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Introduction
High-resolution γ-ray detector arrays have driven many 

scientific advances and discoveries in nuclear physics. To-

day, they provide a powerful and essential tool for a broad 

class of measurements in the study of nuclear structure and 

reactions, nuclear astrophysics, and applied nuclear sci-

ence. In this article, we present an overview of the scientific 

program that has been enabled by the γ-ray tracking array 

at the GRETINA Gamma-Ray Energy Tracking In-beam 

Nuclear Array (Gamma-Ray Energy Tracking In-beam Nu-

clear Array; [1]). This program is being carried out at both 

stable and radioactive ion beam facilities, employs a wide 

range of beam energies and reactions (from the Coulomb 

barrier to more than 30% the speed of light), and reflects 

the varied application of a γ-ray tracking array.

GRETINA is the U.S. implementation
1
 of a γ-ray track-

ing array based on segmented large-volume high-purity 

Germanium (HPGe) semiconductor crystals that are packed 

closely in space to effectively form a HPGe shell. The ar-

ray is capable of localizing γ-ray interaction points within 

the crystal to ∼ mm
3
 precision, to provide accurate Doppler 

correction and Compton background suppression through 

γ-ray tracking.

When completed in 2012, GRETINA consisted of seven 

four-crystal Quad detector modules covering just under 

20% of the complete 4π solid angle surrounding the target 

location. Since then, additional Quad modules have been 

added until the array reached its current complement of 12 

Quads in 2019, covering just over 30% of the solid angle.

The first operation for science began in 2012 at the Na-

tional Superconducting Cyclotron Laboratory (NSCL) at 

Michigan State University and since that time GRETINA 

has completed five experimental campaigns alternating be-

tween the NSCL and the Argonne Tandem Linear Accelera-

tor System (ATLAS) facility at Argonne National Labora-

tory (ANL). The sixth campaign, the third at ATLAS, will 

finish in spring 2022 and GRETINA will then move back to 

Michigan State University, but this time to be the flagship 

γ-ray detector array at the Facility for Rare Isotope Beams 

(FRIB), which will begin operations early in 2022.

Supported by over 200 hundred international users, the 

physics of the GRETINA campaigns has been as broad as 

the user community itself, ranging from first spectroscopy 

of the most neutron-rich isotopes experimentally accessible 

to detailed studies of the structure of stable or near-stable 

nuclei, and discrete spectroscopy for characterization of the 

statistical properties of the nucleus. In the following sec-

tions we describe the science topics and highlights of the 

recent GRETINA campaigns with fast beams at NSCL and 

with Coulomb-barrier beams at ATLAS. We then present an 

outlook for γ-ray tracking as FRIB begins operation and the 

GRETA project moves toward completion.

GRETINA Campaigns with Fast Rare Isotopes at NSCL
At NSCL, beams of rare isotopes, produced by projectile 

fragmentation at velocities typically exceeding 30% of the 

speed of light, are used for inverse-kinematics experiments 

and nuclear spectroscopy at projectile rates of only a few par-

ticles per second. The broad spectroscopic tool-set developed 

for such fast-beam experimentation (comprising, e.g., nucleon 

removal and addition, thick-target inelastic proton scattering, 

intermediate-energy Coulomb excitation, charge-exchanges, 

secondary fragmentation, and excited-state lifetime mea-

surements with Doppler-shift techniques) was utilized dur-

ing NSCL’s GRETINA campaigns. In all these experiments, 

GRETINA surrounded the target position of the large-accep-

tance, high-resolution S800 spectrograph, which was used for 

event-by-event particle identification and momentum-vector 

reconstruction of the projectile-like reaction residues.

The experiments carried out at NSCL explored the struc-

ture and reactions of nuclei from the proton to the neutron 

drip-lines. Highlights from the first campaign have been 

discussed previously [3]. Here we focus, with a few se-

lected examples, on the second and third GRETINA cam-

paigns at NSCL.
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The combination of GRETINA, the S800, and the low 

energy neutron detector array (LENDA) neutron detector 

(see Figure 1) enabled a measurement [4] of the 
23

Al(d,nγ) 

reaction to populate astrophysically important excited states 

in 
24

Si and constrain the critical 
23

Al(p,γ) rp-process reac-

tion rate. The setup provided a complete kinematic mea-

surement to extract all relevant data necessary to calculate 

this reaction rate. A predicted close-lying doublet involving 

the second 2
+
 state, an important capture resonance, was 

resolved for the first time and the new precise 
23

Al(p,g) 

rate resolved an earlier discrepancy in rp-process rate da-

tabases. With this new information, some X-ray burst light 

curves may now be sufficiently well understood to extract 

the gravitational red shift and draw conclusions on the com-

pactness of the respective accreting neutron star.

Another unique set-up with GRETINA enabled the ex-

traction of the electron-capture rate on 
86

Kr from the Gamow 

Teller (GT) strength deduced from a 
86

Kr(t,
3
He + γ)

86
Br 

charge-exchange reaction important for understanding 

core-collapse supernovae [5]. While (t,
3
He) reactions have 

been performed many times at NSCL, this work used the 

Ursinus LH
2
 target filled with 

86
Kr gas. GRETINA, in co-

incidence with the S800, was critical to characterize the sur-

prisingly weak GT transitions that ultimately are suspected 

to be caused by Pauli blocking. The γ rays were emitted at 

rest from 
86

Br produced in the target cell and GRETINA’s 

exceptional resolving power allowed for the identification 

of very weak transitions.

Finally, a novel approach taking advantage of the unique 

aspects of γ-ray tracking was used to measure an isomeric 

γ-ray transition in-flight and characterize the collectiv-

ity (lifetime) of the elusive second excited 0
+
 state of the 

island-of-inversion nucleus 
32

Mg [6]. The method is appli-

cable to a γ-ray cascade that has an isomer of several ns 

lifetime, feeding a prompt transition with known energy. 

The isomer, which at relativistic beam energies decays far 

beyond the target, cannot usually be Doppler-reconstructed 

accurately due to the unknown emission point and thus 

emission angle. With a tracking array, however, the interac-

tion point of the prompt γ-ray can be determined and used 

with its known energy to back-track to the emission point 

that, in turn, allows Doppler reconstruction of the delayed 

transition and characterization of its lifetime. The surpris-

ing result of large collectivity of the second 0
+
 state con-

tinues to challenge state-of-the-art shell-model calculations 

and demonstrates that new physics is still to be learned in 

the N = 20 island of inversion.

Coulomb Barrier Physics with GRETINA at ATLAS
The GRETINA science program at ATLAS has used 

both stable and reaccelerated radioactive ion beams at Cou-

lomb barrier energies and is centered around the coupling 

of GRETINA with a number of powerful auxiliary devices. 

In particular, the compact heavy-ion counter (CHICO2), 

the silicon detector GODDESS, and the fragrant mass ana-

lyzer (FMA) mass spectrometer have featured strongly.

Over the course of the three campaigns to date, a num-

ber of Coulomb excitation (Coulex) measurements on sta-

ble and radioactive ion beams have been performed using 

CHICO2. Radioactive ions are produced by the California 

rare isotope breeder upgrade (CARIBU) facility using a 

252
Cf source to give isotopically pure fission products that 

are accelerated through ATLAS. The fission fragment dis-

tribution yield from 
252

Cf extends into the neutron-rich 

region with peak distributions at A∼100 and A∼150; these 

beams have been used to study novel collective degrees of 

freedom in both mass regions.

The nature of octupole deformation, for example 

whether static or vibrational, is an important question in 

nuclear structure. Specifically, for the Ba isotopes ap-

proaching A∼150, a question is whether the low-lying, 

negative-parity bands are axially deformed rotational bands 

built on an octupole phonon or correspond to a static oc-

tupole shape. Multistep Coulex of the even-even isotopes 

144,147
Ba [7] carried out using GRETINA and CHICO2 

show a large B(E3) value for excitations from the ground-

band to the low-lying negative parity band, consistent with 

a static octupole shape. In contrast, the results from 
143

Ba 

[8] are suggestive of a vibrational interpretation in this odd-

A isotope. In this, and all similar measurements, the high 

Figure 1. Shown is one hemisphere of GRETINA in front 
of the S800 entrance quadrupole (right-hand side) and the 
low-energy neutron detector bars of LENDA mounted un-
der backward angles (left-hand side).
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segmentation of GRETINA and CHICO2 allowed both the 

γ-ray and particle (heavy-ions) interactions to be located to 

within a few mm, allowing for accurate Doppler correction 

and the high γ-ray energy resolution.

A multistep Coulex measurement performed on the neu-

tron-rich 
110

Ru [9] explored the nature of its ground-state 

deformation. Models indicated that the presence of a low-

lying gamma-vibrational band would be consistent with a 

ground-state triaxial shape, which was confirmed in this 

measurement. Another Coulex measurement using stable 

72,76
Ge beams [10] went even further. The results for both 

isotopes are consistent with triaxial deformation for both 

the ground-state and gamma bands (γ ∼ 30
°
), and the statis-

tical accuracy for 
76

Ge was sufficient to probe higher-order 

invariants, such as the variance of the asymmetry, support-

ing a rigid as opposed to soft triaxial shape in 
76

Ge, which 

is predicted by some models but not all.

A number of measurements have also been performed 

with GRETINA coupled to the GODDESS array (see  

Figure 2), which consists of a barrel of silicon detectors 

surrounding the target, as well as silicon detectors up- and 

downstream of the beam direction. By coupling the two ar-

rays together, GODDESS can provide information on the 

excitation energy of the state populated in a direct reaction, 

while GRETINA is able to detect the de-excitation of the 

state should it decay by γ-ray emission. In addition, in cases 

where states lie close in excitation energy and within the 

energy resolution of the Si detectors, the γ decay measured 

by GRETINA can distinguish between these states and al-

low for the exact determination of the excitation energy. 

This setup was used, for example, to successfully iden-

tify and measure the excitation energy of two 3/2
+
 states 

just above the proton threshold in 
19

Ne using the reaction 

19
F(

3
He, tγ)

19
Ne, which is important in determining the 

18
F 

destruction rate via the 
18

F(p,α)
15

O reaction. This rate im-

pacts the amount of 
18

F that can then β+ decay, which is 

thought to dominate the annihilation radiation emitted in 

novae. The measurement was able to identify these two 

states just above threshold from their γ decay and provide a 

better constraint on the 
18

F(p,α)
15

O reaction rate.

The coupling of the FMA to γ-ray arrays has a long 

history at ANL. Most studies have been directed at nuclei 

along the N=Z line up to 
100

Sn, while for Z > 50, experi-

ments were aimed at and beyond the proton drip-line. Many 

of these studies were motivated by uncertainties in reac-

tion rates brought about by a lack of knowledge regarding 

excited states above threshold. This program was initiated 

using Gammasphere and FMA and has continued with 

GRETINA. A recent measurement with GRETINA was 

directed at 
34

Ar. It has been suggested that sulfur isoto-

pic abundances may hold the key to definitively identify-

ing presolar grains of nova origins and, in this regard, the 

astrophysical 
33

Cl(p,γ)
34

Ar reaction is expected to play a 

decisive role. Excitation energies have been measured with 

high precision and spin-parity assignments for resonant 

states, located above the proton threshold in 
34

Ar, have been 

made for the first time [11]. This has resulted in reducing 

the uncertainties in the 
33

Cl(p, γ) reaction rate by over three 

orders of magnitude, and the results indicate that a newly 

identified l=0 resonance at E
r
 = 396.9(13) keV completely 

dominates the rate for T = 0.25–0.40 GK.

The third GRETINA campaign at ATLAS will fin-

ish in spring 2022, with another set of experiments using 

CHICO2 to be performed before the array moves to FRIB.

Outlook
With a decade of experience operating GRETINA now 

behind us we look forward to the first campaigns at FRIB. 

GRETINA will be initially installed on the S800 beam-line 

where experiments will focus on the structure of the most 

exotic nuclei accessible and where every single γ-ray count 

is precious. Studies aim toward both the proton and neu-

tron drip-lines, including the region around 
100

Sn at N = Z, 

as well as the neutron-rich nuclei around N = 40 and near 

the drip-line along N = 28. The first FRIB experiments with 

GRETINA also focus on detailed spectroscopy of nuclei 

with complex level schemes where the combined high en-

ergy resolution, high efficiency, and good peak-to-back-

ground ratio are essential capabilities.

Figure 2. Shown here is one hemisphere of GRETINA 
closed around the open GODDESS chamber. Inside, the Si 
barrel detectors of the GODDESS array are visible.
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As FRIB ramps up the beam intensity and provides first 

access to progressively more exotic nuclei, GRETINA will 

also continue to evolve and will transition into GRETA 

in the mid-2020s. The GRETA project (see Figure 3) will 

complete the “full sphere” with 30 Quad detector modules 

(120 HPGe crystals) covering approximately 80% of the 4π 

solid angle and will be essential to realize the full science 

potential at FRIB and ATLAS.

In parallel, the community of users is continuously con-

ceiving, planning, and building auxiliary detector systems to 

expand the scientific breadth of the GRETINA/GRETA pro-

gram. A myriad of charged-particle detectors including CHI-

COX and GODDESS, among others, will be available to en-

able fully optimized capabilities for a wide range of reaction 

studies. Target developments, including an extended-volume 

liquid hydrogen target, frozen hydrogen/deuterium targets, 

and active targets are planned, which will enhance sensitivity, 

while improved arrays for neutron-detection and next-genera-

tion plunger devices will expand capabilities. It is certain that 

the next decade of GRETINA and GRETA operations will be 

as fruitful, if not more so, than that just passed.

Note
 1. The Advanced Gamma-Ray Tracking Array (AGATA; [2] )is 

the European counterpart to GRETINA/Gamma-Ray Energy 

Tracking Array (GRETA).
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Figure 3. A rendering of the GRETA model.
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