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The KSTAR Toroidal Field (TF) magnet system consists of 16 TF structures. Each structure
must be machined for precise assembly and reducing error field. Dimensions of the structure are
a height of 4.5 m and a width of 3.2 m. The allowable tolerance of the structure is ±1 ∼ 2 mm,
and that of the bolt hole for Poloidal Field (PF) coil basement is ±0.5 mm. The final machining
of the structure is also important for assembly of the interface structures such as toroidal ring, PF
coil structures, and Central Solenoid (CS) structure. Before coil encasing, the inside surface of the
structure is machined. Most of the outer surface of the structure, except for the surface of the intercoil structure (ICS), is machined after final welding. In particular, the side surface of an inboard
leg, the connection plate of the ICS, the toroidal ring basement, the PF structure basements, shear
key holes, and conical bolt holes are precisely machined. Fabrication and assembly tolerances are
absorbed by the thickness of the electrical insulation, the spacer of the shear key, and the taper
ring of the conical bolt. Six TF coil structures have been assembled and two structures are waiting
for assembly. Another three structures are under final machining. A laser tracker is used for three
dimensional survey and measurement of the structure.
PACS numbers: 52.55.Fa
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I. INTRODUCTION

II. MACHINING OF THE TF COIL
STRUCTURE

The sixteen TF coil structures are designed to form
a complete torus with electrical insulation between
toroidally adjacent structures [1, 2]. The TF coil structures are to be installed on the toroidal ring of the gravity
support, which has been already assembled on the cryostat base. The D-shaped TF structure has a height of
4.5 m, a width of 3.2 m, a toroidal angle of 22.5◦ [3],
and a weight of 11 tons, including the encased coil. The
TF coil structure requires extensive welding procedure,
owing to the complex geometry. Since this welding results in unfavorable distortion, the TF coil structure has
a thickness margin for final machining after welding procedure [4]. In this paper, details on the machining and
results of the important inspection points for the eight
fabricated TF structures will be reported. Moreover, the
inspection result of the sixth TF coil structure, the socalled TF02 magnet, is attached as an example.

The TF coil structure is composed of a case that encloses the TF coil and the ICS that links with the adjacent TF structures. The PF basement, the gravity support and the toroidal ring basement are attached on the
TF structure. Fig. 1 shows components of the TF coil
structure.
The machining process of the TF coil structure is classified into 3 steps: 1) Inside surface of the case and the
cover structures are machined prior to the coil encasing
procedure; 2) The inner surface of the TF coil structure,
the PF basements, and the toroidal ring basement are
machined; 3) Side surface of the inboard leg and the ICS
are machined with an angle of 22.5◦ Base metal of the TF
coil structure is stainless steel SA240-316LN, strength
and toughness of which are 862 MPa and 178 MPa m1/2
at 4.5 K [5]. SA240-316LN is a type of austenite steel
and hard to machine. The machining a has performed
with a Plano Miller. The working capacity of the machine is a length of 21 m, a width of 6 m, and a height of

∗ E-mail:

hongkh@nfrc.re.kr

-S259-

-S260-

Journal of the Korean Physical Society, Vol. 49, December 2006

Fig. 1. Components of TF coil structure.

Fig. 3. Position of fiducial post attached to TF structure.

The fabrication tolerance of the TF coil is ±2 mm [6].
The gap between the TF coil and the inboard leg of the
structure is 5 mm and the gap between the TF coil and
the outboard leg is 10 mm. The measured gap of the
inboard leg part is 3.0 mm ∼ 4.5 mm, and that of the
outboard leg is 8.0 mm ∼ 9.3 mm. The measured gaps
are shown in Fig. 2.

Fig. 2. Gap measurement case and coil after encasing.

5.5 m. Accuracy of the machine is 0.04 mm/1000 mm.

1. Machining before the TF coil encasing

The machining process of the case and the cover is
accomplished before the coil encasing. Inside surface of
the case is machined for insert on into the case without any interference. Fourteen U-shape cooling grooves
on the inside surface of the case are machined in this
procedure. The inside surface of the cover and four Ushape cooling grooves are machined. The cooling groove
is machined along the perimeter with a width of 8 mm, a
depth of 8.5 mm, and a length of 11 m. During machining of the cover, considerable chattering occurs because
the thickness of the cover is small compared to the whole
size, and this results in tool abrasion and damage. The
grooves on the side surface of the case are machined by
using a slot cutter. Since the depth of the side surface
is 284 mm, a 300 mm-length arbor attached with 8 mm
ball end mill is used to machine deep grooves.

2. Machining of basement and inside face

After the coil encasing, we transfer the data of 9 fiducial posts which are attached on the surface of the TF
coil to those of the TF coil structure with a laser tracker
system [7]. The fiducial posts of the TF coil structure
are located at several places where the welding distortion
is negligible in order to reduce error. As shown in Fig.
3, 3 points in the inboard leg, 3 points in the outboard
leg and 4 points in the basement are chosen as location
of the fiducial posts.
Vacuum pressure impregnation (VPI) procedure is the
process used for filling epoxy in the TF coil structure,
followed by welding of the case and the cover. After the
VPI, the TF coil structure is machined with the Plano
Miller. As a first step, the TF coil structure is aligned on
the Plano Miller with respect to the fiducial posts on the
TF coil structure. The structure is fixed at a machine
table within 0.5 mm tolerance after comparison between
data of fiducial post and those of Plano Miller.
After the structure is horizontally aligned, the inner
surface of the structure is machined to avoid interference
with a vacuum vessel thermal shield that is attached on
the vacuum vessel and has a minimum gap of 20 mm
with the TF coil structure. Fig. 4 shows the machining
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Fig. 4. Machining of basement and inside face.

Fig. 5. Set-up configuration of ICS machining.

of the inner surface after horizontal alignment. In this
setting, all of the basements, that is the PF basements
and the toroidal ring basement, are machined. The machining results show that the error of the PF basement
is about 0.4 mm and the eccentricity of the key home of
the toroidal ring basement is about 0.2 mm with respect
to the centerline of the structure.
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Fig. 6. Measurement results after machining.

the height of 115.37 mm and the distance of 580 mm
to confirm the setting at the key hole of the toroidal
ring basement. After the tilting, the side surfaces of the
inboard leg and the ICS are machined.
The shear key holes of the inboard leg are machined by
using boring tools and the shear key holes of the ICS by
using a ball end mill. We apply back boring to the conical bolt holes by using special tools with inverse taper,
and M30 bolt hole and shear key holes are machined.
After machining of one side of the structure, we turn the
structure over and machine the other side in the same
process. After the process, accuracy of tilted surface is
checked by measuring the distance from the center of setting holes. Fig. 6 shows a comparison of designed and
measured values after tilted machining.
We measure the distance from the setting hole to the
processing section and the distance of the shear key and
the conical bolt by using the indicator and touch sensor.
We checked out the position error of the bolt hole and
form error of the key hole by using template and master
key.

III. RESULTS
3. Machining of inboard leg and ICS

The machining of the inboard leg and the ICS is the
most important process in the fabrication of the TF coil
structure. Side surface of the inboard leg and the ICS
must be accurately machined to a value of 11.25◦ from
the center of the magnet. After machining of the TF
coil structure in horizontal alignment as described in the
previous section, four plates that maintain information
on the axis during 11.25◦ tilting of the structure are temporarily fixed at the lifting lug and PF7 basements. Each
plate has a drilled hole in the center.
As shown in Fig. 5, the TF structure is tilted with
a height of 390.18 mm and a distance of 1961.57 mm
with respect to the plate. Furthermore, we measured

The 6 completed TF coil structures have been measured with the laser tracker. The number of measured
points is more than 600. Fig.7 shows the allowable tolerances of the structure.
The measurement results of the TF02 structure are
summarized in Table 1. The inner surface of the structure, the toroidal ring basement, and bolt holes of the
ICS have been fabricated within the allowable tolerances.
However, the fabrication tolerances of the PF basements
partially exceeded the allowable values. The most important points in the structure fabrication are the toroidal
angle and locations of the several types of shear keys of
the structure. Although the tolerance of the toroidal angle is within the allowable value, locations of the shear
key partially exceed allowable values, resulting in an effect on the assembly stage. Because each TF coil struc-
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ness and allowable misalignment of the spacer are 5 mm
and ±3 mm, respectively.
IV. CONCLUSION
Eight TF coil structures have been successfully fabricated and in most cases fabrication tolerance is within
allowable values. Locations of some shear keys exceed
allowable values that are absorbed by the spacers. The
toroidal angle of the structure, which is one of the most
important points for assembly and performance of the
KSTAR device, is within allowable values. Consequently,
the TF structure is successfully being assembled at the
assembly site without any specific problem. Three TF
coil structures are at the of final fabrication stage and
two structures are ready for coil encasing. The last structure will be finished in February 2006.
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Fig. 7. Measurement results after machining.
Table 1. Measurement results of TF coil structures (TF02
Measurement data.
Name
Inboard leg
Inside coil case

Nominal
L4080.0
L642.0
R642.0
R1779
L2060.8
L2209.7
W40.0

Average Tolerance Max. Dev.
L2080.15
±1.0
0.3
R641.3 0 ∼ −1
−0.8
R641.1 0 ∼ −2
−1.1
R1777.9 0 ∼ −2
−1.5
L2060.7
±0.5
−0.2
L2209.9
±0.5
0.3
W40.09
0.06
0.11

PF6 Basement
PF7 Basement
Toroidal ring
basement key
ICS Bolt hole
L1936.1 L1936.1
Conical Bolt hole L1980.0 L1980.1
ICS shear hole
L1913.3 L1913.4
ICS Angle
22.5◦
22.51◦

±0.5
±0.5
±0.5
0.06◦

0
0.1
0.1
22.52◦

* L : Length , R : Radius, W : Width

ture has been independently machined, we cannot avoid
misalignment due to the fabrication tolerance and an
assembly tolerance during assembly. This problem has
been solved by adopting an adjustable spacer [8] that is
installed between shear key and shear key hole. Thick-
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