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Abstract 
Radioactive ion beams (RIB) at the Argonne Tandem 

Linear Accelerator System (ATLAS) are produced either 
from the in-flight method at 5-15 MeV/u for A < 30, or 
via reacceleration of fission fragments from the CAlifor-
nium Rare Isotope Breeder Upgrade (CARIBU) at 4-10 
MeV/u for 80 < A < 160. These RIB are typically accom-
panied by contaminant beams >100x more intense. The 
goal of this work is to develop a fast (>105 pps), compact 
(retractable from the beam line) particle detector capable 
of A and Z identification to enable accelerator optimiza-
tion on the exact species of interest. The detector should 
have an energy resolution of ≤5% and be resistant to 
radiation damage. A gas ionization chamber supplement-
ed with an inorganic scintillator was chosen as the basic 
conceptual design. GSO:Ce was chosen as the primary 
candidate scintillator due to a demonstrated energy reso-
lution of ~3% for 15 MeV/u He and less irradiation in-
duced performance degradation than other candidate 
materials. 

INTRODUCTION 
At the Argonne Tandem Linear Accelerator System 

(ATLAS) we are developing a fast, compact particle 
detector to aid the tuning of low intensity beam constitu-
ents with relatively high intensity (>100x) contaminants. 
These conditions are regularly encountered during radio-
active ion beam production via the in-flight method, or 
when charge breeding fission fragments from the CAli-
fornium Rare Isotope Breeder Upgrade (CARIBU). Pres-
ently silicon barrier detectors (SBD) are used for mass 
identification via total energy measurements. However, 
the total acceptable SBD rate is limited to ~1000 pps, so 
the signal rate from any minority constituents 100x less 
intense is typically much too slow to enable meaningful 
accelerator optimization. In addition, SBDs can tolerate a 
very limited integrated flux before their performance 
deteriorates. 

The in-flight method of RIB production at ATLAS 
generally produces beams of interest with energies 5–
15 MeV/u and masses less than 30 AMU, while reaccel-
erated fission fragments from CARIBU, 80 < A < 160, 
are typically accelerated to energies of 4–10 MeV/u. Our 
goal is to achieve ~5% energy resolution at a total rate of 
105 pps over these energy and mass ranges without signif-
icant performance degradation after extended use. 

The detector will combine a gas ionization chamber 
with an inorganic scintillator to generate E and residual 
E signals and enable the identification of both the Z and 
the A of the beam constituents. This configuration allows 
the needed compactness to retract the assembly from the 
beam path. The conceptual design of the detector and 
considerations for the selection of the scintillator, photoe-
lectric device, and counting gas are presented in this pa-
per. 

Figure 1: (Upper) A cross section showing the general 
layout and dimensions of the detector configuration. 
(Lower) A view of the detector with the vacuum tube 
removed and the electrodes cut away for clarity. 

DESIGN 
A hybrid of a gas ionization chamber (IC) supplement-

ed with a scintillator was the chosen conceptual design, 
shown in Fig. 1. Both the gas and scintillator are fast, 
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resistant to radiation damage, and have appropriate reso-
lutions. Silicon detectors cannot maintain their perfor-
mance at high integrated flux and diamond detectors are 
not widely available. The ionization chamber will follow 
the designs of Kimura and Chae [1, 2], whose Tilted Elec-
trode Gas Ionization Chambers (TEGIC) have operated at 
rates >1x105 ions/sec with energy resolution <5%. 

The nominal operating pressure of the detector is 
1.5 atm or 1100 Torr. The use of the scintillator will elim-
inate the need to completely stop the ions within the gas 
and the significant design considerations to operate at 
higher pressures with thick windows. Even high stopping 
power gases alone (iC4H10 or CF4) at 25 C and 1100 Torr 
do not have enough density to stop the light (A<10) high 
energy (15 MeV/u) particles in less than ~350 mm, and 
the use of thick degrader materials could impart signifi-
cant energy and angular scatter. The target length for a 
compact design was nominally ~100 mm, and the antici-
pated window material is Kapton which is available in a 
variety of thicknesses. 

The ATLAS detector electrodes will be spaced closer 
than either of the two reference TEGIC designs but the 
smaller electrode area will ultimately result in lower cath-
ode-anode capacitance which is an advantage for higher 
rates and lower electronic noise. The electrodes will be 
built from narrow gauge, ø17.5 m, wire which will sacri-
fice ~1% transmission per electrode to avoid the addition-
al angular scattering from using metalized mylar foils. 
The initial detector design will not use tilted electrodes 
for compactness and simplicity, but the detector response 
vs. rate will be studied to determine if recombination 
becomes a significant factor. 

The scintillator will give a residual energy signal for 
particles not stopped in the gas, and enables the flexibility 
to tune the gas density for the best signal while largely 
ignoring the gas stopping power. Operating with RIB 
from CARIBU should be straight forward. The high Z 
ions will easily stop in the gas, and the good beam quality, 
<0.2 m full normalized, will be easily controlled. 
Light, high energy RIB from in-flight production can 
have >10x worse quality due to the reaction kinematics 
and will be more challenging. With appropriate focussing 
and collimation a clean signal should be achievable given 
the large restricting aperture diameters (25 mm for the 
entrance window and 38 mm for the inner diameter of the 
electrode wire mesh mounting). 

SCINTILLATOR SELECTION 
The primary criteria for the scintillator selection were 

the ability of accepting rates >105 pps, an energy resolu-
tion ≤5%, high radiation hardness, and non-hygrosco-
picity. Table 1 shows the relevant properties for a number 
of candidate materials. Organic scintillators were not con-
sidered due to higher energy resolution, susceptibility to 
radiation damage, lower light yield, and non-linearity for 
heavy charged particles 

 GSO:Ce was ultimately selected for this detector ap-
plication. GSO:Ce has good energy resolution (~3% for 
15MeV/u 3He [3]), has relatively high light output, is non-
hygroscopic, can tolerate rates >106 pps, and has the best 
radiation hardness of any well characterized scintillator 
by 2-3 orders of magnitude. While the radiation hardness 
values listed in Table 1 are for low energy  rays, Koba-
yashi also studied proton irradiated GSO:Ce [4] and 
found the onset of performance degradation occurred at 
~1.6x106 rad. As an example, for a ø4 mm beam spot at 
105 pps it would take 12 days and 4 days to accumulate an 
equivalent dose for 15 MeV/u 9Be and 10 MeV/u 12C, 
respectively. These estimates ignore the differences be-
tween proton and heavy ion radiation damage kinematics, 
but indicate GSO:Ce can be a robust ion detector. 

PHOTOELECTRIC DEVICE 
Three photoelectric devices were investigated for this 

application: a photo multiplier tube (PMT), a PIN photo-
diode, and an avalanche photodiode (APD). Table 2 high-
lights the performance of these devices for configurations 
relevant for this application. The PMT is generally the 
fastest option with by far the highest gains, but the overall 
size of the PMT is a big drawback considering the goal of 
a compact detector system. The typically low quantum 
efficiencies are also disadvantages which eliminated the 
PMT as the first choice. Compactness, insensitivity to 
magnetic fields, and lower complexity are general photo-
diode features that make these devices better suited for 
this application. Ultimately an APD was selected, Hama-
matsu S8664-1010, due to the device’s higher gain (better 
sensitivity to low light intensities), and typically better 
radiation hardness. 

 

Table 1: Properties of Candidate Scintillators 

Quantity GSO:Ce NaI:Tl BGO BaF CsI:Tl CeF3 

Density (g/cm3) 6.71 3.67 7.13 4.89 4.51 6.16 

Decay constant (ns) 30-60 230 300 0.6/320 980 30 

Peak emission (nm) 440 415 480 220/310 530 375 

Light yield (relative) 20 100 7–10 5/16 45 4–5 

Hygroscopicity No Yes No Yes Yes No 

Radiation Hardness (rad) [4] 109 103 104-5 106-7 104-5 106 
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Table 2: Approximate Characteristics for Relevant Photo-
electric Devices 

Quantity APD PMT PIN diode 

Gain 10-100 >105 1 

Quantum 
efficiency* 

75% 25% 85% 

Thickness 
(mm) 

~3 >50 ~3 

Active area 
(mm2) 

1–100 100–
5000 

1–1000 

*for 440 nm emission peak of GSO:Ce  

GAS CONSIDERATIONS 
CF4 will be the primary counting gas due to its fast 

electron drift velocity, ~13 cm/ms at 3 V/(cm-Torr) [5]. 
The detector will be designed to operate up to 1100 Torr, 
but at this pressure and nominal electrode spacing, 1 cm, 
>3 kV is necessary to achieve the fastest counting. To 
obviate these higher voltages and comfortably avoid the 
proportional counting regime up to 90% Ar can be mixed 
with CF4 to realize the same high velocity but at 
~1 V/(cm-Torr). The addition of Ar can also improve the 
resolution due argon’s lower ion pair production thresh-
old, 26 eV vs. 54 eV for CF4, and, with the scintillator 
able to provide a residual energy signal, the stopping 
power of the gas can be largely disregarded. 

DEVICE TESTING 
Initially testing of the scintillator and APD will be con-

ducted independently of the gas IC to investigate the 
radiation hardness of the scintillator for heavy ions and 
optimize the output signal of the APD with respect to 
energy resolution and signal to noise ratio. For simplicity 
these initial tests will use a scintillator with an area equiv-
alent to the active area of the APD, 10x10 mm2. This 
scintillator – APD configuration will also be the first used 
in the full detector assembly with the gas IC. In operation, 
fully intercepting larger emittance secondary RIBs from 
in-flight production may become problematic due to this 
relatively small size. In these cases collimators may be 
used to constrain the beam size into the gas portion of the 
detector, or in the future a larger scintillator may be in-

stalled. A larger scintillator will in turn require a light 
guide or a larger photoelectric device in which case a PIN 
photodiode would likely be used. Once a production 
model of the IC is finalized it will be fabricated and as-
sembled to test as well. The IC will initially be tested in a 
fixed position while the insertion mechanism and vacuum 
chambers are developed. 

SUMMARY 
Optimizing ATLAS for the delivery of radioactive ion 

beams requires a detector capable of distinguishing a low 
intensity species of interest from a high intensity back-
ground. The combination of a gas ionization chamber and 
scintillator will enable incident ion rates of >105 ions per 
second, will be compact, will have energy resolutions 
<5%, will identify species by both A and Z, and will have 
the flexibility to operate with wide mass and energy rang-
es. GSO:Ce was selected as the best scintillator candidate 
material largely due to its high radiation hardness, fast 
response time, good resolution, and high light yield. The 
scintillator will be coupled to an APD, but the relatively 
small size of the APD may limit the overall detector per-
formance. The high electron drift velocity in CF4 make it 
the best counting gas candidate, but Ar may be added to 
maintain this high velocity at lower pressure normalized 
electric fields. 

REFERENCES 
[1] Kimura et al., “High-rate Particle Identification of 

High-energy Heavy Ions Using a Tilted Electrode 
Gas Ionization Chamber”, NIM A 538, 608-614 
(2005). 

[2] Chae et al., “Construction of a Fast Ionization Cham-
ber for High-rate Particle Identification”, NIM A 
751, 6-10 (2014).  

[3] Avdeichikov et al., “Light Output and Energy Reso-
lution of CSI, YAG, GSO, BGO, and LSO Scintilla-
tors for Light Ions”, NIM A 349, 216-224 (1994). 

[4] Kobayashi et al., “Radiation Hardness of Cerium-
doped Gadolinium Silicate GD2SiO3:Ce Against 
High Energy Protons, Fast and Thermal Neutrons”, 
NIM A 330, 115-120 (1993). 

[5] Christophorou et al., “Fast Gas Mixtures for Gas-
filled Particle Detectors”, NIM 163, 141-149 (1979). 

Proceedings of HIAT2015, Yokohama, Japan MOPA29

Accelerator Systems and Components

ISBN 978-3-95450-131-1

109 C
op

yr
ig

ht
©

20
16

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s


