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* Crossed-roller bearings

* High resolution (0.1 pm), repeatability (+0.75 pm) and accuracy (+1.0 pm)
* High vacuum capable
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Calibration and sensitivity of the infrared imaging video bolometer

B. J. Peterson,® A. Yu. Kostrioukov, N. Ashikawa, M. Osakabe, and S. Sudo
National Institute for Fusion Science, Toki-shi 509-5292, Japan

(Presented on 10 July 2002

The infrared(IR) imaging video bolomete(IRVB) is an imaging bolometer which uses a large

(9 cmx9 cm) thin (1 wm) gold foil and an IR camera to provide images of radiation from the
plasma. Calibration of the IRVB using a lamp has been performed to compensate for any
nonuniformities in the foil's thickness and its thermal properties due to blackening of the foil with
graphite to improve the IR emissivity. This calibration revealed close to expected values for the
calibration coefficient proportional to the product of the thermal conductivity and the foil thickness
in the central region of the foil, while these values were anomalously high near the foil edge. The
calibration coefficient proportional to the thermal diffusivity is a factor of 2 smaller than the
expected value at the center and drops further at the edge of the foil. Using a derived expression for
the IRVB noise equivalent power, a sensitivity comparison shows the IRVB using current IR
technologies to be-200 times less sensitive than an equivalent conventional resistive bolometer
operating under ideal conditions. ®003 American Institute of Physics.

[DOI: 10.1063/1.1537031

I. INTRODUCTION eter. Finally, a discussion of the results is given in Sec. V

) ) ) ] with some suggestions for improving the calibration and the
Bolometers are important diagnostics for measuring th%ensitivity of the IRVB.

local and global radiated power from magnetically confined

pla§masl.'2 Bolom(_:;tric measurements have primarily utilized Il. SETUP FOR CALIBRATION EXPERIMENTS

resistive metal foil detectors? In recent years, infrareiR)

techno|ogy has been apphed to the de\/e|0pment of |mag|ng The foil and frame are shown in Fig. 1 and are similar to
bolometer$12 This has lead to a concept known as the in-that described previousfyThe gold foil is 10 cmx 10 cm
frared imaging video bolometeiiRVB)® based on a large X1 um thick sandwiched between two 2 mm thick, 13.5 cm
free-standing thin metal foil, the front side of which absorbsdiameter copper frames with a 9 em® cm hole in each
the incident radiation from the p|asma through a pinho|e_ Thérame which exposes the foil on either side. Sixteen bolts are
resulting change in the temperature of the foil is measured byised to clamp the frames together insuring good thermal
an IR camera viewing the graphite blackened, back side otontact between the frame and foil. The IR camera side of
the foil from outside the vacuum vessel through an IRthe foil is blackened with graphite, while the side exposed to
vacuum window. The foil is divided up numerically into bo- the radiation sourcéor plasma in actual ugés left as bare
lometer pixe|s Consisting of one or more IR camera p|xe|§0|d The outer sides of the frames are similarly blackened
and the heat diffusion equation is solved for the radiateddrior to assembly. The framed foil is mounted in a vacuum
power on the foil considering the losses due to the blackbodghamber which is then evacuated to less than 1 mTorr to

radiation from the blackened back side of the 13il. avoid cooling of the foil by collisions with room-temperature
To date, this diagnostic has demonstrated the ability tdnolecules and neutral particles. .
provide qualitative images of the plasma radiatitn? The foil is mounted in the vacuum chamber approxi-

However, in order to fully utilize this diagnostic for physics mately 4.5 cm behind a vacuum window with an inner diam-
studies requiring quantitative tomographic analyses of radiaeter of 14 cm. A 500 W lamp with a 16 cm diam parabolic
tion from divertor and core regions, a calibration technique igeflector is mounted 20 ¢cm in front of the window. On the
necessary which gives an adequate level of confidence in tHher side of the vacuum chamber a ZnSe IR window coated
absolute and relative levels of the measured values. In thi®r @ flat transmission response of95% over the range
article, we address this issue by describing the experiment@—12um is mounted on a flange. The blackened side of the
setup in Sec. Il and three different calibration experimentdoil is then viewed through this window with an AGEMA
and their results in Sec. III. In Sec. IV an expression is proLW900 IR camerg15 Hz, 272<136 pixels, 8—12um). The
vided for the sensitivity of the diagnostic based on an im-view of the exposed foil encompasses 136 (horizontal)
proved numerical algorithm for solving the heat diffusion X131 (vertical) IR camera pixels.

equation including the blackbody radiation losses of the foil.

This expression is then used to make a comparison of thél. CALIBRATION OF IRVB

sensitivity of the IRVB with an equivalent resistive bolom- The temperature on the foill(x,y,t), at the position
(x,y) (horizontal, vertical, and at timet is determined by

3Electronic mail: peterson@LHD.nifs.ac.jp the two-dimensional heat diffusion equations,

0034-6748/2003/74(3)/2040/4/$20.00 2040 © 2003 American Institute of Physics
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koot given by C,=Q,,/Q, . Data for this experiment was taken
s, for 10 s and the resulting 150 frames were averaged together
Qrad:ij, (4) to remove the noise from temporal temperature fluctuations.
Kty The profile is shown in Fig.(&). The foil temperature is then
sas_B(T“—Té) resampled to 18 13 points using a linear interpolation resa-
A (5) mpling routine [CONGRID (Ref. 13]. Then the two-
f

dimensional temperature profile is fit to a sixth-order poly-
where(}, is the two-dimensional Laplacian terf); is the  nomial in two dimensions[SFIT (Ref. 13]. The three
time derivative term(),,4 is the radiation source term, and different temperature profiles across the horizontal mid-plane
Qpp is the blackbody radiation loss term given by the Stefan-of the foil are shown in Fig. @. Using the polynomial
Boltzmann equation. The other parameters are given as tH#ting parameters the Laplacian is calculated analytically and
thermal diffusivity of gold,x=1.27 cnf/s, the thermal con- the blackbody radiation term is computed directly as are
ductivity of gold, k=3.16 W/cmK, the incident radiated shown in Fig. Zb). Then using these valu€3; is calculated
power densityS,,4, the thickness of the foilt;, the black-  from their ratio as described above. At the center the ratio is
body emissivity of the foile ~1, the Stefan-Boltzmann con- poorly defined as both values approach zero, therefore these
stant,os.=5.67xX10 > W/cn? K*, the temperature of the anomalous values have been arbitrarily set to 1.

background structuréroom temperatune T,, and calibra- One notes that the fitted data are slightly lower than the
tion coefficientsC;, C,, Cj. Ideally the calibration coeffi- resampled and raw temperature data. The blackbody term is
cients should each be equal to one, but in the cases of nomuch higher than the Laplacian at the edges which results in
uniformities in the foil thickness or variation of the thermal the anomalously high values &, at the edge. The other
properties of the foil due to the graphite blackening, the calivvalues are close to the expected value of Ggaoring the
bration coefficients should be determined for each part of théhree inner points, which result from the indeterminate ratio
foil. In order to determine these coefficients and check thef two numbers close to zexo

accuracy of the calculation @&,,4, three calibration experi-

ments were devised. B. Second calibration experiment

In the next experiment, the foil was quickly heated
(within 1 ) with the lamp up to thermal equilibrium without

In this experiment, the frame and foil are heated by theheating the frame and then the lamp was turned off and the
lamp up to a temperature of about 20 °C above room temdecaying foil temperature was measured. This results in the
perature, and then the lamp is turned off. The temperature dfeat diffusion equation being reduced to three terms, exclud-
the relatively massive frame cools very slowly while the foil ing the radiation source term. The®, can be solved for
is cooled rapidly by the blackbody radiation. The foil quickly from C,=Q,/(Q, —Q,,/C;). The data were analyzed by
reaches a steady state wherein the edge of the foil is at franfest resampling the raw data to a 233 grid with CON-
temperature and the center of the foil is at room temperatur&RID and then using a gradient expansion algorithm to com-
as can be seen in Fig(&. In this case, the heat diffusion pute a nonlinear least-squares[fRQURVEFIT (Ref. 13] of
equation is reduced to two terms, the Laplacian and theach of the grid point's time histories to an exponential de-
blackbody radiation terms. The calibration coefficient is thencay. The three-dimensional array is then resampled in time

A. First calibration experiment
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FIG. 3. Profiles at the horizontal midplane of the foil fof) FIG. 4. Profiles at the horizontal midplane of the foil fay AT—raw data

AT—exponentially fitted(line)_, resampled(diamond, surface fit_ted(tri- (line), resampled datédiamond, fitted data(triangle, (b) correctedQy,
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and the timing equivalent to 670 ms after the beginning of o

the decay is selected for the analysis. This two-dimensiondhe better balance between(}, and(ly, in Fig. 4b). Thes

array is then fit to a fifth-order polynomial in two dimensions value is also fairly constant and close to the expected value

(SFIT). These temperature profiles are show in Fig).3The  of one except at the edges.

surface fit is used to calculat®, and (), while the expo-

nential fitting parameters are used to calcul&tg These

terms are shown in Fig.(B) with ), also shown corrected |\, SENSITIVITY OF IRVB

by C,. ThenC, is calculated according to the expression

given above with and without the correction ©f and both Previously, an expression for the numerical solution of

profiles are plotted in Fig.(8). Eq. (1) for S,q was given using an explicit differencing
In this data set also the fitted temperatures are slightlschemé. We improve on this method by using a Crank-

lower than the original value<€), has the opposite sign of Nicholson schemé and also include the blackbody radiation

the previous case due to the change in the direction of theerm given in Eq(5) to give

heat diffusion{), has a rather flat profile, dropping suddenly

at the edges as do€. Even the peak vales &, are half Srag= Kte[ Q¢ —Q +Qpy], (6)
of what is expected.
where
. o . At At
C. Third calibration experiment Qt:m T(X,y,t+ ?) —T| X,y,t— 7” , (7)
In this experiment, the foil was quickly heatédlithin 1
s) by the lamp to a thermal equilibrium condition without . At . At
heating the frame and 10 s of data were taken. In this case, a co T xy,t+ > +TH Xy, t— 7)
1 mm thick sheet of teflon was placed between the foil ancnbb:ﬁ , (8)
the lamp at the position of the window to provide a uniform 2kt _ 4( E _ 4( _ f)
Tolt+ Tolt
(to within 1% light source. This experiment eliminates the 0 2 0 2
time derivative term of the heat diffusion equation and al-
lows one to solve foiC; using C3=Q ¢/ (Qpy/C1— Q). [4T(x,y)—T(x,y+I)—T(x,y—l)
The data was analyzed in the same manner as in the first 1 “TxHLY) =Tx=Ly) [
experiment with and with out the correction @f;,. C; is _QL:EZ AT(x,y)—T(x,y+D)—T(x,y—1)
normalized to the center pixel, as the absolute valu& gf +[ —T(x+1,y)=T(x—=1,y)
from the lamp is not known. The effective blackbody emis- a2 ©

sivity of the foil ¢ can be calculated frorm=C3/C, (C3
calculated using:,). and| is the spacing between bolometer pixelés time and

The wavelike structure seen in the raw temperature proAt is the time resolution of the diagnostic, ardandy are
file may be from uncompensated reflections on wrinkles inthe horizontal and vertical coordinates on the foil, respec-
the foil. These are removed through the fittif@y is much  tively. Applying standard error analysis gives the following
more uniform over the foil tha@, . This is seen to be due to expression for the noise equivalent power:
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\/f)ktfo,R\/ |4 4176252 TO foils would need to be increaseh excess of 10um) in
NRB=——— >t 57 order to stop the expected higher-energy photons. In such a
JmN SkM At Skt case, the concerns about the effects of blackening and non-
(10 uniformities in the foil thickness on calibration would be
in terms of the error in the IR camera measuremgpt the  greatly diminished.

time resolution of the IR camerat,g, and the number of Comparison of sensitivity of the IRVB using a state-of-
frames averaged oven (At=mAt,g), and the number of IR the-art IR camera with an equivalent metal foil resistive bo-
pixels per bolometer pixéll. The third term under the radi- lometer in terms of time response, detector size, and foil
cal due to the blackbody radiation has a negligible contribuparameters shows that the IRVB 4200 times less sensi-
tion to the error near room temperature. If we compare this tdive. However, these are for optimal conditions. Since the
a resistive metal foil bolometer with the same foil thicknessresistive bolometers are much more susceptible to electro-
t;=4 um, material(gold), detector ared?=0.06 cntf and  magnetic noise, the IRVB should be competitive with the
At=0.01 s for a state-of-the-art IR camera with the follow- resistive bolometers in terms of sensitivity in an experimen-
ing parameters og=0.02K, Atg=2.38ms, 320 tal environment, especially as the sensitivity of IR cameras
X 240 pixels then we get a noise equivalent power density ofontinues to improve and their pixel number and speed in-
190 uW/cn?, which compares with LWi/cn?, for the re-  creases. Also for the equivalent space taken by the resistive

sistive bolometet. bolometer head, an imaging bolometer could provide 20
times the number of channels in two dimensions at a much
V. DISCUSSION lower cost with no vacuum feedthroughs.
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