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Keywords: 

A low temperature oven has been developed to produce calcium beam with Electron Cyclotron Resonance Ion Source (ECRIS). The atom flux from the oven has been studied experimentally as a function of the temperature and the angle of emission by means of a quartz microbalance. The absolute flux measurement permitted to derive Antoine's coefficient for the calcium sample used : 𝐴 = 8.98 ± 0.07 and 𝐵 = 7787 ± 110 in standard unit. The angular FWHM of the atom flux distribution is found to be 53.7 ± 7.3 °at 848K, temperature at which the gas behaviour is non collisional. The atom flux hysteresis observed experimentally in several laboratories is explained as follows: at first calcium heating, the evaporation comes from the sample only resulting in a small evaporation rate. once a full calcium layer has formed on the crucible refractory wall, the calcium evaporation surface includes the crucible's enhancing dramatically the evaporation rate for a given temperature. A Monte-Carlo code, developed to reproduce and investigate the oven behaviour as a function of temperature is presented. A discussion on the gas regime in the oven is proposed as a function of its temperature. A fair agreement between experiment and simulation is found.

INTRODUCTION

This work is dedicated to the study of a low temperature metallic oven dedicated to calcium beam production at the SPIRAL2 facility at GANIL, France [START_REF] Barué | Metallic beam developments for the SPIRAL 2 project[END_REF][START_REF] Thuillier | Status of the SPIRAL2 injector commissioning[END_REF]. The motivation of the study is to better understand the physics and chemistry of such an oven with the ultimate goal to improve the global conversion efficiency of rare and expensive isotope atom (like 48 Ca) to an ion beam in Electron Cyclotron Resonance Ion Source (ECRIS). The long term goal being to build an end-to-end simulation able to optimize and predict the atom to ion conversion yield of oven to produce beams in ECRIS. Here, the differential atom flux from the oven is measured and compared to simulation. Indeed, the angle of atom emission is an important geometrical factor of the whole atom to ion conversion in an ECRIS. In a first part, the calcium oven used is presented in detail. In a second part, the experimental setup used to study the differential atom flux from the oven is described. Next, the Monte Carlo model used to simulate the oven behaviour is presented and the simulation results discussed. In the last section, simulation and experimental results are compared and discussed. The oven design is derived from an existing technology developed at Lawrence Berkeley National Laboratory [START_REF] Benitez | Production of high intensity 48 Ca for the 88-Inch Cyclotron and other updates[END_REF]. A cutaway view of the oven is presented on Fig. 1 with information on its mechanical composition. The oven crucible is made of molybdenum to prevent chemical reaction with the metallic sample. The crucible cavity has a symmetry of revolution and is composed of two parts (see view B of Fig. 1): (a) a 5mm diameter and 11 mm long cylindrical container ending on the last millimeter by a 30°cone (shape imposed by the drilling tool geometry), (b) an 1 mm diameter and 2 mm long extraction channel (also referenced later as a nozzle). The oven is heatable up to 875K when a Joule power of 200W is applied. A thermal simulation done with Ansys software has shown that the crucible temperature is very homogeneous with a maximum temperature gradient of the order of a few degrees Kelvin only. When the electric oven power supply is switched off, the maximum oven temperature at the full microwave power is 500 K, well below the operating range of calcium evaporation in the ECRIS (being 650 to 700 K). Therefore, the design is safe for any experimental operation since, whatever the ion source tuning is, the oven temperature is controlled by adding extra power to the oven cartridge resistor. 

CALCIUM OVEN

EXPERIMENTAL MEASUREMENTS

Setup

The oven metallic atom emission has been measured in a dedicated vacuum chamber (see Fig. 2) with a residual pressure 𝑃 0 = 10 -7 mbar. The oven temperature is monitored by the thermocouple included in the oven heater cartridge. The atom flux is measured with a quartz AUDA6 Neyco micro balance. The quartz is inserted into a mechanical support resulting in an active measurement disc diameter of 8.1 mm. The quartz temperature is fixed thanks to a water cooling system. The vertical support is mechanically connected to a rotatable vacuum flange by means of a tube bringing water cooling to the balance. the tube is bent to form two 90°bends so that during a rotation, the quartz describes a circle with a 60 mm radius. The crystal frequency of vibration is 3 MHz when a static electric field is applied. When evaporated metallic atoms are deposited on the quartz surface, its mass increases and thus changes its mechanical resonance frequency. The quartz frequency measurement is done with a dedicated Inficon controller which displays the instantaneous frequency and calculates the mass per cm 2 accumulated during a programmable integration time. During the experiments, the mass flux is calculated after an integration time from 60 to 180 s. In our experimental conditions, The mass limit accuracy of the system has been estimated to be ≈ 0.5𝑛𝑔/𝑐𝑚 2 /𝑠. The oven axis is horizontal and set perpendicular to the balance axis of rotation. The oven position can be translated along the direction of its axis of revolution. The two experimental configurations reported are displayed on Fig. 3.In the configuration (1), the ovenexitis placed on the balance axis of rotation. Duringthe quartzrotation, the distancebetweenthe ovenand the quartzis constant and equalsto 60 mm. The angle betweenthe quartzsurface and the ovensurfaceis noted 𝜃.In the configuration (2), the quartzis set 10 mm awayfrom the ovenexit.The solid angle coveredbythe quartzis then ≈0.459 sr,with amaximum angle of detection 𝜃 1 =22,0°. 

Measurements

The oven run presented used a calcium 40 sample weighting 0.0909 g with a surface 𝑠 𝐶 𝑎 = 0.8±0.2 𝑐𝑚 2 . The overall crucible internal surface is 𝑠 𝑐 = 2.8 𝑐𝑚 2 . The differential metallic mass flow

𝑓 (𝜃) = 1 𝑟 2 𝑑 𝑚 𝑑𝜔 (1) 
emitted by the oven was measured as a function of 𝜃 at T=848, 873 and 898 K (see protocol [START_REF] Barué | Metallic beam developments for the SPIRAL 2 project[END_REF] in Fig. 3). Here 𝑟 is the radial distance between the oven and the balance and 𝑑𝜔 stands for the differential solid angle taken at 𝜃. Results are displayed in fig. 4. The errorbar on 𝜃 is due to the extended surface of detection (𝜎 𝜃 = 0.9°), the error on angle measurement (𝜎 𝜃 ≈ 2°) and the error on alignment (𝜎 𝜃 ≈ 1.°), leading to a global error 𝜎 𝜃 ≈ 2.4°. The mass flux measurement precision is limited by the resolution of the balance for the chosen time of integration of 180 s. The mass flux error is thus estimated to be 𝜎 𝑚 ≈ 0.5𝑛𝑔/𝑐𝑚 2 /𝑠. The full width half maximum (FWHM) of the distributions are reported in Table 5, along with the reconstructed total mass flux 𝑀 integrated over 2𝜋 sr (and opportunely averaged on the overabundant range of measurement from -𝜋/2 to 𝜋/2) :

𝑀 = 2𝜋𝑟 2 1 2 ∫ 𝜋/2 0 𝑓 (𝜃)𝑠𝑖𝑛𝜃𝑑𝜃 + 1 2 ∫ -𝜋/2 0 𝑓 (𝜃)𝑠𝑖𝑛𝜃𝑑𝜃 (2)
The angular FWHM values are consistent for all data (FWHM 53-63°). Further analysis of the angular mass flow distribution is proposed later in the text helped with a Monte Carlo code. Next, the calcium evaporation rate was measured as a function of the oven temperature in the experimental condition (2) (see Fig. 3). The total calcium flux is reconstructed as a function of the temperature using the experimental measurement of 𝑓 (𝜃), by applying the following 

OVEN THERMODYNAMICS AND ANALYSIS

The aperture hole surface of the crucible (0.78 𝑚𝑚 2 ) is small compared to its internal total surface (𝑠 𝑐 = 2.2𝑐𝑚 2 ). See fig. 3, view B to visualise the difference. The cavity is thus sufficiently closed to consider it as a Knudsen cell [START_REF] Knudsen | Die Molekularströmung der Gase durch Offnungen und die Effusion[END_REF][START_REF] Knudsen | Die Gesetze der Molekularströmung und der inneren Reibungsströmung der Gase durch Röhren[END_REF]. Consequently, when the metal sample is heated, the local pressure in the crucible raises rapidly to reach the saturating vapor pressure, well above the residual pressure of the vacuum chamber ( 𝑃 0 = 10 -5 Pa). The calcium saturation vapor pressures 𝑃(Pa) follow the Antoine's law as a function of the temperature :

𝑙𝑜𝑔 10 𝑃 = 𝐴 - 𝐵 𝐶 + 𝑇 (4) 
where 𝑇 (𝐾) is the metal temperature and 𝐴, 𝐵, 𝐶 are thermodynamics parameters, unique for each chemical element.

The evaporated mass rate 𝑀 emitted from the solid metal in the crucible can be expressed using the Hertz-Knudsen equation [START_REF] Hertz | Ueber den Druck des gesättigten Quecksilberdämpfes[END_REF][START_REF] De) Martin Knudsen | Experimentelle Bestimmung des Druckes gesättigter Quecksilberdämpfe bei O° und Höheren Temperaturen[END_REF] :

𝑀 = 𝑃 𝑚 2𝜋𝑘𝑇 𝑆 ( 5 
)
where 𝑚 is the atom mass, 𝑃 is the metal saturating vapor pressure and 𝑆 is the surface of evaporation. Another important oven parameter is the sticking time of atoms on the hot crucible surfaces defined by the Frenkel equation [START_REF] Frenkel | The Theory of Adsorption and Related Phenomena[END_REF]:

𝜏 = 𝜏 0 𝑒 𝐻 𝑘𝑇 (6)
where 𝜏 0 ≈ 10 -13 𝑠 is the atom vibration period on the surface [START_REF] Glebovsky | Recrystallization in Materials Processing[END_REF], 𝐻 is the enthalpy of the adsorbed atom, 𝑘 the Boltzmann constant and 𝑇 the surface temperature. For the calcium case, two sticking times must be considered. the first is 𝜏 𝐶 𝑎-𝐶 𝑎 , the sticking time of calcium atom on the metallic Ca surface sample. the other is 𝜏 𝐶 𝑎-𝑀 𝑜 , the sticking time of Ca on Mo. The adsorbed Ca enthalpy on Ca is well documented : 𝐻 𝐶 𝑎 = 1.6𝑒𝑉, giving a sticking time of 1 -1000𝑚𝑠 for 𝑇 600 -900𝐾 . On the other hand, the adsorbed Ca on Mo enthalpy value 𝐻 𝐶 𝑎-𝑀 𝑜 was not found in the literature. Nevertheless, 𝐻 𝐶 𝑎-𝑀 𝑜 is expected to be much higher than 𝐻 𝐶 𝑎 . A rough estimate of 𝐻 𝐶 𝑎-𝑀 𝑜 value can be considered from 𝐻 𝑆𝑐-𝑀 𝑜 = 5.5𝑒𝑉 available in [START_REF] Eichler | Adsorption of Volatile Metals on Metal Surfaces and its Application in Nuclear Chemistry, Calculation of Adsorption Enthalpies for Hypothetical Superheavy Elements with Z around 11[END_REF]. In the present experimental conditions, 𝜏 𝐶 𝑎-𝐶 𝑎 ≪ 𝜏 𝐶 𝑎-𝑀 𝑜 on all the temperature range covered. Hence, when the calcium evaporation starts, a layer of calcium should first be formed on the Mo cruciblewalland staystuckon Mo. Once the layeris complete, nextCa adsorptionon the surfaceis done on Ca, whichstronglyreduces the stickingtime and transformsthe cruciblesurfaceto afresh extrasource of calcium. Twoexperimentalconfirmationsof this phenomenon have been observed:(i) at firststart,the calcium flux is verysmall foragiventemperature and, after asufficientlylong time of operation (of the order of an hour), the flux amplifies to reachamuchhigher stablevalue.(ii) Immediatelyafter venting the ovenused and inspecting its crucible,the presence of aCa layeris visible on the cruciblesurfacewhichvery rapidlygetoxidisedto formawhite CaO powder.This hypothesis is furtherinvestigatedhelped with the experimental data from experiment(1) (see Fig. 3).The theoretical mass flowexpectedfrom Eq.4 and Eq.5 using Ca data from [START_REF] Dushman | Scientific foundations of vacuum technique[END_REF] is calculated forthe temperatures 848, 873 and 898 K, consideringthe twoevaporatingsurfaces𝑆=𝑠and 𝑆=𝑠 𝑐 +𝑠 and reportedin Tab. 3along with the experimentalmass flowfrom Tab. 1. Clearly,one can see that the sole metal sample evaporatingsurface(column with 𝑆=𝑠)is insufficient to reproduce the total mass rate from the oven.But when the cruciblesurfaceis added (column with 𝑆=𝑠 𝑐 +𝑠), the matchingbetweentheoryand experimentbecomes very close. The measurement confirmsthe hypothesisof the transient formationof aCa layeron the cruciblesurfacewhich, once completed enhances the evaporationproportionallyto the crucible surface. Result of experiment in condition (2) (see Fig. 3) is next compared with the prediction of eq.5 in the fig. 5. The sensitivity to temperature comes here through the pressure and the Antoine's eq.4. The experimental data is the blue errorbar, the mass flow prediction according to the eq.4 using the known tabulated coefficients for calcium, (see Tab.2), is plotted in solid red line. One can see a fairly good fit with experimental data up to 600°C (873K). Above this value, experimental flux is lower than the semi-empirical prediction. Because the total flux has been reconstructed with a sufficiently high precision, alternative Antoine's coefficients are proposed for calcium to fit the data resulting in the orange solid line. The fit value found for the whole temperature range are 𝐴 = 8.978 ± 0.07, 𝐵 = 7787.5 ± 110 and 𝐶 = 0 in standard units.

MONTE CARLO SIMULATION

The atom angular distribution from the oven has been investigated by means of a Monte Carlo simulation and compared with the experimental data. The exact 3 dimensions crucible geometry is considered. The oven temperature 𝑇 is a free parameter and is assumed to be uniform over all the crucible. The metallic sample geometry is not modelled and the initial atom emission position is done randomly along a line following the bottom part of the crucible part (a). The atom emission from the wall follows the Lambert's cosine law:

𝑃(𝜃) = 𝑐𝑜𝑠𝜃 (7) 
where 𝑃(𝜃) is the probability of emission at an angle 𝜃 with respect to the local normal to the wall. A special care must be taken to inverse this probability distribution function appropriately to use it safely in the Monte-Carlo code [START_REF] Greenwood | The correct and incorrect generation of a cosine distribution ofscattered particles for Monte-Carlo modelling of vacuumsystems[END_REF].

Because the atom emission from the wall is done in a cavity with convex walls, a test is added in the code to check if a fresh reemission occurs toward the cavity and not to the wall. The atom velocity is taken as the mean thermal velocity:

𝑣 = 3𝑘𝑇 𝑚 ( 8 
)
where 𝑚 is the considered atom mass. No accomodation from the wall is considered as particles are assumed to be isothermal. Each new adsorption at the wall is counted and re-emission is immediate using the cosine law. The pressure in the part (a) of the crucible is considered constant at the saturating vapor pressure 𝑃 of eq.4. The pressure in the extraction channel (b) is assumed to decrease linearly from 𝑃 down to the vacuum chamber pressure 𝑃 0 = 10 -5 Pa. The atom collisions are modelled in the crucible using the atom mean free path 𝜆:

𝜆 = 𝑘𝑇 √ 2𝜋𝑙 2 𝑃 ( 9 
)
where 𝑙 is the atom diameter (𝑙 ≈ 360𝑝𝑚 for calcium). At each time step, the local pressure is considered and a random number is generated to check whether the atom collides or not. In case of collision, a new atom velocity direction is randomly generated on a uniform sphere. The metallic gas regime in the oven can be assessed with the Knudsen number:

𝐾 = 𝜆 𝑑 ( 10 
)
where 𝑑 is a characteristic length of the system studied.

When 𝐾 > 0.5, the gas is collisionless and atoms exiting the oven are directly those emitted from the walls. An intermediate regime occurs when 0.01 < 𝐾 < 0.5 where the volume collisions start to play a role and finally, when 𝐾 < 0.01, the gas becomes fully collisional and the effect from the wall is secondary. In our case, the crucible has 2 characteristic lengths and hence two Knudsen numbers: 𝐾 𝑖 = 𝜆 𝑑 1 with 𝑑 1 =5 mm for the main cylinder and 𝐾 𝑖𝑖 = 𝜆 𝑑 2 with 𝑑 2 =1 mm for the crucible exiting channel. In this latter case, we considered the mean pressure in the exit channel Nevertheless,forT=900K, 𝐾 𝑖 =0.63is at the threshold and collision effect, thought not dominant should startto play arole. At1000K, the calcium gasis collisional in the bulk area (a) while it remains abovethe transition in the exiting channel.afullydevelopedcollision regime is reachedat 1100K with 𝐾 𝑖𝑖 =0.12.The differential angular distribution of exitingatom per unit of solid angle is displayedin Fig. 6 as afunction of the temperature. The number of particles generatedto produce the curvesis 1million. One can clearly see the transition from the non collisional regime at 600K (see blackcurve)to the intermediateregime at 1000K where the bulk crucibleis collisional while the exitchannelis not (see orangecurve)and finallyabove1100K where the whole ovenvolumeis collisional and the extractionemittance is finallydefined bythe sole exitingchannelgeometry(see blue and purple curves). 

COMPARISON OF SIMULATION AND EXPERIMENT

The oven Monte Carlo code is used to simulate the theoretical atom flux expected on the micro scale as a function of the angle 𝜃 (see fig. 3). An example of the comparison between simulation and measurement is proposed on Fig. 8. The simulation reproduces well the general shape of the differential flux as a function of the angle 𝜃. A discrepancy is nevertheless visible for angle larger than 45°where the measurements are higher than the simulation. the difference is nevertheless included in the error bar. The differential flux FWHM is calculated for the simulation and compared with the experimental measurements. The results of the simulation are consistent with the measurements. the experimental FWHM is always higher than the simulation. This systematic difference is likely due to a non simulated physical effect. One could suggest for instance that the actual oven extraction geometry is not exactly as simulated, or that the atom flux continues to collide at the exit of the oven on the first mm. As a conclusion, The Monte Carlo code developed provides satisfactory results compard to experimental measurements and will next be used to study the metallic atom capture in ECR ion source plasma.
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 1 Figure 1: (A) Calcium oven cut away view . (B) Detailed view of the crucible in light purple.

Figure 2 :

 2 Figure 2: Cutaway view of the vacuum chamber, the rotatable quartz measurement system (blue) and the oven tested (red).

Figure 3 :

 3 Figure 3: Sketch showing the positions of the quartz balance during the experiments. (1) The quartz describes a circle of radius 60 mm around the oven exit. The quartz and the oven axis form an angle with -𝜋/2 ≤ 𝜃 ≤ 𝜋/2. (2) The quartz is set 10 mm away from of the oven hole.
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 41 Figure 4: Experimental flux emitted from the oven as a function of the angle 𝜃 for calcium. The black, red and blue plots are respectively measured at the temperatures 850, 875, 900°K.

Figure 5 :

 5 Figure 5: Total calcium flux from the oven as a function of the temperature. Blue symbols: experimental data. Red: theoretical data with 𝑆 = 𝑠 + 𝑠 𝑐 and Ca data from [4]. Orange: least mean square fit of experimental data using 𝑆 = 𝑠 + 𝑠 𝑐 and Antoine's law (see. Eq. 4) coefficients 𝐴 and 𝐵 as fit parameters

Figure 7

 7 Figure7shows the evolution of the mean numbers of bounce and collision versus the temperature. The temperature at which the volume collision becomes dominant is
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 7 Figure 7: (Black) Mean number of atom adsoption on the crucible wall before atom extraction. (Dashed Black) Number of volume collision in the oven before extraction.

Figure 8 :

 8 Figure 8: Comparison between the experimental differential mass flux measured in the micro-scale and the Monte-Carlo simulation at T=898K.

Table 5 :

 5 Comparison between FWHM (in degree) of Angular Differential Mass Flux Measurements and Simulation for Calcium T (K) exp. (°) simulation (°) 848 53.7 ±7 48.6±0.6 873 55.5 ±7 51.4±0.6 898 62.3 ±7 54.45±0.6 24th Int. Workshop on ECR Ion Sources ECRIS2020, East Lansing, MI, USA JACoW Publishing ISBN: 978-3-95450-226-4 ISSN: 2222-5692 doi:10.18429/JACoW-ECRIS2020-TUXZO03 TUXZO03 Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

Table 1 :

 1 Mass Flow and FWHM Measurements from Protoc ol(2) (see Fig.3) element T (K) 𝑀 (𝑛𝑔/𝑠) FWHM (deg.)

	Ca	848	148.9±67	53.7 ±7.3
	Ca	873	352.1±67	55.5 ±7.2
	Ca	898	649.3±67	62.3 ±4.2

Table 2 :

 2 Calcium Antoine's Equation Coefficient Accordi ngto [4] and Calculated in this Study, Expressed in Stan dardunits. Ca this work 8.98 ± 0.07 7.79 ± 0.11 × 10 3 0

		A	B	C
	Ca from [4]	10.34	8.94 × 10 3	0

Table 3 :

 3 Theoretical Integrated Mass Flow from the Oven in(ng/s) Derived from Eq.4 and 5, Compared with the Experimental Flux for T=848, 873 and 898 K

	T	P	𝑀 (𝑠) 𝑀 (𝑠 + 𝑠 𝑐 )	𝑀 Exp.
	(°K)	(Pa)	ng/s	ng/s	ng/s
	848 0.627 47.7	179	148.9 ± 67
	873	1.26	94.5	354	352.1 ± 67
	898	2.42	179	671	649.3 ± 67

  Normalizeddifferential distributionof atoms at the exitof the ovenper unit of solid angle as afunction of 𝜃 fordifferent temperatures:600K (black),900K (red), 1000K (orange),1100K (blue), 1200K (purple).to calculate 𝜆.The evolutionsof 𝜆,𝐾 𝑖 and 𝐾 𝑖𝑖 are proposed as afunction of 𝑇and 𝑃in the table 4. Forthe measurements performedon calcium up to 900K, one can deduce that the calcium gasbehaviouris mainlynon-collisional.
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Table 4 :

 4 Evolution of the Atom Mean Free Path 𝜆and the two Knudsen number 𝐾 𝑖 𝐾 𝑖 fo th Calciu Oven as a Function of the Temperature 𝑇 and the Saturating

	Vapor Pressure 𝑃			
	T	P	𝜆	𝐾 𝑖	𝐾 𝑖𝑖
	(K)	(Pa)	(m)		
	600 2.75 × 10 -5	194.4	38895 285348
	700 3.70 × 10 -3	1.68	337	3365
	800	0.146	0.0488	9.76	97
	850	0.66	0.011	2.2846	22.8
	900	2.55	0.0031	0.63	6.3
	1000	25.19	3.55 × 10 -4 0.071	0.71
	1100	163.2	6.01 × 10 -5 0.012	0.12
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