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Characteristics of sawtooth oscillations in soft X ray intensity
emitted from JT-60 plasma in Joule heating phase have been numerically
studied by wusing 1-D Tokamak transport code with the model of helical
magnetic flux exchange by m=1/n=1 multi-tearing mode. As the plasma
current increases, inversion radius of soft X ray intensity and period
of sawtooth oscillations increase, and double sawtooth oscillations
occur among single sawtooth cscillations.

Occurrence of double sawtooth oscillations is closely related to
resistive skin time tg.( = worf/n, where r; is inversion radius of soft
X ray intensity and » is plasma resistivity ) If 7y becomes larger than
critical value tf, double sawtooth oscillations occur. Results of
numerical calculation show that 1§ is about 3.0 second, which is in good

agreement with the value obtained in experiments.

Keywords: JT-80, Soft X ray, Double Sawtooth Oscillations,
Multi-Tearing Mode, Helical Flux Exchange, Inversion Radius,

Resistive Skin Time, 1-D Tokamak Transport Code
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1. Introduction

Recently new type of sawtooth oscillations in soft X ray intensity
have been detected in the experiments of Tokamak devices such as JT-860,
TFIR, ) JET, @ D-III, ® and TEXT. ® In these oscillations, there
is another decay in the slow increase phase of soft X ray intensity in
one period of sawtooth. This phenomenon is called compound sawtooth
oscillation (! or double sawtooth oscillation. @

Several papers about double sawtooth oscillations have been

presented. In the paper of Pfeiffer W. et al. @ , 1-D Tokamak
simulation and deliberate magnetic flux exchange are combined to
_reproduce double sawtooth oscillations. In the paper of Denton R. E. et
al. ® |, Boyd D. A. ® | reduced set of MHD equations have been used to
simulate double sawtooth oscillations. The assumption adopted is reduced
thermal conductivity coefficients in the plasma center region.

In this paper, we investigate condition for double sawtooth
oscillation occurrence. First, consider the mechanism of double sawtooth
oscillations. One périod of double sawtooth oscillations is made up of
two different type of minor disruptions, which means localized not
overall sudden energy confinement degradation due to MHD activity. At
the first minor disruption, MHD activity is enhanced at region somewhat
avay from the plasma center. Magnetic flux is locally exchanged and
energy stored there is ejected to plasma peripheral region. Plasma
center region, however, is left unperturbed. At the second minor
disruption, perturbation due to MHD activity extend to plasma center
region and energy stored there is ejected to peripheral region. Minor
disruption of this type is the same as that of single sawtooth
oscillations, which word we use for the sawtooth oscillations observed
so far 1in order to distinguish from double sawtooth oscillations. We
call this type of minor disruption internal disruption hereafter.

Distinctive feature of double sawtooth oscillations is the presence
of the first minor disruption mentioned above. Such local magnetic flux
exchange, due to partial magnetic field reconnection by to m=! mode, has
been numerically calculated . ¥ Partial magnetic field reconnection,
for short partial reconnection, means magnetic field reconnection which
is brought about at the resonant surface and whose region does not

extend to plasma center. It occurs when there are two g=1 resonant
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surfaces in the plasma and each surface locates close to each other.
That is, plasma current profile is hollow. In Joule heated plasma, such
profile take places after internal disruption, when temperature profile
becomes hollow due to exchange of hot plasma in the plasma center region
and cold plasma around g=1 surface. Actually, hollow current profile is
experimentally observed at the first minor disruption of double sawtooth
oscillations, ®

Hollow current profile relaxes to the center-peaked one in time.
Time scale of this transition is related to resistive skin time 71 in
the plasma center region. In a small Tokamak, value of Tp is small.
Therefore fast magnetic field diffusion leads to existence of only one
g=1 resonant surface in the plasma resulting in single sawtooth
oscillations occurrence. In a large Tokamak, however, tp is large and
hollow current profile is kept for long time. In this configuration,
local magnetic flux exchange is likely to occur and double sawtooth
oscillations appear.

We suppose that there is a critical value in 7z and when tp becomes
larger than that, double sawtooth oscillation occur. In order to make
sure this, numerical calculation of Joule heated JT-60 plasma has been
made by using 1-D Tokamak transport code and model of helical magnetic
flux exchange at the minor disruption.

In sec. 2, characteristics of single sawtooth oscillations and
double sawtooth oscillations in JT-60 in Joule heating phase are shown.
Critical value t} obtained experimentally is also indicated. In sec. 3,
helical magnetic flux exchange by m=1/n=1 multi-tearing are shown and
the relation of resistive skin time and double sawtooth oscillations
occurrence are mentioned. In sec. 4, model of numerical calculation and
results are shown. <t obtained numerically is also indicated and is
compared with experimental value. In sec. 5, results obtained in this

paper is summarized.
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2. Experimental Results

In JT-60, there are 30 points to install pin diodes to detect soft
X ray. 15 pin diodes are fixed every other point at regular interval
until shot No. 1568, whose viewing field is shown in Fig. 1 . { Broken
line indicates separatrix magnetic surface of shot No. 1089 .) Spatial
resolution of detector is about 7 cm. After shot No. 1566, interval of
viewing field between ch 7and ch 8, ch8and ch 9, ¢ch 14 and ch 15
becomes 3.5 cm, 10.5 cm, and 3.5 cm respectively. Soft X ray data are
sampled every 20 micro second. .

Sawtooth oscillations begin 2.5 ~ 3.5 sec after breakdown in 1.0
MA Joule heated hydrogen (H) plasma. Time evolution of soft X ray
intensity is shown in Fig. 2. Toroidal field is 4.0 T and q.4s is about
5.30 . The distance between viewing chords and plasma center is (a) 1.5
cm, (b) 5.5 cm, (c) 8.5 em, (d) 15.5 cm, (e) 22.5 cm respectively.
Sawtooth oscillations are single sawtooth oscillations. Period of
sawtooth oscillations is 25 ~ 30 msec and inversion radius of soft X
ray is about 10 cm. These values are independent of plasma density.

In 1.5 MA hydrogen plasma, sawtooth oscillations begin 3.0 ~ 4.0
sec after breakdown. Time evolution of soft X ray intensity is shown in
Fig. 3 . Toroidal field is 4.5 T and q.4y is about 3.99 . The distance
between viewing chords and plasma center is (a) 1.5 cm, (b) 5.5 cm, (¢)
125 cm, (d) 22.5 cm, (e) 29.5 cm, (f) 36.5 cm respectively. Sawtooth
oscillations are single ones for the most part and double sawtooth
oscillations are rarely observed. Period of single sawtooth oscillations
is 30 ~ B0 msec and period of double ones is 70 ~ 80 msec. Inversion
radius of soft X ray is 12 ~ 17 cm.

In 2.0 MA hydrogen plasma, sawtooth oscillations begin 3.5 ~ 4.5
sec after breakdown. AT first, sawtooth oscillations are single sawtooth
oscillations. 1.0 ~ 1.5 sec after that, double sawtooth oscillations
occur among single sawtooth oscillations at random. In this case, period
of single sawtooth oscillations is 50 ~ 80 msec and period of double
savtooth oscillations is 70 ~ 140 msec. Inversion radius of soft X ray
intensity is 18 ~ 25 cm. Fig. 4 shows one period of double sawtooth
oscillations. The distance between viewing chords and plasma center is
@) 0 em, (b)) 7 cm, () 14 cem, (d) 21 cm, (&) 28 cm, (f) 35 cm
respectively. Toroidal field is 4.5 T and q5; is 2.95 . At the first
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minor disruption of double sawtooth oscillations, m=odd mode { maybe m=1
mode ), which can be seen frém the phase difference of soft X ray
intensity detected at the opposite side of the magnetic axis, is
enhanced in the region away from the plasma center. Its location in
minor radius is about 21 cm and frequency of the mode is about 1 kHz.
Energy stored there is ejected to the peripheral region, whereas plasma
center region is left unperturbed. ( Slight decrease seen in soft X ray
intensity in plasma center viewing chord in Fig. 4 is due to the
integrated value of soft X ray emitted from whole plasma region. ) At
the second disruption, energy stored in the plasma center region is
ejected to the peripheral region. Characteristics of this disruption are
supposed to be the same as the disruption of =single sawtooth
oscillations.

In 2.0 MA helium plasma, sawtooth oscillations begins just after
the plasma current flattop. It is about 0.5 ~ 1.5 sec earlier than
hydrogen case. Time evolution of soft X ray intensity is shown in Fig.
9 . The distance between vieving chords and plasma center is (a) 2 cm,
() 9 cem, (c) 16cm (d) 23 cm, (e) 33.5cm, (f) 37 cm respectively,
Toroidal field is 4.5 T and q.4; is about 2.99 . Different from the
hydrogen case, only single sawtooth oscillations occur. Its period is 35
~ 60 msec and inversion radius of soft X ray intensity is 18 ~ 22 em.

The occurrence of single and double sawtooth oscillations are shown
in Fig. 6 in various tp and ng value. The value of Z,; used in the
calculation of 7p is determined by JT-60 experimental transport analysis
system, 9 Data are consist of divertor and limiter shots of hydrogen
plasma and divertor shots of helium plasma. Open symbol indicates single
sawtooth- oscillations, Close symbol indicates double sawtooth
oscillations. This figure shows that critical value for double sawtooth

oscillation occurrence is 3.4 ~ 4.5 sec.
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3. Double Sawtooth Oscillations and Resistive Skin Time

-

One period of double sawtooth oscillations is made up of two minor
disruptions. Now we pay attention to the first minor disruption. At the
first disruption, plasma parameters such as electron temperature are
locally exchanged in the region away from the plasma center. This is
caused by partial magnetic flux exchange at q=1 resonant surface.

Occurrence of partial magnetic flux exchange due to m=1/n=t
multi-tearing mode has already studied by using reduced set of MHD
equations. ) Here, we reviev brief outline of the results.

Consider magnetic field configuration with more than one gq=1
resonant surfaces in the plasma. Time evolution of plasma parameter
follows the reduced set of MHD equations as follows,

g—%= V¢XV'W':":+ ng - E; (1)
%%= V@xVV-2+ VYxVi, -2+ vVEV @)

Cylindrical coordinate (r, 8, z ) is adopted and plasma is considered
to be low beta. Equation (1) and (2) are Ohm's law and equation of
motion respectively. Here, % 1is helical flux function, ¢ is stream
function, V is vorticity, J, 1is torcidal current, E, is toroidal
electric field, n is resistivity, v is viscosity, and Z is unit vector

in the toroidal direction. Toroidal current is expressed by ¥ as

J= VR + 2 (3)
Macroscopic plasma flow v is expressed as

v=Voxz )
and

Vv=vis ()

Initial profile_of helical flux function vy and toroidal current

Jo 1is defined by initial safety factor profile as

) = 1L -1 yrar ®)
_1d o em,  1dr?
Jz0(r) = o (rg 2+ )= rdr(q) {7

Small perturbation is added to this initial equilibrium
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configuration. We use the eigenfunction of multi-tearing mode
corresponding to the maximum®eigen value as perturbation.

Time evolution of helical magnetic flux surface and plasma flow
pattern in the plasma for different q profile are shown in Fig. 7 and
Fig7 8 . In both cases, there are two q=1 resonant surfaces in the
plasma. In the figure, the upper half of the circle shows helical flux
contour and lower half shows plasma flow pattern. Unit of time is
poloidal Alfuven time. |

In the first case { fig. 7 ), helical flux function at the initial
state is set as

Yolrs1) < Y (rs2) < ¥ (0) @)

where, rg and rs are radius of gq=! resonant surfaces normalized by
plasma minor radius, which are 0.361 and 0.584 respectively. In this
case, Magnetic field reconnection occurs around gq=1 resonant surfaces.
But plasma center region ( in this case r < 0.15 ) is left unperturbed.

In the other case ( Fig. 8 ), initial helical flux function is set
as

Yo(rsi) < %) < Y(rs) 9)

where, r;; = 0.281 and re = 0.590 . In this case, magnetic island
appears at the outer q=1 surface. It grows and ejects magnetic axis and
and finally covers the whole plasma center region. The condition of
partial magnetic flux exchange is presented by eq. (8), that is, there
are two q=1 rescnant surfaces in the plasma and each surface locates
close to each other. If two g=! surfaces locate apart from each other
( satisfying eq. (9) ) or there are three g=1 resonant surfaces in the
plasma, internal disruption occurs and plasma center region suffers
perturbation.

In this paper, we do not put stress on the nonlinear evolution of
plasma parameter, but pay attention to the helical magnetic flux
exchange before and after the minor disruption.

Results of nonlinear simulation of m=1 multi-tearing mode is
summarized in Fig. 9 with time transition of safety factor and helical
flux function profiles. Just after the internal disruption, hot plasma
core is ejected to outside of the g=1 resonant surface and somewhat cold
plasma flows into plasma center region, that is, plasma temperature

profile becomes hollow. Then plasma current profile also becomes hollow.
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As time goes on, profiles transform from {(a) through (d) as indicated in
Fig. 9 . If magnetic flux exchange is caused by MHD activity at the
stage of (b), partial magnetic flux exchange occurs and plasma center
region is left unperturbed. On the other hand, if magnetic flux exchange
occurs at the stage of (¢) or (d), internal disruption occurs and whole
plasma center region is perturbed.

In the plasma with small 7z value, that is, fast magnetic field
diffusion, transition from (a) to (d) is very fast resulting in internal
disruption at the stage of (c) or (d). In this case, double sawtooth
oscillations do not occur. On the other hand, in the plasma with large
7g value, that is, slow magnetic field diffusion, long stay at the stage
of (b) leads to partial magnetic flux exchange resulting in double
sawtooth oscillations. This consideration indicates that critical value
exists in Tp and in the plasma with 7R larger than this critical value,

double sawtooth oscillations occur.

4, Results of Tokamak Transport Simulation

Numerical simulation of sawtooth oscillations has been done as
follows. Plasma parameters such as wn;, T., T;, Bg are numerically

calculated by 1-D Tokamak'transport equations.

@
&

51" Trarl) © S 10)
32 eTe)= =12-(1Q) + 02 = Peg - P, (11)
34 __19 _ p.

S2 T —1-2(0) + Py — P 12)
8By 8 nd

3t~ or lrar o)l (13)

S is particle source and I', Q., Q; is particle flux, electron heat flux

and ion heat flux respectively,

r- —D%%" ~in (14)
aT,
Qe = —nexeye —Spr. 2l (15)
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As time goes on, profiles transform from {(a) through (d) as indicated in
Fig. 9 . If magnetic flux exchange is caused by MHD activity at the
stage of (b), partial magnetic flux exchange occurs and plasma center
region is left unperturbed. On the other hand, if magnetic flux exchange
occurs at the stage of (¢) or (d), internal disruption occurs and whole
plasma center region is perturbed.

In the plasma with small 7z value, that is, fast magnetic field
diffusion, transition from (a) to (d) is very fast resulting in internal
disruption at the stage of (¢) or (d). In this case, double sawtooth
oscillations do not occur. On the other hand, in the plasma with large
s value, that is, slow magnetic field diffusion, long stay at the stage
of (b) leads to partial magnetic flux exchange resulting in double
sawtooth oscillations. This consideration indicates that critical value
exists in tp and in the plasma with 7y larger than this critical value,
double sawtooth oscillations occur.

4, Results of Tokamak Transport Simulation

Numerical simulation of sawtooth oscillations has been done as
follows. Plasma parameters such as n;, T,, T;,» Bg are numerically

calculated by 1-D Tokamakltransport equations,

9u. 18 ary+ s (10)
30 neTe)= -1-2 Q) + i - Py - P, P
32 miTi)= -12 oy PP (12)
9B 0 (1.9 (1, | (13)

S is particle source and I', Q., Q:; 1is particle flux, electron heat flux

and ion heat flux respectively.

O rin '
I'= —ng;- r {14)
ey 9T 3y 07
Qe - neXe ar ZDTe ar (15)
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e 8T _Bpr Omi
Ql - ntXI, ar R ZDT‘I arﬂ (16)
D, %, i is plasma diffusion coefficient, electron thermal

conductivity, ion thermal conductivity respectively. I''™ 1is particle
inward flow. P, 1is energy flov from electron to ion. P, is
Bremsstrahlung and ionization loss. P; is charge exchange loss.

At each q=1 resonant surface, linear growth rate of m=1/n=t
multi-tearing mode y is calculated and the width of m=1 magnetic islandS
W are

¥ = W exp fty(t’m" a7

Wo 1s very small initial island width. When magnetic islands which grow
at the different q=1 resonant surfaces overlap each other or magnetic
island corresponding to the innermost q=1 surface covers the whole
region of plasma center, helical magnetic flux is forced to be
exchanged. At that moment, helical magnetic flux and plasma density are
conserved and plasma temperature 1is adiabatically changed. The whole
processes mentioned above are repeated.

Simulation parameters are chosen considering JT-60 operation in
Joule heating phase. Plasma major and minor radius are 3.10 m and 0.83 m
respectively. Plasma current is set from 1.5 MA to 2.0 MA. Toroidal
field is 4.5 T. Electron line average density is about 3.0x10'% w3,
Electron thermal conductivity ¥. is 2.5x1(ﬂ9/neq mfsec™! . Ton thermal
conductivity yx; 1is set 5 times that of Hinton-Hazaltine's neoclassical
x;i . Plasma diffusion coefficient D is 1.0x10'%/n, mPsec™! . Plasma
resistivity is Spitzer's resistivity. Z.y is assumed to be 1.2 and it
is spatially constant.

Intensity of soft X ray emission Isy is also calculated. Only
Bremsstrahlung is considered as soft X ray source and it is line
integrated along the viewing chord of detector with finite width. { In
this case, it is 6 cm. )

Isx =fVPbm{ exp(—%:—*)— em(—%‘) b dv {8)

Prren 1S intensity of Bremsstrahlung, which depends on T, , n. and Zg; .
EL,: is lower cutoff energy due to the Beryllium filter installed in
front of the detector. Two kinds of filter with different thickness are
prepared. Eb,; is 1.4 Kev with 25 ym filter and 4.5 Kev with 1000 um

filter. The former is adopted in the calculation. EY,, is upper cutoff
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energy for detector, which is 23.6 kev.

Fig. 10 shows the time evolution of electron temperatures at {(a) O
em {( thin solid line ), (b)) 10 em ( thick selid line ), {c) 20 cm
{ dotted line ) in 1.5 MA plasma. Single sawtooth oscillations with
period of about 20 msec occur. Resistive skin time tp is about 1.3 sec.
Fig. 11 shows the time evolution of soft X ray intensities. The distance
between plasma center and viewing chords are (@) O em, (b) 10 em, {(c) 20
cm respectively.

Fig. 12 shows the time evolution of electron temperatures at (a) 0Q
cm ( thin solid line ), (b)) 10 em ( thick solid line ), {(c) 20 cm
{ dotted line ), {(d) 30 em { broken line } in 2.0 MA plasma. Double
sawtooth oscillations with period of about 50 msec occur. Resistive skin
time vz is about 4.8 sec.

Fig. 13 shows the time evolution of soft X ray intensities. The
distance between plasma center and viewing chords are (a) O cm, (b) 10
cm, (¢) 20 cm, {d) 30 cm respectively. Slight saturation of soft X ray
intensity can be seen at latter half of one sawtooth period, whereas
soft X ray observed experimentally does not saturate even in the case of
long period sawtooth { ~ 140 msec }. Concentration of metal impurity
( perhaps titanium or molybdenum in JT-80 ) in the plasma center region
during one sawtooth period is suspected to be one reason for this
discrepancy. Such material enhances soft X ray intensity without
changing Z,; . Time evolution of impurity peaking parameter ¢, during

(0 Tt was shown that ¢, is

sawtooth period was studied in PBX Tokamak.
small just after the internal disruption, but is large just before the
internal disruption, which indicates impurity concentration in the
plasma center region during sawtooth period. It is regrettable that
spatial profile of Z.; cannot be measured in present JT-60 diagnostic
system. Therefore this problem is reserved until future measurement.

Similar calculation with plasma current from 1.5 MA to 2.0 MA are
made. Transition of resistive skin time, inversion radius of soft X ray
intensity and period of sawtooth oscillations are shown in Fig. 14 by
the function of plasma current.

Thé period of sawtooth oscillations obtained in the simulation 1is
about half of that obtained in the experiments. One reason for this is
that trigger of minor disruption is determined by growth rate in
cylindrical geometry. If we take into account toroidal effect, reduced

growth rate will reproduces sawtooth oscillations with longer pericd.
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It is shown that double sawtooth oscillations occur when TR 1S
larger than 3.0 sec. This* critical value is almost the same even if
trigger of minor disruption is deliberately set considering period of
sawtooth oscillations in experiment ( 50 msec for 1.5 MA and 120 msec
for 2.0 MA ) . '

Sawtooth simulation of 2.0 MA helium plasma is also made. Electron
line average density is set 4.1x10'9 m3 . Z,; is set 3.5 by analogy of
experimental data. Mixture rate of helium and hydrogen is set 2. In this
case, TR 1is 2.85 sec and double sawtooth oscillations do not occur,
which is consistent with the critical value mentioned above. This

critical value agrees well with the experimental value obtained in sec.
2.

5. Summary and Discussion

Double sawtooth oscillations have been numerically reproduced by
using 1-D Tokamak transport code with the model of helical magnetic flux
exchange due to m=1/n=1 multi-tearing mode. Occurrence of double
sawtooth oscillations is closely related to resistive skin time 7p in
the plasma center region. When 7p becomes larger than critical value 1§,
double sawtooth oscillations occur. In JT-60, 1§ obtained by
experimental data is 3.4 ~ 4.5 sec, which agrees well with the
calculated value 3.0 sec.

In this paper, Z,; 1is assumed to be spatially constant. If inward
flow of bulk plasma and impurity ( especially light impurity such as
carbon or ‘oxygen ) is different, profile of Z.; is not constant.
Supposing Z.y; of plasma center is larger than that of plasma edge,
increase of plasma current at the plasma center region after the
internal disruption is suppressed and double sawtooth oscillation
becomes easy to occur, even if average value of Z.tys 1s the same. On the
other hand, if Z, of plasma center is smaller than that of plasma
edge, 1increase of plasma current at the plasma center region after the
internal disruption is enhanced and double sawtooth oscillations become
less easy to occur.

Furthermore, model of plasma resistivity can affect critical value
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It is shown that double sawtooth oscillations occur when 1p is
larger than 3.0 sec. This* critical value is almost the same even if
trigger of minor disruption is deliberately set considering periocd of
sawtooth oscillations in experiment ( 50 msec for 1.5 MA and 120 msec
for 2.0 MA ) . '

Sawtooth simulation of 2.0 MA helium plasma is also made. Electron
line average density is set 4.1x10'% m3 | Z,; is set 3.5 by analogy of
experimental data. Mixture rate of helium and hydrogen is set 2. In this
case, TR 1is 2.80 sec and double sawtooth oscillations do not occur,
which is consistent with the critical value mentioned above. This

critical value agrees well with the experimental value obtained in sec.
2.

5. Summary and Discussion

Double sawtooth oscillations have been numerically reproduced by
using 1-D Tokamak transport code with the model of helical magnetic flux
exchange due to m=1/n=1 multi-tearing mode. Occurrence of double
sawtooth oscillations 1is closely related to resistive skin time g in
the plasma center region. When 1z becomes larger than critical value Tk,
double sawtooth oscillations oceur. In JT-60, < obtained by
experimental data is 3.4 ~ 4.5 sec, which agrees well with the
calculated value 3.0 sec.

In this paper, Z.;; is assumed to be spatially constant. If inward
flow of bulk plasma and impurity ( especially light impurity such as
carbon or oxygen ) 1is different, profile of Zess 1is not constant.
Supposing Z.s; of plasma center is larger than that of plasma edge,
increase of plasma current at the plasma center region after the
internal disruption is suppressed and double sawtooth oscillation
becomes easy to occur, even if average value of Z,;; is the same. On the
other hand, if Z,;; of plasma center is smaller than that of plasma
edge, increase of plasma current at the plasma center region after the
internal disruption is enhanced and double sawtooth oscillations become
less easy to occur.

Furthermore, model of plasma resistivity can affect critical value
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of double sawtooth oscillations occurrence. From experimental analysis
of Joule heating plasma in*JT-80, plasma parameters are well explained
by using Spitzer's resistivity. For that reason, we -use Spitzer's
resistivity in this paper. In the plasma which supports neoclassical
resistivity not Spitzer’'s resisitivity, plasma current easily increases
in the plasma center after internal disruption, which makes double
sawtooth oscillations occurrence slightly difficult.

The critical value 7§ is supposed to have some dependence on
profile of Z. , model of plasma resistivity and so on. We must
consider their effect in detail to examine double sawtooth oscillation

of other Tokamaks. This is now under investigation.
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Appendix Relation between r; , ry and r

o

Inr the experiment, inversion radius of soft X ray intensity r; and
radius of region where sudden change in soft X ray intensity can be seen
Just after the internal disruption ( hereafter, we simply call it
“critical radius™ and express it by r. ) are obtained. But radius of q=1
resonant surface r; cannot be found out experimentally because there is
only one channel of Faraday rotation detector in JT-80, which does not
give us precise information about current profile especially at the
plasma center region.

In numerical simulation, on the other hand, r. and r. are
calculated but r; cannot be easily obtained because detected soft X ray
is consist of many components such as Bremsstrahlung, ray from radiative
recombination and so on. In order to calculate intensity of radiative
recombination ray, for example, impurity species, its content and
spatial profile must be known beforehand. But full information mentioned
above is difficult to obtain from experiment.

r; has been often identified as rgy so far, although the difference
between them has been occasionally pointed out. (! In this section, we
examine relation between r; , rs and r., . Electron temperature profile

is set as follows.

Te(r>=<1.5x103—-5o>{1.0—(§)‘}'+5o (A-1)

! and ﬁ are determined afterward. Electron density is 4.0x1019 m3

(const) and Z,y is set 1.2 . Plasma current is assumed to be
proportional to T;&Q .

First, safety factor at the plasma surface q(a) is set., If g=1
resonant surface exists in the plasma, helical magnetic flux exchange
with redistribution of plasma parameter is forced to be made. From
profiles of soft X ray intensity Isy calculated by eq. (18) before and
after the helical flux exchange, r; is obtained.

Calculation has been done for peaked temperature profile ([l = 2,
m=2 in eq. (A-1) ) and rounded temperature profile ( l.= 3, m= 1 )
with wide range of q(a). Values of r. and r¢ is obtained by the function
of r; in Fig. 15 for peaked profile. From this figure, relation
ro/a = 1.35 ri/a and r1./a =1.96 r;/a are found out. The same
calculation is made for rounded profile , which is shown in Fig. 16
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From this figure, relation r¢/a = 1.37 rj/a and r./a = 1.88 r;/a are
found out. After all, regdrdless of temperature profile, relation
between r; , re and r. is roughly expressed as

r« ~ 1.4 n A-23

re ~ 2.0 n (A-3)

The relation (A-3) is also obtain experimentally. Fig. 17 shows
change in soft X ray intensity Alsy/Isy at the different viewing chords
at  the minor disruption in 2.0 MA plasma. Two positions where
Alsy/Isxy = O indicate r; and r. . From this figure, relation r. = 2 r|
holds.

Refinement of eq. (A-2) and (A-3) in the presence of impurity
considering radiative recombination for soft X ray source, or in the
case of plasma with slight hollov temperature profile is being
calculated now. The results will be presented in another JAFRI-M report.

By using eq. (A-2), dependence of rs/a on q;b is calculated, which
is shown in Fig. 18 . Open circle indicates JT-80 CH plasma, Close
circle indicates JT-60 NBI plasma. Both case include divertor and
limiter configuration, For reference, data of DIVA plasma are also shown
with open square symbol. In DIVA case, temperature is rather low
comparing with JT-80 plasma, the relation, r¢ ~ 1.1 r; , which is
cbtained with the same calculation, is used. By this figure, relation
re/a = qz}; approximately holds.
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Fig. 1 Poloidal cross section of JT-60 and viewing field geometry of 15 pin
diode array. Spatial resolution of detector is about 7 cm. Broken
line indicates separatrix magnetic surface.
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Fig. 2 Time evolution of soft X ray intensity in 1.0 MA hydrogen discharge.
(single sawtooth oscillations) The distance between viewing chords
and plasma center is (a) 1.5 em, (b) 5.5 cm, (c) 8.5 em, (d) 15.5 cm,
(e) 22.5 cm respectively.
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Fig. 3 Time evolution of soft X ray intensity in 1.5 MA hydrogen discharge.
(single sawtooth oscillations) The distance between viewing chords
and plasma center is (a) 1.5 cm, (b) 5.5 cm, (¢) 12.5 cm, (d) 22.5 cm,
(e) 29.5 cm, (f) 36,5 cm respectively, :




JAERI-M B7-014

2.00

A-5-¢ PIN ARRAY 1.90
#% MDR DATR #mm

1.80

SHOT NUMBER
1565 L

s luc

1.60

LRI LR LERY LRIl LI R LI Ea T ERRRE)

. e ()

1.40

1.30 i -

" (nannl

1.00

-

0.90

I!IIIII[llIll ITTTRITInI NN

0.80

TITTEETTSETT{T[TTLTEIT.

]
(£)

0,70

0 &.370  6.390 6,410 6.430  6.450

904,250 6,270 6.290 6,310 8.3 _ 6.350
, ; TINE (SECY

Fig. 4 Time evolution of soft X ray intensity in 2.0 MA hydrogen discharge.
(double sawtooth oscillations) The distance between viewing chords
and plasma center is (a) 0 em, (b) 7 cm, (c) 14 cm, (d) 21 cm,

(e) 28 cm, (f) 35 cm respectively.

_;187*



JAERI-M 87-014

A-5-c_PIN ARRAY . |

#% MDR DRATA k% 210 7 . ‘ (Ei)
SHOT HUu .

163M235R ' :: ' (b)

2.80 LLthR] il ! . ( C)

2.70

2.40 ! | :

2.30

2.20
2.10 |
2.00

1.50

1.80

1.70

1.60

1.5

1.40

(e)

(£)

1.10
1.00

WL ey L
g ooty dastsibuss s b

5,280 5,300 5.320 5.30 5.300 5,380 5.400 5,420 5.440 5.460 S.480
. TIME (SECH

Fig. 5 Time evolution of soft X ray intensity in 2.0 MA helium discharge.
(single sawtooth oscillations) The distance between viewing chords
and plasma center is (a) 2 cm, (b) 9 em, (c) 16 em, {d) 23 cm,

(e) 33.5 cm (f) 37 cm respectively. '

_19__




-1
Dets

Fig. 6

JAERI-M 87-014

(single} {double)

Divertor O )
Limiter A A

He Divertor O
0.5 :

0.4

onew ®C 0@
0.3r O O o®® ’
O O é8 A

0.2f

0.1

Tr (sec)

Classification of single sawtooth oscillations and double sawtooth
oscillations in divertor shots of hydrogen plasma (circle), limiter
shots of hydrogen plasma (triangle) and divertor shots of helium
plasma (square). Open symbol indicates single sawtooth oscillation
and close symbol indicates double sawtooth oscillation. Transition .
from single sawtooth oscillations to double sawtooth oscillations

“occurs at the value of resistive skin time 3.4 ~ 4.5 sec.
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(a) TiME= G.000 (d) TIME= 2900.000

(¢c) TIME= 2600.000 (f) TIHE= 3700.000

7 Time evolution of helical flux surface {upper half of the circle) and

plasma flow pattern (lower half) in the case of g (rg;) <y, (rg;)
< P, (0) . g = 1 resonant surfaces locate at rg; = 0.361 and

tas = 0.584 respectively., TUnit of time is poloidal Alfvén time.
Partial magnetic flux exchange occurs.
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Time evolution of helical flux surface (upper half of the circle)
and plasma flow pattern (lower half)} in the case of g (rg, )<Uo(0)
<4m(r92) » @ = 1 resonant surfaces locate at rg; = 0.281 and

rg, = 0.590 respectively. Internal disruption occurs.
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Fig. 9 Time transition of safety factor and helical flux function profiles,
If magnetic flux exchange occurs at the stage of (b), it results in
partial magnetic flux exchange, If magnetic flux exchange occurs
at the stage of (c) or (d), it results in internal disruption.
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Fig. 10 Time evolution of electron temperature by numerical calculation at

Fig.
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(a) r=0cm, (b) T = 10 cm, (¢) r =20 cm in 1.5 MA hydrogen plasma.
Single sawtooth oscillations with the period of 20 msec are observed.
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Time evolution of seft X ray intensity by numerical calculation

in 1.5 MA hydrogen plasma. The distance between plasma center and
viewing chord is (a) r = O cm, (b) r = 10 cm, {(c) r = 20 cm
respectively.
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Fig. 12 Time evolution of electron temperature by numerical calculation
at (a) r=0cm, (b) r =10 ecm, (c) r =20 cm, (d) r = 30 em in
2.0 MA hydrogen plasma., Double sawtcoth oscillations with the
period of 50 msec are observed.
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Fig. 13 Time evolution of soft X ray intensity by numerical calculation in
2.0 MA hydrogen plasma. The distance between plasma center and
viewing chord is (a) r = 0 cm, (b) r = 10 cm, (c) r = 20 cm,

(d) r = 30 cm respectively,
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Fig. 14 Numerically calculated resistive skin time 1p, inversion radius
of soft X ray intensity ry and period of sawtooth oscillations
Tygp by various value of plasma current. Transition from single
"sawtooth oscillations to double sawtooth oscillations occurs at
Tp = 3.0 sec.-



uwot3ouny 3yl £q paijord 2av p/ 1 pue p/S1 jo seniea 9| *STd

JAERI-M 87-014

®/11 g3+

v/ 21

pue pfla /€71 = p/51 fLrejeurxoaddy
-a71301d @injeiodwsl papunol 2yl UT v/lx 3o

o/1x 961 = p/°1 pue pylz ¢¢vy = v/%1 “£1e3eWTxOaddy
*91730ad aanjeisdwe] payead o2y3 ur p/lx 3o

uoTyouny 9yl Aq peizold aae U\op pue »/%1 jo senyepn ¢| *31

s/l o/ U
90 0 20 00 90 0 20 00
- 00 T i T T T 00 00 T T T T 00.
AN 420 20t 20 _
A _
. 4% 8 1¥0 PO 0
o/s | | o/2 o/% | D/
oofF -~ e Ho0 g0} - 90
mo ! o/ 3 1 | | wo mo LA I 1 | mo
o/ )g0) = 078 p/4 Gg'} =D/%
o/ 98} = 0/ b/u 96} =0/
D
FTL-: » 3) 3]1J0ld  papunoy Nﬁmﬁwv-: » 3]

3|ljold paxybad



JAERI-M 87-014

.k&mw = p/S1 <f1a3ewTx01ddy
.memHa VAIQ s=23eo1pul saenbs wadp
‘euse(d TGN 09-L[ Se1e0TpuT 9T21TD 3S0T)H

*euseld HO 09-IC S®IBDTPUT 210IT0 uodg .k&mv
U0 90BJINS JUBUOS3I |=b pazIi[rwiou jo @duapuadsq

149
\D
G0 A0 €0 [ 10 0 0
] | ] ] \“ﬁ
ﬁm_._\w_...._\c v J/
3 uipnjoul Ve .
S 11°0
\\
) o b |
i o owm_\\o 1¢0
e,
- O \\oo a deo
Ve
.\\\.0
\\0
A S 0 VAIQ—8 |40
\\o pwsojd 1gN -~ @
e owsDjd HO ~--o
) 1 1 1 1 m.o

gl 314

D/%l

S P

21 L1eaeurxoaddy * “1 pue Iy

‘133000 ewseld jo suorirsod 2yj 3IEDTIPUT SMOIIY

ioutw 2yl 3B SpIoyd BUTMBTA JUIASIIIP 941 3Ie

XS1/X51y A31suequtr Kex ¥ 31Jos ul afueyd Jo @[IJFoid
J2Jusd puis|d Y %
7 ¢ { 1¥0-
{z0-
(W) 1§
—t—t—t+— 00
~ON Yo g ¢l i}
1290
1+0
Y
Xs
%19
235 €49 = }
(VWZ) G9G] ON loys

L1

81



