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Abstract

Gamma-Ray Infrastructure For Fundamental Investigations of Nuclei, GRIFFIN, is a new high-efficiency
γ-ray spectrometer designed for use in decay spectroscopy experiments with low-energy radioactive ion
beams provided by TRIUMF’s Isotope Separator and Accelerator (ISAC-I) facility. GRIFFIN is composed
of sixteen Compton-suppressed large-volume clover-type high-purity germanium (HPGe) γ-ray detectors
combined with a suite of ancillary detection systems and coupled to a custom digital data acquisition
system. The infrastructure and detectors of the spectrometer as well as the performance characteristics and
the analysis techniques applied to the experimental data are described.
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1. Introduction1

Large arrays of detectors for γ-ray measurements2

coupled with auxiliary particle detection systems3

provide a powerful and versatile tool for studying4

exotic nuclei through nuclear spectroscopy at ra-5

dioactive ion beam facilities. Decay spectroscopy6

experiments are performed at a number of radioac-7

tive beam facilities world-wide, such as with the8

EURICA setup at RIKEN [1], the beta counting9

station at NSCL [2], the X-Array and SATURN at10

ANL [3], the ISOLDE decay station [4], the implan-11

tation and decay station at Lanzhou [5], the identi-12

fication station at SPIRAL [6] and in the past the13

RISING setup at GSI [7, 8] which is transitioning to14

DESPEC at FAIR [9]. Gamma-Ray Infrastructure15

For Fundamental Investigations of Nuclei, GRIF-16

FIN [10], is a new experimental facility for radioac-17

tive decay studies at the TRIUMF-ISAC laboratory18

[11] located in Vancouver, Canada.19

GRIFFIN is used for decay spectroscopy research20

with stopped low-energy radioactive ion beams.21

High γ-ray detection efficiency provided by an ar-22

ray of sixteen Compton-suppressed high-purity ger-23

manium (HPGe) clover detectors [12] is combined24

with a suite of ancillary detection systems. Many25

of the ancillary detector systems, infrastructure and26

techniques used with GRIFFIN were originally de-27

veloped for use with the 8π spectrometer during28

its 11 years of operation at ISAC [13–20]. These29

include an array of plastic scintillators for β parti-30

cle detection (SCEPTAR), a set of five in-vacuum31

LN2-cooled lithium-drifted silicon detectors for con-32

version electron measurements (PACES), and an33
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12Present Address: Oliver Lodge Laboratory, The Univer-

sity of Liverpool, Liverpool, L69 7ZE, UK
13Present Address: Department of Physics, University of

Chicago, Chicago, Illinois 60637, USA

array of eight LaBr3(Ce) scintillators and a fast34

β scintillator for fast-timing measurements. Two35

possible configurations of the GRIFFIN array and36

the ancillary detectors are shown in Figure 1. In37

addition, GRIFFIN can couple to the DESCANT38

array [21, 22] of neutron detectors for β-delayed39

neutron emission studies with exotic neutron-rich40

beams. This powerful combination of detectors to41

be used with the radioactive-ion beams from ISAC42

and in the future the Advanced Rare-IsotopE Lab-43

oratory (ARIEL) [11], supports a broad program of44

research in the areas of nuclear structure, nuclear45

astrophysics, and fundamental interactions.46

The data acquisition (DAQ) system for GRIFFIN47

takes advantage of custom-designed digital elec-48

tronics [23]. Unique features of the DAQ system49

enable half-life and branching ratio measurements50

with levels of precision better than ±0.05%. The51

system is also capable of effectively collecting sig-52

nals from HPGe crystals at counting rates up to53

50 kHz while maintaining good energy resolution,54

detection efficiency and spectral quality [23].55

This article provides a full description of the in-56

frastructure and detectors of the GRIFFIN spec-57

trometer as well as the performance characteristics58

and includes a discussion of the analysis techniques59

applied to the experimental data. Section 2 details60

the infrastructure of the facility and Section 3 de-61

scribes the detector hardware. Typical data anal-62

ysis techniques are discussed in Section 4 together63

with the performance achieved with the spectrom-64

eter. Finally, Section 5 presents a look towards fu-65

ture development plans, and a summary is given in66

Section 6.67

2. Infrastructure68

2.1. Beamline and Tape Box69

The GRIFFIN spectrometer is used to study the70

decay of stopped radioactive ion beams produced by71

the ISOL (isotope separation on-line) method. The72

beam is delivered at a typical energy of 20 to 40 keV.73

The low energy beam transport (LEBT) beamlines74

[24] use exclusively electrostatic bending and focus-75

ing elements. Pressures of <3×10−7 Torr are typi-76

cal for the beamlines leading to GRIFFIN. The fi-77

nal beam focus at GRIFFIN is typically <3 mm in78

diameter with a transverse, 2σ emittance of 10µm.79

Vacuum in the GRIFFIN chamber is provided80

by an Agilent Varian Turbo-V 1000HT turbo-81

molecular pump located 95 cm from the array cen-82
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Figure 1: Two possible configurations of the GRIFFIN spectrometer. The beam is delivered from the left. The Pb wall shielding
the tape box can be seen on the right. Upper panel showing PACES in the upstream (left) half of the chamber and the
fast β scintillator in the downstream (right) chamber. In the ‘High-efficiency’ mode, the HPGe detectors are at 11 cm and the
LaBr3(Ce) detectors at 12.5 cm from the implantation point on the tape. Lower panel with SCEPTAR in the upstream and
downstream chambers. In the ‘Optimized peak-to-total’ mode, the HPGe and LaBr3(Ce) detectors are retracted to 14.5 cm
and 13.5 cm, respectively, in order that they can be fully Compton and background suppressed with BGO shields. The 20 mm
Delrin absorber is also installed in the lower panel.
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tre on the upstream side, and an Oerlikon Ley-83

bold TurboVac 361 turbo-molecular pump located84

160 cm downstream of the array centre in the tape85

box. The turbo pumps are backed by an Agilent86

Varian TriScroll vacuum pump.87

The radioactive ion beam delivered to the spec-88

trometer is implanted at the mutual centers of89

the detector arrays onto the tape of the moving90

tape collector (MTC). The tape itself is standard91

12.7 mm wide computer tape constructed of My-92

lar with a thin layer of iron oxide on one side. In93

experiments involving gaseous species, Mylar tape94

aluminized on one side is used to prevent diffusion95

after implantation. In this case, the beam is im-96

planted into the 6.4 mg/cm2 aluminized layer of the97

tape. A continuous ∼135 m loop of tape is loaded98

into the system in the case of the standard Mylar99

tape. Simple splices connected with Kapton adhe-100

sive tape join the loop during the loading process.101

The aluminized tape is heavier so a shorter contin-102

uous loop (∼36 m) is used. Once loaded, the tape103

is entirely inside the vacuum system.104

The distance into the tape at which the deliv-105

ered beam ions are implanted (projected range) is106

shown in Figure 2. These projected ranges are cal-107

culated using SRIM-2013 [25] and the error bars108

indicate the longitudinal straggling calculated with109

the same program. Here the iron oxide layer is mod-110

eled as a mixture of 40% iron oxide (Fe2O3) and111

60% polyurethane (C27H36N2O10) by volume with112

a density of 2.896 mg/cm2. In the worst case of113

Z > 70 ions delivered at 20 keV into the aluminized114

Mylar tape, the projected range is 15±2 nm. Fig-115

ure 3 shows the backscattering fraction calculated116

using SRIM-2013 [25] and demonstrates that this117

is only relevant for beams of the lightest elements.118

However, even when a good ion-optics tune is estab-119

lished, beam ions can miss the tape as a result of120

other processes. The primary process for this to oc-121

cur is charge exchange with residual gas molecules122

in the straight section of beamline upstream of the123

last electrostatic element. This process neutralizes124

the beam particles which then drift to the exper-125

imental chamber instead of being focused by the126

final electrostatic elements. The fraction of beam127

ions that are not implanted into the tape is pres-128

sure dependent but is less than 1% for pressures129

<1×10−6 Torr.130

The tape is pulled through a pathway of rollers by131

rubber-surfaced pulleys moved by an Allen-Bradley132

(Model Number: 193507) servomotor. The pulleys133

are spring-mounted so that tension on the tape can134
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Figure 2: Projected range of beam ions delivered to the
GRIFFIN spectrometer tape system at energies of 20 and
40 keV and implanted into the (a) thin iron oxide layer of
the standard Mylar tape and (b) aluminized Mylar tape cal-
culated using SRIM-2013 [25]. The bands indicate the cal-
culated longitudinal straggling of the projected range.
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Figure 3: Backscattering fraction for incident beam ions de-
livered to the GRIFFIN spectrometer tape system at ener-
gies of 20 and 40 keV and implanted into the (a) thin iron
oxide layer of standard Mylar tape and (b) aluminized Mylar
tape calculated using SRIM-2013 [25].

be kept to a minimum. A set of brushes provides135

electrical grounding to the surface of the tape to136

avoid the build up of static charge from the im-137

planted ion beam. The continuous loop of tape is138

allowed to cascade freely in the tape box region.139

The servomotor is controlled by a custom built140

controller box. Although the controller box can141

be programmed with any control parameters, there142

are usually three speed settings at which the tape143

can be moved. A slow continuous movement of144

13.2(1) cm/s is used only during setup for loading145

a new tape into the system. The other modes of146

operation are described in Section 3.1.147

Two sets of sensors located at different posi-148

tions along the tape path ensure that the tape has149

not broken. A light-emitting diode and light sen-150

sor combination rely on the fact that the tape is151

opaque. The tape passes between these devices,152

blocking the light from the sensor, and a fault alert153

is raised if the sensor detects light.154

A wall of 5 cm thick lead bricks blocks the detec-155

tors from direct sight of the tape box. A 3.2 mm156

thick copper sheet sits between the lead wall and157

the detectors to attenuate the flux of Pb X rays158

that is produced in the lead wall by incident pho-159

tons and neutrons.160

This tape system has proven to be an extremely161

reliable design and has very rarely experienced an162

issue during standard operation.163

2.2. Mechanical Support Structure164

The GRIFFIN mechanical support structure,165

shown in Figure 4, is composed of three sub-166

systems: a superstructure, a substructure and a set167

of detector carriages.168

The superstructure supports the detector units169

as two halves of the overall rhombicuboctahedral170

geometry and itself consists of two inner “coronas”171

that each hold four GRIFFIN detector units at 90 ◦172

relative to the beamline, and four “lampshades”173

that each hold two GRIFFIN detector units at ei-174

ther 45 or 135 ◦ relative to the ISAC-I beamline.175

Four C-shaped “rims” provide the overall spherical176

backbone of the superstructure. A set of “spokes”177

mount the coronas and lampshades to the rims,178

and “legs” position the superstructure at the cor-179

rect beamline height of 1.676 m above the floor of180

the experimental hall. The corona and lampshade181

pieces were machined from a single piece of M-182

1 aluminium. The rest of the superstructure and183

detector carriages are machined from 6061-T6 alu-184

minium.185
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Figure 4: Main components of the GRIFFIN mechanical sup-
port structure.

The substructure is a combination of steel I-186

beams and rails that couple the superstructure to187

the floor through a set of electrically-isolating floor188

pads, and allows linear motion of the two hemi-189

spheres of the array for access to the vacuum cham-190

bers. Each hemisphere opens to a distance of 2 m191

from the beamline. The rigid substructure is ad-192

justable at each floor pad in order to achieve align-193

ment and positioning with respect to the beamline.194

Electrical isolation is implemented in several places.195

Each detector unit is electrically isolated from its196

support carriage. The substructure is electrically197

isolated from the floor at the floor pads.198

An individual detector carriage supports each de-199

tector component and is mounted on a set of guide200

rods. This arrangement allows both precise de-201

tector alignment and radial motion capabilities for202

each detector position. Cables and liquid nitrogen203

supply lines are routed around the rims to each de-204

tector position by a set of supporting brackets and205

straps.206

2.3. Liquid Nitrogen Filling System207

The HPGe detectors require a regular supply of208

liquid nitrogen to maintain them at their ≈100 K209

operational temperature. Detectors are filled from210

a local Cryofab CLPB-240-PS2 240 litre phase211

separator through a manifold employing 24 VDC212

solenoid valves. The liquid nitrogen is supplied213

from this manifold by short lengths of Tygothane214

tubing wrapped with Armaflex thermal pipe insu-215

lation.216

The autofill system that controls the manifolds217

includes a PLC-based logic component that ex-218

ecutes the fill processes as well as provides a219

graphical-user interface for control and monitoring.220

The custom-built PLC-based autofill control sys-221

tem was designed and assembled by the TRIUMF222

controls group. Fill processes are executed at reg-223

ular 8-hour intervals. During a fill process, follow-224

ing a pre-cooling of the manifold, the liquid inlet225

valve to each enabled HPGe clover detector posi-226

tion or PACES dewar is opened and remains open227

until a sensor in the exhaust outlet for that detector228

reaches liquid nitrogen temperature. The success or229

failure of a fill is reported by email and phone mes-230

sage following each fill cycle.231

The local tank is used as a phase separator and is232

maintained at 15 psig. The liquid level is monitored233

by a Custom Biogenics liquid level controller, model234

LLCHP-1B, which also allows the setting of low-235

and high-level limits. The liquid level in the dewar236
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is derived from a sensor that measures the difference237

in hydrostatic pressure between the bottom and top238

of the tank. When the measured liquid level drops239

below the low limit, the monitor enters ‘fill’ mode,240

and remains in that mode until the sensor reports241

a value exceeding the upper limit. In fill mode,242

the control box turns on a Type B 120 VAC outlet243

that energizes two Redhat 8222 cyrogenic solenoid244

valves, one each at the liquid-in and vent ports of245

the phase separator. Liquid nitrogen is supplied246

through a permanent, rigid, vacuum-jacketed line247

that connects to the ISAC-I building LN2 supply248

tank. The flexible vacuum jacketed hose has joints249

every 21 m. Each segment of hose has a 15 psig pres-250

sure relief valve, so that boiling liquid that may be251

trapped within the hose escapes rather than causes252

the hose to rupture.253

2.4. Electronics Enclosure254

A dedicated climate-controlled electronics enclo-255

sure houses the GRIFFIN data acquisition system256

and associated infrastructure. The structure is con-257

structed of Bosch 45×90 and 45×45 profile extru-258

sions [26] with Plexiglass panels enclosing the space.259

The inside space is 3.1 m by 2 m with an overall260

height of 3.2 m. Sliding doors on the front and rear261

sides allow access to the front and rear sides of the262

electronics racks. Penetrations in the ceiling and on263

one side allow for cable access.264

The six electronics racks with a height of 2.64 m265

are electrically isolated from the structure. Electri-266

cal power is provided to the electronics through a267

single-point-ground Hammond Power solutions Inc.268

75 kVA super isolation transformer. The racks are269

securely mounted on a false floor formed of per-270

forated tiles and raised by 30.5 cm from the con-271

crete floor of the experimental hall to allow air272

circulation. A dedicated Liebert Deluxe System273

3 (Model number: DE138W-CAEI9517), 10-tonne274

air-conditioning unit maintains a stable tempera-275

ture and humidity level within the electronics en-276

closure.277

2.5. Low- and High-Voltage Supplies278

The low-voltage power for the preamplifiers of279

each HPGe clover is provided from a dedicated cus-280

tom Nuclear Instrumentation Module (NIM) mod-281

ule located in a high-power NIM crate [27]. There282

are three NIM crates in the GRIFFIN electron-283

ics enclosure to accommodate the 16 preamplifier284

power modules, and the custom preamplifier sup-285

ply modules for the GRIFFIN Compton and back-286

ground suppression shields. Mesytec MHV-4 4-287

channel NIM voltage supply modules are used to288

provide low-voltage power to the preamplifiers of289

the PACES and LaBr3(Ce) detectors. These MHV-290

4 modules are all located in a single NIM crate.291

High voltage is supplied from modules housed in292

CAEN high-voltage mainframes of the SY1527LC293

and SY4527 type [28]. The A1832PE 12-channel,294

6 kV/1 mA CAEN module with individual channel295

shutdown is used to supply the high voltage to each296

HPGe crystal. The bias shutdown signal (BSD) is297

provided from the custom GRIFFIN preamplifier298

power supply module and is derived from a BSD sig-299

nal provided from the detector alarm card. The op-300

erating voltages of the HPGe crystals are between301

3.5 and 4 kV with leakage currents less than 1 nA.302

Sixteen A7030P 48-channel, 3 kV/1 mA CAEN303

modules with a single Radiall 52-pin connector sup-304

ply high voltage independently to each of the 40305

PMTs in each of the sixteen sets of GRIFFIN306

Compton and background suppression shields. The307

high voltage for the PMTs of the ancillary detec-308

tor suppression shields is supplied from four 12-309

channel A1733P CAEN modules with SHV (safe310

high voltage) connectors. Typical operating volt-311

ages for each of these PMTs are between 750 and312

950 V with leakage currents of ∼500µA.313

Two 12-channel A1733N CAEN modules each314

with up to 3 mA at 3 kV are used to provide the315

negative high voltage to the SCEPTAR PMTs and316

the PMT of the fast β scintillator. Typical voltages317

supplied are between -1100 and -1300 V with leak-318

age currents of ∼500µA. The same type of module319

is used to supply the -500 V bias to the five PACES320

Si(Li) detectors.321

The high voltages for the LaBr3(Ce) detectors are322

supplied by dual-channel iseg NHQ204M NIM mod-323

ules [29] capable of supplying 3 mA at 4 kV. The324

bias voltage is adjusted to produce an output sig-325

nal amplitude of 662 mV for the 662 keV γ ray from326

a 137Cs source. The voltages supplied are approxi-327

mately -1400 V with leakage currents of ∼400µA.328

2.6. Cables329

Two cable trays support the low-voltage, high-330

voltage and signal cables between the GRIFFIN331

electronics enclosure and the spectrometer. The332

upper cable tray is used for all the HPGe and sup-333

pression shield cabling which enter the electronics334

shack through a penetration in the ceiling. The335
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length of this cable run is 21 meters. The lower ca-336

ble tray is used for all ancillary detector cabling and337

has a shorter cable length of 19 meters as it enters338

the electronic enclosure through the wall closest to339

the spectrometer.340

There is a separate cable bundle for each HPGe341

position of the array. Each bundle consists of low-342

voltage, high-voltage, and signal cables packaged in343

an electrically grounded flexible sheath formed with344

a knitted wire mesh of tin-plated-copper-clad steel.345

For convenience, a panel of bulkhead connectors is346

located on each HPGe carriage which connects the347

long cables (21 m) with short cables (0.75 m) within348

the carriage. Low voltage is supplied to each clover349

detector by a dedicated low-voltage cable with CPC350

power connectors at the supply module and bulk-351

head. The short low-voltage cable connects to the352

detector with a 9-pin D-sub connector. This cable353

also carries the bias shutdown signal from the clover354

to the GRIFFIN preamplifier power supply module.355

High voltage to the HPGe crystals is supplied by356

dedicated RG59 cables with SHV connectors. Each357

of the 40 PMTs in each of the GRIFFIN Compton358

and background suppression shields receives high359

voltage through a single 48-conductor cable with360

Radiall 52-pin connectors on each end. This long361

cable is broken out into 48 LEMO connectors at362

the bulkhead which the short RG174 cables from363

the detectors can plug into directly. The signals of364

the HPGe and suppression shield are read out with365

two 16-conductor RG174 cable bundles with CPC366

connectors at the bulkhead. The long signal cables367

are broken out at both ends into 16 short individ-368

ual RG174 cables with SMA plugs for connection369

to the clover or GRIF-16 digitizer module.370

Each of the 20 PMTs of the SCEPTAR array of371

plastic scintillators is provided with high voltage by372

a separate RG59 cable with SHV connector. The373

signal from each PMT is read out on a 0.5 m RG174374

cable to a patch panel close to the spectrometer.375

The signal is amplified and shaped by a custom376

preamplifier and then connected to the GRIF-16377

digitizer by a long RG58 cable.378

Low voltage is supplied to the preamplifier of379

each PACES detector by a multi-conductor cable380

with 9-pin D-sub connectors. High voltage for the381

silicon diode is provided to the detector through382

the preamplifier and is supplied by a RG59 cable383

with a SHV connector. The output signal of each384

preamplifer is connected by a BNC connector to a385

RG58 cable and a SMA connector to the GRIF-16386

digitizer.387

High voltage is supplied to the PMT of each388

LaBr3(Ce) detector and ancillary detector shield389

BGO crystal by a RG59 cables with a SHV connec-390

tor. Low voltage is supplied to the LaBr3(Ce) PMT391

base by a multi-conductor cable with 9-pin D-sub392

connectors, and to a preamplifier box for each ancil-393

lary detector Compton and background suppression394

shield in the same way. The signal used for fast tim-395

ing is taken from the anode of the PMT connected396

to the NIM electronics with a LMR-400 low-loss ca-397

ble. This same type of low-loss cable is also used398

for the signal from the fast β scintillator. The dyn-399

ode signal is connected by a BNC connector to a400

RG58 cable and a SMA connector to the GRIF-16401

digitizer. The output signals from the ancillary de-402

tector Compton and background suppression shield403

preamplifier boxes are connected by RG174 cables404

with and SMA connectors to the GRIF-16 digitizer.405

2.7. Computing406

A series of rack-mounted computers for data col-407

lection and storage are located in the GRIFFIN408

electronics enclosure. One computer serves as the409

frontend machine and interface for MIDAS (Max-410

imum Integration Data Acquisition System) [30].411

There is a disk server with capacity for several hun-412

dred terabytes of storage. This space is sufficient for413

the temporary storage of data collected in several414

experimental runs and there is significant room for415

future expansion. Typical experimental runs per-416

formed so far have been 2-10 days in length and417

collected between 1 and 15 TB of data each. Fol-418

lowing an experiment, the data are copied to other419

locations for analysis and long-term storage.420

3. Description of Detector Hardware and421

Read-out422

In this section the various detector systems of the423

GRIFFIN facility are described in detail. The in-424

vacuum ancillary detector systems are constructed425

as individual modular pieces of the vacuum cham-426

ber with common vacuum couplings. This approach427

allows for simple and rapid reconfiguration of the428

spectrometer to meet the requirements of the par-429

ticular experimental study. The in-vacuum an-430

cillary detector systems include an array of plas-431

tic scintillators for β particle detection (SCEP-432

TAR, Section 3.4), a set of five in-vacuum LN2-433

cooled lithium-drifted silicon detectors for conver-434

sion electron measurements (PACES, Section 3.5),435
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and a single fast-β scintillator. The fast β scintil-436

lator, also referred to as the zero-degree scintilla-437

tor (ZDS) is used in conjunction with an array of438

eight LaBr3(Ce) scintillators for fast-timing mea-439

surements (Section 3.6). The DESCANT neutron440

array (Section 3.8) can also be coupled with the441

GRIFFIN array with the removal of four HPGe442

clovers. The combinations of ancillary detector sys-443

tems presently available with the GRIFFIN spec-444

trometer are listed in Table 1.445

Table 1: Combinations of ancillary detector systems that
can be operated with the GRIFFIN spectrometer.

HPGe Ancillary Upstream Downstream
Clovers positions chamber chamber

16 8 LaBr3(Ce) SCEPTAR SCEPTAR
16 8 LaBr3(Ce) SCEPTAR ZDS
15 8 LaBr3(Ce) PACES SCEPTAR
15 8 LaBr3(Ce) PACES ZDS

With the DESCANT array:
12 4 LaBr3(Ce) SCEPTAR SCEPTAR
12 4 LaBr3(Ce) SCEPTAR ZDS
11 4 LaBr3(Ce) PACES SCEPTAR
11 4 LaBr3(Ce) PACES ZDS

3.1. Experiment Cycling Mode446

The radioactive beam from TRIUMF-ISAC-I is447

implanted into the tape of the GRIFFIN moving448

tape collector system at the central focus of the449

detector arrays. During data collection, the tape450

is operated either in a continuous tape moving451

mode where the tape moves at a constant speed of452

26.3(1) cm/s, or in a series of cycles that involve a453

fast tape movement followed by a period where the454

tape is stationary. The fast movements are either455

a short move of 94 cm in 996 ms, or a long move of456

165 cm in 1320 ms. Each of these tape movements457

is dominated by ramping-up and ramping-down of458

the tape-moving speed in a controlled manner so as459

to minimize stress on the tape and the chance of460

breakage. The short move brings the implantation461

point to the centre of a thick steel beam pipe just462

in front of the Pb wall (visible in Figure 1). The463

long move brings the implantation point to about464

10 cm behind the Pb wall.465

A typical cycle involves a tape movement, back-466

ground data collection, data collection while the467

radioactive beam is being delivered, and finally a468

period of data collection with the radioactive beam469

blocked. Blocking of the beam is achieved by an470

electrostatic kicker located in the ISAC basement471

level well away from the experimental hall. The472

relative duration of each stage within the cycle473

can vary between tens of milliseconds and tens of474

minutes in different experiments, depending on the475

half-lives and relative beam intensities of the iso-476

topes involved, as well as the goal of the measure-477

ment. Control of this cycling mode is coordinated478

by the GRIFFIN digital data acquisition system479

[23] and can be easily modified by the user for cycle480

optimization.481

3.2. Detector Coordinate System482

The GRIFFIN beamline is installed in the ISAC-483

I experimental hall in a north-south orientation and484

delivers the radioactive ion beam to GRIFFIN to-485

wards the south. The two hemispheres of the me-486

chanical support structure open and close in the487

east-west direction.488

The beam implantation location on the tape of489

the moving tape collector is at the origin of the490

GRIFFIN coordinate system. Downstream refers491

to a vector for which the component along the beam492

direction is positive. For example, the tape box is493

located downstream of the implantation position.494

Upstream has a negative beam-direction compo-495

nent.496

The GRIFFIN coordinate system is defined by497

the polar vector ~r=(r,θ,φ):498

499

r is the distance from the origin to the front face500

of the detector element,501

θ=0◦ is along the beamline in the downstream502

(south) direction,503

θ=π/2=90◦, φ=0 points horizontally east,504

θ=π/2=90◦, φ=π/2=90◦ points straight up,505

θ=π/2=90◦, φ=π=180◦ points horizontally west,506

θ=π/2=90◦, φ=3π/2=270◦ points straight down,507

θ=π=180◦ points upstream (north).508

509

Detector position numbering is a function of510

physical location in the coordinate system and for a511

detector or detector element represents the spatial512

centre of the front face of the sensitive volume of the513

element. The detector positions of a specific type,514

such as the HPGe clover detectors, are numbered515

sequentially by increasing φ angle within each ring516

of increasing θ angle.517

In the discussion of angular correlations of par-518

ticles, the relative angular difference between two519

different detectors in the spectrometer will be ex-520

amined and is defined as Θ.521
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Figure 5: The west hemisphere of the GRIFFIN array of
HPGe clover detectors. The 20 mm thick white Delrin ab-
sorber shell can be seen around the vacuum chamber and
the Pb wall shielding the tape box is on the left.

3.3. HPGe Clovers522

GRIFFIN is composed of sixteen high-purity ger-523

manium (HPGe) clover detectors arranged into a524

close-packed array. The detectors themselves are525

described in detail in Reference [12]. Sixteen of the526

eighteen square faces of a rhombicuboctahedron are527

covered by HPGe at a source-to-detector distance of528

11 cm. One of the remaining square faces is used for529

the delivery of the low-energy radioactive ion beam530

from TRIUMF-ISAC-I and the final square is used531

for the in-vacuum moving tape collector system to532

remove long-lived activity from the chamber at the533

end of a measurement cycle. A photograph of the534

west hemisphere of the GRIFFIN spectrometer is535

shown in Figure 5. This detector arrangement is in536

a similar geometry to the TIGRESS spectrometer537

[31, 32] operating in the ISAC-II experimental hall538

for studies with accelerated radioactive beams. Ta-539

ble 2 lists the coordinate of the centre of each HPGe540

crystal in the GRIFFIN array with respect to the541

beam axis.542

Table 2: Coordinates of the centre of each HPGe crystal in
the GRIFFIN array at source-to-detector distances of 11 and
14.5 cm. The coordinate system is defined in Section 3.2.

Array Crystal 11 cm 14.5 cm
Position Position θ φ θ φ

(deg) (deg) (deg) (deg)
1 1 36.5 83.4 37.9 80.1

2 55.1 79.0 53.2 77.2
3 55.1 56.0 53.2 57.8
4 36.5 51.6 37.9 54.9

2 1 36.5 173.4 37.9 170.1
2 55.1 169.0 53.2 167.2
3 55.1 146.0 53.2 147.8
4 36.5 141.6 37.9 144.9

3 1 36.5 263.4 37.9 260.1
2 55.1 259.0 53.2 257.2
3 55.1 236.0 53.2 237.8
4 36.5 231.6 37.9 234.9

4 1 36.5 353.4 37.9 350.1
2 55.1 349.0 53.2 347.2
3 55.1 326.0 53.2 327.8
4 36.5 321.6 37.9 324.9

5 1 80.6 32.0 82.3 30.3
2 99.4 32.0 97.7 30.3
3 99.4 13.0 97.7 14.7
4 80.6 13.0 82.3 14.7

6 1 80.6 77.0 82.3 75.3
2 99.4 77.0 97.7 75.3
3 99.4 58.0 97.7 59.7
4 80.6 58.0 82.3 59.7

7 1 80.6 122.0 82.3 120.3
2 99.4 122.0 97.7 120.3
3 99.4 103.0 97.7 104.7
4 80.6 103.0 82.3 104.7

8 1 80.6 167.0 82.3 165.3
2 99.4 167.0 97.7 165.3
3 99.4 148.0 97.7 149.7
4 80.6 148.0 82.3 149.7

9 1 80.6 212.0 82.3 210.3
2 99.4 212.0 97.7 210.3
3 99.4 193.0 97.7 194.7
4 80.6 193.0 82.3 194.7

10 1 80.6 257.0 82.3 255.3
2 99.4 257.0 97.7 255.3
3 99.4 238.0 97.7 239.7
4 80.6 238.0 82.3 239.7

11 1 80.6 302.0 82.3 300.3
2 99.4 302.0 97.7 300.3
3 99.4 283.0 97.7 284.7
4 80.6 283.0 82.3 284.7

12 1 80.6 347.0 82.3 345.3
2 99.4 347.0 97.7 345.3
3 99.4 328.0 97.7 329.7
4 80.6 328.0 82.3 329.7

13 1 124.9 79.0 126.8 77.2
2 143.5 83.4 142.1 80.1
3 143.5 51.6 142.1 54.9
4 124.9 56.0 126.8 57.8

14 1 124.9 169.0 126.8 167.2
2 143.5 173.4 142.1 170.1
3 143.5 141.6 142.1 144.9
4 124.9 146.0 126.8 147.8

15 1 124.9 259.0 126.8 257.2
2 143.5 263.4 142.1 260.1
3 143.5 231.6 142.1 234.9
4 124.9 236.0 126.8 237.8

16 1 124.9 349.0 126.8 347.2
2 143.5 353.4 142.1 350.1
3 143.5 321.6 142.1 324.9
4 124.9 326.0 126.8 327.8
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Figure 6: The upstream hemisphere of the SCEPTAR array
of plastic scintillators for β tagging and the west hemisphere
of the Compton-suppressed GRIFFIN spectrometer.

The gap between the vacuum chamber with an543

outer radius of 89 mm and the GRIFFIN HPGe de-544

tectors can optionally be filled by a spherical shell545

of Delrin plastic with a thickness of 10 or 20 mm.546

The purpose of this low-Z absorber is to stop ener-547

getic β particles from reaching the HPGe detectors548

while minimizing the production of bremsstrahlung549

background photons. The use of this absorber re-550

duces the γ-ray detection efficiency at low energies551

(see Section 4.1.4 and Figure 16), but the reduc-552

tion in background is often of more benefit in the553

study of nuclei populated in a β decay with a large554

Q value.555

3.4. SCEPTAR556

The principal ancillary detector system used in557

the GRIFFIN facility is the Scintillating Electron558

Positron Tagging ARray (SCEPTAR) consisting of559

20 BC404 plastic scintillators located inside the560

vacuum chamber [13]. These detectors subtend561

roughly 80% of the solid angle and are used to de-562

tect β particles emitted in the decay of a parent563

nucleus.564

The twenty trapezoidal paddles are arranged in565

four pentagonal rings concentric with the beam566

axis. Table 3 lists the coordinates of the centre of567

each SCEPTAR paddle with respect to the beam568

axis. This geometry matches that of the 8π spec-569

trometer [13] and originally there was a one-to-570

one correspondence between scintillator and HPGe571

crystal for the purpose of a bremsstrahlung veto572

with the associated HPGe crystal. The two up-573

stream rings are shown in Figure 6. Light pro-574

duced in the 1.5 mm thick, trapezoidal-shaped scin-575

tillator is collected by a 1.5 mm thick ultra-violet576

transmitting (UVT) acrylic light guide that is con-577

Table 3: Coordinates of the centre of each SCEPTAR pad-
dle which are at a source-to-detector distance of 3 cm. The
coordinate system is defined in Section 3.2.

SCEPTAR θ φ
Paddle (deg) (deg)

1 37.4 18.0
2 37.4 90.0
3 37.4 162.0
4 37.4 234.0
5 37.4 306.0
6 79.2 18.0
7 79.2 90.0
8 79.2 162.0
9 79.2 234.0
10 79.2 306.0

11 100.8 18.0
12 100.8 90.0
13 100.8 162.0
14 100.8 234.0
15 100.8 306.0
16 142.6 18.0
17 142.6 90.0
18 142.6 162.0
19 142.6 234.0
20 142.6 306.0

toured and glued to a 1 cm diameter UVT acrylic578

light guide rod. The light guide rod is integrated579

with the vacuum chamber as an optical vacuum580

feedthrough. A ring of ten 14 mm diameter Hama-581

matsu H3165-10 photomultiplier tubes (PMTs) as-582

semblies sit around the outside of the beam pipe,583

coupled to the light-guide rods on the atmospheric584

side of the optical feedthrough flange located 40 cm585

from the centre of the array.586

High voltage is provided separately to each PMT587

from a CAEN A1733N module. The output sig-588

nal from each PMT is amplified and shaped by a589

custom preamplifier so the signal is of a suitable590

form to be processed by the 14-bit, 100 Msamples/s591

GRIF-16 digitizer [23]. In the future, the signal di-592

rectly from the PMT could be processed using a593

digitizer with a higher sampling rate.594

3.5. PACES595

The Pentagonal Array of Conversion Elec-596

tron Spectrometers (PACES) is a set of five597

cryogenically-cooled lithium-drifted silicon [Si(Li)]598

detectors located inside the vacuum chamber for599

internal conversion electron spectroscopy. A pho-600

tograph of the detectors is shown in Figure 7. The601

field-effect transistor (FET) for each counter is also602
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Figure 7: The five Si(Li) detectors of the PACES array for
internal conversion electron spectroscopy viewed from down-
stream. Components of the first stage of the preamplifier for
each detector can be seen on the rear side of the cold finger.

located inside the vacuum chamber on the same603

cold finger as the detectors. The remainder of the604

preamplifier is mounted on the outside of the cham-605

ber on a vacuum feedthrough flange located 43 cm606

from the array centre. It is a modified Canberra607

2002C type with BNC and SHV connectors for sig-608

nals and high voltage. Low-voltage preamplifier609

power is provided on a 9-pin D-sub connector to610

each module from a dedicated channel of a Mesytec611

MHV-4 4-channel NIM voltage supply. The output612

signals from the PACES preamplifiers are processed613

by a GRIF-16 digitizer within the GRIFFIN DAQ614

system [23].615

Each cylindrical silicon diode is 200 mm2 and of616

5 mm thickness. There is a thin coating of gold over617

the entire crystal surface. Each crystal is mounted618

in a custom mount integrated with the cold fin-619

ger. The detectors are arranged at approximately620

72-degree intervals around the beam axis on the up-621

stream hemisphere. Table 4 lists the coordinates of622

the centre of each Si(Li) crystal in the PACES ar-623

ray with respect to the beam axis. The bias voltage624

of -500 V supplied from a CAEN A1733N module is625

provided separately to each diode through an alu-626

minum ring in contact with the outer radius of the627

front surface and the diode is grounded through a628

spring-mounted contact pin located at the centre of629

the rear surface. The front biasing ring provides a630

small amount of collimation to the detector so that631

the region visible to incident electrons is 198 mm2.632

The detector is mounted in such a way that it is633

tilted by 24 ◦ with respect to a direct observation634

of the implantation point on the tape. As a result,635

the solid angle is not defined by a circle, but by an636

ellipse with axis diameters of 15.9 mm and 13.4 mm637

corresponding to an area of 167 mm2. The implan-638

tation point to centre-of-detector surface distance639

is 31.5 mm, so the solid angle coverage is 1.48% of640

4π for each detector and 7.4% of 4π in total.641

Table 4: Coordinates of the centre of each crystal in the
PACES array which are at a source-to-detector distance of
3.15 cm. The coordinate system is defined in Section 3.2.

PACES θ φ
Detector (deg) (deg)

1 120.0 21.0
2 120.0 94.0
3 120.0 166.0
4 120.0 237.0
5 120.0 313.0

Cooling of the detectors and FETs is achieved642

by a cold finger that is in direct contact with liq-643

uid nitrogen provided by a drip-feed dewar. The644

HPGe detector of position 13 must be removed to645

accommodate the PACES dewar. Cooling of the646

PACES detectors from room temperature takes 8647

hours to reach an equilibrium situation in which648

the crystals are held at a temperature of ∼148 K.649

The cryogenic pumping provided by the cold finger650

reduces the pressure in the chamber by almost one651

order of magnitude.652

3.6. LaBr3(Ce) and Fast β Scintillator653

In addition to the 18 square faces for HPGe and654

beam entry/tape removal, the rhombicuboctahe-655

dral geometry of GRIFFIN provides 8 triangular656

faces which can be used for ancillary detectors.657

The principal ancillary detector employed in these658

positions is a set of cerium-doped lanthanum bro-659

mide (LaBr3(Ce)) scintillators for fast-coincidence-660

timing measurements of γ rays. A photograph661

showing one of these detectors mounted in the west662

hemisphere of the array can be seen in Figure 8.663

Table 5 lists the coordinates of the centre of each664

LaBr3(Ce) crystal in the array with respect to the665

beam axis.666

The detectors are manufactured by St. Gob-667

ain Crystals (BrilLanCe(380), Model number: 51-668

S-21/2) providing a single closed aluminum unit669

containing the crystal and PMT (Model number:670

R2083). The cylindrical crystal has a diameter671

and length of 5.1 cm and has a Ce doping level672

of ∼ 5%. A removable preamplifier base (Model673

number: AS2612) is also used providing two output674
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Figure 8: A LaBr3(Ce) detector in one of the ancillary de-
tector positions of the west hemisphere of GRIFFIN.

signals as a BNC connector from the dynode and675

anode. A SHV connector is used for high-voltage676

supply to the PMT and a 9-pin D-sub connector for677

low-voltage supply to the base. The anode output678

signal is used for fast-timing purposes. The dynode679

signal is used for an energy measurement. A custom680

modification has been added to the dynode signal681

by the addition of a second fast amplification stage682

in order to stabilize the signal at high counting rates683

before it is presented to the GRIF-16 digitizer [23].684

A fast β scintillator, also referred to as the zero-685

degree scintillator (ZDS), can be mounted in the686

vacuum chamber at 0◦ to the beam axis. This de-687

tector is a circular BC422Q plastic scintillator of688

25 mm diameter and 1 mm thickness. It is coupled689

directly to a Hamamatsu H6533 PMT located en-690

tirely in vacuum. The whole assembly is mounted691

on a movable rod that allows the distance from the692

source location to be adjusted without the need for693

a vacuum cycle. The closest position is within a few694

millimeters from the tape subtending a solid angle695

of approximately 25% of 4π. The scintillator can696

be retracted to a distance of around 5 cm down-697

stream of the tape so that the count rate can be698

lowered to an acceptable level without decreasing699

the amount of delivered beam activity. The mo-700

tion, high-voltage and signal feedthroughs are lo-701

cated in a small box, the centre of which is located702

75 cm downstream of the array centre. The signal703

from the PMT is split using a Texas Instruments704

8 GHz Ultra Wideband Fully Differential Amplifier705

(Model number: LMH5401EVM) to provide sepa-706

rate signals for timing and energy evaluation with-707

out a reduction of signal quality.708

A set of NIM-based electronics is used for fast709

timing within the GRIFFIN setup. The anode sig-710

nal from each LaBr3(Ce) detector as well as the711

signal from the fast β scintillator are used as in-712

put to an Ortec 935 Constant Fraction Discrimina-713

tor (CFD). The output logic signal of the CFD is714

used in a series of Lecroy 429A fan-in/fan-out logic715

modules to derive coincident timing logic between716

specific pairs of detectors. These logic modules ul-717

timately provide the start and stop input signals to718

an Ortec 566 Time-to-Amplitude Converter (TAC)719

module. Eight such modules are used for the timing720

between the various pairs of the eight LaBr3(Ce) de-721

tectors and the single fast β scintillator. The TAC722

outputs can be up to 10 V in amplitude and are thus723

attenuated in a special rear-transition card before724

being digitized in a GRIF-16 digitizer [23].725

The dynode signal from each LaBr3(Ce) detec-726

tor as well as the signal from the fast β scintillator727

is input directly to a GRIF-16 digitizer for energy728

evaluation. Although there is a roughly 1.5µs la-729

tency between the digitized LaBr3(Ce) energy and730

TAC signals they can be easily correlated in the731

off-line data analysis using timestamp differences.732

The signals from an Ortec 462 Time Calibrator733

module operated at a low rate are also simultane-734

ously input directly to the start and stop of each of735

the TAC modules. These signals are easily distin-736

guished in the data analysis from the real detector737

coincidence signals due to a lack of correlation with738

energy events. These time calibrator signals can be739

used to monitor and correct for any system timing740

drifts due to effects such as temperature fluctua-741

tions.742

Table 5: Coordinates of the centre of each LaBr3(Ce) crystal
in the GRIFFIN array which are at a source-to-detector dis-
tance of 12.5 cm. When installed with a dedicated Compton
and background suppression shield, the source-to-detector
distance of the LaBr3(Ce) is 13.5 cm. The coordinate sys-
tem is defined in Section 3.2.

Array θ φ
Position (deg) (deg)

1 54.7 22.5
2 54.7 112.5
3 54.7 202.5
4 54.7 292.5

5 125.3 22.5
6 125.3 112.5
7 125.3 202.5
8 125.3 292.5
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3.7. Compton and Background Suppression Shields743

The overall sensitivity of the spectrometer can744

be greatly improved by surrounding the HPGe de-745

tectors with suppression shields fabricated from a746

high-efficiency scintillator to detect γ rays either747

escaping from, or entering through, the sides and748

backs of the HPGe crystals. Signals from these749

suppression shields can then be used to veto the un-750

wanted signals that Compton-scattered events and751

environmental backgrounds produce in the HPGe752

detectors. GRIFFIN was thus designed from the753

outset to include a set of Compton and background754

suppression shields that are currently being incor-755

porated into the spectrometer.756

The suppression shields for the GRIFFIN HPGe757

γ-ray detectors are formed from three components;758

a side shield, a back catcher, and a front shield,759

each fabricated from the high-density scintillator760

bismuth germanate (BGO). The geometry follows761

the design of the TIGRESS suppression shields [33].762

The side shields continue the 22.5-degree taper of763

the front of the GRIFFIN HPGe clover detector un-764

til a BGO thickness of 20 mm is reached. Each of765

the four sides of the shield contain two optically-766

isolated BGO crystals to allow crystal-specific sup-767

pression of the HPGe detector. Each of these BGO768

crystals is read out by two 19 mm PMTs for a total769

of 16 PMTs per side shield. The back catcher con-770

sists of four crystals of 37 mm thick BGO (one be-771

hind each HPGe crystal), each of which is read out772

by two low-profile 25 mm PMTs. The front shields773

are constructed of four separate tapered trapezoidal774

BGO plates of 10 mm thickness, each consisting775

of two optically isolated crystals read out by two776

13 mm PMTs. The four front shield plates will777

be separately mounted to the GRIFFIN mechan-778

ical support structure on rods that will enable their779

insertion and withdrawal at 22.5 ◦ relative to the780

axis of the corresponding HPGe detector.781

This design was chosen in order to operate the782

GRIFFIN spectrometer in both a “maximum ef-783

ficiency” and an “optimal peak-to-total” configu-784

ration for different experiments, and the desire to785

be able to switch between these configurations in786

a matter of hours as dictated by the particular ex-787

perimental conditions. In the maximum efficiency788

configuration, the BGO front shields are withdrawn789

and the 16 HPGe clover detectors are close-packed790

around the target location with their front faces791

110 mm from the centre of the array (upper panel792

of Figure 1). In the optimal peak-to-total con-793

figuration, the HPGe detectors are withdrawn to794

145 mm and the BGO front shield plates are in-795

serted to 110 mm to form a complete suppression796

shield around each HPGe detector (lower panel of797

Figure 1).798

Suppression shields can be installed around each799

of the LaBr3(Ce) detectors mounted in the ancil-800

lary detector positions of the array. These shields801

have a cylindrical geometry with a 20 mm thick,802

110 mm long annulus of BGO formed by 3 optically803

isolated crystals surrounding a central cylindrical804

bore of 65 mm diameter to accommodate the GRIF-805

FIN LaBr3(Ce) detector. Each crystal is read out806

by two 19 mm PMTs for a total of six per ancillary807

detector suppression shield unit. The front of the808

ancillary detector suppression shield is tapered at809

12.8 ◦ in order to close-pack with the HPGe sup-810

pression shields within the triangular faces of the811

rhombicuboctahedral geometry.812

A high-density tungsten alloy collimator of813

10 mm thickness is mounted to the front face of814

both the LaBr3(Ce) and HPGe suppression shields815

to reduce the incident flux of photons originating di-816

rectly from the beam-implantation location which817

would otherwise cause false-coincidence events in818

the BGO crystals.819

The performance of the GRIFFIN Compton and820

background suppression shields will be described in821

a subsequent publication.822

3.8. DESCANT823

The deuterated scintillator array for neutron tag-824

ging (DESCANT) [21, 22] is designed to be cou-825

pled with both the TIGRESS [32], and GRIFFIN826

spectrometers. With GRIFFIN, it will be used for827

neutron tagging in studies of nuclei that undergo828

β-delayed neutron emission. The 70 detector units829

each contain ∼2 litres of deuterated benzene liquid830

scintillator, BC537, and were fabricated by the Bi-831

cron division of St. Gobain. The deuterated scin-832

tillator offers the opportunity to use pulse-shape833

discrimination (PSD) to distinguish between neu-834

tron and γ-ray interactions, as well as provides a835

relationship between incident neutron energy and836

signal pulse-height [34]. As can be seen in Figure 9,837

the DESCANT array replaces the four downstream838

HPGe clover detectors, and covers a solid angle of839

1.08πsr with a maximum angle of 65.5 ◦ with re-840

spect to the beam axis. The source-to-detector dis-841

tance is 50 cm and the individual detector cans are842

15 cm thick. The output signal from each PMT843

is processed directly using a fast-sampling digitizer844
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Figure 9: A photograph of the DESCANT array of neutron
detectors coupled to the GRIFFIN spectrometer. The tape
box can be seen in the foreground.

integrated with the GRIFFIN DAQ system. A de-845

tailed description of DESCANT can be found in846

References [21, 22, 34].847

4. Data Analysis Techniques and Array Per-848

formance849

4.1. HPGe Clovers850

When γ rays are emitted from excited nuclear851

states, they possess several observable properties852

which can be used to reveal details of the nucleus.853

These observables are the energy, intensity, coin-854

cidence relations, spatial direction and the degree855

of polarization of the radiation. The 64 crystals of856

the 16 HPGe clover detectors of the GRIFFIN spec-857

trometer arranged in a rhombicuboctahedral geom-858

etry around the source form a powerful arrange-859

ment which is ideally suited to measure all of these860

observable properties and elucidate features of the861

underlying nuclear structure.862

4.1.1. Cross-talk Correction863

When a γ ray deposits energy in one crystal of864

a GRIFFIN clover, there is an observable modifi-865

cation of the apparent energy collected when a co-866

incident, or scattered, γ ray interacts in the other867

crystals of that clover. This so-called cross-talk is868

dependent on the energy deposited in the neighbor-869

ing crystals of a clover. It is clear from Figure 10(a)870

that one must correct for the effects of cross-talk for871

an accurate determination of a peak area and cen-872

troid. This statement is especially true when using873

clover addback algorithms (Section 4.1.2) for the re-874

covery of Compton-scattered γ rays because these875

events are guaranteed to concurrently deposit en-876

ergy into two crystals and be affected by cross-talk.877
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Figure 10: (Blue) Singles and (Red) Addback γ-ray energy
spectra of a 60Co source collected with the GRIFFIN HPGe
clover detectors. The energy resolution in addback is reduced
due to cross-talk in the upper panel, (a). In the lower panel
(b) the cross-talk correction is applied to recover the energy
resolution. See text for details.

In order to account for cross-talk in the GRIFFIN878

setup, the following assumptions are made:879

1. The magnitude of the cross-talk effect is lin-880

early proportional to the energy deposited in a881

neighboring crystal.882

2. The magnitude of the cross-talk effect is inde-883

pendent of the energy deposited in the crystal884

itself.885

3. The magnitude of the cross-talk effect in events886

involving three crystals is the direct sum of the887
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cross-talk effect from each of the two crystals888

on the third.889

Based on these assumptions, for energy deposi-890

tions in two crystals of a clover, one expects the891

following:892

E′1 = E1 + α12E2

E′2 = E2 + α21E1, (1)

where Ei represents the true energy deposited in the893

ith crystal, E′i is the resulting cross-talk affected894

energy, and αij is the coefficient that determines895

how much the energy deposited in crystal j changes896

the observed energy in crystal i. Note that α is897

assumed to be constant across the energy range.898

The α parameters in the above equations have
been determined by taking advantage of Compton-
scattered γ rays that are completely detected within
one clover. Such events create the characteristic
“scatter” peaks in a γ-γ energy coincidence matrix
where the two energies, E1 and E2, sum to the full
photo-peak energy, E = E1 +E2. This relationship
can be used to define the following fit function:

E′2 = E
1− α12α21

1− α12
− E′1

1− α21

1− α12
(2)

The α coefficients for each crystal pairing can be899

determined by fitting the line generated by Comp-900

ton scattering. As an example, the fit for Compton-901

scattering of the 1332 keV γ ray from a 60Co source902

for the 1 and 2 crystals in a particular HPGe Clover903

detector is shown in Figure 11. Here the coefficients904

are found to be α12 = 0.0024 and α21 = −0.0092.905

This spectrum includes all pairs of coincident γ906

rays that sum to 1332± 15 keV. The width of this907

coincident-energy-sum window has little effect on908

the values of the extracted coefficients. It is im-909

portant to note that the cross-talk between differ-910

ent pairs of crystals can not only differ in magni-911

tude, but also in sign. This observation emphasizes912

the need to determine the coefficients between every913

crystal pair combination within a clover.914

Applying this cross-talk correction to each clover915

restores the excellent energy resolution of the HPGe916

detectors as shown in Figure 10(b). Note that917

even after the cross-talk correction, the energy918

resolution for add-back events will always remain919

slightly worse than for single-crystal photo-peak920

events because the addback events include contri-921

butions from more than one crystal.922
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Figure 11: The fit to the Compton scattering of a 1332 keV
γ ray used to determine the cross-talk coefficients for each
crystal combination.

4.1.2. Addback Methods923

The clover configuration of the GRIFFIN detec-924

tor crystals allows for the application of various925

addback algorithms where the energies detected in926

multiple crystals are summed together. This pro-927

cess typically increases the photo-peak efficiency928

of the GRIFFIN spectrometer, while reducing the929

Compton scattered γ-ray background (Figure 12).930
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Figure 12: (Blue) Single crystal and, (Red) clover addback γ-
ray energy spectra of a 60Co source collected with the GRIF-
FIN spectrometer with the unsuppressed HPGe detectors at
a source-to-detector distance of 11 cm. The peak-to-total ra-
tio of the spectrum is improved due to the recovery of crystal-
to-crystal Compton scattering into full energy photo-peaks.

The addback method presented here is the proce-931

dure by which the energy detected within a tempo-932

ral coincidence window in each of the four crystals933

of a clover are added together. The relative amount934

that the efficiency is increased at a specific energy935

is defined as the “addback factor”. The addback936

factor as a function of energy for 16 clovers at a937

source-to-detector distance of 11 cm is shown for938
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clover addback in Figure 13 along with the expec-939

tation from a GEANT4 simulation.940
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Figure 13: The addback factor for 16 GRIFFIN clover detec-
tors at a source-to-detector distance of 11 cm. The data pre-
sented were determined using 133Ba, 56Co, 60Co, and 152Eu
calibration sources. The line shows the simulated addback
factor from GEANT4.

4.1.3. Summing Corrections941

The impressive γ-ray photo-peak efficiency of the942

GRIFFIN spectrometer is in part due to the large943

volume of the HPGe crystals, which also have large944

γ-ray interaction cross-sections. When multiple γ945

rays are emitted in the same decay event, there is946

a non-zero probability that more than one γ ray947

will interact with the same crystal. This is the948

process of coincidence summing and must be taken949

into account for an accurate determination of γ-ray950

intensities. When the full energy of one γ ray is951

deposited in a HPGe crystal, and a second γ ray952

interacts in the same crystal, there are two possible953

results:954

1. The full energy of the second γ ray is not com-955

pletely deposited in the crystal due to an inter-956

action by Compton scattering or pair produc-957

tion. The full energy of the first γ ray and the958

partial energy of the second γ ray are summed959

together. This scenario lowers the number of960

counts observed for the first γ ray that would961

have otherwise been detected at the full photo-962

peak energy.963

2. Both γ rays are completely absorbed in the964

crystal. This process creates a sum peak at965

an energy equal to the sum of the two indi-966

vidual γ rays and lowers the number of counts967

observed for the first and second γ rays that968

would have otherwise been detected as their969

full photo-peak energies. In addition, this adds970

counts at the summed energy which could be971

the full photo-peak energy of an alternative de-972

cay branch from the upper energy level.973

Coincidence summing will not only affect the in-974

tensities measured in experiments but must also975

be taken into account when determining the ab-976

solute and relative efficiency of the detectors from977

the intensities of full photo-peaks observed from978

calibration sources. For example, Figure 14 shows979

the clover addback absolute efficiency data when980

summing effects have not been taken into account.981

When summing is not accounted for, there can be982

a large effect on the efficiency at each measured983

energy (from 1-10% depending on the γ-ray multi-984

plicity). The data points also display a large scat-985

ter around the fitted curve. As the probability of986

a γ-ray summing out of a photo-peak tends to be987

larger than the probability of summing in, there is988

effectively an overall drop in the absolute efficiency989

determined when summing effects are neglected.990
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Figure 14: The addback photo-peak efficiency for the full 16
clovers in the GRIFFIN array without summing correc-
tions applied. As can be seen, there is a very large amount
of scatter in efficiencies without summing corrections. There
is also an overall loss of efficiency due to the large probabil-
ity of summing-out of each photopeak. Color online: (Red)
133Ba, (Blue)152Eu, (Green) 60Co, (Black)56Co.

We have developed an empirical method to cor-991

rect for summing effects by taking advantage of the992

symmetry in the angular correlation about 90 ◦ of993

γ rays emitted in the de-excitation of a nucleus.994

This symmetry means that the number of individ-995

ual coincident gamma rays observed in a 180 ◦ crys-996

tal pair is equal to the number which is summed in997

a single crystal (i.e. an angular difference of 0 ◦998

between the two emitted gamma rays). The correc-999

tion method involves constructing coincidence spec-1000

tra between crystal pairs separated by 180 ◦. The1001

summing out from the photo-peak of the γ ray of in-1002

terest should be equal, within counting statistics, to1003
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Table 6: Examples of the contribution of summing out of a
photo-peak for γ rays from a 152Eu source with the HPGe
detectors at a source-to-detector distance of 11 cm using the
SCEPTAR chamber. Clover addback is applied to the data.

Energy Area Total 180◦ Sum out
(keV) ×106 counts ×104 %
121.8 5.35(12) 31(3) 5.48(12)
344.3 4.03(6) 12.9(11) 3.124(5)
1408.0 1.844(10) 6.55(19) 3.438(19)

the total number of events in the 180◦ coincidence1004

spectrum when gated on the γ ray of interest. As1005

all the HPGe crystals in GRIFFIN have a similar1006

response, this coincidence spectrum will also accu-1007

rately account for all events in which the second γ1008

ray does not deposit its full energy.1009

The level of summing into a photo-peak can be1010

determined by examining the number of counts in1011

each of the photo-peaks for the two individual γ1012

rays involved in the sum in the 180◦ coincidence1013

spectra constructed by gating on each of the indi-1014

vidual γ rays. The area measured in this case would1015

be statistically equal to the number of events in1016

which the two γ rays deposited their full energy in1017

the same detector. This method has the advantage1018

that it can also be used to determine the summing1019

contributions from the characteristic X rays that1020

are emitted following electron capture and β decay.1021

This process is especially advantageous as the sum-1022

ming of X rays is in general difficult to correctly1023

reproduce in simulation. Examples of the summing1024

corrections are shown in Tables 6 and 7.1025

In general, when using clover addback, there is1026

a roughly 4 times higher probability to sum out1027

of the photo-peak compared to the single-crystal1028

photo-peaks. This observation can be explained by1029

the roughly 4 times larger interaction cross-section1030

when using all 4 crystals in a clover compared to a1031

single crystal.1032

As shown in Table 7, this empirical method per-1033

forms well in determining the level of summing1034

from experimental data. The 366.5 keV photo-peak1035

can be created with the sum of the 121.8 keV and1036

244.7 keV γ rays. The expected summing in Table 71037

was calculated with the formula A245
ε122
16

1
1+α122

1038

where α122 is the total internal conversion coeffi-1039

cient of the 121.8 keV transition. It is important1040

to note that this empirical method does not require1041

extensive knowledge of the level scheme used to esti-1042

mate the summing corrections. Using the efficiency1043

Table 7: Example of the contribution of summing into a
photo-peak for the 366.5 keV γ ray in 152Eu with the HPGe
at a source-to-detector distance of 11 cm surrounding the
SCEPTAR chambers. Clover addback is applied to the data.

Area of 244.7 keV 1.3032(54)×106

Efficiency at 121.8 keV 0.270(3)
Conversion coefficient α121 1.155
Expected summing 10201(121)
Using 180◦ coincidence 9904(164)
Rel. summing into 366.5 keV 7.6(7)%

method based on the known level scheme, if there1044

were no knowledge of the conversion coefficient of1045

the 121.8 keV transition, the amount of summing1046

would have been calculated to be 17% of the total1047

366.5 keV photo-peak intensity. This value is a very1048

large overestimation and emphasizes the advantage1049

of the empirical 180◦ coincidence-based method for1050

summing corrections.1051

4.1.4. Absolute Efficiency1052

The efficiencies of the GRIFFIN HPGe crystals1053

are measured using standard radioactive sources1054

placed in a source holder at the implantation po-1055

sition located in the center of the array. Typi-1056

cally, a relative efficiency curve is constructed us-1057

ing 133Ba, 152Eu and 56Co sources, which cover1058

the γ-ray energy range from 0.05 to 3.5 MeV. Fol-1059

lowing summing corrections described in Section1060

4.1.3, the efficiency data are then fit with either a1061

piece-wise quadratic function in ln(ε) vs ln(Eγ) [35]1062

or, for experiments also interested in high-energy (1063

>∼3 MeV) γ rays, the 8th order polynomial func-1064

tion [36]:1065

ln(ε) =

8∑
i=0

ai[ln(Eγ)]i, (3)

where ai are the fitted parameters and Eγ is the1066

γ-ray energy in MeV.1067

The absolute photo-peak efficiency is measured1068

with a 60Co source with an activity certified to1069

±1%. Summing corrections are also applied to the1070

60Co data. The relative efficiency curve is scaled1071

to the absolute efficiency measurements using the1072

60Co source. Figure 15(a) shows the GRIFFIN ab-1073

solute photo-peak efficiency curve for HPGe detec-1074

tors at 11 cm around the PACES and fast β scin-1075

tillator chambers for the γ-ray energy range from1076

18



210 310
Energy (keV)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

A
b

s
. 

E
ff

.

a)

210 310
Energy (keV)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

A
b
s
. 
E

ff
.

b)

Figure 15: The absolute photo-peak efficiency a): from 60 individual crystals, and b): Clover-addback mode for 15 clovers in
the GRIFFIN spectrometer. The HPGe detectors were at a source-to-detector distance of 11 cm with no Delrin absorber in
combination with the PACES and fast β scintillator ancillary detectors. The data have been corrected for summing effects.
The dashed line represents the fit to the individual crystal efficiencies for comparison purposes. Color online: (Red) 133Ba,
(Blue)152Eu, (Green) 60Co, (Black)56Co.
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Figure 16: The low-energy singles photo-peak efficiency for
the GRIFFIN array including the SCEPTAR vacuum cham-
ber. a): 16 clovers with 20 mm Delrin absorber, compared
to b): 16 clovers with 0 mm of Delrin around the SCEP-
TAR vacuum chamber. The data have been corrected for
summing effects. The 20 mm Delrin efficiency is shown as
a dashed line for comparison. Color online: (Red) 133Ba,
(Blue)152Eu, (Green) 60Co, (Black)56Co.

0.05 to 3.5 MeV. The efficiency at 1 MeV in this1077

configuration is measured to be 10.06(11)%.1078

The same process is followed for determining the1079

photo-peak efficiency with any of the various ad-1080

dback algorithms. The results for clover-addback1081

with the same experimental setup are shown in Fig-1082

ure 15(b) where the efficiency at 1 MeV is measured1083

to be 14.20(16)%.1084

The addition of the Delrin absorbers around the1085

vacuum chamber for stopping high-energy β parti-1086

cles from reaching the HPGe crystals has the effect1087

of reducing the γ-ray efficiency, especially at low1088

energies. Figure 16 shows the difference in GRIF-1089

FIN photo-peak efficiency when the 20 mm Delrin1090

absorbers are added around the vacuum chamber.1091

4.1.5. γ − γ Angular Correlations1092

The assignment of spins and parities to excited1093

nuclear states is important in studies of nuclear1094

structure. In a γ − γ cascade emitted from a series1095

of excited nuclear states, an anisotropy is generally1096

observed in the spatial distribution of the second γ1097

ray with respect to the first γ ray. The anisotropy1098

depends on the sequence of spin values for the nu-1099

clear states involved, the multipolarities, and the1100

mixing ratios of the emitted γ rays. These γ − γ1101

angular correlations can be used for the assignment1102

of spins and parities to the nuclear states, and thus1103

provide a powerful means to explore the structure1104

of nuclei. In general, γ−γ angular correlations take1105

the form:1106

W (θ) =

kmax∑
k=0,even

akPk(cos Θ) (4)

where ak are coefficients dependent on the nuclear1107

spins, multipolarities and the mixing ratios involved1108

in the cascade [37], Pk(cos Θ) are the Legendre1109

polynomials with Θ being the angle between the1110

emitted γ rays, and kmax determined from the min-1111

imum value of either the spin of the intermediate1112

state or the γ-ray multipolarities of each transition1113

involved in the cascade.1114

In the GRIFFIN geometry, there are 64 crystals1115

making 4096 crystal pairs, including summing crys-1116

tals with themselves at 0◦, i.e., sum peaks. These1117

pairs form 52 unique angular differences each with a1118

corresponding weight or number of occurrences, as1119

shown in Table 8. The angular differences range1120

from zero degrees (two γ-ray interactions in the1121

same crystal) to 180◦. The large number and wide1122

range of angular differences provides an excellent1123

sensitivity to γ − γ angular correlations with the1124

GRIFFIN spectrometer.1125

Detailed γ−γ angular correlation analysis meth-1126

ods have been established for the GRIFFIN spec-1127

trometer and are described in Reference [38]. This1128

technique includes a treatment of the data using an1129

event-mixing approach to account for variations in1130

individual crystal efficiencies. An example of one1131

method used for assigning nuclear spins involves1132

making a direct comparison between the experi-1133

mental data and a series of GEANT4 simulations.1134

By using the exact GRIFFIN geometry in the sim-1135

ulation, the effects of finite solid angle due to the1136

large size of the crystals are properly taken into ac-1137

count. This approach allows for a direct comparison1138

between the simulated and experimental data sets.1139

As an example of a γ−γ angular correlation mea-1140

surement with GRIFFIN, Figure 17 presents data1141

from the decay of a 66Ga radioactive ion beam im-1142

planted into the tape at the centre of the GRIF-1143

FIN spectrometer. Shown in Figure 17 is the1144

γ − γ angular correlation of the 1333.1-1039.2 keV,1145
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Table 8: Angular differences between HPGe crystal pairs
in the GRIFFIN geometry with the HPGe detectors at a
source-to-detector distance of 11 cm. Two independent sets
of crystal pairs at 86.2 ◦ and 93.8 ◦ have different geometries,
but angular differences that are the same to four decimal
places.

Num. of Num. of
Angle ◦ Pairs Angle ◦ Pairs

0.0 64 91.5 128
18.8 128 93.8 48
25.6 64 93.8 64
26.7 64 97.0 64
31.9 64 101.3 64
33.7 48 103.6 96
44.4 128 106.9 64
46.8 96 109.1 96
48.6 128 110.1 64
49.8 96 112.5 64
53.8 48 113.4 64
60.2 96 115.0 96
62.7 48 116.9 64
63.1 64 117.3 48
65.0 96 119.8 96
66.5 64 126.2 48
67.5 64 130.2 96
69.9 64 131.4 128
70.9 96 133.2 96
73.1 64 135.6 128
76.4 96 146.3 48
78.7 64 148.1 64
83.0 64 152.3 64
86.2 64 154.4 64
86.2 48 160.2 128
88.5 128 180.0 64

Jπi → Jπx → Jπf = 0+ → 2+ → 0+ cascade. As1146

these are pure E2 transitions, there is no uncer-1147

tainty introduced from potential multipole admix-1148

tures. The experimental data points are compared1149

to the dashed red line representing the theoretical1150

angular correlation, and the result of the GEANT41151

simulation shown as the solid magenta line. A clear1152

attenuation of the angular correlation is observed in1153

comparison with the theoretical values, but is cor-1154

rectly accounted for in the simulation. The reduced1155

χ2 for the comparison of the simulation and experi-1156

mental data is 1.01. To assign spins and determine1157

mixing ratios, a χ2 analysis is performed for various1158

combinations of nuclear spins in the cascade, and1159

for different values of multipole mixing ratios.1160

As mentioned, Reference [38] provides a full de-1161

Figure 17: The γ − γ angular correlation of the 1333.1-
1039.2 keV, Jπi → Jπx → Jπf = 0+ → 2+ → 0+, pure E2

cascade in 66Zn. The dashed red line shows the theoreti-
cal angular correlation for this cascade without solid angle
corrections. The reduced χ2 between a full GEANT4 simu-
lation (magenta solid line) and the experimental data (black
points) is 1.01 indicating that the simulation correctly ac-
counts for the attenuation effects from the finite size of the
detectors.

scription of the analysis methods established for de-1162

tailed γ−γ angular correlation measurements with1163

the GRIFFIN spectrometer. The analogous γ-e−1164

angular correlations involving transitions which de-1165

cay by internal conversion electron emission are dis-1166

cussed in Section 4.3.2. With the high efficiency of1167

the array, it is possible to obtain γ− γ angular cor-1168

relation measurements for nuclei that have low pro-1169

duction yields, allowing for detailed information to1170

be obtained for nuclei across the nuclear chart and1171

far from the line of β stability.1172

4.1.6. Compton Polarimetry1173

γ − γ angular correlations can be used to iden-1174

tify the multipolarity of transitions and the spins1175

of states involved in cascades. In some cases, this1176

can leave ambiguity in the assignment of parity to1177

the states involved, unless other arguments can be1178

invoked. The linear polarization of the γ rays in the1179

cascade is an observable that can identify the elec-1180

tric or magnetic nature of the radiation and there-1181

fore be used to unambiguously assign the parities1182

of the states [39]. The high coincidence efficiency1183

and high granularity of the GRIFFIN spectrometer1184

makes Compton polarimetry a useful tool in the1185

detailed study of atomic nuclei. Here we present1186

a demonstration of this technique in GRIFFIN by1187

adapting the recently developed quasi-continuous1188

method of Compton polarimetry [40] to an array1189
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of clover detectors. This approach increases the1190

sensitivity of the spectrometer as a Compton po-1191

larimeter by a factor of two over classical analysis1192

methods employed with arrays of HPGe clover de-1193

tectors [41, 42].1194

The quasi-continuous method of Compton po-1195

larimetry was recently developed by Alikhani et al.1196

[40] for use with highly segmented HPGe detectors1197

and γ-ray tracking arrays such as AGATA [43] and1198

GRETINA [44]. The polarization is determined1199

from a measurement of the angle-dependent differ-1200

ence in the scattering of polarized, WCE
pol (Θ, ϑ, ξ),1201

and unpolarized, WCE
unpol(Θ, ϑ), γ rays, where the1202

superscript CE means “Compton Effect”. The1203

asymmetry is expressed as,1204

ACEpol (Θ, ϑ, ξ) = 1−
WCE
pol (Θ, ϑ, ξ)

WCE
unpol(Θ, ϑ)

(5)

where the angles in the GRIFFIN system are1205

defined in the following ways;1206

Θ is the angle between the two coincident γ rays in1207

the cascade (the vectors of these γ rays also define1208

the coincidence plane),1209

ϑ is the angle by which the γ ray scatters with1210

respect to its initial direction (this defines the1211

scattering plane), and1212

ξ is the azimuthal scattering angle between the1213

scattering and coincidence planes.1214

1215

In highly segmented HPGe and γ-ray tracking1216

detectors, granularity in the azimuthal scattering1217

angle is achieved through accurate knowledge of the1218

interaction positions within the detectors by pulse-1219

shape analysis. In arrays of composite detectors,1220

such as GRIFFIN, one can take advantage of the1221

large number of pairs of crystals at different angles1222

in the array. Compton scattered events are con-1223

sidered only between two crystals within the same1224

clover, but the azimuthal scattering angle of these1225

events is determined by the orientation of those two1226

crystals with respect to the coincident γ ray de-1227

tected elsewhere in the array. This application pro-1228

vides 49 unique azimuthal scattering angles, anal-1229

ogous to the number of unique angles available for1230

γ−γ angular correlations discussed in Section 4.1.51231

but excluding coincidences involving crystals in the1232

same clover. The polarized γ rays are obtained from1233

the normal coincident events involving 3 crystals1234

(with 2 crystals in the same clover and the coinci-1235

dent γ ray in a different clover). The unpolarized1236

γ rays come from a similar event-mixing approach1237

used in the γ-γ angular correlation analysis [38].1238

The method is practically applied in data analy-1239

sis by redefining the asymmetry as,1240

A(ξ) =
1

2
Q(Eγ)Pγ(Θ) cos(2ξ) (6)

where the Quality factor Q(Eγ) is the polarization1241

sensitivity of the detector setup under the present1242

experimental conditions for the γ-ray energy under1243

investigation, and Pγ is the degree of linear polar-1244

ization of the γ radiation incident on the detector.1245

In order to optimize the sensitivity to the Comp-1246

ton effect, the further restriction of considering only1247

coincidence events between clovers separated by1248

90 ◦ is imposed. This geometry corresponds to crys-1249

tal coincidence angles between 68 and 113 ◦ in order1250

to select only those events where the angle between1251

the coincidence plane and the electric field plane lies1252

close to 90 ◦, where the analyzing power is maximal.1253

The technique is calibrated with a measurement1254

using a 60Co source for which the polarization value1255

is well known (P (90◦) = 1
6 = 0.167 for the 1332 keV1256

E2 γ ray). The data are shown in Figure 18 with1257

(b) and without (a) grouping. The red line is the1258

theoretical asymmetry scaled to fit the data. The1259

difference in the observed and expected asymmetry1260

for this well known case determines the value of the1261

quality factor, (Q(Eγ)).1262

A quality factor of 0.240(12) is measured at1263

1332 keV for 16 clover detectors in the GRIFFIN1264

spectrometer. This factor does not change if the1265

number of clovers used for the measurement is re-1266

duced. However, reducing the number of clovers1267

will reduce the level of statistics and the ultimate1268

precision of measurements.1269

Figure 18b) shows the same data as in (a) but1270

the data have been grouped into eight angular bins.1271

The x error bar represents the range of angles in-1272

cluded in the bin. In this binning procedure, several1273

angular combinations have been excluded because1274

they represent a low number or individual crystal1275

pairs lying at angles that are well separated from1276

any others. The statistical uncertainty of these1277

points is significantly larger than in the bins con-1278

structed of many angular pairs.1279

The Q(Eγ) factor at the energy under investiga-1280

tion is scaled from 1332 keV following the procedure1281

described in Ref. [40]. The behavior of the energy-1282

dependent scaling can be seen in Figure 19. Mea-1283

surements of the quality factor at other energies us-1284

ing transitions with a well known polarization value1285

(Eγ , Q(Eγ), Nucleus; 570 keV, 0.390(24), 207Pb;1286
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Figure 18: Asymmetry of the 1332 keV γ ray from 60Co as a
function of azimuthal scattering angle used to determine the
quality factor (Q(Eγ)) for Compton polarimetry. (a) shows
the data without grouping whereas (b) shows the selective
grouping described in the text. The red line is the theoretical
asymmetry scaled to fit the data.
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Figure 19: The γ-ray energy dependence of the quality fac-
tor (Q(Eγ)) of the GRIFFIN spectrometer for Compton
polarimetry, scaled from the measurement of 0.240(12) at
1332 keV (red diamond marker). The width of the green
band represents the uncertainty in the scaled value. The
other measurements (black square markers) agree well with
the scaled value. See text for details.

1173 keV, 0.258(12), 60Ni; 1771 keV, 0.201(45),1287

56Fe) match well with the line scaled from 1332 keV.1288

In Figure 20, this Compton polarimetry method1289

has been applied to γ rays observed from a 207Bi1290

source. The (a) panel shows the Compton scat-1291

ter of the 1064 keV M4(+E5) γ ray in coincidence1292

with the 570 keV γ ray. The (b) panel shows the1293

Compton scatter of the 570 keV E2 γ ray in coinci-1294

dence with the 1064 keV γ ray. Here the data have1295

been folded about 90◦ in comparison to Figure 18.1296

The red lines represent the theoretical distributions1297

calculated from the spins, parities and multipolar-1298

ies involved in the cascade and the Q(Eγ) factor1299

scaled from 1332 keV. The agreement between the1300

experimental data from the 207Bi source and the1301

expected distributions is excellent.1302

In the case of a transition with an admixture1303

of multipolarities, a goodness-of-fit analysis can be1304

performed on the experimental data in order to1305

make a measurement of the mixing ratio. This1306

technique is complementary to the use of γ − γ an-1307

gular correlations described in Section 4.1.5. The1308

combination of these two methods can offer an ad-1309

ditional experimental handle on the assignment of1310

spins, parities and multipole mixing ratios. The1311

high efficiency, large number of crystal pairs and1312
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Figure 20: The Compton polarimetry asymmetry of the γ
rays emitted from 207Pb as a function of azimuthal scattering
angle. The red lines represent the theoretical distributions
scaled by Q(Eγ). (a): The 1064 keV M4(+E5) transition.
(b): The 570 keV E2 transition.

angles of the GRIFFIN array enable this powerful1313

approach for detailed spectroscopic studies of nuclei1314

away from the line of β stability.1315

4.2. SCEPTAR1316

The plastic scintillators of SCEPTAR subtend1317

roughly 80% of 4πsr and are used to tag β par-1318

ticles emitted in the decay of a parent nucleus. The1319

absolute efficiency is 80% when determined from1320

the ratio of counts in a γ-ray singles peak and the1321

counts in a γ-ray spectrum generated in coincidence1322

with an event in SCEPTAR. This temporal coinci-1323

dence requirement provides a reduction of the γ-ray1324

random room background observed in the spectra1325

by many orders of magnitude as can be seen in the1326

example shown in Figure 21 for the β decay of 132In1327

into 132Sn. This strong suppression of room back-1328

ground is particularly important in studies of exotic1329

nuclei very far from the line of β stability, which are1330

generally delivered with very low beam intensities1331

(≤ 1 ion/s).1332

4.3. PACES1333

High-resolution electron spectroscopy is a power-1334

ful technique for the detailed study of atomic nuclei.1335

Further sensitivity can be achieved by the combina-1336

tion of γ-ray and electron detectors for coincidence1337

spectroscopy. The process of internal conversion is1338

an alternative mode to γ-ray emission in the decay1339

of excited states and can provide key information1340

not always available from γ-ray observation alone.1341

The internal conversion coefficient (ICC), equal to1342

the intensity of internal conversion electron emis-1343

sion divided by the intensity of γ-ray emission, is1344

sensitive to the multipolarity of the transition, or1345

admixture of multipolarities. In the case of electric1346

monopole (E0) transitions between 0+ states, sin-1347

gle γ-ray emission is forbidden meaning that elec-1348

tron (internal conversion or internal pair formation)1349

spectroscopy must be utilized in the study of E01350

transition strengths [45].1351

Figure 22 (a) shows an energy spectrum from sin-1352

gles events observed in PACES during delivery of1353

a beam containing 198Tl and 198mTl to GRIFFIN.1354

The spectrum shown in Figure 22 (b) is in coinci-1355

dence with a 282 keV (3− → 7+ transition in 198Tl)1356

γ ray detected in the HPGe which highlights the1357

decay of the Ex=543 keV, 7+ isomeric state. Peaks1358

associated with conversion in each of the atomic1359

subshells up to M can be resolved, offering the op-1360

portunity to examine sub-shell ratios for the deter-1361

mination of transition multipolarity.1362
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Figure 21: γ-ray energy spectrum of 132Sn following the β decay of 132In with and without the requirement of a coincident
detection of a β particle in SCEPTAR.

As the PACES detectors are located inside the1363

vacuum chamber, the peak-to-total ratio of the1364

spectrum can sometimes suffer because the detec-1365

tors are sensitive to not just internal conversion1366

electrons (ICE), but also γ rays, X rays and β elec-1367

trons. The severity of the impact on the spectral1368

quality depends strongly on the nature of the ra-1369

dioactivity present in the chamber.1370

4.3.1. Absolute Efficiency1371

The absolute efficiency of PACES has been de-1372

termined using a 25 kBq 207Bi source placed at the1373

implantation location of the beam under high vac-1374

uum conditions. The source activity is electro-1375

plated in a ∼5 mm diameter spot at the center of1376

a 25 mm metallic disc without any protective layer1377

in order to avoid energy straggling of the emitted1378

electrons. K and L shell ICEs with energies 481.71379

and 553.8 keV (5/2− → 1/2− transition in 207Pb)1380

and 975.6 and 1047.8 keV (13/2+ → 5/2−), respec-1381

tively, were used during the calibration, shown in1382

Figure 23 (black points). Results are compared to1383

a GEANT4 simulation (blue) which has been nor-1384

malized to the experimental data points. The sim-1385

ulation assumes a 0.04 mm dead layer at the front1386

surface of each Si(Li) detector.1387

The GEANT4 simulation was useful to under-1388

stand the features of the PACES efficiency curve.1389

The dead-layer thickness affects the detection effi-1390

ciency for electrons up to a few hundred keV and1391

the location of the sharp decline in efficiency at1392

low energies is strongly dependent on this prop-1393

erty of the detectors. As the electron energy in-1394

creases above 300 keV, there is an approximately1395

linear decrease in efficiency that is associated with1396

an increase in probability for scattering out of the1397

active volume at the sides of the detector, and the1398

production of bremsstrahlung photons which also1399

escape the crystal. Beyond 2 MeV, electrons enter-1400

ing the detector have sufficient energy to punch-1401

through the 5 mm thickness at the rear of the de-1402

tector. This punch-through effect, combined with1403

an ever increasing probability of electrons scatter-1404

ing out of the sides and bremsstrahlung photons es-1405

caping the active volume, leads to an even steeper1406

decline in efficiency at higher electron energies.1407

The full-energy peak areas measured in PACES1408

also require coincidence summing corrections. Un-1409

fortunately, the empirical method used for the1410

HPGe detectors, and described in Section 4.1.3,1411
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Figure 22: PACES electron energy spectrum obtained during delivery of a 198Tl and 198mTl beam to GRIFFIN observed in
(a) singles and (b) coincidence with a 282 keV (3− → 7+ transition in 198Tl) γ ray detected in the HPGe. Conversion electrons
emitted following internal transitions in 198Tl (marked with an asterisk) and 198Hg are labeled showing the electron energy in
keV, multipolarity and atomic electron sub-shell.
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cannot be utilized because the PACES detector1412

pairs only involve relative angular differences up to1413

a maximum of ≈112 ◦. In general, these summing1414

corrections are not straightforward for PACES,1415

where several types of particles (photons, ICEs, and1416

β± particles) can potentially lead to an apparent1417

loss (or gain) in full-energy peak efficiency. Sum-1418

ming corrections can still be performed analytically1419

by combining spectroscopic information (e.g., the1420

decay scheme and branching ratios) with knowl-1421

edge of the full-energy peak and total detection1422

efficiencies from simulation, the latter accounting1423

for summing with Compton-scattered photons. The1424

complexity of summing corrections scales with the1425

complexity of the decay scheme being studied. In1426

practice, it is usual in electron spectroscopy to de-1427

velop a self-consistent efficiency calibration using1428

transitions with well known internal conversion co-1429

efficients (such as pure E2 transitions) observed in1430

the same dataset. In this way, an average value1431

of the summing corrections is captured within the1432

efficiency calibration.1433

In the case presented in Figure 23 for the EC1434

decay of 207Bi, the summing corrections are min-1435

imal. This decay produces relatively few discrete1436

radiation emissions and no β particles, being dom-1437

inated by the 13/2+ → 5/2− → 1/2− cascade in1438

207Pb. Summing-out corrections applied to the cor-1439

responding 1063.7 and 569.7 keV γ rays observed in1440

the HPGe detectors account for <1% of the full-1441

energy peak areas.1442

The self-consistent efficiency approach from in-1443

beam data is always followed in the analysis of1444

PACES data in GRIFFIN experiments and the1445

GEANT4 simulation or source calibrations are used1446

only as an approximate guide. This usually allows1447

for the efficiency at an energy of interest to be inter-1448

polated rather than extrapolated. In this way the1449

uncertainty in the efficiency calibration depends on1450

the statistics obtained in the transitions used for1451

the calibration, but are typically better than 5 % of1452

the efficiency value.1453

4.3.2. Gamma-Electron Angular Correlations1454

In the case of two transitions emitted sequen-1455

tially between initial, intermediate and final nuclear1456

states (Ji,Jx,Jf ) where one or both of the transi-1457

tions is emitted as an internal conversion electron,1458

the (γ-e−) angular correlation has the form:1459

Figure 23: Absolute full-energy electron detection efficiency
of PACES in the region from 0.02 to 3.5 MeV. The efficiency
was simulated in GEANT4 (blue line and points). Simulated
data are scaled to the experimentally measured efficiency
(black points) obtained with a 207Bi source. See text for
details.

WΘ =

2L∑
k=even

bkAkPk cos Θ, (7)

where Ak the correlation coefficient, L is the transi-1460

tion angular momentum, and the Legendre polyno-1461

mial, Pk cos Θ, are modified by the particle param-1462

eter, bk. The expanded form of bkAk corresponding1463

to each transition is provided by Becker and Steffen1464

for both γ rays and ICEs [46]. In the case of tran-1465

sitions with mixed multipolarity, the ICE mixing1466

ratio, δICE , must also be taken into account and1467

is usually calculated [47]. Tabulations and proce-1468

dures for determining the particle parameter bk are1469

available in Ref. [48].1470

Gamma-electron (γ-e−) coincidence matrices1471

form the basis for the angular correlation measure-1472

ments. Individual matrices can be produced for1473

each unique combination of detectors, as demon-1474

strated for γ-γ angular correlations. In the fully1475

populated GRIFFIN spectrometer composed of1476

5 PACES detectors and 15 HPGe clovers (one1477

HPGe clover must be removed to accommodate the1478

PACES dewar), 300 individual detector combina-1479

tions are available. This setup provides coincidence1480

angles between 4.7 and 175.3 ◦ for a source-to-HPGe1481

distance of 110 mm. Due to the relative placement1482

of the HPGe and PACES detectors, the number of1483

detector combinations peaks at angular differences1484

of around 90 ◦, with fewer detector combinations1485

available at the extreme angles. In the analysis,1486
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Figure 24: Gamma-electron angular correlation observed us-
ing GRIFFIN and PACES between the 261 keV 7+ → 3−

(M4 K e−) and 283 keV 3− → 2− (M1 γ ray) transitions
in 198Tl. Experimental data (black points) are compared to
the expected theoretical angular correlation (blue line) which
does not include any attenuation effects due to the finite size
and geometry of the detectors. The red dashed line is the
best fit to the data. See text for details.

similar detection angles are combined or grouped.1487

The experimental γ-e− angular correlation is ex-1488

pressed as1489

W exp
Θ =

NC
Θ

NEM
Θ

×
∑n
i N

EM
Θi∑n

i N
C
Θi

, (8)

where NC
Θ is the number of γ − e− coincidences1490

observed in true (time-correlated) coincidence for1491

HPGe-PACES detectors at an angular difference1492

of Θ (for n different angular bins) and NEM
Θ is1493

the number of event-mixed (uncorrelated) coinci-1494

dences. The latter is crucial to the normalization1495

of the angular correlation and accounts for the vari-1496

ation in relative efficiency between different HPGe-1497

PACES detector combinations. This accounting in-1498

cludes different detection efficiencies as well as dif-1499

ferences in the attenuation of γ rays by PACES it-1500

self (especially important for those HPGe crystals1501

which are shadowed by the PACES crystals). The1502

event-mixed coincidences, NEM
Θ , are derived from1503

coincident data constructed from uncorrelated de-1504

cay events with timestamp differences between 2µs1505

and 200µs. Both NC
Θ and NEM

Θ are found from1506

the number of counts in the γ-ray or e− full-energy1507

peak with appropriate background subtraction.1508

The measured γ-e− angular correlation of the1509

283 keV M1 γ ray and 175 keV M4 K electron of1510

the cascade depopulating the T1/2=1.9 h, Jπ = 7+
1511

isomer in 198Tl [49] is shown in Figure 24 with the1512

associated energy spectra shown in Figure 22. The1513

total number of coincidences observed in the full-1514

energy peak for this example was 2.1×105. Similar1515

angular difference combinations within ±5 ◦ have1516

been grouped together so that each bin has a simi-1517

lar number of detector pairs. The measured asym-1518

metry is in good qualitative agreement with that1519

expected for the M4−M1 cascade calculated using1520

Equation 7 with the mixing ratios for both transi-1521

tions set to zero. This scenario corresponds to b2A21522

= -0.165 (b4A4 = 0). The best fit to the data is1523

obtained with a reduced χ2 value of 1.94 for b2A21524

= -0.141(8) and b4A4 fixed at zero. Thus an at-1525

tenuation of the expected asymmetry of ≈85% is1526

observed. A GEANT4 simulation of this 15 un-1527

suppressed HPGe clovers and 5 PACES detector1528

arrangement is under development in order to fully1529

characterize the attenuation effects due to finite de-1530

tector size for γ-e− angular correlations as has been1531

done for γ-γ angular correlations [38].1532

4.4. LaBr3(Ce) and Fast β Scintillator1533

Transition probabilities between nuclear states1534

are powerful probes for studying the structure of1535

atomic nuclei. With the 8 LaBr3(Ce) ancillary de-1536

tectors and the fast plastic scintillator located at1537

zero degrees for β-particle tagging, GRIFFIN is1538

able to simultaneously apply both the general ad-1539

vanced time delayed βγγ(t) (ATD) method [50–52]1540

and the more general Generalized Centroid Differ-1541

ence Method (GCDM) [53] to β-decay studies with1542

radioactive-ion beams. The specific applications of1543

these methods and performance in the GRIFFIN1544

system are discussed in the remainder of this Sec-1545

tion.1546

4.4.1. Fast-Timing Using the Convolution Fit1547

Method1548

When the lifetime to be measured is long com-1549

pared to the timing resolution of the system, ex-1550

tracting the half-life can be done with the convo-1551

lution method. In this case, the time distribution1552

between two events (either βγ or γγ) is no longer1553

a symmetric Gaussian, but the decaying side of the1554

distribution will present an exponential decay with1555

a slope equal to the decay constant, λ, of the level.1556

This distribution can be fitted with the convolution1557

of a Gaussian and the exponential decay compo-1558

nent:1559
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Figure 25: Example of the convolution fit method for 152Eu
source data collected with the LaBr3(Ce) in the GRIFFIN
array to measure the lifetime of the 2+1 state in 152Sm. See
text for details.

F (tj) = γ

∫ +∞

A

e−δ(tj−t)
2

e−λtdt (9)

where γ is the normalization factor, δ is a parameter1560

related to the width of the Gaussian prompt distri-1561

bution and A is the centroid of the Gaussian which1562

is related to the position of a prompt transition of1563

the same energy.1564

Figure 25 illustrates the convolution fit method1565

for the 2+
1 state in 152Sm populated in the electron-1566

capture decay of a 152Eu calibration source. It1567

shows the time-to-amplitude Converter (TAC)1568

spectrum (time difference) of events detected in1569

the LaBr3(Ce) array with gates on the 1408.0 keV1570

(START) and 121.8 keV (STOP) energy peaks. The1571

entire time range has been fitted with Equation 9.1572

The result quoted here of T1/2=1428(20) ps com-1573

pares well to the literature value of 1403(11) ps [54].1574

4.4.2. Fast-Timing Using the Centroid Difference1575

Method1576

When the lifetime to be measured is short (below1577

the timing resolution of the system), no slope will1578

be visible in the TAC spectra. However, the cen-1579

troid of the resulting Gaussian distribution will be1580

shifted from the distribution created by a prompt1581

transition (a transition decaying from a level with1582

τ < 1 ps) by its mean lifetime, τ . Since a reference1583

prompt transition is not always available, the life-1584

time information can be extracted using the mirror1585

centroid difference method [55]. As the STOP sig-1586

nal in the TACs is delayed by ∼ 25 ns (in practice1587

this means that the TAC range will be from -25 ns1588

to +25 ns, instead of the usual 0-50 ns), by reversing1589

the gates to the START (feeding transition) - STOP1590

(decaying transition) to START (decaying transi-1591

tion) - STOP (feeding transition), a “negative” life-1592

time can be measured. In this way, a measurement1593

of the centroid shift between the decaying-feeding1594

and feeding-decaying will result in:1595

Cfeed − Cdecay = ∆C = τ − (−τ) = 2τ (10)

where Cfeed is the centroid of the timing distribu-1596

tion in which START is the decaying transition and1597

STOP the feeding transition, and Cdecay is the re-1598

verse. The centroid difference method measures1599

twice the mean lifetime of the level and suppresses1600

systematic errors.1601

A common issue encountered when using the cen-1602

troid shift method is that the feeding and decaying1603

transitions do not have the same energy, and, de-1604

spite the use of a CFD module in the signal pro-1605

cessing, there is a significant time-walk (a depen-1606

dence of the timing response with the photon en-1607

ergy). The time-walk can be carefully calibrated1608

for each detector by using transitions with precisely1609

known lifetimes. When adding together all the1610

time-walks from the different crystals of an array1611

a “mean prompt response difference” (PRD) can1612

be constructed. An additional term must be intro-1613

duced to Equation 10 to account for this effect, of1614

the form PRD(∆Eγ) = PRD(Efeed)−PRD(Edecay),1615

where PRD is the centroid of the time response of1616

a prompt transition at a given energy:1617

∆C = PRD(∆Eγ) + 2τ. (11)

Thus the ability of the method to measure life-1618

times is primarily limited by the ability to estab-1619

lish the centroid of a timing distribution and the1620

time-walk of the experimental setup. Making use1621

of standard calibration sources, the time-walk of1622

a LaBr3(Ce) array can be determined down to 2-1623

5 ps precision in the 0.1-1.4 MeV range (see Refer-1624

ence [56] and Section 4.4.3). The statistical error1625

when determining the centroid of a Gaussian dis-1626

tribution is given by:1627

δC =
σ√
n
' FWHM

2.355 ·
√
n

(12)

where FWHM is the full-width at half maximum1628

timing resolution of the system and n is the number1629

of detected coincidences. With the typical timing1630
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Figure 26: Mean lifetime of the 2+1 state in 200Hg measured
using the centroid difference method. See text for details.

resolution of the GRIFFIN LaBr3(Ce)-LaBr3(Ce)1631

crystals coincidence of ∼ 300 ps, the collection of1632

10,000 coincidence counts can reduce the uncer-1633

tainty in determining the centroid to about ∼ 1 ps1634

and the final uncertainty of the measured lifetime1635

will be dominated by the precision of the time-walk1636

correction.1637

Figure 26 illustrates the centroid difference1638

method for the 2+
1 state in 200Hg (τlit =1639

66.8(22) ps [57]). The delayed spectrum (black)1640

uses the 4+
1 → 2+

1 transition as START and the1641

2+
1 → 0+

1 transition as STOP. The anti-delayed1642

spectrum (red) uses the 2+
1 → 0+

1 transition as1643

START and the 4+
1 → 2+

1 transition as STOP. In1644

both cases, the 3+
3 → 4+

1 transition was selected in1645

the HPGe detectors to reduce background contribu-1646

tions to the spectrum. The centroid shift between1647

the delayed and anti-delayed distributions was cor-1648

rected by the PRD. Due to the very low level of1649

Compton background, no further corrections were1650

needed. The result τexp = 64(4) ps is in excellent1651

agreement with the literature value [57], demon-1652

strating the ability of the setup to measure lifetimes1653

down to ∼ 10 ps given sufficient statistics.1654

4.4.3. Timing Performance1655

As detailed in Section 4.4.2, the ability to mea-1656

sure lifetimes with a LaBr3(Ce) array is given by the1657

timing resolution of the crystals and the time-walk1658

of the system. While it is paramount to optimize1659

these two features, there is a strong co-dependence1660

between them and as such only one is optimized at1661

the cost of the other one. When using small se-1662

tups with only 1 or 2 inorganic scintillators and a1663

fast plastic scintillator, for example, there is a small1664

number of combinations and each one can be ana-1665

lyzed independently. In such a case, the timing res-1666
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Figure 27: Timing resolution of the full 8-detector
LaBr3(Ce) array in GRIFFIN measured with a 60Co source.

olution can be prioritized at the cost of having very1667

different time-walk in each detector combination.1668

In larger arrays, such as GRIFFIN, the number of1669

combinations grows geometrically with the number1670

of crystals, thus making it inefficient to analyze ev-1671

ery combination independently. Instead, the time-1672

walk optimization is prioritized, making it as flat as1673

possible and similar for every crystal. When this is1674

achieved, all the detector combinations behave in a1675

similar manner and can be added together. While1676

the final result has slightly worse resolution than1677

the individual ones, the increase in statistics more1678

than compensates for the loss.1679

The main parameters varied when optimizing the1680

time-walk were the high voltage (HV) bias of the1681

PMT and the pole-zero correction (Z) and external1682

delay of the CFD. The HV bias of each detector1683

was adjusted so that the signal amplitude for the1684

662 keV photopeak of a 137Cs source matched that1685

of a reference detector operated at -1400 V. The re-1686

sulting HV for the other detectors ranged from -1687

1350 to -1500 V. The pole-zero corrections were op-1688

timized individually for each crystal using an os-1689

cilloscope and found to be in the -0.3 to -0.4 mV1690

range. An external delay of 20 ns was chosen for1691

use with all CFDs.1692

With this set of optimized settings, the whole1693

system (every LaBr3(Ce)-LaBr3(Ce) combination1694

added together) had a timing resolution of ≈ 330 ps1695

as shown in Figure 27. It should be noted that1696

the timing resolution of individual combinations1697

ranged from 280 to 400 ps. It is speculated that the1698

variation from crystal to crystal could arise from1699

each one originating from a different manufactur-1700

ing batch and each one being of a different age since1701

manufacture.1702

The full-energy-peak time-walk of the LaBr3(Ce)1703
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Figure 28: Absolute photo-peak efficiency of the 8-detector
LaBr3(Ce) array in GRIFFIN, with PACES and the ZDS
around the implantation point and no Delrin absorbers. The
data were taken with 60Co (squares), 133Ba (triangles) and
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array was studied using a standard 152Eu calibra-1704

tion source. Due to the precisely known lifetimes,1705

the time walk was measured to be ±60 ps for pho-1706

tons with energy in the 244 to 1299 keV range. This1707

value is similar to those reported by other hybrid1708

HPGe-LaBr3(Ce) arrays [56, 58–60].1709

4.4.4. Absolute Efficiency1710

The absolute photo-peak efficiency of the 8-1711

detector LaBr3(Ce) array in combination with1712

the PACES and ZDS detectors in the chamber1713

(the usual configuration used in fast-timing exper-1714

iments), was measured using standard 60Co, 133Ba1715

and 152Eu calibration sources. The 15 HPGe detec-1716

tors were at the standard 11 cm and the LaBr3(Ce)1717

at 12.5 cm distance from the source. The sources1718

were placed in the usual source holder, positioning1719

the activity at the beam-implantation point at the1720

central focus of the detector arrays. No Delrin ab-1721

sorbers were present for these measurements.1722

The activity of each source was known with good1723

precision (∼ 1%) and the efficiency using each1724

source was measured independently (no renormal-1725

ization was applied). The combined data of all1726

three sources is shown in Figure 28. The values have1727

been corrected for the summing effects described in1728

Section 4.1.3. The data were fitted using Equa-1729

tion 3, but only up to the quadratic term. The1730

eight LaBr3(Ce) crystals have an absolute photo-1731

peak efficiency of 1.8(1)% at 1 MeV and the array1732

has a maximum efficiency of 4.3(1)% at ∼ 130 keV.1733

5. Potential Future Developments1734

The current location of GRIFFIN at ISAC-I al-1735

lows for some flexibility in the LEBT beamlines [24]1736

that can be used to deliver radioactive beams to1737

the spectrometer. In its current configuration, the1738

beam to GRIFFIN is delivered directly from the1739

ISOL target with no intervening experimental setup1740

to modify the beam besides electrostatic ion optical1741

components. With the addition of a bender and a1742

short section of high-vacuum beamline, the ISAC1743

polarizer beamline [61], which is a LEBT beamline1744

parallel to the current RIB delivery to GRIFFIN,1745

avails the possibility of transporting nuclear-spin1746

polarized beam or beam that is isotope and/or iso-1747

mer purified using resonant ionization. This section1748

briefly outlines the developments in beam delivery1749

and the associated experiments that will be made1750

possible. It also describes the future upgrade of the1751

SCEPTAR detector array that would be needed for1752

the polarized beam experiments.1753

5.1. Polarized Beam1754

The polarizer beamline [61] has the capability of1755

optically pumping the ground state of an ionic or1756

atomic species to preferentially populate magnetic1757

substates in the electronic and nuclear levels cou-1758

pled through the hyperfine interaction. This pro-1759

cess leads to a nuclear-spin polarized beam which1760

then needs to be transported to the point of im-1761

plantation (for example the GRIFFIN tape system)1762

while maintaining the polarization. To achieve this,1763

the beamline transporting the polarized ions will1764

be surrounded by magnetic coils that will supply a1765

weak guide field (1 mT).1766

Decay spectroscopy using nuclear-spin polarized1767

beams would enable the assignment of spins and1768

parities of daughter levels by utilizing the asymmet-1769

ric β decay of the polarized parent nucleus. This1770

method is complimentary to assignments using γ−γ1771

angular correlations (outlined in Section 4.1.5 and1772

Reference [38]) and will usually provide access to1773

additional states. This capability can be advanta-1774

geous in certain situations where the high statistics1775

may not be available, or the level is not involved in1776

a suitable γ − γ cascade. The method is outlined1777

in Reference [62] in the study of 31Na→31Mg decay1778

using a different experimental setup at TRIUMF.1779

Performing such experiments with the GRIFFIN1780

spectrometer will provide a more effective and ded-1781

icated decay-spectroscopy setup with significantly1782
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enhanced γ-detection efficiency. Spin and parity as-1783

signments to excited states in nuclei are an essential1784

piece of experimental information for detailed tests1785

of theoretical models.1786

One modification that will be needed for such ex-1787

periments is an upgrade of the SCEPTAR detector1788

for β tagging due to the need for determining the β1789

asymmetry. The upgrade of SCEPTAR is described1790

in Section 5.3.1791

5.2. Resonant Ionization1792

The ability to transport radioactive beam from1793

the polarizer beamline to the GRIFFIN setup would1794

also open up the possibility of conducting highly se-1795

lective decay-spectroscopy experiments using laser-1796

assisted decay spectroscopy [63, 64]. This power-1797

ful technique combined with the detection sensi-1798

tivity provided by the GRIFFIN spectrometer and1799

its ancillary detector suites would enable experi-1800

ments where clean decay pathways and branching1801

ratios would be determined from specific ground or1802

isomeric states in the parent nucleus. The polar-1803

izer beamline is currently used for collinear laser1804

spectroscopy experiments with optical detection to1805

study nuclear moments and nuclear charge radii1806

from the collected hyperfine structure spectra. The1807

collinear setup would be augmented by a second1808

high-power laser, which will be used to ionize the1809

resonantly excited atoms. To efficiently achieve1810

resonant ionization, localised to the region where1811

the resonantly excited atoms will interact with the1812

high-power ionizing laser, the vacuum in the polar-1813

izer beamline will be enhanced to reduce the back-1814

ground dominating collisional ionisation with the1815

residual gas in the beamline. The beamline extend-1816

ing from the polarizer beamline to the GRIFFIN1817

setup would not require any vacuum enhancement1818

from additional pumping since it will already be1819

transporting ions.1820

5.3. β detectors1821

An upgrade to the SCEPTAR detector is fore-1822

seen in order to optimize the geometry to match1823

that of the GRIFFIN spectrometer. A new design1824

will follow the pattern laid out by the faces of the1825

individual GRIFFIN HPGe crystals resulting in the1826

same rhombicuboctahedral geometry as the super-1827

structure that holds the GRIFFIN detectors. Each1828

crystal face will have a scintillator in front of it,1829

following the design of the original SCEPTAR de-1830

tector that mapped the faces of the 8π detectors,1831

to provide a veto for the bremsstrahlung photons1832

that would otherwise contribute to the γ-ray back-1833

ground. In addition, eight triangular scintillators1834

would occupy the space in front of each ancillary de-1835

tector position. The technology to be employed for1836

the new design will likely take advantage of compact1837

silicon-photomultiplier (SiPM) arrays attached di-1838

rectly to thin plastic scintillators in place of the cur-1839

rent photomultiplier tubes connected through com-1840

plex light guides.1841

6. Summary1842

Gamma-Ray Infrastructure For Fundamental In-1843

vestigations of Nuclei, GRIFFIN, is a new high-1844

efficiency γ-ray spectrometer designed for use in1845

decay spectroscopy experiments with stopped low-1846

energy radioactive ion beams provided by TRI-1847

UMF’s Isotope Separator and Accelerator (ISAC-1848

I) radioactive ion beam facility. GRIFFIN is com-1849

posed of sixteen Compton-suppressed large-volume1850

HPGe clover detectors [12] combined with a suite1851

of ancillary detection systems coupled to a custom1852

digital data acquisition system [23]. The infrastruc-1853

ture and detectors of the spectrometer have been1854

described in detail. The performance character-1855

istics and the general analysis techniques applied1856

to the experimental data are discussed with exam-1857

ples. The performance of the Compton and back-1858

ground suppression shields will be described in a1859

subsequent publication.1860

The system is now fully commissioned and in1861

operation at TRIUMF-ISAC-I. Examples of early1862

measurements performed with the device are half-1863

life measurements of astrophysical interest in the1864

neutron-rich Cd isotopes [65], spectroscopy of 50Sc1865

related to the rare magnetic octupole transition1866

[66], and in support of a precision half-life measure-1867

ment of the 22Mg Fermi superallowed β emitter [67].1868

The GRIFFIN facility will support a broad spec-1869

trum of research in the areas of nuclear structure,1870

nuclear astrophysics and fundamental symmetries.1871
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