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ABSTRACT. Scattering functlons are calculated for

' condltions anticipated for DT plasmas in JET. 1t Is
concluded that scattering at millimetre wavelengths may be
capable of providing useful Information about the
alpha-particie velocity distribution function, whereas
scattering of COp laser radiation at a wavelength of
10.6 pym will not. Significant!ly lower values are found at
10.6 ym than those published by Vahata et al. The alpha
distribution function is most easily determined when the
geometry Is such as to minimize the effect of the plasma
magnetic fleid.

1. INTRODUCTION

There Iis currently considerable Interest In the posslibillty of
using a Thomson scattering technique to determline the veilocity
‘dlstribution of contained alpha-particles from DT reactions in
high-temperature Tokamak p!asmas. An Intense, coherent radlation
source |Is required. Hﬁtchlnson et al. [1]1 proposed the use qf a
carbon dloxide laser at a wavelength of 10.6 um, while Woskobolnikow
[2] has suggested the use of a gyrotron with a wavelength of a few

millimeters.

The spectrum of the scattered radlatlon can be calculated for a
given veloclty distributlon of alpha-particlies |f the plasma
parameters and the scatterling geocmetry are known. Foliowling

preliminary calculations by Hutchlnson et a/. [1] In which the



effects of magnetic fields were ignored, Vahala, Vahala and Sigmar
(Ref. [3] - henceforth referred to as VVS) presented formulae for
the calculation of scattering spectra together with some computed

spectra relevant to CO, laser scattering !n magnetised plasmas.

It the present paper, these calculatlions have been extended,
with significant correctlons, to other scattering wavelengths. it
is shown, for typical JET plasmas, that |t is not feasible to use
CO»o laser scﬁtterlng as an alpha-particie dlagnostic. On the other
‘hand, we find that the use of gyrotron radiation is more promlising,
though [t will stll! be necessary to take into account additional
conslideratlons, inciuding refraction, signal-to-noise ratio and
access to the plasma, which are outside the scope of thls paper.

1t is also shown that the effects of the magnetic fleld can be
almost el iminated and the !nterpretation of the scattering spectrum
cansequeﬁtly greatiy simpl!fled by arrﬁnglng for the scattering
wavevector to be at a sufficlentiy large angie to the magnetlic fteld

direction.

2. THEORETICAL FORMULATION

The theoretical formulatlon of the present calculations for
electromagnetlc scattering in plasmas follows that of vvs [3], based
on the description by Sheffield [4] (see also references cited

therein). We repeat only the bare outline of thls work.

The power scattered !nto solld angle dQ wlth bandwlidth dy at
frequency w from length L of a beam of power Pp In a plasma of

electron density ne Is glven by



Pg dQ dw = Py Try?negl S(k,w) dQ dw
where ro2 = 8x10~30 m2, S(k,w) Is the scattering function and " is a
geometrical factor of order unity which takes Into account the
pelarization of the radiatlon (see Bretz [5]). The scattering wave

vector k is glven, for Incident and scattered wave vectors kp and ESQ

by
kK =Kks -k,
and lk] =k = 2 kg sin(8/2) ,
where g Is the scattering angle between kg and kg. The direction

of K Is taken to lle at an angle ¢ to that of the magnetic fleld B.

We shall consider here only the fundamental problem of
calculating the scattering function S(k,w) In a plasma containing
one or more species (L) of lons and some aipha-particles. We may

write

S(k,w) = Se(k,w) + [ S;(k.w) + Sglk.w) ,
;

where Sg(k,w) Is the electron scattering  functlen, S; (kK.,w) the
scattering due to the electrons dressing the lons (of number density
ni. charge ZL and mass ML)' and Su(ﬁ.m) the corresponding
alpha-particle scattering function. The electrons and lons are
assumed to have Maxwelllan energy distribution functlions wlth

effectlve temperatures Tg and T, (deflined such that kgT; glves the

mean kinetic energy MJVJZIZ, ] = e or ).

i Se(k,w) Is given by

7 2438
Sa(kK,w) = |1 - Ha/ 2 Fy(Xa,Wa,WNa)
elX | e/eL| Ky Ve 1\ Xa Wa, e

where

@
Fi(x,w,W) = T e™X In(x) exp{ -(w-mwW)2}
Mz=—o
Xe = (K,Ve/Qe)2/2 , Wg = w/k,Ve , We = Qe/K,Ve

f2e |s the electron cyclotron frequency, and k" and k; are the
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scattering wavevector components parallel! and perpendlicular to the
magnetic fleld. The longltudinal dielectric function g_ Is
€L(k,w) = 1 + Ha(k,w) + E'Ht(ﬁ.u) + G (k,w) ,
wlth E
He(k,w) = «® Z(Xa.,Wa,We)
Here, the Salpeter parameter « = 1/{k|Ap, the Debye length xp =
Ve/2%upe, and the electron plasma frequency wpe = (nge2/meeg) /2.
The function
Z(x, W, W) = [1 — 2wFo(X,W,W) + (o Fy(X,w,W)]
where
@
Fo(x,w,W) = T e X I,(x) D(w-mW)
m=—

and D(z) Is Dawson’s Integral
z
D(z) = exp(-z2) gexp(nz)dp

Similarly, the ‘magnetised’ ion dlelectric functlion Is
- = 2 02 * - L4 L] L]
Hi(K,w) = «?(Z;20:Te/ngT;) Z(xy, W, W;)
wlth number density nL and Maxwellian temperature Tl' The
alpha-particles are assumed to be ‘unmagnetised’, in the sense that

they do not complete a cyclotron orbit within the scattering

volume. With an alpha-particle velocity distributlon functlon
f“(z). Gm Is given by
BF o (V) 1
Gylk,w) = (wpe/k)2 [d3v k. — .
v (w - k.¥ + {58)

The lon scattering function Is glven by
SL(i(_nb)) = IHe/ELIZ F“(XL,WL,WL) »
Nelky|vy

and the alpha-particle function by

2nZ.2n

o
Se(K,w) = [He/q |2

£61) (w/K)
Ne|k]

where the one-dimensional dlstribution function f&T) for
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alpha-particle velocity v, along the direction of k Is

FCI vy) = [d2yv, fo(v) |
VVS orlg!nally used the 'unmagngtlsed' shielding electron response,
and In thelr expression (17) for S (k.w) the faﬁtor |He/aL |2 was
replaced by [a2[1 + ;ECLﬂ%exp(~ge)—2D(¢e)}]|2 with 2e=(w/kve) , but
G. Vahala has polnted out (private communlcatlon) that the
assumptlion of the ‘magnetlised’ shielding response Is more

appropriate.

For f, we use the "slow-down®" form glven by VVS:

0 y Vo> Vo

Fo/(v3 + vo3) |, v < vy
where Fg = 3/L4x En(14v 3/ve3)1, veo = 0.09ve, v, = (2E, /M) 1/2
and the energy of the alpha-particles at birth is Eu = 3.5 MeV (so
Ve = 1.3x107 m s=1). This leads to the expression for the

one-dimensional distribution function

| " (y+ve)? 2y-vay 1Y=V
£L1) (u) = (~2aFg/3ve) [-%En{ } - 3%tan-1{_____} ] “
y2-voy+ve2 3%vel lyay

in which a correction has been made to the upper evaluation 1imit

glven by VVS,

3. NIMERICAL PROCEDURE

The princlipal computational task is the evaluat!lon of summations

of the form

F, (x,w,N) = § e=X To(x) f&(w,W)
. F e tmoor th

where T, (x) is the modifled Bessel function of order m, and

f%(w,W) = exp[-(w—mW)z] + exp{—(w+mW)2] for L=1, mz0,
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= exp[-w2] for =1, m=0,

= D{w-mW) + D{w+mW) for L=2, mg0,

= D(w) _ for =2, m=0,
The Bessel functlions obey the recurslion retatlons

(2m/x) Tp(x) = Tuo1(x) = Tpe1(x) .

Although poiynomial approximations for Io(x) and L{(x) are well
known, upward recursion Is unstable for the large m-values required
here. The sums F are therefore evaluated using a Clenshaw type of
algorithm, which tses a downward recursicn method (see Press et al,

[61). The quantities

An = (1/1n) ﬁlmfm  Bp= (/1) FIn and Ry = In/Inog
m=iT+1 m=n+1

are defined, which obey the recurslon relatlions
An_" = Rn(fn'!'An) » Bn_1 = Rn(1‘|"Bn), and Rn = 1/:(2n/x)+Rn+1 ].
These are evaluated with n decreasing from an Initial value N,
taking Ani1=RN4+1=Bn+1=0. Using the Bessel functlion normalisation
condition
1 = § e™XIn(x)
m
one evaluates the summatlions as
i 4
FL = {(Ag + fq)/(1 + 2Bq)
The FL are evaluated using an Inltlal value for N of Int{(40x)%+10}
and a re-evaluation using N+1.5N to check that a relative accuracy
of 10~7 Is obtalned. In the most strlngenf case, the evaluation of
these summatlions redqulires N-values of up to around 500 for the ion

function Fp at an incident wavelength of Ay=10.6 m

The other computatlonal task of note Is the evaluatlon of
Dawson’'s integral D(E). For 0g£2z£3.9, the integral Is evaluated by
Interpolation from a tabulated !ook-up table, whillst for z»>3.9, the

polynomlal approximation glven by Abramowitz, Milton and Stegun [71

s used.



4, CALCULATED DATA

The standard plasma condltlions used in computing the spectra are:

Te = 10.00 keV, ng = 1.200x1020 m~3,
T, = 20.00 keV, n; = 1.185x1020 m=3.  Z; =1, M;=2.5,
17 m=3, = =
R, = 7.500x1017 m Z,=2, My=4,
B =3.4T,

and in the slow-down distribution, vg = 0.08 ve .

In some cases, two or three specles of plasma lon are included, and

in all cases, charge neutrality is assumed: |l.e.

Ng = E Zl-_n; + Zmi’lcx .
[

Access for gyrotron radlation to the centre of the plasma in JET

is possible for the condltions specified at frequencles near 140 GHz
In the O-mode (between the fundamental and the second harmonic of
the etectron cyclotron frequency Q) or near 60 GHz In the X—-mode
(below the cyclotron fundamental and above the right hand

cut-off). Both these frequencles have been conslidered.

Calculated spectra are gliven in Flgs. 1-6, and show both the
total scattering functloh S(K,w) and the background (lon + electron)
scattering Sb=S—S“ as functions of frequency v = w/2x. The lon
scattering dominates at low frequencles (up to around 1 GHz), the
alpha contributlon extends up to the cut-off frequency w,=Vy k , and
the electron response |s dominant thereafter. At small ky (9 =
90+), the lower hybrid rescnance becomes prominent. The
approximate frequency of this rescnance In a cold plasma (as glven

by VVS) Is:




Z 2

m: k Wy ¢
11 D
W = {1 + . } : .

1ts computed positlon (deflned as that frequency vy at which there

Is a zero, or falling that a minimum, In the real part of the

dielectric functlon g ) Is marked by an arrow in the Figures.

Figs. 1 and 2 show the results of calculatlons for COj
radiatlion. The ratlo S /Sp In the reglon of the alipha-particle

feature can be made reasonably large onily 1f the Salpeter parameter

x = 2. At 10.6 pym this can be achleved for JET plasmas only when B8

Z 0.7, Fig. 1 shows the relative growth of the alpha-particle
signal as g decreases In the 'non-magné%lc' case =0 : the ratio
S,/Sp would Increase further for even smaller angles g, but this
wouid require an angutar resolutlion that Is llkely to be
unattainabtle experimentally. The ratlo S,/Syp also varies rapldty
with ¢ as ¢-»80°, when the lower hybrld resonance occurs within the
alpha-particle feature, as shown In Flg.2. Near to vLH.Vthe total
signal {s enhanced, but as this Is primarlly due to an Increase In
Sp, the ratio S,/Sp Is reduced. At frequencles well above vy, Sp
Is very small and the aipha-particle scattering can be entirely
dominant (as seen In Fig. 2 when p=89° and partiaily when g=87-),
but S Is then acfually less than In the @=0 case. it is also
abparent from Flg. 2 that the spectra change rapidly with p when
p-90=, and It appears that the experimental resolution necessary in
order to extract data of a qUallty satlisfactory for alpha-particle
diagnostics Is again unlikely to be attainable. Thus, In
attempting to determ]ne fm(x) there Is no advantage to be galned by

~making measurements In the region of v H.

We conclude that COs radiation (Ap = 10.6 um) Is not sultable



for alpha-particle dlagnostics In JET plasmas. 1t should be noted
that our calculated values for S are conslderably lower than those
of VVS, a discrepancy that can only In small part be attributed %o

the modiflcations made here to thelr formulae.

Flgs. 3 to 68 show data approprilate to 140 and 80 GHz gyrotron
sources. At these frequencles, which are much lower than that of
COp laser radlation, the Salpeter parameter « Is always greéter than
2 for the plasma conditions assumed, the ratlio S, /S, Is targe and
the scattering gegmetry is therefore far less restricted. We glve

a detalled discussion of the Flgures 3-8 belaw:

Filg. 3 shows g = 90° scattering for g = 0,852,839 and 89.8%. There
is little difference between the ¢=0° and ¢=85° specira (though the
background 3, Is greater In the latter case). The lower hybrid
resonance becomes‘prominent for p = 89.0° and 88.8<, and
considerable magnetlic structure becomes apparent In the latter

case. The detalled magnetlc structure Is unliikely to be

exper imentally resolvable for two reasons. Flrstly, the formallsm
used actually glves zero damping at §=90°, where the scattering wave
vector is exactly perpendicular to the magnetic fleld, ﬁnd so this
forma!ism must In principle be modiflied for gz90-. Secondly, the
resolved magnetic structure Is In any case an artefact Introduced by
having a single lon specles, and Is substantlally modified and

compli icated when two or more specles of ion are present (see the

discussion of Fig. 4 below). Thirdly, any experimental
observation wiil Include a range of @, thereby smearing out the
detall.

Flg. 4 shows the effect of Including two speclies of lon, with equal



denslitlies of lons of masses M;q{ = 2 and M:5 = 3 (both with Z: = 1)
replacling the single ion of average mass M; = 2.5 . This has
llttle effect except close to the "fully magnetised® casé p=80°.
The Spectra are shown at 60 GHz for @=89.8° and B=80°, where the
well-defined lon resonance structure observed In the average !on
case bécomes in the two-lon case very complex and doubtiess

exper imentally unrescivable.

Fig. 5 shows the effect of varying the overall densltles n; ,Ne and
n, together by factors of 2 or 4 from the standard condltions.

Away from the lon feature, the baslc shape of the alpha contribution
is virtualiy unaffected by these variations. The differences can
be mainly accounted for by the varlation in the Salpeter parameter «
(whlcﬁ condltions the eleqtron response), as Is clearly apparent
above the alpha cut-off frequency w, - 3.2 GHz. We have also
checked that the scattering response s simllar!y-lnsensltlve to
'changes In the electron and lon temperatures Tg and T: away from the
lon feéture, and also to the effects of Introducing up to 10% of 12¢

impurity lons (ZL=6, M1=12).

Fig. 6 demonstrates-the effect of modlfying the slow-down
dlstributldn function f_{(v) by changing the parameter vg (by factors
of 2 and % ) in order to gain some feel for the sensitlvity of this
type of experiment to the detalls of the alpha~partlcle-energy
distributlon functlion. The results are shown con both logarlthmic

(Fig. 6(a)) and linear (Fig. 6(b)) scales.

=10=-



5. DISCUSSION

The aim of this work has been to ldentlfy some experimental
condltlons under whilch a Thomson scatterling experiment can In
principle provide useful Information about the alpha-particle

velocity distribution In JET.

The principal competltors as a radlatlon source are at present a
CO laser or a gyrotron operating at 140 GHz or 60 GHz (in reglons
of low plasma emission). The preference 1s for the gyrotron
source. At 10.6 um the spectrum changes very raplidly wlth angle,
only smal!-angle scattering can be used, and there Is nothing to be
gained from utilising the lower hybrid resonance. In contrast, at
gyrotron frequencles, much larger scattering angles are availiable,
the spectra change oniy slowly with angle, and reasonably large
collection solld angles can be used — !Imited possibiy by ccherence

requlrements for heterodyne detection.

Assuming that a gyrotron source Is used, the Insensltivity of

the spectra to scatterling geometry away from the lower hybrid
resonance makes |t senslible to use g-values g 80-. The avoldance
of the resonance condltion, whilst reducling the signa! strength, h;s
the advantage that a much truer representation of the ainha«partlcle
distribution functloa can be direct!y obtalned from the experimental
data. When magnetlic effects are smal!l (p £ 80°), It Is readily
shown that the spectrum of radlatlon scattered from the
alpha-particles, !n the region outside the plasma lon feature, Is

approximately given by

B«n“

Sy(K.w) = FEV) (wrx)

Kna

_.il..



2aTn
- T (D (k)
sin(g/2)ng

wWhen Su»SDs as is usually the case at mm wavelengths in this region
of the spectrum, S(kK,w) = Sy(K,w), and so f{1)(w/k) is immediately
obtainabie from the observed scattered spectrum. Thus, for
example, under the conditions used for Figure &, the values of S
calculated from the above expression are within 5% of the accurate

computed values between 1.1 and 3.0 GH=z.

The choice of aﬁgle g will depend primarily on considerations
outside the scope of this paper, inciuding for examplie the e;fects
of refraction and the availability of ports for the incident and
scattered beams. Considerations of source power and detector
design are also beyond the scope of this paper. Neonetheless,
preliminary estimates suggest that although the scattering functions
calculated here are small, the extraction of the alpha-particle

distribution function from Thomson scattering experiments may be

possibie using existing technology.
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two-lon response M; (=2, M;2=3 (O).
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following values of vg/vae In the slow-down
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