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Abstract  We present a low-cost IR beam analysis tool based on a rotating phosphor 
screen. The infrared light incident on the IR-sensitive screen was converted to visible 
light by the IR-responsive phosphor that operated by light charging and IR-induced 
luminescence. Through comparative experiments, the conventional IR viewing card, 
based on the same kind of phosphor, was found to exhibit a short luminescence time 
because the excited fluorescent molecules are depleted locally at the beam spot. This 
effect hinders accurate estimation on the spatial characteristic of the IR beam and 
consequently limits the capability of the IR viewing card in beam inspection. Our 
IR visualizer alleviates this effect by rotating the IR-sensitive screen in a high speed 
so that the luminescence time was effectively prolonged to allow a longer measure-
ment time for the IR beam. Our scheme provides a simple and economic means of 
IR beam inspections, especially useful for the wavelength band above 1,000  nm 
where the solid-state image sensors are hardly available in low cost.

Keywords  Infrared analysis  •  IR viewing instrument  •  Beam analysis  •  
IR-sensitive phosphor

2.1 � Introduction

Infrared (IR) light is invisible electromagnetic radiation with a wavelength longer 
than that of visible light. Near-IR radiation of relatively short wavelengths, ranging 
from 700 nm to 1,700 nm, is particularly of practical interest in applications such as 
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optical communications, biomedical imaging and optical measurements due to the 
wide availability of light sources and transparent materials in the near-IR band. It 
is widely demanded to visualize the near-IR beams in those application fields for 
testing the basic properties of the IR beam [1–5]. An IR viewer that converts the IR 
radiation to a visible image of the beam can be used for laser safety or beam charac-
terizations as a routine tool of development and maintenance [2–5]. An IR viewing 
card is the most popular means for detecting the invisible IR beam in an economic 
way. The phosphorous screen of the IR viewing card emits visible fluorescence in 
response to the incident IR radiation and easily visualizes the spatial pattern of the 
IR beam [2, 3]. Compared to a heavier instrument of an IR viewing scopes which 
combines an IR camera and a display unit in an instrument [5], the IR viewing card 
is much cheaper and easier to use for practical IR beam inspections. It has been 
widely utilized in the near-IR applications when the presence of the IR light needs to 
be checked with rather qualitative information on the spatial distribution of the light 
fields. Still, accurate and quantitative beam analysis requires IR-sensitive cameras 
such as a more expensive InGaAs image sensor for the wavelengths above 1,000 nm.

For IR-responsive luminescence, the screen of the IR viewing card must rely on a 
multi-photon process. A single IR photon alone cannot produce visible light because 
of the lower energy of the IR photon. The principle of the IR sensing is far different 
from ultraviolet-to-visible conversion which is easily achieved by the fluorescence 
of a partially energy-dissipating process. Two different types multi-photon pro-
cesses can be used for the purpose of the IR-to-visible conversion in the IR viewing 
card: up-conversion and light charging. In up-converting phosphor, more than two 
low-energy photons are absorbed virtually simultaneously by help of the intermedi-
ate states [6]. The final high energy is released at once to make a visible photon by 
fluorescence. The up-conversion IR viewing card is convenient to use but has several 
disadvantages. It usually has a narrow spectral range of IR detection with a relatively 
low conversion efficiency. The IR sensitivity is frequently unacceptably low for typi-
cal up-converting phosphors when the intensity of the IR is relatively low. The non-
proportional response of the nonlinear process also degrades the applicability of this 
method, which distorts the spatial characteristic of the detected IR beam significantly.

In the IR viewing card based on light-charging phosphor, a visible or ultraviolet 
photon is absorbed at first to excite the phosphor molecules in a meta-stable state 
of a very long lifetime [7]. An IR photon that comes after the energy charging trig-
gers the energy release with a visible fluorescence which signifies the IR light. The 
light-charging IR viewing card, thus, requires a procedure of light charging before 
being used for the IR detection. Due to the wide wavelength range of a single card 
and a high sensitivity of the IR detection capability, this type of IR viewing cards 
are popular in the near-IR applications in spite of the notable inconvenience of 
light charging requirement. The real drawback of the light charging IR viewing 
card is found in the nature of discharging effect. Because a limited number of mol-
ecules are involved in the IR sensing, the excited electrons become depleted by 
the luminescence process. The card only maintains the luminescence brightness 
for a short time, typically for a few seconds when exposed to an intense IR beam. 
Once discharged, its conversion efficiency does not recover unless it is recharged 
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with intense visible light. Shaking the IR viewing card by the user’s hand can help 
extend the luminescence time but hinders quantitative estimation of the beam 
characteristic in actual use. After all, the IR viewing card can just provide a lim-
ited chance to check the approximate position and the size of the IR beam. A bet-
ter IR visualizing means is highly demanded for various inspection purposes with 
capabilities of rather quantitative IR beam analysis.

In this report, we present a new scheme of IR visualization that greatly 
improves the performance of the light-charging IR viewing card. In our scheme 
of the rotating IR-sensitive screen, the IR-responsive screen based on the light-
charging phosphor is rotated in a high speed to increase the exposure area of the 
IR beam and, hence, to increase the luminescence time with a reduced local deple-
tion of excited molecules. Despite the simple principle, it effectively allows meas-
urements of the IR beam in a longer time with reduced distortion of the detected 
spatial pattern. More quantitative analysis of the IR beam is enabled in such a very 
simple and economic method. We have experimentally tested the feasibility of the 
IR visualizer based on the rotating IR-sensitive screen and have found that our 
scheme can provide an inexpensive but effective scheme of IR beam analysis.

2.2 � Experiment

In this research, a commercially available IR viewing card that requires visible 
light charging for IR detection (VRC5, Thorlabs Inc.) was utilized [2]. Figure 2.1 
shows the approximate IR detection sensitivity obtained from the manufacturer’s 
datasheet. The intensity of the visible luminescence is plotted as a function of inci-
dent IR wavelength. The IR detection range was so wide that a single IR viewing 
card could cover the whole near-IR band. Once charged by visible light, the phos-
phor screen could detect the IR light for a long latency time, longer than tens of 
minutes, and emitted reddish orange light in response to incident IR radiation.

Our IR visualizer was made of an IR-sensitive screen mounted on an electric 
motor that can rotate the screen stably. The IR detection wheel of a circular plate 
was prepared so that half of the wheel was covered with the IR-sensitive screen 
obtained from the commercial IR viewing card (VRC5) while the other half was 
covered with a non-fluorescent orange plate. The diameter of the wheel was 
36 mm in full. A super-luminescent LED was placed above the wheel and could 
be used for light charging with the intense white light. The screen was uniformly 
charged before being used by turning the LED on while the wheel was rotating. 
Figure 2.2 shows our IR visualizer in an experimental setup for testing the feasi-
bility. A collimated IR beam from a fiber-optic light source was launched to the IR 
detection wheel with an angle of 61° with respect to the plane of the wheel. The 
wavelength and the beam diameter of the IR beam were 1,310 nm and 2.09 mm, 
respectively. A digital camera built with a silicon image sensor was used to capture 
the IR-induced luminescence pattern, which represents the shape of the IR beam 
projected onto the IR-sensitive screen.



18 J. Chang et al.

After charging the screen, the conversion of IR to visible light was better 
observed with a higher contrast by turning off the charging light. The principle of 
our IR visualizer is to increase the effective detection area by rotating the wheel of 
the IR-sensitive screen. For a point of the screen, the IR exposure time is greatly 
reduced by such a scanning mechanism. Filling the half of the wheel only with the 
active phosphorus screen, the visible pattern automatically flickered in a high fre-
quency due to the rotation. It could help the user sense the IR response with better 
awareness. Flickering luminescence was easily distinguished from ambient light 
or a visible pattern occasionally incident upon the screen.

A comparative experiment was performed to evaluate the improvement in IR 
detection made by our scheme compared to an IR viewing card in a fixed position. 
This was performed for two different cases with the same setup. In the case of the 
rotating IR detection wheel, the electric motor rotated the wheel at a speed of ~1,000 
r.p.m. In the case of the fixed IR detection wheel, the wheel was fixed so that the IR 
beam pointed at a constant position on the active IR-sensitive screen on the wheel. 
The latter case corresponded to the conventional use of the IR viewing card. For 
each case, three different intensities of IR rays, 0.55, 1.81 and 5.07 mW for an effec-
tive beam area of 0.27 cm2, were applied to the IR detection area and were recorded 
for comparison. Then, the intensity and the beam width of the IR-induced visible 
pattern were evaluated from captured images of the IR-induced luminescence.

Fig. 2.2   Experimental setup 
for testing the IR visualizer

Fig. 2.1   IR-induced 
luminescence intensity versus 
wavelength of the incident 
IR for the IR-sensitive screen 
used in our experiment [2]
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The experiment was carried out in the following steps. For the fixed IR 
detection wheel, the IR-sensitive screen was charged fully by being exposed to the 
white light of the LED. The screen was left in dark environment for 30  s after 
the charging was finished. Next, the IR beam was launched onto the screen while 
the camera recorded the IR-induced visible pattern that the screen produced. These 
procedures of charging and IR irradiation were repeated with different IR pow-
ers in the same condition and procedures. As well, this experiment was also per-
formed for the rotating IR detection wheel case in the same way. To obtain a wider 
dynamic range of the measurement, the exposure time of the camera was adjusted 
in keeping the frame rate at 5 frames/s so that no pixel was saturated. The recorded 
digital images were processed in a computer to find the intensity of the IR-induced 
luminescence at the center of the beam. The measured pixel value of luminescence 
was normalized by the camera’s exposure time for each measurement. The change 
of the relative intensity in time was compared for the different cases. The apparent 
beam width was also evaluated in full width at half maximum (FWHM) along an 
axis from the acquired images. And its change in time was also analyzed to find 
beam measurement errors of the spatial characteristic.

2.3 � Result and Discussion

We have analyzed the spatial distributions of the IR-induced visible patterns through 
the images taken by the digital camera. Its variation in time, t, was evaluated to 
find the effect of discharging for the two cases. In the description of the experiment 
results, t = 0 was set to be the time of starting the IR irradiation. Figure 2.3 shows 
the images and contour map representation of the luminescence intensity for the two 
cases: (a), (b) and (c) for the case of the fixed wheel; (d), (e) and (f) for the case of 
the rotating wheel. The plots of Fig. 2.3g, h show the intensity distributions along 
the vertical dotted lines of the contour maps for those two cases, respectively. In 
detail, Fig.  2.3 shows the image of the acquired visible pattern at t =  2  s (a), its 
contour map representation (b) along with the contour map of the visible intensity at 
t = 8 s (c), respectively. For the rotating case, it also shows the image at t = 2 s (d), 
the intensity-based contour map at t = 2 s (e) and t = 20 s (f). The inset square in 
Fig. 2.3a or d gives a scale factor of 1 mm × 1 mm. Note that the circular IR beam 
was projected onto the screen with an incidence angle of 29° which resulted in the 
oval shapes of the visible patterns. As a consequence, the circular cross-section of 
the beam was slightly extended along the horizontal axis in those images.

The images and contour maps of Fig.  2.3 suggested that the fixed wheel case 
suffered from the drastic decrease in intensity of the IR-induced luminescence in 
a few seconds after the IR irradiation started. In addition, the spatial distribution 
of the IR intensity was incorrectly represented when the discharging effect consid-
erably reduced the visible luminescence. It is easily explained by the fact that the 
center of the beam experienced the fastest depletion of the excited molecules due 
to the highest IR intensity. This effect obviously made it difficult to find the center 
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of the beam and the beam width with the IR viewing card. In contrast, the rotating 
wheel provided much better representation of the IR beam with reduced discharging 
effect as clearly observed in Fig. 2.3e, f. One more advantage of the rotating wheel 
is found in its smooth images. The images of the fixed wheel directly reflected the 
roughness of the screen surface as seen in Fig. 2.3a. The rotating wheel smoothened 
the irregularity of the surface by the fast rotation and gave clearer representation of 
the IR intensity distribution as observed in Fig. 2.3d. The Gaussian-like beam char-
acteristic was successfully measured with our IR visualizer as observed in Fig. 2.3.

The decrease of the IR-induced luminescence at the center of the beam in time 
was evaluated from the image data. For better precision, the luminescence values of 
the neighboring pixels in the vicinity of the center were averaged to find the central 
intensity. Figure 2.4 shows the central intensity of the IR-induced luminescence as 
a function of time, t, for the case of the fixed IR detection wheel (a) and that of the 
rotating wheel (b), respectively. For the fixed case, discharging effects were clearly 
observed with the nearly exponentially decaying curves. The luminescence time 
was defined as the time of luminescence by which the IR-induced luminescence 
decays to the half of the peak intensity. It was measured to be 2.7 s with an incident 
IR power of 5.07 mW, 6.1 s with a power of 1.81 mW, and 19.6 s with a power of 
0.55 mW. The rotating IR detection wheel also exhibited a decaying characteristic 
but with a much longer luminescence time. It was measured to be 35 s for the inci-
dent IR power of 5.07 mW. It was longer than 80 s when the IR power was less than 
1.81 mW. This observation demonstrated our scheme extends the effective measure-
ment time by a factor more than ten compared to the conventional IR viewing card.

Discharging or the decay of the IR-sensitive luminescence does not only 
decrease the luminescence intensity but also disturbs the accurate measurement 
of the beam shape and the position determination. The difference in decay speed 

Fig. 2.3   Visible pattern of the IR beam at t = 2 s (a), its contour map representation (b), that 
of the visible intensity at t = 8 s (c), respectively, for the case of the fixed IR detection wheel; 
shown with the visible pattern acquired at t =  2  s (d), the intensity contour maps acquired at 
t = 2 s (e) and t = 20 s (f) for the case of the rotating IR detection wheel, respectively. The inten-
sity distributions along the vertical dashed lines of the contour maps are plotted in (g) and (h)
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is explained by the different IR intensity for each position of the screen. As the 
central region decreases fastest in luminescence intensity, the beam width extends 
accordingly. From the image data, the beam width was measured long the verti-
cal axis of each image. Figure 2.5 shows the beam width of the IR-induced vis-
ible pattern of the fixed wheel case (a) and that of the rotating wheel case (b), 
measured in FWHM, respectively. Note that the actual beam width of the IR beam 
was measured to be 2.09  mm. For the case of the fixed IR-sensitive screen, the 

Fig. 2.4   Central intensity of the IR-induced luminescence as a function of time, t, for the case of 
the fixed IR detection wheel (a) and that of the rotating wheel (b), respectively

Fig. 2.5   Measured beam width of the IR-induced visible pattern of the fixed wheel case (a) and 
that of the rotating wheel case (b), evaluated in FWHM, respectively
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measured beam width increased very rapidly as the discharge of the phosphor 
screen. Even for a low IR power less than 1  mW, it could not be in an accept-
able range of error unless the measurement was done in a few seconds after the IR 
irradiation started. In contrast, the rotating IR-sensitive screen gives much more 
accurate results within a measurement time of half a minute. It suggested that 
accuracy and precision could be enhanced by our scheme of the rotating screen 
with a better representation of the spatial characteristic of the IR beam.

2.4 � Conclusion

In this report, we present a low-cost IR beam analysis tool based on a rotating  
IR-sensitive phosphor screen. The infrared light incident on the IR-sensitive screen 
was converted to visible light by the phosphor that operated by light charging and 
IR-induced luminescence. The measurement range of IR wavelength was so wide, 
from 600 through 1,600 nm, that the entire band of the near-IR region was cov-
ered at once. Through comparative experiments were performed to compare our 
scheme with the conventional IR viewing card based on the same kind of phos-
phor. It was found that the stationary use of the IR-sensitive screen exhibits a very 
short luminescence time because the excited fluorescent molecules are depleted 
locally at the beam spot. This effect was found to hinder accurate estimation on 
the spatial characteristic of the IR beam. It limits the capability of the IR view-
ing card in beam inspection. Our IR visualizer alleviates this effect by the rotating 
IR-sensitive screen in a high speed so that the luminescence time was effectively 
prolonged to allow a longer measurement time for the IR beam. The experimental 
result demonstrated that our scheme provides a simple and economic means of IR 
beam inspections. This new technique of IR beam characterization can be a useful 
tool of IR inspection for the wavelength band above 1,000  nm where the solid-
state image sensors are hardly available in low cost.
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