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Abstract

A model is developed to relate the drop in fusion neutron emission during

sawtooth discharges in Tokamaks to the properties of the ion temperature

and density sawteeth. In particular, the ion profile characteristics are

shown to play an important role. The model determines the ion tempera-

ture profile exponent and the central ion temperature drop from the drop

in neutron emission and the observed radius of inversion for the electron

temperature. An extension is also made to line integrated neutron emis-

sion measurements as well as to neutron emission from neutral beam

heated discharges where the dominating contribution to the neutron emis-

sion comes from beam-plasma reactions.
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1. Introduction

Neutron emission measurements have become a major tool in under-

standing the properties of hot Tokamak plasmas. Although the interpreta-

tion of neutron emission data from auxiliary heated plasmas is often

complicated by several factors, e.g. non-Maxwellian and anisotropic

velocity distributions of the reacting ions, ohmic discharges allow

comparatively straightforward determination of ion characteristics, e.g. the

ion temperature.

A prominent feature in modern Tokamak experiments is the presence of

significant sawtooth activity. This phenomena, which still is not fully

understood, has an adverse effect on central plasma heating and confine-

ment, but also offers an interesting possibility to investigate the transport

properties of the plasma. In particular, observations of the effect of the

sawtooth instability on the ions should provide important information on

the topical problem of ion panicle and energy transport.

Sawtooth behaviour in neutron emjsion signals is due to the ion sawtooth

and has been observed in a number of Tokamaks, [1-4]. The neutron

sawteeth are ver/ iimilar to the sawteeth in electron density and tempera-

ture but also f it it some striking differences. A particularly intriguing

feature is that ; fome Tokamdcs, cf [3,4], the neutron emission signal has

a slower dec »y t1 ian the sub-ms electron sawtooth crash, whereas, e.g. in

JET [2], the M .con crash occurs in less than 1 ms. Thus, it seems that the

ions in sorr< situations respond more slowly than the electrons to the

sawtooth im bility.

An effort ha? recently been made, [3-5], to understand and model the ion

dynamics during a sawtooth event. The models are used to analyze the

observed sawtooth behaviour in the neutron emission signal from the total

plasma volume. The drop in the neutron emission during a sawtooth crash

is primarily determined by the drops in ion density and temperature on

axis but is also significantly affected by changes in the radial profiles of
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these quantities, [3-5]. However, a volume integrated neutron emission

signal involves compensation effects from different pans of the plasma

and tends to smear out information about profiles. This is particularly so

in the case of rapid events occurring in only part of the plasma volume. To

remedy this situation and to determine the spatial profile of the neutron

emission, a neutron profile monitor has been developed at JET, [2,6]. The

profile monitor has two cameras viewing the plasma vertically as well as

horizontally and involves a total of 19 lines of sight. Together with

tomographic inversion of the neutron emission data, the profile monitor

should be a very useful tool in investigating ion temperatures in general

and the correlation between ion and electron temperature sawtooth oscil-

lations in particular.

However, an apparatus like the profile monitor is very costly, space

consuming and involves complicated problems with in particular relative

calibration between different lines-of-sight. Measurements involving only

one or two lines-of-sight would be much simpler to implement. Although a

full emission profile could not be reconstructed from such measurements,

line-of-sight measurements aimed at the central part of the plasma and,

e.g. at the sawtooth inversion radius should provide new valuable

information, complementary to the volume averaged emission data.

In a previous work [4] a half-empirical dynamic model has been developed

to describe the sawtooth variation of the total volume integrated neutron

emission from discharges involving thermal reactions. The model has been

applied to recent neutron sawtooth signals from FT and used to predict

central ion temperature oscillations as well as to infer the ion thermal

conductivity in the central plasma. The results were found to be in

reasonable agreement with other measurements and with theoretical pre-

dictions for the ion thermal conductivity. The purpose of the present work

is to extend the previous analysis to cover also line-of-sight measurements

of neutron emission during sawtooth events, and to discuss possible exten-

sions to auxiliary heated plasmas.
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2. Volume integrated neutron emission
The total integrated neutron emission, S, from a thermal deuterium plasma

can be written

S-4n2<cv>dV (1)

where n denotes die deuterium density and <ov> is the reaction rate of the

d(d,n)3He fusion process. The reaction rate can be approximated as

(2)

where T is the deuterium temperature and the exponent y depends weakly

on the temperature but typically 4 < y < 5 in the temperature range 1 < T <

10 keV. The ion density and temperature profiles are modelled as

n(r)••(-SI
(3,

The volume integrated neutron emission is obtained as

Thus the relative change in the total neutron emission, AS/S, during a

sawtooth is obtained as

AS _ „ An AT0 2Ap+yAq
S =l no

 + Y To ^
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where Ano and AT 0 denote the changes in the axial values of ion density

and temperature and Ap and Aq denote the corresponding changes in the

profile indices.

As pointed out by Stringer, [5], changes in the density and temperature

profiles play an important role for the interpretation of neutron emission

data during sawtooth oscillations. Within the present model this effect is

accounted for by the last term in eq. (5), where the changes in profile

exponents are related to the changes in the axial values by the require-

ments that the total ion panicle and energy densities remain constant

during a sawtooth crash. This yields, [4]

A p+1 ANO

l+K(pXp+l) NO

AN0

Here ANO /NO is the relative change of the central line-integrated density

and the characteristic function K(x) is defined as

(7)

where 4»(x) is the logarithmic derivative of the Gamma function, F(x), i.e.

V(x) = d lnr(x)/dx.

From eqs. (5) and (6) we find

AS 2p+yq AN0 7fp+(y-l)q] AT
0S = (2p+Yq+l)[l+K(p)(p+l)] No

 + 2p+yq+l To
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An important parameter in the model developed in [4] is the radius of

inversion for the ion temperature, being determined by AT(rs) = 0. This

yields

We note that in eq. (8) all four ion parameters, i.e. the ion temperature and

density profile exponents, q and p respectively, the ion temperature drop,

A T O / T O , and the ion density drop, AN0 /N0 , are unknown. Thus, in addition

to the observed drop in neutron emission, AS/S, we need three more equa-

tions. A first additional equation is obtained by assuming the ion tempera-

ture profile to have the same radius of inversion as the (observed) electron

temperature profile. The two remaining relations are obtained by

requiring the ion and electron density profiles to be equal, including the

drops at the sawtooth crash. This should be a legitimate assumption in

ohmic discharges with Zeff =• 1, but becomes questionable when Zeff » 1 . In

such cases, the impurity profile should be important unless it is strongly

peaked outside the mixing radius. The strong coupling between the ion

and electron densities cannot be used for neutral beam or ICRF heated

discharges where the dominating contribution to the neutron emission

comes from a small nonthermal minority ion population reacting with the

thermal background ions.

3 . Line integrated neutron emission

After the short review of the main features of the model for the variation

of the volume averaged neutron emission, as presented in section 2, we

now turn to the modifications needed to describe the variation in the line-

of-sight neutron emission during a sawtooth event. The total neutron yield

integrated along a chord as depicted in Fig. 1 is

s(h)-4 n2(r)TY(r)<u (10)
»o
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where h denotes the minimum distance of the chord to the axis.

After some algebra we find (m = 2p+-yq)

1
2 yn+1/2

•-7 <">

The relative variation in the line integrated neutron yield becomes

— A+B1^1--J— = A + B 1 ^ 1 J (12)

where the coefficients A and B are given by

Since for most realistic profiles, m = 2p+yq » 1, the asymptotic expansion

formula for y(x) can be used to simplify K(m) as

f o r m » l (14)

This implies the following simplification of A:

A _ (6p+3yq+2)/2 ANO ^ [3p+(2y-l)q+l]/2 AT0

N o - ' ' Sp^yq+l To
 (15)

Two features of eq. (12) should be emphasized. The maximum value of the

line-integrated neutron yield variation occurs on the centre and is given by
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Furthermore, the radius of inversion for the neutron yield variation, hs> is

determined by As(hs) = 0, i.e.

which does not necessarily have to coincide with the radius of inversion for

the temperature profiles, r$, cf eq (9). In most realistic cases A/B « 1 and

eq. (17) can be simplified to

4. Applications
The applicability and usefulness of the model presented in section 2 was

demonstrated in [4] for neutron sawteeth on the FT Tokamak. We will

here make a further application to early JET data as given in Ref. [5]. Our

purpose is to determine the profile peaking factor, q, and the sawtooth

amplitude, ATO /TO , of the ion temperature. Eqs. (8) and (9) can be

rewritten as

1+KÖ00H-1)

2pm |rP+(T-l)q AVTQ AS/S
(2p+Yq+l)[l+K(p)(p+l)]+Y2p+-yq+l

We will assume that the ion temperature inversion radius is equal to

radius of inversion for the electron temperature profile and that the ion

density drop equals the electron density drop which typically is AN e /N e

s-2%. In fact the last assumption is somewhat questionable since Zeff = 4 in

the considered measurements, [5]. On the other hand, the contribution

from the density variation to the drop in neutron emission is small and will
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not significantly affect the result. Furthermore, appropriate parameter

values are tja = 0.42, p = 1/2, j = 4, and AS/S = 22%, [5].

The system (19) can then be solved to yield q = 2 and AT-TT- = 9%. Thus,

the ion temperature profile is found to be similar to the electron profile cf

[5] whereas the ion drop is slightly smaller than the electron drop (ATe /Te

= 12%).

The corresponding drop in central line integrated neutron emission can be

written, using eqs. (16) and (13):

AN» ATo

< 2 0 )

where

(6p+3Tfl+2)/2
1 [l+K(PXp+l)](2p+Tq+l)

_..Pp+(2Y-l)q+l]y2

For the JET-data given in [5] we obtain x\ s 3.5 and X2 = 3.3 which implies

As(0)/s(0) Ä 37%, i.e. significantly above the volume averaged neutron

emission drop as expected.

Recent results on JET using the neutron profile monitor, [2,7], show

extremely large (up to 50%) and rapid (< 1 ms) drops in central neutron

emission, in particular in discharges where the neutron emission is

dominated by beam induced reactions.

These line-of-sight measurements give results for which the model

developed in section 3 should be applicable. In particular, the neutron

emission drop at the centre line-of-sight, As(0)/s(0), and the neutron

emission inversion radius, hs/a, are particularly informative. From [7] we
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infer that the inversion radius must be located approximately 50 cm from

the plasma centre, which implies hj/a =. SO/125 =. 0.4, i.e. comparable with

the electron and ion inversion radii. The parameter B which together with

A, cf eq. (21) determines the inversion radius, cf eq. (18), can be written

ANO ATO
B = x 3 l 5 - i + x 4 T ^ (22)

where

l+K(pXp+l)

(23)

An interesting consequence of eqs. (18), (20), (21) and (22) is the fact that

if the contribution to the coefficients A and B from the density drop can be

neglected, the inversion radius becomes independent of the temperature

drop and

^1 - (±V", (HT - f(3tH(2r-l)q-H)/21l/2

Since all parameters except q are known we should be able to determine

the ion temperature profile exponent from the observed inversion radius.

However, using the values hs/a = 0.4, p = 1/2, y = 4 we find q » 4.2 which is

unacceptably high. We therefore conclude that the density drop does play

an important role for the neutron sawteeth.

If instead we take q » 2 and solve for ANo/No and ATO/TO from eqs. (16)

and (18) using eqs. (20) and (22) with X3 » 26.4 and X4 =. 14, we find

AN0/N0 » 9%, AT0/T0 * 6%. Although this result is somewhat uncertain and

should be considered with caution due to the uncertainty of and sensitivity

on the value of hs/a, it seems to indicate that the neutron emission

contains a significant contribution from beam-induced reactions and that
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high energy ions may be more strongly affected by the sawtooth crash

than thermal ions. Note that A N Q / N O = 9% implies Ano/no =• 20%.

The evidence for such a strong influence becomes much more convincing

when considering neutral beam heated discharges where the neutron

emission is dominated by beam-plasma reactions.

5. Neutron emission from beam-plasma reactions
We consider the case of a high energy deuterium beam injection into a

deuterium plasma. The resulting neutron emission can be split into three

components corresponding to plasma-plasma, plasma-beam and beam-

beam reactions, i.e.

S » J (n^<ov>pp+npnb+n2<OV>bb)dV (25)

The first term gives the thermal contribution to the neutron emission and

has been analyzed in the previous sections. We will now concentrate on

the second term involving beam-plasma particle reactions, assuming that

the first and third terms are negligible. If for simplicity the beam ions are

taken as monoenergetic the velocity space average <av>pb becomes, [3],

(26>

where Eb is the beam injection energy, and rt is the power law exponent in

the reactivity scaling with particle energy, E, i.e. o v ^ E i .

Assuming that the beam energy does not change during a sawtooth crash,

we infer that changes in S must come primarily from changes in back-

ground deuterium density np(r) = np o ( l -r 2 /a 2 )P p and high energy beam

density, nb(r) = nb o( l -r2 /a2)Pb . In fact



- 12 -

Since TJ = 2 and T0/Eb « 1 we neglect the temperature dependence of S.

The relative variation AS/S then becomes

AS Anb

S = " S b 7 + ^ 'l+Pb+pp

Using particle conservation during the crash we obtain

Anb

nbo ~ Pb+1

^ - Ä . (29)
V Pp+1

This implies that eq. (28) can be written

A S = Pb ^ p? An^

S l+pb+pp nb0 1+Pb+Pb n v

Similarly for central line-of-sight emission

As(0)

(31)

Since Anp/npo is small we expect AS/S and As(0)/s(0) to be small unless

is large.

In the high power beam experiments reported in [3] for PLT, DIII-D and

TFTR, the neutron sawtooth typically amounted to only a few per cent
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which seems consistent with eq. (30) (e.g. pb = Pp = 1, Anb/nt,o - Anp /np o

~ 4% implies AS/S * 3%).

With this picture in mind, it is intriguing to note that the results obtained

by the profile monitor during high power D°-injection in JET D-plasmas

exhibit very large drops in neutron emission at the sawtooth crash, in fact

AS/S - 30%, [2]. Taking pb ^1/2, Anp/np0 » 4%, and assuming pb = 1 we

infer that the redistribution of the background deuterium density during

the sawtooth crash gives a negligible contribution to the variation of the

neutron emission. This implies that Anb/nbo »2 .5JS/S Ä 75%. Although

eq. (30) cannot be trusted for quantitative predictions in this case, we can

qualitatively infer that the model is only consistent with experimental

results if a very strong redistribution of the central beam ions occurs

during the sawtooth crash.

A similar situation arises in connection with ICRF 3He minority heating in

JET deuterium plasmas, [8]. A discrepancy between calculated and

observed heating profiles in the presence of sawteeth oscillations was

tentatively explained as a rapid redistribution of approximately 50% of the

fast ions from the plasma centre to the outer parts of the plasma during

the sawtooth crash.

Another important difference between neutron emission data obtained at

JET and at other Tokamaks seems to be 'he time scale of the neutron crash.

At JET the neutron emission varies rapidly at the sawtooth crash, in

particular for discharges where the emission is dominated by beam-plasma

reactions. On the other hand in many other Tokamaks, the decay of the

neutron signal seems to be much more gradual, [2,4], Possibly, the strongly

perpendicularly peaked injection angles at JET creates a large population of

high energy trapped particles which are more susceptible than the thermal

particles to the distortions of the magnetic field caused by the sawtooth

instability. This possibility is supported by the ICRF results where the RF-

heating also creates a h';. ily anisotropic high energy distribution, strongly
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elongated in the perpendicular velocity direction. Another important

factor which could affect the neutron sawtooth is Zeff. If Zeff =. 1 the ion

and electron densities are strongly coupled whereas if Zeff » 1 the density

of the reacting ions becomes more independent with respect to the electron

sawtooth.

6. Conclusion
A model has been developed to relate the drop in fusion neutron emission

during sawtoothing discharges to the properties of the ion temperature and

density sawteeth. The analysis emphasizes the importance of changing

profiles for the interpretation of neutron emission data. An original

formulation of the model has proved successful in applications to ohmically

heated discharges, [4]. The present investigation presents further applica-

tions and also discusses implications for and possible extensions to neutral

beam or ICRF heated plasmas. Preliminary results from the model seem

consistent with the picture that a significant amount of fast ions are

expelled from the plasma centre, during sawtoothing in plasmas heated by

strong neutral beam or RF power. In order to give detailed information on

the ion dynamics during a sawtooth event, neutron emission line-of-sight

measurements should play an important role. E.g. the main properties of a

redistribution of ion density and temperature should be revealed by two

simultaneous line-of-sight measurements aimed at different parts of the

plasma. Since the sawtooth phenomenon is repetitive and comparatively

tegular, the same result could possibly also be obtained by a single line-of-

sight which could be varied between shots.
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Fig. 1. Geometry of line-of-sight integration.


