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Abstract

We report on a highly selective experimental setup for particle-γ coincidence experiments at the Super-Enge Split-Pole

Spectrograph (SE-SPS) of the John D. Fox Superconducting Linear Accelerator Laboratory at Florida State University

(FSU) using fast CeBr3 scintillators for γ-ray detection. Specifically, we report on the results of characterization tests

for the first five CeBr3 scintillation detectors of the CeBr3 Array (CeBrA) with respect to energy resolution and timing

characteristics. We also present results from the first particle-γ coincidence experiments successfully performed

with the CeBrA demonstrator and the FSU SE-SPS. We show that with the new setup, γ-decay branching ratios

and particle-γ angular correlations can be measured very selectively using narrow excitation energy gates, which are

possible thanks to the excellent particle energy resolution of the SE-SPS. In addition, we highlight that nuclear level

lifetimes in the nanoseconds regime can be determined by measuring the time difference between particle detection

with the SE-SPS focal-plane scintillator and γ-ray detection with the fast CeBrA detectors. Selective excitation energy

gates with the SE-SPS exclude any feeding contributions to these lifetimes.
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1. Introduction

Particle or γ-ray spectroscopy experiments alone can

oftentimes not provide unambiguous nuclear structure

information. For particle spectroscopy, examples could

be unresolved excited states due to limited particle en-

ergy resolution of the detector or inconclusive angu-

lar distributions measured after a nuclear reaction with,

e.g., a magnetic spectrograph or silicon detector array.

For γ-ray spectroscopy, depending on the design of the

experiment and the γ-ray detectors used, the encoun-
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tered problems can be quite similar. Particle-γ coin-

cidences, when combined with selective nuclear reac-

tions, provide the means to mitigate these problems and

also offer a unique window into nuclear-structure phe-

nomena, many of which are important to understanding

nuclear reactions taking place in stellar environments.

Experimental setups which combine high-resolution

magnetic spectrographs with γ-ray detection capabili-

ties are extremely powerful as additional selectivity to

different excitation and decay channels can be gained.

There are a few examples of existing quasi-permanent

setups. They include, e.g., the combined GRETINA-

S800 [1], SeGA-S800 [2], and CAESAR-S800 [3] se-

tups at the National Superconducting Cyclotron Labo-

ratory (NSCL) at Michigan State University [4] [now

the Facility for Rare Isotope Beams (FRIB)] as well as

the γ-ray spectrometer DALI2 coupled to the different
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spectrometers at the RIKEN Radioactive Isotope Beam

Factory [5]. These setups are, however, used for experi-

ments with fast rare-isotope beams, where position res-

olution is critical for Doppler reconstruction. Particle-γ

coincidence setups with magnetic spectrographs, which

temporarily existed at stable beam facilities, include,

e.g., an HPGe array at the Big-Bite Spectrometer of the

KVI Groningen [6] and the CAGRA array at the Grand

Raiden spectrometer of the RCNP Osaka [7]. First ex-

periments have also been conducted with the BaGeL

array at the K600 magnetic spectrometer of iThemba

Labs [8].

In this article, we report on a new experimental setup

for particle-γ coincidence experiments at the Super-

Enge Split-Pole Spectrograph (SE-SPS) of the John

D. Fox Superconducting Linear Accelerator Labora-

tory at Florida State University (FSU) using fast, low-

background CeBr3 scintillators for γ-ray detection. The

γ-ray detection setup at the SE-SPS will be referred to

as CeBrA (for CeBr3 Array) in the following. Thanks to

the excellent particle energy resolution of the SE-SPS,

narrow excitation energy gates can be set, which allow

the selective study of the γ decay of excited states pop-

ulated through light-ion induced nuclear reactions with

CeBrA. The good energy resolution of the CeBr3 de-

tectors enables the identification of γ decays leading to

different final states. The narrow excitation energy gates

also exclude any feeding contributions when studying

particle-γ angular correlations for assigning spin-parity

quantum numbers and when determining lifetimes with,

e.g., fast-timing techniques. In contrast to other γ-ray

detectors with comparable or better energy resolution,

the CeBr3 detectors can be operated in the intense γ-ray

and neutron background that comes with (d, pγ) experi-

ments at rates as high as 250 kilocounts/s (kcps) without

running into pile-up problems or losing spectral quality

during and after the experiment due to radiation dam-

age.

Detailed studies of the influence of CeBr3 crystal

properties on the scintillation process, light yield, en-

ergy resolution, timing characteristics, and their im-

plications for spectroscopy applications were first pre-

sented in Refs. [9–11]. Unlike LaBr3, CeBr3 crystals do

not suffer from the intrinsic γ-ray and α-particle back-

ground between 0.5 MeV and 3 MeV, which is caused

by the presence of radioactive 138La and 227Ac con-

taminants in LaBr3 crystals [9]. Because of the lower

background, the superiority of CeBr3 over LaBr3 for de-

tecting low-energy γ rays emitted in the decay of, e.g.,

actinide nuclei was highlighted in Ref. [12]. In addi-

tion, the near temperature independence of the scintilla-

tion yield for CeBr3 crystals [13] as well as their very

competitive radiation hardness were demonstrated [9,

13]. Given that the ∼ 4 % relative energy resolution at

662 keV is only about 25 % worse than for LaBr3 [9],

CeBr3 detectors offer an attractive and price-effective

alternative between low-resolution NaI and compara-

bly expensive, high-resolution HPGe detectors, which

also need to be cooled cryogenically and, thus, typi-

cally occupy more space around the experimental setup.

HPGe detectors are also subject to severe radiation dam-

age in environments with intense neutron background.

Furthermore, since the material is composed of heav-

ier elements (the effective Z is 45.9), CeBr3 features a

higher γ-ray detection efficiency than HPGe detectors

for comparable crystal sizes. This enhanced detection

efficiency is beneficial if higher-energy γ rays are to be

detected and if a small-scale array is considered. As

for LaBr3, it has already been shown that co-doping of

the crystal with Strontium can further improve the en-

ergy resolution [11]. Large, co-doped CeBr3 crystals

are, to our knowledge, not commercially available yet.

The timing properties of small, 1′′ × 1′′ CeBr3 detec-

tors have already been studied in a two-detector setup

and by replacing one CeBr3 detector with a fast refer-

ence BaF2 detector using 22Na and 60Co standard cal-

ibration sources [10, 14]. The authors of Ref. [10] re-

ported a timing resolution of around 119 ps when using

a fast reference BaF2 detector, which they found to be

comparable to LaBr3 detectors making CeBr3 scintilla-

tors well suited for fast-timing measurements. Some

additional studies of CeBr3 detectors for γ-ray spec-

troscopy and lifetime measurements were presented in,

e.g., Refs. [14–19].

This article is structured as follows: Section 2 will

present results for the energy resolution and timing

properties of the first five CeBr3 γ-ray detectors avail-

able at FSU. The data were obtained by using standard

calibration sources. In Section 3, we will discuss results

from the first particle-γ coincidence experiments with

the CeBrA demonstrator and the SE-SPS. More specif-

ically, it will be shown how particle-γ coincidences be-

tween the SE-SPS and CeBrA can be used to selec-

tively study the γ decays of excited states to differ-

ent final states and to determine γ-decay branching ra-

tios. Here, we will feature the data from 49Ti(d, pγ)50Ti

and 61Ni(d, pγ)62Ni test experiments. The data from

the second set of test experiments, 52Cr(d, pγ)53Cr and
34S(d, pγ)35S, will be used to highlight the combined

setup’s ability to measure particle-γ angular correlations

for spin-parity assignments and to determine nuclear

level lifetimes via fast-timing techniques without any

feeding contributions.
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4. Summary and Outlook

In this article, we presented results on the energy and

timing resolution of 2′′ × 2′′ and 3′′ × 4′′ CeBr3 de-

tectors measured with a digital data acquisition system

based on the CAEN V1725S digitizer with DPP-PSD

firmware. We also reported on the subsequent commis-

sioning experiments with the CeBrA demonstrator for

particle-γ coincidence experiments at the Super-Enge

Split-Pole Spectrograph of the John D. Fox Supercon-

ducting Linear Accelerator Laboratory at Florida State

University, for which the same data acquisition was

used.

The characterization efforts, presented in this article

and using standard calibration sources for the measure-

ments, focused on optimizing the energy and timing res-

olution of the CeBr3 detectors. At 1.3 MeV, we achieved

an energy resolution of 2.6% for the 2′′ × 2′′ detec-

tors and 2.8% for the 3′′ × 4′′ detector. Using a 56Co

source, we established that the energy resolution of the

CeBr3 detectors evolves smoothly and follows the ex-

pected 1/
√

Eγ energy dependence up to Eγ = 3.5 MeV.

The timing resolution varied between 500-590 ps for the

2′′ × 2′′ CeBr3 detectors, while the 3′′ × 4′′ CeBr3 de-

tector exhibited a timing resolution of 750 ps measured

relative to a 2′′ × 2′′ detector. For these measurements,

the two prompt γ transitions emitted in the β− decay

of 60Co were used. We also showed that nuclear level

lifetimes in the hundreds of picoseconds range can be

measured using the relative timing between the 2′′ × 2′′

CeBr3 detectors. This would be challenging with an ar-

ray consisting of only 3′′ × 4′′ CeBr3 detectors due to

their worse timing resolution. The 2′′ × 2′′ detectors

are a reasonable compromise between timing resolution

and detection efficiency for γ rays with Eγ ≤ 3 MeV

compared to even smaller crystal sizes.

To commission the CeBrA demonstrator at the SE-

SPS for particle-γ coincidence experiments, we per-

formed four experiments; each one specifically cho-

sen to showcase different capabilities of the array. The
49Ti(d, pγ)50Ti reaction was, for instance, chosen as the

excitation spectrum is comparably simple at low exci-

tation energies, as low-lying excited states are known

to decay to different final states, and as 50Ti had pre-

viously been studied in (d, pγ) [36]. Besides establish-

ing the excellent coincidence timing between the Ce-

BrA detectors and the SE-SPS, we were able to study

the γ decay of excited states of 50Ti to different final

states using selective excitation energy gates. As an

example, we discussed the γ decay of the 4880-keV,

Jπ = 5+ state. We showed that the γ-decay intensi-

ties, which we determined with the CeBrA demonstra-

tor, were in excellent agreement with two of the three

experiments which had previously studied the γ decay

of this state. The 61Ni(d, pγ)62Ni reaction was chosen to

highlight the capability of the combined array to select

γ decays leading to specific final states with so-called

diagonal gates and to pick up states with different spin

and parity quantum numbers in that way. As an exam-

ple, we showed that states with J = 1, 2 can be picked

up by selecting γ decays leading directly to the Jπ = 0+

ground state of 62Ni even though several states might be

overlapping in a certain excitation-energy range. Us-

ing the 52Cr(d, pγ)53Cr reaction, we proved that very

pronounced particle-γ angular correlations can already

be measured with the limited detection efficiency of the

CeBrA demonstrator. By performing combined calcula-

tions with the chuck3 and angcor computer programs,

we furthermore showed that we are sensitive to multi-

pole mixing ratios. To test the fast-timing capabilities

of the setup, we chose the 34S(d, pγ)35S reaction. Using

the relative timing between the SE-SPS focal plane scin-

tillator and the CeBr3 detectors and setting a selective

excitation energy gate, which excludes feeding, a life-

time of 1.7(3) ns was measured for the 1991-keV state.

This lifetime is in good agreement with the adopted

value of 1.47(7) ns and marks only the second measure-

ment of this lifetime so far.

In summary, we commissioned the combined CeBrA

and SE-SPS setup for particle-γ coincidence experi-

ments. Thanks to the excellent resolution of the SE-

SPS, narrow excitation energy gates can be set, which

allow the selective study of the γ decay of excited states

populated through light-ion induced nuclear reactions

with the CeBr3 detectors of CeBrA. We demonstrated

the capability of the combined setup to measure γ-decay

branching ratios, particle-γ angular correlations, and

nuclear level lifetimes using a set of carefully chosen

(d, pγ) test experiments. We also proved that, because

of the fast recovery of the CeBr3 signals within a few

hundred nanoseconds, (d, pγ) experiments with CeBrA

at the SE-SPS can be performed with typical currents

of several nanoamperes on target, which would be chal-

lenging with High-Purity Germanium detectors in the

proximity of the SE-SPS due to increased neutron and

γ-ray background. The CeBr3 detectors run at rates of

about 250 kcps with these currents on target and, dur-

ing and after our experiments, we did not observe any

loss in spectral quality. We have already tested that,

e.g., (α, dγ) and (6Li, dγ) experiments can be conducted

with currents on target as high as several hundreds of

nanoamperes and that the level of background radiation

is much lower than in (d, pγ). We will continue deploy-

ing the CeBrA demonstrator for detailed nuclear struc-
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ture studies at the SE-SPS. However, we intend to add

more detectors to CeBrA in order to increase its γ-ray

detection efficiency and angular coverage in the near

future. Specifically, we would like to add more large-

volume CeBr3 crystals to increase the γ-ray detection

efficiency at energies as high as those needed to study

the γ decay of excited states up to the particle-separation

thresholds. Such an upgrade would also enable particle-

γ coincidence experiments for reactions with compara-

bly small cross sections in a reasonable amount of time.
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