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High angular momentum states #7° '%Bi are populated in two reactions23W(*%Fxn)2°> *Bi and
181Ta(°%Ne xn) 2°**Bi at beam energies of 108 and 123 MeV, respectively. Gamma rays were detected using
the Gammasphere array. Three weakly populated rotational sequences have been found. They each have
properties characteristic of other superdeformed bands in this mass region. On the basis of cross-bombardment
information we believe that one band belongs to eact?®i, 1%Bi, and 1°'Bi. The properties of the bands in
the odd-Bi nuclei are best reproduced if the odd proton occupies the favored signatur¢GE1ié2 orbital,
while the band in'®%Bi has this same proton configuration coupled to an additibial? (js,) neutron. The
relative behavior of th&f® moments of inertia can be qualitatively understood in terms of Pauli-blocking
effects.

PACS numbe(s): 21.10.Re, 27.8G-w, 23.20.Lv

[. INTRODUCTION gave a preliminary report of part of this work and described
two new SD bands which could be unambiguously assigned
Superdeformation in the mass-190 region was first obto the Bi nuclei. This observation represented confirmation
served in'%Hg [1], and since then over 40 superdeformedof these long-standing predictions. It should also be noted
(SD) bands have been found in the Au, Hg, TI, and Pb nuclethat a candidate for a SD band #®Po has recently been
[2]. A striking difference between the SD nuclei of the reported[15]. In this follow-up paper we describe results
A~190 region and those in other mass regions is in thdfom tWo experiments aimed at investigating superdeforma-
behavior of the dynamic moment of inerfi& as a function  ton in “*>*"'Bi. In addition to the two bands reported in
of rotational frequencyn. SD bands in nuclei of the lighter [.14]’ a third S.D band has been found. The |§otop|c and con-
A~130 andA~ 150 mass regions hazé?’s which display figuration assignments of these bands are discussed. Cranked
. : Woods-Saxon calculations are presented and it is shown that
pronounced differences from nucleus to nucleus, while th?he relative behavior of tha@'s for these bands can be
majority of bands in theA~190 region shows the same o . . .
e i (2) . _ ) . qualitatively understood in terms of Pauli-blocking effects.
smooth rise inJ*”. This behavior of3'™"’ has been inter- 5, resyits provide important information on the nature of

preted[3,4] as resulting from the gradual alignments of pairs,q proton orbitals abovez=82 at large deformation
of nucleons occupying specific hidi- intruder orbitals (8,=0.49.

(namely, j 15, Nneutrons ands;, protons in the presence of
weak pair correlations. In this picture, Pauli blocking of
high-N intruder orbitals should flatten th&?). In the odd- Il. EXPERIMENTAL DETAILS

odd T.I isottopes lplockingt of bgtlh tEle inl(truder]r quzka)siproton and Two reactions were used to populate high-spin states in
quasineutron alignmentédouble blocking has been sug- 1e5-1975; The peams were provided by the 88-Inch Cyclo-

glested SS the drr;echanism fr(;?po;sible folr t?he regg%d tron facility at the Lawrence Berkeley Laboratory. Gamma
370§e 0 dseé\(/jep %r 1soome ?. € Iaﬁsﬁ]{(_ n feﬂ? eN;7g rays were detected with the Gammasphere drt&ywhich,

L7, ]_an odd- _t{ 10 nuciei singie blocking Of thev= for these experiments, comprised 36 Compton-suppressed,
qugsmeutro(g alignments is thought to be responsible for ﬂatl'arge-volume(photopeak efficiency- 75—85% at 1332 ke)/
tening theJ'* of some bands. HPGe detectors. Fifteen detectors were situated at forward

Many_ theoretical calculatio_ne_see, e.g._[l_l—l_:ﬂ) pred_ict angles, 15 at backward angles, and the other 6 at 90° relative
well-defined secondary SD minima persisting in the blsmutr}o the beam axis. The first reaction was

and polonium nuclei. However, until recently no superde-
formed bands, in thé&~ 190 region, had been found in nu-
clei with Z>82. In an earlier Rapid Communicatih4] we 183W(1%F,xn), E,=108 MeV. (1)
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FIG. 1. A sum of double-gated spectra from threefold coinci- 19%6...
dence data for band 1. The gates used were of varying widths and (b) Band 2 ("' Bi) 0T e 5
they included all members of the band except the 420.6 key. * ‘§ 50 | T
The transition energies are given in keV. The transition marked 38
« 198j" is the known 391.7 keV(17/2"—15/27) v ray in 1°Bi 150 | * * B o 00l
(see text The inset shows the region of the spectrum around the x * x Energy (keV)
rays. The approximate position of Bi and K|, andK ; x ray lines 2 *
is indicated. 8 * *

*
It was aimed at populating states i#*°Bi. The target con- 50 |
sisted of 2300 wg cm~? stacked!®3W foils mounted on
thin carbon backings. A total of>8102 three- and higher-
fold events were collected. The second reaction was
18Ta(*Nexn), E,=123 MeV. 2 50 5 20 =~ o0
Energy (keV)

It was aimed at populating states iP1°Bi. The target con-

- —2 181 £
sisted 0f82< 350ug cm™ self-supporting*®*Ta foils. A total FIG. 2. (a): A sum of double-gated spectra from threefold coin-
of 9X10° three- and hlgh.er-fold events were collected. Thegigence data for band 2 formed using data from readtion(b) A
data were analyzed off line by sorting eventsEnp;-E »-  sum of double-gated spectra from threefold coincidence data for

E,s cubes and gateH ;-E , matrices. band 2 formed using data from reactit®. The gates used were of
varying widths and they included all band members up to the 495.2
1Il. RESULTS keV y ray. The inset shows the region of the spectrum around the x
rays.

In total, three sequences ofrays, with properties char-
acteristic of SD bands in this mass region, have been obaumber of detectors at 90°), it has proved impossible to
served. Spectra showing the bands are presented in Figgerform a directional correlation analysis to determine the
1-3. In each case the spectra were formed using combinanultipolarities of the in-band transitions for any of the new
tions of double gates on threefold coincidence data. A globasequences.
background subtraction was taken using a fraction of the Unfortunately, the decay schemes for low-lying states in
total projection. This method was found to be consistently'® 19/Bi are not well knowr{17—19. In addition, there are
better than using a local background subtraction. The translong-lived isomers at low spin in these neutron-deficient Bi
tion energies and relative intensities of the sequences aigotopes. A particular problem comes witA%Bi since only
summarized in Table I. Before discussing each of the bandsvo y rays are know18], both of which deexcite isomeric
in detail a few general comments should be made. states. Since both our reactions used thin targets, it was not

The relative intensities of the in-band transitiofgee possible to empirically determine the relative populations of
Table ) show behavior similar to all the SD bands in the the open channels in each reaction. Statistical model calcu-
A~190 region. The band is populated over a few transitiondations were used to predict the dominant open channels. For
at the top before reaching a region in which the feeding igeaction (1) the four most populated channels wet&Bi
complete and the in-band intensity is constant. The band rag54%), °Bi (28%), °*Tl (7%), and **°TI (4%). Similarly
idly depopulates from the lowest one or two observed statesor reaction (2) the four dominant channels wer&"Bi
This behavior, combined with the observed similarities of the(46%), 1%Bi (26%), °°Tl (12%), and 2TI (6%). Gener-
transition energies to SD bands in neighboring nuclei, led tally, what was observed in the experiment was in fair agree-
the conclusion that the new sequences are SD bands. Bment with the predictions although the charged particle chan-
cause of insufficient statisticgargely because of the low nels may have been underestimated in the calculations. It
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A.Band 1

| Bi T A spectrum of this previously unobserved band is shown
L 17 in Fig. 1. It consists of seven mutually coincident transitions
(see Table)l This band was only seen in data from reaction
-10 , , (2). The known 391.7 keM17/2" —15/27) transition of
1998j [17] is seen consistently in spectra formed using a
variety of combinations of gates on the band members. How-
ever, the intensity of this line is always larger than the in-
band intensity, possibly suggesting contamination of gates.
The large intensity of the 392 ke¥ ray can be seen clearly
in Fig. 1. From the above information we favor the assign-
ment of this band td°>Bi. We estimate that the band has an
intensity of~0.7% relative to the intensity of the known 888
0 - : - s - keV (13/2"—9/27) transition in 1*Bi [17]. This transition
100 200 300 400 500 600 700 .
Energy (keV) is thought to take 100% of the total channel strength, but the
transition lies below several isomers and we may not be see-
FIG. 3. A sum of double-gated spectra from threefold coinci-ing the full intensity of this line in our data. Therefore, the
dence data for band 3. The gates used were of varying widths a’Wgure of 0.7% should be regarded as an upper limit on the

included all members of the band except the 269.6, 310.0, andp hand intensity. No strongly coupled signature partner to
507.1 keVy rays. The transition energies are given in keV. Thenis pand could be found in the data.

inset shows the region of the spectrum around the x rays.
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B. Band 2
was found empirically that nd®Bi lines could be seen in
data from reactior(1), while no ”nfgs from *¥Bi could be assigned to!%Bi. This assignment was based solely on
seen in the data from reactia@). °Tl was populated in - 5navsis of the data from reactidf). However, we also see
both reactions and known energies '8fTI yrast transitions this band in the data from reactid). Spectra formed from
[20] were used to check the relative energy calibrations of)oth sets of data are presented in Fig. 2. Using the common
the data. calibration to *°3TI lines we find the energies of transitions

Consistent coincidences with Bi x rays were establishedrom the two sets of data have a rms deviation of less than
for each of the bands. This is demonstrated by the insets ip.7 keV. On the basis of this observation, we conclude that
Figs. 1-3 which show the region of each spectrum aroungve are seeing only one band in the two data $ett two
the x rays. Note that in the first experiment Ta absorbersidentical’ bands, although this possibility cannot be com-
were in front of the detectors while for the second experi-pletely ruled out and that it belongs td*®Bi (the only Bi
ment the absorbers were removed to facilitate detection asotope populated appreciably in both reactjons
the x rays. Hence for Figs. 1 andh the lines associated This is the strongest band populated in both sets of data.
with the lower energy, x rays have larger intensity than Note that a spectrum of this band formed from triple gates on
the lines associated with th€, lines. quadruples data from reactigh) can be seen in Fig.(&) of
[14], and shows the topmost transitions more clearly. The
other bands were too weak to be seen in a quadruples analy-
sis. Using spectra formed under similar gating conditions we

This band was previously reportdd4] and tentatively

TABLE I. Energies and relative in-band intensitigsrrected for
detection efficiency and internal conversidor the three SD bands.

Energies are given in keV. find that the band has 1.5 times the intensity of band 1 as
seen in the data from reactio®), and~ 1.9 times the inten-
Band 1 Band 2 Band 3 sity of band 3 as seen in the data from reacti@h (see

below). Therefore, if we assume that the different channels

' E, ' E, are populated as predicted by the statistical model calcula-
166.23) 80(10) 186.15)  66(7) tions, then this band has an upper limit on its intensity of
2615 104100 208.03) 1015 22945 10910 2% of the 1988j channel. No strongly coupled signature

301.45) 93100 249.73) 96(5) 269.65 10%10) partner to this band could be found, although it should be

341.95) 104100 291.33) 1097) 310.05) 94(10) noted that band 3 starts close to the half-points of the band

38075 100100 332.63) O15) 35L15  98(10) isee Iable)l but increasingly deviates from them at higher
420.65) 96100 373.83) 1035 390.45) 9710  Uansition energies.
457.95) 84100 414.33) 855) 430.85)  87(8)

495(1) 338 455.03) 895) 468.55  46(8) C.Band 3
495.23) 815 507.15) 56(8) This band was also previously reportgt¥] and tenta-
535.43)  70(5) (545 - tively assigned ta'®’Bi. A spectrum of the band is presented
574.33)  46(5) in Fig. 3. Since it is only seen in the data from reacti@n
614.35)  42(5) we still favor the assignment of this band 1¥/Bi. However,
6531)  195) no coincidences with knowA”'Bi lines [19] could be estab-

lished, and the assignment t§’Bi must remain tentative.
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We estimate that the upper limit of the intensity of this bandto discuss the occurrence of “identical” SD bang@ehich is
is ~0.6% relative to the known 405 kel 7/2* —13/2"%) a topic of considerable current interest; see, ¢251—-26);
transition in 19/Bi [19]. This transition takes 100% of the we simply wish to point out that the phenomenon extends
total channel intensity, but again isomers lie above this traninto the Bi isotopes. Band 2!%Bi) has a3 which has a
sition and we may not be seeing the full intensity of this line.reduced slope when compared with that of any of the other
No strongly coupled signature partner band could be foundyands for frequencies abowe-0.2 MeV#i ~ L. However, it is

of a comparable magnitude to the other bands and still dis-

IV. DISCUSSION plays a rise with increasing.

Figure 4 shows plots of th&?) moments of inertia for the The configl,_lration ofasD ban_q in an odd-Bi nucleus may
bands and also those for several known SD bands in near}f thought of in terms of an additional proton coupled to the
nuclei. Bands 10%Bi) and 3 ¢°7Bi) haveJ®'s which are of ne|ghbor|ng even-Pb SD core._Flguréaﬁpresents a_smgle-

a very similar magnitude and slope to those of bands in theiparticle Woods-Saxon calculatig7] for protons with de-
odd-Tl isotoneg 21,29 (19Tl and 95Tl respectively. The formation parameterg,=0.48,8,=0.07, andy=0° (a rep-
transition energies of band 19Bi) are offset by a roughly resentative deformation for SD bands in the-190 region;
constant amount+7(2) keV) from band 1 in29Tl, while  the values come from the calculations describefd #)). The
band 3 £97Bi) has “identical” transition energiegto within  calculation indicates that th&14]9/2 and[651]1/2 orbitals
+2 keV) of band 1 in%TI. Band 1 ¢9Bi) also has transi- i€ just above theZ=82 subshell closure. Pairing plays an
tion energies close to those of a band¥#Pb (band 2b using iMportant role in determining the behavior of SD bands in
the nomenclature of23]). The relationships between the the A~190 region. Presented in Fig(k§ is a quasiproton
bands described above are illustrated in Fig. 5 which plot&outhian diagram calculated for the parametggs=0.48,
the differences in transition energies for the different pairs 0f34=0.07, y=0°, andA,=Agcdw=0). The calculation in-

bands as functions of rotational frequency. We do not intendlicates that th¢642]5/2, [514]9/2, and[651]1/2 are all pos-
sible one-quasiproton excitations.

15 , , The [642]5/2 (i13) quasiparticle excitation is predomi-
— nantly “holelike” in character. It is below th&= 82 subshell
O—O1QSB§(1)-MT(1) gap in the unpaired pictuisee Fig. 6a)] but with the intro-
10} ﬁmgzggzmp'égb) duction of pairing, and hence a smearing of the Fermi sur-
face, it becomes a feasible orbital for a quasiparticle excita-
tion. Note that, although the calculations presented here

o 5¢ 1 suggest that it is a low one-quasiproton excitation, changes

& . in the nature and strength of the pairing and in the position of

g }E the proton Fermi level could change the excitation energy
0 —=

§/Z‘2 appreciably. Indeed, we find that with small changes in the
chemical potentiak and in the pair gap the relative posi-
Al A | tions of the[642]5/2 and[651]1/2 orbitals can be inverted
m [see Fig. 8) of [14]]. The implication of this is that it is not
possible to be certain which orbital is lowest in energy.
10 . . Signature-partner pairs of bands based on [6%2]5/2
100 30 ion Ena 500 70 orbital are observed if®31%] [21,22,28,29 Each band in
rgy (keV) L . . . . .
the pair is populated with similar intensity and strong dipole
FIG. 5. Plots showing the difference in transition energies be-Cross talk between the signature-partner bands is observed
tween (a) band 3 {°Bi) and °°TI(1) (open circley (b) band 1 [28,29. The weakness of the bands as seen in the present

(*Bi) and °°TI(1) (open triangles (c) band 1 {°Bi) and data means that one would not reasonably expect to see evi-
199pp2b) (solid triangles. dence of cross-talking bands. However, one would expect to
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FIG. 6. (8) Cranked Woods-Saxon single-particle diagram for  FIG. 7. (a) Cranked Woods-Saxon single-particle diagram for
protons. The deformation parameters used we8g=0.48,  neutrons(b) Cranked Woods-Saxon quasiparticle diagram for neu-
B4=0.07, andy=0.0°. (b) Cranked Woods-Saxon quasiparticle trons. The deformation parameters used were the same as those for
diagram for protons. The deformation parameters used were theig. 6. The pairing parameter for the quasiparticle diagram was

same as those above, while the pairing parameter was taken @sken as\,=Agco@=0). Parity and signature are indicated in the
Ap=Agcq w=0). Parity and signature,«) of the levels are in-  same way as Fig. 6.

dicated in the following way: solid line(+,+1/2), dotted line
=(+,—1/2), dot-dashed lire(—,+1/2), and dashed lire

(-~ 172) The SD band based on the favored signature of this orbital

should be more intensely populated than the unfavored band.
This provides an explanation for our observation of only one
find evidence for a strongly coupled signature-partner sesSD band in'®Bi and *°'Bi. In addition, the alignment of this
guence of similar intensity. Therefore, the lack of observa-orbital is similar to that of th§642]5/2 levels. This provides
tion of signature-partner sequences for the bands i@ qualitative explanation for the observed similarity in the
195198j (bands 1 and 3, respectivelimplies that the con- magnitude and slopes of tr&?’s for the bands in the
figurations of these bands probably do not involve theodd-Bi and odd-Tl isotopegsee Fig. 4 Therefore, from the
[642]5/2 orbital. above considerations, we propose that the bands observed in

A similar argument applies for thgb14]9/2 state which 195198 gre based on this configuration.
should give rise to a strongly coupled structure with For °Bj an odd proton and an odd neutron must be
K=9/2 [two signature partners with very little signature coupled to the evert?Pb core. Presumably the odd proton
splitting and populated with similar intensities; note also thatoccupies the sam@51]1/2 orbital as in the neighboring
the strong coupling model predicts a larBéM 1) strength  odd-Bi isotopes. As described in Sec. Ill, the band'ifBi
(~1.9x%) [30] which should lead to strong dipole “cross- (band 2 is the strongest SD band seen in the data and no
talk” transitions between the two signature partner bdnds unsplit signature partner band could be found, suggesting
Furthermore, the two signature partners should H&%emo-  that this band can be associated with a strongly rotation-
ments of inertia similar to those of the yrast SD bands in thaligned neutron orbital. A single-particle Woods-Saxon cal-
neighboring even-Pb core!%Pb and 1%Pb for 1*Bi and  culation for neutrons, with the same deformation parameters
197Bj, respectively [31,32,23,33,3Usince the intruder occu- as for the proton calculatiofsee Fig. 6a)], is presented in
pation is the same. None of these features are displayed Wig. 7(a). A quasineutron Routhian plot is shown in Figby.
the bands we observe. Feasible one-quasineutron excitations involve [t5&2]5/2,

The [651]1/2 (i,4) level is the most plausible one- [624]9/2, and[752]5/2 orbitals.
guasiproton excitation. This strongly aligned orbital is ex- Bands based on thgs12]5/2 and[624]9/2 levels have
pected to exhibit immediate signature spliting with thebeen observed in the isotoné$Hg [35-37, 19Tl [6], and
a=—1/2 partner being favored. As the rotational frequency'®Pb[10]. They have been found to form, as expected from
increases the splitting is expected to incre@se Fig. 6)].  the calculation[see Fig. )], strongly coupled signature-
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199pp2a,2h since they are thought to be a strongly coupled
signature partner pdihave similar magnitudes and slopes to
that of the band in*®Bi. Indeed, as has already been pointed
out, the band int®Bi has nearly identical transition energies
to 1%4Ph(2b). In [23] it was not possible to determine if the
excited bands were based on a proton or neutron excitation;
however, the similarity of the bands to that 1PBi is note-
worthy, although the relationship of these bands is not clear.
For 1°%Bi both the [651]1/2 iy, proton orbital and the
[752]5/2 15, neutron orbital are occupied with an odd
nucleon. At low rotational frequency this tends to raise the
magnitude ofJ® and the additional Pauli blocking of the
j 152 quUasineutron alignment results in a reduced slope. How-
ever, as can be seen in Fig. 4, the magnitude ofithefor
the 1°%Bi band is smaller than that for the favorisid=7 band

: : of 1%Pb. The addition of a proton to the favored signature of
0.0 0.1 0.2 0.3 0.4 the[651]1/2 orbital should not produce such a relative effect
fio (MeV) unless other factors such as differences in the pairing

strengths and deformations for the two structures are also

FIG. 8. Plot of theJ® moments of inertia as a function of IMportant.

rotational frequency for the SD bands 1‘Pb (bands 1 and 2a
198, and 1°%Bi.

130

1201

110t

F2 (m*Mev™)

1001

V. SUMMARY AND FUTURE WORK

partner pairs of bands with little signature splitti@ipole Two experiments have been performed using v
cross talk has also been observed between several pairs GfFxn) and ***Ta(*Nexn) reactions at 108 and 123 MeV,
these bands Clearly, this observation implies that the con- respectively. The Gammasphere array was used to detect the
figuration of the band we see cannot involve either of thes@mittedy rays. Three SD bands are seen in the data, and one
orbitals. has been assigned to each ¥fBi, °®Bi, and **"Bi, al-

The [752]5/2 (j,5) orbital is predicted to be the most though the band assignments remain tentative. The properties

favored quasineutron excitation. Pronounced splitting beof the bands in the odd-Bi nuclei are best reproduced if the
tween the two signatures of thié=7 level is predicted to 0dd proton occupies thE551]1/2 (a=—1/2) orbital. The
occur with a= —1/2 being favored. This is consistent with band in **Bi probably has this same proton configuration
our observation of only one band. Note that itPPb [10] coupled to an additiongl5,, neutron. The relative behavior
(Z=82, N=113) it is the favoredN=7 signature-partner of the 32’s of these bands can be understood in terms of
band that is most intensely populated. The unfavored signaRauli-blocking effects. Our results represent important infor-
ture partner has only=0.5 the intensity of the favored band. mation on the nature of the proton orbitals ab&re 82 at
Furthermore, the SD bands #°Pb which are based on the extreme deformation.
N=7 levels have very flat moments of inertia Pauli- Important questions remain to be addressed. It is an ex-
blocking effect; see below This is shown in Fig. 4 which perimental imperative to confirm the superdeformed nature
plots theJ® of the 1°®Bi band with that of the favoreM=7  of the bands through lifetime measurements. Additional ex-
band of 1%Pb. This feature ties in with our observation of a periments are required to search for excited SD bands in
much reduced slope of tha® for the band assigned to these Bi nuclei. In particular, the signature partners to the
1968j. From these considerations we suggest that the band i#ands already observed need to be found. This will give
19%8j js based on a configuration which may be representedore information on the nature and the strength of pairing
as °4Ph(SD core® 7 651]1/2® v[ 752]5/2. correlations and on Pauli-blocking effects. In  addition,

Several important points can be made concerning the rel&trongly coupled signature-partner pairs of bands based on
tive behavior of thed®®s of these bands. Figure 8 shows the[514]9/2 and[642]5/2 proton orbitals should exist. These

plots of the3® moments of inertia for SD bands ##“Pb bands should exhibit strong dipole cross talk and allow us to
1958j, and 1%6Bi. We start by considering the steady rise in deduceg factors for these levels. These measurements, com-

the 3@ of the 19%Pb band 1 which is understood in terms of bined with what is already known for the SD bands in the Tl
isotopes, should give us a complete picture of the nature of

a smooth quasiparticle alignment due and i ;
q P J D15:2 182 the proton orbitals close to thé=82 SD subshell closure.

orbitals [3]. It is apparent from Fig. 8 that tha® of the
19%Bj band is larger than that of*Ph(1) at lower frequen-
cies and increases less rapidly with This indicates that the
presence of an unpaired proton close to the Fermi surface has

blocked some of the proton pairing strength. The contribu- The crew and staff of the 88-Inch Cyclotron are thanked.
tion to the rise inJ® from the alignment of thé;;, qua-  This work has been supported in part by the U.S. Department
siprotons will be blocked, resulting in a small reduction in of Energy under Contract Nos. DE-AC03-76SF00QBBL )

the slope with respect td%Ph(1). It is worth pointing out  and W-7405-ENG-48LLNL ), and by Research Corporation
that theJ(® of the excited bands it®Pb[23] [referred to as  Grant No. R-1521SU).
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