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Abstract

It has been observed experimentally in deuterium-tritium shots of the
Tokamak Fusion Test Reactor (TFTR) that crashes of sawtooth oscillations
may result in very inhomogeneous flux of alpha particles to the wall. Namely,
measurements with four detectors installed at the wall at 20°, 45°, 60° and
90° below the midplane of the torus have shown that the alpha flux to the
wall is strongly peaked at the 20° and 90° detectors and on the noise level
at the 45° detector. To explain this phenomenon, both theoretical analysis
and numerical simulation have been carried out. It is concluded that the
“crash-induced prompt loss”, i.e., the orbital loss of marginally trapped par-
ticles arising because of the crash-induced orbit transformation of circulating
particles, is responsible for the flux to the 90° and 60° detectors, whereas the
crash-induced stochastic diffusion of moderately trapped particles explains the
large signal at the 20° detector. The calculated poloidal distributions of the
integral alpha flux are in reasonable agreement with experimental data. In

addition to the integral flux, the flux of particles with given energy was calcu-



lated. The energy spectrum of the escaping particles has also been calculated,

which can be used for diagnostics of the crash type.



I. INTRODUCTION

Sawtooth oscillations are a typical form of the magnetohydrodynamic (MHD) activity
in tokamak plasmas. They lead to oscillations of the profile shapes of the core plasma pa-
rameters within the so-called “sawtooth mixing region”. Furthermore, sawtooth oscillations
can also essentially redistribute fast (superthermal) ions. The influence of sawteeth on fast
ions with energies varying in a wide region, from tens of kiloelectronvolts to several mega-
electronvolts, has been studied both experimentally! * and theoretically,” 7 and the main
features of the fast ion transport have already been revealed. However, till now all studies
have been relevant mainly to the redistribution inside the sawtooth mixing region. Much
less attention of researchers has been received by a related phenomenon — expulsion of fast
ions from the mixing region, in particular, to the wall. This phenomenon is addressed in the
present work.

Investigation of the sawtooth-crash-induced escape of fast ions is of importance for better
understanding of the physics of fast ion transport, as well as for reliable modeling of the effect
of sawtooth oscillations on the energy deposition of alpha particles and other fast ions in
tokamak reactors. Moreover, studying the lost particles, one can make certain conclusion
concerning the physics of the sawtooth crash itself.

The purpose of this work is to develop a theoretical approach to finding the fast ion
flux to the wall caused by sawtooth oscillations and to report the results of experimental
observations, as well as of numerical modeling, of alpha particles escaping to the wall in DT
plasmas of the Tokamak Fusion Test Reactor (TFTR).®

The paper is organized as follows. The section II describes the experimental detecting
of the alpha particle flux to the wall in the presence of sawtooth oscillations in DT shots
in TFTR. The section III deals with numerical simulations of the sawtooth-crash-induced

escape of single energetic particles. In particular, equations of the particle motion, which

take into account, first, temporal evolution of the magnetic configuration during a crash and,



second, presence of the vacuum gap between the plasma and the first wall, are formulated.
These equations are applied to studying the crash-induced escape of various groups of alpha
particles to the wall in experiments on TFTR. The section IV contains an analysis of the
fluxes of energetic particles to the wall associated with two different physical mechanisms,
namely, the crash-induced prompt loss (studied numerically in Sec. IIT) and the crash-induced
ripple loss. This section presents also an analytical approach to finding the poloidal wall
load distribution, as well as the energy and pitch-angle distributions of fast ions, which
result from the crash-induced prompt loss. In Sec. V, this approach is used to calculate
the distributions of the « particles escaping to the wall in TFTR, and the obtained results
are compared with experimental data. Finally, the summary and discussion of the obtained

results are contained in Sec. VI.

II. EXPERIMENTAL OBSERVATIONS OF ALPHA LOSS DURING SAWTOOTH

CRASHES IN TFTR

Observations of the alpha loss during sawtooth crashes were made using the lost alpha
scintillation detectors located 90°, 60°, 45°, and 20° below the outer midplane of the vacuum
chamber (in the ion V B-drift direction). These detectors measured the alpha flux into small
apertures (=~ 0.01 cm?) located near the wall of the TFTR vacuum chamber, but well outside
the plasma. The first three of these apertures were located just behind the geometrical
shadow of the outer limiter,” while the 20° detector was on a radially movable probe which
could be positioned within 2 ¢cm of the outer limiter shadow.!® The total scintillator light
emission vs. time for each of these detectors was measured with a bandwidth of up to
~ 150kHz and digitized at a rate of up to 500 kHz.

Sawteeth do not normally occur in TF'TR during high current, high power Neutral Beam
Injection (NBI) heated discharges, but did occur late in time during discharges with lowered

NBI power (I =2.0MA, R =2.52m, ~ 10 MW NBI). Although these sawteeth did cause an



internal redistribution of the confined alphas, they did not cause any detectable alpha loss.*!!
However, clear examples of sawtooth-induced alpha loss was observed during lower power,
lower current discharges created for another experiment, as illustrated in Fig. 1 (I = 1.4 MA,
R =2.52m, 7.5 MW NBI). These sawteeth had a larger mixing radius than in the 2.0 MA
discharges, but had a similar ¢(0) ~ 0.8 and ¢(a) ~ 5.

A closer look at the time evolution of these low-current sawteeth is shown in Fig. 2,
where the alpha loss signals had a bandwidth of ~ 150 kHz and were digitized at 500 kHz.
The duration of the sawtooth-induced increase in alpha loss was about the same as the time
of the central temperature collapse of & 50 us, but the time evolution was different for the
three alpha detectors which saw a sawtooth-induced alpha loss. This is likely to be related
to the complex space-time evolution of the sawtooth crash itself, some of which can be seen
in the electron temperature signals shown in the figure.

The poloidal dependence of the magnitude of the sawtooth-induced alpha loss relative
to the pre-sawtooth alpha loss is illustrated in Fig. 3. The rise in alpha loss is large at the
bottom 90° detector and at the midplane 20° detector, very small at the 60° detector, and
not visible in the 45° detector. The instantaneous alpha loss can increase by up to a factor of
10 during the crash, but the time-integrated sawtooth-induced alpha loss is negligible with
respect to the normal loss processes without the sawtooth, i.e., first-orbit loss at the 90°
detector® and toroidal field ripple loss in the 20° detector.!?

The behavior of alpha loss during these DT sawteeth is very similar to that measured
earlier for DD fusion products loss during DD sawteeth in TFTR.'? The sawtooth-induced
loss in the 90° detector occurs mainly near the passing-trapped boundary and near the birth
energy. It is interesting to note that not every sawtooth crash caused a burst of alpha loss,
as can be seen in Fig. 1; evidently, the condition for sawtooth loss is sensitive to the details

of the ¢(r) profile or perhaps also the sawtooth crash.



III. NUMERICAL STUDY OF INFLUENCE OF SAWTOOTH CRASHES ON

BEHAVIOR OF SINGLE ALPHA PARTICLES IN TFTR

Let us assume that the pre-crash and post-crash states are axisymmetric. Then, to

describe the fast-ion motion during a sawtooth crash and immediately after it, we can use

—

the following equations for the particle coordinates (7), energy (€£) and magnetic moment

(1):

7= ) + Up + Up, (1)
€ =E- (4 + ), (2)
fr=0, (3)

where the dot denotes the time derivative along the guiding center orbit; @), ¥p, and ¥g
are the velocities of the particle motion along the magnetic field, of the toroidal drift, and
of the ExB drift, respectively; @ = v B/B; vy = +{(2/M)[€ — uBy(1 — ecos9)]}'/%;
Up = =0 xV (v /wp); U = cExB/|B|?; € = r/Ry; where r is the radial coordinate such
that » = const at a flux surface, ¢ is the poloidal angle; B is the superposition of the
equilibrium magnetic field and the magnetic field of the perturbation associated with the
crash; Ry is the radius of the magnetic axis; By is the magnetic field at the axis; and E is
the electric field.

Taking into account that sawteeth are localized in the plasma core and that, in general,
there is a vacuum gap between the plasma edge and the chamber wall, we determine in
different ways the electromagnetic field in three regions: 0 < r < rpz, Tmiz < 7 < a and
r > a (in the vacuum gap), where r,,;, is the sawtooth mixing radius, and a is the minor
radius of the plasma.

In the sawtooth mixing region, we describe the perturbed electromagnetic field in terms

of the helical magnetic flux, ¥, as follows:®



B = B¢ +é&*xVV, E=-—¢&-Vao. (4)

Here €; and & (j = 1,2, 3) are the base co- and contravariant vectors; the coordinate system
(r,a = 9 — @, @) is used; ¢ is the toroidal angle; B> = ByRy/R*R is the distance to the
axis of the symmetry; and ®(r, «,t) is the electric potential related to ¥ by the equation

E-B= 0, which can be written in the form:

O R (0%9% 000V
ot B.\/g or oo O« Or

=0, (5)
where ¢ is the determinant of the metric tensor g;;. The equations (4), (5) imply that
the sawtooth crash is associated with development of the m = n = 1 helical perturbation
and that the helical symmetry is conserved during the crash. They were derived in the
assumption that the toroidal magnetic field is not perturbed by the crash. The temporal
evolution of ¥ for r < r,,;, depends on the chosen model of the crash. In this work we
will use the analytical expression for ¥(r, o, t) that was suggested in Ref.® and models the
Kadomtsev-type crash. Note that a part of the electric field associated with perturbations
plays the key role in redistribution of fast ions.®!® On the other hand, the equilibrium electric
field, Ey, influences only the mode rotation.'® Therefore, we take Ey = 0.

In the region rp;,; < r < a, we use Eq. (4), where ® = 0, and ¥ does not depend on time

and is expressed through the safety factor, ¢(r), as follows:

v [arfy ')~ 1158 ©)

The equation (6) is also valid for r < r,,;, before and after the crash.

Finally, in the vacuum gap, we express the magnetic field in terms of the poloidal magnetic

flux, ¥,:
B = Br + VpxVV,, (7)

where ET is the toroidal magnetic field, By = Ry/R. To find ¥,, we use the toroidal

component of the equation VxB =0 given by:
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o (100,\ 08°T,
Rar (ﬁﬁ) t5n =0 (8)

where z is the vertical coordinate.

We assume that the plasma touches the wall near the inner midplane of the torus and
that the vacuum gap is narrow, 2(a. — a) < a, where a, is the radius of the vacuum vessel
cross-section, see Fig. 4. Due to these assumptions, we can suggest a model for description of
the magnetic field in the vacuum region, which, first, is rather simple and, second, does not
require to know the shape of the cross-sections of the flux surfaces outside the vacuum vessel
(the latter is important because the field lines that go through the vacuum gap intersect the
wall and may form flux surfaces with complicated shapes or even produce no flux surfaces).

If the vacuum gap is very narrow, it produces a negligible effect on the fast ion orbits
at all poloidal angles except for small ones, where flux surfaces can be approximated by

Shafranov-shifted circles:
r? =2+ [R— Ry + A(r)]?, 9)

where A(r) is the Shafranov shift. Then it is sufficient to find a solution of Eq. (8), which
well approximates W, (R, z) only in the region of small ©. In TFTR the region with circular
flux surfaces is even wider, ranging, at least, up to || = 7 /2.

To obtain a solution of Eq. (8) in the mentioned part of the vacuum region, we proceed
from the variables (R, z) to (7, z). Then, allowing for the fact that in the new variables U,
does not depend on z, we take the equation at z = 0. As a result, we obtain the following
equation:

v Ry — A rA”
s Y
p+7” RO—A+T( )+1—A’

—0. (10)

where the primes mean radial derivatives.
One can show that, when Eq. (10) is satisfied, and the aspect ratio of the torus (A) is large,
Eq. (8) in variables (r,z) at z # 0 leads to the well-known equation for the Shafranov shift,

A" However, we will not use this equation because A~! is not a really small parameter



in the region 7 > a. On the other hand, the equation for A(r) for arbitrary A is rather
complicated. Therefore, in order to specify A(r), we expand it in a Fourier series, restricting

ourselves to the linear term:
A=A, +A(r—a), (11)

where A, = A(a) and A’ = dA/dr|, are parameters of our model. Substituting Eq. (11)

into Eq. (10), we find:

Bya? Ry + A, ry A
v = — ) -1
o) =Tle) + R ) < A “) [(a) }
Bya? 1—A"[/r\4a+1
— -1 12
+qa(R0—|—Aa+a)1+A’ {(a) ]’ (12)

where ¢, = ¢(a).
It follows from Eq. (12) that U,(r) depends on the Shafranov shift mainly through A’
(because A,/Ry ~ A7?). We will take A, = 0 (i.e., neglect the Shafranov shift within the

plasma). To evaluate A’ = dA/dr, we will use the expression given by:'*

A = Rio [j;(a) /0 dr@ +ﬂj] . (13)

where J(r) is the toroidal current inside the flux surface r, 37 is the ratio of the plasma
pressure to the magnetic pressure of the toroidal current. When making a comparison of
numerical results and experimental data, we will vary A’, which, in fact, will play the role
of an adjustable parameter.

Based on the formulated equations, we studied the behavior of particles located inside the
sawtooth mixing region before a crash. The results are shown in Figs. 5-9. The following
parameters relevant to the TFTR DT shot #87530 were used: I = 1.4MA, By, = 3.2T,
a = 87 cm, the minor radius of the wall a, = 99 cm, the crash duration 7., = 3.5 x 10 5s,
Tmiz = D7cm, gy = q(0) = 0.8. The profile of the inverse safety factor (¢~!) was taken as
two parabolas at 0 < r < 7, and 7, < a, aligned smoothly at r = r,,;,. In addition, the

¢ = 1 radius was assumed to be r, = 7./ V2.
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The figure 5 shows the effect of the sawtooth crash on particles with different A\, which
are located in the vicinity of the plasma center before the crash. To demonstrate the effect
of the Shafranov shift, two cases are presented: A’ = 24!, which is close to the magnitude
predicted by Eq. (13), and A’ = 0. It follows from Fig. 5 that marginally circulating
particles (A = 0.74 — 0.788) can be transformed during a crash into trapped ones, which
escape from the plasma, the point where particles reaches the wall being dependent on .
One can see that the trajectories in the vacuum gap essentially depend on A’. The presence
of the Shafranov shift drastically changes the orbits of those particles which enter the gap
at || S 90°. Because of this, particles can strike the wall only at |#| > 6,, where 6 is the
poloidal angle at the wall, 8, is determined by the orbit tangent to the wall.

The figure 6 shows orbits of escaping particles, which have the same initial pitch angle
and radial position but different energies. It follows from this figure that the sawtooth crash
expels only particles with sufficiently high energy, £ > &,,i,,, where &,,;,, is the energy of the
particle having the orbit tangent to the wall. In the considered example &,,;, = 2.5 MeV,
but, in general, &,,;, depends on the initial coordinates and A. A general conclusion from
Fig. 6 and 5 is that a particle can strike the wall, i.e., the fast ion flux to the wall (, ) is
not vanishing, only for 0,,;, < |0| < Opnas, Where 6, = minf,(E). The existence of 0,4,
is associated with the fact that the escaping particles strike the wall at R > R, (R; is R at
the turning point). Note that, in general, 6,,;, = minf, (€, \), but, in the case when only
marginally trapped particles contribute to the loss, 6, does not depend on A, see Sec. IV.

The orbits of all observed escaping particles intersect the wall, except for those which
escape at |#| = 6.. Note that, in contrast to this, the orbits of all alpha particles lost due to
collisional diffusion are tangent to the wall.!3> The existence of @, is associated with the fact
that the curvature radius of the orbits of marginally trapped particles near the wall at # = 0
exceeds the radius of the vacuum vessel (therefore, if a marginally trapped particle were
produced from a circulating one by, e.g., the pitch-angle scattering, it would never strike the

wall at |0] < 6, unlike what was claimed in Ref.'?). A general condition providing existence
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of #, will be obtained later, in Sec. IV.

The figures 7 and 5 (d) show the trajectories of two particles having the same initial
values of A and £ and starting from the same initial unperturbed orbit. We conclude from
here that a particle may either escape or remain confined, depending on the initial poloidal
angle, i.e., on the phase of the perturbation. The same effect was observed for variation of
the initial toroidal angle of a particle.

The figure 8 shows the effect of the crash on particles with various initial radial positions.
We observe that only the particles that are sufficiently close to the plasma center before the
crash can escape. The particles initially located in the vicinity of the mixing radius remain
confined and may even approach the plasma center.

Finally, Fig. 9 demonstrates the possibility that trapped particles may also escape to the
wall. However, such a process is not typical because it can lead to escaping of very narrow

group of particles with parameters close to the loss cone region.

IV. ANALYTICAL DESCRIPTION OF THE CRASH-INDUCED FLUX OF FAST

IONS TO THE WALL

A. Wall areas irradiated by fast ions due to various physical mechanisms

The energetic particle wall load is never homogeneous. Certain conclusions concerning
the poloidal distribution of this load can be made by analyzing the physical mechanisms
leading to the particle loss.

The simplest mechanism is associated with the finite particle orbit width, which results
in prompt loss with a non-vanishing flux to the wall either below or above (depending on
the direction of the toroidal drift) the equatorial plane of the torus. It is clear that if a
half of the wall (lower or upper) were absent, the other part would be affected by particles.
Therefore, one can say that, in the case of prompt loss, a half of the wall surface is shadowed

by another one.
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The effect of plasma MHD activity on fast ions is more complicated because it involves, at
least, two processes. One of them is the interaction of fast ions with the MHD perturbation
which expels particles from the plasma core. This process triggers one or more other ones
leading to escape of particles to the wall. Such secondary processes can be various, but
typically only one or two, namely, the orbit transformation and stochastic diffusion, are
dominant. In particular, circulating particles can be lost because of transformation into
marginally trapped particles lying inside the loss-cone region. Such particles, after the
transformation occurs, are lost within one bounce. This was observed in the examples
considered in Sec. III. On the other hand, trapped particles can be lost after the MHD
perturbations expel them into the region of stochastic diffusion. Then particles are lost
for many bounce periods (e.g., several tens) but quick enough for their confinement time
to be much less than the slowing down time. In general, the fluxes of particles associated
with the diffusion and the orbit transformation have maxima at different magnitudes of the
poloidal angle: the first one is more close to the midplane of the torus. Moreover, below we
will show that in the presence of the vacuum gap, the wall areas affected due to the orbit
transformation and the diffusion may even not overlap. The reason for this is that the gap
produces an additional shadowing effect which is different for different groups of particles.

In Sec. IIT we found numerically that there is an angle 6, such that marginally trapped
particles after orbit transformation always strike the wall at |#] > 6,. This means that the
vacuum gap produces an additional shadow in the region —f, < # < 0 for such particles
(the toroidal drift here and below is assumed to be directed downwards). Now our aim is
to show that, in general, the angle of the the shadow boundary, 6., exists for any particles
and depends only on £ and A at the moment when a particle strike the wall. This statement
implies that the specific mechanism which provides the particle transport inside a plasma
plays no role. The only restriction is that the perturbation of the particle orbit for the last
bounce before escaping to the wall is negligible, but it seems that this condition is satisfied

in most cases of practical importance. Therefore, our analysis is applicable, in particular, to
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the case when the alpha flux is produced by the collisional diffusion, when, as it was shown
in Ref.!3, the vacuum gap produces an additional shadow.
To find f,, we consider the particle orbit equation resulting from conservation of the

canonical angular momentum,
J = —E\I!+MU‘|R:const. (14)
c

A sketch of particle orbits near the chamber wall is given in Fig. 10, where we have schemat-
ically drawn a set of curves J(r,9) = const corresponding to certain values of A and €£.
One can see that only the parts that of the curves drawn by solid lines represent actual
particle orbits. Therefore, the part of the wall marked as BC' is shadowed. This part is
characterized by decrease of J with 6§, 0J/00 < 0 (for definiteness, we consider here only
the case of v > 0, which we are interested in). The point B separating the shadowed and
non-shadowed parts of the wall corresponds to a maximum of J so that 0.J/08|p = 0. The
last equation determines 6,,;,.

Differentiating J over 6 along the wall and using the equation
7% = a2 + [A(r) + AJ? + 2a [A(r) + A.] cos(6), (15)

which follows from the wall geometry, and Eq. (9), we obtain:

oJ . 1+ x2
50 = —Ma,vsin(6) ( T Q) , (16)

where y, = (1 — A/hy)'/? is the pitch-angle cosine at the wall; h, = [R. + a.cos(6)]/Ro;
a. and R, are the minor radius of the vacuum vessel and the major radius of its center,

respectively;

1 A+ A, v,

PBO r— A,[A + Ac +ac COS(H)] dr r=ry(0) /

Ggo,¢&)=

(17)

rw(0) is the value of r at the wall at the poloidal coordinate 8, A, is the shift of the plasma

center with respect to the chamber center. The quantity G represents the effect of the vacuum
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gap. When G = 0 (there is no vacuum gap), 0.JJ/00 is always positive for —m < 0 < 0;
therefore, particles with any pitch angle can strike the wall at any point below the midplane
of the torus. In the case when a particle with energy £ strikes the wall at the point # and
G(0,E) < 1, there is no restriction on the particle pitch angle. When G(6,€) > 1, Eq. (16)
imposes the following restrictions on the pitch angle and A\ of the particles striking the wall

at the point 6:

Xo < Xmaa(0,E) =G — (G* = 1)'/?, (18)

A> Anin(0,8) = (1 — X2 ) P (19)

where Xmae and A, correspond to the trajectory that is tangent to the wall, 0.J/00 = 0;
and the equation A = A\ (0, E) determines 0,(€, A).

If A < A\pin(0,E) then the point 0 is “shadowed” for the particles with given A and £. Tt
follows from Eq. (19) that the shadow decreases with A\. As G decreases with p, the shadow
also shrinks with increase of €.

To demonstrate the different gap shadowing of various groups of escaping energetic par-
ticles, we have calculated 6, as a function of A for various magnitudes of £ for the TFTR
shot #87530 at t = 4.45s (A’ = 1.67TA™"). The results are shown in Fig. 11, where we have
also taken into account the effect of the finite Larmor radius (i.e., the difference between the
particle position and the guiding center position), which is disregarded in Eqs. (16) and (17)
[the Larmor corrections to these equations are given in Appendix A, see Eqs. (A3) and (A4)].
However, it turns out that the difference between #, shown in Fig. 11 and #, calculated from
Eqgs. (16)—-(19) is negligible. This result is somewhat unexpected for the Larmor radius of
the considered particles is not small (4-10 cm).

It follows from Fig. 11 that the particles escaping due to orbit transformation (A ~ 0.8)
irradiate the wall at |#] > 30°. On the other hand, one can expect that most particles

escaping because of stochastic diffusion will have A exceeding unity (for such particles, the
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banana tips are located in the region || < m/2, where the ripple is essential) and the energy
close to 3.5 MeV. If we take, e.g., A = 1.1 and £ > 2.5MeV, we find that the wall will
be irradiated at 0° < |f| < 30°. Note that the A = 1.1 particles with & = 3.5MeV and
£ = 2.8 MeV strike the wall at 6 ~ 0° and 6 ~ 30°, respectively.

We can conclude from this analysis that, in the considered example, the particles escaping

due to orbit transformation and stochastic diffusion irradiate different parts of the wall.

B. General expressions for the prompt loss of fast ions induced by core-localized

MHD perturbations

A general conclusion from Sec. IIT and Subsec. IV A is that when the magnetic ripple is
sufficiently weak in the region of sawtooth oscillations, the dominant fraction of energetic
particles striking the wall not too close to the equatorial plane of the torus consists of the
particles that are marginally counter-circulating and localized near the magnetic axis before
the crash. These particle escape due to transformation into marginally trapped ones during
the crash, which is accompanied by sharp increase of the particle orbit width. We will refer
to the loss of these particles as “the prompt loss induced by the crash”. Below we restrict
ourselves to the consideration of such loss, assuming that only MHD perturbations break
the axial symmetry of the magnetic field.

We distinguish two stages in the particle motion: first, transport of the particle to the
loss-cone region due to the crash; second, motion to the wall inside the loss-cone region. We
assume that the process of the particle transport to the loss-cone region is known and that
the effect of MHD perturbations on the particle motion after the orbit transformation is
negligibly small. One can see that the latter assumption is justified in two limit cases, which
we will refer to as the “slow crash” and “quick crash” cases: (i) 7, > 7, (73 is the particle
bounce/transit period); (ii) 7., < 7. Due to these assumptions, we can write the following

expression for the number of the lost particles:
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N = P2dTG = Z dr 49 dE dhr->— (20)
LCR LCR |UH|

where LC'R means the loss-cone region, GG represents the source of the ions in the loss-cone
region. These particles produce non-uniform wall load. To describe it, we define the particle
flux to the wall, , (8, &), as the number of particles with given energy striking a unit surface
of the wall for the crash time. This flux is associated with the number of lost particles as

follows:
N = /dgdg, 0,6), (21)

where dS means integration over the wall surface. It is clear that the total flux density is
[dE, (8,€). Note that the introduced particle flux implies that we are not interested in the
temporal evolution of the wall load during the crash.

Now we take advantage of the fact that the canonical angular momentum is conserved in
the loss-cone region as MHD perturbations are neglected at this stage of the particle motion.
Then we can express A through € and, using Eqs. (20) and (21), obtain the expression for
, (0,&) in the form:

r&

e (22)
v

2r 1 o\
’ _Wachw/drdﬁ ‘ae

It may be of interest to compare the crash-induced loss of fusion-produced alpha particles
and their prompt loss. One can see that the prompt loss results in the flux of alphas to the
wall for the crash time, which can be determined by Eq. (22) with G = npny(ov)7.,. Due
to this, we arrive at the following expression for the ratio , /, prompt:

, |G

y prompt B fLC’R dr d197"|v | ‘ e‘nDnT<av>'

fLCRdrdﬁr

\v\‘

(23)

The source function G depends on the character of the plasma motion during the crash,
as well as on the ratio 7,/7,.. Below we consider the slow crash (7.. > 7,), which seems to

be of the largest practical importance.
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Note that the derived expressions can be used for description not only of the sawtooth-
induced loss of fast ions but also of the loss produced by other burst-like core-localized MHD
perturbations, such as minor and major disruptions. Moreover, one may expect that they
are applicable also to the case of long lasting MHD perturbations, in which case N and ,
are related to the unit time. However, the expressions are restricted to those experiments
where the main mechanism of escape of particles to the wall is prompt loss following the

stage of interaction of particles with MHD perturbations (i.e., diffusion is negligible).

C. Prompt loss due to slow crash

To use the expressions of previous subsection one should determine G and calculate
OA/06. This will be done below for the case of slow crash.

When 7, < 7., a particle orbit weakly changes for a transit period. Therefore, after
the transformation the particle always passes in the vicinity of the X point of the separatrix
between trapped and circulating orbits, and, thus, the X point can be considered as a starting
point of the particle motion at the second stage. This gives us grounds to assume that G is
proportional to §(¥ — m)d(r — rx), where rx(A,€) is the radial coordinate of the X point.

On the other hand, we obtain from Eq. (21) that
dN = d*7 / s (24)
LCR

It follows from this equation that [ LOR d*% G is the number of fast ions with given £ and
A produced by the crash (or another MHD perturbation) in the loss-cone region in a unit

volume of the velocity space. Therefore, it can be presented as:

/ PFG =Vx(\E)f(NE), (25)

where f and Vy are the distribution function of particles and their effective volume entering

the loss-cone region. Taking this into account, we can write G in the form:
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fVx

= mé(T—TX)(S(ﬁ—Tr), (26)

where 7 is determined by the equations ¥ = T, 9 =0. Using Eq. (26), we can calculate the
integrals in Eq. (22). This yields:

O\

Ef Vi |oA
oo

T MZROhw |U||X|

(27)

Let us express Vy through the plasma volume, Vj, that moves since the beginning of the
crash and reaches the radius rx(\,€). To do this, we have to make several assumptions.
First, plasma is assumed incompressible. Second, we assume that only the particles which
were located sufficiently close to the plasma center, so that the initial longitudinal velocity
can be approximated as v ~ vy/1 — A, reach the loss-cone region during the crash. At last,
we assume that the particle energy and the magnetic moment are conserved and that the
process of redistribution of circulating particles by MHD perturbations does not depend on
A and €. When making these assumptions, we were motivated by the fact that circulating
particles closely follow evolving flux surfaces due to relatively small radial width of the

unperturbed orbits and slow toroidal precession.®!'> Then we can write:
AN = [V, d*%, (28)

where

7'('7)2 ™

d€ d\ = ——7dE dA 29
MU”O M(]_ - )\)1/2 , ( )

d3?70 -

Comparing Eqgs. (24), (25) with Eqgs. (28), (29) we find:
Ve = 1505 (30)

It follows from Eq. (30) that Vy < Vp. This is a consequence of the fact that the particles
moving near the X point strongly slow down their guiding-center motion.
Due to Eq. (30), the flux of fast ions given by Eq. (27) is expressed through Vj(ry).

The volume Vy(ry) can be calculated if the crash model is specified. It is worth to discuss
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some limitations of this approach. Its basic assumptions (circulating fast ions follow the flux
surfaces; the ion energy is conserved) are fulfilled only approximately for 3.5-MeV « particles
in TFTR, especially, when they approach the transformation point. This may explain why
the particle behavior during the crash depends on the initial phase and radius (see Figs. 7
and 8). However, the concept of Vy(rx) is convenient as it enables us to relates the flux
of escaping fast ions to the motion of the thermal plasma during the crash. Below we find
Vo(rx) for the Kadomtsev model.

For the sake of simplicity, we assume that the profile of ¢~!(r) is approximately parabolic.
Then, solving the equations of the flux conservation (e.g., Egs. (1) and (2) of Ref.!”), one
can show that the post-crash plasma layer with the radial coordinate r* is a mixture of two
pre-crash layers that were located before the crash at the radii r7 = {[r2, — (r*)?]/2}'/?
and 7, = {[r2,, + (r7)?/2}/2. One can see from these formulae that the volume of the

plasma transported due to the crash outwards through the flux surface r is

V(r) = m* Ry max[0, min(r2,,, — 7%, 2r?)]. (31)

me

In order to take into account the radial excursions of the fast ion orbits from the bounce-

averaged radial coordinate, we take V4(rx) to be slightly different from V' (rx), namely:
Vo(rx) = 7° Romax{0, min[ry,;, — (rx — sqxp)*, 2(rx — sqxp)’]}, (32)

where s is a dimensionless quotient (the results presented below are obtained for s = 1).
Note that it is assumed in Eq. (32) that the volume of the plasma reaching a certain radius
r = r' from inside throughout the crash is the same as the volume of the plasma transported
due to the crash outside this radius [given by Eq. (31)]. Of course, the dynamics of the plasma
during a crash is more complicated. Some elements of the plasma volume may “visit” the
region r > 1’ but be located at r < r’ after the crash is over. Such elements will contribute
to the fast ion transformation but are not taken into account by Eq. (32). Nevertheless,
bearing in mind all other sources of uncertainty, Eq. (32) seems to be a reasonable estimate

for the amount of fast ions supplied to the radius ry by a Kadomtsev-type crash.
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Sensitivity of the results to the choice of V' (ryx) will be discussed in Sec. V.
To calculate 9\/00, we proceed from the following equation of conservation of the canon-

ical angular momentum after the transformation:

W, (r(0)) — Wp(rx)] = (vjwhi — vjxhx) Ro, (33)

mc

where r(6) is the radius of the flux surface crossing the wall at the angle #; the superscripts
‘X7 and ‘w’ refer to the X point and the point where the particle strikes the wall; and
h=R/Ry. As ¥ =0 at the X point, we obtain:

2
axovpx _ gxv

~ )
rx 2wBOTX

(34)

Uix = —

where we have assumed that vx < v. The equations (34),

A= hy [1 . (%)Z] , (35)

v

and
U = hog'*(huy — )20 (36)

enable us to exclude v x, A and v, from Eq. (33). Then Eq. (33) determines rx as a function
of # and &, although it seems difficult to solve it for rx explicitly. Differentiating Eqgs. (33)

and (35) at fixed energy, excluding dry, and neglecting the terms ~ p?, we obtain:

O\ T2
qx pac <1+ qxp > { + X4,

72— sin(0
00 sin )Tng 27X Xw 2Xw

—G(0,8)], (37)

where G(6,&) is given by Eq. (17). The second term of OA/00 represents the effect of the
Shafranov shift. When this term is sufficiently large, dA\/00 may change the sign. In our
calculations we have observed both the case when OA/00 > 0 everywhere and the case when
A(#) reaches maximum at # = —6,. In the latter case, the poloidal angle § = —@, corresponds

to the trajectory tangent to the wall so that the particles cannot strike the wall at || < 6,

(see Sec. III and Subsec. IV A).
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Taking this into account, we obtain from Egs. (27), (30), and (37):

fvlqxpV (rx) 14 _dxp -
2rx R3(1 — \)'/2h,, 27 X Xaw

x max{{l;xi = Q(Q,S)] ,0}, (38)

Xw

L (0,8) = —sin(6)

where A and ry are considered as functions of £ and 6 due to Eqgs. (33) and (35). A more
exact expression for , (f, &), which takes into account the finite Larmor radius, is given in

Appendix A.

V. COMPARISON OF THEORETICAL RESULTS WITH EXPERIMENTAL

DATA

According to Fig. 3, sawtooth oscillations almost do not affect the alpha flux at the
45° detector. This experimental fact indicates that two dominant mechanisms which were
considered in the subsection IV A, namely, the crash-induced prompt loss and the stochastic
diffusion, lead to irradiation of different parts of the wall.

In order to verify this hypothesis, the role of the crash-induced stochastic diffusion has
been evaluated. With this purpose, using the Hamiltonian guiding-center code ORBIT,!®?
we have calculated the fraction of lost particles for the following profile shape of the alpha
source G: G = (1 —r%/a?)*n(0.4 — r/a), where 7 is the Heavyside function. When choosing

this function, we took into account that a sawtooth crash expel a particle into the stochastic

loss region mainly at r < r,,;;. The safety factor ¢(r) was taken in the form

q=qo+qr/a+q(r/a)’+ g(r/a)® (39)

with ¢o = 0.7, ¢; = 0.55, ¢o = —0.84, g3 = 4.35, which was obtained by interpolation of
experimental measurements for the shot #87530. The results of the calculations for particles
with £ = 3.5 MeV are shown in Fig. 12. Two main conclusions can be drawn from this figure.
First, the particles are lost within the time which is small in comparison with their slowing-

down time (the energy spectrum of the escaping alphas is strongly peaked at the birth
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energy). Second, the bulk of the escaping 3.5-MeV particles is constituted by moderately
trapped alphas with A = 1.1. In order to find the dependence of the sawtooth-induced ripple
loss on the particle energy, the calculations have been carried out also for £ = 1.6 MeV.
It has been found that the lost fraction of these particles is less than that of the 3.5-MeV
particles almost by a factor of 10. Thus, the main fraction of the lost alphas consists of
high-energy trapped particles with & ~ 3MeV and A ~ 1.1. Using this fact, we conclude
from Fig. 11 that the crash-induced stochastic diffusion can lead to noticeable alpha flux
only at 20° detector.

Taking this into account, we will analyze the poloidal distribution of the alpha flux to
the wall at @ > 45°, using Eq. (38), which describes the crash-induced prompt loss of alphas.
The results of calculations for the shots #87529 and #87530 are presented in Figs. 13-15.
These discharges were characterized by almost identical plasma parameters. Two sawteeth
in the discharge #87529 and three sawteeth in the discharge #87530 were accompanied by
loss of alpha particles. In our calculations, we take the ¢ profile given by Eq. (39) and
3 = 0.3%. From Eq. (13), we obtain that A’ = 1.67A~". Two crash models were used: first,
the Kadomtsev model [see Eq. (32) for V;(rx)] and, second, the model with V;(rx) = const.
The latter takes place when the plasma is strongly mixed during the crash. Therefore, we
refer to this model as to the “strong-mixing model”.

The figures 13 and 14 show the poloidal dependence of the flux of the monoenergetic alpha
particles to the wall for various energies and the two crash models. In order to study the
sensitivity of the results to the Shafranov shift, the calculations were carried out for various
values of A’. Tt follows from these figures that all the distributions are decreasing (except
for the region |#| > 100°, where detectors are absent). The decrease is the strongest for the
particles with the smallest energy. The calculated flux is very small at the 45° detector,
which agrees with experimental data. We find that the poloidal dependence of , ¢ is rather
sensitive to the crash model, especially, for particles of low energy in the region of # ~ 90°.

The figure 15 shows the energy distribution of alpha particles at the 90° and 60° detectors
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for two crash models. We observe that the Kadomtsev model yields non-monotonic energy
dependence at the 90° detector with the maximum at £/, = 0.7 but monotonic dependence
at the 60° detector, with the alpha flux , ¢ being almost constant at the interval 0.6 < £/&, <
1. Both models predict vanishing flux for £/&, = 0.22 and 0.45 at the 90° and 60° detectors,
respectively.

Finally, Fig. 16 presents results of calculations of the poloidal distribution of the inte-
gral alpha flux density for the Kadomtsev model. The calculations were carried out for
A'=1.674"1, A’ =1.84"1 and A’ = 241, In addition, the figure shows the results of the
experimental measurements of the alpha flux produced by three crashes in the shot #87530
at the 90°, 60° and 45° detectors. The experimental data are normalized by the data ob-
tained from the 90° detector. The calculations were carried out also for the strong-mixing
model, but it turned out that the poloidal distribution of the integral alpha flux, unlike the
monoenergetic flux, is practically insensitive to the crash model. The calculations predict the
best agreement with the experimental measurements at all three detectors for A’ = 1.8471,
which is close to A’ = 1.67A~! following from Eq. (13). The obtained distributions are
strongly sensitive to A’. Taking into account uncertainties in both the model we use and the
experimental data, we can conclude that the calculations are in reasonable agreement with
the experiment.

Thus, the experimentally observed poloidal distributions of the alpha flux presented in
Fig. 3 can be explained in terms of the crash-induced prompt loss and stochastic diffusion.

Now we consider the time dependence of the alpha flux presented in Fig. 2. This figure
demonstrates correlation between the temporal variation of the alpha signal at the wall and
the electron temperature (7,) at some radii during the sawtooth crash. We observe that the
alpha signal at the 60° detector correlates with the change of T, at R < 2.86 m, whereas the
alpha signal at the 90° detector has two maxima and correlates with the variation of T, at
R =298 m.

In order to explain this phenomenon, we use again the model of the crash-induced prompt
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loss. Using Eqs. (33)—(36), (A1), (A2) (see Appendix A for details), we find for the shots
#87529 and #87530 that the 3.5-MeV alpha particles reaching the 90° and 60° detectors
are characterized by A\ = 0.81, rxy = 46cm and A = 0.84, rxy = 39cm, respectively. This
means that the point of the orbit transformation of the particles coming to the 60° detector
is located closer to the plasma center than that of the particles coming to the 90° detector
(R, = ARy). Unfortunately, experimental data about the evolution of T, at R < Ry are
not available. Therefore, we have to make some assumptions concerning the structure of
the perturbation in order to explain correlation of the alpha signal with the change of T, at
R > Ry. We assume that the helical symmetry is approximately conserved during the crash.
In addition, we take into account that the particle orbit width is relatively small before
the transformation and their bounce period is much less than the crash duration. Then we
conclude that the moment of the enhanced alpha signal at the wall approximately coincides
with the moment of the sharp change of T, at R;(0) = Ry + rx(0). Taking Ry = 252 cm,
we obtain that R;(90°) = 298 cm, which equals to the radius where the experimentally
observed perturbation of the electron temperature correlates with the alpha signal at the
90° detector. On the other hand, R;(60°) = 291 cm, and the electron temperature spike at
the closest available observation point R = 286 cm correlates with the observed alpha flux

burst at 8 = 60°.

VI. SUMMARY AND CONCLUSIONS

We have investigated both experimentally and theoretically the effect of sawtooth oscil-
lations on confinement of fast ions. The results can be summarized as follows.

Fusion produced alpha particles escaping because of crashes of sawtooth oscillations in
TEFTR DT shots have been analyzed by detectors located at 90°, 60°, 45°, 20° below the
midplane of the torus. It has been found that only a small fraction of alphas is expelled

from the plasma and, thus, the main effect of sawteeth on alpha particles in TF'TR is their
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redistribution within the plasma volume. The measured poloidal distributions of the alpha
flux are very inhomogeneous, being strongly peaked at # = —90° (i.e., near the bottom of
the vessel) and § = —20°, and almost not noticeable at § = —45°.

The analysis has been carried out, which shows that the main physical mechanism re-
sulting in the alpha flux to the 20° detector is the crash-induced stochastic (collisionless)
diffusion. The stochastic diffusion leads to escape of moderately trapped alpha particles
(A ~ 1) after the sawtooth crash displaces them to the region of sufficiently large ripple
of the toroidal magnetic field. The diffusion is so strong that the alphas escape from the
plasma for the time small in comparison with the slowing-down time. However, it yields
almost no flux of alpha particles to the wall area |§| > 45°, where three detectors were
located. Therefore, in our study of the poloidal wall load at |#] > 45°, the magnetic ripple
was neglected.

In this approximation, the following analysis has been fulfilled.

A numerical simulation of the motion of single alpha particles in a TF'TR DT plasma has
been carried out. The simulation was based on the modeling of sawtooth crash according
to Ref.® and a new simple model of the magnetic field in the vacuum gap region suggested
in the present work. It revealed the mechanism of expulsion of fast ions to the wall and
showed which particles can be expelled. In particular, it has been found that only marginally
circulating particles located well inside the sawtooth mixing region before the crash can be
lost. Such particles are displaced by the crash outwards, which leads to transformation of
their orbits to marginally trapped ones reaching the wall. Furthermore, it has been shown
that only particles with sufficiently high energy, & > &, can be lost, and that the lost
particles strike the wall at 6,,;, < |0 < Opnae (either below or above the midplane of the
torus, depending on the direction of the toroidal magnetic field). The orbits of all lost
particles intersect the wall except for the particles with £ = &,,;, and particles reaching the
wall at = 0,(€), whose orbits are tangent to the wall [6,,,;, = min8.(E)].

The factors leading to existence of 6,,;, and 0,,,, are different. 0,,,, is associated with
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the fact that trapped particles can strike the wall only at a point located at R > R;. On the
other hand, the crash-induced flux of alpha particles to the wall is vanishing for 0 < 6,,,
because of the wall shadowing produced by the vacuum gap. Note that the shadowing effect
exists even without the gap. It takes place in all cases when a particle orbit intersects the
wall in more than one point: such a particle is lost at the first wall point which is met during
the orbital motion and, therefore, all other points where the orbit intersects the wall are in
the shadow. In this sense, all wall region above/below the midplane of the torus is shadowed
for prompt losses. The vacuum gap produces an addition shadow, reducing the region where
particles can reach the wall. This effect becomes important, i.e., #,,;, is not close to zero,
provided that the vacuum gap is not too small and the particle energy is not too high, which
follows from a condition obtained in the present work. This condition is satisfied for alpha
particles in TFTR.

Note that the obtained condition is general and can be applied for a particle lost due to
any physical mechanism (except for the case when the particle orbit is strongly perturbed
during the last bounce before striking the wall). It follows from this condition that the
shadow for particles with given £ increases with A. For this reason, the shadow is minimum
for the particles escaping to the ripple diffusion (in fact, the gap-induced shadow is absent
for particles with £ ~ 3MeV) and maximum for the alpha loss associated with the orbit
transformation. Just this circumstance explains why the alpha flux to the 20° detector and
the flux to the 60° and 90° detectors are associated with different physical mechanisms.

A general conclusion which can be drawn from the described results of numerical simula-
tions is that the crash-induced prompt loss of alpha particles is responsible for the alpha wall
load far from the midplane of the torus. To describe the poloidal distribution of the alpha
flux associated with this mechanism, an approach is suggested, which employs the fact that
the process of the particle escape to the wall includes two stages observed in numerical sim-
ulations (i.e., the motion before and after the orbit transformation). General expressions for

the alpha flux to the wall are obtained, which are applied to crashes satisfying the inequality
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Based on this approach, the alpha wall load poloidal distribution, , (¢), has been calcu-
lated for the TFTR DT shot. The obtained results are in qualitative agreement with the
experimental data. In addition, the monoenergetic poloidal distribution of the alpha flux,
, (6,€), has been obtained. The flux has been calculated for two crash models: first, the
Kadomtsev model and, second, for V(ry) = const (which corresponds to very strong plasma
mixing). It has been found that the monoenergetic distribution is rather sensitive to the
crash model, whereas the poloidal dependence of the integral alpha flux is not.

Note that the physical picture of the prompt escape of fast ions caused by core localized
MHD perturbations of different kinds seems to be similar to the considered one, involving two
stages. At the first stage, the particle motion is strongly affected by the interaction with a
perturbation. This stage is different for the MHD perturbations of different kinds. However,
the second stage, i.e., the motion along orbits of marginally trapped particles in the loss-cone
region, is similar. This may explain why the poloidal distributions of alpha flux to the wall
at |#| > 45° measured experimentally in TETR are rather similar for the losses induced by
sawtooth oscillations, Mirnov oscillations and minor disruptions.?? The differences at the
first stage may explain very different wall load magnitude due to the mentioned processes.

In spite of the fact that only a narrow group of particles is expelled to the wall, the
sawtooth-induced transport of fast ions may be of practical importance because of the fol-
lowing. First, it flattens the energy profile deposition of fast ions. This effect takes place
not only inside the sawtooth mixing region but also for r = r,,;, + drp, where dr, is the
characteristic orbit width of fast ions. This is illustrated by Figs. 5-8, which demonstrate
that a considerable part of the orbit of a particle located before a crash in the sawtooth
mixing region can lie after the crash at r > r,,;,. Second, the alpha flux the wall, especially,
the monoenergetic flux , (6, &) is sensitive to the crash type; therefore, it can be used for

studying the nature of the sawtooth crash.
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APPENDIX A: THE EFFECT OF THE LARMOR RADIUS ON THE PARTICLE

FLUX TO THE WALL.

The cyclotron frequency of the alpha particles in TFTR is, at least, two orders of mag-
nitude higher than their bounce frequency. For this reason, we will assume that a particle
strikes the wall at the moment when its Larmor circle touches the wall, i.e., its guiding center
is at the distance of the Larmor radius, p; = p(Ah)'/2, from the wall. Hence, we obtain the

corresponding value of h at the guiding center:

Ay w — A0
Bu | Tw—pi(N0)

hy =1
R R

cos(0). (A1)

Note that here and below the subscript “w” refers to the particle guiding center at the
moment of the particle escape. The flux surface radius, r, at this point can be obtained from

the equation
r2 = (ac—pL)? + (A + A0 + 2(a. — pr)(Ay + A,) cos(6) (A2)

[cf. Eq. (15)]. Substituting Eqgs. (36) and (A1) into the definition of J, differentiating over

6, and taking into account Eq. (A2), which relates r,, to 6, we obtain
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0J . Ltxe [, e pAN
@(0,5, )\) = —MGCU SIH(G) {m |:]_ — a—c — 2R0h}110/2 COS(Q) - g 5 (AS)

where G is now redefined as follows:

Q(r,0) =1 — A[A(r) + Ac + ac cos(0)], (A5)
Y(0,6,0) =1- % + A“’%{JAC cos(6). (A6)

Solving the equation
%(97,5, N =0 (A7)

for 0, at given £ and A, one can calculate 0, (€, \).

In order to find the Larmor corrections to Eq. (38), we substitute the value at the Larmor
center [Eq. (Al)] for h, in Egs. (33), (36). Differentiating Eqs. (33)-(36), (A2) at fixed
energy and excluding the differentials of ry, v, vx, and 7, we can find 0A/06. Then,

using Eqs. (27), (30), we obtain:

fv2qxpV(rx)=
2er%(]_ - )\)I/Qhw

2 1/2

L (0,8) = —sin(6)

Xw aC 2R[] w
— 1/2= 2
axp= | Rop*qk qxp’hd 2= 1+ x
X |1+ + = (hxSx — 1) + * 0
27 X Xaw 23 (hxSx ) 2RoT x Xw A2 2Xw cos(0)
1
N qXpaChqlu/QEY av, (A8)
2Ror:Q(ry, 0) BoAY/2  dr rerw(0) ’

where S = (r/q)dq/dr is the magnetic shear,

_ PPax | hxRop’gk
4r% 2r3

—_
- =1
0 =

(Sx —1). (A9)

The equation (A8) was used in Sec. V to calculate the alpha flux to the wall. The

procedure of the calculations was the following. Given 6, £, and rx, one can calculate
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A, Vx, Vw, hw, and 7, from Egs. (34)—(36), (A1), and (A2). Then Eq. (33) becomes an
equation relating #, £, and rx. Solving it for ry at given # and £ and substituting the
obtained value into the mentioned equations, one can find all quantities that are required to

calculate the right-hand side of Eq. (AS).
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List of Figures
FIG. 1. Example of a DT discharge with sawtooth-induced alpha loss, with I = 1.4 MA,
R =2.52m, and Pyg; = 7.5 MW from 4.0 to 4.7 s. Each sudden drop in the central electron
temperature is a sawtooth crash. Note that in this case only two of these sawteeth caused
alpha loss.
FIG. 2. Time dependence of the alpha loss during the sawtooth crash at 4.7 s in the discharge
of Fig. 1. The drop in the central electron temperature occurs within an & 50 us time period
near 4.699 s, and the increase in alpha loss occurs over an &~ 200 us time period. Each of
the three detectors which measured the sawtooth-induced alpha loss had a slightly different
time dependence.
FIG. 3. Example of the poloidal distribution of the sawtooth-induced alpha loss in a discharge
similar to that shown in Fig. 1. The alpha loss is largest in the 90° detector and not visible
in the 45° detector. The sampling rate is only 5 kHz for these signals. The different detector
sensitivities are not taken into account in the vertical scales, and each signal has a slowly
varying neutron/gamma background which was not subtracted.
FIG. 4. Schematic view of the cross section of the TFTR vacuum vessel.
FIG. 5. The effect of a sawtooth crash on alpha particles with various \. (a), A = 0.736;
(b), A =10.74; (¢), A =0.76; (d), A = 0.78; (e), A = 0.788; (f), A = 0.8.
FIG. 6. The effect of a sawtooth crash on alpha particles with various energies. 1, 3.5 MeV;
2, 3 MeV; 3, 2.5 MeV.
FIG. 7. Behavior of a particle with the same parameters as in Fig. 5 (d) but with a different
initial phase with respect to the pertubation.
FIG. 8. Effect of a sawtooth crash on particles with various pre-crash radial position.
FIG. 9. Crash-induced loss of an “exotic” trapped particle.
FIG. 10. Sketch of particle orbits with v > 0 near the chamber wall. Particles cannot reach
the parts of the orbits drawn by dashed lines, as well as the part of the wall marked as BC'.
FIG. 11. 6, versus A for various values of £ in the shot #87530. 1, £ = 3.5MeV; 2,

60



E=3.0MeV; 3, E=25MeV; 4, £=15MeV.

FIG. 12. The pitch-angle and energy distribution of the alpha ripple loss for a source function
simulating a crash.

FIG. 13. The poloidal distribution of the alpha prompt loss induced by the Kadomtsev-type
crash for various particle energy and Shafranov shift. 1, £ = 3.5MeV; 2, £ = 1.75MeV; 3,
€ = 0.87MeV; solid line, A’ = 1.67A!; dashed line, A’ = A~!; dotted line, A’ = 241
FIG. 14 The same as Fig. 13 but for V(rx) = const.

FIG. 15. The energy spectrum of the sawtooth-induced alpha prompt loss. 1, the 90°
detector; 2, the 60° detector; solid line, the Kadomtsev-type crash; dotted line, V' (ry) =
const.

FIG. 16. The poloidal distribution of the integral alpha flux induced by the Kadomtsev-
type crash for various Shafranov shift in the TFTR shot #87530. Solid lines, results of
calculations; 1, A’ = 1.67A7; 2, A’ = 1.8471; 3, A’ = 2A4~!; symbols, experimental points

fot three crashes.
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