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Neutron-spectroscopic strength in Ru isotopes
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A systematic, high resolution (6-8 keV) study of (d,t) reactions on '°%:1°%'%4Ry is reported.
Spectroscopic factors were extracted by comparison of experimental angular distributions with dis-
torted wave Born approximation predictions. All of the information for **Ru and, for excitation
energies above 0.9 MeV, for '3Ru is new. Most of the strength expected for the 50-82 neutron
shell was found. The strength distributions are discussed, also in comparison with the correspond-
ing stripping reactions. Special attention is focused on extremely low and relatively intense I = 3
excitations and on the | = 4 transfer pattern observed.

PACS number(s): 25.45.Hi, 27.60.+j, 21.10.Jx

I. INTRODUCTION

The precise location of single particle and hole spec-
troscopic strengths is a powerful tool in pinning down
nuclear structure properties, since the spreading pattern
thus determined is a sensitive test on detailed model pre-
dictions [1,2]. In the spherical independent particle shell
model the one particle or hole configuration is concen-
trated at a unique excitation energy. Any collective cor-
relations tend to wash this feature out, in a way which is
characteristic of the interactions considered [2,3]. Thus
any sudden structure transition should, in particular, also
be evidenced through an abrupt change in the particle
and hole strength distributions. A survey of the liter-
ature reveals, however, that in the challenging region
around the A = 100 nuclides [4] the information on these
strengths is far from complete [5—7]. The interest in a pre-
cise and comparative study of, in particular, the Ru iso-
topes through transfer reactions was furthermore fostered
by the discovery of an intense [ = 3 transition at low exci-
tation energy in the °“Ru(d, p)!°*Ru reaction measured
by the USP Nuclear Emulsion Group [8]. The present
paper refers to results obtained at the Sdo Paulo spec-
trograph facility for the 199:102:104Ry(d, ¢) 99:101,103Ry re-
actions, which located most of the hole spectroscopic
strength in the odd isotopes.

II. EXPERIMENTAL PROCEDURE

The deuteron beam of the Sao Paulo Pelletron accel-
erator, with an incident energy of, respectively, 15.5 and
16.0 MeV, was focused on °°Ru and 1°21%4Ru enriched
targets, after passing defining slits of 1.0 x 3.0 mm?. Ta-
ble I presents the isotopic compositions of the Ru metal
used, in powder form, for target preparation in a well
controlled electron bombardment evaporation technique
[9,10]. The ejectiles of the reactions were momentum an-
alyzed by the Enge split-pole spectrograph and detected
in nuclear emulsion (Kodak NTB or NTA 50 pm thick).
The careful determination of the focal plane of the re-
spective reaction, the use of nuclear emulsions, uniform
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targets, adequate spectrograph objects, and also good
accelerator characteristics, resulted in energy resolutions
from 6 to 8 keV, almost determined by the intrinsic res-
olution of the spectrograph. The emulsion plates were
scanned, after processing, in strips of 200 um across the
plates. Typical spectra for the three reactions are pre-
sented in Fig. 1.

Relative normalization of the spectra obtained at each
angle was achieved by measuring the beam current in
an aligned Faraday cup, with electron suppression, con-
nected to a current integrator, while continuously mon-
itoring the direction of the beam. Absolute normaliza-
tion of the cross sections was referred to optical-model
predictions for the elastic scattering of deuterons on the
same target, measured under similar conditions. Three
well-established families from the systematics of Perey
and Perey (PP) [11], Lohr and Haeberli (LH) [12], and
Daehnick et al. (DCV) [13] (see Table II) were employed
and produced cross sections which differed in at most
+11%. Due, furthermore, to target nonuniformity, plate
scanning, and statistics in the elastic scattering data, a
maximum uncertainty of 15% is estimated for the abso-
lute cross section scale.

The parameters identified as PP (with the spin orbit
term taken from LH) were finally chosen for the ab-
solute normalization of the cross sections and also to
generate the distorted incident waves. The distorted
wave Born approximation (DWBA) calculations were
performed with the code DWUCK4 (Ref. [14]), with usual
corrections to account for finite range and nonlocality ef-
fects. The outgoing triton channel was described by the
optical-model parameters of the systematics by Becchetti

TABLE I. Isotopic composition of the targets.

Composition specified by fabricant (ORNL)
Target °°Ru  °®Ru  °°Ru !°°Ru '°*Ru !°?Ru '*“Ru
1Ry 0.05 0.05 054 97.24 1.20 083 0.19
%2Ry 0.02 0.01 0.07 0.09 0.24 99.35 0.22
1%4Rnw  0.02 0.02 0.08 0.13 027 3.14 96.39
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TABLE II. Optical parameters employed in the DWBA calculations.

Colliding Parameter

VR TR ar Vso Tso aso w ™ aw WD

TD ap
nuclei set® (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm)
100Ry+d PP 96.55 1.15 0.81 18.12 1.34 0.68

LH 111.98 1.05 086 7.00 0.75 0.50 10.12  1.43 0.78
DCV 92.81 1.17 0.74 6.88 1.07 0.66 1.81 1.33 0.86 10.79 1.33 0.86
192Ru+d PP 96.31 1.15 0.81 18.24 1.34 0.68
LH 111.85 1.05 0.8 7.00 0.75 0.50 9.99 143 0.78
DCV 92.63 1.17 0.74 6.87 1.07 0.66 1.87 1.33 086 10.75 1.33 0.86
104Ru+d PP 96.19 1.15 0.81 18.24 1.34 0.68
LH 111.71 1.05 086 7.00 0.75 0.50 986 1.43 0.79
DCV 92.57 1.17 074 687 1.07 0.66 1.87 1.33 0.86 10.75 1.33 0.86
ARu+n BG b 1.17  0.75 Aso = 25°
164.29 33.78
9Ru+t BG —-0.17E, 120 0.72 250 1.20 0.72 —033E; 140 0.88
164.18 31.84
10lRu+¢ BG -0.17E, 120 072 250 120 0.72 —033E; 1.40 0.88
164.07 29.98
103Ru+t BG —-0.17E; 1.20 0.72 250 1.20 0.72 —033 E;, 1.40 0.88

*PP: Reference [11].
LH: Reference [12].
DCV: Reference [13].
BG: Reference [15].

b Adjusted by well-matching procedure.

°Thomas factor.
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and Greenlees [15], presented in Table II, where the geo-
metrical parameters of the bound neutron potential are
also shown. Except for the 1gg/3, 3p, and 2f orbits, the
neutron single particle orbitals taken were those of the
50-82 shell.

The spectroscopic intensities C2S); were extracted by
comparing measured and calculated angular cross section
distributions through the expression

1 . Oexp(0)
C%S; = —=(2j +1) =21~
i =333V Gy

where opw(#) are the cross sections predicted by the
DWBA analysis for the transfer of a neutron with or-
bital angular momentum ! and total spin 7 from the even
Ru to the incident deuteron. The factor (3.33)~! is due
to the overlap of the triton and deuteron wave functions,
taken, respectively, in the Irving-Gunn and Hulthén de-
scriptions [16].

The differences in opw(f) produced by the three
deuteron optical-model sets in use are at most +15%,
while the shapes of the curves are practically not
changed.

The excitation energy scale was set by internal cali-
bration through strong transitions clearly identified with
levels reported in v-ray studies and indicated by as-
terisks in Tables III, IV, and V. The resulting calibra-
tion of the spectrograph focal plane was compatible with

the calibration in common use, taken over a greater
interval of bending radii, through the analysis of the
90Zr (a,a’) reaction up to 5.9 MeV of excitation. The
excitation energies presented in Tables III, IV, and V for
the states populated by one neutron transfer were ob-
tained as mean values of the energies calculated at each
angle with the aid of a relativistic kinematics code. The
tables present excitation energy values whenever a level
was clearly isolated at least at three angles, but to be in-
cluded in Figs. 2—4 an angular distribution had to consist
of a minimum of five experimental points.

III. RESULTS
A. The '°°Ru(d, t)°°Ru reaction

No previous stripping or pick-up work leading to **Ru
is reported in the literature. Table III and Fig. 2 present
the findings of the present work, for which the excita-
tion energy region accessible to clean study is limited to
1.4 MeV by the appearance, on the focal plane, of the
elastic peak and its associated tail. The detection limit
below 1.4 MeV is ~ 9 pb/sr and above this excitation
energy it is ~ 150 ub/sr. The level energies shown in
Table III are characterized by standard deviations which
are typically 1 keV and are never more than 2 keV. Of
the 14 levels clearly identified, nine could be associated to

TABLE III. Experimental results for °Ru from the °°Ru(d, t) reaction in comparison with the levels adopted by Nuclear
Data Sheets. The asterisk denotes levels used in energy calibration.

Present Work

Nuclear data®

Level Eexc [Texp (0)]max l C?Sy; Eoxc J
number (MeV) (mb/sr) (MeV)

0 0.000* 4.240.3 2 5/2 1.8 0.00000 5/2%

1 0.090 0.0774+0.013 (2) (3/2) (0.037) 0.08968 3/2%

2 0.322" 0.3240.03 2 5/2; 3/2 0.20; 0.25 0.32237 (3/2)*

3 0.340 0.1940.02 4 7/2 1.8 0.34074 7/2%

4 0.442" 0.8440.10 0 1/2 0.13 0.44271 (1/2)*

5 0.576 0.0284-0.009 0.57589 (5/2)"
0.61791 7/2%

6 0.618" 0.7640.10 0 1/2 0.16 0.61803 (1/2)*

7 0.719" 0.08340.008 4 9/2 0.55 0.71987 9/2%

8 0.734 0.1240.02 0.73413 (5/2*)

9 0.897" 0.11540.010 2 5/2; 3/2 0.057; 0.069 0.89692 (1/2%;3/2;5/2%)

10 1.000 0.050+0.017 0.99874 (1/2%;3/2;5/2%)
1.04863 (11/2)*

11 1.072 0.034+0.010 (5) (11/2) (0.55) 1.06994 11/2°

12 1.093P 0.26+0.03 2 5/2; 3/2 0.24; 0.30
1.1184 (7/21)
1.2007
1.26124 7/2%
1.27759 (7/2%;9/2%)
1.29078° 7/2”
1.3061 (7/2%)
1.3199 (11/2%)

13 1.385 0.13+0.05 1.38316 (1/2%;3/2)

*Reference [5].
bPossible doublet.
“Levels observed in Ref. [17].
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J1l'
19/2%

(5/2%;3/2%)
(23/27)

Nuclear data®

Eexc
(MeV)
1.96192
2.0037
2.1319
2.132
2.20611

C%8y;

l

(p,d)°

Eexc
(MeV)

C%5y;

(d,t)*
!

EexC
(MeV)

TABLE V. (Continued).

C*Sy;
1.6; 2.7

9/2; 7/2

l

4

Present work

[0exp (6)lmax
(mb/sr)

0.11440.013
0.23£0.07

Eexc
(MeV)

2.022

2.167

Level
number
37
38
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NN N . . 2
> > definite [ transfers, and the corresponding C“S;; values
& & are also presented in Table III. This table also shows,
SS » for comparison, the levels adopted by the nuclear data
compilation [5]. Additional levels, at 1.1184 and 1.29078
—_—— MeV reported by Whisnant et al. [17], are also presented
in columns 7 and 8. Although no clear discrimination
between I = 4 and ! = 5 is allowed by the data, the level
8 YBaasm38¥ excited at 1.072 MeV is supposed to be the known 11/2~
g 588885 s . A
S Scoossa state. An !l = 3 transition was searched for, in particu-
d HiHHEH lar at 1.291 MeV, where a (3He,2nv) work [17] located a
8 232Zs8 (7/27) level, but was not observed above the detection
e ° ee limit.
E_ § § % § % § B. The °?Ru(d, t)*°*Ru reaction
N NN
>S9
e In this experiment a detection limit of only 3 ub/sr
g § ‘é’ could be achieved in the excitation energy region below
g g g 2.2 MeV, due to a relatively clean target. Table IV shows
3 9ZunIR 2«3 E ;g the present results in comparison with a (p,d) study by
® 5 5 Dickey et al. [18], which has a poorer energy resolution
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of only 24 keV. Also the results of the (d,p) work of
this group [8] and the adopted levels [6] are tabulated.
In Fig. 3 the experimental angular distributions are dis-
played together with DWBA predictions.

The level energies in Table IV were determined with
standard deviations of less than 2 keV for all levels below
1.9 MeV and no more than 3 keV above this energy. The
difference between the attributed excitation energies and
the adopted ones is always smaller than 2 keV, where
identification with levels based on «y-ray results is unam-
biguous. Also, agreement between the excitation energies
obtained in the present (d,t) and the former (d,p) work
(8] is excellent. On the other hand, the results of the
previous (p,d) study [18] are clearly affected by a sys-
tematic discrepancy with respect to both, the (d,t) and
~-ray information. The excitation energy difference is of
the order of +(10-20) keV, starting at about 1 MeV, as
is evidenced especially through the comparative analy-
sis of the stronger transitions detected in both pick-up
studies. The worst case is the level 19 where +33 keV of
energy shift is verified. Thus, several levels presented in
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the recent nuclear data compilation [6], which are based
exclusively on information by Dickey et al. [18], should
have their excitation energies revised.

General agreement between neutron hole spectroscopic
strength extracted in the present (d,t) and in the former
(p,d) [18] works is observed. Specific comments on the
experimental results are made in the following.

Level 1 lies below the detection limit, except at the
3 angles around the maximum for [ = 2 transfer, thus
the value of C’ZSd3 /2 between parenthesis is an estimate.
Peaks numbered 17, 27, 28, 29, 32, and 33 were also
only observed at 6,;, = 10°,22°, and 28° and, since they
do not correspond to levels with known spins and pari-
ties, only excitation energies are reported. Peaks 2 and
2" could not be adequately separated by the peak fit-
ting routine and the ! = 4 and | = 2 contributions were
extracted through a least-squares fit on the integrated
angular distribution, as shown in Fig. 3. Peak 5 is dom-
inated by the strong [ = 2 transition at 0.535 MeV and
the | = 5 contribution was also obtained by the same fit-
ting procedure, the extracted C’ZShH/2 being uncertain

<2

FIG. 3. Angular distributions for the
102Ru(d, t)'°’ Ru reaction in comparison with
DWBA predictions. See caption of Fig. 2.
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to 25%.

Level 6 corresponds in energy to the | = 3 transition
seen in (d,p) [8] and is very well characterized by the
same orbital angular momentum transfer. Dickey et al.
[18] could not resolve this state, present as a shoulder in
the published spectrum, from the neighboring ! = 2+1 =
0 transitions at 0.615 and 0.622 MeV, which they also
could not separate. So, the level at 0.623 MeV with J™ =
5/2%,3/2%, indicated in the nuclear data tabulation [6]
as measured by Dickey et al. [18], is already represented
by the adopted level at 0.6163 MeV, J™ = (5/2%,3/2%)
and should be excluded.

Level 9 is, in (d,t), better described as [ = 1 trans-
fer (see Fig. 3) than as the | = 2 previously attributed
in (p,d) [18] and (d,p) [8]. The attributions may thus
be open to questioning. At 0.719 MeV, level 10 corre-
sponds predominantly to ! = 4 in the present work and
(p,d) [18]. A closer inspection shows, however, that the
agreement with the DWBA prediction at forward angles
is subtly worse than for other typical | = 4 transfers. In
the angular distribution obtained in (p,d), this effect is
substantially enhanced and could signify an additional
! = 1 transfer being detected. In fact, the (d,p) re-
action located at 0.718 MeV an ! = 1 transfer, which
only through severe contamination at the forward an-
gles, could be associated to an | = 4 transfer. It seems
thus that two levels with different characteristics are be-
ing preferentially populated in the pick-up and stripping
reactions. Dickey et al. [18] did, in fact, not attribute any
! = 1 transfer in their work. The inspection of the an-
gular distribution associated to the state at 0.927 MeV,
which Dickey et al. [18] report as populated by | = 2,
also shows a behavior that is not in disagreement with
an | = 1 transfer. Thus, this state is tentatively identified
with the level at 0.907 MeV seen in the present study and
already adopted as 3/27, 1/2~ by Nuclear Data Sheets
[6]. No transition to the level at 1.225 MeV, reported
in the (p, d) work [18], was observed above the detection
limit. Level 17 was seen at only three angles, but the
data available, although compatible with an [ = 2 trans-
fer, exclude an | = 0 character. This level should thus
correspond to the 1.268 MeV reported by the (d, p) work,
but not to the 1.276 MeV level by Dickey et al. [18]. A
clear [ = 1 transition was detected to the level 31, in
apparent disagreement with the experimental findings of
the (d,p) study [8], which reports an ! = 2 transfer. The
(d,p) angular distribution is, however, compatible with
an ! = 1 transfer due to the absence of data at scatter-
ing angles smaller than 20°. In this case, the extracted
reduced spectroscopic factor, CZS,’J-, should be 0.04 and
spin and parity of the correspondent level should be re-
vised.

C. The '°*Ru(d, t)'°Ru reaction

This experiment extended the excitation energy inter-
val analyzed by pick-up reactions up to 2.6 MeV. The
detection limit was 10 pb/sr, due to a relatively thin tar-
get, somewhat more contaminated during evaporation.
Previous pick-up studies [19,20], including a (d,t) work

[19], did not exceed 0.9 MeV of excitation energy. Their
results are presented in Table V in comparison with the
present ones and with the adopted levels [7]. The work of
Berg et al. [20] was performed at a high dispersion spec-
trograph with 5-8 keV of resolution and studied both
the (p,d) and (d,p) reactions leading to °3Ru, unfortu-
nately with very poor statistics. They ascertained that
the stripping reaction populates preferentially the ground
state, while pick-up selects the known state (7] at 2.81
keV, associated by them to their level at 5.4 keV. In the
present work the excitation energy of level 0, as obtained
from the internal calibration with the levels marked with
an asterisk, is 2 £ 1 keV and thus confirms the predom-
inant excitation of the first excited level in pick-up. In-
spection of Table V reveals excellent agreement between
the level energies here obtained and all those of both pre-
vious pick-up studies.

The comparison of the extracted spectroscopic
strengths with those reported for the same reaction at 17
MeV by Diehl et al. [19] shows general agreement for the
relative values, although the absolute values of the older
work are systematically higher. The lack of finite range
and nonlocality corrections in the older DWBA calcula-
tion can be responsible for part of the discrepancy. Diehl
et al. [19] also did not publish the geometry of the po-
tential that binds the transferred neutron, another known
source of differences in absolute values. The results of the
(p,d) work of Berg et al. [20] are, on the other hand, in
good agreement with the present ones, exception made to
the first [ = 2 and the lowest [ = 4 excitations, where the
discrepancies of up to a factor of two are directly related
to the reported cross sections and cannot be attributed
to analysis.

Figure 4 displays the angular distributions obtained
in this work and, in the following, comments on some
specific attributions are made.

Level 5, at 0.297 MeV, is a clear [ = 3 transition. The
misattribution in the (d,t) work of Diehl et al. [19] may
have been caused by the lack of data at forward angles,
crucial to distinguish the correct value from ! = 0. Berg
et al. [20] also attribute [ = 3 to this transition. A triplet
of levels (10, 11, and 12) could be clearly resolved where
Diehl et al. [19] located an ! = 1 transition, but sepa-
rated angular distributions were not obtained. Berg et
al. [20] who also analyzed integrated cross sections, de-
cided for a superposition of [/ = 2 and [ = 0 transfer in
this energy region, on a rather structureless experimental
angular distribution. The present data are not sufficient
for deciding on the divergence exposed, because of con-
tamination at & = 8°. The cross section associated to
level 15 was at crucial forward angles near the detection
limit, but if an [ = 4 transfer is supposed the C2S;; value
would be compatible with other studies.

Above level 20 all information is new and the identifi-
cation with levels adopted by the nuclear data compila-
tion [7] is tentative. Attention is drawn especially to the
observation of an intense [ = 4 excitation at 2.167 MeV
and of three clean I = 1 transfers around 2.4 MeV, be-
sides the lower [ = 1 at 1.756 MeV. Another (I = 4) and
several | = 2 transitions are also reported for the first
time. Relatively strong excitations (peaks 30 and 31) at
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FIG. 4. Angular distributions for the
104Ru(d, t)'°*Ru reaction in comparison with
DWBA predictions. See caption of Fig. 2.
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1.403 and 1.491 MeV correspond to forward peaked an-
gular distributions, but cannot be clearly identified. If
associated to ! = 2 transfer, their summed spectroscopic
strength would amount to Cr"’Sds/2 ~ 0.3. Peaks 28 and
29 are also relatively intense and their angular distribu-
tions, not shown in Fig. 4 since represented by less than
five data points, show maxima at respectively § = 18°
and 12° and, if corresponding to ! = 2 and | = 1, re-
spectively, would mean additional C%S;; of ~ 0.04 and
~ 0.04.

IV. DISCUSSION

For comparative appreciation, Fig. 5 displays, as bars,
the observed spectroscopic strengths as a function of ex-
citation energy for the three Ru isotopes under investi-
gation and for the several | transferred (taken where the
level spin is not known, as associated to j =1+1/2). An
arrow indicates, for each nuclide, the maximum excita-
tion energy scanned. An overall similarity may be noted,
but for all ! transfers the strengths tend to be located

at progressively lower excitation energies as the neutron
number is increased.

Most of the detected strength is, as expected, associ-
ated to even [ values. The principal [ = 0 excitations are
found below 0.8 MeV and correspond to at most three
levels. It can be stated that, since the detection limit for
!l = 0 is low, no important fragmentation occurs. For all
studied isotopes the by far strongest | = 2 component is
located at the first 5/2% level (note the scale factor of 1/4
for these bars). The remaining detected [ = 2 strength is
for 101.103Ry spread among several levels in a wide energy
range. In ®°Ru, on the other hand, at most five states
with [ = 2 characteristics were observed. Very similar
and intense ! = 4 transfers are associated to the first
known 7/2% levels below 0.4 MeV in all three isotopes,
while the first known 9/2% states appear with one fourth
of that strength at ~ 0.7 MeV in %91°'Ru. Several levels
which could, in principle, be excited by I = 4 transfer are
known, from other reactions or decay, in all three isotopes
(see Tables III, IV, and V), but are populated below the
detection limit (in the worst case C%S,, , = 0.4). Atten-
tion is to be called to the first observation in 1°3Ru of a
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as 7/2%.

state with clear and strong ! = 4 characteristics at 2.167
MeV. In fact, this [ = 4 excitation would correspond to
C?S,, 2 = 2.7, even higher than the intensity to the first
7/2% state, if this spin value should prevail.

With respect to the levels excited by an odd ! trans-
fer, no | = 1 was seen in Ru below 1.5 MeV and all
the important strengths seen in 1°1:103Ru lie above 1.7
MeV. Also no | = 3 strength was located in °*Ru above
the detection limit of C?Sy, , = 0.04, while the I = 3

excitation seen at 0.597 MeV in !°°Ru(d,p)!°’Ru was
confirmed and also | = 3 was definitely associated to the
level at 0.297 MeV in 193Ru. It is extremely interesting
to note that no other, besides these very low-lying, | = 3
excitations were detected up to, respectively, 2.2 and 2.5
MeV in 19L193Ryu, which clearly demonstrates the singu-
lar character of these levels. The ! = 3 strength was,
thus, located with higher intensity at progressively lower
energy with increasing neutron numpber, if the 7/27 level
at 1.291 MeV in %°Ru (Ref. [17]) is supposed undetected
by experimental limitations. The ! = 5 strength, also
located in a single level, decreases in energy in a similar
way. For [ = 5 excitations the detection limit corresponds
in the worst case, to C2Sy,,,, = 0.5.

It has long been established that one nucleon transfer
reactions, especially if well-known light projectiles are

employed, result in clean spectroscopic informations of
two kinds. On one side, a global view of the spectro-
scopic strengths is associated to occupation and vacancy
of shell-model orbitals in the ground state of the target
nucleus. Such information is systematized in Table VI
for the occupancy data extracted in this work and will
be further discussed below. On the other side, specific
states in the residual nucleus may have their quasiparti-
cle character defined, especially if results of the comple-
mentary stripping or pick-up reactions are also available.
Figure 6, later presented, will be used to point these as-
pects out.

In Table VI the summed spectroscopic strength of exci-
tations which could be associated without doubt to each
I transfer is shown for the three target nuclei investi-
gated. The column labelled 1g presents only the strength
which can with certainty be attributed to the 1g;/, or-
bital. Thus the population of 9/2% levels, hole states in
the N = 50 core in %%1°'Ru, and of a state of unknown
spin at 1.08 MeV in %Ru, all with C2S,, , ~ 0.5, was
not considered in this table. The total detected | = 1
and ! = 3 strengths are shown, respectively, in columns
3 and 5, under the hypothesis that states associated to
the next major shell are excited. This assumption will be
fundamented, with basis on (d,p) results, in the further
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TABLE VI. Sums of the one neutron pick-up spectroscopic strength associated to each I value for
100,102,104y The last column indicates the total spectroscopic strength associated with certainty
to the 50-82 neutron shell (see text).

Z C?s Total
Target spectroscopic
nucleus 3s 3p 2d 2f 1g 1h strength
100Ry 0.29 0.00 2.30 0.00 1.8 0.6 5.0
102Ru 0.49 0.10 3.36 0.09 2.3 1.2 7.4
104Ru 0.45 0.17 2.23 0.16 2.1 (4.8) 1.5 6.3 (9.0)

discussion. For the | = 2 transfers, when the final j is
not known, the strength for j = I + 1/2 was arbitrarily
taken. If this choice should prove incorrect for all those
levels, the summed spectroscopic strength would increase
by at most 5%, 10%, and 10% for 100:102,104Ry respec-
tively. For the !°*Ru nucleus, if the | = 4 excitation at
2.167 MeV could be characterized as an 1g7,, contribu-
tion, the values indicated in parenthesis result. The last
column of Table VI presents thus the total summed spec-

troscopic strength which is with certainty associated to
the 50-82 shell, the 3p and 2f transfers being excluded.

The present results make it clear that in the reactions
studied most of the strength was found. In fact, if the

N = 50 core could be considered closed,

100,102,104R’u

should correspond, respectively, to 6, 8, and 10 valence
neutrons. For 1°Ru the total spectroscopic strength de-
tected would percentually be similar to those of the other
two isotopes studied, if the value in parenthesis is con-
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sidered. A global view of Table VI demonstrates that
the neutron hole strength is widely spread among all the
spherical shell-model valence orbitals. If exception is pos-
sibly made to the 1g7; orbital in '®*Ru, none other is
seen to concentrate more than about one-third of the
respective sum rule limit and no filling pattern with in-
creasing N emerges. The missing strength of only about
3" C?%S = 1.0 in each isotope (if the value in parenthesis
is taken) is not expected to disrupt this picture.

Figure 6 displays, in addition to the present results,
also the spectroscopic strengths [taken as CZS{j =
C?(2j+1)S);] for the 190:192Ry(d, p) reactions [8,21]. For
better comparative visualization, the same scales are em-
ployed for each [ transfer for the three isotopes. It is to be
noted that absolute values are presented for C2Sj;(d,p)

and C2S,(d,t) and that the maximum values on scale
are about (2j +1)/2. Levels with known J™ of 3/2% and
9/27% are marked. Inspection of Fig. 6 demonstrates that,
as expected on simple lines, most of the levels strongly
excited in the pick-up reactions are also in the corre-
sponding stripping reactions. An exception is the known
9/2% level at 0.7 MeV in 1°1Ru, which was not detected in
19°Ru(d, p). This is not surprising for 1ge/, states, since
they should correspond to a totally occupied orbital in
the N = 50 core. The nonobservation in °?Ru(d, p) of
the level excited at 1.1 MeV in ®*Ru(d, t) with a strength
similar to that of the above mentioned one in °2Ru(d, t),
makes it a candidate for also being a 9/2% state. Even
if no (d,p) information is available for °Ru, by com-
parison with the other two isotopes, a similar pattern
seems to emerge. In particular, there also exists a 9/2%
level at 0.7 MeV in °Ru and the most important { = 4,
!l = 2, and I = 0 excitations have their counterparts in
101Ru. The overall similarity prevails also with 1°*Ru.
Two important exceptions should, however, be focused:
As already pointed out, the ground state of °3Ru, prefer-
entially excited in (d, p), is not so in (d, t), where, in turn,
a predominant population of the 5/2] level at 3 keV is
observed (note the amplified energy scale in the inset of
Fig. 6) and no excitation similar to the (7/2,9/2)% state
at 2.2 MeV seems to exist at least in 1 Ru. It is to be
regretted that the °2Ru(d, p) reaction by Fortune et al.
[21], which could help to define the spin of this state, did
not cover excitation energies above 2.0 MeV.
Concerning odd ! transfers, not much experimental in-
formation is available. The strong | = 5 excitations de-
tected are associated to known 11/2 levels and show, as
expected, increasing hole character as N is augmented.
No fragmentation was observed, although it should be
remembered that the detection limit for | = 5 is rela-
tively high. The [ = 1 strength seen in the present (d,t)
work for 1°1:103Ry being perhaps undetected in °*Ru by
experimental limitations, lies mostly in the higher ex-
citation energy region. Although ! = 1 excitations are
also seen in 1°°Ru(d,p) (Ref. [8]), no clearcut relation
with the (d, t) results is established and the most intense
I = 1 transfers observed in ®*Ru(d,t) lie outside the
energy interval analyzed in the corresponding (d, p) reac-
tion. As for the challenging low-lying [ = 3 levels, they
are stronger excited in (d,p) than in (d,t), especially in
the case of the 0.6 MeV state in °?Ru, where the fac-

tor between C2S); and C2S;; (see columns 12 and 6 of
Table IV) is about seven. This information was taken as
indicative that these states are not core excitations of the
1f orbital.

Figure 7 displays the excitation energy of the levels
populated through ! = 3, taken as 7/27, and of possibly
related levels in ®°Ru (Ref. [17]) and °°Ru (Ref. [22])
as a function of mass number, together with that of the
known 11/2~ states. A relationship ofthel=3and! =75
excitations seems clear and may be of the same origin as
that exposed for ®Ru by the particle plus rotor Corio-
lis coupled calculations of Whisnant et al. [17], although
conflicting data in the literature open room for controver-
sies [8]. Figure 7 also illustrates the relative constancy
of the excitation energy of the first 7/2% levels, which
also appear to have a quite peculiar character, not being
influenced by the progressive addition of neutrons to the
N = 50 core. Also shown in the figure are the excita-
tion energies of the first 2+ and 3~ states in the even
ruthenium isotopes. It is to be noted that the 3] levels,
normally referred to as octupolar vibrations associated
to a coherent superposition of particle-hole pairs in adja-
cent shells and therefore less affected by neutron filling,
go down in energy by 0.5 MeV from °Ru to °‘Ru, even
more than the 2] states, formerly supposed as charac-
terizing increasing quadrupolar deformation.

It is, on the other hand, also amazing to recall that,
although the spectroscopic strength seen in the trans-
fer reactions on the even target isotopes is widely spread
among the several orbital angular momenta associated to
the 50 to 82 shell, for each [ value, as may be appreciated
in Fig. 6, the pick-up reactions under study clearly select,
for very preferential population, one, or at most a few,
state(s) of the final nuclei with neat quasiparticle char-
acter. This excitation pattern is not expected if the Ru
isotopes were simple rigid rotors with deformations cor-
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responding to the experimentally determined [23,24] Gz,
which range between 0.21 and 0.27 for °°Ru to °*Ru.
In fact, if the expansion coefficients of states in a stati-
cally deformed well onto a spherical basis, as calculated
by Chi [25], are analyzed for each transferred ! and j, it
is verified that an important splitting should occur, es-
pecially between the several deformed states which orig-
inate from the same spherical orbital [26]. For this range
of 35, Coriolis coupling is not supposed to completely al-
ter the picture [27]. A simple statically deformed core
with a deformation parameter of about 0.2 being exper-
imentally discarded, the necessity to resort to variable
moment of inertia (VMI) procedures in the rotor analy-
sis by Whisnant et al. [17] may reflect the need of relaxing
this condition. It is also worthwhile to note that all model
calculations [17,28] for the odd ruthenium isotopes with
rotor ingredients had, in order to obtain accord, to ad-
here to (32 values smaller, by about a factor of two, than
those experimentally determined for the even cores. An
additional complicator may arise if the recently disclosed
hexadecapolar degree of freedom [29] is to be considered.

Perhaps interacting boson-fermion model (IBFM) cal-
culations, which are able to intrinsically absorb a certain
softness and, if needed, also collectivity associated with
multipolarities of higher order, could provide systemati-
cally more consistent results. However, the two existing
IBFM studies do not publish spectroscopic factors for the
complete chain of Ru isotopes, presenting pick-up results
only on %“Ru (Ref. [30]) and 1°2Ru (Ref. [31]), both be-
low 1.1 MeV. Furthermore, these two calculations only
present spectroscopic factors associated to valence or-

bitals for °3Ru, being the information further restricted
to positive parity ones in !°’Ru. Thus, the challeng-
ing low-lying ! = 3 and | = 1 states cannot have their
properties confronted with theory. As far as their pre-
dictions go, Arias et al. [30] and Maino et al. [31] were
able to appoint the general trends for the strength dis-
tributions, respectively, for the hole states in °3Ru and
101Ry, but could not reproduce the spreading, especially
of the I = 2 strength. Both works concentrate impor-
tant [ = 4 strength in the first 7/27 levels, in accordance
with experiment. Besides this, in °3Ru, Arias et al. [30]
only foresee a second 7/2% state at 1.1 MeV to be pop-
ulated by pick-up with a relatively small spectroscopic
factor, but this state seems to correspond to a level seen
in (d,t) and (d,p) at 0.7 MeV and certainly not to the
strong [ = 4 excitation, observed at 2.2 MeV. As pre-
viously argued, it is felt that the interpretation of this
excitation pattern and of the low-lying odd parity states,
in addition to the rest of the systematic experimental in-
formation put into evidence by the present work, could
represent a quite stringent test on the premises of this or
other nuclear models.
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