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Abstract

The design of X-band multi-cell RF structures for partiobeelerators requires an accu-
rate estimation of the sensitivity to the mechanical defdrams induced by the surface
power loss on the metallic walls. The prediction of theseatf is important for conceiv-
ing a tuning strategy that assures the correct structurabpe when integrated into the
accelerator complex. An experimental technique is proppdsepreliminary testing of
the mechanical deformations caused by a thermal load thage@erate in the RF cavity
a temperature gradient profile as close as possible to themeanduced by the electro-
magnetic power loss. Because we want to find a method thateaadly and cheaply
implemented in the laboratory, a thermal radiator with amf heating power density,
placed on the axis of the RF cavity, has been chosen as heatimge. A multi-physics
finite-element code (ANSYS) has allowed comparing the nrealstiemperature gradients
with the computed ones. The good agreement validates thieaom of the code, which
has been extended to the joint solution of the electromagaetl thermal problem. Thus
the sensitivity to deformations can be directly evaluated.
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Figure 1: Eperimental set-up

1 Introduction

This paper presents the thermal power tests and the relative computations on a partial
model of an 11.4 GHz compact standing wave m-mode structure required to improve the
beam brightness in the SPARC advanced photo-injector [1]. The average power dissipa-
tion in the full 9 cells structure will be 300 W, that is 33 W per cell. Considering the
compactness of the structure, this is a remarkable power level. Therefore detailed thermal
information on the behavior of the accelerating section is necessary. The knowledge of
the equilibrium average temperature as well as its distribution is important since they in-
fluence the cell dimensions and therefore the resonant frequencies of the electromagnetic
modes. RF power tests on a prototype model would imply the full implementation of the
RF coupler and the availability of a high average power X-band RF source. We have de-
vised a test set up that circumvents this difficulty and gives an approximate evaluation of
the thermal behavior of the structure. A brazed Copper five cells prototype has been built
and thermal experiments have been performed. A thermal radiator with uniform heating
power density, placed on the axis of the RF cavity, has been chosen as heating source.
The structure is shown in Figure 1. By means of a water-cooling system made with four
copper tubes, parallel to the axis, in contact with the outer surface, connected in serial
mode, the external temperature can be controlled. The maximum inner temperature is
expected to be on the irises. This paper presents results related to experimental measure-



ments of temperature gradients. These results are then compared with those coming from
numerical computation.
In the computational section this paper reports:

e The comparison between measurements of the temperature profile in a RF cavity
heated by a thermal radiator, documented in [2] and numerical simulations of the
experimental cases (using ANSYS finite element code), for several input powers.

e The comparison between the estimated temperature distribution and mechanical
strain and stress field, inside the cavity, in the case of radiation heating and in the
case of induced electromagnetic power loss, for the same input power. This is done
because we want to check that the experimental data from this kind of measure-
ments can be effectively used to foresee the actual thermal profile due to electro-
magnetic power loss.

Finite element analysis has been carried out using the ANSYS software[3]. ANSYS is
a multi-physics environment that includes a High Frequency solver module and we use it
to perform coupled analysis: RF-Thermal-Mechanical. The High Frequency module has
for the moment the limitation that only 3D elements can be used, so 3D simulations have
to be performed also for virtually 2D problems (e.g., axis-symmetric structures where the
modes of interest are also symmetric around geometric axis).

The finite element analysis has been carried out in two steps:

e A 2D model has been used for evaluating the radiation heat exchange between the
thermal radiator and the cavity. In addition the thermal strain field induced by the
temperature profile in the structure, for steady-state condition, has been estimated.
The results obtained from these calculations have been compared with the experi-
mental values, giving a satisfactory agreement (accordance within 17% in the worst
case), taking also into account the uncertainty on some material properties espe-
cially about the surface emissivity.

e A 3D model has been created for developing a coupled high-frequency electromag-
netic and thermal analysis. The temperature profile has been calculated, supposing
the cavity to be operating in continuous regime at the designed m-mode frequency
(11.4 GHz).The magnetic field intensity has been chosen in order to perform a co-
herent comparison with the power heating used in the laboratory tests.

The main objective of this work is to demonstrate that it is possible to use a thermal
radiator for testing the temperature distribution and the consequent stress and strain field
inside the cavity to estimate how much the induced mechanical deformation can affect the



frequency of the cavity. The preliminary comparison shows that such alternative system
could be effectively used and with some improvements could fully reproduce the real

case.

2 Experimental setup and results

The heater has the same effective length as the copper structure (about 66 mm) and a
diameter of 6 mm (the diameter of the irises is 8mm). It is held in place by steel end caps
on both ends. A shield reduces the heat losses between the inside of the structure and the
air. For the same reason an external shield is mounted on the outside of the structure in
order to reduce heat losses by convection.

In order to measure as closely as possible the temperature of the central iris tip, a
1 mm diameter hole was drilled as shown in Figure 1, extending from the outside sur-
face to 1 mm before the inner surface of the iris. The temperatures are measured by
K-thermocouples (Chromel-Alumel). A very thin thermocouple was introduced down to
the end of the hole to contact the metal close to the iris tip. The mantle temperature is
obtained by fixing another thermocouple on the external surface of the structure, near the
hole. Thus the transversal temperature gradient AT between the central iris tip and the
external surface of the copper mantle can be measured. Two K-thermocouples are applied
on the water inlet-outlet, in order to measure the heat power flux.

By introducing a thermal shield, in order to minimize the power dissipated in air
by convection, at equilibrium the electrical power supplied by the heater should be en-
tirely dissipated by the water flow. We have performed several measurements at different
power levels and by varying the inlet temperature of the water at constant flow rate. The
equilibrium copper temperature is recorded in order to measure AT between iris and ex-
ternal surface of the structure. The temperatures have been acquired by means of a system
controlled by LABVIEW software.

A typical plot of measured temperature values versus time is shown in Figure 2. The
time to obtain steady state is about 400 sec. With these experiments we have verified that,
by increasing the heating power, while maintaining constant the water flow rate (about
14 g/s), the equilibrium temperature variations on the external mantle surface are less
than 2 degrees, in accordance with computations. The equilibrium temperature difference
between iris tip and mantle increases by about 2 degrees per 100 W. This temperature
difference is practically independent of the inlet water temperature.
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Figure 2: The iris temperature as a function of the time, data taken every 10 seconds.
Twater = 20°C

3 Thermal radiation calculation

The two-dimensional (2-D) finite element model used for the numerical simulation of the
radiation heating is reported in Figure 3. The 2-D model has been built, taking advantage
of the symmetry of geometry, loads and boundary condition. A plane axisymmetric ele-
ment (plane 55), with a 2-D thermal conduction capability, has been used for meshing the
geometric domain, with uniform mesh size, small enough to accurately reproduce high
localized thermal and strain gradients (0.5 mm is the maximum element size for a total of
6877 elements).

The Physic Domain: The internal surface of these elements delimits the physic do-
main (that is the enclosure) for the radiation heat exchange. The enclosure in a radiation
problem is a set of surfaces radiating to each other. ANSYS uses the definition of an
enclosure to calculate view factors (the fraction of the radiation leaving surface i which
is intercepted by surface j), amongst surfaces belonging to an enclosure. Each radiating
surface has an emissivity and a direction of radiation assigned to it. The emissivity is a
surface radiative property defined as the ratio of the radiation emitted by the surface to
the radiation emitted by a black body at the same temperature. ANSYS restricts radiation
exchange between surfaces to gray-diffuse surfaces, that signifies that emissivity and ab-
sorptivity of the surface do not depend on wavelength (either can depend on temperature)
neither on direction. The emissivity for a surface can be a function of temperature and
depends on the manufactured and oxidation state of the surface. In Table 1 the value of
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Figure 3: 2D Finite Element Model: the RF copper cavity, the ss caps and the heater

Table 1: Copper Emissivity

| Surface State | Emissivity |
commercial burnished 0.07
electrolytic polished 0.02
polished 0.031
polished annealed 0.008
oxidized 0.65
heavly oxidized 0.78
oxidized to black 0.88

copper emissivity for several surface status are reported. For the radiator an emissivity
equal to 0.9 has been assumed, instead an inner surface emissivity of 0.11 has been con-
sidered for the stainless steel (polished-machine rolled ss). In our experiment the heating
has been realized in air, so that the internal surface of the copper resulted oxidized and
consequently, in order to reproduce thermal boundary conditions as much close as possi-
ble to the reality, a value of 0.7 (see Table 1) for the copper emissivity has been assumed
for our calculations.

The Materials: The internal heater is a cylindrical bar of 6 mm diameter, made of
a nichel-chrome alloy, whose thermal properties used in the calculation are reported in
Table 2, together with the properties of oxygen-free copper of which the cavity is made.
This heater is able to generate a power up to 400 W and is mounted on the axis of the



Table 2: Material Properties (in the temperature range 293-320 K)

’ Thermal properties \ Ni-Cr-alloy \ OF Copper ‘
Density [kg/m?] 8470.0 8960.0
Thermal Conductivity [W/mK] 114 388
Heat Capacity [J/kgK] 435. 383.
Thermal linear expansion 13.0E-6 16.4E-6

structure.

The Thermal Load: The aim of the calculation is to determine the temperature
profile inside the cavity, due to the radiation heat exchange with the thermal heater. Con-
sequently the induced mechanical deformations can be estimated, by means of a sequen-
tially coupled physics approach. The thermal load has been applied in the elements of the
radiator as an internal heat power generation. An initial uniform temperature has been
specied to be about 293 K for the cavity and the radiator. For the calculation, conduction
through the air inside the cavity has been also taken into account!.

The Boundary Conditions: The boundary condition has been imposed by fixing the
temperature on the external cavity surface, according to the measured steady-state values,
for each input power applied. Anyway, in order to predict the maximum achievable AT
in the cavity also in case of heat flow rates different from that experimentally used (i.e,
heating power greater than 200 W), a convection heat exchange boundary condition has
been introduced on the external nodes of the cavity, in such a way as to balance exactly
the input power. In fact, because we want to estimate the stationary distribution of tem-
perature, the net heat flow rate into the cavity has to be zero, otherwise the temperature
profile would change with time.

The Numeric Solver: Because the radiation heat flow varies with the fourth power of
the body’s absolute temperature, radiation analyses are highly nonlinear. The numerical
method used to simulate the radiation heat exchange is the Radiosity one that accounts for
the heat exchange between radiating bodies by solving for the outgoing radiative flux for
each surface, when the temperatures for all surfaces are known. The surface fluxes provide
boundary conditions to the finite element model for the conduction process analysis.

The Results: The maximum radial temperature gradient in the cavity has been deter-
mined versus the input power in the radiator: the calculated values are compared with the
measured ones in Table 3. As a result of this analysis we can conclude that the calculated
values reproduce the experimental results within a 20% of average accuracy.

This level of precision can be considered satisfactory if we take into account the

!The air has been considered completely transparent respect to the radiation.



Table 3: Comparison between results from ANSYS simulation and measured values

Input Heat Rate | Measured A7 +0.2 | Calculated AT
(W] [K] (K]
60 1. 1.3
100 2. 2.15
150 4. 3.32

simplifying initial assumptions for the calculation. In fact, it is important to underline that
in the 2D calculations the actual not uniform heat exchange by convection, on the external
boundary surface, has been replaced or by a uniform fixed temperature condition or by a
uniform convective heat exchange on the external surface?, that surely contributes to have
a flatter temperature profile. Furthermore, the temperature dependence of the thermal
parameters in the material has been replaced by homogenous conditions by averaging the
values over the temperature range.

On this basis, the comparison between the measured and the calculated values of
temperature make us confident in having a validated 2D model for the radiation heat-
exchange calculation, so that we can use it to do previsions.

In Figure 4 we report the estimated temperature field inside a completely symmetric
cavity (with 6 irises, without end caps and with vacuum inside), when a 150 W radiating
power is used to heat. The external boundary has been supposed to be cooled by a uniform
convection as perviously described, supposing to have a water flow rate of 14 g/s with
inlet temperature equal to 20°C (according the experimental values). The corresponding
estimation of the radial temperature profile at the position of the central iris (from the tip
of the iris to the external cavity surface) is reported in in Figure 5.

The estimated axial temperature profile along the inner profile of the cylinder is
shown in Figure 6: the temperature reaches a maximum on the the tip of each iris, as
expected.

The axial temperature profile along the inner diameter of the cylinder (at the iris
base) is shown in Figure 7: the temperature is symmetric around the middle of the cavity
and the inner irises are hotter than the external ones. The not uniform longitudinal tem-
perature profile can be explained by the fact that the six irises are not actually subjected
to the same thermal loads: the inner ones are in fact warming little more than the two
external ones. This is essentially due to the different view factors among the single cells
composing the cavity in such a way that the external irises receive heating only from the

2The real convective-heat exchange inside the water tube surrounding the cavity is going to be accom-
plished and included as next step in the 3D complete model.
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Figure 4: Temperature Field in the symmetric cavity for 150 W radiation heating

internal side. The maximum temperature on the two external irises is about 0.65 K lower
with respect to the inner ones (40% of AT,,..), where the maximum value of about 308
K is reached. This difference of temperature is reduced at about 1 tenth of degree (0.14
K) on the bulk material (see Figure 7).

4 Coupled thermo-structural and strain deformation calculation

In order to evaluate the strain induced by the temperature gradient we refer to a model of
the cavity without end caps and having the mechanical constraints that the cavity should
have when put in operation on the beam transfer line.The heating power (150W) has been
supposed to be generated by means of an internal heater with uniform power density and,
as it will be show later in this paper, the generated axial temperature profile (Figure 6
and 7) is similar to that calculated for the electromagnetic power loss. ANSYS allows
the thermal elements to be converted directly to structural elements in order to obtain
the stress and displacement solution. The thermal distortion of the cavity is evaluated
on the basis of the thermal expansion coefficient of the material (see Table 2) and the
nodal temperature data obtained from the thermal solution, that are applied as load on the
structural model (according the sequential scheme for coupled calculations). Furthermore
the symmetry boundary condition and the support constraints are included in the model.
One end only is blocked: the cavity is free to expand. The initial temperature with respect
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to which we estimate the thermal stress is the room temperature (i.e, T=293 K is the
reference temperature at which the structure is supposed to be free of stress). In Figure 4
the total displacement is shown over the undeformed initial edges. Each cell of the cavity
expands by a longitudinal total displacement of about 3.4 ym between two consecutive
irises. The radial displacement is also quite uniform on all the cells and is about 2.5 pm.

The Von-Mises equivalent total strain and stress are shown in Figure 9: the maxi-
mum strain is located on the tips of the irises (0.61E-4) being the warmest regions in the
cavity. The highest stresses in the cavity are caused by local thermal gradients between
the hottest inner surface and the external cooled boundary and by the differential expan-
sion of the warm regions with respect to the rest of the cavity. The maximum stress, on
the tips of the irises, is equal to about 6.7 MPa (the yield stress in oxygen free copper is
about 200 MPa).

5 The 3-dimensional Coupled Analysis: Electromagnetic-Thermal

The commercial finite-element code ANSYS provides the ability to link electromag-
netic to thermal and structural analyses. For version after 5.4, Ansys provides the high-
frequency (HF) analysis module and associate elements. This module has been applied
in order to evaluate the RF loss and the consequent temperature distribution in our cav-
ity. A coupled-field analysis by a unique code is more efficient respect to using different
specialized software. In fact the exchange of information between electromagnetic field
simulators and structural/thermal simulators can be difficult and can lead to errors. In
case of multi-physics code like ANSYS this exchange of information between different

10
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modules is a built-in feature of the software, so that the model can be established by one
single software and related data can be transferred more efficiently and easily between
elements due to same mesh employed.

5.1 The 3D model

The initial phase of the analysis consists of a high frequency electromagnetic calculation
on the inner vacuum volume. The model is composed of a solid 3-dimensional volume
representing the inner vacuum of the cavity plus two short cylindrical volumes on the
extremities (representing the vacuum volume of the beam-line). In order to reduce the
CPU time for calculation, the model has been constructed taking advantage of symmetry
conditions. Only 45 degrees of the whole structure has been meshed, using tetrahedral RF
elements (HF119) with uniform fine mesh (for a total of 24575 elements only for the vac-
uum). HF119 is a high-frequency tetrahedral element which models 3-D electromagnetic
fields and waves governed by the full set of Maxwell’s equation in linear media. HF119
applies to the full-harmonic and modal analysis but not to the transient analysis. Even
if the electromagnetic results are fairly insensitive to mesh density, however the surface
heat flux is highly dependent on the mesh size at the cavity wall-to-vacuum boundary.
A satisfactory mesh has been generated by an iterative process with the goal to have a
heat flux on external boundary not depending on the mesh size (the magnetic fields at the
surface and thus the surface heat fluxes are accurately depicted while minimizing CPU
time and memory usage). Figure 5 shows the meshed vacuum volume used to obtain the
electromagnetic solution. Electric wall conditions (electric field normal to the wall-to-

11
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vacuum surface) are applied to the exterior surface of the whole vacuum volume, whereas
the impedance boundary conditions (surface resistivity) are applied only on the cavity
interior surface like surface load (sf command with keyword ‘shld’). No boundary condi-
tions have to be applied to the model’s symmetry planes since in ANSYS unconstrained
surfaces are set by default to magnetic walls.

5.2 High-Frequency Electromagnetic Calculation

The modal analysis allows to individuate the working frequency of the m-mode, for which
we intend to develop the harmonic analysis. The natural modes of the cavity have been
extracted between 10.5e+9 and 15.e+9 Hz using the Block Lanczos numerical solver®.
We find in this frequency range 5 resonances. The electric field of the m-mode? (11.4
GHz) (in which we are interested) is reported in Figure 5.2. In order to evaluate the
power loss induced in the skin depth of the copper surface, an harmonic excitation at 11.4
GHz working frequency has been applied to the cavity. This means that the cavity, in
our calculations, is supposed to work in continuous regime at the m-mode. The excitation
has been applied by using a suitable modal port, this being a new feature available on the
last version of ANSYS (10.0).We applied the modal port load on the nodes of a plane
surface in the center of one external cell of the cavity. The excitation of the resonance

3ANSYS calculates the element results in the form of normalized electric and magnetic field vectors
and flux density vectors

“In order to compensate the amplitude of the electric field in all the cells of the resonant cavity, the inner
radius of the outer ones has been reduced of about 60um

12
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can be obtained for different values of the peak electric field, or in equivalent way, for
different values of electromagnetic power stored per cycle in the cavity. We have chosen
the first option and by means of interactive calculations we found the electromagnetic
field corresponding to 37.5 W of power loss (a quarter of the whole structure only has
been modeled), in order to compare these results with the case of 150 W supplied by
radiation heating.

Among the output data obtainable from the electromagnetic solution output associ-
ated with the HF119 element, the following item is essentially used to derive the thermal
load to be applied on the the vacuum-cavity interface nodes: hflxavg, that is the heat flow
rate across the contact faces of the selected elements, caused by the surface losses in the
copper skin.

We have written a macro that for each element that has, at least, a face in contact
with the vacuum-cavity interface wall, extracts the heat flux value (the Aflxavg output
parameter). Finally the macro records these values in a table. With another macro we
transfer the heat flow rate of each element as surface load on the nodes belonging to the
inner wall of the cavity. Before launching the calculation we checked that the total sum on
the inner surface of the Aflxavg values in the table coincides exactly with the surface loss
value, estimated by the macro powerh. This is a built-in macro that calculates the time-
averaged (rms) power loss in a conductor or lossy dielectric material from a harmonic
analysis. We can see the distribution of the calculated thermal heat flux in Figure 12.

13
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5.3 Thermal Analysis Results

Coupling analysis means that the results of simulations in one domain are used as input
for the other domain. In this case we meshed the copper cavity model and apply loads
and boundary condition to it, after having deleted the previous elements corresponding to
the vacuum space. Figure 5.3 shows the temperature profile in the whole cavity for 304.5
K external temperature, while in Figure 5.3, the radial profile on the two central irises
(up-to the external boundary) is shown. The axial temperature distribution is similar to
that induced by the thermal heater, even if in the radiation heating calculation we obtain
a flatter temperature profile, with isothermal curves almost parallels to the cylindrical
outer wall. In case of thermal load from power loss, the axial temperature profile is little
more peaked in the middle with respect to the radiation case, with consequent larger
temperature gradients in axial direction than that estimated in the radiation case (on the
inner profile the longitudinal AT, is about 0.65 K in the radiation heating case and 1.0
K in the RF case). The maximum radial temperature difference for both cases is detected
in correspondence of the central irises and is about 2.6 K (see Figure 5) for the radiation
case and 3.7 K (see Figure 5.3) for the RF case.

The temperature profiles shown in Figure 6 and 7 of paragraph §3 are to be com-
pared with those generated in the cavity when the heating power is produced in the 7-
mode by the rf power loss in the skin depth along the inner surface (figure 16 and 15,
respectively). If these profiles are close to each other both in shape and in the maximum
axial and radial difference of temperature (within 30% could be sufficient), the proposed

15
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Figure 12: Heat Flux Intensities [W/m?], due to Surface Power Loss, entering on the inner
surface of the cavity

radiation heating method can be considered a reliable experimental way by which estimate
and predict the mechanical deformations that the cavity undergoes when it is operating in
the m-mode.

6 Conclusions

The aim of this work is to illustrate the use of a thermal radiator for testing the temperature
distribution inside an X-band linac structure and to support the results by simulation with
the ANSYS code. Experiments have been performed with such a radiator and the mea-
sured temperature distributions are compared with the computed ones. The result of this
analysis is that the calculated values reproduce the experimental results with an accuracy
of 20%, that is sufficient for checking the efficiency of the structure cooling design.

This work demonstrates that it is possible to use a thermal radiator for testing the
temperature distribution in the structure. The computed stress and strain field inside the
cavity allow to estimate how much the induced mechanical deformation can affect the
frequency of the cavity. The code allows computing the stress and strain fields consequent
to the temperature gradients. The structure deformations can be used to evaluate the
frequency shifts of the cavity modes.

By exploiting the ability of the ANSYS code to link electromagnetic and thermal
analyses, a further simulation has been done. A coupled-field analysis by a single code

16
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allows to evaluate the RF losses and the consequent temperature distribution in the cavity
with better accuracy than by the exchange of information between different simulators. It
has been confirmed that the axial temperature distribution is similar to that induced by the
thermal heater, even if some important differences have been detected and discussed.
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Figure 16: Axial Temperature Profile in the Cavity (along the diameter at the iris bases),
in case of rf excitation at the m-mode
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