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Abstract

We report on the construction and commissioning of the high-efficiency CAESium-

iodide scintillator ARray CAESAR, a device designed for in-beam γ-ray spec-

troscopy experiments utilizing fast beams of rare isotopes at the National Super-

conducting Cyclotron Laboratory (NSCL) at Michigan State University (MSU).

CAESAR consists of 192 CsI(Na) crystals, totaling 290 kg of active scintillator ma-

terial. For 1 MeV γ rays, a full-energy-peak efficiency of 35% is achieved at an

in-beam energy resolution of better than 10% FWHM after event-by-event Doppler

reconstruction of the γ rays emitted by nuclei moving with velocities of v/c ∼ 0.3

– 0.4. The spectral quality of the array allows for the identification of γ-ray transi-
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tions with intensities of several 10 counts in the full-energy peak and thus opens new

avenues for the study of the most exotic nuclei available at the NSCL for in-beam

spectroscopy.
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1 Introduction

Over the past decade, the properties of short-lived, rare isotopes, dubbed

“exotic nuclei”, have merged into a major focus of experimental nuclear struc-

ture research. Many of the most exotic nuclear species can be produced effi-

ciently by projectile fragmentation of energetic (100 MeV/u – GeV/u) stable

beams [1,2] or in-flight fission of 238U [3]. The produced rare isotopes are then

available for experiments as radioactive ion beams with velocities typically ex-

ceeding 30% of the speed of light. Experiments with fast beams allow the use of

thick reaction targets and provide luminosities sufficient to perform sensitive

experiments at rates of only a few ions per second. For example, intermediate-

energy Coulomb excitation of the projectile [4] has been developed into a

powerful tool that enables a quantitative measure of collective properties of

exotic nuclei and one- and two-nucleon knockout reactions [5] provide the

complementary information on their single-particle structure. The in-beam

spectroscopy of γ rays emitted by the reacted nuclei at velocities v/c ≥ 0.3

has emerged as a powerful precision technique to tag the inelastic process

and identify the final states populated in nuclear reactions [6]. In-beam γ-ray
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spectroscopy programs in this velocity regime have been initiated more than

a decade ago at GANIL (France) [7], RIKEN (Japan) [8], NSCL (US) [9], and

GSI (Germany) [10].

High-purity germanium (HPGe) is still the material of choice for the construc-

tion of γ-ray spectrometers. Its intrinsic energy resolution of 0.2% FWHM for

γ rays at 1 MeV is unmatched. Superior energy resolution not only allows for

distinguishing individual γ rays in complex, dense spectra, but also affords

the discrimination of weak γ-ray transitions on top of background. These ar-

guments remain valid for the spectroscopy of nuclei at high recoil velocities

ranging from few percent to several ten percent of the speed of light. How-

ever, segmented HPGe detectors have to be employed, where the segmentation

increases the spatial granularity and reduces the Doppler broadening of the

γ rays emitted by nuclei in flight by means of event-by-event Doppler recon-

struction. A system optimized for experiments at low recoil velocities of v/c

≈ 0.05 is for example MINIBALL [11] at REX/ISOLDE, while the Segmented

Germanium Array SeGA [12] at NSCL or GRAPE [13] at RIKEN are in-

stances of γ-ray spectrometers designed for intermediate-energy experiments

with reaction-residue recoil velocities exceeding 30% of the speed of light. EX-

OGAM [14, 15] at GANIL and TIGRESS [16] at TRIUMF – both arrays are

based on clover detectors [17] – follow similar concepts.

All of these γ-ray spectrometers have in common that their in-beam γ-ray en-

ergy resolution is entirely dominated by Doppler broadening. This originates

from the uncertainties of the detection and emission angles of the γ rays, and

the uncertainty of the velocity and location of the nucleus at the time of the

emission. For lower recoil velocities, the achieved in-beam energy resolution

is still well below 1% FWHM. In the following, we focus the discussion on

3



γ-ray spectroscopy at intermediate beam energies (v/c ≥ 0.3) and will use

the example of SeGA at NSCL when comparing to HPGe arrays. As dis-

cussed in Ref. [18], the aforementioned uncertainties routinely yield in-beam

energy resolutions of 3% FWHM in SeGA for typical experimental scenar-

ios. In Ref. [18], spectroscopic properties of LaBr3:Ce were investigated for

in-beam γ-ray spectroscopy at intermediate beam energies. It was concluded

that a granular spectrometer built with this novel scintillator material would

be a powerful replacement of HPGe spectrometers like SeGA, yielding supe-

rior timing resolution and efficiency, while still maintaining the same quality

of in-beam γ-ray energy resolution. The downside of LaBr3:Ce, however, is

its cost which exceeds the price of other scintillator materials like NaI(Tl) by

one order of magnitude, making a 4π configuration of sufficient granularity

prohibitively expensive at present.

Therefore, at NSCL we have pursued the construction of a moderate-resolution,

high-efficiency scintillator array that complements SeGA. Scintillators like

NaI(Tl) or CsI(Na) exhibit intrinsic energy resolutions (FWHM) of approx-

imately 7% at 1 MeV and make the design of a high-efficiency array with

an energy resolution of about 10% FWHM after event-by-event Doppler re-

construction feasible. In the following, we present NSCL’s CAESium iodide

ARray CAESAR and describe its design and construction with the question

in mind: Is it worthwhile to sacrifice a factor of three in resolution to gain an

order of magnitude in efficiency?
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2 Geometry of the CAESium iodide ARray CAESAR

For maximum γ-ray detection efficiency, a solid-angle coverage as close to

4π as possible was desired. The granularity of the array had to be sufficient

to maintain an energy resolution of approximately 10% FWHM after Doppler

reconstruction for 1 MeV γ rays emitted by reacted nuclei at velocities of v/c =

0.4. An additional geometrical constraint was associated with the limited space

available at the pivot point – typically the reaction target position – of the S800

magnetic spectrograph required by a majority of in-beam γ-ray spectroscopy

experiments at NSCL. This device is to provide event-by-event identification

of reaction residues and their kinematic reconstruction. The space constraints

excluded a spherical design for CAESAR, as implemented for the Crystal

ball [19] and the Spin Spectrometer [20], for example, as there would not be

enough space available for the forward hemisphere. However, the coverage of

forward angles in fast-beam experiments is particularly important due to the

forward bias of the emitted γ-ray distribution caused by the Lorentz boost.

In RIKEN’s DALI and DALI2 NaI arrays [8, 21], a rectangular crystal ge-

ometry is used with the detectors arranged in concentric layers around the

beam axis. Such a concept would accommodate the space constraints posed

by the S800 spectrograph. The regular ordering provides a uniform efficiency

response of the detectors in each layer. But this radial arrangement of rectan-

gular crystals does not allow for close packing as the detector axes of neigh-

boring crystals are tilted with respect to each other, leaving the solid angle

between neighboring detectors effectively almost uncovered.

The arrangement and geometry of the detectors in CAESAR was guided by
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results from GEANT4 [22] simulations, aiming at reaching the following goals:

• As in DALI, detectors are arranged in layers or rings perpendicular to the

beam axis

• Rectangular crystal shapes were chosen with square front-face dimensions

of 2” × 2” and 3” × 3”. This enables the use of photomultiplier tubes with

standard diameters for the most efficient and cost effective readout of the

crystals

• The array has to accommodate a beam pipe of 6” diameter

• The distance between the most downstream layer and target location has

to be less than 14.3”, accommodating for the space constraint given by the

S800 spectrograph

• The granularity of the array has to provide for each detector an energy

resolution of 10% FWHM for 1 MeV γ rays emitted from the target position

by a source moving at 40% of the speed of light

• The array should capitalize on nearest-neighbor addback routines. There,

events measured in coincidence in two neighboring crystals are treated as a

Compton scatter event and the two energies are consequently “added back”

The intrinsic energy resolution measured with a 3” NaI(Tl) detector (7.7% at

662 keV and 5.5% at 1836 keV) was implemented in the GEANT4 simulation

code. The uncertainty in the velocity of the emitter due to the energy loss

in the target was modeled as an equal distribution of v/c ranging from 0.38

to 0.42. This energy loss corresponds to experiments with SeGA using rather

thick targets for optimizing the γ-ray yield. While this velocity uncertainty

dominates already the energy resolution achievable in SeGA, its impact on

energy resolution for the scintillator array is negligible.
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Starting point in the simulation was a geometry made of a simple rectangu-

lar plane consisting of 56 cubic 3” crystals placed on one side of the beam

pipe. The length of the detector plane along the beam direction was restricted

according the spatial constraint posed by the S800 spectrograph. In the sim-

ulation, detectors placed most down- and upstream in this geometry already

met the requirement for the desired in-beam energy resolution. In a next op-

timization step, individual detectors were allowed to retract, forming a shell

around the beam pipe. In addition, the more central 3” × 3” detectors were

replaced by crystals with a 2” × 2” front face to increase granularity. This

improved the simulated in-beam resolution and estimated count rate for each

detector. Crystals with relatively minor contribution to the detection efficiency

(e.g. detectors at the corners) were removed. Finally, the optimized detector

shell was mirrored to sandwich the beam pipe and the gap between both shells

was filled with detectors following the same approach. In this prototype ge-

ometry, the detectors form rings perpendicular to the beam axis as shown in

Fig. 1 (left). Geometries consisting of 100 to 300 crystals were investigated.

The number of the detectors in the middle rings was varied, changing the di-

ameter of the rings. The most down- and upstream rings were kept fixed, as

they already provided the maximum solid-angle coverage at the extreme an-

gles and achieved the desired energy resolution. However, a configuration with

a total of 192 crystals was found to attain all of the desired goals. For a smaller

number of crystals, the granularity would not have been sufficient to meet the

required in-beam resolution, and adding more crystals would reduce the over-

lap (contact area) between neighboring rings and thus reduce efficiency and

addback capability. A length of 4” for the detectors with 2” × 2” front face

was found sufficient for 1 MeV γ rays. Any additional inches in length would

only lead to a negligible increase in efficiency at this energy. Increasing the
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length of the cubic 3” crystal would worsen their in-beam resolution, as their

spatial resolution with respect to γ rays emitted from the target position is

determined by their length and not by their front-face dimension.

The final design of CAESAR with 192 crystals arranged in 10 rings is shown

in Fig. 1. The 6 center rings (C-H) hold 24 detectors each of 2.13” × 2.13”

× 4” dimension and the two forward and two backward rings accommodate

48 3.13” × 3.13” × 3” crystals with 10 detectors placed in both rings A

and J and 14 detectors in rings B and I. The slight increase in crystal size

compared to the simulation was introduced for practical reasons as outlined

in the next section. In this configuration, the spatial resolution of crystals of

the forward and backward rings (A, B and I, J, respectively) is dominated

by their length, while for crystals in the rings in between (C through H), the

front faces determine the granularity.

It is worthwhile to note that, for this geometry, the impact of the gaps between

crystals on the absolute efficiency is negligible as they are not radial with

respect to the target position. However, because CAESAR lacks spherical

symmetry, one has to rely on simulations to obtain angle-dependent in-beam

detection efficiencies. With this geometry (see Fig. 1) and CsI(Na) as the

detector material (see below), an energy resolution of 10% FWHM after event-

by-event Doppler reconstruction and a detection efficiency exceeding 35% for

1 MeV γ rays emitted at v/c = 40% was simulated with GEANT4.
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3 The CsI(Na) detectors of CAESAR

CsI(Na) was chosen as the detector material for the 192 crystals of CAESAR.

Its intrinsic energy resolution, timing properties, and cost is comparable to

NaI(Tl), but the material has a 30% higher stopping power for γ rays. Sam-

ple crystals of the proposed geometry from different manufacturers showed

large variations in spectroscopic quality, most likely due to inhomogeneities in

the light collection throughout the volume. A strong dependence of the pulse

height on the depth of the interaction of the γ rays was observed. CsI(Na)

crystals delivered by ScintiTech were identified to be free from these prob-

lems.

The hygroscopic CsI(Na) scintillation crystals are placed in an aluminum hous-

ing of 1 mm wall thickness. Reflective material fills the 1.5 mm gap between

the crystal and the wall of the aluminum housing. The housing is sealed with

a round borosilicate window. The plate that the window is glued to provides

threads at the corners for a mounting flange in support of the photomultiplier

tube and its housing. The photomultiplier tube with magnetic shielding and

Al housing is within the envelope of the crystal enclosure and thus detectors

can be placed close to each other without any gap in-between. To match the

dimensions of crystal and photomultiplier housings, 0.13” was added to the

crystal dimensions of nominally 3” and 2” proposed from simulations used for

the design.

The spectroscopy photomultiplier tubes R1306 and R1307 from Hamamatsu

are used. A passive voltage divider board distributes the externally applied

positive high voltage to the dynodes. The signal is AC coupled from the an-
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ode using a 4.7 µF capacitor. The photomultiplier tubes are shielded in their

housings with multiple layers of µ-metal. This shielding keeps the detector

assemblies operational in magnetic fields of up to 2-3 mT. Magnetic fields ex-

ceeding 0.5 mT were observed to impact the pulse height of the signals. Careful

magnetic shielding is crucial for our application since the array has to be oper-

ated in the partially shielded fringe fields of the entrance quadrupole magnet of

the S800 spectrograph. In light of the presence of considerable magnetic fields,

alternatives to photomultiplier readout were investigated and found not to be

suitable for our application. The area of a few cm2 of photodiodes or avalanche

photodiodes is too small to cover the borosilicate window and the use of light

guides would reduce the photon yield by an order of magnitude. Novel silicon

drift chambers can be manufactured in practical sizes, but their long collection

time would hamper the timing resolution. Also their cost, in fact, presently

exceeds the price of the scintillation crystals.

Each detector assembly of CAESAR was tested using an ORTEC 572 shaping

amplifier connected to an 8k PC-based MCA. The detector signal was directly

fed into the shaping amplifier and a shaping time constant of 10 µs was used.

Smaller shaping time constants degrade the detector resolution, for example

by approximately 10% at 3µs shaping time compared to 10µs. Typically, an

energy resolution of 7% FWHM for 137Cs irradiating the detector from the side

was achieved. No detector resolution exceeded 8%. The energy resolutions

measured for both crystal shapes were similar, demonstrated by the mean

values of 6.7% for all 2.13” × 2.13” × 4” detectors and 7.1% for the 3.13” ×

3.13” × 3” geometry. Gamma-ray energies as low as 30 keV could be detected,

as was tested with the 32 keV X-ray of 137Cs.
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4 CAESAR electronics and data acquisition

A high speed and versatile data acquisition system has been developed for

CAESAR that employs the LeCroy 4300 series of CAMAC compatible modules

in which the 11-bit 4300B Fast Encoding and Readout ADCs (FERA) play a

central role. The 16-channel 4300B permits rapid charge integration of incident

analogue signals and conversion to digital format (11 bits in 8.5 µs) with data

output on the front panel ECL port at rates of∼110 ns/word. Up to 22 of these

modules can be chained together and controlled using a single FERA driver

(LeCroy model 4301) that is responsible for distributing conversion gates along

the front panel control bus and receiving all of the data from all 4300B modules

in the system via the ECL data bus. Zero and overflow suppression are also

available and are essential for experiments with CAESAR where trigger event

multiplicities are typically ≤ 2. Two identical branches, each consisting of 12

4300B FERA modules controlled by a single 4301 FERA driver each, are used

to derive energy and timing information for the 192 detectors of CAESAR.

Raw signals directly output from the photomultiplier tubes (PMT) are first

split into two branches (energy and time) using an amplifier-and-splitter board

built by PicoSystems. Each board provides 16 fast amplifier circuits with fixed

gain and 2×16 output channels. One set of output signals (the energy branch)

are first sent to a series of 12, 16-channel shaping amplifiers with fixed shaping

time constants of 4 µs, which were designed and built at NSCL and available

from the SeGA setup. The shaped signals are then delivered to the inputs of

the 12 4300B FERA modules. The FERA modules are operated effectively as

peak-sensing ADCs, where the shaped signals lasting several microseconds are

only integrated over a short 25 ns time gate applied at the maximum ampli-
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tude. This solution was chosen because the data acquisition for CAESAR is

operated in a common start mode and conversion gates for the FERA modules

are generated not earlier than 500 ns after a prompt γ-ray signal. The usage

of the shaping amplifiers saved the need of 500 ns long, higher-quality delays

for 192 channels between amplifier-and-splitter board output and input of the

FERA module for direct charge integration.

The second set of output signals from the amplifier-and-splitter boards (the

time branch) are first sent to 12 Phillips 7106 16-channel leading-edge dis-

criminators. These modules have a common threshold for all 16 channels and

were modified to include a fixed and non-extendible dead time of 1.5 µs on

each channel following an over-threshold event. This was found to be nec-

essary to avoid multiple re-triggering of the discriminator from scintillator

after-pulsing. A logic OR signal from all discriminator outputs serves as a γ

trigger for subsequent coincidence logic. The individual ECL output signals

from the discriminators are first delayed by 500 ns using a simple cable delay

made from ribbon cable of appropriate length and then sent to a set of 12,

16-channel, LeCroy 4303 time-to-FERA converters (TFC). The TFCs are op-

erated relative to a common start generated by the master trigger and output

a NIM logic signal with a width proportional to the time between the start

and the stop initiated by the discriminated input signals. The NIM outputs

from the TFCs are then directly input to a second series of 12 LeCroy 4300B

FERA modules that integrate the TFC signal over a 500 ns gate to provide a

timing measurement for each detector relative to the master trigger. The dy-

namic range of the TFC/FERA pair is approximately 500 ns with a dispersion

of 0.25 ns per channel.

Data read out from the two FERA drivers that control the energy and time
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FERAs is accomplished using two identically programmed FPGA modules

(model XLM72, JTEC Instruments) that are VME compatible. These modules

were programmed to provide the necessary input/output handshake with the

FERA drivers and store the collected data within a 2 Mb bank of fast-access

memory. Data are then read from the static RAM of the XLM72 module, in-

serted into the data stream, and saved to disk using standard data acquisition

software packages available at NSCL.

CAESAR is usually operated in combination with advanced particle detection

systems like the S800 magnetic spectrograph and particle-γ coincident events

are recorded in experiments. In this configuration, CAESAR sends a prompt

logic signal for each detected γ-ray event to an external coincidence electronics

setup. In case of a particle-γ coincidence, a master trigger is sent back and

starts the conversion of the event in CAESAR. As CAESAR is operated in

a common start mode, the master trigger has to be generated within 500 ns

after the prompt γ-ray trigger. The typical width of 300 ns for the particle-γ

coincidence window is rather long and mainly chosen to accommodate the walk

of nearly 200 ns introduced by the leading-edge discriminators used for the

γ-ray timing. A walk correction performed offline in the data analysis and its

ability to restore timing and suppress random coincidences will be discussed

in detail in the following section.

The amplitude of the photomultiplier signals can be adjusted with the high

voltage setting and provides a broad dynamic range from one MeV to several

10 MeV. Typically, a dynamic range of 8 MeV is chosen and spectroscopy of

γ-ray energies down to 50 keV is feasible at this channel dispersion of 4 keV

(verified with a 133Ba source). Although such low thresholds are beneficial

for recovering Compton scattered event in the addback mode, they are not
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practical in some fast-beam experiments that produce high rates of prompt,

low-energy radiation caused by atomic processes and Bremsstrahlung in the

interaction of energetic projectiles with the target. Intermediate-energy or

relativistic projectile Coulomb excitation experiments, which typically employ

high-Z targets like Au, Bi, or Pb, are examples for such a scenario. In these

cases, energy thresholds exceeding 200 keV are chosen to reduce the dead

time of the data acquisition system by eliminating the low-energy coincidence

triggers caused by the beam-related background.

5 Performance of CAESAR

5.1 Experimental setup

A photograph of CAESAR installed in front of the S800 spectrograph is shown

in Fig. 2. In order to provide a better view at the geometry of the array, the

most upstream ring (A) is completely removed and some detectors from ring

B are taken out as well. The 6” beam pipe opened at its upstream end on the

photograph serves as target chamber. The target is located inside the beam

pipe at the pivot point of the S800 magnetic spectrograph. The target itself

is located in a cradle which is pushed with a dedicated precision stick to its

exact position. This target position at the spectrograph’s pivot point ensures

the best angle acceptance for reaction residues entering the S800. With respect

to the center of CAESAR, the target is located 2.5 cm downstream, close to

the center of ring F (see Fig. 1). This location is not optimal for the efficiency

for γ rays emitted in flight as the Lorentz boost biases the γ-ray distribution to

forward angles. However, simulations show that, compared to a target position
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exactly in the center of CAESAR, the efficiency is reduced for in-flight γ rays

by less than 3%.

5.2 Measurements with stationary sources

Various calibration measurements were performed with standard radioactive

sources placed at the target position inside CAESAR. For some of the mea-

surements, a high-purity germanium (HPGe) detector was added to the setup.

As shown in Fig. 2, the opened beam pipe allowed to place a HPGe detector

approximately in the center of ring A. This setup was used to trigger on γ-γ

coincidences between the HPGe detector and CAESAR. For sources that emit

coincident γ rays, e.g. 60Co, 88Y, and 22Na, the condition of absorbing the

upper γ-ray transition of a cascade in the HPGe detector implies the likely

emission of the bottom transition of the cascade into CAESAR. This coinci-

dence condition largely eliminates random room background in the so-taken

CAESAR spectra. The spectrum shown in Fig. 3 is the response of CAESAR

to 1.173 MeV γ-rays from a 60Co source measured in coincidence with the

1.33 MeV transition detected in the HPGe detector. This spectrum and all

following spectra were analyzed in nearest-neighbor addback mode. Here, ener-

gies measured in coincidence between two neighboring crystals are attributed

to a Compton scattering event from one detector into a neighboring one and

the γ-ray energy is recovered by adding both energies. The addback approach

removes events from the Compton plateau and places them in the full-energy

peak and thus increases the full-energy-peak detection efficiency and improves

the peak-to-background ratio. The energy resolution of the 1.173 MeV tran-

sition was measured to be 6.2% FWHM. For comparison, the inset in Fig. 3
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shows a 60Co spectrum measured by CAESAR without the HPGe coincidence.

The absolute full-energy-peak efficiency of CAESAR in the energy range from

500 keV to 2 MeV, displayed in Fig. 4, was obtained from measurements

with calibrated standard γ-ray sources. The peak area of free-standing γ-ray

peaks in the spectra was extracted by assigning a linear background defined

by regions left and right from the peak and determining the counts in the

peak above this background. The absolute efficiency was calculated from the

source activity, except for 60Co. Here, the spectra containing a single γ ray

measured in coincidence with the HPGe detector were analyzed. The yield

normalized to the singles rate of the corresponding γ-ray energy measured

in the HPGe detector then gives the absolute efficiency. Two efficiency curves

are shown: with nearest-neighbor addback mode (dashed line) and without the

addback routine (solid line). For γ-ray energies above 1 MeV, more than 20%

of the intensity in the full-energy peak is recovered with the nearest-neighbor-

addback approach, while above 2 MeV the relative gain in full-energy-peak

efficiency exceeds 30%. The latter was extracted from spectra measured with

a 226Ra source. The spectrum of a 226Ra source is too dense and complex for the

simple approach used here for efficiency determination, but allows to extract

addback factors. Fig. 4 shows that the efficiency of CAESAR exceeds 35% for

1 MeV γ rays emitted by a source at rest. In order to calculate the efficiency

for γ rays emitted in-flight, effects like the Lorentz boost, Doppler shift to

different energies in the laboratory system, and γ-ray angular distributions

have to be taken into account. Simulations of CAESAR show that the γ-ray

efficiency is reduced by less than 10% if the emitter is moving at a velocity of

0.4 c compared to emission at rest.

Fig. 8 shows the intrinsic energy resolution of CAESAR. The data points

16



were determined from the sum spectrum of all 192 calibrated detectors. For

the detector calibration a second-order polynomial was usually sufficient, but

in some cases third-order polynomials were needed to accommodate strong

non-linearities of individual FERA 4300B channels. In addition to the energy

resolution of the γ-ray transitions used for the efficiency determination, resolu-

tions at 356 keV (133Ba), 2.45 MeV (226Ra), and 2.61 MeV (room background

radiation) are given.

5.3 In-beam γ-ray spectroscopy

The in-beam response of CAESAR was characterized from experiments uti-

lizing two types of nuclear reactions with fast ion beams: intermediate-energy

Coulomb excitation of projectiles induced by a high-Z target and secondary

fragmentation of a projectile beam on a beryllium target. The projectile beams

were delivered by the Coupled Cyclotron Facility [23] at NSCL.

For the Coulomb excitation measurement, a primary beam of stable 58Ni nu-

clei at 96 MeV/nucleon was scattered off a 257 mg/cm2 thick gold target.

For the secondary fragmentation experiment, a cocktail beam of neutron-rich

chlorine, argon, and potassium isotopes with energies around 75 MeV/nucleon

interacted with a 188 mg/cm2 beryllium target to produce lighter, secondary

fragmentation residues.

Gamma-ray events in CAESAR were measured in coincidence with particles

detected by the S800 magnetic spectrograph. The trigger threshold for γ-ray

events was set to 250 keV in order to reduce the prompt coincidence rate with

low-energy Bremsstrahlung in the Coulomb-excitation measurement and re-
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mained unchanged for the measurement with the beryllium target. The event-

by-event particle identification with the S800 focal-plane detectors allowed to

analyze the individual γ-ray spectra associated with the different projectile-

like reaction residues emerging from the target. The γ-ray energies measured

in the laboratory system were event-by-event Doppler reconstructed into the

rest frame of the moving reaction residue. The parameters necessary for the

reconstruction are the emission angle of the γ ray with respect to the direction

of the γ-ray emitting nucleus and its velocity. Here, typically the mid-target

velocity is used. Emission angles are calculated with respect to the beam axis

from the position of the crystal that registered the event relative to the known

target position. In case of “addback events”, the measured energies are added

first and are then Doppler corrected, using the position of the crystal with the

largest energy deposition as indicator of the first interaction.

Incoming projectiles impinging on the reaction target were identified event-by-

event by measuring their time-of-flight between fast plastic scintillators located

at the exit of the A1900 fragment separator [24] and at the object position of

the S800 beam line. The timing data of the fast plastic detector at the latter

location, 22.4 m in front of the reaction target, also served as time reference for

the γ-ray detection in the data analysis. In Fig. 5, the correlation of the γ-ray

timing and energy measured in a single detector of ring E is shown in (a). This

data is taken from Coulomb excitation of 58Ni projectiles on the gold target

The distribution of prompt γ rays and the slope of the energy-dependent walk

exceeding a range of 150 ns are very apparent. For prompt γ-ray energies close

to the threshold of 250 keV, the distribution in time is 100 ns wide but narrows

rapidly toward higher energies. The slope can be described with a function

t(E) = a + b/(E + c) + d/E2 with E as the measured γ-ray energy and with
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a, b, c, and d as free parameters. The parameters were determined for each

individual detector from the data and the obtained functions t(E) were used

to correct for the walk in the offline analysis. Fig. 5 (b) shows the time-energy

correlation of all detectors of ring E after applying the walk correction. At

this level of statistics, the accumulation of counts at energies of 547 keV and

1230 keV and at time 50 ns become visible and corresponds to the excitation of

the gold target (547 keV) and the 58Ni projectiles (1454 keV, Doppler shifted

to 1230 keV in ring E). The time resolution (FWHM) at those energies is 9.0 ns

and 4.5 ns, respectively. The homogeneous distribution in time at 1460 keV

corresponds to random coincidences with 40K from natural background. The

rather high amount of random coincidences is typical for experiments utilizing

inelastic scattering as most of the projectiles enter the focal plane ”unreacted”

and open a coincidence window. For the example of 58Ni, about 1-2 excited

58Ni per 104 projectiles are expected, given an excitation cross section to the

first 2+ state of σ ≈ 200 mb and a target thickness of 257 mg/cm2. However,

the hardware coincidence window of 300 ns and a count rate in CAESAR of

several kHz from natural background radiation cause about the same number

of random 58Ni-γ coincidences.

The majority of random coincidences can be eliminated by applying a two-

dimensional gate around the prompt part in the walk-corrected time-energy

distribution. Fig. 5 (c) shows the γ-ray spectrum of ring E satisfying a gate con-

dition which is 15 ns wide at 1.2 MeV, 25 ns at 500 keV, and 100 ns at threshold

energy of 250 keV. While the gates at higher energies are wide enough to cover

all prompt γ rays, the 100 ns gate is already cutting into prompt low-energy

γ-ray events. The spectrum in Fig. 5 (d) was created as a difference between

a spectrum obtained from a 1-dimensional time cut of 100 ns width for events
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in ring E and the prompt spectrum. In this off-prompt γ-ray spectrum, the

two prompt transitions at 547 keV and 1230 keV are not apparent anymore,

while the room background at 1460 keV from random coincidences shows up

prominently. The comparable intensity of the off-prompt spectrum and the

prompt spectrum shows the importance of the two-dimensional energy-time

gate condition for removing random coincidences.

In Fig. 6, the γ-ray spectra measured with full CAESAR for inelastic scattering

of 58Ni are shown. For all spectra, a two-dimensional gate in the walk-corrected

time-energy distribution was applied for removing random background as de-

scribed above. The γ-ray spectrum in the inset was measured in the laboratory

system and the 547 keV transition emitted at rest from the de-excitation of

the gold target nuclei can be seen. The top spectrum results from the same

data after Doppler reconstruction. For the reconstruction, a mid-target veloc-

ity of v/c = 0.40 was used for the scattered 58Ni projectiles. The full-energy

peak at 1454 keV corresponds to the de-excitation γ-ray of the excited first 2+

state of 58Ni. This peak has an energy resolution of 9% FWHM. The bottom

spectrum is the same except that only a fraction of the statistics was analyzed.

The statistics used for this spectrum corresponds to 2.6 106 58Ni projectiles

in total impinging on the target. This statistics translates into a 5-day experi-

ment with much less than 10 particles per second incoming projectile rate and

demonstrates the spectral quality for a low-statistics case in this background

regime. A peak area of around 100 counts can clearly be discriminated from

background and analyzed for cross section determination.

Besides inelastic scattering, other important reaction mechanisms to explore

excited states of rare isotopes include secondary fragmentation, nucleon knock-

out, or nucleon pickup reactions induced by fast projectile beams [6]. All of
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these reactions typically involve light reaction targets. Figure 7 shows γ-ray

spectra in coincidence with 24Mg produced in a secondary fragmentation reac-

tion induced by a neutron-rich chlorine beam interacting with a 188 mg/cm2

thick 9Be target. The particle-γ trigger condition for these types of reactions is

much more selective than for inelastic scattering, since the unreacted beam can

be mostly rejected with the spectrograph. Also, a large fraction of the desired

reaction residues typically is produced in excited states and thus the number of

excited over detected nuclei is much more favorable than for inelastic scatter-

ing where unreacted projectiles cannot easily be discriminated. Consequently,

the contribution from random coincidences is small; the events shown in Fig. 7

are prompt within the timing resolution of the scintillators. As reported in [18],

the background encountered in γ-ray spectra from such reactions is, similar

to Bremsstrahlung encountered with high-Z targets, prompt and can be re-

duced significantly only by improved timing for the γ-ray detection (≤ 1 ns).

The clearly visible γ-ray transitions at 1369 keV and 2754 keV originate from

the decays of the first 2+ and 4+ state of 24Mg, respectively. For the Doppler

reconstruction, a mid-target velocity of v/c = 0.35 was used. A small fraction

of the statistics was analyzed to obtain the bottom spectrum (only 360 24Mg

nuclei detected in total). The 1369 keV transition with around 60 counts in

the full-energy peak is clearly visible and also the 2754 keV transition is still

significant. The measured energy resolutions from the Doppler-reconstructed

spectra for both γ-ray transitions along with the ones from other γ-ray en-

ergies measured in coincidence with other reaction products are compiled in

Fig. 8. For energies above 1 MeV, the energy resolution after Doppler-shift

reconstruction is considerably better than 10% (FWHM).
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6 Summary

The CAESium iodide ARray CAESAR consisting of 192 CsI(Na) crystals was

successfully commissioned at the National Superconducting Cyclotron Labo-

ratory for γ-ray spectroscopy with fast beams of rare isotopes. The array com-

plements the existing Segmented Germanium Array (SeGA) and provides one

order of magnitude higher efficiency (35% at 1 MeV) at the expense of energy

resolution (10% FWHM at 1 MeV) in the Doppler-reconstructed spectra. The

performance of CAESAR was investigated in two different types of measure-

ments, Coulomb excitation with a high-Z target and 9Be-induced secondary

fragmentation. In the latter case, the spectral quality of CAESAR combined

with the low background in the γ-ray spectra is sufficient to identify γ-ray tran-

sitions with a few ten counts in the full-energy peak. In experiments employing

inelastic scattering of projectiles off high-Z targets, prompt Bremsstrahlung

and other atomic processes yield significant prompt background in the γ-ray

spectra. In this background regime, the trade-off in resolving power compared

to HPGe detector arrays has to be carefully considered. The case presented

in this paper demonstrates that Coulomb excitation experiments with cross

sections above 100 mb and γ-ray energies close to or above 1 MeV are feasible

if 100 counts in the full-energy peak can be expected.
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Fig. 1. The sketches show the arrangement of the 2” × 2” × 4” and 3” × 3” ×

3” crystals in CAESAR. Left: Cross-sectional view perpendicular to the beam axis

showing ring J and F. Right: Cross sectional view parallel to the beam axis showing

the 10 rings of the array (labeled A-J) and the target position. The grey scale of

the crystals corresponds to the position in the rings shown on the left.
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Fig. 2. The upper photograph shows the CAESAR setup in front of the S800 spec-

trograph. The most upstream ring A and eight 3”× 3”× 3” detectors of ring B

are removed to allow a view inside of CAESAR. The target is placed in a cradle

positioned inside the 6” beam pipe. The other photograph shows a 2”× 2”× 4”

detector.
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Fig. 3. Response of CAESAR to a 60Co source at the target position. The spectrum

was obtained in coincidences with the 1332 keV decay – the upper transition in

the 1332 keV - 1173 keV coincidence cascade – measured with a HPGe detector

centered within ring A of CAESAR. The inset shows the 60Co spectrum without

the coincidence requirement and the HPGe detector removed.
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Fig. 4. Absolute full-energy-peak efficiency of CAESAR measured with standard

calibration sources. Dashed line: analyzed with the nearest-neighbor addback; Solid:

without addback. Both lines are to guide the eye.
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Fig. 5. (a) and (b) show the correlation between detector timing and γ-ray energy in

the laboratory system for events taken in a Coulomb-excitation measurement with

58Ni projectiles on a gold target. (a): The data of one detector in ring E is given

without a walk correction applied. (b): Events measured in any detector in ring E are

shown after walk correction. The energy spectrum shown in (c) results from applying

a two-dimensional time-energy gate around the prompt events, showing the γ-ray

transition from target excitation and projectile excitation (not Doppler-corrected)

for all detectors of ring E. (d): Same spectrum for events outside this prompt gate.

The prominent peak at 1460 keV corresponds to room background.
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Fig. 6. Response of CAESAR to γ-ray emission in inelastic scattering of 58Ni from

a 257 mg/cm2 gold target. Upper panel: Doppler-reconstructed γ-ray spectrum

measured in coincidence with scattered 58Ni. The 1454 keV γ-ray corresponds to

the decay of the Coulomb-excited first 2+ state of 58Ni to the ground state. The

inset shows the same events in the laboratory system. The excitation of the 197Au

target nuclei results in a peak at 547 keV. Lower panel: Same data as above, but

with low statistics. This spectrum demonstrates that 100 counts in the full-energy

peak are sufficient to identify a γ-ray transition in this case.
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Fig. 7. Gamma-ray spectra measured in coincidence with 24Mg produced by sec-

ondary fragmentation of chlorine on a 188 mg/cm2 beryllium target. For Doppler

reconstruction a mid-target velocity of v/c = 0.35 was used. For the spectrum in

the lower panel, only a fraction of the data set was analyzed. This demonstrates the

capability of CAESAR to discriminate γ-ray transitions at low statistics.
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Fig. 8. In-beam energy resolutions (FWHM) and intrinsic resolution for various

γ-ray energies measured with CAESAR. The in-beam energy resolutions (solid

line) are obtained after Doppler reconstruction of the γ rays (v/c = 0.35) into the

rest system. The transitions originate from various fragmentation reaction residues

that were unambiguously identified in the S800 focal plane. Intrinsic resolutions

were determined from standard sources. The lines stem from a fit to the function

f(E) = a + b/E + c/E2 and are only intended to guide the eye. The energies are

given in the rest frame of the emitter.
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