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The near-yrast structure of the near-magic, odd-odd nucleus, 35Y,9, has been studied into the high-spin

regime. Investigations were performed at the Wright Nuclear Structure Laboratory, Yale University, using the
74Ge('80,p3n) and "°Ge('0, p5n) fusion-evaporation reactions at beam energies of 60 and 90 MeV, respectively.
Gamma-ray energy coincidence analyses using both double (y?) and triple (y3) fold coincidences, together with
angular correlation measurements, have been used to extend the previously reported level scheme to an excitation
energy of 8.6 MeV and a spin and parity of 197, The presented level scheme is compared with predictions of
a truncated valence space shell-model calculation, which assumes an inert 3Ni core with proton and neutron
excitations allowed within the f5;5, p3/2, p1/2, and go, single-particle states. The shell-model calculations show
a reasonable comparison with the experimental data for the yrast, positive-parity states up to spin 18 %, with
larger variations evident for negative-parity states with spins greater than 16 7. In spite of a significant increase
in angular momentum input associated with the thin target 7°Ge('80, p5n) reaction channel, as compared to the
backed target data using the 7*Ge target, no additional discrete states were identified in the former data set,
suggesting that the level scheme for this nucleus fragments significantly above the observed states, possibly

indicating cross-shell excitations becoming dominant for / >19 7.

DOI: 10.1103/PhysRevC.87.044337

I. INTRODUCTION

The nucleus 38Y has a single neutron hole in the N = 50
shell and a single proton hole in the subshell at Z = 40.
This proximity to magic and semimagic numbers suggests
that the low-lying excitations for this nucleus are likely to
be characterized by simple single-particle configurations that
can be well described by the spherical-basis shell model.
A number of previous studies have been carried out on
the structure of 38Y in the low-spin regime [1-5]; however,
there are few investigations of the high-spin states [6]. The
maximum spin that can be generated from the particles in
the valence space covering the f5,5, p3j2, pi2, and gon
orbitals for %Y is 24 i, with higher-spin states requiring
excitations across the '%°Sn core. A recent publication by Xu
et al. [7] reported high-spin states of %Y populated following
the heavy-ion fusion-evaporation reaction 32Se('!'B,5n)%%Y.
The level scheme for 8Y presented in the current work is
compared with that reported by Xu et al. and to the pre-
dictions of truncated basis shell-model calculations assuming
excitations between the closed *°Ni and '°°Sn doubly magic
cores.
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II. EXPERIMENTAL DETAILS

Heavy-ion fusion-evaporation reactions were used to pro-
duce ®¥Y to allow the investigation of the near-yrast states up to
spins of ~207. The 21-MV Extended Stretched TransUranium
(ESTU) Tandem Van de Graaff accelerator at the Wright
Nuclear Structure Laboratory, Yale University, produced a
beam of 80 which was used to create the nucleus of interest
via the reactions *Ge('0,p3n)®Y and °Ge('*0,p5n)®Y.
In the first experiment, a beam of '80 at a laboratory energy
of 60 MeV impinged a 600-ug/cm? "4Ge target with a thick
(10 mg/cm?) '7 Au backing. The second experiment, aimed at
accessing higher spins, used a higher beam energy (90 MeV)
on a thin 7°Ge target (62 png/cm? on a 20-ug/cm? carbon
backing). Fusion-evaporation cross-section calculations were
performed using PACE4 [8,9] to estimate the optimum beam
energies for the reactions used. These calculations estimated
the semiclassical maximum angular momentum input into the
compound nuclei for these two reactions to be ~23 & and
~40 h, respectively.

Discrete energy gamma rays emitted following these
reactions were measured using the YRAST ball germanium
detector array [ 10]. In the current work, the array comprised ten
Compton suppressed HPGe clover detectors centered around
the target chamber at a typical target-detector distance of
20 cm. The array was arranged to allow y-ray coincidence
angular correlations measurements with six clover detectors at
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TABLE I. Experimental details.
Beam Ep Target Backing Beam current Master y? events
(MeV) particle nano Amps (pnA) trigger rate (kHz)
80 60 "Ge 7 Au ~2 ~3 3.08 x 10°
180 90 Ge 2c ~8 ~2 2.15 x 10°

an angle of 6 = 90° to the beam axis and four clover detectors
at 0 = 42.5° (two upstream and two downstream relative to
the target chamber).

The hardware logic trigger for the data acquisition system
was set to accept mutually coincident, independent Compton
suppressed events in at least three of the ten clover detectors
within a 500-ns electronic hardware time logic window. A
“triples” clover coincidence () master trigger was chosen to
reduce system dead time and improve the overall coincidence
spectral quality by ensuring that the accepted events arose
from gamma-ray cascades with at least three discrete members.
The data were sorted offline using the sort code CSCAN [11].

Table I provides a summary of the experimental details and

The level scheme for Y deduced in the current work is
shown in Fig. 2 (intensities correspond to the backed target
data). Coincident timing analysis techniques were used to re-
move random coincident events. The timing analysis involved
setting various software gating conditions on time differences
between measured gamma rays relative to the master trigger.
A software time difference coincidence condition of +90 ns
was applied to the y? matrices as it provided the optimum
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FIG. 1. Total projection of ungated symmetrized y2 matrices

from the (a) backed target and (b) thin target experiments described
current work.

in the current work.
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FIG. 2. Experimental level scheme for %Y constructed in the
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FIG. 3. Comparison of the (a) backed and (b) thin target y? data
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with a gate set on the 312-keV transitions. Inset: x-axis range 1800-
3500 keV. * indicates gamma-ray transitions associated with %Y in
the current work but not reported by [6].

compromise between removal of random gamma rays and
reduction in overall statistics.

The investigation of gamma-ray coincidence relationships
allows for the confirmation of previously published level
schemes. Figure 3 shows projections of y? matrices for the
backed and thin target data sets gated on the 312-keV I™ =
12~ — 11~ transition in 3%Y. Figure 4 shows the projections
of the symmetrized y> coincidence cube with gates on the
214- and 312-keV transitions associated with 38Y, for the
backed and thin target data. Notably, the relative intensity
of the high-lying excitations is increased in the thin target
(higher-spin-input) data as expected; however, no additional
discrete energy transitions were identified in the thin target
data set.

The directional correlation of oriented states (DCO) method
was used to determine the likely angular momentum carried
by the observed gamma rays. A y(90°)—y(42.5°) coincidence
matrix was constructed such that the axes corresponded to
the two angular groups of detectors within the YRAST ball
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FIG. 4. Comparison of the (a) backed and (b) thin target y> cube
data with gates set on the 214- and 312-keV transitions. Inset: x-axis
range 1800-3500 keV. Energies with * correspond to the three peaks
in the inset plot.
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FIG. 5. Evidence for the placement of the transition at the top
of the previously reported main cascade from the backed target
data: sum of background subtracted, double gated projections of the
symmetrized > cube with the second energy gates at 214, 312,
646, 1208, and 1769 keV with the first gate set at (a) 734 keV, (b)
435 keV, (c) 544 keV, (d) 575 keV, and (e) 307 keV. Inset: x-axis
range 260-360 keV.

array. A gate with an energy corresponding to a previously
reported transition of a well-defined multipolarity was then
applied to both axes of this matrix. A ratio of the intensity
of the projected gamma-ray peaks was measured, allowing
coincident transitions with different multipolarities to be
differentiated. The results of the DCO analysis of the backed
and thin target data for %Y from the current work are
summarized in Table II.

The current work confirms the results published by War-
burton et al. [6] and extends the level scheme from 157 to 197,
identifying ten additional transitions in the high-spin regime.
A recent study by Xu et al. [7] reports many of same transitions
but with a different placement to the current work. The current
work places the 1608-keV transition decaying from the E, =
2312-keV I™ = 9" level, populating the E, = 705-keV spin-7
level. This energy is consistent with a level assigned with
I™ =(7%) following light-ion transfer reactions in [16]. Such
a state would be expected to be isomeric in nature. Xu ef al.
assigned the 1608-keV transition to populate the 5558-keV
level with tentative spin and parity /™ = 16~. Evidence for
the revision of the placement of this transition in the current
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TABLE II. Experimental results for 3%Y.

E, (keV) E; — Ey (keV) 17— I7 (h) 1MV MY RGY RS
1769(E2)  1208(E1)  1769(E2)  1208(E1)
131.4(10) 2444 — 2312 10t — 9% 2.7(5) 3.9(15) - -
214.0(1) 4178 — 3964 13— 12- 85(3) 115(5) 0.53(2) 0.97(7) 0.51(3) 0.96(8)
306.8(3) 7417 — 7109 197 — 18 3.7(4) 8.5(9) 0.71(17) 0.81(19)
312.1(1) 3964 — 3652 12— 11° 100(3) 100(3) 0.53(3) 0.99(6) 0.52(4) 0.96(8)
327.0(10) 7142 — 6815 169 — 15 7.0(5) 12.9(11) 0.44(16) 0.87(23) 0.50(16) 1.51(36)
395.9(1) 3652 — 3257 1110 23.9(11)  18.5(15) - -
434.7(2) 5990 — 5558 161 — 150 6.2(6) 16.6(15) 0.31(9) 1.03(33) 0.47(14) 0.63(11)
543.6(2) 6533 — 5990 179 — 16 6.2(5) 20.8(14) 0.59(5) 0.83(11)
550.8(2) 6815 — 6266 1509 — 149 2.6(3) 3.1(6) 0.59(22)
575.4(3) 7109 — 6533 180 — 170 5.4(6) 19.2(16) 0.39(16) 0.71(10)
646.1(1) 4824 — 4178 140 — 13~ 37.2(14) 62(3) 0.57(9) 0.85(8) 0.46(6) 0.94(13)
704.6(2) 7846 — 7142 179 — 16 5.6(5) 12.8(15) 0.72(16) 1.18(31)
734.4(1) 5558 — 4824 159 — 140 14.5@8) 30.1(18) 0.88(12) 0.58(11) 0.79(10)
780.3(10) 8627 — 7846 184 — 17t 5024)  122(17) 0.36(8) 0.93(24) 1.32(21)
802.3(1) 1477 — 675 9t — 8+ 17.324)  12.4(17) - 0.92(19) 1.01(16)
812.0(10) 3257 — 2444 10— 10* 0.2(8) 0.2(7) - -
944.3(1) 3257 — 2312 10— 9* 17.6(11) 7.5(16) - - - -
967.5(3) 2444 — 1477 107 —9* 6.6(9) 4.0(16) - 1.46(23) -
1208.2(1) 3652 — 2444 11— 10* 75(3) 51.8(26) 0.54(8) gate 0.64(7) gate
1608.4(1) 2312 — 704 9t —7 152) 10.3(11) - - - -
1637.7(1) 2312— 675 9t — 8+ 8.9(7) 7.9(13) - - - -
1769.3(1) 2444 — 675 10t — 8+ 97(4) 513) gate 1.75(8) gate 1.42(12)
1779.3(2) 3257 — 1477 10— 9* 11.8(9) 7.6(16) - - - -
1991.0(2) 6815 — 4824 1519 — 140 5.1(4) 8.3(9)
2032.6(10) 9142 — 7109
2086.8(10) 6266 — 4178 14 — 13~ 2.2(3) 4.8(9)
3081.3(10) 9614 — 6533

work is shown in Figs. 5 and 6. Figures 5(a)-5(e) (backed
target data) show projections of double gated 33 coincidence
data with the gates set on the five highest-lying transitions in
the main cascade (734, 435, 544, 575, and 307 keV) as shown
in Fig. 2. The absence of a discrete peak at 1608 keV indicates
that this energy is not mutually coincident with these gamma
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FIG. 6. Projections of double gated symmetrized y> cube for the
backed data. (a) Gates on 1608 and 312 plus 214 keV. (b) Gates on
1608 and 1208 keV. (c¢) Gates on 1608 and 1769 ke V.

rays. The same conclusion is reached after analysis of the thin
target data. Figure 6 shows projections of double gated y* data
(backed target) with the gates set on 1608 keV and a sum of 312
and 214, 1208, and 1769 keV, respectively. Figure 5(a) shows
the 1608-keV y ray to be coincident with 395 and 944 keV but
not with 1638 and 1769 keV, leading to the conclusion that
1608 keV depopulates the E, = 2312-keV I™ = 9% level.
Further support for this placement is the appearance of the
weak 131-keV transition in this gate, as well as the 1208-keV
peak. Figure 5(b) provides the same conclusion, with the
131-, 214-, 312-, 646-, and 734-keV transitions (but not 395
and 944 keV) present in Fig. 5(a). Figure 5(c) shows no
peaks that correspond to previously reported gamma rays
assigned to ®¥Y, indicating that 1608 keV is not coincident
with the 1769-keV transition. The data presented in this work
also indicate that the y ray de-exciting the 4178-keV level
(214 keV) has multipolarity Al =1 (see Table II), which
is consistent with the study of Warburton er al. [6]. This is
contrary to the results published in [7], which assigns this
transition as Al =2. As a result of this discrepancy, the
tentatively assigned positive-parity side branch shown in Fig. 2
is consistent with the branch labeled “C” in Xu et al. [7] but
with the member levels spins reduced by 1 7.

Two tentatively placed levels for 8Y in the current work are
at excitation energies of 9142 and 9614 keV. The two gamma
rays depopulating these levels are seen in the inset plots of

044337-4
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TABLE III. Shell-model calculation results for %Y (see text for

details). ' indicates the percentage of state wave function with this
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TABLE IIl. (Continued.)

angular momentum coupling. * indicates the percentage of the total State %' Ang.mom. % 7T occupancy
state wave function with this single-particle configuration. I E, (keV) T v fsp P3p Pia 8op
State %' Ang.mom. %} 7 occupancy 12% 4673 63 15/2 9/2 24 5 3 2 1
. - 7 5 3 0 3
I E, (keV) b4 v fsp P32 P 8 30 172 92 125 3 N |
4- 0 81 1/2 9/2 50 6 4 1 0 14~ 5074 50 19/2 9/2 30 5 4 0 2
0 6 2 12 47 212 92 31 5 4 0 2
5= 202 88 1/2 9/2 62 6 4 1 0 13+ 5688 91 17/2 9/2 30 5 3 2 1
11 6 2 1 2 27 5 3 0 3
g+ 83 88 9/2 9/2 50 6 4 0 1 74 4 0 3
0w 6 2 2 1 15- 5766 96 21/2 9/2 62 5 4 0 2
10 6 2 0 3 10 5 2 2 2
7t 862 8 92 92 50 6 4 0 1 o5 2 0 4
10 6 2 2 1 14+ 6261 58 19/2 9/2 36 5 3 0 3
v 6 2 0 3 9 4 4 0 3
6~ 1272 72 3/2 92 37 6 3 2 0 3002172 972 15 5303
6 6 3 0 2 157 6689 76 21/2 9/2 49 6 2 0 3
9+ 1642 89 9/2 9/2 50 6 4 0 1 A A
/29 D 17 232 92 7 5 3 0 3
o 6 2 0 3 16 7294 66 23/2 9/2 47 5 3 12
- 32 252 9/2 23 5 3 12
7 1665 93 5/2 9/2 38 5 4 2 0 .
55 s 4 0 2 16 7324 67 23/2 9/2 43 5 3 0 3
3 5 2 2 2 0 4 4 0 3
9F 2394 23 9/2 92 6 6 3 1 1 22252 92 13 5303
2 8 5 4 | ) 17~ 8108 98 25/2 9/2 67 5 3 12
60 11,2 92 18 6 3 1 1 8 4 4 12
25 5 4 1 1 17+ 8113 67 25/2 9/2 42 5 3 0 3
11 4 4 0 3
N
10 2540 40 1172972 }é 2 i } i 23 27/2 92 14 5 3 0 3
53 13/2 9/2 18 6 3 1 1 o /2 92 6 5 3 0 3
6 5 4 1 1 18F 8847 68 27/2 9/2 42 5 3 0 3
- 10 4 4 0 3
8 2991 78 7/2 9/2 ‘1‘(3) g ; ? ; 21 29/2 9/2 19 5 3 0 3
190 9333 97 29/2 9/2 59 5 3 0 3
9- 3021 28 9/2 9/2 16 6 3 0 2 /29 R
) 60 13/2 9/2 4 6 3 0 2 2 s 2 1 3
10; 3319 20 112929 5 4 b L e 10078 63 27/2 92 40 5 2 0 4
66 13/2 9/2 31 6 3 1 1 7 4 3 o0 4
23 5 4 1 1 7 s , 1 4
10 3362 8 13/2 9/2 65 6 3 0 2 34 292 92 2 5 2 0 4
11T 3439 95 13/2 9/2 32 6 3 1 1 19 10185 95 29/2 9/2 59 5 2 0 4
27 5 4 1 1 1 4 3 0 4
11- 3819 79 13/2 9/2 50 6 3 0o 2 9 5 1 1 4
7 5 4 0 2 6 4 2 1 4
5 6 2 12 200 11981 96 31/2 9/2 59 5 2 0 4
12= 4163 15 152 92 5 6 3 0 2 18 4 3 0 4
6 5 4 0 2 6 5 1 1 4
30 17/2 92 7 6 3 0 2 T4 2 1 4
13 5 4 0 2 200 12167 96 31/2 9/2 63 5 2 1 3
45 192 9/2 11 6 3 0 2 26 4 3 1 3
23 5 4 0 2 21 12903 100 33/2 9/2 90 4 3 13
137 4379 40 17/2 9/2 25 5 4 0 2 21— 13357 91 33/2 9/2 44 4 3 0 4
37 19/2 9/2 22 5 4 0 2 18 3 4 0 4
19 21/2 9/2 13 5 4 0 2 4 4 2 1 4
8 352 92 8 4 3 0 4
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TABLE IIl. (Continued.)

State %'  Ang. mom. %! 7 occupancy

I E, (keV) T v fs2 P3P gop
22~ 13802 99 35/2 9/2 86 4 2 0 5
22+ 15953 98 35/2 9/2 84 4 3 0 4
23~ 16323 100 37/2 9/2 83 4 2 1 4
15 3 3 1 4
23+ 16948 100 37/2 9/2 83 4 2 0 5
11 3 3 0 5
3 2 1 5

24t 20615 100 39/2 9/2 100

Figs. 3 and 4. Projections of the energy gates placed on these
transitions in the y 3 coincidence cube with second gates placed
on the 214-, 312-, and 646-keV transitions are shown in Fig. 7.
Figure 7(a) shows the 2033-keV gate with the 214-, 312-,
396-, 435-, 546-, 575-, 646-, 734-, 1208-, 1760-keV gamma
rays present but not the 307-keV transition. This indicates the
2033-keV transition feeds directly into the level scheme at
the E, = 7109-keV level. Figure 7(b) shows the projection of
the 3081-keV gate with the 214-, 312-, 396-, 435-, 546-, 646-,
734-, 1208-, 1769-keV transitions present. The 575- and 307-
keV transitions are not present in this projection, suggesting
the 3081-keV gamma ray populates the E, = 6533-keV level.
The parities of the previously unreported levels are assigned
tentatively on the basis of comparison with the shell-model
calculations discussed in the next section.

IV. SHELL-MODEL CALCULATIONS AND DISCUSSION

Truncated basis shell-model calculations were carried
out for 8Y using the code NUSHELLX [15]. The valence
space used covered the major shell from Z, N = 28—
50, with a °Ni inert core. No subshell truncations were
applied to this model space, allowing the valence par-

< I
30— (a)
20 —
10 —
2 o
2 0
g E\ ‘ T ‘ T ‘ T ‘ T
8207(\:(\l (b)
RS
10 —
i
\ \ \

\ \
500 1000 1500 2000 2500
Energy (keV)

FIG. 7. Projections of background subtracted double gated >
coincidences for the thin target data. (a) Sum of gates between 2033
and 214 plus 312 keV. (b) Sum of gates between 3081 and 214, 312,
and 646 keV.
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ticles to move freely between the f5,, ps3p, pij2, and
8o/2 single-particle orbitals. The interaction chosen was
based on the Bonn-C potential, with the four single-
particle energies, f5,2(—8.7087 MeV), p3/,2(—9.8280 MeV),
p1/2(—7.8388 MeV), and go/2(—6.2617 MeV), modified
empirically to fit experimental energy data in the region
A = 63-96, including *Y (see [16]). The highest-spin and
parity or highest-parity configurations possible for the va-
lence space used in the current work are 23~ and 24"
(see Table III).

8Y has one neutron hole in the N = 28-50 major shell.
The calculations have no subshell restrictions on the neutrons;
however, it is clear from the results of these calculations that
U(gg/g)_] is the only neutron configuration of significance.
There are also no subshell restrictions placed upon the proton
single-particle orbitals, allowing free movement of the 11
valence protons in the “fpg” major shell. The results of the
shell-model calculations are shown in Fig. 8, with detailed
results presented in Table III. Figure 8 shows the experimental
level scheme of %Y deduced in the current work alongside
the shell-model calculations for 8Y. The calculations for 3%Y
show reasonable agreement with the experimental yrast level
schemes up to excitation energies of ~5 MeV. These lower-
spin and excitation yrast levels are well described by simple
configurations. For example, the /™ = 4~ and 5~ state wave
functions in %Y consist of more than 80% 7 (p; /2) v(go/2) with
other particle configurations contributing less than 5% each
to the wave function. The shell-model calculation predicts the
yrast I” = 87 state to have an excitation energy of 823 keV. The
general agreement between theory and experiment holds well,
with differences of less than 200 keV, for the negative-parity
states up to the /"= 157, E, = 5766 calculated state. Above
this the difference between the theoretical and experimental
results increases to more than 1 MeV, possibly suggesting
competition from cross-core excitations in the formation of
near-yrast states in this energy range.

As with the negative-parity states, the predicted positive-
parity states show a reasonable agreement with the experimen-
tal results at lower excitation energies; however, the agreement
extends to higher energies of ~8.6 MeV. Figure 2 shows
that the predicted higher-energy positive-parity states are
consistent with those states identified in a parallel side branch.
If these side branch states had negative parity, i.e., the same
parity as the main decay sequence, one would expect to observe
competing E2 transitions from the E, = 6266-keV spin-14
state to the E, = 3964-keV "= 127 state and from the
E, = 6815-keV spin-15 state to the E, = 4178-keV I"= 13~
state. The energy of such transitions would be 2302 and
2637 keV, respectively, but there is no evidence of such discrete
energies in the current work, consistent with positive-parity
assignments for the side branch levels.

The shell-model calculations predict that the yrast I7=
197 state should be ~500 keV above the observed 17= 18"
yrast state. No firm evidence for a state corresponding to this
predicted level is observed in the current work. The yrast I7 =
20" and 20 states are predicted to lie almost 3 MeV above the
I™= 19" state (see Table III), which suggests an exhaustion
of energetically favored angular momentum couplings in this
valence space. The large energy gap suggests that cross-shell
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FIG. 8. Experimental level scheme for %Y constructed from the
presented data alongside shell-model calculations performed using
NUSHELLX and the jun45 interaction.

excitations may compete with such transitions, fragmenting
the potential population of states with 1 > 207%.
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It was expected that the heavy-ion fusion-evaporation
reactions would impart angular momentum up to 40 7 to the
nucleus under study. However, it can be seen in Fig. 2 that
the extended experimental level scheme for %8Y only exhibits
levels up to a spin of 19 7. It is possible that no discrete levels
are observed at higher spins in the current work due to the level
scheme fragmenting, with a large number of weakly populated
levels that are difficult to observe discretely.

Above ~5 MeV the agreement between experiment and
theoretical prediction becomes weaker. At some stage, the ex-
citation energy will become sufficient for a neutron excitation
across the N = 50 shell gap. The N = 50 shell gap is of the
order of several MeV, meaning that within the energy range
being examined it is possible for neutrons to excite across the
gap. However, the calculation model space used includes only
single-particle states up to go,» for both protons and neutrons,
therefore allowing no excitations across the N = 50 shell
gap. This is likely to be the source of the large differences
between the shell-model calculations and the experimental
levels scheme at high excitation energies.

V. CONCLUSIONS

A spectroscopic study of the near-magic, odd-odd nucleus
8Y has been performed. Previously unreported data have
been used to present a level scheme that extends to higher
excitation energy and spin than previously reported. Angu-
lar correlation measurements were performed, allowing the
confirmation of previously reported level angular momentum
and newly observed level angular momentum to be assigned.
Shell-model calculations were performed using NUSHELLX,
and reasonable agreement between experimental data and
theoretical predications was achieved for states with I < 187.
No evidence for decays from discrete levels with I > 207 was
observed in the current work, in spite of a semiclassical angular
momentum of >40 7 being imparted. This suggests a complex
fragmentation of the level scheme for 88y above I > 18%
associated with excitations across the N = 50 closed shell.
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