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Abstract6

The Facility for Rare Isotope Beams (FRIB) is one of the premier scientific
user facilities for nuclear science with radioactive beams, capable of produc-
ing most (approximately 80%) of the isotopes expected to exist, from oxygen
to uranium, at energies up to 200 MeV/u. With the increase in beam power
from the present 10kW to the planned 400kW, FRIB experiments are about
to enter a new era. An unprecedented rate capability as well as stable perfor-
mance of all the planned instrumentation intended for beam diagnostics and
beam tuning is required at the expected high beam intensities (>1 MHz). A
summary of aging phenomena at high heavy-ion beam rates observed in the
Advanced Rare Isotope Separator (ARIS) detectors for beam diagnostics, in-
cluding Parallel Plate Avalanche Counters (PPAC) and plastic scintillation
for time-of-flight measurements, is discussed. Current research and develop-
ment project to mitigate rate-induced aging are presented.
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1. Introduction10

The Facility for Rare Isotope Beams (FRIB) [1] is a newly established11

national user facility funded by the Department of Energy (DOE), Office of12

Nuclear Physics (NP), that serves the scientific community by providing rare13

isotope beams for low-energy nuclear physics experiments.14

Beam diagnostics and detectors for particle identification are used in the15

fragment separator (ARIS [2]) and in various beam lines at FRIB [3] to16
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assist in beam tuning before and during experiments. This enables the char-17

acterization of beam properties and transmission efficiency, provides event-18

by-event tracking and timing information for physics analysis, and facilitates19

stable long-term operation and appropriate machine protection. For instance,20

event-by-event particle position and angle measurements are performed using21

Parallel Plate Avalanche counters (PPAC) [4, 5, 6, 7].22

The high beam intensities, up to 1 MHz, and the characteristics of the23

beam (from 18O up to 238U, often with tens of different isotopes simultane-24

ously transported, with a typical energy of 200 MeV/u) pose strong demands25

on the performance and stability of diagnostics and detectors. Fast aging of26

thin electrode foils and other detector components, caused by high absorbed27

dose and beam rate-related secondary effects, has been observed in standard28

detector configurations at the present beam power of 10 kW. As a result of29

these effects, future plans to increase beam power to 400 kW within a few30

years are of concern in term of diagnostics performance [8].31

This work describes a systematic study of the aging effects on different de-32

tector components caused by heavy-ion beams, mostly focusing on delay-line33

PPAC [9] used for tracking. Mitigation and further development projects for34

more robust devices in high-rate applications, radiation resistant materials,35

and better fabrication technologies are also presented.36

2. Aging effects in PPACs37

2.1. PPAC construction: material and design38

Position-sensitive PPAC is a well-established and old detector technology39

that has been used extensively as a heavy-ion beam tracking system [9].40

The design, fabrication procedure, and materials used for the construction41

of the present PPAC detectors at FRIB were developed during the era of the42

National Superconducting Cyclotron Laboratory (NSCL) [10]. The major43

difference between the NSCL and the FRIB PPACs is the readout scheme44

- the latter uses the delay-line method, which allows a rate capability two45

orders of magnitude larger than the resistive chain system implemented in46

the NSCL PPAC. The inner electrodes of the PPAC, consisting of a central47

cathode and two lateral anode foils, are made of stretched polypropylene48

(0.75µm thick). The foils are then coated with thin (150 nm) metal (gold49

or aluminum) layer using an electron-beam evaporator system. The external50

anode foils are segmented into strips characterized by a pitch of about 0.0551

inch (1.27 mm) - one foil with strips along the vertical direction, and the other52
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foil along the horizontal direction, to achieve position sensitivity. PPACs at53

FRIB are either operated in Isobutane (iC4H10) or Octafluoropropane (C3F8)54

at a pressure range 7-12 Torr. With the two external pressure windows made55

of aluminized Mylar (6 µm thick), the equivalent aluminum thickness for56

each PPAC is 9.0 µm.57

2.2. Problems observed at high rate58

Significant aging effects on the FRIB PPAC electrode foils were observed59

at high beam rates (>500 kHz/cm2). As the electrodes gradually deteriorate,60

detection efficiency gradually declines.61

Figure 1: Comparison between detection efficiency of a thin (150 µm thick) plastic scintil-
lator (blue graph) and a PPAC detector (black graph), irradiated with 42S beam at about
90 MeV/u energy for several days. The beam rate exceeded 700 kpps and the detector.

Fig. 1 shows a comparison of detection efficiency measured on a thin62

(150 µm thick) plastic scintillator and a PPAC detector, both irradiated for63

several days with a 42S beam, at an energy of about 90 MeV/u and a rate64

exceeding 700 kpps over a small area (about 1 cm2). The detection efficiencies65

are displayed as a function of the cumulative counts of events recorded by66

the detectors at the focal plane of the S800 spectrometer. It should be67

noted that the total number of events in the S800 focal plane is only a tiny68

fraction of the total number of beam particles traversing the PPAC and the69
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plastic scintillator. Partial detection efficiency was achieved by increasing the70

voltage bias on the PPAC anode, at the expense of a higher probability of71

sporadic energetic discharges that may cause rupture of the fragile electrode72

foils. For the above reasons, it is necessary to replace the electrode foils73

frequently to maintain the detector’s full performance.74

Figure 2: Schematic description of the aging effects causing PPAC performance to dete-
riorate over time due to: a) loss of mechanical properties in the polymer substrate, b)
demetallization of the electrode due to ion back streaming, and c) violent streamer dis-
charges.

We have identified three potential processes that might contribute to75

the degradation of detector components, each having its own unique impact76

under different operational conditions. They are schematically illustrated in77

Fig. 2.78

The first process (Fig.2a) is responsible for the progressive degradation of79

the mechanical properties of the polymer (polypropylene) used as the elec-80

trode substrate. Several studies have demonstrated that in polypropylene, as81

well as a large variety of polymers generally, highly absorbed doses improve82
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tensile strength while making them more brittle [11, 12] and more susceptible83

to rupture in case of discharges. These effects are driven by long polymer84

chain scissioning and free radical generation, leading to increased ultimate85

strength, decreasing maximum elongation and increasing Rockwell hardness86

[13, 14]. The loss of elasticity and the increase of brittleness make them87

prone to rupture when stimulated by mechanical vibrations (movement of88

the detector in and out of the beam) or during sporadic electric discharges.89

In the second mechanism (Fig.2b), intense streams of ions are produced90

during the gas avalanche multiplication and flow towards the cathode elec-91

trode. The impact of ions on the electrode leads to a progressive demetal-92

lization of the foil [15, 16]. The process is essentially similar to that used93

in the Ion Beam Etching (IBE) technique [17]. The process of IBE involves94

the slow erosion of a surface caused by the bombardment of high-energy ions95

over time. As the process is entirely mechanical, it involves the transfer of96

momentum between the impinging ions and the surface atoms so that the97

latter gain sufficient momentum directed away from the surface to produce98

a net material loss, also known as sputtering. IBE can cause the etching99

of non-reactive metals and noble metals, including Au, Pt, Pd and others.100

Clearly the effects are strongly correlated to the operational condition of the101

PPAC detector, including beam rate and gas gain.102

The third and final process (Fig.2c) that can damage the thin metal103

layer of the electrode, as well as the complete rupture of the electrode foil, is104

streamer discharges [18]. As in all gas avalanche detectors, the transition from105

proportional to streamer mode occurs once the accumulation of charge in the106

avalanche reaches a limit of 107-108 (Raether limit [19]). The consequence of107

a streamer discharge are twofold:108

1. An ions plasma at an extreme high temperature develops towards109

the cathode electrode (cathode-directed streamer). The impact of the110

streamer on the electrode surface can cause metal layer evaporation.111

2. Once the streamer is completely formed across the PPAC, the release112

of the energy accumulated in the detector occurs in the form of a vio-113

lent electric discharge. The electric discharge can, therefore, lead to a114

complete rupture of the electrode foil.115

Figure 3 illustrates a collection of different types of damage observed on116

the metal electrodes, resulted from the mechanisms described above. This117

includes gold-etching in the form of localized abrasion, circular or ring-shaped118

patterns (a); corrosion of aluminum surface (b); rupture due to discharges119
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Figure 3: Photographs showing examples of different types of damages (a few cm2 in size)
observed on the metal electrodes of PPACs.

(c); electrical tree-like discharge structures, generally spreading over large120

surface areas (d).121

3. Current projects to mitigate aging effect at high rate122

To mitigate the change of the mechanical properties of the polypropylene123

substrate at high absorbed dose, more radiation hard polymers have been124

considered [20]. Kapton is an excellent alternative for its mechanical and125

radiation-hardening properties. However, there is no commercially available126

ultra thin (<1 µm) kapton film at present, so a novel technique for stretching127

thick kapton sheet must be developed to keep the total thickness of the128

detector below the acceptable value.129

One of the main sources of PPAC performance loss over time is the etch-130

ing/abrasion of the thin metal layer on the cathode electrode, caused by131

the high-temperature streamer formed during streamer discharge. Alterna-132

tive metals to gold and aluminum, with higher melting points to mitigate133

evaporation, are likely to be tested as coatings for the cathode. These met-134

als include chromium, silver and carbon. Further research activities involve135

foil conditioning (e.g., with ultraviolet (UV) light) to improve the metal-136

polypropylene adhesion and the use of multi-metal layers (e.g. chromium137

before aluminum or silver) to improve mechanical stability.138

Another effective approach to reduce streamer-induced aging effects is139

the replacement of the uniform cathode foil with thin gold-plated tungsten140

wires, in a multi-wire proportional chamber configuration. Wires are gener-141

ally avoided in the development of heavy-ion transmission detectors, as they142
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induce an inhomogeneous response across the effective detector area [21]. A143

prototype is being developed by using a small diameter wire (12 µm) and a144

large pitch (1 mm), resulting in 98.8% optical transmission of the cathode145

wire, with minimal straggling induced on the beam. Wire-based PPAC will146

allow excellent timing properties and an improved long-term stability.147

In parallel, the development of an Anti Discharge Unit (ADU), similar to148

the one proposed by ref. [22], has been carried out. The operational prin-149

ciple of the ADU comprises of a signal separator connected to the electrode150

that detects large discharge currents. Large currents, above a fixed thresh-151

old, drive a uni-vibrator to activate a power MOS-FET that functions as a152

switch. Subsequently, the bias voltage on the cathode is forcibly grounded153

and discharge is suppressed. A prototype will be available for further tests154

shortly.155
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