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Abstract. Lifetimes of excited states in *®Gd were measured using the recoil distance method with a
plunger device coupled to the EUROBALL Ge detector array. The differential decay curve method in
coincidence mode allowed the unambiguous determination of lifetimes of more than 20 excited states. The
obtained transition strengths are in good agreement with the shell model calculations. The effect of the
Z = 64 subshell closure on the B(E2 : 27 — 0%1) reduced strengths above the N = 82 magic number

is discussed.

PACS. 21.10.Tg Lifetimes — 21.10.Ky Electromagnetic moments — 27.60.4+j 90 < A < 149

1 Introduction

The 8Gd nucleus has two neutrons more with respect to
the doubly magic §1°Gd, therefore it is expected that its
excited states have a shell model structure. Furthermore,
it is well established that the octupole collectivity plays
an important role in this region of the Segre chart [1]. The
competition between the single particle and collective oc-
tupole modes of nuclear excitations has attracted partic-
ular attention, and '*®Gd is one of the few nuclei where a
double octupole-phonon state was firmly established [2].
The normal-deformed medium- and high-spin struc-
ture of “8Gd was studied extensively. The most com-
plete level schemes were deduced by Piiparinen et al. from
(a,4n) and (*He,3n) reactions [3], and by Drigert et al.
from the (3°S,4n) reaction [4]. The level structure was in-
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terpreted in terms of the spherical shell model with the
3~ octupole phonon explicitly taken into account [3].

Altough the medium- and high-spin structure is well
known, with firmly assigned spins and parities, very little
is known about the electromagnetic transition probabil-
ities. Below spin I = 20, the lifetimes of the octupole
states (Vf72/2 x 37)97 and (uf?/2 X 37 x 37)12% were
measured [5-7], and therefore the transition strengths of
the ~-rays decaying from these levels were obtained. The
strengths of the 2] — 0% and 37 — 0T transitions were
also determined in a model-dependent way from a (p,p’)
experiment on radioactive 1¥Gd target [8].

In the current article we present the results of our
picosecond lifetime measurements by the recoil distance
method.

2 Experiment

The level scheme of '“8Gd nucleus is characterised by the
presence of the 9~ 7 = 23.9 ns yrast isomeric state [9].
In order to be able to determine the much shorter life-
times of the levels below this nanosecond isomer, these
states have to be populated by sidefeeding following par-
ticle evaporation. Therefore, a light-particle reaction had
to be used. The “8Gd nucleus has been populated via
the 14'Pr(}'B, 4n) reaction. The beam was delivered by
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the Tandem XTU accelerator of Legnaro National Labo-
ratories. The target consisted of 0.48 mg/cm? !Pr on a
2.2 mg/cm? gold support. It was mounted with the Au
support facing the beam in the Cologne plunger [10] in
front of a 6 mg/cm? thick stretched gold stopper foil.
The incident beam energy of 50.5 MeV corresponded to
49 MeV at the '*'Pr surface, and led to an input spin of
I =~ 15. Data were taken at 17 stopper-target distances
between 0.7 um and 2 mm. Each flight distance up to
450 pum was controlled and regulated via a piezoelectric
feedback system.

The «-rays were detected with the EUROBALL Ge de-
tector array [11], consisting of 15 cluster detectors (7 Ge
crystals each) at backward angles, 26 clover detectors
(4 Ge crystals each) around 90° and 30 tapered detectors
(1 Ge crystal each) at forward angles relative to the beam
direction. Events with at least four non-suppressed Ge de-
tectors firing in coincidence were registered on tape. En-
ergy calibration of the spectra and gain matching between
the different Ge detectors have been performed using stan-
dard v-ray sources as well as known ~-ray transitions of
the nuclei populated in the reaction.

3 Data analysis

The Ge detectors of EUROBALL were organised into six
rings at mean angles of 15°, 35°, 52°, 90°, 133° and 156°.
For each target-stopper distance the Compton-suppressed
three- and higher-fold events were sorted into asymmetric
v~ matrices with one particular ring on each axis. The
six rings correspond to 30 different combinations of rings,
resulting for the 17 target-stopper distances in a total of
510 matrices.

In the analysis of the decay function the differential
decay curve method (DDCM) [12,13] was used. In this
technique one gates on the shifted component of the feed-
ing transition and analyses the stopped (unshifted) and
shifted parts of the depopulating transition. An example
of a gated spectrum is shown in fig. 1. The lifetime of the
state is given by

I
T =
drd/dt’

(1)

where I9 and I are the intensities of the unshifted and
shifted components of the depopulating transition, and
t = d/v is the flight time. The above formula refers to the
case when one gates on the direct feeder transition, but
the DDCM can be used even by gating on (the shifted
component of) an indirect feeder [13]. In this case the
lifetime formula is slightly modified:

_ I¢ —alIf @)
-~ dId/dt

where If is the unshifted component of the direct feeder
and « is the ratio between the total (shifted + unshifted)
intensities of the depopulating and direct feeder transi-
tions in coincidence with the shifted indirect feeder.
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Fig. 1. Sample of gated spectra. The figure shows the 482 keV
77 — 5= and 489 keV 37 — 27 y-ray transitions detected
at the angle of 8 = 133°, for two different target-stopper dis-
tances; gated mainly (see text) on the shifted component of
the 809 keV 5~ — 37 transition at 6 = 35°.

The coincidence DDCM allows the determination of
the lifetime of the state of interest unambiguously since
the uncertainties about feeding times and intensities are
avoided. To use this method, one needs fully separated
stopped and Doppler-shifted components. Since in our
particular case the recoil velocity is very low due to the low
mass of the projectile, the two components of a peak are
separated only for high-energy transitions and for rings
far away from 90°. If the two components are not sep-
arated, and this is our usual case, when gating on the
shifted component of the feeding transition, in order to
get good statistics we could not avoid gating on a small
portion of the stopped peak, too. This increases the inten-
sity of the unshifted part of the depopulating transition,
therefore a correction is needed. The increase in intensity
is AI¢ = (AILL/IY) - 119 where AIL/IL is the fraction
of the unshifted component taken in the gate, and Ilfl‘lil is
the coincidence intensity of the stopped (unshifted) feed-
ing and stopped depopulating transitions. The If¢ coinci-
dence intensity was determined from the analysed matrix
(individually for each target-stopper distance) by gating
on the whole stopped depopulating transition on the sec-
ond axis. The fraction of the stopped component taken in
the gate, AIf/If, was determined in two different ways,
leading to similar results. A spectrum presenting the un-
shifted populating transition is created by gating from
above on the stopped part of its feeder: i) the ratio is de-
termined directly by integrating the counts in the appro-
priate channels, and ii) the stopped populating peak was
fitted and the peak position and their Gaussian width ob-
tained. Then, considering the Gaussian shape of the peak,
the AIL /I! ratio was calculated. This latter method works
especially well when the lifetime was obtained from ma-
trices for which the gating on the unshifted feeder was
performed at a forward angle. This requires that the high-
energy part of the unshifted component was caught in
the gate; therefore the deviation of the shape from the
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Fig. 2. Partial level scheme of **3Gd. The thick dashed arrows represent strong E2 transitions (B(E

2) > 5 W.u.). Similarly, the

strong M1 transitions, B(M1) > 1072 W.u., are indicated by thick continuous arrows. All the other transitions are represented

by thin arrows.

Gaussian distribution (because of its low-energy tail) does
not affect the result.

A crucial point in the analysis of the plunger experi-
ments is the normalisation of the data taken from different
matrices, corresponding to different distances. In the first
instance the matrices were normalised directly to their
number of events. To check the quality of this normali-
sation and to correct it when necessary, we determined
the coincidence intensity of the most intense y-rays. With
the final normalisation all the coincidence intensities were
constant in the different matrices.

4 Results

The velocity of the recoiling nucleus was determined by us-
ing the position of the stopped and Doppler-shifted com-
ponents of the strong and high-energy E, = 1007 keV,
11~ — 9~ transition in “8Gd. The obtained recoil ve-

locity v = 1.62(7) pm/ps corresponds to 0.54(2)% of the
speed of light.

A partial level scheme of *8Gd is shown in fig. 2. The
obtained lifetimes of the excited states in 48Gd as well
as the transition strengths of the decaying transitions are
listed in table 1. All the lifetimes, but one, are obtained
from the present experiment. The lifetime of the 2995 keV
9~ isomeric state, 7 = 23.9 ns, is taken from the litera-
ture [9], since our plunger experiment was not sensitive for
such long lifetimes. Previous to our measurement only the
lifetime of the mentioned isomer and that of the 3981 keV
12" two-octupole phonon state were known [9]. All the
other lifetimes were determined for the first time. The
range of the determined lifetimes is from few picoseconds
to few hundred picoseconds.

All the lifetimes presented here are the average value
of those determined independently of different ring-ring
combinations. The used 7y matrices depended on the indi-
vidual cases as a function of statistics and contaminating
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Table 1. Lifetime of excited states and reduced transiton strengths in 48Gd.

The European Physical Journal A

E, (keV) 7 (ps) 17— If E, (keV) oL B(oL) (W.u.)
784 6.0(17) 27 0" 784.4 E2 9.8(28)
1416 11.7(35) 4t ot 631.9 E2 13.9(42)

4% — 3”7 142.9 E1l 4.2(13) x 107*
1811 257(29) 6+ — 4t 394.6 E2 6.8(8)
2693 19.0(41) 8t — 67" 882.4 E2 1.6(4)
8t —7- 129.5 E1l 2.8(16) x 107*
3759 10.9(15) 10" — 9~ 1063.6 E1 2.7(4) x 107°
3981 88(9)® 127 —9- 1285.6 E3 66(9)
12t - 11~ 278.9 F1 1.8(2) x 107*
4501 5.6(31) 127 — 11~ 798.9 E1l 5.5(33) x 1076
12T — 10" 742.1 E2 5.1(28)
12T — 10" 677.9 E2 1.8(10)
12+ — 12% 519.9 M1 2.0(11) x 1072
5026 36(20) 147 — 12% 1045.3 E2 0.02(1)
14t — 12+ 525.5 E2 9.6(55)
147 — 13~ 475.3 E1l 9.5(58) x 107°
147 — 13~ 285.5 E1l 1.7(11) x 107°
5356 266(38) 167 — 147" 329.8 E2 14.3(28)
16T — 15~ 238.0 E1 9.8(20) x 107°
1273 50(3) 37 — ot 1273.5 E3 41(6)
37 — 2t 489.0 E1 6.1(4) x 107°
2082 3.8(19) 57 — 37 808.7 E2 10.6(54)
57 — 4t 666.0 F1 1.9(9) x 107°
57 — 6% 271.1 E1l 3.6(18) x 107*
57 — 4~ 169.2 M1 6.2(32) x 1071
2564 30.7(43) 77 — 6" 752.8 E1 1.1(2) x 107°
7T =5 481.7 E2 12.7(19)
2695 23900(450)™ 9~ — 67T 883.6 E3 51(2)
97 =7 130.8 E2 5.8(2)
2937 5.5(37) 7T — 6T 1125.6 E1l 4.5(30) x 107°
3030 75(19) 8 — 77 465.8 M1 2.5(7) x 1073
8 — 9~ 334.9 M1 4.3(11) x 1073
3368 27.6(31) 97 — 7 803.4 E2 0.2(1)
9~ — 8+ 673.9 F1 8.5(20) x 107°
97 — 7 430.5 E2 1.9(7)
9" — 8~ 337.7 M1 7.9(14) x 1073
9- — 8~ 214.8 M1 2.8(6) x 1072
97 — 8~ 57 M1 1.6(6) x 107*
3702 1.8(57) 117 —9° 1006.8 E2 9(28)
3919 12.8(22) 107 — 8~ 888.6 E2 0.9(2)
107 — 8~ 765.7 E2 2.6(5)
10 — 9~ 551.0 M1 2.0(4) x 1073
4122 6.7(49) 117 — 9~ 754.2 E2 10(7)
117 — 11~ 420.6 M1 3.2(26) x 1073
4430 17(13) 127 — 117 727.9 M1 4.8(33) x 107*
127 — 10~ 511.6 E2 11.4(85)
127 — 11~ 308.4 M1 2.9(22) x 1072
4551 55(8) 137 —12% 571.0 F1 3.4(7) x 107°
137 — 11~ 429.5 E2 5.0(9)
137 — 12~ 121.3 M1 1.0(2) x 1072
4906 4(13) 147 — 137 355.0 M1 1.8(59) x 107+
5118 23.6(120) 157 — 13~ 566.4 E2 6.2(32)
15~ — 14~ 211.5 M1 5.8(30) x 1072

(a) A previous measurement [6] gave the lifetime of this state as 83(10) ps.

(b) This lifetime is taken from the compilation of ref. [9].
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Fig. 3. Examples of lifetime analysis of the 2] state at 784 keV. For each distance, the value of the mean life (upper panel) is
deduced from the intensity of the unshifted component I, of the 784 keV transition (middle panel) and from the corresponding
time derivative dI;/dt of the shifted component (lower panel). (a) Gate on the direct feeder 632 keV 4T — 27 transition at
133°, analysed 784 keV at 133°; (b) gate on the 632 keV 4" — 27 transition at 156°, analysed 784 keV at 52°. Note that the
accepted lifetime (given in table 1) is the weighted average of the lifetimes deduced from different ring-ring combinations.

transitions. Spectra obtained with gates on both direct
and indirect feeding transitions were used. Correction for
gating partially on the stopped feeder had to be applied
in most cases. Exceptions are when gating on the shifted
part of the high-energy 1126 and 1187 keV transitions
feeding the 67 and 12 states. Using these gates, in addi-
tion to the lifetimes of the 6] and 127 levels, the lifetime
of the 4] and 117 states, populated indirectly by the men-
tioned high-energy transitions, were also determined. The

lifetimes of the 4 and 11 states obtained by using the
gate on direct feeder and on the indirect feeder are in good
agreement, indicating that the applied corrections for par-
tially gating on the unshifted component were appropri-
ate. Examples of lifetime data are shown in figs. 3 and 4.
Apart from the few particular cases, specified below,
values of the branching ratios used to derive the transition
strength were taken from Nuclear Data Sheets compila-
tion [9]. We deviated from these values only in few special
cases. Due to the particular interest in collective octupole
transitions and the recent identification of the 3= — 0T
E3 transition [7], the branching ratios for the 37, 97, 127
states at energies of 1273, 2695, 3981 keV were determined
from our two previous thick-target experiments described
and discussed in detail in ref. [7]. The same data were used
to get the branching ratio for the 3368 keV 9~ state, for
which the intensity of the low-energy 57 keV transition
(Br(y+e7) = 5.8%) was not given previously.

5 Discussion
5.1 Two-particle excitations

The 0% ground state and the yrast 2+, 4%, 6% excited
states are formed by the coupling of the two v f7,5 valence
neutrons outside the N = 82 closed shell. The similar
transition strengths of the E2 quadrupole transitions con-
necting them, namely B(F2; 2t — 07) = 10(3) W.u.,
B(E2; 4% — 2%) = 14(4) W.u. B(F2; 67 — 4T) =
7(1) W.u. indicate the same intrinsic structure for these
states. Promoting one neutron into the hg,y orbital pro-
vides the 87 state at 2694 keV. As is expected, the tran-
sition strength of the 8t — 6T transition, 1.6(4) W.u., is
much lower than the B(F2) values of the transitions con-
necting states with the same single-particle components.

We mention that the B(E2; 2% — 071) transition
strength was determined previously in a model-dependent
way from a (p,p’) experiment. The obtained value of
B(E2) = 30 W.u. [8] is much higher than that obtained
from the present lifetime measurement. The origin of this
discrepancy is unclear.

5.2 Octupole excitations

The coupling of the 3~ core octupole phonon to the two
valence neutrons gives rise to negative-parity states. These
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Fig. 4. Examples of lifetime analysis for the 41, 67 and 8] states (see caption of fig. 3). (a) Cate on the 395 keV 61 — 47T
transition at 15°, analysed 632 keV at 133°; (b) gate on the 1125 keV 7~ — 6T transition at 15°, 35°, 52°, 133° and 156°,
analysed 395 keV at 35°; (c) gate on the 674 keV 9~ — 8™ transition at 156°, analysed 882 keV at 133°. Note that the accepted
lifetimes (given in table 1) are the weighted averages of the lifetimes deduced from different ring-ring combinations.

are responsible for the yrast negative-parity levels in the
second column of fig. 2. The 37,57, 7~ and 9~ states cor-
respond to the stretched coupling of the (v f7/2)0,2,4,6 two
neutrons to the octupole phonon. The transition strengths
among these levels are B(E2) ~ 10 W.u., similar to those
among the 01, 2%, 4%, 67 states having the same single-
particle structure (except for the 3~ phonon). It is ex-
pected that the B(E2; 117 — 97) strength correspond-
ing to the vhg,, — vf7/, single-particle change is much
lower, and similar to B(E2; 8" — 67) = 1.6 W.u. How-
ever, the short lifetime and the low-energy feeding tran-
sition made it impossible to obtain an informative B(FE2)
value from the present experiment. Based on shell model
calculations [3], the 1913 keV 4~ and 3030 keV 8~ lev-
els were interpreted as Imax — 1 states, (v f7/2)2 ® 37 and
(vf7/2)6 ® 37, respectively. The configuration assignment
of the 4~ state is supported by the large M1 strength,
B(M1) = 0.6(3) W.u. of the transition connecting the
Inax = 5 level to this state. Although we favour the oc-
tupole character assignment to the 3030 keV level, the sit-
uation in this case is somewhat less clear. This level decays
into the 97 and 7~ states with the same single-particle
components via weak M1 transitions B(M1) ~ 2-5 x
1073 W.u. The other close-lying 8~ state at 3153 keV has
a similar decay pattern (although the transition strengths
were not determined). Therefore, these two states may
be strongly mixed, both with significant octupole com-

ponents. Both 8~ states are fed by M1 transitions from
the 97 3368 keV level of (ﬂ'hll/gg;/g)(l/f?/Z)o configu-

ration, and by FE2 transitions from the 10~ 3919 keV
(ﬂh11/2d5/12)8(uf72/2)2 (see sect. 5.4). The weaker connec-
tions, both M1 and E2, of the 3030 keV state to the feeder
9~ and 10~ states favours the adopted configuration as-
signment.

The 3981 keV 121 state is interpreted as a two—
octupole-phonon state, with two 3~ phonons coupled to
the (v f72/2)6+ two-neutron configuration. The determined

lifetime, 7 = 88(9) ps, is in agreement with the formerly
measured value [6], and it is more accurate. A detailed
discussion of this state together with the 9~ and 3~ one-
octupole states, with special emphasis on the B(E3) oc-
tupole transition strengths, has already been published
elsewhere [7].

The 10T state at 3823 keV was interpreted as a
two—octupole-phonon state, based on shell model calcu-
lations [3]. The low strength of the feeding 678 keV E2
transition, from the 127 (wh%lm)lo(yf?m)g configuration

(see sect. 5.4 below) is in agreement with this assignment.

5.3 Proton particle-hole two-neutron states

The negative-parity states of the third column of fig. 2.
are formed by proton particle-hole excitations with the
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particle in mwhy; /o and the hole in either 7ds, or mgr/2,
and two neutrons in v f7 /5.

From comparison with the 'Gd core nucleus, the
(7rh11/gg7_/12)(1/f72/2)0 character for the 3368 keV 9~ and
3311 keV 8~ states, and the (ﬁhll/gd;/IQ)(Vf$/2)0 charac-
ter for the 8~ 3153 keV and 7~ 2937 keV states were sug-
gested [3]. Our lifetime results support this interpretation.
The strength of the E2 transition connecting the men-
tioned 97 and 7~ levels, B(E2; 431 keV) = 2(1) W.u,,
is typical for a single-particle change in configuration. As
mentioned before, the 3153 keV and 3030 keV 8~ states
are strongly mixed, both having similar feeding and decay
patterns. Since the 9~ state populates the 3030 keV state
with higher strength, four times higher compared to the
other 8 state, we favour the (whll/gdg/lz)(uffp)o main
character for the 3153 keV level.

The 9~ (ﬂ'hll/gg;/g)<yf.?/2)0 state is fed by a cascade
of quadrupole transitions with energies of 754, 430 and
566 keV. The large reduced strength of these transitions,
B(E2) ~10 W.u., suggests a (ﬂhll/gg;/g)(yffm)m,@ char-
acter for the 117, 137, 15~ states of column three.
The configuration assignment of the 139 state and of
the even-spin 107, 127 and 14~ levels is more difficult.
Probably, the mixing of the (Whll/gg;/z)g(Vf?/2)2,476 and
(Wh11/2d5/12)8(Vf72/2)2,476 configurations is large. The low
strengths of the 766 keV E2 and 551 keV M1 tran-
sitions connecting the 10~ state to the (Whll/zd;/l2)8
and (ﬂ'hn/gg;/lz)g levels, B(E2) = 2.6(5) W.u. and
B(M1) = 2.0(4) x10~3 W.u., respectively, suggest a differ-
ent single-particle composition in the 10~ state; therefore
the (Tl'hll/gg,?_/é)s(ljf?/Q)g character is favoured.

We mention the cascade of strong M1 transitions con-
necting the 157 — 14~ — 13;7 — 127 — 11~ states, all
with strength larger than 102 W.u. This is characteris-

tic for transitions connecting states with the same single-
particle structure. In contrast, the M1 transitions con-
necting states with different character are much weaker.

5.4 Two-proton two-neutron states

The positive-parity states on the right-hand side of
fig. 2. have four-particle character. The 10", 12, 14*,
16% states are formed by coupling the two neutrons
(1/f72/2)0,27476 to the fully aligned (Wh%l/Q)lo proton pair.
All the E2 transitions connecting these states have a
strength of B(E2) ~ 10 W.u., similar to the other
(I/f72/2)] — (Vf72/2)f,2 transitions in this nucleus. The
18% state is formed by lifting one neutron to the hg /o
orbital. Due to the low-production cross-section of this
high-spin state, no lifetime data could be extracted using
the coincidence DDCM. Only a lifetime limit of 7 < 0.6 ns
could be obtained, by gating from below, which leads to
a poorly determined B(FE2) transition strength limit. The
direct feeding of the 18T state by a 20~ 7 = 2 ns iso-
mer [3] explains the long effective lifetime. We note the
presence of two 10T states very close to each other in the
level scheme, at 3759 and 3823 keV, respectively. Both of
these are fed from the 127 state. The adopted configura-
tion assignment, as shown in fig. 2, is based on the large
B(E2; 742 keV) = 6(3) W.u. strength.

5.5 Z = 64 subshell closure and the B(E2 : 2+ — 0T)
systematics

It is well established that for neutron number close to
N = 82, a subshell closure is present for proton number
Z = 64. This is reflected by the systematics of the E(27)
energy and the E(47)/E(2%) ratio (see fig. 5). On the
other hand, for rare-earth nuclei with N > 88 a maximum
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of the deformation is reached just at Z = 64 [14]. In fact,
the B(E2) values of the 2% — 0% transitions are highest
at Z = 64 for nuclei above N = 88 (see fig. 5). For nuclei
with N = 84, where the Z = 64 shell closure still acts,
we should observe a minimum of the E2 strength of the
27 — 0% transition. Indeed, the new experimental point
obtained in the present work for 148Gd is the lowest along
the N = 84 chain (see fig. 5¢) and confirms therefore,
through the more stringent test of a B(E2) measurement,
the double-shell closure at N = 82 and Z = 64.

6 Conclusions

The lifetimes of more than 20 excited states in #8Gd
were measured in a coincidence plunger experiment. Based
on the deduced transition strengths, unambiguous con-
figuration assignments could be given for almost all the
populated levels. The proposed assignments are in good
agreement with previous shell model calculations [3]. The
B(E2 : 2% — 07) has its smallest value in *8Gd among
the N > 82 nuclei in the region.
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