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The 8 y-ray spectrometer has been used to resolve high-spin states in the nefffeullowing the
reaction*®Ca(*C,5n)%Fe at a beam energy of 65 MeV. This study has extended the known decay scheme of
6Fe toJ7=(13")%. The experimental decay scheme is compared with theoretical shell model calculations
within the pf shell valence space.

PACS numbes): 27.40+z, 21.60.Cs, 23.20.En, 23.20.Lv

[. INTRODUCTION tational bands at higher excitation energy was observed.
In this paper we report upon recent experimental and the-
The nucleusggFes,o, with two proton holes and two neu- oretical results for the nucleu®Fe. The level scheme has
tron particles outside th&l=Z=28 shell closures, is the been extended with the observation of several sequences of

most abundant stable isotope of iron. As such it can be stud¥!1 transitions. These results are compared with shell model
ied using numerous techniques, such as, heavy-ion fusiorficulations encompassing thé valence space and found to
evaporation reactionl,?], 8~ decay[3], (t,p) reactions P& in good agreement.
[4], and inelastic particle scatterii§]. These methods are
all complementary, and have led to a detailed understanding Il. EXPERIMENTAL DETAILS
of the level structure at low excitation energies. The most The reaction*Ca(*3C,5n) has been used to populate
recent .studles of the high-spin structure were performed b}‘uigh-spin states in the nucled&e. The 65 MeV!3C beam,
Sarantiteset al. [516] and Fromrzr‘let.al.s[Z] who Eﬁopulated €X-" provided by the 88 Inch Cyclotron of the Lawrence Berkeley
(E:)|4ted statessén Fe via the GT'(_ C,2pny)™Fe and the  Ngational Laboratory, was incident upon an enriché€a
Fe(a,2py)>Fe fusion-evaporation reactions, respectively.(789) target. To minimize the oxidation of the calcium, a
Sarantiteset al. determined the decay scheme¥Fe toJ™  |ayer of gold was evaporated on both sides. The target was
=87, while Frommet al. confirmed the work of Sarantites, mounted such that the beam was incident upon B§&n?
extending the level scheme with the addition of several trani%7a,, 355 yg/cn? *éCa and exited through a thin layer of
sitions. 197Au (~90 ugl/cn?). The resultingy rays were detected
Changes in the occupation of thézk, 2pz,, 1fs,, and  with the 87 spectrometef9]. A total of 5x 107 events were
2pyy; orbitals within the vicinity of theN=2Z=28 shell clo-  recorded in which two or more Compton-suppressegys
sures lead to shape transitions between oblate and prolajgere detected in the HPGe detectors and at least four ele-
deformations. At higher excitation energies well-deformedments of the BGO inner ball. The main reaction product was
states based on the occupation of thgy,1 orbital are ex-  56re (51). In addition the nucleP’Fe (4n) and %‘Cr (a3n)

pected, similar to those observed 9fZn [7,8]. With such a  \ere populated with 50 and 30 % of the intensity of fige
high density of states and the relatively low excitation energythannel, respectively.

required to cross theN=Z=28 shell closures, neutron-
neutron and proton-neutron interactions become important
and can play a major role in the observed decay structure of
nuclei in this region of the Segrehart. Theoretically >°Fe These data were sorted offline into a symmetigE,

has been studiete.g., Ref.[6]) by the nuclear shell model coincidence matrix for analysis with the programscLsr
using the Kuo-Brown interactiofKB) and the surface delta [10]. An asymmetric matrix to allow the multipolarity of the
interaction, both forces reproducing the experimental energgbserved transitions to be determined was also sorted, allow-
levels well. The most recent theoretical treatmenf®fe at  ing the asymmetry ratio,

high-spin, that of Vennink and Glaudemal, also pro-

posed several bands with enhandé? transitions. While Ly (£37%) (£ 79°)

tentative evidence for one of these bands was observed by Rasyim — D)

both Sarantite§l] and Fromm 2], no evidence for quasiro- Ly, (£79°).y,(+37%)

IIl. RESULTS

to be determinedcf. Refs.[11,12). Using this method, tran-
*Present address: CLRC Daresbury, Keckwick Lane, Daresbungition (y;) in which AJ=2 vyielded a ratio of 1.0, while
Warrington WA4 4AD, United Kingdom. those withAJ=1 gave the value 0.55, when the gating tran-
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TABLE I. The level energies ang-ray transition properties for C Ne St :
the observed transitions fffFe. Unassigned spins and parities from gating transition utilized was a stretched dipofel& 1) the
the present, or previous works, are listed in parentheses.

E; (keV) Jr—J7 E, (keV) I, Rasym
847 2r—o0* 846.93) 100.017) 0.902)
2085 427" 1238.53) 854)  1.172)
3122 447 1037.@4) 2.27(24)

3390 6" —4%t 267.14) 0.125)

3390 6" 4" 1303.93) 573 1.122)
3757 676" 366.93) 4.903
3757 674+ 1671.33) 22.1(12) 1.0910)
4702 y SO NGy 946.43) 4.903)

4702 6" 1312.53) 27.114) 0.794)
5184 gt—e(h) 1427.83) 10.26)

5256 8 —6(f) 1499.53) 7.7(4)

5256 8 6" 1866.83) 19.910) 0.847)
5629 gt 7(4) 926.63) 18.7100 0.745)
5629 g 6" 22403 0.2216)

6851 gttt 1221.73) 8.44) 0.7710
6851 g8+ 1595.@4) 6.94) 0.6718)
7174 (10)—8"  1920.915  0.6515)

7504 gtl_g* 2247.47) 1.2616)

7504 gt-glt)  2319.33) 7.84) 0.5515
7821 167 —9(+) 969.63) 8.85  0.769)
7821 161 —8* 2564.44) 5.43)

8415 (10)—8(")  2785.74) 3.7725)

8415 (10)—8*  3158.214)  0.608)

8680 149 5109 265.13) 1.7910)

8680 1495109 859.43) 10.65)  0.5620)
9345 (11)—9")  1841.13) 4.3(3)

9378  (11)—(107)  963.43) 3.6422)

10094  (12)—117) 1414.53) 5.903)

10563  (12)—(11") 1184.93) 2.47(15)

10899  (13)—(11*) 1554.27) 0.7411)

11964  (13)—(12") 1401(3) 1.1611)
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L2 o,
) 97 () FIG. 1. The level scheme of
B e s % (o) S%Fe as determined in this experi-
o® ment. The energies of the excited

levels and they-ray transitions are
given in keV. The widths of the
arrows connecting levels are pro-

AR L portional to the relative intensity
498 of the observed transition. Tenta-
& tive transitions are shown by

o dashed arrows. Levels with their
[ | spin/parity levels in parentheses

have uncertain assignment.

sition (y,), was a stretched quadrupolaJ=2). When the

resultantR,s,m ratios for a stretched dipole and stretched

quadrupole were 1.0 and 0.5, respectively. The deficiencies
of this method are its inability to distinguish betweAd

=2 andAJ=0 transitions, or to make any assignment as to

the degree of mixing present in the transitions.

The level scheme of®Fe obtained from this analysis is
presented in Fig. 1. The experimentally determined proper-
ties (energy, intensityR,syn) Of the observedy rays are
presented in Table I.

The feeding and decay of all but one of the levels to an
excitation energy of 5.63 MeV are found to be in agreement
with the level scheme suggested by Froreiral. [2]. The
exception is the placement of decays to/from the 5.25 MeV
level. This disparity is brought about by a reordering of the
859- and 970-keV transitions, observed to be in coincidence
with the 927-keVvy ray. For ease of discussion, the deduced
decay scheme of°Fe has been split into states based on four
separate band heads: the ground state, the 4.70 MeV state,
the 3.76 MeV state, and the 8.42 state.

States based on the ground stafdtis sequence of states
includes the 0.85-, 2.09-, 3.12-, 3.39-, 5.26-, and 7.17-MeV
levels, and accounts for half the previously observed transi-
tions. The decays from these levels are presented in Fag. 2
obtained from the sum of gates on the 847- and 1239-keV
transitions. Of these states, the 7.17 MeV level that decays
by the 1921-keV transition is both new and tentative. The
267-keV transition, observed by both Sarantites and Fromm
is also weak, and so denoted as a tentative trangiéi@tron-
ger 265-keV transition is evident at higher spifihe R,sym
ratios for these transitions are consistent with that expected
for stretchedE2 transitions, and the angular distributions
determined by Sarantitest al. [1].

States based on the 4.70-MeV levehis band was pre-
viously observed?2] to J”=10"). The y rays feeding this
state, and the out of the band transitions are previously un-
reported. Figure @), obtained by a gate on the 1312-keV
transition, shows the rays associated with the decay of this
band. TheAJ=1 nature of these transitions has been in-
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ferred from both theR,syn, ratios and the decays to other  States based on the 3.76 MeV lewsfith the exception of
states. For example the 5.63 MeV state decays strongly vithe 367-keV and the 1671-keY rays that decay from this
the 927-keV transition to thé&™=7(") (E* =4.70) state and band head, all these transitions have been previously unob-
weakly to theJ™=6" (E* =3.39 Me\) state by a 2240-keV served. A spectrum of the in-band transitions based upon this
transition. This latter decay would be hindered even moréand head is presented in FigcR The states in this band,
than observed if either or both the 1312- and 927-keV tranwith the exception of the 7.50-MeV level, are observed to
sitions wereE2 as opposed td11 (resulting in an=3 or  decay solely in-band via a sequenceE# transitions. The
\=4 transition. Similar arguments hold for thg"=9(*)  jJ7=9(*) 7.50-MeV state decays both in-band via a 2319-
6.85-MeV andJ™=10") 7.82-MeV states which decay via keV dipole transition and out of band to tdé=8"* 5.26-
1595- and 2564-keV transitions, respectively, to the  MeV state by a 2247-keV dipole transition.

=8"% 5.26-MeV state. At the top of this “band” the 10.09 States based on the 8.42 MeV lev&iimilar to the case of
MeV level is observed to decay solely in-band via a 1415-the states based on the 3.76 MeV band head, the levels based
keV vy ray. on the 8.42 MeV state are only observed to decay purely in
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band by a sequence of rays that are assumed to Be) 13.0
=1 transitions. A spectrum is presented in Figd)2which 125t
was obtained by summing gates set on the 2786- and 963- 1201 B 8% 6000 7201
. . " . : 1157
keV vy rays, in which the transitions assigned to this band are 11.0% 1, - 61% 6000 7201
mwarked.+ The state with the_ greatest excitation enéthg 1065 m———_ 25 6000 7201
J7=(13 ') .11.96.-Mev leve] is very weak!y populateq and 10.01 = 1% 6000 7201
the possibility exists that the observegday is a contaminant 95T b <
from 4Cr. Although no evidence for such a transition was 00T U S O
observed in the recent work of Devlet al. [13]. A single 85T — - 2% 6000 7300
. R . LT 8.0+ o ————— 4% 6000 7201
gate set on this transition is observed to be in coincidence S B —— @ 6000 §101
- i+ H H H . 72 -~ 0%
with yrast transitions in botf®Fe and>*Cr. Accordingly this S 70b M ——
state is assigned as a tentative level, as is the 1401-keV tran- 2651 T 9% 6000 §101
sition which deexcites it. - 80F, - 2% 6000 8101
55+ 'y T _— 49% 6000 8101
504 & = 52% 6000 §200
IV. DISCUSSION 451 7 — 0% 6000 8200
Nuclei such as,gFe;o, with two protons(holes and two ‘3‘-2: 6, ——— ————— B% 6000 5101
neut_ror;GS(particIes are in close proximity to_the doubly 2.0l @ T mm o e o000 K10}
magic 3gNiog nucleus and hence can be considered as shell 251 7
model nuclei. Such an assumption implies that the observed 20t 4 - 1% 6000 §200
excited states can be described in terms of particle-hole ex- 151
citations and has been proved experimentally numerous 10T o - %% 6000 8200
times(e.g., Ref[14]) by the observed decays of nuclei such g-g" Expt. Theory

as %°Ni and >Fe.
Theoretically, the most recent calculations of the high- FIG. 3. A comparison between the excitation energies of excited
spin structure of%Fe were performed by Vennink and Glau- levels in 56Fe. The experimental data are on the left of the figure,
demang6]. These calculationfor J<8%) show reasonable while the calculated energies are on the right. Levels of the shme
agreement with the experimental data obtained from Refsare connected by dashed lines. The numbers to the right of the
[1,2]. In addition to the detailed comparison performed attheoretical levels provide the percentage contribution to the wave
low spin, several predictions for higher spin states (8function of the dominant configuration of each state fromftpg,
<J(h)=<16) were also presented. These states were calctPsz: P2, andfs, proton (first four) and neutron(second four
lated assuming three holes in tlig, shell (the third hole o_rbitals, followed by tr_le par_ticle occupation number for the_se or-
allowed to be either protor neutron. The presence of bitals. The proton conflgL_Jratlons for aII_of these states are primarily
several sequences of states, with a positive quadrupole mg§2sed upon the occupation of thg, orbital.
ment, connected b¢2 (AJ=1,2) transitions was suggested. . . . , L
These microscopic calculations indicated that for states witiC!€ in the configuration °3f an excnegslevel. This is in con-
J=<10h the third hole in thef,, orbital is predominantly tras't tq theN =29 nucleus® Qr [12]. In CrtDe first neutron
proton. For the higher spin states, this hole is predominantigXcitation from thef;, orbital occurs ate* =1.54 MeV.
neutron. It should be noted that the contribution of the extr 6”Ch an excitation is energetically less favored in the case of
hole in the protonf,, orbital to the wave function of the ¢ given the two valence neutrons present outsideNthe

state increases with spin; varying from20% to ~100%  — 28 shell closure. . _ _
(cf. Figs. 9 and 10 of Ref6]). In previous studies of°Fe[1,2,6] it was pointed out that

We have performed large scale shell mot@&M) calcu- & shape change fro_m prolate to oblate with increa_sing spin
lations within thepf valence space using the shell model ©ccurs a0=6%. In Fig. 4 the calculated spectroscopic quad-
code ANTOINE [15]. Our calculation is similar to those pre- rupole moment for the observed states’ifre has been plot-
sented in Ref[16] and allows for six holes in thé;, orbit ted. To determine Whl_ch states are prolate and which are
(the third and successives being either proton or neptron©Plate the spectroscopic quadrupole moment has to be trans-
The results of these calculations are presented in Fig. 3. [fprmed to the intrinsic quadrupole movemepy. These are
Fig. 3 the individual levels are labeled by the notatipn ~ related by
wheren=1 represents the lowest lying level with a s@in
Also shown in this figure are the proton and neutron configu-
rations with the greatest occupan@iven as a percentage
As can be seen from Fig. 3 there exists a good correlation
between the experimental and theoretical excitation energiethus requiring theK of the band head to be knowWa7].

As would be expected, the dominant configurations for Using Eq.(2) we have calculated the intrinsic quadrupole
each of the observed states is based on particle-hole excitesoment for the 10—8,—6,—4,—2,—0 decay sequence
tions within theps», p12, and fg, orbitals. It is only at  and the 6 state. This is plotted in the inset of Fig. 4. As can
relatively high excitation energieE*=7.5 MeV, that aneu- be seen the $-+4,—2,—0 sequence is clearly prolate,
tron excited across thid= 28 shell closure plays a dominant while the 1Q— 8,— 6, sequence represents an oblate shape.
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The prolate-oblate shape change is clearly visible, occurring In summary, the level scheme g§Fe;, has been revised

at J=67% in agreement with the previous publications. and extended td™=13")%, with the addition of 16 new
The remaining sequences are calculated to be oblate gr-ray transitions. It has been found that states’iRe are

near spherical in shape confirming the relatively neutral dewell reproduced by f shell model calculations.

formation driving orbitals immediately above th¥=28
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