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The SSPX Bolometer Systems

|. Total Power Bolometers

There are two bolometry systems on SSPX, one that measures the total
radiated power and a 16-channel array to measure the radiation profile. The first
collimates the radiation through two slits in the horizontal plane spaced a distance
s = 1.2 cm apart as in Fig 1. The slit heights are h = 1/100 th of an inch, and the
detector material is behind the second one. The number of electrons generated per
photon is proportional to the photon energy (except for a factor of 3-4 enhancement
in efficiency in the visible) so that the current of electrons is proportional to the
power received. The power is in turn the product of the flux hitting the detector
material and the projected perpendicular area of the slab material to the line of sight
(which is often at an angle to the slab).

Fig. 1. Slit geometry defining the line-of-sight for the total power
bolometers.

The manufacturers' specifications state that the bolometers generate 0.273

A/W of incident power. The current | is measured across a 50 Q resistor in a Camac
8210, so that the bolometer power is
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The radiant flux dF (W/cm?2) from any given point in the plasma is e with r the

distance between that point and the plasma. The integral dV is over all points in the
plasma volume that can see some portion of the detector. Here, we assume
p(W/cm?3) is a constant radiated power density.

For the total power bolometers (there are 3 of them) a perpendicular off the
detector material passes through the center of the plasma. They are setback a
distance d = 10 cm from the edge of the plasma of radius a = 50 cm, and view a
wedge of plasma that is £ cm high (see Fig. 2) at the far edge of the plasma (a
distance 2a + d). From the slit geometry (spacing s = 1.2 cm, height h = 0.01 inch)



. . h 0.0254
the wedge is angled + o degrees from the horizontal, where o = s= 10

(wedge angle of £1.2°). At the far edge of the plasma, at a distance 2a + d, the
wedge height £ =2hs-1(2a + d), so that £ = 4.66 cm. Using a laser source we
measured £ = 5, but its finite spot size over estimates the value.

Fig. 2. Geometry of the view for total bolometry.

The detector area which multiplies the flux from different portions of the
viewing wedge will vary with position in that wedge. For rays perpendicular to the
detector and centered in the slots the full area Aget is illuminated. (Aget = 0.01w in2,
with w the detector width behind the slot). For rays above and below the midpane of
the wedge the first slot shadows part of the second one, so that the area is

decreased linearly over angles ¢ off that plane. For rays off to the sides of the

wedge over angles 6 the projected area of the detector is Agetcos, so that our
integral is now :
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Here, cosfq = 5r(a + d) and A(¢) = Aget(1 —a). Then,
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Let x = au, d = ba, then
2
ha .
Pdet = Ssnt PAdet G[Sln61du

u(u + 2b) + 2b(1 + b)
2(u + b)(1 + b)

with cos0q =

For b = 1/5, the integral is 1.457 so

1.457ha A V(volts
Paet =~gr PAdet =565 = %3.65) watts

The radiated power from the plasma is Pag (MW) = ra2lp, so with L = a = 50,

V(volts)
8.54A4et(cm?)

Prad (MW) = 0.125xp = MWatts

Two of the detectors are 1/4 cm wide (one bare, one covered with glass) while the
third is 1/2 cm wide and covered with lithium flouride. For the smaller detectors the
radiated power is 18.74 MW per volt while it is half of that for the larger one.

If one assumes that the radiated power is constant over part of the plasma
and zero elsewhere it is easy to show that one will calculate the same total power
radiated (but higher power density where it does radiate). The voltage on the
detector is a measure of the number of photons that get there times their energy. So
it does not matter where (what profile) they come from, the total power will be the
same. For example, in Fig 2 if we assume the power density is constant out to a
radius ka, where 0 < k < 1, we can repeat the calculation as before, except using

r2 + (a + d)2 - (ka)2
or(a + d)

COSOyK =

Equating the measured voltage to the new value of Pget will give a new value of p
over this limited region, but the total power radiated will be the same as can be
shown by direct integration.



2. Radiation Profiles

Radiation profiles are determined by a sixteen channel bolometer system
shown here in Fig. 3. A collimating hole ahead of a detector array defines 16
different sight-lines through the plasma, the first ray passing through the center of
the spheromak and the 16t passing close to the edge. Each ray passes through a
subset of the zones, each zone defined by the ray passing through it tangentially.
So the first zone is the center of the plasma, the next annular region is zone 2, etc.
The radial extent of each zone is variable and determined by the exact angular
spread of the rays. At the tangency point, a ray bisects the zone, so the angle of the
rays determines the width of a given zone. The angles in turn are defined by the
geometry of the detector array.

18t ray

zwonem

Fig 3. The ray and zone geometry for the SSPX array

The channels are defined by a circular pinhole in front of an array of 16
pinholes in a line. The 16 SSPX detectors are behind 0.02" diameter holes in a
0.01" thick plate, and spaced 0.08" apart. A second plate of the same thickness,
paraliel to it but L = 1" away, has a 0.025" hole located such that the perpendicular
from its center strikes the detector plate midway between the 8th and 9th channel
and is pointed between the 8t and 9th ray through the plasma. The rays eminate
from the 0.025" hole which is 9.17 cm from the edge of the plasma. The collimating
geometry is shown in Fig 4.

The angles a and f are calculated from the geometry shown,

L tanop = 0.04 + 0.08n - 0.01 - 0.0125 = 0.0175 + 0.08n
and

(L + 0.02) tanf = 0.04 + 0.08n + 0.01 + 0.0125 = 0.0625 + 0.08n
Then

ABp = Bn - On and 6n=0an + 05(Bn - (Xn)



where 0, is the angle of the ray from the nth hole.

If ray #1 is to pass through the center of the plasma, and ray #16 within a
specified distance from the edge (r = 50 cm), then the distance L between plates is
fixed by that requirement. Since the data from bolometry is most sensitive to the
edge value of power (Abel inversion unfolds from the outside inward) we choose to
make the last ray pass within 1 cm of the edge, so the distance rig in Fig 3 is 49 cm.
Since d = 9.17 cm the angle between rays 1 and 16 must be sin-1{49/59.17} =
55.9063°, and the angle 87 should be half of that (27.9532°). From the above

equations the distance between plates is then L = 1.1303". For this spacing, the
angles for the holes n = 0 - 7 are given in Table 1.

0.025” dia

‘ 0.020” dia
C .|

n=2

all plates
0.010” thick

Fig. 4. Geometry of the detector channels.

Next, we want to know the length {; that the ith ray traverses between edges
of the plasma. From the geometry in Fig. 5, (£i/2)2 = a2 - (r;)2 and rj = (a + d)sing;.
These lengths & are the sum of the lengths of the ith ray through the m radial zones
it passes, j= ZQi-m. Here, ¢1 = 0° and the remaining angles can be calculated
using the values from Table 1 for the different holes. Table 2 gives the values of r;,
Li, and ¢; for the 16 rays. We also compute the radii py, of the zone boundaries, by
splitting the distance between adjacent rays, and the width of each zone. The

center of the plasma is zone 1 and the outer radii are pm = m +_rm+;;r_m_, except

that p1g = 50 cm.



Table 1
Angular spread of rays in SSPX

n L alpha beta  theta (1/cose)r4
0 1.1303 0.887 3.165 2.026 1.001527
1 1.1303 4.93 7.185 6.058 1.016474
2 1.1303 8.925 11.14 10.03 1.052689
3 1.1303 12.83 14.98 13.91 1.110509
4 1.1303 16.63 18.7 17.66 1.19161

5 1.1303 20.27 22.25 21.26 1.298268
6 1.1303 23.76 25.64 24.7 1.433364
7 1.1303 27.06 28.84 27.95 1.600378

Fig. 5. Chord length for the ith ray.

Next we rieed the chord lengths for the ith ray in each of the m zones. Let
i m be the length of the ith ray through the mth zone (see Fig. 6). For m < i the
length is zero, and for m =,

(Li,m)2 = 4lpm? - (1)?]
In the m+1 zone,

Rimet =2V (pme1)2 - ()2 - 2V (pm)2 - (r)2

Incrementing m up to m = 16 gives the remaining lengths. This proceedure then
gives the ith row for the length matrix of Table 3. The columns are the zones m = 1
to 16, and the total lengths sum correctly to those given in Table 2.



Table 2
Angular spread of rays, and radii of rays and zones

ray/ ) ray chord zone Ap
zone angle radius length outer width
~ radius
1 0 0 100 1.68
2 3.2556 3.36 99.77 5.127 3.447
3 6.6903 6.893 99.05 8.733 3.606
4 10.293 10.57 97.74 12.47 3.733
5 14.045 14.36 95.79 16.28 3.818
6 17.923 18.21 93.13 20.14 3.853
7 21.895 22.07 89.74 23.97 3.831
8 25.927 25.87 85.57 27.72 3.751
9 29.979 29.57 80.64 31.33 3.613

10 34.011 33.1 74.96 34.76 3.424
11 37.984 36.42 68.52 37.95 3.195
12 41.861 39.49 61.35 40.89 2.935
13 45.614 42.29 53.36 43.54 2.658
14 49.216 44.8 44.4 4592 2.376
15 52.651 47.04 33.91 48.02 2.099
16 55.907 49 19.9 50 1.981

Fig. 6 Geometry for calculating length matrix elements.



Table 3
Length matrix for the SSPX bolometer system

3.36 6.89 7.21 7.47 7.64 7.71 7.66 7.5 7.23 6.85
0 7.74 8.38 7.89 7.86 7.84 7.75 7.57 7.27 6.88
0 0 10.7 10.1 8.73 8.33 8.07 7.78 7.43 7

.39 5.87 532 4.75 4.2 3.96
.42 5.89 5.33 4.77 4.21 3.97
.51 5.96 5.39 4.81 4.24 4

© oo N oD

0 0 0 13.2 11.6 9.51 8.74 8.23 7.74 7.23 6.68 6.09 549 4.89 4.31 4.06
0 0 0 0 154 12.9 10.1 9.04 8.28 7.61 6.96 6.3 5.65 5.02 4.41 4.14
0 0 0 0 0 17.2 14 10.6 9.2 8.21 7.39 6.62 5.89 5.2 4,55 4.27
0 0 0 0 0 0 18.7 14.8 10.9 9.22 8.05 7.09 6.24 546 4.76 4.44
0 0 0 0 0 0 0 19.9 15.4 11.1 9.11 7.79 6.73 5.83 5.03 4.67
0 0 0 0 0 0 0 0 20.7 15.8 11 8.89 7.46 6.34 5.4 4.97
0 0 0 0 0 0 0 0 0 21.2 15.9 10.9 8.58 7.07 5.92 5.37
0 0 0 0 0 0 0 0 0 0 21.4 15.8 10.6 8.2 6.65 5.92
0 0 0 0 0 0 0 0 0 0 0 21.2 156,56 10.2 7.77 6.7
0 0 0 0 0 0 0 0 0 0 0 60 20.8 15 9.7 7.86
0 0 0 0 0 0 0 0 0 0 0 0 0 20.1 14.4 9.84
0 0 0 0 0 0 0 0 0 0 0 0 0 0 19.3 14.6
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 19.9

The next task is to compute the power received in each of the 16 detectors,
assuming the radiated power density is constant throughout a zone but different in
each zone.

3. Power on _a bolometer array

A bolometer array consists of a circular pinhole, of small but finite extent, on a
plane (2) close to a second plane (3) with a linear array of bolometers centered
along the line yo = 0 . We want to calculate the power received on any one of the

bolometer surfaces in that array . These two planes are separated by a distance .

We first map the radiation from a third plane (1) in the plasma at a distance £ onto

the plane of the detectors to determine the flux at a point (Xo,yo) on plane (3). All
three planes are parallel as shown below, and we must have the radius of the

pinhole rp << 2,.

The plasma plane (1) has a finite thickness d{ so that the power radiating
over 47 steradians from the area dS is P(x,y) = p(x,y)d2dS. Here, p(x,y) W/m3 is the
radiated power density at (x,y). The flux on the pinhole on plane (2) from this power
P(xy)
4mr2
rcosd = £ and r? = 22 + x2 + y2, so that the power through the pinhole from dS is

FpSpcosB. The pinhole is extremely small, so that the area dS maps geometrically
into the area dS, and the coordinates map in a similar way; viz.,

is Fp = (W/m2). Now, the ray is at an angle o. to the perpendicular, with

QQdSO = Q.OZdS and Q.XO =- Qox, Q.yo ZQ,oy



S

Power through the pinhole strikes the area dSg on plane (3), so the flux
perpendicular to plane (3) is F(Xo,Y0), and the power on dS; is P{(Xo,Yo),

p(x,y)d2dS
P(Xo,yo) = F(Xo,yO) dSo = FpSpCOSB = v44nr_2— SpCOS(X
and using 12dS, = £,2dS,
22 p(xy)dd |
F(Xo,Yo) = 0,2  4nr2 Spcos6 W/m2

(Note that the flux bundle passing through the pinhole is elliptical in shape in a plane
perpendicular to the flux, owing to the angle «, but the projection onto plane (3) is a
circle).

If each detector surface is masked by a hole of area Sqet then the power to
that detector is simply dPdet = F(X0,Y0)Sdet. So finally,

22 [p(x,y)d2]Sdet
02 4mr2
The 16 detectors in SSPX are distinguished only by their position xo n or,

equivalently, by their ray angle 6, to the plasma region they sample.

Lastly, suppose we want to take a spherical surface through the plasma rather
than the planar surface (1) shown above. This surface is a distance r from the
pinhole, and its thickness is dr. We now take an element dSq at plane (3) but co-
planar with the element dS (both are perpendicular to the ray path). The area dS1

dPdet = Spcosh Watts



projects to dSq (which is in plane (3) at a distance ry from the pinhole) through
dSocosf = dS¢.  We follow the same proceedure above, except that the mapping is
r2dS,cos8 = ry2dS.

S
)
r
@) S
(3) gy _bdr ¢
dSeo

The flux from the plasma volume element incident on the pinhole is

p(r)drdS

P™ 4mr2
and the amount of power passing through the pinhole is
dP(ro) = FpSpcost

This power is incident on the area dSy so there is a flux perpendicular to the
detector plane of F;, where

_dP_ p(ndr 5
F_L -—dSO -47'Cr02 SpCOS 9

The power to the detector is dPget = F 1 Sqet and is independent of r. To get the total
power along the plasma path length we integrate over r. For bolometry, where the
plasma is divided into zones, the integral is replaced by sums of the power in each
zone times length through that zone. Labeling the zones by m = 1 - 16 the power on
the ith detector from the ith ray is

10



16
) zpm Rim
m=1

SdetSpcos20;
(Pdet)l = 47C(roi2

The area Sget = 493.4°1 cm2, defining ¢ = r,j cos; = (L + 0.02) inches, so ¢ = 2.92 cm
2
gives 4g§ = 33,856. Defining a flux F,

£ 4nc? (Paet)i  _
'= 8 4.
P SdetCOS*O;

i,mPm

4. Power calculations

If we let p be a column vector for the radiation power densities in the different
zones, and F be a column vector as defined above, then the above formula can be
written in matrix form.

F=Lep and p=L1leF

If pm is in W/cm3 and the lengths are in cm, then F is in W/cm?2 when the detector
area is given in cm?2 then

Fi = 1.67 x 107 {Cdeth W/em?

cos40;

The angles 6; and the factors cos 4(8;) for each ray are given in Table 1. Recall that
the detector power is given by V = 13.65P et so that

Fi = 1.224 x 108 (Vicos™46)) W/cm?2
Then

pm = 1.224[L-1]; mVicos46i}m MW/cm3

Here, the detector voltages V; must be multiplied by cos-49;, their corresponding
enhancements that make up for the area losses from their slant angles to the
perpendicular. Also, the power density above is now in MW/cm3.

In the length matrix, columns are the zones, and rows are the lengths in the
zone. Inversion can be done with Mathematica, where the column vectors such as

p, F, and Ve cos-40 are written as lists such as

P ={P1, P2, p3, P4, e e e}
Ve cos-40= {V1c0s™401, Vocos40,, V3c057403, V4C05404, e e e o }

Matricies are defined by lists of lists,

L ={{L11, L12, L1z ® ¢},{L21, Log, Lpg ® ¢},{L31, L32, L33 @ o}, e o}

11



The operation we perform in Mathematica is p = Inverse[L].F, so we need the
inverse of the length matrix. That matrix, multiplied 100-fold, is given in Table 4.
Each element in the EXCEL spreadsheet carries 6 place accuracy. It was verified

that the product of Le L-1is a diagonal matrix, with off-diagonal values of the order

of 10-17.

Table 4
Inverse length matrix (multiplied by 100) for the SSPX bolometer system

29.8 -26 0.68 -1.5 -0.5 -0.4 -0.2 -0.2 -0.1 -0.1 -0.1 -0.1 -0 -0 -0 -0
0 129 -10 -0 -0.8 -0.3 -0.3 -0.2 -0.1 -0.1 -0.1 -0.1 -0 -0 -0 -0
0 0 9.33 -7.1 0.04 -0.6 -0.3 -0.2 -0.1 -0.1 -0.1 -0.1 -0 -0 -0 -0
0 0 0 7.57 -5.7 0.08 -0.5 -0.2 -0.2 -0.1 -0.1 -0.1 -0.1 -0 -0 -0
0 0 0 0 651 -4.9 0.11 -0.4 -0.2 -0.1 -0.1 -0.1 -0.1 -0 -0 -0
0 0 0 0 0 5.81 -4.3 0.13 -0.4 -0.1 -0.1% -0.1 -0 -0 -0 -0
0 0 0 0 0 0 5.34 -4 0.15 -0.4 -0.1 -0.1 -0.1 -0.1 -0 -0
0 0 0 0 0 0 0 5.02 -3.7 0.17 -0.3 -0.1 -0.1 -0.1 -0.1 -0
0 0 0 0 0 0 0 0 482 -3.6 0.18 -0.3 -0.1 -0.1 -0.1 -0
0 0 0 0 0 0 0 0 0 471 -3.6 0.2 -0.3 -0.1 -0.1 -0.1
0 0 0 0 0 0 0 0 0 0 4.68 -3.5 0.22 -0.3 -0.1 -0.1
0 0 0 0 0 0 0 0 0 0 0 4.71 -3.5 0.24 -0.3 -0.1
0 0 0 0 0 0 0 0 0 0 0 0 4.81 -3.6 0.26 -0.3
0 0 0 0 0 0 0 0 0 0 0 0 0 497 -3.7 0.26
0 0 0 0 0 0 0 0 0 0 0 0 0 0 5.18 -3.8
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5.03

Note that the largest values of this matrix are positive and on the diagonal,
and that all other values in each row are very small except the negative element just
next to the diagonal. So, in adding the contribution from the different detectors to
determine the power from a given zone the result is the following. For a zone, such
as zone 5, we multiply the elements in row 5 times the vector F which represent the
signals from each of the 16 channels. There is no contribution from the first 4 zones
of course, but by far the largest contributions to the value 100ps are 6.51F5 - 4.9F¢.
In general, for zone m, the contributions are largely from the rays i = m, m+1 with the
second contribution subtracting from the first. The negative values next to the
diagonal are all very close to 75% of the diagonal value, except for rows one and
two which are 89% and 78% respectively.

Summarizing, the first two inner zones have approximate values given by
100p4 = 29.76F4 - 26.49F5, and 100p45 = 12.9F5 - 10.1F3. Thereafter, the values
are approximately 100pm = Dm(Fm - 0.25Fmn+1), where Dy, is the diagonal element
in the mth column above. Of course, 100p1g = 5.03F 6.

One way to look at this data reduction is that the outemost zone (m = 16)
power density is determined directly by detector 16, and all other zone powers are

determined by subtracting about 3/4 of the signal (except for the cos-48 correction)
from the previous zone (working from outside to inside) to get its power density. [t is
commonly stated that the power for each zone is determined from bolometry by first

12



computing the outermost value and working inward by subtraction, impying that all
internal values are sensitive to the outer ones.

But a different interpretation, supported by the peculiarity of the inverse matrix
above, is that the power for a given zone is simply determined by signals from the
detector with that zone number (i = m) and the adjacent one (i = m+1), independent
of all other signals if they are not more than about an order of magnitude larger than
the two used for the particular zone.

To summarize the flux vector in MW/cm?2

F = 1.224{1.64V4, 1.47V>, 1.33V3, 1.21V4, 1.13V5 1.06Vg, 1.02 V7, Vg,
Vg, 1.02V4g, 1.06V14, 1.13V12, 1.21V43, 1.33V 14, 1.47V5, 1.64V 5}

Multiplying F by the inverse length matrix (in cm-1) gives the power densities in
16 v
MW/cm3. The total radiated power is estimated from mevm where the volume
m=1
elements for the m zones are computed from the radii defining the zones in Table 2.
We find the values for the areas Am, below in Table 5. These are to be multiplied by
some vertical height, = 50 cm, to get the volumes.

Table 5. Volume elements in the 16 zones

m Area
cmn2
1 8.868
2 73.71
3 157
4 248.6
5 344.9
6 440.8
7 530.8
8 609
9 670.3
10 711
11 729.7
12 726.9
13 7051
14 667.8
15 619.4
16 610.1
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