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Single particle strengths in 103Ru with the 102Ru„d,p… reaction

M. D. L. Barbosa, T. Borello-Lewin, L. B. Horodynski-Matsushigue, J. L. M. Duarte, G. M. Ukita, and L. C. Gome
Instituto de Fı´sica, Universidade de Sa˜o Paulo, Caixa Postal 66318, CEP 05389-970, Sa˜o Paulo, SP, Brazil

~Received 10 June 1998!

The 102Ru(d,p)103Ru reaction was studied at the Pelletron-Enge-spectrograph facility up to 3.5 MeV with
the nuclear emulsion technique. In all 73 levels were populated and for 64 of them angular distributions are
presented. Through the usual distorted wave Born approximation analysis, transferredl values and the corre-
sponding spectroscopic factors could be attributed with certainty to 31 and doubtfully to;20 more excitations,
several of them new. Most of the one-particle strength is concentrated in the yrast levels, below 0.3 MeV. Only
the l 52 strength is appreciably fragmented. Even within the extended excitation energy range and with the
low detection limit of the present experiment, about half of the expected (d,p) strength remains undetected in
103Ru, in contrast to101Ru. @S0556-2813~98!00711-0#

PACS number~s!: 21.10.Jx, 25.45.Hi, 27.60.1j
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I. INTRODUCTION

Although having been intensely investigated for at le
two decades, the chain of ruthenium isotopes, as wel
several other nuclei in theA;100 mass region, still presen
challenges for both theoretical and experimental resea
The São Paulo Nuclear Spectroscopy Group has been
volved in experiments through which detailed information
the single particle and single hole neutron strength distri
tions for several Ru isotopes was obtained with the use
(d,p) @1,2# and (d,t) @3# reactions, taking advantage of th
good energy resolution and low background allowed for
the experimental setup. The results thus obtained, which
their quality mostly to the nuclear emulsion technique@3#
and to the good characteristics of the beam, could defini
assign values of transferred orbital momentuml to several
transitions in the isotopes studied and showed, in particu
a rather intense population of low-lying 7/22 levels in
101,103Ru @1,3#. Other features which pointed to singul
nuclear structure properties of the99–103Ru isotopes also ap
peared in systematic one-neutron pickup studies@3#: the
lowest-lying level, detected for each characteristicl of the
valence shell, always concentrates the highest spectrosc
intensity, is populated with an appreciable fraction of t
total expected strength, and lies, for the heavier isotop
mostly below 0.5 MeV. All spherical valence orbitals a
thus filling, irrespective of neutron number. No filling sy
tematic is apparent@2,3# and, for each orbital, not much frac
tionating is observed.

Furthermore, in the104Ru(d,t)103Ru reaction@3# an in-
tensel 54 transition, formerly unknown, was observed at 2
MeV of excitation, which was tentatively assigned as tra
ferring j 57/2 @3#. Although previous102Ru(d,p) data ex-
isted@4,5#, none of those studies covered the region abov
MeV. Also, former work@4,5# did not exhaust the expecte
102Ru(d,p) strength, in contrast to what the Nuclear Spe
troscopy Group found for100Ru (d,p) @1# and this could in
part be due to lack of detail and/or restricted excitation
ergy range in the previous studies. The present work
begun mostly to confirm the characteristics of the level at
MeV, but brought, besides a much greater detail for the
ready investigated@4,5# range of excitation energy, sever
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important new pieces of spectroscopic information@2#,
which challenge a theoretical interpretation.

II. EXPERIMENTAL PROCEDURE

The 15.0 MeV deuteron beam of the Sa˜o Paulo Pelletron
accelerator was focused on a uniform target of102Ru ~en-
riched to 99.35%!, after passing defining slits of 1.
33.0 mm2. The target was prepared by electron bomba
ment evaporation of metallic ruthenium powder onto a th
carbon backing@6#. The thickness of the ruthenium film wa
about 15 mg/cm2. The protons produced in the reactio
were momentum analyzed by an Enge split-pole sp
trograph and detected in nuclear emulsion. Aluminum fo
thick enough to absorb heavier reaction products, cove
the emulsion. The protons were observed at ten angles, f
Q lab58° toQ lab555°, and the exposed plates were scann
after processing, in strips of 200mm across the plates. An
energy resolution of 11 keV was achieved. The spectr
corresponding toQ lab545° is shown in Fig. 1 and can b
regarded as typical of the spectra measured at other ang

Relative normalization of the spectra was obtained
measuring with a current integrator the total charge collec
in an aligned Faraday cup with electron suppression, w
continuously monitoring the direction of the beam. Absolu
normalization of the cross sections was referred to opt
model predictions for elastic scattering of deuterons on
same target, measured under similar conditions. Elastic s

FIG. 1. Spectrum of protons atQ lab545°.
2689 ©1998 The American Physical Society
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TABLE I. Optical potential for the exit and entrance channels and potential which binds the transferred neutron.

V0 r 0 a0 W r w aw WD r D aD Vs0 r s0 as0 r c

Particle Potential ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~fm!

Proton BGa 55.17 1.17 0.75 1.48 1.32 0.61 35.19 1.32 0.61 24.80 1.01 0.75
PPb 50.54 1.25 0.65 54.00 1.25 0.47 30.00 1.25 0.47 1

LH c 111.85 1.05 0.86 39.96 1.43 0.78 14.00 0.75 0.50 1
Deuteron PPb 96.54 1.15 0.81 72.00 1.34 0.68 14.00 0.75 0.50 1

DA d 92.89 1.17 0.74 0.29 1.33 0.86 49.20 1.33 0.86 13.80 1.07 0.66

Bound neutron BGa fitted 1.17 0.75 l525

aReference@16#.
bReference@7#.
cReference@8#.
dReference@9#.
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tra were obtained at six laboratory scattering angles, fr
30° to 80°. Three families of optical potentials, from th
systematics of Perey and Perey~PP! @7#, Lohr and Haeberli
~LH! @8#, and Daehnicket al. ~DCV! @9# ~see Table I!, pro-
duced cross sections which differed, in the mentioned ra
of angles, by at most 6%. Considering furthermore the c
tributions of the target nonuniformity, plate scanning, a
statistics in the elastic scattering data, a maximum scale
certainty of 8% is estimated for the absolute cross sectio

III. RESULTS

The excitation energies shown in Table II are the avera
of the energies which resulted for each level in the sev
spectra, employing the calibration of the spectrograph
common use, which was obtained through the analysis@10#
of the 90Zr(a,a8) reaction up to 5.9 MeV of excitation
covering thus a great interval of bending radii. No transitio
were considered unless a peak could be discerned at th
propriate location in at least three of the spectra. For
most intense transitions, in particular those associated
levels belowEexc51.0 MeV, the totality of the ten spectr
determined the excitation energy values of Table II. The d
persion of the individual values around their mean, as m
sured through their standard deviations, is typically 2 ke
resulting in statistical uncertainties in the excitation energ
of <1 keV. In addition to these uncertainties a scale unc
tainty, to be discussed below, should be considered.

The previous stripping studies@4,5# were limited to a
couple of MeV of excitation energy. Their results are sho
in Table II in comparison with the present ones and also w
the results of the (d,t) work of the Sa˜o Paulo Group@3# and
the adopted levels@11#. The present experiment extended t
excitation energy interval analyzed by stripping reactions
to 3.5 MeV. The detection limit below;1.5 MeV is less
than 10 mb/sr and somewhat higher above this energy. F
tune et al. @4#, in their (d,p) study with deuterons of 14
MeV and an energy resolution of 12 keV, declare in m
cases total uncertainties of 5 keV in their excitation energ
which are thus in very good agreement with the present
sults. The work of Berget al. @5# was performed at a high
dispersion spectrograph with deuterons of 45 MeV, a res
tion between 8 and 12 keV, and has stated uncertaintie
2–3 keV in the excitation energies, but did not exceed
m
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MeV of excitation. Berget al. @5# studied both the (p,d) and
(d,p) reactions leading to103Ru, unfortunately with very
poor statistics. They argued that the lowest-lyingl 52 trans-
fer selects in the pickup reaction the known 5/21 first excited
state@11#, in agreement with the findings of the (d,t) studies
of Duarteet al. @3#. On the contrary, the stripping data we
taken by Berget al. @5# as indicating a preferential popula
tion of the 3/21 ground state. If, however, the level labeled
in present study was forced to correspond to the excita
energy zero, an average discrepancy of (23.360.2) keV
with respect to the excitation energies of the Nuclear D
Sheets~NDS! compilation @11# resulted, for the about 20
strong transitions~up to 2 MeV! for which a clear correspon
dence with levels reported ing ray studies@12–14# could be
established. This result points to an also preferential pop
tion of the first excited state at 2.81 keV@11# in the stripping,
as well as in the pickup reactions, in disagreement with
indication of Berget al. @5#, which was adopted by the com
pilation @11#. Niizeki et al. @14# in their analysis of103Ru,
following the study of theb2 decay of 103Tc, had already
argued in favor of this attribution.

Taking into account, furthermore, the experimental de
nition of the centroids of the peaks associated with level 1
the present study an energy value of (3.360.7) keV is fi-
nally attributed to this level. Inspection of Table II revea
excellent agreement between the level energies here obta
and those measured byg decay@11#. It may thus be pre-
sumed that the excitation energy scale uncertainty assoc
with the spectrograph calibration in use is rather small. W
estimate that below 2.0 MeV the scale uncertainty
<2 keV and it should not exceed 5 keV below 5.0 MeV
excitation energy.

It is to be noted that with respect to the recent Nucle
Data Sheets compilation@11#, in the present study many lev
els were seen which had not been formerly reported, in p
ticular above 2.2 MeV of excitation. In fact, the prese
study detected 73 levels, which are to be compared to the
ones~up to 2.0 MeV! and 18 ones~up to 0.77 MeV! previ-
ously known through the deuteron stripping reactions p
formed, respectively, by Fortuneet al. @4# and Berget al.
@5#.

Figures 2–5 display the experimental angular distrib
tions, for those transitions for which the cross section w



he adopted levels.

NDSd

eV

Eexc

Pea C 2S ~MeV! Jp

0.000 3/21

1 /2 1.11 0.00281 5/21

2 /2 0.072 0.136079 5/21

3 1/2 0.29 0.17426 1/21

4 7/2 2.07 0.21356 7/21

5 11/2 1.47 0.2382 11/22

6 5/2 0.16;0.22 0.2971 (7/22)

0.29748 (3/21)

7 ;3/2 0.10;0.13 0.34638 3/21

0.40415 7/21

8 5/2;3/2 0.35;0.44 0.40608 5/21;3/21

9 1/2 0.070 0.43206 1/21

10 ;3/2 0.17;0.20 0.50115 (5/2)1

0.5354 (5/21;3/21)

0.54821 (1/21)

11 0.55458 (1/21)

0.5577 ~9/2!

0.56287 (5/21;3/21)

0.56817 (1/21)

12 /2;3/2 0.21;0.25 0.59197 (5/2)1

13 0.6220 (5/21)

0.6537 15/22

14 0.66155 (3/2)1

15 0.6972 7/21;9/21

0.7352 (5/21)

16 1/2 0.086 0.73689 1/21

0.7488 (5/21)

17

0.7741 (11/21)

3/2 0.11;0.13 0.77477 (5/21;3/2)

0.87371 (5/21;3/21)

0.90305 (<5/21)
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TABLE II. Results of the present work in comparison with former one neutron transfer results and t

Present work (d,p)a (d,p)b (d,t)c

Ed515 MeV Ed545 MeV Ed514 MeV Ed516 M

Eexc Eexc Eexc Eexc

k ~MeV! l j C 2S8 ~MeV! l j C 2S8 ~MeV! l C2S8 ~MeV! l j

0.003 2 5/2 1.35 0.001 2 ~3/2! 1.44 0.000 2 1.40 0.002 2 5

0.136 2 5/2 0.012 0.139 ~2! (<0.01) 0.136 2 5

0.174 0 1/2 0.75 0.176 0 1/2 1.05 0.170 0 0.85 0.174 0

0.215 4 7/2 1.80 0.215 4 7/2 1.57 0.213 4 2.35 0.213 4

0.240 5 11/2 3.2 0.242 5 11/2 2.35 0.237 5 3.25 0.239 5

0.298 3 7/2 0.40 0.299 3 ~7/2! 0.26 0.295 ~1;3! ~0.17;1.5! 0.297 3 7/2;

0.347 2 3/2 0.060 0.350 2 ~5/2! 0.05 0.339 ~2! (<0.06) 0.346 2 5/2

0.405 2 5/2;3/2 0.82;0.92 0.405 2 5/2;3/2 0.94;1.1 0.401 2 0.85 0.406 2

0.433 0 1/2 0.027 0.435 0 1/2 0.08 0.429 0 0.06 0.432 0

0.501 2 ~5/2! 0.032 0.504 2 ~5/2! 0.02 0.499 ~2! (<0.05) 0.501 2 5/2

0.535 ~2! ~5/2! 0.03 0.541 2 0.14 0.540

~1! ~3/2! ~0.018! 0.548

0.553 0 1/2 0.046 0.551 0 0.06

2 ~5/2! 0.074

0.556

0.562 ~2! ~3/2! 0.13

0.591 2 ~5/2! 0.35 0.593 2 5/2 0.22 0.589 2 0.33 0.592 2 5

0.624 ~2! ~5/2! ~0.009! 0.626 ~2! ~5/2! 0.04

0.660 2 ~3/2! 0.251 0.661 2 3/2 0.18 0.658 2 0.24 0.662

0.697 4 7/2 0.71 0.697 4 ~7/2! 0.37 0.696 4 1.00 0.697

0.735 0 1/2 0.053 0.736 0 1/2 0.17 0.735 0 0.06 0.737 0

0.771 4 ~7/2! 0.30 0.774 ~0;2! ~0.1;0.03!

0.775 2 5/2;

0.855



NDSd

Eexc

Pea C 2S ~MeV! Jp

18 ~0.050;0.061! 0.90536 5/21;3/21

0.90764 (<5/21)
0.9116 (7/21)

19 0.92724 (1/21;3/21)
0.9313 (5/2;3/2)
0.94050
0.9544 ~3/2!

0.9916
20 1.005 5/21;3/21

1.0181 (5/2;7/2)
1.0204 (13/22)

21
1.06514 3/21;5/21;7/21

22 ~0.40;0.68! 1.0796
23 1.1067 1/21

~0.024;0.031! 1.1101 (5/21;3/2;1/2)
1.1106 (11/21)
1.1337

24 1.1406 ~5/2;3/2!
1.1713 ~1/2;3/2!
1.17408 ~3/2!

25
1.1999 13/21

26
0.050;0.062

27 2 0.036;0.043 1.245 5/21;3/21

28 1.2698
1.2882
1.3015 (19/22)
1.3136 11/21

29 1.3244

30 1.34712
31

1.3784
1.40098
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TABLE II. ~Continued.!

Present work (d,p)a (d,p)b (d,t)c

Ed515 MeV Ed545 MeV Ed514 MeV Ed516 MeV
Eexc Eexc Eexc Eexc

k ~MeV! l j C 2S8 ~MeV! l j C 2S8 ~MeV! l C2S8 ~MeV! l j

0.906 2 5/2;3/2 0.47;0.51 0.906 2 3/2 0.52 0.906 2 0.67 0.908~2! ~5/2;3/2!

0.928 0 1/2 0.008 0.928

0.942

1.003 2 5/2;3/2 0.049;0.053 1.005 2 0.09 1.005

1.057 ~4! ~7/2! ~0.17!
1.067

1.078 ~4! ~9/2;7/2! ~0.09;0.13! 1.080 ~4! ~9/2;7/2!
1.105 0 1/2 0.066 1.105 0 0.08

1.109 ~2! ~5/2;3/2!

1.138

1.182 2 5/2;3/2 0.039;0.045

1.215 2 5/2;3/2 0.031;0.035
1.238 2 5/2;3/2

1.248 2 5/2;3/2 0.165;0.186 1.245 2 0.26 1.251 2 5/2;3/
1.269 ~1;2! ~0.010;0.026!

1.322 5 11/2 1.37 1.320 ~3;5! ~0.4;1.0! 1.325
1.338

1.346 (<3)
1.370 ~4;5! ~0.29;0.41!

1.403



NDSd

V
Eexc

Pea C 2S ~MeV! Jp

32 1.43112
1.4437 (15/21)

33
1.4738

34
35 0.026;0.029 1.550 (5/21;3/21)
36 1.60447
37
38
39
40 1.7171

1.7304
41

0.05;0.06
42
43 1.8050 (1/21)

44 1.83588
45

1.88054

1.90614
46

47 1.96192 (5/21;3/21)
48 2.0037

49
50
51

2.1319 19/21

2.132 (23/22)
52
53 /2 1.6;2.7
54 2.20611
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TABLE II. ~Continued.!

Present work (d,p)a (d,p)b (d,t)c

Ed515 MeV Ed545 MeV Ed514 MeV Ed516 Me
Eexc Eexc Eexc Eexc

k ~MeV! l j C 2S8 ~MeV! l j C 2S8 ~MeV! l C2S8 ~MeV! l j

1.430 ~2;3! ~0.039;0.047!

1.461 ~2;3! ~0.052;0.058!

1.486 1.491
1.554 ~2! ~5/2;3/2! ~0.134;0.153! 1.55 ~2! ~0.15! 1.559 2 5/2;3/2
1.604
1.642
1.662 ~2! ~5/2;3/2! ~0.019;0.021!
1.699
1.717 (<2)

1.751 ~1;2! ~0.011;0.030!
1.756 1 3/2;1/2

1.780 ~2;3! ~0.031;0.043!
1.809 0 1/2 0.081 1.805 ~0! ~0.07!

1.817
1.834
1.876 ~2;3! ~0.045;0.063!

1.892

1.910 ~1! ~3/2;1/2! ~0.019;0.020!
1.916

1.962 2 5/2;3/2 0.253;0.284 1.96 ~2! ~0.35!
2.004 ~1;2! ~0.018;0.040!

2.022
2.058 ~2! ~5/2;3/2! ~0.022;0.026!
2.082 2 5/2;3/2 0.054;0.062
2.118 ~2! ~5/2;3/2! ~0.075;0.084!

2.137 ~2! ~5/2;3/2! ~0.016;0.018!
2.167 4 9/2 0.08 2.167 4 9/2;7
2.207

2.217



(d,t)c NDSd

Ed516 MeV

Eexc

Pea l j C 2S ~MeV! Jp

55 2.2236

56

57

1 3/2;1/2 0.04;0.05

1 3/2;1/2 0.07;0.08

58

59

60

1 3/2;1/2 0.013;0.018

61

62

63 2.57620

64

65

2.680 (23/21)

66

67

68

69

70

3.080 (27/22)

71

72

73

aRefe
bRefe
cRefe
dRefe
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TABLE II. ~Continued.!

Present work (d,p)a (d,p)b

Ed515 MeV Ed545 MeV Ed514 MeV

Eexc Eexc Eexc Eexc

k ~MeV! l j C 2S8 ~MeV! l j C 2S8 ~MeV! l C2S8 ~MeV!

2.224

2.232

2.248

2.280

2.299

2.384

2.405

2.436

2.489 (<2)

2.507

2.515 0 1/2 0.033 2.520

2.548 1 3/2;1/2 0.033;0.034

2.578

2.627 2 5/2;3/2 0.044;0.050

2.657

2.694

2.723

2.960

3.015 ~0;1! ~0.037;0.025!

3.062

3.204

3.325

3.512

rence@5#.
rence@4#.
rence@3#.
rence@11#.
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FIG. 2. Angular distributions for
102Ru(d,p)103Ru in comparison with DWBA pre-
dictions. The uncertainty bars represent contrib
tions of statistics, plate scanning, and backgrou
~and/or contaminant! subtraction and do not in-
clude any error in the absolute cross secti
scale. The levels are sequentially labeled and
corresponding energies are shown in Table II.
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aks
measured at, at least, five angles. The uncertainty bars
clude contributions of statistical deviations and uncertain
due to plate scanning, background subtraction, and rela
normalization.

The angular distributions were compared with predictio
of distorted wave Born approximation~DWBA! calculations,
with corrections to include finite range and nonlocality e
fects, performed by means of the codeDWUCK4 @15#. The
correction parameters for finite range and nonlocality e
ployed wereRFR50.62 fm, bd50.54 fm, bp50.85 fm.
The optical model parameters for the entrance and exit ch
nels were taken from the analysis of Perey and Perey@7# for
deuteron scattering, with the addition of a spin-orbit te
suggested by Lohr and Haeberli@8#, and from the analysis o
Becchetti and Greenlees@16# for proton scattering. The cap
tured neutron was assumed to be bound by a real pote
well of Woods-Saxon shape plus a spin-orbit term of
usual Thomas form. The parameters used are presente
Table I, under the labels PP and BG. Except for the 1g9/2,
3p, and 2f orbits, the neutron single particle orbitals tak
were those of the 50–82 shell.

Least squares fits of the DWBA results to the experim
tal angular distributions are shown in Figs. 2–5, wheneve
in-
s
ve

s

-

n-

ial
e

in

-
n

assignment of transferred angular momentuml was at-
tempted. The reduced spectroscopic intensitiesC2Sl j8 were
extracted through the relationship

sexpt~u!51.55 C2Sl j8
s l j

DW~u!

2 j 11
.

The values obtained forl and C2Sl j8 are also shown in
Table II. If different global prescriptions for the optica
model parameters are used in the entrance@7–9# and exit
@7,16# channels, a maximum variation of615% in the re-
duced spectroscopic factors occurs, while the shapes o
angular distributions are practically not changed.

Where comparison is possible, general agreement is fo
between the results of the present and former (d,p) works
@4,5#. Specific comments on the experimental results
made in the following.

The region around 0.55 MeV of excitation in103Ru is
recognized@11# as spectroscopically complex. In fact, th
Nuclear Data compilation@11# presents six levels betwee
535.4 and 568.17 keV, at least two of which have incons
tent spin attributions in the different experiments. The pe
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FIG. 3. Angular distributions for
102Ru(d,p)103Ru ~see Fig. 2!.
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associated in the present experiment with level 11, in
several spectra, are at least doublets and most probably
lets. A tail is clearly seen in the higher-energy region, but
peaks are, in most spectra, also broader in the lower-en
portion. The integrated angular distribution, which is sho
in Fig. 2, reveals, at the two most forward angles, a predo
nant l 50 contribution, at 552 keV of excitation energy. Th
spectrum at the minimum forl 50 (Q lab518°), however,
showed that admixtures of higherl are also present, but n
unambiguous excitation energy attribution could be made
good fit to the integrated angular distribution, consistent w
the information contained in the spectra, was achie
through a superposition ofl 51, l 50, andl 52 transfers~see
Fig. 2!. It is even possible that a fourth level contribut
somewhat to the integrated cross section. In the former (d,t)
work @3# three peaks were seen, the lower one at 540 k
being much weaker than the other two. Reanalysis of
published integrated angular distribution~see Fig. 6! showed
these higher-lying two peaks to possibly correspond tl
51 and l 54 components, predominating in that reactio
with a smaller contribution ofl 50 or perhapsl 52. The l
50 would correspond to the 554.58 keV (1/21) level, inte-
grated into these other two. Ifl 52 should be considere
instead, its contribution exceeds what could correspond
the intensity at 540 keV. The information available in t
e
ip-
e
gy

i-

A
h
d

V
e

,

to

literature for this region is conflicting. To begin with, th
weakly excited level at 535 keV was reported only by t
(d,p) study of Berget al. @5#, was not identified in their
published spectra, and is incompatible with the present fi
ings. The 541 keV level was separated by Fortuneet al. @4#
from their predominantl 50 excitation at 551 keV through a
peak-shape fitting procedure. The present study rulesl
52 excitation with the spectroscopic intensity proposed
Fortuneet al. @4# at as low an energy as 541 keV complete
out. Of the three levels identified in this region as (1/21) by
the compilation@11#, the lowest one, at 548.21 keV, has h
formerly an attributed spin and parity of (5/2)2 in the (n,g)
study@17# and in the older (a,ng) one@13#. The (n,g) work
@17# based its attribution on theE21M1 character deter-
mined for theg transition to the 297.3 keV state, which i
turn, as stated by the authors, decays by an (E11M2) tran-
sition to the 5/21

1 level. The Jp5(5/2)2 value would be
consistent with the 7/22 character for the intermediate stat
but Jp53/22 could possibly also accomodate the expe
mental information, and would then correspond to thel 51
excitation seen in (d,p) and (d,t). The 548.21 keV level is
not seen inb2 decay. On the other hand, the adopted leve
554.58 keV, seen inb2 decay@14# and (n,g) @17# which has
by both attributed (1/21), is most probably to be associate
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FIG. 4. Angular distributions for
102Ru(d,p)103Ru ~see Fig. 2!.
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with the predominantl 50 component located by the prese
work at 552 keV and at 551 keV by Fortuneet al. @4#. The
(a,ng) works @13,18# defined a~9/2! level at 557.7 keV, no
seen in the otherg ray studies, and this probably correspon
to the l 54 component seen in (d,t). Finally, all g works
locate a level at;563 keV with possibly (3/21,5/21) char-
acteristics, but present differing decay modes for it. T
level, if excited, should appear as integrated into the p
labeled 11, being seen as a tail. This tail could also conta
contribution to the 568.17 keV level seen in (n,g) and
(a,ng). This last level is now assumed to haveJp

5(1/21) @11#, but had, in the olderg works, (3/2,5/2,7/2)2

attributed to it@13#. The l 5(2) level located by Berget al.
@5# at 562 keV, and for which no angular distribution w
shown, cannot correspond to the present result, in view o
high spectroscopic strength.

Peak 17 was detected at eight angles, the correspon
excitation energy of 770.9 keV presents a standard devia
of only 1.6 keV, and the angular distribution displays a cl
l 54 transfer pattern. On the other hand, the104Ru(d,t) re-
action had previously populated@3# an l 52 excitation at 775
keV, which was associated with the adopted@11# 774.77 keV
(5/21,3/2) excitation formerly seen in the (n,g) @17#. Con-
sidering also the energy difference of 4 keV, the complem
s

s
k
a

ts

ing
n
r

-

tary transfer reactions are almost certainly exciting differ
states in this energy region. The angular distribution at 7
keV associated by Berget al. @5# with a superposition ofl
5012 could, in fact, be interpreted as due tol 54.

Peaks 21, 25, and 26 are new results of this work and
below the detection limit stated by Fortuneet al. @4#. Peak
35, contaminated at intermediate angles, shows an ang
distribution which is consistent with the formerl 52 attribu-
tions @3,4# and will be considered as sure in the computat
of the total strength. It is worth noting that the correspond
level energy of 1550~10! keV, adopted by Ref.@11#, is based
only on the former (d,p) work by Fortuneet al. @4#, being
thus in accordance with the other transfer results. Newl
52 and l 50 excitations were also seen above 2.0 Me
~levels 50, 64, and 61!.

Table II shows that the values of the reduced spec
scopic factors are in good agreement with those published
Fortuneet al. @4#, in general even better than if those we
affected by the estimated uncertainty of 50%, declared by
authors. An exception is the level number 6, where the d
crepancy, considering their tentativel 53 attribution,
amounts to a factor of 4. However, even in this case,
spectroscopic strengths extracted in both studies turned
compatible in reanalyzing the data of Fortuneet al. @4# under
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FIG. 5. Angular distribution for
102Ru(d,p)103Ru ~see Fig. 2!.
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the assumption, which is here preferred, which considers
transition associated with the 2f 7/2 orbital, of the next shell
and not with the 1f 7/2 one. The spectroscopic factors of Be
et al. @5# are, considering their declared uncertainty of 30
in agreement with the present ones, with an exception m
to the l 50 excitations, mainly those at 435 and 736 ke
The inspection of the corresponding experimental ang
distributions reveals a poor fit by the DWBA prediction
particularly in the region of the first valley, indicating po
sible problems of background or contaminant subtraction
their analysis.

IV. DISCUSSION

A. Comparison with results from gamma ray studies

Besides having been extensively studied by one-neu
transfer reactions,103Ru has formerly been observed in
series of other reactions through the detection ofg rays.
These results form the basis for most of the adopted le
@11# shown in Table II; therefore, the information is briefl
discussed.

Of the 19 levels seen, below 1.1 MeV, in theb2 decay of
the 5/21 ground state of103Tc @14# to 103Ru, only the 404.4
is

,
de
.
ar
,
-
in

on

ls
FIG. 6. Integrated angular distribution corresponding to pe

10111112 of Ref. @3#, detected in104Ru(d,t), respectively, at
540, 548, and 556 keV. The extracted spectroscopic intensity
each component is presented.
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keV level and the 562.9 keV one, besides the ground st
could not be discerned in the present study or in the prev
(d,t) one @3#. The neutron capture reaction on102Ru @17#
reports 47 levels below 2.6 MeV in103Ru. With exceptions
made to the ground state, the difficult region around 0
MeV and the triplet of levels at;0.91 MeV~seen as one in
the present work!, only three further levels@at 991.6,
1174.08, and 1730.4 keV, all adopted@11# exclusively with
basis on the102Ru (n,g) results# were not detected in trans
fer. The g decay following the neutron capture populat
preferentially the 3/21 103Ru ground state.

In contrast to the formerg ray studies, and in part due t
the possibility of a higher angular momentum transfer in t
reaction, 100Mo(a,ng) @13,18# populates several levels i
103Ru, below its detection limit at 2.1 MeV, which are n
observed in one-neutron transfer. Thus, of the 45 levels
tributed to this reaction by the Nuclear Data compilation
their summary@11#, even excluding the complex regio
around 0.55 MeV, 22 levels are not populated in any of
transfer reactions. Several of these have tentative spin a
butions which make them, in principle, accessible to o
neutron transfer. In particular, in the excitation energy reg
above 0.91 MeV there are about ten levels, which have o
been seen in the most recent@18# of the two 100Mo(a,ng)
studies. Some of them, as the 911.6 and 931.3 keV lev
could be smaller components integrated into neighboring
citations, but several of them would be isolated states
are, if existent, weakly excited in transfer.

Therefore, in contrast to what was determined under si
lar experimental conditions for99,101Ru @3#, several adopted
levels@11# in the low-excitation-energy region were not se
either in (d,p) or (d,t). The most intriguing situation refer
to levels which might be associated with (3/21,5/21): alto-
gether 24 such levels are reported below 1.11 MeV by R
@11#, but only about half are observed in transfer, in spite
the low detection limit of the present study. The situation
different for the two lighter Ru isotopes investigated. A
eight states which in this energy region have attributed s
parity (3/21,5/21) in 99Ru were detected in (d,t) @3#, and of
the 11 levels of this type existent in101Ru below 1.11 MeV,
only one was not seen in transfer@3#. These findings can
mean either that103Ru really presents a considerably mo
complex structure than99,101Ru or that theg ray studies were
able to reveal more detail for this nucleus.

B. One-neutron particle strength distributions

To complement the information already presented in
previous Brief Report@2#, Fig. 7 displays additional result
obtained in102Ru(d,p), for l 51 and l 53 transfers, which
lie outside theN550–82 valence space and were not fo
merly shown. Logarithmic scales are employed for the sp
troscopic strengths,Gstrip5C2S8, and thel 50, l 52, l 54,
and l 55 data are again displayed, this time showing o
those states where thel attribution is certain.

When the level spinJ is not known, the valence orbitalj
was taken in computing the strength. Forl 52, if the level
had not been attributed 3/21, j 55/2 was arbitrarily assumed
giving for those levels, where this assumption should pro
incorrect, a somewhat subestimated strength. Forl 51 and
l 53 transfers, in computingGstrip, respectively, the 3p3/2
te,
s
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and the 2f 7/2 orbitals were supposed.
Most of the levels strongly excited in stripping are al

excited in pickup@3#, as may be seen with the help of Tab
II. In particular, both reactions populate, contrary to previo
assumptions@5#, preferentially the first excited 5/21 state in
103Ru and not the ground state. The state at 2.167 M
reached by anl 54 transfer, which in part motivated th
present study, was, on the other hand, shown to be very l
excited through (d,p), displaying therefore a strong hol
characteristic and pointing on simple lines to a parentag
the 1g9/2 orbital. The high value ofC2S51.6 thus deter-
mined for this state through the104Ru(d,t) results is remark-
able, since this orbital belongs to the ‘‘closed’’N550 core.
In comparing103Ru with 101Ru, no such state is seen in th
lighter isotope.

In contrast to what is verified for the majority of the oth
levels, most of the states associated withl 51 transitions,
being thus states outside the valence shell, which were
tected in 104Ru(d,t) were not seen in the present study~see
Table II!. These weakly populated states are spread ov
wide excitation energy range and the associated h
strength, given by the (d,t) results @3#, is larger than the
particle one, seen in this work, considering only the s
attributions. This fact is taken as indicative that most of t
l 51 hole spectroscopic strengths formerly detected may
possibly associated with core excitations of the 2p orbitals
and should perhaps have their strengths revised, while
states reached byl 51 in the present work could be the pa
ticle ones, pertaining to the 3p orbitals of the next shell.
Only the lower-lying state of the two reached byl 55 in the
(d,p) reaction was also characterized in (d,t), as seen

FIG. 7. One-neutron particle strength distributions for103Ru.
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through Table II, but it has to be remembered that the de
tion limit for l 55 is higher than for the lowerl values, in
both reactions.

Figure 7 demonstrates that, for bothl 50 andl 52 trans-
fers, the values for the spectroscopic factors determine
the present experiment vary over two orders of magnitu
Only the l 52 strength is appreciably fractionated. If unce
tain l 5(2) attributions were considered, somewhat mo
strength could be added. However, besides the levels at 1
keV, already commented on, and the one at 2118 keV, e
of the other ones would correspond to values ofC2S8
<0.05. Several levels were excited throughl 50, but with
about an order of magnitude smaller spectroscopic fac
than the yrast one. The doubtfull 5(0) strength is very
small. In addition to the very-low-lyingl 53 excitation, there
could be some morel 5(3) strength in the energy rang
around 1.5 MeV, but corresponding each to an order of m
nitude smaller value ofC2S8 than that relatively strong tran
sition. Three certainl 54 excitations, which are probabl
associated with the 1g7/2 orbital, are seen below 1 MeV o
excitation. Only three other of the states detected could
l 5(4), all weaker than the certain ones. The detection lim
for l 54 transfer in the present study is estimated to lie be
C2S850.1 and to be aboutC2S850.2, for l 55. Only one
more state, at 1370 keV, could doubtfully bel 5(5), it then
being weaker by almost an order of magnitude than
strongest excitation.

C. Total spectroscopic strengths

Another way of employing the data for spectroscopic p
poses is to extract information on shell model vacancy in
ground state of the even Ru nucleus from which the reac
starts. Table III shows the summed spectroscopic stren
which could be associated, without doubt, with eachl trans-
ferred in reactions which start from the ground states of
nuclei 100,102Ru. As discussed in Sec. IV B, adding th
strength corresponding to transitions with doubtfull attribu-
tion would not alter significantly the picture. Occupancy da
((Gpick5(C2S) extracted from the analysis o
100,102Ru(d,t)99,101Ru reactions by Duarteet al. @3# and va-
cancy information ((Gstrip5(C2S8) from 100Ru(d,p)101Ru
@1# are employed to complement the results of the pres
work. According to the previous discussion, the contribut

TABLE III. Strength distribution for100,102Ru.

Isotope Orbital (Gstrip (Gpick (Gstrip1(Gpick 2 j 11

3s1/2 1.48 0.29 1.77 2
2d5/212d3/2 5.95 2.30 8.25 10

100Ru 1g7/2 5.6 1.8 7.4 8
1h11/2 9.5 0.6 10.1 12

Total 22.5 5.0 27.5 32

3s1/2 1.06 0.49 1.55 2
2d5/212d3/2 4.19 3.36 7.55 10

102Ru 1g7/2 2.8 2.3 5.1 8
1h11/2 4.6 1.2 5.8 12

Total 12.6 7.4 20.0 32
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of the l 54 transition to the state at 2.167 MeV fo
102Ru(d,p) was not considered in the vacancy value co
puted for 1g7/2 and, similarly in the occupancy, the streng
to the known 101Ru 9/21 level at 0.719 MeV@3# was not
included. Vacancy plus occupancy for each orbital is sho
in column 4, and should be compared with the limit (2j
11) or, for l 52, to the sum of the limits for 2d5/2 and
2d3/2. Therefore, in102Ru, experimentaly only 78%, 76%
64%, and 48% of the expected total strength associated
the 50–82 shell was detected, respectively, forl 50, l 52, l
54, and l 55. Lines 6 and 12 of Table III inform the
summed strength detected in (d,p) and (d,t) and the total
experimental strength associated with the shell model or
als of theN550–82 shell. For this shell an upper limit of 3
for the total strength is expected, while(Gpick should, for
100,102Ru, correspond, respectively, to 6.0 and 8.0 at ma
mum, under the assumption of aN550 closed core. It may
be appreciated that both (d,t) reactions located at least 83%
of the expected neutron particles in the100,102Ru ground
states, although spread among all available orbitals and
no apparent systematics in the filling pattern. Since
100Ru(d,t)99Ru reaction was only able to study the regio
belowEexc51.2 MeV, due to its relatively lowQ value and
the consequent contamination with inelastic scattering@3#, a
loss of;17% in strength is of no concern. In contrast, ev
with this possible loss, in100Ru, the total sum((Gpick
1Gstrip)valence exhausts 86% of the expectation, while,
102Ru, only 62% of the total expected strength was se
This is due to the very low value of(Gstrip for 102Ru, cor-
responding to a little more than half of the expectation. T
already commented characteristics of our experime
method rule out the possibility of an appreciable part
(d,p) strengths being simply lost below 3.5 MeV. It is to b
stressed that the104Ru(d,t) reaction@3# which also leads to
103Ru, previously studied, leaves 37% of the valen
strength outside the first 2.5 MeV of excitation~considering
the l 54 excitation at 2.2 MeV associated with the 1g9/2
orbital, as seems now probable!. This lack of intensity is
taken as evidence that it is difficult to form the odd neutr
103Ru nucleus starting from the ground states of the nei
boring even-even isotopes.

D. Systematics of the spectroscopic information

As already put forward in previous publications of th
Nuclear Spectroscopy Group@2,3#, one-neutron transfer re
actions which lead to the odd Ru isotopes show several
culiar characteristics: the strength is, for each of the vale
shell orbitals, heavily concentrated in the lowest state, exc
tion being made to the 2d3/2; the strength is widely sprea
among all valence orbitals; and for103,105Ru the 3/21 ground
states have small overlap with the ground states of th
neighboring even-even isotopes@2#. Besides, similar 3/21

levels exist in other Ru nuclei and in their isotones@2#. In
spite of several available theoretical interpretations which
first sight seem conclusive, the chain of Ru isotopes has f
long time defied a consistent description. In fact, on clo
inspection, it is verified that Whisnantet al. @19# had to take
the collectivity of the even98Ru core as almost half of wha
is experimentally verified, besides employing the varia
moment of inertia~VMI ! approach in their apparently ver
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complete interpretation of99Ru within a particle-symmetric-
rotor model with Coriolis coupling. Within a similar mode
Imanishiet al. @20# for 101,103Ru and Rekstad@21# for 103Ru
had also to resort to such decreased collectivity of the co
producing furthermore for the isotope here studied consid
ably discrepant results. A further difficulty verified in th
cited model predictions is that they are unable to put ne
tive and positive parity states on the same absolute en
scale. Interacting boson-fermion model~IBMF! calculations
that consider neutron and proton degrees separately see
do better@22,23#, but a definite evaluation of their succe
must wait for more systematic interpretations.

From an experimental point of view, it is interesting
compare levels with similar characteristics in this mass
gion. Such systematics has been presented in a prev
Brief Report@2#. Here, Fig. 8 completes the analysis sho
ing some of the there highlighted levels of the odd Ru i
topes on the same absolute energy scale as the ground
and the lowest quadrupolar excitations of their even-e
cores, taking into account the experimental mass excess

The mass ‘‘parabola’’ shows101Ru to be the tightes
bound odd isotope and, in general, displays the regularit
the evolution. In particular, the 11/21

2 level ~and the 7/21
2

accompanying@2# one! grossly follows the average values
the neighboring cores, but clearly comes down in ener
even on an absolute scale. In contrast, the 3/21 and 7/21

yrast levels follow in detail the behavior of the mean en
gies of the ground states of the neighboring even isoto
On this absolute energy scale the yrast 5/21 levels lie very
close to the 3/21 ones: at most 0.19 MeV below (97Ru) and
at most 0.03 MeV above (105Ru).

The 3/21
1 state merited special attention in the previo

publication@2#. It has a small overlap with the ground stat
of its even-even neighbors and is either the proper gro
state or lies very low in energy in the odd neutron nuclei
this mass region@2#. The addition of neutron pairs little af
fects the 3/21

1 state, as Fig. 8 indicates. The same is true
proton pairs@2# unless very close to the96Zr or Sn cores,
which have been since long detached for their semima

FIG. 8. Yrast levels of Ru isotopes on an absolute scale.
information was always taken from the most recent Nuclear D
Sheets compilation, except for the 1/21

1 level of 99Ru where the
(d,t) result @3# was preferred.
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character. On the other hand, the evolutionary behavior
the excitation energies of the 1/21

1 and 11/21
2 levels in the

isotones@2# clearly demonstrate that structure changes oc
as protons are added beyondZ538, even if the neutron num
ber is maintained the same.

A survey of the Nuclear Data compilations shows that
odd neutron nuclei in theA;80 region a low-lying 7/21

level ~which is the ground state of some nuclei, in particu
81Kr, 79Se, and possibly83Sr) is observed, it also being
weakly populated in one-neutron transfer reactions. T
state, sometimes called an anomalous coupling state, wa
some authors taken as resulting from a (1g9/2)

3 configura-
tion. In analogy, a (2d5/2)

3 coupling to 3/21 could be in-
voked for the yrast state of this spin and parity in theA
;100 mass region and explain its small population in o
neutron transfer. The puzzling ingredient in such assum
tions is that most (j )n states may not be quantitatively ex
plained by the usually taken pairing interaction energy.
important long-range interaction must be added to an emp
cal effective interaction@24# and, in fact forj >5/2, the state
with a resulting spin ofJ5 j 21 is sufficiently lowered. As
stated by Bohr and Mottelson@25#, an alternative interpreta
tion could be given in terms of a coupling to quadrupo
deformations, either dynamical or statical. For this interp
tation drawbacks also exist, as far as the 3/21

1 levels follow
the trend of the 01

1 states and not of the 21
1 ones and theg

decay pattern in the odd nuclei is not typical of collecti
excitations. The 3/21

1 level is, in particular in103Ru, linked
mostly to other (3/21,5/21) states which are also weakl
excited in transfer, such as the 5/22

1 level at 136.079 keV, the
3/22

1 one at 346.38 keV, and the 562.87 keV (5/21,3/21)
one @11#. Those levels are, incidentally, the most populat
ones, besides the ground state, in theb2 decay to 103Ru
@14#, starting from the 5/21 ground state of103Tc ~which, for
Z543, is not a valence shell single proton state!. In general,
two sets of levels, intraconnected by preferentialg decay,
may be discerned in103Ru, the first one being related to th
3/21

1 and the 5/22
1 levels, while the second one connects w

the 5/21 first excited state. Most levels also strongly pop
lated in the one-neutron transfer reactions, as the 7/21

1 at
213.56 keV, the (7/21

2) at 297.1 keV, and the 406.08 keV
(5/21,3/21) belong to the second set, while the 1/21

1 state at
174.26 keV, although strongly excited in (d,p), is clearly
more akin to the first set, whose levels are, in gene
weakly seen in the transfer studies. It is significant that
5/22

1 and 3/22
1 states which pertain to the here so-called fi

set of levels could not be explained by the particle-rotor
terpretation of103Ru @21#.

V. CONCLUSIONS

This section summarizes the principal conclusions wh
were drawn in this study and also refers to several res
from previous works of the Nuclear Spectroscopy Group
99–103Ru. It was shown that in102Ru(d,p), the 103Ru ground
state is weakly or not populated and, therefore, has a s
similarity with 102Ru in its ground state coupled to a sing
neutron. The complementary104Ru(d,t) reaction had al-
ready shown that, in an analogous manner, little overlap
ists between the ground state of this odd isotope and tha

e
ta
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104Ru and a neutron hole. If data collected through gam
ray studies are also taken into account, it seems that in103Ru
two sets of levels may be distinguished: one with states a
to the 3/21 ground state and populated inb2 decay from the
5/21 ground state of103Tc; and the other akin to the firs
excited 5/21 level and populated in one-neutron transf
The 1/21

1 level is an exception to this statement. In all,
levels were populated below 3.5 MeV in102Ru(d,p) and for
64 of them an angular distribution was presented. For
states a transferredl value could be attributed with certaint
and, for some 20 others, either a doubtful value or lim
were imposed. Severall identifications are new in the litera
ture, it being remarkable that at least five of them are s
attributions above 2 MeV. Thel 54 excitation at 2167 keV
was associated with the 1g9/2 orbital. It was shown that mos
of the strength is concentrated in few states, only thel 52
strength being appreciably fragmented. At this level of e
perimental detail, it is possible to argue that, up to the
perimental limit in excitation energy, a considerable fracti
of spectroscopic strength is lacking, in a similar but ev
more impressive way than was determined for104Ru(d,t).
All these observations may point to coexistence phenom
at low excitation in 103Ru, so that one set of levels is no
built on the ground states of the even neighbors. On the o
hand, for each transferredl value, it is always the state de
-

-

i-

le

M

.
nd
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1

s

re
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na

er

tected at lowest energy which concentrates the largest f
tion of the spectroscopic strength, in a manner which a
characterizes the lighter odd Ru isotopes. The behavio
these yrast levels can be followed along the isotopic ch
and presents several systematic features. The now w
documented strong and low-lyingl 53 excitation fits into the
overall picture established through the study of the other
Ru nuclei. Finally, it may be said that101,103Ru are now
experimentally well known.

From a theoretical point of view, on the other hand, the
seem to be still some ingredients lacking in the availa
theoretical interpretations of theA;100 region. In particu-
lar, it is clear that only a part of the spectrum of the o
nuclei will be explained, if calculations which start from th
neighboring even nuclei adding one single quasiparticle
performed. The greatest difficulties are probably to be
pected for103,105Ru.
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Köhler, I. Oelrich, and J. Scheerer, Nucl. Phys.A379, 93
~1982!.

@6# D. Pulino, G. M. Sipahi, G. M. Ukita, T. Borello-Lewin, L. B
Horodynski-Matsushigue, J. L. M. Duarte, W. G. P. Engel, a
J. C. Abreu, Rev. Bras. Aplic. Va´cuo 10, 87 ~1991!.

@7# C. M. Perey and F. G. Perey, At. Data Nucl. Data Tables17, 1
~1974!.

@8# J. M. Lohr and W. Haeberli, Nucl. Phys.A232, 381 ~1974!.
@9# W. W. Daehnick, J. D. Childs, and Z. Vrcelj, Phys. Rev. C21,

2235 ~1980!.
@10# L. B. Horodynski-Matsushigue and J. L. M. Duarte,Relatório
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