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Abstract

During the commissioning of the new Multipole Injection

Kicker (MIK) pulsed magnet at SOLEIL synchrotron, an

anomalously high heating of the MIK chamber and Ćanges

was found. To better manage the heat load, fans directed

toward the MIK were added to improve the air-cooling Ćow.

This allowed the nominal current to be reached in all opera-

tion modes while keeping reasonable temperatures on the

MIK. Post-installation investigations subsequently showed

that the initial estimate of the maximal heat load was in

agreement with the measured temperature in several oper-

ation modes both with and without the additional fans. In

this article, we present the complete study, starting from the

impedance calculation to thermal simulations, and compari-

son with the measured data with beam.

MULTIPOLE INJECTION KICKER

Non-linear kicker magnets, such as the Multipole Injec-

tion Kicker (MIK), are key components for compact injection

scheme of some 4th generation light sources [1, 2]. Non-

linear kicker magnets are pulsed magnets characterized by

an of axis Ąeld region where the injected beam is located

and a Ąeld free region on the stored beam path. They are

developing since their Ąrst use at KEK-PF [3] and BESSY II

[4] as they allow for diferent types of on-axis and of-axis

injections types in rings with small dynamic aperture [2].

The MIK provides a combined quadrupolar and octupolar

pulsed Ąeld which allows for a near-transparent injection

compared to the usual bump-based scheme using several

kickers [1].

The MIK, designed and built by SOLEIL in collaboration

with MAX IV, is composed of a racetrack chamber made

of monocrystaline sapphire where grooves are precisely ma-

chined to hold copper conductors in the direction parallel to

beam propagation, see Fig. 1. The inside of the chamber is

coated with titanium to shield the beam from the sapphire

body, allowing the image current to Ćow over the titanium

layer and reducing the thermal load. But the coating thick-

ness can not be too large as it induces a disturbance of the

magnetic Ąeld and generates a pulsed quadrupolar compo-

nent via eddy currents [5]. A compromise must therefore be

found on the coating thickness to get a magnet with good

performance with a contained thermal load.

A Ąrst prototype of the MIK was installed at MAX IV

3 GeV ring in 2017 where heating due to the 0.8 µm thin

titanium coating was found to be an issue [1]. The problem
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Figure 1: Cross section of the MIK showing the position of

the copper conductors (red and green dots), the injected and

stored beam.

was solved in 2019 when an improved chamber with a thicker

coating of 3.5 µm was installed. The MIK is now routinely

used for day to day operation at MAX IV with excellent

performance [1].

Another MIK device was installed in the 2.75 GeV storage

ring of SOLEIL in January 2021 and is being commissioned

[6Ű8]. As the SOLEIL MIK also presents anomalously high

temperatures, a post-installation investigation was initiated

to review the RF heating estimate, the choice of the coating

thickness and understand the observed high temperatures.

This article describes the Ąndings from this investigation

and presents the diferent components: impedance calcu-

lations, temperature measurements with beam and thermal

simulations.

IMPEDANCE CALCULATIONS

The impedance calculations shown here for the MIK cham-

ber and Ćanges, the two elements where signiĄcant heating

is observed, were performed prior to installation and are

based on the MIK mechanical design that is described in

detail in [9].

MIK Chamber

The MIK is composed of a single 33 cm long racetrack

chamber with an inner aperture of 46.8 mm in horizontal

and 7.8 mm in vertical plane. Its geometric (longitudinal)

impedance is thus negligible compared to the resistive wall

one produced by the titanium coating deposited on the sap-

phire body.

The coating thickness was measured at 3.5 µm using con-

trol pellets used during the deposit. The DC resistance of
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the coating was also measured at 3.43 Ω using the two probe

method. From this measurement, assuming that the coating

is homogeneous, its resistivity can be estimated between

2.83×10−6 Ω m and 3.73×10−6 Ω m depending whether the

deposition is considered to be present only on the horizontal

sections or on the whole chamber.

The measured resistivity value of the coating is quite dif-

ferent from the usual titanium resistivity in its metallic form:

4.27×10−7 Ω m. The reason for this diference could be re-

lated to the sputtering method used to realize the titanium

deposition, leading to an amorphous structure of the tita-

nium, more resistive than the usual metallic form.

The resistive wall impedance of the MIK chamber can

then be computed using the multi-layered Ćat chamber an-

alytic model implemented in the ImpedanceWake2D code

[10, 11] or, neglecting the efect of the high relative permit-

tivity �� of the sapphire body, using Eq. (5) of [12]. Input

values for the ImpedanceWake2D code are shown in Table

1.

Table 1: Input Values for ImpedanceWake2D Code for the

ŞAmorphous TitaniumŤ MIK Chamber Model

Layer Thickness DC resistivity ��

Vacuum 3.9 mm ∞ 1

Titanium 3.5 µm 3×10−6 Ω m 1

Sapphire 11.1 mm 1×1012 Ω m 10 (≈ 9.3/11.5)

Vacuum ∞ ∞ 1

The real part of the longitudinal impedance obtained us-

ing both methods is shown in Fig. 2 for both an Şamorphous

titaniumŤ layer using the measured resistivity and a metallic

layer. The good agreement between both methods shows

that the 3.5 µm titanium coating efectively shields the beam

from the sapphire high relative permittivity and poor conduc-

tivity. In uniform Ąlling at 500 mA (416 bunches), with the

measured bunch length of 19.8 ps, the expected thermal load

of each model yields 112 W for the “amorphous titanium”

impedance and 17 W for the metallic titanium one.

Figure 2: Real part of the longitudinal impedance of the

MIK chamber.

At SOLEIL, the highest thermal stress comes from the

8 bunch filling pattern where a total current of 110 mA is

stored. For this mode, the expected thermal load was about

156 W for a maximum power density of 3.6 W mm−2 in the

center of the MIK chamber. This power density was es-

timated to be low compared to the one generated by syn-

chrotron radiation in near by areas so a thermal simulation

was deemed unnecessary at the time.

MIK FFflanges

The junction between the MIK chamber and its flanges

is ensured by a brazed sapphire/copper interface, then a

brazed copper/stainless steel interface and finally a stain-

less steel/flange weld [9]. The flanges are made of 316L

stainless steel and have the same racetrack cross section as

the MIK chamber. The flanges also integrate small bellows

shielded from the beam by RF fingers. The flange verti-

cal aperture increases locally from the 8 mm of the MIK to

9 mm at the RF fingers location to decrease again to 8 mm

at the upstream/downstream connection with taper-absorber

elements. The small cavity created by this aperture varia-

tion leads to two trapped modes at 16.7 GHz and 19.2 GHz

with a corresponding amplitude of 247 Ω and 40 Ω in the

longitudinal impedance spectrum.

For the uniform filling mode at 500 mA and for full co-

incidence with beam spectrum line, the power deposited

by the first mode was estimated to be around 2.8 W for a

maximum power density of 0.5 W mm−2. The resistive wall

heating for the same operation mode was evaluated around

2.0 W for a maximum power density of 0.4 W mm−2.These

flanges were designed to accommodate the MIK aperture to

the cross-section of the SOLEIL straight section. Consider-

ing the lack of timely fallback solutions, it was decided to

keep this design despite the trapped mode, as the expected

heat load was low and there was no danger of coupled bunch

instabilities.

BEAM MEASUREMENTS

After the MIK installation, significant heating was mea-

sured at the downstream extremity of the MIK chamber

where the temperature reached 130 °C for a beam current

of 300 mA. To contain the temperature rise and allow the

nominal current to be reached in all operation modes, the

following steps had to be taken: the MIK outer frame was

removed, two heatsinks were installed on the MIK chamber

body and three fans directed toward the MIK were used to

improve the air-cooling flow.

As the heat load was not linearly proportional to the stored

current, the synchrotron radiation was quickly ruled out as a

potential contributor. Temperature sensors installed on the

MIK and thermal camera measurements made right after a

beam dump then shown a asymmetry between the upstream

and downstream regions of the MIK. In addition to data

taken in the different user operation modes, additional mea-

surements were taken with the fans off during a dedicated

machine development shift. The two observed cases were
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selected to mimic the usual operation modes parameters,

in particular bunch length, but with an overall lower beam

current in order not to overheat the MIK. Measured data is

compared to simulated data in Table 2.

THERMAL SIMULATIONS

The thermal simulation was performed following the

methodology described in [13, 14]. Firstly, 3D maps of

the dissipated power were generated at diferent frequencies

(DC for the resistive wall, mode frequencies for the geomet-

ric impedance) using CST wakeĄeld solver [15]. Then these

maps were re-scaled using the deposited power computed

at that frequency using the beam properties and impedance

as input. After this procedure, the diferent power maps

corresponding to each operation modes can be used as input

in a thermomechanical simulation software like ANSYS [16]

and mapped to the 3D geometry.

For the thermal simulation, convection was imposed on all

MIK surfaces exposed to air with an heat transfer coeicient

of 5 W m−2 K−1 when the fans where off (free convection)

and of 46.2 W m−2 K−1 when they were switched on (forced

convection). The value for the heat transfer coefficient with

fans was computed by taking into account airflow rate of the

fans and the MIK chamber geometry.

The simulated temperatures on the MIK chamber are com-

pared to those measured in the upstream and downstream

regions in Table 2. The range of measured values correspond

to 4 measurement points in the upstream region (2 of them

providing too low values were discarded as outliers, maybe

because of a weak thermal contact with the MIK chamber)

and 5 measurement points in the downstream region. The

simulated value reported corresponds to the maximum value

but the simulated temperature distribution is very homoge-

neous (a few °C of difference at maximum) as the heat is

due to the resistive wall.

When the fans are turned off, the temperature spread

along the different measurement points is much more lim-

ited than when the fans are switched on as the fans air flow

is not uniform on the MIK body. There is a good match

between the simulated temperatures and the ones measured

in the upstream region for all cases. It seems to indicate that

the impedance model, using measured resistivity, and the

methodology is correct. But the measured temperatures in

the downstream region are consistently higher than in the

upstream one and therefore do not match with the simulation.

Two possible hypotheses were advanced to explain the

abnormal heating observed in the downstream region: a

local degradation of the titanium coating or a partial loss of

the RF contact on the neighbouring flange.

The flanges were simulated with the same method but in

this case the temperature rise is very moderate because the

total deposited power is lower than 5 W for the worst case.

The extreme case of no RF contact has also been simulated

but gives much too high temperatures due to the huge de-

posited power (1.6 kW for the worst case). The measured

temperatures on the downstream flange are always lower

than the those measured on the downstream MIK region,

e.g. 75 °C for the 100 mA case and 115 °C for the 25 mA

case. So it seems that the most probable explanation is a

local degradation of the coating.

When the MIK and its flanges are simulated together with

perfect thermal contact, the simulated temperature on the

MIK decreases a bit for the case without fans, from 10 °C to

20 °C, compared to Table 2 as some of the heat is transferred

in the flanges. This transfer is expected and can explain the

high temperatures at the downstream flange if the coating

is degraded in that very region. The temperature drop on

the MIK chamber compared to Table 2 could either indicate

that the coating resistivity is underestimated or more likely

that the perfect thermal contact hypothesis is too coarse and

that a refined model using an experimental thermal contact

conductance should be used [17]. The thermal simulation

performed with ANSYS was also benchmarked against CST

Conjugate Heat Transfer (CHT) solver and gave similar re-

sults.

CONCLUSION

This investigation showed that the initial thermal load es-

timate using the measured resistivity was correct but that its

consequence were underestimated. The imbalance between

the upstream and downstream region still need to be better

understood and a future visual inspection of the MIK during

a machine shutdown could help in this respect.

Future MIK devices could be improved on this aspect by

using thermal simulation during the design phase to optimize

the heat transfer and integrate cooling fans in the base design.

The heat amount could also be reduced by a slight increase

of the coating thickness, but at the cost of increased field

perturbations.

Table 2: Comparison between the Simulated and Measured Temperatures of the MIK Chamber

Current Filling mode Fans Simulated Upstream Downstream

500 mA Uniform (416 bunches) On 61 °C 52 °C to 69 °C 86 °C to 125 °C

500 mA Uniform (416 bunches) Off 335 °C

110 mA 8 bunches On 72 °C 64 °C to 74 °C 113 °C to 164 °C

110 mA 8 bunches Off 425 °C

100 mA 1/4 (104 bunches) Off 72 °C 69 °C to 72 °C 85 °C to 86 °C

25 mA 2 bunches Off 107 °C 103 °C to 112 °C 136 °C to 138 °C
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