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tTwo self-s
anning spe
trally �ltered Dalsa CCD arrays are used on NSTX for mid-plane and divertor re
y
ling and impurity pro�le measurments. The CCD arrayshave been spatially and photometri
ally 
alibrated. Calibration te
hniques and pro-
edures are summarized and the results of the FY'2002 
alibration 
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1 Introdu
tionTwo Dalsa CL-C6-2048T 
ameras have been �elded at NSTX for quantitativemeasurements of one dimentional (1D) impurity and deuterium brightnesspro�les. Details of 
ameras setup and operation 
an be found in Ref. [1℄. Thisreport des
ribes in detail the te
hniques used for spatial and photometri
 
al-ibrations of the 
ameras. The goal is to summarize all relevant informationand 
alibration data so that an independent evaluation of the 
alibration pro-
edures and results 
an be performed.The 
ameras are operated with several a

essories. These are the Kodak wrat-ten neutral density �lters, the Barr Asso
iates In
. interferen
e �lters and theNikon F -mount lenses (see Table 1). Figure 1 shows a photograph of the
amera and gives the relevant 
amera parameters. The 
amera photometri
responsivity 
urve supplied by Dalsa is presented in Figure 2. The 
amerasare referred as to the LDIV CCD 
amera and the MID CCD 
amera. Theformer is mounted at Bay E top 
ange window and views the lower divertorarea radially. The latter is mounted in the midplane on Bay I window with ahorizontal view a
ross the 
enter sta
k (Figure 3). The MID CCD operatedat Bay B lo
ation with the same view prior to the FY'2003 run 
ampaign.2 Spatial 
alibration2.1 General te
hnique des
riptionBoth 
ameras are mounted using rigid G-10 plate stru
tures me
hani
ally ref-eren
ed to the va
uum vessel port 
anges. Some parts of the mounts remainatta
hed to the ma
hine and some parts remain atta
hed to the 
ameras at alltimes, so that the 
amera alignment and spatial 
alibration relies only on theme
hani
ally referen
ed surfa
es between these parts. The spatial 
alibrationof the 
ameras usually takes pla
e on
e per run 
ampaign during a yearlymaintana
e outage. The 
alibration requires several hours of manned entryinto the NSTX va
uum vessel. After the 
alibration the 
ameras are removedfrom the ma
hine be
ause of the high temperature bake-out 
onditioning thattakes pla
e before plasma operations. The spatial 
alibration itself involvesmounting a number of small lights ("Christmas lights") on the 
enter sta
kand lower divertor plates and measureing the light positions with a 
omput-erized roboti
 measurment arm. Snapshots of the lights with known positionstaken by a 
amera 
omplete the 
alibration. A fun
tional dependen
e between
amera pixels and pre
isely lo
ated points on the ma
hine surfa
e viewed bythe 
amera 
onstitutes the 
alibration. The spatial 
alibration is performed2



without neutral density or interferen
e �lters with the lens F -number typi
allyused in experiments. Shown in Figure 4 are the AutoCAD drawings produ
edby the 
omputerized roboti
 measurment arm system. Calibration light lo
a-tions are shown by 
rosses. Also shown is a photograph of the lower divertorarea with the mounted 
alibration lights.2.2 Magni�
ation and resolutionEa
h CCD array has 2048 elements (pixels). The pixel size is 13 �m �500 �m.Camera magni�
ation is de�ned as a ratio of the image size to the obje
t size.The image size is de�ned by pixel linear dimentions. From the lens equationwe obtain m = ImageObje
t = fL� f (1)where f is the lens fo
al length and L is the distan
e to obje
t. Using theaverage typi
al values of LMID = 1:40 m for the MID CCD 
amera, andLLDIV = 3:40 m for the LDIV CCD 
amera, and f = 85 mm we obtain themagni�
ations as follows: mMID = 0:064, and mLDIV = 0:026. These values
orrespond to the radial resolution of the �MID = 0:2 mm and �LDIV = 0:5mm. The resolution of the LDIV 
amera in the toroidal dire
tion ~� is 19 mm.The resolution of the MID CCD 
amera in the verti
al ~z dire
tion is 8 mm.2.3 LDIV CCDShown in Figure 5 is a ray-tra
ing diagram obtained using the measured LDIV
amera and 
alibration light lo
ations in the lower divertor. Shown in Figure 6is an LDIV CCD image of the 
alibration lights. Measured light lo
ations onthe CCD array are shown above ea
h peak. The data for the �fteen 
alibrationlights has been �tted with a third degree polynomial as shown in Figure 7.The third degree polynomial was found to approximate the data better than astraight line or a lower/higher degree polynomial. The �tting 
oeÆ
ients arein
orporated into an IDL 
ode used for 
amera data extra
tion so that the
ode returns the spatially 
alibrated data. Note that a major radius 
oordinateis used to represent the measured divertor pro�les. Table 2 summarizes the
alibration data. It also 
ontains the Z 
oordinate whi
h may be needed forpre
ise ray-tra
ing of divertor brightness pro�les modeled by edge transport
odes su
h as UEDGE. The 
amera "vortex" lo
ation is at R = 1:102 m andZ = 1:749 m. The 
oordinates used for modeling prior to this 
alibration wereR = 1:105 m, Z = 1:762 m. 3



2.4 MID CCDShown in Figure 8 is a ray-tra
ing diagram obtained using the measured MID
amera and 
alibration light lo
ations on the 
enter sta
k. The Z 
oordinateis assumed to be zero sin
e the 
amera and the lights are in the midplane. Animpa
t parameter p was 
al
ulated from geometri
al 
onsiderations for ea
hline of sight 
onne
ting the idealized 
amera point lo
ation and ea
h 
alibra-tion light position. These data are presented in Figure 9 and summarized inTable 3. The best approximation of the 
orresponden
e between the 
al
ulatedimpa
t parameters and peak images on the CCD array was found to be linear.This fun
tion is shown in Figure 10. The �tting 
oeÆ
ients are in
orporatedinto an IDL 
ode used for 
amera data extra
tion so that the 
ode returnsthe spatially 
alibrated data. The brightness pro�les as a fun
tion of impa
tparameter are easily inverted using an algebrai
 inversion algorithm. (To beadded at a later time).3 Photometri
 
alibration3.1 General te
hnique des
riptionThe photometri
 
alibration of the 
ameras is performed using the LabSphereURS-600 Integrating Sphere Radian
e Standard. The sour
e is re-
alibratedevery year by a LabSphere, In
. personnel using NIST tra
eable standards.The present 
erti�
ate of 
alibration was issued on the 30th of O
tober 2002.Shown in Figure 11 is the 
alibration 
erti�
ate 
urve as per LabSphere report37456-1. The 
alibration was obtained with the luminan
e value of 43170 foot-lamberts. The measured values are also given in Table 4. The integratingsphere provides a uniform stationary light sour
e. The 
alibration is performedwith an appropriate interferen
e �lter, thus the 
alibration sour
e may beregarded as being mono
hromati
 with the FWHM �� of the �lter bandpass�� = 1:6 nm. The total 
ux in
ident on ea
h CCD pixel of area A (expressedin m2) is �p = RISAp
 (2)whereRLS is the LabSphere integrating sphere radian
e expressed inWatts/m2sr �A, and 
 is the proje
ted solid angle of ea
h pixel's �eld of view. The latteris determined by the F -number of the lens F=# = f=d, where f is the lens4



fo
al length and d is the lens iris diameter. Therefore
 = �d24f2(1 +m)2 = �(2F (1 +m))2 (3)where m is the 
amera magni�
ation. The magni�
ation m is usually smalland 
an be negle
ted. The expression for the irradian
e in units of Watt/m2be
omes Ep = RIS��(2F (1 +m))2 (4)where � is an opti
al system eÆ
ien
y. The latter quantity is assumed tobe ' 0:92, sin
e the Nikon lenses are anti-re
e
tion 
oated, and 4 % of thein
ident light is re
e
ted from ea
h surfa
e of the port window. The a
tualtransmission of the port window has not been measured. The mono
hromati
spe
tral radian
e RLS is determined a

ording to Figure 11 and Table 4. Theinterpolated value of RLS for � = 656:1 nm is 282.932 mW/
m2/sr/�m.The photometri
 
alibration of both 
ameras has been obtained in a laboratorysetup for a full �eld of view. It was not possible to 
alibrate the 
ameras insitu, mounted on NSTX va
uum vessel. Ea
h 
amera was setup and alignedwith a He-Ne laser as shown in Figure 12. The distan
e between the 
ameraand the LabSphere integrating sphere opening was established to resembleas 
lose as possible the a
tual NSTX pla
ement. This distan
e does not playany role in 
alibration (sin
e the radian
e is inversely proportional to thesolid angle), however the a
tual distan
e was used to attempt to a

ountfor angular attenuation of interferen
e �lters. The data was taken at severalangular positions of the 
amera, and was 
orre
ted for a geometri
 
osinefa
tor that follows from the Lambert's law. A good verti
al and horizontalalignment was ne
essary sin
e an "obje
t" image 
orresponding to ea
h pixel(
al
ulated using the magni�
ations des
ribed above) was not negligible in
omparison with the LabSphere integrating sphere opening diameter is 1.5"(3.8 
m).3.2 LDIV and MID 
amera 
alibration resultsShown in Figure 13 and Figure 14 is a summary of 
alibration data for � =656:1 nm for LDIV and MIDCCD 
ameras, respe
tively. The URS 600 spe
tralirradian
e was fairly 
onstant during the 
alibration. The 
amera 
alibrationfa
tor is not uniform a
ross the CCD array. This is attributed to the variabilityin the CCD array response. 5



An example of the 
alibration fa
tor 
al
ulation is reprodu
ed below. Theexample refers to one of the LDIV CCD 
entral data points (
alibration shot3200069) in Figure 13. The 
amera measures Ip ' 1200 
ounts (ba
kgroundsubtra
ted) at a rate of 4800 frames/s (lines/s). The LabSphere luminan
eat the time of measurements was 7590 ft lamberts (ba
kground subtra
ted).This 
orresponds to the radian
e of R ' 4:976�10�6 W/
m2/sr whi
h followsfrom Figure 11:R= 7590ft lamberts � 282:93 mW=
m2=sr=�m43170ft lamberts = (5)= 7590ft lamberts � 2:83 � 10�5 W=
m2=sr=�A43170ft lamberts ==4:976 � 10�6 W=
m2=sr=�AThe CCD array irradian
e Ep is 
al
ulated a

ording to Equation 4. The F -number is 1.8, and the �lter FWHM Æ� = 16 �A.�= Ep(LS)Ip(
ounts) = R � �(2F (1 +m))2 Ip = (6)= 4:976 � 10�6 W=
m2=sr=�A � 0:68 16:0�A(2 � 1:8 � 1:026)2 1200: ==1:53 � 10�8 W
m2 
ountEa
h watt of irradian
e at � = 656:1 nm 
orresponds to 3:30535 � 1018 pho-tons/s. We obtain� = 1:53 � 10�8 W
m2 
ount � 3:31 � 1018 = 5 � 1010 photonss 
m2 
ount (7)In order to obtain plasma D� brightness into 4 � the solid angle of the a
tualF -number lens must be used again. The plasma irradian
e into 4 � for F = 1:8then is� = 5� 1010 photonss 
m2 
ount � 4 �
F = 5 � 1010 � 4 �0:242 = (8)= 5 � 1010 � 51:84 = 2:6 � 1012 photonss 
m2 
ountFor a typi
al divertor D� brightness of 1000 - 4000 
ounts and the neutraldensity �lter attenuation of 103 we obtain BD� � (0:2�1)�1023 photons/s/m2.It is possible to 
ross-
he
k the laboratory photometri
 
alibration of the 
am-eras using the estimates derived from the 
amera responsivity 
urve shown in6



Figure 2. The 
urve yields the pixel responsivity in units of 
ounts/(nJ/
m2,from whi
h the pixel irradian
e Ep (in units of Watt/m2) and the obje
t spe
-tral radian
e RLS 
an be estimated a

ording to Equation 4. At � = 656:1nm the 
amera responsivity is � 610 
ounts/(nJ/
m2). Suppose the 
amera isoperated at a s
an rate 4.8 kHz, whi
h 
orresponds to an integration time of0.208 ms. Therefore, the CCD array irradian
e isEp = 1610 
ounts=(nJ=
m2) � 10:208 ms = 7:88 � 10�9 W=
m2
ount (9)During the 
alibration we re
orded I ' 1200 
ounts, or Ep = 9:46 � 10�6W/
m2. The obje
t radian
e isRLS = Ep (2F (1 +m))2� � = (10)= 9:46� 10�6 (2 � 1:8 � 1:026)2� 16:0 = 2:6 � 10�6 W=
m2=sr=�AThe derived radian
e is a fa
tor of 2 smaller than the radian
e a
tually usedin the 
alibration, as measured by the LabSphere 
alibrated sili
on diode. Ithas not been possible to resolve this dis
repan
y at this time. The 
amera
alibration with the URS 600 sour
e has been performed several times over aperiod of over one year, before and after the URS 600 sour
e was re-
alibratedat LabSphere, In
. These 
alibrations have produ
ed 
onsistent results. There-fore, it has been 
on
luded that the 
amera responsivity provided by Dalsagives only a nominal responsivity value.3.3 Relative responsivity 
alibrationShown in Figure 15 is an in-vessel view of the MID CCD 
amera mountedat Bay I. The 6" diameter window provides a 
lear view of the 
enter sta
k.The in-vessel photograph of the LDIV CCD 
amera is shown in Figure 16.An attempt was made to assess the extent of possible vignetting of the portand passive plates on the LDIV 
amera �eld of view. Several images of an H�lamp were taken by LDIV CCD 
amera mounted on the port and operatedin 
onditions resembling the experimental ones. The test revealed that LDIV
amera responsivity is variable a
ross the �eld of view, being the most sensitivein the 
enter of the array and falling o� toward the edges, similar to the resultsfrom the photometri
 
alibration. The quantitative assessment of the in situresponsivity measurementwas hampered by the non-stationary behavior of theH� lamp light. A white plate or a LabSphere in situ responsivity 
alibrationshould be 
onsidered in the future. 7



3.4 E�e
ts of fo
usingMeasurements were 
ondu
ted to assess the e�e
ts of 
amera fo
using on theirradian
e (brightness) measurements. Shown in Figure 17 are the LabSphere1.5" opening irradian
e pro�les measured by the LDIV 
amera lo
ated at adistan
e of 3.30 m (the nominal distan
e between the 
amera and the NSTXdivertor plates). As 
an be seen, a well fo
ussed 
amera produ
es a pro�leof about 75 pixels wide, whi
h 
orresponds to 38 mm obje
t size using themagni�
ation of 0.026. The LabSphere opening diameter is 38.1 mm. It isevident that the 
amera has an adequate depth of �eld. Shown in Figure 18 arethe LabSphere 1.5" opening irradian
e pro�les measured by he LDIV 
amerafo
ussed at 11 ft and lo
ated at various distan
es from the LabSphere sour
e.Contributions from the obje
ts whi
h are out of fo
us and lo
ated 
lose to the
amera are 
omparable to those from the obje
ts whi
h are in fo
us.A
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Tables LensDiameter 75 mm (3 in)Fo
al length f 85 mmRange of F-numbers 1.2 . . . 16 Interferen
e �lterDiameter 75 mm (3 in)Spe
tral bandpass �� 1.0 - 1.5 nmTransmission at �
wl 0.5 -0.65Table 1Parameters of the 
amera lens and interferen
e �lter
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Major radius R (m) Verti
al 
oordinate Z (m) Pixel on CCD array1.1179 -1.587 781.082 -1.590 1531.033 -1.593 2540.948 -1.593 4250.907 -1.593 5070.850 -1.603 6180.793 -1.583 7280.736 -1.564 8370.684 -1.541 9320.634 -1.519 10240.569 -1.496 11540.508 -1.479 12690.435 -1.447 14070.364 -1.424 15450.299 -1.321 1666Table 2Measured 
alibration light 
oordinates used in LDIV CCD 
amera spatial 
alibra-tion. The 
amera "vortex" lo
ation is at R = 1:102 m and Z = 1:749 m.
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Horizontal 
oordinate Horizontal 
oordinate Cal
ulated impa
t Pixel onX (m) Y (m) parameter p (m) CCD array1.781 0.157 0.190 10081.764 0.178 0.1720 10651.753 0.200 0.1437 11601.742 0.228 0.1253 12201.738 0.248 0.1018 13001.735 0.272 0.0788 13741.736 0.297 0.0454 14721.740 0.326 0.020 15641.747 0.348 -0.006 16551.758 0.373 -0.029 17281.770 0.393 -0.061 18391.804 0.429 -0.086 19231.847 0.456 -0.110 2003Table 3Measured 
alibration light 
oordinates and 
al
ulated impa
t parameters for the
orresponding lines of sight used in MID CCD 
amera spatial 
alibration.
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Wavelength Spe
tral Radian
e(�m) (mW/
m2-sr-�m)0.30 2.11e+00.31 3.19e+00.32 4.71e+00.33 6.71e+00.34 9.49e+00.35 1.26e+10.40 3.96e+10.45 8.23e+10.50 1.33e+20.55 1.92e+20.60 2.35e+20.655 2.82e+20.70 3.17e+20.80 3.58e+20.90 3.51e+21.05 3.19e+21.15 2.84e+21.20 2.68e+21.30 2.35e+21.54 1.53e+21.60 1.42e+21.70 1.12e+22.00 4.48e+12.10 2.34e+12.30 1.72e+12.40 1.23e+1Table 4Spe
tral radian
e 
alibration of the LabSphere URS-600 Radian
e Standard12



Figures
Specifications
Resolution 2048
Pixel Size 13 µm x 500 µm
Aperture 26.7 x 0.5 mm
Lens Mount F-mount
Max Frame Rate 4.8kHz
Data rate 10 MHz
Data Format 12-bit RS422
Responsivity 618 DN/(nJ/cm^2)
Dynamic Range 1420:1Fig. 1. Dalsa CL-C6 
amera photograph and operating parameters
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Fig. 2. Dalsa CL-C6 
amera responsivity. Shown by �lled 
ir
les are the lo
ationsof � = 656:1 nm (D� and � = 465:0 nm (C III).14
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ameras pla
ement on NSTX15
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Fig. 4. AutoCAD drawings of 
alibration ("Christmas") lights positions measuredwith a roboti
 measuring arm system for the LDIV 
amera viewing lower divertor(a) and MID 
amera viewing the 
enter sta
k (b).16
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LabSphere calibration, 10/30/2002
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Fig. 15. In-vessel view of the MID CCD 
amera mounted at Bay I port 6" window.Neutral beam armor is on the left. 25



Fig. 16. In-vessel view of the LDIV 
amera mounted at Bay E top port 4" window.The port is re
essed behind the va
uum vessel wall and the stabilizing plates seenon the front. 26
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Fig. 17. Irradian
e pro�les of the LabSphere opening lo
ated at L ' 11 ft ' 3:30 mfrom the LDIV 
amera fo
ussed at di�erent distan
es
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