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SPECTROSCOPY AND LIFETIME MEASUREMENTSOF STATESIN KR
POPULATED IN "RB DECAY

Abstract

The properties of the excited states'®kr, populated in the decay 6fRb produced at
ISOLDE isotopic separator, have been investigated by using K-caomegkectron;y-ray,
and~ - v coincidence measurements. The lifetimes of several levels have beenretdasu
means of the Advanced Time-Delaygdy(¢) method. The identification of 19 new levels
and 55 transitions and the information deduced on spin and/or parity of seevadl states
from K-conversion coefficients, lof values and decay properties have led to an improved
knowledge of the level scheme. In particular, $ix states have been definitely identified
andJ™ = 2~ has been assigned to the 2227 keV level, on which a band proposedsto hav
negative-parity and even-spin had been previously observed. tidrgths of thee0 and
E2 transitions de-exciting th} andog states (the latter is here identified with the state at
1598 keV) have been measured. The experimental data concernifig thate have been
analyzed in a simple two states mixing model and in the framework of the protdrene
interacting boson model.
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1 INTRODUCTION

Over the past two decades even krypton isotopes have beebjtxt of considerable experi-
mental and theoretical attention due to the evolution ofitndear structure, as a function of the
neutron number and of the angular momentum, which displajsativity modulated by shell
effects. Microscopic calculations, performed using défg models (see, e.g., [1-5]) predict
a structural change of the equilibrium configurations altdregkrypton chain with coexistence
of prolate and near-oblate or spherical shapes. On the btret, the properties of positive
parity states in the even krypton isotopes are correctlyodpced [6—10] by collective models
based on the interacting boson approximation (IBA) [11]e®@hthe still open problems con-
cerns the structure of the low-lyiniy states, whose study is of particular interest to clarify the
contribution of the different excitation mechanisms at lemergy. In the past years some of
us have measured t# andE2 strengths [9, 12] of the transitions de-exciting tjestate in
880Kr. The recent identification of this state and the measungmiits EO decay in2Kr [13]
and in™Kr [14, 15] made it possible to complete the information oa(h state from A=72 to
A=82 [16] with the only exception of°KTr.

Concerning the states of negative parity, several bandsliemmreobserved all along the iso-
topic chain and an important theoretical effort has bee@ehto their interpretation, whereas
experimental information on levels not belonging to bandsich could help in understanding
the structure of the states at low energy, is very scanty.

The aim of the present work was to experimentally investighé isotop€°Kr to provide
new information on the decay of tlig state and on states of negative parity, and to exploit the
new data to study the nature of some levels of particulareste

2 EXPERIMENT

In the experimental study [9,12] of tiig state in"®~8°Kr the nucleus of interest was populated
inthe ECA+ decay of mass-separated parent nuclétu$Rb, produced at the ISOLDE facility
at CERN. The same procedure has been utilized to feed the ievélr. The Rb [T/, =
39 s] nuclei were produced in spallation reaction on a Nbtéwget by using the pulsed 1 GeV
proton beam from the PS Booster and separated in the on-lieg separator.

Two separate experimental stations were located at the £twloolSOLDE beam lines.
Spectroscopic information on the levels™®Kr were obtained by measurements®fy coin-
cidences at the first station, which provided informatioriteery — ~ coincidence relations and
level lifetimes from the time-delayed spectra, while theass®l experimental station allowed to
measure internal conversion electrons and singlesy spectra.

2.1 Thefast timing station

The fast timing station utilized a set of four detectors posed around the beam deposition
point in a close geometry. The beam was implanted into a tapesh periodically carried
away the old samples with long-lived activities and thusagrded detection of transitions from
the decay of °Rb. Unlike the rather standard fast timing setup for decay spectroscopy,
see [17, 18], where thAE ( detector is positioned as close as possible behind the esamit
separated from the vacuum system by a thin Al foil, herethdetector was placed 1.8 cm
further back and behind a conical lead shielding with wallam thick. The narrow opening
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of the shield faced the tape. Its 13 mm diameter exceededidngeter of the source, which
was about 5-6 mm. The wider opening of the shield had 25 mmamdter and faced the
detector. Its diameter exceeded that of the NE111A saimtil This precaution was needed
in order to eliminate as much as possible the presence ofideint 511 keVy rays coming
from disintegration of positronium, in a process followidd decay. Threey detectors: two
Ge spectrometers, with the relative efficiency of/i4@nd 60%, and one fast-response BaF
detector, 2.5 cm in length, were also used in the set-up.

Triple coincidenceiy~y events were collected and analyzed off-line. These inebb«&Se-
Ge andj-Ge-Bak detectors. The latter was used for the lifetime determimatwhile the
former providedy —  relations, which allowed construction of the decay schenteat the
same time revealed the exact content of the coincident Bpéctra. The analysis of this data
set is discussed next.

2.1.1 ~ — v coincidences

About 9x 10° 3+~ coincidences were collected involving theGe-Ge detectors. The data were
sorted out using gates set on variougy transitions, which allow to verify the previous decay
scheme and include a number of new levels and transitiogarés 1-3 show various coincident
spectra gated by-rays in the decay ofRb to"Kr. In particular, Fig. 1 shows partial evidence
for the new energy level at 2192 keV. A strofigay cascade involving the 355-378-1768-424
keV transitions, depopulating known levels at 2926 and 2&A and feeding the known level
at 424 keV, uniquely defines a new level at 2192 keV.
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Fig. 1. Portion of they-ray spectrum in coincidence with the 1768-keV transition showing evalenc
for the new level at 2192 keV. It is an example @f~ coincident spectrum recorded in two Ge
detectors and gated [grevents. A partial decay scheme shown in the figure illustrates the position
of the gating 1768 keV transition and the 355, 378 and 424+ka&ys. The latter de-excited known
states irfKr. The 511 keV peak is due to thi" decay process.

The sequence in which the 378 keV and 1768 keV transitionplaeed in the cascade,
378-1768, is defined by the requirement of the intensityrimaa Namely, the intensity of the
1768 keV line is twice as high as that for the 378 keV transitio

3



The results of the coincidence measurements allowed théfidation of 19 new levels and
the unambiguous placement of 53 transitions, as report@&dbie I. The full discussion of the
new level scheme is provided in Section lll.

Table 1: Energies and intensities (in percentage of the intensity of the 422keV; 0{“ transition)
of the new gamma transitions placed in the level schenfékat In the first column the new levels
identified in the present work are reported in italics.

Eeve(keV) E,(keV) Relative Intensity Coincident lines
1733.3 698.4 0.21(2) 424,611

511.6 0.5(3) 424,494, 798
2091.4 493.4 0.21(7) 479, 1174
2104.3 882.4 2.4(5) 798, 822, 2185

506.0 0.8(3) 822, 1174

417.1 0.22(2) 346, 424, 917
2140.5 2140.5 0.31(3)

918.5 1.2(4) 798, 1222, 1463
2192.4 1768.4 1.07(6) 355, 378, 424
2227.2 540.0 0.24(2) 346, 424,917

493.8 0.7(2) 424,798, 1309
2257.4 1222.6 0.9(5) 424,611, 767
2332.6 2332.2 0.20(5) 1270

1908.5 0.65(3) 424, 1270
2571.0 466.9 0.24(10) 424, 1680

378.5 0.54(2) 424, 1768
2581.0 1546.1 0.42(17) 443, 611

1359.4 0.90(4) 424,443, 798, 1222
2700.4 2276.6 1.20(6) 324,424

1665.6 0.30(5) 324, 611
2742.3 1009.0 0.21(2) 424, 1309
2816.7 2046.5 0.81(6) 346, 424
2970.0 2546.0 1.13(7) 424
3024.2 1291.3 0.45(7) 424, 1309

920.2 0.89(4) 346, 424, 882, 1680, 2104

443.3 0.27(3) 424,798, 1222, 1360, 2571

324.3 0.77(4) 424,611, 1665, 2276
3242.2 3242.3 1.2(2) 432

2817.3 2.1(6) 424,432
3275.9 2054.3 1.00(5) 798, 1222

1542.6 0.35(4) 1309
3421.5 2997.5 0.69(5) 424
3455.9 431.7 0.52(11) 424,453, 767, 882,917, 2571
3602.6 3602.8 3.4(7)

3178.3 9.4(11) 424

1498.4 0.32(4) 1680

1463.0 0.39(8) 798,918

1270.1 0.37(3) 346, 424, 1908, 2333
3636.2 3636.1 0.75(14)
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Table 1: (continued)

Eewi(keV) E,(keV) Relative Intensity Coincident lines
3214.2 1.7(4) 424
3672.2 1567.8 0.84(5) 424, 882, 1680, 2104
432.0 0.13(8) 424, 2816, 3242
3977.9 3978.2 0.9(4) 511
3553.6 0.97(16) 424
3986.4 3562.7 1.1(2) 424
3216.3 1.2(2) 346, 424
4026.5 4026.8 0.86(16) 424
3602.2 1.7(4) 424
3257.4 0.46(15) 346, 424
2805.5 0.60(5) 424,798, 1222
4097.6 4098.8 1.00(17)
3673.6 2.2(2) 424
3327.6 0.29(8) 346
4289.3 2185.0 1.5(2) 424,798, 882, 1334, 1680
1718.6 2.7(2) 346, 424, 884,917, 2571
686.5 0.39(3) 3178

2.1.2 Level lifetime measurements

Lifetimes of the excited states were measured by means é{dienced Time-Delayed~y(t)
method, which is described in more details in [17-19]. Aktimes and lifetime limits were
determined using the centroid shift method, which requagatecise calibration of the time-
response of the BaFy detector as a function of energy. This was done off-line at ISOLDE
using long-lived sources 6f°Ba and'“’La, which lifetime values were taken from [20]. Further
calibration of the detectors was done at the OSIRIS fissiodymomass separator at Studsvik
in Sweden using various radioactive beams.

Figures 2 and 3 illustrate the basic ideas behind the cergioft analysis used fafKr. By
comparison of the energy spectra recorded in the Ge ang @&Ectors, shown in middle and
bottom panels in Fig. 2, one can note the ability to seleajugly the3-917-424 keV cascade.
Namely, by gating on the 917-keV transition in the Ge deteate can uniquely select the 424
keV transition in the Baj-detector. Similarly (not shown in the figure), one can ssldice
(-1263-424 keV cascade, with the same 424 keV transitiondrBéii, crystal.

Figure 4 shows two time-delayed spectra gated by the fagbnsgs and Bak detectors,
where the same 424 keV transition is selected in BaFhe top spectrum is due to the
917(Ge)-424(Baf) keV cascade, where the 917 keV transition was selecte@iGthdetector.
The spectrum in the bottom panel is due toth#263(Ge)-424(Bafj keV sequence, where the
Ge gate is set on the 1263 keV transition. Since both the 947283 keV transitions de-excite
the 1687 keV level, the respective time-delayed spectra tie/same time-delayed components
due to thed and~ feeding the level from above. Thus the difference in theroéd of these
time-delayed spectra is identical except for the lifetinfi¢he 0" 770 keV level, which causes
an additional time delay of the first time spectrum.

This shift is well visible in these time spectra. The brokee in Fig. 4 (both panels) marks
the centroid of the bottom time-spectrum, which is poseirisibly to the left of the centroid
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Fig. 2. Selected results from th&y~ coincidences using-Ge-Ge and3-Ge-Bak detectors. Top
Panel: portion of the Ge energy spectrum in coincidence with the 345 kesiticm. Middle and
Bottom Panels: portion of the coincident Ge and Bakergy spectra, respectively, gated on the 917
keV transition in Ge. The latter spectrum shows good separation of thel345511 and 883 keV
peaks. This is crucial in order to select the 345-424, 917-424, @5#ihe-delayed coincidences,
which were used to determine the lifetime of the D70 keV level; see text for details.

of the top panel time spectrum (the difference is about 2 o). The observed time shift is
51(18) ps and it corresponds to the half-life of the 770 kextl®f 35(12) ps. The final result
of T,/,=42.3(56) ps for the 0 770 keV state listed in Table Il, is a weighted average of many
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Fig. 3: Selected results from théy~ coincidences using-Ge-Ge and’-Ge-Bak detectors. Top
Panel: portion of the Ge energy spectrum in coincidence with the 1174 ke¥ition. Middle and
Bottom Panels: portion of the coincident Ge and Bakergy spectra, respectively, gated on the 973
keV transition in Ge. The latter spectrum shows good separation of th&3585511 and 1174 keV
peaks. These spectra help to visualize the lifetime determination ofti&@8 keV state, see text
for discussion.

results obtained using cascades passing through this level
Figure 3 illustrates another way to get the lifetime of a leVéis is using the idea of tweg
rays, one feeding the level from above (the 973 keV trangitamd the other de-exciting it (the
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Fig. 4: Time-delayedsy(t) spectra gated by the fast resporisend Bak detectors with the follow-
ing gates:3-917(Ge)-424(Baf) in the Top Panel and-1263(Ge)-424(Bah) in the Bottom Panel.
The difference in the centroids is due to the lifetime of thef@0 keV level. The broken line marks
the centroid of the bottom spectrum, from which the centroid of top spectrumsiidy shifted to
the right. The observed time-shift is 51(18) ps and it corresponds toatlfidife of the 770 keV
level of 35(12) ps; see text for discussion. Time scale is 26.1 ps/ch.

1174 keV line). The time-delayed spectrum due to #h@73(Bak)-1174(Ge) keV cascade,
provides the time reference point, from which the centrdithe 3-973(Ge)-1174(Bafj keV
time-delayed spectrum is shifted due to the lifetime of th@8lkeV state. In this case the time
shift is very small and we determine only an upper limit @f,T< 10 ps. After averaging over
values obtained from a few cascades passing via this legdirial result listed in Table Il is
T2 < 4.7 ps.

In the centroid shift analysis corrections were made foiGbepton contribution under the
full energy peaks, including that of 511 keV, and for lifeéisof higher-lying levels. Only those
results were considered where the corrections were smiaite $he lifetimes of a number of
excited states were of the order of a few to several picosi;dhe analysis has been made in a
few steps. In the first one, the known lifetimes of the 4244,0221, and 1733 keV states have
been used and the lifetimes of the other states were dedydgaddring the small corrections
due to the non-negligible lifetimes of the higher-lyingéés. In the second step the analysis has
been repeated but this time the corrections due to lifetmh#®e higher-lying levels were made
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Table 2: Experimental half-lives of the indicated levels deduced in this work.

Eiever(keV) T1/2(Ps)
770 42.3(56)
1598 <4.7
1687 <4.8
2091 <34
2104 16.0(48)
2227 25.2(56)
2257 < 5.7
2571 16.1(43)
2700 < 27
2775 22(10)
2817 <13
2927 20.7(54)
2970 <39
3024 17.8(56)
3242 <23
3421 <24
3603 < 9.7
3978 <17
3986 27(18)
4027 < 17
4098 <18

using the lifetime values deduced in step one. Steps thrédoan represented a repetition of
step two, each time using updated lifetime values. Howeezady after step three there were
no meaningful changes in the deduced level lifetimes. Theltgof lifetime measurements are
summarized in Table .

2.2 K-conversion electron and ~-ray spectroscopy
Internal conversion electron aneray measurements have been performed to deduce K-camwversi
coefficients ofy transitions, to possibly identify new excited @tates besides thg state at
770 keV, and to study the decay of thé 6tates. In addition, information from singlesray
spectra have been partially exploited in establishing #eag scheme (see next Section).
Conversion electrons were detected by means of a very comyaagtetic transport system
(whose basic components are described in detail in [22]iclhwban deflect electrons up to an
energy of 3 MeV onto a 5 cfnx 6 mm Si(Li) detector cooled to the liquid nitrogen temperatur
An upgrading of the system [23] proved to be necessary tomtat beam characteristics of
the ISOLDE separator. The main changes were related to i¢dhstruction of an electron
suppressed Faraday cup of very small dimension to tune upeiu@ focusing at the collection
point; ii) the employment of a moving tape system to colfé&b nuclei at the target position
(beam spot~ 3 mm diameter). The tape was moved every 20 minutes to a sHisltk to
remove thes*-EC activity of the ground state 6tKr [T, = 14.8 h]; iii) the larger distance of
the silicon detector to the collection point and the inserof additional shielding to reduce the
background due to gamma rays. The momentum acceptance sstean was\p/p = 18%
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(Full Width Half Maximum) and the energy resolution of theeatdor was~2.2 keV for 1 MeV
electrons. The energy calibration and the relative effoyeof the electron spectrometer as
a function of the electron energy were obtained by usingtpelectron sources of’Bi and
152Ey placed at the collection point. The overall full energglpefficiency turned out to be
approximately constant at a value of about 0.3% ovenr @ite=- 1200 keV energy range and to
drop to about 0.1% at 1.8 MeV.

Gamma rays up to an energy of 3 MeV were detected by a HPGe detector (having a
resolution of 2.2 keV at 1.33 MeV energy) placed 100 cm awaynfthe source to keep the
counting rate at a typical value of about 10 kHz.

Gamma and electron spectra were recorded simultaneoushehbys of a multiplexed ac-
guisition system. A computerized procedure was used to@dmadiation and measure times,
the movement of the tape, and the setting of different magfietds.

2.2.1 K-conversion coefficients

As a first step, the actual source position, which affectptbeortionality constant connecting
the magnetic field to the transmitted electron momentum,alasked. To this end the area of
the K-conversion peak for the 424 kedf, — 0} transition was evaluated for electron energy
spectra recorded at different magnetic field settings amdhalized to the corresponding
transition so as to determine the point of maximum transomns<£lectron energy spectra were
then recorded for several magnetic field settings correfipgrto the maximum transmission
of the electron lines of interest in the energy range 300B0O0 keV.

The area of the electron lines, which have an asymmetricesivagre evaluated by fitting
them with an "ad hoc” function, that has proven effective ieypous work.

Internal conversion coefficients were determined throlnghNormalized Peak-to-Gamma
(NPG) method [24]. The K-conversion coefficient of the refeze line of known multipolar-
ity was taken from [25]. When a reference line could be readrsienultaneously with the
line of interest, its area has been corrected to compensatkd different transmission of the
spectrometer at the two energies. In a few cases referereenade to the strongy — 0]
transition recorded in a separated calibration run at thémmam of the transmission.

For some transitions connecting states of known spins arity piahas been possible to
evaluate the mixing ratio®. For §?(E2/M1) this was done by comparing the experimental
value of the K-conversion coefficient with the valuecgf obtained from the expression

. OéK<M1> + (52 OéK(EQ)
aK = (14 02)

whereay (M1) and ax(FE2) are the theoretical conversion coefficients [25]; for theing
ratio 5%(M2/E1) the analogous expression was used.

An example of the determination 6% is shown in Fig. 5.

Thea'” values are reported in Table 11l together with the theoe¢times [25]; the quoted
errors correspond to one standard deviation. To give anatléee internal consistency of the
data, the K-conversion coefficient of the 346 keV transitihich has purd=2 multipolarity,
is also reported. The deducéd values are given in column (7). The information on spin-
parity of the levels, shown in the last column, is deduced asihcases from the comparison of
experimental and theoretical;. The experimental K-conversion coefficients of the 378,,686
and 1270 keV transitions from the 2571, 4289, and 3603 ke®ldaw the 2192, 3603 and 2333
keV levels, respectively, fix the negative parity of the fistates.

1)
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Fig. 5: The calculated value afx as a function ofé| is compared to the experimental one for
the 453 keV transition de-exciting the 3024 keV level. The error bar spomds to one standard
deviation.

The J = 0" assignment to the 1598 keV level is based on arguments peesienthe next
subsection; one can notice that the K-conversion coefticialues of the two transitions de-
exciting this level are in agreement with such an assignment

2.2.2 EO transitions

Measurements of conversion electrons can provide infooman the decay properties 6f
states through the determination of the intensity rafjo = Ix (0" — 0})/Ix(0; — 27).
One can deduce the rati6;;; of the electric monopol&(£0; 0" — O]T) to electric quadrupole
B(E2;0f — 2]*) reduced transition probabilities via the expression [26]

ag(B2) - ql'ij
QK[yl]

Xipj = 256 - 10°A3 E3[MeV] )
where() is the electronic factor for the K-conversion of tB8 transition (tabulated e.g. in
[27]) anday is the K-internal conversion coefficient of thg — 2j transition.

If the lifetime of the level is known, it is possible to dedube electric monopole strength

p*(E0; 0 — 07 ), which is related t@;;; and to the lifetimer of the0;" level by the expression

Gr; - o (E2) - by
QK T

3)

PA(EQ,0f — 0F) =

whereb; is the branching of the; state to the; state.
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Table 3: Experimental values of the K-internal conversion coefficients (in unitsoof) for the
specified transitions are compared with the theoretical values [2E][lfdv1, E2 andM2 transitions.
Energies of levels and transitions are given in keV. In columns (2) grat¢4eported the previously
known [28] J of initial and final states. Absolute valuesEf/M1 or M2/E1 mixing ratioss deduced
from a5” are reported in column (11). Spin (or limits thereof) and parity assignmedtgdd from
the conversion coefficient measurements are given in the last column.

E ¥ E JF E a%?  ag(El) ax(M1) ax(E2) ax(M2) |4 J

770 0 424 27 346 9.30(33) 9.21

1222 2t 424 2t 797 0.727(47) 0.677 0.771

1598 4) 424 2+ 1174 0.311(19) 0.141 0.299 0.307 0t
1222 2+ 376 5.0(14) 185 376 6.96

1687 2+ 424 2t 1263 0.278(30) 0.257 0.261

1733 (37) 424 2t 1309 0.222(39) 0.116 0.240 0.242 2t 3t 4t
1035 4t 698 1.41(58) 0.400 0.903 1.09

2091 (1,2) 770 0t 1322 0.244(52) 0.114 0.235 0.237 1+, 2%
1222 2+ 870 0.9(2) 0.253 0.564 0.623

2104 (1,2) 424 2t 1680 0.056(13) 0.0781 0.149 0.149 El 17,27,3

2227 (2) 424 2+ 1803 0.088(18) 0.0703 0.132 0.131 0.24533%018 1-,27 3~

2257 3~ 424 2% 1834 0.071(21) 0.0686 0.236).127735

2571 (1,%) 1598 K 4) 973 0.212(28) 0.201 0.442 0.472 -1
1687 2+ 884 0.213(18) 0.244 0.543 0.596 E1
2091 (1,2) 480 0.91(20) 0957 2.12 322 7.05<0.17
2192 378 5(1) 183 371 684 0.8570 %

2927 (0,1,2) 2104 (1,2 822 0.58(6) 0.283 0.633 0.712 ML] 0-,17,2°
2571 (1,7) 355 4.22(15) 2.16 4.31 841 < 0.12

3024 (1—,2) 2104 (1,2) 920 0.48(8) 0.225 0.498 0.540 17,27,3"
2257 3~ 767 0.89(17) 0.328 0.737 0.852
2571 (1,2) 453 2.52(26) 1.11 2.42  3.83 0.2815-39

3603 2333 1270 0.26(9) 0.122 0.254 0.258 ()

4289 2571 (1,2) 1718 0.16(6) 0.0755 0.144 0.143 0~ +3"
3603 686.3 1.0(3) 0.415 0.939 1.14

To investigate the decay of th& state all electron spectra recorded at different mag-
netic field settings, in a range including that correspogdmthe maximum transmission for
the 0 — 07 transition, have been analyzed in order to reduce the titatisincertainty on
Ix(03 — 07). Since the intensities of the electron lines were derivethfspectra recorded at
different times, each electron spectrum was normalizetidabdf the simultaneously recorded
27 — 0 gamma transition. The spectrum recorded for maximum trésssam of thed; — 0}
K-transition is shown in Fig. 6.

Besides determining thg,, value, we checked whether additional §tates could be identi-
fied. A careful inspection of the electron conversion speutrecorded for a magnetic field set-
ting corresponding to the maximum transmission for 810 kie\¢teons revealed the presence of
aline atan energy of 813.9(3) keV (see Fig. 7), which coulthb&-conversion line of a transi-
tion from the 1598.0(1) keV level to thg', 769.9(1) keV level (see Table IV): indeed its energy
is 14.2(3) keV lower than the energy difference betweenehels (\E = 828.1(1) keV). This
value closely matches the binding energy of a K-electrorrypion isotopesed = 14.3 keV)
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Fig. 6: Relevant section of an electron-energy spectrum showing the K- amhversion lines of
the 770 keVp; — 0{“ transition. The two close lying K-770 keV and K-767 keV transitions (the
latter de-excites the 3024 keV level ) are clearly resolved by the fittingedioe.

and is incompatible with thex of any other element. On the other hand no line is visible in
the gamma spectrum at an energy of 828 keV, a very weak linkel pmssibly be present at an
energy of 827.2(3) keV. It should have at least a multipotatito be compatible with the ob-
served intensity of the 813.9 keV electron line, which setnise quite unlikely. We therefore

assign spin J = 0 to the 1598 keV level.
To deduce the values gf,, andq3,, we followed the same procedure as {6y, . It is to be
noted that the intensity of th& — 0, and0; — 0, K-transitions amounts to only.029% and

0.0002%, respectively, of that of the, — 0, 424 keV transition.
The values obtained fqtffj and for the corresponding quantiti&s;; are reported hereafter:

qgll = 0-203(8) X211:O.020(1)
G = 0.11( X321 = 0.15(3)

2)
G2 = 0.09(3) X399 = 0.009(3)

From the value of the lifetime of th& level and of the upper limit of the lifetime of thg
level, the quantities

p*(E0; 05 — 07) = 0.079(11)
p*(E0; 05 — 0F) > 0.007

13



have been derived. The quoted uncertainty®(E0; 0 — 0;) corresponds to one standard
deviation whereas the lower limit @f (E0; 05 — 03) has been conservatively evaluated and

corresponds to about two standard deviations.

(a)
K(797)
6000 |
5000 |

[2]

§ 4000 | L+M(797) K(822)

o K(05—0%)
3000 | ]
2000 . i . . .

780 790 800 810 820
b
Y(797) (b)
50000 1
40000 A
[2]
c
S 30000 -
o
&)
v(822)
20000
10000 -
790 800 810 820 830

Energy (keV)

Fig. 7. Relevant sections of electron (a) and gamma (b) energy spectra shibwinggion around
800 keV. In the electron spectrum, in addition to the conversion lines of tAe&k@¥, 25 — 27

transition and 822 keV transition, de-exciting the 2104 keV level, a line atk&l4is present
with no counterpart in the gamma spectrum. It has been identified as theviérsmm line of the

04 — 05 transition (see text).
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3 DECAY SCHEME
Previous studies offRb decay [29, 30] led to a decay schemé%fr comprising 16 levels up
to an energy of- 3 MeV.

The present up-dated decay scheme is shown in Figs. 8, 9.b#tsed on the results of
~v — 7 coincidences reported in Table | anesingles data. As a rule, transition energies and
gamma-ray intensities have been deduced from the analfysisimgles spectra since, in this
case, the distance of the germanium detector was large brtougxclude any influence of
summing effects. The energies of some transitions whiclke& MeV were deduced from
the corresponding single and double escape peaks. Wheraaerdence data indicated the
presence of an unresolved doublet, intensity ratios wedeickrl from coincidence spectra.
The side feeding of each level 8fKr populated in the decay 6fRb has been evaluated by
a standard procedure. The correspondingftogalues were deduced by exploiting the usual
practice [31] of utilizing the integral Fermi function (WitCoulomb corrections) for allowed
transitions [32]. Their values are reported in Fig. 8; therall uncertainties of the reported
values are estimated to be abeau0.1.

The new spectroscopic information concerning i) excitatemergies and transitions, ii)
branching ratios, iii) spin-parity assignments, and iWjueed transition probabilities is re-
ported in Table 1V together with previously available expental data [28] on energies and
spin-parity of levels.

1) All levels reported in [29] (including that at 2817 keV, r8een in [30]) have been observed
in the present work. In addition, 7 levels and 22 transitibakbw 3 MeV and 12 levels (de-
excited by 33 transitions) at higher energies have beeriifgsh It is very likely that levels at
2700, 3241, and 3977 keV are the same observed in the (pctjared33] at 2697(15) [I=
2%], 3246(15), and 3978(15) keV, respectively. The unceti@snon the energy of levels and
transitions are only given for the new data since for the olelsoour error estimate is very close
to that reported in the literature [28].

Particularly difficult has been the placement of the 511 kansition due to the presence
of the very strong annihilation line. It has been assigneith¢odecay of the 1733.3 keV level
since it appears in the spectrum gated by the 493.4 keV linen(the 2091 keV level) together
with the 797.6 keV and 1309.3 keV transitions.

i) A general satisfactory agreement exists with previoatd28] on the branching ratios,
apart from a few cases concerning the levels at 1733, 28173@24 keV. In particular, for the
level at 2817 keV the, — ~ coincidences revealed the presence of two transitions clese
in energy (2816.6(4) keV and 2817.3(9) keV) de-excitinglédwels at 2816.7 keV and at 3024
keV, respectively.

lii) The new spin-parity assignments, reported in columy é8e based on:

(a) the comparison between theoretical and experimentagsaf K-conversion coefficients
(see Table Ill);

(b) the values of lodgt from the present work. Restriction on the spin of the levelthef
daughter nucleus have been derived according to the rulea @i [34, 35]. We would like to
remark that the lodt value of the transition populating the 2571 keV level [whep&-parity
has been deduced on the basis of argument (a)] allows tonassggtive parity to the J =1
ground state of°Rb. This result is in agreement with the assignment suggés{ed]. For the
level at 1733 keV, following [29], we adopf J= 3* even though arguments (a) and (b) would
only restrict J to 2" and3™;

15
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(c) the assumption that the intensity 2, E3, andM3 transitions is negligible compared
to that ofE1, M1, E2 transitions of similar energy de-exciting the same leg@l.internal con-
sistency check of this hypothesis has been performed wkepegsible (known level lifetime)
by comparing the deduced patrtial lifetime with the recomdsehupper limits for the relevant
multipolarities [36];

(d) additional arguments:

— the assignment™J= 2" to the level at 2091 keV has been made combining the infor-

mation (F = 2%, 3~ or 4™) from angular distribution measurements [33] with thatiro
K-conversion coefficients, reported in Table Il;

— on the basis of argument (a) the 2192 keV level Has 0—,1~,27; the transition con-
necting the 2571 ke\,~ level to the former state has a lar§8 component (as it turns
out from the measured|, see Table Ill) so that the value J = 0 can be excluded.

iv) Values (or limits thereof) for the reduced transitiombpabilities of several transitions of
given multipolarity have been deduced from the level lifets measured in the present work;
they are shown in column (8). Their values in Weisskopf u(iitsu.) are given in the last
column of the table.

4 DISCUSSION

41 0" states

A detailed analysis of the positive-parity states in everptan isotopes has been recently per-
formed by some of us [10] in the framework of the IBA-2 model.e \Werefore limit our
discussion of positive-parity statesiKr to the0; and03 states not considered in [10].

The interpretation of the nature of low-lyirtg- states in even krypton isotopes, which has
been the subject of several theoretical investigatiorstilis matter of debate. For the particular
case of°Kr, a large quadrupole deformation for the ground state vemiided [21, 37] from
lifetime measurements [43], assuming an axially symmetrape. It was explained by Piercey
et al.[43] as due to the influence of the energy gaps in the singteéefgaNilsson states for N, Z
~ 38 on nuclear shapes, which gives riseldiKr,, to a prolate ground state. A near-spherical
nature was instead attributed to tbig state by Piercegt al.[21, 30] on the basis of the large
energy spacings in thd (27) — 24 — 0, 884-917 keV cascade de-exciting the 2571 keV
level compared to those of thg — 27 — 07, 611-424 cascade. From the theoretical point
of view, the coexistence of prolate and oblate or of prolate spherical minima if®Kr are
predicted by microscopic calculations [1, 3,4]. Very rebgnn the study of krypton isotopes
through Coulomb excitation of radioactive krypton ion bedosgtenet al.[38] found a prolate
deformation of the ground state bandfir, with 3, = +-0.38.

To exploit the new information ot states collected in the present work we have compared
the experimental data with the predictions based on a Sdiemso Levels model and the
IBA-2 model.
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Table 4: Spectroscopic data relative to levels'$iKr, populated in theg™ decay of °Rb. Excitation
energies and transition energies in columns (1) and (3) reported withrontage taken from [28],
those with the error are from the present work (except for the 1598ekel, see text). Information
on spin and parity shown in the second column is taken from [28]. Rela@iwema intensities
from each level, as determined in the present work, are given in théhfoatumn. Information
deduced on spin and parity is reported in the fifth column; the letters in the canumlemn (6)
refer to the arguments on which such assignments are based: (a)stomaefficients results, (b)
logft values, (c) decay properties (see text), and (d) additional argumBmésmultipolarity of the
relevant transitions is shown in column (7). The values of tHelg(B(M1), and BE2) deduced
from the half-lives shown in Table Il, for transitions of known multipolaréye reported in column
(8) in units of 10°%¢2fm?, 107313, and 10e2fm*, respectively, and in the last column in Weisskopf
units. In those cases where tB& [M1] multipolarity is given in square brackets the corresponding
B(E1) [B(M1)] has been evaluated assuming a negligi&{E2] component.

Eiv (keV) J E, (keV) % J Comm. o, A\ B(o,)\) B(o, N)w.
4240  2F 4240 100(D)
7699 0t 3459  100(3) E2 27037) 138

1034.6 4 610.6  100(3)
12216 2F 1221.6  69(4)
797.6  100(3)

1598.0(1) €4) 11740 100(3) OF d E2 >50 >26
376.4  8.1(4) E2 >120 >61
1687.3 2+ 1687.1 28.8(10) E2 >0.15 >0.08
1263.2  21.2(7)
917.4  100(6) E2 >11  >57
652.6  9.2(3) E2 >56 >29

466.0  4.6(16)
17333 (3*)  1309.3 1004) 3*  abd

698.4(1) 8.7(8)

511.6(2) 20(12)
2091.4 (1,2) 1667.6 78.7(6) 2% a,d

1321.6  100(3)

493.4(1) 13.6(45)

403.9 20.7(11)
21043 (1,2) 21043 1605) 1  abc E1 0.3009) 2.610

1680.3  100(3) E1 3.7(11) 3.210°
1334.4  7.03) E1l 0.51(16) 4.4107
882.4(2) 21.8(46) §1] 5.6(21) 4.8106
506.0(9) 7.3(27) El 10(5) 8.510°
417.1(1) 2.0(2) E1] 4.7(15) 4.010°
2140.5(2) 2140.5(2) 26(3) 1,2* c
918.5(7) 100(33)
2192.4(2) 1768.4(2) 100(6) 1-,2~ ab
22272  (2) 18032 100(3) 2~ abc El 23(5) 2.010°
1005.5 19.1(6) F1] 2.6(6) 2.210°
540.0(1) 2.2(2) E1] 1.95) 1.610°
493.8(7) 6.4(18) F1] 7.1(28) 6.1 106
2257.4 3~ 1833.6  100(3) F1] >9.0 >7.710°
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Table 4: (continued)

Eew(keV) F  E(keV) % F  Comm.o, A B(0,)) B(0,Nwa
1222.6(6) 26(15) E1] >7.9(4) >6.810°
1035.5 11.8(9) F1] >5.9(8) >5.110°¢
2332.6(2) 2333.2(4) 31(8) 1~ a,c
1908.5(2) 100(5)
2571.0 (1,2) 2571.1 100(4) 1 a E1 133 1.110°
2147.2  1.39(7) F1] 0.03(1) 2.6108
1349.3  2.22(7) F1] 0.19(5) 1.7107
973.0  6.1(2) El 1.4(4) 1.210°
883.6  12.5(4) E1l 3.9(10) 3.410°
4795  2.25(8) E1l 4.5(12) 3.910°
466.9(13) 0.3(1)
378.5(1) 0.70(3) WM1] 0.25(7) 1.410%
2581.0(11) 1546.1(3) 47(19) 2+ b,c
1359.4(1) 100(4)
2700.4(3) 2276.6(4) 100(5) 2+ b,c
1665.6(5) 25(4) E2 >0.03 >1.7102
2742.3(2) 1009.0(2) 100(11)*,2,3* b,c

27749 (+,1,2) 2350.9 100(4) 0,1,2 b
1553.2  56(3)
2816.7 (,2%) 28166 <56 1,2¢  bgc
2392.8  100(3)
2046.5(2) 30(2)
29265 (0,1,2) 8222  14(4)0-,1-,2~ a M1 0.42(15) 2.4 10"

3555  100(3) M1] 37(10) 2.1102
2970.0(3) 2546.0(3) 100(6) 0,1,2 b
3024.2 (-,2) 26002 61(2) 2- ac [E1] 0.32(10) 2.8107
1291.3(3) 8.5(13) F1] 0.37(13) 3.2107

920.2(1) 16.8(8)
766.7 56.6(17)

4535  100(4) M1l 93) 5103
443.3(1) 5.0(5) E1] 5.4(18) 4.610°
324.3(1) 14.5(8) F1] 40(13) 3.4 10°
3242.2(3) 3242.3(3) 57(9) 1,2+ b
2817.3(9) 100(29)
3275.9(2) 2054.3(5) 100(5) 1*,2 by
1542.6(2) 35(4)
3421.5(5) 2997.5(5) 100(7) 0,1,2 b
3455.9(5) 431.7(5) 100(21) 1,2 b,c
3602.6(1) 3602.8(10) 36(7) 1- ac El >0.234)>20107
3178.3(2) 100(12) 1] > 0.95(6) > 8.1 10

1498.4(3) 3.4(4)
1463.02) 4.2(9)
1270.1(2) 4.0(3)
3636.2(3) 3636.1(3) 44(8) 1,2 b,c
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Table 4. (continued)

Ew(keV) F  E(keV) % F  Comm.o, A B(0,)) B(0,Nw.a
3214.2(14) 100(23)
3672.2(2) 1567.8(2) 100(6) 0,1,2 b
432.0(9) 19(10)
3977.9(3) 3978.2(4) 93(14) 1,2 by
3553.6(4) 100(17)
3986.4(3) 3562.7(4) 93(14) 1,2+ b
3216.3(4) 100(16)
4026.5(3) 4026.8(6) 51(9) 1~ b,c

3602.2(2) 100(24)
3257.4(5) 27(9)
2805.5(3) 32(3)
4097.6(2) 4098.8(17) 46(8) 1- b,c
3673.6(2) 100(11)
3327.6(5) 13(4)
4289.3(2) 2185.0(3) 55(3)0~,17,2~ ab
1718.6(4) 100(4)
686.5(4) 14.4(11)

4.1.1 Schematic Two Levels model

As is well known, an important contribution to clarify thetnee of the0™ states can be obtained
from the analysis oEQ transitions, which are determined by a change in the rad#ibution
of electric charge inside the nucleus.

We followed the procedure (see, e.g., [14, 39-41]) of coingathe experimental value
of p2(0; — 07) with that evaluated in a simple mixing model where teand 05 states
are assumed to be linear combination of two basic configamafi > and|2 > of different
deformations:

0f >=b]1>+al2> [0 >=a|ll>—-0b]2> (a®+b*=1).

Starting from the expression of the monopole operator msasf the deformation variables
3 and~ [42] it is possible to deduce an approximate expressiorhi®ntonopole strengtt?

P05 = 0F) = (3Z/4m)%a*(1 - a)[(B(1)" = B(2)")
+ (5v5/21V/m)(B(1) cos(37(1)) — B(2) cos(3+(2))]? (4)

by neglecting the non-diagonal tern 2|T(E0)|1 > and keeping only terms up to the third
order in. Herev(1), 5(1) and~v(2), 5(2) refer to thel1 > and|2 > states, respectively.

The value of?(03 — 07) has been calculated assuming a prolate configuratian & 0°)
for state|1 >, with 3(1) = 0.33, and an oblate configuration(2) = 60°) for state|2 >. The
chosen value of}(1) is close to that found in [1] for the prolate minimum. The defa-
tion parameter;(2) has been varied in a reasonable range for different valuas Afprolate
configuration for staté2 > has not been taken into account since no predictions exist@f
competing prolate minima in this region. In the case comsiiegthe wave functions of the two
basic states are localized at different regions of the d&tipn coordinate space. Since their
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overlap is very small, the non-diagonal term in (5) should egantribute significantly to the
calculated value of?. The predicted values gf* are compared to the experimental one in
Fig. 10.

p3(EO)

a2=0.5

0.25 |
0.2 |
0.15

0.1

0.05 |

0

0 0.1 0.2 0.3 0.4 B2

Fig. 10: Values ofp? calculated as a function of the deformation paramgieior different values
of the squared mixing amplitud®, having assumeg@; = 0.33. The horizontal lines indicate the
experimental value together with theo statistical uncertainty.

It is seen that the compatibility with the experimental ealmplies either a strong mixing
and large3(2) (~ 0.24) or a small mixing ¢* ~ 0.1) and near-spherical shape for the basis
state|2 >, therefore for the); state.

The first case, which could better explain the large obseB(&2; 05 — 2;), is however
incompatible with the results of (p,t) measurements [33)hich the0] state was populated
with an intensity of only 1% with respect to that of the growtate.

The second case corresponds to the interpretation giveridogely [21, 30, 43] of shape
coexistence due to a prolate deeper minimum competing wégpharical one. Although our
assignment™J= 1" to the 2571 keV level spoils the arguments (see above) giydtidrceyet
al.[21,30] on which this interpretation is based, such a shapristence would be in agreement
with the recent findings [38] on the prolate deformation & tround state band. It appears
therefore that this interpretation is to be preferred etengh the large value of the B2;0; —
21) could raise some problem.

4.1.2 IBA-2 model

In the last two decades the nature of tijestates along the Kr chain has been mainly inves-
tigated in the framework of the IBA model. In earlier analysi which only the energies of
the levels were taken into account, these states were iatetpas “intruder” in [44] and as
pertaining to the model in [6]. In subsequent IBA-2 analysdsere BE2) reduced transition
probabilities [7, 8] andEQ transitions [9] were also taken into account, tjestates in®—%2Kr
have again been considered to lie in the model space. Folipthie IBA-2 study carried out
by some of us [9] on low-lying levels iF*~%2Kr, a new analysis (not including exciteth
states) was performed [10] to study the positive-paritydsaim ">~3Kr. A complete set of
parameters for the whole isotopic chain was determined @atharal good agreement between
experimental and calculated data was obtained.
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Table 5: Experimental data concerning thg states in"5=82Kr are compared to those calculated
in the framework of the IBA-2 model by using the parameters of [10]; EBeandE2 effective
charges have the valugl = 0.25,3, = 0.1 efm? ande, =0.090,e, = 0.075 eb, respectively.
The energies are given in keV and theEBJ in 10~3¢2b? units, theEO strengths are reported as
p? - 103. Experimental data on the decay of Whig states are taken from the following references:
"6Kr [present work],/8Kr [9], 8°Kr [12], and®2Kr [16].

76Kr 78Kr SOKr 82Kr
Exp Calc. Exp. Calc. Exp. Calc. Exp. Calc.
E@2)) 424 445 455 456 617 603 776 782
E@4)) 1034 1059 1119 1072 1436 1356 1820 1707
E(0F) 770 1075 1017 1086 1316 1320 1488 1642
B(E2;2] — 0f) | 164(6) 118 121(8) 96  73(4) 69  45(2) 50
B(E2;0; — 21) | 270(37) 110 130(40) 89 70(30) 75 30(10) 59
(05 — 07) 79(11) 73 47(13) 60  21(9) 28 9(3) 11

However, as far as th@] state are concerned, we note that the new experimental data o
2Kr and ™Kr [13-15] suggest that these states have to be considetsid®the model space.
In fact, the experimental energy difference®f) — E(2]) in the two isotopes are equal o102
keV and +52 keV, respectively, and are remarkably diffefieath the corresponding calculated
values which amount to +623 keV and +738 keV.

The experimental data relevant to thg state in"~%2Kr are compared in Table V with
those calculated by using the parameters adopted in [10§ivEoan idea of the agreement on
excitation energies and transition strengths obtainedOh, fhe spectroscopic data relevant to
the 2] and4; states are also reported in the same table. The trepd ©f — 2]) values,
steadily increasing fron?Kr to "°Kr, is correctly reproduced by the calculations. However,
while in ®8082Kr all the properties of thé; state are satisfactorily reproduced,Kr the
agreement is not so good for the excitation energy and tB2;B{ — 2) so that no definite
conclusion can be drawn on the collective character of thtes

As a result of the analyses using the Schematic Two Level hreottethe IBA-2 model it
seems that no unique interpretation can be given to accoualifexperimental data. It is likely
that in"Kr the structure of the] state (which is of predominant collective nature in the hexav
isotopes) is determined by both collective and single glartiegrees of freedom.

Finally, the level at 1598 keV has an energy very close topghedicted (1627 keV) for the
04 state. From the data reported in Table VI it is apparent thatcalculations are not able
to fully reproduce the experimental data. However, becadfisbe remarks just made on the
character of the; state and of the possible interaction between the two siaieslso difficult
to draw any conclusion about the nature of testate.

4.2 Negative-parity states

As shown in Figs. 8,9 several negative-parity states of sphare populated in the decay of
“Rb. Among them there is a group of five states whose energy sdregeeen 2.1 and 2.3 MeV.
The 2258 keV3~ level is the only one among these states whose spin-parsypneviously
known. Gros<st al. [37] found that this state is the bandhead of the negativitypadd-spin
band, reported as based on thelBvel in [21]; on the basis of calculations performed in the
framework of the Woods-Saxon-Strutinsky cranking modesthauthors conclude that the band
is most likely built on ther[431]3 /2" @~ [312]3/2~ Nilsson states. They also found that the level
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Table 6: Experimental data on the; state in“®Kr are compared to the calculated ones. The
parameters used in the calculations and the units of the reported quantities saene as in Table V.

Exp. Calc.
E(03) 1598 1627
X321 0.147(26) 6.4
X322 0.009(3) 0.047
p*(05 — 03) >7 96
B(E2;05 — 27) >5 0.5
B(E2;05 —27) | > 120 68

at 2227 keV (for which they proposed & 27 ) is the lowest state of a band previously observed
to be based on the (3 state, for which even spin and negative parity were suggdat, 45].

A two quasipatrticle structure was considered also in ths&eas the most likely. These two
bands have been further investigated in [46] in the framkvadrthe quasiparticle random-
phase approximation, which predicts very weak collegtifar the bandheads, and in [47], in
the framework of a deformed configuration mixing shell moddiere a satisfactory agreement
for the excitation energies was obtained. Our definite agsent of J = 2~ to the 2227 keV
level provides a sound reference point for the mentionecliéations.

In addition to thel™ states around 2.2 MeV excitation energy, four additionalsiates
have been identified at 2571, 3602, 4026, 4097 keV. We haveidened the possibility that
one of them could be the lowest Tollective state predicted by the IBA model [11]. No one
of their energies, however, matches the expected one whiclose to the sum of the energies
of the lowest 2 and 3 collective states+ 2.9 MeV [48]). Besides, the B{l) values of
the transitions de-exciting these states are at least tdex @f magnitude smaller than those
expected (10° — 10~*e*fm? [49]) for the collective 1 state.

5 CONCLUSIONS

The study of the*°Rb decay, performed via fast timing, conversion electron @amdy spec-
troscopy, allowed us to extend the knowledge of the exoitatinergy pattern of°Kr up to
about 4.5 MeV. Several new levels (and transitions) have mEntified and for many of them
lifetimes and spins and/or parities have been determined.

Of particular interest is the identification of the thidd state and the study of the decay
properties of the)] and 03 states. The experimental value g% £0;0; — 0f) has been
compared to that calculated in a simple two-states mixindgehdTl he properties of thé; and
04 states have been investigated in the framework of the IBAeleh It turns out that no
unique description is able to match all experimental dateceming the); state. It is likely
that both single-particle and collective degrees of freetltke part in determining its character.
The uncertainty on the nature of thg state and on its possible interaction with the state
makes also difficult to understand the structure of theratte

As to the negative-parity states, we would like to stress tiim@e out of the six 1 states
identified in this work are below 2.6 MeV. To our knowledge,Inostate has yet been observed
(see Data Base of the National Nuclear Data Center, BNL) bel®Wwi2V in even-even nuclei
of this mass region (Z = 32 40). The present™J= 2~ assignment to the 2227 keV level
supports the hypothesis [21, 37, 45] of negative parity amoh espin for the band built on this
State.
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Finally, the strong3* branching to the 2571 keV state (for which we assigried-=J1")
allowed us to deduce a negative parity for the J¢Rb ground state.
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