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Background

» | am on a leave of absence period from the National Fusion
Laboratory, CIEMAT, Spain.

» | worked in CIEMAT for almost 5 years, in Remote Handling, for
IFMIF (International Fusion Materials Irradiation Facility), ITER and DEMO.

» Up to now, | have developed the work on stellarators on my own,
with personal funds (for three years before CIEMAT work, at nights and weekends
during CIEMAT work, and now 1.5 years during the leave of absence), With some help
and contribution from CIEMAT.

» The work is R&D and innovation in engineering, focused in new
construction methods for stellarators. It is not focused on physics
and plasma experiments.
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Basic UST 1 data

UST 1 modular stellarator

« UST 1 stellarator was designed,
built and operated from 2005 to
2007 in my personal laboratory.

 Cost of the whole facility ~ 3000 €
(many 2" hand pieces).

« The coils were built by a new
toroidal milling machine.

« Correct field Iline mapping
magnetic surfaces were obtained.
Also (poor) plasmas obtained.

« Motivation: Formation, develop
Innovative construction methods for
stellarators, demonstration effect.

UST 1 stellarator and status of the 3D printed UST_2 stellarator

e-gun
p.supplies
(not vis) |

§ Firewire 8-guh
. Camera port

L Phifferny - -
mech. puimp. &
y

UST 1
stellarator

Vicente Queral



Basic UST 2 data

UST 2 modular stellarator

« UST_ 2 stellarator has been
designed during 2" 1/2 2012 and
2013 (still some elements remain).

 Early integration of the design
with the production method is
performed. UST_2 conceived to be
produced mostly by 3D printing.

* Test prototypes of pieces for
UST_2 have been produced.

3D printed prototype ‘,

and torus sector test
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Design,
construction and
results in UST 1
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Conceptual design of UST 1
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UST 1 objectives and specifications

Technical objectives

* A relatively compact stellarator was aimed.
* Simple winding surfaces (to finish the construction with the available funds).
« Basic confinement properties (no low order islands, Bmin, etc).

Specifications

Number of periods 2
Plasma volume (litres) 1.1

R, plasma major radius (mm) 125.3

a, ave. plasma minor radius (mm) 21
Aspect ratio ~6

B, Magnetic field at axis (T) 0.089 /0.045
|, , rotational transform at axis 0.32

|, , rotational transform at edge 0.28
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Basic features of UST 1

Physics characteristics
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General features of UST 1

Coil engineering specifications

Specification

Type of colls Modular coils
Number of coils 12 (3 shapes)
Shaping Parameters of the coils* 1.45, 1.3, 1.55, 0.65
Winding pack size (mm) 7 with x 10.5 depth
Conductor type Special flexible copper
wire
Turns per coll 3 layers x 2 turn/layer = 6
Winding surface shape Circular, poloidally and
toroidally

* Four parameters defining the amplitude of a sinusoidal
deformation of the coil at four different poloidal angles.
Obtained by optimization with CASTELL code
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Positioning and winding concept

Two main concepts are developed

- The frame supporting the
colls Iis a single monolithic
frame. Thus, coll positioning
and mechanizing is the same
process, very accurate.

Groove

- The conductors are :
section

compressed on the groove

walls to avoid the use of section of | Reaction of
numerous fasteners. Then, two the groove
conductors | on the

maximum two turns per layer
are convenient.

conductor
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Engineering design.
Development of a
construction method
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Method to build the modular coils

Concept of atoroidal milling machine for stellarators

* The milling head of this special
milling machine moves in toroidal
and poloidal coordinates.

* The surface being mechanised
IS not removed from the supports
(Slender columns) for the whole
mechanization — simplicity and
reduced field errors.

» Main elements: turning
horizontal base, fixed arc
supporting a circular guide, and
milling head.
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Method to build the modular coils
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Method to build the modular coils

Advantages and drawbacks of the toroidal milling machine

» Positioning and adjustment of the colls or frames is not necessary
because all the grooves are mechanised on a single toroidal surface.
» Fabrication errors of the grooves are similar to the ones in CNC

machines, very small.

» Construction time is reduced and the process simplified.

¢ This milling machine might be unsatisfactory for very convoluted

non-circular winding surfaces (i.e. W7-X, NCSX ) and compact

devices (i.e. QPS), since the inboard part of the coils are very convoluted in a
small space, and due to collision of the head at the central torus hole.
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Moulding the winding surface

SN Roughing the
a8 surface

eatlng the
porexpan mould

Vacuum vessel W

Accurate circular torus

g Groove fabrication by

' Vacuum vessel wrapped (thermal expansion | method described
layer) inside the mould. Plaster is poured. ¥

& )
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Winding process
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Finished UST 1 stellarator

12 coils finished
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Validation of the construction
method and design
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Field line mapping experiments

E-guns made in-site 14 mm Diameter
diameter (top)
and 6 mm e-
P2 " E-Beam gun (bottom).
- . \Fluorescent
/ N rod
P Diameter
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! i |
i + :',' |
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Camera i~
< 5

Field line mapping

experimental setu
P P Oscillating fluorescent rod, simple

and economical method. Port P1
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Field mapping experiments

Recorded magnetic surfaces. Comparison calculation-experiment

Pulse #202. Experimental Pulse #202. Overlapping of

fluorescent points on the calculated (numbered circles) and

oscillating rod. 94 eV beam. experimental points. Notably
e agreement is observed.
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Results and conclusions
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Results and conclusions

» A low cost stellarator has been built and validated.

» The combination of a single monolithic frame with grooves and
compression of two turns per layer in the groove resulted in simple
and accurate positioning of the colls and fast winding.

» A construction method for stellarator coils based on a new toroidal
milling machine has been developed.

» A particularly simple and economical e-beam field mapping system
has been devised and utilized.

» Inspiration and encouragement has been generated in other

researches and countries. For example, the SCR-1 stellarator being built in Costa
Rica is based on the UST 1 design and construction methods.

» UST_1 has contributed to the formation of plasma and fusion
engineering students.
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Status of the 3D
printed UST 2
stellarator
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Introduction

e The work with UST_2 Is a continuation of the UST 1 one.

« Essentially it tries to test the feasibility of 3D printing construction
methods for small stellarators. Larger ones in a future!.

* Up to now UST_2 has been funded by me.

* The budget for materials is very low, ~5-10 k€. It will depend on
contributors (Crowdfunding, other institutions...).

« Some means (codes,...) from CIEMAT are utilized. Help from fusion
expert colleagues has been received.

« UST 2 plasma volume is 10 times larger than UST_1, Vp=10 litres.

 Remember that the work is R&D and innovation in engineering. It
IS not focused on physics and plasma experiments.
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Introduction

General objectives of the UST_2 project:

= Contribute to my PhD on “Rapid manufacturing methods for
geometrically complex nuclear fusion devices”.

= Build a small stellarator to prove the results of the R&D.

= The stellarator should achieve enough quality to be used by a
university, for formation and basic plasma experiments.

Technical objectives of UST 2 (and UST_3):

1) Innovative construction methods to lower costs and speed up the
production cycle.

1) As much as possible, turbulence (and neoclassical) optimization.
111) Potential for innovative divertor implementation.
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Decisions to take

Objectives + (cost + schedule) constrains — decisions
mportant decisions Mitial decisions to take (same as UST_1)
have to be taken at the A) What magnetic configuration to use?
very beginning of the  B) Size of the device

design. Thus, testand o s insidefoutside the VV?
validation of the

dubious (low-cost) D) Method to build the coils, the coil
concepts is carried out frame, and the VV

E) Material for the coil frame

D) The concept of Filled-Sparse pieces was concocted: 3D printed

hollow light structures composed of narrow beams and optionally thin
external walls, filled with a material able to solidify (resin, plaster, etc,
fibre reinforced or not)
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Experimental validation of
engineering concepts
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Hull Concept

Devised as a double hull structure

Combination of a sector of
the winding surface, a
sector of the VV surface,
Internal beams between
both surfaces and beams
connecting the groove
walls.

Beams VV surface sector

Interior of
double hull

and bottom Winding surface sector

- The 3D printed pieces cost

about 1-2 € /cm3, expensive.  External view of the Cut of the sector
Cost has to be reduced to torus sector test
allow affordable or low-cost

_ 3D printed test sector of coil frame
devices.
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Hull Concept

Results: robust, accurate but too expensive

3D printed
piece. Nylon.
80 €

It has been filled with
dental plaster and with
molten Bi-Sn-Pb alloy
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Low-cost coil metal casting tests

Results : Inconclusive. Casting not chosen for UST 2

* The colls, the colil frame,
the VV, might be casted.

» Metal casting tend to be
expensive for few units.

Silver lost wax vacuum
casting in plaster mould
produced in a specialised
company.~ 1000 € in Ag.
~700 € in Cu

* For small series (~<10
units) sand casting (non-
permanent mould) is the
most common and
cheaper.

« A permanent plaster Own test of casting in a
" P “permanent” plaster mould. The

mould has been tested. mould broke. However, some
ideas appeared
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Truss Concept

~UST 2-size 3D printed sector of coil frame test

External groove edge
Results : Low cost? (200€, now 500€)), o s § g
enough strength

Wall
girder
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Truss Concept

Results : Still difficult moulding and pair matching

One half-sector after hard plaster moulding
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UST 2-size 3D printed sector of coil frame
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Conceptual design
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Introduction

Several magnetic configurations have been assessed

* The aim is to use as much as
possible the current physics designs. * The CASTELL code, a

- The LCFS of QPS, QIPC2, QIPC3, Java code developed by
QIPC6 and NCSX-TU (turbulence me during several years,
improved), have been received from IS used for most of the
researchers. calculations.

» Middle compactness, absence of
tips at the poloidal cuts of the plasma,
potential for low turbulent transport
and reasonable particle confinement
time for 3 ~0% have been considered
to select the configuration for UST 2.

= VMEC, DESCUR and
NESCOIL are used for
the generation of coils
and some plasma and
winding surfaces.
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Selected reference magnetic configuration

QIPCC3

» LCFS and plasma
varies little with 3.

» High confinement

Last closed flux surface

obtained for =0% (obe | /F—

confirmed by better codes).
» Middle compactness.

» High iota.

» Decision: Chosen
for UST 2

A

Winding surface

)

e

L

L
L%

Dy

\/
A

Retrospectively:

¢ The distance
coill-LCFS must be
low, otherwise coill
shape is
unfeasible or
confinement
worsen
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lota [0.67 , 0.71] A~6.8
From CASTELL ,[Mik 04],VMEC

LCFS supplied by J. NUhremberg and team
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Modification of QIPCC3

Why not to modify QIPCC3 to enhance some
engineering features of UST_2? A-Divertor

Insight came from,

» Initially: Planned divertor for the
GAMMA 10 Tandem mirror.
Source of figure [Ima 11]

» Later, after searching, from:
EPSILON magnetic configuration

HAY:
.

B

ol
o
Y 1)3;‘"" - =
B 8 af 1
w ¢ / \

I New QI configurations.
Linked mirrors. Source [Kul 06] Source [Spo 10]
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Modification of QIPCC3

One objective: Generate wide ports for fast Remote Handling

Complex CASTELL code optimization processes
using also NESCOIL and DESCUR codes

Wide opening for fast
Remote Handling

VISTA A

Movable planar non-circular colils for fast and wide Remote
Handling in-vessel access.
Also space for future large and powerful divertors.
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UST 2 specifications

Specification

Number of periods
Plasma volume (litres)
R, plasma major radius (mm)

a, ave. plasma minor radius
(mm)

Aspect ratio
B, Magnetic field at axis (T)

|y , rotational transform at axis
|, , rotational transform at edge
Vacuum max. magnetic well

3

10

260

~ 37 )

0072 5/7=0.714 7/10=0.7
S T
0.045/0.089/ .. .

Higher ‘

oo BT
0.2% Vacuum magnetic surfaces

at ¢ = 0 and lota profile,
from CASTELL
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UST 2 engineering design.
Fabrication tests
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UST 2 specifications

Coil engineering specifications

Specification

Type of colls Modular coils

Number of pancakes = coils 90

Number of non-planar pancakes 84 (14 x6)

Number of large planar non- 6 (1x6)

circular pancakes

Winding pack size (mm) 4 with x 12 depth

Conductor type Flexible copper wire TXL
10 AWG gauge

Turns per pancake 3 layers x 1 turn/lay. = 3
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UST_ 2 engineering design

A mix of the Hull Concept and Truss Concept is chosen

3D printed
thin cover
surfaces
and
Internal
truss
structure

External groove edge
Bottom

|
\
l

|
\ Y

AT~ Perspective and top view of the first 3 coils 3D printed. A
2"55532' test. Printed by ‘Shapeways’ company. Cost 108 € plus
edge

taxes and shipping

Other beams
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UST_ 2 engineering design

Design of one of the 8 leg
per half period. The design
of the leg is thought for
plaster moulding

External view of the UST_2 design. Vacuum
vessel still unclear
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UST_ 2 engineering design

Assembling concepts

Concept of Filled-sparse pairs
of pieces outside the VV

Sketches depicting the

assembling concept |
(non-stellarator symmetry in i :
the top figure) '

| ~ ___The other legs not
' designed yet
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Vacuum vessel still unclear

A simple low cost VV? UST_2

UST_1

Copper/ Similarly
elbow =) One of the ideas. VV converted into
unfolding surfaces, with reinforcements
F y Test of soldering
~‘ segments on a

mandrel

—

vacuum vessel
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Future work
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Present status and next future work

Present status

Initial tests performed v
Decision of device to build 4
Conceptual design 4
Detailed design 70%
Construction X

Short term : ~3 -4 months
- Finish the engineering detailed design.
- Try to rise funds by Crowdfunding
(contributions are welcomed!. See Iin brief my campaign in
www. fusionvic.org (top link) or search www.indiegogo.com)
- Build UST_2 (independently if funds are raised or not).

UST 1 stellarator and status of the 3D printed UST_2 stellarator Vicente Queral



Middle term: ~ 1 year (UST_3)

Design and raise interest and funds in CIEMAT, in any institution in
Spain or in the world, for a low-cost device:

- Likely a stellarator.
- 0.1 m?® plasma volume.
- B,=~0.5T (1T), high field for its size.

- Turbulence improved (you are invited to contribute!) device
with innovative power extraction (divertor or other?). /\

Long term (prospective) : = o
* Build a large 3D printer for stellarators, the ‘Keops Builder'? =
- Build a high-field pulsed Allure Ignition Stellarator (AlS) [Que 10]?
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e
Questions?

Any contribution to UST_2-3?

Any interest on me
for somethmg 3|m|lar?
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Excluded slides
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Chronology of the development

Initially UST_1 was a white paper full of doubts

Tokamak? ~ June 2005.
An ETE tokamak scaled 1/6 was

estimated — High CS power for Ip June-October 2005
+ short pulse, capacitors, safety, Modular seemed best but.

— / no means to design it
Stellarator?

~ June
2005.

Seem ed I Stellarator

Type of stellarator?

A classical
St. Designed

bl ! with CASTELL | _|
possible I

(long pulse, Insight for UST_t , 7 - code. ‘January | \4
possible low W Xard GTH S e 2006 TI'modular st.

UST_1.Modular &
\

plasma T, etC) stellarator ‘circular’

More improved
CASTELL

January 2006

UST_1 = Ultra Small Torus 1
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Hints about coil design

Selection from ~10000 configurations

s e =S
\1 2) 3) usL_1

Summary of the optimization process

In a 4-dimensional space, CASTELL code calculates several
properties of the configuration. A spreadsheet is created and the
results are ordered mainly according to iota, plasma volume and
o of |B|min. The best set of shaping parameters are heuristically
selected. More refining loops. UST_1 parameters were selected.
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Plasma pulses

Few tens of plasma pulses produced

* After e-beam field mapping the
ECRH system was installed and
pulses from #211 to #254
generated plasmas.

* Plasmas did not achieve any
satisfactory degree of purity.

* The cause is likely desorption
from the walls.

Pulse #2438

0,80
0,70 -
0,60 -
0,50 -
0,40 -
0,30 -
0,20 -
0,10 - Vo
0,00 - - = = ! \ g =
-0,10 | | | r r | .
10 11 12 13 14 16 17 18
Time (s)

I (kA)

P (Pa)

—Neutral Pressure (Pa)  —Signal current ON Signal Magnetron ON

Coil current (kA) ECH power injected (a.u)

Chronogram of pulse #248

Increase of neutral
pressure in the VV

Vicente Queral
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251_Part_Cut.avi
251_Part_Cut.avi

Experiences learned

(focussed on the potential construction of another small stellarator)

« Winding one turn per layer compressed in the groove may be
simpler and faster than winding two (need of an auxiliary conductor).

* The manufacture of the special sleeved conductor lasted long. Thin
wall commercial copper wire should be used, i.e.TXL 10.

* An improved but still low cost vacuum vessel construction method
should be devised and tested. It is challenging.

 The toroidal milling machine is unsuited for very convoluted winding
surfaces. Additive rapid prototyping methods might be superior to
the subtractive construction.

* The toroidal milling machine is expensive (design and
construction time) if at least several stellarators are not fabricated.

« UST 1 is unable for valuable plasma experiments. A stellarator
scaled at least 3-fold UST_1 might be worthy for plasma experiments

UST 1 stellarator and status of the 3D printed UST_2 stellarator Vicente Queral



Several devices have been assessed

OPS

* The device is
optimised for 3~2% but

BUST_Z ~0%.

+ Relatively poor
confinement obtained

for B=0% (to be confirmed
by better codes).

LCFSand N

winding surface

¢ Too compact to allocate /
iInboard blankets, if

reactor.
» Potential improved _ '
turbulence transport. lota "'[016 , 026] without |p B=2% VMEC Free
o A~2.7 boundary run
» Decision: Not From CASTELL and VMEC
chosen for UST_2 LCFS, winding surface and coils supplied by J. Harris and D. Spong
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Several devices have been assessed

QIPCC?2

¢+ Considered too large
helical excursion.

¢ Configuration with LCFS
tips. Unfeasible coils.

» Acceptable confinement.

» Potential improved
turbulence transport.

» Decision: Not chosen

for UST_2 Using DESCUR code
the LCFS was rounded

QIPC6 Large aspect ratio. Not chosen
LCFSs supplied by J. Nihremberg and team

UST 1 stellarator and status of the 3D printed UST_2 stellarator Vicente Queral




Several devices

have been assessed

NCSX-TU

| B=4%+Ip

/ .
NCSX A VMEC-Fix
Mix A /
¢ The device is o & s

optimised for =4%

0.5

|

-0.5

? Poor surfaces.

+ I p b ut B UST 2 —~ O% . E:: 3D_CoiSystern.lines

¢ This particular
configuration has tips.

» Complex overlapping

» Potential improved
turbulence transport.

» Decision: Not

chosen for UST 2  surfaces and

2 e A L
— -040 -030 -020 O 0.0K - A8

Two overlapped winding

"LCFS with Require many coils
+ tips [Myn 10] very near the LCFS
for good result

/!
s
— § i
-0.40 -

~azaxis LCFS IN vacuum for NCSX
and NCSX-TU, Mixed

LCFS supplied by H. Mynick

coils

Vicente Queral
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Several devices assessed

Thinking both in UST_2 size and
reactor. Difficult balance of:

Neoclassical confinement.

Potential turbulent confinement.
Alpha particle confinement.

Middle compactness (~inboard
blanket).

Simple control (~|currents, | shift, ...).
Reasonable coil shape and space.
LCFS tips ~ cost ~ performance.
Cost.

Neoclassical transport
estimation/comparison of possible
devices for UST_2. Particle
confinement time, from CASTELL
code. E,=0. (to be confirmed by
well-validated codes)

UST_1 stellarator and status of the 3D printed UST_2 stellarator

Dglobal ~a?/(2Tp) m?/s

Comparison of QPS QPSV QIPC2

0,1

0,01

0,001

QIPC3 QIPC6 HSX NCSX UST _1
Toka. Bave=1T . Protons 10 eV.

V=10L

Tokamak_A-4_lota-0-5

Toka_10MStepsF_A-4_|ota-0-
25

QPSV_10eV_NumX201_10MS
tepsV_10m3_B-1Tave

——QIPC2_10eV_NumxX201_10M
StepsV_10L_B-1Tave

—=—UST_1_10eV_NumX201_10M
StepsV_10L_B-1Tave

QIP3_10eV_NumX201_10MSt
epsV_10L_B-1Tave

—+—QPS_10eV_NumX201_1MSte
psF_10mL_B-1Tave

——QIPC6_10eV_NumX301_10M
StepsV_I5LIN_B-1Tave

——NCSX_10eV_NumX201_10MS
tepsF_10L_B-1Tave

——HSX_10eV_NumX305_10MSte
psV_10L_B-1Tave

Density (m)

1,0E#15 1,0E+16 1,0E+17 1,0E+18 1,0E+19 1,0E+20




Calculation of magnetic errors

Due to crossovers Due to finite number of coils

{ e —0.08958

xdule.pt3 £ oGt T T ey — 0.05072

— 0.02086

4.271e-007

. Man: 0.1104
=+« Min: 4.271e-007

whfé‘T&e-COS .
—aee Magnetic ‘'symmetric’ 90 coils, UST_2.
— 2.142e005 .
omene  PErturbation on the ‘Modular error

E;zgaﬁgﬁcggjﬁ LCFS, 3.5mm length
T and parallel at 3.5mm
distance, opposite
currents. Scale in T, Bo
=1T. QPS-(UST_2 Size)
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UST_2 is optimized for
good confinement, not

for low errors (Ave. error:
2%, Maximum error: 12 %)

Two Types of crossovers.
Source of figures [NCS 98]




Process of modification of QIPCC3

The straight section is stretched by CASTELL code,
plus re-optimization

« Automatic CASTELL code processes: The
QIPCC3 straight section is stretched (addition of
poloidal cuts and compression of QIPCC3 sections),
CASTELL DESCUR-like code application, two
NESCOIL runs, confinement, iota and magnetic well
profiles calculated by Monte Carlo method.

« Only about 500 configurations have been
compared. Long lasting computations.

* Increasing elongation of the straight section gave
decreasing confinement for the best configuration.

» The re-optimization is poor (about 3 times less Stretched and
confinement than the original QIPCC3). However, compressed
the main objective is engineering. poloidal cuts

UST 1 stellarator and status of the 3D printed UST_2 stellarator Vicente Queral



UST_ 2 engineering design

This design can be
considered definitive. It will
be hardly modified.

« The vacuum vessel will

have only three main ports.
The wide ports for vertical access In

figure are a possibility for the future.

 The fabrication method of
the VV will depend on funds: i)
Manually, similarly to UST 1
or ii) Direct metal 3D printing if
abundant funds are obtained
(unlikely).

External view of the UST_2 design
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Possible long term activities

Built the ‘Keops Builder’ 3D printer? ZE

Similarly to the construction of the toroidal milling
machine for UST_2, the construction of a special 3D

printer for stellarators may be necessary for large
devices.

D-Shape large 3D printer. Likely the

largest in the world. Source of photo Enrico
Dini.

systems might simplify the
construction of ‘Keops Builder’

UST_1 stellarator and status of the 3D printed UST_2 stellarator
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Possible long term activities

Sequential low-cost rapid manufacturing of larger devices

Objective: Low-cost
construction of stellarators

Concept : High-field

Performance (t n T) versus cost forsome fusion devices L

— pulsed Allure Ignition

L 1 B e g i . bl e e

ot D i Stellarator (AlS) (2010).
ol I N oA i VA 2TV R — . i
3 S NG 5: 2 [+ BultSwlarators [Que 10] ngh'ﬁeld,
el 2 MV 2T TER Nudear few ignition pulses.

Lo Tokamak. E
- ¥CS_3 okamak. Estimation . .
% leor ::::L:J:S;:'_::' e A e | M ST (Ulra S Somewhat similar to
:fz S EA~A Z4N A b rka:iks | the IGNITOR, FIRE and
£ enlystae 17 Plasma Scientific _seaos | FAST concepts, but for

LEA2 1y T e Stellarators “==7| _ _commonly built

A ————— a stellarator.

Rough cost (k€ , 2010€)

Planned (= non-existent) low-cost
Real lOW cost Ste”arator . devices (mainly stellarators)

Cost and performance is only a coarse value
for rough comparison among devices
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Possible long term activities

Possible Allure Ignition Stellarator (AlIS) concepts

Reactor head Li/Salt
flow

Model ‘S’

e
g

-

ARV i
‘ 4 1l
\ | 4 )
4 ‘/"
\ 1 [V
w4 =
‘ T

UST_2-like but formed 100% by Original 2010 AIS Other concepts?
copper colls (Alcator C-Mod like), concept: two periods, low

following the AIS concept. Also twist, vertical RH (shape

vertical position? similar to QPS)

Li/Salt
flow
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Extra slides
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Table of results from UST 1 optimization

Ordel lota_1 Ripple_1 % T Bmin_Desvia Average_Rip PlasmaSizi lota_2 Speci: Speci MinDigtanc Fr Pitch_On Pitch2  Pitch3  Pitch4 | H Positi up/dwon | well
5 0,32121037 021300687 0 000374385 011439581 005125 033552672 998 10 0009852 0 14 125 16 0651 013 1045/ 0005
73 032177544 019787124 0 000318734 0 11408053 0,05 033412121 575 582 00078820 18 135 158 061 013 1,038 0,007
65 0,32024554 0,20227083 0 0,00373036 010963253 0,05125 0,33327691 958 97 0,008333 0 1/ 013 1,041 0,011
86 0,31957025 021508315 0 000312265 011926719 0,05125 0,33323939 533 596 0008333 0 15 13 18 0551 0413 1,041 0,008
53 0,31962951 021167482 0 000411215 011538981 0,05125 0,33303551 S75 981 0008784 0 15 17325 16 061 013 1,042 0,006
100 0,32221723 0,20706325 0 000441405 011215376 0,055 0,33275596 955 968 0,007348/0 155 135 155 061 013 1,033 0,013
21| 0,31750303 022302173 0 000378824 0 12245354 0,05 033218811 102 103 0,00835 0 14 135 16 0551 013 1 046/ 0002
| 38 031735654 021121886 0 000379767 011032161  0,0525 0,33182238 974 0,83 0008867 0 450 1.3 1.55] 0.6501 0,13 1,046 0,008 THIS
46 031811712 020618378 0 000347575 011421107 00525 033172369 951 594 0008416 0 145 135 155 061 013 1 043/ 0,004
31| 0,31552703 | 022044582 0 00037768 01160773 005125 033076228 939 593 0008318 0 145 17325 16 061 013 1048 0,009 UST 1
39| 0,31629678 022423351 0 0,00345106 012014642  0,0525 0,33013713 10 101 0,008867 0 145 13 16 0551 013 1,044 0006 —
34 031663715 02027263 0 000370281 011769417/ 0,055 032961367 97 578 0008056 0 155 125 B 0551 013 1,041 0,009
91/ 0,31780244 019299761 0| 0,00414231 011246796 0,05375 0,32909387 954 963 0007780 1,55 13 155 061 013 1,036 0,009
59 031631804 020671245 0 000463787 011574588 0,055 0,32851403 966 976 00073480 155 135 158 0551 0413 1,039 0,041
&3 03154783 019315352 0 000436111 010875171 00525 0,32830247 939 951 0008056 0 155 125 155 0651 013 1,041 0,013
11| 031369671 021665571 0 0,00410085 011192947 0,05125 0,32827982 99 998 0,009401 0 1 013 1 046/ 0007
4 031422588 02092244 0 00035835 011873827 005125 0,32806725 10 101 0,008852 0 14 125 16 061 013 1 044/ 0.006
18 031345058 021258333 0 000432118 0 11584367 0,05 032744505 101 101 0,00885 0 135 155 061 013 1 045/ 0,003

Cut

B0 0,30859755| 021014438 0| 000433755 0,11578750 0,055 0,32115361| 961 969 000773 0 1,55 13 1,55 0551|013 1,041 0,009
63 0,31314478| 020085219, 0 000287516 01167087 0,05625| 032018027 975( 983 0008333 0 1,5 1,3 1,55 0.55(1| 4,13 1,022 0,008
18| 030694523 02152455 0 0,00340183 012000274 00525 032006331 101| 102 0,008%5 0 14 1,35 1,55 3551 0413 1,043 0,007
35 0,30714644| 020132164 0| 000371561 01123514 005375 0,318927263 961 972 0008784 0 1,5 1,25 1,55 061 013 1,038 0,012

Some of the ~10000 configurations computed
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Table of results from UST_2 re-optimization

Distance from ConfTimePart Modit on
Ave.eror8  Max. eror8  coil 1 1o planar Min Distance ~ConfTimelnvers ConfTimeD cles/PartLost_ coet_Mag_gr B_Axis_Y- StepsBetweenColl Currentlarge Radiusof  Expansion of Indentation.  axis Coet  Modif on axis
fota 1 fota 112 lotad/s  Free  MagWell 15 MagWell 12  MagWell /5 Free coil 0 . PerUTime  Death Particles ] ° isions inct Tomperature Density ~ Num Particles  Steps  coils’ large coils  poloidal cuts Coef 2,0 0.2 oot 0,1
Final series of calculations
° 0745088039 07103375 0,69649805 0 774604 0003160142 0002569013 1 0075302344 0001780502 ] o 0 ] o o o 0 0 0 0 o 11428 007 01 00025
1 0749019608 07108375 0692607 0 410504 0003340406 0002887658 1 0,002002498 0 0 ] 0 0 ] 0 0 0 0 0 ° 11428 0002625
2 0749034749 0.711538462 0 0001282683 0.002317614 NaN 0 0023149772 0,001119903 0 0 0 0 0 0 0 0 0 0 0
3 0728346457 0701960784 1 518E04 0002287208 0.002688822 1 0016512363 0015974181 0 0004520563 2645831137 732988954 H242612045 161 33201 116060 1006417 1,60E+08
4 0732283465 0701960784 0 467E04 0002491243 0,002950144 1 opiessases 0015153067 0 00D4SIB0SE 2904377391 678673786 7413746029 7 33201 116050 100417 20 1608408 5
5 0732283465  0,705882353 0 44904 0002677444 0003185485 1 0016395171 0089378631  0,0149494: 0 0004523312 3008116318 662742567 7699169876 168 350 0627254 33201 050 1,006417 20 160E+08 015 0,005
6 0732283465 0705682353 0 482604 0001891048 0001917 1 0016868778 0086723387 0017293521 0 0004558873 8227097787 727647298 9.17387 158 350 061424017 33201 116050 1,00E017 20 02 0,005
7 0695312 0 0,002076414 0,002224 1 0016761668 0087871536 0017575223 0 0,004526612 53,36526 670053439 182 061576621 33201 116050 17 20 02 0.005
s 59140625 0 0.002173133 0,002394445 1 0016707483 0087871279 0017411366 0 0004562697 9.10288 63712968 7096580424 187 061683575 33201 116050 17 1) 02 0,005
s 0692913386 0,6914062 1 0,002817011 0,002216768 1 0017134387 0090900405 0018807202 0 0004555496 2847131631 674914366 7497517171 i 060303786 33201 116050 1,006+17 0 025 0.00:
10 0711462451  0,632913386 0,69140625 1 430E04 0002892194 0,00241243 1 DOIT074867 00BSIB0IE 001861812 O D004STSET 1994604162 604676557 6537244036 203 060411484 33201 116050 1,006417 20 160E+08 0005
n 0711462451 0692913386 069140625 1 519E04 0.003048567 0,002788585 1 0016387469 0088066347 0018830686 0 D0D4S63294 2574425509 649667232 7021484335 189 60546665 30201 16050 1006417 20 150E+08 0.005
Other in relation to the previous. With always the same magnetic axis (no o accurate +-2mm are observed in the variation on the postion of the axis
° 07421875 0708171206 069379845 0 761E04 0003435092 000298142 1 001597319 0085203179 0 0 0 0 0 0 0 0 ) 0 0 007 0.15 0003
0728346457 0701960784 1 482604 0002277566 0,002696534 1 DOIES27978 00BSMEOII  DO1S419556 0 0004519205, 2433937116 609142427 7ASTSATATA 7 3201 475E08 20 150408 007 015 0005
2 0706343206 0,691699605 1 779604 0003460427 0,003222168 1 0p16242147 0016526842 0 0004485625 2031683445 508492303  55094,11558 27 30 415809 20 150E408 007 0.007
3 073628125 0708171206 0 732604 0002902603 0002501524 1 791E04 0 0 ] 0 o ] ] ° 2
4 0732283465 0.701960784 0 526604  0,00209408 0002313 1 0016676794 0 269171575 702832187 789916976 168 20 160E408 007 0.0025 0,005
5 0706349206 0,691699605 069411765 1 19269062 0,002848301 1 0016432456 0017627209 0 21694,63072 602307213 19 164 20 1606408 007 0.00 00015 0007
0724409449 0,701960784 069140625 1 000216376 0,00244486 1 0017150839 0,017332466 0 30316.72164 71919,0491 163 116050 20 160E+08 ) 0,003
0732283465 05953125 0 49504 0001901906 0001927163 1 0016834987 0.087757825 | DONTISHEH 0 0004560255 5260097968 114994 162 350 061446775 33201 116050 20 1608408 007 0,005
0706349206 0,691699605 068411765 1 623E04 0003120768 0.002497 1 001663612 0084483263 0018328311 0 0004427245 233395686 568390892  65696.0663 202 350 061146941 32201 116050 20 150E408 007 0.007
Folder : SEVERAL-C: magAxisPositionThe next are executed with the correct calculated magnetic axis.
0 0744094488 071372549 0 727E04 000335859 0003396739 1 0015576518 0085208913 754605 0 0 ] 0 0 0 0 0 0 0 0 0 0 0 11428 007 0003
0728346457 0701960784 1 557ED4 0002148526 0,002202617 1 0016512913 0090043617 001703305 O 0004525544 2488383402 653209968 7439957502 350 06254344 3084 416E08 116050 20 160E+08 11428 007 0005
2 0707503881  0,568976378 1 B16E04 0003430414 0002974087 1 001622755 0081541729 0016832734 0 0004484538 2307971567 603409514  72378,10486 0.62262916 33084 416609 20 160E+08 11428 00; 0007
3 0703125 1 480E04 0002382155 000301173 1 7 0 0004611703 3022823586 72150.7715  B22070: 33084 416E09 1006417 20 1608408
4 0732283465  0,701960764 0 54304 0002103731 0,002319237 1 0016880568 ] 2556795955 670022647  7: as0 33201 415808 1006417 20 1506+08 11428 075 0005
5 7312 0688976378 1 0,003228275 0002794039 1 0017625789 0 0004473684 4.94807 575416466 350 3084 4.16E09 1006417 20 1606408 11428 075 0.007
6 0725450196  0.69921875 1 0002308624 0,00251154 1 0017416588 0 0004607341 626263 66978.7523 3 3084 4,16E0¢ 1.00E17 20 1606408 11428 2 0,003
7 0732283465 0708661417 069140625 0 001861587 0,001751506 1 0016340326 0 0004555465 2778496893 756064549 350 33201 415E08 1006417 20 1606408 11428 2 0005
s 0703557312  D,SBEITEI7E 069921675 1 G67ED4 0003082556 0002443124 1 ODIGG4I3 0OB4ATBEST  DO1B3NA0S 0 0004427058 2392303398 643826 7159973865 30 0 3084 416809 1008417 20 1508408 11428 2 0.007
Folder 26_24_84SC_6LC1-142Curr_§-7Mod-T0Equ
0 0732263465 0,705682353 0 4S8E04 0001886235 0.001907138 1 001687094 0085014226 001723645 0 0004556581 3190670104 740721684 8346307942 159 33201 415609 00E17 20 160E408 007 02
0732283465 0705882353 0 47304 0001887801 0001914173 1 001685161 0088574705 001748179 0 0004559352 3233473977 693760154 7715483264 m 33201 415609 16050 1.006417 1.60E+08 11428 007 02
2 0732283465 0705882353 06953125 0 496ED04 0001923131 0001545206 1 001684549 0087918545 0017581512 0 0004559352 2911511695 6BSIATIEY 7806238 170 301 415609 116050 1.60E+08 11428 007 02

Some of the ~ 500 configurations computed.
ST 2 marked in blue
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Internal view of one piece
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Matters for discussion and future

We could have talked about many other matters, i.e.:

« Why QIPCC3 and not QIPPC6 or QIPPC2 or NCSX-TU or ...7.

« VV construction method (still not clear for low cost).

« Why such winding surface and not others?.

* Bo, Te, n, neoclassical transport and other physics parameters.

« Stress on coll frame and limit of Bo for certain materials.

« Why 3D printing+moulding and not casting or milling or ...?.

« Material for the frame: Metal, plastic, resin, plaster, concrete,
ceramics?.

« Many others.

but perhaps not enough time for them.
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Firewire un p. supplies
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Decision of type of device

Gradually the doubts faint...

CNT

Stellarator
modular _

Insight for UST 1
came mainly from

W7-X and CTH & Clasical
UST 1. Modular f8 & [ & stellarator

stellarator ’circular’
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Vacuum vessel

A simple low cost VV

Five elbows.
R=119mm.

Finished

R S vacuum vessel.
Reinforcements an 3 large ports and | 4
opening for port one small
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Field line mapping experiments

Many issues solved to record the magnetic surfaces

Vacuum Vessel

25

Rear Collision

e—=Gun 6mm diameter

e~Gun 14mm diameter

Rear collision. Collision of e-
beam with the large e-gun after
3 turns. The very small 6mm @
was used to solve the issue

UST 1 stellarator and status of the 3D printed UST_2 stellarator

Large drifts. Beam energy for
enough fluorescence produces
high drifts in UST_1

Vicente Queral



Summary of decisions taken

Objectives + cost+schedule constrains — decisions

A) Magnetic Middle compactness, LCFS

. . ; A modified
configuration  unchanged for any size, low turbulence
. : . QIPCC 3P
to chose? potential, design available now, ...
B) Size A cost-reasonable size Vp = ~ 10 Litres
C)Colls \finside: Coil frame material limitations . .
el EeTstE or perfect coil closure required CellS el
the VV/? P d
D) Method to . : . .
. . 3D printing, metal casting, moulding, 3D printing +
build the coll o . )
milling, mix? moulding
frame, VYV, ...
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Balance number of coils ~ modular ripple

Result: ~72 ‘coils’=pancakes selected as starting point

0.02613 0.1117
B |
— 0.01950 — 0.0837
I 0.01306 B 0.0556
— 0.006532 — 0.0279
1.147e-007 l
Max: 0.02613 Max 01117
Min: 1.147e-007 Min: 6.044e-00
Error of B'n (per unit) on the magnetic 72 coils (real alternative). QIPCCS3.
surface for 180 coils (almost perfect). ‘Modular error’ is observed.

QIPCC configuration N,=3

Ave. error: 0.70%
Maximum error: 2.6 %

Ave. error: 1.36% >~ 1% [Min 00]
Maximum error: 11 %
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Magnetic errors due to finite num. coils

UST 2

R

o
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R&D carried out to support the decisions

Experimental validation and assessment of the concepts
have been produced

= Experimental tests of pieces have been produced to early
detect insurmountable problems of the concepts and to
roughly estimate the cost of the device.

= Theoretical assessment of several different magnetic
configurations has been produced.

UST 1 stellarator and status of the 3D printed UST_2 stellarator Vicente Queral



Low-cost coil metal casting

Permanent plaster mould test

- The aim would be to
create permanent
plaster moulds for 5-10
pieces of Al or Cu coills
(usually impossible).

Y
1A y

- The cost would be
reduced 5-10 fold since
several colls are identical.

Own test of casting in a “permanent”
plaster mould. The mould broke. However,
some ideas appeared to allow permanent
plaster moulds for Al
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Generation of the original magnetic surface

Result: Satisfactory reconstruction of surfaces
using 180 and 72 coils=‘pancakes’ for QIP3
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Reference magnetic configuration

The base reference configuration is a QIPCC of 3 periods

Only the magnetic configurations already developed
by physicists and received from the authors are Qf\\ W
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Cross sections of
the plasma and
winding surface

Last closed flux surface Winding surface
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