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Abstract
A collaboration programme is initiated, in part of the Japan-TEXTOR
collaboration, for the theoretical and experimentat study on the sawtooth and anomalous
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[ 1] Overview

This research project serves a new form of TEXTOR-Japan collaboration,
where experimentalists and theorists collaborate to challenge the selected topics.
Experimental research is mainly done by TEXTOR side and theoretical contribution,
such as the presentations of a new model, prediction and a guide for analyzing the
experimental data, is mainly done by Japanese side. Joint work is desired to provide a

new scientific outcome.

The general way of this collaboration will be done in the following manner.-
1) Holding a "working workshop" for scientific discussions to determine the .
~ issues to be solved. The homework is defined.
~ 2) Separate works of each home task at their institutions. |
3) Exchange of information and research output via mails and fax until the

next workshop.
4) Successive workshop is held once a year or so in order to summarize the

outcomes. And the similar process repeats.
The first workshop was held from Oct. 4 to Oct. 7, 1994 at IPP Forschungzentrum
Julich. This report summarizes the discussions during the workshop and presents

some guide line for the future collaborating research.

On the first day, a seminar open to the Institute staff was held as

Anomalous transport theory S.-L. Itoh
Sawtooth modelling K. Itoh
Pellet injection experiments on TEXTOR K. H. Finken

The Faraday rotation diagnostic on TEXTOR H. R. Koslowski
Summary of previous current ramp experiments  H. Soltwisch

This seminar provided us the mutual understanding for initiating a new joint research.
Based on these presentations and discussions raised in the talks, the actual method of
the joint work and the guideline of the research were discussed in the following days.

We briefly report the contexts focusing to two topics.



[ 1] The change of current profile induced by peliet injection

Recently, the enhanced confinement mode called. pellet-mode has been
discovered in experiments. Due to the pellet injection, the improvement of the
confinement takes place in the central core of the plasma. Sometimes the suppression
of sawtooth is observed. The suppression occurs either in ohmic discharge or in NBI
heated discharge. This phenomenon has been observed in various machines in the
world, but the physical understanding is not clear yet. . |

In order to understand the physics associated with these observations, the
problem definition to challenge the "pellet mode" were made. We divide the issues

into two.

(D The change of the plasn'ia transport associated with the peliet injection.

@) The relation between the sawtooth suppression and the transport change.

With respect to (D, Japanese contributors have already proposed a theoretical model.

The theory predicts that the current profile change, which is as_sociated:with-:the pellet
injection, induces the reduction of the transport coefficient in the core region, and
that this reduction makes the plasma profile be peaked. The discussions were focused
to how to check this theory and to by what experimental method this can be -che:cked,
Some experimental guidelines were obtained as follows. |

» Deep penetration of the pellet is necessary. =

» Measure the plasma density and temperature profiles as accurate as
possible and the deduced y (r) should be calculated.

« Power input profile should be accurately measured.

» Current profile J(r) is to be measured by Faraday rotation teéhhiqué
(Polarimetory).

» The change of y (r) profile should be compared to the change of J(r). The
relatién should be checked. Comparison study of current profiles (or y (1))

of cases with and without pellet injection should be done. (Accuracy of the
measurement is essential to say something about the causality between y (r)

change and J(r) change.)



Based upon above guidelines Ohmic and NBI discharges, with and without pellet
injection, are to be done in a near future and the experimental results will-be compared
accordingiy. o |
The home task for the theory side is to search out the plasma parameter regions
where the theoretical model can be checked in the course of experiments mentioned |
above. To this end, o

* Choosing the operational condition and regimes for the actua} experiments,
* Predictive simulation study by use of the transport code should be done

* The simulational results are to be reported as soon as possxble

These are agreed among the members.

[ ] Physics of sawtooth oscillations

On the sawtooth oscillations, the information exm,hange as well as the d1scuss1on
on the previous findings were done and the guideline for the near term research were
summarized. |

Sawtooth oscillation is a generic phenomenon observed in almost all tokamaks,
namely, the central electron temperature shows a temporal behavior like a sawtooth.
The repetitive slow growth of temperature and the fast crash is observed.

This activity is considered to reduce the central electron temperature and to
increase not only the bulk plasma loss but also alpha particles as fusion product.
From the view point of physics, the plasma dynamics of the self-generated oscillations
is an important and interesting issues to be challenged. |

In the course of research of sawtooth mechanisms, the magnetic reconnection
model proposed by B. B. Kadomtsev in 1975 has been playing the most important
role. The model predicts that :

(1) The "helical deformation” with m =1 /n =1 pitch (m and n are the

poloidal and toroidal mode numbers, respectively) grows rapidly.

(2) The reconnection of the magnetic field lines near the mode rational

surface (which has the same helical pitch as the deformation) causes the



magnetic island structure. .

(3) Finally, this island prevails the central (core) part of the plasma |
According to this reconnection model, the center of the magnetic island of m =1 / n
= 1 pitch becomes a magnetic axis after the sudden crash of electron temperature.
From the topological consideration, the island pitch satisfies q = 1. After this model
was proposed, numerous simulation studies by computers have been performed and
the island growth has been observed. This theoretical model has been widely accepted.
However, the direct check by expenments had been very difficult.

In the mid eighties the magnetlc structure inside the plasma has been measured
systematically on the TEXTOR Tokamak by use of the Faraday rotation technique.
From this measurement it is found that the central q value is surely less than unity
(around 0.7 ~ 0.8) during the sawtooth oscillations. Furthermore the chang\, in one
sawtooth crash is found to be about 0.05. This observation revealed that the sawtooth
phenomena can not be fully explained by the Kadomtsev reconnection model. In his
model, the central q value after the crash should be unity because of the topological
change. Inspired by this measurement, other experimeiits have been done and this
fact has been confirmed. IR SR

This TEXTOR experimental measurement together with other expe.rimental
results, we have obtained the picture of sawtooth phenomenon as follows, o

(1) Magnetic perturbation explosively (faster than a resistive time) gr_ows |

toward the crash (magnetic trigger). |

(2) Plasma profile, e.g., electron temperature, suffers the sudden ﬂattenmg

(3) Magnetic structure is a little affected by the crash.

Based upon these experimental facts, we have proposed a new model of sawtooth,
in which the stochasticity due to the magnetic braiding process plays an important
role. In this model, the mode with helical pitch of m =1/ n =1 is also considered. The
difference from the previous works is that if the helical perturbation (deformation)
exceeds the threshold value, the magnetic braiding process takes place for the magnetic
field lines to reach the global stochasticity. Associated with this magnetic stochasticity,
the stochastic region covers the large area in the plasma column and the electron
temperature flattening occurs in the region. This model also predicts the fast time

scale of the magnetic triggering process.



This joint work program also challenges to check this stochasticity- model -of
sawtooth quantitatively, through the high resolution measurement of the magnetic
field profile. it is planned to install a new polarimeter channel in the horizontal
direction with high sensitivity and temporal resolution in order to gain additional
insight into the growth of the m = n = 1 perturbation connected with the sawtooth
crash. R |

In the course of discussions, the recent research activities_on this topic were
presented from both sides and we confirmed the precisioh of the measurement as
well as the accuracy of the statistical processings of the experimental data, The

sawtooth phenomena observed on TEXTOR were discussed which are

| 1) Sawtooth disappears in the high density region with the peziked profile.
2) In accordance with the change of NBI input power the change in the
toroidal rotation has been observed in association with changes' of the
sawtooth period and of the frequency of the precursor oscillations:
3) Magnetic perturbation seen after the sawtooth crash seems to be larger in
the outer region of the torus than in the inner. The causality is not yet

known. |
4) Fluctuations of the density and the temperature have the similar structure

to the case in 3) (the stronger in the outside), the causality is not known.

From the theoretical side, another new model theory of the sawtooth was

proposed and explained. This model predicts that |
1) There exists a sawtooth which is not triggered by m=1/n = 1 helical

perturbation. | |
2) The transport crash occurs if g(0)<< I and if Vp>Vp,, where Vp, is
the critical pressure gradient for the onset.

3) The location where the transport crash occurs is inside the q=1 surface (at

T) Whichisaroundr/r_, =0.6.

4) The avalanche phenomenon stops at a certain radius.
The model is brand-new. It is agreed that it should be checked experimentally in the

future.



< Near future plan for the collaborating work >
Experimental Task
* Preparation and tuning up of the horizontal chord

» By means of the vertical chord; More data of q(r) profile should be taken
for auxiliary heated plasmas. ( to compare with Ohmic déta) Observations
should be done for "Pellet shots”, "Gas injection discharge", "Improved
mode" and so on. o o |

» Special attentions are paid on
a) Asymmetry of B, during NB input. -

b) Comparison study of g(r) profile of the dlscharges w1th and wrthout

sawtooth oscillations. _ _ _ _

¢) The structure of precursors (the relation between precursor and crash,
etc) T

d) The relation of sawtooth period to P, (V +)» Where the ex1stence of

V « B = 0 surface should be taken into account.

Theoretical Task
- Comment on the draft written by experimental side.
- Making up a new model theory for a sawtooth. ‘*

- Analysis of new observations on sawtooth and its modelling.

With respect to the cooperation with fluctuation measuremenrs the information
exchange was newly done. It is agreed that from the view point of anomalous transport,
in general, the fluctuation measurement will be done in connection with the q(r)
profile as well as y (r) profile. If it is possible the causality should be checked.

Observations are to be done, not redistricting to the special topics, like a sawtooth
physics and pellet injected case.

During the workshop a rough discussion record was mode, ( Attachment #1).
Further collaborating work, i.e., the information exchange and discussions, is continued
by mails and faxes. In the next fiscal year, another working workshop is planned to
be held.



In addition to this English version of collaboration memo, the Japanese version

is also attached (Attachment #2).
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Appendix

Note of Discussions on Sawtooth and Modelling
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1994.10.5.-@
Discussion records on Sawteeth & modeling.

Soltwisch, Itoh X2, Fuchs, Koslowski ‘(A.Rogister)
I . Method of Accuracy of measurement '
Supplements to 10.04's talk. (horizontal) Polarimetry,
beat freq. 100kHz
T TN h lowh time resolution 100 s
Isgm 7 ‘]” it resolutitn S/N high enough to resolve
Z) precursor
VAN —— ‘ / . L .

final width of magnetic pertubation at the sawtooth crash

II. Observation on precursors.

» accumlation of >>100 cycles.

[ * precursor remains while noise disappears.] ?
*delay : out stream of density to x-point.

Il. Disappearance of Sawtooth (Exp. obs.)
High density ; n () peaks &sawtooth disappears.
It's plausthle that (0)<1.

Slight change in B, or n can give X2 charige in the period of s”a'wto.'oth. |

IV. Influence of NBI/ Rotation on the period.
pen od

VCI) ‘ \;PMB'I

J/ s PABT

V. Magnetic structure after the crash.

prominant in outside.

/ weak (7) in inside.

May be related to sharp gradient after crash.
Toroidicity ( Pfirsch-Schluter current) = in-out asymmetry ?
\ Is it a cause or result of a crash 7 ---causality.

15




1994.10.5.-@
S/ I1X2/F/K

VI. Theory
* Possibility ; Crash is not tnggered bym =1
— Long lasting precursor & postcurser. -
» Transport catastrophe is possible if q(0) <1 and VP is lange enough.
» Crash is initiated at the location r/ r_, ~0.6 or so.
« Avalanche stops at a certain radius. -

VI. Fluctuations at the crash. Waidmann ( Jadoul )
Vennis EPS paper Amsterdam EPS paper - 14B partl p.319

Horizontal channel reflectonatry (Jadoul)
heat pulse followed by density pulse observauon

fluctuations inside q = 1.surface  reflectometary : impossible
scatiering
(high frequency modulation) higher than plasma activity.
causality of core (q<1) fluctuation and T, (0) crash.

o TO) N

which is faster

fluctuation ?

1994.10.05.
Textor Transport experiment  ( + Waidmann)

I, modulation exp. ; density parameter regimes

I

N\ IMA /2 sec 100Hz

Tp hocluﬁaﬁcg ( 1.5 MA /2 sec max ip) |

W aooka /f.tmh/,g Powev

i

: 200kA e

| | I

! } o

-
Yawmp deasn

paper from Textor ( PPCF)
q dependence and radial profile of X,

16



1994.10.06.-0

Pellet injection case
Finken, (Itoh)?, Soltwisch, Koslowski

+ Transport related high B p discharge
pellet shot

< Pellet injection exp > :
* deep penetration of peliet
+ NBI deposition profile ( internal deposition )
measurements doduced
ne(r) » Te (l') » Tj(r) 3 a - X. (I')
I

» Comparison between L-mode & Pellet-mode
(as well as improved mode)

- Causality between S, (J(r) ), x,, @(pressure) e.tc

Vifo ).
Aims with Pellet injection o VS
‘ 1) Magnetics [T
a) dips in H (1) L
b) - '%\M'_P/'
2) Suppression of Sawtootth OH, NI " { '
W -
;.. ~wlasg

3) Confinement OH, IN
transport coefficient 10- 100ms ( T, n, q) IF L mocke

npx " _ w2
Pinch a few - 10 msec BI;;A N‘j e
" fast" charge < ms R
/,»"yr: | . LI | ’uﬁ L oay
200kA Pru ey

4) New phenomena

t T4 » correlation between B development and
'g A the sudden change of intensity
/’fy’ - /4 should be checked.
—— « Pellet penetration length (where it is deposited)
ellet | . should be checked.
f LI Y ‘”‘Aﬁ‘
& oy

17



4) continued
L

B
*bvfl}jgi&"& for HA-Q/\M

Be,/r
] \t

1994.10.06.-2

» If the magnetic braiding process prevails, there

Dy must be a thershold value of B for the
' ‘ thermal eleciron loss.

Pd@- tev atfaliviglic

& ledamy

25MeV electron

/" Ee

« The loss of high energy electron is very much
smaller for energetic electrons than thermal ones.

I]/ i Most likely, the energetic loss may not be
caused by the braiding process.

(PPPL, Minik & Strackan)

elecion g y
Plan for near future S
filled by Dr. Finken ?
Theory ( predictive) Exp . - '
find the most distinct set of parameters should be

of discharge

target plasma
*OH n, I :
n, I

p °

Transport n_, T, T, q(r)
v, (if possnble) compared
how accurate

« Pellet ( deposition location ) + NBI ( MW )
transport T, T,, n, q(r), v, (1)

checked by experimentalists



1994.10.06.
PM.3:30~

Discussion record on Sawtooth & Modelling
Soltwisch, (Itoh)? Koslowski

Experimental Task

1. Operational of hor. channel
(excursion of magnetic axis )

II. Operate extensively vert. polarimetory system.
* to extend data on g-profile to additional heatings.
* to apply to special discharges ( pellet, gas injection, Improved mode disruption )

I. Specific investigation

(a) B-field asymmetry (temporal evolution )
application to NI ( condition, reproducible sawtooth )

(b) Sawtooth - free di.charge ; comparison
(regular to irregular ( giant & so on ) change occurs related to q(r) charge ?

(¢) Structure of precursor
correlation between precursor phase and crash

(d) T4 .VS. P (V,) [remark V «B=0 surface inside the column ]
Remark

* Equilibrium solver ; simple one (easy to be implemented )
- VMEC code - person hunting in Japan

Theory Task
I. Draft reading and comments
II. Sawtooth model refinement from new observations
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