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We introduce a novel calibration optical path of the cryogenic radiometer, which can avoid the repeated dis-
mounting measurement and eliminate the negative influence of Brewster window effect on calibration result. The
novel calibration optical path is used to calibrate the absolute spectral responsivity of the standard transfer
detector at 633 nm, the results of which are compared with the ones of the previous structure. It is shown that
comparing the previous results to the structure optimization, the measurement uncertainty of laser power
reduces by a factor of 2, the measurement uncertainty on the absolute spectral responsivity of the transfer
detector decreases by 15%, and the consistence of the calibration on absolute spectral responsivity is
4.0 × 10−3. The experiment result proves that the novel calibration optical path of cryogenic radiometer
can effectively reduce the calibration uncertainty against standard detector and improve the accuracy of
calibration.
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The application of cryogenic radiometer is a breakthrough
in the measuring region of optical radiation with high
precision. The measurement of laser power by means of
cryogenic radiometer reaches a very high precision due
to the fact that it combines electrical substitution, low
temperature, and superconductivity technology. The sig-
nificant achievement especially lies in the uncertainty of
0.005%–0.02% for the measurement of visible bands[1–3].
Figure 1 shows the principle based on the cryogenic
radiometer to measure laser power. The stably adjusted
incident laser would lose its congenital power when pen-
etrating Brewster window before entering the reception
cavity of the cryogenic radiometer. The laser radiation
measurement through cryogenic radiometer is based on
the equivalence principle of electrical heating and light-
radiation heating which would dismount Brewster win-
dow of cryogenic radiometer and reproduce the state when
the window measures the laser power as well as measure
the transmittance of the window and the internal loss[4,5].
At last, it calculates the power of incident laser after com-
prehensively taking the previous measurement process
into consideration. The equation of state can be showed as

PL ¼ 1
T

�
NPh

A
þ PS

�
; (1)

where PL is the power of incident laser which is to be mea-
sured, T represents the window transmittance of cryo-
genic radiometer, A is the absorptivity of the reception
cavity, N stands for the equivalence factor of electrical
heating and light-radiation heating, Ph is the power of
electrical heating, i.e., direct output value of cryogenic

radiometer, and Ps is the loss power caused by the surface
reflection and internal scattering of the window.

Limited to the influence from the structure and opera-
tion condition, generally speaking, cryogenic radiometer is
used as the primary standard of radiation in the labora-
tory[6–9] while it is not directly used as the work standard
to calibrate the application instruments. In order to estab-
lish standard transfer chain of radiation which is based on
cryogenic radiometer, it is necessary to develop the
standard detector which is with high precision in spectral
responsivity in different wavelengths. Through using the
cryogenic radiometer to calibrate the absolute spectral
responsivity of transfer detector, the detector then could
be used as work standard to calibrate the application
instruments[10–12].

Figure 2 shows the calibration principle for the transfer
detector by means of cryogenic radiometer. In front of the
Brewster window a linear guide which was perpendicular

Fig. 1. Laser power measurement based on cryogenic
radiometer.
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to the optical path was assembled. The transfer detector
was installed on the guide rail. The incident beam PL suc-
cessively entered the cryogenic radiometer and transfer
detector during the calibration process. Transfer detector
will produce the photo-generated current inside the trans-
fer detector would be recorded as voltage V through the
amplification of an amplifier. The laser radiation behind
the Brewster window with regard to the optical path,
recorded as Ph, could be measured directly through cryo-
genic radiometer. Based on the measuring principle of the
cryogenic radiometer, when the characteristics of transfer
detector are taken into consideration, the absolute
spectral responsivity of the transfer detector can be calcu-
lated via[13]

R ¼ U · p· NL · C ·
V
PL

; (2)

where R is the detector responsivity, U stands for the uni-
form factor for the response of the detector, p represents
the polarization factors of the detector, NL stands for the
linearity, C for the stability of the detector, and the out-
put voltage of the transfer detector and the power of the
incident laser are recorded as V and PL, respectively.
The calibration result for the transfer detector consists

of detector responsivity and the corresponding uncer-
tainty of calibration process. The latter is mainly caused
by the uncertainty of the measurement of laser power PL

(Category A), the uncertainty aspects due to the charac-
teristics of the detector (Category A), and the uncertainty
because of the measurement environment, instrument,
and operation conditions (Category B). Reduction on
any of the previously mentioned considerations would
have a positive influence on the calibration accuracy.
We discovered from the actual calibration process and
the materials by the other scientists[14–16] that during the
measuring process of Brewster window on laser power, re-
peated dismounting, the transmittance and internal loss
measurement error of the reconstructed calibration state
would bring serious uncertainty, which therefore influ-
enced the accuracy of laser power measurement. Table 1
shows the analysis results.

It can be known from Table 1 that during the laser
power measurement process, the uncertainty caused by
the repeated dismounting of the Brewster window, occu-
pies more than 85% of the total measurement uncertainty.
Aiming at reducing the negative influence caused by
Brewster window during the calibration process, we first
designed and accomplished the optimization schema of the
calibration structure of the cryogenic radiometer in China.

We put forward a novel calibration structure based on
the cryogenic radiometer, as shown in Fig. 3. The detector
cavity and the cryogenic radiometer were assembled in a
Y-type configuration in this calibration schema. The
transfer detector, installed inside the detector cavity,
could slide with cryogenic radiometer along the arc-
shaped orbit. The cryogenic radiometer and the transfer
detector could be switched into the optical path at differ-
ent times when the calibration was carried out so as to
make it available that the two pieces of equipment would
be exposed to the incident beam alternately.

This novel calibration system showed in Fig. 3 mainly
consists of five aspects, i.e., the cryogenic radiometer
system, Y-type optical path, a detector cavity, motion
control units, and a vacuum unit.

The cryogenic radiometer system, which serves the core
of the whole calibration structure, was applied to measure
the power of the incident laser with the accuracy being
better than 1 × 10−4. The cryogenic radiometer is of the
electrical substitution characteristic and refrigerated

Fig. 2. Transfer detector on calibration of cryogenic radiometer.

Table 1. Uncertainty on Measuring the Laser Power of Cryogenic Radiometera

Wavelength (nm)

Sources 488 514 633 676 786 830 944

Electrical power 0.31 0.362 0.389 0.296 0.260 0.174 0.140

Window transmittance 1.525 0.609 1.529 0.437 0.453 0.521 0.520

Receiver absorptance 0.1

Heating nonequivalence 0.087

Total uncertainty 1.541 0.652 1.548 0.488 0.539 0.565 0.555

Percent 98.96 93.40 98.77 89.55 84.04 92.21 93.69
aAs per Ref. [10]. Values are multiples of 10−4.
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through liquid helium. The detailed parameters of the
cryogenic radiometer are listed in Table 2.
In our calibration process, the optical schema was de-

signed in Y-type configuration. In the incident direction,
evacuating valve, vacuum gauge, bellows, vacuum pipe,
triangle valve, and vacuum gate valve were assembled.
The evacuating valve linked the vacuum units. The
vacuum of the calibration system was monitored by
the vacuum gauge. Under the premise of guarantying the
vacuum pumping speed, KF25 connectors were adopted
for universality.
To cushion the vibration of the triangle valve, a bellows

was installed which was helpful to maintain the vacuum
condition. The internal and external diameters of the bel-
lows were 80 and 108 mm. The Brewster window was
placed in front of the vacuum pipe.
The diameter of the detector cavity was 500 mm and the

height was 400 mm. At the bottom of the detector cavity,
a CF50 flange was installed which was used to switch to
the main optical path. Besides the CF50 flange, a KF25
valve and a 55 core socket were set to exhaust. There
was a transparent observation window that was interca-
lated to monitor the inside state.

The inner translation was sealed by magnetic fluid seal-
ing techniques to meet the need of our calibration. The
migration of the inner translation was more than
150 mm. The transfer detector to be calibrated was
assembled on the guide rail, which was motivated by a
magnetic fluid motor to switch into the optical
path (Fig. 4).

The cryogenic radiometer and the detector cavity were
fixed on the motion control unit, and then the two pieces
of equipment could be switched into the optical path
alternately. The cryogenic radiometer could be ascended
or descended therefore to make sure the equipment fea-
tures accurate position alignment. Three lock carriers
were installed inside the detector bin on the guide rail
to accomplish the switch.

Vacuum units were for imparting a vacuum to the
system and providing high-vacuum environment for the
cryogenic radiometer. Vacuum units consisted of dry
vacuum pump and molecular pump. The rate of dry vac-
uum pump reached to 4 and 200 L/S for the molecular
pump. A vacuum monitor system was configured to mon-
itor the calibration units with the range reached 1 × 105

to 1 × 10−7 Pa.
The gate valve in the cryogenic radiometer branch was

locked when the whole system was put under vacuum.
First, we used dry vacuum pump to impart a vacuum
to the Y-type optical path and the detector cavity before
the molecular pump continued the vacuum mission. The
connector between the bellows and detector cavity
was KF25.

With respect to the cryogenic radiometer, a special vac-
uum unit was applied to achieve the vacuum degree
needed. When the vacuum degree in both cryogenic radi-
ometer and detector cavity reached 1 × 10−4 Pa, the gate
valve in the cryogenic radiometer branch was thus
unlocked to maintain the vacuum environment.

In the novel calibration structure, the entrance pupil of
the cryogenic radiometer and the transfer detector could
be switched to the same position of the concentric arcs al-
ternately and then achieved the laser power of calibration
beam entering into the cryogenic radiometer and transfer
detector sharing the same characteristics. Meanwhile, in
the front end of the transfer detector, an aperture cylinder

Fig. 3. Novel structure on the calibration of cryogenic
radiometer.

Table 2. Technique Parameter of Cryogenic Radiometer
at the Anhui Institute of Optics and Fine Mechanics

Technical Specifications

Instrument model Cryorad II

Spectrum 0.25–50 μm
Receiver response 2 KmW−1

Dynamic range Max to 0.25 mW

Absolute accuracy �0.005%

Receiver absorptance >0.99998 (632.8 nm)

Refrigeration mode Liquid nitrogen

Liquid helium

Calibration structure Y-type

Demount Brewster window No
Fig. 4. Transfer detector installed in detector cavity.

COL 13(5), 051201(2015) CHINESE OPTICS LETTERS May 10, 2015

051201-3



whose inner diameter was 6 mm was installed. The inner
diameter of the aperture was same to the reception cavity
of the cryogenic radiometer so that the influence of stray
light on both the pieces of equipment was also identical.
At last, the laser power into the cryogenic radiometer and
the transfer detector could be shown as

P 0
L ¼ NPh

A
: (3)

Therefore, it is only required to measure nonequivalence
factor N of the cryogenic radiometer when the incident
laser power is measured. Term A is given by National
Institute of Standards and Technology (NIST) calibration
report and Ph is the output value of the cryogenic
radiometer.
In this novel calibration schema, we used a laser as the

source to calibrate the standard transfer detector. The
schema is shown as Fig. 5. The output of the laser was
a linearly polarized beam; p-polarized light would thus
be generated through polarizer. A laser power controller
(LPC) was applied to preliminarily stabilize the input
laser power. Spatial filter, which is made up of two objec-
tives, pinhole, and aperture, was set to filter out the high-
order mode and stray light which was mingled with the
laser beam so that purely fundamental laser beam could
be obtained. Monitor detector was for monitoring the sta-
bility of the source during the calibration process.
To verify the calibration accuracy of our new calibra-

tion schema, a comparison was made between this novel
and traditional results. The details are listed in Table 3.
We employ consistence factor (K) to character the distinc-
tion, which is shown as

K ¼ Rmax − Rmin

ðRmax þ RminÞ∕2
; (4)

where K represents the consistence of the two calibration
results, and Rmax and Rmin, respectively, stand for the
maximum and minimum value of the responsivity
obtained. Therefore, we got the K value, which
equaled 0.4%.
From Eq. (3), we can confirm that the uncertainty of

the laser power lies in the following three aspects, which
are the uncertainty of the heating of equivalent current
(uN ), the uncertainty of the cavity absorption (uA), and

the uncertainty of the power of electricity heater (uPh).
Similarly, we obtained the combined measurement uncer-
tainty and the absolute power of the laser through the
following

u2P 0
L
¼

�
Ph

A

�
2
u2N þ

�
NPh

A2

�
2
u2A þ

�
N
A

�
2
u2Ph

: (5)

The relative uncertainty was calculated by

urP 0
L
¼ uP 0

L
∕P 0

L ¼
�����������������������������������������������������
1
N 2 u

2
N þ 1

A2 u
2
A þ 1

P2
h
u2Ph

s

¼
�������������������������������������
u2rN þ u2rA þ u2rPh

q
: (6)

The combined uncertainty could be expressed as[17]

u2ðRÞ¼
�
∂R
∂U

�
2
u2ðUÞþ

�
∂R
∂P

�
2
u2ðPÞþ

�
∂R
∂N

�
2
u2ðNÞ

þ
�
∂R
∂C

�
2
u2ðCÞþ

�
∂R
∂V

�
2
u2ðV Þþ

�
∂R
∂P 0

L

�
2
u2ðP 0

LÞ;

u2ðRÞ
R2 ¼u2ðUÞ

U 2 þu2ðPÞ
P2 þu2ðNÞ

N 2 þu2ðCÞ
C2 þu2ðV Þ

V 2 þu2ðP 0
LÞ

P 0
L

;

urðRÞ¼
�������������������������������������������������������������������������������������������������������
u2rðUÞþu2rðPÞþu2rðNÞþu2rðCÞþu2rðV Þþu2rðP 0

LÞ
q

:

(7)

The uncertainty caused by the stray light, temperature
drift, and data collection error is included in u2

rðV Þ.
The attributions of different factors on uncertainty of
the transfer detector calibration results are listed and the

Fig. 5. Optical path on the calibration of cryogenic radiometer.

Table 3. Comparison on Responsivity of Transfer
Detector in Novel Calibration Structure and Traditional
Calibration Structure

Absolute Spectral Responsivity (A/W)

Detector Traditionala (2008) Novel (2014)

Trap-B 0.5069 0.5045

K 0.4%
aData given by the calibration report in 2008.

COL 13(5), 051201(2015) CHINESE OPTICS LETTERS May 10, 2015

051201-4



combined uncertainties of the two calibration approaches
are compared in Table 4.
It is proved from Table 4 that our new calibration

schema shows an uncertainty performance 6.804 × 10−5,
which decreased by a factor of 2 compared with the tradi-
tional result (1.5832 × 10−4). While the measurement
uncertainty of the transfer detector in novel calibration
structure shows 15% less than the traditional calibration.
The novel calibration structure can avoid the dismounting
of Brewster window, which can greatly improve the
efficiency and reduce the appearance of uncertainty.
In conclusion, we design and accomplish the optimiza-

tion and upgrading on the calibration structure of cryo-
genic radiometer in China. We also make comparative
analysis on the absolute spectral responsivity of the same
transfer detector obtained from the calibration based on
two different structures. The result shows that the consis-
tence of the two calibration processes for the absolute
spectral responsivity of the transfer detector is 0.4%. After
the construction reform, the uncertainty decreases by 15%
compared with that of the former construction. The

experiment result shows that the novel calibration struc-
ture of cryogenic radiometer can reduce the uncertainty
on traceability standard of radiometric calibration, avoid
the dismounting of Brewster window after the calibration,
improve the calibration accuracy, and eliminate the uncer-
tainty caused by dismounting the window; therefore, it
has a great significance on the calibration of transfer de-
tector. This requires a transfer detector under tested are
calibrated in a vacuum state, with vacuum compatibility
requirements. If transfer detector is needed to work in the
conditions of liquid nitrogen or helium refrigeration, the
calibration method will no longer be suitable.

This work was supported by the National Natural
Science Foundation of China under Grant Nos. 61275173
and 11204318, and the National Defense Technology
Foundation of China under Grant Nos. J2920130004.
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Table 4. Compare of Combine Uncertainty of Transfer
Detector between Traditional and Novela

Source

Traditional
Calibration
Structure
(2008)b

Novel Calibration
Optical Path

(2014)

Electrical power 0.389 0.671

Window
transmittance

1.529 —

Receiver
absorptance

0.1 0.1

Heating
nonequivalence

0.087 0.05195

Laser power total
uncertainty

1.5832 0.6804

Linearity 0.434

Spatial uniformity 1.99

Polarization
sensitivity

0.492

Stability 0.687

Output V 0.025 0.0244

Total uncertainty
(k ¼ 1)

2.715 2.321

aValues are multiples of 10−4.
bData provided by Li Shuang in 2008[13].
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