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1 - INTRODUCTION

For many decades, isotopic analysis of Uranium or Plutonium has
been performed by mass spectrometry. The most recent analytical
techniques, using the counting method or a plasma torch combined
with a mass spectrometer (ICP.MS) have not yet to reach a greater
degree of precision than the older methods in this field.

In "traditional" mass spectrometry there are two means of ionization
for isotopic analysis:

- by electronic bombardment of atoms or molecules; this is the
source of gas ions,

- by thermal effect; this is the thermoionic source.

The table below summarizes the performance data for the two types
of equipment.
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Characteristics

Form of sample

Sample consumed for an analysis

Luminosity

Reproducibility

Preparative chemistry

Duration of analysis

Range of concentration for each
piece of equipment

Correction

Elements analyzed

Gas Mass Spectrometers

Gas

0.5 to 1.0 g

-4approx. 0.5 to 1 x 10

0.1 to 0.2%

Simple

0.25 to 0.75 h

Narrow

Memory

Uranium (UFg)

Thermoionization Mass
Spectrometers

Solid

0.1 to 10 x 10"6

_3
approx. 1 x 10

1 to 5%

Complex

1 to 2 h

Wide

Fractionation

Uranium and Plutonium
(oxides)

Luminosity
Number of ions collected

Number of atoms introduced
(or molecules deposited)
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Examination of the two means of ionization reveals some
inconsistency between the quantity of sample necessary for
analysis and the luminosity.

"In fact, the quantity of sample necessary for the gas source
mass spectrometer is 10 to 20 times greater than that for the
thermoionization spectrometer, while the sample consumption is
between 10*> to 10* times greater. This proves that almost the
entire sample is not necessary for the measurement; it is only
required because of the system of introduction for the gas
spectrometer.

The new analysis technique referred to as "Microfluorination"
corrects this anomaly and exploits the advantages of the
electron bombardment method of ionization.

* * *
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2 - PRINCIPLE OF MICROFLUORINATION

The general principle is to create gaseous molecules in the
immediate vicinity of the source by an "in situ" chemical
reaction. For uranium and Plutonium, this consists of
fluorination which produces UFfi or PuFg.

The principle of the method consists of producing fluorination
with gaseous fluorine on a microquantity of a sample deposited
on a suitable support.
Fluorine is chosen fot its high reactivity and has the advantage,
among others, of being znono-isotopic, which simplifies the mass
spectrum.

The uraniferous or plutomferous compound to be subjected to
fluorination is selected for specific reasons. At first, is would
appear that the most suitable compounds are ÜF4 or P11F4.
However, in view of the difficulties involved in the preparation
of these compounds in microquantities and the fact that, in
practice, most of the samples for analysis are nitrates, it was
decided to use oxides, which are easily obtainable. This choice
obviously did not exclude tetra valent fluorides where applicable.

The reactions applied are therefore:

U, OB + 9 F2
 3 5 0 ° C . 3 UF6 + 4 O2 - «55 Kcal/mole

Pu O2 + 3 F2
700° C Pu Fé + O2 - 207 Kcal/mole

These reactions have been studied in great detail, particularly
at Fontenay-aux-Roses (Vendenbusche) for the dry retreatment
process, and by Bourgeois and Cochet Muchy at Pierre-Bénite.

Indeed, the proposed method is the same as the dry process for
retreatment of fuels, produced on a miniature scale in the
immediate vicinity of the ion source of a gas source mass
spectrometer.



- 5 -

While the first reaction does not present any problems, considering
the temperature and its efficiency (very close to 100%), the second
is considered to be more difficult. It takes place in two stages:

PuO2 PuF4

PuF4 PuF6

The second reaction requires a major excess of fluorine in order
to shift the reaction to the right.

With our device, no particular difficulty was observed in the
experiment. The efficiency of the reaction measured by the<x
count method is also very close to 100% (>99.3%).

This high efficiency is obtained by gradually elimination the PuFg
as it forms, by trapping it on a cold surface.

The device used for these reactions must therefore include a trap
at a temperature near to that of the liquid nitrogen. This makes
it possible to eliminate the excess fluorine and separate the various
volatile impurities and, of course, the oxygen, by heating this
trap to suitable temperatures.

The basic assembly is made up of two chambers:

- The sample to be fluorinated is placed in the first,

- The gaseous fluorides are trapped in the second.

sample
horder

sample

heater winding cooled chamber

HXK • « » « » » » «

fluorination
chamber

microsublimator trap

ion source

auxi1iary pump pumping

BLOCK DIAGRAM
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3 - DESCRIPTION OF THE ASSEMBLY

3.1. Sample Support

This is designed so that the sample can be heated to a high
temperature by limiting the heated surface area and thus
reducing the problems of corrosion by fluorine.

In practice, the sample is deposited in the form of uranyl nitrate
in nitric solution on the end of a needle made up of a section of
coaxial heating element, a part of which is narrowed and closed
by welding.

fifl mm

Ifliniw

/ :r f t . 1mm

connector'-Sealing cone u Heated area

SAMPLE HOLDER NEEDLE

The microiluorination chamber is sealed by a small cone in brazed
annealed copper on the thermocoaxial element. The temperature
of the end of this needle can reach up to 700° C when current is
applied.

In practice, the sample can be deposited using a micropipette or
by simply immersing the needle in lhe solution to be analyzed.
When a low current is applied, this deposit is dried, then
transformed into oxide in the ambient air, by raising the
temperature (it is possible to stop aí UO,).
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Technique for Depositing Microõxps on the Sample Holder Needle:
Drying and Obtaining a UO, Oxide Deposit.
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3.2. Four-Channel Assembly

3.2 .1 . Design

When performing isotopic analysis of uranium hexafluoride
by dual ion collection, the unknown sample is always
compared with standard reference samples. The sample,
and two standard reference samples framing it , are
introduced alternately. The true value of the sample's
isotopic ratio is obtained by linear interpolation between
the isotopic ratio values measured for the standards, for
which accurate data is available.

In order to make this measurement cycle, a device with
yeveral channels must be installed in front at the mass
spectrometer ion source.
Our assembly contains four channels:

- two for the samples,

- two for the standard reference samples,

as shown in the diagram below.

Ti

BJ I

A J B 3 I • _ T a . . . ' . .

B« _
D—txj-C

Tu rbomo1 ecu1 a r
pump

chemical
trap

primary
pump

i
Vent
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The cooling circuit of the "microsublimator tubes" is shown on the
graph. Gaseous helium under a filling pressure controlled by a
pressure gauge (approx. 1.2 bar) is cooled by a coil lying in a
Dewar vessel containing liquid nitrogen. The helium is circulated
by means of a small diaphragm compressor.

The temperature obtained at the microsublimator tubes is -170°C
in the center.
The device is adjusted by playing on the helium filling pressure
in such a way as to obtain a very high thermal gradient along
the tubes. This gradient makes it possible to select the
condensation points of the gaseous mixtures as a function of the
sublimation temperatures of the constituents, and thus to separate
the latter. The heating windings (thermocoax) make selective
sublimation possible. A sort of "thermal chromatography" obeying
Nernst's Law is therefore achieved.

Helium was chosen for its high heat capacity and the fact that it
is not condensable at the temperature of Kquid nitrogen.

The use of a gas coolant has the advantage of considerably
reducing the pulse réponse time. The nickel microsublimator
tubes have walls a few hundredths of a millimeter thick. The
temperature can therefore be slaved to the ionic current
intensity received at the mess spectrometer collector.
Temperature stability at the moment of sublimation is thus
controlled to within several hundredths of a degree.

The graph hereafter illustrates the sublimation stability of a
30 y gram sample and a 2-volt signal during a period of 30 minutes.

The following can be observed:

1 - The search oscillation of the set point value at the start
of emission

2 - The rapidity in the decrease of the signal when the last
UF- molecules have been sublimated,

b
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3.2.2. MejçJwùcaJ_Assejnblv_

The actual device is shewn on the attached figures. We
insisted on composing an extremely compact assembly in
order to reduce the areas which come into contact with
the reactive gases as much as possible.

The choice of materials is extremely important. The use
of fluorine, even in a very small quantity makes it
impossible to use any non metal gasket, the corrosion of
which would obstruct the mass spectrum with fluro-
carbonated-compound peaks.

The metals selected are argon-welded nickel, znonel,
nichrome V and stainless steel.

The valves are all metallic shut-off or bellows valves; they
were specially designed to reduce dead volumes to a
minimum.

The strict amagnetism oi the materials shoud be checked
for all parts in the immediate vicinity of the mass
spectrometer ion source to avoid disturbing the .spatial
distribution of the magnetic field which focusses the
ionizing electronic beam.

The device comprises three parts:

1. The upper part made of nickel consisting of four slots
in which the sample-hcider needles are inserted. These
slots are small cylindrical boreholes with a diameter of
3 mm and can be isolated from the "microsublimator
tubes" by pneumatically-controlled valves.
Another valve is used for fluorine intake and to pump
tir when the needles are mounted.

2. A shell making up a vacuum chamber houses the
microsublimator tubes. These are thin-wall nickel tubes
(to limit thermal inertia) around which thermocoax heating
windings are arranged. A coaxial cylindrical wall delimits
a small chamber inside which gas helium cooled to the
temperature of liquid nitrogen circulates. Helium intake
takes place in the center and discharge via the ends in
order to favor the creaton of a high thermal gradient
along the tubes.
The external wall of these coaxial tubes acts as a thermal
t?ap with regard to the residual gases in the vacuum
chamber pumped at low pressure by a turbomolecular prmp
via a lateral nozzle on the shell.
The power supplies of the various windings and the inlets
and outlets of the gas coolant helium traverse the upper
section.
This assembly can be dismantled.
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Microsublimator shut-off
valve

Sample holder needle

Fluorine inlet
valve

Cyrogenic fluid outlet

Winding power
supply

External housing

Source compartment
shut-off valve

F2 inlet

Víàve housing

Cyrogenic fluid
intet

Heating winding

'Microsublimator tube

Spacer

Valve housing

Seal

Ion source compartment flange

MICROFLUORINATION DEVICE
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Internal view of device

Details of microsublimator tubes and cooling device using gas
helium at the temperature of liquid nitrogen

3. The lower part serves as attachment flange for the
source compartment of the mass spectrometers, and
comprises 4 twin-stage valves that connect the
microsublimator tubes either to the ion source or tc
the vacuum chamber from where the gases are pumped.
This part is made of nichrome V, which is known for
its amagnetism and high passivity with regard to
fluorinated gases.

According to this arrangement, the transit time of the
molecules between their condensation point and the ion
source is about a hundred microseconds. Sizes have
been optimized to reduce the number of molecular shocks
on the walls.

The device as described, can be adapted to various mass
spectrometers with the addition of an immediate attachment
piece if required.

It is in fact, a microchemical preparation device for gas
samples and offers the possibility of use with other
detectors and gas analyzers.
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A S S E M B L Y

MICROFLUORINATION DEVICE

This device is mounted on the ion source compartment of a
mass spectrometer
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3.2.3. Automation,.and.Associated .Electronics

Our system, mounted on the SMP 250 mass spectrometers,
is fully automated.

We shall not provide a detailed description of this part of
the device here, which, though very carefully designed, is
not especially innovative.

Th<; diagram shown below provides a detailed illustration of
t'.e functions of this automatic control device. The functions
'.re driven by microprocessors, the apparatus as a whole
being managed by a PS or IBM c< mpatible computer.

printer

rHACAU>ANA 1
1 frequency mttal

uCx • ICO x 100 VCB with INTEL to C 196 \ quDdentmeter
11-bit. 13-MHi CMOS nlcrocontroUcr, teelaOnf: ' '
- One K-blt. l-chuintl CAD
- S nil-t in* inputs
- ft real-tin» ouCpuls
- 1 It-bit, *-MH> eenuiMr

Application uftwire his been developed for i»otopic «n«Jy»i« of
Uranium and Plutonium.

* • *
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4 - ISOTCPIC ANALYSIS

4.1. Uranium

This i /pe of analysis is carried out in the following way:

The sample holder needles are placed inside the flucrination
chambers which are pumped to gradually introduce a flow of
fluorine, at a pressure of 100 mbar. The flow rate is fixed
at 0.06 cm3 s"1.

The fluorination process lasts 2 Minutes, and the needles are
heated to a temperature of 350°C (in the case of Uranium).

The UFg thus formed is trapped in the microsublimator tubes,
the temperature of wnich is brought to -180°C, by circulating
helium cooled to the temperature of liquid nitrogen.

The oxygen formed, together vith the excess fluorine, are
eliminated by the pumping system. This system includes a
turbomolecular pump followed by a chemical trap.

After 2 minutes, the fluorine flow is stopped and the chambers
are pumped, whilo the microsublimator tubes are heated by
resistance windings.

The UFfi is sublimated at approximately -80°C and enters the
tion source.

Sublimation temperature is regulated by a computer, using the
total intensity of ion currents received on the collectors.
Emission stability is thus monitored with an extremely high
degree of sensitivity (see recording in figure). The integral
below the curve represents the mass of UFg emitted.

In this way, the sample and standard sample are alternately
introduced, as shown in the recording (see figure). Standard
data analysis methods are applied to these measurements. They
are carried out by a multitask computer which manages the
entire spectrometer.

The standard deviation obtained for enrichment measurements is
1.10~4. The memory factor has approximately the same order
of magnitude as for standard equipment as regards uranium.
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Double ion collection
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SD

200mV . Standard simple analysis. Channels I and 4.
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ANALYSIS BY MICROFLUORINATION

St Oil

1.6816

1.6923

1.6923

1.6923

1.6924

1.8919

St Oil (mean)

1.6920

1.6923

1.6923

1.6924

1.6922

Dl

1.7467

1.7460

1.7463

1.7462

1.7463

«X

1.0323

1.0317

1.0319

1.0318

1.0320

1.0319

R5 (St Oil) 1.6976

4.2 x 10
-8

£T = 2.1 x 10-4

1.7215%

1.0340

1.7249% correction of memory effect
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£t Oil

1.6839

1.6890

1.6893

1.6899

1.6897

1.6893

1.6888

1.6890

1.6888

R5 (St Oil)

ANALYSIS D2 BY MICROFLUORINATION

St Oil (mean)

1

1

1

1

1

1

1

1

.6890

.6892

.6896

.6898

.6895

.6891

.6889

.6889

1,6976

1.7263%

1.7475

1,7479

1.7483

1.7486

1.7483

1.7486

1.7481

1.7482

c =

1.

1.

1.

1.

1.

1.

1.

1.

0346

0348

0347

0348

0348

0352

0350

0351

1.0349

3.7 x 10 -8

1.9 x 10 -4

1.0372

1.7302% correction of memory effect
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4.2. Plutonium

This analysis is carried out in exactly the same way as for uranium,
except that in this case, the tip of the needle is heated to a
temperature of 700°C during- fluorination.

The device shown here made it possible to obtain the mass spectrum
of plutonium hexafluoride and its fragmentation method, which, to
our knowledge, has not yet been published.

These initial results, which have recently been confirmed by
another of the laboratories in the Group (CEA, CEN-SACLAY,
IRDI) are given below, compared with UFg.

SSTG/LB

UF/

352

PuF6

PuF/

353

UF/

I'F.

333 314

Pu F/ Pu F,

334 315

Frs Ë mentation
molécules with

of

UF/

295

PuF/

1
296

of UF-, and PiiF.

electron impact
70 eV

UF/

1
276

PuF/

1_L
277

UF'

1
257

PuF*

|

258

ïTAiusstMtprr uc FUIICLATTE

u*

238

Pu-

i
239
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pljSSTG/LBfl Fragmentation of UFg and PuF4

molécules with electron impact of 70 eV

ÜcOGEMA
c M D f T a c n u m
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5
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PoF.-

P«F,-

PuF,-

PuF,'

PuF,-

PuF-

Pu-

*

0,6

n
too

21

39

30

30

The fragmentation method of PuFg is quite particular, since the
PuF4+ ions are the most abundant, and their number is very
close to that of the PuF5+ ions.

This new fact could be of use to molecular structure theoreticians
in the interpretation of certain properties of plutonium hexafluoride.

Measurement of the isotopic ratio of various samples of plutonium
in routine analysis is underway in the COGEMA plant at Marcoule,
since our laboratory is only exceptionnally authorized to handle
a few micrograms of plutonium.
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4.3. Other Applications

Other applications roust be found for the facilities developed in
the field of Nuclear Industry for isotopic analysis of fuels,
particularly in the field of chemical analysis. No exhaustive
study of application possibilities has yet been made.

Nonetheless, it can be seen by simply examining the periodic
table, that 32 elements possess highly volatile fluorides. This
is especially the case of carbon, a fundamental element i"1

organic chemistry.

PERIODIC TABLE OF THE ELEMENTS

8 ' Volatile or fftMoua Ouorldta
V*ry tftthtiy volatil* fiuortdti

(high itapcrtturvl
fluond

69 ' " " -

".'.' lin

101 "••

70

ID?™-

I..'.5.-

71

103

nl*.

Lu

P

In addition to the industrial field, it can be noted that geologists
have shown interest in the process for the analysis of iridium
and osmium in the stratum dating from the Mesozoic era. This
analysis could attribute the galactic origin of the elements to
meteorite impact (diappearance of dinosaurs).
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5 - CONCLUSIONS

The analytical techniques presented in this study offer the following
advantages for isotopic analysis of gases:

- the chemical preparation of the samples is very simple.
Even when fission products are present, analysis can be carried
out normally. Most fission products have no volatile fluorides.

- the reproducibility for measurements ranges from a relative 1 to
2 x 10~4.
These results are achieved by constant comparison with
reference standards, and the absence of fractionation phenomena.

- the analysis time is reduced by 15-50 min.

- the quantity of useful sample is between 1 and 10 x 10~*> g
(1-10 ug).
These quantities directly deposited (solid) on a sample holder,
and stored in "identifiable" packaging, should simplify transport
procedures (fewer "customs difficulties").

The assembly can be adapted for use with all mass spectrometers.

Present-day thermoionization instruments can easily be transformed
to accomodate this device, with the added advantages of
multicollection and the system for low ion current detection.

A "microfluorinatior. head" fitted onto a quadrupole filter should
be an interesting development. With lower investments, it should
often be possible to attain a sufficient degree of reproducibility
(< 1 x 10~3 relative).
In the first article produced for the requirements of COGEMA in
Pierrelatte proves satisfactory for the isotopic analysis of uranium,
certification work on plutonium will be continued in the laboratories
at Marcoule (M. Schott).

Changes have also been made concerning the ion source on SMP 250
mass spectrometers, in order to widen their scope in isotopic
concentration.


