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Abstract Lifetimes of negative-parity states have been
determined in the neutron deficient semi-magic (N = 50)

nucleus > Rh. The fu sion-evaporation reaction BNi(*0Ca, 3p)

was used to populate high-spin states in *>Rh at the Grand
Accélérateur National d’Tons Lourds (GANIL) accelerator
facility. The results were obtained using the Doppler Shift
Attenuation Method (DSAM) based on the Doppler broad-
ened line shapes produced during the slowing down process
of the residual nuclei in a thick 6 mg/cm? metallic target.
B(M1) and B(E2) reduced transition strengths are compared
with predictions from large-scale shell-model calculations.

1 Introduction
The structure of atomic nuclei near the N = Z = 50 shell
closures has received special attention in current nuclear

structure research, providing unique opportunities to test

4 e-mail: ertoprak @kth.se (corresponding author)
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state-of-the-art theory. Remarkably, the structural features
up to moderate angular momentum of nuclei immediately
below the N = Z = 50 shell closures can be described with
high accuracy in a very simple way by shell-model calcula-
tions including only the g9, and p1,2 subshells. Of special
interest is the neutron-proton pair coupling scheme which
is expected to appear in the heaviest N=Z nuclei [1,2] and
the seniority structure of the N = 50 isotones [3—7]. How-
ever, multiple core-excited states have been observed in the
semi-magic nuclei of the '°°Sn region [8—10]. The theoretical
study of those states is a challenging task, which requires a
significantly larger model space for their interpretation. Tran-
sition probabilities between nuclear states provide important
constraints for theoretical modelling of the structure of the
nuclei of interest. Our previous lifetime study of the semi-
magic (N = 50) nucleus **Ru [11,12] provided informa-
tion on the electromagnetic decay properties of neutron-core
excited states. We now address lifetime measurements in
its closest, more neutron deficient, isotone 95Rh using the
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same DSAM technique. The experimental results have been
interpreted within the framework of large-scale shell-model
(LSSM) calculations.

2 Experimental set-up

The experiment was performed at the Grand Accélérateur
National d’Ions Lourds (GANIL), Caen, France. High-spin
states in “>Rh were populated using the >Ni(*°Ca, 3p)°>Rh
heavy-ion fusion-evaporation reaction. The beam of “°Ca
ions was accelerated by the CSS1 cyclotron of GANIL to
a kinetic energy of 150 MeV and subsequently degraded
to 128 MeV in a thin Ta foil in front of the production
target. The energy degraded beam was used to bombard
target foils consisting of 99.9% isotopically enriched *3Ni
targets of thickness ~ 6 mg/cm?, thick enough to stop
the fusion residues. The total irradiation time was 14 days
with an average beam intensity of 7 particle nanoamperes
(pnA). The experimental set-up consisted of the EXOGAM
germanium detector array [13], the DIAMANT charged
particle detector system [14,15] and the Neutron Wall lig-
uid scintillator array [16]. Prompt y rays from the reac-
tion products were detected by EXOGAM in its compact
configuration consisting of 11 Compton-suppressed clover
HPGe detectors. Seven detectors were positioned at an angle
of 90° and four detectors at an angle of 135° relative to
the beam axis. The total photopeak efficiency was 11% at
1.3 MeV. Light charged-particle emission following the for-
mation of the compound nucleus *Cd was detected by the 47
DIAMANT detector system which consisted of 80 CsI(TI)
scintillators. Evaporated neutrons were detected by the Neu-
tron Wall array of 50 BC501 A [17,18] liquid-scintillator
detectors covering a 1 solid angle in the forward direc-
tion. The detection efficiency of the Neutron Wall for the
evaporated neutrons was around 25% while the proton and
«a particle efficiencies of DIAMANT were around 55% and
48%, respectively.

The radio frequency signal from the cyclotron accel-
erator was utilised as a time reference for the time-of-
flight signal. The hardware trigger condition for record-
ing events for subsequent offline analysis was fulfilled in
the case of one detected y-ray in any of the Ge detec-
tors together with one neutron-like event registered in the
Neutron Wall. The condition for the neutron-like events
was determined by the pulse shape of the organic liquid
scintillator detector signals. This hardware threshold was
sufficiently relaxed to allow also a substantial fraction of
neutron-less events, in particular corresponding to the > Rh,
to be collected. The energy and efficiency calibrations were
carried out with standard radioactive sources (°*Co and
152Ry),

@ Springer

3 Data analysis and results

In the offline analysis, relative y-ray intensities and branch-
ing ratios for electromagnetic transitions belonging to >>Rh
were analysed using the RADWARE software package [19].
The up to date published information on the known excited
states in 2Rh can be found in Ref. [20]. The y-rays were
emitted from the recoiling >>Rh nuclei while they were slow-
ing down or stopped inside the target which was sufficiently
thick to stop the recoils. Hence, Doppler broadened line-
shapes were produced for y rays de-exciting states with life-
times of the order of the stopping time in the target material
(around 1-2 ps) or shorter. The Doppler Shift Attenuation
Method (DSAM) was used to deduce level lifetimes from
the observed Doppler-broadened line shapes [21]. Standard
DSAM measurements are conventionally performed with a
thin target on a high-Z backing material. The thin target facil-
itates the analysis by allowing the assumption that the beam
energy is approximately constant throughout the expanse of
the target and, consequently, the cross-section for produc-
tion of the residue of interest is constant therein. In the case
of a thick homogeneous target, there is a significant change
(decrease) in the energy of the beam particles while they are
traversing the target, resulting in a variation in the production
cross-section as a function of the depth of the target. As the
energy (128 MeV) of the “°Ca beam incident on the *®Ni
target, is just below the effective Coulomb barrier, a signifi-
cant fraction of the fusion products are essentially produced
in the first thin layer (~ 1 mg/cm?) of the target. The cross-
section for the “Rh residues drops rapidly within this layer
while the remaining thickness of the target effectively acted
only as a stopping medium, i.e. as the “backing” in conven-
tional DSAM measurements. The fusion cross-section as a
function of beam energy can be obtained from experimental
data and/or calculated using statistical model calculations,
using available statistical model codes, such as the PACE4
[22]. Since the fusion cross-section changes drastically with
beam energy around the Coulomb barrier a DSAM measure-
ment at these energies requires incorporation of these effects,
contrary to the conventional practice of assuming a uniform
cross-section throughout the target. Here, the residue pro-
duction cross-section as a function of the beam energy was
taken from the detailed measurements by Bourgin et al. [23].

The lifetime analysis was carried out using a modified
version of the LINESHAPE [24] computer program, see
Ref. [25]. This incorporates the aforementioned variation in
the residue cross-section within the target as well as updated
stopping powers computed by the SRIM code [26,27] for the
calculation of the velocity profiles of fusion residues in the
target medium. The code was used to calculate the Doppler
broadened line shapes of the transition peaks of interest and
to perform least-square fits to the experimental spectra in
order to obtain the corresponding level lifetimes (7). The
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(41/2°) 11367

analysis has been detailed in our previous papers on the life-
time investigations in **Ru [11, 12]. In the germanium energy
spectra, there are intrinsic peak shape asymmetries as a result
of charge trapping which was taken into account in the fit-
ting function during the lifetime analysis. The Narrow Gate 41/2 10653
on Transition Below (NGTB) procedure [21] was also used
to eliminate the effects of detector-related line shape asym- 2022
metries on the deduced lifetime values. The NGTB method
has to be used with extra care at 90° spectra since the tail
can move in towards the centre of the peak, but the gate can
avoid the tail. This has been taken into account carefully in Goz) o 9671
the lifetime analysis.

Side feeding and feeding from higher-lying excited states 30/
have to be carefully taken into account in the analysis. For
this reason, branching ratios for the y-decays into and out of
the states of interest were studied in detail (Table 1). Figure 1
shows the relevant part of the level scheme of > Rh deduced
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Table 1 Relative y-ray intensities for “Rh measured in the present 810
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work
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29/2; — (25/2) 721.6 (2) 10 (3)

37/27 — 33/2] 810.1 (2) 58 (2)

31/25 — 29/2; 813.4 (2) 91 (3)

(29/27) — 27/27 876.5 (3) 26 (2) 220 2677

39/27 — 3527 953.0 (4) 19 (4) 2496 2403 b

(39/25) — 37/2 1015.9 (3) 23 (3) 2038 2066

33/2] — 29/2; 1147.4 (1) 200 (7)

41/27 — 39/27 1307.1 (5) 12 (4)

4127 — 37/27 1998.1 (4) 13 (2)

(41/27) — 39/2] 2021.9 (3) 6 (1)

27/27 — 25/27 2038.1 (2) 13 (1)

(25/27) — 25/27 2066.4 (2) 10 2) &L 2308

(25/27) — 25/27 2279.9 (3) 9(2)

(25/23) — 25/27 2403.3 (2) 12(2) 668

29/27 — 25/27 2496.0 (2) 41 (2) _ l

27/25 — 25/27 2677.0 (3) 34 (3) — 2241

29/25 — 25/27 2790.0 (1) 130 (4) Fig. 1 Partial level scheme of 9Rh highlighting the levels for which

lifetime values were obtained in the present work in blue. Spin-parity
assignments are taken from Ref. [20]
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Fig. 2 Comparison between the experimental y-ray energy spectra
for the 691 keV transition (39/2] — 37/2)) for gates set on the
2022 keV direct feeding transition of the in-flight (blue) and stopped
(red) components of the Doppler broadened lineshapes

from the present work. In the present work, lifetime anal-
yses for the 29/25, 37/2] and 39/2, states in %Rh have
been performed and compared with previously reported val-
ues and limits obtained using the recoil distance Doppler shift
(RDDS) technique [28].

The lifetime result that we reported for the 18T state in
the **Ru nucleus [11] is in agreement with the previous mea-
surement [29] using a different (RDDS) technique providing
confidence in the validity of the special use of the DSAM
technique in this work. Figure 2 shows the Doppler broad-
ened lineshapes of the 691 keV (39/2, — 37/2)) transition
obtained by gating on the in-flight and the stopped com-
ponents of the 2022 keV ((41/2,) — 39/2) transition,
directly feeding the 39/2 state, respectively. An enhance-
ment of the Doppler broadening can be seen on the low-
energy side of the peak obtained by gating on the flight com-
ponent of the feeding transition.

Due to the low beam energy, many of the medium and
high-spin states of interest receive significant amounts of
direct feeding. For example, the 39/2 excited state at
9346 keV has previously been observed to have discrete
feeding transitions from states that are situated at around
2.1-3.6 MeV higher in excitation energy [8]. None of these
feeding transitions were observed in the present experiment,
presumably due to the significantly lower excitation energy
attainable in the present reaction. It is also noteworthy that the
2022 keV (41/25) — 39/2 transition is here observed at a
relative intensity of around 3% compared with the intensity
of the transitions depopulating the 39/2 state. The corre-
sponding value found in Ref. [8] was 21%. It is therefore
reasonable to assume that the 39/2; excited state predomi-

@ Springer

Fig. 3 Experimental y-ray energy spectra and corresponding line-
shape fits for the 691.0 keV (39/2] — 37/2|) transition. The spectra
demonstrate the Doppler broadened line shapes at 135° and 90° relative
to the beam axis (left and right panel, respectively) obtained by a narrow
gate on the stopped component of the 549 keV (35/2; — 33/2]) tran-
sition. The lifetime value of the 39/2] state deduced from the present
work, 0.94(9) ps, is within the upper limit (< 1.4 ps) reported by Jung-
claus et al. [28]

nantly receives direct, very fast feeding and that unobserved
feeding from discrete states can be safely neglected in the
analysis. Previously measured lifetimes of excited states sit-
uated below the 39/2 state, are also well reproduced in the
present work assuming direct, fast feeding of the 39/2 state.
An iterative process was adopted in such a way that once the
lifetime of a certain state had been determined it was used as
an input value for the next lower level in the y-ray cascade,
and so on. Intermediate verification could be obtained from
known lifetime values, for example of the 37/2| excited
state, reported by Jungclaus et al. [28]. As can be seen in
Table 2, the limit established for the 39/27 excited state in
Ref. [8] is in agreement with the lifetime value obtained from
the present measurement.

In the lifetime analysis, the y-ray energy spectra detected
at 90° and 135° relative to the beam axis were fitted simulta-
neously using a common x> minimisation procedure. Fig. 3
shows the relevant part of the spectra observed in the detec-
tors positioned at 135° and 90°, respectively. For the determi-
nation of the lifetime of the 39/2| excited state, the lifetime
value determined for the 41/27 excited state as well as the
lifetime value of the previously tentatively assigned (41/27)
excited state have been taken into account, giving a value
of 0.94(9) ps in agreement with the limit < 1.4 ps given
in Ref. [28]. The statistical uncertainties are around 10%.
Additionally, systematic uncertainties in the present mea-
surements are considered to be dominated by the employed
stopping powers. Lifetime values deduced using different
stopping power tables (Ziegler at al. [26,27] and Northcliffe
and Schilling [30], respectively) were therefore compared,
keeping the other fitting conditions the same. It was found
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Table 2 Lifetime values of excited states in *>Rh obtained from the
present work and in comparison with previously measured values and
limits. The initial level excitation energy (E, ), spin-parity assignments
and y-ray transition energy (E, ) are given in the first, second, and third
column, respectively. Lifetime values, 7, investigated through DSAM in

the present work are given in column 4 while the lifetime results from
Ref. [28] is shown in column 5. Uncertainties (statistical) are given
within parentheses. Relative systematic uncertainties due to the mod-
elling of stopping powers are estimated to be approximately 10% or
less

E, (keV) I — I}? E, (keV) 7(ps) 77i1(ps)
9346 39/2) — 37/2; 691.0 (1) 0.94 (9) <14
8655 37/2; — 35/27 261.3 (2) 1.64(21) 1.67(32)
6698 29/2, — 25/27 2790.0 (1) 1.28 (13) 1.23 (7)

that the resulting excited-state lifetimes varied within 10%
and the associated mean variation is substantially less. Con-
sequently, we assume that 10% is a conservative estimate of
the relative systematic uncertainties due to stopping powers.

We have also measured the lifetime values of the 37/2
excited state at 8655 keV and the 29/2, excited state at
6698 keV, being consistent with the RDDS results obtained
by Junglaus et al. [28]. The results of the lifetime analysis
are shown in Table 2.

4 Discussion

The structure of the low-lying states in > Rh is expected
to be similar to that of **Ru and is built primarily on pro-
ton single-particle structures from the go,2 and py/2 sub-
shells. Earlier shell model calculations (see, for example,
Ref. [28]) suggest that the yrast and near-yrast positive-parity
and negative-parity structures are dominated by the n(gg_/Sz)

and 7 ( pl_/lzgg_/g) configurations, respectively. This conclu-
sion is also supported by our previous LSSM calculation [20]
in the extended space including proton and neutron orbitals
P3/2,1/2> f5/2, 89/2,7/2 and ds > In that paper, we introduced a
new realistic effective Hamiltonian constructed in particular
for the large model space. For the agreement between cal-
culated and experimental level energies was seen to be quite
good for yrast states up to relatively high angular momen-
tum I ~ 20#. Details can be found in Ref. [20] and the
present manuscript will focus only on the reduced transition
probabilities. As for the negative-parity group, the maximal
spin one can build in the p1,2g9/2 space is 25/2. Most of the
states above 25/2| show significant contribution from neu-
tron v(ds /zgg_/lz) core excitations. In the nucleus **Ru, the
yrast 207 state has been shown to be dominated by the max-
imally spin-aligned state of the 7 ( pl_/l2 g9_/52) ® v(ds /zgg_/lz)
configuration [12]. This state lies more than 1 MeV lower in
energy than the next / = 207 state and receives most of the
intensity flowing from the higher-lying states via multiple
transitions. One can expect that the 39/2| state in %Rh is
analogous to that state and is dominated by the maximally
aligned configuration 7 ( pf/lz g;/é) ®v(ds)2 gg/lz). The states

lying just below 39/2| are calculated to have similar struc-
ture. The B(M1) value for the 33/2;" — 31/2; transition is
significantly underestimated by all shell model calculations
presented in the table. We suspect that the observed 31/2
state may actually be a mixture of the calculated lowest two
states. Those two states have different structure which can
be seen from the fact that the M1 decay to the second state
is vanishing.

We have recalculated the wave functions for negative-
parity states with spin values between 21/2 and 39/2 in the
extended model space with the same Hamiltonian as intro-
duced in Ref. [20] in which only the predicted excited-state
energies were reported. In the present work, we are interested
in testing the accuracy of the LSSM wave function and the
prediction power of the model in electromagnetic transition
probabilities. Therefore, we calculated the lowest three states
for each spin and then all possible electromagnetic transitions
among them. As shown in [20], the LSSM calculation pre-
dicts very well the energies of most states in *>Rh including
the non-yrast states. The experimental state with 9671 keV
energy is tentatively assigned as 39/2; in Ref. [20]. This
state is not reproduced in the LSSM calculation where the
second 39/27 state is calculated to be as much as 1.4 MeV
higher than the yrast state.

As discussed in Ref. [12], M1 transitions offer special
opportunities to test the many-body wave function. In partic-
ular for cross orbital excitations, the magnetic dipole opera-
tor only links single-particle orbitals with the same principal
quantum number and orbital angular momentum (spin-orbit
partners with the same /) [28]. As a result, similarly to the
case of *Ru, the M1 transition properties can be expected
to be dominated by coupling within the g9,> subshell and the
possible excitation of nucleons from gy > toits g7,2 spin-orbit
partner across the N = 50 shell gap. The g-factor for states
involving these orbitals is significantly larger compared with
those of py,, or p3;; within the N = 28 — 50 shell. The
results of our measurements on the M1 transition strengths
are given in Table 3 assuming negligible E2 admixtures. The
estimated admixture from E2 is on the order of 107% to 1077,
For the calculations of B(M1) reduced transition strengths we
used both the bare and the effective spin gyromagnetic factors

@ Springer
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Table 3 Experimental [B(M1).y, and B(E2).,] reduced
transition  probabilities in  ®Rh  obtained from present
measurement. B(M1)exp2 and B(E2).yp> values are from the
lifetime measurement of Ref. [28] and given in column 7. The
subscripts “th1” and “th2” correspond to predictions from large-
scale shell-model calculations carried out in this work using effective

and bare g factors and are given in columns 8 and 9, respectively.
Results of shell model calculations from Ref. [28] are denoted
as “th3” and given in column 10. Statistical uncertainties on the exper-
imental values are given within parentheses. *The measurement is not
sensitive to any E2 admixture. Therefore, the transitions are classified
as M1

E, " E, 17 oL BMI Vey  BM1 Do BUMUDun BMI Dy BMMT Vs
[keV] [keV] (103 uy’] [1073un’] (103 un’] (103 uy’] (1073 uy’]
9346 39/27 691.0 37/2; M1 167(16) > 107 225 402 427
39/2; 37/2, Ml 2092 2919
39/27 37/25 Ml 833 1395
8655 37/2¢ 261.3 35/2, M1 1678(215) 1664(338) 1308 2000 1100
37/2¢ 35/25 M1 222 381
37/27 35/2; Ml 99 79
8394 35/27 549.3 33/2, M1 116(13) 276 485 440
35/2¢ 33/25 M1 1202 1808
35/2¢ 33/25 M1 571 672
7845 33/2; 31/27 Ml 7 22
33/27 333.9 31/25 M1 172(28) 929 1388 839
33/2; 31/2; Ml 1 2
E, I E, Iz oL B(E2 )exy B(E2 Vexp2 B(E2 V) B(E2 )3
[keV] [keV] le? fm*] le? fm*] [e? fm*] [e? fm*]
9346 3972, 953.0 35/2; E2 98(10) > 124 71 284
39/27 37/27 E2 37
8655 37/27 810.1 33/27 E2 171(22) 154(63) 112 277
37/27 35/27 E2 10
35/2; 31727 E2 129
35/27 33/27 E2 46
33/27 31/27 E2 23
29/2; 25/2; E2 142
6698 29/25 2790.0 25/2; E2 2.32(24) 3.1(3) 33.5 0.73
29/25 25/27 E2 2.97
27/27 25/27 E2 28.8
27/25 25/2; E2 6.79
27/25 25/27 E2 0.602
3908 25/27 667.9 21/27 E2 172 (12) 540 341

with g = 0.7 - gs(free). The calculation with the effective
g factor reproduces the observed B(M 1) value excellently
for the transition 39/27 — 37/27, similarly to the obser-
vation for the analogous transitions in **Ru [12]. The good
agreement between the experiment and calculation supports
the assumption that those states should be dominated by the
simple spin-aligned configurations mentioned above. In addi-
tion, strong M1 transitions between the 39/2" and the sec-
ond 37/27 state and between the 37/2," and 35/2 " states are
predicted in the calculation. The latter result is in agreement
with earlier measurement, as shown in Table 2. Our predic-
tion should be compared with future measurements on the

@ Springer

39/2] — 37/2, half life. We have also done calculations
within the restricted 7 ( pl_/l2 gg_/;) ®v(ds) g9_/12) model space
in order to understand the role of neutron excitations to ds >
and g7,2. In those calculations, we applied the same effec-
tive interaction as in our LSSM calculation but restricted the
particle excitations to be only within the four orbitals. The
other orbitals, in particular g7,2, are left frozen. The calcu-
lated results for B(M1;39/2] — 37/2]) are nearly the
same as those from the LSSM calculation. It should be men-
tioned that the maximal spin one can build from the g;/‘;
configuration is 12, which corresponds to a unique state with
a pure seniority-four wave function [31]. The next largest
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Fig. 4 Comparison between experimental B(M1) and B(E2) transition
strengths and predictions by large-scale shell model calculations for
95

Rh

spin value is 10. It is not possible to form 117 solely from
that gg_/‘; configuration. That indicates that the 37/27 states
shown in the table can only be built from the configurations
based on 7 ( pl_/l2 gg_/i; =12 @ (ds s g9_/12)6’7. Our calculations
show that the B(M1) value is indeed sensitive to the mixture
of those configurations. A large B(M1;39/2 — 37/27)is
expected if the aligned 7 g9, component is enhanced in the
37/27 state. The transitions between 37/2 and the first two
35/27 states show a similar sensitivity, even though in those
cases the decay to the first 35/27 state is favoured instead in
the original calculation.

We have also calculated the B(E2) values for transitions
involving those states. We took ¢, = 1.5¢ and e, = 0.8e
for the effective charges which reproduce the E2 transition
properties well for neighbouring nuclei just below or above
the N = Z = 50 shell closure [32—-34]. The results for tran-
sitions among yrast states are also shown in the table. B(M 1)
and B(E?2) values extracted from the present lifetime analysis
are compared with the large-scale shell model calculations
in Fig. 4. Shell model calculations were also presented in
Ref. [28] within the model space 7 (p3/2,1/2, f5/2, g9/2) and
vg9/2, ds2. Those calculations also showed that the core-
excited states are dominated by the neutron vgg,, — ds/2
excitation. In the calculations of the EM transitions, they used

the same effective g factor as in our case “th2” but adopted
unusually large effective charges for protons and neutrons
(ep = 1.72¢ and e, = 1.44e). Part of their results are also
shown in the table marked as “th3”. The dominating compo-
nents of the calculated wave functions were also given in Ref.
[28] which agree with our results in general. A noticeable dif-
ference concerns the contribution from the f5,, orbital which
is predicted to be significantly larger in Ref. [28] than in our
calculations. In particular, the 29/2" state was calculated to
be dominated by 7 (53 83) in Ref. [28] but by 7 (p] 5.25/5)
in ours.

5 Summary

High-spin states of the > Rh semi-magic nucleus were pop-
ulated via the fusion-evaporation reaction >$Ni(*’Ca, 3 p).
Lifetime values for the negative-parity states have been
obtained from an analysis of the Doppler broadened line
shapes using the DSAM technique. Large-scale shell-model
calculations have been performed to interpret the electromag-
netic decay properties of > Rh and to compare with earlier
calculations employing more restricted model spaces. We
found that many of the observed high-lying states are well
described by a simple one-neutron cross-shell excitation.
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