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Argonne National Laboratory, Argonne, IL 60439 USA 

ABSTRACT 

The principles involved in gas detectors for neutrons and the techniques for position 

encoding in such detectors are reviewed. This forms the basis for a discussion of the 

limitations on gas detector position resolution and maximum data rates, and of the aging 

effects in such detectors. Current capabilities and possible areas for improvement are 

noted. 

INTRODUCTION 

Gas proportional counters have many significant advantages that have contributed to 

their widespread use for neutron scattering at reactors and at pulsed neutron sources. These 

advantages include extremely low intrinsic background, excellent discrimination against 

gamma rays and fast neutrons, wide dynamic range, and commercial availability. The 

books by Knoll,* Kleinknecht? and Le03 provide excellent discussions of the fundamental 

processes involved in gas proportional counters, along with detailed analyses of these 

processes. The use of gas-proportional-counters as position-sensitive detectors (PSDs) for 

the detection of slow neutrons has become widespread. An excellent review of PSD 

principles has been provided by Convert and Forsyth,4 and recent surveys576 present a fairly 

complete picture of PSDs currently in operation or under development. 

* Work supported by U.S. Department of Energy, BES, contract No. W-31-109-ENG-38. 
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The high fluxes available at next-generation neutron sources will be used to generate 

higher resolution and/or higher data rates. Thus the position resolution and the maximum 

instantaneous data rate capabilities of gas detectors are of particular importance. The 

higher neutron fluxes will also adversely affect the aging of such detectors, requiring more 

frequent refurbishment of the detector components. Resolution, data rate, and aging are the 

focus of this paper. 

NEUTRON DETECTION 

Neutrons must be made to produce charged particles if they are to be detected. 

Several isotopes have high absorption cross-sections for thermal neutrons, leading to 

nuclear reactions with the prompt release of charged particles. Of these, only 3He and *OB 

are available in useful gaseous forms for detectors (as 3He or 10BF3 gases). This paper 

focuses on the 3He reaction, which is the one most commonly used. The cross-section for 

the 3He(n,p) reaction is 

112 

(1) 
G = 5 3 3 3 ( 4  25.3 , 

where E is the neutron energy in meV and G is in barns.7 

Figure 1 shows schematically the process of neutron detection in a 3He gas 

proportional counter. The 3He(n,p) reaction produces a proton with 0.573 MeV of kinetic 

energy and a 3H ion (triton) with 0.191 MeV of kinetic energy. The proton and triton rush 

apart in opposite directions with their paths randomly oriented about the site of the 

absorption event. They dissipate their energy by ionizing the gas molecules, leaving in 

their wakes clouds of primary electrons and positive ions. 

The primary electrons drift rapidly toward the anode and the positive ions drift 

slowly (because of their greater mass) toward the cathode. Both suffer frequent collisions 
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with the molecules of the gas. Most detectors are operated in the proportional mode, with 

the electric field near the anode sufficiently large to accelerate an electron to the energy 

required to ionize a gas molecule. The secondary electrons resulting from such ionizations 

also drift toward the anode, so a gas multiplication of the total charge occurs, leading to a 

charge avalanche at the anode. Increasing the applied voltage increases this gas 

multiplication. The signal, proportional to the total charge deposited in the multiplication 

process, appears as an electrical pulse on the anode. There is also a corresponding induced 

pulse on other electrodes in the detector. 

The center of electron charge in these primary ionizations is displaced from the 

position of the absorption event by an amount AxpO.33 R, along the direction of the 

proton path, where R, is the proton range.8 The fwhm intrinsic spatial resolution Axg of 

the detector fill gas is given by the fwhm of the angular average of the projection of this 

charge centroid displacement, or roughly 

Axm z 1.4AxC 2 0.46RP 3He(n,p) reaction (2) 

Protons have long ranges in 3He, so a stopping gas must be added. Table I shows 

approximate ranges R, for the 0.573 MeV proton in a number of gases.6 Ranges vary 

inversely with the pressure of the gas. 

The intrinsic gas resolution Axs of Eq. (2) provides a fundamental limit on the spatial 

resolution of a gas detector. Because of the long drift time of the ions in a gas detector 

(typically a few ms), both the position resolution and the pulse-height spectrum of such a 

detector can be severely degraded at high data rates due to the build up of a space charge in 

the detector. This effect is much more pronounced if the gas multiplication is large. These 

space charge effects provide a fundamental limit on the maximum instantaneous data rates 

at which a gas detector can be used. 
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POSITION ENCODING 

The most straightforward way to make a PSD is to arrange a number of discrete 

detectors in an array, as shown in Fig. 2a. If each detector has its own signal-processing 

electronics, then the spatial location of the neutron giving rise to a signal is immediately 

identified as being within the volume of the corresponding detector. Such detector arrays 

are in use on many neutron scattering instruments. The multi-wire proportional counter 

(MWPC) shown in Fig. 2b is a natural extension of the discrete-gas-detector array. In this 

case, multiple electrodes are enclosed within a single gas chamber, so there are no internal 

walls and the individual detector elements are contiguous with no dead space between 

them. The individual detector elements can be quite small, so good spatial resolution is 

possible. One or both of the cathode planes can be separated into individual strips or 

wires, as indicated in Fig. 2b, with two orthogonal sets of electrodes being used for two- 

dimensional encoding. 

The charge induced on multi-wire cathodes from each neutron-detection event is 

usually distributed over several of the cathode strips, as indicated in Fig. 2b. In this case, it 

is possible to locate the centroid of the charge-producing event in the direction parallel to 

the anode wires with a precision many times smaller than the spacing between the 

individual cathode elements. The charge avalanche usually occurs near a single anode 

wire, so the resolution cannot be better than the anode spacing in the direction 

perpendicular to the anode wires. 

The multiple electrodes in a MWPC are sometimes connected internally with 

resistance elements, as indicated in Fig. 3a. The charge from the event then divides 

according to the resistive network, and the position centroid in this charge-division method 

is obtained by measuring the charge at the two ends. Alternatively, use can be made of the 

intrinsic resistance and capacitance of a single electrode, with similar charge-division 
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occurring. There is also a difference in the rates at which the charge is accumulated at the 

two ends of the network, and with suitable pulse-shaping and timing circuits this difference 

in rates can be used to identify the position of the centroid of the original charge- 

deposition. This technique is referred to as rise-time encoding. A number of successful 

proportional counter PSDs for neutrons have been based on either charge-division or rise- 

time encoding, using signals from the cathodes or anodes or both. 

The rise-time and charge-division encoding schemes have the advantage of 

simplicity and the associated large saving in cost, since only two leads must be brought out 

of the detector for each encoded direction. However because of the extensive signal 

processing required, problems associated with dead-time or with position encoding errors 

resulting from pulse pile-up usually limit these techniques to relatively low data rate 

applications. Significant nonlinearities can occur in some of these types of network 

encoding unless the external electronics are carefully impedance-matched to the detector 

network. Considerable care must also be taken to optimize the preamplifiers and pulse- 

shaping electronics in order to maximize the signalhoise ratio to achieve the best possible 

position resolution, and even then the signal processing electronics are usually the factor 

which limits the resolution achievable. 

A multi-node convolution technique9 for centroid location combines some of the 

features of charge-division encoding with those of MWPCs. In this method, illustrated in 

Fig. 3b, the readout cathode wires or strips are interconnected by a chain of resistors as in 

the charge-division case, but this resistive chain is subdivided by a number of nodes with 

several cathode strips between each node. Preamplifiers are connected to nodes in this 

chain, and for each event the centroid of the charge collected at the nodes is determined by 

a fast convolution technique. Between nodes this looks like a standard charge-division 

network, but since the distance between nodes is only a small fraction of the total length of 
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the detector, better position resolution is obtained for the same signallnoise ratio. Thus the 

detector can operate at low gas multiplication and still provide very good spatial resolution. 

More signals must be brought out through the detector high-pressure housing, but the 

number is still below the number required for full MWPC operation. 

The development of microstrip gas counters (MSGCs) should lead to neutron 

detectors with better spatial resolution and higher counting rates.'O In MSGCs, 

photolithography is used to produce alternating anodes (of the order of 10 pm wide) and 

cathodes (of the order of 100 ym wide) as strips on a solid non-conducting or semi- 

conducting substrate. This geometry is shown schematically in Fig. 4. The anodes are 

operated at a small positive potential (typically a few hundred volts) relative to the adjacent 

cathodes, and because the electrodes are so small even this small potential can result in 

electric fields large enough to provide gas multiplication. Most of the positive ions 

produced in the avalanche drift only as far as the cathode strips, a distance of the order of 

100 pm or less, rather than the entire distance from the anode to the drift cathode which is 

typically several mm. This results in a reduction of 1-2 orders of magnitude in the positive 

ion drift times, and hence in space-charge buildup, and so allows much higher counting 

rates. This microstrip geometry is also relatively inexpensive to fabricate. The pulses can 

be read out individually from each electrode strip, or groups of strips can be resistively 

coupled and the position read out by charge-division or rise-time encoding methods, or by 

the multi-node convolution approach. A number of problems with MSGCs have yet to be 

completely overcome. These include substrate charging, time-dependence of the substrate 

electrical properties, erosion of the electrodes, and aging. However, MSGCs are attractive 

for a wide variety of x-ray and particle detection applications in addition to their use for 

neutrons, so large-scale development efforts to solve these problems are underway.1 
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DETECTOR RESOLUTION 

The fundamental spatial resolution limit comes from the intrinsic gas resolution Axg 

(Eq. 2). This number can be minimized by using stopping gases such as C3H8 or CF, that 

have the best stopping power, and by increasing the pressure of the gas mixture. In charge- 

division or rise-time encoding schemes, the electronic noise associated with the 

preamplifier and the detector capacitance and resistance is often the dominant contribution 

to resolution. This typically limits the resolution to about 1% of the total distance being 

encoded with a given electrode. Some improvements can be made by operating at higher 

voltage to improve signahoise, and by optimizing the time constants of the shaping 

amplifiers, which act as band-pass filters for this noise. Centroid-finding can be used in 

the direction parallel to the anode wires, giving resolutions much better than the cathode 

wire spacing. In MWPCs as well as in the rise-time and charge-division encoded detectors, 

the resolution normal to the anode wires can be no better than the spacing of these wires. 

However, in the MSGCs the spacing between anode strips is typically -100 pm, so the 

initial charge cloud from a single neutron absorption should reach several of these anode 

strips. With centroid-finding the resolution normal to the anode strips can then be much 

better than the anode or cathode strip spacing, although it is still limited by the intrinsic gas 

resolution for neutrons. 

Probably the best resolution to date from large area wire-electrode neutron detectors 

is that achieved by Radeka and others at Brookhaven National Laboratory.12 Resolutions 

of 1.3-2 m fwhm in both dimensions have been consistently achieved on detectors as 

large as 500x500 mm2, by using 3He with C3H8 as a stopping gas at relatively high 

pressures and by using the multi-node convolution technique. 



DATA RATES 

In the rise-time or charge-division methods of encoding, relatively long time 

constants (5-10 ps) are typically used for the shaping amplifiers in order to collect most of 

the charge and to ensure encoding linearity. This limits such detectors to quite low 

instantaneous data rates (<le s-l over the whole detector) in order to avoid pulse overlap 

and the resulting position misencoding. However, encoding linearity can be achieved with 

much shorter shaping time constants, by paying proper attention to electrode impedance 

matching. Preliminary experiments indicate that shaping times can be reduced to below 1 

ps for a detector having an intrinsic RC time of -1 ms, without significantly affecting the 

linearity or resolution,l3 so this approach may be able to increase the usable instantaneous 

data rates with such detectors by nearly an order of magnitude. 

In the MWPCs, the individual wires are read out independently, so the signal 

processing can be quite fast. The ultimate instantaneous data rate at which such detectors 

can be used is then determined by the space charge effects. Space charge effects can be 

minimized by operating at a low gas multiplication to minimize the amount of charge per 

event, or by decreasing the distance over which the positive ions must drift before they are 

collected. The latter approach is provided by the MSGCs, where large increases in the 

usable data rate (>lo6 mm-2.s-*) have been achieved.14 (Rates this high have not yet been 

demonstrated for neutron detectors, however.) The use of low gas multiplication is 

frequently at odds with the requirements to achieve good spatial resolution. However, the 

convolution technique provides high resolution (- 1.3-2 mm) at gas multiplication factors 

as low as 20-30, permitting operation of such detectors at relatively high instantaneous data 

rates (up to 105-106 s-1 over the entire detector ).I2715 
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DETECTOR AGING 

As gas detectors are operated in higher and higher neutron fluxes, the issue of the 

lifetime of the detector becomes more important. A quick calculation shows that the 

depletion of the absorbing nuclei by the absorption reactions has negligible effect. 

However, the ionized gases which are formed near the anode during the gas multiplication 

process can be highly reactive chemically. These ions can react directly with the anode, or 

can react with one another to form a coating on the anode. In either case, the electric field 

is changed significantly in this region, causing the detector to exhibit a dead spot or other 

abnormal behavior at this location. This general process is referred to as aging of the 

electrode, and has been studied extensively by Kad~k.169'~ Most aging results from very 

small concentrations of impurities in the gas, which can arise from initial contamination or 

outgassing of detector structural components. However, reactions involving the stopping 

gases such as CF, can also play a role.17 Once this aging process has degraded the detector 

operation, the only solution is to replace the anode wires. The use of lower gas 

multiplication reduces the number of ions formed, and so helps to minimize aging effects. 

Recirculation of the detector gas through an active filter to trap impurities also leads to 

much longer detector lifetimes. Neutron detector lifetimes of several years in high-data- 

rate applications have been achieved by careful use of both of these techniques.12 
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TABLE I - Ranges of 0.573 MeV protons in gases at 1 atm and 20°C 

Material proton range Material proton range 

He 
Ar 
Xe 
co2 

58 mm 
11.2 
6.7 
6.7 

10.3 mm 
3.6 
4.2 
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FIGURE CAPTIONS 

Figure 1. Schematic representation of the detection process in a 3He gas proportional 

detector for neutrons. The anode is surrounded by a mixture of 3He and a 

stopping gas. The cathode may be the wall of the gas container, or it may be 

immersed in the gas as well. 

Figure 2. (a) Array of discrete detectors. (b) MWPC, showing the similarities with the 

discrete array. The bottom cathode plane is shown segmented into strips, 

allowing encoding in the dimension parallel to the anode wires as well. The 

pulses induced on these cathode strips are indicated schematically. 

Figure 3. Resistive network encoding to find the induced charge centroid. a) Charge- 

division or rise-time encoding. Signals are compared at the two ends of the 

network. b) Convolution encoding. Signals from the preamplifiers at each 

node are convoluted with a filter. 

Figure 4. Schematic representation of a microstrip gas detector. Charges on the cathode 

or anode strips encode the X spatial coordinate. Charges induced on the rear 

strips, orthogonal to the microstrip anodes and cathodes, allow the Y spatial 

coordinate to be encoded as well. 
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