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The projectile-target system Ca+ Ni has been used to produce the neutron deficient N = 50
isotones Tc, Ru, and Rh at high angular momentum. The multidetector array NORDBALL
including particle selection was used. A large number of new levels were found in all three nuclei.
Most of them can be interpreted as states with a neutron particle-hole excitation across the N = 50
shell gap, coupled to lower valence-proton configurations. Some of the observed levels above 11 MeV
probably correspond to states with two neutrons excited across the shell gap.

PACS number(s): 23.20.Lv, 25.70.Jj, 21.60.Cs, 27.60.+j

I. INTRODUCTION

The N=50 isotones have, since the early days of the
shell model, attracted theorists and experimentalists. A
large number of calculations have been performed, from
Talmi and Unna [1], in 1960, Cohen et al. [2], Auerbach
and Talmi [3], Vervier [4], Ball et al. [5,7], Gloeckner
et al. [6,8], Chiang et al. [9, Amusa and Lawson 10],
Blomqvist and Rydstrom [12], Ji and Wildenthal [13, to
the recent work by Sinatkas et al. [14]. All these calcula-
tions have assumed an inert neutron core, and calculated
states formed by protons moving in the py/2) g9/2 or fs/2,
ps/2 pq/2, gs/2 shells.

A calculation of high-spin states assuming single-
neutron excitation to the ds 2 shell above the gap was
performed by Muto et al. 11]. The calculation was
used in comparisons with experimental high-spin states
in 94Ru with tentative spin assignments J = 17 [15] and
19+ [16], values which are above the maximum spin val-
ues of 15+ and 15 obtainable in the fs/2, p3/2, pg/sp g9/2
basis (Table I). The calculation fairly well reproduced
some of the positive-parity high-spin states observed [16].

Making use of recent advances in p-ray spectroscopy
combining multidetector systems of "ball" structure with
exit channel selection we have investigated the yrast
structure of Tc, Ru, and Rh up to very high angular
momenta using NORDBALL with particle channel selec-
tion [17]. The aim of the investigation is to interpret the

TABLE I. Maximum-spin values attainable for N=50 iso-
tones. It has been assumed that the configurations involve at
most one proton hole in fs/3, ps/z or one neutron particle in

5/2'

Nucleus

(pl/2 g9/2)
93 25+
43Tc

25
2

12+
13
25+

25

94R
44

4",Rh

Configuration space
(f5/2&ps/2& pl/2) g9/2)
31+
2

29
2

15+
15
27+

29
2

(p1/2 r g9/2 ) d5/2)
39+
2

39
2

19+
20
39+
2
39
2

high-spin yrast structure by shell-model configurations,
thus facilitating the choice of a restricted configuration
space to be used for calculations. The investigation also
gives the possibility to compare the experimental struc-
ture with recent calculations using a model restricted to
pz/2, ps/2, fs/2, g9/2 configurations and a Sn core [14].

Up to the present work the following experimental in-
formation was available on the N=50 isotones mentioned
above: Grecescu et al. [18] used the 92Mo(n, 2pn) reac-
tion in a study of 93Tc and reported an yrast sequence

up to a 2 state. Brown et al. [19] found a
2

iso-
meric state using the 99Zr(sLi, 3n) reaction. Quite re-
cently Ghugre et al. [20] published a level scheme of 93Tc
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with spins up to 2 and39+ 43

High-spin states of 9 Ru have been studied up to spin
(8+) by the (a, 2n) reaction [21], up to (17) by Nolte
et al. [15] by the 40Ca+ssNi reaction, and up to (19+)
by Piel et al. [16] using the 40Ca+soNi reaction.

The 4oCa+ssNi reaction was also used by Nolte et al.
[15] in a study of high-spin states in sRh. Levels with

spin values up to 2 and — were proposed.27+ 25—

II. EXPERIMENTAL PROCEDURES

The nuclei 9sTc, s4Ru, and 9sRh were produced by
the 40Ca+ssNi reaction at E(40Ca)=180 MeV using a
stacked target consisting of three self-supporting foils
with a thickness of 0.33 mg/cm2 each (ssNi enrichment
99.7%). The thin foils were at 0.2l-mm distance &om
each other, and were followed by a beam catcher 20-
rnm downstream. The Doppler shift corrections were
based on the value p = v/c=3. 7%. About 55x10s events
were recorded of which, according to a CASCADE calcu-
lation [22], 73 mb of the total cross section of 760 mb

(l „56ft) constituted the 5p reaction channel leading
to Tc, 37 mb the 4p channel leading to Ru, and 1 mb
the 3p channel leading to gsRh. In another experiment
the same nuclei were produced at E(40Ca) =187 MeV us-
ing a 10 mg/cm2 ssNi target. About 60x10s events were
recorded As.hort (1x10s events) run at E( Ca)=147
MeV increased the relative contribution of 95Rh (cross
section 30 mb) which facilitated the analysis of this nu-
cleus.

The particle beams, having intensities of the order of
1 particle nA, were delivered by the tandem booster ac-
celerator at NBI, Ris@, Denmark. The p rays were de-
tected in 15 BGO-shielded HPGe detectors situated in
three rings of the NORDBALL &arne [23] at?9', 101',
and 143' relative to the beam direction. The detectors
were energy and efficiency calibrated with Co, Eu,
and ssBa sources.

The present investigation was performed at high pro-
jectile energy in order to enhance high-spin states and to
get large yields &om a number of residual nuclei of inter-

est for the present investigation. This means that we had
to use a very efficient particle selection system in order
to detect the large number of outgoing particle combina-
tions (21 exit channels with cross sections )1mb). Such
a system [17,24] was developed for the NORDBALL de-
tection system in a collaboration between Kyushu Uni-

versity, Japan [25] and Chalmers University of Technol-

ogy, Sweden [26]. In the present setup the system was
adapted for spectroscopy of nuclei far &om stability in the
following way: In the forward hemisphere 11 liquid scin-
tillator detectors formed a "neutron wall" [26]. For this
setup the total neutron efflciency was s„0.25. Evapo-
rated protons and o. particles were detected by a 4x Si
ball consisting of 21 detectors, the total efficiency val-
ues were a~=0.80 and s =0.65 as quoted by Kuroyanagi
et al. [25]. At least two Compton suppressed p rays had
to be detected within 100 ns in the Ge detectors to-
gether with at least one charged particle in the Si ball in
order to generate a valid trigger and subsequently read-
out and store the events on 8-n1rn EXABYTE tapes. The
p-ray energy range covered is &om 40 to 4000 keV.

A more detailed account of the selection of reaction
channels was given in a preceding article [24] treating the
yrast level structure of the N=49 isotones 9 Tc, 9 Ru,
'4Rh, and "Pd.

III. DATA REDUCTION
AND EXPERIMENTAL RESULTS

The general procedure of finding a clean
coincidence matrix for a certain residual nucleus starts
by setting a gate in the particle identification spectrum
(Fig. 1) for the channel in question with the neutron
condition included, if appropriate. The "raw" matrix so
obtained is corrected for "leaks" &om reaction channels
with larger particle multiplicities. These leaks are mainly
due to the limited solid angle of the particle detectors.
The raw matrix is cleaned by subtracting appropriate
&actions of the matrices gated by larger number of de-
tected particles. This requires a good knowledge of the
projected spectra &orn all channels of higher multiplic-

1000-
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FIG. 1. Particle identification spec-
trum from the reaction Ca+ Ni at
E( Ca)=180 MeV. The spectrum is gated
by a twofold 7p coincidence.

200 1000
Channel number

1400



1332 H. A. ROTH et al. 50

ity. The subtraction procedure is performed by a trial
and error method.

The "raw" pp-coincidence matrices obtained by sort-
ing all events associated with 5p(ssTc), 4p(s4Ru), and
3p( Rh) emissions were corrected for contributions &om
reaction channels of higher proton multiplicities, &om
contributing xpn channels, as well as channels contain-
ing one or two n particles.

In the construction of the level schemes, the p rays
were placed in the scheme by use of pp-coincidence re-
lations and p-ray intensities. Primarily, the intensities
were obtained by summing the gain-shifted and efficiency
corrected contributions &om the rings at 101' and 143'.
The angles of the rings happen to be such as to justify
this procedure irrespective of the A2 coefficient of the an-
gular distribution (the A4 coefficient is negligible in this
context). The computer program EscLSR [27] was used
for control of the level schemes. This program allows fast
and easy inspection and fitting of the peaks in the pp-
coincidence matrix and is used to construct coincidence
spectra based on assumed decay patterns, which are then
compared to the observed spectra. In this way the pro-
gram works backwards &om the proposed level scheme,
and attempts to reproduce the observed pp-coincidence
matrix. Information on the p-ray anisotropies was ex-
tracted &om projected spectra recorded at 79', 101', and
143' with respect to the beam axis. The assignment of
level spins was mostly based on these anisotropies, de-
fined as R = 2I(143')/[I(79') + I(101')]. Considering
the high angular momentum brought into the compound
system, we assumed that essentially all observed transi-
tions have 1; ) Jf and most transitions have J; ) Jf.
Crossover transitions are generally expected to be of E2
character. The R values are obtained &om the thick tar-
get run except for a few high-energy transitions as noted
in the tables.

The use of a thin target, followed by a beam stopper,
makes measurements possible of lifetimes in the region
0.1—10 ns, simply by taking the ratio between the areas
of the in-fiight peak and the stopped peak &om the 143'
ring projection. A correction for the deorientation effect
can be obtained by analyzing also one of the rings at
79' and 101'. When feeding times can be neglected this
method should be as good as the standard recoil distance
Doppler-shift method.

A. Results for ~Tc

According to Nuclear Data Sheets [28] the available
information about the yrast states of Tc consists of a
positive-parity cascade 22 (4257 keV), 2 (2535 keV),

(2185 keV), 2 (1434 keV) to the 2 ground state

and a negative-parity cascade z (3889 keV), 2 (3281

keV), 2 (2185 keV), 2 (2145 keV). The two —states

are very close. The 2 state, only 0.44 keV above the

state, is isomeric, half-life 10.2 ps, and decays to the

and 28 level [19]. The half-life of the 22i level is
1.61 ns [29].
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FIG. 2. Tentative level scheme of Tc as populated in the
Ni( Ca, 5p) Tc reaction. The widths of the arrows are

roughly proportional to the p-ray intensities; they are not cor-
rected for the about 100-fold reduction caused by the 10.2-ps
half-life of the 2184-keV level. Energies are in keV.

Table II gives the p-ray energies, relative intensities,
intensity anisotropies, and the placement of the transi-
tions in the proposed level scheme of Tc (see Fig. 2).
Figure 3 shows a few pp-coincidence spectra. A plot of
the R values is given in Fig. 4.

Concerning the 1723-keV p ray, our R value 1.69+0.09
agrees well with the angular distribution coefBcients
obtained in the (a, p2n) reaction [18], viz. aq
+0.40+0.04, a4 ———0.06+0.08. When plane polariza-
tion results are not available, the usual interpretation of
such numbers is that the transition is a stretched E2. It
can, however, as well be a J m J transition with domi-
nating dipole part. There are strong theoretical grounds

[12] to prefer this latter interpretation, implying a
assignment to the 4257-keV level.

After the completion of our work on the decay scheme
of ssTc, a paper by Ghugre et ar. [20] about the»gh-
spin states of this nucleus was published. Their results,
although less detailed, are rather similar to ours, with,
however, two important exceptions: high-energy p-ray
transitions (E~ ) 2 MeV) have escaped their observa-
tion, and the 1723-keV transition is interpreted (as in

Ref. [18]) as a stretched E2 transition from a — level.
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TABLE II. Gamma-ray energies, intensities, and anisotropy ratios for p-ray transitions assigned to Tc.

E» (keV)

70.4

319.8
329.6

349.9

354.8

403.1

428.6

452.8

483.8

487.9

506.8

516.5

523.1

529.7

568.2

582.7

607.3

607.5

611.5
617.2

628.5

652.1

710.4

745.2

750.1

818.2

874.9

923.2

b

87(4)

36(3)

22(2)

474(8)

295(6)

38(s)

9(3)
59(3)

403(9)

124(4)

446(8)

360(7)

398(7)

221(5)

278(6)

418(8)

1011(15)

343(7)

397(7)

10(4)

30(8)

11(4)

i7(6)
498(10)

125(5)

24(s)

72(4)

0.75(7)
0.81(11)
0.88(15)
i.ss(s)'
0.78(2)
2.12(32)

0.29(24)

1.26(11)
0.83(3)
0.80(5)
0.72(2)

0.76(3)
1.58(5)
0.68(3)
0.55(2)

0.70(3)

1.52(3)

0.68(2)
0.73(2)

i.27(4)'

0.70(6)

0.60(15)
1.37(15)

29+
2

27
2
21+
2 2
21+
2 1
37
2 1

29
22
43
2
27+
2
29
22
2s+
22
33
2
31
2
29+
2
3S+
2

39
2
31+
2
35
2 1

~ 27+
2
25
2 2
19+
2

~ 17+
2
35
2 2

29
2 1

41
2

~ 2S+
22
27
2

~ 23+
2
31
2
29
2 2
25+
22
33+
2
37
2 1

~ 29+
2
33
2

25
2 1
33+
2
35
2 2
13
2
37
2 2
13
2
21
2
17+ ~2
23+ ~2
37
2 3
39
2

21
2
31+
2
33
2
11+
2

35
2 1
13+
2
21+
2 1
13+
2
21+
2 2
35
2 2
35
2 2

Tentative
assignment
J, -+J~ E» (keV)

972.1

1000.4

1023.3

1040.3

1095.6

1124.1

1194.2

1209.5

1215.2

1306.3

1399.2

1434.3

1516.2

1723.0

1743.1

1795.9

1946.0

2105.8

2129.5

2164.9

2245.5

2438.5

2460.2

2484.8

2541.3

2565.6

2968.9

3837.6

b
7

95(5)

iss(5)
67(4)

79(4)

1000(11)

2o(4)

9(4)

18(6)

15(6)

226(8)

28(4)

540(11)

5(3)

365(9)

19(4)

30(11)
16(6)

5i(5)
208(8)

49(4)

12(6)

64(4)

5s(4)

472(11)

12(7)

72(18)

io(3)

6(4)

R'

1.30(12)
1.7o(is)
1.05(11)
0.77(8)

1.64(4)

1.64(57)

1.5s(8)
0.85(19)
1.34(5)'

1.69(9)
1.23(50)

1.65(17)
1.45(15)

0.87(6)
1.80(33)

1.44(19)
1.74(15)
0.83(4)

1.54(25)

i.6s(5s)

1.19(3)

37
2 1
31
2

33
2

37
2 1

21
2

35
2 2
33+
2
33
2
35
2 2
25+
2 2

27
2
13+
2
11+
2
21+
2 2
19+
2
23+
2
43+
2

43
2
27+
2

25
2 2

41
2
25+
2 1
39+
2

27
2
23+
2

29
2 1

29
2 2
(41,4

2

33
2

27
2

29
2 2

~ 3S+
2
17
2

31
2

~ 29+
2

~ 31+
2

~ 33+
2

~ 21+
22
25+
2 1
9+
2

~ 9+
2
21+
2 1
17+
2

21
2

~ 39+
2
39
2

25
2 1

25
2 1

37
2 1

~ 21+
2 1
35+
2
25
2 1

~ 21+
2 1
25
2 1

25
2 1

3) ~ 39—
2

Tentative
assignment
J -+Ji f

b,E» = +(0.2—1.0) keV depending on the energy and intensity of the transition.
The p-ray intensity, I7, is corrected for detection efBciency and is normalized to 1000 for the 1095.6-keV transition.

'The p-ray anisotropy is de6ned as R = 2I(143')/[I(79') + I(101')j.
Not resolved.

'R value low (1.31+0.03) due to the half-life of the 2534-keV level.
R value from stacked target run.

These two differences have important consequences for
the interpretation of the results, as it leads to their miss-
ing of energy gaps, also at relatively low excitation en-

ergy, making part of the discussion inadequate. Also the
comparison with shell-model calculations will be affected
by their interpretation of the multipolarity of the 1723-
keV transition.

A minor (31 keV) discrepancy in the energies of the
and 2 levels is due to their neglect of the work of

Brown et al. [19]. In our measurements the order between
the 818- and 488-keV transitions could be chosen on the
basis of the weak 1796-keV 81 branch; this also fixed
the order between the 1306- and 523-keV lines. In the
negative-parity cascade, the only minor differences are
the positions of the weak part of the 607-keV doublet and
the weak 320-keV line. Ghugre et al [20] did observe .the
403-keV line but could not find a place for it, nor could
they explain the coincidences in the gates set on the 582-,
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FIG. 3. Typical pp-coincidence spectra of Tc from thick target run.
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FIG. 4. Gamma-ray anisotropies, R (see text), plotted
against the energy of the p-ray transitions in Tc. Only
p rays for which I» ) 0.05 I(1096 keV) are included.

611-, and 529-keV p rays.
It could be remarked in this connection that already in

the s2Mo(a, p2n) ssTc reaction several p rays did show up
clearly in the spectra ([18], Fig. 1, and Table III), but
could not be placed with the two-detector coincidence
technique available at that time. This is evident up to
and including the 2 and 2 levels. Thus, the increase
of angular momentum input &om about 15—20 units to
about 56 units has yielded less than 50% increase in the
observed level spin, a rather noteworthy fact.

lt is also notable that the 2 level is much less pop-

ulated than the 2 one; in the five other cascades ob-

served in the present work the big jump in the p-ray fiow
occurs at the spin and parity given in the last column of
Table I.

The half-life of the first 2 level was found to be
1.82+0.1 ns, in agreement with the value 1.61+0.10 ns
obtained in Ref. [29] by direct timing (the value, uncor-
rected for deorientation, was 1.77 ns).

B. Results for 94Ru

The level scheme of s4Ru deduced &om the present
work is displayed in Fig. 5. Figure 6 shows some co-
incidence spectra and Table III gives the p-ray energies,
relative intensities, anisotropies, and the placement of the
transitions in the proposed level scheme. A plot of the R
values is given in Fig. 7.

The agreement with the level scheme proposed by
Nolte et al. [15] is complete for the positive-parity cas-
cade downwards &om the 9041-keV level (17+) and &om
the 5568-keV level (13 ) for the negative-parity cascade.

A number of isomeric states are established in Ru
[15]. In the positive-parity cascade the following half-
lives are known: the 6+ state at 2498 keV, 70 ns, the
8+ state at 2645 keV, 71 ps, and the 12+ state at 4717
keV, 35 ps. In the negative-parity cascade the 5 state
at 2625 keV has a half-life of about 0.5 ns and the 11
state at 4489 keV a half-life of 780 ps.

In a comparison with the level scheme proposed by Piel
et al. [16], we agree about the positions of the 19+ and
18+ states (9920 and 9526 keV, respectively). The 13
state is also proposed there at 5568 keV.

The observation of the weak crossover transitions in
the present work Grmly establishes the order of the dipole
transitions and hence the levels in the positive-parity cas-
cade between spins 13+ and 20+.
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TABLE III. Gamma-ray energies, intensities, and anisotropy ratios for p-ray transitions assigned to Ru.

E~ (keV) b R'

Tentative
assignment

J, +Jf E~ (keV) b R'

Tentative
assignment

J7I ~ J7l
i f

119.7
120.1
126.5
137.0
139.6
146.1
150.7
227.4
229.8
256.?
257.3
259.7
267.2
281.6
291.7
301.7
311.4
325.2
349.0
368.3
383.9
394.3
398.1
401.9
415.4
437.7
461.9
464.8
483.8
484.7
495.0
498.0

11(1)
is(i)
52(2)
7(1)

168(2)
2(1)
7(1)
8(1)

153(3)

245(2)
41(2)
24(1)
30(1)
198(2)
8(2)
66(2)
33(2)
6o(s)
43(2)
27(3)
92(3)
41(2)
17(2)
25(2)
113(3)
37(3)
31(2)

143(4)
396(5)
423(4)

0.76(11)

0.81(6)

0.82(2)

1.18(26)

0.87(3)

0.82(2)
0.89(5)
1.08(8)
0.78(5)
1.34(3)

1.25(6)
0.90(6)
0.60(5)
1.60(9)

0.76(4)
0.85(6)
0.86(13)
0.77(9)
1.09(4)
0.68(8)
0.68(9)

o.76(s)
0.76(2)
0.98(2)

1?l m 16'
14' —+ 14'
5 m6+
15+ -+ 15+
18' m 172
8+ ~6+
11 -+ 92
12+, ~ 11
15, m14,
13 + 12
1?y M 16'
16' —+ 15~

9i m 8q

16' m 154
11 m9
14' m 14'
6+ m4+
172 m 16~
152 —+ 142
15~ —+ 15'
14~ —+ 13~
19' + 18+
162 m 15~
18' —+ 18+
182 m 17~
5 m4+
152 m 142
15~ m 14'
(22, 23)
18+ m 17+
16' —+ 152
ll m 10+

(21, 22);

501.0
503.3
510.8
515.6
531.6
539.6
543.0
581.8
584.2
597.5
603.7
610.6
615.3
615.7
630.2
638.0
654.1
674.4
680.9
683.8
701.1
707.7
725.0
725.3
733.3
752.1
755.9
792.4
793.4
863.6
867.0
879.3

7i(2)

si(2)
103(3)
47(2)
i79(s)
362(4)
27(3)
58(s)
74(3)
13(3)
49(3)
223(4)

212(3)
165(3)
36(2)
104(3)
16(2)

39(3)
18(2)

518(5)
43(2)
82(2)
198(3)
179(s)

17(3)
11(3)
29(3)

O.72(4)

1.05(11)
0.81(5)
0.90(7)
1.25(s)
0.81(2)
O.77(i6)
O.79(7)
1.42(8)

0.57(7)
0.67(2)

0.72(2)
0.72(2)
0.68(6)
1.76(5)
1.14(19)

0.94(10)
0.59(10)

1.62(3)
1.56(11)
0.73(4)
1.24(3)
0.81(3)

0.86(24)
1.37(48)
2.07(29)

16+ ~ 15+
14~ m 13~

19 + 18'
15~ -+ 14'
9i + 7
14+ ~ 13+
154 —+ 14~
15~ m 142
20' m 19
15~ m 15'
16~ + 154
15+ + 14+
182 m 18,
17+ m 16+
16+ ~ 15+1

1?2 m 162
18' M 17'
9 m7
21+ m 20+

154 m 14~

16' m 14~
12' m 10+
152 —+ 13~
15+ m 14+
4+ m 2+

172 m 16'
18' m 162
(23, 24) -+ 22

(21, 22)~ m (21, 22)i
19+1 ~ 17+
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TABLE III. (Continued)

E~ (keV)

886.8
931.9
963.4

1033.3
1078.8
1113.4
1115.6
1158.8
1168.8
1190.4
1215.8
1225.1
1240.1
1253.8
1268.5
1288.0
1295.5
1344.0
1347.1
1392.6
1412.9
1430.7
1432.1
1477.9
1553.2
1554.0
1582.8
1641.0
1691.0
1718.3
1764.3

b

si(3)
iss(s)
13(3)
186(3)
590(5)
338(5)

53(3)
is(2)
98(s}
i7(s)
11(2)
i2(2)
28(2)
25(2)
15(2)
si(s)
102(3)
1000(6)
31(4)
9(4)

241(5)
6(3)
40(2)
30(2)

9(3)
11(2)
4(2)
6(3)
i2(2)

R'

0.87(10)
1.48(6)
0.82(33)
1.28(4)
i.6i(s)
i.s4(4)

1.59(14)
1.22(20)
1.49(7)

0.82(21)
0.73(18)
1.88(23)
1.92(27)
0.68(11)
1.30(13)
1.01(5)
1.46(2)
1.06(21)

1.20(5)

i.29(9)
1.07(10)

i.37(S8)

1.80(56)

Tentative
assignment
J, wJg

181 m 17+
181 —+ 161
15, m15~+
7 -+5
131 —+ 11
201 m 181
18+ m 16+
15+ + 13+

19 m 171
23 + 211
16, m 15,+
23 M 22
16+ + 14
17+ w 15+,

17~ m15~
15+ m 13+
15~ ~ 14
10+ ~ 81+

(22, 23) -+ 212
212 -+ (20, 21)
2+ ~0+
8+ ~6+
(24, 25) m (22, 23)
91 m81
(2S —27)- + (24, 2S)-
15, m13,
12+ ~ 12+
163 m 15
173 ~16+
14,+ w 12,+

E~ (keV)

1795.3
1868.5
1881.3
1897.9
1907.1
2011.6
2035.8
2039.9
2156.2
2200.4
2283.8
2377.6
2402.0
2410.0
2430.0
2440.8
2508.6
2565.4
2584.5
2704.1
2805.2
2854.7
2897.1
3019.0
3184.8
3322.7
3452.6
3632.9
3702.8
3763.7

b

6(2)
33(3)
22(2)
483(6)
11(2)
s2(s)
19(2)
28(2)
6(s)

iso(s)
31(3)
io(2)
55(3)
io(2)
10(2)
10(2)
9(3)
6s(3)
123(3)
iss(3)
7(2)
6(2)
7(2)
7(2)
s(2)
6(1)
7(2)
4(1)
4(i)
3(1)

R

0.76(10)
1.18(19)
1.00(2)
0.79(25)
1.40(13)
0.73(14)
1.16(36)

1.67(8)
1.03(14)
1.19(21)
0.40(4)
i.27(S6)

1.71(12)
0.86(4)
0.93(4)

0.58(24)
0.60(21)
1.85(48)
1.24(57)
0.71(30)
1.46(52)

22 -+ 20
211 —+ 201
(20, 21) -+
(20, 21)+, -+
133 -+ 131
122+ + 10+
202 m 182
141 —+ 131
19~ + 17+
132 M11
141 —+ 12+
(20, 21)s+ -+
151 -+ 131
14' -+ 131
143 —+ 131
(22, 23) -+
21' m 20
(21, 22)i
20+ m 191
213 —+ 201
14+ + 121+

21' —+ 19
(21, 22)s -+
21+ + 19+
(21, 22), m

19
19+

19+

(2o, 2i)-

201

201

201

Tentative
assignment
J, wJf

(20, 21)+ m 19+
123 —+ 11
202 —+ 201
13+ —+ 121

DE„=+(0.2—1.0) keV depending on the energy and intensity of the transition.
The p-ray intensity, I~, is corrected for detection eKciency and is normalized to 1000 for the 1347.1-keV transition.

'The p-ray anisotropy is de6ned as R = 2I(143')/[I(79') + I(101')].
Not resolved.

Further, sunnned intensities of the high-energy transi-
tions in the range 2—3 MeV directly feeding the 13 state
and not observed in previous works [15,16] indicate that
the low-energy transitions observed in coincidence with
the 1079-keV line which deexcites the 13 state should
be placed much higher up in the negative-parity cascade.

Since Piel et al. [16] did not find a place for the 501-
keV p ray, they made the wrong choice for the position
of the 16+ level, and they did not observe the decay of
the weakly populated 82+, 122+, 12s+, and 142+ levels at all.

Concerning the negative-parity states, we agree with
Refs. [15,16] up to and including the 13 level at 5568
keV, except that we 6nd a second 9 level at 4338 keV.
The B(E2) values for the two transitions from the 11
level are equal within errors (cf. the discussion). Above
5568 keV, a number of transitions of 2—3 MeV depopulate
a large number of close-lying levels, which have not been
reported before. A few of the transitions between these
levels were seen also in Ref. [16], but placed in other
ways.

2.2-

Q
14-

U

I

10-

0.6-

0.2-
I

500
I

1500

E:,(keV)

I

2500

FIG. 7. Gamma-ray anisotropies, R (see text), plotted
against the energies of the p-ray transitions in Ru. Only
p rays for which I~ ) 0.05 I(1347 keV) are included.
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Q. Results for Rh

From the coincidence measurements and the p-ray
anisotropies we obtain the level scheme of Rh displayed
in Fig. 8. Two coincidence spectra are presented in Fig. 9
and a plot of the R values in Fig. 10. The information
obtained is presented in Table IV.

Two isomeric states were found by Nolte et at. [15].
The '2 state at 2236 keV has a half-life of 19 ns [30]
and the 2 state at 2448 keV a half-life of 2.1 ns. The
agreement with the level scheme proposed by Nolte et al.
[15] is almost complete up to spin values of 2s and 2s

the only exception being that we 6nd a second 2 level
at 2463 keV. The B(E2) value of the 185-keV transition
&om the 2 level at 2448 keV is about four times larger
than that of the 381-keV transition (see the discussion),

viz. 4.5 W.u. against 1.05 W.u.
Not having noted the 2489-keV line, Nolte et al, . [15]

placed the higher p rays in the wrong order and were, e.g. ,
not able to find the 2 level at 5457 keV. For this and
higher levels in the positive-parity cascade, our ordering
of p rays is supported by a number of weak transitions.

As could be expected, also the negative-parity struc-
ture of Rh is quite similar to that of Tc, with the

cascade at the bottom. The three
weak transitions observed in Ref. [15] are now placed on
top of the 7845-keV level; the other p rays have not been
reported before.

Just as for ssTc and ~4Ru there are intensity jumps
high up in the level scheme. Thus, the visible 2s level
feeding is only one-third of what goes out, and the corre-
sponding ratio for the 2 level is little more than one-
half.

TABLE IV. Gamma-ray energies, intensities, and anisotropy ratios for p-ray transitions assigned to Rh.

E~ (keV)
92.8

114.1

169.0

185.2

261.0

293.8

333.3

344.4

381.5

447.5

467.6

479.4

485.6

548.9

582.9

661.3

667.4

690.5

716.2

753.7

769.9

809.7

813.3
830.1

912.9

26(5)

12(4)

372(11)

47(6)

252(10)

47(9)

78(9)

96(11)
407(13)

35(15)

37(12)

50(11)

112(18)

259(18)

362(20)

57(10)

504(18)

193(12)

901(21)

196(15)

26(10)

30(11)
29(10)

25s(i2)
76(16)

R'
0.56(20)

1.15(5)
1.23(39)
0.89(6)

0.66(16)
0.85(25)

i.s6(7)

0.69(40)

0.63(20)

1.12(16)
0.69(7)
0.68(22)

1.48(9)
0.87(10)
1.14(4)

2.10(31)

1.60(94)

1.71(15)
1.99(88)

Tent

2g+
2

29
2 1
17
2
21+
2 1

37
2

29
2 1

33
2
33+
2
21+
2 1
31
2
43+
2

29
2 2
35+
2

35
2

31. +
2
27+
2

25
2 1
39
2
17+
2 1
2g+
2

35
2
37
2

31
2
35+
2
xv+
2 2

ative assignment
J, —+J~

27+
2

27
2
17+
2 1

~ 17+
22

35
2

25
2 2

31
2

~ 3].+
2
17+
2 1
29
2 2

~ 4&+
2

27
2
33+
2

33
2

~ 2g+
2

~ 25+
22

21
2
37
2
13+
2

~ 25+
22

~ 35+
2
33
2

29
2 1
31+
2

~ 13+
2

E» (keV)
951.7

1004.8

1147.2

1216.4

1250.1

1274.7

1306.7

1350.7

1441.8

1734.4

1792.7

1997.3

2021.4

2396.1

2488.5

2496.4

2676.6

2790.3

2848.1

3091.9

3238.6

3522.4

3559.2

I
s6(is)
500(12)

195(9)

36(10)
183(13)

429(16)

35(11)
1000(17)

29(10)

254(12)

33(10)

15(9)

49(13)

22(7)

142(12)

73(8)

37(6)

206(9)

16(8)

24(7)

19(8)

iO(4)

i7(4)

R'

1.66(8)
1.54(14)

1.53(16)
1.80(12)

1.20(4)

1.58(14)
1.45(73)

1.72(29)

1.94(44)

1.73(9)

0.56(30)

1.37(66)

27
2

29
2 1

25
2 1

25
2 1

(41,43) 39—
2 2 2

41+ 39+
2 1 2

41+ ~ 39+
22 2

(41,43) — 3g—
2 3 2

43+ 39+
2 2

Tentative assignment
J; wJf

39 35
2 2

21 17
2 2

33 29
2 2 1
25+ ~ 21+
22 22
3g+ 35+
2 2
25+ ~ 21+
21 21

41 39
2 2
13+ 9+
2 2

(45,47) + 43+
2 2

25+ 25+
22 21
21+ ~ 21+
22 21

41 37
2 2

(41,43) 39—
2 1 2

27+ ~ 25+
2 2
29+ ~ 25+
2 2 1

25 25
22 21

AE~ = +(0.2—1.0) keV depending on the energy and intensity of the transition.
The p-ray intensity, I~, is corrected for detection efficiency and is normalized to 1000 for the 1350.7-keV transition.' The p-ray anisotropy is defined as R = 2I(143')/[I(79') + I(101')].

R value low due to the half-life of the 2236-keV level.
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FIG. 8. Tentative level scheme for Rh as
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FIG. 10. Gamma-ray anisotropies, R (see text), plotted
against the energies of the p-ray transitions in Rh. Only p
rays for which I„)0.05 I(1351 keV) are included.

IV. DISCUSSION

A. Discussion of levels of Tc

The experimental level scheme in Fig. 2 is reproduced
in a slightly truncated form in Fig. 11, with the levels
ordered according to their structural character. The ex-

The use of multidetector arrays allows the yrast level
schemes to be determined up to and in favorable cases
above the spin values corresponding to the highest an-
gular momenta attainable with the configuration spaces
used in shell-model calculations. Thus, we can now com-
pare experimental and theoretical yrast levels over a large
range of excitation energy.

The maximum angular momenta that can be generated
in model spaces limited to the orbitals pi~2, gs~q, or fs~2,
ps)2, pl(2& ggy2& or piy2, gs~2, dsy2 are given in Table I.
The experimental maximum spin values can be compared
with those given in the table, and it can be decided if the
configuration space chosen is sufficient for description of
the observed states.

As mentioned in the Introduction a large number of
shell-model calculations have been performed for the
N=50 nuclei [1—14]. All of these except one [11] have
assumed a closed N=50 neutron core, and described the
states at low excitation energy in terms of valence pro-
tons within the pi~2, gs~2 or fsy2, psg2, pi~2, gsy2 shell
groups. Comparisons of calculated and experimental en-
ergies show in general very good agreement, in particu-
lar for those calculations [8,12,13] which determine the
effective two-body interaction matrix elements by fits to
experimental energies. The present experiment has iden-
tified a large number of states in Tc, Ru, and Rh at
higher energy and spin, most of which can be described
as a neutron particle-hole excitation vd5~2g~&2 coupled to
the valence proton states.

perimental excitation energies of the pure proton states
are compared in Fig. 12 with the calculated energies &om
the recent work of Sinatkas et al. [14]. The agreement is

very good, in particular for the yrast 2, 2, 2, and

states, which are dominated by the p~&2g9&2 config-

uration. The agreement is less perfect for the

states and the 2 state, which belong to the

pi~2gs&2 and gs&2 configurations, respectively. This dif-

ference can be traced to the large spacing between the
single-hole energies of p&&z and gz&z in In, which was

taken to be 1.85 MeV in [14], while the corresponding
values are 0.39 MeV in [8, 0.33 MeV in [12], and 0.55
MeV in [13].

The highest-spin state of the f~&2p, &2gs&2 configura-

tion, which has been tentatively identified with the
level at 6453 keV in Fig. 11, is calculated about 1 MeV
too high [14]. Previously, there has been no experimental
constraint of the f~&z proton-hole energy in heavy N=50
isotones.

In order to interpret other states with spins ( 2, the
proton configurations vr(pi~2, gs~2) are combined with a
neutron vds~2g~&2 excitation. The energies of such states
have been calculated by Muto et at [11]. .This neutron
configuration is the most relevant one for yrast and near-
yrast states in @sTc, since g &z

is the only high-spin hole

orbital, and since d&~2 is the lowest particle orbital above
N=50, well separated in energy from the g7/2 and hii~2
orbitals. We associate the observed levels from 2 to

with the 7r(p2i&2gzs&2) v(ds~2gz&z) configuration, the

levels from 2 to 2 with the 7r(piy2gs&2)v(dsy2g~&2)

configuration, and the 2 level at 10271 keV with the
highest-spin member of the 7r(gss&2) v(ds~2g~&'2) configura-
tion. These assignments are indicated in Fig. 11.

The energies of the unique 2, —,and 2 states,35+ 39 39+

which are the maximum-spin members of these three con-
figurations, have been calculated by using the experimen-
tal energy of the v(ds~2g&&z)7+ state in ssSr, adding the
proton-neutron interaction energies derived from levels
in %=49 and 51 nuclei. The calculated energies are 7850
keV ( 2 ), 9410 keV ( 2 ), and 10060 keV ( 2 ). The
good agreement with the experimental energies for the
first two states gives a strong indication that these con-
Bguration assignments are correct. The agreement is less

perfect for the 2 state, leaving some uncertainty re-
garding the interpretation of this state.

The levels in the even-parity cascade below 2 are

suggested to belong to the 7r(pi&2g&&2)v(dsy2g~&z) con-

6guration, &om the strongly favored transitions between
states within this group. Ml and E2 transitions to other
states from the levels at 6087 keV ( 2 ), 6016 keV ( 2 ),
5564 keV ( 2 ), 5076 keV ( 2 ), and 4257 keV ( 2 )
are either not observed or proceed with very small rel-
ative transition rates. By similar arguments the levels
in the odd-parity cascade at 9419, 8851, 8496, 7879,
7372, 6856, 6372, and 6052 keV are assigned to the
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5/2g9/2~ FIG. 11. Structural scheme for Tc,
showing a representative selection of levels
and transitions.
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13/2+

2184 17/2— 2184f13/2 2145
1516

1434 PROTON STATES 7r( )

9/2+

PROTON STATES 71 (+)

&(pi~2gs&2)v(ds~2g~&2) configuration. No firm interpre-
tation is given for the weakly populated levels at 9371,
9138, and 8486 keV.

The structure of the levels above ll MeV with spins
has not been uniquely identified. Several possibil-

ities exist, e.g., a v(hii~2g~&2) one-neutron excitation or

a v(ds&2g~&2) two-neutron excitation combined with the

five-proton structures, or the v(d&~2g~&z) excitation cou-

pled to six-particle —one-hole proton structures with the
proton hole in the f&~2 or ps~2 shell. The experimental
data for these highest levels is not sniRciently informative
to allow a choice between the different alternatives.

B. Discussion of levels in 94Ru

The experimental level scheme is given in Fig. 5. The
levels with probable configuration assignments are repro-
duced in Fig. 13. Those levels which are interpreted
as pure proton states are compared with the calculated
spectrum of Sinatkas et al. [14] in Fig. 12. The en-
ergy agreement is very good for the even-parity states
up to 12+i with the main configuration x(pi2&2g94&2). The
odd-parity states up to 13i with the main configuration
n'(piy2g9&2) and the 122+ state of the n(gs&~) configura-
tion are systematically calculated too high compared to
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FIG. 12. Comparison between theoretically predicted (Sinatkas et al. [14]) and experimentally estabhshed yrast levels in
Tc, Ru, and Rh. Mainly yrast levels thought to be described by a p, fs&2, gsgz configuration are shown.
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and transitions.
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the 7r(pi/2ge/z) states. This situation resembles closely

the analogous comparison for sTc, and is understood
as a consequence of the too large spacing between the

pi/q and g9/2 shells used in the calculation. The exper-
imental levels at 6919 keV (13 ), 7970 keV (14 ), 8133
keV (15 ), and 8039 keV (14+) are tentatively associated
with the calculated states having one proton hole in the
deeper fz/2 or ps/q shells (Fig. 12).

The energies of the 19+, 20, and 19+ states, which are
the highest-spin members of the m(pi/2gs/2") v(dz/2gs/2)
configurations with n=2, 1, and 0, respectively, have been
calculated by the same method that was used above for
ssTc. The resulting calculated energies, 9960 keV (19+),
11010 keV (20 ), and 11300 keV (19+) agree well with
the experimental values.

The even-parity levels in the cascade from 19+ at 9920
keV down to 12+ at 6358 keV are all assumed to belong
to the n (p2i/2g9/~) v(d5/2g9/'2) configuration. The calcula-

tions by Muto et al. [11]reproduce the spacings between
these levels fairly well, cf. Fig. 14. The complexity of
the cascade on the odd-parity side down from 20 at
11042 keV makes the configuration identification more
uncertain for some of these levels. From the decay pat-
tern it seems probable that the levels at 11042, 10444,
9928, 9789, 9254, 9134, 8996, 8853, 8736, 8501, 8272,
8152, and 7768 keV belong to the vr(pi/2gs/2)v(ds/2g / )
configuration. Also here the calculation [11] reproduces
the spacings between the yrast odd-parity levels fairly
well. Some of the remaining levels may belong to the

ir(pi/2gs/2)v(hll/2gs/2) configuration.

A fairly rich spectrum has been found above the 19+
and 20 levels. The experimental information is not suK-
cient to identify the configurations for most of the states,
in particular, when the spin-parity assignments are un-

certain. The excitation energy suggests that the 22
level at 13053 kev may be the maximum-spin state of
the 7r(pi/2gs/2) v(hii/2gs/2) configuration. Similarly, the

levels at 14 293 and 13078 keV may be the 23+ and 21+
states of the 7r(pi/2gs/2) v(hii/2gs/2) configuration. This
interpretation requires that the 1240.1- and 2035.8-keV
transitions have multipolarity El rather than Ml, which
is not excluded by the data. The levels with spin )22
probably involve excitations of two neutrons across the
%=50 gap.
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FIG. 14. Comparison between theoretically predicted
(Muto et al. [11])and experimentally established yrast levels

in Ru. The model [11]used includes neutron core excitation
across the N=50 shell.
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C. Discussion of levels in Rh

The experimental level scheme is given in Fig. 8 and
the structural interpretation of the levels in Fig. 15. The
lower levels up to 4 MeV, for which the angular momen-
tum is carried by the protons, are compared with the
calculations of Sinatkas et al. [14] in Fig. 12. In analogy
with the Tc and Ru cases, the calculation reproduces

very well the relative energies within the group-
of the m(p2i&2g9&2) configuration, and

the group 2, 2, 2 of the x(pi~2gs&2) configura-

tion, although the two groups are shifted relative to each
other.

The levels with a neutron v(d&~2g~&~) excitation cou-

pled to the protons occur between 4 and 10 MeV. The
energies of the 2 and 2 states, which are the highest-

spin members of the vr(pi&2gs&~")v(d5~2g~&2) configura-
tions with n = 2 and 1, have been calculated at 8910
keV ( 2 ) and 9300 keV ( 2 ). The agreement with
the experimental energies is very good, even to the ex-
tent that the deviations go in the same directions as
for the equivalent states in QsTc and 94Ru. Based on
these observations we can predict the energies for the
same type of neutron-excited states in the neighboring
N=50 isotones Mo and 9sPd: E(15+, Mo) =8110keV,
E(18 Mo)=10140 keV, and E(19+ Pd)=9670 keV,
E(18, Pd)=9830 keV. None of these levels have so far
been identified in experiments.

The even-parity levels in the cascade from s29 at
8874 keV down to 2 at 4241 keV are all assumed
to belong to the vr(pi&2g9&2)v(d5~2g~&'2) configuration.

On the odd-parity side the cascade down to s2i at
7511 keV can be understood as transitions within the
n (pi~2gs&2) v(d5~2g~&~) configuration. The interpretation
of the four levels at 7064, 6698, 6585, and 6404 keV is
more problematic. The strong 1147.2-keV transition and
the low-energy 114.1- and 293.8-keV transitions indicate

that the three levels at 6698, 6585, and 6404 keV also
belong to this same configuration. However, in this case
the 2 level at 7064 keV cannot be interpreted as the
maximum-spin state of the vr( f~&2pi&2g9&2) configuration,
since the intensity ratio I~(447.5 keV)/I~(813. 3 keV) is
much too large, and also because of the absence of an E2
transition to the 3908-keV level. An alternative interpre-
tation is suggested in Fig. 15, changing the roles of the

states. It is also possible that boca 2 states are
neutron excitations.

The levels above 10 MeV cannot be given unique con-
figuration assignments. One may expect to find states
at these energies involving the one-neutron excitation
v(hzi~2g~&'2), or the two-neutron excitation v(d5&~g~&~),

or the one-neutron excitation v(d&~2g~&2) multiplying a
proton configuration with one hole in the deeper n'f5~2
or xp3/2 shells. The 45/2+ maximum-spin states of the
first kind should occur around 12 MeV. These yrast states
have apparently not been produced with sufiicient inten-
sity in the present experiment.

V. SUMMARY

We have studied the N=50 isotones ssTc, 94Ru, and
9sRh produced in the 4oCa+SsNi fusion reaction. We
used the multidetector system NORDBALL at NBI,
Ris@, with 15 BGQ-shielded HPGe p-ray detectors, a 4vr

Si ball consisting of 21 Si detectors, and 11 liquid scintil-
lator neutron detectors.

The level schemes of all three nuclei have been ex-
tended to spin values of 20 and higher. A large number
of new levels have been identified.

We have compared our level schemes with the recent
shell-model calculations of Sinatkas et al. [14]. For the
low-lying states with I ( 13, which are dominated by
configurations with protons within the restricted pi~2,
g9~2 basis, the calculated energies agree very well with the

39/2+ 8874

35/2 + 7624.
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FIG. 15. Structural scheme for Rh,
showing a representative selection of levels
and transitions.
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TABLE V. Energy (MeV) needed to form a v(dsyzg
&

)
particle-hole pair of maximal spin (7), and then align in with

s'(p~&2g~&2 ) configurations (m = 3—6, and n=2 or 1, respec-
tively) of maximal spin. Values from Ref. [24] (N=49), and
from the present work. The level energies on which the dif-
ferences are based are also given. Parentheses around a value
indicate that the spin of the upper level is possible but not
ascertained.

Positive parity
N=49

Negative parity

93R
94Rh
95Pd

Mean
Range

(5.54)
5.60
(5.67)
5.60
+0.07

(=10.88—5.34) 5.98
(=10.10—4.50) 6.03
(=10.35—4.68)

6.00
+0.03

(=11.95—5.97)
(=10.43—4.40)

93T
"Ru
"Rh
Mean
Range

5.28
5.20
5.15
5.21
+0.07

N=50
(=7.81—2.53)
(=9.92—4.72)
(=8.87—3.72)

5.53
5.47
5.44
5.48
+0.05

(=9.42 —3.89)
(=11.04—5.57)
(=9.35—3.91)

experimental values. We have noticed systematic shifts
between the groups of states with 2, 1, or 0 protons in
the piy2 shell, which we attribute to a too large spacing
between the pig2 and gsy2 single-particle energies used in
the calculations.

The main new result of our work is the identification of
many higher levels with spins above the values that can
be reached in the restricted shell-model basis. Most of
the new levels correspond to configurations with a neu-
tron particle-hole excitation v(dsy2g@&z) coupled to pro-

ton states m(pi~2, gs~2) with m=5, 6, or 7. States with
the maximum neutron spin 7 aligned with the maximum
proton spin from the 7r(pi~2, gs~2) configurations have
been observed in all three nuclei for both parities. The
energy differences between these aligned neutron-excited
states and the respective proton basis states are displayed
in Table V. The values are remarkably constant, 5.21(7)
MeV for the positive-parity levels and 5.48(5) MeV for
the negative-parity levels. For levels of this type in the
region J -13—20 the calculations of Muto et al. [llj are
generally in good agreement with our s4Ru results.

Above about 10 MeV we have observed a number of
levels with even higher spins. There are several possible
configuration assignments for these levels, but the exper-
imental information is in general not detailed enough to
give preference to one or the other.
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