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Massenspektroraetrische Bestimmung von Gasen

in einzelnen beschichteten HTR-Brennstoffteilchen.

Teil I: Anordnung, Vorgangsweise und Leistungsfähigkeit

Kurzfassung

Es wird eine Methode zur gleichzeitigen Bestimmung von Spalt- und

Reaktionsgasen in einzelnen beschichteten Teilchen bei Temperaturen

bis zu 2OOO C beschrieben. Die Teilchen werden in einem Mikro-

Widerstandsofen unter Hochvakuum auf die gewünschte Temperatur auf-

geheizt und nach einer bestimmten Zeit mechanisch zerdrückt. Die

freiwerdenden Gase werden einem Quadrupol-Analysator zugeführt, wo

sie dynamisch analysiert werden. Ein peak-selector erlaubt die

gleichzeitige Messung von bis zu 4 Gasen.

Die Methode wird routinemäßig zur Bestimmung der Spaltgase Kr und

Xe und des Reaktionsgases CO (letzteres nur in oxidischem Brennstoff)

eingesetzt. Genauigkeit und Reproduzierbarkeit liegen in der Größen-

ordnung von einigen Prozent. Die Nachweisgrenze bei Routinemessungen
- 7 3 - 5 3

liegt bei ca. 1O Ncm für Kr und Xe bzw. ca. 2.10 Ncm für CO;

sie kann durch spezielle Techniken noch weiter gesenkt werden.
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Abstract

A method is described which allows the simultaneous determination

of fission and reaction gases in individual coated particles at

temperatures up to 2OOO C. The particles are heated under high-

vacuum in a micro resistance-furnace up to the desired temperature.

After preselected times the particles are crushed by action of a

pneumatic cylinder. The gases liberated are fed into a quadrupole-

analyzer where they are analyzed in a dynamic mode. A peak selector

allows the simultaneous measurement of up to four gases.

The method is used routinely for the determination of fission gases

(Kr and Xe) and of carbon monoxide which is formed as a reaction gas

from oxide fuel. Precision and accuracy are in the order of a few

percent. Detection limits for routine measurements are about 1O cm

(STP) for Kr and Xe and 2 x 10 cm (STP) for CO but can be lowered

by special techniques.
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1. Introduction

Contrary to fuel euomerits for other types of nuclear reactors the

fuel of High-Temperature Reactors (HTR's) is broken down into small

volume elements each of them being protected individually against

fission-product release, i.e. into the coated particle-s made up from

spherical fuel "kernels" surrounded by either plain pyrocarbon (PyC)

or by PyC-SiC-PyC coatings. Particle diameters usually range between

about 2OO and 8OO u m.

This concept inter alia bears important consequences in the field of

post-irradiation examination of HTR-fuel: it is possible to assess the

irradiation performance of the fuel by examination of a relatively

small mass of fuel, i.e. of a rather small number of fuel particles. In

many cases it is of advantage to investigate these particles, not by an

overall technique but rather by looking into individual particles. By this

method not only average values can be measured but also the spread around

this average and even incidents occuring singularily.

Amongst the values which have to be measured the amount of fission gases

(Kr and Xe) as well as of other gaseous constituents (e.g. the reaction

gases CO and CO ) contained in individual coated particles is of high

importance (1). Primarily it is the amount of these gases contained

in the "free volume" of the particles (i.e. in all the voidage and

porosity in the kernel and the innermost PyC layer) the "buffer") which

has to be measured because this amount is responsible for the develop-

ment of a gas pressure which may eventually destroy the coating and

thus lead to the release of fission products into the primary coolant

circuit. Since these amounts of gases are rather small and since the

high radioactivity of irradiated fuel particles has to be taken care of,

highly specialized methods have to be applied. This paper describes a

method which is in continuous use with great success at Seioersdorf since

many years. Only a very brief outline of this method has been published

hitherto (2).
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2. Principles of the method

Individual fuel particles are heated up to pre-selectcd temperatures

in a micro resistance-furnace under high vacuum. After certain times

the particles are crushed completely - together with the thin graphite

tube acting as the furnace - by action of a pneumatic piston. Thereby

these gases are liberated which at the moment of crushing are contained

in the free volume. Fission gases still trapped inside the fuel

crystallites continue to remain there and are not measured.

A fraction of the gases released is fed immediately by a high-speed

pumping system to a quadrupole mass-spectrometer where it is analyzed

qualitatively and quantitatively. A peak-selector allows the simultaneous

recording of gas evolution peaks for up to four different mass ranges.

This dynamic mode of operation allows a much better discrimination

against instrumental background than a static mode. Calibration is per-

formed by injection of known amounts of calibration gases.

The amount of Kr and Xe is usually expressed in fractions of the total

amount of these gases formed during fission ("fractional internal re-

lease"). These total amounts are calculated from gairana-spectrometric

data determined on the selected particle prior to mass -spectrometry.

The amount of CO is usually related to the number of fissions in an

analogous manner.

If the free volume of the particle can be determined by an independent

method, gas pressures inside the particles can be calculated (and vice

versa).

The system can also be used for bursting experiments.In that mode the

temperature of the particles is increased slowly up to the point where

the internal pressure ruptures the coating and destroys the particle

together with the furnace tube. The gases accumulated in the free volume

are released spontaneously and are measured dynamically the same way

as in the constant-temperature modo.
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Finally, in the temperature-programmed mode continuous or step-wise

release of fractions of tue contained gases v/ithout destruction of

the particle ("blow-off") can be determined.

3. Apparatus and procedure

The qas determination unit is made-up from the following main parts:

- Heating and crushing unit,

- quadrupole mass-spectrometer (including associate electronic and

recording systems),

- calibration unit,

- pumping systems,

- radiation protection system.

A schematic diagram of the whole set-up is given in figure 1.

Heating and crushing unit

Heating of the particles prior to analysis is accomplished in a ver-

tically mounted micro resistance-tube furnace (figure 2). A graphite

tube (5 mm length, 2 mm outer diameter, 1.6 mm inner diameter) is held

between two tungsten contact plates with short central studs fitting

into the bore of the graphite tube. The particle is positioned on the

flat top of the lower stud in the center of the tube. The upper tungsten

plate can be moved vertically by means of a screwed copper pin, to

achieve the necessary electrical contact between tube and plate. The

lower plate is soldered into a small copper cup serving to collect the

particle and tube fragments after crushing. The cup itself is mounted

on top of a water-cooled current conducting and force transfering pin.

This pin is connected to the furnace-chamber bottom-plate via high-vacuum

tight metal bellows allowing the pin to be moved up and down by means of

a two-stage pneumatic cylinder. Thfj whole bottom-plate can be disconnected

from the furnace-chamber, and lowered into a glove-box by action of a

second pneumatic cylinder.
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Electrical power to the furnace is supplied by a high-current trans-

former v/hich itself is fed from a motor-driven variable transformer.

The motor is controlled by a cam wheel programmer v/hich is adjusted

such as to achieve a temperature rise of 50 C per minute. The maximum

operating temperature of the furnace is about 200O C. To reach a tem-

perature of 14OO C about 80 A at 2.5 V are necessary. The temperature

of the graphite tube is measured and recorded continuously through a

window by a radiation pyrometer (Messrs. Dr. G. MAURER, FRG; measuring
2

area 0.3 mm ). To switch-off the electrical power before crushing a

relay is used in the high-current circuit in order to avoid hysteresis

effects. By use of an additional time-relay the dead-time betv/een pov/er

switch-off and actuation of the pneumatic cylinder (to crush the particle)

may be varied between 0.5 and 3O sec; the natural dead-time of the system

without the time-relay is 35 msec.

At the beginning of a measurement the furnace-chamber bottom-plate and

the lower pin are lowered pneumatically. A new graphite tube is fixed on

top of the plate/cup assembly mentioned, a coated particle is inserted

into the tube, and the whole assembly fixed on top of the pin. Pin and

bottom-plate are raised into working position, pumping of the furnace

chamber is started and after reaching a vacuum of about 1O torr
_. -4 _

l_ 10 Pa_/ heating is started as well. After reaching the desired tem-

perature the furnace is held at that temperature for a certain time. If

annealing times longer than about 60 rnin are necessary this annealing is

performed in a separate high-vacuum furnace, followed by only a 1O minu-

tes additional treatment inside the heating and crushing unit. Before

crushing, the electrical power is usually switched o f f , to avoid formation

of short-circuits or electrical arcs. Then the second stage of the two-

stage pneumatic cylinder is actuated. The lower pin is raised further and

the graphite tube together with the particle are crushed completely. A

force of about 1O kp f_ 100 N_/ is exerted thereby.

For special measurements the particle can be positioned on top of a sharp

knife-edge and the travel of the pin can be limited such that only the

coating of the particle is being cracked. Alternatively, the furnace
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temperature can be increased linearily until the rising internal pressure

eventually ruptures the coating and destroys the particle together with

the furnace tube ("bursting experiment"). In the case of PyC coated

particles instead of an explosion-like bursting usually only a "blow-off"

occurs, without destruction of the particle.

Finally, all actions of the pneumatic cylinders are reversed and the plate/

cup assembly dismounted and emptied. Choosing 1O miri annealing t:me at

about 1200 C the total time per analysis is about 1.75 hours.

Quadrupole mass-spectrometer

A fraction of the gases liberated in the heating and crushing unit is

fed via an orifice plate into the analyzer of the quadrupole mass-

spectrometer. A Balzers Model QMG 311 spectrometer is used (mass ranges

1 to 10O and 4 to 3OO; smallest measurable total pressure 2 x 10 torr
„_ .1 o

f_ 3 x 10 Pa _/ nitrogen-equivalent). The analyzer is integrated

directly into the high vacuum system. It consists of an electron-impact

ion source (electron energy 9O eV), a 4-rod system (200 mm length/8 mm

diameter, 3.45 mm field radius, 1.95 or 3 MHz field frequency) and a

secondary-electron multiplier. The resulting signal is fed via an electro-

meter pro-amplifier and a nain amplifier to a 4-channel peak selector

which allows the quasi-simultaneous registration of up to 4 different

masses or mass ranges. Since the four channels can be adjusted independent-

ly, alternatively two (or more) channels can be used to register the same

mass (or mass range) at different sensitivity. The output from the peak-

selector is fed via an Accudata-amplifier to a multi-channel light-spot

recorder (Visicorder) and in parallel to an oscilloscope. The Visicorder

is triggered either by the crushing procedure or - in the "bursting"

mode or in the case of unexpected bursting, before crushing - by the

pressure rise inside the vacuum system.

For routine measurements, the mass resolution is adjusted such that no

separation of the different Krypton or Xenon isotopes occurs. The re-

gistered ion current therefore is proportional to the total amount of
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Krypton of-Xenon. This "integral" measurement is preferable for quanti-

tative ;neasurcmonts because the isotopic composition of the fission gases

varies with the fissioned material (U 233, U 235, Pu 239) arid furthermore

is different from the composition of the calibration gases. Of course,

, for qualitative measurements all the rare gas isotopes can be determined

individually by a slightly modified technique.

All measurements are made in a dynamic mode. With the exception of special

cases ("blow-off") gas from the heating and crushing unit enters the analyzer

system in the form of a peak whose half-width is in the order of 2.5

seconds for CO and 3.5 seconds for the heavier gases Kr and Xc- (see figure

3). Since the maximum scanning rate of the spectrometer is as high as

O.25 ms per atomic mass unit, these long half-widths easily allow a

quasi-simultaneous determination of all three gases. For routine use th'.

peak selector is set to select only the mass ranges 27 to 29 (CO), 75 to

95 (Kr) and 12O to 140 (Xe). These ranges are scanned at a rate of 3 ms

per a.m.u., which is about the optimum compromise between high peak-shape

resolution and high signal accuracy, If for special purposes lighter gases

(e.g. hydrogen or helium) should be determined, the peak-widths are much

smaller and simultaneous accurate determinations of more than one gas are

impossible.

For the quantitative determination, the measured peak-heights (figure 3)

are converted into standard volumes by use of appropriate calibartion fac-

tors.

Calibration unit

Calibration systems for each of the gases to be analyzed are linked to

the high-vacuum system. They permit the injection of v/ell defined quan-

tities of gases into the mass-spectrometer in a manner simulating closely

the sudden release of gases upon crushing or bursting of an analyzed

particle.

Each system contains a gas storage flask which can be evacuated and sub-

sequently filled with the calibration gas; the pressure is measured by

a precision manometer. The storage flask is connected to a duplex-valve
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unit, which includes the calibration volume between the pistons of the

two solenoid valves. Upon opening the first valve gas is introduced

from the storage flask, the amount of which is exactly known from the

storage flask pressure, the temperature, and the geometrical volume.
3

These geometrical volumes range around 4 mm for the individual

systems; they are calculated from the exact dimensions of the system.

Closing of the first solenoid valve and opening of the second causes

the calibration gas to enter the high-vacuum system and the mass-

spectrometer, along the same way as the gases to be analyzed.Therefore,

the necessary calibration factors can be determined from the peak-

heights measured.

For routine use the storage flasks are filled at atmospheric pressure,
-3 3

i.e. the calibration is performed with gas amounts of about 4 x 1O cm

(STP). Such routine calibrations are made before each measurement,

usually tv.'o minutes before crushing the particle and analyzing its gas

content.

The whole calibration procedure is based on the assumption of a linear

interrelation between the gas amount liberated in the crushing unit and

the ion current measured. This assumption is justified by theoretical

considerations. Furthermore, at least down to about 5 x 10 cm (STP)

it has been verified experimentally, too. Calibration runs using reduced

pressures inside the storage flasks resulted in exactly the same cali-

bration factors as at atmospheric pressure. Additionally, the accuracy

of the calibration has been checked by an independent method. Small

ampoules made from "microcaps" calibrated glass tubes have been filled

with exactly known gas amounts between about 1 end 1O x 1O cm (STP),

sealed and crushed in the same way as the particles, .ne mass-spectrometer

response measured agreed within the limits of error with the results of

the routine calibration.

Pumping systems

Two pumping systems ^Balzers & Pfe i f fer Model TVP 250) are used, each

consisting of a turbo-molecular pump and an associated roughing pump. The
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first system serves to maintain the high vacuum inside the quadrupole

analyzer (about 10 torr _/_ 1O Pa _/ ) . The second .system serves to

evacuate and to maintain the hicrh vacuum inside the furnace-chamber and

the connecting pipe-work. The w o r k j n g vacuum inside the furnace-chamber
_ C _ __ A

is about ]0 torr /_ 1O Pa /; this vacuum is he]d even at furnace tem-

peratures up to 100O° C. After crushing a particle or during calibration
^A , , _0

the pressure increases temporarily to about ]O torr /_ 1O " Pa__/ inside
_6 — -4 ~

the furnace chamber and about 1O torr /_ 10 Pa_/ inside the analyzer

system. Both pressures are recorded continuously. The pressure diffe-

rential between furnace-chamber and analyzer results in a mass flow fron

the foi'jner to the latter which remains always well within the molecular

flow regime.

Radial: ion protection system

The furnace-chamber bottom-plate extends, into a stainless-steel glove-

box. If it is lowered - together with the furnace assembly - that glove-

box serves for the necessary tight enclosure of the radioactive parts

now exposed. To allow the operator to perform the necessary manipulations

during filling and emptying the furnace, a large acrylic-glass window and

two glove ports arc available. The outside of the box is shielded by 2O nun

of lead. Load doors can be opened at the places in front of the v;indo\/ and

the two glove ports. In the bottom of the box there is an additional

opening which allows the removal of the remainders of the crushed particles

into a lead container which is connected air-tight to that opening. The

duration of the two operation steps, where radioactivity has to be handled

aanually - filling arid emptying the furnace - is kept to within a few

minutes. The exposure to radiation is thereby kept to an acceptable level.

4. Precision, accuracy and limits of dotocLJon

Unfortunately, the gas evolution from irradiated particles Is not repro-

ducible enough to allow the determination of repeatability from parallel

measurements of a set of nominally identical particles. Precision there-

fore can only bo estimated from the repeatabjlity of calibration runs.

In the region of some 1O cm (STP) a precision of aoout + 3 % (+ 3Q' )
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has been found. Of course-, for smaller gas volumes this error increases

accordingly.

As there are no major sources of systematic errors, the accuracy of the

measurements can bo estimated to bo only slightly worse than determined

by the statistical error. Since usually about 4 to 6 measurements are

made in parallel, the accuracy (mean error of the average) is in the

order of +_ 1 to +_ 2 *. Particle-to-particle variations are always

much larger than this.

The limits of detection for routine measurements - as described above -

are in the order of 1 x 10 cm (STP) for Kr and Xe and 2 x 10 cm

(STP) for CO. In the case of the rare gases this limit is determined

by different kinds of in.strumental noise. In the case of CO the main

limiting factor is the nitrogen background present inevitably (the limi-

ted resolution of the quaurupole analy/.er does not permit to distinguish

between CO and N0). For non-routine applications it is, however, possible

to lower these limits considerably. If only one of the rare gases is to

btj measured, the peak-selector may bo omitted and only one mass registered

really continuously. By this measure and by taking carefully all possible

precautions, the detection limits for the rare gases can be lowered by
-9 3at least two orders of magnitude, i.e. down to about 10 cm (STP). For

the light gases the short duration of the peak reduces their detectability.

For instance for H the limit of detection is only in the order of about
- 5 3

5 x 1O cm (STP) although in this case true continuous registration has

to be used in any case.

5. Conclusions

The method described in this paper enables the determination of fission

gases contained in the free volume of irradiated particles. Accuracy and

sensitivity of the method are by far high enough to make possible measure-

ments not only on particles with full burn-up but also on particles with

very small burn-up (as it can be necessary for experimental purposes).

Reaction gases, such as for instance CO, can also be measured, for routine
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purposes oven together with both the fission gases simultaneously. The

limit of detection for CO is sJ ight ly higher than for the rare gases Kr

and Xe. It is, however, still sufficient to measure not only the CO con-

tent in particles of whatever burn-up but even in unirradiated particles,

where only very small CO amounts are present.

The gas amounts measured may be used to calculate "fractional internal

release" values by relating them to the total amount of gases formed

during fission (or - in the case of CO - to a nominal or potential total

amount, assuming the formation of two CO molecules per fission). These total

amounts can easily be calculated from gamma-spectrometrie data determined

on th<: individual particle under consideration, prior to mass-spectrometry.

If the free volume of the particle is known from an independent measurement,

the internal gas pressure can be calculated, or vice versa.
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Fgure 1 Schematic diagram of the gas determination unit

1 Quadrupole analyzer

2 Heating and crushing unit

3 Calibration unit (only one shown)

4 Turbo-molecular pumps

5 Roughing pumps

6 Vent valve

7, 8, 9 Shutoff valves

10 Feed line

11 Mass-spectrometer electronics

12 Light-spot recorder





Figure 2 Heating and crushing unit

1 Lower contact plate

2 Upper contact plate

3 Particle inside graphite tube

4 Watei-coolod pin (lower electrical

power feed)

5 Upper electrical pov/er feed

6 Metal bellows

7 Action of pneumatic cylinder

8 Bottom-plate



Fig.2



Figure 3 .Gas release curves upon crushing

Envelopes only of the actual recorder traces

are shown.
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