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r Abstract
Recent measurements of global as well as line integrated neutron

emission generated during NBI heating on JET hav* provided significant

information on the influence of sawtooth oscillations on injected ions. The

measurements have been analysed tomographically to deduce the spatial

distribution of the neutron emission before and after the sawtooth crash, and

the results indicate that the fast ions are expelled from the plasma core during

crashes.

The present report summarizes the theoretical work performed within

the JET contract JT1/13435, the final aim of which is to try to interpret the

mentioned experimental results. The analysis involves analytical as well as

numerical calculations. Since essential experimental features of sawtooth

crashes are not explained by existing theories (especially the fact that the

central safety factor q0 remains well below unity throughout the sawtooth

cycle) a new model of sawtooth crashes with q0 below unity is presented,

based on the models of Kadomtsev and Wesson.

The analytical results for the changes in global and local neutron

emissivity at the sawtooth crash are in qualitative agreement with

experimental results. Comparison is made between results obtained using the

Kadomtsev model of sawteeth (which assumes q0 to go to unity after the

crash) and using the new model (where q0 may be unchanged during the

crash). In particular, it is found that the new model predicts stronger

redistribution of the neutron emissivity, but a smaller change of global

emissivity than the Kadomtsev model.

A detailed numerical investigation of the sawtooth induced change in

neutron emissivity is also made. The Fokker-PIanck equation is used to

calculate the distribution function of the injected fast ions before the crash and

the models are used to find the change of both beam and plasma parameters

due to the crash. The radial distributions of the neutron emissivity before and

after the crash are then calculated and used for integration along the lines-of-

sight of the neutron profile monitor on JET. The flux surface geometry

obtained from MHD equilibrium calculations is used during the integration. In

addition, the change of the global neutron emission is also calculated and
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compared with experimental results. Both the Kadonwev model and the

model suggested here are found to be consistent with the experimentally

observed change in neutron emissivity (within error bars of experimental

data), provided the q(r)-profile is chosen properly. However, only the latter

model seems to be consistent with the experimentally inferred constraints on

the q-profile, e.g. the observed small changes of qo during crashes and the

persistence of the q=l surface as evidenced by the snake observations.
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r 1. Introduction
Sawtooth oscillations belong to the most typical forms of MHD activity in a

tokamak plasma. They manifest themselves in oscillations of X-ray radiation

from the plasma as well as in oscillations of plasma parameters in the core

region. The oscillations have a characteristic sawtooth like form. This

phenomenon occurs in plasma experiments of various generations, including

the latest machines, and although there are various means of suppressing

sawteeth, one may expect that they will be present also in tokamak reactors.

Sawtooth oscillations were discovered on the ST device in 1974 [1] and

since that time many new essential features of them have been revealed. In

particular; the plasma perturbations may evolve in different ways and with

different rates during the sawtooth crash, and various types of sawtooth

crashes are thus possible [2-6]; there are sawtooth crashes with and without

precursor and postcursor oscillations [3-7]; the central safety factor of a

tokamak may be almost unchanged throughout the sawtooth cycle [8-11];

weak sawtooth oscillations of the radius of the q = 1 surface may take place

and the shear at this radius may be very small [12, 13]; a crash results in a

heat pulse propagating to the plasma periphery [6, 14]. The sawteeth may be

stabilized by LH current drive, ECR-heating, ICR-heating and NB-injection,

while at the same time stabilization by ICRH and NBI may result in a strong

increase of the period and the amplitude of sawtooth oscillations, i.e. produce

"monster sawteeth" [10, 15-19]. Finally, the sawtooth oscillations may strongly

affect the fast ion losses from the plasma core [10, 20-32].

Thus, it is clear that sawteeth involve very interesting, complex and

complicated phenomena. An important practical consequence of the sawteeth

is the concomitant redistribution of the plasma, and in particular the influence

on the fast ion density profile. Indeed, because of sawteeth the radial profile

of the energy deposition from fast ions is changed and the fast ion loss from

the plasma core if increased (exceptions are the experiments on TFTR [31] and

PLT [30] where loss of fast ions may decrease after sawtooth crashes). The

effect of sawteeth on fast ions may be of great importance in a fusion reactor

as it affects the ignition conditions and the wall load. In order to be able to

study burning plasmas one needs to have a reliable theory for the sawtooth
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phenomenon. Such a theory should take into account the most essential

features of sawteeth and be in agreement with experimentally observed

redistribution of fast ions during sawteeth. The study of the behaviour of fast

ions in the presence of sawteeth is also of interest for improving the

understanding of the physics of this MHD-phenomenon.

Despite the importance of the anomalous transport of fast ions in the

presence of sawteeth, only a few attempts to describe it theoretically have

been made. Moreover, the analysis in those attempts was either qualitative or

phenomenological in nature. Martin et al. [20] assumed that the escape of fast

ions from the central region of the plasma is due to a change in the magnetic

configuration in accordance with Wesson's model for the sawteeth evolution

[33]. Zweben et al. [25] drew attention to the fact that, if through some

mechanism the MHD activity of the plasma causes a radial shift of a weakly

circulating particle (the presence of such a mechanism is postulated), the orbit

may be transformed to a banana orbit, and then the radial width of the orbit

and the probability of the particle escaping to the wall will increase sharply.

Anderson and Lisak [34] analysed the influence of sawteeth on the prompt

losses of alpha particles due to changes in the radial distribution of the fusion

plasma parameters which were taken as given.

The main purpose of the present work is to develop a theory which could

explain the results of JET experiments with NBI [23]. This has required the

development of a new model of sawtooth oscillations, as the well-known

previous models suggested by Kadomtsev [35] and Wesson [33] are not always

consistent with all experimental data.

The structure of the report on this work is the following. In Sec. 2 an

overview of theoretical models of sawteeth is presented, the emphasis being

on the most recognized models. Sec. 3 deals with a new model describing

sawtooth oscillations where the central safety factor, q0, remains below unity

throughout the sawtooth cycle. An overview of experimental observations of

the influence of sawteeth on fast ion behaviour is made in Sec. 4. A theory

predicting the behaviour of fast ions in discharges with q0 = 1 and q0 < 1 after

crashes is developed in Sec. S and Sec. 6, respectively. This theory is applied

to NBI experiments on JET in Sec. 7.
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2. Overview of Theoretical Models of Sawtooth Oscillations

The physics of sawtooth oscillations in tokamak plasmas is to a large extent

determined by the plasma flow patterns at the sawtooth crash together with

the precursor and postcursor (successor) phenomena (as deduced from, e.g.

soft x-ray emission measurements). Experimental results indicate that there

are at least two distinct types of sawtooth crashes [6, 7]. One of them is

initially seen as a cold plasma crescent enclosing a hot central plasma region.

Under JET conditions this occurs primarily during NBI heated divenor

discharges [7]. The best description of this type of crash is given by the model

suggested by Kadomtsev [35] and modified later in Refs. [36, 37, 5]. The

second type of crash is characterized by the formation of a hot crescent

enclosing a cold plasma centre. Such crashes occur in JET primarily during

ICRH limiter discharges [7], The most relevant model for this case has been

proposed by Wesson [33].

Even the very first experimental observations of sawtooth oscillations [1]

showed that the crash phase is accompanied by the development of helical

perturbations in the plasma with an m = n = 1 structure (m and n are the

poloidal and toroidal wave numbers). Kadomtsev's model [35] relates the

sawtooth crash to the development of the kink mode, m = n = 1, which shifts

the hot plasma core radially (Fig. 2.1). The finite conductivity of the plasma

leads to reconnection of the magnetic field lines, which impedes nonlinear

saturation of the instability. During reconnection the near-axis magnetic flux

surfaces where q < 1 unite with the surfaces located outside the q = 1 surface;

this leads to a flattening of the particle density, temperature, and current

profiles throughout the reconnection region, and also to q(r) > 1.

The crash time in Kadomtsev's model is equal to the time of full

reconnection of the magnetic field lines. It may be estimated as follows:
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Here vr is the radial velocity of the plasma motion at r < rs, rs is the radius of

the q = 1 surface, v^ = B^//iim~mj. B^,, is the poloidal component of the

magnetic field

(2.2)

Bp. By, B, and BH are the poloidal, toroidal, radial and helical components of

the magnetic field, respectively; the helical component is defined by

—* , —» —»

BH = B C3, C3 is the covariant base vector in r, 00^6-9 , 9, coordinates; r, 8, <p

are the radial, poloidal and toroidal coordinates; ZA*TJV*K, e=r/R; 8 is the width

of the current layer (the region where reconnection takes place). When

writing Eq. (2.1) it was taken into account that due to mass conservation [38]

(2.3)

To obtain the final expression for t c , one needs to determine 6. Let us first

assume that 5 is connected with the time At of diffusion of the magnetic field

lines into the current layer as follows

(2.4)

where t,, = 4nrf/(c2ii), and n is the plasma resistivity. This time should be equal

to the time, At,, of the expulsion of the plasma from the current layer into the

magnetic island given by

(2.5)

The condition At = Ati yields

- • V ? (2.6)
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After substitution of Eq. (2.6) into Eq. (2.1) we obtain the Sweet-Parker

reconnection time which determines the crash time in Kadomtsev's model:

(2-7)

The value of xc given by Eq. (2.7) agrees with the experimental observations in

small tokamaks [38]. However, Eq. (2.7) predicts a growth of the crash time

when rs increases, x c « £ a , and this contradicts experiments in large tokamaks.

For JET, x c - lOT*s whereas Eq. (2.7) leads to xc=(4-12yVAq0 , ms. wh ere

Aqo, = 10(1 - q,,). When obtaining these estimates we used the following

parameters:

a =125 cm, R = 296cm. BT = 3T

r, = a/3, n(0) = (2-6) 1013 cm"3

T(0) = 4-12keV (2.8)

which result in xA - (3 - SVAq,,, \is and ^ - 5 - 30 s, In Eq. (2.8) a and R are the

small and large torus radii and n and T are the plasma density and

temperature.

The mentioned discrepancy may be decreased if one takes into account

the electron inertia [38, 39]. Indeed, Eq. (2.4) follows from

3B/dt« Dd2B/9x2, D - c2n/4*» i.e. from the equations

dB ~* -* -* -* c
cotE E tij j

c
j = — r o t B . (2.9)

However, including the electron inertia one obtains

(2.10)
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where <äve='j4me2fmK. We note that additional diffusion is possible due to the

dj/di term. This increases the width of the current layer. When Eq. (2.10) is

dominated by the last term, we may make the change r\ -> (4n/a^) v V in

Eq (2.6) to get

(2.11)

As tcOcS"1, Eq. (2.10) provides a reconnection time which is less than that given

by Eq. (2.7) by a factor of V*W*Ä 52Q/Aqo l . Hence the theory taking into

account the electron inertia in Ohm's law seems to give a value of t c which is

close to the experimentally observed one [38]. However, numerical

calculations in Ref. [39] contradict this model because the current layer

collapses during reconnection to a thickness which is much less than c/cope. To

prevent such a collapse and to obtain reasonable agreement with observations,

the authors of Ref. [39] introduced an anomalous current diffusion caused by

the development of the current convective instability. Another possibility to

provide a sufficiently short crash time is to assume anomalous resistivity in

the current layer. In this case agreement with experiments may be obtained

even with the use of the Sweet-Parker expression (2.7) [40]. A general

conclusion following from the foregoing is that there is not a generally

accepted opinion concerning the processes occurring in a current layer during

reconnection.

The problem of the short crash time can be explained in the framework

of Wesson's model [33], In this model the sawtooth crash is a formation of a

cold bubble in the plasma centre due to quasi-interchange motion of the

plasma, i.e. no reconnect'on is required (Fig. 2.2). The reconnection follows

after the crash and determines the duration of the postcursor oscillation;

however, this is not considered in the model. According to Ref. [33] and

subsequent works of Wesson with co-authors, the quasi-interchange motion

may be a result of the ideal m = 1 instability provided shear inside the q = 1

surface is very small. This may be easily understood from the expression for

the potential energy
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"2TT j ( 1 " ^ ( i l ) f 3 d r +^ (212)

where (i^q"1 and £(r) is the plasma displacement. Equation (2.12) stows that

instability is possible (5W < 0) provided the integral vanishes or is small ( ~ E 3 ) .

This is the case when £(r) is a step function, i.e. when a rigid shift of the

plasma core takes place. The monotonously decreasing £(r) corresponding to

quasi-iruerchange motion may also cause the integral to vanish but only in the

special case of u(r)= 1.

In both Kadomtsev's and Wesson's models the initial stage of the plasma

is assumed axisymmerric. However, the final states are different; it is

axisymmetric in the first model and non-axisymmetric in the second one.

In Kadomtsev's model, qo = 1 after the sawtooth crash. Wesson's model

predicts nothing about the value of q0 after the crash. It describes only the

initial pan of the events connected with the sawtooth crash and does not

describe postcursors and the transition to the ramp up phase of the sawteeth.

However, as the initial stage in Wesson's model is axisymmetric one needs to

assume that some kind of reconnection of the magnetic field lines should take

place after the crash.

Thus, it seems very likely that independently of the type of sawtooth

crash a narrow current layer should arise (Fig. 2.3). It follows that crashes will

be accompanied by the generation of an electric field directed along the helical

m = n = 1 lines. To estimate this field we introduce the magnetic flux function

V(r, (o) as [35, 41]

> f f Bn(r, <o) \
drr e 2 - B.= BTJ dn| ^ - 11 (2.13)

-»2
where c =V(o- Assuming that all this flux reconnects we have [38, 39]
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where tree is a reconnection time. This field exceeds the Dreicer electric field,

Ej» according to

( 2 , 5 )

where T^ev is T in koV, ni3 is n(cnr3)/101 3 , and Zeff is the effective charge

number.

There are also other theoretical models not based on field line

reconnection. These deal with, e.g. field line ergodisation due to toroidal

effects on the m = 1 mode, and microturbulence. One of these is the model of

Dubois and Samain [42]. According to this model a sawtooth crash is due to the

fact that in the presence of the precursor magnetic islands, the configuration is

metastable witn respect to microturbulence. This turbulence is triggered by a

singular current layer at the separatrix of the magnetic island, but expands

into a large domain of the plasma.

However, these ergodisation turbulence models imply flattening of the

plasma profiles within the ergodic/turbulent regions, and tMs does not seem

consistent with some recent experimental data, e.g. the expulsion of fast ions

from the central plasma to a region around the q = 1 surface, as seen in the off

axis peaking of the neutron emission in a NBI-heated plasma [26].

"I
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3 . A New Model of Sawtooth Crashes with the Central

Safety Factor, q0, below Unity

The models considered in Sec. 2 are not always consistent with a number of

recent experimental observations. In particular, the basic assumption of the

Wesson model [34] that 1 -qo= 10~2-10~3, is in conflict with the experimental

values of q0, q o s 0.6-0.8, which seem to be a characteristic feature of many

experiments (Tokapole-II [8], Textor [9], JET [10]). In addition, the theory of

Wesson does not provide any description of the transition to the final stage of

the sawtooth crash and of the subsequent evolution tc an axisymmetric

magnetic configuration. The only existing theory describing a transition to an

axisymmetric state is the field-line-reconnection theory of Kadomtsev [35],

which leads to q(r) ̂  1 at the end of the transition process. However, this

prediction does not agree with the very small observed change of q0 during

sawtooth crashes, Aqos(l-2)% [8-10]. (On the other hand, note that the

presently used diagnostic equipment may not be able to resolve the fast drops

of q0 connected with the large second derivative of the neoclassical

conductivity at r = 0 [40]). The complete reconnection picture of Ref. [3S] is

also in contradiction with observations of the "snake phenomenon" (i.e. the

very localized density perturbation with m = n = 1 surviving for many

sawtooth periods) [12] since this phenomenon indicates that the q = 1 surface

persists through -ut the sawtooth cycle.

In the present section, a new model is proposed which offers a possible

explanation of both types of sawtooth crashes. The main feature of our model

is that the crashes are considered to involve two kinds of plasma motions

occurring simultaneously: (i) a rigid shift of the plasma core, and (ii) a quasi-

interchange flow in the vicinity of the q * 1 surface. Hence, the two types of

crashes discussed above represent limit cases of the plasma motion. When the

motion is primarily of kind (i), the first type of sawtooth crash appears and

therefore it will be referred to as "shift-dominated". When the main plasma

motion is of kind (ii) the second type of crash occurs which will be called

"interchange-dominated".

The present model is based on the ideal MHD conservation laws, c.f. Ref.

[35]. We show that these laws allow a transition of the plasma from a state
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with q0 < 1 to a new one which is also characterized by q0 < 1 but with a

reduced value of rs, rs being the radius of the q = 1 surface. Figures 3.1 and

3.2 show possible changes in topology of the magnetic field during such a

transition for the interchange-dominated and shift-dominated crashes,

respectively. According to these figures the full reconnection of the magnetic

field lines leads to q0 < 1 provided that two (rather than one) current layers

arise during some stage of the plasma motion.

The model is in agreement with the following data, characteristic of

several experiments: (i) q0 remains well below unity throughout the sawtooth

cycle, (ii) the shear in the region close to rs is very small; (iii) sawtooth crashes

only weakly affect q0 and the shear at rs; (iv) the change of r$ caused by the

crashes is relatively small; (v) a crash results in strong plasma redistribution;

(vi) the energy flux across the q = 1 surface is small before the final stage of

the interchange-dominated crash, whereas it is large in the case of the shift-

dominated crash; (vii) the interchange- and shift-dominated crashes are

characterized by the inertial time scale and the time scale of reconnection,

respectively. However, it should be pointed out that at present there are no

numerical simulations of the MHD dynamics during sawteeth supporting our

model.

Let us now examine the change in the magnetic field configuration due to

the sawtooth crash. It follows from Eqs. (2.13) and (2.2), that in the absence of

MHD perturbations, B* = Bp(l-q), and y(r) has a maximum at r = rs. We

assume that this is the case both before and after the sawtooth crash (with

possible precursors and successors). We also assume that the magnetic field is

frozen into the plasma everywhere except in the narrow current layers where

the reconnection process is localized. Then the magnetic flux, dy, and the

volume, dV, of the connecting layers are approximately conserved. This makes

it possible tc find the relation between the flux y(r) (and also q(r)) before and

after the crash. By such a procedure it was concluded in Ref. [35] that

reconnection results in q(r) > 1. Here, we will show that reconnection may also

lead to other possible states. Indeed, the conservation laws for magnetic flux

and volume may be written as follows (we assume that dq/dr>0 before the

crash):



r
<ty (rT) - ^V (r2) - ^¥+( r l) + dy+(r2) +

OTj OTj OTj OT2

where dV = 2n.Rrdr, the subscripts 1 and 2 label values at r < rs and r > rs,

respectively, and minus/plus denote values before/after the crash. Equations

(2.2), (2.13), (3.1) - (3.3) yield Kadomtsev's result only in the special case

dV|=0. However, in general the system of equations (3.1) - (3.3) also possesses

other solutions which may explain a variety of observed types of sawtooth

crashes. Guided by experimental observations [8-10], let us consider sawtooth

oscillations with q0 < 1 throughout the sawtooth cycle. We assume that the

volume element d\^ contributes to the formation of the whole plasma mixing

region, whereas dVj" takes part only in producing d\£ This assumption

corresponds to the evolution of the magnetic field, which is shown in Figs. 3.1

and 3.2. Consequently, we introduce a flux surface function W(y) which

determines the fraction of the volume dV̂  producing the cold plasma core with

q < 1. To restrict the class of possible solutions of Eqs. (3/>) - (3.3) to those

corresponding to the described physical picture, we then split Eq. (3.3) as

follows:

(3.4)

(3.5)

which may also be written as

"I
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dxi d»2 dxi
_ - i = (l-W)-T-=---r-L (3.7)
dy dy dy

where x = r2/(r7)2. Note that in writing Eqs. (3.6) and (3.7) we have taken into

account that dy/dxj > 0 and dy/dx2 < 0. It is clear that when W = 0, we regain

the Kadomtsev reconnection scenario leading to q(r)>l after the crash.

In order to demonstrate our model, we consider crashes with a very

small change of qo, a situation which corresponds to experimental observations

[8-10]. For simplicity we take <£=<£, i.e.

1,1. U . (3-8)

and assume W=»
const

0
where X20 is a parameter,

Equations (3.8) and (3.6) then enable us to find the set of equations

relating W to the observable variables (r,+ and qo) as:

(3.9)

where u =q ' and x,+=(r>7)2.

The system of equations (2.13), (3.1), (3.2), (3.6), (3.7) and (3.9) has a

unique solution which determines the omy possible profile of q(r) resulting

from the crash, provided q(r) before the crash as well as the radius of the q =

1 surface after the crash are known.

It can be seen in Figs. 3.1 and 3.2 that during the transition from an

initial axisymmetric state in Figs. 3.1a, 3.2a to the state in Figs. 3.1b, 3.2b the

plasma core is shifting almost rigidly, whereas in the region close to rs the

quasi-interchange flow is taking place. Note that the distinct feature of Figs.

3.1b and 3.2b consists in different sizes of the plasma core and the cold

plasma bubble, which reflects the different characters of the shift-dominated
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and interchange-dominated crashes. The disc- ssed process seems to be

possible when q0 is well below unity and the shear in the region close to rs is

very small, i.e. when u(r) has a "head and shoulder" profile. Such a profile of

|i(r) before the crash may be approximated by

X* ~~ Xj

- - —
X»

u(x~)=
1 - xT xT - x»
T—r + T - T "
1 — X* 1 — A»

a 2 - Xj X2 - 1

a2 - 1 * a2 - 1

where \=a/r~ and j u - l s l O ~ 2 . One may expect that, depending on the width of

the region with small shear, 1 - x«, different types of crashes occur: shift-

dominated crashes take place when x* is close to unity, whereas interchange-

dominated crashes are possible when x* is well below unity. Note that the

case of u(r) having a "head and shoulder" profile was considered in Ref. [43]

when studying the plasma linear stability with respect to the m = 1 kink mode.

Calculations yielded a flow pattern which agrees with Figs. 3.1 and 3.2.

In order to demonstrate our model we take as an example <£=qo = 0-8, qa

= 3, q; = 0.995. r* = r. = i~hf2, and r7 = a/3. These parameters are similar to those of

JET experiments [10, 12]. The corresponding results are shown in Fig. 3.3 from

which it is seen that the q(r) profile before the crash and after the successors

is almost unchanged. Nevertheless, it follows from Figs. 3.1 and 3.2 that as a

consequence of the sawtooth crash, the plasma is strongly redistributed, the

core being more cold and the periphery more hot as compared to the result of

the Kadomtsev reconnection process [35].

We note that the reconnection process considered here may lead to <£<1,

and, in particular, to <£=q^ also when 1 - < £ « 1 , e.g. (£=0.99. However, in this

case the rigid-shift of the near-axis plasma does not take place and

consequently the initial phase of the crash is the same as in Wesson's model

[33].
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In conclusion, we have shown that the ideal MHD conservation laws are

consistent with observed different sawtooth crashes, in particular, with those

which leave q0 well below unity (the q(r)-profile may even be almost

unchanged) and result in strong plasma redistribution. During the transition

to a new state with q0 < 1, the magnetic field structure is changing in the

whole region r < rmi* (rmix is the mixing radius), and thus, unlike the generally

accepted opinion, full reconnection of the field lines does not inevitably lead to

a state with q(r) > l It should be emphasized that both the shift-dominated and

the interchange-dominated crashes may result in qo < 1. The analysis of the

energetics of the plasma states before and after crash (presented in Appendix)

shows that the change of the poloidal magnetic energy, 5Q, is negative

-e^(u o - l ) 2 Q<5Q<0; Q being the total magnetic energy, e$ = rs/R), and that the

work due to the plasma pressure, SA, is positive (8A-E,2fJQ; f} = 8jcp/B2)

provided dp/dr < 0. Consequently, the plasma entropy increases which

suppons the accessibility of the state with qo
+< 1 within the considered model.

Note that the proposed model is supported by (i) experimental data

concerning q(r) [8-13] and X-ray emission [4], (ii) energetics calculations, (iii)

the plasma flow patterns at the linear stage of the m = 1 instability for the

"head and shoulder" ji(r)-profile [43], (iv) the numerical simulation of Ref. [44]

showing that a plasma with a "head and shoulder" u(r)-profile can be stable or

unstable depending on the pressure profile.
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4. Experimental Observations of the Effects of Sawteeth on

Fast Ions (Overview)

Experiments in recent years, particularly in the large tokamaks (JET, TFTR),

have convincingly shown that sawtooth oscillations may strongly affect the

confinement of fast ions in the plasma core. Observations have been made on

ions over a wide range of energies: from a few tens of keV to IS MeV. The

fast ion sources were neutral beam injection, ICRF minority heating and fusion

reactions (see Table 1). Diagnostics relied on neutron yield, fluxes of fast ions

to the wall, and y-radiation. Below we present an overview of the

experimental results which seem to give the main information on the

behaviour ol the fast ions during sawteeth.

(a) NBI - Experiments

Detection of the 2.S MeV neutrons generated by the d(d, n)He3 reaction during

NBI heating has provided significant information on the behaviour of injected

deuterons in JET [23, 26, 27]. The energy of the injected particles was 80 keV

and, since 1989, also 140 keV.

A pair of absolutely calibrated fission chambers, and a neutron profile

monitor consisting of two cameras with 10 and 9 fan-shaped collimated lines-

of-sight respectively, were used for the neutron diagnostics. The best time

resolution was 0.2 ms for the fission chambers and - 2 ins for the profile

monitor. However, these values were achieved only during high-yield

discharges [23].

The results of neutron measurements for the shots 16066 and 18765 are

presented in Figs. 4.1 and 4.2 of Ref. [23]. It is shown that neutron and

electron temperature sawteeth occur simultaneously, both kinds displaying

normal sawtooth behaviour in the central plasma and inverted behaviour in

the outer regions.

The duration of the crash (from 15% to typically 20% of the total change

in neutron emissivity) is < 1 ms, very often < 0.3 ms in discharges where the

neutron emission is dominated by beam-induced neutrons. Measurements

have further shown that the drop in global neutron emission may vary from

negligible to more than 30%.
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Measurements from the JET neutron profile monitor were analysed

tomographically to deduce the spatial distribution of the neutron emission

both before and after the sawtooth crash. To obtain the best time resolution, a

sawtooth with a high neutron emission rate (10 1 6 s"1, which requires 10 ms

averaging) was examined in shot 20981 [26]. The results are presented in Fig.

4.3 [26, 10]. It is seen from Fig. 4.3 that due to the crash the strongly peaked

neutron emission profile is transformed into a hollow one. Redistribution of

the neutron emission profile indicate? that fast deuterons produced by the NBI

are expelled from the plasma core.

One can draw this conclusion since, firstly, the electron density and

temperature profiles are approximately flat before a crash and, secondly, the

beam-plasma (bp) and beam-beam (bb) reactions (rather than the

thermonuclear reactions (t)) dominate the neutron yield. This is the case in

shot 20981 where the slowing down time is xs = 0.3 " and the NBI source rate

on axis is 1020 m^s"1, and thus r.|> - 3 x 1019 nr3 whereas no = 1.7 x 1019 m*3.

The effect of sawteeth on the 2.S MeV neutron emission during NBI was

also studied in the PLT, and TFTR tokamaks [24, 25, 30, 32]. It was found that

in thermonuclear plasmas, the sawtooth instability typically results in a 20%

reduction in emission. However, the variation is much smaller in discharges

dominated by beam-plasma reactions. In particular, on PLT a sawtooth crash

causes ~ 3% drop in the neutron emission in At ~ 5 ms. On TFTR the magnitude

of the drop is also a few per cent but the drop is slower, At ~ 10 - 45 ms (Fig.

4.4). These results differ strongly from the ones on JET. The difference is

probably due to the more flat radial profiles of fast ions in TFTR and PLT.

In the TFTR experiments with NBI the direct influence of the sawtooth

oscillations on the charged d-d fusion products was also studied [24, 25, 32].

The 1 MeV tritons escaping to the wall were measured simultaneously with

the neutron emission. It was found that in discharges with I = 1.4 MA a

sawtooth crash may result in strong enhancement, by a factor of 5, of the

triton flux to the wall (Fig. 4.5) [24, 25]. However, the duration of this

enhanced flux was very short (much less than 1 ms) and was followed by a

loss level which only slightly exceeded the one before the crash. Hence, the

influence of crashes on the MeV ion loss (to the bottom detector) turns out to
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be small, except for the first orbit losses immediately after a crash. This

conclusion was confirmed recently for discharges with larger current, I = 1.8

MA, where even the transient increase of the niton flux to the detector was

relatively small (Fig. 4.6 [32]).

The behaviour of 1 MeV tritons, including triton burn up, was analysed

in Ref. [24]. The measured triton burn up fraction (> 1%) appears to be about

half of the classically expected value. It is not clear from published results

whether sawteeth or other MHD-activity is responsible for the reduction of the

burn up.

b) ICRF Heating Experiments

The influence of sawteeth on fast ions in experiments with ICRH is studied

mainly by detection of high-eneigy protons escaping to the wall. The source of

the protons is the He3(D, p)He4 reaction, whose reactivity is sufficiently large

due to the presence of fast He3-ions produced by means of ICRF minority

heating of helium (this mechanism provides the main contribution when the

RF-power is large), or by the D(D, p)He3 reaction in the bulk plasma. Proton

orbits (especially orbits of toroidaliy trapped particles) are characterized by a

large radial width that provides detectible proton losses to the wall even

under JET conditions (Fig. 4.7). The 3.6 MeV alpha particles which also are

produced in nuclear reactions, are confined much better than 14.7 MeV

protons as their gyroradius is smaller by a factor of 2.

We start with a description of JET results. They were obtained for two

cases: i) discharges with low RF power, 0.3 - 0.6 MW; ii) discharges with high

RF power, 1.0 - 2.0 MW [20, 23]. It was found that the proton emission is

briefly (At - IS ms) but strongly enhanced at the moments of sawtooth crashes

and that the energy spectrum of escaped protons strongly depends on the

level of RF power. It was further seen [20] that the spectrum was significantly

broadened at the moment of the crash. Finally, it was found that during RF-

heating a large, almost perpendicular ion velocity tail, with a mean energy of

100 to 600 keV, was formed close to the centre of the plasma.

The described experimental data show that sawteeth expel fast ions.

However, it is not clear which ions were expelled as there are different
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possibilities: a) a crash expels protons from the plasma core (r < rs) to the

region r > rs from which protons escape to detector; b) a crash expels fast He3-

ions which then react with d-ions yielding escaping protons; c) both

mentioned processes take place. The analysis presented in Ref. [20] does not

allow one to draw a definite conclusion.

More recent experiments reported in Ref. [23] confirmed the occurrence

of bursts of escaping protons at the time of sawtooth crashes. However, the

energy spectrum no longer showed any shifts. Thus, in these experiments the

crashes expelled fast He3-ions which then produced escaping protons. It is

nor clear whether differences between old and recent observations are due to

changing plasma conditions or to the more controlled experimental set up of

the later work [23].

Indications of sawtooth-induced strong redistribution of fast ions have

also been obtained in other high power He3 minority ICRF heating experiments

on JET, [45]. In particular, measurements of the electron heating inside the q =

1 surface after a sawtooth crash show that the energy content of the high

energy minority ions inside this surface decreases by about 50% during the

sawtooth crash.

Unlike the JET-experiments with ICRF-heating, the corresponding

experiments on TFTR show that the fast ion losses decrease (rather than

increase) after a crash [31]. In those experiments the loss of the ICRF H+

minority ion tail was studied, see Fig. 4.8.

The study of the 14.7 MeV proton emission from the d(He3, p)a reaction

on PL" during ICRH shows that sawtooth crashes can either deteriorate or

improve the confinement of protons, see Fig. 4.9 [30].

c) Ion Cyclotron Emission in JET [28, 29]

inverted sawtooth oscillations in the superthermal ion cyclotron emission

(ICE), whose origin is located at the plasma edge, were observed in JET. These

oscillations are undoubtedly connected with the sawtooth oscillations in the

core plasma: the time delay data show that the ICE sawtooth peaks coincide

with the arrival of the sawtooth heat pulses to the edge plasma (these are
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delayed by 17 ms with respect to the central sawtooth crash). The oscillations

seem to arise from the transient local enhancement of the fusion reactivity R^d

in the edge plasma, which is caused by the arrival of the sawtooth heat pulse.

The sudden production of 3 MeV protons stemming from dd-reactions leads to

the formation of a fast proton population with df/dv > 0 (f is the proton

velocity distribution function). This drives the so-called "thermonuclear

cyclotron-magneto-acoustic" instability [46], which produces the superthermal

ICE. Probably, this is the first thermonuclear instability (i.e. plasma instability

caused by fusion products) observed experimentally. From this phenomenon

one can infer that the proton, triton, helium-3, and neutron (products of dd-

reactions) fluxes to the wall have the shape of inverted sawteeth. However,

until row these fluxes have not been measured.
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5. Theory of Behaviour of Fast Ions in Presence of

Sawteeth with qo = 1 after Crash

5.1 Description of Approach

Here we consider the effect of sawteeth on fast ions assuming that the crash

results in a state with qo = 1. For the description of the sawtooth crashes we

use a model which is based on the same equations of the ideal MHD

conservation laws as Kadomtsev's model. Thus, our analysis will include

Kadomtsev's model as well as any other models with magnetic field line

reconnection in a current layer. The fast ions are assumed to follow the

restructuring magnetic surfaces, i.e. the particle motion is characterized by

small radial excursions, Ar « rmix-

Let us consider whether the last inequality can be fulfilled. First of all it

is clear that relatively small radial widths of the particle orbits in an axi-

symmetric toroidal magnetic field are required (Arb « rm ,x) . This condition

can be fulfilled even for MeV-ions, e.g., alpha particles in ITER which will have

banana widths of the order of Arb ~ (2qrL/R)2/3 R - 20 - 30 cm (n, is the

gyroradius), whereas the expected value of rmix is - a/2 - 100 cm.

Secondly, it can be shown that the particle excursions in a straight

cylinder with m = n = 1 perturbations also can be small. Assuming the particle

motion to be collisionless, the Lagrangian function is [47]

L = ymv2 + | v ' - A - e * (5.1)

—»
where 4> and A are the scalar and vector potentials of the electromagnetic field,

respectively, and m and e are the mass and charge of the particle. For helical

s y m m e t r y ( 3 L / d £ 3 = O.where %l = r, %} = co = 6-<p, £ 3 = <p), the fo l lowing

conservation law will hold

mv3 + - A3 = const. (5.2)
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The component V3 in this equation can be presented as

l-q"1) (5.3)

where VH is the particle velocity along the magnetic field. It follows from

expressions (S.2) and (S.3) that the radial excursion of the panicle, which is

determined by the variation of its velocity, is given by (using Eq. (2.13) and

the equality A3 = - y )

Avn Ave

Ar= T—+-ZT <5-4>

where AVH and Ave are the changes in the particle velocity components during

the process of field line reconnection and O>B = eB/mc. Clearly, the second term

is small, of the order of the panicle Larmor radius. To evaluate the first term

we write V|| as vn = v^ 1-XB/BO where X = u B 0 / £ , and u and E are the magnetic

moment and the energy of the panicle, which we can assume are invariants of

motion (it can easily be shown that the changes in particle energy due to the

toroidal electrical field are small during the reconnection period). We then

obtain

<5-5>

where A B is the variation of the magnetic field during the motion of the

particle. In a cylindrical geometry AB/B = - Ap72p, where p = 8rcp/B2. A

condition for particles to follow a restructuring magnetic surface is that Ar is

small compared with r,. This leads to the following inequality (assuming that

V/©B « rs):

v, Ap rL
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When considering to what extent this condition can be fulfilled, we note that

the plasma is bound to the magnetic field lines, and thus A{J « [p(0) - p(rs)]t>

where the index "t" denotes that the difference is taken at a fixed instant of

time. This makes the fulfilment of condition (5.6) easier, which however,

when q is close to unity (q"J-l < 10"2), may not be satisfied for panicles with

large V_L/VII.

In reality the radial excursion of a panicle is caused by both helical

perturbations and toroidicity. Their simultaneous action may have a

synergetic character, e.g. leading to stochastic motion of some fraction of the

particles. However, one may expect that for the main fraction of the particles

the effects of toroidicity and helicity are additive (firstly because Br/B « e, and

secondly since the crash time exceeds the bounce/transit time by a factor of

10 or less for barely circulating/trapped particles whose motion are most

liable to become stochastic).

Thus, even fast ions are expected to follow the magnetic field lines. We

believe that their motion along the magnetic field can be the main mechanism

providing their redistribution during a crash. Furthermore, the sawtooth

instability produces magnetic islands with large widths, Aru ~r,. This means

that there are magnetic field lines which connect the central plasma region

with r ~ rs. Thus, the longitudinal panicle motion may result in larger radial

excursions than the toroidal (or other) effects.

Note, however, that the value of BT produced by the instability is much

smaller than Bp. The value of Br can be estimated from the field line equation

(dr/Br = rdw/B«p):

where s = d (lnq)/d (lnr) is the magnetic shear. At the moment of maximum

development of the instability, when the magnetic island encompasses the

centre of the plasma column, we have Aru ~ rs, from which it follows that l>r -

1/n Bp(rs)s. Assuming that the variation in q within the magnetic resonance

surface is 8q - l i H - 10"2, we obtain s -KH-IO"2 and Br~3x(10-2-10-3)(rs/R)BT.
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We are now able to write the set of equations which determine the

relation between the particle distribution function before and after a sawtooth

crash. These equations consist of Eqs. (3.1) - (3.3) with dVf=0(W = 0) plus the

law of particle number conservation with arbitrary v, X and a (o « sgn VH):

(5-8)

- r, dr, + r2 dr2 = r3 dr3 (5.10)

- fj tx dr, + f2 r2 dr2 = f3 r3 dr3 (5.11)

where f; = f(rj, X, v, o), i = 1, 2, 3, is the particle distribution function. Here we

have changed the notations according to: ^-»r , , r2-»r2, r2->r3. From this, and

taking the expression (2.13) into account, we can find the radial distribution of

the particles of interest following the crash phase:

where m = qj"1

5.2. Expulsion of Particles with a Peaked Radial Distribution

During a Crash

Unfortunately, the general expression obtained for f(ra) does not give us a

clear picture and no definite conclusions can be drawn from it. We shall

therefore specify q(n, 2) prior to the crash in the form
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q"'(ru)=

+ a
r ' - r '

(5.13)

Here, a and p are parameters (o > 10"2, p > 1). When the calculations have

been performed, we obtain quantities describing the magnetic configuration of

the plasma before and after the crash:

(5.14)

(5.15)

(5.16)

t(a2-l)a/p]1/2

(5.17)

(5.18)

where x = r2/r2, \^ = r2^2, r0 = rmix is the mixing radius (the index "3" is omitted

here and below), and a=a/r,.

Expression (5.12) can now be written in the form

(5.19)

In what follows we shall specify the particle distribution prior to the crash as:

(5.20)

Then
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f= fl(0) 1 (1-i^If l + ̂ - f l +(«.-!)[ l - ^ f ] I (5.21)
x° U (a2-D X°J L (a2-D X°J J

It follows from equation (S.21) that, as a result of the internal disruption,

the number of particles in the near-axis region falls owing to the ejection into

the region with r ~rs:

-2 , (5.22)
a

The stronger the peaking of the radial particle distribution prior to the

crash, and the larger the ratio rs/a, the more pronounced will this effect be.

This means that the sawtooth "crash" is accompanied by an expulsion from the

near-axis plasma region of particles with a peaked radial distribution.

In order to evaluate this effect, let us use expression (5.21) to find the

fraction of particles contained within a magnetic surface of radius r (r < r0)

following the internal disruption, defining it as

(5.23)

where 3\&x) is the number of particles within a surface of radius r = Vx~r, Using

expression (5.21), we find

I-XAQ^I (

ä2 J T ~
l+x-x/x0

< 5" 2 4>x
)

We will assume for example v = 4, p = 0.5, a = 2 (qa = 2, a = 2rg), a = 0.01 (low

shear) or a = 1/6 (parabolic current profile). Then from (5.24) we find that

almost half of the particles in the mixing region are located in the layer 0.8 <

r/r0 < 1 after the collapse, whereas prior to the collapse there were

significantly fewer particles in this layer: by a factor of 2.3 at a = 0.01 and by

3.6 at a = 1/6.
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5.3 The Influence of Sawtooth Oscillations on Fast-Ion

Confinement and the Plasma Heating Profile

It has been shown in the previous section that particles with a peaked radial

distribution as defined in Eq. (S.20) will be ejected from the plasma centre due

to the collapse and that the resulting panicle distribution will take the form

given by to Eq. (S.21). Let us now analyze the effect of a continuously active

source of particles, with the same radial dependence as in Eq. (5.20) (for

example, a thermonuclear reaction, fast-ion injection, etc.)- In this case a

sawtooth crash will be followed by a process in which the distribution defined

in Eq. (S.20) is restored - a process lasting no longer than the time between

two successive crashes (xr). It may be expected that the evolution pattern of

the particles in the plasma, and also their heating of the plasma, will depend

on xs, the typical relaxation time of the produced particles, as well as other

factorsother factors.

It is thus of interest to describe self-consistently the behaviour of fast

particles in the presence of sawtooth oscillations. Considering this problem, we

shall here assume that slowing down is the dominant collision process for fast

particles, (i.e. the ion energy has to satisfy £ » TXme/mi)1/3), and we shall

assume that the typical slowing-down time (ts) is large compared to the time

of magnetic field line reconnection. In this case the change in the fast-ion

distribution function due to the collapse can be described by means of

expression (S.I2) and the evolution of the particle distribution function

between crashes (during the time t r) is determined by the equation:

( 5 2 5 )

where f - f(r, v, X, o, t), xs = ts(n(r, t), T(r, t)), S = S(r, t, X, a) is the particle

source intensity, va is the velocity of the produced panicles, and 8(x) is the

Dirac 5-function.

It is rather difficult to find a rigoious solution to the problem of the

evolution of the distribution function in a system with sawtooth oscillations,
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even when the above assumptions are made. We shall therefore make further

simplifications. Let us, in the first place, replace the expression (5.12) by th*

approximate expression

f(r)sf(r,) (5.26)

in which we shall assume that the relations

(5.27)

are valid. An approximation of this kind means that we neglect the volume of

the peripherical plasma (located outside the resonance magnetic surface)

which is involved in the reconnection process. Actually, the mixing process is

approximated by turning the plasma inside out. Furthermore, we shall

consider the duration of the collapse to be zero, and the sawtooth oscillations

to be strictly periodical. With these assumptions, the ion distribution function

will exhibit a step-wise evolution but, with an appropriate substitution of the

radial variable, the problem can be reduced to the solution of a single equation

for a continuous function. In fact, we can introduce the variable r(t; r), defined

as

r(ur) =

r for

(5.28)

2n-l

where tn are the instants at which the crashes occur, tn - tn-i - tr , and n is an

integer. It can easily be seen from equality (5.26) that the function f(r(t), X, v,

o, t) is continuous and satisfies equation (5.25). The solution to the latter is

given by [22]:

f(r,v,A.,o,t) = - x,(r(t.).t.)S(r(u). U , X, o) (5.29)
4JCV

Here, t, is the moment of particle production, and the relationship of t, with t

and v is given by the equation



^m

- 28 -

T.(r(t'),O
(5.30)

where - ~ < t, < t (v < va), f(t = - - ) = 0.

Let us now analyse the obtained results by firstly considering the case

where high-energy neutral particle injection is the source of fast particles. We

shall assume that the radial distribution of the produced particles is peaked at

the magnetic axis of the torus and is invariant in time. Then S(r(t»), t,) is a

periodic step-function with steps at time t» = tn (the solid line in Fig. S.I).

Taking this into account, and having specified the dependence of xs(r, t), we

can plot the distribution function f(r, v, t). The velocity dependence of the

product v3f on the axis of the plasma column at t = tn - 0 (i.e. before the

collapse) and t = tn + 0 (after the collapse) is shown, for the simplest case xs =

const in Figs 5.2 and 5.3. Figure 5.2 shows the case where xs « xr, and Fig. 5.3

the case where x$ » xr. The qualitative form of the function v3f, allowing for

the dependence xs ~ T3/2n-l, is such that dxs/dr < 0, dxs/dtlr=o > 0, diJdiS^ <0

and this is shown in Figs 5.2 and 5.3 by the dotted lines. It follows from Figs

5.2 and 5.3 that for xs « xr there are periodically repeated ejections of high-

energy ions from the plasma centre, whereas for xs » xr the collapses generally

cause no significant variation in the particle density. In the intermediate case,

xs ~ xr, the fast particle density undergoes only weak oscillations. However, the

part of the distribution function in the vicinity of v a shows significant

oscillations, and this can lead to appreciable local fluctuations in the intensity

of nuclear reactions (if they are brought about by injected particles).

A thermonuclear reaction differs from the neutral particle injection as a

particle source in that the local intensity of particle production is much more

dependent on the re-forming radial distributions of plasma temperature and

density. Given the nature of plasma mixing during sawtooth oscillations, it is

not difficult to arrive at the qualitative form of the function S(r(u), u) which we

see in Fig. 5.1 as a dotted line. The smooth increase in the function is due to

the increase in the velocity of the thermonuclear reaction at the centre of the

plasma as the instant of collapse is approached. The smooth decay of the
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function is the result of the hot plasma entering the region where r ~ rs, which

maintains the thermonuclear reaction in this region at a high level for a short

time after the collapse. It follows from the above that, in contrast to what we

find for the case of panicle injection, the velocity distribution of the reaction

products is described by a continuous function. However, the qualitative

conclusions reached above about the injected particle distribution as a function

of the magnitude of the relationship xs ~ xr remain valid.

It should be noted that, according to Eq. (5.29) and Fig. 5.2, a particle

velocity distribution with large positive derivative df/dv at v < va may be

formed in the central plasma region. This can iead to excitation of

microinstabilities. In the case when the fast ions are produced in fusion

reactions, a positive derivative is possible provided x$/xr » 1, whereas when

they are produced by neutral injection, no restriction on xs/xr is required.

The difference in the S(t,) dependence between the injection and

thermonuclear reaction cases also leads to a difference in the duration of the

"burst" (time of existence) of fast ions at r - rs, which is particularly noticeable

in the case of xs/xr « 1. Clearly, in the case of panicle injection this time is of

the order of xs. But if the ions are produced as a result of a thermonuclear

reaction, then the typical burst time is max {x s , Xh), where Xh is the time of

existence of the raised plasma temperature (following the collapse) in the

region of the resonance magnetic surface.

Finally, we note that we have neglected the influence of particles from

the region rs < r < r0, which have a smoothing effect on the distribution

function. This effect may manifest itself in the region of velocities

corresponding to particles which have experienced a sufficient number of

reconnections (k), i.e., v < va exp(-kxr/xs), where k » 1. This implies that the

high velocity region is affected provided xr « xs.

Let us now turn to the question of plasma heating by fast ions. Using the

relation [d3v = Jt 2 JdA, dv v3/vi, and Eq. (5.25), we can write the power released
J a "

by fast ions per unit volume in the form
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o o v,,

dv 4jtv2 f (r.v.t) (5.31)

Here
1 v f1

and below ( • • • ) S 4 " 2 J J d^v'vii(---) denotes pitch-angle averaging.

Equation (S.31), which is based on equation (S.2S), does not take into account

the possible escape of fast ions from the plasma during internal disruptions.

Substituting (5.29) into (5.31) and allowing for the periodicity ofxs(r(t),t) and

S(r(t), t) with respect to t with a period of 2xr, we obtain

2

mv. f ± , S(rV;r),QE(r,t)

- 2 t ' x,«ty).t)£(r.t')
(5.32)

where £(r.t) = exp [-2 J dt'x, '(r (t';r), t')]; t,, s t,^.

Together with the instantaneous heating power (P(r,t)), the power

averaged over a sawtooth oscillation period, <P>(r), where <•">* I dt/x^-), is

also of interest. After some transformations, we find

m\a e^.^fi-e^.x,)] f
—z r J
l E ( ) E ( ) *"

(5.33)

S(r, t) 1 -
£(r,t-g

In analysing plasma heating, just as in our consideration of the

distribution function, it is convenient to study the cases of very large and very

small ratio xg/xr.
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For xs « xr, the following expressions (valid to the order of xs/xr) can be

derived from Eqs. (5.32) and (5.33):

m v o -P(r, t) = -=— S(r, t) + 5P(r, i) (5.34)

mv?2 (5.35)

where

, 0 = ^ 2 . [§(ri, ^-0) _ §(r, 0 ] cxp| - 2 J* dt t,"1 (r, t) (5.36)8P(r,

As expected, the radial profile of the plasma heating power averaged

over xr corresponds to the time-averaged radial distribution of generated ions.

The instantaneous heating power is always closely connected to §(r,t), except

for a short time interval, 0 < t - tn < xs, i.e. when the second term in Eq. (5.35)

may have a significant effect. The physical reason for this is that the heating

increases at the plasma periphery and decreases at the plasma centre

following ion ejections, over a time period of the order of xs.

For xs » xr the heating pattern changes significantly. In this case we

have (to the order of xr/xs):

mva xT'tr, t)
2 1 1 [ < S > ( ) <S>(r,)J (5.37)

<£> (r)
<P>(r) ; P(r.t) (5.38)

V fr. O

It follows from (5.37) and (5.38) that the time evolution of the heating

power is determined by the time dependence of tj"1. This means that the local

heating power undergoes inverse (in relation to the temperature) sawtooth

oscillations. The plasma heating profile is significantly different from S(r).



r
The heating intensity near the resonant magnetic surface is the same as at r=0,

provided that xs = const. However, in a realistic case where dxs/dr < 0 the

heating near rs will exceed the heating near r = 0.

5.4. Variation in the Local Intensity of Fusion Reactions in a

Beam-Plasma System under the Influence of Sawtooth

Oscillations

Let us now consider the expression for the local intensity, I(r,t) of nuclear

reactions between beam ions and thermal background plasma. Assuming that

the plasma temperature is low in comparison with the beam energy, we have

= n f
Jo

dv4jiv2f(r,v,t)(ov) (5.39)

Here o = o (v) is the reaction cross-section, which we approximate by o =

o a (v /v 0 )T (e.g., for D-D reactions in the range £ = 50-150 keV, y = 3.1). Using

the distribution function as given by Eq. (S.29), and assuming that S = S(r), xs =

const, and n(r, tn + 0) = n(r, tn - 0), we find from Eq. (5.39) the local change

in the reaction intensity during the collapse time as:

S(r,) + S(r)8
- - - <5-40>
S(r) + S(r,)5

where

(5.41)

It follows from equation (5.40) that

(5.42)
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where the quantity n = S(0)/S(ro) describes the peaking of the radial profile of

the particle source. It is easy to see that 1 < N-^O) < n , with N - 1 (0 ) = n for

tr/Ts > lnll/Cy + 1) and N~i(O) = 1 for t r / x s « 1/(Y + 1).

The relation, N(0) = N-^ro) , has been derived by neglecting the

contribution to I(r, t) coming from particles in the region rs < r < ro. However,

since this contribution may be significant in tokamaks with substantial shear

(e.g., at q0 ~ 0.7), the results of (5.40) and (S.42) should be generalized in

order to provide a suitable description of experiments with an arbitrary q(r)

profile. Such a generalization can be obtained by looking for the intensity of

the fusion reactions in the form:

J dt1 S(r, t, fI(r, t) = no(va)va J dl1 S(r, t, O (5.43)

where the function S(r, t, t) describes the contribution of particles generated at

time t'. To express S(r, t,t) in terms of §(r), we divide the interval (- «>, t) into

finite intervals as was done in Section 5.3. In fact, if there is no collapse

between times t and t', then f(r, v, t) = T,S(r)/4jcv3, where v = vacxp[(t -t)/zt], and we

get

S (r, t, i1) = S(r) exp [ - (l+Y)(t-f)/Tj (5.44)

If one collapse occurs between t and t\ then taking into account the relation

(5.12) we obtain

S (r. t, t1) = v(r,)!v(r2) m i ) *(tl) + V(f2> ^(r2>] " P [ " W W ^ (5-45>

where n , n and *•$ are related by Eqs. (5.8)-(5.11), V(r) • Iq-l(r) - ll-l, and the

q-profile is taken at a time prior to the collapse. Similarly, we find for the case

of two collapses occurring between t and t' that
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(V(r21) S(r21) + V(r22) S(r22)] } exp [ - (l+Y)(f-t)/iJ . (5.46)

The parameters r n , r i 2 , r2i and T22 used here can also be obtained by solving

Eqs. (5.8)-(5.11) in which r i , r n , r i 2 and r2, T2i, T22 are substituted for r3, ri,

T2, respectively.

We shall assume in the following that 5 « 1 where 5 is defined by Eq.

(5.41) (i.e. the ratio t$/t r is not large). Then, keeping only linear terms to

order 6, we have

P dt1 S(r, t. O = J dt'S(r,t.O + 0(62) (5.47)

Integrating Eq. (5.43) and using Eqs (5.44)-(5.47) yields a complicated

expression for N(r), which specified at r = r0 gives

l Sir 1 AV/r 1 I
N(ro) = V(0)II + V(ro) + * V ( 0 ) - r ^ - +

S(ro)
[V(0)+V(ro)] 1 ' x "'" ' ' v ' ° ' ' ' " ' - , . , ' V(0) + V(ro) i - ^ - J + v(ro)] I

1 + V ( 0 )fV ( f o ) [V(O)n + V(r0)] 1 (5.48)

It can be shown that if the shear for r < rs is much less than the shear for r > rs

(e.g. if o/p « 1 for the q(r) profile given by (5.13), the expression (5.48)

approaches (5.42). According to Eq. (5.48), the ratio N' 1 (0) /N(r o ) may be

either greater or less than one. For q(r) in the form of (5.13) we find that: (i)

N-^OVNfro) > 1 if S(r) falls sharply in the interval (0, rg) and varies only

slightly in the interval (r,, r0), and (ii) N"1(0)/N(ro) < 1 if S(T) - (1 - r*/a2)v.

Recent experiments at JET [16] have produced data showing that:

q0 = 0.6-0.8 whereas the shear at the q = 1 surface is very low (s 2 x 10~2).

Earlier similar q(r) profiles have been observed on TEXTOR [15]. To analyse

this situation, we consider a q profile before the collapse of the form
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r <r,< (5.49)

— . r,<r.
u

where p = 1, a = 10 2 , and qo = 0.5-1. The results shown in Fig. 5.3 indicate

that N1(0)/N(ro) is only slightly sensitive to qo at qo < 0.8. At the same time

N~'(0)/N(ro) > 1, if the region with low shear is sufficiently large (r«/rs < 0.5 -

0.7).

5.5 Change of the Global Fusion Reaction Rate During a Sawtooth

Crash

The velocity distribution of fast particles in the velocity range va exp(- t r / t s) <

v < va is unaffected by the sawtooth crash. This circumstance significantly

simplifies calculations of the fusion reactivity for reactions caused by fast ions

when xs < xr. Accordingly, the local fusion reaction rate, I, can be approximated

as I = Ki nb np for the b-p reactions and as I = K2n£for the b-b reaction, where

nb is the density of the beam panicles and K], K2 are constant coefficients.

Note that Eq. (5.41) implies that 8 « 1 for y+1 » 1 and xs ~ t r . Consequently,

due to the strong velocity dependence of the reaction cross section o(v), the

above approximations of I remain valid even when xs ~ xr. The analysis of this

section will be carried out under the assumption

(5.50)

which seems to be fulfilled in many experiments.
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The crash induced change of the global fusion reaction rate can be defined as

(5.51)

where IQ = fd3r I(r) is the global fusion reactivity and "."/"+" denote th? values

before/after the crash. Approximating I(r) as discussed above, we write Eq.

(5.51) in the form

I

J
Jo

(5-52)

where A = b, B = p and A = B = b correspond to the b-p and b-b reactions,

respectively. A direct consequence of Eq. (5.52) is that SIG = 0 when nA(r) =

const or nB(r) = const, i.e. a change of the radial profile of the beam density in

a homogeneous plasma, does not cause any change of the global reaction yield.

This feature is a consequence of the particle conservation during the crash

(provided that the crash does not lead to particle losses). Thus, a non-zero

value of SIG is associated with the fact that both nA and nu depend on the

radial coordinate.

In order to calculate S I G , it is necessary to specify a physical

mechanism of the crash, which we assume here to be the magnetic field line

reconncction leading to q0 = 1 after the crash. Then the intensity change SIG

can be expressed in terms of some specific parameters before and after the

crash. Introducing the coordinates xj"_2 and *\,i according to Sec. 3 (but

assuming W = 0) and taking into account the relations

+
n =

V,
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v, + v, v2
x ' 2dxl; dx2 = - - ^ d x l . (5.54)

where n7,2 = n~(x~i:i), V1?2 s Wx^) - H"1, we obtain from (5.52)

I dxKn^-n^XnirnijJVa/CV^Vj)
Sic = - =t (5.55)

Here V2 = V(x2(x7)), n ^ = n~A (x2(x7)) and njj2 = n^ (xj(x7)), where the dependence of x2

on xj is determined by the equation V(XP = V(*2)-

Consider first a beam with a very peaked radial distribution, i.e. rib ~

8(x), where 8(x) is the delta function. Then for the b-p reactions, Eq. (5.55)

yields

where n^K^O) and T^m*sn^*mix). In particular, when u-(r) has a parabolic

profile in the region r < rmix (ie- ^' = ^o - <**) and when n̂  = 11^(1-r2/a2), we

obtain Vi = V2, xmix = 2 and consequently 8I^p=a"2 s(r7/a)2. Forr7 = a/3 this gives

. The intensity change for the b-b reactions is

<5-57)

which gives much larger values than Eq. (5.56), e.g. for a parabolic |i(r) profile

0 = 50%.

Let us now approximate nt>(x) and np(x) in the region x < xmjx as

* (5.58)
x-0

This approximation is suitable for a wide class of monotonic radial profiles of

nb and np. It is best for small values of (rg/a)2 and it is not valid for very
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peaked profiles, i.e. when the characteristic length of the inhomogeneity is less

than (rs/a)2. Substituting (5.58) into (5.55) gives

V2 2

x x )

7 (5.59)

where n^, = (dnjVBx)^, j = A, B. For a parabolic n(r)-profile, Eq- (5.59) takes the

simplified form

CT 2 nA o ng0

J I QX u A ua

Using the density profiles

nbiP(x) = (l - i T M , vbf«? (5.61)

we obtain from Eq. (5.60)

'> ( 5 . 6 2 )

(5.63)

which shows that 8IG depends very strongly on the position of the q = 1

surface, i.e. 5Io-(«7)6 f

(5.62) and (5.63) that

surface, i.e. 5Io-(«7)6 for both the b-p and b-b reactions. It follows from Eqs

vb(2vb+l) 2vb_ _ _ ^ _ » l w h e n v b » l . v p . l (5.64)
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In particular, we obtain 181̂ 1 = 0.73% and 151^1=1.83% for v p = 1, v b = 2 and

T~ = a/3. Note, however, that for increasing values of Vb and vp , the values of 8IG

increase but the accuracy of the expressions (S.62) and (S.63) becomes less

good. Therefore, it is motivated to calculate the exact values of 6IG for a

parabolic n(r)-profile for r < rmix and the density profiles given by Eq. (5.61)

with Vp = 1. The results are

(5.65)

where J(z)sJ dt(l—t2)Vb. These expressions coincide with Eqs (5.62) and (5.63)

for yv, = 1 and give the results of Eqs (5.56) and (5.57) in the limit when Vb -» °°

and Vi = V2.

Let us now analyze the influence of the shape of the n(r)-profile on 5IG-

For this purpose we consider the "head and shoulder" n-profile described by

g«-ct.
< x*

g.

1-x.
• ( ! - : (5.67)

-~(l-x5) ,
l-az

where a(x) s ^-(x) - 1, a0 = a(0), a* = a(x.) and aa = a(a). The mixing radius is

found to be defined by

V -, <xo x.+a.
(1-a2) ^ ~ (5.68)

Assuming that



%̂

- 40 -

a « ao x» (5.69)

and using the equation

X2 as:

1 + (x. - :

we obtain the relationship between x7 and

(5.70)

/ cu(l-a )

\f CLail -X«)

We may now obtain the ratio of the mixing volumes as:

x»
X»

(5.71)

, X] > X»

In the case of nb - S(x), Eqs (5.56) and (5.57) together with Eq. (5.71) yield

(*mix " 1 + X.)

(5.72)

(5.73)

Hence, with this density profile, the presence of a "plateau" in the u(r)-profile

increases the value of 5IG, e.g. I8lcbl = 71% for xmix = 2.25 and x* = 0.5. However,

for other density profiles described by Eq. (5.58) the situation may be the

opposite. To demonstrate this, we use Eqs (5.58), (5.59), (5.70) and (5.71) and

obtain
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(5.74)

where

I [ dX
(5.75)

8Ign = _ fAo%
ao x*(l-x») J

(5.76)

Here 81$ is connected with the region 0<x7<x. (and with the corresponding

region Ax̂ ) whereas Sl^P corresponds to ,. "plateau" region of n(r). Since SI^

is of 0(,/öu), the main contribution to 5IG comes from SIG, provided that x* is

not close to zero and that the condition (5.69) is satisfied. Consequently, when

the shear in the region x. <x^<l is negligibly small, SJ^ can be neglected in Eq.

(5.74). It is then clear from Eqs (5.74) and (5.75) that ISIQI ~ x* for x* « 1.

However, in the case of a narrow plateau region (x* ~ 1), the dependence of SIG

on x* is more complicated and, depending on the parameters, ISIQI can either

decrease or increase with x».

Finally, we note that the results obtained for the b-b reactions also can

be used to estimate the change of the total thermal fusion reaction rate

provided that the following conditions are fulfilled: (i) the plasma

temperature is in the range T = 10 - 20 keV so that <ov> - T2 can be used, smd

(ii) the plasma density profile is much flatter than the temperature profile,

ensuring a small change of n in comparison with the change of T in the region r

< rmix- Under these conditions we may obtain an estimate of SIG, for thermal

fusion reactions, from the corresponding expressions for 51c by replacing %

with T2.
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6. Theoretical Study of the Influence of Sawteeth with qo

< 1 on Fast Ion Transport

6.1 Influence of Sawteeth on the Fast Ion Distribution

The new model presented in Sec. 3 describes crashes resulting in a change of

the central safety factor, S f l o 3 ^ " ^ which can be either negligibly small

(qo = q~) or sufficiently large so that q£=l. The last limit case takes place when

W = 0 where the parameter W is defined by Eq. (3.4). Thus, in order to

analyze the behaviour of fast ions in the presence of sawteeth with qc < 1

throughout the sawtooth cycle, one needs to generalize the results of Sec. S to

allow W * 0.

By using the same arguments as those leading to Eq. (5.11), the

generalized relations connecting the particle distribution functions before and

after the crash can be written as

(6.1)

Integrating (6.1) over velocity space and using Eqs (3.4) and (3.5) to eliminate

dVf 2, and dVf 2 we obtain the relationship between the particle densities before

and after the crash a«

n|=n2

(l-W)V2

Here, W = 0 for r^r^o where £„ is defined by Eq. (3.9); see also Fig. 6.1. It

follows from Fig. 6.1 that the largest difference between the limiting cases

<los<JÖ and q^= 1 takes place when t2o-*tmix (for the same rmix), i.e. for a given

value of r2o = «"inix, a crash with <£=(£ leads to the largest particle redistribution
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causing panicle transition from the flux surface r = r m j x to the plasma centre.

Thus, it is motivated to pay special attention to sawtooth crashes with r2o = rmix.

in which case the parameters W and r* are determined by

W = T ~ (6.3)
vmix

<6-4 )

where Vo2V(r,=0) and ^auxsy/(t2 = Tmix)- Note that the condition W < 1 following

from Eq. (6.3) does not allow for a parabolic u,(r)-profile within the mixing

radius whereas a "head and shoulder" profile of u(r) is possible.

6.2 Change of Local Reaction Rate for Beam Produced Fusion

Reactions

The main purpose of this subsection is to carry out an analysis which would

make it possible to identify the type of crash (with respect to the crash types

<£= 1 and <£=qii) on the basis of an observed radial distribution of neutron

emission from the plasma.

Taking into account the assumption (S.SO) and following the discussion of

Sec. 5.5, we present the ratio between the local reaction rates after and before

the crash as

N(r)=-2-J- , (j = p. b) (6.5)

Considering the b-p reactions we also assume that the plasma density is

weakly affected by sawteeth. This is the case when the np(r)-profile is more

flat than the nt>(r)-profile and when the condition xs < xr is satisfied. We may

then write the equations

N^r) s — , (6.6)
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(6.7)

which together with Eq. (6.2) give

(6.8)

where ( ^ - r s nb(ri(r|=r)), ( n ^ s n ^ r ^ * ) ) and

In particular, we obtain

(6.10)

1 + (l-W)V(ri)/V(r7o)

vhere the last equation has been derived by assuming

For a crash with <£= 1 the corresponding results are

(6.12)

and NbP(rmjx) at W = 0 is the same as that in Eq. (6.11). Thus, we conclude

that the drop in neutron emission at r = 0 is larger by a factor n^r^Ai^o) for

crashes with <&=(Q than for crashes withq^-l . At the same time, there is no

difference in the neutron emission drop at r = rmix between the crash types.
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Let us compare the value of N at various points in the plasma. We note

that unlike the case of <£=1, crashes with q^sqö may have the largest increase

of N inside the radius r = rmix (one can see that N(r^) > Nfrnu,)). To simplify the

analysis, we assume that £0 is close to rmix, which corresponds to the largest

plasma redistribution (see Sec. 6.1). In this case, Eqs (6.10) - (6.12) together

with Eq. (6.3) yield

(6.14)

Taking, for instance, the "head and shoulder" u,(r)-profile with * m « > 2 and

x;-O.5((r7-r;)/r,-3O%), we obtain [N^O)]" 1 /^^) > 2. Thus, the drop of I(r) in

the plasma centre exceeds the increase of I(r) in the region close to r m j x .

Equation (6.7) implies that this effect is essentially stronger when the b-b

reactions are dominant.

The above conclusions are in qualitative agreement with the change of

the neutron emission distribution observed in experiments at JET, [26]. Note

that within the framework of Kadomtsev's model (W = 0), the value of [N(O)]*1

can exceed N(rmix) only under special conditions which can be deduced from

the following expression:

K* V "o /\\*)\ j M » • • • K A ' -. v r . - - ,

mix

Vo

It can be seen that the r.h.s. of Eq. (6.16) exceeds unity if n£(rmix)«n^O) and

"b^mix)"nb(rf)t ie . if the beam has a peaked distribution inside the q = 1 flux

surface and a flat or even hollow one (dnb7dr>0) in the region r7<r<rmU. This

confirms the conclusions of Sec. S.4.
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6 . 3 Effect of Sawtooth Crashes on the Global Fusion Reaction Rate

In order to examine the change of the global fusion reaction rate during a

sawtooth crash we use the definition (S.S2) together with Eq. (6.2) and the

relations

I*£I.W. i i i | . £ .

dxt, V,
— - | = 1 + ( 1 - W ) ^ , (6.17)

V

Then, 5IG can be written in the form

- J dxj g(W) (n;, - n^Kni, -
SIc = — 1 (6.18)

nAnB

where

(6.19)

Note that for W = 0 the expression (6.18) coincides with Eq. (S.SS). The

function g(W) decreases monotonically from 1 to 0 for 0 £ W < 1.

Consequently, a sawtooth crash with c£sqö should lead to a smaller change of

the global neutron emission (and of other global characteristics of the fusion

reaction yield) as compared to a crash with q£= 1.

The reason for this is that the particle redistribution in the case of W * 0

is caused both by interchange motion and plasma mixing (this also explains the

fact that 8Io = 0 at W = 1).

It is not difficult to generalize the results of Sec. 5.5 to the case of W * 0.

In particular, when nt,(x) - 6(x) we find (cf Eqs (5.56) and (5.57))
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,bb

(6.20)

(6.21)

In the case of a parabolic n(r)-profile in the region r < rmjx , the corresponding

generalized expressions for BIQ can be obtained by multiplying Eqs (5.60),

(5.62), (5.63), (5.65) and (5.66) by the factor 2(l-W)/(2-W). Finally, for fi(r)

having a "head and shoulder" shape and for the particle density profiles given

by Eq. (5.58) we obtain

51c = 5lg> -H 6lg° .

-8I fl) rw-
G ( W -

-1

where 51^0^=0) and

respectively.

(6.22)

(6.23)

— . (6.24)

are determined by Eqs (5.75) and (5.76),
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7. Application to JET Experiments with NBI

7.1 Discussion of the Applicability of the Theoretical Approach of

Sections 5 and 6 to JET Experiments with NBI

We will now examine how the theory developed above agrees with

experimental results from JET (see Section 4) on the behaviour of fast ions

during sawteeth, as inferred from observations of fusion generated neutrons

during deuterium injection in deuterium plasmas. The best agreement may be

expected when our theory is applied to the description of sharp changes in the

yield of 2.5 MeV neutrons produced by the d(d, n)3He reaction caused by the

injected deutrons. In fact, the ions formed during tangential injection of fast

neutral atoms have relatively small transverse velocities. Their energy is also

rather small: 80 keV or 140 keV. The radial excursion, Art,, of these particles

as they move along their orbits amounts to only a few centimetres, which is

much less than rs. Hence, Arb « rs and the condition (S.6) are both fulfilled for

the vast majority of the fast ions produced during injection.

At energies £ = 80 keV or 140 keV, the Coulomb collisions will not only

give rise to slowing down but also to pitch angle scattering. However, we

estimate that neglecting pitch angle scattering will not substantially affect the

results.

The analysis of Sec. 5 and Sec. 6 does not take into account spatial

diffusion of the beam particles. This is well justified when we investigate the

beam-plasma system during the crash phase where the appropriate time scale

is of the order of 10*4 s. However, radial diffusion may still produce a

noticeable effect on the observed spatial distribution of the neutron emission

since the time resolution of the neutron profile monitor is of the order of xObs ~

10 ms and furthermore the radial distributions of both the plasma and beam

particle densities involve sharp gradients at r = rmix and rsi? after the crash.

In addition, the post crash injection of fast ions further complicates the picture

by changing the beam density profile. As it is difficult to incorporate these

effects accurately we will do a simplified analysis by studying the sensitivity

of the calculated neutron emission to each effect separately.
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Finally, we should also estimate the effect of the electric field generated

during the reconnection phase of the sawtooth. It is clear that this field can be

neglected and that the approach of Sec. 5 and Sec. 6 is valid provided the

change in panicle energy caused by the field is small. An estimate of the

longitudinal electric field, which is generated in the current layer (where the

process of reconnection takes place) is given by Eq. (2.14). The change in

particle energy due to this field can be given as

AE eE,,v 5 r,S(1-qJ
s * ( 7 1 )

where rL is the particle gyro radius and other notations were introduced in

Sec. 2. For rs/R = !/8, rL = 2 cm, 8 = 0.1 cm and qos0.8, Eq. (7.1) yields

A£/£ = 10~3- Thus, it is justified to neglect in the present analysis the electric

field generated during the sawtooth crash.

7.2 Modelling of Fast Ion Behaviour During the Sawtooth Ramp-

up Phase

To describe the behaviour of the fast deuterium ions during the intervals

between sawtooth crashes, we use the following Fokker Planck kinetic

equation

where fb and Sj are the pitch angle averaged distribution function and the

source intensity of the fast ions respectively and subscripts 1 and 2 refer to

ions injected with £ i = 80 keV and £2 = 140 keV respectively; vc is the

velocity corresponding to the charactenstic energy, Ec, at which thermal ions

and electrons contribute equally to the slowing down of the fast ions, i.e.

Ec=14.8Te (7.3)
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where A; are the mass numbers, Z; the charge numbers, nj the densities of the

ions and Te the electron temperature (in keV). In the computations, carbon

and oxygen will be assumed to be the main impurities. Furthermore, the fast

ion slowing down time, t s , is given by

40 if72

* . £ (s) (7.4)

where A is the Coulomb logarithm and ne is given in units of 1018 nr3.

Equation (7.2) extends Eq. (5.25) to the velocity region v

beam-ion collisions become essential for the form of the beam distribution

function. The solution of Eq. (7.2) may be presented as

•f (7-5)

Here rj(x) is the Heaviside step function and the pairs (vi , ti), (v2, t2) and

(v0, t0) lie on the characteristic of Eq. (7.2) going through the point (v, t), i.e.

J Y dt = In | c
3

 + V M k = 0 , 1 . 2 (7.6)

where to denotes an initial time at which the distribution function is given as

fb = fb(v0. to). There are thus three contributions to the distribution function

f(v, t); one from the slowing down of the initial distribution ft>(v0, to), and one

each from the slowing down of the subsequently injected ions at 80/140 keV.

Eq. (7.5) serves as the basis for a fast numerical procedure for

determining the beam distribution function in the time intervals between

crashes. The distribution function of the total ion population (including fast

and thermal ions) is approximated as
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v>V2v th

\A < v < VI

v<v lh
(7.7)

where vth = is determined by Eq. (7.5) and

n.h v' '

V v t h;
(7.8)

The density of the thermal ions, nth. is obtained by subtracting the calculated

density of the fast ions from the measured total density.

7.3 Redistribution of Plasma Parameters at a Sawtooth Crash and

Analysis of the Subsequent Evolution

Eqs (3.6) and (3.7) are used to describe the rearrangement of the magnetic flux

during the reconnection. Furthermore, Eqs (6.1) and (6.2) together with the

energy balance equations

(1-W) 717 dV7 (7.9)

are used to determine the plasma parameters after the crash. One can see

from Eqs (2.13), (3.2), (3.4) and (3.5) that

dx2

dxj - 1
(7.10a)

(7.10b)
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X2 - X 2 - •*T (7.10c)

I

If u"(x), W(x^ and j* are given, Eq. (7.10) can be solved numerically and

xp xj, x), and xj can be tabulated as functions of the helical magnetic flux, y.

Then using Eqs. (6.1), (6.2) and (7.9) it is possible to determine f+(x), n+(x), and

The following u-profile was used in all calculations:

u"(x) =

Ho

u.

x.-x
X*

C-x«

x,-x

x,-x7

X

M.—
X*

x-x»

x7~x»

x-x7

ä2-x
ä2-x.

0<x<x,

X. < X < X7

X — >

a - :
;<az (7.11)

Note that Eq. (7.10) is invariant to transformations of the form

(7.12)

where \L~ and u,-** are the transformed profiles before and after the crash, and

h(y) is an arbitrary function of the helical magnetic flux y . If one takes into

account this property of the equations, the class or u-profiles represented by

Eq. (7.11) becomes even larger.

As the time resolution of the neutron profile measurements is about

Tob.slOms, the question arises to what extent Eqs. (6.1), (6.2), and (7.7) relating

the parameters immediately before and after a crash are applicable to predict

results of real neutron measurements. One can expect that the plasma

parameters only change weakly during the 10 ms interval preceding the crash.
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However, after the crash two effects could become important. Firstly, the beam

density profile created by the crash strongly differs from the injection source

profile. As a result, 10 ms of post crash injection causes a noticeable

contribution to the measured neutron emission profile. The effect of this

injection can be estimated by calculating the approximate change of the beam

density according to:

(7.13)

Using, e.g. x ^ = 10 2 s, t , s 0.3 s and i#taJ=5-10, we obtain Anb(0)/h£(0) = 15-30%.

Note that this effect is most pronounced in the central plasma. Secondly, the

plasma mixing can be expected to result in the formation of steep gradients of

the temperature and the density of both the thermal plasma and the fast ions.

Thus, even a moderate diffusion rate may lead to fast variation of the plasma

parameters. Moreover, the simultaneous action of toroidicity and helical

perturbations may result in stochastization of magnetic field lines and particle

drift motion, which could increase the diffusion constant, especially for high-

energy ions.

We expect that the effects of diffusion and heat propagation during/after

the crash is very complicated, with diffusion coefficients depending on the

radial coordinate. Heat propagation studies, [14], indicate that the heat

conductivity coefficient may even depend on the temperature gradient. Hence,

we cannot calculate accurately the effect of diffusion on the neutron emission

profile, but will instead restrict ourselves to analyzing the sensitivity of our

results to diffusion. As the time interval of 10 ms is rather short, we expect

that diffusional effects will be significant only in the regions where the profiles

of plasma and/or beam parameters after the crash are discontinuous or

rapidly varying in space. For this reason we use a very simple model based on

slab geometry to study diffusion. We assume that
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iar f Un(x. x) i 4 (x) dx
Jo

n^x) T^x) = f UE (x, x) i4(x) "4 (x) dx'

Jo

fb(x, v) = f Ub (x, x) £ (x'. v) dx' (7.14)
•o

where x = r2/a2 and fj,. n,h and Xh are the beam distribution function, the

thermal ion density, and the ion temperature respectively at the end of the

time interval At after the crash. Un(x, x'), UE(X, X') and Ub(x, x1) are the Green

functions given b^

«P - T ^ 7 7 ( ^ ^ - « P - T T ^ < 2 - * - * r (7-15)

Here k = n, E or b, xn and tb are the characteristic diffusion times for thermal

and beam ions respectively, and XE is the characteristic time for energy

transport. Calculations have shown that ft» n,h, and Tth in general do not differ

very much from f£, n̂ h, and TJh respectively when At s 10 ms. However, in

certain regions, characterized by rapid space variations, e.g. for r = rmj!l, the

influence of diffusion is very strong, even when values of xn, XE, and Xb

characteristic for the global confinement are used. As we assume that the

transport during the crash may be anomalous, we have also analyzed the

effect of smaller values of xD, XE, and Xb.

7.4 Neutron Emission Calculations

Global neutron emission

The global neutron emission from a plasma is calculated as



r - 55 -

where nD is the total ion density consisting of fast and thermal deuterium ions;

« T V > D D >s the fusion reactivity at a certain point, and the integration is carried

out over the whole plasma volume. Since the plasma parameters only depend

on the minor radius the expression can be further simplified to a one

dimensional integral.

Line of sight integrated neutron flux

The neutron flux to a detector of the JET neutron profile monitor is calculated

as

JnD(r)<ov>DDdl
(7.17)

where dl is a line element along a line of sight. The flux surface geometry

obtained from MHD equilibrium calculations is used during the integration

along the part of the line of sight intersecting the plasma. We have neglected

the finite width of the lines of sight, about 10 cm at the vertical midplane of

the torus. This is a good approximation as long as the neutron emission profile

is not too peaked, but e\en if this is not the case the results are not expected

to change dramatically. TLe neutron flux is then renormalized with respect to

the average values, before the sawtooth, of the two, approximately symmetric,

central channels (5 and 6).

Fusion reactivity

The fusion reactivity, <OV>DD. for the DD-reaction in a NBI heated plasma can

be written as

JJf(v')f(v")oDD(u)udv'dv"
<ov>DD = —

(Jf(V)dv')
(7.18)

where f is the deuterium ion distribution function consisting of thermal as

well as fast ions and u is the relative ion velocity, u = I v1 - v" I. We have used

the fit of Ref. [48] for the fusion cross section ODD of the DD-reaction.
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Note that Eq. (7.7) for the ion distribution function, f,, is rather rough in

the region vlh < v < vc. This is not so serious, since this velocity regime is

characterized by smaU values of the fusion cross section, ODD- Note also that Eq.

(7.7) neglects the formation of a high energy tail, above the injection energy,

caused by the finite temperature of the thermal ion component; and it also

disregards any angular anisotropy of the beam ions, since it is averaged over

pitch angles. However, this mainly influences the beam-beam reactions, and as

we are mainly interested in line integrated measurements of the neutron

emission, and furthermore only the relative change of these values, our

approximations should be justified.

The six dimensional integral (7.18) can be greatly reduced as shown by

Cordey et al. [49]. Expanding the distribution function in Legendre polynomials

and performing some of the angular integrations we obtain

<ov> = 2 L . £ - i - J v*2 dv1 F, (v1) J" v"2 dv" F, (v") •
nD 1-0 ° °

-1 sin 8,2 P](cos 612) o (u) u d612
(7.19)

where Pi are Legendre polynomials and Fi are the Legendre coefficients

21 + 1 f *
Fi (v) = — — J sin 6 d9 ?, (cos 0) f (v.9)

Note that since we are using a pitch angle averaged distribution function, only

terms with 1=0 will survive, and the result simplifies further to Fo(v) = f(v).

The major advantage of Eq. (7.19) for the fusion reactivity is that when we

integrate it numerically, with a trapezoidal scheme, the angular integral needs

only be evaluated once at each gridpoint for a certain velocity grid. The fusion

reactivity is thus finally obtained simply as a double sum over all gridpoints:

N i

(7.20)
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where N is the number of gridpoints, v; is the ith velocity grid point and Cy is a

precomputed coefficient containing the angular integral and the weight factors

for the trapezoidal scheme.

7.5 Experimental Data

When comparing different models of sawtooth oscillations with experiments,

several physical parameters are required. These can often be obtained from

different measurement device* In our analysis we have used the following

data from the JET database:

Geometry. The equilibrium is calculated by IDENTC and takes into account

ellipticity, triangularity and Shafranov shift, [SO].

Electron density. The electron density is measured by FIR interferometers [SO]

and the resulting inversion is given by the fit NFT, which allows for off axis

peaking of the density.

Electron temperature. The electron temperature is given by electron cyclotron

measurements, ECE [50].

Zeff. The effective charge number is obtained from visible bremsstrahlung [50].

Ion density. The ion density profile is one of the more uncertain parameters in

our calculations. We have used the profile determined from active charge

exchange spectroscopy [51]. This is an advanced method of obtaining the

density and it allows for a radial variation of the impurity content. However,

as this approach is very indirect the error may be large, and we have

therefore alternatively used the ion density profile derived from the electron

density profile and the global value of

I

Ion temperature. The ion temperature profile is obtained from charge

exchange spectroscopy [51].
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Fast particle source rate. The deposition profile of fast NB ions is calculated by

PENCIL [52]. This profile is used as input when solving the Fokker-Planck

equation.

Neutron emission. The global neutron emission is obtained by two U2 3 5

counters [50]. The line of sight integrated neutron emission is measured with

the 19 channel profile monitor [53]. Here we only use the 10 horizontal

channels as these are essentially symmetric around Z=0, whereas the vertical

lines of sight suffer from the asymmetry of the plasma geometry as well as

from the trapping of fast particles on the outboard of the torus.

Safety factor. There are several observations regarding the q-profiles in

sawtoothing plasmas. Faraday rotation measurements show values of qo well

below unity, before as well as after sawteeth, in ohmic discharges [11].

Although the value of qo increases at the onset of NBI, it still remains below

unity, with some reasonable value in the range 0.8 < qo< 0.95. Furthermore,

observations of the snake phenomenon [12] show that the q=l surface

survives a sawtooth and undergoes a radial contraction of »30% (larger at

early sawteeth). The shear, i!S. I , near q=l is relatively low [13] (2% seems to
dr q?

be a reasonable value). The above mentioned experimental observations on

JET have guided us when analyzing the effect of various q-profiles.

7.6 Comparison with JET Experiments

In this work we are primarily interested in the behaviour of fast ions at

sawteeth. For this purpose we have chosen to analyze NBI heated discharges,

where there is a quite large population of fast fuel ions manifesting

themselves clearly through neutron emission from nuclear reactions. We have

selected sawteeth/discharges characterized by the following properties: i) a

reasonably high neutron yield ii) the injection should have lasted at least a

few hundred ms iii) the sawtooth period should be long enough that previous

sawteeth have a negligible influence on the results, i. e. xr > %t and (t - to, inj) <

Tr. We have thus selected pulses no 18768, 20222, 20981 and 20991 with the
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neutron emission 8 1 0 1 5 , 5 1 0 1 5 , 2 1 0 1 6 and 5 1 0 1 5 s 1 at the respective

sawtooth. The main NB injection has lasted for 2S0, 200, 250 and 500 ms

respectively. Some additional data for these discharges is given in Table 2.

We begin our analysis by solving the Fokker-Planck equation during the

ramp-up phase prior to the sawtooth. Knowing the fast ion distribution

function and the thermal plasma properties before the sawtooth, we may now

calculate the radial neutron emission piofile and the line integrals (7.17). We

then proceed to calculate the redistribution of fast and thermal particles

according to some specific sawtooth model and q-profile. The radial neutron

emission profile is obtained, and the line of sight integrations are performed

again. The result of these calculations is then compared directly with the

measurements of the profile monitor, and there is thus no need to invert the

neutron emission measurements, in order to obtain a radial emission profile.

The last steps may then be performed for several different q-profiles.

The importance of experimental q-measurements such as qo» Qo+»£•*•. shear

etc, for the neutron emission can thus be assessed. Conversely we may also

find the sawtooth model and q-profile which best satisfies the measured

neutron yield after the crash.

Sawteeth in NBI heated discharges have been found to display a

Kadomtsev-like behaviour [7], with regards to flow patterns. However, it is

also true that impurity snakes survive these sawteeth, and furthermore, q-

measurements show values of qo+ below unity also in these discharges. In the

following we will therefore compare the implications of the models of sections

5 and 6 for the discharges selected above, with respect to the additional

information given by the line of sight and global neutron measurements.

When analyzing the model of Sec. 6 we will take the limit case q<T=qo'-

Pulse #20981

This is a high performance, hot-ion H-mode discharge, in the double-null

configuration. This shot has also been analyzed in Ref. [54], where comparisons

were made between the predictions of the fast PENCIL code and the more

accurate TRANSP code. PENCIL determines the fast ion distribution function

by calculating the deposition profile of NB-ions, based on an exponential
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attenuation model, and then using this as the source term in a simplified

Fokker-Planck calculation. TRANSP on the other hand relies on Monte-Carlo

techniques to describe the behaviour of the fast particles. Although the

agreement between global parameters was found to be good, it was noted that

discrepancies between the predictions of local parameters were found in some

cases, in particular: i) in low density plasmas; ii) in the early phase of high

power NBI; iii) in the vicinity of the magnetic axis (r/a < 0.2). For this

particular discharge it was found that the fast ion density calculated by

PENCIL exceeded the results of TRANSP, especially in the region r/a < 0.2.

Let us now apply the model of Sec. S, with qo+=l. to this discharge. We

guess an initial pre-crash q-profile, redistribute the plasma parameters

accordingly, and calculate the line of sight integrated neutron flux (Eq. 7.17).

The result is then compared with the measured neutron flux, and by an

iterative procedure we succesively make new guesses of the pre-crash q-

profile. This is continued until we have good agreements with the

measurements of the neutron profile monitor.

The final result for the neutron flux to the 10 horizontal detectors is

shown in Fig. 7.1, where solid lines correspond to measurements and broken

to calculations. The corresponding radial neutron emission profile is shown in

Fig. 7.2, and the q-profile in Fig. 7.3. Note that the corresponding ^-profile is

head-and-shoulder shaped. The redistribution of plasma leads to a change of

the ion temperature profile (Tj) as well as of the thermal (nt) and fast (nt>) ion

densities, see Figs. 7.4 and 7.5 respectively.

Let us compare these results with the predictions of the model of Sec. 6.

We take the limit case qo+=qo'- After an iterative refinement of the pre-crash

q-profile, with respect to the line of sight neutron emission, we obtain a

neutron-flux-to-channel plot which is virtually indistinguishable from the one

obtained with the model of Sec. 5 (Fig. 7.1). However, with the model of Sec. 6

we may also reach agreement with e. g. snake observations, and we therefore

deviate somewhat from the optimum q-profile found above, by requiring that

the radius of the q=l surface changes by less than 50%. The neutron-flux-to-

channel plot is still good with respect to the error bars of various parameters,

see Fig. 7.6. Note that the slight discrepancy of channels 5 and 6 may even be

1



r - 61 -

advantageous, since post crash injection of fast ions (as discussed in section

7.3) during a short time interval immediately after the crash, will affect the

central channels most strongly. This effect would thus improve the agreement

with experiments for the model with <£=qö(Fig- 7.6) but act on the contrary

for the model with <£ = 1 (Fig. 7.1). The radial neutron emission profile, and q-

profile, obtained in the case <£=<£ are shown in Figs. 7.7 and 7.8. The

corresponding ion temperature profile, and thermal (nt) and fast (nt>) ion

density profiles, are given in Figs. 7.9 and 7.10.

When plotting the q-profile we have used the invariance property of the

sawtooth model to certain changes of the q-profile (Eq. (7.12)), allowing us to

adjust qo" and the shear at the q=l surface to experimentally reasonable

values of 0.9 and 2% respectively.

In addition to the line of sight measurements there are also global

measurements of the neutron emission. At this particular sawtooth the

emission decreases by 12%. Both the model with qo+=l and the model with

qo+=qo' yield a calculated decrease of the global emission of 15%, in good

agreement with the measured value. The slight difference may be explained

by the before mentioned discrepancy between PENCIL and TRANSP; the beam

density profile derived from PENCIL is too peaked, and will thus give a larger

drop of the global neutron emission than will TRANSP.

We may thus conclude that in this discharge both models, with qo+= 1

and qo+=qo', are in agreement with neutron observations. However, only the

latter one, qo+=qo", is simultaneously in agreement with generally accepted

measurements of q-profiles.

Pulse U20222

The sawtooth studied here is characterized by higher density and lower

temperature than the one above. The statistical uncertainty of the neutron

measurements is also higher. The neutron-flux-to-channel plot after the

sawtooth is even slightly hollow, with lower count rates on the central

channels than further out.

When applying the sawtooth model of Sec. 5, with qo+=l, to this shot, we

obtain the neutron-flux-to-channel plot and q-profile of Figs. 7.11 and 7.13
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respectively. We see that the resulting radial neutron emission profile, Fig.

7.12, has a pronounced peak off-axis.

A similar off-axis peaking of the neutron emission is also seen in Fig

7.IS, which is the result of the case qo+=qo~ (a three dimensional plot of this

profile is given in Fig. 7.17). However, this profile yields even better

agreement with the line of sight measurements (Fig. 7.15). The corresponding

q-profile, Fig. 7.16, further displays very good agreement with the general

observations about q-profiles, e. g. qo+<l, low shear near q=l and small change

of the snake radius.

When comparing the predictions for the global neutron emission 6IG we

find that the discrepancy is quite large for both models. The first model, qo+=l,

gives a calculated drop of 8% and the second, qo+=qo". predicts a decrease of

7%. The measurements show no change of the global neutron emission at all.

These discrepancies could be due partly to the uncertainties of experimental

data, e.g. neutron measurements, thermal and fast ion density profiles and q-

profiles. The dependence of 5 IG on the latter parameters is given by Eq.

(6.18), and we note in particular that allowing for a larger plateau region in

q(r) (see Fig. 7.16) the value of W could be increased, leading to a decrease of

Pulse #18768

In this discharge we find that the fast ion density resulting from our Fokker-

Planck calculations exceeds the measured deuterium density by as much as

40% for r/a<0.2. We further note that this case fulfills all the conditions

mentioned in Ref. [S4] and in the discussion of pulse #20981, of when the

PENCIL code, based on Fokker-Planck calculations, may give too high values of

the central beam density, as compared to more accurate TRANSP calculations.

With this in mind we proceed, and set the thermal density in this region to

zero.

The results of the model of Sec. 5, with qo+=l, are shown in Figs. 7.18,

7.19 and 7.20. Similar results for the model of Sec. 6, with qo+=qo* are shown

in Figs. 7.21, 7.22 and 7.23.
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We conclude that the models again give similar results for the line

integrated neutron measurements, but that only the latter is in agreement

with the general experimental observations of q-profiles. Both models predict

toe large change of the global neutron emission (-17%) as compared to the

measured change (-10%). This is easily explained by the, most likely, too

peaked calculated beam density profile.

Pulse »20991

When analyzing this discharge it is found that the ion density profile given by

charge exchange measurements exceeds the measured electron density. We

therefore use the electron density and the global value of Zeff to derive a

reasonable ion density profile. When using this, and calculating the line of

sight integrated neutron emission prior to the sawtooth, we find that the

values obtained on the external channels are unreasonably high. In order to

have agreement with the line of sight measurements before the sawtooth we

therefore use the deposition profile of fast ions obtained 170 m.~ prior to the

crash, when solving the Fokker-Planck equation for the ramp-up phase. In

this manner the line integrated neutron flux prior to the crash becomes

reasonable on all channels.

As previously, we may now assess the implications of the two sawtooth

models. The results of qo+= 1 are shown in Figs. 7.24, 7.25 and 7.26. The

corresponding results, when qo+=qo~. are given in Figs. 7.27, 7.28 and 7.29. The

two models give somewhat different results, but none of them are

unreasonable when comparing with the experimental neutron measurements,

especially when allowing for the previously mentioned uncertainties regarding

e. g. ion density, post-crash injection etc. Furthermore, both models give good

predictions of the change of the global neutron emission, -10% and -11%

respectively, to be compared with the measured change of -12%.

Sensitivity of results to various parameters

We have already mentioned the various sources of errors in our calculations.

Apart from the statistical (1/VCount rate) and channel-to-channel systematical

(-10%) errors of the neutron measurements, there are uncertainties regarding
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the thermal and fast ion density profiles, ion temperature, q-profiles, effects

of diffusion, effects of the finite width of the lines of sight and the effects of

post crash injection. It is difficult to obtain exact answers as to how these

parameters will affect the predicted neutron yield. We will thus be satisfied

by varying the parameters and analyzing the resulting changes. For this

purpose we take the model of Sec. 6, with qo+=qo'. applied to pulse #20981 as

our reference case (see Figs. 7.6 - 7.10).

Ion density

It was found that changing the ion density profiles, particularly for the beam

ions, gave large changes of the neutron flux to the various channels. We thus

decreased the fast ion density on axis by 10%, increasing it simultaneously in

the outer regions of the plasma in order to conserve the total number of fast

particles (see Fig. 7.30). The dashed/dotted lines are the

unperturbed/perturbed density profiles prior to crash, respectively. The

resulting change of the line of sight integrated neutron flux is shown in Fig.

7.31, where the solid, dotted and dashed lines represent measurements,

calculations of the perturbed case and calculations of the unperturbed case

respectively. We thus see that the perturbation affected both the pre- and

post-crash results. This is in fact what we took advantage of in the analysis of

pulse #20991, where it was found that the calculated neutron-flux-to-channel

pi.it prior to the sawtooth was much too broad. By steepening up the fast ion

density profile, the neutron-flux-to-channel plot came inside the error-bars of

the measurements. We conclude that the neutron flux measurements may be

.ather sensitive to particularly the fast ion density profile.

Diffusion

We have not attempted to make a thorough investigation of the effects of

diffusion. Using the simple approach of Sec. 7.3 we have however found that

for reasonable diffusion parameters (t£, xn, t|>). the results are often improved

or unchanged. This is due to the smoothing of the often sharply peaked post

crash neutron emission profile.

As an example, let us consider the emission profile of Fig. 7.7. Applying

10 rr.s of diffusion, with the characteristic time scales T E = 0 8 S, xn=4 s and z\,= 10
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s, the emission profile becomes considerably smoother, see Fig. 7.32. However,

this does only marginally affect the calculated line-of-sight integrated neutron

flux. The results before and after diffusion are also shown in three

dimensional plots, see Figs. 7.33 and 7.34.

Ion temperature

It is shown in Ref. [55] that, particularly at high densities, small changes of the

ion temperature may cause large relative changes of the neutron emission. We

note that this effect should be rather small in the discharges studied here.

Post crash injection

It was shown in section 7.3 that injection of fast ions during a short time

interval immediately after a sawtooth, may significantly change the central

density of fast ions. This will mainly affect the neutron flux to the central lines

of sight. The measurements of these channels may thus be too high in

comparison with the instantaneous values immediately after the crash.

Finite width of the lines of sight

The effect of the finite width of the lines of sight is that the corresponding

detectors receive neutrons from a broader region of the plasma. The details of

the neutron emission profile are thus somewhat smeared out, and the effect

will be similar to the effects of moderate diffusion, i. e. not too essential for

the line integrated calculations.

Parameters of the q-profile

The mixing and redistribution of plasma at a sawtooth collapse is determined

completely, in both models, by the radial profile of the helical flux before and

after the sawtooth. As this is closely connected to the q-profile, it is interesting

to study the sensitivity of the neutron flux with respect to the various q-

parameters (see Eq. 7.11).

We immediatel) realize that the most important parameter is the radius

of the mixing region, rmi,. All redistribution and mixing occurs within this

region, and it is therefore only lines of sight aimed inside this radius that are

JSL
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affected by a sawtooth. The mixing radius, rmjX, is determined by the condition

V(0) = v(rmi*). and we may thus find a formula relating rmix to the q-

parameters of Eq. (7.11).

Let us now estimate the sensitivity of the sawtooth in pulse #20981 to

the q-parameters. We do this by calculating the derivative of the neutron flax

to a certain channel with respect to a specific q-parameter. This is repeated

for all channels and all parameters. All derivatives are normalized wnh

respect to the average flux, 5300 A U, to the two central channels. The result

is shown in Fig. 7.3S. We note that rmiX is the most important parameter.

Furthermore we find that the derivatives with respect to u0-, u* and ji t are

large and behave in a similar manner. The reason is that these parameters to a

large extent determine the mixing ratio of the volume elements inside and

outside q0" = 1, and thus the overall mixing of the plasma. All derivatives are

combined in one plot, see Fig. 7.36, where the relative magnitudes are clearly

seen.

8. Summary and Conclusions

The primary interests of this report are:

(i) To develop a theory which describes the influence of sawtooth

oscillations on fast ions behaviour.

(ii) To present an overview of theoretical models of sawtooth oscillations in

Tokamaks as well as of experimental results of special relevance for the

behaviour of fast ions in the presence of sawtooth.

(iii) To suggest a new theoretical model of sawtooth crashes, consistent with

experimental data.

(iv) To apply the developed theory to neutron emission measurements in JET

experiments with NBI and to conclude on the most likely crash

mechanism in these experiments.
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From the overview of experimental observations of the effects of sawteeth on

fast ions in Tokamaks (summarized in Table I) and the overview of theoretical

models of sawtooth oscillations we conclude the following: The Kadomtsev

reconnection model of sawteeth is the only existing one which provides a

description of the changing magnetic field during a sawtooth crash including

the transition to the final axisymmetric state. However, this model as well as

the quasi-interchange model by Wesson is not consistent with a number of

essential experimental data concerning the q-profile.

In addition, the turbulence based sawtooth model by Dubois and Samain

is difficult to reconcile with the observed enhanced neutron production at

r = rs after the crash.

In order to wy to remedy the contradictions between the prevailing

saw;ooth models and certain experimental results, a new model for sawtooth

crashes has been developed. It includes full reconnection of the magnetic field

lines in two current layers, which, unlike the full reconnection in the

Kadomtsev model, may leave the central safety factor below unity. Our model

is consistent with experimental data concerning the q-profile and is supported

by the stability studies of Refs. [43, 44]. However, no numerical simulations of

the sawtooth cycle or the crash that support our new model are yet available.

The new model is based on the models of Kadomtsev and Wesson and

contains these as limiting cases. It is thus applicable to both shift-dominated

and interchange-dominated crashes, and it results in stronger plasma

redistribution than the Kadomtsev model.

Based on the prescription for the sawtooth induced change in the

magnetic field configuration, a theory has been developed for the

redistribution of the fast ions during the crash. It has been shown that the

ratio between »he slowing down time, xg, and the time between two successive

crashes, xr, is a crucial parameter which determines the behaviour and the

role of fast ions during sawteeth. In particular, this parameter affects the fast

ion transport as well as the plasma heating and the neutron emission caused

by the fast ions as follows:
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Transport: Crashes result in expulsion of fast ions from the region r < rs to the

region r > rs when xs « Tr. However, their influence on the fast ion density is

small when xs » xr. The velocity distribution of the fast ions in the case of

x s » i r has a step-like character whereas it is monotonous when xs « xr.

Plasma Heating: In the case of xs/xr « 1 the power deposition of the fast

particles (P(r, t)) is characterized by sharp bursts in region rs < rs < rm j x

immediately after the crashes, but averaged over a sawtooth period the radial

heating profile is close to the radial profile of the fast ion source. On the other

hand, in the case of xs » xr, the power deposition profile differs significantly

from the fast ion source profile by being flat or hollow and is characterized by

inverse (as compared to the temperature) sawtooth oscillations.

Neutron emission: The general analysis has been carried out for beam-

induced neutron production due to beam-plasma and beam-beam reactions

and under the assumption xs < xr. Both local and global neutron emission have

been analyzed. It has been found that crashes with <£< 1 always lead to a

strong drop of the neutron emission at r s 0, which significantly exceeds the

increase of the emission at r<rmix. A similar behaviour of the local neutron

emission is obtained for crashes with <&= 1 but only if the beam density profile

is peaked in the region r < rs and if it is flat or hollow in the region r~ < r < rmLV

The global neutron emission has been found to be more affected by

crashes with <&= 1 as compared to those with <£< 1. However, this difference is

small for the shift-dominated crashes and becomes essential for interchange-

dominated ones. It has also been shown that depending on the radial

distribution of the fast ions at r<rmix the change of the global neutron emission

during a crash can vary from negligibly small values up to 50-70%. For

parabolic radial distributions of plasma and beam particle densities, the

change of the global emission depends strongly on the values of rg/a..

In order to calculate the neutron emission from d-d fusion deuterium

plasmas in JET, an extensive numerical investigation has been made. The

radial distribution of the neutron emission and the emission integrated along

the line-of-sights or the JET neutron profile monitor have been obtained

» t
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numerically for the moments immediately before and after sawtooth crash. In

addition, the change of the global neutron emission during a crash has been

found. The calculations have been carried out for the pulses No. 18768,

20981, 20222, 20991.

The sensitivity analysis of the neutron emission calculations has shown

that the obtained results are most sensitive to the position of the mixing

radius rmix and the radial distribution of beam particles.

A general conclusion following from the comparison between the

numerical and experimental results on neutron emission is that the developed

theory of fast ion transport in the presence of sawtooth oscillations is

consistent with experimental observations. Both the Kadomtsev model and

the new model of sawtooth crashes can be used for calculations of the neutron

emission. To finally conclude on which model is the most appropriate one to

describe sawtooth crashes in the NBI experiments on JET additional

experimental information is required, especially concerning the q-profiles.

Howevei, from the point of view of existing experimental data, only the new

model presented here is consistent with the experimentally inferred

constraints on the q-profile, e.g. the observed small changes of q0 dur.ng

crashes and the persistence of the q = 1 suiface as evidenced by the snake

observations.

Acknowledgements
This work was carried out under JET contract no. JT1113435.

We gratefully acknowledge the stimulating discussions and support of Prof. D.

Diichs and Dr. L.-G. Eriksson at the Theory division at JET. We are furthermore

very thankful to Dr. G. Sadler and the JET Neutron group for the help with

neutron data and its interpretation, and to Dr. A. Edwards fcr discussions of q-

profiles and behaviour of plasma at sawteeth. Thanks are also due to Dr. J.

O'Rourke and Dr. R. Gill for information about q-profiles, to Dr. M. von

Hellermann for information about charge exchange spectroscopy, and to Dr. B.

Wolle for discussions about fusion reactivities. Finally we would like to thank

Bente Larsson for the typing of this manuscript.



r - 70 -

APPENDIX

1 . The change of the poloidal magnetic energy, 5 E P
M , during a

sawtooth crash

The change of the poloidal magnetic energy during the crash is determined
by (in the manuscript the poloidal magnetic energy is denoted by Qp)

1 } . (Al)

where A \i = H- l , dV is an element of the plasma volume,

e,= x[IK, E™ = JIR B%(r~)2/4 is the energy of the toroidal magnetic field within the

region r > rs' and the other notations are introduced in the manuscript. Using

Eqs. (2.13), (3.6) and (3.7) of the manuscript one can show that the first

integral at the r.h.s. of Eq. (Al) vanishes, ef. Ref. [56].

Therefore

SEJ1 = E* e2. 2 P"* dxx 8»i Au" + f** dxx (8u)2 (A2)

where Su • u+ - jr. For the Kadomtsev type of crash we obtain the estimate

ISEJJ1!-EJJ1 ejoiö-1)2; t 0 find the sign of 8E£* it is necessary to evaluate the

integrals in Eq. (A2). For a crash with a small change of u(r), the main

contribution to 8E£* is due to the first integral in (A2). Using Fig. 3.3 of the

manuscript it can be concluded that SE£*<0 , and as 8u < n0" - 1 we obtain

ISÊ I < E£* e^nö~ I)2 f°r t n e considered type of crash.

Equations (2.13), (3.6) and (3.7) enable us to express (A2) in the form:



r - 71 -

M M ? f* - (AM-l) (2AU,2 — AU,i) t*ma _
8EJ' = ES !£2 I dxjxl - +1 dx^x2- _

I ° (Au.) — Au.2) Jx, (A)!] — Au,2)

— 2 — -

J '%x (Au2) (Au,i — Ajii) f *»
dx2—rjT dxW(x)

»: w rn-w»AnT-Ann Jx;

dx2

[(l-W) An7 -AM3 (An! -

Here, W = W(x^), x,, and x2 are related by Eqs. (3.6) and (3.7), AufsAu^xf)

where i = 1, 2. If x ^ - ^ x ^ , the last two terms in (A3) vanish and we obtain

the result of Kadomtsev, [35]. It can be shown that Kadomtsev's reconnection

always leads to 8E^<0. The numerical evaluation of the integrals in (A3) for

ji(r) given by Eq. (3.10) and with the parameters of Fig. 3.3 also leads to

8E^<0 which confirms the conclusion made earlier.

Thus, we have shown that the transition to a new state with <£< i can

be energetically favourable. Below, we present an additional proof of the

accessibility of a state with q^< 1, by examining the work done by the plasma

pressure in the magnetic field and the change of the plasma entropy.

2 . The change of the plasma entropy during a sawtooth crash

(i) Outline of the calculations
Let us introduce the following notations: E = E P L + E M , E P L is the plasma

f B2

energy, EM = j dV-g-, 8 A P L is the plasma work, 8A e x t is the work of external

forces, 8Q is the absorbed heat.

A sawtooth crash may be considered as adiabatic, i.e. the heat exchange
between the plasma and the exterior can be neglected during the crash time.
Then

8Q = 8EPL + 8APL , (A4)

8E = 8E + 8E = 8A . (A5)

It follows from (A4) and (AS) that

1
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5Q = SA6* - 8EM + 5APL . (A6)

Using the plasma equilibrium equation one can show that

x t M j I . (A7)

where 8E^ is defined by Eq. (Al). Thus, from (A6) and (A7) we have

8Q = 6 A P L - 8 E J 1 . (A8)

^ has been calculated in part I of this Appendix. In order to calculate

6AP L , we use the following set of equations:

SA"1- = Jp8dV.

where we assume that e « 1, p* = 8itp/B2 - e2, q - 1 - e .

According to the definition of the local entropy, 6S l o c , we have

5Q = JdVT5Sloc (A10)

where T is the temperature. The process is possible if

6SHjdV8S loc>0 (All)

Our calculations (the results are presented below) show that SQ > 0 at least
for plasma parameters with monotonous profiles. Now if we take into
account that the heat exchange between the flux tubes is negligibly small
during the crash, we obtain from (AID) that 8S l o c > 0 when 8Q > 0 and hence
5S>0.
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(ii) Results of the calculations

8E^ is given by Eq. (A3). 8AP L is detennined by

w J d V e2(P+ -
which can be written as

8AF L=l£ ej

- f ''dxäPT-^T f Sdx'W(x") +

(A13)

Here $f *$*(%*), j = 1, 2. It follows from (A12) that when the peaking of the

plasma pressure profile is reduced then 5 A P L > 0. The evolution of the

integrals in (A13) show that the plasma work done in the case <£= 1 is larger

than the one done in the case <£<!. Because of this, 5Q for crashes described

by our model (<£<1) can either be larger or smaller than 5 Q for the

Kadomtsev type of crashes (despite that 6E£* is larger for the case <£=1) and

the result depends on the plasma parameter profiles.

Note that in general when considering two processes A and B, the fact that
the entropy increase during the process A exceeds the entropy increase
during the process B, does not imply that the process B is the only possible
one to take place. Moreover, this fact does not tell us about the relative
probability between these processes (A and B can develop in different ways).
Thus, the only conclusion which can be drawn from our consideration is that
the energetics calculations support both our model and the Kadomtsev model.
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Table 1 Experimental observations of fast ion behaviour

in a plasma with sawteeth

Device

JET

TFTR

TFTR

JET

PLT

TFTR

Fast ions affected
by sawteeth;
their source

Deuterons with

e = 80 keV,

140 keV; NBI

Deuterons with

£ = 76 keV; NBI

Tritons;
d(d, OP1 during NBI

He3 with

£ = 100-600 keV;

ICRH. -T/and
Pi wiu e < 14.6 MeV;
He3(d, P!)a

pi;
He3(d, P !)a during ICRH

Pi ; ICRH

Detected particles;
their source

2.5 MeV neutrons;
d(d, n) He3

2.5 MeV neutrons;
d(d, n) He3

Escaping (0.3-1) MeV
tritons; dCd.OP1,
or/and 2.5 MeV neutrons;
d(d, n)He3

Escaping protons,

£ S 14.6 MeV and

£ > 14.6 MeV;

He3(d, pi)a

Escaping 14.6 MeV
protons;
He3(d, P!)a
Escaping P1 with

E = 0.5-1 MeV; ICRH

Refs.

[23, 26, 10]

[25, 30]

[24, 25, 32]

[20, 21, 23]

[30]

[31]
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Table 2 Some plasma parameters for the discharges studied

in S e c 7.6.

1

Pulse

18768
20222
20981
20991

Time of
sawtooth

(s)

52.26
49.19
50.75
50.51

MO)
(m-3)

161018

3 8 1 0 1 8
2 3 1 0 1 8
2 8 1 0 1 8

Ti(0)
(keV)

12
3
9
2

NBI
Power

(MW) at
80/140

keV
18/0
14/2
12/6
8/0

Global
neutron

yield
(s-1)

8 1 0 1 5

5 1 0 1 5

2 1 0 1 6

5 1015

Change of global
neutron emission at

j

Measu-
red

-10%

0%
-12%

-12%

sawtooth

qo*=l

-17%

- 8 *

-15%

-11%

qo+=qo'

-17%
-7%

-15%

-10%

Figure captions

Fig. 2.1. a) Auxiliary field B* in the plasma in its initial state; b) after

establishment of equilibrium with o * « ° ; c) during reconnection due

to the finite conductivity; d) after reconnection. (From Ref. [35].)

Fig. 2.2 Drawings of the quasi-interchange flow pattern and associated

rearrangement of the field and plasma. (From Ref. [38].)

Fig. 2.3 Schematic diagram of the reconnection model and the associated

current layer. (From Ref. [33].)

Fig. 3.1 Evolution of B. during an interchange-dominated crash with

successors, consistent with the experimentally observed evolution of

the plasma temperature [4] (see also [10]): (a) the initial

axisymmetric state with a hot core; (b) shift of narrow plasma core

and formation of a large cold bubble, (c) formation of a cold core with

q < 1 enclosed by a hot crescent; (d) formation of the q = 1 surface

with reduced radius; (e) the final axisymmetric state with a cold core
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and q0 < 1. Notations: dotted line represents the q = 1 surface (B* =

0); clockwise directed field lines - q > 1; counter-clockwise directed

lines - q < 1; A and B - reconnection layers; bold arrows indicate

direction of plasma motion.

- •

Fig. 3.2 Evolution of B. during a shift-dominated crash, (cf. tomographic

reconstruction of the X-ray emission in JET, Fig. 5 of Ref. [7]): (a) the

initial state; (b) shift of the large hot plasma core and formation of a

small cold bubble; (c) the hot core is enclosed by a cold crescent

which is perturbed by a colder island with q < 1; (d) the final

axisymmetric state with a cold plasma core and qo < 1. Notations the

same as in Fig. 3.1.

Fig. 3.3 Safety factor q(r) and flux vy(r) before the crash (points) and in the

final axisymmetric state (solid lines) in the case of q(r) given by

Eq. (3.10) and <£=qo= 0.8., qa « 3, qZ = 0.995,rj = r. = t~f<2,*~, = a/3; rmix

is the mixing radius; r is normalized by t~t and y by B-j{r7)2/2.

Fig. 4.1 2.5 MeV neutron sawteeth as observed with the profile monitor.

Normal sawteeth are seen on inner channels, inverted on outer

channels. Also shown is a schematic layout of the lines-of-sight of

the profile monitor. (From Ref. [23].)

Fig. 4.2 2.5 MeV neutron sawteeth as observed with the monitor but on a

fast, 2.5 ms, time scale. (From Ref. [23].)

Fig. 4.3 Comparison of locai neutron emission profiles measured before and

after a sawtooth collapse. Although the global neutron emission falls

by only 18%, the axial emission falls by a factor of 6. (Fro-n Ref.

[26].)
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Fig. 4.4 Sawtooth oscillations in the neutron emission during D° -* D+ neutral

injection into TFTR from 2.5 - 3.0 Sec. Here, Ip = 1.8 MA, BT = 4.8 T,

^ = 3.0x 1013 cm"3. Te(0) = 4.4 KeV, ATC/Te = 12%, Pb = 4.3 MW, Eb =

76 keV, coinjection. The magnitude of the total drop is only 3%.

(From Ref. [30].)

Fig. 4.5 Triton burst at sawtooth crash in TFTR. The triton flux is increased

by a factor 5 - 10 but this has a negligible effect on the total loss.

(From Ref. [24].)

Fig. 4.6 Measured time dependence of the total MeV ions loss (integrated

over % = 45 - 90° and p = 0.02 - 0,11 m) versus the measured

neutron rate (i.e. global MeV ion source rate) for 1.8 MA discharges.

These two signals have very similar time dependences, particularly

just after the end of NBI. The two signals are normalized to each

other at 3.5 s. Sawtooth crashes for this shot are indicated by two

arrows. (From Ref. [32].)

Fig. 4.7 Arrangement of the 15 MeV proton detector used on JET, with

examples of proton orbits for low-current low-field and high-current

high-field plasmas. (From Ref. [23].)

Fig. 4.8 The loss of ICRF H+ minority tail ions (lower pan of graph) in TFTR is

seen to decrease at the moments of sawteeth. (From Ref. [31].)

Fig. 4.9 The 15 MeV proton signal from d(3He, p)a fusion reactions (top

trace), showing that the proton signal can either decrease (a) or

increase (b) at a sawtooth: (a) Bt = 31.8 kG, Ip = 530 kA, T c o = 2.3

keV, öe = 3.7x 10I3cm"3, Prf = 2.6 MW, 3He concentration = 3.6%, r,t =

10 cm; (b) Bt = 32.6 kG, Ip = 590 kA, T e o = 2.2 keV, n. = 3.5 x 1013 cm"3.

Prf = 2.4 MeV, 3He concentration = 2.9%, rst =9 en. (From Ref. [30].)
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Fig. 5.1 Form of the function S(r(t, r) t) for r = 0. The solid line corresponds to

injection (S(r,t) does not depend on t), and the dotted line

corresponds to the thermonuclear reaction.

Fig. S.2 Form of the fast-ion distribution function at r = 0 during injection

when xs « xr: (a) before the collapse; (b) immediately after the

collapse. The solid lines represent t s = const, the dotted lines

represent 9xs/dr < 0, dx8/dtlr.o > 0, dxs/dtlr_rs < 0. Here, vi = va exp(-

xr/xs) = 0.25 va .

Fig. 5.3 Form of the fast-ion distribution function at r = 0 during inaction

when xs » xr: (a) before the collapse; (b) immediately after the

collapse. The solid lines represent x s = const, the dotted lines

represent dxs/9r < 0, dxs/dtlrso > 0, dxs/9tlr-rs > 0. Here vi = v a exp(-

Xr/Xs) = 0.8 Va.

Fig. 5.4 Level lines for the ratio ti-l(0)/fi(xo) in the plane qo, r*/rs for q(r) in

the form of Eq. (5.49), ro/a = 0.5, p = 0.667, a = 0.01, s ~ (1 - r2/a2)v,

8 = 0. (a) v = 2, (b) v =•• 4.

Fig. 6.1 Qualitative radial dependence of the helical flux y (r ) and v+(r) for a

sawtooth crash with <£=qö- The characteristic radii rj, r̂ . r[o. r̂ o. 170

rmix are indicated.

Fig. 7.1 Pulse #20981. Measured (solid) and calculated (broken) neutron-

flux at channels 1-10 using the model of Sec. 5 (qo+=l).

Fig. 7.2 Pulse #20981. Calculated radial neutron emission profile before

(solid) and after (broken) a sawtooth assuming qo+=l.

Fig. 7.3 Pulse #20981. Calculated q-profiles before (solid) and after

(broken) sawtooth assuming qo+=l.
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Fig. 7.4 Pulse #20981. Measured ion temperature profile before crash (solid)

and calculated after (broken), assuming qo+=l.

Fig. 7.5 Pulse #20981. Calculated fast (nt,) and thermal (nt) ion density

profiles before (-) and after (+) a sawtooth assuming qo+=l- The

thermal density profile is obtained as the difference between the

measured total and the calculated fast ion density.

Fig. 7.6 Pulse #20981. Measured (solid) and calculated (broken) neutron-

flux at channels 1-10 using the model of Sec. 6 (qo+=qo)-

Fig. 7.7 Pulse #20981. Calculat.d radial neutron emission profile before

(solid) and after (broken) a sawtooth assuming qo+=qo'-

Fig. 7.8 Pulse #20981. Calculated q-profiles before (solid) and after

(broken) sawtooth assuming qo+=qo'-

Fig. 7.9 Pulse #20981. Measured ion temperature profile before crash (solid)

and calculated after (broken), assuming qo+=qo •

Fig. 7.10 Pulse #20981. Calculated fast (nb) and thermal (nt) ion density

profiles before (-) and after (+) a sawtooth assuming qo+=qo'-

Fig. 7,11 Pulse #20222. Measured (solid) and calculated (broken) neutron-

flux at channels 1-10 using the model of Sec 5 (qo+=l).

Fig. 7.12 Pulse #20222. Calculated radial neutron emission profile before

(solid) and after (broken)!»a sawtooth assuming qo+=l.

Fig. 7.13 Pulse #20222. Calculated q-profiles before (solid) and after

(broken) sawtooth assuming qo+=l.
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Fig. 7.14 Pulse #20222. Measured (solid) and calculated (broken) neutron-

flux at channels 1-10 using the model of Sec. 6 (qo*=qo)-

Fig. 7.15 Pulse #20222. Calculated radial neutron emission profile before

(solid) and after (broken) a sawtooth assuming qo*=qo"-

Fig. 7.16 Pulse #20222. The three dimensional neutron emission profile after

the sawtooth crash calculated assuming qo+=qo •

Fig. 7.17 Pulse #20222. Calculated q-profiles before (solid) and after

(broken) sawtooth assuming qo+sqo'-

Fig. 7.18 Pulse #18768. Measured (solid) and calculated (broken) neutron-

flux at channels 1-10 using the model of Sec. 5 (qo+=l).

Fig. 7.19 Pulse #18768. Calculated radial neutron emission profile before

(solid) and after (broken) a sawtooth assuming qu+=l.

Fig. 7.20 Pulse #18768. Calculated q-profiles before (solid) and after

(broken) sa.vtooth assuming qo**l.

Fig. 7.21 Pulse #18768. Measured (solid) and calculated (broken) neutron-

flux at channels 1-10 using the model of Sec. 6 (qo*=qo)-

Fig. 7.22 Pulse #18768. Calculated radial ne'-tron emission profile before

(solid) and after (broken) a sawtooth assuming qo+=qo •

Fig. 7.23 Pulse #18768. Calculated q-profiles before (solid) and after

(broken) sawtooth assuming qo+=qo'-

Fig. 7.24 Pulse #20991. Measured (solid) and calculated (broken) neutron-

flux at channels 1-10 using the model of Sec. 5 (qo*«l).



r Fig. 7.25 Pulse #20991. Calculated radial neutron emission profile before

(solid) and after (broken) a sawtooth assuming qo+=l-

Fig. 7.26 Pulse #20991. Calculated q-profiles before (solid) and after

(broken) sawtooth assuming qo*= •

Fig. 7.27 Pulse #20991. Measured (solid) and calculated (broken) neutron-

flux at channels 1-10 using the model of Sec. 6 (qo*sqo*)-

Fig. 7.28 Pulse #20991. Calculated radial neutron emission profile before

(solid) and after (broken) a sawtooth assuming qo*=qo •

Fig. 7.29 Pulse #20991. Calculated q-profiles before (solid) and after

(broken) sawtooth assuming qo+=qo".

Fig. 7.30 Pulse #20981, qo+sqo~- Unperturbed (dashed) and perturbed

(dotted) fast ion density profile prior to sawtooth. The total number

of fast particles is conserved.

Fig. 7.31 Pulse #20981, qo4ssqo"- Measured (solid) and calculated, using the

unperturbed (dashed) and perturbed (dotted) fast ion density

profiles, neutron flux at channels 1-10.

Fig. 7.32 Pulse #20981, qo* sqo- Calculated radial neutron emission profile

before (solid) and after (broken) a sawtooth. Diffusion has been

applied for 10 ms, with the characteristic time scales TE=0.8 S, XB=4 S

and tb-10 s, to the post crash profile.

Fig. 7.33 Pu.je #20981, qo+ sqo- Three dimensional neutron emission profile

corresponding to Fig. 7.7, without diffusion.
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Fig. 7.34 Pulse #20981, qo""=qo'- Three dimensional neutron emission profile

corresponding to Fig. 7.32, with 10 ms of diffusion with me

characteristic time scales tE=0.8 s, tn=4 s and tb=10 s.

Fig. 7.35 Pulse #20981, qo*=qo"- Derivatives of the neutron flux to the 10

channels of the profile monitor with respect to various q-profile

parameters. The derivatives are normalized with respect to the

average flux to the two central channels.

Fig. 7.36 Pulse #20981, qo+=qo'- The derivatives of Fig. 7.35 are displayed in

one graph, for comparison.
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