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Abstract
We reporta seriesof measurementgerformedto characterizéhe atom-to-iontransformation
time in singly-chargecElectronCyclotronResonancéon SourceJECRISS).ThreeECRISs
wereusedwith He, Ne, Ar andKr noblegasesThe transformatiortime asa function of the
supportgasflow, theionizationefficiency,andsourcevolumeis presentedndcomparedto
a calculation made with a simple dynamic model.

PACS codes :

Keywords : Electron cyclotron resonance ion source ; Isotope separation on line ; atom to
ion transformation time ; Support gas ; Singly-charged ion

[. Introduction
Sincethe beginningof radioactiveion productionby the ISOL (IsotopeSeparatiorOn Line)
method therehavebeenattemptso designa Target/lon-Sourc&ystem(TISS),in which the
transformatiorof radioactiveatomsis fasterthanthe radioactivedecay.Moreover,everytime
that the transformationspeedis increasedpnetries to reachanothermore exotic isotope,
closer to the Odrip lineO, and thus with a shorter half-life.
Sincethe productioncross-sectionaredefinedby the choiceof thetarget-projectilepair, the
productionof radioactivefragmentsn athick targetcanbe computedbeforethe experiment
The remainingproblemis transformingthe radioactiveatomsinto ions within a time much
shorter than the half-life.
One hasthen to deal with physicaland chemicalfeaturesof eachatomic specie;these
propertiescauseatomsto havedifferent behaviorduring diffusion out of the target,effusion
into the TISS andduring ionization. For the 1+/n+ project® andthe SPIRAL Il proposd,
new targets and ionization sources have to be designed at GANIL
Owing to theirionizationefficiencieswith stableelementstheir simplicity andtheir low cost,
anECRIS(ElectronCyclotronResonancéon Source)thatis producingionsmainly in charge
statel+ seemsto be well suitedto radioactiveion productionof noble gasesA seriesof
measurementsasbeencarriedout with theseECRISsto improveour knowledgeof the atom-
to-ion transformatiortime, andto apply the resultsof theseobservationgo the future on-line
radioactiveion productionsystem& Sincethe ionizationefficienciesfor the n+ chargestates
(n! 1) decreasesapidly with n (e.g.lessthan7% for Ar®* andlessthan1% for Ar®"), the
fraction of atoms ionized in a multi-charged state is neglected in the following text.

a) corresponding author. Tel.:+33-2-3145-4659; Fax: +33-2-3145-4728.
E-mail address: jardin@ganil.fr



After describingthe set-up,we first reporton measurementgerformedoff-line with stable
atomsin orderto characterizeéhe atom-to-iontransformatiortime, the effusiontime andthe
influenceof the volume. A simple modelis presentedand an experimentatool is givento
evaluate the reliability of such a measurement.

[I. Description of the setup

As previouslydescribed the setupincludesan ECRISion sourcewith its radio frequency
(RF) emitter, its supportgasfeedanda calibratedieak (Fig. 1). Three2.45-GHzECRISion
sources of different volumes were used: MINIMONGDI5 and MONO1000".

Fig. 1: Experimental setup

Two gasesarecontinuouslyinjectedinto the source:the supportgas,necessaryo ignite and
sustainthe plasma,andthe gasof interestinjectedthrougha calibratedleak, necessaryo
measurdhe ionization efficiency by observingthe ratio betweerthe calibratedleak andthe
correspondingurrentmeasuredn the Faradaycup (after correctionfor the line transport
efficiency).

The samegasasthatinjectedinto the leakis alsoinjectedin shortpulses(1.3ms)into the
sourcethrougha fast valve. The electric signal deliveredto the valve triggersa scopeon
which the signalcollectedon the Faradaycupis recorded.The transformatiortime of atoms
into ions T, is measuredor different proportions(Q=10%, 50%, 90%) of ions producedby
the gas pulse, which have left the source.

For a givensettingof all the working parametersthe reproducibilityof theion pulsesis very
good,in height(variationbelow 10%) andin shape.To reducethe noise,severalsuccessive
pulseswere averaged.The numberof pulses,between2 and 16, dependedon the ratio
betweenthe noiseandthe pulseheight. The interval betweentwo pulseswastunedto avoid

pile-up.

Plasma stability and ionization efficiency error

In orderto comparedifferent measurementst is importantto make sure of the plasma
stability and to limit the efficiency error. The time measurements/ere madeonly after
obtaininga stableregimeof the plasma.This wascontrolledthroughthe currentdeliveredby
the high-voltagesupply. The measuremerdccuracyof this currentis ~1uA, to be compared
to the measuredcurrentsfrom 10QuA up to 1mA. The stability was better than 1%.



Neverthelesseachresponsdime was measureaver severalminutes.However,we did not
try to maintainthe sameworking conditionsof the source duringthe measuremerdgver many
hours.This would haverequiredaccuratecontrol of parameterdike the room temperature,
sincevariationscan changethe value of the calibratedleak, the apertureof the supportgas
valve andthe pressuref gasin the feed-bottlesEachmeasurementequireda new settingof
the RF power.Althoughthe RF powerwaskeptlow to shortenthe delayneededo obtaina
thermalequilibriumanda stableout-gazingn the sourcechamberyariationsin the efficiency
areprobablyinevitable.For thesenumerougeason®f uncertainty theionizationefficiencies
are given within error bars of 20%.

IVV. Experimental operation
In a continuousregime,i.e. without gaspulses.a measurementf theionizationefficiency of
He versusthe supportgasflow showsthat the ionization efficiency of the sourceis very
sensitive to the gas density (Fig. 2) as is commonly observed.
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Fig 2: lonization efficiencyof He to He" (left-hand scale and circles) and atom-to-ion
transformationtime T, (right-hand scaleand triangles) versusthe O, pressure observed
with the MINIMONO source.

At the maximumof the observedefficiency, a small variation of gasflow leadsto a large
changen theionizationefficiency.For exampleadecreasef 2! 10° mbar.l/sin the gasflow
leadsto areductionof theionizationefficiencyby afactorof 2. In orderto avoid a significant
pressurevariationduring the pulseinjection,andthusa variationof theionizationefficiency,
a smallflow of gasis requiredin the pulsecomparedo the gascomingfrom the calibrated
leak (someparticle pA, or pAp), which is still very low comparedo the supportgas(some
100 pAp). In the following, testswere performedwith differentgasesHe, Ne, Ar andKr.
Wheneverpossible,the level of the gas pulse was kept low so as to induce negligible
perturbation of the source.

V. Results
The transformatiortime T, versusthe ionization efficiency are presentedor two sources
(Figs. 3 and4). In both casesthe ionization efficiency was adjustedusing the supportgas
flow.
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Fig 3: Time Ty for the transformationof atomsinto ionsin MINIMONO versusionization
efficiencyfor pulsesof He, Neand Ar gasesFor ionizationefficienciesloseto 0, thetime Ty
correspondgo a pure effusiontime. The meaningof the linesis explainedparagraphVl.a.
relation (13).
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Fig 4: TimeT, versusionizationefficiencyfor pulsesof Ar. Thesamesymbolscorrespondo
a same flow of support gas. For each measurement, the RF power is given.

The first sourcewas a MINIMONO ECRIS. The volume of the chamberwas equalto
117cmi. Its extractionhole was4mmin diameter.For both sourcesthetime T, increasess
the efficiency decreased-or ionizationefficienciesvery closeto 0, the measuredimesT,; in
Fig. 3 correspondo pureeffusiontimes,which canbe calculatedrom equationg2) and(13)
given in the next chapter.

The secondsourceis alsoa 2.45-GHzECRIS, GDI5, basedon the samemagneticprinciple.
The maindifferenceis the chambenolume,which is of the orderof 6000cni. The extraction
holeis 7mmin diameter.The time T4 is determinedfor Q = 10% andfor the Ar to Ar*
transformation.The resultsare reportedin figure 4. Each symbol usedcorresponddo a
particularsupportgasflow. We notethatfor a givengasflow, avariationin the RF powerof
the orderof 50% hasonly a weakeffecton theionizationefficiency. Fromthe measurements
madefor ionization efficienciesin the rangeof 4% to 65%, one can deducethat for an



ionizationefficiency equalto zero,the time T, is closeto 250ms,which correspondsgo the
pureeffusiontime. Unfortunately,no measuremenaf T, wasmadefor ionizationefficiency
very close to zero.

To have a global view of this behavior, we built a simple model.

VI. Model and comparison with the measurements
Vl.a. Atom-to-ion transformation time
The removalof atomsfrom the sourceis dueto the transformationof the atomsinto ions
(ionizationprocesshndto losseshroughthe extractionhole of neutralatomsleavingtheion
source before being ionized (effusion).
If anumberx,, of atomscontainedn a pulseareinjectedinto the sourceat time t=0, andif

theionizationefficiencyis closeto 0, thenumberx, of atomsin thesourceatt will begiven

by:

" Heffit _
X, (1)=X,, e (1) with eff=C/V. (2)

C is the conductancef the extractionhole of the sourceandV its volume.If oneconsiders
thatthe vacuumchamberhasa high volume-to-surfaceatio, the effusionlaw will be closeto
an exponential.

Sincetheionizationof the atomsby the plasmacontributeso the removalof atoms,onehas

to estimatethe numberdx, of atomstransformednto ions per unit volume and unit time
dr3dt by collisions with the chargedparticlesof the plasma.In this first approachwe
consideronly the ionization by electronimpact. Thus dx, can be estimatedthroughthis
expression

dx, X
=1#\)v..n. =2 f(v.)dv, (3
dri.dt (!)(e)eev (Ve)dve (3)

wherev, is thevelocity of the electrons,” is theionizationcrosssectionby electronimpact,

n, and %are respectivelythe electronand the atom densitiesf(w) is the velocity
distribution of the electrons such as

I f(v,)dv, =1
0
Thevelocity of theatomsis neglectedn comparisorwith the electronicvelocity. If weignore
the dependencef f(w) and n on their location in the source,the integrationof the
expression3) consistsin multiplying it by a volume V,, which correspondgo an average
value of the plasma volume.
d Vv
% - Py ln X, (4)
dt Vv

Where
Yav #=1%V,)V,.T(v.)dv, (5)

0
The disappearance of the atoms due to ionization is thus governed by the following equation:



a ion. t H " VP
X, (t) = X,0€ (6) with  $on = #.ve!.v.ne. (7)

To maximize !, it is thusconveniento havethe plasmavolumeascloseaspossibleto the
sourcevolumein orderto avoida deadvolumewhereatomscannotbeionized,andobviously
to maximize the electron density.

We now consider the removal of atoms from the source by ionization and effusion:

(L—)ia =1 < .ve>ne\%xa ! %xa.

We obtain the foIIowing integrated form:
wilions wl
Xa (t) — Xao'e (.’ ion .’eff).t — Xao'e Iott . (8)

The numberx of ions created per time unit is given by:

dx
— = "jon1 Xa. 9
p 9)
From this, we deduce:
Lion wielione ! t
— " ({ ion+/ eff).

Xi .Iion + .’eff #Xao-(l © ) , (10)
consideringthat x =0 at t =0, i.e. whenthe pulseof atomsis injected. The ionization
efficiency ! corresponds to the ratig /x,,whent" ! , and thus

!'ion "
= 11 andion = I et . (12
I .’ion + I eff ( ) 1# " ! ( )

i
This expressions still valid in the caseof a continuousinjection of atomsinto the source.
Thusa measuremenrtf theionizationefficiency by usinga calibratedeak canbe sufficientto

know thetime Ty, if the only routefor effusion is via the extractionhole. Thetime T, (Q)
(0! Q! 1) after which a fractiorQ of the ions have left the source can be written as:
1 1 off
T, =—Ln(—=)=A#! )T, , (13
4(Q) =+ (1#Q) @#!1,)71;(Q), (13)

tot

where T (Q) is the time delayafterwhich a fraction Q of the atomsinjectedby the pulse

would haveleft the sourceif only the effusionprocesswere consideredi.e. no ionization).
Numericalapplicationof the formula (13) to the MINIMONO and GDI5 sourcesgive the
straightlines plotted respectivelyin Figs. 3 and 4. Good agreements observedwith the
experimental data.

Neverthelessthis expressiordoesnot take into accountthe confinementtime of the ions
insidethe plasma.lt shouldbe possibleto neglectthis time in comparisorwith the effusion
time, owing to the temperatureof the ions inside the plasma,which is higher than the
temperatureof the neutralatoms®. Thusthe ions will reachthe exit from the sourcemore
quickly , if theion effusionin the coneof lossescanbe comparedo anatomiceffusionandif

theion velocity distributionis assumedo be Maxwellian'?. More quantitatively,in the case
of injecting *K* ions into a OPhoenixchargebreedel?O,the confinementtime between
injection and exit of the multi-charged®*Kk™ ions inside the plasmawas reportedto be
dependant on the charge stat@as given by:

T, (m9 #8.6"n! 25 for 4! n! 11. (14)

confinemen
This suggests time of the orderof somemillisecondfor the confinemenif the *K* inside
the plasmagespeciallyif the sourceis a singly-chargedon sourceandthereforerequiredower
magnetic confinement.



VI.b. Electronic and atomic densities

The electrondensitycanbe roughly deducedrom the volume V, of the plasma* andfrom
lon usingtherelation (7). In the caseof singleionizationof Ar, in the conditionsgivenin
paragraphVll, #n" 4.3s'*. The meanvalue "#.v,! is computedmultiplying the single

ionizationcrosssectionof argonby electronimpact® by f(v,).v,, assuminghat f(v,)is a

maxwellian distribution. The meanenergyof the distribution was closeto 16eV. It was
determinedoy measuringheionizationefficienciesof He, Ne and Ar mixedin oneplasma.
The gasesbeing exposedto the sameelectronicvelocity distribution, and knowing the
respectiveonizationcrosssectionsby electronimpactfor eachgas,it hasbeenpossibleto

deducethe electronicvelocity distribution and thus the electronicdensity,which is of the
order of 3 10" cm™ (for an RF power of 50W).

In the usualworking conditions the pressuren anECRIScorrespond$o a molecularregime,
for which the interactionbetweenthe atomsor moleculesis rare and thus cannotjustify a
uniform atomic density over the volume, as supposedn the viscousregime.In those
conditions,the atomicdensitydepend®n the emittinglaw of the atomsafterthe contactwith

the wall of the vacuumchamberlgnoring the form of this law, the atomicdensityhasbeen
supposed uniform.

VI.c. Transformation time versus the source chamber volume

In a previouspaper(ref. 7), measurementsf the time T, versusthe volume of the source
chamberwere presentedThe MINIMONO volume was modified by connectingdifferent
additionalvolumesto the source usinglargeaperturebetweerthem.We now proposeto fit
theseresultswith anexpressiordeducedrom themodel.Fromequationg2), (7) and(13), we
obtain:

\ 1
T (Q)=/vM V¥ L . (15
4(Q =/YM V¥ + . n%f( )

i V), A

Up to now, we consideredhat the atomsof the pulsefill up the volumeinstantaneously,
leading to a uniform atomic density just after the pulse injection. With respectto the

expressior(8),att =0, x,(t) wasequalto x,, andthendecreaseéxponentially.This leads
to alinearrelationbetweenT,, (Q) andV . In fact, atime of somemillisecondsis necessaryo

theatomsto fill upthechambemndthe additionalvolumes.A term IJM V¥ hasbeenadded

to takethefilling time into accountlts form hasno otherjustificationthanthe experimental
evolutionof T, (Q)with V . It mustincreasewith V , andbe proportionalto the squareroot
of thegasmassM . ! and k dependonly on Q. Previousmeasurementd-ig. 5) in thecase
of the He, Ne, Ar and Kr gaseshavebeenfitted by using expression(15). The value of
<! AVA >VF,ne was estimatedand fixed to 292cni/s, usingthe valuesof !in deducedrom the

measurements’(nV = <! v, >VF,ne , V =117cn?).
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Fig. 5: Transformatiortime T, versusthe volumeof the MINIMONO sourcefor He, Ne, Ar

and Kr. Thedottedlines correspondto fits to the measurementwith the relation (15).The
bold line and crossescorrespondo fit to the Monte-Carlocalculation.For a givengasand
volume,a group of threedotscorrespondso measurementsf the time madefor Q=0.1, 0.5
and 0.9, andtransformedassumingheresponsesxponential Thetime dispersionof a group
of dots reflects the quality of this assumption (see paragraph Vl.e).

The valuesof the conductancebavebeenadjustedo give the bestfit for the differentgases
while respectinghe ratiosbetweenthe conductancesaccordingto the squareroot of the gas
massesThey are slightly lower thanthe valuesgiven in bracketsin Fig. 5, which were

calculatedconsideringthe extractionhole area,the massof the gasand a temperatureof

300K. The experimentalvalues are deducedfrom the time measurementsywhich are

lengthenedby the complexshapesof the additionalvolumesand lead to lower apparent
conductancesk and! weretheonly free parametersf the fits madewith therelation(15).

For k equalto 1.4and! equalto 6.7 10%s.kg">.cm*?, the relation (15) showsa satisfying
agreement with the measurements, particularly for He and Ar.

VI.d. Influence of the pulse height on the response time

As observedbefore,the ionization efficiency is sensitiveto the gasdensity presentin the
source If the gaspulsemodifiesthe gasdensity,the ionizationefficiencyis modified during
the pulseandthe responsdime will not correspondo the responsdime deducedrom the
ionization efficiency measuredn caseof a continuousregime. The consequencéor the
radioactive ion production efficiency can be dramatic, especially for short-lived elements.
To estimatethe effect of the gaspulse,we recordedthe responseshapeversusthe heightof
the gas pulse in the case of the MONO21000 source (see Fig. 6).
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Fig. 6: Measuremenbf the time responseof the “°Ar to *°Ar* transformationin the
MONO21000source for different heights of the gas pulse. The shapesof the fits are
exponentialsFor comparisonthe theoreticalshapeof a pure effusionprocesss indicated.
The heights at t=0 and the exponents(, see text) are deduced from the fits .

17.54Ap of “°Ar wereinjectedthroughthe calibratedeak, while pulsesof “°Ar varying from

1.514A to 29.5uA (peakion currentvalues)were injected through the fast valve. The
continuoussignalcorrespondindo the calibratedleak hasbeensubtractedThe beginningof

the time responseorrespondingdo thefilling of the sourceby the gasof the pulsehasbeen
maskedoff, to showonly the decreasingpart of the signal. The ionizationefficiency deduced
from the continuouscomponenbf the currentof “°Ar* wasequalto 69%. The volumeof the

source and the diameter of the plasma electrode hole were respectively 28a0cmm.

In the caseof Fig. 6, the perturbationis smallenoughto leavethe shapeasexponentialeven
if the exponentiadecreaseslightly fasterfor low pulsesthanfor higherpulses.in this range
of Ar pulse height, one can concludethat the plasmafeatures,containedin the term

Ion (€Quation?), are not perturbedby the gaspulse,evenfor 3! 10" particlesinjected(this

particleflux is of the orderof the maximumradioactiveatomflux evaluatedor the SPIRAL

Il project).

Vl.e. Influence of the plasma perturbation induced by the gas pulse on the responsaé

In caseof radioactiveion productionby ISOL method,one hasalsoto takeinto accountthe
out-gassingf the targetinducedby the primary beamheating,which canbe of the orderof

10'%pps. If this gasflux disturbsthe plasmaandif the primary beamis continuousonecan
retunethe plasmaon-line towardsthe optimumworking point, if possible./A morecomplex
problemcanoccurin caseof alow frequency(belowa few Hz) pulsedprimarybeamandthus
a pulsedout-gassingvhich will inducean oscillation of the working region of the plasma
around its optimum.



If the gasquantityinjectedduringthe pulseinducesa modificationof the plasmafeaturesthe
time response shape differs from an exponential, as shown Fig. 7.
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Fig. 7: Measurementof the time responseof the *He to *He'transformationin the
MINIMONO sourcefor differentflow (f) of supportgas. Thefits accordingto the relation
(17) are merged with the experimental data.

The resultingshapedependon the pressureegionscanneddy the pulse.Whenthe gasis
injectedinto the sourcein which the gasneededor maximumionizationefficiencyis missing
(left partof the Fig. 2), the gaspulseinjectionimprovestheionizationefficiency. Thusatfirst
the pulsedecreaseguickly. Whenthe pulsegasdisappearsthe slopebecomesmalleruntil
the continuougegimeis reachedagain,asshownin Fig. 7. If thegasis injectedin the source
whenthe pressuras too high for the maximumionizationefficiency (right partof the Fig. 2),
the effectis lesssensitive the dependencef the efficiency on the pressureébeingsmallerin
this pressure region.
If oneassumeshatthe dependenceetweerthe gasdensityandthe electrondensityis linear
over the gas density range scanned by the pulse,
r]e (Xa) = r]eO +" 'Xa’ (16)

the shape of the ion pulse becomes:

1#!

e"iono.t # I

In caseof measurementsiadewith “He injectedin the MINIMONO ECRISfor very different
support gas flow, this shape is in a very good agreement with the experiments.

\/
X, (1) = X, . (17) where $ono="#.ve!7p.neo. (18)

VI.f. Synthesis

To describecompletelytheion currentresponsef an ECRion sourcein which a shortpulse
of noble gasis introduced,the expression(17) has beenmultiplied by an exponential
expression, which represents the filling up of the source:

1N









