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HEAVY GOLD CLUSTER BEAMSproduction and identi�cationS. BOUNEAU, S. DELLA-NEGRA, J. DEPAUW, D. JACQUET,Y. LE BEYEC, J.P. MOUFFRON, A. NOVIKOV, M. PAUTRATInstitut de Physique Nucl�eaire, IN2P3-CNRS, 91406 Orsay, FranceMay 14, 2004AbstractIt is shown that beams of very heavy gold clusters can be pro-duced by a liquid metal ion source (LMIS). An experimental method isdescribed for de�ning the LMIS source and the Wien �lter parametersthat must be set to extract and select large Aun clusters. This methodis based on the acceleration of the clusters to high energy (MeV) andon the measurement, after their passage through a thin foil, of theirnumber of constituents and velocity. Only an average mass over chargevalue is obtained for a given set of source and Wien �lter parameters.These parameters can then be used to select heavy Aun cluster beamsfor applications at low energy (keV) in mass spectrometry.1. IntroductionBeams of gold clusters, produced by a liquid metal ion source (LMIS),have been used since the early nineties to study collisions with various typesof materials [1,2,3,4,5,6]. A large range of projectile energies was investigated,mainly in experiments on sputtering phenomena and secondary emission pro-cesses. The highest energies of Aun clusters (n = 1, 13) were obtained byusing heavy ion accelerators at Orsay and Lyon. During the course of theseexperiments it was observed that large size clusters could be produced with1



the gold LMIS and it became necessary, for further experiments, to know thesize (i.e. the number of constituents) and the total electric charge q of theseentities delivered by the source.One of the Aun sources, including the ion optics and a Wien �lter, islocated at the Orsay MP Tandem terminal. A wide mass range of clusterscorresponding to nq ratios of 5, 7, 9, 27, 40 (selected by the Wien �lter) andeven nanodroplets containing up to 400 atoms are produced, accelerated bythe second stage of the accelerator and sorted out by the analysing mag-net. According to the parameters set on the source and the Wien �lter theselection of nq values is obtained with a distribution of charge and mass.In electrostatic accelerators the total particle energy depends on its charge.Therefore the measurements, after acceleration, of the cluster constituentnumbers and velocities allow identi�cation of the clusters (for a given tun-ing of the source). This is achieved by time-of 
ight measurements of thecluster atomic fragments, after passage of the incident beam through a thinFormvar foil and by measuring simultaneously, with a multianode detector[7], the number of constituents coming out of the foil. High energy clusters,accelerated at several MeV, are thus necessary to de�ne and verify experi-mentally the working parameters of the cluster ion source device. The sametype of source is now used to produce large size clusters with energies below50 keV to investigate desorption phenomena with large projectiles as well asapplications in mass spectrometry. For example, the secondary ion emissionfrom bio-organic solids under the impact of a Au4+400 beam has been studiedfor the �rst time [8].Several sets of source parameters have been experimentally explored andthis work presents the method to characterize Aun cluster beams and thevariety of beams which can be delivered by a gold LMIS.2. Experimental process2.1. Beam production2.1.1. The ORION injectorThe gold clusters are provided by a liquid metal ion source, duplicate of thepattern developed by P. Sudraud and G. Ben Assayag [9] the speci�cations ofwhich are described in references [2], [10], [11]. This simple source is made ofa tungsten needle and of a reservoir containing the metal. An electric �eld,applied between the needlepoint and an extractor, generates a Taylor conefrom which are emitted ions, clusters and nanodroplets. These are further2



accelerated by a potential of some tens of kilovolts. To obtain a low meltingpoint, � 370oC, the reservoir contains an AuSi eutectic with 31 silicon atomsfor 100 gold ones (i.e. a mass ratio of 4.4% silicon with respect to gold) [12].The whole set-up including the ion source, two focusing lenses and a Wien�lter for the mass selection of the ejected clusters is located at the acceleratorterminal [10], [13]. The �rst cluster beams were obtained, over a large energyrange, more than ten years ago. To increase the cluster beam intensitiesinjected into the accelerator, the diameter of the extractor aperture at thesource exit is set at 1.5 mm which leads to a 75 mrad acceptance. In thiscon�guration, the mass separation m�m is between 15 and 20. With thisdevice it is possible to obtain ions from Si+ to Au+1000. Fig. 1 shows anexample of mass spectrum for very heavy ions down to Au+5 . It shows thevariation of the intensity measured by the Faraday cup, at the exit of theWien �lter, versus the voltage set on the �lter plates.

Figure 1: Current delivered by the LMIS source versus the VWien voltage.Clusters containing some tens of atoms were already obtained with this source[14],[15], but in this spectrum a maximum of beam intensity is observedaround a potential value of � 10 Volts corresponding to mq � 20000. Thisratio is deduced from the relation :VWien + � = K * I * r qmVWien(Volts) : voltage on the electrostatic deviation plates.3



I(Amperes) : current intensity in the coils generating the magnetic �eld.K : constant depending on the alignement of the source and Wien �lter axes,experimentally adjusted.The o�set value � depends on the beam angle at the �lter inlet and amass calibration of the Wien �lter, with well known beams (Au++, Au+,Au+2 , Au+5 . . . ), is advisable for each new source con�guration.Above nq = 9 it is not possible any more to separate the cluster massessince the curve of Fig. 1 becomes continuous. However, one can modifythe intensity of the cluster beam as well as the maximum of its mass distri-bution through the adjustment of three main parameters : the voltages onthe focusing lenses, the current emitted by the source and the accelerationvoltage.i) the voltages (U1 and -U2) applied on the two focusing lenses allow tooptimize the intensity of the selected clusters, compensating for the energyspread due to the ionization of clusters at some distance from the needlehead. This energy spread increases with the cluster mass [15] and can reach100 eV or more. As can be seen in Fig. 2, the focusing conditions play animportant role for \light" clusters but are nearly the same from nq = 9 up to100.
Figure 2: Optimized values of thevoltages (U1, -U2) applied on the twofocusing lenses versus the n/q ratiosof the selected clusters. Figure 3: Intensity of the clusterbeam as a function of the Wien �lterpotential for di�erent source emis-sion currents.However, the focusing conditions can also change the shape of the beamintensity curve. The Au+n peaks, for nq � 9, may disappear while a \back-4



ground" increases which is not an actual background but the sum of theAu2+2n�1, Au3+3n�1, Au2+2n+1, Au3+3n+1 . . . peaks.ii) Fig. 3 shows the importance of the source emission current, as largesize cluster beams, obtained for low values of the Wien �lter potential (Fig.1), have their highest intensity for I = 100 �A. But a compromise must befound between the current value and the lifetime of the ion source (from 300to 1000 hours).iii) the acceleration voltage value is, in this case, �xed at 10 kV.In the following, since the same nq ratio may be related to di�erent clustersize and charge state values, two sets of source parameters are used for pro-ducing either low charged or highly charged clusters, which also correspondsto light or heavier ones.2.1.2. Acceleration and beam lineAt the Tandem terminal the selected clusters are injected, using two electro-static mirrors, in the High Energy (HE) accelerating tube in order to reachenergies from 1 to 12.q MeV. The residual gas pressure in the tube and alongthe beam line is kept lower than 10�7 hPa by ion and titanium vapor pumps.The beam line includes, at the machine exit, two electrostatic quadrupolelenses together with X and Y steerers, to focus and direct the beam to ananalysing magnet followed by a diagnostic chamber. In the latter, by meansof sliding slits associated with a microchannel plate detector (MCP) and aFaraday cup, the beam can be centered and collimated.For nq � 40, the diagnostic and collision chambers are set at a 1.29oangle with respect to the beam axis and the analysing magnet eliminates thefragments of the projectile, mainly due to collisions with the residual gas.The magnetic �eld necessary to bend the heavier cluster trajectories wouldbe too high and the measurements are then performed at 0o without rejectionof the background due to the fragments.2.2. Method used to characterize the ion beamsA schematic view of the experimental set-up is given in Fig. 4. The clusterswith given nq values are selected by the Wien �lter, pre-accelerated by a �U5



voltage in the LMIS source device and further accelerated from the terminalat a potential U to the collision chamber. The total energy for a charge qcluster is then : E = q [ Uterminal+�ULMIS ] (1)

Figure 4: Schematic view of the experimental set-up.For each charge q there is a distribution of n due to the limited massseparation power of the Wien �lter. A variety of clusters, with di�erent qvalues and constituent numbers, are thus accelerated.After passing through a Formvar foil perpendicular to the beam direction,a cluster dissociates into its atomic constituents and the pixelated detectorrecords, for each incident projectile, the number of simultaneous impacts(multiplicity) on the detector. The data accumulation over a large numberof events provides a multiplicity distribution with a centroidM . Knowing thedetector e�ciency � (see Appendix A), the average number of constituents n= M� is obtained as well as the average charge q as nq = nq .Furthermore, the time-of-
ight measurement between the foil and themultianode detector gives the velocity of the Au atoms exiting the Formvarfoil : 6



�T = Lv = Lr2(E1 ��E)mAuwhere �E is the calculated energy loss in the thin foil, mAu the gold atomicmass and L the foil-detector distance. The time-of-
ight measurement ofthe atomic constituents allows veri�cation of the correct assignment of thenq ratio, deduced from the Wien �lter parameters. Experimentally a windowset on the time-of-
ight peak is then used to remove the background in themeasured distribution of the constituent number.2.3. Detection2.3.1. Short descriptionThe electrons and negative ions emitted at the foil entrance are de
ected at90o by an electrostatic mirror towards an MCP detector; the pulse deliveredby the electron impact gives the start of the time-of-
ight (Fig. 4). Further-more, for nq � 40, the shape of the signals due to the electrons is visualizedand recorded by a digital oscilloscope, to make sure that they actually cor-respond to a single impact and not to several successive fragments. It is alsopossible to choose the H� ions as a start signal.The projectile constituents, after the foil, are collected by a multianodedetector; two di�erent detectors of this kind have been used. The �rst one,described in ref. [7], is made of a set of two MCPs (Hamamatsu, �=42mm,geometrical e�ciency 0.6) and of a 256 pixel anode array (1600mm2); it willbe called D256 hereafter. The other smaller one (D64), has three MCPs(Hamamatsu, �=28mm, geometrical e�ciency 0.66) and a 64 pixel anodearray (400mm2).With these detectors, located along the beam axis at 256 mm from thetarget, it is possible to measure the number of constituents and their time-of-
ight. The use of the SRIM code [16] to compute the angular distributionsof the constituents coming out of the foil allows calculation of the proportionreaching the detector, listed in the last column of Table 1.Four formvar foils, with known thicknesses, are used in these experimentsand the time-of-
ight calibration is performed with a pure Au5 beam at aknown energy.2.3.2. Detector e�ciencyA more complete treatment of this subject is reported in Appendix A.7



Table 1: Summary of experimental conditionsnq Energy/Au Deviation Formvar foil Detector Ion source % of inter-MeV angle thickness (nm) conditions cepted ions5 2.008 1.29o 49�2 D64 Low charge 667 1.434 - - �=28mm mode 539 1.115 - - - - 4427 0.372 - - - - 135 1.808 1.29o 25�2 D256 Low charge 10040 0.225 - - �=42mm mode 5835 0.287 0o 15�2 D256 Low charge 81120 0.084 0.03o - - mode 38400 0.025 0o - - - 229 0.2 1.29o 26�2 D256 High charge 4027 0.2 - - - mode -40 0.2 - - - - -Two e�ciencies are involved for the detector : �1 is obtained by multi-plying, for each beam, the MCPs geometrical e�ciency by the percentageof intercepted ions and �2 takes into account the pixelated structure of theanode array.The e�ciency �2 is related to the geometrical structure of the anode andto the discriminator thresholds [7]. The current delivered by the set of MCPs,in these experiments, is always su�cient to detect the impact of gold atomicions. The �2 value corresponds to the detection of an impact giving a singletriggering in the pixels, whereas (1- �2) is associated to the detection of animpact in the interpixel zone leading, in our case, to a simultaneous triggeringof two adjacent pixels.The �2 value is close to the ratio :�2 ' active geometrical surfacetotal geometrical surface = 0.74We took this value as a starting point for the multiplicity analysis, given indetail in the next section, and �2 has been adjusted to get the best agreementwith experimental results. 8



3. Experimental results and discussionThe LMIS source delivers AunSip clusters with a p/n ratio of 0.1 to 0.2,estimated from the mass spectra. In this paper, we take into account thenumber of gold constituents of the cluster, neglecting the silicon contribution.Through this approximation only 2% of the cluster mass is, in fact, neglected,which has no visible e�ect on the time-of-
ight spectra. The silicon atomsare scattered, after the foil, in a solid angle about 5 times wider than thatfor the gold atoms and less than 10% of these reach the detector. So, thenumber of gold constituents measured is overestimated by 2% at the most,because of the unknown silicon atoms number.The experimental conditions for the various beams are summarized inTable 1. Two sets of experiments are performed and compared: one for agiven total energy of the projectiles and the other for the same projectilevelocity.3.1. Time-of-
ightFor a given energy per atom (the total energy and nq ratio being known)one can calculate the energy loss in the Formvar foil and deduce the time-of-
ight values. The measured time-of-
ights values, up to nq � 400, agreewith the calculated ones. Furthermore, the energy spread in the foil, as wellas scattering phenomena, give rise to angular and energy distributions of theexiting atoms which can be estimated with the SRIM code [16]. As a result,the calculated time-of-
ight peak shapes are also shown to be in agreementwith the experimental data.An example of calculated curve is given in Fig. 5 for the Au+5 and Au+9projectiles, at the same 10.04 MeV total energy. The adjustment of thesecurves, as well as that of the Au+7 one (not shown), is obtained throughthe convolution of the time-of-
ight distribution, deduced from the SRIMenergy distribution of the atomic ions, with a gaussian distribution (� =3.8 ns) which accounts for the time-of-
ight resolving power and the nonhomogeneity of the Formvar foil. The parameters used in the three cases arethe same.3.2. Determination of the gold cluster massesFig. 6 shows the multiplicity (i.e. the number of impacts) distributionsmeasured, in coincidence with a time window set on the time of 
ight peak,9
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Table 2: E�ciencies of the two detectors for the studied clusters and mea-sured average multiplicities M D64 D256source E/atom E/atomparameters n/q (MeV) �1 �2 M (MeV) �1 �2 M5 2 0.42 0.57 3.46 1.8 0.60 0.82 3.57 1.43 0.28 0.6 3.4Low charge 9 1.11 0.24 0.73 3.3827 .37 0.08 0.7 9.0440 0.225 0.35 0.8 57.3120 0.084 0.23 0.8 1549 0.2 0.24 0.75 4.62High charge 27 0.2 - - 30.440 0.2 - - 54.7In Table 2 are listed, for the di�erent nq and energy values, the �1 and�2 e�ciencies used and the measured average multiplicity; �1 and �2 havebeen adjusted, around the values provided by the experimental conditions,to reach the best agreement between measured and calculated distributionsin terms of the multiplicity. The slight variation of �2 with the constituentnumber should be connected to the detector gain and to the in
uence of thevelocity on the MCPs response under the impact of gold ions.3.2.3. Charge state determinationThe Fig. 8 spectra are obtained with the ion source parameters which favourthe low mass cluster beams. From Fig. 8a one can see that, even in the nq = 9case, a small proportion of Au++18 added to the prevailing Au+9 contribution isnecessary to reproduce the multiplicity distribution. In Fig. 8b are comparedthe experimental multiplicity distribution for nq = 40 and the sum of thecomputed contributions of the di�erent charge states involved. A good �t ofthe experimental result needs to include the q = 1+ to 5+ charge states. Thecontributions of the various charge states which, when summing them up,13
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values, are listed in Table 3, for two sets of the ion source parameters. TheTable 3 values (percentages and deduced mean q value) are accurate within�10%.Table 3 shows that the relative contribution of the high charge statesincreases with nq , and that the ion source conditions play a crucial part.Going from the \low charge" to the \high charge" conditions, the averagecharge goes up by 80 % for the ions with a nq = 9 ratio, and by 35 % for nq= 40.4. ConclusionThe LMIS source delivers gold clusters from Au+2 to Auq+1000 or more. Previousresults have shown that a cluster distribution exists for nq ratios between 10and 1000 (i.e. masses between 2000 and 200000 amu) with a maximum fornq = 100 and with a beam intensity identical to that of Au+5 .The cluster ions produced by a LMIS source and selected by a Wien �lterare identi�ed for a large mass to charge range going from Au+5 to Auq+120q.The mass is deduced from the measurement of the constituent number ofthe cluster, accelerated at an energy of several MV.q and broken up bypassing through a thin foil. It is thus possible to obtain the mass and chargedistributions of the cluster ions. For the maximum nq value explored here(120), the mean charge value is 5 and the mass distribution extends fromAu+120 to Au9+1080. A correlation has been established between the mass andcharge distributions and the ion source working conditions.These experiments lead to a better knowledge of the LMIS source parame-ters and possibilities, in the �elds of secondary emission and ion implantationin the keV energy range. Secondary ion emission rates greater than thoseever observed should now be available with a nanoparticle beam. Moreover,in the near future, the use of micro beams of these heavy clusters may beconsidered for imaging of biological samples, with 1 to 10 �m dimensions andon a 10 nm depth.Appendix AFeaturing of the multianode detectors.It is achieved following the procedure worked out in Ref. [7]. Threeparameters must be determined : 15



- the geometrical e�ciency of the �rst MCP detector.- the detection loss due to the discriminator thresholds depending on thecharge collected by the anodes, i.e. on the number of electrons emitted underion impact and on the whole detector gain.- the e�ciency of the anode array made of pixels with, in the interpixelzone, a separating grid surrounded by an insulating area to eliminate cross-talk between anodes. This con�guration induces a special response of theinterpixel. If the electron cloud coming out of the last MCP is in the interpixelzone, the respective positions of this cloud and of the interpixel center giverise to three possibilities :� A single anode is hit and the incident ion is detected by one anode.� The two anodes are hit simultaneously and the ion is recorded twice.� The charge collected by the anodes is not su�cient and the impactis not observed.The anode array e�ciency splits up into the three probabilities :P0 no detection.P1 detection by a single anode.P2 detection by two adjoining anodes.with the relation : P0+P1+P2 = 1 (2)The basic idea for the determination of the absolute e�ciencies, or de-tection probabilities, is the coincidence between two detectors recording thesame event. If the total number of particles is NTot the �rst detector gives :NRef: = N0 = �.NTot: (3)For the second detector, which must be calibrated :N1 = �1.NTot: (4)and the number of coincidences is :Ncoinc: = �:�1.NTot: (5)�1 = Ncoinc:N0 (6)is the e�ective detection probability.Actually, account must be taken of the detector backgrounds, NB0 andNB1 , as well as of the correction for the data loss in the discriminators (D).The detection probability Pdet is then written :16



Pdet: = Ncoinc:�NB1N0 �NB0 . 1D (7)�1 = Pdet:.D (8)If a transmitting grid T is on the beam path, equations (7) and (8) be-come: Pdet: = Ncoinc:�NB1N0 �NB0 . 1D:T (9)�1 = Pdet:.D.T (10)If the detection solid angle does not cover the whole emission angle, it isnecessary to add another term ! describing the average collection percentageof the detector This term is equivalent to the transmission of a grid set onthe incident ions path: �1 = Pdet:.D.T.! (11)In our detector case, with a pixelated anode array, two procedures areavailable :- either a small dimension beam is used to scan the detector, which pro-vides it's actual e�ciency in each (x,y) point (the coincidence number thencorresponds to an event with at least one hit anode) :�1 = 1S RRS �(x; y) dx dy (12)where S is the surface of the detector or of an anode array cell.- or the beam covers the whole detector and the e�ective e�ciency takesinto account the anode e�ciency as for a grid crossing the ions path (equa-tions 9,10).To �nd out the equation (2) terms, a scan with a sharp beam tests theinterpixel response. The yields associated to a single anode or to two neigh-bouring ones are measured in terms of the position, and the P1 and P2 prob-abilities of equation (2) are so determined, as well as P0 marking the lackof detection. Fig. 9a shows an example of these measurements; it presentsthe response of an area of the D64 detector to a 100�m x 100�m Au+5 beam,with a 30 mV discriminator threshold.It can be seen, on this �gure, that in the interpixel center (1.4 mm position)the multiplicity 2 yield is maximum (two active anodes), greater than thevalue for a single hit anode. On the other hand, the total detection yield17
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