursts. The START
signals originated from a germanium detector with a volume of about 19 cm? placed in the large
anti-Compton spectrometer [10]. The amplification of the detector was set in such a way that y -
ray energies up to 650 keV were measured. The germanium detector was positioned at 90° with
respect to the beam axis. A y-ray spectrum recorded in coincidence with the full TAC region
(~ 200 ns) is displayed in Fig. 1.

The setup ensured an integral time resolution of about 20 ns which for higher y-ray energies
reached less than 10 ns. A time-energy matrix (1024 x 4096 channels) was constructed off-line.
The matrix was first used to produce time-related (prompt and delayed) germanium y -ray spectra
by setting cuts with windows on the time axis. These spectra were employed for an inspection
of the data for long-lived isomers. Then, windows were set on the energy axis on full-energy
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Fig. 1. y-ray spectrum measured in coincidence with the full TAC time range. Transitions in 196 Ay are indicated by their
energy in keV. Strong transitions from other reaction channels are labelled by the deexcited nucleus.

peaks as well as on neighboring Compton background. Net time distributions of y-ray transi-
tions corresponding to full-energy peaks were obtained after subtraction of random coincidences
and Compton-background time contributions. More details on the analyzing procedure (the gen-
eralized centroid-shift method) can be found in Refs. [11-13] and references therein. Here, we
briefly describe its main features.

To obtain the Compton background contribution to the time distribution of a given photo-
peak, we interpolate time distributions corresponding to background windows set on both sides
of the photo-peak in the energy spectrum. Then, the interpolated time distribution is subtracted
from that of the photo-peak time distribution. After the additional subtraction of the random
coincidences, the centroids (first moments, time centroids) of the net time distributions are plot-
ted versus y-ray energy thus producing a centroid diagram. A zero-time line is formed by the
time centroids of prompt transitions. Deviations from the smooth zero-time line indicate delayed
transitions. In the case of absence of contaminations in the particular y-ray line selected, these
deviations provide a measure of the effective lifetimes of the corresponding nuclear levels. How-
ever, in some situations a uniform choice for the selection of the summation limits used for the
determination of the centroids of all net time distributions may be quite difficult. Therefore we
preferred to use the centroid diagram as a first indication of measurable lifetimes. At a second
stage, we interpolated a prompt reference curve among the ones whose centroids are lying on
the zero-time line and compared it to the corresponding delayed time curve. Then, the full sta-
tistics of both curves was used to determine the prompt and the delayed centroids. The graphical
comparison of the prompt and delayed curves helps to identify cases where undesired prompt
admixtures are present into the time distributions. With our setup, this arises when a gate in
the y-ray spectrum is set on a doublet (multiplet) of transitions among which the prompt ones
predominate. Such cases were treated according to Ref. [12], where we discuss in detail the oc-
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currence of undesired prompt admixtures and a procedure for their elimination. An additional
problem can appear when the level investigated is fed by delayed transitions with effective de-
lay(s) té) and intensities / é). If ‘L’é) K teff Where tegr is the effective lifetime of the depopulating
transition, i.e., of the level investigated, the delayed feeding can be neglected. If r’D > Teff ONE
may use the relation

n > Tblb’
ItOt

)

Teff = Tlev

where [io is the total depopulating intensity and tje, is the “true” lifetime of the level to be
determined (cf. also Ref. [13]). Thus, the determination of tje, is only possible if the intensities
and the effective delays of all feeding transitions are known unless a coincidence method is
applied. To increase the statistics of the data to be analyzed we compressed four times the time
distributions originally measured on 1024 channels.

3. Results

The centroid diagram from the present analysis is displayed in Fig. 2. We estimate that the
precision of the constructed zero-time line is about 0.3 ns. This conservative estimate is due
mainly to the behavior of the time distributions below 130 keV which is characterized by a sig-
nificant (time) walk. The necessary level scheme informations for the considerations were taken
from Refs. [7,8,14] to which the reader is referred for more details. For the construction of the
zero-time line we used mainly centroids of y-transitions in '°® Au determined with good statistics
and forming a smooth line. No lifetime information is available for the corresponding levels but
the assumption that all of them have by our setup measurable and almost equal lifetimes is very
unlikely. The agreement found below for the case of previously known lifetimes strengthen our
conviction that the zero-time line is correctly constructed.

In Fig. 2, several centroids deviate from the zero-time line interconnecting the centroids of
the prompt transitions. These are the centroids of the 148, 188, 213, 257 and 292 keV transitions.
The centroid of the 426 keV transitions from the level at 657.8 keV (cf. Ref. [7]) also deviates
somewhat from the zero-time line, but the statistics of the corresponding time distribution allows
only to set the upper limit:

7(657.8 keV) < 2.4 ns.

The I™ =77 level at 232.5 keV is an already known [14] isomer with 7 = 2.38 (22) ns.
Our result for the effective lifetime of that level from the centroid-shift analysis illustrated in
Fig. 3 is teff = 2.43 (11). The agreement is impressive, but this is misleading because the level
at 232.5 keV is fed via the transition of 188 keV by another isomer, namely the 8 level at
420.7 keV. The old result [14] for the lifetime 7 of this isomer is 2.89 (29) ns. Our lifetime
analysis, illustrated in Fig. 4, points to a value of:

7(8% at 420.7 keV) = 3.26 (20) ns,

which coincides within the error bars with the old result. No delayed feeding could be identified
for the 420.7 keV level. This level feeds the 7% level at 232.5 keV both directly and indirectly.
The feeding has to be taken into account in the lifetime analysis for the 232.5 keV level. For
this purpose, we used the relative intensities of the transitions in the cascades leading to the
232.5 keV as given in Ref. [14] (including internal conversion), and the areas of the 188 and
148 keV transitions derived from the spectrum shown in Fig. 1. The area of the 148 keV transition
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Fig. 2. Centroid diagram obtained in the present analysis. The smooth line represents the zero-time line. The centroids of
the time distributions of the transitions which deviate form the zero-time line are indicated by the corresponding y -ray
energy. See also text.
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Fig. 3. Net time distribution for the centroid-shift analysis of the data for the 148 keV transition. The interpolated prompt
time distribution is also show. The prompt and delayed centroids are indicated by arrows.
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Fig. 4. Centroid-shift analysis of the data for the 188 keV transition. See also caption to Fig. 3.

is about five time larger than that of the 188 keV transition. After corrections for efficiency and
angular distribution effects, we applied Eq. (1) to derive for the lifetime of the 232.5 keV level:

(7T at 232.5 keV) = 1.59 (16) ns,

a value which is considerably shorter than the old result of 2.38 (22) ns.

The lifetime of the 4™ level at 212.8 keV, depopulated by a 212.8 keV transition to the ground-
state, was also previously known [7] as v = 2.58 (22) ns. In our analysis, we had to take into
account impurities from transitions in '®Au with similar energies to that of the depopulating
transition. In applying our procedure for elimination of prompt components [12], we found that
about 40% of the measured time distribution are due to prompt admixtures. The results of the
lifetime analysis are presented in Fig. 5. They point to a lifetime:

T(47 at212.8 keV) = 1.95 (48) ns,

since no delayed feeding could be found. This value has a larger uncertainty than the old result
(see above) due to the subtraction of the prompt admixtures contribution.

The centroids of the 257 and 292 keV transitions unambiguously point at a measurable life-
time of the I™ =17, 27 level at 298.5 keV (cf. Ref. [7]). The time distribution of the 257 keV
transition contains some impurities. Therefore we present in Fig. 6 the results of the lifetime
analysis for the 292 keV transition. Because no delayed feeding could be identified, they indicate
a lifetime of:

T(17,2 at298.5 keV) = 0.8 (4) ns.

This lifetime is determined for the first time.
For the other levels in '°®Au observed in our experiment, an upper limit for the lifetimes
7 < 0.4 ns can be set. It should be mentioned here that the lifetimes derived above in the present
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Fig. 5. Centroid-shift analysis of the data for the 213 keV transition. The data were corrected for the presence of prompt
admixtures. See also caption to Fig. 3.
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Fig. 6. Centroid-shift analysis of the data for the 292 keV transition. See also caption to Fig. 3.

work are not completely free from the problem of a possible unobserved delayed feeding. The
latter can be related to low-intensity y-ray transitions from higher-lying isomers or to internal
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Table 1

Reduced transition probabilities derived from the lifetimes in the present work. Additional spectroscopic data were taken
from Refs. [7,8,14]. Electric reduced transition probabilities are presented in units of eZb* and magnetic ones (M1)
in units of /“‘%v’ respectively. For the 17 level at 298.5 keV, two sets of data are presented, one assuming that most
depopulating transitions are M1, and the other-E2. Three hypotheses are considered for the 425.4 keV transition which
depopulates the level with unknown spin at 657.8 keV, namely for M1, E2 and E1 character. For transitions between
states with negative parity we also give the theoretical values

Eiey [keV] I Ey [keV] 17 oA B(o}) B(o) [Wou.] B(o)) [W.u.] SUSY
2325 7T 1478 5t E2 0.34(4) 51(6)
420.7 gt 199 6t E2 0.14(5) 20(7)
50.6 6Dt (E2) 0.52(26) x 1072 0.77(39)
Ml 0.88(9) x 1073 0.49(5) x 1073
188.2 7t 5§=0.12(2)
E2 0.51(18) x 1073 0.76(26) x 10!
212.8 4= 502 27,37 (E2) 0.89(46) x 10~1  13.2(13.2) 0.045
212.8 2= E2 0.65(16) x 10~1  9.7(2.4) 4.7
298.5 1= 1312 M) M1 0.87(50) x 10™3  0.49(28) x 1073 1.07 x 1073
132.2 1~ Ml 0.24(12) x 1072 0.13(7) x 1072 0.14 x 1072
256.6 0~ Ml 0.55(28) x 1073 0.31(16) x 1073 1.12 x 1072
292.1 1- Ml 0.53(27) x 1073 0.29(15) x 1073 7.8 x 1073
298.5 2~ M1 0.99(55) x 107*  0.5531) x 107% 1.6 x 1073
131.2 M) E2 0.10(6) 15.1(8.8) 2.5
132.2 - E2 0.28(14) 41(21) 0
292.1 - E2 0.13(6) x 1071 1.84(93) 0
298.5 2~ E2 0.22(13) x 1072 0.33(18) 0
657.8 425.4 7t Ml >0.27 x 1073 >0.15%x 1073
4254 7+ E2 >024x1072 =035
4254 7+ El >034x1077  >0.15x 107

conversion from yet unknown states. This has to be kept in mind when the data are interpreted.
Only if we assume that such delayed feeding does not exist the lifetimes determined coincide with
the level lifetimes tjey and are not just effective values (see Eq. (1)). An argument supporting this
assumption are the measurements [7] of lifetimes in ' Au using conversion electrons whose
results have been taken into account in our analysis.

The reduced transition probabilities derived from the lifetime data are presented in Table 1.

4. Discussion

The electromagnetic decay of the states 4~ at 212.8 keV and 17, 27 at 298.5 keV can be
compared with the theoretical results obtained using extended supersymmetry. The E2 operator
describing the electric transition rates in the odd—odd nucleus is given by the sum of the k =2
generators of 0% (6), OF (6) and SUE (4):

~ED 5L @ 45 - TN )
Ty =ep(s'd+d's),” +e (\/;(%/21;“1/% —ay),3/20),,

6, &+ - NG )
5(01/2\)“5/2\) - a5/2ua1/2v)m tefn (a3/27ra3/2”)m : 2)
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The general operator (2) contains three effective charges which can be determined from the even—
even and odd-A members of the quartet. The boson and neutron effective charge were determined
from a fit to 19Pt—19Pt to be equal to e, = —ey, =0.15 eb [15]. The proton effective charge
was taken equal to the boson effective charge, which is the standard procedure for U(6/4) [16].
The value of ey, = 0.15 eb is also very close to the one of 0.143 eb obtained from a fit of
several odd proton nuclei in the Au—Ir region [17]. Using this operator the quadrupole moment
of the ground-state becomes Q(2,) = —0.57 eb which is experimentally known to be |Q(2,)| =
0.81(7) eb [14].
For the M1 operator we use the microscopic operator:

[ / 3 T ot (1 1. - . R .
T,E/Il — E(&: 10(d‘d)l(ﬂ) _ 2\/§<1sz glplp + &spSp + gtp(Y2 x sp)(l) 1,5];;>
7o~ ()
X (ajpa-//,))nz (ujﬂu.//,) + Vj, vj;,))- 3)

In (3) the summation runs over the single particle orbits j, considered with p =v and . It
is worth noticing that to employ this operator we have to use the shell model orbits |l% Jo) of
the fermions. The coefficients v; are the BCS occupation probabilities of the considered orbits
with v2 + u? = 1. In Eq. (3) the tensor part was introduced by Paar [18] to describe the core
polarization [19]. The main effect of this term is that it leads to transitions between single particle
states with a different value of /. Because the M1 operator contains nine parameters additional
data have to be used to fix as many parameters as possible. Starting from the IBFFM calculations
for 1”8 Au presented in [20] a detailed study for this nucleus was performed yielding as best g-
factors: gp = 0.4, g1, =0, g1z = 1, gg» = —1.91315 and g, = 5.5857 [21]. The g-factor of the
tensor part are related to the free g; factors by g;, = 0.01 (r)gs , [19] leading to g;, = —0.8045

and g, = 2.3428. The values of the occupation probabilities are taken from [20] as uzl L= 0.63,
2

u%v =0.86, u%v =0.81 and u%n = 0.87. Using these values the magnetic moment of the ground
2 2 2

state of 19°Au becomes w(27) = +0.5948u which is in almost perfect agreement with the

experimental value of +0.5906(5) .

Table 1 compares the experimental data with the theoretical predictions for the negative parity
states. For the assignment to the experimental levels we follow Ref. [8]. To make conclusions
from the comparison is very difficult due to the lack of knowledge on the multipolarities for most
transitions which turn out to have a possible E2/M1 character. Only for the 212.8 keV transition
from the first excited 4~ towards the 2~ groundstate a definite B(E2) value of 9.7(24) W.u.
can be obtained. This ground-state transition is rather well reproduced by the theory with a
value of 4.7 W.u. The same state shows also a more problematic decay to the 27,3 state at
162.6 keV. Theoretically, this state is assigned to be the second 2~ state. In this case an almost
vanishing B(E2) value results to be compared to the observed B(E2) value of 13.2(13.2) W.u.
However, it should be noted that the 50.2 keV transition has never been observed. This branch
was deduced in Ref. [7] from missing intensities and under assumption of E2 multipolarity to
be one thousand times smaller as the groundstate branch, which explains its 100% error bar.
If the state instead would be the first 37 state, theory gives B(E2; 4 — 3;) = 16.0 W.u. and
BM1;4] — 3,)=0.0013 /ﬁv. It would of great interest to confirm the existence of the 50.2 keV
transition and to measure its multipolarity. For the decay of the 298.5 keV 1~ state we note that
all M1 values are in the milli-Weisskopf unit (W.u.) domain, both in theory and experiment
(assuming pure M1). In the unlikely case that they are all pure E2 the theory strongly under-
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predicts the B(E2) values. For the positive parity states we observe experimentally very collective
stretched E2 transitions between the yrast states.

5. Summary and conclusions

Using the °Pt(d, 2n)'%° Au reaction, nanosecond lifetime measurements were performed by
means of the pulsed-beam technique. The data were analyzed according to the centroid-shift
method. As a result, one new lifetime has been determined and three known were re-measured.
An upper limit of 0.4 ns can be set for the lifetimes of the other levels observed in the experiment.
The data for the absolute transition probabilities are compared to the predictions of the extended
supersymmetry for 1°6 Au. The comparison reveals a partial agreement, which can be considered
as a moderate success for the theory describing the complicated structure of the odd—odd nucleus.
Further work for a better experimental determination of the properties of the levels and y-ray
transitions in '°°Au is needed.
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