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Abstract 
As part of a project to study the reaction kinetics in catalysts, a detector system has been designed and built. The detector 

will measure in one dimension the activity distribution of positron emitters in catalyst reactors under operational conditions 

as a function of time. The detector consists of two arrays of ten BGO crystals each and has the flexibility to measure with 
high sensitivity the activity profile in various reactor sizes; the position resolution that can be reached is 3 mm. 

1. Introduction 

Catalyzed reactions are usually studied by measuring 
the product flow composition as a function of various 
reaction parameters such as temperature, time and the inlet 

reactant concentrations. Unfortunately, measuring the 
chemical nature and concentrations of reaction products 
only provides indirect information about the reaction rates 

of the chemical processes on the catalyst. Tracer tech- 
niques are particularly well suited to obtain more detailed 
information about the kinetics of the reactions. In order to 

measure the reaction intermediates directly on a catalyst 
surface under realistic operating conditions, an in situ 
technique with tracer detection outside the reactor is re- 
quired. For research on catalysts, positron emitters form a 

very suitable class of tracers: the availability of positron- 

emitting isotopes of C (“C, t,,, = 20.4 min), N (13N, 
ti,* = 10.0 min) and 0 (150, t,,, = 2.0 min) allows label- 

ing of many reactant molecules and the energy of the two 
511 keV photons created with the annihilation of the 

positron is high enough to penetrate the reactor wall and a 
furnace which is usually placed around the reactor. The 
positron emitters “C, 13N and 150 are chemically indistin- 
guishable from their naturally most abundant isotopes and 
their short half-lives give high specific activities, which 
implies that only very small quantities of labeled molecules 
have to be injected. 

Generally kinetic studies with tracer techniques are 
based on adding a pulse of a labeled reactant to a system 
which is in a steady state (no change of reactant and 
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product concentrations): the amount of the label in the 

different chemical species will rise and drop with some 

characteristic time constant. A disadvantage of positron 
emitters is the fundamental impossibility to discriminate 

between positrons emitted from different chemical species; 
therefore the reaction processes will have to be modeled. 
The achievable accuracy for extraction of the reaction rates 

form the experimental data by modeling will strongly 
depend on prior knowledge of reaction steps and estimates 
of reaction rate constants. The model can be validated by 

comparison of the results with results obtained by chemi- 
cal analysis of samples taken from the reactor outlet flow. 

Tracer kinetic techniques with positron emitters are 
already used extensively in Positron Emission Tomogra- 
phy (PET) for medical applications [l]. In several pilot 

experiments done with a PET camera normally used for 

patient studies, it has been shown [2,3] that positron emit- 
ters can be used to study reaction kinetics in catalysts. An 

important result of these pilot experiments is that reaction 
kinetic data for realistic catalyst process conditions can be 
modeled with reaction parameters determined under typi- 
cal surface science conditions [3]. In continuation of that 
work, the Departments of Technical Physics and Chemical 
Engineering of the Eindhoven University of Technology 
have started a project for the study of catalysts with 
positron emitters, which includes the construction of a 

set-up for positron emitter production and labeling and of a 
new detector system. 

As catalytic reactors can mostly be considered as one- 
dimensional systems (the concentration gradients in radial 
direction can be neglected compared to those in axial 
direction), there is no need for an expensive (three-dimen- 
sionally imaging) and patient-tailored PET camera and 
measurement of a concentration profile along the catalytic 
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reactor will suffice. A detector for this Positron Emission 
Profiling (PEP) technique only needs to measure the activ- 
ity distribution in one dimension. In this paper the isotope 

production and labeling set-up as well as the detector built 
for measuring the activity profiles will be described. 

2. The production and labeling site 

The first reactions that will be studied with the Positron 
Emission Profiling technique are the isomerization of n- 

hexane over zeolite catalysts and the oxidation of CO in 
automotive exhaust catalysts. Both reactions involve the 

use of “C as positron emitting isotope. At a later stage 
catalyst reactions with 13N and I50 and possibly other 
positron emitters will be studied. “C is produced with the 

Eindhoven 30 MeV AVF cyclotron by irradiation of 

99.999% pure N, gas under 4 bar with 12 MeV protons. 

For this production a new beam line was added to the 
existing beam guidance system. The ’ 'C is produced mostly 
in the form of “CO, and can be converted into “CO with 
a zinc furnace operated at 380°C. The “CO or i ‘CO, is 
transported from the concrete production vault to a radio- 

chemical laboratory by a 35 m long teflon pipe with 

helium as carrier gas. The whole set-up is remotely con- 
trolled and can also be used for the production of other 
positron emitters. 

“C-labeled n-hexane is produced with the catalytic 
Fischer-Tropsch process [4,5]. The “CO is adsorbed at 
325°C on a ruthenium catalyst promoted with vanadium 
[5]; after adsorption of the “CO the catalyst is cooled 
down to 120°C and 1-pentene is adsorbed. The maximum 
product selectivity for labeled n-hexane after hydrogena- 

tion at 120°C is 15%; the n-hexane is separated from other 

products by gas chromatography. 
At this moment the radiochemical yields for both “CO 

and “C-labeled n-hexane are high enough to be able to 
inject 1 MBq of activity into the reactor which is to be 

studied with the PEP technique. A remotely controlled 
system for efficient collection and injection of the labeled 
reactant has been designed and is presently under construc- 
tion. For both the zeolite catalyst and the automotive 

exhaust catalyst suitable reaction parameters and reaction 
models are being studied. 

3. The detector 

3.1. Design considerations 

The detection system was designed to reconstruct the 
position of the positron emitting isotopes in one dimension 
by coincident detection of the two photons emitted in 
opposite directions upon annihilation of the positron. Aim 
of the design was a detector which would have the flexibil- 

ity to measure the activity profile as a function of time in a 
broad variety of laboratory size reactors. Emphasis was put 
on high sensitivity for detection of the annihilation photons 
so that only small amounts of labeled molecules will 
suffice to measure the activity profile, which imposes only 

mild restrictions on radiochemical yields and the timescale 

required for the labeling process. The ability to measure an 
activity profile in catalysts with small bed sizes (typically 

a few cm for small reactors), implies that a position 

resolution of a few mm should be reached. This is close to 
the limit imposed by the range of the positron before 
annihilation (e.g. for “C the maximum range of an emitted 

positron is 1.8 mm in silica). A complicating factor is 
Compton scattering in the catalyst and surrounding materi- 
als such as a stainless steel reactor wall and an aluminium 
furnace. As Compton scattering alters the direction of the 

photons a proper reconstruction is prevented, so energy 
selection of the photons is desirable. 

Timing information about the catalytic processes can be 

obtained by collecting data during a fixed sampling time. 
A minimum sampling time of 1 s has been chosen which is 

considered to be long enough to obtain sufficient coinci- 
dences for a reliable measurement and short enough to 
obtain sufficient information on a timescale relevant for 

the expected reaction rates and for the use of positron 
emitters with short half-lives (especially 150). 

The requirement for high sensitivity and energy selec- 

tion makes multiwire proportional chambers less suited, 
although they have been successfully used for nonmedical 
applications of positron emitters [6]. A compact design 
needed to achieve the required position resolution and a 
high sensitivity can only be reached with scintillators. The 

highest sensitivity is reached with BGO (Bi,Ge,O,,f which 

unfortunately has a relatively low light yield [7], limiting 
the energy resolution and thus the energy selection capabil- 

ities. In order to achieve the desired position resolution of 
a few mm together with energy selection capability, the 
detector is made up of BGO crystals individually coupled 

to photomultipliers. During the design phase Monte Carlo 
simulations with the EGS4 code [8] have been performed 
to find an optimal detector configuration and size. 

3.2. Detector set-up 

The detector consists of two arrays of ten independent 

detection elements each; the catalytic reactor is placed 
horizontally between the upper and the lower array. Each 
detection element contains a BGO crystal coupled to a 
photomultiplier. The crystals have a rectangular shape: the 
width in the direction of the axial reactor flow is 5 mm, the 
length perpendicular to the reactor is 100 mm and the 
thickness is 20 mm (the absorption length for annihilation 
photons in BGO is 11 mm). This crystal size has been 
chosen for reasons of sensitivity, position resolution and 
photomultiplier size. To improve light collection all crystal 
faces are polished and wrapped in Millipore and alu- 
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Table I 
Parameters of the PEP detection system 

Minimum detector length (closest packing) 62 mm 
Maximum detector length 500 mm 
Minimum distance between the detector arrays 70 mm 

Maximum distance between the detector arrays 635 mm 

Average energy resolution for 5 11 keV photons 28% FWHM 

Average timing resolution 20 ns FWHM 

Minimum sampling time 1s 

minized Mylar foil. Additional wrapping with black PVC- 

tape is used to seal the crystals from light from the 
surroundings. The photomultiplier is of slit shape design 

(Hamamatsu R2937) with a 20 X 5 mm’ photocathode and 
is coupled to one of the two smallest crystal faces. The 
small width of the photomultiplier (about 7.5 mm) allows 
for close packing of the detection elements by positioning 
the photomultiplier alternately on one of the two smallest 

crystal faces. 
The 20 detection elements can be individually posi- 

tioned along the reactor in a detector frame. This allows 

adjustment of the detector configuration to different reac- 

tor lengths and permits the installation of collimators or an 
extension of the number of detection elements. Also the 

distance between the two arrays can be varied (Table 1) to 
allow for large furnaces (with heat isolation material to 
prevent the BGO crystals from heating up) and possible 
septa. Sampling with the detector is stationary. With two 
arrays of 10 detection elements there are 19 fixed sampling 
positions: 10 between opposite detection elements and 9 

between a detection element and one adjacent to the 

opposite element. 

3.3. Electronics and data acquisition 

For each detection element the photomultiplier anode 
signal is fed into a home-built preamplifier. This preampli- 

fier generates two output signals: an energy signal with 
height proportional to the integrated charge from the pho- 

tomultiplier for the slow branch of the electronics circuit 
and a filtered timing signal with a steep slope (rise time 
- 40 ns) for the fast branch (Fig. 1). The timing signals 

are fed into level discriminators (Philips 705); discrimina- 

tor pulses from the detection elements of one array are 
accumulated (logic OR) and tested on coincidence with the 
other array (logic AND) (Philips 755). The energy signals 

are amplified, shaped (shaping time 0.5 ps) and selected 
on energy with SCAs (Single-Channel Analyzers) (Ortec 

590A). 
The SCA-pulses are fed into a home-built 20-channel 

gated buffer (bit-box) which is gated by a coincidence 

trigger from the timing branch (Fig. 1). At each trigger the 

20 SCA connections are read out and their values are 
written into a bitword. To eliminate dead time the bitwords 

are acquired alternately in one of two local memories: one 
memory is measuring, while from the other the data are 
copied to a VME memory for storage and processing. Data 
processing implies event sorting, reconstruction of the 

activity profile from the number of events per combination 
of detection elements and on-line monitoring on a graphic 
display. The switching rate between the two memories is 
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Fig. 1. Scheme of the detector electronics (PMT: photomultiplier tube; PRE AMP: preamplifier; DISC: discriminator: OR: logic OR; AND: 
logic AND: AMP: amplifier; SCA: single-channel analyzer). 
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Fig. 2. Coincident event rate for a 1 mm diameter ‘2Na point 

source moved through the detector (closest packing of the detec- 

tion elements). The source was centred between the two detector 

arrays; only events with an energy between 375 and 700 keV were 

selected. Peaks 1 and 3 result from opposite detection element 

pairs; peak 2 results from a detection element and the one adjacent 

to the opposite element. 

only determined by the sampling time; at present the 
minimum sampling time is limited to 1 s due to the time 
required for data processing. Measured data are written 

onto a PC-disk and contain the number of events per 
combination of detection elements during each sampiing 
time; this allows new and further processing of the data at 

a later stage. The data acquisition system is based on the 
standard VME-based system of the Physics Department 

t91. 

3.4. Test results 

The energy resolution of the detection elements for 

annihilation photons varies between 24 and 30% FWHM. 
Monte Carlo simulations for the light transport have shown 
that this resolution is mostly determined by the BGO light 
yield and the non-uniform sensitivity of the photomulti- 
plier photocathode. The measured timing resolution for 
two individual detection elements is 20 ns FWHM on 
average. The position resolution for a pair of opposite 

detection elements was measured with a 22Na point source; 
with the closest packing of the detection elements the 
resolution for two opposite detection elements is 3.0 mm 

FWHM and for a detection element and the one adjacent 
to the opposite element 3.3 mm FWHM (Fig. 2). The 
difference is due to the spacing between individual crystals 
caused by the crystal wrapping. Because of energy selec- 
tion the resolution is not influenced by Compton scattering 
in adjacent detection elements. The sensitivity of the detec- 
tor will depend on the catalyst reactor size and form and 
the detector configuration; for the closest packing of the 
detector an activity injection of about 1 MBq will give 

sufficient statistics to measure with a sampling time of 1 s. 
Future tests of the detector will concern the maximum 

allowable count rates and the influence of the energy 
selection on the reconstruction of the activity profile for 

different catalyst reactor sizes and forms. 

4. Conclusions 

A flexible detector has been designed and built to 

measure positron emission profiles in various kinds of 

catalyst reactors at much lower costs than a medical PET 
camera. The position resolution that can be reached in 
axial direction is 3 mm. At present the detector consists of 

two arrays of ten detection elements each, but the flexible 
design allows for an increase of the number of detection 
elements and a possible incorporation of collimators or 

septa. Simultaneously the synthesis of labeled compounds 

such as “C-labeled n-hexane has been successfully devel- 
oped which will allow in situ positron emission profiling 

measurements with catalysts in the near future. 
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