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Abstract

®

CrossMark

According to our experimental results, a nitrogen flow used to prevent dust and moisture
entering a detector may influence measurements performed with trap detectors in overfilled
conditions. A stable light source was measured with a wedged trap detector with 4 mm
aperture, and the nitrogen flow rate was varied. The nitrogen flow was found to have the
largest effect of up to 0.8% on the responsivity of the detector at around 1.0 1 min~! flow rate.
The effect of nitrogen flow can be removed down to 0.02% by an added crossflow which
removes the nitrogen out of the optical axis. In another experiment, the effect was removed
almost completely by changing the flowing gas from nitrogen to synthetic dry air. We also
present measurement results that indicate the responsivity changes with nitrogen to be smaller
than 0.05% with underfilled beam geometry, even without the added crossflow. Based on
simulations, the nitrogen flow through the detector forms a gradient-index type gas lens in
front of the detector increasing the effective aperture area and thus the responsivity. In the
underfilled measurement geometry there is no light close to the aperture edge which could be
refracted inside the detector. Finally, we consider methods to ensure that the responsivity
changes due to the gas flow remain below 0.05% in overfilled measurement geometry, without
compromising the cleanliness of the detector with too small gas flow rate.

Keywords: trap detector, nitrogen purge, overfill mode, gas lens effect, crossflow

(Some figures may appear in colour only in the online journal)

1. Introduction

In photometry and radiometry, trap detectors are commonly
used as transfer standard detectors of optical power [1—4].
Reflected laser beam from the first photodiode of a trap
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detector can be collected with subsequent photodiodes in spe-
cific geometrical arrangements. For the highest accuracy, the
photodiodes are used without any protective windows, and
thus exposed to ambient conditions of the laboratory. The
possible dust and moisture accumulation on the photodiodes
needs to be taken into account increasing the uncertainty in the
measurements, and shortening the calibration interval. In con-
trast to single photodiode detectors with protective windows,
removal of contamination from the photodiodes of trap detec-
tors is challenging because of limited space available within
the tight geometrical arrangement of the photodiodes.

©2021 BIPM & IOP Publishing Ltd  Printed in the UK


https://doi.org/10.1088/1681-7575/ac0e7b
https://orcid.org/0000-0003-3267-7967
https://orcid.org/0000-0001-6740-1317
https://orcid.org/0000-0002-4774-7887
mailto:janne.askola@aalto.fi
http://crossmark.crossref.org/dialog/?doi=10.1088/1681-7575/ac0e7b&domain=pdf&date_stamp=2021-8-23
https://creativecommons.org/licenses/by/4.0/

Metrologia 58 (2021) 055008

J Askola et al

1.0% T T T T 0.20%

® AS/S
— Stdev - -
0.8% ® _
= Fan off _ - 4 0.15%
= Fanon L] c
Ke}
0.6% - T
. . 3
g I} H 40.10% ©
M - ©
<049 | l T g
C
= o &
= = ! 4 0.05% &
0.2% i - =
=42 — = -
% Fe 9 ¥ v Jo%
1 1 1 1
0 0.5 1.0 15 2.0

Flow rate / | min~'

(@)

0.10% T T
0.08% I~ -
0.06% - =
g 0.04% |- ° -

<

0.02% |- -

s °

|
0% - . . .

°

. [ ]
-0.02% |- | ) -

Fan OFF Fan ON

(b)

Figure 1. Relative change of photocurrents and their standard deviations when measuring a stable white LED source with a trap detector and
a 4 mm diameter limiting aperture in overfilled condition (a) as a function of the nitrogen flow rate and (b) when using the flow of dry

synthetic air at 1.0 1 min~"

in the purging. In measurements with ‘fan on’ an additional air flow perpendicular to the optical axis was applied

to reduce the amount of purging gas close to the optical axis. With synthetic air, the relative change of photocurrents is almost two orders of

magnitude smaller than with nitrogen flow when not using the fan.
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Figure 2. Relative change of photocurrents of the trap detector
measured in underfilled conditions with laser beams at different
wavelengths and nitrogen flow rates. An aperture of 10 mm diameter
was used. Note the change of vertical scale relative to figure 1(a).

Trap detectors can be equipped with precision apertures and
used in overfilled conditions to measure the irradiance or illu-
minance of a light source with an omnidirectional radiation
pattern. Typically, a passband filter and a precision aperture
are used when measuring incandescent lamps or black-body
radiators [5—7]. Recently, new measurement methods for LED
lamps have been introduced, where trap detectors are used to
measure illuminance of LED lamps without filters [8, 9]. This
has become possible, because with LEDs all radiation is within
the silicon detector spectral range, but dust protection of the
photodiodes is then again needed when operating in normal
laboratory conditions [9].

A nitrogen flow system can be used to prevent moisture and
dust collection on the photodiodes [10—13]. A constant flow of
dry nitrogen is introduced through the detector, where it exits
the entrance aperture preventing unwanted particles and mois-
ture entering the detector. The optical properties of nitrogen
are rather similar to those of air. Based on this, the flow should
tentatively not introduce any errors into the measurements. In
addition to the predictable quantum efficient detectors [ 10], the
nitrogen flow method can be used to protect any kind of trap
detectors [14].

In this paper, we present our study on the effect of nitrogen
flow on the responsivity of trap detectors. Our experimental
results indicate that the nitrogen flow can increase responsiv-
ity in overfilled measurement conditions. The results can be
qualitatively understood on the basis of a gradient-index lens
formed by the nitrogen flow in front of the detector aperture.
According to those analyses we propose methods to remove
possible measurement errors due to the gas flow in over-
filled measurement geometry. Those methods are designed
to maintain the desired protection against dust and humidity
contamination of the detector.

2. Measurements

We measured the trap detector response for a 5 cm diameter
LED light source with 24 separate LEDs [15] at a distance
of 4.5 m using methods presented in [9]. Measurements were
carried out with a wedged trap detector of two photodiodes
[12] equipped with a precision aperture in overfilled condi-
tions. The light beam diameter was more than 100 times the
4 mm diameter of the aperture. The integration time for a single
measurement was 0.2 s. Figure 1 presents the changes of pho-
tocurrents from the trap detector at nominal nitrogen flow rates
0f0.125-2.0 1 min~! and synthetic air flow rate of 1.0 1 min~".
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Figure 3. Simulated nitrogen flow distributions out of a detector through a 4 mm aperture with flow rates of 0.125 1 min’' (a) and
1.0 1min~! (b). The length and the width of the simulated area are 100 mm and 40 mm, respectively. The simulated results are shown at the
steady state of the system. The aperture of the detector is drawn with grey colour.

photocurrent values indicated by red dots and the correspond-
ing standard deviations are at maximum.

An additional fan was then used to blow the nitrogen gas
away from the optical axis. It is seen that when using the addi-
tional fan, the measurement results at all flow rates, including
the results at 1.0 1 min—!, were within 0.02% from the mea-
surement results at the minimum flow rate, 0.125 1min~! (blue
dots in figure 1(a)). The measurements with the fan on and off
were found to be consistent over a measurement period of 2
hours, during which the fan was switched on and off multiple
times. The standard deviation of different measurements was
0.01% including also deviations due to the variations of the
light source used.

Part of the measurements were repeated using dry synthetic
air instead of nitrogen in the purging. The dry air consisted of
nitrogen as the base gas and 21% of oxygen as specified by
the manufacturer. The amount of other gases in the mixture
was below 5 ppm. In figure 1(b), it is seen that the deviation
from zero at the synthetic air flow rate of 1.0 1 min~! is the

Figure 4. Model for the effects of gradient-index lens (red lines)
and crossflow (blue curves and light blue arrows). Green arrows
denote possible light paths. The effective length of the undisturbed
lens is L, radius of the aperture is g, and /4 indicates the maximum
transverse deviation produced by the lens.

The standard deviations of each data point consisting of 10
repeated measurements are also indicated in figure 1(a). It can
be noticed that with the flow rate of 1.0 1 min~!, both the

same with and without the additional fan. The differences are
similar as the ones observed with the lowest achieved flow rate
with nitrogen purging.



Metrologia 58 (2021) 055008

J Askola et al

0.8% T T T T T T T T

e Average
- - --Modelled
0.6% - -
! = Fan off
Fan on

/ L]

D 0.4% |- / .

0.2% / E

0% +8Llg---@------- E------- §------- LR

Flow rate /| min-'

Figure 5. Relative change of photocurrents at different nitrogen
flow rates. The error bars in vertical direction are standard deviation
of the different measurements in figure 1(a) and in horizontal
direction the standard deviation of the setting of the flow rate.

The trap detector used in the measurements was also studied
for the responsivity at different laser wavelengths in under-
filled mode utilizing different flow rates of nitrogen. It is antic-
ipated on the basis of the results of figure 1 that the critical
paraxial light paths are located close to the aperture edge. The
purpose of these measurements was to exclude any other rea-
sons for the increased responsivity than those related to non-
zero illuminance close to the aperture edge. The normalized
results are shown in figure 2, where it can be seen that the
changes in responsivity are one order of magnitude smaller
than the changes in the measurements made in the overfilled
mode. The additional air flow by the fan was not used in these
measurements.

3. Discussion

The distributions of the fraction of added nitrogen were
simulated in three dimensions for different flow rates using
COMSOL Multiphysics. A detector housing with an aperture
diameter of 4 mm was modelled. At the beginning of the sim-
ulation, the inside of the detector housing was set to contain
only nitrogen and the outside only air. Figure 3 shows the sim-
ulation results as the fraction of added nitrogen at the steady
state for the flow rates of 0.125 and 1.0 1 min~!. It is seen that
the length of the flow profile increases with higher flow rate.
There is a significant increase, in particular, of the thickness
in the direction of the optical axis of such a volume where the
fraction of added nitrogen remains at 100% over the whole
cross-sectional area corresponding to the entrance aperture.
Thermal gradients have been used to form gas lenses
[16, 17]. Here the increased photocurrent of trap detector
can be explained by a gradient-index lens in front of the
aperture formed by the flowing nitrogen gas (see figure 4).
Weighting by the spectrum of the white LED source, the aver-
age refractive index of nitrogen is larger by 6.2 x 10~ than
that of air [18]. The gradient-index lens is described by a
nitrogen cylinder of length L and steep radial gradient of the

refractive index, g = (dn/dr);,—,, =3 x 10> mm™', where

ro = 2 mm is the radius of the aperture. The lens increases
the effective aperture area by AA = 27roh, where ro + h is
the largest distance from the optical axis for which paraxial
rays are deviated to pass through the aperture. With such a
lens in front of the aperture, the relative change in the mea-
sured photocurrent is AS/S = AA/(wr3) = gL?/ro. For the
nitrogen flow rate of 0.5 1 min~! and L = 10 mm, the rela-
tive change of the signal is 0.15% indicating that 7 = 1.5 pm.
The parabolic curve in figure 5 is drawn assuming that L is
proportional to the nitrogen flow rate below 1.0 1 min~'. As
a result, the area of the detector aperture effectively increases
for the overfilled measurement condition. When the crossflow
is used as symbolized by the light blue arrows in figure 4, the
gradient-index lens effect becomes negligible for the down-
wards bent nitrogen flow. That is indicated by the blue dashed
line in figure 5.

A flow through an orifice type of structure, in our case
the optical aperture, exhibits vortex streets [19-21]. Reynolds
number, defined for a circular shape as R, = pvd/ i, where p is
the density of the fluid, v the flow rate in m s~ ! d the diameter
of the orifice, and y the viscosity of the fluid, is used for deter-
mining the mode of the flow instability. At low Reynolds num-
bers, flows are mainly laminar. Between the Reynolds numbers
of 177 and 437, corresponding to our flow rates of 0.5 and
1.25 1 min~!, the flow after the laminar part transforms from
sinuous motion to helical shape and eventually to turbulent
flow [22]. Also, the increasing flow rate, and at the same time
the increasing Reynolds number, will shorten the laminar part
of the flow. Our simulations were only able to produce the lam-
inar part of the flows and it is probable that in the real nitrogen
flow at high flow rates there are vortex-type microstructures
which affect light propagation in the same way as scintilla-
tion in atmosphere [23, 24]. The flow stays laminar close to
Reynolds numbers of 100 when using a crossflow [25], simi-
lar to the situation with the additional fan in our experiments.
Based on these considerations, we describe the responsivity
increase with increasing nitrogen flow rate in figure 5 to be due
to the gradient-index lens which starts to reduce in length at
flow rates above 1 1 min~'. In addition, the microstructures in
the flow may cause the highest fluctuations of the photocurrent
at the flow rates of 1 to 1.5 1 min~!.

4. Conclusions

Based on our measurements, the nitrogen flow used for purg-
ing affects the response of trap detectors in overfill conditions
by up to 0.8%. Nitrogen produces a converging gradient-index
gas lens. The fluctuating light intensity is possibly caused
by vortex-type microstructures in the flow pattern. Simulated
nitrogen flow profiles were used to estimate the effect of the
gas lens on the effective aperture area of the detector. The pho-
tocurrent could be stabilized, and the effect of the gas lens
removed by two methods: (i) another flow perpendicular to the
optical axis to blow the nitrogen away from the light path and
(i1) changing the purging gas from nitrogen to dry synthetic
air.
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The studied gas lens effect can appear also in other mea-
surement setups where gas purging through an aperture is used.
In some blackbody radiators, for example, argon or neon are
used as inert gas, and the gas flows out of the radiator output.
However, in such setups the aperture area is usually larger than
the 4 mm diameter aperture in our setup and therefore, the rel-
ative change of the effective aperture area is expected to be
smaller than the one observed in our measurements.

In cases where a flow of nitrogen is used to protect the
detector from humidity and dust, we recommend that a flow
rate of clean gas of at least 0.5 1 min~! should be used with a
suitable crossflow in overfilled measurements. The crossflow
should be adjusted so that it minimizes the probability of dust
particles entering the detector. The setup with a 4 mm diam-
eter aperture can be validated by observing that there are no
responsivity changes at nitrogen gas flow rates between 0.5
and 2.0 1 min~!. With the use of dry synthetic air, the gas lens
formation in front of the detector can be avoided. Though, the
purity of the clean air used needs to be ensured because the
manufacturer specifications for scientific grade nitrogen are
often better. For measurement setups using nitrogen, a suitable
combination of gas and flow rate and possible crossflow design
need to be determined separately. These principles should
ensure that the gas flow effects on trap detector responsiv-
ity in overfilled measurement conditions remain below 0.05%,
which is sufficient for photometric measurements.
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