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Decay spectroscopy of the blocked fission product 130I
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Numerous applications rely on the identification and quantification of fission products with the activation
technique, where γ rays emitted in the decay are used to estimate the initial activity of the radionuclide of interest.
130I is a so-called blocked fission product, which can be produced only directly through fission, a property that
makes it particularly attractive for nuclear forensics. A source of 130I was produced using a (p, n) reaction on
enriched 130Te at the Brookhaven Tandem Van de Graaff, and its decay was studied with the Gammasphere at
Argonne National Laboratory. Two new levels were identified, and over 25 transitions were added, removed,
or replaced in the level scheme with intensity measurements made down to Iγ = 0.000 66 per 100 decays. The
uncertainty on the intensities of the strongest transitions, those that are commonly used to quantify the activity
of the radionuclide, was improved by a factor of 2 compared to the previous best assessment, and discrepancies
in the literature values were resolved. A detailed angular correlation analysis further permitted the determination
of a number of spin assignments for excited levels and mixing ratios for γ -ray transitions.
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I. INTRODUCTION

130I was used in the early years of radiation therapy as
an isotope to cure certain endocrinological diseases [1]. Al-
though its use in radiation therapy was later abandoned in
favor of 131I, more abundantly produced in nuclear fission,
130I has found utility in other applications relating to nuclear
forensics and the nuclear fuel cycle. The neighbor to 130I, 129I,
is a long-lived fission product that can be released into the
environment at the end of the nuclear fuel cycle. The long
half-life of 129I (T1/2 on the order of 107 yr [2,3]) and the
single γ -ray emission of only 39.6 keV, makes it a long-term
radiological hazard which is difficult to quantify. The experi-
mental challenge of measuring 129I decay is circumvented by
producing 130I through neutron activation analysis (NAA) and
measuring its strong γ -ray emissions. NAA on 129I and the
subsequent measurement of 130I β decay, has been shown to
be a convenient technique to ascertain the amount of 129I in
various samples [4–6].

130I exhibits additional properties which make it attractive
for use in nuclear forensics [8]. As shown in Fig. 1, 130I is a
so-called “blocked fission fragment” i.e., because of the very
long-lived (Z − 1) isobar 130Te (T1/2 on the order of 1020 yr
[9,10]), its production in fission can only happen directly and
not through decay of more neutron-rich nuclides. Following
a nuclear event, a cumulative fission yield is generally mea-
sured, which is the sum of the direct yield from fission, and
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the contribution from all the fission products that eventually
β decay into the measured isotope. It is well known that the
direct yield of fission products changes with the fissioning sys-
tem (fissile isotope and excitation energy), and whereas this
propagates somewhat to the cumulative yields, the interpreta-
tion of this dependence can be less straightforward because
the original yield information often becomes muted due to the
feeding from the more neutron-rich precursors. For long-lived
blocked products, the direct yield can be measured hours or
days after the initial fission event. This property makes 130I
particularly enticing for nuclear forensics as measuring the
amount of 130I relative to other well-known fission products
can provide valuable information about the initial fission event
that produced it [8].

Despite its importance, the evaluated data [9] on 130I al-
most entirely stems from a single measurement by Hopke
et al. [11], performed in 1973 with two HPGe detectors. More
recent works by Musthafa et al. [12] and by Sakharov [13]
reported the intensity of a few strong transitions following 130I
decay. These differ from those of Hopke et al. [11] by up to
30%, even for the most intense transitions.

In order to provide a solid foundation of γ -ray intensities
for the use of 130I in applications, we revisit the decay of
the ground state of 130I (T1/2 = 12.36(1) h [9]) using the
Gammasphere array [14] to obtain the most complete picture
of the β decay of 130I to date. In particular, we confirm much
of the level scheme proposed by Hopke et al. [11] and newly
identify or replace more than 25 transitions. Using the 4π -
angular coverage of the Gammasphere, we were also able
to measure angular correlations for a number of transitions,
which allowed us to unambiguously make spin assignments
to several levels. Finally, the disagreement between the γ -ray
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FIG. 1. Portion of the chart of nuclides around the blocked frag-
ment 130I: because of the long half-life of 130Te, production of this
fission product in a nuclear event can only happen directly through
fission, and not via β− decay of a precursor. Other blocked fragments,
134Cs and 136Cs, are also circled [7].

intensities reported in the various works was settled, often
in favor of the adopted values originally measured by Hopke
et al. [11].

II. THE EXPERIMENT

A source experiment to study the decay of 130I into
130Xe was conducted at Argonne National Laboratory (ANL)
using the Gammasphere array [14]. The 130I source was
produced via the (p, n) reaction on a stack of isotopically
pure 130Te foils (total thickness ≈6.2 mg/cm2). The foils
were manufactured at the Center for Accelerator Target Ser-
vice, Physics Division, ANL, evaporating 99.5% 130Te on
a 40 μg/cm2 carbon substrate. The irradiation was per-
formed at the Brookhaven Tandem Van de Graaff facility [15],
Brookhaven National Laboratory, where a 7.5-MeV proton
beam at a current of 125 pnA was delivered on the stack for
8.5 h. At the end of the irradiation, the stack was packaged
and shipped to ANL where it was installed in the center of the
Gammasphere, approximately 30 h after the end of beam with
an estimated source strength of ≈11 µCi.

For this paper the Gammasphere array consisted of 49
Compton-suppressed HPGe detectors placed in 15 angular
rings around the array’s symmetry axis; the array has nomi-
nally 17 such rings, and the symmetry axis coincides with the
beam axis in an accelerator experiment. Data were collected
with a digital data-acquisition system selecting all multiplicity
�1 singles triggers for approximately 28 h; 2.9 × 109 single
γ -ray events and 6 × 108 γ -γ coincident events were col-
lected on disk. Data were sorted with the GSSORT package [16]
into singles histograms and γ -γ coincidence matrices. The
singles spectrum of the β decay of 130I is shown in Fig. 2(a).
Since the daughter of 130I, 130Xe, is stable, and thanks to the
target purity and the reaction used to produce the sources,
no other long-lived isotopes were observed in the spectra.
The quality of the coincidence spectra are demonstrated in
Fig. 2(b) with a gate on the 536-keV 2+ → 0+ transition.

400 800 1200 1600

2x106

4x106

6x106

8x106 (b)

11
58

74
066

9

C
ou

nt
s

)Vek(  ygrenE

Gate on 536

41
8

400 800 1200 1600 2000
102

103

104

105

106

107

108

C
ou

nt
s

Energy  (keV)

Singles(a)

FIG. 2. (a) Singles spectrum and (b) spectrum gated on the
536-keV transition following the decay of 130I. Peaks are labeled by
their energy in keV.

Data analysis was performed with the RADWARE package [17],
GF3M, modified for matrix analysis.

Energy and efficiency calibrations were performed using
well-characterized transitions in the decay of 152Eu [19], 56Co
[20], 182Ta [21], and 243Am [22]. A 0.08-keV systematic
uncertainty was estimated and added in quadrature to the
statistical uncertainty in the energy determination, whereas
an additional 1.4% uncertainty was applied to all measured
intensities to account for the systematic uncertainty in the
efficiency calibration.

As precise intensity measurements were an essential com-
ponent of this paper, they were determined in two ways.
When the transitions were isolated peaks, confirmed through
the γ -γ matrix, the intensities were first obtained from the
singles spectrum. In addition, intensities were determined for
all transitions from the γ -γ matrix. This was accomplished
by placing a gate on a transition depopulating a level, and
determining the area of a transition feeding into the same
level. The intensities were deduced from the area, corrected
for the detector efficiencies, and the branching ratio of the
depopulating transition. Details of this procedure can be found
in Ref. [23]. In cases where both a singles and a γ -γ determi-
nation of the intensity could be performed, the quoted result
is a weighted average of the two measurements.

A γ -γ angular correlation analysis was performed for pairs
of transitions where statistics were sufficient. Data were sorted
according to certain relative angles θ between the Gamma-
sphere rings. In particular, 12 angle pair combinations were
considered, corresponding to θ = 21◦, 35◦, 41◦, 53◦, 55◦, 61◦,
67◦, 71◦, 73◦, 75◦, 79◦, and 87◦. The efficiency of each angle
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bin was determined by finding the number of counts in each
peak corresponding to the cascade pair and comparing it to the
total number of counts in each peak in the singles spectrum.
The normalized intensity distribution as a function of these
angles yielded the angular correlation between transitions γ1

and γ2. The angular correlations were fit with the standard
expansion in Legendre polynomials.

III. EXPERIMENTAL RESULTS

The energies and intensities of the γ rays assigned to the
decay of 130I in the present work as well as the corresponding
states and their quantum numbers are given in Table I. All in-
tensities were normalized relative to the strongest transition in
the level scheme, taking Iγ (536 keV) = 100. Intensities from
the present paper are compared to those in the adopted data
[9], showing overall good agreement. Level energies given in
Table I are derived from a least-squares fit to all measured
γ -ray energies. The present analysis allowed us to identify
two new levels as being populated in the β decay of 130I.
The high-statistics data and the γ -γ coincidence capabilities
allowed us to add, remove, or replace more than 25 transitions
with respect to those previously assigned to the decay of 130I
by Hopke et al. [11]. The levels populated in 130Xe and their
γ decay led to the level scheme in Fig. 3.

A. Decay scheme construction

The present paper finds good agreement with the level
scheme previously proposed by Hopke et al. [11]. All ex-
cited levels are confirmed, and we identify two new levels
populated in the β decay of 130I at 2298.7 and 2615.3 keV.
These new levels decay by two and four newly identified
γ -ray transitions, respectively. Overall, we identify, remove
or replace over 25 new transitions which connect the excited
levels. In the following discussion, we give a few example
spectra to illustrate the level of statistics available to identify
new transitions and justify our removal of previously placed
transitions.

A level at 2362 keV was proposed by Hopke et al. [11], on
the basis of seven depopulating transitions. In the present pa-
per, we confirm and measure the intensity for five of the seven
transitions previously reported. The 190-keV transition could
not be isolated, and our upper limit is less stringent than the
one proposed by Hopke et al. [11]. The previously proposed
730-keV transition would feed into the 1633-keV level. Gated
spectra on the 511- and 1097-keV transitions depopulating the
1633-keV level lack evidence for a transition of 730 keV as
shown in Fig. 4. A 730-keV transition was observed in the
spectra gated on the 1546- and 877-keV transitions as shown
in Fig. 5 which from coincidence relations and energy sums,
places the 730-keV transition as depopulating a previously
identified level at 2812 keV. In the present paper, the intensity
of the 730-keV transition is determined as 0.0031(4), consid-
erably smaller than the intensity determined by Hopke et al.
[11], Iγ =0.011(8), although statistically compatible because
of the significant uncertainty on the latter.

Hopke et al. [11] proposed a level at 2706 keV, based on
two depopulating transitions. In the present paper, we con-

FIG. 3. Levels in 130Xe populated in the β decay of 130I. Transi-
tions are labeled by their energy in keV, followed by their intensity
in italics. New levels/transitions are highlighted in red. Previously
reported transitions not confirmed in this paper are marked in blue.
Figure created with SciDraw [18].

firm the 897-keV depopulating transition with an intensity
in excellent agreement with the previous measurement. We
find no evidence for the 623-keV transition, which would
populate the 2082-keV level. Gated spectra on the 1546- and
877-keV transitions depopulating the 2082-keV level show
no evidence for a 623-keV transition as shown in Fig. 5. In
addition, we observe three new transitions depopulating the
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TABLE I. Levels populated in the decay of 130I to 130Xe and their γ -ray decays. The relative intensities for γ -ray transitions are given by
Iγ . The intensities are normalized to Iγ (536 keV) = 100. The intensities are also compared with those from Hopke et al. [11]. Jπ assignments
from the evaluated data [9] except where indicated. Multipolarities and mixing ratios are based on an angular correlation analysis and decay
patterns, see the text and Table II. Assumed multipolarities are given in square brackets. For some cases, the angular correlation analysis
provided more than one solution for δ. The δ value corresponding to the lowest χ2 is given here whereas Table II provides both solutions for δ

when applicable.

Jπ
i Ei (keV) Jπ

f E f (keV) Eγ (keV) Iγ Mult. δ I lit
γ [11]

2+ 536.16(7) 0+ 0.00 536.14(8) 100.0(14) E2 100
2+ 1122.32(7) 2+ 536.16 586.11(9) 1.68(3) M1 + E2 +6.2(10) 1.71(6)

0+ 0.00 1122.34(10) 0.263(7) E2 0.256(11)
4+ 1204.80(8) 2+ 536.16 668.62(8) 97.4(14) E2 97(3)
3+ 1632.89(8) 4+ 1204.80 428.05(12) 0.124(9) M1 + E2 −0.24(2) 0.084(11)h

2+ 1122.32 510.57(8) 0.874(15) [M1 + E2] 0.86(3)
2+ 536.16 1096.75(10) 0.566(20) M1 + E2 +0.81(11) 0.558(20)

4+d 1808.52(9) 4+ 1204.80 603.62(11) 0.61(1) M1 + E2 +0.67(2) 0.62(3)
2+ 1122.32 686.10(9) 1.07(2) E2 1.08(4)
2+ 536.16 1272.42(22) 0.770(15) E2 0.756(25)

6+ 1944.43(9) 4+ 1204.80 739.52(8) 83.6(13) E2 83(3)
(4,5)e 2059.80(14) 4+ 1204.80 854.96(15) 0.037(1) +0.22(4)(J = 5), +0.34(6)(J = 4) 0.035(5)
4+d 2082.29(9) 4+ 1204.80 877.44(11) 0.186(4) M1 + E2 +0.10(5) 0.193(10)

2+ 1122.32 959.8(2)a 0.0088(5) [E2]
2+ 536.16 1546.2(2) 0.0208(18) [E2] 0.023(4)

4+f 2172.02(9) 6+ 1944.43 227.7(2) 0.017(3) [E2] 0.012(5)
4+ 1808.52 363.5(2) 0.236(15) M1 + E2 +0.56(8) 0.09(2)
3+ 1632.89 539.15(15) 1.48(5) M1 + E2 +0.26(1) 1.41(4)
4+ 1204.80 967.16(9) 0.901(25) M1(+E2) −0.01(3) 0.89(3)
2+ 1122.32 1049.9(2)a 0.0020(4) [E2]
2+ 536.16 1636.0(2)a 0.0039(5) [E2]

2298.72(16)b 4+ 1204.80 1093.81(15)a 0.013(2) 0.028(8)
2+ 1122.32 1176.8(3)a 0.006(2)

5+ 2362.49(9) 4+ 2172.02 [190]c <0.002 <0.0005
4+ 2082.29 280.26(12) 0.028(3) [M1 + E2] 0.024(7)

(4,5) 2059.80 302.7(3) 0.016(3) 0.013(5)
6+ 1944.43 418.06(9) 34.5(5) M1 + E2 −0.43(2) 34.5(10)
4+ 1808.52 553.96(11) 0.793(23) M1 + E2 +0.29(3) 0.67(3)
3+ 1632.89 [730]c <0.0004 0.011(8)
4+ 1204.80 1157.72(9) 11.52(18) M1 + E2 +0.28(1) 11.4(4)

4+d 2427.64(10) 4+ 2082.29 345.45(15)a 0.0034(4) [M1 + E2]
3+ 1632.89 794.5(2)a 0.0047(4) [M1 + E2]
4+ 1204.80 1222.84(12) 0.202(6) M1 + E2 +0.10(6) 0.181(8)
2+ 1122.32 1305.4(2) 0.0046(4) [E2] 0.0049(2)
2+ 536.16 1891.4(2)a 0.0022(3) [E2]

(5+)g 2608.88(10) 5+ 2362.49 246.55(14) 0.043(3) [M1 + E2] 0.047(5)
4+ 2082.29 526.54(12)a 0.021(2) [M1 + E2]

(4,5) 2059.80 549.0(2)a 0.0016(3)
4+ 1808.52 800.25(12) 0.105(4) M1 + E2 +0.28(8) 0.102(5)
4+ 1204.80 1404.15(15) 0.376(20) M1 + E2 +0.31(3) 0.348(16)

2615.25(21)b 4+ 1808.52 806.3(5)a 0.005(2)
3+ 1632.89 983.0(4)a 0.0021(5)
4+ 1204.80 1410.6(5)a 0.0083(10)
2+ 536.16 2078.8(3)a 0.00067(20)

(4+)g 2622.61(11) 4+ 1808.52 814.17(15) 0.0291(9) (M1(+E2)) −0.1(6) 0.025(5)
4+ 1204.80 1417.73(15) 0.017(2) [M1 + E2] 0.012(2)
2+ 1122.32 1500.3(2)a 0.00070(25) [E2]
2+ 536.16 2086.4(2)a 0.0011(2) [E2]

5+g 2629.88(10) 4+ 2172.02 457.87(12) 0.241(10) [M1 + E2] 0.239(15)
4+ 2082.29 547.5(2)a 0.0040(4) [M1 + E2]
4+ 1808.52 821.25(14) 0.0484(19) M1 + E2 −0.42+10

−13 0.043(5)
3+ 1632.89 997.01(12) 0.0240(15) [E2] 0.028(5)
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TABLE I. (Continued.)

Jπ
i Ei (keV) Jπ

f E f (keV) Eγ (keV) Iγ Mult. δ I lit
γ [11]

4+ 1204.80 1425.16(12) 0.0198(13) [M1 + E2] 0.021(2)
(4, 5+)j 2693.28(11) 4+ 2172.02 521.50(15)a 0.0096(13)

4+ 2082.29 610.87(12)a 0.0033(3)
6+ 1944.43 748.7(2) 0.014(2) 0.012(5)
3+ 1632.89 1060.38(12) 0.0225(16) 0.017(5)
4+ 1204.80 1488.5(2) 0.018(2) 0.012(2)
2+ 1122.32 [1570.7] <0.0001i

(4+)g 2705.73(11) 4+ 2082.29 [623]c <0.0007 0.017(11)
4+ 1808.52 897.17(12) 0.0217(18) [M1(+E2)] 0.0(5) 0.021(5)
3+ 1632.89 1072.5(3)a 0.0021(6) [M1 + E2]
4+ 1204.80 1500.98(12) 0.041(3) (M1 + E2) +0.14(11) 0.040(2)
2+ 1122.32 1583.4(2)a 0.0017(5) [E2]
2+ 536.16 2169.8(3)a 0.0011(2) [E2]

(5+)g 2752.88(10) 6+ 1944.43 808.34(10) 0.244(10) [M1 + E2] 0.238(10)
4+ 1808.52 944.33(12) 0.0461(23) (M1 + E2) +0.3(2) 0.063(14)
4+ 1204.80 1548.24(12) 0.021(2) (M1 + E2) +0.23(13) 0.018(4)

(5+)g 2812.27(10) 4+ 2172.02 640.14(15)a 0.0044(8) [M1 + E2]
4+ 2082.29 729.91(15)a 0.0031(4) [M1 + E2]
6+ 1944.43 867.76(10) 0.040(2) [M1 + E2] 0.043(6)
4+ 1808.52 1003.6(3)a 0.0013(2) [M1 + E2]
3+ 1632.89 1179.7(3)a 0.0028(3) [E2]
4+ 1204.80 1607.64(12) 0.0466(22) (M1 + E2) −0.12(6) 0.045(3)
2+ 1122.32 [1690] <0.00016

aNewly observed γ -ray transition following the decay of 130I.
bNew level observed following the decay of 130I.
cTransition previously placed in the decay scheme of 130I, however, the present experiment finds no evidence for.
dTentative assignment in evaluated data [9] is consistent with present angular correlation results. Decay to 2+ and 4+ levels limits the Jπ to
2+, 3, 4+. Angular correlation analysis for the decay to the 4+ 1204.8 level or the 4+ 1808.5 level favors 4 for the parent level, with a mixed
D + Q transition, further supporting the positive-parity assignment.
eSee the text for a discussion on the spin assignment of this level.
fDecay of this level to 2+ and 6+ levels suggests Jπ = 4+. This is further supported by the angular correlation analysis for the decay to the 4+

1808.5 level which favors 4 for the parent level with a mixed D + Q transition, in agreement with the positive parity assignment.
gNew Jπ assignment with J from present angular correlation measurement, decay pattern, and β feeding considerations with parity inferred
also from decay pattern and the assumption that D + Q transitions with nonzero value of the mixing ratio are M1 + E2 in character.
hReported as a doublet by Hopke et al. [11], with a 427.93-keV transition with Iγ = 0.84(11) from the 1633-keV level and a 429.12-keV
transition with Iγ = 0.34(11) with no placement in the level scheme.
iRef. [24] places a 1570.7-keV transition as depopulating the 2693.3-keV level following the ε decay of 130Ce. In the present paper, no evidence
is found for such a transition.
jDecay of this level to 3+ and 6+ levels tentatively suggests Jπ = (4+, 5+).

2706-keV level with energies of 1073, 1583, and 2170 keV.
Support for the placement of the 1073-keV transition is given
in Fig. 4 where the transition is observed in both the 511-keV
and the 1097-keV gates, placing it as a transition feeding
into the 1633-keV level. One final transition warrants some
discussion, which is the 1500.98-keV transition. In Hopke
et al. [11], this is placed in both their table and level scheme
drawing as originating from the 2623-keV level. This place-
ment does not agree with the coincidence relations provided
in Hopke et al. [11], which show a 1502-keV transition in
coincidence with the 536- and 668-keV transitions. These
coincidences are in agreement with the present paper and
the placement of the 1501-keV transition as depopulating the
2706-keV level. Note that the evaluated data [9] also give the
1501-keV transition as originating from the 2706-keV level,
but with no explanation on why the placement differs from
that of Hopke et al. [11]. Interestingly, we do observe a much

weaker 1500.3-keV transition as depopulating the 2623-keV
level.

A level at 2812 keV was proposed by Hopke et al.
[11] based on three depopulating transitions, 868, 1608, and
1690 keV which decay into the 6+

1 , 4+
1 , and 2+

2 levels, respec-
tively. We confirm the 868- and 1608-keV transitions with
intensities in excellent agreement with Ref. [11]. No evidence
is found for the 1690-keV transition populating the 2+

2 level
at 1122 keV as shown in Fig. 6. Clearly observed in Fig. 6
are three additional transitions with intensities comparable or
smaller than the reported intensity of the 1690-keV transition.

Finally, Hopke et al. [11] assign five additional transi-
tions to the decay of 130I at 158.8, 293.5, 429.1, 771.0, and
1094.3 keV without being able to place them in the de-
cay scheme. The present data find no evidence for the
first four transitions in either the singles or coincidence
spectra, whereas the last one could correspond to the
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1093.8-keV transition depopulating the newly proposed level
at 2298.7 keV.

B. Spin and parity assignments

The spins of the low-lying levels in 130Xe are well known
[9], which allows one component of the cascade in the γ -γ an-
gular correlation to be constrained. For most measurements, a
gate on a well-established E2 transition was used to determine
the character of the other transition in the cascade. As given

500 550 600 650 700 750 800
0

200

400

600

800

1000

1200

1400

1600

669
536

[623] 730*
548* 611*

C
ou

nt
s

Energy (keV)

6451 no etaG
778 no etaG

52
7*

FIG. 5. Spectra gated on the 1546-keV transition (blue line)
and 877-keV transition (red line). γ -ray transitions are labeled by
their energy in keV; an asterisk indicates newly observed transi-
tions, whereas a 623-keV transition is not observed and indicated
by brackets.

1300 1350 1400 1450 1500 1550 1600 1650 1700
Energy (keV)

0

20

40

60

80

100

120

140

160

C
ou

nt
s

E=1305.4(2)
I = 0.0046(4)

E=1500.3(2)
I = 0.00070(25)

E=1583.4(2)
I = 0.0017(5)

Gate on 586

I 0.00

0070(25)

FIG. 6. Spectra gated on the 586-keV transition providing evi-
dence for the nonobservation of a 1690-keV transition reported with
Iγ = 0.055(10). γ -ray transitions are labeled by energy in keV and
intensity.

in Table II, gates were taken on the 536-keV 2+
1 → 0+

1 , 669-
keV 4+

1 → 2+
1 , 1122-keV 2+

2 → 0+
1 , 1272-keV 4+

2 → 2+
1 , and

740-keV 6+
1 → 4+

1 transitions. The only exception is the 539–
1097 keV cascade where the multipolarity and mixing ratio of
the 1097-keV transition was fixed to the value obtained ana-
lyzing the gate on the 536-keV transition. In the fits, the spin
of the initial level and multipolarity of the second transition in
the cascade were allowed to vary. In varying the spin and mul-
tipolarity, we include the following constraints: (a) only 	J �
2 transitions were considered for the initial J , (b) for levels fed
directly in the β decay of the Jπ = 5+ parent, the initial J was
limited to 4–6 and (c) decay properties of other transitions
depopulating the levels were taken into consideration. Con-
dition (c) was generally manifested by excluding J = 5 for a
level which decays to 2+ levels. Condition (b) applies to levels
above 2600 keV which are fed only in the β-decay process
with no γ -ray feeding observed from higher-lying levels. Out
of these levels for which we had sufficient statistics to perform
the angular correlation analysis, the β-decay feeding ranges
from approximately 0.05% to 0.5%. Even with feeding of
a few tenths of a percent, at this high excitation energy the
corresponding log ft values are around 7.8, allowing for the
spins of these levels to be constrained to J = 4–6.

Results of the analysis are summarized in Table II. The data
used to extract the values for the cascades, and the results
of the fit are provided in the Supplemental Material [25].
Mixing ratios are given in the convention of Krane and Steffen
26] and uncertainties are determined at the 68% confidence
level. In some instances, the angular correlation analysis re-
sults in two χ2 minima for δ. Both solutions are given in
column 7 of Table II, the first value corresponding to the
lower χ2 value. Although the angular correlations given D,
Q, or D + Q nature for the transitions, additional constraints
on the electric/magnetic character can be performed with
some physics assumptions. First we assume the E2 character
for stretched Q transitions. Additionally, we assume D + Q
transitions with large nonzero mixing ratios to be M1 + E2 in
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TABLE II. Results of the γ -γ angular correlation analysis for 130Xe. Measured a2 and a4 coefficients are given for each analyzed cascade
along with the deduced multipolarity and mixing ratio. Elev and Jinit are the initial level energy and spin of the cascade, respectively. For each
cascade, γ2 corresponds to a stretched Q transition except where noted. In some instances, the angular correlation analysis results in two χ2

minima for δ. Both solutions are given in the δγ 1 column with the first value corresponding to the lower χ2 value. Mixing ratios are compared
with the evaluated data [9] and more recent measurements of Refs. [24,27].

Elev Jinit γ1γ2 (keV) a2 a4 Mult.γ 1 δγ 1 δ [9] δ [24] δ [27]

1122.3 2 586-536 −0.180(20) 0.28(3) D + Q +6.2(10) +3.75(12) +4.4+6
−17 +4.41+42

−51, −0.160+18
−15

1204.8 4 669-536 0.102(1) 0.0081(8) Q 0.0 0.0 0.0 0.0
1632.9 3 1097-536 0.277(11) −0.017(16) D + Q +0.81(11) +1.3+38

−8 +0.84+55
−36 +0.611+46

−41

1632.9 3 428-669 0.057(8) −0.022(11) D + Q −0.24(2) +0.19+47
−40 +3.0+15

−10, +0.51+17
−13

1808.5 4 1272-536 0.119(10) 0.015(14) Q 0.0 0.0 0.0 0.0
1808.5 4 686-1122 0.098(22) −0.04(3) Q 0.0 0.0 0.0 0.0
1808.5 4 604-669 −0.036(7) 0.063(10) D + Q +0.67(2) +2.4+13

−7 or −0.37+18
−20

1944.4 6 740-669 0.101(1) 0.0101(14) Q 0.0 0.0 0.0 0.0
2059.8 4 855-669 0.069(23) −0.02(3) D + Q +0.34(6)
2059.8 5 855-669 0.069(23) −0.02(3) D + Q +0.22(4) −0.05(14)
2082.3 4 877-669 0.164(16) −0.012(23) D + Q +0.10(5)
2172.0 4 967-669 0.201(9) −0.039(12) D(+Q) −0.01(3)b

2172.0 4 539-1097a 0.148(11) −0.007(16) D + Q +0.26(1)
2172.0 4 364-1272 −0.05(3) −0.10(4) D + Q +0.56(8)b

2362.5 5 1158-669 0.102(3) 0.012(4) D + Q +0.28(1)b +0.28(3) 2.3+11
−9

2362.5 5 554-1272 0.108(16) 0.002(23) D + Q +0.29(3)
2362.5 5 418-740 0.173(2) 0.000(2) D + Q −0.43(2)b −0.42(3) −0.54(20)
2427.6 4 1223-669 0.165(21) 0.04(3) D + Q +0.10(6), 1.1(2)c

2608.9 5 1404-669 0.115(16) 0.026(23) D + Q +0.31(3)
2608.9 5 800-1272 0.10(4) 0.02(6) D + Q +0.28(8), +2.7(8)
2622.6 4 814-1272 0.22(7) −0.09(11) D(+Q) −0.1(6)
2629.9 5 821-1272 −0.32(5) −0.01(8) D + Q −0.42+10

−13, −3.1+9
−14

c

2705.7 4 1501-669 0.15(4) −0.01(6) D + Q +0.14(11), −1.1(5)
2705.7 4 897-1272 0.18(12) −0.18(17) D(+Q) 0.0(5)
2752.9 5 1548-669 0.07(7) 0.09(9) D + Q +0.23(13), +3.1+38

−14

2752.9 5 944-1272 0.09(8) 0.08(11) D + Q +0.3(2), 2.8+23
−11

2812.3 5 1608-669 −0.15(4) −0.07(6) D + Q −0.12(6)

aAnalysis performed by fixing the mixing ratio of the 1097-keV transition in the cascade to δ = 0.81(11).
bQuality of the fit is poor with χ 2 larger than ten at the minimum.
cThe second solution for δ has a χ 2 which is comparable to that of the first solution.

character. Finally, in instances where the initial and final Jπ ’s
could be determined, we applied that information to constrain
the multipolarity.

Included in Table II are the mixing ratios from the latest
evaluation [9] along with two recent measurements performed
after the 2001 evaluation. In Ref. [24], 130Xe was populated
in the ε decay of 130Cs, and an angular correlation analy-
sis was performed. In Ref. [27], 130Xe was studied using
an (n, n′γ ) reaction and spins and mixing ratios determined
using angular distribution measurements. Overall, we obtain
excellent agreement with prior measurements. For example,
for the strong 418–740 keV cascade, corresponding to a well
established J = 5-6-4 sequence, our value of δ = −0.43(2)
is in excellent agreement with the adopted value of −0.42(3)
and the more recent measurement of −0.54(20) [24].

In Fig. 7, we provide a few examples where our analysis
differs from the results in the literature. The 428-keV, 3+ →
4+ transition was not measured at the time of the 2001 ENSDF
evaluation [9]. Subsequently, a mixing ratio of +0.19+47

−40 was
determined in Ref. [24] and two solutions for δ obtained in
Ref. [27], +3.0+15

−10 or +0.51+17
−13. The present analysis using

the 428-669, 3-4-2 cascade favors the smaller value for δ

as shown in Fig. 7(a), yielding a δ value of −0.24(2). For
comparison, the solution with δ = +3 is included, exhibiting
a very different pattern to the measured intensities versus
cos(θ ).

The 1158-keV, 5+ → 4+ transition has an adopted mix-
ing ratio of +0.28(3), however, a more recent measurement
determined δ = +2.3+11

−9 . The angular correlation of 1158
keV-669 keV, 5-4-2 cascade is given in Fig. 7(b). The present
data are in excellent agreement with the adopted value of δ.
Included in Fig. 7(b) is the δ = +2.3 solution, which clearly
is not consistent with the measured angular correlation.

Finally, the 2060-keV level has a single depopulating tran-
sition of 855 keV and assigned Jπ = (5)− [9]. The basis
for the Jπ assignment is an E1 character for the 855-keV
transition which was determined through a measurement of
the α(K ) value [28]. Additional support for a pure dipole
transition comes from the angular correlation measurement
of Ref. [24], which determined δ = −0.05(14). As shown in
Fig. 7(c), the present angular correlation data favor a larger
mixing ratio with similar χ2 values of the fit obtained for J =
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FIG. 7. Selected angular correlations analyzed following the de-
cay of 130I. Data are given by the solid circles whereas theoretical
predictions by the lines with the mixing ratio indicated in the
figure. Examples include the (a) 428–668-keV cascade, the (b)
1158-669-keV cascade, and the (c) 855-669-keV cascade.

4, δ = +0.22(4), and J = 5, δ = +0.34(6). Thus, the present
experiment suggests Jπ values of (4,5), which we tentatively
assign given the discrepancy with previous measurements.

IV. DISCUSSION

Of direct interest for applications is the absolute intensities
of the γ -ray transitions per 100 decays of 130I. Negligible
direct feeding of the ground state of 130Xe is expected due
to the highly forbidden β transition between the 5+ ground
state of 130I and the 0+ ground state of 130Xe (Iβ+ε < 10−8,
log f t > 20). Furthermore, with the data collected in this
experiment it was possible to observe transitions more than
five orders of magnitude weaker than the strongest 2+ → 0+
transition at 536.1 keV. These two aspects of the decay allow
for the determination of the absolute intensity by summing
all γ -ray intensities and conversion electrons directly feeding
the ground state. From this, we deduce that the 536-keV γ

ray is observed in 99.006(13)% of the decays. This is in
agreement with the evaluated value of 99% [9] and provides
an uncertainty which is essential for the use in applications.

TABLE III. Intensity [relative to Iγ (536 keV) = 100%] of the
main γ -ray transitions measured by Hopke et al. [11], Musthafa et al.
[12], and Sakharov [13].

Eγ Hopke et al. Musthafa et al. Sakharov This
(keV) [11] [12] [13] paper

418.06 34.5(10) 33.4(39) 26.5(9) 34.5(5)
539.15 1.41(4) 1.19(6) 1.48(5)
586.11 1.71(6) 2.32(14) 1.68(3)
668.62 97(3) 92(11) 90(7) 97.4(14)
739.52 83(3) 79(9) 79(4) 83.6(13)
1157.72 11.4(4) 9.3(11) 8.2(6) 11.52(18)

A direct comparison of the intensities measured in the
previous studies [11–13] is summarized in Table III. The
intensities reported in the most recent measurements, which
hinted at a disagreement with the values reported by Hopke
et al. [11], were not confirmed in our paper. This is a par-
ticularly important result for applications as many of the
transitions studied by Musthafa et al. [12] and Sakharov [13]
were reported for the most intense transitions that would be
more likely used in the identification and quantification of
130I. In particular, for the transition at 739.5 keV, reported
by Hopke et al. [11], Musthafa et al. [12], and Sakharov
[13] as 83(3)%, 79(9)%, and 79(4)%, respectively, we not
only essentially confirm the older results, but we reduce the
uncertainty on the intensity by a factor of 2 on the most precise
determination. A similar trend is observed for the transition at
668.6 keV, which Musthafa et al. [12] and Sakharov [13]
report with an intensity of 92(11)% and 90(7)%, respectively
and we measured as 97.4(14)% in agreement with Hopke’s
value of 97(3)% [11]. Also for the 418.1-keV transition, re-
ported by Musthafa et al. [12] and Sakharov [13] as 33.4(39)
and 26.5(9), we found our result, 34.5(5)%, in good agreement
with the one measured by Hopke et al. [34.5(10)] [11].

V. CONCLUSION

130I is a blocked fission product of particular interest for
nuclear forensics. Taking advantage of the sensitivity and
granularity of the Gammasphere array, we provided the most
complete description of the β− decay of 130I to date. We
report the intensity for 70 transitions, over 25 of which
were identified for the first time, or replaced in the level
scheme using γ -γ coincidence data. The intensities of the
strongest transitions, those that will be used in the quan-
tification of this radionuclide in forensics application and
measurements of fission yields with the activation technique,
have been improved by a factor of 2 with respect to the best
determination available until now. Finally, using the angular
resolution of the Gammasphere, spin and parity assignments
were provided for most levels using γ -γ angular correlation
analysis.
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