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Using the GRID method the lifetimes of 12 states belonging to four negative parity bartf@&mwere
measured at the high flux reactor of the Institut Laue-LangéNih). For K™=0; andK"=2; bands the
absoluteE1 transitions are in agreement with those obtained within the framework stifttBA-1 model and
their octupole vibrational character is confirmed.

PACS numbgs): 21.10.Tg, 21.60.Ev, 27.784, 24.10.Pa

. INTRODUCTION core where a neutron flux of>610" ncm 257! is avail-
able. Results obtained during the two earlier experiments

A complete set of lifetimes of nuclear excited states be{3,4] on negative parity states were also reanalyzed.
low 2.2 MeV in a well-deformed nucleus could form a
unique database for the study of nuclear structure. A good
candidate for such a nucleusi&€r, one of the best known A. The GRID technique
deformed nUCIei. DaVidSCﬂt al[l] were able to |dent|fy the After the Capture of a thermal neutron Coming from the
bandheads of 20 rotational bands by using in a systematigeactor, the newly formed nucleus is in an highly excited
way the different techniques developed for thie ) reac-  state close to the neutron separation energy. This nucleus
tion in combination with transfer reaction data. The developyj|| deexcite mostly by a cascade gfrays. The emission of
ment of they-ray induced Dopple(GRID) broadening tech-  each y ray induces a small but significant recoil to the
nigue afterwards gave access to the Iifetimes of stategycleus. The subsequently emittedrays will be Doppler
populated after neutron captuf2]. In two previous GRID  proadened rather than shifted as the directions of the initial
experiments ort®*r the double gamma vibratidB] and the  recoils are uniformly distributed. Because the recoils are
nature of theK™=0" bands[4] have been studied. In a yery small,y/c< 104, extreme precision in the detection of
continuation of our prior work several loK-bands were the y line profile is needed. The sole instruments able to
inVEStigatEd. They could be candidates for rotational bandﬁ']easure such a small broadening are two-axis flat Crysta|
built on the octupole vibration. spectrometers like GAMSED].

Low-lying octupole states it®*Er have been first studied  The experimental data measured by the instrument consist
by Neergard and Vog¢b] and next by Cottle and Zamfi]  of the line shape of & ray. Figure 1 shows the line shape
who compared excitation energies aBgE3) values with  profiles for selected transitions. Two major effects combine
those given in the interacting boson approximatitlBA).  to form this line shape, the instrument response and the Dop-
Photon scattering experimeritg] provided transition prob- pler broadening. The first is described by the convolution of
abilities of J7=1* states, which were compared to the the line shape following from the dynamical diffraction
quasiparticle-phonon nuclear mod&@PNM) [8]). theory [10] and the small Gaussian spread, called excess
width, related to imperfections of the spectrometer. The sec-
ond depends on the following five effects: the temperature of
the target, the decay pattern of the nucleus, the lifetimes of

The experiments were performed in two dedicated runs aall intermediate levels encountered in the cascades that popu-
the high flux reactor of the Institut Laue-LangewiiL ) in late the level of interest, the slowing-down of the recoiling
Grenoble. The target consisted of natural erbium in the forrmucleus, and the lifetime of the level of interest.
of Er,O5 powder with its abundance of 23% M'Er. It was Provided that all phenomena underlying the Doppler
placed at the in-pile position 50 cm away from the reactorbroadening are under contr[®], it is evident that the life-

IIl. THE MEASUREMENTS AND THEIR RESULTS
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FIG. 1. Line shape of selected transitions measured with the GAMS4 spectrometer. The solid line is the fiy-o&yherofile, the
dash-dotted line corresponds to the instrumental response.

time 7 can be extracted from the measured line shape. Thiation of these specified levels are not assumed to contribute
major uncertainty in extracting lifetimes is not due directly toto Doppler broadening of & line under the study.
the measurement itself, but is related to the quantitative de- With these assumptions one can predict the nuclear veloc-
scription of these phenomena. ity distribution at the moment when the level of interest is
Because the complete-decay scheme as well as the life- populated. Knowing this distribution, the slowing down of
times of intermediate levels are experimentally unknown onghe atom is then treated in the framework of mean free-path
has to base the analysis either on extreme feeding assumgpproacMEPA) to predict the corresponding line shape as
tlgns or on a statistical _depay calculation. The. first approachyiscussed in Ref.2]. Comparing these line shapes with the
gives upper and lower limits on of the level of interest. To  ghserved profile the lower and upper limits are in turn esti-
extract these limits from the measured line shape, all known ;o
feeding transitions — primaries and usually several distinct
secondaries — are taken into account. By inspecting the
population-depopulation balance for the level of interest the
missing populating intensity is estimated. The upper limit of In the second approach the lifetime estimates were de-
7 is based on the assumption that the missing intensity comediced with the aid ojoint simulationsof both participating
entirely from the capturing state via a sole primary transitionphenomena, specifically cascades that are responsible for
In this case the decaying nucleus is assumed to receive tiiee nuclear recoils, as well as slowing-down of the de-
highest possible recoil velocity from unobserved transitionsexciting nucleus due to atomic collisions. These simulations
To get the lower limit, the missing intensity is attributed to were performed to cover the time interval initiated by the
hypothetical levels situated above the assumed excitation eemission of a primary ray and ending at the moment of the
ergy where the level scheme is considered to become inconglepopulation of the level of interest.
plete as described in Refll]. For extracting both these Assuming the validity of the statistical model of the
extreme limits ofr, all levels are assumed to be long lived, nucleus and the paradigm of the photon strength functions
including the levels with known level energy and decay pat{PSF$ the algorithmpiceBox [12,13 is used to generate
tern. This implies that recoils occurring prior to the depopu-cascades by the Monte Carlo method. With this algorithm a

B. Statistical simulation of y-ray cascades
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full set of level energies, branching intensities and total ra- TABLE I. Instrumental response for the different runs.
diation widths is generated using the technique of precursors;

as explained in Ref12]. This set, called hereafter a nuclear Run ~ Date  Excess Thermal Transitions

realization, characterizes decay properties of a complete width  velocity measured

level system. It is understood that there exists an infinite [marcse¢ [m/sed [keV]

number of nuclear realizations, one of them being identical 71990  6.21) 311(11) 1942 7

\(/jvith thde real nuclzus(.j Having a ;‘]ixed nuclear realization, in—2 4'1995 13' @  32524) 1706.4
ependent cascade decays of the neutron capturing state are ’ . i

repeatedly simulated with the algorithonceBOX. Each such 3 é'iggg Z'g 25%‘3 79833’3372'774'{182; 3'91(‘)1(?49'8

trial yields energies of the individual rays of a given cas-
cade. Knowing the total radiation widths of the intermediate
levels involved, emission times of the individugdrays of
each cascade are easily calculated. The interval between any
pair of successive emissions is considered to be a quantity
drawn at random from the corresponding exponential distri- As has been mentioned above the temperature of the tar-
bution, whose lifetime parameter is uniquely determined byget material contributes also to the broadening of the line
the total radiation width of an encountered intermediateprofile. This was determined in the usual manr&iby mea-
level. In total 20 nuclear realizations have been simulatecguring the broadening of @ transition depopulating a long-
and for each of them 50 000 cascades were produced. lived state. The instrumental response — given by dynamical
The semiempirical expression for the PSHdf radiation  diffraction theory folded with a tiny Gaussian spread called
proposed in Ref[14] was adopted for these simulations. In excess width — was deduced from nondispersive scans. The
acceptable agreement with the systematics in Réf| val-  values obtained are given in Table | for the different runs.
uesko,=3 andE,,=4.5 MeV for parameters entering this More details concerning these procedures may be inferred
expression were chosen. In the casevtf radiation it was from Ref.[2].
assumed that the photon strength comes from the scissors The measured line profiles including the contribution
and spin-flip resonances. In conformity with the NRF datafrom the instrumental response and thermal width are shown
[7] and with the data on the excited-state scissors resonancés, Fig. 1 for selected transitions, while Fig. 2 shows the
see Refs[16,17, the integrated scissors-resonance strengtiscans of they? surface as a function of the lifetime. The
was taken to b&B(M1)] =4.1 u for the y-ray energy resulting lifetime corresponds to the minimum of the func-
interval of 2—4 MeV, while in the case of the spin-flip reso- tion interpolating the curve, whereas the errors are given by
nance we assumed a total integrated strengtB BfM 1) the values forr at x2,,+1. When the form of the interpolat-
=115 u?. Concerning E2 radiation, an energy- ing function is parabolic the errors are quasisymmetric.
independent photon strengthlaf,=1x101° MeV~° was The lifetimes have been extracted with both approaches,
postulated. The level density was described by the Beth®IFPA with extreme limit assumptions and FFPA using
formula. As shown in Ref.13], careful selection of the mod- simulations of they-ray cascades; they are given in Table II
els for PSFs and the level density is crucial for achieving dogether with the deduce8(E1;J;— J;) values. Of the life-
minimum bias in estimating lifetimes of short-lived levels times measured in this work, ortthe 1786.1 keV levelcan
with 7<100 fs. be compared with the result from another experiment, i.e.,
In the above-mentioned joint simulations the atomic col-the nuclear resonance fluoresceW&F) measurement. Us-
lisions responsible for slowing-down are treated in theing the FFPA description a longer lifetime is found. Never-
framework of the fluctuating free path approa@FPA) theless, in view of the relatively large uncertainties these
[13]. Most of the assumptions on which the FFPA is based/alues are not inconsistent.
are identical to those of MFPA. The differences between the In addition to the data on the negative-parity bands the
approaches are as followé) the path between collisions data from two previous measuremefs4] on theK7=4"
within FFPA is considered to be a random realization of andouble band andK"=0" bands were reanalyzésee lines
exponential distribution, whose average is adjusted to th& and 3 in Table IlJ using the FFPA and theICEBOX Simu-
mean free pattat a given velocity(ii) in the case of FFPA lations. Thex? plot for the decay of the KZ:0+ state is
the thermal motion of atoms in the sample is taken into acgiven in Fig. 2. 2
count during the whole process of emission and atomic
collisions, affecting in this way t_he mean free path_, While in . COMPARISON WITH CALCULATIONS
the case of MFPA the contribution of thermal motion is ap-
plied only after the moment when the slowing-down atom An octupole vibration about a spherical shape creates an
reaches the thermal velocity, aifiil) in FFPA the relative excited state witld”=3". In deformed nuclei this octupole
energy losses during atomic collisions are considered to bstate is split into four intrinsic states withK™
variable. It should be stated that the FFPA yields — in the=0",1",27,37, K being the absolute value of the projection
case of the same feeding pattern — lifetime values are resf the octupole phonon angular momentum on the symmetry
duced compared to those from statistical calculations usingxis of the nucleus. On each of these states, a rotational band
the MFPA, being in agreement with results from other meth4s built. The candidates for such a structure ffEr are
ods(DSAM, RMD), see Ref[18]. shown in Fig. 3. The uncertainties in the assignment of the

980.0,1892.6,1921.1

C. Experimental results
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FIG. 2. x? plots for the different measureg rays as a function of the lifetime. The gray areas represent the regions below thecone-

limit.
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TABLE Il. Experimental and calculated absolB¢E1) strengths.

Level Lifetime [fs] B(E1;J;—J;) [mW.u]
K™ 37 Ey[keV] E,[keV]?®  7eepp® Toxt® Tt © Jr Exp.f Calc. Eq [keV]
SDF  QPNMY SDF QPNM9
0, 1 1786.1 1706.37 19.4° 33 <137 56 0;  1.1312° 0881 294 1807 1850
25 197°2° 1645
3~ 19139 1649.77 <15.8 7-69 27 034-33" 1057 1893
4}  057-56 1.137
5°  2185.1 192111  64'35 14-228 47 0433 00982 2094
6;  0.3523 0698
1; 1 13589  1279.127 =7000 0; <0.0054 0.013 098 1259 1300
27 <0.0153 0.067
2,y  <0.0021 0.035
37 14315 59100 27 0.0011 0.181 1380
4t 0.0017  0.282
37 0.0001  0.002
1, 1 19366 34610) 0  0.1083 0008 0233 2178 1920
27 0.020% 0052
2 19723 1892.63 186'3;°  95-570 27 0137'%  0.006 2218
2, 0134% 0.033
3; 0471°%3 0.000
37 20223 1942.69  152'3% <458 27 02158 0045 2379
47 00823 0121
4~ 2097.6 979.996  306'% <560 47 00631 0.014 2422
37 01533 0.054
4; 004738 0.042
57 0326 0012
2, 27 15695 748.281  626"137  415-1166 2, 00060} 0.010 1616
2, 081518 0.988
37 049319 0.469
3~ 16335 737.686  504'1%3 239-1181 2,  0.397°5° 0.339 1700
37 063118 0583
4;  0.65213 0.639
3], 3~ 15416 115100 25 0.021 -
37 0.009
af 0.010
3, 3~ 18281 932.269 118035 750-2890 25 00293
3, 0159
47 0.140°%%
4~ 18929 798.890  255'35  47-441 37 0.022a20)
5/ 0.0302298
5-  1983.0 790.001 41433 <1069 6, 0.0377%

#Transition measured for the corresponding level.
b_ifetime determined usingicesox [12] simulations for unknown feeding and FFPA for atomic collisions.
‘Lifetime determined using extreme assumptions for the unknown fe¢dlijg

dB(E1) values calculated using,, because of nonconvergence gfp, in the fit.

€Lifetime taken from Ref[19].
fComputed withrep, and branching ratios taken from RéL].
9%values calculated in the quasiparticle-phonon nuclear m@eENM) (Ref. [8]).

K™=1" and K™=3~ bands as octupole vibrational come functions; this can be done considering the electromagnetic
from the observation of significant two-quasiparticle strengthtransition probabilities.

to the lower levels in single-neutron stripping reactip2g]. The negative parity states can be described in the IBA-1
In order to settle the question of the structure of these bandsnodel[21] by adding a singlé boson withL =3 to the usual

it is necessary to get information of the structure of the waved boson model spad@2,23. Thesdf Hamiltonian is

034313-5
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TABLE Ill. Comparison between lifetimes extracted with FFPA ~ TABLE IV. Comparison between experiment&(E3;O§_s_

and previous approaches. —37) values(from Ref.[25]) with SDF-IBA-1.
Ik E, [keV]? 74u[fs]®  Ref. Teepalfs] T [fS]¢ K7 EexdJ7=3") [keV] B(E3;04,—37) [e*b’]
. Exp. Calc. Exp. Calc.
1, 1706.37 22.7°125 Thiswork 10.4'132  5.06) xp & xp &
24r s 101219 2000°%G00  [4]  3700°3%60° 1; 1431 1380 0.046) 0.051
43, ° 123476 440°% [3] 470732 320(16) 27 1633 1700 0.058) 0.035
0; 1913 1893 0.02®) 0.015
:‘rraqsi‘Fion measureq for the correspon.ding level. . 1, 2022 2379 0.003
Statistical model using MFPA to describe the slowing down.
o
Lifetime taken from Ref[19]. 3; 1541 0.0081)
a 3, 1828 0.007)
where the different terms were proposed[@24]. For the 34 2323 0.0182)
calculation of energies we used the same parameters as thcke 2337°
used in Ref[6]. The results are discussed in the next para3~ 2253 0.000

graph. TheE1l transition rates were calculated using the op
erator TEY defined in Ref.[6] with the same parameters

with the exception of the effective charge for which we . L .
adopted the vzluel:0.136 e fm, half thegvalue used in [25]. The very small value predicted by IBA, which is obvi-

Ref. [6] ously a collective model, indicates that a sm&(IE3;0, .
Lo —37) value is not always an argument for lack of collectiv-
ity. In the present case, th€™=1, band and, as will be seen

&Taken from Ref[26].

The agreement of the calculat&{E1) values with the
data is very goodsee Table i for the K™=0; and K~ i 3 N i
=2, bands. This fact is in line with the octupole vibrational " the next section th&”=3, band, are octupole excita-
interpretation of these 2 bands. In the case of Kife=1; tions based on the band and not on the ground state. This

TN L e
and K*=1, bands the overall agreement is rather poor.S'tuatlon is reminiscent of the case for th€=0, band

However, Table Il shows that most experimental and calcuyVh'Ch’ in the I.BA.’ has strong3(E2) values to they band
ut nearly vanishing ones to the ground band: it is a collec-

latedB(E1) values from these bands, at least to the groun(? .
band, are much smaller than those from #&=0; and ive band, but collectively related to the band not the

" round band.
K™=2, bands. Therefore, these transitions presumably pro(‘El .

ceed by noncollective amplitudes and one would not expect
good agreement from a collective model such as the IBA.
We do note, however, that th€™=1, band is very well IV. DISCUSSION

reproduced in the QPNM calculations, both in energy and .

o(E1) valusisee Tale Il norder (0 see the degree of T'eBED deconims v st e
llectivity of diff t octupole bands, in Tabl 1 1

COTeCtVIty OF CITISTEN’ OCtUpOle bands, We compare In °a ebased on the ground state. TBEE3) data show that the

IV the experimentaB(E3;04s—3") values from Ref[25] "—1- band has th h he situati ith th
with the IBA results using thd (E3) operator defined in Kw_li an ast € same ¢ _aracter. The S|tuat|_on wit t_e
Ref. [6] (e3=0.076 eb® y,=0.76). The calculated =3~ bands is more complicated. There are five experi-
B(E3) values agree very well with the data fd¢™ mentalK™=3" bands at 1541, 1828, 1999, 2323, and 2337

1 o ; keV and the lowesK™=3" band predicted by the IBA

=1,,2,,0; . The IBA model predicts a very small value for . '

B(E3;Og.s.—>3;n:r), in agreement with the fact that this model is at 2253 ke\(see Table IV. For the first three the
2

experimentalB(E3;0ys—3") values are very small. The
state was not observed in the inelastic scattering experimeiBA model predicts an extremely smalB(E3;04

Kn= 0 Kn= 1 Kn= 27 Kn= 3 {5)- 25137 (5)- 25266
(@) 24024 4 24118
& 23320 3. 23230 211
5 21851 L2100 5 22004
21203

50976 6 20913 4 20893

FIG. 3. Candidates for rota-

i o

20223 5 19830 319992 i .
310139 BRI e L1%08 T tional bands built on the octupole
3 > 18281 vibration.

117884 (7-) 17953 > 18205 & 18200

(6)- 1760.8 417192 5 1708.0

5 15744 g :ggg L 16153

i K - . 3 15415

4 15417 x

% EglkeV]

3 14M4______ Legend: -—ec?®”

2. 14037 ——=

z p—
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TABLE V. The IBA E3 squared reduced matrix elements. Eexc[MeV] %ge
=91
K™  EedJd™=57) [keV] (th) M(E3;2"—57)% [e?b®] 25 | KLL
2y (gs)  2; (yband
17 1598 0.125 0.003 ol . K=0,
27 1945 0.047 0.009 '
0; 2094 0.042 0.001 K%'
1.5+
1, 2698 0.004 0.025 v v
3; 2487 0.000 0.047 J=23
1.0 +
v

- . T ot
—3,._5-) value, as well. However, the existing data do not =24
1

permit one to identify which experimental3_, state cor- FIG. 4. Largest theoreticd8(E3;5~—2;") strength to the 2

_ _ . i i i 88Er in the
responds to _in the IBA. Moreover, the IBA predic- and 2{ states from various _n_egatlve parity bands_ rin
P §”131 P IBA. In each case, the transition to the other &tate is calculated

tions for theB(E1) values related to thK™=3, band are to be about an order of magnitude weaker.

considerably smaller than the experimenB{E1) values .

corresponding to th&™=3; and 3, bands. The fact that gﬁgféc?gﬁj hence have a two-phon@uadrupole-octupoje
the IBA predictions do not fit these data suggests a noncol- '

lective character of these bands and it is possible that the V. CONCLUSIONS

K7=3" octupole vibrational band is th&€™=3; band or

higher, but there are currently no definitive experimental data The lifetimes of 12 states in four negative parity bands
available. In order to understand better the structure of théK™=0;, 1;, 1, 2;, and ) in ***r were measured
K7™=1, and 3 bands predicted in the IBA model we com- using the GRID method, giving this nucleus one of the best
pare in Table V the squared reduced matrix element&nown sets of negative parity states. The IBA model repro-
M (E3)? calculated for transitions betweer 225 , and 5° duces very well theB(E1) values, the excitation energies
states of different bands. The use of the reduced matrix elednd theB(E3) values for the<"=0; and 2 bands. It fails
ments is prefered because the statistical facthr-d is re-  to reproduce theéB(E1) values related to th&"=1, and
moved, allowing a direct comparison with t}ﬁE:ﬁ;Og*_sl K7™=1, bands. However, the excitation energies and the
—37) values. The corresponding(E3;2"—57) values B(E3) values support the octupole vibrational character of
are shown in Fig. 4. The squared reduced matrix elementéiese bands, based on ground state and atibration, re-

for the transitions from the 2 state to the 5 members of ~spectively. TheB(E1) values related to th&™=3, band

the K"™=0;, 1; , and 2 bands are comparable with the are not reproduced by the model and probably this band does
calculatedB(E3) values from gs to their 3~ membergsee not have a collect|ve_ charac'Eer. The .IBA calcula’qons mdl-
Table IV). The reduced matrix elements for the transitionsCate that the collectivi™=3" band is located higher in
from the 2 state to the same 5states are very small. Thus, €N€'9Y and itis a doublewphorlmuadrupoley + octupolg
these predictions reflect the character of these bands as decitation, similar to th&<”=1, band.

tupole vibrations built on the ground state. However, in the

case of th&K™=1, and 3 bands the situation is reversed: ACKNOWLEDGMENTS

these bands are calculated to have large reduced matrix ele- This work was supported by the Swiss National Science
ments to they band and not to the ground state, indicating Foundation and U.S. DOE under Contract Nos. DE-FG02-
that these two bands are octupole vibrations builtyaribra- ~ 91ER40609 and DE-FG02-88ER40417.
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