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Optimization of apertures and collimators for multi-channel plasma
diagnostics
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Aperture, pin-hole and collimator detection systems are often used in plasma diagnostics, for
example, in soft x-ray detection and bolometer systems. In this article the simultaneous optimization
of viewing-beam overlap and light yield is considered in multi-channel aperture and collimator
systems for two-dimension&D) tomography. This article briefly highlights the relation between
beamwidth overlap and spatial aliasing in tomography, and how aliasing can be avoided in theory
and in practice. Three-dimension@D) single-channel aperture and collimator systems can be
approximated by a combination of two planar systems if the aperture is rectangular. Three ways to
optimize beamwidth overlap and light yield for planar aperture and collimator systems are
considered in detail: overlap of the angulderedue at the full width at half maximuiFWHM),

overlap of the geometric function at the FWHM a certain distance from the aperture, and arbitrary
overlap for a given maximum beamwidth. The combination of 2D effects from all three optimization
methods were used in the design of 3D apertures for a new multi-channel bolometer camera on the
Joint European Torus tokamak. The resulting apertures are complex, but the new camera has several
advantages over previous cameras. 2@02 American Institute of Physics.

[DOI: 10.1063/1.1491031

I. INTRODUCTION when apertures and collimators are optimized independently
for two perpendicular planar systems, the combined situation
Apertures and collimators are used in radiation detectiolecomes quite complex. In nonrectangular aperture and col-
apparatus for parts of the spectrum for which no optical imdimator systems the geometrical description is far more
aging components are available or are practical, such as itompleX and it is more difficult to optimize various quanti-
nuclear imaging, x-ray detection, and bolometry. To avoidties simultaneously; this is outside the scope of this article.
confusion in the following, “detection system” will always The approximate separation of 3D aperture and collimator
mean a single detector and one or more apertures, whereagstems into two planar systems is particularly suited to 2D
“camera” will mean a collection of several detection sys- tomography of poloidal cross sections on tokamaks and other
tems. In this article the optimization of apertures and colli-fusion devices, but can also be applicable for tomography
mators in cameras for tomography will be discussed, in pardiagnostics in low-temperature plasma physics.
ticular for two-dimensional2D) emission tomography in the The structure of this article is as follows. Section Il in-
field of plasma physics. Complex collimators have been detroduces the quantities used in the optimization of aperture
signed in the medical tomography field, for instance, forand collimator systems. Furthermore, it considers for which
single photon emission computed tomographyin plasma  overlap of beamwidths the level of spatial aliasing is accept-
physics the apertures or collimators are usually relativelyable in multi-channel cameras. Three different methods to
simple. In the past, apertures in cameras have been optimizegtimize planar aperture and collimator systems are dis-
for beamwidth overlap for a given coveratjé but less at-  cussed in Sec. lIl. Section 1V describes the consequences of
tention has been given to optimizing the light yield. Here, thethese optimizations for the design of 3D systems for a bo-
simultaneous optimization of rectangular aperture or colli-lometer camera on the JEJoint European Torggokamak.
mator systems in terms of several parameters will be disThe results are discussed in Sec. V.
cussed. Three-dimension&BD) rectangular aperture and
collimator systems can be described approximately as thg, CRITERIA FOR VIEWING-BEAM OVERLAP
combination of two independent plané&D) systems. Al-

though the underlying geometrical mathematics is simple, N 2D tomography it is necessary to assume that the
diagnosed quantity, here taken to be emission from an opti-

cally thin plasma, does not vary in the direction perpendicu-
aAuthor to whom correspondence should be addressed: electronic maildr to the reconStrUCUO_n plane over a thickness that is mea-
Christian.Ingesson@jet.uk sured by the 3D detection systdaee Fig. 1 for the layout of
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@ ® ) | of sight (p,£) can be defined by the first momentkifp, &)
aperture N r./-l"/ with respect top and & weighted by the emission profif8.
|_._|._._ Z:issr:izn dgfrergtyw |_'.>_('__._ deafrer;yq_ ..... - For symmetrick(p,£) and an emission profile that does not

2 IS k\_l\ vary much over the beamwidth, the average line of sight can
Pin-hole | = be approximated by the line connecting the centers of detec-
VI a?)gft{n?efs tor and aperture. The geometric functign real spacgde-

detector |

scribes the solid angle spanned by the entrance pupil of the
X detection system seen from the poimly), integrated over
the direction perpendicular to the reconstruction plamets:

FIG. 1. (a) Layout of a detection system in tixg reconstruction plane. The  srm), and can be calculated indirectly ]By

detector and aperture will also have a finite dimension in the perpendicular

zdirection; when the direction is considered in addition to tlxg plane the ™[ .

detection system will be referred to as three dimensigbaSchematic of a K(x,y)= f J K(p,&)6(p+xsiné—y cosé)dp dé,
planar pinhole camera ar{d) schematic of a planar camera with individual 0 J=

apertures for each detector. Note that(@m walls are required between (2)

channels to avoid light from reaching a detector through other apertures. wheres s the Dirac delta function. Cross sectionsk(x,y)
in a direction perpendicular to the average viewing direction

detection systems and camerd&his thickness is determined ¢ give the functional shape of the beamwidth. The light yield
by the aperture/collimator and detector sizes in this perperef the detection system is characterized by fendue(units:
dicular direction. The maximum thickness for which this as-srnf), which is also called throughput, and can be obtained
sumption is valid is an important parameter to optimize thefrom the angular endue by’

light yield of the detection system. The aperture/collimator

and detector sizes are also finite in the reconstruction plane g— J'” e(g)_ _ 3)

in order to achieve an acceptable light yield and signal-to- 0

cogé—¢§)
noise ratio; this leads to detectors viewing along beams o .
finite width. Other beneficial effects of finite beamwidths in Ff the detector and aperture in an aperture system are perpen

dicular and unshifted in the direction perpendicular to the

addition to a higher light yield are described below. reconstruction plane. thaendue can be approximated®h
Convenient quantities to describe the beamwidths in the P ' PP y

reconstruction plane for 3D detection systems and how to 16D ,DP,P; _ _

use these in algorithms for 2D tomography have been de- E~ TCOS( $g—&)cog p—§)

scribed in Ref. 10: the angulatemduee(¢), the geometric

function (in real spaceK(x,y), and the &endueE. These oPp _ — 4D,P,

quantities can be expressed in terms of the geometric func- = — 0¥ bq— §)cog pp—§) .~ EoEp (4)

tion in projection space k(g).>° Herep and ¢ are param-

eters of a line of sight and are the distance from the line to 4’hereD and P are the half-detector and aperture sizes, the
chosen origin and the angle between the line and the positiveubscripts p and t denote parallel and perpendicular to the
X axis, respectively. For a viewing direction in the recon-reconstruction plane, the detector and aperture are at angles
struction plane §§, &), the value ofk(p, &) reflects the prop- ¢4 and ¢, respectively, and. is the distance between the
erties of the viewing system in the direction perpendicular tocenter of the detector and center of the aperfisee Fig. 2a)

the reconstruction plane. More precisek(p,£) (units: for definitions of these symbdlsExpressions for some of

rad m is defined as these quantities for 3D rectangular aperture systems have
- been given elsewhefeThe approximate separation of the
_ (7 3D aperture system into two planar systems is possible if the
k(p, —f f ,€,2,x)cosy dydz, )
(P.&) —w w/zr](p £z, x)cosy dx detector and aperture are rectangular and approximately par-

allel: in that case&k(p, ), i.e., the properties of the viewing
system in the direction perpendicular to the reconstruction
plane, is only a weak function af° When it is relevant, it
will be indicated whether the quantities anguléerelue and
%tendue are for a plan&2D) or 3D detection system. Equa-
ion (4) shows how the approximate 3eadue can be sepa-
ted into two 2D endues.
For a planar aperture systdiig. 2(a)] k(p, &) will be 1
inside a region bounded by the curves defined in Fib) 2
o and Table |, and 0 outside. Therefore, the 2D angitemdue
e(§)= Lok(p,é) dp (1) is given bye(&)=Ap(£), whereAp(£) is the distance be-
tween the bounding curves in Fig(l2 at angle¢ (see the
conveniently describes the beam shape as a function of viewAppendix. Figure Zc) shows the resulting 2D angulatea-
ing angleé. This is particularly useful if neighboring lines of dues. Expressions for the geometric function aresheéue for
sight form a viewing fan, i.e., if all average lines of sight of a simple planar aperture system with the aperture parallel to
neighboring channels go through one point. The average linthe detector are given in the Appendix.

where 7 is a filter function for raygthe straight ray being
parametrized by, &, height above the reconstruction plane
and angle with the reconstruction plagg which is the at-
tenuation of the ray, or zero if the ray does not go through th
entrance pupil of the detection systéif.If the sizes of the
detector and apertures of the detection system are small wi
respect to structures in the measured object, the angelar e
due (units: rad nd)
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FIG. 3. (a) Definition of quantities defining overlap of anguldeedue and
geometric function(b) lllustration of parallel collimator system with infi-
nitely thin walls. The collimator size isQand the leftover fractional colli-
mator is indicated by 2.

° e(a.u.)

€ (FWHM) as in Fig. 3a) is suitable because the total radiated
FIG. 2. (a) Geometry of general planar aperture system and definition ofpower can be obtained, in principle, by summing over adja-
quantities, points and regions. The bounding lirg/), wheree=1.. .4, cent channels. Traditionally, approximate overlap at FWHM
are defined as a function gfin the Appendix.(b) Boundaries of nonzero has been achieved by overlaying the dashed lines of Fig.
region ofk(p,£) in projection space for two aperture systems with parallel 2(a), which connect the center of the detector and the edges
detector and_ ape_rture of different relative: sizes. The curves are defined béf the aperture, for neighboring detectors. In Sec. Il it will
the values given in Table [c) The angular #ndues corresponding tb). . L . .
be shown that in many cases this is a good approximation.
Point 2 has been considered to some extent in the
The quantities introduced above for individual detectionliteraturé*~*% and is discussed next for the application of
channels are useful when considering an array of detectors tmlometry on the JET tokamak.
a camera. In the design of a camera the following interlinked  The present vertical bolometer camera on JREf. 4
criteria play a role: number of channelsos), available has an array of 14 detectors that view a poloidal cross sec-
space, required signal-to-noise ratio, required coverage, artibn of the plasma through one “pin-hole” aperture at loca-
resolution. For a given number of channels and coveragéon (X,,,Yap-The layout of this camera is similar to its re-
(average lines of sightthe aperture or collimator systems placement camera shown in Fig.(dormal view. One can
can be optimized to give suitable beamwidths atehéue. A  define an aperture curve B &) = — (Xap— X0) SINE+ (Yap
larger beamwidth has the disadvantage of reduced resolutior; yy)cosé, which describes all lines of sight through the
but also has advantaggd) it is likely to give a larger ten-  center of the aperturghere(x,,Y,) is a chosen origih The
due,(2) it reduces spatial aliasing in tomography, @8done  normalized 3D angulartendues of the channels of this cam-
avoids missing information about structures in the gaps beera are shown in Fig.(B). The angular &ndues of all chan-
tween beamwidths of adjacent channels. In particular, in bonels are similar; the reason for the variation in width and
lometry, point 3 may be important if the total radiated powerheight is a cosine effect due to the angle at which the various
of a radiating object needs to be derived from the measuradetectors view through the aperture. In the following the an-
ments. A beamwidth overlap at full width at half maximum gular @endue of one of the channels is assumed to be repre-

TABLE I. Bounding points and angles of the aperture system shown in Fay. 2

Pointh Xh Yh & range Angles tan&,

I X+ P sin ¢, yo— P cos¢, E1— & 1 Yi—yn)/ (xi—xw)
I X4+ D sin ¢y y4— D cosdy &y 2 Y=y (X —=xy)
I X,— P sin ¢, Yo+ P cosg, E4— &y 3 Y=Y ) (X = Xy)
v Xq— D sin ¢y yq+ D cosdy £3— & 4 (Y=Y (X —Xu)
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FIG. 5. Quantities along aperture curve for a certain assumed emission
s, profile as a function of the anglgin (a) and(b) and its Fourier counterpart

® Z in (c) and (d). (a) Solid line: line-integral values; dotted line: values

; blurred by angular tendue; circles: points where the blurred values are

sampled(corresponding to the detectgrslashed curve: piecewise-linear fit

to sampled points(b) Angular @endue normalized to thetendue for the

vertical KB1 detectors; the one used in the investigation is given by the solid

line. (c) and(d) Fourier transforms ofa) and(b), respectively, with equiva-

lent linetypes and symbols. Note thaj is on a logarithmic scale and) on

a linear scale. Although the Fourier transforms were carried out with the

discrete Fourier transforfDFT), the number of samples was chosen such

that the figures are a good representation of the analytical Fourier transform

and that no inaccuracies were introduced due to the small number of

samples and the fact that the samples do not extend over the entire range of

FIG. 4. (a) Lines of sight in a poloidal cross section afty) 3D angular the plasma. The dashed curve(ir) indicates the blurred function aliased

étendues of the new bolometer camera on the JET tokamak. Solid lines: fineith values higher than half the Nyquist frequerf¢gA £) ~*, whereA¢ is

view; dotted lines: normal view; dashed lines: coarse viewarthe wall the sampling rate; vertical dot-dashed lineZat0.13 deg? J; the circles

surface closest to the plasma is indicated by a solid line. The bolometers aigdicate the sampling points on the dashed curve.

inside a vertical port.

N
o

o°
o
I

3D angular étendue (x1 0 rad m2)

. . _ - - . the effect of the blurring and of the limited sampling by the

sentative for all channeisi.e.,e;(¢)=e(&é— &), whereé; is ; . il

the angle of the average viewing direction of charindlhe detectorsﬁ is very cleafFig. S(c)]. The. V?"“es fors R

. ) <0.1 deg ! correspond to the peak of radiation between 80

blurred measurement of chanrieff;, can be approximated and 90°, whereas peaks fair>0.15 deg * correspond to the

by the convolution of the pure line-integral measurementsfIne structure. In this example the peakZ&0.2 deg !

f(p.£) along the lines parametrized ipyand¢, i.e., not sufficiently damped by the angulareadue[Fig. 5(d)]
I — — — which leads to noticeable aliasing. However, the amplitudes
fi="flpag(éi).&i]= fo e(&' —&)f[paplé’),€']dE", that are affected by the aliasing are relatively small, about a

factor of 5 below the zero-frequency component.

because the emitting structures are large compared with the The angular ®ndues of neighboring channels overlap

detector and aperture size, or more precisely: large comparggose to their half-maximum valud§ig. 5b)], as was dis-

with maxAp). Figure %a) shows the effect of blurring by the  cussed above. However, the Fourier transform of the angular

angular “¢endue simulated for a realistic assumed emissiorgtendue has its first zero only at the Nyquist frequenay&l/

proflle The peaks in the emission proflle occur in the di- whereA¢ is the spat|a| Samp“ng ra{see F|g w)] There-

vertor at the bottom of the vacuum vessel. fore, with this kind of limited overlap between angulder-
The Fourier transform of along the aperture curve is dues, noticeable aliasing can occur as discussed dibaye
given by 5(c)].2*"The lobes of the Fourier transform of the angular
etendue are so small that hardly any aliasing would occur if
ﬁ(E):f f[pap(€), Elexp — 271 €E)dé. the overlap of the angulattendues were twice the current,

e., the first zero of the Fourier transform of the angular
Although the variable¢ is periodic, and hence the corre- etendue would coincide with half the Nyquist frequency.
sponding frequency variable would be discrete, here the pedowever, this would lead to a significantly reduced spatial
riodicity of ¢is irrelevant because the function that is Fourierresolution. Furthermore, the emission profile used for Fig.
transformed goes to zero at both low and higiTherefore, 5(c) is an extreme case as in other cases the aliasing effect
the frequency variabl& considered here is continuous. In has been found to be much smaller. Therefore, the current
Fourier spacdfor the coordinate along the aperture cyrve overlap between the angulaieadue appears to be a reason-
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able compromise between maximizing resolution and minithe geometric function, and fixed width of the angultere
mizing aliasing. As pointed out before, this FWHM overlap due or geometric function. The parameters, such as beam-
is the optimum for the total radiated power determination.width, used in the example figures in this section, have been
However, in analyzing data one should always remembechosen so as to highlight the different features of the various
that aliasing can occur. Restoration or deblurring of the meaeptimization methods, and may be far from realistic values
surements is only possible if the sampling distance is muclias used in Sec. IV

smaller than the beamwidth3.

IIl. OPTIMIZATION OF BEAMWIDTH OVERLAP FOR
PLANAR APERTURE AND COLLIMATOR
SYSTEMS

A. Background

B. Overlap at full width at half maximum of angular
etendue

As indicated above, the angulaeadue is the most use-
ful quantity to describe the beamwidth in the case of adjacent
In this section different types of aperture size solutionslines of sight in the shape of a fan. In this section we would
P(L) are found for given beamwidth overlap in plan@ab) like to optimize the &ndue while the angulartendues of
aperture and collimator systems. Note that two of these plaadjacent channels overlap at the half maximum. From the
nar systems can be combined into a 3D system. In the folAppendix, Figs. 2a) and Zb), and Table |, it is clear that
lowing, theprojecteddetector and aperture sizes are consid-Ap(&), and, therefore, alse(&), have a complicated func-
ered:D* =D cos(py— &) andP+ =P cos(p,— &). Figure 2¢c) tional dependence on césand siné. However, Fig. 2c)
shows that the functional description of the angulendue shows thate(¢) can be approximated very well by three
depends on whethd® <D+ or P->D*" . Several branches straight lines. Therefore, for a given separation between ad-
of solutions ofP as a function ofL for given beamwidth jacent channels\¢, the overlap criterion can be expressed
overlap will be described. For a simple aperture system, thepproximately as follow§see Fig. 8]
given overlap cannot be maintained foxLp_g, i.e., the 11 s el
distance for whiciP=0. However, the given overlap can be 2lEa-bif+elbmbl=AL ®
achieved for smallet if one considers a collimator system For the simple aperture system wiihy= ¢p=Eand the de-
instead. We only consider the simplest collimator systemector straight behind the apertugg=—¢&, and &= —&,,
with walls parallel to the average viewing direction, which Eq. (5) can be written as
extend all the way from the detector plane to the aperture
plane [Fig. 3(b)]. For such a collimator system the same arctarﬁ P+D arctarE P_D)’:AS.
equations as for the aperture system can be used, with the L L
difference that the detector surface is subdivided into a NUMEjgure Ga) shows three different solution branches Pas

ber of subdetectors with the size of the collma@ri.e., 3 fynction ofL for a givenAé the aperture solution with
D’" =P~ =C is substituted foD~ andP~ in the equations. - p~p for | >L,_,=2D/tanA¢, the aperture solution with
As a limiting case(the highest eendue that can be obtained p_p for Lp_p<L<Lp_o=D/tan(A¢&/2), and the collima-
the collimator walls are assumed to be infinitely thin. With o solution forL <L p_p . The collimator branch is a straight
integer division there can be=D"/C collimators on the |ihe C(L)=L tan(A£)/2. ForL>P the asymptotic limit of
detector surface; this we call the “integer collimator.” One (1o p>p aperture branch i®(L)~L tan(A£/2) [see Fig.

canlalso make use of the Ieftovef collimator of sR_Zé 6(2)]. For smallA¢ one has tanf £/2)~tan(A £)/2 and thus
=D+—nC [see F|g. ®)]. BecauseC’' <C, the beamwidth Lp_o~Lp_p and the collimator andP>D aperture
of that collimator is always narrower than the other beamy,anches lying very close to the straight line of the

widths and does, therefore, not affect the beamwidth Ove”aBsymptotic limit. The asymptotic limit corresponds to the

criterion. However, it slightly raises the resultingerdue.  yashed lines from the center of the detector in Fig) 2nd
This type of collimator system we call “fractional collima- g thys equivalent to the beamwidth overlap criterion that has

+

tor.” ) ) S ) been used regularly in the past. From the present analysis it
In this section simplified plaﬂar apertures and collima-i ¢jear that this is a very good approximation for smigl
tors are considered witthy= ¢,= ¢ [see Fig. 2a)] because The approximate 2D tendue according to Edq4) has

this leads to simpler equations for which many properties cabeen calculated for the various solutioRd.) and is shown
be considered analytically and deeper insight can be gaine¢h Fig. 6(b). The two branches for the collimator are what
However, the methods described are general and in Sec. \Was defined as integer collimator and fractional collimator in
they are applied to an aperture/collimator system for whichhe previous subsection. The discontinuities in the integer
dq# ¢dp# & . For convenience all distance quantities in thiscollimator curve correspond to increasesiias one goes to
section are normalized to th{balf) detector sizdeffectively  smallerL. It is easy to show that the 20i@ndue has a limit
D=1 is choseih The (half) aperture sizeP and two- 2D tan(A¢) for L—0; note that this corresponds to infinitely
dimensional ‘tendue as a function of detector-to-aperturemany collimators and thus requires infinitely thin collimator
distancel is considered for this fixed detector size and givenwalls. For somel the 2D ‘¢endue has been calculated ana-
beamwidth overlap. Three different types of beamwidthlytically (see Appendix[points in Fig. &b)], which shows
overlap with neighboring channels are considered: overlap ahat the approximate 2Dtendue of Eq.(4) is a very good
the FWHM of the angulartendue, overlap at the FWHM of approximation in most cases. The angulaneues for some
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[ (@) direction perpendicular to the beam. The new beamwidth
overlap criterion can then be stated as follows: cross sections
of the geometric functions of adjacent channels should over-
P lap at distance. Note that at other distances the overlap may
1 P(L) = L tan(a&/2) be very different. Also, in this case, the distance between
neighboring detectors will be neglected, but it can be in-
P<D N . . .
o cluded by increasing the widthF below appropriately.
Lep i|Lpao AL =25 . . . .
| The expressions for the geometric function in the Appen-
1.0 Hb) fractional collimator PsD dix are relatively complicated functions, but often these can
be approximated by straight lines and thus one can consider

P>D

E the width without taking into account the functional depen-
73' dence of the geometric function. The width of the geometric
BosIm \ P<D function at a distancg can be expressed iy . . . x, of Fig.

v | 2D@nag integer 2(a) and the Appendix. The widthda and Ab are indicated

N collimator

in Fig. 3(a) and for a simple aperture system these are

= and
8
e y
'E Aa:|X3_X2|: Z(D_P)E_ZP .
%
§ The overlap for channel spacidg- as indicated in Fig. &)
g is obtained if
$Ab+ $Aa=AF. (7)

€ (deg.)

m _ SolvingP as a function oL [see Fig. 7a)], one finds that an
FIG. 6. Results of optimized overlap of 2D angulaeredue for angle dif- . - _ .
ferenceAé=25°. (a) Optimum half aperture size@ as a function of distance aperture solution _Onl_y exists foL>L,m=2Dy/AF (ie.,
L. Three branchegapertures withP>D and P<D, and colimator are ~WhenAa=0) and is given by
indicated and the dashed line represents the asymptotic limit oPth®
solution for largeL. Several critical points are identified in the figutg) . AF
Approximate 2D &endue as a function of distantefor the three solution P= 2(1+yl/L) : ®
branches foP. The collimator branch has two curves: the integer collimator

and fractional collimator. Analytically calculatettemdues for some dis- This solution again Corresponds to the dashed lines in F|g

tanced. are shown by open and solid circlés) Angular @endues for some . . .
distancesL [solid circles in(b)] with the type of solution indicated by 2(a). The collimator solution of course exists for<Lp_p

linestyle (solid: apertureP>D; dashed: aperture<D; dot-dashed: coli- = 2DY/(AF—2D) and its functional dependence is the
mato). same as in Eq8) because it is independent bf

Figure 7b) shows the aperture, and integer and frac-
of thesel are shown in Fig. @). The functional shape of the tional collimator branches of the 2Dtendues that follow
angular éendue for largel has é;~&,~A&/2, thus almost  from substituting Eq(8) in Eq. (4). The limit L—0 in this
square, whereas f@~D it is almost triangular. The differ- case is DAF/y. The approximate values of theeedue
ence in angular tendue values for thé>D and P<D agree very well with the analytically calculated ones. Some
branches is also evidefgolid and dashed linebecause the examples of cross sections of the geometric function for dif-
functional shapes of the angulaeedue for the two branches ferentL are shown in Fig. @) (the equations for the geo-
is similar, theP>D branch will probably always be prefer- metric function are given in the Appendix~or largeL the

able because it results in a highe¢emdue. shape of the geometric-function cross section becomes more
square(and low amplitudg whereas the collimator solution

C. Overlap at full width at half maximum of geometric at smallL gives more-triangular cross sections.

function

The overlap of the angulartendue as in the previous
subsection is an average overlap along the viewing beam. . Fixed overlap of base of geometric function or
the distance between neighboring detectors is larger than tigular € tendue

maximum beamwidth, the beams may not overlap physically  The previous two subsections discuss very specific cri-
at all, only the angles overlap. In some cases it may be bettgria for the overlap of the angulatemdue and the geometric
to require the beams to overlap at a certain location. Withoufynction. In this subsection we consider fixed maximum
loss of generality we take the origin in the center of theydth, i.e., fixed maximum angular extent, or fixed maxi-
aperture and rotate the coordinate system suchgthéw ; mum widthAb at a distance. This criterion can be used to
this means thay is the distance to the aperture axds the  specify the maximum extent of single channels, or to specify
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y =100.0D I — = 500.0D
0 Liim Lep | AF = 10.0D o : aperture Y )
0.2 2DAFly & R
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£ 0.1~ collimator £ ) )
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0 | ;
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. FIG. 8. Results of optimized extent of geometric functisalid curveg and
E] angular ‘éendue(dashed curvgsfor Ab=87.D at a distancey=500D,
% which corresponds to an angle differenag€=10°. (a) Optimum half-
S aperture sizeP as a function of distancé. The aperture solutions and
§ 0.01 collimator solutions are indicated. Some critical points are identified in the
S figure. (b) Approximate 2D &ndue as a function of distande for the
% aperture and collimator solutiorf;teger and fractional collimatpof P.
§
S

Y The maximum angle widthA ¢ equivalent toAb is given

by tan(A&/2)=Ab/(2y), thus one sees thdtp_ is the
same for both maximumb andA¢ solutions, and_p- and
the solutiondP(L) andC(L) differ only by the term 1 oD in

the denominator. For smadllthe solutionP(L) andC(L) are,
‘therefore, very similar, but for large they deviate signifi-

as a function of distanck for the aperture and collimator solutiofinteger ~ cantly. If P is optimized for a given maximum¢, the result-
and fractional collimatojsof P. Analytically calculated ®ndues for some ing Ab is 2P larger than if optimized for the equivalent maxi-

distanced. are shown by solid circlegc) Cross section of geometric func- mum Ab.

tion at distancey as a function ofx for some distancek with the type of . .

solution indicated by linestylésolid: aperture; dot-dashed: collimator Figure .Sb) shows the .approxmate 2Dtgﬂdue .for

these solutions; for the collimator branch again the integer

_ _ o and fractional solutions are shown. The maximukg

an overlap in multi-channel systems to reduce aliaség.,  solution goes asymptotically tdE,,=4D tan(A£/2) for

Ab<AF, where AF is the distance between the averagelarge L, whereas forL—0 the ‘@¢endue goes tdAb/y

lines of sight of neighboring channgls =2D tan(A £/2). Note that the endue for maximunAb has

For maximum widthAb, Eq. (6) gives at locatiory and 3 maximum aﬂ—max:(ZD+*/4D2+ 2DAb)y/Ab.

FIG. 7. Results of optimized overlap of 2D geometric functiof=10D at
a distancey=100D. (a) Optimum half-aperture siz® as a function of
distancelL. The aperture solutions and collimator solutions are indicated
Some critical points are identified in the figufb) Approximate 2D &endue

distancel:
_Ab-2Dy/L (@ V. OPTIMIZATION OF THREE-DIMENSIONAL
T 2(1+y/L) APERTURE SYSTEMS

which only has solutions foL>Lp_,=2Dy/Ab. A colli-
mator solution exists for €L<Lp_p=4Dy/(Ab—2D) zation of aperture systems in cameras: the distdnead
and is found by equatin=P=C in Eq. (6): aperture sizeP. Whether the optimization methods for
Ab beamwidth overlap andtendue described in Sec. Ill can be
=— used in the design of aperture and collimator systems de-
2(1+2ylL) pends on the situation. Often the coverage by a multi-
These curves are shown in FigaB channel camera is chosen to be fan shaped, which can be
The maximum angle witiA¢ gives, withé,— &, =A¢, achieved by one common aperture for all channels, see Fig.
1(b) (this is often called “pin-hole” camena If one uses
P=Ltan(A¢/2)-D, individual detectors that have no restrictions on their dis-
which has solutions fot.>Lp_,=D/tan(A£/2). The colli- tance from the common aperture, the optimization methods
mator solution for GXL<Lp_p=2D/tan(A¢/2) is of Sec. Il can be used. However, in many cameras arrays of
C=LtanA¢&/2)/2.
These curves are also shown in Figa)8

Ideally one has two degrees of freedom in the optimi-

C

detectors are used with fixed detector-to-detector distance.
For a given fan coverage, this fixes the distabcand one
can use the equations of Sec. Il to find @ppropriate for
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the required beam overlap, or one can optimize teadue,
but not both simultaneously. This problem can be circum-
vented by having an individual aperture or a collimator for
each channdlFig. 1(c)].

Although collimators give ®ndues similar to or even
better than aperture systemBigs. 6—8b)], there can be
considerable technical complications. In reality collimators
will always have finite wall thickness, which reduces the
etendue. It may be more difficult to manufacture rectangular
collimators than rectangular apertures. Depending on the
wavelength range there can be light reflections on the colli-
mator walls; this is a problem even for small wavelengths
due to the grazing incidence. Many collimator systems
will, therefore, require antireflection features. For example,
the bolometer cameras mounted in the JET tokamak di- L (mm)
vertor use screw-threaded cylindrical holes as collimators.

Circular collimators, however, radically change the shape of!G. 9. Results of optimized approximate angulaenelue for a typical
normal-view channel with poloidal angle differeneef,=4.6°. The 3D

the beamW|dtr?sand make it ImpOSSIbIe to optimize the par- etendue is shown as a function of distangea) shows a large range ai)

a”el_ and perpendicular directions independently. If SPACe I18hows a blowup for small. Above Lp,-p, all solutions coincide. Below
available, an aperture system may be a more practical solus, _, there are three toroidal solutions: the dashed line is the toroidal
tion than using a collimator. aperture solution, the solid line the toroidal integer collimator solution, and
The following is a discussion of the design of aperturethe dot-dashed line the toroidal fractional collimator solution. For each of
the toroidal collimator branches there is a poloidal aperture branch with
systems for a bolometer camera on the JET tokamak. Thlé‘L N . P per N
bol desi q | h é> Dyfor L> LpézDé, and a poloidal aperture branch W|Er]§<Dp for
new Qometer Cam.era was es'gne_ to replace t. € Cameip$:D$<L<Lpp:0. Below Lpéththere are two poloidal collimator
for Wh|Ch_ an analysis was made in F!g. 5. For various rea_'branches; from top to bottom the four curves are toroidal fractional collima-
sons a pin-hole camera could not be implemented; the maiar and poloidal fractional collimator, toroidal integer collimator and poloi-
i i i i -to-noisd@al fractional collimator, toroidal fractional collimator and poloidal integer
reasons are now briefly given. To improve the signal-to-noisgal fractional colli idal fractional colli d poloidal i

: ; ; ; collimator, and toroidal integer collimator and poloidal integer collimator.
ratio the detectors should be cooléesistor noise is low, For one of the branchdsoroidal aperture or integer collimator and poloidal

low-noise cabling can _be used, ar!d the probing voltage of thgperture or integer collimatpthe numerically calculated 3Dtendue for
bolometers can be higher than if not cogledacuum re-  somelL is plotted as solid circles.

quirements on the JET tokamak necessitate the cooling sys-
tem to be contained in a secondary vacuum. It was decided
that to reduce costs the camera should be compact so thaged on many fusion devices. These bolometers are in arrays
only one water-cooling and secondary-vacuum system woul@f four detectors at fixed distances. As discussed, in the case
be needed for all detectors. A compact camera has the furth€f a fixed detector-to-detector distance, individual apertures
advantage that it can be made to fit through standard vacuu@ive the flexibility to optimize the beamwidth overlap and
flanges(in this case a DN225 flangewhich gives the flex- €étendue independently. Figure 9 shows the approximate 3D
ibility to easily mount and unmount the camera without étendue as a function of distanteor a represgntative chan-
welding. The range of possible positions of pin holes and€l of the normal view. The approximate 3@erdue was
angles of the detectors in such a compact camera is veifpund to be accurate within 1% when compared with the
limited and a regular coverage of the entire plasma crosgumerically calculated 3Dtendue for some (see Fig. 9.
section could not be achieved. Therefore, individual aperThe parameters for this channel af,=0.65 mm, D,
tures for each detector were needed. In addition, if a commor: 1.90 mm, ¢4~ ¢,=241°, §=246.25°, A{,=4.6°, and
pin hole were used for several groups of detectors, thé\b,(@y=3.5 m)=0.5 m; in the toroidal direction the detec-
detector-to-aperture distance required to obtain a reasonakiier and aperture are parallel. The angul@relue overlap at
coverage would reduce the achievabienglue by a factor of the FWHM constraint was applied in the poloidal direction
2 (see discussion on Fig. 9 belpviThree different views of (Sec. Il B) and the maximum width in the toroidal direction
the plasma were combined in one campgfa. 4a@)]: (1) a  (Sec. Il D). The maximumAb, in the toroidal direction was
normal view with 16 channels covering the plasma crosshosen such that toroidal bending is negligible at the maxi-
section in a similafbut slightly improved way as the cam- mum distance of the view®therwise analysis of measure-
era it replacescf. Fig. 5b)], (2) a back-up coarse view of ments is complicated and blurring may occur in tomographic
eight channels, which will make possible an accurate estireconstructions The dendue is seen to peak at
mate of the total radiated power even if channels of the nor=333 mm[Fig. %a)]. This peak is mainly the result of the
mal view break, and3) a fine view of the divertor region at beamwidth criterion in the toroidal direction. The collimator
the bottom of the vessel with eight channels. The aim of thesolutions[Fig. 9b)], which are complicated combinations of
fine view is to better resolve peaks in emissivity in the di-poloidal and toroidal collimators, have reasonably largse
vertor than at preseiiEig. 5a)]. dues, but could not be implemented because of the technical
The chosen detectors are the standard compact metalifficulties discussed above. Around its peak in the aperture
absorber bolometers designed by IPP-Garcfinghich are  branch, the' ®ndue is a shallow function df. This means

(@) AE =4.6°

3 D étendue (x10-8 m? sr)
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the toroidal part could be increased by choosing a laRyer
which is possible because the maximynn the plasma is
smaller for these nonvertically viewing chann¢tee Fig.
4(a)]. In fact, to ease the manufacture of the collimator
block, the toroidal-aperture size was chosen to be the same
for all channels of the same view.

To obtain a high resolution with the fine view in the
divertor region, the poloidal size of the apertures of the fine
divertor view was optimized to give optimum overlap of the
geometric function in the divertdi.e., solving Eq(7) for P
to give the equivalent of Ed8) for arbitrary ¢4, ¢,, andé].
Figure 4b) shows the resulting angulartemdues for the
three views. It can be seen that, although the optimization
was carried out separately with planar systems in the poloi-
dal and toroidal directions, deviations due to 3D effects are
small. The reason for the high angulderdue for normal-
view channels that have apertures on the side of the collima-
FIG. 10. Expanded view of collimator block for a new bolometer camera ontOr block is the relatively Iarge tpr0|dal aperture, which is the
the JET tokamak. The detectors view from the top through a set of aperture§@me for all channels as 'ndwate,d above, for storit
Fine-view channels are at the left, normal-view channels in the middle, anghould be pointed out that the anguléeredues of the normal
coarse-view channels at the right. view are more square than those of the old camera in Fig.

5(b), and thus that the normal view is more prone to aliasing
that, because neighboring channels are similar, the damein tomography. However, the nonideal antialiasing overlap is
can be chosen for all channels of the same view with hardlyully compensated by the fine view that covers the only re-
any loss of performance. Actually, due to space restrictionsgion where fine structure in the emission can be expected.

L =195 mm was taken. For this the toroidal and poloidal In addition to the reasons to design separate apertures
aperture sizes can be calculated for all channels from{®q. given above, a collimator block also has other advantages. It
and by solving Eq(5) for Py, respectively. The coarse-view is attached to an outer screen, electrically insulated from the
channels would have required a lardefor optimum é@en-  holometers, that can conduct halo currents during disruptions
due. But with thel. optimized for the normal-view channels and thus protect the sensitive bolometers. This also means
the d@endue is typically two times that of the normal-view that the shielding and earthing of the camera could be opti-
channels, so that the signal-to-noise ratio will be good alsenized. In the JET and other tokamaks the same type of bo-
with this L. For the current camera Pafametdf%:Dt lometer suffers from interference with lower-hybritlH)
<Lp-p, for a different set of parameters this could be re-waves, which are u;e_d to heat and drive current in thg
versed and the resultingemdue curves as a function bf plasma. Although this interference has been reproduced in
would look quite different from Fig. 9. the laboratory, the physical mechanism has not been conclu-

Figure 10 shows the design of the individual apertures?iVeW identified. Because the interference almost always cre-
The detectors view from the top. The apertures with the sizedted a negative signal, interference on the cabling has been
optimized as discussed are at the bottom. These apertures &+éed out. The many apertures in the collimator block and
precision machined. To avoid cross talk between channel§mallest size comparable to the wavelength of the LH waves
walls between channels are necessary from the aperture make It.pOSSIb|e to minimize |r_1terference, for instance by
the detector; in other words, collimators are required. Notdntroducing a conducting mesh in some of the apertures.
that this meaning of collimator is different from the multiple
parallel-wall cpllimators discusseq in. Sgc. Il. Plain .walls V. DISCUSSION
would reflect light, due to the grazing incidence, even if they
were blackened. Therefore, a set of plates with holes were The design of multi-channel aperture and collimator sys-
carefully designed by 3D computer-aided design to preventems for plasma diagnostics is not usually optimized for
light reaching a detector from any other than its own aperturenore than one parameter: either beamwidth overlapeor-e
(Fig. 10. The holes in the plates and at the top of the colli-due (light yield). For some applications beamwidth overlap
mator block have been designed with a suitable tolerance a the FWHM is advantageous, for which it has been shown
not to bound the view. The plates and insides of the collimathat an acceptably low level of spatial aliasing for tomogra-
tor block are blackened to prevent stray light. The resultingphic analysis is obtained in the present application. As has
“collimator block” is complicated but can be manufactured been illustrated with the new JET bolometer system, the
by means of wire erosion. As stated, the height of the colli-equations and figures in Secs. Il B—III D for planar aperture
mator block is close to the optimuinfor the normal view. and collimator systems can be used to determine the achiev-
The width (256 mm) is limited by the port-flange size. To able ‘¢endues for the required beamwidth overlap and to
obtain the required fan coverage, for some channels thmake the appropriate choice from possible detection-system
bounding aperture had to be on the side of the collimatofayouts: (1) detectors with a shared apertugn hole), (2)
block. Although this reduces the poloidal part of therelue,  detectors with individual apertures, ari8) detectors with
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multiple collimators. The required beamwidth overlap can beThis equation shows that the geometric function curve in
achieved for a range of detector-to-aperture distances with afig. 7(c) does not consist of straight lines, but that they are
aperture size that is a function of the distance. For detectorsomplicated goniometric functions. In practice, however,
and apertures with rectangular shape, the maximum lighstraight lines give a very good approximation. Some equa-
yield given by the combination of the planateadues in tions given here and in Table | may fail at certain orientations
planes parallel and perpendicular to the tomographic recorsf the aperture system as arctan returns a value in the range

struction plane determines the optimum distance. —1m, ... m while a value in the range,0..,27 is re-
quired. Minor obvious modifications to the equations are
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APPENDIX: SOME ANALYTICAL EXPRESSIONS FOR
PLANAR APERTURE SYSTEMS

In Ref. 9 some analytical expressions are given for a 3DFor L>P,D the Taylor expansion of this function gives
aperture system. These are also valid for planar systems, lpP/L, which is equivalent to the planar parts of Ed).
taking k(p,¢)=1 inside the region given by Fig.(® and  This limit is easily satisfied, as is shown by the agreement
Table I, and zero outside. Therefore, EQ) gives e(¢)  between the approximate and analytical 2Brelues in Figs.
=Ap(§), whereAp(¢) is the distance between the curves in6(b) and 7b). It can be verified, with considerable computa-
Fig. 2(b), which are given byp,(§)=—(x,—Xg)siné+(y, tional effort, that the integral over cross section of the geo-
—Yo)cosé with (xp,,yp) from Table | and(xq,yo) an arbitrary  metric function perpendicular to the average viewing direc-
origin which cancels im\p(¢). In addition, the 2D geometric tion gives the same result at any distangkis is the
function (in real spackcan be expressed analytically. The conservation of thétendué?).
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