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1. Introduction

A review of the VAS Engineering Model Vacuum Test indicates a possible
problem with the VAS in orbit calibration. Pegéorming the calibration
algorithm with coefficients determined from ray tracing yields results
that d; not meet the accuracy requirements. Adjustments of the coefficients
can yield acceptable fits but several of the significant calibration
coefficients are moved far outside the range defined by the calculated
values and their estimated errors. Since no proven physical justification

exists for these changes, the calibration data set was analyzed in an

attempt to determine the coefficients uniquely from a regression analysis

and to estimate errors.



2. Calibration of VAS

The VISSR Atmospheric Sounder (VAS) will expose photoconductive HgCdTe
and InSb detectors to filtered and focused radi;tion emitted from the earth.
- The resulting detector output voltage must be converted to spectral radiance
values.by a reliable calibration procedure. The VAS detectors have a linear
relationship between output voltage and input radiance which is determined
by voltage responses to two known radiances. In flight evaluation of this
linear response is implemented by determining the detector response to space
and to an internal blackbody near 300°K.
To see this more clearly consider the voltage response of a linear

radiometer

= +
V=RN, +7

where V is the output voltage, NT is the input radiance, R is the responsivity
of the radiometer, and V0 is the system offset voltage. Calibration consists
of determining R and VO. A rigorous ﬁetermination is made by exposing the
radiometer to the two different external radiation targets of known radiance

magnitude and measuring radiometer responses. Therefore

Vl = RN1 + VO’
v, = RN, +V,,
so R=(V, - VI, - N,
Vo = NV, = NV)/(N, = N));
and if Nl = space view through VAS telescope = 0,
N2 = external blackbody view,
we have
NT . (N2V - NZVI)/(VZ - Vl)



However this relationship assumes that there is a source of known radiance

external to VAS. This is not so. Instead an internal blackbody is used

-

for calibration from which an effective value for N2 must be determined.

The estimate for the effective value of N2 is based on optical constants

of the VAS telescope and temperature measurements of the optical components.

The accuracy of the calibration is limited to the accuracy of the constants

and temperatures used to estimate N2.

A simplified description of the VAS and its radiation sources and targets

is presented in Figure 1. There are three distinct measurements which must

be considered in the VAS calibration.

space view Vl = a(l - Y)B(TA) + VO (D)
internal blackbody V2 = aB(TS) + VO (2)
external target V3 = a(yNT + (1—Y)B(TA)) + V0 (3)

where o 1s the responsivity of the detector, y is the transmission of the
VAS telescope, TA is the weighted average temperature of the VAS telescope,
TS is the temperature of the internal calibration blackbody, and B(T) is the
Planck radiance of a blackbody at temperature T. We readily find that

equations (1) and (3) imply
Np = (V3 - V) ay . (4)
Determination of a, by estimating y and TA’ comes from equations (1) and (2)
= -— Y - -— 5 -1
o= (V, Vl){B(TS) @ - BT . (5)

So we can rewrite equation (4) by inserting (5)

_1 »
Np = HB(T) -~ (1 - VBTYIV, - V)/(V, - V) . (6)
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The %{} term is the effective value of NZ’ the external blackbody radiance

which produces the same response as the internal blackbody radiance B(TS).
Define this to be B(TE), the effective blackbod§ radiance.

To determine TA’ we write the relations

1- Y)B(TA) = i a; B(Ti);

@)
i a; = a-v,

where I runs over all telescope components that contribute appreciably to
i

the background radiation, and the ai are constants determined from the
reflectivities, emissivities, transmittances, and obscuration fractions
of the various telescope components. Therefore

. 5 .
B(TE) =3 {B(TS) i a, B(Ti)}, (8)

and if all component temperatures are a few degrees within TS, then Taylor

expansion is justified and

9B 1 9B
B(Tg) + 5§1 (T - Ty = ;{B(TS) - Eai[B(TS) + 551 (T, - TS)]}.
T i 8

Thus
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i = _ =1
TE = TS i c; (Ti TS) , Wwhere g = )
So all together we find
NT = B[TS + i ey (TS - Ti)](V3 - Vl)/(V2 - Vl) s (10)



The telescope components included in the sum are

i symbol component

1 SM secondary mirror

2 PM primary mirror

3 oM scan mirror

4 BF baffle tube, forward end

5 SC shutter cavity

6 PAS primary mirror aperture stop
7 SMS secondary mirror shield

8 BA baffle tube, aft end

and the relative locations of the components are shown in Figure 2.



STSATBUY UOTIBAQETED OTAIPWOTPEY IYBFTIUI 103 OFILudd§ TeIFId0 7 =2anSidg

4 (W6) JOUYIW NYIS (2
QuVMYd “ 3GnL 3144Y8 (4)
14v ¢ 39nl 3144vQ (8)
<G—ALIYY1I ¥04 F1vIS hzm_mu&_olv

\ <
AGOEXOV1d ¥OLYYEITVD LHIITINI—__\ A : 4 k

INV1d 340123130

= /
[\ ¥3LLNHS u>_5“.:“m4

(O |
40LV¥EITYD .

(Sd3) dO1S mmﬁwﬁ_ﬁm ﬁw_:z_ (WS) YO¥YIW A¥VANODIS (1)

1dNd LIX3 =

(14) SN31 Q1314

é _ B A \\_

ANVId V004 JWIdd '/ “(Wd) JOUYIW AYYWIYd (2)
(SWd) dOLS HOUUIW AYYWIY ¢9)-



3. VAS Engineering Model Thermal Vacuum Test

The VAS Engineering Model Thermal Vacuum test attempted to verify
that this calibration technique meets the accufécy requirements 1.5°K
absolute error (mean error) and .5°K relative error (standard deviation).
The evaluation of the calibration accuracy was somewhat obscured by
preamplifier dc restore problems. However, it was possible to obtain
a good data set of temperatures and voltages for spectral band 8. Band 8
calibration accuracy was evaluated for 20 different telescope temperature
conditions from essentially isothermal to a gradient of approximately 18°C.
The test configuration is illustrated in Figure 3. Three voltages were
measured: the external target signal, VE; the internal blackbody signal,
Vi; and the space or offset signal, VO' Twelve temperatures were measured:
'TS, Ti’ T9 = temperature of the five position mirror in the calibrator,
T = temperature of the calibrator mirror, and TET = temperature of the

10

external target. Two additional terms were required in the evaluation of

the effective temperature T_ when the calibrator is used. To determine the

E
effective blackbody temperature of the VAS internal blackbody when placed

external to the VAS and the calibrator the effect of the calibrator 5-position
mirror (5PM) and the calibrator telescope optics (CM) had to be taken into

account. The calibration data set from the thermal vacuum test is listed in Table 1.

To evaluate the calibration, we write for the measured effective

temperature
. 10 ° g
IT,=T,+ L e, (T.,~-T,),
E s ., 18 1

and compare it to the temperature determined from using the measured voltages
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to scale the external target radiance

Tg = BV, - V) BT/ (W = V)],
where B~! indicates the inverse Planck function. The coefficients determined
from the physical properites of the VAS telescope (reflectances, emissivities,..)
and ray tracing (to determine obscurations ...) are listed in Table 2. With
these initial coefficients the absolute error iE - TE.= 1.35°K and the rms
deviation o = 1.22°K for the test data. The rms deviation is well outside
the accuracy requirements. Without any effort to account for thermal
gradients in the VAS telescope T;_:—T; = -2.50°K and 0 = 2.01°K. The
calculation of iE is only halving the absolute error and the rms deviation.

It was suggested that possibly some of the coefficients should be
‘reevaluated from better ray trace calculations. This was done at Santa
Barbara Research Center (SBRC) and the following adjustments were made:
secondary mirror c1 = .0564 ~ .0547;'shutter cavity c5 = -.0647 -~ -.027;
primary mirror aperture stop c6 = .0556 + .0471; and baffle tube aft
c = -087 > .06. The adjusted coefficients yield E:E - T, = 1.30°K and
o = 1.22°K, which is no improvement.

It was then pointed out that lateral misalignments of the telescope
could make the exit pupil stop appear smaller than was previously calculated.
With this rationale SBRC adjusted two coefficients, 5 position mirror ¢ = .03 - .01,
and calibrator optics c10 = .09 + .11; and SBRC varied two coefficients to
achieve a minimum rms deviation, baffle tube forward cu = .167 - .100, and
secondary mirror shield c7 = .3056 + .1100. These rather drastic changes

~

resulted in a marked improvement to T, - T

= - ° = 2 o
E E .097°K and o .220°K.

The very large changes in the coefficients are surprising. Estimated
errors in the ray trace determination of the initial coefficients were much

smaller than some of these changes. Although adjustments of these coefficients
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Coefficients Determined from

Symbol

SM
PM
6M
BF
SC
PAS

SMS

5PM

Table 2

-

Ray Trace Calculations

.0564
.0434
.0417
.167
-.0647
.0556

.3056

12
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yield acceptable fits to the calibration data, no proven physical justification
exists for changes of this magnitude. The question arises whether the
calibration data set is well conditioned enough to determine any or all

the coefficients from a regression analysis and whether coefficients thus

determined agree with the SBRC evaluation. It is the task of this work to

answer that question.
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4. Regression Analysis of Calibration Data

Working with the twenty data sets we write the relative error

['1‘E - TE - (TE - TE)] = Ti where i = 1,..,20; the jth telescope component
gradient temperature deviation from its mean [TS - Tj - (TS - Tj)]i = Aij
where j = 1,..,10; and the increment to the jth initial coefficient dj'

Thus

In the regression solution we minimize the sum of the squared residuals by

varying dj; therefore

L)
s 12 (T, -4, d.)2( = o,
8dK ; 1 j ij 3

which leads to the familiar regression solution

T,\—1 T
,? (A A)Kj A.. T.s

d
ij ji i

K

or

Ty,

3= ()1t a

Varying all ten coefficients yields the solution indicated in Table 2.
The increments to the initial coefficients are often ten times as large
as the coefficient itself and often yield a final coefficient that is
unphysical (i.e. a negative scan mirror coefficient implies reflectivities
that are greater than 1 or negative, or obscurations that are larger than
the field of view). The offset is -3.96 + 5.04°K and 0 = .150°K.

Proceeding with a stepwise regression analésis we vary the coefficient
whose partial correlation coefficient to the relative érrors is the highest
and fix the remaining nine. Most correlated was c = cg, and upon

5PM

redetermination it stayed as unphysical as before. In addition the partial
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correlation coefficients are varying wildly with the redetermination of c

thus making additional iterations of this stepwise regression analysis somewhat

-

futile.

An alternate procedure is to vary each coefficient individually leaving
the rehaining nine fixed to their initial value. The largest rms improvement
from an increment that still leaves the coefficient physical comes from
the secondary mirror shield; for c7 = .306 > .071 + .015, we find
iE - Tp = 1.35+ .073 + .116°K and 0 = 1.22 - .33°K. Only an unphysical
change in the baffle forward yields a greater rms improvement. Fixing
c7 at .071 and repeating the procedure doesn't yield any improvements in
the rms that come from physical changes in the remaining coefficients.

The failure of both stepwise regression procedures arises from the
high degree of correlation between the temperature gradients of one component
of the telescope with those of another component of the telescope. Most
correlations are .9 or higher. Only for temperatures in the baffle forward (4)

primary aperture stop (6), and 5 position mirror (9) is the correlation not
this high (correlation < .67 for these three). \Varying only these three
reduced the rms deviation to .184°K but left c'+ unphysical, c6 three times
bigger, and c9 roughly zero. Temperatures in the baffle forward (4) and
the secondary mirror shield (7), both varied to achieve a minimum rms
deviation by SBRC, have a correlation of .985. Varying (4), (7), (9), and
(10), as SBRC did, show increments going in the‘same directions as SBRC but
with largely differing magnitudes. Table 3 summarizes these results.
Apparently the data set does not contain sufficient information to

determine all the coefficients with a least squares regression analysis.

This can be seen more clearly in Figure 4 where the individusl temperature
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Summary
i Ci di
1 .0564 .43+.70
2 .0434 3.84+6.01
4 .167 =5.3447.41 -.30+.02 | -.19+.07 (-.067)
S -.0647 I.03+1.71 _
6 .0556 2.36+1.62 .12+.02
7 .3056 2.384+3.57 =.24+.02 -.10+.05 (-.1956)
8 -087 - .72i2011 . ’
9 .03 - .15+.07 -.15+.05 =-.03+.01 | -.04+.01 (-.02)
10 - .09 -1.89+1.26 ’ .07+.02 (+.02)
iE_TE , 1.35 —3.9615.04 -1.49+.27 .07+.12 | -.08+.10 -.04+.09
o 1.22 .15_ 1.06 .33 .18 .16
A B .C D E
A _ vary all ten coefficients
B #ary only the coefficient whose partial correlation coefficient
to residuals is the highest
C by varying each coefficient individually find largest ¢ improvement
from an increment that still leaves the coefficient physical
D vary only the coefficients of telescope components whose temperature
changes are correlated less than .67
E

vary coefficients SBRC varied (SBRC results in parenthesis)

Table 3
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gradients with respect to the internal blackbody temperature, (TS - Tj)’
are plotted for the twenty data sets. At best there are four or five
sets of different temperature variations, implﬁing that only four or five
equations can be determined relating the ten coefficients. This becomes

more transparent in the next section.
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5. Analysis of Covariance

To determine explicitly the relationships between the ten coefficients
determinable from the calibration data set, we‘}ewrite the regression
solution for'a in terms of the eigenvalues, A, and eigenvectors, 3, of

the covariance matrix, n‘lATA, where n is the number of data samples (for

the calibration data set n = 20);

d = n-loa-13TaTT |
When the square root of the eigenvalue of the covariance matrix is less
than the accuracy of the temperature measurements (.1 to .2°K), its
contribution to d is not reliable. For this data set, six eigenvalues
of the covariance matrix are within the noise level of the measurements.

Hence we can at best construct four equations and ten unknowns to determine
-

d;

373 = a~1a-15TpT7 , VA 3.1,

O0f the four reliable equations one has BTE ¥ Bzd so that the 5 position
9

mirror coefficient can be approximated; c9 ~ -.01, again very close tc

g~ Ti) arises

from the baffle forward (4) and the secondary mirror shield (7), so that

zero. Furthermore most of the telescope correction Zci(T
i

changes in these terms dominate wherever BZ and BT are non negligible. In
7

the sum of the coefficients wants to be

we

this way we find du + d7 T =.3
reduced by .3. The high correlation of the two parameters impedes individual
determination of either coefficient. Further conclusions from the four

equations are not transparent.

Finally one can repeat the above procedure with the following difference:
allow changes only in the coefficients that SBRC allowed to vary (4, 7, 9,

and 10) and work with the eigenvalﬁes and eigenvectors of the 4 x 4
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covariance matrix of only those four parameters. All eigenvalues of this
covariance matrix are acceptable, and solution of the equations yields
cq = —.04, c7 = +.21, c9 = -.01, and c10 = +.15. The result for cu is’
'unphys?cal and dll + d7 = -.3 is the better conclusion in light of the high
correlation of these two parémeters. Again we find increments going in
the same direction as those of SBRC but of much different magnitude.
Performing the same analysis many times but with normally distributed
random noise added on to the individual temperature measurements (.2 rms
noise for data sets 5, 6, 7, and 8 and .1 rms noise for all others) allows
a determination of an error estimate to the four coefficients. From 100
nqise runs we find cu = -, 04 + .10, c7 = ;21 ¥ .07, c9 = -.01 + .02, and
'clo = .15 + .03. All coefficients overlap into physical regions and c
is most accurately determined. Figure 5 shows that none of these coefficient
estimates overlap with the initial ray trace determined coefficients or the
SBRC varied coefficients.
Clearly the vacuum test data has too high a degree of correlation in
the telescope temperature gradients to allqw a unique determination of the
coefficients. To avoid this problem it is necessary to introduce mofe
variation in the telescope temperature gradients. However if non-unique
coefficients based on laboratory test data are to be employed, the laboratory
gradient conditions should be as close as possible to those expected in
space. Table 4 presents typical VAS telescope component temperatures (provided
bj NASA) tabﬁlated at five times in the year. Figure 6 shows those space
thermal gradients which are clearly different from the laboratory induced
thermal gradients. Analysis of covariance of this data shows three of the

eight equations reliable with (3), (4), and (7) (scan mirror, baffle forward,
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winter
-10

equinox
+10

summer

16.4

17.7

18.2

18. 7

25.2

Typical VAS In-flight Temperatures (°C)

SM

13.7
17.0
23.5
14.9

9.5

PM

16.0

18.5

21.0

20.2

28.1

6M

14.0

17.2

17.5

15.5

10.4

BF

17.35
16.95
16.25
16.05

19.05

Table 4

SC

16.2
17.4
17.9
18.2

23.7

PAS

14.6

15.98

16.45

17.42

24.33

SMS

13.8

17.45

21.4

15.45

9.65

22

BA

16.2

17.3

17.55

17.85

22.75
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and secondary mirror shield) most determinable. High correlations (>.98)
exist between (1) and (7), (secondary mirror and secondary mirror shield),
and between (5) and (8), (shutter cavity and baffle aft). Thermal gradients
of 10 to 15°K are not uncommon.

SBRC has most likely already achieved the practical limits for producing
independent variation in the telescope temperature gradients and for
reproducing expected space thermal gradients in the laboratory. However,
if it is possible, efforts should be directed toward producing laboratory
variation in the temperature gradients of the baffle forward (4) and the
sécondary mirror shield (7) that are uncorrelated and that allow reliable
determination of these two coefficients. More accurate evaluation of these
two coefficients would produce the most significant improvement in the
calibration since most of the telescope correction comes from them under

expected space conditions.
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6. Conclusions

In summary, although the calibration data set does not allow unique

-

determination of all the coefficients, it does indicate the following

conclusions.

(a)

(b)

(c)

The present calibration scheme implemented with coefficients
determined explicitly from the physical setup of the

telescope does not satisfy the accuracy requirements. By
changing some of the coefficients the calibration can be made
to meet the accuracy requirements. However several of these
changes move the coefficients far outside the range defined by

their calculated values and their estimated errors.

The high degree of correlation in the telescope temperature
gradients during the thermal vacuum tests prevents a unique
determination of the coefficients. At best there are four
equations fromvwhich relationships between the coefficients

can be deduced. The coefficient for the 5 position mirror

is best determined and tends to be zero (possibly the 5 position
mirror temperature is not being correctly monitored). The

sum of the coefficients of the baffle forward and the secondary
mirror shield tends to be reduced by .3 (perhaps temperature

gradients within the component itself can account for this

discrepancy). ' .

If calibration coefficients are to be uniquely defined by
laboratory test data, it is necessary to introduce more

variation in the telescope temperature gradients than was



(C))
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present in the Engineering Model Thermal Vacuum Test. Most
significant improvement in the calibration would come from
accurate determination of the baffle forward and secondary
mirror shield coefficients. Laboratory variation in the
telescope temperature gradients of especially these two
components should be uncorrelated and should allow unique
determination of these coefficients. In addition telescope
temperature graéients should be as close as possible to those
expected in space (Figure 6), so that possible non-unique
coefficient changes based on laboratory test data would be

representative.

Finally, even if a unique determination of the coefficients
could be made, the speculation that the coefficient changes
are due to small lateral misalignments in the telescope reléy
optics indicates that the stability 6f the coefficients is in
question. In other words if the calibration coefficients were
established prior to launch, could they be perturbed so much
by handling and launch vibrations that they would not meet

radiometric accuracy requirements?



