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Abstract 

For a PEP study on the kinetics of the decomposition reaction of nitrous oxide (N20) a 

radiochemical and radionuclidic pure pulse of ( 5 0 }-N20 with a specific activity has been 

produced. The production of this tracer, starting with the bombardment of an UHP N2 target 

with a 400 nA beam of 7 Me V deuterons yielding radionuclidically pure 150 (t112 = 2.03 min.) 

by the 14N(d,n/50-reaction, is presented. About 9% ofthe 150 atoms is incorporated into N/50 

(87% 1500; 4% N1500; and 15000 was non detectable). Appropriate trapping, foliowed by 

selective adsorption on a zeolite provides recovery of radiochemically pure N/50 (>99.97%). 

Subsequentflash desorption gives a near Gaussian pulse (4 secs. FWHM) containing the [150]

N20 with a specific activity of 60 TBq/mol. The following reaction is proposed for the formation 

o.tN/50: !'5oool + N2 -7N/ 50. 
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Chapter 1: Introduetion 

In kinetic studies a chemica! reactor is usually operated under steady state conditions (i.e. no 

change of reactant and product concentrations). The catalyst is considered to be a black box and 

only entrance and exit concentrations are examined. Data obtained in this way contain only 

averaged information about the overall process. Although the kinetic behaviour of the overall 

reaction reflects the mechanism of the reaction, it cannot be used to deduce unambiguously the 

elementary reaction steps, since different sequences of elementary steps may give the same 

kinetic behaviour [LIN97]. In contrast to steady state experiments, application of transient 

techniques does give the opportunity to obtain such information. 

Transient techniques are based on perturbation of an experimental variabie such as the gas 

concentration (e.g. the introduetion of a tracer pulse) and recording of the response of the 

system that is operating under steady state conditions. Generally (radio )-isotopes of the reactants 

are applied as a tracer. (Radio )-isotopes offer the advantage that they are chemically 

indistinguishable from other isotopes of the same element. Radio-isotopes can be detected very 

efficiently, therefore only minute quantities need to be injected without distubing the steady 

state conditions. Positron emitters are particularly well suited tracers, since upon the 

annihilation of a positron, two 511 ke V photons are collinearly emitted in opposite directions, 

which enables spatial resolution (see next chapter). Moreover the 511 ke V energy of the 

photons is high enough to penetrate the reactor wall and furnace placed around the reactor. This 

allows observation of reactions in situ under process conditions. 

Tracer kinetic techniques with positron emitters are already used in Positron Emission 

Tomography (PET). PET is a non-invasive, three-dimensional, imaging technique used in 

nuclear medicine that is capable of in vivo mapping of the concentration of a positron-emitting 

radio-tracer. Vonkeman and co-workers [VON90] were the first to apply this technique for 

reaction kinetics in catalysis: using the PET facilities at the State University of Gent, Belgium, 

they studied automotive exhaust catalysts. In these experiments, the reactions of various 

positron eruitter labelled compounds (viz. [11C]-CO, [11C]-C02, [
13N]-N2, [

150]-02, [
150]-CO 

and [150]-C02) were studied. An important result of these studies was that transient data, 

obtained during PET experiments under realistic catalytic conditions, could be modelled using 

reaction parameters determined under typical surface science conditions. 
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Continuing from this work, a detector has been built at Eindhoven University of Technology 

that is specifically tailored to the study of chemica! reactions within a tubular reactor. Since a 

catalytic reactor can mostly be considered as one-dimensional system (the concentration 

gradients in radial direction can be neglected to those in the axial direction) there was no need 

for an expensive, patient tailored 3D-PET camera. Therefore a one-dimensional analogue of the 

PET camera, named Positron Emission Profiling detector (PEP) was constructed [MAN95]. 

Presently this detector is used to investigate reactions of hexane, NO and CO, a co-operation of 

Eindhoven University of Technology and Delft University of Technology. The 30 MeV AVF 

cyclotron of the Eindhoven University of Technology is used to produce 13N and 11C for the 

preparation of e1C]-hexane, [13N]-NO and e1C]-CO. 

Automotive exhaust catalysis applies the so called "three-way catalyst", which is named afterits 

ability to reduce nitric oxide (NO), hydrocarbons and carbon monoxide (CO) levels 

simultaneously. However the three-way catalyst does not convert NO selectively into N2; NO 

might also react to nitrous oxide (N20) [HIR92]. Nitrous oxide bas been identified as a 

contributor to the destruction of ozone in the stratosphere and recognised as a relatively strong 

greenhouse gas [KAP96]. Human contributions to the nitrous oxide emission to the atmosphere 

are adipic acid (HOOC-C4H8-COOH) production, nitric acid (HN03) production, fossil fuels 

and biomass cambustion and land cultivation. Emission reduction can be achieved principally in 

two ways, either by lowering the formation of N20 or by after-treatment. Catalysis offers a route 

for N20 ahatement by the direct decomposition of N20 into nitrogen and oxygen. Many solid 

catalysts have been reported, and include supported and unsupported metals, pure and mixed 

oxides and zeolitic systems. The decomposition of N20 in catalysis is treated in Appendix 1. 

The PEP technique is well suited for in situ investigation of the transient kinetics of nitrous 

oxide decomposition under practical conditions, however not disturbing the chemica! steady 

state conditions. Nitrous oxide may be labelled with either oxygen-15 (t112 = 2.0 min.) or 

nitrogen-13 Ct112 = 10 min.). However, since oxygen plays a more interesting role during the 

decomposition of nitrous oxide than the rather inert nitrogen (see Appendix 1), oxygen-15 

labelled N20 appears to be more suited. 

To our knowledge, nor the use of [150]-N20, nor a dedicated procedure for the synthesis of this 

radionuclide have ever been reported. However, several authors [e.g.CLA87, STR85, FER83] 

mention its presence as a by product during the production of [150]-02 for medica! 

investigations. A possible method for the production could be based on the selective adsorption 

of this [150]-N20. To perfarm PEP experiments at least 2 MBq of radiochemical and 
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radionuclidic pure [150]-NzO is needed. The acceptable radiochemical impurities and 

radionuclidic impurities depend on the nature of these impurities. If the impurities are strongly 

adsorbed during an experiment, even minor amounts ( < 0.1% of the activity) can disturb 

imaging of the process to be studied. Since the decomposition of nitrous oxide depends on the 

partial pressure of NzO cPN2o), the injected amount of N20 should be kept minimaL If the 

production process yields pure N2
150 this is no problem, only 0.6 fmol N2

150 gives already 2 

MBq activity, provided that the carrier gas used for injection does not disturb the equilibrium in 

the gas phase concentrations. However tagether with the amount labelled nitrous oxide also the 

present uniabelled nitrous oxide will be injected. Therefore the ratio between labelled and 

uniabelled nitrous oxide (i.e. the specific activity) should be kept as high as possible during the 

production of the tracer. A last requirement to the production of [150]-N20 concerns the 

volumetrie activity, the tracer should be available in a small gas volume, ideally in a delta pulse. 

In practice this means the tracer should be available in a nearly Gaussian pulse with a maximal 

FWHM of about 3 s. The production of this tracer was the aim of this study, and is described in 

this report. 

The obtained experience in Iabelling N20 with oxygen-15 under the requirements imposed by 

PEP experiments, is also used to investigate the production of high specific activity [150]-02 for 

this purpose. The availability of this radio tracer for PEP experiments would be very interesting, 

since oxygen plays an important role in many processes, e.g. in automotive exhaust. Although 

[
150]-02 is daily produced for physiological studies, information about the production of this 

tracer under the requirements imposed by PEP, is very scarce. Far most information is devoted 

to the production of [150]-02 for medicine, where it is common practice to add uniabelled 

oxygen to the target gas in order to obtain a higher recovery and radiochemical purity. However, 

actdition of uniabelled oxygen lowers the specific activity and therefore is not desirabie if the 

tracer is to be used in PEP experiments. 

In the first section of Chapter 2 some general characteristics of positron emitters and a brief 

introduetion of the PEP detector will be given. The remaioder of Chapter 2 is devoted to the 

theory related to the production of [150]-N20. The experimentalset-up for the production of this 

radionuclide is described in Chapter 3. Chapter 4 deals with the results of the production 

process and reports the results of some pilot experiments wherein the tracer was used in PEP 

experiments determining the adsorption energy of N20 on ZSM-5. Inthelast section of Chapter 

4 the experience obtained with [150]-N20 is related to the production of [150]-02• In Chapter 5 

prospects of the project are given and concluding remarks are made. 
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Chapter 2: Theory 

2.1 Positron Emission and Annihilation 

Positron emitters such as 150; 13N and 11C are radio-isotopes that decay by emitting a positron. 

A positron is the anti-matter partiele of an electron, an encounter between them can lead to the 

subsequent annihilation of both particles. The probability of annihilation depends on the kinetic 

energy of the positron-electron pair, and is negligibly small at high energies. The emitted 

positron must therefore be slowed down by inelastic scattering within the surrounding medium 

to near thermal values before annihilation can occur. Therefore the distance travelled by the 

positron in matter (i.e. the projected range) depends on both the electron density of the medium 

and on the kinetic energy of the positron. For example, a positron emitted with a kinetic energy 

of 0.69 Me V -the average energy of the positrons emitted by 150 [CAS82]- typically has a range 

of a few millimetres in silicate. Positrons possess a range of kinetic energies from zero to a 

maximum value, EnuLr, dependent on the emitting nucleus (e.g. Enwx = 1.7 MeV for 150 

[CAS82]); the average kinetic energy is approximately equal to 0.4 Enw [CAS82]. After being 

slowed down they predominantly annihilate via the direct production of two photons. If both the 

positron and the electron were at rest upon annihilation, conservation of energy dictates that the 

two emitted photons should have an energy value equal to the 511 ke V rest mass energy of the 

positron or electron. Conservation of momenturn would dictate that the two gamma photons be 

emitted exactly back-to-back, since the initia! momenturn of the positron/electron pair was zero. 

The contribution of other decay mechanisms is rather small when compared to that of two 

photon decay; 97% of the positrons emitted by the 150 nuclei are first thermalized and then 

annihilate to form two gamma's possessing energies of 511 ± 2 ke V. The emission angle 

between these photons is 180° ± 0.4°. The remainder of the positrons is either annihilated in

flight to form two photons (ca. 2%) or via the three-photon emission ( < 1%) [ AND97, HAA95]. 

2.2 The PEP Detector 

The PEP detector is extensively described in [e.g. AND97, VEN96, HAA95, MAN95], this 

sectien only provides some general information. 

The detector consists of two arrays of nine independent detection elements each mounted 

horizontally with the reactor and furnace placed between the upper and lower arrays. Each 

detection element consists of a BGO (Bi4Ge30!2) scintillation crystal coupled to a photomul

tiplier. 
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Coïncident detection of the two 511 ke V gamma photons by a detection pair is used to locate 

the position of the annihilation along the horizontal axis of the bed. Each detector element in a 

bank can form a detection pair with every detection element in the opposite bank. The two 

banks of nine elements therefore form 81 (i.e. 92
) possible detection pairs. If reconstmction 

involves all possible combinations, it is referred to as a reconstmction mode with 4 neighbours. 

lf only combinations between opposite and opposite-adjacent detection elements are taken into 

account the reconstmction mode is referred to as zero neighbours (see chords in Figure 2.1). 

Due to redundancy the set of chords joining the detection pairs results in 17 unique, equidistant 

detection positions along the horizontal axis of the reactor (marked by the intersections of the 

chords and the centre of the reactor in Fig. 2.1) in both the zero and four neighbour 

configuration. 

Fig 2.1: PEP Set-up. 

I 20mm 

~ 

5. 1 mm 

ZSM-5 supported glass beads (0 I mm) contained between glass wool plugs, the rest of the reactor is tilled with 

identical glass beads without catalyst. The reactor itself is a 0 I 0 mm quartz tube and is surrounded by a furnace, 

and centred in the PEP detector. Each detection element measures 20 x 5 .I x I 00 mm3 

The sensitivity of the detector is varied, by changing the distance between the two banks and the 

reactor (between 4 and 50 cm). In this way it is possible to keep the reconstmction rate below 

the maximum value, since the sensitivity decreases when the distance between the detector 

banks is increased [HAA95]. The position resolution however, increases with the distance 

between the banks [VEN96]. The distance between the individual detection elements can be 

changed as well, so reactors with lengths between 5 and 50 cm can be accommodated. In this 

study the detector banks are used intheir "closed-packed configuration" all of the detection ele-
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ments are placed tightly together. 

The coincidence time window is normally set to 50 ns. Since the time resolution of the system is 

19 ± I ns, and twice the time resolution is generally considered an appropriate criterion for 

determining coïncident events [HAA95]. The minimal sampling period is 0.5 s [MAN95]. 
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2.3 Radiochemistry 

2.3.1 Introduetion 

In the introduetion we have shown the importance of using [t 50]-N20 insteadof (~N]-N20 as a 

tracer molecule for studying the kinetics of nitrous oxide decomposition. Here a possible 

method for the production of [t 50]-N20 will be described. Production routes for t50 containing 

molecules have been described in literature for: rt 50]-02; [t 50]-C02; [t 50]-CO and [t 50]-H20. 

To our knowledge, a dedicated procedure for the synthesis of [t 50]-N20 has never been 

reported. A lot of information [e.g. JAC93, CLA87, STR85, HEL83, CLA75] is available for 

the production of [t 50]-02. Several authors mention the presence of N2t50 as a by product 

during the production of [t 50]-02. A possible method for the production could be basedon the 

selective adsorption of this nitrous oxide. After the adsorption of sufficient activity, a fast des

orption procedure could be used, to create a pulse containing the tracer required for a PEP 

experiment. 

2.3.2 Definitions 

The radiochemical purity refers to the chemica! form of the radiolabels. During the production 

of [t 50]-N20, other t50-labelled molecules (like t500 or H2t50) might be formed and are 

considered to be radiochemical impurities. When other nuclides are produced (e.g. t te or t3N) 

they are called radionuclidic impurities. The ratio between labelled and uniabelled molecules of 

the same species determines the specific activity. The specific activity denotes the activity per 

mol [Bq/mol]. The production of a labelled species is called carrier-free when the product 

contains only labelled molecules of this species. Consequently, the maximal obtainable specific 

activity will be obtained when the nuclide is produced carrier-free. The maximal specific 

activity (As(max.)) for oxygen-15 labelled nitrous oxide can be calculated as follows: 

(2.1) 

Since the activity A [Bq] is equal to NÀ. Where, N [-] is the number of labelled molecules and À 

[s-t] their decay constant, equal to ln2/t112 . In the case of the specific activity of species i, Nis the 

number of labelled molecules per mol i. If oxygen-15 labelled nitrous oxide is produced carrier

free, one mol contains NA (i.e. 6.02 1023
) molecules N2t50, À= 5.69 I o-3 s-t, yielding a maximal 

specific activity of 3.42 102t Bq/mol for N2
150. A PEP experiment, requiring only 2 MBq of 

activity, could be carried out using only 0.6 fmol carrier-free N/so. 
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2.3.3 Choice of Nuclear Reaction 

The aim of this study is to produce [150]-N20 with a high specific activity and radiochemical 

purity. Radiochemical impurities (N 1500, 1500) have a different chemical behaviour as 

compared to N2
150. For example when the decomposition of N20 is studied these impurities do 

not provide information about this reaction. Therefore the kinetic data is influenced by these 

impurities which should be avoided. 

Oxygen-15 is a fully p+ eruitter which decays to 15N with a half-life (t112 ) of 2.03 min. [HEL83, 

JAC93]. Consistent with this short half-life, in-target production of N2
150 is very desirabie since 

this prevents an extra time- and consequently activity consuming synthesis. 

The relevant reactions for the production of oxygen-15 are summarised in Table 2.1 For 

energies below the threshold energy (Erh) the reaction does not proceed. The probability that 150 

is formed at a particular beam energy is expressed by its cross-section. 

Table 2.1: Relevant reactions for the production of 150 [HEL83, CAS82] 

Cross-sections were calculated with a statistica! model. Where E," is the threshold energy. 

Reaction Target Natmal Abundance [%] Maximum Erh [MeV] 

Material of Target Material Cross-Section [mb] 

14N(d,n) 150 N2 99.63 310 0 

I5N(p,n)'5o N2 0.37 3.8 

12C(a,n) 150 Graphite 98.89 385 11.4 

13CCHe,n) 150 Graphite 1.11 0 

I60(p,pn)'5o 02/H20 99.76 165 16.7 

160( d,p2n) 150 02/H20 99.76 110 20.1 

The use of oxygen as target material inhibits formation of labelled nitrous oxide with a high 

specific activity. The need for expensive enriched target materials is a disadvantage of the 
13CeHe,n) 150 and 15N(p,n) 150 reactions. The 4He induced reaction on 12C has a high cross

section according to the statistica! model calculation, but the high stopping power for 4He 

particles has to be taken into account for the calculation of the thick target yield. (The thick 

target yield is the maximal yield if all the charged particles are entirely stopped within the target 
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material). In addition, the use of graphite as a target material inhibits direct formation of labelled 

nitrous oxide. The 14N(d,n) 150 has all the advantages like high yield, low E11" the use of natura! 

target gas and direct production of N2
150, see also next section. Therefore the 14N(d,n) 150 

reaction has been chosen for the production of [150]-N20. 

2.4 14N(d,n)150 Reaction 

The remainder of this chapter will review the information on this reaction given in literature 

[JAC93, VON90, CLA87, STR85, FER83, HEL83, CAS82, DEL79, PET79, RUI77, CLA75, 

AUS68]. 

2.4.1 Yield 

For the 14N(d,n) 150 reaction, a plot of the cross-section versus charged partiele energy -also 

known as the excitation function- is shown in Figure 2.2 [RUI77]. lt shows that the reaction 

proceeds at high yield only for energies higher than 2.5 Me V, i.e. the practical threshold. 

250 

200 

,......., 
.c 
E 
'-' 
s:: 150 
0 

·.;:::; 
0 
Cl) 
UI 
en 100 
UI 
0 ... 
0 

50 

0 2 3 4 5 6 

Deuteron energy [MeV] 

Fig. 2.2: Excitation Function of the 14N(d,ni50 reaction [RU177]. 
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U sing the excitation function, the in-target yield of oxygen-15 at End of Bombardment (EOB) 

can be calculated: 

Wh ere, 

A = 
À = 
t = 
n = 
1/q = 
q = 
E; = 
Er = 
a(E) = 
( dE/p·dx)(E;= 

J E, ( dE J-1 

A=[l-exp(-À·t)]·n·-· Ja(E)- -- dE 
q P ·dx 

E 1 (E) 

Activity [Bq] 

Decay constant [5.6 10-3 s-I for I50] 

Duration ofthe bombardment [s] 

Number of target nuclei per mass unity [4.3 1025 kg-I for N2] 

Partiele flux [s-I] 

Charge deuteron [ 1.6 w-I 9 C] 

Energy deuterons incident on the target gas [Me V] 

Energy deuterons leaving the target gas [Me V] 

Cross-section for energy E [m2
] 

Stopping power for energy E [Me V/ kg m-2
] 

(2.2) 

p = Density of the target gas [1.25 10-3 kgm-3 for N2 at P= Po (i.e. 1.01325 105 Pa) 

and T= 273 K] 

If the beam current, beam energy, and the target pressure and temperature which determine pare 

kept constant, this relation may be simplified to [CLA75]: 

A= R · (1- exp[ -À· t]) (2.3) 

Where R [Bq], is directly proportional to the reecvered activity. The term reecvered activity 

refers to the activity reecvered from the target. It should be noted that the beam parameters 

influence not only the reecvered activity but also the radionuclidic and radiochemical purity (see 

sections 2.4.3 and 2.4.4). 

2.4.2 Range of the Charged Particles 

Since the purgation efficiency depends on the position of the produced ISO within the target (see 

also section 4.1.2) the range of the charged particles will influence the reecvered activity. The 

production within the target is not independent of position, yielding a non homogeneaus activity 

profile, even in a gaseous target [PET79]. The reason for this is that the charged particles lose 
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energy during their path through the target, which causes the cross-section for the nuclear 

reaction to change. For an optimum yield (at a certain beam current) it is necessary for the beam 

energy to be lowered within the target material to the practical threshold of the desired nuclear 

reaction. The stopping -which causes the energy losses of the incident particles- is directly 

proportional to the number of target nuclei encountered by the charged particles. Therefore, 

assuming an ideal gas, the range is also directly proportional to the applied target gas pressure. 

The approximate projected range of deuterons in various materials may be obtained from the 

range of protons in the samematerial using the following expression [CLA75]: 

Wh ere, 

K1 (X) = Projected range of deuteron [mm] with energy X [Me V] 

Rp (X) = Projected range of proton [mm] with energy X [MeV] 

(2.4) 

Use of the Monte Carlo based computer program TRIM [ZIE92] provides a more accurate 

approximation for the projected ranges of charged particles in materials. Figure 2.3 shows the 

result of a calculation for deuterons (solid line) in N2, for comparison the range of protons 

(dashed line) is also shown. The values on the left Y-axis indicate the projected range in N2 at 1 

bar (abs), the right Y-axis corresponds to 8.4 bar (abs). 

120 

'E 
~100-
U) 
.c 
111 
-;::- 80 t 

111 
.c 
,.... ' 

- 60' 111 
N z 
.5 40 -

Cll 
Cl ' 
lij 20 f a: ' 

Figure 2.3: Range 

4 6 10 

Charged Partiele Energy [MeV] 

Computed range of deuterons (solid line) and protons (dotted line) in N2. 

14 ~ 

E 
~ 

12 ~ 
en 
.c 
~ 

10 ... 
111 
.c 
o::t 
a:i -111 

6 N z 
.5 
Cll 
Cl 
r::: 
111 a: 

12 

11 



2.4.3 Radionuclidic Purity 

The applied beam energy is a campromise between an optima! radionuclidic purity and a high 

yield. High beam energies induce unwanted nuclear reactions, resulting in the formation of 

radionuclidic impurities. At low beam energies the yield of 150 is Jower, as can beseen from the 

excitation function (Fig. 2.2). Therefore the beam energy should be chosen in such a way that 

the yield of 150 is high and that the presence of radionuclidic impurities is minima!. In the case 

of the 14N(d,n) 150 reaction the Jonger lived impurities are 13N (t112 = 10.0 min.) and 11C Ct112 = 

20.4 min.). These~+ emitters are produced by the 14N(d,t) 13N (threshold energy 4.9 MeV) and 
14N(d,an) 11 C (threshold energy 5.8 Me V) reactions, respectively. The use of 7 Me V deuterons 

permits access to 55% of the integrated reaction cross-section of the 14N(d,n) 150 reaction and 

the production of 13N and 11 C is reduced to an acceptable level (Table 2.2). Therefore, the 

energy of the deuterons incident on the nitrogen target gas should be adjusted to about 7 Me V 

either by adjustment of the accelerator output, degrader foil thickness or both [CLA87]. 

Table 2.2: Radionuclidic purity of 150 labelled molecules 

Experimentally determined values for 7 Me V deoterons [VON90]. 

Nuclide Fraction 

150 99.5 

13N 0.5 

"c 0.004 

2.4.4 (Radio )chemica[ Purity 

The last important parameter is the (radio)chemical purity. The chemica] purity depends largely 

on the applied target gas and it is also affected by the radiation field. Because of its short half

life, 150 is produced continuously, applying the target gas in sweeping mode. Usually, nitrogen 

gas with 0.2-4% (vol) oxygen is applied as the target gas. Stabie oxygen is added to prevent a 

dramatical decrease of the reeavered amount of 1500 [CLA87, CLA75]. An oxygen 

concentration of 0.2% is only used when high specific activities are required as in e.g. the 

production of ['50]-CO. In literature the presence of N2
150 is considered as a radiochemical 

impurity which was amongst others investigated by Clark et al. [CLA75]. They measured that 

the N2
150 yield shows a maximumfora 0 2 concentration of 1%, see Table 2.3. 
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Table 2.3: Oxygen-15 product distribution versus the oxygen percentage in the target gas 

(I= 30 !lA; Ei= 6.1 Me V) [CLA75]. 

Target Gas Per Cent of Total Recovered Activity at Target Total Recovery at 

Output Target Output 

1500 Nz 150 C 1500 N 1500 C 150 t3NN MBq mr1 MBq mor' 

+ Oz 

'5ooo* 

ca. 10 ppm Oz 35 1.4 2.6 61 <0.1 <0.1 0.74 6.3·108 

:~ ;!; 

in N2 

0.5% Oz in N2 96 3.6 <1 <0.1 <0.1 <0.1 8.5 4.1·107 

1% 02 in Nz 96 3.6 <1 <0.1 <0.1 <0.1 10 2.4·107 

2%02 in Nz 96 2.9 <1 <0.1 <0.1 <0.1 10 1.2·107 

3% Oz in N2 96 2.5 <1 <0.1 <0.1 <0.1 10 8.4·106 

4% Oz in N2 97 2.2 <0.1 <0.1 <0.1 <0.1 10 5.9·106 

* N 1500 and 15000 were determined indirectly [CLA75]. 

** Data subject to wide variations duetovariabie lossesof productsin the gas tlow system [CLA 75]. 

Aus1oos [AUS68] and more recently Ferrieri [FER83], describe the target chemistry consictering 

two primary hot atom (marked by #) reactions: 

~ 

"o' + o, __, ["O-O-OJ' ~ (2.5) 

(2.6) 

The low yield of nitrogen-oxides (mainly N20) is due to the high efficiency of the 0 2 

scavenging reaction relative to reaction with N2. The excess kinetic energy carried into the 

[150]-03 complex from the oxygen reaction results in rapid decomposition to [150]-02. This is 

similar to what has been observed in nitrogen-13 atom reactions with oxygen [STE74]. In the 
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intense radiation field during bombardment radiolytic reactions become important. The N2
150 

yield decreases with increasing dose rate probably due to radiolysis. 

Figure 2.4 [CLA75] shows an increase in the [150]-02 yield in the product distribution when the 

doserate was increased from 5 to 50 J.lA. This suggests radiative dissociation of the primary hot 

atom products [FER83]. lt should also be noted that trace chemica! impurities such as [150]

N20, ('O]-N02 and [150]-03 have been observed in radio gas chromatographic analyses of the 

target effluent [e.g. CAS82, AUS68]. 

4 
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Fig. 2.4: The e50]-02 yield versus the applied beam current [CLA 75] 
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Beam energy incident on the target gas 6.3 Me V. Applying 4% 0 2 in N2 target gas insweeping mode (8.33 cm3 s·1
). 
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2.4.5 Adsorption/Desorption oft50]-N20 

Toperfarm PEP experiments with e50]-N20, an activity of at least 2 MBq appearing in a small 

pulse (FWHM - 3 s) is needed. According to literature [CAS82, CLA75] [150]-N20 is only 

present in minor amounts in the target effluent, which prohibits direct use of the target effluent. 

In actdition the target effluent probably contains large amounts of [150]-02. To increase the total 

reeavered amount of [150]-N20 and in order to isolate it from [150]-02, the [150]-N20 might be 

selectively adsorbed from the target effluent. Zeolite columns showing large differences 

between the retention times of nitrous oxide and oxygen are proruising candidates for an 

adsorbent. In actdition the adsorptive capacities of some oxides could be considered because of 

their large surface area. 

2.5 Recovered Activity 

As literature indicates the reeavered activity per unit volume is a function of the beam intensity 

and the sweep-rate. lt increases rapidly with the sweep-rate, reaches a maximum and then 

decreases slowly. The initia) increase can be explained by the shortening of the time required for 

the effluent to flow from the target to the detection point, as the flow-rate increases. At still 

higher sweep-rates the activity per unit volume decreases, since each unit volume is irradiated 

for a shorter time. Del Fiore et al. [DEL79] and Peters et al. [PET79] treated this problem in 

detail. Assuming a constant p and a plug-flow during sweeping of the target, they derived the 

following model for the activity per unit volume as function of the flow: 

Wh ere, 

dAidV = 
c = 
A = 
VI = 
v2 = 
F = 

dA I dV = C · ( 1- exp[ -A· V1 I FJ) · exp[ -A· V2 I F] 

Activity per unit volume [Bq cm-3
] 

Constant [Bq cm-3
] 

Decay constant [0.34 min-1
.] 

Irradiated volume of the gas in the target (under normal conditions) [cm-3
] 

Volume of the gas in the transport system [ cm-3
] 

Flow-rate [cm3 min- 1
.] 

(2.7) 
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Chapter 3: Experimental 

3.1 Irradiation 

3.1.1 Target 

The 14N(d,n) 150 nuciear reaction has been chosen to produce N2
150 for reasons mentioned in 

section 2.3.3. The 14N(d,n) 150 reaction was carried out in the existing target for 11C production. 

This cylindrical target (internal diameter 4.4 cm; 50 cm length; volume 760 cm3
) is made of 

aluminium and has two 25 J.tm thick Duratherm-600 foils 1, see Figure 3.1. The maximum target 

pressure is limited by the strengthof these foils. At temperatures below 600 oe a 25 J.tm Durat

herm foil can withstand 30 bar (abs) [KOS92]. However, locally temperatures can become very 

high when the beam is not spread over the foil, but focused to a spot. In practice, the target 

pressure was kept below 10 bar (abs). By flowing from the gas inlet to the gas outlet port, the 

target can be continuously swept. For an extensive description of the target the reader is referred 

to W.J. Koster [KOS92] who designed the target and claimedit to be "extremely wel! suited for 

the production of 150". 

D ___. __ 

c 

A 

Fig. 3.1: Target ( original design) 

B 

A and B denote the target gas inlet and outlet port, respectively; C marks the target foil holders. (The buffer volume 

between the two target foils is evacuated (10-3 bar (abs)); and the arrow D denotes the incoming deuterons from the 

cyclotron. 

1 Duratherm 600: Vacuum Schmelz GmbH, Hanau Germany 
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3.1.2 Beam Settings 

Denterons are accelerated with the 30 MeV AVF cyclotron of the Eindhoven University of 

Technology, using deuterium gas2 [99.8% purity] as a souree for the deuterons. During the 

experiments 200 nA - 750 nA beams with an initia! energy of 9.2 MeV have been used. The 

production of N2
150 for PEP experiments requires 400 nA; the 200 nA- 750 nA beam currents 

were used for radiochemical investigations. The beam current is measured on the electrically 

isolated target. Using the computer program TRIMand the specifications of the Duratherm-600 

foils, shown in Table 3.1, a beam energy of 9.2 Me V was computed to achieve an energy of 7 

Me V u pon entrance in the target gas. 

Table 3.1: Composition of Duratherm-600 [KOS92] 

Component Density [g/cm3
] Weight [%] Atomie[%] 

Co 8.80 41.5 42.4 

Ni 8.90 25.5 26.1 

Cr 7.19 12.5 13.9 

Fe 7.87 10.1 10.9 

Mo 10.2 4.0 2.5 

w 19.3 3.9 1.3 

Ti 7.4 1.0 1.3 

Be 1.85 0.25 1.7 

3.1.3: Adjustment ofthe Cyclotron 

For the first experiment, approximate settings of the cyclotron, for 9.2 MeV deuterons, have 

been calculated using the computer program CYCIN. The settings of the Beam Guidance 

System (BGS) were converted from recent values for protons (12 Me V) using the same set-up. 

This can be done with the following expression: 

2 Deuterium 2.8 (code: g002), Hoek Loos P.O. box 67, 6950 AB Dieren Holland 
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Be~= Bp (2Ec~ IEp) 
1/2 (3.1) 

Wh ere, 

Be~ = Magnetic field for the deuteron [T] 

Bp = Magnetic field for the proton [T] 

Et~ = Energy of the deuteron [Me V] 

Ep = Energy of the proton [Me V] 

This expression can be derived from Newton's Second Law and is valid for charged particles at 

veloeities far below the speed of light. (The velocity 9.2 Me V deuteronsis approximately 10% 

of the speed of light, resulting in an error of about 5% which is good enough for a first 

estimation). For the conversion from 12 Me V protons to 9.2 Me V deuterons expression (3.1) is 

reduced to Be~= I.24·Bp. Final adjustment of both the cyclotron and the BGS can be achieved by 

optimising the beam current. 

3.2 Preparation of e50]-N20 

3.2.1 Overview 

Figure 3.2 shows a schematic of the experimental set-up for [150]-N20 production, the total set

up in the radiochemical laboratory is shown in detail in Figure 3.3. The production starts with 

the 14N(d,n) 150 reaction in the nitrogen filled target. During the irradiation the target is 

continuously swept and the effluent can be passed over sodalime which removes [150]-N02 and 

converts [150]-03 into [150]-02 and [150]-0* (the * marks the adsorbed state) [CLA87]. 

Irradiation Vault 

1--'-+-----;1-------+ I Nitrous Oxide Adsorber I 

Fig. 3.2: Schematic of the set-up between the target and the radiochemicallaboratory. 
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Nal: Sodium Iodine detector 

TCD: Thermal Conductivity 
Detector 

Vn: Multiposition Valve 
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Fig. 3.3: Detailed schematic of theset-upin the radiochemicallaboratory. 



To separate the produced [150]-N20 from e50]-02 and the nitrogen carrier gas, nitrous oxide is 

selectively adsorbed in the radiochemical laboratory. Upon adsorption of enough activity the 

adsorber is flushed with helium to remove remaining ( 10]-02 and nitrogen carrier gas. By 

flash heating [150]-N20 desorbsin a pulse, which can besent to the PEP detector and/or to the 

radio gas chromatograph. In the next sections the various elementsof the production (see flow

chmt) will bedescribed more extensively. 

Irradiation 

9.2 MeV/400 nA 

on UHP N2 at 8.4 bar 

! 
Sodalime Adsorber 

remaval of nitrogen dioxide 

conversion of ozone 

! 
2.5 min. Selective Adsorption 

of nitrous oxide on a zeolite 

! 
30 s Flushing with He 

remaval of remaining N2 carrier gas 

! 
16 s Flash Heating 

desorption of [150]-N20 

Fig. 3.4: Flow-chart of the e50]-N20 production 
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3.2.2 Sweep from Target 

Continuous production is applied to suppress radiolytic decomposition of [150]-N20 and to 

allow fast recovery of the nuclide consistent with its short half-life. The target was continuously 

swept with nitrogen3 [99.999% purity] insweeping mode. The activity which is swept from the 

target is transported over 50 m [MAN95] to the radiochemicallaboratory where nitrous oxide is 

adsorbed. The transport tubing is made of PETF (CF2)11 and has an internal diameter of 1.6 mm 

[HAA95] and a volume of 88·1 03 mm3
. 

3.2.3 Flow-rate 

The flow is controlled by a combination of the target pressure (which is variable) and the resis

tance of the transport system. In order to minimise the decay of 150 during the transport, the 

target was operated at a high pressure: 8.4 bar (abs). Downstreamof the entire set-up (including 

the adsorber in the radiochemical laboratory) the flow rate was measured with a flowmeter5 as a 

function of the applied target pressure (triangles Fig. 3.5). The measurement shows a target 

pressure of 8.4 bar (abs) corresponds to a flow-rate of 37 cm3/s. Todetermine the pressure just 

after arrival in the radiochemical Iabaratory we also measured the pressure at valve V 1 

(diamonds Fig. 3.5) . This measurement shows the pressure drop between the target and the 

radiochemical Iabaratory varies between 0.5 and 0.7 bar. This means ca. 90% of the pressure 

drop takes place over the 0 1/16' (external diameter 1.6 mm) tubes used for the set-up in the 

radiochemicallaboratory. 

3.2.4 Sodalime/Mn02 Adsorber 

In order to remave labelled nitrogen oxide ([ 150]-N02) and labelled ozone ([ 150]-03), which are 

possible radiochemical impurities, the target effluent can be passed through a sodalime adsorber 

at room temperature (RT). Sodalime6 adsorbs [150]-N02 and decomposes [150]-03 into [150]

(02 + o* ). If only the decomposition of ozone is desired manganese oxide (Mn02) at RT can be 

used [GME68]. Both actsorbers have a volume of ca. 7.5 cm3
. 

3 Nitrogen 5.0, Hoek Loos P.O. box 67, 6950 AB Dieren Holland 

4 Teflon tubing (i.d. = 1.6 mm [HAA95]), Chrompack BV P.O. box 519, 2600 AM Delft Holland 

5 ADM intelligent Flowmeter, J & W Scientific 91 Blue Ravin Raad, Folsom Canada 

6 Sodalime, Riedel-De Haen AG, Seelze Hannover Germany 
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Fig. 3.5: Calibration of the flow-rate and the pressure at V 1 versus the target pressure 

The triangles indicate the flow rate measured down-stream the entire set-up (including the absorber in the 

radiochemicallaboratory). Diamonds mark the pressure measured at valve V 1• 

3.2.5 Arrival of the Activity in the Radiochemical Labaratory 

Figure 3.3 shows schematically the set-up in the radiochemical laboratory, the numbers of the 

detectors and valves correspond to the numbers in the text. The whole set-up is remotely 

controlled, and all the Nal detectors7 are shielded to suppress background noise. The arrival of 

the activity in the radiochemicallaboratory is monitored using Nal detector 1. 

3.2.6 Adsorption of Nitrous Oxide 

To separate the produced ['50]-N20 from [150]-02 and the nitrogen carrier gas, nitrous oxide 

can be selectively adsorbed in the radiochemical laboratory, using an actsorbent placed in a 

stainless-steel spiral (internal diameter 2 mm and 1 mm, respectively). Several adsorbents 

(Ah03; Si02; Ti02; Na mordenite (zeolitic); 5A zeolite; and 13 X zeolite) have been examined 

at different temperatures ( -100 oe; 0 oe and RT). The low temperatures were attained by 

7 All applied scintillation detectors are 38B 38 I 1.5-El-X Nai(Tl) crystals, Scionix Holland 
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placing the adsorber in a cooling bath. A temperature of -100 oe is reached by mixing ethanol 

with liquid nitrogen, see Figure 3.6 which shows the temperature of the cooling bath versus the 

time passed after mixing. The use of liquid nitrogen as a coolant is not possible since UHP N2 is 

used as transport gas and would freeze up the adsorber (this idea has been confirmed experi

mentally). 

Before use, the adsorbent is dried by simultaneous heating and flushing with helium8 [99.995% 

purity]. In order to minimise the adsorption of uniabelled N20 the target effluent is only passed 

over the adsorbent when the activity which passes Nal detector l is constant in time. This 

detector, showing the activity per unit volume arriving in the radiochemical laboratory, is also 

used to compensate for differences between irradiations, when investigating the performance of 

adsorbents. 

-70 

-80 

u -90 0 

C1l ... 
:I êii -100 ... 
C1l a. 
E 
Cll-110 

1-

-120 

-130 

0 5 10 15 20 25 30 35 40 45 50 

Time [min.] 

Fig. 3.6: Temperature of the Coolant 

The temperature of the cooling bath versus the time passed after mixing the coolant (ethanol/N2). 

8 Helium 4.5, Hoek Loos P.O. box 67, 6950 AB Dieren Holland 
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3.2. 7 Calibration of Na/ detector 4 

Since the adsorbent is very well located, the activity measured by Nal detector 4 can be very 

well calibrated using a point source. Provided all the activity in the adsorber is on the adsorbent, 

i.e. no activity on the stainless steel spiraL This was verified via separate measurement of the 

activity of both the spiral and the adsorbent. The stainless steel spiral showed no significant acti

vity, all activity was on the adsorbent. A ~+ emitting point souree was used for the calibration 

e2Na (2X267), half-life of2.602 years, activity: 4.2071 10-2 MBq at 1-1-1997). 

Without the attenuation of the cooling bath 1 MBq activity yields 5.3 103 counts s- 1 on Nai 

detector 4. When the cooling bath is in between the point souree and the and Nal detector 4: 1 

MBq activity corresponds to 4.9 103 counts s-1
• Therefore the removal of the cooling bath causes 

an immediate increase of the response of Nal detector 4, see Figure 4.8. Both values have been 

corrected for the background which was 5.9 ± 0.1 counts s- 1 during the calibration. 

3.2.8 Desorption of Nitrous Oxide 

The accumulation of activity in the adsorber is monitored using Nal detector 4. After 2.5 min. 

sufficient activity is collectedon the adsorbent (ca. 4 MBq) fora PEP experiment. Then valve 

V 4 is turned over and the target effluent is sent directly to the vent. The adsorbent is 

subsequently flushed with He [99.995% purity] in order to remove remaining target effluent 

(containing [ 150]-02 and nitrogen). Helium, being a noble gas, is also used as carrier gas for the 

PEP experiments. After 30 s flushing the adsorber is taken out of the coolant and [150]-N20 is 

desorbed by flash heating (a current of a few A forabout 16 s through the stainless steel spiral 

containing the adsorbent). Both the duration of flushing and heating were determined 

empirically. Compromises have been made between production loss due to decay and 

radiochemical purity. 

During and after the desorption, Nal detector 4 shows the remaining activity on the actsorbent 

and Nal detector 1 (flow directions have been changed) shows the desorbed activity. There is an 

essential difference between the activity observed by Nal detector I and by Nal detector 4. Since 

Nal detector 1 observes the activity flowing by. Therefore its response is directly proportional to 

the activity per unit volume in the target effluent. The response of Nal detector 4 (i.e. the 

adsorbed activity) will be directly proportional to the activity per unit time, provided the 

adsorber keeps functioning optima!. 
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3.3 Radiochemieal/Radionuclide Analysis 

3.3.1 Radiochemieal/Radionuclide Analysis 

Radio gas chromatography was used to analyse the (radio )chemica! purity. The uniabelled 

fraction was detected with a thermal conductivity detector9 (TCD). A Haysep column 10 was 

used to separate N20 from 03/N02/NO/N2/02, CO, C02 at 120 oe; 160 oe, using helium 

[99.995% purity] as a carrier gas. Fig. 3.7 shows a sample chromatogram, where the position of 

the individual components were determined via separate injection of the various gases. Sameti

mes a I 3X column 11 was placed in series with the Haysep column enabling separation of N2, 

02, NO and N02 at 160 oe. 

Q) 
111 
0 
c.. 
111 
Q) 
a: 
c 
0 
1-

0 0.2 

) 

0.4 0.6 0.8 

Fig. 3. 7: Sample Chromatogram Haysep 

1 1.2 1.4 1.6 1.8 2 
Time [min.] 

Sample chromatagram showing the retention times of N2, 0 2, NO, N02 and N20, on Haysep at 120°C and 190 kPa. 

Nal detector 2 is placed in the injection loop (1 cm3) of the gas chromatograph to monitor the 

injected activity. The labelled fraction is detected with Nal detector 3 which is fitted in line with 

the TCD. 

9 CP 900 I gas chromatograph, Chrompack BV P.O. box 519, 2600 AM Delft Holland 

10 Haysep Column (length = .. cm; i.d. = .. cm; mesh range= . ./ .. ), ... Itd. 

11 13X Zeolite Column (length = .. cm; i.d. = .. cm; mesh range=../..), ... Itd. 
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Radionuclidic purity has been determined using decay-curve analysis (i.e. modeHing the decay

curve using a summation of several exponential functions, each function corresponding to the 

half-life of a radionuclide (viz. 150, 1 1e and 13N) [eLA 75]). 

3.3.2 Calibration of the N20 Response of the Gas Chromatograph 

In order to enable quantitative analysis of nitrous oxide, the response of the gas chromatograph 

has been calibrated for N20. The calibration was carried out using two gases: He 4.5 and a 

certified mixture of 5.15% (vol)± 0.1 o/o N20 balanced with He 12
. The response of the TeD was 

recorded for different ratios of these two gases containing between 6 ppm and 51.50 104 ppm 

(vol) N20; 1 ppm (vol) refers to 4.1 10·1 1 mol in the injected volume. Since the injection volume 

is l cm3 at 25 oe, at P0; at this temperature and pressure the molar gas volume is 24.5 103 cm3 

mor 1
• 

12 Certified mixture of 5.15% (vol)± 2% (rel) N20 balanced with He, Hoek Loos P.O. box 67, 6950 AB Dieren 

Holland 
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Chapter 4: Results & Discussion 

Introduetion 

In order to optimise the production of ( 50}-N20, a number of experimental parameters have 

been varied; their influence is reported in section 4.1. Section 4.2 deals with the radiochemical 

and radionuclidic purity of the produced ( 50]-N20. Section 4.3 reports results, ideas on the 
14N(d,n)'50 reaction and insection 4.4 possible methods for the production of ( 50]-02 of high 

specific activity are discussed. Section 4.5 finally shows results of pilot experiments with the 

produced [150]-N20. 

4.1 System Characteristics 

4.1.1 Changing the Inlet and Outlet Ports of the Target 

The range of deuterons is dependent on the energy of the deuteron and the density of nitrogen. 

Since the target is heldunder high pressure (8.4 bar (abs)) during the bombardment with 7 Me V 

deuterons the range of the deuterons is expected to be small. This is also evident from Fig. 2.3 

showing the calculated range for different target pressures. Consequently the short-lived 150 is 

produced in the first 4.3 cm (i.e. the range of 7 Me V deuterons incident on nitrogen at 8.4 bar 

(abs)) of the 50 cm long target. In order to maximise the output of 150 from the target, transport 

in the target should be minimised. Therefore the outlet port of the target should be in the vicinity 

of the production location within the target. From Fig. 3.1, it can be seen that in this case A 

should be the target outlet port and B the outlet port. Originally, A was the gas inlet and B the 

gas outlet, in the new situation the target gas flows from B to A. Indeed, this interchange has 

increased the reecvered activity more than one order of magnitude. 

As pointed out earlier the target is also used for 11 C production, by bombarding with 10 Me V 

protons incident on nitrogen. The change of the flow direction is also expected to increase the 

production of 11 C. Since these protons have a range of 22 cm in nitrogen which is then applied 

at 5 bar (abs). Therefore most of the activity is also produced in the first half of the target, 

favouring the present sweep flow direction. 
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4.1.2 Residence Time of the System 

The previous section already mentioned the importance of a short residence time in the target 

and in the transport system (i.e. the sodalime adsorber; and the tubing between the target and 

radiochemical laboratory) for the production of a short-lived radionuclide. To obtain the value 

of these parameters three measurements were carried out. The first method starts with a 10 min. 

bombardment of a closed target to attain steady state of the activity in the target. After 10 min. 

the target flush was switched on, and from that moment recording of the activity arriving in the 

radiochemical laboratory was started. (Bombardment was continued during the entire 

measurement). This measurement (triangles in Figure 4.1) enabled recording of the time spent 

in the tubing between the target and the radiochemicallaboratory. The measurement showed the 

minimal transit time is only 5 s. Which is in agreement with the expected value: Assuming a 

flow-rate of 37 cm3/s. through a ca. 50 m long, 1.6 mm !2l tubing, in which a 7.5 cm3 adsorber 

has been incorporated (see section 3.2 for the dimensions) yields 3 s for the transit time. 
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Fig. 4.1: Residence Time of the Target and the Transport System 

150 180 

Measurements of the activity arriving in the radiochemicallaboratory from a target at steady state (triangles); from 

the BOB (circles); and from the EOB (squares), respectively. During the mensurement the target effluent was passed 

over sodalime and the target was maintained at 9 bar (abs). 



The other measurements (method 2 and 3) implied the registration of the activity arriving from 

the End Of Bombardment (EOB), and from the Begin Of Bombardment (BOB). The measu

rement concerning the EOB has been performed only when the response of Nai detector 1, and 

thus the flow-rate and target composition, attained their equilibrium values. In both methods the 

activity arriving in the radiochemicallaboratory was recorded with Nai detector I. 

The responses of measurements using the EOB and BOB are complementary and to a certain 

degree they are each others reflected image, see Figure 4.1. The figure shows the residence time 

measured after either the EOB or BOB is appreciably Jonger than the transit time measured 

using a target at steady state. The extra holct-up can only originate from flow and mixing in the 

target, since they concern the only difference between the measurements. Figure 4.2 shows 

schematically the distribution of the activity in the target conesponding to the three different 

situations. In the case of a target at steady state (situation A) the activity will decrease in the 

direction of the beam, since the production takes place within the first 4.3 cm and the 150 

decays during mixing. At the BOB (situation B) only a small volume of the target is activated 

within the range of the incoming deuterons, at the EOB (situation C) the activatien ends, and the 

activity is only flushed away. 

D 

flow flow 

A B c 

IOcm 

Fig. 4.2: Schematic of the activity distribution 

Simplified schemes of the distri bution of the activity over the first 10 cm of a closed target at steady state (A); upon 

the BOB (B); and upon the EOB of a continuously flushed target (C), respectively. D marks the gas outlet 
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Fig. 4.3: Modelled distribution of the 150 production over the target 

Both the distribution of the activity and the target are shown at the same scale. The model takes the stopping and 

reaction cross-section of the 14N(d,n) 150 reaction into account, however flushing and mixing effects are neglected. 

Figure 4.3 shows the distri bution of the 150 activity over a closed target modelled with: 

xr a(x). (~)-' dx 
P ·dx 

x ( x ) 

(4.1) 

(See Eq. (2.2) for the meaning of the different variables). However, this model doesnotaccount 

for mixing effects, which are measured to be very important. The measurements clearly show 

that the residence time is largely determined by mixing in the target. The hold up in the system 

is about 40 s, and not 3 s which corresponds to a 37 cm3 s- 1 plug-flow. Therefore, according to 

this measurement, the effective volume of the transport system is 40 s · 37 cm3 s- 1 = l.S. 103 

cm3 (V2 in Eq. (2.7)); and the irradiated target volume is modelled by the projected range (4.3 

cm) times the area of the beamentrance window (1t· (0.612i cm2
) yielding 1.2 cm3 (V1 in Eq. 

(2.7)). 
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4.1.3 Total Adsorbed Activity versus the Activity per Unit Volume 

The total reeavered activity per unit time will increase with the flow-rate, since the decrease in 

activity per unit volume is compensated by extra volume arriving per unit time. For the total 

reeavered activity per unit time versus the flow-rate, Eq. (2.7) needs to be multiplied with the 

flow. 

The activity per unit volume, on the contrary, has a maximum at a specific flow-rate (see section 

2.5). Using Eq. (2.7) and the experimentally determined values for our system (i.e. V1 = 1.2 cm3 

and V 2 = l.S. I 03 cm3 see the previous section) 8.5 cm3/s can be calculated to yield the 

maximum activity per unit volume. Figure 4.4 shows both the calculated activity per unit 

volume (solid line) and the total reeavered activity per unit time (dashed line) versus the flow

rate. 

The cal i bration of the flow-rate and the pressure at valve V 1 (see section 3.2.3) enabled the 

conversion of the response of Nal detector 1 into the activity per unit volume. Fig. 4.5 shows the 

in this way obtained dA/dV is in agreement with Eq. (2.7). When the measured values are fitted 

to this equation 1256 ± 75 cm3 is obtained for V2 and V1 = 0.7 cm3 which is of the sameorder as 

the otherwise calculated value (1.2 cm\ Using the values of V1 and V2 the profile of dA!dt, 

which is equivalent with a perfect adsorber, can be calculated. This can be used to check 

whether an adsorber perfarms optima!. And what is more important: the measurements confirm 

that a higher target pressure will increase the reeavered activity, since the system develops 

according to Eq. (2.7). 

4.1.4 Condusion about the experimentalset-up 

From this section may be concluded that the hold-up and mixing effects m the target are 

substantial. Due to flow and mixing processes in the target the effective volume of the transport 

system is 1.5-103 cm3
. The contribution of the target may be attributed to its large volume (0.76 

dm3
) and the sharp jump in the diameter of the irradiation chamber (from 1.2 cm to 4.4 cm). 

Additionally the positioning of the in and outlet ports under an angle of 90° is not optima!, to 

avoid streaming the in and outlet ports should be positioned on the opposite diagonal corners of 

the target [CLA75]. 
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The solid line conesponding to the left axis shows the calculated activity per unit volume (dA/dV), the dotted line 
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The squares represent the measured activity per unit volume as a function of the applied flow rate. ModeHing 

(dA/dV) with Eq. (2.7) yields V1 = 0.7 cm3 and V2 = 1256 ± 75 cm3
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4.2 The Production of e50]-N20 

4.2.1 Decay-Curve Analysis 

Decay-curve analysis was applied to investigate whether radiom1clidic impurities (viz. 11C and 
13N) were formed during the irradiation. Since it was not possible todetermine the decay of the 

target effluent directly, it was first adsorbed on a zeolite (5À). Decay-curve analysis of the 

activity of the adsorber yielded a single value for À corresponding to t112 = 2.07 min. The 

analysis of this experiment (solid line Figure 4.6) shows that radionuclidic impurities remain 

below their detection limits as was expected (section 2.4.3). 
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Fig. 4.6: Decay curve analysis 
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The solid line rnadeis the decay-curve of the activity in a closed adsorber (A 150· exp[ -À1_50 ·t] + A 11c exp[ -À11c·t] + 

A~.w·exp[-À13N"t]+A0) the entire activity decays according to 150, no significant contribution of 13N and 11C could be 

detected. The second curve corresponds to the decay of the activity of a He flushed adsorber at -I 00 oq 

4.2.2 (Radio)chemical Purity ofthe Target Effluent 

The chemical identity of the radioactive and non-radioactive components present in the target 

effluent was determined by GC analysis. Samples were taken directly from the target effluent 

and were injected onto a Haysep column. Figure 4.7 shows the response of the TCD (dotted 

line) and Nal detector (solid line), which was fitted with the TCD. The TCD response of the 
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target effluent, shows only the presence of nitrogen which is used as a carrier gas. On the 

contrary, in the radioactive part 1500/N 1500/N 150 and N2
150 can be observed separately. 

Using 13X in series with Haysep, only 1500 and N2
150 could be detected, 1500 was entirely 

responsible for the 1500/N 1500/N 150 peak in the radio chromatagram obtained with Haysep. 

Although UHP nitrogen gas was applied, the major part of the reeavered activity is in the form 

of 1500 due to the efficient scavenging of oxygen which is present as an impurity (section 

2.4.4). Radio gas chromatographic analysis of the effluent shows a product distribution of 9% 

N2
150 and 91% 1500. Since N2

150 and 1500 do not appear at the sametime correction was 

applied for the decay of 150, this was also done elsewhere when necessary. The ratio N2
150/50 2 

found, is in agreement with results of Clark et al. Shown in Fig. 2.4. Other labelled species such 

as N 1500 or 15000, could not could not be detected in the target effluent. However, because 

their presence is predicted in literature as precaution a sodalime adsorber will be used during the 

production of [150]-N20. Insection 4.3.1, experimental evidence will be given for the necessity 

of the sodalime adsorber. 
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Fig. 4. 7: Radio gas chromatogram of the target effiuent 
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Response ofthe TCD (dotted line) and Nai detector 3 (solid line), toa sample directly taken from the target effluent. 

(The sample was injected onto a Haysep column at 120 °C). 



4.2.3 The ( 50]-N20 Adsorption Rate 

Figure 4.8 shows an example of a typical response of Nal detector 4, i.e. the activity of the 

nitrous oxide adsorber, when the target effluent was previously led over sodalime. During the 

adsorption (indicated with I in Fig. 4.8) the adsorbed activity rises according to Eq. (2.3). After 

2.5 min. valve V 4 (see Fig. 3.3) is turned over, the activity from the target is sent directly to the 

vent and the adsorber is flushed with He. During flushing (indicated with 11 in Fig. 4.8) the loss 

of activity follows exactly the decay of 150 (solid line). The remaval of the cooling bathafter 3 

min. (indicated by arrow ill) causes the sudden increase of the response of detector 4 (because 

of decreased gamma ray adsorption, see also section 3.3.2). After the cooling bath has been 

removed desorption is started using flash heating (indicated with IV in Fig. 4.8). Note that no 

activity remains on the actsorbent after flash heating. 
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Fig. 4.8: The rt50]-N20 adsorption process 
Typical response of the adsorbed activity, when the target effluent is previously led over sodalime. The tïrst part, 

indicated with I, shows the adsorption of activity ( modelled with R·(l-exp[ -À150·t])), After 2.5 min. flushing is 

started II ( modelled using exp[ -À150 ·t]). The sudden increase after 3 minutes corresponds to the removal of the 

cooling bathand the start of flash heating (arrow III). The desorption is indicated by arrow IV. 
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The use of various zeolitic adsorbents (13X, 5À, Mordenite) does not significantly change the 

adsorption rate, nor the equilibrium value of the totally adsorbed activity, see also Table 4.1 in 

showing a comparison of the different adsorbents. 

The application of larger amounts of actsorbent (up to 0.22 g insteadof the default 0.05 g) did 

not imprave the adsorption. Only when using 0.02 g in a smaller spiral a slight decrease in the 

total adsorption could be observed. Therefore the adsorptive capacity was assumed sufficient. In 

order to keep the resistance minimal normally only 0.05 g is used in a stainless steel spiraL 

The fact that the adsorption can be fitted to Eq. (2.3) suggests the adsorber functions optimal, 

since the adsorbed activity is directly proportional to the produced activity in the target. Only if 

long adsorption times (i.e. the time elapsed between the startand end of adsorption) are applied, 

the observed adsorption is lower than expected. This can either be explained by assuming a 

decreasing production rate (e.g. due to a decreased flow-rate) or by assuming desorption of the 

adsorbed activity (then the effective decay constant Àetf"ecrive has two contributions: Àe.ffective = À1so 

+ Àde 1.,117,1üm where À 1so corresponds to the natmal decay constant of 150 and Àde.wl/1,rion 

corresponds to decay due to desorption) or saturation of the adsorber by impurities. However, 

saturation of the adsorber is very improbable, since the totally adsorbed activity was to a certain 

extent not affected by the amount of adsorbent, see text above. 

Whether desorption from the adsorber occurs or not was verified with an additional experiment 

wherein the adsorber was flushed with helium gas from the moment the production was stopped 

(dotted line Figure 4.6). Decay analysis yielded Àetf'ective = 0.35 min.- 1 which is slightly higher 

than literature value of À150 (0.34 min:\ This strongly suggests there is no substantial 

desorption from the adsorbent. The only observed difference with a measurement on a closed 

adsorber ( other curve in Fig. 4.6) was an initially enhanced decrease, which may be attributed to 

the remaval of the non adsorbed fraction of the effluent. lt should be noted that flushing the 

adsorber with helium is not identical to the situation during the production of [150]-N20 in 

which the target effluent containing traces uniabelled nitrous oxide is flushed through the 

adsorber. Therefore it can not be excluded that during a production cycle there is some 

exchange between adsorbed N2
150 and uniabelled N20 in the target effluent. 

After remaval of the cooling bath and simultaneous flushing, a substantial different value for the 

effective decay constant was obtained. This experiment yielded Àe.tfective = 0.47 min."1
, and 

consequently Àdesorption = 0.13 min."1 which indicates some desorption of activity at RT. 

However to obtain a significant desorption rate the adsorber has to be heated. 
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During flash heating the activity desorbs in a nearly Gaussian pulse with a full width at half 

maximum (FWHM) of (3.5 ± 0.5) s., Figure 4.9 shows an example of a typical response of a 

desorbed pulse, measured with Nal detector 1. The desorbed activity is injected into astreamof 

helium and can be sent to the radio gas chromatograph and/or the PEP detector (the default 

flow-rate for PEP experiments with [150]-N20 is 40 ml./min.). 
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An example of the desorbed pulse, measured with Nal detector 1. 

4.2.4 Radiochemical Purity of the Desorbed Fraction 

30 35 40 

Figure 4.10 shows the GC analysis of the desorbed fraction (Haysep column at 120 oe at 180 

kPa). The peak on the left (retention time = 0.6 min.) corresponds to either nitrogen, oxygen, 

nitrogen oxide, or nitric oxide; the peak emerging after 1 min. is from nitrous oxide. 

The solid line in Figure 4.10 shows the response of the Nal detector, which was coupled in 

series with the TCD, during the gas chromatographical analysis of the desorbed fraction. Like in 

the chromatagram of the target effluent two peaks can be observed, however, their ratio is 

dramatically different. Using zeolites as adsorbents, under standard conditions (i.e. 2.5 min. 

adsorption foliowed by 30 s flushing) no radiochemical impurity can be observed. After only 25 

s flushing 99.97% of the desorbed activity is N2
150, the 1500/N 1500/N 150 peak contains less 

than 0.03% of the desorbed activity. 
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Fig. 4.10: Radio gas chromatogram of the desorbed fraction 
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(A): A response of the TCD and Nal detector. The sample was taken from the desorbed fraction, before adsorption 

the target effluent was passed over sodalime. (Haysep column at 120 °C). 

(B): Haysep in series with 13X column at 190 °C. 

Since the desorption pulse is nearly 1500/N 1500/N 150-free, the N2/02/NO/N02 peak will be 

mainly caused by nitrogen, as the radioactive isotopes are chemically identical with their stabie 

ones. Especially the presence of [150]-NO is highly improbable, since it would either react with 

oxygen to [150]-N02, or with radiolytic N to N2+150. Using 13X in series with Haysep, it was 

also impossible to observe [150]-N02 directly in the target effluent, which might be expiained 

by the Iow oxygen content of the target gas. The amounts of radiolytic nitrogen atoms on the 

contrary may be assumed sufficient to eliminate any [150]-NO produced [STE74]. 

4.2.5 Specific Activity ofthe [150]-N20 

The chemica! identicalness of the radioactive and stabie nitrous oxide isotopes is responsible 

for the observed constant ratio N2
150/N20, with respect to the appiied adsorbent. The specific 

activity is governed by the eiapsed time between the irradiation and the appiication, since N2
150 

decays and stabie N20 does not. 
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Figure 4.11, shows that the ratio N20/N2
150 increases with the adsorption time (i.e. the time 

elapsed between the start and end of adsorption). To model these data, the adsorbed amount of 

uniabelled N20 was assumed to increase linear with time ( C1·t), yielding the following 

expression for the ratio between labelled and uniabelled nitrous oxide: 

(4.2) 

See section 2.4.1 for the part of the expression descrihing the adsorbed amount of N2
150. The 

experimentally determined value for À= 0.6 ± 0.3 min.- 1 and does not differ within the error 

margins from the natura! decay constant of 150 (0.34 min- 1
). The high uncertainty in À is largely 

determined by the measured ratio after one minute adsorption time, since after one minute there 

is no equilibrium and the statistics is rather poor. 
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Fig. 4.11: Specific activity of e50]-N20 

The squares represent the measured N20/N2
150 ratio versus the adsorption time. The solid line represents a fit 

according to formula (4.2). The tït yielded an effective decay constant of0.6 ± 0.3 min.-1
• 
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Calibration of Nal detector 4, and the N20 response of the chromatograph enabled 

determination of the desorbed amount nitrous oxide. Using an adsorption time of 2.5 min. a 

total amount of ca. 70·10·9 mol N20 with an activity of about 4 MBq is recovered. Which 

means the obtained specific activity is 5.7 ·1 013 Bq/mol, entailing the introduetion of 70·1 o-9 mol 

nitrous oxide during a PEP experiment. The introduetion of such a minute quantity leaves the, 

in the PEP experiments studied, kinetics unaffected, see section 4.5. 

To obtain this specific activity the target is also flusbed between experiments, sending the 

activity directly to the vent. As irradiation of a closed target yields a higher additional N20 

content relative to the gained [150]-N20 production. When the target was irradiated 15 minutes 

before starting a continuous production cycle of [' 50]-N20, the measured NzO content relative 

to the produced N2
150, was twice as high as during an identical procedure without pre

irradiation. Note this measurement also demonstrates that stabie N20 is formed in the target and 

is notpresent as impurity of UHP Nz. 

Scavenging of deuterons with an energy below 2.5 Me V might further increase the specific 

activity of the produced [150]-N20. Since this energy is below the practical threshold of the 
14N(d,n) 150 reaction such deuterons will not significantly contribute to the production of N2

150. 

The formation of uniabelled N20 on the other hand, proceeds via electron-electron reaction 

mechanisms which may proceed at energies below 2.5 MeV. Therefore a target geometry in 

which the lower energy part ( <2.5 Me V) is dissipated on the back wall of the target might 

further increase the specific activity of the produced [ 150]-N20. 

4.2.6 [150}-N20 Radiolysis 

lt is known from literature that radiolysis of nitrous oxide in the target can occur. For example 

Clark et al. [CLA75] reported that radiolysis readily occurs above a beam current of 5 J.lA. At 

low beam currents ( < 30 nA) on the contrary radiolysis does not occur according to Stewart et 

al. [STE74]. Since the applied beam current lies between these two limits the degree of 

radiolysis was determined experimentally. Figure 4.12 shows the adsorbed amount of [150]

N20 (solid line) is directly proportional with the beam current in the range between 200 nA and 

750 nA. This strongly suggests that radiolysis does not occur in this range. 

Additionally the total amount of activity coming from the target is also proportional with the 

beam current, as can be seen from Fig. 4.12 (dashed line). An additional indication that 

radiolysis does nottake place in the present system. 
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Adsorbed amount of [150]-N20 (squares) and the total amount of activity coming from the target (diamonds) versus 

the applied beam current. 
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4.3 The Target Output 

4.3.1 Determination ofthe Target Output 

Literature [FER83,CLA75] reports the production of [150]-N02 and [150]-03 during the 
14N(d,n) 150 reaction, although their presence could not be detected in our samples directly taken 

from the target effluent, see section 4.2.2. The concentration of [150]-N20 in the target effluent 

was only 9%, however the use of an adsorber enabled the recovery of appreciable amounts of 

this radionuclide. This suggests the use of an adsorber might also reveal the presence of [ 150]

N02 and [150]-03, this requires however, the remaval of the sodalime trap used during the 

production of [150]-N20. 

When the target effluent is not passed over sodatime about twice as much activity is adsorbed 

(in comparison to a situation in which the same beam current and energy are applied). Surely the 

increased activity originates partly from the decreased transit time, since the volume and 

resistance of the sodalime adsorber are removed. However, part of the extra activity probably 

originates from labelled species which were otherwise removed by sodalime. Flash heating was 

also applied in order to desorb the reeavered activity. However, in contrast with the experiments 

where a sodalime trap was applied flash heating was not sufficient to desorb all the activity. 

Figure 4.13 shows a typical example of the response of Nal detector 4 when no sodalime is 

used. Except for the remaining activity the measured activity profile is identical to the response 

recorded when sodatime has been used (see Fig. 4.8). Again the adsorption could be fit to Eq. 

(2.3) and during flushing the activity decayed with the half-life of 150. The activity remaining 

after flash heatingalso has a t112 of 2.03 min., which excludes any further desorption. 

Fitting of both the activity on the adsorber before and after flash heating enabled calculation of 

their ratio. Modelling provides a ratio that does not depend on the times chosen to indicate the 

begin and end of the adsorption, since both the total and remaining activity can be calculated at 

all times. If the fit functions are used to calculate the total and remaining activity at the same 

moment, the obtained fraction is automatically corrected for the natural decay of 150. If the total 

activity measured is corrected for the increase due to the remaval of the cooling bath (decreased 

gamma ray adsorption), the average remaining fraction is 30% ± 10%. Which means 30% of the 

adsorbed activity corresponds to other labelled products than N2
150 which accounts for the 

desorbed 70% ± 10% since radio gas chromatographic analysis shows 99.4% of the desorbed 

activity is N2
150, see next. The FWHM of the desorption pulse is 3.5 s, equal to the observed 

FWHM when using sodalime. 
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Fig. 4.13: Adsorption of the raw target effluent 

Typical response of the adsorbed activity, when the target effluent was not previously led over sodalime. Sec 4.8 tor 

the meaning of I- IV. The activity remaining after flash heating was modelled with A1r exp[-À150 ·tl 

The dotted line in Fig. 4.14 shows the TCD response of the desorbed fraction (Haysep column 

at 120 oe at 180 kPa). The peak on the left (retention time = 0.6 min.) corresponds to either 

nitrogen, oxygen or nitric oxide or nitrogen oxide; the peak emerging after 1 min. is from 

nitrous oxide. This time nitric oxide can not be excluded on forehand since it could have been 

formed by the decomposition of N02. Although not observed the presence of ozone can not be 

excluded either, since the high temperature of the gas chromatograph (200°C) would 

decompose this species. 

The solid line in Fig. 4.14 shows the response of the Nal detector, which was coupled in series 

with the TCD, during the radio gas chromatographic analysis of the desorbed fraction. The same 

peaks as in the TCD signa! can be observed, 99.4% of the activity is N2
150, 0.6% is either 

N 1500, N 150 or 1500. When oxides are applied the radiochemical purity is substantially less. 

Typical product distributions yield 94%- 98% N2
150 and 6%- 2% 1500/N 1500/N 150, see also 

Table 4.1 insection 4.2.7. Analogue to the analysis of the uniabelled fraction, decomposition of 

either 15000 or N1500 might have been the souree for the detected impurity. The fact that the 

radiochemical impurity percentage increased for higher heating currents supports this idea. 
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Fig. 4.14: Radio gas chromalogram of the raw target effluent 
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Response of the TCD (dotted Iine) and Nal detector 3 (solid line). The sample was taken from the desorbed fraction. 

(Solid line applies only a Haysep column at 120 °C). 

Another indication for the presence of decomposed N 1500 comes from a PEP experiment 

shown in Figure 4.l5A. This figure shows a PEP spectrum which was obtained when the 

desorbed fraction (from a zeolite) was injected into a stream of helium (40 ml./min.) at 55 oe 
flowing through a bed of ZSM-5 coated glass beads (1 mm 0). The spectrum is a two

dimensional representation of the measured activity time-position profile. The residence time is 

plotted against the axial displacement within the bed. The activity measured at each position and 

time is represented by the grey-scale (darker grey represents more activity). Because the zeolite 

was not activated, [150]-N20 was not expected to adsorb indefinitely at the front of the bed. 

This idea is experimentally confirmed by the PEP experiment shown in Figure 4.15B. This 

experiment was performed under similar conditions to the one shown in Figure 4.15A, except 

for the fact that the target effluent was purified using a sodalime adsorber. Disappearance of the 

adsorbed species at the front of the bed proves the adsorbed activity could not have originated 

from N 2
150, since nitrous oxide is not affected by sodalime. Hence the strongly adsorbed 

activity at the front of the bed can only be explained by assuming the presence of another 

labelled species, which should be in agreement with the 1500/N1500/N150 peak in the radioac

tive part ofthe radio gas chromatagram (Fig. 4.14). 
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Fig. 4.15: PEP spectra of e50]-N20 

Non purified (A): PEP spectrum obtained when a desorbed putse was injected into a stream of helium (40 

ml./min.) at 55 oe flowing through a bed of ZSM 5 coated glass beads (ca. I mm 0). The spectrum is a two

dimensional representation of the measured activity time-position profile. The residence time is plotted against the 

axial displacement within the bed. The activity measured at each position and time is represented by the grey-scale. 

Note the strong adsorption at the front of the bed. 

Purified (B): PEP spectrum of an experiment similar to the one shown in Figure 4. 15A, except for the fact that 

the target effluent was purified using a sodatime adsorber. Note the disappearance of the adsorbed species at the 

front of the bed. 

As will be shown in Section 4.4 zeolites do not actsorb [150]-02 therefore this radionuclide 

cannot be accounted for the observed radiochemical impurity. This limits the possible 

candidates for the radiochemical impurity to either 15000 or (decomposed) N 1500. In order to 

exclude 15000, an experiment was carried out in which the sodalime adsorber was replaced by 

a Mn02 adsorber (Mn02 converts [150]-03 into [150]-(02 + O\ however it does not actsorb 

[
150]-N02). Fig. 4.16 shows ca. 20 % of the adsorbed activity remained on the actsorbent during 

this experiment, indicating the remaining activity largely consists of either N 1500 or oxygen 

exchange between decomposed N 1500 and the actsorbent (When nor sodalime or manganese 

oxide were used 30% ± 10% of the activity remained on the adsorbent). 
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Desorption of adsorbed target effluent which was previously led over Mn02. Via modeHing of the decay of the 

adsorbed and remaining acti vity on the adsorbent, the remaining activity was calculated to amount ca. 20% of the 

adsorbed acti vity. 

The proposed assumption that decomposed N 1500 was largely responsible for the observed 

radiochemical impurity is in agreement with the observed adsorption during the PEP 

experiment. Experience with (~N]-NO proved minute amounts nitric oxide are strongly 

adsorbed on zeolites. ZSM-5 probably also would have adsorbed ozone, however the presence 

of [150]-03 is not probable since ozone probably decomposed during flash heating. 
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Table 4.1: Overview of the experiments 

An overview of the reeavered activity on various amounts of different ad sarbents at different temperatures 

Nziso Radiochem i cal Adsorbed Desorbed 

Impurity Activity Activity 

no sodalime target effluent 9% 91% - -

empty adsorber - - OMBq -

13X/5À!Mordenite 99.4% 0.6% 6MBq 70% 

(-100 °C) 

13X/5À!Mordenite 97% 3% 4.3 MBq 28% 

(0 oe) 

13X/5À!Mordenite 90% 10% 3.5 MBq 22% 

(RT) 

Ah03 (-100 oe) 82% 18% 4MBq 70% 

13X (-100 oe) 33% 67% 3MBq 70% 

high heating rate, 

small spiral 

Si02 ( -100 °C) 94% 6% 3.3 MBq 40% 

TiOz ( -100 oe) 6% 2% 3.7 MBq 70% 

with sodalime 13X/5À!Mordenite >99.97% <0.03% 4MBq 100% 

(-100 oe) 
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Finally it can be concluded that only 4% ± I% of the activity distribution is in the form of 

N 1500 (ca. 317 of the N2
150 fraction; N2

150 separately amounts 9%), when applying UHP 

nitrogen target gas. 

Table 4.2: Distribution of the recovered activity 

Distribution of the reeavered activity obtained by bombarding UHP N2 (400 nA deuterons with 7 Me V incident 

energy). 

Radionuclide 1500 Nz 150 N1500 15000 

Fraction 0.87 0.09 0.04 non detectable 

The 15000 was non detectable however, the reeavered activity does not automatically reflect 

the originally produced activity, since produced radionuclides could be scavenged by either the 

target walls or the transport tubing. Especially highly reactive molecules like ozone might have 

been removed in this way. Moreover the possible contribution of decomposed 15000 to the 
1500 peak in the radio gas chromatograms can not be determined, however since the desorbed 
1500/N 1500/N150 peak is small, its absolute value can not be high. 

In contrast with the here reported activity distribution, literature indicates [CLA 75] 61% of the 

reeavered activity of the 14N(d,n) 150 reaction consists of N 1500+15000 when high purity 

nitrogen is used as target gas. Also was observed that this percentage dramatically falls to less 

than 0.1% of the activity, when only 0.5% percent oxygen carrier is added [CLA75]. To 

determine the contribution of N1500+15000 Clark used the percentage of the activity 

remaining on a sodalime adsorber. Additionally he argued N 1500 to be the main contributor 

[CLA75]. In agreement with Clark, we also measured 67% of the activity remained in a 

sodalime adsorber when applying UHP nitrogen target gas. On the other hand our 

measurements applying a zeolite adsorber indicate only 4% of the activity consists of N 1500. 

This difference might be explained by the assumption that sodalime also shows interaction with 

oxygen. Then adsorption of 1500 and oxygen exchange between 1500 and sodalime mayalso 

account for the activity which remains on the sodalime. The observed decrease of the activity 

percentage remaining on the sodalime when oxygen carrier is added to the target gas, might be 

attributed to the now available excess of uniabelled oxygen resulting in a lower interaction of 

the sodalime with 1500. The stronger interaction between sodalime and [150]-N02 could 

explain why sodalime still removes this species when oxygen carrier is added. 
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4.3.2 Target Chemistry ofthe 14N(d,n/50 reaction 

Based on experiments with recoil 13N atoms Stewart et al. [STE74] proposed the following 

mechanism wherein excited nitrogen molecules (indicated with # ) react with oxygen to form 

N20 and oxygen as shown in: 

(4.3) 

Thermodynamics requires that the nitrogen molecules must posses an energy of at least 3.3 102 

kJ/mol (i.e. 3.4 eV/molecule), which can be provided by radiolytic reactions in the target. 

Similar considerations and the observation of radiolysis of e50]-N20 led to the in the literature 

proposed reaction mechanism for the formation of N2
1s0, see section 2.4.4. However, the 

observed N2
1s0 concentration is not inversely proportional with the oxygen concentration but, 

as indicated in Iiterature [CLA75] it shows a maximum at an oxygen concentration of 1% (see 

Table 2.3 section 2.4.4). This is in contractietion with theory [FER83, AUS68], since tso is 

proposed to react witheither 0 2 (leading to either labelled oxygen or labelled ozone) or with N2 

Jeading to Nz 1s0. 

In order to explain the observed N2
1s0 production we propose the following reaction 

mechanism wherein N2
150 is no primary hot atom reaction product, but formed via [1s000] #: 

(4.4) 

Actdition of some oxygen will not influence the nitrogen abundance, however it could prevent 

the loss of tso due to reactions with the target wal!. This is analogues to reactions of 13N# with 

the target wall [STE74]. The rate of the second reaction step may be Iargely determined by the 

dose rate, and can account for the observed radiolysis at higher dose rates. The possibility of 

N2
1s0 formation without intervening hot atoms is also indicated by the observed formation of 

stabie N20 in the target. 
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4.4 Production of High Specific Activity e50]-02 

We have also tried to develop a method for the production of labelled oxygen, similar to the 

production of [150]-N20. Section 2.3.4 shows that the 14N(d,n) 150 reaction is clearly the 

method of choice for the production of this radiolabel when a high specific activity is 

required. Using this reaction and a beam current of 400 nA, 87% of the produced activity is 
1500, see section 4.2.2. This percentage can even be increased by applying higher beam 

currents, since at higher beam currents (> 5 !lA) part of the produced [150]-N20 is converted 

into [150]-02 [CLA75]. To obtain radiochemical pure [150]-02, a sodalime adsorber for 

trapping [150]-N02 and the conversion of e50]-03, in series with an adsorber to remove 

[
150]-N20 should be used. Nitrous oxide can be removed with either a zeolite or an oxide 

(see also previous sections), however, when only remaval of nitrous oxide is required, active 

charcoal can be used as well. This has the advantage it can be applied at RT, however, active 

charcoal also retains some of the desired 1500 [e.g. CLA87, STR85]. It should be noted that 

when pure nitrogen is used for target gas sodalime might show some oxygen exchange too, 

see section 4.3.1. To prevent this a zeolite adsorber at -I 00 oe may be used in order to 

remove as well [150]-N20, as [150]-N02 and [150]-NO. 

A more difficult problem however, is the separation of 150-[02] from the target gas N2. The 

similar melting points of oxygen and nitrogen (90K and 77K, respectively) rule out cryogenic 

separation. The difference in reactivity of the two species is more hopeful, therefore several 

actsarbents at different temperatures have been investigated. Since oxygen is very reactive, 

only noble metals were expected to desorb oxygen at relatively low temperatures (T < 600 K). 

However, the metal should also be reactive enough to actsorb oxygen at temperatures higher 

than 77 K. Since literature describes only the adsorption of either macro amounts oxygen, or 

small amounts oxygen in vacuum, the actsarbents had to be investigated experimentally. All 

the investigated metals were dispersed on alumina (Ab03) to obtain a large surface area, in 

order to increase the adsorptive capacities. The total adsorptive capacities of the metals 

dispersed on the applied catalysts is of the order of 10-6 mol. 

Pt/Ab03 and Ag/Ab03 were found to act identically to Ab03: the desorbed fraction 

contained only nitrous oxide (94% - 96% ), which was not previously trapped during these 

experiments. Palladium, known as a strong oxygen adsorber did not work either. The 

actsorbent might be saturated by uniabelled oxygen in the system before the arrival of [150]-

02. Experience with [150]-N20 and the specifications of Hoek Loos indicate at least a ppm 

level of oxygen in the UHP N2 should be expected. 
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Application of a palladium adsorber before the target, for further reduction of the oxygen 

content in the UHP nitrogen target gas, yielded no effect. And in spite of thorough tests no 

leakage could be detected in the set-up. Leaving no straightforward option for further 

rednetion of the oxygen content. 

This leaves two options for the production of a pulse containing [150]-02 of high specific 

activity, either via [150]-N20 decomposition, or by the injection of a small amount of target 

effluent with a maximal (specific) activity. The method using [150]-N20 as a precursor 

leaves two problems: in which way shouid the puise [150]-N20 rapidly be decomposed and 

moreover decomposition of the uniabelled N20 will lower the specific activity of the puise 

(see section 4.2.5) . The other method was used by Vonkeman [VON90], who applied minute 

amounts of target effluent for his experiments. The activity per unit volume of the target 

effluent was maximised using high beam currents (typically 15 !lA) and actdition of 

uniabelled oxygen (0.05%) to the target gas. The actdition of some uniabelled oxygen 

provides a higher recovery. However, the use of a zeolite adsorber insteadof sodalime might 

prevent the required actdition of uniabelled oxygen. The direct use of target effluent has the 

disadvantage of a lower specific activity (when uniabelled oxygen is added) and the 

introduetion of nitrogen in the experiment. Fortunately, nitrogen is a rather inert gas. 

Application of a large reactor with more catalyst is possible because of the flexibility of the 

PEP detector (see section 2.2) and would reduce the effects of the injected amount of 

uniabelled oxygen. Experiments in which the reactor is in steady state, constantly flushed 

with known amounts of oxygen [see e.g. VON90], would be possible by injecting high active 

target effluent, in the existing set-up. 
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4.5 PEP Experiments 

Radio gas chromatographic analysis and the PEP experiment described insection 4.3.1 showed 

the radiochemical purity of the [150]-N20 to be sufficient for use in PEP experiments. Decay 

curve analysis confirmed the absence of radionuclidic impurities in the tracer (section 4.2.1). 

Other requirements concern the specific activity and the FWHM of the desorbed [150]-N20 

pulse. To ascertain whether the influence of the injected [150]-N20 and the FWHM of the 

produced tracer pulse are negligible, PEP experiments were catTied out. Additionally the heat of 

adsorption of N20 on ZSM-5 was determined during these experiments, which is interesting in 

its own right. 

(A) 18 oe (8) 80 oe 
2 2 
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c:: c:: 
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Cl) Cl) 
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Fig. 4.17A and B: PEP spectra of rt50]-N20 

PEP spectra obtained on ZSM-5 coated glass beads (which were overnight dried with helium at 200 °C). [150]-N20 

was injected into helium feed gas (40 mi/min.). 

(A): Spectrum obtained at 18 oe. 
(B): Spectrum obtained at 80 °C. 

Fig. 4.17 A and B show the PEP spectra of adsorption at different temperatures of [150]-N20 on 

ZSM-5 coated glass pellets. Figure 4.18 shows the [150]-N20 pu1se rnaving through the bed at 

18 oe. Fig. 4.17 A and B demonstrate that an increase of the temperature resu1ts in a higher 
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Fig. 4.18: Progression of the e50]-N20 pulse through a bed of ZSM-5 coated glass beads. 

In situ measurement of the progression of the [150]-N20 pulse through a bed of ZSM-5 coated glass beads 

following the injection into a helium feed stream at 18 oe. The measured activity is shown at 12 mm intervals 

beginning at front of the bed. 

velocity of the tracer pulse through the bed. Using PEP spectra the residence time (in this 

context the time spent in the reactor bed) of a tracer ( 't'rracer) pul se can be determined. The 

residence time of an inert carrier gas (!'carrier) may be determined by the mass flow controller 

input and the reactor volume and the void fraction of the reactor bed. However, the void fraction 

is not exactly known, therefore we determined !'carrier via a measurement of !'tracer under 

conditions where no interaction between the tracer and catalyst were expected. The heat of 

adsorption (t1Ha) can be calculated from the temperature dependenee of the following ratio 

expressed by {3 : 

{3 = !'carrier 

rrracer 

(4.5) 

Note that {3 is the inverse of {3 in other reports. The slope of ln((l-{3)/{3) versus 103/RT, gives the 

head of adsorption in kJ/mol (see Appendix 2): 

In( (1 - {3) J = - t1H" + ,~.s 
{3 R·T R 

(4.6) 
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This formula is called the Van 't Hoff isochore, where !15 is the change in entropy. This 

equation holds for the situation that the amount of available adsorption sites is much larger than 

the number of adsorbing molecules. 

Fig. 4.19 shows the Arrhenius plots for two sets of experiments. The diamonds indicate 

ln((l-[3)//3) for [150]-N20 injected into (inert) helium carrier gas. The squares were obtained 

from similar measurements on a catalyst which was partly presaturated with 1.3% N20. 

According to formula (4.6) the retention times decrease with increasing temperatures. The 

retention times develop linear, also at the highest temperatures, which shows the FWHM of the 

tracer pulse does not interfere with this study. 
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Fig 4.19: Arrhenius Plot 

Arrhenius plots obtained from PEP experiments of [150]-N20 on ZSM-5 coated glass beads. Diamonds indicate a 

set of experiments in which e50]-N20 was injected into helium feed gas. Squares indicate a set of experiments in 

which [150]-N20 was injected into helium feed gas, after the catalyst was presaturated with 1.3% N20 balanced 

with helium. 
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The FWHM of the tracer pulse might be minimised by applying a smaller spiral which has a 

lower heat capacity holding the amount of actsorbent constant during the production of [150]

N20. A smaller adsorber can be heated faster, consequently a tracer pulse with a smaller 

FWHM might be achieved. 

Experiments applying N2
180 [VAL94] have indicated that the retention time of the oxygen 

adatoms resulting from the decomposition of nitrous oxide is much longer than 3.5 s. Hence the 

3.5 s FWHM of the [150]-N20 pulse does notprevent a study of the decomposition of N20. 

From our experiments it can be calculated that the heat of adsorption of the tracer pulse in a 

helium atmosphere is -46 kJ/mol (-0.48 eV/molecule). The heat of adsorption for a partly 

presaturated catalyst is -32 kJ/mol (-0.33 eV/molecule). The difference between the two values 

originates from the dependenee of Mla on the coverage. This shows the amount of adsorbing 

molecules should be very small compared to the amount of available adsorption sites for an 

accurate measurement of Mla. 

In order to check wether the ratio between the concentration in the gas phase and the total 

number of sites was low during the experiment without actdition of N20 to the carrier gas it is 

interesting to measure the adsorptive capacity of the ZSM-5 coated glass beads with a TEOM 1
• 

A TEOM enables determination of the mass change of a catalyst bed when exposed to N20. A 

TEOM detects mass changes by monitoring the frequency change of the natmal oscillation 

frequency of a tapered element. Mass increase results in a decrease of the natura! oscillation 

frequency of this device, while reductions in mass cause the frequency to increase. A direct 

relationship exists between the change in natura! oscillation frequency and the mass of the 

reactor bed. In this way the total number of sites available for the adsorption of N20 in the 

reactor bed could be determined. 

When the total adsorptive capacity of the reactor bed is known it can be compared to the amount 

of nitrous oxide in the ('O]-N20 in the tracer pulse (70 10·9 mol, see section 4.2.5). For an 

accurate determination of the heat of adsorption the number of nitrous oxide molecules in the 

pulse should be negligible compared with the number of sites on the reactor bed. 

1 
TEOM 1500 Series 1500 Pu1se Mass Ana1yzer from Rupprecht and Patashnick Co. 
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Chapter 5: Conclusions and Prospects 

• It has been shown that the application of selective adsorption enables recovery of appreciable 

amounts of chemica} species of 150 that are only present in minor concentrations in the target 

effluent. For instance, selective adsorption enabled recovery of sufficient amounts of [150]

N20 (4 MBq) to carry out a PEP experiment, although only 9% of the activity formed in the 
14N(d,n) 150 reaction was incorporated into N2

150 (87% 150 2; 4% N 150z; and 1503 was non 

detectable). Trapping and selectivity of the applied adsorber resulted in [150]-N20 with a 

radiochemical purity higher than 99.97%. Decay curve analysis showed that the use of 7 

Me V deuterons prevented formation of detectable amounts of radionuclidic impurities in the 

radiotracer. The measured specific activity of the tracer is 60 TBq/mol. The non radioactive 

fraction N20 is entirely radiolytic, since during the production method no N20 is added. In 

section 4.2.5 it was pointed out that a much shorter target (less than 5 cm instead of 50 cm) 

would probably further raise the specific activity, by scavenging the deuterons below 2.5 

Me V and thus reducing the formation of radiolytic N20. Additionally a minimal target gas 

volume is desired for a high sweeping efficiency. The sweeping efficiency could be further 

optimised by positioning the gas inlet and outlet ports on the opposite diagonal corners of the 

irradiation chamber [CLA75]. 

• Using a 400 nA beam, for 3 min. sufficient [150]-N20 (4 MBq) can be reeavered and puri

fied to carry out a PEP experiment. The combination of the short production time and the 

short half-life of the tracer (2.03 min.) are advantageous when making serial measurements. 

These measurements may be carried out by one experimentator since the constant quantity 

and quality of the produced [150]-N20 enabled full automation of the production process. 

• In the future, experiments will be carried out to obtain information about the decomposition 

of nitrous oxide. Therefore the behaviour of various catalysts should be investigated in 

temperature regions of interest. Additionally, the influence of the partial pressures of various 

gases (viz. nitrous oxide, nitric oxide, oxygen and nitrogen) will be studied. 

• The tracer is reeavered in a nearly Gaussian pulse with a FWHM of 3.5 s. Experiments 

applying N2
180 [VAL94] indicate aretention time of the oxygen adatom resulting from the 

decomposition of nitrous oxide will be much longer than 3.5 s. Hence the 3.5 s FWHM of 

the [150]-N20 pulse does not interfere with the study of this phenomenon. 
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• A disadvantage of positron emitters is the fundamental impossibility to discriminate between 

positrons emitted from different chemica! species. To extract kinetic data from PEP profiles 

modelling is necessary. The decomposition of N20 requires the introduetion of only one 

reactant. Therefore the reaction can be studied from the behaviour of only the [150]-N20 

pulse. This simplifies modeHing dramatically since steady state reactant and product 

concentration profiles do not have to be taken into account. 

• Another possible application of [150]-N20 comes from medicine. Nitrous oxide, in this 

context better known as laughing gas, is a narcotic used by anaesthetists and newly also by 

dmg-takers. Therefore the Academie Hospita! at Groningen showed interest in [150]-N20 for 

determining the pharmaco-kinetics of this gas, with PET. Since the production metbod is 

conform medica] standards in vivo application is possible, provided the time scale of the 

investigated phenomena is compatible with the short half-life of 150. 

• A zeolite adsorber was also used to adsorb non purified target effluent in order to shed more 

light on the presence of radiochemical species formed in the 14N(d,n) 150 reaction. Literature 

[CLA75] indicates 61% of the reeavered activity of the 14N(d,n) 150 reaction consistsof 

N 1500+ 15000 when high-purity nitrogen is used as target gas. This percentage dramatically 

falls to less than 0.1% of the activity, when only 0.5% percent oxygen carrier is added 

[CLA75]. Clark used the activity percentage remaining on a sodalime adsorber todetermine 

these percentages. Additionally, he argued N 1500 to be the main contributor [CLA75]. In 

agreement with Clark, we also measured that 67% of the activity remained in a sodalirne 

adsorber when applying UHP nitrogen target gas. On the other hand our measurements 

applying a zeolite adsorber indicate only 4% of the activity consists of N 1500. This 

difference might be explained by the assumption that sodalime also shows interaction with 

oxygen. Then 1500 adsorption and oxygen exchange with sodalime mayalso account for the 

activity which remains on the sodalime. The observed decrease of the activity percentage 

remaining on the sodalime when oxygen carrier is added to the target gas, might be attributed 

to the now available excess of uniabelled oxygen resulting in a lower interaction of the 

sodalime with 1500. The stronger interaction between sodalime and [150]-N02 could explain 

why sodalime still removes this species when oxygen carrier is added. 
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• A new mechanism for the radiolytic formation of N/10 is presented, since this better 

explains the observed maximum of the N2
150 percentage for oxygen concentrations of about 

I% [eLA75]. In contrast with literature [FER83, eLA75] we do not consicter that N2
150 is 

formed in a primary hot atom reaction, but via [ 15000] # : 

Actdition of some oxygen will not influence the nitrogen abundance, however, it could 

prevent the Ioss of 150 due to reactions with the target wall. This is analogues to reactions of 
13N# with the target wall [STE74]. The rate of the second reaction step may be largely 

determined by the dose rate, and may account for the observed radiolysis at higher dose rates. 

The possibility of N2
150 formation without intervening hot atoms is also in agreement with 

the observed formation of stabie N20 in the target. 

• Oxygen plays a very interesting role in many processes, therefore a lot of effort was put in 

the production of a high specific activity [150]-02 pulse, enabling the use of this radiotracer 

for PEP experiments. However no appropriate actsorbent was found for the reversible 

adsorption of [150]-02. Fortunately [150]-02 is present in major quantities in the target 

effluent (87% of the activity). Literature indicates [VON90, eLA 75] sufficient [150]-02 fora 

PEP experiment may be obtained by direct sampling of the target effluent when a high beam 

current, of the order of 10 !lA, is applied. Before sampling [150]-N02, [
150]-03 and e50]

N20 should be removed using either sodalime (at RT) and a zeolite adsorber (at -100 oe) or 

active charcoal (RT). Another, probably preferabie solution is the use of only a zeolite 

adsorber at -100 oe, since sodalime might also remove substantial amounts 1500 from the 

target effluent when no excess amounts oxygen are available. When using samples directly 

from the target effluent the activity per unit volume (dA!dV) should be optimised. lf despite 

of optimisation dA/dV remains insufficient, minute amounts of oxygen carrier might be 

added to the target gas [VON90]. The actdition of oxygen carrier provides a higher sweeping 

efficiency, however lowers the specific activity of the reeavered tracer. 
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Dankwoord 

Op deze plaats wil ik al diegenen bedanken die mij de mogelijkheid hebben geboden dit 

onderzoek tot een goed einde brengen. 

Bedankt Simon, voor de prettige en leerzame samenwerking. Ondanks de experimentele 

vloedgolf die ons kort levende nuclide met zich meebracht was er altijd wel tijd voor een 

geintje en was de sfeer tijdens het experimenteren goed. 

Ook Leo v. IJzendoorn en professor De Goeij wil ik hartelijk bedanken: voor de goede en 

wijze begeleiding en de tijd die jullie in mijn onderzoek hebben geïnvesteerd. 

Voorts mag ook de bedrijfsgroep hier niet onvermeld blijven: dankzij jullie was er (bijna) 

altijd een bundel. 

Verder wil ik alle bewoners van het cyclotron bedanken voor hun bijdragen aan het 

onderzoek en vooral ook voor de prettige werksfeer die ik heb ervaren tijdens mijn 

afstudeerproject. De tijd die ik op het cyclotron heb doorgebracht was voor mij één van de 

leerzaamste en plezierigste perioden tijdens mijn studie. 

Tenslotte, maar zeker niet op de laatste plaats, wil ik aan het eind van dit verslag ook mijn 

vriendin en mijn ouders bedanken voor alle gezelligheid en steun die ik van hen kreeg buiten 

de kantooruren. 
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Appendix 1: Formation and Decomposition of N20 

Automotive exhaust catalysis applies the so called "three-way catalyst", which is named afterits 

ability to reduce nitric oxide (NO), hydracarbon (CnHzn+Z) and carbon monoxide (CO) levels 

simultaneously via the following reactions: 

2 NO + 2 Hz --7 Nz + 2 HzO 

2 NO+ 2 CO --7 Nz + 2 COz 

2 CnHZn+Z + (3n+l) Oz --7 (2n+2) HzO + 2n COz 

2 CO + Oz --7 2 COz 

(Al.l) 

(Al.2) 

(Al.3) 

(Al.4) 

However the three-way catalyst does not convert NO selectively into Nz. NO might also react to 

nitrous oxide (NzO) [HIR92]: 

2 NO +Hz --7 NzO + HzO 

2 NO+ CO --7 NzO + COz 

(Al.5) 

(AI.6) 

The mechanism of N20 formation has notbeen investigated in detail. Most likely it is formed 

VIa: 

(Al.7) 

Where the * denotes the adsorbed state of the molecules. 

Nitrous oxide has been identified as a contributor to the destruction of ozone in the stratosphere 

and recognised as a relatively strong greenhouse gas [KAP96]. Other human contributions to the 

nitrous oxide emission to the atmosphere are adipic acid (HOOC-C4H8-COOH) production, 

nitric acid (HN03) manufacture, fossil fuels and biomass cambustion and land cultivation. The 

estimated total human contribution amounts 4.7 - 7 miJlion ton per year, about 30-40% of the 

total emission including natura! sources. This human contribution has led to an imbalance be

tween the total global sourees and sinks, and a 70-80% reduction in the human emissions is 

necessary to stabilise the atmospheric NzO concentration at the present level of about 310 ppb. 

Emission reduction can be achieved principally in two ways, either by lowering the formation of 

NzO or by after-treatment, however in many situations NzO formation is inevitable to the 

applied processes. Catalysis offers a route for NzO abatement, either by improving selectivities 

of applied catalysts or by the direct decomposition of NzO into nitrogen and oxygen. Most 

catalytic ahatement techniques are still in a developmental stage.In the asymmetrie N-N-0 
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molecule the N-N bond order is about 2.7 and that of N-0 is about 1.6, so the latter is most 

probable to be broken first. The activation energy for thermal fission of the N-0 bond is ca. 

250-270 kJ/mol (i.e. 2.59-2.80 eV/atom) and temperatures above 900 K are required to achieve 

measurable conversions according to: 

2 NzO --7 2 Nz + Oz (A 1.8) 

Both gases and solids have been identified to catalyse the decomposition of N20. However, for 

practical purposes only solid systems are interesting. Many solid catalysts have been reported, 

and include supported and unsupported metals, pure and mixed oxides and zeolite systems. A 

collection of systems is presented in Table Al [KAP96], together with the specifications of 

some experimental conditions. Often it has been observed that in the initia) stages of the 

experiment the catalyst is loaded with oxygen, apparent from a Nz/02 product ratio much larger 

than 2. Data obtained in a batch reactor might merely represent the catalyst oxidation step rather 

than the overall reaction. 

For both metals and oxides the rate of the decomposition reaction is mostly first order in PN2o 

and generally oxygen has an inhibiting effect up to a certain partial pressure, above which the 

rate becomes independent of P02 . The order in P02 forstrong inhibition amounts -0.5, indicative 

of a dissociative adsorption model. However some oxides seem not to be affected by the 

presence of oxygen, this holds for Ca, Sr, La, Ce, Zn, Hf [kap 49,63]. 

Investigating perovskites (genera! formula: AB03 where ion A is mostly La and B is mostly a 

3d-transition metal like Cu, Cr, Fe, Co, Ni, Mn, Ti) and various transition metal (TM) 

concentrations within inert matrices (like MgO, A}z03 and MgA120 4) correlations were found 

between the activation energy for the decomposition reaction, and the oxygen binding energy 

and the isotopic exchange reaction of oxygen [KAP96; ref. 43, 82]. Clearly the oxygen bond 

strength plays an important role. 

In recent years numerous zeolite catalysts have been identified with high activities for the 

decomposition of N20. They are mostly based on a TM ion (Fe, Co, Ni, Cu, Mn, Ce, Ru, Rh, 

Pd) exchange procedure with a suited zeolite (ZSM-5, ZSM-11, Beta, Mordenite, USY, 

Ferrierite, A, X) [KAP96; ref. 88,90,94,100-1 07], and some al ready exhibit activities below 600 

K. The reaction rate is mostly first order in PN2o, with apparent activation energies between 75 

and 170 kJ/mol (i.e. between 0.777 and 1.76 eV/atom) . The oxygen inhibition varies from 

catalyst to catalyst. In ZSM-5, Pd, Fe and Co show hardly any, Rh a moderate and Ru and Cu a 

strong inhibition, although a high concentration of oxygen does not seem to lower the rate any 
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further [KAP96; ref.90]. On the other hand, for Fe-ZSM-5 even a positive effect is reported 

[kap 11 0]. 

Table Al: Experimental conditions ofvarious catalysts for N20 decomposition [KAP96] 

System T-Range [K] PN2o [kPa] P02 [kPa] Reactor 

System 

Pt 760-840 2.6-66 <66 batch 

Pt 800-1500 0.01-0.5 - flow 

Au 720-880 100-7000 - flow 

Fez03, Rhz03 500-700 6.7-35 13.26 batch (external 

recirculation) 

MgO, NiO 700-800 6.7-35 13.26 batch (external 

recirculation) 

A)z03 800-1000 6.7-35 13.26 batch (external 

recirculation) 

LaM03 (M= 700-900 0.1 flow 

Ni, Cr, Mn, Fe) 

Pt-Rh/Alz03 500-700 0.0078 - flow 

Fe-Morden i te 600-900 1-10 1-10 flow 

Fe-ZSM-5 570-850 0.013-0.052 0.013-0.052 batch 

Several mechanisms have been proposed for the catalytic decomposition of N20, and in view of 

the various observations that have been made with respect to partial pressures and temperature 

dependencies over various investigated catalytic systems, a generalisation is of limited value. 

Nevertheless some unification can be made. In its simplest form the reaction can be described as 

an adsorption of N20 at the active centre, usually a coordinatively unsaturated surface TM ion, 

foliowed by a decomposition giving formation of N2 and a surface oxygen. This surface oxygen 

can desorb by combination with another oxygen atom or by direct reaction with another N20. 

The four steps are indicated by Eqs. (Al.9)-(Al.12). Of course the surface oxygen can also be 

removed by a reducing agent. 
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NzO+ * HNzO* 

Nzo* --7 N2 + o* 

(Al.9) 

(Al.10) 



(Al. I I) 

(Al.l2) 

Steps (A 1.9) and (A 1.11) may be reversible, while (A 1.1 0) and (A 1.12) are irreversible. For low 

nitrous oxide coverages the amount N20 actsarbed becomes negligible and reaction (A 1.9) and 

(A 1.1 0) may be represented by: 

(A1.13) 

The reaction of N20 with the catalysts active centreis generally envisaged as a charge donation 

from the catalyst into the antibonding orbitals of the N20, destabilising the N-0 bond and 

leading to scission. 

Most intriguing is the interaction of molecular oxygen with the smface. Many catalysts suffer 

from inhibition by oxygen to a certain extent, but some do not. Moreover, in some cases the 

inhibition by oxygen occurs to a certain concentratien level above which no further rate 

decrease is noticed. Inhibition by oxygen can be simply accounted for by the reversible dissocia

tive adsorption of oxygen, either directly, Eq. (Al.11) backward, or via molecular adsorption of 

oxygen, Eq. (Al.l4), as has been proposed to occur over metal surfaces [KAP96; ref. 57, I 18] 

(A1.14) 

The absence of oxygen inhibition can be explained by two ways. Either reaction (Al. I l) is 

irreversible or reaction (Al.l2) takes place as a major route to destray N20, whereby 02 

provides the oxidation of the sites (A 1.11). For Mn02 the reaction (A.I2) could be clearly 

rejected on the basis of transient kinetic experiments [KAP96; ref. 36]. On the other hand 

reaction (Al.l2) has been proposed to explain the kinetics over zeolites [KAP96; ref. 

90, 100, 10 I]. More kinetics work is needed to shed more light on this aspect. 
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Appendix 2: Derivation of Equation ( 4.6) 

lf the ratio between the amount of tracer in the adsorbed state (Tads) and in the mobile (not 

adsorbed) state (Tmob) is expressed by k: 

(A2.1) 

The probabiltiy of the tracer to be mobile is: 

I:noh + Tad.v } + k 
(A2.2) 

lf the velocity of inert carrier molecules (k = 0) is expressed by Umrrien the velocity of a tracer 

(Utmcer) will be: 

1 
u/racer = ucarrier • 1 + k (A2.3) 

Since the retention time ( !) is inversely proportional to the velocity (A2.3) is equivalent with: 

'X' tracer = 'X' carrier . (1 + k) 

Equation (A2.4) provides arelation between the ratio of 'l'carrie/'l'mu:er ({3) and k: 
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f3 
rcarrier 1 1 - f3 ------Ç::::}k ---

- rfracer - 1 + k - f3 

(A2.4) 

(A2.5) 



The combination of: 

R · T ·ln(k) = -/1G 

11G = MI - T · 11S 
(A2.6) 

Yield the following relation (Eg. 4.6) between {3, k and the enthalpy, which in the case of 

adsorption is called the heat of adsorption (MI11). It should be noted that Eg. (A2.6) and 

therefore Eg. (A2.7) only hold for the situation that the number of available adsorption sites is 

much larger than the number of adsorbing molecules: 

(
(1- {3)) MI" 11S 

ln =ln(k)=---+-
/3 R·T R 

(A2.7) 

Wh ere, 

R =Gas constant [8.314 J mor' K 1
] 

11G =Pree energy [J mor1
] 

MI = Enthalpy [J mor1
] 

!1S = Entropy [J mor' K 1
] 
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Appendix 3: Conversion Table 

Corresponding S.I. Units 

1 Ci 3.7 10 10 Bq 

leV 1.6 w-'9 J 

1 eV atom- 1 96.5 kJ mole- 1 

I b w-28 m2 
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Technology Assesment 

The goal of this project was to produce [150]-N20. N20 is an unwanted by product of 
the present three-way catalysts as applied in automotive catalysis. The use of [

15
0]

N20 might increase the knowledge of N20 abatement, and might lead to the 
introduetion of an extra catalyst section after the three way catalyst. 

Another use for [150]-N20 is for medica) applications. N20, in this context better 
known as laughing gas, is interesting for medicin since it is a narcotic used by 
anaestetists and newly also by drugs takers. This tracer enables investigation of the 
pharmaco kinetics of this gas, with PET. The production method of the ('O]-N20 is 
conform medica) standards making in vivo application possible. 
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