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Abstract. In the neutron deficient isotopes °41%1n lifetimes of high spin states in the range from 0.5
ps to 600 ps have been measured in a coincidence recoil distance Doppler shift (RDDS) experiment.
By combining the Doppler shift attenuation (DSA) and RDDS methods at few pm flight distances, the
problem of delayed feeding has been avoided and very short lifetimes in the range 0.5 - 0.8 ps have been
determined. Shell model calculations with strong restrictions for the neutron orbitals reveal good agreement
with experimental level energies and still fair agreement for most measured B(M1) and B(E2) values.

PACS. 21.10.Tg Lifetimes — 21.60.Cs Shell model — 23.20.Lv Gamma transitions and level energies —

27.60.4+j 90 < A <149

1 Introduction

During recent years our knowledge on excited states in nu-
clei close to double-magic 1°°Sn has been extended consid-
erably. A status report on the spectroscopy in this mass
region is given in [1]. The level schemes of several light
In isotopes have recently been identified and/or extended
[2-6]. Parallel to the experimental progress, the under-
standing of excited states in the isotopes 192:103:104]p has
been improved by shell model calculations [5,6]. The over-
all agreement of the results of these calculations with
the experimental level energies and 7-ray branching ra-
tios confirmed the validity of the shell model approach
and parametrization of single-particle energies and resid-
ual interactions of the nucleons as given in [1]. For 1%4In
some discrepancies between the calculation and the exper-
iment for the negative-parity states were recognized, while
for 19°In no calculations had been published previously,
due to the large size of the matrices to be diagonalized in
this nucleus. Shell model calculations in a restricted model
space were performed for '°7"113In to study magnetic ro-
tation on a microscopic scale [7] employing the interaction
used in [1,5,6,8].

Besides level energies and branching ratios, only lit-
tle is known about absolute ~-ray transition probabilities
between the excited states in this mass region. In each
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nucleus only two or three lifetimes with quite large errors
were determined in previous experiments [9]. In 1%In, no
lifetimes of excited states are known to us, and in %°In
only that of the 17/2% and 19/2% yrast states have been
analysed [10].

In order to extend our information on absolute transi-
tion probabilities, we performed a recoil distance lifetime
measurement using a plunger apparatus [11] and the ~-
ray spectrometer GASP [12]. This experiment provided
for a large number of lifetimes and lifetime limits which,
in turn, allowed us to sensitively test the calculated wave-
functions and hence the configuration space and two-body
matrix elements used.

2 Experiment

The experiment was performed using the XTU tandem
accelarator of the INFN at Legnaro. A 1.2 mg/cm? thick
8Ni foil of 99.9% enrichment was bombarded with a a5
particle-nA 205 MeV 3°Cr beam. The target was mounted
in the Cologne plunger [11] in front of a 12.3 mg/cm? thick
stretched Au-stopper foil. Data were taken at 12 flight
distances between 16 and 7000 pm. The distance offset
of 12(2) um was extrapolated from the inverse capacity
signal as a function of the distance for the last 20 um
before electric contact between target and stopper, mea-
sured without beam on the target. Each flight distance up
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Table 1. Position of the Ge-detectors relative to the beam

Position  Number of det. combined to ring at
31.7° 2 o o

4. — ” ”
36.0° 4 } 346 3
5830 2 o __ o« o
60.0° 4 } 59.4° = “B9
72.0° 4 72°
90.0° 8 90°
108.0° 4 108°
12000 4 o __ o« 09
12170 9 } 120.6° = “121
14400 4 o __ o« 09
148.3° 9 } 145.4° = “145

to 262 um was controlled and regulated via a piezoelec-
tric feedback system. In addition, data were taken at 200
MeV beam energy after mounting a 0.45 mg/cm? thick
8Ni target evaporated on a 50 mg/cm? Au foil. In this
experiment short lifetimes accessible to a Doppler shift
attenuation analysis were searched for.

The ~-radiation was detected in the GASP detector
array at close geometry, without the inner BGO-ball. The
positions of the 40 Compton-suppressed Ge detectors are
given in Table 1. Triple or higher fold coincident vy-events
with a maximum of two 7’s in the 90° ring were regis-
tered on tape. The detectors were energy and efficiency
calibrated with !33Ba, 2Eu, and °6Co sources for en-
ergies from 70 keV up to 3.9 MeV. The 3p evaporation
channel '%°In was the strongest reaction channel having
about 30 % of the total cross section. The 3pln channel
104Tn was still one of the major reaction products, with
a relative cross section of about 10 %. The strengths of
all the other channels can be compared to [8], where the
inverse reaction at nearly the same center-of-mass energy
is discussed.

3 Data analysis

For each flight distance and in the DSA measurement, the
vy~ coincidences and higher-fold events on tape were un-
folded to v doubles and sorted into asymmetric matrices,
with one particular ring on each axis. The seven rings of
GASP listed in Table 1 correspond to 28 different combi-
nations of rings for vy coincidences, with gates to be set in
all 7 rings and spectra to be accumulated in the 35°, 59°,
121° and 145° rings. This resulted in a total of 364 ma-
trices for the complete data set. The matrices containing
data from identical rings on both axes were symmetrized
in order to achieve the full counting statistics in each gate
on one axis.

To determine the recoil velocity v of the residual nuclei
the positions of the unshifted and Doppler shifted compo-
nents of five strong lines in '%°In were analyzed in the two
most forward and two most backward rings at 35°, 59°,
121°, and 145° relative to the beam. Gates were set on
the stopped components of the strong 17/2% — 13/2%
485 keV and 13/27 — 9/2% 1342 keV E2-transitions in
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order to avoid contaminations (see Fig. 1). The result of a
linear regression of the positions of the shifted peaks ver-
sus vy-ray energy gave v = 10.25(10)um/ps or 3.42(3) %
of the speed of light.

In the analysis of the decay functions we used three
different methods to extract lifetimes of excited states
from the stop and flight peak intensities: the conventional
RDDS approach as presented in [13] and two versions of
the differential decay curve method (DDCM) established
by Dewald et al. [14,15]. These different strategies will
now be outlined as applied in the present experiment.

3.1 DDCM

In order to deduce a lifetime 7 of an excited state via
DDCM, a coincidence gate is set on the shifted component
of a feeding transition (77 ) and the intensities I2 , of the
stop peak (75,) and IL, of the flight peak (1) of a
depopulating transition are analyzed. As shown in [14],
the lifetime of the state is then given as:

=15, (dI},/dt)™"!

out ’ (1)
The main advantage of this method is that a certain feed-
ing path is selected so that uncertainties about feeding
times and intensities of different feeding branches can be
avoided. Furthermore, the deduced lifetimes do not de-
pend on the uncertainty of the absolute distance between
target and stopper foils. For using this method one needs
well-separated stop and flight peaks for gating on the pop-
ulating transition and in the “look” spectra as well. There-
fore only spectra of the four rings at 35°, 59°, 121°, and
145° are well suited for this method.

Coincidence gates were set on a flight peak in each of
these four rings. Each gate gives four ”look” spectra at
each distance, i.e. 4 X 4 x 12 = 192 spectra for one combi-
nation of a populating and a depopulating transition. At
each distance the resulting ”"look” spectra for each ring
were summed up to improve the counting statistics. In
these summed spectra the intensities of stop and flight
peaks were determined. Finally, the intensities I, and
IE, were summed over the same four “look” rings. The
slopes of I, were analyzed by a spline program using
third order polynomials to connect the data points [16].
Finally, the lifetime 7 was extracted for all distances ac-
cording to formula (1). The 7-values obtained in the sen-
sitive distance region were weighted according to their er-
rors. When applying this algorithm we rejected all those
spectra where either the gate on the populating transition
contained unshifted lines coincident with the depopulat-
ing transition or where the analyzed peaks in the “look”
spectra were contaminated.

A crucial point in the lifetime analysis in a plunger
measurement is a reliable normalization of the data taken
at different distances. Due to the trigger condition of at
least three coincident - rays, the y-emission after 8-decay
and Coulomb excitation was excluded from the recorded
data. Therefore it is reasonable to normalize the reaction
directly to the number of collected events. To take the
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effect of absorption into accounct as carefully as possi-
ble, which differs for the individual rings due to geometric
asymmetries, we decided to normalize each ”look” ring
individually. For each of the rings at 35°, 59°, and 121°
relative to the beam we determined the sum of all events
in those three matrices containing all events of the partic-
ular ring in coincidence with those three for all distances.
To check the quality of this normalization, we determined
the summed intensity I pecr of stop and flight peaks of
three dominant lines in '%°In (272, 485, 1342 keV, see fig-
ure 1) with gates set on the stop and flight peaks of the
two other ~-rays, i.e. six combinations for each distance
and each "look” ring. All values of I.pecr, which must be
constant, vary by less than two percent. For the 145° ring,
where one Ge detector suffered from a threshold walk lead-
ing to a systematically higher count rate, the same quality
of I.heck was achieved by taking the normalization of the
121° ring.

3.2 Conventional RDDS

The DDCM as described above was used to determine
most of the lifetimes presented in this work. Apart from
this, a conventional RDDS analysis was carried out to de-
termine effective lifetimes of weak transitions or lifetimes
in cases where flight and stop peak intensities could not
be analyzed individually in the spectrum. For that reason
gates were set on unshifted components of strong transi-
tions near the ground state in all the rings of GASP, and
coincident “look” spectra were accumulated in the rings
at 35°, 59°, 121° and 145°. The intensity of a stop peak as
a function of the distance, the R(d) function, was derived
for each “look” ring, and fitted with analytic functions
implementing the proper feeding scenario. If the lifetimes
and intensities of feeding transitions are known and the
average sidefeeding lifetime can be estimated, the state
lifetime can be determined from the R(d) function. The
same normalization as described in Sect. 3.1 was used in
this analysis.

3.3 Single DDCM

An additional analysis of the R(d) functions discussed in
Sect. 3.2 can be done via the singles Doppler decay curve
method [17], where the lifetime of a state is given by the
intensities of populating (I, {%) and depopulating (I5,,) stop
peaks as follows:

T= _(I;Jsut - Zli)(dlfut/dt)_l (2)

This method of analysis has been used in the case of the
transitions of 485 keV and 1248 keV in 1%In (see Fig. 1).

4 Results

In this section we present the measured lifetimes for 19°In
and 1%In as summarized in Tables 2 and 3. A more de-
tailed discussion is given for the 17/2% and the 27/2~
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Fig. 1. Relevant part of the level scheme of '°In [6]

states in 1%°In. Their values of 7=600(40) ps and 7 <0.5
ps mark the full range of lifetimes of all the states investi-
gated. In the first case, a careful treatment of systematic
problems resulting from the very long flight path was nec-
essary. In the second case, a Doppler broadened line shape
is reported for the first time in a plunger experiment.

4.1 1%n

The relevant part of the level scheme of 1%°In is shown in
figure 1 as recently published by Kownacki et al. [6]. This
decay scheme is consistent with our experiment. In partic-
ular, the reordering of the 130 and 1730 keV ~-ray tran-
sitions as compared to previously published level schemes
[4,10] is confirmed by the coincidence of the stopped com-
ponent of 1730 keV with the shifted component of the
130 keV line. The reverse ordering of the 1730 keV tran-
sition above the 130 keV transition would not allow such
coincidences. Prior to this work, two lifetimes were pub-
lished with quite large errors [10], namely 480(150) ps for
the 17/2% state and 6(3) ps for the 19/2" state. We con-
firmed these values with drastically reduced errors and
established six new lifetimes and five lifetime limits. Thus
we now have lifetime information on the complete yrast
cascades above the 17/2% state up to spins of 27/2(*) and
29/2~. We will discuss first the positive parity states for
increasing spins and then the negative parity cascade.
The 11/2% and 13/2% yrast states are depopulated via
the M1 transition of 992 keV and the stretched E2 tran-
sition of 1342 keV. The lifetimes of these states are too
short in comparison to the 485 keV 600 ps feeder transi-
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Table 2. Lifetimes of excited states in 1°°In

Ex [keV] I Eqout [keV] 7 [ps]
1826 17/2% 485 600(40)
2098 19/2% 272 3.76(18)
2938 21/2% 840 0.75(15)
3345 23/2%  1248,407  2.3(4)
3631 25/2F 286 5.9(2)
4490 27/2H) 859 1.4(3) eff.
3654 19/27 1828 <2

3828 21/2~ 1730 0.8(1)
3958 23/27 1020 2.5(2)
4356 25/27 398 <2

5046 27/27 690 <05
5488 29/27 442 1.5(4) eff.
5620 29/2, 574 0.9(2) eff.

tion to produce any observable changes in the decay func-
tions of these lines. Although the 485 keV transition is
the strongest line observed in the reaction, there were se-
vere difficulties in the determination of the lifetime of the
17/2% state via the analysis described in Sect. 3, due to
absorption effects at large flight distances. The Cologne
plunger used in connection with the GASP or similar 47
arrays is appropriate for flight distances up to about 1
mm, i.e. lifetimes below about 100 ps at the typical recoil
velocity of v = 10 um/ps. At larger flight distances, the
frames of the movable target and fixed stopper foil par-
tially overlap with the sensitive solid angles of individual
Ge detectors and may introduce absorption effects which
depend on the y-ray energy and detector position. In the
present experiment, only the determination of the 600 ps
lifetime of the 1826 keV 17/27T state is directly affected by
this problem, both in the decay functions of the 485, 350,
992 and 1342 keV lines, which exhibit this long lifetime,
and in the normalization intensities of the rings affected
by the shadowing.

For distances of 4 or 7 mm as in our experiment, parts
of the flight path were shielded in the different rings of
GASP by mechanical parts of the plunger. The y-radiation
from the fixed stopper foil was absorbed to different frac-
tions by the movable target holder in the rings of the back-
ward hemisphere. For that reason, only the ~-radiation
from the stopper foil detected in the forward hemisphere
was not affected by changes of the distance. Hence, the
unshifted components of the 1342 keV and 485 keV lines
were analysed in the rings at 35°, 59° and 72°. For this
particular case the number of all coincident events in the
ring at 35° was used for normalization, because the ring at
the extreme forward angle suffered least from the shield-
ing and the efficiency variations with distance. The inten-
sity of the unshifted component of the 1342 keV line was
determined directly in the projections of the matrices con-
taining the events in the forward hemisphere. The lifetime
was fitted as described in Sect. 3.2 assuming only prompt
feeding. This is reasonable because of the fact that the
lifetimes of all states above the 17/2% state are shorter
by two orders of magnitude. A singles DDCM analysis ac-
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Fig. 2. Analysis of the 17/2% state in '°°In. The analysis of
the 1342 keV line in the projection of the matrices is shown in
a. The analysis of the gates below the 17/2% state is given in
b. For details see text

cording to Eq. (2) resulted in 7 = 560(20) ps, as shown
in Fig. 2a. The other lines below the 17/2% state are not
clean enough to determine their lifetimes directly in the
projection of the matrices.

In addition, the stop peak intensity of the 1342 keV
line was analyzed using the method described in the last
paragraph in the sum of gates on the stop peak of the
485 keV line in the forward hemisphere and vice versa,
as shown in Fig. 2b. The result of 640(20) ps does not
agree with the projection analysis within the individual
errors. This is a clear indication to a systematical prob-
lem, together with the increase of the values of singles
DDCM for the largest distances. This can be either due
to an incorrect normalization because of absorbed flight
peak intensity, even for the chosen 35°-35° combinations,
or to deorientation effects. As we cannot eliminate these
uncertainties on the basis of our data alone, our adopted
lifetime of the 17/2% state, 7 = 600(40) ps, has a larger
error than expected statistically. We want to emphasize
that these problems are connected to the uncertainty of
intensities at distances larger than 1 mm. These uncer-
tainties do not affect any other lifetimes discussed in this
work, which are shorter by at least a factor of 10.

The lifetimes of the 19/2%, 21/2% and 25/2% yrast
states were measured via DDCM. In Fig. 3a, the de-
duced values of I3, dIf,/dt and 7 of the 272 keV
19/2% — 17/2% transition are shown as an example of
a lifetime determination with a relative error of only 5%.
For the 21/2% state, Fig. 3b shows that the DDCM has its
limitations because of the poor statistics of the stop peak
intensity which follows from the < 1 ps lifetime of this
state. The lifetime values scatter quite strongly, but the
adopted value of 0.75(15) ps overlaps with three out of the
four points between 28 and 132 pym within their individual
errors. The lifetime of the 23/2% state was measured with
conventional RDDS because no stop peaks of the depopu-
lating 407 and 1248 keV transitions were observed in the
gate on the 286 keV feeding transition. The 1011 keV feed-
ing transition is too weak to set gates on its shifted com-
ponent. The lifetime of this state has a larger error, due to
the unknown sidefeeding time which was estimated to 1.5
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Fig. 3. DDCM analysis in '%In. Is, dIr/dt and 7, for the
I"=19/2% (a), 21/2% (b), 21/27 (c) and 27/2~ (d) states. The
final result for the 27/2 ~ state (d)) is 7 < 0.5 ps (see text)

(5) ps, with a relative intensity of 40 % of the complete
feeding. For the 27/2" state, only an effective lifetime of
1.4 (3) ps was extracted from the data.

On the negative parity side, the 21/27 and 23/2~
states were analyzed via DDCM. The data for the 21/2~
state are shown in Fig. 3c. It was possible to set clean gates
on the shifted component of the 130 keV feeder only in the
rings at 35° and 145°, due to the small Doppler shift at
this v-ray energy. For gating on the shifted component of
the 398 keV line we did not use the rings at forward angles
because of coincident transitions at 401 and 403 keV in the
negative parity cascade of 1%°In. Likewise, “look” spectra
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in the ring at 146° were omitted because the flight peak
of the 1020 keV line overlapped with the 992 keV stop
component. For the 19/27 and 25/2~ states only upper
lifetime limits of 2 ps could be derived.

The 5046 keV 27/2~ state has the shortest lifetime
(=0.3 ps) presented in this work. In the case of instanta-
neous feeding, the depopulating 690 keV transition would
already be completely shifted at the shortest flight dis-
tance of 16(2) pm in our experiment. However, due to the
delayed population of this state from the 29/27 states at
5488 keV and 5620 keV having effective lifetimes of 1.5(4)
ps and 0.9(2) ps, respectively, the shortest distances of our
experiment become sensitive to the lifetime of the 27/2~
state. With the gate on the shifted component of the 442
keV feeder, no stop peak of the 690 keV line was observed.
But in the equivalent gate on the shifted component of
574 keV feeder we observed the decay of the 690 keV stop
peak between 16 pm to 24 um, as shown in Fig. 3d. In
this case, the feeding time just covers the shortest flight
path and thus allowed us to observe the stop peak of the
depopulating 690 keV line in coincidence. A DDCM anal-
ysis of these data coincident with the 574 keV flight peak
results in a lifetime 7=0.31(5) ps for the 27/2~ state. We
decided to give only an upper lifetime limit of 0.5 ps as
final result for this state because we cannot explain, why
one cannot find a stopped component of the depopulating
690 keV transition in coincidence with the shifted compo-
nent of the 442 keV feeder with four times higher intensity
compared to the 574 keV feeder.

The delayed population of the 27/2~ state at the end
of the short flight path, indeed, leads to Doppler broad-
ened lineshape of the 690 keV line shown in Fig. 4a. Here,
gates were set on the stop peaks at 1342 keV and 485
keV and the “look” spectra were summed up at forward
(35°) and backward (145°) angles for the distance of 16
pm. Figure 4b displays the corresponding spectra taken
at 35° and 145° with the °*Ni/Au DSA bilayer target. In
Fig. 4a Doppler broadened tails of the lineshape represent-
ing those nuclei which have survived the 16 pm flight path
and decay during the stopping process can indeed be dis-
cerned. In contrast, the corresponding DSA spectra taken
with the bilayer target shown in Fig. 4b do not exhibit any
differences between forward and backward angles because
the stopping process is completed before the 27/27 state
decays.

4.2 04

Prior to our work no lifetimes of excited states in the nu-
cleus 1%4In were known. The level scheme was compiled
by Johnson et al. [2] and extended by Seweryniak et al.
[5]. The part relevant for this work is shown in Fig. 5.
This odd-odd nucleus has a very complex decay scheme
with a high density of lines which considerably affects the
possibility of analyzing plunger data. We were able to de-
termine five lifetimes between 0.6 ps and 38 ps and, in
addition, seven upper lifetime limits. We will again dis-
cuss our results summarized in Table 3, first for states of
positive and then for states of negative parity.



120

d=16 um 145° 35° 0)

7000

Counts

670 680 590 700
670 680 690 700

35° b)
DSA-Target

10000}

Counts

2000

145°
10000} DSA-Target

Counts

2000

0 560 590 700
E, [keV]

Fig. 4. Lineshape of the 690 keV line depopulating the 27/27
state in 1°°In. a measured with the plunger at a distance of 16
pm, b measured with the DSA target

Table 3. Lifetimes in '**In

Ex [keV] I7 Eyour 7 [ps]
213 () 213 8.8(5)
1344 (99) 1259  5(1) eff.
1587 (107) 175 38(2)
1944 (1) 357 1.2(4)
2696 (127) 752 2.3(3) eff.
2529 (107) 1185 <5

3102 (11y) 573 <5

3560 (127) 458 <5

3565 (12;) 464 0.57(8)
3816 (137) 251 <5

4102 (147) 286 0.86(7)
4642 (157) 540 1.0(5) eff.

The 85 keV (77) yrast state decays via an 85 keV
transition which does not allow any lifetime determina-
tion because of its low transition energy. The 213 keV
(75) state has a lifetime of 8.8(5) ps which was analyzed
via DDCM by setting a gate on the flight peak of the 721
keV feeder transition (see Fig. 6a). In the cascade of the
stretched M1 transitions 478 keV - 175 keV - 357 keV, the
1587 keV (107) and 1944 keV (117) states were exam-
ined via DDCM. The data of the (10%) state resulting in
7 = 38(2) ps are shown in Fig. 6b. Only in the ring at 35°,
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Fig. 5. Relevant part of the level scheme of '**In [5]

the flight and stop peaks of the 175 keV depopulating line
were completely separated. Knowing this lifetime, we de-
termined the effective lifetime of the 1344 keV (97) yrast
state. An analysis of the R(d) function of the 1259 keV
line in spectra gated with the subsequent 85 keV transi-
tion yielded 7.y = 5(1) ps for the (97) level. The relative
error of the 1.2(4) ps lifetime of the 1944 keV (1171) yrast
state is quite large because of the weak stop peak inten-
sity in the spectra. The lifetime of the (8%) state at 934
keV is too short to observe any depopulating stop peaks
in gates on the shifted component of the 478 keV feeder
whose effective lifetime is dominated by the relatively slow
175 keV transition above (7 = 38(2) ps).

On the negative parity side a strong M1 cascade occurs
starting at the 1818 keV (87) yrast state and extending
up to the 6152 keV (187) state [5]. This sequence has very
irregular energy spacings and a complex feeding pattern.
Lifetimes have been determined for the 3560 keV (127)
yrare state and 4102 keV (147) yrast state (see Figs. 6¢
and 6d). Due to the high density of lines, no other lifetimes
of states at negative parity were determined. However,
the short effective lifetime of the 9% yrast state of 5(1)
ps implies 7(107 )< 5 ps and 7(137) < 5 ps. These are
reasonable limits for M1 transitions with energies between
400 and 600 keV as those depopulating the 127, 11~ and
10~ states. An additional support for the short lifetime
limit 7(137)< 5 ps comes from the short lifetime of the
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Fig. 6. Data of the DDCM analysis in '°*In for the I™ = (75)
a, (107) b, (127) c and (147) d states

3560 keV (125) state , 7 = 0.57(8) ps , which excludes
any long feeding time.

5 Comparison with shell model calculations
5.1 Excitation energies

Isotopes in the neighborhood of the doubly-magic
Z=N=50 core '°°Sn obviously are ideal candidates for
testing the nuclear shell model, and several approaches
have been presented to describe the high spin states in
this mass region. Levels in the light In isotopes (Z=49,

104,1057,
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N=53-57) near their ground states are dominated by the
proton hole in the gg /5 or p; /2 orbit and neutron particles
in the ds/2, g7/2, 81/2, d3/2, and hy; /o orbits. To make the
calculations feasible, one evidently has to restrict the num-
ber of neutrons in the various orbits. Furthermore, when
increasing the spin, the number of hy; /5 neutron particles
and gg /5 proton holes plays a major role.

Shell model calculations for the light In isotopes 102=104n

and 1%In have been carried out by several authors [3—
6]. In the work of Seweryniak et al. on 102104 [5] and
Kownacki et al. on 1%In [6], up to two neutrons in the
dg/o orbit and not more than three neutrons at a time
in the s/, d3/2, and hy; /o orbits have been considered.
Quite good agreement of the calculated energies and ~y-
ray branching ratios was obtained, but the negative parity
states in '°4In were predicted =~ 600 keV higher than the
measured levels. Shell model calculations for '°°In have
also been carried out, with at most one neutron in the
hy; /5 orbit, but have been considered unsatisfactory [5].
The first excited states in 19%In [3] and %°In [4] have been
explained without any hy; /o neutrons.

In the present shell model calculations for 1°4In and '%°In,
we adopted all the parameters, i.e. single-particle energies,
two-body matrix elements and effective single-particle E2
charges and magnetic moments, from the previous at-
tempts [1,5]. A compromise had to be reached between
the feasibility of the calculation on one hand and on the
other hand the need to include the hy; /5 neutron orbit to
describe the negative parity yrast sequences in the odd In
isotopes as demonstrated by the shell model calculation
for 193In by Kownacki et al. [6]. Therefore, we allowed for
one neutron in this intruder orbit. The basis states in 1%°In
therefore can be written as [7(gg/2 or pl/g)_l ® v(gr/2,
d5/2, 81/2, d3/2)6771 l/(hll/g)n] with n=0 or 1, which we
abbreviate by 7(g or p) v((gd)sdsz/2h). No proton excita-
tions across the Z=50 gap were taken into account. The
calculations were performed with the code RITSSCHIL
[18].

Comparisons of the measured and predicted level schemes
in '%In and !°4In are presented in Figs. 7 and 9, respec-
tively. The yrare states are also included in the figures
as far as they are observed experimentally. In '%°In,
neither energies nor wavefunctions could be calculated
for states with I™ < 13/2% and 23/2~ because the size of
the matrices to be diagonalized was too large, even when
applying the restrictions of the model space indicated
above. For that reason, the experimental and theoretical
17/2% states were lined up in energy. The mean level
deviations (MLD) calculated considering all the states
shown in Figs. 7 and 9 are given in Table 4. The very
good agreement for the positive parity yrast states in
1051 is reflected in the small mean level deviation of
only 60 keV. Still acceptable agreement was achieved
for the negative parity yrast and yrare states leading to
MLD=212 keV (see Fig. 7 and Table 4). Note that the
relative spacings of the calculated negative parity yrast
states match the experimental values very well, as can
be seen in Fig. 8. As one can see from the irregularity of
these energy spacings the negative parity yrast cascade
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Fig. 7. Experimental and calculated level energies in *%In

in 1%In is not typical magnetic rotation as discussed for
heavier In-isotopes in [7].

Although in general the wavefunctions in %°In sum-
marized in Table 5 are quite mixed with typically three
to five different partitions above 5% for each level, the
states at positive parity are dominated by the seniority
v = 3 configuration m(gg/2) "' ® v(g7/2, d5/2)2 up to the
highest possible spin I™ = 21/2% of this configuration and
T(g9/2) " @ v(g7/2, ds/2)* (v = 5) above. All the cal-
culated negative parity levels except for the 25/25 state
(compare Table 5) contain a neutron excitation into the
hyq/2 orbit. This is intelligible since deriving the odd par-
ity from a p; /, proton instead, the 23/27 and 25/2 states
can only be build with a maximum seniority v = 7 con-
figuration. Note, that all the experimental levels up to
7.6 MeV excitation energy are accounted for in the cal-
culation as seen in Fig. 7. The highest observed spins of
29/2% and 37/2~ correspond to the maximum spins of the
v =5 configurations 7(gg2) ! ® v(gd)* and 7(gg/2) ! ®

Table 4. Mean level deviations for levels in Figs. 7 and 9 [keV]

T=+4+ w7T=-
1951 60 212
90, 1 hyype 171 108
1940m, 3 hyy" 163 501

x: calculated energies taken from [5]

v(gd)?(hi1/2)", respectively.

For 1%4In, we have compared the experimental high
spin scheme with both our shell model calculation (SM-1)
and the one of [5] (SM-3) where up to three hy;/, neu-
trons were considered. Whereas the positive parity states
are equally well described by both approaches, the levels
at negative parity are much better reproduced by our cal-
culation as can be seen in Fig. 9. Especially the overall
shift of about 600 keV to higher energies in the previous
v(hiq /2)3 calculation has disappeared. This improvement
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is measured by the decreased MLD of 108 keV as com-
pared to 501 keV for SM-3. At first sight, one would ex-
pect an opposite behaviour, namely a deterioration of the
description when restricting the number of neutrons in the
hy; /2 orbit. One possible explanation is that the deficiency
of the SM-3 approach arises from an inadequate interac-
tion within the hy; /o neutrons, which is switched off in
SM-1. Note, that the interaction involving the h;;/, or-
bit has been derived from the lead region using a (208/A)
scaling instead of a more appropriate (208/ A)l/ 3 scaling
(see [1] and refs. therein). A second possible explanation
is given by the authors of [5] who interpret this energy
shift as indication that the proton-neutron two-body ma-
trix elements involving the hj;/, neutron orbital do not
reproduce the correct hy;/p single-particle energy, when
moving into the proton shell. This is supported by the ob-
servation that the hy; o states are well reproduced in the
tin isotopes [1]. We would like to point out that besides
the excitation energies both calculations also differ con-
siderably concerning the structure of the negative parity
states. Whereas in the present calculation the dominant
configurations (80-90%) of the 87,97, 10, and 11~ yrast
and the 127 yrare states contain a p;/p proton hole and
no neutron in the hy;/, intruder orbit, all negative parity
levels in SM-3 involve a hy; /o neutron and a gg/5 proton
hole.

5.2 Transition strengths in '%In

In general, the agreement between experimental and
calculated transition strengths is rather good in '%°In as
can be seen from Table 8 and Fig. 10a. When comparing
experimental and theoretical transition strengths, we as-
sumed pure dipole character for all AI=1 transitions and
therefore we set the unknown mixing ratios 6=0. Internal
conversion coefficients according to [19] were taken into
account. As in many nuclei of this mass region, strong
stretched M1 transitions of the order of 0.2-1.5 W.u. and
E2 transitions of a few W.u. are both observed and cal-
culated. The small E2 strengths confirm the sphericity of

104,1057,
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Table 5. Calculated wavefunctions in '°°In. The partitions are
explained in the text. The notation v(g*>d*)7 means that the 4
neutrons in the ds/, orbit and the 2 neutrons in the g;/o orbit
have seniority v, = 2 and couple to spin 4

I partition fraction [%)]
13/2%  wgv(g?d!)3 26.3
2d%); 16.5
+ ﬂgl/(gl 5)3
17/27  wgv(g d’)s 21.4
ngr(g'd®)3 11.1
W§V§2d4;§ 10.1
mgr(g>d*)g 6.0
19/2%  7gr(g'd®)g 29.9
mgr(g'd®)3 21.7
mgr(g®d®); 9.0
3d3 2 47
+ ﬂgl/(g? 4)3
21/2%  mgr(g’dh)g 37.4
ngr(g>d*)g 21.0
T s
23/27  wgr(gid®), 17.2
mgr(gd*)7 14.6
ﬂgvgzd“g 12.8
mgr(g’d®)s 10.0
mgr(g®d®) o 5.9
3d3 4 58
+ ﬂ-gl/(gQ 4)1
25/2%  mgr(g’dh)s 36.7
wgf/(gzdi);fo 26.7
mev(g“d 16.9
27/2+ Wg (g2d4)2
gr(g=d®)1o 53.0
mgrv(g*d*)s 20.9
23/2¢ rg[l/(g;dj)%/zh]g 38.8
Wg[l/(g1d4):§/2h]9 7.3
Wg[V(gldQ)F/gh?n 6.5
mg[v(g'd®)]/y(d35)ohly 5.5
23/2, 7Tg[V(gzdi)%/Qh]s 20.3
ﬂg[V(g5d1)5/2h]7 10.1
ﬂg[V(dS)?/zh}S 6.5
mglv(d )5/211}7 5.7
25/27 ”g[l’(gidi)imhb 36.7
ﬂ-g[lj(ngQ)%l/Qh]ll 11.4
ﬂg[l/(gld2);/2h]% 7.3
nglv(g d )7/2(d3/2)0h]9 5.0
25/2, mpr(g’d®)Ps 84.5
25/25 ﬂg[V(gidi)zmh]n 12.6
ﬂg[V(g1d4)§1/2h]1o 9.1
7Tg[l/(g d )g/gh]lo 5.4
27/27 ﬂ'g[V(gidi)?/Qh]ll 38.7
7rg[l/(g d )7/2h]9 7.8
_ Wg[’/(gidj)gSh]u 6.2
27/2, Wg[y(gld)%l/zh]w 9.7
Wg[V(deS)‘g/ghho 7.0
ﬂ.g[y(de:i)%S/Qh]m 6.6
nglv(g d( );1/2h]11 6.4
27/25 ﬂg[V(gid:)émh]m 9.3
ﬂg[”(deS)%g/gh]m 7.4
7rg[l/(g d )11/2h]11 6.7
29/2y ”g[l’(g;di)il/zh]u 22.2
ﬂg[V(deS)émh]la 14.0
mglv(g™d )11/2h]11 6.4
20/2,  mglv(g'dh)d ohln 27.3
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Table 5. Continued Table 6. Continued
I partition fraction [%)] I partition fraction [%)]
29/25  wglv(g’d®)is ohhis 143 117 wgr(g'dh)is,, 438
mglv(g'd*)jsohlin 8.6 7rg1/(g1d4)?3/2 22.6
mglv(g'd?)}, phlin T4 mgv(g’d®),, T2
Wg[l/(g;d:)zl/gh]lo 5.6 117 ﬂgl/(gjdi)%m 314
mglv(g™d )11/2h]11 5.0 Wgy(gzda)%sm 26.7
mgr(g d )15/2 9.7
) o ) ) 115 7wev(g’d®)ls,, 229
Table 6. Calculated wavefunctions of positive parity states in 2 1313
104 s . . . Wgu(g d )15/2 15.9
In. The partitions are explained in the text. The notation 3 1213
is the same as in table 5 ﬂgy(g3d2)é5/2 11.0
mgr(g°d®)ig,, 8.0
I partition fraction [%)] ngy(gzdz)z7/2 7.1
61‘_ Wg”(gld‘l)%m 23.5 + Wgy(gzds)ég/z >
213\1 127 mgr(g°d®)i;,, 38.6
mgr(g~d”)s s 15.0 2 1315
2 13\3 mgr(g°d®)s . 35.0
re(g?d®)3), 0.0 N i
+ 13471 127 mgv(gd )15/2 61.1
7 mgr(g d )7/2 241 3 1213
541 mgr(g”d®)is,, 75
red)es e mev(g?d®)i;, 5.3
mgr(g d); 10.4 2 ™
mgr(g3d?)! 6.8
WgV(gld“;:ij 6.5
+ 21331
T2 7rg1/(g134)§,/ 2 igg Table 7. Calculated wavefunctions of negative parity states in
7rgl/(g5 L )7/2 : 1041 The partitions are explained in the text. The notation
g+ Wgygdlc)li/)% ;g; is the same as in table 5
1 Ter g 11/2 :
ﬂ-g,/(gld‘l)é/g 11.9 " partition fraction [%)]
mglv(g'd®)ss] 10 6.3 8- mpr(gtdh), , 27 4
85 wer(gd®)?, 24.9 51203
ned mpr(g°d”)is, o 26.1
mgr(g d)gy, s 22.3 2 13)3
2 1313 7Tpl/(g d )17/2 24.5
mer (g d’)is /0 9.2 - 2133
+ 174\3 / 9 mpr(gd )17/2 76.8
9] megv(g d®)i; /e 51.7 41113
v( 1d3)2/] 6.6 mpr(g-d )17/2 5.4
el g1 4 358 11/2 ' 10y WPV(g2d3)g1/2 73.5
mgr(g d)is /0 5.5 21315
+ 2 13\3 / 7rp1/(g d )19/2 7.3
93 mgr(g=d”)g o 32.6 mpr(gid?)? 6.7
ﬂ'gl’(ggdg)?s/z 16.0 — 213 %9/2
2 13\3 11 mpr(g-d )21/2 80.3
mgr(g-d )11/2 9.8 2 1214
9f  mgu(g2d?): 18.8 mel(g d Jiodajelonyz 5.1
3 gy(g1d4)g/2 146 12; 7l'g[l/(g d )51'1}21/2 16.8
g g1d4 %1/2 129 Wg[V(gldS)ghh'y/g 13.4
mgv(g d )os ~ rglv(g!d®)2h] 7 8.2
+ wg[u(dl )fd33/2]11/2 D8 Wg[”(glds)ghblm 7.5
107 mgr(gd )13/2 20.2 12, 7wpr(gid® 23/2 88.5
7Tg’/(gl(fl)?l/? 18.2 mp[v(g®d")lods 2las2 5.5
wgu(gde)§7/2 12.6 12;  mgu(g'd®)2hlies 18.3
mgr(g~d)ys n 9.5 mgr(g'd®)gh]as)o 9.9
mgr(g?d*)} ), 8.7 mgv(g'd*)3h] 10/ 9.3
10; Wg”(gld‘l)?s/z 42.3 WgV(gldd)gh]m/Q 7.1
mgr(gtdh)?, ), 17.3 137 wglv(g'd®)2h]ar )2 31.1
mgv(g°d®)is 6.6 mglv(g'd®)gh]a1 s 11.3
104 7rg1/(g2d3)§5/2 14.5 mg[v(g'd®)ihlio)s 5.9
7rg1/(g2d3)?7/2 13.8 ﬂg[u(gld?’)éh}%m 5.8
7Tg1/(g2d3)§3/2 12.8 135 Wg[”(gidz)gh}%m 17.3
ﬂ_gl/(gld4)§1/2 10.7 Wg[u(glds)%hhg/g 12.8
7rg1/(g1d4)£;3/2 9.9 wg[u(gldg)gh}mp 8.2
WgV(deg’)?uz 5.9 wg[v(g d”)sh]a1 /2 7.1
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Table 7. Continued

I" partition fraction [%)]
137 wglv(g?d®)ghlas.  25.5
Wg[l/(gld?)gh]gg/g 11.3
mglv(g'd®)2hlio. 8.3
TTg[l/(deg)ihhg/Q 6.4
ﬂg[u(gld?’)ih]%/g 5.8
147 wglv(g'd®)ghlase 267
mglv(g'd®)2hla1 e 26.2
14;  nmglv(g'd®)ghlas s 21.3
TFg[l/(gld3)gh]21/2 14.3
ﬂg[u(gldg)gh]m/g 13.8
Wg[u(gldg)ih]lg/g 5.3
14;  wglv(g?d®)ghlas. 413
ﬂ'g[’/(g2d2)zh]19/2 9.1
157 mglv(g'd®)ghlass 535
Trg[l/(gldg)ghlgl/z 9.7
ﬂ'g[’/(ngl)gh]%/z 5.1
167 mglv(g'd®)shlare  19.0
ﬂg[V(g2d2)§h127/2 18.2
7rg[1/(g2d2)‘110h]31/2 12.8
ﬂg[V(g1d3)$h125/2 105
177 wglv(g'd®)ghlare 311
Wg[u(gZdQ)‘foh]gl/g 27.8
ﬂg[V(g2d2)§h127/2 128
mglv(g'd®)7hlase 6.7

the 199Sn core and the need to place the valence neutrons
in several single-particle orbits. Taking into consideration
that there is only one gg/» proton hole in '%°In, strong
M1 transitions are only possible if either the neutron
partition is identical in the initial and final states and
couples with the proton hole to total spins differing by
1 h or the spin of the neutron part of the wavefunction
differs by 1 & while the angle between the neutron and
the proton spin stays constant. For example, the strong
19/2% — 17/27 M1 transition connects states with the
main partitions 7(gg/2) ! ® u(g%m, dg/z)i with A, =
1. The only severe failures of the shell model calculation
concern the decay of the 21/2% state and the 27/27
— 25/25 M1 transition. In the first case, the 21/2% —
19/2% M1 transition is predicted to have a strength of
only 1.5 mW.u., following from the fact that none of the
large components of the two states is connected by an
allowed M1 transition but require a forbidden g7/, —
ds /o single-particle transition. However, the experimental
result is B(M1) = 67(13) mW.u.. Also the strength of the
second decay branch out of the 21/2% state, namely the
21/2% — 17/2% E2 transition, is not at all reproduced. It
is predicted to be very small by the calculation (~ 1073
W.u.), in contrast to the measured value of 1.3(4) W.u..
The admixture of the 7(g) ® v(gt d°) partition, which
allows the decay into the leading fractions of the 17/2%
and 19/2% yrast states, must be higher than predicted.
In the calculation, only the 21/25 state 254 keV above
the yrast state has a partition of 35% of this structure.
The 27/2] — 25/2; transition, involving a proton gg/-
— P12 decay and a change in the neutron configuration

104,105, 125
Table 8. B(M1), B(E2) and B(E1) values in '*°In
7 I7 E, b B(M1) [mW.u.]
[keV]  exp. exp. calc.
19/2F  17/2f 272 1 410(20) 223
21/2F  19/2f 840 0.94(1)  67(13) 1.5
23/2f 21/2f 407 0.59(2)  120(30) 68
25/2f 23/2f 286 1 223(8) 108
27/2F  25/2f 859 1 >35 336
21/27 19/27 173 0.09(1)  600(200) -
23/27  21/27 130 0.16(1)  1200(200) -
25/27  23/27 398 0.88(1)  >220 1414
27/27 25/27 690  0.95(1)  >180 940
27/27 25/2; 203 0.012(2) >70 0.2
20/27  27/27 442 0.76(4) > 180 665
20/27  27/2; 214 0.12(1)  >190 483
29/2; 27/27 574 0.66(3) > 100 701
29/2; 27/2; 346 0.11(2) > 175 227
B(E2) [W.u]
17/2%  13/2% 485 1 1.72(11) 145
21/2%  17/2% 1112 0.06(1)  1.3(4) 8.107*
23/2%  19/2T 1248  0.41(2)  1.6(4) 0.79
27/27 23/27 1088 0.04(1) > 1.1 10.4
29/27 25/27 1132  0.07(1) > 0.54 4.3
29/2; 25/27 1264 0.15(1) > 1.1 5.7
B(E1) [W.u]
exp.
19/27  17/27 1828  0.91(4) >3.3-107°
19/27  19/2F 1556  0.09(3) >52-107°
21/27  19/2F 1730  0.91(1) 9.6(13) -107°
23/27  21/27 1020 0.71(1) 1.2(1)-107*
23/27  23/27 613 0.03(1) 2.3(8)-107°
25/27  23/27 1011 0.12(1) >2.5-107°
29/27  27/2(7 998 0.06(1) >13-107°
29/2; 27/2{7 1130  0.09(1) >25-107°

v(gd)*h — v(gd)®, is strictly forbidden in the calculation
and has therefore a very small predicted strength of
0.2 mW.u.. This value is smaller by a factor of 350 as
compared to our experimental result. The most probable
explanation is that the calculated 25/25 and 25/25 states
are interchanged, especially since the former level is the
only one in the calculation containing a p; /3 proton hole
and having seniority v = 7.

5.3 Transition strengths in 1%In

The experimental and calculated E2 and M1 strengths in
1041y are summarized in Table 9 and Fig. 10b. In this
odd-odd nucleus, the calculation does not match the ex-
perimental data as well as in the case of 15In. Out of the
six measured M1 rates, four are reproduced within a fac-
tor of 4. The strengths of the 10{ — 95 and 12, — 117
transitions, however, are underestimated by up to two or-
ders of magnitude. Five B(M1) values are in agreement
with the experimental lower limits, whereas in five other
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Fig. 9. Experimental and calculated level energies in 1%4In
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Fig. 10. Experimental (arrows and filled squares) and calculated (open circles) AT=1 B(M1) values in '°In (a) and '**In (b)

cases the lower limits already exceed the calculated values Table 9. B(M1) and B(E2) values in '**In
by up to two (137 — 125, 125 — 117 ) or in the worst

case by even three orders of magnitude (10 — 9;). For I I7 E, b B(M1)[mW.u.]
the E2 transitions shown in Table 9 the agreement is rea- [keV]  exp. exp- cale.
sonable. Only in the case of the 12; — 107 transition the 75 67 213 0.98(1)  350(20) 550
experimental lower limit and the calculated value differ by 9F 8 411 0.09(1) >7 837
a factor of 1000. 9F 84 204  0.20(2) > 116 2.2
Looking at Fig. 10b, it seems that the failure of the shell 10} 95 175 0.69(2) 110(10) 6.0
model calculation is most dramatic for all the transitions 10f [ 242 0.20(2) 12.3(12) 2.8
involving negative parity states with I < 127. This is ex- 115 101 357 1 580(200) 230
actly the spin range where states can be built both based 12f 11 816 0.35(2) >7 160
on a py /2 proton hole or a hyy/; neutron particle. As men- 127 11 752 0.65(2) > 20 375
tioned above, the yrast states up to I = 11~ are predicted 107 97 524 0.75(1) > 26 0.02
to contain a py /5 proton hole in our calculation, in contrast 111 10, 573 0.73(3) >20 13.8
to the previous study, where the negative parity states 121 11y 458  0.78(4) > 40 2.6
were assigned the structure m(gg/2) ™' ® v(hy19) "t cou- 122 17 464 0.50(3)  280(70) 1.0
pled to the 0%, 2%, and 4% states in '°4Sn [5] leading to dif- 13y 12, 257 0.19(1)  >70 1000
ferent expectations concerning the transition strengths. As 135 123 251 0.81(1) > 300 2.7
already discussed in [6], the interaction used in the present 14y 13, 2861 1540(120) 920
157 14; 540 1 > 200 742

shell model approach seems to overbind the 7(p;/2) hole
state. Taking into consideration the comparisons of both B(E2)[W.u.]
the excitation energies and the transition strengths, we

have to conclude that the structure of the low-spin nega- 91 71 1259 0.55(2) > 0.8 2.4
tive parity states is not yet well understood. 91+ 71 1131 0.16(2) > 0.4 4.3
10f g 653 0.11(2) 0.68(7) 0.13
1,9 1097 0.27(3) > 1.0 7.9
. 12;  10; 1031 0.22(4) > 1.0 0.001
6 Conclusions 125 107 - n.o. - 1.1
In this work we have determined, via a coincidence recoil B(E1) [W.u]
distance Doppler shift experiment, lifetimes for the yrast eXP-
states up to spins 27/2% and 29/27 in '®In and for more  (107) (9f) 1185  0.25(1) ~1.3.10°°
than ten states up to (127) and (157) in '%In. In the  (127) (11F) 1615 0.18(4) > 3.7-107°
analysis, the DDCM and conventional decay curve method — (12;) (11]) 1686  0.18(2) 2.9(6) - 1075
have been employed. For the short-lived 27/27 state, the  (12;) (11]) 1621  0.09(2) 1.6(5)-107°
effect of the delayed population on the lineshape in a re- (12;) (11f) 1150  0.23(3) 1.2(3)-107*
coil experiment was observed and could be explained in  (13]7) (12§) 947 0.09(2) >9.3-107°

agreement with the measured lifetimes.
For the first time, shell model calculations for 1%°In
are presented. The restriction of the neutron configura-
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tion space to a maximum of one neutron in the hy; /5 shell
and up to two neutrons in the d3/ orbit leads to good
agreement between calculated and experimental excita-
tion energies and most M1 and E2 transition probabilities.
Calculations for 1%4In using the same restrictions concern-
ing the valence neutrons as in %°In reproduce the level
energies in this nucleus much better than previous cal-
culations with a larger configuration space. On the other
hand, these calculations do not account very well for the
experimental transition probabilities in '°4In, especially
for the predicted weak M1 transitions.

The results of this study show that for nuclei with
N>50, shell model calculations considering all the orbits
between the N=50 and N=82 shell closures but restricting
the number of simultaneously excited neutrons, reach as
good agreement with experiment as similar calculations
of nuclei with N<50 discussed in a recent compilation by
Rudolph et al. [20]. If, in addition, more lifetimes in the
light Sn [21] and Cd isotopes become available, the door
is opened for a comprehensive comparison of transition
probabilities in nuclei on both sides of the N=50 line and
to an improved understanding of the shell model structure
in the 1°°Sn region.
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