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Abstract: Spectral irradiance degradation of a halogen tungsten lamp increases the spectral radiance uncer-
tainty of an on-board lamp-diffuser calibrator that is composed of a lamp and a diffuser reflector. Therefore,
it is necessary to investigate the degradation characteristics of the lamp to decrease the spectral radiance un-
certainty. A spectral irradiance degradation model of a halogen tungsten lamp with an undetermined order at
wavelengths from 400 nm to 1300 nm was proposed according to the blackbody radiation law and Weier-
strass theorem. Then, the spectral irradiance degradation curve of the halogen tungsten lamp was experiment-
ally measured, and it was fitted by different order models using the least squares method, respectively. The
model order was determined as 2, which is the minimum order to satisfy the reconstruction accuracy re-
quired by the spectral radiance of the on-board lamp-diffuser calibrator. The reconstruction accuracy of the
spectral irradiance degradation curve was better than 0.25% according to this two-order model, which lays a

theoretical foundation to decrease the spectral radiance uncertainty of the on-board lamp-diffuser calibrator.
Key words: halogen tungsten lamps; spectral irradiance; on-board calibrator; blackbody radiation

400~1300 nm FH I X5 KT iR B EFZ HEE

KT, HLEASHBE AT
(P ERFR KFLFREIME WP, FH K& 130033)

FEEE: i KT D R Sl S I T - R e P i i B AN B, TR U, A T o 5 AT 1) R R 1 R T I AT, LA
ET- RGO R R . o, R SRR S AR 4l /R WP 2 B, 7F 400~1300 nm B, R T —Fh &1
TE B B AT DG PR R R SR, ST e AT 0 S A PR sl £, 43 R AR [R) I B A A R X
T PR R I A T /N UG . R, DA AL R R R I R AR S A TGS B EE R R A R, X T
A ST AL (0 b KT, AR SRRy 9 B i BT O R it 2 A R AL T 0.25% 0 AR SCEA S DG4
W2 A Sl 4 = KT - R G G e B P B T BB IR

X B OIE: N4eIT; R R AR 2 E R AR BAR

FE 225 : TP394.1;TH691.9 HRFR SR A doi: 10.37188/CO.EN.2021-0011

Woim B E#A: 2021-11-30; 21T HHA: 2021-12-10
BT E: FHE R E L& 11 (No. 2018 YFB0504603)
Supported by National Key Research and Development Program (No. 2018YFB0504603)



826 HREYEE (RYEs0)

15 %

1 Introduction

Inthe 21st century, climate change has be-
came a topic of global concern. Global climate
change research has put forward unprecedented re-
quirements for the radiation measurement uncer-
tainty of remote sensing satellites. The ASIC3
(Achieving Satellite International Corporation for
Climate Change) states that the measurement uncer-
tainty of the remote sensing satellites has to remain
better than 0.3% at the reflected solar wavebands to
accurately predict global climate change!.

However, the radiometric calibration of the
satellite optical remote sensors at reflected solar
wavebands is usually performed by the standard
halogen tungsten lamp, the solar-diffuser calibrator
or vicarious calibration. At present, the minimum
and maximum spectral irradiance uncertainty of
standard halogen tungsten lamp is 0.47% at wave-
bands of 1600 nm (k=2) and 1.16% at wavebands of
400 nm (k=2) during its lifetime!. Therefore, stand-
ard halogen tungsten lamps cannot satisfy a meas-
urement uncertainty of 1% (4=2) at whole reflected
solar wavebands. Moreover, radiometric calibration
uncertainty is only about 5% at reflected solar wave-
bands by solar-diffuser calibrator and vicarious cal-
ibration®7. Therefore, the current radiometric calib-
ration methods hardly satisfy the high-precision ra-
diometric calibration requirements in the field of cli-
mate research.

An alternative method to improve the accuracy
of radiometric calibration is to trace the spectral ra-
diance of the lamp-diffuser calibrator to the on-
board

However, it is impossible to do this at each operat-

space cryogenic absolute radiometer.
ing waveband of the remote sensor in orbit. There-
fore, it is necessary to reconstruct the spectral radi-
ance of the entire operating waveband range from
the spectral radiances of several operating wave-

bands. In addition, the reconstruction uncertainty

must be better than 0.3% to realize the target meas-
urement uncertainty of 1% of reflected solar spec-
tral radiation.

At present, the spectral radiance (irradiance) of
the light source is reconstructed according to its
spectral radiance (irradiance) model. For example,
the spectral irradiance of a halogen tungsten lamp
can be reconstructed with an uncertainty of approx-
imately 0.25% according to its spectral irradiance
model®. However, the spectral radiance of the
lamp-diffuser calibrator cannot be described by a
simple but precise model, as such a model has not
yet been reconstructed for the diffuser reflector.
Therefore, it is difficult to reconstruct the spectral
radiance of the lamp-diffuser calibrator with an un-
certainty of 0.3% using the present reconstruction
method.

It is well known that the degradation character-
istics of the diffuser reflectors in the Moderate Res-
olution Imaging Spectroradiometer (MODIS) and
Visible Infrared Imaging Radiometer Suite (VIIRS)
can be described by an analytical model®. There-
fore, it is reasonable to believe that the degradation
characteristics of the other on-board diffuser reflect-
ors can also be described in this way. The spectral
radiance degradation characteristics of the lamp-
diffuser calibrator can correspondingly be described
by an analytical model if the spectral irradiance de-
gradation characteristics of the halogen tungsten
lamp can be described by an analytical model. In ad-
dition, the spectral radiance degradation curve of the
lamp-diffuser calibrator can be reconstructed with
high accuracy according to its spectral radiance de-
gradation model. The high-precision spectral radi-
ance of the lamp-diffuser calibrator can sub-
sequently be calculated by the product of the recon-
structed spectral radiance degradation curve and the
spectral radiance calibrated before launch.

In summary, it is necessary to research the
high-precision spectral irradiance degradation mod-
el of a halogen tungsten lamp to reconstruct the

spectral radiance of the on-board lamp-diffuser cal-
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ibrator with an uncertainty better than 0.3%. In this
paper, the following work was performed to con-
struct the spectral irradiance degradation model of a
halogen tungsten lamp from the Chinese Radiomet-
ric Benchmark of Reflected Solar Band project.
First, the spectral irradiance degradation model of a
halogen tungsten lamp with undetermined order was
derived according to the blackbody radiation law
and Weierstrass theorem in Section 2. Next, the
spectral irradiance degradation curve was measured
and the criterion to determine the model order was
given, according to which the model order was de-
termined in Section 3. The conclusion is presented

in Section 4.

2 Derivation of spectral irradiance
degradation model

Because the spectral irradiance degradation
curve of a halogen tungsten lamp is the ratio of its
spectral irradiances at different moments, the spec-
tral irradiance degradation model is closely related
to its spectral irradiance model. The physical model
of the halogen tungsten lamp irradiance is ex-

pressed in Eq.(1):
2hc?

A (exp(/;i—CT) - 1)

QP)

EWAT)=B(T) ewA,T)-er(D)-

where B(T) is a geometrical factor of the lamp fila-
ment that takes into account the measurement dis-
tance and the dimensions of the filament; A is the
wavelength in a vacuum; 7 is the temperature of the
filament; &y (4,T) is the nominal spectral emissiv-
ity of tungsten; &, (1) is the spectral emissivity cor-
rection factor for the emissivity of the lamp; 7 is the
Planck constant; ¢ is the velocity of light in a vacu-
um; and k is the Boltzmann constant!'”. The resid-
ual correction factor accounts for the effects of all
factors in addition to the nominal spectral emissiv-
ity of tungsten. These include the transmittance of

the quartz bulb, the transmittance of the filling gas,

the difference in the properties of tungsten used in
the lamp filament and in the nominal emissivity de-
termination, and the light recycling effect in the
coiled filament!!"'2.

In this paper, the product of the geometric
factor B(T'), the nominal spectral emissivity of tung-
sten ew (4, T), and the spectral emissivity correction
factor &, (1) is referred to as the spectral emissivity
of the halogen tungsten lamp & (4, T). Therefore, the
spectral irradiance of the halogen tungsten lamp can
be expressed as the product of the Planck function
H(A,T) and the spectral emissivity, as shown in

Eq.(2):

2hc?

oloalz)

If the increments of the Planck function and

ET) = e, T) .

spectral emissivity are expressed as AH(A,T) and
Ae(A,T), respectively, when the filament temperat-
ure changes from T to T + AT, the spectral irradi-
ance degradation model of the halogen tungsten
lamp can be expressed as Eq. (3):

H@,T)+AHA,T) &(A,T) +As(1,T)

H(A,T) e(A,T)
(3

When A is less than 1300 nm, the Planck func-

{A.T)=

tion H(A,T) is reduced to Eq. (4) as exp(f—;) > 11is
satisfied:

H(/I,T):%-exp(—f—;) , 4
where C; and C, are the first and second radiation
constants, respectively. The increment of the Planck
function can be expressed as Eq. (5) derived from

Eq. (4) by the differential operation.

C,- ATy ¢ C
AH(A,T)ZZT/T.A_;.eXp(_ﬁ):
Cy-ATypo
—HA,T) .
A ( ) (5)

Because the spectral emissivity degradation
model of a halogen tungsten lamp is affected by the

spectral emissivity of tungsten, the spectral trans-
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mittance of the quartz lamp shell, the spectral trans-
mittance of the halogen gas, and the filament mor-
phology, it is difficult to achieve the analytical ex-
pression through theoretical derivation. However,
any continuous function can be approximated by an
algebraic polynomial function according to the Wei-
erstrass theorem. Therefore, the spectral emissivity
degradation model of a halogen tungsten lamp can
be approximated by the polynomial function shown
in Eq. (6):

A,T) +As(A, T S
e, T) + As( ):Z“"’ll’

£(A,T) pry

where a; is an undetermined coefficient. Therefore,
the spectral irradiance degradation model of the
halogen tungsten lamp can be expressed as Eq. (7)
according to Eqgs.(4)—(6).
{@AT)=
HA,T)+AH(A,T) €, T) +Ae(A,T)
H(,T) e(A,T) B
C,-AT|T?
(1 LG : /

)~(ao+a1/l+a2/12+a3/13+---)
P

Since the temperature 7 and temperature dif-
ference AT were contained in the undetermined
coefficients &),&1,11,1m2,13 -+, EqQ.(7) can be simpli-
fied to be Eq.(8).

L) =& +EJA+mA+ B+ 2+ (8)

There may be several different orders of the
model that satisfy the reconstruction uncertainty re-
quired by the spectral radiance of the lamp-diffuser
calibrator. However, the model order should be de-
termined as the lowest order that satisfies the spec-
tral radiance reconstruction uncertainty of the on-
board lamp-diffuser calibrator, which is referred to
as the model-order-determination criterion in this
study. The lowest-order model requires the fewest
wavebands to reconstruct from the spectral radiance
of the on-board lamp-diffuser calibrator, which in-
curs the lowest cost to the on-board spectral ra-
diometric calibration. Therefore, the model order of

Eq.(7) should be determined experimentally.

3 Model order determined by experi-
ment method

3.1 Measurement of the spectral irradiance de-

gradation curve

Because the spectral irradiance degradation
characteristics of halogen tungsten lamps are closely
related to their manufacturing process, it is reason-
able to believe that halogen spectral irradiance de-
gradation characteristics of the same type of the
halogen tungsten lamp can be described by the same
analytic model. In other words, the model order of
one type of halogen tungsten lamp can be determ-
ined from the spectral irradiance degradation curves
of samples. The spectral irradiance degradation
curve of the halogen tungsten lamp is the ratio of its
spectral irradiances at different moments, which can
be expressed by Eq.(9) where E, (1) and E;(1) are
the initial and the spectral irradiance after the j™*
aging interval, respectively.
E;()

E0 (9

(D)=

Therefore, the spectral irradiance degradation
curve can be measured by the scheme shown in
Fig.1, which is composed of a halogen tungsten
lamp, diffuser reflection plate, and spectrometer.
Two Osram 64610HLX lamps have been measured
to investigate the spectral irradiance degradation
model of the halogen tungsten lamp, whose rated

voltage and power are 12 V and 50 V, respectively.

Halogen tungsten
lamp

HR-1024i
spectrometer

Diffuser plate

Fig. 1 Measurement scheme of the spectral irradiance de-

gradation curve of the halogen tungsten lamp
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Therefore, the operating current at which the halo-
gen tungsten lamp operates is set to a constant 4
amperes which is the same as the operating current
of the halogen tungsten lamp for on-board calibra-
tion during the test.

The diffuser plate was made of spectralon (one
kind of PTFE supplied with Labsphere). The spec-
tral reflectance degradation of the spectralon dif-
fuser was caused by exposure to radiation at
wavebands of 200 nm—400 nm according to J.E.
Leland™. Fig.2 shows the spectral irradiance of the
tested halogen tungsten lamp and the extra-atmo-
spheric solar spectral irradiance calculated by
MODTRAN!, the ratio of which at wavebands of
250 nm to 400 nm was shown in Fig.3. According to
Fig.3, the averaged ratio at wavebands of 250—
400 nm was calculated to be about 0.86%.
Moreover, the radiation of the halogen tungsten
lamp at wavebands of 200—250 nm was so low that

it can be neglected. Therefore, the diffuser equals to

2.5
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Fig.2 (a) Extra-atmospheric solar spectral irradiance and
(b) spectral irradiance of tested halogen tungsten

lamp

be exposure to the extra-atmospheric solar radiation
for about one hour when it is irradiated by the halo-
gen tungsten lamp for 160 hours. According to the
technical guide of Labsphere, the reflectance of the
diffuser decreases at wavelength of 250 nm to about
0.04%, when the irradiation is equivalent to one ex-
tra-hour of atmospheric solar irradiation. Moreover,
the diffuser reflectance returned to near original val-
ues when it returned to atmospheric conditions, pre-
sumably due to oxidation and the loss of the surface
contaminants that caused the discoloration'*. There-
fore, it was reasonable to infer that the reflectance
degradation of the diffuser reflector was much smal-
ler than 0.04%, which was much smaller than the
degradation of the halogen tungsten lamp. That is to
say that the reflectance degradation of the diffuser
reflector can be neglected in researching the degrad-

ation of the halogen tungsten lamp.

3.0

25f

20F

15}

Ratio/%

10+

0.5F

O 1 1
250 300 350 400
Wavelength/nm

Fig. 3 Ratio of the spectral irradiance of the tested halo-

gen tungsten lamp to the sun

The spectrometer was an HR-1024i, supplied
by SVC (Spectra Vista Corporation, US), that oper-
ates at wavebands of 350—2500 nm and has 1024
spectral channels. The detector assembly of the HR-
10241 spectrometer was composed of three linear ar-
ray detectors: a 512 CCD detector for wavebands
from 350—990 nm, a 256 InGaAs detector for wave-
bands from 990—1900 nm and a 256 extended In-
GaAs 1900—
2500 nm. The temperature stability of the laborat-

detector for wavebands from

ory and the three detectors in the spectrometer were

kept within +1°C and +0.1°C, respectively. Besides,
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the lamp, the spectrometer and the diffuser plate had
never been moved or replaced during the 7-day
measurement. Therefore, the responsivity of the
HR-1024i spectrometer can be assumed to remain
unchanged during the 7-day measurement.

Additionally, the dark current had been re-
moved from the measuring results during the meas-
urement, which means that the spectral irradiance
decay curve only contains the random noise. The
method to remove dark current from the measuring
results was shown in the following. First, the dark
current is measured by closing the shutter, and then,
the reflected light from the diffuser is measured by
opening the shutter. The dark current is removed by
reducing the closed shutter measurement results
from the final opened shutter measurement results.
To make the two unused new lamps remain stable,
they were aged for 20 hours in the same experiment-
al setting before the measurement.

To sum up, the spectral irradiance degradation
curve shown in Eq. (9) can be simplified as Eq.(10),
where DN, (1) and DN, (Q) are the initial and /" out-
put of the spectrometer with the dark current re-
moved, respectively.

DN; ()

DN, () (100

§j(/l)=

According to Eq.(10), the measurement uncer-
tainty of the spectral irradiance degradation curve is
simplified to its measurement repeatability, when
the measurement setup is not touched and the dark
current is removed during the measurement. The
calculation of the measurement uncertainty is shown
in chapter 3.2 in this paper.

To simulate the on-orbit operation, the lamp is
turned on for one hour and then turned off for five
minutes, and the above procedure is repeated 160
times during the measurement to ensure the lamp
can satisfy the on-orbit calibration requirements.
The measured spectral irradiance degradation curves
of the two halogen tungsten lamps are shown in

Fig.4 (Color online).
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Fig. 4 Spectral irradiance degradation curves of (a) 1# and
(b) 2# halogen tungsten lamps
3.2 Measurement uncertainty of the spectral ir-
radiance degradation curve
According to Eq.(10), the measurement uncer-
tainty of the spectral irradiance degradation curve

can be expressed by Eq. (11).

AL () \/( ADN, () )2 (ADN,, ) )2
= + , (1)

& Y\ DN;( DN, (1)
ADN; (A
where ADN, () i@ are the repeatability
DN, (1) DN; ()

of the initial and j® spectral irradiance curves, re-
spectively. During the measurement, the measure-
ment repeatability is assumed to remain unchanged,
and is thus expressed by Eq. (12) because the tem-
peratures of the laboratory and the detector remain
stable.

ADN(1) ADN,(1) ADN;(Q)

= = (12)
DN (1) DN, (1) DN; (1)

Therefore, the measurement uncertainty of the
spectral irradiance degradation curve is simplified to
Eq. (13):

AL (D) \/EADN o))

= (13
1% DN ()
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Eq.(13) shows that the uncertainty of the spec-
tral irradiance degradation curve can be determined
by the measurement repeatability of DN that stands
for the spectral irradiance. However, the repeatabil-
ity of the DN is determined by the spectral irradi-
ance of the light source and the signal to noise ratio
of the HR-1024i spectrometer, which can be calcu-
lated according to the measured spectral irradiance
expressed by DN. To summarize, the measurement
uncertainty of the spectral irradiance degradation
curve can be calculated by the measured spectral ir-
radiance according to Eq.(13).

The measurement uncertainty of the spectral ir-
radiance degradation curve shown in Fig.4 was cal-
culated and shown in Fig.5 (Color online) accord-
ing to Eq.(13). The standard deviations of the meas-
urement uncertainty of the two lamps were calcu-
lated to be approximately 0.038% according to the
measurement uncertainty curves shown in Fig.5,
both of which were significantly less than the spec-
tral radiance reconstruction uncertainty of 0.3% re-

quired by the on-board lamp-diffuser calibrator.
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Fig. 5 Measurement uncertainty of the spectral irradiance
degradation curve for (a) 1# and (b) 2# halogen

tungsten lamps

Therefore, it is reasonable to construct a spectral ir-
radiance degradation model that satisfies the spec-
tral radiance reconstruction uncertainty of the on-
board lamp-diffuser calibrator according to the
measured spectral irradiance degradation curve.
3.3 Determination of the model order

The spectral irradiance degradation curves of
the two lamps were fitted by Eq. (7) with the model
order ranging from one to four using the least-
squares method. Fig.6 showed the measured spec-
tral irradiance degradation curves and fitted results
with the two-order model of the two halogen tung-
sten lamps. Because the fitting results of the models
almost coincide, only the fitting results of the
second-order model are shown in Fig.6 asan ex-

ample. The relative standard deviations are ex-

pressed in Eq.(14):
{ (£ (4) =20 (A)] }2 .
N
_ {m (/ll)
o, = ; Non-D , (14>

where {;, {,, N and n+1 are the fitted data, meas-
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Fig. 6 Measured spectral irradiance degradation curves and
fitted results with the second-order model of (a) 1#
and (b) 2# halogen tungsten lamps
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ured data, number of measuring wavebands, and
number of fitting parameters, respectively. The rel-
ative standard deviations were calculated and is

shown in Fig.7 (Color online) according to Eq.(14).
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Fig. 7 Relative standard deviations of the spectral irradi-
ance degradation curves of (a) 1# and (b) 2# halo-

gen tungsten lamps

Fig.7(a) shows that the relative standard devi-
ations of the first-order model increase from about
0.03% to about 0.11% and from about 0.03% to
about 0.04% for the model orders from two to four
during the burning time for 1# lamp. Fig.7(b) shows
that the relative standard deviations of the first-or-
der model increase from about 0.02% to about
0.16% and from about 0.02% to about 0.04% for the
model orders from two to four during the burning
time for 2# lamp. That is to say that the relative
standard deviation of the first-order model in-
creases much faster than the higher order model,
which indicates that first-order model cannot de-
scribe the degradation characterization of the halo-
gen tungsten lamp accurately enough during the

burning life.

Moreover, Fig.7(a) and Fig.7(b) show that the
relative standard deviations are better than 0.05%
and very similar for the model orders from two to
four during the burning time for the two lamps.
Therefore, the model order of the two halogen tung-
sten lamps are determined to be two since it obtains
the least fitting parameters in this paper.

The model precisions are estimated by relative
errors between the fitted and measured spectral irra-
diance degradation curve. The relative errors of the
two lamps are calculated to be better than 0.25% at
wavebands from 400 nm to 1300 nm as shown in
Fig.8(a) (Color online) and Fig.8(b) (Color online),
respectively. Therefore, the proposed spectral irradi-
ance degradation model of halogen tungsten lamps
can satisfy the spectral radiance reconstruction un-

certainty of the on-board lamp—diffuser calibrator.
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Fig. 8 Relative errors between the fitted and measured
spectral irradiance degradation curve of the two
halogen tungsten lamps fitted by the second-order

model. (a) 1# and (b) 2# halogen tungsten lamp

Hence, the spectral irradiance degradation

model of the two halogen tungsten lamps can be ex-
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pressed by Eq. (15):

L) =&+ & /A+mA+ A, (15)

The proposed spectral irradiance degradation
model may not be suitable for other types of lamps;
however, the method used to construct the spectral
irradiance degradation model is still valid for other

types of halogen tungsten lamp.

4  Conclusions

In this paper, a hemi-empirical spectral irradi-
ance degradation model of a halogen tungsten lamp
with an undetermined model order at wavelengths
from 400 nm to 1300 nm was derived based on the
blackbody radiation law and the Weierstrass theor-
em, and the model order was subsequently determ-
ined to be two by the proposed model-order-determ-
ination criterion. The proposed spectral irradiance
degradation model may not be suitable for other

types of lamps. However, the method used to con-
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