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TPE-RX is a new large reversed field pinch (RFP) machine, whose major and minor radii
are 1.72m and 0.45m, respectively. Primary purpose of TPE-RX experiment is to understand
and improve the confinement property of RFP and to demonstrate the potential of RFP as a
simple and efficient nuclear fusion reactor. Experimental targets for proving this subject are to
obtain high poloidal beta (>10%) and low toroidal loop voltage (<10V) simultaneously and
hence to realize the energy confinement time about 5-10ms in the range of plasma current up
to 1IMA. For achieving these targets, machine design of TPE-RX is emphasized on minimizing
the error magnetic field as small as possible for reducing the plasma-wall interaction, especially
at the poloidal gap of a thick conductive metal shell. The control of Shafranov shift in the
presence of the thick shell is also an important design point. For these purposes, a combination
of a hybrid poloidal coil with an iron core, control vertical field coil, saddle coil, quasi-DC
vertical field coil and pulsed vertical field coil is used in the poloidal coil system. Functions,
design points and specifications of these systems will be described in some detail. Other
important machine characteristics in TPE-RX are a double layered thin conductive copper
shell installed together with a thick ordinary single shell and a bellows type of vacuum vessel
made of SUS316L. The thin shell is used for stabilizing the fast growing magneto-hydrodynamic
instability with good shell proximity. The vacuum vessel is welded into one piece to avoid
using any viton seal and to obtain clean vacuum condition. Many (two hundred and forty-
four) mushroom shape molybdenum limiters are installed to protect the vacuum vessel with
reduced recycling rate.

81 Introduction with respect to its central direction. By this magnetic

configuration, it becomes possible to maintain the

A Reversed Field Pinch (RFP) is one of the toroidalmagnetohydro-dynamic (MHD) stability and to contain

magnetic fusion devices and belongs to a group ofhe high beta plasma with very small toroidal magnetic

axisymmetric torus in which the plasma current in thefield near the plasma edge, about 1/10 of the poloidal
toroidal direction is needed to maintain the equilibrium magnetic field there

and stability of plasma. In the RFP, the direction of Itis well known that one of the most serious problems

toroidal magnetic field near plasma boundary is reversedor the realization of a nuclear fusion reactor is the
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neutron damage on the first wall and blanket. At thebeen achieved, such as the electron temperature as high
present stage there is no material which can be usess nearly 1ke¥, plasma current up to 1MAdischarge
during a whole life of the reactor (to be expected forduration more than 100ms which is much longer than
about 30 years). Although the development of newthe resistive decay time of toroidal flux in the core
materials which can stand the strong neutron flux iplasm&, poloidal beta about 20%and energy
being undertaken intensively, it may not be an easy taskonfinement time about 5MsMagnetic fluctuations
and will take rather long time. If we try to use materials— in some cases both magnetic and electrostatic
presently available, the first wall and blanket may befluctuations — have been intensively analyzed and the
replaced every 1 - 3 years during the operating periochechanism of dynamo effect which is believed to be
of the reactor. Then, the fusion reactor must have ¢he fundamental mechanism of the formation and
simple structure, where the reactor core must bsustainment of the RFP configuration has become clear
dismantled and re-assembled easily, and the first walh many aspect$.

and blanket must be replaced in a short period. However, the confinement property in the present

The RFP can effectively confine the hot and dens&kFP experiments has not been reached at the sufficient
plasma with the very weak external toroidal magnetidevel for demonstrating the high potential of RFP as a
field and it may be possible to design the RFP fusiorsimple and efficient fusion reactor. Although several
reactor with a normal conductive toroidal coil system.ways to improve it have been discovered, such as the
The normal conductive toroidal coils can be pulsed poloidal current drive (PPCD) in M&and the
disconnected near the equatorial plane of the reactamproved high theta mode (IHTM) in TPE-1RM20
machine and the upper part of them can be easilthe energy confinement time of RFP is still much shorter
removed. Then the vacuum chamber and blanket (theompared to tokamaks with the similar size.
core part of the reactor) may be lifted up as a block and The stochasticity of magnetic field line caused by
replaced with a spare in a short time. The replaced orthe magnetic fluctuation, which is mainly associated
may be transported to another site for amendment analith the dynamo activities, is believed to be responsible
used in the next exchange time after replacement dbr this insufficient confinement in RE® Possibly the
damaged parts. magnetic fluctuation associated with the pressure driven

The weak external toroidal field in RFP also providesmode also may play some rtle Therefore, the key
an advantage that large areas can be designed betwéssue of the present RFP experiment is to find the method
the plasma and toroidal field coils without conflicting to reduce these fluctuations and to demonstrate the
to the requirement for efficient use of magnetic fieldimproved confinement property which can be extended
energy. Large diverter rooms with large surface ofto the level necessary for a fusion reactor.
diverter plates can be installed in these areas, which can To find an answer to this issue, a new machine TPE-
reduce the heat flux to the diverter plates considerablyfRX*® has been constructed in the Electrotechnical

Moreover, the high plasma current density in RFPLaboratory in Tsukuba. TPE-RX is a large RFP
can provide the strong plasma heating which may makexperimental machine, which has the similar size with
it possible to ignite the fusion reaction without a complexother two large RFP machines currently being operated
and expensive additional heating system. in the world, MST and RFX*®,

From these merits, the RFP has a high potential to The primary purpose of TPE-RX is to show the
be a simple and efficient fusion reactor whose desigimproved confinement property and to demonstrate the
may be possible without expecting new drasticpotential of RFP as a simple and efficient fusion reactor.
development in the first wall and diverter plate materialsTherefore, the main target of experiment on TPE-RX is

Recently many improvements in RFP research haveo demonstrate the improved confinement, which may
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become possible by obtaining the loop voltaggleés  described. At first expected plasma parameters of TPE-
than 10V and the poloidal bet@,) larger than 10% RX are summarized ifiable 1 and the bird view of
simultaneously in the range of plasma currehufd to  TPE-RX is shown irFig.1.

1MA. Then the resulting energy confinement timg (
longer than 5ms (hopefully longer than 10ms) will be
obtained. If the “Improved High Theta Mode (IHTM)”
is realized in TPE-RX then the further improvement of

Table 1 Expected Plasma Parameters of TPE-RX

confinement will be expected. The IHTM is the Plasma Current Max. 1 MA

operation mode found on TPE-1RM20where the Fi© TlngTAa' '8-2/’21655

electron density, poloidal beta and energy confinement S

. . . . . T. Ave. 500-1000eV

time become approximately doubled in a high pinch peak 1000-2000eV
arameter region by an appropriate control of the deca T, peak 500-700eV

P 9 y pprop y n Ave. (1-5)x18m-3

e

rate of the plasma current and reversal of the toroidal

: ; ; : ; Bp normal 10%
field. The pinch paramete®j is the ratio of the poloidal IHTM 20%
magnetic field at the plasma surface to the averaged
. .o . V, less than 10V
toroidal magnetic field in the plasma.
; ; Te at least > 5ms
To realize the expected confinement property, target 2 1oms

varieties of techniques are used in the machine design
of TPE-RX, such as the precise plasma equilibrium
control, stabilization of plasma instability by a closely
fitted conductive shell, impurity reduction by clean

Definition ;T = 0.47 X 163, Ry 1V,

T = 8ms (normal)
#,=0.1, R = 1.7m, } = IMA, V, =10V

Te = 16ms (IHTM)
vacuum system, etc. #,=0.2, R =1.7m, |= IMA, V, =10V

In this report, the outline of the TPE-RX design will be
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Fig.1 Bird view of TPE-RX.
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82 Characteristic points in the machine Table 2 Main Characteristics of TPE-RX
deSIQn of TPE-RX Major radius (plasma) 1.7175m
(shell) 1.7m
L . Minor radius (plasma) 0.45m
For attaining above targets, several characteristigyy swing of iron core +2 VS
machine designs are used in TPE-RX. The design dffasma current Max.. 13 Mon
. . . rising time - ms
TPE-RXis based on the results obtained mainly on TPE- flat top time ~50ms
1RM15 and TPE-1RMZ0*, Other reversed field pinch Toroidal one turn voltagénitial peak 300-600 V
) 15) . . flat top expected <10V
machine$§"* also provide many good guides for the Max. 50 V
design of TPE-RX. Poloidal coil hybrid poloidal coil with iron core
h . K f hasi produces flux swing and primary vertical field
The design work for TPE-RX was emphasized 0Rrggigal field bias Max. 0.2T
the following points. feVEfsa: _ 'V“n(-) -0.1T
. o reversal time <10 ms
1. Reduction of error magnetic field. Toroidal coil single turn coil made of aluminum plate
2. Precise compensation of the poloidal shell gap 32 coils connected in series
. Coil center is shifted outward by 55.5mm
error field. from the shell center to reduce ripple.
3. Good shell proximity, b/a<1.1. Poloidal one turn voltage o 300 vV
) . . ) . Thick shell penetration time for Bv. 300 ms
(b; shell inner radius, a; plasma radius). inner minor radius 0.52m
4. Equilibrium position control with a thick shell. material 5agummurT E"Oy
. . . mm thickness
5. High and clean vacuum with the low recyclingThin shell penetration time for B~ 10 ms
and impurities. two layers of cccjnpper plates (\;vitg E(;).Smr(rl; /thiCkg(;;s
. . . inner minor radius .486 mm(b/a=1.
6. Reduction of requirement for the poloidal power attached just on the vacuum vessel surface
supply by using an iron core. Equilibrium control ~ quasi-DC vertical field 0.02 T, 5 sec
pulsed vertical field -0.013T
~ 10 ms half cycle
In the following parts, the design points to realize mai“gertigaéfielld " .d0-1f|5 Td ol
. . . . . produced by the hybrid poloidal coi
each item listed above are described in some detail. control vertical field ~ 0.03 T
The most important design point in TPR-RX is to produced by the control vertical coil
horizontal field 0.005T

minimize the error magnetic fields as small as possiblesompensation of ~ combination of the vertical field and local field

There are many sources for error f|e|dS, toroidal field gap error field produced by saddle coil just on the shell surface
feedback control of saddle coil current

coil system, Ohmic heating coil system including theyacyum vessel combination of thin bellows and thick plates
iron core, equilibrium coil system, conducting shells and ports and limiters ; attached on plate sections
. . . material SUS316L
induced current in the vacuum vessel, supporting minor radius 0.455 m (inner)
structure of the load assembly, iron reinforced bars in . 0.484 m (outer)
- protection 244 molybdenum limiters
the building floor, etc. with mushroom shape @f98.5mm

In order to avoid any closed conducting loop in the
supporting structures for the coils and load assembly,
insulating joints are used at all necessary points of joint
sections. In addition, all insulated parts are connectedhe error magnetic field produced at the poloidal shell
to each other with a resistance (about 1Qpknd  gap (insulating gap along the poloidal direction, which
finally to ground for avoiding the accumulation of static is necessary to induce the toroidal electric field inside
electric charge. All crossing points of the iron-reinforcedthe shell). This error field has a fatal effect on the plasma
bars in the floor concrete are also insulated by vinylperformance in the machine with a thick conducting
tubes to avoid the closed conducting loop in the floor. shell. The precise compensation of it is essential for the
Another important design point is the reduction of confinement study. This error field is compensated by
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Fig.2 Side view of TPE-RX. The cross sectional views of coil assembly, shell and vacuum vessel are shown.

three means in TPE-RX, the primary
produced with the Ohmic heating coils

vertical fieldfor Bax= 1.65T. However, the core flux is canceled

, the auxiliaryby the poloidal flux between the plasma and poloidal

vertical field produced with the independent verticalcoil and the available value is reduced to 3.1VS for the

field coil and the localized compensating field at theplasma.
shell gap which is produced with the saddle coils and is The iron core is made of insulated grain oriented

feedback controlled. The detail of these methods wilkilicon steel strip with thickness of 0.3mm.

be described in the following part.

The iron core is separated into seven parts, central

The main machine characteristics are summarizedore, two bottom arms, two side legs and two top arms,

in Table 2

83 Load assembly

3-1 Ohmic heating coil system.
3-1-1 Iron core

whose weights are 29 ton, 28 ton, 23 ton and 24 ton,
respectively. The central core has a cylindrical shape
approximately. The top arms can be removed when the
coil assembly, shell and vacuum vessel are installed.
The iron core has four insulating gaps with 0.5mm
width in the poloidal direction to avoid the current

One of the design points of Ohmic heating (poloidal)induced by the variation of the toroidal magnetic field.
coil system in TPE-RX is to use an iron core for savinglrhe magnetic resistance of the iron core is almost
the energy of power supply of Ohmic heating circuitdecided by these gaps. Therefore, the actual total gap
through the strong coupling between the plasma an@idth can be estimated by measuring the magnetic

primary winding of the Ohmic heating coil.

of the iron core is shown frig.2.

The maximum flux swing of the iron core#2VS

The structureresistance. Measured value is 3.6mm in total, which is
larger than the designed minimum value (2mm) but is
within the allowance (<4mm).

-1 050+
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3-1-2 Hybrid poloidal coils covers the plasma. However, the error field can penetrate
The same Ohmic heating coil which produces theanto the plasma confinement region at insulating gaps
flux swing in the iron core simultaneously produces theof the shell. The insulating gaps are necessary to induce
primary vertical field for the plasma equilibrium. Hence, both poloidal and toroidal one turn voltages inside of
we call the Ohmic heating coil as a hybrid poloidal coilthe shell.
system. The position of each hybrid poloidal coil has to be
The poloidal coils closely surround the shell to cancebptimized so as to give the appropriate profile of the
the poloidal magnetic field produced by the plasmavertical field which minimizes the error field at a
current. The sum of the current in the Ohmic heatingpoloidal shell gap. The proximity of the hybrid poloidal
coil is almost equal to the plasma current and is in theoil to the plasma has to be decided by considering two
opposite direction because of the strong couplingontradicting requirements, the efficiency of coupling
between them. Therefore, the poloidal magnetic fieldto minimize the leakage flux) arde reduction of the
becomes almost zero in the outer side of the Ohmidpple of poloidal field on the plasma surface produced by
heating coil except the vertical field component. It carnthe discreteness of the Ohmic heating coil.
be also expected that the produced vertical field is almost Figure 3 shows the poloidal cross section of TPE-
proportional to the plasma current by this strongRX load assembly where the optimized positions of coils
coupling. are shown. The hybrid poloidal coils is separated into
The external error magnetic field can be principallytwo parts, upper half and lower. All coils in each half
shielded by the thick conductive shell which closelyare connected in series; two halves can be connected in
series or in parallel in order to
change the rising time of the
plasma current. The total number
of turns is 52 in series
connection. The designed rising
time of Ip is about 10ms in the
parallel connection and about
20ms in the series connection.
The operating maximum voltage
is 15kV. Therefore, the poloidal
one turn voltage is about 300V
in the series connection and
600V in the parallel connection.
The maximum designed coil
current is 20 KA in normal
discharges and then the vertical
field as shown inFig.4 is

produced. Figure 4 shows the
calculated values of radial

profiles of vertical field on the
Fig.3 Poloidal cross-section of load assembly of TPE-RX. .
HPC; hybrid poloidal coil, CVC; control vertical field coil, plasma surface at the poI0|daI
PVC; pulsed vertical field coil, TFC; toroidal field coil. shell gap and normal section.
Numbers in bracket show the coordinates of coil positions.

The maximum allowed coil

-1 060 &
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current is 30 kA, which may be anticipated when the
core is saturated. The specifications of Ohmic heating
coil system are listed ihable 3

Before the main discharge, the iron core is inversely
swung to -2VS by another coil named as core bias coil.
The core bias coil is wound near the top and bottom of
the central core. The top and bottom halves are
connected in series and the total number of turns is 6.
The necessary current for swinging the iron core to -
2VS is about 6.5 kA. Then the averaged vertical field
produced by the leakage flux of the core bias field is
0.8 mT in the plasma region and the asymmetry part

the shell gap and normal section (90 degrees toroidally apart

from the gap). In a discharge with the maximum plasma
current. {I=1MA, primary HPC current=1.0MAT\=0.0,
without DC vertical field).

Table 3 Specifications of Ohmic Heating Coil System of TPE-RX

Hybrid type supplying both flux swing and primary Bv
Designed plasma current  Max. 1 MA
rising time 10-20 ms
flat top 50ms
decaying time 40 ms
Flux swing intersecting with plasma 31VSs
One turn toroidal voltage  rising phase Max. 600 V in parallel

Max. coil current

Primary vertical field (Bv)
Error field of Bv

Inductance

Resistance

Insulation

Turns

Connection

Material

Max. 300 V in series

flat top 10-50 V
normal operation 40 kA in parallel
20 KA in series
core saturation 60 kA in parallel
30 kA in series

at Max. coil current  0.156 T
non-axisymmetric

vertical component £0.003 T
radial component  €0.003 T
toroidal component €0.002 T

in series 194 mH (with core)
1.83 mH (air core)

in parallel 1/4 of upper values

in series 8.03m
in parallel 1/4 of upper values
to ground 20 kv
one turn 1kv
feeder point 30 kv
upper half 6 coils

5turns in 2 coils, 4 turns in 4 coils

lower half same with upper
total 52 turns

Upper and lower halves can be connected
in parallel or series.
copper
each turn
with the cross section, 60mm x 8 mm

3-2 Toroidal coill

In RFPs, very small external toroidal field is
sufficient for obtaining the MHD stable configuration.
The maximum strength of the external toroidal field is
0.2T at the initial break down and is -0.1T at the
confinement phase in TPE-RX. Therefore, thirty-two
aluminum single turn coils with very simple structure
as shown irFig.5 can be used, which are evenly
distributed around the torus.

The center of the toroidal coils is displaced outward
in the major radius direction with respect to the thick

Fig.5 Structure of a toroidal field coil. The material of coil is
aluminum plate with 40mm thickness.

1070 &
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shell center for reducing the ripple of the toroidal field.It Table 4 Specifications of Toroidal Coil System of TPE-RX
can be reduced to nearly about 3% on the plasma surfagg,Ie
without including the shielding effect of the shell.

32 aluminum single turn coils are connected in series

. . . I\/Ilax. Field Bias 02T

Each coil can be disconnected near the equatoria Reversal 01T
plane of the machine. The supporting structure forthe = _

) ) ) Duration time Bias 5-20 ms half cycle
coils also can be disconnected near the equatorial plane. Reversal >100 ms
Ther.efore, .the upper half of the .comF)lnatlo.n of theOne turn voltage <300 V
hybrid poloidal coils, control vertical field coils and

. . . . . . _Ripple rate <3.1%
toroidal field coils can be lifted up and dismantled in a Coil center is shifted 63mm in major radius
block when the shell and vacuum vessel are installed or direction with respect to shell center.
removed. The supporting structure of the poloidal coil,gyctance 16QH
system is also used for supporting the toroidal coils and
_ Resistance 70
other colls.

)poil Current 54 kA20ms half cycle)

The toroidal coils are separated into two groups b 27 KA (>100ms)

the connection with the current feeder. Two sets of

t feed t d d th tlnsulation to ground 10 kV
current feeder system are prepared and the current is poloidal one turn 300 V
fed to every other toroidal coil in each feeder system. at terminal 10 kv
Two groups can be connected in series or parallels gt s one turn/coil x 32 coils

the terminal box of feeders where the cables from the ] )
Material & shape Al, 40 mm thickness

power supply are connected to the feeders. By this outer & inner diameters  739.5 mm& 664 mm
system it becomes possible to change the reversal time See Fig.5
of the toroidal field. Moreover, the effect of the toroidal
field ripple on RFP plasma can be examined if the
balance between the coil currents in two sets is altered.
The effect of ripple is very important for the design of athin (0.5mm thickness) copper shell, thick aluminum
future machine. (50mm thickness) single shell, primary vertical field,

The maximum toroidal coil current is 54kA for control vertical field, saddle coil field, DC vertical field
Bt =0.2T which have to be reversed to -27kA for Btand pulsed vertical field.
=-0.1T in relatively short period (about 10ms). Required The complex requirements to the shell (proximity to
operating voltage is 10kV for this reversal. The poloidalthe plasma, reduced error field at the gap for both
one turn voltage is about 300V and the poloidal currenéquilibrium and fluctuating magnetic fields, allowance
is induced in the vacuum vessel by this voltage. Thé machining, etc.) will be satisfied by the present shell
specifications of toroidal coil system are listed inconfiguration — the ordinary thick shell rather far from

Table 4. the plasma (b/a=1.16) and the very thin double layered
shell closely fitted on the vacuum vessel, just on the
3-3 Equilibrium system of TPE-RX outer surface of the vacuum vessel (b/a=1.08). The

One of the most important characteristics in TPE-specifications of equilibrium system are summarized in
RX is its equilibrium system for canceling the shell gapTable 5. The detail of the calculation of equilibrium
error field and for controlling the plasma horizontal control in TPE-RX will be given elsewhere.
displacement (Shafranov shift) precisélyFigure 3
(poloidal cross section of load assembly) illustrates the 3-3-1 Compensation of the shell gap error field
equilibrium system, which consists of a doubly layered caused by the plasma equilibrium.

-1 080
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Table 5 Specifications for Equilibrium System of TPE-RX magnetic field there. Therefore, the precise
Hybrid poloidal (iron core) compensation of this error field is essential for obtaining
Bv 016 T good plasma performance. For this compensation,

slightly smaller than needed value . .
the same waveform with Ip following schemes are used in TPE-RX.

Shell thick single  50mm t, Al . . . .
penetration time ~ 300ms (1) The primary vertical field for compensating the
thin double  0.5mm ¢, Cu shell gap error field is provided by the primary current

penetration time 10ms ) } ] ] ) ) i
in the Ohmic heating coil (hybrid poloidal coil). The

Control vertical 0-003T coil positions are designed to produce the vertical field
Saddle coil £5% of Bv slightly less than the necessary value with an appropriate
DC-vertical 00.02T. 5s n-index. The coil positions are shown in Fig.3 and the
calculated profile of the vertical field is shown in Fig.4.
Pulsed Vertical -0.013 T . . . .
10-20ms The produced vertical field is almost proportional to

_ _ the plasma current since the current in the primary
VIV and Thick Shell are eccentric to each other. o .
VIV shift outward by 17.5mm. winding is almost proportional to the plasma current

To reduce the DCV for putting the plasma at V/V center. ;
To ease requirement for DCV & PVC. because of the very strong coupling between them by
the iron core.

V/V and Thin Shells ; concentric
High shell proximity for instability and fast gap error field

(2) The small auxiliary vertical field about 0-20% of
the primary vertical field is produced with independent
vertical field coils whose positions are also shown in
Fig.3. The coil current is controlled by the pre-
In TPE-RX the vertical field necessary for the programming method. This vertical field is named as
toroidal equilibrium is primarily provided by the thick control vertical field. Because the ratio of primary
aluminum shell, whose thickness is 50mm andvertical field to the plasma current is determined by the
penetration time for the vertical field is about 300mscoil configuration and its fine tuning corresponding to
which is three times longer than the designed operatirigpe variation of plasma condition is impossible, the
duration (<~100ms). The thick shell has one toroidaindependent control vertical field has to be installed for
insulating gap (gap along the toroidal direction necessamhe accurate compensation. The profiles of the
for inducing the toroidal magnetic field inside the shell)combination of the primary and control vertical field at
at the inboard side of the torus equatorial plane and oribe shell gap and the normal section are showigi®.
poloidal insulating gap. To minimize the effect of the
iron core on the poloidal gap, the gap is situated 9(3) Further delicate compensation of the shell gap error
degrees toroidally apart from the arms of the iron cordield is provided by the saddle coil wound locally just
It is known that the large error field can be producedutside the poloidal shell gap. The current in the saddle
at the poloidal shell gap by the following reaSamhe  coil is feedback controlled to minimize the error field,
image current in the shell, main part of which flows inwhich can compensate the small variation of the error
the toroidal direction and produces the vertical field formagnetic field appearing in each shot. The profiles of
the toroidal plasma equilibrium, is interrupted at thethe comprehensive vertical field at the shell gap are
poloidal shell gap and its direction is altered. The largshown inFig.7 (summarizing the primary and saddle
poloidal component of the image current thus appearsil vertical fields). This compensation was successfully
at the poloidal shell gap. It produces the large erroused on TPE-1RMZ5.
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e double layered thin conductive shell is installed in TPE-

A1 alasma v lae | RX.
HR . .
| Each layer is made of a thin copper (0.5mm) plate
R Al pzleieal sFal gan | with torus shape, which is closely fitted on the outer
':_' - P A | surface of the vacuum vessel. Thin polyamide films
z | (<0.5mm) are used for insulation between the vacuum
- o'
] ' vessel and the inner shell layer, and the inner shell layer
¥ ORE and the outer shell layer. Outer surface of the thin shell
o 52 4l dngrees fror peled el a0 is also insulated by the same kind of films. Finally the
P glass fiber tape is wound around them for mechanical
- - e — .
BN 15 '3 51 £l A mi; support and protection.
n"c'r - . .r!r - . - - -
Pandn Ange (d=groe One thin shell layer is divided into four equal
Fig.6 Poloidal profiles of the vertical field produced by the HPC ; ; : ; ; ;
and CVC at the shell gap and normal sectigraka and segments in the toroidal direction and into two in the
in the same other conditions as in Fig.4. poloidal direction (upper and lower halves). Therefore,

one layer of thin shell consists of eight pieces in total.
To minimize the effect of the thin shell gaps, the poloidal
gaps of the inner layer are located near the middle of

L o S gy vRreE e s S ':".:'.:_ the outer segments (positions of poloidal gaps of inner
AL plasra sarlace. and outer layers are different to each other with about
M Wltoul SO0 Ted sl sl o ' 45 degrees toroidally). The gap positions of inner thin
o — shell and thick shell are also different to each other about
Ty i 18 degrees toroidally. This overlapping of shell gaps
* ' < can compensate the gap error field produced by the fast
E b . g varying magnetic field (fluctuation of the magnetic field
a T Wr 5LC Bl oAt oskel pap .
<o " and/or the fast change of the plasma equilibrium
oE . position). All poloidal shell gaps are located in thick
) 5 e plate sections of the vacuum vessel to avoid the damage
" TRREE R P e £ o .-;ul.: caused by the shell gap error field on the bellows section
- or

Pakwdal argle (acgreel o The toroidal gaps in both layers and thick shell are
Fig.7 Poloidal profiles of the vertical field produced by the HPC  all in the equatorial plane of the machine. The thin shell
with and without SDC field at the shell gap+15kAT X2 o g insulating toroidal gaps and the thick shell has
(upper and lower) and in the same other conditions as in
Fig.4. one insulating toroidal gap at the inboard side of the
torus. Thus the gaps of thick and thin shell are in the
same position at the inboard equatorial plane of the torus.
3-3-2. Compensation of the shell gap error field caused The thin shell is the unique machine feature of TPE-
by the fast varying magnetic field. RX, which is not used in other large RFP machines.
Recently it is found that the shell gap error field Therefore, the detailed specifications of the thin shell
produced by the magnetic fluctuation substantiallymay be interesting, which is listed Trable 6. The
affects on the RFP plasma performance, especially ospecifications of the thick shell are also listedable 7.
the locking of the magnetic fluctuation to the wall. To
reduce this error field as well as the stabilization of the 3-3-3 Equilibrium position control

MHD activities with good shell proximity (b/a<1.1), the It has been shown that the plasma confinement
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Table 6 Specifications of Thin Shell of TPE-RX property, especially the loop voltage anomaly, is very
sensitive to the equilibrium control of the plasma

structure two thin layers .
major radius 1.7175 m position. The loop voltage can be reduced about a factor

minor radius inner Iayer (inner SUrface) 0.486m (b/a = 108) Of two W|th approp”ate pos|t|0n Control by the Verucal
outer layer (inner surface) 0.488 m

field>>?°)
thickness  for each layer 0.5 mm For the equilibrium position control in a machine
material copper . . . . .
resistivity 2uQcm with a thick conductive shell, it is a common technique
penetration time of vertical field ~ 10ms to use the quasi DC vertical field whose duration time
insulation  to ground 2 kv ) . .
toroidal direction 2 kV, four sections is much longer than the shell penetration time.
poloidal direction 0.5 kV, two section, Since the plasma initial break down is prevented by
at equatorial plane . . . .
to vacuum vessel 2 KV the DC vertical field, the DC vertical field should be
to thick shell 2 kv eliminated during the initial break down phase by the
between layers 2 kv . . . .
fast varying pulsed vertical field, which must be
shape toroidal shape S produced by a coil system locating inside the thick shell
each layer divided into eight pieces . . .
upper and lower halves (Pulsed Vertical Field Coil, PVC).
into 4 in toroidal direction Since the good shell proximity is required in RFP,

attached on the outer surface of vacuum vessel .
there is not enough space between the shell and vacuum

shellgap  each layer has 4 poloidal gaps andavaidal gaps  yegssel for installing the pulsed vertical field coil.
all gaps are insulated .. .
overlapped poloidal gaps of outer and inner layers 1 herefore, the shape, position and mechanical strength
) o ) of the coil are limited and it is very difficult to produce
grounded through large resistance to avoid high electrostatic potential . .
the strong pulsed vertical field. Even though the pulsed
vertical field coil is carefully designed, the sufficient
shell proximity is hard to be realized with it.
In TPE-RX, following techniques are used for

solving this problem, some of which have been

Table 7 Specifications of Thick Shell of TPE-RX successfully used in TPE-1RM15 and TPE-
1RM20*#2

major radius 1.7m . .

minor radius 0.52 m (1) The vacuum vessel is eccentric to the shell. The

thickness o 50 mm center of the vacuum vessel is displaced outwards by

penetration time of vertical field 300 ms . . .

material Aluminum alloy 17.5mm with respect to the shell center in the major

resistivity SuQem radius direction. By this displacement the necessary

insulation to ground 2 KV strength of the DC vertical field for centering the plasma
toroidal direction 2 kV, one section in the vacuum vessel is reduced more than a factor of

poloidal direction 0.5 kV, one section,
at inboard equatorial plane ~ four, from 170gauss to 40gauss for the standard case

to vacuum vessel 2 kV with Ip =1MA, which can ease the requirement to the
to thin shell 2 kV . . L .
to toroidal coils 10 kV pulsed vertical field. This displacement can also provide
o _ the room for installing the pulsed vertical field coil
shape divided into four pieces, . . .
upper and lower halves, between the shell and vacuum vessel in the inboard side
into two in toroidal direction of the torus.
one toroidal gap (outboard side) and one poloidal gap are Figure 3 shows the thick shell, pulsed vertical field
electrically connected coil and vacuum vessel. The pulsed vertical coils are

pulsed vertical field coils attached inner surface of thick shell ~ installed only in the inboard side of the torus and the
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return windings are located on the outer surface of thplasma current,F1MA. The difference between them
shell. The return windings are used to avoid the couplings about 3.3%, which is not negligible amount.
with the iron core. However, the primary vertical field varies rapidly
and is shielded by the thick shell except at the poloidal
(2) The pulsed vertical field produces the error fieldshell gap. The expected discharge duration of TPE-RX
at the shell poloidal gap since the image current induceid about 100ms, which is shorter than the penetration
by this field is interrupted at the shell gap. The positiortime of the vertical field (300ms) of the thick shell.
of the return windings is optimized to minimize this Therefore, the asymmetry of the primary vertical field
error. does not cause serious effect to the plasma within the
expected discharge duration.
(3) The shell proximity can be satisfied by installing  If the discharge duration is extended further or the
the thin shell which can suppress the fast magneti@ PE-RX is modified into the machine without thick shell
fluctuation at the plasma boundary and stabilize the fagresistive shell experiment), then this asymmetry will
growing mode. The thickness of the thin shell (0.5mmbecome serious problem and some kind of compensation
X two layers) is chosen to meet the requirement that theill be required.
substantial part of the pulsed vertical field can penetrate The DC-vertical field should be pre-soaked into the

into the vacuum vessel. shell and has to have much longer duration time than
the shell penetration time. Therefore, the asymmetry of
3-3-4 Asymmetry caused by the iron core. the DC-vertical field caused by the iron core can

The arms and legs of the iron core suck some part gfenetrate into the shell and may affect the plasma
the vertical field and cause the toroidal asymmetry oposition.
it. The variation of the vertical field at the shell center The estimated asymmetry of the toroidal shift is about
from just beneath the arm to 90 degrees toroidally apattmm, which is expected to give little effect on the
from it is shown irig.8 for the case with the maximum plasma performance. However, some care should be
taken for the asymmetry of the heat load on the vacuum
vessel. It may be necessary to monitor the surface
sl ligld prosscea by SFu iror cord temperature of the vacuum vessel at various toroidal
' T positions as many as possible.

1 i

) .-""-.-. ’ .
R o I 1 3-4 Vacuum vessel
: i e 3-4-1 Basic structure
b | fruem ne 2w In a RFP, loop voltages both in toroidal and poloidal
; directions are applied simultaneously. Therefore, the
LAde b vacuum vessel has to have the large resistance in both
l ;’; ; directions. The homogeneity of the resistance around
J,f : the torus in both directions also has to be considered
since the inhomogeneity can produce unexpected current
i T an T az ou =zt ea distribution in the vacuum vessel and may cause large

B 1n)

Weptgl Figlz iganss

=1L .

—zndal Ang e {eegree] error magnetic fields.
Fig.8 Toroidal variation of the vertical field at the center of the The maximum poloidal and toroidal loop voltages
vacuum vessel. The effect of the iron core is elucidated. . .
The effect of shell is not taken into account. In the conditionsa‘re about 300V and 600V at the setting up phase In TPE-

with Ip =1MA, primary HPC current=1.03MAT\=0.0 RX, respectively. The very high toroidal loop voltage,
and core bias current = 8KAT. Without DC vertical field.
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as high as 2kV, may be possible at the abrupt terminatiofble 8 Specifications of Vacuum Vessel of TPE-RX

of the discharge (disruption). Combination of thin bellows and thick plates with torus shape

The combination of thin bellows (2mm thickness) 16 bellows and 16 plate sections
Bellows sections  36% in the torus direction

All ports & limiters attached on the plate sections

and relatively thick (6mm thickness) plates with toroidal

shape is used for the vacuum vessel of TPE-RX. Theajor radius _ ~ L7175m
material of them is stainless steel (SUS316L). The o radius gglrlloevrv:urfﬁﬁzr(!:#z?e 8;’555”:“
vacuum vessel is composed by equally distributed 16 average 0.4695 m
. . . outer surface 0.484 m
bellows sections and 16 thick plate sections. Tota),,;me 737 A
portion of the bellows section is about 36%. Thetotal inner surface 50.2%n
. . . material SUS 316 L
convolution factor, height and pitch of the bellows are, g ows thickness > mm
3.3, 29mm and 20mm, respectively. The convolution height 29 mm
and thickness of bellows and thickness of thick plat%Iate thickness pitch 22 rr:m
sections are chosen to give the almost same poloida¢netration time  poloidal field 1.96 ms
. . . - toroidal field 2.40 ms
one turn resistance per unit toroidal length for avoiding vertical field 0.71 ms
the inhomogeneity along the toroidal direction.total outgas <3.14 x 19rorr l/s
. basic pressure < 2 x foTorr
Parameters of the vacuum vessel are givérabie 8. averaged heat load ~ (expected) 0.31 MW/ m
The vacuum vessel is welded into one piece witHimiter material molybdenum,

@8.5mm

metal seals for all ports. Neither vacuum seal with viton mushroom shape

nor other organic materials is used except special total number 244,
. . . atinsulated shellgap 34
windows for the interferometer and Thomson scattering at each other plate 18
measurements. Assuming that heat load is received by a half of the limiter surface.
. limiter heat load 31 MW/
An example of 1/8 portion of the vacuum vessel and concentration factor  about 100
arrangement of ports on the entire vacuum vessel argrface temperature rise of limiter 8@0shot for 10MW in
- . . standard port ICF152
shown inFig.9 andFig.10, respectively. All ports are pumping port @106 tubes, horn shape
located in the thick plate sections. P15 is the port section expanded to ICF253
: o multi port ICF114, ICF070, ICF034
with four ICF114 ports, where fourteen limiters areangential port ICEO70
attached. A part of them (nine limiters) are shown iNppoard side of torus ICEO70

Fig.9, which are attached on the upper half and
equatorial line of the vacuum vessel.

One thick plate section indicated as P16 in Fig.9 anghe cost of pumping speed, accessibility into the vessel
Fig.10 is located just beneath the poloidal shell gap oénd convenience of diagnostics. The largest port size in
the thick shell, where the most severe plasma-wallPE-RX is 110mnp, which is quite small when
interaction is anticipated. Thirty-four limiters are compared to the tokamak or helical machines with the
installed in this section. A part of them (nineteensimilar size. The human access into the vacuum vessel
limiters) are shown in Fig.9, which are attached on thdés impossible unless the vessel is cut into two pieces,
upper half and equatorial line of the vacuum vessel. which is very sever disadvantage for using the

Since the shell is very close to the plasma and largeonductive shell.
image current flows in both toroidal and poloidal Vacuum flanges with ConFlat type are used for all
directions, the porthole in the shell can easily producgorts. All flanges of ports in equatorial plane have the
the large error field. Therefore, the size of port must beaormal ConFlat type but the special type of ConFlat
as small as possible to reduce the error field. The siZéange is used in all vertical ports. Only the knife edge
of each port is chosen for reducing the error field withpart is welded on the end of the port tube and the loose
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Fig.9 An example of 1/8 portion of the vacuum vessel.P16 is the thick plate section just beneath
the poloidal shell gap. P15 is the port section with four vertical ICF114 ports.

Fig.10 Distribution of ports on the vacuum vessel.
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ring which tightens the flange can be separated into two
halves. These halves can be removed when the vacuum
vessel is installed into the shell. Therefore, the diameters -
of portholes in the shell can be reduced compared with ’:>
those for usual flanges. For example, the diameter of if#r
ICF70 flange is 70mm, which requires the diameter of l"’-‘
the porthole in the shell larger than 85mm when the *
clearance between the flange and porthole is taken into ;wi
account. Contrary the diameter of the knife edge part of HF.L?’{ -
the ICF70 flange is only 48.5mm and the porthole with '

the diameter about 65.2mm is sufficient even if the larger i R .

clearance is used.
Fig.11 Positions of supports for the vacuum vessel in the shell.

3-4-2 Structural integrity

The structural integrity of the vacuum vessel was
examined by using the several computer codes. At firsvhere the realistic clearance (3mm) between the vacuum
the buckling behavior of the bellows with torus shapevessel and inboard side supports was taken into account.
was analyzed by the finite element methodThe vacuum vessel was displaced and deformed by the
(NASTRAN), which gave the rough design of theatmospheric pressure before touching the supporting
structure of the bellows, such as necessary heighplate and the additional stress appeared by this
thickness and convolution factor, etc. The results of thdeformation. Then the maximum stress increased to
analysis are presented in the refererrge 23kg/mnf at 25C and 19.4kg/mrat 120C. Both

Detail designs of the vacuum vessel and supportingalues slightly exceed the elastic limit of the SUS316L
structure were decided by the static stress analysis whestainless steel and the inelastic strain is inevitable.
the vacuum vessel was assumed to touch to thidowever, the inelastic strain is very localized near the
supporting structure. The total portion of the bellowsinboard supporting points and is very small, 9%t/
part in the vacuum vessel (36%), convolution heightnm at 25C and 1.7x16mm/mm at 126C.
(29mm), plate thickness (2mm) and pitch (20mm) of The dynamic response to the pulsed electromagnetic
the bellows were decided from this analysis. Thdorce, especially at the rapid current termination, from
supporting structure and positions were also decided.MA to zero in 3Qus was also examined. The
As shown inFig.11, the vacuum vessel is supported atelectromagnetic force was added to the atmospheric
four positions in the poloidal cross section, +-38 degreegressure. The vacuum vessel moved forward and
from the inboard side of the machine equatorial plandyackward between the supporting positions and the
top and bottom points. Fiber reinforced epoxy plastic isepetitive deformation was induced after the current
selected as the material of the supports. In the toroidérmination. To avoid the cracking due to this cyclic
direction, only the bellows sections are supported. Ifoad, the fatigue damage has to be considered. It was
this design the maximum stress of 10.4kg/naecurs  shown that the estimated total maximum deformation
at the inboard side supports, which is below the elastiwas 1.6x10mm/mm at 25C which allowed 18 cycles
limit. of oscillation. It was also shown that the cumulative

The direct simulation to the atmospheric pressur@ffect of this inelastic ratcheting strain was negligibly
was examined and the stress value was evaluated bgnall, 6x1Fmm/mm for 10 cycles of oscillation, even
using the dynamic inelastic analysis code (LS-DYNA),at the position where the maximum stress was observed.
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These results indicate that the structural integrity of th€98.5mmy) as shown irrig.12 are attached in the thick
vacuum vessel is adequate and inelastic ratcheting strgitate sections for protecting the vacuum vessel. Limiter
will not have any practical effect during the machinesurface protrudes by 5mm with respect to the bellows
lifetime. The detail of the analysis is presentedinner surface. Thirty-four limiters are installed at the
elsewher&, poloidal gap section. Fourteen limiters are installed in

each thick plate section almost equally distributed in

3-4-3. Protection of Vacuum Vessel against strongthe poloidal direction. The total number of limiters is
heat load 244.

The increase of Mwith the increase of,lhas been The molybdenum is selected as the limiter material
observed in several RFP experiments. The increasingecause of its high melting point, small desorption of
interaction between plasma and wall (plasma and limitelnydrogen gas, toughness to the thermal shock from the
in TPE-1RM20) and increasing impurity influx at high room temperature and easy machining with reasonable
current density region probably caused this. price. The molybdenum gave the best performance in

To reduce this interaction, it is necessary to avoidrlPE-1RM15 so f&°.
the concentration of the heat load and the localized Tungsten or graphite may be another candidate for
heating on a certain part of the vacuum vessel. Ththe limiter material. The tungsten has the very high
localized heating could be also very dangerous, whicimelting point with good thermal conductivity. However,
may cause the fatal damage on the vacuum vessel. itis too hard for machining and is not strong enough for

To avoid this, three things are required, one of whichlihe thermal shock when used at the room temperature.
is to keep the error magnetic fields as small as possibléis well known that the tungsten has to be used at the
and another is to put the plasma at the adequate posititmperature over about at least 3DJor getting the
by the precise equilibrium control. The third one is tosufficient strength to the strong thermal shock.
use a proper method for receiving the plasma heat loss The graphite has the highest melting point and very
and protecting the vacuum vessel. Specifically it isyjood strength to the thermal shéf¢kThe graphite is
necessary to take special care at the poloidal shell gmpmmonly used for protecting the vacuum vessel in
section where the relatively large error fields and hencemany tokamaks and other machines as well as in RFPs,
the strong plasma wall interaction are anticipated.  such as OHTE, RFX, MST and EXTRAP-T2. However,

In TPE-RX many mushroom type limiters itis known that the large influx of carbon (carbon bloom)
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Fig.12 Shape of a molybdenum limiter
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can take place if it is heated up to over about €00 vacuum condition by the welding structure of the
which may be easily reached in the present RFRacuum vessel and to protect the vacuum vessel by many
experimental condition, because of the very large heaholybdenum limiters.

flux commonly observed in many RFPs and relatively  The three types of compensation methods for error
small thermal conductivity of graphite compared withmagnetic field is used at the shell poloidal gap, the
the molybdenum. primary vertical field produced by the hybrid poloidal

It is also known that the graphite desorbs a largeoil, the higher order compensation by control vertical
amount of neutral gas when heated up during théield with preprogramming and the final delicate
discharge, which make it very difficult to control the compensation by the saddle coil with the feedback
recycle of the neutral particles. The plasma density magontrol.
increase and the edge temperature may be reduced. InThe quasi-DC vertical field is used for the
order to reduce the particle desorption in an adequatuilibrium position control of the plasma in the thick
level, it is required to use the graphite at high temperaturghell. The DC-vertical field is produced with the same
over 200-306C. From these facts, the baking capability coil of the control vertical field and is canceled at the
of the vacuum vessel (at least the limiters) about@50 initial break down phase by the pulsed vertical field
will be required for using the tungsten or graphite inwhich is produced by the pulsed vertical field coil wound
good condition. on the inner surface of the thick shell.

The baking over 20 is very difficult (almost The good shell proximity is achieved by the triple
impossible) in the present design of TPE-RX becauskayered shell structure, a single thick shell (b/a=1.16)
of the thermal expansion, electric insulation, etc.and double layered thin shell (b/a=1.08). The aluminum
Therefore, to use the tungsten or graphite as the limitehick shell has 50mm thickness and 300ms penetration

material is not practical in TPE-RX. time for the vertical field. The thick shell provides the
equilibrium of the plasma, shielding of the external error
84 Summary field and stabilization for the slow growing mode.

The thin shell is composed with very thin two copper

The characteristics of the design points of large scalityers (0.5mm) insulated to each other and is closely
RFP machine, TPE-RX is summarized, whose primaryitted just on the outer surface of the vacuum vessel.
purpose is to demonstrate the possibility of RFP as ahhe penetration time of the thin shell for the vertical
efficient and simple fusion reactor by showing thefield is about 10ms. The good shell proximity can be
improved confinement property. achieved for the fast growing modes.

The target of the experiment on TPE-RX is to realize ~ The vacuum vessel is made of stainless steel bellows
the loop voltage below 10V, the poloidal beta around2mm thickness) and thick plate sections (6mm
10% and resulting energy confinement time longer thaithickness). They are welded into one piece to obtain the
5ms (hopefully longer than 10ms) in the range of theclean vacuum condition. Ports for pumping and
plasma current up to 1MA. diagnostics are welded to the thick sections.

If the Improved High Theta Mode is realized on TPE-  Many molybdenum limiters (244 in total) with
RX, then the twice increase @fandt_will be expected. mushroom shape (98.5ngnare attached on the inner

The important design points of TPE-RX are tosurface of the thick plate sections for the protection of
minimize the error magnetic field as small as possiblethe vacuum vessel. At a thick plate section located just
to control precisely the plasma equilibrium position byunder the poloidal gap of the thick shell, 34 limiters are
DC vertical field, to keep the good shell proximity with installed. At other thick plate sections, 14 limiters are
the double layered thin shell, to achieve the clearmnstalled.
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The experiment of TPE-RX has been already started
and initial results are being obtaiffe¥®. When the 5)
experiment on TPE-RX is successfully proceeded, then
the potential of RFP towards simple and efficient fusiorg)
reactor will be demonstrated and the necessary points
for the construction of the RFP machine in the nexr)
generation will become much clear.
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