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ABSTRACT
The timing and energy resolution properties of LaBr3 (Ce) scintillators are well suited for use in 𝛾𝛾 fast-timing
experiments. Using standard 60 Co, 88 Y, and 152 Eu sources, the 16-element array of 1.5 inch × 1.5 inch rightcylindrical LaBr3 (Ce) detectors and the associated readout electronics at the National Superconducting Cyclotron
Laboratory were commissioned by measuring the lifetimes of excited states and the angular correlations of 𝛾 rays
emitted in cascade. Excited-state lifetimes in 152 Sm and 152 Gd were measured using the exponential slope of the
decay and a method based on the centroids of time-difference spectra. Results for the lifetimes are consistent
with the well-known literature values which cover a range from a few picoseconds to several nanoseconds.
Furthermore, the 𝛾𝛾 angular correlations for the 4+ → 2+ → 0+ cascade in 60 Ni and the 3− → 2+ → 0+ cascade in
88 Sr were measured and shown to agree with GEANT4 simulations that take into account the expected angular
correlations within the cascades as well as the geometry of the array.

1. Introduction
The lifetime (𝜏) and the spin-parity (𝐽 𝜋 ) of a nuclear excited state are
important properties in nuclear structure physics. The reduced electromagnetic transition probability between two bound nuclear states —
𝐵(𝜎𝜆; 𝐽𝑖𝜋 → 𝐽𝑓𝜋 ), which depends on the multipolarity 𝜎𝜆 , e.g. 𝐸1,
𝐸2, or 𝑀1, of the corresponding 𝛾-ray transition, is determined by
the partial lifetime of the initial state. This quantity is a sensitive
probe of the wave functions of the states involved and characterizes
collective phenomena such as rotations and vibrations. Consequently,
measurements of excited-state lifetimes and multipolarities provide
useful benchmarks for theoretical nuclear structure models.
Recently, the use of the scintillator material LaBr3 (Ce) has become
popular for direct lifetime measurements via 𝛾-ray spectroscopy at facilities worldwide [1]. The high light output and fast decay-time properties
of LaBr3 (Ce) give rise to good energy resolution and excellent timing resolution, allowing precise measurements on the sub-nanosecond scale [2–
4]. For example, at IFIN-HH Bucharest, LaBr3 (Ce) detectors have been
used as part of the LaBr3 (Ce)-HPGe hybrid array ROSPHERE [5,6]
and the FAst-TIMing Array (FATIMA) [7] of LaBr3 (Ce) detectors has

been combined with EXILL at ILL Grenoble [8], with EURICA at RIBFRIKEN [9,10], and with a silicon detector array to form the STELLA
apparatus for nuclear astrophysics measurements at IPN Orsay [11]. The
performance of two LaBr3 (Ce) detectors in conjunction with GAMMASPHERE at Argonne National Laboratory was evaluated [12] and FATIMA
was used with GAMMASPHERE for fast-timing measurements in 252 Cf
fission source data [13,14]. Furthermore, the NAtional Nuclear Array
(NANA) of LaBr3 (Ce) detectors at the National Physical Laboratory has
been commissioned [15] and used for angular correlation measurements
and the absolute activity standardization of a 60 Co source [16].
At the National Superconducting Cyclotron Laboratory (NSCL) [17],
the applicability of LaBr3 (Ce) scintillators to both in-flight and stoppedbeam measurements has been demonstrated. Two LaBr3 (Ce) detectors
were tested for use in in-beam 𝛾-ray spectroscopy experiments [18], two
LaBr3 (Ce) detectors were used in the optimization of the NSCL digital
data acquisition system for fast timing [19], and ten LaBr3 (Ce) detectors
were used to measure 𝛽-delayed 𝛾 rays from ions implanted in a plastic
scintillator to determine lifetimes in 68,70 Ni [20]. Here, we present
results from the commissioning of the NSCL’s full array of 16 LaBr3 (Ce)
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Fig. 1. Pictures of the LaBr3 (Ce) scintillators arranged in two rings of eight detectors each from different perspectives. The sources used in measurements were placed at the center of
the array, equidistant from both rings.

detectors and its dedicated readout electronics through lifetime and
angular correlation measurements with 60 Co, 88 Y, and 152 Eu sources.

and MQDC-32 on a shared ribbon cable to provide the ‘‘experiment
trigger’’, which ensures the synchronization of the timing and energy
modules and gives the common start for the MTDC-32’s time-to-digital
conversion. When the LaBr3 (Ce) array is used in conjunction with
other detector systems, the gate and delay generator can be replaced
with complex trigger logic to provide an ‘‘experiment trigger’’ derived
from all systems of the setup. The delay for the ‘‘experiment trigger’’
gate relative to the prompt LaBr3 (Ce) signal can be up to 16 μs. The
modules were operated in multi-hit mode with the event window for
coincidences set to 256 ns and divided into 216 channels, giving a timing
dispersion of 1/256 ns (3.90625 ps). See Fig. 2 for a diagram of the
electronics setup for the array. The MTDC-32 and MQDC-32 were read
out through a VME interface and the data were sorted and analyzed
using the GRUTinizer [24] software package, which is built on the ROOT
framework. Using the VME busy signal, the livetime of the setup was
determined to be greater than 99% for all measurements presented in
this work.

2. Experimental setup
For the offline commissioning measurements, all 16 Saint-Gobain
BrilLanCe 380 LaBr3 (Ce) scintillators [21] available at the NSCL were
utilized. The 1.5 inch × 1.5 inch right-cylindrical LaBr3 (Ce) crystals
were coupled to Hamamatsu R6231 photomultiplier tubes (PMTs). The
PMTs were powered by a WIENER MPOD EHS F020P HV module and
operated at positive bias voltages ranging from 600 to 800 V. Voltages
were chosen to align the pulse heights for all detectors to the same
amplitude. As shown in Fig. 1, the 16 scintillators were placed in an
array consisting of two rings of eight detectors each with the rings offset
by 1.9 inches center-to-center. The front faces of the detectors were
positioned 2.125 inches from the symmetry axis of the rings. For all
measurements, the 𝛾-ray sources were located in the center of the array,
equidistant from the two rings. For experiments at the NSCL, the depth
of the LaBr3 (Ce) detectors can be adjusted to accommodate the diameter
of the cylindrical beam pipe housing the target or implantation detector,
depending on the experimental scheme. The small width of the array’s
frame allows the LaBr3 (Ce) scintillators to be used in concurrence with
other detector arrays while minimizing losses in geometric efficiency.
For example, in Ref. [20], the LaBr3 (Ce) array was placed in between
the two rings of the Segmented Germanium Array (SeGA) [22].
The data acquisition system for the array employed the Mesytec
MCFD-16, MTDC-32, and MQDC-32 modules [23]. The 16 LaBr3 (Ce)
PMT output signals were connected to the inputs of the MCFD-16, a
constant fraction discriminator with a built-in preamplifier and gate
generator, via LEMO cables. The delay and fraction for the constant
fraction discriminator yielding optimal time resolution were 12 ns and
40%. The same delay and fraction were used for all channels. The
16 ECL timing-gate outputs and 16 amplitude outputs of the MCFD16 were provided to the MTDC-32 and MQDC-32, respectively, using
34-pin twisted ribbon cables. The OR output (NIM logic signal) of
the MCFD-16 was plugged into the gate input of the MQDC-32, a
charge-integrating analog-to-digital converter, by LEMO cable to supply
the integration gate for the amplitude signals. The Trig output (NIM
logic signal) of the MCFD-16 was sent to a gate and delay generator,
converted to an ECL signal, and then connected to both the MTDC-32

3. Excited-state lifetime measurements
To begin, a 60 Co standard calibration source was used to investigate
the timing performance of the LaBr3 (Ce) array and electronics setup.
60 Co 𝛽 − decays with a 99.9% branching ratio to the 2505.7-keV level
in 60 Ni, which then decays via a cascade of 1173.2 and 1332.5-keV
𝛾 rays to the ground state [25]. Since the lifetime of the 1332.5-keV
intermediate state is 1.06(3) ps [25], the 310 ps FWHM of the time
difference spectrum between coincident 1173.2 and 1332.5-keV 𝛾 rays
measured with the LaBr3 (Ce) detectors seen in Fig. 3 provides a characterization of the setup’s prompt-timing properties at these energies.
The individual time difference spectra for all detector pairs in the array
were aligned and then summed to produce Fig. 3. The timing resolution
for each detector pair was similar to the 310-ps FWHM of the entire
array. As shown in Fig. 14 of Ref. [19], the timing resolution between
two of the LaBr3 (Ce) detectors for 1173.2–1332.5 keV coincidences as
measured with the NSCL digital data acquisition system was about 330
ps using detector signals amplified to a large fraction of the input range
of the 250 megasamples per second digitizers to optimize performance.
For states with lifetimes much larger than the prompt-timing response of the array, the lifetime can be measured from the slope of the
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B. Longfellow, P.C. Bender, J. Belarge et al.

Nuclear Inst. and Methods in Physics Research, A 916 (2019) 141–147

Fig. 2. Diagram of the LaBr3 (Ce) array electronics setup. Times and energies were extracted from LaBr3 (Ce) PMT signals using the Mesytec MCFD-16, MTDC-32, and MQDC-32
modules [23]. When used in conjunction with other detector systems, the gate and delay generator can be replaced with complex trigger electronics to provide the ‘‘experiment
trigger’’, which must be provided to the MTDC-32 and MQDC-32 within about 16 μs.

employed [27,28]. As a test of the array of LaBr3 (Ce) detectors, the
lifetimes of several states in 152 Sm and 152 Gd populated from the
electron-capture and 𝛽 − decays, respectively, of 152 Eu were measured
using 𝛾𝛾 coincidences (see level schemes in Fig. 4). First, the coincidence
timing spectra for all detector pairs were aligned by applying constant
shifts to each pair of time differences using the 778.9–344.3 keV
coincidences in 152 Gd as described in Ref. [28]. That is, for each detector
pair 𝑖𝑗, the time-difference spectra 𝑑𝑡𝑖𝑗 = 𝑡𝑖 (𝐸2 ) − 𝑡𝑗 (𝐸1 ) and 𝑑𝑡𝑗𝑖 =
𝑡𝑗 (𝐸2 ) − 𝑡𝑖 (𝐸1 ) were aligned using 𝐸2 = 344.3 keV and 𝐸1 = 778.9 keV,
within energy tolerances. Using this alignment procedure, an energy–
energy–time difference cube for coincident hits for the entire array
was constructed by filling the points (𝐸𝑥 , 𝐸𝑦 , 𝑑𝑡) = (𝐸𝑎 , 𝐸𝑏 , 𝑡𝑏 − 𝑡𝑎 ) and
(𝐸𝑏 , 𝐸𝑎 , 𝑡𝑎 − 𝑡𝑏 ) for each coincidence. As a result, gating on 𝐸𝑥 = 300 keV
and 𝐸𝑦 = 400 keV, for example, gives the 𝑡400 − 𝑡300 time-difference
spectrum and gating on 𝐸𝑥 = 400 keV and 𝐸𝑦 = 300 keV gives the mirrorsymmetric 𝑡300 − 𝑡400 time-difference spectrum. An additional global
shift was applied so that the time-difference spectra were symmetric
about zero. As shown in Ref. [28], the value of the reference time, the
point about which the time-difference spectra are symmetric, is energy
independent.
We consider a state with lifetime 𝜏 that is fed with a 𝛾 ray of energy
𝐸𝑓 and decays via a 𝛾 ray of energy 𝐸𝑑 . Choosing 𝐸𝑓 , 𝐸𝑑 coincidences
by gating on 𝐸𝑥 = 𝐸𝑓 and 𝐸𝑦 = 𝐸𝑑 in the energy–energy–time difference
cube yields the 𝑡𝑑 −𝑡𝑓 time-difference spectrum. With the reference time
at zero, the centroid of this spectrum 𝐶(𝑡𝑑 − 𝑡𝑓 ) gives the lifetime of the
state when corrected by the average, energy-dependent time walk of the
setup 𝑇 𝑊 (𝐸) [28]

Fig. 3. Time difference spectrum for 1173.2 and 1332.5 keV coincidences following the
𝛽 − decay of a standard 60 Co source at the center of the array of 16 LaBr3 (Ce) detectors.
The stop–start time difference is taken with the 1173.2 keV detection time as the start and
the 1332.5 keV detection as the stop. Since the lifetime of the 1332.5-keV state is 1.06 ps,
the FWHM of 310 ps is indicative of the array’s prompt-timing response to 𝛾 rays of these
energies.

exponential decay seen in the time-difference spectrum for 𝛾𝛾 coincidences. As seen in Fig. 4, several states feeding the 121.8-keV level in
152 Sm are populated from decay of a standard 152 Eu calibration source
through electron capture. The time difference between the detection
of a 121.8-keV 𝛾 ray in one LaBr3 (Ce) scintillator and the detection of
the energy of a feeder 𝛾 ray in another LaBr3 (Ce) was plotted and fit
with an exponential decay curve to extract the lifetime of the 121.8keV state for several feeders, as demonstrated in Fig. 5 with 244.7–
121.8 keV coincidences. As seen in Table 1, the average result found
from all feeders of 2030(20) ps is in good agreement with the known
lifetime of 2024(16) ps [26].
If the lifetime of the level of interest is shorter than the energydependent timing resolution of the array, it becomes impractical to fit
the decay curve with an exponential or a convolution of the prompttiming response and an exponential. In this case, methods for fasttiming arrays using the centroids of time-difference spectra can be

𝜏 = 𝐶(𝑡𝑑 − 𝑡𝑓 ) − 𝑇 𝑊 (𝐸𝑑 ) + 𝑇 𝑊 (𝐸𝑓 ).

(1)

The time-walk curve for the array was calibrated using the well-known
lifetimes of states in 152 Sm and 152 Gd. First, the 411.1–344.3 keV,
778.9–344.3 keV, 1089.7–344.3 keV, and 1299.1–344.3 keV 𝛾𝛾 coincidences were used to generate a time-walk curve with 344.3 keV as
the reference energy by correcting the centroids of the time-difference
spectra by the known lifetime of 46.2(39) ps [26]. A calibration point at
the reference energy of 344.3 keV itself with zero relative time walk is
also acquired. Next, this process was repeated to generate a time-walk
curve with 244.7 keV as the reference energy using feeders to the 366.5keV state in 152 Sm (83.2(9) ps lifetime) [26]. A constant shift, which
corresponds to the difference in time walk at 244.7 keV and 344.3 keV,
was then applied to the points on the 244.7-keV curve to align them
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Fig. 4. Partial level schemes for 152 Sm and 152 Gd following 𝛽 − and electron-capture decays, respectively, of a standard 152 Eu source. Lifetimes and energies for levels and transitions are
taken from Ref. [26].

Fig. 5. Lifetime of the 121.8-keV state in 152 Sm from fitting an exponential curve (shown
in red) to the time-difference spectrum for 244.7–121.8 keV coincidences. The reported
uncertainty was derived by fitting different binnings of the time-difference data over a
variety of fit ranges. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6. Time-walk calibration curve with 344.3 keV as the reference energy. Time-walk
data with 121.8, 244.7, and 444.0 keV as the reference energies have been shifted to align
with the 344.3-keV curve. The best-fit curve to all data points has a root-mean-square
deviation of 3 ps. For coincidences with reference energies, the error bars are the centroid
fit uncertainties added in quadrature with the uncertainties of the known lifetimes. For
the reference energies themselves, the 3 ps RMS deviation added in quadrature with the
lifetime uncertainties was used for the error bars.

with the 344.3-keV curve. Additional points using coincidences with
the 121.8-keV and 444.0-keV transitions in 152 Sm were also utilized.
The resultant time-walk curve is shown in Fig. 6 and is parameterized
as suggested in Ref. [29] through
𝑎
𝑇 𝑊 (𝐸) = √
+ 𝑐𝐸 + 𝑑,
𝐸+𝑏

and the remaining data were fit with a new time-walk curve. Using
Eq. (1), the lifetime was found using the centroid of the timing difference
spectrum and the time-walk values from the new calibration curve at the
feeder and decay energies. The uncertainty in lifetime was calculated
using the uncertainty in the centroid fit added in quadrature with the
uncertainties in time walk at the feeder and decay energies, which were
both taken as 4 ps, the RMS deviation for the new best-fit curve. This
process of removing points from the calibration to enable independent
lifetime measurements was then repeated for the 366.5-keV and 1085.8keV states in 152 Sm. The RMS deviation of the new time-walk curves
was 3 ps for both cases. Fig. 7 shows example time-difference spectra.

(2)

where a, b, c, and d are fit parameters. The values of the parameters and
the shifts used to align the data points with different reference energies
were varied in the fit.
In order to perform an independent measurement of the lifetime of
the 344.3-keV level in 152 Gd, the points in the time-walk curve of Fig. 6
found from coincidences with the 344.3-keV transition were removed
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Fig. 7. Centroids of the time-difference spectra for 411.1–344.3 keV (black), 877.4–
244.7 keV (red), and 444.0–964.1 keV (blue) coincidences. Lifetimes are calculated by
correcting the centroid for the time-walk values at the feeder and decay energies. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
Table 1
Lifetimes for excited states in 152 Sm and 152 Gd. The lifetime of the 121.8-keV level of 152 Sm
was found using the slope method while the lifetimes of the other levels were extracted
from the centroids of time-difference spectra corrected for time walk using the method
presented in Ref. [28]. Literature values for the lifetimes are taken from Ref. [26].
Nucleus, Level (keV)

Cascade (kev-keV)

𝜏𝑒𝑥𝑝 (ps)

𝜏𝑙𝑖𝑡 (ps)

152

Sm, 121.8

244.7–121.8
964.1–121.8
1112.1–121.8
1408.0–121.8
Average

2030(30)
2020(40)
2050(40)
2030(40)
2030(20)

2024(16)

152

Gd, 344.3

411.1–344.3
778.9–344.3
1089.7–344.3
1299.1–344.3
Average

48(6)
43(5)
46(8)
44(7)
45(3)

46.2(39)

867.4–244.7
1212.9–244.7
Average

85(6)
76(9)
82(5)

83.2(9)

444.0–964.1
444.0–1085.8
Average

7(7)
−3(7)
2(5)

1.6(2)

152 Sm,

152

366.5

Sm, 1085.8

Fig. 8. Top: real coincidences with 1332.5-keV hits. The 1173.2–1332.5 keV coincidence
is clearly visible. Bottom: the isotropic data set (black) constructed by intentionally
miscorrelating 1332.5-keV hits in the current event with the hits in the event prior to
the previous event. The energy spectrum of the isotropic set compares well with the
energy spectrum of all hits (red), as expected. Unlabeled features originate from room
background and the self-activity of the LaBr3 (Ce) detectors arising from the decays of
138
La and 227 Ac [21]. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

coincidences. The values for the angle differences were taken from the
GEANT4 simulation described in the next paragraph.
To correct for disparities in detector efficiencies, the array’s response
to isotropic data was evaluated by constructing a set of angle differences
from uncorrelated 1173.2–1332.5 keV hits. This was done by intentionally miscorrelating 1332.5-keV hits in the current event with all hits
from the event before the previous event. Since the event window was
set to 256 ns, a 1332.5-keV hit at the beginning of the current event is
separated in time by at least 256 ns plus the conversion time of the data
acquisition system from a hit at the end of the event for correlation.
Therefore, the angles between the 1332.5-keV hit in the current event
and any 1173.2-keV hits in the older event are random. See Fig. 8 for
a comparison of the real and intentionally miscorrelated coincidences
with 1332.5-keV hits. The number of counts at each angle for real
coincidences was then divided by the isotropic data, scaled to correct
for count difference. The resulting spectrum was normalized and fit to
the form of Eq. (3) (see Fig. 9).
Next, a GEANT4 model of the LaBr3 (Ce) crystals was implemented.
Assuming the first transition is of pure electric quadrupole (𝐸2) character, the angular correlation for the 1173.2–1332.5 keV cascade in
60 Ni (4+ → 2+ → 0+ ) is 𝑊 (𝜃) = 1 + 1 cos2 𝜃 + 1 cos4 𝜃. Two billion
8
24
events that produce this theoretical angular correlation were simulated
using GEANT4 and the number of 1173.2–1332.5 keV coincidences at
each angle difference was recorded. For both the experimental and
simulated data, the angles plotted in Fig. 9 were taken as the average
angles leading to 1173.2–1332.5 keV coincidences in the simulation
(see Fig. 10). These average angles agree with the geometric angles
calculated assuming the 𝛾-ray interactions occur in the center of the
crystals to within 2%. The simulation was then repeated using a set
of events producing an isotropic angular correlation. The number of
coincidences at each angle difference found with the real angular
correlation was divided by the corresponding coincidences from the
isotropic data, corrected for the normalization of 𝑊 (𝜃), to allow for a

As seen in Table 1, there is excellent agreement between the extracted
lifetimes and the known lifetimes for all measurements.
4. Angular correlation measurements
In general, when nuclei de-excite by undergoing multiple 𝛾-ray
decays in cascade, there is an anisotropy in the angular correlations of
the emitted photons. The angular correlation of two successive 𝛾 rays
can be expressed as
𝑊 (𝜃) = 1 +

𝜆
∑

𝑎2𝑖 cos2𝑖 𝜃,

(3)

𝑖=1

where the coefficients 𝑎2𝑖 depend on the spins and parities of the states
in the cascade and 𝜆 is the lowest multipolarity of the transitions
involved [30–32].
In order to test the sensitivity of the array to the angular correlations
of successively emitted 𝛾 rays, the 1173.2–1332.5 keV cascade in 60 Ni
populated from 60 Co 𝛽 − decay was investigated both experimentally and
through simulation using GEANT4. First, the number of counts at each of
the eight unique angle differences provided by detector pairs in the array
of LaBr3 (Ce) detectors was determined by tallying 1173.2–1332.5 keV
145
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Fig. 9. Experimental angular correlation (black) compared to the angular correlation
from GEANT4 simulation (blue) and the theoretical angular correlation (red) for the
1173.2–1332.5 keV cascade in 60 Ni. The angular correlation for experiment and simulation is slightly attenuated compared to the theoretical angular correlation because of
the finite size of the detectors. The error bars are statistical. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 11. Experimental angular correlation (black) compared to the angular correlation
from GEANT4 simulation (blue) and the theoretical angular correlation (red) for the
898.0–1836.1 keV cascade in 88 Sr. The angular correlation for experiment and simulation
is slightly attenuated compared to the theoretical angular correlation because of the finite
size of the detectors. The error bars are statistical. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

crystals are not point detectors at the center angle. In addition, the
88 Y source was used to measure the efficiency of the array for this
experimental setup. The efficiency was found to be approximately 5.9%
at 898.0 keV and 2.8% at 1836.1 keV.
5. Summary
The full array of 16 Saint-Gobain BrilLanCe 380 LaBr3 (Ce) scintillators available at the National Superconducting Cyclotron Laboratory
was commissioned together with its electronics setup in a series of
lifetime and angular correlation measurements using 60 Co, 88 Y, and
152 Eu sources. Using the 60 Co source, the energy resolution of the array
at 1173.2 and 1332.5 keV was measured at 2.0% and 1.9% FWHM,
respectively, and the FWHM timing resolution was found to be 310
ps for 1173.2–1332.5 keV coincidences. The efficiency of the array
was measured to be approximately 5.9% at 898.0 keV and 2.8% at
1836.1 keV. Next, the lifetime of the 121.8-keV level in 152 Sm was
measured via the exponential slope method using coincidences with
several feeder states to be 2030(20) ps, in good agreement with the
literature value. In addition, the lifetimes of the 344.3-keV state in
152 Gd and the 366.5-keV and 1085.8-keV states in 152 Sm were measured
using the centroids of time-difference spectra taken from the energy–
energy–time difference cube constructed according to Ref. [28]. The
agreement of the extracted lifetimes of 45(3), 82(5), and 2(5) ps
with their respective literature values demonstrates the applicability
of the array for 𝛾𝛾 fast-timing measurements on the scale of several
10 ps. Finally, the sensitivity of the array to the angular correlations
of successively emitted 𝛾 rays was investigated using the 1173.2–
1332.5 keV cascade in 60 Ni and the 898.0–1836.1 keV cascade in
88 Sr. The experimentally measured angular correlations were consistent
with GEANT4 simulations of the array’s response to 𝛾-ray pairs emitted
with the theoretical angular correlations. The successful commissioning
measurements indicate that the LaBr3 (Ce) detectors and electronics
are ready to be used in conjunction with other detector systems in
experiments.

Fig. 10. Angle differences leading to 1173.2–1332.5 keV coincidences in the GEANT4
simulation of two billion 𝛾𝛾 events. The averages for each unique detector combination
were used as the angles in determining both the experimental and simulated angular
correlations. The spectrum with an average of 161.6 degrees is not symmetric because
the angle between the momentum vectors of the 𝛾 rays cannot be larger than 180 degrees.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

comparison to the experimental data. As seen in Fig. 9, the experimental
and simulated data are in good agreement. The angular correlations
derived from experiment and GEANT4 are slightly attenuated with
respect to the theoretical angular correlation due to the solid-angle
coverage of the detectors.
The same analysis was then repeated for the 898.0–1836.1 keV
cascade in 88 Sr. The 2734.1-keV state in 88 Sr is populated with a
94.4% branching ratio from the electron-capture decay of 88 Y [33].
The theoretical angular correlation for this 3− → 2+ → 0+ cascade is
3
𝑊 (𝜃) = 1 − 29
cos2 𝜃, assuming pure electric dipole (𝐸1) character for
the first transition. Results for the angular correlation derived from the
experimental data and the GEANT4 simulation are provided in Fig. 11.
As with results for the 1173.2–1332.5 keV, the experimental and simulated angular correlations are in good agreement and are attenuated
compared to the theoretical angular correlation since the LaBr3 (Ce)
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