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Abstract Previous experiments with organo-metallic compounds like ferrocene, nickelocene and magnesocene

showed that a pure spectrum must be obtained on the residual gas mass analyser before running successfully

on the ion source. In collaboration with the chemistry department of the University of Caen, LCMT-ENSI

Caen, the synthesis of these metallocene compounds has been studied to provide enriched isotopic compounds

to GANIL’s users. The chemical transformation yields were 90%, 80% and 43%, respectively.Vanadocene,

chromocene, colbatocene and ruthenocene compounds have first been studied with a gas mass analyser and

then successfully tested on the ECR 4M ion source at GANIL. Some 15eµA of 51V11+, 20eµA of 52Cr11+,

22eµA of 59Co11+, and 17eµA of 102Ru11+ were achieved. The comparison between the results obtained on

the gas mass analyser and the ion beams provided by the source has allowed us to validate this method of

determining whether or not an organo-metallic compound could be a candidate for running on our ECR ion

source. As the ECR ion sources are tuned and used alternately on the GANIL injectors, the available time for

the tests is rare, so this method could be an alternative for the validation of new compounds.
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1 Introduction

The MIVOC (Metallic Ions from VOlatile

Compound)
[1]

method is routinely and successfully

used at GANIL for the production of nickel and iron

beams at high intensity. For 5 years, eight runs of two

weeks with nickelocene or ferrocene compounds were

achieved on the accelerator. The method is simpler

to implement and the tuning of the ECR ion source

is easier than with the oven method. Consequently

higher intensities were easily reached, and moreover,

the method gave better ionisation efficiencies because

the gaseous organ-ometallic molecular did not stick

on the plasma chamber wall as fast as the metallic

vapour coming from the oven. The majority of the

experiments were carried out with natural commer-

cial nickelocene for the production of 58Ni. However

the physicists asked us for new beams, like 64Ni or
26Mg, requiring enriched isotopes to get a suitable

high intensity.

Thus a collaboration for the study of the synthesis

of enriched compounds was established with a chem-

istry laboratory (LCMT) of the ENSI Caen. To date,

the synthesis of three compounds, ferrocene, nicke-

locene and magnesocene, has been developed, tested

on the ion source and then proposed to the GANIL’s

users. An enriched 58Fe ferrocene compound has been

synthesized and then successfully used for experi-

ments. The main goals of these studies were to de-

velop a method adapted to the small quantities used

in the source and to obtain a good yield of the chem-

ical transformation. The gas mass analyser appeared

very useful to characterise the samples and to pre-

dict the feasibility of a beam; we used a “Transpec-
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tor” Gas Mass Analyser (GMA) from “LEYBOLD”

which allows the measurements of the partial pres-

sures up to the mass 200. The partial pressures of

the metallocene molecule “X (C5H5)2” or “XCp2” or

“bis-cyclopentadienyl X” and of its fragments “XCp”,

and “X” (metallic element) can be seen on the spec-

trum as well as the partial pressures of the main im-

purities: masses “18” (water) ; masses “66”, “40”

and “39” (hydrocarbon fragments e.g. pump oil, sol-

vent,. . . ); or “Cp” fragments. The evolution of the

level of the impurities is compared with those of the

metallocene. Usually we consider the ratio of the

highest partial pressure representing the metallocene

“XCp2”, “XCp” or “X” over the highest partial pres-

sure representing the main impurity. Most of the time

the ratio is below one at the beginning of the process,

then grows gradually. The compound is operational

after some hours when the ratio is better than 5. This

method of characterisation was applied to other met-

allocene compounds before testing them on the ion

source. We noticed that the GMA configuration and

the set-up of the vacuum system must be unchanged

to keep the measurements comparable. For example,

the pump speed can affect the partial pressures spec-

trum and some kind of pressure gauges set on the way

of the metallocene flow can decompose up to 60% of

the compound.

2 Ferrocene and nickelocene

In 1999 the MIVOC method was investigated as

an alternative to the low ionization efficiency (1%),

the low intensity (5eµA of 58Ni11+), and the bad reli-

ability of the nickel beams obtained with our micro-

oven. First tests have been achieved with ferrocene

then nickelocene compounds. The compound was

placed in a hermetic box called MIVOC chamber,

which has a volume of 40cm3 and allows a great evap-

oration surface around 10cm2. Most of the times it

is filled up with 1g of compound, and can operate at

least 2 weeks. The evolution of the compound can be

seen through a glass enclosing the box. The mivoc

chamber is axially positioned, about 60cm from the

ECR plasma, and connected via a rough one-turn reg-

ulation valve. Nevertheless the mechanical motorisa-

tion of the valve offers an angular resolution better

than 0.25◦, and allows an accurate adjustment of the

input flow. A new valve, PFEIFFER EVR116, elec-

trically controlled, is now in operation on the ECR

4 ion source. Due to the toxicity of organo-metallic

compounds, the output flow of all vacuum pumps is

canalized through high density filters.

The ferrocene compound, Fe(C5H5)2 or FeCp2, is

orange coloured and stable enough to be conditioned

in the mivoc chamber in air, then stored in an ar-

gon atmosphere. Intensities of 92eµA of 56Fe9+ and

30eµA of 56Fe13+ have been produced
[2]

. The colour

of nickelocene compound, Ni (C5H5)2 or NiCp2, must

be dark green, or nearly black, for an optimal opera-

tion; a brown colour indicates a deterioration of the

compound which is sensitive to air and to heat. The

use of an argon glove box is recommended for han-

dling. Some hours of purification in vaccum are nec-

essary, particularly after a quick manipulation in air.

This is done off-line with the GMA, looking at the

partial pressures ratio “NiC10H10” over “H2O”until

it reaches 5. The consumption of the nickelocene it-

self remains low, about some tenth of mg. An inten-

sity of 40eµA of 58Ni11+ allowed to reach 770W of

beam power on target at 75MeV/u. A consumption

of 3mg/h has been measured i.e. 0.63mg/h for the

isotope 58Ni. The ionization efficiency of the source

for 58Ni was around 18%. Elsewhere we observed de-

terioration (brown colouration) of a synthesized com-

pound stored in a MIVOC chamber during one year.

Storage in an argon atmosphere, in a cool place, and

protected from UV could avoid this.

All the results have been obtained without mixing

gas, with the 14.5GHz ECR4M ion source. We ob-

served repetitive micro sparks in the source extraction

when running at the maximum intensity, but without

any trouble for most of the experiments. Probably

due to the presence of metallocene molecules in the

extraction region, the frequency and the intensity of

the sparks grow if the total beam intensity is beyond

2.5emA. Once helium was used to stabilise the beam,

but with a decrease of the intensity. After running 2

or 3 weeks, the carbon contamination of the plasma
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chamber wall did not affect significantly the stability

or the performances of the source. Nevertheless the

plasma chamber is changed and cleaned after each

run with organo-metallic compounds.

The development of the ferrocene synthesis was

achieved in 2000, and then 200mg of enriched (93%)

metallic 58Fe were used to produced 1.6g of enriched

compound. The yield of the transformation was more

than 90%. The ECR 4M ion source delivered a sta-

ble beam of 35eµA of 58Fe8+ during 2 weeks with a

consumption of 4mg/h. The nickelocene synthesis,

developed in 2004, used the same method as for the

ferrocene, and is describe below. For that, we have se-

lected a method initially reported by Sutornin
[3]

and

Perevalona
[4]

which is based on a transmetallation re-

action between NiCl2 and magnesocène. The best

yield reported by the author was 72%. This reaction

needs to synthesize NiCl2 which is obtained quanta-

tively by reaction of metallic nickel with an aqueous

solution of HCl. The sample is then heated under vac-

uum to get NiCl2 without any traces of water. Then

we used this nickel salt as a source of nickelocene.

We optimised the conditions (volume of solvent, num-

ber of equivalent of magnesocene, purification). The

best result is obtained by using a minimum amount of

tetrahydrofurane as solvent (1.5mL/mmol of NiCl2),

a slight excess of magnesocene (1.15 equivalent) and a

purification by sublimation. For this synthesis a glove

box is needed for the opening of the sublimator. The

yield of this two step synthesis (from metallic nickel

or iron) is included from 80 to 100%.

The measurements of the partial pressures on the

gas mass analyser was very useful to determine in

a first approach the quality of different synthesized

samples which were compared to the spectrum ob-

tained with commercial compounds. A final test on

the ion source showed that the tuning and the per-

formances of a synthesized compound were as good

as with the commercial one.

3 Magnesocene

As the request of the physicists was a high inten-

sity magnesium beam with the isotope 26Mg, we first

decide to test the production with the natural com-

mercial magnesocene, Mg(C5H5)2 or Mg(Cp)2, and

then to study a method for the synthesis with an en-

riched isotope. About 840mg of a white commercial

compound were placed in the MIVOC chamber us-

ing an argon-filled box to avoid contact with air and

moisture. It was indispensable with this pyrophoric

compound which burns or decomposes (brown colour)

in a few seconds with air. Then it was out-gassed for

one hour with the GMA. The main impurity “66” de-

creased very quicky, and at the end the ratio “MgCp”

over “66” was around 10. On ECR 4M ion source at

20kV, only two hours were necessary to obtain a sta-

ble beam with intensities around 50eµA for 24Mg5+

and around 30eµA for 24Mg7+[5]
. It seems to be easier

and more efficient, 24%, to produce medium charge

states of magnesium beams with the MIVOC method

than with the oven; nevertheless higher intensities

were obtained on the higher charge states, Mg8+ and

Mg9+, with the large capacity oven but with an ion-

ization efficiency of 14%. Now at Ganil both methods

are available on the ECRIS to deliver a high powerful

magnesium beam of 3kW for the experiments at the

energy of 76MeV/u.

The most widely used method for the preparation

of magnesocene is based on the reaction of cyclopen-

tadiene (vapor phase) with metallic magnesium at

500 to 600◦C[6] It must be pointed out that these dras-

tic conditions are not always easy to handle. There-

fore other methods using lower temperatures have

been reported. For these methods, a catalyst, usually

formed by titanium
[7]

or vanadium
[8]

salt, is needed.

It is worth mentioning that these methods using low

temperature work up are always using an excess of

magnesium. This aspect is not compatible with the

synthesis of magnesocene started from an isotopic en-

riched magnesium sample. Therefore we have inves-

tigated another way based on a transmetallation re-

action engaging sodium cyclopentadinyl with a mag-

nesium salt (MgCl2 or MgBr2) in tetrahydrofurane as

solvent (Fig. 1).

The magnesium salt is first obtained almost quan-

titatively by reaction of 200mg of metallic magnesium

with 1,2-dichloroethane or 1,2-dibromoethane. Then
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a commercial solution of sodium cyclopentadienyl in

THF is added (2 to 2.2 equivalents) at room tem-

perature. The solution is then heated at 60◦C for 40

minutes. The volatiles are removed under vacuum,

and the crude magnesocene is purified by sublimation

(the sublimator needs to be open in a glove box). The

way using the dibromoethane gave the best yields; de-

spite our effort to get pure magnesocene, we observed

that the magnesocene purified by this way still pos-

sess large amount of THF that certainly form a com-

plex with the metallic centre. Finally, the best yield

obtained, based on the starting magnesium used, is

69% (874mg) of a magnesocene-THF complex.

Fig. 1. Synthesis of magnesocene.

The GMA revealed the composition of the sam-

ple. In a first time we only saw the impurities due to

the THF (C4H8O) giving the mass “72” and its frag-

ments like masses “71” or “42”, and tests on the ion

source showed that it was impossible to get a mag-

nesium beam if some THF impurity remains in the

compound. Moreover, it could induce sparks and ion-

isation in the extraction region. In fact the partial

pressure of MgCP2 had to be greater than those of

THF, by at least a factor of 5 as with the nickelocene

for the water impurity. But if the same method is ap-

plied for out-gassing the compound with a high flux

rate, both MgCP2 and THF are pumping. The ra-

tio “MgCp” (m=89) over mass “42” increases very

slowly and when the purity is good a main part of

the compound has been lost. In this way we reached

a global yield of synthesis of 19% in a few hours.

We also noticed that the spectrum with the par-

tial pressures of the synthesized compound was dras-

tically different according to the opening of the mivoc

valve. Particularly at a very low flux rate, i.e. a to-

tal pressure of 3.2×10−5mbar, the ratio “MgCp” over

“42” was lower than 0.01, around 0.05 at medium

flux rate and equal to 0.7 at a high flux rate, i.e. a

total pressure of 1.4×10−4mbar. As the THF had

a vapour pressure a little bit higher than the mag-

nesocene, its vapour held mainly the volume of the

mivoc chamber. If the pumping applied to the mivoc

chamber was low enough, the THF vapour pressure

remains dominant; if not both THF and Magnesocene

vapours feed the pumping flow. This observation was

used to try the purification of the synthesized magne-

socene compound. We operate at a medium flux rate

(total pressure around 6×10−5mbar). At the begin-

ning of the pumping, only the THF peaks are visible

on the spectrum. The ratio “MgCp” over “42” was

0.25 after 15 hours, 0.5 after 55 hours and equal to 1

after 67 hours. From this moment the impurities de-

crease quickly, (Fig. 2) and a measurement done after

72 hours showed a ratio of 6.5, even at high flux rate

(Fig. 3). Therefore we needed 3 days of pumping at

medium flux rate for the purification of a synthesis

sample leading to a global yield of the synthesis of

43%. Tests on the ion source gave results comparable

to those with the commercial compound. One can

expect to approach the chemical yield of 69% with a

longer purification at a very low flux rate.

Fig. 2. The last 17 hours of the magnesocene

purification after 65h, THF(42) decreases

faster than MgCp(89).

Fig. 3. Purified MgCp2 spectrum on gas mass

analyzer.

The residual gas mass analyser is a good way for a

first approach to determine the feasibility of a beam

with an organo-metallic compound on an ECR ion

source. It allows to see and to measure the possible

impurities and to decrease their rating with a con-

trolled out-gassing of the compound.
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4 Vanadocene, chromocene, cobal-

tocene and ruthenocene

The different advantages of the MIVOC method

led us to carry on our tests about new metallocene

beams, particularly with elements which seemed dif-

ficult or impossible to evaporate with the oven. An-

other objective was to find a quick method to char-

acterize a sample and to test it on the ion source.

The characterization has been done with the GMA

in a short time, 2 hours per sample, and each test

on ECR 4M went on for less than 12 hours. So the

results have to be considered as a first approach of

the feasibility of this kind of beam. The filling of

the mivoc chambers has been done with the natural

commercial forms in a glove box under argon. The

out-gassing with the GMA gave indications about the

properties of the compounds.

With vanadocene, V(C5H5)2 or V(Cp)2, the GMA

spectrum showed water “18” and the mass “66” as

main impurities which decrease in 30mn and gave

a final ratio pp “H2O” over Σpp “VCp2, VCp ,V”

around 3%. A total pressure of 1.2×10−4mbar was

obtained with the valve opened at 1/4 turn. On

the ion source we easily obtained a stable beam of

45eµA of 51V7+, and then optimized on V10+ at 25eµA

with 310W of RF power and an extracted current of

1.6mA.

With chromocene, Cr(C5H5)2 ,similar observa-

tions were done on the GMA with a final level of

6% for water. A beam of 52V8+ = 45eµA has been

obtained with 250W of RF power and an extracted

current of 2.2mA. As with vanadocene, water could

be seen as H and O peaks on the CSD spectrum of

the source, so we can think that higher intensities can

be achieve after a longer out-gassing.

The colbatocene appeared very pure on the GMA

spectrum after some minutes, but the valve was

fully open to have a final total pressure around

2×10−4mbar and a level of 1% for water. On the

ion source we easily obtained an intensity of 59Co9+

around 50eµA with 230W of RF power and an ex-

tracted current of 2.1mA.

The out-gassing of the ruthenocene, Ru(C5H5)2 or

Ru(Cp)2, required a valve fully open to have a total

pressure of 1.1×10−4mbar and a very slow decrease of

the water partial pressure which remains at the same

level as the ruthenocene after 1.5 hour. Let us no-

tice that only the partial pressures of “Ru” (m=102)

and “RuCp” (m=167) were available on the GMA.

Nevertheless we tried running on the ion source. The

intensities have been measured on the most abundant

(32%) isotope, mass 102. A maximum intensity of

4eµA of 102Ru9+ were produced at ambient tempera-

ture with the valve fully opened. Heating up to 80◦C,

the mivoc chamber with a warm air flow, we obtained

17eµA of 102Ru11+ with only 125W of RF power and

an extracted current around 2.3mA.

Seven beams from magnesium 24 to ruthenium

102 were produced with metallocene compounds. The

observation of the CSD showed that these compounds

are well adapted for the production of the medium

charge state ion beams.
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