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In a classic small tokamak, the magnetic confinement is achieved by toroidal coils that fit into a donut-shape mechanical structure. To
facilitate their handling and maintenance as well as the access to various auxiliaries components, their design has evolved toward a modula
configuration. For such demountable design, it is important to guarantee the electrical continuity of the winding of the coil across the
modular parts through electrical contacts. The resulting joints rely on pressure and specific materials to transfer high current densities at &
good mechanical stability and manageable losses. In the present work, a prototype of a circular demountable toroidal field coil (CDTFC)
was designed and built to test some technical choices to be used in the final coils of a table-top tokamak referred to as TPM-1U. For this
small tokamak, the magnet wires to wind the toroidal coils should be able to handle large pulsed currents in the tens of thousands of Amperes
whereas the coil joints should handle a peak current density of at least 75 kATtra case study here is the TPM-U1 table-top tokamak.

Its conceptual design is recalled and mechanical and magnetic details of the demountable coil prototype are provided. For the experimenta
test, the contacts were slightly pressed using a custom-made contact assembly and current pulses between 4 kA and 8 kA were fed to the cc
prototype. The degradation of the joint was visually estimated by assessing the amount of micro-melting, plastic deformation and oxidation
appearing at the interface between the materials in contact. It is shown that the selected AWG-04 magnet wire is appropriate for carrying
kilo-Ampere range pulsed currents and that the CuBe contacts are able to withstand current densities larger than the specification, up tc
263 kA/cn?, under low contact pressures of a few mega-Pascal simplifying their handling. Some technical choices have been probed on a
prototype coil yielding a generic sequence of tasks to build and test mechanically and electromagnetically demountable coils and their joints.

Keywords: CuBe conical contacts; demountable coil; pulsed magnetic field; table-top tokamak.
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1. Introduction practical to transfer electrical currents between a few mega-
Amperes and tens of mega-Ampere (24 MA for ARIES-I) to

. , . . reach magnetic flux densities in the Tesla range. Therefore,
Demountable toroidal field coils (DTFC) have been aCtIVelyalternative technologies using superconductors are required

developed to reduce the maintenance of tokamaks by fac'“fo handle the intense current densities at negligible losses or

tating their handling and the access to other components. TWr?o losses. In this case, the aforementioned contacts become
modular concepts, static and flexible, have been commonl !

X S ) NWYnsuitable as the system should be maintained at cryogenic
considered. The most typical joints are the static type whic emperature in a tight vacuum. Lately, REBCO technology
. . ﬁas triggered undeniable interest as this high temperature su-
ha\‘.e been emE oneq dml the sphgnga:dtokfag];l;_NFSTX [1]ht0 erconductor (HTS) can withstand large intensities of applied
achieve a pea toroida _magneuc €ld of V.5 1. For suc agnetic field without losing the bulk of its transport current
f'e.ld strength, the electrical current is of the ordgr of 36 kAcapability [5]. For instance, it has been considered for the
with a contact pressure OT ab_out 5.5 MPa. TO_ improve th ulcan tokamak (YBCO, reactor radius equal to 1.2 m) and
electrlc_al c_ontact, _Ag-coatlng IS often_ used as in fche €as€ Ghe FFHR-1d helicoidal reactor (GdBCO, major radius of he-
the cylindrical Z-pinch plasma machine [2]. Besides Stat'clicoidal coils equal to 15.6 m). The vulcan tokamak is to
contacts, there is the option to utilize some flexible connecy operated at 2.3 MA to yield a toroidal magnetic field up to
tlonz evteln though the¥ afre less ciomrrj[onl.BTﬂzste conrtﬁ\cts C3r with DTFC segmented at their midplane allowing the dis-
;:on_(;Jcl arge a;_mi_ur;dofcugrer: oug 19 3 Tho achieve a\nantling of the primary vacuum chamber [6]. The FFHR-1d
oroldal- magnetic Tield of about ©. [3]. €y aré par ;g designed for 91 kA providing magnetic toroidal fields up to
t'CUIa“Y relevant .to produce large enough .pulsed. f|g|ds f.°r4.6 T. For the latter, the joint sections are fabricated with me-
sustaining short-time stable plasma employing resistive CO'ISchanicaI bridge joined tapes [7]. Despite the sensitivity of the

I—!owever, for blgger t.okamaks such as _the ARI.ES'I of 4TS to high-energy neutron radiation, the gain in center field
sizable 6.75 m in radius [4], the conventional coils are not
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is expected to be substantial, up to 20 T such as in the pro-
posed ARC tokamak [8]. Nowadays, HTS demountable coils
for large scale fusion reactors such as ITER and SPARC, are
being constructed [9, 10]. This modular design enable their
transportation and assembhiysitu to target a fusion gai@)
larger than 1. ITER uses low temperature superconductors
(LTS) as they are more widely used and rely on decades of ex-
perience such as the MBn and the NbTi. These are shaped
into cable-in-conduit conductors to transmit 68 kA at 5.3 T
center field with demountable toroidal joints [9]. However,
in the case of SPARC, REBCO is expected to transmit 41 KAr, g ;re 1. Overview of the TPM-1U tokamak showing the distri-
at 12 T difficulty reachable by LTS [10]. bution of 16 CDTFC around the vacuum chamber.

As understood from these different technologies, to
achieve the desired field magnitudes, materials that can sus-
tain high current densities are utilized to their limits bear-
ing in mind an adaptable structural design. In that regardABLE . Design parameters of the TPM-1U.
demountable concepts are ubiquitous in the design of fusion

Single coil

Vacuum chamber
(donut shape)

magnets integrating joints capable of working under high cur- Design parameter Symbol Value
rent densities, low contact resistances and low contact pres- Major radius R 0.4m
sures regardless of the conductor technology. Minor radius a 0.15m
In the present work, a conventional technology is consid- Central Magnetic Field B 05t010T

ered for a small tokamak referred to as TPM-1U. This small Plasma current I, 25 10 50 kA
tokamak made of conventional DTFC or CDTFC should pro- c el densi 1% 109 m-?
vide a magnetic flux at the coil center of 1 T. A prototype of entral electron density fte % m
CDTFC with conical CuBe (C172) joints wound with 4 turns ~ Central electron temperature T 300 eV

of Cu magnet wire (AWG-04) has been designed, built and Pulse time duration T 10to 30 ms

tested. The joints, that should transmit at least 75 k&/cm
have been previously studied at low contact pressures [11j allows introducing the requirements that the CDFTC
The present work follows a preliminary study carried outshould fulfill to provide the required field. Table | presents
in Ref. [12]. Additional tests have been conducted under lighthe specifications of the TPM-1U. TPM-1U is made of 16
clamping pressure and additional tests have been carried ogDTFC following a donut-shape structure [13]. It makes use
to check the technological choice made to build the demountof conventional coils wound with insulated Cu magnet wires.
able coil. Despite the growing interest in HTS, they are still more
This paper is organized as follows. The Sec. 2 recalls thguitable than superconductors for building a small table-top

basic design considerations taken for the conventional TPMpulsed tokamak to supply of the order of 1 T on axis. There is
1U table-top tokamak and the choice of CDTFC. The substill some incentive to build such a small system, in particu-
sequent Sec. 3 presents the design and construction of th&, to study specific technologies, even HTS, on a cheap sub-
CDTFC prototype to be tested. Some mechanical and elegcale device. In the present case, the Tesla-range pulsed field
trical tests have been performed to validate some technic@sts for 30 ms. To do so, the Pulse Forming Network (PFN)
choices. This section present the CuBe conical contacts aSused as proposed in Ref. [14] Figure 1 shows an overview
well. The next Sec. 4 corresponds to the different tests involvof the TPM-1U tokamak. For such a device, the CDTFC have
ing the CDTFC prototype and its joint under pulsed currentsan inner diameteP equal to 0.5 m. The design is such that
Here, the pulsed magnetic field is measured at the center axife field ripple¥ is at most 2.5%. The ripple is computed
of the coil allowing to reconstruct its actual current and com-zs ¢ — (Bmax — Bumin)/Bmax, Where By, and By, are
pare it to the specification. Finally, the Sec. 5 concludes théghe maximum and minimum magnetic flux densities, respec-
present work. Besides the validation of the CDTFC designively. The geometrical centers of the toroidal coils lie on a
proposal for a table-top tokamak, it is shown that conicalircle in the equatorial plane centered in the origin, with a
CuBe contacts are suitable for transferring repeated curremjdius larger than the torus major radius by a factoAdt.
densities up to 75 kA/cihwithout noticeable damages. An |n the present case, the ripple can be controlled by varying
important step in the development of durable joints with easyA R as seen in Fig. 2AR is defined as the difference be-
handling for fast and reliable assembly and disassembly. tween the major radius of the toroidal cdi], and the major

radius of the plasma columR, (AR = R, — Rp). In [14],
2. TPM-1U design considering a shifA i of the coil going from 0.04 m to 0.07

m, a magnetic field ripple below % can be achieved. The
In the present section, the conceptual design of the TPM-1Uhaximum magnetic field ripple will occur along the circum-
tokamak is briefly recalled that lead to the choice of CDTFC ference that defines the torus outer edge in the equatorial
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o

@: toroidal direction

TABLE Il. Plasma column and coil parameters of the TPM-1U.

Design parameter Symbol Value
Coil major radius R, AR+ R,
Coil minor radius R, 0.25m
Plasma edge radius Tp 0.1m
Plasma column center R, 0.45m
Shift AR 0.04mto 0.07 m

turns is a first step for designing coils of more turns while
keeping currents around12 kA to reach 1.0 T.

For the TPM-1U tokamak, the CDTFC have a circular
shape that are adequate for compact, small tokamaks with
low field in the range of a Tesla since they have simple and
low-cost designs. For a target field and coil dimensions and
FIGURE 2. Cross section of the tokamak showing the plasma col- numbers given by the size of the tokamak, the choice of the
umn inside the TF coil and the relevant geometric parameters.  wire magnet arises from computing the amount of current in
a coil. The starting point is the estimation of the total current

plane. The maximum field on the circumferené®,., fol-  in the tokamak to produce a given plasma. The following
lows the toroidal angle that corresponds to a plane define@duation relates the key features of the plasma dimensions to
by a toroidal coil. The minimum fieldB.m, follows the  the total current,

toroidal angle defined by a vertical plane that bisects the re- ¢R.R,

gion delimited by two adjacent toroidal coil planes. Io= —5——~1p D
3l F(rp)|

The magnetic field is greater in the central part than in the
outer part. Due to the coil separation in the peripheral region For the TPM-1U, the plasma edge radiygs 0.1 m with
the intensity of the magnetic field varies which produces aa radius of the plasma column centgy (defined by the avail-
ripple in the intensity of the magnetic field. These field dis-able vacuum vessel) equal to 0.45 m. The geometrical factor
turbances are unavoidable, and to reduce their effect a greflt'(r,)| is 2.25, and the coil minor radiug. is 0.25 m. The
number of coils are often implemented. However, for smallgeometrical parameters of the coil and the plasma column
experiments, space restriction is a strong limitation. Thereare reported in Table II; these dimensions ensure there are
fore, to counteract the asymmetric field variation over a magno interferences between coils, vacuum vessel and plasma
netic surface some practical techniques in coil design haveolumn, and that the plasma column is adequately contained
been proposed as presented in Ref. [15]. The techniques cowithin the vessel.
sistin the use of oversized coils in some extent to improve the By choosing the safety facta(r,) equal to 3 according
field symmetry but in other cases the field variation may beto [14] and considering that. = 151, the total Ampere-
reduced by implementing segmented coils and increasing thigrns in the tokamak should be equal to 750 kA [14]. Know-
currents adjacent to the access gaps. More conservative ain) the total current and choosing the amount of CDTFC to
somewhat desirable tolerances are also proposed with ripplée 16 in the present design, the following configuration is
of less than 1.9% as discussed in Ref. [16]. In the present proposed with each coil holding 8 layers made of 8 turns of
case, a convenient balance is found between the size of theagnet wire per layer leading to 12 kA per turn for a total
tokamak given by the number of coils and the homogeneitycurrent of 768 kA fulfilling the total number of Amper-turns.
of the field by choosing the ripple criterion to be %5 This  Assuming 12 kA, the Cu wire gauge is computed based on
criterion is particularly important as it yields the overall size the Onderdonk’s equatio2) given by,
of the tokamak. The net toroidal magnetic field of the 16 coils
goes from 0.5 T to 1.0 T while the reported value~dd.1 T A2 Th — T,
is only for the single coil tested here. The proposed magnetic Iy = \/3315 In ([234%} B 1)'
field of 0.1 T for the 4-turn single coil is to test its behaviour
under currents with the same order of magnitude than those of This equation yields the curref} at which the Cu wire
the multi-turn coil. The latter is designed to work in the rangemelts in steady state [17]. For the calculation, the coil current
between 0.5 T and 1.0 T. The prototype 4-turn coil tested in/., and the pulsed timg, are 15 kA and 32 ms, respectively.
this article is similar in size and carries similar currents thanThese values are larger than the actual specifications for the
the final multi-turn coil. This final coil would be capable to TPM-1U for safe operation. Knowing that the melting tem-
produce the toroidal magnetic field in the range of 0.5 T toperature of coppér,, is equal to 1,353 K and if one assumes
1.0 T. Here, the evaluation of the demountable coil with few an ambient temperatuf®, of 300 K, the wire gauge for the

)
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3. Design and tests leading to the construction
of the CDTFC prototype

In the following section, the steps taken to design the coil
prototype are detailed including mechanical, electrical and
magnetic aspects. Some tests were performed to check the
technological choices. Ultimately, this design shall be used
for the final coils.

Epoxy resin

Conical
Cu-Be contact

Welding (TIG)
Cu-Be/AWG04

3.1. Overview of the coil prototype for testing

The CDTFC prototype is made of 4 turns of AWG-04 magnet
wires. Table Il gives the design parameters of the coil proto-
type. For the test, the target center field is 0.1 T. The current
is estimated assuming a simple filamentary current loop as
follows,
DB

o I=—. 3)

Electrical Current o N
FIGURE 3. CDTFC schematic drawing showing the CuBe conical As aforementioned, the CDTFEC prototype for testing is
contacts welded to the AWG-04 magnet wires. Clamps are used tQmg)jer than the final coil used in the TPM-1U tokamak. The
fix the conical contacts. The coil is impregnated with epoxy resin. tests are conducted to check two specific aspects: 1) the abil-
ity of a CDTFC wound with AWG-04 magnet wires to handle
transport current up to 10 kA and 2) the capability of the de-
mountable joint to sustain at least 75 Akm

The subsequent sections present some technical choices
made for the CDTFC prototype with details of the electrical
contacts. Some specific tests to warrant those choices were
Number of turns N 4 carried out and are reported hereafter.

TABLE Ill. CDTFC Parameters (see Fig. 3).

Design parameter Symbol Value

Target center field B 01T
Inner diameter D 0.39m
Wire diameter d 5.2x107%m 3.2. Mechanical considerations for the CDTFC
Separation between turns 0 3x1073m
Estimated current for 0.1 T I 8.04 kA For small tokamaks with moderate fields (of the order of
Coil inductance L 13.4,H 1.0 T) the forces developed between the coils remain small

and can often be easily taken on by a metal shell encapsulat-
ing coils impregnated with epoxy. The epoxy resin avoids the
magnet wire is found to be AWG-08. An additional safety relative movements between conductors guaranteeing field
margin is taken. The final gauge is AWG-04 guaranteeing $tability and mechanical strength. Typically, the most largest
robust operation of the pulsed tokamak. The coil is wound orforces are found between consecutive turns. These forces
a support made of a polyacetal cylinder whose inner diametefompress the turns together. According to Akyel [18], the
is 0.39 m. Additionally, two straight sections of 0.06 m long Main component of the force is found along thexis of

are machined in the core periphery to facilitate the welding ofhe coil. The forces in the-y plane are typically 60 times

the contacts in place as shown in Fig. 3. The Table IIl summasmaller. Hence, for a preliminary design, only the fofce
rizes the salient parameters of the CDTFC for the TPM-1UMas been taken into account in the present study.

tokamak. In the next section, a prototype of the CDTFC is  To reduce the force exerted between turns, the turns are
introduced. It is a sub-scale of the actual CDTFC to be usedeparated by a 3 mm wide gap using plastic crosses every few
in TPM-1U. Nonetheless, the requirements in terms of curcentimeters. In addition to their structural purpose, these sep-
rent and field are similar. It was purposely designed to tesérations also avoids short circuits that had occurred in past
the resiliency of the magnet wire and the demountable jointsests. The next subsection introduces some mechanical and
to pulsed currents of the order of 10 kA. The specification ofdielectric tests conducted on the epoxy impregnation to check
the joints is the repeated handling of current densities of athe mechanical strength and dielectric strength of the binding
least 75 A/cm without visible degradation. material.
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FIGURE 4. Evolution of the peakf, vertical force developed be-
tween turns. A maximum current pulse of 8.2 kA for 2280flowed
through the coil producing a maximum force equal to 5.5 kN.

FIGURE 5. Standardized samples made with RE-7001 resin to be

3.3. Mechanical and dielectric tests on epoxy resin characterized under tensile tests.

The forceF, is solved using the magnetic model developed
in Subsec. 4.2. It takes the following expression,

1200
,[LQI2]€5 2 — :ZCQ
F, = 2K(K)— | ——= | E 4
L= KR (T ) ER)| . @)
1000 -
wherek is a dimensionless variable related to the mean radius
R of the coil and their separatianaccording to, - |
2R z
k= ——7—— 5 < ‘
(4R2 +62)0-5 ©) 8 600 -
8

where K (k) and E(k) are the complete elliptic integrals of
the first and second kind [19, 20], respectively. In orderto es- 400 -
timate F, experimentally, a current pulse of 8.2 kA peak for

200 was applied to the CDTFC. The response is shownin g9
Fig. 4. Taking the maximum force equal to 5.5 kN and di-
viding it by the projected area of a single tud = 7 D,d,

with D, = 0.4 m andi = 0.005 m, an estimated axial stress of

o ~ 0.9 MPais calculated. In compression, the level of stress
is manageable by any common epoxies. Here, the standaru
epoxy resin RE-7001 was chosen despite the few informa-
tion provided by the manufacturer. Nevertheless, to ensur&!GURE 6. Force versus elongation graph for RE-7001 resin sam-
that the resin can handle the stress in operation, some epofes during stress testing.

samples have been prepared and tested following the stan-

dard tensile test for polymers ASTM D638 Type 1. For this
test, they have a cross section area= 0.005 x 0.007 m.

0 2 4 6 8 10 12 14 16 18 20
Elongation (mm)

13 MPa. Here, the average maximum elastic stress was com-

The normalized samples are shown in Fig. 5. The tensngmed by o!|V|d|ng the average maximum forEgm: by th?
S . cross section area of the material (gauge length section of
result is given in Fig. 6. It should be noted that the forma- . .
. . ) . . . he sample). The ratio between the average maximum elas-
tion of air bubbles is unavoidable during the preparation of. : . .
. -tic stress for the resin (13 MPa) and the estimated axial stress
the samples. These bubbles are responsible for the reducti : o :
. . . (0.9 MPa) is around 14 indicating that the resin RE-7001 may
of the mechanical resistance of the samples to deformatior).

. : e subjected to over-stresses under magnetic field greater
The cross section of a set of cured samples were inspected ) . . .
: X L ; than 0.1 T therefore deforming either plastically or simply
identify the presence and characteristics of trapped air bu Sreak
bles. The diameter of the air bubbles were less than 0.5 mm. '
To account for the presence of bubbles, various samples were Besides the mechanical tests, some additional tests on the
tested to provide an average on the maximum force handledielectric strength of the resin were carried out. Square sheets
by the samples in tensile test before plastic deformation. I3 x 3 cm) of epoxy with a thickness of 1 mm were subjected
the present case, the average maximum fdigg reached to a constant voltage of 8 kV for 3 minutes without voltage
before the onset of the plastic deformation is 454 N leadindoreakdown yielding a conservative dielectric strength taken

to an average maximum elastic stresg,x equalto about as 8 kV/mm.
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3.4. Choice of design and material for electrical contacts X
between coil sectons ‘ ‘ _________

. . CuBe CuBe )
Copper ar_ld copper alloys are common materials to manu-4 cu B =7 Y .
facture coils [21]. For relatively low field target, they can " SECTION AA !
carry the pulsed current without overheating as a result of \/
their good overall thermal and electrical properties at a rel- TIG weldings

e_ltlve low cost. In th_e present case, as the toroidal Magnetig, . ,re 7. Details of the CuBe/CuBe joint ensuring the electrical
field of the TPM-1U is moderate for a table-top tokamak, the.,ntinyity from one Cu wire (AWG04 insulated magnet wire) of
current density and resulting heating in the coils can be propgne coil section to another Cu wire belonging to the second sec-
erly handled without particular issues. Nevertheless, there igon. Self-aligned conical contacts providing good mechanical sta-
still the need to evaluate the joint design, its weldability, me-bility with a high contact area of 0.29 cn.

chanical resistance, electrical and thermal conductivity to en-

sure the proper transfer of energy between the coil sectionghough, under the influence of bending moments induced
The design should also guarantee that it has a negligible eby non-axial external forces, the joint may deform. Conse-
fect on the magnetic field uniformity. Indeed, as discussedjuently, it could allow a wider tolerance to withstand high
in Ref. [4] for the specific case of ARIES-I, there is no assur-current densities than flat contacts. To see if such effect may
ance that the demountable coil geometry would provide thérise in CuBe conical contacts, we chose the same procedure
same field uniformity as a continuous configuration. It is ex-as in Ref. [22] but over a broader range of pressures and cur-
pected that local magnetic field distortions at the joints mayent densities: 263 kA/cfunder 66 MPa and 131 kA/cin
arise due to the difference in resistance between the two comnder loose contact. In this large interval of tests, no melt-
tacts thereby disrupting the current flow. This effect can b@ng and general degradation was visually observed making
mitigated with the right choice of contact materials providing CuBe (C172) a valid candidate for low pressure and high
low electrical resistance at high current density capacity. Fogurrent density joints. As the pressure is decreased and the
the current project, the attention has been focused on CuBésk of melting lessens still procuring a good electrical con-
(C172) contacts. A previous study reported in Ref. [11] wadact, the joint design drastically simplifies. Finally, straight
performed on such joints varying the contact pressure and tHéuBe contact sections were selected with conical geometry
cross section area to look for degradation. It was found thalto maximize the contact area to pass the same amount of cur-
the application of relative low contact pressures may increastent between turns but at a lower current density. The advan-
the probability of local melting at the interface between thetages of conical contacts are twofold: 1) low current density
CuBe / CuBe joint. The contact melting in pulsed regimetherefore less heating, 2) increase of mechanical stability at
has not been treated widely. It was originally thought thatrelative low contact pressures by providing a self mechanical
increasing the contact pressure allows transmitting more cuglignment with good electrical contact. The conical contact is
rent density at a lesser risk of melting. The nature of thellustrated in Fig. 7. One Cu wire (AWGO04 insulated magnet
contact resistance varies during the pulse experiment and dedre) from one section of the coil is soldered to the male con-
pends on the pressure exerted in each electrical contact &ct and another to the female contact; this for all the turns of
demonstrated in Ref. [1,22]. In Ref. [22], experiments werethe coil. To maintain all the contacts in place, a mechanical
conducted on pure Al-Cu contacts under a pressure of 6 MPgtructure was built to clamp the two sections of the coil. The
for a current density of 56 kA/cfrwhere local melting occur ~ coil with the joint are then impregnated by epoxy. Details of
leading to the degradation of the contact. The melting wahe clamping are given in Subsec. 3.5.

between a single pair of Al / Cu contacts. It was shown that

it could be suppressed by applying 27 MPa for a currentdeng.5, CDTFC assembly

sity of 57 kA/cn?. Homogeneous pressure distribution is rel-

atively easy to achieve for a single contact configuration buA pre-support of the conical CuBe/CuBe joints was used for
not for demountable coils whose multi-contact arrangementhe impregnation process before being replaced by the final,
rises the probability of contact failure. Such failure has beemore sophisticated, clamping structure to hold in place the
identified in the toroidal field coil of the NSTX where a static joints for handling and coil operation. The pre-support is as-
contact (silver plated copper) detached opening the joint dursembled using hex socket headless screws and parallel screws
ing operation eventually causing a plasma arcing [23]. Mateas given by the figure inserted into Fig. 8. This pre-support
rials like copper and aluminum require a threshold pressurgrovides a small pre-compression to keep the electrical con-
to avoid melting; however, silver plated copper, in the NSTXtacts in contact, no relative motion between the female and
case, locally melted due to the constricted high current denmale parts, during the coil impregnation. This epoxy impreg-
sity over small contact surfaces as these contacts opened nption is done in a wood mold as shown in Fig. 8. Wax paper
for a current of 50 kA. The probability of such failures can bewas employed to ease the dismantle of the coil from its mold.
lessened for the CDTFC by means of conical contacts. Thelardened white plasticine stops the resin from passing over
conical shape allows to conserve a large contact surface evéathe demountable sections. Atthe end of the process, a
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Section used for the
FEM analysis.

a) CAD of the CDFTC.

A: Static Structural
Static Structural
Time: 1.5

FIGURE 8. Fastening system to press the conical CuBe contacts g

together before the epoxy impregnation of the coil. The CDTFC g
lies in its wood mold.

TABLE IV. Material properties.

Young’'s
Material Components  Mod.  Poisson’s Density
(GPa) Ratio (kg/m) b) Clamping system.
Male . .
FIGURE 9. CAD of the CDTFC. a) details of the clamping system,
Copper Alloy Female 110 0.34 8300 ) positioning of pre-loading and fixed supports.
Contacts
Epoxy Resin Resin 378 0.35 1170 Workbench. The maximum mechanical load withstood by
Blocks : : the materials is determined. Figure 9 presents the entire coil
- assembly. Figure 9a) illustrates the demountable coil and the
Structural L pieces . - .
clamping structure. The clamping structure to hold the joints
Nuts

For this analysis, there is no current flowing through the
simple electrical continuity test was conducted to ensure thatystem. The female and male contacts are embedded in two
there were no false contacts or open circuit. separated blocks of epoxy resin allowing relative motion be-
The CDTFC encapsulation is carried out slowly to reducetwen them which corresponds to the worst case scenario. The
the amount of air bubbles. No vacuum impregnation systen§lamping structure is made of four pieces of structural steel
was available at the time. A period of 24 hours is the averagfaving a “L” shape. M6 bolts and nuts were used to hold the
time to cure the epoxy resin. Once the epoxy resin has hardL" pieces in place. The properties of these materials can be
ened, the screws are removed to unfasten the conical Cuggund in Table IV. The average maximum elastic stress esti-
male-female contact tips. As described in Subsec. 3.4, th@ated experimentally in Subsec. 3.3, equal to 13 MPa, was
CuBe joint can work even at low pressures, thus it allows inused as tensile y|e|d Strength for the resin. The condition of
princip|e the imp|ementation of a relative Simp|e C|amping bonded contacts without Slldlng and Separation between the
system to fasten the two CDTFC halves. This clamping Sysedges and faces of all the parts in contacts were incorporated
tem can be seen on the final coil whose p|Cture is g|ven byn the model. The resin blocks and the bolts were meshed us-
Fig. 9a). Four “L” shaped angle steel pieces are used in it§19 hexahedrons while tetrahedrons were used for the wire.
assembly to provide a pressure~ed.5 MPa. This pressureis ' he lateral end faces of the resin blocks including the end
sufficient to maintain in place the joints during the handlingfaces of the contact wires were considered as fixed supports,
and operation of the coil. see Fig. 9a). In the present study, the mechanical analysis
The next section presents a static mechanical analysis #as used to determine the pre-tension on the bolts to ensure a
ensure that the clamping structure complies with its functiorProper clamping without damaging the epoxy and losing the
without damaging the joints. electrical contacts at the joints. The pre-tension was incre-
mentally increased until the yield strength of the resin was
3.6. Static mechanical analysis of the clamping struc- reached or the contact separated. Ten steps were run. The
ture computation time for each step was about one second. The
pre-tension values used on the horizontal bolts, in the same
The clamping structure as well as the conical CuBe joints aréirection as the coil wire, and on the vertical bolts, perpendic-
studied via a static structural analysis conducted in ANSYSular to the wire, are shown in Table V. By applying a larger
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A: Static Structural

Global distribution

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 10s

145.19 Max
. 129.07
112,95
96.823
80.699

. 64.576

| 48452

32328

l 16.204
0.080557 Min

A: Static Structural

Global distribution

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 10's

23.44 Max
. 20.845

18.249

15.654

13.058
F 10.463
7.8671

A: Static Structural
Resin Block

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 10 s

14.174 Max
12.608
11.042
9.4759

791

6.3441
4.7783
3.2124
1.6465
0.08056 Min

I s2rie FIGURE 12. Stress distribution in the resin block.
0.080557 Min
0.025 RewSin Blow(:k 10
FIGURE 10. Global distribution of the resulting stresses.
T 002f
E
TABLE V. Pre-tension steps used and maximum stress developing  §
in the resin block. § 0.015 5
Step (s) Horizontal Vertical Maximum % oorl 3.3
Bolts (N) Bolts (N) Stress (MPa) = o
1 50 100 1.42 c
2 100 200 2.84 =ooer S
3 150 300 4.26 e
4 200 400 5.67 T 2 : 4 5 8 7 8 9 10
5 250 500 7.09 —
6 300 600 8.51 FIGURE 13. Maximum total deformation and safety factor in the
7 350 700 9.92 resin black.
8 400 800 11.34 Since the forces exerted in the male-female conical con-
9 450 900 12.76 tacts are of the same magnitude but opposite in direction,
10 500 1000 14.17 only the force exerted by the female contact on the male one
is shown in Fig. 11. The load transfers from the clamping
s— causes a bending moment in the cross section of the coni-
S —— cal contacts. The peak stress values including all bolt pre-
e tensions given in Table V range from 1.22 MPato 12.29 MPa.
12.205 Max The maximum equivalent stress in the resin block in-
oo creases when the load increases as shown in Table V. The
oo - maximum stress varies linearly with the load until it reaches
i a value of 14.17 MPa. These values are concentrated at the
S interface between the resin block and the wire of the male-
1367 Min female contacts. The surface contact area between each “L”
FIGURE 11. Stress distribution in the male section of two parallel piece and the resin block did not show greater stresses than
conical contacts. those present between the resin block and the wire of the

male-female contacts, up to 10.14 MPa. The changes in the
pre-tension on the vertical bolts than on the horizontal onesnaximum total deformation and the safety factor as the load
it is possible to avoid any relative horizontal movement be-values for the resin block are increased as shown in Fig. 13.
tween the “L” pieces and the epoxy resin blocks. The resulThe safety factor was used as a measure to evaluate the struc-
of the global distribution of equivalent von-Misses stresses irntural resistance of the resin block. It is defined as the ratio
the different components of the assembly is shown in Fig. 10between the yield stress of the material over the equivalent
A scale factor of 0.5 was applied to the deformation. maximum stress given by the model. The total deformation
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increases until reaching a value of 0.023 mm as the load in-  ° ‘ ‘ [ rmeaer |
creases, while the safety factor decreases from9.06t0091. _  / \ 7 Frpenmentaldsta
Considering the behavior in the characterization of the
resin in Sec. 3.3, it is not expected to observe the typical
pattern with the hardening and necking sections for ductile v
materials. Indeed, the resin behaves more brittle than ductile g °
and the possibility of a fracture can be assumed. Therefore,©
for the last pre-load values (Step 10) the resin blocks is Ilkely 2 50 100 150 200 250 300 350
to have yielded or fractured. Hence, for safety, step 7 with Time (us)
a maximum stress equal to 9.92 MPa provides the forces to
apply to the vertical and horizontal bolts to ensure C|ampingF|GURE_l5. Oscillatory current p_ulse to cal_culgte the inductance
without damaging the resin or loosening the contacts. It ig"d resistance of the 4 turn continuous coil. Fit of the ddta:
important to mention that the stresses at the junctions wer&?247¢ " sin(wt), with - = 10350 s andw = 29920 rad/s.
obtained through simulation only.

a

~
<
X
~
N
c |
(]

Reon = 0.043 Q, respectively. The resistandg,, repre-
_ _ sents an equivalent resistance combining all the connection
4. Electric and magnetic tests performed on and cabling resistances plus a limiting resistance to fix the

the CDTFC maximum current in the circuit. The resistanBg,,, corre-
_ sponds to the resulting resistance of all the CuBe joints. The
4.1. Electrical tests under pulsed current switchesS; and.S, command the charges( = 1, S, = 0)

and dischargey; = 0 and.S; = 1) of the capacitor bank.

'S1 is a common switch with voltage and current characteris-

. . . tics of 127 V and 10 A, respectivelys; is a three-electrode
yoltage capacitor pan@’. The capagltor bank .dISChz.irges triggered spark-gap switch, operated at atmospheric pressure,
|n.to the. CDTFC S|mulatgd by a regstan&oﬂ IN SEMes  made in-house. The capacitor bank can be charged up to
with an inductance.. Previous experiments were conducted, g .\, using a Cockroft-Walton type circuit. The discharg-

to estin_wate_ the inductance and resistance Of_ a contin_uou_s iﬁg system and the switches were built according to [24]. The
turn coil (without CuBe contacts). The experimental C'rcu'tsetup can provide pulsed currents up to 10 kA. The charg-
was S|m|rl]ar o the one sh.oan_ 'an'%' 54' I;orhthese exp(.erhmg and discharging voltage is measured via a 1:1000 high-
rIne_nts, t 4e CE;?T,“ given in Fig. g 0 OW(; the ex.press'(l)r\/oltage probe with a bandwidth of 80 MHz [25] connected to
= 8.9547e” " sin(wt) corresponding to the experimental , oy ¢ronix TDS3034 oscilloscope [26]. The current pulse is

. . c s o
oscillatory pulse provided in F|g_. 15, with = 10350 s easured with a commercial Rogowski coil [27] whose sig-
andw = 29920 rad/s. Repeating the measurements an<£]a| is sent to the same oscilloscope

taking into account the resistance and inductance of the ca-
bles (Rpar = 0.353 Q and L., = 3.7 x 107°), from the
inverse of the time constamt = Rrut/2LTot (Rrot: tO-
tal resistance andr: total inductance) and the pulsation
w = /1/ (Lot * 58.5 x 10-6) — a2, the resultant induc-
tance and resistance for the coil I,y =13.4 pH and

Figure 14 shows the circuit used to supply the pulse of cur
rent to the CDTFC. A voltage sourcé charges a high-

For the first tests, 10 pulsed currents of 4 kA peak were
supplied to the coil. Figure 16 shows a typical pulse shape.
Every pulse has a duration of 2Q0@. After the pulsed tests
had been conducted, the joints were disassembled for a vi-
sual inspection of the CuBe contacts. No visible damages
were found; in particular, no melting and oxidation could
be observed indicating the good sturdiness of the joints to

S Rip +Rcon Reoir=43 mQ

v —0.5580 repeated kilo-Ampere current pulses warranting the choice
5
+ Fitting model
== C=117 uF -
"4 = - C v L=17.1uH g 2 4 Experimental data
X
= 3
o/ | g
2
X 3 :
Sz Oy
FIGURE 14. Circuit diagram for generating the pulsed currents. A . . ‘ ‘
high voltage power supply” charges at 7.5 k\_/ a capacnt_or bank 0 50 100 150 200 250
C = 117 pF that discharges a pulsed current in the circuit made of Time (ps)
the resistanc®;, + Rcon. = 0.5540.008 €2 and the coil simulated
as a resistancB..i1 = 0.043 2 and an inductancé = 17.1 uH. FIGURE 16. Typical current pulse recorded with the Ro-
The resistanc&;,, encompasses all the connection and cabling re- gowski coil. The current reaches 4 kA. Fit of the dath: =
sistances plus a limiting resistandg;,,, represents the joints’ re-  15.0258¢ ™! sin(w1t), with oy = 17588.9 s andw; =

sistance. 13795.3 rad/s.
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of the contact material as well as the designs of the joint anthe final prototype can produce the target field at lesser cur-

the clamping structure. rent. The same model was used previously in Sec. 3.3 to com-
pute the resulting vertical force acting on the wires [see (4)].
4.2. Magnetic field The model incorporates some details of the geometry of the

turns via a set of piecewise functions. The set defines the spa-
The shape and size of the coils are defined by the availablial distribution of the turns according to the parameters and
space and the spatial distribution of the magnetic field for aoordinate system shown in Fig. 17 and 18. The functions
stable plasma confinement. The complexity of their desigrdepend on the azimuthal angteso that,
and construction grows as the number of turns and layers in-

creases leading to more joints. For designing a demountable X =rintcos(p), Y = ringsin(p),
coil with muIt_i—Iayers a_nd high numper of turns, it is sensi- Z =h(p), 0<¢<dn,

ble to start with a relative simple coil whose turns are only a

fraction of the final prototype. In the present work, a 4 turn ro =11+ /62 — (20 — 21)?,

coil with 2 layers (2 turns per layer) was proposed as a first

step towards the final product, referred to as the prototype Z = h(p), 4m < <3,

CDTFC introduced in Sec. 3. The act_uallcoils for the TPM- X = rexicos(p), Y = reqsin(ep),
1U table-top tokamak have 64 turns distributed across 8 lay-
ers. Hence, it is important to ensure that the sub-scale model Z=h(p), 3m<¢<0,

of the CDTFC can supply the expected center magnetic field . . :
of the actual coil. To do so, the same principles of construcwherex’ Y andZ are the spatial coordinates of the points

tion are employed to ensure that the turns and layers follo glong the inner and outer helices. The anglgoes from 0

the same pattern for both the sub-scale and full-scale coil o 47 for the inner helix (first function above, see Fig. 18) at

The target of the central magnetic field for the final coil is rgd|u5rint, and from3x to O for the outer helix (third func-

0.1 T so should be the sub-scale prototype. This magnitud lon) at radius;«_ext. The 'second piecewise fungtion links the
defines the amount of current that has to flow through the'rSt and the third functions as shown in the Fig. 17. The ra-

winding. Here, as we guaranteed the same geometry with tH iusry for the second function is defined through the interval

sub-scale model, it allows us to check that the gauge of thé: r?t .:]2 sgage J;h(ia. cT)OmCr%Ct!:?r:eomﬁenlzggcaetlge]ccleeld':é ?ngc_
chosen magnet wire is appropriate to transmit the expecteﬁg'ns IshoEId b,e taken inltouaiccount [28] H:rle tr\:\tlal int(:rest
current. As the sub-scale coil has less turns, it should carr ' ’

more current for the same target field thereby providing a}'{eS n es.tlmatlng th'e cen.ter f|§ld at the mtgrsechon of the
enter axis of the coil and its mid-plane (origin). The compo-

safety margin on the wire size. By increasing step by steﬁ

the magnitude of the pulsed current and measuring the rdrent O.f the fi(_eld of in';erest s along_theaxis (center :_axis of
sulting center field, it was found that a current of 9.44 kAthe coil) that is experimentally obtained fromadot pickup

in the sub-scale coil can supply 0.117 T a bit larger than th rOIL TgeiB'dOI fogggirHazte;i;R a frenqt:t(ie\?cyfr?glgerfdro:n :EOW
specified 0.1 T. Itis then expected than, in the actual coil, les equencies up to a sensitiviiyof the order o

4 . . ; L :
current would be needed to reach such a magnitude. To obif;: ml VIT. Re_pltacmg the res'ﬁfo,: in the C'rClt“t O{ F'g.' 14
tain the currentin the coil from the measurement of the cente\fvI a lesser resistance, an osciiiatory current pulse IS pro-

magnetic field, a semi-analytical model was used to relate thguced and detected as a voltage signal byrtkot coil. The

current to the field. This model can also be used to check thaﬁ""“br"Jltlon IS dqscrlbed in [29]. From Fhe Biot-Savart law
and approximating the conductors as filaments, the compo-

nentB, along the center axis is computed as follows,

B, ="°1L.1, ()
b} am
with,
2nH

| r =" M=) X=X @)
| [ N R R L Nk
I
. 1O wherer is the distance from any points in the current-carrying
" (0,0,0) filament to any points in space (in this particular case the ori-

FIGURE 17. Cross section view in a vertical plane that passes gin), H is the total height Of_ the C.OII ant IS. the h.e“X pitch
through the mid-plane of the coil (right side). At poihand ra- (€€ Fig. 18). The center fielfl, is numerically integrated
diusTine. At pointi, two turns have been completed. The transition USINg the trapezoidal method. o
from one turn to the next starts frohto finish atf sweepingr /2. Knowing the expression of the center magnetic field
The transition follows a smooth helix of variable radius up-d@ given by (6), itis then possible to extract the curréfiowing
then the radius is constant until the full coil path is completed. through the coil. The current is given here as,
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FIGURE 18. Path modeled by the first piecewise function to cal-
culate the magnetic field contribution of all the differential lengths
dlI’s, with respect to the coil origi(0, 0, 0) at radiusr.

oooExperimental data
— Fitting model

TTTTTTTITT

45
[
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TN T T A

25 50 75 100

Time (us)

125 150 175 200

FIGURE 19. Evolution of the magnetic field response of the
coil to the pulse current at the center. Fit of the dafa: =
0.174e™ 1649 &in (56000t).

4B
-7z 8
HJOHZ ( )

with IT, = 63.9 A/m the integral found in Eq. (6). Thus, using

11

that the ratio of the peak current to the maximum field is lin-
early conserved, 8.071 kA /0.1 T = 0.8071 KA/T compared
t0 9.44 kA /0.117 T~ 0.80684 KA/T with a relative error of
the order of 0.03%.

5. Conclusion

A prototype of a CDTFC for the table-top tokamak TPM-
U1 was built and tested. Different steps were taken to en-
sure that the technical choices were sound and could be ap-
plied directly to the final coil. For the CDTFC design, a
3 mm gap between turns was filled with epoxy resin to re-
duce the risk of electric arcs and to avoid any relative mo-
tion between wires. Furthermore, for achieving light pres-
sure contacts to carry current densities of at least 75 kA/cm
(up to 263 kA/crd experimentally achieved), CuBe material
was used to make conical joints. These joints are maintained
in place by a straightforward clamping system with moderate
fastening forces simplifying considerably the complexity of
handling the CDTFC. These forces were estimated to avoid
exceeding the maximum yield stress of the epoxy resin. For
the proposed CDTFC prototype, the total current in the coil
should amount to about 9 kA to produce about 0.1 T at its
center. The resulting current density at the joints is a moder-
ate 3.1 kA/c. These are the expected numbers for the fi-
nal coil; and all the sequences presented in this work to built
the 4 turn CDTFC prototype can be strictly adopted for con-
structing the final multi-turn target coil with CuBe / CuBe
joints. The same approach can be used for any conventional
demountable coils for table-top tokamak.
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