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Derivation of wave functions and matrix elements of the residual interaction in?°®Pb from
experimental data
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Shell-model wave functions for many states 8fPb have been derived in a strictly empirical way from
measured spectroscopic factors and branching ratigamafnsitions. It was assumed that the lowestates of
a givenl ™ can be described by an orthonormal superposition ohtlmvest one-particle one-hole configura-
tions for thisl™. The often highly redundant data are well reproduced. The matrix elements of the residual
interaction were calculated from the wave functions by inverting the ‘Sahger equation. The diagonal
matrix elements show clear and reasonable trends. The set of empiricalnd E2 single particle matrix
elements that has been used is preser&@b56-28139)04905-5

PACS numbg(s): 21.30.Fe, 21.60.Cs, 23.20.Lv, 27.80v

I. INTRODUCTION The measured energies of the states with the appropriate
I ™ in the nuclei with one nucleon more or less tHR#Pb are
The shell model describes many properties of doublytaken as the single particle energies in the mentioned theo-
magic 2°®Pb and neighboring nuclei very well. Also many retical calculations and the following treatment. Figure 1
properties of these nuclei can be measure®#b itself and  shows the single particle orbitals with these energies. Parts
two of its neighbors are stable and can be used as targets. Fefrthis work have been already presented at conferdit;éps
comparison,'®**%5n and also®Ni are less accessible for and in a Ph.D. and diploma the$B,9)].
experiments, and®0 and“°Ca are light nuclei. In this article

we deduce wave functions of many levels below 5 MeV Il DERIVATION OF THE WAVE EUNCTIONS
excitation energy i’°®b, making use of the fact that the
level scheme is practically complete below 5 MeV and many A. The experimental data

properties of these states are known. The wave functions are Tne experimental data of Schranenal. [10] are the ba-
restricted, to include only the lowest one particle one holesis of this analysis. They include sets of spectroscopic factors

excitations; the results justify this simplification. In a next ¢5 the proton pick up reactioR®Bi(t, «)2%%Pb and the neu-
step then the matrix elements of the residual interaction arg,n  transfer reaction 20ph(d,p)2%Pb  and many

calculated from the deduced wave functions and measuredp anching ratios. Table V of this reference gives the ex-
level energies by inverting the Schiinger equation. Around perimental level scheme o°Pb, that is used here. More

100 empirical matrix elements are derived in this way, theyrecenty spectroscopy with th€%Pb(n,n’)2%Pb reaction by
might be used to check and adjust theoretical interactions. A '

similar approach to deduce the interaction from measured 3p,, —————-166

data has already been used by Heusler and von Brefitano 3pyy —————— 681

Unfortunately Fhey were misled by some wrong spin assign- Ay ———977 3y, —__—-1400

ments at the time. 2g,, —  —-1446
Several interactions have been rather successfully applied. gy, —————-2191 ;'Z‘” V;;ﬁ‘;f,

True, Ma, and Pinkston used a phenomenological singlet ” 2002 Ly — ——-2314

even plus quadrupole force to calculate the negative parity " Li,,, ————-3158

one particle one hole levels 8f%b[2]. Kuo and Herling 3] hy, ————— 3799 1037

have deduced a realistic interaction from the Hamada- i )

Johnston potential between free nucleons following the *"Pbs

method of Kuo and Browf4]. They calculated wave func- 3pyy —————— 7368

tions for the two particle and two hole nuclei arouffiPb, s fo13 2 7938

but unfortunately no results off®Pb itself have been pub- P v SA—

lished. This realistic interaction has been found to explain i 9001

many data quite well, in particular after some small adjust- 1h,,,————-9361 e

ments[5]. 2d,, —————-9696  2f,, ————-9708

1, ————-10781
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many. FIG. 1. Single particle orbitals arourd®®b and their energies
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Yeh et al. [11,17 has essentially confirmed the results of troscopic factors; otherwise it could be guessed from the en-
Schrammet al. [10]. Also a new, very high resolution study ergy of the state. Spectroscopic factors often also fixed some
of inelastic scattering and transfer reactions with the Q3Dsmaller amplitudes right away. This determined the first trial
spectrometer at the Munich tandgr3] agrees nearly al- wave functions, that contained no other admixtuM4. and
ways with the used datpl0]. Only their results from the E2 transition rates were then calculated for the trial wave
investigation of the’*’Pb(d, p) **Pb reaction with polarized functions. These calculations gave also the individual contri-
deuterons show that there is some mixing between thgytions to the transition rates from each involved configura-
v3d3,3py; and ¥3ds;3py; configurations, that had been tion and the derivatives of the transition strengths relative to
excluded in the evaluation of spectroscopic factors bythe amplitudes of the wave function. This allowed to judge,
Schrammet al. [10]. This and a few new levels from Yeh which amplitudes had to be modified in order to achieve
etal. and Valnionet al. [11,13 have not been included in petter agreement between measured and calculated branching

the present analysis. ratios. The set of wave functions for a givéfi was also
orthonormalized repeatedly using the Schmidt procedure.
B. General procedure The whole process was then repeated until either agreement

A qualitative inspection of the experimental data shows"ith experiment had been reached or we could not make

already that the wave functions of the excited state®@#th ~ Progress anymore. The optimi.zation Is fairly .complicated;
are well described by a superposition of few single particle—the requirement of orthonormalized wave functions connects
X S . )
single hole configurations. The energies of the real states jjgll amplitudes for a g(ljveﬂ ,Iand sta}es.fofhdﬁferent spin
close to the unperturbed particle-hole energies. Therefore tHAV€ also to be treated simultaneously, if there are connect-
residual interaction is weak, and two particle—two hole exci-N9 ¥ transitions. . _ .
tations are unimportant; they are about 3 MeV higher in The calculathr} of they-transmon rates is stralghtfolr-
energy, while the mixing matrix elements are of the order ofVard. The transition matrix element between the particle-
100 keV. Therefore we try in the following to reproduce the hole configurations is calculated from the single particle and

measured properties of the real levels by simple wave fundlCl€ €léments by angular momentum couplisee, .g., Ref.
tions. The wave functiong; of the n lowest lying states of a [14]). The tota! transition el_ement between two states _results
given spin and parity™ are described as t_hen f_rom a_dc_j|_ng the c_ontr|but|ons _of the various conflgl_J_ra-
tions in the initial and final state. This coherent superposition
=i b+ Aot Fand, with i=1...n. is often very sensitive to small amplitudes and of course to
the signs of the amplitudes. The single partiMd andE2
matrix elements, that have been used are presented in the
The ¢; are then particle-hole configurations that can Appendix. These are effective matrix elements appropriate
couple to the giveh™ and are lowest in energy. The energiesfor our restriction to one particle—one hole configurations.
of the proton configurations are lowered by 300 keV to ac-They account for the particular core excitations that lead to
count for the Coulomb pairing energy. This means that thehe effective quadrupole charge and the deviations of the
n® amplitudesa;, have to be determined. But, taking the magnetic moments from the Schmidt values. By far the most
model seriously, the wave functions are orthonormal, whichy, transitions are of M1 multipolarityE2 transitions can
givesn(n+1)/2 conditions and reduces the number of freecompete in rare cases only, aid, M2, andE3 transitions
parameters ta(n—1)/2. The number of considered levéls  are very scarce.
is arbitrarily determined by the availability of experimental  Approximate errors of the amplitudes in the wave func-
data. Mixing with higher states should be considered. Inions have also been determingd. This is still more diffi-
some cases, as for 10states, the next configuration is much cult than the derivation of the amplitudes themselves. We
higher in energy and can be neglected. In general, the wav@oked for those pieces of the experimental data, that are
function of the highest state included in the analysis servemainly sensitive to just one amplitude and little influenced
mainly to fulfill the orthonormality requirement for the lower py others and assigned the errors from them. A proper treat-
states and is not very meaningful. ment would require an unwieldy error matrix. Meaningful
The number oM 1 transitions that can occur between the errors could be assigned to some amplitudes and are stated in
n states of a giverl™ is n(n—1)/2. This would already Table | and in part discussed for individual levels below.
match the number of free parameters. But only branching The collective 3 state at 2.615 MeV is too complicated
ratios have been measured, no lifetimes, and their number tg be treated in this way. We took the 25 largest components
n(n—3)/2+1. This leaves—1 free parameters. If configu- of a wave function calculated by Warburt¢a5]. The y
rations with either a hole in the3p, orbital or a particle in  transitions to this level are mostly not well reproduced and
the w1hg, orbital are involved the measured spectroscopithave not been used in the analysis. Admixtures of the col-
factors give directly then a3, and the system is already lective octupole to the particle-hole configurations have not
overdetermined. More information is available from otherbeen taken into account explicitly. Instead the single particle
multipolarities and the transitions to and from levels with orbitals that we use are not really pure but include admix-
different1™. But some amplitudes might be little sensitive to tures of this type. For instance thd 5, orbital contains a
any measured data and therefore poorly determined, while2gg,x 3~ admixture.
others are very well determined. The examples given below The wave functions derived in this way are presented in
will demonstrate this in some detail. Table I. This table contains also the square roots of the mea-
The wave functions have been determined by trial andsured spectroscopic factof40] in italic for comparison;
error. Usually the main component was clear from the specthey should equal the absolute values of the deduced ampli-
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TABLE I. Empirical wave functions ir?°%b. Below the measured level energies the amplitudes of the
indicated particle-hole configurations are presented. Errors of the amplitudes are given, if they could be
determined. Absence of an error means usually that this amplitude is not well determined. Square roots of

spectroscopic factors are shown below the corresponding amplitudiadicn See also the text.

0~ states
Energy(keV) 5280.3 5599.4
Configuration Amplitude
v4s,,,3p15 0.93 (13 037 (23
0.93 0.37
v3ds2f 53 -0.37 (25 093 (15
1™ states
Energy(keV) 4841.4 5292.0 5512.1
Configuration Amplitude
v43,,,3p1/ 003 (3 091 (10 0.40
0.10 0.96 0.25
v3ds2f 53 0.24 0.38 -0.89
12992175 0.96 -0.13 0.20
2~ states
Energy(keV) 4229.6 5037.5 5127.4
Configuration Amplitude
129925/ 0.94 0.33 -0.02
v3ds3p1/ 0.28 —-0.76 0.57
0.24 0.80 0.55
m2f;,2dg;  —0.17 0.54 0.81
3~ states
Energy(keV) 2614.5 4051.2 4254.9 4698.4 4937.6
Configuration Amplitude
12992t 5 —-0.95 —-0.20 0.00 0.00
mlhg2dy;  —0.35 -0.16 0.70 0.42 0.00
0.39 0.18 0.76 0.49
v299/3P3 —-0.30 —-0.70 0.53 0.00
vliyy2fey 0.00 0.00 —0.50 0.45
w2f7,3573 0.00 0.00 —-0.25 —-0.90
4~ states
Energy(keV) 3475.1 3946.6 3995.6 4262.0 4358.8
Configuration Amplitude
v2090/23P1/3 097 (6 -010 (5 010 (4 010 (6 -—0.20 (10
0.99 0.05 0.11 0.05 0.10
m1hg;3s,5 010 (4 092 (B -021 (49 -030 (4 -0.15 (3
0.07 0.92 0.22 0.27 0.16
12992t 5 -0.14 (100 020 (77 0.95 (10 0.03 -0.18
m1hg2d55 0.10 (100 0.34 (5 0.00 (100 079 (6 050 (5
0.00 0.38 0.00 0.76 0.51
v299/3P3 0.20 0.00 0.20 (15 -0.52 0.81
57 states
Energy(keV) 3197.7 3708.5 3961.1 4125.4 4180.2 4296.7
Configuration Amplitude
v2g93pys  —0.95 (100 026 (5 004 (3 0.04 (4 008 (8 —0.07 (5
0.89 0.43 0.00 0.11 0.00 0.05
m1hg3sy3 025 (2 061 (3 062 (5 023 (4 026 (15 -0.20 (9
0.26 0.59 0.67 0.19 0.11 0.29
12992t 53 -0.15 (2 -063 (6 072 (100 013 (77 -0.11 (9 0.1
vli113p15 000 (3 -026 (2) 0.04 —-0.56 (10) 0.56 —0.54
0.00 0.00 0.00 0.71 0.71 0.00
m1hgp2d55 000 (5 026 (2 026 (4 -076 (6 -0.18 (2 050 (3
0.00 0.28 0.29 0.70 0.18 0.48
v299/3P3/3 000 (6 0.08 (18 0.08 (6 —0.17 (10 -0.74 (15 —0.62
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TABLE I. (Continued.

Energy(keV)
Configuration

7/299/22f5_/2l1
v1i1123P1s2

7T1hg/22d§/%

vzgglzspgé
vlig2fe,

Energy(keV)
Configuration

v2ggpli 1_3%
mlhgplhygp

Energy(keV)
Configuration

v2992f 55
vliyR2f5;
v1i113P33
mlhgp2dg3

v299221 73

Energy(keV)
Configuration

1153013

v2ggpli 1_3%
mlhgplhyip

Energy(keV)
Configuration

v1j153P12

v2ggpLi Is}%
mlhgplhygy,

v1j152f53
v1j153P35

Energy(keV)
Configuration

v2ggpLi 53}%
m1lhgplhygy,

Energy(keV)
Configuration

v2ggpli 1_3%
mlhgplhyip

: -1
v1ji52f5,
v1iqgligp

3919.9
0.99 (10
0.00 (10
0.00
0.10 (4
0.00
003 (2
0.00
4423.6
091 (10
042 (4
0.48
4037.5
0.99 (10
0.00
0.00
0.03 (10
0.00
0.10 (5)
4867.8
0.92
1.00
0.40
0.10
0.00
4610.8
-0.78 (5)
0.81
0.44 (10
-042 (3
0.40
0.00
0.11
5010.5
0.98 (15
020 (3
0.17
4895.3
079 (17
-057 (5)
0.58
-0.19 (8
—-0.05 (8)

4206.2
-0.02 (2
097 (3
0.95
021 (2
0.21
-0.07 (2
0.00
5213.0
-0.42 (10
091 (5
0.88
4680.3
0.00
1.00 (15
0.00
0.00 (10
0.00
0.00
5195.3
-0.30
0.00
0.50
0.85
1.00
4860.8
062 (5
0.59
0.55 (30
053 (7)
0.45
0.00
0.14
5162.1
-0.20 (14
0.98 (5
0.98
5069.4
038 (17
0.66 (5
0.58
-0.51
041 (25

6~ states
4383.2 4480.7
Amplitude
-0.09 (10 0.02
-0.18 (2 0.12 (10
0.16 0.00
0.93 3 -0.27 (9
0.91 0.36
029 (5 0.93
0.00 -0.20
6" states
Amplitude
7~ states
5085.5 5543.0
Amplitude
0.00 -0.03 (7)
0.00 0.00
0.95 (100 -0.29 (9
0.31 2 0.90 (5)
0.27 0.91
0.00 030 4
7% states
Amplitude
8" states
5093.1 5339.5
Amplitude
0.00 0.00
0.00 0.00
060 (17 035 (18
059 (100 0.34 (20
0.50 0.56
—-0.50 0.86
-0.15 —-0.09
9% states
Amplitude
10" states
5536.6 5928.0
Amplitude
0.46 (100 -—0.13 (20
0.36 (5) —-0.33 (5
0.41 0.40
0.81 0.21
0.01 0.91

4761.8
0.00
0.02 (10
0.00
-0.05 (10
0.00
0.19
0.97
5695.1
—0.09
0.00
0.09
028 (3
0.32
0.94 (16
5826.2
0.00
0.00
0.00
025 (8)
0.26
0.00
0.96 (36)

2523
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tudes. As the levels with=11 have pure wave functions (p,p’) data for the 3.708 MeV 5 state:a(v2gq,3p13)
they are not listed in Table I. Table Il compares the measured- 0.41(2), a(V299/22f§/21) =-0.76(12), and

y-branching ratios with those calculated from the wave funC'a(ngg,ziSpg,zl) —0.10(18). The first amplitude is taken from

tions. A discussion follows in the next subsections. the spectroscopic factor of thd,() reaction. Our amplitude
is smaller, because thgdecay favors to ascribe part of the
C.The 0-. 1~. 2~. and 3~ states (d,p) strength to 1,,,, transfer; otherwise the agreement is

. perfect.
The two O states are well separated in energy from the

next state of this spin. The one free mixing parameter is
determined by the spectroscopic factors for the configuration
V451/23p17/%_ This mixing reproduces also thejr decay to The lowest four 6 states are definitely identified. The
the first I~ and 2~ state quantitati\/e|y_ The three lowest 1 4761 keV level is identified as the fifth, because it decays to
and 2~ levels have been considered because they have bedie 3198 keV 5 level, and the only state expected by the
populated in ¢, p). The next level is close in both cases, andshell model, that fits this energy and decay is @herefore
therefore the wave functions of the third state are wrong. Théhese 5 states are described by a superposition of the 5 lowest
1~ states decay b1 to the ground state; this gives no configurations that givel™=6", namely v2gq.2fs3,
information for the present analysis. Also the decay of thez/1i11,23p1_,21, 7Tlhg/22d3_/%, v299,23p§,21, v1i11,22f5‘,§. The
2~ levels to the collective 3 state contains little informa- configurationsv1iy;,,3p;3 and 7w1hg,2d55 are populated
tion. The relative branching from the second 2 the 4 in the transfer reactions and therefore 10 spectroscopic fac-
and 2 levels is well reproduced, while the decays to the 3 tors are known.
levels do not fit well due to the problems in describing the The 6, state is discussed as an example in the following.
3" states. _ The dominant component of thg Gstate isv2gq,2f; . The

The wave functions of the 3 states have only been amplitudes of thevli11,3py3 and wlhg,2dy3, vanish ac-
treated superficially. The collective state is of too compli-cording to the spectroscopic factors. The absenceyatran-
cated structure and the collectivity of the first 3tate pre-  gjtion from the Z and the weak transition from,7set also

vents also a strict orthogonalization for all other levels. Nev-imits on these amplitudes. The dominant configurations of
ertheless the wave functions are approximately orthonormqhese 7 states namelyv1i11/23p3_,21 and Wlhglzzd_/zl
’ 5/2 1

and reproduce the spectroscopic factors of the proton pick UR ould otherwise lead to strong transitions tp 6Likewise

_1 . .
and y decays reasonably. But th&ds,,3p;,; configuration the adopted amplitude(6; ,w1h9,22d3‘,§)=0.1 gives al-

|(san()))t Irgzlhcjtcii:r? in the analysis, although it is populated in theready a somewhat too large branching from the predomi-

nantly w1h9,22d§,§ 65 to 6; . All these transitions proceed

from the main components of the decaying states, that are

well known, with strong transition matrix elements. There-
Three sets of spectroscopic factors have been measuréste they determine the amplitudes for the 6vith little

for the 4~ states and 4 for 5. But the distinction between uncertainty from other possible contributions.

3sy12 and Ay, proton pickup and gg; and i3y, neutron The small amplitudea(6; , ¥2gq,3ps;)=0.03 is well

transfer relies on the angulal’ distribution of the particles. Adetermined by the branching ratio of the decay EO and

redistribution of some strength fromgg,, to 1i,y; for the 5 hecause this configuration is connected by a stidrg

3708.5 keV 5 Ieve_l reproduces the decays much better. . alement to the main configuratimigg,ZSpl‘,zl of the

The y branching ratios are well but not perfectly reproduced.ﬁrst 5~ state. Table Il shows the destructive interference in

Often very small changes of the ampl_|tl_1d(eso.03§ influ- theM1 decay to 5 , that is needed to reproduce the branch-
ence they decay strongly. Orthonormalizing the wave func- .

tions gives changes of this magnitude that can destroy th'd ratio. The § to 5, transmon contains al_so .EEZ com-
previously achieved agreement with experiment. Small aolponent(see Table II). Alsp for this a destructive Lnlterjerence
mixtures are especially important if thedecay for the main between_lthﬁz tWwo main _a;mE)htudes' 299/22_“15/2'_6. to
components is slow or completely forbidden; the calculated’299/22f52,5~ andv2ge;2fs2,6™ 10 ¥29g;3p1 2,5 IS re-
half lives of Table Il indicate this. Likely the data could be duired. As both components proceed from the same configu-
better fitted with a more powerful mathematical procedureration in the 6 level, its sign drops out and the relative sign
But higher lying configurations might also have to be con-of the two configurations of the Sstate is fixed. TheM 1
sidered:; this is definitely the case for the highest states. The@mponent determines now the relative signs of the
are only 16 free parameters for the combined @nd 5 ¥2092f5; and v2gq,3pz; configurations in the 6 state.
states. They are 3 times overdetermined. The agreement bEhis is an example for the determination of signs.

tween measured and calculated properties is remarkable. ~ The partial derivatives of the branch frony o 5; rela-

The neutron components of the lowest dtate have been tive to all involved amplitudes are shown in Fig. 2. From
determined from the differential cross section qf,i§’)  plots like this it is evident, which amplitudes matter for the
through the 34, analog resonance by Bondcef al. [16].  particular measured branching ratio and are therefore well
They derived a(v2gy,3py3)=0.942), a(r2gy,2f;3)  determined. In the presented case, #2gy,,3p55 configu-
=0.07(16), anda(v2gq,3p45) = — 0.243). Except for the ration of the 6 state and the:2ge,,2f55 configuration of
sign of the two small components this agrees very well withthe 5, state are dominant. The second mentioned amplitude
the present result. Richaet al. [17] derived from the same cannot vary much, as otherwise for instance the weak

E. The 6~ and 7~ states

D. The 4~ and 5~ states
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TABLE II. y-branching ratios calculated from the empirical wave functions in comparison with experiment. The columns show energy
and spin of the decaying and populated state, multipolagignergy, the theoretical branching ratio as calculated from the wave functions,
and the measured branching ratio with its error. The measured branching ratios folvii#e® transitions give the combined intensity and
are to be compared with the sum of the theoretical branchings. Experimental decays by othddtloaf?2 transitions are not included;
therefore the summed strength of the branches might b@0%. All branches are included, for which the theoretical strengtali% or a
transition has been measured. The total theoretical halflife for each decaying state is also given.

Init. Final A E, b Pexp Err.

5280.5 o 4229.5 z E2 1051.0 79.1 78.4 2.2
4841.7 r M1 438.8 20.8 21.6 1.0

T1,=0.1£-10s

5598.0 o 4229.5 z E2 1368.5 59.5 66.9 5.8
4841.7 T M1 756.3 36.9 33.1 3.3
5037.4 z E2 560.6 1.9
5512.5 T M1 85.5 1.3

T1p=0.21E—11s

4229.5 z 2614.6 3 M1 1614.9 98.6 88.6 8.9
4051.3 3 M1 178.2 13

T1,=0.3F—-12s

5037.4 e 2614.6 3 M1 2422.8 42.4 85.4 5.7
2614.6 3 E2 2422.8 1.9
3475.1 4 E2 1562.3 28.5 6.4 0.4
4051.3 3 M1 986.1 10.1 3.3 0.2
4229.5 z M1 807.9 15.0 3.8 0.4
4698.5 3 M1 338.9 1.2

T1p=0.1E—12s

5127.3 s 2614.6 3 M1 2512.8 335 87.6 3.1
3475.1 4 E2 1652.2 14.9 5.8 0.7
4229.5 z M1 897.8 49.8

T1p=0.1F—12s

4051.3 3 2614.6 3 M1 1436.7 95.6 84.5 4.7
3475.1 4 M1 576.1 34 155 15

T1yp=0.1E—12s

4254.4 3 2614.6 3 M1 1639.9 91.8 75.0 9.6
3475.1 4 M1 779.3 7.8 25.0 4.8

T1,=0.3E—13s

4698.5 3 2614.6 3 M1 2083.9 5.9 11.2 1.2
3197.7 5 E2 1500.7 24.7 17.7 1.1
3475.1 4 M1 1223.4 48.5 40.9 2.0
3946.6 4 M1 751.8 3.6
3995.9 4 M1 702.5 0.2 1.7 0.2
4051.3 3 M1 647.2 51 1.7 0.3
4229.5 z M1 469.0 0.1 4.1 0.4
4254.4 3 M1 444.1 10.0 16.8 0.8
4262.0 4 M1 436.5 0.1 3.6 0.3

Ty,=0.1F—12s

4938.5 3 2614.6 3 M1 2323.9 98.7 93.6 24.6
2614.6 3 E2 2323.9 1.0

T1p=0.11IE—13s

5317.0 3 4324.0 4 M1 993.0 95.1 79.9 8.0
4324.0 4 E2 993.0 4.0

T1p=0.4E—12s

3475.1 4 2614.6 3 M1 860.6 36.4 65.3 2.1
3197.7 5 M1 277.4 63.5 34.7 1.3

T1p=0.4F—11s

3946.6 4 2614.6 3 M1 1332.1 34.4
3197.7 5 M1 748.9 47.8 66.0 4.6
3475.1 4 M1 471.5 12.5 17.4 1.2
3708.4 5 M1 238.2 51 16.7 1.2
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TABLE II. (Continued.
Init. A E, bin Pexp Err.

T1p=0.5E€—12s

3995.9 4 2614.6 3 M1 1381.4 58.4 81.9 20.2
3197.7 5 M1 798.2 33.9 18.1 4.3
3197.7 5 E2 798.2 1.2
3708.4 5 M1 287.5 5.5

T1=0.3E—-12s

4262.0 4 2614.6 3 M1 1647.4 1.1 48.5 3.9
2614.6 3 E2 1647.4 1.4
3197.7 5 M1 1064.2 0.0 2.1 0.3
3475.1 & M1 786.9 34.1 27.0 2.2
3708.4 5 M1 553.6 57.7 22.4 1.8
3961.1 5 M1 300.9 3.7

T1»=0.9E—12s

4358.8 4 2614.6 3 M1 1744.3 29.4 11.7 1.7
2614.6 3 E2 1744.3 1.3
3197.7 5 M1 1161.1 11.9 23.8 3.6
3197.7 5 E2 1161.1 1.1
3475.1 4 M1 883.7 53.0 61.5 5.5
3961.1 5 M1 397.7 1.9
3995.9 iy M1 362.9 0.5 1.7 0.4
4180.4 5 M1 178.4 0.1 1.3 0.6

T1»=0.1CE—12s

3197.7 5 2614.6 3 E2 583.2 100.0 100.0 3.1

T1=0.58—09s

3708.4 5 2614.6 3 E2 1093.9 0.4 3.0 0.8
3197.7 5 M1 510.7 97.5 95.2 4.8
3475.1 iy M1 233.3 2.1 1.8 0.6

T1»=0.1IE—11s

3961.1 5 3197.7 5 M1 763.4 74.7 68.6 4.8
3475.1 4 M1 486.0 0.1 1.6 0.6
3708.4 5 M1 252.7 24.3 29.8 2.1

T1p=0.22E—-12s

41255 5 2614.6 3 E2 1510.9 5.4
3197.7 5 M1 927.7 83.9 77.1 9.3
3475.1 4 M1 650.3 9.3 14.7 3.0
3708.4 5 M1 417.0 0.8 3.7 0.8
3946.6 4 M1 178.8 0.2 0.7 0.2
3961.1 5 M1 164.3 0.0 3.7 0.5

T1»=0.4F—12s

4180.4 5 2614.6 3 E2 1565.9 1.2
3197.7 5 M1 982.7 82.4 83.8 8.5
3475.1 'y M1 705.3 114 16.2 4.2
3708.4 5 M1 472.0 4.0

T1»=0.87E—13s

4296.7 5 3197.7 5 M1 1098.9 19.3 5.2 1.6
3475.1 4 M1 821.6 59.3 33.3 3.4
3708.4 5 M1 588.2 1.2 58.4 5.9
3919.9 6 M1 376.8 1.8
3946.6 4 M1 350.0 2.5
3961.1 5 M1 335.6 2.2
41255 5 M1 171.2 9.9 3.1 0.8
4180.4 5 M1 116.3 1.8

T1»,=0.57E—12s

5193.3 5 4324.0 4 M1 869.3 50.0 45.0 45
4324.0 4 E2 869.3 2.7
44235 6 M1 769.8 445 45.2 12.6
4423.5 6 E2 769.8 2.8
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TABLE II. (Continued.
Init. Final A E, b Dexp Err.
T1,=0.51E—12s
3919.9 6 3197.7 5 M1 722.2 48.6 55.2 6.2
3197.7 5 E2 722.2 13.2
3708.4 5 M1 2115 37.3 44.8 4.1
T1,=0.14£—10s
4206.3 6 3197.7 5 M1 1008.6 79.4 82.2 5.7
3197.7 5 E2 1008.6 4.0
3708.4 5 M1 497.9 15.0 17.8 2.3
3919.9 6 M1 286.4 1.1
T1,=0.56E—11s
4383.3 6 3197.7 5 M1 1185.5 88.3 93.8 17.8
3197.7 5 E2 1185.5 1.1
3919.9 6 M1 463.4 7.9 4.8 0.7
41255 5 M1 257.8 0.6 0.6 0.2
4206.3 6 M1 176.9 0.7 0.8 0.2
T1,=0.3E—-12s
4480.8 6 3197.7 5 M1 1283.0 94.2 94.0 8.5
3708.4 5 M1 772.3 4.1 6.0 25
T1,=0.6(E—13s
4761.8 6 3197.7 5 M1 1564.1 85.0 100.0 30.0
3961.1 5 M1 800.7 3.8
4383.3 6 M1 378.5 4.0
4480.8 6 M1 281.0 2.3
T1,=05F—12s
4037.6 s 3197.7 5 E2 839.8 92.4 88.4 13.7
3919.9 6 M1 117.7 7.5 11.6 4.2
T1,=0.1%€—-10s
4680.2 7 3708.4 5 E2 971.8 3.6
3919.9 6 M1 760.3 88.5 100.0 30.0
4037.6 Ia M1 642.6 3.7
4206.3 6 E2 473.9 1.8
T1,=0.8FE—11s
5085.5 s 3197.7 5 E2 1887.8 1.0
3708.4 5 E2 1377.1 2.3
4206.3 6 M1 879.2 77.3 88.8 9.7
4383.3 6 M1 702.3 11.2 11.2 3.7
4480.8 6 M1 604.7 5.4
T1,=0.1FE—12s
5543.0 7 3197.7 5 E2 2345.2 5.3
3708.4 5 E2 1834.6 5.0
3919.9 6 M1 1623.1 5.1 6.1 1.8
3961.1 5 E2 1581.9 21
4037.6 7 M1 1505.4 7.6 10.8 1.8
4206.3 6 M1 1336.7 17.0 18.3 2.0
4383.3 6 M1 1159.7 41.6 42.7 3.4
4480.8 6 M1 1062.2 2.9 6.9 1.0
5085.5 s M1 457.5 10.9 12.3 14
T1p=0.26E—13s
5695.0 7 3919.9 6 M1 1775.1 89.0 100.0
4037.6 7 M1 1657.4 3.8
4206.3 6 M1 1488.6 1.1
4383.3 6 M1 1311.7 1.3
5085.5 Ia M1 609.5 15
T1,=0.1%—13s
4867.8 7 44235 6 M1 444.3 31.3 29.5 5.9
4423.5 6 E2 444.3 1.1
4610.9 g M1 256.9 67.7 30.8 4.6
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TABLE II. (Continued.
Init. Final A E, b Bexp Err.

T1/2:O.1257 103

5195.4 7 4423.5 6" M1 771.8 76.2 76.3 10.7
4423.5 6" E2 771.8 7.2
4610.9 g M1 584.4 0.1 0.0 0.0
4860.9 g M1 334.4 3.1 2.0 0.7
4867.8 7 M1 327.6 13.0 14.3 1.7

T1,=0.6E—12s

610.9 8" 4423.5 6 E2 187.4 100.0

T1/2:0.335_ 055

4860.9 4610.9 g M1 250.0 99.9 74.0 7.7

T,,=0.28—11s

5093.2 g 4610.9 g M1 482.3 82.7 93.5 8.3
4860.9 g M1 232.3 17.2 6.5 2.4

T1p=0.17FE—12s

5339.6 g 4610.9 g M1 728.6 62.6 52.9 5.9
4860.9 g M1 478.6 33.1 33.6 4.2
5093.2 g8 M1 246.4 3.9

T1,=0.11E—12s

5826.2 g 4610.9 g M1 1215.3 4.7 100.0
4860.9 g M1 965.3 7.8
4867.8 7 M1 958.4 4.4
5093.2 g M1 733.0 10.3
5339.6 g M1 486.6 1.8

T1/2:0.17E_ 135

5010.7 9 4610.9 g M1 399.7 80.6 96.4 6.7
4610.9 g E2 399.7 5.2
4860.9 g M1 149.7 6.6
4895.4 10 M1 115.3 7.4 3.6 1.0

T1»=0.1FE—09s

5162.2 9 4610.9 g M1 551.3 39.7 54.0 4.3
4610.9 g E2 551.3 3.1
4860.9 g8 M1 301.3 10.4 11.8 1.8
4895.4 10 M1 266.8 55 9.0 1.6
5010.7 9 M1 151.6 40.6 25.1 2.6

T1/2:0.3257 115

895.4 10 4610.9 g E2 284.5 99.9 83.8 7.4
4860.9 g E2 34.5 0.1 0.0 0.0

T,,=0.14& —05s

5069.5 10 4895.4 10 M1 174.1 100.0 100.0 0.0

T1p=0.1E—11s

5536.7 10 4895.4 10 M1 641.3 79.1 81.2 9.1
5069.5 10 M1 467.2 20.5 18.8 4.8

T1=0.51E—13s

5928.3 10 4895.4 10 M1 1032.9 60.0 64.8 8.2
5069.5 10 M1 858.8 38.3 35.2 12.6
5536.7 10 M1 391.6 1.1

T1p=0.16E—13s

5235.6 11 4895.4 10 M1 340.2 91.3 100.0 0.0
4895.4 10 E2 340.2 5.9
5069.5 10 M1 166.0 2.7

T1»,=0.9E—10s

5749.0 11 4895.4 10 M1 853.6 21.1 22.0 10.0
5069.5 10 M1 679.5 74.0 78.0 10.0
5069.5 10 E2 679.5 2.2
5235.6 11 M1 513.4 1.4

T,,=0.37E—11s

6100.9 12 5235.6 11 M1 865.4 74.0 80.0 5.0
5235.6 11 E2 865.4 1.2
5749.0 11 M1 351.9 23.3 20.0 5.0

Tip=0.44—11s
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TABLE Ill. Transition amplitudes for the decay;6-5; . The columns labelled11 andE2 give the
transition matrix elements for the configurations of column 1. The corresponding transition amplitudes
(labelled Amplitudg include the amplitudes of the configurations in the two states.

M1 Amplitude E2 Amplitude
Transition (nm) (nm) (e fr) (e fn?)
(v9of5a; 67 )— (vepnfea; 57) 1.84 -0.28 44.6 -6.7
(vQorf5is 67)—(vGePy; 57) 0. 0 -257 245
(V9o P3a; 67)— (¥QgaPs; 57) -2.31 0.07 —14.9 0.4

branch from 4 to 5; would not be reproduced. In this way, detected for the deduced spectroscopic fa&er0.01. The
the wave functions of the 6 and 4  states are indirectly wave function of the fifth 6 level should not be taken too

connected. This shows the interdependence of nearly all angeriously. ) ) )
plitudes of all states. The spectroscopic factors andoranching ratios are well

Finally little is known about thes1i,,,2f52 component, reproduced f_or the 5 lowest 7states. The only shortcoming
except that the absence of a transition frog Bmits its ~ are the predicte@2 branches from 7 to the two lowest 5-
amplitude squared to about 0.1. In general this configuratioffVels- The 7 and 6" states are very little mixed and con-
is only poorly determined, because it is not connected to anyeduently perturbation theory should be adequate. It predicts
other configuration by a strong transition element. a; k= —a, for the nondiagonal amplitudes of the wave

The two main components of the second and third 6 functions. This is well satisfied in both cas@able .
statesv1iy1,,3py5 and wlhg,2d, are determined by the
spectroscopic factors. This agrees also fully with the decays F. The positive parity states with odd spin
from 7; and 7, ; these levels have as main components The 20%Bi(t,a7)?°%b reaction populates only one state
vily1,3p55 and wlhg,2ds 5. The holes are the spin-orbit each with1™=3*,5%,7"; a second 9 level is populated
partners of the holes in the 6states and consequently the with 3% of the main proton state. Therefore these unnatural
M1 matrix elements are strong and govern these decayparity states are practically purelhg,1h;;},. The tentative
Again the v2gg,,2f-3 and v2ge,3pss components of the spin assignment for the*3level is based on its strength in
6~ states influence the branching to the lower states stronglyroton pick up and the decay to 4 and 3™. The y branch-

The main component of the fourth 6 level is ing from the 5 level to the lowest 4 and 6" states is very
1299335 leading to a dominant decay tq 5 But all ten  well reproduced. It depends only on the amplitudes of the
transition matrix elements, except one, interfere construcsr1hg,1h;}, configuration in these states. These are also in-
tively to give a measurable branch tg 5 This makes the dependently measured by the spectroscopic factors. There-
smaller components of the wave function believable. Thdore this is a direct proof for the consistency of the informa-
transfer of an 1, neutron is weak ind,p) and cannot be tion from the reaction cross sections and thdecay.

Two 77 levels have been identified. There is no evidence
for the third state of mainly the configuratiorﬂgg,zlil_jz,

% veorean H which is expected between the two others. As this prevents
52 mhondap the orthonormalization of the wave functions the interpreta-
52 viuppin tion of the data is less strict. Thebranching of the lower 7

5 veonfse [ level is reasonably reproduced, considering that all transi-
53 Thopsyy tions are weak. The very good agreement for the highler 7
53 veonpi level requires a subtle interference from the three configura-
Siveonpys [ tions. With just one free parameter the spectroscopic factors
5i Thopdas i and they Qecay of th_e two 9 states are well reproduced.

51 vinppn There is no experimental evidence yet for th(_e lowest 3

5 veonfon and 5" and the secopd7 state, that belong mainly to the

) configurationv2gg,Li 13}2. Evidently they mix so little with

o1 monsi ! the proton configuration, that they are not excited.

51 vaonpin

61 Viunfsn G. The positive parity states with even spin

: ::ZZZ : The 0" and _T states are not considered here. The 4
o levels decay primarily b1 transitions. Therefore the only

o1 ViuzPiz — information on their structure is the'lhg,lh;}, strength

6i vegolsn | : . . . A | from the spectroscopic factors, and wave functions cannot be

2 ! ° 7 28 48 derived. The spin of the 5239.4 keV level is not determined,

FIG. 2. Partial derivative of the relative strength of the transitionbut, of the few expected and not yet assigned levels around
from the first 6 -level to the first 5-level with respect to the this energy, the 4 member of the double octupole phonon
amplitudes of the indicated wave functions. excitation could explain the measured data. It would be
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P & & g & & & -ﬁ from the higher lying 10 levels. Finally the amplitude of
¥ & F LS S A N . 1 . . . .
PN A O A F oy s 08 the v1i4,1i 15, configuration is very sensitive to the decay
107 3 107 from 11; , as its wave function is purelill,zlifg}z. All 4
= £ = possible configurations are therefore well measured for the
U g U first 10" state. There is however no direct evidence on the

amplitudes of thevljs2f55 and vliqqlis, configura-
tions in the two highest 10 levels. They are only deter-

=)
h

e

%0

6 — 6
g o : mined from the orthonormality requirement.
& = 1 5'2 = &
I g2 Ul :
- EE N H. States with spin 11 to 14
10 10 The highest spin that can be formed by one particle one
08 " o8 hole configurations is T4 The wave function of the 14
1

8+
H H - H 2 level is purevljls,zlifg}z, because no other configuration is
possible. This holds also for the 13tate. The 12 level can
likewise only bevlill,zlil’g}z. Two 11" levels have been

]
amplitude
]

RN ¥ & o o 0F found [19] with the pure configurations2gg,li 5, and
v F§F A . . . .
S&LSS S&LSLS vliq151i 15, [19]. Primarily the absence of @ branch from

11; to 117 excludes appreciable configuration mixing.

FIG. 3. The figure shows the amplitudes of the configurations ofrherefore all the known states with spin above 10 have pure
the 1q° state on top and those of the twd &tates on the bottom. configurations.

In the middle the correspondirig2-transition elements are shown.
The different signs of thej 15,2p[,21 configuration in the 8 states

- 12 = l. neral remarks on the wave function
lead to destructive or constructive interference. General remarks on the wave functions

_ _ 1 It has been possible to describe many level€%8Pb with
strongly mixed with the nearly degeneratd.hg;1h, ), 4 one particle—one hole wave functions. In particular the am-
level at 5216.5 keV. Yetet al. [12] favor the 5216.5 keV  pjitudes as measured by transfer reactions agree well with
state as double octupole. The next possible particle-hole cofngse determined from thetransitions. The measured spec-
figuration for a 4 state vligypliyg, lies about 600 keV  troscopic factors have been normalized such, that s8im (
h|gher.. _ o =1 for a given transferrefland| ™ of final states. The wave
Again just one mixing parameter for the two @evels  functions are orthonormal, as they should be for an adequate
describes the strength of théjk, proton pick up and thes  model. Much qualitative information on the neutron particle-
branching into them from the 5and 7" levels well. hole structure of many states has also been gained from in-

Five 8" and four 10 levels have been identified. A sixth elastic proton scattering through ana|og St@m The de-
8" level is expected close by; but the four*1@evels are  duced wave functions agree with this.

well separated from the next higher state. In both cases the No need arose to include any two particle two hole con-
m1hgplhyy), strength is distributed fairly uniformly. The figurations or “collective” contributions for the considered
lowest 8" state shows a half-life 6f;,=3.2(5) ns. Thisis states. On the other hand excited Gtates can only be
exactly reproduced for the decay from it4] 15,23p1‘,§ com-  formed by two particle two hole excitations, and these exci-
ponent &= —0.78) to the purev2gq,3p;;s 5; State with  tations contribute significantly to the*2and also 4, 6*

the known B(E3,v1j152—20e) =22W.u. The y decay levels.

agrees therefore with the spectroscopic factor of the neutron The use of effective 1 andE2 matrix elements means
transfer reaction. An analogol&3 transition proceeds also however that special more complicated admixtures are
from the weak &= —0.19) v1j 15/22]‘5*/21 component of the present. It is well I_<nown, for example, that the differer]ces
lowest 10" level to the practically pure2ge,2f 31 7; level. between the Schmidt values and the measured magnetic mo-

Figure 3 shows the wave functions of the; 18nd 8 , levels ments Qf the single _par.ticle orbitals are in part caqsed by
and the transition-matrix elements of the conneciggtran- ~ Magnetic core polarization. These are admixed eixcita-
sitions. The destructive interference of thégg/zlii}]]z to Uons of the=™*Pb core, t-hat are oo W?ak to noticeably influ-
120apli 1k, and v1jie2fot to vljis,3pyt contributions ence any _oyher properties bMt1. It might weII pe, tha_lt the

tor th 13’2t e ai 15/ ?lzth : 15h Iflll'?‘T —500 g Y5 collectivity of the lowest 5 level, that is evident in in-
?‘rth el%* state ?LIE\EIE ':'IEGEOZ te o!:_g af-| € Eﬁz_lbl n | elastic proton scatterinfRl], is caused by other small ad-
getefmine fhae Z[mpgllitu dgs of ::;3 |01ni§ 1r(2:rgnfi§urati§:1/ein mixtures, which do not influence the properties considered in

9/2+113/2

- our analysis.
the two lowest 8 levels, and together with the two mea- ~ Tpge y-transition rates result from the coherent superposi-

sured spectroscopic factors the three important Componen{s,, of the transition amplitudes and determine therefore the
are fixed. . . ~ signs of the amplitudes. But of course a simultaneous change
For the 10 states themlhgylhyy, configuration is  of corresponding signs in the initial and final state gives the
known from the proton pick up. The2ge,liys, and  same transition strength. Because the signs are however
v1j1522f55 configurations for 1 have already been dis- mostly also fixed by some othertransition and by the or-
cussed in connection with the decay to thé &tates. thonormality requirement, it is unlikely that individual signs
v299,21i1_3}2 is in addition sensitive to thd11 branchings are wrong. But the signs of whole groups of amplitudes
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TABLE IV. Matrix elements of the residual interaction, as calculated from level energies and wave functions.
The diagonal proton elements are corrected for Coulomb pairing #800 keV. In addition to the table there are the
following diagonal elementsy{vliyylijs512" |H|vliqq5lig,127)=258 keV; (vl]ispliias13 |H|vljisslita,137)=—38 keV;
(v1]15/5li 1575147 |H|v1]15/5li 155 147 ) =257 keV.

0~ states
Configuration v45,,,3p1) v3ds2f o3
v43,,,3p1/ —139 110
v3dg 253 110 -12
1™ states
Configuration v43,,,3p1/s v3ds2f 53 12992173
v43,,,3p1/ —-136 -82 5
v3dg2f o) -83 —-127 —-147
12992173 0 —-143 —-894
2~ states
Configuration v2992f 23 v3ds,3p15 m2f7,2053
v2992f 55 317 —218 133
v3ds3p1/5 —215 5 82
w2f7,2d35 128 81 -88
4~ states
Configuration 299315 m1hg;3s,3 V2992215 71hg2d33 V20913033
v290/23P1/5 99 —46 75 -41 -171
m1hg3sy3 -38 68 3 —-109 -11
1299215 86 8 -4 —26 —42
mlhg2d55 -76 -114 -22 -19 25
12090/23P3/ —-174 —-20 —47 30 —46
57 states
Configuration 29923013 m1hg3sy; v29922f 55 vliBpys 71hg;2d3; v290/3P312
v299/3P1/ —-182 148 —-76 33 —38 -3
m1hg,3s13 154 -59 121 88 -113 -21
v2092f 5/ -72 118 -151 —-87 48 5
v1i113p15 38 92 -89 —44 —25 45
m1hg2d55 —38 —-116 49 -27 —135 —60
1209/23P3/ -5 -17 5 43 -58 —-109
6~ states
Configuration 1209255 v1i113p13 71hg2d5; v20o/3P3/ vliyy2ts;
v2992f 5 -77 3 —43 -1 -2
v1i113P1s 3 6 —43 -1 -2
m1hg;2d33 —45 —40 132 —-26 -14
v299/3P3/ —-14 25 -27 153 53
vliyy2fey 0 7 -15 53 —29
6" states
Configuration 120951 10 m1hgplhy ),
v20g/5Li 197 —-502 —300
m1hg,lhr, —300 -188
7 states
Configuration v2g92f o3 vligy2fes v1i113Pa m1he,2dg3 v2002f 7
129925/ 52 0 -1 2 —156
vliy2fey 0 —100 0 0 0
v1i113P35 3 0 22 —137 13
m1hgp2dg 3 -40 0 -139 -85 —45
1209273 —-163 0 14 —42 —105
8" states
Configuration v1j1523p1 v29g12li 1372 m1hgz1hig, vlj152fe; v1j1523Pa
v1j153p 15 —146 87 -83 0 22
120921 1o 87 —-106 189 75 —49
m1hg,lhir, -82 189 —280 73 78
v1j152fos 0 76 74 —146 -19
v1j153P3 21 -50 78 -19 —490
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TABLE IV. (Continued.

9" states
Configuration v20orLi 13 m1lhgplhil,
v29aplita) —47 —30
m1hgplhir -30 -106
10" states
Configuration v2dorli 137 71hgplhyy, v1j152f5; V1111 197
120,51 10 8 194 179 -93
m1hg,1hir, 193 —-96 58 —262
v1j12f 0k 176 58 ~15 166
vlig1lisg), -93 —261 166 -61
11* states
Configuration v20orLi 19 vligylig,
v29orlitap 171 0
vliyylizg, 0 —93

could perhaps be changed. There is for instance transi-  way. For the nondiagonal elements no meaningful represen-
tion between a neutron and a proton configuration, and thereation as a function of few parameters is known as they de-
fore the sign of all proton amplitudes in all states might bepend on 4 orbitals and the spin of the state. There are no
changed simultaneously. Thetransitions do not determine calculated and published nondiagonal matrix elements avail-
the sign for therLhg;,1hy}, configuration in the 10 levels  able either for a direct comparison. This is unfortunate as the
either. It is taken from inelastic electron scatterif2?].  nondiagonal elements are essentially new information; diag-
There might be other not quite so evident cases, that have ¥nhal elements have been deduced and interpreted for neigh-
be checked if a serious doubt results from other data. boring nuclei before, disregarding configuration mixing, see,
The agreement between our empirical Wwave fu_nct|ons ané,g,, Ref[23]. A difficulty in the interpretation of all matrix
those calculated by Truet al. [2] for negative parity states gjements is, that the particle-particle formalism is normally
with a phenomenological interaction is remarkably good for saq in theory, while our analysis uses the particle-hole for-
the lower states. There are however also significant differ'malism as dic:cated from the nature of the data. The Pandya
ences, that might perhaps be used to improve their force. OlfFansfor,mation converts from on to the other scheme, but
empirical wave functions are limited to the lowest configu-requires a complete set of matrix elements for all spir;s to

rations. The calculated2] wave functions include also . R .
higher configurations. That these are really present, althougt‘f)r{h'Ch the participating orbitals can couple. Therefore the

small, is proven by the measurement &¥Pb(d,p)2°%Pb ansformation is often not possible. As mentioned above

with polarized deuterong§l13]. It shows mixing between there is some uncertainty of the signs in the wave functions,
3ds), and s, orbitals. that gives an uncertainty of the sign of the corresponding

nondiagonal matrix elements. In a comprehensive treatment
these limited uncertainties can be resolved, and as soon as a
consistent and complete set of theoretical interactions be-
A. Derivation of the residual interaction comes available, a comparison should be made. The offdi-

The Schidinger equatiorH s=E is usually interpreted agonal elements are usually smaH 100 keV) and markedly

as an eigenvalue equation; the Hamiltonian matrixis smaller for unnatural than for natural parity states.
known and the energiels and wave functions) are to be
calculated. Here we regard it as a system of linear equations
to calculate the elements of the Hamiltonian from the mea- The diagonal matrix elements can be graphically pre-
sured level energies and the wave functions. The results agnted in a meaningful way as in Figga$-4(c). These fig-
presented in Table IV. The diagonal matrix elements includaires show also approximate errors of the interaction ener-
the residual interaction only, the single particle energies agies, as derived from the errors of the amplitudes of the wave
given in Fig. 1 have been subtracted. Also the presenteflinctions[9]. A classical anglé® between the spins of the
diagonal elements for all proton configurations show the diinteracting particlg , and holejy, in a statel ™ is defined as
rectly calculated values plus 300 keV. This compensates that

the energies of the proton particle-hole configurations are

lowered by a roughly constant amount of 300 keV due to the 0= arcco%
Coulomb pairing interaction. As presented, the residual in-

teraction for protons and neutrons is comparable.

Ill. THE RESIDUAL INTERACTION

2. Diagonal elements

10+ = jp(jp+ D —jn(in+1)
2Vip(ip*t Din(int+1) '

For approximately paralle{lmaximal I) or antiparallel
B. Discussion of the residual interaction (minimal I) spins the planes, in which the particle and hole
move, overlap well, and a large interaction energy is ex-
pected for an interaction of short range. At intermediate
The main discussion below is restricted to the diagonabpins the overlap is small. Therefore the matrix elements
matrix elements, as they can be presented in a perceptusthould roughly lie on a parabola, if plotted agaist The

1. Nondiagonal elements
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diag matr el in 208Pb o 0. Two further distinctions are important. The empirical ma-
™ G trix elements show a marked difference depending if the
so0 | Nordheim numbeyj,+j,+1,+1, is even or odd; in other
E one j=H1/2 other j=I—1/2 words there is a distinction between the two cagpsspin
F o unnatural parity and orbital angular momentum are either parallel or antipar-
400 - . allel for both particle and hole dii) they are parallel for one
& and antiparallel for the other. Also the classification between
i natural 7= (—1)" and unnaturalr=—(—1)' parity of the
=t oot o state is important; the diagonal matrix elements are larger for
100 | o é“p\wq% & . natural parity states. This accords with the clearly larger non-
: Y diagonal elements for natural parity.
The interaction in the unnatural parity states of odd
Nordheim numbefFig. 4a)] is weak, between+-100 and
: . A . —100 keV and shows no dependence on angle over the
oooo® s e s e e = range from 50 to 180°. An exception is thé Etate. States
of similar nature have mostly the same interaction energy;
examples are uliqq,lii5511") and (wlhg,plh i97)
- or  (v9292f55;67) and  (wlhgy2d53;67)  or
s one J=I+1/2 other j=1-1/2 (v2993py2:47) and (wlhg;3s;5:47).
[ natural parity For odd Nordheim number and natural pafiiig. 4(b)]
200 [ only angles from 30 to 110° are covered. The interaction
3 energy drops from about 0 keV at small anglest200 keV
around 90°. This is the expected general dependence on
angle. It is tempting to group the data into two groups as
indicated by the lines in the figure. But we could not recog-
XV nize any distinction between the structure of the states in
these two groups. Three matrix elements are rather different
from all others.
The matrix elements for even Nordheim numbé&ig.
4(c)] exhibit rather clearly a parabolic dependence on angle,
e e e me and there is a marked difference between natural and unnatu-
angle ral parity. Again the interaction energies for the similar con-
figurationsr2g,,3p53 andw1lhg,2d5; are nearly equal for
diag matr el inEIZOSPb Spin 4, 5, and 6.
: & , . All matrix elements of the residual interaction are rather
el SO bt i=tk1/2 ori=i=1/2 small, only few exceed 200 keV. The fact, that reasonable
trends can be seen at all, supports the validity of the pre-
sented analysis. The dependence on the classical angle,
means that the interaction is of short range. The radial wave
functions are of little influence, although orbitals with be-
tween 0 and 3 radial nodes are present; this indicates that the
interaction is concentrated in the surface, as the amplitudes
of the wave functions at the surface of the nucleus change
only little with radial quantum number.
Moinester, Schiffer, and Alford23] analyzed the diago-
nal matrix elements of the interaction between protons and
) neutrons in?'%Bi and protons and neutron holes MBI
angle from measured energies and assuming pure configurations.

FIG. 4. Diagonal matrix elements of the residual shell model] N€Y used a multipole expansion of the interaction energies.

interaction between particles and holes?¥Pb as functions of the 1 N€ energy of a state is given as
classical angle between the angular momenta. The lines are to guide

500 |

300 [

matr el. (keV)

“

100

matr el. (keV)

350

£ turol it
250 [ notural parity
F unnatural parity

200 |
150 |
100 F

50 [

matr el. (keV)

ok
-50 [

-100

-150 L
20

the eye only.(a) Levels of unnatural parity, if =1+1/2 for the TR kK ekeio

particle thenj=1—1/2 for the hole or vice versab) Levels of Ei(Jaj2) zk: aj,i,Erl2).

natural parity, ifj=1+1/2 for the particle therj=1-1/2 for the

hole or vice versa(c) j=I1+1/2 orj=I1—1/2 for both particle and The quantitief',‘(j 1j») depend only on angular momenta,
hole.

while the expansion coefficiemzs}‘lj2 really determine the

advantage of this representation is that all matrix elementéiteraction. They showed, that thel ; /o ; are approxi-

can be shown together irrespective of the detailed quantummately independent of the individual orbitals. This means
numbers of the orbits. As Figs(a—4(c) show, the matrix that the interaction is primarily determined by the angular
elements follow indeed the expected trend versus the angi®omenta. The same conclusion has been reached above by
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TABLE V. ReducedV 1 andE2 matrix elements in nm and e firas used in the present analysis. This is an updated version of the table
by Donahueet al.[31]; some signs have been corrected. The references for more recent values are indicated. See also the text.

from to M1 Ref. E2 Ref. from to M1 Ref. E2 Ref.
Proton particles Proton holes

lhgp, 1hgp, 6.97(15) —55.95) [32] 3s3 3sy5 2.251) [33] 0.00

1hg 2f21 0.18 -15.50 2d3; 3sy5 0.30 [34] 33.50

2f 2f 8.08 [35] —53.50 [36] 2dg3 3sy5 0.00 37.10 [36]

Liyap Liqap 15.7%30) —66(16) [32] 2dy; 2dy; 0.96 [34] 29.60 [36]
2dg3 2d5; 1.90 [34] —-20.50  [36]
ih,  1hgd, 127827 [37] 7511) [38]
2dg3 2dg; 5.93 [34] 40.10 [36]

Neutron particles Neutron holes

29012 200  —24212) [39]  -392  [39] 3p,;  3py; 0.71 0.00

2dgs2 Liqp 0.35 6.90 2t 3ps 0.00 20.60

Liqyo liyg 1.07 [34] —39.30 [36] 3pan 3ps -1.28 —15.60

1j15 ljisp,  —2.6820) (34] —64.00 [36] 2t 2f3 1.083) 25.90 [36]

29 3dsp, 0.00 —-32.90 3pas 2fg 0.44 —-11.20

3ds, 3ds), -1.90 —-18.10 [36] 2t 2fo —-1.98 -11.70

3ds), 4sy, 0.00 —-17.70 3pan 3pss —-1.60 16.90 [36]

43y 43y —1.47 [34] 0.00 2f53 3p3s 0.00 27.70

3ds), 3dg, -1.63 9.40 Li g 1i 13 —1.965) [40] 48.6 [41]

43y 3dgp, 0.00 [42] 14.10 2f55 2f55 —2.01 48.50

3dg, 3dg, 1.12 [34] —-14.10 [36]

20gp2 297 -1.96 [34] 11.70

ligqp 207 0.00 —40.00

3ds, 207 0.00 [42] 6.90

3dg), 297 0.00 —23.20

2071 2071 1.49 [34] —-31.30 [36]

the observation, that the matrix elements exhibit clear trendfrmation on y decays had been scarce due to a lack of
as a function of the classical angle and roughly independerduitable reactions. But better detectors have overcome these
of the radial qguantum numbers. Moinesefral. [23] also  problems. Coincidences between charged particles and
found a marked influence of the Nordheim number, namelyays have been measurgiD], very goody spectra obtained
that theay with odd k change sign according to the Nord- with (n,n") [11], the (d,p) reaction below the Coulomb bar-
heim number. This multipole expansion connects also theier [26,27], and neutron capturf8]. Also previously inac-
particle-hole interaction with the particle-particler hole- cessible high spin states have now been discovered by
hole) interaction simply by a change of sign for thg with spectroscopy with deep inelastic reactidi®,29,3Q. The
evenk. A short trial, to see if also ouf®Pb data agree with combined experimental information makes a detailed analy-

the general interaction of Ref23], was inconclusive. sis possible, and the shell model is a well suited theoretical
framework for this. The most basic and interesting point is to
V. CONCLUSIONS determine the interaction of the nucleons in the nucleus and

to understand it.
Shell-model wave functions of many states?fiPb have

been derived from measured data empirically. This became

possible by a reliable and sufficiently complete set of data ACKNOWLEDGMENT
[10]. It would be very interesting to check if these wave
functions also reproduce other measured data, like inelastiﬁ,
electron scatterin§24], that is sensitive to other aspects of !
the structure. Knowledge of the structure of the states of
208pp is also necessary to understand neighboring nuclei, in
which few particles couple to the levels 81%Pb.

The region around®Pb is so attractive, as it is beyond
48Ca the only stable doubly magic nucleus. As also the Table V summarizes the reducdtil andE2 matrix ele-
neighbors?°’Pb and?°*Bi are stable a large variety of reac- ments(fin|M1[|inity and (fin|E2]init) that have been used
tions can be studied and a rather complete picture of the the analysis of the transitions in2°%Pb. Most values are
structure formed. Excellent experiments with radioactivefrom Donahueet al. [31], but a few signs have been cor-
beams and targets, liké®™Bi(t,«)2°%Pb, that are impossible rected. For the hole states really the signs for holes are given,
now, have been performed long ag2b]. Until recently in-  meaning that the signs of ti€2 elements are the opposite of

We thank Jan Blomqvist, Stockholm, for very valuable
nts and discussions.

APPENDIX A: EFFECTIVE M1- AND E2- MATRIX
ELEMENTS AROUND 2%%pB
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those for particles. An interchange of initial and final stateproven to be correct in many instances. The calculated
gives (whiM1||7h})=12.71 nm agrees with the later mea-
o surement of 12.70) nm [37]. Likewise the calculation for
(fin O p[linit) = (init| O pl|fin) > (— 1))t~ Jin, (msylIM 1| 7sy3)=2.32 nm agrees with the experimental
value 2.2%5) [33] and the theoretical 7f;,|M 1| 7f;)
Many values originate from the Migdal theory calculations =8 41 nm with 8.0850) nm from experimenf35]. For the
of Ref.[34] for M1 and Ref[36] for E2. These calculations case of theE2 matrix elements the agreement is also quite
include admixtures of the collective octupole excitation; thisgood, the calculation of 7ri 5| E2| i 135 = —90.7 e fm?
is appropriate for the present analysis, that also uses singknd (vi54|E2| vi 5, =54.2 efm? correspond to experi-
particle orbitals which include such admixtures, not reallymental results of-66(16) e fm? and 48.62) e fm?, respec-
pure orbitals. The calculations of thél elements have been tively.
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