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High-spin states in 2°8Pb
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Abstract. High-spin states in 2°®Pb have been studied by ~-ray-spectroscopy methods in deep inelastic
reactions induced by beams of 2°°Pb, !36Xe and "®Ge beams on a thick 2°*Pb target. The 115 state
and new ~-transitions between the one-particle one-hole states of highest spin have been found and
electromagnetic matrix elements verified. High-spin states of two-particle two-hole structure have been
detected for the first time. The results are compared to shell model calculations with realistic interactions

in the complete Kuo-Herling space.

PACS. 21.60.Cs Shell model — 23.20.Lv Gamma transitions and level energies — 27.80.+w 190 < A < 219

—25.70.Lm Strongly damped collisions

1 Introduction

The study of excited states in 2“8Pb, as the heaviest dou-
bly magic nucleus, offers unique possibilities for a basic
understanding of the single-particle structure of the nu-
cleus. Kuo and Herling [1] derived already in 1970 the
residual interaction between nucleons occupying the shell
model orbitals around 2°8Pb from the interaction between
free nucleons. This interaction was used quite successfully,
as shown for instance by Warburton and Brown [2]. Usu-
ally, in these calculations the single-particle energies are
taken from the experimental energies of appropriate lev-
els in nuclei with one particle or hole. But there is now
also a phenomenological potential, that reproduces the
single-particle energies quite well [3]. The theoretical ef-
forts continue; very recently Coraggio et al. [4] determined
the residual interaction between proton particles around
208P} from the Bonn potential for free nucleons. Their cal-
culations are similar to those performed by Kuo and Her-
ling, but have now been done without previously necessary
computational simplifications. The interaction, that they
derived, reproduces the level energies of the two-proton
nucleus 21°Po even better than the Kuo Herling interac-
tion [1] with the adjustments by Warburton and Brown
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[2]. Similar calculations were done for most of the other
subspaces, in particular for neutron holes (see refs. given
in [4]), but keeping °8Pb as an inert core, i.e. exclud-
ing particle-hole excitations. Recently A. Brown [5] cal-
culated a realistic interaction from the H7B interaction [6]
for the complete Kuo-Herling space; this space has £32Sng,
as inert core and comprises the orbitals, that would be
filled for the nucleus ?%8}(184. These calculations included
in particular also the interaction between the orbitals be-
low and above the shell closure in 2°8Pb, that are needed
to describe the excited particle-hole states in 2°8Pb it-
self. Another important development has occurred with
shell model computations, i.e. calculating nuclear proper-
ties from a given interaction. Many more active particles
and a larger configuration space can now be treated. Con-
sequently, many more nuclear states are now accessible for
detailed shell model calculations. Of direct relevance for
this work is, that it has become possible to calculate two-
particle two-hole states in 2°®Pb for the complete Kuo-
Herling space with the OXBASH code.

Experimental data on ~-transitions and high-spin
states in 20%Pb are still scarce, because 298Pb is too neu-
tron rich for the usual studies with fusion-evaporation re-
actions. However, y-spectroscopy following deep inelastic
reactions has made it possible to find new states at higher
spins and the ~-transitions between them [7,8]. Schramm
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et al. [9] found the main 7-cascade from the one-particle
one-hole state with the highest spin 14~ by inelastic scat-
tering of 94Ni and 82Se on 2°8Pb. The experiments, pre-
sented here, used heavier beams on 2°®Pb targets and
found with more efficient detector systems new levels and
transitions. Parts of the present results have been pre-
liminarily reported already at earlier conferences [10,11].
In this article the advances of theory are compared and
tested with the new experimental results.

2 Experiments

In an earlier experiment, performed at the INFN Legnaro,
the 420 MeV "°Ge beam from the ALPI linear accelerator
bombarded a thick ( 50 mg/cm? ) 208Pb target, placed in
the center of the GASP Ge-detector array. The very low
beam intensity of around 0.2 pnA, available at that time,
limited the statistics of the collected coincidence data. On
the other hand, the beam pulsing with 400 ns repetition
time and the low intensity provided a very clean identifi-
cation of the y-rays preceding the 10T isomer (T2 =500
ns) by prompt delayed coincidences.

In two later experiments at the UNILAC of GSI,
Darmstadt, a thick 2°Pb target was hit by beams of 5.7
MeV /u 13¢Xe and 6.5 MeV/u 2°8Pb and y-rays were de-
tected by 5 Ge-CLUSTER detectors of the EUROBALL
project [12] placed in a ring close to 180° and 132 Nal
scintillators of the CRYSTAL BALL [13]. This set-up has
already been described together with the data on 2°9Pb
and 21%Pb [14,15]. The beam was pulsed with 110 ns dis-
tance between pulses. These experiments provided better
statistics on prompt-prompt coincidences. The data from
all three experiments were used, to deduce the final re-
sults.

3 Results

Figure la shows the spectrum of prompt v-rays in co-
incidence with delayed v-transitions occurring in the de-
cay of the 10" isomer, as measured with the "°Ge beam
and the GASP spectrometer. All lines, that are placed
into the level scheme (fig. 2) above the 10" isomer are
indicated. Table 1 lists the energies and intensities as de-
rived from this spectrum and also the prompt ~-intensities
which were obtained from a best fit of the prompt-prompt
coincidences of the experiment with the 2°®Pb beam and
the cluster detectors. This fit was performed for the level
scheme of fig. 2 with the program ESCALSR as described
in ref. [16]. The intensities from both experiments agree
surprisingly well. Apparently the feeding pattern is not
very different for the various beams used, and the impact
of the angular distribution of -rays is not important, al-
though the detector arrangement of GASP is isotropic,
while the cluster detectors were all placed close to 180°.
The highest-lying transitions at 290.7 and 947.6 keV are
suppressed in the Pb-data by the prompt time window,
because they are partly fed from a higher-lying isomer.
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Fig. 1. a) Spectrum of prompt and short delayed ~-rays in
coincidence with lines below the 10" isomer, 284, 583, 1412
and 2614 keV. b) Spectrum in prompt-prompt coincidence with
the 1508 keV line from the experiment with the 2°®Pb beam.
A “banana” gate has been used for the coincidence time that
is narrow at high energies and wider for low energies; therefore
the 948 keV line is not evident.

The previously known lines [9] below the 14~ state are
evident and confirm the known yrast scheme between the
10" and 14~ states. The 1508 and 1553 keV lines are new;
they are E'3 crossover transitions from 14~ to 11+ and 13~
to 10" states, as proven by coincidence relationships and
their matching energies. The spectrum in coincidence with
the 1508 keV line (fig. 1b) shows the preceding lines above
the 14~ level and the following 340 keV transition to the
107" isomer.

A new ~v-cascade of 351 and 681 keV proceeds from
the 127 level to the second 10t state through a new
state at 5749 keV. The selection rules for the connect-
ing ~-transitions limit its spin to 10, 11, or 12. There
are very few one-particle one-hole configurations, that can
give these spins around this energy. The four expected
10" states and the one 12" level are known already,
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Fig. 2. Levels and y-transitions in 2*Pb above the 10" isomer
from the present experiments. The level energies have errors of
0.2 keV at the bottom, rising to 0.5 keV. The width of the
arrows reflects the y-intensities as in column 3 of table 1.

and negative-parity states are not expected at all. This
leaves only the 117 level of the configuration vi;; /Qifgl/Q,
and this assignment agrees perfectly with all observed -
transitions. The shell model predictions are so clear in this
case, that 11% can be assigned to the 5749 keV state. A
second, weak decay branch from this level to the lowest
10% level is also observed.

The strongest transition above the 14~ state is the
2318 keV line. As discussed in ref. [17] it can be assigned
as the collective octupole excitation built on top of the
(Vj15/2i1_31/2;14_) state and coupled to a maximum spin
17%. The energy agrees very well with the combined shifts
of the observed particle-octupole couplings of the individ-
ual vji5/2 and i1_31/2 orbitals [17]. A cascade of 948 and
291 keV lines populates the 9062 keV level. The ordering
of both transitions is clear and both show a delayed com-
ponent with the time distribution as presented in fig. 3.
A half-life of T}/, = 28(8) ns is deduced for this higher-
lying isomer. The scarce statistics cannot rule out, that
the 948 keV line has a prompt component and the iso-
meric transition has been missed. On the other hand, an
E3 multipolarity of the 948 keV transition with strength
as found for the other E'3 transitions would match the life-
time well. A line at 1230.8 keV is definitely located above
the 14~ state and probably also a 1283.4 keV line; both
most likely populate the 14~ level directly.
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Table 1. Gamma-ray transitions assigned to 2°Pb above the
10" isomer.

208Pb+208Pb 76Ge+208Pb
E. (keV)? N Id
173.9 7(2) 12 (2)
290.7 12 (1) 22 (2)
295.3 20 (2) 28 (3)
340.2 100 (5)° 100 (6)
347.9 51 (3) 48 (4)
351.4 11 (2) 15 (2)
680.6 19 (6) 21 (4)
854.6 - 3(2)
865.2 55 (4) 64 (13)°
947.6 2 (1) 12 (3)
1230.8 16 (2) 17 (2)
1283.4 -f 12 (2)
1508.1 45 (3) 42 (7)
1552.7 7(2) 10 (4)
2318.1 24 (2) 28 (4)

a) Typical uncertainties on the v-ray energies are 0.2 keV.

b) Intensities fitted with ESCAL8R program [16] on prompt coincidence
-+ matrix. Indicated errors are from program estimates and do not in-
clude angular distribution and correlation effects.

c) Intensity sum of the feeding transitions 1508 keV and 865 keV.

d) Intensities deduced from the sum coincidence spectrum with de-
layed transitions below the 101 isomer: 284 keV, 583 keV, 1413 keV
and 2614 keV. Time windows: prompt —25ns < t < 30mns, delayed
30ns < t < 600ns with the region around the next prompt peak ex-
cluded. The errors are statistical only.

e) Doublet, cross-coincidence with transition in Ge.

f) Weakly observed in 208 pp, 4 208p}, experiment; not placed in level
scheme.

10° - T,,=28(8)ns

0 240 480

Time[ns]

Fig. 3. Summed intensity of the 291, 295, 340, 348, 865, 948,
1508 and 2318 keV transitions relative to the pulsed beam,
showing the half life of the new high-spin isomer in 2°®Pb. The
best fit of an exponential plus constant background, that gives
Ty /2 = 28(8) ns, is also shown.



262

4 Discussion
4.1 One-particle one-hole states

High-spin states in 2°8Pb have been studied previously
in inelastic electron and proton scattering [18-20]. The
assignments of these very different experiments agree for
the 10%, 127, and 14~ levels with the present findings.
They also found a 12~ level very close to our 13~ level [18,
19]; later this 12~ level has been shown to be a doublet
with likely a 13~ state in inelastic proton scattering [21],
that then has to be identical with the level seen here.
However, the second 117 level was placed at 5.860 MeV
from electron scattering data [20] in disagreement with the
present work. There is also disagreement for the first 117
state [9]. Neutron states are weakly excited in inelastic
electron scattering, and even at the achieved resolution of
20 keV unresolved multiplets pose big problems.

The structure of the one-particle one-hole states in
general has been discussed by Rejmund et al. [22]. For the
high-spin states, only one configuration gives negative par-

ity, namely 1/]'15/21'1731/2 that extends to 147, which is the

highest possible spin from any one-particle one-hole con-

figuration. The configuration viqq /Qifsl/Q reaches to max-

imum spin 127, Vgg/gil_;/z to 117, and for spin 10" the
111/2
The four known [23] 10% levels show a pronounced mixing
of these four configurations [22]. On the other hand, the
two 117 states do not show any mixing of the two possi-
ble configurations (see below), and for spins from 12 to 14
anyway only one configuration is possible.

As the structure of the levels is so pure and well
known, their 7-decay can be interpreted in detail. In
the decay of the 14~ level the new FE3 transition to
the 11] state competes with the M1 transition to 13~
state. This is exceptional. The B(E3)-value of the tran-
sition from (j15/2i1_31/2; 147) to (g9/2i1_31/2; 117) is for this
stretched coupling the same as B(E3,ji5/2 — gg/2) for
the single particles. It has been measured in 2°°Pb as
B(E3,j152 — go/2) = 2577 W. u. [24]. This gives a
decay rate A\(14= — 117) = 0.64 - 10s~! with lim-
its of 0.54 and 0.83 - 10s~!. The measured branching
ratio 1(295 keV)/I(1508 keV) = 0.67(13) means then
A(14~ — 137) = 0.43(15) - 10°s~L. This is very slow for
the possible M1 transition, corresponding to B(M1) <
1073 W. u. Indeed, one also calculates a very small
B(M1, (j15/2i;31/2; 147) — (j15/2i;31/2; 137)) for pure con-
figurations and the adopted [22] single-particle magnetic
moments; the M1 transition strength is proportional to
(9(J15/2) — g(if?}/z))2 and the g-factors are nearly equal.
As these decays are so slow, other usually negligible modes
have also to be considered. One of them is the M2-decay
to the (1/2'11/21/2'1_31/2; 12%) state. This is analogous to the

configurations vji5,2 f5_/12 and mhgah are also possible.

M?2 branch from vj5/5 to viyy /e in 209Ph, that proceeds
with 12% of the E3-transition to vgg/o [15,24]. The tran-
sition strengths should be identical for the states in 2°3Pb,
with just an 7;3/o neutron hole coupled to these neutrons
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Fig. 4. Decay from the 14~ to the 13~ state. The total 14~
— 137 decay rate, determined from the measured branching
ratio and the vj15,2 — vgg,2 transition rate in 209p}, i shown.
It is compared with the theoretical M1- and E2- decay rates
as a function of the vj;5/; matrix elements (top and bottom
scale). The adopted values are indicated; their sum agrees with
the measurement.

with maximum spin. The (14~ — 12%) transition in 2°®Pb
with a calculated energy of 643 keV is then expected
with 8% of the 1508 keV line, well below the detection
limit of the present experiment. Next, E2 transitions, that
are usually negligible in 2°8Pb compared with M1 transi-
tions, have also to be considered. The ( (j15/21;31/2; 147) —

(j15/2i;31/2; 127) ) E2 transition is calculated to be 4 or-
ders of magnitude weaker, and it remains negligible, if
one varies (ji5/2 || M(E2) || ji5/2) = —64efm?, that is
only known [22] from theory; the 127 level is known at
6.43 MeV [21] from (p,p’). But, surprisingly, the transi-
tion rate of the ( (j15/2i;31/2; 147) — (j15/2i;31/2; 137)) E2
transition with AI =1 is calculated as A = 0.38 - 10%s7!,
which is very similar to the M1 and E3 rates.

The M1- and E2-matrix elements of the 413/, neutron
hole are precisely measured, but those of the j;5/o neutron
are only known from theory [25,26]. Therefore fig. 4 shows
the calculated M1- and E2- decay rates as a function of
(Jis2 [| M(M1) || jis/2) and (jis/z || M(E2) || jis)2)
around their adopted values. The total (sum of M1 and
E2) (14 — 137) decay rate as determined from the
experiment (see above) is also shown. The sum of the
calculated M1- and E2-rates agrees with the measure-
ment. It is seen that the F2-decay dominates and might
even exhaust the full transition strength and that it de-
pends only weakly on the single-particle matrix element.
A perfect cancellation of the M1-transition amplitudes
due to the i;3/5-neutron hole and the ji5/2-neutron oc-
curs for (ji5/2 || M(M1) || ji5/2) = —2.4nm close to
the adopted value of —2.68 nm. The consistence of the
measured branching ratio with the calculated decay rates
proves that the wave functions are very pure and that the
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adopted matrix elements are right. It is not trivial, that
the allowed M1- and E2-decays are both so weak.

The E3 crossover transition from the 137 level to the
lowest 10 with 1553 keV is again a Vjis/2 — Vgg 2 transi-
tion. Its B(E3)-value is calculated as 50 % of that in 2°°Pb
(the probability of the populated vgqg /Qi;31/2 configuration
in the 10+ state is 0.62 and angular momentum coupling
for this nonstretched transition reduces the B(E3) by ad-
ditional factor of 0.75) resulting in a rate of 0.5 10 s~ 1.
The main E1 branch, 348 keV from 13~ to 127 state is
then hindered by about 106.

The v-decay of the new 115 state can be used to
check the wave functions of the 10* and 117 states and
the M1 matrix elements involving the ¢, /o neutron, that
are only known from theory [25,26]. The branching from
115 to the two lowest 10T levels agrees within errors
with the calculated ratio for the empirical wave func-
tions of ref. [22]. The calculated total decay rate [22]
of 210" s7! and the now measured limit of 5% for the
decay to the lower 117 level restrict the configuration mix-
ing between the two 117 states. The wave function of the

upper 117 state shall be expressed as v/1 — a2 - Vin/zi;;/z

+ a - vgg /zi;31/2 and that of the lower one as orthogonal
to this. Then —0.05 < a < +0.1 is deduced, or a? < 0.01.
Because the M1 elements (iyy/o || M(M1) || g9/2) and
(1172 || M(M1) || i11/2) are not so certain, this limit
might be somewhat higher. But a? < 0.03 is a safe es-
timate. The transition rate is very sensitive to the mix-
ing; for pure configurations only the small, l-forbidden
element (viyio || M(M1) || vggs2) = 0.35nm con-
tributes, while the mixing between the two configurations

allows the transition to proceed with the strong element

(V9211593 11T || M(M1) || vgo/aity); 117) = —5.91nm.

The branching from the 115 state to the two lowest 107
levels depends primarily on the value of the M1 matrix
element involving the 7,1/ neutron orbital and the am-

plitudes of the z/in/gil_gl/z configuration in the 10T states.
Therefore these quantities, as presented in ref. [22], are

confirmed.

4.2 Two-particle two-hole states

Full scale shell model calculations are required to gain
an overview of the possible two-particle two-hole states
close to the yrast line. OXBASH calculations have been
made possible by Alex Brown [5] for the full “Kuo-Herling
space”. This space has }3?Sngy as core and extends to
319X 184. It includes, relative to 2°®Pb as core, 5 proton
hole, 6 neutron hole, 6 proton particle and 7 neutron par-
ticle orbitals. The single-particle energies of these orbitals
have been taken from experiment (see fig. 1 of ref. [22]).
This is the usual choice with the Kuo-Herling interac-
tion [2]. Calculations of the two-particle two-hole states in
208Ph require the complete set of matrix elements between
any particle and hole orbitals. Particle-particle and hole-
hole interactions have been calculated by Kuo and Herling
[1] and then checked and adjusted. We used the particle-
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Fig. 5. Comparison of the experimental b) level scheme of
208Ph with the results of shell-model calculations. Column a)
shows the negative- and c) the positive-parity states. The lead-
ing configuration of the state is also given. The following short-
hand notation is used for the configurations: (7) h = 1hg/s,
i = Litz)2, ht= 1}11711/2 and neutrons (v) g = 2gg/2, © = 1i11/2,
J=1jis,p ' = 3p;/12, ft= 2f;/12, iTt= 11‘;31/2. All energies
are given in keV.

particle interaction of Warburton and Brown [2] for the
orbitals above 2°®Pb. For the orbitals below (the holes)
the two-body matrix elements of Kuo and Herling [1],
as adjusted and given by Rydstrom, and Blomqvist et
al. [27], have been used for the proton-proton and proton-
neutron multiplets. The neutron-neutron interaction was
taken from McGrory and Kuo [28]. Kuo and Herling did
not calculate the interaction between orbitals above and
orbitals below the shell gaps at 2°®Pb. These matrix ele-
ments have now been calculated by B.A. Brown [5] accord-
ing to the procedure of Kuo and Brown [29] from the H7B
free nucleon potential [6]. This part of the interaction has
not yet been adjusted to experimental data. The relevant
part of the level scheme, calculated with this interaction
by the OXBASH code, is compared with experiment in
fig. 5.

If the 1230.8 and the less certain 1283.4 keV transi-
tions really populate the 14~ level directly, they can be
assigned to the theoretical 14~ and 15~ states, as no oth-
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ers are calculated close enough. The structure of these
states is mainly of the (10T ® I/gg/gpl_/lz) configuration.
The 9062 keV level is the octupole vibration on top of the
14~ state as discussed in ref. [17]. The shell model cal-
culation predicts this state 200 keV higher, although the
37 state itself is calculated 150 keV too low. The transi-
tions above the 17% level cannot be assigned to calculated
states, the density of calculated states in fig. 5 being too
high. An inspection of fig. 5 does not show any obvious
candidate for an isomer either. The realistic interaction
reproduces the well-known one-particle one-hole states re-
markably well. There are however deviations up to 200
keV. This shows the need to adjust the interaction, as it
has been done for the other subspaces. Predictions for the
two-particle two-hole states should then be much more
meaningful. But, although calculations with an adjusted
interaction might help, an experimental determination of
spins and multipolarities is needed.

5 Conclusions

The newly found 113 state and its y-decay agree fully
with the theoretically expected properties. This verifies
the structure [22] of the two 117 and the lowest two 10T
states, that are involved, and confirms the calculated val-
ues of the M1 matrix elements (iyqo || M(M1) || d11/2)
and (i11/2 || M(M1) || gg/2). The, at first sight, highly
surprising branching from the 14~ level agrees perfectly
with detailed calculations and confirms the electromag-
netic matrix elements used in ref. [22] for the j;5/, neu-
tron. Any additional information on the 14~ state decay,
as the M1/FE2 mixing of the 295 keV line, would provide
further evidence on the electromagnetic matrix elements.
The study of the M1- and E2-properties of the single-
particle orbitals, which deviate much from the values ex-
pected in a rigorous single-particle model, is in itself of
high interest. The present results agree with the Migdal
theory calculations of Bauer et al. [25] and Ring et al. [26]
and show again the validity of these calculations. More-
over the knowledge of the M1- and E2-interaction allows
to determine from measured ~-decay data the wave func-
tions of the states quantitatively [22]. The structure of the
high-spin one-particle one-hole states and their y-decays
are well understood; all the states of spin 11 and higher
are of just one pure configuration.

High-spin two-particle two-hole states in 2°8Pb have
been found for the first time. Spins and parities could not
be determined experimentally so far. The first two-particle
two-hole shell model calculations with a realistic interac-
tion are not yet precise enough to identify the levels. Only
the octupole excitation could be assigned due to its char-
acteristic feature [17]. However, the interaction can be ad-
justed to the known one-particle one-hole states and will
then have much better predictive power. Also new exper-
iments are planned, that should give more detailed data
with more efficient detector systems and better beams.
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