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Nuclear structure of 1%Au: More evidence for its supersymmetric description
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Excited states int%Au, populated in the'®®Pt(p,n) and d,2n) reactions, were investigated by in-beam
y-ray and conversion-electron spectroscopy. Two only weakly connected level structures, built on the 2
ground staténegative-parity level schemand on the 5 isomer at 84.7 ke\(positive-parity level schemg
are observed. The point of main effort of the present work was the investigation of the negative-parity level
scheme in connection with its description within the framework of an extended supersymmetry. For this level
scheme we observe 25 excited states up to an excitation energy of 500 keV, of which 23 had already been
identified in a recent study of°®Au by transfer reactions. From 500 to 800 keV we observe 28 additional
levels compared to 20 levels observed in the transfer reactions. The excitation energies derived in the studies
of the (p,n) compound reaction and the,d) transfer reaction agree within 1 keV, and the complementary
information obtained from the two reactions led to improved spin determinations. The negative-parity level
structure is compared with the predictions of the extended supersymmetry.

PACS numbgs): 21.60.Fw, 23.20-g, 25.40—h, 27.80+w

I. INTRODUCTION subshell. The even-even member of the quaft¥Pt is
known to exhibit theO(6) symmetry of the IBM. It is then
Since its introduction 25 years ago the interacting bosompossible to predict the low-lying levels with negative parity
model(IBM) has been remarkably successful in the descripin °®Au by applying supersymmetric transformations to the
tion of the nuclear structure of heavy nuclei. This model wasexperimentally known energy spectra 6¥Pt, °Pt, and
originally developed for nuclei with an even number of pro- 1%°Au. Such a prediction, involving only six phenomenologi-
tons and neutrongeven-even nuclgiwhich are assumed to cal parameters, has been given by Jetiel. [5]. Unfortu-
couple to pairs behaving approximately as bosidis The  nately, the information on the structure HfAu from earlier
level structure of even-even nuclei can then be described byxperimental work[5,6] was too incomplete to allow a
such interacting bosons. This model was soon extended t@eaningful comparison with the calculated spectra. We have
nuclei with an odd number of nucleosddA nucle) lead-  therefore started a new experimental program to investigate
ing to a model of interacting bosons and fermi@iBFM). In  the level structure of*Au. High resolution transfer experi-
1980 lachello developed a supersymmetric theory in whichments with protons and polarized deuterons were performed
bosonic and fermionic levels are combined in common mul-at the tandem accelerator of the TU/LMU Rehen. These
tiplets[2]. This theory leads to relations between odladw-  experiments led to a level scheme for the negative parity
clei and their even-even core nuclei which were found to béevels of 1°Au which provided the first solid evidence for
realized in several pairs of nuclei, providing firm evidencethe existence of the extended supersymmetry in niiél&j.
for this aspect of nuclear supersymmetry. As a logical finalsimultaneously, an investigation of the decay of #iAu
step it was proposed that this theory could be extended teompound nucleus, populated in the i) and (d,2n) reac-
odd-odd nuclei[3,4]. A theoretical formalism of “quartet tions on %%t targets, by in-beam gamma ray and conversion
supersymmetry” was developed in which the properties of alectron spectroscopy was started. These latter investigations
quartet of nuclei with equal number of bosons plus fermionsyre reported in the present paper, and the results are com-
could be linked by supersymmetry. The test of such gared with those of the transfer experiments and with the
scheme requires detailed experimental information on théneoretical predictions.
spectroscopic properties of the odd-odd member of the quar-
tet.i Due tq the ext_remely complex 'structure_of odd-odd nu- Il EXPERIMENTAL METHODS AND RESULTS
clei such information was not available until recently, and
therefore the realization of the extended supersymmetry in The %%Pt(p,n)%Au reaction is expected to dominate at
nuclei was not convincingly demonstrated. proton bombarding energies below 10 MeV, as compared to
It was realized early that the best candidate for a test ofne Coulomb barrier for this reaction of 13 MeV. We
the extended supersymmetry is the quartet of nuclei consistherefore chose for our first measurements tth@r() reac-
ing of 1%%t, 19pt, 1%Au, and *°Au [3,5]. In these nuclei tion. Gamma-gamma coincidences were measured at the cy-
the unpaired proton occupies an isolatet},2orbital and the clotron of the PSI(Villigen, Switzerland using the setup
unpaired neutron the[8,,, 3ps,, and X5, members of a described by Waret al. [9], and conversion electrons and
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FIG. 1. Gamma-ray spectra obtained by bombarding®®t
target with 9.1 and 11.7 MeV protons. Therays were detected
using a LEPS detector with an energy resolution of 700 eV at
100 kevV. Two v rays in *°®Au are marked by circles. The lower one at

166.4 keV is the strongest ray observed in the negative-
electron-gamma coincidences were measured at the cyclparity part of the level scheme dP%Au (see Fig. 12 belo
tron of the University of Bonn. These measurements ledAt 9.1 MeV we observe a very cleapray spectrum from
together with the level structure of®®Au known by then the (p,n) reaction with only a few strong contaminating
from the transfer reactions, to an identification of the strondines from *°°Pt populated in Coulomb excitation and in the
gesty rays in 1%Au, and a preliminary decay scheme for its decay of the 6.@ ground state of'**Au (for example the
low-lying levels[10,11]. With this knowledge we performed Vvery strong 355.7 keVy ray from the 22—0" transition
a measurement of the excitation functions for tipexfy) ~ Seen at the upper end of Figl. For the (,n) cross section
reactions which showed that thep,() reaction atE, We obtain arough estimate of 30 mb. N
~9 MeV is most favorable for the investigation of the low- Excitation function curves for a few transitions, norr_nal-
spin level structure of%Au. In the following we will dis-  1zed at 9.1 MeV and to the 166.4 key/ray, are shown in
cuss the results obtained in this reaction apart from a fed!9- 2: The assignments of these transitions, and theay

exceptions, where we used the Zn) reaction because of its Intensities at 9'.1 MeV bombarding energy, aré given in
larger cross section and higher spin transfer. Table I. The excitation curves show the characteristic depen-

dence of the slope on the spin of the populated level, which
is often used for spin determinations. Unfortunately, in the
A. Excitation functions present case this technique can only be used for a few
strongly populated levels since most observedays are

FIG. 2. Excitation functions for selectegrays obtained in the
198pt(p,xn) reactions.

For the measurement of excitation functions a 10 mé/cmmulti v assianed in the level scheme
thick metallic target enriched to 97.5% it*®Pt was bom- Py assig '

barded with protons of 9.1, 9.9, 10.6, and 11.7 MeV at the A complete list of the energies and_lntensmeg of)_afbys :
. . observed at the four proton bombarding energies is given in
Bonn cyclotron. Singleg-ray spectra were recorded with a

LEPS detector placed at a backward angle of 55° with re-Ref' [13].

spect to the beam direction.

The y-ray spectra obtained at the lowest and highest pro-
ton energy are shown in Fig. 1. The stronggsay in 1%°Au A first measurement ofyy coincidences following the
populated in thef§,2n) reaction is marked by a filled square. (p,n) reaction was performed at the Bonn cyclotron with a

B. yy coincidences
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TABLE I. Assignments of they rays, for which excitation func- e 226.0keY Sum o popuTaTion

tions are shown in Fig. 2. The quotedray intensities are those 500 22000

measured in the bombardment of th¥Pt target with 9.1 MeV *g:::z

protons. 8 200 18000
100 14000 2

Initial level Final level Transition Assign- S

EeclkeV] 17 EgclkeV] 17 E [keV] I,  ment - e T4k 10000 3

[2]

166.4 T 00 2 1664 100 thiswork 5 as 6000

212.8 4 0.0 2 212.8 43  this work O 1500

2345 3 00 27 2345 51 this work 500 LL«MJ L«,”""

388.2 3" 84.7 5* 303.5 90 this work 850 450 550 210 230 250

2325 7" 847 5 1478 34 Ref[12] E, [keV] E, [keV]

32(1)2 5?; 235‘3 37; ;g?z g Rﬁiitz] FIG. 3. Gamma-ray spectra in coincidence witlmays populat-

ing (left) and depopulatingright) a level in 1®Au at 234.5 keV. In
coincidence with depopulating rays one sees the populating spec-
trum and vice versa.

coincidence setup containing five Compton-suppressed Ge

detectors. Although this experiment already provided fairlyThis example is one of the few cases where our data revise
detailed coincidence relations it also demonstrated that the spin-parity assignments derived previously from the
measurement with a larger coincidence array was necessatansfer reaction experimenfz,8]. Since the parities of the
to allow an interpretation of the very complexray spec- two levels, as well as the Dassignment of the 41.9 keV
trum with many weak and multiply assignedrays. A sec- level, seem safely established, thalecay of the 258.6 keV
ond yy-coincidence measurement was therefore carried ougvel fixes its spin-parity to 1 or 2~ .

at the ESTU Tandem accelerator at Yale University, using The spectra shown in Fig. 4 also exemplify the problems
the YRAST Ball y-ray array[14]. This array was used in a encountered by double assignments joftransitions. The
configuration consisting of 4 four-element Clover detectors281.9 keVy ray seen in the lower part of the figure results
17 single-crystal HPGe detectors, and two LEPS detectorBom the coincidence with a 557.9 key ray populating a
for the detection of low-energy rays. Most of the Clover |evel at 323.8 keV, which is predominantly depopulated by
and HPGe detectors were equipped with Compton suppresghe 281.9 keVy ray. The 557.9 keWy ray can of course not
sion shields. The 10 mg/cm®®Pt target was bombarded with be resolved from the 557.4 ke\y ray populating the
9.1 MeV protons. A total of & 10° coincidence events were 258.6 keV level, but the twey rays can be assigned unam-
accumulated during an effective time of data accumulatiorbiguously in the level scheme from the observed coinci-

of 3 days and 4 h. dences. We might mention that we have identified yet an-
The data obtained with the YRAST Ball were sorted with

appropriate time windows into differentk& 4k matrices:

2.9x10° events into a Ge-Ge matrix, 45L0" events into a 1100 gate: 449 8 keV
Ge-LEPS matrix and 5:310° events into a LEPS-LEPS ma- 900 }
trix. These matrices were analyzed with the interactive @ -
RADWARE packagg15]. g 700 [
As an illustration of the quality of our data and our rea- § 500 }
soning for the assignment of therays in the level scheme I
of 19Au we show some sections of-ray spectra in Figs. 300:
3-6. The spectra shown in Fig. 3 demonstrate the population 100}
and depopulation of a level at 234.5keV. This level decays :
to the ground state and the first-excited state at 6.6 keV. This 26071 gate: 557.4 keV
latter level was first observed in the recent transfer reaction 220t
experiments[7]. Our observation of theyy coincidences o 180f
shown in Fig. 3 provided the first firm evidence that we § 140k
indeed observe rays belonging ta®®Au. In the subsequent 8 ;
analysis of theyvy-coincidence data we identified the decay 100y
to the ground-state doublet for eight more levels.
The y-ray spectra in coincidence with two transitions
which populate a level at 258.6 keV are shown in Fig. 4. This 180 200 220 240 260 280
level decays, in addition to its decay to the ground-state dou- Ey [keV]

blet (258.6 and 252.1keVy rays, to the second-excited

level of 1*°Au at 41.9 keV (216.7 ke\y ray). Both the 41.9 FIG. 4. Gamma-ray spectra in coincidence wijtmays populat-
and 258.6 keV levels were identified in the transfer reactionsng a level in'°°Au at 258.6 ke\(for the 282 keV line in the lower
with spin-parity assignments of Oand 4, respectively. spectrum see text
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FIG. 5. Gamma-ray spectra in coincidence witlays depopu-
lating a level in*°Au at 388.2 keV.

other y ray of 557.8 keV as a transition from a level at

720.4 keV to the 162.6 keV level.
In addition to they rays associated with the negative-

first seemed totally unconnected with the negative-pari
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structure. A careful analysis of they coincidence data fi-
nally revealed a weak decay between these structures as
shown in Fig. 5. A level at 388.2 keV decays by a strong
303.5 keVE2 transition to the known 5 isomer and two
weak transitions to the 2 ground state and the 4level at
212.8 keV(see Sec. Il B.

Finally, some information on the spins of the excited lev-
els can be obtained from a comparison of theay spectra
measured in thep,n) and d,2n) reactions. As an example
we show in Fig. 6 sections of the-ray spectra measured in
coincidence with the 234.5 keV3-2~ ground-state tran-
sition. The ratiosR=1{*?"/1{"" listed in Table I indicate
that the 336.8 and 485.8 keV transitions depopulate levels
with high spins. We tentatively assigid=4" to the 625.2
keV level (see Sec. Il Cwhich suggests that the 571.5 and
720.4 keV levels have spin 5. Both levels decay to the
162.6 keV level which in turn decays to the round state
by aM 1 transition restricting its spin te3. This latter level
would then havd =3~ contrary to the earlier 2 assign-
ment [7]. However, the 571.5 keV level decays most
strongly by a 358.6 keV transition to the 212.8 keV level,
and the 358.6—212.8 keYy angular correlation is only con-
sistent withl =4 for this level(see Sec. Il € This shows
that the conclusions drawn from the comparisonyefay
intensities measured in the,() and d,2n) reactions have
to be taken with caution.

We have identified a total of approximately 110 levels in
e level scheme built on the 2ground state, and approxi-
ately 90 levels built on the '5Sisomer. Most of these levels
are only identified in theyy coincidences by depopulating
rays. It is clear that we do not observe the transitions to the
ground state, the two lowest excited levels at 6.5 and
41.9 keV and the 5 isomer at 84.7 keV for all those levels
which are only populated by rays too weak to be observed
with the yy coincidence setup used in the present experi-
ment. Consequently, we miss the levels which are only popu-
lated and depopulated by sughrays.

In view of the complexity of they-ray spectrum with
most y rays being unresolved doublets or multiplets it is
difficult to obtain reliable results for the intensities of tiye
rays from the singley-ray spectrum, except for a few very
strongy rays(for example those listed in Tablg We there-
fore restrict our listing ofy-ray intensities to the negative-
parity levels below 500 ke\(Table IIl). These levels are of
prime importance in connection with the supersymmetry
scheme, and for most of them we also observe populating
rays thus enabling the extraction of reasonably relightay
intensities from theyy coincidence spectra. It should, how-
ever, be emphasized that the intensities listed in Table Il
were determined ignoring any effects fropy angular cor-

TABLE II. Ratio of y-ray intensitiesR=1{"*"/1{"" of the y
rays shown in Fig. 6.

Eexc[keV] 568.7 5715 625.2 668.8 680.5 702.6 720.4
E,[keV] 3342 336.8 390.6 434.3 4459 468.0 485.8

FIG. 6. Gamma-ray spectra in coincidence with the 234.5 keVR 1.3 2.3 1.0 1.2 1.3 1.2 25

transition in *°Au, measured in thep(n) and d,2n) reactions.

064304-4



NUCLEAR STRUCTURE OF'*®Au: MORE EVIDENCE.. .. PHYSICAL REVIEW C 62 064304

TABLE lIl. Gamma-ray branching ratios for the negative-parity level$3%Au up to 500 keV.

Transfer reaction8

(p.ny) reaction’

Initial level Initial level Final level Transition
Eexc K Eeyxc 17 Eexc K E, I, (rel)  Multipolarity
162.4 2,37 162.6 2,37 0.0 2" 162.6 100 M1
6.6 1 156.1 <5
41.9 0 120.7 =<2
166.5 1,2 166.4 T 0.0 2- 166.4 100 M1
6.6 1 159.8 <1
41.9 0 124.5 4.4
167.5 1,2 0.0 2 167.5 <10
6.6 1 160.9 100 M1
41.9 0 125.6 <6
197.8 1,2 198.0 1,2 0.0 2" 198.0 44
6.6 1 1915 100
41.9 0 156.4 20
166.4 T 31.6 6° (M1)
212.9 4 (1 tod ] 212.8 4 0.0 2" 212.8 100 E2
6.6 1 206.3 <1
41.9 0 170.9 <1
162.6 2,37 50.2 0.1° (E2)
2335 2,37,4” 2345 3 0.0 2" 234.5 100 M1
6.6 1 228.0 18
41.9 0 192.7 <1
252.5 1,2 252.6 T 0.0 2- 252.6 64
6.6 1 246.1 100
41.9 0 210.7 ~10
162.6 2,37 90.0 15
166.4 T 86.2 30
234.5 3 18.1 0.005
257.9 1 to4” 258.6 1,2 0.0 2" 258.6 25
6.6 1 252.1 70
41.9 0 216.7 100
167.5 @) 91.2
287.4 2,3 288.2 2 0.0 2" 288.2 <2
6.6 1 281.6 100 M1
41.9 0 246.2 19
162.6 2,37 125.5 <2
166.4 1T 121.8 <2
167.5 @) 120.6 5
298.3 0 to 3~ 298.5 1,2 0.0 2" 298.4 ~20
6.6 1 292.1 100
41.9 0 256.6 71
166.4 T 132.2 42
167.5 () 131.2 ~15
307.3 2 [27] 307.3 2 0.0 2" 307.2 <5
6.6 1 300.7 100
41.9 0 258.8 <2
162.6 2,37 1445 <1
166.4 T 140.8 <5
167.5 @) 139.7 15
323.4 1,273 323.8 1T 0.0 2" 323.8 8
6.6 1 317.2 8
41.9 0 281.9 100 M1
162.6 2,37 161.1 <6
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TABLE lll. (Continued.

Transfer reactios  (p,n,y) reactiof?
Initial level Initial level Final level Transition
Eeyxc " Eexc I Eexc I E, 1,(rel) Multipolarity

166.4 1 157.3 24
1675 (17) 1564 9
198.0 1,2- 1259 4
2128 4 1109 <3
326.2 1,2,3= 00 20 3262 100
66 1 3196 70
419 O 2842 <3
162.6 2,3 1635 8
166.4 1 1598 <
1675 (17) 158.7 <
2345 3 91.6
3481  1,2° 349.2 2 00 2 3492 13
66 1 3428 19
419 O 3073 <2
162.6 2,3~ 1865 <2
166.4 1 182.8 100 M1
1675 (17) 181.7 ~8
198.0 1,2° 151.2 ~4
2128 4 1363 <1
3

234.5 1146 =2 M1
3554 0 to3” 355.9 07) 2586 1,20 973 100
375.0 3 [27,37] 375.7 3 0.0 2" 375.7 100
1675 (17) 208.3 6
212.9 4 162.7 16 M1
234.5 3 141.0 2.9
4025 2,37,4" 403.8 3,4 0.0 2" 403.8 100

66 1 3972 <2
41.9 O 3619 <2
162.6 2,3° 2411 11
166.4 1 2374 <1
1675 (17) 2363 <1
2128 4 1910 ~4
2345 3 1693 =2
4074 1,27,3° 408.4 0 to3~ 1664 1 2422 =~25
1675 (17) 2406 =~25
198.0 1,2- 2104 100
2526 1 1558
2882 1,2 1203 =5
4130 2 [17,27] 413.8 2 166.4 1 2472 ~15
198.0 1,2- 2158 100
2882 1,27 1256 ~2
3073 2 106.6
4556 2 [27] 456.4 2- 162.6 2,3~ 2938 <8
166.4 1 290.0 100
1675 (17) 289.0 34
2345 3 2217 8
2526 1 2038 49
2586 1,2 197.8 41
3238 1 1327 =~10
3493 2 1075
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TABLE lll. (Continued.

Transfer reactiods  (p,n,y) reactiof?

Initial level Initial level Final level Transition
Eexc I Eexc 17 Eeyxc K E, I (rel)  Multipolarity
479.8 A 480.3 2 0.0 2 480.2 100

66 1 47358 7
1675 (17) 3129 <3
2345 3 2458 =5
2526 1 2277 16
2882 1,27 1923 ~3

349.3 A 131.2 ~3
375.7 3 104.6
490.6 3 490.2 3 0.0 2" 490.2 100
6.6 1 483.7 9

419 O 4483 <5
162.6 2,3~ 3277 ~13
166.4 1 3237 ~15
1675 (17) 3227 ~15
2345 3 2557 <5
2526 1 2376 20
2882 1,27 2020 18

307.3 z 183.2 =12
349.3 z 141.0 20
491.4 1"to4~ 1980 1,27 2933 100

®Results from the transfer reaction experimegt$]. The excitation energies have errors200.6 keV. For
discussions of the assigned spins see text.

®The energies and intensities have errorst@f.1 keV and=30%, respectively. The quoted multipolarities

are dominant values derived in the conversion-electron measurements, and the spins are adopted values as
discussed in Sec. Il A.

‘Estimatedy-ray intensities from total intensities assumivid. multipolarity for the 31.6 keV transition and

E2 multipolarity for the 18.1 and 50.3 keV transitions.

dNo populatingy rays are observed for these levels. The lisjedy intensities are rough estimates derived

from the yy coincidence counting rates.

relations which are in general expected to be sifs@é Sec. giple from the 198Hg(d’,a) transfer the spins derived from

I1C). ~ . . .
One additional comment has to be made in connectioﬁhe (@.t) transfer{7.8] are given in square brackets following

with the numbers listed in Table IIl. The intensities of the those from the ,«) reaction. _ o

observedy rays populating a level account, even for the A complete list of ally rays observed in they coinci-

lowest levels, for at most 30% of the depopulating intensity d€nce measurement is given in Rif3].

As a consequence, in several cases we obsgmays from

transitions between two levels in coincidence wighrays C. yy angular correlations

depopulating the lower level but not, or much weaker, in

coincidence withy rays populating the upper level. This re-  The Clover detectors in the YRAST Ball array were lo-

flects itself in large uncertainties in theray intensities of cated in a plane perpendicular to the beam direction. In such

weak lines in Table Ill, although these transitions are clearlya geometry the in-beam angular correlation ofacascade,

established. which has in general a complicated form due to the align-
For comparison we have also included in Table Il thement of the initial level of the cascade, can be expanded in

results from the transfer reaction experiments. For all level¢erms of Legendre polynomials which are functions of the

the possible spin values deduced from the nonzero transfa@ngled between the detectors recording the tyoays[16]:

amplitudes observed in th&’Au(d,t) reaction are listed.

The nonobservation of certain transfer amplitudes as well as ~ W(68)=1+A,Q,P;[cog 6)]+A,Q,P4[cog6)]. (1)
comparisons with theoretical angular distributions are not

used as arguments to assign spins. Therefore the resulting

spin ranges are in some cases larger than those given in Refihe angular correlation coefficiendg depend, in addition to
[7,8]. In all cases where definite spin assignments were pogheir dependence on the spins and multipolarities involved,
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TABLE IV. Angular correlation coefficients for selectedy cascades if°Au.

E, E, Es I I, I A, A,
[keV] [keV] [keV]

625.2 162.6 0.0 47) 27,37 2 —-0.26 9 0.17 11
349.2 166.4 0.0 2 1~ 2- —-0.159 0.06 10
571.5 212.8 0.0 47) 4~ 2 —0.38 10 —0.12 10
625.2 234.5 6.6 47) 3" 1 -0.23 10 -0.10 11
625.2 234.5 0.0 47) 3" 2" 0.039 0.24 12
568.7 234.5 0.0 3 2” —-0.199 0.02 12
571.5 234.5 0.0 47) 3 2" -0.239 0.08 11
668.8 2345 0.0 (37) 3 2" 0.06 10 0.36 14
720.4 234.5 0.0 3 2” —-0.219 —0.06 12
569.8 323.8 41.9 1,27,37 1~ 0~ -0.179 0.08 12
713.9 467.1 84.7 3,47 5F -0.179 0.08 12

on the alignment of the initial state with respect to the beantontent. TheA, coefficient of the 4 -3~ —2" cascade is
direction. We assume, as customary in nuclear reactions, positive, but forQ,;=0.9, Q,<0.3, ando=1, it is less than
Gaussian distribution of the relative populations of the mag—+0.1, which is barely consistent with the experimental re-
netic nuclear substates with a distribution parametéi7]. sult. Nevertheless, we believe that the angular distribu-
For the solid-angle correction factod, a rough estimate tions for the two cascades discussed can only be explained
yieldsQ,=0.96 andQ,=0.84 for the Clover detectors in the with |"=4" for the 625 keV level and predominaif2
YRAST Ball array. multipolarity for the 391 keV transition from the 625 keV
For the determination of experimental angular correlatiorievel to the 235 keV level.
coefficients the events of the four Clover detectors were An additional indication that we have some unverifiable
sorted into individual #X4k matrices for the six detector problems with the normalization comes from the fact that we
combinations withg=40°, 45°, 82.5°, 147.5°, 167.5°, and derive for almost allyy angular correlations negativ&,
172.5°. The energy dependence of the coincidence efficienayoefficients, a not very plausible result. We therefore believe
was assumed to be identical for the four Clover detectors anthat reliable conclusions on spins can only be obtained for
an internal normalization was performed with the help of thethose cases, where for the considered cascade only one
25 —27 —0"% yy cascade int®®Pt, which results in our ex- spin is unknown, at least one transition has pure multipolar-
periment from the decay of the @l 2yround state of-°Au, ity, and theA, coefficients derived in the present work favor
with known A,=0.071 andA,=0.315. very clearly one spin sequence. Unfortunately, these condi-
Unfortunately, we were faced in the analysis of thg  tions are only fulfilled for three more casésee Table IV
angular correlations with problems presumably caused by afi) the 625-163—0 keV cascade, for which they angular
inappropriate normalization. To illustrate this we list in correlation is not inconsistent with a 4-2~—2" spin se-
Table IV the A, coefficients derived for a few strongy  quence;(ii) the 572-213—0 keV cascade, for which the
cascades and discuss the results for the fwe, cascades possible spins of the initial 572 keV level are 3, 4, or 5 and
with the 625235 keV transition ag,. The excitation func-
tion and they depopulation restrict the spin of the 625 keV P
level to 37, 47, or 5, and the spins of the 235 keV inter- 4~ =3 =1
mediate state and the final 0 and 7 keV states are believed to 4, !
be established. The, coefficients for the ~—3~—1" cas-
cade, taken at face value, would exclude=3~ and 5 for 0.5¢
the 625 keV level: fol =5 the Ay are positive, and fot

=3 A, is larger than+ 0.1 for E2/M1 mixing ratios of the 0

3~ —3" transition required to explai\,. The A, coeffi- g\ &
cient for the 4 —3~—1" cascade is shown in Fig. 7 to NS TS e = ===
exemplify the dependence of th&, coefficients on the ~ ——,— e — — —_—
E2/M1 mixing ratio§ and the spin distribution parameter — T O~6~ 55 +
At Q=0.9 the A, coefficient varies between-0.06 and ' Q= 52/(1_‘_52)
—0.25 for different values o in accordance with the ex-

perimental result. However, it is now difficult to understand G, 7. A, coefficient of the 4 —3~—1~ cascade as a func-
the large experimentah, coefficient for the 4 -3~ —2"  tjon of the E2/M1 mixing ratio & of the 4 —3" transition (solid
cascade. From the conversion-electron measurements dgirves:s positive; dashed curvest negative. The various curves
scribed below we found that the 235 keV 3-2~ transition  are calculated with the distribution parameter 0—5 in steps of 1
has predominanM1 multipolarity with less than 3092  (bold curve:o=1).

1.5
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FIG. 8. Singles electron spectrum frdfa-~ 125 to~445 keV FIG. 9. Comparison ofy-ray spectra measured in coincidence

measured following thé®®Pt(p,n) reaction at a proton bombarding with 202 keV electrongpeak number 6 in Fig.)8and 282 keVy
energy of 9.1 MeV. The spectrum was recorded by stepping theays. The symbols # and * mark therays in coincidence with the
spectrometer current in steps of 0.1 A from 180 to 390 A for a total281.6 and 281.9 ke\} rays, respectively, in the decay 6¢Au.
of 6 h at abeam current of~300 nA. The momentum resolution The unmarked lines in the™ v spectrum result from coincidences
Ap/p was approximately 0.7%. The eight electron peaks, for whichwith L- and M-conversion electron&ee, e.g., Table V
e v coincidences were measured, are labeled.
A singles electron spectrum is shown in Fig. 8. The vari-
the A, coefficients are only consistent with=4 and ous peaks seen in the spectrum can result in general from a
Q(359 keW=0.4; (iii) the 570-324—42 keV cascade, superposition of conversion electrons from different atomic
wherel ™=0" for the 570 keV level is excluded by they  shells. Their composition can be identified by measuring the
angular correlation. coincident y-ray spectra for a comparison with the corre-
To conclude this section, we believe that some as yespondingyy-coincidence spectra. Such measurements have
unknown spins and parities of levels #°u could be de- been performed for the electron peaks labeled in Fig. 8.
termined fromyy angular correlations measured in-beam, As an example we compare in Fig. 9 theray spectrum
provided a careful off-beam normalization of the detectorsmeasured in coincidence with the electrons of the peak num-
used in the measurement is carried out. Unfortunately, wéer 6 with the corresponding spectrum in coincidence with
were not aware of this possibility during the measurement®82 keV y rays. This lattery ray is doubly assigned in the
and therefore failed to obtain this normalization. level scheme, as 288-26.6 keV (281.6 keYy and 323.8
—41.9 keV (281.9 keYtransition. The corresponding coin-
_ » _ _ cidenty rays are marked in Fig. 9 by the symbols # and *,
D. Multipolarities from conversion-electron experiments respectively. From the comparison of the two spectra one
Conversion electrons were measured with the iron-freeean conclude that the two 282 keY rays have the same
orange spectrometers at the Bonn cyclofrb8]. These spec- multipolarity, and the strength of the peak number 6 in the
trometers are used alternatively in three configuratigis: singles electron spectrum fixes it &1. The results ob-
Singles conversion electrons are recorded with a large spetained from thesee™y coincidence measurements for the
trometer. Electron spectra are measured with this spectroneight peaks labeled in Fig. 8 are summarized in Table V.
eter by stepping the current over the region of interest. The Similare™ y coincidence measurements were already per-
pulse height from the electron detecttE102 plastic scin- formed during our earlier studies d®®Au in the (d,2n)
tillator viewed with a photomultiplier and the time relative reaction[11]. From the measurements with teconversion
to the beam pulse are recorded on magnetic tape and anelectrons of 160.9, 162.6, and 166.4 keV transitions we con-
lyzed off-line. (i) For the measurement ef y coincidences clude that these transitions have predominierit multipo-
four Compton suppressed Ge detectors are placed behind thaity. In particular, the 162.6 keWy ray is placed twice in
target opposite to the spectrometéii) A second smaller the negative-parity level scheme and similar considerations
orange spectrometer is connected to the large one, thus forras those discussed in connection with Fig. 9 estatish
ing a tandem spectrometer used for the measurement ofultipolarity for both transitions.
e~ e~ coincidences. The targets used in these measurements For some strong transitions between levels of equal parity
were 400ug/cm? thick self-supporting metal foils of en- a decision on their multipolarity can be obtained from the
riched 1%pt. K/=L conversion-electron intensity which is 6.0 férl and
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TABLE V. Assignment of the peaks labeled in Fig. 6. F T T T T T T i T
- - - 162.6 —+ 212.8 keV 1
Peak no. Bp [Gcm| E.- [keV] Assignment Multipolarity 10005' ti/2 = 1.79 (15)ns 1Y E
1 1409.6 152.0 166.4 M1 .':
2 1418.9 153.9 234.K M1 100 o “ 4
3 1481.2 166.0 246.K M1 E . :o?{*' * . ]
4 1510.0 1717 252K " » "‘..l'.s t . ”I‘,’..'- o]
252.6 K 5 1001(%r T E /\ ]
5 1566.3 183.0 263.K M1 3 189.8 - 166.4 keV é \
6 1656.8 201.6 281.K M1 Eo 1000;_ t172 = 291 (50)ps ..’ % 1
281.9K M1 S G g’ : %
2128Ly, 5 100} S N
216.0L, £ 3 . o A
3 Y ) [4
7 1756.6 222.8 303.K E2 S 10F . . " ‘..,:. £ 1
8 1918.1 2583  339.K M1 e * ot teyl o L
——te ———]
1000  390.6 —» 234.5keV :‘h'-. .
<1.5 for E2 multipolarity for y-ray energies below ! _ S .. ]
250 keV. In the present case this ratio indicates predominant 100F t = 2000 s et o
M1 multipolarity for the 166.4 and 182.8 keV transitions. i .’ . ]
For low-energy transitions the intensities of the conver- 10 o 2 . 3
sion electrons fronk. subshells depend strongly on the tran- F Ser L tes”, R
sition multipolarities providing a sensitive method for their Pl S VRS TN TR R
determination. With our large orange spectrometer we are 10 15 20 25 30
able to separate the subshell conversion electrons for tran- time [ns]

sitions with energies below approximately 200 keV. Unfor- . 196
tunately, in the present case the electron spectrum is so com- /G- 11. € e” time spectra for three cascades fAu. The
plicated that reliablé subshell ratios can only be determined start/stop signals for the time-to-amplitude converter were chosen
from e e~ coincidence measuremertsith one exception such that the half-life appears to the left for the spectra shown in the
see below. Intensity reasons limit this technique to a singile upper and lower part, and to the right for the spectrum in the middle
e o 'part.

though important, case: the cascade of transitions 14%

— 183 ke\— (166 or 125 keV (see Fig. 12 and the discus-
sion in Sec. Il A. All four transitions proceed between lev-

els with negative parity, and thus must havid or E2 mul- (see next sectignyielding predominanE2 multipolarity for

tipolarity. this transition
The electron spectrum measured in coincidence with the '

K conversion electrons of the 183 keV transition is shown in
Fig. 10. From the intensity limits of thi,, conversion elec-

Finally, theL subshell intensity ratios of a 213 keV tran-
sition could be determined by taking advantage of its delay

E. e”e” time measurements

trons we deduce that all three transitio(25, 141, and From the electron singles measurement described above it
166 keV) have M1 multipolarity with less than 20%2 is possible to identify conversion electrons with delays larger
content. than approximately 200 ps by setting in the off-line analysis

an appropriate window on the time relative to the beam
pulse. From such an analysis we found that the 166 and

55} ee

. . 7 213 keV transitions from the corresponding levels to the
gate: 182.8 keV K conversion electrons g ground state are the only transitions with conversion elec-
45 : trons exhibiting such a delay. We have therefore performed
@ 35 e e time measurements with cascades via these two levels,
§ as well as one via the “prompt” 234.5 keV level. These
8 25 measurements were performed following tlde2f) reaction
because of its larger cross section.
15 ] From the time spectra shown in Fig. 11 we obtain the
] following results:
> . | Wﬂf 166.4 keV level: ty,=291+50 ps,
1150 1250 1350 1450
Bo [G cm] 212.8 keV level: ty,=1.79+0.15 ns,
FIG. 10. Electron spectrum in coincidence withconversion
electrons of the 182.8 keV transition #i¢Au. 234.5 keV level: t;,,<200 ps.
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FIG. 12. Level scheme of*®Au showing the negative-parity levels built on the Bround state.

1. DISCUSSION compared with the predictions of the supersymmetric theory

. . in a final subsection.
The level scheme oft%Au determined in the present

work consists of two parts: a negative-parity structure built
on the Z° ground state, and a positive-parity structure built
on the 8.1 second 5isomer at 84.7 ke\f12]. We observe The levels observed in the present work, which were
only three weak transitions connecting these two structureknown from the transfer reaction experiments to have nega-
and we will therefore discuss them separately in the follow-tive parity ( =1 orl=3 transfey, are shown in Figs. 12-17

ing two subsections. The negative-parity levels will then betogether with those levels, which we observe to populate

A. Level scheme of the negative-parity states if°%Au
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FIG. 13. Level scheme of°®Au (continued.

these negative-parity levels. Despite the complexity of theresent work and those reported in the transfer reaction ex-
level scheme most of the assignments given in the figures afgerimentgTable Il and Ref[8]), with a few notable excep-
safely established by the observation of several transitionons: (i) In the transfer reactions a level is observed at
populating and depopulating the various levels. A summaryg7 5-0.7 keV for which I"=0" or 1~ is proposed,
of the number of populating and depopulating transitions obx

L “Whereas we observe a Jevel at 388.2 keV(see Secs. 1| B
served for the levels up to an excitation energy of 820 keV ISW W v v M

given in Table VI. For the higher-lying levels we do not and Il B). The 0 or 1~ assignment is based on the angular
observe any popuiating transitions dependence of the cross section and analyzing power ob-

Up to an excitation energy of 800 keV there is an almostserved in thed,t) reaction, but we feel that a'3assignment
perfect correspondence between the levels observed in th&not excluded due to the limited statistical accuracy of these
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FIG. 14. Level scheme of*®Au (continued.

data for this weakly excited levelii) A level is observed in  transitions which are not observed in oyl coincidences
the transfer reactions at 463:9.7 keV which is proposed to (see Sec. Il B We observe, however, a level at 467.1keV
be a doublet based on an inconsistency of the angular distriwvith 7=3", 47, or 5* which could perhaps be responsible
butions observed for this level in thd,(t) and (a’a) reac- for the inconsistencies in the angular d|str|bgt|ons mentlo_ned
i i ~ i above.(iii) We observe a number of close lying levels which
tions. Metzet al. assign 1 [from the (d,«) reactio] and  ¢oyid not be resolved in the transfer reactions despite the
3~ [from the (d,t) reactior to these two levels. We do not extremely good energy resolution of 4 keV achieved in the
observe a negative-parity level at 466 keV which could be(p,d) reaction(see Table V). Of particular interest in con-
explained if this level is only populated and depopulated bynection with the supersymmetric scheme are the two addi-
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FIG. 15. Level scheme of°®Au (continued.

tional levels below 400 keV, at 166.4 and 326.2 keV, as willknowledge of the spins of the excited states. A meaningful
be discussed belowiv) Finally, for some levels, for which restriction of spins from our data on thedecay of excited
negative parity is established from the transfer reactions, ougVvels is only possible if some basic information on spins and
results for the spins are inconsistent with the earlier assigrparities is already available. Such information is provided by
ments. These cases will be discussed in detail in the followthe transfer reaction data of Metz and co-workgrsg].
ing paragraphs. These data comprise measurements of the angular depen-
A crucial prerequisite for a successful interpretation of thedence of cross sections and analyzing powers in the
experimental structure of the negative-parity levels within97Au(d,t) and 1®Hg(d, «) reactions with polarized deuter-
the framework of the quartet supersymmetry is a reliableons. A combination of these results provides spin-parity as-
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FIG. 16. Level scheme of°®Au (continued.

signments for 28 levels below 1 MeV which are believed torestrictions on the conclusions from the,{) transfer reac-

be safely established 9]. The results for the negative-parity tions discussed in Sec. 11 B. We will therefore follow in

levels below 500 keV, which are of interest in the presentsome cases the procedure already used in our previous work

work, are listed in Table VII. Our data are consistent with[7,8] and adopt tentative spin assignments by assuming that

these spin-parity assignments, and we therefore accept thelfi=1" and 2° can be excluded for levels, for which both

as definite. Furthermore, for all levels discussed below the¢he p4;, and ps, (I=1) amplitudes are absent in the analysis

negative parity seems established from tHet) data (=1 of the angular distributions observed in th&,t() transfer

or | =3 transfey. reaction. This assumption seems not unreasonable since in a
Unfortunately, with the above assumptions it is not al-complex nucleus like'®Au the low-spin levels can be ex-

ways possible to derive definite spins if we impose the stricpected to be highly fragmentég8].
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FIG. 17. Level scheme of°®Au (continued.

On the basis of these assumptions we will now discuss thepectively[7,8]. A closer inspection of these data shows that
available information on spin parity assignments in detail. the angular distributions for the 287.4 keV level are incom-
166.4, 198.0, 252.6, 258.6, 288.2, 298.6, and 323.8 keYatible with|"=1", but not with "™=2" which we there-
levels: These levels decay to the 41.9 keV Qevel which  fore adopt for this level. For the 257.9 keV level, however,

limits their spin parity to T or 2. Moreover, for the 166.4 the observation of a stroniy,, transfer without any trans-
and 323.8 keV levels the transition to the Gevel hasM 1 fer is difficult to associate with a low spin for this state. One
multipolarity, yielding I™=1" for these two levels. Our possible reason for this problem, that different levels are ob-
spin-parity assignments are consistent with those derivederved in the transfer reaction and ther() reaction, seems
from the transfer reaction data except for the 258.6 and 288.2ery implausible.

keV levels. Metzet al. observe levels at 257#90.6 and 162.6 keV levelThis level decays by aM 1 transition to
287.4-0.6 keV to which they assigh™=4" and 37, re- the 2 ground state and is populated from the 403.8 and
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TABLE VI. Summary of the excited levels if®®Au up to TABLE VII. Spin-parity assignments for levels dP°Au below
800 keV, which are connected with the low-lying levels of negative500 keV excitation energy deduced from tH&Au(d,t) and
parity. 198q(d, @) reactions.

Eexc. Numl?gr of Eexc.? Numpgr of Eov [keV] ™ Source

[keV] transitions [keV] transitions (p,n) (p,d) (a,t) (a,a)

Depop. Pop. Depop. Pop.
0.0 0.0 2 X
g:g ﬁ ggg:; 35 41.91 41.66 0 X
419 . 568.7 5 1 212.81 212.96 4~ X
162.6 1 20 569.8 4 :3;31 z%'gg 27 X
. . X

igg-; 12 21: 5577le j i 413.81 413.06 2 X X

198:0 4 14 625..2 4 1 456.41 455.66 2: X X

2128 2 23 635.7 5 480.31 479.86 2 X

234.5 2 34 6373 7

;2;:2 i ; 22;:2 12 citation function for this levelsee Fig. 2 and is therefore

288.2 3 15 680.5 - considered by us as established.

208.6 5 1 688.6 6 326.2 keV levelThis level was not identified in the trans-

307.3 5 18 702.6 8 fer reaction experiments. Theray depopulation restricts its

323.8 6 11 708.5 3 spin parity to I, 27, or 3”. The observation of a 91.6 keV

326.9 4 8 7165 4 transition to the 234.5 keV 3level and the absence of the

349.2 6 23 7204 5 1 decay to the 41.9 keV 0 level is perhaps an indication

355.9 1 733.3 4 against a I assignment.

375.7 4 15 748.0 5 349.2 keV levelThis level decays by 1 transitions to

403.8 4 12 749'5 1 the 166.4 keV I and 234.5 keV 3 levels fixing its spin

408.4 5 1 7508 6 parity to 2.

413.8 4 6 7534 3 355.9 keV levelFrom our data this level is only tenta-

456.4 7 769.3 4 tively confirmed on the basis of one depopulatingay sug-

480 3 8 3 785.8 3 gested by the observegly coincidences. We note here that

4902 10 7 7995 6 this level coincides in energy with the first-exited Zvel in

4914 5 807.6 2 198pt which is strongly populated in our experiment. This

520.5 5 1 816.0 3 makes the detection of a 355 key/ray in 1°¢Au more dif-

542.4 4 816.7 6 ficult. In the transfer reactions a level is observed at 355.4

551.7 1 819.5 3 +0.6 keV. Metz and co-workeld,8] suggest "=2" or 3~

_ — for this level, but within two standard deviations the experi-
-The quoted energies have uncertaintiestdf.1 keV. mental data are in agreement with=0". Such an assign-

Levels not observed in the transfer reaction experiments. ment might also explain our difficulties to observe this level
since a 0 level is expected to be only weakly populated in

702.6 keV levels which are both assigned from the transfef’® (P.n) reaction. We therefore tentatively assume the ex-
reaction data as % levels. This limits the spin parity of the IStence of a level at 355.9 keV witif=0".
162.6 keV level to 2 or 3~ in agreement with the transfer ~ 403.8 keV levelThe (d,t) data are compatible with™
reaction data. =27, 37, and 4, but againl™=2" seems unlikely be-
167.5 keV levelin the transfer reactions this level is not cause of the absence of the 1 transfer amplitudes. Spin 2
resolved from the closely located 166.4 keV leyie en- is also inconsistent with the excitation function observed in
ergy of 166.5-0.6 keV derived in the [§,d) reaction indi- the (p,n) reaction, whereat"=3" or 4~ is supported by
cates that the peak observed in the transfer reactions resuttse y decay of the 403.8 keV level which proceeds to the
predominantly from the 166.4 keV levelThe depopulation lower-lying levels withl =27, 37, and 4.

of the 167.5 keV level _by aM 1 transition to the 6.6 keV'1 408.4 keV levelThis level is observed in theﬁ(t) reac-
level and the population from_ the 490.2 keV 3evel re-  tion with a proposed spin parity of 3 but 1~ and 2", and
stricts its spin parity to T or 27. even 0, cannot be excluded from the angular distributions

234.5 keV levelThe (&,t) data are in accord with™  observed in this reactiofwe note in this connection that the
=27, 37, or 47, but the Z assignment seems unlikely 408 keV level is the weakest member of an unresolved mul-
because of the absence of thel transfer amplitudes. The tiplet, see Fig. 1 of Ref[7]). The weak population of the
M1 decay to the 2 ground state excludes the 4assign- 408 keV level in the p,n) reaction and itsy decay indicate
ment.1™=3" is also most consistent with the observed ex-1=<2, although a 3 assignment cannot strictly be excluded.
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490.2 and 491.4 keV levelm the (d,t) transfer reaction TABLE VIII. EN transitions from the 388.2 keV'3level.
a level is observed at 490t8).6 keV with a proposed™ —
=3". We observe a doublet at this energy which makes the ransition

interpretation of the angular distributions observed in the i 17 E, [keV] IYer. B(EN)/Bw(EM)
transfer reactions questionable, although #hdecay of both 3+_ g+ 303.6 100 =7
members of the doublet is consistent with theassignment. 2 388.2 4.85) =35x10"7
For the 490.2 keV level™=3" is supported by the excita- 4 1755 0.909) =79%10"7

tion function, and therefore tentatively assumed in the
present work.
520.5 keV levelThe spin-parity of this level is restricted

- _ ) o 348.1 keV level is proposed to be a doublet with a positive-
by the (@,t) reaction and itsy decay to 2 or 3. |7=2 parity and a negative-parity membj8] in agreement with

seems unlikely because of the absence oflthd ampli-  oyr observation of corresponding levels at 348.4 and
tudes in the transfer and we therefore tentatively assfan 349 2 keV. Our placement of a 501.6 keV level in the
=3" to this level. positive-parity scheme despite the fact that we observe only

one depopulating transition to the 323.8 keV ZRevel, is

based on the observation of this level in tht] reaction

In addition to the negative-parity states built on the 2 with angular distributions characteristic for ap,, transfer,
ground state of'®Au discussed in the previous section we With no indication for contributions frorh=1 or| =3 trans-
observe two almost unconnected level scherfig¢# struc-  fer. We note here that we observe a second positive-parity
ture of levels which is populated in the,n) reaction with  level at 502.8 keV as shown in Fig. 20i) Metz et al.[7,8]
approximately 25% of the total intensity, and which is basedobserve levels at 387.5(7) keV and 465.5(6) keV which
on the 8.1 s 5 isomer of *%Au [12]. The low-lying levels of ~ they assign as 0level and (I +37) doublet, respectively.
this structure decay b1 and E2 transitions to the 5  As already discussed above we associate these states with the
isomer establishing positive parity for these leveis) A 388.2 and 467.1 keV levels shown in Fig. 1@i) The
second structure based on the positive-parity high-spin stateé&23.7 keV level is masked in the transfer reactions by a
(I"=6"% to 8") known from the radioactive decay of the strongly populated 8 level at 420.8 keMsee Fig. 20 (iv)
9.6 h 12 isomer of ®Au [12]. This structure is only Finally, a strong peak is observed in the transfer reactions at
weakly populated in thepn) reaction, but strongly in the 519.8(6) keV and associated with a level at this energy with
(d,2n) reaction. We will denote the members of these twol "=4~, whereas we observe two levels at 518.1 and
level schemes as “low-spin positive-parity” and “high-spin 520.5 keV with positive and negative parity, respectively.
positive-parity” states although of course the parity is ex- The level scheme of the high-spin positive-parity states is
perimentally established only for the lowest levels. Theseshown in Fig. 20. The lowest levels up to the 421 keV level
two structures are again only weakly connected which sugwere known from the decay of the 12somer[12], and
gests a separate discussion of these two level schemes. Sirldetz reports positive-parity levels at 3606), 399.46),
the present report is concerned primarily with the supersym420.1(6), 586.16), and596.9(7) keV[8]. The levels at
metric description of the negative-parity levels we will 645.5, 848.1, and 931.7 keV are also observed in the level
present these level structures only for completeness withowcheme of the low-spin positive-parity statege Fig. 18
a detailed discussion of their properties. All three levels decay to the 348.4 and 370.1 keV levels

The level scheme of the low-spin positive-parity states issupporting the spins proposed for these levels.
shown in Figs. 18 and 19. lts placement on top of the The most striking feature of the two positive-parity level
84.7 keV 5" isomer is established by the decay of the 388.2schemes is the almost complete absence of transitions to the
and 713.9 keV levels. The spin-parity assignments given imegative-parity states and between these structuresEThe
Fig 18 are based primarily on the population and depopulatransitions from the positive-parity to the negative-parity lev-
tion of the levels, and the multipolarities of the transitions. Inels are strongly hindered as indicated by the decay of the
addition to the multipolarities determined from the 388.2 keV 3' level summarized in Table VIII.
conversion-electron measuremefgse Table Y we deduce The B(E2,3"—=5")=7 W.u. [derived from
M1 or E2 multipolarity for the 467-388 keV (78.9 keY  t4,5(388.2 1e\j<400 ps, see Sec. lI]|Hs comparable with
transition andM1 multipolarity for the 518-348 keV  B(E2,7" —5%)=34(4) W.u.[12], and thus theE1 transi-
(169.7 keV transition fromy-ray intensity considerations. tions have hindrance factors ef1°. Similar hindrance fac-
For the strongy rays depopulating the lowest levels addi- tors have been found for corresponding transitions in the
tional information could be obtained from the excitation neighboring nucleus®Au [20].

B. Level scheme of the positive-parity states if°®Au

functions which are inconsistent with™<4* for the A qualitative explanation for the development of different
348 keV level | "=5" for the 467 keV level andi"=6" for  approximately unconnected level structures is suggested by
the 424 and 518 keV levels. the calculations reported fdfP®Au [20,21]. Mayerhoferet all.

Essentially all levels shown in Fig. 18 up to approxi- [21] performed IBFM calculations with fermions occupying
mately 600 keV were also observed in the transfer reactiothe protonds,, Si, hq12 @and neutrorpys, s, Pap, i13n
experimentsii) Positive-parity levels are reported by Metz orbitals. The low-lying levels have wave functions consisting
[8] at 348.16), 502.16), 550.§7), and645.0(7) keV. The predominantly of the quasiparticle configurations
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FIG. 18. Level scheme of*Au showing the low-spin positive-parity levels built on thé Somer.

C. Comparison of the negative-parity states
with the supersymmetric prediction

dav(P1s, fs2,Pap) fOr negative parity, andrhqqvfs), or
daviqap fOr positive parity, coupled to few quadrupole
phonons. In this approximation &1 transitions are forbid- As already mentioned in the introduction strong evidence
den. Furthermore, one can perhaps expect that the transitiomss recently found for the existence of supersymmetry in an
between the positive-parity levels with differeng@ con- investigation of *°®Au using the 197Au(&,t), ¥7Au(p,d),
figurations are highly hindered compared to those betweegyq 1984q(d,@) transfer reaction§7]. In this study some
levels with the same @p configuration, leading to a natural spins of excited states were still uncertain and therefore the

division of the low-lying positive-parity levels into two only comparison of experimental and calculated spectroscopic
weakly connected structures. factors was used as an aid for the assignment of the observed
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FIG. 19. Level scheme of°®Au (continued.

states to theoretical on¢8]. In this section we will recon-  E=A[N;(N;+5)+Ny(N,+3)]+B[3,(3,+4)

sider the supersymmetric description of the negative-parity

states of'®®Au making use of the new information from the +3,(3+2)]+ B [o1(01+4) +oy( 02+ 2) + 0]

in-beam y-ray spectroscopy. After a recapitulation of the

previous work we will discuss the assignments of the levels FClLr(7y+3) + 7o(7+ DIFDLL+ D) +EI(+1),

in 1%Au in detail. (2)
Using the extendedl ,(6/12)® U .(6/4) supersymmetry,

excited states in four neighboring nuclei forming a “super-where A, B, B’, C, D, and E are free parameters and

symmetric quartet” can be described by the six-parametefN;,N,],(2,3,),(01,0,,03),(71,72),L,| are the quan-

eigenvalue expressidi3]: tum numbers correlated to the irreducible representations of
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u(e), 6(6), 0(6), O(5), O(3), andSpin(3), respectively. the excited states. For example, when comparing the experi-
The eigenvalue expression can be obtained with the help dhental spectroscopic strengths for and 2° states given by
the reduction rules given in Refl22—24 starting from the Metz et al. (Fig. 3 of Ref.[7]) one notices that both spins
dynamical symmetryJ ,(6/12)® U .(6/4). Using the simple often give a similar pattern. The in-beam data reported in the
analytic expression of Eq2) a quasicomplete description of present work provide new and complementary information
all observed low-lying excited states in the four nudi&Pt,  on the spins which we discuss in the following in detail.
19%pt, 19Au, and *°°Au, forming the supermultiplet, was  The supersymmetry assignments proposed in the present
obtained with a single set of the six parametetk work for the levels in*®®Au up to an excitation energy of
Further evidence for the correctness of the supersymmet=500 keV are compared with those reported previously by
ric description was provided by the comparison of the ex-Metz et al. [7] in Table IX. For the lowest nine states both
perimental and theoretical transfer amplitudes for the stategssignments agree. We find one new level at 167.5 keV with
up to 500 keV in%Au, using a semimicroscopic transfer a proposedi =1~ which could not be identified in the
operator. However, although this comparison provided arransfer experiments due to its proximity to the 166.4 keV
excellent additional test of the supersymmetric scheme, sonlevel. Provided that the 1 assignment of the 167.5 keV
uncertainties remained in the determination of the spins ofevel is correct, this level is remarkable in several respects.

TABLE IX. Supersymmetry assignments for the low-lying levels'ffAu.

Present work U,(6/12)®U _(6/4) supersymmetry Theofy Ref.[7]P
E [keV] | [N1,No(21,35){01,00,03) (71,m)L 1™ E [keV] E [keV]
0.0 2 [6,01(6,0)(13/2,1/2,1/2 (1/2,1/2)312 2 18.0 17.6 0.6
6.6 1 [6,01(6,0(13/2,1/2,1/2  (1/2,1/2)312 T 0.0 0.0 6.0
41.9 0 [5,11(5,1)(11/2,3/2,1/2 (3/2,1/2)1/2 O 1208 140.6 421
162.6 2,3 [5,1(5,1)(11/2,1/2,1/2 (1/2,112)312 2 1459 169.2 1624
166.4 T [5,1](5,1)(11/2,1/2,1/2 (1/2,1/2)3/2 T 1278 1494 1665
167.5 1,2 [5,1(51(11/2,3/2,1/2  (3/2,1/2)1/2 T  129.9 1516
198.0 1,2 [5,1)(5,1(11/2,3/2,1/2 (3/2,1/2)5/2 2 218.0 222.2 19738
212.8 4 [5,1](5,1(11/2,3/2,1/2 (3/12,1/2)712 4 342.3 332.1 2129
234.5 3 [5,1(5,1)(11/2,3/2,1/2 (3/2,1/2)512 3 245.0 248.6 2335
252.6 T [6,01(6,0)(13/2,1/2,1/2 (3/2,1/2)1/2 T 217.3 229.8 2525
258.6 1,2 [5,1(5,1)(11/2,1/2,1/2 (3/12,1/2)1/2 T 345.4 381.4 348.1
288.2 z [6,01(6,0)(13/2,1/2,1/2 (3/2,1/2)5/12 2 305.6 302.6 307.3
298.5 1,2 [5,1](5,1)(11/2,3/2,1/2 (3/2,3/12)312 T 302.4 320.4 2983
307.3 2 [5,1(5,1)(11/2,3/2,1/2 (3/2,3/12)312 2 320.4 338.0 3234
323.8 T [51(51)(11/2,3/2,1/2  (5/2,1/2)3/2 T  497.4 5208 4655
3262 1,2 ,3 [6,01(6,0)(13/2,1/2,1/2 (3/2,1/12)5/12 3 3326 3294 355.4
349.2 2 [5,1](5,1(11/2,3/2,1/2 (3/2,3/2)5/2 2 364.2 372.5 413.0
355.9 (0)° [6,01(6,0(13/2,1/2,1/2  (3/2,1/2)1/2 0 2084 221.0
[5,1(5,1(11/2,1/2,1/2 (3/2,1/2)1/2 O 335.9 372.6 387.5
375.7 3 [5,1(5,1)(11/2,3/2,1/2 (3/12,1/2)712 3 306.3 296.9 287.4
403.8 3,4 [6,01(6,0)(13/2,1/2,1/2 (312,1/12)7/12 & 430.0 412.5 257.9
408.4 0 to 3 [6,01(6,0)(13/2,1/2,1/2 (3/2,112)712 3 3939 3773 375.0
4138 pa [5,1](5,1)(11/2,1/2,1/2 (3/2,1/2)5/2 2 4335 4542 4556
456.4 2 [5,1(5,1)(11/2,3/2,1/2 (5/2,1/12)312 2 515.8 538.4 479.8
480.3 2 [5,1)(5,1(11/2,3/2,1/2 (5/2,1/12)512 2 559.2 572.9 564.1
490.2 3 [5,1)(5,1(11/2,1/2,1/2 (3/2,1/2)5/2 3  460.5 480.6 465.5
[5,1(5,1(11/2,3/2,1/2 (3/2,3/2)512 3 390.6 398.9 407.4
491.4 1 to4d™ [5,1(5,1)(11/2,3/2,1/2 (3/2,3/2)9/12 4 567.4 544.5 402.5
[5,1(5,1)(11/2,3/2,1/2 (3/2,3/2)5/12 3 390.6 398.9 407.4
520.5 2,3 [5,1(5,1)(11/2,1/2,1/2 (312,1/2)7/12 3 521.8 528.9 490.6

First column(second column energies calculated with the neaid) parameters of the eigenvalue expres-
sion[second columirthird column of Table X]. The listed values are the energy differences relative to the
lowest level.

b_evels obtained in the transfer reaction experiments to which ktest. [ 7] assign the listed supersymmetry
configurations. The levels for which these assignments agree with ours are marked with an asterisk.
This level is not safely established in our work and the suggesteds8ignment is very tentativisee Sec.
MA).
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First, it is observed close to the predicted energy of 152 ke\thanges improve the description of the transfer amplitudes.
for the missing (3/2,1/2)1/2, 1 member of the The 349 keV state with its weak transfer strengths is now
(11/2,3/2,1/2 structure(for simplicity we denote these struc- assigned to the higher lying (3/2,3/2)5/2,Zonfiguration
tures withN, =5 by (o,0,,03) and theN,;=6 structure by  which was earlier assigned to the 414 keV level.

[6](6)). Second, itis only separated by 1.2 keV from the 1 326 keV level:This new level is assigned to be the
state at 166.4 keV indicating that the two levels are only  (3/2,1/2)7/2,3 member of the[6](6) structure. This as-
weakly coupled Ko, <0.6 keV), which is consistent with  signment is still uncertain since the 326 keV level is part of
the presence of a dynamical symmetry. Third, the summeédn unresolved doublet in the transfer experiments and there-
strength of the two states explains the measured strength féere no transfer amplitudes are known for this level.

the 166.5 keV level observed in thé,() reaction. 356 and 388 keV level®Ve assign very tentatively a 356

Two additional remarks of caution are required in connecJével with spin and parity of 7=0", while we do not ob-
tion with the states observed up to 250 keV. First, the spin§€rve a”=0" state at 388 keV, but instead &=3" state.
of the levels at 162.6 and 167.5 keV are not yet clearlyVe associate the 356 keV level with the Gnember of the
determined by experiment. For example, these two level§6]1(6) structure. An alternatve assignment, indicated in
could be the lowest excited 3and 2" levels, respectively, Table IX, would be the (3/2,1/2)1/2,0 member of the
which would then influence the assignments of all higher<{11/2,1/2,1/2 structure. However, with this latter assignment
lying levels. An unambiguous determination of these spindt is difficult to account for the observed largey, transfer
would therefore be very important. Second, two low-lyingand we therefore prefer the first assignment given in Table
0~ levels are predicted by the theory, at 141 and 221 keV!X. . . .
whereas only one such level is identified until now in this 376 keV levelOn the basis of the transfer amplitudes this
energy region, the 42 keV level. We associate this latter leveevel can clearly be assigned to the (3/2,1/2) 7/2Bember
with the lower one of the predicted two low-lying Gevels. ~ ©of the(11/2,3/2,1/2 structure.
If a second one exists around 220 keV it could have been 404 keV levelin our previous work the 258 keV level
masked in the spectra measured in the transfer reactions yas considered to be the second 4tate predicted at
one of the strongly populated levels in this energy region. Irft12.5 keV. With our new assignments it is obvious that the
the (p,n) reaction 0" levels are expected to be only weakly 404 keV level is the candidate for this state. The good agree-
excited, and one at-220 keV could easily have escaped ment for_the spectroscopic strengths_ co_nflrms this assign-
detection in the measurement ¥ coincidences. ment. Thls choice leads to a substantial improvement in the

For the states above 250 keV the present work revealeflescription of the energy and spectroscopic strength of the
changes for some spins, causing the necessity for many ré- member of th¢ 6](6) structure.
arrangements in the 250600 keV region. In the following 408 keV levelBased on the d|st_r|but|on of the spectro-
we will discuss the new assignments state by state with sp&€OPIC strengths we propose that this level corresponds to the

cial emphasis on the requirement, that they are consistest Member of thg 6](6) structure with the quantum num-
with the transfer results of Mett al. [7]. bers (3/2,1/2)5/2. Because of the not well determined spin of

259 keV levelin the previous work =4~ was assigned the 408 keV level this assignment can only be considered as
to this state because it is only populated fig transfer in ~ tentative.

the (d,t) reaction, whereas the in-beam data yi€ld= 1~ or 41‘.‘" 456, and 480 keV _IeveT:hese three 2. levels are

- . . reassigned to the energetically next theoretical stétes
2" . In order to reassign quantum numbers for this state w able 1X). This improves the description of the transfer
take account of the weak transfer amplitudes and assign istren ths.for the 41p3 keV level Whilepthose of the 456 and
tentatively to be the 1 member of the (3/2,1/2)1/2 doublet 9 '

. X . . 480 keV levels are small, both in experiment and theory. For
belonging to the11/2,1/2,1/2 structure. This configuration the energies a degradation of the agreement is observed.

was previously a_ssigned to the 349 keV state which is now 490 and 491 keV levelfhe 490 keV level is assigned as
found to have spin 2. - . B B the (3/2,1/2)5/2,3 member of the(11/2,1/2,1/2 structure
288 keV levelin the (d,t) reaction|™=2" or 3" was g the basis of th@ay, fsp, and h, transfer strengths
assigned to this state, based on its populationpyjg, fs2,  derived for a level observed in the transfer reactions at
and f, transfer, and it was proposed to be the lowest 3 490 6+0.6 keV. However, as the latter level is presumably a
state of the(11/2,3/2,1/2 structure. The in-beam data ex- gouplet this assignment is still uncertain, and we therefore
clude, however, a spin parity of 3 We therefore reassign |ist an alternative possibility in Table IX. The 491 keV level
this level to the (3/2,1/2)5/2,2 member of the could correspond to the 3 or 4~ member of the
(13/2,1/2,1/3 structure, which is populated in thel,t) re-  (11/2,3/2,1/2(3/2,3/2) states. This assignment should, how-
action with a very similar pattern. Since this configurationever, be considered as very tentative because of the uncertain
was previously assigned to the experimental 307 keV statepin of the 491 keV level.
we will have to reassign this state below. 521 keV level: This level is assigned to the
307, 324, and 349 keV levelShe 324 keV level has™  (3/2,1/27/2 3= member of the(11/2,1/2,1/3 structure,
=17 in contrast to the 2 assignment proposed by Metz which is strongly supported by the transfer strengths.
et al. We therefore assign the 307 keV Z&and 324 keV T A graphical comparison of the experimental negative-
levels to the (3/2,3/2)3/2,2and (5/2,1/2)3/2,1 configura-  parity levels in'%Au, arranged according to the assignments
tions of the (11/2,3/2,1/3 structure, respectively. These discussed above, with the predictions of the supersymmetric
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Ny @L‘ ‘ The g:ha_nge i is_ related to the systematic deviati_on of
¥ | Theory " 79717 Experiment the excitation energies of the 4states from the predicted
g w1 2 ones reported in Ref.7], which is removed with the new
¥ ) é; ¥ + wme=f \op ) spin assignment c_)f the 2.5_9 keV level. The paramefeesnd _

§ g £ N\_f (W-M)é% @%z a@an)éz_ E determine the final splitting of the states. They are mainly
5 |wm é? = P (s:znm@*r(’ W/ E = obtained from the levels it®*Pt and **°Au. We note here
3 8 o é% Birs» (1n,:,;)_ﬂ"fff f that the sunD + E is almost constant for the fits listed in the
% e Ruin T\, second and last column of Table X.
°] "”’"ﬂlﬁiﬁnﬁ' PleP B (e ——} In general one can further test the theory using the mea-

sured y-ray branchings and, when available, the measured
FIG. 21. Comparison of theoretical and experimental levelsdbSolute electromagnetic transition rates. However, in heavy

forming the supersymmetry multiplets #1°Au. odd-odd nuclei a major problem is encountered for such a
_ o comparison. The transitions between excited states have in
theory[7] is shown in Fig. 21. general dominari 1 multipolarity. It is well known that the

We have performed a new fit of E(R) to the supersym- interacting boson approximation is not very successful in
metric levels in the four nuclei forming the supermultiplet predictingM 1 transitions in oddA nuclei (see, for instance,
using the assignments of the present work. This fit is morghe discussion by Warner in R¢26]). When the model fails
restricted than the earlier ori@,8], but nevertheless still by several orders of magnitude in these simpler systems, it
deals with 78 levelgeight levels in'*Pt, 32 in'Pt, 11in  cannot be expected to describe the more complex odd-odd
%Au, and the 27 levels in'*°Au assigned above For  nuclei. Moreover, due to the high level density almost all
19°Au and the two Pt isotopes the assignments given in Refexcited states decay by at least é branch, making also
[7] are used. A detailed account of the assignments in the Rf comparison of the branching ratios questionable.
isotopes can be found in R¢R5]. The resulting parameters ~ One exception is the decay of the lowest 4tate at
are compared in Table X with those of RET] and a param- 213 keV, which decays by a82 transition to the 2 ground
eter set obtained from a fit of E() to the supersymmetric state. For this state the lifetime was measusse Sec. Il E
levels in 1*%Pt, %P1, and '®Au. The energies calculated and one obtain®(E2;4; —27)=(4.9=0.5)x 102 e,

with the two parameter sets derived including the levels inysing theE2 transition operator defined by the study of the
198Au are listed in Table IX to illustrate their dependence ongdd-A nuclei in  this mass region e(=e.=—e,

the parameters. n o =0.151 eb) the theory predictsB(E2;4; —2,)=3.2
The new parameters exhibit only significant changes, 19-2 g2p2. A secondB(E2) value can be obtained for
céc?mpa(;e[;j 'tl% thor;se der!\rgad Zagll[gﬂ’ 'rl‘ tth((ad tpatrﬁmftetrﬁ; . the 235 keV 3 level. From the lifetime estimate angray
thé %T/el énereicesaiagtié Elrt]inumlsnlrji;iede oendeo?l(I: or?lthebranChing ratio given in Sec. Il one obtalfy(E2:3,
sumB+B’, agd in 1%°Au Fzmly one level is (I:xperime}rlnally ;11_)?.4?10'_2 e;bZI.EZTgi_s s?gul_dSl;elg_osmpzabrfd r:o hthe
observed up to now for which the energy dependBand - coretical vaiue o (E2;3, —1,)= e b whic
B’ separatelythis level is reproduced exactly with the pa- is eight times smaller. One might wonder whether th|s prob-
rameters given in the last column of Tablg. As a conse- lem could be solved by a rearrgngement of the assignments,
guence, the surB+ B’ is almost unchanged for the different becau.se_ the_ s_econd t_hzeorzeglzcar h$tate _has ?)I Iarg_er
fits, whereas with our present experimental knowledge oP(E2;3; —1,)=2.7<10 e T € man problem 1S
levels in the gold isotopes the relative weight®fand B’ that bpth states ha_ve very different signatures in the transfer
depends sensitively on the levels i#Au. The change i3~ €XPeriments: dominant and strorfg, and psp, transfer

andB’ from Ref.[7] to the present work is predominantly strenth for the 3 and 3, state, respectively. Exactly this
caused by the slight decrease of the average excitation eR€havior was found for the 235 and 376 keV states. We note

ergy of the third structure shown in Fig. 21 here, that the only state with a similar behavior as the

([5,1)(5,1)(11/2,3/2,1/2 structurg. A dedicated experimen- 235 kgV level is the 162 keV level. However, if the 162 keV
tal investigation of the structure df%Au could contribute to  level is the 3 state, the 235 keV level does not have the
a better determination @& andB’. required distribution of transfer strengths to be the ate.

It should also be mentioned that both transitions discussed
above are not very strong. The stronggé&t transitions ob-
tained in the calculation hav@(E2) values around 0.82b?.

TABLE X. Parameters of the eigenvalue expression &j.

Parameter Results of fitin keV)

this work Ref.[7] without 1°6Au

IV. CONCLUSION

A 52.5 52.3 51.2
B 8.7 12.4 7.9 The present investigation of the nuclear structuré®6iu
B’ —-53.9 —-58.0 —52.6 by in-beamy-ray spectroscopy is part of an experimental
C 48.8 50.1 49.0 program to test whether “quartet supersymmetry” exists in
D 8.8 6.9 6.9 atomic nuclei. For the negative-parity levels, which are of
E 45 4.4 6.2 interest in this context, our results for the energies of the

levels up to approximately 500 keV are in almost perfect
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agreement with those obtained previously in transfer reactiomalue expression, obtained from a new fit of this expression
experiments. Some uncertainities remain, however, for théo the experimental level energies, show only minor devia-
spins, which are of crucial importance for the comparison oftions from the ones given in Reff7] indicating the impor-
the experimental level structure with the predictions of thetance of the lowest lying levels in defining the supersymmet-
supersymmetric theory. It is also important to emphasize thatic level structures. Moreover, the new parameter values are
we might have failed to identify low-lying excited levels close to those obtained using the even-even andfoddelei
because of the limited sensitivity of thgy coincidence alone.
setup used in the present work. This is particularly true for For the levels above 500 keV the situation is less satisfac-
the important "=0" levels, which are expected to be only tory, in particular with regard to the spins and parities. Our
weakly populated in the compound reaction, whereas thexperimental knowledge on parities is limited to the results
low-lying levels withI "=2" are strongly populated and are from the transfer reactions, and most spin assignments are
therefore perhaps more completely identified, at least up tonly tentative. Our own assumptions on the parities for the
excitation energies of approximately 500 keV. higher-lying levels is solely based on the observation that the
When comparing experiment with theory, excellent agreeE1 transitions between the low-lying levels it*®Au are
ment is obtained for the states below 250 keV. The spinhighly hindered due to the very different two-quasiparticle
parity assignments derived earlier from the transfer reactiostructure predicted for the levels with different parities. It is
experiments are confirmed, and one missing state predictdtierefore crucial that future experiments concentrate on the
by the supersymmetric theory could be identified. This isdetermination of the spins and parities of the levels up to
important because at these low energies three different struexcitation energies of approximately 1 MeV. Our data indi-
tures appear, and their relative positions largely determineate that such information can possibly be obtained from
the rest of the level structure df®Au. The relatively low careful measurements of in-beayy angular correlations in

level density below 250 keV also enables a more clear comhe (p,n) reaction. Also a study of thed(a) reaction with

parison of the transfer strengths observed in tihg¢)(reac-  improved statistics could provide definite spins and parities
tion with the theoretical predictions than for the higher-lying for more states.

levels.
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