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ABSTRACT

The paper gives a short description of the TBR - gmall
brazilian tokamak and the first results obtained for plasma for-
mation and equilibrium. Measured breakdown curves for hydrogen:
are shown to ‘be confined within analytically calculated limits. :
and to depend strongly on stray vertical magnetic fields. Time
profiles of plasma current in equilibrium are shown and compared
with the predictions of a'simple analyt:l.cal model for tokamak -
discharges. Reasonable agreerrent 1s obtalned taking 2 ff- as . a:
free parameter. RRRE

1.~ INTRODUCTICN

TBR is a small research Tokamak designed and construct-
ed at the Institute of Physics of the University of Sao Paulo
using mainly available granduate student and technician labor
force. The constructlon began in early 1978 and operation
started in April 1980.

- "The main objectlve of the pro:ject has been to construct
with resources available in the country a versatile and low cost
device which can be used for research and for tralnnlng of gra—
duate students.

'The project and the design of TBR are descrlbed in two
reports 1, ZJ Design parameters of TBR are given in Table I.

In this paper we present a short description of the
machine and some preliminary results obtained for- the plasma
formation and equilibrium. _

2 - DESCRIPTION OF TBR

Vessel and Vacuum System oo S

The wvessel is constructed using 4 stainless steel 304 L
elbows. Fach two of these are welded to form. the two halves of:
the vacuum chamber. The wall thickness 'is 3.2 mm and the time



constant for penetration of magnetic field is 320 us. Four dif-
ferent port configqurations are used: retangular 10 x 4 am® and 6
x 4 cm?, 3,8 cm circular and 3,8 am circular tangential. The
total machine access is 410 am? for 18 ports. Viton O-rings are
used for seals and also to provide voltage breaks between the
two halves. : _ o _
' The base pressure atained in the vessel is 5 x 10=7
Torr. The diffusion pump is now being replaced by a 450 l.s~1 -
turbomolecular pump.

Toroidal field

The toroidal coil is divided into eight sectors, each
containing 14 turns. The two twrns at each end.of a sector
are half of the thicknesses of the remaining 10:in order to re-
duce field ripple in the gaps between sectors. : The coils are ..
made by silver soldering 5 copper bars to form a "U" (see fig...
1) and a copper bar to close the loop.  Each coil is insulated -
by winding fiberglass tape and making epoxy impregnation in . .-
vacuum. The electrical connection between adjacent coils is -
provided by screwed bars wedges; glued phenolite wedges are
used for insulation. An electrolytic capacitor bank of 4.4 nF x
2790 V (17 kJ) is used to energize the coils. At maximm, the
current is crowbarred with an L/R decay time of 30 ms. Compen—
sation coils are used to reduce stray vertical and radial fields
caused by the toroidal current path and misalignement of coils
(fig. 1, Cy and C, coils). T T R

Ohmic heating

The ohmic heating air core transformer is composed of
three parts: a central solenoid with 48 turns and two flared
sections, at the bottom and top, with 20 turns each. This
design hasbeen chosen to improve the coupling with the plasma -
and to reduce stray fields. The transformer is energized with .
two capacitor banks: !a fast 5 to .60 uF, 10 kv bank and a slow
one of 16,7 nF capacity and 930V maximm. Passive diode swit-
ching and crowbar are used. Compensation coils are used to
decrease stray fields fram the OHT inh the plasma region (Fig. 1,
C; and C, coils). e

Vertical field

The coils used to produce the vertical field are shown
in Fig. 1. They are decoupled from OH coils using a solenoid
connected in series and placed in the center of the OHT transfor-
mer. The position of the coils is determined such that a decay
index n of 0,5 is cbtained at the center of the plasma. Two . :
capacitor banks are used to energize the coils: 5 to 65 uF x 3
kV for fast bank and 40 mF x 110 v for the slow bank. Passive
switching and crowbar are used.



Discharge cleaning and preionization

An oscillator of 15 kW and 5 kHz is used to opperate
the machine in the discharge cleaning mode. A toroidal DC mag—-
netic field of 200 gauss is maintained during discharge cleaning.
The duration and repetition rate of the RF pulses can be varied
‘but usually they are 20 ms and 2 pps. Peak to peak current is
1 ka; f£filling gas is hydrogen at pressure of a few tJ_mes 10“4
Torr. '
In the Tokamak mode, " the oscillator is used to produce
an oscillating current of 1 kA p-p.

Dia gpstlcs

The dlagnostlcs currently in use are Rogwski loop
voltage, and cosine coils; electrostatic and magnetic probles
are sanetimes also used. The s:Lgnals are recorded in storage
oscilloscopes. A residual gas analyzer is being installed to
monitor the impurities. A Camac System coupled to a PDP 11/45°
camputer together with a Tektronix video display hard copler 4
system is being installed for data taking. A 65 GHz microwave
interferometer, an optical spectrometer, and a soft x-ray detec-,
tor will be installed whithin one year.

3 ~ BREAKDOWN CONDITIONS

Breakdown conditions have been studied in TBR in order
to identify the best regimes for the operation of the machine. ...
and the influence of stray vertical and radial magnetic flelds.. :

In order to cbtain the breakdown curves, the OHT fast..
capac:.tor bank is fired and the pressure, loop wvoltage and. .
plasma current are measured. The. toroidal magnetic field is. -
fixed at BT—l .8 kG and the voltage of the fast bank is decreased_
untill no feasurable current is cobtained. - Fig. 2 shows the . .
breakdown curve for Hp. A filament is used as preionizer. Fig.
3 shows the breakdown curve using the oscillator instead of the
fast bank, 4,8 kG for By, and 6 cm limiter. . .

. 'Ihe expermental results have been compared with the :
crude model used by Papoular fof discharges in TFR [3]. The . ..
electron density in function of time is given by e e e

n,(t) =n_, exp(v-B)t

where v is the 1onlzat10n rate, B the loss rate and neo the
initial electron density. : -At breakdown, the electron—ion
collision freguency is equal to the electron-atom collision o
frequency. In this case, the critical free electron density. 1s
Necr = 0,1 n, where n is the initial density of neutral atoms. .




From the above expression we obtain:

t B (2}, where A = In ———— 10ne0 (3)

. .' 'I‘he losé rate.B.J.s due to several causes: diffusicjh'ﬁe‘f-
comblnatlon, grad B drift and geometrical losses. In general .
the diffusion and recombination are much smaller than the geome—
trical 8 ’ B and grad B. drift losses B qr - For breakdown:

1 1 g '
tcr<"BE’ tcr<-§;, andalso t <tE wheretElsthe
electric field driving time, and 8 a and B are grad B drift and
geometrical losses respectively.

.. For tg.it is assumed tp=Tp/8, TE be:.ng the period of
the IC circuit of the OHT. Taking o/p = 4, where o is the flrst
Towsend"s . coefflclent the follow:.ng cond:.tlons are obta:med
for TER: S e o _
E>4.1x 10-2 V/cms E_.<]8.8'£j;106§2 - 1.8x10% V/am (4)

p>1l.7 x 10"4" Torr; E > 50p- Torr for p > 10'_3 Torr

These conditions are represented by straight lines in Fig. 2.
As we can see, considering the crudeness of the model used, the
agreement is reasonable. Interesting characteristics of the -
curve are the minimum and double value for the breakdown elec-
trical field. For pressures asbove the minimm of the curve, the
mean free ‘path decreases and the electric field is higher in =
order to provide the necessary ionization rate. For’ lower pres—-
sures the collision rate decrease and the velocity has to increase
to keep the ionization rate. The double value of the breakdown
electric field is a characteristic toroidal efect caused by the:
grad B drift. The main disagreement with the model is the lzm:.t
determined by the grad B losses. But this relation is affected’
cr:LtJ.cally by the value ‘of A which in our case has a large error.
" BAnother drawback of the model is the use of extrapolat-
ed values for the electron drift velocity v from’ low E/p to’
high values of E/p. On the experimental side, the determmation
of stray By ‘field and also the value of A are subject to
large uncertalntles estimated at 10 and 50%, respectively.

4 - INFLUENCE OF STRAY MAGi’.\}E‘I‘IC VERI‘ICAL FIELD OoN BREAKDOW

Dur:mg the :_nltlal stage ‘of the breakdown, the value
of the plasma current is low and the rotational transform is'
insuficient to short-circuit the electric field caused by the
charge separation due to the grad B drift. The existence of a* .’
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small vertical magnetic field in order to compensate the ExB
drift during the initial phase of breakdown can facilitate plasma
formation. This equivalent field can be expressed by -~ - ° =
_ d
B N © DRI
where vy is the E drift velocity and v the parallel electron ve-
locity. -

This efect has been investigated in TBR by feeding the
vertical field coils with DC currents and measuring breakdown
voltages for fixed pressure. The stray vertical and horizontal - -
magnetic fields are also measured. ' : ERRE
Fig. 4 shows one of these curves for a pressure of
6 x 10~% Torr. The minimum electric field for breakdown occurs : -
for an external vertical magnetic: field of 4 gauss directed down.-
Fig. 5 shows two breakdown curves: one taken with no external -
vertical field and the other taken using the optimum vertical -
field of 4 gauss down, determined from Fig. 4. As we can see,
the external field favours strongly the breakdown. With no ex-. -
ternal field, no breakdown is cbtained bellow 5.4 x 10~4 Torr.
Considering that the stray vertical field is 6 G up, a net field .-
of the order of 2 G up is necessary to improve breakdown. This
is in'roughly agreement with Bggs calculated from relation (6).
Our results are in agreement with the work of Scmetani et al [4].
We cbserve also that a small radial field favours the
initial formation of the plasma. For very small radial field,
approximately 3 G for Bp = 1.8 kG, we can not have breakdown.:
Using only one radial field compensating coil on top and bottom -
in series with the toroidal coil, instead of two we have increased
the radial field to 13 G, directed to the inside, and good break-'
down curves have been cbtained. Possibly, the displacement of
the toroidal field lines to the inside of torus caused by the
radial component of Br, introduces an electron drift that faci-
litates the breakdown. = - : ' o

5 — PLASMA EQUILIBRIUM

The experiments in the Tokamak regime comprehended two
phases: the first between May apd October 80 using a limiter of
half a ring shape of 6 cm radius and the second, between November
80 and January 8l with a ring limiter of 8 cm radius. In Februa—-
ry the machine was dismounted in order to replace the diffusion - -
purp by a turbomolecular pump and to install helical coils around:
the vessel. : - ¥

Fig. 6 shows three typical shots for plasma-current,
and loop voltage. Plasma position is shown for shots a and b.
Experimental conditions are shown in Table 2. The experiments
have been performed with hydrogen gas flowing continuocusly.




Plasma equilibrium is searched by changing the values
of the parameters of the fast and slow OH and vertical field
capacitor banks. Adjustements by trial and error are made varying
the voltages and triggering time of these banks in an iterative
way. Plasma densities are calculated from the filling density
and the temperature from Spitzer's formula at Ip max- Both are.
average values.

Fig. 6a indicate that the plasma is centered and in
equilibrium for about 2 ms; however, part of the current has
been probably cut out by the limiter in the beginning of the
pulse. Fig. 6b shows a long pulse but with the plasma column: - -
changing position. Fig. 6c shows MHD activity while in Figs.
6a and 6b MHD activity is lower. In the majority of the shots,
the lack of good equilibrium is probably due to the slow pene-
tration time of the vertical field as compared with the rise time
of the current. A Nal scintillator detector installed near the .
limiter has shown a high intensity of hard x-rays indicatmq
runaway dominated discharges. = .

Plasma currents shown in Figs. 6a and 6b are compared
with the predictions of an analytical-numerical model [5].

The tokamak ohmic heating system can be modelled as two
coupled electrical circuits. The differential equations describ-
ing the behaviour of these circuits are non-linear because the . -
plasma resistance, Ro» depends on the plasma current through the
electron temperature, Te. In the model, the circuit equations:
for Rp fixed are solved analytically and a mamerical difference -
scheme is used to calculate the time dependence of Rp. At each
time step, Rg is calculated from Te using the expression for the .
plasma resistivity derived by Hirschman [6], which is valid for -
all tokamak transport regimes. This value of Ry is then used
in the analytic solution of the circuit equations to advance the
plasma current in time. Once the plasma current, and hence the ..
ohmic power input to the plasma, is known, a new value of Te may
be calculated from the finite difference approximation to the
plasma transport equations. The radial profiles of the plasma
quantities are chosen a priori as parabolic and assumed constant -
during the plasma lifetimei

' Figs. 7 and 8 show the calculated time evolution of
the plasma:current for several effective Z and experimental values
shown in Figs. 6a and 6b. As we can see;' there is better agree- -
ment for Zeff ~ 4. From the model, the average temperature ob—
tained is Tg ~ 150 eV, while using Spitzer's formula with Zeff = 4
the value for Te is 75 eV. Confinement time is roughly 0.5 ms
for 7Z=4, in agreement with the predicted value of 0.7 ms from
the emplrlcal seallng laws given by Hugill and Sheffn.eld [:7]



6 — CONCLUSION

The first results. from. the operation of TBR indicate
that the parameters of the design were attained. There are
difficulties with the vertical field for equilibrium which-is- -
very critical. Also, the reproducibility of the shiots is hot
good and most of the dischargeés are runaway dominated. -Presently,
the machine is being reassembled. The vessel was electropclished
and a turbomelecular pump is-going to be used. With: glow: discharge
and discharge clean:l.ng it is ‘expected to decrease Zg gy and: :merove
the reproducibility’ of shots.' The vertical field system 1s go:l.ng
to be modified to mclude feedback stabilizat:l.on.
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Fig. | - Cross section of TBR. Coils C,,C,,Csand C, are stray field
. .compensating coils;V, and Va are the vertical field coils,
and OHis the central ohmic heating bobbin.

!



ELETRIC FIELD ( 162 Viem)

I~
O
I

w
o
L

N
o
|

o
I

16°  PRESSURE (Tord 10°

Fig.2- Breakdown curve for Ho with the fast bank.

Al



w
o

N
()

_ELETRIC FIELDUszW.CFn)pP_;_____ S

o

B, = 48KG
= 4.

BV 0G ¥
= <

BR 36 G

SkHz/ I5kW
. N L s X P |
% 3

10 - PRESSURE (Torr) 10

Fig. 3- Breakdown curve for Hy with the oscillator.

A




P=60x10"% Torr |
B =1.8KG
B,=66
_BR;13G_H5

ELETRIC FIELD (162 V/cm)

1 1 1 i 1 " 1 A N 1 2 i

-8 -6 . -4 -2 ' 2 . 4
crmien e e e S GAUSS e e

A
Fig.4-The influence of an external vertical field on
hydrogen breakdown.



— — — NO EXTERNAL FIELD

ol
o
1

__ EXTERNAL FIELD (4GV ) -

ad
o
|

N
Q
|
\

10

ELETRIC FIELD (i0% v/cm)
®
\

0 - fiffif }} .--‘f. -

16% 103 PRESSURE(Torr)

Fig. 5 - Breakdown curves for H2 with and wnhout optimized
vertical field.



. -uoissod owsojd pup.
m oo_,o:o., dooj‘juaiind owisold jo mu_:oa awi} |021d4 L-9 B14
() . - (9) R (0)
._,.._..__ _ L T 7T - _ 1

AWO0S

.

swi| Al AS




N v ) R

—THEORETICAL |
-~ -EXPERIMENTAL |

—
N

oo

.iCURRENT(kA); T ”'ﬁ

5 5
TIME (ms)

F|g 7 Comparusuon between the analyhcol -numerical model
"~ predicted plasma current ond meosured values of
Fig. 6b.

A



-----THEORETICAL
-- —EXPERIMENTAL

- —r
o
————

—y
N

(o]

o TIME (ms)

-Fig. 8 - Comparision between the analytical-numerical model

pred:cied plosmo curreni and meosured values of
Fig. 6¢. -




