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Abstract

They decay of the 12 yrast trap in°2Fe has been measured for the first time. The two/Ebtanches to the 8 states are
hindered with respect to othé(E4) reduced transition probabilities measured in fhe shell. The interpretation of the data
is given in the fullpf shell model framework, comparing the results obtained with different residual interactions. It is shown
that measurements of hexadecapole transition probabilities constitute a powerful tool in discriminating the correct configuration
of the involved wavefunctions.
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High multipole moments in nuclei are considered one often encounters isomeric states and even inver-
to be a vital source of information in nuclear struc- sion of states in the yrast line creating spin traps that
ture studies connected with shape phenonjé&haln decay by high multipolarity transitions.
particular electric hexadecapole moments and transi- Recently, Ur et al.[9] have studied the high
tion strengths are experimentally accessible and pro- spin structure oP2Fe with they-ray detector array
vide information on features that are independent of GASP [10]. The level scheme of?Fe has been ex-
the guadrupole structure of the nucleus and thereforetended up to the 10 state at 7.4 MeV excitation
contribute to test the theoretical models and, in partic- energy, lying above the yrast t2somer, thereby con-
ular, to reduce the degrees of freedom in the effective firming the predicted inversiofiLl1,12] of the yrast
nuclear interaction. 10t and 12" states. From a8*-decay end-point

As pointed out in Refs[1,2], the calculation of = measurement the excitation of the'18tate was de-
E4 transition strength seems to be more sensitive to termined with an accuracy of the order of hundred
model details than the E2 transitions and therefore it keV, and the half-life of the isomer was measured
has a higher discrimination power when identifying to be 45.9(6) §12]. The 12" isomer mainly decays
individual components in the nuclear wave function. (99.98%), by Gamow-Teller transitions, into excited

In particular, in the sd shell, thB(E2) values for the
transition to the ground state in even—even nuclei do
not change very much from nucleus to nucleus while
the B(E4) values show drastic changes. Interestingly,
the investigation of E4 transitions has allowed to de-
termine a significant hexadecapole collectivity df 4
states in closed shell nucles (~ 132 A ~ 208) (see
Ref.[3] for a systematic survey).

Electric hexadecapole moments in stable= Z
nuclei were studied in the past ia/-shell nuclei by
inelastic scattering with several probes (electrons, pro-
tons, a-particles)[2,4]. Such experiments cannot be
done for heavietN = Z nuclei without resorting to
radioactive beam facilities. With the recent develop-
ments in detection techniques, information of tran-
sition strengths can be directly obtained bpyray
spectroscopy. Whenevertransition probabilities are

states of the daughter nucleifdin.

In this Letter we report on the measurement of the
E4 y-decay of the 12 yrast trap in°?Fe to the two
known 8" states. The experiment was performed at
the GSI on-line mass separator, where a 2.5eng
thick "@S;j target was bombarded by a 170 M&SAr
beam delivered by the UNILAC accelerator. The esti-
mate of the cross section, performed with HIVAR],
for this reaction, gives a population &f 13 mb for
52Fe, above the 12isomer.

The recoiling reaction products were stopped in the
graphite catcher of a FEBIAD-E type ion souijdd].
After ionisation and extraction from the ion source, the
mass separatedl = 52 beam was implanted in a tape
which moved every 80 s, taking away the undesirable
long-lived activity.

The implantation position was surrounded by a

compatible with the detection sensitivity, these mea- plastic scintillator, with ag-detection efficiency of
surements give more complete information than that ~ 85% (measured with #Na source), two composite
deduced by using scattering techniques. Moreover, germanium (Ge) detectors of the Clugtes] and large
y-ray spectroscopy allows to measure hexadecapoleClover [16] type, and a 60% single Ge crystal. The
transitions from high spin states. setup included a second single crystal low-energy Ge
In the past few years, considerable effort has been detector, as shown iRig. 1, but was not relevant for
put into the study of high spin states fi,»-shell nu- the present analysis. The photopeak efficiency of the
clei. It has been shown that near the middle of the shell Ge setup was 3.9% for p-ray energy of 1.33 MeV,
(*8Cr) nuclei present strong deformatiff+-8]. Heav- which improved the detection sensitivity limit by a
ier nuclei, like®2Fe, are less deformed due to their factor of 100 compared to that achieved in the previ-
proximity to theN, Z = 28 shell closure. In such cases ous study12]. The large segmentation of the detection
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system (12 independent large volume Ge crystals) was

essential to keep the summing losses within a reason-

able limit, i.e., below 10% for large multiplicity cas-
cades. By using a complete Monte Carlo simulation
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Energy
Ge
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Cluster LLLLL] 85%
60% Beta
Ge Counter

Fig. 1. Sketch of theg—y detection setup at the GSI on-line mass
separator. Thel = 52 beam is implanted into a tape which is not
shown. The implantation position is in the center of theetector.
Collimation system, tape angldetector are mounted in a vacuum
chamber, while the Ge detectors are positioned around the chamber.
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of the setup performed with the GEANT3 librdiy7],
the summing perturbation to all measured quantities
was estimated to be far below the respective experi-
mental uncertainties.

The total measurement time amounted to 32 hours
with a production rate of 4.5 x 10* atomg's. f—y—y
and y—y coincidence events were recorded and af-
terwards sorted into 3D-cubes and 2D-matrices. The
analysis of they—y coincidences, including the “add-
back” of the composite detectors and a veto condition
derived from theg counter allowed us for the first
time to observe thg de-excitation of the 12 isomer
to the § and g at 6360 and 6493 keV states via E4
transitions of 597 and 465 keV, respectively. The anti-
coincidence with the8 counter served to reduce the
background contribution frong-delayedy -rays. The
resulting spectrum is shown kig. 2

The new transitions fix the excitation energy of the
12+ isomer at 6955(4) keV (seeFig. 3). This value
is significantly more accurate than the previous result
deduced fromB-decay measuremerjts2].
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Fig. 2. Spectrum obtained in coincidence with strong transition¥ e

and in anti-coincidence with thg-counter. In the spectrum there

is a small “leak” of the large8™ annihilation peak, due to the background subtraction procedure, and a peak coming from the Compton
back-scattering of the 1461 keV background transition (1461-850 keV). The gamma transitions beloﬁ%j-ﬁmgame marked by their energies

in keV.



A. Gadea et al. / Physics Letters B 619 (2005) 88-94

+
7381 10
+ -~ m
6957512 | 4595 &
. oz 650 e
6360 8 E4 6493
>
N S
RS @
X
@ 6+
4872
6t N
4325 N
3
N
+
4" 3585
+
23842
+
850 2
e}
S
ot )
0
52
Fe

Fig. 3. Level scheme of thé2Fe 12" isomer decay. Transitions
from the higher lying 10 state at 7381 keV observed in a in-beam
study[9] are shown.

From the spectrum shown Fig. 2it is evident that
the 465 and 597 keV transitions have similar inten-
sities. Their E4 transition probabilities, however, are
strikingly different due to the strong dependence on
the latter quantities upon the transition energy. The

transition intensities per isomer decay have been esti-

mated to be 2(4) x 104 for the 597 keV (12 —

8) transition and ®(3) x 10~ for the 465 keV
(12" — 87) transition. These results are based on the
combined information ofy—y coincidence matrices
with and withoutg-detector veto. Two methods have
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detector. The intensity of th&-decay branch has been
obtained from the total spectrum without any condi-
tion. All the intensity populating the 2in 52Fe is
expected to go through the two E4 transitions, and
since the relative intensities of these two transitions
are easily obtained from the—y coincidence matrix,

it is possible to evaluate the intensity of each tran-
sition compared to the total isomer decay rate. The
second method to determine the intensities is based
exclusively on they—y coincidences. Considering a
100% intensity for the E2 850 keV transition to the
ground state and the measured absolute efficiencies of
the setup for this and the observed E4 transition, the
determination of the intensity of the latter is straight-
forward. Also in this case thg-decay branch intensity

is determined from the total spectrum. Both methods
gave the same values.

The evaluated intensities reflect very low E4 transi-
tion probabilities: 1.1(4)&fm8 (4.6(17) x 10~* W.u.)
and 8(3) é fm8 (3.5(13) x 10-3 W.u.) for the 597 keV
and 465 keV transitions, respectively. If one com-
pares the?Fe data with theB(E4) observed in other
f7/2-shell nuclei (seeTable 1), to obtain the lowest
value, corresponding fMn (0.138 W.u.), partial de-
excitation branches that are 300 and~ 40 times
higher than those observed for the 597.1 keV and
465.0 keV transitions, respectively, would be needed.
This explains why these transitions where not ob-
served in previous studi¢$2].

To interpret these results we have performed cal-
culations in the shell model framework with the code
ANTOINE [18] in the full pf model space. Three dif-
ferent residual interactions have been used, namely the
FPD6 [19], the KB3G[20], and the recently intro-
duced GXPFJ21] interactions. The effective charges
used to calculate th8(E4) reduced transition proba-
bilities are the same as those used to obtainR{te)
values, i.e.¢, = 1.5 ande, = 0.5[9]. A recent mea-
surement of the 2 — 0™ B(E2) value in®?Fe, using
Coulomb excitation techniqug®2], is in excellent
agreement with the calculation performed in H6f.

The calculated energies and reduced transition
probabilities of the two E4 transitions iPPFe are
confronted with the experimental dataTable 2 All

been used to determine the intensities. The first one calculations overestimate the experimental values. The

consisted on determining the absolute intensity of the
850 keV 2" — 0T transition in>?Fe starting from
the y-ray spectrum in anti-coincidence with thge

best description is achieved by the FPD6 interaction
while both the KB3G and GXPF1 calculations fail in
reproducing even the order of magnitude of thg4)
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Table 1
Experimental E4 systematics fg 2-shell nuclei

Ey (keV) Ji > Jy T12 y branch B(E4) (W.u.)
44gc 271 6 — 2+ 58.61h 0988 142
46Tj 2010 4t - ot 1.62 ps 162
52Mn 378 2F 6T 21.1 min 00175 0138
52re 597 12 —>8f 459s 12(4) x 1074 4.6(17) x 1074
52re 465 12 >8] 4595 93) x 10°° 3.5(13) x 1073
53Fe 701 192- — 11/2~ 2.52 min 09866 0256
S4Fe 3578 10 — 6+ 364 ns 0019 Q79

2 The experimentaB(E4) value for the 4 — 0% in 46Tj obtained from they -intensity measurements reported in R@B] (B(E4) =
4003000 W.u.) is inconsistent with the values expected in the region. This discrepancy is not understood. However, agreement with the
expectations is obtained by using tRéE4) value extracted from the hexadecapole deformation measured ifPREfB(E4) ~ 1.6 W.u.).

Table 2

Experimental and calculated energies and reduced transition probabilities of the two E4 transiféiesand previously known E4 transitions

in f7/2-shell nuclei

Ji—Jg Ey (keV) B(E4) (W.u.)
Exp FPD6 KB3G GXPF1  Exp FPD6 KB3G GXPF1
S2Fe  12F >8] 597 1227 907 888 817 =104 24x10%  33x10°1  65x1072
S2Fe  12F>8) 465 519 700 756 3139 %103 47x10%  26x1072  23x1072
4sc Bt 2t 271 674 373 281 a2 196 179 165
467 4% - 0t 2010 1966 1819 2000 8 107 7.9 7.39
52Mn 2t > 6t 378 205 91 213 a38 Q272 Q422 Q728
Bpe YT 701 990 883 776 as6 Q151 123 084
S9re 10" > 6t 3578 3660 3838 3306 ™ 180 098 125
values. Both interactions yield a higher value for the
B(E4) 12" — 8] transition, in contrast with the ex- 105
perimental findings. ]
It is interesting to see how these interactions re-
produce the otheB(E4) values known in thef7,2 _ 103
shell. The results obtained with the three interactions g ]
are listed inTable 2together with the corresponding =
experimental data. A fulpf calculation has been per- £ '3
formed for*4Sc,%6Ti and®2Mn, whereas foP3Fe nine =
of the thirteen valence particles have been allowed to = ) .
be excited to orbitals above tife/» one, and foP*Fe a 105 .o
truncation to eight of the fourteen valence particles has
been made. As shown Trable 2 all interactions repro- 10_; i

duce with the same good accuracy the experimental
B(E4%) data of these nuclei.

In Fig. 4, the ratios between the experimental and
theoretical reduced transition probabilities are shown
for all the measured E4 transitions in the/,-shell
nuclei. It is evident that both the KB3G and GXPF1
interactions fail in the case 68Fe. A possible ori-

T
44S¢

T
“6Ti

T T T T T T T T T
S2Mn  5Fe(8)) SFe(8;) SFe  SFe

Nucleus

Fig. 4. Ratio between experimental and theoretitd4) values for
nuclei inthef7, shell. Results obtained by using the FPD6, GXPF1
and KB3G interactions are shown by squares (full line), full circles
(dashed-line) and triangles (dotted-line), respectively. Bdde 2

for details.
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Table 3
Proton (or neutron) occupation numbers for the states of interest in
52pe

f172 P3/2 f5/2 p1/2
FPD6
8 4.64 050 071 015
85 5.27 035 032 006
12f 5.43 026 026 005
KB3G
8f 5.70 015 021 004
85 5.02 030 057 010
12f 5.63 014 019 003
GXPF1
8 5.20 030 041 008
85 5.37 030 026 006
12f 5.67 019 012 002

gin of this failure could arise from the fact that both
8t states in°?Fe are very close in excitation energy
(seeTable 2, and therefore these calculations could
mix the configurations of the two levels or invert their
order. A possible way to check the quality of the inter-
actions in describing the two'8states is to calculate
the quadrupole transition probabiliti@sE2) for their
decayto the§ state and compare the predictions with
the measured valu¢g]. Unfortunately, all the reduced
transition probabilities are of the same order and the
experimental uncertainties do not allow a discrimina-
tion.

To get a better understanding of the wave functions,
we report inTable 3the occupation numbers (protons
and neutrons are equivalent in ah= Z nucleus) of
the different orbits for the states involved in the E4
decay. While the 1P states have similar occupations
with any of the interactions, the'Sstates are different.
The 8 level obtained with FPD6 is the most collective
one, followed by the§ state obtained with KB3G.

To elucidate these discrepancies, we have com-
puted the wave function overlaps between the 8
states and between the 13tates calculated by us-
ing different interactions. As expected, the overlap be-
tween the yrast 2 wave functions obtained with any
of the interactions arez 0.96, which implies that the
12+ states described by all the Hamiltonians almost
coincide. When comparing the*8states calculated
with the FPD6 and KB3G interactions, vanishing over-
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laps are obtained between the yra%t ftate and be-
tween the yrare}? state. On the contrary, an overlap of
~ 0.93 is obtained between thg &PD6 state and the
8] KB3G state, and vice versa between tfjefPD6
state and the 8 KB3G state. This inversion of the
8T states could explain the fact that tB¢E4) values
obtained with the KB3G interaction, when compared
with experiment, are inverted in strength. In the case
of the GXPF1 interaction, the two'8states are simi-
lar, which translates in similar overlaps 0.60-Q70)
with the 8 and & states of FPD6 and KB3G wave
functions.

As mentioned above, thB(E4) values have been
obtained with the effective charges used to reproduce
the quadrupole transition probabilities #¥Fe and
neighboring nuclei. As foiv = Z nuclei, the B(E4)
transition probability is proportional tde, + en)?,
it is the square of theum of the effective charges
which enters as a multiplicative factor. In a very re-
cent work[25], the polarization charges have been de-
duced fromB(E2) values measured for the mirror pair
A =51, obtaininge, = 1.15 ande, = 0.8. The use of
these effective charges would not change the present
results for theB(E4) values in®2Fe. The need of us-
ing very large or even negative polarization charges to
reproduce the systematics of tB€E4) values in this
mass region has been discussed by Yokoyf2oi
In the latter work, however, shell model calculations
were performed in strongly truncated spacﬁﬁz( or

fh2+ f;l/gl(pg/z, P12, fs/2)1). Even if it is out of

the scope of the present study to fit the polarization
charges, it is interesting to note that enlarging the
model space has allowed us to reproduce on the same
footing all the hexadecapole transition probabilities
known for f7/2-shell nuclei by using the same polar-
ization charges.

Finally, the origin of the hindrance of thB(E4)
values in°2Fe, can be understood from the hexadeca-
pole strength distribution. Using the different residual
interactions, we have calculated the E4 strength from
the 12" isomer to all the/™ = 8" states in thepf
shell model space. As expected, the results indicate
that most of the E4 strength is located at excitation en-
ergies higher than the IXstate. In fact, only up to few
per cent (10% for KB3G, 2% for GXPF1 and 0.2% for
FPD®6) of the E4 strength is predicted to feed the first
and second experimentally observedsgates.
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In conclusion, the combination of in-beam and off-

beam (ISOL) experiments has allowed us for the first

time to observe thg-decay of thé2Fe 12t yrast trap
and to establish its excitation energy. Twerays of

597 keV and 465 keV have been assigned to be the E4

transitions feeding thej8and § states, respectively.
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