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Abstract. Magnetic-rotational bands in the nearly spherical nuclei **"Pb and °°Pb and their decay to the
normal states have been investigated by in—beam conversion electron spectroscopy following (heavy ion,xn)
reactions. The expected M1 multipolarity of the in—band transitions has been confirmed for the strongest
bands and the multipolarity of several transitions in the decay of the bands has been determined.

PACS. 21.10.Hw Spin, parity and isobaric spin — 23.20.Nx Internal conversion — 27.80.tw 190<A <219

1 Introduction

Regular bands of strongly enhanced magnetic dipole tran-
sitions were first reported for %Pb [1] and were later
found throughout the Pb region [2]. Their energy spac-
ings are well described by a rotational dependence over
wide spin ranges. The occurrence of regular sequences
was unexpected, as rotational bands have previously been
observed only in nuclei with well deformed mass distri-
butions and not in near—spherical nuclei. Lifetime mea-
surements [3,4], together with the weak or unobserved E2
crossover transitions, show that the quadrupole deforma-
tion is indeed very small in these excitations.

It has been suggested [5] that this new phenomenon
can be explained by a quantal rotation of an anisotropic
distribution of nucleonic currents. The name ‘magnetic ro-
tation’ is appropriate because it indicates that magnetic
moments which are connected with the currents are rotat-
ing around the angular momentum axis. This is in contrast
to the familiar case of the deformed nuclei where the elec-
tric charge distribution rotates, which may then be called
‘electric rotation’.

The anisotropic nucleonic currents are caused by a few
excited high-spin protons and neutrons. For the protons,
these are excitations across the closed Z = 82 shell gap into
the hg /o and i35 orbitals. These proton—particle excita-

tions are coupled to i

—n

13/2 neutron-hole states. Since the
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particle-hole interaction is repulsive, their orbitals — and
consequently also their angular momenta — will be oriented
approximately perpendicular to each other at the band-
head. The total nuclear angular momentum J then points
somewhere between the proton and neutron angular mo-
menta. Higher angular momentum states are generated by
a step—by—step alignment of the proton and neutron spins
with the total angular momentum. Since this resembles
the closing of a pair of shears, the M1 bands have been
named ‘shears bands’ [6]. The proton particles and neu-
tron holes effectively form an anisotropic arrangement of
current loops which specify an orientation with respect to
the angular momentum J and may rotate about this axis.
The proton and neutron magnetic moments have oppo-
site signs, but for the perpendicular coupling their trans-
verse components add up. As the resulting large transverse
component rotates around the angular momentum it gen-
erates the strong M1 radiation, the quanta of which form
the magnetic-rotational bands [5].

In this work we report on measurements of internal
conversion coefficients to confirm the expected magnetic
character of the transitions in the bands (previous angular
correlation results are compatible with stretched dipoles)
and of several transitions in the decay of the bands to the
normal states in °”Pb and "?Pb. Partial level schemes
showing the strongest bands and their decay [6-9] are
shown in Figs. 1 and 2. Our results show that the in-band
Al=1 transitions have the expected M1 character. They
confirm a previous conversion electron measurement for
two bands in *9Pb [10].
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Fig. 1. Partial level scheme of 1°"Pb, showing the shears bands and their decay to the normal states [7,9]

2 Experimental procedure and results

High-spin states in °”Pb and '"Pb were populated in
12C and %180 induced reactions on '?20s and '86W tar-
gets, respectively. The experiments were carried out at
the Bonn and Jyvéskyla cyclotrons. In both laboratories
a superconducting solenoid spectrometer [11] was avail-
able for the conversion electron spectroscopy. Gamma rays
were detected in a single large—volume Ge detector. Coin-
cidences between conversion electrons as well as between
electrons and v rays were measured. At Bonn two Si(Li)
detectors of 3 mm thickness with an active area of 300
mm? each were used for the e~ — e~ coincidence mea-
surements. At Jyviaskyld a segmented Si detector, SA-
CRED [12], was available for conversion electron coin-
cidence measurements. In the experiments at Bonn the
recoil-shadow method [11] was used to search for delayed
electrons in the decay of the bands in '**Pb, populated
in the 1920s(12C,5n) reaction at 82 MeV. A 300 ug/cm?
thick self-supporting metallic Os foil, enriched in '"20s

to 99 %, was used as a target. Electrons from states with
lifetimes above about 0.1 ns could be detected. Delayed co-
incidences were measured between the fast v rays within
the bands and the electrons in their decay.

The reactions 8¢W(160,5n) and 8W(180,5n) at 97
and 94 MeV, respectively, were used at Jyvaskyld to
populate the dipole bands in 7Pb and '99Pb. A self-
supporting metallic 18W foil of 400 pg/cm? thickness,
enriched to 97 %, was used as a target. Prompt as well
as delayed e™—e~ and e~ —y coincidences were measured.
For the delayed electron measurements again the recoil-
shadow technique was applied. In the prompt measure-
ments the background of low-energy ¢ electrons was sup-
pressed by an electrostatic barrier of -35 kV. As examples
of the prompt coincidence spectra, Fig. 3 shows the con-
version electrons of bands 1 and 2 in '°"Pb and band 2
in 199Pb obtained with coincidence gates on y-ray tran-
sitions in those bands. The K— and L—conversion lines of
the strongest transitions are clearly visible. Transitions



W. Pohler et al.: Conversion electron spectroscopy of magnetic-rotational bands in **”Pb and °°Pb 259
(73/2") et
587.7
Band 2 S
5405
(69/2" )y —F—
4955
—— 72"
453.4
(65/2") e
4210
—— 2 BG nd 4
Band 1 (w172 i
9435 (59/27) Jsg'ZJLJ 493 (59/2%) 518.8
i Band 3 S
5548 ; o0 ees| |s085 an 10294
(5772 1063.2 (572" 592 G roup 3 (57/2") 510.5
508.3 G7/2°) 585.2 9942
967.7 (55/27) 593.1 5736 11818 [1192.1 ) e B " . jr.
459.3 = CCIR -+ 552.2 877.6
(53/2 870.9 1124.8) [11055 |532.0 éfigglg 3368 i 394.2
4113 (53/2%) 1014.2 c- 5028 1019.6 (53/2) 7764
7745 (51/27) 181 fZe057 482.8 382.1 )
263.1 . g=491.0 - 900.0 676.2
e 679.5 912.4 (51/2%) g 294,
o 4170 541.4
216.3 ~ 430.3 807.1 - 49/2%) 2474,
590.1] .53 7727 (s9/2") ’ 42.0 1032
(45/2” — 0.1 3771 L Jéf -
—————— (:320) et e (:52) |
(#1727 2345 (45/2%) g208.3 |
328.6 267.8 T (41/2") :
750.1 — (9/27) . - R M
4215 (#1/2%)
550
(37/27)— 842.4 (35/) 2N —"TTET
4207 35/
| = E— (55/2) sy2° = g o Group 6
or 33
33/2)— 760.8 Group 2 BBL_O 42‘ 24053 ) 5 4850 91L , 6704 o8 472! e 4t
6345 359.4 w72 s 1112 357 Ny 3172 927.7 1357 37/2 F 4277
275.4 ’ A 7
) . 10850 b“ _#_ 617.9 12789 7674
(29/27) L (27/27) 3%/2!' e 69 9 /1ns
(25/27) 3605 : 593 o ‘I_ 3577 17897 55/2 e 3810
450.8 469.6  27/2° 752 17335 %72 - 3421
w7 0.7 g gty yisa v 252 Oy 6786 1291.8
kx| 2941 ‘25/2 1804 3 l 842.3 830.2
| fo7e. 0 | 828.0 676 g | e 106 us 272 7 2591
1140.8 / 25/27 2519
905.9 - 3725
,8 . 22 g 2147
1862 19/2 123, _| r 1845
Do 4338 569.4 4235 388.6
010 v v 7 1457
199Pb Group 6 977.8 1012.8

Fig. 2. Partial level scheme of ?Pb, showing the shears bands and their decay to the normal states [6,8,9]

belonging to the normal decay schemes with known mul-
tipolarities served as normalizations for the determination
of the conversion coefficients. Table 1 summarizes the con-
version coefficients for the strongly populated bands in
197Ph and *?Pb and for some of the connecting transi-
tions. Although the experimental uncertainties are large
in most cases, the expected M1 multipolarity is confirmed
for the in—band transitions.

In addition, conversion coefficients have been deter-
mined for several transitions in the decay of the bands.
Of particular interest is the 432.5 keV transition in **7Pb
which connects band 1 to the normal states. Our con-
version coefficient is compatible with E1 multipolarity for
that transition. This result is in agreement with recent
linear polarization measurements [9,14,15]. It establishes
negative parity for the band. The transition of similar en-
ergy, 450.8 keV, in the decay of band 1 in ***Pb has less in-
tensity. We are unable to find it in the conversion electron
spectra, which is an indication that it is also an E1 transi-

tion. The 600.7 keV transition in parallel to the 450.8 keV
transition is too high in energy for the SACRED detec-
tor. Therefore, the parity assignment to band 1 in '"?Pb
remains somewhat uncertain.

3 Discussion

The results of the measurements presented above give fur-
ther support to the previously suggested configurations of
the magnetic-rotational bands 1 and 2 in '°“Pb and *°Pb.
Bands 1 in both isotopes are built on a pair of protons cou-
pled to an i;3/o neutron hole. The proton pair is excited
from the s; /5 orbital across the Z = 82 shell gap into the
hg /o and i;3/7 states. These proton particles couple their
angular momenta to the maximum possible value of 11
h, as is known from neighbouring even—even Pb isotopes
[2]. The particle-hole interaction is repulsive and therefore
the neutron i3/, holes couple with their angular momenta
approximately perpendicular to the proton—particle spins,
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Table 1. Conversion coefficients of transitions in the strongly
populated bands in 1°”Pb and '°Pb and in their decay

Nucl./ E, Conversion  Coeflicients Mult.
Band (keV) af? af® atheor:
¥Tpp 1269 - 0.64(0.24) 0.73° M1
186.2  0.24(0.19)  — 007 El
4325  0.03(0.02) - 001  E1
band 1 152.6 2.02(0.75) - 2.42 Ml
152.6 — 0.56(0.21)  0.48 Ml
227.6  0.75(0.32) - 079 M1
2454 0.54(0.27) - 0.64 Ml
270.5 0.42(0.10) - 052 Ml
285.2  0.37(0.13) - 045 Ml
293.8 0.31(0.18) - 040 M1
327.2  0.38(0.29) - 030 M1
338.9  0.19(0.09) - 028 Ml
353.3  0.26(0.15) - 025 Ml
359.1 0.14(0.11) -~ 024 Ml
365.2  0.22(0.15) 023 Ml
369.8 0.11(0.11) -~ 022 Ml
385.0 0.17(0.06) 019 Ml
band 2 151.3 1.70(0.95) - 2.42 Ml
200.6 1.41(0.38) - .13 Ml
266.7 0.45(0.11) - 054 Ml
336.7 0.30(0.19) - 028 Ml
403.9 0.10(0.07) - 017 Ml
446.1 0.12(0.07) - 013 M1
99pp 631 - 6.92(1.78)  5.67 M1
714 -~ 2.99(2.37) 3.85 Ml
150.0 2.47(1.32)  — 2.55 Ml
252.0 0.69(0.13) - 0.61 Ml
band 1 89.9 - 1.98(0.92) 1.63 Ml
173.9  1.59(0.23)  — 1.66 Ml
234.6  0.60(0.11) - 072 Ml
240.1 0.60(0.13) - 0.67 Ml
273.8  0.29(0.09) ¢~ 049 Ml
2754 0.29(0.09) ¢ -~ 049 M1
316.4 0.32(0.06) - 033 Ml
328.6  0.20(0.05) - 030 M1
359.4  0.17(0.09) - 024 Ml
363.1  0.27(0.07) - 023 Ml
401.3  0.13(0.04) -~ 017 Ml
420.7  0.13(0.07) ¢~ 015 Ml
421.0 0.13(0.07) * ~ 015 M1
band 2 125.0 3.53(0.84) - 400 M1
125.0 — 1.09(0.28)  0.74 Ml
165.6  1.82(0.37)  — 1.93 Ml
214.6  0.93(0.15) 093 Ml
267.8  0.69(0.18) - 0.54 M1
323.1 0.20(0.09) - 031 Ml
430.3  0.24(0.15) - 015 M1
481.9 0.16(0.11)  — 011 M1
band 4 135.2 3.49(0.91) - 342 M1
193.2  0.95(0.20)  — 1.24 Ml
247.4 1.03(0.17) - 0.64 Ml
294.1 0.40(0.05) - 040 M1

“Unresolved doublet

Theoretical K or L conversion coefficients [13] are given for
comparison with experimental K and L coefficients, respec-
tively
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Fig. 3. Conversion electrons in coincidence with y-ray transi-
tions of band 1 and band 2 in *"Pb and band 2 in *°Pb

350

resulting in band-head spins in the range of 25/2 to 27/2
h. Thus, in the lower—spin part of these bands the confi-
guration is 7(hg/2i13/2)11- ® Vil_31/2.

In the neutron system pairing plays an important role
because the Fermi level is located well below the N =
126 shell gap, whereas for the protons pairing may be
neglected [6]. Therefore, we use the cranking-model clas-
sification for the neutron quasiparticles: A,B,C,D for the
unnatural-parity neutrons (of i;3 /2 origin) and E, F, ... for
the natural-parity neutrons (predominantly of f5/,, and
p3/2 origin). The configuration of bands 1 in 197Ph and
199Ph at low spins may then be written as All, where
‘11’ denotes the spin of the proton configuration.
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Fig. 4. Experimental angular momentum as a function to tran-
sition energy for band 1 (full circles) and band 2 (open circles)
in *"Pb and *°Pb

Along the bands the angular momentum is increased
by the shears effect [6], i.e. the protons and neutrons align
their spins step—by—step into the direction of the total an-
gular momentum. The spin of this configuration is ex-
hausted when the proton and neutron angular momenta
are fully aligned — plus a small ‘collective’ contribution
from the other nucleons near the Fermi surface. At that
point an additional i;3/5 neutron-hole pair must be ex-
cited to produce the higher—spin states, resulting in the
configuration 7r(h9/2113/2)11—®ui;33/2, or ABC11. This is
the configuration of bands 1 in *“Pb and *°Pb at higher
spins.

The change from the configuration All with one
quasineutron A coupled to the proton pair with spin 11
to the configuration ABC11 with three quasineutrons
ABC coupled to the same proton pair is seen as a ‘back-
bending’ in the plot of spin as a function of transition
energy in Fig. 4. The gain in alignment of about 8 # is
in agreement with tilted—axis cranking calculations [6].
These configurations have negative parity, in agreement
with the E1 multipolarity of transitions connecting the
bands to low-lying positive—parity levels. Band 1 in '°"Pb
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shows a second irregularity around spin 51/2 with a small
alignment gain, see Fig. 4. This may be explained by a
decoupling of a natural-parity neutron pair, EF. The
configuration of this band at the highest spins would then
be ABCEF11. In '%9Pb, with two additional neutrons,
this alignment is not seen in band 1 in the observed
frequency range, possibly due to the difference in the
position of the Fermi surface.

For bands 2 in both isotopes the configuration ABE11
was suggested at the bottom of the bands [6-9]. At high
spins, again, an additional i;3/o neutron-hole pair is ex-
cited resulting in the configuration ABCDE11. This con-
figuration change is connected with a more sudden gain
in alignment than observed for bands 1 where the cross-
ings of the configurations occur at lower spins, see Fig. 4.
Apparently there is a larger interaction between the con-
figurations resulting in more mixing of the wave functions
in bands 1 than in bands 2 where the configurations cross
at higher spins. Furthermore, in the spin range where the
configuration changes, several states with the same spin
are observed until a new regular band with the configura-
tion ABCDE11 is formed at higher spins.

In summary, internal conversion coefficients have been
measured for the in—band transitions of five dipole bands
in Pb and '%9Pb and of several transitions in the
decay of the bands. The results are compatible with M1
multipolarity for the in—band transitions, as expected for
magnetic rotation. The present results also confirm the

proposed nucleon configurations which give rise to these
bands.

This work was supported by DFG, Germany, and by EPSRC,
UK.
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