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The properties of states iff’Pb populated with ther(n’y) reaction have been studiegkray excitation
functions, angular distributions, and coincidences have been measured, and the lifetimes of many excited states
were determined with the Doppler-shift attenuation method. A sextuplet of states near 3.2 MeV is interpreted
as resulting from weak-coupling of thef ;5 first excited state of®’Pb with the octupole phonon of tH8%b
core. A number ofEl transitions have been identified, and their reduced transition probabilities have been
examined. The properties of low-lying levels #Pb have been studied in the framework of the particle-core
coupling model.

PACS numbdss): 21.10.Re, 21.10.Tg, 23.20g, 25.40.Fq

[. INTRODUCTION remaining members of the quartet, knowledge of Eiede-
cays of states formed by coupling a neutron hole or proton

Low-lying collective excitations in odé spherical nuclei  particle to the 3 octupole phonon of%Pb proved impor-
can arise from particle-vibration coupling of particler  tant in identifying candidates for the’2and 4" members of
hole) configurations to the vibrational core of the closed-the quarte{3]. The transition rates o1 decays from col-
shell neighboring even-even nucleus. According to the weaklective excitations in nuclei near closed shells are, therefore,
coupling model, a multiplet of levels with spins and paritiesof considerable current interest; however, the number of ex-
determined by the rules of angular momentum coupling willperimentally determined1 decay rates for such states are
be located at an energy equal to the sum of the single-particlémited.
and the vibrational core statgs]. To a large extent the col- An extensive investigation of’Pb has been performed
lective properties of the levels are determined by the charaawith the (n,n’y) reaction. The primary goals of this work
teristics of the corresponding phonon states in the neighbowwere to provide detailed experimental information about the
ing nucleus. If the phonon state, for example theé 3 low-lying levels of 2°Pb, to locate additional octupole-
octupole-phonon level i"%%b, has an enhanceB(E3)  coupled states if°’Pb, and to obtain information aboktl
value for its decay, the particl@r holephonon coupled ex- transition rates. In addition, the properties of low-lying states
citation in the oddA nucleus will also exhibit enhanceg83  in 2°Pb have been examined within the particle-core cou-
transitions. pling model(PCM).

Examples of phonon excitations coupled to the ground-
state configurations of odd-nuclei are commonplace. The
classic examples of weak-coupled states are the well-known
3~ ®hg, and 3 ®pyj; multiplets in 2°Bi and 2°’Pb, respec- y-ray spectroscopy following the inelastic neutron scatter-
tively. However, even though these are “textbook” ex- ing (INS) reaction was used to study the low-lying, low-spin
amples of weak coupling, the properties of these states afevel structure of?°/Pb. The INS reaction at low energy of-
often not well established. Configurations involving phononsfers unique advantages in studying the low-lying states in
coupled to excited single-particle states are rarer. nuclei. The statistical population of levels via the compound

Recently, a state suggested as tHerBember of the two- nucleus mechanism provides a means for studying states of
phonon octupole quartet if?%Pb was identified by observing varied nuclear structure. Also, the absence of a Coulomb
a cascade of tw&3 transitions from that stafe2]. Because barrier in this reaction permits excitation with low-energy
E1 transitions are expected to dominate the decays of theeutrons, eliminating problems associated with feeding from

higher-lying levels.

The 2°Pb(n,n’y) experiments were performed at the

*Present address: Lawrence Livermore National LaboratoryUniversity of Kentucky 7.0 MV Van de Graaff accelerator.
L-414, P.O. Box 808, Livermore, CA 94550. The 3H(p,n)3He reaction was used for neutron production.
TPresent address: Department of Chemistry, Washington Stai€he proton beam was pulsed with a width of approximately
University, Pullman, WA 99164. 1 ns and a repetition rate of 1.875 MHz. The scattering
*permanent address: Institute for Nuclear Physics and Engineesample consisted of 40.916 g of lead metal, enriched to

ing, Bucharest-Magurele, Romania. 92.78% in?°Pb, in the form of a cylinder with a diameter of

Il. EXPERIMENTAL METHODS AND DATA ANALYSIS
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FIG. 1. y-ray spectrum from thé®”Pb(n,n’y) reaction with o4& S
4-MeV neutrons. Some of the notabjerays are labeled with their 3.0 3.5 4.0 4.5 3.5 4.0 4.5
energies. En (MeV)

1.5 cm and a height of 2.1 cm. For theray singles mea- FIG. 2. Excitation functions of some rays from the

surements, including angular distributions and excitatior?°Pp(n,n’y) reaction.y-ray energies and level energiéhresh-
functions, they rays were detected with a HPGe detector,olds) are indicated.

with a relative efficiency of 52% and an energy resolution

(FWHM) of 2.1 at 1332 keV, locatee1.1 m from the scat- Angular distribution measurements, using 4.0 MeV inci-
tering sample. Time-of-flight gating was employed to reducedent neutrons, included spectra at 12 angles from 39° to
extraneous background events, and Compton suppressia’s5°. The normalized angular distributions coefficieras,
was achieved using an annular BGO shield. A typi€dPb  anda,, can be determined from the Legendre polynomial fits
spectrum acquired under these conditions is shown in Fig. Jof the angular distribution data according to the equation
For all measurements, calibrations for efficiency, energy, and

nonlinearity of the system were performed usiff§Ra and W(0)=1,[1+a,P,(cosh)+a,sP,(cosh)]. @
%6Co sources.

In addition to excitation functions and angular distribu- Comparison of the experimenta} anda, coefficients(see
tions, y-y coincidence measurements with 4.6 MeV incidentTable 1) with statistical model calculation$] can be used
neutrons were performed with four HPGe detectors similar tdo limit the spin assignments. Examples of typical angular
the one described aboyd]. The neutrons were collimated distributions are shown in Fig. 3.
with a Li-loaded pariffin collimator 0.5 m in length, and the = The observed Doppler shifts of thgray energies as a
scattering sample was located 0.75 m from the neutron prdfunction of angle provided a means of level lifetime deter-
duction source. The sample-detector distance was approxmination. The Doppler-shifteg-ray energyE (6) is given
mately 5 cm. Events were recorded whenever taomore by
detectors registered events within a 100 ns window. In the
offline analysis of the data, a more stringent requirement of E,(0,)=Eo[1+ BF(7)cosh,], 2
events within~40 ns and+20 ns of the beam pulse was
placed on the data which were sorted intoka<#k matrix. ~ whereE (6,) is the observedy-ray energy at an anglé,

v-ray thresholds determined from the excitation functionswith respect to the recoil directioftaken to be the direction
measured in 100 keV steps frol,=2.5 to 4.3 MeV, gen- of the incident neutron E, is the unshiftedy-ray energy,
erally allow the identification of the levels from which the and B=v/c with v the recoil velocity. Applying the meth-
rays originate. Examples of these excitations functions aredology described by Belgyet al.[6], the Doppler-shift at-
shown in Fig. 2. From thig~ray threshold information and tenuation method was used to obtain the lifetimes of the
the coincidence relationships, levels apdays were placed observed levels. Examples of Doppler shifts are presented in
in the level scheme. Fig. 4, and Tables | and Il contain a listings of the level
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lifetimes and the=(7) values determined. A portion of the rays of 3181.3, 2612, and 2283.8 keV, with thresholds at 3.2
lifetime results obtained have been reported previo{8ly = MeV, depopulate this level. The energy of the 2612-kgV
The present results extend these earlier measurements. ray is poorly determined as a result of spectral complications
produced by the presence of the strong 2614-kekay of
Il THE 2Pb LEVEL SCHEME ?%%b. Spin assignments of 1/2 or 3/2 are possible from the
angular distribution data.

In this 2°Pb(n,n’y) study, many of the previously  3202.7-keV levelLike the previous level, the population
placed levels and transitiorj§] were observed along with of this level in previous 1f,n’ y) measurements was ques-
several new levels and many newray transitions. By com- tionable[7]. The 2305.0- and 2633.0-key rays deexcite
bining the information obtained from the excitation func- this level, and the 5/2 assignment is favored by the angular
tions, angular distributions, and coincidence measurements,distribution data.
detailed level scheme was constructed. In Table |, the decay 3218.5-keV levelThis level, reported first in Ref3] de-
properties of the observed levels #i’Pb are presented. The cays by a 2648.8-ke\y ray to the first excited state. The
properties of the levels below 3 MeV are well establishedy-ray threshold and the coincidence data support this place-
and will not be discussed further. It is appropriate, howeverment, and a spin of 7/2 is favored by the angular distribution
that we comment on some of the levels above this energy fadata. Figure 5 shows some coincidence gates used in estab-
which new information is available. lishing the placement oj rays for both 3218- and 3176-keV

3175.8-keV levely rays at 2605.6, 1542.3, 835.7, and levels.

447.8 keV originate from this level. The excitation functions  3225.7-keV levelThe 1592.2-keVy ray from this level

of each of thesey rays exhibit thresholds at approximately was reported previoush], but the 2655.3-keV transition to

3.2 MeV. Coincidence gates on the 2605- and 447-keV the first excited state was not. Theray thresholds and co-

rays also support their placements. The 1542-kg\fay  incidence measurements support these placements. The

could not be seen in coincidence with othgrrays as it shape of the excitation functions and the angular distribu-

decays to the 1633-keV isomeric level. The angular distributions favor a spin 11/2 assignment.

tion data limit the spin assignment of this level to 9/2. 3302.8-keV levelThis level and its 1/2 spin-parity had
3181.7-keV levelThe population of this level with the been established; however, only the 3303 transition was ob-

(n,n"y) reaction was questionable in previous wo. v  served8]. Along with the 3303-keV transition, a new 2405-
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keV y-ray branch is also observed.

3384.6-keV leveRecently, the 1044.7-key ray was re-
ported[9] from this state. Along with thigy ray, deexciting
transitions of 656.6 and 1751.1 keV are observed.

3414.2- and 3415.4-keV levelswo levels are observed 3501
near this energy, instead of the single level previously re- 250;
ported at 3414 ke\[7]. Four y rays originate from these 150

levels. The 752.9-, 791.7-, and 1075.6-keVays deexcite a 50
level at 3415.430.04 keV, while the 2844.48-keV ray is
from the 3414.180.08-keV state. Spin arguments also indi- 55,
cate the presence of two levels; the angular distribution of _
the 2844.5-keVy ray is consistent with spins of 3/2, 5/2, and
712 while that of the 752.9-keV ray indicates a higher spin
of 9/2 or 11/2.

3476.3-keV levelln addition to the recently reported
1136.4-keV transition[9], new transitions at 748.4 and
1843.1 keV are observed.

3524.1-keV level.This state, along with 861.6- and

[6))
[@]

Counts per Channe

2954.2-keVy rays, was also reported by Radermacéieal. 0f

[9]. The y-ray angular distributions are consistent with spin
assignments of 5/2or 7/2".
3582.0- and 3584.1-keV level®nly one level close to

these energies has been previously repofddSix y rays 60}

are observed from these two levels. The measured lifetime:
are different for the two levels: 14 fs for the 3582.0-keV
level and 160 fs for the 3584.1-keV state. The angular dis-
tributions for the threey rays from the 3582.0-keV level are
consistent with low sping3/2, 5/2, or 7/2, while those of the

N
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o
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v rays from the 3584.1-keV level indicate spins of 9/2 or  FIG. 5. Coincidence spectra obtained by gating on & two
11/2. panel$, 2606-, and 2649-keVy rays of 2°Pb.
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TABLE |. Summary of level properties iR®Pb.

E, [keV] J7 7 [fs] E, [keV] E¢ J7 Br
0.0 1/2
569.702) 5/2° 569.701) 0.0 12 1.00
897.922) 312" 897.921) 0.0 12 0.9941)
328.151) 569.70 5/2 0.0041)
1633.433) 13/2 1063.741) 569.70 5/2 1.00
2339.883) 7127 1770.192) 569.70 5/2 0.991)
1442.134) 897.92 312 0.021)
2624.113) 5/2* 2054.292) 569.70 5/2 0.181)
1726.232) 897.92 3/2 0.821)
2662.513) 7/2* 2662.25%4) 0.0 112 0.051)
2092.782) 569.70 5/2 0.951)
2727.933) 9/2* 2158.163) 569.72 5/2 0.022)
1094.772) 1633.43 13/2 0.821)
388.242) 2339.88 712 0.161)
3175.754) 9/2 >580 2605.563)° 569.72 5/2 0.341)
1542.372)° 1633.43 13/2 0.31(2)
835.732) 2339.88 712 0.21(1)
447.812)° 2727.93 9/2 0.151)
3181.745) 3/2,1/2 5311 3181.304) 0.0 112 0.341)
2612.041 569.72 5/2
2283.822) 897.92 32 0.661)
3202.6176) 5/2 293 2632.973) 569.72 5/2 0.8705)
2305.034) 897.92 32 0.1305)
3218.466)° 712 5623 2648.7%3) 569.72 5/2 1.00
3225.65%4) 11/2¢ >480 2655.327) 569.72 5/2 0.0806)
1592.272) 1633.43 13/2 0.9206)
3302.717) 1/2* 1178 3302.774) 0.0 12 0.832)
2405.3%8) 897.92 3/2 0.172)
3384.563) 9/2* 11/2" >410 1751.12)° 1633.430 13/2 0.262)
1044.712) 2339.88 712 0.202)
656.622)° 2727.93 9/2 0.541)
3414.188)° 712,512,312 55728 2844.484) 569.72 5/2 1.00
3415.434)° 9/2 230" 5% 1075.637)° 2339.88 712 0.091)
791.662) 2624.11 5/2 0.61(2)
752.922) 2662.51 712 0.302)
3429.904) 9/2,11/2 >630 1796.502)° 1633.43 13/2 0.61(1)
701.883)° 2727.93 9/2 0.391)
3476.313) 9/2 >560 1843.0@)° 1633.43 13/2 0.4409)
1136.422) 2339.88 712 0.3807)
748.402)° 2727.93 9/2 0.1906)
3509.904) 11/2¢ >300 1876.40)° 1633.43 13/2 0.6706)
782.042)° 2727.93 9/2 0.3306)
3524.0%4) 7/2,5/2 230°53° 2954.214)2 569.70 5/2 0.41(1)
861.572)% 2662.51 712 0.591)
3582.0%5)° 712,512,312 145 3012.324)° 569.70 5/2 0.391)
2684.283)° 897.92 312 0.531)
958.61)° 2624.11 712 0.091)
3584.144)° 11/2,9/2 160" 5° 1950.795)° 1633.43 13/2 0.072)
1244.333)° 2339.88 712 0.151)
921.661)° 2662.51 712 0.792)
3620.565) 11/2¢ >350 1987.1R)° 1633.43 13/2 1.00
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TABLE |. (Continued)

E, [keV] J7 7 [fs] E, [keV] E¢ J7 Br
3634.386) 3/2,512 140°89 2736.463)2 897.92 31z 0.801)
1010.663)? 2662.51 712 0.201)
3650.15%5) >450 2016.7®3)° 1633.43 13/2 1.00
3673.883) 9/2,11/2 >380 2040.483)° 1633.43 13/2 1.00
3710.907) 9/2* >170 3141.200)2 569.70 5/2 0.61(1)
1087.583)° 2624.11 5/2 0.241)
1048.905)° 2662.51 712 0.151)
3725.324) 9/2,7/2 >290 1386.165)° 2339.88 712 0.102)
1062.82f 2662.51 712 0.31(3)
998.2(42)° 2727.93 9/2 0.592)
3828.875) 9/2" 11/2* >160 1101.212)° 2727.93 9/2 0.371)
444.312)° 3384.56 11/2,9/2* 0.641)
3869.439) 9/2+ 11/2* >150 2236.0(6)° 1633.43 11/2 1.00
3888.718) 5/2,7/2 180" %° 3318.165)% 569.70 5/2 0.371)
2255.384)° 1633.43 13/2 0.31(1)
1225.973)° 2662.51 712 0.331)
3903.3619) >24 1175.4810)° 2727.93 9/2 1.00
3927.62 3927.62 0.0 172 1.00
4000.005) 110" 220 1375.892)2 2624.11 5/2 1.00
4063.98 >53 1336.128)° 2727.93 9/2 1.00
4088.29 3518.59 569.70 5/2 1.00
4104.04 4104.04 0.0 172 1.00
4127.88 3558.18 569.70 5/2 1.00
4141.05 4141.05 0.0 172 1.00
4192.3 3622% 569.70 5/2 1.00

&This transition was observed initially by Radermacheal. [9].

®_evel reported in Ref[3] or in the present work, for the first time.

“Transition reported for the first time.

dEnergy from level-energy differences; intensity could not obtained due to spectral complications with the
strong 2614-keVy ray of 20%b.

°See text.

Energy from level-energy differences; intensity not exact due to the presence of 10637¢kg\from the
1633.4-keV isomer ofPb.

IV. RESULTS AND DISCUSSION excitation. The 3 ®p;;; coupling is expected to give rise to

The states if%Pb below 2.5 MeV have been described & doublet at-2600 keV, and states at 2624 (5j2and 2662

: . (7/12") keV have been characterizgtb,16 as these excita-
as single-hole states in the doubly magiéPb core[10]. tions. The enhance@3 ground-state transition from the

The properties of these levels are generally well establishe%ez_kev state, initially observed by Radermackeal. [9]
and are not discussed further. lends additional support to the weak-coupling interpretation
o oom of these states.
A. Weak coupling in ““Pb A sextuplet of states (172to 11/2") at ~3200 keV from

The coupling of thehg, (or py2) ground states of°Bi  the 3 ®fg; coupling [15] is anticipated in?Pb. In this
(or 2°P) with the 3~ core excitation, the octupole phonon energy region, levels at 3182-, 3203-, 3226-, and 3303-keV
at 2614-keV in?%Pb, is expected to result in a multiplet of had been reporteld,9]. We have observed additional levels
states at an energy 02600 keV. A septuplet of states in at 3176- and 3218-keV in this study, bringing the total to six
2098j, with spins from 3/2 to 15/2", has long been known levels in this energy region with the spins consistent with the
and is frequently used as a textbook example iIIustrating’S_®ﬂ§,21 coupling picture.
particle-vibration coupling11,12. Although the 15/2 state The presence of these six isolated states at energies near
is somewhat separated from the other members of the sept@-2 MeV, with a small energy splitting, indicates that this is
plet, this deviation can be explained by considering thea clear example of weak coupling. The observation of new
mixed configuration of this statiel3,14]. Weak coupling is  E3 transitions from this multiplet also supports the idea that
also observed irf°Pb, where a neutron hole, instead of ait is indeed a 3 ® 5 coupling. The separation of the 1/2
proton particle as irf°Bi, is coupled to the 3 octupole core  member at 3303-keV from the other members of the sextu-
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TABLE II. Angular distribution coefficients and the attenuation coefficients from?#@b(n,n’ y) reaction.

E'y (keV) az ay F(7) exp Ey (keV) az ay F(7) exp
388.24 —0.183) 0.024) 0.01(36) 1726.23 —-0.153) —0.01(4) 0.236)
444,31 0.424) 0.04(6) 0.0735) 1751.12 0.24) —0.04(5) 0.018)
447.81 0.3%6) 0.108) 0.2737) 1770.19 —0.083) —0.014) 0.356)
596.70 0.183) —0.034) 0.0121) 1796.51 —0.743) 0.065)

656.62 0.38) —0.04(5) 0.0717) 1843.09 0.187) —0.2210) 0.019)
701.88 0.549) 0.0812 0.1029 1876.44 0.48%) 0.026) 0.068)
748.40 —0.115) 0.067) 1950.79 0.2410) 0.1814) 0.14(16)
752.92 0.4%) —0.027) 0.1517) 1987.13 —0.053) —0.025) 0.048)
782.00 —0.804) —0.076) 0.0819 2016.72 0.2¢4) 0.055)

791.66 —0.3511) —0.5017) 0.1020 2040.45 0.28%) —0.016) 0.01(10
835.73 —-0.137) 0.1209) 0.0319) 2054.29 0.224) —0.055) 0.247)
861.57 0.2803) 0.01(4) 0.0914) 2092.78 —-0.173) —0.035) 0.077)
897.92 —0.053) —0.0014) 0.1710 2158.16 0.1110 —0.0515) 0.0511)
921.61 —0.143) —0.035) 0.2211) 2236.00 0.52) 0.0(1) 0.1014)
958.60 0.684) 0.0635) 1.1066) 2255.38 0.587) —0.01(10

998.20 0.383) —0.015) 0.11(12) 2283.82 0.08) —0.0%7) 0.478)
1010.66 0.08L3) —0.3220) 0.26198) 2305.03 -0.074) —0.036) 0.5213)
1044.71 —-0.174) —0.015) 0.0811) 2405.35 -0.179) 0.01(13) 0.84(25)
1048.90 0.4016) 0.0223 2605.56 0.289) —0.14(6) 0.028)
1062.82 —0.023) —0.04(5) 0.0310 2612.04

1075.63 0.380) 0.3327) 0.5442) 2632.97 0.1®8) —0.04(5) 0.647)
1087.58 —0.145) 0.00X70) 0.0817) 2648.75 -0.23) —0.024) 0.457)
1094.77 0.18) —-0.025) 0.028) 2655.32 0.8615) 0.0720

1101.21 0.2(0) —-0.078) 0.01(12) 2662.25 0.56) 0.178) 0.0511)
1136.42 -0.23) —0.045) 0.0410 2684.28 -0.182) —0.0633) 0.7609)
1175.43 0.3211) 0.1614) 0.07159 2736.46 -0.203) —0.065) 0.248)
1225.97 0.38) —0.0210) 0.21(19) 2844.48 0.09) —0.076) 0.451)
1244.33 —0.219) 0.1512 0.30116) 2954.21 -0.174) 0.075) 0.199)
1336.12 0.1812 0.0617) 0.0640) 3012.32 0.1%) —0.037) 0.779)
1375.89 0.28%) 0.026) 0.2912) 3141.20 —0.2413) —0.025) 0.099)
1386.16 —0.5919) 0.0427) 0.0537) 3181.30 —0.075) 0.086) 0.4609)
1442.13 0.38B) —-0.0511) 0.2719) 3302.77 —0.063) —0.4(4) 0.8009)
1542.32 0.202) -0.034) 3318.16 —0.306) 0.1080) 0.2012)
1592.22 —-0.283) —0.014) 0.037)

Transition not resolved from 2614.5-ke??%b y ray.

plet has been attributed to the fact that it contains a signifidecays of other two-phonon octupole excitations, making the
cant (a few percentfragment of the deep-lyings3,, hole  observation oE£3 transitions unlikely. By comparing tHel
state [17]. This contribution is consistent with its strong transition rates from the parti¢leole)-octupole coupled
population in nuclear resonance fluorescence and th&fiast states in?°°Bi (and 2°’Pb), which are expected to be similar
decay to the ground stafé8]. Figure 6 shows the observed to theE1 transitions from the destruction of the two-phonon
transitions from the decay of the proposeds8fs; sextu-  quartet, Yetet al.[3] proposed candidates for thé 2nd 4°
plet in **Pb. The configurations of the lower-lying excita- members of the two-phonon octupole 3Pb. A summary
tions are also indicated. While additional weak-couplingaf the E1 transitions from the octupole-coupled states in
multiplets in *°Pb are expected, their identification becomes207p}, ig presented in Table Ill.
more difficult as the level density increases rapidly in the g4 decays involving only the destruction of the octupole
region near 3.5 MeV. phonon are not possible from the‘%p[,zl doublet; how-

N 20 ever, the fast 1726-ke\E1 transition from the 2624-keV
B. E1 transition strengths and the 2°Pb two-phonon quartet 5/2% state to the 898-keV 372 (Vpgj/zl) state occurs. The

Recently, the lowest-spin member of the two-phonon ocenhanced rate of this decay has been attributed to admixtures

tupole quartet ir°Pb was reported by observing &3-E3  in the wave functions of the initial and final sta{d<].
cascade of transitions from the Gtate at 5241-keV2]. As In principle, the 3/2, 5/2", and 7/2 states of the
noted earlier,E1 transitions are expected to dominate the3™ ®fg,21 sextuplet might be expected to decay to the 570-
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12+ 3303 [17], thus the contribution of an “allowed’;,,— p4» tran-
11/2+ / 3226 sition yields the large3(E1) value.
3@ f. 1 72\ 3218
52 512 /F 3203 C. E3 transitions
3/2+ I\ " I " L
9% ;132 Transition probabilities for exciting the individual states
2op o v pr resulting from the weak coupling between the neutron hole
3- é)/ a7 2662 and the octupole phonon i#%Pb can be approximated by
Pip { s+ 2624 [12]
f/ -1 7/2 v 2340 B[E3n,=0, j—(n=1,j)I]
72
——(2|+1) B(E3,n,=0 =1
2D+ B EIM=0-m=1).
15,71 13/2* v v 1633
Li3p / €)
From this equationE3 strengths for the observed transitions
in 2°Pb can be estimated using the accepted value of 34.0
+0.5 W.u. for theB(E3) of the 2614-keV transition iR°Pb
p3/2‘1 30 _¥ vilvw 898 [20]. With the reported lifetime of 0.950.20 ps for the
2662-keV level[19] and the branching ratio from our work,
£ sp- vy v v F s70 a B(E3) value of 388 W.u. is obtained for the 7/2
52 —1/2" transition, while 34 W.u. is obtained from the above
equation.
By performing the same kind of calculations for the other
Pipt 12 v v 0 observedE3 transitions for which definite experimental life-
times could not be obtained, we can obtain lifetime esti-
207pp mates. For the 2606- and 2655-ké¥esumablyE3) transi-

_ N _ _ _ tions, the calculated level lifetimes are 5.8 and 1.2 ps,
FIG. 6. Low-lying states of*’Pb with their assigned configu- respectively. These values are consistent with the lifetime
rations. limits obtained for the 3176- and 3226-keV states.

keV f; state byE1 transitions that involve the destruction
of the octupole phonon. Because of spectral complications,
the transition rates of only the latter two decays could be In order to examine the accuracy of the description pro-
determined, and they are among the faskssttransitions in ~ vided by the macroscopic phonon picture, we have studied
20’pph. However, the faste&1 transition from the sextuplet, the properties of the low-lying levels ifPb in the frame-

and the fastesEl transitions we observe iR°’Pb, is the Work of the particle-core coupling modéPCM) [21-24.
ground-state decay of the 3303-keV 1/atate. As noted The model space for the odd-mass nucleus consists of single-
earlier, this fast transition has been attributed to the presenderticle states coupled to collective quadrupole and octupole

of a few percent of the totalsg; strength in the initial state Vibrational excitations of the underlying even-even core. In
addition to the “natural” configuration space consisting of

TABLE Ill. E1 transitions from the hole-vibration coupled Collective excitations if°Pb coupled to neutron-hole exci-
states in?Pb. tations, an additional subspace, which accounts for neutron
one-particle, two-hole (f-2h) excitations with the odd par-

E; E, ticle belonging to the sheM=126 have been included. This
[keV] [keV] Jr J7 7 [fs] B(E1) [W.u] latter part of the model space can be approximated to a good
degree by particle excitationdNE&126) coupled to the col-
lective excitations of?°Pb. For each subspace, the Hamil-
tonian includes a single-particle, a collective and an interac-
tion part, and can be written as

D. Particle-core model calculations

2624 2054 5/2 5/2~ 130+50" 4.3+1.4x10°°
2624 1726 5/2 3/27 130507 3.4+1.1x10°4
2662 2093 712 5/2~ 950+200° 3.0+0.6x10 °
3176 836 9/2 712" >600 <1.7x10°*
3182 3181 3/2,1/2" 1/27 5313 55-1.4x10° - .~ - N
3182 2284 3/2,1/2° 3/27 53+13 2.9-0.7x10°* H= EJ: hsl 1)+ é‘é , Heal(M)+Heve, €
3203 2633 5/2 5/2~  29+8  4.5-1.2x10°* '
3218 2649 712 5/2~ 56+x17 2.650.8x10°* with
3302 3302 1/2 1/2° 11+6 5.7+3.1x 1074

3302 2405 1/2 3/2” 11+6 1.4-0.8x10°*

A =g al 3, =] iyt ot
8 rom Ref.[19]. sikl) =€ aj-aj, coll(N) = 1{ Ny o |hens
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+
and s 2*® - s
| == 4Is5p |
) a 12 451 h Ip-2h 3’® L
Hpve=— 2, &, Nr1l T 4r . 1 —3pyp 14
\=23 (r*) S35 Thy,—— =3P31/2 {35
A é) 3t 2801 {—2f5/2 13
~ —_ L - - ,.-1 ]
X 2 (bl (b, 6 BB ag, f 3 >
m== = [ .1 - - - 1
Q 1.5} ligap 3" ® 25,31, {15
i i _parti i itg] M -1 exp.
wh(_are € is the single-particle energy of_a given orb|_taI 1} 3psp 33 12t cale. . 11
(nlj), gl)\ gives the streng.th of the part|cle-V|brat|on cogpllng 051 ol — |32 23 . los
of multipole \, Zw, provides the energy of the vibrational ol 792 a1 e Jo
2" pole phonon(r*) is the mean value of the radial integral 3pin 2;
for the orbitals in the major shelf), is the boson number 28
operator, and/ , a; andb] ,, b, _, are the creation and an- s e

nihilation operators for the fermioni¢single-particle and
bosonic(collective phonon)se><_cnatlon§,1respe_cPvely- N FIG. 7. Selected states with dominarit, 11p-2h (left side), and
All' the neutron-hole orbitals (8>, 2fs5, 3pz3,  hole-phonon configuratiofmiddle and right side An energy cut-
Liza, 2f73, and dhg3) in the shellN=82-126 are consid- off of 3.5 MeV was chosen for theh, 1p-2h, and hole-octupole
ered in the ‘?%Ph subspace,” as well as the neutron-particlephonon states, and of 5 MeV for the quadrupole-coupled states. The
orbitals (g, ligi, 3dss, Ljis, 4Si, 2975, and  dominant configuration of the states is indicated. In the blown-up
3da),) aboveN =126 in the “2°Ph subspace.” The coupling egion, the 3@2fg; and 3 ®3p,;, multiplets are shown in
of the two subspaces is treated in the manner described @feater detail and compared to the experimental data.
Ref. [25].
The dimensionless particle—vibra_tion coupling strengths Ofdiagonal quadrupole-quadrupole  Hamiltonianx,=
multipole X are related to the experimen@(EN) values by  —0.4568 10° MeV fm~* [26], and also of the quadrupole
moments involved, the effects of the quadrupole-quadrupole
_ B (ky(r)) _[B(E)\;O*—ﬁ\)]”2 splitting within the hole-phonon or phonon-phonon multip-
A Jz hoy, A 3/4ereR\) . lets are r_educed _and are typically of the order_of 100 ke_V.
No microscopic structure of the phonons is taken into

The average value of the radial coupling factor at the surfacgccoum' and, consequently, the effects of the Pauli principle

of the nucleugk, (), was estimated to be 40-50 MeV for on thg properties of states of the type phomohole are not
medium heavy and heavy nuclg26], which results in a de.f,rchnbed. Its of the PCM calculati firm indeed th
quite broad interval of possiblg, values. We have therefore € resufts of the FLW caicu a_lonﬁlcon rm in ei €
fixed the best values of the particle-vibration couplingweal.('COUpIIng expectations. The &fs, and 3 @py;
strengths from a careful comparison of the properteter- mult|ple_ts are predicted to be quite pure. qu all the spin
gies and spectroscopic facthisf the calculated and experi- values involved, the octupole hoIe_ conf|gurat|on_ amounts
mental levels of all four odd-mass nuclei adjacenf#Pp, 1© 90% or more of the wave function. We mention that the
The quadrupole coupling strength was found to correspond€€P-lying hole state s, is not included N the model
to weak coupling £,=0.35), and the octupole strength to SPace. Instead, the 172nember of the 3@ f; multiplet, at
intermediate couplingds=1.15). 3303 keV, is predlt_:ted to co_ntaln a small cpmpor(qlm)und
The collective configurations taken into account in the4%) of the 4s,, single-particle configuration, which may
calculations include up to three quadrupole phonons, twgontribute to the observed faBtl transition to the ground
octupole phonons, and one quadrupole-one octupole phonoﬁ‘iate- o )
state. Anharmonicities are considered by allowing for non- We present in Fig. 7 selected results of the calculation.
zero mass quadrupole moments of the quadrupole and octdhe states Wlth domlnant neutron-hole component are shown
pole phonong24,27. This approach leads to quadrupole- 9N the left side of the figure, as well as the I_owest*S_)ﬁate
quadrupole diagonal terms which remove the degeneracy i¥ith neutron g, 1p—2h structure. The higher-lying @
the multiphonon spectrum as well as in the partiotde)- —2h ponflguratlons geperally show more fragmentation. In
phonon multiplets. The quadrupole moments of the singlethe middle part of the figure, the hole-octupole phonon mul-
particle orbitals are calculated using the wave functions obtiplets up to 3.5 MeV are presented. The @3py;,
tained with the Woods-Saxon potential with the parameter8~ ®2fg;, and 3 ®3pg; multiplets are included in this
of Ref.[28]. Themassquadrupole moments of the phonons, energy range and are characteristic of a weak-coupling pic-
deduced from comparison of the properties of the calculatetre. The lowest two hole-quadrupole phonon multiplets
and experimental members of phonenparticle multiplets 2*®3py,; and 2" ®2f_ 3, are finally presented on the right
are found to beQ(2")=—20 fn? for the quadrupole and side. The two hole-octupole multiplets of interest for our
Q(37)=—25 fn? for the octupole phonon. Because of the study are shown in more detail in the expanded portion, and
small magnitude of the coupling constant involved in theare compared to the experimental data. While there are some
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TABLE IV. Calculated and experimental reduc&d transition probabilities from the hole-vibration
coupled states if°Pb. Only the core contribution to the transition probabilities is taken into account in the
calculated values.

E;exp Eicalc E?Xp E{f:alc Eixp B(El)exp B(El)calc
J7 [keV] [keV] Struct. Jf [keV] [keV] Struct. [keV] [W.u.] [W.u]

5/2; 2624 2646 3 Xpy; 5/2; 570 580 fg; 2054 4.3:1.4x10°° 0.54 529x10°°
5/2; 2624 2646 3 Xpy; 3/, 898 888 py; 1726 3.4-1.1x10°* 0.95543x10°°
7/2; 2662 2673 3 Xpys 5/2; 570 580 fg; 2093 3.0:0.6x10°° 0.84'549x107°
3/2; 3182 3234 3" xfy; 12 O 0 pys 3181 551.4x10° 0.8554x10°°
3/2; 3182 3234 3 xfg 3/2; 898 888 py3 2284 2.9-0.7x10° 4 2.00°3%5x10°°
5/2; 3203 3208 3~ xfgy 5/2; 570 580 fg3 2633 4.51.2x10 % 0.527037x10°°
7/2; 3218 3183 3 xfgy 5/2; 570 580 fg; 2649 2.6:0.8x10°* 0.73'53x10°°
1/2f 3302 3217 3 Xfgy 1/2, O 0 py 3302 5731x104 2.17}ix10°°
1/2f 3302 3217 3 xfgy 3/2, 898 888 p,5 2405 1.4:0.8x10 % 0.76"339x10°°

discrepancies between the calculated and experimental lev- The single-particle operator is written as

els, concerning the ordering of the members of the

3~ ®2f,; multiplet, the energy differences generally stay TsdEL)1,=€et Y1u, 9)

well within 100 keV. The deviation of the calculated multip- i ) . i

let from the “parabolic rule” obtained for the diagonal Where the effective chargee is a positive quantity and
quadrupole-quadrupole interactitsee, for example, the dis- depends on the orbitals involved. In the configuration space
cussion of Ref[22] for proton-neutron multiplets, which built from collective excitations in"*b and neutron-hole
also applies for particle-phonon multiplets due to thedif- ~ €Xxcitations, the single-particle1 operator cannot connect
ferent for eachl) interaction of most of the multiplet mem- any of the single-particle orbitals considered. The same is

bers with Ip-2h configurations with the corresponding spin Valid in the configuration space built from collective excita-
and parity. tions in 2°Pb and neutron-particle excitations. Nevertheless,

We further studied within the model the fa&tl transi- the E1 transitions between neutron-hole states and neutron-
tions observed experimentally. There are two major types oparticle states are allowed. Even very small components of
contributions to the transition amplitudes—from the core and@utron-particle configurations in the wave functions of the
from the single-particl€1 transitions. The€1 operator can (for example initial states lead to components in thel

be written as transition probability to final states of predominantly
neutron-hole structure which are equally large or larger than
T(EL)=Teu(E1)+T(EL). (7)  the core contribution.
To illustrate the above considerations, we consider a sim-
We briefly discuss the separate terms in the operator. plified structure of the 5/ state and the differerf1 tran-

The magnitude of the core contribution can be inferredsition amplitudes leading to different final configurations.
from the value of the rather fagtl transition connecting the

first 2 state and the first 3 state in2°%Pb. The collective al0t®fg ) +R2 efgd) +---,
E1 transition operator acting in the quadrupole and octupole I coreE1 | coreE1

phonon space can be written as
[(2'@37)1 ©fs;) |37 @fgp)

Tean(E1)1,,=coNstbybi+bsbj+bjbl+bsbs)y,, (8)
i ) Some other possible contributions come from single-particle
where the constant in the above expression can be deduced transitions between hole- and particle-orbitals belonging

by requiring that the collective operator, acting between thgg the two different shells, as shown in the diagram below.
2, and the 3 states of the core, should reproduce the ex-

perimentalB(E1) value of (4+2)x10 * W.u. [30]. From a|0t®2f-3)
this requirement one can deduce only the absolute value of +spEL E1
the constant; the sign was chosen to be positive, because the SpEL/ l \S.pEL

results obtained in this case were much more consistent with |07 (2)®3ds), [07(2)®2g7,), [07(2)®3d3)).

the experiment. The collectidel operator connects compo-

nents in the wave functions of the initial and final states of In the diagram above, Q2) stands for the ground state
the type 3 ®j=2"®]j (wherej stands for either a neutron- of 2°Pb (the second cojewhich can be written as a super-
hole or a neutron-particle orbitaland of the type position of neutron-hole pairs occupying thef;2,
(2"©37)1 ®j=0,.®]j. 2f23, 3Pa, 3P4, 1hgs, and 15, orbitals. The 0(2)

034307-10



DECAY PROPERTIES OF STATES POPULATED WITH . .. PHYSICAL REVIEW@&1 034307

TABLE V. Energies, spectroscopic factors aBd transitions from the hole-vibration coupled states in
207pp, Both the core and single-particle contributions have been taken into account. The effective charge used
for all the single-particl&El transitions ise.s= 0.08.

Jirr Eiexp Efalc Sexp Scalc J? Etfaxp ch:alc S Scalc E?yxp B(El)exp B(El)calc
[keV] [keV] [keV] [keV] [keV] (W.u] [(W.u]

5/2f 2624 2646 0.006 0.05 572 570 585 0.6 0.97 2054 4:31.4x10°° 1.1x10°°
5/2; 2624 2646 0.006 0.053/2; 898 880 0.88 0.96 1726 3#1.1x10 * 5.7x10*
7/2; 2662 2673 0.031 0.025/2; 570 585 0.6 0.97 2093 3#0.6x10 > 3.5x10 *

3/2f 3182 3234 — 001127 O 0 09 0.97 3181 551.4x10° 1.4x10*
3/2; 3182 3234 — 0.013/2, 898 880 0.88 0.96 2284 2:M.7x10 * 2.6x10°
5/2; 3203 3208 ® 0.02 52, 570 585 0.6 097 2633 4#51.2x10°* 3.3x10 '
7/2; 3218 3183 — 0.0085/2;, 570 585 0.6 0.97 2649 2#60.8x10 % 1.5x10 *

1/27 3302 3217 * 004 12 O 0 09 097 3302 5¥3.1x10* 0.9x10*
1/27 3302 3217 ® 0.04 3/2, 898 880 0.88 0.96 2405 1#0.8x10 % 4.5x10*

aSeen in the ¢,p) reaction; no spectroscopic factor reported.

state can be then written a%;a;(a;a;)o+|?°%Pb (g.s.)), states of main neutron-hole structure. We present in Table IV
wherei labels the neutron-hole orbitals. The different single-the calculatedB(E1) values for these transitions, taking into
particle transitions described in the last diagram lead to difaccount in a first step only the core contribution to the tran-
ferent stategdifferent J values, while the core transitions sition probabilities. The experimental values are also shown,
(first diagram can lead to different components in the wave-together with the main component in the wave functions of
function of the same state. the initial and final states. The errors in tBEE1) values are

The rather faste1l transitions observed experimentally due to the experimental uncertainty for the value of the
connect states of primarily octupote hole structure with B(E1;2; —3;) in 2°%b.

2

10° 10
i 720 =52
10 sphosz 0 i e
— 10" 5027, —5/27, _
3, 5
Z 10 =
~_ 6 N A6
— 10 — 10
g )
A 107 A 10’
" 4 512", —5/27, 16
R el 10”
0.0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 FIG. 8. Dependence of the cal-
Cetr [€] Ceir [€] culatedB(E1) values(shaded ar-
eas on the effective charge. The
107 107 experimental values are plotted
o 527, =3/2 2 e U2, 512 with lines.
10" =320 23210 10® 7
=] w7 s ;
2 10° SE AR N R St -3,
~ . -6 N6
— 10 — 10
S g
M 107 M 107
10° 10°
10” 10”
0.0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Ceir [€] Cerr [€]
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It is rather clear that the transition probabilities are under-are due to the uncertainty in the experimental value of
estimated and the core contribution alone is not able to deB(E1;2; —3;). In some cases, a large uncertainty is ob-
scribe the experimental results. Additional corrections canained for the calculated values, due to significant interfer-
arise from the microscopic structure of the vibrationalence effects between the core and single-particle contribu-
phonons, but such effects are outside the scope of the modelons to the E1 transition probability. The experimental
Nevertheless, nearly all the states of primarily values and their uncertainties are plotted with straight lines.
octupolezhole structure have been populated in tliep)  Nearly all the experimental transition probabilities can be
one-neutron transfer reactipn9]. The calculated wave func- reproduced using an effective charge in the interval 0.01—
tions show indeed small components of neutron-particle cong.14. For the transitions to which the same pair of orbitals
figurations in all the states under study. We summarize irtontributes, the difference in the values of the effective
Table V the information concerning experimental and calcucharge needed to reproduce the experimedt&ll) value is
lated spectroscopic factors for these states, and the calculatggbbably due to the discrepancies in the calculated and ex-
E1 transition probabilities when all the possible contribu-perimental spectroscopic factors.
tions are taken into account. The value of the effective
charge used for all the single-particiel transitions is V. SUMMARY AND CONCLUSIONS
e.#=0.08. The agreement of the calculated with the experi-
mentalB(E1) values clearly improves. One notable excep-
tion is the transition from the second 5/tate, of princi-

The (n,n’ y) reaction has been used to establish the low-

energy level scheme of?°Pb, and members of the

pally 37®f§/5 character to the first 572state. of dominant 3‘®f§,21 sextuplet have been suggested. Transition rates for
’ decays from a number of levels itf’Pb have been deter-

fo5 structure. The very reduced calculated transition prob- - o .
ability is due to destructive interference between the Core_mmeq.from DSAM lifetime measurements, pa”'cu"”.‘E.‘ﬂ
. : : transitions from hole-octupole coupled statE8. transition

and single-particle amplitudes. rates, where measured, are consistent with the weak-couplin
The effective charge for a single-partidel. transition is, ictur'e of collective exéitations iR%p piing

in principle, dependent on the pair of orbitals involved. How-P The particle-core model provides é rather aood descrio-

ever, the structure of the states involved in the studidd tion of t%e structure of the gelected states og ulated in tﬁe

transitions is not known experimentally well enough to allow Pop

, .
for a better determination of the orbital-dependent effective(r}t’r? J})ee\),(vggiﬂt' |-iLhe :;r uggf;figr]:stheﬁeevsetﬁgeas%reﬁsvﬁl
charges. The spectroscopic factors are also not well enou ping o I
reproduced, and the errors involved in the determination o own that the experimentBil transition probabilities can

the experimental spectroscopic factors are quite large. W nIy_be despnbed when the_ effept of smgll single-particle
have used, therefore, a common value of the effective Charg%dmmtures in the wave functions is taken into account.

for all the single-particle transitions involved. It is nonethe- ACKNOWLEDGMENTS
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