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Two-phonon y-vibrational strength in osmium nuclei
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CollectiveE2 strengths were measured to probe the two-phonwibrational character dff =4, states for
1881900, Lifetimes for states with spin up to &f the ground-state band,'6of the y band, and the 4 state
of the K™=4" band were measured by the recoil-distance method following Coulomb excitatiorPiNi a
projectile atE,,;,=275 MeV. These lifetime data are compared with the electromagnetic matrix elements
measured by previous Coulomb excitation experiments. The good agreement between these independent mea-
surements supports the conclusion, made by the Coulomb excitation work, that the electromagnetic properties
of these osmium nuclei are consistent with the descriptiop-86ft collective models. In addition, it supports
the evidence that the two-phonenvibration configuration is the dominant component for the lowest-lying
I7=4, states in osmium nuclei.
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Experimental evidence for the existence of two-phonornconsistent with the finding of the hexadecapole components
v-vibrational statesl("=4" andK=4) in osmium isotopes in those states. The apparent conflict, based on the notion
was suggested long ago by Yatesal. [1] as well as by that dominant single-particle configurations should be absent
Casten and CizewsK2]. Their evidence includes the facts in collective states, between the results of the Coulomb ex-
that the measured level energies lie at about twice that of theitation work and the light-ion induced experiments certainly
one-phonon state, and that the decay branching ratios suggésstifies further experimental and theoretical study. In this
forbiddenness for the decay from the two-phonon state to thpaper, we report on an experimental study of the electromag-
zero-phonon state. However, these are necessary, but not suktic properties of the firdt7=4, states in'%1%0s using
ficient, conditions. For example, weak transitions to thethe recoil distance metho@®DM) [11-13.
ground-state band are expected due toKhfrbiddenness The RDM lifetime measurements were carried out using
regardless of the detailed structure of tffe=4, state. The the New Yale Plunger DevicéNYPD) [14] at the Wright
strongest evidence supporting the existence of a two-phondduclear Structure Laboratory of Yale University. The os-
assignment is provided by Coulomb excitation wd& , mium nuclei were Coulomb excited using °8Ni beam at
which measured enhancement of B@&?2) values for decay E;,=275 MeV provided by the Yale ESTU tandem accel-
of thel =4, states to the ong-phonon band states ranging erator. The targets were360 wg/cn? thick isotopically en-
up to 47 Weisskopf units, while thB(E2) values to the riched osmium isotopes sputtered onto nickel backing foils
ground band are 200 to 1000 times weaker. In addition, théaving a thickness=500 wg/cn?. The deexcitationy rays
ratios of the intrinsicE2 matrix elements between the two- were detected by the SPEEDY arijdyp] consisting of seven
phonon excitation and the one-phonon excitation approacBegmented clover Ge detectors, plus enigd% Ge detector,
the harmonic vibrator limif4]. The intrinsic matrix elements all in coincidence with the backscattered particles detected
were derived from the measured electromagnetic matrix e|%y an array of solar cells covering an angular range from
ments[3] after correcting for the coupling between the rota- 153° to 171°. The detection efficiency of the Ge and clover

tional and intrinsic motion$5]. o detectors was measured usifgBa and *>%u radioactive
The measure&?2 properties appear to conflict with other ggyrces.

data. SignificanE4 strengths coupling the ground state t0  Fqor both the 1880s and 1°°0s experiments, the forward
the first If=4, states in'*®1%199s, measured by the recoiling osmium nuclei had an initial velocity/c
(a,a’) reaction[6,7] and (p,p’) reaction[8], suggests the =0.043(1) after leaving the nickel backing and subsequently
importance of the hexadecapole degree of freedom in thosgere slowed down ta/c=0.027(1) by a~2.8 mg/cn
states. Also, significant two-quasiparticle components in thehick nickel velocity-shifter foil. This velocity shift allows a
lg=4, states of'?*1%0s were suggested by studies of the sufficient separation of the Doppler shifteeray energies of
(t,a) reaction [9]. Admixtures of nearly 50% of the the fast and slow components, that is, those decaying prior to
5/2°[402]+ 3/2*[402] two-quasiproton configurations were and those decaying after passing through the velocity-shift
implied for thel ;=4 states in'®*1%0s[10], which may be  foil, for any given y-ray transitions of osmium nuclei. The
initial recoil velocity was determined from the comparison
between the shifted and zero-shiftgeray energies. The lat-
*Present address: Clark University, Worcester, MA 01610. ter was measured separately using=41.3 mg/cm thick
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FIG. 1. Partial level schemes and theay transitions observed
in this work for ¥81%0s. Level energies are in keV.

nickel foil in place of the velocity-shift foil to fully stop the

recoiling osmium nuclei. The recoil distance measurements

were made at six distances, varying from 10 to 3ifn,
between the target and the velocity-shifter foil. In addition,

measurements also were made at three large distances b

tween 2000 and 800Qwm. The distance was adjusted by

moving the target foil through the contraction and expansion
of a series of piezoelectrical crystals controlled by a Burleigh
6000ULN unit. During the measurement, the distance was3g

kept constant to better than 3% by a feedback system tc3 4¢?
continuously monitor the capacitance of the target-foil paral-

lel system against the preset va[ud]. The distance calibra-

tion was made by measuring the capacitance of the target
foil parallel system against a micrometer reading. The
capacitance is inversely proportional to its separation at dis-

tances sufficiently small relative to the dimensions of the foil
surface.

The partial level schemes fdf®1%Qs pertaining to this
work are shown in Fig. 1. States with spin up to"16f the
ground-state band,6of the K=2, y-vibrational band, and
4% of the K=4, suggested two-phonop-vibrational band

were populated by Coulomb excitation for both osmium iso-

topes. The data from the 0° clover detector were used ta
determine the lifetimes using the method described in the
following paragraph. Examples of theray spectra for three

014307-

E (keV)

FIG. 2. They-ray spectra of*®%s from the clover detector at
0°, the beam direction. The fast and slow components for each
y-ray transition are indicated by the thick lines and their relative
intensities variations from one distance to another are visible.
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FIG. 3. The same as in Fig. 2 but f8?%0s.
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FIG. 4. The ratio of the slow component to
+ E the total, slowtfast, as a function of distance be-
401 F . tween the target and the velocity-shift foil for
I ] 1880s. These data have been corrected for the
&, ] feeding and other effects mentioned in the text.
The best fit to the data are shown as the solid
lines with the extracted lifetimes listed in Table I.

Rooat

188
Os

ootb—r 1t . 00 —
0 100 200 300 0 100 200 300

Distance [um)]

different distances are shown in Figs. 2 and 3 f&#1°0s, get and the velocity-shifter foil and is the initial recoil
respectively. velocity. A modified version16,17 of the codeORACLE

In the recoil distance method, the lifetime is determined[ 18] was used to extract the lifetimes. It takes into account
from the intensity ratid? of the slow component to the total, the feeding to the level of interest, which is calculated ini-
that is, the slow component plus the fast component. To @ally using the electromagnetic matrix elements from the
first-order approximatiorRR is related to the mean lifetime  Coulomb excitation experimentg3], the different solid
by R=exp(—d/v7), whered is the distance between the tar- angles, the detection efficiency of the slow and fast compo-

TABLE I. Comparison of the mean lifetimes and tB€E2) values of excited states determined from
both the Coulomb excitation work cited in Rg8] (Coulex and the direct lifetime measurement of this work

for 18%0s.
State Transition E, Texp (PS) B(E2)(e? b?)
(keV)
Coulex this work Coulex this work

27 2 — of 155.0 100113) 930140 0.5026) 0.54081)
ar 47— 2f 322.9 28.05) 25.514) 0.77615) 0.85347)
6, 6/ — 47 462.3 4.4811) 4.2524) 0.84320) 0.88850)
8, 85— 6/ 574.5 1.398) 1.278) 0.92751) 1.01(6)
25 (K=2) 9.47(22) 13.615) 2

25— 0f 633.0 0.046717) 0.032536)

25— 2f 478.0 0.15() 0.10411)
47 (K=2) 9.16(32) 8.6976) P

4;— 27 810.0 0.008) 0.009410)

45— 47 487.1 0.1347) 0.14014)

4;— 25 332.0 0.35228) 0.37144)
47 (K=4) 4.7753) 5.6(12) ¢

47— 2f 1124.0 0.001(®) 0.00146)

4;— 25 646.0 0.076674) 0.06515)

47— 37 489.0 0.15244) 0.12947)

4; — 45 314.0 0.29%6) 0.25559)

%rom the Z —0; transition.
bFrom the 4 —2; transition.
°From the 4 —2, transition.
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FIG. 5. The same as in Fig. 4 but fd?%0s
and the extracted lifetimes are listed in Table Il

nents for a giveny-ray transition, and the deorientation ef- influence on the extracted lifetime in the modified code, is
fect. Iterations were followed until convergence wasdiscussed in Ref$17,19. Other major changes in the modi-
achieved by changing the feeding according to the set ofied code are(1l) the Bateman equations for handling the
electromagnetic matrix elements derived from the extractedingle cascade feeding are replaced by a numerical method
lifetimes. The treatment of the deorientation effect, and itshat tracks the populations of excited states as a function of

TABLE Il. The same as Table | but fo?*®Os.

State Transition E, Texp (PS) B(E2)(e?b?)
(keV)
Coulex this work Coulex this work

27 2 — of 186.7 54214) 540(36) 0.46812) 0.47G31)
a7 45— 27 361.1 20.414) 18.410) 0.62342) 0.691(38)
6, 65— 4, 502.5 3.6916) 3.4020) 0.67929) 0.737143)
87 8/ — 67 616.3 1.126) 1.0214) 0.81444) 0.8912
25 (K=2) 21.28) 22.020)2

25— 0F 557.9 0.039415) 0.038039)

25— 27 371.2 0.22716) 0.21925)
47 (K=2) 9.8932 11.29)°

a4y — 27 768.6 0.004562) 0.0040843)

45— 4f 407.5 0.22014) 0.20421)

4;— 25 397.4 0.38017) 0.34632)
6, (K=2) 3.1237) 4.01(36)

61— 4] 926.3 0.00222) 0.002318)

6, — 6, 423.8 0.23854) 0.18545)

6, — 4, 518.8 0.52(64) 0.40561)
47 (K=4) 9.0(12) 12.423 ¢

4;— 27 976.4 0.0003@®) 0.0002@7)

4;— 25 605.2 0.065@86) 0.04811)

4; — 37 407.1 0.26786) 0.19472)

45— 45 207.8 0.28139) 0.20447)

8 rom the 3 —0; transition.7=22.2(45) ps from the 2—2; transition.
PFrom the 4 — 25 transition.r=13.6(24) ps from the #—2; transition.
°From the  —4, transition.
dFrom the 4 —2; transition.
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time from time zero for every 1/100 ps step a2y multiple a5
decay paths allow handling of more than one decay branct
for the excited states.

The 8%0s data, corrected for the feeding and the effects
mentioned above, are shown in Fig. 4 as a function of target-§ | ' %0g
shifter separation distanaktogether with the best fit indi- § o * ]
cated by the straight lines. The extracted lifetimes, and the§y = | -----—=9--——————- - fammone._.
comparison with those inferred from the electromagnetic ma-§ I
trix elements measured by the Coulomb excitation experi-3 ,, [ **0s
ments, are listed in Table I. The internal conversion coeffi- i -
cients, used to derive the lifetimes from the matrix elements,
were determined with the tables listed in Rgf0]. The in- 05 - 1 -
dividual matrix elements, derived from the measured life- i
times and the known branching ratios, also are listed in Table i
|. The same are shown fdP%Os in Fig. 5 and listed in Table 00, | I
Il. Except for the 2 and 4" states of they band in **®s, ' Ev s/ Esc '
where the lifetimes were determined from two decay
branches, the lifetimes for other members of khe 2 and 4 FIG. 6. Ratios of the intrinsic quadrupole matrix element of the
bands were determined by only one decay branch becaudo-phonon excitation to the one-phonon excitation plotted vs the
the other branches were either too weak or were contamiatios of their excitation energies. The intrinsic quadrupole matrix
nated by other transitions. For the same reasons it was n§tements were derived from the measured interband electromag-
possible to determine the lifetime for the’ Gtate of they ne_tlc matrix gler_ne_nts aft_er correcting the_coupllng between the ro-
band in 18%0s for the present experiment. The accuracy fortatlonal and |ntr|n§|c _motlons. The open circles are the results from
the extracted lifetimes typically is better than 10%, which jgthe Coulomb excitation measurement and the filled ones are the

; . : . . results from the lifetime measurement. The dashed line is the har-
consistent with the quality of earlier work with the Rochester ™" ibration limit for the two-ohonon relative to the one-ohonon
lunger[17,19. These extracted lifetimes are in good agree—momc vibration . P P
piunger . ) . ~ strength. The double-sided arrow marked 10s shows the range
ment with those independently determined by the differential | ., s determined by a three-band mixing calculatiground
decay-curve methof1,22 on the same set of data for all statey andK =4 bands.
three Ge detector angl¢23].

Measurements of Coulomb excitation yields, induced by
heavy-ion beam, are a powerful probe of electromagneti¢ransition region reflecting the importance of thelegree of
matrix elements for low-lying collective bands in nuclei. The freedom. This provides an opportunity to address issues re-
analysis of such data involves a global least squares fit of thigted to this collective degree of freedom, such as the
relative signs and magnitudes of many electromagnetic m&softness and the two-phonaenvibration. The measurement
trix elements to a large data set using the Coulomb excitatioff the electromagnetic matrix elements to théand or the
search codeosia [24]. Direct lifetime measurements, using one-phonony vibration, is generally a measure of the central
the recoil distance method, for many states'fPd [19],  value of they degree of freedom. To measure thsoftness,
148\ d [25], 1%°Ho [26], 1%%Er [27], 8% [28], and 182184y  that is variance, one has to measure the electromagnetic ma-
[29] have been found to be in good agreement with lifetimedrix elements at least to the two-phonon excitatie@—34.
derived from the electromagnetic matrix elements extracted he identification of the =4, state as the two-phonop
from the analysis of Coulomb excitation yield data. This factvibration is strongly supported by the enhan®&{d&?2) val-
provides convincing support for the reliability and accuracyues, which range up to 47 Weisskopf uniisW.u.=0.0064
of the Coulomb excitation yield analysis technique. Simi-e?b?), measured by Coulomb excitation for the transition to
larly, the agreement between the Coulomb excitation yieldhe 4% of the y band in*®%0s, the inhibitedB(E2) values to
and recoil distance lifetime measurements for the preserihe ground band which are 200 to 1000 times weaker, the
work, shown in Tables I and I, is generally within 10—20 % positive static moment of thef=4, state[3], and the al-
for 14 states, supporting the conclusions on the collectivgnost harmonic excitation energig¢4,2]. Comparisons of
characters of the investigated states made in RB3f.Note  theseE2 matrix elements directly to collective model pre-
that pureE2 transitions were assumed for the decay of thedictions, or variances determined by using the rotational-
| =4, state while th€E2/M 1 mixing ratios for the decay of invariant techniqu¢32,33, both imply the importance of the
the y band members were measuf&d. The present recoil y-soft degree of freedom.
distance lifetime measurements for t{e=4, states of in- To ascertain the purity of the two-phonopvibration
terest are about 20% longer than implied by the earlier Coueonfiguration in thd ;=4, state, one has to study the elec-
lomb excitation study for both nuclei. There is a significanttromagnetic properties in the intrinsic frame because the in-
disagreement for the second Xtate in ¥80s, where the terpretation of the interband matrix elements invokes a
directly measured lifetime is-44% longer than that derived strong coupling between the rotational and intrinsic motions.
from all the early Coulomb excitation worl80,31,3. It is  The intrinsic matrix elements for the phonon strengths can be
still unclear what is the reason for this discrepancy. derived after removing the effects of that couplir. Ra-

The osmium nuclei are located in a prolate to oblate shaptos of the intrinsic quadrupole matrix element of the two-

‘
188,
_Os

I 188 7
2.0 - Os _

>

(K=4/E2|
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phonon excitation to the one-phonon excitation vs ratios otwo-quasiproton configuration, but seem to be incompatible
their excitation energies, deduced from both the lifetime andvith the strength inferred from the,) reaction strengths
Coulomb excitation yield analyses, are shown in Fig. 6 for[10].

the osmium isotopes. Within the experimental uncertainties, In summary, lifetime measurements for the low-lying col-

all ratios of the intrinsicE2 matrix elements are consistent lective states in'®®**Os have been performed using the re-
with a two-y-phonon interpretation for the lowest-lyirg coil distance method. The measured lifetimes confirmBRe
— 4] states in86:1881901%)s Upper limits for the deviation properties derived from prior heavy-ion induced Coulomb

from the harmonic two-phonon-vibration strength, from excitation experiments. Both the Coulomb excitation yield

both sets of results, imply that admixtures of components‘and the recqll d|§tance lifetime measgrements unambigu-
other than two-phonory-vibration component must be no ously determine highly enhancé&® transition strengths be-

mT_ 2+
more than~25% in the wave functions of thef =4, states tween thel =4, band heads and the onephonon bands.
in these osmium nuclei. This is only half of the admixture-rh("\Se results u_nply that the two-ph(_)ntpn/lbratlon+comp0-
implied by an analysis oft(«) reaction strengthfl0], as- nent must domln{;\te the wave functions .Of the- 4, states
suming that all of the admixture is attributed to the M ©Smium nuclei, which is somewhat in conflict with the
5/2°[402]+ 3/27[402] two-quasiproton configuration. The structure implied by light-ion transfer reactions.
present work confirms the strong enhan@&{&?2) collectiv- We express our thanks to the WNSL accelerator staff for
ity, the branching ratios, and the excitation energies, all otheir excellent performance. The work at Rochester was sup-
which are consistent with a large two-phongrvibration  ported by U.S. NSF, at Yale by the U.S. DOE under Grant
component in the structure of thg=4, states. We stress No. DOEF-FG02-91ER-40609 as well as by the German
that these results are not inconsistent with weak admixtureBFG under Grant No. Pi393/1-1, and at Clark by the U.S.
of hexadecapole excitations, or the 5/202]+3/2°[402]  DOE under Grant No. DE-FG02-88ER-40417.
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