f—]
.
e
o
o~
E——J4

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS
I.C.T.P,P.0. BOX 586,34100 TRIESTE,ITALY,CABLE:CENTRATOM TRIESTE

INTERNATIONAL ATOMIC ENERGY AGENCY
|€ ) UNITED NATIONS EDUCATIONAL, SCIENTIFIC AND CULTURAL ORGANIZATICN

H4-SMR 1012 - 23

AUTUMN COLLEGE ON PLASMA PHYSICS

13 QOctober - 7 November 1997

THE SPHERICAL TOKAMAK CONCEPT

A. SYKES
UKAEA Fusion, Abingdon, U.K.

These are lecture notes, intended for distribution to participants.

MAIN BULDING STRADA COSTIERA§T TEL. 22400 TELEFAX 224163 TELEX 440392 ADRIATICO GUEST HOUSE VIA GRIGNANO.9 TEL. 224241 TELEFAX 224531 TELEX 460449
MICROPROCESSOR LAB. V1A BEIRUT.31 TEL 22447} TELEFAX 224463 TELEX 460392 GALILEQ GUESTHOUSE  VIA BEIRUT, 7 TEL. 22401 TELEFAX 224559 TFELEX 4460392






THE SPHERICAL TOKAMAK CONCEPT
Alan Sykes

ICTP Autumn College on Plasma Physics October 1997
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Magnetic Confinement

- to keep the plasma away from walls:
at first, linear pinches or simple mirror devices:

FIELD LINES

SIMPLLE MAGNETIC MIRROR

- but some plasma escapes from the ends......



TABILISING
CURRENT CURRENT

RESULTING FIELD

METAL TORUS

— Toroidal pinch
(2) ZETA mode (b) TOKAMAK modc
| Bel ~ [Bo|  |Bg| > [Bo|

Be TOKAMAK

REVERSED FIELD PINCH
p = —B?-

A large (io~3o%) (3 smatt ("‘3%)

=]

Safety factor q o

l=-]

In a tokamak, (usually) q > 1 and increases outwards:

3

o
o
~
[=]
fal
=]
[=2]
=3
=+
Q

TOKAMAK

In an RFP, q < 1 and reverses .......
a close fitting shell is required for stability Condteting
all

0 0.2 0.4 06 08 1.0

ria
REVERSED FIELD PINCH



THE SPHEROMAK (1978)

Unfortunately, spheromak plasmas are generally

- a tight aspect ratio pinch - '
4 cold, impure, and prone to tilt and other instabilities.

(no field reversal) with the
toroidal field supplied by

the plasma alone In 1985 Martin Peng

proposed building the
STX (Spherical Torus
eXperiment) at ORNL..

A Feasibility Study for the
Spherical Torus Experiment

Bussac, Furth, Rosenbluth
(IAEA Innsbruck 1978)
- connections to Alfven,
JBT, Jassby..Ienan Jones

ORNL/TM-9786
E. A. Lazarus
S. E. Attenberger  R. E. Hill T. J, McManamy
";":”0" L. R. Baylor S. P, Hirshman  G. H. Neilscn
! 5. K. Borowski J. T. Hogan ¥-K. M. Peng
R L. Brown J. A. Holmes J. A. Rome
r . B. A. Carreras W. A_Houlberg M. J. Saltmarsh
idealised concept L A Charton S S. Kalsi J. Shettield
K. K. Chipley V.D. L D. J. Strickler
G. R. Dalton_ P. 8. thherland P. B. Thompsen
R. H. Fowler D. G. Lousteau C. C. Tsai
. . W. R. Hamitton J. N. Luton W. L. Wright Y
To make their spheromak (theoretically) stable, T C Hender  J. A Mayhal

they had to squash it...

f In 1986 a convincing summary of the physics
changes at tight aspect ratio was published.

FEATURES OF SPHERICAL TORUS PLASMAS*

To
Diverlor Y-K.M.PENG, D J. STRICKLER

B QOak Ridee National Laboratory,

Oak Ridge, Tennessee,

United States of America

Injecticn NUCLEAR FUSION, Vol.26, No.6 (1986)

ABSTRACT. The spherical torus is » very small aspect ratio (A < 2) confinement concep! ablained by retaining
only the indispensable components, such as the toraidal field coils, inboard to the plasma torus. MHD equilibrium

Ex eri me t b calcuiations show that spherical torus plasmas with zn edge salety fuctor q > 2 are characterized by high toroidal
Plasma p n S Were egun beta (B > 0.2), low paloidal beta (,G < (1.3), naturally large elongation (x = S 2}, large plasma current wilh
P 1 HaB, o) up 1o about 7 MA - mT™* suong paramagnetism {B, ,'B > 1.5}, and strong magnetic helical pitch
at I'lnceton LOS AlomOS (b compar:bie to F). A large near-omnigeneous region is seen in lhe large major radius, bad curvature regian of the

Heldelbur UMIS plasma in comparison with the conventional tokamaks These features combine to engender the spherical torus
g, T _____ plasma in a unique physics regime which permits compact fusion at Jow field and modest cost. Because ol i1s

strong paramagnetism and helical pitch, the spherical torus plasma shares some of the desirabie features of sphero-

mak und reversed-ficld pinch {RFP) plasmas, but with tokamak-like confinement and safety factor q. The general

Reac[or proposal class of spherical tori, which |-ncludes the spherical tokamak (g 2> 1), the spherical pinch {12>q> 0}, and the spherical

RFF (q < 0), have magnelic field configurations unique in comparnson with conventional takamaks and REPs.




History of the 'Spherical Tokamak'

o advocated by Y-K Martin Peng (ORNL) in 1985

@ Spherical Tokamak eXperiment (STX) proposed in 1987
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# Culham Working Party advecated low A in 1987

® STX abandoned in 1988

® Robinson & Todd design START at Culham

o First plasma in START, January 1991
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PROGRESS IN ST DISCHARGES
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CHANGES IN PHYSICS BEHAVIOUR EXPECTED
AT LOW-A

*  natural elongation and D-shaping

*  high magnetic shear

®*  {rapping raises Ohmic Heating

* trapping affects transport -

*  bootstrap current - increase or decrease?

* effect on MIHD of high toroidicity and high shear:
small islands? mode coupling? stabilisation?



Z(m)

HIGH SHEAR AT LOW-A

THE SHEAR IS VERY HIGH, EVEN FOR FLATTISH CURRENT
PROFILES: IN THIS MODEL OF THE FLAT-TOP START SHOTS,
Go=1.2 and q"=3.6, butq, =152

| Y

A | noay | Brem| k| g | ae ﬂ .
25 | 120 | 189 | 11 | 82 | s2 \v / m
1.8 166 1.22 1.3 8.2 4.0 @ \ '\'.\ /%/// { ” //A

Properties of low aspect ratio equilibria |

In each example minor radius = 0.15m, andqo ~ 1,qa ~ 8
The vertical field is approximately uniform
Ip chosen to increase with 1/A

N AN\ :/?/’1////’1'!!‘{'/’///'//'/,*—\\\\\\\\\
14 214 0.54 L6 8.2 21 AN {y RN NN
1.2 250 0.17 20 8.7 0.9 [I
I

Note that, as aspect ratio is
reduced from 2.5 to 1.2:

9.05 0.0 0,15 9.20 0.3 0. 0.3%

- elongation increases naturally o5
from 1.1 to 2. m
R=0.20m
+ fraction of exhaust hitting a=0.15m ol _ ,
limiter falls from 100% to 1% b=0.22m q-profiie n-3sT
< aB
+ Toroidal field required to A =133 o
achieve same q for given Ip k=147 ~ 47,
falls by factor 20.
Irod = 480kA
Ip = 100kA
qo = 1.9 N - R B 0 ] n
Qu=15.2 0.25 9.30 R (1) 0.35

q'=36
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PARAMAGNETISM, PARTICLE TRAPPING AND
TRANSPORT

The paramagnetic effect is the increase in toroidal field above

the vacuum field.

This can be large at low-aspect-ratio, especially for large

ip/Irod:
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This paramagnetism can lead to the 'omnegeneic effect’, in which
the [B| contours are nearly parailel to the flux surfaces in the
part of the outboard region shown shaded:
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This is predicted to produce very narrow banana orbits, and
hence confinement may be Letter than the high fraction of



Island Widths Narrow at Low Aspect
Ratio

i I ]

Dué to trapping. -Ohmic Heating
Increases at Low Aspect Ratio

Overall resistivity enhancement
cf. Spitzer, for parabolic Te profile

(assumes collisionless plasma)
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Cylindrical m=2 islands

At low aspect ratio, a substantial fraction of the
scrape-off-layer (SOL) escapes interaction with the
limiter, and forms an exhaust plume
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02
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START GENERAL LAYOUT, SEPTEMBER 1995
Construction of START 1989-90

| Muitilam joint .
. m |

To test out the ‘spherical tokamak’ concept, START - TF return b (xs)” | .
was designed in 1988 by Tom Todd and Derek '-

Robinson using spare equipment, copper TF rod
PF2e PF1 " ] i Q

B
Two novel features were used: K .
JoR NN W 5;3) ......... _|_|graphite limiter ) Y | | Vacuum tank
. . . (ex TORSO expt, 1570')
(1) A copper centre rod which was part of the single- . X-pt coil
aluminium tank Ed
turn secondary of a large pulse transformer; - -

- (2) the current was induced around two coils at large

The TF system is part of
the single-tum secondary

of the pulse transformer
] e

radius, then compressed into the required ST

configuration.

First plasma was obtained in January 1991 (72 tumm)

Pulse transformer
(ex pulse expts, 1950's)

I iron core

— d %
— segondary (copper sheet)

AL I




XUdy 1A

‘quiod-x Suimoys) 331eydsip ewseld LY VLS Y3 Jo sadejs uonnjosq

UONBUTIIID |, BUISBLJ

U0 B0 ] YWSB[]

gossarduwo)) pwsefd

=
&
=
2
=

,doy-jey, ewselq

spoD

ymog-x

unInjo,) eIU.)

Development of the START facility

First results from START showed well centred, hot
plasmas with conventional tokamak features but

apparently free from major disruptions.

Plasmas were initially small (R ~ 20cm, a ~ 15cm, x ~
1.4), I, ~ 100kA and discharge time ~ 10ms. Addition
of central solenoids (first 20mVs, present 80mVs
maximum) has led to plasmas typically R ~ 32cm, a ~
25cm, k¥ ~ 1.8, I, ~ 200kA, discharge time 40ms.
Plasma can be of several configurations: limited on the

centre column; double-null-divertor (DND) or single-
null-divertor (SND).

Ohmic plasmas were studied until 1996 when a 40kV,
< IMW Neutral Beam Injector was installed, on loan
from ORNL. in USA.

A pellet launcher on loan from Frascati will be installed
in late 1997,



The 'operating space' for START is at least as ' - N o
wide as that for conventional tokamaks: T

16

Qe trom[TER defirition

C

Hugill Diagram for Some Modern Tokamaks in Ohntic
L-Mode Operation and START (Ohmic) Flesults1

f Hydrogen at up to 30keV.
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HIGH BETA VALUES ARE EXPECTED

IN SPHERICAL TOKAMAKS:

- Theory:
the Troyon limit, By = B.}/aB, can be written as

Br=5Bx.k/ Ag;
and high x, low A are features of the ST

- Experiment:

®
12
DI-D
10 ’
Bn=35
8 - /,
Bt o ~PBX-M
| _ JET
(%) © ) L PBX
- Doublet I
4 - L1 11~ PDX
| -18X-B
1 L JT-60U
2 — 1. - ASDEX
- TOSCA
| TFTR
0 ] T
0 1 2 3

i/aB (MA/m/T)

Jfrom E.J.Strait, Phys Plasmas 1, 1415 (1994)

For each device, the right-hand limit to operation is the
low-q limit g, ~ 2

Large aspect ratio, circular section machines meet this
q,=2 limit at lJow I/aB and so have low 3

PLASMA PROFILES IN START
HIGH-3 SHOT 30234

‘ 3000 T T
; #3023
| Total Pressure (Equil.
| T
1 a .
| 40004 ©
5 o
w
7]
2
. 2000+
0
0.0

Radius {m)

Components of total pressure

Previous record central beta value
was 44% in DIII-D

I8 UKAEA Fusion



B—Definitions

a) Volume average total B
 Most commonly used definition is

B, = P
T 2

By /21
where Bq is the vacuum toroidal magnetic field at the geometric

centre
o Troyon used 2 full volume averaged {3

. L
[ B; +Bjav
b)Central B
 Using B at the geometric centre Ro:
Bo=—5
0 g2 /2
0 0
 Using B at the magnetic axis Ra:
Pq
Pa= 52 /2
a!“Mo

where B, and By represent the vacuum toroidal field

c)Reactor B

_pavijav]
T 2
By 1214
Examples (START) Br B) | By B, B*
#30234(peaked)% 8.5 34 | 48
#31832(flat)% 115 153 33 | 42 16
#32993(flat)% 31 9.52 | >50 | >60 36

START Beta Space

35 L] | L] T T
: /
] START #32998—
30 - ) .
] START #32993
6, ® o®
254 “
¥ W
/ ®
20- Y, o oo g
— éb‘ ..
g 1 Previous Record: AR & ?’fo ]
~ 154 DID 80108 / =
o=l

{ Conventional »’ ®

T R WV 2 |
| L 0 |
> ;
5~
V/ % o§ ® 1997 Data
1 o 6 O 1996 Data
0 ' 2 ‘ ; ‘ ('5 ' Eli
I/aB (MA/mT)

B is the ratio of the plasma pressure to magnetic
pressure. START results have confirmed predictions
that B can be very high in a Spherical Tokamak
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START, #32993 | Electron temperature and density profil

| for #32 =35m ained from 30-
Ly Lo (a) point Thomson Scattering diagnostic
MA 02 :
o i‘ S00F - ' ' '
o 54l (b) o apof StartMulti-point TS 32993 35.0ms]
10""m c E
2} £ 300 .
0 f 200 —
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: 04 ° I?’Iajor g:?(?ms (11?)40 030 e
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o @)
9os g The broad density profile is typical of these high B, low g
discharges. It may result from MHD activity in the plasma
95 74 53 35 36 40 centre, or indicate transition to an ‘improved’ regime

t, ms

Fig.6. Traces for record high B START shot #32993



ABSENCE OF CURRENT-TERMINATING

MAJOR DISRUPTIONS IN START

JET

major |
disruption

40 42 44 a6 48

t{sec)

major
disruption

lll!llil'lllllllll

t(ms) 200

ERATO studies of n=1 kink stability

1
r SHOT 30769 (1996)
200 —

[p(kA)

1IRE

sHoT 21607 (1994)

100 —
| M(IWS)
0% |2!II41| GIHLllllLlillzi T IILEIIlLiIIZLHIlellthIlzLilIZLIII3

START

1]
32

0

t(ms)

¢ modelling shows that the IRE can be self-

stabilising at low aspect ratio

34

(Tim Hender)

pressureless model
no wall stabilisation used

—— R/a=18

—<e— Rfa=l6
- Yo, T =
- 6 . R/a=15
o ‘-‘_. —a— Rfa=14
o Y, --#-- R/a=13
o "\
£ Y -4 R/a=12
~ 5
> X
'
2 ~.“‘
0 T T
1.5 35 4 g 45

q, > 4 is required for stability at A = 1.2
(this plot for elongation k=1.6)
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o
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q, further increases for higher elongations
(this plot for A =1.3)



| Comparison of typical STAR'L and COMPASS
equilibria

NATURE OF THE LOW-q LIMIT

START has always had its operation space defined by mild START
internal reconnection events (IREs).
: : o A=145
With the present campaign, pushing the low-q limit in the DND
plasmas the IREs are more severe: R=029m
100 Shot No 30868 a=0.20m
200, ; K=2.1
. — 1 3
100 Plasma Current (kA) | Vol =0.43 m
0 | By, =0.34T
A oem  udm s . oomw oo . 0oM I =202 kA
. p
Time (5)
E=040kJ
Many shots near the low-q limit terminate within 2ms
(~ confinement time), as shown by @ :
0.1 0.2 u.sl 0.6 G5 0.6 - COMPASS
25"' . T T < T B T
TR T AS328
204 Br=3.5/(aB) NG R=0.56m
I o a=0.17m
;\3 154 pwpsotos .
e #30868 | K= 1.55
s Py -
10- . Vol = 0.45 m’
O
0.2 | BTO = 1'85 T
5 - 4
- _ % I,=172kA
0 = — 4 w2 g
0 6 8 2 0.4 7 0.k5 {tN-) | n.7 0.9 E - 2.8 kJ
1/aR (AMA/mTY
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WORLD SPHERICAL TOKAMAK POPULATION

AUGUST 1997

CDX.-U {1994}

i

TS-3 uitra low A (1993) MEDUSA (1994)

START (1991) HIT

10FFE

&

L [ TTEATEETI M 1AL,

TST

TOKIO, 19958

[ s
1 metre

PEGASUS,
MADISON

Outer TF Coils Transiton

CDX-U
(PPPL, USA)

OH Error Field
Compensation Coils

DC Helicity injection : new central solenoid now operational

Heating
Solenoid

Vacuum Chamber
Side Wall with
Toroidal Break

Bottom Fiange

Toep Flange

85-316

58-316

Plasma Current
Minor radius
Elongation
Major radius

Aspect ratio

Toroidal field
{Steady-state)

design  achieved (June 1994)  qq(

< 100kA
24cm
< 1.5
33cm
14

0.17T

30kA 100 kA
20
1.3
32
1.6

01T o 13T



T, eV

u

Dependence of central electron temperature

on L, ng, Vypops By for Ohmic plasmas in

TS-3 : original low-A form (1991-3)
(Tokyo, Japan)

External ficld coil Poloidal field
coils

Discharge i T OH coil (r=60mm)
electrodes

External Bt coil
(16turns)

START and CDX-U
(M.Gryaznevich,1996)
To0 700
600 - 600 |-
o
500 - o @ 500 | ° o
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o [=]
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w0 [H] [ o
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4006 | o 60 oo ° 400 |- Gl o 000&
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100 |- 100 |-
) ] o
a 5 1 L I 1 L L { L L
190 15 20 25 3.0 35 K] 0.2 03 0.4
loop’ Bt' T

Note 1) CDX-U operates at low density (for pre-
ionisation reasons)

-

2) maximum Te, o< By

I T N B
0 §00 [mm]

TS-3 : ultra-low-A (1993 —)
External ficld coil Poloidal field

Discharge
electrodes
cumment-carrying
/ assembly

4 L I LLHIX Bt coil

Ref: Y Ono et al, Phys. Fluids B §_(1993) p3691

1 1.1 19
[\] 500 [mn}



SPHEX 'RODOMAK"
UMIST, UK

diagnostic

ports \‘-““L——_S_

vacuum vessel

closed
flux

flux
cansearver

|
™ -~
inner electrode N field shaping coils
N
Marshall gun = : :E(——- puff vaives (x6)
outer electrode —3= N
R axial conductor &
solenaid Q quartz envelope
N
\ N
/A N 7/2&— insulator
4 | -C— high voltage break
50 tm !
SPHEX ‘RODOMAK’
Ry = 0.23m a=0.22m A = 105
Ip < 200kA t~0.7ms Bro = 0.045T
Teg ~ 30eV Neo ~ 3 x 101%m-3 Tia ~ 30eV
1 ~ 0.010ms

Ref: P K Browning et al, Phys. Rev. Lett. 63 (1992) p 1722

HIT (Helicity Injected Tokamak)
Seattle, USA

Toroidd lasulator
. {one each end)
per Vertica H
Field Col
Absorber
Region
1T Quter Conducter
Inner Conductor -
{Centra Column)
lﬂ' )
Con_finemeni P Bridge
Region Surface \\
Probes ™~ Bridge Rogowski
Lower Vertica B Negative
Field Coll Bigs Cail
In jector
Région @ @ _
Paositive
Vinj Bias Col

Voltaae \ Torodal Feld Col

ﬁﬂstﬁar%r {40 turns}

(4 each end) 3 [ m N

Parameters achieved
R =0.3m a=0.2m A=135

By =046T t=6ms Ip = 150kA

feg ~ 6% 1019 m?3 150

Ref B A Nelson et al, Phys Rev Letts 1994
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GLOBUS - M Spherical Tokamak

, St Petersburg

TIoffe Institute

ion

under construct

status
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‘PEGASUS?’ is the large scale successor to
‘MEDUSA’ and is now under construction at
Madison, Wisconsin USA by Ray Fonck’s team

The PEGASUS

%)

AR
Y N

Toroidal .
E xperiment
L l from the Umiversity of
Wisconsin Department of
N \§ N Nuclear Engineerinng
and Engineering Physics,
a proposal fora ...
@ euaet o
e UNKNOWN!
Yo }
7 A

NSTX

TV L e

Ceramic Insulator Quter TFs

(Helicity Injection)

PF 2
CFC Tiles

ATJ Tiles
Upper Dome

PF3

24" Flange

24" Flange

Central
Section

PLT Base

NSTX (National Spherical Torus eXperiment)

PPPL USA

status: under construction
( first plasma scheduled for April 1999 )



WMiADL UVICSA- AL DINICTICAL L UKAIdAh ]

Flexible TF

Leaf Joint ™~

Centre
Column

Divertor

Target ———

UKAEA Culham

status: under construction

( first plasma scheduled for Sept 1998 )

Assembly [

4

P1
Solenoid

p2
= Divertor

{13

el L

Centre Column
Restraint Collar
& Sliding Joint

Yacuum
Vessel

TF Limb

PF Coil

Support
Structure

PARAMETERS OF FEW SELECTED MODERN AND NEAR FUTURE

SPHERICAL TOKAMAKS
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SPHERA (Spherical Plasma for Helicity Relaxation }

Assessment) was proposed by Alladio, Micozzi and J Russia
Pieroni et al at Frascati. This large device (Ipup to 2 or | U S T

3 MA) is designed to study several aspects of ST status: proposal
formation: Joint Upgrated Spherical tokamak

= module 12 “conventional” ohmic
B fimiter, divertor solenoid
plate & electrode

1 insulator coating

~10 m
JUST preliminary parameters

Plasma major radius, R [m] 1.7

Piasma aspect ratio, A 1.5

Plasma minor radius, a [m] 1.13

Plasma elongation,-kgs 2.5

Plasma safety factor, q95 3.3
Toroidal magnetic field on axis, B [T] 1.34

Toroidal plasma beta, Bt [%] . 27

— Plasma current, Ip [MA] 14
20 cm Auxiliary heating power, Paux [MW] 15
Helicity injection Central screw pinch to provide Fusion power, Pys MW] 2

TF (0.38MA ‘rod’ current)



THE FUTURE:

_ STs as D - T} Materials Test Facility
Power Plant

Assume the physics works out OK
(confinement, stability, start-up, current drive, bootstrap
fraction, wall materials...)

there remains THE CENTRE CO_LUMN PROBLEM:

Conventional fusion

power plant
e.g. ITER:

Su.rduhdus‘\'lﬂ//?
TF

Single turn | ‘i‘l'”
copper rod |i'}

Peng’s solution
(Peng & Hicks,
1990 SOFT conf)

- replace copper rod when radiation damaged (1 - 2 years)

- sufficient lithtum-tritium breeding area without central
blanket, provided A < 1.6

Novel centre-post designs are being investigated

e.g. Bond & Hender, UKAEA Culham:

ST Power Plant Cryogenic Centre Post

I Centre rod

Cryogenic divertor coil

Superconducting
field coil

—t o

2cm graphite

28cm el and

ptensitic steel

coolant

* Al runs at ~30Kk, resistive
loss only 6MW, but needs
100MW cryo plant

45¢m Al and He ¢ Al column suitable for

shallow burial after
100years

® Shileding may be such that
column never needs



CULHAM SPHERICAL TOKAMAK
PROGRAMME

{Operational)
0 ! m MAST
Scale (Under construction)
Removeable  g)iging Joint Divertar Coil
Test Cassette . j /Divertor Module
/Sligling
r Joint
N.B.L Shield
Port T.F. Busbar
Feeds
: Poloidal
Shield :
— Field Coils
Induction
Coil

CTF

(Component Test Facility)
(design)
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A BRIGHT FUTURE FOR HIGH BETA
AT VERY LOW ASPECT RATIO
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(Adapted from “The Spherical
Torus approach to Magnetic
Fusion Development” by
R.D.Stambaugh, 12th
Technology of Fusion Energy
Meeting, Reno 1996)

2 3 4 5
/aB (MA/m/T)

7 8 9

+¥+ cenerar nromics

CONCLUSIONS

Results from the small spherical ‘tokamaks presently

operating continue to be encouraging -

e natural plasma elongation and shaping, good vertical
stability

¢ wide operating space

e confinement equal to (or exceeding) usual tokamak
scalings

e resilience to hard disruptions

e very high P observed, supporting theoretical

predictions

= further study of the ST concept is required - in
particular on the larger, purpose-built mega-amp size

devices now under construction






