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VOLUME SAMPLING DIAGNOSTICS

The Langmuir probe

Restrictions: sample vol. size effects, no. of sample vols.
Collects fluctuations over 2(rp+r i), only two sample points

particle orbit
radius I j

\field line

probe tip probe radius rp
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Beam Emission Spectr oscopy

Restrictions: sample vol. size, path effects.
Collectsover » 2 x 2 cm., beam through fluctuating medium.

Measure light intensity fluctuations emitted
from a neutral beam excited by collisions
with plasma ions and electrons.

emission from
intersecting volumes
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The Heavy Ion Beam probe

Restrictions. sample vol. size, no of sample vals., path effects.

Z

A

analyzer

secondary beam
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FINITE SAMPLE VOLUME EFFECTS

a
y arctana P 4

poloidal

X1 X2 radial

poloidal 2a

X radial
(dx,dy) correspond to (dr,rdq) in the cylindrical geometry.
Centers separated by (dx,dy) = (dr,rdg). Either fixed hard
edges of length 2a and 2b, or Gaussian profiles with e-folding
widths a and b, and orientation angle a=(rdg/dr)-1. Mostly
consider a = 0, dx = 0O, i.e. we are measuring poloida

components of wave numbers.
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For the “hard edge” case, the sample vol. average is given by
_ 1yj+b X; +a+a (y-},/j)
ne(xj ’Yj) =5 oy odxie(, y)
y;- b x;-ata(y-y;)

with the area A = 4ab. For the Gaussian profiled sample
volumes, the sample volume average is given by

2 (% x-afy-y, ))2_ (- yj)zg
. 1¥ ¥ g & b g
ne(xj ’yj) A ody ooixe” Hne(X’Y)
¥ ¥
wherethearea A is
e (¢ x-al-w)) (-vi)
¥ ¥ £ a’ b>
A= ody c‘)dxe8 g:pab
¥ ¥

Take a simple 1D case of a wave i, = ﬁeOCos(kyy). Then the
volume averaged measurement is, for the hard edged case

_ 1b Sin!kyy!
= _ 1 s c _ &
and in the Gaussian case

1 K0 ek

¥ = X
~ < €pd ~ o~ €29
ne - \/ﬁb _gdye neOCOS( kyy) - neOe
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The normalized results (i, /M,,) are shown below as a function
of kyb: we see the filtering action of each sample volume is
similar for small kyb, but for large kyb the “hard edge” case
Introduces zeros where kyb = np, i.e. when an exact number of
wavelengths fits into the sample volume (remember the Iength
Is2b). Clearly we should use kyb < 1 to avoid errors.
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Next we want to consider what happens with turbulence
present. We will consider only the Gaussian sample volumes,
so that the average of a Fourier component is given by

R = o0, (06
) e (xx-aly-w)) (- v)
— nN ¥\ ¥\ Q- a2 b2 u k x+k
_p?b-gdy-nge gel( 7 yy)
5 K +ak, )26 ;
) %ae%a; é Y > ;+|kxxj+|kyy1§
& U

The power spectrum S(k,w) is defined by

S(k,w) = “m_lne(k w)’

TeY T

so that the effective sample volume averaged spectrumis

S(k,w) = e A(k,w)

|2
TO¥ T
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Assuming each sample volume has the same size and shape
we obtain the cross power spectrum of the sample volume
averages

P (rl’rz)—#gg \ﬁw(rl)ﬁ (r2)>

¥ dk ¥ dky
¥ 2p . ¥ 2p
= 5,0y (ry,rp)e ("2

The last form of the expression is a standard form, in which

(k W)elk dr

1
Sv =[P (ruro)IPu(rar2)|2
is the mean of the cross power spectrum, § and f are the
coherence and phase.

Now we have to assume aform for S(k,w): take a Gaussian

k)Y

el -2|2
k-k)'-=(k- o

a(k-K)- 2k,
S(k,w) =pll;Sw)e* *
Here the correlation lengths Iy and |q are defined to be one e-
folding distance of the intrinsic coherence g:

%ﬂo aﬁi?dqo‘\J
P ol a
%| ) g| a

g, =€°
The half widths (stanvcvlard deviations) of the wave number
spectrum are given by

S :\/ﬁ/h and s :\/§/|q
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With these forms we obtain an expression for B, (ry,r,) :

_ ¥ dk. ¥ dk
P (r,r,)=1l o—= 35—
W(l 2) xy¥2p_¥ 2p
k +ak Jo6 _ LU
eékdx+|kdy 286 2" )§-|4(k R ) (k k)g
This can be written in the usual form if
é é o 20 2 U
& é (ky+akx) b2+ Zékxz +%:+ky2%gl:|
Sw)_1 ¢ 8 b » o
Sw) Jho"e 2h ¥
é U
2] g
éa%iézaezzo% , 2b°(d dy)? Y
e _X_ +cl+ — a _y (X a y) U
A G Q 5 y
e &l g 517 U
_W :eng- Q
e U
: i
e 9
_ ®p2_ xgp2_0 28
K dx + kydy+§—2kx ab g s 2(dx- ady) + oK, dy
_ y |X & IX
fo= ™
where
22 2(a’h’+a’)  4a?h?
=147 2 122
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We consider some examples, taking a = 0, dx = 0, (sample
volumes aligned in the poloidal direction), with a = b (equal
lengths). For the turbulence we take Ix = ly = 1 cm, kx = O.
Figure shows the fraction of the power (S(w)/Sw) which we
measure as the size of the sample volume is increased: We
must use b << a correlation length to obtain correct results.

1 correct value

nlonl
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Next consider two sample volumes separated by 2 cm, and plot
the observed phase as a function of sample volume size. We
would deduce a wave vector

_
K, =—
y dy

so that for b = 0 (no sample volume size effects) we expect

f =kdy =2cm. When a=b = I, the error is about 60%.

Therefore we should arrange a, b << Ic to obtain accurate
wave vectors

Note the ratio of the separation of the sample volumes to the
sample volume size dy/ b is not important.

f =
correct
2@ value
1 [ ‘-‘---\“\- Tem
0.5 1 1.5 2

-1 a=b(cm)
=1
==
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Lastly we look at the coherence § as a function of sample
volumesize, b. Inthe example considered the sample volumes
are separated by more than a correlation length (ly = 1 cm, dy
= 2 cm) so that the initial correlation is very low. As the
sample volumes increase and overlap, so the correlation
increases. Witha= b = |, the error in g is about x 10! (but an
error in the computed correlation length of about 50%)
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TWO FEATURES

All thisisfor onefeature. To extend to two, we imagine the
case where the individual features are uncorrelated, so that

Py (rl rz) =lim 1<(ﬁew1(r1) + ﬁemz(rl))(ﬁaml(rz)"' ﬁaNZ(rZ)»
T

T® ¥

- |T|®r2 T \(neW1(r1)n9W1( )) +(ﬁew2(r1) + ﬁewz(rz)»
= Pwl(l'l, rz) + r)WZ(r]_! r2)
= Sngwl(I’l,rz)eif'wl(rl,rz) + SNZng(rlr rz)eif'wz(rl,rz)

We want to write thisin the form

|5ws(r11 rz) = SysOws (rl’ rz)eirWS(rl’rZ)
which is arranged if
Qs = 1t Sz

.= S19u1SN(f 1) + S129u2SN(F 2)
"> 818 Cos(f 1) + S50 2COS(f o)

1
Oys = aE(\Q-szlgwl) + (S/vzng)z +235,1S29w1 92 COS(f 1 - f Wz)gz
W é (SNl + S/vz)z :

p12.14



plasma sensors

chapter 12 August 3, 1997

Consider the implications for some particular situations. We
consider two “features’: 1 is a long wavelength low k feature,
and 2 is a more “drift wave’ like feature. For our sample
volumes we take perfect poloidal alignment (a = O, dx = 0),
and worry only about poloidal effects (i.e. set a= 0).

type
ky (cm-1)

kx (cm-1)
ly (cm)
Ix (cm)

S(w)
2s klk=

TURBULENCE

Feature 1l Feature 2
long wavelength drift wave
0.3 3
0.3 3
1/0.3 1/3
1/0.3 1/3
1 1
2Cp 2Cp

SAMPLE VOLUMES

a 0

a 0

b variable

dx 0

dy 1.5cm
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3. 10 [ | I on avelength
| e
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Power

The long wavelength is easily observed with large sample
volumes, but the power in the drift wave like feature
IS only seen as b is  decreased (because of the short
wavelength)

a.2s b H2 (drift wave)

——

e e R —

0 0.5

b (cr:1)

A typical HIBP b = 0.5 cm. implies only 0.6 to 0.7 of the total
power is measured.

p12.17



plasma sensors chapter 12 August 3, 1997

Phase, wave vector

Only the long wavelength component is picked up.
This is because the short wavelength drift wave has such a
short correlation length (0.33 cm) that the chosen separation
(1.5 cm) istoo large for it to be seen. Note the exact phases (b
= 0) should be 0.5 (long wavelength) and 4.5 (drift wave)

S
f \ 2 (drift wave)
2 f \ # 1 (long wavelength)
.~ and total
1 o \
1 b (cm)
N
=S}
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Coherence, correlation length

<" 2 (drift wave)

1 1 .I5 2
b (cm)
Even for a small sample volume, only an “average” is seen.

What happens with increasing sample volume size is a mess.
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Consider poloidal separation b 0 (actually dy = 0.002 cm).
Thiswill not affect the measured power.

If only a single feature was present, then while the measured
phase is affected by the choice of separation, the deduced wave
number k is not (but k is affected by the choice of sample
volume size b).

In the presence of two features the measured phase is affected
by the choice of separation, because of coherence differences.
The individual phases would be accurately measured at small
b, but the measured phase lies between the two individual
phases. That is, the diagnostic would measure an effective k
between those actually present.

separation -> 0 ( = 0.002 cm)
¢ UUTR. A 2 (drift wave)

oLoogf

i _total

X e
-0.002F 1 (long wavelength) b (cm)

—0.00%F

0.002F

=0.006 F
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There are obvious problems with using “large” sample volume
size and separations (b » 2p/k, dy » I¢) in that for single
features.

large sample volume size gives
wrong power,
wrong phase or wave vector,
wrong coherence or correlation length

|large separation is not a problem

In the presence of two features there are other problems.

The power is underestimated unless b » 1/kmax IS used.
Even if b and dy are chosen small, (b » 1/kmax, dy << ¢) only an
“average” k and correlation length will be measured.

We can use the sensitivities to sample volume size b and
separation dy to our advantage: we can filter out the effects of a
high wave vector (short wavelength), low correlation length
mode by choosing

1 1
— >>p>>— |hax >>dy>>1 0
in ax
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LINE INTEGRALS,COMMON MODE, PATH EFFECTS

Problem: to evaluate aline integral of afluctuating parameter.

sample \(ol ume erator

j \ r=0

primary beam
path I;; i

—» RY

analyzer Rj

secondary beam
path |2j

e R 0
I, =21, expg onesldl1 neslzdlexp one 2d|ZJB
J
| . R o
IJ rl
| é enS1dly + Onevvs e P
0j rJ 2
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“BLOBS”

Consider the mean square of some dimensionless parameter Y
which varies with density n so that

. L
Y =s ondx
0
Thelineintegral isalong the path Oto L in the x direction. The
square is given by (using dummy variables x1 and x2)

. LL
Y2 =5 %00 (% )i, (X, ) dx,dx,

00
where fi,(x ) means the density fluctuation at point x1. Assume

gpatial and temporal averages are equivalent (the “ergodic”
assumption), i.e. for any parameter athe average is given by

{ \—l-lll o ()a.d =1 - > d
a I T C t Im (‘)a X
v ©¥ 2T_T Xe¥ 2X_X

p12.23



plasma sensors chapter 12 August 3, 1997

The mean square value of Y is

(92) ={s 260 () ), |

LL
=S Zggﬁh(xl)ﬁz(xz»dxldxz
LL

=5 % 5oN,dxdX,
00

LL
=5 %) 00N(X; - %) dx,0x,
00

where the correlation function is

and
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For a spatially homogeneous process the correlation function
depends only on the coordinate difference (x2 - x1), not on the
actual coordinate itself, so that N(x2,x1) = N(Xx2 - x1) = N(X),
where we have introduced the relative coordinate X = X2 - X1.

Now choose a functional form for N(X) such as

&xe
N(X) —e elc o

where Ic is a correlation length in the coordinate along the
path, i.e. in the x direction. If Ic << L then we can replace the
integral from -L to L by an integral from -+ to « when integrating

N(X),
N L¥
(Y2} =52} 0 oN(X)dXdX
O ¥
L¥

= 25 {i*) 0oN(X)dXdX
00

¥
= 2s 2{A®) L gN(X)dX
0

For the chosen form for N(X) we finally obtain

(Y2} =s %) LIVp
Or for the rms value

1

¥ s = (Y2} = p s eI,

p 12.25



plasma sensors chapter 12 August 3, 1997

We can look on this as a“random walk” process, in which the
number of “steps’ or “collisions’ is L/l¢ i.e. the number of
correlation distances along the integral. For such a process we
know the final displacement is the displacement associated
with one “step” (= snl.) times the square root of the number of
steps (= QL/Ic)). You know this because for a random walk
the total rms distance Dmoved inatime T is

D=+2TD

The diffusion coefficient D is itself given by the basic
“collision” processtimet and displacement d as

2
oo
2t

leading to the result | have quoted

D= dE = d\/number of collisions

This simple model then gives the mean sguare
“displacement” as

?rms =S ﬁrmS\/ L

which is pretty close (» 33% error) to the correct answer.
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Applied to our HIBP case, for each Fourier component,

R 0

%J
émew 1dly + 0N,y S ol =
rj ﬂ

IOj neo

I.e. Neglecting cross terms between local and line integral
effects, and profiles

A=

—(;—+ +\/_32n2 LI,
€Ny 2

..2

R
= 8@; [1+ Vps ngoLIC]

I.e. the measured rms quantity is

gld SN

e Neo B

g = \/ES 2ngol—lc
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APPLICATION OF GAUSSIAN STATISTICS TO LINE
INTEGRAL EFFECTS

Substitute Gaussian into expression for cross power. Write
result in general form. Then

ne,rms,m = ne,rms \ 1+ g

g2+ 9% + 20gco5(F )|
- .
% gsin(f) ©
N oo )+ 5

For a simple case (equal input and output beams, flat profiles)

&
g—-2\/_(nsL)|—E ° 2
I e’
2l, &2
2 L) -
+2v/p(nsL) ce

m

f_

9
g

Typicaly g=10.2.
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