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The mVINIS ion source, a part of FAMA installation at Vinca Institute of Nuclear Sci-
ences, is able to produce multiple charged heavy ion beams through the utilization of
vapors created by the process of melting solids inside the miniature oven (mini-oven).

The mini-oven that was used previously could only reach the maximum temperature of
800 °C, which is far too low for evaporating most metals. For this purpose, a higher
operating-temperature of 1500 °C was needed. Our study focuses on numerical finite
element method analysis of the temperature distribution of newly designed mini-oven.
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Introduction

The mVINIS ion source is part of FAMA installation (Facility for Modification and
Analysis of Materials with lon Beams) at the Vinca Institute of Nuclear Sciences, Belgrade,
Serbia [1]. The mVINIS source can produce the highly charged ions via the micro-wave heating
of the plasma on electron cyclotron resonance frequencies, the so called ECR source. It gives
a wide variety of ion beams ranging from standard gases, such as He, N, O, Ne, Ar, Kr, and Xe
to solids, like Zn, Pb, B, and Fe [2-4]. The metal ion beams are produced from metallic vapors
created by two different methods:

— melting of metals in mini-oven [5, 6] and
— the MIVOC (metal ions from volatile compounds) method [7, 8].

The former method is often used for obtaining ions out of metals with relatively low
melting temperature, such as Pb, while the later one is used for obtaining ions out of metals
with high melting temperature metals by utilizing evaporating organic compounds containing
the desired metal instead. However, MIVOC method has a major drawback of high ECR source
pollution, which then calls for long period of ion source maintenance preventing its experimen-
tal use. Additionally, these organic compounds tend to be expensive. Therefore, a significantly
cleaner method of metal evaporation through the melting process with the mini-oven is a more
desirable way. However, a higher heating temperature than 800 °C is needed, for instance, 860
°C for Ag or 1300 °C for Ni.

Figure 1 depicts the mVINIS ECR source with solid substance inlet system. The
mini-oven with the solid material is inserted through the bias electrode at the edge of the plas-
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ma chamber. This is accomplished by having
ey the mini-oven connected to the long stain-
Bias less-steel cane, which allows the insertion of
electrode the mini-oven slightly out of the axis of the ion
source. The solid substance in the mini-oven
is electrically heated to the melting point. The
heater temperature is determined indirectly

Figure 1. A 3/4 cross-sectional view of from the heater power consumption, using the
the FAMA ECR ion source with solid measured calibration temperature vs. mini-ov-
substance inlet system en power curve.

The original mini-oven [9] has a maximum heating temperature of 800 °C. For this
reason two new mini-ovens have been acquired from PANTECHNIK [10]. During the testing
with lead, tungsten filaments on both mini-ovens had burned out after three hours of continuous
work, not reaching temperature of 700 °C. In view of this, we have opted for the construction
of our own mini-oven with maximum temperature of 1500 °C in the alumina-made crucible.
The maximum temperature limiting factor for the design is the chemical reaction between tung-
sten-made filament and alumina-made crucible which occurs at 1700 °C, the highest tempera-
ture allowed on the filament, which translates to 1500 °C in the crucible itself [11]. In order
to test whether our mini-oven design could reach the desired working temperatures in steady-
state, the numerical FEM analysis has been performed using the COMSOL heat transfer mod-
ule interface [12]. From it, the mini-oven temperature distribution was obtained.

The FAMA mini-oven design

The mini-oven design is shown in fig. 2(a). The heater subassembly — 1 is placed
inside the insulation cladding made of alumina — 5 and 6. Mini oven body parts — 2 and 3 are
made of tantalum. Oven body on its back side is connected to the cane assembly — 9 by the con-
nector piece — 8. The electrical contact between the heater subassembly and the copper conduc-
tor inside the cane assembly was realized through a terminal block — 7. The heater subassembly,
shown in fig. 2(b), consists of: an alumina-made crucible — 10, a tungsten-made filament — 11,
a molybdenum-made electrical connectors — 12 and 13, and an alumina-made oven tip — 14.
The inner diameter of the crucible is 3 mm while its length is 28 mm. At the both ends of the
crucible, filament feedthroughs with 1 mm in diameter, have been drilled. The filament has a
total of 30 windings with a step of 1 mm. An additional extension has been mounted on the oven
top — 14 which to prevents deposition of an evaporated substance on mini-oven’s outer layer.
Sufficient gaps are left between oven components so as to avoid the occurrence of contact stress
induced by thermal dilatations. The outer diameter of the mini-oven is 9.2 mm its total length is
83 mm, with the weight of 46 g. The oven mockup model was made in 1:1 scale for the purpose
of production and assembling feasibility study.

1213

Figure 2. The FAMA mini-oven assembly: / — heater subassembly, 2 and 3 — oven bodies,
4 — cover, 5 and 6 — insulation claddings, 7 — terminal block, 8 — cane connector, 9 — cane assembly,
10 — crucible, 11 — filament, 12, 13 — connectors, and 14 — oven tip
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Heat transfer mechanisms

Heat transfer is the process of heat energy exchange between thermodynamic sys-
tems at different temperatures. Heat transfer is classified into various mechanisms such as ther-
mal conduction, thermal convection, thermal radiation and energy transfer via phase change.
Mini-oven was designed operate in a vacuum. Therefore, only thermal conduction and radiation
have been considered in our case. The heat transfer equation is a PDE that determines the dis-
tribution of heat in space and time. In a steady-state case, the heat equation has the following
differential form:

—kAT=0 (1)

where £ is the material’s thermal conductivity and A — the Laplace operator

0 0 0
A=\ -+ 5+
o0°x 0%y 0z
while QO [Wm™] is the internal heat generation rate per unit of volume. The heat equation,

eq. (1), accepts two basic types of boundary conditions: specified temperature and specified
heat flux, the so called Dirichlet and von Neumann boundary conditions, respectively:

r=1, (2a)

ji-G=qy on 0 (2b)

where T denotes the external temperature on a boundary surface, 8y, ¢ [Wm™] — the heat flux
vector, n” — the boundary normal vector, and g, — the inward heat flux. The inward heat flux is
a sum of all heat transfer mechanisms, that is conduction, q.,, and radiation, g,, respectively.

In the case of heat exchange by conduction, the internal heat transfer occurs between
two points of the same body or two bodies in contact. The Fourier’s law of thermal conduction
shows that heat flux, g, is equal to the product of thermal conductivity coefficient, &, and the
negative temperature gradient, V7:

Gen =—kVT (3)

The heat fluxes originating from two solid bodies in contact, with temperatures 7}
and 7, at their interface, determine von Neumann boundary conditions, which in this case are:

-nyq =h(T,-T,) on 821 (4a)

~iyg, =h(T,=T;) on 0, (4b)

where £ is a joint conductance, which is in our case a sum of two contributions, /. — the con-
striction conductance from the contact spots, and /4, — the radiative conductance. We have used
Cooper-Mikic-Yovanovich (CMY) correlation [13] for constriction conductance, /.. The CMY
model considers plastic deformation, Gaussian height distribution of surface asperities (profile
and slopes), isotropic surface and random distribution of the asperities in contact area. The re-
sulting correlation according to CMY model:

m 0.95
)4
By =1.25k o et —G"s" (—H ] (5)
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where keonae = 2k1k, /(ky+k;) is the harmonic mean of the thermal conductivities of surfaces 1 and
2, 0. — the surface roughness, and m,, — average surface slope, p — the contact pressure, and
H, — the effective elastic micro-hardness.

The radiative conductance, /4, for gray-diffuse parallel plate model, such as in our
case, is given:
ho= )

= oI +T*T + T, T + T3
' P (1 2 4 244 2) (6)

where s =5.6706 - 10* [Wm=K™] is the Stefan—Boltzmann constant and ¢, and &, are the emis-
sivities of materials of both contact surfaces.

For the case of two bodies in contact, fig. 3(a), the orthogonal conductive thermal
flux between them is ¢, = (72— Th)/(L/kiS + Lo/k, S + 1/hS), where S is the contact area while
L, and L, are body lengths measured from the interface. The effective influence of thermal
contact between body 1 and 2 on thermal conductivity flux can be represented as a third body
between them with thermal resistance 1/4S shown in fig. 3(b).

Contact
h
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< > < > < > < >
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Figure 3. (a) Thermal flux between two solid bodies in contact and (b) effective thermal contact
represented as a new body (dashed lines) with thermal resistance R = 1/(h.+ h)S

The second mechanism for heat transfer in our case is radiation. Thermal radiation
denotes the stream of electromagnetic waves emitted from a body at a certain temperature. Ac-
cording to the Stefan-Boltzmann’s law, the heat flux that body radiates across all wavelengths
is a forth power of the body’s temperature:

qsp = gn’oT* (7)

where ¢ is the surface material emissivity ranging from 0 to 1, n — the refractive index of the
medium, equal to 1 in vacuum, ¢ — Stefan-Boltzmann’s constant, and 7— body temperature. The
emissivity represents the material effectiveness in emitting thermal radiation, and is the ratio of
the thermal radiation emitted from a surface of a body to one emitted from an ideal black body
at the same temperature. The radiative heat flux ¢, is defined as the difference between incident
radiation — irradiation G, and emitted radiation — radiosity J:

4:=G-J ®)

Radiosity is defined as a sum of reflected incident radiation, pG (p is the reflexivity),
and emitted heat radiation, fig. 4. In the case of grey opaque bodies, such as is in our case, the
emissivity, €, and the absorptivity, a, are equal while radiation is not transmitted through the
body, therefore, radiosity is given:

J=(1-¢)G+en’oT* 9)

e

Figure 4. An ideal opaque gray body; (a) incoming irradiation, G, and (b) outgoing radiosity, J,
is a sum of reflected, (1 — ¢)G, and emitted radiation, en’cT*

(b)



Telecki, I. N., et al.: The Finite Element Method Analysis of Temperature ...
THERMAL SCIENCE: Year 2022, Vol. 26, No. 1A, pp. 175-184 179

Numerical model

Due to the complexity of the mini-oven geometry and presence of the non-linear ef-
fects (q,~T") a heat transfer analysis was performed using the FEM with COMSOL Multiphys-
ics. The oven’s 2-D axial symmetry was used in order to speed up the calculation time. The 2-D
model geometry was imported from Creo Parametric via dxf format. The FEM-mesh features
51709 6-node Lagrangian triangle plane elements forming fixed mesh. The mesh quality is
based on the ratio of the area to the sum of the square of edge lengths for 2-D elements. A value
of 1 indicates a perfect square, while 0 indicates that the element has zero area. In the present
model, the average element quality is over 0.975.

The axial mini-oven cross-section is shown in fig. 5(a) cross-section of mini-oven
and fig. 5(b) enlarged view of contacts important for heat transfer calculations. The parts made
out of different materials are presented in different colors. The total length of the simulation
model was 282 mm. We assumed mini-oven being in a vacuum inside the tube made of stainless
steel with a diameter of 100 mm. The temperature on the outer wall was set to 20 °C. As one
can observe from the fig. 5(b), there are four boundary contact surfaces between elements of a
mini-oven that should be taken into consideration. Other surface contacts are loose and were
neglected in the simulation. Three out of four contact surfaces have a higher value of axial
contact pressure, due to tightening of oven’s body parts. Out of these three contacts, two, Con-
tacts 3 and 4 in fig. 5(b), are between alumina and molybdenum with 4. coefficient estimated at
75 kW/m?K, while the third one, Contact 2 in fig. 5(b), between alumina and tantalum has its
h. coefficient estimated at 56 kW/mK. The final contact, Contact 1 in fig. 5(b), between stain-
less steel and tantalum, is threaded connection and has only radial pressure with 4, coefficient
estimated at 10 kW/mK.

A / (b)

1
100lmm

282 mm

3

A 4

\4 yi

¥~20°C

(a) [ stainless steel [ Tantalum [] Alumina [ Molybdenum [ Tungsten

Figure 5. The axial cross-section of FAMA mini oven; (a) the entire mini-oven and
(b) enlarged contact surfaces important for heat transfer

Algorithm for solving radiative heat flux

Surface-to-surface Radiation Interface in COMSOL calculates incident radiation flux
that comes on the specific diffuse surface as a sum of all other irradiation fluxes coming from
other diffuse surfaces, G}, plus the one coming from the ambient, G =0T mp.

The radiosity solver computes view factors between diffuse surfaces that irradiate
each other. Loosely speaking, a view factor is a measure of how much influence the radiosity
emitted from a given part of the boundary has on the radiation received at some other part.
Consider a Point P on a surface as in fig. 6. The mutual irradiation at Point P originating from
the surfaces S; is given by the following surface integral:

2 (= 7 ) (i F
- [T

2 J,ds (10)
s, ”|r|
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The heat flux that arrives from Point P, depends on
the local radiosity J; projected on Point P. The projection
is computed using the normal vectors 7 and 7, along with
the vector 7', which Points from P to P, fig. 6. On the other
hand, F,. is the view factor of the ambient portion of the
field of view, which is considered to be a single boundary
with constant radiosity. Its value is equal to the fraction of
the field of view that is not covered by other boundaries.
Using eq. (9) we get for radiosity, as a function of G,(J),
implicit radiation equation:

J=(1-8)[ Gy () + Fum Ty | + 20T (11)

Figure 6. Geometry for the

determination of the view factor in . . ) )
surface-to-surface radiation Equation (11) is the base for iterative procedure re-

peated until convergence of radiosity value for specific
diffuse surface is achieved.

Materials

In order to determine temperature distribution in steady-state, a knowledge of thermal
conductivity, k, and material emissivity, &, eq. (1), is needed. These properties are tempera-
ture-dependent. Since temperature dependence of thermal conductivity, &, for all materials of
interest is not significant in the temperature range in question, 900-2000 K ~ (600-1700 °C),
fig. 7(a), for each material, we have taken it to be equal to the value at expected temperature
level for that material [14-16].
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Figure 7. Thermal conductivity (a) and emissivity (b) vs. temperature curves for
mini-oven building materials

The thermal conductivity values used in FEM calculations are shown in tab. 1. Ma-
terial emissivity, ¢, strongly depends on surface conditions. Available data for both, materi-
als with heavily oxidized surfaces and polished materials with non-oxidized surface, could be
found in [17-19]. By fitting these data with polynomials of third-degree, a &(7) dependence in
analytical form was obtained tab. 1 shown in fig. 7(b).
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Table 1.Thermal conductivity, k, and emissivity &(7) = a + bT + c¢T*+ dT° of
materials used in numerical temperature calculations of FAMA mini-oven

Material k [Wm K] a b c d
Tungsten (W) 173 0.052 -1.166-107 1.818- 107 4.228-10"
Tantalum (Ta) 57 0.034 8.294-10°¢ 6.444-10°® 1.007- 10"
St. steel (AISI 316L) 21 0.351 2.972-10* 0 0
Molybdenum (Mo) 138 0.031 1.353-10* | -1.359-10°% 4.941-10"2
Alumina (Al,Os) 6 0.776 6.875-107 3.598-107 1.529-101

Heat sources

The mini-oven heat is generated through the electrical dissipation. The generated
Joule power Py, is given:

)
Pou = P 1° (12)

where / is conductor length, S — the conduc- |

tor cross-section area, p — the specific electri- —fussie- WMo - w [ %= [ @ -
cal resistivity of a material, and / — the current
through electrical circuit. The diagram of heat- ~ Figure 8. Mini-oven’s heating power
ing power generating electrical assembly is Senerating electrical assembly
shown in fig. 8.

It consists out of a copper conductor, molybdenum connectors, a tungsten filament,
a tantalum made oven body and stainless-steel cane attached to the oven back side. Since the
same current flows through all parts, the dissipated heating power ratios can be easily calculat-
ed. The heating power contributions of each part of electrical assembly at room and expected
temperature in the steady-state are presented in tab. 2 together with temperature corrected heat-
ing power contributions.

Table 2. Power distribution ratios (PDR) at room and near steady-state temperatures

Conductor CS area, | Length, | Resistivity, PDR | Temperature, | Resistivity, PDR
S[mm?] | /[mm] Ry[Q] |R/RE[%]| T[°C] R[Q] R/RX [%]
Copper 0.79 1100 0.0234 6.3 400 0.0609 2.1
Molybdenum 7.07 20 0.0001 0.0 900 0.0008 0.0
Tungsten 0.07 380 0.3037 81.3 1700 2.7429 95.6
Tantalum 29.40 85 0.0004 0.1 300 0.0014 0.0
AISI 316L 17.62 1100 0.0462 12.4 400 0.0624 2.2

The highest contribution the heating power dissipation comes from the tungsten fil-
ament, 0.3 mm in diameter, varying from 81-96% in the room temperature, to 1700 °C, tem-
perature range, respectively. Therefore, we assumed that the all of the heat is being generated
in tungsten filament, while all other parts of mini-oven are being heated only by mutual heat
exchange mechanisms described in section Heat transfer mechanismus.
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Results and discussion

The temperature calculations were performed with the heat transfer module of COMSOL
Multiphysics software package. In the calculations the heating source of the FAMA mini-oven, a
tungsten filament made out of 30 winds, is represented as 30 independent ring-like heat sources.
Location of the highest temperature in the mini-oven is found to be at the 5" filament winds from
the gas outlet side. Two additional temperature points of interest have been chosen: one on the
inner surface in the middle of the alumina made crucible and second one at the corresponding

location on the outer surface of the tantalum made

_ 2100. o 1 —— ~P"fit oven body. In these three points the temperature
) =2 ~P"fit .

S800F 4 3 _pugy J— vs. heating power dependence has been observed,

g 1500 | - fig. 9. Maximum value of 25 W of heating pow-

“g | er is determined upon the numerically calculat-

& 1200 - ed maximum temperature value of 1660 °C on

ool the 5™ filament winds. This value of temperature

| is bellow aforementioned temperature limit for

600 | chemical stability between tungsten filament and

a0l ° : ‘ : 1 alumina crucible. Furthermore, the temperature

0 10 20 30 40 50 exhibits ~P"* dependence with heating power, in

Power (W] clear reference to the Stefan-Boltzmann radiation
Figure 9. Temperature vs. heating power law. Henceforth, for mini-oven’s working tem-
dependence calculated for three points shown T . .
perature range, the radiation is a highly dominant
mechanism of heat transfer.

The temperature distribution of FAMA mini-oven for 25 W of heating power is shown
in fig. 10. We can observe that the highest temperature (1660 °C) is generated on the tungsten
filament. Going radially inside, towards the crucible, the temperature decreases to about
1400 °C at the inner crucible wall. This temperature is maintained along the crucible relatively
uniformly, except at its tail ends where the temperature drop is considerable more so at the gas
outlet side with 400 °C fall. The outer surface of the mini-oven’s body in the length of crucible
is significantly cooler with temperatures in the 750-830 °C range, denoting that the most of heat
flux is confined within the crucible. Further away from the crucible, along oven’s axis, one can
observe the rapid temperature drop, which further declines in the oven’s cane area, enabling
mini-oven handling.

Length [mm]

Temperature [°C]
Radiosity [uWm™]

[°cj 5r 850
= e a 0

200 400 600 800 1000 1200 1400 1600 | 850
(a) (b) 450 ()

Figure 10. (a) Temperature distribution inside the FAMA mini-oven for 25 W of
heating power, (b) temperature, and (c¢) radiosity distribution along axial cross-section
of FAMA mini-oven powered by 25 W

Figure 10(b) shows also temperature and fig. 10(c) radiosity distribution along axial
cross-section of mini-oven powered by 25 W. As it was mentioned previously, temperature qua-
si-uniformity within the crucible along the most of its length is clearly seen. Also, a very good



Telecki, I. N., et al.: The Finite Element Method Analysis of Temperature ...

THERMAL SCIENCE: Year 2022, Vol. 26, No. 1A, pp. 175-184

confinement of radiosity within the crucible is ob-
served, resulting in high temperatures in the cru-
cible in comparison with the rest of the mini-ov-
en. There is a dominant radiosity flow along axial
direction, denoted with a smooth color transition.
The increase of radiosity at the mini-oven’s gas
outlet compared to the opposite side of the cruci-
ble is a result of the edge effect [20].

The calculated temperature along inner cru-
cible surface is presented at fig. 11, the red line — 1.
The bolded lines — 3 on mini-oven simulation ax-
isymmetric 2-D model cross-section represent the
crucible’s edge for which temperature dependence
on crucible length is presented. As it can be ob-
served, within the majority of crucible, in the range
between 5 and 25 mm, or nearly 71% of its entire
length, the temperature is relatively stable, with a

183
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2 1300 |
kS
1200 1 2
1100 |
; 3
000 -_E_T_____._._./ ____________ S
000 |2 ——|
L i 1 i 1 1
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Length [mm]

Figure 11. The calculated temperature along
alumina crucible surface for 25 W of heating
power: 1 — with the uniform heating power
density distribution and 2 — with 60% heating
power increase within region marked with
dashed rectangle

relative change no worse than 4%. Outside of this region we have temperature drops, with the
one at the gas outlet side being more pronounced, ~400 °C or 23% drop. These temperature drops
could cause a serious reduction of the oven performance, since they could lead to deposition of
evaporated material on the gas outlet. This problem could be somewhat mitigated with the heating
power density redistribution along the filament. A better temperature distribution along the cruci-
ble, fig. 11, the black line — 2, could be obtained if the filament heating power density in the area
marked by dashed rectangle is increased by 60%, compared to the uniform one, while maintaining
the 25 W on the filament. This leads to 9% lower heating power density on the rest of the filament.
Further increase of heating power density would result in higher maximum temperature than
chemically allowed (1700 °C). The newly obtained temperature distribution has a wider tempera-
ture plateau, extending further into gas outlet side of the crucible. Also, it has a lesser temperature
drop (~300 °C). The heating power redistribution shifts filament’s radiosity towards the gas outlet
side of the crucible, resulting in more asymmetric temperature distribution. However, the range in
which temperature varies is within 4% of its maximum value is increased by 2 mm, ranging now
from 5.5-27.5 mm, increasing the region of temperature quasi-uniformity by 7%. The aforemen-
tioned power redistribution could be achieved twofold: either by increasing the filament winding
density in the marked region, or by having two filaments powered by different currents. We have
used the latter option in our numerical simulation.

Conclusion

We used numerical FEM to calculate temperature distribution of mini-oven designed
for FAMA installation ECR ion source, in the steady-state working regime. It was found that
filament power of 25 W gave the maximum temperature of 1660 °C, below a limiting tempera-
ture for the system. The thermal radiation has been shown to be the dominant heat exchange
mechanism within the mini-oven. The FEM analysis points out to a very good axial temperature
quasi-uniformity along 71% of the length of mini-oven’s crucible, inside which the temperature
changes in 4% range of its maximum value. The region of temperature quasi-uniformity could
be further extended by additional 7% with a heating power redistribution, putting a greater em-
phasis on powering the filament in the gas outlet region. The power redistribution also results
in less pronounced temperature drop (25%) in the same region.
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The calculations for heat exchange were based on emissivity data for polished and
cleaned surfaces for some materials used in the design. However, the emissivity strongly de-
pends on the state of the surface of the radiating material, including oxidation effect, which is
main unknown quantity in advance. Henceforth, in our future study, we will compare the simu-
lation results with the experimentally measured temperatures in order to improve our numerical
model.
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