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The low-lying, low-spin levels of 7Ge were studied with the (1, n'y) reaction. y-ray excitation function
measurements were performed at incident neutron energies from 1.6 to 3.8 MeV, and y -ray angular distributions
were measured at neutron energies of 2.0, 2.6, 3.0, 3.4, and 3.8 MeV. From these measurements, level spins,
level lifetimes, y-ray branching ratios, and multipole mixing ratios were determined, and a comprehensive
level scheme approaching 3 MeV in excitation energy is presented. Low-lying collective band structures are
identified, and a comparison of the level characteristics with large-scale shell-model calculations yields excellent

agreement.
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I. INTRODUCTION

The stable germanium nuclei exhibit a number of interest-
ing structural features including shape coexistence [1,2] and
triaxiality [3—6], but recent interest in these nuclei has been
motivated by the emergence of 7°Ge as one of the best can-
didates for the observation of neutrinoless double-8 (OvB8)
decay [7].

If observed, Ov BB decay provides perhaps the best method
for obtaining the mass of the electron neutrino, and it is
the only practical way to establish if neutrinos are Majorana
particles. The rate of OvB8 is approximately the product of
(a) the known phase-space factor for the emission of two elec-
trons, (b) the effective Majorana mass of the electron neutrino,
and (c) the nuclear matrix element (NME) for the "°Ge to
76Se transition. The NME cannot be determined experimen-
tally and, therefore, must be calculated from nuclear structure
models. In recent studies of 7°Ge [8] and "°Se [9] with the
(n, n’y) reaction, we have focused on providing detailed nu-
clear structure information to constrain these calculations;
however, additional data from other nuclei in the vicinity can
be utilized to refine these model calculations further [10]. To
better characterize this transitional region, studies of other sta-
ble Ge nuclei have been initiated; the study of "*Ge reported
here is the first of these additional inquiries.
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Recent investigations of the low-lying, low-spin levels of
74Ge are rare; most notable among these, however, are the
work by Sun et al. [11] with the °Zn("Li, p2ny) reaction
and the (n, n'y) reaction study by Kosyak, Chekushina, and
Ermatov [12] with reactor fast neutrons. Photon scattering
measurements [13,14] and («, o'y) reaction data [15] have
contributed new information about spin-1 states. Unpublished
data from a 3*Ge(n, y) study at the Institut Laue Langevin-
Grenoble [16] proved useful for comparing with the data
from our measurements, and data from recent two-neutron
transfer and deep inelastic scattering measurements, i.e., the
76Ge + U and "°Zn + 2%®Pb reactions leading to *Ge as
one of the final nuclei, were available to us [17]. In addition,
a state-of-the-art nuclear resonance fluorescence study with
quasi-monoenergetic, linearly polarized photon beams has
recently been performed at the High-Intensity Gamma-Ray
Source (HIyS) at Triangle Universities Nuclear Laboratory
(TUNL) as part of a collaborative effort for our studies of the
Ge isotopes [18].

The (n,n'y) reaction exhibits several advantages over
other in-beam reactions. With no Coulomb barrier, nearly
monoenergetic accelerator-produced neutrons can excite the
nucleus to any degree desirable. The reaction is also nonse-
lective allowing the population of nonyrast states. Detection
of the emitted y rays provides good energy resolution, and
level lifetimes can be determined with Doppler-shift attenu-
ation methods [19]. A disadvantage of the technique is that
large amounts (i.e., several grams in most cases) of enriched
isotopes are often required to obtain reasonable counting
rates. In addition, although the cross sections for inelastic
scattering are typically not small, the neutron fluences for
these secondary reactions are limited. However, from these
measurements, levels are identified, and the cross sections ob-
tained from the excitation functions provide information about
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FIG. 1. y-ray spectrum from 3.0 MeV neutrons incident on the
enriched "Ge scattering sample at a detection angle of 90°. The most
intense y rays are labeled with their energies and the transitions they
represent.

the spins and parities of the populated levels. Furthermore,
from level lifetimes, y-ray branching ratios, and multipole
mixing ratios, reduced transition probabilities can be ob-
tained. Thus, a wealth of information can be gained from this
single reaction.

While it is also clear that some properties, e.g., magnetic
dipole and electric quadrupole moments, cannot be deter-
mined in our work, the quantities available from our data,
allow the development of a comprehensive level scheme and
provide detailed quantities for comparison with theoretical
calculations.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

Using the methods described in detail for °Ge and 76Se
[8,9], we performed *Ge(n, n'y) measurements at the Uni-
versity of Kentucky Accelerator Laboratory (UKAL). The
SH(p, n)’He reaction with a tritium gas target and a time-
bunched proton beam produced fast neutrons which impinged
on a scattering sample consisting of 19.3406 g of elemen-
tal Ge powder enriched to 98.9% in "Ge in a cylindrical
polyethylene vial of 1.14 cm radius and 3.58 cm height. y
rays were detected with a high-purity germanium (HPGe)
detector of ~50% relative efficiency and energy resolution of
2.0 keV (full width at half-maximum) at 1333 keV surrounded
by a bismuth germanate (BGO) annulus, which functioned
as a Compton suppressor and active shield. >*Na and '37Cs
radioactive sources were placed near the detector to provide
online calibrations. **Co and ?*°Ra were used offline for effi-
ciency and nonlinearity calibrations. A portion of the in-beam
y-ray spectrum is shown in Fig. 1.

For the excitation function measurements, y-ray spec-
tra were recorded at incident neutron energies from 1.6 to
3.8 MeV in 0.10 MeV steps and an angle of 125° relative to
the beam axis. y rays were placed in the level scheme from
their energy thresholds. Relative experimental level cross
sections were compared with cross sections computed with

1697.3 keV 3+ state to the 595.9 keV 27 state. The E2/M 1 mixing
ratio, 8, determined from these data is +5.847¢s.

the statistical model code CINDY [20] to infer spins of the
levels.

At incident neutron energies of 2.0, 2.6, 3.0, 3.4, and 3.8
MeV, y-ray spectra were measured at eleven angles from 40°
to 150° relative to the beam axis. The yield of a y ray can
be fit with a least-squares Legendre polynomial expansion in
which only the even-order terms contribute and the angular
distribution coefficients a, and a4 depend on the level spins,
transition multipolarities, and multipole mixing ratios. Fig-
ure 2 illustrates the angular distribution of the 1101.3 keV y
ray from the 1697.3 keV 3% level to the first excited state of
74Ge and the E2/M1 mixing ratio, 8, that was determined by
comparison with CINDY [20] calculations. The adopted J value
is that for which the X2 value is at a minimum; when similar
minima result for more than one spin value, the one for which
all branches agree is chosen, or multiple spins possibilities
are listed. The excitation function data are also of value as
mentioned above. The adopted mixing ratio is that for which
the x2 value is at a minimum for the determined spin. If
two minima are present with a small difference in x2, both
6 values are reported. It is worth noting that transitions with
measurable M2 components are not observed in our experi-
ments, thus those transitions involving changes in parity are
taken to be pure E'l transitions by this population mechanism.
Ground-state transitions are either pure E2, E1, or M1 as
determined by the changes in multipolarity and angular mo-
mentum, which are based upon the sign of the a;, coefficient
and the measured multipole mixing ratio. Pure multipolarity
for any transition is determined when the minimum x? value
corresponds to a § of 0 within uncertainties.

These spectra can also be used to determine level lifetimes
with the Doppler-shift attenuation method. An example is
given in Fig. 3, where the lifetime of the 2833.0 keV 27 state
is determined from the Doppler shift of the 2237.1 keV y ray.

III. EXPERIMENTAL RESULTS

Results from the (n,n’y) measurements performed at
UKAL are summarized in Table I in which only data from
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TABLE I. Data extracted exclusively from the present (n, n'y) experiments for 7*Ge. New levels and y rays are in bold. Multipole mixing
ratios are reported using the Krane and Steffen sign convention [21]. When two mixing ratios are possible, the solution with the lowest x>
value is listed first.

Einitial E, Efnal JrJf BR F(r) Tievel J B(E2) B(M1) B(ET)
or multipo-
(keV) (keV) (keV) (fs) larity (W.u.) (/,LIZV) (mW.u.)
595.886(9) 595.882(10) 0.0 2t 0t 1.000 E2
1204.293(11)  608.389(10) 595.9 2t 2t 0.6703) +2.98F%0
1204.266(25) 0.0 0" 0.330(3) E2
1463.882(14) 867.961(21) 595.9 4t 2t 1000 0.023(7) 235072%% E2 38(11)
1482.902(15)  886.986(23) 595.9 ot 2t 1000  0.017(6) 3700120 E2 21.9(83)
1697.267(12)  233.368(25) 1463.9 3F 4% 0010(1)  0.002(7)  >4530  +0.9t} <66 <0.0053
492.974(10) 1204.3 2t 0.484(6) +2.0713 < 130 <0.0096
1101.319(20) 595.9 2t 0.506(6) +5.84788 <3.0 <0.00014
2165.449(15)  468.158(26) 1697.3 4t 3T 0.0262) 0.035(14) 1600719 +1.067) 1722 0.0043%38
701.551(10) 1463.9 4t 0318(5) +0.84+10 2t 0.020*12
0.138+% 1.072! 0.033+13
961.183(24) 1204.3 2*  0.656(5) E2 22.4(94)
2198.084(12)  715.160(10) 1482.9 2t 0t 01352)  0.0345) 1610729 E2 19.8732
734.194(20) 1463.9 4+ 0.040(1) E2 5.15188
993.759(24) 1204.3 2+ 0.383(5) +0.99*14 5.4(15) 0.0070%23
+0.422188 16473 0.0117*2
1602.136(17) 595.9 2t 0.128(2) +4.87186 032073 0.0000447%
—-0.201%3% 00129732 0.00106*]3
2198.058(20) 0.0 0t 0.313(6) E2 0.168(27)
2226.548(19)  1022.244(21) 12043 0t 2% 0474(5) 0.010(7) > 3270 E2 <5.7
1630.613(22) 595.9 2t 0.526(5) E2 <0.62
2536.576(14)  839.297(84) 1697.3 3= 3t 0018(1) 0.151(11) 341132 El 0.0494178
1332.251(12) 12043 2F 0.204(5) El 0.14011$
1940.692(30) 595.9 2+ 0.778(5) El 0.173%17
2569.34(22) 1105.43(19) 1463.9 6t 4t 1000  0.07939) 7507510 E2 36720
2600.329(15)  903.077(16) 1697.3 2t 3t 0.0994)  00768) 721780 4154787 7.1%%9 0.0031%3%
1395.969(52) 1204.3 2+ 0.022(D) —4.6770 024375 0.00002975;
—-0.70%)%  0.08473  0.00043(14)
2004.355(16) 595.9 2+ 0.847(9) —0.002F1%  0.0000067#°  0.00837)°
2600.348(87) 0.0 0" 0.032(9) E2 0.0165+79
2669.701(22)  972.402(28) 1697.3 4t 3t 0.154(4) 0.050(12) 1200738 +0.76118 24718 0.0051%33
+1.50733 4572 0.0024733
2073.766(22) 595.9 2+t 0.846(4) E2 0.81722
2690.720(36)  1486.437(54) 12043 1 2+ 0.095(6) 0.164(10) 3032
2690.639(40) 0.0 0" 0.905(6)
2693.827(15)  1489.479(11) 12043 3= 2% 07197 0.03009) 202018 El 0.060(18)
2097.938(21) 595.9 2t 0.281(7) El 0.0083737
2697.139(18)  531.625(44) 2165.4 5t 4 01135) 0.069(13) 7907390 +0.517}3 30728 0.0431¢
999.845(13) 1697.3 3t 0.887(5) E2 50(10)
2750.124(35)  1545.796(32) 1204.3 ot 2+ 03329 0.048(14) 1160755 E2 14374
2154.129(81) 595.9 2+ 0.668(9) E2 0.557%
2828.747(16) 1131.443(10) 1697.3 4- 3* 1000 0.022(10) 28007260 El 0.137%87
2833.045(59) 1628.5(4) 1204.3 2t 2t 0.0318) 0.694(11)  28(1) E2/M1 <43 <0.015
2237.108(53) 595.9 2+ 0.969(8) +0.014733  0.005138 0.176(8)
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TABLE 1. (Continued.)

Einitian E, Efinal JrJf BR F(7) Tlevel 4 B(E2) B(M1) B(E1)
(keV) (keV) (keV) (fs) or multipo- (W.u.) (;L%,) (mW.u.)
larity
+2.31732  23.00)7 0.0277%35
2836.280(22) 670.8° 2165.4 4t 47 0128(32) 0.124(17) 4487 E2/M1 <93 < 0.054
1138.974(18) 1697.3 3+ 0.232(35) +5.11%8% 11575 0.0007413}
1372.342(58) 1463.9 4 0.05909) -1.3%3, 0.7675,  0.001071%¢
1632.006(86) 1204.3 2t 0.49(12) E2 42712
2240.4(9) 595.9 2+ 0.092(23) E2 0.161*7
2857.297(24) 1652.952(20) 1204.3 ot 2t 0.547(7)  0.179(12) 29172 E2 6.7418
2261.389(64) 595.9 2t 04537 E2 116712
2874.978(20) 1177.633(25) 1697.3 (3%) 3% 0.1082) 0.182(10) 2847%  —0.517% 157132 0.0104713
2279.062(21) 595.9 2+ 0.892(2) +0.342418 023771 0.0135(11)
2925.666(26)  1228.399(29) 1697.3 4t 3t 0.6455) 0.087(9)  652%% 4035515 17573 0.0270733
1461.630(45) 1463.9 4t 0.083(2) 2514 0.7312} 0.00032138
1721.361(99) 1204.3 2t 0.147(3) E2 0.660735
2329.720(45) 595.9 2t 0.125(4) E2 0.124712
2935.768(46) 1471.839(39) 1463.9 5~ 4t 1000 0.032(19) 20001319 E1l 0.08673;
2938.802(25)  1734.390(59) 12043 2,3% 2T 0.1053) 0360(11)  115(5)
2342.865(22) 595.9 2* 0.895(3)
2049.481(23)  1745.047(39) 12043  (27) 2 0.083(3) 0.066(10) 880™|1 (E1) 0.0099125
2353.562(22) 595.9 2t 0917(3) (E1) 0.0444777
2973.709(54)  808.268(58) 2165.4 57 4% 0325(12) El
1509.710(77)  1463.9 4t 0.675(12) El
2999.198(23)  1301.903(46) 16973 2t 3t 0.0492) 0405(11)  95@)  +0.13F}  0.117% 0.0131*2
1794.69(44) 1204.3 2t 0.04203) —-029%30  0.08TY° 0.004078
2403.247(24) 595.9 2 0.739(7) —-0.2627%  0.276%7,  0.0298(19)
+6.9722 420137 0.0006673)
2999.125(45) 0.0 0+ 0.170(6) E2 0.32612¢
3017.783(22)  1320.34084)  1697.3  (2%) 3t 0.021(1) 06979  30(1)  +0.08(21)  0.057% 0.01721)8
1813.390(26) 1204.3 2+ 0.442(5) +0.01972%  0.012+%3 0.1407]
+2.25T2  27.8%33 0.0231%33
2421.894(27) 595.9 2+ 0.537(5) +4.7110 9.08733 0.0031%19
—-0.191(33)  0.33%}} 0.0691%32
3032.888(34)  3032.821(30) 0.0 1 0t 1000  0562(14)  52(3)
3034.147(19)°  497.540(17) 2536.6 337 0158 0.042(16) 1400755 El 0.51-0.93
0.290
1336.828(38) 16973 3t 0.187- —0.02273  0.00067-  0.0032-0.0058
0.343 0.0012
+1.53t23  097-1.8 0.00096-
0.0018
1570.234(25) 14639 4+t 0.155- +0.028%3)  0.00040-  0.0016-0.0030
0.284 0.00074
—10%3, 0.51-0.93  0.000017-
0.000031
1829.9% 1204.3 2t <0455 <0.70 < 0.0030
2438.43(18) 595.9 2 0.045- -2.877, 0.015-0.027  0.000015-
0.083 0.000027
—-0.16719  0.00044- 0.00012-
0.00081 0.00023
3048.769(25) 850.582(55) 2198.1 4t 2t 0102(4) 0.078(28) 7307530 E2 14.018
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TABLE 1. (Continued.)

Einitian E, Efinal JrJf BR F(7) Tlevel 4 B(E2) B(M1) B(ET)
(keV) (keV) (keV) (fs) or multipo- (W) ([L]ZV) (mW.u.)
larity
883.301(21) 2165.4 4 0.403(7) -0.114%87 0678 0.045139
1844.27(10) 1204.3 2+ 0.384(6) E2 1.10+45
2452.848(78) 595.9 2t 0.111&) E2 0.07613;
3081.680(23)  545.075(39) 2536.6 4= 37 0137(5) 0.11013) 49378 —0.2677% 17434 0.091119
1384.376(24) 16973 3+ 0.289(5) El 0.122(19)
1617.72935) 14639 4+ 0.574(6) El 0.152(22)
3092.337(27)  1887.961(33) 1204.3 1T 2% 0460(10) 0.685(12)  31(2) -5t 26.1731 0.006™1
+0.07113 0.17})? 0.125"12
2496.459(80) 595.9 2+ 0.075(4) -0.715, 0.3977 0.0057143
3092.281(37) 0.0 0" 0.465(12) M1 0.0288*28
3104.827(54)  939.342(46) 2165.4 5° 4% 1000 0031095  >423 El <16
3140.704(17)  604.170(30) 2536.6 37 37 01779 0.084(14) 660710  —0.371, 17738 0.061713
+4.37%7 140752 0.003573]
942.558(27) 2198.1 2t 0.168(5) E1l 0.16713]
975.54(15) 2165.4 4t 0.051(4) El 0.046113
1443.375(16) 1697.3 3t 0.488(8) E1l 0.135128
1676.67(10) 1463.9 4+t 0.115(4) El 0.0204145
3175.538(17)  638.940(10) 2536.6 37 37 02864 0.176(11) 28713 —0.33517] 42453 0.195(22)
1478.279(75) 1697.3 3t 0.092(3) El 0.0549*43
1971.112(29) 12043 2 0.179(4) El 0.0451141
2579.696(62) 595.9 2t 0.443(6) El 0.0498™47
3180.078(66)  1482.662(72)  1697.3 (2,3,4%) 3T 0.723(13) 0.344(30) 12978
2584.301(98) 595.9 2+ 0.277(13)
3199.32126)  1501.981(40) 1697.3 2t 3t 01674 0217100 23971 —0.673 L.0*2 0.0090%22
1994.964(33) 1204.3 2+ 0.479(6) —0.0117%2  0.000371%  0.0144(10)
+241735 239477 0.0021078
2603.61(11) 595.9 2+t 0.175(5) —-0.35%12  0.0297%  0.0021073¢
3199.226(47) 0.0 0t 0.179(6) E2 0.0988+22
3219.856(35)  1054.405@3) 21654  (5F) 4T 0.1436) 0278(15) 17371 +0.47F) 5.0138 0.0329(64)
1755.884(38) 1463.9 4+ 0.857(6) +0.337H5  1.34%58 0.0467(47)
3271.366(42)  1574.019(38) 1697.3 (47) 3% 0.5038) 0.10020) 580+ (ED) 0.123%39
1807.65(12) 1463.9 4t 0.497(8) (ED) 0.080119
3275.692(35)  1077.463(52)  2198.1 1 2t 0267(7) 0.283(17) 16873
2679.90(10) 595.9 2t 0.117(7)
3275.651(41) 0.0 0" 0.616(9)
3336.758(28)  1171.257(27) 21654  4,5F,67 47 0383(15) 0.29221) 160*17
1872.818(35)  1463.9 4+ 0.617(15)
3342.903(25)  2138.531(26) 12043 2,3% 2% 05608) 0.379(14)  110(6)
2746.954(36) 595.9 2+ 0.440(8)
3359.177(46)  2763.212(40) 595.9 2t 1000 0.15023) 36417
3381.625(34)  1684.250(66) 1697.3 (37) 3T 0.108(5) 0.233(18) 21472 (ED) 0.058579)
2785.670(32) 595.9 2+ 0.892(5) (E1) 0.107+12
3386.494(35)  2181.988(64) 12043 2,3,47 2t 0271(7) 022417) 22573
2790.567(34) 595.9 2t 0.729(7)
3394.51023)  1697.117(28) 1697.3 @) 3T 0314©6) 0275(15) 17373 +0.32173  0.531}3 0.0191724
+4.875° 54778 0.00087135
2190.185(25) 1204.3 2t 0.601(7) (E2) 3.05%27

054318-5



E. E. PETERS et al.

PHYSICAL REVIEW C 109, 054318 (2024)

TABLE 1. (Continued.)

Einitian E, Efinal JrJf BR F(7) Tlevel 4 B(E2) B(M1) B(E1)
(keV) (keV) (keV) (fs) or multipo- (W.u.) (M%,) (mW.u.)
larity
2798.75(11) 595.9 2+ 0.085(5) (E2) 0.127%17
3408.739(59)  1944.788(51) 14639 4t 1000 022545) 22379
3421.634(40)  1957.709(39)  1463.9 4t 03299) 0.687(26)  32(4)
2217.193(83)  1204.3 2+ 0.544(11)
2825.54(14) 595.9 2+ 0.127(7)
3475.728(80)  2879.757(71) 5959  2,3,4t 2t 1000  0277(36) 16973}
3478.405(36)  1313.028(53) 21654 (6%) 47 0.261(12) 0.040(23) 150072°  (E2) 2.0713
2014.392(36) 1463.9 4t 0.739(12) (E2) 0.66733
3489.78(16) 2893.80(14) 595.9 2t 1000 0.022(40) > 940
3494.497(90)  2898.487(94) 595.9 2t 2t 0.907(8) 0.505(26) 6617 +5.5738 2.87(38) 0.00101}2
0215773 01313 0.0307(42)
3494.51(15) 0.0 0+ 0.093(8) E2 0.120%
3500.824(60)  2036.863(56)  1463.9 4t 0.751(16) 0.241(36) 202143
2904.90(15) 595.9 2+ 0.249(16)
3558.099(47)  2962.109(67) 595.9 1 2% 0455(18) 0.851(20)  13(2)
3558.016(54) 0.0 0" 0.545(18)
3566.628(46)  2361.93(12) 12043 2,3,47 2% 0.132(10) 0.746(21) 2473
2970.692(43) 595.9 2% 0.868(10)
3574.191(55)  2369.859(73)  1204.3 2t 0.260(14) 0.89027)  9.1733
2978.181(65) 595.9 2% 0.740(14)
3579.408(90)  2115.43(10) 1463.9 4t 0488(29) 0.747(52)  247]
2374.91(16) 1204.3 2+ 0.211(19)
2983.68(20) 595.9 2+ 0.301(22)
3612.26(13) 3016.28(12) 595.9 2t 1000  0.224(68) 220710
3648.134(72)  3648.037(64) 0.0 1 0t 1000  0.61129)  43(5)
3674.57(14) 3078.57(19) 595.9 (%) 2% 0.52337) 042064) 9073 (E2/M1) <0.93 <0.011
3674.48(17) 0.0 0+ 047737 (E2) 0.357 ¢

“The y ray energy is taken from level energy differences due to contamination from other origins.

The branching ratio for the 1830 keV y ray is quoted as an upper limit because it is an unresolved doublet. The branching ratios for the other
y rays from this level are then quoted as ranges; the lower limit for the values corresponds to using the upper limit for the 1830 keV y ray, and
the upper limit corresponds to using zero for the 1830 keV branch. The transition probabilities are quoted with similar ranges.

the present work are included. All spin assignments were ex-
perimentally determined from this work and were made based
on the Legendre polynomial fits to the angular distributions
and the resulting minima in x? in comparison to CINDY [20]
calculations as previously detailed.

An objective of this work was obtaining a comprehensive
image of the low-lying states in "*Ge. In pursuing this goal, we
carefully examined and refuted a number of the levels placed
in the Nuclear Data Sheets (NDS) [22] and the Evaluated
Nuclear Structure Data File (ENSDF) [23].

A. Erroneous states: Previously reported levels not
observed in the current study and refuted

An objective of this work was obtaining an inclusive image
of the low-lying states in *Ge, which could be compared
with theoretical calculations. If a comprehensive picture of the
level structure is sought, it is important to confirm or reject

levels placed in earlier work. As noted previously, in inelastic
neutron scattering, the population of levels in the target nu-
cleus is statistical and nonselective in nature, resulting in the
excitation of all levels, both yrast and nonyrast states, with
J < 6 and either positive or negative parity. In practice, we
find that the most intense y ray de-exciting a level will be
observed using incident neutrons exceeding the threshold by
100 keV for low-spin states or 400 keV for higher-spin (J =
5, 6) states. These values account for both the cross section of
the levels and the detection efficiency of the y rays. Therefore,
if the dominant y -ray branch is not observed within this range
of incident neutron energies, we refute the y -ray placement; if
none of the branches are observed, we also refute the existence
of the level, labeling it an “erroneous state”. In the most
definitive cases, the y ray(s) are not observed at any incident
neutron energy, or they are observed with a threshold below
or well above the purported level energy, indicating that the
previous y-ray placement is incorrect.
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FIG. 3. Doppler-shift attenuation data for the 2237.1 keV y ray
from the 2833.0 keV 27 state. The lifetime was measured to be
28(1) fs.

Moreover, due to the wealth of data obtained from the
(n, n’y) measurements, coincidence data are typically unnec-
essary to verify y-ray placements. As already mentioned,
the energies of the incident fast neutrons can be varied, thus
the energy threshold of a y ray is easily identified. Lifetime
measurements provide additional evidence for y-ray place-
ments, as the lifetime determined for each decay branch must
agree. Furthermore, y-ray energies are usually determined
sufficiently well that they can provide excellent evidence for
placements in the level scheme. Finally, the spins of the
levels can be identified by comparing both the level cross
sections from the excitation functions with statistical model
calculations, as well as with the angular distributions inde-
pendently for each y ray. Each branch must, of course, yield
the same spin. All of these factors aid in the creation of a
consistent picture of the level structure.

In pursuing our goal of a comprehensive level scheme,
we carefully examined the placements of states in the NDS
[22] and the ENSDF [23]. In the current study of "*Ge, 11
previously placed states below 3 MeV were rejected, as the
level placements were not supported by our data, as described
above. These discrepancies are discussed in detail below, and
we have eliminated these erroneous states from the level
scheme. In cases where y rays were reported in the decay
of the proposed levels, we have searched for these decays
without success. Levels falling in this category are:

(i) the 1724.954 keV (0%) state purportedly observed
with the (n, y) reaction [16];

(ii) the 2878.14 keV level reported in a (p, p’) reaction
study [24] and in (n, n’y ) reaction measurements with
reactor neutrons [12]; and

(iii) the 2961.0 keV level identified in charged-particle
[24,25] and neutron scattering studies [12].

Additional previously placed levels for which de-exciting
y rays had not been suggested (these occur primarily from
charged-particle transfer reaction studies) and we found no y
decays in the current work included:

(i) aproposed 1913 keV 07 level reported only in trans-
fer reactions studies [26,27];
(i) a 2165 keV (17) level seen only in transfer reaction
data [22];
(ii1) a 2300 keV level with no spin assignment offered
reported from the (°Li, d) transfer reaction [28];
(iv) a 2490 keV level observed only in the (d, p) reaction
(271
(v) a 2572 keV 47 level reported in several charged-
particle transfer and scattering reactions that may
arise from a "°Ge impurity [22,23];
(vi) a 2711 keV level observed only in a two-neutron
transfer reaction [26]; and
(vii) a 2842 keV level reported only in (d, p) [26] and
(o, @’) [29] reaction studies.

Finally, we find no evidence for a 2403.5 keV spin-1 level
reported from photon scattering measurements. A y ray of
approximately this energy is seen in our spectra, but with a
neutron energy threshold of 3.1 MeV, indicating it originates
from a level at 2999.2 keV as a transition to the first excited
state, rather than to the ground state as previously reported
[14]. More information is provided in the next section con-
cerning the 2999.2 keV level, but Fig. 4 shows the threshold
for both the 2403.2 keV y ray and the ground-state branch. If
the 2403.5 keV spin-1 state did exist, the cross section would
be 30 mb at 2.6 MeV according to CINDY calculations; the ex-
pected ground-state transition would thus have approximately
10400 counts in the peak under our experimental conditions at
2.6 MeV in the excitation function measurement, but no peak
is evident at all.

B. Newly reported levels and levels with new
spectroscopic information

Most of the low-lying states in "*Ge have been character-
ized in many reactions; however, some levels deserve special
comments. Our starting point is the 2006 Nuclear Data Sheets
evaluation by Singh and Farhan [22]. While transfer reaction
data are frequently available for levels above 3 MeV, the
uncertainties in the energies associated with these data make
it difficult to assure that the state in question is the unique
excited state. Therefore, with rare exceptions, above 3 MeV
only y-ray data are used in identifying levels and making
spin-parity assignments. Also, we should remark that only
seven levels (those at 595.9, 1204.3, 1697.3, 2226.5, 2973.7,
3104.8, and 3489.8 keV) of the 61 levels listed in Table I lack
experimentally determined lifetimes in this work. For four of
these levels, lifetime limits are established.

We note that, except for a state at 2690.7 keV, for which
negative parity has been independently determined [15,30],
we could assign spins and parities of all the states below
2860 keV with confidence from our data alone. We also be-
lieve that no states below 3 MeV have been omitted. Such
a comprehensive picture is important as it now facilitates
detailed comparisons with nuclear structure calculations and
should lead to an improved understanding of the structure of
this mass region.
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FIG. 4. Excitation functions for the 2403.2 and 2999.1 keV y
rays from the 2999.2 keV 2% state demonstrating the 3.1 MeV
threshold and similar shapes for each.

1. Spin-1 states

As mentioned previously, new nuclear resonance fluores-
cence measurements have been completed using HIyS at
TUNL in collaboration with Johnson et al. [18]. With the use
of linearly polarized photons, spin-1 states are excited and the
parities can be determined [31]. From the (n, n’'y) reaction,
we can readily determine the spin, but the parity is often
more difficult. Therefore, for the spin-1 levels listed below,
the parities from other reactions such as the recent NRF study
[18] are discussed.

2690.7 keV 1 level: One new y ray was assigned to this
level, which has a spin of 1. While we cannot independently
confirm the parity, a negative-parity assignment is available
from (y, y') and («, &’y) measurements [15,18,30].

3032.9 keV 1 level: Only a transition to the ground state
is observed from this level with a spin of 1. However, (y, y')
and (a, o’y) data collected by Negi et al. [15] and Johnson
et al. [18] lead to a firm 1~ assignment.

3092.3 keV 17 level: This level, observed in the photon
scattering measurements by Jung et al. [14], was given a 1+
assignment, and was also reported by Johnson et al. [18] and
given firm positive parity. The observed mixing ratio for the

transition to the second 2% state supports the assignment of
positive parity. One new branch is also placed.

3275.7 keV 1 level: A spin-1 level at this energy was
also identified in the (y, y’) reaction [13,14], but the parity
could not be determined. The level was not populated in the
recent measurements due to experimental constraints [18].
The (n, n’y ) reaction data agree with the spin, but do not allow
a parity determination either. Two new decays are placed from
the present work.

3558.1 keV 1 level: The present work is in agreement with
a spin of 1. Originally assigned as 1~ by Jung et al. [14] in the
(y,y') reaction, new measurements with polarized photons
indicate that the parity is positive [18].

3648.1 keV 1 level: Originally assigned as 17 by Jung et al.
[14] in the (y, y’) reaction, more recent photon scattering [18]
and (o, 'y ) measurements [15] indicate negative parity.

2. Other states with new information

1463.9 keV 4% level: Although the uncertainties on the
accepted lifetime of this level of v = 2.21(15) ps [32] are
smaller than those determined in the present experiment,
2.35%2) ps, our measured lifetime is consistent with the previ-
ous determination. A more recent measurement [33] gives T
= 2.4 ps, but without uncertainties.

2226.5 keV 0" level: The energy of this level differs by
more than 1 keV from that given in the evaluation [22].
This discrepancy may be due to the existence of a triplet at
~ 1630 keV, which we were able to resolve by varying the
incident neutron energy. The other two members of the triplet
originate from levels at 2.8 MeV, thus in the angular distribu-
tion at a neutron energy of 2.6 MeV, only the y ray from the
2226.5 keV level is present in the spectra. Unfortunately, only
a limit on the lifetime of this level could be obtained.

2536.6 keV 37 level: The lifetime from our measurements
agrees with the previous determination (3501’%(5)8 fs) [12] but
displays considerably smaller uncertainties.

2600.3 keV 2% level: Three new branches were assigned
to this state. The spin-parity assignment for this level now
appears to be firm; however, the level lifetime reported
here is not in agreement with the previous determination of
4501180 s [12].

2693.8 keV 37 level: The limit on the level lifetime de-
termined here is much different from that given in the data
evaluation [22].

2697.1 keV 57 level: Although previously assigned as (21)
[22], the 5T assignment is based on the angular distribution
data and the population cross section compared with CINDY
calculations. The decay branches appear to be firm.

2750.1 keV 0" level: The spin-parity of this state was
established from (¢, p) reaction measurements [26] and con-
firmed by the observation of de-exciting y rays in (n, n'y)
measurements [12]. Our excitation function and angular
distribution measurements are both in agreement with this
spin-parity assignment.

2828.7 keV 4~ level: The spin appears to be well estab-
lished through (n, y) measurements. This assignment is also
supported by angular distributions of the current measure-
ments. Negative parity is preferred, as the only branch, which
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is to the 3f state, has a measured mixing ratio of 0 and thus is
apure E'1 transition.

2833.0keV 27" level: A new branch to the 2; state, which is
part of the & 1630 keV triplet is assigned. The lifetime, which
is very well determined here (see Fig. 3), differs considerably
from the previous measurement (13J_r2 fs) [12]. The minimum
in x2 for the dominate branch provides a spin of 2.

2836.2 keV 47 level: The spin-parity of this level was
previously assigned as (21) [22], but our angular distribution
data favor 4% in comparison with CINDY calculations. Two
new y rays were also assigned.

2857.3 keV 0T level: The spin-parity of this state was
established from (p, t) [34,35] reaction measurements and the
y rays from this state were placed by Kosyak et al. [12].
Our data support this spin-parity assignment and the y-ray
placements.

2949.5 keV (27) level: This level which is strongly fed in
B~ decay [36], likely has negative parity, but the spin could
not be uniquely assigned from the available data. J =2 is
slightly preferred from the comparison of the angular distri-
bution and excitation function with CINDY [20] calculations.

2973.7 keV 57 level: This level, now assigned as J* =57,
is observed in 8~ decay [36], the (n, y) reaction [16,37,38],
and the ("Li, 2npy) reaction [11], and is observed to decay
by two transitions to 41 states with negative a, coefficients
and measured mixing ratios of zero, indicating pure E1 tran-
sitions. The excitation function cross section is also consistent
with spin 5. In addition, the previously reported ground-state
transition [22] is not observed.

2999.2 keV 27 level: Four decay branches, one new, are
observed from this level, and the positive a, coefficient for the
transition to the ground state leads to a unique 2+ assignment.
In addition, population of this state in the (¢, &’y) measure-
ments [15] supports the 2" assignment. Figure 4 demonstrates
the excitation functions of the two strongest branches affirm-
ing their placement from this level.

3017.8 keV (2%1) level: This level was previously only
reported from transfer data [22]; all y rays are newly placed
in the present work. J* = 2% is favored from (¢, p) and (p, t)
reaction data in the NDS evaluation [22], and our y-ray angu-
lar distribution data also favor this possibility based on the 2
minima in comparison with CINDY [20] calculations. No y ray
to the ground state is observed, however.

3034.1 keV 37T level: A J = 3 assignment is favored for
this state, and most of the branches have measurable mixing
ratios, indicating mixed E2/M1 transitions, and, therefore,
positive parity. The 1829.9 keV y ray is a doublet that cannot
be resolved in our data, thus the branching ratios are quoted
as ranges indicating upper and lower limits. The measured
lifetime of the level differs considerably from the prior value
(85713 fs) [12].

3081.7 keV 4~ level: While a (3™) assignment is suggested
in the evaluation [22], the angular distribution data favor J =
4 with values for the mixing ratio of the transition to the first
3~ state, indicating negative parity for this state. As such, the
E1 transitions from this state lead to a 4~ assignment.

3104.8 keV 5~ level: This level has been observed in
several reactions and is firmly assigned as 5~ in the data

evaluation [22], with which the current data agree. Only one of
the two y rays reported previously is observed in the current
work, however.

3175.5 keV 37 level: While the data are consistent with the
3~ assignment; the measured lifetime is somewhat longer than
that given from a previous determination (1401’28 fs) [12].

3199.3 keV 2% level: With four decay branches, three
of which are new including a ground-state transition with
a positive a, value, the 2% assignment [22] appears to be
firm and is supported by observation of this state in («, a’y)
measurements [15]; however, the lifetime we measure is not
consistent with the previous determination (347}' fs) [12].

3271.4 keV (47) level: Although a (2%) assignment was
suggested [22], (47) is favored from the angular distribution
data. For the 1574 keV branch, the spin is definitively 4 as
that is by far the solution with the lowest x2 value, the a,
coefficient is negative and the mixing ratio is consistent with
zero within uncertainties, indicating a pure E'1 transition and
thus negative parity.

3408.7 keV level: The level energy, as determined from the
decay of a single y ray, is much different from that observed
in (n, y) measurements [39], thus raising the question as to
whether this is the state observed previously.

3494.5 keV 2% level: This level has not been reported in
prior measurements. The spin assignment is based primarily
on the observed positive a; coefficient for the angular distri-
bution of the transition to the ground state and the measurable
E2 /M1 mixing ratio of the transition to the first excited state.

3500.8 keV level: This level may correspond to the level
observed at 3501.4 keV previously [22].

3566.6 keV (2,3,4") level: This level decays to the first
two excited 27 states and exhibits a short lifetime; however,
the spin-parity could not be assessed from the available data.

3579.4 keV level: Although the spin was assigned as 27"
in the evaluation [22], this could not be confirmed from the
current data. Two new branches are placed, however.

Levels from this work but not reported previously in-
clude: 2875.0 keV (3%); 3180.1 keV (2,3,4%); 3219.9 keV
(57); 3336.8 keV 4,57, 61; 3359.2 keV; 3386.5 keV 2,3,4T;
33945 keV (4%); 3421.6 keV; 34757 keV 234%;
3489.8 keV; 3494.5 keV 2%, 3500.8 keV; 3574.2 keV;
3612.3 keV; 3674.6 keV (27).

IV. SHELL-MODEL CALCULATIONS

As in our recent studies of 7°Ge [8] and 7®Se [9], config-
uration interaction (CI) shell-model calculations in the jj44
model space, consisting of the 0f7/2, 1p3/2, 1p1/2, 0g9/2 or-
bitals for protons and neutrons, were performed with the
code NUSHELLX [40]. We utilize two common Hamiltonians
derived for the jj44 model space: JUN45 [41] and jj44b
[8]. These are both data-driven Hamiltonians obtained from
a single-valued decomposition (SVD) fit to binding energy
and excitation energy data as described in the Appendix of
Ref. [8]. The main difference between the JUN45 and j j44b
Hamiltonians is the regions of data that were used for the SVD
fit [8].

A comparison of the calculated levels obtained using the
JUN45 Hamiltonian with experimental data up to 3 MeV
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FIG. 5. Comparison of experimental positive-parity levels with shell-model calculations. The left panel shows all reported positive-parity
levels including those refuted in the current work. The middle panel shows just those confirmed in the present experiments, and the right panel

shows the calculated levels and agreement with the current results.

is shown in Fig. 5. The erroneous levels from ENSDF [23]
cannot be accounted for by the calculations. The calcula-
tions were performed independently and had no input from
the current experimental results. (The only 7*Ge data used
for the SVD fit in Ref. [41] were the ground-state bind-
ing energy and the excitation energies of the lowest two 2%
states.)

Calculated B(E?2) values for transitions between low-lying
states are shown in Fig. 6, which also gives experimental
values when they are available. We used the same E2 ef-
fective charges of e, = 1.8 and e, = 0.8 that were used in
Refs. [8] and [9]. The overall agreement between experiment
and theory is rewarding and is even more impressive than
our comparisons for °Ge [8]. A similar level of agreement
with experimental B(E?2) values is obtained with the jj44b
[9] Hamiltonian.

The energy level comparison up to 4 MeV with both the
JUNA4S and jj44b Hamiltonians is shown in Fig. 7. The
horizontal lines in the figure are proportional to the J value,
with those in red for positive-parity states, and those in blue
for negative-parity states. Some of the J* values are labeled
as a guide. For the experimental data depicted on the left-hand
side, the levels with an uncertain J™ are shown by black dots.
There are a total of 109 experimental levels up to 4 MeV,
compared with 76 levels for JUN45 and 85 levels for j j44b.

As we have found for states below 3 MeV, some of the experi-
mental levels given in NDS [22] and the ENSDF [23] between
3 and 4 MeV may be spurious. The negative-parity levels for
jj44b start at 2.5 MeV in agreement with experiment. The
negative-parity levels for JUN45 start at 3.2 MeV.

For the region from 4 to 11 MeV, we use the extrapolated
Lanczos matrix (ELM) method of Ref. [42]. The results for
the cumulative number of levels up to 11 MeV are shown in
Fig. 8. The level densities for positive- and negative-parity
states up to 5 MeV are rather different, but above 5 MeV,
the level density does not depend on parity. The total number
of levels up to 10.20 MeV is about 29,000 for jj44b and
45,000 for JUN45. We conclude the level density calculated
in the jj44 model space has an uncertainty of about a factor
of 2. Above 5 MeV, the calculated level density is in good
agreement with experiment [43] shown by the green points in
Fig. 8. The error band for the experimental points is shown
in Fig. 11 of Ref. [43]. Around 3 MeV the experimental
level-density data from [43] is too high largely because it
includes erroneous levels in the NDS [22] below 4 MeV that
were used in [43]. It is likely that the level density for these
intruder states around 10 MeV will be important for the total.
One may speculate that the total level density has close to an
exponential behavior above about 6 MeV (e.g., linear in E, on
the log, plot).
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JUNA4S interaction. B(E2) values in W.u. are shown on the transition arrows highlighted in yellow. The left portion is the ground-state band,

the center the y band, and the right the shape-coexisting band.

V. DISCUSSION

The stable Ge nuclei have been described as a region of
rapid nuclear shape evolution and shape coexistence [1,2], and
Ayangeakaa et al. [3,5,6] have demonstrated that triaxially de-
formed configurations play a significant role in the low-lying
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FIG. 7. Experimental levels up to 4 MeV compared to full
Lanczos-based calculations. The horizontal lines in the figure are
proportional to the J value with those in red for positive-parity states,
and those in blue for negative-parity states. Some of the J* values are
labeled as a guide. For the experimental data shown on the left-hand
side, the levels with an uncertain J™ are shown by black dots.

structure. Moreover, "#Ge has been suggested as the nucleus
representing the transition from soft to rigid triaxiality [11].
The fusion-evaporation study of "4Ge with the 7°Zn("Li, 2np)
reaction by Sun et al. [11] contributed an extensive band struc-
ture in "*Ge, and they concluded from the energy staggering
pattern in the y band (Band 3 in Ref. [11]) that the triaxiality
of "Ge evolves from y soft (similar to 7>Ge) at low spin [3]
to y rigid (similar to *Ge) at higher spin [5].

In comparing the experimentally observed energy levels
and their properties with model calculations, it is useful to
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FIG. 8. Results for the cumulative number of levels up to
11 MeV based on the ELM method. The red lines are the results
for positive-parity states and the blue lines are the results for negative
parity states. The black lines are the total for both parities. The greens
points are the experimental data from [43].
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affirm that we have identified all the excited states up to
some energy, i.e., about 2.8 MeV in the case of "Ge. Sim-
ilar comparisons are not possible for most other nuclei in
the region; their level structures are not known in sufficient
detail. With this evaluated set of levels, meaningful compar-
isons with theoretical calculations can be pursued, with the
expectation that a one-to-one correspondence of calculated
and experimental states would be obtained. This comparison
is shown in Fig. 5, where no adjustment of the parameters used
in the shell-model calculation was attempted. A one-to-one
correlation of experimental and theoretical levels was found
up to 2.8 MeV. Given this success, all levels up to 10.2 MeV
where then calculated. This effort allowed a study of the level
density, which indicates that the total level density has near
exponential character. The agreement with the experimental
data above 4 MeV in excitation from Ref. [43] is excellent.

Several collective features in 7*Ge emerge from this study.
In addition to the ground band and the aforementioned y
band, the 2 mixed-symmetry state is identified at 2833 keV
with B(M1;2;, — 2{) = 0.176 %, where the shell-model
prediction is for a state at 2601 keV and B(M 1,2, — 2]) =
0.256 u%. A similar excitation was observed at 2767 keV
in °Ge [8]. Also, the well-developed 0", 2%, 4 shape-
coexisting structure, which is reproduced very well by the
shell-model calculations, is evident. Note, however, that it is
the fourth calculated 4% state yet the sixth experimental one,
which decays to the 27 state of the shape-coexisting band with
a significant B(E2) value which is shown in Fig. 6.

The low-lying 0" excitations in the stable Ge isotopes are
described in detail in the review by Heyde and Wood [1],
which points to the role of subshells and pairing in under-
standing shape coexistence. Most of the experimental and
theoretical studies of shape coexistence in this region have
focused on elucidating the wave functions of the ground states
and the first excited 0T states of the Ge nuclei; a detailed
picture of these states and the configurations giving rise to
these states has emerged [1]. On the other hand, it appears
that the bands built on these 0T excitations have not been
well characterized previously. Although bands have been es-
tablished to spin 10" in 8Ge, to 8* in "°Ge, and to 6 in ">Ge

[23], few level lifetimes are available, and the large B(E2)s
demonstrating the expected collectivity have not been iden-
tified, i.e., the collectivity of these band structures is simply
not well established. In the present work, the 2% and 4T states
built on the 1483 keV 0" state were observed at 2198 and
3049 keV, respectively, and the collectivity of these states
is supported by the measured B(E2) values. This band thus
represents the best example of shape coexistence in the Ge
nuclei to date.

VI. CONCLUSION

Low-lying levels in 7“Ge were investigated with the
(n,n'y) reaction, and a revised level scheme is presented.
Basic structures—including the ground band, y band, shape-
coexisting band, and the mixed-symmetry 2% state—have
been observed. The B(E2)s reported here permit meaning-
ful comparisons with large-scale shell-model calculations.
Remarkably, the shell-model calculations yield excellent
agreement with each of these structural features. The num-
ber of levels up to 2.8 MeV was reproduced as well, which
motivated calculations of the level density. The JUN45
Hamiltonian has been used in the jj44 model space to obtain
nuclear matrix elements (NME) for neutrinoless double-g
decay [10]. The agreement with the level energy data for "*Ge
provides confidence in the valence-space structure used for
these NME calculations.
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