RAPID COMMUNICATIONS

PHYSICAL REVIEW C 66, 051301R) (2002

Evidence for a 1gg, rotational band in >Mn
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A terminating rotational band has been identified $iMn following the 28Si(®S,2x1p)%Mn fusion-
evaporation reaction at 130 MeV beam energy. Spins and tentative positive parities of the band members are
assigned based on angular distribution and correlation measurements of transitions, which connect the rota-
tional structure with previously known yrast states. Configuration-dependent cranked Nilsson-Strutinsky cal-
culations suggest a configuration of the band, which comprises one patrticle igdhéntruder orbit.
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Nuclei throughout the 5, shell exhibit a wide range of The present work is based on data from two experiments.
phenomena. Nuclei in the vicinity of the doubly madic  The first experiment was performed in 1999 at the Argonne
=Z nuclei °Ca and **Ni are well described by spherical Tandem-Linac Accelerator SystetATLAS). The subse-
shell model calculations. On the contraN;~Z nuclei near quent experiment was performed in 2001 at the Lawrence
the center of the shell!®Cr, exhibit a rotational behavior Berkeley National Laboratory using a beam from the 88-
based on significant ground state deformationg3¢>0.3  Inch Cyclotron. Both experiments employed the
[1-3]. Typically, the high-spin spectroscopy of nuclei in the 285325 2,1p)>Mn fusion-evaporation reaction at 130
1f;, shell is established up till noncollective oblate or MeV beam energy. Enriched 0.5 mg/em®i targets sup-
spherical terminating states, which have spins given either bgorted with either~1 mg/cnf Ta or Au foils were used. The
the number of aligned fk, particles relative ta*°Ca or the  support foils were directed towards the incomiti$ beam.
number of aligned 1, holes with respect t6°Ni [4]. More  Due to the respective energy loss, the beam energy was ef-
recently a few states beyond these terminating points coulgbctively ~122 MeV at midtarget. The rays were detected
be identified in heavier fl, nuclei. They appear to be of in the Gammasphere arrdy9], which comprised 78 Ge-
spherical nature, and their main components of the wav@etectors. The Heavimet collimators were removed to allow
functions comprise particles in the upgiy shell[2,5,6]. for y-ray multiplicity and sum-energy measuremef€).

In *®Ni and nuclei in the vicinity, highly- and superde- For the detection of light charged particles the €sl-array
formed rotational bands have been obserjgd12], which  Microball [21] was used. The Neutron Sh¢R2] replaced
are mainly based upon four-particle, four-hole excitationsthe four most forward rings of Gammasphere to enable the
across the shell gap at particle number 28 and a number @fetection of evaporated neutrons. This allows for the inves-
particles moving in the @, intruder shell. The question tigation of weak reaction channels at or beyond Mwe Z
arises whether comparable structures may become yrast jgie.
high excitation energies in nuclei near the middle of tlig,l The events were sorted off-line into variols, projec-
shell, because thegl,, shell is strongly deformation driving tions, E.,-E., matrices, and -E -E., cubes subject to appro-
and becomes quickly favored at high rotational frequenciespriate evaporated particle conditions. To improve theay
We provide the first evidence for such ggl rotational band  energy resolution an event-by-event kinematic reconstruction
in the nucleusy:Mn,s, which in addition reveals the charac- method was used to reduce the effect of Doppler broadening
teristics of a favored band terminatioh3]. caused by the evaporated particles.

In the course of previous high-spin investigations'tn The evaporation of twav particles and one proton pre-
[14-17, the| "™=27/2" terminating state has been reached,ceeds the population of excited states’tvin (2a1p chan-
for which the spins of the five fl, holes relative to thé®Ni nel). The relative experimental fusion-evaporation cross sec-
core are completely aligned. Spins and parities for the stateon of >'Mn amounts to~18%, and is thus one of the
up to the terminating state have been well determined, angtrongest reaction channels. The level schemedn is
the 17/2 state has been found to be isomdi@,18|. derived from matrices and cubes in coincidence with either

two detecteda particles and one proton or twe particles
and zero or one proton, both with and without additional
*Present address: Oliver Lodge Laboratory, University of Liver-total energy and multiplicity requiremenfg3]. The choice
pool, Liverpool L69 3BX, U.K. has been made depending on whether maximum statistics or
"Present address: RIKEN, Saitama 351-0198, Japan. cleanest possible spectra set the priority for the given analy-
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FIG. 1. The proposed level scheme BMn. Energy labels are given in keV. Tentative transitions and levels are dashed. The widths of
the arrows represent relativg-ray intensities. Panelb) shows experimental and simulatéd 7)-values vs excitation energy for the
rotational structure. The dash-dotted line corresponds té-{hg-value of states decaying outside the target.

sis technique. Possible background transitions arise from tHd4—-16. The topmost 25/2 level of the signaturea=
weak 2v channel,*?Fe, but mainly from the @2p channel,  +1/2 sequence is newly seen at 7893 keV. It is connected to
59Cr, which leaks into the above mentioned particle gates ithe known part of the structure via transitions at 717, 1421,
one or two protons escaped detection in Microball. and 2252 keV. BottR;55_97;=0.61(2) andRpco=0.33(4)
Multipolarity assignments ofy-ray transitions are based evidence that the 1421 keV transition is of mixE@/M 1
on two methods. The 78 Ge-detectors of Gammasphere Wefture. The low-lying yrast structure is dominated by cou-
grouped into two “pseudo” rings corresponding to averageplings of the five ¥, holes. Excitations beyond the new
angles=150° (15 detectors and =97° (28 detectors  25/2" state and the above mentioned 27(2rminating state

For more details concerning such grouping, see Rgf.In-  imply excitations across the spherical shell gap at particle
tensity ratios,Ri50-97, have been determined from spectranumber 28.
taken at eithelw=150° or #=97° in coincidence with tran- A regular cascade of siy-ray transitions, one of them

sitions detected at an average angle 124°, where the tentative, has been established at high excitation energies and
y-ray yields are by and large independent of their multipo-angular momenta irt*Mn. Figure 2a) shows a spectrum in
larity. StretchedE2 transitions reveaR;sq_ g7~ 1.2, whereas coincidence with intense transitions located below the 19/2
for stretchedAl =1 transitionsR;s5-g;~0.8. Secondly, di- state in the yrast structure and one of the two most intense
rectional correlations of oriented stat@CO-ratios defined  transitions in the rotational band at 1967 or 2372 keV. The

as band members are visible at 11l@ntative, 1563, 1967,
2372, 2744, and 2574 keV. Transitions deexciting the band
(v, at 150°:gated withy, at 97°) can be seen at 2684, 2972, and 3158 keV, and in the inset the
Rpco= - (1)  high-energy lines at 3505, 4370, and 5024 keV. Transitions
I(y, at 97°;gated withy, at 1509 in the previously known low-lying yrast structure are also

labeled. Figure @) shows a spectrum in coincidence with
have also been deduced. Known stretctiE®i transitions the 1563 keV transition and one of the higher lying band
were used for gatingRpco=1.0 is expected for observed members. The tentative 1119 keV transition can be seen as
stretchedE2 transitions andRpco~0.6 for pure stretched well as the 1577-3155 keV decay path of the level at 8415

Al=1 transitions. keV. In Fig. Qa) the 3155 keV line is hidden under the stron-
Figure ¥a) shows the relevant part of a largely extendedger 3158 keV transition depopulating the 9979 keV state.
level scheme of'Mn [24]. Table | lists the information col- The Ry55_97 and DCO-ratios for the 1967, 2372, 2744,

lected for levels andy-ray transitions in the present work. and 2574 keV transitions in the band structure are consistent
Most of the states and transitions in the lower-lying yrastwith stretched quadrupole character. The connecting 3158
structure [right-hand side of Fig. ()] were previously and 2684 keV transitions are clearly of dipole nature, and

known. Spins and parities could be assigned all the way ughus the highest observed level at 19636 keV is assigned spin
to the terminating 27/2 state at 7176 keV excitation energy |1=39/2. The small numbers fdR;5q 97 and Rpco of the
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TABLE . The energies of excited states #fMn, the transition energies and relative intensities of he
rays, angular distribution ratios, the DCO-ratios, and spins and parities of the initial and final statey of the

rays.
Ex E, el Ris0-97 Roco Mult. 17 I
237.44) 237.43) 99.1(30) 0.683) 0.552) E2M1 712 5/2”
1139.84) 902.44) 47.714) 0.903) 0.683) E2/M1 9/2” 712
1139.75) 4.52) 1.254)  0.8614) E2 9/2” 5/2°
1488.55) 348.93) 29.1(9) 0.663) 0.553) E2/M1 11/2 9/2”
1251.16) 52.916) 0.953) 0.804) E2 11/Z 712"
2957.36) 1468.87) 43.914) 0.903) 0.783) E2/M1 13/2 11/2°
1817.58) 23.07) 0.923) 0.744) E2 13/2° 9/2”
3250.86) 293.53) 2.91) 0.562) 0.41(8) E2/M1 15/2° 13/2°
1762.28) 39.1(12) 1.054) 0.794) E2 15/2° 11/2°
3680.47) 430.13) 34.711) 0.522) 0.402) E2M1 1717 15/2°
723.24) 59.718) 0.954) 0.783) E2 17/ 13/2
4139.77) 459.22) 100.030)  0.663) 0.522) E2/M1 19/2° 17/2
888.45) 0.91) E2 19/ 15/2°
5258.519) 15772) 0.2(1) (A1=0)  (17/2) 17/27
5640.08) 1500.36) 86.526) 0.542) 0.442) E2/M1 21/2 19/2°
1959.37) 1.2(1) 1.234)  0.9523) E2 21/2 17/2
6471.68) 831.84) 72.322) 0.653) 0.51(2) E2/M1 23/2 21/2
2332.048) 16.75) 1.345) 1.01(5) E2 23/2 19/2°
6822.510) 2683.69) 1.8(3) 0.423) 0.298) E2/M1 21/2 19/2°
7176.09) 704.44) 65.1(20) 1.285) 0.954) E2 2712 23/2°
7666.79) 1195.46) 0.51) Al=0 23/2 23/2°
2026.87) 1.4(3) 0.443) E2/M1 23/2 21/2
7892.59) 716.96) 4.42) E2/M1 25/27 2712
1420.96) 7.93) 0.61(2) 0.334) E2M1 25/2° 23/2°
2251.810) 0.4(2) E2 25/2° 21/2°
8415.420) 11192) 0.1(1) (E2) (19/2")  (15/2%)
31553) 0.2(1) (E1) (19/2")  (A7/2)
8973.410) 1307.G10) 0.3(1) E2/M1 25/2° 23/2°
17952) 0.2(1) E2/M1 25/2° 2712
2150.410) 0.2(1) E2 25/2° 21/2°
2501.810) 1.902) 0.643)  0.4913) E2/M1 25/27 23/2°
3331.316) 0.3(1) E2 25/2° 21/2
9165.314) 1301(2) <0.1 (E2) (21/2")  (17/2%)
50244) 0.1(1) (E1) (21/2) 19/2°
9676.113 2853.511) 0.3(1) 1.5612) E2 25/27 21/2
40383) 0.6(2) 1.499) E2 25/2° 21/2
9979.312) 814(1) 0.1(1) (E2M1)  23/24D)  (21/2%)
15632) 0.2(1) (E2) 23/24Y)  (19/2%)
3158.312) 0.4(1) 0.657) 0.628) (E1) 23/2%) 21/2
35053) 0.1(1) Al=0 23/24%) 23/2°
10843.412) 8622) 0.2(1) (E2M1)  25/40) 23121
16782) 0.21) (E2) 25/247)  (21/2%)
4369.915) 0.51) 0.806) (E1) 25/2%) 23/2
11946.011) 1102.35) 0.21) 1.2713) (E2M1)  27/247)  25/X*)
1967.38) 0.6(1) 1.5912) 1.0713) E2 27120 23121
2271(2) <0.1 (E1) 27/2%) 25/2°
29722) 0.1(1) (E1) 27/2%) 25/2
40534) <0.1 (E1) 27/247) 25/2
47774 <0.1 Al=0 27127 2712
14318.216) 2372.211) 0.92) 1.37110)  0.9710) E2 32D 271249
17061.820) 2743.611) 0.4(1) 1.4214)  1.1616) E2 35/4Y)  31/24%)
19635.829) 25742) 0.2(1) 1.6425) E2 39/29)  35/24%)
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EY (keV) Dotted lines represent tentative transitions. Daglfgit) lines indi-
cates negativépositive parity and opertfilled) symbols indicate
FIG. 2. Panel@a) shows twoy-ray spectra in coincidence with e signature quantum number= — 1/2 (a= + 1/2). Panelb) pro-

one of the intense transitions below the 19/%tate in the yrast yides results of a configuration-dependent cranked Nilsson-

structure and with either the 1967 or 2372 keV transitiomin  gyyytinsky calculation. The calculated positive-parity bands repre-

pard or with one of the 1102, 1678, or 1967 keV transitigimsey. sent the[30,31 (open squares [41,20 (filled diamonds, and

The spectrum in panéb) is measured in coincidence with the 1563 g3+0’31] (filled squares configurations. See text for details.
keV transition and one of the other members of the rotational ban

at either 1967, 2372, 2574, or 2744 keV. The members of the rota- . .
tional band are marked with filled circles. in Refs.[12,24]. A systematic error of~20% arises from

uncertainties in stopping powers, and target and support-foil

2684 keV transitior(cf. Table ) can only be explained by a thicknesses. It is, however, clear that the transitions in the
mixed E2/M 1 character. This yields the spin and parity as-rotational cascade are considerably faster than the 1500 and
signment of|"=21/2" to the 6823 keV level. A parity 2332 keV transitions belonging to the yrast structure, which
changingE1l transition is expected to have a mixing ratio both haveF(7)=0.88(04). The lowering in F(7) for the
close to zero. This makes the 3158 keV transition a gobd 2574 keV transition is consistent with what one would ex-
candidate since both itR,5, ¢; and DCO-ratio are consis- pect for a band termination.
tent with a pure stretched dipole transition, i.e., positive par- It is interesting to note that the maximum spin, which can
ity is tentatively assigned to the states in this signature  be created by having one neutr@oroton in the 1gg, in-
—1/2 rotational band. truder orbit and six holes in thef%,, shell, is 39/2 (37/2).

Another interesting feature is the existence of a part of arhe lowering in energy of the last observed transition indi-
possible signaturer= + 1/2 band, which is indicated on the cates a favored band termination at exactly this spin value.
left hand side of Fig. (). Unfortunately, it is not feasible to Such configurations would have positive parity, which is
obtain the intensity- or DCO-ratio for the 1678 keV transi- consistent with experiment.
tion. However, a sequence of possibly mixeg/M1 transi- The experimental level energies of the high-spin rota-
tions at 814, 862, and 1102 keV is observed, which connedional structures are compared with predictions from a con-
the 9165 and 10843 keV levels with tle= —1/2 band. In  figuration dependent cranked Nilsson-Strutinsky calculation
coincidence with the 814 keV transition we also observe 426,13 in Fig. 3. The two negative-parity signature partner
weak transition at 1301 keV. Similar to the 3158 keV transi-bands are included as well. The configurations of the bands
tion mentioned above the 4370 keV line has lik&ly char- are labeled aBp;p,,n;n,], wherep,; (n;) denotes the num-
acter. It depopulates the 10843 keV level. The spins antber of proton(neutron holes in If,, orbits andp, (n,)
parities of the 7667, 8973, and 9676 keV states can be fixedounts the number ofdl,, protons(neutrong. For further
based on the analyses of the 2027, 2502, 2854, and 4038 kelétails concerning the calculations see, e.g., R&é%13.
transitions, respectively. Other tentative spin and parity as- Although the absolute and relative energies differ by 1 or
signments of the new levels are based on yrast and intensi® MeV, the overall trends in Fig. 3 are in good agreement.
considerations and/or the presumed rotational structure. Especially the observed favored band termination of the

Using the residual Doppler shift meth§25], we deduced (7, «)=(+,—1/2) band is very well reproduced by the pre-
an average transiton quadrupole moment dp, dicted [30,31 band[open squares in Fig.(8)]. The pre-
=1.05(15eb for the bandsee Fig. 1)]. This corresponds dicted averaged intrinsic quadrupole moment for the ob-
to a quadrupole deformation ¢gf,~0.25 assuming an axi- served levels in the cascade {3,~0.8eb, which is
ally symmetric rotor. Details on the simulation can be foundsomewhat lower, but close to the experimental value. Since
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the experimental paritites of the band are only tentative, ondiamonds. The fact that this configuration involves gy,1
could also consider configurations which are not based oproton may also provide an explanation for the absence of
19, particles, but instead have at least two particles in théhe 29/2", 33/2", and 37/2 states in thex= +1/2 band in
upper fp shell. However, calculations for such configura- Fig. 1, because a 1.3 MeV prompt proton def@lfrom the
tions, e.g.[40,40 or [30,40, show that they are either pre- 29/2" state into the 10 yrast state in°°Cr is possible. The
dicted at too high excitation enerdf40,40)), or do not re-  absence of the high-spin states in the +1/2 band can also
produce the observed favored band terminat[@®,40). be explained by the signature splitting, which is predicted
To spell out the signatures of the odd numbers 6§, between each of the three:+1/_2 con_flguratlons consid-
holes and ), particles, the[30,31 configuration would ©réd and thex=—1/2[30,3] configuration. _
read[3_0,3_1, ]. There are three possibilities to change the " Summary, we have observed a deformed bang at high
sgnare of s confgration © oxpan tho weak ) 0T, 0 eI L tucews . Baece o
=(+,+1/2) side structuré¢crosses in Fig. @]: To move . i .
the 1gq,, neutron into the first orbital with negative signature interpreted as one neutron in thagl, orbit coupled to a

; ; 50Mn core ([30,31] configuration. It is observed up to ter-
([30,31 ]), or to change the signature of either a proton or 8mination atl =39/2% and marks the first observation of its

neutron hole in the i, orbitals (3, 0,31] or[30,3,1] con- kind near the middle of the f},, shell.

figurationg. While the first one requires too much excitation

energy[12], the latter two are almost degenerate with the We would like to thank the accelerator crews and the
[30,31] band at low spin and a few hundred keV unfavored atGammasphere support staff at Argonne and Berkeley for
higher spin valuegcf. filled squares in Fig. ®)]. However,  their supreme efforts. This work was supported in part by the
the band with thex=+1/2 configuration41,20, i.e., one  Swedish Natural Science Researh Councils and the U.S. De-
proton in the lowest @q, orbit, is predicted some 300 to 500 partment of Energy under Grants No. DE-AC03-76SF00098
keV below the above mentioned signature- +1/2 bands (LBNL), DE-FG05-88ER-40406(WU), and W-31-109-
over the whole spin range. It is included in FigbBas filed ENG38(ANL).
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