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High spin states if>'Np and?*!Am have been studied with the “unsafe” Coulomb excitation technique. In
each nucleus, signature partner rotational bands built ofSB85/2- and[642]5/2" orbitals of respective
hg/» andiq g parentage have been delineated. An additional pair of bands based [@2 i@/ 2™ (f;),) state
was also observed iff*Am. New information on the even-everi®Pu and®*’Cm transfer products is also
presented. From the present data, the role 5 protons in generating angular momentum in the even-even
nuclei of the region is documented. A satisfactory description of the evolution of the rotational sequences with
spin is achieved within the framework of the cranked shell model. Nevertheless, when combined with infor-
mation on odd-neutron nuclei available from elsewhere, the data highlight significant shortcomings of the
available theoretical predictions.
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I. INTRODUCTION by Wiedenhdveret al. [4] and determined to be %0 in

agreement with theoretical expectations fori;g, proton

Actinide nuclei are not only among the heaviest elements,jonment. The alignment situation in the Pu isotopes is not

fo_r ngcr;] quantita}ive spectroshcopic infgrrpationdcan dbi Ob'entirely clear, however, since the sharp backbending ob-
tained, they are also among the most deformed and, hencgy e in the heavier isotopes is not present within the same

the_most Collectlve_nuclel avall_able f(_)r exp_enmental 'nvesn'frequency range in the lighté?®2%°24®y  implying at the
gations. New studies of nuclei in this region have recently

b dertaken f b ¢ Fi .“minimum a significant delay in the alignment procgds
€en un erte:jlen ﬁr al_num er pf reasons. lrsdt/, quUestioRgere s at present no satisfactory explanation for these ob-
remain regarding the alignment 0j/; protons and/ollis, g rvations, although the presence of strong octupole correla-

neutrons under the stress of rotation. In most yrast bands ®ons in the nuclei of interest has been proposed to play a

the even-even actinides, a smooth gain in alignment wit ignificant role[4,5. The nuclei®Np and 2*!Am under
rotat|_ona| frequency has been observec_j and the strong bac fudy here are the two odd-proton systems closest to the Pu
bending phenomenon so often present in the rare earth nuc'Fs'otopes that are most readily accessible via Coulomb exci-

ISI' absentt. TTS rse r;as beep attnbtat_ed to thte SUCC?SS'YStion. In both nuclei, thé, 5, orbital lies close to the Fermi
algnments of pairs Olyz/; Protons andjys;; NEUONS, a- g face and the role of its alignment with frequency can be

though their_ respective contributions have no_t been de”ninvestigated by using Pauli blocking arguments in compari-
eated experimentally. In this context, the Pu isotopes havgons of the behavior of bands built on this,, state with
been calculated to be the exception rather than the rule 3Rose based on other excitations

.they are predjcted to exhibit a strong b_ackbending due to.the Another reason to investigate these nuclei further is that
i13/2 proton alignmenf1-3]. The calculations have been vali- the same js;, neutron andi/, proton orbitals lie at the
dated in*****Pu where a sudden gain in alignment first ob- Fermi surface in the superdeformed nuclei of the- 190
served by Sprengt al.[1] has been fully delineated recently region [6]. Remarkably, most superdeformed nuclei of this

region also exhibit a surprisingly smooth and gradual in-

crease of their moments of inertia with frequency. In addi-
*Present address: TRIUMF, Vancouver, BC, Canada V6T 2A3. tion, there is a growing body of experimental d&spins,
TPresent address: WNSL, Yale University, New Haven, CT 06520parities, excitation energie€1 interband transition ratgs

8124. [7,8] indicating strong octupole effects at large deformation.
*Present address: INEEL, Idaho Falls, ID 83415-3855. Thus, the opportunity exists to compare the impact of the
SPresent address: NNDC, Brookhaven National Laboratory, Upintruder orbitals on nuclear structure in regimes correspond-

ton, NY 11973-5000. ing to vastly different deformations. Finally, recent progress
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in experimental techniques has made the delineation of thef this element were limited to a thickness of 148/cn?
yrast lines of nuclei withZz > 100 possiblg9]. In these nuclei corresponding to a measured activity of roughly80i. In
the evolution of the moments of inertia with frequency hasthis case as well the targetsiith an enrichment=99%)
also raised issues about, for example, the pairing strength evere electroplated on Au substrates and covered with a thin
the location of specific orbitals with respect to the FermiAu front layer.
surface[10,17. Studies of the nuclei closest il andZ to 2098j beams with an intensity of 1 pnAand an energy of
the transfermium isotopes may be able to shed light on som&450 MeV, i.e.,~10-15% above the Coulomb barrier for
of the same issues, while providing information on the typeghe projectile-target combinations under consideration, were
of excitations that can be expected along the yrast line and idelivered by the ATLAS superconducting linear accelerator
its immediate vicinity. at Argonne National Laboratory. Gamma rays were detected
As stated above, this paper explores the level structures afith the Gammasphere arrgy7] which, in its configuration
the long-lived actinide nuclei®Np and?*'Am. The experi- for experiments at ATLAS, comprises 101 Compton-
mental approach used follows the pioneering work of Wardsuppressed Ge spectrometers. Events were written to tape
et al.[12] who demonstrated the power of inelastic scatteringwhen four or more suppressed Ge detectors fired in prompt
at beam energies slightly above the Coulomb barrier ortoincidence. The total number of coincidence events written
thick/backed targets as a means of studying collective excito tape during the one-day experiment with #1&\p target
tations with high sensitivity. At these beam energies, thevas 2.1x 10°. The corresponding number fof’Am was
cross sections for feeding the highest spin states are eB.3x 1(® events and these were collected in three days. In
hanced, and events with a highray multiplicity select the addition to the Ge information, the total multiplicity and sum
longest rotational cascadéwhich involve the highest spin energy measured by Gammasphémgeasured in both the
level9. Under such conditions, most of therays are emit- BGO suppressor shields and in the Ge detegtamas also
ted after the excited nucleus has come to rest, and the vaatitten to tape event by event as the collimators, placed in
majority of transitions in a collective cascade are measureétont of the BGO shields for most applications, were not
with the intrinsic resolution of the Ge detectors. This featurepresent for these measurements.
is especially useful in the actinide nuclei where many collec- Most of the data analysis was based on coincidence
tive bands are characterized by nearly degenerate transitiop y-y cubes constructed under a number of conditions. As
energies. stated above, cubes properly gated on total multiplicity and
The present study is the first to investigate high spin propsum energy were used to select the longesay cascades
erties in?*’Am. Earlier decay and light-ion transfer measure-[12]. In addition, a number of cubes gated on known yrast
ments, summarized in Rgfl3], had established the low spin transitions in the nuclei of interest proved instrumental in
states on which the level scheme reported here is based. imcovering the weakest members of the cascades as well as
addition to similar information on the lowest excited levels additional structures feeding the strongest bands. Finally,
in 2’Nip [14], the investigation of this nucleus benefited from triple coincidence histograms were also obtained with gates
an earlier Coulomb excitation experiment by Kulessal.  placed either on the 896 keV ground state transitioff {Bi
[15] where the yrast structure was delineated. or on the two lowest line$583 and 2614 keYin 2°%Pb in
Experimental considerations as well as relevant details obrder to confirm the association of the observedays with
the analysis techniques are briefly described in the next sethe excitation of the target or with the proton transfer chan-
tion (Sec. I). A presentation of the results on the two odd nel. Proper subtraction of random coincidence events proved
actinide nuclei under consideration can be found in Sec. llessential in order to remove the contamination of the spectra
which also briefly discusses new data on the even neighboby the intensey rays from*°’Au Coulomb excitation. The
ing nuclei®*Cm and®*%u reached in the present study via data analysis was performed with the programs of the
transfer reactions. Section IV discusses comparisons betwe@abwARE package[18]. Further details about the analysis
the experimental observations and cranked shell modedan be found in Ref{19].
(CSM) calculations. A brief summary and conclusions can be
found in the last section. Ill. EXPERIMENTAL RESULTS

A. Z7Np
Il. EXPERIMENTAL PROCEDURE AND DATA

REDUCTION As stated above, previous work on this nucleus is summa-

rized in Ref.[14]. The 2'Np level scheme obtained in this
Targets of the long-lived®*Np isotope (t;,=2.14  work is presented in Fig. 1, and consists of four bands num-
X 1Py, enrichment~99%) with a thickness of 30tg/cn?  bered from 1 to 4. Following Ref14], bands 1 and 2, the
were electroplated onto 50-mg/éithick Au foils. In addi- ground state signature partner bands, are built on the
tion, a second thin Au foil~50 ug/cn?) was mounted in  [642]5/2" configuration ofi,5,, parentage, while bands 3 and
front of each target to minimize the possibility of contami- 4, the other pair of signature partners, are built on the
nating the experimental equipment by the release of radioa¢523]5/2" configuration which originates from thwg,, state.
tive target material. A description of the chemical purifica- The transitions placed in the level scheme are given in Table
tion of the material before deposition and of the moleculan together with level energies and spin assignmépeg.
plating process itself can be found in R¢l6]. Because A representative coincidence spectrum for bands 1 and 2
24IAm is ana emitter with a half life of only 432.7 y, targets is given in Fig. 2. The spectrum is a sum of all double coin-
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cidence gates placed on the 197.8—396.1 keV sequence. Bitat measured for bands 1 and 2. The bands now extend to
sides the expectegl rays assigned to the two bands and thethe 57/Z and 59/2 states with excitation energies of 4.29
Np x rays, the spectrum also displays the 896 keV line reand 4.47 MeV, respectively. As can be seen in Fig. 1, eight
sulting from the excitation of th&”*Bi projectile. The obser- out-of-bandy rays have been placed drainingay intensity
vation of this particular transition in coincidence confirmsout of band 3. The out-of-band 124.9 and 174.0 keV transi-
that the y rays under investigation are associated with thetions were found to feed the 7/2nd 11/2 levels in band 2,
inelastic excitation channel. Band 1 was found to consist ofvhile the other out-of-band rays link the(2l +1)7/2 states
14 in-band transitions, i.e., one additional transition has beewith the (2I-1)"/2 levels in band 4. The ordering ofrays
placed at the top of the sequence with respect to the work dh the cascade relies on the observed coincidence relation-
Ref.[15]. In comparison to the latter work, only the 43 keV, ships and on the relative intensities of the transitions. Thir-
9/2"—7/2" transition towards band 2 was not observed heraeen in-bandy rays could be placed in band 4. In addition, a
because of the lack of efficiency of the Gammasphere at thigur-transition branch linking thé2l +1)/2 states with(2l
low energy and the large contribution of the internal conver—1)-/2 levels in band 3 was established as well. Finally, a
sion process to the deexcitation. Similarly, band 2 was als@ink with band 1 has been found as the 149.6 and 204.3 keV
extended by one new ray and now consists of 13 in-band + rays were shown to feed the 97&nd 13/2 states. Placing
and nine out-of-band transitions. The out-of-band lines linka double coincidence gate on transitions at the bottom of the
the (21+1)*/2 levels with the(21-1)"/2 states in band 1, pand reveals they rays in the cascade with a decreasing
and are thus of mixeM1/E2 character. The 33 and 54 keV intensity as the spin increases. In addition, most of the lines
y rays assigned to the 772:5/2" and 11/2—9/2" tran-  in band 3 can be seen as well because of the transitions
sitions, respectively, could not be observed because of theii’nking the two sequences. As an example, Fig. 3 shows the
low energy. It is worth noting that most of the transition v rays of bands 3 and 4 as well as the characteristic Np x
energies in these two bands differ byl keV from those of  rays from a coincidence spectrum requiring the presence of
Ref. [15]. Confidence in the energies of Table | comes fromat least one transition of the sequence 213.6—376.4 keV and
the careful calibration of Gammasphere with radioactiveanother from the 401.0—480.2 keV cascade.
sources and from further checks with known transitions mea-
sured in-beangfrom the Au backing and transitions in strong
reaction channejs

The data collected in the present work have significantly The present work represents the first high spin study of
extended the available information on bands 3 and 4 as conf®Am. The compilation of Ref[13] served as the starting
pared to the most recent compilatifit¥]. These bands were point for the development of the level scheme presented in
fed in the present measurement with an intensity~®0%  Fig. 4. This scheme now comprises six rotational bands with

B. *'Am

024310-3



K. ABU SALEEM et al. PHYSICAL REVIEW C 70, 024310(2004)

TABLE I. Level excitation energies and spins, as well as transition energies and placeméﬁfmbolthe uncertainties on the transition
energies are 0.2 keV for the strongest transitions and 0.5 keV for the weakest. Transitions in parentheses were seen clearly only in sums of
gated coincidence spectra.

E, (keV) J™ (h) E, (keV) Assignment E, (keV) J7™ (h) E, (keV) Assignment
Band 1 Band 2
0.0 512
75.8 9/2 75.8 9/2—5/2* 33.2 712
190.1 13/2 114.3 13/2—-9/2* 130.3 11/2 (97.1) 11/2"—7/2*
346.1 17/2 156.0 17/2—-13/2* 269.0 15/2 138.7 15/2—11/2*
543.9 21/2 197.8 21/2—17/2 452.8 19/2 183.8 19/2—15/2"
(105.0 19/2"—17/2
783.2 25/2 239.3 25/2—21/2 682.1 23/2 229.3 23/2—19/2"
136.7 23/2—21/2*
1063.5 29/2 280.3 29/2—-25/2* 956.4 2712 274.3 2712 —23/2"
171.8 2712 —25/2*
1383.3 33/2 319.8 33/2—29/2* 1275.0 31/2 318.6 31/2—-27/2
209.7 31/2—-29/2
1742.8 37/2 359.5 37/2—-33/2 1634.7 35/2 359.7 35/2—-31/2
249.6 35/2—-33/2
2138.9 41/2 396.1 41/2—3712 2035.0 39/2 400.3 39/2—-35/2
291.1 39/2-37/2
2570.3 45/2 431.4 45/2 —41/2° 24735 43/2 438.5 43/2—-39/2
333.9 43/2—41/2°
3035.0 49/2 464.7 49/2 —45/2 2947.9 4712 474.4 47/2—43]2°
376.1 47/2—45/2°
35315 53/2 496.5 53/2—49/2¢ 3455.9 51/2 508.0 51/2—-47]/2
(4219 51/2"—49/2
4058.1 57/2 526.6 57/2—53/2 3994.6 55/2 538.7 55/2—-51/2
46135 61/2 555.4 61/2—-57/2 4564.7 59/2 570.1 59/2 —-55/2
Band 3 Band 4
59.1 5/Z 103.0 712
158.1 9/2 (99.0 9/2 -5/ 225.4 11/2 122.4 11/2—-712
1249 9/2—-7/2" 149.6 11/2—9/2*
304.3 13/2 146.2 13/2—9/2° 394.4 15/2 169.0 15/2—11/2
174.0 13/2—11/2* 204.3 15/2—13/2"
495.8 17/2 191.5 17/2—13/2 608.0 19/2 213.6 19/2—15/2
101.4 17/2—15/2 112.6 19/2—-171Z
730.4 21/2 234.6 21/2—-17/Z 861.4 23/2 253.4 23/2—19/2
122.7 21/2—19/2 131.8 23/2—21/Z
1003.3 25/2 272.9 25/2—21/Z 1151.2 2712 289.8 27/2—23/2
142.7 25/2—23/2 146.0 27/12—25/2
1312.1 29/2 308.8 29/2—25/Z 1473.4 31/2 322.2 31/2—-271Z
160.5 29/2 =271 161.0 31/2—29/2
1653.1 33/2 341.0 33/2—29/2 1824.0 35/2 350.6 35/2—-31/2
179.6 33/2—31/2
2023.9 37/2 370.8 37/2—33/2 2200.4 39/2 376.4 39/2—-35/2
199.3 37/2—35/2
2422.8 41/2 398.9 41/2—-371Z 2601.4 43/2 401.0 43/2—39/2
2848.7 45/2 425.9 45/2 4112 3028.1 4712 426.7 4712 —431Z
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TABLE I. (Continued)

E, (keV) J7 (h) E, (keV) Assignment E, (keV) J7 (h) E, (keV) Assignment
Band 3 Band 4

3301.1 49/2 452.4 49/2—45/2 3480.9 51/2 452.8 51/2—47/2

3780.0 53/2 478.9 53/2—49/Z 3961.1 55/2 480.2 55/2—51/2

4287.4 (5717) (507.9 (57/2)—53/2 4469.6 (59/7) (508.5 (59/2°)—55/Z

a total of 123 transitions. The relevant level energies, spimwith the highest multiplicity and, thus, enhances the decay of
assignments and transition placements are given in Table Ithe highest spin stateghe procedure is illustrated graphi-
Bands 1 and 2 are the signature partners of the ground statally below in the case of band.4

band built on thd523]5/2" state ofhyy, parentagd13]. The The next strongest structure #’/Am (with roughly half
signature partner bands 3 and 4 are built on[##2)5/2*  the intensity of bands 1 and,2he signature partner bands 3
configuration originating from thi, intruder orbital, while ~ and 4(Fig. 4), is based on th¢642]5/2" configuration of
the signature partner bands 5 and 6 are built on théis2 Parentage for which only the 5Y2andhead had been
[521]3/2" state with Z,,, parentage. Note the reverse order- firmly established previously, although candidate levels with

ing of the parent orbitals for bands 1 and 2 vs 3 and 4 withSPin 7/2, 9/2, 11/2 and 13/2 had also been tentatively as-
respect to their counterparts 'Np. signed[13]. Band 3 has been established to the 89 el

Prior to the present study, only the states with spin@tan excitation energy of 5.82 MeV, and the signature part-
5/2°—13/2 in bands 1 and 2 had been propogéd]. The  Ner. band 4, has now been delineated up to the_ESQ!faZe at
two sequences are now firmly established on the basis of th? €xcitation energy of 4.58 MeV. In addition, linking tran-
observed coincidence relationships up to 65ifgband 1 and sitions with the ground state band have been observed so that
63/2" in band 2(Fig. 4). Up to moderate spifi ~41/2), the all excitation energies are firm. Just as in the case of bands 1
two sequences are also linked by transitions of mixec®d 2.7 rays linking some of the alternate levels in the two
M1/E2 character and, as a result, a coincidence spectruffignature partner bands have also been observed, although
gated on low spin transitions in one signature partner als@/ith weaker intensity than in the ground state sequence.
shows in-band transitions from the other. This is illustrated inBand 3 consists of 26 in- and out-of-bandrays. All the
Fig. 5, where a coincidence spectrum produced as a sum gi-Pand transitions from the 6572evel to the 5/2 band-
clean double gates in the 139.9—-378.0 keV sequence of bartgad have been directly observed in individual comcnﬂence
1 displays members of both bands. The tentative placemefPectra with the exception of the low energy 9425/2
of the 573.0 keV transition at the top of band 1 results fromlin€- Similarly, all of the in-bandy rays in band 4 have been
the observation of a weak transition at this energy in sums ofirectly observed, except the low energy 11/27/2" tran-

coincidence spectra double gated on transitions between higition- Note that they rays of band 3 are rather close in

spin levels in the cascade. This approach selects the everff8€rgy to those in band 4. In particular, the 414237/2"
transition (386.2 ke\} is almost identical to the 3912

— T a2z —35/2" deexcitation(386.4 ke\f in Band 4. Therefore, in
T ~ 50 ©
o ™~ 4
] 21;7 I\‘J‘p& 5 § % 404 § g ° " : " . | . : ANL-P-22,738
ands I , e .
3000 ag 2 £ 301 8 6001 3 g8 |
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T 500 ]
. I n :
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FIG. 2. Representative coincidence spectrum for the signature Energy (keV)

partner bands 1 and 2 fii'Np. The spectrum is the result of a sum
of double coincidence gates placed on transitions in the FIG. 3. Representative coincidence spectrum for bands 3 and 4

197.8-396.1 keV cascade. Note the presence of the 896 keV prin 2>’Np. The spectrum is the result of a sum of double coincidence
jectile excitation. Unmarked peaks in the spectrum correspond tgates placed on one transition in the 213.6—-376.4 keV cascade and
identified contaminants which were not labeled for clarity. on avy ray in the 401.0-480.2 keV sequence.
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order to ensure that the assignment of heys is correct, it C. Results from other reaction channels?*®u and #*Cm

was often important to gate both below and above a level to

confirm the placements. The 504.1 keMay, corresponding The beam energy used in the experiments is roughly
to the 57/2 —53/2" transition, is a good example. Figure 6 10—15% above the Coulomb barrier for the two projectile-
shows a representative spectrum. The large diagram in thisrget combinations under investigation and, as a result, re-
figure is the result of a sum over double coincidence gateactions including the exchange of one or more nucleons have
placed on the series 235.5—-386.2 keV together with théyeen observed as well. The cross sections for these processes
418.3—-476.8 keV transitions. For the highest spin states, thgre only a few percent of the “unsafe” Coulomb excitation
deexciting 476.8, 531.8, 559.5, and 587.6 keV lines are be%thanne|[19]’ and the reso|ving power of the Gammasphere
seen in a double coincidence gate placed on the 504.1)keV has proved essential in extracting data from the complex
ray together with the 386.2—476.8 keV series. The high eNspectra. Here, results are presented only for?fiem and
ergy part of the spectrum of interest is shown in the inset 0k3ép; nyclej where information was obtained in relation to

Fig. 6. Just as was the case in band 1, the highest transitiqﬂe issue of delayed alignments raised originally in Réf.

in bands 3 and 4 should be viewed as tentative since theé(nd introduced above

have been obtained mostly from summed coincidence spec- The most difficult case encountered was tha¥&Em., the

tra. . .
N . . nucleus reached via the one proton transfer reaction on the
Bands 5 and 6 in Fig. 4 are associated with[521]3/2° 24IAm target. Prior to the present work, only the three lowest

configuration. These bands are present in the data with an ited stat f th d state band K f
intensity of 5—8% that of bands 1 and 2. Prior to this study,exCI ed states ot the ground state band were known Irom an

the 3/2, 5/2°, and 7/2 states, with respective excitation @ decay measuremefl] an+d th? corresponding transition
energies of 471.8, 504.4, and 549 keV, were kngi8), and ~ €Nergies are: 42(t1) keV (2°—07), 96(£3) keV (4" —2")

the 682 keV, 11/2 level was tentatively assigned to this and 147+5) keV (6" — 4"). The 42 keV transition is too low
configuration. Here, this structure has been delineated up @ energy to be visible in Gammasphere data. In addition, the
the 51/2 and 49/2 states at excitation energies of 4.12 and96 keV line is in the target x-ray region of the spectrum and
3.90 MeV for bands 5 and 6, respectively. In addition, link-is essentially impossible to observe as well. With a coinci-
ing transitions with the ground state band as welhasys dence gate placed on the Cm x rays, the region around
between the alternate levels have been discovered. As is ek47 keV was carefully scanned in search of the-&" tran-
pected in the case of strongly coupled bands, placing doublgition. A sequence of nine lines appeared in coincidence with
coincidence gates on pairs gfrays at the bottom of one of a 150.2 keVy ray and the Cm x rays. The energy of this
the signature partner bands reveals the in-band transitiorl0.2 keV transition is well within the uncertainty of the
with decreasing intensity as a function of spin as well as th¢orevious measurement. Furthermore, this sequence was also
v rays of the signature partner band. Careful checking of alfound to be in coincidence with the 2614 keV-30" and
observed coincidence relationships validates the scheme die 583 keV, 5—3 transitions in?°®Pb, the partner of
Fig. 4 in which the total number of transitions assigned to®*Cm in the one protorf*Am(**Bi,2°%Pp?*Cm transfer
this configuration has been raised to 37. reaction. The results of this analysis are illustrated in Fig. 7,
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TABLE Il. Level excitation energies and spins, as well as transition energies and placeméﬁJrAriurthe uncertainties on the transition
energies are 0.2 keV for the strongest transitions and 0.5 keV for the weakest. Transitions in parentheses were seen clearly only in sums of
gated coincidence spectra.

E, (keV) J7™ (h) E, (keV) Assignment E, (keV) J7™ (h) E, (keV) Assignment
Band 1 Band 2

0.0 5/ 41.2 712

93.7 9/Z 157.6 11/2 116.4 11/2—9/2°

2335 13/2 139.9 13/2—-9/2° 320.0 15/2 162.4 15/2—-11/Z

417.9 17/2 184.4 17/2—13/2 526.0 19/2 206.0 19/2—15/2
98.0 17/2— 15/ 107.2 19/2—-17/2

644.8 21/2 226.9 21/2—-171Z 773.9 23/2 247.9 23/2—19/2
120.3 21/2—19/2 129.1 23/2—21/2

912.6 25/2 267.8 25/2—21/Z 1061.7 2712 287.8 27/2—23/Z
139.1 25/2—23/2 149.6 27/2—25/2

1219.2 29/2 306.6 29/2—25/2 1387.5 31/2 325.8 31/2—-271Z
157.3 29/2—-271Z 168.6 31/2—29/2

1562.6 33/2 343.3 33/2—29/2 1749.4 35/2 361.9 35/2—31/2
175.1 33/2—31/2 186.6 35/2—33/Z

1940.6 37/2 378.0 37/2—33/Z 2145.7 39/2 396.3 39/2—35/2
191.1 37/2—35/2 204.9 39/2-3712

2351.8 41/2 411.2 4112 —-371Z 2574.9 43/2 429.2 43/2—39/2
207.1 41/2—-39/2

2794.2 45/2 442.5 45/2 4112 3035.4 4712 460.5 4712 —431Z

3266.4 49/2 472.2 49/2—45/Z 3525.4 51/2 490.0 51/2—471Z

3767.2 53/2 500.8 53/2—49/Z 4043.6 55/2 518.1 55/2—51/2

42945 5712 527.2 57/2—53/Z 4575.9 59/2 532.4 59/2—55/2

48455 61/2 551.0 61/2—-57/Z 5117.5 63/2 541.6 63/2—59/2

5407.5 65/2 562.0 65/2—61/2

5980.5 (69/7) (573.0 (69/2)—65/2

Band 3 Band 4

206.1 5/2 206.1 5/2—5/2 235.2 712 194.0 712—712
165.1 5/2—712

273.1 9/2 179.5 9/2—-9/2 320.2 11/2

381.1 13/2 (108.0 13/2"—9/2* 453.5 15/2 133.3 15/2—-11/2%
147.6 13/2—-13/2

531.0 17/2 149.9 17/2—-13/2¢ 630.2 19/2 176.7 19/2 —-15/2¢
211.0 17/2—-15/2

724.0 21/2 193.0 21/2—17/2" 851.7 23/2 221.5 23/2—19/2"
198.0 21/2—19/2 127.3 23/2—21/2"

959.5 25/2 235.5 25/2 2112 1118.0 2712 266.3 2712 —23/2*
185.6 25/2—23/2 158.2 27/2—-25/2"
108.1 25/2—23/2°

1236.0 29/2 276.5 29/2—25/2* 1426.8 31/2 308.8 31/2—-27/2
174.3 29/2 2717 190.5 31/2—-29/2
118.3 29/2 2712

1551.3 33/2 315.3 33/2—-29/2 1775.6 35/2 348.8 35/2—-31/2
124.8 33/2—-31/2 224.0 35/2—-33/2

1903.6 37/2 352.3 37/2—-33/2 2162.0 39/2 386.4 39/2—-35/2

258.1 39/2-37/2
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TABLE Il. (Continued)

E, (keV) J7 (h) E, (keV) Assignment E, (keV) J7 (h) E, (keV) Assignment
Band 3 Band 4
2289.8 41/2 386.2 41/2—-3712 2583.1 43/2 421.1 43/2—-39/2
2708.1 45/2 418.3 45/2 —41/2 3036.7 4712 453.6 47/2—43/2
3156.8 49/2 448.7 49/2 —45/2 3521.2 51/2 484.5 51/2—-47/2
3633.6 53/2 476.8 53/2—49/2* 4034.8 55/2 513.6 55/2—51/2*
4137.7 5712 504.1 57/2—53/2 4577.6 (59/2) (542.8 (59/2")—55/2
4669.5 61/2 531.8 61/2—-57/2
5229.0 65/2 559.5 65/2—61/2
5816.6 (69/2%) (587.9 (69/2")—65/2"
Band 5 Band 6
473.8 3/Z (472.0 3/2—5/Z 505.3 5/2 505.3 5/Z—5/2
550.8 71Z (77.0 712 —312 626.1 9/2 120.8 9/2—5/2
510.0 71Z—712
455.9 71Z—912
682.5 11/2 131.7 11/2—-71Z 788.1 13/2 162.0 13/2—9/2
(106.2 13/ —11/Z
864.2 15/2 181.7 15/2—-11/Z 990.0 17/2 201.9 17/2—-13/1Z
124.5 17/2—15/Z
1085.7 19/2 221.5 19/2—-15/Z 1231.0 21/2 241.0 21/2—-171Z
(91.3 19/ =17/ 147.2 21/2—-19/Z
1346.0 23/2 260.3 23/2—19/Z 1510.5 25/2 279.5 25/2—-21/Z
(113.% 23/2 —211Z 164.9 25/2—23/Z
1643.8 2712 297.8 27/2—231Z 1826.6 29/2 316.1 29/2—-25/Z
132.9 2712—25/Z 184.5 29/2-271Z
1977.4 31/2 333.6 31/2—-271Z 2177.9 33/2 351.3 33/2—29/2
148.2 31/2—29/2
2344.8 35/2 367.8 35/2—31/2 2561.4 37/2 383.5 37/2—33/Z
166.2 35/2—-33/Z
2744.7 39/2 399.9 39/2—-35/Z 2977.1 41/2 415.7 41/2—-371Z
3175.6 43/2 430.9 43/2—39/Z 3424.2 45/2 447.1 45/2—411Z
4636.0 4712 460.4 47124312 3903.5 (49/7) (479.3 (49/2)—45/Z
4123.4 51/2 487.4 51/2—471Z

where the top spectrum was obtained from the general coirseveral nucleons. Among the latter, the one leading%u
cidence cube used also to derive the structural informatiothrough the®*’Np(?°*Bi, ?!%b) reaction is of interest here.
on ?*’Am, while the bottom one originates from a dedicatedThe first eight®**Pu excited levels were originally estab-
cube built with the requirement that either one of the twolished via the?*®U(a, 3n) reaction by Hardet al.[22]. Here,
2%pp transitions mentioned above is observed in Gammasour additional y rays have been placed at the top of the
phere. The yrast band 8f°Cm is now established up to the cascade extending the ground state band to thestde. The
22" level (see Fig. 8from the observed coincidence relation- level scheme is presented together with that*&&m in Fig.
ships. A weak 488.6 keVy ray is tentatively proposed to 8. While this reaction channel is weaf the order of 0.5%
deexcite the 24level. As stated above, several other reactionof the>*’Np yield), as should be expected for such a complex
channels were observed in the measurements such as thasection, there is little doubt about the assignment because of
involving one proton pickup leading ®Pu, for example. the observation of the entire cascade of Reg], and the
The reader is referred to RfL9] for further details. presence of both the characteristic Pu x rays and the
One proton pickup and transfer reactions leading®  799.7 keV ground state transition #Pb in the coincidence
and the®%u nuclei were observed with t#&'Np target in  spectra. Here too the reader is referred to RE] for fur-
addition to a number of channels involving the exchange other discussions and descriptions of other reaction channels.
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FIG. 5. Representative coincidence spectrum for bands 1 and : o §
in 22Am. The spectrum has been obtained by summing over double 12 <
coincidence gates placed on 139.9-378.0 keV sequence. The insi @ |
shows the low energy part of the spectrum in some detail. 8

IV. DISCUSSION

— 3987
459.5

One outstanding question associated with the high spir
properties of the deformed actinides concerns the underlying
configurations responsible for the alignment features ob-
served in this region. Figurg® presents alignment plots for
the yrast bands of2Th, 2%, and?*®Pu, the isotope of each 100 ™ o 400
element observed to the highest spin. The Harris parameter Energy (keV)
Jo=65 MeV 12 and J;=365 MeV 344, from Ref.[4], have
been adopted. Each isotope experiences a substantial in- FIG. 7. Yrast band of*’Cm from the sum of spectra double
crease in alignment arourito~ 0.25 MeV. For the Th and gated on the 200.8—398.7 keV sequence in either the prompt coin-

U nuclei, where the increase in alignment with frequency jcidence cubgtop), or in a dedicated coincidence cube updated only
when either the 583 or 2614 keV transition fréfi#Pb are seen in

Gammaspherébottom), see text for details.

ANL-P-22,685
bl
=2}
1
[}

476.8

2Am Band3 120 rather gradual, a number of authors have ascribed this rise to

400

504.1
~ """ gate
531.8

alignment, it is customary to invoke blocking arguments us-
, . , : | . | ing high spin data from neighboring odd-A nuclei, where
100 200 300 400 500 rotational bands built on high-intruder orbitals are ob-
Energy (keV) . . . . .
served, i.e., in this instandgs, protons andj;5, nheutrons.

FIG. 6. Representative coincidence spectrum for band 3 inVhile high spin data have been available for some time for a

24Am obtained by summing over selected double gates with ond!UMber of even-even isotopes in this mass region, there are
transition in the 235.5-386.2 keV cascade and the other in th@Nly @ few good examples involving odd-A systems, most
418.3-476.8 keV sequence. As described in the text, the inset diglotably % and **Np where bands built on these high-
plays the top of the band and is the result of a coincidence gatétruder orbitals have been delineatgd5,23,24. The
placed on the 504.1keV line in coincidence with the present data provide the opportunity to study the issue fur-
386.2—476.8 keV series. ther as thd5,, proton signature partner bands are extended

_ %80 the near simultaneous alignment pg,, neutron andiys,
1 § © 40 proton pairs[2,3,13. For the Pu isotopes, theoretical calcu-
300 0 : lations attribute the more abrupt rise to an aligned pair of
o 460 500 540 580 i13/2 protons with a weak interaction at the crossing between
w 5 9 o Sy e e paired and aligned configurations. However, the fact that the
g . & o 8 o § three bands in Fig. (8 gain roughly the same amount of
2200 ¢ & o I o .
o E o p © alignment suggests that the same number of higttruder
-5 3 N pairs is involved in all three cases.
o —
M IR TV <
1004]2S o &8 . .
§¢g¢ 5 A. Alignments in Z'Np and 2*’Am
| WJL‘W In order to determine which orbitals are responsible for an
0 —
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FIG. 8. Level schemes of*Cm and?%%Pu obtained in the
present work.

to higher angular momentum and two bands built onh§e
orbital are now established ft'Np. In the case of*!Am,
the present work has delineated sequences builtpn hg/»
and f,, configurations over a large frequency range.
The bands built on thi s, orbital are of particular inter-  with the yrast band of*®U in Fig. 9d). Unlike the marked
est since they “block” the first proton alignment and isolatedifference in alignment noted for thigs, proton bands in

PHYSICAL REVIEW C 70, 024310(2004)

the contribution of thg,s,, neutrons. Figures(B) and Qc)

give the ahgnment curves for th@s,?zandhg,z bands ir”*"Np

and the jsj,, hg/» and f5, bands in**’Am. To facilitate the
discussion, representative yrast bands of even-even neigh-
bors are given as well. In both odd nuclei, thg, bands
exhibit a nearly constant alignment while the even-even
neighbors e J:)erience upbends in their alignment plots. Fur-
thermore, in>’Np, both signatures of tHQg/Z band show the
same alignment gain as observedifU, i.e., a gradual gain
with frequency indicative of a strong interaction between the
aligned and paired configurations. 4%Am, both signatures

of the hy;, band show the beginnings of a sharp upbend at
hw~0.26 MeV which mimics that observed ff%Pu. The
absence of an upbend in the two signatures off¢3and is

not surprising as they do not reach sufficiently high in rota-
tional frequency to experience the expected alignment. The
constant alignment in thg s, bands, and the striking simi-
larity between the behaviors of thg,, bands and the yrast
bands of the even-even neighbors indicate that tke pro-

tons are solely responsible for the upbends observed in both
the U and Pu isotopes. In addition, the alignment contribu-
tions from the twoi,z, signature partners if*’Np and
24Am add up to~7-8&4, approximating the total alignment
gain observed in the even-even yrast bands. This leaves little
room for alignment contributions from g5, quasineutron
pair, lending further support to this interpretation.

New high spin data have also become available recently
for 2% [24], complementing the earlier results of RE3].
Three pairs of rotational bands, one assigned tg thgneu-
tron intruder configuration and two associated with
the natural parity orbitals [631]1/2" (3ds5,) and
[622]5/2 (1iy4;5), are compared in terms of their alignments

w2827,
o 238

- 2045

o 237N

e 237Np } (5231572

S 236U

Np  (642]5/2

00
Foly's 3.4
e v 1
.JBlfi‘i'v‘H FIG. 9. Alignments as a func-
D—.W*ﬂ?hﬂ . tion of rotational frequency for:

v () representative even actinide
. nuclei 2%2Th, 2% and ?*Pu; (b)

the 2'Np bands delineated in this
work compared with the yrast se-

ix (M)

- 241
o2 Am ) (6421572
o 241 p,

o2 Am ) (6231572
< Am
**24'Am) [521]3/2
v 242p,

el

o= ,ow"’
| |

235

& sy ) 7431712
235

0235U } [631]1/2

v235U } [622]5/2
-y 236

7 quence of>®U; (c) the three pairs
of rotational cascades found in
24IAm together with the yrast
band of2*Pu; (d) three bands of
2% compared with the neighbor-
ing even?*%U nucleus. See text
for details.
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conclusions reached from the experimental data. A variation
o within realistic limits of the deformation parameters

(523152 ] B, (0.25-0.3 and B, (0.0-0.04 is unable to change the
crossing frequency of either the neutrons or protons by more
than 0.02 MeV. Thei 3, proton crossing can be lowered
below 0.25 MeV by decreasing the pairing strengH, by
10-15%. A similar reduction in the pairing strength for the
: neutrons also lowers the associated crossing frequency for
PROTONS ; the j;5/, quasineutron alignment téw~ 0.15 MeV. How-

ever, the remaining neutron pair gapis only 0.5 MeV in
this case. With such little pairing, it is likely that thes,
neutrons would slowly align with rotational frequency rather
than decouple at a critical frequency as the protons do. If this
were to be the case, major changes in the alignment plots
would not be expected or observed.

This interpretation depends on a seemingly unjustifiable
decrease in the pairing strength used in the model. Interest-
ingly, it should be noted that a similar reduction in pairing
strength was introduced in cranked relativistic mean field
calculations performed to reproduce the moments of inertia
observed in the yrast bands 6t*?*No (z=102, andN
=150,152 [11]. The reason for the reduction in pairing
strength in these calculations is not yet understood, but is
consistent with the present suggestion of a weaker than ex-
pected pairing in the U-Pu nuclei. Another possible explana-
tion might invoke the formulation of the pairing force itself,
i.e., its density dependence, as discussed in [Ré].

Quasiparticle Routhians (MeV)

B. Experimental Routhians

i (MeV)

Another aspect of the data to be compared to CSM calcu-

FIG. 10. Sample results of CSM calculations for protons andi@tions is the experimental single-particle Routhians. Figure
neutrons ir?*!Am. The labels for the configurations of interest are 11 shows these quantities as a function of rotational fre-
located just below the actual Routhians. See text for further detailsiuency for the bands if*’Np and***Am. Also included in

the <°'Np panel are the first few levels assigned to the
[521]3/2" configuration from decay worKL4]. With regards

24Am and ®"Np, the evolution of the,s, band with rota- 0 _signature splitting, the experimental data_ and CSM calcu-
tional frequency ir?®®U is quite similar to that of the other lations compare rather well. In both nuclei, th@42)5/2"
two pairs of rotational bands: all six bands experience a banfBands exhibit a splitting which increases gradually with fre-
crossing atiw~ 0.2 MeV which is due td,s, protons, and duency as predicted by the calculatiofig. 10. Con-
the rise with frequency is of comparable magnitude. Thisversely, no signature splitting occurs in tf&23]5/2" bands
similarity of the alignment behavior for all the bands leavesbefore the first band crossing, again in agreement with the
. . . . L . : i 241 :
little room for aj;s, neutron alignment. This conclusion is calculations. Finally, th¢521]3/2" bands in““Am experi-
consistent with the interpretation of tHé'Np and?*!Am  ence signature splitting over the entire frequency range,
data presented above. matching the behavior of this orbital in the CSM calculations

The available experimental information indicates clearly(Fig. 10. All these observations lend support to the proposed
that thej,5, neutrons do not play a major role in the ob- single-particle assignments. In contrast, the ordering in abso-
served backbending behavior of the actinide nuclei. A similatute energy of th¢523]5/2" and[521]3/2 configurations is
conclusion was reached in R¢L5] where it was speculated not in agreement with the CSM. Both fii'Np and®*'Am,
that the expected neutron crossing must be located higher the[521]3/2" bands are predicted to lie lower in energy than
rotational frequency, outside the range covered by the medhe [523]|5/2" bands while the experimental ordering is re-
surements, and/or must be associated with a very weak inteversed. This observation points to a problem in calculating
action. Figure 10 provides the results of standard crankethe relative positions of thég, and f,,, orbitals using the
shell model(CSM) calculations with the Warsaw—Lund code parametrization of the Woods—Saxon potential of R26)].
which uses a Woods—Saxon potenfi2b] with the universal
parameters given in Reff26]. These calculations predict that
the j45», Nneutrons should align arounfdw ~0.22 MeV and
that this alignment should be followed by thg, proton As stated above, the alignments observed in the even-
crossing athw~0.30 MeV, in clear contradiction with the even Pu isotopes have been a matter of interest mostly be-

C. Alignments in 2*2Cm and %*%u
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FIG. 12. Alignments as a function of rotational frequency(@r

FIG. 11. Routhians for the band structures observe@fNp  theN=146 U, Pu and Cm isotones, adg) for all known even Pu
and***Am. Defined as' (@) =E-wl(w) ~Ej(w)+A, whereE is  isotopes withA=236-244.
the excitation energy\ is related to the odd-even mass difference,
and Eé represents the energy of the core in the rotating frﬁgés . .
defined a€’ () = —(w?/2)Jg— (w*14)J,+1/83, where, andJ; are least 5-6y rays in the respective yrast sequences. Fur'ther—
the Harris parameters given in the text. more, t.he. absence of alignment in the Cm isotopes is likely
to be limited to rather few nuclei as well siné®Cm and
248Cm exhibit alignment patterns similar to those seen in the
cause of the fact that the sharp backbending observed in tHeggavier Pu isotopefd9,27.
heavier isotopes is not present within the same frequency Within the framework of the CSM, as well as on the basis
range in the lightef*®23%2by, implying at the minimum a of considerations in terms of blocking presented above, the
significant delay in the alignment proceig§. The data ob- alignment behaviors d¥82*Pu and®**Cm are quite surpris-
tained in the present measurements shed additional light dng. Since these alignments can be ascribegsjgprotons in
this issue. Figure 12 compares as a function of the rota- the heavier Pu and Cm nuclei, and since the deformations of
tional frequency the alignments observed in the yrast bandall these nuclei are essentially the same, there ia paori
of the threeN=146 isotones?®®U, #%Pu and?*Cm. The reason for any marked difference. This statement is corrobo-
alignment pattern fof*Cm mirrors that seen iR*®Pu: in  rated by CSM calculations which predict comparable cross-
both nuclei there is a small rise in alignment with frequencying frequencies and alignments for all the isotopes under
(Ai=<2#) and there is no sign of a sudden increase aroundonsideratiorf19]. It was argued in Ref4] that the absence
fw=0.25 MeV where?®® and the heavier even-even Pu and/or the delay in the frequency could be due to octupole
isotopes align. In contrast, Fig. @8 indicates that’*®Pu  deformation effects. As shown in the latter work, only in
gains considerable alignment within the frequency range of>®2*Pu do the states of the yrast band become interleaved
interest, but that this alignment is somewhat more graduaht high spin with levels of negative parity to the extent that
than in the heaviest Pu isotopes. Thus, the region where thbey essentially form a single band as #fTh and **Ra
i132 proton alignment is either delayed or absent extend$28], two of the best examples of nuclei with octupole defor-
only to the three Pu isotopes with=238—240. It is worth mation. Also, in**%u, states with the same spin, but opposite
noting that, while the frequency range where this differenceparity, are located close in energy and appear to form so-
in alignment pattern occurs may appear insignificant at firstalled parity doublets, as would be expected for odd nuclei
sight, it represents a difference in behavior extending over awith octupole deformation. Additional evidence is provided
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I A — T T '] highest frequencies, the rise in ti& moment levels off in

250" ;222“ yrast 7 *Am. Itis worth noting that the behavior of thigy, band in
_._2403(1:1;5;531 1 2®Np (not shown tracks that of the yrast band ft°Pu and
- jfglﬁm Jae 1 theijg, band of?*Am.
200 veardg) ,.13;:2“ ] Within the CSM, the interpretation that the lack of back-

bending features associated witfx,, neutrons is a conse-
quence of reduced pairing for these actinide nuclei is similar
to the generally accepted description of the alignments of
i132 proton andj;s;, neutron pairs in theA~190 superde-
formed(SD) region[29]. The dynamic moments of inertia of
nearly all SD bands in this mass region increase smoothly
with rotational frequency as is illustrated by the two SD
.., .. ., ... 1 Dpands of Fig. 13. However, a careful analysis of th&
0.0 0.1 0.2 0.3 0.4 moments of these SD bands clearly shows that a portion of
T (MeV) this rise is brought about by the gradual alignment of both

FIG. 13. Dynamic moments of inerti&?) as a function of rota-  J15/2 N€Utrons ands, protons[31] and the individu%l con-
tional frequency for selected bands discussed in the text. tributions can be disentanglg6,31]. In the case of AHg,_
the leveling off of the)® moment at the highest frequencies
has been cited as strong evidence that this interpretation is

by the measured ratios of the redudetl andE2 transition correct and the ngarly constalif’ moment results from the
fact that, at the highegtw values, both proton and neutron

rates: the values of the induced intrinsic dipole moment de:

duced from such data become quite large at high spin only "'tptru?er poggglfl_rﬁtion.s are Iesserjtti.ally akljiggledtxviih the tr'ota-
240, Finl,as discussed by Sheine and Rley the 211 SUS129 Thus, i analogy 1= probible it portor
hindrance factors for alpha decay in the light Pu isotopes arf' X . .
smaller than those seen in all neighboring nuclei and are d Fig. 13 is due to the grgdual ahgnmgntqu,z neqtrza?s. I
the same order as the values measured in the octupole df en follows that the Igvellng off of thﬂ’( moment in® Am
formed Ra, Rn, and Th nuclei. From this point of view the 'S dge to th? near alignment of th@f?’z r)leutrons with t.he
present data then serve to indicate that these octupole corr@—tat'onal a>§|s,4whlle the correspond|d§ moment contin-
lations play a major role only in a very limited region, as ues tq rise i’*Pu, .Wh'Ch may .'nd.'cate the _onse't of a de-
238py, indicates a return to the more usual alignment patterd@Y€d 13,2 proton alignment. This interpretation, if correct,
also indicates that iR*Pu only the proton alignment is de-

layed and the neutrons behave in a manner similar to that
D. Dynamic moments of inertia: Search for traces seen in the neighboring isotopes.

of a vj;5/, alignment Finally, it is also interesting to note that the moments of

While a coherent picture appears to emerge from the disnertia of the SD bands are very similar in magnitude to
cussion above, one remaining question relates to whether daose of the actinide rotational bands at the lower frequen-
not any fingerprint of g,5,, neutron alignment can be found Cies, even thpugh the quadrupole deforma)mons are quite dif-
in the available experimental data on actinide nuclei. Thderent. This is due to the fact that theg®’ moments are
dynamic moments of inertid®, are presented in Fig. 13 as largely dependent on the valence orbitals, and in particular,
a function of rotational frequency for the yrast band$¥g ~ ©n the highj intruder configurationg32]. As pointed out
and *%Pu, thei,, proton band ir?*!Am, the j;5, neutron above, for both the SD and actinide bands, the dominant

band in23, the yrast superdeforme@®D) band in'%Hg intrgdgr orbitals are th;s;» neutrons and, s, protons. The

[29] and a SD band built on thigs, proton orbital in%3r] deV|at|o_ns between moments at larger freq_uenC|e_s are then
[30]. ThisJ® moment is inversely proportional to the energy due mainly to hov_v th_ese_sar_ne intruder qrb|tals _allgn under
difference between consecutive transitions in a rotationail® Stress of rotation in differing deformation regimes.

band and is independent of spin, i.&2 ~4/AE,. The larg-

est increase in th&? moment occurs fof*3U and?*U, and

this rise can be attributed straightforwardly to thg, proton V. CONCLUSIONS

alignment discussed abovéThis large increase in thd?

moment is indicative of all bands in the region which expe- The level structures of the odd-proton actinide nuclei
rience theri 5, band crossing In addition, even though the 2*'Np and®*!Am have been considerably extended in a set of
moments of inertia of these two bands deviate from eackexperiments using the “unsafe” Coulomb excitation tech-
other at low frequency, they become nearly identical once thaique. As a result, outstanding issues related ta thepro-
alignment begins. For the cases’®Pu and the s, band of  ton andj,s, neutron alignments in the actinide region could
24Am, the proton alignment is not observed. However, thebe investigated in some detail. Blocking arguments were
two bands also behave in a similar manner, i.e., at low freused to designatg,, protons as the major contributors to
guency their moments of inertia deviate from each other, buthe smooth upbending seen in the Th and U even-even nuclei
abovefiw=0.125 MeV, theird® behavior is similar. At the and to the backbending observed in the heaviest Pu isotopes.
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