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Abstract: As the reference detector of absolute radiance calibration primary radiometer (ARCPR) for space remote
sensing, total solar irradiance (TSI) cavity is investigated to ensure the measurement accuracy. TSI cavity adopts a
sloping bottom cavity. The geometrical parameters and paint material of sloping bottom cavity are both optimised to
improve the invariance of absorptance in the environment of ground and space. The optimisation of substitution
method is proposed to measure the average absorptance by two-dimensional scan. The uniformity is evaluated by
absorptance map. Experimental results illustrate that sloping bottom cavity has a super-high absorptance of 0.999928
(wavelength is 632 nm), and the relative measure uncertainty is approximated to 6 ppm. Meanwhile, compared with
the absorptance map of conical cavity, the sloping bottom design improves the uniformity of absorptance. Therefore,
the sloping bottom cavity can be adopted as the reference detector of ARCPR. Furthermore, the optimised substitution
method is suitable for the investigation of the blackbody cavity with super-high absorptance.
1 Introduction

Radiance calibration method on space platforms has the problem of
less precision [1, 2]. Based on the development trend of ground-based
radiance calibration [3, 4], the absolute radiance calibration primary
radiometer (ARCPR) for space remote sensing is developed for
establishing radiance calibration standard on orbit. ARCPR is an
electrical-substitution radiometer working at 20 K temperature
environment. The sun is the optical source. ARCPR contains total
solar irradiance (TSI) cavity and high sensitivity (HS) cavity.

As the reference detector of ARCPR, the TSI cavity is a blackbody
absorber, which is used for TSI calibration. Based on the
improvement of thermal noise and the application of
superconducting technology [5], the relative standard uncertainty
of TSI calibration is 200 ppm. Hence, the on-orbit irradiance
calibration standard is established by TSI cavity. HS cavity is used
to calibrate the solar spectrum irradiance. HS cavity, as well as
other remote sensors, can be calibrated by the TSI cavity. Then, the
spectrum responses of remote sensors can be calibrated by HS cavity.

The absorptance is a main performance of the blackbody absorber,
which is widely used as standard radiation sources or detectors in
radiometry and radiation thermometry [6, 7]. The investigation and
optimisation of absorptance mainly rely on computational
simulation [8, 9]. The super-high absorptance needs to be verified
by experimental method.

To guarantee the low measurement uncertainty of ARCPR, the
absorptance of TSI cavity should have a super-high absorptance
more than 0.9999 and the measurement uncertainty should be <10
ppm. Besides, the uniformity of absorptance is another important
performance of TSI cavity [10]. Most of absorptance measure
methods use laser as optical source because of its stability [11].
However, the sun is the optical source of the TSI cavity in
practical measurement. Due to the different beam diameters, TSI
and laser illuminate different areas on the bottom surface. Thus,
the absorptance measure method needs some optimisation.

In this paper, the investigation of TSI cavity is introduced. A
cylindrical cavity with an inclined bottom surface (sloping bottom
cavity) is manufactured to be used as TSI cavity. The absorptance
of sloping bottom cavity is extremely stable in the space or on the
ground. An optimisation substitution method is proposed. In order
to verify the super-high absorptance of the sloping bottom cavity,
measure equipment is set up based on the optimisation substitution
method. The uniformity of absorptance is evaluated by
two-dimensional scan. Then the absorptance of sloping bottom cavity
is measured. Meanwhile, measurement uncertainty is analysed. The
feasibility of using sloping bottom cavity as TSI cavity is investigated.
2 Sloping bottom cavity design

Sloping bottom cavity consisted of cylindrical prototype, sloping
bottom and view-limiting aperture as shown in Fig. 1. Cavity
absorptance mainly depended on the parameters, including the
conical angle (α), the inclination angle (β), the length of cavity
(H ) and the black paint absorptivity (ɛ). In practical application,
the decline of ɛ is the primary influence factor of absorptance. In
order to ensure the absorptance stability in the space and on the
ground, sloping bottom cavity is optimised as follows.

2.1 Geometrical parameter optimisation

The sloping bottom cavity is made of oxygen-free copper. In 20 K
cryogenic environment, the specific heat capacity of oxygen-free
copper is significantly reduced. Thus, the sloping bottom cavity
with large volume can also have little thermal time constant. The
application of cryogenic technique ensures that the absorptance
can be improved by optimising geometrical parameters. Dr.
Qianqian Fang’ work provides a method for optimising the
geometrical parameters [8]. When α and β are both approximated
to 30°, the absorptance of sloping bottom cavity is maximum. The
improvement of absorptance mainly depended on the increase of
reflection times. Therefore, despite ɛ is dropping from 0.9 to 0.7,
when H is 40 mm, the absorptance is superior to 0.9999.

2.2 Paint material optimisation

Compared with specular reflection black paint, diffuse black paint
has a lower absorptivity: ɛ is 0.75 at 632 nm wavelength.
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Fig. 1 Sloping bottom cavity design

a Geometrical parameters
b Section drawing

Fig. 2 Principle of substitution method
However, the recession of diffuse black paint is almost negligible in
the long-term measurement process on orbit [12]. This stable
performance is necessary in order to ensure the absolute accuracy
of TSI cavity. Therefore, the diffuse black paint is adopted instead
of the specular reflection black paint, which is widely used in the
conical cavity of TSI monitor on Feng Yun-3 satellites [13–17].

2.3 Performance verification requirements

According to the above optimisations, the stability of super-high
absorptance is guaranteed, and sloping bottom cavity is
manufactured. The computer simulation of absorptance is realised
by Monte Carlo principle and Trace-Pro software [8]. The
absorptance of sloping bottom cavity is 0.99995 by computer
simulation. The super-high absorptance needs to be verified by
experiment. The TSI cavity requires that the absorptance
measurement accuracy should be <10 ppm.

Most of absorptance measure method adopts laser as the optical
source because of its stability. However, in practical measurement,
the sun is the optical source of TSI cavity. TSI and laser
illuminate different areas on the bottom surface. Measure method
needs some optimisation in order to obtain the practical absorptance.
3 Investigation and optimisation of substitution
method

When optical power (PO) enters the cavity, one part (PA) is absorbed,
the other part (PR) is reflected. The ratio between PA and PO is
entitled as absorptane (α). The ratio between PR and PO is named
as reflectance (ρ). Absorptance is usually measured by substitution
method or interchange method [18]. The principle of substitution
method is expounded according to integrating sphere theory. Then
the substitution method is optimised by the analysis.

3.1 Substitution method principle

Optical source is vertically entering the integrating sphere and then
reflected by a sample. Meanwhile silicon photodiode outputs a
response voltage (UX) as shown in Fig. 2. In the first place,
sloping bottom cavity (ρC) is placed in the sample region,
resulting in a response voltage (UC). Second, sloping bottom
cavity is substituted by standard white board (ρS), leading to a
response voltage (US). Finally, standard white board is taken off
from sample region. Then optical source passes through the
integrating sphere. The response voltage of background is UB.

According to the integrating sphere theory, the irradiance (E) of
inner surface can be calculated by

E = f

pA
×M , (1)
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where f is the incident radiation flux, A is the inner surface area of
integrating sphere and M is the integrating sphere factor, which is
depicted by

M = r0
1− rw 1−∑N

n=1 fn
( )−∑n

n=1 rnfn
, (2)

where ρ0 is the reflectance of the sample, ρw is the reflectance of
inner surface of integrating sphere, ρn is the reflectance of
openings, fn is the area ratio between openings and integrating
sphere inner surface. N is number of openings. The openings of
integrating sphere include optical entrance, sample and detector
regions. As the total area of openings is far less than integrating
sphere inner surface, (2) is simplified as

M ≃ r0

1− rw 1−∑N
n=1 fn

( ) , (3)

When sloping bottom cavity is installed on sample region, MC is
expressed as

MC = rC

1− rw 1−∑N
n=1 fn

( ) , (4)

When standard white board is installed on sample region, MS is
expressed as

MS = rS

1− rw 1−∑N
n=1 fn

( ) , (5)

The relationship between E and U is proportional. According to (1),
(4) and (5), the proportional relationship is expressed as

UC − UB

US − UB
= EC

ES
= MC

MS
= rC

rS
, (6)

Thus, the absorptance (αC) of sloping bottom cavity is depicted as

aC = 1− rC = 1− UC − UB

US − UB
× rS, (7)
3.2 Optimisations of substitution method

3.2.1 Response voltage correction: The stability of optical
source is a primary influence factor of measurement precision.
Laser is used as the optical source in order to improve the stability
of optical source. The fluctuation of optical source will reduce the
measurement accuracy. Thus, the optical source is monitored in
measurement process. Then U is corrected by a reference voltage
(u). The corrected value (η) is expressed as

h = U/u, (8)
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Fig. 3 Measurement equipment: ① spatial filter; ② polariser; ③ power stabiliser; ④ beam splitter; ⑤ single optical path; ⑥ reference optical path; ⑦ converging
mirror; ⑧ integrating sphere-I; ⑨ sloping bottom cavity; ⑩ standard white board; ⑪ digital two-dimensional platform; ⑫ detectors; ⑬ integrating sphere-II;
⑭ scanning board; ⑮ digital multi-meter; ⑯ computer and software
According to (7) and (8), αC can also be calculated by

aC = 1− rC = 1− hC − hB

hS − hB
× rS, (9)

where ηC is the correction value of sloping bottom cavity, ηS is the
correction value of reference white board and ηB is the correction
value of background.
3.2.2 Average absorptance: The sun is used as the optical
source for sloping bottom cavity. The practical absorptance should
be represented by the average absorptance (k), which is obtained
by two-dimensional scan. Then k is calculated by

k = 1

T

∑A
x=a

∑B
y=b

aCxy =
1

T

∑A
x=a

∑B
y=b

1− hcxy − hbxy

hsxy − hbxy

× rs

( )
, (10)

where T is the number of effective sampling points, the position of
laser beam at sloping bottom surface is represented by a
two-dimensional coordinate (x, y). αCxy is the absorptance at one
position.
4 Measurement experiment

4.1 Equipment setup

Laser (l = 632 nm) is used as the optical source as shown in Fig. 3.
The stability of laser power is improved from 0.1 to 0.02% by spatial
filter, polariser and power stabiliser. Then laser power is divided into
a single optical path and a reference optical path by beam splitter.
Through converging mirror, the single optical path goes into
integrating sphere-I for measuring absorptance. Converging mirror
is adopted to adjust the spot diameter of single optical path. The
spot diameter is adjusted to 1 mm at the incidence plane of
sloping bottom cavity.

The reference optical path goes into integrating sphere-II in order
to monitor laser power stability. U and u are both obtained through
detectors (Hamamatsu S1406-6), and sampled by digital multi-meter
(Keithley 2700) and scanning board (Keithley 7700). Integrating
sphere-I is installed on a digital two-dimensional platform.

4.2 Automatic control software

Data acquisition and scanning process realise computer automatic
control. Automatic control software is developed by LabVIEW.
Sampling frequency is set to 1 Hz. The communication between
computer and digital multi-meter is based on general-purpose
interface bus. Digital multi-meter is used to measure and upload
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data under computer control. The communication between
computer and digital two-dimensional platform is based on serial
bus (RS-232). The software controls two-dimensional platform to
move integrating sphere-I with sloping bottom cavity.
5 Measurement result and accuracy analysis

5.1 Absorptance measurement result

The experiment process is performed in the dark room. The response
voltages of sloping bottom cavity, reference white board and
background are, respectively, scanned through the above
equipment. Laser scan covers an area of 6.0 × 6.0 mm2 with a
resolution of 0.2 mm, producing a sample map. Then according to
the two vertical tangent lines of view-limiting aperture, the sample
map is reduced to an area of 5.0 × 5.0 mm2. The sample maps of
response voltages and correction values are shown in Fig. 4.

The absorptance map of sloping bottom cavity is obtained by (9).
The absorptance of sloping bottom cavity is superior to 0.9999 as
shown in Fig. 5a. The experimental results are determined at one
wavelength (l = 632 nm). According to (10), the average
absorptance (k) is 0.999928 (l = 632 nm). Thus, the absorptance
of sloping bottom cavity is super high and uniform.

The absorptance of a conical cavity is also measured with this
equipment. The laser power is vertically reflected at the conical
cavity tip. Most of the laser power is directly reflected to the
outside of cavity. Meanwhile, due to the limitation of black paint
spraying process, the tip cannot be painted as good as the rest of
other cavity surface. Thus, the absorptance of conical cavity is
lower at the centre of the absorptance map as shown in Fig. 5b.
The sloping bottom design solves this problem. Compared with
conical cavity, the absorptance of sloping bottom cavity is higher
and more uniform. Therefore, the uniformity of absorptance is
verified through two-dimensional scanning.

5.2 Measurement accuracy analysis

5.2.1 Relative uncertainty: According to (8) and (9), αC can be
calculated by

aC = 1− rc = 1− UC/uC − UB/uB
US/uS − UB/uB

× rs, (11)

Then the uncertainty of absorptance (σ(αC)) is expressed as (see
equation at the bottom of the next page)

where the composition factors are depicted by

∂rC
∂UC

= 1

US/uS − UB/uB
· rS
uC

, (13)
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Fig. 4 Measurement result maps

a Response voltage of sloping bottom cavity, UC/V
b Correction value of sloping bottom cavity, ηC
c Response voltage of reference white board, US/V
d Correction value of reference white board, ηS
e Response voltage of background, UB/V
f Correction value of background, ηB
∂rC
∂US

= − UC/uC − UB/uB
(US/uS − UB/uB)

2 ·
rS
uS

, (14)

∂rC
∂UB

= UC/uC − US/uS
(US/uS − UB/uB)

2 ·
rS
uB

, (15)

∂rC
∂rS

= UC/uC − UB/uB
US/uS − UB/uB

, (16)

∂rC
∂uC

= −1

US/uS − UB/uB
· UCrS

u2C
, (17)
s(aC) =
����������������������������������������������������������������
∂rC
∂UC

( )2

s2(UC)+
∂rc
∂US

( )2

s2(US)+
∂rC
∂UB

( )2

u2(UB)+
∂r

∂r

(√
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∂rC
∂uS

= UC/uC − UB/uB
(US/uS − UB/uB)

2 ·
USrS
u2S

, (18)

∂rC
∂uB

= US/uS − UC/uC
(US/uS − UB/uB)

2 ·
UBrS
u2B

, (19)

Then σ(αC) can be calculated by (12)–(19). The composition factors
are achieved as shown in Table 1.

5.2.2 Uncertainty components: Equation (12) illustrates that σ
(αC) depended on the uncertainty of response voltages and the
reference white board reflectance.
���������������������������������������������������������������������
C

S

)2

s2(rS)+
∂rc
∂uC

( )2

s2(uC)+
∂rc
∂uS

( )2

s2(uS)+
∂rc
∂uB

( )2

s2(uB),

(12)
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Fig. 5 Absorptance comparison: sloping bottom cavity has a more uniform absorptance. The absorptance of conical cavity is lower in the central core

a Sloping bottom cavity
b Conical cavity

Table 1 Composition factors of absorptance measurement

Parameter Value Equation Calculated value Parameter Calculated value

UC 0.002960 13 0.2658 UC/uC 0.001093785
uC 2.7062 17 −2.935 × 10−5

US 3.5765 14 −0.2658 US/uS 1.321448365
uS 2.7065 18 1.104 × 10−4

UB 0.002566 15 −2.908 × 10−4 UB/uB 0.000947983
uB 2.7068 19 3.878 × 10−5

ρS 0.95 16 2.519 × 10−4

Table 2 Uncertainty components of absorptance measurement

Parameter Value σ11 σ12 σ1 σ2 Composition factor Calculated value

UC 0.002960 6.3 × 10−6 1 × 10−8 6.3 × 10−6 0.2658 2.8 × 10−12

uC 2.7062 2.2 × 10−4 1.8 × 10−4 2.9 × 10−4 −2.935 × 10−5 6.3 × 10−15

US 3.5765 3.9 × 10−4 2.7 × 10−4 4.7 × 10−4 −0.2658 1.9 × 10−16

uS 2.7065 3.4 × 10−4 1.8 × 10−4 3.9 × 10−4 1.104 × 10−4 2.2 × 10−16

UB 0.002566 7.6 × 10−6 1 × 10−8 7.6 × 10−6 −2.908 × 10−4 4.1 × 10−12

uB 2.7068 2.2 × 10−4 1.8 × 10−4 2.9 × 10−4 3.878 × 10−5 5.1 × 10−15

ρS 0.95 0.05 2.519 × 10−4 3.1 × 10−11

combined uncertainty 6.11 × 10−6
The uncertainty of response voltages (σ1) is calculated by

s1 =
�����������
s2
11 + s2

12

√
, (20)

where σ11 is the standard deviation of response voltages and σ12 is
the accuracy of the digital multi-meter. First, σ11 is calculated by

s11 =
���������������������
1

n− 1

∑n
i=1

(Xi − h)2
√

, (21)

where n is the measurement times, Xi is the response voltages and η
is the average value of Xi. Then, σ12 is depicted by

s12 = h× (h× d1 + L× d2)× 10−6, (22)

where L is the measurement range of digital multi-meter, δ1 and δ2
are calibration coefficients. When L = 0.1 V, then δ1 = 15, δ2 = 30.
When L = 10 V, then δ1 = 10, δ2 = 4.

The reference white board reflectance is calibrated by Changchun
Institute of Optics, Fine Mechanics and Physics, and the uncertainty
of ρS (σ2) is 0.05.
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The uncertainty components are listed in Table 2, and σ(αC) is
6 × 10−6. Therefore, the relative uncertainty of absorptance is
approximated to 6 ppm. Experimental result illustrates that sloping
bottom cavity has a super-high absorptance of 0.999928 ±
0.000006 (l = 632 nm). The optimisation method satisfies the
requirement of absorptance measurement. Meanwhile, the
uniformity of absorptance is verified through two-dimensional
scanning. Therefore, sloping bottom cavity can be used as the TSI
cavity, which is the reference detector of ARCPR.
6 Conclusion

ARCPR is developed for establishing radiance calibration standard
on orbit. As the reference detector of ARCPR, the TSI cavity is a
blackbody cavity. The absorptance is a main performance of TSI
cavity. In order to ensure the high measurement accuracy of
ARCPR, TSI cavity should have a super-high absorptance more
than 0.9999 and the relative uncertainty is under 10 ppm. Besides,
the uniformity of absorptance is another important performance of
TSI cavity.

A sloping bottom cavity is manufactured to be used as the TSI
cavity. The geometrical parameters and paint material are both
IET Sci. Meas. Technol., 2016, Vol. 10, Iss. 6, pp. 564–569
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optimised to improve the stability of absorptance in the space and on
the ground. The improvement of absorptance mainly depended on
the increase of reflection times.

Optimised substitution method is proposed to obtain the average
absorptance, which is obtained by two-dimensional scan.
Experimental results illustrate that sloping bottom cavity has a
super-high absorptance of 0.999928 (l = 632 nm), and the relative
measurement accuracy is approximated to 6 ppm. Meanwhile,
compared with the absorptance map of conical cavity, the sloping
bottom design improves the uniformity of absorptance. Therefore,
TSI cavity can adopt sloping bottom cavity to be used as the
reference detector for ARCPR. Furthermore, the optimised
substitution method is suitable for the investigation of the
blackbody cavity with super-high absorptance.
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