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The level structure of the N = 82 nucleus '*°Xe was studied with the inelastic neutron scattering
reaction followed by ~-ray detection. A number of the spins and parities were re-assigned, and many
level lifetimes were determined for the first time using the Doppler-shift attenuation method. New
shell-model calculations were also performed using both the full Z = 50 — 82 model space, and a
reduced model space including only the 1ds5,, and Ogy/, orbitals. This new information characterizing

136X e was used to identify the seniority structure of the low-lying levels and to assign (7"097/2)i:07
(71'097/2)§:27 (71'097/2)§:47 (71'1d5/2)(71'097/2)?,:17 and (7T1d5/2)2(71'Og7/2)3:0 configurations to describe

all observed states below 2.8 MeV.

I. INTRODUCTION

The low-lying states in *®Xe, with a closed N = 82
neutron shell and only four protons beyond the Z = 50
closed shell, should be well understood in terms of senior-
ity structure. Seniority (v) refers to the number of parti-
cles that are not in pairs coupled to angular momentum
J =0 [1]. The ground state of ***Xe may be described
by four protons residing in the Og7 o orbital as two pairs
coupled to angular momentum J = 0, i.e., seniority
v = 0. Excited states with configurations of one broken
pair (v = 2), or two broken pairs (v = 4 ) should also
exist. Multiplets arising from a single proton in the 1ds /o
orbital and three protons in the Og7/; orbital (v = 1
states) and two protons in each orbital (v = 0 states),
are possible as well. Calculations using the generalized
seniority scheme (GSS) [2], shell model [3, 4], and the
quasi-particle random phase approximation (QRPA) [5]
have predicted the level energies of some of the multiplets
produced, but they have not been definitively established
experimentally.

In addition to being interesting from a structural point
of view, ¥¢Xe plays a prominent role in ongoing searches
for neutrinoless double-beta decay (0vB3) as it is the
candidate at the focus of experiments such as EXO-200
[6], NEXT [7], and KamLAND-Zen [8]. Comprehensive
structural information provides crucial tests for nuclear
structure models used in calculating the nuclear matrix
element for OvBS3 and the neutrino mass, if this exotic
decay process is observed.
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To obtain detailed spectroscopic information for 36Xe,
we have studied this nucleus at the University of Ken-
tucky Accelerator Laboratory (UKAL) using the inelas-
tic neutron scattering (INS) reaction. For these measure-
ments, highly enriched xenon gas was converted to solid
136X eF, and y-ray spectroscopic measurements were per-
formed following INS with nearly monoenergetic neu-
trons. The excitation function and angular distribution
measurements yielded branching ratios, multipole mixing
ratios, and level lifetimes (from the Doppler-shift atten-
uation method [9]), which allowed the determination of
reduced transition probabilities.

New shell model calculations were also performed for
136Xe. Two approaches were employed: one utilized the
full Z = 50 — 82 model space, and another used a
reduced model space involving only the 1ds/, and Og7/2
orbitals.

II. EXPERIMENTS

INS experiments were carried out at UKAL utiliz-
ing the 7 MV Van de Graaff accelerator to produce a
pulsed (1.875 MHz in frequency) and bunched (=~ 1 ns
in width) proton beam. The protons impinged on a
target of tritium gas to produce nearly monoenergetic
(AE, =~ 60 keV) fast neutrons via the 3H(p,n)>He
reaction. The scattering sample was 10.65 g of 6XeF,
converted from highly enriched (99.952% 13¢Xe) xenon
gas as described in Ref. [10]; the material was contained
in a polytetrafluoroethylene vial with an inner diameter
of 1.8 cm. The v rays emitted in the reaction were de-
tected with an =~ 50% relative efficiency high-purity ger-
manium (HPGe) detector surrounded by an annular bis-
muth germanate (BGO) detector, which served both as
an active shield and Compton suppressor. Time-of-flight
gating was also used to further reduce background contri-
butions. Radioactive sources of ?Na and °°Co were used
for online energy calibrations, while 226Ra and °6Co were
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FIG. 1. Data for the determination of the lifetime of the

2634.3 keV level from the Doppler-shift of the 1321.2 keV ~
ray.

used for offline efficiency and nonlinearity corrections.
Both excitation function and angular distribution data
were obtained. Excitation function data were taken at
a detection angle of 90° relative to the beam axis in
100 keV increments from 2.5 to 4.1 MeV incident neu-
tron energies. These data afforded the placement of
rays in the level scheme based on the observed neutron
energy thresholds. The comparison of the v-ray yields
as a function of incident neutron energy with predicted
cross sections from statistical model calculations using
the code CINDY [11] aided in the determination of level
spins. Angular distributions were performed by varying

the detection angle in the range of 40° to 150° while
holding the incident neutron energy constant at 3.2 or
3.8 MeV. From these data, transition multipolarities and
mixing ratios were obtained, as well as level lifetimes from
a few fs to about 2 ps using the Doppler-shift attenuation
method [9]. Lifetimes were determined by comparison of
the experimental attenuation factor, F'(7), describing the
slowing-down process of the recoiling nucleus, with that
calculated using the Winterbon formalism [12] as a func-
tion of the lifetime. F(7) was extracted from the slope
of the linear fit to the data according to the equation

E,(0) = Eo [1 + F(r) ”C-Cm' cos 0], (1)

where E, () is the y-ray energy as a function of the angle
of detection with respect to the beam axis, Fy is the
energy of the v ray emitted by the nucleus at rest, v .
is the recoil velocity of the center-of-mass, and ¢ is the
speed of light [9]. An example of the Doppler-shift data
is shown in Fig. 1.

III. RESULTS

A summary of the data for levels in 36Xe from the
current experiments is provided in Table I. Comments
on some of the levels to which these measurements have
contributed uniquely are provided.

TABLE I: Level scheme, branching ratios, multipole mixing ratios, experimental attenuation factors, level lifetimes, and tran-
sition probabilites for '*Xe. When two mixing ratios for E2 /M1 multipolarity are possible, the solution with the lowest x>
value is listed first; the signs for the values follow the convention of Krane and Steffen [13]. The final column is the reduced
transition probability for either M1 or E'1 multipolarity, as appropriate.

Elevel E, J7 JF B.R. F(7) T B(E2) B(M1)/B(E1)
(keV) (keV) or mult. (fs) (W.u.) (u3)/(mW.u.)
1313.078(8)  1313.077(8) 27 of 1
1694.437(10)  381.360(7) 4t 2F 1
1891.752(12) 197.316(7) * 6] ° 4f 1
2125.788(10)  431.359(20) 4F 47 0.186(5) —0.356753
812.712(8) 25 0.814(5)
2261.857(14)  370.108(8) 65 67 1 +0.79712
—0.03378}
2289.668(15)  976.572(20) 27 2 0.184(6) +2.22777 0.143(16) 469722 7.2+18 0.0040"%7
40.024 186 0.00573%° 0.00239+4}
2289.694(26) 07 0.816(6) 0.543*77
2414.702(46) 1101.591(98) 27 27 0.069(5) —0.4172 0.245(18) 245732 0.573* 0.0102+%3
2414.717(60) 07 0.931(5) 0.909"52
2444.509(15)  182.586(54) 5 65  0.059(9)
318.738(48) 45 0.075(9) 40.08"18
552.802(50) 67 0.097(9) —0.6%3,
750.071(12) 4F 0769(12) —0.5757

27
—~1.6073¢




TABLE I: (Continued.)

Elevel E, J7 JF B.R. 5 F(7) T B(E2) B(M1)/B(E1)
(keV) (keV) or mult. (fs) (W.u.) (1%)/(mW.u.)
2465.129(22)  339.341(20) 45 4F  0.104(5)
770.686(80) 4+ 0.896(5)
2560.012(14)  270.403(50) 3 25 0.029(4)  +0.21732  0.060(31) 1200F550° 14731%° 0.068"%)
434.224(16) 47 0.183(6) —0.098%52 1.9+77 0.107+%8
—4.3732 19011%0 0.006™ 3
865.615(26) 47 0.178(6) —0.06079} 0.02+22 0.0132753
52417 5.9749 0.0005712
1246.895(26) 2f  0.611(8) —0.238717 0.1872% 0.0144729
2581.250(34)  291.582(30) 05 25 0.656(52) E2
1267.84(48) 25 0.344(52) E2
2608.646(16)  346.799(16) 55 65  0.234(12) —0.044728
—7.3%13
482.894(34) 45 0.284(17) —0.13%1}
—4.7t%
716.86(12) 65 0.084(12)
914.175(22) 47 0.399(15)  +0.5871%
+1.99752
2634.318(16)  344.588(42) 1" 25 0.110(10) 0.245(14)  252%28  1760(300) ° 0.61(10) ®
1321.246(16) 27 0.679(66) 13.1(23) ° 0.066(11) °
2634.365(66) 07 0.210(20) M1 0.002591%5
2849.590(23) 1536.510(22)  (0F)  2F 1 (E2)  0.203(51) 3007120 (I aEs
2869.155(35)  309.201(50) 2+ 37 0.095(29) 0.223(21) 28273 2300(1100) ®*  0.65(30) ©
1555.91(21) 27 0.074(22) 0.57(26) ° 0.0040%13
2869.109(48) 07 0.83(25) E2 0.30(14)
2944.686(33)  682.837(34) 55 65 0.433(16) +0.53712
+2.36772
1052.72(17) 67 0.135(12) —0.317%
—2.3*11
1250.249(82) 4f  0.433(18)
2953.041(24)  827.238(74) af 437 0.096(29) +2.9730 0.146(17) 467173 9.375% 0.002274¢
—0.45%19 17132 0.017742
1258.6(2) 4F  0.53(16) 7.1(34) ° 0.033715°
1639.965(24) 27 0.37(11) E2 1.32767
2979.108(24) 1666.041(26) 24 27 0.327(6) —1.527%5  0.435(16) 1087} 3.23759 0.0113753
2979.060(54) 07 0.673(6) E2 0.522(36)
3002.455(14) 1689.377(12) (2,3%) 2f 1 0.070(17) 10501375
3002.580(30) 1308.143(28) 4F 1 0.113(30) 6207355
3195.415(43) 1500.995(60) 2 4 0.176(5) E2 0.147(23) 456799 1.00722
1882.28(18) 27 0.110(6) 0.201(51) *  0.00206153 °
3195.403(64) 0F  0.714(7) E2 0.092%13
3211.916(62)  362.28(12) 1 (0%) 0.103(28) 0.136(35) 4907399
922.26(15) 24 0.129(38)
3211.938(82) 07 0.77(11)
3224.387(26) 1529.925(34)  (4%)  4F  0391(7) —0.81F11 0.188(18) 34173 107530 0.0110+32
1911.337(36) 27 0.609(7) E2 1.38712




TABLE I: (Continued.)

Elevel E, J7 JF B.R. F(7) T B(E2) B(M1)/B(E1)
(keV) (keV) or mult. (fs) (W.u.) (1%)/(mW.u.)
3275.284(33) 1962.206(32)  3; 2F 1 0.698(21) 373 1.32712
3322.768(33) 2009.690(32) 4% 2F 1 0.345(21)  152%15 3.94737
3340.958(56)  926.260(80) 3t 25 0.361(18) —0.20713
—2.678,
1646.47(11) 4F 0197(12) 41137
2027.908(86) 27 0.442(18) +0.28%12
3349.410(64)  1654.97(14) 2F 47 0.088(8) 0.385(28)  128*1¢ 1.0972°
2036.20(21) 27 0.098(10) —1.5%5, 0.2972} 0.001672¢
3349.429(76) 07 0.814(13) 0.296132
3428.86(12)  1303.28(18)  (57)  4f  0.585(26)
1734.29(15) 4f  0.415(26) —2.779,
—0.36+1¢
3526.05(11)  2212.97(11) 2F 1
3626.64(19)  2313.50(33) 2+ 2 0.246(26) 0.821(50)  19%7 3.84(24) b 0.060157 °
3626.68(24) 07 0.754(26) 1.24781
3675.07(45)  3675.07(45) 2t 07 1 0.587(89)  57t% 0.5112

® From Ref. [14]. Information for this level could not be obtained due to contamination of the 197.3 keV v ray from
the 19F(n,n'y) reaction, as well as a background « ray. Fluorine is present both in the 36XeF, sample and the

polytetrafluoroethylene vial.
b Calculated assuming pure E2 or M1 multipolarity.

A. Level discussions
1. Previously known levels

1891.7 keV 67 state: Though there is definitive ev-
idence of its presence, the lone 197.3 keV ~ ray from
this state is completely obscured by a ~ ray from the
9F(n,n’y) reaction and a background v ray; fluorine is
present in both the '39XeF, sample and the polytetraflu-
oroethylene vial. The energy and spin of this level were
taken from the Nuclear Data Sheets (NDS) [14].

2125.8 keV 4T state: The NDS [14] lists a spin-parity
of 37,47, but we firmly establish this state as 4% based
on the angular distribution data, especially that of the
812.7 keV ~ ray to the 2{ state.

2444.5 keV 57 state: A spin of 5 with no parity is given
in the NDS [14] for this level, which was proposed as a
potential 5 state by Mantica et al. [15] from 8~ decay of
1361, As the angular distributions of the 318.7, 552.8, and
750.1 keV v rays agree with the spin 5 assignment and
have measurable non-zero mixing ratios, these are tran-
sitions of mixed E2/M1 multipolarity, which establishes
positive parity.

2465.1 keV 47 state: The NDS [14] assigns a tenta-
tive (4%) spin for this level. Our angular distribution
measurements indicate that the spin is either 4T or 67.
As the level decays only to the 45 and 4] states and
not to the 27 states, one might conclude that the spin

is 67. However, our excitation function measurements
show that the level cross section is too large to be con-
sistent with a 67 spin, and compares better with that
expected for a 4T level; see Fig. 2.
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FIG. 2. Excitation function compared with CINDY calculations
for various spins for the 2465.1 keV level. The data shown are
from the measurements described in Ref. [16].

2560.0 keV 3T state: The NDS [14] compilation assigns
a firm spin of 4T for this state, yet Mantica et al. [15]
favored a spin of 37. Our angular distribution measure-



ments, however, show dipole character for the 1246.9 keV
~ ray, which is inconsistent with the expected quadrupole
nature of a 47 to 27 transition (see Fig. 3). The angu-
lar distributions of each decay branch are consistent with
a spin of 3 and exhibit non-zero mixing ratios, thus we
conclude a spin-parity of 37.
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FIG. 3. Angular distribution of the 1246.9 keV ~ ray from
the 2560.0 keV level.

2581.3 keV 07T state: Only the E0 decay to the ground
state was previously observed [15], but we identify ~ rays
corresponding to transitions to the 2 and 23 states,
both of which have isotropic angular distributions and
are consistent with a spin-parity assignment of 0.

2608.6 keV 51 state: The angular distributions of each
~ ray are in better agreement with a spin of 51 rather
than the NDS [14] assigned 4T spin. The lack of observed
transitions to the 2% states may provide additional sup-
port for the higher spin assignment. We do not observe
the previously known 164.1 keV ~ ray[14] in the single-
angle spectra, but it may be present in the all-angles-
summed 3.8 MeV angular distribution spectrum.

2634.3 keV 17 level: In the NDS [14], a firm 27 spin as-
signment is given, but we rather favor a spin of 1 based on
the lack of quadrupole character of the angular distribu-
tion for the ground-state transition. Mantica et al. [15]
suspected positive parity for the state due to its intense
beta population, and we agree with that assessment. We
do not observe the previously reported 219.3 keV v ray
[14] in the single-angle spectra, but it may be present
in the all-angles-summed 3.8 MeV angular distribution
spectrum.

2849.6 keV (07) level: In previous 3~ -decay measure-
ments, a ground-state transition from this level was ob-
served [17]; however, we find no evidence of such a v ray,
even when summing the spectra for all of the angles in
the angular distribution data set to increase the statistics.
We only observe the 1536.5 keV v ray with an isotropic
angular distribution and thus conclude a tentative spin
assignment of 0F. The small cross section measured in
the excitation function is also consistent with that ex-
pected for a 07 level.

2869.2 keV 2T state: The NDS [14] lists a spin-parity
of 2(4) for this state, yet the conclusion from photon
scattering experiments [18] was a spin of 1. Based on
the observation of the v ray to the ground state with a
quadrupole angular distribution (see Fig. 4), we confirm
the 21 assignment. The 1555.9 keV ~ ray is contaminated
by a significantly Doppler-broadened v ray from °F at
all angles. The branching ratios were obtained by us-
ing the previously published y-ray cross section data ob-
tained for 134Xe and !35Xe [16]. The spectra were taken
at 125° to minimize the angular distribution effects and
were taken sequentially for each scattering sample. By
normalizing the spectra and subtracting the 3*Xe spec-
trum from the '3Xe spectrum, the '°F contribution may
be removed, leaving only the contribution from '35Xe in
the 1556 keV region. The large uncertainties associated
with the branching ratios reflect this additional manipu-
lation of the data.
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FIG. 4. Angular distribution of the 2869.2 keV ground-state
~ ray from a level of the same energy exhibiting quadrupole
character.

3211.9 keV 1 level: We observe a new 922.3 keV branch
to the 25 state. The NDS [14] assigns a spin of 1,2(+),
but we can confirm the spin is 1 by the dipole character
of the angular distribution of the ground-state v ray. We
cannot, however, establish the parity.

3349.4 keV 27 state: Previously only observed in pho-
ton scattering experiments [18], the spin was tentatively
assigned as (1,27). The spin-parity of this level is now as-
signed firmly as 2% based on the observation of a ground-
state vy ray with a quadrupole angular distribution. Addi-
tional branches to the 2] and 4] states are also observed.

3626.7 keV 21 state: This state was previously ob-
served only in photon scattering measurements [18, 19];
one study concluded a spin of 1 [18], while the other as-
signed 1,27 [19]. A ground-state «y ray with a quadrupole
angular distribution and a v ray to the 2f state are ob-
served, thus confirming a spin-parity of 2+. The branch-
ing ratios for this new level were extracted from the all-
angles-summed 3.8 MeV angular distribution spectrum
due to the weak intensities of the 7 rays.



3675.1 keV 2% state: Only a ground-state transition
with a quadrupole angular distribution is observed. This

~ ray was also observed in photon scattering experiments
[18].

2. Newly observed levels

2944.7 keV 5T state: This state is a newly observed
level with transitions to the 63, 61, and 4] states. The
~v-ray angular distributions agree with a spin of 5 and
exhibit non-zero mixing ratios, indicating F2/M1 multi-
polarity and thus positive parity.

2953.0 keV 4T state: Gamma rays were observed to de-
cay from this level to the 47, 4], and 2] states. From the
1640.0 keV v ray, we assign a 41 spin. The 1259 keV ~ ray
is contaminated by a considerably Doppler-broadened
9F ~ ray at all angles. As previously described for the
2869.2 keV level, the cross section data were used to de-
termine the branching ratios.

3002.5 and 3002.6 keV levels: These two levels are sep-
arated based on vy-ray energies and the difference in the
lifetimes.

3195.4 keV 27T state: The spin of this level is assigned
based on the observation of a ground-state vy ray with a
quadrupole angular distribution. Additional branches to
the 2 and 4] states are also observed.

3224.4 keV (47) level: From this level, only v rays
to the 47 and 2] states are established. We assign a
tentative (41) spin and parity.

3322.8 keV 47 state: Decay branches to the 25 and 27
states with angular distributions consistent with a spin of
4 and pure E2 multipolarity are observed. We, therefore,
assign a spin-parity of 4.

3341.0 keV 37T state: Each of the observed ~ rays to
the 2;“, 2;“, and 4f states exhibit angular distributions
consistent with spin 3 and have measurable mixing ra-
tios indicating mixed E2/M1 multipolarity and positive
parity.

3428.9 keV (57) level: Gamma rays representing tran-
sitions to the 4] and 47 states are observed. The angular
distributions of both are in agreement with a spin of 5.
The branching ratios for this new level were extracted
from the all-angles-summed 3.8 MeV angular distribu-
tion spectrum due to the weak intensities of the v rays.

3526.1 keV level: This level is placed based on a single
2213.0 keV v ray with a 3.6 MeV threshold. The small
intensity of the v ray does not permit a spin assignment.

B. Configuration assignments of the states

The (7rOg7/2)4 configuration with seniorities v = 0
and 2 gives rise to a state with J™ = 0% and a multiplet
with J™ = 2% 4% 67 in order of increasing energy.
These excitations are easily attributed to the ground, 27,
47, and 67 states, respectively.

6

The 7lds/o(m0g7/2)3_, configuration produces a
JT = 17,27 3%, 4% 5T 67 multiplet, where the odd-
spin states are nearly degenerate and highest in energy,
and the even-spin states are in order of decreasing energy
with increasing spin. Assigning states with this configu-
ration depends most upon the observed decays of the lev-
els. Figure 5 shows the decay patterns of the states where
the arrow widths represent the branching ratios; many of
the level lifetimes are still unknown, thus the B(F2) val-
ues cannot be compared. The 65 state at 2261.8 keV
decays only to the 6] state and not to the 4] state. The
4§L state at 2465.1 keV has a similar decay pattern in
that only branches to the lower-lying 41 states, but not
to any 2% states are observed. The 65 and 4; states
are thus thought to have a 71ds/, (wa7/2)i:1 configura-
tion. Similarly, the 2608.6 keV level is assigned as the 5
member because stronger decay branches to the 6; and
45 states are observed than for the 5] state. In addition,
the 2608.6 keV state is nearest in energy to the easily as-
signed 17 and 3% members of the multiplet at 2634.3 and
2560.0 keV, respectively, as there is only one choice for
each below 3 MeV. Finally, the 23 state is chosen as the
remaining member of the multiplet based on its energy.
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FIG. 5. Decays of the states with a dominant

7r1d5/2(7r0g7/2)§,:1 configuration. The arrow widths are rep-
resentative of the branching ratios of the decays of each level.

The (m0g7/2)s—, configuration gives rise to a
J™ = 27 4% 5T 8T multiplet. We propose the 2289.7,
2125.8, and 2444.5 keV states as the 27,47, and 57 mem-
bers, respectively. These states all decay entirely or most
strongly (largest branching ratios) to the (70g7/2)5—0.2
states as shown in Fig. 6. We do not observe an 8" state
as levels with J > 6 are very weakly populated in the



INS reaction, but candidates exist from other measure-
ments. A 2867 keV (8%) state was observed in the decays
of 248Cm fission products and was tentatively assigned a
(70g7/2)4—4 configuration [20].
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FIG. 6. Decays of the states with a dominant (7r0g7/2)ﬁ:4
configuration. The arrow widths are representative of the
branching ratios of the decays of each level.

The (71ds/2)?(70g7/2)2_ configuration produces a
J™ = 0%,2%,4% multiplet in order of increasing en-
ergy. Here, we assign only the 2581.3 keV state as the
0T member of the multiplet. States with angular mo-
mentum 2% and 4T are found in the energy region near
3 MeV, but sufficient evidence is not present to distin-
guish them specifically as members of the multiplet for
this configuration.

These proposed configuration assignments describe all
states observed below 2.8 MeV in 136Xe.

IV. DISCUSSION

After the completion of our analysis, we became aware
of the theoretical work by Isakov et al. [21] including
both shell-model and QRPA calculations. Also in that
paper are comparisons with experimental data found in
the dissertation of A. J. Aas [22] that remain unpub-
lished elsewhere and are not included in the NDS compi-
lation [14]. In Aas’s work [22], 131 decay experiments
were performed at Studsvik, Sweden; -y coincidence
data and lifetimes from fast-timing measurements were

TABLE II. Comparison of the B(E2) values determined in
this work with those obtained from Coulomb excitation [25].

B(E2;2F — 07) (W.u.)

Transition Ref. [25] Present work
25 — 0f 0.623%43 0.543+77
25 — 0f 0.91(6) 0.909722
2F = of 0.234720 0.30(14)
25 — of 0.695(76) 0.522(36)

obtained. Included in the dissertation [22] is a compar-
ison of the data with semi-empirical shell-model calcu-
lations by Blomqvist [23], who used single-particle en-
ergies and two-body interaction matrix elements from
the experimental excitation energies of 133Sb and '3*Te
and reported excellent agreement with the experimen-
tal levels of 136Xe, i.e., a root-mean-square deviation of
only 26 keV for states up to 2.8 MeV. However, there
is at least the appearance of a symbiotic interaction be-
tween theory and experiment in this case. In the disser-
tation [22], it is stated that spin assignments for a few
of the levels were made by considering those suggested
in Ref. [23], yet Blomqvist compares with experimental
data of unreferenced origin that are not compatible with
the NDS compilation at the time [24] but are in agree-
ment with Aas’s dissertation [22]. We do, however, find
excellent agreement between our experimentally derived
spin-parity assignments and those presented by Aas [22].

Even more recently, we learned of unpublished
Coulomb excitation data for '36Xe found only in a disser-
tation by C. Stahl [25], which was obtained at the Leg-
naro National Laboratory using the AGATA demonstra-
tor. These data afford a direct comparison between the
B(E2) values for 2] — 0 transitions from the Coulomb
excitation measurements and our work as presented in
Table II. The B(E2) values are found to be in good
agreement overall. Also noteworthy is the absence of
the population in Coulomb excitation of the 2634.3 and
2849.6 keV levels, which are given spin-parities of 27 in
the NDS [14], but we have reassigned as J© = 1% and
(0T), respectively.

As our work establishes many levels and transitions
that are not calculated in the previous theoretical studies
of 136Xe [21-23], we present here new shell-model calcu-
lations for this isotope. Two approaches were followed.
In the first, the full 50-82 model space was considered for
the four protons, with single-particle energies and two-
body matrix elements (TBMEs) taken from Ref. [26],
referred to as N82K. This approach is similar in spirit
to the calculation of Blomqvist [23]. In the second ap-
proach, the model space was reduced to the 1ds,, and
0g7 /2 orbitals, akin to the study of Isakov et al. [21].

The resulting levels are shown in Fig. 7. The left col-
umn, labeled ‘ds/2g7/2", shows the levels obtained in the
restricted shell-model space. It should be noted that rea-
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FIG. 7. The observed levels in **Xe (‘EXP’) compared with a
two-orbital calculation ‘ds/2g7,2’ and a full 50-82 shell-model
calculation ‘SM’. The proposed seniority structure of the lev-
els is indicated on the right: (70g7/2)* with v =0, (70g7/2)"
with v = 2, (70g7/2)* with v = 4, and (70g7,2)* with v = 1
coupled to mlds/>. Additional levels are indicated in gray.

sonable results can only be obtained with an effective
interaction that is constructed specifically for that space.
Some of the TBMEs in the d5,297/2 space can be deter-
mined empirically from the levels of '3*Te. In particu-
lar, the diagonal matrix elements involving |(0g7/2)?%; J),
with coupled angular momenta J = 0,2,4,6, and
|0g7/21d5 /25 J), with J = 1,2,3,4,5,6, were determined
from data. Other matrix elements are of lesser impor-
tance and were taken from Ref. [26].

Some insight into the structure of the low-lying levels
can be obtained from this calculation. The ground state
corresponds dominantly to four protons in Ogz/, with se-
niority v = 0, that is, for two pairs coupled to angular
momentum J = 0 [1]. In addition, the four protons in
the Og7/o orbital give rise to a multiplet with v = 2
(one broken pair) and a multiplet with v = 4 (two bro-
ken pairs). Furthermore, the multiplet with one proton
excited into the 1ds/o orbital coupled to three protons
in Og7/o with seniority v = 1, leading to the angular
momenta J = 1 to 6, is also present. All of these

levels are found in '#%Xe, see column ‘EXP’ of Fig. 7,
which shows all levels of Table I that have a firm spin-
parity assignment. The middle column ‘SM’ of Fig. 7
shows the results of the shell model in the 50-82 space
with the N82K interaction. This calculation confirms the
aforementioned seniority structure of the low-lying levels,
albeit with large admixtures of the other orbitals. For ex-
ample, the ground state is found to be 59% (Og7/2)fj:0.
The association between the ‘ds/pg7/2" and ‘SM’ levels
in Fig. 7 is therefore made on the basis of dominant
wave-function components with a certain seniority struc-
ture. In addition, the full shell-model is able to reproduce
rather accurately the higher-lying levels (shown in gray).

While energies are satisfactorily described in the shell
model, such cannot be said of the £2 and M1 strength
observed in this work. The results are shown in Table III,
which lists the measured values, the analytic results in
the case of the simplified configurations of Fig. 7 labeled
‘ds/297/2’, and the results obtained with the N82K inter-
action in the 50-82 model space labeled ‘SM’. The B(E2)
values are obtained with an effective charge of the proton
of ex = 1.73e, leading to B(E2;2{ — 0]) ~ 10 W.u,,
which is a plausible value in view of the different re-
cent measurements. It is seen that very large and er-
ratic discrepancies occur between theory and experiment.
The same situation is found for the M1 strength. The
B(M1) values are calculated with an effective M1 oper-
ator, which in principle includes an orbital, a spin, and
a tensor term with corresponding g factors, g, g7, and
gf , respectively. The tensor term provides a small cor-
rection, which usually is neglected, gf = 0, while the
orbital g factor usually does not deviate strongly from
its free value, g/ = 1. Most shell-model studies there-
fore introduce an effective M1 operator by ‘quenching’ its
spin part by a certain factor q. The explicit dependence
on the orbital and spin ¢ factors is shown in Table III for
the few non-zero M1 transitions in the analytic calcula-
tion. It would have been a miracle if a single value of ¢
were able to reproduce all observed B(M1) values, and,
of course, the miracle does not happen.

V. CONCLUSIONS

The inelastic neutron scattering reaction has been em-
ployed to study the level structure of '36Xe. Many
level lifetimes were measured for the first time with the
Doppler-shift attenuation method and the low-lying ex-
cited states were characterized. New information on the
spins and parities, and decays of the states was used to
assign seniority configurations to describe all observed
states below 2.8 MeV in 36Xe.

Excellent agreement is found between the observed en-
ergies of 136Xe and the shell-model calculation with the
N82K interaction in the full 50-82 space. The shell-model
calculation in the restricted space, consisting of only the
lds/p and 0Ogr7/o orbitals, adequately describes the en-
ergies of the low-lying levels of this isotope. The two



TABLE III. Observed (EXP) and calculated (ds/2g7/2 and SM) B(E2) and B(M1) values in '**Xe. In the case of E2/M1
mixing, the quoted experimental values are obtained from the mixing ratio with the smallest x? value. See text for details on

the calculations.

B(E2; Ji — Jf) (Wu)

B(M1; Ji — Jp) (%)

Transition EXP ds/297/2 SM EXP ds/297/2 SM (¢ = 0.7)
2f —of 16.6(24)*" oBen 9.63 — — —
47 —2f 1.281(17)* 0 2.07 — — —
67 — 4F 0.0132(4)" 0 0.003 — — —
25 — 0f 0.543%77 0 0.29 — — —
25 — 0f 0.909122 = e2 0.30 — — —
2 —of 0.30(14) — 0.23 — — —
28 — 0f 0.522(36) — 0.54 — — —
25 —2f 7.2+18 5655 ¢2 2.49 0.0040%27 0 0.012
25 —2F 0.5 €2 2.82 0.0102+%3 0 0.017
37 —2f 0.18173 L0 2 0.042 0.0144729 0 0.0010
37— 2f 14731%° 0 0.68 0.0681%9 0 0.20
37 =27 — st 0.064 — (97 —g5)° 0.37
37— 4f 0.02122 2 0.23 0.01327%3 0 0.061
37— 4f 1.9+77 0 0.014 0.107+55 0 0.0001
3t =47 -~ W2 050 -~ (g7 — a0 057
1t — 27 13.1(23)° e 0.15 0.066(11)° 0 0.13
1+ —2f 1760(300)° 0 0.29 0.61(10)° 0 0.58
e -~ e 06 -~ (g7 - g7)? 0.46
1t = o0f — — — 0.002591735 0 0.0001

a From Ref. [14].

P Other more recently measured values include 10.3(4) W.u.[27] and 9,60fig W.u.[25] .

¢ Assuming pure E2 or M1 multipolarity.

results are obtained with different interactions that are
constructed for the specific model space under consider-
ation. At the same time, the shell-model calculation in
the full 50-82 space fails to reproduce the observed E2
and M1 strengths in '**Xe. An analysis of the structure
of the calculated B(M1) values reveals the crucial role
of the quenching factor of the spin part of the M1 op-
erator. The use of a single quenching factor ¢ for all
M1 transitions (or, for that matter, a single effective
charge for all E2 transitions) is probably too crude an
approximation. This failing suggests that more sophisti-
cated effective operators are needed for the calculation of

electromagnetic-transition properties in the shell model.
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