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High-spin states of isotonic Rh and Pd were studied by means of the Zn( Ca, a3pny) Rh
and Zn( Ca, a2pny) 'Pd reactions, respectively, with El,b =167 MeV. Levels up to 5.5 MeV with

J =15 in Rh mere populated while levels in 'Pd up to 7.5 MeV were found. The yrast —,
'+ level

of Pd was found to decay to a '2
+ level, in contrast to the behavior of the lighter odd-A isotones.

An attempt to measure lifetimes using a neutron-y coincidence technique revealed no new isomers
in either nuclide with t, /2

) 5 ns. The discovery of two low-lying transitions of 125 keV in Rh re-

quires a slight revision of a recently reported value of its atomic mass as well as that of isobaric
'Pd. The high-spin structure and the N =51 systematics, particularly the location of the vg7/2

strength, are compared with the results of shell-model calculations.

I. INTRODUCTION

The investigation of nuclei with one particle outside of
a closed shell has been, over the years, a fruitful confron-
tation between theory and experiment. The present
empirical results for two nuclei, each with 51 neutrons,
can be compared to the results of shell-model calcula-
tions. These calculations have typically considered the
coupling of a ds&2 neutron to g9&2 protons (or proton
holes) outside of a Sr (' Sn) core. The new data for the
N =51 nuclei complements recent reports from this and
other laboratories' of new data for both the N =50 and
the N =52 systems. These previous reports emphasized
either a search for collective vg9/2 intruder bands, a test
of seniority conservation for g9/2 protons, or a study of
how collective excitations are built up as one adds
valence particles to closed shells. In the present study,
we have three goals in mind. A study of odd-odd Rh
can be expected to shed light on the residual proton-
neutron interaction. Second, since these are the heaviest
N =51 nuclides hitherto studied, the mg9/2vg9/2 overlap
is larger, which might induce measureable high-spin iso-
mers. Finally, one is interested in locating the vg7/2

strength, e.g. , the strength contained in the yrast —', + lev-

el. This strength apparently is not important in the
high-spin structure of the lighter isotones but has finally

become low-lying in the spectrum of Pd. The location
of the vg7/2 strength throughout this mass region is of
current interest in regard to the quenching of Gamow-
Teller strength during beta decays of the type
~~9/2 vg 7/2

The only previous empirical information on the excited
states of Rh has come from studies of the P++EC de-

cay of Pd. The most recent study by Rykaczewski
et al. located four low-lying 1+ states, and two other
states, in addition to the two beta-decaying isomers of

Rh. The two isomers were tentatively proposed to have

J =(3)+ and (6)+, with the (3)+ level located 52.0 keV
above the (6)+ level. For Pd, a previous study by
Fettweis et al. , who used the Ru( He, 2n y ) reaction
with Ei,b =20 MeV has located medium-spin states up to
2.5 MeV. The lower-lying states found in the present
work are in agreement with the previous results as will be
shown. Finally, a preliminary report of the present work
has appeared as well as a shell-model calculation' of the
energies of the Rh levels.

II. EXPERIMENTS

The Zn( Ca,a3pny) Rh and Zn( Ca,a2pny) Pd
reactions with E„„=167MeV were used to study Rh
and Pd using Ca ions produced by the Stony Brook
linear accelerator (LINAC). The Zn target of 1.1
mg/cm was enriched to 99.5% and backed by 35
mg/cm of lead to stop the beam. The data reported here
include y-ray excitation functions, angular distributions,
neutron-y-ray coincidences, neutron-y-ray time-delay
distributions and y-y coincidences. The last set of data
was recorded using four 25%, measured with respect to a
7.6 by 7.6 cm NaI(TI) detector for 1.33 MeV y rays, ger-
manium detectors, each with a bismuth germanate anti-
Compton shield of the transverse type. " These data
have already been utilized to report new states of Ag
and ' Cd. That paper may be consulted for additional
details about the experimental techniques.

III. RESULTS

A y-ray singles spectrum produced by Ca+ Zn with
E„b=167 MeV shows the production of several residual
nuclei and appears in Fig. 1 of Ref. 4. Moreover, a spec-
trum gated by one neutron appears in Fig. 3(b) of Ref. 4
and displays several strong transitions in both Rh and

Pd. The first assignment of six transitions to Rh was
also considered in Figs. 3 and 8 of Ref. 1. This assign-
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ment was partly based on the observation of intensity ra-
tios in proton-gated spectra. The energies of the six tran-
sitions (in keV} are 99.8, 125.6, 156.9, 526.7, 626.7, and
1267.1. Gamma-gamma coincidence gates were set on
the strongest transitions in each nuclide and the event-
mode-recorded magnetic tapes were scanned to produce
background-subtracted gated spectra. Additional transi-
tions in each nucleus could then be identified and gated
on; this process continued in an iterative manner until no
additional transitions could be found in the spectra. Fig.
1(b) shows the summed spectrum of seven Rh gates that
are largely free of contaminating transitions in other nu-
clei. The level scheme that has been constructed from
the y-y coincidence data is presented in Fig. 2. Similarly
for Pd, the sum spectrum of six gates is given in Fig.
1(a), while the proposed Pd level scheme is displayed in
Fig. 3.

In order to obtain information about the multipolarity
of each transition, the formula

W(8) = Ao+ A2P2[cos(8)]+ A4P4[cos(8)] (1)

was fitted to the observed ) -ray intensity function W(8),
where L9 is the angle of the detector measured with
respect to the beam direction. The data were simultane-
ously recorded in two modes, namely, both singles and
neutron gated, as described in Ref. 4. The data taken .'n
singles mode o6'ered superior statistical accuracy, while
the neutron-gated data were less contaminated by transi-
tions in other nuclei. The angular distribution results for

Rh and Pd are summarized in Tables I and II, respec-
tively. For several bI =1 transitions, the E2/M 1 mixing
ratios could be determined. The uncertainties listed in
Tables I and II for these take into account the uncertain-
ty in determining the alignment parameters a2 and a&.
The spin and parity assignments proposed in Figs. 2 and
3 are based both on the angular distribution results and
on the X =51 systematics.

A. Rh Level scheme

The two beta-decaying isomers of Rh shown in Fig. 2
have tentatively been assigned J =3+ and 6+ for the

first excited and ground states, respectively. The high-
spin isomer apparently does not directly populate the 4+
level of the Ru daughter nucleus. Although the absence
of beta feeding is not a strong argument for making spin-
parity assignments, the 6+ assignment should neverthe-
less be considered more likely than, say, a 5+ one. The
connecting 52.0 keV isomeric transition has been given
an M3 assignment based on a measurement' of the E
shell internal conversion coefficient a~=350+90. Tak-
ing into account the branching intensity of 60%+5% and
the half-life' of 1.51+0.02 min, the 8(M3) value would
be 1.4 Weisskopf unit (W.u. ) if the E4 contribution is not
significant. This result is in the range of other 8(M3)
values in this mass region. The transition cannot be
predominantly E4 both because the theoretical value'
az(E4}=532 is larger than the empirical one and be-
cause the half-life would be much longer (the E4 single
proton estimate is t', ~zz =0.38y).

The separate group of five low-spin levels shown to the
left in Fig. 2 was seen more definitively in beta-decay
work and are included here in order to give a rather
complete picture of Rh. In addition to these five levels,
two additional higher lying J =1+ states were found.
The present data are not sensitive enough to infer these
additional two levels.

The most intense transition shown in Fig. 2 has an en-

ergy of 125.6 keV and is assumed to populate the ground
state. This transition is distinct from the unresolved
124.7 keV transition found from the beta decay of Pd.
This was verified by setting y-y coincidence gates on
transitions in both parts of Fig. 2 and observing a definite
shift in the transition energy as listed in Table I. The
125.6 keV transition is seen to have a negative Az/Ao
value and is assigned to be a 7+ ~6+ transition between
the two highest-spin members of the

2 5
Vp 1/2g9/2 ( v 1 )vd5/2

multiplet. The 3+ and (2)+ levels at 52.0 and 176.7 keV
excitation, respectively, are likely two other members of
this multiplet. The spin-parity assignments shown in Fig.
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FIG. 1. (a} Sum spectrum of six background-subtracted coincidence gates set on the 7Pd transitions (in keV): 170.7, 224.8, 362.5,

586.9, 899.0, and 982.0. (b} Similarly for seven Rh transitions: 99.8, 125.6, 404.3, 526.7, 577.5, 1210.2, and 1267.1.
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FIG. 2. The proposed level scheme for 96Rh. The widths of the arrows indicate y-ray intensities, while the energies are indicated
in units of keV. The separate group of low-spin levels shown to the left were identified more definitively in studies (Ref. 7) of the
P++EC decay of Pd, which also found two additional high lying 1+ states (not shown). The two beta-decaying isomers are each in-
dicated by a heavy horizontal line. The 26.8 keV transition reported here was not directly observed but was inferred from y-y coin-
cidence results, as discussed in the text.

2 are based on the tentative assignment of 6+ for the
ground state. A consequence of the observation of two
low-lying transitions near 125 keV for the currently ac-
cepted values of the atomic masses of Rh and Pd is
discussed later.

The 1267.1 keV transition is the most intense transi-
tion feeding the 7+ level. This transition has a positive
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FIG. 3. The proposed level scheme for Pd. The widths of
the arrows indicate y-ray intensities, while the energies are
given in units of keV. Four additional levels of medium spin
below 2.5 MeV (not shown) have been reported (Ref. 8) from
('He, 2ny) data.

A 2/Ap value and is assigned to be a stretched E2 transi-
tion. The 1392.8 keV level is populated by the two intense
transitions of 526.7 and 626.7 keV. The A2/Ao value for
the first transition is large and negative, indicating an
M 1/E2 transition from a 10+ state. The second transi-
tion is problematic since it was unresolved from a transi-
tion in ' Ag, which is nearly half as intense. However,
the A2/Ao value of —0.04+0.09 listed in Table I for the
99.8 keV transition indicates that the 2019.3 keV level
has J =10+ or 11+. In the isotone Tc, an 11+~9+
transition of 690 keV was found' from the (a, 3n y ) reac-
tion. This transition is related to a 17/2 ~13/2+ tran-
sition of 750 keV in the E =50 core nucleus Tc by the
coupling of a d5&z neutron to the maximum possible spin.
We propose that the 626.7 keV transition in Rh is sirni-

larly related to a 716 keV 17/2+~13/2+ transition
found' in Rh. Therefore, the 2019.3 keV level of Rh
is assigned J"=11+,which is in agreement with the posi-
tive Az/Ao value found for the 626.7 keV transition, i.e.,
it is a stretched E2 transition. The 2533.6 keV level can
be assigned either 12+ or 13+. However, there are
difficulties with either assignment and we tentatively indi-
cate a 12+ assignment in Fig. 2. Then, the 3743.8 keV
level is probably 14+, based on an E2 assignment for the
1210.2 keV transition.

The 26.8 keV transition shown in Fig. 2 was not ob-
served but was inferred from the observation that the
1980.0 keV transition is in coincidence both with transi-
tions feeding the 2132.4 keV level and with the strong
125.6 keV transition. This result implies that the 26.8
keV transition involves a spin change of 0 or 1, since oth-
erwise the lifetime of the level emitting the transition
would be too long to yield coincidences (2r=100 ns).
The negative A2/Ap value found for the 1980.0 keV
transition is consistent with a dipole assignment. Then
the intermediate level has J=8. If the 26.8 keV transi-
tion were to follow the 1980.0 keV one, then a J=8 level
at 152 keV would be implied. This result is not support-
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TABLE I. Transitions in Rh produced by 167 MeV" Ca+ Zn. The relative y-ray intensities and

angular distribution results are obtained from neutron-gated spectra and have been corrected for the

efficiency and finite size of the detector. Several of the weaker transitions have been fitted by assuming

that A4=0. The E2/M1 mixing ratios 5 are listed, using the phase convention of Yarnazaki (Ref. 16),
for four transitions.

E~ (keV)

26.8
99.82(15)

124.70(35)
125.62(15)
131.10(35)
141.61(25)
156.88(15)
212.72(20)
216.56(30)
262.74(30)
264.34(30)
336.1

348.53(25)

404.30(25)
435.36(25)

451.17(45)
475.56(20)
483.96(30)
499.7
514.30(20)
518.75(25)
526.72(20)

-23

—123
4.0(6)'
1.2(3)'

30.6(3.5)'
1.4(7)'
1.6(5)'

20.7(3.5)'
3.7(1.0)'

19.8(1.1)'

5.7(8)
18.9(1.1)

3.6(1.2)
3.7(5)'
6.7(9)'

74(3)
15.4(1.2)'

34 9(9)

A2/Ao

—0.04(9)
a

—0.19(5)
—0.59(30)

—0.19(8)

—0 52(8)b d

+0.41(48)
—0.37(17)

—0.09{43)
a

+0.24(6)
—0.26(28)
—0.38(7)

Aq/Ao

+0.11(16}
a

+0.08(10)
=0

—0.13(15)

—0.17(15) '

=0
—0.11(30)

—0.21(12)
=—0
—0.00(14)

Assignment

9( —) 8( —
)

11+ 10
(2) 3
7 6'
(905~ )

11'+~(12)
i0( —

) 9( —
)

(12) ~(102) '
(~14+)
i 5'-'- i4(-)
2801~2537
1+ 1,+

—0.36 ~ 5 ~ —0. 11
2537
i 1(-'-10'-'
—0.34 ~ 5 ~ +0.06'
( 14+ )

(9 ~)
4228 (14)+
12 ~(2~ )

(12)+~11+
13'-'

10+~9
—0.22 ~ 6 ~ —0.022

ed by the shell-model calculations presented later. There-
fore, it is assumed that the 26.8 keV transition precedes
the higher-energy one, implying a J =8 level at 2105.6
keV.

The 714.6 keV level is depopulated by the 589.0 keV
transition. Since no transition to the ground state could
be found, the possibilities are that J =8+, 8, or 9+.
The possibility of 9 can be ruled out since in that case
the resulting M2 transition would have had an observable
half-life. Such a half-life was not observed as discussed
later. Moreover, the choice of 8 can be ruled out since
the empirical A2/Ao value is positive. The data do not
allow a definite choice to be made between 8+ and 9+,
and we tentatively indicate (8)+ in Fig. 2.

The 2132.4 keV level is depopulated mainly by the
577.5 and 739.6 keV transitions. Since no transition to
the 7+ level was seen, an assignment of 8+ can be ruled
out. An 8 assignment can also be ruled out since, in
that case, the Az/Ao value for the 739.6 keV transition
would be negative, in contrast to experiment. The spin
cannot be greater than nine since the A&/Ao value for
the 1980.0 keV transition is negative. This leaves the
possibilities 9+ or 9 . The level is tentatively assigned to
be 9'-'.

The 1555.0 keV level is fed by the 577.5 keV transition
and is depopulated mainly by the 1429.5 keV transition.
The possible J values are 8+, 8, or 9 . The 8 assign-
rnent can be ruled out since the Az/Ao ~alue for the

1429.5 keV transition would be negative, in disagreement
with experiment. A spin of nine can be ruled out since, in
that case, the A4/Ao value for the 577.5 keV transition
would be large and negative, in contrast to experiment.
Therefore, J"=8+ is assigned to the 1555.0 keV level.

The 2289.2 keV level is assigned J =10' '. The struc-
ture of this level may be

5~p 1/2g 9/2 v )v 11/2

The nine transitions above this level appear to be M1 and
E2 crossover transitions. This result yields assignments
of 11 to 15 for the five levels that are involved. The
four E2 transition energies are seen to decrease as the
spin increases. The 1628.3 keV transition connects the
4161.6 and 2533.6 keV levels and has a positive value for
A 2/A o. Assuming that thee two levels have opposite
parity, then this is likely a stretched M2 transition
14' '~(12)+.

8. Pd Level scheme

The excited medium spin levels of Pd shown in Fig.
3, which were also found from the ( He, 2ny) reaction
and assigned spin-parities are —,

'+, —,'+, —", , and —", +. In
addition, the 2468.8 keV level was inferred but the spin
was not assigned. Four additional levels, not reported
here, were also found: 1942.3 ( —", +), 2140.3, 2175.4, and
2480.7 keV.
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TABLE I. (Continued).

F.~ (keV)

566.32(35)
569.52(35)
577.52(3Q)
589.01(35)
622.83(25)
626.70(20)
647.89(45)
723.4
739.65(30)
762.14(3Q)

781.44(25)
802.83(35)
840.21(30)
867.40(35)
871.60(45)
918.1 g(3Q)

928.18(35)
942.07{35)
974.66(35)

1004.72(20)
1098.01(30)
1170.88(30)
1210.17(20)
1223.4
1267.13(20)
1273.24(30)
1282.64(35)
1429.53(25)

1628.32(20)
1816.27(25)
1979.97(30)

'7.9(l.l)
11.5(1.1)'
14.7(1.9)'

15.2(9)"'

4.5(l. l)'
48(3)'
4.3(1.2)'

20.5(2.8)

4.9(6)'
6.1(1.3)'

5.9{8)'
2.7(7)'

5.8(2.8)'
6.6(7)'
7.1(8)
4.6(9)"
1.9(7)"

14.0(3.6)'

7.2(8)"
41(2)':—100.0(1.8)

3.2(8)'
3.6(1,3)'

11.5(1.4)

4.0(1.2)'
5.3(1.0)

5.9(7)'

A2/Ao

—0.82(33)
a

—0.16{13)
+0.28(15)

a
+0.20(1Q)

a

+0.49(21)

a
a

+0.14(27)
a
a

+0.27(34)
—0.14(26)

a
a
a

a
+0.22(12)d

+0.29(6)
+0.71(44)

a
+0.67(30)

+0.23(17)
—0.23(28)
—0.27(27)

A4/AO

+0.32{22)b

=—0
a

—0.08{10) '

+0.78{35)

a
+0.02(21)d

+0.03{10):—0

Assignment

122+ ~ 11+
12'-'- l l'-'

( —
) g+

{8)+~7+
{10+~)
11+~9+
( 7+)
(2~+)-3+
9( —

) 9+
1+-(2)+
15' ) 13—
4547 (14)
gp+ ~(8)+
14( —) 12( —

)

( 9+)
13(—

) 1 1( —
)

(10,)+-9
( g+)
"Rh
12'-' 10'-

(2)+
( 7+)
(14)+ (12)+
1 q+ 3+
9+ 7+
(16)' (14)+
11,+ 9+
g+ 7+
+0.31&5&+5.1
14( )

( 12)+
(15) -(14)'
g(

—) 7+

'Transition is unresolved from another.
Value obtained from spectra recorded in singles mode.

'Value obtained from y-y coincidence spectra.
"Value may be perturbed by an unresolved transition.
'There is also a solution with /6/& 1.

The 224.8 keV transition that depopulates the 2468.8
keV level has a negative A z/Ao ratio as is listed in Table
II. Therefore, this level can be assigned a spin of —", . We
discuss the parity assignment for this level further. The
170.7 keV transition has A2/Ao = —0.29+0.03. This
value appears to be different from the value of
—0. 189+0.032 expected for a stretched dipole transition.
This expectation is based on an alignment parameter'
az =0.66+0. 11, which is the average value for the

and —",
+~—', + E2 transitions. Therefore, the

170.7 keV transition is an M1/E2 mixture and the —",

and —", levels have the same parity. Moreover, no
—", ~ —",

+ transition could be found in the data and the
empirical upper limit for the intensity is 1.0
[I~(1294.5):—100]. Shell-model calculations presented
later predict an intensity of 0.27 for a —", +~ —",

+ transi-
tion. This value is seen to be in agreement with the

empirical upper limit. The yrast J=—", levels found in

the lighter odd-A isotones have been assigned positive
parity. Moreover, the prediction of the shell-model cal-
culations presented later is that the yrast —", level in Pd
also has positive parity. Therefore, we assign —", + to the
2639.5 keV level. The decay of the —", + level is different

from the lighter odd-3 isotones that were found to decay
either by a —",

+~ —",
+ E2 transition ( Ru and 'Zr) or by

a —", + ~ —",
+ E4 isomeric transition ( Mo).

The 3810.5 keV level depopulates mainly by the 1171.0
keV transition. Although this transition is unresolved
from a transition in ' Ag that is 34% as intense, the an-

gular distribution results are consistent with a stretched
E2 assignment. Similarly, the results for the 826.1 and
1251.0 keV transitions suggest stretched E1 assignments.

A search for new isomeric levels was made by record-
ing the time delays between fast neutrons striking any
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one of four detectors utilizing NE213 liquid scintillator
and y rays striking a germanium detector. The time
resolution, with the neutron detectors located 10 cm
downstream from the target, was 20 ns full width at half
maximum (FWHM). No new isomer with a half-life
longer than 5 ns was found in either Rh or Pd. How-
ever, the half-life of the —",

+ level in Pd has recently
been determined' to be between 2.0 and 2.5 ns. This
empirical range is slightly slower than the value of 1.4 ns
predicted by the shell-model calculation discussed later
and corresponds to 1.3—1.7 W.u.

C. The Atomic masses of Rh and Pd

A recent evaluation of atomic masses' lists the mass-
excess values —86.073+0.008, —79.626+0.013, and
—76. 18+0.15 MeV for Ru, Rh, and Pd, respective
ly. The value for Ru is obtained from a measurement'
of the mass difference between Ru and C7H&2 molecules.
The mass excess of Rh is obtained from a measurement
by Ashkenazi et al. of the threshold beam energy for
the Ru(p, n) Rh reaction E,h=7. 300+0.010 MeV.
This latter measurement was accomplished by recording

TABLE II. Transitions in Pd produced by 167 MeV Ca+ Zn. The relative y-ray intensities and angular distribution results
are obtained from neutron-gated spectra and have been corrected for the efficiency and finite size of the detector. Several of the
weaker transitions have been fitted by assuming that A4 =0. The E2/M1 mixing ratios 5 are listed, using the phase convention of
Yamazaki (Ref. 16), for three transitions.

E1 (keV)

134.66(22)

170.70(18)

184.03(22)
224.85(22)

227.66(30)
278.94(35)

362.52(25)

413.48(35)
42S.48(2S)

486.46(35)
586.91(25)
599.7'

608.32(30)

611.80(45)

630.60(45)
686.18(35)

761.25(45)

783.34(45)

826.11(25)
898.99(45)
944.37(45)

981.97(35)
1036.04(35)
1109.01(45)
1170.98(25)
1207.17(45)

1210.47(65)
1250.99(25)
1294.54(22)

1S41.71(45)

2.7(3)

65.8(3.5)'

2.8(3)

85.2(1.1)

9.9(2.3)'
1 ' 3(6)

80.4(3.9)
2.7(9)'

12.5(2.6)'

4.2(1.6)'

102.7(1.6)

2.8(1.4)'

12.4(9)

8.4(9)

3.1(8)

31.7(2.2)

4.0(1.4)'

7.0(1.0)

58.1(3.4)'

2.3(1.3)

9.5(2.0)'
4.3(1.0)'
5.2(1.3)'

7.2(8)

58.0(3.4)'

10.0(9)
weak

13.7(1.6)'

100.0(1.2)

3.1(8)

A2/AP

—0.18(27)
—0.29(3)

—0.27(26)
—0.241(24)

a
+0.7(12)
+0.32(6)

a
—0.04(8)

a
+0.241(43)

a
—0.42(22) d

—0.30(24)

+0.07(62)
+0.01(10)

a
+0.06(31)
+0.24(6) '

—1.2(1.5)

a
—Q.SS(28)'

a
—Q.s8(»)
+0.193(38) '

+0.06(5)
a

+0.28(17)
+0.247(34)
—0.17(58)

A4/Ap

+0.00(6)

—0.084(54)

—0.20(6)

a

+0.11(17)
a

—0.084(88)
a

+0.33(39)"

=—0
+0.10(18)

—008(9) '

=—0
—0 062(81)"

a
+0.19(29)'
+0.073(76)
=—0

Assignment

0.016

0.037

+0.34

25 + 23 (+)
2 2

21 + 19 +
2 2—0. 16&6&—
31 29—
2 2
19 + 17 +
2 2

(6541~ )

4916~
2

+

17 + 13 +
2 2

2882~ '2
+

13+ 9+

( —'3+)
2

9+ 7+
2 2—7.0~5~+
23 21 +
2 2

1925~
2

7+ 5+
2 2

+0.048 5
3005
1470—+ -+
29 + 25 +
2 2

5536~—+

1631
7523~6541
23 (+) 21+
2 2

21 + 19 +
22 2

25 + 21 +
2 2

23 (+ ) 19+
2 2

( ~4916)
33 + 29 +
2 2
9+ 5+

'Transition unresolved from another.
Value obtained from spectra recorded in singles mode.

'Value obtained from y-y coincidence data.
Value may be perturbed by an unresolved transition.

'Energy adopted from ( He, 2ny) data.
There is also a solution with /5/& 1.
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excitation functions for four beta-delayed y-ray transi-
tions in the Ru daughter nucleus. They also observed a
prompt transition of 125+2 keV with threshold beam en-

ergy of 7.425+0.010 MeV. Therefore, this transition was
attributed to a decay to the Rh ground state of a state
at 125 keV excitation energy. The relative intensities of
the four transitions that were produced in the Ru
daughter nucleus indicates that both of the beta-decaying
isomers shown in Fig. 2 were being directly produced in
the (p, n) experiment. Although no quantitative infor-
mation on the relative population of the two isomers was
given, an inspection of their decay curve for the 832.6
keV 2+ ~0+ transition in Ru indicates that the Rh
ground state was produced more intensely at a proton en-
ergy of 11 MeV.

Most recently, Rykaczewski et al. have studied the
P++EC decay of Pd to Rh and have found a beta-
decay Q value of 3.45+0. 15 MeV from a comparison of
experimental and theoretical values for the ratio of inten-
sities P+/(P++EC). Moreover, they concluded that the
(p, n) Q value measured by Ashkenazi et a1. 20 refers in-
stead to the 52.0 keV level of Rh and accordingly
adopted a mass excess for Rh, which is 52.0 keV more
bound than is listed in the compilation. ' Although they
do not give the detailed reasoning for this conclusion, the
observation by Ashkenazi et al. , mentioned earlier, that
the threshold energy for a 125+2 keV y-ray is 125 keV
higher than that for the ground state would have been de-
cisive under the assumption that there is only one low-

lying transition in Rh near 125 keV. However, as
shown in Fig. 2, there are two transition energies in Rh
near 125 keV. It is probable that the one reported by
Ashkenazi et al. is a mixture of both of these transitions
with the 7+~6+ transition playing the dominant role.
Then the tabulated value for Rh mass excess' would be
nearly correct, although the binding energy may be un-
derestimated by some fraction of 52.0 keV. The exact
value of this fraction would depend on the relative popu-
lation of the two isomers in the (p, n) data and on the de-
tailed analysis of the excitation functions. Therefore,
adopting the tabulated mass excess for Rh, the pro-
posed mass excess of Pd is —76. 18+0.15 MeV, in
agreement with the tabulated value' and 52 keV less
bound than the value proposed by Rykaczewski et al.

D. Empirical systematics of the N =51 nuclei

1. Odd-Z nuclei

It is worthwhile to compare the present results for
Rh with what has been found for the isotones Tc and
Nb as shown in Fig. 4, where the N =51 empirical lev-

els are summarized across the proton g9&z shell from 'Zr
to ' 'Sn. In both Nb and Tc, the complete multiplets
7Tg9/2&vd»2 and ~p, &2Xvd5/2 have been located. In
addition, a 1+ level at 442 keV in Tc has been found.
This level is populated in the P++EC decay of Ru,
with log ft=3.9, and has, therefore, a signi6cant com-

+--- 15

—33/2

N=5t +--- 16

—29/2

O
0)
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--- 15 —25/2--- 23/2 +

~21/2
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97
gs Pd 98
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+ --- 13' —13~21/2 —11
lf;---15/2 ~f11+

7/2
10" ~13/2—8—5/2
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+—1
+ ++ --—1/2 --- 2-~6q /'y --~8+ -—7/2
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FIG. 4. The empirical yrast levels for the N =51 system from the beginning of the ~g9/2 shell ("Zr) to the end {' 'Sn). Those lev-
els whose spins or parities have only tentatively been assigned are shown as dashed. For the odd-A nuclei, those levels that are
thought to have a large single-neutron component, either vs»&, vd3/Q or vg7/p are connected by dashed lines. Moreover, the z+,

, and '2'+ levels, which involve the rearrangement of g9/, protons, are connected by dotted lines to guide the eye. The 10 level
in Nb, which is marked with an asterisk was found using the {a,d) reaction (Ref. 26) and assigned the structure mp &/2g9/2vh &]/2.
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ponent of mp&/2g9/2vg7/2 On the other hand, shell-

model calculations ' have yielded a low-lying 1+ level
in Tc, with the structure

~P 1/2 [g 9/2( v ) )7/2v 5/2
2 3

where the corresponding —,
'+ level has been found at 681

keV in Tc. In Rh, the positive-parity multiplet has
been located, except for the 4+ and 5+ members, but not
the negative-parity one.

The yrast 8+ and 9+ levels near 1.4 MeV in Tc have
been assigned the structure

[Kg9/2 ]11/2 13/2 X d5/2

by Behar et al. ' and the corresponding yrast —",
+ and

levels have been found in Tc. We propose an

analogous structure for the 1392.8 and 1555.0 keV levels
of Rh shown in Fig. 2, where a corresponding yrast —",

+

level has been found at 1351 keV in Rh. In this regard,
one anticipates the discovery in future experiments of an
—", + level in 'Rh lying slightly above the —", le~el.

As mentioned in Sec. III A, the yrast 11 level in Rh
has the structure

~P 1/2 [g 9/2( v 3 ) ~17/2vd5/2
2 5

and is analogous to the yrast 11+ level in Tc. The yrast
12+ level in Rh has as yet no empirical analogue in

Tc. If the structure is

~P 1/2 [g 9/2 ( v ) ]17/2vg7/2
2 5

then the 514.3 keV transition is of the type vg7/2~vd5/2
and the positive A2/Ao value found for this transition
indicates a positive E2/Ml mixing ratio (in the phase
convention of Yamazaki' ).

Behar et al. ' have found a 9 level in Tc at 2066
keV and assigned the structure

[~11/2g9/2 ( v ) 113/2v 5/2
4

where the corresponding —", level has been found at
2145 keV in Tc. We propose a similar structure for the
yrast 9 level in Rh although a corresponding —", level

has not yet been found in Rh. The yrast 10 level at
2235 keV in Tc has been assigned the structure
7rp1/2g9/2(v= 1)vh»/2 by Behar et al. The 2289.2 keV
yrast 10 level in Rh could receive a similar assign-
ment. However, this latter level may contain significant
admixtures of

[~F1/2g 9/2 ( v 2) 117/2 d 5/2
6

or

6[~P 1/2g 9/2 ( v —2 ) I 13/2vg 7 /2

Moreover, the 10 level in Tc at 2235 keV was not pop-
ulated strongly in the (a, d) reaction at 50 MeV, but
rather a level at 2.68 MeV was intensely produced.
Therefore, this latter level is a more likely candidate to be
the stretched vrg9/2vh»/2 configuration than is the lower
level found by Behar et al.

Each of the high-spin levels above 1.9 MeV in Nb

shown in Fig. 4, except for the two 10 levels, have been
assigned as the stretched configuration of a d, /2 neu-

tron to an empirical state of 'Nb. The 'Nb states in
turn can be understood as configurations of m.g9/2 or of
mp&/2g9/2 outside of a Sr core. The upper 10 level at
2.58 MeV in Nb was intensely produced by the (a, d)
reaction at 218 MeV and assigned to be the stretched

kg 9/2 vh
& & /2 configuration. The lower 10 level, on the

other hand, was not populated strongly in this reaction at
218 MeV nor at 50 MeV (Ref. 23).

2. Even-Z nuclei

In Fig. 4, the excited states thought to have a
significant single neutron component are connected by
dashed lines for the vg7/2 vs, /2, and vd, /2 orbitals. In
addition, the ground states of 'Zr, Mo, Ru, and Pd
correspond to the occupation of the vd»2 orbital. The
structure assignments for these levels in both 'Zr and

Mo are supported by (d,p) data, while the vg7/2 assign-
ments in both Mo and Ru are supported by the obser-
vation of beta-decay log ft values of about 5.1 to the lev-
els (7rg9/2~vg7/2). The continuation of the vg7/2 line to

Pd appears in Fig. 4 to be a reasonable extrapolation.
Moreover, the yrast —,

'+, —", +, and —",
+ levels are connect-

ed by dotted lines to guide the eye. These excitations in-
volve the recoupling of g9/2 protons and the energy spac-
ings are similar to those found in the corresponding iso-
tope with N =50, e.g. , the —', +~

—,
'+ transition energy in

'Zr is 2132 keV, while the 2+~0+ transition energy in
Zr is 2186 keV.

E. Shell-model calculations

The mass region outside of the Sr core has long been
one of considerable interest to shell-model practitioners.
There is a rich spectroscopy and there are relatively small
model spaces that can be expected to be relevant. In re-
cent years, heavy-ion reactions have enabled us to study
nuclei farther from the stability line and there is now evi-
dence that around ' Zr there is a rather sudden transi-
tion from spherical to strongly deformed nuclei. One
can hope that with advancing shell-model and computer
technology, one might have in this region a good oppor-
tunity to carry out credible shell-model calculations that
could provide a quantitative description of the spectros-
copy and show a transition from spherical to deformed
behavior in one consistent microscopic model. The mod-
el space that has been used in the past for spherical nu-
clei in this region assumes an inert Sr core and works in
an n-p formalism. The p, /2 and g9/2 proton orbits have
been have been treated as active orbits along with the
15/2 and s&/2 neutron orbits. In the calculations we dis-
cuss brieAy here, we have extended the model space to in-
clude the g7/2 neutron orbit. For the two nuclei under
discussion in this paper, there are either seven or eight
active protons. Some configurations thus will have either
seven or eight protons in the g9/2 orbit. The n-p interac-
tion is particularly strong between the g7/2 neutron and
the g9/2 proton, and it is this strong n-p interaction that
is a major factor in the development of deformation.
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This development is an ultimate aim of the shell-model
calculation discussed in brief here. There is no similar
strong n-p interaction for the d3/2 neutron and the active
proton orbits used here. We have made some calcula-
tions in a model space where the d3/p neutron orbit is ac-
tive and find that the orbit has a negligible impact on the
states studied here. We have therefore ignored the d3/2
neutron orbit in all of the calculations discussed here.
Given the assumption of this five-orbit model space, one
must next specify the effective residual Hamiltonian.
There are five single-particle energies, nine proton-proton
(p-p) interaction matrix elements and 33 neutron-proton
(n-p) interaction matrix elements. To determine these
parameters, we proceeded as follows. We first deter-
mined the p-p matrix elements. The two proton single-
particle energies and the nine p-p interaction matrix ele-
ments were fitted to 50 observed excitation energies of
levels in the N =50 nuclei with Z =39-+44. Quite
analogous determinations of the p-p interaction have been
made in the past. ' Suffice it to say that all of the ob-
served low-lying states in the N=50 nuclei were well
fitted. The observed levels with moderately high spins
(J"=10+ and 11 ) in these nuclei in particular were in

good agreement with experiment. Next, the n pinter-ac-
tion was determined through the following steps. Since
many of the nuclei treated here were originally treated in
a four-orbit space where the g7/2 neutron orbit was omit-
ted, with considerable success, we first determined the n-p
interaction in the four-orbit space. There are 14 n-p ma-
trix elements in the four-orbit space. Ten of these were
treated as free parameters and fitted to approximately
100 data points. Most of the levels are well fitted in this
model space for Z =39~46. In fact there were only two
states with firm experimental spin-parity assignments in
the nuclei that we treated that could be called problem
states in the smaller space, i.e., the second J =

—,
'+ level

in 'Zr and the first J"=—',
+ level in Pd. Thus the levels

at low excitation in these nuclei could really at best deter-
mine two parameters of the effective Hamiltonian for the
n-p interaction involving the g7/2 orbit. The two most
important parameters for this interaction are the g7/p sin-

gle neutron energy and the center of gravity of the in-
teraction between the g9/2 proton and the g7/2 neutron,
I.e.,

g (2J+1)&&g9/2s+g7/2~IHI, .I~g9/2&~g'7/2J ~

J

2J

2J
27
27K25M====
25~~~~ ~
25r~====

21
21~
f9~~~~~
19
17 m~mmm

171sg
1 1~eeee
15

15$
7

29

25
25
21

29
31
27
29
27
25
25
23

25
21

j19
2117

+&15
-15
1117—15-9
11
5
7
9

the n-p interaction with the g9/2 and p}/2 proton orbits.
In the final search, four of these specific matrix elements
were treated as free parameters to be fitted to the ob-
served spectra. In the final search, the p-p interaction
was held fixed at the parameters determined by the
N =50 nuclei and effectively 17 n-p interaction parame-
ters were fitted to 100 observed levels in the N =51 nuclei
with Z =39~46. Our primary purpose here is in the
shell-model structure of Rh and Pd. Suffice it to say
that there are no significant qualitative discrepancies for
the spectrum of low-lying states in the N =51 nuclei with
Z=39~44. We discuss first some of the details of the
comparison of theory with experiment for Pd. In Fig. 5
are plotted the yrast levels observed and calculated with
the final effective interaction. This constructed experi-
mental spectrum must be explained. Figure 5 indicates
that the two levels near 2.5 MeV excitation have positive
parity. If we assume positive parity for these levels, there
is excellent agreement between calculation and experi-
ment for all of the states below 3 MeV. There is only one
J =—", + state and no —",

+ state in the model space. The
observed position of a —",

+ state indicates a definite break-
down of the model. We show in Fig. 5 the lowest two
calculated levels for all spins allowed in the model space.
There are calculated J =

—,
'+ and —,

'+ levels at low excita-
tion possibly not seen experimentally. If the primary

In the present calculation of the N =51 nuclei, there is a
Z-dependent effective single neutron energy which, in
first approximation, yields a term (Z —38)X(center of
gravity). This term is thus of little importance in 9'Zr,
but very important for Pd. Thus, it is possible to fit the
two "intruder" J =—,'+ levels with these two neutron pa-
rameters. (It is worth noting that with the final set of pa-
rameters, the d5/2, and g7/2 levels are essentially degen-
erate in the single-particle spectrum of ' 'Sn. This is con-
sistent with the single-particle spectrum of ' 'Sn used in
shell-model calculations of the tin isotopes. ) After
these two parameters were adjusted, we found some sen-
sitivity in the calculations to specific matrix elements of

Exp.

FIG. 5. Comparison of empirical yrast levels of 'Pd with the
results of shell-model calculations up to 6 MeV. The empirical
levels are shown in the middle column. The right-hand column
shows the lowest two positive-parity levels resulting from a cal-
culation, while the calculated negative-parity levels are shown
on the left. Positive- (negative-) parity levels are shown by solid
(dashed) lines labeled on the right (left) with 2J. Nine calculat-
ed nonyrast low-spin levels have been omitted for clarity.
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feeding at low spins is through the yrast levels, these
states would not be populated. Thus, in general, the sim-

ple shell model accounts for the low-lying states in Pd
quite well. We have calculated E2 and M 1 rates for the
low-lying states in Pd. Bare M1 operator matrix ele-
ments were used and added effective charges of 0.5e were
used to calculate the magnitude of E2 observables. There
is an extremely strong calculated B(M1)=2 p~ between

the J = —", + and —",
+ states near 2.5 MeV in the calculat-

ed spectrum. Using the theoretical 8 values and the ob-
served energies of the transitions, the probability for a
transition from the —", + state to the —", state is favored

by a factor of 10 over an E2 transition to the —",
+ state.

Thus, if the calculated numbers are approximately
correct, it would be very difficult to see the stretched E2
transition. This does not eliminate all ambiguity, since
the strong B(M1) value for the decay of the lowest
J = —", + states in the lighter X =51 nuclei is also found.
In general then, the spherical picture for Pd accounts
rather well for the observed spectrum of states in Pd.

In Fig. 6, the observed and calculated spectra for Rh
are shown. In the figure are shown all observed levels
below 3 MeV excitation and the lowest two calculated
states for all J values allowed in the model space. In the
calculated spectrum, the lowest cluster of states results
from coupling the dsz~ neutron to the (g9/p v= 1) proton
configuration, with J =2~7. No n-p interaction we
found led to a J =9+ state below 1 MeV. Therefore, the
calculations suggest that the state at 0.715 MeV is a
J =8+ state. This assignment is consistent with the ob-
served decay scheme. In the excitation energy range of
2.0 MeV and above there are numerous states with inter-
mediate J values and there are reasonable analogs of all
of the observed states in the calculated spectrum. Indeed
this is true for all observed states up to 5.5 MeV excita-
tion.

In summary, the spherical shell model reproduces
many of the features of the measured spectra in both

Rh and Pd. The overall %=51 spectra calculations
suggest that the g7/p neutron orbit is starting to be
significant in Pd. The data do not tell us much more
than something about the appropriate single neutron en-

ergy for the g7/p orbit and the center of gravity of the

g7/p g9/p n-p interaction. There are a number of spectra
known4 for the X =52 nuclei in this mass region. Such
data will provide some knowledge about the n-n interac-
tion and they may provide some more sensitivity to the
remaining parts of the n-p interaction.
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FIG. 6. Comparison of empirical yrast levels of 'Rh up to 3

MeV, with the results of shell-model calculations. The empiri-
cal levels shown in the middle column are labeled on the right
(left) with J for positive- (negative-) parity levels resulting from
the calculation. The lowest two calculated levels of each spin-

parity are shown, except that four calculated nonyrast low-spin

levels have been omitted for clarity.

IV. CONCLUSIONS

To sum up, high-spin states of both Rh and Pd have
been studied for the first time. The results have been uti-
lized to determine the nuclear interaction in this mass re-
gion in the context of the shell model. The participation
of the g7/p neutron was found to be significant for the
first time in an X =51 nucleus. It is anticipated that this
orbital will be found in future experiments to play an
even more important role in the spectra of the presently
unstudied heavier X =51 nuclides. Moreover, the spheri-
cal shell model was determined to be relevant to the in-
terpretation of these nuclei. Finally, a consequence of a
y-ray doublet for the atomic masses of Rh and Pd was
discussed.
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